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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 linear components,

leading to linear solely aliphatic 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
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1. Introduction

1.1. History of polyurethanes

In 1937 German professor Otto Bayer and coworkers at I. G. Ferbenindustri first
discovered fiber-forming polyurethane as a result of searching for a proxy for Nylon
discovered in 1935 and covered by patent held by E. I. DuPont. The initial materials were
synthesized via reaction of aliphatic diisocyanates with diamines. The obtained polyureas

were infusible and hydrophilic.'”

The first patent on polyurethane was awarded in 1938 by Rinke and Associates,
who successfully reacted 1,8-diisocyanatooctane with butane-1,4-diol to form esters of

carbamid acid, called polyurethanes.4

The industrial scale production started in 1940, when DuPont and ICI recognized
the desirable elastomeric properties of PUs. In this process water was a chain extender
and used diisocyanate was 1,5-diisocyanatonaphtalene. Intensive development of PUs
was impacted by World War II due to the lack of natural rubber in this time. In 1950’s
and 1960’s progress in modifications of PUs was achieved as a production of Vulkallan
rubbers, Spandex fiber called Lycra, Estane and so on. Nowadays, PUs are used in broad
range of applications because of their excellent mechanical properties and

biocompatibility.>”
1.2. General information

Polyurethanes belong to the most important class of polymer materials. Term
polyurethane refers to polymers containing a plurality of urethane group (-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 target properties, varying from rigid hard thermosets to soft elastomers, may be

prepared.”*°

Polyurethanes are used in wide area of commercial applications. In 2007, the
world production of PUs had a volume nearly 12 million tons annually, classifying them

as one of the main polymeric materials.”®
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The major benefits of PUs are: high impact strength at low temperatures, ability of
foams production, controllable hardness and resistance to oxidation, abrasion, ozone,
humidity and tear propagation. However, the flammability and low stability at
temperatures above 90 °C are factors reducing PU applicability. The main fields of
applications for PUs are automotive industry, bedding, insulations, furniture, textiles,
medicine, coatings and adhesives. Rigid PU foams are used for insulation in home
refrigerators and construction industry, whereas flexible foams found applications as
mattresses, packaging materials and in furniture production. Other PU materials may be
classified as cast able resins and thermoplastic elastomers used mostly for the footwear,
sport equipment and electrical industry. Since PUs combine excellent mechanical
properties with good blood compatibility, they found applications as biomaterials as well.
They are used for example as drug delivery systems, biostable implants and

biodegradable materials supporting growing of new tissue.” >

1.3. Synthesis and structure of polyurethanes

1.3.1. Chemistry of polyurethanes

Polyurethanes are synthesized in step growth polymerization by the reaction
between organic isocyanate (-N=C=0O) and active hydrogen compounds (R-OH) or (R-
NH;). In this reaction, bifunctional monomers react stepwise to produce long chains of
monomer residues. Since no small molecule, such as CO, or water, is eliminated during

the reaction, it can be classified as polyaddition.*®

The methods for preparation of PUs can be consider according to the reaction
medium (bulk, organic solvent, water) and the addition order of components (one-step or
prepolymer method). In the one-step, also called one-shot polyaddition procedure, all
reagents (diisocyanate, macrodiol and chain extender) are reacted at once (see Scheme
la)). This procedure is commonly used in industry due to short time of reaction, ease to
perform and high reproducibility. However, this method does not provide control required
to obtain regular block sequences. In the one-shot technique the difference in reactivity of
isocyanate groups and different OH groups of a macrodiol and a chain extender may
produce a mixture of oligomers diisocyanate-chain extender and diisocyanate-

macrodiol. >>%!!
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In contrast, in the two-step polymerization technique at first a macrodiol reacts
with an excess of a diisocyanate to form an isocyanate-terminated low-molecular weight
prepolymer. The second step constitutes chain extension with a short diol or diamine (see
Scheme 1b)), which produces a multiblock copolymer of the (AB), type with the
increased overall molecular weight. Because this method is more controlled and produces
fewer side reactions than the one-step procedure, is commonly used for synthetize of

biopolyurethanes.*

a) one-step method

diol — polyurethane

diamine — polyurethaneurea

diisocyanate + macrodiol + chain extender

b) prepolymer method diisocyanate: O=C=N-R-N-C=0  diol: HO-R"'-OH
diisocyanate + macrodiol macrodiol: HO-R'-OH diamine: H,N-R"-NH
l H H
prepolymer prepolymer: OCN?RN\ C'O‘R‘ 0. C ’N‘RTNCO
chain extender o) 0O 3
diol diamine OH HO

polyurethane: _.R*.0-C-NwwN-C-O-R* -0 -
y  HOH EOH
polyurethaneurea: N'R‘“-N-C-NMMMN—&-N-R“‘-N/
/ AN

polyurethane  polyurethaneurea

Scheme 1. Preparation of PUs based on: a) one-step method, b) prepolymer method.>**

1.3.2. Segmented structure of polyurethanes

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 7, .. 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 T, or a high 77, and act as filler particles, reinforcing the SS matrix >*¢1214

Although there is some degree of mixing between SSs and HSs, the segments
segregate to form a pseudo-two-phase structure. This behavior is a result of intrinsic

incompatibility and thermodynamic immiscibility between the segments caused by their

15



different polarities and free energy. The HSs tend to cluster or aggregate and provide
physical crosslink sites for the soft microphase. The extent of SS/HS phase separation
plays an important role in determination of PU solid-state properties, such as vapor
permeability, hydrolytic resistance, thermal stability and mechanical properties. The
degree of microphase segregation may be regulated by selecting of SS and HS with
proper lengths and sequence of length distribution, molecular weight, chemistry and
possibility to form hydrogen bonding. Thermal history of PUs and the method of
preparation are also known to affect the degree of phase separation/mixing and
organization of hard domains. For example, PUs containing 15-40 wt% of HS are
typically soft and rubbery elastomeric materials, whereas PUs with 40-60 wt% of HS are
tough elastomers. The degree of microphase separation can be analyzed by atomic force
microscopy, electron microscopy, small angle X-ray scattering and small angle neutron

scattering. >3

1.3.3. Raw components used in the synthesis

1.3.3.1. Isocyanates

An isocyanate is the first essential component of PU. Molecules containing two
isocyanate groups are called diisocyanates, whereas compounds with more than two -

NCO groups belong to polyisocyanates.

Two main classes of isocyanates used in synthesis of PUs are aromatic and
(cyclo)aliphatic types. Aromatic isocyanates in comparison to aliphatic isocyanates are
more reactive and lead to stiffer PU chains with a higher T;,, but their oxidative,
hydrolytic and ultraviolet resistances are lower. They are mostly used in biomedical PUs.
The most common aromatic isocyanates are 2,4-diisocyanato-1-methylbenzene (TDI)
(consisting of an isomeric mixture of the 2,4-TDI and 2,6-TDI) and 1,1’-methylenebis(4-
isocyanatobenzene) (MDI). Although MDI is more expensive than TDI, it has higher
reactivity and may lead to polymers with better physical properties. Aliphatic and
cycloaliphatic isocyanates find wide use in coating applications due to their higher light
stability. Typical examples of this class are 1,6-diisocyanatohexane (HDI), 5-isocyanato-
1-(isocyanatomethyl)-1,3,3-trimethyl-cyclohexane (IPDI) and 1,6-diisocyanato-2,2,4-
trimethylhexane (TMDI).***¢
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Isocyanate group is highly reactive toward nucleophilic reagents due to the
electro-positive character of the carbon atom. This electro-positivity is higher in aromatic
than in aliphatic diisocyanates, because the benzene ring drains the electron cloud of the
nitrogen atom, making the carbonyl carbon more exposed to the nucleophilic attack.
Electron-donating substituents present near the C atom in the -NCO group can slow down
the rate of isocyanate reactions. The reduction of the reaction rate may be also caused by
branched groups and bulky side groups in aliphatic isocyanates or by bulky groups in the
orto position in the case of aromatic isocyanates, due to formation of steric hindrance.
The reactivity of the second -NCO group in diisocyanates is decreased after the reaction
of the first one. These differences in the reaction rates are reduced when the -NCO

groups are separated by aromatic rings or aliphatic chain.**'>¢

Scheme 2 summarizes the reactions of -NCO group with different components.
The main way of PU synthesis is the reaction of the isocyanate group with —OH
terminated molecule (Scheme 2a)). In this case the rate of reaction of primary alcohols is
around three times faster in comparison to secondary alcohols and around 200 times faster
than in the reaction of tertiary alcohols. If -NCO groups are present in excess, they can
take a part in a reversible reaction with urethane groups to form allophanate (Scheme
2b)). The allophanate linkages are junction points and, as a result of crosslinking, can
improve mechanical properties of obtained materials. However, they can dissociate to
urethane and isocyanate, depending on temperature and the type of used

3,15,17-20
compounds.
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i
R-N-C-O-R’ N (~—
Lo R-NH, | FR'-N=C=0 Q
| amine | ¢) R-NH-C-NH-R'
R""—NH allophanate urea
d T- CO
b) lT+ R"-N=C=0 ) : Dl-l-R”_N:C:O
- 79
HO R-N-C—OH Q
R-N-C-O-R" carbamic acid R—ITI—C—NH-R‘
urethane T -
0=C
. c)[+ H,0 |
‘Y OH : R '-NH biuret
a
R—N=C=0
isocyanate .
+ R—N:}(y j RON=C=0
2) h 1gh temp.
(I)I ) l+ 2R-N=C=0
C 0 R-N=C=N-R|+ CO,
PN o
RN N-R R |(|: . carbodiimide
I(I: I I
Q dimer Ofc\N/Cto
|
R
trimer

. - 3,15,19
Scheme 2. Reactions of isocyanate group.™ ™

Isocyanates can also react with water (Scheme 2c)). At the first step unstable
carbamic acid is formed (Scheme 2d)), which decompose to amine (Scheme 2¢)). Beside
the amine product, also carbon dioxide is liberated. This process is widely used in a
production of PU foams, where CO, acts as a blowing agent. Amines react with
isocyanate to form bifunctional urea linkages (Scheme 2f)), which means that this is a
chain extension process. Urea groups further can react with the -NCO groups and yield
trifunctional biuret, which increases a crosslinking density. Biuret linkages are more
stable than allophanate, but still thermally labile. Isocyanate groups can also react with
each other to dimer (uretidione) or trimer (isocyanurate) formation (Scheme 2g) and h),
respectively). Cyclotrimerization is used to produce PU coatings and rigid, high
temperature resistant foams. Other possible reaction of the -NCO group with another —
NCO group is carbodiimide formation (Scheme 21)). Carbodiimide groups are thermally

and hydrolytically stable.>'>"**?
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1.3.3.2. Polyols

Di-hydroxy terminated polyols are called macrodiols. These compounds form soft
segments, responsible for elastomeric properties of PUs. The type and length of
macrodiol play an important role in the mechanical and physico-chemical properties of
PU materials. Generally, long high-molecular weight polyols lead to PU elastomers,
whereas short low-molecular weight macrodiols produce rigid plastics. The most
important polyols are polyester (polycarbonate, polycaprolactone), polyether and

polybutadiene polyols.>*”

Polyether polyols are mostly used as solvent-free coatings, but their applications
are limited to interior use or production of primers, due to high oxidative degradation of
polyether chains. However, they provide good mechanical and hydrolytic stability of
formed PUs. Polyester polyols are synthesized in the polycondensation reaction between
polycarboxylic acids with an excess of polyols. PUs based on non-aromatic polyesters
yield good weather and UV stability, whereas aromatic polyester diols tend to yellowing
when they are exposed to light. Due to their properties, aliphatic polyester polyols found
applications in a wide area of PU coatings, used for cars, aircraft, industrial machinery

3,9
and so on.™

Polycarbonate polyols

Polycarbonate polyols belong to a special class of polyesters, having much higher
oxidative resistance than polyether-based PUs. Over other polyesters, they are more UV
and hydrolytic stable, due to formation of unstable derivative of carbonic acid in the
reaction of polycarbonate groups with water. This derivative decompose to nonacidic

species, which prevent the acid catalyzed decomposition of PUs. %

There are several methods for preparation of polycarbonate polyols, including the
reaction of diols with phosgene, dioxolanones, bischlorocarbonic acid esters, diaryl-
/dialkyl-carbonate or urea. The simplest is the reaction between phosgene/carbonate
monomer with a diol (Scheme 3a)). However, this method is not recommended due to
using of phosgene, unfriendly for the environment. The best technique for preparation of
high-molecular weight polycarbonate diols is the condensation of dimethyl carbonate and
diols (Scheme 3b)). This procedure needs the optimum reaction temperature, at which

methanol - dimethyl carbonate azeotrope formation is minimalized. The copolymerization

19



of epoxides and carbon dioxide (Scheme 3c)) gives alternative polycarbonates — the
polyalkylene carbonates. The main problem in this process is the cyclic carbonate
production. The undesired product formation is minimalized by using of proper catalysts,

for example cobalt - selen complexes or dimagnesium catalysts.***’

=0

| I
ay .C_ _+ HO-R-OH — HO*ER—O—C—O}R—OH + NaCl
Cl Cl m

b) O I
E + HO-R-OH —>HO~|ER—O—C—OE|~R—OH + 2 CH,OH
H,C-O" ~O-CH, m
0O
©) CH, catalyst 0 _CH 6
JNE 0o, SR [0 T |
I

O—CH—R R

Scheme 3. Preparation of polycarbonate diols using: a) phoshene, b) dimethyl carbonate,

¢) alkoxylate.”>?’

In spite of relatively high costs of polycarbonate diols, they found a wide area in
PU applications due to their good mechanical properties and better resistance to organic
solvent, hydrolysis and oxidative degradation compared to polyethers. In recent years,
biostable and mnbiocompatible aromatic polycarbonate macrodiols containing bisphenol
A, have been used in medical applications, such as implants, blood pumps, heart valves
and so on. However, their low solubility limits their coating applications. Therefore,
aliphatic polycarbonates are mostly used as PU adhesives, coatings and dispersions for

medical, packaging and shoe industries.”*>*>%3?

1.3.3.3. Chain extenders

Chain extenders are low-molecular weight (from 40 to 300 g-mol™) bifunctional
compounds containing active hydrogen. Their main function is an extension of HS. The
addition of chain extenders results in increasing of molecular weight and hydrogen
bonding density. Thus, as a result of local phase ordering, the possibility of crystallinity
increases. Moreover, segregation of HSs causes increasing of modulus and 7,, which
gives possibility in prediction of PU softening point and temperature limits for working.
The lack of a chain extender in the PU structure leads to physically poor materials, often

without microphase separation.®**~¢
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Chain extenders can be classified into two categories: aliphatic diols and diamines
and the corresponding aromatic diols and diamines. Diamine chain extenders are highly
reactive and lead to formation of urea links, resulting in PU crosslinked with biuret
groups. These chain extenders produce stiffer HSs and the obtained PUs have higher
hardness, modulus and tensile strength in comparison to PUs based on diols. Aliphatic
diamines are more often used than aromatic diamines due to their lower reactivity and
less production problems. However, it was found that diamines with a substituent in the
orto position in the benzene ring provide optimum reactivity and good physical properties

of final PUs.>¢37-38

A diol chain extender leads to softer PUs than while using diamines. Generally,
aromatic diols lead to tougher elastomers compared to aliphatic diols, due to their less
flexible units. Thermoplastic PUs can be obtained only when linear diol is used as a chain
extender. Branching diols lead to formation of crosslinks, so the resulted PUs cannot be
re-processed by thermal treatment. The most common diol chain extender is butane-1,4-
diol (BD), extensively used for medical applications. Moreover, mixture of chain

. : 3,38,39
extenders is also possible to use.””

1.4. Thermoplastic polyurethanes

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.
This behavior is illustrated in Fig. 1. The re-cooling of the melt results in subsequent

segregation of HSs into SSs. Segmented TPUs contain 60-85 wt% of SS.****
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temperature increasing l ‘[ temperature decreasing

or solvent addition or solvent removal

SS HS SS HS SS HS SS HS SS

— o -

Figure 1. TPU chain behavior under processing.*°

To obtain thermoplastic PUs without or with only low branching, the
functionalities of used raw components should be around 2 in total. Thus, an NCO:OH
molar ratio, called the isocyanate index, about 1 is usually used in the synthesis of TPUs.
To prepare partially crosslinked TPUs, a small excess of NCO (0.1-0.2 %) is used,
whereas post-curable polymers have NCO:OH ratio between 0.98 and 0.99. Theoretically,
if the isocyanate index is equal to one, the chemical crosslinking is negligible and the
rubber-like behavior depends mostly on physical networks, which is called “virtual
crosslinking”. In practice, an NCO:OH ratio between 1.02 and 1.05 is used for
preparation of TPUs, due to side reactions of an isocyanate with water contained in
components and in the air. The substantial excess of NCO leads to formation of chemical
networks through allophanate and biuret groups. However, chemical crosslinks have a
significant influence on PU thermal stability, which can be sorted as follows: isocyanurate
> urea > urethane > biuret > allophanate. Thus, increasing of chemical crosslinking
density limits a thermal re-processing of PUs. The elastomeric properties of PUs depend
on both physical and chemical networks. Increasing of chemical crosslinking causes
changes in PU morphology and their hardness. This can be explained by increasing of
attraction forces between HSs, leading to increasing of tensile strength and decreasing of

- 22,29,38,44-48
elongation at break.?>>%
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Although TPUs are materials with high elongation and flexibility, they have some
limitations due to sensitivity to water, UV radiation, alcohols, nitrogen oxide,
microorganisms and strong alkalis. They are mostly used for the production of adhesives,
coatings, engineering materials and films, by extrusion and injection techniques. TPUs
found applications as alternatives to solvent-borne PU adhesives due to good strength
after their fast crystallization. Unfortunately, above T, of the crystalline phase, they lose
their strength. However, addition of short diol chain extenders improves thermal stability
of TPUs. Thermoplastic PUs are versatile materials used in the following areas: a) energy,
as cable jackets; b) automotive painting; c¢) electronics for mobiles and computers; d)
petrochemical; e) textile; f) footwear; g) sport equipment; h) medical devices and
scaffolds for tissue engineering; i) furniture; j) aerospace; k) other industrial

36,42,46,49-55
products.”" ™

1.5. Polyurethane water dispersions

1.5.1. History of waterborne polyurethanes

Polyurethane water dispersion (PUD), also called waterborne polyurethane, is a
colloid system, where PU nanoparticles are dispersed in an aqueous medium. After
development of PUs, researchers sought to obtain water soluble polyurethanes with a high
amount of hydrophilic groups. In the first approach, strongly basic PUs were prepared.
However, they were not possible to use in commercial applications because of too high
hydrophilicity. Later reaction of prepolymers with a diamine water solution in the
presence of surface active agents led to unstable dispersions. Moreover, relatively large
particle size distribution caused problems in film formation and deteriorated water

resistance.’*®

PUDs containing hydrophilic ionic groups in the PU backbone, have been
available since the late 1960s, and since the early 1970s they have been commercial
products. Because 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. The growing interest

in PUDs resulted in over 1000 patents since the past 20 yers.”**°
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1.5.2. Types of PUDs

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
(Fig. 2), 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. Frequently
used pendant groups in PUDs include acid functional forms, tertiary amine-based cationic

groups or non-ionic sulfactants.’”*

1.5.2.1. PU cationomers

Cationic PU ionomers (Fig. 2a)) are prepared in the reaction of NCO-terminated
prepolymer and low-molecular weight tertiary amine containing hydroxyl groups. They
can incorporate various cations into their structure, for example sulfonium, ammonium or
phosphonium, together with proper counter-ions. The suitable ionic pair is formed by
neutralization of amine with acid or in the reaction with benzyl chloride, alkyl chloride,

dimethyl sulfate or another polymer containing chlorine groups.®**¢'

a) 0 0 b)
—NH—gﬂMlN\MO—g—NH— —NH—%VV\A'N\MO—Q—NH—
(FINR);, X (-) COO (-), (+) NH(R);

Figure 2. Ionomeric types of PUDs: a) PU cationomer, b) PU anionomer.>*®

The increasing number of ionic groups in cationic PUs causes increasing of their
hydrophilicity, flexibility, mechanical strength, permeability and selectivity of PU
membranes. They show good adhesion to anionic substrates and porous surfaces. Due to
this fact, PU cationomers found applications as coatings for glass, PVC and rubber. They
are important retaining agents for natural leather, because of color improvement after the
dyeing. Cationic PUs are also used as additives during the coagulation process, binders

between flexible and rigid surfaces and in a production of poromerics.®*%!
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1.5.2.2. PU anionomers

Anionic PU ionomers (Fig. 2b)) are predominant in commercial preparation of
PUDs. Acidic functional groups, the most often HSO;™ or COQ’, are incorporated in their
chains. It was found that polycarboxylates give good hydrophobicity, whereas

polysulfonates provide PUDs with excellent stability.**°

There are three steps of PU anionomers preparation. At first, as a result of reaction
between a diol and an excess of diisocyanate, prepolymer is formed. In addition,
dihydroxyl carboxylic acid is reacted into the prepolymer. The most often used ionic
center is DMPA (2,2-bis-(hydroxymethyl)propionic acid) due to steric hindrance of the
carboxyl group, preventing its reaction with —-NCO. In the second stage, COOH groups
are neutralized with a basic material to obtain anionic hydrophilic centers. As neutralizing
agent are used N,N-dimethylmethanamine (trimethylamine), N,N-diethylethanamine
(triethylamine), ammonia, NaOH, KOH, or LiOH. The last step of the PU anionomer
preparation covers chain extension of the prepolymer. As a result, the residual -NCO
groups are transformed into urea and a stable PUD is obtained after water addition.

Further evaporation of water leads to formation of the PU film.>*%¢-7:64

PU anionomers are used for electronic and optic applications as dopant ion and
macromolecular electrolyte, due to their considerable conductivity and polarity. They are
also biomaterials for preparation of anticoagulants for delay clotting times or substances
with antimicrobial properties. Moreover, anionic PUs can be employed as temporary

binders for ceramic materials.®®%®

1.5.2.3. Non-ionic polyurethanes

PU non-ionomers have non-ionic hydrophilic centers built into the polymer
backbone, without any ion dangling on PU chain. In this type, a part of hydrophobic
polyols is replaced by hydrophilic polyethylene oxide. The hydrophilic segments
terminate PU chain or are attached as lateral groups. Unlike the ionic PUs, stabilized by
formation of electrical double layer, the non-ionic PUs are stable via entropic repulsion

mechanism between the PU chains.’*7%%7

The main disadvantage of nonionomers is necessity of incorporation of high
number of hydrophilic parts to obtain stable PUDs, which leads to water sensitive films,

swellable or even soluble in water. Moreover, this type of PUD causes problems in the
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emulsification process, due to possibility of thermocoagulation and low heat resistance,
caused by decreasing of hydrophilic segments solubility in water at higher

tempera‘[ure:s.56’70

Nonionic PUDs, compared to ionic types, are more alkali, acid, electrolytes,
strong shear forces and freezing resistant. These features provide their applications in a
production of synthetic leather surfactants, pigments, thickener, fillers and other. On the
other hand, ionomers have higher strength, modulus and hardness than the non-ionic
types. Fortunately, combination of non-ionic hydrophilic segments and ionic groups leads
to synergistic effects on the PUD stability, fine particle size and reduction of the overall

hydrophilic part content.”*"""

1.5.3. Dispersion and film formation

1.5.3.1. Formation of PU nanoparticles dispersed in water

The dispersity/mixing stage in water is an important factor affecting PUD stability
and their final properties. It was found that neutralization with amine of fully reacted PU
in an organic solvent (see Scheme 4a)) causes increasing of the mixture viscosity due to
creation of micro-ionic lattices. These forms are results of intra- and inter- molecular
electrostatic interactions between positive and negative ions in ionomeric PUDs. Thus,
repulsion and elastic forces along PU chain lead to pseudo-crosslinking formation, which

is responsible for increasing of the mixture viscosity.”*°
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Scheme 4. Formation of anionic PUDs and PUD-based films: a) neutralization of
carboxylic groups and formation of ionic pairs, b) water addition: re-arrangement of HSs
and SSs leading to formation of core-shell structure, c) organic solvent removal giving
waterborne PU, d) water evaporation leading to increasing of PU concentration, e) further
water removal: deformation of soft particles, f) coalescence and inter-diffusion, g)

continuous PU film.

The contraction of van der Waals attractions between dispersed PU nanoparticles
in water takes place by different stabilization mechanisms for ionomeric and non-
ionomeric PUDs. In the case of PU ionomers an electrical double layer between the ionic
groups bounded to PU backbone and their counterions migrating to the water phase is

formed. As a result, the particles repeal from each other, forming a stable PUD.’~°

In contrast, non-ionic PUs are stabilized in water by an entropy effect, as
mentioned above. In these PUDs hydrophilic segments built into the polymer chains,
stretch and penetrate the aqueous phase. However, the conformational freedom of
polyethylene oxide chains is limited by approaching of the particles. This behavior is
thermodynamically unfavorable and causes repelling of the nanoparticles, when they
approach too close to each other. Therefore, the repulsion is a spontaneous movement

caused by a reduction of entropy.”
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There are several steps of transformation of an organic PU solution into a PUD.
The initial water addition causes sharp increasing of viscosity due to reduction of ionic
groups. As more water is added, the viscosity increases to maximum, although the solids
amount decreases. This can be explained by reduction of solvation sheath of the
hydrophobic segments due to decreasing concentration of organic solvent. Subsequent
water addition leads to turbidity, producing initially dispersed phase. As a result of further
increasing of turbidity, the viscosity decreases. This behavior is caused by re-arrangement
of PU segments and creation of core-shell structure, where hydrophobic PU parts are
surrounded by hydrophilic groups (see Scheme 4b)). The re-arrangement leads to
formation of microspherical PU particles dispersed in the water phase. The last step for

obtaining of a waterborne PUD is organic solvent removal.’®">”/

The structure of PU nanoparticles dispersed in water is similar to polymer
molecular coils in colloidal aqueous solutions. In contrast to emulsifier-stabilized
dispersions, in ionic PUDs the particle phase borders are not sharply defined. This fact
causes problems with determination of their size. The size of PU particles in water
depends on the PU molecular weight, hydrophilicity, the mobility of PU chains, the ionic
groups content, the ratio of water to organic solvent, temperature and mixing conditions,
the degree of neutralization and type of neutralization agent. It was found that the particle
size decreases with increasing of PU hydrophilicity, ionic centers amount, degree of
neutralization and force of mixing. Moreover, the metal cations favor PUDs with smaller
particles than ammonium cations. Further, lower reaction temperature leads to decreasing
of the particle size due to disruption of hydrogen bonding formation, resulting in

separation of the PU chains into smaller polymer fragments.’%7*7>"8

The particle size of PUDs is varied from 10 to 500 nm and significantly
influences the dispersion stability. The nanoparticles larger than 100 nm are generally
unstable in water due to sedimentation. Therefore, PUDs with smaller particles are widely
used because of their better stability and high surface energy, leading to stronger driving
force for PU film formation. The particle size affects also the appearance of PUDs, from
opaque sol with small nanoparticles to a milky white dispersion containing large particles.
Common PUDs have a pH from 6 to 9, solids content between 35 and 50 % and viscosity

around 100 mPa-s.>*%”’
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1.5.3.2. Film formation

PUDs feature excellent polymer film-forming properties, influenced by
temperature. It was found that there is no phase separation on organic and water phase
between upper critical solution temperature depending on PU hydrophilicity and lower
critical solution temperature defined by hydrophobic nature of PUs. There are several
possible methods for improvement of the film-forming properties, such as addition of
coalescent solvents with high boiling temperature or plasticizers or increasing of drying

‘[en1perature.56’80

The formation of PU films from PUDs is a multistep process, called casting
technique. It starts when PUD is applied on a surface. At the beginning of this process,
the dispersion contains 20-50 wt% solids content (Scheme 4c)). When water is
evaporating, the PUD becomes more concentrated and the particles are closer to each
other (Scheme 4d)). In this step, the particles are still round-shaped, which provides water
penetration between them. Afterwards, when the particles modulus is exceeded by the
drying forces, the soft PU nanoparticles deform to give mechanically weak void-free film
(Scheme 4e)). The next phase consists of the coalescence of small particles being in a
close contact, resulted in the disappearing boundaries between them (Scheme 4f)).
Finally, due to the polymer inter-diffusion, the PU chains interpenetrate, providing the

entanglements, which gives continuous and mechanically strong film.*'**

The individual steps of film formation are not always well defined and may occur
at the same time. These stages depend on several factors. Firstly, a clear continuous film
is obtained above the minimum film-forming temperature (MFT), at which the particles
are possible to deform due to sufficient capillary force for the coalescence process. The
MFT is related to 7, of PU and thereby the polymer softness. Below this temperature,
water evaporation from PUDs leads to opaque and discontinuous materials. Another
factor affecting the film-forming process is the PU particle size. It was found that large
particles need short time for drying, however smaller particles produce stronger coatings
with better penetration properties. Moreover, PUDs containing mixture of harder and
softer particles lose water slower than PUDs consisting of uniform particles. Also low-

viscous particles are desirable for obtaining of good materials.”**'**#

General properties of films obtained from PUDs are essentially the same like

in solvent-borne PUs and depend on HS content, crosslinking density, SS-HS microphase
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separation, etc. However, in the case of ionic PUDs, additional ionic centers affect HS
crystallinity, PU thermal behavior and water sensitivity. The improvement of water
resistance is limited due to the fact that decreasing amount of ionic groups, which reduces
the films water swellability, is associated with simultaneous decreasing of PU stability.
Therefore, optimization of the ionic centers concentration is an important step in design
of PUDs and PUD-based films. Moreover, segregation of the ionic groups into
macrodomains forms physical networks, improving properties of PU ionomers. Solvent
resistance may be improved by crosslinking formation. This can be obtained in the
reaction between water-dispersible groups and for instance carboimide or aziridine or by
using of crosslikable sites. On the other hand, increasing of crosslinking density causes
problems with the film formation because it leads to higher 7, and hence temperature for
forming of PUD-based material. The films properties depend also on other factors, such
as compatibility between ionic centers and PU backbone, the length of the spacer between

the ionic groups and the polymer chain and the type of the neutralizing agent.”®""8>-%

1.5.4. Manufacturing processes of waterborne polyurethanes

There are several manufacturing processes of PUDs. In all of these methods the
NCO-terminated low-molecular weight prepolymer is prepared in the first step. The
differences between preparation techniques of PUDs are located in the chain extension

stage. 23647

The oldest method for obtaining of PUDs is the acetone process. In this technique
an organic solvent, such as methyl ethyl ketone, tetrahydrofuran, dioxane or preferably
acetone is added to the prepolymer and chain extended in the next step. Acetone is the
most commonly used due to its miscibility with water and low boiling temperature. The
viscosity resulting after chain extension is controlled by a polar solvent, preventing the
formation of hydrogen bonds between the PUs. The PUD is obtained by phase inversion
after addition of water to the homogenous mixture and removing of an organic solvent.
The advantages of this process are high reproducibility, formation of PUDs with small
particle size and tight molecular weight distribution and high quality of obtained PUs.
However, mostly linear PUs with molecular weight up to 100 000 are manufacturing by
this method. Moreover, the acetone process is economically and environmentally

56,74,87-90
unfavorable due to large amount of solvent used.”®**’
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In the prepolymer mixing process, the prepolymer being in a form of solution or
melt, is directly emulsified with water. This technique is suitable for low-viscous
prepolymers. However, the viscosity may be reduced by addition of small amount of
solvent such as N-methyl pyrrolidyne. The dispersion step should be performed at low
enough temperature to avoid reaction between —NCO groups and water, leading to
formation of polyurea. Thus, low-reactive cycloaliphatic diisocyanates are mostly used in
the prepolymer process. In the next step, PUs are chain extended by addition of di- or
polyamines to the aqueous phase. Advantages of this method are simplicity, reduction of
solvent amount, formation of PUs with higher molecular weight and more branched
structures compared to the acetone process. On the other hand, the PU properties are

inferior due to carrying out of the chain extension in a heterogeneous phase.’®’*%#8

In the melt dispersion method the NCO-terminated prepolymer reacts with an
excess of urea or ammonia, giving the urea- or biuret-terminated prepolymer. In the next
step, the obtained capped oligomer is dispersed in water. The reaction does not need any
cosolvent, because the viscosity is controlled by high temperature of the reaction. After
the self-dispersion, the chain extension is carried out by methylation of the oligomer
biuret groups with formaldehyde at lower pH. Although this process is simple and

substantially fast, it is not widely used in preparation of PU coatings.’®%7*

In the ketamine/ketazine technique, the prepolymer is homogeneously mixed with
the blocked diamine (ketamine) or hydrazine (ketazine) and dispersed in water. The chain
extension occurs as a result of simultaneous liberty of the amino function after hydrolysis
and then spontaneous reaction with NCO-terminated prepolymer. PUDs prepared by this

method are used for the production of high performance coatings.”>*"

1.5.5. Applications of polyurethane water dispersions

PUDs have been recently applied in the area previously monopolized by
conventional solvent-borne PUs and as adhesives and coatings for various surfaces. It was
found that PUDs with larger particles are used when rapid drying of the surface coatings
is preferred, whereas PUDs with smaller particles are applied when deep penetration of a

PUD is desired.’*"!

The main application of PUDs is coating industry. They can be classified as

coatings for flexible surfaces, for finishing and for wood. The earliest and the widest area

31



of PUD applications are textile coatings. Proper PUDs give waterproof textile coatings
with good water permeability, used widely for the production of leather substituents.
Paper fibers treated with PUDs have improved strength and increased the tendency to ink
to be absorbed into the paper rather than run on the surface. Since PUDs provide high
abrasion resistance, high gloss and high fouling resistance, they are widely used for wood
coatings. Plastic primers based on PUDs provide energy absorption and act as a buffer
between the hard topcoat and the softer plastic substrate. PUDs also found applications as
corrosion protection for metals due to increasing of toughness and wear

resistance.’®’+?%%

Relatively new area for using of PUDs is biomedical industry. This field has
received increasing interesting due to questing for elimination of the side effects caused
by organic solvents in biomedical polymers. The advantages of PUDs are mechanical
strength, biocompatibility and non-toxicity for bladder smooth muscle cells, fibroblasts
and endothelial cells. Due to their properties, PUDs can be used for soft tissue
engineering scaffolds, nanoparticles for drug delivery, treatment of ocular diseases and
breast cancer. Moreover, PUDs are applied as antibacterial materials in wound

. 5,495
healing.™™

1.6. Polyurethane nanocomposites

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. The role of fillers is enhancing of polymer
properties, especially of polyurethanes. Technical and scientific literature report PU
nanocomposites with nanoclays, silica, silver nanoparticles, cellulose, carbon nanotubes,
titanium, polyaniline and other fillers. However, nanoclays and silica are the most

common.”®1%

Among layered aminosilicate clays, montrillomonite (bentonite) is widely used in
PU nanocomposites. For these materials uniform dispersity of the clay nanolayers is more
desired than their aggregation as tactoids. The nanolayer exfoliation leads to improving of
mechanical, thermal and gas-barrier properties in comparison to the same PU with
smectic clay or neat PUs. The degree of exfoliation can be increased by in situ
polymerization, solution blending, melt blending, high shear mixing and several other

97,98
methods.””
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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. It was found that addition of silica to PU matrix leads to
increasing of storage modulus in the rubbery region, tensile strength and elongation at
break. PU-nanosilica nanocomposites can be prepared by blending method or in situ
polymerization. The major disadvantage of these materials is tendency to the nanofiller
agglomeration, stronger in the nanocomposites prepared by blending technique than in
situ hydrolysis. This behavior is related to the fact that during in situ polymerization
nanosilica particles are chemically bonded with PU, which prevents their aggregation. In
contrast, in the blending method the possibility of chemical bond formation is very low,
resulting in the nanofiller aggregation through hydrogen bonds. However, the
nanocomposites obtained from blending method have higher microhardness than those

prepared by in situ polymerization.””*!"’

1.7. Biostable and biodegradable polyurethanes.

Biostable versus biodegradable PUs are polymers with opposite properties
belonging to the versatile class of PU materials. Traditional PUs have been used as
biomaterials since the 1960’s, typically for production of catheters, pacemaker leads,
artificial heart prostheses and implants. These long-term biomedical devices require
biostable PUs, because biodegradation comes with loosing of the material shape and
mechanical properties. The PU biostability can be enhanced through modifications of SS
substitutions by elimination of their reactive sites, mostly ester or ether groups. Therefore,
polyether and polyester SSs have been substituted with polycarbonate, polybutadiene or
polydimethylsiloxane. It has been investigated that polycarbonate SS is more stable than
polyether SS. Another technique for improvement of oxidative cleavage resistance is the
polymer endcapping with polydimethylsiloxane groups, which imparts the PU
hydrophilicity. Moreover, increasing of the HS amount causes decreasing of the number

of possible degradation sites, resulting in improved PU stability.?*=>*-108:109

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 restorable and biodegradable PUs has been

increasing in recent years. Biodegradable elastomeric PUs found applications as artificial
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skin, nerve conduits, cardiovascular, short-term implants, cancellous bone graft
substitutes and in oral drug administration. These polymers may be prepared by
incorporation of hydrolysable groups into the PU backbone by several ways. The most
common method is using of biodegradable polyester SS, such as poly(e-caprolactone),
poly(lactide), poly(glycolic acid) and their copolymers. Another way is using of
diisocyanates derived from amino acids, which are non-toxic in comparison to traditional

. 23,35,108,110,111
diisocyanates.””> "
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2. Methods of characterization

The samples investigated in this work are polymer dispersions/solutions in water
or in acetone. In this form they were measured by scattering techniques such as dynamic
light scattering (DLS) and static light scattering (SLS) to obtain information about the
particle size, dispersity, shape and molecular weight. Moreover, the particle size and
shape were investigated also in the dry form, deposited on mica surface, by atomic force
microscopy (AFM). After drying of the dispersions, continuous polymer films were
formed. Their microstructure and mechanical properties were carried out by AFM,
scanning electron microscopy (SEM), tensile test and dynamic mechanical thermal
analysis (DMTA). The second part of this dissertation describes the morphology changes
of PU elastomers before and after hydrolytic degradation tests, measured by AFM and
SEM techniques.

Other methods of characterization, not described below in details, were also used
for characterization of PUDs and PUD-based films. The formation of PU nanoparticles
was monitored by Fourier transform infrared spectroscopy (FTIR), the thermal
degradation of the films was investigated by thermogravimetric analysis (TG) and
differential scanning calorimetry (DSC) and their water resistance was carried out by

water uptake experiments.

2.1. Dynamic light scattering (DLS)

Dynamic (quasielastic) light scattering measures the intensity of the scattered light
fluctuations, caused by the Brownian motions of the scattering particles. This method is a
standard technique for determination of particle translational diffusion coefficient and
thereby the equivalent spherical hydrodynamic radius (Ry). The main differences between
DLS and SLS are investigating of the temporal structure by DLS instead of angular
distributions in SLS and monitoring of the particle fluctuations over short time intervals

in DLS in contrast to the averaged intensity measured by SLS.''*'!*

The principle of DLS is that the Brownian motion velocity depends on the particle
size. In general, smaller particles diffuse faster than larger particles in a liquid medium,
resulting in shorter timescale of fluctuations intensity for smaller particles. The particle

Brownian motions for non-interacting monodisperse rigid spheres are defined by the

35



diffusion coefficient (D), which can be converted into the hydrodynamic radius of the
particle (Ry) by the Stokes-Einstein equation:

_ kT (1

H_6‘ITT]D

where kg is the Boltzmann constant, 7 is the absolute temperature and # is the solution

i, 113115
viscosity.

2.1.1. Electrophoretic dynamic light scattering

Electrophoresis describes the interplay between the colloidal particle motions and
electrical field formed by the particle charges under apply of an electric field. The
electrophoretic mobility (ug) is related to zeta potential ({) by the Henry equation:

pe= (%) f (xa) ©)

where xa is the Henry function describing the ratio of the particle size to the double layer
thickness and ¢ is dielectric constant. Measuring of the electrophoresis provides
information about the physical stability of dispersed particles through investigation of
repulsive electrostatic forces between them. Zeta potential is defined as a potential of the
boundary between particle ions and solvent. In general, low values of , typically between

+30 mV and -30 mV, indicates the particle aggregation.115’116

2.2, Static light scattering (SLS)

Static (elastic, Rayleigh) light scattering investigates concentration and angular
dependence of the scattered light intensity to yield the molecular mass and molecular size.
In this method, the scattered light intensity is measured as voltage on photodiodes,
expressed by the Rayleigh ratio (Rp) as:

Ry="2" 3)

where iy is the scattered beam intensity, /p is the incident beam intensity and » is a

distance between scattering cell and detector.''>!"”
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Determination of molecular weight in SLS is given by Zimm equation:

2
Keo L+ L8294 245¢ “4)
ARy My 3

where c¢ is the concentration of macromolecules in solution M, is the weight-average
molecular weight, R, is radius of gyration and A4, is the second virial coefficient. After

extrapolation of both ¢ — 0 and § — 0, the new curves cross K ¢/A Ryat value 1/M,,."">'"®

2.3. Atomic force microscopy (AFM)

Atomic force microscopy (AFM), also called scanning force microscopy (SFM), is
a basic method for all nanoscopic research. This technique is widely used for monitoring
of PUs surface analysis due to possibility of detection the differences between HS and SS
domains. The principle of AFM is measuring of the force between the investigated

sample and the AFM ﬁp_no,lzo

The central part of AFM instrument is the tip (probe) located on the flexible
microcantilever. Commercially available tips and cantilevers are usually made from
silicon nitride (Si3N4) or silicon (Si). Additionally, the cantilever is coated with a thin
layer of gold or aluminum. The AFM probes are cylindrical canoe-shaped or four-sided
pyramids with very flat faces. Cantilevers are usually either V-shaped or rectangular.
During the AFM measuring, three regimes of forces between the tip and the sample can
be distinguished: 1) negligible force when the probe is far from the surface, ii) an
attractive forces for closer distance, iii) very strong repulsive forces between the tip and

the sample when they are very close to each other.'"*"'*

The force between the probe and the sample is proportional to the cantilever
deflection, acting as a spring. In most AFM instruments, the deflection is measured by
applying a laser beam reflected from the top of the cantilever and directed to sensitive
photodetector position, which enables monitoring of changes in the laser positions.
During the imaging, the probe scanning over the sample is provided by a piezoelectric
material, resulting in a topography map of the sample. The AFM instruments have
limitations in a maximum scanning area, up to 200 um x 200 um for xy axis and up to 15

um range for z axis (height).''*120-122:124

There are two general AFM imaging modes: 1) static mode, recording the static

cantilever deflection and i1) resonant mode, keeping constant amplitude of the cantilever
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oscillation during the scanning. In contact mode technique, the tip reminds in a contact
with the sample, while constant or variable force is applied. This method is often used for
imaging of hard and smooth surfaces due to possibility of damage to soft samples. In
tapping (intermediate) mode, the cantilever oscillates near the sample surface. During the
measuring, the changes in the oscillatory amplitude give information about the sample
topography and properties. The intermediate mode produces phase images, giving
information about the sample adhesion, stiffness and viscosity. In this technique the
sample interacts with the tip in lower degree than in the case of contact mode and is
mostly used for imaging of soft biological samples. In non-contact mode, the cantilever is
oscillating at much smaller amplitude than in tapping mode. The tip does not contact the

sample, which results in lower image quality than in the intermediate method.'*"'*

2.4. Scanning electron microscopy (SEM)

Scanning electron microscope is the electron microscope, in which a beam of
electrons is employed for scanning a sample to form a high-resolution 3-D image. SEM
provides information about chemistry, crystallography and morphology, which makes it
important method for microstructure characterization of various organic and inorganic

materials from nanometer to micrometer scale.'*>'%’

The area examined by SEM is irritated with a focused electron beam, generated by
electron gun and controlled by series of lenses and apertures. The signals are inelastically
scattered by the sample and collected as a function of the incident beam position. The
interaction between the sample and the electron beam produce various types of signals,
such as secondary electrons, backscattered electrons, x-rays, Augler electrons and

. 125-12
cathodluminescence. 7

The main advantage of SEM is that larger field of a measured sample can be
imaged, compared to AFM. Thus, SEM provides general imaging of polymeric films in
lower magnification and more detailed analysis in higher magnification. The
magnification can be controlled by adjusting of the scanned area, changing of the working

distance or varying of the accelerating voltage.'*

2.5. Tensile test

Tensile testing is one of the most widely used short-term mechanical

investigations of materials, due to easy to perform measuring giving reproducible results.
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This method provides information about tensile strength, elongation and modulus. During
the experiment, deformation and elongation of the tensile specimen at standard cross head

. - - - . . 128-130
speed is registered as the diagram of tensile force versus tensile elongation.

Tensile test allows investigating of elastic and plastic deformation of solid
materials. Elastic deformation is a result of bonds relaxation and returning of the material
to its original shape after removed of a small stress. Application of higher stress causes
plastic deformation, not recovered after the stress removal. The initial part of the stress-
strain curve is linear for most materials. This part is called Young’s modulus or elastic
modulus. As a result of stress rising, the elastic limit of the material and onset of the

plastic behavior is defined by yield strength.m’130

2.6. Dynamic mechanical thermal analysis (DMTA)

DMTA provides information about the viscoelastic behavior of materials, by
analyzing of the sample response to applied oscillating force. Elasticity is attributed to
solid materials, whereas viscosity to fluids. Polymers behave in a dual manner, displaying
the balance between viscous flow and elastic recovery with time and with temperature.
The behavior in solid state is reflected to impact resistance and stress and creep
relaxation, whereas viscoelasticity gives information about crosslinking, molecular

weight and thermal stability."'"'**

During DMTA experiment, a periodic stress is applied and the resulted behavior
between in-phase and out-of-phase stress and strain is registered. The angle, by which the
stress and strain are out of phase, is called delta (d). Highly elastic materials are described
by small phase angle, whereas large values of & are typical for highly viscous materials.
The stress measured by DMTA is used to calculate the storage modulus (£”) and the loss
modulus (£°’), which in a shear mode are replaced by G’ and G’’. In general, G’
describes elastic properties of a sample and G’ reflects the loss of energy during the
friction and polymer chains motion. The ratio £’/E’’ or G’/G”’ is used for calculation of
tan 0, which provides information about o and S relaxations. The o transition (7,) is
related to 7, assigned to the main chains movement, whereas f transition (7p) occurs at
lower temperature and is assigned to other molecular motions. Crosslinked polymers are
characterized by increasing of tan a and G’ with increasing of crosslinking

131,132,134
density. > 7"
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3. Aims of the Thesis

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 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. This part of the Theses is described in details in Appendices I-1V.

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 macroscopic techniques. The extended discussion of this part

can be found in Appendices V and VI.
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4. Results and discusion

4.1. Materials and preparation conditions

PUs included in this Thesis were prepared from linear solely aliphatic

components. In the all cases 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 PCD T4672 (for detailed structure see Scheme 5) building SSs,
neutralizing agent TEA and DMPA providing water solubility. The control of the mixture
viscosity was done by addition of acetone. The same reaction conditions, such as the rate
of mixing, the reaction time, temperature and the solid content in acetone and in water
were kept for all PUDs. Moreover, the PUD-based films were prepared by the same

casting method and dried at the same temperature and by the same period of time.

The dispersions were modified by various ways. At first, BD was used as a chain
extender, to obtain thermoplastic PUD-based films. The PUDs were further improved by
addition of commercial colloidal silica Ludox TMA or Ludox AS, leading to
thermoplastic nanocomposite films. Finally, the acetone process was modified by
elimination of the chain extension step. For this purpose 1.05 NCO exceed was used for

linear system, whereas 1.5 NCO exceed led to water-crosslinking PU nanoparticles.

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 and PCD. The elastomers unstable in the
physiological environment contained in their structure also DLL, accelerating the
hydrolytic degradation. The reaction conditions and films preparation were the same in

the all cases.

4.2. Waterborne polyurethanes and PUD-based films

4.2.1. Waterborne thermoplastic polyurethanes

The paper I is focused on synthesis and analysis of PUDs based on polycarbonate
macrodiol. The innovation of this study was using of BD as a chain extender for this type

of PUDs, leading to formation of TPU films. The PU nanoparticles dispersed in aqueous
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medium were characterized by DLS, whereas dried continuous films were tested for

morphology, mechanical, thermal and water resistance.

The preparation of PUDs included using of acetone for reduction of the mixture
viscosity and elimination of the mixing problems. For this purpose the classical acetone
process was slightly modified by reversed neutralization step with the chain extension.
The first type of prepared PUDs incorporated in the PU backbone three bifunctional
compounds containing hydroxy groups: DMPA, BD and PCD. Moreover, linear aliphatic
diisocyanate HDI was used to obtain linear polymers. The steps of the reaction are shown
in Schema 5. The modification of the PUD properties was given by changing of the OH-
terminated monomer molar ratio, while keeping constant the isocyanate index
(INCO]:[OH]otat = 1.05). The reason of using small NCO excess (1.05) was to
recompense the reaction between HDI and water present in components, air and so on,
thus it led to solely linear PUs. The PUD-based films were prepared by casting of the
PUDs in Teflon molds.

COOH
HO—R;—OH + OCN—R,~NCO + HO—R,—OH
DMPA HDI PCD
l dried acetone
- a)
Il Il | |
OCN—R,—N-C—0—R;—0—C—N—-R,—N—C-0-R; —O—C—TII—RZ—NCO
H COOH H H H
NCO-terminated prepolymer 3
HO-R,—OH
chain extension
| I TN N DU
‘EO—C—TII—RZ—N—C—O—llll—O—C—N—RZ—N—C-O—R3—O—C—III—RZ— | —C—O—R4}
H COOH H H m
N(EY)3 1
triethylamine
[0} (0] (¢] [0} (0] [0} L ¢
I | | | I I )
O—C—T}I—RZ—I}I—C—O—RI —O—C—I}I—RZ—I}I—C—O—R3—O—C—I}I-RZ—I}I—C—O—R4
H H . ,H H H H m
COO'NH (Ef); 2
leo
d)
polyurethane water dispersion ——>=  organic solvent free polyurethane
acetone removal water dispersion
|
Ry = _CHZ'(IZ'CHZ_ R, =—CH, R, = —{CH,
CH 6 4

3
ﬁ
R; :~E<CH2>~O—C—O ‘ CHZ)‘ n =4 or 6, molar ratio C6 : C4 copolymer =7 : 3
n y n

Scheme 5. Preparation of PUDs: a) pre-polymer formation, b) chain extension, c)

neutralization, d) water dispersion.
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4.2.1.1. Particle size and stability

The initial analysis of the PUDs concerned investigation of the PU nanoparticles
dispersed in water (see Fig. 3). It was found that the particle size decreases with
increasing of DMPA amount, because of increasing of the ionic groups number and
therefore the electrostatic repulsion forces. Additionally, the particle size is affected in a
minor extent also by BD amount. The higher BD concentration, the larger particles are

formed, due to increasing of the PU chain stiffness.
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Figure 3. Characterization of PU nanoparticles in water: a) particle size, b) (-potential, as

a function of BD and DMPA concentration.

Since the PUDs contain pendant COO" groups, they are anionomers characterized
by negative values of {-potential. Increasing of DMPA amount causes not only decreasing
of the particle size, but also decreasing of {-potential. This behavior can be explained by
higher ratio of the particle electrical double layer to their volume for smaller particles. In
contrast, increasing of BD concentration leads to less stable dispersions with bigger

particles. However, all prepared PUDs were stable minimum for one year.

4.2.1.2. Film properties

The first investigation of PUD-based films was carried out by AFM in order to
find a proper method for the films preparation. For that reason, the same PUD was dried
at different temperatures (Fig. 4). The phase images revealed only slight microphase
separation between HS and SS for fast water evaporation (Fig. 4a)). This sample was

heated at 50 °C directly after casting on a Teflon plate. Therefore, HSs did not have
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enough time for self-organization, which resulted in a film with poor properties. During
the second method, the PUD was slowly dried at ambient temperature, leading to
randomly oriented rod-like structures (Fig. 4b)) and improvement of the sample
properties compared to the first technique. The last modification combined slow water
evaporation at room temperature, followed by heating at 50 °C (Fig. 4c)). Casting well
above T, provided high mobility of the polymer chains, resulted in the regular
arrangement of HSs and thus the strongest films. The comparison of these three methods
allowed choosing the last one for preparation of all PUD-based films, presented in the

papers I-1V.

-15.0° -15.0°

Figure 4. 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 detailed morphology of the PUD-based films was carried out by two
microscopic techniques: AFM and SEM. The both methods showed similar results of the
same sample (Fig. 5). This means that fibril-like structure of the films surface observed
by AFM is confirmed by SEM. The width of the fibrils between 80 and 120 nm and the
hollow dips were visible in the both images, confirming that AFM and SEM are proper

for investigation of the PUD-based film microstructures.
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Height Sensor 6.0 um

5um

Figure 5. The microstructure of a PUD-based film: a) AFM Height image, b) SEM
micrograph in lower magnification, ¢) SEM image of marked area in higher

magnification.

The thermal behavior of obtained PUD-based films was investigated by DSC. It
was found, that all samples have the same value of T, around -34 °C, indicating similar
degree of phase separation. Moreover, the analysis of the peaks related to relaxation of
SSs and melting of HSs leads to conclusion that the motion of SSs is not significantly
affected by the physical crosslinks. However, the chain motions and crystallization of
PCD are hindered by the ionic groups of DMPA. Therefore, it can be assumed that the
ionic species have greater influence on SSs crystallization than HSs formed from BD and

HDI.

The water uptake of the PU films was investigated by immersing of the samples in
water and monitoring of the mass changes in time. The antagonistic influence of DMPA
compared to BD on the water resistivity was noticed. The sample containing the highest
BD amount was characterized by 7 wt% of water uptake, whereas the highest DMPA
concentration resulted in 115 wt% degree of swelling. Deterioration of the water
resistance caused by increasing of DMPA amount is a result of the ionic groups
formation. On the other hand, in spite of the polar nature of BD, it reduces the water
uptake (from 58 wt% for the lowest concentration to 8.5 wt% for the highest amount of

BD), due to creation of HSs inhibiting water penetration into the films.

The effect of HS concentration on the surface appearance was monitored by SEM
analysis (Fig. 6). The most homogenous structure was observed for the sample containing
the lowest BD concentration (Fig. 6a)), whereas the tendency to creation of hollow dips
was increasing with increasing of BD amount. The comparison of the SEM and water
uptake results revealed that the pores do not deteriorate the water resistance. Furthermore,

the most hydrophobic film, containing the highest BD concentration was characterized by
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the highest number of the hollow dips. This suggests that in this case water evaporation

during the film formation was the most difficult, resulted in the most pores structure.

increasing of BD amount

10um 10 um

Figure 6. SEM images of PUD-based films containing various BD concentrations: a) 0.17

mmol - g, b) 0.34 mmol - g, ¢) 0.61 mmol - g

Tensile testing showed that BD improves mechanical properties of the PUD-based
films significantly (Fig. 7a)). Increasing of BD amount causes increasing of Young’s
modulus (F) and tensile strength (63), due to increasing of HS concentration. Moreover,
improvement of elongation at break (&) is a result of increasing of physical crosslinking
density. In the case of DMPA (Fig. 7b)), the influence on ¢, was similar to the effect of
BD, due to formation of higher number of hydrogen bonds. However, 6, and E showed

deterioration with increasing of DMPA amount, caused by negative influence of the ionic

groups.
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Stress [MPa]
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Figure 7. Tensile test curves of PUD-based films containing: a) various BD amount, b)

various DMPA amount.
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To assume this chapter, in the paper I waterborne PUs based on linear monomers
were prepared. This led to formation of thermoplastic films based only on physical
networks, soluble in organic solvents and possible to recycling. In this study, the
influence of BD and DMPA was extensively investigated. It was found that BD being the
main part of HSs, only slightly influences the particle size in water, but causes
deterioration of the PUDs stability. Regarding to the film properties, BD improves the
water resistance despite of promoting of the films porosity. The stronger impact of BD
was observed as the significant improvement of mechanical properties, due to increasing
of HS amount and physical crosslinking density. The ionic species, provided by DMPA,
contribute to smaller PU nanoparticles and their better stability in water. However, their
negative influence in the films resistance was noticed. It was observed, that increasing of
DMPA amount leads to more water sensitive and mechanically weaker films. In
summary, the PU nanoparticles dispersed in aqueous medium prefer high amount of
DMPA, whereas the best PUD-based films are obtained with the highest concentration of
BD. Thus, a proper balance between these two components is an important step in the

PUDs designing.

4.2.2. Organic-inorganic PUD-colloidal silica nanocomposites.

The papers II and III are focused on investigation of the thermoplastic PUD-based
films improvement. For this purpose, one PUD prepared in the first study (paper 1) was
used as organic matrix. The chosen dispersion was characterized by the narrowest size
dispersity index, which means that it had the most homogenous particles among all PUDs

obtained in the paper L.

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.

4.2.2.1. Characterization of the colloidal silica nanofillers

Two types of commercially available colloidal silica: Ludox TMA and Ludox AS
were used for preparation of the nanocomposites. The both nanofillers were in a form of

stable water dispersion. The main difference between them, provided by the

47



manufacturer, was used counterions: Na' for Ludox TMA and NH4" for Ludox AS. The
nanofiller particle size measured by DLS was similar in the both cases, around 35 nm.
However, the main contrast between TMA and AS was the most visible after drying and
AFM measuring (Fig. 8). It was found, that the dried nanofillers differ significantly in
size and shape. The oval-shaped TMA particles in the size from 22 to 54 nm were
observed (Fig. 8a)), whereas AS nanosilica was characterized by smaller (22-25 nm) and

more homogenous hexagonal particles, forming honeycomb structure (Fig. 8b)).

a) TMA { b) AS

35.0° 35.0°

-10.0° -10.0°

0.0 Phase 1.0um 0.0 Phase 1.0um

Figure 8. AFM phase images of dried colloidal silica: a) Ludox TMA, b) Ludox AS.

4.2.2.2. Investigation of a proper silica concentration in PUDs

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. For this
purpose, the PUD with 32 wt% of solid content was mixed with various concentrations of
Ludox TMA to obtain the nanocomposites containing from 5 to 60 wt% of the nanofiller.
The films were prepared by the same technique as in the paper I, to form the
nanocomposite materials. The main advantage of this method was, beside the simplicity,
the same aqueous medium, in which both silica and PU nanoparticles were dispersed. The
preparation of the nanocomposites is illustrated in Scheme 5. Apart from the fact that the
neat PU forms hydrogen bonds (Scheme 5a) and b)), incorporation of the silica
nanoparticles between the polymer chains leads to formation of new physical crosslinks
(Scheme 5¢)). 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.
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Schema 6. Preparation of PUD-colloidal silica nanocomposites: I) blending of PU and
colloidal silica water dispersions, II) incorporation of silica particles between the polymer
chains, III) formation of the nanocomposite films (various types depending on the
nanofiller amount). Possibilities of H-bonding: a) urethane-carbonate groups (HS-SS), b)

urethane groups (HS-HS), ¢) silica-urethane groups.

The nanocomposite films analysis started from evaluation of mechanical and
thermal properties. Tensile test results revealed elastomeric-like behavior of the neat
matrix and films with up to 10 wt% of Ludox TMA (Fig. 9a)). Moreover, slight
improvement of the mechanical resistance was observed after addition of 5 or 10 wt% of
the nanofiller, due to effective stress transfer from the soft PU to rigid silica particles.
Higher nanofiller loading (25 and 32 wt%) resulted in more plastic behavior, caused by
higher silica aggregation and thus lower energy dissipation. The films belonging to the

last group were hard and fragile ceramic-like materials (Fig. 9b)).
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Figure 9. Stress-strain curves of neat PU matrix and: a) the nanocomposites containing up

to 32 wt% of Ludox TMA, b) film with 50 wt% of the silica loading.

The viscoelastic properties of the PUD-colloidal silica nanocomposites were
investigated by DMTA analysis (Fig. 10). It was found that increasing of Ludox TMA
concentration increases G’ values in the rubbery plateau region (Fig. 10a)), indicating that
silica acts as a physical crosslinker. Melting of all samples and increasing of their 73, after
addition of the nanofiller was observed as well. This means that Ludox TMA improves
thermal resistance of the PUD-based films, with preserving their thermoplastic character.
The lack of chemical reaction between the polymer matrix and the nanofiller was
confirmed also by the same 7}, for all samples, evaluated from the maxima of tan J curves
(Fig. 10b)). Moreover, the tan J versus temperature dependence 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 10. The temperature versus: a) storage modulus G’, b) tan ¢ of the films containing

various concentrations of Ludox TMA.
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The influence of Ludox TMA on the films thermal resistance was confirmed also
by TG. Shifting of the TG curves to higher temperatures proved that the films with
growing content of silica need higher temperature to decompose. Thus, due to the
nanofiller shielding effect, it acts as a mass transport barrier for volatile products. The TG
thermograms also confirmed that the residues after the measurements were precisely
equal to concentration of silica used for each nanocomposite, indicating that all organic

part has been volatized during the analysis.

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.
11). Moreover, the roughness of the films was evaluated by AFM. The results obtained by
the both microscopic methods were very similar, confirming each other. It was observed,
that fibril-like matrix structure becomes smoother after addition of 5 wt% of TMA (Fig.
11a) and b)). It was 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. 11c)). This behavior was a result of high blocking of the polymer chains by
Ludox TMA. This disordering was also visible in tan ¢ curves (Fig. 10b)) and as a
deterioration of mechanical properties measured by tensile test (Fig. 9a)). The
nanocomposite filled with 50 wt% of the nanofiller showed highly porous structure (Fig.

11d)), characteristic for ceramic materials.

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

Figure 11. The surface SEM and AFM (upper left corner) analysis of: a) neat PU matrix,
b) nanocomposites with 5 wt % Ludox TMA, c) 32 wt% TMA, d) 50 wt% TMA. The
scale 10 um refers both to SEM and AFM images.
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AFM was found to be a proper method for investigation of the nanofiller
dispersity in the polymer matrix. For this purpose, the samples were broken in liquid
nitrogen and the cross-section analyses were evaluated by phase images (Fig. 12), where
PU matrix appears dark, whereas silica nanoparticles are visible as bright spots. Quite
well 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. 12a) and b)). The
morphology explained polymer-like behavior of these films, measured by tensile test (Fig.
9a)). This means that in the cases of the nanocomposites filled with maximum 32 wt% of
Ludox TMA, 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. 12c¢)). This microstructure is another confirmation for the ceramic-like

mechanical properties of this film (Fig. 9¢)).

40.0° 40.0°
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Figure 12. 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 general sample appearances, measured by optical microscopy, find these
explanations in the SEM and AFM results, as well. It was observed that the neat PUD-
based film is transparent, whereas increasing of silica concentration leads to increasing of
the samples opalescence. This phenomenon was caused by formation of silica aggregates
and increasing of the films porosity, resulted in changes of the light scattering from the

nanocomposites.

The last analysis of the PUD-based films containing six different concentrations of
colloidal silica Ludox TMA was carried out for the water resistance. The water uptake of

the PU matrix corresponds to DMPA incorporated in the PU backbone. The experiments
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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. This behavior was caused by
increasing of hydrophilic silica influence and creation of porous films, facilitating water

accommodation in their structure.

To summarize, in the paper II several samples including the neat PUD-based film
and the nanocomposites with various concentrations of colloidal silica Ludox TMA, were
compared. It was found that the samples can be classified in three groups containing PU
matrix filled with silica, the intermediate materials and silica matrix filled with PU. The
comparison allows concluding that increasing of TMA amount leads to variation in the
sample properties, from elastomeric-like to ceramic-like. The best improvement of the PU
films was noticed after addition of up to 10 wt% of silica. The most visible differences
between the nanocomposites were observed while comparing films with 5, 32 and 50
wt% of the nano-filler loading, representing one sample from each group. The finding of
the silica amount, proper for comparison its influence on the PUD-based films was useful

in the paper III, focused on investigation of colloidal silica type on the PU samples.

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

In the paper III, two types of colloidal silica, Ludox TMA and Ludox AS, were
used 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 information
obtained in the paper II, 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. It can be
explained by slightly lower influence of colloidal silica Ludox AS containing smaller
particles on the PUD-based samples. This lower impact was more desired in higher silica
loading. 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. In contrast, using of Ludox TMA in this case leads to separated
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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 in the both samples. Moreover, the film
containing Ludox AS revealed highly rough structure, whereas using of Ludox TMA led
to high porosity.

The cross-section analysis of the nanocomposites showed similar results for silica
loading up to 32 wt%. The significant difference was observed in the films containing 50
wt% of the nanofiller (Fig. 13). The sample with Ludox AS was characterized by highly
packed silica particles and very small amount of PU between them (Fig. 13a)). For
comparison, in the case of using TMA, despite the fact that the nanofiller forms high
aggregates, the polymer matrix possess higher areas (Fig. 13b)). 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 13. Cross-section AFM phase images of the nanocomposites containing 50 wt%

of: a) Ludox AS, b) Ludox TMA.

The comparison of static mechanical properties for the nanocomposites filled with
two silica types showed significant differences after adding of 32 or 50 wt% of the
nanofillers (Fig. 14). The slightly better improvement of fracture strain after addition of 5
wt% silica was observed while using Ludox AS than Ludox TMA, 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. 14a)) 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.
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11c)). Both samples filled with 50 wt% of the nanofiller were brittle materials (Fig. 14b)).
However, the film containing Ludox AS revealed more ceramic-like features, whereas the
nanocomposite with Ludox TMA was characterized by more plastic nature. This can be
explained by their morphology. The sample with 50 wt% of TMA creates bigger

agglomerates and larger matrix areas, sufficient to influence of the film properties.
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Figure 14. 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 7i, and from TG
analysis as shifting of degradation steps to higher temperatures. The both techniques
revealed more significant 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 fond 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.

To assume the paper III, in this study the representatives from each nanocomposite
group, created in the paper II, were used to compare the influence of Ludox TMA and
Ludox AS on the thermoplastic PUD-based films. It was concluded that Ludox AS
containing smaller and more regular particles creates higher physical crosslinking density
with the PU matrix than Ludox TMA. As a result, the nanocomposites with AS show
better improvement of mechanical, thermal and water resistance than while using TMA.

Therefore, nanosilica with smaller particles is more compatible with the polymer matrix.

55



4.2.3. Water-crosslinked polyurethane water dispersions without chain extender

The further improvement of PUDs based on polycarbonate macrodiol was
described in the paper IV. In this study, waterborne polyurethanes leading to
mechanically strong films were prepared without any commercial chain extender and
crosslinked by water. In this paper, the self-assembly of PU chains/nanoparticles in two

steps of the synthesis was monitored.

4.2.3.1. Modification of the acetone process

The PUDs were synthetized via modified acetone process. In this new technique
the chain extension step (Scheme 5b)) was eliminated. This innovation led to reduction of

the reaction time, manufacturing costs and toxicity.

Different DMPA:PCD molar ratios were used for control of the HS and SS
amount. Moreover, the ratio [NCO]:[OH]a1 (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: 1) after PU formation in acetone and neutralization of

COOH groups (Scheme 5b)); and 2) final PUDs after acetone removal (Scheme 5d)).

4.2.3.2. Self-assembly study of PU nanoparticles

The initial monitoring of PU formation was carried out by FTIR. At first, the PU
nanoparticles in acetone solutions/dispersions containing 1.05 (Fig. 15a)) or 1.5 (Fig.
15b)) NCO excess were monitored. The obtained spectra in the area of carbonyl
stretching were similar in the both cases, indicating that in this step urea (band A) and
urethane (band B and C) are formed in the reaction between HDI and water present in the
solvent, components and air. Moreover, in the region attributed to the occurrence of
isocyanate groups, the weak peak was observed only for samples containing 1.5 NCO
excess, suggesting partial crosslinking via formation of allophanates, resulted from the
reaction between isocyanate and urethane groups. In contrast, no NCO peak was detected
for series with 1.05 NCO excess, indicating full isocyanate conversion to linear PUs chain

extended by urea formation.
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Figure 15. Deconvoluted carbonyl region of FTIR spectra for samples containing equal
molar ratio DMPA:PCD in a form of PU nanoparticles in acetone: a) 1.05 NCO excess, b)
1.5 NCO excess and c¢) sample after water addition containing 1.5 NCO excess. The
marked peaks are attributed to: A — free urea, B — hydrogen-bonded urethane, C — free
urethane, D — biuret and hydrogen-bonded carbonate, E — strongly bonded urea, F —

weakly bonded urea.

After water addition, no significant changes in samples containing 1.05 NCO
excess were noticed. However, in the series with 1.5 NCO excess, water-crosslinking was
observed as a formation of new band D attributed to biuret groups (Fig. 15¢)) and bonded
urea (band E and F). The highest intensity of the peak corresponding to biuret groups was
detected for sample containing the highest amount of DMPA, suggesting the highest
crosslinking density among samples with 1.5 NCO excess. This behavior may be
explained by the highest HDI amount used for preparation of this sample, leading to the
highest number of possible junction points. The opposite result was noticed for PUD with
the highest concentration of PCD, forming the weakest biuret peak and the strongest urea
band intensity. This suggests that in this sample the chain extension by urea formation
dominates over the crosslinking by biuret formation. Thus, the main crosslinking of this

sample takes a place in acetone, in the first step of the synthesis.

The investigation of crosslinks formation was carried out also by DMTA analyses
for samples containing 1.5 NCO excess. Before water addition step, the highest
crosslinking density revealed sample with the highest PCD amount, as a result of the
highest number of long polymer chains and hydrogen bonding possibilities. Thus, the
distance between the PU nanoparticles was short enough to form the polymer network
easily. During the water addition, both crosslinking as well as the phase inversion take a
place, creating hydrophobic core consisting of PCD surrounded by hydrophilic shell
created by DMPA. The same sample with the highest PCD concentration did not show
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difference in crosslinking density between the first and the second reaction step,
confirming that the main crosslinking reactions occurs in the first monitored stage. This
behavior was caused by the highest amount of hydrophobic segments, reducing water
penetration into PU nanoparticles. While considering the sample containing the highest
concentration of DMPA, the significant increasing of crosslinking density after water
addition was noticed. This can be explained by high amount of short and more
hydrophilic NCO-terminated chains in acetone, which easily react with water to form

biuret crosslinks.

The PU nanoparticles were further analyzed by light scattering methods (SLS and
DLS). The particle shapes in the acetone dispersions were estimated by calculation of the
ratio Ro/Ry. 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. Moreover, the sample with the highest DMPA amount is the most
swellable in acetone, confirming the lowest crosslinking density in the series with 1.5
NCO excess. The changes in the PU morphology toward compact spheres with increasing

of PCD amount are caused by differences in the polymer chain lengths.

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. While considering samples
with 1.05 NCO excess, in the case of using the highest amount of PCD, the biggest
particles are detected due to the highest amount of long polymer chains. Simultaneously,
these nanoparticles are the least stable in water because of the lowest number of ionic
groups. In the series with 1.5 NCO excess, additional water-crosslinking takes a place at
the same time. The comparison of linear and crosslinked particles revealed higher values
of R, and lower ( for 1.5 NCO excess, concluding extension of the nanoparticles after

water-crosslinking.

The above results allowed purposing of a structural model of the PUs self-
assembly (Scheme 7). It was concluded, that all PU nanoparticles with 1.05 NCO excess
contain randomly located HS and SS (Scheme 7a)) due to possibility of dissolution of
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both hydrophilic and hydrophobic PU parts in the organic solvent. After water addition,
the nanoparticles self-assemble into core-shell structure (Scheme 7b)). 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 7c)). 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 7d)).

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
d)
1) the highest PCD amount
the largest mesh size, the lowest
crosslinking density
00"
3 mesh size
compact sphere . coo :oo- RO e >
II) equal molar ratio the longest PU chains, - acetone II) equal molar ratio PCD:DMPA
PCD:DMPA the highest cross-linking { ——

medium mesh size and crosslinking

density Phase inversion, density

‘Water cross-linking

TO0 OO fully cross-linked PUs
COO"
(elelog L
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%
IIT) the highest DMPA e .
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Scheme 7. 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.
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The self-assembly of PU nanoparticles was also monitored by AFM analysis of
the diluted dispersions deposited on mica (Fig. 16). The elongated disc-shaped particles
were observed for samples containing 1.05 NCO excess prepared from acetone solutions
(Fig. 16a)). The using of 1.5 NCO excess led to more compact nanoparticles in the first
step of reaction (Fig. 16d)), due to their partial crosslinking. All PUDs after water
evaporation from the aqueous dispersions (Fig. 16b) and e¢)) were spherical-shaped,
caused by the formation of hydrophilic shell composed of HSs, surrounding hydrophobic
SSs. Moreover, estimation of the diameter/height ratio from the AFM images revealed
that before water addition the PU nanoparticles containing 1.5 NCO excess were harder
than in the series with 1.05 NCO excess due to their higher crosslinking density. The
diameter/height ratio decreased after water addition. However, this effect was more
significant in the series with 1.5 than 1.05 NCO excess, suggesting that hardness of the

nanoparticles is affected more by crosslinking density than core-shell structure formation.
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Figure 16. Height AFM images of PU nanoparticles deposited on mica prepared from
acetone dispersions containing: a) 1.05 NCO excess, d) 1.5 NCO excess, or from aqueous
dispersions: b) 1.05 NCO excess and c¢) its surface profile, e) 1.5 NCO excess and f) its

surface profile.
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To summarize, in the fourth paper the PUDs were prepared via modified acetone
process. In this technique the chain extension step was eliminated. Moreover, the particles
were water-crosslinked. This modification led to more ecofriendly, cheaper and easier for
production PUDs. In this study the self-assembly of PU nanoparticles was monitored
while using 1.05 NCO excess leading to linear non-water-crosslinked PUs or 1.5 NCO
excess forming chemical networks. The investigation was carried out in two steps of the
synthesis. It was found that particles containing 1.05 NCO excess are well diluted and
rod-like shaped in acetone. After water addition and the phase inversion they create
spherical structures. In the cases of using 1.5 NCO excess, the particles are partially
crosslinked in acetone forming microgel or compact spheres. However, the final
crosslinking and simultaneous phase inversion take a place during water addition, leading

to spherical and more compact particles.

4.3. Biostable and biodegradable polyurethane elastomers

4.3.1. Hydrolytically stable aliphatic polyurethanes

The paper V is focused on hydrolytic stability of PU elastomers composed of two
types of PCD: T4672 and T5652. The differences between the PCDs were higher
regularity and rigidity of T4672 compared to T5652. Other components used for the
synthesis were HDI and BD, leading to solely aliphatic linear PUs. Similarly to
preparation of PUDs described in the papers I-IV, the isocyanate index was set as 1.05.
Moreover, the molar ratios of the components containing hydroxy groups (OHpcp :
OHgp) were different, 1 or 2, for control of HSs and SSs amount. After the synthesis, the
obtained films were immersed in phosphate-buffered saline (PBS) and investigated under
conditions mimicking the physiological conditions (at temperature 37 °C and pH 7.4) for

their appearance and resistance after 1, 3, 6 and 12 months.

SEM technique was used for the PU surface study from micrometer to millimeter
scales, whereas AFM investigated the morphology in nanometer to micrometer scales.
Due to the larger areas possible for measuring by SEM, this method was chosen firstly for
characterization of the PU microstructures (Fig. 17). The comparison of PUs based on
different PCDs before immersion in PBS showed more regular surface while using more
regular PCD (T4672), independently on the ratio OHpcp : OHpp (Fig. 17a) — d)).

Moreover, in the all cases films with higher amount of BD led to needle-like structures
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(Fig. 17a), c)), whereas increasing of PCD concentration formed spherical formations
(Fig. 17b), d)). The inhomogeneity was more visible while using the less regular PCD
type (T5652). No significant destructions of the films were found after 12 month-stability
test (Fig. 17e) — h)). However, some changes in the morphology were observed. At first,
the re-arrangement of the needle-like structures into larger groups (Fig. 17¢)) or cubic
formations (Fig. 17g)) was noticed. Moreover, in the cases of softer samples containing
higher amount of PCD, irregular surface was visible while using PCD T4672 (Fig. 17f)),
whereas sample with PCD T5652 showed spherical structures, but more scaly than before

the immersion (Fig. 17h)).

50 um 50 um 50 um

Figure 17. SEM surface analysis of PUs before immersing in PBS: a) based on PCD
T4672 and equal molar ratio PCD : BD, b) with two times higher PCD than BD molar
ratio; ¢) based on T5652 and equal molar ratio PCD : BD, d) with two times higher PCD

than BD molar ratio; e) — h) corresponding samples after 12 months of the testing.

The sample containing PCD T4672 and equal molar ratio of PCD and BD (Fig.
17a), e)) was chosen for detailed SEM analysis, before the immersion (Fig. 17a)) and
after 1, 6 (Fig. 18) and 12 months of testing (Fig. 17¢)). The changes in the
microstructures can be explained by the re-organization and re-packing of PU chains
during immersion of the sample in PBS. Similar cross-section analysis in the all cases
(Fig. 18d) — f)) and no visible destructions of the film surfaces were observed, indicating

very good hydrolytic stability of the PU elastomers.
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Figure 18. SEM micrographs of the sample based on PCD T4672 and equal molar ratio of
PCD : BD investigated for surface analysis: a) before immersion in PBS, b) after 1 month

of testing, c) after 6 months; d) — f) the corresponding cross-section images.

The surface and cross-section analyses in higher magnifications were carried out
by AFM technique. The same sample extensively characterized by SEM (Fig. 18) was
also investigated by AFM after the same time of immersion in PBS (Fig. 19). Due to
microphase separation between HSs and SSs, the AFM phase images were proper for
monitoring of changes in the PU microstructures. The AFM surface images (Fig. 19a) —
c¢)) were similar to the SEM results (Fig. 18a) — c)), confirming each other. However, the
cross-section micrographs (Fig. 19d) — f)) showed spherulites, resulted from self-
organization of HSs into supramolecular formations. Detection of the spherulite structures
only by AFM is caused by differences between SEM and AFM methods. SEM shows the
sample topography only, whereas phase image contrast in AFM is created as a result of

differences between hard and soft segments of PUs.
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Figure 19. AFM phase images of the sample based on PCD T4672 and equal molar ratio
of PCD : BD measured for surface analysis: a) before testing, b) after 1 month of
immersion in PBS, c) after 6 months; d) the cross-section analysis before the immersion,

e) after 1 month, f) after 6 months of the testing.

The hydrolytic stability of PU elastomers was further investigated by other
methods (DSC, tensile testing and water uptake). The same conclusion was obtained after
the analyses: PU elastomers based on PCD, BD and HDI are hydrolytically stable and
strong materials, characterized by re-organization of their segments during immersion in

PBS.

4.3.2. Hydrolytically degradable polyurethane elastomers

The last paper (VI) describes PU elastomers prepared from the same components
as in the paper V (PCD, BD and HDI), but additionally a degradable unit (DLL) was
incorporated in their structures. It means that the HS composition was unchanged (BD
and HDI), whereas SS was based beside on PCD also on DLL. The investigation of the
films degradation was carried out at the same conditions as previously. The analyzed
samples contained either PCD T4672 or T5652 and equal molar ratio of components

containing hydroxy groups (PCD, BD and DLL).

The monitoring of microstructure changes during the degradation tests were

carried out for the film surfaces and cross-section analyses by SEM and AFM. The both
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microscopic techniques showed relatively smooth surfaces of the untreated PUs (Fig. 20a)
and e)). In the almost all cases the immersion in PBS resulted in formations adhered to the
film surfaces (Fig. 20c), d), f) — h)). However, no significant destructions of the samples
were noticed. This observation confirms the results obtained from other methods of
characterization, that the hydrolysis causing the gradual leaching of PU chains from the

sample surfaces does not influence significantly their microstructures.

a) b)

100 pm 100 pm 100 pm

100 pm 100 pm 100 pm 100 pm

Figure 20. SEM micrographs and AFM height images in upper left corner of PU films
containing the degradable unit: a) based on PCD T4672 before immersing in PBS, b) after
3 months, c¢) after 9 months, d) after 12 months of the testing, €) — f) corresponding

samples based on PCD T5652.

The cross-sections of the freeze-fractured films obtained by SEM and AFM were
also compared (Fig. 21). No significant cracking during the testing were observed.
However, the heterogeneities visible in the phase AFM images were resulted by self-
organization of HSs into spherulite structures, characteristic also for PUs without DLL,
presented in the paper V. The similarities in morphologies of PUs with or without DLL in
their backbone, and simultaneous significant deterioration of mechanical properties for
films containing the degradation unit, allow explaining the hydrolytic process. The results
imply that the hydrolytic degradation does not affect the highly organized HS domains,
but takes a place mainly in the SS region, composed of DLL and PCD, resulted in no
significant changes in AFM and SEM images after immersing in PBS.
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Figure 21. The cross-section analysis of the PU elastomers containing DLL, detected by
SEM (left part) and AFM phase contrast (upper right corner): a) based on PCD T4672
before the degradation tests, b) after 6 months, c) after 12 months of the immersing in

PBS, d) — f) corresponding samples based on PCD T5652.

To summary, the papers V and VI describe PU elastomers tested for hydrolytic
stability under conditions mimicking human body. It was found that polymers made from
PCD, BD and HDI are hydrolytically stable up to 12 months of testing. The results were
visible for their morphology as well as for other methods of characterization. Moreover,
self-organization of HSs during the immersion in PBS was detected by AFM. Further, the
degradable unit DLL was incorporated into the PU backbone, enriching the SS
composition. It was concluded that DLL accelerates the hydrolytic degradation process,
resulted in deterioration of the films resistance during the testing. However, no significant
changes in the films microstructures were noticed, indicating that the main degradation
does not proceed in highly organized HSs, but in SS domains, hardly to detect by the

microscopic techniques.
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5. Conclusions.

A new ecofriendly method of PUD-based films preparation from PCD, BD, DMPA and
HDI, leading to thermoplastic materials soluble in organic solvents and possible to re-
processing, was introduced. The water dispersions were characterized for their stability in
aqueous medium and particle size, whereas obtained films were analyzed for their

morphology and mechanical, thermal and water resistances.

It was found that the particle size of obtained PUDs varying from 46 nm to 105
nm and {-potential being in a range between -65 mV and -29 mV strongly depended 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 antagonistic influence of DMPA
and BD was observed for the PUD-based films properties as well. The highest
improvement of water resistance was observed for sample contained the highest BD
amount as 7 wt% of water uptake, indicating that formation of HSs inhibits water
penetration into the materials. In contrast, the PU film with the highest DMPA
concentration was the most water sensitive, characterized by 115 wt% of water swelling,
showing the negative influence of the ionic groups on the films resistance. Moreover, BD
contributed to improvement of the films mechanical properties, from £ = 5.9 MPa and 6,
= 1.0 MPa for the lowest BD amount to £ = 26.7 MPa and 6, = 3.7 MPa for the highest
BD concentration. However, deterioration of the mechanical resistance was observed with
increasing of DMPA amount, as £ = 13.9 MPa and 6, = 1.8 MPa for the highest number
of the ionic pairs and £ = 3.5 MPa and 6, = 0.7 MPa for the lowest DMPA concentration.
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. The main advantages of this
method were simplicity, low costs of the nanofillers and the same aqueous medium used
both in the PUDs and the colloidal silica sols. 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
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crosslinking density with PU. The improvement was visible for example as increasing of
E from 8 MPa, for the neat matrix to 13 MPa or 10 MPa after addition of 5 wt% of Ludox
AS or Ludox TMA, respectively. Addition of the nanofiller significantly increased also
T of the materials, from 88 °C characteristic for the pure PU to 192 °C or 174 °C for
materials containing 32 wt% of Ludox AS or Ludox TMA, respectively. However, all the
organic-inorganic PUD-colloidal silica nanocomposites preserved thermoplastic character

of the PUs and thus possibility of their recycling.

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 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 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.
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