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Abstract

Thermoplastic polyurethanes (PU) have been widely used for many applications due
to their excellent functional properties, recycling included. PUs prepared in this Thesis are
based on polycarbonate macrodiols and other bifunctional components, leading to linear

solely aliphatic polymer materials.

The main part of this study is focused on synthesis and analysis of polyurethane water
dispersions (PUDs) and PUD-based films. The novelty of presented herein research involves
ecofriendly method for preparation of thermoplastic PUs based on polycarbonates. The PU
nanoparticles dispersed in water were measured by scattering methods, whereas the final films
were characterized for their morphology and mechanical, thermal and water resistance. A
balance between hydrophilic and hydrophobic parts of PUs for the particles stability and the

films properties was investigated as well.

The PUDs were blended with two types of colloidal silica for improve of the PUD-
based films resistances with simultaneous preserving of their thermoplastic character. More
significant enhancement was observed for the organic-inorganic nanocomposites containing
silica with smaller particles, due to creation of higher physical crosslinking density between

the nanofiller and PU matrix.

We modified the acetone process of PUDs preparation by elimination of the chain
extension step and using of water both as a medium and a crosslinker, leading to more
ecological, simpler and cheaper method. We proposed the mechanism of linear and water-
crosslinked PU nanoparticles self-assemblies in acetone and in water in two steps of the

synthesis.

The second part of this Thesis consists of hydrolytic degradation study of PU
elastomers under conditions mimicking the physiological environment. Biostable and
biodegradable PUs with or without the degradable unit in PU backbone were investigated for

their microstructure by atomic force microscopy and scanning electron microscopy.

Key words: polyurethane water dispersion, thermoplastic polyurethane, polycarbonate

macrodiol, organic-inorganic nanocomposite, self-assembly



Abstrakt

Termoplastické polyuretany (PU) jsou Siroce pouzivany v mnoha aplikacich diky
svym vynikajicim funkénim vlastnostem, véetné¢ moznosti recyklace. PU uvedené v této
disertacni praci jsou pfipraveny z polykarbondtovych makrodiolii a dalSich dvojfunk¢nich

slozek vedoucich k tvorbé linearnich alifatickych polymernich materiala.

Hlavni ¢ast této studie je zaméfena na syntézu a analyzu polyuretanovych vodnych
disperzi (PUD) a filmu ptipravenych z PUD. Originalita pfedklddaného vyzkumu zahrnuje
ekologicky zpusob ptipravy termoplastickych PU na bazi polykarbonatti. PU nanocastice
dispergované ve vodé byly méfeny pomoci rozptylovych metod, zatimco findlni filmy byly
charakterizovany z hlediska morfologie, mechanickych a tepelnych vlastnosti a odolnosti
proti vod¢. Déle byla zkoumana rovnovéha mezi hydrofilni a hydrofobni ¢asti PU, jez je

dualezita pro stabilitu ¢astic i vlastnosti filmd.

PUD byly déle smichany se dvéma typy koloidni siliky. Cilem bylo zlepSeni vlastnosti
nanokompozitnich filmi ptipravenych z PUD, pii soucasném zachovani jejich
termoplastického charakteru. VyraznéjSich vysledkt (v disledku vyssi hustoty sitovani
fyzikalniho charakteru mezi nanoplnivem a PU matrici) bylo dosazeno pro organicko-

anorganické nanokompozity s mensimi ¢asticemi siliky.

Dale jsme modifikovali acetonovy proces piipravy PUD eliminaci kroku, pouzivajici
nizkomolekuldrni diol nebo diamin jako prodluzovaé fetézce. Tato syntéza PUD, v naSem
ptipad¢ pouze dvoustupiiova, je ekologictejsi, jednodussi a levnéjsi v porovnani s klasickym
acetonovym procesem. Voda byla pouzita jednak jako medium, jednak jako sit'ovadlo.
Navrhli jsme mechanismus samouspotadani jak linearnich tak zesitovanych PU nanocastic v

acetonu a ve vodeé.

Druhé cast této prace se tyka hydrolytické studie PU elastomert degradujicich za
podminek modelujicich fyziologické prostfedi. Mikrostruktura hydrolyticky stabilnich a
biodegradabilnich PU (liSicich se obsahem biodegradabilni jednotky v PU fetézci) byla

studovana mikroskopii atomarnich sil a elektronovou mikroskopii.

Kli¢ova slova: polyuretanova vodni disperze, termoplasticky polyurethan,

polykarbonatovy macrodiol, organicko-anorganicky nanokompozit, samouspoiadani
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1. Introduction

Polyurethanes (PU) are polymers containing urethane groups (-NHCO-O-) on the
macromolecular chain. Thus, under this name, beside urethane linkages, other functional
groups may be incorporated into the polymer structure. As a consequence, PUs with targeted
properties, varying from rigid hard thermosets to soft elastomers, may be prepared.

Since PU elastomers are formed by the reaction of a diisocyanate with a long-chain
diol and a small molecule chain extender, they may be considered as segmental copolymers.
The soft segment (SS) is usually formed from polyether, polyalkyldiol or polyester of
molecular weight between 400 and 5000 g-mol” with low glass transition temperature (7, o)-
The SSs constitute amorphous domains, which impart rubber-like behavior and elastomeric
properties of PUs. On the other hand, hard segments (HSs) are the reaction products of a
diisocyanate with a chain extender. The HSs are either glassy or crystalline domains with a
high 7, or a high melting temperature (7,) and act as filler particles, reinforcing the SS
matrix. Although there is some degree of mixing between SSs and HSs, the segments
segregate to form a pseudo-two-phase structure.

Thermoplastic polyurethane elastomers (TPUs) are linear, block copolymers
combining semi-crystalline or glassy thermoplastic character and soft rubber elasticity. At
room temperature, TPUs possess crosslinked rubber behavior, due to incompatibility of HS
and SS, leading to the microphase separation. However, at temperature above 7, of the HS,
the polymer viscous melt is formed, which enables the melt-processing of TPUs. The re-
cooling of the melt results in subsequent segregation of HSs into SSs.

Polyurethane water dispersion (PUD) is a colloid system, where PU nanoparticles are
dispersed in an aqueous medium. Since environmental concerns tend to production of non-
solvent materials and reduction of VOCs (volatile organic compounds), PUD market is still
growing. The advantages of new water-borne PUDs are their performance similar to some
solvent-borne systems and possibility of processing with similar equipment.

Conventional polyurethanes are hydrophobic and immiscible in water. Thus,
incorporation of salt forming or hydrophilic groups into the PU backbone is necessary to
make them self-dispersible. PUDs can be classified according to their charge, as ionomers,
containing ionic groups anchored in PU backbone via covalent bonds, or non-ionic PUDs. In
the case of ionomer, the ionic groups act as internal emulsifier.

Formation of anionic PUDs and PUD-based films includes neutralization of carboxylic

groups leading to formation of ionic pairs, water addition causing re-arrangement of HSs and
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SSs during the phase inversion, organic solvent removal giving waterborne PUs, water
evaporation leading to increasing of PU concentration in the dispersion, deformation of soft
PU particles, their coalescence and inter-diffusion and finally, continuous PU film
obtainment.

Nanocomposites are polymer-matrix composites containing components with at least
one dimension lower than 100 nm. This class of materials covers the group between organic
polymers and inorganic glass. Among inorganic fillers, silica nanoparticles feature relatively
low reflective index, high hardness and commercial availability. Due to silanol groups present
on the silica surface, the nanoparticles may interact with HS and SS of PUs, giving
improvement of the polymer materials. PU-nanosilica nanocomposites can be prepared by
blending method or in sifu polymerization.

Biostable versus biodegradable PUs are polymers with opposite properties belonging
to the versatile class of PU materials. Long-term biomedical devices require biostable PUs,
because biodegradation comes with loosing of the material shape and mechanical properties.
Although PUs are widely applied in biomedical devices, toxic pre-cursors used for their
synthesis may lead to release of carcinogenic substances inside the human body. Due to these
problems, the interest in resorbable and biodegradable PUs has been increasing in recent

years. In contrast to biostable PUs, biodegradable PUs are used as short-term materials.

2. Aims of the study

The main objective of this dissertation is preparation and characterization of
polyurethane (PU) films formed after drying of polyurethane water dispersions (PUDs) based
on polycarbonate macrodiol (PCD).

The reason for a great interest in waterborne polyurethanes is elimination of volatile
organic compounds and hazardous air pollutants evaporation to the atmosphere, inevitable in
the production of solvent-borne PUs. Incorporation of hydrophilic groups, providing
dispersity in water, deteriorates PUD-based film properties. Therefore, PUDs need to be
modified to obtain materials comparable to traditional solvent-based PUs.

In the present study, we focus on optimization of the HS and SS ratio leading to a
proper balance between hydrophilicity and hydrophobicity of the PUDs. The novelty of the
firstly synthetized PUDs is that they are based on linear solely aliphatic components, leading
to thermoplastic PUD-based films after water evaporation from the dispersions. Thus, beside
the fact that the PUs are prepared by environmentally friendly technique, they can be re-
processed. The thermoplasts are further improved by blending of the PUDs with two types of
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colloidal silica, giving the nanocomposite films. Finally, we modify the acetone process of
PUDs preparation by elimination of any commercial chain extender addition and by using of
water both as a dispersity medium and for crosslinking of PUs. As a result we obtain cheaper,
simpler and more ecofriendly technique for PUDs synthesis.

The additional part of this work is aimed for hydrolytic stability and degradation study
of aliphatic PU elastomers, tested under conditions mimicking the physiological environment.
The stable PU films are prepared from traditional linear components, whereas the degradable
PUs incorporate additionally the degradable unit D,L-lactide-based oligomeric diol (DLL) in
their backbone. The first class of PUs can be used for example as durable topcoat, while
degradable PUs are promising short-term materials. The analysis of the stability/degradation

is focused mostly on the morphology investigation carried out by microscopic techniques.

3. Results and discussion

PUs included in this Thesis were prepared from linear solely aliphatic components. In
the all cases 1,6-diisocyanatohexane (HDI) and PCD were used for the synthesis.

The main part of this work is focused on PUDs and PUD-based films. All PUDs were
based on polycarbonate macrodiol (PCD) T4672 building SSs, 2,2-bis(hydroxymethyl)
propionic acid (DMPA) providing water solubility and neutralizing agent N,N-
diethylethanamine (TEA). The control of the mixture viscosity was done by addition of
acetone.

The second part of this dissertation describes aliphatic PU elastomers tested for
hydrolytic degradation under conditions mimicking human body. The hydrolytically stable
PUs were prepared from HDI, BD (butane-1,4-diol) and PCD. The elastomers unstable in the
physiological environment contained in their structure also D,L-lactide-based oligomeric diol

(DLL), accelerating the hydrolytic degradation.

3.1. Waterborne polyurethanes (PUDs) and PUD-based films

3.1.1. Waterborne thermoplastic polyurethanes

The first type of prepared PUDs incorporated in the PU backbone HDI, DMPA, BD
and PCD, leading to TPU films. The steps of the reaction are shown in Schema 1. The
modification of the PUD properties was given by changing of the OH-terminated monomer
molar ratio, while keeping constant the isocyanate index ([NCO]:[OH]ota1 = 1.05). The PUD-
based films were prepared by casting of the PUDs in Teflon molds.
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Scheme 1. Preparation of PUDs: a) pre-polymer formation, b) chain extension, c)
neutralization, d) water dispersion.

The antagonistic influence of DMPA and BD on PU particle size and stability in water
was observed. It was found that increasing of DMPA amount forming higher number of ionic
groups leads to smaller and more stable particles due to increasing of the electrostatic
repulsion forces. In contrast, BD causes creation of larger and less stable particles.

The proper method of the films preparation was investigated by AFM measurements.
For that reason, the same PUD was dried at different temperatures (Fig. 1). It was found that
the best technique is combination of slow water evaporation at room temperature, followed by
heating well above T, (Fig. 1¢)) providing high mobility of the polymer chains, resulted in the

regular arrangement of HSs and thus the strongest films.
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Figure 1. AFM phase images of PUD-based films prepared by drying: a) at 50 °C directly
after casting of the PUD, b) at ambient temperature, c) at room temperature followed by
drying at 50 °C.

The water uptake of the PU films was investigated by immersing of the samples in
water and monitoring of the mass changes in time. It was noticed that the sample containing
the highest BD amount was characterized by the lowest water uptake, due to creation of HSs
inhibiting water penetration into the films, whereas the highest DMPA concentration resulted
in the highest degree of swelling, caused by the ionic groups formation.

Tensile testing showed that BD improves mechanical properties of the PUD-based
films significantly (Fig. 3 a)), due to increasing of physical crosslinking density. In the case of

DMPA (Fig. 3 b)), the deterioration of static mechanical properties was caused by negative

influence of the ionic groups.
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Figure 2. Tensile test curves of PUD-based films containing: a) various BD amount, b)

various DMPA amount.



3.1.2. Organic-inorganic PUD-colloidal silica nanocomposites

The aim of organic-inorganic nanocomposite preparation was improvement of the PU
films with simultaneous preserving of their thermoplastic character and thus their reusing and
recycling. Colloidal silica aqueous sol was used as inorganic nanofiller and simply mixed
with the PUD, forming new hydrogen bonds between the silica particles and the polymer

matrix.

3.1.2.1. Investigation of a proper silica concentration in PUDs

Two types of commercially available colloidal silica: Ludox TMA and Ludox AS
being a form of stable water dispersion were used for preparation of the nanocomposites. The
main differences between them were used counterions, particle size and shape.

The initial study of the nanocomposites was aimed to find a proper concentration of
colloidal silica to obtain the best improvement of the PUD-based films. Apart from the fact
that the neat PU forms hydrogen bonds, incorporation of the silica nanoparticles between the
polymer chains leads to formation of new physical crosslinks. The films contained various
concentrations of Ludox TMA were classified to three groups: 1) PU filled with the nanofiller
with up to 10 wt% of TMA, 2) bicontionus intermediate systems composed of 25 and 32 wt%
of silica and 3) silica matrix filled with the polymer contained 50 and 60 wt% of TMA.

Tensile test results revealed elastomeric-like behavior and slight improvement of the
mechanical resistance after addition of up to 10 wt% of Ludox TMA compared with the
matrix. The nanocomposites containing 25 and 32 wt% of the silica are plastic films, whereas
50 and 60 wt% of the nanofiller loading leads to ceramic-like materials.

The viscoelastic properties of the PUD-colloidal silica nanocomposites were
investigated by DMTA analysis (Fig. 3). It was found that increasing of Ludox TMA
concentration increases G’ values in the rubbery plateau region (Fig. 3a)), indicating that
silica acts as a physical crosslinker. Melting of all samples and increasing of their T}, after
addition of the nanofiller means that Ludox TMA improves thermal resistance of the PUD-
based films, with preserving their thermoplastic character. Moreover, the tan J versus
temperature dependence (Fig. 3b)) showed the blocking effect of silica particles on the PU

chains mobility, resulted in the chains releasing at higher temperatures.
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Figure 3. The temperature versus: a) storage modulus G’, b) tan ¢ of the films containing
various concentrations of Ludox TMA.

The improvement of the nanocomposite thermal resistances was confirmed also by
shifting of the thermogravimetric curves maxima to higher temperatures with increasing
Ludox TMA concentration.

The morphology of PUD-based films containing various amount of Ludox TMA was
investigated by SEM, AFM and optical microscopy. The most visible differences between the
sample appearances were visible while comparing the nanocomposites containing 5, 32 and
50 wt% of the nanofiller.

The surface microstructure was monitored by combination of SEM and AFM (Fig. 4).
It was observed, that fibril-like matrix structure becomes smoother after addition of 5 wt% of
TMA (Fig. 4a) and b)) as a result of incorporation of small silica nanoparticles between PU
chains. Increasing of the nanofiller loading caused rougher surface and separation of the rods
(Fig. 4c)) due to high blocking of the polymer chains by Ludox TMA. The nanocomposite
filled with 50 wt% of the nanofiller showed highly porous structure (Fig. 4d)), characteristic

for ceramic materials.

a) matrix b) TMA-5 ¢) TMA-32 d) TMA-50

Figure 4. The surface SEM and AFM (upper left corner) analysis of: a) neat PU matrix, b)
nanocomposites with 5 wt % Ludox TMA, ¢) 32 wt% TMA, d) 50 wt% TMA.



The samples were broken in liquid nitrogen and the cross-section analyses were
evaluated by AFM phase images (Fig. 5) to investigate the nanofiller dispersity in the polymer
matrix. Quite good dispersity of TMA, with PU layer separating the particles from each other,
was observed for samples containing up to 32 wt% of the nanofiller (Fig. 5a) and b)),
explaining their polymer-like behavior. This means that in these cases of the blocking effect
of the silica particles is not strong enough to dominate over the PU matrix influence.
However, the sample containing 50 wt% of the nanofiller shows high aggregation of silica
with only small areas of dark fields corresponding to the polymer (Fig. 5c¢)), confirming

ceramic-like mechanical properties of this film.
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Figure 5. Cross-section AFM images of the PUD-based films containing various amount of
Ludox TMA: a) 5 wt%, b) 32 wt%, c) 50 wt%.

The water uptake of the PU matrix corresponds to DMPA incorporated in the PU
backbone. The experiments of water resistance revealed that despite the fact that colloidal
silica has hydrophilic nature, the addition of 5 or 10 wt% of the nanofiller leads to decreasing
of the nanocomposite water swelling. This can be understood as less vacates possible for
water molecules penetration, already occupied by silica nanoparticles. Further increasing of
Ludox TMA concentration led to decreasing of the nanocomposite water resistance caused by

increasing of hydrophilic silica influence and creation of porous films.

3.1.2.2. The influence of colloidal silica type on PUD-based films

In the next step of our research, we used two types of colloidal silica, Ludox TMA and
Ludox AS for preparation of the nanocomposites. It was expected, that Ludox AS will
provide better improvement of the samples due to its smaller particles and thus higher
possibility for formation of physical crosslinking with PU matrix. Basing on the previous
information, the nanocomposites containing 5, 32 and 50 wt% of Ludox TMA and Ludox AS

were prepared by the same technique and compared.



The surface SEM and AFM analyses showed that addition of 5 wt% of TMA smoothes
the film in the higher degree than incorporation of 5 wt% of AS due to slightly lower
influence of Ludox AS containing smaller particles on the PUD-based samples. The
comparison of the nanocomposites containing 32 wt% of the nanofiller revealed that addition
of Ludox AS does not perturb the PU matrix enough to deteriorate its fibril-like morphology,
whereas Ludox TMA leads to separated fibrils. Thus, it can be concluded that silica AS is
more compatible with the PU matrix than TMA. The nanocomposites with 50 wt% of the
nanofiller loading showed protruding of silica particles above the films surfaces.

The cross-section analysis of the nanocomposites showed similar results for both silica
types with loading up to 32 wt%. The significant difference was observed in the films
containing 50 wt% of the nanofiller (Fig. 6). The sample with Ludox AS was characterized by
highly packed silica particles and very small amount of PU between them (Fig. 6a)). For
comparison, in the case of using TMA, despite the fact that the nanofiller forms high
aggregates, the polymer matrix possess higher areas (Fig. 6b)). This observation suggests that
PU chains are blocked in lower degree by TMA than AS in the cases of the highest silica

concentration.
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Figure 6. Cross-section AFM phase images of the nanocomposites containing 50 wt% of : a)
Ludox AS, b) Ludox TMA.

The slightly better improvement of static mechanical properties after addition of 5
wt% silica was observed while using Ludox AS than Ludox TMA (Fig. 7a)), due to larger
contact area between PU matrix and smaller AS particles, enabling higher physical
crosslinking density. The significant enhancement of the film containing 32 wt% AS (Fig.
7a)) was caused by its unperturbed fibril-like structure characteristic for the matrix. In
contrast, the deterioration of mechanical properties in the sample with 32 wt% TMA was a
result of too high blocking of PU chains by the silica particles, resulting in separated rods
(Fig. 4c)). Both samples filled with 50 wt% of the nanofiller were brittle materials (Fig. 7b)).
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However, more ceramic-like features for the nanocomposite with Ludox AS can be explained

by bigger agglomerates and larger matrix areas, sufficient to influence of the film properties.
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Figure 7. Stress-strain curves of neat PU and the nanocomposites containing: a) up to 32 wt%
of silica, b) 50 wt% of the nanofiller.

The DMTA analysis confirmed that both silica types act as physical crosslinkers and
the all nanocomposites are thermoplastic materials. The thermal resistance of the films was
detected from G’ versus temperature curves as increasing of 7;, and from TG analysis as
shifting of degradation steps to higher temperatures. The both techniques revealed greater
influence of Ludox AS than Ludox TMA, confirming its better compatibility with the PU
matrix. This conclusion was confirmed also by water uptake experiments. It was found that
the best improvement of water resistance revealed sample containing 5 wt% of AS, indicating

the best balance between its hydrophilicity and creation of new hydrogen bonds with PU.

3.1.3. Water-borne PUDs without chain extender
3.1.3.1. Modification of the acetone process

The PUDs were synthetized via modified acetone process. In this new technique the
chain extension step (Scheme 1b)) was eliminated. This innovation led to reduction of the
reaction time, manufacturing costs and toxicity.

Different DMPA:PCD molar ratios was used for control of the HS and SS amount.
Moreover, the ratio [NCO]:[OH] (isocyanate index) was set either 1.05 or 1.5. The small
amount of NCO excess (1.05) was used for recompense of inevitable reaction between HDI
and water present in the environment, thus led to linear PUs, whereas 1.5 NCO excess formed

water-crosslinked systems. The self-assembly of PUs was investigated in two reaction steps:
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1) after PU formation in acetone and neutralization of COOH groups (Scheme 1b)); and 2)

final PUDs after acetone removal (Scheme 1d)).

3.1.3.2. Self-assembly study of PU nanoparticles

The initial monitoring of PU formation was carried out by Fourier transform infrared
spectroscopy (FTIR). It was found that samples containing 1.5 NCO excess are partially
crosslinked in acetone and after water addition the final crosslinking by biuret groups
formation occurs. On the other hand, the using of 1.05 NCO excess leads to linear PUs in the
both reaction steps.

The PU nanoparticles were further analyzed by light scattering methods (SLS and
DLS). It was concluded that PUs containing 1.05 NCO excess feature rod-like morphology in
the first step of the reaction. In turn, the samples with 1.5 NCO excess and the highest and
medium PCD amount are characterized by the R,/Ry ratio typical for compact spheres,
whereas the nanoparticles containing the highest DMPA concentration create microgel.

The self-assembly of PUs in the second step of synthesis, after water addition and
acetone removal, was monitored by DLS measurements of the aqueous dispersions. Since
PUs contain hydrophilic and hydrophobic parts, in the second step the nanoparticles create
core-shell structures as a result of the phase inversion.

The above results allowed purposing of a structural model of the PUs self-assembly
(Scheme 2). It was concluded, that all PU nanoparticles with 1.05 NCO excess contain
randomly located HS and SS (Scheme 2a)) due to possibility of dissolution of both
hydrophilic and hydrophobic PU parts in the organic solvent. After water addition, the
nanoparticles self-assemble into core-shell structure (Scheme 2b)). The chain lengths of used
components, taking into account the molar ratios between them, allowed estimating of the
final PU chain lengths. On this basis, the confirmation of the longest PU chains in the series
with 1.05 NCO excess was estimated for sample containing the highest PCD amount. When
1.5 NCO excess was used, the nanoparticles were initially crosslinked in the first step of
reaction (Scheme 2c)). The highest crosslinking density in these cases was observed while
using the highest PCD concentration, due to the lowest distance between long polymer chains.
The water addition caused the phase inversion and crosslinking. Since water reacts with NCO
groups present at the ends of the chains to give biuret junction points, the mesh sizes can be
estimated from the lengths of proper linear PU chains. Thus, the largest mesh sizes and
thereby the lowest crosslinking density feature the sample containing the highest PCD amount

(Scheme 24d)).
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Scheme 2. The self-assembly model of: a) PU with 1.05 NCO excess in acetone and b) in

water; ¢) PU containing 1.5 NCO excess in acetone and d) in water.

3.2. Biostable and biodegradable polyurethane elastomers

Biostable and biodegradable PUs were tested by monitoring of changes in their
microstructure and properties after immersing in phosphate-buffered saline at temperature
37°C and pH 7.4, mimicking the physiological environment.

The PU elastomers were prepared from HDI, BD and PCD. No changes in their
morphology measured by AFM and SEM were observed during the testing. The same results
were obtained from other analytic methods, confirming hydrolytic stability of these materials.

The PUs containing additionally the degradable unit (DLL) found to be biodegradable.
This observation was noticed by loosing of the films resistances after the immersing.
However, no morphological changes during the testing indicated that the degradation takes a

place in SS phase, hard to detect by the microscopic methods.
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4. Conclusions

A new ecofriendly method of PUD-based films preparation from polycarbonate
macrodiol (PCD), butane-1,4-diol (BD), 2,2-bis(hydroxymethyl) propionic acid (DMPA) and
1,6-diisocyanatohexane (HDI), leading to thermoplastic materials soluble in organic solvents
and possible to re-processing, was introduced.

It was found that the particle size of obtained PUDs strongly depend on the ionic
species provided by DMPA. Increasing of DMPA amount contributed to smaller PU
nanoparticles and their better stability in water, whereas higher concentration of BD caused
formation of bigger and less stable particles. The highest improvement of water resistance and
mechanical properties of PUD-based films was observed for sample containing the highest
BD amount, whereas the PU film with the highest DMPA concentration was the most water
sensitive and mechanically the weakest. The optimum balance between hydrophobic and
hydrophilic segments of the PUDs allows designing them as starting materials for preparation
of thermoplastic polymers possible to use in many areas, for example as biodegradable PUs.

The functional properties of the thermoplastic PUD-based films were improved by
addition of colloidal silica to PUDs, followed by drying. It was observed that addition of the
nanofiller causes better mechanical, thermal and water resistances compared to the neat
matrix. Moreover, silica Ludox AS containing smaller particles turned out to be more
compatible with the polymer than silica Ludox TMA, due to formation of higher physical
crosslinking density with PU. However, all the organic-inorganic PUD-colloidal silica
nanocomposites preserved thermoplastic character of the PUs.

The synthesis of PUDs was modified by elimination of the chain extension step and
water-crosslinking of the PU nanoparticles. The mechanism of linear (containing 1.05 NCO
excess) and crosslinked PU nanoparticles (with 1.5 NCO excess) self-assemblies were
determined after two steps of the reaction, in acetone and in water. The linear PU
nanoparticles found to be rod-like shaped in acetone and spherical after water addition,
whereas using of 1.5 NCO excess led to formation of partially crosslinked particles in water.

The biostability and biodegradability of PU elastomers with or without the degradable
unit were tested under conditions mimicking the physiological environment for the films
morphology, measured by SEM and AFM. It was found that PUs are biodegradable only if a
biodegradable unit is incorporated into the PU backbone. However, no morphological changes

during the testing indicated that the degradation takes a place in SS phase, hard to detect by
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the microscopic methods. The biodegradable PU elastomers can be used as promising organic

matrices for number of nanofillers, to obtain new materials for wide area of applications.

1. Uvod

Polyuretany (PU) jsou polymery, obsahujici v makromolekuldrnich fetézcich
urethanové skupiny (-NHCO-O-). Kromé¢ urethanovych vazeb i dalsi funk¢ni skupiny mohou
byt zaclenény do polymerni struktury, takze Ize ptipravit PUs s cilenymi vlastnostmi - od
tuhych pevnych termosett az po mékké elastomery.

PU elastomery jsou obvykle tvofeny reakci diisokyanatu s diolem o delSim fetézci
(makrodiol) a s nizkomolekuldrnim prodluZzovacem fetézce. Tyto materidly mohou byt
povazovany za segmentoveé kopolymery. Mékky segment (SS) je obvykle tvoten z polyetheru,
polyalkyldiolu nebo polyesteru s molekulovou hmotnosti mezi 400 a 5000 g-mol™ a nizkou
teplotou skelného piechodu (7). MeEkké segmenty tvoifi v PU amorfni domény,
charakteristické kaucukovitym chovanim a elastomernimi vlastnostmi. Tvrdé segmenty (HS)
jsou produkty reakce diisokyanatu s prodluzovacem fetézce; segmenty jsou bud’ sklovité nebo
krystalick¢é domény s vysokym 7, nebo teplotu tani (7;,) a plsobi jako castice plniva,
vyztuzujici SS matrici. I kdyz existuje urcity stupen smiseni SS a HS, oba typy segmentil se
pievazné vzajemné separuji a dochazi ke vzniku pseudo-dvoufazové struktury.

Termoplastické polyuretanové elastomery (TPU) jsou linearni, blokové kopolymery
kombinujici semikrystalicky nebo sklovité termoplasticky charakter s mékkou kaucukovou
elasticitou. Pfi pokojové teplot¢ se TPU chovaji jako zesitovany kaucuk, z divodu
nekompatibility mezi HS a SS, vedouci k mikrofdzové separaci. Nicméné, pii teploté nad 7,
tvrdych segmentl nebo nad 73, se vytvofi viskdzni tavenina polymeru, coZz umoziuje tepelné
zpracovani TPU. Zpétné chlazeni této taveniny vede k nasledujicimu pfeusporadani HS v SS.

Vodni polyuretanova disperze (PUD) je koloidni systém, kde jsou PU nanocastice
dispergované ve vodném prostiedi. Protoze cilem ekologickych firem je vyroba materidlt
neobsahujici organickd rozpoustédla a snizeni VOC (t€¢kavych organickych latek), trh
produkujici PUD stale roste. Vyhodou novych PUD jsou podobné vlastnosti a moznost
vyroby a zpracovani na podobnych zafizenich jako u nékterych systému s organickymi
rozpoustédly.

Klasické polyuretany jsou hydrofobni, a tudiz jsou nemisitelné s vodou. Proto je nutné
do PU fetézce zavést skupiny tvoficich soli nebo hydrofilni skupiny, aby PU byly ve vod¢
dispergovatelné. PUD mohou byt klasifikovany podle jejich néaboje, jako ionomery,

14



obsahujici iontové skupiny piipojené k PU fetézci pies kovalentni vazby, nebo jako neiontové
PUD. V pfipad¢ ionomeru, iontové skupiny ptsobi jako vnitini emulgator.

Tvorba aniontovych PUD a filmi ztéchto PUD zahrnuje nésledujici kroky:
neutralizaci karboxylovych skupin a tvorbu iontovych parti; piidani vody vede k opétovnému
uspotradani HS a SS pii inverzi fazi. Nasleduje odstranéni organického rozpoustédla a vznik
vodné PUD. Vznik filmu je spojen s odpatovanim vody, coz vede k zvySeni PU koncentrace
v disperzi; nasleduje deformace mekkych polyuretanovych castic, jejich koalescence a
vzajemna difuze, a findln€ vznika pevny PU film.

Nanokompozity jsou polymerni materidly obsahujici slozku plniva o rozmérech mensi
nez 100 nm alespont v jedné dimenzi. Studovany druh materidlti se tykd skupiny mezi
organickymi polymery a anorganickym sklem. Mezi anorganickymi plnivy, nanocastice siliky
maji relativné nizky reflexni index, vysokou tvrdost a jsou bézn¢ komercné dostupné.
Vzhledem k silanolovym skupindm piitomnym na povrchu siliky, nanocastice mohou
interagovat s HS a SS polyuretand, a timto zpisobem lze zlepSovat vlastnosti polymernich
materiali. PU-nanosilika nanokompozity mohou byt pfipravené metodou vzajemného smiseni
obou slozek nebo in situ polymeraci.

Biostabilni versus biodegradovatelné polyuretany jsou polymery s vlastnostmi, které
patfi do tfidy specidlnich PU materialti. Dlouhodoba biomedicinskd zatfizeni vyZzaduji
biologicky stabilni PU, protoZe biodegradace je spojena se ztratou tvaru a mechanickych
vlastnosti materidlu. Ptestoze PU jsou Siroce pouzivany v biomedicinskych aplikacich,
toxické prekurzory pouzivané pro jejich syntézu mohou vést k uvolnovani karcinogennich
latek v lidském téle. Vzhledem k témto problémim, zijem o nové resorbovatelné¢ a
biodegradovatelné PU v poslednich letech roste. Na rozdil od biologicky stabilnich PU,

biodegradovatelné PU se pouzivaji jako materialy s omezenou dobou pouzitelnosti.

2. Cile prace

Hlavnim cilem této prace je ptiprava a charakterizace polyuretanovych (PU) filmt
vytvofenych odpafovanim vodnich polyuretanovych disperzi (PUD) syntetizovanych z
polykarbonatového makrodiolu (PCD).

Dtivodem pro velky zajem o vodné PU je odstranéni te€kavych organickych latek a
nebezpecnych latek znecistujicich ovzdusi do atmosféry, které je nevyhnutelné pii vyrobé
rozpoustédlovych PU. AvSak zavedeni hydrofilnich skupin nutnych pro dispergovatelnost PU

ve vodé¢ zhorSuje vlastnosti filmi vzniklych z PUD. Proto musi byt ptiprava PUD
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modifikovana tak, aby se ziskaly produkty, jejichz finalni vlastnosti jsou srovnatelné
s vlastnostmi filmt vytvofenych z tradi¢nich PU disperzi na bazi organickych rozpoustédel.

V této studii se zaméfuji na optimalizaci koeficientu HS a SS, vedoucimu k nalezeni
rovnovahy mezi hydrofilnosti a hydrofobnosti PUD. Originalita syntetizovanych PUD na bazi
PCD je, ze jsou tvofeny vyhradné z linearnich alifatickych komponentt, coz vede po odpateni
vody z disperzi k termoplastickym filmim. Tedy, kromé skuteCnosti, Ze polyuretany jsou
ptipravené ekologickou technikou, mohou byt opétovné zpracovavany. Tyto termoplasty jsou
dale modifikovany smichanim PUD se dvéma typy koloidni siliky za vzniku nanokompoziti.
Nakonec jsme upravili a zjednodusili acetonovy proces piipravy PUD eliminaci jakéhokoli
komeréniho prodluzovade tetézce a s pouzitim vody jednak jako média, jednak jako
dodatecného sitovadla polyuretanti. Touto technikou je mozné ziskat levnéjsi, jednodussi a
ekologictéjsi PUD. Dle dostupnych literarnich zdrojii, tento zjednoduSeny postup ptipravy
dosud jinde popsan nebyl.

Dalsi cast prace je zaméfena na hydrolytickou stabilitu a studium degradace
alifatickych PU elastomerti, testovanych za podminek modelujicich fyziologické prostiedi.
Stabilni PU filmy se vyrabéji z tradi¢nich linedrnich komponentii (makrodiol, diisokyanaat,
butandiol); degradovatelné¢ PU navic obsahuji degradovatelnou spojku na bazi D, L-laktidu
navazanou v hlavnim PU fetézci. Polyuretany prvni skupiny mohou byt pouzity napiiklad
jako odolné povrchové vrstvy, zatimco degradovatelné PU jsou slibné materidly pro
kratkodobé vyuziti. Analyza stability/degradace je v disertacni praci zaméiena piedevSim na

zkoumani morfologie filmt mikroskopickymi technikami.

3. Vysledky a diskuse

PU v této praci byly pfipraveny z linearnich alifatickych slozek. Ve vSech piipadech
hexamethylen-1,6-diisokyanat (HDI) a PCD byly pouzity pro syntézu jak PU dispersi, tak
degradovatelnych 1 stabilnich PU elastomert.

Hlavni ¢ast této prace je zamétena na PUD a filmy na bazi PUD. VSechny PUD byly
pfipraveny z polykarbonatového makrodiolu (PCD) T4672 tvofici SS, 2,2-bis
(hydroxymethyl) propionové kyseliny (DMPA) zajiStujici dispergovatelnost ¢astic ve vod¢ a
neutralizacniho c¢inidla N,N-diethylethanamin (TEA). Viskozita smési byla upravovana
piidanim ptisluSného mnozstvi acetonu.

Druhd cast této prace popisuje alifatické polyuretanové elastomery testované
hydrolyticky za podminek modelujici fyziologické prostfedi. Hydrolyticky stabilni PU byly
pfipraveny z HDI, BD (butan-1,4-diol) a PCD. Elastomery nestabilni ve fyziologickém
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prostiedi obsahovaly ve své struktufe i oligomerni diol na bazi D,L-laktidu (DLL), urychlujici

hydrolytickou degradaci.

3.1. Vodné polyurethany (PUD) a PUD-filmy

3.1.1. Vodné termoplastické polyurethany

Prvni typ pfipravenych PUD byl slozen v hlavnim polyuretanovém ftetézci z HDI,
DMPA, BD a PCD, ze kterého byly nasledné ptipraveny TPU filmy. Jednotlivé reakéni kroky
jsou uvedeny v Schématu 1. Vlastnosti PUD byly modifikovany zménou molarniho poméru
monomerd obsahujicich OH skupiny, pii zachovani konstantniho tzv. isokyanatového indexu

(INCO]:[OH]ceikovy = 1.05). Filmy na bazi PUD byly pfipraveny odlitim PUD do teflonovych

forem.
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Schéma 1. Piiprava PUD: a) tvorba pre-polymeru, b) prodlouzeni fetézce, c) neutralizace, d)

disperze ve vode¢.
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Byl zjistén protikladny vliv DMPA a BD na velikost ¢astic PU a stabilitu ve vode¢.
Zvyseni mnozstvi DMPA vede k vys§imu poctu iontovych skupin a k mensim a stabilnéjSim
casticim, v disledku zvyseni elektrostatickych odpudivych sil; na rozdil od BD, jenz ve
zvyseném mnozstvi poskytuje vétsi a méné stabilni ¢astice.

Optimalizace zpiisobu ptipravy filmi byla studovana pomoci mikroskopie atomérnich
sil (AFM). Stejna PUD byla odpatfovana pii riznych teplotich (Obr. 1). Bylo zjisténo, ze
nejlepsi postup kombinuje pomalé odpafovani vody pii pokojové teploté, a nasledovany
ohfevem vyrazné¢ nad 7, (Obr. 1c)). Timto zpisobem byly ziskdny filmy s pravidelnym

uspotradanim tvrdych segmentl v disledku vysoké mobility polymernich fetézci.

Phase 2.0 um Phase 2.0 um

Obr. 1. Obrazky AFM faze filmi na bazi PUD piipravenych odpatfovanim: a) pii 50 °C
bezprostiedné po odliti PUD, b) pii pokojové teplote, ¢) pii pokojové teploté a poté pii 50 °C.

Absorpce vody v PU filmech byla sledovdna ponofenim vzorkli do vody a
monitorovanim hmotnostnich zmén v Case. Bylo zjiSténo, Ze vzorek obsahujici nejvice BD se
filmi. Nejvyssi obsah DMPA naopak vedl k nejvétSimu stupni bobtnéni, zptisobeného poctem
iontovych skupin.

Tahové zkousky ukdzaly, ze BD vyznamné zlepSuje mechanické vlastnosti PUD filmt
(Obr. 3a)), v disledku zvySeni hustoty sité fyzikalnimi vazbami. V ptipad¢ DMPA (Obr. 3
b)), zhorSeni statickych mechanickych vlastnosti bylo zpisobeno negativnim vlivem

iontovych skupin.
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Obr. 2. Tahové kiivky PUD-filma obsahujicich: a) rizné mnozstvi BD, b) riizné mnozstvi

DMPA.

3.1.2. Organicko-anorganické PUD-koloidni silika nanokompozity

Cilem pftipravy organicko-anorganickych nanokompozitii bylo zlepSeni vlastnosti PU
filmG a soucasné zachovani jejich termoplastického charakteru, a tim 1 jejich moznosti
opétovného pouziti a recyklace. Vodny sol koloidni siliky byl pouzity jako anorganické
nanoplnivo, ktery byl smichan s PUD, coz po odpafeni vody vedlo k tvorbé novych

vodikovych vazeb mezi Casticemi siliky a polymerni matrice.

3.1.2.1. Zjistovani optimalni koncentrace siliky v PUD nanokompozitech

Pro pfipravu nanokompoziti byly pouzity dva typy komeréné dostupné koloidni
siliky: Ludox TMA a Ludox AS, ob¢ ve form¢ stabilnich vodnych disperzi. Vzajemné se
lisily pouzitymi protiionty, velikosti a tvarem c¢astic.

Uvodni studie nanokompozittl byla zaméfena na nalezeni vhodné koncentrace siliky k
nejvetsimu zlepSeni finalnich vlastnosti PUD-filmt. Kromé skutecnosti, ze se vodikové vazby
tvoti v samotném PU, zabudovani nanocastic siliky mezi polymerni fetézce vede k tvorbé
novych fyzikalnich pfi¢nych vazeb. Filmy obsahujici rizné koncentrace Ludox TMA byly
rozdéleny do tii skupin: 1) PU obsahujici nanoplnivo do 10 hm% TMA, 2) bikontinualni
systémy slozené z 25 a 32 hm% siliky, 3) anorganickd matrice tvofena silikou,
s polyuretanovym plnivem, obsahujici 50 az 60 hm% TMA.

Ptidavkem malého mnozstvi Ludox TMA, do 10 hm%, dojde k mirnému zlepSeni

mechanické odolnosti ve srovnani s PU matrici, pii zachovéani elastomerniho chovani.
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Nanokompozity, které obsahuji 25 a 32 hm% siliky se chovaji jako plasty, zatimco 50 a 60
hm% nanoplniva vede k produktiim, jez jsou podobné keramickému materidlu.

Viskoelastické vlastnosti téchto nanokompoziti byly studovany DMTA analyzou
(Obr. 3). Bylo zjisténo, ze zvySeni koncentrace Ludox TMA zvySuje hodnoty G’ v oblasti
kaucukovitého plata (obr. 3a); silika tudiz pasobi jako aktivni slozka pro fyzikalni sitovani.
Zvyseni hodnot T, po pfidani nanoplniva znamend, zZe Ludox TMA zlepSuje tepelnou
odolnost PUD-filmu, se zachovdnim jejich termoplastickyho charakteru. Teplotni zavislost
tan o0 ukazala, ze Castice siliky imobilizuji fetézce PU; v dusledku cehoz dochazi
v nanokompozitech k uvoliiovani polymernich fetézl pii vyssich teplotach ve srovnani s PU

(viz obr. 3b)).

a) b) matrix
0.61 TMA-5
E 10°
© 0.4{TMA-25 N\
o ) \
3 ITMA-32 \
= w0 s
3 B P \
g 10 8 02 \
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Obr. 3. Teplota vs.: a) smykovy modul G’, b) tan ¢ filmti obsahuji rizné koncentrace Ludox
TMA.
Zvyseni tepelné stability nanokompozitti s rostouci koncentraci Ludox TMA bylo

potvrzeno posunem maxim k vy$$im teplotdm na termogravimetrickych kiivkach.

Morfologie PUD-filmi obsahujici rizna mnozstvi Ludox TMA byla sledovédna
pomoci SEM, AFM a optické mikroskopie. Nejveétsi rozdily mezi vzorky byly pfi srovnavani
nanokompozitl obsahujicich 5, 32 a 50 hm% nanoplniva.

Povrchova mikrostruktura byla sledovana kombinaci SEM a AFM (obr. 4). Bylo
zjisténo, ze fibrilarni struktura matrice je hlads$i po pfidani 5 hm% TMA (obr. 4a) a b))
v dasledku zabudovéani malych nanocastic siliky mezi PU fetézce. ZvySovani koncentrace
nanoplniva ma za nasledek drsnéjsi povrch a separaci tyCinek (obr. 4c¢)), v disledku uc¢inného
zablokovani pohybu polymernich fetézcii Ludoxem TMA. Nanokompozity s 50 hm% plniva

jsou vysoce porézni (obr. 4d)); tato struktura je charakteristickd pro keramické materidly.
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b) TMA-5 ¢) TMA-32 d) TMA-50

Obr. 4. Povrchovda SEM a AFM (horni levy roh) analyza: a) cistd PU matrice, b)
nanokompozity s 5 hm% Ludox TMA, c) 32 hm% TMA, d) 50 hm% TMA.

K urceni usporaddani nanoplniva v polymerni matrici byl pouzit nasledujici postup:
Vzorky byly pfelomeny v kapalném dusiku a povrch lomovych ploch byl méfen pomoci AFM
(fazovy rezim; obr. 5). Castice siliky jsou v souvislé polymerni matrici v nanokompozitech
do 32 hm% plniva uspotddany pravidelné (obr. 5a) a b)), ¢imz lze vysvétlit, Ze se material
chova jako polymer. Obrézek 5c¢) se lisi od predchozich dvou tim, ze v tomto ptipadé dochazi
k silné agregaci Castic siliky, a oblasti polymeru (na obrazku tmavé Casti) jsou separovany.

Timto je mj. potvrzeno, pro¢ je material svym chovanim podobny keramice.
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Obr. 5. AFM analyza PUD-film{, které obsahuji rizné mnoZstvi Ludox TMA: a) 5 hm%, b)
32 hm%, c) 50 hm%.
Absorpce vody zavisi na obsahu DMPA v hlavnim PU fetézci. Pfestoze koloidni silika

ma hydrofilni charakter, zabudovani 5 nebo 10 hmot% siliky vede ke sniZeni bobtnavosti
nanokompozitu oproti samotnému PU. Tuto skuteCnost je mozné vysvétlit tim, Ze
v nanokompozitu je méné mist piistupnych priniku vody, protoze ta jsou jiz obsazena
casticemi siliky. Nicméné dal§im zvySovanim obsahu Ludox TMA se odolnost vic¢i vodé
snizuje, nebot’ nejprve dochdzi k zvyseni hydrofilniho charakteru materialu a u nejvyssich

obsahtit TMA vznikaji porézni filmy.
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3.1.2.2. Vliv typu koloidni siliky na PUD-filmy

V dal$im kroku naSeho vyzkumu byly pouzity dva typy koloidni siliky, Ludox TMA a
Ludox AS pro piipravu nanokompoziti. Ocekavalo se, ze Ludox AS bude poskytovat
vyrazngj$i zlepSeni vlastnosti. Divodem jsou mensi ¢astice AS oproti TMA, a tim pro dany
obsah plniva existuje 1 vétsi moznost vzniku fyzikélnich siti interakcemi plniva s PU matrici.

Byly vyuzity vysledky ze studia s Ludox TMA, takze stejnou technikou byly
pfipraveny nanokompozity obsahujici 5, 32 a 50 hm% Ludox TMA a Ludox AS a jejich
vlastnosti byly porovnany.

Povrchové SEM a AFM analyzy ukézaly, Ze povrch PUD-filmu se pfiddnim 5 hm%
TMA vyhlazuje vice nez pfidavkem 5 hm% AS, cozZ je zfejmé disledek rozdilné velikosti
castic siliky. Mensi ¢astice Ludox AS maji mens$i vliv na povrchovou topografii nez vétsi
castice Ludox TMA. Srovnanim nanokompozitli s obsahem 32 hm% nanoplniva se ukézalo,
ze pridanim Ludox AS se zachovava fibrilarni morfologie PU matrice, zatimco Ludox TMA
vede k separaci fibril. Lze tedy ucinit zavér, ze silika AS je vic kompatibilni s PU matrici nez
TMA. Oba nanokompozity s 50 hm% plniva detekovaly zabudované castice siliky vystupujici
na povrchu filma.

Analyza lomovych ploch nanokompoziti ukéazala podobné vysledky pro oba typy
siliky pfi obsahu do 32 hm%. Vyznamny rozdil byl pozorovan ve filmech, které obsahuji 50
hm% nanoplniva (Obr. 6). Vzorek s Ludox AS byl charakterizovéan casticemi siliky vzajemné
oddélenymi polymerni matrici (obr. 6a)). V ptipad¢ pouziti TMA, nanocastice siliky tvori
agregaty, s izolovanymi oblastmi polymerni matrice (obr. 6b)). Z analyzy vyplyva, ze PU

fetézce jsou imobilizovany v mensi mife pomoci TMA, nez pouzitim AS.

Phase

b) TMA-50

Obr. 6. Prifezové AFM fazové obrazy nanokompoziti s obsahem 50 hm%: a) Ludox AS, b)
Ludox TMA.
Typem siliky byly ovlivnény i mechanické vlastnosti nanokompoziti. Pfidavkem 5

hm% Ludox AS dojde k progresivnéj$imu zlepseni statickych mechanickych vlastnosti oproti
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5 hm% TM (obr. 7a)). Rozdil je zplisoben vétsi kontaktni plochou mezi ¢asticemi a matrici u
mensich castic, coz vede k véts§i moznosti hustoty fyzikalniho sitovani. Vyrazny rozdil ve
vlastnostech je u filmu obsahujici 32 hm% plniva. Z mikrostruktury obou filma vyplyva, ze
zatimco AS prakticky nenaruSuje fibrilarni strukturu matrice, u TMA dochazi k separaci
tyCinkovitych utvara a k blokovani fetézcu ¢asticemi siliky (obr. 4¢)). Oba vzorky obsahujici
50 hm% nanoplniva byly kiehkymi materidly (obr. 7b)). Rozdily ve vlastnostech lze vysvétlit

rozdilnymi velikostmi aglomeratl a typt kontaktd plnivo-matrice.

MA-5

&s-s

Matrix
AS-32

Stress [MPa]
Stress [MPa]

TMA-32

6 SIO l(l)O 6 5b 160
Strain [%] Strain [%6]
Obr. 7. Kfivky napéti-deformace €ist¢tho PU a nanokompozitli obsahujicich: a) az 32 hm%
siliki, b) 50 hm% nanoplniva.

DMTA analyza potvrdila, Ze oba typy siliky pusobi jako zdroj fyzikalnich siti a
vSechny nanokompozity jsou termoplastické materidly. Dale byla zjiSténa vysSi tepelna
stabilita nanokompoziti z teplotnich zavislosti G’ a zvySeni T, a rovnéz z TG analyzy,
z posunu maxim degradac¢nich kiivek k vys$sim teplotdm. Obé techniky potvrdily, Ze Ludox
AS ovliviiuje dané vlastnosti vice nez Ludox TMA, coz je dano jeho lepsi kompatibilitou s
PU matrici. Tento zavér byl potvrzen i experimenty absorpce vody. Bylo zjisténo, Ze vzorek
obsahujici 5 hm% Ludox AS je nejvice odolny proti vodé diky optimdlni rovnovéze mezi jeho

hydrofilitou a vytvafenim novych vodikovych vazeb plniva s PU matrici.

3.1.3. Vodné PUD pripravené bez prodluZovace ietézce
3.1.3.1. Modifikace acetonového procesu

Vodné PUD byly syntetizovany modifikovanym acetonovym procesem. V této nové
technice byl eliminovan krok prodlouzeni fetézce (Schéma 1 b)). Tato inovace vedla ke

snizeni doby ptipravy disperzi, vyrobnich nakladl a toxicity.
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Razné DMPA: PCD molarni poméry byl pouzity pro upravu poméru HS a SS. Krom¢
toho, pomér [NCO]: [OH]ccikovy (isokyanatovy index) byl nastaveny bud’ 1.05 nebo 1.5. Malé
mnozstvi pfebytku NCO (1.05) bylo pouzito pro kompenzace reakce mezi HDI a vodou
pritomnou v surovinach a v reakénim médiu, coz vedlo k linedrnim PU, zatimco 1.5 NCO
piebytek tvofil systémy zesiténé vodou v zavérecné fazi syntézy. Samouspotradani PU bylo
sledovano ve dvou reakcnich stupnich: 1) po vytvoreni PU v acetonu a neutralizaci COOH

skupin (Schéma 1 b)); 2) vodné PUDs po odstranéni acetonu (Schéma 1 d)).

3.1.3.2. Studie samousporadani PU Cdastic

FTIR analyza byla pouzita ke sledovani tvorby PU. Bylo zjisténo, Ze vzorky
obsahujici piebytek 1.5 NCO jsou po pifidani vody do acetonu castecné zesiténé v disledku
tvorby biuretovych skupin v této fazi. Na druhé strané, pouziti piebytku NCO 1.05 vede k
linedrnim PU v obou reakénich krocich, nebot veskeré izokyanatové skupiny jsou jiz
zreagovany pred ptidanim vody do acetonu.

Ptipravené PU nanocéstice byly analyzovany metodami rozptylu svétla (SLS a DLS)
pro urceni jejich tvaru. Ty PU, které¢ byly ptipraveny s ptebytkem 1.05 NCO, jsou po prvnim
kroku reakce tyCinkovitého tvaru. PU vzorky pfipravené s prebytkem 1.5 NCO a vysSim
obsahem PCD jsou charakterizovany pomérem R,/Ry typickym pro kompaktni sféry, zatimco
nanocastice, které obsahuji nejvice DMPA (a nejméné PCD), po prvnim kroku vytvari
mikrogel.

Samouspoifadani PU v druhém kroku syntézy, tj. po pfidani vody a odstranéni acetonu,
bylo studovano DLS analyzou vodnych disperzi. Vzhledem k tomu, Ze PU obsahuji hydrofilni
a hydrofobni ¢asti, ve druhém kroku nanocéstice vytvoii core-shell struktury v duasledku
inverze fazi.

Vyse uvedené vysledky umoznily navrhnout strukturdlni model samouspoiadani PU
(Schéma 2). Byl ucinén zavér, ze vSechny PU nanocastice s pfebytkem 1.05 NCO obsahuji
HS a SS nahodné umisténé, (Schéma 2a)) v disledku moznosti rozpusténi hydrofilni a
hydrofobni ¢asti PU v organickém rozpoustédle. Po piiddni vody se nanocastice
samousporaddji do struktury core-shell (Schéma 2b)). Délka fetézce a molarni poméry
pouzitych komponent umoznilo odhadnut konec¢né¢ délky PU fetézcii. Timto byly v sérii
s pfebytkem 1.05 NCO nalezeny nejdelsi PU fetézce u vzorku obsahujicim nejvice PCD.
S pouzitim ptebytku 1.5 NCO, nanocastice byly ¢astecné zesiténé jiz v prvnim kroku reakce

(Schéma 2c)). Nejvetsi hustota zesitovani v téchto ptipadech byla pozorovana pii pouziti

LA
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fetézci. Pfidani vody zpusobilo inverzi fazi a dodate¢né zesiténi. Vzhledem k tomu, Ze voda
reaguje s NCO-skupinami pfitomnymi na koncich fetézcti, dochazi ke vzniku biuretovych
spojovacich bodi, takze velikosti ok sit¢ mohou byt odhadnuta z délky linedrnich PU fetézci.
To znamend, ze nejvetsi velikost ok sité¢ a tim 1 nejmensi hustotu zesiténi mé vzorek
obsahujici nejvyssi mnozstvi PCD (Schéma 2d)).

PU nanoparticles dissolved/dispersed in acetone PU nanoparticles dispersed in water

a) 1.05 NCO excess b)
00"
+ H,0
- acetone
Phase inversion
core — shell structure

¢) 1.5 NCO excess d)

I) the highest PCD amount I) the highest PCD amount
the largest mesh size, the lowest
crosslinking density

compact sphere mesh size
pact sp ‘ FH0 -~
II) equal molar ratio the longest PU chains, - acetone II) equal molar ratio PCD:DMPA
FCDDMER :ihe h.léheSt Grss-lmking m medium mesh size and crosslinking
ensil ,

Water cross-linking density

fully cross-linked PUs

-

CO0O" CO0O-
COO-
i a QO
microgel, close to compact sphere P
a Coo-
COO

IIT) the highest DMPA

amount PCD ~~ III) the highest DMPA amount
% ' 606 HDI the smallest mesh size, the highest
N crosslinking density
the shortest separated PU DMPA ¢
chains, the lowest cross- biuret g
microgel linking density

Schéma 2. Model samouspoiadani: a) PU s 1.05 NCO piebytekem v acetonu, b) ve vodé, c)
PU s 1.5 NCO ptebytekem v acetonu, d) ve vode.

3.2. Biologicky stabilni a biodegradovatelné polyurethanové elastomery

Biostabilni a biodegradovatelné PU byly testovany sledovanim zmén v jejich
mikrostruktufe a finalnich vlastnostech za podminek napodobujicich fyziologické prostredi
(dlouhodobé ponoteni do fosfatového pufru pti teploté 37° C a pH 7.4).

PU elastomery byly piipraveny z HDI, BD a PCD. Zadné zmény v jejich morfologiich
méfené pomoci AFM a SEM nebyly béhem testli pozorovany po dobu sledovani 0 az 12
mesicti. Stejné vysledky byly ziskany 1 z jinych analytickych metod, coz potvrzuje

hydrolytickou stabilitu pfipravenych materiali.
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Ty PU filmy, které navic obsahuji v PU fetézci hydrolyticky rozlozitelnou jednotku
(v nasem piipad¢ na bazi D,L-laktidu), jsou biodegradovatelné. Tato skute¢nost byla ovéfena
mj. vyraznym zhorSovanim mechanickych vlastnosti v pribéhu degradacnich testli. Nicméné,
zadn¢ morfologické zmény nebyly pozorovany, protoZze degradace probihaji
pievazné v oblastech mékkych segmentl, kde je jejich detekce pomoci mikroskopickych

metod obtizna.
4. Zavéry

Byl pouzit novy ekologicky zplGsob piipravy vodnych PU disperzi z
polykarbonatového makrodiolu (PCD), butan-1,4-diolu (BD), 2,2-bis (hydroxymethyl)
propionoveé kyseliny (DMPA) a hexamethylen-1,6-diisokyanatu (HDI). Filmy, pfipravené
zvodnych PU disperzi jsou termoplastické materidly, rozpustné v organickych
rozpoustédlech, a tedy schopné recyklace.

Bylo zjisténo, ze velikost ¢astic PUD silné zavisi na iontovych skupinach danych
obsahem DMPA. ZvySeni mnozstvi DMPA vedlo k men$im PU nanocasticim a jejich vyssi
stabilit¢ ve vod¢, zatimco vyssi obsah BD zptsobil tvorbu vétSich a méné stabilnich ¢astic.
Zvyseni odolnosti proti vodé a zlepSeni mechanickych vlastnosti PUD-filma bylo u vzorku
s nejveétsSim obsahem BD. PU filmy s nejvyssim obsahem DMPA byly nachylné k absorpci
vody, a jejich mechanické vlastnosti byly omezené. Syntéza vodnych PUD s optimalnim
pomérem mezi hydrofobnimi a hydrofilnimi segmenty umoziuje pfipravit stabilni PU
nanocastice jako vychozi materidly pro pfipravu termoplastickych polymert vyuzitelnych v
mnoha oblastech, naptiklad jako biodegradovatelné PU.

Funk¢éni vlastnosti termoplastickych PUD-film byly zlepSeny pfiddnim vodné
disperze koloidni siliky do PUD, nésledované odpatfenim vody. Bylo pozorovano, Ze ptidani
nanoplniva vede ke zlepSeni mechanickych vlastnosti, tepelné stability a snizeni stupné
nabotnani ve vod€, ve srovnani s ¢istou PU matrici. Silika Ludox AS s menSimi Casticemi
nez Ludox TMA je vice kompatibilni s polymerem diky vyssi hustoté zesiténi fyzikalniho
charakteru. VSechny organické-anorganické nanokompozity maji termoplasticky charakter,
takZze jsou plné€ recyklovatelné.

Syntéza PUD byla modifikovana eliminaci kroku spojena s prodlouzenim fetézce
nizkomolekularnimi slou¢eninami. Mechanismus samouspotfadéni linedrnich (obsahujicich
piebytek 1.05 NCO) a zesitovanych polyuretanovych nanocastic (pfebytek 1.5 NCO) bylo

stanovené po dvou krocich reakce, v acetonu a ve vod¢. Zjistilo se, Ze linearni PU nanocéstice
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byly tyCinkovité v acetonu a sférické po ptidani vody, zatimco pouziti pirebytku 1.5 NCO
vedlo k tvorbé ¢astecné zesitovanych castic ve vodé.

Biostabilita a biodegradabilita PU elastomert bez anebo s hydrolyticky rozlozitelnou
jednotkou byly testovany za podminek napodobujici fyziologické prostiedi. Morfologie filma
byla méfena pomoci SEM a AFM. Bylo zjisténo, Ze PU jsou biodegradovatelné pouze tehdy,
kdyz je biodegradovatelna jednotka zaclenéna do fetézce PU. Nicméné, zadné morfologické
zmény v pribéhu testovani naznacuji, ze degradace probiha v SS fazi, obtizné¢ detekovatelné
mikroskopickymi metodami. Biodegradovatelné PU elastomery se mohou pouzit jako
organické matrice pro zna¢ny pocet nanoplniv a pro ziskani novych materiali se Sirokou

oblasti pouziti.
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