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Abstract

Functional polymers are a class of polymers that possess specialized chemical
functionalities or structural features that enable them to perform specific functions
or exhibit unique properties. These polymers are designed and synthesized to serve
various applications across a wide range of industries. They can be tailored to have
specific properties such as conductivity, biocompatibility, stimuli-responsiveness,
adhesion, or biodegradability, among others. The versatility and tunability of
functional polymers make them indispensable in numerous technological
advancements and applications, driving ongoing research and development in
polymer chemistry and materials science. This PhD thesis is focused on the study and
development of auxetic materials and reprocessable thermosets for adhesive
application.

After an overview on auxetic materials, an interesting class of materials with Negative
Poisson’s ratio values, reported in in Chapter 1, the attention is focused on the
development of molecular auxetic system, using a quinoxaline cavitand (QxCav) as
expandable unit.

In Chapter 2, the first synthetic molecular auxetic polymer is reported, obtained by
incorporating a conformationally expandable cavitand as a crosslinker into a rigid
polymer with intrinsic microporosity (PIM1). For this purpose, a QxCav bearing eight
hydroxyl groups on the quinoxaline walls (Cv8H) is synthesized and reacted via
multiple nucleophilic aromatic substitution reaction with the commercial
tetrafluoroterephtalonitrile and 5,5',6,6'-tetrahydroxy-3,3,3',3'-tetramethyl-1,1'-
spirobiindane to obtain the corresponding crosslinked polymer. The rigidity and
microporosity of the polymeric matrix are pivotal to maximize the expansion effect
of the cavitand by directly transfer the mechanical stress, resulting in sizable NPR
values. This effect could be reached thanks to the direct covalent linking of the
quinoxaline wings to the PIM structure. A theoretical micromechanical model is
developed to predict the auxetic behavior, whereas experimentally, the NPR was
verified via the digital image correlation (DIC) technique performed during the
mechanical tests on films obtained by blending the auxetic crosslinked polymer with
pristine PIM-1. Finally, the complete reversibility of the auxetic response is assessed
upon five repeated loading cycles.

In chapter 3, QxCav is introduced as crosslinker in highly oriented main chain liquid

crystal elastomeric (LCE) networks. For this purpose, the four quinoxaline walls are



decorated with terminal alkenes and the resulting cavitand is reacted via metathesis
with a proper mesogenic unit in the presence of a Hoveyda-Grubbs 2" generation
catalyst. Monodomain LCE are achieved by mechanical alignment, and then
characterized via differential scanning calorimetry (DSC) and polarized optical
microscopy (POM). All materials retain the liquid crystalline properties, showing a
range of mesophase of around 30°C. However, the inhomogeneity of the samples
hampered the observation of auxetic behavior.

Moving to Chapter 4, a general introduction on covalent adaptable network is given,
providing different examples of the main used dynamic exchange mechanism. These
new materials bridge the gap between thermoplastics and thermosets.

In Chapter 5 a new dissociative exchange mechanism is reported. It is based on [3-
amino amide moieties mechanism synthetized using a two temperature dependence
steps: a first Michael addition between methyl acrylate and an amine at 50°C and a
subsequent amidation reaction at 100°C using a commercially available amine. Model
study shows a dissociation from temperature beyond 160°C. The materials are
reprocessed multiple times without compromising the properties. They exhibit also
creep resistance and exceptional hydrolytic resistance in acid, basic and neutral
environment.

Finally, in Chapter 6 a potential application as reversible adhesive using the chemistry
discussed in Chapter 5 is tested. More in detail, a commercial liquid phenoxy-like
resin is crosslinked with a dynamic hardener containing f-amino amide
functionalities. Three different formulations are prepared and characterized using two
different amines to tailor the Tg of such materials. All the materials give good lap
shear strength results (up to 13 MPa) even after the first recycle (= 8 MPa).
Subsequently, debonding is tested performing lap shear test at 180 °C, which resulted
in complete detachment of the two aluminum joints. The broken specimens are then
joined together, and the debonding is tested and confirmed after the first recycling

showing zero force necessary for the detaching of the specimens.
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Chapter 1

Chapter 1

Introduction on auxetic materials

1.1. Overview of auxetic materials

Auxetics!'?lare intriguing materials characterized by the counterintuitive property of
lateral expansion upon longitudinal stretching. The term “auxetic” was coined for the
first time by K. E. Evans, a pioneer in this field, and derives from the Greek word
“auxetos” meaning “that may be increased”.3] Unlike conventional materials that
exhibit positive Poisson’s ratio, meaning they contract laterally when stretched
longitudinally, auxetic materials expand laterally when subjected to longitudinal
elongation (Figure 1.1a), corresponding to a Negative Poisson’s Ratio (NPR).[*]

Poisson’s ratio (PR) is important in defining mechanical properties of isotropic
material, along with the remaining three elastic constants (Young’s modulus E, bulk
modulus K and shear modulus G) whose denote rigidity, compressibility, and stiffness
of such material. It is defined as the ratio of transverse contraction strain (&:,45,) to

longitudinal extension strain (&;,4) considering the direction of the applied force (1).

v=— Etrasv (1)
Elong

Theoretically, it is limited in the range -1 (for metamaterials) < v < 0.5: the upper
bound corresponds to the uncompressible material that conserve its volume when
stretched (infinite K, rubber material) while the bottom is related to auxetic materials,
(infinite G, anti-rubber material). More in detail, considering the expression (2) that
define the shear modulus, for material with v = -1 with a given value of E, the shear

modulus will tend to infinite resulting in an extreme resistance to shear deformation.
(2)

The enhancement of auxetics properties can be observed for values lower than -0.5

_ E
T 2(1+v)

thus increasing drastically, for example, indentation resistance.!>
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In fact, when an object hits an auxetic it contracts laterally leading to a densification
below the impact point (Figure 1.1b) corresponding to better dynamic impact energy
absorption. Other interesting mechanical properties are also shear resistancel®],

fracture toughness!’], sound and vibration absorption capabilities.[®]

Conventional material Auxetic material

Vv A A A

A4

Figure 1.1.  a) Schematic representation of conventional and auxetic materials and their
relative honeycomb network,®! b) indentation response of classic and auxetic materials
with the mechanism schematized in the inset.2]

(2R 20/

Over the decades, a plethora of auxetic materials were discovered, studied, and
synthetized at every dimensional scale, from macro- to mesoscopic or even
microscopic and molecular level, natural or man-made. One examples of natural
compound with NPR is a-cristobalite, a polymorph of crystalline silica. It displays
auxeticity by a cooperative rotation of the rigid SiOs tetrahedral units.[10]

To attain negative PR values, two essential elements must be considered: the
geometry and the deformation mechanism within the material's internal structure. At
the macroscale level, the auxetic property is usually obtained through a particular
architecture constituted by elements arranged in repeated patterns whose properties
depend on their shape and arrangement rather than from the composition of the
material itself (metamaterials).['1] A 2D honeycomb structure with hexagonal cells can
be taken as example (Figure 1.1a, bottom left). In this case, the application of a force
along x-axis correspond to elongation along the x direction and contraction on the y-
axis resulting in positive PR. By keeping the same deformation mechanism and
adjusting the cell geometry to feature the re-entrant “bow-tie” structure, the
repetitive cells within the network now elongate and expands in vertical direction
giving rise to auxeticity.ll[11-12] The first auxetic man-made example was reported by

Lakes and co-workers in 1987.[141 They discovered NPR (-0.7) in polyurethane foam
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(Figure 1.2a) by converting the convex polyhedral cell shape into the re-entrant one
through thermal and mechanical treatment. Two years later Evans and co. showed
the first examples of microporous polymer based on polytetrafluoroethylene (PTFE)
with auxetic behavior (Figure 1.2b).[*>] The mechanism lies in the microstructure of
the polymer that consists of array of nodules interconnected by fibrils whose
cooperative interaction under applied load generates auxeticity. In literature are
extensively discussed several synthetic auxetic materials such as ceramics[®l or

composites!7],

Figure 1.2.  a) SEM images of conventional foam (top) and the re-entrant auxetic foam
(bottom),14] b) SEM images at different magnifications of auxetic PTFE.[15]

All these materials can be employed in a broad range of applications from biomedical
to aerospace and automotive field. To report few examples, auxetic metamaterials
can be used as smart bandage through the controlled release of medicine by
exploiting the NPR of auxetic textiles. Auxetic-made artificial blood arteries can
enhance their wall thickness in reaction to blood flow, preventing rupture from
weakening. Aircraft nosecones could be made of composites auxetic panels taking
advantage from the synclastic curvature to a dome-like shape when bent.['8] Auxetics
have also been identified as candidate for bullet-proof vest for the densification

properties after impact. Schumacher et al.,, inspired by the works of Disney Research



Introduction on auxetic materials

Lab, proposed auxetic materials in animation and graphic with the aim to obtain

characters with controllable and desired deformation making them more realistic.[?°]

1.2. Molecular auxetics

The major unresolved issue in auxetics is represented by the synthesis of 3D
continuum (in a wide range of length scales) auxetic materials. Most current synthetic
auxetic materials, whose auxeticity is triggered by deformation of their meso- or
macroscopic structure, are discontinuous at the nanoscale and expand only when
stretched in a particular direction. This limitation can be overcome only by operating
at the molecular level. Molecular auxetics, in fact, prevail some limits of artificial
auxetic in terms of desired mechanical responses to multidirectional external loads.
Over the decade, inspired by macroscopic re-entrant honeycomb and rotating triangle
structures,[29] molecular auxetic behavior has been theoretically predicted for a
variety of molecular networks constituted by “twisted-chain” polyacetylenes,?1]
crosslinked rigid polyphenylacetylenes(??! (Figure 1.3b), calix[4]arene-based 3D
polymeric network!??l (Figure 1.3a) and prismane-based molecular rodsf?3! (Figure

1.3c¢).

A 7
“0,=00 GPa 0,= 1.0 GPa

Figure 1.3.  Examples of potential molecular auxetics: a) Evans’ polyphenylacetylenel2;
c) Grima’s calix[4]arene network;221 d) Hoz’s polyprismane rods.[23]

However, the synthesis of such precisely arranged, highly crosslinked structures

revealed to be unfeasible so far. As alternative, in 1998, Griffin prepared main-chain
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liquid crystalline elastomers with bulky rigid laterally attached rods, susceptible to

force-induced rotation upon stretching (Figure 1.3 left).[?4]

Proposed mechanism

-« {"QOH“:O{OW@—{L ~—
/\,../\ \A@

&

{ O o _O_OHO D 40]’ ZZ?S::ation
= o—< :>_°HO OHD_< :}—6 10 °lm
0 10 o _._._ — —.—

— - e —e—

Figure 1.4.  Scheme of the auxetic liquid crystals polymers (left) and the proposed
mechanism (right): in yellow the laterally attached mesogens resulted in increasing
interchain distance after deformation.

The interchain distance of the polymeric chains in the oriented nematic phase should
increase in a direction perpendicular to the applied force (Figure 1.4 right). Even if
a small increase of the interchain distance has been observed by X-Ray scattering,[?%]
the reported system failed to evidence an auxetic behavior. More recently, auxetic 2D
protein crystals, designed to self-assembled via different molecular interactions
(disulfide linkage or metal coordination) into a 2D molecular lattices have been
proposed (Figure 1.5).[261 The system displays seven motion of the lattice moving
from an opened to a closed conformation. Theoretically prediction of Poisson’s ratio
was estimated at -1 value and was assessed through a Digital Imaging Correlation
(DIC) analysis on reconstructed TEM images of protein crystals. However, mechanical

tests on RhuA crystals are unfeasible without the incorporation in a polymeric matrix.



Introduction on auxetic materials

a) b)
SURhA(C) :
H S 9 -
e~ . i ¥ (el ARAA

L. CWR L.

sed\ Ly G/ U 9 Open
B <) Open (1) Intermediate (V) Closed (VIl)
HEIMIBRNUA (C)
*

.

63 @ © 53
98 98
‘3 7
A
.

Figure 1.5. a) Schematic representation of RhuA structures, b) Seven distinct
conformational state reconstructed from 2D images of Rhua crystal, c) High-magnification
views and derived structural models of conformations I, V and VII, d) Schematic
representation of rotating, rigid square model that describes 2D Rhua dynamics, e) DIC
analyses of reconstructed TEM images considering states I and VIL./26/

In 2018 the first synthetic molecular auxetic, with experimental v = -0.74 = 0.03, was
described by Gleeson and coworkers!?7l: it is a nematic liquid crystal elastomer (LCE)
whose auxeticity is triggered by a negative ordering of the LCE backbone. The auxetic
behavior occurs only in one axis and beyond a threshold strain (Figure 1.6b) while
for small deformation no auxetics response is observed. In the Authors’ own words,
this makes the LCE a partial auxetic?®l: their anisotropic nature allow NPR in one
axis preserving on the other transverse axis positive PR thus retaining the volume.
LCE auxetic deformation can be described in a more complete way via a “mechanical-
Fréedericksz” transition (MFT) rather than semisoft elastic (SSE) response. The MFT
is distinguished by a discontinuous director rotation that occurs at a specific critical
strain, while in SSE response the liquid crystals director continuously rotates to align
with the applied strain. This study concluded with the necessity of biaxial order

(Figure 1.6a) of the material that allows the desired auxetic behavior.[?8]
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Figure 1.6.  a) Relationship between LC order and the strain-dependent PR (S = liquid
crystal order parameter, & = critical strain), b) Measured strains and instantaneous PR
behavior./27/

The absence of workable solutions to the synthesis of 3D intrinsic molecular auxetics
calls for a different approach to the problem. In this thesis is reported an
unprecedented solution based on a conformationally expandable component called

quinoxaline cavitand.

1.3. Quinoxaline cavitands

Cavitands, resorcinarene-based macrocycles, were originally designed as molecular
receptors.[?°l More recently, cavitands molecular recognition properties have been
exploited as key components in supramolecular polymersB3% and molecular
grippers.[31 Several possible functionalizations of these molecules at the upper rim
are available. In this thesis, the attention is focused on quinoxaline cavitands (QxCav),
obtained by the fourfold bridging of a proper functionalized 2,3-dichloroquinoxaline
on a resorcinarene scaffold. The resulting hydrophobic cavity makes them suitable
for aromatic guest complexation, such as BTEX in air.3?] Furthermore, QxCav have
the peculiar ability to switch between two well-defined conformations: a compact
one, called vase (C4v symmetry) and an extended one named kite (Czv symmetry)
(Figure 1.7 top).[33] The vase-kite interconversion has been extensively investigated
in solution via different stimuli such as pH,!3* temperature,33! metal coordination(31:35]

and redox.
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DFT calculations estimate the energy barrier for the interconversion of a quinoxaline
wall in 7.6 kcal mol?! and predict that the vase form is by 3.2 kcal mol-! more stable
than the kite form (Figure 1.7 bottom).3¢] All intermediate conformations are

energetically disfavored, therefore only these two discrete conformers are observed.

QO

Vase Kite
(Cwv) (C)

AGgs [kcal mol']
~
[=2]

QxCav-Vase QxCav-Kite

Reaction coordinate —

Figure 1.7.  Representation of vase-kite switching (top) and DFT calculation on the
switching of a single quinoxaline cavitand wing (bottom).36/

More recently, our research group demonstrated that mechanical stimulation (tensile
stress) is effective in inducing the expansion/contraction of these dimensionally
variable units in cavitand-crosslinked matrices (Figure 1.8 left). Preliminary studies
were carried out on two different polymer matrices: an elastomeric
polydimethylsiloxane (PDMS) and a more rigid polyurethane (PU), both crosslinked
with a proper functionalized quinoxaline cavitands. In PDMS, known for the activation
of mechanophores,36-371 no evidences of vase-kite interconversion was observed upon
tensile stimulation of polymer specimens. This was ascribed to the elastomeric nature
of the matrix that dissipates the mechanical energy preventing the opening of the
cavitand. Moving to the rigid polyurethane, spectroscopic analyses evidenced the
appearance of a diagnostic band of the kite conformer in UV-Vis and fluorescence
spectra proving the mechanically triggered vase-to-kite switching only of a fraction of

cavitands (30 to 50%, Figure 1.8 right).[3°]
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Figure 1.8.  Switching vase-kite in a generic polymeric matrix (left), experimental

emission and UV-Vis spectra of cavitand crosslinked polyurethane upon tensile elongation

(right).;3%1
The vase-to-kite switching is characterized by a large dimensional expansion of the
molecule, driven by the lateral opening of its four wings. More in detail, by roughly
approximation of the tetraquinoxaline cavitand with a parallelepiped, the volume of
the two conformers result 2.85 nm?® and 2.06 nm3 for kite and vase conformation
respectively, thus the volume increased by 1.4 times with respect to the closed
form.[*%1 The lack of workable molecular auxetics make quinoxaline cavitands ideal
and suitable platforms for the development of these materials.[41]
In the following two chapters two different matrices will be tested with the aim to
develop molecular auxetic materials using a quinoxaline cavitand as crosslinker:
liquid crystal elastomers (LCEs) and polymers of intrinsic microporosity (PIMs). The
choice of LCEs lies in the highly order and collective behavior of liquid crystals (LC)
in contrast to the random coil conformation of PDMS or polyurethane. Given the
inherent orientation of LC polymer chains, the mechanical stress applied is more
efficiently transferred to the cavitand molecules, leading a transition to the open
conformation, and consequently an expansion in volume.
PIMs, instead, were selected for the high rigidity and microporosity of the polymeric
matrix, which are pivotal to maximize the expansion effect of the cavitand opening

by mechanical stress on the polymer network.
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Chapter 2

MOLECULAR AUXETIC POLYMER

TENSILE ELONGATION

Abstract: Auxetics are materials characterized by a negative Poisson’s ratio (NPR), an uncommon
mechanical behavior corresponding to a transversal deformation tendency opposite to the
traditional materials. Here we present the first example of a synthetic molecular auxetic polymer
obtained by embedding a conformationally expandable cavitand as crosslinker into a rigid polymer
of intrinsic microporosity (PIM). The rigidity and microporosity of the polymeric matrix are pivotal
to maximize the expansion effect of the cavitand that, under mechanical stress, can assume two
different conformations: a compact vase one and an extended kite form. The auxetic behavior and
the corresponding NPR of the proposed material is predicted by a specific micromechanical model
that considers the cavitand volume expansion ratio, the fraction of the cavitand crosslinker in the
polymer, and the mechanical characteristics of the polymer backbone. The reversible auxetic
behavior of the material is experimentally verified via Digital Image Correlation technique (DIC)
performed during the mechanical tests on films obtained by blending the auxetic crosslinked
polymer with pristine PIM. Two specific control experiments prove that the mechanically driven
conformational expansion of the cavitand crosslinker is the sole responsible of the observed NPR
of the polymer.

Adapted from: F. Portone, M. Amorini, M. Montanari, R. Pinalli, A. Pedrini, R. Verucchi, R. Brighenti,
E. Dalcanale, Adv. Funct. Mater. 2023, 2307605.
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Chapter 2

Molecular Auxetic Polymer of Intrinsic
Microporosity via Conformational Switching of a

Cavitand Crosslinker

2.1 Introduction
2.1.1 Polymers of Intrinsic Microporosity (PIMs)

Polymers of intrinsic microporosity (PIMs) are a particular class of linear or
networked microporous polymer containing a continuous network of interconnected
intermolecular voids less than 2 nm in width,['] making them promising membrane
materials for several application such as pervaporation,[>3] gas separation[* and ion
selective membranes[>®l.

PIMs concept derived from a study of phthalocyanine materials, known to be
catalytically active, especially in oxidation reaction.[’! However, SBI (spirobisindane)
units, in particular 5,5',6,6’-tetrahydroxy-3,3,3’,3’-tetra-methyl-1,1-spirobisindane
(TTSBI), were incorporated in phthalocyanine and porphyrin-based polymer to avoid
co-facial aggregation of the large planar aromatic macrocycles yielding to a
catalytically active porous network materials with apparent BET surface areas up to
1000 m?g1.18] Afterwards, the preparation of polymers with high surface area, named
PIM, were designed with a general SNar reaction based on appropriate halogenated
monomers and multiple catechol derivatives, such as TTSBI. PIMs consist of two
parts: a structural unit that introduces a site of contortion (e.g. spirocenter, non-
planar rigid backbone or single covalent bond in which rotation is prevented) and a
linking group (e.g. derived from dibenzodioxin or imide formation) that join the

structural units during polymerization but prohibits rotation of one unit relative to

13



Chapter 2

its neighbors. The resulting polymer chains consist of fused aromatic rings, with a
rigid but kinked structure, that prevent efficient space packing of polymer chains,
thereby creating large free volume and introducing microporosity. This feature kicks
off several studies and investigations on non-networked porous polymers for their
advantage of solubility, ease of characterization, and facile membranes fabrication.

Thereafter, numerous non-networked PIMs based on dibenzodioxin formation (Table
2.1) and imide linkages (PIM-PIs, Table 2.2)[*1% were investigated. This latter was
investigated for the commercial application of polyimides and the efficient formation
of the linkage. However, in PIM-PIs the presence of imide bonds that allows rotation
around them leads to a decrease in microporosity. For this reason, steric hindered

group adjacent to the diamines are introduced to restrict the C-N rotation.
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Table 2.1. General scheme of most common PIM based on benzodioxin formation: monomers
used, solubility and name of each polymer are reported.

HO< F Dibenzodioxin _fO, _0
EJ: formation
HO™ ~OH 0~ ~0 =

- O’oo pes

%
(e x )
(9

O

A9 oH |

A18 I

Monomers Solubility Name

A1+B1 CHCI3, THF PIM-101]
A3+B2 THF PIM-6[1]
A7+B1 Quinoline Polymer from 6[11]
A4+B5 m-cresolo PIM-10[12]
Al1+B6 CHCIs MP1[13]
A9+B1 DMF, quinoline Polymer from 1011
A18+B1 CHCl3 PIM-CH3-HPB[4

PIM-Pis are polyimides prepared from a cycloimidization reaction between a diamine

and dianhydride.
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Table 2.2. General scheme of PIM-PI based on imide formation, monomers used, solubility
and name of each polymer.

o] (o} . O, (o)
Imide ] J
Omo +H2NGNH2 formatlon ‘[N);( ];((N‘[
(0) ¢} O (0] n
D E

PIM-PI
CFs
Ve
aReTas Yas
FaC
E6 E4

|
|
|
|
|
|
|
I HoN CFy
e WanWat
1 NH, CF,
|
|
|
|
|

oO © ’ o 0
§@”KQQ§

Monomers Solubility Name
D1+E3 CHCIs PIM-PI-3[15]

D1+E4 CHCI3 PIM-PI-4[15]

D1+E5 CHCI3 PIM-PI-7[15]
D1+E6 CHCI3 PIM-PI-8[15]
D4+E6 CHCI3 PIM-PI-1001¢]

D8+E6 THF PIM-PI-12017]

The development of polymers with relatively more rigid components gave rise to a
new class of PIMs (PIM-TB) prepared starting from diamine as the only monomer.
The polymerization reaction, in this case, is based on an electrophilic aromatic
substitution between a diamine and formaldehyde to generate a bridged bicyclic
structure named Troger’s Base,['8] that provides both rigidity and site of contortion

in the final polymer (Table 2.3).
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Table 2.3. General scheme of PIM-TB, diamine used, solubility and name of each polymer.

N
DMM j
HoN—] NHy———
TFA N
n

c PIM-TB

o», ey

O NH,
JH-NH - .O

H2N
Monomers Solubility Nome
c1 CHCIs PIM-SBI-TBI]
c2 CHCIs PIM-EA-TBI]
c3 CHCIs PIM-Trip-TB[*]
C4 CHCIs PIM-SBF-TBI1?]

2.1.2 PIM-1 synthesis and application

The first example of PIM studied was PIM-1, synthetized through a double
nucleophilic aromatic substitution of TTSBI and 2,4,5,6-tetrafluoroterephthalonitrile

(TFTPN, Scheme 2.1).[20]

o
w100
OH + (0)
“DMFdy dry o
60°C, 72h
0

Scheme 2.1. PIM-1 reaction scheme synthetized via LTM method.

The spirocenter related to TTSBI exhibits a non-linear V-shaped geometry, affording
a contortion site. After the formation of dioxine linkage, a ladder structure is then

achieved lead to a limited rotational freedom as represented in Figure 2.1.
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Figure 2.1. 3D fragment of PIM-1.

In literature are present two methods for the synthesis of PIM-1. The first one is
known as low temperature methos (LTM)M and is carried out using equimolar
amount of monomers, K2CO3 as base in dry DMF at 60°C for 3 days. The second
method, referred as high-temperature method (HTM)[?1, differs from the first one in
terms of time (40 minutes), temperature (150°C) and solvent (dimethyl acetamide).
Another difference is the dilution of the two system, indeed in HTM toluene is added
to the mixture to facilitate the stirring after the increasing of viscosity. Both methods
provide polymer with high average molecular weight and film-forming capability.
However, LTM should be favored for its ease of processability and scalability.[1¢]

Gas separation membrane, such as CHs4/COz, is the most well-known application of
PIM-1 (BET surface area = 750 m? g'). However, there are various interesting
application including laser sensor, due to his strong fluorescence behavior, sensitive
in the detection of nitroaromatics [?2, colorimetric sensor for organic vapor
detection,[?3] using the phenomenon of rapid change in the reflective index of a thin
PIM-1 film, combined with its rapid change in color from green to red. It can be used
as preconcentrator for the detection of chlorinated organic compounds and benzene
in soil matrix.[>4]

In this thesis, PIM-1 was employed as polymer matrix crosslinked with
tetraquinoxaline cavitands for the developing of molecular auxetics. Recently Dichtel
and co-workers developed cavitand-based porous organic polymers (POPs), which

possess -OH functionalities that provides multiple sites for the polymerization with
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TFTPN and tetrafluoroisonicotinonitrile (TFIN). The polymer with TFIN showed high
surfaces area (1190 m? g'') capable to remove CHCls or 1,4-dioxane in water.[2>]

A tetraquinoxaline cavitand bearing eight hydroxyl groups at the upper rim was
designed and polymerized with PIM-1 monomers. The intrinsic rigidity of the
polymeric matrix is the key ingredient to translate the mechanically driven
conformational switch of cavitands into an auxetic behavior, by avoiding that the
molecular expansion could be adsorbed by local re-arrangements of the polymer

backbone.

2.2 Results and discussion

2.2.1 Theoretical prediction of the auxetic behavior

The cavitand expandable unit embedded in the PIM1 polymer network was defined
as auxeton. Figure 2.2a shows the proposed auxeton in the vase and kite conformers,
considering as expandable wings the four planar panels resulting from the reaction
of the crosslinking unit Cv8H (Figure 2.2a) with PIM1 monomers up to the first
spirobiindane contortion site (red and green fragments in Figure 2.2b). The two
structures have been optimized via molecular mechanics calculations using the
geometrical parameters obtained by the crystal structures of the two related
cavitands as base.l?627] The linear conformational expansion in one direction is
sizable, moving from 14 to almost 37 A in elongation (Figure 2.2a). The
corresponding volumes of the two conformers are shown in Figure 2.2b, leading to
a cavitand expansion factor Jv-k= Vkite/Vvase = 2.62. The length of the wings determines
the cavitand expansion factor. The most relevant parameters influencing the final
NPR are the cavitand expansion ratio, the cavitand volume fraction, combined with
the intrinsic rigidity of the PIM matrix. The average mechanical properties of the
proposed auxetic polymer are estimated by knowing the cavitand volume expansion
ratio Jv-k, the fraction @ of the cavitand crosslinker in the polymer, and the mechanical
characteristics of the polymer backbone. The micromechanical model of the auxetic

polymer is detailed below.
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Figure 2.2.

Stretches, A, 1z

Cavitand opening
fraction, &

°

o
©
©

o
~©
o ™

—
=

=

S
Sy

0

L i

=

Applied stretch, 7,

Theoretical prediction of the auxetic behavior: a) Spartan optimized
structures of the auxeton in the vase and kite form with the respective dimensions; b)
volume of the auxeton in the vase and kite forms; c) Poisson’s ratio for a PIM with cavitand
molecules (@ = 1.08% vol) vs applied stretch Ax. Transversal stretches Ay = Az are also
represented. Different values of the parameter A of the cavitand opening function h have
been used to underline the effect of such a parameter characterizing the theoretical model

on the calculated Poisson’s ratio.

\ -0.2
] ’
\ ‘ - -0.4
\ ’ v auxetic regime
’
' A -0.6
' ,I Y Y1 Ay
|| ', > -0.8
3 g zy A 1 ¥ a0
L]
' -1.2
W ¢=1.08% Jvk=2.62
-1.4
0.5 -
|
| 2=1.002
o/
1.00 ) 1.01 1.02 1.03

Poisson's ratios, v

Cavitand opening
fraction, A
o

-0

o

o

20

Stretches, Xy, A=

1.0
05— -

PO

Applied stretch, .,

1.01

1.02

A=1.004

1.03

Poisson's ratios, v



Molecular Auxetic Polymer of Intrinsic Microporosity via Conformational Switching of a Cavitand
Crosslinker

The mechanical properties of the PIM with crosslinked cavitand molecules are
assessed by assuming that the smallest material volume element, referred to as the
Representative Volume Element (R.V.E.)[?8] (Figure 2.3a), correctly represents the
average mechanical properties of the overall material having the same composition
and microstructure of the R.V.E.

According to the Freely Jointed Chain (FJC) model, each polymer chain is modeled as
a sequence of N rigid segments with length b,[?lwhose 3D arrangement is typically
assumed to obey to the random walk theory!3%: the vector lying between the initial
and final point of the chain is denoted by r (end-to-end vector). According to the
rubber elasticity theory, the mechanical state of the material depends only on the
distribution of the chains end-to-end vectors. Such a distribution is usually assumed
to be Gaussian (Figure 2.3b).[*1 By stretching the material, the initial distribution f
(corresponding to the stress-free state) changes due to the elongation of the chains
lying along the loading direction and the contraction of the chains perpendicular to

it (Figure 2.3c).

Figure 2.3.  Schematic of the Representative Volume Element (R.V.E.) of a polymeric
material containing auxeton elements (a). Schematic of the polymer’s chains end-to-end
distance distribution fo(r), r = (r,1,) in a 2D chain network arrangement in the

undeformed (b) and in a generic deformed (c) configuration.

The mechanical energy density of the material is evaluated as the difference between

the energy density in the current (deformed) and in the initial (undeformed) state:

Al}’(t) = Ca((f - fO)lp) - p[] - (1 + d) h]v—)k)] (1)
In Eqg. (1) (...) indicates the integration over the chain configuration space, ¥ is the
mechanical energy per single chain, p is the hydrostatic pressure and (1 + ¢ hJ,_g)

is the volume change ratio due to the opening of the fraction (¢ h) of cavitands, while
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¢, is the cross-link density. J,_x = V. /V,, > 1 (the subscripts K and V refer to the kite
and vase configuration, respectively) indicates the volume ratio related to the vase-
kite conformation change, 0 < h <1 is the fraction of the open ones, ¢ is the total
volume fraction of cavitands present in the unit volume of polymer.

Such an energy depends only on the current (deformed state, described by f(r)) and
on the initial (undeformed state, described by f;(r)) polymer’s chains configurations,
and provides the mechanical state of the material.l3!] The dynamic nature of the
equilibrium state of the cavitand opening mechanism obeys a balance reaction law,

analytically described by the standard kinetic Eq. (2)[32:

d
%Zk,q by — kp bk (2)

where ¢ = ¢y + ¢y is the total volume fraction of the cavitands, ¢y = h ¢ and ¢, =
(1 — h)¢ are the volume fractions of the open (kite conformation) and close (vase
conformation) molecules, while k4, k, are the activation and deactivation reaction
rates, respectively.

Since the volume fraction of open molecules depends on the mechanical deformation
of the network, we can write ¢, = h(F) ¢, F being the deformation gradient tensor;

Eqg. (2) can be simply rewritten in term of h as follows:
h=ky — (ks + kp)h (3)

where the time derivative has been indicated as m = dm/dt.

The activation and deactivation rates, k4, kp, are functions of the energy barriers
AGyy, AGpo existing between the two stable conformation states of the cavitand
molecule when no external actions are applied (Figure 2.4); typically, they are

expressed through the Arrhenius equation as follows

kao = Cy exp (_ %) ) kpo = Cp exp (_ AkZDTO) (4)

where kg, T are the Boltzmann constant and the absolute temperature, respectively,

while C,, Cp, are the so-called frequency factors.[32]
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—\ transition

Free energy, ¥

Reaction coordinate

Figure 2.4.  Schematic of the free energy vs reaction coordinate; the two stable
configurations of the cavitand (vase and kite) are indicated with 2, and (2,, respectively.

However, a mechanical force # can affect the above-mentioned energy barriers,
making the forward process (cavitand opening) favored and the backward one
(cavitand closing) hindered.!33

The increase of the forward and of the backward rates kg, kp, quantified with respect
to their values in the unstressed state, kg, kpy), can be expressed through the

Arrhenius relationship as:

ka = kao exp (522), kp = kepo exp (~£22) (5)

being §s,, the size change of the molecule taking place between the close and the

open state.[3334]

2.2.2 Theoretical prediction of the Poisson’s ratio

It is well-known that the Poisson’s ratio (PR) of a material is defined only in the
small deformation regimel34l; in the large deformation regime, the volume ratio J =
det F can be more conveniently adopted to quantify the volume change. A standard
rubber wusually has vy =0.5 and, correspondingly, /=1 because of its
incompressibility (only isochoric deformations are possible); in other words, the
volume ratio J =V /V, is constantly equal to 1 if the material cannot withstand
volume variations. When a material is stretched along a given direction (say direction

x) by an amount A,, it happens to be ] = 1, when v = 0, while ] > 1, when v <0,
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i.e. for an auxetic material the volume ratio is greater than the amount of the applied

stretch.
In absence of any constraint, by applying the stretch A, the stretches 4, = 1, arise
in the material normal to the stretch direction. According to the Biot definition, the

Poisson’s coefficient vs the applied stretch 4, is given by[35l:

ny(lx) =Vy,(Ay) = V() = —

A

y=1_ A1

A —1

A —1

(6)

and results to be variable with the deformation. The Poisson’s ratio becomes equal
to the nominal PR vy, which is a characteristic value for any given material when the
deformation tends toward zero, in the limit of no stretch applied, i.e. for 4, = 1. In
other words, the standard or nominal Poisson’s coefficient v, is a material
characteristic only for small deformations, while for large stretches it must be
evaluated by using Eq. (6). According to our experimental measurements, the
Poisson’s ratio of the standard PIM1 is equal to about v, = 0.38, obtained

experimentally using Digital Image Correlation (DIC) technique (Figure 2.5).[36:37]

0.5 1.020
(a) ! b

- v<0 /’ v>0 ®)
- 04 y
= —1.015 |- y
2 0.3 ~ 'S
) g S
202 10101
© g /
-g 0.1 PIMA1 PIM1 3 ’/
A v>0 PIM1-b PIN1-d § 1.005 -/
© 0.0 y
o v<0 auxetic regime 4 ::mg ::mz

_01 | | | 1000 s 1 1 1

1.00 1.02 1.04 1.06 1.00 1.02 1.04 1.06
Axial stretch, Ay Axial stretch, Ay
Figure 2.5.  DIC analyses of PIM1 specimens: (a): Average Poisson’s ratio and (b)

average volume ratio vs applied stretch A,.

A simple micromechanical model to assess the Poisson’s coefficient in PIM containing

cavitand molecules can be defined according to the mechanism taking place at the

chain network scale.
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When the polymeric network is crosslinked to the cavitand molecules, their
conformation change affects the deformation arising in the material; in this case, the

above Eq. (6) has to be modified as follows:

Ay —1 Ay —1
/1 :_yt :_zt
V) = - =T ()

where the total stretches A,;, 4,; account for both the mechanical deformation and

ytr
the deformation induced by the cavitand expansion effect.
We assume that the cavitand conformation change takes place at a critical microscopic

stretch 1 according to the following activation function 0 < h(4,) < 1:

(A =1)

(;tcx — ’T)

exp
h(Ae) =

(8)

1+ exp
where 1, ¢ are model parameters to be determined by fitting experimental data. In
other words, the fraction of open cavitand molecules is zero if A, « 4, it is h = % if
A, = 4, while h(1,) - 1 when A, » A, while ¢ defines the steepness with the applied
deformation of the amount of cavitands switching from the vase to the kite state.
When a uniaxial stretch A, is applied to a material whose Poisson’s coefficient is v,

its volume ratio is expressed as:

J=2,—2v(1+21,) 9)

As mentioned above, when microscopic deformations arise in the material such as in
the case of cavitand molecules switching from the vase to the kite state, such a
mechanism has to be considered using the total stretches in order to correctly

evaluate the volume change.

Upon opening of all the cavitands (whose volume fraction is ¢) contained in the

generic volume V of material, the volume ratio of the polymer becomes:

VA=) + pV ]k
B v

Jn =1+ ¢Uyx—1) (10)
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In the above expression, J,_x = 2.62 represents the volume ratio of a single cavitand
molecule, i.e. the ratio between the final and the initial volume of a single molecule
(Figure 2.2b). By considering that the cavitand molecules are homogeneously
distributed in the polymer network and are randomly oriented in any direction of
the 3D space leading to an isotropic material, the above-mentioned volume increase

induces the following stretches in the polymer:
Ayc =de=1+¢ h(lx)(/lc -1 (11)

where we have assumed the material to be mechanically stretched along the x-

direction. The average cavitand stretch due to its vase—kite conformation change can

be evaluated as 4, = ,1/3.
Finally, the total value of the stretches arising in the material due to the combination

of the externally applied stretch 4, and to the cavitand opening are:

Ay =2, +(A.—1), Axp=2,+UA -1 (12)

According to the above-described micromechanical model, upon opening of the
cavitand molecules the Poisson’s ratio starts from the nominal value v, = 0.38 and,
by increasing the stretch, it rapidly decreases, reaching negative values (auxetic
behavior, Figure 2.2c).

Based on the randomness of the cavitand arrangement within the polymer network
due to its synthesis procedure, which does not introduce at the molecular scale any
preferential direction in the material, in Eq. (7) it has been assumed that the Poisson’s
ratio is the same in the x-y and x-z planes, i.e. the material displays an isotropic 3D
mechanical behavior.

The above-used total stretches Ay, Az, taking place perpendicularly to applied stretch
direction x, depend on both the applied deformation and on the cavitand switching
from the vase to the kite conformation.

When all cavitands are already open, the fraction of the molecules in the vase
conformation among all the cavitand molecules present in the unit volume (cavitand
opening factor) is h(4,) = 1 Figure 2.2c, bottom. In this case, the cavitand opening

mechanism does not provide any further microscopic expansion to the material; by
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further increasing the applied stretch, the Poisson’s ratio tends to reach that of the
standard polymer without cavitand molecules (Eq. (6)). This happens because, for
sufficiently high applied stretch values, the network deformation is not affected any
more by the already completed cavitand expansion.

As can be observed from Eq. (8) and Figure 2.2c, the earlier the cavitand begin to
open (small values of A that defines the stretch at which half of the cavitands are

open) the more auxetic is the material.

2.2.3 Experimental implementation of the theoretical model

To effectively transduce the mechanical stimulation in the expansion of the auxetons,
these dimensionally variable units have been inserted as crosslinker in PIM1 by
covalently anchoring the four quinoxaline walls to the polymer backbone. To this
purpose, a proper quinoxaline cavitand bearing eight hydroxyl groups at the upper
rim (Cv8H) was synthetized in two steps starting from the corresponding hexyl-
footed resorcinarene Res[CeH13, H]. The scaffold was initially bridged with 2,3-
dichloro-6,7-dimethoxyquinoxaline (Scheme 2.2, upper) to form a quinoxaline
cavitand with eight methoxy groups at the upper rim. Excision of the methyl groups

gave the desired cross-linker Cv8H (Scheme 2.2, bottom).
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\[HI\OH
B X KI - X KI
HCI am, CHZC|2 dry
100°C, 16h
y: 70% y:75%

Melmeo OMSOMN?O OMe O HO OH _HO
FET T
H _\—H w

Aol

OOOOOOO

Qx2

K,COg, DMF dry
1.5 h, 120°C, MW

BBr3

CHCl3 dry,
-40°C to 80°C 24h

y: quantitative

y: 64%

Res[CgH13 H] C,80Me C,8H

Scheme 2.2.  Synthetic pathway of Qx2 (upper) and Cv8H (bottom, in red the cavitand
crosslinker).

The molecule was fully characterized by 'H and 3C NMR spectrometry and MS
analysis (See Appendix, Figure A1, A2, A3 respectively). The triplet of the methine
protons of the resorcinarene scaffold at 5.70 ppm in 'H NMR spectrum is diagnostic
of the vase conformation of the cavitand in solution.[38! The corresponding fixed kite
Ck8H cavitand, used as control crosslinker, was prepared following the same
synthetic procedure using Res[Ce¢H13, CH3] as starting material (Scheme 2.3) and

fully characterized (Appendix, Figure 2.A4, 2.A5, 2.A6).

Qx2
KoCO3, DMF dry

Toluene dry

120°C, o.n. 130°C, 24h WR R,
= R L gt B,
MeO =N _Q OH
MeG R =-CgHy3
Res[C¢H35 CH3] Cx80Me Cy8H

Scheme 2.3.  Synthesis of the fixed kite Ck8H cavitand.
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The introduction of four methyl groups in the apical position of the resorcinarene
forces the corresponding cavitand to assume a blocked kite conformation, as
confirmed by the shift of the methine signal at 3.60 ppm in 'H NMR spectrum.[?7:3%]
Crystals structure of the precursor Cv80Me and Ck80Me were obtained, to confirm
unambiguously the conformation also in the solid state. In particular, the vase
cavitand Cv80Me crystallizes in the space group P-1 with two independent molecules
in the asymmetric unit (the atoms of the four walls are labelled A, B, C and D in
molecule 1, and E, F, G and H in molecule 2). The two molecules mainly differ for the
positions of the alky chains (some of which are disordered over two different
orientations) and of the four cavitand walls. Figure 2.6 and Figure 2.7 show some
perspective views of molecules 1 and 2, respectively. Solvent molecules and alkyl
chains have been omitted for clarity. The heigh of the cavity can be measured as the
distance from the mean plane passing through the eight oxygens atoms 01/02 (lower
rim) and the eight oxygen atoms 022/023 (upper rim). This distance is of 7.091(3)
and 7.125(2) A for molecule 1 and 2, respectively.

At the upper rim, the cavity entrance has the shape of a distorted parallelogram; in
the case of molecule 1 it is roughly of dimensions 8.2(1) A x 10.1(2) A for molecule
1 and 8.5(3) A x 10.0(4) A for molecule 2.
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Figure 2.6.  Perspective view of C\80Me (molecule 1). a) lateral views; b) top views in
capped stick and space filling mode; c) example of labelling scheme for one fourth of the
cavitand.

Figure 2.7.  Perspective view of C:80Me (molecule 2). a) lateral views; b) top views in
capped stick and space filling mode.

The kite cavitand Ck80Me crystallizes with four independent molecules in the
asymmetric unit (See Figure 2.8, DMSO molecules and chains are omitted for clarity)
which tend to form m-m stacking between the aromatic walls. The geometrical
parameters that give an idea of the dimensions of this cavitand are the distances

between: C23A--C22B (18.1 A), €23CC22D (17.9 A), C23A-C22D (15.4 A) and
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C22B--C23C (15.3 A). The other three molecules show distances in the same ranges.

In Figure 2.9 are reported some perspective views of molecules Ck8OMe.

Figure 2.8.  View of the four independent molecules of Ck80Me.

Figure 2.9.  Perspective view of one of the four independent molecules in Ck80Me.
Above: lateral views; below, top views in capped stick (with labelling scheme) and space
filling mode.

The synthesis of the crosslinked network PIM1-Cv8H was conducted by adapting the
standard PIM1 recipe (Figure 2.3a, red and yellow product).[*! Considering that
Cv8H has twice as many functional groups of TTSBI, the starting molar ratio of
TTSBI/CvBH was set to 0.92/0.04, corresponding to =12% w/w of auxeton in the
final PIM1-Cv8BH. The detailed synthetic procedure is reported in the experimental

section. The same procedure was employed to prepare PIM1-Ck8H, by replacing the
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vase cavitand Cv8H with its fixed kite analogue Ck8H (Scheme 2.4, blue and yellow

product).

Ho_ OH'QuoPHOHOH on

or OH K2003 DMF dry

i 60°C, 3 days

R =-CgHis

PIM1-C,8H

PIM1-C\8H

Scheme 2.4.  Synthesis of PIM1-Cv8H (red cavitand) and PIM1-Ck8H (blue cavitand).
Only one of the four polymer connections is shown for clarity.

The effective embedding of Cv8H into the PIM1 matrix was confirmed by IR
spectroscopy, comparing the spectra of PIM1-Cv8H, PIM1 and Cv8H (see Appendix,
Figure 2.A7). Indeed, typical nitrile stretching at 2240 cm! of PIM1 and the -C=N-
C- peak at 1572 cm?, referred to the quinoxaline walls, are both present in the final
polymer.

The presence and the amount of cavitand in the crosslinked polymer was evaluated
via XPS analyses (Figure 2.10) from the study of the N1s core levels.

Contrary to PIM1, which possesses only the nitrogen species relative to the nitrile -
C=N, PIM1-Cv8H shows an additional photoemission referred to the quinoxaline ring
nitrogen -C=N-. The upper graph in Figure 2.10 shows the N1s core level for PIM1;
the main peak at about 399.50 eV (full width at half-maximum FWHM = 1.5 eV) is

related to nitrile groups.[*!l
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Figure 2.10. N1 core levels XPS analysis of PIM1, PIM1-Cv8H and PIM1-Cix8H showing
the two different photoemission peaks related to the quinoxaline (orange and blue) and
nitrile (yellow) nitrogen atoms.

The N1s core level analysis of PIM1-Cv8H and PIM1-Ck8H are shown in Figure 2.10
(middle and bottom graph): the main component, related to nitrile groups observed
in PIM1, is still located at 399.50 eV (FWHM 1.5 eV), while a second weak component
is present at about 400.25 eV (FWHM 1.5 eV). The latter is related to the quinoxaline
C=N-C species in PIM1-Cvk8H, as already observed in quinoxaline-based
molecules*?43] and cavitand bearing polythiophenes.[*4 This second peak is the
evidence of the cavitand presence in the polymer, while the intensity ratio between
the two components determines the amount of Cv/k8H crosslinker effectively

incorporated into PIM1-Cv/x8H.
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For PIM1-Ck8H this value mirrors the molar ratio of the monomers in the reaction
medium, while the percentage of Cv8H inserted in the PIM1-Cv8H polymer is
estimated in 8.0 % w/w.

The N1s photoemission signal must be normalized by the number of emitting nitrogen
atoms for a proper quantification. Considering that homogeneous PIM1-Cv8H
polymeric units P are analyzed, the N1s signal of Cv8H originated by 8 P nitrogen
atoms. At the same time, PIM1 signal derives from 2 n P nitrogen atoms, where n is
the number of PIM1 units (yellow part in Figure 2.10) for each cavitand. Thus, the
intensity ratio between the two peaks is:

Intpyy

n=
IntCAV

(13)

The maximum error for n is about #10%, mainly due to the uncertainty for the weak
quinoxaline C=N-C component area. Thus, we conclude that the crosslinked PIM1-
Cv8H and PIM1-Ck8H have about 38 and 26 PIM1 units for each cavitand
respectively (Table 2.4), i.e.,, about 9 and 6 monomers for each “wing”, provided that

the polymer structure is homogenous in the analyzed film.

Table 2.4. Number of PIM1 monomers for each cavitand calculated from the N1s core level
analysis for the two crosslinked polymers.

Exp. Inteiv/Intcav n, PIM monomers (+10%)
PIM1-Cv8H 9.5 38.1+4
PIM1-Cx8H 6.5 25.9+3

We can speculate that the lower reactivity of Cv8H compared to Ck8H is due to steric
reasons, i.e. to the closed proximity of the OH groups in the reacting cavitand. Traces
of fluorine (<1%) were detected in all samples, related to the presence of a small
amount of DFTPN as terminal unit.

The thermal stability of PIM1-Cv8H was determined via thermogravimetric analysis
(TGA, Figure 2.11). A small weight loss, ascribable to the presence of residual solvent

trapped in the pores, was observed at temperature below 200 °C, followed by thermal
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degradation around 400 °C, which is in line with the TGA profile of pristine PIM1

(Figure 2.11, yellow line).
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TGA curves of PIM1, PIM1-Cv8H and PIM1-Ck8H.

PIM1 films were prepared by solvent casting from chloroform solutions. A film of

pristine PIM1 (Mw=79 kDa; PDI=1.5) was prepared for blank experiment dissolving

1.3 g of PIM1 in 25 mL of chloroform. The solvent was allowed to slowly evaporate

at room temperature over 48 hours. Crosslinked PIM1-Cv8H and PIM1-Ck8H are

insoluble in solvents commonly used for PIM1, jeopardizing the formation of the

corresponding films via solvent casting. To overcome this problem, a blending

strategy!*5lwas selected for the preparation of crosslinked films, consisting in mixing

a dispersion of PIM1-Cv8H in chloroform with a solution of PIM1 in the same solvent

(Figure 2.12).

PIM1-C 8H

PIM1\ or P|M1v-Ck8H\

=

Mixing
Stirring
Sonicate
Casting

Figure 2.12. Scheme of the blends preparations and picture of B0.8-Cv8H.

@ evaporation
. _— >
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Four different blends were prepared to investigate the effect of the quantity of
cavitands present in the network on its auxeticity, named B0.1-Cv8H, B0.4-Cv8H,
B0.8-Cv8H, B1.2-Cv8H. The number after the letter B (blend) is referred to 0.1, 0.4,
0.8, 1.2% w/w of PIM1-Cv8H portion in the final film. The quantity of each
component used for the blends and the blend preparation procedure are reported in
the experimental section. B1.2-Ck8H was prepared accordingly. Defects start to
appear in the films upon increasing the amount of crosslinked polymer in the blend,
resulting in opacity for the more concentrated B1.2-Cv8H (Figure 2.13). On the
contrary, B1.2-Ck8H remained transparent (Figure 2.13f). Therefore, B1.2-Cv8H will

not be discussed from now onward.

B0.8-C,8H B1.2-C,8H B1.2-C,8H

Figure 2.13. Photographs of: a) PIM1 film, b-e) blends prepared via blending approach
containing different portions of PIM1-Cv8H. It is visible, increasing the amount of
crosslinked fraction in the blend, more defects appear in the film, thus resulting in opacity
trend, f) blend with PIM1-Cx8H.

The blends morphology was investigated by scanning electron microscopy (SEM). The
cross sections were obtained by freeze fracturing the specimens (PIM1, B0.4-Cv8H,
B0.8-Cv8H, B1.2-Ck8H) in liquid nitrogen and the relative images are provided in
Figure 2.14, all the magnification are reported in the Appendix, Figure 2.A8.
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Figure 2.14. a, b) SEM images of fractured PIM1 at different magnifications; c,d) SEM
images of fractured B0.8-Cv8H at different magnifications.

None of the samples shows macro- or mesoscopic defects along the cross section,
indicating the formation of a dense material. As highlighted in Figure 2.14 a-d, at
higher magnification PIM1 presents a jagged pattern, while blends have a more
rough/corrugated structure, with alveoli surrounded by the same PIM1

microstructure.

2.2.4 Experimental evidence of auxeticity and quantitative prediction
of the observed auxeticity

The predicted vase-to-kite conformational switch responsible for the NPR in the

material, triggered by tensile elongation, is sketched in Figure 2.15.

Tensile
elongation

Q *@ o
T s

OOOO 00

RRRR

R =-CgHia R =-CgHig

Figure 2.15. Molecular representation of vase to kite conformational switch triggered
by tensile elongation.

37



Chapter 2

Mechanical tests were performed by stretching the polymer specimens, prepared in
the shape of thin strips (size 10 x 50 x 0.2 mm). Tensile tests until the final failure
as well as tensile cyclic tests were performed on at least three specimens of the same
blend. The elastic modulus of the blends is comparable to that of pristine PIM1.

PIM1 shows a greater decrease of the tangent Young’s modulus with the deformation
(Figure 2.16, top), while the blend tends to have a more linear elastic behavior
(slight decrease of the tangent Young’s modulus with the applied deformation, Figure
2.16, bottom) and results to be more brittle, showing a lower maximum deformation
at failure. The deformation was applied at a small rate equal to Ax = 5¢10-* s'1. Pictures
of the sample at equally spaced time instants were taken with a high-resolution
camera, and then used in DIC to obtain the strains of the material in the stretched

and in the transversal direction (Figure 2.17a).
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Figure 2.16. True Cauchy stress (left) and tangent elastic modulus (right) vs stretch for
the standard PIM1 (top) and for B0.8-Cv8H (bottom) specimens.

The prediction of the Poisson’s ratio through the theoretical micromechanical model

is performed firstly by determining the parameters 4, c; they are used in Eq. (8) for
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calculating the fraction h of cavitand molecules switched from the vase to the kite
conformation at a given applied stretch level A« In particular, the above-mentioned
values were determined by best fitting the average experimentally determined
Poisson’s ratio vs stretch curve of the case B0.8-Cv8H and resulted to be: 1 = 1.002,
¢ = 0.005. These values were adopted for estimating the Poisson’s ratio as follows:
o The average stretches /Ac of the cavitand molecules are evaluated by using Eq.
(12), where Jvk = 2.62 (Figure 2.2b), ¢ is the volume fraction of the cavitand
molecules in the polymer, and h is determined as detailed in Eq. (8);
o The stretches Ayc = Az arising in the material due to cavitand molecules
opening are determined by using Eq. (11);
o The total stretch Ay (i.e. due to mechanical deformation and to the cavitand
opening) in direction y is determined through Eq. (13);
e The Poisson’s ratio y(Ax) is finally determined by using Eq. (1).
The DIC experimental NPR trend of the best performing blend B0.8-Cv8H is reported
in Figure 2.17b (left) for three different film specimens, while the corresponding
volume ratio is shown in Figure 2.17b (right). The volume ratio of PIM1,
polycarbonate (PC) and polymethylmethacrylate (PMMA) are outlined for
comparison.[46]
In Figure 2.17c the average Poisson’s ratio values determined from DIC
measurements are illustrated for three different cases, namely B0.1-Cv8H (0.1%
w/w), B0.4-Cv8H (0.4% w/w), and B0.8-Cv8H (0.8% w/w). Blend B1.2-Cv8H is
excluded because its inhomogeneity led to irreproducible NPR values (Figure 2.17d),
even if the trend of larger NPR upon increased cavitand content is respected. For the
first two cases, a simple tensile test has been performed, while two identical tensile
cycles (each one up to the maximum deformation & = 1%) have been applied to the
specimen made of B0.8-Cv8H. The case with 0.1% crosslinking auxeton does not
show any auxeticity, while for the polymer B0.4-Cv8H NPR emerges for small

deformation values and quickly disappears as the applied stretch increases.
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Figure 2.17. a) Mechanical Test setup with the high-resolution camera for the DIC
elaboration (left). DIC images of the specimen showing the longitudinal and transversal
strain maps determined in the Region Of Interest (ROI right); virtual strain gauges are
sketched as dashed lines; b) Trend of the NPR and of the volume ratio vs the applied
stretch for PIM1 and B0.8-Cv8H specimens; c) Comparison of the average Poisson’s ratio
vs the applied stretch Ax obtained from experimental tests and that provided by the
theoretical model for different cavitand molecule contents (0.1% w/w; 0.4% w/w; 0.8%
w/w). The corresponding volume fractions of the cavitand molecules are also indicated.
The specimens B0.1-Cv8H and B0.4-Cv8H were tested under simple uniaxial tension, while
the specimen B0.8-Cv8H was tested under two identical uniaxial stretch cycles (letters A-
C-D-E-F, see Figure 2.21b); d) DIC analyses of B1.2-Cv8H on two different specimens showing
irreproducible and anomalous NPR trend.

Finally, the case B0.8-Cv8H shows a quite large NPR (up to about -2) for low values
of the applied deformation; proceeding further with stretching the material, the
Poisson’s ratio increases and tends to the value typical of the PIM1 polymer. The
maximum auxeticity appears for low values of the applied deformation due to
transversal deformation caused by the cavitands opening, which is larger in
comparison to the axial stretch. As far as the longitudinal stretch increases, the
cavitands molecules are almost all open and their expansion effects is not effective

any more to induce the auxetic response. The application of two identical tensile
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cycles of Figure 2.17c for the case B0.8-Cv8H has been performed to prove the
reproducibility of the NPR response. It is worth mentioning that for very low values
of the applied deformation (1 < Ax <= 1.001), the determination of the Poisson’s ratio
is not reliable due to the excessively small values of the displacements, which cannot
be precisely managed by the DIC measurements. The theoretical fitting performed
through the model illustrated above are reported in Figure 2.17d with continuous
lines; both the trend and the determined values are in satisfactory agreement with
the experimental outcomes. The theory provides the same increasing trend of the
Poisson’s ratio with increasing the applied axial deformation; in the case of B0.8-
Cv8H, the Poisson’s ratio negativity ends when the applied deformation is roughly
equal to Ax = 1.015.

Due to the thin conformation of the specimen lying on the x-y plane, the deformation
on the y-z plane cannot be determined from the DIC measurements. These polymers
are processable only via solvent or freeze casting leading to films of limited thickness
(<1 mm),[*”] not compatible with DIC analysis, which requires a thickness of at least
3-4 mm. However, due to the randomness of the spatial orientation of the cavitand
molecules crosslinked to the polymer backbone, the measured transversal
deformation 4y is expected to be the same of that taking place along the other
transversal direction z, namely Az Albeit presently not experimentally measurable,
the emerging auxetic behavior is potentially tridimensional, leading to a 3D molecular
auxetic.

The auxetic behavior, ascribable to the vase to kite interconversion of the cavitand
crosslinker, can be also evaluated via spectroscopic analyses exploiting the different
emission wavelengths of the two conformers.[8]

UV-Vis absorption and emission spectra of PIM1 and Cv8H were first performed in
chloroform and THF respectively. The cavitand CvB8H presents a maximum of
absorption (Amax)at 340 nm in a window of transparency for the matrix PIM1 (Figure
2.18a). The emission spectra in solution of PIM1 and Cv8H show only one main peak
(Figure 2.18b). With the aim to selectively excite the cavitand when embedded into

the polymeric matrix to observe a shift of the wavelength once stretched, solid-state
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fluorescence measurements were performed on B0.8-Cv8H and B1.2-Ck8H, exciting
the system at 340 nm. Both blends present one emission peak at 515 nm and a
shoulder around 480 nm (Figure 2.18c). Deconvolution of the profile give rise to
two different bands: the main peak is attributed to PIM1 emission while the
secondary peak is related to the vase/kite cavitands present in the polymeric matrix.
Regrettably, the wavelengths emission of the two deconvoluted peak is the same
making the vase and kite conformations undistinguishable. Moreover, part of the
emission of the polymers tested is “auto-absorbed” by the PIM1 matrix itself (Figure

2.18c¢, grey line), thereby making fluorescence not suitable technique to follow the

auxetic behavior.
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Figure 2.18. a) UV-Vis absorption spectra of PIM1 and Cv8H in solution; b) emission

profiles of PIM1 and Cv8H in solution; c) solid-state emission profile of B0.8-Cv8H (red

line), B1.2-Ck8H (green line). Deconvolution spectra of the curve are reported with dotted
lines.
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2.2.5 Control experiments

Two control experiments have been devised and conducted to prove that the auxetic
behavior of PIM1-Cv8BH is solely due to the mechanically driven conformational
expansion of the cavitand crosslinker. The first control experiment was implemented
to prove that covalent crosslinking of the auxeton through the quinoxaline wings is
necessary to induce the conformational switch. To this purpose, vase and kite
cavitands lacking of hydroxyl groups at the upper rim (Cv and Ck, respectively) were
homogenously dispersed in PIM1 in a 1% w/w ratio to give PIM1-Cv and PIM1-Ck
respectively (Figure 2.19).

Figure 2.19. Chemical structure of Cv and Ck (top) dispersed in PIM1 control film
(bottom).

The corresponding specimens were prepared and tested. In both cases no auxetic
behavior was observed, with measured Poisson’s ratio values close to the value w of
pristine PIM1 and a volume ratio trend typical of a non-auxetic material (Figure
2.20a).

A second, more demanding control experiment was devised to prove that the cavitand
molecular expansion is the origin of auxeticity. This test required the synthesis of
PIM1-Ck8H and its blending with PIM1 in a 10% w/w ratio, to give B1.2-Ck8H
(Scheme 2.4), to compare with B0.8-Cv8H, the best performing auxetic blend. The

introduction of four methyl groups in the apical position of the resorcinarene scaffold
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forces the corresponding cavitand to assume the blocked kite conformation,?”]
rendering B1.2-Ck8H the perfect candidate for the test. The results of the DIC
analyses on three stretched specimens are reported in Figure 2.20b. None of them
showed auxetic behavior, validating the cavitand conformational switching as the

unique source of the material auxeticity.
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Figure 2.20. a) PIM1 specimens with dispersed cavitand molecules both in the vase
(PIM1-Cv red dots) and in the kite (PIM1-Ckblue dots) conformations. Poisson’s ratio (left)
and average volume ratio (right) vs the applied stretch Ax determined from DIC analyses;
b) B1.2-Cxk8H specimens with crosslinked cavitand molecules in the kite conformations.
Poisson’s ratio (left) and volume ratio (right) vs the applied stretch Ax determined from
DIC analyses for three tested specimens.

2.2.6 Reversibility of the auxetic behavior

In order to verify the reversibility of the auxetic response induced by the crosslinking

auxeton, cyclic tensile tests were performed. In particular, B0.8-Cv8H was tested by

applying two subsequent cycles in which the specimen has been deformed with a
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constant stretch rate up to about a longitudinal deformation equal to Ax = 1.01 (A-C),
then unstretched to zero (C-D), followed by an identical second deformation cycle (D-

E-F, Figure 2.21b).
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Figure 2.21. Average strain gy = Ay - 1 determined from experimental tests vs the applied
stretch ex = Ax - 1. a) Standard PIM1 subjected to one stretch cycle; b) B0.8-CVS8H
subjected to two stretch cycles. It can be noted that under an applied tensile (positive)
deformation ex the transversal deformation gy is negative (contraction) for PIM1, while it
is positive (expansion) for B0.8-Cv8H. The reversibility of the deformation is clearly visible,
being the two deformation cycles almost identical. The standard deviation shown in the
figure is evaluated by using the measurements provided by the virtual extensometers of
the DIC analysis (6 in x-direction and 12 in y-direction, see Figure 2,17a) placed on a
single specimen.

The behavior of B0.8-Cv8H is compared to that of PIM1, for which one single
deformation cycle was applied (Figure 2.21a). The strains in the longitudinal (&)
and transversal (g) directions were determined from DIC measurements; the average
value and the standard deviation of the strains were determined by using several
measurements done within the ROI area (Figure 2.17a).

The transversal deformation of the PIM1 specimen results to be negative (pink curve
Figure 2.21a), indicating a contraction of the material, while for the B0.8-Cv8H
specimen the transversal deformation results to be positive (pink curve Figure
2.21b), corresponding to an expansion of the material transversally to the tensile
direction (auxetic behavior). It is worth noting that for the B0.8-Cv8H specimen the

transversal deformation increases (part A-B’ in Figure 2.21b) by stretching the
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material up to certain value, then it slightly decreases (part B’-C’ in Figure 2.21b)
even if the material is further stretched (B-C). This is due to the early opening of the
cavitand molecules, which occurs for low stretching values. As soon as all the cavitand
molecules are open, the macroscopically detectable expansion is not promoted
anymore by the auxeton and the material starts behaving as a standard PIM1
specimen, so the transversal deformation decreases. Upon unstretching (C-D), the
longitudinal deformation decreases and the transversal one increases a little and then
goes back to zero (point D in Figure 2.21b). During the second cycle (D-E-F), the
same trend was observed, confirming that the conformational opening/closing
mechanism of the cavitand molecules is fully reversible. This behavior is confirmed
also by observing the Poisson’s ratio vs stretch curve reported in Figure 2.17d: upon
stretching and unstretching the trend of the curve 1(Ax) is almost superimposable
during the two subsequent cycles. A more extensive stretch cycling test has been
conducted on a B0.8-Cv8H specimen to test more thoroughly the reproducibility of
NPR behavior upon repeated loading cycles.

B0.8-Cv8H
0.010 -
<’ 0.005 -
w
o
c
T
% 0000 ATV
—— &, (average)
— &g, (average) standard dev.

-0.005 | | | |
0 50 100 150 200 250

Testing time, t [s]

Figure 2.22. Average strain &, = A, — 1 determined from experimental tests vs the

applied stretch e, = A, — 1. B0.8-Cv8H subjected to five stretch cycles. It can be noted that
under an applied tensile (positive) deformation &, the transversal deformation €, is is
positive (expansion). The reversibility of the deformation is clearly visible, being the two
deformation cycles almost identical. The standard deviation shown in the figure is
evaluated by using the measurements provided by the virtual extensometers of the DIC
analysis (6 in x-direction and 12 in y-direction, see Figure 2.17a) placed on a single

specimen.
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The results, shown in Figure 2.22 for five runs, confirm the complete reversibility of

the auxetic behavior.

2.3 Conclusions

The long-standing problem of generating artificial molecular auxetics has now a
promising solution. The proposed auxetic polymer does not mimic metamaterials at
the molecular level like rotating triangles,[*°! egg rack structures®®! or reentrant
honeycombs.51! Instead, it relies on a completely novel approach of mechanically-
driven conformational expansion of a cavitand, which has the unique property to
switch between two well-defined conformations: the compact vase and the extended
kite. The macroscopic expression of cavitands conformational expansion is obtained
by introducing the cavitand auxetic unit as crosslinkers in a PIM. In this way, the two
discrete conformational states of the cavitand provide the desired kinematic response
responsible of the NPR at the macroscopic level.

The PIM1 polymer matrix presents a rigid structure capable to transfer the
mechanical stress into a conformational expansion of the crosslinking unit. The
conformational expansion propagates to the polymer backbone, triggering the NPR in
the material. On the cavitand side, the direct covalent linking of the quinoxaline wings
to the PIM structure combined with its conformational flexibility are the requirements
to be mechanically responsive, as proven by the two control experiments. At present,
the NPR has been experimentally measured in the x-y plane only and not in the x-z
plane, since the blends are processable only via solvent casting, leading to films of
no more than 200-220 um thickness (Figure 2.A8). The DIC technique requires a
thickness of at least 3-4 mm for reliable NPR evaluation. Nevertheless, being the
cavitand molecules randomly oriented in the polymer network, the material can be
reasonably assumed to be isotropic from the mechanical viewpoint. Therefore, PIM1-
Cv8H is expected to behave as 3D molecular auxetic, according to the prediction
provided by the developed theoretical model.

The auxeton micromechanical model proposed is able to match both the observed

experimental NPR values and the kinematic behavior of the material, validating the
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cavitand conformational expansion as the origin of the auxeticity. The agreement of
the theory with the experimental data bodes well for the use of this model to design
other auxetic materials and predict their NPR values.

Finally, the complete reversibility of the auxetic response singles out this material as
promising candidate for the fabrication of auxetic objects. Work is in progress to
obtain the solution processable version of this auxetic PIM, overcoming the

processability limits of the present material.
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2.4 Experimental procedures

2.4.1 Materials and methods

All reagents and solvent were purchased from certified commercial sources and used
as received, without further purification. For the synthesis, all solvents were dried
and distilled according to standard procedures known in the literature.[5]

NMR spectroscopy: NMR spectra were collected on Bruker Avance 400 (400 MHz) and
JEOL ECZ600R (600 MHz) spectrometer at 25 °C. 'H and 3C NMR chemical shifts (8)
are given in part per million (ppm) and calibrated to either residual solvent signal.

Mass spectrometry: High resolution ESI-MS was performed using an LTQ ORBITRAP
XL Thermo spectrometer. High-resolution MALDI-TOF was performed using an AB
SCIEX MALDI TOF-TOF 4800 Plus (matrix: a-cyano-4-hydroxycinnamic acid). GC-MS
analyses were performed using an Agilent Technologies 6890N Network GC System.

Computational Modeling: Modeling studies were carried out by means of molecular
mechanics (MM) calculations, using the Spartan 16 MMFF force field.[>%

X-Ray photoemission spectroscopy (XPS): X-ray photoelectron spectroscopy (XPS)
analyses were performed in an Ultra-High-Vacuum (UHV) system using a VSW HA100
hemispherical electron energy analyzer with PSP power supply and control and a
non-monochromatized Mg Ka source (photon at 1253.6 eV), with a final energy
resolution of 0.86eV.15* The binding energy (BE) scale were calibrated from the Au4f
7/2 peak at 84.0 eV of a sputtered Au surface. The core level analysis was performed
by Voigt line-shape deconvolution after the background subtraction using a Shirley
function. The typical precision for each component’s energy position is £0.05 eV. The
uncertainty for the full width at half-maximum (FWHM) is less than +2.5%, while it
is about 2% for the area evaluation.

ATR-IR spectroscopy: Infrared absorption spectroscopy analyses were performed with
a Perkin Elmer FT-IR Spectrum Two instrument using powder samples. The

background was subtracted from every spectrum recorded.

TGA analysis: TGA analysis were performed on a Perkin Elmer TGA 8000. Heating
run: 25° to 900°C at 10°C/min, in air.
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Scanning electron microscopy (SEM): The morphology and composition of the samples
were investigated with a Zeiss Auriga Compact Field-Emission SEM. SEM images were
acquired by using 1 kV acceleration voltages of the primary electron beam.

Tensile tests: Mechanical testing has been performed by using a universal testing
machine Galdabini® Quasar 2.5 on rectangular specimens having the size 50x10x0.2
mm. A tensile stretch has been applied to the specimens at a constant deformation

1 until the maximum deformation was reached. The

rate equal to A, =5-107*s
specimens have been prepared for the mechanical testing by spray-painting a pattern
of small irregular dots (size roughly between 0.1 and 0.5 mm) whose position is
tracked, and the displacements quantified by the subsequent DIC analyses. Single or
double cycle tensile mechanical tests have been conducted by recording the force and
displacement with a frequency of 10 Hz, while pictures of the specimen (to be used
in the digital image correlation (DIC) analyses) have been acquired by a Basler®
acA5472-17uc USB 3.0 camera with a resolution of about 3000x1000 pixels at a

frequency of 1 Hz.

DIC measurements: The DIC analyses have been conducted by using the Ncorr(>
software by setting the region of interest (ROI, with size equal to about 30x7 mm).
The deformations along the x — and the y — directions have been determined through
the Ncorr post processing software. The average deformations required to determine
the Poisson’s ratio have been obtained by considering the values of the deformations
evaluated through 6 virtual extensometers placed in x direction for determining the
average deformation A, and 12 virtual extensometers placed in y direction for
determining the average deformation A,.

UV-Vis (UltraViolet-Visible) absorption spectra were collected using a PerkinElmer
Lambda650 spectrophotometer. Absorption spectra were collected in transmission as

diluted solution (z10'6), with the light beam orthogonal to the sample, using THF or
chloroform as reference.

Fluorescence measurements were performed on a FLS1000 Edinburgh Fluorometer;
the samples were prepared in the same way of the UV-Vis analysis. Emission spectra
on solid samples were collected on thinner layers with respect to the absorption
spectra, to minimize the inner-filter effects and to obtain an excitation profile
comparable to the absorption spectra. Fluorescence analyses were performed placing
the quartz support at 45° with respect to the excitation beam and tilted off the
vertical. Furthermore, long pass filters were employed in the emission path (lcut-
off[emission] = 330 nm).
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6,7-dimethoxyquinoxaline-2,3-dione (Qx1)

a b C
HO /N OMe
L X

HO™ N OMe
2-diamino-4,5-dimethoxy benzene (2 g, 10 mmol) was dispersed in HCl 4M (15 mL)
and the suspension added to a solution of oxalic acid (1 g, 10 mmol) in HCl 4M (15
mL). The reaction mixture was heated at 100°C for 16 h. The formed precipitated
was filtered and washed several times with water. The final product was obtained as
dark purple solid. Yield: 1.81 g, 70%.
TH NMR (400 MHz, DMSO0-ds) & (ppm): 11.73 (s, 2H, Ha), 6.73 (s, 2H, Hbv), 3.73 (s,
6H, Hc).
13C NMR (101 MHz, DMSO-ds) 8 (ppm): 155.36, 140.90, 116.23, 105.36, 56.85.
GC-MS: m/z 223.40 [M+H]*.

2,3-dichloro-6,7-dimethoxyquinoxaline (Qx2)
b

Cl N 2 OMe
’d
L X

Cl N OMe
To a solution of 6,7-dimethoxyquinoxaline-2,3-dione (1 g, 4.5 mmol) in 40 mL of dry
CH2Clz (40 mL), POCI3 (1.71 mL, 18 mmol) and three drops of DMF were added. The
reaction mixture was stirred at 85°C for 16 h. Afterwards, the solvent was removed
under vacuum and the obtained solid was dissolved in CH2Clz (DCM) and filtered
through celite. The final product was purified by flash column chromatography on
silica gel in DCM giving a white powder. Yield: 750 mg, 75%.
TH NMR (400 MHz, CDCl3) & (ppm): 7.31 (s, 2H, Ha), 4.06 (s, 6H, Hb).

13C NMR (101 MHz, CDCls) § (ppm): 153.72, 137.91, 105.70, 56.53.
GC-MS: m/z 260.1 [M+H]".

Octamethoxy-tetraquinoxaline cavitand Cv80Me

In a microwave reactor, under dry condition, Res[CeH13,H] (168 mg, 0.20 mmol),
anhydrous potassium carbonate (280 mg, 2.0 mmol) and Qx2 (232 mg, 0.90 mmol)
were dissolved in dry DMF (9 mL). The mixture was heated at 120°C for 1.5 h (200
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W). Subsequently, the solvent was removed under reduced pressure and the crude
product was then purified by flash column chromatography on silica gel (DCM/EtOAc
100/0 - 95:5). The final product was obtained as pale-yellow solid. Yield: 205 mg,
64%.

OMeO OMe OMe OMe

o

1\
H\—(H

L0

TH NMR (400 MHz, CDCl3) & (ppm): 7.59 (s, 4H, Ha), 7.23 (s, 8H, Hc), 7.01 (s, 4H, Hb),
4.56 (m, 4H, He), 3.98 (s, 24H, Ha), 2.13 (m, 8H, Hs), 1.29 (m, 32H, Hg), 0.88 (t, 12H,
] = 8Hz, Hx).

13C NMR (101 MHz, CDCl3) & (ppm): 152.86, 152.14, 150.61, 148.52, 135.83, 133.66,
123.82, 106.21, 56.34, 36.04, 32.23, 31.81, 29.29, 27.49, 22.75, 14.15.

MALDI-TOF: calculated for Co2Ho6NsO16 [M + H]* m/z: 1569.70, found m/z: 1569.51.

Octahydroxy-tetraquinoxaline cavitand Cv8H

Cv80Me (110 mg, 0.07 mmol) was dissolved in dry chloroform (20 mL) and cooled
in acetone/liquid nitrogen bath at -40°C. BBrz 1M in CH2Cl2 (8.4 mL, 8.4 mmol) was
added dropwise. The mixture was stirred for 24 h at 80°C. After cooling to room
temperature, the rection was quenched with water and some drops of HCl 1M. The
residual chloroform was removed under vacuum and the yellow precipitate was
filtered and dried under vacuum to obtain the final product in quantitative yield.
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OHoOH HO
Ssgeatil
H H A
OO/?O\OO,,OQ

J

TH NMR (400 MHz, acetone-ds) & (ppm): 8.14 (s, 4H, Hc), 7.82 (s, 4H, Hbv), 7.27 (s,
8H, Ha), 5.70 (t, 4H, Ha), 2.42 (q, 8H, He), 1.33 (m, 32H, Hri), 0.94 (t, 12H, ] = 8Hz,
Hj).

13C NMR (101 MHz, acetone-ds) 8 (ppm): 152.79, 150.14, 149.13, 136.07, 124.60,
118.52, 109.25, 34.23, 31.98, 31.85, 28.07, 22.48, 13.48.

HR-ESI-MS: calculated for Co2Ho6NsO16 [M + H]* m/z: 1457.58151, found m/z:
1457.58523.

Octamethoxy-tetraquinoxaline cavitand kite Ck80Me

Res[CsH13, CH3] (100 mg, 0.11 mmol), anhydrous potassium carbonate (157 mg, 1.13
mmol) and Qx2 (129 mg, 0.50 mmol) were added in dry DMF (4mL) and reacted at
120°C for 16 h. The reaction mixture was then precipitated in HCl 1M and the
collected filtrate was purified by column chromatography on silica gel (DCM/EtOAc
9/1 = 7/3). The final product was obtained as yellow solid. Yield: 120 mg, 65%.

Meo
MeO
a
b
(0]
al b/ A
MeO—Q:
M
°0 g i k
R= m, NN~
f h j

TH NMR (400 MHz, CDCI3) & (ppm): 7.00 (s, 4H, Hbv), 6.87 (s, 2H, Hd), 6.58 (s, 4H,
Hv), 6.15 (s, 2H, Ha), 4.17 (s, 12H, Ha), 3.95 (s, 12H, Hx), 3.68-3.64 (m, 4H, Ha-a'),
3.08 (s, 6H, Hc), 2.26 (s, 6H, He), 1.86 (m, 8H, Hs), 1.13-1.10 (m, 32H, Hg4), 0.73 (t,
12H, ] = 8Hz, Hx).
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13C NMR (101 MHz, CDCl3) & (ppm): 152.70, 151.39, 150.65, 150.31, 148.17, 144.37,
134.57, 133.96, 133.23, 129.94, 128.66, 122.54, 117.57, 117.20, 106.23, 105.22,
56.38, 55.92, 37.54, 32.25, 31.50, 29.71, 29.24, 27.11, 22.51, 13.90, 12.16, 11.30,
1.03.

MALDI-TOF: calculated for CosH104N8O16 [M + H]* m/z: 1625.76, found m/z:
1625.60.

Octahydroxy-tetraquinoxaline cavitand kite Ck8H

Under dry conditions, AlClz (110 mg, 0.86 mmol) was added to a solution of CkBOMe
(70 mg, 0.043 mmol) in dry toluene (4 mL), and the mixture reacted at 130°C for 24
h. The reaction was then quenched in HCl 1M and the precipitate was filtered and
washed several times with water. The product was further purified by dissolving in
methanol and precipitating in hexane. Yield: 48 mg, 74%.

TH NMR (400 MHz, CD30D) 8 (ppm): 7.04 (s, 4H, Ha), 6.92 (s, 2H, Hb), 6.57 (s, 4H,
Ha), 6.24 (s, 2H, Hv), 3.61-3.59 (m, 4H, Ha-¢'), 3.09 (s, 6H, Hc), 2.14 (s, 6H, Hc), 1.96-
1-86 (m, 8H, He), 1.15-1.09 (m, 32H, Hri), 0.75 (t, 12H, | = 8Hz, Hi).

13C NMR (101 MHz, CD30D) & (ppm): 152.79, 150.48, 149.45, 148.55, 147.47, 143.86,
133.76, 133.38, 129.80, 118.20, 117.67, 108.82, 107.21, 37.25, 33.85, 31.63, 31.43,
29.35, 29.07, 28.63, 28.54, 28.13, 26.74, 22.34, 22.17, 18.51, 13.05, 12.95, 12.25, 11.47.
HR-ESI-MS: calculated for CssHssNsOis [M + H]* m/z: 1513.63911, found m/z:
1513.64845, calculated for [2M + 2H]** m/z: 1513.63911, found m/z: 1513.64845.

Synthesis of the crosslinked polymer PIM1-CV8H

TTSBI (470 mg, 1.38 mmol, 0.92 eq) and Cv8H (88 mg, 60 pumol, 0.04 eq) were
dissolved in dry DMF (45 mL). Anhydrous potassium carbonate (932 mg, 6.75 mmol)
was added to the solution and the mixture was kept stirring at room temperature
for 15 minutes, followed by the addition of TFTPN (300 g, 1.5 mmol, 1 eq). The
reaction was stirred at 60 °C for 3 days, observing the formation of a yellow
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precipitate. The mixture was quenched in water (300 mL), allowing the precipitation
of the polymer that was filtered and washed several times with water and methanol.
The product was further purified by refluxing in water (300 mL) for 4 hours, and
0.722 g of the product were recovered as yellow powder after filtration and drying
in a vacuum oven at 60 °C for 2 days.

The procedure described above was adopted for the synthesis of PIM1-Ck8H
(Scheme 2.4), replacing Cv8H with Ck8H, using the same equivalents of the
components.

Crystal structure geometric parameters

The crystal structure of the vase cavitand Cv80Me was determined by X-ray
diffraction on single crystals grown from slow evaporation from a DMSO solution.
Crystal data and experimental details for data collection and structure refinement are
reported in Table 5. Intensity data and cell parameters were recorded at 100(2) K
on a Bruker D8 Venture PhotonlI diffractometer (CuK0 radiation [ = 1.54178 A). The
raw frame data were processed using SAINT and SADABS to yield the reflection data
files.[>¢] The structures were solved by Direct Methods using the SHELXT program!>7
and refined on Fo? by full-matrix least-squares procedures, using SHELXL-2018I58] in
the WinGX suite v.2014.1.5°1 All non-hydrogen atoms were refined with anisotropic
atomic displacements, with the exception of some atoms of the disordered alkyl
chains or DMSO molecules. The hydrogen atoms were included in the refinement at
idealized geometry and refined “riding” on the corresponding parent atoms.

Crystals were obtained also for the kyte cavitand Ck80Me. Intensity data and cell
parameters were recorded at 150(2) K on a Bruker D8 Venture Photonll
diffractometer (CuKa radiation o = 1.54178 A). In this case however the crystals
diffracted poorly, and the final data were not good enough for a complete structural
refinement. It was nonetheless possible to determine the bond connectivity of
Ck80Me and to infer some information on the geometry of the compound.

Main crystallography data for cavitand Ck80Me: Monoclinic, P21/c, a = 36.212(2)
A b =34656(2) A, c =34.771(2) A, B = 114.803(3)°, V = 39611.8 A3, Z = 4. Theta
range for data collection: 1.852 to 60.239°. Reflections collected / unique: 848479 /
57733 [R(int) = 0.3624].
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aR1 = Z||Fo | -

Table 2.5. Crystallographic data for C+v80Me.

Cv80Me
Formula C92H96N8016-4C2H6SO
Formula weight 1882.27
Crystal system Triclinic
Space group P-1
a/A 17.841(4)
b/A 22.924(5)
c/A 24.363(5)
7/ 78.29(3)
B/ 89.60(3)
7/ 85.72(3)
V/A3 9729(4)
Z 4
Dc¢/g cm?® 1.285
F(000) 4000
u/mm-1 1.497
Ominmax/* 1.85, 59.47
Reflections collected 28105

R [Fo>40(Fo)]?, wR2?2

0.0695, 0.1727

Fel|/Z | Fo |, wR2 = [E[w(Fo? Fe2)2]/Z[w(Fo2)?]]1/2
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Preparation of the auxetic blends
PIM1 was synthetized according to the reported procedure in literature.!

PIM1, PIM1-Cv8H and PIM1-Ck8H were used for the preparation of the blend (B0.1-
Cv8H, B0.4-Cv8H, B0.8-Cv8H, B1.2-Cv8H, B1.2-Cx8H) in different weight (Table
2.6). Each blend weights 1.3 g and was obtained in a Petri dish of 9 cm &.

Table 2.6. Quantity of PIM1, PIM1-Cv8H and PIM1-Ck8H used for each blend.

PIM1 (g) Crosslinked polymer (g)
B0.1-Cv8H 1.287 0.013
B0.4-Cv8H 1.235 0.065
B0.8-Cv8H 1.170 0.130
B1.2-Cv8H 1.105 0.195
B1.2-Ck8H 1.170 0.130

General procedure for auxetic blend preparation

PIM1 was dissolved in chloroform and stirred overnight at room temperature. In a
separated flask, a dispersion of PIM1-Cv8H (or PIM1-Ck8H for B1.2-Ck8H
preparation), in chloroform was prepared and stirred overnight at room temperature.
The two samples were mixed, vigorously stirred for 3 hours and then sonicated using
an ultrasonic homogenizer (Hielscher UP200Ht, 200 W, 26 KHz) for 20 minutes. The
dispersion was casted in a Petri dish (9 cm ), kept in a closed environment under
a gently flow of nitrogen to allow the slow evaporation of the solvent over 48-72
hours. The dried film was then removed by detaching it carefully. The films obtained
are reported in Figure 2.13.

Control film preparations

PIM1 (1.287 g) was dissolved in chloroform (30 mL), then Cv(13 mg)was added. The
solution was stirred overnight at room temperature and casted in a Petri dish (9 cm
), and the solvent was allowed to evaporate in a closed compartment under a gentle
nitrogen flow over 3 days. The same procedure and quantity were followed for the
preparation of control film with Ck. The obtained final films are shown in Figure
2.19.

Cv and Ck and their corresponsive resorcinarenes scaffold were prepared according
to procedures reported in literature.
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Figure 2.A1. 'H NMR spectrum of Cv8H (acetone-ds, 400 MHz, 25°C).
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Figure 2.A2. 13C NMR spectrum of Cv8H (acetone-ds, 101 MHz, 25°C).
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Figure 2.A7. FT-IR full spectra (top) and zoom from 2500 to 1500 cm? (bottom) of PIM1-
Cv8H and PIM1-Cx8H in comparison to the spectra of Cv80Me, Ck80Me and PIM1.
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C,8H-

Figure 2.A8. SEM cross section images and magnification images of PIM1 (a, b, c),
B0.4-Cv8H (d, e, ), B0.8-Cv8H (g, h, i), B1.2-Cx8H (j, k, 1).

B0.1-Cv8H was not analyzed at SEM since it has not shown NPR, while B1.2-Cv8H
exhibits an anomalous NPR trend, see Figure 2.16d.
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Chapter 3

Cavitand crosslinked liquid crystal elastomers as

potential auxetic materials

3.1. Introduction
3.1.1. Liquid crystals (LCs)

Liquid crystal phases, categorizes as mesophases (from the Greek word “meso” meaning
“in the middle™), were first discovered by Lehmann and Reinitzer in 1888, and named
as a “fourth state of matter”l!] since they blend properties of both liquids and solids,
demonstrating a notable degree of anisotropy while maintaining fluidity. Liquid
crystals consist of molecules known as mesogens, which self-assemble in different
mesophases, according to their relative positional order.l”] Examples of LC phases
(Figure 3.1) are: the nematic phase (N), the least ordered and most fluid of the liquid
crystal phases, in which molecules possess only long-range orientational order but
not positional order, in other words the molecules are aligned parallel to one another,
all pointing roughly in the same direction; smectic-A (SA) or smectic-C (SC) which
present both orientational and one long range positional order, in which the
molecules are arranged in parallel or tilted in planes. Other less common phases are
the cholesteric or chiral nematic in which the chirality of the LC molecules induce a
distinct rotation of mesogens resulting in a characteristic pitch.l¥] Within a nematic
phase, liquid crystal units exhibit an average orientation parallel to each other in a
preferred direction, known as the director, denoted by the symbol “n”. This preferred

orientation is crucial in understanding and manipulating the properties of liquid
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crystals, as changes in the director orientation can lead to variations in the optical,
electrical, or mechanical characteristics of the material. Control over the director is
fundamental in the design and operation of liquid crystal devices, such as liquid
crystal displays (LCDs).[*%] The critical temperature Ty; denotes the temperature at
which a liquid crystal undergoes a phase transition from the nematic phase to the
isotropic phase. This transition temperature is crucial in understanding the thermal
behavior of liquid crystals, as it represents the temperature at which the long-range
orientational order in the nematic phase is lost, and the material becomes isotropic.
The Twi can vary among different types of liquid crystals and is influenced by factors

75y TEind R
%Q Og OOOO 0(1920000

AT

Isotropic Nematic Smectic A

Temperature

Figure 3.1. Representation of different liquid crystals phases moving from the highly
oriented Smectic A (right) to nematic (middle) and lastly to the isotropic state (left). By
increasing the temperature, the isotropic state is favored.

3.1.2. Liquid crystal elastomers (LCEs)

When mesogens are covalently linked within a polymer network, they are known as
liquid crystal elastomers (LCEs), a class of materials which combine the orientational
order and anisotropic properties of LCs with the rubber-like elasticity of conventional
elastomers. Mesogenic units, weakly crosslinked within these networks, causes a
preferential orientation in the average polymer conformation.[!] It is important to

define how the mesogenic units are incorporated into the polymer backbone: if they
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are within polymer chain, connected along their long axis, they are referred as main
chain LCE. If, instead they are attached as lateral substituents, they are defined side
chain LCE. Within this last classification, there are two subcategories: side-on side
chain, when mesogens are connected horizontally to the polymer and end-on side
chain when they are terminally attached to the backbone. Schematization of the

different LCEs arrangement is shown in Figure 3.2.

M Main chain LCE

End-on
side-chain LCE

Side-on
side-chain LCE

Figure 3.2. Scheme of mesogens arrangement in liquid crystal elastomers.

Unlike the typical spherical random-coil polymer conformation, a nematic LCE
assumes an elongated conformation when crosslinked in an oriented state, facilitated
by the energetically favorable rod-rod interaction among mesogens. Heating above
Tni lead to the prevail of isotropic random-coil conformation (Figure 3.3a) since the
interactions present in the nematic phase are eliminated, resulting in macroscopic
shape-change with relatively larger actuation strains. In the presence of crosslinking

the shape memory effect is permanent.[’!
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TNI
—)
<

Alignment
)

Polydomain Monodomain

Figure 3.3. a) Aligned main chain LCE main chain sample below Tni and spherical
polymer configuration above Tn. b) Scheme of polydomain LCE, where mesogens possess
local orientation, and monodomain obtained after alignment, where all LCs are oriented in
the direction of the stress applied.

Main chain LCE undergo more pronounced changes in shape compared to side chain
LCE. This arises because mesogens, organized anisotropically, are strongly coupled to
the polymeric backbone. However, shape change can still occur when pendant
mesogenic unit display sufficient interaction coupling. The degree to which an
elastomer sample will change shape on its nematic to isotropic transition is also
dependent on the alignment of the sample. It is then significant to define polydomain
and monodomain states. In a monodomain LCE, a single and uniform orientation of
liquid crystal molecules prevails throughout the material. This results in a
macroscopically anisotropic structure with consistent molecular alignment. The
advantages of monodomain LCEs lie in their predictable and well-defined actuation
response. Conversely, polydomain LCEs exhibit a more complex internal structure
featuring multiple regions or domains with liquid crystal orientated in different
direction (Figure 3.3b). The presence of these distinct domains introduces a level of

intricacy to the actuation response. Polydomain LCEs may display a more versatile
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deformation behavior due to different direction of actuation but predicting and
controlling their response becomes a more challenging endeavor. In paragraph 3.1.4

the different approaches to obtain aligned LCE samples will be described.

3.1.3. Synthesis and preparation of LCEs

Numerous strategies have been used for the preparation of LCEs. Depending on the
classes of LCE the fabrication methods are different.

Generally, the synthesis of LCEs requires two key processes: first, the synthesis of
the liquid crystal monomer or its implementation into a polymeric backbone and
secondly a crosslinking reaction to obtain a network. In Figure 3.4 are schematize
common chemistry reactions for the polymerization of mesogens. The synthesis of
side chain LCE is classified into two main categories: radical polymerization and
hydrosilylation reaction.l®] Free radical polymerization (Figure 3.4a) involves the use
of a photo- or thermal initiator to trigger the formation of a radical which attacks a
double bond C=C functionality. A variety of monomers can be synthetized with this
method, even though the most common used are acrylates and methacrylates-based

monomers. [910]
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Figure 3.4. Various reaction used to synthesize LCEs. a) free radical polymerization; b,c)
Side chain hydrosilylation, d) Main chain hydrosilylation, e) Photo-initiated thiol-ene Michael
addition click reaction, f) Thiol-acrylate Michael addition click reaction, g) Aza-Michael
addition click reaction, shown here with excess acrylate.

Hydrosilylation is the second method used to obtain side chain LCE, which involves
the formation of a Si-C bond through a Si-H siloxane reaction with an unsaturated
unit C=C (Figure 3.4a, b, c).'Yl The resulting elastomers possess more chain
anisotropy compared to those synthetized via radical polymerization, resulting in
higher actuation and lower glass transition temperatures.?l Both features are
ascribable to the formation of the Si-O bonds in the polymeric backbone, which help
to promote chain mobility and flexibility. Despite of this remarkable advantage, there
are several drawbacks. The most relevant one arises from the necessity to use dry
and deoxygenated environment to preserve the catalyst used for the polymerization,
most commonly a Pt(0) complex.

Historically, the chemistry of main-chain LCEs has been limited to polycondensation
or polyaddition reaction whose require high purity starting materials.[’l The first main

chain LCE was synthetized using an hydrosilylation reaction in 1997.121 It is
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important to notice that the preparation of main chain LCEs lead to highly ordered
mesophases, therefore a proper design of the molecule it is necessary to target the
nematic phase.

Recently click reaction has been employed for its quantitative yield, the absence of
strict conditions and limited side reaction obtained.'3] Examples are radical-initiated
thiol-ene, between a thiol and a double bond initiated with a photo- or thermal
initiator (Figure 3.4d) or Michael addition reaction with the use only of a catalyst
(Figure 3.4e, f).['415] The reaction can be performed using both thiol-acrylate and
amine-acrylate functional groups leading to C-S or C-N bond formed between
monomers. This last approach has gained interest for the possibility to prepare bulk
samples'®] and the advantage to have a library of commercially available monomers.
Another promising strategy for the incorporation of mesogens is the preparation of
the network using covalent adaptable networks (CANs) thanks to the peculiar
characteristic to possess reversible and dynamic bonds.['”] By using this strategy
manipulation of the mesogens can be performed post-polymerization with thermal
and photo-chemical stimuli.l'®] In literature, different works have demonstrated that
CAN-LCEs enable both local and global monodomain programming. They also exhibit
self-healing property as well as the ability to reset programming of monodomain./®-
211 One example of CANs applied to LCEs is a reversible addition fragmentation chain-
transfer (RAFT) polymerization which involve the reaction between an allyl disulfide
with a radical photo-initatior. In 2017, Bowman research group have incorporated
RAFT reaction into LCE chemistry enabling control over alignment, domain structure
and birefringence through photochemical stimulation.[?1]

Another approach using reversible bonds is transterification, common reaction
between a hydroxyl group and an ester group. Different researcher have
demonstrated the possibility of surface welding and recyclability of
transesterification-based LCEs.[?223]1 Hanzon and co-workers welded together two
transterification-based LCEs to create one single materials. The fused samples

evidenced the ability to be strained more than 220% before the bond between two
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LCEs broke. This results in a molecular bonding strength rather than solely adhesion
on the surface. [??]

Exchangeable disulfide bond is another type of reversible bond that allow
reprogramming and recycling of LCEs. The disulfide bond fragments and reforms
upon UV irradiation within the network. Cai research group was the first one to
incorporate this type of bonds in the elastomeric backbone of LCEs.'*] They
demonstrated the possibility to program monodomains using two way actuation in
LCEs. For the photochemical stimulus, strained samples were exposed to UV light for
a certain amount of time. For the thermal stimulus, samples were heated at 180 °C
and then strained. For both stimuli the pathway of actuation was identical, thus
suggesting that both light and heat, used to trigger the disulfide bond, are effective

in inducing a monodomain within the materials.

3.1.4. LCE alignment

Liquid crystal elastomers (LCEs) have emerged as a class of smart materials with
versatile actuation capabilities, gaining considerable attention in academic
community. The actuation of LCEs is primarily driven by the reorientation of liquid
crystal domains within the elastomeric matrix, leading to macroscopic shape changes.
This phenomenon has paved the way for the development of advanced soft
actuators(?42°1 and artificial muscles?®] that mimic natural motion. Researchers are
exploring various mechanisms, to precisely control and manipulate the actuation
behavior of LCEs.

The alignment is permanent in crosslinked LCEs. However, LCE actuation is only
feasible if LCEs are crosslinked in an aligned state. Different methods were developed
to program LCEs architectures.

The first one, named Finkelmann method or also known as mechanical alignment,
was developed by Finkelmann in 1991.127] Its consists in applying a stress to the LCEs
in a temperature range within the mesophase, thus mesogens rearrange in a

preferential orientation, in this case the one of the force applied.
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Command surfaces, similar to those used in liquid crystal displays (LCDs)[8], have
played a crucial role in programming 2D liquid crystal elastomer (LCE) films.
Typically, they consist of rubbed polymer surfaces, such as polyimide or polyvinyl
alcohol, rubbed with materials like velvet or felt.[2%30] The interaction of microgrooves
and polymer within these surfaces sandwiches aligns mesogens thanks to their
collective behavior. However, this method is limited to thin films due to surface-
mesogen interactions.[3]

Magnetic fields have also been used to program director alignment by taking
advantage of the anisotropic magnetic susceptibility of rigid mesogens.['330] This
method is especially appropriate for side-on or end-on side chain LCEs.
Microfabricated architectures, such as microplate arrays, honeycomb structures, and
artificial irises, have been programmed with uniform or non-uniform fields to create
complex shape-morphing LCEs.3233] Currently, magnetically aligned actuators are
limited to micro-architected materials.

More recently, Lewis and co-workers synthesized LCE-based inks for 3D printing with
light-triggerable dynamic bonds. During the printing process the director can be
locally programmed and UV light is used to control network reconfiguration.34

In this chapter, a liquid crystal elastomer is implemented as matrix for the
development of molecular auxetic polymer. In particular, to achieve NPR values,
tetraquinoxaline cavitands are introduced as crosslinkers in highly aligned main chain
LCE. In this design, being the polymer chains already oriented the applied mechanical
stress is not dissipated in the disentanglement and conformational reorganization of the
polymer chains but directly influences the opening of the cavitand, inducing a vase-
to-kite switch and resulting in a subsequent volume increase (Figure 3.5). In other
words, the material response to the conformational variation of the cavitand should

be maximized thanks to the preorganization of the matrix.
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Figure 3.5. Working principle of tetraquinoxaline cavitand-based LCE reported in this
work.

3.2. Results and discussion

3.2.1. Monomers synthesis

The first phase of the project focused on the synthesis of the liquid crystal monomer
(LCM) depicted in Scheme 3.1. This first step involves the preparation of the aromatic
core (rigid part of the monomer) through a condensation reaction starting from

benzoic acid and hydroquinone.

O.
O
K COg,
OH)3 H,SO,4
HO toluene/xylene ACN dry 85 C o.n. O
130°C, o.n. v = 65% 8 Lem
y =64%

Scheme 3.1.  Synthesis of compound 1.

Subsequently, in the final step, product 1 was alkylated via a nucleophilic aromatic
substitution using 10-bromodecene in presence of K2C03 as base. The long aliphatic
chain enhances the flexibility and mobility of the molecules and allows LCs to undergo
more subtle conformational changes in response to stimuli. The purity of the

monomer was confirmed via 'H NMR (Figure 3.A1, Appendix Section) and GC-MS.
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Moreover, IR spectrum (Figure 3.6) highlighted the relative stretching of the C=0
(1722 cm™) and C=C (1606 cm) functionalities.

Figure 3.6.
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IR spectrum of LCM.

The LCM product was further characterized by differential scanning calorimetry (DSC)

to determine its mesophase range. Nematic liquid crystals exhibit two primary

transitions: the first one is related to the melting (Tu), which represent the transition

from the crystalline state to the mesophase, and the second one is nematic to the

isotropic transition (7Tni), indicating the transformation into the disordered state.

Figure 3.7.
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DSC thermogram of LCM.
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The cooling curve (Figure 3.7, green line) shows the melting temperature at 40 °C
while the isotropic transition temperature is 73 °C. The cooling curve does not
coincide with the heating profile (red curve) due to the phenomenon known as
overcooling, where rapid cooling prevents the proper rearrangements of mesogens,
causing a shift in the transition peaks.

The DSC data were compared with the observation of LCM under polarized light
microscope (POM) while heating the samples. The set-up of this instrument consists
of a first entrance polarizer that polarizes the incident light on the sample and a
second polarizer that interacts with the radiation departing the sample, which is
perpendicular to the first. When an anisotropic material, such as the liquid crystal, is
observed under polarized light microscopy, a phenomenon known as birefringence
emerges. It occurs when a linearly polarized light ray travels through an anisotropic
medium. As a result, there are two different exiting rays: an ordinary one that follows
Snell’s law and an extraordinary ray, which does not. This difference in the
propagation velocities of light within the material results in distinct colors when
observed under polarized light microscopy.3

The POM images presented in Figure 3.8 depict the crystalline phase of LCM at room

temperature, in the mesophase at 60 °C, and in the isotropic phase.

Figure 3.8. POM images of LCM at room temperature (left) crystal phase, at 60°C
(middle) nematic phase and 80°C (right) isotropic liquid.

The molecules exhibit clear birefringence, also visible at room temperature due to
the crystallinity of the samples. When is heated at 60°C, within the mesophase, a

change in aspect and colors is visible. Beyond Tai, at 80 °C, the material turns black
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into a disordered isotropic liquid state that no longer exhibits birefringence. The
observed Tm and Twni temperatures are consistent with those measured using DSC.
With the aim of synthesizing NPR materials, tetraquinoxaline cavitands were then
synthetized and used as crosslinker of liquid crystal elastomers. For this purpose, a
tetraquinoxaline cavitand decorated with terminal alkenes on the four quinoxaline
walls was prepared (QxCavu). To provide an analogous crosslinker for control
experiments, QxCavd bearing four double bonds at the lower rim was used. In this
case, after the mechanical stress, quinoxaline walls remain in a vase conformation
since they are not directly connected to the polymeric backbone.

The synthetic scheme of the two cavitands is reported in Scheme 3.2.

o
NN HOHO, OHOMHOHO  OHoH

* HCI37% T Qx2, K,CO,
ot _on — X [T]) e
MeOH, 50°C, 3d > < DMSO dry
R mw, 1.5 h, 60°C

y =58% R R R
=58%
R =-CgHi3 y=16%

Res[CgH3, H]

Cl
/\’MO HOHO. OO0 OFoH :”
N HCI 37% S Y
HO oH ————— ) /
\©/ MeOH, 50°C, 3d C a

y = 65%

K;CO3, DMF dry,
80°C, o.n.

y=65%

Res[CyiHas, H] QxCavy

Scheme 3.2.  Synthetic pathways for the preparation of QxCavi and QxCavu.

Tetraquinoxaline cavitands were obtained through a bridging reaction with
functionalized or non-functionalized quinoxalines. For the preparation of QxCavu,[3°!
a proper decorated quinoxaline was first synthetized in two synthetical step (Scheme
3.3) starting from the commercial 3,4-diamino-benzoic acid and oxalic acid to obtain
the heterocycle Qx1 through a condensation reaction. The obtained intermediate was

further chlorinated and directly employed for the nucleophilic acyl substitution with
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w-alkene alcohols to obtain Qx2 which was characterized via GC-MS and 'H NMR

(see Appendix Figure 3.A2).

o "o *n)L % 1) SOCI,, DMF
DCE dry, 85°C, 3h
HN OH HO Kj)k W
2) HO A~ A~F#
HoN HCl 4N I NEt3V DCM dry Cl

100°C,
o-n- rt, on

y = quantitative y=67%

Scheme 3.3.  Synthetic scheme of Qx2.

Tetraquinoxaline cavitand QxCavu was obtained via nucleophilic substitution of Qx2
directly on Res[CéH13, H], according the recent procedure in literature.3¢] The
reaction was performed using microwave irradiation, allowing sensibly lower reaction
time. The purification of the final product through column chromatography provided
the cavitand in a low yield (16%). This is attributed to the formation of only one
stereoisomer with Csv symmetry (see Scheme 3.2) because of steric bias in the
bridging reaction. After the initial statistical bridging, hindrance from the introduced
aliphatic chains at the upper rim affects subsequent insertion, resulting in the sole
isomer with functionalization in alternate position at expense of the overall yield. The
pronounced symmetry is evident in sharp signals in the TH NMR spectrum and in the
crystal structure of the cavitand®® (Figure 3.1A3 in the Appendix).

To provide an analogous crosslinker for control experiments, QxCavdbearing four
double bonds at the lower rim was prepared. The bridging reaction in this case is
between Res[Ci1Hz1, H], previously prepared(¢, and the commercial 2,3-
dichloroquinoxaline, giving the final cavitand with 65% yield. 'H NMR, reported in
Figure 3.A4, confirm the purity of the product.

TH NMR is also diagnostic to determine the cavitand conformation since the resonance
of the methine groups of the macrocycle shift between vase (= 5.7 ppm) and kite
(=3.8 ppm) conformation.3”1 Both QxCavd and QxCavu report the diagnostic triplet at

5.6 ppm, thus confirming the retention of vase conformation.
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3.2.2. Polymer synthesis and materials preparation

Tetraquinoxaline cavitands presented in the previous paragraph were reacted with
LCM to prepare LCEs materials (Scheme 3.4). Acyclic Diene Metathesis (ADMET) was
selected as polymerization reaction exploiting the reactivity of the double bonds. It
is a type of olefin metathesis commonly employed in in literature for the

polymerization of terminal dienes.[383]

@("9\
0o X QxCavyqy T Cav_/
’ PN NN N N " 2 2
O Hoveyda-Grubbs 2" gen. cat. / /
\,(/\);O
LCM

0-DCB

60°C, 3h LoMm LcM
é\ ;\

LCE-QxCav,y

Scheme 3.4. Schematic representation of the polymerization reaction for the
preparation of LCEs using QxCavu or QxCava.

The mechanism (Figure 3.9) involves the use of a catalyst, typically a ruthenium-
based carbene, that initiates the formation of a metallacyclobutane intermediate. This
latter facilitates the insertion of additional dienes, either monomers or oligomers,
followed by the release of a dimer or a polymer. The by-product of the reaction is
ethylene, which, being gaseous, can be easily removed from the reaction environment,

pushing the equilibrium toward polymer formation.
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Figure 3.9. Mechanism of ADMET polymerization reaction.3%

In this work, the Hoveyda-Grubbs catalyst 2" generation was selected for the
polymerization. After several failed trials with the conventional Grubbs catalyst, this
catalyst was selected for the better efficiency in the reaction.*?] Diene insertion is
easier because of the more labile ligand (ruthenium-phosphorous vs ruthenium-
oxygen, Figure 3.10) attributable to an imperfect overlap between the oxygen and
ruthenium orbitals. Both catalysts are sensitive to oxygen and moisture, and they

must be handles under inert atmosphere.

CHy HaC
CHs HsC HiC CH,
HaC CHs / \
/ \ N N
N N Y&C'
\(\m CH, RS HC
CHj Ru=—_ HaC cl
C|/| Ph H.C o
P(Cy)s s \(
Grubbs catalyst 2" gen. CHa

Hoveyda-Grubbs catalyst 2" gen.

Figure 3.10. Chemical structure comparison between Grubbs catalyst 2nd gen. (left)
Hoveyda-Grubbs catalyst 2m gen. (right).

The selected molar crosslinking percentages for both active and reference polymer
are 3% mol, 6% mol and 9% mol. Spcifically, a high crosslinking degree (9%) was
selected to investigate whether liquid-crystalline properties were retained even at
elevated levels of cavitand loading. Additionally, the lowest crosslinking degree (3%)

was chosen to determine if the minimum amount of crosslinker sufficient to express
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auxetic behavior. The network will be named as LCE-X%QxCavu/dwhereX is the molar
percentage of QxCavu/d.

The prepared networks were mechanically aligned to achieve a monodomain state.
This is advantageous since it eliminates the necessity for disentanglement polymer
chains during stretching, which minimizes energy dissipation. Additionally, uniform
alignment maximizes the opening of cavitands, especially under mechanical stress.
Preparation and alignment of LCEs have been performed following a protocol known

in literature/*!] and schematize in Figure 3.11.
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Figure 3.11.  Schematic alignment representation of LCEs.

Experimentally, a mixture of LCM, QxCavud and the catalyst were dissolved in
degassed o-DCB using a glove box to keep the inert atmosphere. To achieve the first
partially crosslinking, the polymerization reaction was conducted for 3 h at 60 °C
under constant nitrogen flow to remove ethylene. The obtained polydomain LCEs,
after a specific amount of time for each sample (Table 3.3 in the experimental
section) were poured into a rectangular Teflon mold (13 cm x 1 cm), placed in an
oven at 100 °C for 30 minutes to allow the material to diffuse in the mold (Figure
3.12a) and then cut into three stripes (4 cm x 1 cm). Each specimen was hung in the

oven with a 40 g weight attached while maintaining a temperature within the
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mesophase range (120 °C) for 10 minutes (Figure 3.12b). The resulting elongated
films were than fixed on a glass support (Figure 3.12c) and placed in the oven at

100 °C to complete the curing of the network.

Figure 3.12. a) LCEs casted in a Teflon, b) mechanical alignment of LCEs in the oven
with a weight hanged, c) elongated samples fixed on a glass support.

3.2.3. Non-active LCEs characterization (LCE-QxCavd)

The initial networks prepared were the non-active LCEs using QxCavad as crosslinker,
easier to obtain compared to QxCawy, to verify the effective embedding in the liquid

crystal network. FT-IR spectra of LCE-3%QxCavd, LCE-6%QxCava and LCE-9%QxCavd
are depicted in Figure 3.13.

LCE-9%QxCav,

LCE-3%QxCav,

Trasmittance (T)

v=1726cm’ |
v=1608 cm

v =1164 cm™!

I T T T T T T T T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 3.13. IR spectra stacking of LCE-3%QxCava (blue line), LCE-6%QxCava (green line)
and LCE-9%QxCava (orange line).
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All the samples exhibit similar spectra. Looking for example to LCE-9%QxCavd, C-H
stretching are clearly visible at 2921 cm'}, corresponding to sp2 carbons, and at 2851
cm! for sps carbons. The stretching of the ester linkage in the LCM core is present
at 1726 cm!, while the peak at 1608 cm™ is attributed to the stretching of the C=C
double bonds. Lastly, at 1164 cm, the stretching of C-N bonds is attributed to the
quinoxaline rings.

The actual crosslinking was verified by estimating gel fraction of the polymers placing
approximately 50 mg of samples in a vial in chloroform for two days. The results are
61%, 85% and 89% of gel content respectively for LCE-3%QxCavd, LCE-6%QxCavd
and LCE-9%QxCavd. A discernible trend is evident, moving from the lowest LCE-
3%0QxCava to the highest LCE-9%QxCava.

To assess the preservation of liquid crystal properties after crosslinking, DSC analyses

were conducted to evaluate mesophase range (Figure 3.14).

—— LCE-3%QxCavy
LCE-6%QxCavy
— LCE-9%QxCavq

Endo up

Tm T

r T T T T T T T T T T T T 1
20 30 40 50 60 70 80 90 100 110 120 130 140 150
Temperature (°C)

Figure 3.14. DSC cooling curve of LCE-3%QxCava (green line), LCE-6%QxCavd (orange
line) and LCE-9%QxCava (red line).

It is noteworthy to emphasize that the two peaks delimiting the mesophase range
are still present, although less pronounced compared to LCM, confirming the retention
of liquid crystalline character. The peaks appear visibly broader and smaller
compared to the monomer, ascribable to the reduced polymer mobility due to

crosslinking. The mesophase range is comparable for all the samples analyzed
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showing a mesophase starting around 85-88°C and a T of about 117-119 °C. Table

3.1 summarize the precise temperatures for each sample.

Table 3.1: Tue Tnivalues for the LCEs analysed.

Network Twm (°C) Tni (°C)
LCE-3%QxCavd 88 119
LCE-6%QxCavd 85 117
LCE-9%QxCavd 86 117

Initially, the attention was directed towards LCE-6%QxCavd. Specifically, a
corresponding LCE with a non-aligned structure (LCE-6%QxCavd-NA) was synthesized
using the same procedure without the alignment procedure to investigate the
distinction between the oriented pattern and the non-oriented one using POM images.
The differences between the two surfaces are evident: the oriented sample displays
a pattern of uniformly oriented lines (Figure 3.15b top), not observed in the non-
oriented counterpart where a dotted pattern is present (Figure 3.15a top).

Another straightforward approach to unambiguously define the effective mesogens
alignment is single crystal X-ray diffraction technique (XRD). LCEs display anisotropic
behavior, therefore XRD can determine the degree and type of anisotropy. Notably,
the non-oriented specimen exhibited a characteristic circular diffraction pattern
typical of amorphous polymers (Figure 3.15a bottom) while a less homogeneity in
the diffraction pattern is observed. Specifically, the diffraction spectrum obtained for
the oriented LCE-6%QxCavd shows the characteristic pattern of nematic liquid
crystals (Figure 3.15b bottom), demonstrating the nematic nature of the synthesized

LCEs.[#2]
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Alignment directim]

Figure 3.15. POM images (top) of a) LCE-6%QxCavaand b) LCE-6%QxCava-NA and their
diffraction pattern (bottom).

Next, attention was focused exclusively on the oriented polymer observed under the
polarized optical microscope at different temperatures. Figure 3.16 groups all POM
images at room temperature, within mesophase and above Tw: for of LCE-3%QxCavd
(Figure 3.16a), LCE-6%QxCavd (Figure 3.16b), LCE-9%QxCavd (Figure 3.16c).

The phenomenon of birefringence, always observable for all specimens even at room
temperature, confirms the retention of liquid crystal properties after crosslinking.
Drastic color changes are noted when samples enter the mesophase, which was not
observed anymore above Twi, even though partial coloration is retained far above Twr
for LCE-6%QxCava and LCE-9%QxCavd due to the fixed mesogens in the crosslinked

materials.
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LCE-9%QxCavy

Figure 3.16. POM images: a) LCE-3%QxCava at rT (left), 100°C (middle), 140°C (right);
b) LCE-6%QxCava at rT (left), 110°C (middle), 150°C (right); c) LCE-9%QxCava at rT (left),
120°C (middle), 140°C (right).

3.2.4. Active LCEs characterization (LCE-QxCavu)

Similarly, all active LCEs crosslinked with QxCavu were characterized. The infrared
spectrum of the LCEs is identical for all the three networks. In Figure 3.17 is reported
the stacking spectra of LCM (green line), LCE-6%QxCavu (orange line) and QxCavu
(blue line).

QxCav,

LCE-6%QxCav,

Trasmittance (T)

v=1726 cm™ \
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Figure 3.17. IR spectra of LCE-6%QxCavu, QxCavuand LCM.
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The stretching of C-H spzand the C-H spsare visible at 2918 cm™ and 2846 cm
respectively. Additionally, peaks related to the carbonyl stretching at 1726 cm'! and
the C=C double bond stretching at 1605 cm™ are visible. Finally, is present C-N bond
stretching at 1160 cm! related to the quinoxaline moiety.

Analogous procedure for the estimation of gel fraction were performed leading to
55%, 70% and 84% of gel fraction for LCE-3%QxCavd, LCE-6%QxCavd and LCE-
9%QxCavdrespectively.

Subsequently, DSC analyses (Figure 3.18) also demonstrated the liquid crystalline
properties, as evidenced by the presence of both Tm and Twr peaks.

LCE-3%QxCav,
—— LCE-6%QxCav,
LCE-9%QxCav,

Endo up

TM TNI

T T T T T T T T T T T T T T 1
20 30 40 50 60 70 80 90 100 110 120 130 140 150 160
Temperature (°C)

Figure 3.18. DSC cooling thermogram of LCE-3%QxCava (green line), LCE-6%QxCava
(orange line) and LCE-9%QxCava (red line).

The mesophase range is similar for all three polymers, as indicated in Table 3.2.
However, a slightly shift of the temperature values is observed compared to the LCE-

QxCavq materials, maintaining the same range of mesophases of around 30°C.
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Table 3.2: Tue Tnrvalues for the LCEs analysed.

Network Tm (°C) Twm(°C)
LCE-3%QxCavu 103 130
LCE-6%QxCavu 97 123
LCE-9%QxCavu 92 125

Finally, the liquid crystal elastomers (LCEs) were observed under a polarized light
microscope while heating the samples.

Alignment of the mesogens was observed at room temperature for both LCE-
6%QxCavu (Figure 3.19b) and LCE-9%QxCavu (Figure 3.19c), while only a partial
alignment is visible for LCE-3%QxCavu (Figure 3.19a). Birefringence is also visible

in all samples, although it is less evident than compared to the non-active specimens.

LCE-9%QxCavy

Figure 3.19. POM images: a) LCE-3%QxCavau at rT (left), 100°C (middle), 140°C (right);
b) LCE-6%QxCavu at rT (left), 100°C (middle), 130°C (right); c) LCE-9%QxCavu at rT (left),
100°C (middle), 130°C (right).

To summarize, specimens containing QxCavu produce comparable results to those

crosslinked with QxCavq, exhibiting alignment at room temperature and strong

birefringence in the mesophase range for all LCEs.

&9



Chapter 3

3.2.5. Mechanical characterization

LCE-9%Cavu/d were mechanically tested for the evaluation of Poisson’s ratio using
DIC technique. Theoretical expectations anticipate a positive Poisson's ratio for the
non-active specimen crosslinked with QxCavd, while a negative PR value is envisaged

for the active specimen crosslinked with QxCavu.

Poisson: theory for incompress. mat., v=0.5 1.05
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Figure 3.20. Poisson’s ratio (left) and average volume ratio (right) vs the applied stretch
determined from DIC analyses for LCE-9%QxCava.

LCE-9%QxCavd report v = 0.3 (Figure 3.20), in the normal range of non-auxetic
materials, as highlighted by comparison with polymethylmethacrylate (PMMA) and
polycarbonates (PC).

On the contrary, the behavior of the active material LCE-9%QxCavu is anomalous
(Figure 3.21). Due to significant experimental error, the curve within the red-shaded
zone should be ignored as it pertains to minor deformations. Focusing instead on the
green curve, which represents the behavior of the active network, a Poisson's ratio

exceeding the maximum limiting value of v = 0.5 is observed.
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Figure 3.21. Comparison of LCE-9%QxCavu and LCE-9%QxCava PR value (a) and average
volume ratio (b) vs the applied stretch determined from DIC analyses.

The error may be due to the non-uniformity of the specimen used (Figure 3.22),
which made it unsuitable for the analysis. Moreover, the necking of the specimen might
suggest that during the alignment process, the stress applied partially opened the

cavitand, minimizes a potential auxetic response. As final consideration, the measured
anomalous positive PR value of LCE-9%QxCavy, above the theoretical value, indicates

that the LCE polymer presents an unusual behavior, which requires further studies.

Figure 3.22. Appearance of LCE-9%QxCavuafter alignment process.
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3.3. Conclusions

To achieve NPR behaviour upon unidirectional mechanical expansion,
tetraquinoxaline cavitands are introduced as crosslinkers in highly oriented main
chain liquid crystal elastomeric (LCE) networks. For this purpose, a proper mesogenic
unit was synthetized, characterized and reacted with two different quinoxaline
cavitands: QxCavy, decorated at the upper rim with terminal alkenes and QxCavy,
bearing four double bonds functionalities at the lower rim, providing an analogous
crosslinker for control experiment. The two cavitands were then separately reacted
with the mesogens via metathesis in the presence of a Hoveyda-Grubbs 27d generation
catalyst. The selected molar crosslinking percentages for active and reference polymer
vary from 3% mol (LCE-3%QxCavuwd) to 9%mol (LCE-9%QxCavu/d) to investigate
whether liquid-crystalline properties were retained and the minimum amount
necessary to observe auxetic response. Monodomain LCE are achieved by mechanical
alignment, and then characterized via DSC and polarized optical microscopy. POM
analyses highlighted birefringence of LCEs and the alignment of them as show from
the homogeneous pattern reported, while DSC curves confirm the retaining of the
liquid crystalline properties after the crosslinking reaction by showing a mesophase
range from =85 °C to ~125 °C for all LCEs analyzed. LCEs samples were tested with
Digital Imaging Correlation (DIC) analysis to evaluate Poisson’s ratio. However, the

inhomogeneity of the samples hampered the observation of auxetic behavior.
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3.4. Experimental section

Materials and methods

All reagents and solvent were purchased from certified commercial sources and
used as received, without further purification.

IH NMR spectra were recorded on Bruker 400MHz AVANCE or Jeol 600MHz using
DMSO- de¢ and CDCl3 as solvents. All chemical shifts (8) were reported in parts for
million (ppm) relative to proton resonances resulting from incomplete deuteration of
NMR solvents. The abbreviations: s, d, t, m and sb indicated the spectrum peaks
referred to: singlet, doublet, triplet, multiplet and broad singlet, respectively. The
coupling constant (]) are expressed in Hz.

ATR-IR spectroscopy: Infrared absorption spectroscopy analyses were performed with
a Perkin Elmer FT-IR Spectrum Two instrument using powder samples. The
background was subtracted from every spectrum recorded.

Differential scanning calorimetry (DSC) analyses were performed with a Perking Elmer
instrument, model DSC6000 with a heating rate of 10°C/min in air.

Polarized optical microscope images were recorded using an optical microscope Zeiss.
Samples were placed on a glass support and heated from rT to 180°C.

Single-crystal X-ray diffraction (SCXRD): Intensity data and cell parameters were
recorded at 200(2) K on a Bruker D8 Venture Photonll diffractometer (CuKa radiation
1 = 154178 A).

Tensile tests: Mechanical testing has been performed by using a universal testing
machine Galdabini® Quasar 2.5 on rectangular specimens having the size 50x10x0.2
mm. A tensile stretch has been applied to the specimens at a constant deformation

~1 until the maximum deformation was reached. The

rate equal to A, =5-10"*s
specimens have been prepared for the mechanical testing by spray-painting a pattern
of small irregular dots (size roughly between 0.1 and 0.5 mm) whose position is
tracked, and the displacements quantified by the subsequent DIC analyses. Single or
double cycle tensile mechanical tests have been conducted by recording the force and
displacement with a frequency of 10 Hz, while pictures of the specimen (to be used

in the digital image correlation (DIC) analyses) have been acquired by a Basler®
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acA5472-17uc USB 3.0 camera with a resolution of about 3000x1000 pixels at a
frequency of 1 Hz.

DIC measurements: The DIC analyses have been conducted by using the Ncorr[>
software by setting the region of interest (ROI, with size equal to about 30x7 mm).
The deformations along the x — and the y — directions have been determined through
the Ncorr post processing software. The average deformations required to determine
the Poisson’s ratio have been obtained by considering the values of the deformations
evaluated through 6 virtual extensometers placed in x direction for determining the
average deformation A, and 12 virtual extensometers placed in y direction for
determining the average deformation A,.

4-hydroxyphenil 4-hydroxybenzoate (1)

d OH
0]
- T
b (0]
a

HO

In a 100 mL flask were introduced 3 g (27 mmol) of hydroquinone and 2.9 g (21
mmol) of 4-hydroxybenzoic acid. Subsequently, 0.1 g (1.7 mmol) of H3BO3 was added,
followed by the slow addition of 0.15 mL of H2S04. The reaction was conducted at
130°C for 16 hours. The red precipitate present in the reaction mixture was then
filtered under vacuum and thoroughly washed with a 1:1 mixture of H20/EtOH at
60°C until decolorization of the filtered solid. The resulting powder was dried under
vacuum, resulting in 3.08 g (13.4 mmol) of product 1 with a 64% yield.

1H NMR (DMSO-ds, 400 MHz) & (ppm): 10,46 (s, 1H, Ha), 9,43 (s, 1H, Hs), 7,95 (d,
2H, H¢, ] = 8,8 Hz), 7,01 (d, 2H, Hs, ] = 8,9 HZ), 6,91 (d, 2H, Hq, ] = 8,8), 6,79 (d, 2H,
He, | = 8,8 Hz)

ESI-MS (m/z): 231 [M+H]*
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4-(dec-9-en-1-yloxy)phenyl 4-(dec-9-en-1-yloxy)benzoate (LCM)
(0]
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In a two-necked flask equipped with a condensator, under dry condition, compound
1 was dissolved in 28 mL of acetonitrile. Then 4.5 g (33 mmol) of K2CO3 and 2.1 g
(14 mmol) of 1-bromodecane were added. The reaction was stirred at 85°C for 16
hours. Upon cooling, the precipitate was filtered on a Biichner and washed with
acetone. The gray solid was dissolved in DCM and extracted three times with water.
The resulting solid was then purified by column chromatography on silica (hexane
- hexane/EtOAc 9:1). 2.17 g (4.34 mmol) of product LCM was obtained as a pale-
yellow solid with a 65% yield.

1H NMR (CDCl3, 600 MHz) & (ppm): 8,11 (d, 2H, Hb, ] = 8,9Hz), 7,08 (d, 2H, Ha, ] =
8,9 HZ), 6,94- (d, ZH, Hc,] = 9,1 HZ), 5,80 (m, 1H, Hm), 5,0 (dd, 1H, Ho, ]trans= 17,8 HZ,
]gem= 2,0 HZ) , 4-,92 (dd, 1H, Hn, ]cis= 10,2 HZ, ]gem= 1,0 HZ), 4,03 (t, ZH, Hp, ] = 6,5
Hz), 3,94 (t, 2H, Hq, ] = 6,5 Hz), 2,5-1,12 (m, 28H, Hex)

IR: ¥ (cm™) = 2918 (C-H sp?, str), 2851 (C-H sp?, str), 1722 (C=0, str), 1606 (C=C
alchene, str)

DSC: Tu= 40°C, Tni=73°C

2,3-dihydroxyquinoxaline-6-carboxylate (Qx1)

f O
d
HO N
I X OH
| a
& b
eHO N c
In two different beakers, 3.00 g (19.7 mmol) of 3,4-diaminobenzoic acid in 25 mL of
4M HCl and 1.97 g (21.9 mmol) of oxalic acid in 20 mL of 4M HCI were dispersed,
respectively. The two suspensions were transferred to a 100 mL round bottom flask,
resulting in a violet mixture. The flask was refluxed at 100°C for 16 hours. After
cooling to room temperature, the obtained solid was filtered through via Biichner

filtration and washed several times of water. A purple solid was obtained and dried
under vacuum. Product 3 (3.9 g, 18.9 mmol) was obtained with a quantitative yield.
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1H NMR (DMSO-ds, 400 MHz) & (ppm): 12,88 (s, 1H, Ha), 12,15 (s, 1H, Hg), 12,03 (s,
1H, He), 7,74 (s, 1H, Hd), 7,69 (d, 1H, Hb,] = 8,4 Hz), 7,19 (d, 1H, He, ] = 8,4 Hz)

ESI-MS (m/z): 207 [M+H]*

Hex-5-en-1-yl 2,3-dihydroxyquinoxaline-6-carboxylate (Qx2)
O

Cl N 2 d f A
| e g j
Z C
Cl N
b

In a two-necked flask previously dried (3 cycles Ar/vacuum), 1.5 g (7.3 mmol) of
compound Qx1 was dissolved in 50 mL of dry DCE. Subsequently, 2.6 mL (36 mmol)
of SOCl2 and 30 drops of DMF were added. After refluxing for 3 hours, the solvent
was removed under vacuum and the residue was dissolved in 50 mL of dry DCM. To
this solution, 1.1 mL (8 mmol) of NEt3 and 0.94 mL (8 mmol) of 1-undecene were
added. The reaction mixture was stirred at room temperature for 16 hours under
inert atmosphere. The mixture was then extracted with acidic water (HCI 1M), basic
water (NaOH 1M), and finally with water. The organic phase was then dehydrated
with MgSO0s4, filtered, and dried yielding to a yellow-ochre oil. The crude reaction
mixture was further purified by column chromatography on silica using DCM as the
eluent. 1.56 g (4.8 mmol) of pure Qx2 was obtained with a yield of 67%.

1H NMR (CDCls, 400 MHz) & (ppm): 8,75 (d, 1H, Ha, ] = 1,8 Hz), 8,43 (dd, 1H, Hb, Jo
= 7,0 Hz, Jp= 1,8 Hz), 8,11 (d, 1H, H¢, ] = 8,2 Hz), 5,85 (m, 1H, H), 5,07 (dg, 1H, H;,
Je= 15,2 Hz, Jg= 1,9 Hz), 5,02 (dq, 1H, H;, Je= 5,6 Hz, Jg= 2,1 Hz), 4,44 (t, 2H, Hq, ] =
6,6 Hz), 2,18 (q, 2H, Hg, ] = 7,9 Hz, ] = 21,5 Hz) , 1,87 (m, 2H, He), 1.62 (m, 2H, Hr)

GC-MS (m/z): 226 (M-O(CH2)4+CH=CHz), 308,05 (M)
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Tetra-o-alkene ester functionalized quinoxaline cavitand (QxCavu)

a
= b\c = =
g-s
\}gd g{f
L/ 0o 0% d

In a microwave reactor, under argon atmosphere, 0.153 g (0.185 mmol) of
Res[CeH13,H] were dissolved in 6 mL di DMSO dry. Afterwards, 0.154 g (1.11 mmol)
of K2C03 was added. After 10 minutes, 0.280 g (0.816 mmol) of Qx2 was added to
the mixture. The reaction was then conducted in the microwave for 1 hour at 60°C
(200 W). The reaction mixture was precipitated in water resulting in a beige
precipitate, filtered via Blichner filtration and washed with water. The crude was
further purified through silica gel column chromatography with a gradient elution
(DCM - DCM/EtOAc 98/2). 56,7 mg (31 pumol) of white solid was obtained with a
17% yield.

1H NMR (CDCls, 400 MHz) 6 (ppm): 8,61 (d, 4H, Hg, Jmeta= 1,9 Hz), 8,26 (s, 4H, Hn),
8,03 (dd, 4H, He, ]meta= 1,9 HZ, ]0rt0= 8,7 HZ), 7,86 (d, 4H, Hf, ]orto= 8,7 HZ), 7,24 (S,
4H, Hi), 5,85 (m, 4H, He), 5,57 (t, 4H, Hy, ] = 7,7 Hz), 5,05 (dd, 4H, Hb, Jerans= 17,1 Hz,
]gem= 1,9 HZ), 4,98 (dd, 4H, Ha, ]cis= 10,2 HZ, ]gem= 1,1 HZ), 4,48 (t, 8H, Hd, ] = 6,7
Hz), 1,91 (q, 8H, Hx, ] = 8,5 Hz) 2,32-0,93 (m, 76H, Ha-s, Hi-p)
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Tetra-alkene functionalized tetraquinoxaline cavitand lower rim (QxCavd)

In a flask, after three cycles of vacuum/Ar, 1.5 g (1.44 mmol) of Res[C11Hz1,H] and
1.19 g (8.64 mmol) of K2CO3 were added to 30 mL of dry DMF. The mixture was
allowed to react for 10 minutes, and then 1.26 g (6.34 mmol) of 2,3-
dichloroquinoxaline were added. The reaction was left overnight at 80°C. The
resulting brown suspension was precipitated in water and filtered under vacuum.
The product was purified via column chromatography on silica (elution hexane/EtOAc
8:2). The final product appears as a white solid and was obtained with a yield of
65% (1.44 g, 0.93 mmol).

1H NMR (CDCl;, 400 MHz) 6(ppm): 8,17 (s, 4H, Hc), 7,82 (m, 8H, Hb), 7,49 (m, 8H,
Ha), 7,23 (s, 4H, Hd), 5,85 (m, 4H, Hg), 5,58 (t, 4H, He, ] = 7,9 Hz), 5,04 (dd, 4H, Hij,
Jtrans = 17,1 Hz, ]gem = 1,7 Hz), 4,97 (dd, 4H, Hh, Jcis = 10,2 Hz, ]gem = 1,0 Hz),
2,28 (q, 8H, Hf, ] = 6,9 Hz), 1,43 (m, 56H,HJ-P)

General procedures for the preparation of LCEs

In a glove box, a flask was equipped with a nitrogen valve and a rubber septum,
previously dried with 3 cycles of vacuum/argon. QxCavu/a and LCM were then
dissolved in 1.9 mL of 0-DCB, previously degassed by purging argon into the solvent.
Finally, a catalytic amount of Hoveyda-Grubbs catalyst 2"d gen. was added. The green-
colored reaction mixture was placed in an oil bath at 58°C under a constant flow of
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nitrogen to remove the ethylene formed during the reaction. After approximately 2/3
hours, an increase in the viscosity of the reaction mixture was observed.

The dense mass was poured into a Teflon mold (13 cm x 1 cm) under nitrogen
atmosphere. The mold was then placed in an oven at 100°C for 30 minutes. Once the
polymer was removed from the mold, it was cut into strips of approximately 4 cm
and each strip was stretched with weights of about 40 g in an oven at 120°C for 10
minutes. After removing the weights, each sample was fixed to a glass support with

clamps and left at 100°C for two days to complete the curing process.

Table 3.3: Quantity of LCM and cavitands and reaction time necessary for the preparation

of LCEs.
Cavitand mmol LCM mass mmol Reaction
Entry . .

mass (mg) cavitand (mg) LCM time
LCE-9%QxCavu 32,0 0,018 90 0,180 2h30’
LCE-6%QxCavu 31 0,016 134 0,260 1h30’
LCE-3%QxCavu 2 0,001 18 0,036 2h
LCE-9%QxCavd 60,3 0,039 200 0,395 2h30’
LCE-6%QxCavd 39,0 0,025 200 0,395 2h40’
LCE-3%QxCavd 18,9 0,012 200 0,395 3h15’

LCE-3%QxCavd

IR: ¥ (cm™) = 2923 (C-H sp?, str), 2851 (C-H sp?, str), 1726 (C=0, str), 1605 (C=C

alchene, str), 1163 (C-N, str)

DSC: Tm= 88°C, Tni= 117°C

LCE-6%QxCavd

IR: ¥ (cm™) = 2923 (C-H sp?, str), 2850 (C-H sp?, str), 1726 (C=0, str), 1605 (C=C

alchene, str), 1161 (C-N, str)

DSC: Tu= 85°C, Tni= 117°C

LCE-9%QxCavd

IR: ¥ (cm™) = 2921 (C-H sp?, str), 2851 (C-H sp?, str), 1726 (C=0, str), 1608 (C=C

alchene, str), 1164 (C-N, str)

DSC: Tm= 86°C, Tni= 119°C

LCE-3%QxCavu

IR: ¥ (cm™) = 2922 (C-H sp?, str), 2850 (C-H sp?, str), 1727 (C=0, str), 1607 (C=C

alchene, str), 1164 (C-N, str)

DSC: Tm= 103°C, Tni=132°C

LCE-6%QxCavu
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IR: ¥ (cm™) = 2918 (C-H sp?, str), 2846 (C-H sp?, str), 1726 (C=0, str), 1605 (C=C
alchene, str), 1160 (C-N, str)
DSC: Tv= 97°C, Tni=123°C

LCE-9%0QxCavu

IR: ¥ (cm™) = 2919 (C-H sp?, str), 2850 (C-H sp?, str), 1719 (C=0, str), 1604 (C=C
alchene, str), 1163(C-N, str)

DSC: Tu= 92°C, Tni= 125°C
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Figure 3.A1. 'H NMR (CDCls, 400 MHz) of LCM.
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Chapter 4

Introduction on covalent adaptable networks

4.1. Thermoplastic vs thermoset

Nowadays, it is impossible to overlook the use of plastic, undeniably linked to our
technological advancements for its variety of application in short and long term such
as packaging, biocompatible tools, construction. Polymers are not only fundamental
for scientific progresses but represent a severe challenge for our society as plastic
waste and pollution have quickly become environmental issues.3! In general polymer
materials can be divided in two main classes depending on their thermal behavior:
thermoplastics and thermosets. Thermoplastics, which are composed of long linear
chains entangled and kept together by physical interaction, can be melted upon
heating. The viscosity drops at high temperatures and the ability to flow allow these
polymers to be easily processed. For this purpose, thermoplastics are part of our
daily life in many consumer products such as plastic bottles (PET), packaging (PE,
polypropylene), medical consumables.3B] Their recyclability is limited by the
incompatibility of many polymers (i.e. multilayered material), thus requiring a long
process of sorting, separating and cleaning. Furthermore, thermoplastics are prone to
creep and so not suitable for applications requiring high thermal stability and high
mechanical performances.

The second group of materials are thermosets. In these polymers, chains are
crosslinked with covalent bonds, forming a 3D network and therefore they offer
robustness and resistance against chemicals and mechanical stress. Upon heating they
decompose rather than flow. The excellent thermal stability and resistance to creep
render them the materials of choice in composite materials, as part of airplanes, cars,

windmill blades, etc. However, given the high degree of connectivity among chains,
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they cannot undergo to any modification of their chemical structure, thus making them
not reprocessable.

The incorporation of dynamic bonds into polymers, blending the robust mechanical
features of thermosets with the recyclability of thermoplastics, holds significant
interest in the field of polymer chemistry.

One way to introduce dynamic crosslinks is through the incorporation of non-covalent
interactions, that lead to a physical crosslinking of the chains.

To cite a few examples, non-covalent interactions may arise from hydrogen bonding,
n-1t stacking,®! ion pairing,[®! metal-ligand coordination,[”! etc... The thermoreversible
nature of the physical cross-links enables the formation of polymer materials with
enhanced mechanical properties without compromising their reprocessability. Upon
heating, the interactions are disrupted, and the material will behave as a viscoelastic
liquid, thereby facilitating the reprocessing.

An alternative approach for the development of dynamic materials is the use of
exchangeable covalent bonds. The introduction of covalent dynamic crosslinked
materials was reported for the first time in 2010 by Bowman’s research group, whose
developed the concept of Covalent Adaptable Networks (CANs).[8] Those crosslinked
polymers contain covalent reversible bonds that create a polymer with potentially
malleability when exposed to external stimuli, such as heat or light.[9 They can

undergo bonds cleavage or exchange without decomposition.

4.2. Covalent adaptable networks (CANs)

As mentioned in the previous paragraph, the term CAN refers to a class of materials
that are designed to have dynamic and adaptable covalent bonds within their
structures. Unlike traditional covalent materials where bonds are typically strong and
permanent, CANs contain covalent bonds that can break and reform reversibly under
certain conditions, allowing the material to adapt to external stimuli. CANs can be
classified in two categories depending on the network rearrangement mechanism:

associative CANs and dissociative CANs.
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In associative CANs, a new bond is formed before a crosslink is broken, thus resulting
in a decrease of viscosity while maintaining network integrity even under external
stimulus and at high temperature. In dissociative CANs, dynamic bonds are broken
before a new one is formed (Figure 4.1).'% There is a thermodynamic and kinetic

distinction that must be taken into account.

* Associative mechanism » Dissociative mechanism
~OT DN = O By (\Q—)‘_ﬂr\ﬂ"D\
v=k ex(T) [AlIB] Keq =1 v=K ex(T) [A] Keq [T]

Figure 4.1. Overview of the associative (left) and dissociative (right) rearrangements
mechanism. (adapted from reference 11)

In associative CANs the reaction kinetics is defined by the availability of two distinct
species: a reactive crosslink (A) and a chain end (B), which represent the site of the
new crosslink. Increasing the reactive free chain, the exchange reaction speeds up. In
principle, during association, the connectivity of the network temporarily increases in
the intermediate state. However, due to the short life of the intermediate, crosslinking
density is assumed constant (Keq = 1). The network does not undergo depolymerization,
although it flows when heated and shows high resistance to solvent dissolution. Looking
at the unique behavior of these materials, Liebler in 2011 named them “vitrimers”
(extensive discussion in the next paragraph). In dissociative CANs, the presence of free
chain ends is less important since crosslinks are the only species that control the
equilibrium. Polymer segments dissociation lead to a formation of free end chains,
entropically favored. This process can be more extensive by increasing the temperature
of the system (Keq[T]). As a result, the network will lose its integrity, thus making its

complete dissolution possible in principle.

4.3. Dissociative CANs

Dissociative Covalent Adaptable Networks are a class of dynamic polymer networks

where the formation of new covalent crosslinks occurs after the initial breaking of
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other bonds within the network. In simpler terms, the polymer chains fragment first
and then they reassociate in a different configuration.
The properties of dissociative CANs are significantly influenced by the equilibrium of
the exchange reaction. The viscosity profiles during these exchange reactions can vary
considerably, depending on how easily the equilibrium shift from associate to non-
dissociate state. This process is indeed regulated by thermodynamic factors, including
reaction enthalpy and entropy following Van’t Hoff equation (1).

RInK = ==+ AS (1)
The enthalpic factor (AH) favors the associate state whereas the entropic contribution
(AS) is higher in the dissociation process. Consequently, as the temperature rises, the
impact of enthalpic factor is reduced and the equilibrium tends to favor the entropically
driven dissociation of the dynamic bonds. When sufficient dissociation takes place
due to a significant shift in the bonding equilibrium, it leads to a depolymerization
reaction, which reduces the density of crosslinks and the overall viscosity of the
material. Upon cooling, the thermodynamic equilibrium shifts back to association,
resulting in a recovery of material properties. Slightly changes in enthalpy or entropy
may significantly affect network connectivity at a given temperature.
However, a gel-sol transition accompanied with a decrease of viscosity is not always
feasible in dissociative CAN.
In Figure 4.2 two examples of dissociative networks with same activation energy for the
debonding but different reaction energy for rebonding are schematized: in one case fast
formation of bond between chain ends while in the other slower reformation of the
dynamic moiety. This aspect has implication in the viscosity profile of the networks,
resulting in a different macroscopic property even if the exchange mechanism is the
same. If the contribution of the enthalpic factor is large (Figure 4.2a), the association is
favored over dissociation, therefore high temperature would be necessary to overcome
the driving force towards associate state. In this case network integrity will be
maintained, since association is preferred, and the viscosity profile will be similar to the
one of vitrimers. A clear example is reported by Rowan and coworkers[12] in their work

about thermally delayed dissociation of sterically hindered urea (Figure 4.2a bottom).
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Depending on the bulkiness of the amine used, the urea bond dissociates into its
corresponding isocyanate and amine. The more hindered is the urea the more the
equilibrium is shifted toward dissociation, resulting in AH values that can shift from 110
to 80 kJ-mol! corresponding in a shift of 50 °C of the temperature at which the
dissociation initiate.

a) | b) |

dissociative network dissociative network
with high reaction enthalpy with low reaction enthalpy

o]
AT H
%NJ\NM — SO0
H

o) o)
w o = W@ * ' e
Bulkiness, dissociation o
o) o

o F e

Figure 4.2. Examples of dissociative CANs with same Ea but different reaction enthalpy:
a) high reaction enthalpy and hindered urea as an example (bottom), b) low reaction
enthalpy and Diels Alder reaction (bottom). Image adapted from reference [10].

On the contrary, with a low reaction enthalpy (Figure 4.2b), dissociation is faster than
association, less energy is needed to favor the entropically dissociated state, and a
temperature increase would significantly affect the equilibrium constant. In this
scenario, the network will lose its integrity, since the dissociate state is favored, resulting
in a viscosity drop. One example is given by Diels-Alder (DA) chemistry (Figure 4.2b
bottom), first described between furans and maleimides in 1969.[131 The reaction occurs
at room temperature, or at 60 °C to fastening the reaction rate. However, upon
temperature threshold (around 100 °C) the retro DA is favored, and the equilibrium is
shifted toward the dissociate state.

Several dissociative mechanisms are already reported in literature, a more

comprehensive list of dissociative CANs is showed in Table 4.1.
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Table 4.1. Overview of dissociative covalent adaptable network platforms.

Dynamic chemistry Reaction scheme
Isocyanate reversion o
J“JJ\N " H
(urea (X - N)[M], %C\o y‘"’\x/ — JJJ‘J\H)I\X/“\-\,\’
X=N,0

urethane (X = 0)[15]
o) o
Transesterification of L P x
phthalate monoestert o
° o
o
o
Amide-imide exchangell7] MR\NWH\R:“ DE— J:é’“_ﬂ v
I A
o

Aza (X = NH2)['81/Thia 0 Q
(X = SH)*91-Michael \)I\f.w N\ —— %/\Y/\)]\w'

addition X =-SH, -NH, Y =-8,-NH

Diels-Alder o © N/M S
«ﬁ ' oT "
cycloaddition!20] ~

Alder-ene reaction 117
. N/va- OYN\EO
Indole-triazolinedione ) N Y 0 —= Ners
N~
N N

(TAD)21] A .

4.4. Associative CANs: vitrimers

Associative CANs mechanism consists of two simultaneous steps: a new covalent bond
is formed replacing an identical one. As a result, the crosslinking density remain
constant over time and the viscosity decreases gradually under heating allowing the
networks to change their topology and thus to be processed in a viscous liquid state

while maintaining the network integrity. The preservation of the network connectivity

110



Introduction on covalent adaptable networks

makes these materials more resistant to dissolution, even at high temperatures, or
solvent stress cracking.

The first example of associative CAN was reported by Bowman and coworkers based
on photo-induced free radical addition-fragmentation chain transfer reaction of allyl

sulfide moieties (Figure 4.3).12%]

Rs Rs
R
3 S’\

| |
) ° )
\)k/ \j\/ \\Ak S\R
2
S S —_— S ) =S -~ /S
R R, R AN R, Ri

Figure 4.3. Mechanism of radical addition-fragmentation of allyl sulphides reaction
used by Bowman in 2005.122]

Later, associative CANs were developed on a similar exchange mechanism using
trithiocarbonates.[?3] In presence of a photo-radical initiator, these networks exhibit
a photo-induced stress relaxation. However, despite the interesting properties, the
lifetime of the materials was limited due to radical recombination and disappearance
of radical photo-initiator. In 2011, Leibler and co-workers reported an example of
associative CAN based on transesterification reactions of epoxy acid polyester based
network.[?4 The Authors coined these materials as “vitrimers” in relation to the unique
viscosity behavior: a gradually decrease upon heating like vitreous silica.

The viscoelastic behavior of vitrimers can be described by two different temperatures.
The first one is the classical glass transition temperature, Tg, linked to chains mobility.
The second temperature is called topology freezing transition temperature (7v) and
describe the transition from viscoelastic solid to viscoelastic liquid. Above this
temperature dynamic covalent exchange become relevant, allowing the materials to
change their topology. These materials can be then easily reshaped, healed, or
reprocessed. By cooling the network, the bonds exchange became significantly slower,
thus the molecular network retains its configuration. By Liebler’s definition, Tv was
firstly described as the temperature at which the melt viscosity of the materials reach
1012 Pa-s.[24] However, this does not imply that no exchange reactions take place

below this temperature. The relative arrangement of the Tv and Ty has important
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implication on the mechanical behavior. Comparing the scenario where topology
freezing transition temperature is above or below Ty provides insights into how these
two critical temperatures affect the properties and behavior of the materials.
Moreover, viscosity is a crucial property to consider in vitrimers since is directly
related to their dynamic nature. The most common case is the one in which Tv is
above Ty (Figure 4.4a). Once reached the Ty, the materials macroscopically flow
following an Arrhenius-type temperature dependence since the exchange mechanism is
predominant. In the other case (T, > Tv, Figure 4.4b), the exchange dynamics are not fast
enough due to the frozen polymeric chains. The viscosity profile follows Williams-
Landel-Ferry (WLF) profile in the first stage since the limiting factor is still chains
mobility. Upon further heating, Arrhenius-type dependency is obtained as the exchange
reactions are not frozen anymore. This behavior was observed and described by Guan

and coworkers in 2018.[25]

a) b)

Tg Tv TV Tg

Log(n)
Log(n)

w‘nius

Viscoelastic liquid Viscoelastic liquid

1
1
1
o\
\Airhenius Ny
1)
Glassy i
i
1
1
1
1
1
1

Temperature Temperature

Figure 4.4. Viscoelastic behavior of vitrimers. a) Case with Ty lower than Tv: the
viscosity follows Arrhenius-type temperature dependency. B) Scenario in which Tv is
lower than Tv. In this case the flow became significant only above Ty resulting in a
WLF + Arrhenian viscosity profile.

There most common methods reported in literature to estimate the Tv are dilatometry
and stress relaxation experiment.[8] In the first one, when the materials starts to flow,
and thus reach the Tv, a higher thermal expansion coefficient is expected. In stress
relaxation measurements, either performed via rheology or DMTA, T, value is

extrapolated trough experimental data using relaxation time (2) (t* the time required
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to the stress-relaxation modulus to reach 37% or 1/e of its initial value) and viscosity,

linking via Maxwell equation (3).

Eq
T" =T, €erT (2)
n=G"-1" (3)

The above described T, evaluations are related to an application of external forces and
to experiments performed at a temperature far above T,. For these reasons,
discrepancies were reported when comparing T, values obtained from the two methods.
A recent method, in static state, is reported by Ji et al. by doping aggregation-induced-
emission (AIE) luminogens in vitrimers and following the fluorescence change as a
function of temperature.[28] Elongational creep measurements(2°] and creep compliance
experimentsi3%l are also diffusely used to evaluate topology freezing transition
temperature. Nevertheless, it is important to remind that Tv is a conventionally chosen
and calculated temperature and not an exact temperature at which exchange
reactions became active. In vitrimers, the connectivity remains constant as the
temperature reaches the Tv and the network remain insoluble at all temperatures as
the number of bonds remain constant.

A selection of associative covalent adaptable networks is schematized in Table 4.2.
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Table 4.2. List of different associative CANSs.

Dynamic chemistry Reaction scheme
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Among the several dynamic chemistries, one of the first example of catalyst-free
vitrimers was introduced in Du Prez research group by Denissen et al. in 2015 and
based on transamination of vinylogous urethane (VU).[28] A vinylogous urethane is a
specific vinylogous acyl moiety that can be amides, urethane or urea depending on
the chemical nature of the X atom next to the carbonyl functionality (C, N, O).

The synthesis of such networks starts with the transformation of an alcohol into an
acetoacetate group through an acetoacetylation reaction. Further addition of primary
amine reacts via a polycondensation reaction to form vinylogous urethane (Figure
4.5a). Vinylogous urethanes have the ability to form intramolecular H-bonds, that
readily undergoes through exchange via transamination mechanism. The mechanism

was hypothesized to occur via two pathways schematized in Figure 4.5b: protic-
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iminium type or aprotic-Michael type pathway depending on the matrix and
temperature range of the materials.351 The associative nature of the exchange
mechanism determines that an excess of primary amines[263¢! (for example 5% mol

excess as a reactive chain ends) is necessary to initiate the exchange mechanism.

-
I
{
O/:U
¢

oo __ _hoetoacetatederivate ] Vinylogous urethane (VU) _,
b) i) Protic iminium-pathway: Ea
H.® R R?
RZ 0O N~ f. HN"
O HN~ o) slow ‘\‘ SR ast ~N
1 — -~ —_— A |
A+ RINHg = HNR; == OMNHZRl
(o) H / ®
'/fast
1 @ gl ® p2
o HN o H\I‘\I/R , fast O H,N~
. + H,NR? ——>
o)]\/é "OM 0 NHR!
R?NH;
ii) Aprotic Michael-type pathway
@) Rz S ® RZ
R = g
fo HN _— slow O HNT - fast (O HN}
P * RINH, =——— o S PNHR, T 07 Y UNHR,
®

Figure 4.5. a) Generic scheme of VU synthesis starting from acetoacetylation reaction
and condensation with a primary amine, b) mechanism of VU dynamic chemistry:
iminium-type or aprotic Michael-type mechanism.[35

It was also demonstrated that adding a small amount of TBD, pTsOH or DBTL gave
remarkable effects on the resulting viscoelastic properties giving different activation

energy.[37]

4.5. Application of CANs

Vitrimers have only been reported from 2011 and because of their unique properties,

they are subject of interest for several industrial application.
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One of the most relevant applications is the use of these materials as replacement of
conventional thermoset with the ability to be reprocessed and reshaped after
complete curing them. The simplest experiment is to characterize the mechanical
properties of a material, cut it into small pieces, reprocess it in a mold via
compression molding and retest again its mechanical properties that should not be
sensibly varied.

The ability of covalent adaptable networks to rearrange their molecular structure allows
them to heal and restore their mechanical properties after damage. From this aspect
derive the ability to weld object together by exploiting the self-healing properties. In
2017, Nicolay, Liebler and coworkers demonstrated the possibility to weld together
dioxaborolane-based vitrimers of polyethylene and polymethylmethacrylate.[31]
Another interesting and appealed application of such innovative materials is in the
manufacturing of composites. So far, many thermosets are used for this purpose in
different categories: fiber-reinforced, fiber of glass or cellules and carbon-fiber.
Contrarily to conventional epoxy materials, vitrimers composite form strong weld that
can be reformed multiple time. In a work published in 2016 by Yu et al.[38], they were
able to recycle a vitrimers-based carbon fiber-reinforced composite through the use of
areactive solvent (ethylene glycol) capable to exchange with the network. After that the
carbon-fiber and the monomeric component can be reused to create new composite with
the same properties as the original one. Circular economy and closed-loop recycling of
plastic is also reported in a recent work of Ma et al.39, presenting a VU network
synthetized from bis-polyethylene glycol acetoacetates and a tris-amine that can be
degraded by water at 60°C with almost quantitative recovery of the acetoacetate
monomer (~98%).

In the following two chapters will be discussed an example of a new dissociative
exchange chemistry performed in the laboratory of prof. Du Prez (Chapter 5) and a

potential application in Chapter 6.
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Adaptable B-Amino Amide Network
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Abstract: Herein, we report a scalable synthesis of catalyst-free, covalent adaptable networks
(CANs) based on (-amino amides as dynamic linkages. Rheological analysis of their dynamic
behaviour shows a remarkably high activation energy of around 300 k] mol-1. Hence, the obtained
elastomers can be (re-)processed at elevated temperatures while possessing high creep resistance
in a wide temperature window. Finally, in comparison with the much-studied 3-amino ester-based
networks, this new generation of CANs incorporating amino amide motifs possess superior
hydrolytic resistance under both acidic and basic conditions.

Adapted from: L. T. Nguyen T. L., F. Portone, F.E. Du Prez, Polym. Chem. 2024, 15, 11.

The work of this chapter was done in the group of Prof. Du Prez at Ghent University.
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Chapter 5

B-Amino Amide Based Covalent Adaptable
Networks with High Dimensional Stability

5.1. Introduction

The dramatic increase of plastic pollution has become one of the greatest
environmental challenges.['"}] While thermoplastic materials are intrinsically (re-
)processable at elevated temperatures, repurposing or recycling the more
dimensionally stable thermoset materials, in which polymer chains are covalently
crosslinked, is far more cumbersome. Therefore, thermosets typically end up as
permanent waste after single use.[*¢ Covalent adaptable networks (CANs) combine
the high performance of thermosets and (re)processability of thermoplastics in one
single material.[”-%1 Although CANs are also crosslinked by covalent bonds, the
dynamic nature of such bonds provides such materials with the ability to flow with
the application of specific stimuli.['>141On the other hand, the reversible linkages
within CANs often reduce their dimensional stability and creep is thus observed due
to the unfavoured premature exchange at use conditions.['>1¢l Suppressing this
unwanted deformation at use temperatures therefore remains one of the important
challenges to merge academic research on CANs and industrial applications.l'7-23]
Among the different approaches that have been introduced recently to limit
undesired exchange (e.g., protected catalysts, modifying reactive functional groups,
etc.), the use of highly endothermic retro-chemistry is one of the strategies showing
the greatest potential.?4-3% Indeed, by introducing dynamic covalent chemistries that
are characterized by a highly endothermic dissociation, the exchange activation
energy increases, thereby shifting the exchange away from the application
conditions. Hence, an appropriate balance between (re)processability and

dimensional stability should be aimed for.[15-16,31]
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Recently, Du Prez research group introduced (3-amino ester chemistry in the context
of dynamic networks.[3?] In this pioneering study, CANs were prepared from a large
range of acrylate and amine building blocks via aza-Michael addition, in which bonds
can exchange without adding an external catalyst, i.e. following an associative or/and
a dissociative pathway via transesterification in the presence of hydroxyl groups

and retro-Michael reactions, respectively (Figure 5.1).

/_\ o] Aza-Michael B g0
Bl SAGR R At o e
X
‘ ‘ B-amino ester
:’ a) Associative
A o7
' H\o g"
R\N/\)ég
..... X R’
\‘ a) Dissociative
. o
‘ l\",\/b(lLO’R'
\ ¥ HH
Figure 5.1. Scheme of B-amino ester synthesis (top) and representation of the

reversible aza-Michael addition either associative or dissociative covalent dynamic network.

Subsequently, numerous studies focusing on applying this promising dynamic
chemistry platform have been conducted very recently in an effort to fasten the
exchange process and thus reduce the stress relaxation time, for example by
modifying substituents or employing other neighbouring groups.[*3-3810n the other
hand, polymeric materials including B-amino esters are containing hydrolysable
esters and have therefore often been investigated for their degradability.[39-42]

While previous research focused on B-amino esters,[32-33.35 371 this study will focus

on (3-amino amides as dynamic moiety in CANs. (Scheme 5.1).
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Previous work:
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Scheme 5.1. Scheme of the previously reported 3-amino ester and (-amino amide

treated in this chapter.

It can therefore be expected that the hydrolytic resistance of the corresponding
CANs will be limited to specific matrices and conditions. Therefore, the aim in this
study is to replace the ester groups by much more stable amides and thus to develop
and investigate -amino amide-based CANs. Herein, such CANs were hypothesized
to possess a substantial higher activation energy resulting in both a very high creep
resistance and hydrolytic stability while still being (re)processable, in turn bringing

them close to real-life applications.

5.2. Results and discussion

To investigate the reversibility of a $-amino amide moiety, a model compound was
first prepared via the aza-Michael addition between readily available N-
isopropylacrylamide and N-methyl butylamine with the formation of the desired S-
amino amide compound 1, characterized via tH NMR (see Figure 6.A1 in the appendix).
This was dissolved in different NMR tubes in DMSO-d¢ and placed in separate oil
baths heated at 180 °C, 160 °C, 140 °C and 120 °C. 'H NMR spectra were collected
before and after heating for 16 h in order to determine the thermal activated

dissociation of such dynamic $-amino amide (Figure 5.2).
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Figure 5.2. 1H NMR stacking spectra of model compound 1 in DMSO-ds at 25 °C, 120
°C, 140 °C, 160 °C and 180 °C for 16 h.

Up to temperatures of 140 °C, there was no significant variation compared to the
NMR analysis of the pure model compound 1. In contrast, at 160 °C, an 8%
enhancement of the proton signals in the area between 6.24 ppm and 5.51 ppm is
clearly visible, indicating the formation of the acrylamide double bonds via the retro-
aza-Michael reaction. In addition, the decreasing intensity of proton f relative to
Michael adduct 1, as well as the appearance of proton d at 3.98 ppm, confirmed the
dissociation. Finally, the increase of the double bond integral value at 180 °C (signals
a to c) indicates a faster dissociation at higher temperature. All these observations
confirm the reversibility of the aza-Michael reaction on [-amino amides at
temperatures beyond 160 °C.

Generally, when investigating suitable chemistry for CANs, the scalability of the
synthesis pathways should also be considered as a function of the envisaged bulk
scale application areas. Due to the lack of cheap, large-scale available multifunctional

acrylamide cross-linkers and the tedious synthesis of acrylamides in general, which
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typically requires chromatographical purification,[*3-441 the direct synthesis of f-
amino amide networks via aza-Michael addition is not suitable for large-scale
synthesis. Therefore, we focused on an earlier reported procedure*! in which
similar crosslinked materials were made in two steps, i.e. the preparation of amino-
ester crosslinkers, and then the subsequent amidation reaction with various
available amine-containing building blocks (vide infra). Hence, to comprehensively
investigate the temperature-dependent nature of the aza-Michael addition and the
subsequent amidation reaction, model -amino-amide compound 2 was prepared by
a one-pot reaction between the bulk chemicals methyl acrylate and 2-ethyl

hexylamine (Scheme 5.2).
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Scheme 5.2 Synthesis of model compound 2.

The reaction was monitored by performing online attenuated total reflection Fourier
transform infrared (ATR-FTIR) experiment at two temperatures: firstly at 50 °C for
the aza-Michael addition and then at 100 °C for the amidation step. In the first step,
the progressive disappearance of the C=C stretching at 986 cm'! and the analogue
increasing of the C-N stretching band at 1125 cm™ were observed (Figure 5.3a top),
indicating that the reaction completed after 2 h (Figure 5.3a bottom).

The Michael-adduct structure was confirmed by 'H NMR (see Figure 5.A2), which
showed complete consumption of the methyl acrylate. Next, the amidation step was
evaluated using the same technique but increasing the temperature to 100 °C. In
this stage, the focus shifted to the stretching band at 1740 cm! related to the ester
carbonyl moiety, which decreased over time, and to the steady increase of the
corresponding carbonyl of the amide bond at 1666 cm™. At the same time, the
bending related to the amide N-H bond at 1540 cm! also supported the conversion
of esters to amides (Figure 5.3b top). The observed FTIR signals reached a plateau
after 30 h as depicted in Figure 5.3b (bottom), indicating the full conversion of the

amino ester to the amino amide functionality.
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Figure 5.3. a) top: three-dimensional plot of time resolved ATR-FTIR in the region of
1200 cm? to 900 cm for the aza-Michael addition step, bottom: plot of the intensity
related to the followed peaks versus time. b) top: three-dimensional plot of time resolved
ATR-FTIR in the region of 1800 cm™ to 1300 cm! for the amidation reaction, bottom: plot
of the intensity related to the followed peak versus time.

This conclusion was further confirmed by 'H NMR as depicted in Figure 5.A3 (see
appendix). Based on these initial results, as well as those previously reported in the
literature,*!we concluded that in the reaction at 50 °C between an acrylate ester
and the amino derivate, the aza-Michael addition is the only reaction observed
resulting in B-amino esters, which subsequently undergo amidation at 100 °C with
the formation of 3-amino amides.

In view of scalability, several covalent adaptable B-amino amide networks (BAA)
were prepared by reacting a tetrafunctional cross-linker with [-amino ester
moieties, obtained through a straightforward aza-Michael addition and characterized
via 1H NMR (Figure 5.A4), and subsequently crosslinked with a series of readily
available amino-containing building blocks (Scheme 5.3). The reference network was

prepared with Pripol 2033 diacrylate, previously synthetized starting from the
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corresponding alcohol with acryloyl chloride and characterized via 1H NMR (Figure

5.A5).

| | 1
00 050 HN._O 0<_NH
L CL \;&; *****
o N N 0. — % 1 ‘
~ X ' 'R
ey g

120°C, 48h M}(NWN

70 :
crosslinker [3-amino amide network
o |
R = /\/\Si{o Sif or o) or e
= CHy  SiCH,
DMS-A11 Jeffamine D400 Priamine 1074

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Scheme 5.3.  Preparation of f-amino amide containing CANs from a tetrafunctional
crosslinker and Priamine 1074 (BAA-P), Jeffamine D400 (BAA-]) or DMS-A11 (BAA-S).

The cross-linking process was followed by ATR-FTIR, in which the disappearance of
absorption bands of the ester-carbonyl groups (at 1720 cm'!) was simultaneously
observed with the increase of the amide-carbonyl absorbance band at 1665 cm,

indicating the amidation of the ester to form the targeted amide bonds (Figure 5.4).

C=0 (ester) C=0 (Amide)

A Crosslinker
c BAA-P
kel
2
€
2 BAA-J
o
|_

\ BAA-S
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm-1)
Figure 5.4. ATR-FTIR of amino ester crosslinker (I) and resulting amino amide

networks.
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The overall properties of the obtained materials have been summarized in Table
5.1. Although BAA-] and BAA-S showed soluble fractions above 10%, associated with
a very high swelling ratio (> 580%), BAA-P showed a low soluble fraction (6.3%)
with a swelling ratio of 350% in THF. Moreover, a wide range of glass transition
temperatures (Tg) from -107 to -15 °C were obtained when using different amine
building blocks, which affect both the backbone mobility and cross-link density. In
addition, thermogravimetric analysis (TGA) displayed a high degradation onset
temperature (Tas%) ranging between 298 and 325 °C with no significant mass loss
(< 3.5%) after a period of 2 h at 200 °C under air atmosphere, revealing sufficient

stability for the thermal (re-)processing.

Table 5.1. Overall properties of the synthesized B-amino amide CANs with a range of
amines.

Soluble Miso 200-

. % re
Swelling fraction Tgpsc  Tds% o G

ratio (%)2 (%)? (°C)*  (°Q)c (%) (MPa)

BAA-P Priamine 350+23 6307 -15 325 3.0 2.29

Network Amine

BAA-]  Jeffimine 590 +26 173 +32 -25 298 35 043

BAA-S PDMS A11 58217 138+ 15 -107 320 3.0 0.33

BAA-P R3  Priamine 29219 3311 -7 326 - -

BAE-P (Ref) - 340 £ 16 4.8 2.2 -43 336 1.5 -

aSwelling ratio and soluble fraction obtained from a four-sample measurement in THF
at RT for 24 h. ® Determined during the second heating run by DSC with a heating and
cooling rate of 10 K-min.. cDetermined as onset temperature for 5% mass loss observed
by TGA using a heating rate of 10 K-minl. 4 Determined mass loss observed by TGA
isothermal mode at 200 °C for 2 h. e Apparent plateau storage modulus determined from
frequency sweep measurements at 100 °C and 1 rad-s—™

The dynamicity of the selected BAA-P was further examined by rheology with stress
relaxation experiments in a temperature range between 200 and 170 °C. A drop in
the material’s shear storage modulus (G’) upon increasing the temperature was
clearly observed in non-normalized stress relaxation curves (Figure 5.5), which

revealed the decrease in crosslink density.
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Figure 5.5. From top to bottom are non-normalized, normalized stress relaxation

cures and derived Arrhenius plots of BAA-P after the first (a) and the third (b) reprocessing
cycle.

Indeed, a frequency sweep experiment confirmed the partial de-crosslinking by
showing a drop in G’ with higher temperatures, which is another indication for a
dissociative exchange of the dynamic amino-amide via reversible (retro) aza-Michael

reaction (Figure 5.6).
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Figure 5.6. Frequency sweep measurements of BAA-P from 200 to 120 °C, indicating
a decrease in elastic plateau modulus with temperature.

In addition, the elastic plateau modulus in frequency sweep experiments remained
almost unchanged for temperatures below 150 °C, yet significantly dropped beyond
160 °C revealing the contribution of the dynamic Michael adduct dissociation beyond
that temperature. In Figure 5.7a, the normalized stress relaxation curves of BAA-P
(solid line) are reported in comparison to the corresponding -amino ester network

BAE-P (dashed line).

a) ——200°C ——195°C
——180°C 175°C

190 °C
170°C

185°C b)

E,=297.88 14.99 k) mol-1

081 84  R?2=0.9925
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0.6 4 Dashed lines: BAE-P g
£74
044 _ _____________A
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.- R2=0.9981
0.2 - ?
5]
107 100 10’ 102 108 104 2.10 2.12 2.14 2.16 218 2.20 2.22
Time (s) 1000/T (K™")
Figure 5.7. Normalized stress relaxation curves (a) and corresponding Arrhenius plots

(b) of BAA-P (red) and BAE-P (violet) networks.

A high-temperature dependent dynamic behaviour was observed in which the
applied stress could be relaxed completely at elevated temperatures, favouring the

(re)processability with relaxation times around 4 min at 200 °C. In addition, an
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Arrhenius plot extracted from the characteristic stress relaxation time (t) was used
to derive a high activation energy of 298 k] moll, compared to the value of 213 K]
mol? found for BAE-P (Figure 5.7b).

Although TGA revealed a degradation onset temperature (Tqs9) of 325°C, time sweep
experiments at different temperatures showed a slight increase in storage modulus at
temperature above 200 °C (200-260 °C), which could be ascribed to the introduction of
permanent cross-links as a result of a photopolymerization of the acrylamide groups

created at dissociation stage (Figure 5.8).

—120°C
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g 10° 4 160 °C
@ ——180°C
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= 240°C
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o
o
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Time [min]
Figure 5.8. Time sweep experiments of BAA-P results indicating the increase in

storage modulus beyond 200 °C.

For that reason, (re)processing experiments have all been conducted at 180 °C. To
demonstrate the (re)processability, BAA-P was cut into small pieces and pressed

multiple times by compression moulding at 180 °Cunder 3 tons for 60 min.
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Q.

Figure 5.9. (Re)processing demonstration of BAA-P.

The reprocessing ability of materials with dynamic amino-amide linkages was
demonstrated by executing 3 cycles without observing significant change in
appearance or thermal properties (Figure 5.9, Table 5.1 entry BAA-P R3).
Although the stress relaxation of the third recycled sample slightly slowed down
(Figure 5.5 bottom), the chemical structure observed by FTIR remained unchanged
during the recycling processes (Figure 5.10).

N-H CH Cc=0
(Amide) (Amide)

W BAA-P
W BAA-P R2
W BAA-P R2
W BAA-P R3

T T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm™")

)

% T

Figure 5.10. IR spectrum of the initial BAA-P network and after 1 to 3 cycles of
(re)Jcompression molding (top to bottom).

In addition, tensile test results revealed no significant change in mechanical properties

after 3 cycles of remolding (Figure 5.11).
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Figure 5.11.  Stress-strain curves (graph) and corresponding tensile test results (table)
of BAA-P network after the first (BAA-P R1, red) and the third (BAA-P R3, black) remolding
cycle.

Finally, in order to investigate the dimensional stability, a creep recovery experiment
was carried out on BAA-P by applying 2 kPa shear stress for 5000 s, followed by a
recovery period of 3600 s at temperatures ranging from 50 to 110 °C (Figure 5.12).

1,59
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Figure 5.12.  Creep recovery (graph), corresponding creep rates and remaining strain
after recovery (table) of BAA-P.

Despite the low Ty of BAA-P (-15 °C), high creep resistance was observed and the
creep rates were below 10°% s up to 100 °C with remaining strains less than
0.05% after one hour recovery. Also, as mentioned earlier, the use of amides instead
of esters was expected to improve the chemical stability of the obtained materials.

Therefore, hydrolysis tests of BAA-P were carried out up to 12 days in 4 different
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conditions: deionized water, HCl 1M, NaOH 1M at room temperature and in
deionized water at 100 °C. All results depicted in Table 5.2 indicate soluble fractions
of less than 1% while the network maintained its structural integrity (Figure 5.13a

and Figure 5.13b).

0.14 b
a) 0.21 — Soluble )
0.12 fraction (%) N
0.16 0.69 H,O (boiling)
0.78 9 W NaOH
2, gT H,0 (RT)
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Figure 5.13. a) Appearances and corresponding soluble fractions of BAA-P samples
after the hydrolysis tests in different conditions (HCl 1 M, deionized water, NaOH 1 M). b)
ATR-IR spectra of initial BAAP-P network and after hydrolysis tests in 1 M HCI, deionized
water (room temperature), 1 M NaOH and boiling water (bottom to top, respectively).

In comparison to the B-amino ester network (Table 1-BAE-P), an overall high
hydrolytic resistance was observed for the -amino amide network.
Indeed, BAA-P remained almost unchanged after two days in boiling water whereas

BAE-P lost its structural appearance in comparable conditions (Figure 5.14).

Table 5.2. Overview of hydrolysis tests of BAA-P under different conditions.

. . Swelling Soluble
Condition Time (days) ratio Fraction
3 45+ 19 0.69 + 0.12
Water (RT)
12 9.2 + 3.64 0.12 £ 0.07
3 25.7 £+ 2.8 0.06 + 0.01
HCl 1M
12 229 +5.7 0.78 £ 0.70
3 3.8 +1.83 0.21 £ 1.29
NaOH 1M
12 6.2 + 0.82 0.14 + 0.15
Water (100 °C) 2 - 0.26 £ 0.16
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BAE-P BAA-P

BAE-P BAA-P

4

Water, 100 °C, 2 days T

Figure 5.14.  Appearances of amino ester network (BAE-P) and amino amide network
(BAA-P) before (left) and after (right) hydrolysis test in boiling water for 2 days, illustrating
the structural loss of BAE-P and the almost unchanged structure of BAA-P.

These results indicate the potential dimensional resistance of such covalent

adaptable amino-amide networks in harsh conditions (e.g., marine applications).

5.3. Conclusions

In this study, the temperature-dependent reaction between acrylates and amines
was first investigated by model studies, in which the aza-Michael addition was
exclusively observed at 50 °C, whereas the subsequent amidation (converting esters
into amides) efficiently proceeded at 100 °C. Additionally, the dissociation of the
resulting dynamic -amino amide bonds was found to occur at temperatures beyond
160 °C. By exploiting this knowledge, a scalable synthesis of covalent adaptable
amino-amide networks using a multifunctional amino-ester cross-linker and various
bifunctional amine-containing building blocks was performed. The obtained amino-
amide networks showed high thermal stability while rheological measurements
revealed a temperature-dependent stress relaxation with high activation energy of
around 300 k] moll, as well as the ability of the networks to be (re)processed
multiple times without significant changes in properties. Moreover, the presented
materials showed an excellent dimensional stability with less than 0.05% of the
remaining strain as observed in creep measurements at 100 °C. Finally, in
comparison to the corresponding B-amino ester-based material, the CANs also
presented exceptional hydrolytic stability in acidic, basic and neutral conditions for

at least 12 days.
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5.4. Experimental section

Materials and methods

All materials i.e. N-Methylbutylamine (98%, Sigma-Aldrich), N-isopropylacrylamide
(>99%, TCI Chemicals Europe), 2-ethyl-1-hexylamine (98%, Sigma-Aldrich), 1,3-
cyclohexanebis(methylamine) (98%, Sigma-Aldrich), 2-ethyl-1-hexylamine (98%,
Sigma-Aldrich), methyl acrylate (>99%, TCI Chemicals Europe), acryloyl chloride
(96%, stabilized with phenothiazine, ABCR), triethylamine (>99%, Sigma-Aldrich),
aminopropyl-terminated polydimethylsiloxanes, DMS A11 (Gelest Inc), methanol
(MeOH, >99.8%, Fisher Chemical), tetrahydrofuran (THF, >99.8%, Acros Organics),
Jeffamine D400 kindly provided by Huntsman, Priamine 1074 and Pripol 1033,
kindly provided by Croda, were used without further purification unless stated
otherwise.

Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker Advance
Ultrashield 300 MHz spectrometer. Deuterated chloroform (CDCI3) or deuterated
DMSO0-d6 was used as solvent. Chemical shifts are given in parts per million (ppm).

Online infrared (IR) spectroscopy. Were recorded using a MettlerToledo ReactIR 702L
with TE MCT detector (Thermoelectrically Cooled Mercury Cadmium Telluride
detector). The probe interface was an AgX 6 mm x 1.5 m Fiber (Silver Halide) with
a DiComp (Diamond) probe tip. The recorded wavelength range was between 4500
cm—1 to 600 cm—1.

Attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR)
spectra were measured using a Perkin-Elmer Spectrum1000 FTIR infrared
spectrometer with a diamond ATR probe.

Thermogravimetric analyses (TGA) were performed with a Mettler Toledo
TGA/SDTA851e instrument under air atmosphere at a heating rate of 10 K-min—1
from 25 to 800 °C for the dynamic mode or at 200 °C for 2 h for the isothermal
measurement.

Differential scanning calorimetry (DSC) analyses were performed with a Mettler
Toledo instrument 1/700 under air atmosphere at a heating rate of 10 K-min—1
from —100 to 100 °C.

Rheology experiments were performed on an Anton Paar MCR 302. The experiments
were performed in parallel plate geometry using 8 mm sample disks. Amplitude
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sweep experiments were performed using a frequency of 1 Hz, a constant force of
1 N, and a variable shear strain that was ramped up logarithmically from 0.01% to
10% to observe the linear viscoelastic region. Stress-relaxation experiments were
performed at different temperatures (200 - 170 °C, with intervals of 10 °C) using a
constant shear strain within the linear viscoelastic region of the samples, and a
constant force of 1 N. The obtained characteristic relaxation time (t*) was used to
calculate the activation energy.

Creep experiments at different temperatures (50 - 110 °C, with intervals of 10 °C)
were performed using a constant force of 1 N. Additionally, in the first 300 s, no
shear stress was applied. Subsequently, a 2000 Pa shear stress was applied for 5000
s followed by a recovery period for 3600 s in which the shear strain was monitored.
Creep measurements were preceded by a time sweep measurement at 90 °C and a
fixed frequency of 1 Hz for 1 h to remove possible thermal history.

Time sweep experiment was performed in parallel plate geometry using 8 mm sample
disk with an applied strain of 1% and a frequency of 1 Hz for a duration of 30 min
at different temperatures. Storage modulus (G’) and loss modulus (G”) were
recorded over time.

(Re)processability was investigated by cutting the crosslinked material into pieces of
about 1 cm, which were then placed into a rectangular mold for compression
molding. This assembly was placed in a preheated compression press (180 °C) for
1 min under 0.5 metric tons of pressure. Then the pressure was increased to 3 tons
and kept constant for an additional 60 min. After 60 min of pressing, the sample
was carefully removed from the mold.

Solubility tests were carried out in vials with samples of 2 mm in diameter, 2 mm
in thickness, and a weight of around 15-20 mg, to which 40 mL of THF was added.
Those tests were performed for 24 h at 25 °C in THF. The solvent was then removed,
and the samples were dried under vacuum overnight at 60 °C. The soluble fraction
and swelling ratio were calculated using equation 1 and equation 2, respectively.

soluble fraction (%) = miT_n—imd (eq. 1)
swelling ratio (%) = m%:n‘ (eq. 2)

with mi, ms, and ma representing the mass of initial, swollen, and dry samples,
respectively.

137



Chapter 5

Hydrolysis tests were conducted by introducing samples of around 20 mg into 20
mL of demineralized water or 1 M HCI or 1 M NaOH solution. A hydrolysis test at
elevated temperatures was performed by placing a piece of sample (approximately
70 mg) in a glass vial with 10 mL of demineralized water, which was closed with a
silicone septum. Thereafter, the vial was placed in a heated oil bath at 110 °C for
the hydrolysis test in boiling water. For all the above-mentioned tests, solvent was
removed after the experiment and the samples were dried under vacuum for 24 h
at 100 °C until complete dryness. The soluble fraction and swelling ratio were
calculated as using equation 1 and equation 2, respectively.

Model compound 3-(butyl(methyl)amino)-N-isopropylpropanamide (1)

N-isoproprylacrylamide (1 eq.) and N-methyl butylamine (1.2 eq.) were mixed and
heated at 75 °C for 24 h. The residual N-methyl butylamine was removed under
vacuum resulting in a transparent oil (~ quantitative yield).

1H-NMR (300 MHz, DMSO-ds) 8 ppm 7.77 (d, 1H), 3.81 (m, 1H), 2.50 (m, 2H), 2.26
(t, ] = 6 Hz, 2H), 2.15 (t, ] = 6 Hz, 2H), 2.11 (s, 3H), 1.45 — 1.17 (m, 4H), 1.03 (d, ]
=6.6 Hz, 2H), 0.87 (t, ] = 7.2 Hz, 3H).

Model compound N-(2-ethylhexyl)-3-((2-ethylhexyl)amino) propanamide
(2)

Methyl acrylate (1g, 1 eq.) and 2-ethyl hexylamine (4.5 g, 3 eq.) were mixed in a
three necked round bottom flask equipped with a probe for online ATR-IR. The
reaction was carried out at 50 °C until total consumption of methyl acrylate was
observed by intensity decreasing of the relative C=C stretching band at 989 cm-! (1H
NMR is reported in Figure 6.A2). The temperature was then increased to 100 °C
for 32 h for the amidation reaction. f-amino amide formation was assessed by
following the diminishing of the ester carbonyl C=0 stretching at 1740 cm-! against
the increase of the amide carbonyl C=0 band at 1666 cm-. The formation of amino
amide 2 was also confirmed by 1H NMR (Figure 6.A3).
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Tetra amino-ester crosslinker (I)

1,3-Cyclohexanebis(methylamine) (5g, 1 eq.) was dissolved in 20 ml methanol. The
solution was then cooled down in an ice batch followed by the dropwise addition
of methyl acrylate (5 eq.). The reaction mixture was stirred for 1 h at room
temperature, and then for 24 h at 65 °C. The solvent and residual methyl acrylate
were removed under reduced pressure resulting in a pale-yellow oil (yield = 95%).

1H-NMR (300 MHz, CDCls) § ppm 3.66 (s, 12H), 2.83-2.66 (m, 8H), 2.52 — 2.37 (m,
8H), 2.21 (d, 7.6 Hz, 4H), 1.84 — 1.11 (m, 8H), 0.75 — 0.24 (m, 2H).

Synthesis of covalent adaptable amino-amide network (BAA)

1 Eq. of tetra amino-ester crosslinker (I) and 2 eq. of commercially available diamine
compounds were weighted and mixed in a glass vial using a magnetic stirrer.
Subsequently, the amino-amide network formation via amidation was conducted at
100 °C for 24 h. Post-curing happened at 120 °C for 24 h under vacuum.

Synthesis of Pripol 2033 diacrylate (II)

Pripol 2033 (1 eq.) and TEA (2.4 eq.) were dissolved in DCM (40 mL) and cooled
to 0 °C in an ice bath. To this solution, 2.4 eq. of acryloyl chloride in 10mL DCM
was added sequentially. The solution was stirred for 1h at 0 °C and then at room
temperature overnight. HCl 1M (20 mL) was added to quench the remaining acryloyl
chloride, and the layers were separated. The organic layer was washed with aq. HCI
(1 M, 2 x 50 mL), ag. NaHCO3 (3 x 50 mL), and brine (50 mL), and dried over
MgS04. Removal of the solvent under vacuum resulted in a yellowish transparent
oil (yield = 85%).

1H-NMR (300 MHz, CDCI3) & ppm 6.40 (dd, ] = 17.3, 1.5 Hz, 2H), 6.12 (dd, ] = 17.3,
10.4 Hz, 2H), 5.81 (dd, ] = 10.4, 1.5 Hz, 2H), 4.14 (t, ] = 6.7 Hz, 4H), 1.70-1.63 (m,
4H), 1.41 — 1.17 (m, 44H), 0.95 — 0.78 (m, 8H).

Synthesis of reference amino-ester network prepared with Pripol 2033
(BAE-P)

1 Eq. of 1,3- cyclohexanebis(methylamine) and 2 eq. of Pripol 2033 diacrylate (II)
were weighted and mixed in a polypropylene cup using a DAC 150.1 FVZ speed
mixer (mixing condition: 2 min at 2500 rpm). Then, the cup was placed in an oven
at 100 °C for 48 h to complete network formation.
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Figure 5.A1.1H-NMR spectrum in DMSO-ds of model compound 1.
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Figure 5.A2."H-NMR spectrum in CDCIz of model study mixture after step 1 at 50 °C
for 4 h which includes methyl 3-((2-ethylhexyl)amino)propanoate as Michael adduct
and residual 2-ethyl-1-hexylamine (2 eq, confirmed by integral value of proton e).
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Epoxy adhesive with f3-Amino Amide reversible

crosslinking

6.1. Introduction

Currently, the adhesive market is constantly growing due to the widespread
applications of such materials. In 2021, 1.2 million tons of adhesive were produced
in Europe.[!l The versatility of adhesives is testified by the many different application
fields: electronics, aerospace, construction, dentistry, etc.[2] They contribute to the
utilization of advanced materials improving the structural integrity in the component.
The term adhesive is used for non-metallic materials that have the ability to weld
substrates.[34]1 The substrates involved can be either similar or entirely dissimilar,
including materials such as glass, ceramics etc.

Three important zones can be identified in an adhesive jointl® (Figure 6.1) that
determine how strongly different materials can be bonded. The first is the adhesion
zone at the interface of the two materials. The strength of the adhesion at this level is
determined by the compatibility and type of interaction involved between the materials,
typically covalent or non-covalent interaction.l6] A transition zone exists between the
bulk of the adhesive and the adhesion zone where the composition, structure and
properties of the adhesive continuously change. Moving away from the surface, the bulk
of the adhesive is called cohesive zone. In this case, cohesion strength is given by

covalent bonds but also intramolecular interactions within polymer chains.
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] Adhesion zone
| Transition zone

] Cohesion zone

Figure 6.1. Schematization of adhesive areas.

The strength of adhesion is determined by how the adhesive interacts with the
substrate. Generally, non-covalent or reversible interactions, such as hydrogen bonds,
exhibit lesser strength when compared to covalent bonds.l”] Nonetheless, increasing
the number of interactions can result in strong adhesion. Other parameters
influencing the interaction are pH, concentration, solvent.®°! For demanding
applications, it is preferred to use adhesives with improved bond strength and solvent
resistance. As a result, adhesives have been developed to create covalent or
irreversible bonds with substrates.[10]

It is important to note that not all interfaces between adhesives and adherents have
complementary functional groups for covalent bond formation. To achieve the desired
functionality, adhesion promoters or primers are used to pre-treat the substrate
surface.['!] Silanes are commonly used promoters to enhance the interaction between
a metal and an adhesive.['?]

Adhesive display a variety of adhesion mechanisms depending on the application. The
main distinction is between structural and non-structural adhesive. Pressure-
sensitive, hot-melt and contact adhesive belong to the latter category.
Pressure-sensitive adhesives (PSAs) are generally acrylic-based,['3] that adhere to
surfaces when slight pressure is applied. These adhesives remain tacky and adhere
to substrates without the need for heat or solvent activation.['*] PSAa are widely used
in various application, due to their convenience, ease of use, and versatility in bonding

different materials. Additionally, pressure-sensitive adhesives (PSAs) are prone to
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creep due to their non-solid nature, resulting in a decrease in strength as
temperatures increase. This can cause the adhesive joint to undergo gradual flow and
permanent deformation over time.l?! The best known example is the “glue” of Post-
[t™ notes.[15]

Hot melt adhesives (HMAs) are thermoplastic materials that are solid at room
temperature but, when heated, undergo a phase transition to a molten state, allowing
for application as an adhesive.'*] These adhesives are available in various forms, such
as blocks, pellets, or irregular shapes. Subsequently, they are applied in the preferred
configuration onto the substrate, establishing adhesion through a process involving
wetting and permeation. Applications of hot melt adhesives are widespread and
include packaging, woodworking, product assembly, bookbinding, and hygiene
product manufacturing, among others.

Differently from hot-melt category, contact adhesives are normally in liquid form, with
the adhesive component (polychloroprene or polyurethane) dissolved in a volatile
solvent that readily evaporates.['®] A thin film is then form on the substrate capable
to bind other different support by only applying a small pressure. A commercial
example daily used is Pattex™ glue.[17]

Non-structural adhesives are not applicable to high load material, the realm of
structural adhesives. They are extremely important to build lightweight structure for
automotive and aviation industry.[18] Unlike general-purpose adhesives, structural
adhesives are formulated to provide high strength and long-term performance, making
them suitable for application where the structural integrity of the bonded material is
critical. A structural adhesive is identified as a material with a lap shear strength
greater than 7 MPa.l’l Epoxy thermosets are one of the most known classes, as well
as polyacrylate or polyurethane.l3l These adhesives are engineered to withstand various
environmental factors, including temperature fluctuations, moisture, and exposure to
chemicals, ensuring the longevity of the bonded joint.

Most recently, a highly supramolecular crosslinked epoxy hot melt adhesive, has been
reported and can reused multiple times reaching an adhesion strength of 10 MPa.[19]

Although early investigations in this field focused on supramolecular adhesives,
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dynamic systems offer a compelling alternative when stronger connections are
required. Several examples, including disulfide exchange,?9211 Diels-Alder
chemistry,[22231 boronic ester transesterification,?l and transesterification[?®! have
been reported in the literature.

In 2023, Van Lijsebetten et al. reported an example of epoxy adhesive using amide-imide
exchange chemistry.[26] Polyamides and amidoamines are well-known curing agents
used in a variety of markets, including adhesives, such as Ancamide™, produced by
Evonik. These adhesives are often used in epoxy formulations as curing agents to
create a crosslinked network, which enhances the strength and durability of the
adhesive. Considering the use of polyamides in adhesive formulations, they prepared a
prepolymer as dynamic curing agent for epoxy materials by simply mixing commercially
available monomers. The adhesive properties of such network are greater compared to
an epoxy reference material, providing new insights for the development of debondable
structural adhesives.

To enlarge the library of dynamic chemistry employed in this field, f-aminoamide
exchange chemistry, presented in Chapter 5, is used for the development of structural

adhesive.

6.2. Results and discussion

Conventional epoxy thermoset resins are prepared from step-growth polymerization
employing small molecule monomers resulting in high conversion. Dynamic covalent
bonds can be introduced to the network via in situ crosslinking reaction, such as
carboxylic anhydride, resulting in dynamic transesterification.[27] In this approach, all
the crosslinking sites are dynamic, which give rise to limited mechanical performances,
such as poor creep resistance, because of possible exchange reaction al low
temperatures. To address this issue, several researchers have introduced permanent
crosslinking to examine its effect on the material properties. One approach to creating a
network is to use curing agents that contain dynamic bonds. Networks prepared using
this method have both dynamic and permanent bonds, resulting in improved mechanical

performance.[28-30] This method can also be used to turn conventional thermoplastics
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into vitrimers without altering the reaction conditions. For example, the use of curing
agents with dynamic covalent bonds in epoxy curing systems provides a convenient and
effective way for producing epoxy-based vitrimers using conventional reaction routes
and conditions for crosslinked epoxy resins.[31.32]

This approach was adopted in this chapter to prepare debondable adhesives, which
involves the use of a commercial phenoxy-like resin Epikote™ 828LV from Westlake
Epoxy. Such liquid epoxy component was selected for its wide use in adhesion
formulation for the high performances (up to 41 MPa).[331 One factor which contributes
to this property is the low shrinkage shown during cure as well as the presence of
pendant hydroxyl group capable to interact with different substrates. In this work, an
amine-terminated linear pre-polymer, containing dynamic f-aminoamide moieties, is
then used as curing agents for the commercial epoxy component.

The dynamic pre-polymer was synthesized using the two-step approach described in
Chapter 5. In the initial step, methyl acrylate was reacted with 1,3-di(piperidin-4-

yl)propane in methanol to yield § -amino ester 1 with a quantitative yield (Scheme 6.1).

o]
\)]\o/ O/\/\O
—>
HN NH  50°C, 16h /O\[(\/N N\/\’(O\
1 o]

y = quantitative o

Scheme 6.1. Synthesis of compound 1 via Michael addition reaction.

The choice of the secondary amine was made to avoid a second Michael addition, which
would have resulted in a branched crosslinker instead of in a linear one. The formation
of the Michael adduct was confirmed by 1H NMR (see experimental section).

Polycondensation reaction of compound 1 (0.8 eq) with 2,2,4-trimethyl-1,6-

hexanediamine (1 eq) at 120 °C for 24 hours results in the viscous pre-polymer BAA-A.
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120°C, 2 days

R H a
HNT SN N m .
/O\D/\/I\O/\/\O\,\/\n/o\ = 3 H2N/1M_,{ \[(\/ \/\[rN\R >
o] n
o o

2,2,4-trimethyl-1,6-hexanediamine

Scheme 6.2. Scheme of the polycondensation reaction for the preparation of the reversible
hardener using compound 1 and 2,2,4-trimethyl-1,6-hexanediamine.

The crosslinker was characterized using IR and 'H NMR, as shown in Figure 6.2. From
IR spectra it is visible the disappearance of the C=0 stretching band of compound 1 and
the appearance of N-H and C=0 amide stretching.

Furthermore, upon examination of the 1H NMR spectra, it was confirmed that all ester
moieties have reacted as the characteristic singlet of the methyl ester at 3.61 ppm is not
present in BAA-A spectrum. Instead, a broad signal (indicated by the green dotted circle)

is observed at 2 ppm, which is associated to the signal of the terminal amine group.

LR

—— BAA-A C=0 amide

r T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

b)

BAA-A

Figure 6.2. a) IR spectra and b) 1H-NMR (CDCls, 300 MHz, 25°C) spectra comparison of
compound 1 and BAA-A.
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The obtained pre-polymer BAA-A was then used as curing agent in the polymerization

reaction with Epikote 828LV, conducted at 80°C for 16 h (Scheme 6.3).

(0}
HzN N /\)k s NH2 + O O O O
NNy N >0 0 0 Nl
O (¢}
’!{ /\(g\ n

Dynamic hardner Epikote 828LV

80°C, 16 h

PUIDPS<g - SU0s g - IUY

Scheme 6.3. Schematic representation of epoxy network preparation. In green is highlighted
the dynamic f-aminoamide moieties presented in the hardener.

However, due to the high viscosity of BAA-A, the use of solvent (chloroform) was
necessary to achieve a homogenous mixture. Therefore, to avoid the use of a solvent and
synthesize the network in bulk, taking advantage of the liquid epoxy component, the
attention was shifted to a different dynamic crosslinker, prepared by varying amines to
tailor the viscosity. More specifically, aromatic XYDIA and aliphatic BAC and priamine
were selected (Scheme 6.4). The corresponding pre-polymers were synthesized using
the same conditions as for BAA-A, through a polycondensation reaction of compound 1
and the selected amines.

The results showed that BAC and XYDIA produced a solid hardener, while the presence
of long aliphatic chains of priamine resulted in a low viscosity f-aminoamide polymer,

therefore, the focus was on the latter.
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/ ~ H

NH, O/\/\Ol N NH,

_O. O/\/\O o PN HNT MRy ‘*—w{r \’(\/ \/\"/ N
120°C, 2 days 8

1

oo “&x o

XYDIA priamine TETA

Scheme 6.4. Preparation of the reversible hardener using compound 1 and different amines.

A formulation of compound 1, priamine and TETA (Scheme 6.3) were then used to
prepare the dynamic crosslinker. More specifically, TETA was selected for its secondary
amine in the structure, which reacts with the epoxy moiety, introducing permanent
crosslinking. This allows for a wider range of T values for the materials.

To produce a poly-aminoamides with two amine end groups, a stoichiometric excess of
0.2 equivalents of amine groups was used. This excess ensures that no additional chain
growth occurs once all the ester moieties of compound 1 are consumed.

Taking into account the residual -NH functionalities of the prepolymer, the hardeners
obtained, where then directly used in the polymerization reaction, mixing them with
epoxy (1:1 epoxy/amine ratio, Table 6.1, experimental section) at 80°C for 16 h to
obtain BAA-TO0, BAA-T10, BAA-T20 respectively for the materials without TETA, with
0% mol, 10% mol and 20% mol of TETA.

FT-IR (Figure 6.3) and gel fraction (Table 6.1) evaluation were used to verify the

formation of the network.

Table 6.1. Overall properties of the synthesized networks with a range of amines.

Swelling Soluble Miso 200-C, 1h
Tg(°C Tdas% (°C
degree (%) fraction (%) () 4% (°C) (%)
BAA-TO 102 £ 5 51+0,2 10 341 <1
BAA-T10 104 + 11 2,6 £0,3 18 345 <1
BAA-T20 85 + 11 1,4 +£0,3 25 315 <2
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Figure 6.3. IR spectra stacking of the network BAA-TO, BAA-T10, BAA-T20 in
comparison to compound 1 and Epikote 828LV.

To ensure that the dynamic crosslinker does not have negative impact on thermal
stability, DSC (Figure 6.4c) and TGA (Figure 6.4a) analyses were performed. Although
Tg values vary from 10 to 30°C, thermal stability gives promising results showing a Tase
in the range of 310-340°C (Table 6.1). Isothermal TGA experiments (Figure 6.4b),
performed at 200°C for 1h revealed only 2-1% of weight loss (Table 6.1), resulting in

negligible oxidation or degradation of the materials at high temperatures.

a) 100 - b) 102 C)

Tes

Weight (%)
Exo up

|

Weight (%)

974

——BAATO

IO BAA-TO
o] BAA-T10

—— BAA-T20
—— BAA-T20
T=220°C

T T T T T T T 95 T T T T T T T T T T T T T T T
100 200 300 400 500 600 700 800 0 500 1000 1500 2000 2500 3000 3500 -80 60 -40 20 0 20 40 60
Temperature (°C) Time (s)

80
Temperature (°C)

Figure 6.4. a) TGA thermogram, b) isothermal TGA thermogram, c) DSC curves of BAA-
TO (red line), BAA-T10 (blue line) and BAA-T20 (green line).

To demonstrate the reprocessability of the networks, they were grinded into powder
and pressed at least twice at 200°C for 30 min under 3 tons (Figure 6.5a). FT-IR samples

showed no significant changes after the second reprocessing cycle. (Figure 6.5b)
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a) b)

Trasmittance (T)

4000

Figure 6.5.

BAA-T20 R1
BAA-T20

BAA-T10 R1

BAA-T10

BAA-TO R1

BAA-TO

T T T T
2500 2000 1500 1000

Wavelength (cm™")

T T
3500 3000

Reprocessing demonstration of BAA-T0, b) IR spectra comparison of the

initial BAA-TO, BAA-T10, BAA-T20 (lightest color line) and after one cycle of
(re)Jcompression molding (darkest color lines).

The dynamic behavior of BAA-T0, BAAT10 and BAA-T20 was then examined by rheology

performing stress relaxation experiment in a temperature range from 200°C to 220°C.

As results, all materials dissipate the stress via network rearrangements. Results are

reported in Figure 6.6.
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Figure 6.6.

Normalized stress relaxation curves with fitting in the dotted lines and

derived Arrhenius plots of BAA-TO (left), BAA-T10 (middle) and BAA-T20 (right).

155



Chapter 6

A high-temperature dependence of the dynamic behaviour is observed in which the
applied stress could be relaxed completely at elevated temperatures, favouring the
(re)processability. However, fitting stress relaxation curves (Figure 6.6 dotted line)
with the single Maxwell model did not provide good match, therefore Kohlrausch-
Williams—Watts (KWW) stretched exponential decay function (Eq 6.1) was used to
calculate the relaxation time since it takes into account differences in relaxation of

the composing network segments.[34]
—t
G (t) = Gye ' (6.1)

Comparing BAA-T0 and BAA-T10 a large variation in activation energy, respectively 299
kJ-mol-l and 190 KkJ-mol! is observed. This aspect emphasizes that chain diffusion
significantly affects the rate of network rearrangement. When diffusion is impeded,
stress relaxation may occur more slowly than in a free system. The presence of
permanent crosslinking may contribute to this effect. Interestingly, BAA-T10, containing
more permanent bonds compared to BAA-TO, has the lowest activation energy value.
The bond dissociation, followed by an association with another dissociated group, is the
rate-determining step for dynamic behaviour. Therefore, it can be assumed that a
proximity-like effect exists in the BAA-T10 network due to the short structure of TETA
being positioned close enough to the dissociated group, thus resulting in a decreasing of
activation energy.

The adhesion properties of the network were then determined using lap shear
experiments. Bond failure can occur in either the cohesion or adhesion zone. The tensile
force applied to the sample results in a shear stress across the entire adhesive area
(Figure 6.7a). The nature of the fracture is crucial to provide insights into adhesives
performances. The fracture can typically be classified into three types: cohesive failure,
where the break occurs within the adhesive itself, adhesive failure, in which the break is
between the substrate and the adhesive and combination failure, where the failure
occurs within both adhesive and adhesive-substrate bonds. Schematization of modes of

failures is reported in Figure 6.7b.
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Adhesion/cohesion failure

Figure 6.7. a) Representation of lap shear experiment; b) Modes of failure of a generic
adhesive.

Experimentally, the formulations were coated using 0,1 g of the previously mixed
formulation on the surface of two aluminium plates, that were overlapped in an area of

400 mm2 (16 mm x 24.8 mm) with a thickness of 0,2 mm according to ASTM D1002

procedure.35] The samples were then subsequently cured at 80°C for 16 h (Figure 6.8).

Figure 6.8. Picture of specimens under preparation for lap shear test.

The lap shear test results (Figure 6.9a) resulted in an increasing trend of lap shear
strength values moving from BAA-TO to BAA-T20, respectively 8.1 MPa, 10.1 MPa, and
12.8 MPa. The presence of dynamic P-aminoamide bonds forms strong hydrogen

bonding within the bulk and the substrate. Moreover, increasing the number of
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permanent bonds in the network resulted in an enhancement of the lap shear strength

as the material resembles more closely a conventional epoxy resin.
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Figure 6.9. Lap shear strength of BAA-T0, BAA-T10 and BAA-T20 before (a) and after
(b) the recycling.

Furthermore, the majority of the specimens reported a combined failure, indicating

relatively strong adhesion and cohesion of the formulation. (Figure 6.10)

200°C Lap shear test
— —_—

3 tons R1

30 min

Figure 6.10.  Pictures of broken specimens after lap shear test (left), recycled specimens
(middle) and broken specimens after lap shear test of the first recycle (right).
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The broken specimens were subsequently bonded together by pressing the aluminium
joints at 200°C for 30 minutes under 3 tons (Figure 6.10). Lap shear experiment where
then repeated on the regenerated specimens. Results are reported in Figure 6.9b and
Table 6.2. BAA-T20 and BAA-T10 reported a partial recovery of the adhesive properties,
respectively = 64% and = 75% while BAA-TO0 allowed to be recovered up to 95% of the

initial lap shear strength.

Table 6.2. Overview of lap shear strength value of the networks synthetized before and
after the first recycle.

Lap shear strength (MPa)  Lap shear strength r1 (MPa)

BAA-TO 81+0.8 7711
BAA-T10 10.5+0.8 79+15
BAA-T20 128+ 1.6 83+3.5

Lap shear experiment were also performed at 180°C (Figure 6.11), showing in some
cases completely detaching of the specimens before the measurement run or sliding

of the aluminum joint with forces close to 0 N necessary to detach them.

Figure 6.11.  Pictures of lap shear test performed at 180°C. In the left picture is visible
the two aluminum joints already detached before the measurements, on the right the
sliding of the specimen.
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The specimens were then re-bonded by pressing them at 200°C for 30 min under 3
tons of pressure and lap shear experiments were repeated at 180°C giving the same

initial results.

6.3. Conclusions

Reversible adhesives were successfully prepared by curing a liquid phenoxy-like
component (Epikote 828LV) with a dynamic PB-aminoamide hardener through a
conventional epoxy-amine curing process. Rheological measurements revealed a
temperature-dependent stress relaxation with activation energy in the range of 299-
190 KkJ-moll, as well as the ability of the networks to be (re)processed at least once
without altering the material properties. Lap shear test of the materials performed
by coating and curing the network on an aluminum surface, reveal excellent results
even after the first recycling. Further characterization and optimization of the
networks will be necessary to improve the promising performances of such

formulations.

Acknowledgements

Thanks to prof. Filip Du Prez, Loc Tan Nguyen and Bernhard De Meyer from University
of Ghent. Thanks to Dr. Federico Bertani and Giulia Mannoni from Elantas Europe,

Collecchio, Parma for the lap shear test at elevated temperatures.

160



Epoxy adhesive with 3-Amino Amide reversible crosslinking

6.4. Experimental section

Materials and methods

All materials were used without further purification unless stated otherwise.

Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker Advance
Ultrashield 300 MHz spectrometer. Deuterated chloroform (CDCl3) or deuterated
DMSO0-d6 was used as solvent. Chemical shifts are given in parts per million (ppm).

Attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR) spectra
were measured using a Perkin-Elmer Spectrum1000 FTIR infrared spectrometer with
a diamond ATR probe.

Thermogravimetric analyses (TGA) were performed with a Mettler Toledo
TGA/SDTA851e instrument under air atmosphere at a heating rate of 10 K-min—1
from 25 to 800 °C for the dynamic mode or at 200 °C for 2 h for the isothermal
measurement.

Differential scanning calorimetry (DSC) analyses were performed with a Mettler
Toledo instrument 1/700 under air atmosphere at a heating rate of 10 K-min—1 from
—100 to 100 °C.

Rheology experiments were performed on an Anton Paar MCR 302. The experiments
were performed in parallel plate geometry using 8 mm sample disks. Amplitude
sweep experiments were performed using a frequency of 1 Hz, a constant force of 1
N, and a variable shear strain that was ramped up logarithmically from 0.01% to
10% to observe the linear viscoelastic region. Stress-relaxation experiments were
performed at different temperatures (200 - 170 °C, with intervals of 10 °C) using a
constant shear strain within the linear viscoelastic region of the samples, and a
constant force of 1 N. The obtained characteristic relaxation time (t*) was used to
calculate the activation energy.

(Re)processability was investigated by cutting the crosslinked material into pieces of
about 1 cm, which were then placed into a rectangular mold for compression molding.
This assembly was placed in a preheated compression press (200 °C) for 1 min under
0.5 metric tons of pressure. Then the pressure was increased to 3 tons and kept
constant for an additional 60 min. After 60 min of pressing, the sample was carefully
removed from the mold.
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Solubility tests were carried out in vials with samples of 2 mm in diameter, 2 mm in
thickness, and a weight of around 15-20 mg, to which 40 mL of THF was added.
Those tests were performed for 24 h at 25 °C in THF. The solvent was then removed,
and the samples were dried under vacuum overnight at 60 °C. The soluble fraction
and swelling ratio were calculated using equation 1 and equation 2, respectively.

soluble fraction (%) = mir_n—imd (eq. 1)
swelling ratio (%) = m%:nl (eq.2)

with mi, ms, and md representing the mass of initial, swollen, and dry samples,
respectively.

Lap shear tests: Instron mod 5982 was used with a load cell of 10000 N at a speed of
1.3 mm/min using ASTM standard type lap-shear joints (ASTM 1002D). Specimens
were prepared by adding the adhesive formulation to a surface of overlap length of
16 mm and width of 25 mm, using aluminum samples with a thickness of 2 mm. The
joints were prepared by scraping the surface and washing with methyl ethyl ketone and
ethyl acetate, curing of the epoxy resin with a wet thickness of 200 pum at 80 °C for
16 h, using metal clamps to apply mild pressure. Additionally, an INSTRON alignment
kit was used to align the grips.

Dimethyl 3,3’-(propane-1,3-diylbis(piperidine-4,1-diyl))dipropionate

g

f
YOG
a/o N e N SN
c d
o} o]
1

In a round bottom flask, 10 g of 1,3-di(piperidin-4-yl)propane (1 eq) was dissolved
in 10 mL of methanol, then 14 mL of methyl acrylate (3 eq) was added using a
dripping funnel to the reaction mixture. The reaction was conducted at 50°C for 24
h. Afterwards, methanol and the excess of methyl acrylate was removed under
vacuum distillation and compound 1 was obtained as a transparent liquid in
quantitative yield.
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1H-NMR (300 MHz, CDCl;) § ppm: 3.61 (s, 6H), 2.79 (d, 4H), 2.60 (t, 4H), 2.45 (t, 4H),
1.87 (t, 4H), 1.59-1.57 (m, 4H), 1.21-1.09 (m, 12 H).

3.61
2.82
2.81
2.78
2.62
262
2.60
2.60
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2.45
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43
43
90
87
87
85
84
59
58
57
21
18
14
13
13
12
12

LT Ty

6.00 I
403 1
4.06 1
410 1

4
& (ppm)
General procedure for curing agent

In a 20 mL propylene cup, compound 1 (0.8 eq) was mixed with the selected amines
(1 eq) using a DAC 150.1 FVZ speed mixer (conditions of mixing: 2 min with a speed
of 2500 rpm). The reaction was conducted at 120°C for 24 h then other in vacuum
oven for other 24 h to completely remove the released methanol.

Epoxy adhesives synthesis (BAA-T0O, BAA-T10, BAA-T20, BAA-T30)

The dynamic crosslinkers were directly reacted with Epikote 828LV (epoxy to amine
ratio = 1) in the same propylene cup using a DAC 150.1 FVZ speed mixer (conditions

of mixing: 2 min with a speed of 2500 rpm). The curing of the network was performed
in an oven at 80°C for 16 h.
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Table 6.3. equivalent and grams used for each component for the preparation of the

adhesive.
Compound 1 (eq,g) Priamine (eq,g) TETA (eq,g) Epikote (eq,g)
BAA-TO 0.8,2 1,3.57 - 0.8,0.96
BAA-T10 0.8,2 0.9,3.22 0.1, 0.095 1,12
BAA-T20 0.8,2 0.8,2,86 0.2,0.19 1.2,1,45
BAA-T30 0.8,2 0.7,2,5 0.3,0.29 1.4,1.69
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Abbreviations

ACN Acetonitrile

ADMET Acyclic diene methatesis polymerization
DBTL Dibutyltin dilaurate

DCE Dichloroethane

DCM Dichloromethane

DIC Digital Imaging Correlation

DMF Dimethylformamide

DMSO Dimethylsufoxide

DSC Differential Scanning Calorimetry

EtOAc Ethyl acetate

ESI-MS Electrospray lonization Mass Spectrometry
FT-IR Fourier transform-infrared spectroscopy
o-DCB orto-dichlorobenzene

MALDI-TOF Matrix-assisted laser desorption/ionization — time of flight
MW Microwave

MeOH Methanol

NMR Nuclear magnetic resonance spectroscopy
pTsOH para-Toluenesulfonic acid

QxCav Quinoxaline cavitand

rT room temperature

TBD Triazabicyclodecene

TEA Triethylamine

TETA Triethylenetetramine

Tg Glass transition temperature

UV-Vis Ultraviolet-visible

XPS X-ray photoelectron spectroscopy

XRD X-ray diffraction
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