Metadata, citation and similar papers at core.ac.uk

Provided by Technische Universitat Dresden: Qucosa

Synthesis and characterization of

hyperbranched poly(urea-urethane)s

Dissertation
Zur Erlangung des akademischen Grades
Doctor rerum naturalium

(Dr.rer.nat.)

vorgelegt
der Fakultat Mathematik und Naturwissenschaften

der Technische Universitat Dresden

von
Mona Hassan Mohammed Abd Elrehim. M.Sc.,
geboren am 23.06.1968

Gutachter: Prof. Dr. B. Voit (Dresden)
Prof. Dr. H. Frey (Mainz)
Prof. Dr. H. -J. Adler (Dresden)

Eingereicht am: 7 Juni 2004
Tag der Verteidigung: 16 Juli 2004


https://core.ac.uk/display/236363722?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1




Versicherung

Hiermit versichere ich, dass ich die vorliegende Arbeit ohne unzulassige Hilfe Dritter und
ohne Benetzung anderer als der angegebenen Hilfsmittel angefertigt habe; die aus fremden
Quellen direkt oder indirekt Ubernommen Gedanken sind als solche kenntlich gemacht. Die
Arbeit wurde bisher weder im Inland noch Ausland in gleicher ahnlicher Form einer anderen

Prifungsbehdrde vorgelegt.

Ich erkenne die Promotionsordnung der Fakultdt Mathematik und Naturwissenschaften der

Technischen Universitdt Dresden vom 16 April 2003 in vollem Umfang an.

Frihere Promotionsverfahren haben nicht stattgefunden.

Dresden, 7 Juni 2004



ACKNOWLEDGEMENTS

| would like to express my deep gratitude to Prof. Dr. Brigitte Voit for giving me the chance
to be a member in her research group, also for suggesting this interesting topic. With her
valuable advices, gaudiness, encouragement and interest | could successfully complete my

work.

| was glad to have the opportunity to be engaged with an industrial project from BASF: |
would like to thank Dr. Bernd Bruchmann for his scientific advices, interesting and productive

discussions during our meetings.

I would like to convoy my sincere thanks to Dr. Hartmut Komber for the great help in NMR
analysis and the fruitful discussions for interpretation of NMR spectra. Many thanks for Dr. M.
Abdel-Goad for the rheological measurements. Many thanks to the IPF co-workers who
contributed to this work by performing analytical measurements and helped me in the
evaluation of the results: Dr. A: Lederer, Mr. D. Voigt, Mrs. P. Treppe, Mrs. C. Harnisch, Mrs.
K. Arnhold, Mrs. L. HaulBler, Mr. R. Schulze, Mr. A. Janke, , Dr. P. Potschke, and Dr. R.
Haller.

| thank my colleagues for the nice time | spent here and their helpful tips they gave me:
Dr. D. Appelhans, Dr. T. Hoffmann, M. Messerschmidt, R. Keska, Dr. D. Schmaljohann, M.
Gernert, S. Gramm, V. Pitto, C. Clausnitzer, A. Ziemer, O. Hien, F. Braun, A. Scheel, N.
Islam, H. Zollfrank., A. Sheel.

My deep thanks for my family specially my mother: Without her permanent support and

advice | would not be who | am.
I’'m very grateful to my husband Gamal Turky who helped, supported, and always have
faith in my abilities. Many thanks for your patience, interesting discussions and being beside

me during my PhD work.

The financial support by BASF AG is gratefully acknowledged.



CONTENTS

CONTENTS

A B ST R A C T . e e e e e e e e e e e v
1 INTRODUCTION . ..ttt ittt e e e e e e e e e e e e e e e aee e e 1
2 THEORETIC AL PA R T it et e e e e e e et e e e e eeaas 4
2.1 Polyurethane Chemistry. ... e 4
20T POIYOIS. . 5
2.1.2 Industrially important isocyanate...............coooiiiiiii 7
115 | PP 8
P D e 8
2.1.3 Catalysis of Isocyanate-Hydroxyl reactions. ..., 8
2.1.4 Depolymerization of polyurethane. ... 9
2.1.5 Molecular forces and chemical bonding.............c.coiii i, 11
2.1.6 Segmented polyurethane. ... 12
2.2 DeNdritiC POIYMEIS. .. e e 13
2.2.1 Methods of synthesis: Divergent procedures...............ccooviiiiiiiiiiiiiiiic, 14
2.2.1 Methods of synthesis: Convergent procedures............ccociviiiiiiiii i, 15
2.2.3 Methods of synthesis: One step hyperbranched polymers...............c.cooviiiiennn. 16
2.3 Hyperbranched polyurethane. ... e, 19
2.4 APl CAtIONS. . e 21

4 RESULTS AND DISCUSSION. .. .ot e s e e e e e e e e e 24
4.1. Synthesis of linear poly(urea-urethane)..............ccooiiiiii e, 25
4.2 Synthesis of aromatic hyperbranched poly(urea-urethane)....................cooiie. 29
4.3 Synthesis of model compounds and model reactions..................cooociiiiin, 29
4.4 Model reaction for substitution pattern.................coi 31

4.5 Preparation of aromatic hyperbranched polymers and variation of

FEACHION CONAIIONS . ..ottt e e 33
4.5.1 Determination of Molar MaSSES. ... ..ot e 35
4.5.2 NMR structural @analysis. ...........o.ouiuinii e 38



CONTENTS

4.6 Synthesis of aliphatic hyperbranched polymers. ... 47
4.7 Synthesis of model COMPOUNAS....... ..ot e, 47
4.8 Model reaction for substitution pattern.................co 48
4.9 Preparation of aliphatic hyperbranched polymers.............c.ooiiiii i 49
- NMR structural @nalySiS. ....... ..o 51
4.10 Fractionation of aromatic hyperbranched polymers. ..o, 54
4.11 Modification Of @Nd GroUPS. ........eieie e 56
4.11.1 Characterization of modified polymers. ..o, 57

- NMR characterization........ ... 59

- Fractionation of aromatic modified polymers............c.oooiiiiiiiiiiiii 61

4.11.2 Following the modification reaction using in-situ FT-IR spectroscopy................. 63
4.12 Interactions between polymer molecules. .............oooiiiiiiiiii 65
4,13 Thermal @nalySiS. ..o e 68
4.13.1 Differential Scanning Calorimetry (DSC)........ccoiiiiiiiii e, 68
4.13.2 Thermo Gravimetric ANalysis (TGA)......ci i, 71
4,14 ViSCOSItY MEASUMEMENES. ... . i aeenees 72
4.15 RheologiCal PrOpEIrtiES. . ... 74
4.16 Surface properties of thin films..........oooi i, 79
4.17 Contact angle MeasSUrEMENES. ........ouiii i e e e 82
4.18 Zeta potential measuUremMeNntS. ... ..o 85
4.19 Cross-liNKed POIYMEIS. .. ... e 87
4.19.1 Determination of glass transition temperature..............c.coiiiiiii 88
4.19.2 Solvent CONtENT. .. ... 88
4.19.3 Determination of sol fraction..............oi i 89
4.19.4 Dynamic Mechanical Analysis (DMA). ..o 89
4.19.5 Atomic Force Microscopy (AFM). ... .. 91
4.19.6 Tensile strength...... ..o 91
S5 CONCLUSION AND OUTLOOK . ..ottt e e e e e e et e e e e eeeans 94
6 EXPERIMENT AL PART .o e e e e e e e 100
6.1 Materials and Methods. ... ... 100
B.1.1 MaterialS. .. 100
B. 1.2 INSITUMENTS . .. 100
6.2 Synthesis of hyperbranched polymers. ..., 104
6.2.1 Synthesis of aromatic hyperbranched polymers (Ar-hpu1)-OH1........................ 104



CONTENTS

6.2.2 Synthesis of aromatic hyperbranched polymers (Ar-hpu2)-OH2...................... 105
6.2.3 Synthesis of aromatic hyperbranched polymers (Ar-hpu1)-OH2...................... 106
6.2.4 Synthesis of aliphatic hyperbranched polymers (Al-hpu1)-OH3....................... 107
6.2.5 Synthesis of aliphatic hyperbranched polymers (Al-hpu2)-OH1....................... 108
6.2.6 Synthesis of aliphatic hyperbranched polymers (Al-hpu3)-OH3........................ 109
6.2.7 Synthesis of aliphatic hyperbranched polymers (Al-hpu4)-OH3........................ 110
6.3 Synthesis of model COMPOUNS....... ..ot 111
6.3.1 Synthesis of model compounds based on o- and p- tolyl monoisocyanate.......... 111
6.3.2 Synthesis of model compounds for substitution pattern.................................. 114

6.3.3 Synthesis of model compounds based on the reaction of IPDI with N,N-

diethylamine and ethanol..............oo i 115
6.3.4 Synthesis of model compounds based on cyclohexylisocyanate and DEA.......... 116
6.4 Modification of hyperbranched polymers. ..., 117
6.4.1 Modification of (Ar-hpu1)-OH2 with Ph-NCO.........cocoiiii, 117
6.4.2 modification of (Ar-hpu1)-OH2 with Bu-NCO..............coiiiiie, 118
6.4.3 Modification of (Ar-hpu1)-OH2 with St-NCO...........ccooii 118
6.4.4 Modification of (Al-hpu1)-OH2 with Ph-NCO...........cciiiiiiie 119
6.4.5 Modification of (Al-hpu1)-OH2 with BUu-NCO..........cccoiiiiiiiee 120
6.4.6 Modification of (Al-hpu1)-OH2 with St-NCO..........cooiiii 120
6.5 Synthesis of linear POIYMErS. ... ..oiiiiii e 121
6.5.1 Synthesis of aromatic linear polymer based on TDI and 2-ethanol mine............ 121
6.5.2 Synthesis of aromatic linear polymer based on IPDI and 2-ethanol mine............ 122
6.6 Preparation of cross-linked polymers. ... ..., 123
7 LIST OF SYMBOLS AND ABBREVIATIONS. ... e e, 124
8 REFERENCQGES. ... oottt e e e et e e e aa s 126



ABSTRACT

ABSTRACT

The present thesis aims to synthesize hyperbranched poly(urea-urethane) polymers
(HPU) in one-pot method using commercially available monomers. The monomers used to
achieve our goal are 24-toluylene diisocyanate (TDI) as aromatic diisocyanate and
isophorone diisocyanate (IPDI) and 2(3-isocyanatopropyl) cyclohexylisocyanate (IPCI) as
aliphatic diisocyanates. Those proposed diisocyanates were reacted with diethanolamine
(DEA) or diisopropanolamine (DIPA). Conditions of polymerization reactions were optimized
that the reactions were stopped before gelation. Complete structural analysis using 'H and
3C NMR for the obtained aromatic polymers was carried out. The degree of branching was
determined for polymers based on TDI and was found to be > 60% for TDI/DEA and 45-48%
for TDI/DIPA. Aliphatic polymers have spectra with overlapped signals therefore, no full
structural analysis was possible. Molar masses were determined using SEC/RI detector
which shows that the prepared polymers have M,, values between 1600 g/mol and 106000
g/mol. Thermal analysis for different polymer systems showed that aliphatic HPU are more
thermally stable and have values of glass transition temperature higher than aromatic ones.

Modification of the end groups in the prepared hyperbranched polymers was carried out
using three different modifiers and degree of modification up to 100% was reached
depending on type of modifier. The modified polymers have good solubility in different
organic solvents. Their molar masses are influenced by reaction conditions and side
reactions.

Aromatic and aliphatic linear poly(urea-urethane)s based on the same diisocyanate
monomers were prepared to compare the properties of hyperbranched systems with their
linear analogs. Measurements of solution viscosity showed that HPU have lower solution
viscosity values than their linear analogs of comparable molar masses. Rheological
measurement of some polymer samples of different systems were carried out and showed
that our hyperbranched systems exhibit a more elastic behavior than the linear polymers.

Surface studies for thin films prepared from different polymer systems (hyperbranched,
linear and modified) were carried out and the obtained thin films were characterized using
light microscope, microglider, GC-MS, and AFM. Contact angle measurements showed that
HPU have a relatively hydrophilic character. The modified polymers have higher contact
angle values than the unmodified ones due to the lack of OH end groups.

Networks based on aliphatic and aromatic HPU were prepared through the reaction of
HPU with trimer of 1,6-diisocyanatohexane in DMF. The obtained networks were
characterized by DSC, GC-MS, DMA and AFM which showed that the domain size in
aromatic networks is larger than in aliphatic networks. Tensile test was carried out and it was

found that aliphatic network is more elastic than aromatic one.
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INTRODUCTION

1- INTRODUCTION

Polyurethanes are extremely large and complex molecules produced by combining a
large number of simpler molecules called monomers. Monomers are compounds whose
properties (molecular weight, boiling point, melting point, crystallinity, etc.) are discrete.
Polyurethanes, like other polymers on the other hand, typically do not have discrete
properties but have average properties that represent a range of molecules with differing
molecular weight and often slightly differing structure. The molecular weight of polyurethanes
can greatly affect the physical properties of a polymer'. Molecular weight distribution can also
have a significant effect upon polyurethane characteristics, especially processing and
rheoligical characteristics.

The chemistry of urethanes makes use of the reactions of organic isocyanates with
compounds containing hydroxyl groups, as shown in Figure 1.1. When polyfunctional
isocyanates and intermediates containing at least two active hydrogens per mole are reacted
at proper ratios, a polymer results that can produce rigid or flexible foams, elastomers,
coating, adhesives, and sealants. An isocyanate group reacts with the hydroxyl groups of a

polyol to form the repeating urethane linkage.

"
|
R-N=C=0 + H-O-R! R+ N—C-O-R'

Urethane linkage

Figure 1.1: Classical urethane linkage reaction.

The polymer chains, in general, have a special architecture. They may be linear,
branched, or network. Polyurethanes display stereo microstructure and can exist as
homopolymers and copolymers. Copolymers may be random, alternating, segmented, block,
or graft types. Polyurethanes can be crystalline solids, segmented solids, amorphous
glasses, or viscoelastic solids. With respect to mechanical properties, polyurethanes are
nonideal solids. The mechanical properties of the polymers are time dependent. For every
excitation, there are two responses: a viscous response and an elastic response, i.e. a time
dependent and a non-time dependent response. There is also inverse relationship between
modulus of elasticity and frequency in a typical polyurethane.

Polyurethanes are used in surprising array of commercial applications. Figure 1.2
presents the universe of polyurethane applications which can be divided into seven major

1



INTRODUCTION

groups: flexible slab, flexible molded foams, rigid foams, solid elastomers, RIM, carpet
backing, and two component formulations. The fabrication and application of slab stock foam
is easier and faster than the use of animal hair, bird feathers or other filling materials.
Improved molding techniques of flexible foam are responsible for its acceptance in furniture
with unusual shapes. Molded rigid foam has made great inroads into the furniture industry.
One of the major uses of rigid polyurethane foam is in home refrigerators. Most major
manufacturers are currently using rigid urethane foam as insulation in their lines, because of
the superior insulating characteristics of the fluorocarbon-blown foams. Large ships have
used rigid polyurethane foam as void fillers and also in lifeboats and refrigerator ships.

The major benefits offered by polyurethane are that it retains its high impact strength at
low temperatures, it is readily foamable, and it is resistant to abrasion, tear propagation,
ozon, oxidation, fungus, and humidity. Although thermoplastic polyurethane is attacked by
steam, fuels, ketones, esters, and strong acids and bases, it is resistant to aliphatic
hydrocarbons and dilute acids and bases. The highest recommended use temperature of
thermoplastic polyurethane is approximately 104 °C. Aromatic thermoplastic polyurethane
has poor weatherability stemming from its poor resistance to UV degradation. Since
polyurethane can be painted with flexible polyurethane paints without pretreatment, it has

found use in many automotive exterior parts.

Flexible slab
* Furniture
* Bedding
Two Components * Automotive
. Flexible molded
* Casting Carpet underlayment
) * Automotive seating
* Encapsulation )
* Bedding
* Sealants Urethane
Applications
Carpet Rigid foam
* Attached cushion * Insulation-board stock
Unitary RIM Solid Appliances
* Automotive * Elastomers Automotive
* Mechanical * Coatings
* Adhesives

Figure 1.2: Applications of polyurethane.

At the end of World War Il, synthetic polymers started to be utilized for commercial

products. The most common techniques have been either simply to develop a new monomer



INTRODUCTION

and synthesize a new polymer, or to modify an existing polymer by some chemical route.
Highly branched polymers have so far mainly been used as oligomers in thermosets for high
solid coating binders, alkyds, and in resins for composites. Flory? in his book, Principles of
Polymer Chemistry, theorized about synthesizing condensation polymers from multifunctional
monomers of A,B type. The polymers produced are non-crystalline and have highly branched
structure. After a little more than 30 years first papers on the synthesis of dendritic polymers
emerged®*.

Dendritic polymers synthesized from A,B monomers comprise monodisperse dendrimers
with exact branching and irregularly branched, polydisperse, hyperbranched polymers.
Dendritic polymers, in contrast to linear polymers, behave more like molecular micelles®.
Many dendrimers have been prepared and presented in the literature such as

)8,9 13,14

%12 and polyesters'™,

polyamidoamine®’ poly(propylene imine)®°, aromatic polyethers

718 " polyphenylene'®, polysilane® and

aliphatic polyethers™ and polyesters'®, polyalkane
phosphorous?’. Kim and Webster were the first who developed a route for one step synthesis
of dendritic polyphenylenes®*?*. These polymers were polydisperse and highly branched,
they were called hyperbranched polymers. Ever since, a wide variety of hyperbranched
polymers were prepared using polycondensation reactions of AB, or even AB3; monomers
(mostly of equal reactivity of B functionalities). The variety of reported structures is huge such
as hyperbranched polyesters, polyamides, polyethers, polyesteramides, polysulphones,
polyetherketones, also polyaddition reactions were used to prepare polycarbosilanes,
polyurethanes, polyarylenes and polythioethers.?® The A,+B; approach is also used to
prepare hyperbranched polymers which opens pathways to tailor the properties of the formed
polymer under technical conditions. Although hyperbranched polymers consist of a large
amount of different isomeric macromolecules beside their polydispersity, they are
characterized by their low solution viscosity and good solubility compared to linear analogues
due to the branches. The presence of large amount of end groups in the hyperbranched
polymer facilitate, through modification, optimizing their properties for special applications

2627 " microelectronics, information

such as in the classical field of coatings and blends
technology, optics and medicine. One limitation of the A,+Bj; technique is the possibility of
crosslinking which could be overcome by optimizing reaction conditions and stopping the

reaction before gelation.



THEORETICAL PART

2- THEORETICAL PART

Polyurethanes are produced by the condensation reaction of isocyanate and a compound
with a hydroxyl functionality, such as polyol. In fact, often the majority of the linkages found in
polyurethanes are derived from the polyol compound such as ether or ester linkages. One of
the most important applications of polyurethanes formed through the reaction of isocyanate
and polyol, beside foams, is the polyurethane coatings. These formulations require the use of
a catalyst to complete the reaction in a timely manner and appropriate temperatures. The
unique combination of the properties of toughness, flexibility, abrasion resistance and solvent
resistance has led to widespread and continually increase of polyurethane coatings in many
uses. Typical uses include leather coatings, fabric coating corrosion-resistant finishes, floor
varnishes, marine finishes, magnet wire coating, and concrete sealing. Polyurethanes are
closely related to polyurea which are formed through the reaction of isocyanate with amine-
terminated resins producing a polymer contains urea linkages. Polyurea is generally used as
an industrial coating in severe environments with good chemical resistance to hydrocarbons
and hydrogen sulfide gas immersed sewage applications.

Polyurea/polyurethane hybrid formulations can be defined as the result of a chemical
reaction between an isocyanate and a mixture of polyol and amine reactants. These
formulations provide an “intermediate” polyurea that displays many of the same properties of
a polyurea. However, hybrid formulations can also display some of the problems associated
with polyurethane chemistry. In coating formulation, hybrids generally contain a polyether/
polyester polyol and a primary amine resulting in a chemical backbone comprised of amine
and hydroxyl functionality. Polyurea/polyurethane hybrids are normally associated with use
on “non-critical” items that generally do not require immersion or extreme temperature

conditions for application.

2.1 Polyurethane chemistry

The basis of polyurethane chemistry is the high reactivity of isocyanates. They react
under mild conditions with all compounds that contain “active” hydrogen atoms. These are
mainly alcohols (OH group) but also amines. When the isocyanate group (NCO) reacts with
alcohols, amines, carboxylic acids and water, urethane, urea and amide linkages are formed.
The reaction of isocyanate with water is important for the production of foams because
during this reaction, gaseous CO, is formed and acts as a "chemical” blowing agent. The
reactions involved in the preparation of polyurethane are shown in Figure 2.1. Those
reactions proceed, for number of applications, through the reaction of the so-called
4



THEORETICAL PART

prepolymers with diisocyanates. Prepolymers with terminal NCO groups are obtained by
reacting a polyetherol or polyesterol (polyol) with an excess of diisocyanate. There are two
important advantages associated with this procedure: First, because of the high molecular
weight of the prepolymers, they have a lower vapor pressure which helps to improve the
workplace environment. Secondly, processing can be better controlled so that properties of

the polyurethane-part being produced can adjusted more easily.

|
—R—C—0—CR—
| | ’

Ether \ H
(@] HO-R-OH+ OCN-R-NCO—— % OCN-R— N—C— O-R-NCO
| Polyol Diisoc
yanate Polyurethane prepolymer
—R—C—0-R— Y Prepoly
Ester

+ H,N —R— NH,

ﬁ Diamine

ww R—NH— c—NH—Rww

Urea
+ HO— R— OH
Diol

y O
I

\
MW R— N— Cc— O—Rww

A

Urethane

Figure 2.1: Chemical reactions involved in polyurethane preparation.

2.1.1 Polyols

The predominant reaction partners of the isocyanate are polyhydroxyl compounds
(polyols). These are characterized by the hydroxyl number which is inversely proportional to
molecular weight. Polyols have a profound effect on the properties of the finished
polyurethane. While associating the properties of the polymers with the urethane linkage, the
structure of the polyol has a direct bearing on both processing and finished properties of the
polyurethane polymer. The two main classes of polyols are polyesterols and polyetherols. 80
to 90% of the used polyols today are polyetherols. Polyetherols are produced by the alkali-
catalyzed polymerization of ethylene oxide and propylene oxide. Low molecular weight di-
and polyfunctional alcohols or amines are used as initiators (Figure 2.2). The structure of the
polyols and hence the processing and property profile of the polyurethane can be controlled
within wide limits by the selection of the length and composition of the polyether chains and
the functionality of the starter molecules. For flexible foams, polyetherols based on

trifunctional initiators such as glycerol or trimethylolpropane with molecular weights of around
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6000 g/mol are generally used. Polyols for rigid foams are characterized by higher
functionality and shorter polyether chains. Polyurethane products based on polyetherols are
more stable to hydrolysis but more sensitive to oxidation. Polyetherols can be produced in

low-viscosity variations.

OH EO= ethylene oxide (R=H

PO= propylene oxide(R=CH,)
-—>H20 OH OH
O ®
OH O @ (‘ K
O/K—\ o O/YO

Starter
R

R
PO, EO

O vwwvwwww OH H,O O vwwwwwwwwOH
-
O nvvnnannan OH O YWWWvywWww e O K

Figure 2.2: Synthesis of polyetherols.

Polyesterols are produced by polycondensation of di- or polycarboxylic acids or their
anhydrides with di- or polyalcohols (Figure 2.3). The most important polyesterols are reaction
products of adipic acid or phthalic anhydride with aliphatic diols containing 2 to 6 carbon
atoms, oligoether diols or triols. An important application is the use as soft segments in

thermoplastic elastomers.

n+1 HO —R— OH
- 2H,0

i R R ,0-R—OH
diol e HO—R RO
+ C C
0 o
HO . 7
“C—R—C © O n
7 AN
0 OH
dicarboxylic acid polyesterol

Figure 2.3: Polyesterol via polycondensation.
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2.1.2 Industrially important isocyanates

Isocyanates are liquids or solids that are highly reactive and undergo addition reaction
across the C=N double bond of the NCO group. Reactions with alcohols, carboxylic acids,
and amines have been widely exploited in developing a variety of commercial products. The
basis of high reactivity of the isocyanates is the low electron density of the central carbon, as
indicated by the resonance structures of Figure 2.4. Electron-withdrawing or —donating
substituents alter the electrophilic nature of the isocyanate. Thus, whereas p-N,N-
dimethylaminophenyl isocyanate is a rather slow-reacting material, sulphonyl or acyl
isocyanates are noted to be extremely reactive. The reactivity of isocyanates is also
manifested in their tendency to react with themselves to form dimers, trimers, or higher
oligomers and polymers. Analytically, isocyanates are readily identified through derivatization
(urea formation) or via IR spectroscopy using the strong absorbance between 2300 and 2200

cm™.

e +

+ .o —
R—N=—C—O
Figure 2.4: Resonance structures of isocyanates.

Urethane linkage which is formed through the reaction of isocyanate with hydroxyl group
is shown in structure (1). The isocyanates also react with amines to form substituted urea
linkages, structure (2); they will react with water to form carbamic acid, which is an unstable
intermediate, and it decomposes readily to evolve carbon dioxide and an amine. This amine,
in turn, reacts with additional isocyanate to form disubstituted urea. In addition, a number of
cross-linking reactions may take place, depending on the reaction conditions such as
temperature, the presence of catalysts, the structure of the isocyanate, alcohols, and amines
involved. These reactions form linkages of biuret [reaction between substituted urea and
isocyanate, structure (3)], allophanate [reaction between urethane-isocyanate, structure (4)].

Chemical structures of different isocyanate linkages are shown in Figure 2.5.

o i
|
o) ﬁ “N SOSN —n o
¢ ~N-N ! ) 4‘,=O
~N-— ~0 — C=0 <./
| | | \N/ N
H H H | |

(1) (2) 3) (4)

Figure 2.5: Chemical structures of different isocyanate linkages.
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Industrially, isocyanates have become large-volume raw material for addition polymers
such as polyurethanes, polyureas and polyisocyanurates. By varying the reactants
(isocyanates, polyols, polyamines, and others) for polymer formation, a lot of products have
been developed, ranging from flexible and rigid insulation foams, to high-modulus automotive
exterior parts, high- quality coatings and abrasion-resistant elastomers.

The most important aromatic isocyanates are: 2,4-toluene diisocyanate (2,4-TDI), 2,6-
toluene diisocyanate (2,6-TDI), 4,4’-methylene diphenyl diisocyanate (MDI), p-phenylene
diisocyanate (PDI) and naphthalene-1,5-diisocyanate (NDI). While the most important
aliphatic diisocyanates are 1,6-hexamethylene diisocyanate (HDI), isophorone diisocyanate
(IPDI), and 1,4-cyclohexane diisocyanate (CHDI). What concern us from all types of
isocyantes are TDI as an example for aromatic diisocyanate and IPDI as an example for

aliphatic diisocyanates.

-TDI

The most important technical mixture of TDI is the 80:20 mixture of 2,4-TDI and 2,6-TDI.
The classical manufacturing process for the production of TDI depends on the nitration of
toluene in the presence of sulfuric acid. The nitrotoluene is then hydrogenated to the
corresponding diamine, and finally the diamine is phosgenated to the corresponding

diisocyanates.

-IPDI

A popular non-discoloring isocyanate is 3-isocyanatomethyl-3,5,5-trimethylcyclohexyl
isocyanate, commonly known as isophorone diisocyanate. IPDI is extensively used in the
preparation of polyurethane-based, light- stable coatings. Its desirable pot life and cure rate
are due to two isocyanate groups with different reactivities, one hindered and the other
unhindered. IPDI is prepared from isophorone by converting it into isophorone diamine which

is then phosgenated to IPDI.

2.1.3 Catalysis of the isocyanate-hydroxyl reaction

The catalysis of the isocyanate-hydroxyl reaction has been studied by many authors®®
who found that the reaction of aliphatic isocyanates with hydroxyl groups is catalyzed by
many metal carboxylates and organo-tin compounds. t-Amine catalysis of the reaction of
aromatic isocyanates with hydroxyl groups has been practiced for some time and is common
for the preparation of flexible polyurethane foams?. The reaction of IPDI with alcohols was
studied®*®' in the absence and in presence of dibutyltin dilaurate (DBTL) and 1,4-

diazobicyclo[2,2,2]-octane (DABCO). In the presence of DBTL, the reaction of the secondary

8



THEORETICAL PART

isocyanate group was favored, while in the presence of DABCO the reaction of the primary
isocyanate group was preferred. The relative reactivity of the isocyanate group depends on
the mode of catalysis and steric hindrance.

Dibutyltin compounds are generally recognized to function as Lewis acid catalysts by
complexing with the isocyanate®. The mechanism of catalysis of amines has been related to
Lewis base catalysis, the amine complexing the alcohol. It has been observed that the rate of
the reactions between aromatic diisocyanates and primary alcohols was much faster than
that of aliphatic diisocyanates and alcohols under the same reaction conditions. Another
important observation was the difference in the reactivity of the second NCO group on the
same molecule after the first one has reacted. Measurements and modeling have shown that
the presence of one urethane group on the tolylene molecule quenches the reaction rate of
the remaining isocyanate as much as ten fold®*. The effect of catalyst on the synthesis of
polyurethane prepolymer was investigated® and it was found that this effect extends beyond
a simple increasing of the reaction rate. The catalysts serve to promote the slower reactions
more than the faster ones. This would imply that for the preparation of polyurethane
prepolymers, a catalyst might serve to equalize the reaction rates between the first and the
second isocyanate groups to react in a diisocyanate. This rate equalization will serve to
produce a greater relative amount of the multisegment molecules. Yilgor et al*® studied the
effect of using various catalysts such as Hg(CH3;COOQO),, Zn(CH3;COO), .2H,0, and SnCl,.
5H,0 on the reaction of HMDI with n-butanol and found that the inorganic salts are effective
catalysts for these reactions. It is also possible to have preferential catalysis of primary
reaction between NCO and OH over side reactions, depending on the stoichiometric ratio of
NCO/ OH and also the concentration of the catalyst used.

In the preparation process of poly(urethane-urea)s, urethane and urea groups form
almost simultaneously, so the information about the effect of urea groups on reaction kinetics
of polyurethane formation are necessary for thoroughly understanding the poly(urethane-
urea) polymerization. Luo et al*® studied the effect of urea groups on polyurethane formation
and confirmed the catalytic effect of urea groups on polyurethane polymerization. The
suggested mechanism to explain this effect is based on the hydrogen bonding between the

urea carbonyl groups and the hydroxyl groups.

2.1.4 Depolymerization of polyurethane

All polymers can be depolymerized, polyurethanes are no exception. There are several
ways polyurethanes can be depolymerized chemically, among them: hydrolysis, thermolysis,
photolysis, pyrolysis and solvolysis. Hydrolysis is defined as a chemical reaction in which

water reacts with another molecule to form two or more substances. Thermolysis reactions
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are those that occur due to heat. Oxidation is the reaction in which oxygen combines
chemically with another substance. Oxidation can be initiated with heat (thermooxidation) or
by light (photooxidation). Photolysis is the decomposition of a chemical compound into
smaller molecular weight units caused by the interaction with light. Pyrolysis is the
transformation of a substance into other by heat alone i.e. without oxidation. Attack on
polyurethanes by solvents, for example alcohols, can cause a surface degradation referred
to as solvolysis.

The three bonds most susceptible to hydrolytic degradation are the ester, urea, and
urethane (Figure 2.6). The ester reverts to the precursor acid and alcohol, the urea bond can
hydrolyze to form a carbamic acid and an amine. The carbamic acid normally is instable and
typically undergoes further reaction. The urethane linkage, although somewhat less

susceptible, may undergo hydrolysis to yield a carbamic acid and the precursor alcohol.

0) (e
I , I
mR—=C—0—R v +H,0 ———>» wR—C—OH + HO—Rww
Ester
O o)

v R—NH—C—NH—Rwv ;o — » wvR-NH— C— OH +H,N_Riw

Urea
(e (e}
I |
M R—NH—C—O0—Rw +H,0 ——» wwvwR—NH—C—0OH +HO — R'ww»

Urethane

Figure 2.6: Bonds susceptible to hydrolytic attack.

Heat can cause the degradation of polyurethanes. The onset of allophanate dissociation
is around 100 to 120°C. The dissociation temperature of the biuret linkage is around 115 to
125°C. These reactions are dissociations and somewhat reversible which revert to the
urethane or urea from what they were formed. The aromatic-based urethane bond begins its
thermal disassociation around 180°C, which is prior to the urea linkage which is about 160 to
200°C. Urethane linkage may undergo three separate types of thermal degradation: (1) the
formation of the precursor isocyanate and the precursor alcohol; (2) cleavage of the oxygen
of the alpha CH, group and association of one hydrogen on the second CH, group would
lead to the carbamic acid and olefin with subsequent carbamic acid decomposition to give a
primary amine and CO, as depicted in Figure 2.7; (3) the formation of a secondary amine
and CO..

10
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‘? —» WwwR—N=C=0 +HO — Rw

WR—NH—C—O0—Rw —1> .R— NH, + CO, + Olefin

—> ,wR— NHR'+CO,

Figure 2.7: Thermal degradation of urethane linkages.

It was demonstrated that esters are weak bonds in hydrolysis. For thermooxidation the
ether is the weak link. Thermooxidation proceeds via a free radical mechanism. Heat causes
a hydrogen elimination from a carbon alpha to the ether linkage. This radical is subjected to
oxygen addition forming a peroxide radical. The peroxide radical then extracts another
hydrogen from the backbone to form a hydroperoxide. The hydroperoxide radical then
decomposes to form an oxide radical and the hydroxide free radical. The order of
thermooxidation stability is ester > urea > urethane >> ether. The oxide radical will cleave at
either two places (Figure 2.8), at the carbon bond adjacent to the oxide radical forming
formats or at the carbon-oxygen bond forming aldehydes.

0]

— R + HC—O—R Formate
wR—CH—QO—Rw» |

o‘ > wvR—O +HC—R Aldehyde

|
O

Figure 2.8: Thermooxidation-oxide cleavage.

2.1.5 Molecular forces and chemical bonding

Polyurethanes are characterized by the forces at work within and between the molecules.
Of these, covalent bonds are the strongest and most significant. To gain a fuller
understanding of the nature of polyurethane, we must account for secondary bonding forces
that act between individual polyurethane molecules. Although much weaker than covalent
bonds, they nevertheless, directly affect the material’s physical properties, such as viscosity,
surface tension, frictional forces, miscibility, volatility and solubility. In order of increasing
strength, these secondary forces are classified as van der Waals forces, dipole interaction,
hydrogen bonding.

Van der Waals forces are responsible for the short-range natural attraction of similar
molecules. When they are overcome by heating, softening and melting follows. Hydrogen
bonding, often considered a strong form of dipole interaction, is a third category of secondary

bonding forces. Hydrogen bonding is associated with the group in backbones and the —OH or

11
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NH. groups in the side chains found in polyurethane or polyurea. As in dipole interacton,
oxygen and nitrogen atoms attract positively charged hydrogens of othr molecules. Polymers
with hydrogen bonding usually are compatible with small molecules such as those
constituting plasticizers, solvents, and water. Secondary bonds usually yield before covalent
bonds under heat. The polymers with strong secondary forces exhibit high viscosities and

are more difficult to process.

2.1.6 Segmented polyurethane

One reason for the excellent physical properties of polyurethane elastomers is their
tendency to pack themselves into tight, stereoregular molecular chains a phenomenon
referred to as crystallinity. However, it is known that polyurethane consist of a mixture of
crystalline and amorphous domains, a state described as segmentation. Polyurethane as
thermoplastic elastomer contains physical netpoints forming a two-phase structure, where
the hard segments separate to form discrete domains in a matrix of soft segments. The rigid
segments act as bridges and as filler particles, reinforcing the soft segment matrix. The hard
segments are considered held together in discrete domains through the action of van der
Waals forces and hydrogen bonding interactions. Interchain attractive forces between rigid
segments are greater than those present in the soft segments, due to the high concentration
of polar groups and the possibility of extensive hydrogen bonding. Hard segments
significantly affect mechanical properties, particularly modulus, hardness, and tear strength.
The performance of elastomers at elevated temperatures is very dependent on the structure
of the rigid segments and their ability to remain associated at these temperatures. Rigid
segments are considered to result from contribution of the diisocyanate and chain extender
components. Hydrogen bonding occurs between the individual hard blocks giving rise to a
three-dimensional molecular domain structure. These domains may themselves be in a
larger, ordered arrangement including both soft and hard blocks. The hard blocks being built
up in a transverse orientation to their molecular axis leading, in cases, to the appearance of
spherulites in the polymer. The morphology is unstable with respect to temperature and thus,
thermoplastic elastomers can be processed from the melt but act like networks at application

temperature.

12
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2.2 Dendritic Polymers

From a historical perspective, progress towards the deliberate construction of
macromolecules possessing branched architectures can be considered to have occurred
during three different eras. The first period occurred roughly from the late 1860’s to the early
1940’s, when branched structures were considered as being responsible for insoluble and
intractable materials formed in polymerization reactions. Synthetic control, mechanical
separations, and physical characterization were primitive at best as judged by current
standards; isolation and proof of structure were simply not feasible. The early 1940’s to the
late 1970’s defines the second period, in which branched structures were considered
primarily from a theoretical vantage point with initial attempts at preparation via classical, or
single-pot, polymerization of functionally differentiated monomers.

During 1941 and 1942, Flory*"*° disseminated theoretical and experimental evidence for
the appearance of branched-chain, three dimensional macromolecules. He discussed a
feature of polymerization reactions called “gelation”. Descriptive terminology used by Flory to
categorize differing polymeric fractions included the terms “gel” and “sol” referring to
polymers that were insoluble or soluble, respectively. Flory showed statistically that branched
polymeric products begin to appear after polymerization had progressed to a definite extent.
Molecular size distributions, the number average degree of polymerization, as well as
derivations relating tri- and tetra-functional branching units (monomers) were also addressed.
Polymer architecture represented by Flory is shown in Figure 2.9 which resulted from
polymerization of AB, monomers.

The modern era of cascade or dendrimer chemistry came to life when Végtle*' published
in 1987 his paper entitled “Cascade and Nonskid-chain-like Synthesis of Molecular Cavity

Topologies”.

Figure 2.9: Branched polymer architecture as demonstrated by Flory*® by the assembly of

AB,-type monomers.
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Repetitive and multiple reactions were employed for the generation of new, branched
molecular assemblies. Most notable about these synthesis is that for the first time,
“generational” molecules were prepared and characterized at each stage of the construction
process. Denkewalter, Kolc, and his coworkers* presented a method for the synthesis of
polylysine-based dendrimers. Interesting features of these dendritic polymers include 1—2
asymmetric branching pattern and the incorporation of multiple chiral centers at each tier.
Aharoni, Crosby, and Walsh*® studied these lysine dendrimers and reported that each
member of the series was monodisperse.

Tomalia et al.** reported the divergent preparation of an entire series of dendrimers
possessing trigonal, 1—2 N-based, branching centers. The first convergent preparation of
dendrimers resulted in poly(aryl ether) architecture as reported by Fréchet and Hawker'.
Innovative use of their pivotal phenoxide-based, benzylic bromide displacement sequence
has led to many creative and novel macromolecular assemblies. Miller and Neenan*® used
the convergent method to prepare aromatic-based, all-hydrocarbone dendrimers. High

rigidity was inherent in this series.
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Figure 2.10: lllustration of different dendritic architectures

2.2.1 Methods of synthesis: Divergent procedures

Divergent dendritic construction results from sequential monomer addition beginning from
a core and proceeding outward toward the macromolecular surface. To a respective core
representing the zeroth generation and possessing one or more reactive site(s), a generation
or monomeric building blocks is covalently connected. Branching is dependent on the
building block valency. Thus, a core possessing one reactive moiety, such as a primary

amine, is divalent and will accommodate two monomers. Newkome et al.* and Tomalia et
14
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al.** published different divergent routes to branching arborols and dendrimers. These
authors described the construction of polyfunctional molecules that possessed multiple
branching centers and offered spectral characterization supporting the structural
assignments. Wérner und Miilhaupt® improved Végtle*® procedure and used Raney nickel*’
at ambient temperature to prepare a dendrimer extended to the fifth generation. "N NMR
spectra of these dendrimers confirm their highly branched and well-defined structures®.
Tomalia et al.’° described the preparation of polyamidoamine “starburst polymers”, or
“dendrimers”, which were generated from a three-directional core. For the first time, an
iterative synthesis as well as structural, computer simulated was reported*®. Comparative and

5152 of these macromolecules were

electron microscopy® , and physical characterization
carried out. Standard spectroscopic methods, e. g. 'H and "*C NMR**| IR as well as mass
spectrometry (electrospray)®®, HPLC, GPC, DSC, TGA and intrinsic viscosity®® for these
dendrimers have been evaluated. Haddleton et al®’ reported the determination of molecular
masses of two series of dendritic aryl esters by matrix- assisted laser desorption ionization
(MALDI-TOF) mass spectrometry. Three tiers were constructed and characterized by MALDI
mass spectral studies which showed no evidence for dimer or trimer formation either during

the synthesis or within the mass spectrometer.

Figure 2.11: “Starburst” poly(ethyleneimine) dendrimer prepared by divergent method.

2.2.2 Methods of synthesis: Convergent procedures

The “convergent” mode of dendritic construction is another strategy whereby branched
arms (dendrons) are synthesized from the “outside-in". This concept was initially described

58 at about the same time Miller and Neenan reported®® the

by Fréchet and his coworkers
synthesis of monodisperse molecular spheres based on 1,3,5-trisubstituted benzene. The
synthesis starts at the periphery of the final dendron and proceeds inwards. Polymer

segments (“wedges” or “monodendrons”), synthesized stepwise via a protection-deprotection
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mechanism, are connected to a multifunctional core in the final step. There are no limitations
in size for the core molecules® and complexing agents®' or metal atoms® can be used for
the final connection of special monodendrons. Furthermore only three functionalities have to
react in each step and the number of reaction sites does not increase with the number of
generations (Figure 2.12). Therefore, more monodisperse products can be obtained,

purification and characterization is facilitated.

O @@

K2003
2x Br + o 18 c6 OH
CBr4 /PPhs
G2- Br
/
Dendron

Figure 2.12: Synthesis of polyether monodendrons.

2.2.3 Methods of synthesis: One- step hyperbranched polymers.

Hyperbranched polymers are synthesized by means of a direct, one-step
polycondensation of AB, monomers, where X > 2. Such one-step polycondensation afford
products possessing a high degree of branching, but are not as idealized as the stepwise
constructed dendrimers. Due to the special arrangement of the functional groups on one
molecule and the excess of A functionalities no gel point can be reached in this system. The
characteristic features for a hyperbranched polymer derived from AB, monomers are one
unreacted A functionality, a high number of unreacted B functionalities, distributed randomly
throughout the polymer, and a degree of branching usually between 50% and 75% (Figure
2.13). Each macromolecule will have a high density of B functional groups, which due to the
statistical growth, can also be inside and not only on the outside surface. The number of
these groups can be directly connected with the degree of polymerization (DP). If the
reaction is performed with an AB, monomer, each molecule will have exactly one functional

group more than the number of repetition units (DP + 1)°.
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Figure 2.13: Hyperbranched polymer formed from an AB, monomer.

Hyperbranched polymers exhibit typical polymer features, as a broad molar mass
distribution, isomerism, and an irregular growth with a statistical distribution of functional
groups throughout the structure. They are even considered as having close resemblance
with networks just before the gel point®*®. On the other hand, they show a higher solubility
and a linear solution viscosity compared to linear analogues® . A strategy to overcome the
disadvantage of polydispersity and broad molar masses is to add a By-functional core
molecule, where y > 3. This limits the polydispersity and also provides a tool to control the
molecular weight of the final polymer. One of the most important aspects of hyperbranched
polymer characterization is the determination of its structure, namely the evaluation of the
concentration of terminal (t), linear (I), and dendritic (d) units. The above values allow to
calculate the degree of branching (DB). The degree of branching is generally calculated®"°

according to the following equation;

DB = (d+t) / (d+t+l)

Equation 2.1: Calculation of DB according to Fréchet *°.

From the definition, DB 100% for perfect dendrimers, 50% for statistically grown
hyperbranched polymers and 0% for linear chains. DB depends on the different parameters
that can influence the path of the reaction®"°.

The main distinguishing features of hyperbranched polymers are the ease of
polymerization process when compared to the synthesis of “ideal” dendrimers, a large
number of functional groups distributed throughout the polymer structure which impart

specific physical and chemical properties, lower intrinsic viscosity than their linear analogues
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and vastly enhanced solution characteristics due to a low degree of crystallinity and
entanglements’. Although hyperbranched polymers are characterized by an irregular
structure with high polydispersity, the ease of the synthetic procedures and the globular
shape together with the high number of functional groups make those polymers effective
candidates for industrial applications. Hyperbranched aliphatic polyesters are commercially
produced’”’® and at the moment five different product grades are available” depending on
the average number of —OH groups and on the water content of the samples. Those
polymers are successfully employed as additives for polymer matrix composites®® as UV-
curable coatings®’, and as macroinitiators®>. Many other applications for hyperbranched

polymers are also reported, for example due to their good miscibility and melt viscosity they

23,83 84,85

find application as melt modifiers“*®°, additives and as blend components in processing
procedures. Hyperbranched polymers, specially poly(ether)s®® and poly(ester)s®”®® have
amphiphilic properties and therefore can be employed as carriers for small molecules.
Modification of functional groups give the chance for hyperbranched polymers to be used as

cross-linkers®%°

in high solid or powder coatings and in thermosets®. Hyperbranched
poly(ester)s were modified using long chain alkyl chains to increase the compatibility with
polyolefins and enable the even distribution of dyes in poly(propylene)®. Hyperbranched
polymers containing labile groups are used as pore forming systems to obtain nanoporous
substances for the preparation of low dielectric constant materials for ILDs (Interlayer
Dielectrics)®%. Other applications for hyperbranched polymers were also reported for

example in molecular imprinting®™, catalysis®, dental composites®’, as macroinitiators®, in

99,100 101-103

sensors and in the encapsulation and to extract guest molecules

The use of AB, monomers predominates the synthetic approaches leading to a
hyperbranched polymer. Polyester structures were favored by many researchers'®'"® due to
the availability of monomers. Many other hyperbranched polymers were synthesized''*'%.
For successful statistical polymerization process, equal reactivity of two B functionalities is
required and no internal cyclization reactions limiting the growth of the hyperbranched
polymer. Other non-desired side reactions during the polycondensation reaction may lead to
intermolecular reactions and finally crosslinking'?'. DB of about 60% was achieved'?? by plain
AB, polycondensation by slight activation of the formed intermediate through estrification,
whereas using “criss-cross’ cycloaddition gave rise to a hyperbranched polymer consisting
exclusively of branched and terminal repeating units and therefore which has a DB of
100% "%,

The synthesis of hyperbranched polymers through the reaction of A, monomers with B3
monomers is also reported'®'?®, The resulting products are soluble hyperbranched polymers
when the reaction is stopped before reaching the gel point. However the critical conversion in

these condensations depends on the ratio of A and B functionalities (optimum seems to be
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2:3) purity of the solvent, reaction time, and temperature'®. The products of A,+B; are
distinguished by the presence of several A functions in a single hyperbranched
macromolecule that might cause the crosslinking. Hyperbranched polymers prepared from
direct polymerization of A, and B*B, type monomers are reported™®'* A dominant AB*,
intermediate is generated from the reaction between an A group of A; an a B group of B*B,
during the initial period of the reaction. The use of commercially available, of different
reactivity, AA* and B*B, monomers has been developed. The idea is to use the selectivity of
higher reactivity of one A functions and one B function to produce A(A*+B*)B, intermediate.
This new strategy is characterized by the formation of the intermediate in-situ i.e. there is no
border line between the generation of A(A*+B*)B, and its polymerization. Also the
propagation reaction generally occurs as soon as the formation of an A(A*+B*)B, molecule
so, it hardly can be separated.

Surface modification reactions have been carried out with dendritic and hyperbranched
polymers due to presence of great number of functional groups. In dendrimers the end
groups are all located in the periphery and also can be found in the dendrimer
interior'**"*® The modification reactions for hyperbranched polymers are very similar. The
uncontrolled structures show no crystalline packing and cavities in the structure allow the
penetration of solvent. Therefore the accessibility of the functional groups is quite good for
small reagent. However, conversion decreases for polymers of high molecular weight and for
large reagent molecules. Solubility and thermal behavior change dramatically by introducing
new functional groups for example the T4 of hyperbranched polyesters with identical internal
structure but different end groups can vary more than 250°C"*’. The functional groups also
influence polarity and in some cases the dimension and the shape of the dendritic polymer in

solution38,

2.3 Hyperbranched polyurethanes

Dendritic and hyperbranched structures based on amide linkages'®'* have received
considerable attention due to the fact that polyamides are commercially important. Dendritic
polyurethanes are much less studied and most of the reported synthesis of either aliphatic or
aromatic '"*1*¢"*® hyperbranched polyurethane was done via polycondensation reaction of
AB, or A,B monomers (Figure 2.14). However, due to the high reactivity of isocyanate group,
yielding either dimers, via self condensation or a carbamate via the reaction with water, the
monomers have to be produced in-situ. A degree of branching was determined as being
close to 60% using NMR spectroscopy'”® for a hyperbranched polyurethane prepared
through in-situ generation of a dihydroxphenyl isocyanate monomer, by the thermal

decomposition of the corresponding carbonyl azide. The formed hyperbranched
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polyurethane showed complete solubility in common organic solvents like tetrahydrofurane
149,150

(THF), acetone, and dimethylsulfoxide (DMSO). Surprisingly there are only few reports
on the synthesis of hyperbranched or dendritic polymers based on urea linkages. This could
be because of the inherent difficulties in the synthesis and purification of monomers

containing both amine and isocyanate groups, necessary to obtain urea.
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Figure 2.14: Hyperbranched polyurethane based on AB,"*®
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a novel route for the preparation of hyperbranched poly (urea-urethane) is
reported, using AA* and B,B* monomers depending on the selectivity of the highly reactive
functional groups. This strategy is working due to selective reactions between specific
functional groups giving rise to a defined construction of hyperbranched polymers. The
polymerization reactions take place without any specific protection of specific functional
groups. The produced hyperbranched structures contain urea and urethane groups in the
polymer chain. This method opens flexibility in synthesis and variability in structure/property
relationships and allows to choose aliphatic as well as aromatic monomers, this reaction will

be further studied in the present work.

2.4 Applications

Novel Hyperbranched polyurethanes and polyureas' can be used to form nano-domain
structured networks which can be viewed as three dimensional, cross-linked materials
comprising covalently bonded nanoscopic, hyperbranched domains which may be of the
same or different chemical composition of the rest of the network. These materials may be
formed into clear, highly transparent films, sheets, membranes, coatings or other objects and
may exhibit different glass transition temperatures that may rank them among either
elastomers or plastomers. They can also offer new ways of preparing specialty membranes,
protective coatings, novel composites and controlled porosity materials. Other applications
can be found in biomedical areas and medical engineering. The use of hyperbranched
polymers as the base for various coating resins has been described in the literature'>"*’.
Different resin types are obtained depending on the reactive end-group structure which is
attached to the hyperbranched polymer. Several thermoset resin materials have been
described where the hyperbranched polymer exhibit a low resin viscosity, thereby reducing
the need for solvents to reach the application viscosity. At the same time, rapid curing (high
reactivity) and good film properties (high molecular weight of the resin) are obtained. Resins
based on hyperbranched polyurethane acrylates containing phosphorus were found to be
flame-retardant or can be used as additives to conventional UV curable coating systems'®.

d"™ and used as crosslinkers for the

Hyperbranched polyisocyanates were prepare
formulation of coatings where they showed better hardness than any other aliphatic

isocyanate raw material.

21



AIM

3- AIM

The combination of the concept of dendritic macromolecules with urethane chemistry
might offer a new, very versatile approach for the synthesis of new polyurethane materials.
Hyperbranched polymers are phenomenologically different from linear polymers of the same
molecular weight since they can be simply prepared in one step synthesis, also they are
unique in their properties and easily tailored by changing the nature of the end groups. In
general, hyperbranched polymers are synthesized by self-condensation of AB, type
monomers which have one “A” functional group and n “B” functional ones. However, most of
the AB, molecules are not commercially available and the preparation of such designed
monomer takes a longer time in comparison with the following polymerization. On the other
hand, many difunctional monomers (A,) are commercially available as monomers for linear
condensation polymers. Furthermore, some trifunctional monomers (B3) used for branching
or cross-linking agents are also available. If the first polymerization of A, and B3 molecules is
faster than the following propagation, an AB, type molecule would be formed as an
intermediate molecule and accumulated in solution. In the last two decades several
hyperbranched polymers were prepared through intermediate AB, molecules formed from A,
and Bz monomers.

Hyperbranched polyurethanes (HPUs) should be synthesized from commercially available
materials, using the same idea as for linear polyurethanes, through the polycondensation of
monomers containing diisocanate groups with trifunctional monomers which contain active
hydrogens. They can be considered as new raw materials for polyurethane coating systems
with improved product properties. The use of A,+Bj; in the preparation of HPUs approach
yields hyperbranched polymers with several A functions in one macromolecule which might
cause crosslinking. Due to this reason a new strategy was developed for the synthesis of
hyperbranched polyurethanes using commercially available AA* and B*B, monomers.
Making use of the different reactivity of the functional groups and the selectivity of the
monomers, one can obtain AB, monomer in-situ as represented in Figure 3.1.

Thus, synthesizing hyperbranched polyurethanes in one step using commercially
available monomers and exploring their properties is the main aim of this work. Using the
advantage of intramolecular reactivity differences of isocyanate groups in the diisocyanates
and the reactivity differences of OH and NH groups in the dihydroxylamine, it is possible to
generate AB, intermediate which polymerizes forming hyperbranched polymer. 2,4-Toluylene
diisocyanat (TDI) as aromatic diisocyanate, and isophorone diisocyanate (IPDI) and 2(3-
isocyanatopropyl) cyclohexylisocyanate (IPCI) as aliphatic diisocyanates, were proposed as

diisocyanate monomers which react with diethanolamine (DEA) or diisopropanolamine
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(DIPA) in order to prepare HPUs. Actually, the reaction of diisocyanate can be with either
amino or hydroxyl groups present in the dihydroxyl amine. So, the obtained polymers are

named hyperbranched poly(urea-urethane)s.

A

B
A*+ B*—X —> |:A— a*b—
B

Intermediate

Hyperbranched polymer

Figure 3.1: Schematic representation for hyperbranched polymer formation from AA* and

B*B, monomers.

The aim of this work is achieved through the following investigations:

- Synthesis of different model compounds and model structures that would help firstly, in the
elucidation of the structure of the hyperbranched polymers. And secondly, proving that the
reaction of AA* monomer with B*B, monomer goes through the formation of in-situ AB,
intermediate.

- Synthesis of aromatic and aliphatic hyperbranched poly(urea-urethane)s and optimizing the
polymerization reaction conditions.

- Complete structural analysis for the prepared polymers using NMR with the help of model
compounds and model reactions

- Synthesis of aromatic and aliphatic linear PU for comparison.

- Modification of the end groups in the polymers using different modifiers and study of the
properties of the modified polymers.

- Preparation of thin films from the HPUs and investigation of their surface properties.

- Using of hyperbranched polymers as dendritic polyols in network preparation and study of

the mechanical properties of these materials.
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4- RESULTS AND DISCUSSION

The main aim of this work is the synthesis and characterization of hyperbranched
poly(urea-urethane)s through AA*+ B*B, polycondensation reaction. The “in-situ” formation of

an AB, intermediate is postulated before the hyperbranched macromolecules was found

(Figure 4.1).

A

B
A*+ Bpr—( —> [A— a’b—=<
B

Intermediate

Hyperbranched polymer

Figure 4.1: Hyperbranched polymer formation from AA* and B*B, monomers.

In this work, commercially available 2,4-toluene diisocyanate (TDI), isophorone
diisocyanate (IPDI) and 2(3-isocyanatopropyl)cyclohexyl isocyanate (IPCl) were chosen as
AA* monomers and diethanol amine (DEA) and diisopropanol amine (DIPA) as B*B;

monomers. The structures of the used monomers are given in Figure 4.2.
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Figure 4.2: Chemical structures of the used monomers.
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It is known that the reactivity of NH and OH groups toward isocyanate addition differ
drastically’®® however, usually not supported with numbers. Only recently, ratios of reactivity
constants for urea and urethane formation have been calculated theoretically to about 150 in
case of IPDI and about 15000 in case of TDI in favor of the NH / NCO reaction.'™ Thus,
ideally, the isocyanate group reacts preferentially with the amino group of the dihydroxy
amine at low temperatures. For what concerns TDI as monomer, it was reported'®*'®'that the
reactivity of the NCO group in p-position is about 70 times higher than the reactivity of NCO
group in o-position when reacted with alcohol functions. For IPDI and IPCI, there are two
types of NCO groups in the molecule, a primary one, CH,-NCO, and a secondary one, CH-
NCO. Thus, the chosen monomers seemed to be suitable for the concept of in-situ AB,
intermediate formation when the more reactive NCO group in the diisocyanates reacts
primarily at low temperature with the amino group of the B*B, monomer. Moreover, it was
approved by NMR spectroscopy that both monomers consist of a mixture of two isomers
according to whether the -NCO and CH,-NCO are cis or trans to each other on the
cyclohexane ring. For IPDI it was shown that the isomer ratio has a value of 75% for the cis

isomer and 25% for the trans isomer'®?

.NMR investigation were carried out to determine this
ratio for IPCI and it was found to be 59/41 cis/ trans. In both isomers the 2-substituent is in
the equatorial position as indicated by the Jyy coupling constants of Hy and by the chemical
shifts of Hy and H, for both isomers. The presence of isomers makes full structure

assignment of the obtained polymer more difficult.

4.1 Synthesis of linear poly (urea-urethane)s

It was important to prepare linear polymers to recognize the general features of
polyurethane and also to use them in order to compare their properties with the
hyperbranched poly(urea-urethane)s under investigation. Linear aliphatic and aromatic
poly(urea-urethane)s were prepared through the reaction of AA* monomer with 2-
ethanolamine (2-EA) under the polymerization conditions which will be used to prepare

hyperbranched poly (urea-urethane).
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Figure 4.3: Reaction of TDI as AA* monomer with 2-EA to prepare linear poly(urea-

urethane).

The reaction starts at low temperature (-5°C) through, most likely, the NCO group in the
p- position that reacts either with the amino group (preferentially) to form urea or with the
hydroxyl group of the amino alcohol to form urethane. 2-EA was added drop by drop in order
to firstly, control the molar mass of the formed polymer and secondly, since the reaction of
the NCO with NH; group is fast and exothermic, it was important to use the slow addition
method to favor urea formation at low temperature. The reaction temperature was increased
in the second step. The reaction of isocyanate with amino or hydroxyl groups depends on the
electron density around the carbon atom of the NCO- so that in case of aromatic AA*
monomers the reaction proceeds fast due to the high reactivity of NCO attached to the
aromatic ring which is not the case with aliphatic AA* monomer. Increasing the temperature
in the second step needs to be accompanied by the addition of catalyst in case of aliphatic
monomers. The conversion is followed by determination of the isocyanate concentration
present in the reaction medium that is equivalent to the monomer conversion and this to the
obtained molar mass. The method used can be summarized as follows: samples of definite
weights were withdrawn from the reaction mixture at certain time intervals, 20 ml of 0.1M
dibutylamine/ chlorobenzene was added to quench the unreacted isocyanate. The excess
amine is determined by back-titration with 0.1M HCI. The end point was determined
potentiometrically. At the required NCO% which is equivalent to a definite degree of
polymerization, the reaction was stopped. The amount of stopper added, which is the same
ethanol amine, is calculated according to the remaining NCO. Thus all remaining NCO
groups are capped and converted into OH end groups.

Table 1 gives the reaction conditions and polymer characteristics for both aromatic linear
polymers (Ar-LPU) and aliphatic linear polymers (Al-LPU). Sample Ar-LPU (1) was prepared
through the reaction of TDI and N-methyl diethanol amine in order to study the effect of the
hydrogen atom present at the urea group on the inter/ intra-molecular interactions. Although

DABCO was used as catalyst during the preparation of the aliphatic polymers, higher
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temperatures and longer reaction time were required in order to get significant increase in

the molar mass.

Table 1: Reaction conditions of some prepared aromatic and aliphatic linear polymers.

Polymer Catalyst | Time/min. | Temp./°C |NCO% | M, (g/mol) | M, (g/mol) |T4/°C
Ar-LPU(1)* | ~—---- 140 40 0.54 3500 6900 90
Ar-LPU(2) |- 110 30 0.40 9000 16400 152
Ar-LPU@3) | ---—-- 45 30 0.89 3600 6300 132
Ar-LPU4) |- 65 30 0.55 4400 8500 139
Ar-LPU(5) | ----—--- 90 30 0.52 5500 10000 145
Al-LPU (6) |DABCO |130 40 0.61 2700 5000 141
Al-LPU (7) |DABCO |125 60 0.30 3500 6700 157
Al-LPU (8) |DABCO |220 65 0.18 5600 10200 170
Al-LPU (9) |DABCO |200 60 0.17 4500 7700 165

* TDI + N-methyl diethanol amine, Ar-LPU=TDI+2-EA, Al-LPU= IPDI+2-EA.

The most important characterization for polymers is the determination of their molecular
weight and their polydispersity. There are several methods for the determination of polymers
molar mass among them is the size exclusion chromatography (SEC). SEC is the most
common method for determination of molecular weights and polydispersity of polymers'®*
The polymer sample eluted through a column separated in fractions. Those fractions are
separated according to their hydrodynamic volumes in the used solvent and finally detected
by refractive index detector (RI). In the conventional SEC, the column should be calibrated
before measurement mostly using linear standards. Normally linear polystyrene is the
common standard, in our case poly(2-vinyl pyridine) is used as linear standard. Molar
masses of linear aromatic and aliphatic polymers were measured using SEC/ RI detector and
a mixture of DMAc and LiCI/H,O as eluting solvent. The values obtained for molecular
weight showed that they became higher with increasing reaction time in case of aromatic
linear polymers at constant temperature.

Glass transition temperature (Tg;) which is an important property for a polymer was
determined by Differential Scanning Calorimetry (DSC). A heating program is used for the
measurements (-60 to 200°C) with heating rate 20 K/min under N, atmosphere. Values of T
obtained for the aliphatic linear polymers, as shown in the table above, are generally higher
than those obtained for aromatic polymers. This is due to the rigidity and bulkiness of the

cyclohexyl ring. Also it was noticed, as expected, that T4 increases with increasing molar
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masses. When N-methyl ethanol amine instead of 2-EA is used, the Tg4 is reduced

significantly since the hydrogen bonding in the polymer is reduced.
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Figure 4.4: '"H NMR spectrum for sample Ar-LPU(2) (DMSO-dg).

The prepared linear polymers were characterized by 'H NMR, the spectrum of sample
Ar-LPU(2) is shown in Figure 4.4. The spectrum shows clearly the signals of protons present
at different positions. It can be noticed the signals of o- and p-urea groups at 7.9 and 8.5
ppm, respectively. The protons of o- and p-urethane groups can be found at 8.85 and 9.5
ppm. Good separation is observed between not only the signals of the urea and urethane
groups but also between the o- and p-groups as well. The protons of the groups formed as a
result of the reaction of OH-group with NCO-group, CH,OCO are seen clearly at 4.11 ppm
while protons of the end group CH,OH are found at 3.45 ppm. Signal of protons of methyl
group at the phenyl ring can be found at 2.1 ppm. While protons of the phenyl ring itself have
overlapped signals in the range of 7.0 to 7.7 ppm.

Although the linear polymers prepared are structurally not identical to our hyperbranched
ones, they can give us good information about solubility and viscosity/ molecular weight
relationship in comparison with the hyperbranched polymers under investigation since they
have the same ratio of urea and urethane linkages as well as the same isocyanate structure.

The main difference to the hyperbranched polymers is the number of end groups. Whereas
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the linear polymers should have 2 OH end groups independent on the molar mass, the

hyperbranched polymers have DP+ 1 end groups.

4.2 Synthesis of aromatic hyperbranched poly(urea-urethane)s

The synthesis of aromatic hyperbranched polymer starts through the reaction of one of
the isocyanate groups of AA* monomer with amine or hydroxyl groups at B*B, monomer.
Since there is a difference in the reactivity of amine and hydroxyl groups toward isocyanate
at low temperatures (see p.25), the reaction was started at low temperatures (-5°C) to be
sure that the attempted AB, intermediate is formed. The temperature was raised after the
complete addition of the B*B, monomer and the conversion was followed by titration of the
rest NCO until the aimed molar mass is reached, then the reaction was stopped through the
addition of calculated amount of stopper (usually the same bishydroxyl amine). The reaction
of TDI was fast and did not require the use of catalysts, although it was slower in case of its
reaction with DIPA mostly because of the resonance effect of the CH; group in DIPA and
steric hindrance. The need for model studies arose to reveal that the assumed intermediate
is formed and to study the reactivity difference of the two isocyanate groups present in the
chosen aromatic AA* monomer. Also it was necessary to make model reactions which

enables us to make complete structural analysis for the prepared hyperbranched polymers.

4.3 Synthesis of model compounds and model reactions

Model compounds were prepared through the reaction of tolyl monoisocyanate isomers
with B*B, monomers in order to be able to interpret NMR spectra of the hyperbranched
polymers. The ratio of the reactants was kept as 2:1 tolyl monoisocyanate: bishydroxy amine.
The completion of the reaction was followed by IR spectroscopy (peak of NCO- at 2270 cm™)
and the excess solvent was removed by vacuum distillation. The formed product mixture was
investigated by NMR spectroscopy without further purification. The reaction of o- tolyl
monoisocyanate with DEA and the formed in-situ terminal t, linear |, and dendritic d model

structures is shown in Figure 4.5.
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Figure 4.5: Reaction of o- tolyl monoisocyanate with DEA to prepare model compounds.

Considering the structures shown in the above figure through the model compounds, we
know that the macromolecule contains three different types of subunits as shown in Figure
4.6. Since the degree of branching DB according to Fréchet® is defined as shown in

equation (2.1).
DB = (d+t) / (d+t+l)

so, both the dendritic and terminal units d, t contribute to the perfect hyperbranched

structure of the molecule while the linear units | reduce the degree of branching.
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Figure 4.6: Three possible substructures which can be found in a hyperbranched poly (urea-

urethane).

The resulting model compounds, as reaction mixture were analyzed by 'H, *°C NMR

spectroscopy and the signal assignment is shown in Figure 4.7.
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Figure 4.7: "H NMR spectrum of mixture of all three of the reaction products of o- tolyl

monoisocyanate with DEA, only linear structure is assigned (DMSO-dg).

4.4 Model reaction for substitution pattern

A model reaction was carried out in order to study the reactivity of o- and p-NCO groups
towards both amino and OH groups. TDI was reacted with N,N-diethyl amine mixed with
ethanol (1:1:2) (Figure 4.8). The presence of NCO groups was followed by IR. After
completion of the reaction, the excess solvent was removed under high vacuum and the
product was analyzed by NMR without further purification. Depending on the exact
stoichiometry and the reaction conditions, it was found that only about 17 to 28% of the
desired compound which is Ureth 2/Urea 4 were formed beside the other three isomers.
From different experiments it was found that the percentage of formation of different isomers
depends on the sequence of addition of N,N-diethyl amine and ethanol that means if they
were added together or amine at first then the alcohol. The same reaction was made but
stopped at low temperature (-5°C) by adding dibutylamine to examine the reactivity of NCO
group toward OH at low temperature. It was found that the isomer Ureth2/ Ureth4 is not
formed while all the other three isomers were identified. The quantities for the different
isomers were found to be 51% for Urea2/ Urea4, 36% for Urea2/ Ureth 4, and 13% for the
isomer Ureth2/ Urea4. This means that in this reaction the reactivity of both o-NCO and p-
NCO groups are identical. It could be confirmed however, that amino group is more reactive

toward isocyanate than hydroxyl group. Furthermore, in case of TDI it is also possible that
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the reactivity of one isocyanate group changes depending on whether the other group is

isocyanate or has reacted to form urethane or urea group'.
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Figure 4.8: Model reaction to study the reactivity of ortho and para- isocyanates and the

formed 4 isomers.
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4.5 Preparation of aromatic hyperbranched polymers and variation of

reaction conditions

In principle, the synthesis of a hyperbranched poly(urea-urethane) was described in the
literature when this work started, however, it was necessary to optimize the reaction
conditions to avoid the gel point. It was reported'®* that, while preparing similar systems, no
gelation occurred when a 10 wt% concentration was used and ratio of functional groups
reached 1:1. Gelation was observed on using feed ratio 3:2 of monomer AA* to monomer
B*B, and high temperature (60-80°C), also it was not sure whether cross-linking would occur
or not, which depends on the reaction temperature and concentration. However, It is found
that'>* limiting reaction time and temperature avoid side reactions and the probability of
crosslinking and network formation. So, the need for optimum polymerization reaction
conditions arises in order to control the formation of the hyperbranched polymer, its molar
mass and avoid gelation.

Aromatic hyperbranched poly(urea-urethane)s (Ar-hpu)-OH was prepared using different
reaction conditions until it was optimized in order not to reach the gel point. This system
involved the formation of a large number of different structural units within one single
branched molecule and thus, an easy description is not possible. A try of a schematic picture
is given in Figure 4.9. Usually the reaction was started at —-5°C when the monomer B*B, was
added slowly to AA*. After about 30 min at this low temperature the temperature was raised
above room temperature and was kept there 0.5 to 7 hours until a certain NCO conversion
was reached, then stopper was added to convert remaining NCO groups into OH as
unreactive end groups. Due to the higher reactivity of the aromatic isocyanate groups the
reactions occurred fast and did not need any catalyst. As can be seen from the reaction
pathway, the formed hyperbranched polymers contain not only urea and urethane groups,
but also dendritic, linear, and terminal groups, and hydroxyl groups as end groups which give
the polymers a hydrophilic character. Therefore, the resulting polymers were fully soluble in
polar solvents like DMSO and DMAc (Table 2 is showing reaction conditions). During the
reaction, usually, a molar ratio 1:1 diisocyanate to bishydroxyamine is used, which means a
ratio of functional groups A:B of 2:3. However, in this case the ratio of isocyanate to amine is
2:1 and assuming a full reaction of all amines first, then the ratio remaining isocyanate
towards alcohol is 1:2. Samples (Ar-hpu)-OH-1 and (Ar-hpu)-OH-2 were prepared in the ratio
of 1:1.1 (TDI:DEA) which means a somewhat higher amount of B* units which should allow
to better control the molar masses of the final polymer and to overcome the problem of gel
formation. As mentioned before, due to the reactivity difference between the two isocyanate
groups at the phenyl ring, an AB, intermediate is assumed to be formed (Figure 4.9). This
intermediate can not be isolated and no clear borderline can be determined between the
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formation of AB, and its polymerization. The propagation reaction generally occurs as soon
as AB; is formed until the whole complete conversion or definite amount of stopper is added

to stop the reaction at the required molar mass and before gelation.
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Figure 4.9: Examples of some structural units present in (Ar-hpu1)-OH4.
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Table 2: Reaction conditions for the preparation of (Ar-hpu)-OH.

Polymer Conc.(wt.%) | Temp./°C Time/min. NCO %?
(Ar-hpu1)-OH1? 30 30 40 0.13
(Ar-hpu1)-OH2”¢ |30 30 50 0.13
(Ar-hpu1)-OH3® 30 30 30 0.47
(Ar-hpu1)-OH4 30 30 30 0.27
(Ar-hpu1)-OH5 30 20 15 0.34
(Ar-hpu1)-OH6Y 30 30 30 0.37
(Ar-hpu1)-OH7 20 50 40 0.14
(Ar-hpu1)-OH8 10 40 45 0.16
(Ar-hpu2)-OH1 30 10 420 0.63
(Ar-hpu2)-OH2 30 30 235 0.53
(Ar-hpu2)-OH3 30 50 90 0.42

(Ar-hpu1)-OH = TDI+ DEA, (Ar-hpu2)-OH = TDI+ DIPA

a) unreacted isocyanate content (as determined by titration) before adding the stopper
b) molar ratio AA* to B*B, = 1:1.1

c) stopped by DBA

d) used for further investigations without precipitation

The yield obtained lies between 60 and 75% of the total amount of reactants. Although we
used polycondensation reaction i.e. no weight loss should be observed. Due to precipitation
of the prepared polymers and filtration processes, a considerable amount of the formed low

molecular weight oligomers present in the filirate which is the main reason for weight loss.

4.5.1 Determination of molar masses

There are several methods for the determination of polymers molar masses and their
polydispersity. SEC is the one used to characterize our prepared hyperbranched systems.
For the investigation of hyperbranched polymers several problems arises; first: the branched,
globular structure of the hyperbranched polymers which have different hydrodynamic
volumes in comparison with the linear polystyrene molecules used as standard of the same
molar masses. So the measured molar mass of the hyperbranched polymer is only relative
and one can assume a large deviation from the real molar masses. Second problem is the
large number of polar groups as end groups, which may lead to aggregation of the polymer
molecules or adsorption of the polymer on the material of the column. The aggregation

apparently increases the molecular weight of the polymer while adsorption leads to larger
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elution times and this preventing lower molar masses. To avoid the problem of aggregation,
modification of polar groups should be carried out although the disadvantage of this method
is that the hydrodynamic volume of the polymer molecules will be changed due to the change

in the chemical structure and molar mass.

Table 3: Values of molar masses of (Ar-hpu)-OH (SEC/RI).

Polymer M, (g/mol) My (g/mol) PDI
r-hput)- .
(Ar-hpu1)-OH1” 6100 16100 2.64
(Ar-hpu1)-OH2© 6700 19500 2.91
r-hput)- .
(Ar-hpu1)-OH3% 9700 40500 418
(Ar-hpu1)-OH4 9100 56800 6.24
r-npu1)- .
(Ar-hpu1)-OH5 3100 10600 3.36
r-hput)- :
(Ar-hpu1)-OH6% 2600 6300 2.42
(Ar-hpu1)-OH7 11100 77700 7.00
(Ar-hpu1)-OH8 6100 11700 1.92
Ar-hpu2)-OH1 1200 3500 2.91

(Ar-hp
(Ar-hpu2)-OH2 4100 8200 2.00
Ar-hpu2)-OH3 5300 12000 2.26
(Ar-hp

(Ar-hpu1)-OH = TDI+ DEA, (Ar-hpu2)-OH = TDI+ DIPA

a) unreacted isocyanate content (as determined by titration) before adding the stopper
b) molar ratio AA* to B*B, = 1:1.1

c) stopped by DBA

d) used for further investigations without precipitation

The molar masses and polydispersity of the prepared aromatic hyperbranched polymers
were determined using SEC-RI method in which the polymer samples were dissolved in
mixture of DMAc and LiCl/ H,O and measured at room temperature. As mentioned before the
molar masses reported by this method are not absolute and may contain a large error due to
calibration with linear standards. Nevertheless, it is believed that SEC allows us to compare
the different hyperbranched polymers and to draw some conclusions regarding the effect of
the reaction conditions. As can be seen from Table 4, the molar masses of samples (Ar-hpu)-
OH-1 and (Ar-hpu)-OH-2 which are prepared using the molar ratio 1:1.1 (TDI: DEA) to
overcome the problem of gelation, are lower compared to (Ar-hpu)-OH-3 and (Ar-hpu)-OH-4
and consequently the molar mass distribution is more narrow (PDI = 2-3). The effect of
temperature was studied in the polymerization reactions of (Ar-hpu2)-OH1 to (Ar-hpu2)-OH3,

carried out at 10, 30, and 50°C, respectively. We noticed that the reaction rate was affected
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(increased) to a great extent with the raise of temperature from 10 to 50°C. At 10°C only an
oligomer was obtained (M, = 1200 g/mol). The molar mass of the formed polymer at 50°C is
with M,, values around 5300 g/mol. In general, the reaction times were kept below 7 hours
and molar masses with M,, values between 3500 g/mol and 77000 g/mol is achieved. In our
chosen concentration regime (30-50 wt%) no gelation occurred under the used conditions

allowing technical relevant reaction conditions for the preparation of HPU.
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4.5.2 NMR structural analysis

A detailed structural analysis of hyperbranched poly(urea-urethane)s made from several
AA* /| B*B, monomers is carried out. The system TDI / DEA (Ar-hpu1)-OH seems to be suited
for a detailed structural analysis by 'H and "*C NMR spectroscopy. It was shown for several
hyperbranched polymers'?%+1% that the combination of 1D and 2D NMR can allow a
complete structural analysis without using model compounds. Unfortunately, intense overlap
of the signals of aromatic protons of the different substructures prevented unequivocal signal
assignments for the (Ar-hpu1)-OH by 2D techniques. For that reason several model
compounds were synthesized (Figure 4.10, see also 4.3, 4.4), whereas 1 — 4 describe the
different substitution pattern of the reacted TDI unit with respect to urea and urethane
moieties in 2- and 4-position, 5 (6) t/I/d describe the influence of both the position of methyl
and reacted NCO group (5 vs. 6) and the substitution of the DEA unit (t, I, d) on the chemical
shifts. A superposition of all these effects gives a rough picture to analyze the NMR spectra
of the system TDI / DEA.

7
1 e 22
Ry X= N—C—N
6 2 \
° 4 ’ Hoo ,d
Ry Y= N—C—0 Z
1: R1=R2=X
2: Ri= X;Ry=Y 7 t=
3: R1=Y;R2=X 1
4. Ry=Ry=Y Rs
6 2
5 3
4
R4 =

5(,1,d): Rz=tl,ord;Rs Rg=H
(substitution in position 12)

6(t,1,d): Rs3, Rsg=H;Rs=t1 0rd
(substitution in position 14)

5'(t,1,d): Rz=tl,ord; Rg4=H; Rg=CHj;
(substitution in position 12)

6'(t,1,d): R3=H;Rs=t1,0rd; Rs=CHjs
(substitution in position 14)

Figure 4.10: Model reaction and model compound used for structural analysis of (Ar-hpu)-

OH polymers.
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It had to be realized that "H and "*C signals of the tolyl moieties are not appropriated for a
detailed quantification of structural units due to extensive signal overlap. However, the
signals of the OH protons differ in their chemical shifts both with respect to the ring position
(o or p) of the urea moiety and to t and | structures (Figure 4.11a and 4.11b). Despite the
overlap of these signals for the HPU (Fig. 4.11c), their integrals and so the content of t and |
units can be determined. The signal of the —CH,O-C(O)NH protons is due to | and d units.
Corrected by the content of | units (from OH integration) the d content and, finally, the degree
of branching can be calculated. Fortunately, the OH proton signals allow to apply this
procedure also to determine DB for the system TDI/DIPA (Figure 4.11d). Here, model
compounds 5’t/l/d and 6't/I/d were used for signal assignment.

(@)
51 5t

—

CHOC(O)

5.6 5.4 5.2 5.0 ppm

Figure 4.11: "H NMR spectra (regions) showing the OH signals of model compounds 5(t,l)
(a), 6(t,1) (b), (Ar-hpu1)-OH (c), and (Ar-hpu2)-OH (d).
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It was reported'® that DB for the TDI with DEA and DIPA can be determined from '*C
NMR signal intensities of the carbons in a-position to non-reacted (I, t) hydroxyl groups. They
should show a splitting in signals due to t and | moieties. This was illustrated for a B*B.,
monomer where these carbons are two bonds away'®*. However, they are separated by four
bonds for DEA and DIPA what reduces the shift effects and, in addition, DIPA results in
diastereomeric structures. Therefore, we can confirm this procedure only for TDI/DEA but not
for TDI/DIPA. In the TDI/DIPA system two signal regions are observed in fact for the CH-OH
methine carbon (Figure 4.12c) but the high field region is due to t and | structures as can be
concluded from model compounds (Figure 4.12a,b). However, because both diastereomers
are equally populated (I, + Io) = (Ip* + |, ) and so the intensity of t units can be calculated from
the high-field region, finally DB, also using the intensity of CHO-C(O)NH carbons (d and ),
can be derived. DBs calculated in this way and from the 'H NMR data as described above

are in good agreement (Table 4).

(a) (b) (c)

all t

+ 1%,

I*o + t, I*o + 1, +
t* t* P

p o
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Figure 4.12: *C NMR spectra (regions) showing the CHOH signals of model compounds
5'(t,1) (a) 6'(t,1) (b), and of (Ar-hpu2)-OH (TDI/DIPA) (c) (* signal of the second diastereomer).
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Table 4: Structural characteristics of hyperbranched polymers from TDI and DEA (Ar-hpu1)-
OH and DIPA (Ar-hpu?2)-OH respectively, determined by 'H and "*C NMR.

Polymer DB? % % of t, | and d Urea : Urethane® %
'H 3c HY 3¢ce) H BC | side reactn.”
(Ar-hpu1)-OH1 |69 71 443125 46,2925 [1.25 1.25 0
(Ar-hpu1)OH2" |59 59 354124 354124 |1.16 1.21 2
(Ar-hpu1)OH3" |61 62 31,39,30 (33,3829 [1.20 1.24 1
(Ar-hpu1)-OH4 | 64 64 37,36,27 [37,36,27 [1.05 1.07 1
(Ar-hpu2)-OH1 |46 48 30,54,16 [29,52,19 |- 1.17 3
(Ar-hpu2)-OH2 |47 45 34,53,13 [355510 |- 1.22 6
(Ar-hpu2)-OH3 |48 47 31,52,17 |33,53,14 |- 1.18 4

a)DB=(t+d)/(t+1+d)

b) determined from the NH and C=0 signal region, resp., according Figures 4.13 and 4.14

c) N,N’-p-tolylurea units as side product for the TDI system; quantification using the C=0 signal at 152.55 ppm relative to all
C=0 signals

d) determined from the OH signal region according Figure 4.11

e) determined from the "°C signal intensities of CH»OH (1), CHzOH (t), and CHzOC(O)NH (I + d).

f) % of total NCO groups end-capped with N,N-dibutyl amine: 4 for (Ar-hpu1)OH2 and 13 for (Ar-hpu1)3.

Besides the DB also the substitution pattern of the tolyl ring according structures 1 — 4 is
of interest. It is influenced by the different reactivity of the A and A* functionalities towards
the B and B* functionalities under experimental conditions. Figure 4.13 depicts the NH
protons region in the '"H NMR spectra of the model compounds and a TDI/DEA polymer. The
signals of urea and urethane NH protons appear in well separated regions and are very
sensitive to the ring position (ortho or para) but also to the second substituent (Figure 4.13c).
The substitution pattern of the DEA unit (t, |, or d) affects the urea NH in a characteristic way
(Figure 4.13a,b). The signal assignment for the polymer given in (Figure 4.13d) is based on
these. The assignments for the d unit signals were proved in addition by converting the t and
I units in “pseudo” dendritic units by reaction with phenyl isocyanate. The increase in line
width going from t to d units signals is well known from other systems'®%'®". From the NH
region information about the urea/urethane and about the o-urethane/p-urethane ratios can
be obtained (Table 5).
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Figure 4.13: 'H NMR spectra (regions) showing the urethane and urea NH signals of
model compounds 5(t,I,d) (a), 6(t,l,d) (b), 1 -4 (c), and (Ar-hpu1)-OH (TDI/DEA) (d).
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In case of TDI/DIPA the signal group of o-urethane moieties overlaps with the p-urea
signals. Furthermore, most urea signals split of in two signals due to the two diasteromers of
t, I, and d structures. Finally, the carbonyl carbons region in the *C NMR spectra of TDI/DEA
was analyzed, Figure 4.14 based on the model compounds. A similar picture as for the NH
protons region is observed. Urethane and urea regions are separated and the urea carbonyl
carbon is sensitive to the substitution of the DEA unit. Urethane groups in o- and p-position
can be well distinguished but chemical shift effects due to the second substituent are too low
to distinguish between urea and urethane substitution. These effects are larger for the urea
carbonyl carbons. Therefore, the signals of t and | units clearly split up in two signals. The
broadening, observed for | and d unit signals, may be due to restricted motion (relaxation
time effects) and/or due to long-range substituent effects - the two urethane groups of a d-
unit can be of p/p, p/o, or o/o type. The 2Jcy correlation between NH and C=0 of the different
urea groups obtained from a HMBC spectrum are in full agreement with the assignments
given in Figures 4.13d and 4.14d. The quantification of different structures is given in Table
5.

Table 5: Substitution pattern for TDI / DEA polymers determined by NMR spectroscopy from
the carbonyl carbon region (comp. Figure 4.14) and the NH proton region (comp. Figure

4.13) compared with data obtained from a model reaction ?.

Polymer %p-urea ("*C) | %o-urea (**C) | %p-urethane (**C) / | %o-urethane(**C) /
t, 1, d) (t, 1, d) %p-urethane (*H) | %o-urethane (*H)

(Ar-hpu1)-OH1 21 34 28 /28 177117
(29, 29,42) | (55, 25, 20)

(Ar-hpu1)-OH2 22 33 27126 18/ 20
(25,37,38) | (43, 34, 23)

(Ar-hpu1)-OH3 21 34 28127 17718
(25,34, 41) | (35, 28, 37)

(Ar-hpu1)-OH4 22 32 28130 18/19
(24,33,43) | (47, 31, 22)

Model reaction® |25 28 25 22

a) TDI + diethyl amine + ethanol (1:1:2).
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Figure 4.14: "*C NMR spectra (regions) showing the urethane and urea carbonyl signals of
model compounds 5 (t,I,d) (a), 6(t,1,d) (b), 1-4 (c), and (Ar-hpu1)-OH (d).
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Through the detailed NMR analysis, it was verified that the most important side reaction is
the hydrolysis of isocyanate to amine and its reaction with excess of isocyanate to N,N’-diaryl
urea but no other structures e.g. biuret or allophanate could be detected in the HPUs since at
the given reaction temperatures those side reactions seem to be successfully suppressed.
N,N’-p-tolyl-, N,N’-o-tolyl- and N-p-tolyl-N’-o-tolyl-urea were synthesized as model
compounds to assign the NH and C=0 signals of corresponding structures in the 'H and *C
spectra of TDI systems. Whereas their carbonyl carbons resonate outside the signal region
of the hyperbranched polymers (152.68, 153.03, and 152.75 ppm, respectively) there is a
signal overlap in the NH protons region (8.46, 8.21, and 8.87/7.84 ppm, respectively).
However, only signals of the N,N’-p-tolyl-urea group (152.55 and 8.43 ppm) were observed
for some samples, Table 5 indicating that the p-isocyanate group is the more reactive one in
TDIL.

Summarizing, the quantification of t, |, and d units and so the calculation of DB is possible
for the TDI systems (Table 4). The TDI/DEA system can also be analyzed with respect to the
substitution pattern on the tolyl moiety (Table 5). The NMR analysis and the results given in
Tables 4 and 5 allow now to discuss differences in the structure of the hyperbranched
polymers depending on the used monomers and the applied reaction conditions. Firstly, it
was found that (Ar-hpu)-OH based on TDI and DEA have significant higher DB in
comparison with those prepared through the reaction of TDI and DIPA. In the series of (Ar-
hpu2)-OH all DB values are below 50%. This might be due to the lower reactivity of OH
group in the secondary hydroxylamine (also indicated by the much longer reaction time
needed) causing a lower tendency to form dendritic units. The primary OH group in DEA is
more reactive towards NCO and in absence of a sterically hindering group, like CH; as
present in DIPA, the formation of dendritic units seems to be favored and hence an increase
of the degree of branching is observed. The lower reactivity of the DIPA compared to DEA
gives also rise to a slight increase in the amount of side reaction (3-6 % compared to 0-2%
for DEA).

Regarding the first polymer system (Ar-hpu1)-OH, we notice that all samples have DB>
65%, but by looking at the values of t, I, and d subunits we notice that they are highly
affected by two factors: (a) monomer molar ratio, (b) type of stopper. Sample (Ar-hpu1)-OH1
has higher number of t units than sample (Ar-hpu1)-OH2 although they were prepared using
the same monomer ratio. However, since DBA is used as stopper for the polymerization
reaction of the second polymer, the amount of t-subunits is lowered since the dibutylurea
units are not counted as terminal units. The same trend can be noticed by comparing the
values of t units for samples (Ar-hpu1)-OH3 and (Ar-hpu1)-OH4 (again the same monomer

molar ratio but different stoppers).
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It can be concluded that a significant amount of the terminal units is introduced in the last
step of the reaction when a stopper molecule is added. On using an excess of B*B,
compared to AA*, also a higher fraction of terminal groups is introduced (compare (Ar-hpu1)-
OH1 and (Ar-hpu1)-OH4. One should state that it was reported by another group'® DB
values for the TDI/DEA system of only 45% using similar evaluation of the *C NMR signals.
However, it is assumed that the amount of terminal units equals that of dendritic units and
thus, a simplified equation was used for calculation of DB. As one can see in this study, in an
A,+B; system, the assumption of d=t, which derives form the statistical AB, reaction, does
not apply and full quantitative analysis of all structural units becomes very important. Earlier
studies on Ay+B; system confirm this conclusion'®’. Very interesting are also the results
which could be obtained for the substitution pattern in the TDI/DEA system (Table 5). In
general, for all TDI polymers a slight excess of urea compared to urethane units could be
detected in the polymer structure (Table 4). The analysis of the substitution pattern shows
that the excess urea is mainly caused by an excess of ortho substituted units which are
probably introduced by the stopper reaction. Otherwise it looks like the substitution pattern is
nearly random which is in accordance with earlier observations that no clear preference in
the reaction of o- and p-isocyanate groups in TDI towards amines can be confirmed
experimentally. An additional model reaction, where TDI was reacted with diethyl amine and
ethanol under identical reaction conditions as those of the polyreaction giving enough time to
reach full conversion (which means: no stopper molecule) verified a nearly statistical ratio of
the four possible reaction compounds (Table 5). Therefore, we have to conclude that in the
TDI/DEA system, and probably also in the TDI/DIPA system, we are dealing more with an A,
+ B*B, than a AA* + B*B, situation.
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4.6 Synthesis of aliphatic hyperbranched poly(urea-urethane)s

Preparation of aliphatic hyperbranched poly(urea-urethane)s (Al-hpu)-OH was achieved
through the reaction of isophorone diisocyanate (IPDI) or 2(3-isocyanatopropyl)
cyclohexylisocyanate (IPCl) as AA* monomers with diethanol amine (DEA) or diisopropyl
amine (DIPA) as B*B, monomers. The reaction of one of the isocyanate groups with either
amino or hydroxyl groups yields the intermediate AB,. Through using low temperature and
slow addition of the B*B, monomer we can control the reaction path toward the formation of

intermediate of the type shown in Figure 4.15.

NGO NCO
OH
n * n Nﬁ\/ -5°C : N/\/ on
Neo T Non \K \/\OH
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ﬁ’ —
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Figure 4.15: Reaction of IPDI as AA* monomer with DEA as B*B, monomer which yields

aliphatic hyperbranched poly(urea-urethane) polymer (Al-hpu1)-OH.
4.7 Synthesis of model compounds

Similar as for the aromatic systems, model compounds had to prepared to facilitate the
structural characterization of the complex hyperbranched molecule. Cyclohexyl
monoisocyanate was reacted with B*B, monomers to prepare model compounds. The
method is the same as that used in case of aromatic model compounds. The structures of
the possible formed products are shown in Figure 4.16 which represent the terminal (t), linear
(I) and dendritic (d).
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H o H O e
| e —f
f 2 —F W

Figure 4.16: Structures of the formed model compounds:

4.8 Model reaction for substitution pattern

The reactivity of the primary and secondary isocyanate groups in the AA* monomers
towards amino and hydroxyl groups, is studied through model reactions between an AA*
monomer and diethyl amine and ethanol respectively. The concentration of the AA*
monomer to the other reaction molecule was 1:2. It was noticed that the reaction of AA*
monomer with diethyl amine is fast and does not need activation using catalyst while in case
of using ethanol the reaction was very slow and DBTL as catalyst was used as well as high
temperature. This is maybe due to the fact that the presence of urea groups in the reaction

mixture facilitate the urethane formation.

|
NCO H-N-C-N
N /
*HN T -
\ 1:2 H o

Figure 4.17: Preparation of a model compound based on IPCI and diethyl amine.
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Model compounds based on IPDI were prepared by reacting the monomer with diethyl
amine or ethanol. The reaction was started at low temperature until complete addition of
diethyl amine in the first experiment or ethanol in the second one (in contrast to aromatic
model compounds, the aliphatic ones were prepared separately). No mixture attempted
because we shall obtain very complicated NMR spectra. The temperature was raised and the
catalyst was added till complete conversion, Figure 4.18 shows the chemical structures of

the products.

28R 28
N—C—N(CH,CHj), N—C—OCH,CHj
3 3
CHs CH: 4 o CHa CH: 4 o
[l [
CHs CH,—N—C—N(CH,CH), ~ CHs CH,—N—C—OCH,CHj
4 5 6 4 5 6

(1) (2)

Figure 4.18: Products of the chemical reactions between IPDI and diethyl amine (1) and
ethanol (2).

4.9 Preparation of aliphatic hyperbranched polymers and variation of

reaction conditions

Aliphatic hyperbranched polymers (Al-hpu)-OH were synthesized using different reaction
conditions (Table 6). In the polymerization reactions of aliphatic monomers it was essential to
use a catalyst to activate the reaction, DBTL and DABCO were chosen for this purpose. The
catalyst was added in the second step of the polymerization reaction i.e. when the reaction
temperature was raised above room temperature. It is known that each catalyst has its
mechanism and preferable site to catalyse the isocyanate containing compound. In case of
DBTL, the reaction with alcohol is favoured more on the secondary NCO while DABCO
increases the selectivity of the primary NCO. However, since we added the catalyst after the
first stage of the reaction where the intermediate is formed, no major effect was expected for
the catalyst regarding the final polymer structure. Regarding the reaction time shown in Table
6, we notice that the polymerization reactions involving DIPA needed more time than those of
DEA although using catalyst. This is due to the lower reactivity of the secondary alcohol
group and the steric effect. On the other hand we can notice that the increase of temperature
has more effect on the rate of the reaction than the type of the catalyst used. This can be

observed by comparing the reaction time of samples (Al-hpu3)-OH2 which was prepared
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using DBTL as catalyst and needed 90 min at 30°C to achieve 0.49 NCO%, with sample (Al-
hpu3)-OH3 which was prepared using DABCO. There, a NCO% value of 0.23 was reached

after 30 min of the beginning of the reaction by raising the temperature by 10°C.

Table 6: Reaction conditions for preparation of (Al-hpu)-OH.

Polymer Catalyst Conc. (wt%) |Temp/°C |Time/min NCO %
(Al-hpu1)-OHA1 DBTL 25 50 115 0.34
(Al-hpu1)-OH2 DBTL 50 50 87 1.10
(Al-hpu1)-OH3 DBTL 50 50 15 0.41
(Al-hpu1)-OH4 DABCO 50 50 90 0.45
(Al-hpu1)-OH5 DABCO 30 30 205 0.40
(Al-hpu2)-OH1 DBTL 30 30 1070 0.42
(Al-hpu2)-OH2 DABCO 30 30 1630 0.99
(Al-hpu3)-OH1 DABCO 30 30 90 0.55
(Al-hpu3)-OH2 DBTL 30 40 90 0.49
(Al-hpu3)-OH3 DABCO 30 50 30 0.23
(Al-hpu4)-OH1 DABCO 30 30 1080 0.91
(Al-hpu4)-OH2 DBTL 30 40 1050 0.55
(Al-hpu4)-OH3 DABCO 30 70 1300 0.49

(Al-hpu1)-OH= IPDI+DEA, (Al-hpu2)-OH=IPDI+DIPA, (Al-hpu3)-OH=IPCI+DEA, (Al-hpu4)-OH=IPCI+DIPA.

Polymers (Al-hpu1)-OH3 and (Al-hpu1)-OH4 were prepared by using different catalyst
(DBTL for the first and DABCO for the latter). Regarding the resulting values of molar
masses for these polymers (Table 7). It can be noticed that using DBTL gave polymers of
significantly higher molar mass than in case of using DABCO, but as expected the
polydispersity increased, too. The polymerization reaction involving IPCl is a good example
for the effect of temperature not only on the resulting molar mass but also on the appearance
of the polymer. Increasing M, from 1000 g/mol to 1600 g/mol changed the polymer
appearance from sticky rubber to white powder. In general, the reactivity of IPCI is
significantly lower than that of IPDI and only products (Al-hpu3)-OH3 and (Al-hpu4)-OH3
with relatively low molar masses could be isolated so far even when we raised the
temperature to 70°C. The yield obtained for the final polymer lies between 55 to 73%, mostly

because of the precipitation and filtration processes to isolate the polymer.
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Table 7: Values of molar masses of (Al-hpu)-OH as measured using SEC/RI.

Polymer M, (g/mol) M., (g/mol) PDI
(Al-hpu1)-OH1 3700 8500 2.29
(Al-hpu1)-OH2 2800 8900 3.18
(Al-hpu1)-OH3 9200 107100 11.64
(Al-hpu1)-OH4 5800 17000 2.93
(Al-hpu1)-OH5 4100 8200 2.00
(Al-hpu2)-OH1 4900 14700 3.00
(Al-hpu2)-OH2 2000 2800 1.40
(Al-hpu3)-OH1 1600 2800 1.75
(Al-hpu3)-OH2 1200 2200 1.83
(Al-hpu3)-OH3 2200 3700 1.68
(Al-hpu4)-OH1 1000 1400 1.40
(Al-hpu4)-OH2 1000 1600 1.60
(Al-hpu4)-OH3 1600 2200 1.37

(Al-hpu1)-OH= IPDI+DEA, (Al-hpu2)-OH=IPDI+DIPA, (Al-hpu3)-OH=IPCI+DEA, (Al-hpu4)-OH=IPCI+DIPA.

- NMR Structural analysis

The analysis of chemical structure of the synthesized aliphatic hyperbranched poly(urea-
urethane)s is not an easy task since the used AA* monomers, as mentioned before, is
composed of different isomers which are the cis and trans isomers. Moreover there are two
types of isocyanate groups either primary or secondary. This makes the picture very
complicated. The 'H NMR spectrum of an aliphatic hyperbranched polymer based on IPDI
and DEA is shown in Figure 4.19. Generally, we can describe the spectrum as follows: the
signals of protons in the cyclohexyl ring (H2:H7) can be found in the chemical shift range of
0.7 to 1.7 ppm. The urethane signals are found at 6.9 to 7.1 ppm while urea groups can be
found in the area of 6.25 to 6.35 ppm. The signal at 5.0 is for t.s subunit and the peak at 4.9
ppm is assumed to be for ty.ns While at 4.8 ppm the signal of lgs+ trans can be found, the signal
for the proton of the d group can be found at 4.0 ppm. The signals of hydroxyl protons of t
and | units are not separated.

For the IPCI/DEA system it can be differentiated between (t + I) units bonded to CHg,
CHyians, and CH, at 5.08, 5.02, and 4.79 ppm, respectively (Figure 4.20). Obviously, the

propyl spacer between ring and reacted NCO group simplifies the spectrum. Such a signal
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assignment failed for IPDI / DEA due to the great variety of combinations. Structural
conclusions with respect to the quantitative content of structural units and so DB are not
possible for these systems. For the IPDI and also for the IPCI systems several signals were
observed for the CH,OH and CHOH carbons (depending on the B*B, monomer) and a
doubtless separation in signals due to t and | units seems to be impossible from our
investigations. Therefore, no degrees of branching were calculated for systems with IPDI and
IPCI as AA* monomers, even though, the observed signal splitting clearly confirms the
branched structure.
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Figure 4.19: '"H NMR spectrum of (Al-hpu1)-OH1 based on IPDI and DEA in DMSO-ds.
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Figure 4.20: "H NMR spectrum of hyperbranched polymer (Al-hpu3)-OH2, (selected section)

in DMSO-de.
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The urethane to urea ratio for IPDI and IPCI/DEA system can be determined from the
integrals over 7.2 - 6.5 ppm (urethane) and 6.5 - 5.8 ppm (urea). Similar as for the aromatic
systems, also for (AL-hpu1)-OH and (AL-hpu3)-OH a urea/urethane ratio slightly above 1.0
was found (1.03-1.22). Measurements at 353 K provide a better signal separation but
doubtless signal assignment similar to TDI/DEA system was not possible.

Model compounds synthesized from IPDI and N,N-diethyl amine or ethanol (1 and 2,
Figure 4.16) show that the carbonyl carbons of urethane and urea from sec. and prim.
isocyanate units are well separated showing an additional splitting due to the cis and trans
isomers. Unfortunately, the urea and urethane regions overlap in the hyperbranched
polymers.

Model compounds from cyclohexyl isocyanate and DEA (Figure 4.21) proved the
sensitivity of the urea carbonyl to the conversion of the B, groups. Although 2D NMR
techniques allowed to assign some signals, a complete assignment as described for
TDI/DEA can not be given for IPDI and IPCI systems.
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Figure 4.21: '"H NMR spectrum of reaction product of cyclohexyl isocyanate and DEA in
DMSO-ds.
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4.10 Fractionation of aromatic hyperbranched polymers

Since hyperbranched polymers are characterized by their broad molar mass distribution,
the determination of the molar mass dependent parameters is difficult. So far, there was
neither a synonymous picture of the structure of hyperbranched molecules nor is the relation
of this structure to the macroscopic properties known. Furthermore, the special molecular
structure and conformation exert a further difficulty on the determination of the exact molar
mass. Routine measurements with (SEC), as mentioned before, does not give accurate
values since it is relative method which is commonly calibrated with linear standards'®®'%. |t
is useful to know the form of the molar mass distribution in a polymer sample, as this can
have a significant bearing on the physical properties. It is also advantageous to be able to
prepare sample fractions, whose homogeneity is considerably better than the parent
polymer. Using controlled conditions, could allow a given molecular species to precipitate,
while leaving larger or smaller molecules in solution. This process is known as fractionation.
Experimentally, a polymer sample can be fractionated in a variety of ways and three in
common use are: (1) addition of a non-solvent to a polymer solution; (2) lowering the
temperature of the solution; and (3) column chromatography. In the first method, a non-
solvent is added to the polymer solution which causes precipitation of the longest chains first
and these can be separated from the shorter chains which remain in solution. In practice the
polymer solution is held at a constant temperature while precipitant is added to the stirred
solution. When the solution becomes turbid the mixture is warmed until the precipitate
dissolves. The solution is then returned to the original temperature and the precipitate which
reforms is allowed to settle and then separated. This ensures that the precipitated fraction is
not broadened by local precipitation during the addition of the non-solvent. Successive
additions of small quantities of non-solvent to the solution allow a series of fractions of
steadily decreasing molar mass to be separated. The mass and molar mass of the fractions
are recorded an a distribution curve for the sample can be constructed from the results. We
used the previously described method for preparative fractionation of hyperbranched polymer
samples with broad molar masses in order to get more reliable information about the molar
mass and its distribution. Two samples were chosen for this purpose (Ar-hpu1)-OH7 which
has M, value of 11100 g/mol and PDI of 7.0, and sample (Ar-hpu1)-OH4 with M, of 9100
g/mol and PDI value of 6.07. In our fractionation solvent gradient was used but at ambient
temperature as described in the literature'®. THF was used as non-solvent for the chosen
polymers and DMAc is picked as good solvent. During the procedures, a glass column filled
with Ballotini (glass beads of 0.1-0.2 mm diameter) coated by the hyperbranched polymer is

used. The coating of the surface
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Figure 4.22: GPC results of small fractionation from sample (Ar-hpu1)-OH7 (number of

fractions 7).

of the glass beads was carried out by exposing the glass material to the polymer solution
followed by vacuum evaporation. First fractionation is made for a small quantity of the
sample (70 mg) to optimize the procedures, then fractionation of a larger amount can be
done. In both samples the fractionation of small quantities was successful. The separated
fractions were measured with GPC coupled with RI- detector. The flow rate was 0.5 ml/ min
and PVP (polyvinyl pyridine) was used as linear standard. The results of fractionation
process for sample (Ar-hpu1)-OH7 is shown in Figure 4.22. The molar masses and

polydispersities of the individual fractions are represented in Table 8.

Table 8: Molar masses of fractions obtained from sample (Ar-hpu1)-OH7 ( GPC/RI detector).

Fraction M, (g/mol) M,, (g/mol) PDI
1* 0 0 0
2 3330 5875 1.76
3 6104 12200 1.99
4 26002 64772 2.49
5 55049 220611 4.01
6* 0 0 0
7* 0 0 0

*No signals observed.
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The results given in the above table shows the molar masses and polydispersity for only 4
of 7 separated fractions. Fractions 2 and 3 have relatively low polydispersity but fractions 4
and 5 are broad which indicates that, up to now the fractionation conditions are not ideal.
Actually, again the use of linear standards for calibration is not successful due to the
difference in the molecular density for both linear and hyperbranched polymers.

In the second fractionation process of a larger amount not all of the sample completely
dissolved in DMAc/ LiCl/ H,O mixture, only up to fraction 6 the solubility was good,
Nevertheless, test measurements were made (the dissolved part of the samples were
injected in GPC). It was noticed that starting from fraction 11 no further signals could be
observed. The presence of insoluble part in the prepared samples suggests that side
reactions occurred during the preparative procedures. Characterization of the fractionated
samples using '"H NMR was carried out and it was found that there are changes in the
chemical structure up fraction 9. It can be concluded that the conditions for preparative
fractionation of hyperbranched polymers need to be optimized to obtain successful

fractionation.

4.11 Modification of end groups

The influence of the end groups on the properties of a linear polymer is, at a sufficiently
high molecular weight, negligible. However, irrespective of what synthetic procedure is used
to obtain the hyperbranched polymers, the resulting macromolecules have a large number of
end groups. The end groups have been demonstrated to be easily accessible for chemical
modifications and the nature of the end groups has been found to determine the thermal and
physical properties of the hyperbranched polymers to a great extent. So, modification of the
functional groups of hyperbranched polymers was of high interest to optimize material
properties®'*¢13®_ This is primarily achieved by polymer analogous reactions on performed
hyperbranched polymer, for example as demonstrated in the alkyl modification of aliphatic®’
polyesters.

Aromatic and aliphatic hyperbranched poly(urea-urethane)s were reacted with different
mono-isocyanates to modify their end groups as shown in Figure 4.23. End groups
modification was carried out using phenyl monoisocyanate (Ph-NCO) as aromatic modifier,
butyl monoisocyanate (Bu-NCO) as aliphatic modifier, and stearyl monoisocyanate (St-NCO)
as long alkyl chain aliphatic modifier. The amount of OH groups present in the
hyperbranched polymer was determined through integration of OH signals in the '"H NMR
spectrum. Accordingly, the equivalent amount of monoisocyante is used for modification
reaction. At first, the ratio used for OH: NCO was 1: 1; then it was found that some of the

monoisocyanat used for modification is consumed in side reactions. Different ratios of OH:
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NCO was tried in order to obtain 100% maodification. It was found that lower reaction times is
needed in case of using Ph-NCO for complete modification of end groups than in case of
using aliphatic modifiers. Using a catalyst instead of increasing reaction time in case of using
Bu-NCO as modifier was successful and 100% modification was obtained. In case of using
St-NCO as modifier not only catalyst was used but the reaction time was increased to 24
hours, which increase side reactions and affect the molar mass of the obtained modified
polymer. Mostly, the hydrolysis of some of the used monoisocyanate to the corresponding
amine occur as side reaction. The amine can further react with more monoisocyanate
forming aromatic or aliphatic urea. Temperature of the modification reactions was kept at
30°C and DBTL was used to catalyse the reaction, especially in case of modification of

aliphatic hyperbranched polymers.
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O_C_T—R1_N_C_ + R—NCO—> —R{—N —Cc—N

H H O
OH

R+ = aryl of TDI or cyclhexyl of IPDI.
R2 = H or CH3 from DEA or DIPA

R3 = Ph-, Bu- or Stearyl-isocyanate.
Figure 4.23: Modification reaction of aromatic hyperbranched polymer.

4.11.1 Characterization of modified polymers

Hyperbranched polymers prepared using different systems, were modified as mentioned
before using Ph-NCO as aromatic modifier and Bu-NCO and St-NCO as aliphatic ones.
Different reaction conditions were used in order to obtain high modification percentage. For
the aliphatic hyperbranched polymers the percentage of modification is 100 in all cases (i.e.
on using aliphatic or aromatic modifier) but of course the reaction needed catalysis. The
obtained modified polymers showed good solubility in organic solvents except those modified
with St-NCO due to non-polar long alkyl chain.

The molecular weight of the modified polymers is higher than that of the starting polymer
also the polydispersity became higher. The modified polymer M(Ar-hpu1)-1 was prepared
from sample (Ar-hpu1)-OH9, using ratio of 1:1 for OH: NCO. The sample was found to have
a broad molar mass distribution like the parent polymer, but the molar mass is a little lower
(Table 9). The given molar mass contains only the lower molar mass fractions since the GPC

curve was so broad that the high molar mass fractions exceeded the elution volume of the
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column thus, it could not be evaluated. One also has to consider that the modification of the
polymer sample results in a change in the hydrodynamic radius of the polymer in the GPC
solvent due to different solvent interactions. It was found that the molar mass of the formed
modified polymers depends to great extent on the reaction time. By noticing the value for
molar mass and polydisperity for samples M(Ar-hpu1)-2 and M(Ar-hpu1)-3 which were
prepared by modifying the polymer (Ar-hpu2)-OH2 using Ph-NCO. The first sample was
prepared using ratio of polymer : modifier 1:2, reaction time was 5 hours and the obtained
modified polymer had 100% modification. While, sample M(Ar-hpu1)-3 was prepared using
ratio of 1:1 and the reaction proceeded 24 hours also 100% modification was obtained.
Comparing molecular weights of the two samples we notice that sample M(Ar-hpu1)-2 has
molar mass 4400 g/mol and low polydispersity while the second one M(Ar-hpu2)-3 has lower
molar mass (1700 g/mol). So, increasing reaction time allows side reactions especially in
presence of reactive isocyanate. In case of using Bu-NCO as modifier it took about 24 hours
to obtain a polymer with 100% modification by using ratio of 1:2 [polymer: modifier, sample
M(Ar-hpu1)-4]. On using St- NCO as modifier M(Ar-hpu1)-5 we could obtain only 70%

modification due to steric hindrance and shielding effect.

Table 9: Characteristics of some of the prepared modified polymers.

Polymer M, g/mol PDI
(Ar-hpu1)-OH9 14900 17.19
(Ar-hpu2)-OH2 4100 2.00
(Al-hpu1)-OH2 2800 3.18
M(Ar-hpu1)-1 [ (Ar-hpu1)-OH8+PH-NCO ] 13800 8.26
M(Ar-hpu2)-2 [ (Ar-hpu2)-OH2+PH-NCO ] 4400 1.57
M(Ar-hpu2)-3 [ (Ar-hpu2)-OH2+PH-NCO ] 1700 3.18
M(Ar-hpu2)-4 [ (Ar-hpu2)-OH2+Bu-NCO ] 3200 1.94
M(Ar-hpu2)-5 [ (Ar-hpu2)-OH2+St-NCO ] ----* ----
M(Al-hpu1)-1 [(Al-hpu1)-OH2+Ph-NCQ] 3500 3.9
M(Al-hpu1)-2 [(Al-hpu1)-OH2+Bu-NCQ] 2600 4.19
M(Al-hpu1)-3 [(Al-hpu1)-OH2+St-NCO] ----* -

(Ar-hpu1)-OH9= TDI+DEA, (Ar-hpu2)-OH2= TDI+DIPA, (Al-hpu1)-OH2= IPDI+DEA.
* Solubility not enough for GPC analysis.
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- IH NMR Characterization

Characterization of the modified polymers by 'H NMR showed that 100% modification
can be achieved on using phenyl isocyanate and butyl isocyanate as end groups modifiers.
In case of St-isocyanate, a mixture of DMSO and CHCI; (1:1) was used to dissolve the long
aliphatic chains of the modifier and 70% modification is obtained. From the 'H NMR spectra
shown in Figure 4.24 a-c we see that hydroxyl groups peaks present in the subunits | and t
are found which are normally in the range of 5.4 to 5.04 ppm, respectively are disappeared
completely due to the formation of new urethane groups as a result of the reaction of OH with
NCO of the Ph-NCO and Bu-NCO respectively. Figure 4.24-d also shows 'H NMR spectrum
which belongs to the modification reaction of aromatic polymer with St-monoisocyanate, two
small peaks at 5.1 and 5.4 ppm suggesting that the OH groups found in the terminal subunits
are more susceptible for the modification reaction with monoisocyanate completely or
partially forming new linear groups found at 5.4 ppm. Side reactions can also occur during
modification with isocyanate due to its high reactivity. As mentioned before, some of the
isocyanato-modifier is hydrolysed forming amine which may further react with another
isocyanate group forming aromatic or aliphatic urea. In the second and third '"H NMR spectra
we see a peak at 5.7 and 5.55 ppm respectively, for aliphatic urea. The extent of the

formation of side products depends on the reaction time and the amount of modifier.

Modified with Ph-NCO

100% modification

Aromatic

74 72 7068 66 6462 60 5856 54 5250 48 46 4442 40 3836 3.4
(ppm)

Figure 4.24-a: 'H NMR spectra of hyperbranched polymers (Ar-hpu2)-OH2 modified with Ph-
NCO in DMSO-ds.
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Modified with Bu-NCO

100% modification

Aromatic
—

A

ppm)

Figure 4.24-b: "H NMR spectra of modified hyperbranched polymers M(Ar-hpu2)-4 (DMSO-
ds).

Modified with St-NCO

70% modification

Aromatic
—

Il

74 7270 6866 6462 6.0 5856 54 52 5048 46 44 4240 38 3.63.4
(ppm)

Figure 4.24-c: '"H NMR spectra of modified hyperbranched polymers M(Ar-hpu2)-5 (DMSO-
de/ CDCl5).
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- Fractionation of modified aromatic polymer

Fractionation of a modified hyperbranched polymer was performed in order to help in
structural analysis. The same preparative fractionation procedures as mentioned before were
used for the modified polymer M(Ar-hpu1)-1. There were no solubility problems during the
fractionation process as the fractions obtained were all completely soluble. Due to the fact
that the end groups are modified to urethane linkages, and there is a lower chance for side
reactions. THF was used as good solvent and hexane as non-solvent, 20 fractions were
obtained as shown in Figure 4.25. Fractions 1- 8 do not contain anything of the polymer
since they represent higher concentrations of non-solvent and lower concentration of good-
solvent. From fraction 10 (ratio of hexane: THF 50% : 50%) polymer fractions starts to be
separated. The molar masses of the fractions were determined using GPC/RI and PVP as
linear standard. The values of molecular weight distribution showed that the fractions have

low polydispersity except fractions 19 and 20 (Table 10).

Table 10: M,, and PDI for some
Fractions, GPC/RI.

0.35—- Fraction no. |M, (g/mol) |PDI
0.30—- 15 2200 1.73
0.25 1 16 2500 1.70
0.20
_ 17 3000 1.69
0.15 -
] 18 5200 1.32
0.10 4
19 13400 4.83
0.05 -
| 20 20000 6.20
000 12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Fractions

Figure 4.25: Fractionation of modified polymer M(Ar-hpu1)-1.

Succeeding in the fractionation process gives the opportunity to use one of the fractions
as standards for calibration of the GPC column coupled with light scattering detector (LS)

% which would give more

during molar mass determination of hyperbranched polymers
reliable values for molecular weight of hyperbranched materials under investigation.

"HNMR was used to characterize the obtained fractions. Fraction 9 is identified as the low
molecular weight by-product formed through the side reaction of hydrolysed isocyanat with a

new molecule of monoisocyanate (Figure 4.26). The amount of the diphenyl urea as by-
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product was determined to be 42% of the polymer while the rest (58%) is the macromolecule
itself. This means that about 40% of the monoisocyanate is consumed through side
reactions, which should be taken into account during modification reactions. The other
fractions were found to have the same structural units as the hyperbranched macromolecule
(as an example Figure 4.27).

Aromatic
Fraction F9

AL Il

88 84 80 76 72 68 64 60 56 52 48 44 40 36
(ppm)

Figure 4.26: '"H NMR spectrum of a fraction product identified as diphenylamine in DMSO-d.

F20 high molecular weight fraction
M, = 20000 g/ mol

Aromatic
T— Dendritic
p-urethane
o-urethane p-urea
o-urea
L N
‘96 92 88 84 80 76 72 68 64 60 56 52 48 44 40 36

(ppm)

Figure 4.27: '"H NMR spectrum of a fraction product showing the different subunits of M(Ar-
hpu1)-1 polymer in DMSO-de.
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4.11.2 Following the modification reaction using in-situ FT-IR spectroscopy

The use of IR spectroscopy as a tool to follow chemical reactions and processes in real
time becomes a practical reality when modern FTIR instrumentation and software are
combined with fiber-optic probes. Spectroscopic data can be obtained directly from reactors
and used to derive kinetic and mechanistic information, and to monitor processes and
determine end-points, even in cases where the detailed chemistry of a system is not fully
understood. The instrument we used is based on mid-infrared Fourier transform infrared
(FTIR) spectroscopy. During the modification reaction we faced the problem of the hydrolysis
of part of the monoisocyanate modifier and formation of diphenyl- or dialkyl urea.
Consequently, some of the modifier was consumed in this side reaction. For optimisation of
the reaction in-situ FT-IR measurements were carried out during the modification of an
TDI/EDA sample with Ph-NCO. This allows to identify the ideal reaction time and amount of
modifying agent. The decrease of the modifier amount (Ph-NCO) through the reaction with
OH end groups could be followed through the decrease in the NCO group (peak at 2261 and
2281 cm™) and formation of the new urethane group (peak at 1709 cm™) as can be seen in
Figure 4.28.

Characterization of the reaction
via IR-spectroscopy (over 3 hours)

Wavendffiber (cm™) =

Figure 4.28: In-situ FT-IR for modification reaction of aromatic hyperbranched polymer.

Solvent used in this experiment was DMSO which unlike DMAc has no amide groups that

can overlap with the urethane peaks. Since the new urethane vibration band appears as
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shoulder to the urethane groups of the polymer (peak at 1721 cm™), it was difficult to
integrate the area under peak and make complete kinetic investigations. Using this method
quantitatively is possible when a calibration curve is constructed between absorbance and
concentration of isocyanate group. Such curve needs time and many specific experiments
are necessary to be carried out. With the help of such curve, we can also determine the
exact time required to complete the modification reaction. In our system this kind of
calibration was not an easy task since the decrease of intensity of NCO bands is not only a
result of the reaction with OH end groups. The difficulty of calibration arises also from two
reasons. First, part of the used isocyanate was consumed through the side reaction which
should be taken into account during calculation. Second, CO, is evolved as a result of
hydrolysis of isocyanate in presence of traces of water (which was used to precipitate the
polymer). For the mentioned reasons complete quantitative measurement could not be done.
More work is necessary in order to avoid moisture in the which might hydrolyze the used

monoisocyanate and hence affect the results.
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4.12 Interactions between polymer molecules

Intramolecular interactions are interactions within the same molecule while intermolecular
ones are the interactions between the polymer chains. Hyperbranched polymers which have
OH end groups, such as hyperbranched polyesters, show hydrogen bonding interactions
within the molecule and between the chains. Hydrogen bonding can affect the chain length,
chain packing, rigidity, and molecular order. Infrared spectroscopy was extensively employed
to study the hydrogen bonding and was demonstrated as a powerful tool in identifying the
characteristics of hydrogen bonding’"'*. The hydrogen bonding is characterized by a
frequency shift to values lower than those corresponding to the free groups (i.e. no hydrogen
bonding). Meanwhile, the extent of the frequency shift is usually used to estimate the H-
bonding strength. Particularly polyether-based thermoplastic polyurethanes, several studies
have attempted to elucidate the relationships between structure and properties within it using
FTIR'. In case of hyperbranched poly(urea-urethane)s, due to high polarity of the OH end
groups and the presence of both urea and urethane groups as functional groups in the
polymer backbone, hydrogen bonding appear to be the main cause for inter- and
intramolecular interactions. Hydrogen bonding can be formed between nitrogen in an urea
linkage with hydrogen of amino group [structure (1)], between oxygen atom of urethane
group and hydrogen of hydroxyl group [structure (2)], or between oxygen of urea linkage and
hydrogen of hydroxyl group [structure (3)], or H-bonding can be between oxygen of urethane
group and hydrogen of amino group [structure (4]). The different possibilities for hydrogen
bonding in poly(urea-urethane)s are shown in Figure 4.29. FT-IR was used to study the
effect of temperature on the hydrogen bonds present in aromatic and aliphatic
hyperbranched polymers as well linear analogs for comparison. The polymer samples were
heated from 30°C up to 160°C and cooled. The polymers show absorption bands at
wavenumbers 3270, 1618 and 1526 cm™ which are attributed to vNH+vOH, vC=0 of urea
amide I, and vC-N + 8N-H amid Il of urea and urethane, respectively. It was confirmed by
several analysis that the sample used (Ar-hpu1)-OH5 showed no degradation in the used
temperature regime (heating up to 160°C and cooling again). From the FT-IR measurements
(Figure 4.30) we found that there is no change in wavenumber with increase of temperature
for stretching vibration of groups C=0 urethane amide | at 17707cm™ and vC-C aromatic at
1602cm™. Due to the changes observed in case of vNH+ vOH ( 3270 cm™), vC=0 urea
amide | (1618cm™) and v(C-N)+ §(N-H) amide Il of urea, it is suggested that hydrogen
bonds are mainly formed between hydroxyl groups and amide groups of urethane or urea
groups (Figure 4.29). It was noticed that all the changes are fully reversible i.e. the broken

hydrogen bonds due to heating are reformed through cooling.
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Figure 4.29: The different possibilities for hydrogen bonding.
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The effect of H-bonding interactions in case of aliphatic hyperbranched polymers was
studied and it was found that there is no change in the wavenumber with the increase of
temperature for the stretching vibration of the carbonyl group of urethane amide | at 1700
cm™ and vC=0 urea amide | at 1624 cm™. The effect is more significant for the stretching
vibration of the groups v NH+ vOH at 3324 cm™ and combination vibration of C-N stretching
and N-H bending (amide Il) (Figure 4.31). These intramolecular interactions in the polymer

are fully reversible i.e. the hydrogen bonds which breaks at high temperatures are formed
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again on cooling. Also, as in case of aromatic hyperbranched polymers, no degradation was

observed during investigations.
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Figure 4.31: Wavenumber-temperature dependence

aliphatic hyperbranched polymer.
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of IR-spectra (different sections) for

For linear aromatic and aliphatic polymer analogs it was found that there is no change in

the wavenumber-temperature curves for the absorption bands of vC=0 urethane amide | at

1705 cm™, vC=0 urea amide | at 1650 cm™ and vC-C aromatic at 1600 cm™. There is a
slight change in case of the band found at 3315 cm™ (Figure 4.32) which is equivalent to

stretching vibration of both NH and OH groups. On comparison of the change in the

absorption-temperature dependence curves in case of hyperbranched and linear aromatic

polymers we notice that it is more obvious in case of hyperbranched polymers due to the fact
that they contain higher number of OH groups than the linear analogs.
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Figure 4.32: Wavenumber-temperature dependence of IR-spectra (different sections) for
aromatic (a) and aliphatic (b) linear polymers, respectively.
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4.13 Thermal Analysis

4.13.1 Differential Scanning Calorimatry (DSC)

Glass transition temperature (T4) was determined by DSC using heat program up to 160 °C
and only in some cases up to 200°C verifying first that no major degradation occurred (Table
11). The second heating curve was used for T4 evaluation. As it is known, the glass transition
temperature depends on number of factors which affect rotation of chain links, mobility, and
chain-chain interaction. These factors include molecular structure, molar mass, degree of
branching, nature of end groups, and interactions like hydrogen bonding within the polymer
structure. The studied hyperbranched polymers did not show any melting in the observed
temperature regime. However, as a first surprise, in general our aromatic hyperbranched
polymers gave Tg4 in the range of 100°C. Furthermore, the T4 values are affected by the
molar mass of the polymer and the amount of OH groups present as end groups whereas
differences in degree of branching DB had no major effect. Thus (Ar-hpu1)OH1 shows a T
of 118°C and (Ar-hpu1)OH3 of 117°C, even though the DB differed by 10%. In general, the
T4 leveled of when a certain molar mass in the range of about 4000 g/mol was reached.
Therefore, especially for the polymer (Ar-hpu1)-OH6, which has T4 value of 12°C since it has
low M, value and large solvent content which affect the value of T4. An increase in molar
mass of less than 1000 g/mol raised the T4 to about 65°C. A second surprise was that the
incorporation of DIPA instead of DEA had nearly no effect at all. That confirms the
assumption that mainly polar interactions within the polymer chain determine the T4 and not
the sterical features of the monomer structure.

Table 11: T4 values as measured by half

step point
1.0
2"heating — (Ar-hput)-OH4 Polymer M, (g/mol) | Tq /°C
— (Ar-hpu2)-OH3
08+ (Ar-hpu1)OH1 6100 118
06 (Ar-hpu1)OH2 6700 116
(Ar-hpu1)-OH3 9700 117
0.4 -
(Ar-hpu1)-OH4 9100 107
02 T (Ar-hpu1)-OH5 [3100 85
I
o . ' . ' . (Ar-hpu1)-OH6 2600 12
50 100 150
temperature / °C (Ar-h pu2)-OH1 1200 97
Figure 4.33: DSC of two samples prepared from [ (Ar-hpu2)-OH2 4100 128
the systems (Ar-hpu1)-OH4 and (Ar-hpu2)-OH3. (Ar-hpu2)-OH3 5300 110
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Aliphatic hyperbranched polymers showed higher T4 values in comparison to those
obtained for aromatic hyperbranched polymers. A possible explanation might be the bulky
and rather rigid structure of IPDI cyclohexyl ring but also the existence of hydrogen bonding
between urea and urethane groups and the hydroxyl end groups. The effect of molar mass
on the value of Ty is obvious in the lower molar mass products of the aliphatic isocyanate
IPCI in which the molar mass effect was very dramatic: the oligomers had T4 values below
0°C (-22 and 29°C) and an increase in molar mass of less than 1000 g/mol raised the T4 to
about 65°C Table (12). One can assume that the Ty plateau level is not yet reached for (AL-

hpu3)-OH and (AL-hpu4)-OH and finally values comparable to the products from IPDI might

be achieved.
Table 12: T4 values of some (Al-hpu)-OH.
"7 2®heating — Apaions Polymer M. (g/mol) | T4 /°C
o L S (AL-hpu1)}-OH3 | 9200 130
E: o (AL-hpu1)-OH4 5800 133
g (AL-hpu2)-OH1 4900 124
R (AL-hpu2)-OH2 | 2000 99
% 27 (AL-hpu3)-OH1 1600 -23
00— : : : : : . (AL-hpu3)-OH3 2200 66
50 100 150
temperature / °C (AL-hpu4)-OH1 1000 -30
Figure 4.34: DSC of two samples prepared (AL-hpu4)-OH3 1600 65
from the systems (Al-hpu1)-OH3 and (Al-
hpu3)-OH3.

Differential scanning calorimetry was also used to measure the glass ftransition
temperature for the modified hyperbranched polymers of both types aromatic and aliphatic.
As mentioned before the modification was carried out using Ph-NCO as aromatic modifier
and Bu-NCO and St-NCO as aliphatic modifier. The effect of modification and inserting of a
new end group in the polymer chains is very obvious on T4 (Table 13). Generally, the
modified polymers have T, values lower than the pure polymers. The reason for that is the
presence of polar end groups in the polymer chain increases their glass transition
temperature due to the intra and intermolecular interactions. Noticing the values depicted in
Table 13, we find that samples 1 and 2 modified with Ph-NCO have nearly the same T4 while
sample 3 has lower value due to the decrease in the polymer molecular weight. Inserting an
aromatic ring increases T4 value more than in case of inserting alkyl group since the bulky
phenyl groups hinders the chain motions. On using modifiers with long alkyl chains like St-
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NCO (CH3-(CH.)17-NCO), glass transition disappears and melting transition of the long alkyl

chain can be observed (Figure 4.35).

Table 13: Values of T, for some modified aromatic and aliphatic hyperbranched polymers.

Polymer M, (g/mol) Ty I°C
M(Ar-hpu1)-1 [ (Ar-hpu1)-OH8+PH-NCO ] 13800 113
M(Ar-hpu2)-2 [ (Ar-hpu2)-OH2+PH-NCO ] 4400 114
M(Ar-hpu2)-3 [ (Ar-hpu2)-OH2+PH-NCO ] 1700 102
M(Ar-hpu2)-4 [ (Ar-hpu2)-OH2+Bu-NCO ] 3200 80
M(Ar-hpu2)-5 [ (Ar-hpu2)-OH2+St-NCO ] - Tm= 117
M(AL-hpu1)-1 [(AL-hpu1)-OH2+Ph-NCO] 3500 92
M(AL-hpu1)-2 [(AL-hpu1)-OH2+Bu-NCO] 2600 73
M(AL-hpu1)-3 [(AL-hpu1)-OH2+St-NCO] - Tm= 114

244 2"heating

221 0.1Wig

20| - (AL-hpu1)-OCONH-Ph
U 0 | — (AL-Hpu1)-OCONH-Bu
16d] — (AL-hpu1)-OH

o (AL-hpu1)-OCONH-St

1.24
1.0

normalized heat flow

0.0 ;

: T :
50 100 150
temperature /°C

Figure 4.35: DSC traces of pure (Al-hpu1)-OH and its modified forms.

Glass transition temperatures were measured for linear polymers and are shown in Table
1. It was found that Tq4 for hyperbranched polymers is lower than that obtained for linear
polymers either aliphatic or aromatic. As mentioned before there are many factors affecting
T, among these factors branching and chain flexibility. The flexibility of the chain is
undoubtedly the most important factor influencing Tj. It is @ measure of the ability of a chain
to rotate about the constituent chain bonds, hence flexible chain has a low T4 whereas rigid

chain has a high Tg. In our case the presence of branches in the hyperbranched polymer
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increase chain flexibility and hence lower T,. For aliphatic hyperbranched polymers due to
the rigid cyclohexyl ring, the polymers have relatively higher T4 than that of aromatic ones

and the same trend can be noticed for the linear analogs.

4.13.2 Thermo Gravimetric Analysis (TGA)

Thermal stability of all polymer series was studied by thermal gravimetric analysis (TGA)
in a temperature program 50-700 °C with heating rate 10 K/min and using N, gas as inert
atmosphere. TGA showed that hyperbranched polymers have relatively good thermal
stability up to 160°C then the degradation starts till maximum at about 200 °C. Of course the
temperature for maximum degradation depends on the polymer structure whether the
polymer is linear or hyperbranched®. It was noticed that (Al-hpu)-OH polymers have higher
thermal stability than (Ar-hpu)-OH polymers, but linear aromatic polymers are the most stable
ones. Figure 4.36 shows thermogram of some different polymer systems. From the following
thermogram we notice that the aromatic hyperbranched polymer has sharp degradation
slope. Which means that they suffer degradation more quickly than the aliphatic ones due to
the presence of the aromatic ring which facilitate the ease of degradation. Temperatures at

which 10% weight loss is achieved for some selected polymer are given in Table 14.

Table 14: T4o, for some selected polymers.

Polymer T /°C (10% wt. loss)

(Ar-hpu1)-OH4  [207

(Al-hpul)-OH4  [234

(Al-hpu3)-OH3  [226

\ Ar-LPU (2) 237
20 . (A|-hpu3)—OH3 \\\ . AI'LPU (8) 253

1 (Al-hpu1)-OH4
04 ______ (Ar'hpu1 )_OH4 Treveees ThTas M(Ar'hpu1 )'2 200
00 20 300 40 500 M(Ar-hpu2)-4 210

temperature / °C

M(Ar-hpu2)-5 230

Figure 4.36. TGA traces for three different

polymers systems.

Incorporation of phenyl group at the end of the polymer chains through modification may
decreases polymer stability due to the reactivity of aromatic ring (compare samples (Ar-
hpu1)-OH4 and M(Ar-hpu1)-2, table 14). The effect of change of end groups on the stability
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of the polymer appears more obvious when we compare the degradation temperatures of the
polymer modified by Bu- or St- groups. From the temperature values of 10% wt. loss for
samples M(Ar-hpu2)-4 (modified with Bu-NCO) and M(Ar-hpu2)-5 (modified with St-NCO) we
notice that increase of the length of alkyl chain as end group increases thermal stability of the

polymer.

4.14 Viscosity measurements

When a polymer dissolves in a liquid, the interaction of the two components stimulates an
increase in polymer dimensions over that in the unsolvated state. Because the vast
difference in the size between solvent and solute, the frictional properties of the solvent in the
mixture are drastically altered, and an increase in viscosity occurs which should reflect the
size and shape of the dissolved solute, even in dilute solutions. One of the first properties of
hyperbranched polymers is that their solution behavior differs from the linear polymers. It is
known that they have lower solution viscosity in comparison with their linear analog and this
is consistent with highly branched and compact structure. Relative viscosities are usually
determined indirectly by performing separate measurements on the pure solvent and the
polymer solutions using the same viscometer. Capillary viscometers have many advantages
when compared to other types of viscometers. They are of relatively simple construction and
require only small volumes of polymer solution whose viscosity is to be measured.
Temperature is controlled by placing the viscometer in a thermostated water bath. Two
general classes of capillaries have found use, namely U-tube viscometer and suspended
level viscometers. In this study an Ubbelohde viscometer is used. Viscosity measurements of
hyperbranched aromatic and aliphatic polymers and their linear analogs were made to
compare the relative viscosity of hyperbranched polymers with the linear ones, the
determined values are given in Table 15. Polymer solutions were prepared by dissolving the
polymer in DMAc at 25°C with concentration of 0.2 g/dl. The polymer solutions were filtered
before the measurements. By noticing the values of samples Ar-LPU5 and (Ar-hpu1)-OH8
which have M,, values comparable to each other, we notice that ., for the linear polymer is
higher than the hyperbranched one. The same trend we can see on comparing me for
samples Ar-LPU2 and (Ar-hpu1)-OH1. Although the difference in solution viscosity values for
hyperbranched polymers and linear polymers is not high specially in case of aliphatic
polymers, but the trend is maintained in favor of hyperbranched polymers. In general, one
can conclude that our hyperbranched systems have solution viscosity values lower than that

of the linear polymers of compared values of weight average molecular weight.
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Table 15: Relative viscosity data for both hyperbranched and linear polymers.

Ar-polymer Mw (g/mol) | el Al-polymer Mw (g/mol) | el

(Ar-hpu1)-OH8 | 11700 1.253 | (Al-hpu1)-OH6 |5000 1.172
(Ar-hpu1)-OH1 | 16100 1.272 | (Al-hpu1)-OH1 | 8400 1.193
(Ar-hpu1)-OH4 | 55250 1.416 | (Al-hpu1)-OH5 | 8200 1.201
(Ar-hpu1)-OH7 | 77700 1.768 | (Al-hpu2)-OH1 | 14500 1.233
Ar-Lpu2 16400 1.342 | Al-hpu6 5000 1.234
Ar-Lpu3 6300 1.299 | Al-hpu7 6700 1.250
Ar-Lpu4 8500 1.265 | Al-hpu9 7600 1.283
Ar-Lpu5 10000 1.308 | Al-hpu8 10900 1.316

Of course, one have to discuss these results carefully since we know that at least the M,,

values of hyperbranched polymers might have a high error (determined by SEC). However,

in general, one can assume that the real M,, of HPU are even higher than the given ones

which leads to an even stronger reduction in solution viscosity.
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4.15 Rheological properties

Rheology is the science of deformation and flow. Because the close relationship between
rheology and processing properties, characterization of the rheological flow behavior of
dendritic polymers is important. Such studies can provide insights into the intermolecular
interactions and the effects that molecular variables such as nature of end groups and
degree of branching have on the bulk properties. It was reported'’® that the rheological
behavior of poly(ether-imide) and aliphatic polyester hyperbranched polymers ranges from
Newtonian to viscoelastic. This behavior is affected by molecular variables such as DB and
M., however, the molecular architecture appears to be the most important factor determining
the nature of the intermolecular interactions and consequently the rheological behavior. For a
system such as hyperbranched aliphatic polyesters based on bismethyl propionic acid'’®, it
was found that it is characterized by a Newtonian behavior in the molten state i. e. no shear
thinning is observed, indicating a lack of entanglements for these polymers. Hyperbranched
poly(ether amide)s with OH end groups and their modified ones were examined also

rheologicaly'”’

. It was found that the unmodified polymers have rather high complex viscosity
at low frequencies with no leveling out. Therefore, no reliable zero shear viscosity data could
be determined. The acetate modified polymers showed melt viscosity values significantly
lower than the unmodified ones. A similar effect was observed for hyperbranched polyesters

with phenol and alkoxy end groups'”®

. Whereas the products with phenolic end groups
showed a frequency dependency of the complex melt viscosity, the products with alkyl end
groups exhibited Newtonian behavior at low stress. This means that melt viscosity of
hyperbranched polmers might be strongly affected by polar interactions of functional groups,
and in this case hyperbranched polymers with polar end groups exhibited elastic behavior in
the melt.

In this part we investigated the rheological parameters, storage modulus (G') and complex
viscosity (n*) of some hyperbranched and linear poly(urea-urethane) samples (Table 16),

and studied the effect of end group modification on the melt behavior of the polymers
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Table 16: Polymer systems used for rheological properties measurements.

Polymer M. (g/mol) |PDI
Ar-LPU(2) 16400 1.80
(Ar-hpu1)-OH4 (TDI+ DEA) 56800 6.24
M(Ar-hpu2)-2 (modified with Ph-NCO) | 6900 1.57
Al-LPU(7) 6700 1.90
(Al-hpu2)-OH1 (IPDI+ DIPA) 14700 2.29
M(Al-hpu2)-2 (modified with Bu-NCO) | 10890 4.19

Storage modulus G' and n* of (Ar-hpu1)-OH4 and M(Ar-hpu2)-2 ( modified with Ph-NCO)

were determined at temperature 30°C above T4 for each sample and are plotted in Figure

4.37 and, Figure 4.38. It can be noticed that the dynamic mechanical modulus of (Ar-hpu1)-

OH4 is increased by the incorporation of (Ph-NCO) due to increase of the bulkiness of the

chains even though molar mass is decreased.
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Figure 4.37: G' of (Ar-hpu1)-OH4 and

M(Ar-hpu2)-2
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Figure 4.38: n* for both (Ar-hpu1)-OH4
and M(Ar-hpu2)-2

In addition, n* of M(Ar-hpu2)-2 is higher than this of (Ar-hpu1)-OH4 and n* of M(Ar-hpu2)-

2 deviates strongly from the Newtonian plateau at low frequency. This must be owing to a

lowering in the mobility of the modified aromatic hyperbranched chains. Previous melt

rheologhy studies for hyperbranched polyester with OH end groups and those modified with

alkyl long chains showed'”® that the complex viscosity of the modified polymers is lower than

that of the unmodified polymers. Clearly, this in contrast to our results which means that the
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effect of OH end groups in our polymer systems is not pronounced and the melt viscosity is
more affected by polar interactions within the polymer chains and the structural units.

The storage modulus G' and complex viscosity n*of linear aromatic polymer Ar-LPU(2)
and (Ar-hpu1)-OH4 are plotted in Figure 4.39 and Figure 4.40. In these Figures the storage
modulus of the hyperbranched polymer is higher than the linear one due to the effect of the
branches. This effect is seen also in n* of (Ar-hpu1)-OH4 as compared to n* of Ar-LPU(2). As
shown in Figure 4.40, n* of (Ar-hpu1)-OH4 is 2 order of magnitudes higher than Ar-LPU(2)

over the entire frequency range.
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Figure 4.39: G' of (Ar-hpu1)-OH4 and Figure 4.40: n* vs. frequency for both

Ar-LPU (2) (Ar-hpu1)-OH4 and Ar-LPU (2).

Again this behavior is in contrast to expectations; the melt viscosity of hyperbranched
polymers should be lower than that of the linear analogue. However, in our case the molar
mass of (Ar-hpu1)-OH4 [M,, = 56800 g/mol] is much higher than that of the linear polymer
[My, = 16400 g/mol] which might explain the higher melt viscosity. Also higher n* values for
hyperbranched polymers are often found when stronger polar interactions exists than in the
linear polymers. Our hyperbranched polymer systems showed significant inter and
intramolecular interactions as investigated with FT-IR (see section 4.12). Those interactions
are probably also responsible for the found higher complex viscosity.

The storage modulus, G' of aliphatic (Al-hpu2)-OH1 and modified polymer M(Al-hpu2)-2
(modified by Bu-NCO) is presented in Figure 4.41. It shows clearly the effect of the aliphatic
modifier (Bu-NCO) since the dynamic mechanical modulus of the M(Al-hpu2)-2 is again
higher than that of (Al-hpu2)-OH1 over the entire frequency range. Figure 4.42 presents n* of
M(Al-hpu2)-2 and (Al-hpu2)-OH1 as a function of frequency. For both samples n* decreases
monotonically with increasing @ and drops by many orders of magnitude but some leveling

off at low frequency is found.
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Again, significant increase in n* of M(Al-hpu2)-2 compared to (Al-hpu2)-OH1 is found also
over entire w range. This indicates again, that for these hyperbranched polymer systems,
the melt viscosity behavior is not governed by polar end groups.

The storage modulus of aliphatic (Al-hpu2)-OH1 and the linear analog Al-LPU(7) is shown
in Figure 4.43. This Figure shows that at low frequency, the value of G' of (AL-hpu2)-OH1 is
also higher than this of AI-LPU(7). That has to be owing to the higher elasticity of the
hyperbranched chains. The complex viscosity, n* (Figure 4.44) of (Al-hpu2)-OH1 is lower as
compared to AI-LPU(7) at high frequency, while at low frequency n* of (Al-hpu2)-OH1
increases. It looks like in the flow regime (at low frequency) the AlI-LPU(7) chains melt rapidly
unlike the hyperbranched chains. Aromatic and aliphatic hyperbranched polymers behave

differently in this case (compare Figures 4.44 and 4.40).
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Figure 4.43: G' vs. o for both (Al-hpu2)-OH1 Figure 4.44: n* vs. o for (Al-hpu2)-OH1
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The melt viscosity of hyperbranched polymers is affected by several factors, such as type
of end groups, molecular weight of the polymers and chemical structure of the polymer. It
was found that polypropylene/ hyperbranched polyesters blends have lower melt viscosity
than that of pure polypropylene and higher than that of polyester®. Usually, the melt viscosity
of hyperbranched polymers is lower than that of the linear analogue. In our case, since the
studied HPU samples have higher M,, than the linear ones they showed n* values higher
than that of the linear polymers. For other systems the polarity of end groups can raise the
viscosity by several orders of magnitude®'""'"8 For our systems, it was shown previously
(section 4.12) that strong interactions are found due to the urea and urethane groups within
the polymer backbone. Those interactions increase the melt viscosity significantly even if the
polymer end groups are modified. In our modified systems we found out that both modified
aromatic and aliphatic hyperbranched poly(urea-urethane)s have higher G' than the
unmodified polymers i.e. they are more elastic.

Since rheological properties for hyperbranched polymers depend mainly on the molecular
weight of the polymer and its chemical structure, it is difficult to set a rule for all
hyperbranched systems. One should deal with every system as individual one and take into
consideration functional groups within the polymer chains, interactions between the chains
and values of weight average molecular weight and polydispersity of the polymer under

investigation.

78



RESULTS AND DISCUSSION

4.16 Surface properties of thin films

Investigation of surface properties of polymers is of considerable interest regarding the
prediction of their adhesion, wetting properties and surface polarity. Different modification
techniques can be applied to alter the wetting and adhesion behavior of polymer material.
The surface properties become of more importance when the prepared polymeric material is
intended to be used for coating applications. So, thin films of different polymer samples were
prepared in order to study the characteristics of hyperbranched films like adhesion, effect of
end groups on surface energy and zeta-potential. At first thin films were prepared using spin
coating technique on silicon wafers. Si-wafers were cleaned before use with a mixture of
concentrated sulfuric acid and hydrogen peroxide in ratio 3:1 for twenty minutes at 40°C in
an ultrasonic bath, washing with Millipore water for several times and finally drying them in
vacuum with a stream of N, gas. Examining the film surface of different polymer samples
prepared by spin coating by light microscope (LM) showed that the fiims are not
homogeneous with big holes. They also have high roughness but they showed no cracks as

shown in Figure 4.45.

b) L

Figure 4.45: Pictures obtained for spin coated polymer (2 wt% DMAc solutions) of a)

aromatic hyperbranched polymer and b) aliphatic hyperbranched polymer in DMACc.

Although the films prepared by spin coating are thin (film thickness about 50 nm as
measured by atomic force microscopy'’® AFM), the quality of the films was not good enough
to make further surface studies, since the homogeneity of the film is very important in order
to get reliable results for contact angle. So, we used another technique to prepare our films
which is “doctor blade technique” on glass substrates. The glass was cleaned before use
with acetone, washed with water and dried. Polymer solutions of 25 or 20 wt% in DMAc were
prepared and applied on the glass after filtration with a syringe. 50, 100, and 200 um gap

sizes were used to obtain different film thickness. The samples were dried in vacuum at 70°C
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over night, then analyzed. It was found that the polymer films are more homogeneous and
smoother by using smaller gap size. (LM) pictures of thin film prepared from M(Ar-hpu3)-3
are shown in Figure 4.46. It is obvious that the film prepared using 50 um gap size is the

most homogeneous one with nearly no porous or holes.

(a) (b)
Figure 4.46: Light microscope pictures of films prepared from modified aromatic
hyperbranched polymer M(Ar-hpu3)-3 of (a) 50 um, (b) 100 um, and (c) 200 um.

It is important to have information about the solvent content of the prepared thin films
since presence of solvent can not be avoided due to the polarity of our polymer systems. But
the amount of solvent should not be so high that it may influence the adhesion of the polymer
or affect the values of contact angle. In order to determine the amount of solvent present in
the thin films GC-MS was used. It is a combination of gas chromatograph and mass
spectrometer. The glass object should be weighed before film application, the polymer film is
dried thoroughly in vacuum at 70°C till constant weight. The glass object with the applied
polymer film is then crashed and analyzed to quantify the amount of solvent by weight, the
values are given in Table 17. It was found that solvent content increases by increasing film
thickness this can be noticed for different polymer samples either hyperbranched or linear
polymers. In case of film samples prepared from modified hyperbranched polymers, only
traces of solvent were found, obviously due to the lack of OH-end groups which form
hydrogen bonding with the solvent. Film thickness was determined using AFM and is
depicted in Table 17. As mentioned the films were bladed on glass objects using different
gap sizes, also the concentration of the polymer solution is an important parameter which
affect the film thickness. When concentrated solution of 20 wt% of polymer in DMAc were
used normally thicker films are obtained by increasing gap size. Also film thickness increases
by increasing concentration of polymer solution e.g. by using polymer solution of 25 wt% [see
Table 17, Ar-LPU(1)].
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Table 17: Values of film thickness and solvent content for some film samples.

Polymer (Al-hpu1)-OH4 (Ar-hpu1)-OH5 (Ar-hpu1)-OH2 Ar-LPU(1) | M(Ar-hpu2)-2
Gap thickness  pm 200 50, 200 50 200 50, 200

Film thickness  um 2.71 2.14,2.65 0.8 3.21 2.23,2.87
Solvent content wt% |1.0 1.8,0.8 1.45 3.35 Both 0.001

Surface roughness is an important property for polymer films which can find applications

'8 (MG) was used to determine the value of surface

as coatings or adhesives. Microglider
roughness for different film samples. It is an instrument for the precise optical topography
measuring of surfaces. MG works as an optical profilometer (2D) as well as an imaging
measuring instrument (3D) by means of a scanning process. Roughness and waviness can
be determined in 2D or 3D according to DIN/ISO standards. The sample is illuminated by
focused white light. Evaluating the reflected light the sensor investigates at a working

distance of 5 mm the strictures of the sample.

1.4 pra

Figure 4.47: Microglider (MG) pictures for film 2.14 um thick prepared from (Al-hpu1)-OHS5;

50 mm gap size, surface roughness of 18 nm., the scanned area is 1 mm?.

The values of surface roughness as obtained from MG are given in Table 18. We notice
that the values of surface roughness for the prepared polymer films are low between 9 and
18 nm in comparison with 2 or 3 um film thickness. This reflects an idea about how smooth
and homogeneous our polymer films are. However, we can not get a relation of surface
roughness of the film either with the structure of the polymer or with the gap size. After
obtaining good information about the quality of our prepared films, we can start measuring
contact angle, to get information about surface energy, since the values of contact angle is

influenced to a great extent by the homogeneity and roughness of the investigated surfaces.
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Table 18: Values of surface roughness for different films as measured by MG.

Polymer M(Ar-hpu3)-3 [ AI-LPU(6) | (Ar-hpu1)-OH5 [ (Al-hpu1)-OH5 [ (Al-hpu3)-OH3
Gap size um 50,100,200 [ 100 50,100 50,100 50
Rq nm [9,13,13 19 13,14 18,13 13

4.17 Contact angle measurements

Wetting phenomena are of considerable technical interest. Many processes in polymer
production, processing and modification include wetting of solids with liquids. Examples of
such technological processes are polymer blending, coating and the production of polymer
composites by reinforcement with fibers or inorganic fillers. Contact angles measured on the
solid /liquid systems are often used as empirical parameters to quantify wettability.

Young’s equation (2) interrelates the measurable quantities, liquid-vapor interfacial tension v,
and the contact angle @, to the non-measurable interfacial tensions vy, and yg of the solid-
vapor and solid-liquid interfaces:

Yiv COS O = Ysv™ Vsl (2)

Equation (2): Young’s relation used to measure contact angle on the solid/ liquid systems.

Since only y, and @ are directly measurable, one requires an additional information about
the interfacial tension to determine ys, and v At present, approaches'®'"'®? to determine solid
surface tension from contact angles were largely inspired by this idea. The calculated ys, and
vsi Values are used to interpret and predict the wetting and adhesion properties in technically
relevant systems.

Contact angles of water were measured by sessile drop method [drop shape analysis
(DSA)] using conventional goniometer device (Kriss GmbH). The liquid drop deposited on
the given solid surface and a tangent is drawn at the three-phase contact line of the drop at
its base. To produce advancing and receding angles, a manually controlled micrometer
syringe was used to push liquid into the drop from above or to withdraw the liquid from the
drop. The advancing angle measurements reflect the hydrophobic character of the material
while the receding angle is more characteristic of the roughness of the surface. Advancing
and receding angles were measured statically immediately after increasing the radius of the

three-phase contact angle line. Five advancing and receding contact angles were measured
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for each drop. The accuracy of the technique is in the order + 2°. The water used for contact
angle measurements was distilled, deionized, and filtered through a Millipore-Q system.

Contact angle measurements were carried out for different polymer systems, hyperbranched,
linear and modified polymers. At first thin films were prepared by spin coating on silicon
wafer as mentioned before. Since not all the films were smooth and homogeneous we
decided to use doctor blade technique. The measurements showed that there is no big
difference in the values of contact angle between both films on glass or on silicon wafer.
Table 19 gives the values for advancing contact angle ®, and interfacial surface tension
between solid and vapor vys,. Aromatic hyperbranched polymers showed contact angle values
relatively low since the polymers have hydroxyl end groups this means that they have
hydrophilic character. On comparing the values of contact angle obtained for the
hyperbranched aliphatic polymer with those for the aromatic ones we notice that the former
have higher values than in case of aromatic hyperbranched polymers although they contain
also OH- end groups. The reason might be that the rigid cyclohexyl rings orient themselves

toward the surface of the film giving a more hydrophobic nature to it.

Table 19: Values of advanced contact angle ®, and surface tension

vsv Obtained by DSA for films of different polymer systems.

Film Sample ®, Ysv

(Al-hpu1)-OH4 72.0 39.9
(Al-hpu2)-OH1 71.8 40.0
(Al-hpu3)-OH3 65.3 44.0
(Ar-hpu2)-OH 62.0 46.0
(Ar-hpu1)-OH5 63.8 44.9
(Ar-hpu1)-OH2* 65.6 43.8
(Ar-hpu1)-OH1 57.3 48.8
Ar-Lpu2 66.9 43.0
Ar-Lpu3 67.0 43.0
Al-Lpu6 71.6 40.1
M(Ar-hpu)-4 73.4 39.0
M(Ar-hpu)-1 76.9 36.8

*DBA used as stopper in the polymerization reaction of the hyperbranched polymer
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The effect of using different stoppers during the polymerization reaction is obvious when
we compare the results of samples (Ar-hpu1)-OH1 which was prepared from a polymer
stopped with DEA, and sample (Ar-hpu1)-OH2 which was prepared using a polymer stopped
with DBA. The latter sample has value of ©,lower than the former one; this is because of the
decrease in the number of terminal OH groups which are replaced by the hydrophobic DBA
groups. Linear polymers did not show much difference in the values of contact angle in
comparison with the hyperbranched polymers. We should take into account that contact
angle as property is influenced not only by the end groups at the surface but also, for a great
extent, by the surface roughness of the films. However, we assume that in our case our films
are smooth enough to show the effect of polar structural groups in the polymer backbone.
Regarding the values obtained for the modified aromatic hyperbranched polymers, we find
that films obtained from modified polymers are more hydrophobic than the unmodified ones
due to the lack of hydrophilic end groups through modification. Also, the film prepared from
sample M(Ar-hpu2)-4 which was modified by Bu-NCO has lower value for ®,than in case of
M(Ar-hpu1)-1 that was obtained through using Ph-NCO as modifier due to the presence of
aromatic ring in the modifier. Surface tension v, is a measure for the surface energy of the
solid, however it can be seen that the unmodified polymer systems indicate the highest vys,
values whereas the modified polymers have lower v, i.e. a less hydrophilic surface.
Nevertheless, the surface properties are mainly governed by the poly(urea-urethane)
backbone. Thin films were prepared from modified aliphatic hyperbranched polymers M(AI-
hpu1)-I (Modified using Ph-NCO), M(Al-hpu1)-2 (Bu-NCO as modifier), the films are
transparent but completely inhomogeneous and many cracks appear on the surface. It
seems that the presence of OH end groups in the aliphatic hyperbranched polymer improves
the quality of the film through hydrogen bonding with the surface of the glass substrate.
Introduction of phenyl or butyl groups through modification reactions, decrease the adhesion
of the film on the substrate. As a result, shrinkage and consequent fracture of the film take
place. However, the values of contact angle obtained for such polymer films are not reliable

and hence could not be added to the Table.
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4.18 Zeta potential measurements

One of the significant surface properties is the surface charge. This is an important factor
in determining the interactions between particles, and hence dispersion characteristics such
as dispersion stability, flocculation, viscosity, and film forming characteristics. The surface
charge cannot be measured directly. Instead the charge at a distance from the particle,
called the zeta potential is measured. This potential is usually of more interest because
particles interact according to the magnitude of this value, rather than the potential at the
surface of the particle. The zeta potential ({) is a consequence of the existence of surface
charge, and can give information on the electrical interaction forces between the dispersed
particles. Surface charges on suspended particles can be caused by a variety of
phenomena. Dissociation of functional surface groups and/or adsorption of ions are the most
important processes. The zeta potential is the controlling parameter for particle interactions
and to modify it a knowledge of the potential of the surface and its chemistry is required.
Investigation of the interaction of ions with the surface, and their effect on zeta potential is
assisted by the determination of zeta potential as a function of a number of parameters such
as pH, conductivity and the concentration of any specifically adsorbed ions or polymers in the
system.

So, we can see that zeta potential measurements is a very sensitive method to get
indirect information about the functional groups at the outermost surface of the polymer. To
perform this kind of measurements sedimentation method was used in which the polymer
particles are suspended in an electrolyte solution (3 x 10 mol/l KCI). From the zeta potential
vs. pH of the electrolyte solution, information about the acid-base character of the solid

surface is obtained'®

. Samples of the prepared poly (urea-urethane)s systems either
unmodified, modified or linear systems were measured in the powder shape. Figure 4.48
shows zeta potential illustrated graphically versus pH. If the dissociation of functional groups
is the predominant mechanism of double layer formation, the isoelectric point (IEP) is a
measure of the acidic or basic character of the solid surface. In the case of low IEP values,
the solid surface possesses acidic functional groups, whereas IEP’s in the alkaline pH range

are an indication for basic functional groups at the outermost surface.
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Figure 4.48: Zeta potential of different poly(urea-urethane)s systems as a function of the pH

of the electrolyte solution.

As can be seen from Figure 4.48, the isoelectric point obtained has nearly the same value
for all systems and is unexpectedly very low (£ at pH = 2.6) although the measured systems
have different end groups. It was reported that the surface properties of hyperbranched
polyesters with OH end groups have higher IEP in comparison to those contain COOH
groups in the outermost surface'®. In case of our system a low IEP value is obtained which
is valid not only for the unmodified hyperbranched or linear polymers but the same value is
obtained for the modified hyperbranched polymer as well. This means that the acidic
character of the polymers is not determined by the end groups in the outermost surface but
another groups in the polymer structure. Since it was verified that the urea/urethane ratio in
the polymer backbone is slightly above 1.0, it is assumed that the urea groups are

responsible for the acidic character of the polymer.
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4.19 Cross-linked polymers

Polyurethanes are often linear copolymers of difunctional polyols reacted with difunctional
isocyanates. In many cases, however, trifunctional polyols or trifunctional isocyanates are
added to result in a cross-linked polymer with a network structure. A traditional approach to
study network properties would involve blending a trifunctioal polyol at various levels into a
formulation with a difunctional polyol and a diisocyanate. From this, one could study the
effect of network structure on physical properties. Several applications of hyperbranched
polymers as precursors for synthesis of crosslinked materials have been reported'®'%® The
main advantage of technical applications of hyperbranched structures rests in rheology and
in some cases, an added value in properties (e.g. hardness). In this part of work, the fact that
hyperbranched polymers contain high amount of OH end groups was used to prepare
networks through the reaction of aliphatic (Al-hpu1)-OH2 (M,, = 2800) or aromatic (Ar-hpu1)-
OH6 (M, =2600 g/mol) hyperbranched polymers with polyisocanate. The polymers used for
this purpose were prepared without precipitation from water but by directly removing the
solvent in high vacuum to avoid the risk of isocyanate hydrolysis. The samples were
prepared by reacting aromatic or aliphatic hyperbranched polymer with polyisocyanate
(BASONAT HI 100), chemical structure is shown in (Figure 4.49), 50 wt% solid content in
Dimethyl formamide (DMF), and traces of DBTL are used to catalyze the reaction. Amount of
polyisocyanate used is calculated to be equivalent to number of OH-groups present in the
polymer as determined from 'H NMR. The prepared networks (when the reaction mixture
was viscous enough) were bladed on glass using 600 um gap size. The free standing films
were left till complete drying first for 24 hours at room temperature, then in vacuum oven at

80°C. The thickness of the sheets were measured using micrometer and found to be 250 um.

o]
OCN— (CHz)G\ /K N (CH,)s—NCO
N

JX

(CHy)s— NCO

Figure 4.49: Chemical structure of (BASONAT HI 100).
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4.19.1 Determination of glass transition temperature

Glass transition temperature (T4) measurements were made using DSC with heating rate
20 K/min in N, atmosphere and temperature range —60 to 150°C. The weight of the samples
was 4.7 mg for aliphatic network (Al-Network) and 5.0 mg for aromatic network (Ar-Network),
Figure 4.50 shows the DSC traces for the networks.

DSC showed that T4 for (Al-Network) is 51°C which is a low value in comparison with the
value of pure aliphatic hyperbranched polymer (Al-hpu1)-OH2 (T4 =66°C). This could be due
to the lack of OH end groups which increase the value T4 through inter- and intramolecular

interactions.

2" heating —«— Al-Network
7 0.1 Wig — = — Ar-Network

normalized heat flow

T T T 1
50 100 150
temperature /°C

Figure 4.51: DSC curves for aliphatic and aromatic networks.

The hyperbranched polymer (Ar-hpu1)-OH6 we used for network formation had a T4 of
12°C which is very low value in comparison with the whole prepared series of aromatic
hyperbranched polymers. Which is probably due to remaining solvent (sample not
precipitated, see Table 11). The formed network based on this polymer has T4 of 41°C. This
increase of Ty might be due to the increase of molecular weight of the crosslinked matrix.

Both networks showed only a single T4 and thus, no phase separation.

4.19.2 Solvent content

GC-MS was used to determine the amount of solvent trapped inside the network matrix
which was found to be very low about 0.004% in case of (Ar-Network) and 0.005% for (Al-
Network) by weight.
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4.19.3 Determination of sol fraction

Sol fractions were measured from samples of definite weight (0.05 g) which were
immersed in DMF for 2 days, dried and weighed, immersed again in fresh solvent. This
process is repeated until constant weight. The percentage of sol part for (Al-Network) was
found to be 15% while for (Ar-Network) was 10.7% by weight. The higher sol content in the
aliphatic network is consistent with the lower reactivity of this system which leads to
incomplete reaction. For full conversion of functional groups no sol fraction should be
present. The values obtained for sol fractions indicated that imperfection occurred during
polymerization. These could be due to incomplete conversion, inexact stoichiometry of the
polyols to isocyanate, cyclization or other side reactions'. Incomplete conversion together
with the inexact stoichiometry of OH: NCO are the main reasons for the formation of
imperfect structures in the networks called “dangling chains”*®®. The dangling chains are
linear or branched sequences of units which are only singly connected at one end with the
gel structure. Their motion is expected to be intermediate between faster relaxing elastically

active network chains and slowly relaxing sol molecules.

4.19.4 Dynamic mechanical analysis (DMA)

Dynamic mechanical analysis (DMA) measures the modulus (stiffness) and damping
(energy dissipation) of materials under periodic stress. Such measurements provide
quantitative and qualitative information about the performance of the material. DMA can be
used to evaluate a wide variety of materials particularly those polymeric materials, which
exhibit time, frequency, and temperature effects on mechanical properties because of their

viscoelastic nature.

Sample networks were analyzed by DMA at frequency 1 Hz temperature range from —60
to 250°C, heating rate 2 K/min. The sample size was 9.4 mm length, 12.89 mm width and
0.25 mm thickness. From the measurements, temperature dependence storage modulus and

loss modulus could be obtained as shown in Figures 4.51, 4.52.
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Figure 4.51: Storage modulus and loss factor vs. temperature for (Ar-Network).
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Figure 4.52: Storage and loss moduli vs. temperature for (Al-Network).

From the dynamic mechanical data a number of observations can be considered. The
position of loss peak in case of (Ar-Network) fall in very tight temperature range in
comparison with the aliphatic network with higher loss of energy. On the other hand, the loss
peak is more broad in case of aliphatic network this might be due to the high molecular

weight of the dangling chains and sol™’

. The transition, that is observed in the dynamic
mechanical data, is due to the glass transition. Therefore the position of the loss peak
correlates with the glass transition temperature. The aromatic network has higher loss factor
(250 Mpa) while its value is lower (200 Mpa) for aliphatic network. The relationship between

storage modulus and temperature can be observed from the Figures. It can be noticed that
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the slope of the storage modulus for (Ar-Network) is more sharp in comparison with the
aliphatic network. This is an evidence for fast deformation of the material in a small

temperature range also the resistance for deformation is small at low temperatures.

4.19.5 Atomic Force Microscopy (AFM)

AFM proved to be a valuable tool for evaluating the surface features of the cross-linked
materials and to ascertain the roles of the preparation conditions and coating compositions in
the surface topography. Figure 4.53 shows AFM images for (Al-network) and (Ar-Network)
respectively. The surface roughness of both samples is measured and found to be 12 nm for
(Al-Network) and 68 nm for (Ar-Network). By phase images analysis one can conclude that
the matrix is composed of domains of soft segments containing the polyol (hyperbranched
polymer) inside the network and hard segments containing the polyisocyanate on the
surface. The domains size is 80 to 150 nm and 500 to 1200 nm for (Al-Network) and (Ar-
Network), respectively. This means that the domains in (Ar-Network) are larger than that of
the aliphatic one. No major phase separation on the p-scale was observed from the AFM

pictures and as also indicated by the existence of a single T,.

pm

(@) (b)

Figure 4.53: AFM phase images for (a) aliphatic and (b) aromatic networks, respectively.

4.19.6 Tensile strength

The data derived from stress-strain measurements for polymers are important from the
practical viewpoint, since they provide information on the modulus, the brittleness, and the

ultimate and yield strengths of the polymer.
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Figure 4.54: stress-strain dependence of aromatic and aliphatic networks.

By subjecting the specimen to a tensile force applied at a uniform rate and measuring the
resulting deformation, a stress-strain curve can be constructed. Tensile test was performed
on the two prepared networks to study their mechanical properties, (Figure 4.54) shows the
stress-strain curve for the two aliphatic and aromatic networks.

From the shape of the curve related to (Ar-Network) we notice that the initial portion of
the curve, from which tensile modulus E is obtained from its slope, is linear which is not the
case for the aliphatic network. The value of Young’s modulus for (Ar-Network) is 10 folds
greater than the value obtained for (Al-Network) which suggests an elastic and strong
behavior of the sample representing (Al-Network). The point which represents the stress
beyond which a brittle material will fracture (stress at break) can be distinguished only for
(Ar-Network). The curve also shows higher yield point for the network based on aromatic
hyperbranched polymer than for the aliphatic one. Table 19 gives the mechanical properties

for both networks.

Table 20: Mechanical data for aromatic and aliphatic networks.

Network E: (Mpa) og (Mpa) g (%)
Ar-Network 71.4 99 114.5
Al-Network 7.9 3.8 128.8

E:: Young’s modulus (initial slope of the stress-strain curve).

op: Stress at break

eg: Elongation at break.
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In summery, several investigations were made for the aromatic and aliphatic networks
based on our synthesized hyperbranched polymers. The results show that the prepared
formulations give us what we need from a coating system such as lightweight, waterproof,

chemical resistance high transparency and flexibility.
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5- CONCLUSION AND OUTLOOK

By modifying the chemical approach, a new synthetic strategy toward hyperbranched
poly(urea-urethane) polymers in a one-step method, was introduced. Commercially available
AA* and B*B, monomers were used for the preparation of the polymers taking advantage
from the reactivity differences of the functional groups present in the monomer. The prepared
hyperbranched poly(urea-urethane) polymers can be inserted as polyol in a cross-linked
formulation which can find applications for coating systems.

Three different diisocyanate monomers were reacted as AA* monomers with two
bishydroxy amines as B*B, monomers in order to prepare hyperbranched poly(urea-
urethane)s. The monomers used to achieve our goal were 2,4-toluylene diisocyanate (TDI)
as aromatic diisocyanate and isophorone diisocyanate (IPDI) and 2(3-isocyanatopropyl)
cyclohexylisocyanate (IPCI) as aliphatic diisocyanate. Those proposed diisocyanates were
reacted with diethanolamine (DEA) or diisopropanolamine (DIPA) to prepare HPU (see
Figure 5.1). The main strategy of the work was to use the advantage of intramolecular
reactivity differences of isocyanate groups in the diisocyanate and the reactivity differences
of OH and NH groups in the dihydroxyamine. By this, it was possible to generate AB,

intermediate which polymerizes forming hyperbranched polymer (Figure 5.3).

NCO
CHs NCO
NCO
CHs NCO
NCO
CH, CH,
NCO
25% trans 41% trans
75% cis 59% cis
TDI IPDI IPCI
AA*
oH OH
N PR
H-N HN CHs
N )
OH
DEA DIPA
B*B,

Figure 5.1: Chemical structure of the used monomers.
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First of all, | had to prepare linear aromatic and aliphatic polymers of nearly the same
structure and molecular weights as our hyperbranched polymers for comparison of the
solution properties and other characteristics. For this purpose TDI or IPDI were reacted with
2-ethanolamine in the same reaction conditions that would be used to synthesis HPU (Figure

5.2). The obtained polymers were characterized using NMR and their molar masses were
determined by GPC.

H O
NCO |
1)-5°C N—C++N —CH,CH, OH
n + nH2 N—CHy-CH>— OH 2) 30°C n

NCO Stopper

H N—H

|
,L——-CHZ H,C— 0—C =0

Figure 5.2: Reaction of TDI as AA* monomer with 2-EA to prepare linear poly (urea-
urethane)s.

Reaction conditions for the preparation of aromatic and aliphatic hyperbranched
poly(urea-ureathane)s, such as type of solvent, temperature, monomers, concentration, and
catalysts, were optimized. The polymerization reaction was carried out and stopped before
reaching gel point. Stopping of the reaction was made using excess of the dihydroxyamine

monomer or dibutylamine (DBA) and the polymerization reaction was followed by titration of
the NCO.

OH Neo
H O
R -5°C | 1 1 U]
OCN—R,-NCO + H-—-N 2 ——= Ny —— O0—C—N-R—N—C—N R,
R, I : R,
OH | average repeating unit HO
N
R, = aryl and cyclohexyl of 1 lmonomers
TDI. IPDI, IPCI HO™ R,r, "OH
R, =H or CH; from l stopper
DEA or DIPA R (B,B* or dibutylamine)
2
R; = OH or CH,-CH, from
’ U , R3J¥N c— N R, N H O %
DEA, DIPA or dibutylamine Il U] R
R 0 o— C N —R,—N—C—N 2
2 r -
Ry HO R, HO

Figure 5.3: The reaction path of AA* with B*B, monomers to prepare hyperbranched
poly(urea-urethane)s.
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In general, the reaction times were below 7 hours and still M,, values were achieved

between 1400 g/mol and 107000 g/mol. In our chosen concentration regime (30-50 wt%) no
gelation occurred allowing technical relevant reaction conditions for the preparation of
hyperbranched polymers. The resulting products show good thermal stability up to 160°C
and relatively high T, values up to 133°C. Aliphatic hyperbranched polymers based on IPDI
have higher T, values than those obtained using TDI. The values of Ty are more influenced
by the intra- and intermolecular interactions (H-bonding) than by changes in monomer
structure. Furthermore, a very strong dependence of T, on molar mass was found for
samples with M, < 3000 g/mol.
Complete structural analysis could be carried out using 'H and "*C NMR in case of aromatic
polymers based on TDI. The content of t, I, and d subunits were calculated which were found
to be affected significantly by monomer structure, monomer feed ratio, type of stopper, and
reaction temperature. Thus, DB could be calculated and was found to be > 60% for TDI/DEA
and 45-48% for TDI/DIPA. Aliphatic polymers have spectra with overlapped signals due to
the presence of 4 different isomers and therefore, no full structural analysis was possible. For
all hyperbranched polymers it was also verified that the urea/urethane ratio in the polymer
backbone is slightly above 1.0. We assume that the excess of urea units is introduced by the
stopper reaction.

The reactivity difference of the two isocyanate groups was studied through model
reactions, and analyzing the substitution pattern in the TDI/DEA polymer. It is known that p-
NCO in TDI is more reactive than o-NCO towards hydroxyl groups. However, it looks like that
the substitution pattern in the polymer is nearly random. Therefore, no clear preference in the
reaction of o- and p-NCO groups towards amines could be confirmed experimentally. An
additional model reaction, led to a nearly statistical ratio of the four possible reaction
compounds. However, the higher reactivity of the amine group compared to the alcohol
toward isocyanate could be fully verified leading to an A,+ B*B., systems for aromatic
hyperbranched polymers. In contrast, the higher reactivity of primary isocyanate groups in
the aliphatic diisocyanates towards amines could be confirmed which allows to call this
system a real AA*+ B*B, situation.

Modification of the end groups in the prepared hyperbranched polymers was carried out
using three different modifiers which were phenyl isocyanate, butyl isocyanate and stearyl
isocyanate. Percentage of modification up to 100 % was achieved in case of using phenyl
isocyanate and butyl isocyanate while in case of stearyl isocyanate only 70% modified
polymer was obtained. The modified polymers have good solubility (except those obtained
using stearyl isocyanate) and could be fully characterized. The side reaction product

(aromatic urea) was separated by fractionation.
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Inter- and intramolecular interactions were studied by FT-IR spectra. The measurements
showed that hydrogen bonding in hyperbranched polymers are more pronounced than in
case of linear polymers since they are favored by the presence of OH end groups.

Solution viscosity of hyperbranched polymers was measured and compared with that of
the linear polymers of comparable molar mass. The measurements were made in DMAc at
25°C and the results showed that HPUs have lower solution viscosity values than those
obtained for linear polymers with comparable M,, values.

Rheological measurement of some polymer samples of different systems were carried out
and showed that our hyperbranched systems behave more elastic than the linear polymers
exhibiting higher G’ and n*. Also, the modified hyperbranched polymers have, unusually,
melt viscosity values higher than the unmodified polymers and their melt viscosity decrease
linearly with the frequency. On the other hand, the hyperbranched systems showed a
Newtonian plateau with zero-shear viscosity. We have to assume that not the OH end groups
determine the melt rheological behavior but the presence of polar groups within the polymer
chains.

Thin films for different polymer types (hyperbranched, linear and modified) were prepared
using both spin coating and doctor blade techniques. Films made using the second method
are more homogenous as was proved by light microscope and microglider. Surface
roughness only up to 20 nm were obtained for a dry film thickness up to 3.26 um depending
on gap size and concentration of polymer solution. Solvent content in the films was
determined using GC-MS and found to be about 1.5 mass% for hyperbranched polymers
with polar end groups while films prepared from modified polymers contain only 0.001
mass%. Measurements of contact angle showed that aromatic hyperbranched poly(urea-
urethane)s are more hydrophilic than those of the other types. Also, modified polymers gave

higher values of contact angle (lower hydrophilicity) than the parent polymer.

(a) (b) (c)
Figure 5.4: LM pictures of films prepared from modified aromatic hyperbranched polymer
M(Ar-hpu2)-3 of (a) 50 um, (b) 100 um, and (c) 200 um.
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Effect of using different stopper during polymerization reaction is obvious in the values of
contact angle i.e. those films prepared from polymers which were stopped by dibutyl amine
(DBA) have higher contact angle than those were stopped using diethanol amine. Obviously,
the samples stopped by the polar diethanol amine have a higher number of terminal OH
groups.

Measurement of Zeta-potential for different polymeric samples, hyperbranched , linear,
and modified, was carried out using sedimentation technique. From the value obtained for
isoelectric point (at pH= 2.6) we can conclude that not the end groups but the urea groups in
the polymer backbone are responsible for the charge on the outermost surface.

Networks based on aliphatic and aromatic hyperbranched polymers were prepared
through the reaction of HPU with trimer of 1,6-diisocyanatohexane in DMF. Sheets of 250 um
were prepared by blading the cross-linked polymers on glass. It was found that the aliphatic
networks contain more sol part than the aromatic one which is in consistent with the lower
reactivity of the aliphatic isocyanate. Thermal transitions of the networks were measured
using DSC and DMA. Only one transition was found in both methods that was due to the

glass transition (Figure 5.5) and no major phase separation occurred..
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Figure 5.5: Storage modulus and loss factor vs. temperature for (Ar-Network).

AFM was used to study the morphology of the prepared networks which showed that
surface roughness of the aliphatic network is lower than that of the aromatic network but
generally the prepared samples have relatively homogeneous and smooth surfaces. It was
found that the matrix was composed of domains of soft segments containing the polyol
(hyperbranched polymer) inside the network and hard segments containing the
polyisocyanate on the surface. The domain size was measured and found to be in the range

of 80 to 150 nm for aliphatic network and 500 t01200 nm for the aromatic one. The data
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derived from stress-strain measurements (Figure 5.6), showed that the aromatic network has
a higher yield point than the aliphatic network, whereas the aliphatic sample is more elastic

than the aromatic based network.
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Figure 5.6: Stress-strain dependence of aromatic and aliphatic networks.

Hyperbranched poly(urea-urethane)s are a versatile class of new hyperbranched material.
The simplicity of synthesis, combined with the possibility to chose readily available
polyurethane raw material as monomer source, makes this polymer class highly attractive for
commercial applications, e.g. as additives in printing inks or as crosslinkers in industrial
coating systems. The presented study allowed to obtain a deeper understanding of the
parameters which influence the reaction and the resulting branched structure. Furthermore,
the effect of branching and end groups on material and surface properties were elucidated.
The behavior of macromolecules near the surfaces and interfaces of organic coatings has a
significant effect on the numerous properties of the coatings and plays a vital role in their
applications. Therefore, an understanding of the interfaces responsible for durability,
adhesion, and mechanical properties is important for development of new organic coatings.
More work can be done on the properties of interface for developing and optimizing this

improved coating materials
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6- EXPERIMENTAL PART

6.1 Materials and methods

6.1.1 Materials

The monomers 2,4-toluylene diisocyanate (TDI), isophorone diisocyanate (IPDI), 2(3-
isocyanatopropyl) cyclohexyl isocyanate (IPCl), diethanol amine (DEA), diisopropanol amine
(DIPA) and the catalyst dibutyltin dilaurate (DBTL) were obtained from BASF AG and used
as received; the catalyst 1,4-diazabicyclo[2.2.2]octane (DABCQ) was obtained from Fluka.
Tetrahydrofurane (THF) was dried over sodium and stored over molecular sieve while
dimethylacetamide (DMAc) was dried over CaH,, both of them and Phenyl monoisocyanate,
Butyl monoisocyanate, Stearyl monoisocyanate, and trans 1,4- Cyclahexylene diisocyanate
were purchased from Fluka as well. o-, p-tolyl monoisocyanate, N,N-diethyl amine, N-Methyl
diethanol amine and dibutylamine were products from Aldrich. Ethanol was purchased from
Merck.

6.1.2 Instruments

- Nuclear Magnetic Resonance (NMR)

The samples were analyzed by NMR using a Bruker DRX 500 spectrometer operating at
500.13 MHz for "H and 125.75 MHz for "*C. DMSO-ds was used as solvent, lock, and internal
standard (8('H) = 2.50 ppm, §(**C) = 39.60 ppm). The spectra were measured at 303 K using
5 mm o. d. sample tubes. Quantitative >C NMR spectra were obtained using inverse gated
decoupling, 30° *C pulses and a pulse delay of 6 s. The 1D NMR measurements were
completed by 'H-'"H correlated (COSY) and 'H-">C one and multibond shift correlated
(HMQC, HMBC) spectra. The quantification of different structural units was done by
integration and signal deconvolution of the corresponding signal regions in the NMR spectra.
The error in determining the fractions of the different units depends on the NMR signal region

used and is estimated to < 2%.
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- NCO% Titration

The determination of NCO% was carried out through titration with the instrument DL70 from
Mettler. The method used can be summarized as follows: samples of definite weights were
withdrawn from the reaction mixture at certain time intervals, 20 ml of 0.1M dibutylamine/
chlorobenzene was added to quench the unreacted isocyanate. The excess amine is

determined by back-titration with 0.1M HCI. The end point was determined potentiometrically.

- Size Exclusion Chromatography (SEC)

The instrument is from Knauer, Berlin, with Rl detector and a Zorbax PSM 60+300 column.
Calibration was performed with linear polyvinylpyridine (PVP) standards, DMAc + 3 g/L LiCl +

2 vol% H,O was used as eluent with a flow rate 0.5 ml/min.

- FT-IR spectroscopy

The IR spectra were obtained using FTIR-Spectrometer IFS 66v (Bruker) with MCT detector.
The range of measurements is 600-4000 cm™ with 100 scans/ measurement. Samples were

measured in the solid form.

- Differential Scanning Calorimetry (DSC)

A Perkin EImer DSC7 (heating rate 20 K/min; temperature range usually -60°C to 150°C or -
60° to 200°C) was used for the DSC analysis

- Thermal Gravimetric Analysis (TGA)

TGA measurements were carried out by a Perkin EImer TGA7 under N, atmosphere

(temperature program from 30°C to 700°C and heating rate 10 K/min).

- Viscosity measurements

The measurements were performed in a Ubbelohde viscometer from Schott, with a capillary
of thickness ‘I' and a correction constant k = 0.01007. The samples were dissolved in dried
DMAc. The viscometer filled with polymer solution was immersed in a thermostatic water
bath model CT 1450 from Schott at 25°C. The measurements were repeated for every

solution 5 times with a Schott AVS 310 instrument.
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- Headspace GC/MS

Headspace sampler HP 7694 from HP (Hawlett Packard) at 200°C ( 15 min equilibrium) GC
temperature: 2 min at 50°C then heating rate 12° /min till 250°C. Column 5MS from HP, 25m

x 0.2mm internal diameter. Transporting gas is helium with the rate 1 ml/min.

- Melt Reology

ARES-Rheometer (Rheometric Scientific). The rheometer was operated in the dynamic
mode on the plate-plate geometry of 25 mm diameter and about 1 mm gap. The gap size
changes with the temperatures and is read electronically and allows absolute moduli to be
determined. The measurements were performed under nitrogen atmosphere, strain
amplitude 5%, at 30°C above the glass transition temperature of each sample over angular

frequency (@ ) varied from 100 to 0.3 radian/s.

- Dynamic contact angle

(Kriiss GmbH G2) instrument for drop shape analysis (DSA) includes video measuring
system to record drop image, Matrox pulser video framegrabber board and computer with

measuring program.

- Mechanical properties

ISO Zwicki instrument i.A. (GMbH), dimensions of measured part 0.25 mm X 2.00 mm,
thickness of sample is 0.25 mm. Strength= 100 N, start of determination of E-module at
0.05% and finish at 0.25%. Speed of E-module is 5 mm/min.

- Dynamic mechanical analyser (DMA)

Instrument 2980 DMA, Module DMA Multi - Frequency—single Cantilever. Sample networks
were analysed by DMA at frequency 1 Hz, temperature range from —60 to 250°C, heating
rate 2 K/min. The sample size was 9.4 mm length, 12.89 mm width and 0.25 mm thickness.
From the measurements, temperature dependence storage modulus and loss modulus could

be obtained.
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- Other equipments

Light Microscope
Microglider
AFM

Zeta potential

ZS 100 Carl Zeiss GmbH
From the company Fries Research & Technology
Nanoscope llla, Multimode, D3100, Digital Instruments

Electrokinetic Analyzer EKA of Anton Paar KG, Austria
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6.2 Synthesis of hyperbranched polymers

6.2.1 Synthesis of aromatic hyperbranched polymers (Ar-hpul)-OH1

8.69 g of TDI (50 mmol) was dissolved in DMAc in a three-necked round bottom flask fitted
with thermometer, dropping funnel, and gas-inlet pipe. Dry N, was bubbled in the flask during
the reaction and the solution was cooled down to -5°C. The second monomer DEA (5.25 g-
50 mmol) dissolved in DMAc was added at this low temperature dropwise until the whole
amount of the bishydroxyamine was charged into the flask. The ice bath was removed and
the reaction proceeded until the required temperature was reached. The amount of NCO
present in the solution was followed by titration. The method can be summarized as follows:
samples of definite weights were taken from the reaction mixture at certain time intervals, 20
ml of 0.1M dibutylamine/ chlorobenzene was added; the mixture was titrated against 0.1M
HCI. The end point was determined potentiometrically. At the required NCO% which is
equivalent to a definite degree of polymerization the reaction was stopped by addition of the
calculated amount (based on remaining NCO) of stopper molecule which was usually the
used bishydroxyamine (B*B,). The amount added of DEA as stopper is 0.645 g. The polymer

was precipitated in water, filtered, and dried in vacuum over P,0s

Yield: 62.8%, white powder

'H NMR (DMSO-dg): & ppm = 9.57 and 9.49 (NH, urethane, para to CHs) 8.83 and 8.80 (NH,
urethane, ortho to CHjs), 8.58 and 8.53 (t,), 8.51 and 8.45 (l,), 8.28 (d,), 8.25 and 8.20 (t,),
8.20 and 8.15 (I,), 7.87 (do) (NH, urea), 7.65 - 7.35 (H3), 7.35 - 6.9 (Hs ,Hs ), 5.44 (l,), 5.25
(Io), 5.17 (o), 5.08 (t,) (OH), 4.19 (CH,-OC(O), | and d), 3.7 - 3.5 (CH,-OH and N-CH,, | and
d), 3.43 (N-CH,, I), 3.43 (N-CHy, t), 2.10 and 2.07 (CHa).

*C NMR (DMSO-dg): & ppm = 156.62 and 156.57 (t,), 156.23 and 156.18 (l,), 156.11 and
156.02 (t,), 155.71 and 155.62 (l,), 155.33 (d,), 154.95 (d,) (C=0, urea), 154.35 and 154.31
(C=0, urethane, ortho to CHj), 153.54 (C=0, urethane, para to CH3), 139 - 136 (C, , C,),
130.5 - 129.5 (Ce), 126 - 122 (C4), 117 - 113 (C;, Cs), 62.68 (CH,-OC(0O), | and d), 60.58,
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60.45 (CH,-OH, 1), 60.26 (CH,-OH, 1), 50.92, 50.49 (N-CH,, 1), 50.54 (N-CH, t), 46.71 (N-
CH,, | and d), 17.43, 17.46, 17.32, 17.19 (CHj).

6.2.2 Synthesis of aromatic hyperbranched polymers (Ar-hpu2)-OH?2

8.69 g of TDI (50 mmol) was dissolved in DMAc in a three-necked round bottom flask fitted
with thermometer, dropping funnel, and gas-inlet pipe. Dry N, was bubbled in the flask during
the reaction and the solution was cooled down to -5°C. The second monomer DIPA (6.65 g-
50 mmol) dissolved in DMAc was added at this low temperature dropwise until the whole
amount of the bishydroxyamine was charged into the flask, the whole amount of solvent is 51
g (30 wt%). The same steps as shown above were performed used and the amount of used
stopper (DIPA) is 1.04 g. The formed polymer was precipitated in water, filtered, and dried in

vacuum over P,Os

Yield: 59.8%, white powder

'H NMR (DMSO-dg): & ppm = 9.46 and 9.37 (NH, urethane, para to CH3), 9.4 - 8.6 (NH,
urethane, ortho to CH; and NH, urea), 8.6 - 8.1 (NH, urea), 7.85 (NH, urea, d,), 7.65 - 7.35
(Hs), 7.35 - 6.9 (Hs ,Hg ), 5.55 (Io), 5.40 (I5), 5.25 and 5.18 (t, and t,), 5.05 and 5.00 (CH-
OC(0), I and d), 3.93 (CH-OH, t and I), 3.8 - 3.2 (N-CH,), 2.11, 2.08 (Ar-CHj3), 1.21
(CH(OC(0))-CHg), 1.06 (CH(OH)-CH3).

*C NMR (DMSO-dg): 8 ppm = 157.22, 156.96, 156.94, 156.71, 156.58, 156.53, 156.43,
156.11, 155.97 (C=0, urea, t and 1), 155.46, 155.15, 154.92 (C=0, urea, d), 154.01 (C=0,
urethane, ortho to Ar-CHj), 153.23 (C=0, urethane, para to Ar-CHs;), 139 - 136 (C, , C,),
130.5-129.5 (Cg), 126-122 (C4), 117-113 (Cs, Cs), 70.5 - 69 (CH-OC(O), | and d), 66.59,
66.48, 66.10, 65.99 (CH-OH, t and 1), 56.3 - 55.6 (N-CHy, t and ), 52.62. 52.05, 51.89, 51.73
(N-CH,, I and d), 21.43, 21.33, 21.21, 21.14 (CH(OH)-CHj3), 18.06 (CH(OC(QO))-CHs), 17.56,
17.19 (Ar-CHj).
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6.2.3 Synthesis of aromatic hyperbranched polymers (Ar-hpul)-OH2

12.17 g of TDI (70 mmol) was dissolved in DMAc in a three-necked round bottom flask fitted
with thermometer, dropping funnel, and gas-inlet pipe. Dry N, was bubbled in the flask during
the reaction and the solution was cooled down to -5°C. The second monomer DEA (8.085 g-
70 mmol) dissolved in DMAc was added at this low temperature dropwise until the whole
amount of the bishydroxyamine was charged into the flask, total amount of solvent is 67 g
(30 wt%). The ice bath was removed and the reaction proceeded until the required
temperature was reached. The amount of NCO present in the solution was followed by
titration. The method can be summarized as follows: samples of definite weights were taken
from the reaction mixture at certain time intervals, 20 ml of 0.1M dibutylamine/
chlorobenzene was added; the mixture was titrated against 0.1M HCI. The end point was
determined potentiometrically. At the required NCO% which is equivalent to a definite degree
of polymerization the reaction was stopped by addition of the calculated amount (based on
remaining NCO) of stopper molecule which was usually the used bishydroxyamine (B*B.).
The amount added of DBA as stopper is 0.28 g. The polymer was precipitated in water,

filtered, and dried in vacuum over P,Os

Yield: 68.4%, white powder

'H NMR (DMSO-dg): 8 ppm = 9.57 and 9.49 (NH, urethane, para to CHs) 8.83 and 8.80 (NH,
urethane, ortho to CHj3), 8.58 and 8.53 (t,), 8.51 and 8.45 (l,), 8.28 (d,), 8.25 and 8.20 (t,),
8.20 and 8.15 (l,), 7.87 (do) (NH, urea), 7.65 -7.35 (Hs), 7.35 -6.9 (Hs ,Hs ), 5.44 (1), 5.25 (l,),
5.17 (t,), 5.08 (tp) (OH), 4.19 (CH,-OC(0O), | and d), 3.7- 3.5 (CH,-OH and N-CH,, | and d),
3.43 (N-CHy, I), 3.43 (N-CHjy, t), 2.10 and 2.07 (CH3;), 3.25 (NCH,), 1.50 (NCH,CH,), 1.28
(CH2CH3), 0.90 (CH3).

3C NMR (DMSO-dg): & ppm = 156.62 and 156.57 (t.), 156.23 and 156.18 (l,), 156.11 and
156.02 (t), 155.71 and 155.62 (l,), 155.33 (do), 154.95 (d,) (C=0, urea), 154.35 and 154.31
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(C=0, urethane, ortho to CHj3), 153.54 (C=0, urethane, para to CH3), 139 -136 (C. , C,),
130.5 -129.5 (Cs), 126 -122 (C4), 117 -113 (C3, Cs), 62.68 (CH,-OC(O), | and d), 60.58, 60.45
(CH2-OH, I), 60.26 (CH,-OH, t), 50.92, 50.49 (N-CH,, I), 50.54 (N-CHj, t), 46.71 (N-CH>, | and
d), 17.43, 17.46, 17.32, 17.19 (CH3), 46.20 (NCH;), 30.46 (NCH,CH;), 19.67 (CH,CHs),
13.97 (CHs).

6.2.4 Synthesis of aliphatic hyperbranched polymers (Al-hpul)-OH3

15.57 g of IPDI (70 mmol) was dissolved in DMAc in a three-necked round bottom flask fitted
with thermometer, dropping funnel, and gas-inlet pipe. Dry N, was bubbled in the flask during
the reaction and the solution was cooled down to -5°C. The second monomer DEA (7.35 g-
70 mmol) dissolved in DMAc was added at this low temperature dropwise until the whole
amount of the bishydroxyamine was charged into the flask, total amount of solvent is 45.8 g
(50 wt%). The ice bath was removed and the reaction proceeded until the temperature is
30°C then DBTL is added (0.01 g). The amount of NCO present in the solution was followed
by titration as mentioned before. The amount added DEA as stopper is 0.48 g. The polymer

was precipitated in water, filtered, and dried in vacuum over P,0Os
O
N NH
H

0 H
n,hpu
Yield: 84.45%, white powder

'H NMR (DMSO-dg) (353 K): & ppm = 6.73 (NH, CH,-urethane, cis), 6.58 (br, NH, CHy-
urethane, trans and CH-urethane, cis / trans), 6.17 (t;), 6.07 (t, I, k), 5.90 (d;, d.) (NH, CH»-
urea), 5.80, 5.76, 5.67 (NH, CH-urea), 4.84, 4.73, 4.66, 4.58 (OH), 4.03 (CH,-OC(0)), 3.8
(CHN, urea), 3.63 (CHN, urethane), 3.53 (CH,-OH), 3.42 (N-CH,-CH»-OC(O)), 3.32 and 3.30
(N-CH2-CH>-OH), 3.2-3.1 (trans-CH2N, urea and urethane), 2.95 -2.70 (cis-CH2N, urea and
urethane), 1.8 - 0.8 (remaining CH, and CHj of aliphatic ring system).

Selected regions at 303 K: 7.25-6.5 (NH, urethane), 6.4 - 5.8 (NH, urea), 5.16, 5.01, 4.91,
4.82 (OH).
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3C NMR (DMSO-dg): 8 ppm = 159.35, 159.12, 158.55, 158.34, 158.07, 157.97, 157.40,
157.23, 156.88, 156.73, 155.47 (C=0, urea and urethane), 62.43, 62.15 (CH,-OC(O)), 60.61,
60.53, 60.44, 60.31 (CH,-OH), 54.4 - 54.0 (CH>-NH, cis), 50.70, 50.54, 50.28, 50.12 (N-CH,-
CH,-OH), 47.5 - 45.5 (N-CH,-CH,-OC(0O); CH,-NH, trans; CH,, ring), 44.08 (CHN, urethane),
43.43 (CHN, urea), 42.22 and 41.58 (CHj, ring), 36.8 -35.5 (C, ring), 35.13, 35.24 (CHjs, ring),
31.62, 31.49 (C, ring), 30.23, 27.66, 27.56, 27.01, 26.88, 23.40 (CHj, ring).

6.2.5 Synthesis of aliphatic hyperbranched polymers (Al-hpu2)-OH1

11.1 g of IPDI (50 mmol) was dissolved in DMAc in a three-necked round bottom flask fitted
with thermometer, dropping funnel, and gas-inlet pipe. Dry N, was bubbled in the flask during
the reaction and the solution was cooled down to -5°C. The second monomer DIPA (6.65 g-
50 mmol) dissolved in DMAc was added at this low temperature dropwise until the whole
amount of the bishydroxyamine was charged into the flask, total amount of solvent is 59.2 g
(30 wt%). The ice bath was removed and the reaction proceeded until the temperature is
30°C then DBTL is added (0.01 g). The amount of NCO present in the solution was followed
by titration as mentioned before. The amount added DIPA as stopper is 0.74 g. The polymer

was precipitated in water, filtered, and dried in vacuum over P,0s

HO |(|>
: i : /\( }n ,hpu
Yield: 45.63%, white powder

'H NMR (DMSO-dg): 8 ppm = 7.02, 6.88, 6.57, 6.48, 6.42, 6.20, 6.05 (br, NH, urethane and
urea), 5.25 - 4.85 (OH), 4.75 (CH-OC(QO)), 3.9-3.7 (CH-OH, CHN, urea), 3.58 (CHN,
urethane), 3.4 - 2.95 (N-CH,, CH,NH, trans), 2.9 - 2.65 (CH,NH, cis), 1.7-0.7 (remaining CH,
and CHj of aliphatic ring system and CHj of reacted DIPA).

3C NMR (DMSO-dg): 6 ppm = 160.19, 159.96, 159.69, 159-158.4, 157.9 - 157.4, 156.8-
156.3, 155.3-154.8 (C=0, urea and urethane), 70 - 69 (CH-OC(QO)), 65.8 — 66.5 (CH-OH),
56.5-55 (N-CH,-CHOH), 55 - 53.5 (CH,-NH, cis), 53-51.5 (N-CH,-CHOC(O)), 48-45.5 (CH,-
NH, trans; CHy, ring), 43.95 (CHN, urethane), 43.41 (CHN, urea), 42.08 and 41.45 (CH,,
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ring), 36.8 - 35.5 (C, ring), 35.20, 35.08 (CHs, ring), 31.57, 31.44 (C, ring), 30.25, 27.61,
27.56, 27.01, 26.88, 23.40 (CHs, ring), 21.40, 21.25 (CH(OH)-CHj), 18.15 (CH(OC(O))-CH).

6.2.6 Synthesis of aliphatic hyperbranched polymers (Al-hpu3)-OH3

10.4 g of IPCI (50 mmol) was dissolved in DMAc in a three-necked round bottom flask fitted
with thermometer, dropping funnel, and gas-inlet pipe. Dry N, was bubbled in the flask during
the reaction and the solution was cooled down to -5°C. The second monomer DEA (5.25 g-
50 mmol) dissolved in DMAc was added at this low temperature dropwise until the whole
amount of the bishydroxyamine was charged into the flask, total amount of solvent is 52 g
(30 wt%). The ice bath was removed and the reaction proceeded until the temperature is
50°C then DABCO is added (0.01 g). The amount of NCO present in the solution was
followed by titration as mentioned before. The amount added DEA as stopper is 0.26 g. The

polymer was precipitated in water, filtered, and dried under high vacuum.

HO 0
N NH o)
N
8 NH n,hpu
Yield: 57.82%, white particles

'H NMR (DMSO-dg): & ppm = 7.06, 6.94, 6.75, 6.68 (NH, urethane), 6.40, 6.23, 5.99 (NH,
urea), 5.08 (t + |, OH related to CHs-urea), 4.84 (t + |, OH related to CHy.ans-urea), 4.79 (t + 1,
OH related to CHs-urea), 3.95 (CH,-OC(Q)), 3.77 (H4, cis, urea), 3.67 (H4, cis, urethane), 3.5
- 3.2 (CH2-OH; N-CHa; Hy, trans, urea), 3.05 - 2.85 (H4, trans, urethane; Hg), 2.0 - 0.8 (Ho-He,
Hz, Hs).

®C NMR (DMSO-dg): & ppm = 159.05, 159.02, 158.81, 158.42, 158.21, 157.76, 157.46
(C=0, urea), 156.15, 155.95, 155.79 (C=0, urethane), 62.5 — 62 (CH,-OC(0)), 60.76 (t + I,
CH,-OH related to CHs-urea), 60.35 (t + I, CH,-OH related to CHyans-urea), 60.19 and 60.16
(t + I, CH,-OH related to CH,-urea), 53.94, 53.38, 53.18, 53.07, 52.97 (C, trans), 50.75,
50.29, 50.24, 50.08 (N-CH,-CH,-OH), 49.46, 48.36, 48.16, 48.02 (C,, cis), 47-46 (N-CH,-
CH,-OC(0O), 42-41.4 (C, trans), 40.81, 40.76, 40.61, 40.56 (C,), 39.35, 38.82, (C,, cis), 33.8,
33.5, 31-24 (large number of signals, C3-Cg, C7, Cg).
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6.2.7 Synthesis of aliphatic hyperbranched polymers (Al-hpu4)-OH3

10.4 g of IPCI (50 mmol) was dissolved in DMAc in a three-necked round bottom flask fitted
with thermometer, dropping funnel, and gas-inlet pipe. Dry N, was bubbled in the flask during
the reaction and the solution was cooled down to -5°C. The second monomer DIPA (6.65 g-
50 mmol) dissolved in DMAc was added at this low temperature dropwise until the whole
amount of the bishydroxyamine was charged into the flask, total amount of solvent is 56 g
(30 wt%). The ice bath was removed and the reaction proceeded until the temperature is
30°C then DABCO is added (0.01 g), The reaction temperature is raised till 70°C and it was
proceeded for about 21 hours. The amount of NCO present in the solution was followed by
titration as mentioned before. The amount added DEA as stopper is 0.83 g then the polymer

is precipitated from water and dried under high vacuum till constant weight.

Yield: 52.78%, white powder

'H NMR (DMSO-dg): 8 ppm = 6.96, 6.83, 6.72, 6.63, 6.36, 6.3, 6.15, 6.09 (NH), 5.29, 5.15,
5.04, 5.00, 4.95, 4.9 (OH), 4.76 (CH-OC(0O)), 3.9 - 3.7 (CH-OH, H4, cis, urea), 3.67 (H, cis,
urethane), 3.5 - 3.05 (N-CH;, H4, trans, urea), 3.05 - 2.85 (H4, trans, urethane; Hg), 2.0 - 0.8
(Hz2-Hs, H7, Hg and CHj; of reacted DIPA).

*C NMR (DMSO-dg): & ppm = 160.03, 159.89, 159.64, 159.38, 159.13, 158.93, 158.35,
158.28, 157.93, 155.91, 155.68, 155.57 (C=0), 69.6 - 69 (CH-OC(O)), 66.48, 66.37, 66.18,
66.02, 65.88 (CH-OH), 56.46, 56.06, 55.89, 55.36 (N-CH,-CHOH), 53.88, 53.06, 54-1.5 (C;,
trans, N-CH,-CHOC(Q)), 49.5, 48.1, 46.9 (C4 cis), 42-41.4 (C, trans), 40.89, 40.57 (Cy),
39.5, 38.8, (C;, cis), 34.1, 33.6, 31.5 - 24 (large number of signals, C3-Cg, C7, Cg); 21.4, 21.3,
21.2, 21.1 (CH(OH)-CH3), 18.1 (CH(OC(Q))-CHj3).
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6.3 Synthesis of model compounds

6.3.1 Synthesis of model compounds based on 0- and p- tolyl monoisocyanate

Model compounds were prepared through the reaction of tolyl monoisocyanate isomers with
B.B* monomers in order to interpret NMR spectra of the hyperbranched polymers. The
method is nearly the same as in case of preparing the polymer but the ratio of the reactants
is 2:1 tolyl monoisocyanate : bishydroxyamine. The amount of tolyl monoisocyanate was
dissolved in THF and cooled down to -5°C; the slow addition of B*B, was started at this low
temperature. After complete addition the temperature was raised up to 50°C and DBTL was
added as a catalyst. The presence of NCO in the reaction mixture was followed by IR ( peak
of NCO- at 2270 cm™). After complete reaction the excess THF was removed by vacuum
distillation and the formed product mixture was investigated by NMR spectroscopy without
further purification. As an example for the amounts used, 3.33 g (25 mmol) of p-tolyl
monoisocyanate was reacted with 5.25 g (50 mmol) diethyamine in presence of 171.56 g of
THF (5 wt%) 0.01% DBTL was added.

R 1 R3 RS
+ HN 5 > 6 2
\—(Rf? 5 3
NCO e JOH
H O
OH 4 ! N/_f<R5 17
h \_f'<R50 H Q
' 112 16
e ‘0—C—
5(t,I,d): Rs=tlord;R4Rs=H 13 15
(substitution in position 12) 14

6(t,1,d): Rs3, Rs=H;Rs=t I, ord
(substitution in position 14)

5, 1,d): Rs=t1 ord;Rs=H; Rg=CHj,
(substitution in position 12)

6'(t,1,d): R3z=H;R4=t,1, ord; Rs=CHj
(substitution in position 14)

Yield: not determined

Model compounds prepared from o-tolyl isocyanate and p-tolyl isocyanate, resp., and DEA
5(t, 1, d) and 6(t, I, d) or DIPA 5'(t, |, d) and 6'(t, |, d):

1,1-Bis-(2-hydroxy-ethyl)-3-o-tolyl-urea (5t):

'H NMR (DMSO-dg): & ppm =8.29 (NH), 7.50 (H3), 7.11 (Hs), 7.08 (H,), 6.90 (Hs), 5.15 (OH),
3.61 (Hy), 3.41 (He), 2.18 (Hy).
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3C NMR (DMSO-ds): 3 ppm = 156.60 (C=0), 138.66 (C,), 130.1 (C¢), 128.57 (C4), 125.88
(C4), 122.50 (Cs), 122.07 (Cs), 60.26 (Cs), 50.55 (C.), 18.06 (C7).

o-Tolyl-carbamic acid 2-[1-(2-hydroxy-ethyl)-3-o-tolyl-ureido]-ethyl ester (5I):

'H NMR (DMSO-dg): 8 ppm = 8.84 (NH, urethane), 8.21 (NH, urea), 7.43 (Hs), 7.34 (Hi3),
7.17 (Hg), 7.13 (H14), 7.12 (Hs), 7.08 (H4), 7.03 (H+s5), 6.94 (Hs), 5.42 (OH), 4.22 (Hy), 3.64
(Hy), 3.59 (Hg), 3.48 (Hc), 2.20 (Hq7), 2.17 (Hy).

*C NMR (DMSO-dg): & ppm = 156.22 (C=0, urea), 154.37 (C=0, urethane), 138.41 (C,),
136.39 (C+2), 131.8 (C14), 130.3 (C+6), 130.1 (Cp), 129.75 (C4), 126.0 (C14), 125.84 (Cy4), 124.9
(C1s, Cis), 123.15 (C3), 123.10 (Cs), 62.58 (Cp), 60.55 (Cy), 50.75 (Ce), 46.63 (Cy), 18.03 (C7),
17.78 (C17).

1,1-Bis-(2-o-tolylcarbamoyloxy-ethyl)-3-o-tolyl-urea (5d):

'"H NMR (DMSO-dg): & ppm = 8.86 (NH, urethane), 7.88 (NH, urea), 7.33 (Hi3), 7.22 (Hs),
717 (Hsg), 7.13 (H14), 7.12 (Hs), 7.09 (Hs), 7.03 (H+s5), 7.02 (Hs), 4.24 (Hp), 3.66 (Hg), 2.19
(H17), 2.16 (H7).

*C NMR (DMSO-dg): & ppm = 155.33 (C=0, urea), 154.39 (C=0, urethane), 137.85 (C,),
136.32 (Cqz), 133.31 (C4), 131.8 (C4q), 130.3 (C16), 130.1 (Cg), 126.33 (C3), 126.0 (C14),
125.74 (C4), 124.9 (Cy3, C15), 124.74 (Cs), 62.64 (Cy), 46.82 (Cy), 17.94 (C7), 17.75 (Cy7).

1,1-Bis-(2-hydroxy-ethyl)-3-p-tolyl-urea (6t):

'H NMR (DMSO-dg): 8 ppm = 8.52 (NH), 7.23 (Has), 7.02 (Hae), 5.04 (OH), 3.58 (Hy), 3.40
(He), 2.23 (Hy).

3C NMR (DMSO-ds): 8 ppm = 156.60 (C=0), 138.10 (C,), 130.23 (C,), 128.83 (Cys), 119.22
(Cass), 60.25 (Cy), 50.48 (C,), 20.35 (Cy).

p-Tolyl-carbamic acid 2-[1-(2-hydroxy-ethyl)-3-p-tolyl-ureido]-ethyl ester (6l):

"H NMR (DMSO-ds): 6 ppm =9.51 (NH, urethane), 8.48 (NH, urea), 7.33 (H13/15), 7.27 (Hzs),
7.07 (Hi1216), 7.02 (Hzs), 5.20 (OH), 4.19 (Hn), 3.61 (Hf, Hg), 3.47 (He), 2.23 (H7, Hy7).

3C NMR (DMSO-dg): 8 ppm = 155.66 (C=0, urea), 153.56 (C=0, urethane), 137.93 (C,),
136.60 (C14), 131.31 (C44), 130.49 (C4), 129.12 (Cyz16), 128.78 (Cyp), 119.64 (Cys5), 118.47
(C1ans), 62.44 (Cy), 60.41 (Cy), 50.38 (Ce), 46.64 (Cy), 20.35 (C7, Cy7).
1,1-Bis-(2-p-tolylcarbamoyloxy-ethyl)-3-p-tolyl-urea (6d):

'H NMR (DMSO-dg): & ppm = 9.51 (NH, urethane), 8.24 (NH, urea), 7.33 (H1s1s), 7.33 (Has),
7.07 (Hiz116), 7.02 (Hzs), 4.22 (Hp), 3.69 (Hy), 2.23 (H7, Hq7).

*C NMR (DMSO-dg): & ppm = 154.97 (C=0, urea), 153.56 (C=0, urethane), 137.68 (C,),
136.51 (C44), 131.38 (C44), 130.90 (C4), 129.12 (Cyz16), 128.66 (Co), 120.48 (Css5), 118.47

(C1s15), 62.44 (Cy), 46.55 (Cy), 20.35 (Cr, Co7).
112



EXPERIMENTAL PART

Selected 'H and "*C NMR signal assignments for 5'(t, I, d) and 6'(t, I, d):

5't: '"H NMR (DMSO-dg): 8 ppm = 8.54 and 8.48 (NH), 5.26 (OH), 3.95 (CH-OH).

3C NMR (DMSO-dg): 8 ppm = 157.27 and 156.99 (C=0), 66.08 and 65.93 (CH-OH), 56.18
and 55.86 (N-CH,), 21.29 and 21.18 (CH-CHa).

51: '"H NMR (DMSO-dg): 8 ppm = 8.74 (NH, urethane), 8.36 and 8.35 (NH, urea), 5.57 and
5.53 (OH), 5.09 (CH-OC(0)), 3.95 (CH-OH).

3C NMR (DMSO-dg): & ppm = 156.55 and 156.46 (C=0, urea), 154.09 and 154.05 (C=0,
urethane), 69.87 and 69.79 (CH-OC(0O)), 66.42 and 66.08 (CH-OH), 55.84 (N-CH,, e), 52.54
and 52.02 (N-CH,, €’), 21.24 and 21.10 (CH(OH)-CHs).

5'd: "H NMR (DMSO-ds): 5 ppm = 8.74 (NH, urethane), 7.82 (NH, urea), 5.09 (CH-OC(0)).
3C NMR (DMSO-dg): & ppm = 155.46 and 155.27 (C=0, urea), 154.14 and 154.11 (C=0,
urethane), 69.79 and 69.45 (CH-OC(0)), 52.29 and 51.88 (N-CH,).

6't: "H NMR (DMSO-ds): 5 ppm =8.86 and 8.79 (NH), 5.20 and 5.18 (OH), 3.91 (CH-OH).

3C NMR (DMSO-dg): & ppm = 156.69 and 156.58 (C=0), 66.12 and 65.99 (CH-OH), 56.11
and 55.86 (N-CH,), 21.25 and 21.16 (CH-CHa).

6'l: '"H NMR (DMSO-d;): 8 ppm = 9.43 (NH, urethane), 8.65 (NH, urea), 5.36 (OH), 5.03 (CH-
OC(0)), 3.91 (CH-OH).

3C NMR (DMSO-dg): & ppm = 156.04 and 155.93 (C=0, urea), 153.31 and 153.26 (C=0,
urethane), 69.79 and 69.50 (CH-OC(O)), 66.37 and 66.12 (CH-OH), 55.66 and 55.45 (N-
CHy, e), 52.57 and 52.00 (N-CH,, €’), 21.25 and 21.09 (CH(OH)-CH;), 18.08 and 18.05
(CH(OC(0))-CHj).

6'd: "H NMR (DMSO-dg): 8 ppm = 9.43 (NH, urethane), 8.22 and 8.20 (NH, urea), 5.03 (CH-
OC(0)).

3C NMR (DMSO-dg): & ppm = 155.14 and 155.04 (C=0, urea), 153.31 and 153.29 (C=0,
urethane), 69.50 and 69.33 (CH-OC(0)), 51.96 and 51.73 (N-CH,), 17.98 and 17.97 (CH-
CHj).
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6.3.2 Synthesis of model compounds for substitution pattern

A model reaction was prepared in order to study the reactivity of ortho and para NCO groups
towards both amino and OH groups. 10 mmol of TDI was dissolved in THF and charged in
three-necked flask under N, gas and cooled down to —5°C. N,N-diethylamine (10 mmol) was
mixed with ethanol (20 mmol) and dissolved in THF. The mixture was dropped over TDI in
the period of 30 min. The overall concentration of the solution was 30 wt-%. The temperature
was raised up to 30°C and the solution was stirred with a magnetic stirrer and left until the
reaction of TDI with both N,N-diethylamine and ethanol was completed. The presence of
NCO groups was followed by IR. After completion of the reaction, the excess THF was

removed under high vacuum and the product was analyzed by NMR without further

purification.
7
a b
H O
NCO 1 o
/ / Ri X= N—C—N
+ HN + HO —— 6 2 ~—
° f HO d
NCO ! v= N—t-0—"
2 [}
1: R1 = Rg =X
2: R1 = X; Rg =Y
3: R1 =Y,; R2 =X
4: R1 = R2 =Y
Yield: not determined

'H and *C NMR signal assignments for model compounds 1 - 4 prepared from TDI, ethanol
and N,N-diethyl amine:

3-[5-(3,3-Diethyl-ureido)-2-methyl-phenyl]-1,1-diethyl-urea (1; R = R, = urea):

'H NMR (DMSO-dg): 8 ppm = 8.00 (NH; Ry), 7.58 (NH; Ry), 7.35 (Hs), 7.19 (Hs), 6.98 (Hs),
3.32 (Ha; R4/Ry), 2.085 (H7), 1.10, 1.08 (Hp; R4/Ry).

3C NMR (DMSO-dg): & ppm = 154.97 (C=0; R;), 154.50 (C=0; Ry), 138.52 (C,), 137.87 (C»),
129.22 (Cq), 126.40 (C4), 118.45 (C3), 116.47 (Cs), 40.55, 40.51 (C,; R4/Ry), 17.28 (Cy),
13.95 (Cy; Ri/Ry).

[3-(3,3-Diethyl-ureido)-4-methyl-phenyl]-carbamic acid ethyl ester (2; Ry = urea, R, =
urethane):

'H NMR (DMSO-dg): 8 ppm = 9.41 (NH; Ry), 7.65 (NH; Ry), 7.34 (Hs), 7.13 (Hs), 7.03 (He),
4.10 (Hc), 3.32 (H,), 2.08 (H7), 1.23 (Hg), 1.08 (Hy).
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3C NMR (DMSO-dg): & ppm = 154.93 (C=0; R+), 153.57 (C=0; R,), 138.43 (C,), 137.01 (C,),
129.81 (Cg), 127.26 (C4), 116.60 (C3), 114.72 (Cs), 60.13 (C.), 40.60 (C,), 17.33 (C;), 14.58
(Cq), 13.93 (Cy).

[5-(3,3-Diethyl-ureido)-2-methyl-phenyl]-carbamic acid ethyl ester (3; Ry = urethane, R, =
urea):

'H NMR (DMSO-dg): 8 ppm = 8.67 (NH; Ry), 8.05 (NH; Ry), 7.48 (Hs), 7.20 (Hs), 7.00 (He),
4.10 (H.), 3.32 (Ha), 2.105 (H7), 1.23 (Hg), 1.08 (Hy).

3C NMR (DMSO-dg): 8 ppm = 154.50 (C=0; R;), 154.43 (C=0; R;), 138.82 (C,), 136.04
(C2), 129.59 (Cs), 124.92 (C4), 116.96 (C;), 116.90 (Cs), 60.04 (C.), 40.53 (C,), 17.11 (Cy),
14.67 (Cq), 13.93 (Cy).

(5-Ethoxycarbonylamino-2-methyl-phenyl)-carbamic acid ethyl ester (4; Ry = R, = urethane):
'H NMR (DMSO-dg): 8 ppm = 9.47 (NH; Ry), 8.72 (NH; Ry), 7.49 (Hs), 7.15 (Hs), 7.05 (Hs),
4.10 (He; R1/RR), 2.11 (H7), 1.23 (Hg; R1/Ry).

3C NMR (DMSO-d): & ppm = 154.34 (C=0; R;), 153.58 (C=0; Ry), 137.29 (C,), 136.55 (C),
130.21 (Cg), 125.62 (C4), 115.05, 115.00 (C3 / Cs), 60.15, 60.05 (C.; R4/Ry), 17.15 (Cy),
14.63, 14.58 (Cg4; R1/Ry).

6.3.3 Synthesis of model compounds based on the reaction of IPDI with N,N-

diethylamine and ethanol

A model reaction was prepared in order to study the reactivity of both primary and secondary
isocyanate groups toward amino and hydroxyl groups through the reaction of IPDI with
N,N.diethylamine and ethanol. 5 mmol of AA* aliphatic monomer was dissolved in THF and
charged in three-necked flask under N, gas and cooled down to -5°C. N,N-diethyl amine (10
mmol) was dropped over AA*monomer solution in the period of 30 min. The overall
concentration of the solution was 30 wt%. The temperature was raised up to 30°C and 3
drops of DBTL as catalyst was added. The solution was stirred with a magnetic stirrer and
left until the reaction of AA* with N,N-diethyl amine was completed. The presence of NCO
groups was followed by IR. After completion of the reaction, the excess THF was removed
under high vacuum. The same procedure was made but by using methanol solution (10
mmol) instead of N,N-diethyl amine. The reaction products in each case were analyzed by

NMR without further purification.

Selected 'H and "*C NMR signal assignments for model compounds 1 and 2 prepared from

IPDI and N,N-diethyl amine and ethanol, respectively.
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v g 1
N—C—N(CH,CHj3), N—C—OCH,CH;
3 3
CHj CHs H O CHs CHs H O
| L
CHs CH,—N—C—N(CH,CHs),  CHs CH,;—N—C—OCH,CHj
4 5 6 4 56
. 2

1: 'TH NMR (DMSO-ds): 8 ppm = 5.93 (t, 5is), 5.65 (d, 2cis), 5.63 (d, 24rans), 5.58 (1, Syans), 3.79
(16is), 3.73 (Mtrans), 3-17 (4trans), 2.81 (4dis).

"3C NMR (DMSO-de): 5 ppm = 156.93 (is), 156.77 (Byans), 155.50 (3Cis), 155.42 (3irans), 53.68
(4is), 46.11 (4yrans), 43.44 (1yrans), 43.30 (1cis)-

2: '"H NMR (DMSO-dg): & ppm = "H: 7.03 (t, 54s), 6.90 (d, 2is), 6.87 (1, Syans), 6.85 (d, 2irans)
(major rotamers), 6.8-6.4 (broad signals due to the minor rotamers of 2 and 5), 3.57 (14s),
3.55 (1trans), 3.10 and 2.99 (4yans), 2.71 (4¢is).-

3C NMR (DMSO-dg): 8 ppm = 157.08 (6is), 156.99 (Birans), 156.33 (3irans), 156.10 (3is), 54.26
(4cis), 47.53 (4trans), 43.85 (1irans @and 1is).

6.3.4 Synthesis of model compounds based on cyclohexylisocyanate and DEA

3.75 g cyclohexylisocyanate (0.03 mmol) was dissolved in THF and cooled down to -5°C; the
slow addition of 1.57 g DEA (0.015 mmol) dissolved in THF was started at this low
temperature, the whole amount of solvent is 53 g. After complete addition the temperature
was raised up to 50°C and 0.01% of DBTL was added as a catalyst. The presence of NCO in
the reaction mixture was followed by IR ( peak of NCO- at 2270 cm™). After complete
reaction the excess THF was removed by vacuum distillation and the formed product mixture

was investigated by NMR spectroscopy without further purification.

H O H O e
[l € I f
OHorflon), O,
2 y T
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Selected 'H and *C NMR signal assignments for model compounds (t, I, d) prepared from

cyclohexylisocyanate and DEA..

t: 'H NMR (DMSO-ds): 6 ppm =6.12 (d, NH), 4.87 (OH), 3.47 (f), 3.39 (CH), 3.25 (e).

*C NMR (DMSO-ds): & ppm =158.00 (C=0), 60.31 (f), 50.27 (e), 48.65 (CH).

l: '"H NMR (DMSO-dg): 6 ppm = 7.02 and 6.76 (NH, urethane, major and minor rotamer), 6.02
(d, NH, urea), 4.87 (OH), 3.95 (f), 3.47 (f), 3.40 (CH, urea), 3.38 (¢’), 3.25 (e; CH, urethane).
3C NMR (DMSO-ds): & ppm = 157.20 (C=0, urea), 155.34 (C=0, urethane), 62.04 (f), 60.31
(), 50.17 (e), 49.46 (CH, urethane), 48.87 (CH, urea), 46.54 (e’).

d: '"H NMR (DMSO-dg):  ppm = 7.02 and 6.76 (NH, urethane, major and minor rotamer),
5.89 (d, NH, urea), 3.95 (f), 3.40 (CH, urea), 3.38 (¢’), 3.25 (CH, urethane).

*C NMR (DMSO-dg): 8 ppm = 156.30 (C=0, urea), 155.34 (C=0, urethane), 62.04 (f), 49.46
(CH, urethane), 49.20 (CH, urea), 46.54 (¢’).

6.4 modification of hyperbranched polymers

6.4.1 Modification of (Ar-hpul)-OH2 with Ph-NCO

2 g of polymer (Ar-hpu1)-OH2 (5.6 mmol OH) was dried carefully and dissolved in DMAc and
reacted with 2.04 g of Ph-NCO (5.6 mmol ) for 3 hours at room temperature. The reaction
was followed through noticing the vanishing of the NCO-group using IR. The modified

polymer is precipitated from water, filtered and dried under high vacuum.

Il-l 0—C—N—Ph

Il

AN N e l(le

2 \ (
5 3 O—C—N—Ph
4 n,hpu | |
% N—H
| o H
] V0
Ph— N—CT ©
Yield: 60.4%, white powder

'H NMR (DMSO-dg): & ppm = 9.46 and 9.37 (NH, urethane, para to CHs), 9.4-8.6 (NH,
urethane, ortho to CH3 and NH, urea), 8.65 (NH, diphenyl urea by-product), 8.6-8.1 (NH,

117



EXPERIMENTAL PART

urea), 7.85 (NH, urea, d,), 7.65-7.35 (Hs), 7.35-6.9 (Hs ,Hs ), 4.2 (CH-OC(O)), 3.8 - 3.2 (N-
CH,), 2.11, 2.08 (Ar-CHs), 1.21 (CH(OC(O))-CHs).

6.4.2 Modification of (Ar-hpul)-OH2 with Bu-NCO

1 g of polymer (Ar-hpu1)-OH2 (2.85 mmol OH) was dried carefully and dissolved in DMAc
and reacted with 0.56 g of Bu-NCO (5.7 mmol ) in presence of DABCO as catalyst (0.01%)
for 3 hours at room temperature. The reaction was followed through noticing the vanishing of
the NCO-group using IR. The modified polymer is precipitated from water, filtered and dried

under high vacuum.

7
0—C—N— (CHy )~ CHs

iy

N=
=0
H o N
) B\l\)\b
CHa— (CH2)—N—CT ©
3

Yield: 74.35%, white powder

'H NMR (DMSO-dg): & ppm = 9.46 and 9.37 (NH, urethane, para to CH3), 9.4-8.6 (NH,
urethane, ortho to CH; and NH, urea), 8.6-8.1 (NH, urea), 7.85 (NH, urea, d,), 7.65-7.35 (H3),
7.35-6.9 (Hs ,Hs ), 5.6 (aliphatic amine; by-product), 4.2 (CH-OC(O)), 2.1 (CH3; aromatic), 0.8
(Hy).

6.4.3 Modification of (Ar-hpul1)-OH2 with St-NCO

1 g of polymer (Ar-hpu1)-OH2 (2.85 mmol OH) was dried carefully and dissolved in DMAc
and reacted with 1.68 g of St-NCO (2.85 mmol ) in presence of DABCO as catalyst (0.01%)
for 24 hours at room temperature. The solution was turbid white after 3 hours of the reaction.
The reaction was followed through noticing the vanishing of the NCO-group using IR

spectroscopy. The precipitated modified polymer was filtered and dried under high vacuum.
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7 8
T o) O—C—N—CHy— (CHz),5~ CHs
N | N/—< 1|
6 5 ¢ o
5 3 (6] — St
4 n.hpu

H
T

N—H
I o H

H o % g=o

L~
st—N—cT©
Yield: 75.37%, white powder

'"H NMR (mixture of CD5;Cl and DMSO-dg):  ppm = 9.46 and 9.37 (NH, urethane, para to
CHs3), 9.4-8.6 (NH, urethane, ortho to CH3; and NH, urea), 8.6-8.1 (NH, urea), 7.85 (NH, urea,
do), 7.65-7.35 (H3), 7.35-6.9 (Hs ,He), 5.6 (aliphatic amine; by-product), 4.4 (CH-OC(O)), 3.5
(H7), 2.95 (aliphatic urea; by-product), 2.1 (CH; aromatic), 1.8: 0.8 (Hs and alky protons)

6.4.4 Modification of (Al-hpul)-OH2 with Ph-NCO

2.015 g of polymer (Al-hpu1)-OH2 (8.8 mmol OH) was dried carefully and dissolved in DMAc
and reacted with 1.048 g of Ph-NCO (8.8 mmol), in presence of 0.01% DBTL, for 3 hours at
40°C. The reaction was followed through noticing the vanishing of the NCO-group using IR.

The modified polymer is precipitated from water, filtered and dried under high vacuum.

N N
i ﬁ/ —
ph—N—C—0 H
—~ Ny\N‘"
N

H VIA
o H
© |

O —0-C—N—Ph
~ n,hpu
Yield: 2.48 g (80.96%, white powder)

'H NMR (DMSO-dg): 5 ppm= 6.73 (NH, CH,-urethane, cis), 6.58 (br, NH, CH,-urethane, trans
and CH-urethane, cis / trans), 6.17 (t), 6.07 (t, I, ), 5.90 (dy, dc) (NH, CH.-urea), 5.80, 5.76,
5.67 (NH, CH-urea), 4.15 (CH,-O(CO)NH-Ph), 4.03 (CH,-OC(O)), 3.8 (CHN, urea), 3.63
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(CHN, urethane), 3.42 (N-CH»-CH,-OC(0)), 3.2-3.1 (trans-CH,N, urea and urethane), 2.95 -
2.70 (cis-CH2N, urea and urethane), 1.8-0.8 (remaining CH, and CHj; of aliphatic ring

system).

6.4.5 Modification of (Al-hpul)-OH2 with Bu-NCO

2.77 g of polymer (Al-hpu1)-OH2 (8.8 mmol OH) was dried carefully and dissolved in DMAc
and reacted with 0.89 g of Ph-NCO (9.0 mmol), in presence of 0.01% DBTL, for 3 hours at
40°C. The reaction was followed through noticing the vanishing of the NCO-group using IR.

The modified polymer is precipitated from water, filtered and dried under high vacuum.

N N
(6]
I /_/ _
CH3— (CHz)— CH,— ,\ch 0
/H N N
N
Y ~
O H
© ||
O —-0—C—N— CHy— (CH,),—CH,
Yield: 72.4%, white powder "

"H NMR (DMSO-ds): 8 ppm= 6.73 (NH, CH,-urethane, cis), 6.58 (br, NH, CHx-urethane, trans
and CH-urethane, cis / trans), 6.17 (1), 6.07 (t;, I, i), 5.90 (di, d;) (NH, CH,-urea), 5.80, 5.76,
5.67 (NH, CH-urea), 4.03 (CH,-OC(Q)), 3.8 (CHN, urea), 3.63 (CHN, urethane),.4.2 (N-CH,-
CH,-0C(0)), 3.2 - 3.1 (trans-CH2N, urea and urethane), 2.95 - 2.70 (cis-CH3N, urea and
urethane), 1.8 - 0.8 (remaining CH, and CHj; of aliphatic ring system and aliphatic groups of

the modifier).

6.4.6 Modification of (Al-hpul)-OH2 with St-NCO

2.038 g of polymer (Al-hpu1)-OH2 (8.9 mmol OH) was dried carefully and dissolved in DMAc
and reacted with 2.64 g of St-NCO (9.0 mmol), in presence of 0.01% DBTL, after 1 hour a
white precipitate is formed. The reaction proceeded for 3 hours at 40°C and was followed
through noticing the vanishing of the NCO-group using IR. The modified polymer is

precipitated from water, filtered and dried under high vacuum
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CHy— (CHy)— CH,—N—C__ o o
H .
N N /
H ‘c‘> /_/
CHz— (CH)— CH,— n‘lfcf o N
/H N N\P
N
W/O _/_
O H
° ||
O 1 0—Cc—N—CH,— (CH2)1; CH,
“n
Yield: 56.64%, white powder

'H NMR (DMSO-ds +CDCls): & ppm= 6.73 (NH, CH,-urethane, cis), 6.58 (br, NH, CH,-
urethane, trans and CH-urethane, cis / trans), 6.17 (t;), 6.07 (t, I, k), 5.90 (d;, dc) (NH, CHz-
urea), 5.80, 5.76, 5.67 (NH, CH-urea), 4.03 (CH,-OC(O)), 3.8 (CHN, urea), 3.63 (CHN,
urethane), 3.53 (CH,-OH), 3.42 (N-CH»-CH,-OC(O)), 3.2-3.1 (trans-CH;N, urea and
urethane), 2.95 -2.70 (cis-CH3N, urea and urethane), 1.8-0.8 (remaining CH, and CHj; of

aliphatic ring system and alkyl chain).

6.5. Synthesis of linear polymers

6.5.1 Synthesis of aromatic linear polymer based on TDI and 2-ethanol mine.

Linear aromatic polymers were prepared using TDI and 2-EA by weighing 4.35 g (25
mmol) TDI with 1.53 g (25 mmol) 2-EA under inert atmosphere at -5°C. The amount of
solvent used is 19.59 g (30 wt%) The hydroxyl amine was added to the diisocyanate
dropwise in time period of about one hour until the whole amount is finished. The
temperature was raised to 30°C in second step. The reaction proceeded under stirring under
inert gas. The amount of NCO was followed by titration. The linear polymer was precipitated

from water giving white powder, dried carefully in vacuum and finally characterized.
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8 9
N —CH,CH>OH

Stopper
3N —pH pp

6
0) H
|I| I | 5 4 |
N—C— NCH2H,C— 0—C =0
O
Il

H—+ O—CH2CHz— NH— C—N-H

Yield: 55.8%, white powder
'H NMR (DMSO-ds): 8 ppm= 2.1 (H1), 3.14 (H7), 3.45 (H8), 4.11 (H4), 4.69, 4.72 (H9), 6.12
(NH CHo,, o-position), 6.68 (NH-CH,, p-position), 6.9: 7.7 (H aromatic ring), 8.2 (H2), 8.5(H6),

9.51 (H3).

6.5.2 Synthesis of aromatic linear polymer based on IPDI and 2-ethanol mine.

11.1 g of IPDI (50 mmol) was reacted with 3.05 g 2-EA (50 mmol) under inert atmosphere at
-5°C. The amount of solvent used is 47 g (30 wt%) The hydroxyl amine was added to the
diisocyanate dropwise in time period of about one hour until the whole amount is finished.
The temperature was raised to 30°C in second step. The reaction proceeded under stirring
under inert gas. The amount of NCO was followed by titration. The linear polymer was

precipitated from water giving white powder, dried carefully in vacuum and finally

characterized.
Ho O H!
‘ I
H CH,CH7—N——C——N
2 5
0 H
P o
N——C—O CHCH,— N
n
Yield: 65.2%, white powder
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'H NMR (DMSO-dg): 8 ppm= 0.8-1.8 (remaining CH, and CH; of aliphatic ring system and
alkyl chain), 3.19 (H4), 3.36 (CH; OH), 3.89 (H3), 4.62 (H6), 5.84 (H1), 7.0 (H2).

6.6 Preparation of cross-linked polymer.

Preparation of cross-linked polymer (aliphatic network) was carried out through the reaction
of 2.1 g (11 mol) BASONAT HI 100 (NCO content of 22 wt%), obtained from BASF, with 3 g
(Al hpu1)-OH3 (11 mol). 50 wt% solid content was used as concentration in DMF. 0.01%
DBTL catalyst was added. The reaction was stirred for 30 min before blading on glass using
gap size 600 um. The formed network was dried in vacuum oven at 70°C, then it was

characterized.
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7- LIST OF SYMBOLS AND ABBREVIATIONS

AFM
COsY
°C

DB
DEA
DBA
DIPA
DMA
DMAc
DMF
DMSO
DSC
EA
FT-IR

GC-MS
GPC

HMBC
HPU
Hz

i.e.

IPCI
IPDI

LiCl
LM
LS
MG
min
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Atomic Force Microscopy

Correlation spectroscopy

temperature in degrees Celsius
dendritic subunit

Degree of branching

Diethanol amine

Dibutyl amine

Diisopropanol amine

dynamic mechanical analysis
Dimethylacetamide

Dimethylforamide

Dimethylsulfoxide

Differential Scanning Calorimetry
Ethanol amine

Fourier Transform Infrared Spectroscopy
gram
storage modulus

Gas Chromatography-Mass Spectroscopy
Gel Permeation Chrromatography

hour

Hydroneuclear Multiple Bond Correlation
Hyperbranched poly(urea-urethane)
Herz

that is (Latin: id est)

Infrared Spectroscopy
2(3-isocyanatopropyl) cyclohexylisocyanate
isophorone diisocyanate

coupling constant

linear subunit

Lithium chloride
Light Microscope

Light Scattering

Micro Glider

minute



LIST OF SYMBOLS AND ABBREVIATIONS

mmol
ml

M
mol
Mpa
My
Mw/M,
nm
NMR
PDI

ppm

RI
RIM
SEC

sec

TDI
TGA

wit%

O
Ysv

*

um

OB

€

millimole

milliliter

number average molecular weight
mole

megapascale

weight average molecular weight
polydispersity

nanometer

Neuclear Magnatic Resonance
polydispersity index

part per million

surface roughness

Refractive Index

Reaction Injection Molding
Size Exclusion Chromatography
second
Temperature

terminal subunit

2,4 toluylene diisocyanate
Thermo Gravimetric Analysis
glass transition

weight per cent

relative viscosity

frequency
Contact angle

advanced contact angle
interfacial tension of solid-vapour interface
complex viscosity

isoelectric point

micrometer

tensile modulus

stress at break

elongation at break

125



REFERENCES

8- REFERENCES

1- M. Szycher, “ Opportunities in Polyurethane Elastomers: Industrial and Medical
Applications,” Technomic Seminar, MA, June 13, 1989.

2- P. J. Flory In: Principles of polymer chemistry, Ch. 9, 1952, Cornell University Press,
Ilthaca, New York.

3- D. A. Tomalia, H. Baker, J. Dewald, M. Hall, G. Kallos, J. R. Martin, J. Ryder, P. Smith,
Poly. J. 1985, 17, 117.

4- G. R. Newkome, Z. Yao, G. R. Baker, V. K. Gupta, J. Org. Chem. 1985, 50, 2003

5- F. Zeng, S. C. Zimmerman, Chem. Rev. 1997, 97,1681

6- D. A. Tomalia, H. Baker, J. Dewald, M.Hall, G. Kallo, J. R. Martin, J. Roceck, J. Ryder, P.
Smith, Macromolecules 1986, 19, 2466.

7- D. A. Tomalia, D. M. Hedstrand, M. S. Ferretto, Macromolecules 1991, 24, 435.

8- E. M. M. de Brabander.van den Berg, E. W. Meijer, Angew. Chem. Int. Ed. Engl. 1993,
32, 308.

9- E. M. M. de Brabander.van den Berg, A. Nijenhuis, S. van den Wal, M. Castelijns, J. Put,
E. W. Meijer, Macromol. Symp. 1994, 77, 51.

10- C. J. Hawker, J. M. J. Fréchet, J. Am. Chem. Soc. 1990, 112, 7638.

11- C. J..Hawker, J. M. J. Fréchet, J. Chem. Soc. Chem. Commun. 1990, 1010.

12- C. J. Wooley, C. J. Hawker, J. M. J. Fréchet , J. Chem. Soc. Perkin. Trans. 1991, 1,
1059.

13- T. M. Miller, E. W. Kwock, T. X. Neenan, Macromolecules 1992, 25, 3143.

14- C. J. Hawker, J. M. J. Fréchet, J. Chem. Soc. Perkin. Trans. 1992, 1, 2459.

15- A. Buyle Padias, H. K. Hall, D. A. Tomalia, J. R. McConnell, J. Org. Chem. 1987, 52,
5305.

16- 1. lhre, A. Hult, E. Séderlind, J. Am. Soc. 1996, 27, 6388.

17- G. R Newkome, C. N. Moorefield, G. R. Baker, A. L. Johnson, A. L. Behera, Angew.
Chem. Int. Ed. Engl. 1991, 30, 1176.

18- G. R. Newkome, C.N. Moorefield, G. R. Baker, M. J. Saunders, S. H. Grossman, Angew.
Chem. Int. Ed. Engl. 1991, 30, 1178.

19- T. M. Miller, T. X. Neenan, R. Zayas, H. E. Bair, Am. Chem. Soc. 1992, 114, 1018.

20- A. W. van der Made, P. W. N. M. van Leeuwen, J. Chem. Soc. Chem. Commun. 1992,
1400.

21- N. Launay, A. M. Caminade, J. P. Majoral, J. Am. Chem. Soc. 1995, 117, 3282.

22-Y. H. Kim, O. W. Webster, J. Am. Chem. Soc. 1990, 112, 4592.

23-Y. H. Kim, O. W. Webster, Macromolecules 1992, 25, 5561.

126



REFERENCES

24-Y. H. Kim, R. Beckenbauer, Macromolecules 1994, 27, 1968.
25- D. A.Tomalia, J. M. J. Fréchet, J. polym. Sci.: Part A: Polym. Chem. 2002, 40, 2719.
26- D. J. Massa, K. A. Shrriner, S. R. Turner, B. I. Voit, Macromolecules 1995, 28, 3214.
27- O. Monticelli, C. Clausnitzer, D. Oliva, S. Russo, P. Pétschke, B. Voit, Macromol. Mater.
Eng. 2003 accepted.
28- E. P. Squiller, J.W. Rosthauser, “ Catalysis in Aliphatic Isocyanate-Alcohol Reactions”.
Water-Borne and Higher Solids Coatings Symposium, New Orleans Feb. 1987, 460.
29- 1. S. Bechera, F. P. Caroll, “ Unusual Catalysis foe Flexible Urethane Foams”, J. Cellular
Pastics 1980, March/ April.
30- J. E. Kresta, C. S. Shen, S. I. Lin, ” Steric and Solvation Effects in Catalysis of
Urethanes”, Soc. Plast. Eng., Tech. Pap. 1979, 25, 435.
31- E. M. Spyrou, Farbe & Lack 2000, 106, 126.
32- S. C. Reegen, K. C. J. Frisch, Polym. Sci. A-1 part 1970, 2883.
33- R. A. Martin, K. L. Hoy, R. H. Peters, Ind. Eng. Chem. Prod. Res. Dev. 1967, 6 (4) 218.
34- C. M. Thompson, G. Taylor Sue, W. W. Mcgee, J. Polym. Sci. part A: Polym. Chem.
1990, 28 (2) 333.
35- 1. Yilgor, J. E. Mcgrath, J. Appl. Poly. Sci. 1985, 30, 1733.
36- N. Luo, Wang De-Ning, S. K. Yang, J. Appl. Poly. Sci. 1996, 61, 367.
37- P. J. Flory, J. Am. Chem. Soc. 1941, 63, 3083.
38- P. J. Flory, J. Am. Chem. Soc. 1941, 63, 3091.
39- P. J. Flory, J. Am. Chem. Soc. 1941, 63, 3096.
40- P. J. Flory, J. Phys. Chem. 1949, 17, 303.
41- E. Buhleier, W. Wehner, F. Végtle, Synthesis 1978, 155.
42- R. G. Denkewalter, J. F. Kolc, W. J. Lukasavage, US Pat. 4, 410, 688 (Oct. 18, 1983).
43- S. M. Aharoni, C. R. Crosby lll, E. K. Walsh, Macromolecules 1982, 15, 1093.
44- D. A. Tomalia, H. Baker, J. Dewald, M. Hall, G. Kallos, J. R. Martin, J. Roeck, J. Ryder,
P. Smith, Polym. J. 1985, 17, 117.
45- C. Worner, R. Mulhaupt, Angew. Chem. 1993, 105, 1367; Angew. Chem. Int. Ed. Engl.
1993, 32, 1306.
46- E. Buhleier, W. Wehner, F. Végtle, Snthesis 1978, 155.
47- R. J. Bergeron, J. R. Garlich, Synthesis 1984, 782.
48- M. H. P. van Genderen, M. W. P. L. Baars, J. C. M. van Hest, E. M. M. de Brabander-van
den Berg, E. W. Meijer, Recl. Trav. Chim. Pays-Bas. 1994, 113, 573.
49- A. M. Naylor, W. A. Goddard Ill, Polym. Preprints 1988, 29 (1) 215.
50- D. A. Tomalia, V. Berry, M. Hall, D. M. Hedstrand, Macromolecules 1987, 20, 1164.
51- P. B. Smith, S. J. Martin, M. J. Hall, D. A. Tomalia, in Applied polymer analysis and
characterization, (Ed.: Mitchell, Jr.), Hansen, New York 1987, p. 357.

127



REFERENCES

52- A. M. Naylor, W. A. Goddard Ill, G. E. Kiefer, D. A. Tomalia, J. Am. Chem. Soc. 1989,
111, 2339.

53- D. A. Meltzer, D. A. Tirrell, A. A. Jones, P. T. Ingelfield, D. M. Hedstrand, D. A. Tomalia,
Macromolecules 1992, 25, 4541.

54- D. A. Meltzer, D. A. Tirrell, A. A. Jones, P. T. Ingelfield, D. M. Downing, D. A. Tomalia,
Polym. Preprints 1989, 30 (1) 121.

55- G. J. Kallos, D. A. Tomalia, D. M. Hedstrand, S. Lewis, J. Zhou, Rapid Commun. Mass.
Spectrom. 1991, 5, 383 and P. R Dvornic, D. A. Tomalia, Macromolec. Symp. 1995, 98,
403.

56- M. L. Mansfield, L. I. Klushin, J. Phys. Chem. 1992, 96, 3994.

57- H. S. Sahota, P. M. Lioyd, S. G. Yeates, P. J. Derrick, P. C. Taylor, D. M. Haddleton, J.
Chem. Soc. Chem. Commun. 1994, 2445,

58- J. M. J. Fréchet, C. J. Hawker. A. E. Phillippides, US Pat. 5,041,516 (Aug. 20, 1991).

59- T. M. Miller, T. X. Neenen, Chem. Mater. 1990, 2, 346.

60- K. L. Wooley, C. J. Hawker, J. M. J. Fréchet, J. Am. Chem. Soc. 1991, 113, 4252 and
K. L.

Wooley, C. J. Hawker, J. M. J. Fréchet, Angew. Chem. Int. Ed. Engl. 1994, 33; Angew.
Chem. 1994, 106, 123.

61- S. Serroni, G. Denti, S. Campagna, A. Juris, M. Ciano, V. Bazani, Angew. Chem. Int.
Ed. Engl. 1992, 31, 1493 and Angew. Chem. 1992, 104, 1540.

62- G. R. Newkome, C. N. Moorefield, Makromol. Symp. 1994, 77, 63.

63- B. I. Voit, Acta Polymer. 1995, 46, 87.

64- A. Antonitti, C. Rosenauer, Macromolecules 1991, 24, 3434.

65- M. Rubinstein, R. H. Colby, J. R. Gillmor, Springer Ser, Chem. Phys. 1989, 51, 66.

66- (a) W. Burchard, Macromolecules 1972, 5, 604; (b) W. Burchard, Macromolecules
1977, 10, 919; (¢) W. Burchard, Adv. Poly. Sci. 1983, 48, 1; (d) W. Burchard, Adv.
Polym. Sci. 1999, 143, 113.

67- K. L. Wooley, C. J. Hawker, J. M. J. Fréchet, Polymer 1994, 35, 4489.

68- C. J. Hawker, J. M. J. Fréchet, J. Chem. Soc. Perkin. Trans. 1 1992, 2459.

69- C. J. Hawker,R. Lee, J. M. J. Fréchet, J. Am. Chem. Soc. 1991, 113, 4583.

70- Y. H. Kim, Macromol. Symp. 1994, 77, 21.

71- C. J. Hawker, F. Chu, Macromolecules 1996, 29, 4370.

72- D. Holter, H. Frey, Acta polymer 1997, 48, 298.

73- A. Mock, A. Burgath, R. Hanselmann, H. Frey, Polym. Mater. Sci. Eng. 1999, 80, 173.

75- C. Zech, B. I. Voit, G. Meier, Macromol. Chem. Phys. 1998, 199, 2655.

76- M. Jikei, M. A. Kakimoto, Prog. Polym. Sci. 2001, 26, 1233.

77- SE 468.771 (19929 A. Hult, M. Johansson, E. Malmstrém, K.Sérensen, (to Perstor AB).

128



REFERENCES

78- SE 503.342 (1994) B. Pettersson, K.Sérensen, (to Perstorp AB).

79- http://www.perstorppolyols.com/product.cfm

80- L. Boogh, G. Jannerfeldt, B. Pettersson, H. Bjérnberg, J. —A. E. Manson, Proceedings
of the ICCM-12 Conference, Paris, France, 5-9 July 1999.

81- http://www.coatings.de/articles/petters.pdf

82- H. Claesson, E. Malmstrom, M. Johansson, A. Hult, Polymer 2002, 43, 3511.

83- Y. Hond, J. J. Cooper- White, M. E. Mackay, C. J. Hawker, E. Malmstrém, N. Rehnberg,
J. Rheol. 1999, 43, 781.

84- D. J. Massa, K. A. Shriner, S. R. Turner, B. I. Voit, Macromolecules 1995, 28, 2314.

85- T. Huber, P. Potschke, G. Pompe, R. Haller, B. Voit, S. Grundke, F. Gruber, Macromol.
Mater. Eng. 2000, 33, 280.

86- A. Sunder, M. Kramer, R. Hanselmann, R. Mdlhaupt, H. Fery, Angew. Chem. 1999,
111, 3758.

87- E. Malmstrom, M. Johansson, A. Hult, Macromol. Chem. Phys. 1996, 197, 3199.

88- DSM Research: E. M. M. de Brabander-van den Berg, P. E. Froehling, S. Stevelmans,
J. C. M. van Hest, Chem. Abstr. 1997, 127, 82286.

89- M. Johansson, A. Hult, J. Coat. Technol. 1995, 67,35.

90- D. Schmajohann, B. I. Voit, J. F. G. A. Jansen, P. Hedricks, T. J. A. Loontjens,
Macromol. Mater. Eng. 2000, 275, 31.

91- A. Hult, M. Johansson, E. Malmstrém, Macromol. Symp. 1995, 98, 1159.

92- D. Schmaljohann, P. Pétschke, R. Haller, B. I. Voit, P. E. Froehling, B. Mostert, T. J. A.
Loontjens, Macromolecules 1999, 32, 6333.

93- H. Treichel, B. Withers, G. Ruhl, P. Ansmann, R. Wurl, C. Muller, D. Dietlmeier, G.

Meier, ,Low Dielectric Constant Materials for Interlayer Dielectrics®, in Handbook of Low

and High Dielectric Constant Materials and Their Applications, H. S. Nalwa Ed.;
Academic Press: San Diego 1999, 1-67.
94- M. K. Eigner, H. Komber, B. I. Voit, Macromol. Chem. Phys. 2001, 202, 245.
95- G. Meier, T. Griebel, Polym. Prep. (ACS, Polymer Division), 2000, 41, 89.
96- C. Bolm, N. Derrien, A. Seger, Synlett 1996, 387.
97- J. E. Klee, C. Schneider, D. Hélter, A. Burgath, H. Frey, R. Milhaupt, Polym. Adv. Tech.
2001, 12, 346.
98- K. Ishizu, A. Mori, Polym. Int. 2001, 51, 50.
99- D. E. Bergbreiter, J. G. Franchina, K. Kabza, Macromolecules 1999, 32, 4993.
100- B. I. Voit, D. Beyerlein K. Eichhorn, K. Grundke, D. Schmaljohann, T. J. A. Loontjens,
Chem. Ing. Tech. 2001, 73, 687.
101- A. Sunder, H. Hanselmann, H. Fery, R. Milhaupt, Mcromolecules 1999, 32, 4240.
102- A. Sunder, M. Kramer, R. Hanselmann, R. Milhaupt, H. Fery, Angew. Chem. Int. Ed.

129



REFERENCES

Engl. 1999, 38, 3552.

103- S-E. Stiriba, H. Kautz, H. Frey, J. Am. Chem. Soc. 2002, 124, 9698.

104- B. |. Voit, S. R. Turner, In Polymeric Materials Ancyclopedia; Salamone, J., Ed.; CRC
Press: Boca Raton, FL 1996 Vol. 5 H-L, p. 3177.

105- A. Hult, E. Malmstrom, M. Johansson, In Polymeric Materials Ancyclopedia; Salamone,
J., Ed.; CRC Press: Boca Raton, FL 1996 Vol. 5 H-L, p. 3171.

106- K. L. Wooley, C. J. Hawker, R. Lee, J. M. J. Fréchet, Polym. J. 1994, 26, 187.

107- S. R. Turner, F. Walter, B. I. Voit, T. H. Mourey, Macromolecules 1994, 27, 1611.

108- S. R. Turner, B. |. Voit, T. H. Mourey, Macromolecules 1993, 26, 4617.

109- H. R. Kricheldorf, O. Stéber, Macromol. Rapid. Commun. 1994, 15, 87.

110- E. Malmstrom, M. Johansson, A. Hult, Macromolecules 1995, 28, 1698.

111- W. J. Feast, N. M. Stainton, J. Mater. Chem. 1995, 5, 405.

112- P. Kambouris, C. J. Hawker, J. Chem Soc Perkin Trans 1 1993, 2717.

113- F. K. Chu, C. J. Hawker, P. J. Pomery, D. J. T. Hill, J. Polym. Sci. Part A: Polym. Chem.
1997, 35, 1627.

114-Y. H. Kim, J. Am. Chem. Soc. 1992, 114, 4947.

115- A. Kumar, S. Ramakrishann, J. Chem. Soc. Chem. Commun. 1993, 1453.

116- K. Uhrich, , C. J. Hawker, J. M. J. Fréchet, S. R. Turner, Macromolecules 1992, 25,
4583.

117- F. Chu, C. J. Hawker, Polym. Bul. 1993, 30, 265.

118- D. H. Bolton, K. L. Wooley, Macromolecules 1997, 30, 1890.

119- P. Bharati, J. S. moore, J. Am. Chem. Soc. 1997, 119, 3391.

120- S. Rubinsztajn, J. Inorg.Organomet. Polym. 1994, 4, 61.

121- H. Komber, A. Zimmer, B. |. Voit, Macromolecules 2002, 35, 3514.

122- D. Schmaljohann, H. Komber, J. G: Barratt, D. Appelhans, B. Voit, Macromolecules
2003, 36, 97.

123- G. Meier, C. Zech, B. Voit, H. Komber, Macromol. Symp. 2001, 163, 75

124- M. Jikei, S. —H. Chon, M. Kakimoto, S. Kawauchi, T. Imase, J. Watanabe,
Macromolecules 1999, 32, 2061.

125- S. Russo, A. Boulares, A. da Rin A. Mariani, M. E. Cosulich, Macromol. Symp. 1999,
143, 309.

126- S. M. Aharoni, Polym. Adv. Technol. 1995, 6, 373.

127- T. Emrick, H. =T. Chang, J. M. J. Fréchet, Macromolecules 1999, 32, 6380.

128- H. R. Kricheldorf, G. Schwarz, Macromol. Rapid Commun. 2003, 24,359.

129- O. Ponticelli, A. Mariani, B. Voit, H. Komber, R. Mendichi, V. Pitto, D. Tabuani, S.
Russo, High Perfom. Polym. 2001, 13, 45.

130- N. Davis, S. Rannard, PMSE (ACS) 1997, 77, 158.

130



REFERENCES

131- S. Rannard, N. Davis, J. Am. Chem. Soc. 2000, 122, 11729.

132- S. \W. Zhu, W. —F. Shi, Polym. Int. 2002, 51, 223.

133- C. Gao, D. Yan, W. Tang, Macromol. Chem. Phys. 2001, 202, 2623.

134- C. Gao, D. Yan, Macromolecules 2001, 34, 156.

135- G. R. Newkome, C. N. Moorefield, Macromol. Symp. 1994, 77, 63.

136- L. Lochmann, K. L. Wooley, P. T. lvanova, J. M. J. Fréchet, J. Am. Chem. Soc. 1993,
115, 7043.

137- C. —F. Shu, C. -M. Leu, Macromolecules 1999, 32, 100.

138- J. K. Young, G. R. Baker, G. R. Newkome, K. F. Morris, C. S. Johanson,
Macromolecules 1994, 27, 3464.

139- G. R. Newkome, X. Lin, C. D. Weis, Tetrahedron: Asymmetry 1991, 2, 957.

140- K. E. Uhrich, J. M. J. Fréchet, J. Chem. Soc., Perkin Trans 1 1992, 1623.

141- R. G. Denkewalter, J- F. Kolc, W. J. Lukasavage, US Pat 4410688/1983.

142- C. Rao, J. P. Tam, J. Am.Chem. Soc. 1994, 116, 6975.

143- J. Shao, J. P. Tam, J. Am. Chem. Soc. 1995, 117, 3893.

144- P. J. Dandliker, F. Diederich, M. Gross, C. B. Knobler, A. Louati and A. M. Sanford,
Angew. Chem., Int. Ed. Engl. 1994, 33, 1739.

145- P. J. Dandliker, F. Diederich, J. —P. Gisselbrecht, A. Louati, M. Gross, Angew. Chem.,
Int. Ed. Engl. 1995, 34, 2725.

146- L. Hong, Y. Cui, X. Wang, X. Tang, J. Polym. Sci.: Part A: Polym. Chem. 2002, 40, 344.

147- A. Kumar, S. Ramakrishnan, J. Polym. Sci.: Part A: Polym. Chem. 1996, 34,839.

148- R. spindler, J. M. J. Fréchet, Macromolecules 1993, 26, 4809.

149- A. Kumar, E. W. Meijer, Chem. Commun. 1998, 1629.

150- V. A. Ashootosh, A. Kumar, J. Poly. Sci.: Part A: Polym. Chem. 2001, 39, 1295.

151- Peter R. Dvornic et al., US Pat., 20020161113, A1, Oct. 31, 2002.

152- B. Bruchmann, U. Ehe, K. Stiefenhdfer, U. Treuling, EP 1 026 185 A1 (to BASF),
20.1.2000.

153- B. Bruchmann, R. Koéniger, H. Renz, Macromol. Symp. 2002, 187, 271.

154- B. Bruchmann, W. Schrepp, e-polymers 2003, no.014.

155- W. F. Shi, B. Ranby, J.Appl. Polym. Sci. 1996, 12, 1937.

156- W. F. Shi, B. Ranby, J.Appl. Polym. Sci. 1996, 12, 1945.

157- W. F. Shi, B. Ranby, J. Appl. Polym. Sci. 1996, 12, 1941

158- Z. -W Sheng, W. —F. Shi, Polym. Int. 2002, 51, 223.

159- J. saunders, K. C. Frisch, Polyurethane: Chemistry and Technology. Interscience: New
York, 1962, Part | and II.

160- P. Krdl, J. Appl. Polym. Sci. 1998, 69, 169.

161- C. F. Bartelink, M. De Pooter, H. J. M. Gruenbauer, U. Beginn, M. Moeller, J. Polym.

131



REFERENCES

Sci. Part A: Polym. Chem. 2000, 38, 2555.

162- W. Auf der Heyde, W. Hiibel, R. Boese, Angew. Makromol. Chem. 1987, 153,1.

163- M. Hofmann, H. Kroéner, R. Kuhn, Polymeranalytik |, Georg Thieme Verlag, Stuttgart
1977, 349.

164- C. Gao, D. Yan, Macromolecules 2003, 36, 613.

165- T. Huber, F. B6hme, H. Komber, J. Kronek, J. Luston, D. Voigt, B. Voit, Macromol.
Chem. Phys.1999, 200, 126.

166- D. Schmaljohann, H. Komber, B. Voit, Acta Polymerica 1999, 50, 196.

167- H. Komber, B. Voit, O. Monticelli, S. Russo, Macromolecules 2001, 34, 5487.

168- W. Burchard, in : J Roovers (Ed)., Advances in Polymer Science: Branched Polymers I,
Vol. 143, Springer, Berlin, Heidelberg, New York, 1999, p. 113.

169- T. Huber, F. B6hme, H. Komber, J. Kronek, J. Luston, D. Voigt, B. Voit, Macrolmol.
Chem. Phys. 1999, 200, 126.

170- A. Lederer, D. Voigt, C. Clausnitzer, B. Voit, J. Chromatogra. A 2002, 976, 171.

171-C. B. Wang, S. L., Coopers, Macromolecules 1983, 16, 775.

172- M. S. Yen, S. C. J. Kuo, J. Appl. Polym. Sci. 1996, 61, 1639.

173-a) J. D. Van Heumen, J. R. Stevens, Macromolecules 1995, 28, 4268; b) T. C. Wen, Y.
J. Wang, T.T. Cheng, C. H. Yang, Polymer 1999, 40, 3979;c) X. Shengquing, C. Bin, T.
Tao, H. Baotang, Polymer 1999, 40, 3399.

174-T. C. Win, J. C. Fang, C. H. Yang, J Appl. Polym. Sci. 2001, 82, 389.

175- 1. Sendijarevic, A. J. McHugh, Macromolecules 2000, 33, 590.

176- A. Hult, E. Malmstréom, M. Johansson, 1996, Hyperbranched Aliphatic Polyesters. In:
Salamone J. C. (ed) The Polymeric Materials Encyclopedia: Synthesis, Properties and
Applications. CRC Press, Boca Raton, Florida.

177- F. B6hme, C. Clausniltzer, F. Gruber, S. Grutke,T. Huber, P. Pdtscke, B. Voit, High
Perform. Polym. 2001, 13, S21-S31.

178- D. Schmaljohann, L. Hauller, P. Pdtschke, B. I. Voit, , Ton J. A. Loontjens, Macromol.
Chem. Phys. 2000, 201, 49.

179- K. Mequanint, R. Sanderson, H. Pasch, J. Appl. Polym. Sci. 2003, 88, 900.

180- K. G. Sabbatovskii, V. Dutschk, M. Nitschke, F. Simon, K. Grundke, Colloid Journal
2004, 66, No. 2, 239.

181- K. Grundke, T. Bogumil, T.Gietzelt, H. -J. Jacobasch, D. Y. Kowk, A. W. Newmann,
Progr. Colloid Polym. Sci. 1996, 101, 58.

182-Y. W. Tang, J. P. Santerre, R. S. Labow, D. G. Taylor, J. Appl. Polym. Sci. 1996, 62,
1133.

183- D. Appelhans, D. Ferse, H. -J. P. Adler, W. Plieth, A. Fikus, K. Grundke, F. -J. Schmitt,
T. Bayer, B. Adolphi, Colloids and Surfaces 2000, 161, 203.

132



REFERENCES

184- a) H, -J. Jacobasch, J. Schurz, Prog. Colloid Polym. Sci. 1988, 77, 40. b) H,-J.
Jacobasch, Prog. Org. Coat. 1989, 17, 115.

185- D. Beyerlein, G. Belge, K. -J. Eichhorn, G. Gauglitz, K. Grundke, B. Voit, Macromol.
Symp. 2001, 164, 117.

186- M. Johansson, A. Hult, J. Coat. Tecknol. 1995, 67, 39.

187- M. Johansson, G. Rospo, A. Hult, Polym. Mater. Sci. Eng. 1997, 77, 124

188- M. Zhao, Y. Liu, R. M. Crooks, D. Bergbreiter, J. Am. Chem. Soc. 1999, 121, 923.

189- J. Huybrechts, FATIPEC Congress, 1998, Vol. 24C, p. 43.

190- K. Dusek, M. D.-Smrckova, J.J. Fedderly, G. F. Lee, J. D. Lee, B. Hartmann,
Macromol. Chem. Phys. 2002, 203, 1936.

191- J. J. Fedderly, G. F. Lee, J. D. Lee, B. Hartmann, K. DuSek, M. D.-Smrc¢kova, J.
Somvarsky; Macromol. Symp. 1999, 148, 1.

133



