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Abstract

In this thesis, shape memory nanocomposites were prepared and charactefiked
polymer matrix consigtd in an epoxy-based liquid crystalline elastomer (LKaH]}i-walled
carbon nanotubes (MWCNT) and graphite nanoplatelets (GNP) were selectéet@aJ hie
influence of different contents of nanofilleen mechanical, thermal and shape memory
properties was evaluated.

In order to disperse and homogeneously distribute the nanofillerbiwithe polymer
matrix an in-depth evaluation on the optimal conditions to synthesiieematerials was
carried out. These conditions had a substantial influence on the disaibution of the
nanofillers within the epoxy-based matrix, which was analyzed framaeroscopic and
microscopic point of view. The best results were obtained through a chemctlce
modification of the nanoparticles.

The chemical modification of MWCNTs consisted in grafting the selectegyep
monomers on the surfac& he obtained adducts were characterized in terms of chemica
thermal and morphological features

Concerning GNP, a similar protocol based on surface modification was carridd out
this case, a preliminary oxidation process was performed in order to prontwe t
exfoliation of graphene sheets, in form of graphene oxide (GO), and to faveur th
dispersion within the polymer matrix. Different degrees of oxidation vattempted.

GO nanopatrticles were successively modified with epoxy monomers.nAlsis icase,
chemical, morphological, structural and thermal characterization was carried out.

Surface modified carbonaceous nanoparticles were then dispersed in varyinghe&sno
in the organic matrix. The obtained nanocomposite systems were charactenzéeir
chemical-physical and morphological properties. The adopted compatilmlizstrategies

used for both MWCNTs and GNP were found to be extremely effective togeigeneous



samples ando enable a dramatic enhancement of the actuation extent at low nanofiller
content. Moreover, the stress threshold required to trigger the revdesib
thermomechanical actuation was significantly decreased. The effect of maindps on
thermomechanical properties of the materials was correlated to the micuastire and

the phase behavior of the host system. Results demonstrated that the incorporation
carbon nanofillers amplified the soft-elastic response of the liqengktalline phase to
external stimuli. Tunable thermomechanical properties of these systems makma th
suitable for a variety of potential advanced applications ranging to rofosiensing and

actuation, and artificial muscles.
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CHAPTER 1

Introduction



1.1. Shape Memory Materials

Smart materials are one of the most interesting subject in materials sciaxe,
confirmed by numerous studies and papers published over the yea#d:5In order to be
considered smart, a material has to show the ability to respond to @neore external
stimuli, and to adapt his properties to the new environment. The maiftalmf smart
materials consists in acting as sensors and actuators at the same time. Consedhbently,
behave as transducers: when they receive an external stimulus, such as tenmpératu
light/color,” electric/magnetic field®® or mechanical stress/straiff, they respond by
changing some of their properties.

Several smart materials are known, classified on the basis of the specifitustithey
are able to respond té'. Some examples are reported in the Figure 1.1. Piezoelectrics are
those materials showing a mechanical response when an electric or magisddicsf
applied. Viceversa, if they undergo a stress, their response is a generated diettdric
Mechanochromic materials react to an applied stress emitting with. For th&etdcomic
ones, the same response is triggered by an applied electric or magnetidiostever, the
most common stimulus used to elicit a response from a smart material is tegehof
temperature. As an example, the materials able to emit light when heated aredcall
thermochromic. Instead, pyroelectricity is relative to the generation tfeamal-induced
electric/magnetic field. Finally, if a material shows a mechanical respshea heated, it

is considered a shape memory material.
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Figure 1.1Classification of Smart Materials

Shape memory materials (SMM) represent one of the most investigated categories
among smart materials. As shown in Figure 1.2, the attention devoted to these aisteri

has significantly increased over the years.

"Shape Memory"
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The most distinguishing property of these materials stands in theityatmlrecover the

deformation they experience. This is what is called shape memory effect {ENME).
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Materials exhibiting SME have been widely used in many advanced fields,asu
biomedical'® aerospacé’ and bionics? electronic!® and civil engineerinéf’

The accounts concerning the discovery of this effect, and the statesradrdut the first
scientist reporting on this phenomenon are a bit ambiguous. Theduisntist who was
able to observe a pseudo-elastic behavior of gold-cadmium alloy was Aleblam 1932.
In one of his works Olander wrote that, after an annealing process, some materials
responded in an elastic way, so that they reminded of a rubber. Also, dtiesbita shape-
shifting behavior was reported: after calculating the entropy content befor after the
formation of the alloy, the author found out that an actual glecement of atoms
(misplaced atoms) occurred in the material, so that some vacancies were creatieel i
lattice 2

About 20 years later, in 1952, Chang and Read performed X-ray analysis on the same Au-
Cd alloy prepared by Olander. They observed that this material experiencedusual
diffusionless change of the lattice when the sample was heated aotkd over a very
short range of temperature. They concluded that a more detailed study emdle played
by structural imperfections was required to better understand ginomenon, since the
specimen changed from an orthorhombic structure to a body centeredaiie, upon the

rubbery-like recover of its original shape.
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In 1962, Buehler first wrote about a material with memory. His comingsacdhis new

class of material was an evident case of serendipity, since this behavior sawvet by

Z v U SZ vle 5} (]} a8youdiffere(it cools made of the same material, Ni-
alloy that, when hit the ground, made two different sounds. This wastduhe different
thermal process they experienced before this occurrence. This had resulte¢tei
formation of different crystalline structures of the material, dependmyg the rate of
cooling. These two arrangements are the austenitic, formed at high temperaacethe
martensitic, which is a metastable structure that arises at lower teeoee. The latter
can be twinned or detwinned, depending on the stress applied. ;Tlhem a macroscopic
point of view, when the specimen switches from one to the other structurexpierienced
a sensible size change. This alloy was baptized Niti-NOLt {NiVal Ordinance LaboratQry
and the study on SME starté#?*

As far as organic shape memory materials is concerned, a step-back in tirBéltas
necessary, when Vernon and Vernon first gave the actual description of the Skiaijtwit
naming it, in a patent about new materials for dental restoration. They wieeefirst to
give aknowzZ}A Jv 8Z (] o U }A EJvP A] & VP }( "% @ 5 E-_
was about the preparation of a methacrylate-based material exhibiting SME when
underwent temperature changes, from room temperature, where it sadva hardenig
typical of gum, to temperatures below zero, where it recovered its softnesiseacibbery
behavior?®

Even if the investigation in these systems may be considered as purely man-mage, ma
different examples already exist in nature. One of the most common shap@&ghtitural
system is the pinecone, which can change its configuration, from opesiose, if the
environment is dryer or moister, respectively. This happens in order to protecseed

and to let it travel as much as possible. When it is produced, the seed baspimtected
5



from the water in the air: if the seed gets wet, it will be heawad it will fall too close to
the parent tree. Instead, if the weather is dry and windy, the pineconeopéh its scales,
and the seed is allowed to leave the pinecone, so that it can reachrahgfances, and

proliferate (Figure 1.3

Figure 1.3Scheme of closed pinecone with cold and wet weather (left); Scheme of an opéredne

with dry and hot weather (right)

Other widely studied structures in natural world, which candoasidered as shape-
shifting, are the red blood cells (RBCs). They can experien@agechn their shape simply
by a variation of the salinity of the solution in which they are immerded all about
osmosis process, thanks to which, if the solution is isotonic (meaningniaolution has
the same amount of solute of the RBC), the system will be steady. Howeversdithien
has a higher ionic strength with respect to RBC (i.e. it is hypejtaama cell shrinks,
because of its tendency to equilibrate the concentration of solute esiald outside the
cell itself. On the other hand, if the solution is hypotonic, vatlower amount of solute

with respect to the RBC, water moves through the membrane into théFglire 1.4§722



Figure 1.4Left: hypotonic solution gives sphere-like RBC. Center: in isotonicsolRBC keeps its

shape. Right: hypertonic solution gives shrinked RBC.

By the way, a large variety of substances belongs to the class of shape mememnaisat
such as shape memory alloys (SMA), shape memory ceramics (SMC), shape memory
polymers (SMP) and shape memory hybrids and composites (SMH and SMNCc) (Figure 1.5).

They will be presented in a more detailed way hereafter.



Figurel.5 Classification of shape memory materials

1.2. Shape Memory Alloys (SMA)

Shape memory alloys (SMA) are the most studied classes of material showireg shap
memory effecf®30. One of the main reasons for their diffusion is that the starting malkeri
are relatively cheap and easy to process, since they are metals.

As partly beckoned, these materials can exist in two phases, austenite and siten
having the second two different possible arrangements, twinned and dewdn
generated by thermal changes. Therefore, for in SMAs it is necessary to identify some
characteristic temperature$:

In particular, at low temperature, martensite structure is stable. peating , as soon
as the material reaches the austenite-start-temperature),(A changes its structure into
austenitic one. The transformation is completed when the sample reatte austenite-
finish-temperature (A. This step can also occur while a load is applied. In both cases, the

material experiences a contraction. Then, if the alloy is cooled down, é@riexes the
8



reverse transformation, showing a switch to martensite as soon as it reaches the
martensite-start-temperature (M. The conversion runs out when the material reaches the
martensite-finish-temperature (M. The shape-shift to martensite can also be load-
induced. Nevertheless, there is another limit temperature, nameg &bove which the
martensite can not be observed with the application of a |&&#.

In order to better figure out how a SMA behaves at different temperatwaed loads, a
classification is needed. One-way SMAs (1W-SMA) are those materials that, once
deformed, recover their original shape when heated, and no other changes. doeo-way
SMAs (2W-SMA) can switch from one shape to another, being one stablaght
temperatures, and the other at low temperatures. They are less common, since they
present several inconveniences with respect to 1W-SMAs, such as the ngoafssit
programming in two different phases, a lower strain recovery and a higher rate of
deterioration.3334 In the end, when the SMA is at a temperature betweeamd M, the
shape-shifting from austenite to martensite and backwards can beagisgl simply by
loading or unloading the material, without any changes in temperatlihégs phenomenon
is called pseudoelasticity. A 1W-SMA can also become a 2W-SMA istantdonad is
applied to the specimen. This kind of system is effective, expendable anchan in
various applicationd A complete outlook of such behavior is reported in Figure 1.6.

As already mentioned, from a structural point of view, the SME is fasdifless
transition from austenite to martensité® This transition is usually temperature-assisted.
The term hysteresis defines the range of temperatures where the materiddeapplied,
4d At Ms ltis identified between those temperatures at which the maikis 50%
austenite while heating and is 50% martensite while cooliigOnce the extent of
hysteresis is known, the material can be considered for a specificappn. For example,

for mini electro-mechanical systems (MEMSSs), a narrow hysteresis is required. Imstead,
9



order to have, for example, a pipe joint that keeps the shape for a iomgand in a wide

temperature range, a SMA with a larger hysteresis is requifed.

Figure 1.6SMA phases and crystal structurés

The hysteresis loops depend on different factors, such as composition and
thermomechanical stresses experienced by the material during processirapahdation.
40 Such thermal characterization can be easily performed by differestahning
calorimetry (DSCH¥! In this range of temperature, also mechanical, physical and thermal
% E}% ES] » ~epu Z ¢ z}uvP[e u} popeU o S3SE] HAFS€=3AJS5C
Z vP U %o vV JVP }v SZ %oZ ¢ U e]v HeS V]B]|Pll B E}UEP [V

modulus with respect to martensité?*3
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Thanks to their behavior, SMAs are applied in many fields. For irstanzardiovascular
and spinal surgery, dental and sports medicine are required advawnctsl and systems
such as stent grafts, valve sizers, bone staples and arch wires, as well asriogkirgafety
valves and control systems in automotive, aerospace and defense. Some ofdbeslea
the production and manufacturing of NiTINOL are the Memry CorporatahDynalloy,
Inc., specialized in kits and accessories for their applicatio

However, SMA cannot experience deformations higher than #0%s later explained,
other materials can be used in order to obtain a SME with higledorchation and

processability.

1.3. Shape Memory Ceramics (SMC)

Another class of SMM is represented by shape memory ceramics (SMC). The maximal
deformation they can reach is about 15%. This deformation is relatedetiGliear strain
associated to the martensitic transformation from tetragonal to monoclimiecttre of the
zirconia.** However, the real SME can be displayed only for strains lower than 2%.
Moreover, the number of cycles the material can withstand before it stestcrack are
much lower than SMA? For this reason, in recent years the attention devoted to these
materials is lower respect to SMAs. A quick synopsis is here reported.

The first main group of SMCs consists in viscoelastic ones. These materials, once

(}Eu § Z]IPZ 3 u% & SuE U v }}o 17U I8 JJE E &)
shape. Then, the recovery can occur, with a prestrain up to 0.5%, by dueqiyng the
specimert® However, since they exhibit a structure in which 0.4-0.6 of volume fraction is
mica, dispersed in a continuous glassy phase, the SME occurs in a differérarw&MA.

This is due to the interaction between the crystalline structame the glassy phase. While

11



loading, the first is deformed and the second flows with it. Onceldlae is removed, the
form is kept, until it is reheated and the energy stored in the glassge will be released
and used as for recovering the original shape. The strain recovery cam 988¢ if the
sample undergoes a long annealing procé&n addition, some sintered ceramics with a
very little amount of glassy phase shows SME, but this is much lowertligarffect
exhibited by the other4®

As for SMA, some SMCs can experience a thermally or stress activated miartensit
transition, giving malleability or toughening, respectiveff. In ceramics, if the
transformations are thermoelastic, SME can be expected. Zirconia (ZrO) carsstiow
behavior, since the structural switch from tetragonal (t) to monoclinic @h)low
temperature can occur thermoelastically. Also magnesia or cesia modified zircania ca
show SME. This effect can be triggered lowering the temperature down to thent
transition, whose value depends from the grain size of the solid phifge kample is
above the transition temperature, the SME can be activated applgnstress. Once
deformed, the original shape can be recovered reheating with ettmansition. The great
advance in this kind of materials stands in the possibility to tmsn at very high
temperatures, but the higher strain value reachable is lower than 4%, and naictarfes
arises, limiting their applicability®5!

Among SMCs, ferroelectrics are much similar to the well-known piezoelectri¢ smar
structures.>® Those are perovskite-type oxides which can be paraelectric (PE), ferraelectri
(FE) or antiferroelectric (AFE), depending on the composition and the dnsstialftice.
These different lattices can appear depending on temperature, stress or extlawitic
field. Macroscopical strains occur when PE-FE and AFE-FE transitiontataké® T he
latter can be induced applying an external electric field that reasieine polarized

domains. This phenomenon causes a structure displacement and a seipsemqiume
12
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connected to the phase transformation, and to the electrical-induoee. 54°° If the
ceramic is metastable at FE and AFE, when the electric field is rentbeestructure is
kept until the electric field changes its polarity or the temperatigeaised. In this case,
the material shows SMES

Some other metal oxides can show orbital order-disorder arrangements, such as
paramagnetic, ferromagnetic and antiferromagnetic. The reversible transitiotveelea
these structures result in recoverable lattice alteratiosin this case, SME takes place,
since ordered and disordered structures coexist and the Jahn-Tedlesition between
ferromagnetic and antiferromagnetic states occurs in short range. These cIS88Cx is
not much investigated because the switch temperatures between the states are very lo

However, SMCs find application in mechanics, as clamping dé¥imed,in electronics,
as latching relays in switching systems, thanks to the low deformation, to guartme

electrical contact, even though the voltage is no longer applied to évice3°

1.4. Shape Memory Polymers (SMP) and

Elastomers (SMEL)

As mentioned above, SMPs are one of the most studied classes among responsive (or
programmable) materials. In many cases, depending on the structural and chemical
properties of the sample, the restoration of the original shape takes @aaeresponse to
different external stimuli, such as a variation of §Hor temperature,® or as a

consequence of the application of an electric or magnetic field

13
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The first SMP to be invented was reported in 1984, in Japan. However, other tfaces
their first appearances was described in 1906 in terms of heat-, and wateikahhn
polymer®? and lately the well-known and used heat-shrinking tube made ofgbloylene
to protect connections, joints and conductofs.

Compared to SMAs, SMPs exhibit several advantages. First of all, the density of the
material is much lower (the most common polyurethane (PU) has a density of 1125 g/c
whereas NiTi is 6.4 g/cih % The cost for the raw material and for the process is usually
lower, even for complex shapes. As for the SME, SMP have a total recoverariiag c
even several orders of magnitude higher than SMA. Moreover, the thermomechanical
properties can be tailored in a simple way, by varying the monomer ratio threlbgddition
of fillers. Moreover, these materials possess an excellent chemical staiilitgh damping
ratio, and most of them are biocompatible, therefore potentially suiggiolr drug delivery.

Thermoresponsive SMPs can be triggered by direct heat, or by means ofiamjuct
infrared, laser heating, or with Joule effect. Other documented ways twaetihe SME
are moisture, pH, solvent, light, electric or magnetic fields. &kterl can also allow to
engineer remote-controlled SMP, thanks to induction heating. Gngle SMP can be
activated by different external stimuli, so that SMPs with multipléESidn be realized.

In general, in orderdshow a shape memory effect, a polymer material should have two
main structural features. First, the presence of a stable polymer networg; dan be
achieved thanks to entanglements, chemical cross-linking, interpenetratedonietor
crystalline phase. The presence of one of more of these features givesathple the
possibility of recovering the original (or permanent) shape to the samptarflly, it must
possess a reversible switch, i.e. a physical or chemical transition that allows théoSM
occur. Depending on the nature of polymer network, the switch may orcuaiifferent

ways, for example crystallization-melting transitié® vitrification-glass transitiorf®,
14



anisotropic-isotropic transition for liquid crysta&ls reversible molecular cross-linking, like
photo-isomerization®8, and supramolecular association-dissociation, such as hydrogen

bonding or self-assemb#. In Figure 1.7, an overview on shape-shifting modes is reported.

Figure 1.7Various molecular structures of SMiPs

Among SMPs, a prominent role is played by shape memory elastomers (SMEL). In
general, elastomers are polymer-based thermoset materials having a three-dimensional
structure, with the distinctive presence of chemical cross-lirksvben polymer chains.

The amount of concatenated chains arises from the typical curing process of thefting
polymers, which involves the reaction between a monomer and a curing agkat. T
complex network formed may present a different viscoelastic behaviorteims of

]Jvs Eu}lo po E (}E& U ( JopE *SE ]Jv v z}wvP pmoldngopeU
of the curing agent used?

When an elastomer experiences a stress, its structure changes, and the pohaires c

align along the direction of the applied stress. Then, when das lis removed, the

15



elastomer has the ability to restore its original condition thankdhe presence of the
cross-links. Furthermore, an elastomer usually presents an amorphouswstguets the
crosslinks inhibit chain crystallization. However, if one among monameuring agent
has a rigid rod-like structure, a so-called liquid crystalline etasts (LCE) could be formed
L In such a structure, the rigid-rod moieties, also called mesogens, can aimaagide
by side ordered structure, forming several locally aligned domains surroungeanb
amorphous phase.

Just like other liquid crystalline materials, LCEs and liquid crgstpbblymers (LCP) may
be classified according to the kind of arrangement of the mesogens. The maioh liq
crystalline classes are; nematic, in which the mesogens are ordered atandirection
smectic, in which several stacked layers made of ordered mesogens are present;
cholesteric, where the aligned mesogens are organized in layers, but wdiffeaent

orientation in each one of them (Figure 1.8).

Figurel.8.Schematic representation of a) LC monomer,and of b) nematic , ¢) smectic and d) clwlesteri

LCarrangements.

16



In addition to this classification, another relevant parameter for LGBsification is the
position of the mesogens with respect to the polymer backbone. If the messgeaart of
the polymer backbone, then a main-chain LCP is formed. Insteads in#sogens are
grafted to the backbone, the resulting LCP is classified as a side-chamepaWioreover,
side-on or end-on bonding is possible, depending on how the medegemnected to the

backbone,? as reported in Figure 1.9.

Figure 1.9a) and b) are schematic representation of main-chain LC; c) and d) are schematic

representation of side-chain LC, the first is side-on and the second is eoeon

From a thermal point of view, liquid crystalline materials exhibit twéfedent
characteristic temperatures. The first one, usually occurring at lower temperaisitée
glass transition Tg), where, as with other semicrystalline polymers, the amorphous
structure changes from glassy to rubbery. The second one, typically at heghperature,
is relative to the isotropization transitiorlif, where the ordered liquid crystalline (LC)
arrangement is lost on heating, and the material becomes isotropic, resuhling

homogeneously disordered matri%.

17



The isotropization process (as well as the reversed one, called anisotropjzatio
occurring on cooling) requires the material to absorb a high amount efgsn However,
thanks to this stored energy, some LCEs can show the SME. Adterdtierial is heated
pastT,, it can be deformed to make it reach its temporary shape. During the process, the
molecular structure is oriented along the stress direction. The sampie isooled down
below Ti so that any elastic response is inhibited. The sample is tidoaded and the
shape memory effect can be triggered, simply rising the temperature uphto t
isotropization value, at which the aligned network releases the stemergy in form of
mechanical work, to move back to its original position. Nevertheless, ateimpdrature
the material in the actual permanent shape is still in the isotrqggiase. The complete
recover of the LC structure is then achieved upon the subsequent mmgqmiocess. Of
course, a loading applied prior to cooling results in a sample deformatibichvean be
used to trigger another shape recovery cyéfe.

LCEs show excellent mechanical and physical properties, such as high fracture
toughness, high moduli when oriented, low moisture adsorption anddgtwermal
behavior, properties that are not observed in materials like amorphous or sematyst
polymers.”

On the basis of these properties, and also considering the ease of praressinow
shrinkage after curing, lightly crosslinked epoxy resins are among the niostctiquid
crystalline elastomersThey are produced by curing an epoxy monomer, usually having
stiff structure, with carboxylic acids having flexible aliphatic benkb

As it is widely studied, the degree of crystallinity of the materighiled depends on
the curing process, because for some epoxy monomers the liquid crystphiage is
metastable. Therefore, depending on the kinetics of reaction and the reguitiosslinked

network, different typologies of ordered phase can be forméd.
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Once the material is totally cured, mechanical and thermal behaviors dvemtied by
the LC domains. The strength to fracture and plastic deformation is iret¢hanks to the
presence of liquid crystallinity. Each LC domain has the tendencydw fible direction of
the solicitation, changing its orientation. The mechanism, known as transftiom
polydomain to monodomain, occurs while the load is applied. Thisitlefi comes out
since all mesogens of the sample are pointing in the same direéfion.

The local or global alignment causes the formation of an anisotropic matethaise
structure can be tailored in many ways. In addition to changing theiton of the curing
reaction and under mechanical stress, the LC arrangement can be orientednalsp u
magnetic and electric field.

Moreover, as mentioned above, the exceptional structural, thermal, dielectric, and
chemical stability, make epoxy-based LC elastomers among the most investigasrthmat
for elastomer-based nanocomposites

Several parameters, such as type of monomer and curing agent, degree of, clnape
and thickness of the specimen, can affect the extent of actuation ynpei-based shape
memory materials. Among them, the addition of micro- and nano-sized parigkevery
attractive way to modulate the properties of materials, including SME. I régard,
nanoparticles are of particular interest, as they possess a very high surface to vahione
which enables the creation of a large interfacial area between matrix éled fAs it is
explained in the following, this hybrid materials are called polyneseld nanocomposites.

Besides these fundamental studies, SMPs find also technological ajpplidatanks to
their promising properties, medical devices for surgery and biomedical engineseng
produced, likewise sensors and aerospace equipment. For some of theseasippk, is

also increasing the demand of rapid prototyping. For this reason, some stadiasow
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addressing the realization of 3D printed SMPs items. As an example, CRGhasoup

developed a filament which combines SME with 3D printing.

1.5. Shape Memory Hybrids (SMH)

Shape memory hybrids are not proper SMM, but mdst v }ve] & e "Z}u
u _ "DDU eJesstaring materials do not show any SME, but their interaction can
give birth to a responsive material. For example, a SMH can emulate a SMP silizking
and wax, the first represents the elastic matrix, that stores the force tlamdecond is the
part of the material that experiences the transition. When this hybrichéated and
compressed, the silicon stores a strain, and the melted wax flows, folijpthe strain.
Then, when the system is cooled down, wax solidifies and the silicone stettils shape.
Reheating the whole sample, wax is melted again and the silicon atshdvack to its
original shape®7®

Just like SMPs, SMHs can exhibit SME in different ways, indudesghiryg or solvent
dissolution, depending on which are the chosen components ferrtatrix or for the
inclusion among metals, organic or inorganic compounds.

For this kind of material, it is possible to predict its final betvagince the selected
components maintain their physical-chemical characteristics. Also agisgatiein and
fatigue can be easily controlled, thanks to the chemical interactlmta/een the matrix

and the inclusion.

20



1.6. Shape Memory Polymer Composites

(SMPC)

Shape memory polymer composites (SMPCs) are hybrid materials made of at least tw
phases: a polymer matrix and a dispersed phase, usually in fibrous orupsteic¢orm.
Since each phase has its own physic-chemical properties, composites hammugeneous
materials. This inhomogeneity arises from the discontinuity between bizs@s. However,
the two phases establish physical or chemical interactigngng rise to a significant
improvement in several parameters, such as mechanical performance, barrier pesper
flammability, etc. In the case of SMPC, at least one of the two phesesde of a SMM
Herein, shape memory composites based on SMPs constituting the consimnase are
reported.

One of the main reasons accounting for the introduction of filleravi® $ due to their
intrinsic low mechanical strength and shape recovery stress. Selectimydper particle
and the right concentration, it is possible to improve the mechanicaben and the
stress applied by the SMPC upon the shape recovery process. Microfibers,cdhiabaos
as well as carbon based particles can improve the bearable mechanicalwbad
exfoliated nanoclay and ceramics particles enhance the SME.

As shown in SMP section, temperature is by far the most employed stirablasto
trigger the SME. However, thanks to the right choice of fillers, ib$siple to obtain SME
by the exploitation of different stimuli, depending on theiren&ction with the SMP matrix.
Indeed,]* %o}ee] o 3§} } « EA AZ § ]« 08 Thié kid ofstimali-actize X

effect is one of the most studied in recent decades, since it allove®mnirol the switch
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even from remote. It can be triggered not by rising the temperature of therenmient,
but with the application of a radiation or an electric figicbvided that conductive particles
are embedded in the sample. @lpplied voltage inducea current in the sample that is
intrinsically heated due to the Joule effect. Typically, carbon-basedclestor a metal
powder can trigger this effect.

Other possibilities to obtain athermal SME have been demonstratédsuch as
magnetically-activated SMPs, in which ferromagnetic particles or-silidace-modified
ceramics particles are included, in order to induce thermomagnetigadiyced SMES°
Additionally, SME can be also water-promoted, if hydrophilic particles atervactive
cellulose are used as fillef3. A SMP can become a photo-responsive SMPC, if particles that
photo-dimerize when hit by infraredR) light are dispersed within the SM#.

Besides the common SME, many recent studies report on the possibiktyatiing a
multiple-shape memory effect (MSME}? This arises when two different SMM are
connected into one, with each of them keeping its own SME. Bhibe achieved not only
choosing the right filler, but it can also be observed in those/pelr blends or layered
composites (laminates) in which the two chosen material, are, in factncissMPs, with
well separated switching?

In other cases, it is possible to observe a localized activation effestkshto a well-
programmed distribution of the sensitive particles within the matrix. Thosdleaspatially
controlled SMPC$®

Recently, 2W-SMPCs were studied. They can be obtained, for example, embedding a
pre-stretched LC SMP in an elastomeric matrix, in which the lafiplies a stress on the
SMP while reheated® The same behavior is observed for laminates in which the elastomer
layer responds to the SMP traction with an applied str&s&nother 2W-SMPC is the photo

active class. This material switch from one shape to another thanks tedupling of
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azobenzene-based particles, characterized by a photo-induced cis-toamerization, with
LCE®®

Among SMPCs, those with self-healing features represent an intrifyeid @f study. Up
to now, SMPCs have enabled the intrinsic self-healing capabilitiMbfs,3° even at
macroscopic scal@® This happens if the SMP is modified with thermoplastic glartithat
heals the crack, where the SME cannot. An opposite approaclgigansimilar result,
including SMP fibres and thermoplastic particles into a therdaste bulk material. Also
combining SMA and SMP makes possible to obtain a self-healing systémheviEMA

operating as an armor for SMP.

1.7. Shape Memory Nanocomposites

Nanocomposites take their name from the composites, as likewise they are
characterized by the presence of at least two different phases thorgughded. In general,
a particulate or fibrous phase is embedded in a continuousimphase. Nanocomposites,
unlike composites, are characterized by the nanometer-sized dimension obbittee
phases that constitute the material, typically that in particuladeni. Since each phase has
its own physic-chemical properties, nanocomposites are thought as inhomogeneou
materials. This inhomogeneity arises from the discontinuity betweemltiases, that is the
interface, which may be responsible for several composite properties. Due to thaigary
surface area of the nanoparticles, the interface in nanocomposites is maxijas it can
be considered as a third phase that plays a paramount role in detergiitiie final

properties of the material.
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In general, even if polymers exhibit very distinguishing properties, asgqubout above,
some of their properties do not fit with the final use for whitttey had been considered.
For example, in some cases a polymer works properly for its lightness, however ibeould
necessary to improve elastic modulus and strength, being the latter loveer itietals and
ceramics. One solution to improve these two parameters relies on incluthngfillers,
that allow achieving such an improvement. To this aim, fibers, filametdselets or
particles, depending on the specific requirements are used, whigh teemanufacture
lightweight materials that keep their typical versatility and processabft

Of course, other than shape, chemical structure of the particle plays adieyin
determining the properties of the final product. For example, if the sampliflad with
rod-like cellulose nanofiber8? mechanical features and biocompatibility will be improved
On the other hand, if the polymer is filled with ceramic paes, for example halloysite
nanotubes (HNTs)?* the material will experience an improvement mechanical
properties, as well as in thermal stability. Metal nanoparticles camaroe optical or
magnetical polarizability and chemical reactivity.Besides these nanofillers, in recent
years carbon-based are mostly used. They may improve thermal, mechanical and electrical
properties,®® even though may result in a lower biocompatibility, unless they are neadifi
and compatibilized to stay in a biological environméht.

As shown in the following, the topic of this thesis encompasses the studgabfshape
memory elastomers, as well as nanocomposites obtained ussh= ag matrix, in which
carbon-based nanofillers were dispersed. The final material also showedSME.next
sections, a review on the most used nanoparticles in polymer composites is gloag
with a state of the art of the major classes of shape memory polymer nanocot@posi

(SMPNC).
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1.7.1. Nanofillers

Commonly, the presence of a foreign body in a bulk material is coesider a defect
as any inhomogeneity can causslures ofthe entire system. Therefore, to obtaia
nanocomposite, that iawholly new material from the two starting ones, the achievement
of a homogeneous dispewsi of the nanoparticles within the matrix is mandatory. Once
the particles are evenly dispersed in a polymer mattinanocomposite is obtained, the
nanoparticles acting as nanofillers in the final product.

The term ~v v} (]omdi€ktes a particulate material having at least one dimension
(length, width or height) lower than 100 nanometers. Nanofillers afeen classified
according to the number of dimensions that are below 100 nm. As an exdFiglae 1.7)
starting from a cube of 1 mm, if the height along the Z axisdsiaed by 4 orders of
magnitude down to 100 nm, it turns into a plate-like nanofiller (anBDopatrticle). Then,
if the same is done for Y andaXes, a fibrous (2D) and spherical (3D) nanofiller are

obtained, respectively®

Figurel.7 Schematic representation of a nanofiller
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To fully exploit the potential of the interaction between nanofilleldgmolymer matrix,
another consideration should be made. As already mentioned, in nanocorapasié
interface between matrix and nanofiller plays a key role in ditathe properties of the
material. Indeed, due to the small dimensions of nanofillers, the amotiatoms present
on the surface is comparable with those underneathd so are the energies respectively
associated® In order to reduce the surface energhe nanofillers tend to agglomerate
mainly due to Van der Waals attractive forces, creating larger clugisra.consequence,
nanoparticles will nobe well dispersed within the matrix, giving rise to a hardly predietabl
behavior of the obtained material, mostly in terms of mechanical anctebal properties.
100 Thus, tailoring the processing steps becomes necessary for a successfusfidesidn.

Hereafter, a quick synopsis about most common nandfillers is reported.

Inorganic fillersSilica particles are likely the most used inorganic nanopartideslly,
these fillers can be found in different morphologies, that is péet, nanotubes and
platelets. The latter class is represented by clay nanopartifiesusually made of
aluminosilicate inorganic materials. When dispersed in a polymer matre sthcking
platelets could be exfoliated, and the layers totally separated one frowther, or
intercalated by the polymer chains, giving rise to a partial separatf the layers? In
general, the more they are exfoliated, the larger the enhancement of rdguired
properties. Moreover, to achieve suchnresult, a modification of the particle surface
properties is often performed, as to increase compatibility betwekerfand matrix.

In many cases, a surfactant is used to delaminate clays. On the broken edges of th
particles, polar sites are situated. Those can be charged either positively orvedgdty
the adsorption of Hor OH ions, depading on the pH of the solution (the more is the

acidity, the more the clay becomes positive). A specific surfactamt ]v E <« §Z o C[-
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surface charge®™ Xu et all%? found that controlling the amount of cations released from
the surfactant in the solution and their subsequent intercalatbetween layers of silica
particles due to exchange with*kbns on clay surface, one can tune the clay dispersion.
Also the polymer matrix can actively affect the dispersion grade, as pootedoy
Okamoto et all®® Surface modification has been also reported for 3D silica nanoparticles,
in order promote their dispersion and to reduce flocculation and aggregafiana et al.

104 managed to modify the silica surface, fuming it and introdudi@#l groups, in order to

let it react with the polymer matrix epoxy groups in thermosetting polymeswéver,
depending on the nature of filler and matrix, surface modification matybe necessary.
As an example, Yudin et df® produced systems including magnesium hydrosilicate
nanotubes without any surfactants or surface modifications.

Another important class of inorganic fillers is represented by the mmakd
nanoparticles. Their use can enable several magnetic, electrical and optical tigsger
The use of pure metal nansized particles has been widely reportd&utnakornpituk et al.

106 ysed cobalt for creating stable amphiphilic polysiloxane triblmmbolymer micelles
starting from solution with surfactant and toluene. Rong et &I obtained silver
nanoparticles starting from silver salt, using sol-gel microemulsion teghsjdo prepare
core-shell colloid wires, where the core consistn silver nanopatrticles. Metal oxides are
also widely used as nanoparticles. Yang et®&lprepared Ti@ nanoparticles, that were
added to the precursor solution of phenylenevinylene (PPV), in ordegetosurface-
modified TiQ nanoparticles well interacting with the polymer matrix.

Organicfillers. The most used organic filler is cellulose, used in many kinds of shapes
and fields. Mainly, it is used for mechanical reinforcement, sinchasacterized by high
crystallinity, high Young modulus and resistaté'® Yu et al*'! reported about enhanced

dispersion of cellulose nanocrystals (CNCs), obtained from microcrystalliies=(MCC),
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in chloroform, and then in the chosen polymer matrix. Dufresne et'ahlso employed
film casting of cellulose-polymers materials, using water dispersions.tamauch result,
surfactants'!® or surface modification strategies were employ&d

Carbon-based fillersin recent years, a lot of carbon-based nanofillers have been
described. According to the above-reported classification, 1D plate-ti&ebon
nanoparticles are known as graphene, carbon nanotubes are 2D particles,sphérical,
3D carbon nanopatrticles are called fullerenes. These kinds of llerssed in order to
enhance some properties, such as mechanical or physical ones, or to enalpeopenties
the neat material would not exhibit, like electric conductivity

Graphite is made of many graphene nanosheets. It is theld@ast carbon-based ff
available, and it has been used essentially to create conductive compositesver, when
in graphite form, the percent amount needed to reach the percolation threskolivery
high, resulting in poor mechanical properties. Graphite nanoplatél@t$P) are produced
by graphite partial exfoliation, resulting in discrete particles made ufewf graphene
layers, possibly enhancing the potential conductivity and strength of a GNRwr
nanocomposite!'® Apart from graphene based fillers, carbon nanotubes (CNTSs) represent
very promising 2D nanofillers. Likewise graphene, CNTs exhibit exceptional ncathani
thermal and electrical properties.

In general, many techniques may be used thanks to which graphitic materials are
obtained. One of these is the chemical vapor deposition (CVD). Vistm#thod, a mixture
of volatile carbon compounds are in a chamber where the temperature ishighy at
atmospheric pressure. This procedure leads to the growth of carbon nanotuuses
when metal nanopatrticles are usetl’ Instead, Somani et al® explained that, if the

catalyst sites are metal foils, growth of graphene is obtained.
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However, such good materials come with some contraindications. To see their
properties applied, it is necessary to boost particle interaction wite Hurrounding
polymer matrix. Since they are nanosized, it is very difficult to turtighes agglomerates
into single ones, both for graphene and CNTSs. In the case of graphene, thiestengthod
to exfoliate these layers was a mechanical one, in which adhesive tape was used, by
Novoselov et al''® when graphene was observed for the first time. Another exfoliation
technique is the chemical one. Graphene has intrinsic chemical defectss @is to the
fact that it is a metastable structuré?® made of sp hybridized carbon atoms. €h
structural defects create satated bonds that cause a change of hybridization t& #gs
possible to take advantage of such defects, creating a new kind of mateaalely
graphene oxide (GO), in which the hydrocarbon surface of graphene is graftecadtive
oxygen-based functional groupbhis procedure may allow for graphene layer exfoliation.
Stankovich et al'?! used strong oxidizing agents, such as sulfuric acids followed by an
ultrasonication, in order to exfoliate the layers. Other techniques incltldesexfoliation
by rapid evaporation of the solvent in which the graphene layers arpedied, as
Hernandez et al-?? did.

CNTs have been discovered earlier than graph®a€or this reason, they are also more
used and studied. Just like graphene, they can be single wall CNTsT$VWoNsidered as
a single sheet of graphene rolled up, and multi-walled CNTs (MWCNT3)ic many
layers of graphene are rolled up one by one, in order to form a concensiemy with
increasing radius'®® The techniques to mix these nanofillers with polymer matrices are
several. In the first place, they can be just mixed in a solution, wsthitable solvent for
both nanofillers and matrix, and let it evaporaté! However, in this way the dispersion is
not so efficient. To improve such aspect, Safadi éfalised ultrasonication agitation, and

Cui et al?® used a surfactant. With these methods, the integrity of the nanofitiay not
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be preserved. Electrospinning CNTs with the polymer matrix has been also kgéfte

Despite being very simple, direct introduction of CNT in the polymét imeisually less

effective,’?® asthe polymer is too viscous to tear the CNTs bundle agardther method

for the dispersion of CNTSs is tiresitu polymerization. It works lika dispersion process,

but without any solvents; the starting dispersion is made of mononrerwhich

polymerization occurs, either with thermoplast® or thermosetting'*° polymers.
Functionalizatiorof CNTSs is highly effective to avoid nanoparticles agglomeration. Also

in this case, whens Z Ede[ -af@(s are involved in a chemical reaction, the

hybridization of the reactive carbon changes front gpsp’. Usually, the edge atoms are

the most reactive!3! Depending on the reagents chosen, it is possible to precisely select

the functional groups that will be present on the CNT surfaceh asacarboxyl, alcohét?

or amino groups. These obtained CNTs can be used for further reactionosteysusion

in a polymer matrix, as they are more compatible with the organic phase.

1.7.2. Shape memory polymer nanocomposites filled with

carbon-based fillers

Shape memory polymers represent a wide field, with many different walyséstigate
in. An impressive amount of materials can be comprised in this categodyeven higher
possibilities arise when these material are used to obtain shape memory polymer
nanocomposites. Hereafter, several examples of SMPNC are reported, sorted acaording t

their main chemical structure, namely polyurethapgtyrene-, and epoxy-based SMPNCs.

1.7.2.1. Polyurethane-based SMPNC
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SM polyurethanes have been the very first SMP ever studied in order to achietea
comprehension of the SME Polyurethanes (PU) consist in a thermoplastic polymer with
two different segments, namely a hard and a soft one (Figure TI& hard segment is
usually either a low molecular weight diisocyanate or a long chain macro giotygihnate
characterized by high transition temperatur&he reaction of these components with
dihydroxy-terminated oligoesters or oligoethers affords a linear polyurethaff The

diisocyanate can exhibit both aliphatic or aromatic structure.

Figure 1.8Polyurethane chemical structure

With each of these segments, a different semi-crystalline structure eanbbained.
When diols or diamines are coupled with these monomers as chain extendghsse-
segregated polyurethane block copolymer is obtained.

Such SMP can be used to design a SMPNCs, by the inclusion of nalegparthin the
matrix. In order to improve mechanical and to activate electrical conductivitys@ke the
best choice. Cho et a®® y» Dt Ede (}E& §Z]s E -+}vX &]EasdwasZ Dt Ed
chemically modified byan acid treatment while sonication was going on. This was
necessary to improve CNT interaction with the PU matrix, in order to get ralark
mechanical properties. Indeed, the higher the degree of surface modificatie better

the properties achieved. Indeed, shape memory mechanical recovery increased, add so d
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conductivity, giving rise to an electro-active composite. Choi et3alused graphene
dispersed within a SMP polyurethane-based matrix. The reinforceraffatt due to
graphene was achieved, thanks to the surface modification of the nanopartidesvdr,
this procedure lowered the shape memory effectiveness because the resulting costyucti

of the nanoparticles was lowered, reducing the resistive heating effect.

1.7.2.2. Styrene-based SMPNC

In order to exhibit SME, a styrene-based polymer must have a cross-birkexdure.
Styrene-based SMPs are thermosetting polymers (Figure 1.9). They can be polyimerized
different ways, since many monomers, mechanism or curing agents cansgih

arrangement.

Figure 1.9Example of styrene-based polymer

These structural features are provided by renewable natural oils, as foyhdet alt3’
Such oils led to formation of random copolymer networks, thanks to thigh begree of
unsaturation, through cationic polymerization with styrene. Since tbtsvark is present,
it behaves like a SMP. It is possible to control the cross-link denaitid the rigidity of the

backbone to tune the Tg and mechanical properties, in view of the SME.
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Yu et al!®8 produced a SMPNC using a styrene-based SMP and CNT. Their investigation
concerned the possibility to use CNTs within the shape memory matrix as a trgggeri
medium for the SME. The way they activated such effect iedatvicrowave irradiationd
heat the nanofillers, which acted as heating sources for the matapedding on the
volume percentage of nanofillers and microwave intensity.

Up to now, very few studies, if any, invetlgraphene into styrene-based SMPNC. Much
more works includd other carbon nanoparticles, such as carbon black. Leng '€t aked
such nanofiller to enhance the SME, using the response of the mdrégsed particles to
the infrared radiation, thanks to which the recovery rate was faster tkaa pristine

sample, analyzed in the same work.

1.7.2.3. Epoxy-based SMPNC

Other than styrenedased SMP, also epoxy-based ones are thermosetting matrices

widely used in the preparation of SMPNC (Figure 1.10)

Figure 1.1Epoxy-based resin

Kumar et al*? showed the different possibilities thanks to which is possible taiob
an epoxy-based SMP. To obtain such effect, they should present both crestatiiquid

crystalline) and glass phases. The SME can be tailored just by changing thnt antbthe
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composition of those that represent the thermally active reversible segment, gixeng
rise to triple-shape memory or self-healability behavior.

CNTs can be dispersed within the matrix, in order to enhanceSME&. Liu et at*!
produced a SMP system involving diglycidyl ether of bisphenol A (DGEBA) and
methylhexahydrophtalic anhydride (MHHPA) in which different contents of MV¢Qvere
dispersed. They observed changes in characteristic temperatures, such as the glas
transition (T), in the mechanical properties and in the subsequent SME, in aelabi
varying amounts of reagents and nanofillers. Mainly thanks to nangfilleechanical
properties were strongly enhanced, likewise the recovery rate and the shapditgtabi
during the shape memory cycles.

Graphene is also used to activate new shape memory activation processetedikkeal
trigger, in epoxy-based SMP. Wang et '4%. used reduced graphene oxide paper to
promote such behavior with resistive heatinfhe main result relevant to the shape

memory effect was the increase of the recovery speed with increasipliedpvoltag.

1.8. Objective

Over these three years, the study of the doctoral program concerned the optioriz
of a functionalization strategy of carbon nanopatrticles, in order to owpitheir dispersion
within shape memory epoxy polymers, and the characterization of their effiecelevant
properties of the matrix.

In detail, the main objective of the thesis is the realization of matemwith tunable
shape memory effect (SME), based on shape memory polymers (SMP), in which different
kinds of carbonaceous nanofillers were dispersed. The chosen fillers wedtevaliad
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carbon nanotubes (MWCNT) and graphene oxide (GO). These two nanoparticles exhibit
exceptional mechanical, electrical and chemical properties. However, a wellkknow
problem arising from the use of these two nanoparticles, stands in theiretecyl to
aggregate into clusters when dispersed in a polymer matrix. This could be detaiment
several properties, including thermal, mechanical, and shape memory beh&uidace
modification is a widely adopted strategy to overcome these drawbacks, therefpeet

of the present work was devoted to chemical modification of MWCNT@@d aimed to
improve their compatibility with the polymer matrix.

GO was synthesized in our laboratory starting from graphite nanoptat€@NP),
whereas carboxy-functionalized MWCNTs were purchased and then chgmicallfied
These nanopatrticles were used as fillers at different weight percestay epoxy-based
shape memory liquid crystalline elastomers to obtain nanocompositesobifain a
homogeneous dispersion and distribution of nanofillers within the nrata suitable
compatibilization strategy was set up, involving the chemical fanatization of the
carbonaceous nanofillers, to graft specific functional groups on their surfaesethined
materials were then characterized to evaluate the degree of functinatbn.

The selected matrix consisted in an epoxy-based liquid crystalline (s@neda, which
is formed through reaction between a LC monomer and a dicarboxylizgsedlas curing
agent in presence of a catalyst. Neat resins were realized as a referenhttee dbtained
materials, cast as films, exhibited SME.

The latter were characterized in terms of mechanical, chemical, therand
morphological properties. Moreover, the effect of the nanofillers on the themaohanical
behavior was elucidated.

These films may be used to produce thermo-responsive autonomous meeahawitch

systems. Such device can be built-up as a multi-layered laminate, throegidtesion of
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several layers made of different materials. A layer of the epoxy-based kgysthlline
elastomer in its temporary shape can be sandwiched between two layers eharphous
epoxy-based material, which is cured around the first layer. During thisgcprocess, the
programmed LCE layer results to be embedded in the epoxy-based matrix, thanks to the
interlayer adhesion between the two materials. In this way, when the devibeased

above the Tg of the epoxy-based material, the LCE is able to recover itsnesinsaape,
deforming the softened matrix. When the device is cooled down belowrtagix Tg, the
amorphous layer restrains the LCE material to the temporary shape, resultitige in

thermally activated autonomous mechanical switching.
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CHAPTER 2

Surface modification of multiwalled carbon

nanotubes (MWCNTS)



2.1. Introduction

Since their discovery in 1991, carbon nanotubes (CNT) have generated great interest
due to their field emission and electronic transport properties, th@gh mechanical
strength and their chemical properties.

With 100 times the tensile strength of steel, thermal conductivity better takbut the
purest diamond, and electrical conductivity similar to copper, but withability to carry
much higher currents, CNT are nowadays one of the most relevant buliegs of
nanotechnology?

CNT are long cylinders of covalently bonded carbon atoms. The enls oflinders
may or may not be capped by hemifullerenes. In general, the end pareaitinder is the
result of pentagon inclusion in the hexagonal carbon network of Hreotube walls during
the growth process.

There are two basic types of CNT: singlewalled carbon nanotubes (SWCNT) and
multiwalled carbon nanotubes (MWCNT). Figure 2.1 reports a schematics kinthef

CNT available.

Figure 2.1Schematic representation of a SWCNT and a MWCNT
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SWCNT can be considered as single graphene sheets (graphene is a moridgier o
bonded carbon atoms) rolled into seamless cylinders. The carbon atorhe iaytinder
have a partial spcharacter that increases as the radius of curvature of the cylinder
decreases. SWCNT have typical diameters of ~1 nm, with the smallest diameter reported
to date of 0.4 nn?. This corresponds to the theoretically predicted lower limit fabde
SWCNT formation based on consideration of the stress energy builthataoylindrical
structure of the SWCNT.

MWCNT consist of nested graphene cylinders coaxially arranged arountta betiow
core with interlayer separations of ~0.34 nm, indicative of the interpl spacing of
graphite 2. MWCNT tend to have diameters in the rang€l@ nm. MWCNT can be
considered as a mesoscale graphite system, whereas the SWCNT is trudle dasge
molecule?.

Carbon nanotubes possess high flexibility, low mass density, and large aspect ratio
(typically ca. 300-1000). CNT have a unique combination of mechanicatjcaleand
thermal properties that make nanotubes excellent candidates in the falwicaof
multifunctional polymer nanocomposites. For example, theoretical and exertal
results on individual SWCNT show extremely high tensile modulus (64® GFda) and
tensile strength (150-180 GPa).

There are several ways of preparing CNTs:

Arc-discharge method This is the first method ofrpparation of CNT. This method
enables producing MWCNT through arc-vaporization of two graphite rods p&wdo
end, separated by approximately 1 mm, in an enclosure usually filledvathgas (helium,
argon) at low pressure (between 50 and 700 mbar). After applying a DC arc voltage
between two separated graphite rods by modifying apparatus for producing SiC powder

the evaporated anode generates fullerenes in the form of soot in the cleanalmd part of
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the evaporated anode is deposited on the cathode. When a graphite radioomg a metal
catalyst (e.g., Fe and Co) is used as the anode and the cathode is puréegiQPICNT are
generated instead of MWCNT. In figure 2.2, a schematic representatiarc discharge

method for CNT production.

Figure 2.2Schematic representation of arc discharge method to produce CNT

Laser-furnace metho(br laser ablation)t This method was originally used as a source
of metal clusters and ultrafine particles. It was then developed fderethe and CNT
production because it is suitable for materials with a high bgitemperature, such as
carbon, as the energy density of lasers is much higher than that of eHyorization
devices. This method involves a LC@ser beam, introduced onto the target (carbon

composite doped with catalytic metals) located in the center of a gquarbe furnace.
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Then, the target is vaporized in a high-temperature argon atmosphereSANENT are
formed, that are conveyed by the gas to a special collector. The method has several
advantages, such as the high quality of the diameter and controlled grofthe SWCNT.
Changes of the furnace temperature, catalytic metals and flow rate diredtect the

SWCNT diameter. The machinery is represented in Figure 2.3.

Figure 2.3Schematic representation of the laser ablation method to produce CNT

Chemical-vapor deposition (CVD)ith this method it is possible to control the location
and the alignment of the synthesized CNT. CVD uses hydrocarbon vapor (e.gneheth
that is thermally decomposed in the presence of a metal catalyst.gas-phase molecules
are decomposed to reactive species, leading to film or particle growth. &ldis the
synthesis of CNT at low temperature and ambient pressure, at the cosysiallinity. CVD
has been used for producing carbon filaments and fibers since 1959.rdtesp involves
passing a hydrocarbon vapor through a tube furnace in which a catalyst alasgoresent
at sufficiently high temperature to decompose the hydrocarbon. CNT grow ibner
caalyst and are collected on cooling the system to room temperature. CNT haveeaiso b
successfully synthesized using organometallic catalyst precursors. The thagn

parameters for CNT growth in CVD are type of hydrocarbon, type of catalyst anchgrowt
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temperature. Apart from large-scale production, CVD also offers the possibility of
producing single CNT for use as probe tips in atomic force micrpgédiM). The tips
produced are smaller than mechanically assembled ones, thus significantly ingptbgin
resolution of AFM-. A representation of the structure of this system is outlinedrigure

2.4.

Figure 2.4Schematic representation of the laser ablation method to produce CNT

Generally, in fibrous polymer nanocomposites, dispersion of the nanoparticle and
adhesion at the particlématrix interface play crucial roles in determining the mechanical
properties of the nanocomposite. Without proper dispersion, the nanomatenay not
offer improved mechanical properties over that of conventional contpssiFurthermore,

a poorly dispersed nanomaterial may degrade the mechanical properties. Additionall
optimizing the interfacial bond between the particle and the matrixs possible to tailor
the properties of the overall composite, similar to what is done in macrocompdsites
using very low amount of nanofillér

In this frame, the main problem is the creation of a good interfadevben nanotubes
and the polymer matrixto attain a good load transfer from the matrix to the nanotubes,

during the application of a mechanical stress. The reason forighessentially two-fold.
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First, nanotubes are atomically smooth and have nearly the same diameters pact as
ratios as polymer chains (this is true in particular for SWCNT). Second, nanotabes ar
mostly organized into aggregates, which behave differently in response apired load

as compared to an individual CNT.

In order to maximize the advantage of nanotubes as reinforcing structuresgim hi
strength composites, the aggregates need to be broken up and well dispersethet
matrix. In addition, in most cases the surface of nanotubes has to be chenmualified
(or functionalized) to achieve strong interfaces with the surrounding polyahamns.

Local strain in carbon nanotubes, which arises from pyramidalization and misalignment
} ( § Z-orkitals of the sp2-hybridized carbon atoms, makes nanotubes more veabin
a flat graphene sheet, thereby paving the way to covalently attach chemicalespteci
nanotubes. This covalent functionalization of nanotubes can improve nhealispersion
in solvents and polymers. Furthermore, covalent functionalization can pr@ideans for
engineering the nanotube/polymer interface for optimal composite properties

Suitable strategies are strictly required to improve the CNT compatibility a
dispersibility, and to achieve the formation of homogeneous polymer based
nanocomposites with improved polymer-filler interfacial adhesion. Differgproaches
have been used to improve the dispersion of carbon nanofillers into yrmol phase,
including sonicatiofi, high-speed mixing®° and calendering®. Other methods are based
on non-covalent or covalent CNT surface functionalization. Among owslent,
surfactant treatmentst, as well as polymer wrappirig!® have been adopted. However,
these methods often require complex processes. Concerning covalent surface
functionalization methods, these are usually based on the grafting of lowaular weight
compounds or polymer chains directly on the surface of carbon nanofiié?sé. Other

covalent modifications are based on the incorporation of oxygen-contaifungtional
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groups onto the CNT surface through a variety of methods, chiefly wet cheswidation
17181920 and plasma treatment..

Herein is presented the setup of an effective compatibilizasiwategy, able to improve
the interfacial adhesion between a polymer matrix and CNT, and to @ena
homogeneous dispersion of the carbonaceous nanofillers in an epoxgrakas aimed to

the preparation of CNT nanocomposites to be applied as shape memory atsteri

2.2. Experimental

2.2.1. Materials

Pristine  CVD-grown multiwalled carbon nanotubes (MWCNT) and carboxyl-
functionalized multiwalled carbon nanotubes (MWCNT-COOH), COOeht@nt wt%,
were purchased from Cheap Tubes Inc. (Brattleboro, VT, USA). In Thlile 2nain

properties of MWCNT and MWCNT-COOH are reported.

Table 2.1 Main properties of MWCNT and MWCNT-COOH

Outer Diameter 30-50nm
Inside Diameter 5-10nm
Ash <1.5wt
Purity >95 wt%
Length 10-20um
Specific Surface Area 60 m2/g
Electrical Conductivity >100 S/cm
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Two epoxy monomers were selected as CNT surface modifiers. Diglycidyloéther
bisphenol-A (EPON), number-average molecular wéight 348 g/mol, was obtained from
Sigma-Aldrich and used as receivgebis(2,3-epoxypropoxy)-methylstilbene (DOMS)
was prepared according to the synthetic procedure describéd im Figure 2.5 schematic

formulas are reported.

Figure 2.5Structural formulas of BFON(top) and DOMS (bottom).

Dioxane, tricaprylylmethylammonium chloride (TCAC), chloroform, purity >99.5%, wer
obtained from Sigma-Aldrich and used as received.

The selected epoxy monomers (EPON and DOMS), MWCNT-COOH (1.5 wt%) and the
catalyst (TCAC, 2 mol% with respect to the epoxy content) were sonicategwses of 5
seconds of sonication and 55 seconds of pause for 2 hours, at 150 °C, aitiphiude of
50%. The obtained products were then dispersed in a solvent (acetonedanitkture
containing EPON and dioxane foatftontaining DOMS), heated at reflux for 20 min under
stirring, cooled at room temperature and centrifuged at 10000 rpm I@r minutes.
Successively, the solutions containing the excess of epoxy monomer were renitwed.

solid precipitates were recovered and washed again with their own solvedgruwstirring
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at reflux for 20 min. According to the above described procedure, 5 washing and
centrifugation cycles were carried out for each sample. Finally, the epoxyidnalized
MWCNT adducts were dried under vacuum at 80 °C overnight.

These adducts were coded as MWCNT-EPON and MWCNT-DOMS, respectively.

2.2.2. Techniques

In order to confirm the formation of the epoxy-grafted MWCNT addugisthesized
in Figure 2.6, and to characterize them, the adducts obtained from EROR@MS were
purified by means of repeated washing and centrifugation cycles usitapkisolvents

(acetone for EPON and dioxane for DOMS).

Figure2.6 Reaction scheme between epoxy groups and carboxyl groups of MWCNT-COOH

The purified adducts were subjected to the following analyficatedures.

Dispersion Experiment

Dispersion experiments were performed on pure MWCNT-COOH, MWCNT-EPQN as wel
as MWCNT-DOMS adducts. 5 mg of each sample were ultrasonicated mL of
chloroform using a Sonics Vibracell (500 W, 20 kHz) ultrasonic processor (Sonics &

Materials, Newtown, CT, USA). Ultrasonication was performed for 15 min dltegna
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ON/OFF cycles lasting 30 and 59 seconds, respectively. Amplitude was set at 25%. For the

three experiments chloroform was used.

Fourier transform infrared (FTIR) spectroscopy

FTIR analysis was performed on the epoxy functionalized adducts M&RDIN-and
MWCNT-DOMS. This technique was used to further confirm the occurrechgrafte PON

and DOMS on the CNT surface and to get insight on the occurring reactioamszoh

Transmission Electron Microscopy (TEM)

TEM analysis was performed by means of a FEI TECNAI G12 Spirit-Twin (120 kV, LaB6)
microscope, equipped with a FEI Eagle 4K CCD camera (Eindhoven, The Netherlands). For
the analysis, a small amount of modified MWCNTSs were placed onto 400T&&&lcopper

grids and observed in bright field mode, with an acceleration voltage @k¥2

Thermogravimetric analysis (TGA)

TGA was carried out using a PerkinElmer Pyris Diamond thermogravimetric analyser
(Wellesley,MA, USA). Unmodified MWCNT-COOH and their adducts grafté&tP@th and
DOMS (MWCNT-EPON and MWCNT-DOMS) were analyzed in air flux (56)nait adit

°C mint heating rate using about 3 mg of material for each sample.

2.3. Results

As can be observed in Figz& from dispersion experiments, MWCNT-COOH started
to settle after 2 hours from the sonication. On the contrary, both MW&RON and

MWCNT-DOMS remained stably dispersed in chloroform for more than 24 hfiar the
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sonication. Nevertheless, it is to be remarked that the dispersion cangMWCNT-EPON
showed a lower stability with respect to the one containing MWCNT-DOM&ct|rafter
36 hours after the sonication a partial setting of MWCNT-EPON was obsénusd,

suggesting a different grafting efficiency of the two monomers onrtaieotube surface.

Figure 2.7Dispersion stability in chloroform of MWCNT-COOH (left), MWCNT-EPON (middle) and

MWCNT-DOMS (right) after: a) 2 hours and b) 36 hours after sonication

FTIR spectra of MWCNT-EPON and MWCNT-DOMS are reported in Figure 2.8 For
comparison, spectra of EP@Nd DOMS are also reported in the same figure.

Consistently with previously reported dat®?*, no detectable transmission bands were
observed for the pristine MWCNT as well as for MWCNT-COOH. The most sigeiiatin

obtained by FTIR analysis of the adducts was that either MWCNT-EB@\\EENT-DOMS
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present absorption bands centered at about 1436-1, characteristics of the ester bond
formed between the epoxy groups of EPON and DOMS and the carboxyl grouas3NT-
COOH. Moreover, the adducts show the presence of absorption bandsusdtnie to the
stretching of aromatic C=C (1600-1610 cm-1) and C-C (1500-1510 cm-1)absdrpfion

bands characteristic of the stretching of C-O and C-O-C oxirane groups (800-258.c

Figure 2.8FTIR spectra in the range 1900-690'@fi @) EPON and MWCNT-EPON and b) DOMS and

MWCNT-DOMS.

These result confirmed the occurred grafting of EPON and DOMS on the surface of

MWCNT-COOH.
TEM analysis of IMIGgrafted nanotubes (Figur.9) after purification evidenced the

presence of a uniform 5 nm thick layer covering the surface of the nanotubes.

58



Figure2.9 Bright field TEM image of the MWCNT-DOMS adduct.

From geometrical considerations, this value corresponds to a DOMS content of about
16 wt %, which is in good agreement with the amount obtained ftbermogravimetric

analysis.

Figure2.10 TGA traces in air flow of MWCNT-COOH, EPON, MWCNT-EPON, DOMS, and MWCNT-DOMS.

Indeed, the quantitative evaluation of the amount of EPON and DOMS g@itedhe
MWCNT was obtained by TGA analysis performed in air flow. FAduiishows TGA traces

of MWCNT-COOH, EPON and MWCNT-EPON, DOMS and MWCNT-DOMS. For temperatures
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lower than 200°G the samples did not exhibit any significant degradation phenomena. At
higher temperatures, they showed different thermo-oxidative behaviour.

In particular, EPON showed a degradation process occurring in one step in the range
200370 °C. DOMS underwent thermooxidative degradation through a 2-step mechanism
the first step occurring in the range 200-400 °C, and the secoadrotihe range 400-600
°C.

On the other hand, the TGA trace of MWCNT-COOH did not show any appreciable
weight loss before 400 °C. The onset of the degradation process, evaluated asa? wt%
weight loss, is at about 470 °C.

As concerning MWCNT-EPON and MWCNT-DOMS, both exhibited a weight lass step
the range between 250 and 400 °C. This phenomenon is related teetiradhtion of the
EPON and DOMS fractions that were not removed after purificatias supporting the
occurrence of grafting between the epoxy monomers and the nanotubes, andiradjda
determine the amount of grafted species on the CNT.

In particular, as indicated in Figuredl@, MWCNT-EPON showed about 4.5 wt% of epoxy
monomer grafted, whereas MWCNT-DOMS showed about 15 wt% of DOMS cgvalentl
bonded to the nanotube surface.

Taking into consideration that the theoretical amount of epoxy moapmthat can be
grafted to the COOH groups on the MWCNT-COOH is about 5 wt% b&R@N and for
DOMS, it can be observed that in the case of MWCNT-EPON, the grdftiemey is very
close to the theoretical value. On the contrary, for MWCNT-DOMS the amount oédeact
epoxy monomer exceeds the nominal value. This phenomenon may be attributibe to
homopolymerization of DOMS monomers, which is a possible competitive oragiice

at high temperatures epoxies are reactive towards self-polymerization to polyethéis
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especially in presence of proton donors present in the reacting mixtures,asucarboxylic

acids or impurities formed during the synthesis.

2.4. Conclusions

This chapter dealt with the functionalization of MWCNT witlo tdiepoxy monomers,
namely EPON and DOMS.

EPON was a commercial product, whereas DOMS was obtained by a synthetolprot
previously set up in the research group in which this thesis work hasdsrerd out.

The effective compatibilization strategy aimed to the improvement of therfatial
adhesion between epoxy resins and CNT and to promote a homogeneous dispdrsie
nanotubes within both the matrices, has been set up. The first step sfstinategy was
studied in this chapter. It has been based on the covalent funatimation of the MWCNT -
COOH, obtained by grafting the epoxy monomers on their surface. Irnwtys epoxy
functionalized CNT adducts have been realized, able to dumtéact during the curing
process.

The functionalized MWCNT adducts have been isolated and charadtéyzmeans of
solvent dispersion experiment, FTIR analysis, TEM analysis and TGA analysis, showing that
appreciable amounts of diepoxy monomers have been grafted on the nanotulsesurf

In the case of DOMS, this amount exceeded the theoretical value daltwla the basis
of the COOH content of the as received nanotubes. This phenomenon hasthéeumted
to the homopolymerization of DOMS monomers, since at high temperatures epoxies are

reactive towards self-polymerization.
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CHAPTER 3

Shape Memory Elastomers filled with

MWCNT



3.1. Introduction

As reported previously, in order to get an homogeneous dispersion withiolyemer
matrix, a nanofiller should be first surface-modified and compatili In section 2.2,1
this first step has been accomplished, through the surface modificatfiddWCNT, aimed
to obtain SMPNC based on a LCE epoxy-based matrix, and MWCNT as fillesrdtioarp
of these carbonaceous nanoparticles is expected to enable tailoring of the @Mhe
polymer matrix, giving rise to stimuli-responsive systems potentially interestinga
variety of applications, such as electroniéshbiomaterials,” aerospace? sensing and
actuation,* and artificial muscles.

In this view, many liquid crystalline elastomers (LCE) have been explored aB stim
responsive actuators, thanks to their exceptional thermomechanical beh&vidPIn fact,
LCE show a spontaneous shape modification at phase transition, whichs rasuh
temperature-triggered strain recovery after the application of a tensile stré&ssse
properties come about thanks to the combination of the orierdatl order, characteristic
of the liquid crystalline chains, with the entropic elasticifythe polymer network® > [
thermomechanical properties are strictly related to the ability of the eniat to experience
a reversible transition of the LC phase, from polydomain to monodomain, under skress.
transition is due to the parallel alignment of the mesogens with the stress'axis.

Such property is characteristic of both main-chain and side-chain L@Er ténsile
stress, the liquid crystalline domains tend to cooperatively alignht dtress direction
generating an elastomer with a monodomain structure, making them dppggas shape-
memory systems!? Currently, two different classes of SMP are the subject of relevant
studies, the so- oo ~}v A C_ ~ite v ~3A} A-n@moryimeterialskdn
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particular, 1W SMP can be programmed in a temporary shape and are able to rdeover
equilibrium shape when heated above a threshold temperature (usually adirsiecond-
order phase transition temperature). However, 2W SMP feature musclelike contramti
heating and extension on cooling under tensile load, due to a reverssotropic-to
anisotropic transition314

A potential strategy to tailor responsiveness of LCESs is represented by dnearation
of functional conjugated compound® or thermal conductive fillers, such as gold
nanopartices 1617 or carbon nanotubes (CNT¥. The incorporation of CNT into LCE can
promote a faster and more efficient response over the thermal actuation, improving
thermal conductivity of polymeric LCE and thus inducing a quick delfemgat to all
mesogens!® Furthermore, CNT can also allow the actuation through other stitau.,
electric and magnetic fields)? Moreover, coupling of aligned mesogens and high aspect
ratio CNT, under uniaxial tensile force, may contribute to the soft elastitl enhance
the thermomechanical response. In literature, the mutual alignment betwaigrer low-
molecular-weight or polymer liquid crystals and CNT has been pré¥émaddition, it is
reported that in some circumstances the presence of carbon nanoparticlesalbarti
destabilizes the liquid crystalline phase of the elastomeric netwdiRecently, it has been
demonstrated that by changing the extent of liquid crystalliaitg the crosslinking density
it is possible to tailor the LC transition and the thermomechangcaperties of epoxy
elastomers?? Therefore, addition of CNT to LCE is an appealing strategy to mothgate
stability and the extent of the mesophase, thereby providing another way to thee t
shape-memory properties of this class of materi&ls the present work, we demonstrate
the feasibility of this approach. To this aim, smectic main chairdlicpystalline elastomer

composites were prepared by adding multiwalled carbon nanotubes (MW@ a diepoxy
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monomer cured with an aliphatic dicarboxylic acid. In particular, (DQ¥S)used as a
mesogenic epoxy monomer and sebacic acid (SA) was used as curing agent.

A suitable surface modification strategy of the nanotubes was set up to geothe
formation of homogeneous composite systems, thereby avoiding MWCNT segregation and
maximizing their effects on the LCE phase beha%#é#>> EPON was used as a reference
point to prepare neat samples and to optimize the compatibilizatstrategy between
epoxy monomers and nanofillers.

LC elastomeric nanocomposites were prepared with different amounts of MWADN
characterized in their physicomechanical properties. Relationships betwee
microstructure and thermomechanical properties of the materials were eluedldty
calorimetry, mechanical and dynamic-mechanical analyses, variable-temperatag X
diffraction, and morphological analysis, revealing that carbon nareguenhance

actuation in shape-memory liquid crystalline elastomers.

3.2. Experimental

3.2.1. Materials

Same materials used in Chapter 2 were used in this section. Inagdiebacic acid (SA,
U oS]vP % }]vs {i71>i16 £ U % uE&]SC Eo6-Altich,}wasjused @& }u ~]P

received. In figure 3.1, the structure of sebacic acid is represented.

Figure 3.1Structural formula of sebacic acid
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Neat epoxy elastomer was obtained by adding to 3 g of epoxy monomer the
stoichiometric amount of SA (molar ratio 1:1). Once SA melted, the catalyst (TCAC»2 mo
with respect to the amount of epoxy groups) was added, and the mixture wasukelgr
magnetic stirring for 5 min at 160 °C. The viscous mixture was tbere@ between two
previously heated Teflon-coated glass slides sealed with a siliconet gasksecured with
steel clamps and cured in oven at 185 °C for 2 h. The obtained film s@bplet 100 mm
long, 100 mm wide, 0.25 mm thick), depending on the epoxy monomer usedcoded as
DOMS_SA or EPON_SA.

The cross-linking reaction of epoxy monomers with dicarboxylic exidsaracterized
by a very complex mechanism, involving several competitive reactions, which are
responsible for the dissimilar growth of the forming networks. Dependingthan
experimental conditions employed in the synthesis of the epoxy based elastosoetsas
nature of epoxy monomer, length of flexible spacer, curing time angratures, molar
ratio of reactants, different physical and mechanical properties arealispl The reaction

scheme between epoxy monomer and carboxylic acids is reported in figire
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Figure 3.2Reaction scheme between epoxy monomers and carboxylic acids

It proceeds via opening of the epoxy ring by the carboxyl gféefp(1). The hydroxyl
groups produced are subsequently involved in the reaction with carboxgid; resulting
in the formation of ester linkages by condensation (2), or in the ethatifio through the
reaction with the epoxy molecules not reacted yet (3). On the other hadhigh
temperatures homopolymerization of the diglycidyl derivative is also a possible

competitive reaction (see Figure 3.3
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Figure 3.3Homopolymerization reaction in the epoxy/acid mixture

The hydroxyl group in the ether dimer (4), can undergo both esterificatitimaeid (5),
or further etherification with an epoxy (6). Hydroxyl groups are, therfoesponsible for
the formation of a lightly crosslinked network. The prevailing reaqgbiatih depends on the
experimental conditions (reaction temperature, epoxy/acid molar ratio, nature of
monomers and acids selected) and has not been clearly establ@hedn any case,
independently of the monomer used, an elastomeric network is obtainéthen
mesogenic monomers, such as DOMS, are used, during the curing reaittice curing
agent, such as sebacic acid, a liquid crystalline phase is formed, embeddedthet final
network.

In the particular case of DOMS-SA a smectic elastomer was obtained, asdrifemn
already reported datad® and further studied in this work.

For the epoxy-based nanocomposites, a study on the procedure protocol waseaequir
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As further detailed, epoxy-based nanocomposites were obtained by a two-ste
procedure. First, nanotubes were dispersed in the molten monomers aed the
obtained mixtures were poured in Teflon-coated glass molds and cureeeim at 185 °C.

The main problem faced during the preparation of the nanocomposites thas
obtainment of macroscopically homogeneous samples.

In the first trial (procedure A), unmodified MWCNT were dispersed awvttbload into
the EPON/SA mixture under magnetic stirring. Therefore, the mixture was pouoceithe
mold and polymerized at 185 °C for 18 hours without the use of aysatads soon as
transferred to the mold, the molten mixture containing the nanotubespegred
macroscopically homogeneous. Nevertheless, as it can be observed from the image of the
cured sample (A_ES 1.5CNT) reported in Figure 3.4, the obtained materialglgs hi
inhomogeneous, with large areas in which nanotubes were wholly absentsidggests

that the segregation mainly occurred during the curing step betweemtblels.

Figure 3.4mage of the sample A_ES_1.5CNT. Scale bar 0.5 cm
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In order to reduce this effect, in the next trials the curing time wasreased, by the
use of a suitable catalyst, TCAC.

Furthermore, to improve the distribution of the nanotubes withiretepoxy matrix,
commercial functionalized nanotubes, containing 0.7 wt% of COOH groups, werenuse
the next experiments.

Therefore, in procedure B, EPON and DOMS-based nanocomposites weedrbgliz
adding 0.75 wt% and 1.5 wt% of MWCNT-COOH. The nanotubes were dispetised i
mixture of monomers under magnetic stirring. The catalyst was added before transferring
the mixture to the Teflon-coated glass molds and the cure was performe# faurs in
oven at 185 °C. The picture of the obtained samples (EPON-based nanocomposites:
B _ES 0.75fCNT and B_ES 1.5fCNT; DOMS-based nanocomposites: B_DS 0.75fCNT and
B_DS 1.5fCNT) are reported in FigBésand 3.6, respectively. As shown, only for the
sample B_ES 1.5fCNT an improved macroscopic homogeneity was achieved, bstt in mo
cases, and especially at the lowest CNT content, the nanotubes reshiggdy

agglomerated and large areas devoid of any nanotubes were evident.

Figure 3.9mages of the samples B_ES_0.75fCNT (left) and B_ES 1.5fCNT (right). Scale bar 0.5 cm
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Figure 3.6mages of the samples B_DS_0.75fCNT (left) and B_DS_1.5fCNT (right). Scale bar 0.5 cm

A further attempt to improve the CNT distribution into the epoxy matricess w
performed by using a preliminary treatment of the MWCNT-COOH irareetalry ball
milling in presence of EPON and SA (procedure C). After that, thmnettaixture was
transferred to a beaker and the same 2-step curing process adopted iprtdoedure B
was carried out. In this case, only the EPON based systems containing 0.ahavi%b
wt% of MWCNT-COOH were prepared. As a matter of fact, in the case of B@Nisll
milling process was not able to promote a macroscopically homogeneous dispersien of
nanotubes within the mixture of monomers. This was due to the higher imgelt
temperature of DOMS with respect to EPON. During ball milling DOMS waeied and
it was recovered at the end of the milling process completely separated fnemetst of
the mixture.

The images of the EPON based samples obtained with this proced&8 (C75fCNT
and C_ES_1.5fCNT) are reported in FigRie As it can be observed, a significant
improvement of their macroscopic homogeneity was achieved with this methodoldgy on

for the sample containing 1.5 wt% of MWCNT-COOH (C_ES_1.5fCNT).
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Figure 3.71mages of the samples C_ES_0.75fCNT (left) and C_ES_1.5fCNT (right). Scale bar 0.5 cm

The next procedure used to avoid agglomeration phenomena and poor distriboti
the nanotubes into the matrices was based on the preliminary sonication of MVGTMNOH
in an EPON solution in THF (procedure D). After sonication and selegration, the
mixture was transferred in a beaker to carry out the same curing process desaittbe f
procedures B and C. With this procedure EPON based nanocomposites cgriai®invt%
and 1.5 wt% of MWCNT-COOH were realized.

The pictures of the obtained samples (D_ES_0.75fCNT and D_ES_1.5fC&piOraee

in Figure3.8. As it can be observed, the solvent-aided sonication procedure was not

effective to obtain homogeneous materials.
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Figure 3.8 mages of the samples D_ES_0.75fCNT (left) and D_ES_1.5fCNB¢adggt)ar 0.5 cm

Based on the obtained results, a different approach was tested toawegthe nanotube
dispersion within the epoxy matrices. In procedure E, nanocomposites were etthjna
two-step procedure, the first involving the dispersion of nanotubbethe molten DOMS
and the formation of an epoxy-functionalized MWCNT adduct. Subsgigué¢he curing
reaction between epoxy monomer and SA was carried out in an oven. loyartithe first
part of this procedure was performed following the same scheduling abten 2.

For each preparation, the content of MWCNT-COOH was calculated takiragaotont
the desired final content of nanofiller in the nanocompositegathe addition of SA. After
the first step, SA (1:1 molar ratio with respect to the initial DOM&3 added to the
reaction mixture containing the MWCNT-DOMS. As soon as the crasstiagent melted,
additional catalyst (TCAC, 2 mol %) was introduced. The obtained mixasreonicated
for further 120 s using the same experimental conditions. The resulting mateasl
poured in the previously described glass mold and cured in an oven at 1852 G.f

The obtained samples (about 100 mm long, 100 mm wide, 0.25 mm thick) were coded

as DS_xCNT, where x is the final content of nanotubes in the nanocoespsit 0.75, 1.5,

76



and 3.0 wt %). In Figure 3.9 and 3.10 are shown the specimens resultingriocedure E,

labeled E_ES_0.75fCNT, E_ES_1.5fCNT, DS_0.75CNT and DS_1.5CNT.

Figure 3.9mages of the samples E_ES_0.75fCNT (left) and E_ES_1.5fCNT (right). Scale bar 0.5 cm

Figure 3.10mages of the samples DS_0.75CNT (left) and DS_1.5CNT (right). Scale bar 0.5 cm

3.2.2. Techniques

Scanning Electron Microscopy (SEM)

SEM analysis was performed using a FEI Quanta 200 FEG (Eindhoven, The Netherlands)

in high vacuum mode, using a secondary electron detector and an accelevattage
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ranging between 15 and 20 kV. For the analysis, pieces were obtaoradtie samples
coded DS_XCNT. They were cooled down with liquid nitrogen, andtle dicture was
obtained. Before the analysis samples were coated with a gold-palladium layeit (Bb

nm thick) by means of a sputter coater Emitech K575X.

Transmission Electron Microscopy (TEM)

TEM analysis was performed on a FEI TECNAI G12 Spirit-Twin (120 kV, LaB6) microscope
equipped with a FEI Eagle 4K CCD camera (Eindhoven, The Netherlands).

For the analysis, pieces removed from the samples coded C_ES_1.5fCNT, andNDIS_1.5
were used. Small strips (about 3 mm x 10 mm) were cut from the specimersrdratided
in an Epoxy embedding medium by the procedure reported below.

The Epoxy embedding medium (45359, Sigma-Aldrich) was constituted by therfgllo
components:

- Epoxy embedding medium (EEM)

- 2-Dodecenylsuccinic anhydride (DDSA)

- Methylnadic anhydride (NMA)

- 2,4,6-tris(dimethylaminomethyl)phenol (DPM-30)

A solution containing the EEM (5 mL) and DDSA (8 mL) was prepared at room
temperature under vigorous stirring for 30 min (mixture A). Another solutiontaining
the EEM (8 mL) and NMA (7 mL) was prepared at room temperature under vigarong st
for 30 min(mixture B). The two mixtures were blended in a ratio 1:1 bynwelunder
vigorous stirring for further 30 min and the accelerator DPM-30 was ad®drops, > 2.0

Wt%).
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The resin was poured in the cavities of a multi-specimen rubber silicah anad in each
cavity the small strips obtained from the samples were placed. Finally, the wnesn
polymerized at 45°C for 12 h followed by 48 h at 60°C.

The obtained embedded specimens were sectioned with a diamond knife at room
temperature using a Leica UC7 ultramicrotome (nominal thickness 160 nm). The sections
were finally placed onto 400 mesh TEM copper grids and observed in eightibde with

an acceleration voltage of 120 kV.

Differential Scanning Calorimeter (DSC)

Phase and glass transition temperatures of prepared elastomers were determsiveg u
a TA Instruments DSC Q2000 Differential Scanning Calorimeter (DSC). The aeaé/ses w

performed in dynamic mode ata 10 °C hi@ S]JvP € § (E}u >T7i 8§} ifi £ X

Dynamic mechanical analysis (TMA)

Dynamic mechanical analysis was performed on polydomain samples by means of a
PerkinElmer Pyris Diamond DMA dynamic mechanical analyzer in the filsileten
configuration at a frequency of 1 Hz and a strain amplitud® ofn. Samples (length 10

mm, width 9 mm, average thickness 0.25 mm) were heated from 25 to 120 °C at 32C min

Tensile tests

Mechanical tensile tests were performed on dumbbell-shaped specimensutiitom
the films (0.25 mm thickness, 25 mm gauge length, 4 mm gauge width) s#&kanirb564
mechanical testing machine was employed, equipped with a 1 kN load cell arced &ir

oven, at a temperature of 40 °C, which was above the glass transition tetapeia the
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ul]v>iuU }E JvP $§}-20@bBtarilard test method.

Thermomechanical analysis (TMA)

Thermomechanical analysis was performed on a PerkinElmer Pyris Diamond DMA
apparatus operated in controlled force mode. Prior to start, samples (gauge |1&ngth,
width 9 mm, average thickness 0.25 mm) were thermally equilibrated at 100 °C faoin10
To characterize the two-way shape-memory effect, the following four-step @rpet was
carried out: (1) stretching the sample at T = 100 °C by ramping faresfiprestress of 4.5
kPa to a final stress value of 45 kPa (180 kPa for experiments with stepwisesilegrea
stress, as in Figure 3.13e), during 10 min (deformation), (2) cooling the santpéerate
T £ ulv>i 8} il £ pv E }ves vs (}JE VEZA] %] ulo SE U6 d }
10 min (cooling), (3) unloading the force to prestress value (to Hath® value, for
experiments with stepwise decreasing stress), during 10 min (unloading apd Bkiag),
and (4) reheating the sample to 120 °C and annealing for 10 min (recovery).
Characterization of the triple-shape-memory effect only differedhat tluring the last step
the sample was reheated up to an intermediate temperature of 60 °C, kepbthermal

conditions for 30 min, and finally heated to 120 °C.

Wide angle X-ray diffraction (WAXD)

Wide-angle X-ray scattering analysis (WAXS) was carried out using a RigaklfBodel
max generator equipped with a 2D imaging plate detector, using a 8&liefilt Cu K
radiation (wavelength 1.5418 A) at room temperature on unstretched DOMSn8A a

DS_0.75CNT, as well as on the same samples in the maximum elongatioreatiedr
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during thermomechanical tests (after step 3). The order parameter S was calcoratiee

unstretched and stretched DOMS_SA and DS_0.75CNT by applyioitptnmg equations:

51°:u>%a?Fs; (1)
>.. %42 L s FL>%T? (2)
> 6.T 2 0 “Aameg;:qglée 3)
R . | - Aqgl@(e

where x is the coordinate of azimuthal scans performed on the difblacpatterns.
Variable-temperature WAXS analysis was carried out using an Anton Paar SAXSess camera
equipped with a 2D imaging plate detector. Cu K-rays were generated by a Philips
PW3830 sealed tube source and slit collimated. Variable temperature diffieans were
collected at different temperatures during cooling. For each stkp,temperature was

held for 10 min before starting the measurement. All scattering data wereected for
background and normalized for the primary beam intensity. In order to remw@eelastic
scattering from the data, WAXS profiles were additionally corrected ferstimearing

effect. Collected data were normalized with respect to the samplekttass.

Electrical resistivity

Electrical volume resistivity of the obtained samples DOMS-SA, DS _0.75CNT,NDS_1.5C
and DS_3.0CNT and was evaluated according to ASTM D257 with a Keithley &lig@\Resi
Test Fixture and a Keithley 6517 Electrometer. The analysis were cartiegitbuhe
following conditions: 80 seconds measure time, offset voltage 0V, alternatageof00V
and 8 collected points per sample. For the evaluation of SME due toivesistating,

analysis with a FLIFhermoVision A40 infrared camera was carrietl o
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3.3. Results

The first aim related to the realization of the nanocomposites was the achievieofen
homogeneous samples. In fact, all samples prepared using unmodified MWCNT
MWCNT-COOH were macroscopically inhomogeneous, with the presence of large
agglomerates of nanotubes evidenced by SEM and TEM (Figure 3.11). Therefore, a new
approach undertaken to improve nanotube dispersion consisted in ammpgelb sonication
of MWCNT-COOH in molten DOMS in the presence of TCAC as catalgstpTgrsmoted
grafting of DOMS monomer on the nanotube surface through the reaction oéploay

ring with the carboxyl groups of nanotubes.

Figure 3.11Comparison between a LC elastomer containing 1.5 wt.% of MWCNT-COOH (top row) and
DS_1.5CNT (bottom row) evidencing the difference in CNT dispersion apktsam
homogeneity: optical images (left), SEM micrographs (center) and bright field T&gdsm

(right).

As soon as the adduct formed, a stoichiometric amount of SA was addbkd teacting
mixture, and the samples were cured in oven at high temperature. Accordirdigs

procedure, DS_XCNT samples were prepared, where x is the carbon namotieat,
82



namely, 0.75, 1.5, or 3.0 wt %. The crosslinking of epoxy monomerdieatfiboxylic acids
is a complex reaction, which proceeds through epoxy ring opening bgattb@xyl group.
30 The produced hydroxyls in turn react with carboxylic acid or witreacted epoxy
molecules, giving rise to ester or ether groups, respectively. Furthermore, at high
temperature homopolymerization of the diglycidyl derivative may also take pface.

Unlike the composite films containing MWCNT-COOH, which showed stiaipwtion
and dispersion of nanotubes (Figure 3.12a), the optimized procedure basiéd ise of
MWCNT-DOMS, yielded macroscopically homogeneous nanocomposite systems, as shown
for DS_1.5CNT (Figure 3.11 bottom row). SEM and TEM analysis of this salicpted
the achievement of a good nanotube dispersion with no agglomeration. Froma8EM
TEM micrographs it is particularly evident that the synthesis through the twmaf
DOMS-functionalized adducts was an effective strategy to achieve goodutistni of

nanotubes within the epoxy matrix.

Figure 3.12a) Optical image (left), SEM micrograph (center), and bright-field TEM image (right) of
DS _1.5CNT. (b) DSC traces (Il heating scan) of DOMS_SA, DS_0.75CNT, DS_1.5CNT, and DS_3.0CNT. (c)
Storage modulus (Fand tanw} ( KD”z”~ U 7ziXo6A EdU ~ziXdA EdU v ~ziXi EdX ~ o

curves of DOMS_SA, DS_0.75CNT, DS_1.5CNT, and DS_3.0CNT
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Figure 3.13Thermomechanical properties of LC nanocomposite elastomers: (a) WAXD diffraction
pattern of the unstretched (left) and the fully stretched DOMS_SA (right, corresponding ébathgated
state indicated by the arrow in panel b) and corresponding intensity integrations alengéridian axis

normalized to the reflection at higher}Xtop left and right). (b) Four-cycle two-way shape-memory
behavior of DOMS_SA under tensile loading corresponding to 45 kPa. (c) WAXD diffractiongbalftern
unstretched (left) and the fully stretched DS_0.75CNT (right, see the arrow in panel d) arsppaodiag
intensity integrations along the meridian axis normalized to the reflectidrigiter 2} (top left and right).
(d) Four-cycle two-way shape-memory behavior of DS_0.75CNT under tensilg load#sponding to 45
kPa. (e) Two-way shape-memory behavior of DOMS_SA and DS_0.75CNT under decreiésiogdargs

(*=180to 5.6 kPa). (f) Triple shape-memory behavior of DOMS_SA and DS_0.75CNT

Independent of MWCNT presence and relative amount, smectic-A elastonezes w

obtained,!! as inferred from DSC (Figure 3.12b) and WAXD analysis (Figure3.13a). WAXD

pattern shows a weak reflection at abouf 2 5.6°corresponding to a d-spacing of about
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16 A, comparable with the length of 15.1 A calculated for DOMS meséy@hermal
transition temperatures and associated enthalpies of the prepared elastowere
determined by DSC and are listed in TaBle. DSC traces of DOMS_SA, DS_0.75CNT,
DS_1.5CNT and DS_3.0CNT are reported in Figure 3.12b. All elastomers ekhibitees

(second heating scan) varying from 32.1 °C (DOMS_SA) to 25.1 °C (DS_3.0CNT), with a
progressive decrease due to the increased amount of nanotubes, which accourds for

higher mobility of polymer chains that in principle may affect shape orgrbehavior.

Table 3.1DSC and DMA Characterization of DOMS-Based Elastomers

DSC
DMA

1% heating scan Cooling scan 2" heating scan
Sample

Tg Ti ' Hi Tam ' Hani Tg Ti ' Hi Tg Ti ( ﬂ f & ( ﬂ f &

[°’Cl €l Pg [P [Pgq [Cl [Cl Pg* [C1 [C] [MPa] [kPa]
DOMS_SA 289 771 129 75.7 14.1 321 79.1 122 399 835 113 14.8
DOMS_0.75CNT 26.2 683 102 670 116 321 709 105 394 790 6.6 10.6
DOMS_1.5CNT 276 68.1 94 64.2 114 275 69.2 9.6 373 723 45 9.8
DOMS_3.0CNT 227 727 114 69.2 12.8 251 738 113 378 723 113 19.8

As for the phase behavior, DOMS_SA showed the highest value of isdimpiza
temperature (T) and enthalpy @H), whereas a decrease of these values was recorded for
the composites, in particular for the samples containing 0.75 and 1.5 wt WO Table
3.ieX [*}83E} %]l 8]}v Vv3Z 0%] » A E *]corsparalle with typicad#ii : P
of smectic-A systems reported in literatuf€. The observed trend of Ti andHi indicated
that nanotubes are able to perturb the stability of the mesophd8é&or LC polymers, the

thermal stability of the LC mesophase is closely related to the morpgiotd the LC
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domains formed, with smaller LC domains exhibiting lower isotropizaéomperatures.
2232 |n the present case, as the content of nanotubes increased up totP&the LC phase
was destabilized, resulting in lower clearing temperatures and eniggl@s the nanotube
content further increased to 3.0 wt %,aind 4+ increased to values similar to those shown
by DOMS_SA, likely due to CNT agglomeration phenomena.

Figure 3.12c shows storage modulug @hd dissipation factor (tany of the LCE as
determined by dynamic mechanical analysis (DMA). Two thermal relaxations were
observed, corresponding to glass transition and isotropization. The influencnotubes
on the trends of Jand Tdetermined by DSC was confirmed by DMA. Moreover, storage
moduli in the glassy region (T = 0 °C) increased with the content of MWG@NID the
stiffening effect of the rigid filler. For all the analyzed sampleserperatures above;l
the elastic moduli reached a plateau, indicating the formationetfwork structures (Figure
3.12c). Of particular note is that the value ofifcthe rubbery region was affected by the
presence of nanotubes.

In particular, as detailed in Table 3.1, above the isotropization tempexatl10 °C)
DOMS_SA showed a value of(&bout 15 kPa) higher than those of DS_0.75CNT and
DS_1.5CNT (about 10 kPa). Only at higher CNT contents (DS_3.0CNT) disvdhie n
rigidity of the system start to increase again, reaching a valudaff&out 20 kPa at 110
°C. The prepared samples exhibited soft elasticity typical of LC ekxstoas displayed in
Figure 3.12d(}E KD7z~ U ~ziXé6fA EdU v ~ziXd EdU Jv AZ] Z +8E
reported. The uniaxial mechanical stress applied in the rubbery statalago orient the
networks efficiently. Three distinct regions were evident: At $retrhins, the samples
underwent a linear deformation; at intermediate strains, a rubbery @atéike region was
recorded, in which the samples were deformed at almost constant streghin/Athis

segment, the samples experienced a polydontaimonodomain (P-M) transition under
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the applied uniaxial mechanical stress, due to the soft-elastic resportbe @iC domains,
which aligned along the stretching direction. Finally, at large strains, tlieilmgincreased
again, up to the breaking point of the samplé®*3 Interestingly, the nanotubes were
responsible for the lower stress threshold required to induce th\é fansition and shorter
plateau regions of the filled elastomers in comparison with DOM$s&Ainset of Figure
3.12d). This is due to the ability of LC domains to align rapiagr lower stress values in
the presence of nanotubegt

The presence of a stable polymer network and a reversible anisotroprosot
switching transition are considered the two requirements for the occurreocshape
memory. 36 In particular, thanks to their stress-induced P-M transition, phepared LC
epoxy elastomers are capable of reversible shape change under constant siress d
temperature cycles, thus acting as temperature-induced shape-memory matéfiflse
of the most intriguing features of DOMS-based elastomers is representieinyability to
experience a significant two way shape-memory effect.

Figure 3.13b,d shows the four-cycle reversible thermo-actuation of DOMS _&A an
DS_0.75CNT, evaluated by DMA in the film-tension geometry undetraléeehload. Prior
to start, samples were thermally equilibrated at 100 °C (T > Ti). After 10anmamping
force was applied up to a fixed tensile loading= 45 kPa, loading rate = 4.5 kPa/min).
Successively, the samples were cooled to T = 10 °C. During this step, alinfflessa
spontaneously elongated due to sadlastic response associated with anisotropization.
When heated back to 100 °C, the samples gradually recovered their origig#h.|&he
amplitude of this two-way actuation, calculated as the strain défifle between 100 and
10 °C, was almost constant for each sample over many temperature cycles)doaging
(oo E A E+] ]0]8C v v Po]P] o & %X dzZZ K]}E ]0o}uP &]}v

the reversible formation of well-aligned LC mesogen monodomains duringhgdmzeiow
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the clearing temperature. On heating, the anisotropic LC phase vgagpted, and the
material recovered its original shape owing to entropic elasticitprédver, as already
reported for epoxy based LCE, the extent of actuation progressively increased on
increasing the applied load (Figure 3.13e). Interestingly, the presennaraftubes had
two important consequences on thermo-mechanical behavior of DOMS-balastbmer
composites. First, the two-way actuation was strongly dependent on the namotub
content. Neat DOMS_SA showed an elongation of about 20% during coolieg amd
uniaxial load corresponding to 45 kPa stress. In stark contrast, all the nanosienp
samples exhibited a dramatic enhancement of the thermal actuation extenthavas
more significant at lower nanotube content. In particular, DS_0.75CNT apeously
stretched up to 75%, representing a 3-fold elongation compared to thdb@©@MS_SA

(Figure3.13b,d).
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Figure3.14 a) Intensity integrations along the meridian axis of WAXD diffraction pattern of the
unstretched (top) and the fully stretched form of DS_1.5CNT (bottom, see the arrow in Fig; B)1féhr-
cycle two-way shape memory behavior of DS_1.5CNT under a tensile str&ssRa;4) intensity
integrations along the meridian axis of WAXD diffraction pattern of the unstretcheddtap)he fully
stretched form of DS_3.0CNT (bottom, see the arrow in Fig. 3.14d); d) four-cycle two-waynséaory

behavior of DS_3.0CNT under a tensile stress of 45 kPa.

As the nanotube content further increased, a slight reductioadtuation capability was
observed (Figure 3.14). In addition, nanotubes remarkably decreased the streskdld
value needed to trigger shape recovery, with the nanocomposites being able to undergo
appreciable actuation even at small loadings. As shown in Figure 3.12d, alynaidned
film of DS_0.75CNT reached about 10% strain at a 5.6 kPa appliedlstesstingly, the
same loading condition did not induce any shape change on neat DOMS_SA.

WAXS was performed to evaluate structural changes on the nanoscale for neat
DOMS_SA and DS_0.75CNT before and after thermally controlled actuatien amd
applied load of 45 kPa. The 2D WAXS diffraction patterns and the corresgaadiial
intensity integrations along the meridian direction, normalizethwespect to the halo at
higher 2}, are displayed in Figure 3.13a,c. The 2D diffraction pattern of DOMS_SA showed
a broad external halo centered at}2 = 20.0° that results from the overlap of the
amorphous halo typical of epoxy resins and the diffraction peak correspondiriget
intermolecular spacing between the rodlike liquid crystallimesogens3” According to the
Bragg equation, the calculated d1-spacing was 4.4 A. A sharp inner cefleetitered at
2}, =5.6° (d-spacing =15.8 A) was also visible in the diffraction pattern, irdigahe
formation of a smectic-A LC phasé.As evidenced by the slight polarization of the
reflection observed for DS_0.75CNT, nanotubes promoted orientation of trsmieCtic

domains even on the unstressed sample. The order parameter, S, was determined by
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elaborating the diffraction pattern as described in the Experimental Sedtideed, values
of 0.41 and 0.51 were calculated for DOMS_SA and DS_0.75CNT, respeotiieiying
that nanotubes effectively contribute to the alignment of mesogens.

The enhanced actuation induced by nanotubes clearly affects thractibn patterns of
stretched samples and the corresponding meridian integrations. Weak orientation was
noticed for DOMS_SA (Figure 3.13a, right), in agreement with thellmwgation extent
experienced by the sample during cooling under stress (S = 0.54). Instead, DENT.75
stretched under the same conditions showed an intense reflection at thateqyFigure
3.13c, right) due to the scattering of the amorphous phase and#ighboring mesogens
(dhi-spacing = 4.4 A), along with a sharp meridional reflection attributethe periodic
layers of the smectic LC structures-@pacing =15.5 A). This difference is even more clear
from the analysis of the meridian integrations, displayed in Figure 3.{8) The high
extent of polarization was related to the pronounced orientatiohthe smectic layers
perpendicular to the stress direction promoted by the nanotubes. Indémdhis sample,
an S value of 0.70 was calculated.

Thermomechanical characterization of the LCE also highlighted a chastcteiple-
shape-memory effect® Figure 3.13f shows the triple-shape-memory cycle of DOMS_SA
and DS_0.75 CNT. In the programming step, the LCE was stretched by a tasgetfsi5
kPa at a temperature of 100 °C. The sample was then cooled to 10 °C wisteesewas
maintained. During this step, the sample was stretched (about 20 a#dwith respect to
the initial shape for DOMS_SA and DS_0.75 CNT, respectively) due tantigan from
isotropic to LC monodomain, and the temporary shape was fixed. About 1@ftaeirthe
temperature reached 10 °C, the imposed stress was removed; then, the sample was firs

heated to 60 °C then to 120 °C under stress-free conditions.
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In this free recovery step, when the temperature was ramped, the strain gigdu
decreased, indicating the tendency to recover the original shape. However, as the
temperature ramping was stopped to 60 °C, the samples reached a stable intermediate
shape with about 15 and 70% residual strain for DOMS_SA and DS_0.75 p&¢Tived.

This first thermomechanical response was due to the relaxation associated witth&€g. W
temperature was further increased to 120 °C, the samples underwent LC to isotrop
transition, and the strain gradually decreased to zero, indicating recovetfyeodriginal
shape. All the tested samples showed triple-shape behavior, and #grenttmechanical

response was affected by the presence and amount of MWCNT.

Figure 3.15Temperature-controlled X-ray diffractometry. Intensity integrations along thedraariaxis
of diffrattograms collected at different temperatures during cooling of (a) OSA and (b) DS_0.75CNT.
All spectra are normalized to the reflection at highérahgle. (c) Temperature dependence of the intensity

ratio (k/l1) of the peaks corresponding to reflections at lower and highgar2gles, respectively
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A comprehensive study of the effect of CNT on the triple-shape-mgb®havior of this
class of LCE nanocomposites is outside the scope of this paper and will be jéat etib
future investigation.

A further insight of the effect of nanotubes on the phase behavior ot@iasrs upon
cooling is given in Figure 3.15a,b, where temperature-controlled X-fisgaiograms are
reported for DOMS_SA and DS_0.75CNT, respectively. Samples were heated at a
temperature above Ti and then gradually cooled to low temperatures, indwtasgjomer

anisotropization.

Figure 3.16Temperature-controlled X-ray diffractometry. Intensity integrations along tleedian axis
of diffractograms collected at different temperatures during cooling of: a)lIZECNT; b) DS_3.0CNT. All

spectra are normalized to the reflection at highey &ngle

Figure 3.15a shows the diffractograms collected in the temperature range bativé@
and 60 °C, displaying the evolution of the two characteristic refleqgieaks for DOMS_SA.
The 24 peak due to the overlap of the amorphous contribution and the scaty of
neighboring mesogens in the smectic layers shifted from 19.2 to 19.9° epaimg (Figure
3.16), d-spacing decrease from 4.62 to 4.46 A). Additionally, the full widtiadit

maximum (FWHM) varied from 7.2 to 6.0°, indicating the achievement of a higher-ord
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degree. These results indicate that during cooling a progressive orderingighfboring
mesogens occurs leading to a gradual increase of the component at Highat the
expense of the amorphous halo in the convoluted reflection at 19.2°. M@meat high
temperatures (T = 140 and 100 °C) a second less intense reflection was vistole23t
values, attributed to the scattering of randomly stacked mesogens in the @otphase.

Asthe temperature decreased, a sharp, intense peak gradually formed2at%.7° (d2
= 15.5 A), further indicating the organization of the stacked LC donimsun ordered
smectic structure. The same trend was observed for DS_0.75CNT (Figure 3.15b). However,
in this case the appearance of the smectic peak occurred at lower tempesgatu

Moreover, the intensity was much lower with respect to DOMS_SA, suggesting that
nanotubes inhibited the LC phase formation. On cooling, this sample atsecedha less
significant shift of the convoluted reflection at highe} @rom 19.3 to 19.7°) with respect
to DOMS_SA. In order to quantitatively evaluate the effect of nanotubes @seph
behavior, Figure 3.15c reports thél| ratio as a function of temperature, where 12 and 11
are the intensities of peaks centered alk2and 2}, respectively. The inhibiting effect of
CNT is particularly significant for DS_0.75CNT, whereas it is less rete\28t £.5CNT and
DS_3CNT (see also Figure 3.17 for a more accurate estimation). These results are in
agreement with the lower isotropization temperatures and enthalpies determimg®SC

for CNT-filled elastomers.
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Figure 3.17Temperature-controlled X-ray diffractometry evidencing the peak shift due to gtadu
increase of the component at highei 2t the expense of the amorphous halo in the broad convoluted
reflection centred at about 19.2° (see Figure 3.15a,b and Figure 3.16). Intensity integrations hrdnge&
12-28° along the meridian axis of diffractograms collected at different temperaturésgiaooling of: a)
DOMS_SA; b) DS_0.75CNT; ¢) DS_1.5CNT; d) DS_3.0CNT. All spectra are normalized to the reflection at
higher 2} angle. Please note that the shoulder at about 25.5° that can be observed in b, ciaredtdird

component due to the presence of MWCNT (corresponding d-spacing = 0.35 nm).

In order to correlate the thermomechanical response and the nanoscale staeuof the
samples with their morphology on the microscale, SEM analysis was carried out on
cryogenically fractured surfaces of unstretched and stretched samples exgibitin
monodomain LC phase formed during the cooling step under constant Foguare 3.18
displays the morphological features evidenced by SEM and the relatetthskl
nanostructure arrangements of mesogens during thermomechanical tests at tiee th
major deformation states: (i) unstretched sample at room temperaturesdimple under
an applied load of 45 KPa at T > Ti, and (iii) stretched sample aftetrapization. Both
DOMS_SA (Figure 3,.18a) and DS_0.75CNT (Figure 3.18b) were represented and compared.

Unstretched DOMS_SA (Figure 3.18a, left) and DS_0.75CNT (Figure 3.18b, left) showed
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comparable morphologies. The samples evidenced the presence of randomly propagating
fracture surfaces. Since LC domains deviate crack propagation, SEM micrographs of
fractured surfaces indicate that for both samples LC domains are not aligned al

preferential orientations??

Figure3.18 SEM micrographs and corresponding schematic representation of the structure of (a)
DOMS_SA and (b) DS_0.75CNT at different stages of the thermomechanical test: {thedssamples at
room temperature; (i) samples at T > Ti under an applied load of 45 KPa; Jesidefiithed samples after
anisotropization. Mesogens are represented as blue rods. The walls of MA&t€NGhematized with black

lines. Mesogens are stacked in smectic LC domains at stages i and iii. At,sdagjghier orientation degree

95



is evident for the sample DS_0.75CNT. Aboystdge ii), the disruption of the smectic phase is shown for

both samples.

However, a significant difference is observed by comparing the samples obtained upo
cooling under constant load. For both samples, the progressive dawelot of a LC
monodomain structure under loading induced the formation of orientieatture surfaces.

In the particular case of DOMS_SA (whose final elongation was 20% uraggrliad stress
of 45 kPa), the presence of parallel fracture surfaces arranged in a micrometer-sized
chevronlike structure is evident.

This morphological feature may reflect the generation of a complex layered steuatu
a mesoscale, which in turn is induced at a molecular level by thegenaent of mesogens
progressively orientating along the stretching direction, as qualitativedichled in Figure
3.18a (right). According to the above considerations, SEM image suggests thatcase
of DOMS_SA the polydomain to monodomain transition was incomfegerre 3.18a, top
right).

On the contrary, in the case of DS_0.75CNT, which spontaneously strefched%fb, the

whole sample showed fracture planes perfectly aligned perpendicularly tsttieéching
direction (Figure 3.18b, right). The presence of carbon nanotubes allowed the sample t
easily reach the end of the polydomain to monodomain plateau (seeFture 3.13d),

thus yielding in the same conditions a highly oriented system. Thisophemon can be
attributed to the combined effect of the LC phase stability antivoek softness. In the

case of DOMS_SA, the network rigidity above the isotropization temperatasehigher

than those shown by DS 0.75CNT and DS_1.5CNT, as evidenced by DMA analysis.
Therefore, at low CNT contents, the combination between a softer netauadlka sufficient

degree of liquid crystallinity resulted in higher strain values observeaihgiucycling
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thermomechanical tensile testing: For higher CNT contents (3 wt % onward), the increase
of network rigidity hinders polymer chain mobility, resulting inslgght reduction of
actuation and recovery extent, as reported in Figure 3.14d for DS_3.0CNT.

The electrical behavior of the DOMS based nanocomposites was evaluated asanfahcti
the CNT loading. In Figure 3.19 the electrical volume resistivity of neat aesi the

optimized nanocomposites is reported.

Figure 3.19volume resistivity @m?) as a function of MWCNT content in DOMS-based nanocomposites

As reported in the figure the resistivity decreases, as the content of MW@bl€ases. By
observing the graph, it seems that the electrical percolation threshold wasdtileached
But, even if a further increase would have been strongly detrimentallfernhechanical
properties, a sample with higher content of CNT was prepared (6%). In disat a
resistivity of 1,57%0°® @, proving that the percolation threshold was already reached at
3.00% content of nanofiller.

Such a decreasing of resistivity enables the electro-actuation of the 8ktitigh Joule

effect, as displayed in Figure 3.20 (for this attempt, a content of 12wa%oused).
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Figure 3.20Time sequence of SME due to Joule effect.

Figure 3.21Temporal evolutiorof SME due to resistive heating. a) Picture sequence took at different times
with thermo-camera (distance between cyan lines is 15 mm). b) Line reféns ®volution of the
temperature measured in the sample region between LI01 and LI02 in a). Resl (hpoand (II) are the

points at which the voltage was turned ON and turned OFF, respectively.
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In order to evaluate SME actuation thigu resistive heating, two electrodes were
connected to a deformed nanocomposite specimen. Then, as soon as the voltage was
applied (800 V), the sample started to switch from temporary shape to its pentahape
(Figure 3.20). The complete shift occurs in few seconds.

To prove that a conductive network made of MWCNT particles formedexperiment just
described was repeated, and the temperature recorded by means of earedf camera

as shown in Figure 3.21, where the temporal evolution of SME due to resis@md is
shown The sequence in Figure 3.21a was acquired in a time interval of about 8eminut
The brighter areas represent higher temperature regiofise distance between the two
cyan lines is 15 mm, that is the length of the sample deformed ientgporary shape. As

it is outlined by the sequence, from (i) through (viii), the sample cordraimce it recovers
its permanent shape. The temperature measured in the sample region betweearnd01
LI02 is reported in figure 3.21b as a function of time. It is worth magithat red dots
represents the moment at which the voltage was turned on (1) andewimff (11).

As it is shown, the specimen was at about 75 °C when the observation stafted30
seconds the voltage was turned on and the temperature of the sample stastadd,
reaching a value of 165 °C in few minutes. In this time interval the pernhiahape is
recovered. Then, the temperature started to decrease immediately afterwards.
Furthermore, the specimen experienced a faster temperature decrease whevottage
was turned off, proving that the material became conductive with théusion of the

carbon nanotubes, enabling electro-actuation of the SMPNC.
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3.4. Conclusions

A series of new smectic epoxy nanocomposites have been developed incorporating
surface-modified multiwalled carbon nanotubes at different loadiegels into a LC
elastomer. Besides the demonstrated high performance in the two-way shegraory
effect for the produced nanocomposites, it is significant that the apphoused affords a
large degree of tuning of the thermomechanical response that may enableédkbigrd of
new shape-memory materials for target applications. For example, one can corgrol th
transition temperatures and the stress threshold required for the actuatiorsdigcting
the amount of nanotubes dispersed into the host matrix or stimulate the mailtext
different thermomechanical recovery conditions to achieve triple-shape-memory
response. Additionally, a more in-depth unE+S v JvP }( SZ u] @Eop&EN SPE >
relationships in nanocomposites is achieved, allowing a strict control on miecha
thermo-actuation of the realized systems. In the end, electro-actuation due¢h&o

enhancement of electrical conductivity was proved.
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CHAPTER 4

Oxidation of graphite nanoplatelets (GNPS)



4.1. Introduction

Graphene is defined as a flat monolayer of carbon atoms tightly packedibam-
dimensional honeycomb latticeand is the basis for the realization of several advanced
materials and devices, with applications in a large number of sectors thaxgected to
revolutionize multiple industrial field.

Key factors for the realization of advanced systems are understanding analdogtr
the chemistry and the processing of graphene and graphene derivatives. In particalar,
realization of aqueous dispersions of graphene oxide (GO) was already ip23e8ted
as an effective method for the processing of graphéte.

Despite the large scientific interest on this material, a few papers tepor
comprehensive information on the effects of the oxidation degree on GO physico
chemical and structural properties, processability, adsorption propertiegases and
organic dyes from water solutions and finally on the available specifiacgudrea of GO
in different physical states, such as dry GO self-assembled throughediffamocesses, or
water dispersed GO.

Dreyer et al.’ deeply investigated the chemistry of graphene oxide. More recently,
Krishnamoorthy et aF, detailed the different types of oxygen containing functional
groups formed at increased oxidation degrees and how they influence thetstal
properties of GO. Even if these papers are fundamental for the undaetstg and for the
gualitative and quantitative estimation of the effects of the oxidatiorogess of
graphene, they did not deal with the processing and the adsorption ptigseof the final
materials.

As concerning the self-assemby of GO in different conditions, a very brosived
discusses the phenomena occurring during the self-concentration of GO riauya
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interfaces, also showing possible applications of the graphene based systems developed.
Amongst the processing methodologies available to tailor graphene-based structures,
particularly interesting is the self-assembly at the liquid-air ifate#-®, in view of
obtaining 2D architectures. In particular, the effect of thredation degree of GO
on the water mediated interlayer interactions has been inged through
molecular dynamics simulatiodsexplaining the mechanism at the basis of self-
concentration of GGt the liquid-air interface Another relevant aspect of GO 2D
structures is related to its adsorption properties, and to the estintataf the
surface area of these systems available to physical and chemieeddtions with
different adsorbates, such as gases and water-soluble dyes. GadipellGué®
well summarized the gas sorption properties of graphene derivatives, whereas
Yan et al!! detailed te effect of the oxidation degree of graphene oxide on the
adsorption of methylene blue from water solutions. Nevertheless, furthgight on these
aspects would be still needed to correlate the adsorption properties of et level of
interactions occurring between GO sheets.

Starting from this basis, the work here presented is focused on the effecheof t
oxidation degree on the chemical and physical properties, includiagsurface area, of
GO samples realized by a modified Hummers method from commercial graphite
nanoplatelets (GNP) and processed through water casting. In a first phase, a multi
technique characterization was performed to correlate the oxidative conditionptado
to the final oxidation degree of the obtained GO. Then, morphological anattstal
properties cast GO films realized by self-assembly at the liquid-arface were
evaluated and correlated to the different oxidation degree of #tarting water-
dispersed GO samples. Finally, gpecific surface area of the realized systems was

evaluated by BET analysis, and the results were discussed in relatioaitctinctural
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properties and to specific surface area measurements carried out on GO water

dispersions by methylene blue adsorption tests.

4.2. Experimental

4.2.1. Materials

Graphite nanoplatelets (GNP) grade C, average laterabrdimmns 12 Fn
according to the datasheet provided by the supplier, were paseld from XG
Science (Lansing, MI, USA).

Sulfuric acid (k8Q, reagent grade, 96% wt/wt in2B), hydrochloric acid (HCI
reagent grade, 37% wt/wt in 4), potassium permanganate (KMRG 99.0%),
hydrogen peroxide solution g, 30 % wt/wt in HO), methylene blue (MB, > 97%)
and all solvents were purchased by Sigma Aldrich (Milaly) léaad used without

further purification.

4.2.2. Preparation of GO

GO was synthesized by a severe oxidation process of GNP taking inspiratio
(Elu §Z <E]*Zv U}}ESZCJ[ u} ]1(]° GNPUWlI giBwasustiizd ix
25 mL of a 96%243Q solution for 30 minutes, keeping the temperature at O °C by
an ice batht? Then, 0.5, 1, 2 or 3% wt/wt equivalent of KMn®ere gradually
added to the above solutignwith the consequent formation of Mi®©; that
represents the actual oxidating specis. During this operation, the temperature
of the ice bath was allowed to increase up to room temperature. rAtthat, the

temperature was raised to 35 °C and the stirring was held fornweece hours. The

108



resulting solution was diluted by gently adding 45 mL of watedeurvigorous
stirring. The temperature of the mixture raised instantaneouslyrim@uthis step,
the temperature of the water bath was allowed to increase up to °?@ This
temperature was held for 15 minutes. 100 mL efOHwater solution (3% wt/wt)
was further poured in the mixture to reduce the residuatgssium permanganate
and manganese oxide into manganese sulfdtéfter one hour, the resulting
suspension was centrifuged. The precipitate was collected vaashed with 5%
wt/wt HCI water solution under stirring. The suspension was cengeifl again and
the precipitate was collected in 140 mL of distilled wafEhis last process was
repeated until neutrality. Finally, the suspensions were diluiga to a final
concentration of GO of about 4 mg/mL and sonicated with a Sonics Vibracel
ultrasonic processor (500 W, 20 kHz) at 25% of amplitude, avB8s/50s ON/OFF
cycle, to improve the dispersion of GO nanosheets. The obtairgaeasions were
coded as GO1, GO2, GO3, GO4, where the number indicates theedefyr
oxidation obtained using increasing amounts of KMnO

Cast GO samples (thickness aboui®) were obtained from water suspensions
through an assembly process induced by the self-concentratidhO during water
evaporation at the liquid/air interfacé In particular, samples were obtained by
water casting at room temperature for at least 48h, followed by dyyim vacuum

oven at 90 °C overnight. Systems were coded as GO1-C, GO2-C, @®3ZC, G

4.2.3 Techniques

Energy Dispersive X-ray (EDX)
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Energy Dispersive X-ray (EDX) analysis was performed using aaRta ZDO
FEG SEM equipped with an Oxford Inca Energy System 250 &mzhaxract LN2-
free analytical silicon drift detector, on GNP and dried G@pdes placed onto
aluminum SEM stubs. The analysis was performed at 30 kV acaaievaliage.
Average results and standard deviation values are based ae thonsecutive

measurements on different areas of each sample.

Fourier transform infrared (FTIR) spectroscopy

Cast GO samples and pristine GNP were analyzed by means ief Eamsform
infrared spectroscopy (FTIR) to evaluate the extent of the sarfaodification. By
comparison, FTIR spectra were recorded on pristine GNP. Spestearecorded
with a Perkin Elmer Spectrum One FTIR spectrometer using a resaéidoom?

and 32 scan collections.

Confocal Raman spectroscopy

Confocal Raman spectra were acquired on cast GO samples aRdbgM
Horiba-Jobin Yvon Aramis Raman spectrometer operating with dediaser
excitation source limiting at 532 nm and a grating with 1200 gretmm. The 180°
back-scattered radiation was collected by an Olympus metalldrgibgective
(MPlan 50X, NA =%0) and with confocal and slit apertures both set to 400 mm.
The radiation was focused onto a Peltier-cooled CCD detector gSyns&lod.
354308) in the Raman-shift range 200080 cm'. To separate the individual peaks
in unresolved, multicomponent profiles, spectral deconvolution was peréar

using the software Grams/8.0Al, Thermo Scientific using a Voigt function line
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shape. By a non-linear curve fitting of the data, height, amed position of the

individual components were calculatégl.

Dynamic Light Scattering (DLS)

The average size of GO sheets in water suspension wasmdeed through
Dynamic Light Scattering (DLS) analysis using a Zetasizer Nanoal¥&n(M

Instruments). The analysis was performed at 25 °C at a scattaniglg of 173°.

Wide angle X-ray diffraction (WAXD)

Wide-angle X-ray scattering analysis (WAXS) was carried @asviisO samples
by means of a Rigaku model [1I/D max generator equipped wilh en2ging plate
detector, using a Nik]os & H <r E ] 8]}v ~A A o vP3Z iXAdi
temperature. To separate the individual peaks in unresolWAXS profiles,
spectral deconvolution was performed using the above mentibrsoftware

Grams/8.0Al, Thermo Scientific using a Lorentzian functions.

Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) of cast GO samples and GNP wex aatrr
using a Mettler TGA/SDTA851 analyzer. All the samples welhgzadan nitrogen
flux (30 mL/min) at 2 °C/min heating rate, from room temperattw 800 °C, using

about 3 mg of material for each sample.

Differential Scanning Calorimeter (DSC)
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Differential scanning calorimeter (DSC) experiments wereecthaut on cast GO
samples using a TA Instruments DSC Q2000. The analyses werenpdrtonder
nitrogen flux (30 mL/min) in dynamic mode at a 10 °C/min hegataite from 100 to

400 °C.

Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) of G&iRel cast GO samples was
performed by means of a FEI Quanta 200 FEG SEM in higimvacode. Before
SEM observations, samples were mounted onto SEM stubs by meaasbohc
adhesive disks and sputter coated with a 15 nm thick Au-Rat.l&yl the samples
were observed at 10-30 kV acceleration voltage using a secondacgyram

detector.

Transmission Electron Microscopy (TEM)

Bright field Transmission Electron Microscopy (TEM) analysis of GGNidA was
performed on a FEI Tecnai G12 Spirit Twin (LaB6 source) dtVl2a@celeration
voltage. TEM images were collected on a FEI Eagle 4k CCD cameam.tlizefo
analysis, water dispersed GO samples, diluted at about 1 mg/mk, cedected by
immersing TEM copper grids in the suspensions. By comparison, GN&swas
analysed after dispersion at about 1 mg/mL in N,N-dimethylfonle (DMF) and

collection and drying onto TEM copper grids.

Specific surface area
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Specific surface area (SSA) of GN&cast GO samples was determined through
N> adsorption analysis performed at liquid nitrogen temperaturerbgans ofa
Micromeritics ASAP 2020 analyzer, using high purity gases (899%)® Prior to
the analysis, all the samples were degassed at 150 °C undarmag® <1¢ mbar)
for 10 h. SSA was determined from the linear part of thenBuer-Emmett-Teller

(BET) equation.

SSA of graphene oxide in suspension (MB SSA) was measured through UV-vis

spectroscopy with methylene blue (MB) dye as a prdb&°® GO1, GO2, GO3 and GO4
were diluted to 0.030 mg/mL in order to obtain a stable dispersion offggap oxide in
water, then an amount of MB equal to 1.5 times that required to cover tieotetical
surface area of graphene oxide (263G/gh) was added to the GO suspensions. After
mixing for 24h at room temperature, a conjugate structure of GO and MB was formed,
due t} << Jv8 E §]}veU v % E ]%]35 & A e« Ale] o X dZ
centrifuged at 10000 rpm for 10 minutes by means of a Hermle Labariech 326 K
centrifuge, to induce separation of the smaller sheets from the transgaselution.
Then, the MB concentration of the supernatant solution was measured wsidgsco
V570 UV spectrophotometer. A calibration curve was built to evaluate the MB
concentration from the absorbance of the solution at 664 %0 the residual methylene
blue in solution was found, and thus the adsorbed MB was calculated.

Considering the specific surface area of a MB molecule (22f),/i the adsorbed MB
amount was correlated to the exposed area of the graphene oxide through tloeving
equation:

SSAo= mus SSAs/Mco (4.1)
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where SSéo is the specific surface area of graphene oxide,w83#\ the area
covered by 1 g of methylene blue, andssrand mus are respectively the mass of

GO used in the experiment and the mass of MB adsorbed by gnapiaede.

4.3. Results and discussion

Quantitative analysis the GNP oxidation was carried out by EDX analysis, wéudte re
are reported in Tabld.1. As concerning plain GNP, the oxygen/carbon atomic ratio was
0.06. This result showed that even in plain GNP there is a detectable levridation,
due to the production process. Increasing the oxidation degree of the rdal@®
samples, a monotonic increase of the O/C atomic was recorded, with a final ®a0.65
measured for the sample GO4, corresponding to a high oxidationdevel.

The oxidation process of GNP was monitored by FTIR analysis. FTIR speatra in th
range 800-200 crhof GNP and cast GO samples are reported in Figura, showing the
presence of convoluted bands in the range 1570-1626 attributed to adsorbed water
molecules and to C=C stretching vibrations of unoxidized graphitic deftaihe band at
17201740 cmi, whose relative intensity progressively increased with the oxidation
degree, was assigned to C=0 stretching vibrations of carboxyl edge gfoAipsorption
bands attributed to C-O stretching vibrations and O-H deformationsadbfoxyl and
hydroxyl groups are centered at 1040-1050 ‘trand 1360-1370 crh respectively,
whereas the presence of epoxy groups was evidenced by the typical band attibut
the stretching of C-O stretching, centered at 1220-1236".éhAs shown in Figurd.la,
the intensity of the adsorption band attributed to hydroxyl groups welstively more
intense at low oxidation degrees, whereas the adsorption band attribtegpoxies was
significantly more intense the highly oxidized GO4-C sample. As ocorgéhe carboxyl
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groups, their bands slightly increased in intensity with the oxitatiegree. These results
indicated that the relative amount of the oxygen containing groups geedr on
graphene sheets changed with the conditions used for the oxidationegsycwith
different species predominating at different oxidation degrees. In paldr, OH groups
seemed to be more relevant at low oxidation degrees, while epoxy groups prewiled
higher oxidation degrees, both these species mainly present on the basal pfane o
graphene oxide sheef®. On the contrary, carboxyl groups, generated at the edges of
graphene oxide sheets, progressively increased with the dosage of KMnO

Raman spectra of GNP and cast GO samples in the range 1000-18@0ecraported
in Figure 4.1b. In each spectrum a band centred at 1326-1343! ¢fxband) and a
complex band with components centred at 1555-1572%@-band) and 1595-1602 ctn
~ -pand) were observed. The D-band is typical of disordered carbon in grephend in
particular to finite or nanosized graphitic planes, defects, vacanciesapeptpentagon
pairs, kinks and heteroatoms. The G-band originates from the in-plane ntabe
stretching of carbon- E }v }v ¢ Jv PE %Z v <Z 8S¢X &]v ooCU §Z
a shoulder of the G-band at higher frequencies, is another featurecegdllby disorder
and defects in the graphene structure. By spectral deconvolution, the intensitylsit,
a parameter indicating the degree of disorder in the graphene structwes, calculated
and reported in Tabld.1. Results showed that more drastic oxidative conditions induced
a progressive increase afllls, even if a small inversion of the trend was observed for
sample GO4, as already reported by Kadam &t al.

Through the analysis of the Raman spectra, the aromatic cluster size (L) in GNP and
each cast GO sample was calculated applying the empirical eqdéation:

L (nm) =4 &Ap 4.2)

where As and A are the integrated intensities of G and D peaks, respectively.
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As shown in Table.l, the average aromatic cluster size, related to the size of
extended aromatic system left undamaged upon the oxidation process, monotgnical
decreased with the increase of KMn@ose, from 11.8 to 2.0 nm.

Nevertheless, by DLS measuremenéven if the oxidation process significantly
reduced the aromatic cluster size, it did not affect the average sitleeoplatelets, that
remained almost unchanged with respect to those of GNP, irrespectively ofirthle
oxidation extent of GO.

WAXS intensity profiles of GNP and cast GO samples are shown in £iurResults
are reported in Tablet.1. For GNP a sharp diffraction peak af Z 26.5° (interlayer
distance of 0.336 nm) was observed, which corresponds to a compact stackea plan
multilayered carbon structuré’ Upon mild oxidation, i.e. in the case of GO1-C and GO2-
C, this peak remained sharp and well resolved. However, a broadening eféect w
observed and quantified through spectral deconvolution. Its full walttthalf maximum
(FWHM) increased from 0.51 (GNP) to 0.90 (GO2-C) due to the early distortion occurring
of the AB stacking order of the graphite lattice generated by oxidation G&»1-C and
GO2-C, spectral deconvolution also indicated the presence of a second reflactoover
angles, Zb = 24.7-24.5°, corresponding to an increase of the interlayer distance, up to
0.363 nm. Nevertheless, for these samples, the extent of layer stacking almost unaffected
by the oxidation was still high, as indicated by the intensity ratio betwthe reflection 2
and 1, lower than 0.3.

When higher oxidation levels were reached, GO3-C, a shift of the pealsponaing
to the 002 reflection was recorded, associated to the evidence of a second raflexti
lower angles. By deconvolution, the first peak, attributed to a more packetidracf GO
sheets, was centered at R = 24.4° with an increase of the correspondingsgacing to

0.365 nm with respect to pristine GNP, while the second peak was centefed a 20.9°
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(d2 = 0.425 nm). Moreover, for GO3-C, the distortion of the AB stacking ordee of

graphite lattice was very significant as well as the relative amoulgssfdensely stacked

GO sheets, as indicated by the high FWHENM.1, and by thexll; ratio = 0.48,

respectively.

Finally, at high oxidation degrees, sample GO4-C, an inversion of the tietenéithe

first and second reflection was observed, in this case the peak at lower angles bahg mu

more intense with respect to the broad reflection at higheil 2alues @11 = 2.41)8

Reflection were centered at B = 12.7° and & = 23.3°. Therefore, most of the GO sheets

for GO4-C were stacked with an average spacivg @697 nm, and a lower fraction with

an average spacing: &= 0.382 nm. This abrupt change was the consequence of the

heterogeneous nature of the oxidized graphene, constituted by grapipitidemains and

by s domains typical of oxidized graphite.

Table4.1 Results of EDX, Raman and XRD analysis on GNP and cast GO sanykssety oxidation

degrees.
Sample GNP GO1-C GO2-C GO3-C GO4-C
KMnQ/GNP wt equivalent - 0.5 1.0 2.0 3.0
O/C atomic ratio 006001 % | 024+001| 0342003 O%F
0.03 0.07
I/l 0.14 0.16 0.75 1.23 1.11
Average aromatic cluster size (nm) 11.8 11.3 2.8 2.6 2.0
27 (degrees) 26.5 26.6 26.4 24.4 23.3
di (nm) 0.336 0.335 0.338 0.365 0.382
FWHM (degrees)* 0.51 0.61 0.90 5.1 5.6
Dy (nm)** 31.7 26.5 17.9 3.2 2.9
g 2% (degrees) - 24.7 24.5 20.9 12.7
= d> (nm) - 0.360 0.363 0.425 0.697
FWHM (degrees)* - 3.9 5.2 2.6 2.8
D, (nm)** - 4.1 3.1 6.1 5.9
o/ *¥** 0 0.10 0.28 0.48 241

* FWHM = full width at half maximum

*% DI

reflection i (eq4.3)
*** |ntensity ratio between WAXS reflection 1, centred at highéhlues, and reflection 2, centred at lowel2alues.
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The average size (D) of the stacked domains in the direction perpendicutae to
graphene planes was calculated for cast GO samples at different oxidagpees using
the Debye-Scherrer equatidii:

D = k@ EcosT 4.3)

where k is a shape factor whose value can be approximated to 0.89, everaiieis
with the shape of the crystallitesEis the FWHM in radians of the reflectio®is the
wavelength of the radiation used andlis the Bragg angle of the reflection. As concerning
the behavior of the reflection located at higher angles, the average domain size
progressively decreased with increasing the oxidation degree, from about 32 nm Rgr GN
to a final O value lower than 3 nm for GO4-C. Dividing these domain sizes by the
calculated d spacing for each sample, the average number of GO sheets can be obtained
in each domains. In our case, this average number varied between about 94 G®fehee
GNP, to 79 (GO1-C), 53 (GO2-C), and finally 8.6 and 7.5 for GO3-C and GO4-C,
respectively, thus demonstrating that stacking phenomena were progressivebjtathi
increasing the oxidation degree.In the case of low oxidized samples, a simaiar d
analysis was not very significant for the low intense and high convoluted refieat
lower 2T angles, due to uncertainty of the FWHMalues calculated by spectral
deconvolution. Nevertheless, for the sample GO4-C, whose reflection center@® at
angles was well separated by that centered ak,2he calculated average number of
stacked GO sheets spaced by about 0.70 nm, was close to 8, this valuedmepayable
to the value found for the more tight GO sheets evidenced by the reflecentered at
2 T. This finding indicated that the highly oxidized sample was t¢ated by two classes

of stacked primary GO sheets, different for their average spacing (0.382 vs. 0.697 nm) and
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their average dimension in the direction perpendicular to the GO planes/$29.9 nm),

but similar in the average number their constituting GO flakes.

Figure4.1FTIR (a), Raman (b) and WAXS spectra (c) of GNP and cast GO samples.
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GNP and cast GO samples with different oxidation degrees were also analysed by TGA
in non-oxidative conditions, in order to evaluate their thermal stabilitysue are
reported in Table 4.2 and in Figure. 4.2a-b. At about 150 °C, a relevantasssecurred
for all the samples, whose extent was directly correlated to their oxidadiegree. The
maximum rate of degradation occurred between 178 and 190 °C. For the sample GO4-C,
the derivative TGA curve also showed, in addition to the main degradation peak,
presence of a shoulder at a higher temperature, as already reporteidamng et af for
GO sample oxidized in comparable conditiofike residual percent weight at 300 °C
decreased from 98 wt% for GNP to 85 wt% for GO3-C and to 69 wtX@4f#eCGFor
all the samples, the mass loss process was attributed to the thgrmradluced
decomposition of labile oxygen-containing groups in‘&@pducing the formation
of carbon monoxide and dioxide, and water. Calorimetric ysial allowed

associating this weight loss step in the range 150-300 °C &x@iinermic process.

Table4.2 Results of thermogravimetric and calorimetric analysis on GNP and cashi{p@sat increasing

oxidation degrees.

Sample TGA DSC
Residual weight 9 Texo " Hexo
at 300° C (°C) (J/g)
GNP 98 - 0
GO1-C 94 205 40
GO2-C 93 204 87
GO3-C 85 201 323
GO4-C 69 213 809
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Figure4.2 Results of thermogravimetric and calorimetric analysis on GNP and casn@@s at increasing
oxidation degrees: TG curves (a); derivative TG curves (b); DSC traces (c); entbaigiedds the thermal

decomposition process vs. oxygen/carbon atomic ratio of cast GO samples.

DSC curves of GNP and cast GO samples are reportedna Eiga. The maximum
temperature and the enthalpy of the process are reporiadrable4.2. As shown,
while the degree of oxidation did not significantly affect themperature
corresponding to the maximum of the exothermic peak, significhAanges of the
"Hexo Were progressively recorded increasing the oxidation levéh@iGO samples
up to GO2-C, followed by an even more abrupt change starting 8Q@8-C, up to
809 J/g for GO4-C. Plotting the obtainéHexo vs. the oxygen content of GO cast
samples, expressed as the O/C atomic ratio (see Fidu®e), a change of the
slope of the curve was clearly evidenced at medium oxidagwel$. To explain
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this behaviour, it can be considered the structure of G@esh consisting of
unoxidized polyaromatic areas alternate to oxidized clusters ainmtg hydroxyl

and epoxide groups and carboxyl groups located at the ddfehe GO sheet®,

and the results obtained by FTIR analysis, that demonstrated thatrdleive
amount of these groups changed with the final oxidation dego¢ GO. Kang et
al. 20 demonstrated that the ratio among different functional groupspesially
epoxies and hydroxyls, significantly affected the thermal stalht¢cO, Recently,

Qiu et al3! through theoretical calculations, showed that the decompositbf
epoxide groups is significantly exothermic while the therrdatomposition of
hydroxyl groups is isoenthalpic or only slightly endothermic. Thermhke
decomposition of carboxyl groups, instead, is exothermic, but less than the
decomposition of epoxides. All these considerations are consistehttiae results

that we obtained by FTIR and DSC analysis, confirming that at Idatior levels

the predominant species are carboxyl groups and hydroxyl groups, and
progressively increasing their content in GO, their thermabdgmosition induced

a slow increase of the associatédHexo. INCreasing the oxidation level, a higher
concentration of epoxy groups were generated on graphene, thus makiag
decomposition of highly oxidized GO samples progressively much more
exothermic, with a steeper increase of the associated enthalpy.

As detailed in the introduction of this chapter, in this wodstt GO materials were
obtained by self-concentration of GO during water evaporation at the déur
interface and the samples coded as GOX-C, where X indidégeent oxidation
degrees of GO in water dispersion, were obtained. For this psydemust be
considered that GO suspensions are constituted by deprotonated graphene sheeés

which create a dynamic network through their dipole-dipole interactioihen solvent
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evaporation is promoted, GO nanoplatelets reaching the interface tend to aggregdie
once further nanoplatelets reach the upper layer are able to interact wiehfirst layer
through van der Waals forces. Therefore, GO tend to self-concentrate at #réaice and
GO sheets tend to stack, progressively forming a laydeyer cast film (steps Cto C-1V

of Figure4.3) 32

Figure4.3 Representation of the drying steps involved in the GO casting.

Even if the mechanism of self-concentration and stacking of @€bslas wide}
accepted, a few papers concentrated the analysis of the effédh® oxidation
degree of GO on the self-assembly, that is the key factor fofdhmaation of GO
cast films, also denoted as GO paper-like, papers or compositerpadedhekar
et al.) through molecular dynamics simulations, elucidated the effettthe
amount of oxygen containing groups on the interlayer mechanisrfowhation,
structure and mechanical properties of GO papers. While the wak mainly
focused on the water mediated interlayer interactions, they also memtibthe
possible presence of intra-layer hydrogen bonds. Once again comgjdéat GO

sheets consist of unoxidized polyaromatic areas alternate to oxidcdesters
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containing hydroxyl and epoxide groups, and ionizable carboxylpgrooainly
located at the edg@® as the interaction amongst ionizable carboxyl edge groups is
manly repulsive’® the formation of a self-standing membrane can mainly derive
from intra-layer hydrogen bonds involving hydroxyl and epoxidegs. Therefore,

the effect of different oxidation degree on the self-assemblpgass of GO is
expected to be relevant.

Indeed, the realization of cast GO films from dispersions containing tGO a
different oxidation degrees confirmed this hypothesis. In Figdi#e results of SEM
analysis on GO-C samples are reported. Starting from GO1p06GG@3-C it was
not observed the formation of self-standing films. As shown in Eigda, starting
from the low oxidized GO2, the obtained samples was constituted by
discontinuous GO islands with average size of hundreds of miteosneThe
analysis of the surface of this sample at higher magnificatigFigure4.4d)
confirmed the low level of interaction amongst GO platelets. Verylaimesults
were observed for GO1-C. At higher oxidation levels (GO3-C, see Hidejea
more pronounced interaction between adjacent GO platelets was oeserSingle
GO sheets were not clearly identifiable and they were crumpled well linked
each other. Nevertheless, also in this case the investigatidheotast sample at
low magnifications revealed the presence of discontinuous fragesneh GO with
average size of about 250-30@n. Only further increasing the oxidation level to
GO4, a large, self-standing and flexible GO film was obtained. Uifiaces
morphology of the GO4-C sample is shown in Figdréb and f. At low
magnification, the continuity of the film and the absence effatts was clearly
evidenced. At higher magnification the high level of interacbhetween GO sheets

did not allow identifying their original contour and shape,th# sheets resulting
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merged in a continuous and regular morphology. The cross-sectionatigteuof

the film GO4-C is shown in Figud#edg and h. The sample was characterized by a
homogeneous thickness, approximatelyd®, with the presence of almost parallel
GO layers along the whole section.

A further insight on the mechanism of self-assembly of GO with diffevgidation
levels was obtained by TEM analysis, whose results are shown in .HgbireThe
occurrence of the formation of a self-standing film at the liquid aterface was
confirmed by TEM image shown in Figut®a. By immersion of a non coated copper grid
within the GO4 dispersion, after water evaporation a self-standing filth \ateral
dimension larger than 40Rn was observed amongst the mesh grids. At higher
magnification, TEM analysis revealed the fine structure of the film, tandd possible to
identify some of the constituting GO sheets. Selected area electrdraatibn (SAED)
showed that the film was composed by turbostratically stacked multilayesti&®ts, not
oriented along preferential directions in the plafeOn the contrary, using uncoated
TEM grids, it was not possible to collect self-standing films from GOPp&rsimns. As
shown in Figure4.5d for GO2, GO sheets were not able to give an effective self-
assembling and after water evaporation they resulted partially isolatedhencarbon
support of the carbon-coated copper grid. Similar results were obtafieedsO1 and

GOs.
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Figure 44 SEM micrographs of: upper surfaces of (a,d) GO2-C; (b,f) GO4-C; (c) GNP dpyBP&0ss-

sections of GOG.

Figure4.5 (a,b) TEM micrographs of a self-standing GO film on non-coated copper grid oltaimeithe
water dispersion GO4; ¢) SAED of (b); d) TEM micrograph of GO sheets collected on eczaduboepper

grid from the water dispersion GO2.
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Several studies have been focused on the adsorption capacity in water si@mpeof
methylene blue (MB) by graphene oxithe®6,37,38 39 Since the first work of McAllister et
al.,18 with slight change of the protocol, the adsorption of MB has bessd to evaluate
the SSA of graphene oxide ad its derivatitA8*

The relationship between the oxidation degree of graphene oxide samples and their
MB adsorption was already reported by Yan et-aln this work, an exponential increase
of the dye uptake was obtained with the increase the oxidation degaebuted to the
enhanced exfoliation of highly oxidized GO and to the presence of autinee adsorption
sites towards the dye. Nevertheless, the authors did not evaluate from the expeamen
MB uptake the SSA of the samples.

Instead, for our systemsjsing the MB dye as a probe, the specific surface area
(MB SSA) of samples GO1-GO4 was determined on diluted water susgertsio
adding an excess of MB and determining the amount on non-adsorlged ab

detailed in the experimental. Results are reported able4.3.

Table 4.3 Specific surface area values calculated by methylene &fiserption (MB SSA) on GO
water suspensions and by lddsorption at 77K (BET SSA) on cast GO samples

Oxidation MB SSA BET SSA

degree (m?/g) (m?/g)
GO suspensions Cast
GO

0 (GNP) 480+ 5

1 1415 + 19 346 + 1

2 1401 + 79 333+ 1

3 1700 + 83 195+1

4 1760 + 185 1.8+0.1
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Low oxidized GO samples, GO1 and GO2, showed MB SSA values close to 1400
m?/g. Considering the theoretical specific surface area of ggaphand graphene
derivatives (2630 Hig) these results indicated that, even at low O/C atomic ratio
GO sheets were well dispersed and only limited stacking phenoraeocarred in
water suspensions. Moreover, by increasing the oxidation degres=,MB SSA
monotonically increased, up to a significant value of 176@yrfor GO4, showing
that for this sample, in diluted conditions, only about 33% of the akikal GO area
was masked by stacking and interactions occurring amongst GO sheets.

Results of the BET SSA of GNP and cast GO samples obtained by GO at different
oxidation degree are reported in Figure 4.6 and TdbB

Gas sorption properties of graphene and related materials, imetudraphene
oxide, have been comprehensively discussed by Gadipelli Gnd°® By N
adsorption (77 K, 1 bar), BET SSA value up to about 9@0hawve been reported
for thermally exfoliated G® even if most of the GO samples described in
literature showed BET SSA values lower than 589.tHh*3 The low BET SSA values
observed for bulk GO samples with respect to the theoretical value of 263§, are
generally explained considering that the bulk material shows large extestagking,
assumed that the interlayer gallery spaces are inaccessible to the probe molesetegu
surface area analysfé.In our case, starting from a BET SSA of 480, for commercial
GNP, increasing the oxidation degree of GO, a progressive decrease of the BET SSA was
observed, with an approximate 30% decrease of the surface area recorded for G@1-C a
GO2-C and 60% decrease for GO3-C (see #&bldnterestingly, a very low surface area
was recorded for GO4-C, close to Z/gn demonstrating the relevance of stacking
phenomena by self-assembly of highly oxidized GO at the liquidtaiface. Moreover,

this result also indicated that, despite the wide interlayer spacingutated by WAXS
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analysis for GO4-C (about 0.70 nm), these interlayer galleries were inaccessibi t

probe nitrogen molecule used in surface area analysis, also as a possible consezfuence

the high level of interactions amongst oxygen containing functional grofisljacent

graphene oxide sheets.

Quantity Adsorbed (cm3/g STP)

4.4.
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Figure4.6 Nitrogen adsorption isotherms at 77K of GNP and cast GO samples.

Conclusions

This work presents an insight on the effect of the oxidation degree on lieenistry,

the processability and the surface area of graphene oxide. GO samples were realized from

graphite nanoplatelets by a modified Hummers method, using different dostigMoQ.

The effect of the KMn&GNP ratio on the type and amount of oxygen-containing

functional groups generated on the surface of graphene was investigated by FTIR and
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Raman and Energy dispersive X-ray spectroscopy. Results indicated that the obtained GO
samples were characterized by a very low to high level of oxidation. Raman and WAXS
analysis allowed obtaining a deep characterization of the structure ofs&@@ples,
confirming that increasing the oxidation degree induced a progressive tisnupf the
graphitic crystalline order and an increase of the interlayer distancesdxt graphene
sheets. DLS measurements indicated that, even if the oxidation proces§caigy
reduced the aromatic cluster size of GNP, it did not affect the avesage of the
platelets.

Thermal and thermogravimetric analysis were proven to be useful tools for the
characterization of GO samples. The exothermal thermal decomposition of GO was
significantly affected by the oxidation degree, and a non-linear depeceleof the
enthalpy of the process with type and amount of oxygen-containing fanati groups
was detected.

Cast GO samples were prepared by self-concentration of GO during water resgoval
evaporation at the liquid/air interface. SEM and TEM analysis on thanaa samples
clearly revealed a dependence of the self-assembly ability of GO withoxidation
degree. Only at high oxidation levels large, defect-free, self-standing @® \iiere
obtained, constituted by highly interacting graphene sheets showing atsdigh
magnifications a continuous and regular morphology.

Specific surface area measurements carried out on GO in water dispersion\gy usi
methylene blue as a probe, revealed for low oxidized GO samples, MB SSA values close to
1400 n#/g. indicating that, even at low O/C atomic ratio, GO sheets were well dispersed
and only limited stacking phenomena occurred in water suspensions. effieist was

more pronounced for highly oxidized GO, showing in this case thdiluted conditions,
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only about 33% of the available GO area was masked by stacking and iotegacti
occurring amongst GO sheets.

BET specific surface area measurements carried out by nitrogen adsorp#@rKadlso
gave interesting information on the interaction occurring between graphereetshat
different levels of oxidation. In particular, a progressive decrease ofBfeE€ SSA was
recorded on cast samples by increasing the oxidation level, with a3i8al of about 2
m?/g recorded for the highly oxidized sample. This demonstrated the relevafce o
stacking phenomena by self-assembly of highly oxidized GO at tie-&q interface.

The obtained results were used to select the best oxidation degree ofoG@hd
surface modification and the embedding in the epoxy-elastomer matrix, describie in
next chapter. In particular, GO at medium oxidation level (GO3) was used as starting
material because it represented the best trade-off between the presence oaldait
functional groups, needed for the surface modification, and the redueadency to self-

agglomeration during processing.
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CHAPTER 5

Graphene oxide/Epoxy Shape-Memory

Liquid Crystalline Elastomer



5.1 Introduction

Shape memory polymers (SMPs) are responsive polymers that can fix a temporary shape

after a deformation, and can recover original (permanent) shape in responegt¢éonal
stimuli, for instance temperature, pH, light, electric or magnetic fagldolvents. The shape
recovery may also occur through the contraction of oriented, extended chairieeof
material, triggered by a phase transitfohiquid crystalline elastomers (LCEs) belong to this
class of polymeric materials, as they are characterized by exceptional thermo-mechanical
behavior that comes out thanks to the combination of the or&idnal order characteristic
of the liquid crystalline phase, with the entropic elasticity bk tpolymer network
Moreover, they show a spontaneous shape modification at the LC to isotrepécteermal

transition. This results in a temperature-triggered strain recovery, upon tipdcgtion of

(£ S ve]lo SE S Z]vPX &uESZmeéchgniEalprapérties are [st8cly E u }

related to the ability of the material to experience a reversible tramsiof the LC phase,
from polydomain to monodomain, under tensile stress. This transition isaltieetparallel
alignment of the mesogens with the stress axis. All these features make diysiclline
elastomers suitable for applications in which reversible thermoactuatioreeded.

A potential strategy to tailor responsiveness of LCEs is represented by tnponation
of functional conjugated compounds or inorganic and carbonaceous clesfti For
example, the incorporation of CNT into LCE can promote a faster and rffariens
response over the thermal actuation, improving thermal conductivityabymeric LCE and
thus inducing a quick delivery of heat to all mesodeMoreover, the mutual alignment
between either low-molecular-weight or polymer liquid crystals and Gak been provén
In a previous papef a series shape memory nanocomposites have been developed
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incorporating surface-modified multiwalled carbon nanotubes at difiédeading levels
into a LC elastomer. It was shown that the approach used affords adeggee of tuning
of thermomechanical response, allowing the design of new shape-memory materials for
target applications.

In the present work, functionalized graphene oxide was employed for thezagiahn of
liquid crystalline shape memory nanocomposites. Recently, graphene oxide hagdszbn
in numerous polymer applications in both scientific and techncl@reas. The spread of
graphene oxide is due to its unique thermal, electronic, mechanical atchbfeatures as
well as to its excellent biocompatibilityMoreover, GO is suitable for fabricating polymer
nanocomposite® 9 as it is rich of oxygen-containing groups, which effectively weaken the
van der Waals forces among the graphitic sheets and facilitate GO slmpen both
solvents and polymer matrices. As a further advantage, GO is obtained through facile
chemical exfoliation of graphite and graphene nanoplatelets. In thipaet, GO can be
thus a desirable reinforcing filler to enhance the intrinsic gmies of pristine polymers.
In the recent years, a number of papers have been published dealingthéatluse of
graphene oxide in shape memory polymer systéaig®. Among them, papers describing
epoxy-based shape memory materials are also reported, in which reduced gepkile
is used to enhance electro-responsive behavior of SM ep'6iies

Another significant feature of GO relies on its liquid crystalliniigqueous dispersions.
The LC phase behaviour can be maintained by including an additionalgvatgmponent
in the solvent mediuft. Furthermore, it has been demonstrated that the orientation of
graphene oxide liquid crystals could be manipulated by a magnetic fietkdeshanical
deformation, offering a worthwhile approach for the realization afjiiperformance
nanocomposites, optical and energy-storage materials, and other numerous advanced

applicationg’.
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Starting from these considerations, this research has been focused on theatiesl
and characterization of polymer nanocomposites based on epoxy elastomers filled with
graphene oxide. The objective was to investigate the effect of the nanofifiethe
structure and properties of the LCE, with particular concern on tlapesimemory effect.

For this purpose, a mesogenic epoxy monomer, namely p-bis(2,3-epoxypropoxy)-
methylstilbene (DOMS), was selected as diepoxy monomer. The use of DOMS was based
on its ability to impart, in combination with a suitable-ownomer, liquid crystalline
properties to the cured resin. DOMS was synthesized according to adomecpreviously

set up®. Sebacic acid (SA) was selected as a co-monomer, as it is able to giveaziastom
and shape memory properties. The effect of varying amounts of GO on LC elestoase

then studied.

In order to obtain high performance nanocomposites, the achievement of
homogeneous distribution and dispersion of the nanofillers withie polymer matrix was
required. Hence, the first objective of the work here presented isstiteup of an effective
compatibilization strategy based on the surface modification of &il® to improve the
interfacial adhesion with the matrix. Once the compatibilizatiomtelgy was optimized,
the preparation and characterization of the liquid crystallinesedmeric nanocomposites

has been carried out.

5.2 Experimental

5.2.1 Materials

p-bis(2,3-epoxypropoxy)-methylstilbene (DOMS) was prepared according to the
synthetic procedure described in a previous wé(knelting point = 126.2 °C; nematiz-

isotropic transition temperature (Iw);= 89.6 °C, monotropic; Yield = 47.5%.
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Sebacic acid (SA, melting point 133-137°C), purity > 99%, was obtained from Sigma-
Aldrich and used as received. Tricaprylammonium chloride (TCAC) was used as catalyst.
Structural formulas of DOMS and SA, along with the scheme of reaction |¢adnegLCE

are reported in Scheme 5.1

Scheme 5.1Structural formulas of DOMS and SA, and reaction scheme involved in the formation of the

LC elastomer network.

Graphite Nanoplatelets (GNP) with average surface area of 3@pand bulk density
of 0.2-0.4 g/criwere purchased from XG Sciences. GO was synthesized starting from GNP,
as detailed in Section 2.3.

Sulphuric acid, #Q, potassium permanganate, KMaCB0% v/v hydrogen peroxide
water solution and hydrochloric acid 37 v/v were purchased from Sigma-Alntused

as received.

5.2.2 Preparation of epoxy functionalized adducts
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The functionalization of GNP with epoxy-based groups was carried @utwo-step
procedure including the oxidation of GNP and the subsequent reactioatar-dispersd
GO with DOMS.

GO was synthesized using the harsh oxidation of graphite according tmdtdied
Hummers method of Krishnamoorthy et?aby employing KMngand concentrated +$Q,
followed by sonication. GNP (0.53 g) were stirred in 98%6€H15 mL) for 30 minutes. The
required amount of KMnO4 was gradually added to the above solutlate wWeeping the
temperature below 20 °C. The mixture was then stirred at 35 °C for 2 h. The mgsultin
suspension was diluted by adding slowly 25 mL of water under vigorotisgstand further
treated by adding 30% 28, solution (5mL) and 45 mL of distilled water. The resulting
graphite oxide suspension was repeatedly washed and centrifuged, fitlst 5% HCI
agueous solution and then with distilled water until the pHhe solution became neutral.
Finally, this solution was sonicated for 1 h (30sec pulse on and 30sec pulsbtaif)ing
the exfoliation of the graphitic oxide into a few-layer GO.

Epoxy functionalized GO adducts were prepared as described below. Fiest, th
concentration of GO in water dispersion was calculated: a known volutie adfispersion
was weighed and then placed on a hot stage to allow water evaporation. As soogoas it
dry, GO was weighed and the concentration of solution was calculatedrefjugred
amount of GO water dispersion, corresponding to a theoretical 0.75 pe8tentage of
GO in the composite, was added to molten DOMS at 165 °C dropwisdeinto guarantee
the complete evaporation of water. Subsequently, the catalyst (TCAC, 2 mith.%éespect
to epoxy content) was added, and the resulting mixture was sonicated faurs with a
10 sec ON/ 50 sec OFF pulse cycle, and an amplitude of 25% whileutdeasnagnetic
stirring. The obtained adduct was recovered using dioxane and centrifatg&do00 rpm

for 10 min with a brake time of 4 min. The precipitated was isoldtech the solution
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containing epoxy excess, washed and centrifuged again with dioxane; this sigp w

repeated 4 times. The remaining adduct was then dried and analysed.

5.2.3 Preparation of neat DOMS-SA resin

Neat DOMS-SA resin was obtained by adding a stoichiometric amo@# td molten
DOMS (molar ratio 1:1 with respect to DOMS). Once SA melted, the catalyst (TCAC, 2 mol.%
with respect to the amount of epoxy groups) was added, and the mixture wasukelatr
stirring for 2 minutes, then poured into a previously heated Tefloated glass mold and

cured in an oven at 180 °C for 2 hours. The obtained sample was codedNesaDS

5.2.4 Preparation of nanocomposites

Epoxy-based nanocomposites were obtained by a two-step procedure, involvinlgdirst
dispersion of GO in the molten organic phase and subsequentlyctinig reaction
between the epoxy monomer and the sebacic acid, as detailed in the fotjowi

DOMS was melted and the appropriate amount of GO water solution walysioded,
in order to obtain a 0.15 wt.% GO nanocomposite. Then the catalyst (TCAC, 2 wad.%
added. Sonication at 165 °C for 120 minutes alternating ON/OFF cycles 1dstng 50
seconds, respectively, with an amplitude of 25%, was performed. Subsequently, 8A (mol
ratio 1:1 with respect to DOMS) was added. Once it was melted, a further @nobun
catalyst (TCAC, 2 mol.%) was added. The obtained mixture was sonicated at 165 °C for
further 120 sec. The resulting material was poured into a previouslietiegeflon-coated
glass mold and cured in oven at 180 °C for 2 hours. The same procedure wa® used t
prepare the composite containing 0.45 wt.% of GO. The samples were coded as DS_GO_15
and DS_GO_45, respectively.
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5.2.5 Techniques

Fourier transform infrared (FTIR) spectroscopy

FTIR analysis was performed on DOMS, GNP, GO and on the epoxy-functi@@lized
DOMS. FTIR spectra were obtained through the attenuated total refleet@h€R-FTIR)
method using a PerkinElmer Spectrum One FTIR equipped with a unA&Raampling
accessory (Wellesley, MA, USA). Spectra were collected using a resolution-baddib

scan collections.

Thermogravimetric analysis (TGA)

TGA was carried out using a Perkin Elmer Pyris Diamond thermogravimetric analyser
(Wellesley,MA, USA). DOMS, GNP, GO, GO-DOMS adduct and DOMS-GO mixture were
analyzed in air flux (100 mL/min) at 2 °C/min heating rate using about 3 mgtefial for
each sample. All graphene-based samples were analyzed with a procedugingca
preliminary isothermal step for 120 min at 120 °C in air flux deioto remove absorbed

moisture and residual solvent.

Transmission Electron Microscopy (TEM)

TEM analysis was performed on a FEI TECNAI G12 Spirit-Twin (120 kV, LaB6) microscope

equipped with a FEI Eagle 4K CCD camera (Eindhoven, The Netherlands).

Differential Scanning Calorimeter (DSC)

A TA Instrument DSC Q2000, equipped with a Refrigerator Cooling System (RCS)

accessory, was used to monitor the phase and glass transitions temperatures of cured
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samples. DS_Neat, DS_GO_15, and DS_GO_45. Tests were performed in dynamic mode
according to the following temperature treatment: heating from -4@&9) °C at 10 °C/min
heating rates; cooling from 150 to -20 °C at 10 °C/min; heating from -2DQ@o°C at

10°C/min. Nitrogen was used as purge gas.

Scanning Electron Microscopy (SEM)

SEM analysis was performed using a FEI Quanta 200 FEG (Eindhoven, The Netherlands)
in high vacuum mode, using a secondary electron detector and an accelevattage
ranging between 15 and 20 kV. For the analysis, cryogenically fractured specimens wer
obtained from the sample coded DS_GO_45. Before the analysis, samples wedevata
a gold-palladium layer (about 15 nm thick) by means of a Emitech K575Xrspudter.

EDS/SEM measurements were also performed.

Wide angle X-ray diffraction (WAXD)

XRD measurements were made using a Br#XS D8-Discover diffractometer

<U]%0 %  A]SZ % E oo o Jv] Vv$§ u ~';} oP WGUES EW W «E &
motorized stage and with a GADDS (General Area Diffraction System)eSaram placed
directly on the sample holder for transmission analysis. An X-ray collimatensygsbse-
to-the-+ u%0 ©00}Ae v oCi]JvP E -say(diffractametet whE opgrated at
dils v diu 8}Pv ES plrE ] 38]}vX dZ -STAR(mSltivireE A -
proportional counter of 30x30 cm with a 1024x1024 pixel) placed at 15cm fresetmple.
The X-ray beam hit the sample at 0.0° of incidence. The collected ff2IM&RD pattern)

JA Ees 5 ep Z ]38 v E vP (E}u TXi p%ayshedri ¥isiopppd dZ  ]C

by a beam stop placed directly at the end of the collimator after the sample.
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The exposition time was of 600s per frame. The resulting images were gamma

Jve PE § §}} &8]v  IVA vE]lv o i} J((E E}PE uX

Thermomechanical analysis (TMA)

Thermomechanical analysis was performed using a Perkin Elmer Pyris Diamond DMA
Dynamic Mechanical Analyzer equipped with a Cooling Controller, urtlegen flux. A
static tensile load of 45 kPa was applied and temperature was cyclicaty vatween 20
and 110 °C at a fixed rate of 2°C/min in order to monitor the shape-menatrguior effect

of all samples.

5.3 Results and discussion

5.3.1 Epoxy-functionalized GO adducts

GO functionalization was carried out according to the procedure describedein
Experimental Part. The GO epoxy adducts were purified by means otedpeashing and

centrifugation cycles using dioxane and then analyzed through TGA, #/T TEM analysis,

as displayed in Figugel.
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Figure 5.1(A) Reaction scheme between epoxy groups of DOMS and carboxyl groups of GO; (B) spectra
of neat DOMS (a) and GO-DOMS (b); (C) TGA curves of nheat DOMS, GO, GO-DOMS and DTGA curve of GO-

DOMS; (D) TEM images of GO (a) and GO-DOMS adduct (b).

In Figure5.1A the reaction mechanism between DOMS and GO is sketched. The
achievement of GO functionalization with DOMS monomer (GO-DOMS) wagdverifi
through the analytical characterization of the adduct purified thgbuepeated dioxane
washing and centrifugation cycles. The occurred grafting of DOMS on tilserz©e was
confirmed by FTIR analysis. FTIR spectra of neat DOMS and GO-DOMS adduuttade re

in Figures.1B. The presence in the GO-DOMS spectrum of all the peaks typically associate
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to DOMS is indicative of the successful formation of the epoxytifumadized graphene
oxide. In order to obtain the quantitative evaluation of the amount of x@pgrafted onto
GO, TGA analysis was performed on dried GO and the GO-DOMS adduct untes ai
heating rate was set as 2 °C/min in order to separate the different degradatamesses.
In Figure5.1C, TGA traces of GO, DOMS and GO-DOMS are reported along with the
derivative TGA trace of GO-DOMS sample. None of the sample exhibited anyasignific
degradation phenomena for temperatures lower than 200 °C. At higémperatures, they
showed a different thermo-oxidative behavior. DOMS underwent the theoxidative
degradation through a 2-step mechanism, the first step occurring imadhge 200-300 °C,
and the second one in the range 300-400 °C. The TGA trace of GO showedvaiglatw
loss between 300 and 500 °C, then a rapid degradation in the range DO, As
concerning GO-DOMS, it exhibited a weight loss step in the range bet@d&@®400 °C
related to the degradation of the DOMS fraction grafted on GO thatneasemoved after
purification. It was found that about 30 wt.% of DOMS was covaldmtiynd to the GO
surface. Subsequently, a second step related to the degradation of GO fraot®enpin
the adduct occurred, leading to a complete volatilization at 500 °C. &#ust highlights
that the functionalized GO is less stable than the parent GOnlbeahypothesized that
the functionalization process of GO with DOMS, may shift the degradatidgheoGO
fraction to lower temperatures. TEM images of GO and GO-DOMS adduct aresceport
Figure5.1D. From a comparison of the images, it is evident that the surfaG®Oadheets is
distinctly covered by an organic layer (Fig. 1D-b), confirming the horoagegrafting of

DOMS on the particle surface.
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5.3.2 Preparation and characterization of nanocomposites

As detailed in the experimental part, epoxy-based nanocomposites were ellthiy a
two-step procedure. In order to obtain macroscopically homogeneous materiats, th
crosslinking reaction was performed starting from the GO-DOMS addusts.tke fillers
were dispersed in the molten monomers, sonicated, and thenrafte addition of the
curing agent, the obtained mixtures were poured in Teflon-coated glass ranttisured
in oven at 180 °C for 2 h. Well-dispersed nanocomposites with 0.150atxt.% of
carbonaceous fillers were obtained. As an example, FigiZrahows SEM micrographs of
DS_GO_45. As evidenced in the figure, GO platelets were uniformly dispeétisedthe

matrix, and a good adhesion between matrix and filler was achieved.

Figure 5.2SEM images of fractured surfaces of (a) DS_NEAT, and (b and c) DS_GO_45.

147



Heat Flow (mW)

—— DS_NEAT
——DS_GO_15
——DS_GO_45

T
100

Temperature (°C)

200

Figure 5.3DSC traces (Il heating scan) of DS_Neat, DS_GO_15, and DS_GO_45.

Figure5.3 shows the DSC traces of all LCE samples. J.abdeports the values of glass

transition temperatures (J, as well as the temperatures¢T v

associated to the isotropization of the LC elastomers.

VSZ 0%q] « ~4,

Table 5.1DSC and DMA characterization of the elastomers-based nanocomposites.

DSC DMA
Sample

Ty Ti "Hi Ty Ti [~i£ [~611 [~iTi£

[°C] [°C] [J g1 [°C] [°C] [GPa] [MPa] [MPa]
DS_Neat 33.0 96.6 145 384 67.3 1.43 16.1 1.74
DS_GO_15 314 84.4 12.3 36.9 68.3 0.155 6.32 1.45
DS_GO_45 30.4 83.3 11.7 36.8 63.5 2.20 5.12 1.77
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Compared to the neat matrix, GO-filled nanocomposites showed a slight decrebgge of
d] v 4,] A op s ¢} ] 8 4&g-isofropitatradsjtion. Isotropization enthalpies
A E ]Jv 82 E vP }(comparable Rith values recorded for isotropization of
smectic-Asystem@X dZ } « EA SE v }(d] v 4,] suPP 8 §Z § §Z
increased the polymer free volume, affecting the LC phase stabtfiif. In general, for LC
polymers, the thermal stability of the liquid crystalline phase is closelgted to the
morphology of the LC domains formed, with smaller LC domains exhibiting lower
isotropization temperatures. In the case of DS_GO_15 and DS_GO_45, tienaafdisO
likely induced a slight, not significant variation of the smectigcstire. This is evidenced

also by wide-angle X-ray diffraction patterns reported in Figude

Figure 5.4WAXD diffraction patterns (left) and the corresponding intensity integrations along the

meridian axis (right) of unstretched (a) DS_Neat, (b) DS_GO_15, and (c) DS_GO_45
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WAXD diffraction patterns of all the investigated samples showed a weakti@filexdt
i} A AXOOE JEE %ndnof aidusys.3 A, comparable with the length of 15.1 A
calculated for DOMS-based mesogénTherefore, the morphological analysis confirmed
DSC data, as the obtained spectra were almost identical for the threelssnspiggesting
a negligible influence of GO on the LC phase behavior. Most probalilake® were able
to align to the smectic planes without significantly disturbing tdngered structure of the
elastomeric matrix. As reported in literature, sheets of GO were founextabit liquid
crystallinity in both aqueous and organic media, and thus are potén@dille to induce

higher order structures to a polymer compogitéd.
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curves of all samples.
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Figure5.5& *Z}Ae ¢3}E P v o0}ee u} po] ~ [ v [[*U wof Jee]% &
the LCE as determined by dynamic mechano v 0Ces]s ~ D *X /v 00 =« U [ A
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the presence of filler, the elastic component was prevailing over thewssone due to the
crosslinked structure of the elastomers. Two thermal relaxations (see alse S apivere

observed, corresponding to glass transition and isotropization. In péaticas noticed

propertie

compared. From the curve (and the values in Table 1), the influenG&®aods determined

by DSC was confirmed by DMA. In particular, a decrease by 1.5 °C in glass transition
temperature was noted for DS_GO_15 and DS_GO_45. As regdhdscalculation of the

peak value from the tascurve was not trivial, therefore the experimental curve was
deconvoluted through peak fitting, and the values related to the maxn of the fitting

curve are listed in Table 5.1. It is noticed thavdlues from DMA are significantly lower

than those detected by DSC. It is likely that the mechanical relaxdtierto T is able to

trigger the molecular motions which eventually lead to isotropizatibBrom the values
calculated, it seems that a higher content of filler results iestabilization of the LC phase,

as suggested by the lower Vialue. Rather unexpectedly, there was no definite trend in
storage moduli in the glassy region (T = 0 °C) with the content of MWCNE $THb A

ZIPZ }v8 v3 ~iXdAA3 9+ }( 'K E «pod ]vhesif@nmg@fedtapy }( |
the rigid filler. However, when only 0.15 wt% GO was includeché domposite, a
*]PVv](] v8 @E}% }( [ A« v}3] X dZ]s @ wuold oAP uppvEZ E(]v
GO, inter-chain attractive forces or chain flexibility are affected, owontpe interaction

between polymer chains and GO platelets. Increasing the content of GO nthyolea

particle agglomeration, causing a stiffening of the material due to thedhiction of rigid
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filler particles. It is also worth noticingZ 8 3Z A op }( [ ]Jv 8Z Ep EC (

affected by the presence of GO. In particular, as detailed in Taldle above the
]*}18E}%]1 3]1}v 8 u% E SUE ~01 £ U ~zE § +Z}A A op
significantly higher than that of DS_GO_15 and DS_GO_45 (aliBap This outcome
indicates that the carbon filler may reduce the network rigidity alshérubbery state. In

this regard, no significant effect due to the amount of GO was observesib&havior was

similar to that reported for DOMS_SA-based MWCNT composites, where ighhCNT
contents (3.0 wt%) caused the rigidity of the system to increase irpadson to the neat
sample4.

Finally, for all the analyzed samples, at temperatures above 120 °Claste enoduli
reached a plateau, indicating the formation of a stable netwairkicture, which was not
affected by the presence of filler as concerns the mechanical response.

Shape memory behavior of the prepared nanocomposites was investigated by TMA
analysis. Figure 6 shows the four-cycle reversible thermo-actuation féa§ DS GO_15
and DS_GO_45, evaluated by DMA in the film-tension geometry under a techistatic
load by measuring the change in sample length with temperature. The releersib
elongation (R value, which corresponds to the amplitude of shape recovery, was
calculated as the difference between strain values measured at 110 and 2@ f€panted

in the table displayed in FiguEe6.
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Figure 5.6TMA trace of (a) DS_Neat, (b) DS_GO_15, (c) DS_GO_45 samples and table containing their

reversible elongation (Rr) values

The presence of a lightly crosslinked epoxy resin combined with #renddly induced
reversible switching from anisotropic to isotropic phase was responsible &shiape
memory effect’?8, In the particular case of the obtained systems, thanks to their stress-
induced polydomain to monodomain transition, the prepared LC epxagtomers are
capable of reversible shape change under constant stress during tatopercycles, thus
acting as temperature-induced shape-memory matetfals

Prior to start, samples were thermally equilibrated at a temperature aboverinlpa
temperature (T >{J. After 10 min, a ramping force was applied up to a fixediterloading
~« A 8 IW U o} JvP E § A dXi thesdmples Werepcooled jtd TREC U
°C, allowing the samples to spontaneously elongate due to sdtiel@sponse associated

with isotropic to smectic transition. When reheated up to 110 °C, the $ssngradually
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regained their original length. The reversible elongatiof) WR&s moderately constant for
each sample over many temperature cycles, thus indicating reversihitliynodest creep.
This result was confirmed by the Wilues reported in the table in Figuf6, that were
nearly constant for all the samples over the entire temperature cycle.

The cyclic thermoactuation was activateg the reversible formation of well-aligned
liquid crystalline monodomains during cooling below the clearing tertpee. On heating,
due to entropic elasticity the anisotropic LC phase was lost, ledditige materialin its
original shape. As evidenced by Fig&®, the presence of GO enhanced thermo-
mechanical behavior of DOMS-based elastomer, in a concentration-dependanter.
Neat DOMS_SA showed an elongation of about 40% during cooling underaxial load
corresponding to 45 kPa stress. On the other hand, the two nanocomposite samples
showed a significant increase of the thermal actuation extent, which was surstantial
at lower nanotube content. In particular, DS_GO_15 spontaneously stretghéo 65%,
corresponding to a 50% increase of elongation compared to DS _Nethteirsame
solicitation conditions (Figur&.6). For higher percentages of GO, i.e. in the case of
DS_GO_45 a slight reduction in the actuation capability was obsguualoiably due to a
less efficient mutual alignment of GO platelets with the rigid moietieh@fmatrix or to
filler agglomeration, as also evidenced by DSC, DMA and WAXD results.

In order to give an insight on the microscale morphology developed upoalignment
of neat and GO containing LCE samples, SEM analysis was carried out on cryogenically
fractured surfaces of films exhibitirmgmonodomain LC phase, formed during the cooling
step under constant loading\s an example, Figure 7 reports the morphological features
of fracture surfaces parallel and orthogonal to the stretching direcobridS_Neat and

DS _GO_45, as evidenced by SEM.
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Figure5.7 SEM images of fractured surfaces parallel (upper panel) and orthogonal (lower pahel) to t

stretching direction of (a, d) DS_Neahd (b, c, e, f) DS_GO_45).

When the fracture surfaces parallel to the stretching direction were examin&d Neat
(Figure5.7a) and DS_GO_45 (Figw&’h) showed comparable morphologies. Since LC
domains deviate crack propagation, SEM micrographs of fractured surfaces indhaate t
for both samples they are aligned along preferential orientations. Thigphaobogical
feature reflects the generation of a complex layered structure at a mesosdaieh in turn
is induced at a molecular level by the arrangement of mesogens progressiitatng
along the stretching direction, due tbe polydomain to monodomain transition.

Significant differences were observed analysing the cross sections orthogotied t

alignment direction. In the case of DS_Neat (Fidure), a remarkably rough surface was
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observed, in which a number of small domains deviating crack propagation wédde.vis
On the contrary, in the case of DS_GO_45, which spontaneously stetighto 50%, the
sample showed a higher degree of order. Large fracture planes perpendiculardaign
the stretching direction were noticed (Figus&’e), demonstrating a long-range correlation
between LC domains. It is likely that the GO platelets allowed the Isatmgasily reach
the end of the polydomain to monodomain plateau, thus yielding exgame conditions a
highly oriented system. This phenomenon can be attributed to the coetbeffect of the
LC phase stability and network softness. In the case of DS_Neat, therkeigidity above
the isotropization temperature was higher than that shown by DS_GO_45 denegd by
DMA analysis. Therefore, the combination between a softer network arsiifficient
degree of liquid crystallinity resulted in higher strain values observethglucycling

thermomechanical tensile testing for the GO-filled LCE.

5.4 Conclusions

In this work, LC epoxy based elastomers reinforced with graphene oxidb&@&heen
studied. In particular, the work has been focused on the optimization tred
compatibilization procedure of carbonaceous nanofillers, and on pghreparation and
characterization of the nanocomposites. The effect of different amountaraftionalized
GO on thermoactuaction was also evaluated.

Epoxy monomer DOMS was obtained by a synthetic protocol previously setaup in
research group. GO used as nanofiller was synthesized by a modified Humeteogim
and characterized by dispersion experiment, FTIR analysis, TGA analysis andMEDS/SE

analysis that confirmed the occurrence of GNP oxidation.
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An effective compatibilization strategy, able to improve the interfagdhesion
between epoxy resin and carbonaceous nanofillers and to promote their homogeneous
dispersion, has been set up. This strategy has been based on the cdualgianalization
of the GO surface with the epoxy monomer. The functionalized adduetsiteen isolated
and characterized by means of TEM analysis, FTIR analysis and TGA analysistrgtiowing
appreciable amounts of diepoxy monomers have been grafted on the nano$illefiesces.

Nanocomposite films were prepared by cast molding and then characterizégin t
morphological, structural, thermomechanical and electrical properties. SEMesiaaye
shown a very homogeneous distribution and dispersion of both the epoxyifunatized
nanofillers within the polymeric matrix, confirming the effectiveness dfe t
compatibilization approach.

The analysis of the thermal properties of the obtained materials have shalatrease
of Tg as a consequence of the addition of fillers. Besides, GO also redecedtwork
rigidity in the rubbery state. As for the phase behavior of the comessia significant

E « }( 83Z ]°}8E}%]l 8]}v 8 u% E SPE v SZ ;] e} ] &
isotropic transition has been observed, suggesting that the nanofilleiiirthe stability
of the LC phase.

The thermomechanical characterization of the realized nanocomposites has shawn tha
the GO enhanced the thermoactuation. More specifically, the extent gdestnacovery was
significant in the case of DS_GO_15, as the combined effect of thieas€ stability and
network softness resulted in higher strain values observed during cycling

thermomechanical tensile testing for the GO-filled LCE.
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CHAPTER 6

General conclusion and future outlook



6.1 Conclusion

In this thesis, shape memory polymer nanocomposites were produced using epoxy-
based liquid crystalline polymer, as matrix, and surface-modified MW@diTvell as
surface-modified GNP, as nanofiller. For the LCE matrix, DOMS monaserelected.
EPON was used for the study on the dispersion and compatibilizaticarbonaceous
nanofillers.

The main problem faced with these systems consisted in the formatiotiusteis
formed by nanofilles. The surface modification was necessary to enhance the dispersion
and the distribution of nanoparticles within the matrix. For this reasoapompatibilizaton
strategy of MWCNT and GNP was investigated. The products of this procedure were
analyzed and characterized from thermal, chemical and morphological giountw. Such
result was possible if MWCNT-COOH were adopted.

Solvent dispersion experiment, FTIR spectroscopy, TEM analysis and TGA analysis
proved that an epoxy-grafting process occurred on the surface of botd kih
nanoparticles, even in higher amount with respect to the prediated calculated on the
carboxylic groups on the surface of MWCNT, due to the homopolymerizatitwe efpioxy
monomer.

Concerning GNP, a first oxidation process was necessary, in order to promote the
exfoliation of graphene sheets. Different amount of oxygen-containing groupg wer
achieved, depending of the treatment. Once these oxidations occuseekral analyses
were performed to prove the actual surface modification. WAXS and Raman spectroscopy
gave indications on the different structures depending on thedaion, proving that
increasing the degree of oxidation the disruption of the nanojles, as well as the

distance between graphene sheets, was increased. However, as noticed froth®LS,
163



reduction of the GNP cluster size, did not affect on the average sibe ofanoplatelets.
Moreover, FTIR proved the actual formation of different oxygen-containing graufise
surface. Through TGA and DSC, It was possible to detect the amount of sueméinc
groups starting from the non-linear dependence of the enthalpy efgihocess with type
and amount of those groups.

SEM and TEM analyses of dried GO showed how its self-assembly ability civéghged
the oxidation degree. At high oxidation level a self-standing GO filmsdeteeted.

Methylene blue was used to investigate the specific surface area of GO samptag- At
oxidized patrticle dispersion, GO sheets were well dispersed. Insteatipbe sample with
an higher oxidation degree, more stacking phenomena occurred. This was alsd jpsov
the BET method for evaluation of specific surface area, in which a decrerh&8A was
observed with the increasing of oxidation degree.

For this reason, only the intermediate-oxidized GO dispersion was embeudthed the
polymer matrix to obtain nanocomposites. This choice was made because it repésent
the best trade-off between the presence of suitable functional grouseded for the
surface modification, and the reduced tendency to self-agglomeration dprocessing.

This sample, then, experienced the surface-epoxidation. The obtainedceddiere
characterized by means of TEM analysis, FTIR analysis and TGA analysis, shbwing th
appreciable amounts of diepoxy monomers have been grafted on the nano$illfieces

This compatibilization strategy is the first part of the optimizedgedure aimed to
obtain homogenous nanocomposites. When sebacic acid is added to theenof DOMS
monomer and modified MWCNT or GNP, in presence of a catalyst, #rehipoured in

pre-heated glass mold, SMPNC is obtained.
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The presence of MWCNTs changed the thermo-mechanical behavior of thiegstar
material, changing the LC degree of the sample, enabling the design of newrsbapay
materials for target applications and even achieving the triple shape memsppnse.

As for MWCNT, the nanocomposites in which GO was dispersed showed an increased
thermoactuation, in terms of extent of shape-recovery. They were also softarttieaned
resin. This was translated higher strain values observed during cyaingadmechanical
tensile testing for the GO-filled LCE.

With respect to the most recent advances in these fields, this work agwslihe high
actuation efficiency and mechanical properties of the epoxy-based liquid-crystasimes
with the enhancement of the actuation extent and the electro-actuatgimen by the
inclusion of conductive nanoparticld3espite the processability of these systems is lower
than the thermoplastic ones, such as polyurethanes, their liguyctallinity providesa
much more appreciable actuation, also with respect to other epoxy-based shap®mem

systems.

6.2 Future development

At the moment, this kind of material is being used to obtailaminate, in which one
layer consist in a pre-strained LCE, coupled with another layenather kind of SMP,
whose main characteristic is the ability to recover its permanent shapke wie system is
cooling down. In this way, the obtained laminate can be intended asitonomous shape-
shifting system.

In this view, the previously characterized SMPNCs, thanks to the me=seh
carbonaceous material used as nanofiller, can be used in order to proamaéectric field-
induced shape-shifting material.
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Appendix A

A.1 List of figures

Figurel.l Classification of Smart Materials

Figurel2 d @& v }( vpu @€ }( %o % Ee+ A]SZ ""Z % D u}l@Eg} Tidou Jv ep
(quote scopus.com).

Figurel.3 Scheme of closed pinecone with cold and wet weather (left); Scheme of an opened
pinecone with dry and hot weather (right)

Figurel.4 Left: hypotonic solution gives sphere-like RBC. Center: in isotontmspleBC keeps
its shape. Right: hypertonic solution gives shrinked RBC.

Figurel.5 Classification of shape memory materials

Figurel.6 SMA phases and crystal structures

Figurel.7 Various molecular structures of SMPs

Figure 1.8schematic representation of a) LC monomer, and of b) nematic , ¢) smedtit) an
cholesteric LC arrangements.

Figurel1.9 a) and b) are schematic representation of main-chain LC; c¢) and d) are sichema
representation of side-chain LC, the first is side-on and the skisoend-on one.

Figure2.1 Schematic representation of a SWCNT and a MWCNT

Figure2.2. Schematic representation of arc discharge method to produce CNT

Figure2.3 Schematic representation of the laser ablation method to produce CNT

Figure2.4 Schematic representation of the laser ablation method to produce CNT

Figure2.5 Structural formulas of EPON (top) and DOMS (bottom).
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Figure2.6 Reaction scheme between epoxy groups and carboxyl groups of MWCNT-COOH

Figure2.7 Dispersion stability in chloroform of MWCNT-COOH (left), MWCNT-@&R@NEe) and
MWCNT-DOMS (right) after: a) 2 hours and b) 36 hours after sonication

Figure2.8 FTIR spectra in the range 1900-690'afi a) EPON and MWCNT-EPON and b) DOMS
and MWCNT-DOMS.

Figure2.9 Bright field TEM image of the MWCNT-DOMS adduct.

Figure2.10 TGA traces in air flow of MWCNT-COOH, EPON, MWCNT-EPON, DOMS, and MWCNT-

DOMS.
Figure3.1 Structural formula of sebacic acid
Figure3.2 Reaction scheme between epoxy monomers and carboxylic acids
Figure3.3 Homopolymerization reaction in the epoxy/acid mixture
Figure3.4 Image of the sample A_ES _1.5CNT
Figure3.5Images of the samples B_ES_0.75fCNT (left) and B_ES_ 1.5fCNT (right)
Figure3.6 Images of the samples B_DS_0.75fCNT (left) and B_DS_1.5fCNT (right)
Figure3.7 Images of the samples C_ES_0.75fCNT (left) and C_ES_1.5fCNT (right)
Figure3.8 Images of the samples D_ES_0.75fCNT (left) and D_ES_1.5fCNT (right)
Figure3.9 Images of the samples E_ES_0.75fCNT (left) and E_ES_1.5fCNT (right)
Figure3.10Images of the samples DS_0.75CNT (left) and DS_1.5CNT (right)
Figure3.11Comparison between a LC elastomer containing 1.5 wt.% of MWCNT-CO@iw{top
and DS_1.5CNT (bottom row) evidencing the difference in CNT dispansisgample homogeneity:
optical images (left), SEM micrographs (center) and bright field TEM imadgs (rig
Figure3.12 (a) Optical image (left), SEM micrograph (center), and bright-field TEM imadg (righ

of DS_1.5CNT. (b) DSC traces (Il heating scan) of DOMS_SA, DS _0.75CNT, DS_1.5CNT, a
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AziXT1 EdX ~ o AS3}YE P u} popof DPMS BA, DY 0W5CNT, DS_1.5CNT, and
NZiXT EdX ~ o "S@E e+e>e8E Jv UEA « }( KDz~ U 7~ziXod EdU ~zi

Figure3.13Thermomechanical properties of LC nanocomposite elastomers: (a) WAXD diffraction
pattern of the unstretched (left) and the fully stretched DONS8 (right, corresponding to the
elongated state indicated by the arrow in panel b) and corresponuitegnsity integrations along
the meridian axis normalized to the reflection at highey (Bop left and right). (b) Four-cycle two-
way shape-memory behavior of DOMS_SA under tensile loading corresptmdiigPa. (c) WAXD
diffraction pattern of the unstretched (left) and the fully stcbied DS_0.75CNT (right, see the arrow
in panel d) and corresponding intensity integrations along the diemi axis normalized to the
reflection at higher 2 (top left and right). (d) Four-cycle two-way shape-memory behavior of
DS_0.75CNT under tensile loading corresponding to 45 kPa. (e) Two-way shape-bemvrgr
of DOMS_SA and DS_0.75CNT under decreasing tensile loadirifd)(to 5.6 kPa). (f) Triple shape-
memory behavior of DOMS_SA and DS_0.75CNT

Figure3.14 a) Intensity integrations along the meridian axis of WAXD diffragi@dtern of the

unstretched (top) and the fully stretched form of DS_1.5CNT (bottom, seartbw in Fig. 3.14b);
b) four-cycle two-way shape memory behavior of DS_1.5CNT under a tdresie of 45 kPa; c)
intensity integrations along the meridian axis of WAXD diffraction patbéithe unstretched (top)
and the fully stretched form of DS_3.0CNT (bottom, see the arrow in Fig. 3d)4djir-cycle two-
way shape-memory behavior of DS_3.0CNT under a tensile stress of 45 kPa.

Figure 3.15 Temperature-controlled X-ray diffractometry. Intensity integrations along the
meridian axis of diffrattograms collected at different temperaturesinig cooling of (a) DOMS_SA
and (b) DS_0.75CNT. All spectra are normalized to the reflection at hijaagk. (c) Temperature
dependence of the intensity ratio»(l1) of the peaks corresponding to reflections at lower and

higher 2} angles, respectively

168



Figure 3.16 Temperature-controlled X-ray diffractometry. Intensity integrations along the
meridian axis of diffractograms collected at different temperatures duroging of: a) DS_1.5CNT;
b) DS_3.0CNT. All spectra are normalized to the reflection at highemdle

Figure 3.17 Temperature-controlled X-ray diffractometry evidencing the peak shig b
gradual increase of the component at highey& the expense of the amorphous halo in the broad
convoluted reflection centred at about 19.2° (see Figure 3.15a,b and FRJa®. Intensity
integrations in the 2 range 12-28° along the meridian axis of diffractograms collectedfatetit
temperatures during cooling of: a) DOMS_SA; b) DS _0.75CNT; c) DS_1.5CNT; d) DAlI3.0CNT.
spectra are normalized to the reflection at highef @ngle. Please note that the shoulder at about
25.5° that can be observed in b, ¢ and d, is a third component due tprdwence of MWCNT
(corresponding d-spacing = 0.35 nm).

Figure3.18 SEM micrographs and corresponding schematic representation of the seuaft(a)
DOMS_SA and (b) DS_0.75CNT at different stages of the thermomechanic@) tesitretched
samples at room temperature; (i) samples at T > Ti under an appliedofod8 KPa; and (iii)
stretched samples after anisotropization. Mesogens are represented as biise The walls of
MWCNT are schematized with black lines. Mesogens are stacked in smedtimai@s at stages i
and iii. At stage iii, a higher orientation degree is evidenttierdample DS_0.75CNT. Above Ti (stage
ii), the disruption of the smectic phase is shown for both samples.

Figure 3.19Volume resistivity @m?) as a function of MWCNT content in DOMS-based
nanocomposites

Figure 3.20Time sequence of SME due to Joule effect.

Figure 3.21Temporal evolutiorof SME due to resistive heating. a) Picture sequence took at

different times with thermo-camera (distance between cyan lines is 15 rjr)ine refers to the
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evolution of the temperature measured in the sample region between LIGLE? in a). Red points
(1) and () are the points at which the voltage was turned ONuamed OFF, respectively.

Figure4.1 FTIR (a), Raman (b) and WAXS spectra (c) of GNP and cast GO samples.

Figure4.2 Results of thermogravimetric and calorimetric analysis on GNP and cast GO samples
at increasing oxidation degrees: TG curves (a); derivative TG curves (b); DSC)iractisa{py
associated to the thermal decomposition process vs. oxygen/carbon atomic ratiasofGO
samples.

Figure4.3 Representation of the drying steps involved in the GO casting.

Figure4.4 SEM micrographs of: upper surfaces of (a,d) GO2-C; (b,f) GO4-C; (c) GNP, (e) GO3-C,
(g9,h) cross-sections of G@4-

Figure4.5 (a,b) TEM micrographs of a self-standing GO film on non-coated copper grideabt
from the water dispersion GO4; c) SAED of (b); d) TEM micrograph of GO shHeetsccoin a
carbon-coated copper grid from the water dispersion GO2.

Figure4.6 Nitrogen adsorption isotherms at 77K of GNP and cast GO samples.

Scheme 5.1. Structural formulas of DOMS and SA, and reaction scheme inviiheetdimation
of the LC elastomer network.

Figure5.1 (A) Reaction scheme between epoxy groups of DOMS and carboxyl groups of GO; (B)
spectra of neat DOMS (a) aG@DDOMS (b); (C) TGA curves of neat DOMS, GO, GO-DOMS and DTGA
curve of GO-DOMS; (D) TEM images of GO (a) and GO-DOMS adduct (b).

Figure5.2 SEM images of fractured surfaces of (a) DS_NEAT, and (b and c) DS_GO_45.

Figure5.3 DSC traces (Il heating scan) of DS_Neat, DS_GO_15, and DS_GO_45.

Figure5.4 WAXD diffraction patterns (left) and the corresponding intensitggrations along

the meridian axis (right) of unstretched (a) DS_Neat, (b) DS_GO_15, and (c) BS GO
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Figure5.5 DMA curves of (&) DS_Neéat ~ « "z'KziAU v ~ ¢ "z'KzdAX ~ ¢ }u%
and tand curves of all samples.

Figure5.6 TMA trace of (a) DS_Neat, (b) DS_GO_15, (c) DS_GO_45 samples and table containing
their reversible elongation (Rr) values

Figure5.7 SEM images of fractured surfaces parallel (upper panel) and orthogonal (lomedy pa

to the stretching direction of (a, d) DS_Neat, and (b, c, e, f) DS_GO_45).
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A.2 List of Tables

Table 2.1Main properties of MWCNT and MWCNT-COOH

Table 3.1DSC and DMA Characterization of DOMS-Based Elastomers

Table 4.1Results of EDX, Raman and XRD analysis on GNP and cast GO samplesraj increasi
oxidation degrees.

Table 4.2Results of thermogravimetric and calorimetric analysis on GNP and cast GO samples
at increasing oxidation degrees

Table 4.3Specific surface area values calculated by methylene blue adsorption (MBnS33) o
water suspensions and by N2 adsorption at 77K (BET SSA) on cast GO samples

Table 5.1DSC and DMA characterization of the elastomers-based nanocomposites.
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