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Abstract

Bearing in mind environmental concerns and global trends in ecology, biodegradable
polyesters have gained enormous attention as alternative to non-biodegradable, commercial
polymers used mainly in packaging industry contributing to the worldwide environment pollution.
However, substitution of conventional polymers with biodegradable polyesters is limited due to
their inferior mechanical and barrier properties, which can be improved by the introduction of
relatively small content of non-toxic nanofillers. Nevertheless, environmental pollution is not only
affected by material itself, but also manufacturing and processing sector in terms of energy
sustainability. In case of the latter, low energetic processes are nowadays preferential. Thus, using
microwave irradiation as the more efficient energy source, which can lead to shortening of
process time, has become currently investigated subject.

In this thesis, microwave-assisted in-situ synthesis of biodegradable nanocomposites based
on polycaprolactone and non-toxic clay nanoparticles (layered double hydroxides) was studied
and described in detail in four subsections (4.1-4.4).

The first subsection (4.1) describes one-pot synthesis of Mg*'/AI** layered double
hydroxides functionalized with highly microwave-absorbing ionic liquids. In order to improve
homogeneity of the nanoparticles synthesized in the subsection 4.1, Ca*'/Al** layered double
hydroxides were prepared and further functionalized with one ionic liquid. These nanoparticles
were subsequently used for the in-situ microwave-assisted ring opening polymerization of
g-caprolactone (subsection 4.2). This section describes also mechanism, kinetics and
thermodynamics of the studied polymerization. Subsection 4.3 compares in-situ polymerization
and melt-blending as two preparation methods of polycaprolactone nanocomposites and describes
the effect of the ionic liquid-layered double hydroxides on their mechanical, thermal, and barrier
properties. The influence of the alternative (antibacterial) ionic liquid-functionalized Zn?*/A1**
layered double hydroxides on the application-related properties of nanocomposites (barrier,
bactericidal) was further described in the subsection 4.4, where the biodegradability of such
prepared nanocomposites was also evaluated.

It has been demonstrated that microwave-assisted in-sifu ring opening polymerization of &-
caprolactone in the presence of ionic liquid-layered double hydroxides is a sustainable route for
biodegradable polycaprolactone nanocomposites, which have a high application potential for e.g.

active bio-packaging.
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Abstrakt

Vzhledem k souc¢asnym celosvétovym snahdm o snizeni plastového znecisténi zivotniho
prostfedi, se biologicky odbouratelné polyestery dostadvaji do poptedi zajmu jako alternativni
materidly ke konven¢nim (komerénim) polymertim, které mohou nachazet uplatnéni napf.
v obalovém prumyslu. Zna¢nym omezenim biologicky rozlozitelnych (ptedevsim alifatickych)
polyestertl jsou jejich hor§i mechanické a bariérové vlastnosti, které lze vSak do urcité miry
vylepsit ptidavkem relativné malého mnoZstvi netoxickych nanoplniv. Zivotni prostiedi vsak neni
zatizeno pouze materidlem samotnym, svou roli sehrdva i energetickd narocnost vlastniho
vyrobniho procesu a zpracovatelskych postupti. V posledni dobé proto dochazi k vyraznému
priklonu k nizkoenergetickym procesim. Vyuziti mikrovinného zéfeni jako ucinného zdroje
energie, ktery mize vést k vyraznému zkraceni procesnich casii, je tak v soucasné dobé
prfedmétem intenzivniho vyzkumu.

V této disertacni praci je ve Ctyfech kapitolach (4.1-4.4) podrobné studovdna a popsana
in-situ mikrovlnna syntéza biologicky odbouratelnych nanokompoziti na bazi polykaprolaktonu
a netoxickych jilovych nanocastic (vrstevnatych podvojnych hydroxidit).

Prvni kapitola (4.1) popisuje jednokrokovou syntézu vrstevnatych podvojnych hydroxida
na bazi Mg?"/AI** funkcionalizovanych iontovymi kapalinami, které jsou schopny silné
absorbovat mikrovinné zafeni. Za ucelem zlepSeni homogenity nanocastic syntetizovanych
v kapitole 4.1, byly dale pfipraveny vrstevnaté podvojné hydroxidy na bazi Ca*'/Al’**, které byly
dale funkcionalizovany iontovou kapalinou. Tyto nanocéstice byly nasledn€ pouzity pro in-situ
mikrovinnou polymeraci za otevieni kruhu e-kaprolaktonu (kapitola 4.2). Tato ¢ast prace popisuje
také mechanismus, kinetiku a termodynamiku studované polymerace. Kapitola 4.3 pak porovnava
in-situ polymeraci a michani v taveniné jako dvé metody piipravy polykaprolaktonovych
nanokompozitl a popisuje ucinek nanoplniv na mechanické, tepelné a bariérové vlastnosti
nanokompozitl. Vliv alternativnich (antibakterialnich) vrstevnatych podvojnych hydroxidi na
bazi Zn*/AI** modifikovanych iontovou kapalinou na aplika¢ni (bariérové, baktericidni)
vlastnosti nanokompoziti je popsan v kapitole 4.4, pti¢emz byla také hodnocena biologicka
odbouratelnost téchto nanokompozitd.

Bylo prokazano, Ze in-situ mikrovinna polymerace za otevieni kruhu e-kaprolaktonu
za pritomnosti  vrstevnatych podvojnych hydroxidi modifikovanych iontovou kapalinou
predstavuje efektivni zplisob pfipravy biologicky rozlozitelnych nanokompoziti na bézi

polykaprolaktonu, které mohou nalézt vyuziti napt. jako aktivni obalové materialy.
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Abbreviations

1% IL-ZnONPs

1% ZnONPs

2% IL-ZnONPs

2% ZnONPs

3% IL-ZnONPs

3% ZnONPs

4% IL-ZnONPs

eCL
AE
AEC
C-Ca/Al

C-Ca/Al-D

C-LDH
Ca/Al

Ca/Al-D

CH
DSC
FTIR
GPC
IL-D

IL-LDH

IL-ZnONPs

IL(s)
Imim
LDH
MALDI-TOF MS
MB
MB-PCL

MB-PCL+C-Ca/Al

MB-PCL+C-Ca/Al-D

MMO
MW
NPs

PBAT
PBS
PCL

Polycaprolactone nanocomposite film prepared by microwave-assisted in-situ
ring opening polymerization of e-caprolactone with 1 wt.% of zinc oxide
nanoparticles functionalized with ionic liquid

Polycaprolactone nanocomposite film prepared by microwave-assisted in-situ
ring opening polymerization of e-caprolactone with 1 wt.% of zinc oxide
nanoparticles

Polycaprolactone nanocomposite film prepared by microwave-assisted in-situ
ring opening polymerization of e-caprolactone with 2 wt.% of zinc oxide
nanoparticles functionalized with ionic liquid

Polycaprolactone nanocomposite film prepared by microwave-assisted in-situ
ring opening polymerization of e-caprolactone with 2 wt.% of zinc oxide
nanoparticles

Polycaprolactone nanocomposite film prepared by microwave-assisted in-situ
ring opening polymerization of e-caprolactone with 3 wt.% of zinc oxide
nanoparticles functionalized with ionic liquid

Polycaprolactone nanocomposite film prepared by microwave-assisted in-situ
ring opening polymerization of e-caprolactone with 3 wt.% of zinc oxide
nanoparticles

Polycaprolactone nanocomposite film prepared by microwave-assisted in-situ
ring opening polymerization of e-caprolactone with 4 wt.% of zinc oxide
nanoparticles functionalized with ionic liquid

g-caprolactone

Anion exchange

Anion exchange capacity

Calcinated Ca?*/Al’" layered double hydroxides

Calcinated Ca®*/Al*" layered double hydroxides modified with
trihexyltetradecylphosphonium decanoate

Calcinated layered double hydroxides

Ca®'/Al** layered double hydroxides (hydrated)

Ca?'/AI*" layered double hydroxides (hydrated) modified with
trihexyltetradecylphosphonium decanoate

Conventional heating

Differential scanning calorimetry

Fourier-transform infrared spectroscopy

Gel permeation chromatography

Trihexyltetradecylphosphonium decanoate

Layered double hydroxides functionalized with ionic liquid

Zinc oxide nanoparticles (calcinated Zn>*/Al** layered double hydroxides)
functionalized with trihexyltetradecylphosphonium decanoate

Ionic liquid(s)

Imidazolium

Layered double hydroxides

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry
Melt blending

Neat PCL film

Polycaprolactone nanocomposite film prepared by melt-blending with 1 wt.%
of calcinated Ca*/AI** layered double hydroxides

Polycaprolactone nanocomposite film prepared by melt-blending with 1 wt.%
of calcinated Ca®*/AI** layered double hydroxides modified with
trihexyltetradecylphosphonium decanoate

Mixed metal oxides

Microwave

Nanoparticles

Poly(butylene adipate-co-terephthalate)

Poly(butylene succinate)

Polycaprolactone
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PE
PET
PLA

PP
ROP

ROP-PCL

ROP-PCLA+C-Ca/Al

ROP-PCL+C-Ca/Al-D

RTIL
SAXS
TGA
WVP
XPS
XRD
XRF
ZnONPs

Polyethylene

Poly(ethylene terephthalate)

Polylactide

Polypropylene

Ring opening polymerization

Polycaprolactone prepared under microwave irradiation

Polycaprolactone nanocomposite film prepared by microwave-assisted in-situ
ring opening polymerization of e-caprolactone with 1 wt.% of calcinated
Ca?"/AP** LDH

Polycaprolactone nanocomposite film prepared by microwave-assisted in-situ
ring opening polymerization of e-caprolactone with 1 wt.% of calcinated
Ca?"/AI** LDH modified with trihexyltetradecylphosphonium decanoate
Room temperature ionic liquid

Small-angle X-ray scattering

Thermogravimetric analysis

Water vapor permeability

X-ray photoelectron spectroscopy

X-ray diffraction

X-ray fluorescence spectrometry

zinc oxide nanoparticles; calcinated Zn?*/AI** layered double hydroxides
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Gibbs free energy of activation

Enthalpy of activation

Melting enthalpy

Entropy of activation

Elongation at break

Relative permittivity (dielectric constant)
Incident X-ray wavelength

Incident X-ray angle

Water contact angle

Tensile strength
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Immediate monomer conversion
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Basal spacing

Dispersity
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Kinetic rate constant; slope of kinetic equation of pseudo-first order reaction
Shape factor (Scherrer equation)

Kinetic rate constant of ring opening polymerization of e-caprolactone catalyzed
by ionic liquid

Boltzmann constant

Number-average molecular weight
Diffraction order

Permeability coefficient

Reaction time

Alfa transition temperature

Temperature at 5% sample weight loss
Glass transition temperature

Melting temperature

Crystallinity
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1. Introduction

Nowadays, environmental concerns about growing polymer production and corresponding
increase of plastic wastes have become an impulse for scientists and researchers in many fields
related to the ecology, sustainable production and manufacturing to quest for greener alternatives
of the currently applied materials and their fabrication processes. In the area of material
technology, worth attention became polymer materials based on biodegradable matrix composed
of linear polyesters (e.g. polylactide — PLA, polycaprolactone — PCL, poly(butylene succinate) -
PBS, poly(butylene adipate-co-terephthalate) — PBAT, etc. [1]), known for their fast degradation
under the influence of both biotic (presence and activity of microorganisms) and abiotic (e.g.
temperature, humidity, oxygen and nutrients availability) factors [2]. Therefore, their use instead
of conventional, non-biodegradable polymers (e.g. polyethylene — PE, polypropylene — PP,
poly(ethylene terephthalate) — PET) is one step closer towards sustainability. From the view of
manufacturing and chemical processing, environmentally benign technologies which enable to
reduce process time and cut operating cost by lowering energy consumption are nowadays more
and more adopted for synthesis of novel materials. As a response to this trend, microwave (MW)
technology has begun to be frequently used in many applications (e.g. drying, dehydration,

sterilization, etc.) due to its extreme efficiency and significant process acceleration [3,4].

1.1. Microwave-assisted ring opening polymerizations

Microwaves are part of the electromagnetic spectrum with frequencies of 300 MHz to 300
GHz corresponding to wavelengths of 1 m to 1 mm, respectively. The commercially available
reactors using microwaves for heat generation operate at frequencies of 2.45 GHz or 900 MHz
[5]. At these MW frequencies, the electromagnetic waves induce molecular rotations. When the
material is exposed to MW irradiation, microwaves i) can be reflected from its surface when it is
an electrical conductor (e.g. metals, graphite, etc.), ii) can penetrate it without absorption in the
case of good insulators with good dielectric properties (e.g. quartz glass, porcelain, ceramics,
etc.), iii) and can be absorbed by the lossy dielectrics (such as water, alcohol, etc.) [6]. The latter
case is called dielectric (MW) heating and comprises absorption of MW energy and heat
generation. Principle of dielectric heating consists in interacting with polar molecules (dipolar
polarization) or charged particles (ions) and forcing them to realign with the electric field leading
to rapid generation of thermal energy by rotations, friction or collisions of MW-excited
molecules. Therefore, the nature of microwaves enables to use them as an energy source suitable
for efficient and homogenous heating (also described as heating “inside out”) [7,8]. The
conversion of electromagnetic energy into heat depends on the permittivity of the medium.
Relative permittivity (dielectric constant, &) specific for each compound is proportional to the

interaction of the electric field with the medium, while dielectric loss is a measure for the
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dissipation of this energy into heat. The ratio of dielectric loss to dielectric constant, also called
the loss tangent, demonstrates the ability of any liquid to convert MW energy into heat [6].

So-called thermal/kinetic MW effects, such as volumetric heating (i.e. heating uniformly, at
the same rate, in the entire volume of material), selective heating leading to localized overheating
(formation of hot-spots due to direct absorption of MW irradiation) or ionic conduction are
responsible for the enormous MW heating efficiency [7]. Due to the nature of MW heating,
specific/non-thermal MW effects (decrease in the activation energy, increase in the pre-
exponential factor due to enhanced collisions of molecules) may also have an influence on the
process enhancement, however they have not been unequivocally explained as their investigation
still remains a problematic issue [7].

MW-assisted processes have become also useful in the field of polymer chemistry due to
many advantages of MW heating in comparison to conventional (conductive and convective)
heating (CH). Firstly, MW heating enables to significantly reduce reaction time and increase the
reaction yield [4,7-9]. Acceleration of the reaction rate is assigned to the decrease of activation
energy of the polymerization reactions [8,10]. Additionally, extent of side reactions commonly
occurring under CH is reduced by applying MW irradiation, which results in higher purity of
synthesized materials and no necessity of conducting additional purification [7,11,12].

MW irradiation as the alternative, greener and more efficient heating method for the
polymer synthesis has been applied for chain polymerizations: free radical polymerization [7,13],
controlled radical polymerizations [14,15], ring opening metathesis polymerization [16] and ring
opening polymerizations (ROP) of cyclic monomers (e.g. lactones [17], carbonates [18,19],
oxazolines [20]). For these reactions, the application of MW heating is particularly advantageous,
because no by-products, necessary to be removed during the course of polymerization, are
formed.

Many recent studies reported strong lactone ROP rate dependence on the reaction
temperature, thus the idea of using MW irradiation as more efficient heating method was found
appropriate. The increasing MW power led to the much higher degree of e¢-caprolactone
(eCL) polymerization and higher monomer conversion [7,21,22] explained as a result of both
thermal (depending on the MW power level [23]) and non-thermal MW effects [8]. Besides high
efficiency of MW irradiation providing homogenous heating in whole reaction mixture, additional
advantages, such as selective activation [24] and synergy between MW and enzymatic activity of
enzyme-catalyzed ROP of lactones under MW, were found [9]. Exceptional MW effect on the
rate of éCL ROP carried out using benzoic acid/tin(II) 2-ethylhexanoate as initiator/catalyst
system was found to be a result of significant reduction of induction time in comparison to the
ROP conducted under CH. Therefore, formation of initiating species proceeded much faster under
MW irradiation and accelerated whole ¢CL ROP [24]. Liao et al. [25] reported highly efficient
MW-assisted ROP of ¢CL in the presence of Sn(Oct), or activated zinc powder, which led to

16



weight average molecular weight over 10° g'mol™! with monomer conversion over 90% within 30
minutes. Nevertheless, the applied MW power (680 W) and the reaction temperature (210 °C)
were inadequately too high, which increased energy consumption [23,25]. Kinetic and
thermodynamic study of ¢CL ROP performed under MW irradiation in toluene reported by
Yamada et al. [26] revealed that great enhancement of MW -assisted polymerization was mainly
related to much larger entropic contribution resulting in significantly lower Gibbs free energy in
comparison to CH.

Generally, cyclic esters (lactones), e.g. oJ-valerolactone [27], ¢CL [27,28] or lactide
(enantiomers or racemic mixture) [29—31], can undergo ROP via ionic (anionic or cationic) or

coordination-insertion mechanisms [32] presented on the example of ¢CL in Fig. 1 and Fig. 2,

respectively.
-5 o
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Fig. 1. Mechanisms of anionic (A) and cationic (B) ROP of ¢CL. Adapted from [32].

Anionic ROP of lactones (Fig. 1. A) is initiated via nucleophilic attack of alkoxides (RO")
on the carbon atom (bearing partial positive charge) of carbonyl group followed by the cleavage
of acyl-oxygen bond and results in opening of lactone ring and relocation of negative charge onto
oxygen atom initially forming lactone ring. Oxyanion active center formed in the initiation step
subsequently attacks carbonyl carbon atom of the next monomer molecule and propagation
proceeds ideally till complete monomer conversion reflecting the living character of anionic ROP,
which assumes no chain transfer and termination steps. Nevertheless, worth mentioning is that at
later stage of lactone ROP, when the polymerizing chains are long enough and the viscosity of
reactive system significantly increases with time, the chain transfer side reactions such as back-
biting (intramolecular transesterification) leading to formation of cyclic (oligomeric) structures
may occur [32]. This phenomenon results in bimodal distribution of final polymer and thus higher
dispersity [33]. To avoid cyclization of propagating polyester chain, initiator reactivity can be
tuned towards more favorable alkoxide attack on the monomer carbonyl group than on the
oligomer/polymer ester group. This can be achieved by the electronic or steric effects of the

substituents (-R). The first one is related to the substituent-induced changes in the electronic
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structure (e.g. electron density) of the initiator molecule, whereas the latter rests on the applying
substituents/ligands, which are sterically hindered. The reactivity of such initiator is reduced
whereas its selectivity is improved [32].

Cationic ROP of lactones can be initiated by alkylating (Fig. 1. B) or acylating agents,
Lewis bases or protonic acids [33,34]. If the alkylating agent is used, cation attacks the oxygen
atom of carbonyl group resulting in positive charge transfer onto neighboring carbon atom. Such
species subsequently react with another monomer molecule resulting in alkyl-oxygen bond
cleavage, opening lactone ring and transfer of positive charge on the carbonyl carbon atom of the
attached monomer molecule. Propagation proceeds further between newly formed carbocation
and carbonyl oxygen atom of monomer analogically to this step [34].

In order to polymerize lactones via coordination-insertion mechanism (Fig. 2), the specific
organometallic catalyst L,-M-Nu (e.g. tin(II) 2-ethylhexanoate — Sn(Oct),, aluminum
isopropoxide, zinc lactate, metal (Zn, Co, Cu) octoate [33,35,36]) and alcohol (if non-alkoxide
catalyst is used) are needed. Initiator is formed by the alcoholysis of metal-nucleophile (M-Nu)
bond, which results in generation of alkoxide species (Lm-M-OR). These species directly initiate
ROP via coordination-insertion to the carbonyl group of the monomer molecule followed by
opening of lactone ring and formation of Ln,-M-O-(CH)s-CO-O-R species (in the case of ¢CL

ROP), which are able to coordinate next monomer molecules so the propagation proceeds [34].

L,-M-Nu + ROH — L__-M-OR + NuH

L

X M/ m .
o M—0
I
+5 VL—\ O‘}g{fo\ S o 0
) R R |
RO-M-L_ Lo
—_— —_— —_— m\M/ o
0 k

L - (6] +n
m M/ (l) Lm\M (@] O/\/\/\”/O\R
R n
(0]

Fig. 2. Coordination-insertion mechanism of eCL ROP. Adapted from [34].

The coordination-insertion mechanism promoted by the organometallic catalysts is by far
the preferred synthesis of linear aliphatic polyesters due to its mild and solvent-free (bulk)
conditions, a high yield and possibility to synthesize polymers with targeted macromolecular
parameters (polymer structure, molecular weight, dispersity, etc.) [34]. However, the catalyst
toxicity and contamination of the resulting product by metal residues are serious concerns limiting
the use of produced polyesters in many applications requiring non-toxicity and biodegradation

(medical products, biodegradable packaging for food industry, agricultural films, etc.). Therefore,
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recent effort has been focused on developing metal-free organic species [37,38] with high
efficiency to initiate/catalyze ROP which can be the green alternatives to the traditional metal-
based catalysts. So far the major drawbacks for these new organo-catalytic ROP still to be
overcome are long reaction time [39—41], low monomer conversion [39,40] and molecular weight
[6,27,42], high polymer dispersity [39,40,43] as well as the necessity to use harmful organic
solvents [39,42].

1.2. In-situ preparation of polyester nanocomposites under microwave irradiation

Inferior properties (mechanical, thermal, barrier) of the neat aliphatic polyesters (PCL, PLA
etc.), which limit their application for i.e. food packaging, can be compensated via incorporation
of nanoparticles (NPs) into polymer matrices [3]. /n-situ synthesis under MW irradiation can lead
to efficient and fast preparation of nanocomposites with well-dispersed NPs owing to low initial
viscosity of reaction mixture and thus enhanced NPs delamination in polymer matrix [44]. In
addition, MW-induced acceleration of ROP is advantageous since NPs precipitation can be easily
avoided due to much shorter reaction time [3].

MW-assisted in-situ (bulk) ROP of lactones performed in the presence of various NPs, such
as boron nitride [3,45], layered silicates (e.g. montmorillonite) [12], silica, graphene or
hydroxyapatite [44], has been currently investigated. Among the various types of NPs, 2D layered
double hydroxides (LDH) were found suitable for manufacturing of the polyester (e.g. PET [46],
[47], polyhydroxyalkanoates [48], PLA [49] or PCL [50]) nanocomposites with the improved
mechanical and barrier properties in comparison to the neat polymers. However, the polyester-
LDH nanocomposites were usually prepared via melt [48] or solution [49,50] intercalation. The
in-situ preparation of these nanocomposites was carried out via polycondensation [51,52], while
the in-situ ROP of lactones in the presence of LDH neither under CH nor MW has been rarely
studied [53,54]. Moreover, due to a low LDH toxicity and ability to be intercalated by various
compounds, LDH seem to be promising candidates for new nanofillers for biodegradable

polyesters possessing multifunctional properties, e.g. active (antimicrobial) packaging [52].

1.3. Layered double hydroxides: structure and properties

LDH bearing general formula [M**1xM>"x(OH)]*" (A™)xn-zH,O (M**, M** and A™ stand for
divalent metal cation, trivalent metal cation and interlayer anion, respectively) represent a group
of 2D hexagonal anionic clay NPs, which are naturally occurred as hydrotalcite mineral or can be
synthesized via e.g. co-precipitation, sol-gel or hydrothermal route [55]. Molar ratio of
divalent/trivalent cation (1-x)/x usually varies between 0.2 to 0.33, thus M?*" cations are in
majority. Both M** (e.g. Mg?*, Ca?*, Zn*) and M*" (e.g. AI**, Cr**, Fe*") together with hydroxyl
groups (6 per each cation) form positively-charged brucite-like layers (0.48 nm thickness)

composed of octahedral units (Fig. 3) [55-57]. Inorganic anions A™ (e.g. COs*, NOs", CI) placed

19



with water in the interlayer space stabilize LDH structure due to strong interactions of hydroxyl
groups homogenously distributed over each LDH layer and interlayer anions/water [55,56].
Interlayer spacing (also called basal spacing) determines the distance between the single LDH

layers and depends on the type of intercalated anions and the content of interlayer water [55].

& o o @ @ Basal spacing

Fig. 3. Schematic presentation of the LDH structure. Adapted from [56].

LDH exhibit unique properties, such as remarkable thermal and chemical stability, high
surface area (surface/volume ratio), high sorption and loading capacity due to high anion
exchange capacity (AEC). Additionally, LDH are low-cost, non-toxic, biocompatible
nanomaterials [55,56], widely applied in sorption, water treatment, as nanocomposite fillers,
additives in food packaging etc. [56,57].

Calcination of LDH (thermal treatment at elevated temperature usually above 500 °C),
explained as activation in terms of catalytic activity, leads to formation of mixed metal oxides
(denoted as MMO or C-LDH - calcinated LDH) with higher surface area than that of hydrated
LDH. C-LDH exhibit improved thermal stability, higher sorption capacity and enhanced catalytic
efficiency due to the presence of easily accessible metal atoms [56,58].

Although the use of LDH as heterogeneous (solid) catalysts for e.g. transesterification [59],
Michael addition or epoxidation [60] was reported, it was found that inorganic/organic
modification (also called functionalization) of LDH significantly increased the catalytic efficiency
of resulting LDH.

1.3.1. Modification routes for layered double hydroxides

Modification of LDH structure can be performed via surface functionalization (usually
based on adsorption) or anion exchange (AE) reaction, during which the initially intercalated

small anions with low binding energy are exchanged with the larger (organic) anions having
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higher binding energy [55,61]. The introduction of bulky anions into the interlayer space results in
extension of the basal spacing, which enhances penetration of molecules between LDH layers and
further supports LDH delamination and exfoliation (separation of LDH into single layers
homogenously dispersed in a selected medium) [55]. Ability of the host anions to exchange the
original ones depends on charge and size of an anion. The improved exchangeability was
observed for the host anions with higher charge and smaller radius than those of the anions
initially present in the interlayer. Additionally, solvent type and pH also strongly affect the AE
process [56].

It has been recently demonstrated that ionic liquids (ILs) with highly variable chemical
structures can be advantageously used for LDH modification leading to preparation of IL-
functionalized LDH (IL-LDH). Thus modified NPs act as curing agents for epoxy resin [62],
adsorbents [63-67], (photo)catalysts [63,68], solid electrolytes for batteries [69] or components

for electrochemical determination of transition metals [70].

1.3.2. Layered double hydroxides as catalyst support

LDH themselves were found to be a versatile materials for preparation of interfacial, highly
efficient catalysts bearing active sites owing to their i) tunable chemical (types and ratio of metal
cations in the LDH layers) and crystalline (exfoliation induced by increasing basal spacing)
structure, ii) so-called anchoring effect related to the homogenously distributed OH groups which
can bond metal atoms, iii) presence of exchangeable interlayer anions (introduction of catalytic
species between LDH layers), iv) memory effect (calcinated Mg?"/Al** LDH reconstruct
crystalline structure of hydrated LDH in water) and v) ability to confine host molecules on the
surface (external confinement) or between layers (internal confinement) [61]. The catalytic
reaction usually proceeds on a thin layer on the LDH surface. Therefore, LDH were applied as
solid supports for various catalytic species achieving the same catalytic efficiency as non-
immobilized catalyst, but at much lower concentration [55]. Thus, the intercalation of catalytic
active species between LDH layers leads to efficient, easily separable catalytic system with larger
number of stable interfacial sites [61]. Moreover, the catalyst immobilization on LDH support
enables to better control course of the reaction, e.g. in case of chain polymerization it leads to
lower polymer dispersity [7].

Kredatusova et al. [54] observed the MW-induced acceleration of the in-situ ROP of eCL in
the presence of IL immobilized on LDH. However, possible initiating/catalyzing effect of the IL-
LDH was not fully explored.

The above-mentioned benefits of LDH together with the IL ability to catalyze many
processes (including ROP) were the strong motivation for this thesis, in which the catalytic role of
LDH with the immobilized IL (IL-LDH) for MW-assisted ROP of lactones will be investigated.
This approach combines a concept of the IL-LDH catalysis together with the MW-accelerated
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ROP due to MW-absorbing capability of IL. No further experiments, e.g. kinetic/thermodynamic
study of the MW-assisted, IL-LDH catalyzed ¢CL ROP or investigation of the IL-LDH effect on
the final polymer/nanocomposite material properties (mechanical, thermal, barrier etc.), have been

published and therefore, they will be the subject of this thesis.

1.4. Ionic liquids in polymer synthesis

ILs are classified as organic salts bearing a large organic cation (Fig. 4. A-C) and an
organic/inorganic anion (Fig. 4. D). The most of ILs are liquid at room temperature (RTIL — room
temperature ionic liquid) [71-73]. ILs exhibit unique, easily-tunable and structure-related
(depending on the type of cation and anion) properties, such as good chemical and thermal
stability, low vapor pressure (low volatility), high conductivity and dissolving ability for various
organic/inorganic compounds. Therefore, ILs are considered as versatile solvents for many
syntheses, i.e. polymer synthesis, or suitable extraction media [71,74—76]. The above-mentioned
properties are related to i) the chemical structure of ILs and ii) the interactions present in the bulk
ILs, mainly the electrostatic cation-anion interactions and the short-range interactions of non-
polar chains (marked as R on Fig. 4. A-C). Owing to this phenomenon, ILs form heterogeneous
(three-dimensionally structured) domains affecting their reactivity, which can be also influenced

by the direct interactions of IL with reactive species present in polymerization system [71].
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Fig. 4. Structures of IL cations (A: ammonium, phosphonium or sulfonium cations; B: cyclic pyrrolidinium
and piperidinium cations; C: aromatic pyridinium and imidazolium cations) and frequently used anions (D).
Adapted from [73].

1.4.1. Ionic liquids as polymerization solvents under microwave irradiation

In case of low MW-absorbing reaction systems, the addition of non-reactive polar
molecules (e.g. as solvents) leads to an increase of reaction rate due to the enhanced MW
absorption by the whole reaction mixture. ILs are suitable additives for MW-assisted
polymerizations owing to their remarkable heating efficiency, which results from their ionic
character. Their addition enables selective heating, better control of reaction temperature and

time, higher molecular weight and lower polymer dispersity [4,7,19]. Another advantage of using
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IL as solvents for MW-assisted polymerizations is the possibility to conduct the reaction at higher
temperature, which usually exceeds boiling point of conventional organic solvents [7].

Although lactones are polar molecules easily absorbing MW irradiation [4], even small
addition of IL into ¢CL further enhanced the MW absorption of the reaction mixture [8,24,77,78].
While the lack of IL can lead to significantly limited progress of ROP, in contrast a relatively high
content (10-20 wt.%) of 1-butyl-3-methylimidazolium tetrafluoroborate negatively increased the
dispersity of final PCL [7,78]. Therefore, finding an optimum IL content, which enhances MW
absorption, but does not cause unwanted overheating (possible thermal degradation) or decreasing

of polymer dispersity, is highly desirable.

1.4.2. Tonic liquids as interfacial agents

ILs were found to be efficient compatibilizers improving miscibility of polymer blends, e.g.
PLA-PBAT [79-81], PLA-poly(ethylene-vinyl acetate) [82], PBS-starch [83], styrene-butadiene
rubber/aramid fibers [84] as well as their inorganic hybrids with e.g. talc [85] or carbon nanotubes
[86]. Application of ILs for preparation of polymer blends or (nano)composites resulted in
significantly improved mechanical [80-87] and thermal [83,85] properties of final materials.
Owing to their ionic character, the enhanced electrical conductivity of IL-modified carbon
nanotubes was also reported [86]. Additionally, ILs acted as plasticizing agents [87] or flame
retardants (in case of phosphonium-based ILs) [81]. Recent studies have also reported the
enhanced compatibility between polymer matrix and IL-modified inorganic fillers e.g. halloysite

[87], silica [88] or LDH [89-91].

1.4.3. Ionic liquids as catalysts

Although catalytic effect of ILs (mostly imidazolium ILs) in various organic syntheses (e.g.
Michael addition [92], oxidation, hydrogenation, cycloaddition [93]) and polymerization reactions
(e.g. radical polymerization of acrylates [94,95], ROP of epoxy rings [96] or polycondensation
[97]) has been reported, ILs are predominantly applied as polymerization media for MW-assisted
syntheses.

Currently, ILs are applied for biphasic catalytic systems in which IL dissolves and
immobilizes the catalyst (usually metal/metal complex together forming one phase), whereas
reagents form second phase. This approach enables easier catalyst separation and its recycling. On
the contrary, leaching of the catalyst from IL into reaction medium, possibility of water sorption
by IL resulting in deactivation of catalyst and necessity of use relatively large amount of ILs are
the main disadvantages of IL biphasic catalytic systems [98]. These disadvantages can be
overcome by IL immobilization on a solid support.

Recent studies on ¢CL ROP showed a catalytic effect of free [99] or immobilized

imidazolium (Imim) ILs [100] emphasizing their versatility and non-metal structure. Homogenous
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Imim ILs catalysis conducted in bulk revealed that eCL ROP exhibited a living character. The
ROP activation was related to the strength of hydrogen donor in Imim cation depending on the
type of counterion and the monomer-IL interactions (hydrogen bonding) [99]. Cruz et al. [100]
combined the Imim IL immobilized on solid support (silica) with a conventional catalyst
(titanium isopropoxide). The results indicated that the content of both titanium isopropoxide and
IL had influence on the overall catalytic efficiency and led up to 100% monomer conversion
within 2 h and low PCL dispersity (1.13).

The catalytic potential of ILs bearing other cations than Imim for ROP of lactones has not

been reported in the literature so far.
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2. Aims of the thesis

The aim of this thesis is to study the MW-assisted ROP of ¢CL in the presence of LDH as a
green synthetic route for production of biodegradable nanocomposites with application potential

in sustainable packaging.

Particular aims have been specified:

o synthesis and characterization of different types of LDH via co-precipitation method,

o modification of LDH with various ILs via AE reaction or surface functionalization and their
characterization,

o study of the IL-modified and non-modified LDH role in the <CL. ROP under MW irradiation,

o application of the modified and non-modified LDH for the preparation of PCL
nanocomposites: comparison of MW-assisted in-situ synthesis and melt-blending (MB),

o study of the effect of IL and IL-LDH on the mechanical, thermal, barrier, antibacterial

properties and biodegradation rate of prepared PCL nanocomposites.
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3. Experimental part

This doctoral thesis has arisen from a kind cooperation with my colleagues from Institute of
Macromolecular Chemistry, CAS (IMC), Institute of Inorganic Chemistry, CAS (IIC) and Faculty
of Food and Biochemical Technology, University of Chemistry and Technology in Prague (UCT).

In experimental part of my PhD study, I have synthesized Mg*'/AI’" and Ca*'/AI** LDH via
co-precipitation method and functionalized them with various ILs via AE reaction (subsections
4.1 and 4.2.1). I have also conducted the surface modification of calcinated forms of LDH based
on calcium (subsection 4.2.1) and zinc (subsection 4.4; prepared by Ing. Petra Ecorchard, Ph.D.
from IIC) with the selected IL. My further responsibilities have rested on conducting eCL ROP
under MW irradiation in the presence of various LDH (subsection 4.2.2); on the basis of these
experiments, | have performed a kinetic/thermodynamic study of the selected model reaction
(subsection 4.2.2) and proposed the mechanism of IL-catalyzed polymerization (subsection 4.2.3).
Further, I have prepared PCL-LDH nanocomposites via two methods (subsections 4.3 and 4.4):
the MW-assisted in-situ polymerization and the melt blending and processed them to receive thin

PCL-LDH films suitable for application-related testing (e.g. barrier properties).

In order to characterize the synthesized LDH and PCL-LDH nanocomposites, I have
performed experiments, analyzed (unless otherwise stated) and correlated data obtained from the

various methods listed below with brief description of their use:

Fourier-transform infrared spectroscopy (FTIR): characterization of LDH chemical structure,
verification of LDH modification with ILs (presence of adsorbed and intercalated IL in the IL-

LDH).

X-ray diffraction (XRD): crystallographic characterization of LDH (according to Bragg’s law
described in the subsection 4.1) and PCL-LDH nanocomposites; verification of LDH modification
with ILs (presence of the IL species intercalated between IL-LDH galleries); calculation of PCL
crystallite sizes in PCL-LDH nanocomposites (according to Scherrer equation described in the

subsection 4.3). XRD patterns were measured by Magdalena Konefal, Ph.D. (IMC).

Thermogravimetric analysis (TGA): thermal stability of LDH and PCL-LDH nanocomposites;
weight content of adsorbed/intercalated water in LDH; weight content of IL in calcinated LDH
(C-LDH) modified with IL.

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM): morphology

of LDH. Microphotographs were taken by Ing. Ewa Pavlova, Ph.D. (IMC).

X-ray photoelectron spectrometry (XPS): presence of surface-bonded IL in IL-LDH.
Measurements and analyses were performed by RNDr. Jan Svoboda, Ph.D. (IMC).
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X-ray fluorescence spectrometry (XRF) and elemental analysis: calcium, aluminum (XRF) and
carbon, nitrogen (elemental analysis) weight contents in LDH for the determination of LDH
chemical formulae; estimation of IL weight content in the IL-intercalated LDH (combined with
TGA results). Weight contents of the selected elements were determined by RNDr. Olga
Trhlikova, Ph.D. (IMC).

Small-angle X-ray scattering (SAXS): course of LDH delamination process. SAXS profiles were
measured and analyzed by Magdalena Konefal, Ph.D. (IMC).

Gel permeation chromatography (GPC): determination of number-average molecular weight

(M,,) and dispersity (D) of synthesized oligomers/polymers; calculation of monomer conversion.

Matrix-assisted laser desorption/ionization time-of-flight mass spectroscopy (MALDI-TOF MS):
course of polymerization; end-group analysis of reaction products (determination of initiating
species and polymer structures). MALDI-TOF mass spectra were measured by Ing. Zuzana

Walterova (IMC).

Dynamic mechanical thermal analysis (DMTA): alfa transition temperature (7,) of PCL-LDH

nanocomposites. DMTA measurements were performed by Ing. Jiti Hodan (IMC).

Differential scanning calorimetry (DSC): glass transition temperature (7,), melting temperature

(T) and crystallinity (X.) of PCL-LDH nanocomposites.

Contact angle measurement: effect of IL-modified and non-modified LDH on the wettability of

PCL-LDH nanocomposites.

Tensile test: mechanical properties (Young modulus E, tensile strength o.. and elongation at
break &max) of PCL-LDH nanocomposites. Tensile measurements were performed by Ing. Jifi

Hodan (IMC).

Barrier properties: permeability of oxygen, carbon dioxide and water vapor for PCL-LDH

nanocomposites. Measurements and analyses were performed by Ing. Jakub Peter, Ph.D. (IMC).

Antibacterial activity test. antibacterial activity of PCL-LDH nanocomposites. Measurement, data

curation and analyses were performed by doc. Ing. Martin Halecky, Ph.D. (UCT).

Accelerated biodegradation test. biodegradability of PCL-LDH nanocomposites with selected
microorganisms was performed by doc. Ing. Martin Halecky, Ph.D. (UCT).

Specific instruments, equipment and syntheses/measurement conditions were described in

details in relevant publications listed on the page 54 (appendices to this thesis).
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4. Results and Discussion

4.1. Modification of layered double hydroxides with ionic liquids

Appendix 1: lonic Liquids as Delaminating Agents of Layered Double Hydroxide during In-Situ
Synthesis of Poly (Butylene Adipate-co-Terephthalate) Nanocomposites

Firstly, IL-LDH based on commonly used Mg*" and AI** cations as non-toxic IL support
were prepared via direct co-precipitation method in the presence of IL dissolved in the organic
solvent (depending on the IL type). The main advantage of this method
is fast one-step preparation of LDH modified with selected IL. Herein, phosphonium ILs bearing
various anions, such as bis(2,4,4-trimethylpenthyl)phosphinate, decanoate, and bis(2-

ethylhexyl)phosphate combined with trihexyltetradecylphosphonium cation were used (Fig. 5).

Trihexyltetradecylphosphonium cation bis(2-ethylhexyl)phosphate anion (phosphate IL)

T

Decanoate anion (decanoate IL) bis(2,4,4-trimethylpenthyl)phosphinate anion (phosphinate IL)

O:'U—O

Fig. 5. Structures of ILs used for LDH modification.

Successful immobilization of IL in each IL-LDH was proved on the basis of their FTIR
spectra (Fig. 6. A, b-d), which indicate the presence of organic species related to C-H stretching
vibrations in hydrocarbon chain (2850-2960 ¢cm™). The other characteristic vibrations reflecting
the presence of IL anions (e.g. POO™ at ca. 1021 ¢m™ and 1131 cm™!, COO" at ca. 1551 cm™ or
POCH: at the range of 1351-1021 cm™) were also detected. FTIR spectra of IL-LDH and pristine
LDH reveal also the presence of inorganic carbonate anions at 1360 cm!, which are known as the
most stable in the LDH interlayer due to the highest affinity of COs> to LDH and thus, their
presence in LDH structure is almost inevitable.

In order to determine whether IL was adsorbed on LDH surface or intercalated between
LDH layers, crystalline structure of all prepared IL-LDH was studied using XRD (Fig. 6. B). The
XRD pattern of non-modified Mg*/AlI** LDH (Fig. 6. B. a) shows characteristic reflections at
11.53° (003), 23.38° (006) and 35.28° (009), while the XRD patterns of IL-LDH (Fig. 6. B. c-d)
indicate significant shift of the (003) reflection to lower 20 values: 3.39°, 3.05° and 2.19° for LDH
modified with phosphate IL, decanoate IL and phosphinate IL, respectively. Worth mentioning is
that the (003) reflection corresponds to the basal spacing of LDH, thus reflects the distance
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between LDH layers, which is mostly affected by the type of intercalated anions. The basal
spacing d was calculated according to the Bragg’s law: nA=2dsinf, where n is diffraction order,

whereas 4 and 6 correspond to wavelength and angle of an incident X-ray.
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Fig. 6. FTIR spectra (A) and XRD patterns (B) of a) pristine Mg?"/AI** LDH and Mg?"/AI** LDH modified
with b) phosphate IL, ¢) decanoate IL and d) phosphinate IL. Adapted from [101].

The d values for all IL-LDH were significantly extended (2.6, 2.9 and 4.0 nm for LDH
modified with phosphate IL, decanoate IL and phosphinate IL, respectively) in comparison to that
of pristine LDH (0.77 nm) confirming intercalation of LDH with IL anions regardless IL type.
Nevertheless, the broad reflections on the IL-LDH patterns at 10.77° (phosphate-modified LDH),
11.20° (decanoate-modified LDH) and 11.45° (phosphinate-modified LDH) indicate formation of
the second non-intercalated LDH. Another explanation could be alternative orientation of
phosphate, decanoate and phosphinate anions between LDH layers, since all IL anions have
flexible hydrocarbon chains.

TGA (Fig. 7) of all LDH based on Mg*" and AI** reveals two separated degradation steps at
50-250 °C and 250-500 °C. The first step corresponds to the adsorbed/intercalated water in all
synthesized LDH, whereas the second step is related to the decomposition of intercalated anions
(both inorganic and organic) and dehydroxylation of LDH layers (removal of surface OH groups),
which results in formation of MMO (MgO and Al>Os in this particular case). The derivative TGA
(DTG) curves of IL-LDH (on the bottom of Fig. 7) clearly show the degradation of organic IL
species: at least two degradation maxima appeared for all IL-LDH, whereas only one maximum
on the DTG curve of pristine LDH was observed (Fig. 7. black curve). Moreover, the total solid
residues after TGA of each IL-LDH (ca. 45-50%) were much lower than those of the pristine
LDH (ca. 57%), which enables to estimate the IL weight contents introduced into the LDH
structure: 11.8%, 12.6% and 7.4% for LDH modified with phosphate IL, decanoate IL and

phosphinate IL, respectively. However, the exact IL content and its localization in IL-LDH (ratio
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of intercalated IL anions/adsorbed IL species) was impossible to be determined due to
overlapping degradations of IL/inorganic (carbonate) anions and proceeding LDH

dehydroxylation.
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Fig. 7. TGA and DTG curves of pristine Mg?"/Al** LDH and Mg?"/AI** LDH modified with b) phosphate
IL, c¢) decanoate IL and d) phosphinate IL. Adapted from [101].

Although the relatively fast and straightforward (one-step) co-precipitation of LDH based
on Mg*'/AI** in the presence of ILs led to successful immobilization of IL species between LDH
galleries and on LDH surface, IL-LDH were inhomogeneous (partially IL-intercalated) and the IL
amount was only roughly estimated. Therefore, we decided to design and synthesize another type
of LDH, which would allow the preparation of fully IL-intercalated LDH with homogenous

crystalline structure.

4.2. Initiating/catalytic layered double hydroxides-ionic liquid system for microwave-
assisted e-caprolactone ring opening polymerization
Appendix 2: lonic liquid-functionalized LDH as catalytic-initiating nanoparticles for microwave-

activated ring opening polymerization of e-caprolactones

Preliminary experiments with a Ca?'/AI** type of LDH indicated that they had larger basal
spacing than Mg-based LDH in the pristine form, which enhanced their modification with IL via

AE reaction. Moreover, Ca-based LDH revealed three nicely separated degradation steps
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corresponding to i) a water removal, ii) the decomposition of interlayer anions and iii) the
dehydroxylation, which enables to properly calculate the IL content. These factors made them

attractive alternative to the Mg-based LDH for IL-LDH preparation.

4.2.1. Characterization of layered double hydroxides functionalized with ionic liquid

Two different types of non-modified Ca?>*/AI** LDH (hydrated Ca/Al) and its calcinated
form (C-Ca/Al), were prepared to study the effect of surface OH groups on the course of ¢CL
ROP. Both LDH were further modified with trihexyltetradecylphosphonium decanoate IL (IL-D)
obtaining IL-modified forms: the hydrated Ca/Al-D and the calcinated C-Ca/Al-D. IL-D was
chosen due to i) easy intercalation of decanoate anions into LDH structure, which led to the high
IL content, and ii) its chemical similarity (linear hydrocarbon chain ended with carboxylic group)
to PCL chain (subsection 4.1).

The crystalline structure of hydrated Ca/Al (strong OH band at 3500-3600 cm™ on the
Ca/Al FTIR spectrum, Fig. 8. B. a) studied using XRD (Fig. 8. A. a) corresponded to the typical
crystallographic pattern of Ca?"/Al** LDH with the (002), (004) and (006) reflections at 10.3°,
20.6° and 31.1°, respectively. In comparison to the pristine Mg?*/Al** LDH (d=0.77 nm), basal
spacing of Ca/Al was extended to 0.86 nm, which enhanced the subsequent AE reaction. The
highly crystalline Ca/Al treated at 500 °C was transformed into C-Ca/Al, which consisted mainly
of calcium carbonate and traces of MMO (herein Ca(OH),, Al,O3) - the XRD pattern of C-Ca/Al
(the intensive reflection at 29.3° characteristic for CaCOs, Fig. 8. A. b). The FITR spectrum of C-
Ca/Al (Fig. 8. B. b) confirms complete removal of surface OH groups (no broad band around

3500 cm™) and significant decrease of water (no signal at 1640 cm™') after calcination.
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Fig. 8. XRD patterns (A) and FTIR spectra (B) of Ca-based LDH: a) Ca/Al, b) C-Ca/Al, c) Ca/Al-D and d)
C-Ca/Al-D. Adapted from [102].

Worth mentioning is that the C-Ca/Al modification with IL took place only on the surface
of NPs due to change in its crystalline structure in comparison to Ca/Al: well-organized layered

structure of Ca/Al with intercalated anions collapsed after thermal treatment (calcination). Thus
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no AE reaction was possible in C-Ca/Al due to lack of exchangeable anions. Therefore, possible
location of IL-D varies with the type of LDH. In the case of Ca/Al-D, IL-D might be both
intercalated (only decanoate anion) and adsorbed on its surface (whole IL), whereas in C-Ca/Al-
D, IL-D can only be immobilized on the surface. Successful modification of Ca/Al and C-Ca/Al
with IL-D was confirmed by the presence of C-H (2850-2960 cm™) and COO" (1540-1570 cm™)
bands on the corresponding FTIR spectra of Ca/Al-D and C-Ca/Al-D (Fig. 8. B. c-d) referring to
the used IL. The XRD pattern of Ca/Al-D (Fig. 8. A. ¢) clearly indicates the intercalation of
decanoate anion since all characteristic reflections were shifted to 3.0° (002), 6.0° (004) and 8.9°
(006) and the corresponding basal spacing of Ca/Al-D was extended to 2.9 nm. Such unexpected
d extension was a result of preferential formation of decanoate dimers between Ca/Al-D layers.
The crystallographic pattern of C-Ca/Al-D (Fig. 8. A. d) remained unaffected by the introduction
of IL-D immobilized on the C-Ca/Al-D surface.

In order to further confirm IL-D location in the prepared IL-LDH, XPS analysis of their
surface was performed (Fig. 9. E). The surface modification of C-Ca/Al-D was confirmed by the
signals corresponding to phosphorus of IL cation: the spin-split doublet with peaks P 2ps, and
P 2pi» (Fig. 9. E, the middle spectrum). On the contrary, the spectrum of hydrated Ca/Al-D
reveals no signal related to the phosphorus of IL cation (the bottom curve in Fig. 9. E), which
indicates no presence of surface-bonded IL-D in this LDH. Thus, functionalization of Ca/Al-D
proceeded only via the AE reaction (no IL-D was adsorbed on the Ca/Al-D surface) and the total

organic fraction in Ca/Al-D corresponded to the interlayer decanoate anions.
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Fig. 9. SEM microphotographs of prepared LDH: A) Ca/Al, B) Ca/Al-D, C) C-Ca/Al and D) C-Ca/Al-D
and high resolution P 2p XPS spectra (E) of IL-D, Ca/Al-D and C-Ca/Al-D. Adapted from [102].
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Typical hexagonal morphology of all prepared Ca*'/AI’* LDH was shown in the SEM
microphotographs (Fig. 9. A-D), which indicate that neither calcination nor organic modification
with IL-D affected sizes (2-5 um) and shapes of all LDH.

Thus, TGA of freshly dried Ca*/AI** LDH enabled to determine the exact content of water
(10.15 wt.%, 10.89 wt.%, 0.57 wt.%, and 1.85 wt.% in Ca/Al, Ca/Al-D, C-Ca/Al, and C-Ca/Al-D,
respectively), which may affect the course of €CL ROP. Moreover, for studying of the potential
catalytic effect of IL-D, the exact concentrations of organic species in IL-modified LDH must be
known. The IL-D amount was successfully determined by the combination of TGA (weight
content of water), elemental analysis (carbon, nitrogen weight content) and XRF (calcium,
aluminum weight content): 14.8 wt.% and 18.3 wt.% in Ca/Al-D and C-Ca/Al-D, respectively.
Worth mentioning is that in case of Ca/Al-D, 14.8 wt.% referred to decanoate anions only,
whereas 18.3 wt.% of organic species in C-Ca/Al-D reflected the content of whole IL-D (both

phosphonium cation and decanoate anion).

4.2.2. Microwave-assisted ring opening polymerization of e-caprolactone in the presence of ionic

liquid-layered double hydroxides: kinetics and thermodynamics

In order to determine the role of decanoate anions, surface OH groups, and heating method
in the course of eCL ROP, five reactions listed in Table 1 were carried out at constant temperature
(170 °C) for 6 h (without any additional initiator or catalyst). As first, the MW-assisted ROP of
¢CL was conducted in the presence of pristine Ca/Al LDH (reaction A), where water acted as the
initiator of polymerization. Generally, the water-initiated ROP of lactones as an example of ROP
initiated by donor of proton can be described with pseudo-first order kinetics, which is expressed

by linear relation of eq. 1:

ln% = f(t) =kt + b, eq. 1.

Table 1. Ring opening polymerization of e-caprolactone conducted in the presence of various Ca?*/Al**
LDH at 170 °C for 6 h. Adapted from [102].

Reaction no. | LDH type (wt.%)* | Heating method | [¢CL]/[H20] | [¢eCLJ/[IL]® | a [%]

A Ca/Al (0.5) MW 300/1 - 10
B Ca/Al-D (0.5) CH 300/1 2000/1 76
C Ca/Al-D (0.5) MW 300/1 2000/1 99
D-I C-Ca/Al-D (0.5) MW 1800/1 6000/1 11
D-1I Ca/Al-D (0.17) MW 900/1 6000/1 11

*Weight content of LDH with reference to eCL. "Monomer/decanoate anion molar ratio.
°Final conversion of the monomer after =6 h.

where Cy/C is a ratio of initial and immediate concentration of monomer as the function of

time ¢ and & (line slope) is a rate constant.
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Kinetic data for the reaction A (Fig. 10. A) fitted well to eq. 1 confirming pseudo-first order
reaction, which led to 10% of monomer conversion.

When Ca/Al-D was applied (reactions B and C), the achieved monomer conversion (&) was
significantly increased (76-99%) regardless heating method. Nevertheless, much higher
conversion was obtained for polymerization under MW irradiation (reaction C). This was a first
indication of ROP acceleration evocated by a combination of IL and MW irradiation. The reaction
with Ca/Al-D carried out under CH (Fig. 10. B) fitted to the pseudo-first order kinetics similarly
to the reaction A (without IL). Contrary to this, the non-linear relation between In(Cy/C) and the
reaction time was obtained for the MW-assisted ROP in the presence of IL-intercalated LDH

(reaction C, Fig. 10. C), thus evidencing a different mechanism and kinetics of polymerization.
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Fig. 10. Kinetic plots of €CL ROP conducted in the presence of: A — 0.5 wt.% Ca/Al under MW irradiation,
B - 0.5 wt.% of Ca/Al-D under CH, C — 0.5 wt.% Ca/Al-D under MW irradiation, D-I — 0.5 wt.% of C-
Ca/Al-D under MW irradiation and D-II — 0.17 wt.% of Ca/Al-D under MW irradiation [102].

A possible MW-assisted initiating effect of the OH groups located on the surface of
hydrated Ca/Al-D was then investigated. The MW-assisted ROPs with 1) calcinated (OH-free) C-
Ca/Al-D (reaction D-I) and ii) hydrated Ca/Al-D (reaction D-II) were carried out, where the LDH
contents were adjusted for the same concentration of decanoate anions in both reactions to have
the same monomer/decanoate ratio (Table 1). The identical kinetic curves (Fig. 10. D-I and D-II)
and the same monomer conversion (11%) of both reactions indicated that the surface OH groups

were not involved in ROP, while the non-linear kinetics proved a synergy between MW
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irradiation and IL previously observed for the reaction C. This synergistic effect was further
studied using SAXS analysis (Fig. 11).

Initial polymerization mixture composed of 0.5 wt.% of Ca/Al-D dispersed in the monomer
(pink curve in Fig. 11 denoted ¢CL+Ca/Al-D) showed the (002) reflection at ca. 3.0°. When MW
irradiation was applied (series of SAXS profiles of the reaction mixture C after different reaction
time on the top of Fig. 11), significant shift of the (002) reflection towards the lower 6 was
detected for the C reaction mixture after 60 min (Fig. 11, black curve) and 90 min (Fig. 11, red
curve) indicating extension of basal spacing. At this reaction step, monomer molecules easily
accessed between Ca/Al-D galleries, but the decanoate anions still remained screened by the
calcium cations restricting their mobility. When the reaction time reached 120 min, the (002)
reflection disappeared (Fig. 11, light green), which was assigned to the complete Ca/Al-D
exfoliation resulting in release of the decanoate anions. Therefore, the degree of Ca/Al-D
delamination was found to be a key factor affecting the rate of €CL ROP. The first ROP step was
much slower since the catalytic species (decanoate anions) were immobilized between LDH
galleries and thus much less accessible for the monomer molecules. In the second ROP step after
LDH exfoliation (ca. 2 h), the decanoate anions became easily accessible for ¢CL molecules,
which accelerated polymerization and resulted in rapid monomer consumption. After 3 and 4 h of
the reaction, the formation of crystalline domains was observed (Fig. 11. dark and light blue

SAXS profiles at 0.6° and 1.5°) indicating the presence of long PCL chains capable to crystallize.
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Fig. 11. SAXS profiles of pure monomer (¢CL), dispersion of Ca/Al-D in eCL after sonication
(eCL+Ca/Al-D) and reaction mixture of reaction A (0.5 wt.% Ca/Al, MW) after 2 h, reaction B (0.5 wt.%

Ca/Al-D, CH) after 2h and reaction C (0.5 wt.% Ca/Al-D, MW) after selected reaction periods
(60/90/120/180/240 min). Adapted from [102].
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The SAXS analysis of the C reaction mixture revealed complete Ca/Al-D exfoliation after 2
h. After the same time, delamination of the non-modified Ca/Al under MW heating (orange
SAXS profile in Fig. 11) and Ca/Al-D under CH (dark green SAXS profile in Fig. 11) was not
complete. Only intercalated LDH structures were formed as it was indicated from the shift of the
(002) reflections in case of both reactions (from 10.3° to ca. 4° and from 3.0° to ca. 0.7° in case of
reaction A with Ca/Al and reaction B with Ca/Al-D, respectively). These observations correspond
well with the pseudo-first order kinetics of reactions A and B (linear kinetic plots, Fig. 10) and
reflect the course of ¢CL ROP similar to that in the presence of Ca/Al-D at the beginning, i.e.
before Ca/Al-D exfoliation. Altogether, the synergy between the intercalated decanoate anions
and the MW heating was confirmed: even though Ca/Al-D was applied in reaction B, its
exfoliation under CH did not occur.

These findings indicate that e<CL ROP conducted under MW irradiation in the presence of
Ca/Al-D proceeds in two stages; the non-catalyzed (before LDH exfoliation) and the catalyzed
with the decanoate anions, both showing a linear relation between In(Cy/C) and ¢. The reaction
rate constants for A, B and C were calculated from their kinetic plots: 0.0004 min! (A), 0.0055
min™! (B), 0.0058 min™' (the first stage of reaction C), and 0.0262 min™ (the second stage of
reaction C). In case of Ca/Al-D (reactions B and C), the reaction rate constants for ROP under CH
(reaction B) and for the first stage of MW-assisted ROP (reaction C) were similar, which
corresponded to the non-catalyzed step being the result of non-exfoliated Ca/Al-D structure. After
complete exfoliation under MW irradiation (reaction C, the second stage), release of the
decanoate anions accelerated the reaction (4.6-fold increase), which proved their catalytic effect
on the water-initiated ROP of ¢CL.

Further kinetic analyses (Table 2) were performed for the series of ¢CL ROP at different
Ca/Al-D weight contents (0.5%, 1.0% or 5.0%) and temperatures (130 °C, 150 °C, 170 °C or
190 °C). The reaction rate constants k, corresponding to the second ROP stage (after Ca/Al-D
exfoliation and release of catalytic decanoate anions) at fixed LDH concentration insignificantly
varied with temperature, which resulted in relatively low values of activation energies (£,) for
each LDH content. In comparison with the MW-assisted ROP of ¢CL conducted in the presence
of super Bronsted acids at the same molar ratio of monomer/catalyst [26], the activation energy of
¢CL ROP catalyzed by decanoate-intercalated LDH (Ca/Al-D) was ca. 3 times lower indicating a
strong catalytic effect of the decanoate anions.

ROP of ¢CL was further studied in terms of activation thermodynamics according to the
transition state theory (so-called theory of activated complex) for bimolecular reactions [102].
According to this theory, complexes in the activated state can be characterized by the
temperature-dependent Gibbs free energy AG,’ according to Eyring-Polanyi equation (eq. 2: k» —

Boltzmann constant, # — Planck constant):
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k= kaTe<_ﬁ>, eq. 2.

Table 2. Rate constant (k2), activation energy (E,), pre-exponential factor 4, enthalpy (AH,") and entropy
(AS/) of activation for MW-assisted ¢€CL ROP conducted in the presence of Ca/Al-D at various
temperatures and different LDH contents. Adapted from [102].

Ca/Al-D k2 (sTh) Arrhenius plot Eyring—Polanyi plot
content . .

o o o o E, A AHa’Z ASJ
wt.%) | 130°C 1 150°C 1 170°C 1 190°C 1y 01y | (s | (ki'mol ) | (kImol K1)
0.5 — 3.1:110% | 44-10* | 6.6:107* 30.7 1.89 27.1 -171.9
1.0 6.5-10% | 8.1-10* | 8.8-10°* — 11.3 0.02 7.8 -92.5
5.0 451072 | 5.4-103 | 5.8-1073 — 9.3 0.07 5.8 -12.7

On the basis of eq. 2 and definition of Gibbs free energy, the values of enthalpy (AH,’) and
entropy (AS./) of eCL ROP activation were calculated (Table 2). Both thermodynamic
parameters, enthalpy and entropy of activation, are related to the activation energy and
the pre-exponential factor 4, respectively. Since the pre-exponential factor represents entropic
contribution, the largest 4 value (1.89 s, from Arrhenius plot) for ROP conducted with 0.5 wt.%
of Ca/Al-D corresponded well with the lowest entropy value (-171.9 kJ-mol '-K ") indicating that
entropic change for the reaction at this Ca/Al-D content was the most preferable. On the other
hand, enthalpic contribution at 0.5 wt.% of Ca/Al-D, represented by E,, and AH,, were the
highest, which resulted in the smallest k2 values. At the higher LDH content (1.0/5.0 wt.%),
differences between E, and AH, as well as A and AS,* were negligible. This is an indication, that
the number of active species initiating eCL ROP was sufficient in the reaction mixture containing
1.0 wt.% of Ca/Al-D. Further increase of LDH content did not affect the reaction rate.

The negative values of activation entropy suggest a formation of active complex according
to the associative mechanism, which occurs between two molecules (species) present in the
polymerization system. It is in a good agreement with the assumed bimolecular activation of

polymerization in terms of the transition state theory.

4.2.3. Mechanism of e¢-caprolactone ring opening polymerization initiated/catalyzed by ionic

liquid-functionalized layered double hydroxides

Generally, in case of all ¢CL ROP initiated/catalyzed by Ca/Al-D (regardless reaction
temperature and LDH content), the conversion-time plots (Fig. 12. C) reveal the S-shaped a~f(¢)
curves which suggest slow initiation period being a limiting step of ROP. This phenomenon can
be explained by i) a slow surface water desorption, ii) a limited monomer intercalation between
Ca/Al-D layers in the beginning of the in-sifu polymerization or iii) a time-dependent formation
of active species (OH™ anions obtained from water self-dissociation). Based on these results and

considerations, the non-catalyzed (Fig. 12. A) and the IL-catalyzed (Fig. 12. B) initiation of ¢CL

37



ROP by water was proposed. In both cases, the initiation proceeds via attack of hydroxyl anions
(formed from water self-dissociation) on the carbonyl carbon atom of ¢CL resulting in opening of
the monomer ring and formation of oxyanion active center able to attack a next monomer
molecule. The non-catalyzed initiation (Fig. 12. A) corresponds to the first stage of ROP, when
Ca/Al-D is not exfoliated. However, the intercalated water molecules can undergo self-
dissociation forming H3O" cations. They further react with the decanoate anions (Fig. 12. B)
inducing re-creation of a more stable decanoic acid (small dissociation constant Ky, thus the
equilibrium is shifted towards a neutral form). The consumption of H3O" cations shifts the
equilibrium of water self-dissociation towards the formation of ions, which leads to larger
concentration of OH" placed in the LDH galleries. These OH™ can further initiate ROP when the
complete Ca/Al-D exfoliation is reached. Therefore, the catalytic effect of intercalated IL anions

is connected with a direct formation of active species.

A Non-catalyzed ROP of eCL
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Fig. 12. Graphical presentation of non-catalyzed (A) and IL-catalyzed (B) ¢CL ROP in the presence of IL-
modified LDH. Conversion-time plots (C) of ¢CL ROP with different Ca/Al-D content and at various
reaction temperatures. Adapted from [102].

According to the revealed anionic mechanism of MW-assisted ¢<CL ROP in the presence of
IL-intercalated LDH, the propagation step proceeds up to total monomer consumption as

confirmed by the vanishing of monomer signal on the GPC curve after 6 h (Fig. 13. B).

38



A ) 2h B e-CL |\ |II 2h
il v\
T &
: i
5 Lllillllll““]t{ l ttll“llu.. 3 _,E'I?I_,___ _J."Iéll\_
< an| © ~ 4n
s
El “. L HH.HH“HI.H ..... ﬂl; T T— ——-JII\ S
i —
T T — e Y W
u 6h 1058 6h
: _ o~ §
"Lﬂ}l“l[ L\llltl“lll“““ﬂu..I.... v _—|4/ : IH__i_I__H"_T’““_‘:*-— —
1000 1500 2000 2500-3000_3500 4000 4500 5000 5500 6000 6 8 10 12 14 16 18
m/z Retention time [min]
: : : '. +
Ias=rs e LI S
3 15.96 i E / N
1 : | \ .
§ g i o o 1+
| 1801 ; HOY 0 ”./\/’“\/‘»D] +Na
5 W5, ol
; 3 HO " h(\/\/‘oj +K
3( | 8 5 [ 9 L
g % NaO’VWOﬁ}(%/“o}* +Na
W W
I ful /] ll.n. N ‘Jl”lI o ;.““llh%; . Ko7 A‘A’O@/\ MDT *Na
1840 1850 1860 1870 1880 1890 1900 1910 1920 L N e

miz

Fig. 13. MALDI-TOF mass spectra (A and C) with corresponding polymer structures (D) and GPC curves
(B) during the MW-assisted ROP of ¢CL after 2 h, 3 h, 4 h, 5 h and 6 h at 170 °C in the presence of 0.5
wt.% LDH modified with decanoate anions (Ca/Al-D, reaction C). Adapted from [102].

The polymerization mixtures (after 2-6 h) were analyzed using MALDI-TOF mass
spectrometry (Fig. 13. A and C). In the beginning of €CL ROP at low monomer conversions (Fig.
13. A. 2-3 h curves corresponding to a; ca. 10-40 %), the propagation led to formation of linear
PCL chains, while after 4 h the side reactions (back-biting) started to proceed, which resulted in a
water release and formation of PCL macrocycles (the higher polymer dispersity observed by GPC
and MALDI-TOF mass spectrometry, Fig. 13). Analysis of the final reaction products determined
from the MALDI-TOF mass spectrum after 6 h revealed both the linear and the cyclic PCL

structures (Fig. 13. D).

4.3. Properties of nanocomposites based on polycaprolactone and ionic liquid-layered
double hydroxides: microwave-assisted in-sifu polymerization vs. melt-blending

Appendix 3: Effects of Immobilized Ionic Liquid on Properties of Biodegradable
Polycaprolactone/LDH Nanocomposites Prepared by In Situ Polymerization and Melt-Blending

Techniques
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The previous subsection 4.2 describes the effect of IL-functionalized LDH on the progress
of MW-assisted ¢CL ROP. Beside the catalytic effect of IL-modified LDH, the immobilized IL
and the MW irradiation synergistically promote LDH exfoliation. Therefore, the MW-assisted
ROP can be considered as a promising environmental-friendly route for fabrication of the
polymer nanocomposites. In this subsection, the influence of IL-modified LDH on structure and
properties of PCL nanocomposites prepared by the MW-assisted in-situ ¢CL ROP is studied.

The above-described initiating effect of the intercalated water together with a relatively
high water content (10.89 wt.%) in the Ca/Al-D causes that only a low molecular weight PCL
(M,, ca. 20 000 g-mol™') with inferior mechanical properties can be produced by the in-situ eCL
ROP. Therefore, the calcinated LDH containing 0.57 wt.% (C-Ca/Al) and 1.89 wt.% (C-Ca/Al-D)
of water were selected for fabrication of PCL/LDH nanocomposites (ROP-series) via the MW-
assisted in-situ eCL ROP. Conventional tin-based catalyst (tin(II) 2-ethylhexanoate) was added to
accelerate ROP and to lower PCL dispersity. The corresponding PCL-LDH nanocomposites were
also prepared by standard MB technique (MB-series as “reference samples” for comparison). The
LDH content (1 wt.%) was selected on the basis of preliminary experiments as the maximum
content of Ca-based LDH, at which the molecular weight of the in-sifu synthesized PCL was high
enough (M,, > 60 000 g:mol"', Table 3) for processing by compression molding (all samples were
prepared as thin films, ~0.2 mm, for further testing and analyses).

Firstly, the influence of LDH and immobilized IL on the mechanical properties of the
prepared nanocomposites was investigated (Table 3) on the MB-series of nanocomposite films,
since they exhibited the similar values of molecular weight (Table 3), which was only slightly
affected by thermal processing (compression molding). In case of film containing C-Ca/Al (MB-
PCL+C-Ca/Al), the LDH addition decreased E, omax, and &ma, Which corresponded to the visible
C-Ca/Al agglomerates and their low compatibility with polymer matrix. On the contrary, the g
and &4 values of the film containing IL-functionalized LDH (MB-PCL+C-Ca/Al-D) were
comparable to the neat PCL, which indicated better dispersibility of C-Ca/Al-D in PCL matrix
compared to the non-modified C-Ca/Al, but still minor polymer-filler interactions. The slightly
increased E (+5%) indicated the improved stiffness of this film.

In case of ROP-series, the slightly variable molecular weight of PCL matrix should be
considered when comparing mechanical properties of these films. Although the addition of both
C-Ca/Al and C-Ca/Al-D decreased the PCL M, values (about ca. 20% and 40%, respectively; the
larger M, decrease in case of C-Ca/Al-D was related to the higher content of water in this LDH),
the stiffness of both films (ROP-PCL+C-Ca/Al and ROP-PCL+C-Ca/Al-D) was significantly
improved (+21% and +24%, respectively). This is a clear evidence of enhanced LDH
dispersibility in the is-situ prepared nanocomposites compared to the MB nanocomposite films.

The increased &mar (+8.5%) of the nanocomposite containing IL-functionalized LDH (ROP-
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PCL+C-Ca/Al-D) together with its significantly lower M, value compared to the neat ROP-PCL

indicated that IL-D acted as highly efficient interfacial agent inducing polymer-filler interactions.

Table 3. Mechanical properties, molecular weight (M,,), dispersity (D) of neat PCL and PCL-LDH
nanocomposites. Adapted from [103].

M..-10° Young Tensile Elongation at
Sample [g-nmol“] D modulus, £ | strength, cmax brea:i, Emax
[MPa] [MPa] [%]

MB-PCL 126 1.2 443+9 3343 424422
MB-PCL+C-Ca/Al 117 1.3 434+8 29+5 382+59
MB-PCL+C-Ca/Al-D 120 1.3 465+10 32+2 419+19
ROP-PCL 99 1.4 463+13 28+1 390+13
ROP-PCL+C-Ca/Al 79 1.4 560+7 18+13 353477
ROP-PCL+C-Ca/Al-D 61 1.6 572+26 25+2 423+23

Since PCL is a semicrystalline polymer, PCL crystallization may be induced by the
addition of NPs acting as nucleating agents [54]. This phenomenon was investigated on the basis
of Scherrer analysis of XRD nanocomposite film patterns [103]. According to Scherrer equation
(eq. 3)

Doy=Ki-(Bcost)”, eq. 3,

where Dy represents sizes of PCL crystalline domain sizes, K (0.9) — shape factor, and f§ — full
width at half maximum of selected %kl reflection peak, the introduction of both C-Ca/Al and C-
Ca/Al-D enhanced PCL crystallization regardless preparation method (Table 4, PCL crystalline
domains in all nanocomposites were at least 2 times larger in comparison to the neat PCL).
Nevertheless, the largest (2.8-fold) increase of PCL crystallites was observed for the ROP-
synthesized nanocomposite film containing IL-functionalized LDH (ROP-PCL+C-Ca/Al-D). This
indicated much better dispersibility of C-Ca/Al-D in the PCL matrix than that of C-Ca/Al.

Further evidence of the IL-functionalized LDH nucleating effect was observed from the
crystallinity degree (X.) differences for the series of MB nanocomposite films (Table 4).
Negligible effect of the worse-dispersed C-Ca/Al on the PCL crystallization behavior (the similar
X. for neat MB-PCL and MB-PCL+C-Ca/Al) corresponded to the insignificant change of
mechanical properties of the MB-PCL+C-Ca/Al film. On the contrary, the IL-functionalized LDH
in MB-PCL+C-Ca/Al-D increased the PCL crystallinity (+9.2%). Although the absolute X. values
of ROP-PCL nanocomposite series are affected by the molecular weight of PCL matrix, it was
clearly seen that C-Ca/Al-D induced the PCL crystallization more efficiently than C-Ca/Al (X.
was 37.2% and 42.9% for ROP-PCL+C-Ca/Al and ROP-PCL+C-Ca/Al-D, respectively). The
XRD and DSC results confirmed the nucleating effect of both LDH; however, the better-dispersed
IL-functionalized LDH (C-Ca/Al-D) was found to be more efficient for the PCL nucleation.
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Surprisingly, the LDH addition did not significantly affect thermal properties of PCL-LDH
nanocomposites. The alfa (glass) transition temperatures (7,) remained similar to the neat PCL
and all nanocomposite films were thermally stable up to ca. 300 °C (7us+ - temperature at the 5 %

weight loss of the sample).

Table 4. Sizes of PCL crystalline domains Dy;;¢), thermal behavior and water contact angle of neat PCL and
PCL-LDH nanocomposites. Adapted from [103].

Sample D19 Ta Tnm AHy Xe Tas% On20

P [A] [°C] [°C] [J/g] [Yo] [°C] []
MB-PCL 73 -54.1 55.9 54.5 423 354.0 | 90+3
MB-PCL+C-Ca/Al 161 -54.4 53.6 59.6 42.8 307.1 81+4

MB-PCL+C-Ca/Al-D 179 -55.6 55.9 64.3 46.2 318.1 | 8243

ROP-PCL 86 -57.5 53.6 65.1 46.8 304.3 | 81+l
ROP-PCL+C-Ca/Al 188 -56.8 554 51.2 37.2 308.0 | 7543
ROP-PCL+C-Ca/Al-D 245 -55.4 56.9 59.0 429 318.7 | 79+2

To — main (glass) transition temperature (DMTA); T}, — melting temperature (DSC), 4H,, — melting
enthalpy, X, — crystallinity; Tus,— temperature of 5 % sample weight loss (TGA); #u20 — contact angle

The effect of rather hydrophilic LDH on the wettability of PCL-LDH nanocomposite films
was further investigated using the measurement of water contact angle (€20 in Table 4). For the
MB-PCL series, the addition of both C-Ca/Al and C-Ca/Al-D decreased 620 to the similar value
(ca. 82°) indicating a more hydrophilic nature of the MB-PCL nanocomposites (regardless LDH
type) than the neat MB-PCL (8#20=90°). The nanocomposites prepared by ROP in the presence of
C-Ca/Al (ROP-PCL+C-Ca/Al) exhibited the lower G20 than that of the neat PCL (ROP-PCL) -
similarly to the corresponding MB-PCL film (MB-PCL+C-Ca/Al). Contrary to this, the use of C-
Ca/Al-D for in-situ ROP led to the nanocomposite (ROP-PCL+C-Ca/Al-D) with comparable
hydrophilicity as that of the neat ROP-PCL. This can be indirect evidence of a more
homogeneous dispersion of C-Ca/Al-D in the PCL matrix due to the presence of surface-bonded
IL acting as a compatibilizer.

The permeation measurements of oxygen, carbon dioxide and water vapor through the
PCL-LDH films were performed to evaluate barrier properties (Table 5). Regardless type of LDH
and preparation method, the permeabilities (P) of penetrant molecules increased in the order:
oxygen, carbon dioxide and water vapor, which corresponds to the growing polarity of these
compounds. Generally, the higher P values for each penetrant were observed for the MB-PCL
films. In case of ROP-PCL films, the introduction of non-modified LDH (C-Ca/Al) did not affect
barrier properties of the prepared film (ROP-PCL+C-Ca/Al), whereas the addition of C-Ca/Al-D
suppressed the permeation of all tested penetrants (about 17% in case of O, and CO; and 9% in
case of water vapor) through ROP-PCL+C-Ca/Al-D. The decreased relative water vapor
permeability of ROP-PCL+C-Ca/Al-D (WVP=0.91, Table 5) compared to the neat PCL indicates
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the potential use of IL-LDH as a functional nanofiller for the PCL matrix improving its barrier
properties. Considering its potential use for biodegradable packaging materials, MW-preparation
of the PCL-LDH nanocomposites with a sufficiently high PCL molecular weight and a higher
LDH loadings still remains a challenging issue due to a relatively high affinity of Ca-based LDH

to water.

Table 5. Permeability coefficients P of PCL-LDH nanocomposite films for oxygen, carbon dioxide and
water vapor, and relative water vapor permeability (WVP) for MB-PCL and ROP-PCL series. Relative
WVP was calculated as ratio of P (H,O) of the PCL-LDH nanocomposite and P (H>O) of the neat PCL.
Adapted from [103].

P (02) P (CO2) | P(H20) @ Relative

Sample [Barrer] | [Barrer] | [Barrer] wvp
MB-PCL 1.18 13.1 939 -
MB-PCL+C-Ca/Al 1.22 13.9 1171 1.25
MB-PCL+C-Ca/Al-D 1.12 12.0 1058 1.13
ROP-PCL 0.96 10.1 826 -
ROP-PCL+C-Ca/Al 0.93 10.0 847 1.03
ROP-PCL+C-Ca/Al-D 0.80 8.4 755 0.91

Barrer = 1-10"° cm® (STP)cm-cm?-s”! cmHg!' = 3.3539-10"'° mol-s'-m™!-Pa’!

4.4. Microwave-assisted in-situ preparation of polycaprolactone-layered double
hydroxide nanocomposites for packaging materials

Appendix 4: Sustainable microwave synthesis of biodegradable active packaging films based on
polycaprolactone and layered ZnO nanoparticles

4.4.1. Layered double hydroxides as functional active nanofiller

Zn*' /A" LDH were selected for further MW-assisted preparation of PCL-LDH
nanocomposites as an alternative to Ca-based LDH due to significantly lower Zn?* affinity to
water. The TGA results [104] showed that the Zn-based LDH contained 2.7-fold less water (0.7
wt.%) than Ca-based LDH, which enabled the higher Zn-based LDH loadings (>1 wt.%) for the
in-situ eCL ROP.

Analogically to Ca-based LDH, Zn-based LDH (denoted ZnONPs) were functionalized
with IL-D via surface modification leading to IL-ZnONPs with surface-bonded IL as confirmed
by FTIR (Fig. 14. A, red curve: C-H stretching vibrations at 2928-2858 cm™! and carboxylate
vibrations at 1574 cm™). The crystallographic patterns of both non-modified ZnONPs (Fig. 14. B,
blue curve) and IL-functionalized ZnONPs (Fig. 14. B, red curve) reveal a crystalline structure
corresponding mainly to the zinc oxide in the shape of 2D hexagonal sheets of ca. 5 um size and
nanometric thickness (Fig. 14. C). Thus, the morphology of prepared ZnONPs was analogical to
the previously used Ca-based LDH, whereas the content of immobilized IL-D in IL-ZnONPs
(estimated on the basis of TGA results) was twice lower than in C-Ca/Al-D [104].
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Fig. 14. FTIR spectra (A) and XRD patterns (B) of ZnONPs (blue curve) and IL-ZnONPs (red curve).
Morphology of ZnONPs on the TEM microphotograph (C). Adapted from [104].

The additional advantage of NPs based on ZnO is a possibility to prepare antimicrobial

nanocomposites containing ZnONPs due to a well-known antibacterial effect of zinc oxide [105].

4.4.2. Application-related properties of in-situ prepared polycaprolactone-layered double

hydroxide nanocomposites

The series of PCL nanocomposites containing both non-modified ZnONPs and IL-
functionalized ZnONPs (IL-ZnONPs) at various NPs loadings (1-4 wt.%) were prepared via the
MW-assisted in-situ e€CL ROP and subsequently processed by the compression molding to receive
thin (0.2 mm thick) films. Despite the higher loadings of ZnONPs (up to 2 wt.%) and IL-ZnONPs
(up to 3 wt.%), the prepared PCL-ZnONPs nanocomposites were easily processable due to the
lower molecular weight (Table 6, M,, = 30 000 — 50 000 g-mol™') in comparison to the PCL-LDH
nanocomposites with Ca-based LDH (M,, was ca. 60 000 g:mol™"). At the highest NPs loadings (3
wt.% of ZnONPs and 4 wt.% of IL-ZnONPs), the nanocomposites were too brittle for processing

(due to too low M,,, Table 6) and therefore they were characterized by DSC only.

Table 6. Crystalline domain sizes (D10)), degree of crystallinity (X.), molecular weight (M,,), dispersity
(D) and mechanical properties of PCL-ZnONPs films. Adapted from [104].

Sample 117In-1(_)13 Dao i(c m(?({i(l):;llllsg, E stre:l;l‘eg:;i,li'max Ell)(;'tzgl?(t,ig:: t
[g-mol'] (Al 1%] v pa) [MPa] (%
1% ZnONPs 41.1 1.7 | 354 | 474 634422 15+1 163£74
2% ZnONPs 29.8 1.8 | 344 | 48.0 773+41 15+1 3+0
3% ZnONPs 19.8 1.7 - 53.5 - - -
1% IL-ZnONPs 49.6 1.8 | 341 | 44.6 551454 20+7 332+138
2% IL-ZnONPs 332 1.9 | 338 | 482 744+44 14£2 4+
3% IL-ZnONPs 32.7 1.6 | 342 | 46.7 843+38 7+4 1+1
4% IL-ZnONPs 17.5 1.8 - 51.4 - - -

Generally, the PCL crystalline domains formed in all PCL-ZnONPs nanocomposites were

much larger than those in the nanocomposites with Ca-based LDH (80-250 A). However, the
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content and type (the presence of surface-bonded IL-D) of NPs had indiscernible influence on the
sizes of PCL crystallites in the PCL-ZnONPs nanocomposite films (Table 6). On the contrary, the
degree of crystallinity increased with the increasing NPs loading and reached much higher values
(ca. 47-54%) in comparison with the commercial PCL (X.=42.3% for MB-PCL). Both ZnONPs
and IL-ZnONPs thus exhibited the nucleating effect.

The tensile test of PCL-ZnONPs films (denoted 1/2% ZnONPs and 1/2/3% IL-ZnONPs)
revealed the higher rigidity (£) of nanocomposite films with the increasing content of both NPs.
Thus, the stiffness of PCL-ZnONPs films was improved by introduction of NPs despite their
negative effect on the PCL molecular weight (Table 6). However, the significant drop of 6. and
emax With the increasing NPs loadings reflected the growing brittleness of nanocomposites
containing 2 wt.% or 3 wt.% of NPs. The comparison of mechanical properties of the
nanocomposites with 1 wt.% of NPs (1% ZnONPs and 1% IL-ZnONPs) showed that the surface-
bonded IL-D significantly improved ou. and &nex about 36% and 104%, respectively. It
demonstrated better compatibility and more homogenous distribution of IL-ZnONPs in the PCL
matrix.

Subsequently, the barrier properties of the prepared nanocomposite films were investigated
to determine whether the higher NPs content in PCL-ZnONPs caused the targeted reduction of
gas/water vapor permeability (Fig. 15).
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ﬁigg);‘]IS. Permeability coefficient P for O> (A, red), CO; (A, green) and water vapor (B). Adapted from

The P coefficients of the PCL-ZnONPs films increased in the order of O,<CO,;<<H,0,
similarly to the PCL-LDH nanocomposites containing Ca-based LDH (subsection 4.3). Oxygen
and carbon dioxide transport through the PCL-ZnONPs films was merely slightly affected by the
presence of both NPs. In contrast, the NPs effect on the water vapor permeability (WVP) was
more significant: while the PCL-ZnONPs films with 1 wt.% or 2 wt.% of NPs exhibited
comparable WVP to the commercial PCL, the 3% IL-ZnONPs nanocomposite film exhibited a
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dramatical WVP drop, reaching the relative WVP of 0.54. At 3 wt.% loading of IL-ZnONPs the
permeability values of all penetrants significantly decreased (26% for O, 32% for CO»).
Therefore, this sample was found to be the most promising for potential application as a
biodegradable packaging material with the improved barrier properties.

The further application-related test was focused on the antimicrobial effect of PCL-
ZnONPs nanocomposite films against the food-borne pathogenic bacterium E. coli. The test was
evaluated as the suppression of E. coli biofilm development (expressed as PCL-ZnONPs surface
coverage) after 4, 8, and 24 h (Fig. 16). The initial surface coverage (after 4 h) was the highest for
the neat PCL (11.8+2.4%) and gradually decreased with the increasing ZnONPs or IL-ZnONPs
addition. The smallest surface coverage (2.8+0.6%) was obtained for the 3% IL-ZnONPs
nanocomposite film. The same trend was observed after 8 and 24 h. E.g. the bacterial growth on
the nanocomposite film with 3 wt.% of IL-ZnONPs was significantly suppressed after 24 h
(39.0£2.2%) compared to the E. coli growth on the neat PCL surface (67.1+£6.%). These results
demonstrated the antibacterial effect of the nanocomposite surfaces containing IL-ZnONPs,
which was correlated to the increasing loading of IL-functionalized NPs. Since the bacterial
growth is more preferential on hydrophilic surfaces, the suppressing E. coli adhesion on the films
containing IL-ZnONPs was related to the surface-bonded IL-D, which decreased a material

hydrophilicity.
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Fig. 16. Development of E. coli biofilm formation on PCL-ZnONPs films (after 4, 8 and 24 h cultivation
time). Adapted from [104].

The effect of NPs addition on biodegradation of the prepared nanocomposites was also
evaluated using the in-vitro 4-week test under the laboratory conditions (Fig. 17). This test is

generally considered as a fast (screening) test prior to compost/soil biodegradation tests, which
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are much more time-consuming (6 months). To simulate natural compost/soil conditions, a
mixture of soil-isolated microorganisms, fungus Fusarium solani and bacterium Pseudomonas
sp., was selected. No visible degradation of the neat PCL and the 1% IL-ZnONPs films was
observed after 4 weeks (Fig. 17. a, d). Contrary to this, a noticeable biodegradation of the
nanocomposites containing ZnONPs (1 wt.% and 2 wt.% in Fig. 17. b and c, respectively) and 2

wt.% or 3 wt.% of IL-ZnONPs (Fig. 17. e and f) was observed after the same time.

Fig. 17. PCL-ZnONPs films: a) neat PCL, b) 1% ZnONPs, ¢) 2% ZnONPs, d) 1% IL-ZnONPs, ¢) 2% IL-
ZnONPs, and f) 3% IL-ZnONPs after 4 weeks biodegradation test with mixed microorganisms cultures
(bacterium Pseudomonas sp. and fungus Fusarium solani). Adapted from [104].

Generally, a preferential degradation of semicrystalline PCL occurs in the amorphous phase
due to the enhanced water sorption and the easier access of microorganisms to ester linkages.
During the course of biodegradation, the PCL chains are cleaved resulting in the increase of
overall sample crystallinity. For all tested PCL-ZnONPs films, the values of X. (determined from
DSC) increased about 2.7-4.8% after 4 weeks. The neat PCL film showed the highest X, increase
due to the lowest initial X. of this film. The X. values of the nanocomposite films containing the
IL-functionalized NPs (IL-ZnONPs) increased after 4 weeks of biodegradation in relation to the
NPs content: 3.0%, 2.7%, and 4.3% for 1 wt.%, 2 wt.%., and 3 wt.% of NPs, respectively. During
the course of biodegradation, the PCL dispersity (P) is decreased due to preferential cleavage of
short PCL chains. The decreasing D values were observed for the PCL-ZnONPs film containing 2
wt.% of ZnONPs and the whole series of IL-ZnONPs films, while the P values of the neat PCL
and the 1% ZnONPs remained unaffected.

To sum up, the processable PCL nanocomposites with relatively high content of NPs were

successfully prepared via the MW-assisted in-situ ¢CL ROP in the presence of IL-ZnONPs. The
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nanocomposite film containing 3 wt.% of IL-ZnONPs showed significantly reduced gas/water
vapor permeation, suppressed microbial growth of pathogenic FE.coli and accelerated

biodegradation in comparison to the neat PCL.
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5. Conclusion

Experiments carried out in this thesis revealed that:

O

direct co-precipitation synthesis of IL-functionalized Mg*'/AI** LDH led to inhomogeneous,
partially IL-intercalated LDH structure,

IL-functionalization of Ca?/AI** LDH conducted via AE reaction led to homogenous fully IL-
intercalated LDH structure without presence of surface-bonded IL,

complete IL-LDH exfoliation was merely achieved under MW, which indicated synergistic
effect of intercalated IL anion and MW irradiation,

decanoate intercalated Ca?"/AI** LDH acted as initiating/catalytic system for in-situ €CL ROP
under MW: adsorbed/intercalated water initiated polymerization, IL anions showed catalytic
effect,

in-situ eCL ROP under MW proceeded according to pseudo-first order kinetics in two stages:
non-catalyzed (before IL-LDH exfoliation) and IL-catalyzed (after complete IL-LDH
exfoliation),

in-situ synthesized PCL was composed of linear chains ended with —-COOH and —OH groups
as well as macrocycles,

calcinated Ca-based LDH having lower water content than hydrated Ca*/AlI** LDH were more
suitable for in-situ ¢CL ROP, because they provided sufficiently high molecular weight of
PCL,

maximum loading of calcinated Ca-based LDH for MW-assisted in-situ preparation of PCL-
LDH nanocomposites was 1 wt.%,

IL improved IL-LDH dispersibility and induced polymer-filler interactions in case of in-situ
prepared PCL-LDH nanocomposites,

IL-LDH enhanced PCL nucleation,

calcinated Zn-based LDH exhibited 3 times lower water content and can be applied for MW-
assisted in-situ eCL ROP up to 3 wt.%,

IL-ZnONPs significantly improved water vapor barrier properties, suppressed growth of E.

coli and enhanced biodegradation of PCL nanocomposite containing 3 wt.% of nanofiller.

Relatively high content of water leading to lowering of PCL molecular weight and gaining

the nanocomposites with insufficient mechanical properties is the main limitation of using LDH

for the in-situ e<CL ROP. However, this issue was overcome by synthesizing of IL-functionalized

NPs based on antibacterial ZnO, which exhibited the lowest affinity to water and could be applied

for the MW-assisted in-situ éCL ROP at higher loadings. Sustainable MW-assisted synthesis of

biodegradable and antimicrobial PCL nanocomposites with improved barrier properties indicated

a great application potential of PCL-ZnONPs for active bio-packaging.
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This thesis also provided novel valuable findings about IL-functionalization of LDH
depending on their chemical composition and proposed how to determine location (surface or
interlayer space) and precise concentration of introduced organic species.

Experience and knowledge gained during this doctoral thesis enables to design task-specific
functionalized NPs and apply them in MW-assisted polymer syntheses leading to nanocomposites
with tunable application-related properties. As the future perspective, nanocomposites based on
biodegradable polymer matrix and ZnO functionalized with naturally occurring antioxidants (e.g.
polyphenols) providing another advantageous function to the in-situ MW-synthesized active
materials will be the subject of interest. Moreover, novel type of NPs called layered double
alkoxides, which are structurally similar to herein used LDH, may become interesting alternatives

since these NPs can be synthesized as water-free.
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