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SYNTHESIS AND CHARACTERIZATION OF HYPERBRANCHED
POLYESTER BASED POLYMERS AND THEIR APPLICATION ON U V-
CURABLE WOOD COATINGS

SUMMARY

Over the past two decades, hyperbranched polyners attracted wide attention
due to interesting physical/chemical properties aasnew class polymers of
topological structure. Hyperbranched polymers (HBRse highly branched

macromolecules with a three-dimensional dendritchiéecture. Because of their

unique features such as highly branched structures)pact molecular shape,
presence of large number of end groups, and lackah entanglement, the physical
and chemical properties of HBPs are quite diffeffemtn their conventional linear

counter-parts. Hyperbranched polymers are relgtivexpensive to produce and,
unlike dendrimers, are easy to synthesize in lauggntities which encourages their
potential use in a variety of important applicaiprincluding tougheners for
thermosetadhesive agents, rheological additives toughengegits, drug delivery.

Hydroxyl functional aliphatic polyesters based oj2-@i(methylol)propionic acid
(DMPA) are one of the most widely investigated fi@si of hyperbranched
polymers. Synthesis of hyperbranched polymersmfidMPA with various core
molecules such as glycerol, trimethylol propanegentaerithritol were reported in
the literature.

The structural modifications provide a powerfubltéor designing the properties of
DMPA based hyperbranched polyesters for varioudiegion fields, ranging from
classical commodity and engineering plastics toaaded and specialty materials,
which find use in nanotechnology, nanobiotechnologgnomedicine, chemical
engineering, etc.

Photopolymerization has been the basis of humecousentional applications in

coatings, adhesives, inks, printing plates, optwaleguides, and microelectronics
for more than 30 years. The use of photoinitiatetymerization is continuously

growing in industry as reflected by the large numbg applications in coatings,

adhesives, inks, printing plates, optical wavegsi@ad microelectronics.

UV-Curable coatings offer various advantages sscfast curing, broad formulating
range, low volatile organic compound (VOC), redueeeérgy consumption, coating
of heat sensitive substrates. It is well known tpatyurethane acrylates are an
important class of acrylic oligomers for UV-curaldeatings due to the excellent
adhesion on substrates, flexibility and impactrsitk.

Hyperbranched polyesters end-capped with varioosigy capable of undergoing
photopolymerization such as methacrylate, acrythie|-ene, allyl ether groups and
fatty acids were employed in UV-curing applicati@ssan oligomer. It was reported
that hyperbranched polyesters provide a unique owatibn of coating properties,
such as a high hardness, scratch resistance, exbility, whereas at the same time
ensuring low viscosity and low shrinkage. Therefoeerylate functionalized
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hyperbanched polyesters containing a large numbéerminal groups have great
possibility as a new high-performance UV-curingtegs

In this study acrylate functionalized hyperbrancipetiesters were synthesized and
employed as an oligomer in the UV-curable wood iogat to introduce the
advantages of hyperbranched polymers into UV-cueagnology.

For this purpose, hyperbranched polyesters werethsgized by the
polycondensation of 2,2-bis(methylol)propionic aasl AB monomer [contains one
carboxyl (A = COOH) and two hydroxyl (B = OH) fuimmal groups] with various
B: core molecules as [2,2-bisfhydroxyethoxy) phenyl propane] (HEPA), [2,2-
bis(4{f3-hydroxyethoxy) phenyl 6F propane] (HEPFA) and pshter of 1,4-
cyclohexanedimethanol (CHDM). In the second stapes¢ hyperbranched
polyesters were acrylated to obtain hyperbranchethaneacrylates.

HsC CH3
OH
o>/€ O e 0
o O—C—NH NH_C_O_CHZCHZO_ﬁ_?=

o CH,
O CH,
¢} O
—Bf— o)‘\g
0 HC,
>\€O Enw NH— c O— CH,CH,0— c C=CH,
; HsC o CH,
Oo— C NH— >: "NH— c O—CH,CH,0— ﬁ clz_cH2

O CH,

Figure 1: The structure of hyperbranched urethane acrylates.

Hyperbranched urethane acrylates were incorporatedthe various types of UV-

curable wood coating formulations as new oligomé&he effects of highly branched
structure and the large number of functional growese evaluated by means of
coatings properties such as surface, mechanicgblaysical properties.
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COKDALLANMI § POLIESTER ESASLI POLIMERLERIN SENTEZI,
KARAKTER IZASYONU VE AHSAP KAPLAMA MALZEMES I OLARAK
UYGULAMALARI

OZET

Son 20 yilda, dikkat cekici fiziksel ve kimyasaledlikleri ve topolojik yapilarindan
dolay! cokdallanngi polimerler (izerinde yapilan c¢ghalar 6nem kazangtir. Ug
boyutlu molekiler yapisi ile yeni bir malzeme sirofan Dallanmy (dendritic)
polimerler, balica dallanmy (dendrimers) ve cok-dallangni(hyperbranched)
polimerler olarak siniflandiriimaktadir. Cokdallagnpolimerler dallanny yapiya
sahip olmalarinin yani sira gdik viskozite, iyi ¢Ozundrlik ve duz zincirli
polimerlere kiyasla cok sayida reaktif son gruprnggeri gibi benzersiz
Ozellikleriyle de 6nemli dlciide dikkat cekmektedDisik maliyet ve yuksek
verimle sentezlenebilmesi cokdallagnpolimerlerin darbe dayanimini arttirici ,
akiskanlik duzenleyici, ilag salinimi gayict olarak dgisik uygulamalarda
kullanimini tgvik etmektedir.

2,2-di(methylol)propionic acid (DMPA) esasl alitatpoliesterlerin sentezi ve
karakterizasyonu konusunda cok sayidasge yapilmgtir. Bu tip cokdallanmny
polimerler AB, monomer 6zelfiinde olan DMPA veya DMPA ile birlikte gliserol,
trimetilol propan, pentaeritritol gibi ¢gli cekirdek molekuilleri  kullanilarak
sentezlennstir.

DMPA esasli cokdallanmi polimerlerin ¢eitli uygulamalar icin 6zelliklerinin

tasarlamasinda yapisal modifikasyonlar ¢cok onemlatactir. Bu tip ¢cokdallanmi

polimerler klasik uygulama alanlarinin yani siraksek o6zellikli plastiklerde,

nanoteknoloji, nanobioteknoloji, gibi 6zel uygulanadanlarinda da kendine yer
bulmaktadir.

Istkla polimerizasyon yontemi kaplama, ygtpici, mirekkep ve mikroelektronik
gibi cok caitli uygulamalarda kullaniimaktadir. U\inlari ile sertlgen
kaplamalarin hizli kirlenme, glik organik ucucu bilen icerme, dgilk ener;i
tuketimi, geng formilasyon arafi, 1siya duyarli yizeylerin kaplanmasi gibi cok
¢esitli avantajlart mevcuttur. Politretan akrilatiarl ylizeye cok iyi b#anmasi,
esneklik ve darbe dayanimi gibi 6zellikleri saydsinUV-ginlari ile sertlgen
kaplama uygulamalarinda kullanilan akrilik oligoteericinde 6nemli bir yere
sahiptir.

Cokdallanmg poliesterler UV4inlari ile sertlgen kaplamalarda oligomer olarak
kullaniimak amaciyla metakrilat, akrilat, tiol-eallil eter ve y& asidleri gibi gikla
polimerlggme 0Ozellgi olan c¢aitli gruplarla modifiye edilmgtir. Cokdallanmg
poliesterler yuksek sertlik, cizilme dayanimi venedik gibi benzersiz kaplama
Ozelliklerinin yanisira dgiik viskozite ve buzilme o6zelliklerine de sahipBundan
dolayi, ¢cok sayida ug¢ grup iceren akrilat fonksiyoigokdallanmy poliesterler
yuksek performansh UVsinlari ile sertlgen sistemlere alternatif olarak
sunulmaktadir.
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Bu tezde, akrilat fonsiyonlu ¢okdallangrpoliesterler sentezlenmve cokdallanmng
polimerlerin sgladigi avantajlardan faydalanmak amaciyla Wwhlari ile sertlgen
alsap kaplamalarda yeni oligomerler olarak kullangkmn

Bu amacla, AB+B; polikondenzasyon yontemi kullanilarak yeni birin@ ikinci
jenerasyon cokdallangipoliesterler sentezlengtir. AB, monomeri olarak 2,2-
di(methylol)propionic acid ve B cekirdek molekulleri olarak [2,2-bis@-
hidroksietoksi) fenil propan] (HEPA), [2,2-bis@hidroksietoksi) fenil 6F propan]
(HEPFA) ve 1,4-siklohegzandimetanol (CHDM) esasligster kullanilmgtir. ikinci
bolimde cokdallanmipoliesterlerin tGretan akrilatlari sentezlegitini

HsC CH3
OH
°y€ RO
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o CH,
O CH,
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>\€O Enw NH— c O— CH,CH,0— c C=CH,
>’ é )tj\ a
Oo— C NH NH— c O—CH,CH,0— ﬁ clz—cH2

O CH,

Sekil 1: Cokdallanmg Uretan akrilatin yapisi.

Cokdallanmg Uretan akrilatlar UVainlari ile sertlgen c¢aitli  kaplama
formulasyonlarinda yeni oligomerler olarak kullamgtir. Cokdallanmy ve c¢ok
sayida fonksiyonel grup iceren yapilarin yiuzey lideti, mekanik ve fiziksel
Ozellikler gibi kaplama 6zellikleri tGizerine olarkaeri incelenmstir.
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1. INTRODUCTION

Dendritic polymers, including dendrimers and hypanghed polymers (HBPs), are
the new emerging polymer architectures followinge thnear, branched, and
crosslinking  polymers. Dendrimers are well-definedhighly branched
macromolecules that radiate from a central core arel synthesized tediously
through a stepwise, repetitive reaction sequenaegharantees complete shells for
each generation. Dendrimers are thus monodisp@igenprs [1]. On the contrary,
hyperbranched polymers are more easily made orga frale in a one pot synthetic
step via step-growth polycondensation, self-conagnsvinyl or ring-opening
polymerization [2]. Hyperbranched polymers are adered irregular analogues of
dendrimers since they contain partially reacteddinrepeat units in addition to fully

reacted (dendritic) and unreacted (terminal) repads.

Hyperbranched polymers have less defined structtiras dendrimers and have
broader molar mass distributions (MMD). The molarass averages of a
hyperbranched polymers can be controlled and pspgsity index (PDI)
considerably reduced by the addition of a small @amhoof multifunctional core
molecules, B to the reaction system [3]. This largely pregetiite coupling of the
polymeric species itself. The most effective pracedis to slowly add AR
monomers to the core molecules in solution (“coikution / slow addition
technique”) [4]. Hult reported a pseudo-one-stepctien where stoichiometric
amounts of bis-MPA monomer, corresponding to eaeheration, were added
successively to the core molecules in the bulk uadelic catalysis [5-7].

Hyperbranched polymers have attracted significatérésts due to their promising
architecture and properties, such as globular wsires and a large number of
functionalized end groups, low viscosity and hglubility. One major use of
commercial interest is as a reactive componentoatieg and resin formulations.
Other potential applications include using thesghly branched and highly
functional polymers as polymer additives in linpatymers for improving rheology

and flow and surface modification. In addition, tkecellent thermal stability that



can be designed into a hyperbranched polymer dsaswehodulus properties qualify
these products as interesting polymer additivese Hommercial success of
hyperbranched polymers are a result of the higniywthed and dense but irregular
structure that leads to excellent solubility, coneglato linear polymers, low solution
viscosity, modified melt rheology, and high levélterminal end group functionality
[8-11]. Those properties make them attractive innynapplications including

coatings, additives, catalysts and nonlinear opli2s14].

UV-curable coatings represent a class of coatinigjs mon-volatile or low-volatile

organic compounds, offering many advantages suasasirying, broad formulating
range, reduced energy consumption and low spacecapial requirements for
curing equipment [15]. UV curable hyperbranchedypudrs offer interesting

possibilities for improving coating properties. Thpplications of HBPEsS in UV-

curable coatings have been described in severarpamvolving UVcurable oil-

based coatings [16], powder coatings [17], wataerbacoatings[18-19] and hybrid
coatings[20]. Coatings containing HBPEs exhibityeapid cure rate and lower
shrinkage, and UV-cured films have excellent hasdndigh chemical resistance,
good scratch resistance, small amount of residnahturation and low levels of
extractables.

The study presented in this thesis is aimed togseepovel hyperbranched polyester
based urethane acrylates and utilise them as oégonm the UV-curable wood
coating systems. Meanwhile, to investigate the céffeof unique features of
hyperbranched polyester based urethane acrylatethercoating performances.



2. THEORETICAL PART

2.1 Hyperbranched Polymers

It is well known that the shape of organic molesukeone of the important factors
which determines their properties. Traditionallg)ymer chemistry and technology
have been focused on the properties and applicafidnear polymers. During the
last two decades, especially polymer scientist® hatroduced a new philosophy of
‘dendritic macromolecules’ and prepared globulad aspherical molecules in

addition to the more conventional linear ones [8]:2

Due to the unique properties, dendritic polymers r@cognized as a fourth major
new architectural class [26] with a young but walktablished body of

interdisciplinary research exploring a remarkaladdety of potential applications.

I. Il. 1. IV
Linear Cross-linked Branched Dendritic
(a) (b) o
s —
2 pSe
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1930 s 1940 s 1960 5 Present
Plexiglass Rubbers Low Density
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Figure 2.1 : Representation of the four major classes of maclecatar
architectures.

As illustrated in Figure 2.1, dendritic polymersdae subdivided according to their
degree of structural control into three differersttegories, namely (a) random

hyperbranched polymers, (b) dendrigraft polymensl, @) dendrimers .

Apart from the dendritic polymers, other importémanched topologies in polymer
science such as comb and star polymers, networks,ndcrogels are shown in
Figure 2.2 [26].
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The termdendrimer is derived from the Greekwords dendron (tree) aretosn
(part). Dendrimers are highly uniform, three dimenal, monodisperse polymers
with a tree-like, globular structure and a largember of functional groups.
Dendrimers are prepared in a step-wise mannerdimgyprotection and deprotection
strategy from AR monomers (where n is 2 or greater) with contra@ratie number
of generations and the molecular weight. For thethesis of dendrimers, two
different approaches exist [27]: The divergent apph, starting from a
multifunctional core and proceeding radially outdjawvas developed by Tomalia et
al. [28] and by Newkome et al. [29]. A newer aptods the convergent approach
proposed by Hawker and Fréchet [30,31], which sfaoim the periphery, progresses
towards the inside, and is followed by couplinglté dendrons to a multifunctional

core.

Dendrigrafts were introduced in 1991 as Comb-bfirpblymers by Tomalia et al.

[32] and as arborescent polymers by Gauthier adlieM[33]. Dendrigraft polymers

may be regarded as semi-controlled branched polaradnitectures intermediate in

terms of structure control between dendrimers aqekbtbranched polymers [34]. As

described by Teertstra and Gauthier dendrigraftr®ges follow a generation-based

growth methodology similar to dendrimers, but us@aymeric chains as building
4



blocks leading to a rapid increase in moleculargiveper generation and therefore,
in a few steps, to macromolecules with a high mdbeaoweight (typically one to two
orders of magnitude larger than for their dendr@tminterparts). In comparison to
dendrimers, dendrigraft polymers are less contladi@ce grafting may occur along
the entire length of each generational branch &edekact branching densities are
arbitrary and difficult to control [35].

Hyperbranched polymers represent another class of globular, highly bradche
macromolecules with a large number of functionabugss. However, unlike
dendrimers, hyperbranched polymers exhibit polyelisipy and irregularity in terms
of branching and structure. The history of hypembleed macromolecules can be
dated to the end of f9century, when Berzelius reported the formatioraakesin
from tartaric acid (AB, monomer) and glycerol gBnonomer) [36]. Following the
Watson Smith report of the reaction between phtraathydride (latent Amonomer)

or phthalic acid (A monomer) and glycerol g@nonomer) in 1901, Callahan, Arsem,
Dawson, Howell, and Kienle, et al. [36-38] studibet reaction further, obtaining
results and conclusions still used today. For exajgienle [37] showed that the
specific viscosity of samples made from phthalitwairide and glycerol was low
when compared to numerous specific viscosity vagiiesn by Standinger for other
synthetic linear polymers, such as polystyrenel909, Baekeland [39] introduced
the first commercial synthetic plastics, phenolatymers, commercialized through
his Bakelite Company. The cross-linked phenolicypwrs are obtained by the
polymerization of soluble resole precursors madenfrformaldehyde (latent A
monomer) and phenol (laten Bhonomer). Just prior to gelation, these polymers

have a so-called random hyperbranched structure.

In the 1940s, Flory et al. [40-44] used statistioalchanics to calculate the molecular
weight distribution of three-dimensional polymersithw trifunctional and
tetrafunctional branching units in the state ofatjeh, and developed the ‘degree of
branching’ and ‘highly branched species’ concepiswever, both the experiments
and calculations mentioned above are based on guignsation of bifunctional A
monomer with trifunctional B monomers, so gelation occurs when the degree of

polymerization approaches the critical condition.

In 1952, Flory [45] developed the theory that hyglbiranched polymers can be
synthesized without the gelation by polycondensatiba monomer containing one
5



A functional group and two or more B functional snapable of reacting with A

(AB, monomer, e 2).

In 1982, Kricheldorf [46] obtained highly branchpdlyesters by copolymerization
of AB and AB, type monomers. Finally, Kim and Webster [47,48hthesized
soluble hyperbranched polyphenylene in 1988. Sihea, hyperbranched polymers
have attracted increasing attention owing to theirque properties and greater
availability as compared with dendrimers.

The tedious step-wise procedure for dendrimersnafésults in expensive products
with limited availability and therefore restrictegse for large-scale industrial
applications. Unlike dendrimers, hyperbranched melss are often easy to
synthesize on a large-scale [49] and thereforecansidered to be alternatives for
dendrimers. Companies such as the Perstorp Graargt@®, Sweden), DSM Fine
Chemicals (Geleen, Netherlands) and BASF AG (Ludh&den, Germany) already
produce commercially available hyperbranched pofgnoa a large-scale (Figure 2.3
[50).
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Figure 2.3 : Commercially available hyperbranched polymers.
Most of the applications of hyperbranched polymams based on the absence of
chain entanglements, the globular shape, and th@enand the large number of
functional groups within a molecule. Modificatiorf the number and type of
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functional groups on hyperbranched polymers isrdgdeo control their solubility,
compatibility, reactivity, adhesion to various swés, self-assembly, chemical
recognition, and electrochemical and luminescenopeasties. In other words, the
large number of functional groups allow for theldang of their thermal,
rheological, and solution properties and thus mtesia powerful tool to design
hyperbranched polymers for a wide variety of amtlans. Figure 2.4 gives an

overview of the investigated applications for hyganched polymers [50].
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Figure 2.4 : Applications of hyperbranched polymers discussdderature. Bold
italic: commercial applications of hyperbranchediypeers.

2.1.1 Synthesis of hyperbranched polymers

Hyperbranched polymers, like dendrimers, are highignched with a repeating
layered structureHyperbranched polymers and dendrimers share a femmon
features such as their preparation from,ABonomers leading to highly branched
macromolecules with a large number of functionat egroups. However, the
synthetic approaches for hyperbranched polymers awhdrimers differ
substantially; hence differences in molecular sheape architectures and sometimes
also in properties are observed. Although, hypertitad polymers contain structural
defects and are polydisperse in comparison to deeds, they still are believed to
possess similar properties including good solybditd low viscosity. Dendrons and
dendrimers, having a well-controlled size and shape usually prepared by multi-

step reactions with tedious isolation and purifaraprocedures [51].
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The synthetic techniques for hyperbranched polyroarsbe divided into two major
categories. The first category contains techniguds the single-monomer
methodology (SMM), in which hyperbranched macrorooles are synthesized by

polymerization of an AR AB* or a latent AB monomer.

According to the reaction mechanism, the SMM catgdacludes at least four
specific approaches:

1 polycondensation of ABmonomers
2 self-condensing vinyl polymerization (SCVP)

3 self-condensing ring-opening  polymerization and tqmetransfer
polymerization (ROMBP)

The second category contains examples of the denblemer methodology
(DMM) in which direct polymerization of two type$ monomers or a monomer pair

generates hyperbranched polymers [52].

 ‘A2+ B3 methodology has been applied to synthesize thra@ polymer

architectures including polyamides, polycarbonates polyureas [53].

* Couple-monomer methodology (CMM), which is the camakion of the
basic SMM and ‘A + B3, is used to prepare many types of hyperbranched
polymers such as poly(sulfone amine)s, poly(estsin@)s, poly(urea
urethane)s [37].

2.1.1.1Polycondensation of AB monomers

Polycondensation is the classical way to prepamgetyanched polymers b&B,
monomers with and without core moieties. The gdnbggerbanched polymer
synthesis involves the self polycondensation of, Afbe monomers, which have one
A andn B functional groups, where A group of a monomewymeact with B group
of another monomer, but neither A nor B may reaith whemselves, so that the

hyperbanched polymer will have B end groups.

Almost all classes of condensation polymers hawnkaopted for hyperbranched
polymer synthesis, e.g., polyamides [54-88p. through 5-1), polyethers [60-64],
(e.g. through 5-2, 5-3, 5-4), polyethersulfones kgines [65-69e.g. through 5-5),
polyphenylenes [70] (5-6), polyphenylenesulfide’][{5-7), polyaryleneether [72],



polyphenyleneoxide [73],polycarbonates [74], polyphenyl acetylenes [75],
polysiloxanes [76] and various other structures loly(bis-(alkylene) pyridinium)s
[77] (5-8) and poly(arylene oxindole)s [78] (5-Bnd were readily synthesized

through condensation reactions.

NH,CI OH
Br
Cloc cocl
5-1 Br HO OH
5-2 5.3
o))
OH 5-4
Br_(CHz)S
OH

0 7 x 0
OO g
5-5

SH
B(OH) Br—H,C._~\_CHo—Br
\EN;/
Br Br Cl HBr_
5-6 cl e o
5-7 i

(@]
Il
C
N
\
5-9 CH3

Figure 2.5 : Examples of AR monomers for hyperbranched polymers through
polycondensation.



Especially hyperbranched polyester structures et bavored by many groups [79-
84] and also by industry (Boltorn based on dimethylofponic acid) due to the

availability of suitable monomers.

Polycondensations are often carried out in bulksolution polymerizations are also
suitable and often prevent side reactions. As reduior all polycondensates, the
low molar mass condensation products need to beowed) e.g., by applying

vacuum in melt polycondensation in order to drive teactions to high conversions.

2.1.1.2Self-condensing vinyl polymerization

Self-condensing vinyl polymerization (SCVP) is ldhsen a vinyl monomer that
additionally bears an initiating group (“inimer” initiator + monomer [85]). These
monomers allow propagation through the double bewtiain growth) and addition
of the initiating site to the double bond (=stepowth) and thus lead to
hyperbranched polymer in a one-pot reaction witlssgge branching in each

repeating unit (Figure 2.6 [86]).

external
CH,——CH ——> CH,—CH
| activation
B B* initiating site
CH,——CH » N :
| CH,—CH growth site
L /\ | /
HB CHZ_CHZ*
CH2:C|IH |
B*

B*
/ \ initiating site

/ self condensation

hyperbranched polymer

Figure 2.6 : Mechanism of self-condensing vinyl polymerizatimtarding to
Frechet.

SCVP was invented by Frechet and coworkers in 183% This polymerization
method is quite versatile, as hyperbranched polgymman be approached via
polymerization of AB vinyl monomers. In the reactjcthe B groups of the AB

monomers are activated to generate the initiatingjtBs. B'initiates the propagation
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of the vinyl group A in the monomer, forming a dinvéith a vinyl group, a growth
site, and an initiating site. The dimer can functas an AB monomer, and undergo
further polymerization to yield the hyperbranchedymer.

In SCVP, the activities of chain propagation of trewth sites and the initiating
sites differ, resulting in a lower DB when compatedhe DB of the hyperbranched
polymer prepared via polycondensation ofABonomers. The theoretical maximum
DB of SCVP is 46.5 % [88]. On the other hand, SCu&es exhibit some
disadvantages. For example, side reactions may teagelation, the molecular
weight distribution is usually very broad, andstdifficult to determine DB directly
via. an NMR analysis. In order to avoid crosslinkingiving/controlled
polymerizations such as atom transfer radical pelymation (ATRP) and group
transfer polymerization (GTP) are combined in SO8P-94]. Monomers used in
SCVP and polymerization results such as numbeiageemolecular weight (M and
polydispersity index (PDI, MMy) are summarized in Table 90-95].

Table 2.1: The monomers used in SCVP and polymerization tesul

Monomer Condition M, (GPC) PDI Reference
0 GTP at -50°C 1630 34 [89,90]
OSiEt3
NG~ Copolymerization 5980 1.87 [92]

at 50°C for 24 h

0 ATRP (24°C for 1990 6.6 [95]
Vnmﬂm)\& 26 h in benzene)
o
o ATRP (24°C for 650 4.3 [95]
vn"\r“\(éﬂr 26 h in benzene)
O

2.1.1.3Self-condensing ring-opening and proton-transfer plymerizations

Self-condensing ring-opening  polymerization (SCROR)r ring-opening
multibranching polymerizatiotROMBP) differs from SCVP in the fact that instead
of a vinyl group a heterocyclic group is used as ttonomer part of the inimer. In
addition, whereas in SCVP usually irreversible tiems are involved, in ROMBP
also reversible preconditions generally have to demsidered. The ROMBP

approaches have their origin in classical ring-apgmeaction mechanism (ROP)
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toward linear polymers, especially polyethers aolygsters. Chang and Frechet [96]
reacted a diepoxy-substituted phenol involving atgm-transfer mechanism to a
hyperbranched polymer.

Hyperbranched polyamines [97,98], polyethers [99}1@nd polyesters [104,105]
have been prepared through SCROP. Table 2.2 shome ®f the monomers
employed in SCROP and the polymerization resultsiothAer well-known
hyperbranched polymer produced in large scale byIBP is polyethyleneimine
(PEI), known now under the trade name Lupasol flB&ASF SE, which was
commercialized first under the name Polymin in 19436]. Finally, hyperbranched
polyesters with epoxy or hydroxyl end groups [108]1 and hyperbranched
polysiloxanes [109] were synthesized through pratansfer polymerization (PTP).

Table 2.2: The monomers employed in SCROP and polymerizaésalts.

Monomer Condition Mn (GPC) PDI DB Referen
ce
- Pd (0), 25°C 1800 15 0.61 [97]
o~o 0_nw  fOr48hin
DI THF

OH > 4170 1.43 0.38 [99]
o O

0
°C
OH BF;OEL, -10 1780 1.28 0.33 [102]
°:><_ °C to 4°C for
48 h
0 o CH:OK, 95°C 6310 1.47 0.59 [103]
Lo
for 12 h
0~ oy SN(Oct), 110  20,300- 3.2 0.5 [104]
“’K:)\,) °Cinbulk 26,500

onon Sn(Oct), 110 3000 2.8 0.5 [105]

0 1) °C in bulk
<L
0™~o

2.1.2 Hyperbranched polyester polyols

Polyesters are a dominating class of materialkarfield of hyperbranched products.
In addition, polyesters have in general a high llefeommercial importance, and a

variety of well known processing technologies available. Thus, aliphatic, lower
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molar mass polyesters can be used very effectiveyoatings and resins, and the
combination of the property profile of polyestersthwhigh functionality, low
viscosity, and improved miscibility make the hypariched products in these fields
very attractive [110].

Hyperbanched polyester polyols from ABionomers (B2) have been explored,
where A and B are hydroxyl and carboxylic acid nies respectively. The routes
involve thermally driven homo-polymerization or igetion of either A or B
functionalities. Thermally driven polycondensatiohAB, monomers is a common
method that uses p-toluene sulfonic acid (p-TSAxmorganometallic reagent as a

trans-esterification catalyst.

An easily available ABmonomer, bis(4-hydroxyphenyl)-pentanoic acid, carused

without any further modification directly in meltt11,112] but also in solution
polycondensation [113]. This monomer, in which thieenolic groups are on
separated aromatic units, undergoes ideal staiistiB, polycondensation with a
very low tendency toward any side reaction or @atlons, and a degree of
branching of 50% is achieved [111,114]. Thus, thdymer was used in model
studies [114] as well as intensively investigatedarious application studies like in
coating [114,115] and nanocomposite formulation6]1 often by modifying the

end groups [117,118].

Ziemer et al. [119] prepared hyperbranched polydsten 4,4-bis(4-hydroxyphenyl)
valeric acid in an AB approach ( Figure 2.7a). The highly activatedratic AB,
monomer 3,5-bis(trimethylsiloxy) benzoyl chlorigeads in bulk polycondensation to
a relatively high degree of branching of about 68%¢e the once-reacted monomer
activates the second condensation step [120] (r&i@u8). Also slow monomer
addition using 2-ethyl-2-hydroxymethy-1-,3-propaioédTMP) as B core molecule
in combination with 3,5-bis-(trimethylsiloxy)benZoghloride (AB, monomer) was
explored by Frey et al. [121] and led to an evemdased degree of branching of 64
%. With a different core moiety, 1,3,5-tris(2-hygyethyl) cyanuric acid, was co-
condensed with 3,5-dihydroxybenzoic acid in a slmenomer approach, and a

degree of branching of the polyesters of 70-80&% weported [122].

13



(a) k) (c)

9
OH O HE} CHz0H
CHQGH OH o
HO OH 4 Ho’ COOH
4.4-bis (4-hydroxyphend) CH-0H

valeric acad cHE’QH
1 hitol
2.2-bls (metyled) propionic acd pentagrhio
DBTDL | 185°%C p-TSA p-T8A, 140°C
[ 1
? hne «(E
W “\aj w
a o
Ha, T{ Hg}r ]
SJL :
:§<‘“I

Boltern H20

six repeating units

Figure 2.7 : Different synthetic approaches for the preparatibhyperbranched
polyols.

14



[H3;C):Si0

0
Cl
[H3ClSIO
H
H
OH
180°C
&
5 o

ar
(=]
?5
f

-

o

o
<

Figure 2.8 : Synthesis of the hyperbranched aromatic homopa@ygst

Theoretical and real systems reveal that the cbotrer molecular mass average
(MMA) and molar mass distribution (MMD) of HBPs cdre achieved by using
multifunctional core molecules as limiting stoicimetric reagent in the reaction
system. Malstrom at all synthesized hyperbrancHgahatic polyesters by batch
copolymerization of a Bcore molecule with an ABmonomer as an improved
method to control the polycondensation reactiorB8[1Examples of such an AB
monomer/B-core approach include the preparation of aliphdtiperbranched
polyester synthesized from 2,2-bis(methylol) profgoacid as AB monomer and
pentaerythritol [124] ( Figure 2.7b), triethanol iam ( Figure 2.7c¢) and
trimethylolpropane [125,126hs core molecules. The hyperbranched polyester
prepared from 4,4-bis-(4’-hydroxyphenyl)pentanogidaand trimethylolpropane as

core molecule was used by Paviova et al. [127] potyurethane coatings
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preparation. Several hyperbranched polyester polyoe commercially available
from Perstorp Polyols Inc. Perstorp AB, Swedenhlie trade name ‘Boltorn’, and
are prepared from 2,2-bis(methylol) propionic acidB,;) and ethoxylated
pentaerythritol (core) [128].

An A,+B3z approach includes the synthesis of hyperbranchipthaéic polyester
polyol from adipic acid and glycerol [129]. A numibef synthetic routes recently
developed that emerge from the combination of thutisaranching polymerization
of glycidol with well-established epoxide polymetiion techniques, leading to
unprecedented polymer architectures is shown by &nel Haag [130], Sunder et al.
[131], Xinling et al. [132] and Xiaoying et al.33]. The synthesis of hyperbranched
polyglycidol involves the cationic ring-opening poierization of glycidol, by
glycerol in the presence of boron trifluoride didtletherate catalyst in chloroform
and the reaction was carried out in nitrogen atrhesp at 25C for more than 3 h
(Figure 2.9).

base catalyst or BF;0(C;Hs),

o) 0
H::;} D\']‘D GLD’('DI'\OH
>_.:._< om
"’i)\ A ) OH
HO g’;( Gj/‘or_\oL oH
HO__A _ OH [/H Ho\jﬁ
o 0
H?_:J ‘L/‘QH OH

OH

Hyperbranched polyglycidol

Figure 2.9 : Synthesis of hyperbranched polyglycidol.

1€



2.1.3 Properties of hyperbranched polymers

2.1.3.1Degree of branching

The synthesis of hyperbranched polymers is lesdrated, resulting in a more
polydisperse character with structural defecthengolymer backbone. The structure
of these subunits contributes to the characterhef macromolecule. Dendrimers
contain of two different types of monomer unitse tllendritic’ and the “terminal”,
giving the dendrimer a perfect structure. The “d@md monomer units are found in
the inner layers and are fully incorporated in streicture. The “terminal” units have
unreacted B-groups of ABnonomer and are found in the outerlayer. In cehti@
perfectly branched dendrimers, which possess oahddtic and terminal units, the
hyperbranched polymers incorporate additionallyedin units. The degree of
structural perfection in hyperbranched polymers lbardescribed by théegree of
branching (DB). DB is one of the most important parameters of hypeched
polymers, because of the fact that it is directhyrelating with the density of the

polymer structure and the number and location efethd groups [134].

Hyperbranched polymer obtained by growth of an AB*AB, monomer onto a
trifunctional core (“Generations” 0 to 5 Numberesl)shown atFigure 2.10 [135].
The terminal segments, which carry two functionaugps were denoted, ds the

linear segments, carrying one functional group aand the branchpoints Bs
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Figure 2.10 :Hyperbranched polymer obtained by growth of an AB®AB,
monomer onto a trifunctional core (“Generationgd® numbered).

Theoretically [136], in the case of the ideal stiatal self-condensation of an AB
monomer, which means equal reactivity of all B gr®@nd no side reactions like
cyclization, the number of the linear units shootdupy 50% and the dendritic units

only 25% of all structural units, as shown in Fig@r11.
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T
L D

hyperbranched dendrimer

Figure 2.11 :Schematic representation of the different polynretsun
hyperbranched polymers compared to dendrimerstinear, D=Dendritic and T
= Terminal units.

WhereD, L, T are the fraction of dendritic (two reacted hydrogyoups and one
reacted carboxylgroups), linear (one reacted hydrgxoups and one unreacted
hydroxyl groups), and terminal repeat units (twoeacted hydroxyl groups and one
reacted carboxyl groups). DB = 1 for a perfect dener, DB = O for linear polymer

molecules and it is <1 for hyperbranched polymers.

The calculation of the DB for ABtype of hyperbanched polymers using the values
for T, D, andL was described in the 1990s in the work of Kim andbéler [137]
and Fre’chet et al. [138] as a function of theorafi the dendritic (D), terminal (T),

and linear (L) units as

D+T
DBfrechet= ——— * 100
D+L+T (2.1)

This definition can indeed accurately describe D& fproducts with higher
polymerization degrees, where the number of theldgnunits is approximating the
number of the terminal units, but in the low molaass region, another equation
suggested by Frey et al. [139] and Yan et al. [1d@jore suitable for the calculation
of the DB:
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2D
DBprey =——— * 100

2D+L (2.2)
NMR spectroscopy is a powerful tool to determine thB of hyperbanched
polymers. In addition tdH NMR, *C, **N, *°F and®**Si NMR spectroscopies have
all been used to determine the DB for various hyaeched polymers. When the
polymer is composed of degradable linkages suakstess and carbonates, the DB
can be calculated by the guantitative analysestier products after degradation
[141,142].

As suggested by Frey, DB of hyperbranched polymimn the one-pot
polymerizations of AB monomers tend to be close to 0.5 [143]. There Hmaen
several attempts to increase DBs: (1) polymerimatiof dendrons having
prefabricated dendritic units; (2) polymerizatidnAB, monomers in the presence of
core molecules (# (3) enhancement of the reactivity of linear arftrmed during

the polymerization [144].

The second strategy to increase DB values invothespolymerization of AB
monomers in the presence of core moleculgs,FBey has examined the DB of
hyperbranched polymers prepared by the slow monoauglition of an AB

monomer to a core molecule & a growing AB type hyperbanched polymer [145].

Some experimental data for the polyemrization of, A nomers in the presence of
core molecules have already been reported. Hypsebeal aliphatic polyesters with
DB more than 0.8 and polydispersities less tham&been prepared by the melt

polymerization of an ABmonomer and afgdnonomer [146,147].

The addition of core molecules affects not only @& but also the polydispersity of
the resulting hyperbranched polymers [148,149]. pblgdispersity of the polymers
from the random polycondensation of AB/pe monomers statistically becomes
extremely large. The major reason for the growtlpai/dispersity is that the larger
propagating molecules have many B functions, aretetbre, grow faster than
smaller ones and couple each other easily. Theliogupf growing molecules can be

avoided by slow addition of an ABnonomer to a Bcore molecule [150,151].

In the ideal case, PDI is defined by PDI = 1+ (n/f1The most important side

reaction in the core dilution/slow addition proceslis a deactivation of the A group
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of the AB, monomer leading to hyperbranched structures witlvoue molecules.

This side reaction increases the PDI of the fimatipct.

The control over the MMA and MMD of hyperbranchedlymer by the use of a
multifunctional core moiety in the polycondensatioh AB, monomers has been
exemplified by the synthesis of hyperbranched alijgh polyesters from 2,2-
bis(methylol)propionic acid (bis-MPA) and variousore molecules, either
tris(methylol)propane or ethoxylated pentaerythiii®2].

Control over the molar mass and the polydispersitthe hyperbranched aliphatic
polyesters has been demonstrated in step by stgpopdensation reaction of AB

monomers using multifunctional core moieties, whsteichiometric amounts of
DMPA monomer, corresponding to the theoretical diéicdcomposition of each

specific generation, were added successively toctte molecules in bulk under
acidic catalysis [153-160].

Zagar et all [161] characterized the commerciallgilable Boltorn Hx (x = 20, 30)
hyperbranched (HB) polyesters of different theaadtcore/monomer ratio (1/12 for
H20 and 1/28 for H30) with respect to molar massnpgosition, and structure.
Boltorn aliphatic polyesters of thé'® 39, and 4' pseudo-generation synthesized
from 2,2-bis(methylol)propionic acid (DMPA) as the-functional AB, monomer
and ethoxylated pentaerythritol (PP50) as the fteicdional B, core molecule. The
term pseudo-generation was suggested by Hult §&2)] according to the stepwise
addition of bis-MPA to PP50 in portions that remsthe theoretical dendrimer

generations.

With decreasing core/monomer ratio the fraction daeindritic units increases,
whereas the fraction of terminal repeat units deses. The linear repeat units do not
show any specific trend. Consequently, the relasireount of hydroxyl groups in
linear repeat units increases and the amount mit@t ones decreases in the same

order.
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Table 2.3: Contents of dendritic (D), linear (L), and termii) repeat units,
degree of branching, DB, coefficient of branching.

Parameter H20 H30 H40
D (%) 10.0 14.0 16.5
L (%) 56.5 57.0 57.0
T (%) 33.5 29.0 26.5

DBFrey 26.1 32.9 36.7

DBFreache: 43.5 43.0 43.0

2.1.3.2 Thermal properties

Due to their highly branched structure, dendritadymers are almost exclusively
amorphous materials. Therefore, the glass transtemperature (J is one of the
most important thermal property.q Tis an important parameter for a dendritic
polymer with respect to potential applications e tfield of powder coatings or
rheology modifiers. Upon heating, amorphous comptmeonvert from a glassy
state to a liquid state atgTi.e., into a melt for low molar mass substancesi o
rubbery state for high molar mass compounds. In rttedt, thermal energy is
sufficiently high for long segments of each polymbkain to move in random micro-
Brownian motions. In the amorphous solid statetrenother hand, polymer chains
assume their unperturbed dimensions as they dolutien under theta-conditions.
Below Tg, all long-range segmental motions cease. Rotat@woand single bonds
become very difficult and the only molecular mosahat can occur are short-range
motions of several contiguous chain segments antlons of substituent groups
[163].

In the case of dendritic polymers the situatiormisre complex, since segmental
motions are also affected by the branching poimi$ the presence of numerous
functional groups. The glass transition temperatfra hyperbranched polymer is
not only affected by the chain-end composition, dlgb by the molar mass and the
macromolecular composition [164]. According to Selfjophann et al. it can be
understood as a combination of inter- and intracwdé effects. Differences ingbf
hyperbranched polymers with different repeatingtsuiut the same end groups
demonstrate the intramolecular effect of segmantation, whereas the change of T
through variation of the end groups (their polarityparticular) can be assigned to

translational motion and an intermolecular effd&4].
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For dendritic polymer systems, increases with generation number to a limit, above
which it remains nearly constant [166]. This inse& Ty with generation number is
assumed to reflect a decrease in chain mobility Wuéranching. A number of
research groups demonstrated that the chemicakenatuthe large number of

terminal groups strongly affects the glass traositemperature [167-174].

By means of DSC measurements Sunder et al. deratetstthat the flexibility, i.e.,
T, of a modified highly polar hyperbranched polymeth large number of hydroxyl
end groups is controlled mainly by two factors: lfjdrogen bonding of the end
groups, increasing the rigidity of the moleculed &r) tendencies of the substituents
to form higher ordered phases (mesophases, cigatalh) [175]. It is an important
information that the degree of alkyl substitutioashhardly any effect on

however there is a pronounced effect gfil¥3].

2.1.3.3Mechanical and rheological properties

Investigations on new applications of a polymer afeen closely related to its
material and processing properties. Therefore, rechanical and rheological
properties of hyperbranched polymers are of gregtortance. Due to the highly
branched, globular structure, the configuration hgperbranched polymers and
dendrimers is coined by a lack of chain entangldmenhe non-entangled state
imposes poor mechanical properties, resulting iittldrdendritic polymers with
limited use as thermoplastics [169]. The stresawstbehavior of hyperbranched
polymers can be similar to that of ductile metahserved by Rogunova et al. for
hyperbranched polyesters. Like ductile metals, Hyaached polyesters do not
strain harden. This is due to their globular suet which does not permit the
process of chain extension and orientation (thealusuechanisms of strain
hardening). However, intermolecular associationshsas hydrogen bonding and
possibly intermolecular crystallization of a fewdar segments, provide connections

between the hyperbranched macromolecules [173].

Apart from the mechanical properties also the \sggobehavior of linear and
branched polymers shows remarkable differences Whs already noted by several
scientists at the end of the 1960s [177-182].
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Figure 2.12 : Melt viscosity vs. molar mass of linear and deticipolymers: a.m.u.,
atomic mass unit.

Figure 2.12 [176] illustrates the melt viscosityliokar and dendritic polyethers as a
function of the molar mass (given in atomic masssiyinFor linear polymers, above
a critical molar mass, a drastic increase in misktosity is observed. However, the
line for dendritic polymers shows a continuous slop1.1 up to 100,000 a.m.u. with
no critical mass limit being observed. This behac@n be explained by the different
macromolecular structure of linear and dendriticcramolecules. At low molar
mass, linear polymers consist of random coil chaiféch, as the molar mass
increases, start to entangle at a critical molecsilee, leading to a sharp increase in
melt viscosity. Unlike linear polymers, the globulaighly branched architecture of
both dendrimers and hyperbranched polymers preveh&n entanglements,
resulting in considerably smaller melt viscositeesd a continuous slope of the
function (Figure 2.12). There are a number of gsidionfirming the strikingly low
melt and solution viscosities of dendritic polymarsomparison to linear polymers
[169,171,183-186].

2.1.4 Applications of hyperbranched polymers

The main distinguishing features of hyperbranchedymers are the ease of
polymerization process when compared to the syigth#fs“ideal” dendrimers. A

large number of functional groups distributed tlyloout the polymer structure
which impart specific physical and chemical prositlower intrinsic viscosity than
their linear analogues and vastly enhanced solutiwaracteristics due to a low

degree of crystallinity and entanglements [187thaligh hyperbranched polymers

24



are characterized by an irregular structure witthhpolydispersity, the ease of the
synthetic procedures and the globular shape togetlitd the high number of
functional groups make those polymers effective datates for industrial

applications.

Based on their unique properties, hyperbranchednpeis can be applied as
tougheners for thermosets [188-196], curing, ciivdsng or adhesive agents [197-
199], dye-receptive additives for polyolefins [2B01], compatibilizers [202],
dispersers [203], processing aids, rheology madifer blend components [204-
211], molecular imprinting [212], catalysis [213jlental composites [214], as
macroinitiators [215], in sensors [216,2Bf]d in the encapsulation and to extract
guest molecules [218-220]. Hyperbranched polyispates were prepared [2241d
used as crosslinkers for the formulation of coatinvghere they showed better
hardness than any other aliphatic isocyanate raterrah Hyperbranched polymers
containing labile groups are used as pore formiygjesns to obtain nanoporous
substances for the preparation of low dielectriostant materials for Interlayer
Dielectrics [222,223].

2.2 UV Radiation Process

There are two classes of radiation cure coatings;is UV cure coatings in which
the initial step is excitation of a photoinitiat@r photosensitizer) by absorption of
photons of UV-visible electromagnetic radiation @hd second one is EB (electron
beam) cure coatings in which the initial step igization and excitation of the
coating resins by high energy electrons.

Radiation cure coatings crosslink by reactionsatet! by radiation, rather than heat.
Such coatings have the potential advantage of baohfinitely stable when stored
in the absence of radiation, while after appliaatioross-linking occurs rapidly at
ambient temperature on exposure to radiation. Reyid at ambient temperature is
particularly significant for heat sensitive subtdsa including paper, some plastics,

and wood.

UV-radiation curing has become a well acceptedrteldgy which has found a large
variety of industrial applications because of itstidct advantages. Light-induced

polymerization of multifunctional oligomers and nooners is indeed a powerful
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method to achieve a quasi-instantaneous transfmmat a liquid resin into a solid
polymer. The steady development of the UV-curinchi®logy in the past 20 years
has opened the way to an increasing number of sad. 'he most important ones
are to be found in the coating industry for enhamgHinal properties and surface
protection of the product. The vast majority ofiedidn-curing coatings are based on
acrylate chemistry and crosslink via photoinducatical polymerization.

2.2.1 Basic concepts of UV-curing

Electromagnetic radiation (or light) can be usedhasenergy source for a variety of
processes involving functional monomers, oligomensd polymers. In these
processes, it is utilized mainly to effect the fatiran of new chemical bonds. The
light used in polymeric systems typically has wawgiths ranging in the ultraviolet
spectral range extending from 200 to 400 nm, aljhpin some special cases, it may
include wavelength in the visible range up to 759 (frigure 2.13). Xenon lamps
provide significant emissions in the 450 to 550 range. Because the energy of
radiation increases with increasing frequency (@créasing wavelength), radiation
with short waves contains a large amount of enefidys energy is capable of
bringing about certain chemical reactions in aeaysthat is sensitive to light (i.e.,
the system can absorb light) and the absorbed grargthen generate species that

are capable of initiating polymerization or croggding reactions.

Gamma rays Radio-
X-rays waves
1 ’o‘. ‘ Wave-
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Figure 2.13 : Electromagnetic energy spectrum.

The UV-curing technology is based on the photateil rapid transformation of a
reactive liquid formulation into a solid coatinglnfi. This process essentially

involves polymerization and sometimes polymerizaticand cross-linking
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simultaneously. Monomers and oligomers with thecfiomality of two form linear
polymers, whereas multifunctional polymers (withndtionality of more than two)
yield three-dimensional cross-linked networks. Grlasking imparts solvent
resistance, increases hardness and improves h&iatanee. The main practical
utility of these reactions is in curing coatingsks and in photo-imaging. Cross-
linking of already existing polymers is also a \‘@abprocess and is currently a very

active field of research [224].

The processes of photochemistry are the same figmpos and small molecules.
The Grotthus-Draper Lawstates that no photochemical reactions can ocdessia

photon of light is absorbed. This means, for exantblat many commercial plastics
transparent in the near UV can undergo photodeticadanly as a result of the

absorption of light by impurities.
The intensity of any light absorbed by a light-abswoy species (chromophores)
follows Lambert-Beer’'s Law:
| = 1o 10°¢ (2.3)
where § is the intensity of the incident light
| is the intensity of transmitted light
¢ is the molar extinction coefficient (¢frmol™)
c is the concentration of absorbing species
d is the optical path length
Absorbance\ (or optical density) is defined as —log (), IlthenA = gcd.

Typical chromophoric groups for UV light are C=O0ORH and aromatic groups.
These extend the absorption of monomers, oligoredspolymers into the UV light
range. Figure 2.14 shows an energy-level (Jablpndidgram for a ketone, a
common chromophore in polymers. Several intramdégcprocesses are shown
competing with photochemical reactions, includirgemission of a photon as
fluorescence or phosphorescence, radiationlessyderathe ground state and

crossing from one excited state to another.

The ground states of almost all organic compouradee tall electron spins paired.

Absorption of a photon promotes an electron from $inglet state Sto a higher
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energy singlet state;SS, ... S, numbered in the order of increasing energy above
the ground state. A change in the spin state oélaatronically excited molecule,
called intersystem crossing, produces triplet g®dj, T, ... T, with two unpaired

spins. A triplet state is always lower in energgrttihe corresponding singlet state.
Singlet states may emit light and return to theugcbstate. To put it simply:

The absorption of a photon by a chromophore brialgsut a transition into the

excited singlet state.

» Generally, the excited molecule has two possiedito emit the absorbed
energy. It can either return into the ground stiayeemitting energy by
fluorescence or can cross over to the excitedetrgihte.

* Molecules in the triplet state are biradicalsjckhcan, if the energy is high
enough for breaking a bond, form free radicals. Tree radicals can then

initiate the polymerization and/or cross-linkingcéion [225].

Intersystem
1=10%10 107s Crossﬁ;g
4 T
Phosphorescence 1

Fl uorescesﬁ S

Internal ————> . "
transition Vi =

‘\ Intersystem

crossing

Absorption /30 YY b b

of light (hv)

Figure 2.14 :Primary processes occurring in the excited stated¥ radical
initiator.

The main decay processes to the ground state showhagure 2.14, which is
essentially an energy diagram for the differenttetsic states, are:

» Radiative processes:
» Absorption: g+ hv — §
* Fluorescence;S-» & + h'

* Phosphorescence; & & + hv"
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where h is the Planck’s constant and’, andv" respective frequencies of the

absorbed or emitted light.
* Radiationless processes:
* Internal conversion: S— &+ heat
* Intersystem crossing;; SorS— T,

The result of a photochemical reaction involvingnoimers, oligomers and polymers
depends on the chemical nature of the materialelgagth of the light and the other

components of the system [226].

2.2.2 Principlesof photoinduced free radical polymerisation

Photocurable systems are formulations which undergsslinking upon irradiation.
Two types of photocurable systems are known, nanpptosensitive high
molecular weight polymers which undergo photocioksig reactions and
photopolymerisable systems consisting of low mdércweight materials which are
cured by a light induced polymerisation reactiomc® the photopolymerisation may
be defined as the process whereby light is useddiace an increase in molecular
weight, both systems are commonly referred to asquolymers.

The components of the formulations undergoing pelysation are not
photoreactive, a compound has to be added which aasorb light and
subsequently undergo a reaction from its excitetest This reaction finally
generates radicals which can initiate the polyraéos process. Molecules or
molecular systems capable of forming radicals updiation are termed radical
photoinitiators. The initiating radicals can be e¢ated directly by the
photochemical reaction or they can be produced dyyidr thermal reactions
following the primary photochemical reaction.

The initiating radical subsequently adds to a tigactinyl or acrylate double bond
of a monomer, producing a new radical centre omtbeomer. This process is the
initiation of the polymerisation reaction, which alhcombined with the previously
discussed generation of radical species constith&eprocess of photoinitiation.
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Initiation

O™
r}‘aﬁ g | ¢
A .
p— \,\.a AR .
s [—-.lsc . ?re\ X NN
hv 1 cl - Monomer I
Flic p \ ®avage = | addition Initiation of
M polymerization
deactivation
Photoinitiator
F = fluorenscense o = * *
IC = internal conversion ini = Pisc gclea\.rage B monomer addition
P = phosphorescense
O, = oxygen guenching Quantum Yield of initiation
M = monomer quenching
ISC = intersystem crossing
hv . 4@ +M o
Pl | I-M

Figure 2.15 :Jablonsky-type diagram for photoinduced radicaltpimiation.

After the initiation step, the classical route aflical polymerisation is valid for the

photoinitiated polymerisation process. The follogvinsteps are usually

distinguished.

) Propagation: Repeated addition of monomeric units in a chain
reaction to produce the polymer backbone.

i) Chain transfer. Hydrogen abstraction by the radical on the
growing polymer chain to terminate the growing chavith
concomitant production of a new radical. If the heWormed
radical can start another chain reaction, thiseisned a chain
transfer process.

P ti [ N
ropagation N L R
=R ] \\—*\f 1 \__R\-"
|\H\/"‘-2R/}% N— (\_ !\J'"_H\ !
\____R / R i
?----\,f'_-:‘\r — R\}'
! I,-' . - R\I.'"_J
+nM !
-m * > I-M,*

.. and Transfer

+ R=H

n

I-M_-H +R*®
M® —2+m-00°* " I M.OOH +R®

+nM

R® » RM®

n

Figure 2.16 :Propagation and transfer.
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iii) Termination: The chain reaction can be terminated by different
processes. Examples are disproportionation or rbgution
reactions between two growing polymer chains. Teatidn can
also occur upon recombination with any other rddicauding

primary radicals produced by the photoreaction [227

Termination
-m’ +R I-M,- R
[ ]
-m* + 1= M.~ M.
M " elimination |-M,,.1- R - CR'=CH:

Figure 2.17 :Termination reaction.
2.2.3 Free radical photoinitiators

Photoinitiators are chemicals that form energetdiaal species when exposed to UV
light. They are essential ingredients in UV-curablgatings in order to obtain
polymerization. Depending on factors such as fimtkness, UV-light source and
particular coating performance requirements, thewrhof photoinitiator in a UV

coating formulation can range from approximateby . 15 %.

Photinitiators are generally devided into two adsssccording to the process by
which the initiating radicals are formed. Compoundsich undergo unimolecular
bond cleavage upon irradiation as shown in Figurg8 zare named Type |

photoinitiators [228] or R} type initiators [229].

unimolecular reaction

hv fragmentation
Pl — PI : > Rbs + R%

photoinitiator excited
photoinitiater

Figure 2.18 : Type | Photoinitiators: Unimolecular fragmentation

If the excited state photoinitiator interacts wattsecond molecule (a coinintiator) to
generate radicals in a bimolecular reaction as shmwFigure 2.19the initiating

system is termed a Type |l photoinititor k- type initiators.
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hv . bimolecular reaction
PI. —— Pl + Col - R + R%

photoinitiator excited coinitiator
photoinitiater

Figure 2.19 : Type Il Photoinititor: Bimolecular reaction.

Efficient photoinitiators of both classes are knoavl find everyday practical usage.
Type | photoinitiators are highly reactive UV phioitiators, but are less frequently
used in visible light curing systems. Type |l phoitators are versatile initiators for
UV-curing systems and visible light photoinitiatdrslong almost exclusively to this

class of photoinitiators.

2.2.3.1Type | photoinitiators

The majority of Type | photoinitiators are aromaterbonyl compounds containing
suitable substituents which facilitate direct plitgmentation, thereby producing
radicals. The aromatic carbonyl moiety acts astiremophore group. An important
criteria for a Type | photoinitiator is the preseraf a bond with a dissociation enrgy
lower than the excitation energy of the reactiveitexl state, but sufficiently high to

provide adequate thermal stability.

Depending on the nature of the functional group #sdocation in the molecule
relative to the carbonyl group the fragmentatican take place at a bond adjacent to
the carbonyl groupofcleavage), at a bond in tifieposition @-cleavage) or, in the
case of particularly weak bonds (like C-S bonds ©rO bonds), elsewhere at a
remote position. By far the most important fragnaéioh in photoinitiator molecules
is thea-cleavage of the C-C bond between the carbonylend the alkyl residue
in alkyl aryl ketones which is known as therrish Type | reaction as shown in
Figure 2.20.

I
RCo + Rl‘
y \
RCOR, o Re + CO + Rye
N i
hv Re +

'CR]_

Figure 2.20 :Norrish Type | Reaction.
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The Norrish Type Il reaction is the abstractionaohydrogen atom from the

position by the carbonyl group, resulting in a higdical as the primary
photoproduct. Depending on the structure, this wither undergo fragmentation
reaction (Type Il fragmentation) to give an enoldaan alken, or ring closure

oxetane as shown in Figure 2.21 [230].

H
o’ HCR
|
R—C=0 +
H R H, R / CH;
N2 N .
o CH (|3 HC y Fragmentation
I | _H _ -
R—C\ /C\ —_— R .C\ /C\
H 7\
7N H H
H OH H
o R—C—C-R
1,4 biradical |
H-C—C-H
H H
Ring closure

Figure 2.21 :Norrish Type Il Reaction.

Benzoin derivatives have long been known to becieffit Type | photoinitiators
which have received considerable attention, bothpiactical applications and
photochemical studies. Due to their very fast pblaéonical reaction, their initiating
efficiency is relatively little influenced by intaections with components in the

formulation.

a-cleavage of a benzoin ether produces a benzoinatagnd a-substituted benzyl
radical (Figure 2.22) [231,232]. It has been regabrthat both types of radicals can

initiate the polymerization.
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O

hv . . /OR
Phc—pPh —> PhCO + Phc
H Benzoyl H
radical benzyl
radical
R = H or alkyl

Figure 2.22 :a-cleavage of benzoin ether.

The short excited state life times of many Typehbtpinitiators are one of the
inherent advantages of unimolecular photoinitiat@mce collision of the excited
molecule with another molecule is unnecessary,ett@ted state does not have to
exist for a sufficiently long period of time to @ by molecular reactions to take
place as is the case for Type Il photoinitiatorsstfort lived excited state has only
limited possibilities to undergo other bimolecularocesses, such as quenching
reactions by oxygen or monomers which are energgtimg reactions in the

photoinitiation process [233].

2.2.3.2Type |l photoinitiators

The short excited state life times of many Typehbtpinitiators are one of the
inherent advantages of unimolecular photoinitiat@mce collision of the excited
molecule with another molecule is unnecessary,ett@ted state does not have to
exist for a sufficiently long period of time to @V by molecular reactions to take
place as is the case for Type Il photoinitiatorsshrt lived excited state has only
limited possibilities to undergo other bimolecularocesses, such as quenching
reactions by oxygen or monomers which are energgtimg reactions in the

photoinitiation process [233].
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«  RCHNR,
T

o+
Ar,C=—=0 L Ar,C=—=0 > (Ar2CZO) (R'CHzNRZ)

Exciplex

Ar,CH20H+ R'CHNR,

lnM

Polymer

Figure 2.23 :Bimolecular hydrogen abstraction reaction.

The life time of excited state of Type Il photoiatbrs can not be equally as short,
since this would lower the efficiency of the bimmlar initiating reaction to a
similar extend as that of the quenching reacti@mwsolecular systems are, therefore,
inherently more prone to quenching process. Alsmokecular reactions are more
affected by changes in the environmental parame(éke viscosity) than

unimolecular reactions, which is a further advaatafyType | photoinitiators.

2.3 Components of UV Processing

The vast majority of UV curable coatings are basmd radical producing
photoinitiators. The main components of such foatiaohs based on radical

polymerizations are:

» Reactive resinscontaining a plurality of polymerizable double bendvhich

govern mainly the desired properties of the firedting;

« Copolymerizable, monomeric diluents which are responsible for the reduction
or adjustment of the viscosity of the formulati@nfunction taken by the solvent in

conventional formulations;

* Photoinitiators or a photoinitiating system containing photoiniatand
photosensibilizer or coinitiators (describedSiaction 2.2.3,

and, if necessarypther coating additives like surface active additives, slip

additives, fillers, pigments, light stabilizersg.et
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2.3.1 Acrylate/Mechacrylate systems

The most widely used UV-curable radical initiategtems are based on acrylate
unsaturation, with the general formula H2C=CR-COQRR = H, the monomer is
an acrylate, if R = Ckl it is a methacrylate). Methacrylates are lesstrea than
acrylates, but are less toxic and cause less gkiation than acrylates. The curing
reaction of acrylates is typical of vinyl monomer$erefore, the degree of double
bond conversion is the measure of the degree @& dure best results are obtained

when using oligomers as binders and monomers asveghinners [236].

Monomers, also calledeactive thinners, are used to reduce viscosity of the
prepolymers, but also have an effect on propedfethe cured film. They form a
high molecular weight network with the prepolymdten curing. To attain an
adequate degree of cross-linking, bifunctional gmalyfunctional acrylates are
principally used. Monofunctional acrylates giveead reactive coating and are less
desirable ingredients because of their volatilibgor and skin-irritating effects.

Examples of difunctional and polyfunctional acrggire shown in Table 2.4 [237].

Table 2.4:Examples of difunctional and polyfunctional actgkaused in

UV-curing.
Monomer Type of Functionality ~Abbreviation Molecular Viscosity,
main chain .
weight mPa.sec
at 25°C
1,6-hexanediol Linear 2 HDDA 226 5-10
diacrylate hydrocarbon
Tripropyleneglycol Branched 2 TPGDA 300 10-20
diacrylate ether
Dipropyleneglycol Branched 2 DPGDA 242 8-12
diacrylate ether
Trimethylolpropane  Branched 3 TMPTA 296 50-150
triacrylate hydrocarbon
Pentaerythritol Branched 3 PETA 298 350-700
triacrylate hydrocarbon
Ditrimethylolpropane  Branched 4 DTMPTA 438 450-900
tetraacrylate ether
Dipentaerythritol Branched 5 DPEPA 525 14000
pentaacrylate ether
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2.3.2 Urethane Acrylates

Urethane acrylates are used in radiation-curingreggfor industrial applications. The
development goal in the area of urethane acryladgeso combine the high
performance and many possible applications of petilane coating systems with the
curing rate and efficiency of photopolymerizatidlrethane acrylates are available as
solutions in reactive thinners (low viscosity (mettrylate esters), as low viscosity
oligomers, as solids for powder coating technol®gieas urethane acrylate dispersions
[238].

Urethane acrylates are manufactured by the addibomydroxyalkyl acrylates,
diisocyanates and polyols, or by the direct addited hydroxyalkyl acrylates to
polyisocyanates. There are two possible methodgrgparing the same urethane
acrylate when a modifying hydroxyl component is diskn the first method, the
diisocyanate and the hydroxy acrylate (or methateylare reacted and the half (or
partial) adduct is then reacted with the modifyinglroxy compound. In the second
method, the modifying hydroxy compound is reacteth whe diisocyanate and the
resulting product is then reacted with the hydraggylate. The two processes can be

summarised as in Figure 2.24.

Process A Process B

Diisocyanate

~

Hydroxy acrylate Polyol

Polyol Hydroxy acrylate

\ Finished Product /

Figure 2.24 :Two alternative processes for preparing a moduierthane acrylate.

The incorporation of non-acrylate (or non-methaatg) hydroxyl containing
components into urethane acrylate structures cay Fae order of addition to the

reaction mixture, the type of hydroxyl functionglitthe difference in reactivity
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between the isocyanate groups, and possible diifesein reactivity of the hydroxyl
groups, may all have different impacts. For symioakrdiisocyanates, the order of
addition is unimportant. For asymmetric diisocyasaflike 2,4 TDI and IPDI) and
equivalent amounts of hydroxy acrylate and polypdiroxyl groups, the order of
addition is important. Consider 2,4 TDI for the poses of illustration. The same
argument applies for IPDI. If the hydroxy acrylate added before a polyol,
represented as HO-X-OH (Figure 2.25), then strediijiis the predominant product,

whereas structure [ll] predominates if the hydraxyylate is added after the polyol.
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(A} Hydroxy acrylate before palval

CHa CHy
Q
NGO [ NED
: . 1 HO—(CH-O—C—CH=CH, ——=
HCO NHCO{CH,}0— C— CH=CH,
oH
Xjf
=
W
CH, CH,
NHCO; x O3CHN
o
MHCOS CHo ) 0— C—CH=—CH- MHCO S CH)0— C—OH=—CH4
m

(B} Polyel before hvdroxy acrylate

GHy

CH, CHy
NGO (e NCO
_? +  HO—X—0OH ——

MGG MHEG Dy — X —— (3 CHM

2

7 HO—[CHsl,—O0——C—— CH=—CH2

MHCOACH ) — B—— C——CH——(CH; MHCOHCH, ), — 0——C—— CH——CH;

HHCO, b O4CHN

Figure 2.25 :Resulting structures from the reaction of 2,4-Tidlyol, and hydroxy
acrylate, and their order of addition.

39



Urethane acrylates can be prepared from a largers#i range of raw materials. This
results in many possible variations in preparaéind a very large range of properties
of finished products. The diisocyanates which mayobrylated include aromatic and

aliphatic isocyanates.

Hydroxy functional monomers include hydroxyethyhdate (HEA), hydroxypropyl
acrylate (HPA) and hydroxyethyl methacrylate (HEMA)other hydroxy containing
compounds are also present, like polyethers, ptyg®r polyols that contain more
than one hydroxyl group per molecule, then chaiersion is possible. This results
in a wide range of prepolymers that vary in fungéility and molecular weight with
corresponding variations in final film propertiédrethane acrylates offer a far wide
range of final film properties of tough, flexibleaterials that exhibit good abrasion

resistance [239].

2.3.2.1Types of isocyanates and basic reactions
Aromatic isocyanates

The aromatic isocyanates most widely used are basednethylene diphenyl
diisocyanate (MDI). MDI is available in several des: bis(4-
isocyanatophenyl)methane, a mixture of 55% of t4e i8omer and 45% of the 4,4’
isomer; and several oligomeric (frequently calletymeric) MDI with longer chains
of methylene phenyl groups. MDI is also used asrepgymer with polyether
polyols. The volatility (particularly of the oligoanic grades) is low enough to reduce
toxic hazard, especially as compared to toluersodyianate (TDI).

CH;
NCO
OCN NCO
NCO
MDI TDI

Figure 2.26 :4,4'-and 2,4'-MDI isomers and an example of anootigr.

Due to toxic hazards, TDI is not used in final aogtformulations. For coatings in
which unreacted isocyanate groups are needed, STBdnverted into derivatives of

higher molecular weight and higher functionalityigher molecular weight reduces
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the toxic hazard, and the higher functionality gfelsolvent resistant films more
rapidly.

2,4-TDI has the advantage of a differential in tedy between the ortho- and the
para-isocyanate groups with alcohols, which makesssiple synthesis of
isocyanurates and prepolymers with narrower moégculeight distribution than
with diisocyanates, in which the isocyanate groangsequally reactive.

Aliphatic isocyanates

The principal aliphatic isocyanates used are 1)@imethylene diisocyanate (HDI),
isophorone diisocyanate (IPDI), bis(4-isocyanattayexyl)methane (BMDI), 1,3-
xylylenediisocyanate (XDI), tetramethyl-m-xylidendiisocyanate (TMXDI) and
2,2,5-trimethylhexane diisocyanate (TMHDI). Diisacyates are usually converted to

derivatives before use in coatings to increasetfonality and reduce toxic hazard.

HaC CHs
O=C=N—CH,~N=C=0
6 HsC
3
HDI
OCN—H,C NCO
IPDI
H,,MDI ?HS
HsC—C—NCO
CHa CHs
CHs
OCN—H,C— C— CH,CH,CH—CH,—NCO /
éH ~C—NCo
3 HsC
TMHDI TMXDI

Figure 2.27 :Some important aliphatic diisocyanates.

Commercial IPDI is a mixture of Z (cis) and E (saumsomers in a 75:25 ratio. The
isomers are difficult to separate. Isophorone diyamate has two different types of
NCO groups. Studies performed under different domas show that with DBTDL

catalysis, the secondary NCO group of both Z ansolmers are more reactive than

the primary NCO group [240-242]. The selectivitycomses with increasing
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temperature, and selectivity is greater with setgdbalcohol than with n-butyl
alcohol [242]. DABCO promotes selective reactiontlod primary isocyanate group
of IPDI in contrast to other amines and DBTDL, wheselectivity favors reaction
with the secondary isocyanate groups. Selectivigcreiases with increasing
temperature [241,242]. High selectivity is partanly important in making IPDI
prepolymers when low molecular weight and narrowtrtbution of molecular
weight are desired. It was concluded that the agtioonditions for prepolymer
synthesis based on IPDI are temperatures betwee®@C using DBTDL catalyst.
Isocyanurate derivatives of IPDI analogous to thel ksocyanurates mentioned
above are widely used cross-linkers. The rigidityRDI affords films with higher
Ty By blending IPDI and HDI isocyanurates, formutatoan dial the Jdesired for

a particular application.

Basic reactions of isocyanates

Organic isocyanates are manufactured by reactingemmvith phosgene.

R—NH, + I Cco Cl > R NCO + 2HCI

Figure 2.28 :Synthesis of organic isocyanates.

As polyfunctional isocyanates are required for slgathesis of polyurethane resins,
poly-amines are used as the base products, préfedibmines. Alternative

phosgene-free manufacturing processes have begamproOne example of such an
alternative process is the reaction of diamineshwitrea and alcohols. The
diisocyanate is formed via a urethane or diurethategmediate stage which is then

thermally decomposed as shown in Figure 2.29.

1.alcohol
R(NHp); + 2H,N—CO—NH, + 2ROH ——— R(NCO) + 4NH;+ 2R'OH

2.cleavage of
the urethane

Figure 2.29 :Reaction of diamines with urea and alcohols.

Isocyanates usually react extremely readily by tamldiwith virtually all compounds
containing "active" hydrogen. The reactions showlow at Figure 2.30 [243] are of
particular interest in the manufacture of polyuagih precursors and for the chemical

curing of reactive coatings.
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Figure 2.30 :Basic reactions of isocyanate with different reatda
Formation of urethanes
Isocyanates react with alcohols and phenols to farethanes which are equivalent

in formula to carbamic acid esters.

H O
|

R—N—C—O—R'

RNCO + H—O——R’

Figure 2.31 :Formation of urethanes.

The reaction is reversible at elevated temperaturbs property is of particular

significance in the curing reaction of blocked pebdgyanates. Primary isocyanate
groups are more reactive than secondary or tergesyps. As a rule, the reaction
rate with alcohols as the co-reactants follows #eme order. Isophorone
diisocyanate is the exception.
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Formation of amines

Isocyanates react with water via carbamic acidshasintermediate stage to form
amines and carbon dioxide. The reaction rate ofwheer approximates that of

secondary alcohols.

H O

RNCO + H)O ——> [R—N—C—O0O—H| — > R—NH, + CO,
Figure 2.32 :Formation of amines.
The amines formed react with the excess isocydndtegm ureas.

Formation of substituted ureas

Isocyanates react spontaneously with primary ancbrelary amines to form
substituted ureas.

RNCO + NH,—R* —> |R—N—C—N—FR
Figure 2.33 :Formation of substituted ureas.
The amines formed react with the excess isocydondtem ureas.

Formation of biurets

As a rule, isocyanates react with ureas at elevatageratures to form biurets.

O H
[—

LT T
R—N—C—N—R' + OCN R" » R—N—C—N—R'

Figure 2.34 :Formation of biurets.
Formation of allophanates

When suitably catalysed or at elevated temperaturethanes can be reacted with

additional isocyanate groups to form allophanates.
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O
0
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Figure 2.35 :Formation of allophanates.

Formation of uretdiones

Isocyanates can be dimerized under special conditto form an uretdione ring.

This is an equilibrium reaction whose stable statequickly destroyed at high

temperatures, forming a monomer.

RNCO + RNCO

Figure 2.36 :Formation of uretdiones.

Formation of isocyanurates

Trimerization of isocyanates forms an isocyanuraig which, unlike the uretdione

ring, is also stable at high temperatures.

Figure 2.37 :Formation of isocyanurates.

Formation of substituted acid amides

At high temperatures, isocyanates react with cafmacids with the intermediate
formation of mixed anhydrides. These dissociat®tm amide and carbon dioxide.
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H 0 0
] | [
RNCO + R—C—o0OH —> R N C o) C R'

| (|)

—> R—N——C—R *t CO

Figure 2.38 :Formation of substituted acid amides.
Formation of carbodiimides

Isocyanates can react with each other, splittihgafon dioxide [244].

RNCO + RNCO — > R—N—/C=—N——"=—R + CO,
Figure 2.39 :Formation of carbodiimides.

2.3.2.2Types of Polyols

The properties of polyurethanes are not only adiédty the polyisocyanate, but also
in large measure by the hydroxyfunctional coredctine polyol. Selecting suitable

polyols and polyisocyanates makes it possible tatrob key characteristics of the

coating and the resulting paint film. Solids comtedrying, gloss, elasticity and

hardness, resistance to chemicals and hydrolysiscast-effectiveness are just some
examples in this respect. Research in the pasthessfore concentrated greatly on
the development of new and improved resins. Thet nmogortant coreactants for

polyisocyanates are hydroxyl-bearing polymers sashpolyester, polyether and

polyacrylate polyols.

Polyether polyols

The polyether polyols for elastic polyurethaneslave molecular weight polymers,

with terminal hydroxyl groups, characterised by fledowing general repeating

H R H _
‘Po/ i\o/ R = alkyl group
n

Figure 2.40 :The general formula of polyether polyol.

units.

Polyalkylene oxide polyether polyols are the maspartant group of polyols for

polyurethane, representing around 80% of the toliglb-polyols production. The
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polyalkylene oxide polyols are obtained by the pmtyisation of alkylene oxides,
initiated by different polyols called starters drain initiators. The most important
alkylene oxides (oxiranes or epoxides) used inosfiglyols synthesis are propylene
oxide (PO), ethylene oxide (EO) and butylene oXiB®). The general formula of a
polyalkylene oxide polyether polyol is presentedrigure 2.41.

OH 2
HO/Y R ULD Y N —— HO*\/OMOWOH

Figure 2.41 :Manufacture of a polyether polyol based on 1,2-pr@gdliol and EO.

Polyvalent alcohols such as ethylene glycol, 1d@ppnediol, glycerol and
trimethylolpropane, or amines such as ethylenedianvhich yields tetrafunctional
polyether alcohols) are used as the starter masculhe addition of the aklene

oxide is usually performed in an alkaline mediunthvéodium hydroxide as the base.

Key properties of the polyether such as the melpommt, viscosity, hydrophilicity
and compatibility can be controlled via the ratfotlte ethylene oxide to propylene
oxide. Due to their low viscosity, polyether polyare used mainly in solvent free
coating systems. However, because of the poor weathbility of polyethers — a
consequence of oxidative polyether chain degradatidheir use is restricted to
interior applications or to the formulation of pens. On the other hand, these
systems are characterized by particularly goodstasce to hydrolysis and
mechanical stability. For these reasons, they fiem aised in the construction sector

for coatings on mineral substrates such as concrete

2.3.2.3Polyester polyols synthesis and applications

Polyester polyols are the second most importantugrof oligo-polyols for
production of polyurethanes after polyether polydike superior characteristics of
polyester polyol based polyurethanes are explaimed better crystalline structure
[245] in the urethane segment, compared to the nibajf polyether polyols which
are amorphous [except polytetrahydrofuran (PTHER)E to the superior secondary
forces between the polyester chains and also dus $aperior thermal and fire
resistance, compared to polyether polyol based upelljanes. Polyester based
polyurethanes (flexible foams, coatings), haveesor solvent resistance compared

to the polyether-based polyurethanes [246].

47



Polyester polyols are produced by the polycondémsaif di- and polycarboxylic
acids with an excess of polyfunctional alcoholslypls) (Figure 2.42). In addition,
polyester polyols are made by the reaction of daptone with diols.
Poly(caprolactone diols) are used in the manufactfr thermoplastic elastomers

with improved hydrolytic stability [247].

The most important polycarboxylic acids and theinydrides which are available on
an industrial scale for the manufacture of polyegtelyols include the aromatic
acids phthalic acid and isophthalic acid, the atghacids adipic acid and maleic
acid, and the cycloaliphatic acids such as tetradpftthalic acid and hexahydro-

phthalic acid.

I catalyst
NHO—C—R—C—OH + (n+l) HO—R—OH =

0 o
| I )
HO—R—0-C—R—C—0—R—O+H + 2nH,0

n

Figure 2.42 :Structure of a linear polyester polyol based onltjte
hexanediol/adipic acid.

The polyols used are aliphatic alcohols such aanettdiol, 1,2-propanediol, 1,6-
hexanediol, neopentyl glycol, glycerol and trimétigropane, and cycloaliphatic
alcohols such as 1,4-cyclohexanedimethanol. Intihdimonofunctional alcohols or
carboxylic acids such as 2-ethyl hexanol or 2-etigkanoic acid can be used as

chain terminators [248].

Synthesis of polyester polyols

Polyester polyols are produced by a condensatiaatiosn of polycarboxylic acids

with polyols, splitting off water. There are twoopesses which are used in
particular. The first is the melt condensation pscin which the coreactants are
reacted in the melt at temperatures of approximéetéD to 260 °C. The reaction is
performed either in a vacuum or in a stream oftigas to remove the water. The
second process is azeotropic esterification peddrim an organic solvent which

acts as the carrier to remove the reaction water.
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The condensation reaction can be accelerated lbgasing the reaction temperature
and the amount of inert gas used, by reducing tesspre and/or by the addition of
catalysts, which is particularly advantageous toalwathe end of the esterification
process. Suitable catalysts include bases sudthasn hydroxide or tin compounds
such as di-n-butyl tin oxide. As a binder for cog$i, the polyester polyol is used
either solvent-free as a viscous resin or it isalged in a solvent. It may also be

used in solid form or as a dispersion in water [249

Properties and applications

The properties of polyester polyols and of the padyhane coatings in which they
are used are determined by the choice of raw naddethe molecular weight, the Tg
and the functionality. Generally speaking, satutapelyester polyols have good
pigmentability and yield coatings with good weatkéability and high gloss. This
makes them suitable for a broad range of applicaticom vehicle finishing
(including aircraft) to general industrial coatingeachinery). However, only the
non-aromatic products yield good UV stability, ®naromatic polyesters tend to
yellow on exposure to light. Unsaturated aliphaticloaliphatic polyesters based on
maleic acid anhydride represent a special casepifeethe double bond, they have
particularly high UV stability [250].

Polycarbonate polyols

Polycarbonate polyols are esterification produotsnied by the reaction of carbonic
acid with polyols. In practice, the carbonate st is introduced using phosgene or
carbonic acid diesters [251]. Because of their paowlubility, aromatic
polycarbonates based on bisphenol A are not usedoating applications. In
contrast, linear aliphatic polycarbonates are useth as binders in high quality
polyurethane coatings and in the production of padthane binders, especially
polyurethane dispersions [252,253]. Aliphatic palymnate polyols are
characterized by their low viscosity, and the resgl coatings by good weather

stability and very good resistance to hydrolysis.

Polycaprolactone polyols

Polycaprolactone polyols are produced by the ripgring polymerization of-
caprolactone. Suitable starter molecules are pobtfanal alcohols such as ethylene
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glycol, 1,2-propanediol, glycerol and trimethyladpane [254]. The ring-opening
polymerization takes place at temperatures of apprately 120 to 200 °C and can
be accelerated by the addition of catalysts sucbrganometallic compounds. The
process Yyields low viscosity products with defineehctionality. These are used
either as sole binders or as reactive thinnersolwest-free or high solid two
component polyurethane coatings. Polycaprolactatgo[s are also used as polyol
building blocks in the manufacture of high moleculaeight polyurethanes. A
further use of the ring-opening polymerization efcaprolactone is in the
modification of higher molecular weight polyols,ge.polyacrylate polyols. The
technical advantages of polycaprolactone polyolsluote their flexibility and
weather stability, in addition to their low visctysiThe main applications for these
materials are in two-component polyurethane coatif@y plastics (automotive
sector) and in solvent-free coatings for constarctapplications. Polycaprolactone
diols are also used as soft segment in polyurettapersions [255, 256].

Polyacrylate polyols

The term polyacrylate polyols covers copolymeraaiylic and/or methacrylic acid
esters - ethyl acrylate, butyl acrylate and metimgthacrylate - which also bear
hydroxyl groups. In practice, other comonomers faeguently used together with
these, e.g. styrene, vinyl ester or maleates. Jeolyl groups needed for reaction
with isocyanate groups are usually introduced diyeda functionalized esters of
acrylic and methacrylic acid, e.g. hydroxyethylydate, hydroxyethyl methacrylate
or hydroxypropyl methacrylate.

Figure 2.43 :Structure of polyacrylate a polyol.

Another way of generating hydroxyl groups is by ypoér-analog reactions on

finished polyacrylates [257].
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Polyurethane polyols

Polyurethane polyols are produced using the di@oate polyaddition process in
which diisocyanates are reacted with an excessotf dnd/or polyols. On account of
their high viscosity, these products are as yetitdé importance in the field of

solventborne coating systems. By contrast, hydumgtional aqueous polyurethane
dispersions are used successfully in one-comparahtwo component systems for

wood and plastic coatings, e.g. for producing $edl-effects, and for glass coatings.

2.3.3Polyester urethane acrylates

Polyester urethane acrylates or methacrylates eanohsidered to consist of three

major components:

1. Polyester polyol

2. Multifunctional isocyanate

3. Hydroxy compound containing reactive unsaturatibich would typically be
an acrylate or methacrylate

Preparation

The polyester polyol can be reacted with TDI, fakal by hydroxyalkyl acrylate, or a
half adduct of a TDI acrylate. The formulation &ohalf-acrylated product might be as
at Table 2.5.

Table 2.5:Polyester urethane acrylate formulation.

Constituent Composition
Polyester polyol 'D 1 hydroxyl equivalent
TDI 1 mole (2 hydroxyl equivalents)
Hydroxyalkyl acrylate 1 hydroxyl equivalent

Two possible processing methods can be describetheinsynthesis of polyester
urethane acrylate. In the first method, the pobtegblyol, TDI, inhibitor, catalyst,

diluent (if necessary) are all charged to the wdtte temperature is held at 30-40°C.
The HEA is charged to the reactor when the isodgalevel reaches its theoretical
value for complete reaction with the polyester polyfhe reaction is held at 50-60°C

until there is less than 1% of -NCO remaining atcltiime the temperature is raised
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to 80-90°C. The reaction is continued until the @vel is undetectable and, if
necessary, -NCO scavengers are added. The prepolgmeooled, diluted, if

necessary, and discharged.

CHs
NCO
Ho—]|Polyestd—oH + 2 + 2CH2=CH—(i—O—C2H4OH
o)
NCO
1]
CH,=CH—C—0—C,H,0-C—N
o)
TH

H o c=o0

[L—lcl;—o—[- Polyester—l—(l)

N—C—O0—C,H,0—C—CH==CH,

|l I
0]

H 0]

Figure 2.44 :Preparation of Polyester Urethane Acrylate.

In the second method, the TDI, HEA, and inhibitee eharged to the reactor, heated
to 30-50°C, and held until the isocyanate levelchea its theoretical value. The
polyester, catalyst and diluent are then chargetidaeactor and the temperature is
held for 1-3 hours at 50-60°C. The process is tb@minued, as in the first case
above. The first method is preferred by some manurfars because there is less
chance of an acrylate gel. The second method ferped by other manufacturers
because the former method results in free HEA. Qisly, TDI can be replaced by

other diisocyanates and a variety of commerciaygsibr polyols can be used [258].
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2.3.4 Epoxy acrylate

Epoxy resins are polyether resins containing mbaa tone epoxy group capable of
being converted into the thermoset form. Thesensesbn curing, do not create
volatile products in spite of the presence of aatitd solvent. The epoxies may be
named as oxides, such as ethylene oxides (epoxan@&thor 1,2-epoxide. The
simplest epoxy resin is prepared by the reaction badphenol A with

epichlorohydrine. The value of repeat unit3 yary from 0 to 25. This determines

the end-use applications of the resin [259].

(|3H3 (I)H (|:H3
H,C0 C O—CH,—C—CH,—+0 C O—CH
0 CHg n CHs o)

Figure 2.45 :Oligomer of Bisphenol A diglycidyl ether.

The oligomers of bisphenol A diglycidyl ether (DGEBor BADGE) contain
hydroxyl groups. The relationships between n, mdecweight, and physical state

are given in Table 2.6.

Table 2.6Relationship between repeat units and some pregesfiDGEBA
epoxy resins.

Value of n Molecular weight  Epoxy equivalent Melthg point
0-1 350 - 600 170310 <40*
1-2 600 - 900 310475 40-70
2-4 900- 1400 475900 70-100
4-9 1400-2900 900-1750 100-130
9-12 1900-3750 1750-3200 130-150

* usually liquid at ambient temperature

The coatings industry is the biggest consumer okgpesins. These resins are used
mostly as chemical and special purpose coatingsex¥jpesins provide thin-layer
durable coatings having mechanical strength and gahesion to a variety of
substrates. They are resistant to chemicals, dorrosnd solutions. They find

applications in washing machines and appliancepssind bridges, pipelines and
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chemical plants, automobiles, farm implements, @ioetrs, and floor coatings.
Epoxy coating formulations are available as liquikins, solid resins, high
molecular weight thermoplastic resins, multifunofib resins, radiation curable

resins, and special purpose resins [260].

Epoxy resins are characterised by the possessiorod than one 1,2-epoxy groups
per molecules, which are the active centers ofrdsn [261]. The epoxy group
varies in reactivity, depending on whether it igrtmal, internal, or ring-situated. In
the case of bisphenol A diglycidyl ether and epoxyolac resins, terminal epoxy

groups which react.

The catalysed reaction of an epoxy group with eitteeylic or methacrylic acid will
result in an epoxy acrylate or methacrylate, retbgelg [262]. There is a wide range of
epoxy acrylates available, including acrylates ispbenol A diglycidyl ether, epoxy
novolacs and epoxidised oils, such as soya ordihsehe wide use of epoxy acrylates
based on bisphenol diglycidyl ether and epoxy nawdk due to their versatile
chemistry to tailor make products with good adhesibardness, and chemical

resistance.

The epoxy acrylateprepared by the reaction of epoxides, e.g., Bisphan
diglycidylether, with acrylic acid is shown in Figu2.46. These Bisphenol-A type
acrylated epoxides are the dominant products omtaeket and account for about

70% of all epoxy acrylates used.

O O o HOIK\
l
/T O\)vo O O O\AVOI(\

Figure 2.46 :Epoxy acrylate based on Bisphenol-A diglycidyletresction with
acrylic acid.
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Due to the high viscosity of especially the BispbleA type epoxy acrylates, they
are delivered usually diluted with reactive dilugnlike hydroxypropyl acrylate,
dipropylene glycol diacrylate, tripropylene glyabhcrylate or hexanediol diacrylate.
The epoxy acrylates contributes to adhesion andiym® hard and chemically
resistant films by high reactivity. Main uses asp@r coatings and inks as well as
wood coatings [263].

2.3.5 Polyester acrylate

Acrylated polyesters are prepared by reacting the gdoup of polyesters with

acrylic acid or hydroxy acrylate with acid groudgstee polyester structure. Polyester
acrylates are often low viscosity resins requitlittte or no monomer. They produce
coatings and adhesives dominated by the polyettgrtere used in the oligomer.
They are used for pressure-sensitive adhesiveslandor strong rigid adhesives for
metal-to-metal bonding. Amino-modified polyesterydates show a high reactivity

and low skin irritation.

2.3.6 Polyether acrylate

Polyether acrylates are produced by esterificatibpolyetherol with acrylic acid.
They have a very low viscosity and do not requé&ctive thinners. Amino-modified
polyether acrylates have a higher reactivity and Iskin irritance, similar to
polyester acrylates. Solid urethane and polyesteylates can be used as main
components of radiation curable powders. Togeth&h \guitable unsaturated
polyesters, powders are formed that give low fillowf temperatures and allow
separating of film formation from curing. This texogy has been used successfully

in powder coating of wood and plastics [264].

2.3.7 Silicone acrylates

Acrylated organopolysiloxanes, which exhibit exestl release properties, are used
as release coatings on papers and films. The sdigtructure provides flexibility
and resistance to heat, moisture, radiation degjoadand shear forces.
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2.3.8 Structure property relationships

The properties of networks and thus of the coatagsend strongly on the physical
state of the materials, being at the applicationpierature in a glassy state, in a

rubber-like soft region or even in the transitie@iieen glass and rubber.

In this transition region, the modulus is heaviifluenced by temperature and may
drop by several orders of magnitude. This transiisodefined by the glass transition
temperature (J). Since almost all crosslinked coatings are ammuphpolymer

networks, the glass transition temperature hasrtbst prominent influence on the

mechanical properties.

The Ty describes the deflection from linearity of thergase or decrease of volume
of a polymer during heating, from a glassy to & stdte or during cooling from the

soft to a glassy state.

Since the mechanical properties of crosslinkedicgsatare strongly influenced by
the glass transition temperature, the structufalences on the Jare discussed.

If the Ty of the coating is belowhe application temperature, the coatings often

exhibit some of the following properties:

* Soft and flexible,

« Difficult to sand (rubber-like),

 Exhibiting poor blockability (tacky),

» Low barrier properties (against chemicals, oxygeater),
 High water uptake and swelling.

If T4 is abovehe application temperature, the coating can dfeecharacterized as:
* Hard, to some extent brittle,

* Exhibiting low water uptake and swelling,

« High barrier properties against chemicals ancewat

* High scratch resistance, and

» High chemical resistance.
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Physically,  can be explained as the lowest temperature whegemesds of
polymer molecules start moving relative to neighliiogy segments and start

occupying a larger volume.

The glass transition is not a sharp point, buterath transition range depending on
the thermal history of the sample. With fast heptiates the J appears at higher
temperatures and if the material was cooled dowidlg the Ty appears to be lower

than with samples that are cooled down more sl¢26%].

The main influences of the acrylate (resin) funudilities and resin types on the
polymerization process and general properties xamplarily shown in Figures 2.47
and 2.48.

Increase of results in Chemical properties
resin/diluent Increase of Polymerization rate
functionality Crosslink densitiy (X)

Glass transition temperature (Tg)
|~ / Mechanical properties
= Hardness

Chemical resistance
Scratch resistance

) and Chemical properties
= decrease of | Final conversion
T Mechanical properties
s \ Flexibility
Elongation at break

Figure 2.47 :Influence of resin/diluent functionality on the poierization process
and some properties.
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Figure 2.48 :Generalized properties of typical resins of théetdént UV curable
acrylate resin classes (spider diagram: 0, wotstbést).

Increasing the monomer (diluent or resin) functlipdeads to higher cure speed,
higher Ty, higher crosslink density, higher hardness antddrighemical and scratch
resistance, but lower flexibility and lower conviers causing a higher content of
uncured residual unsaturated groups. Generalizadtste—property relationships of
the typical resins used in radiation curable ateytystems are given in Figure 2.48.
The performance criteria shown in the diagram ated relative to a defined scale,

ranging from poor (=0) to excellent (=10).

The (aromatic) epoxy acrylates provide high hardnesactivity and chemical
resistance, whereas urethane acrylates are knavithdw high flexibility, toughness
and abrasion resistance. The polyester acrylates bhawell balanced property
profile, making them typical all-rounder, and thelygther acrylates are very good
reactive diluents due to their low viscosity busalusable as pure resin materials
[266].

2.4 Hyperbranched Polymers in UV-curing Systems

As a class of UV-curable oligomers, hyperbranchaglated systems have attracted
increasing attention from a fundamental viewpoind gor the great variety of

expected applications. Several groups are workiitg these materials for use as
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oligomers in UV-curable systems [267-269]. Themesduld be UV-cured, and the
T4 of the cured films can be correlated with the ieahgroup concentration in the
hyperbanched acrylate [270]. Hyperbanched acrylate® low viscosity compared
to conventional polyester acrylates of similar nealar weight. Hyperbanched
polyester acrylates exhibit rapid cure rate andeloshrinkage than conventional
polyester acrylates. The cured films have excellphysical and mechanical
properties such as good adhesion, flexibility, iotpstrength, hardness, chemical
resistance, scratch resistance and the presensmalf amount of low extractable
residual unsaturation. The use of acrylated aliphatperbanched polyesters based
on 2,2-bis(methylol) propionic acid in UV-curablppdication has been described in
several papers [271-274]Resins based on hyperbranched polyurethane tesyla
containing phosphorus were found to be flame-raetatrdr can be used as additives
to conventional UV-curable coating systems [273Recently, Dzunuzovic et al.
[276] and Dunjic et al. [277] described the synihemnd properties of urethane
acrylates based on aliphatic hyperbranched polggedbeit the products have rather
high viscosity, especially those with higher fuootlity. In order to reduce the
viscosity of the product, urethane acrylates wesioed from an hyperbranched
polyester partially modified by a soybean fattyda¢PDI and 2-HEA. The additional
double bonds from the soybean fatty acids enhatserbsslink density [278].
Alkyds based on hyperbranched polyesters and uagatufatty acids exhibited a
substantially lower viscosity compared to a simifarture with conventional curing
agent. Also they had excellent curing propertiedhwaimazingly short curing times,
which is beneficial from UV cure point of view [27Z81]. Shi and Xu [282]
synthesized three UV-curable hyperbranched poligaret acrylates possessing
different double-bond density and partially chaittustures, which made the
difference in their photopolymerization behavionsdadynamic mechanical and
thermal properties.

The synthesis of hyperbranched polyurethane aerydgtShi and Xu [283] involves
a three-step procedure. The authors modified HBPEA@h succinic anhydride or
phthalic anhydride and then further reacted witbxgppropane and TDI-HEA, the
photo-polymerization and the dynamic mechanicainfa properties of the resultant
materials were studied (Figure 2.49a). In anotkport from the same group [284],
hyperbranched D-1-OH from HBPE-COOH was preparegufe 2.49b). D-1-OH is

59



a translucent viscous liquid and possesses eigltilddonds at the periphery. They
also prepared dendritic polyester with about 12 B@&nd-double bonds by reacting
hydroxyl group of D-1-OH with methacrylic anhydridélasic et al. [285]
synthesized and evaluated new hyperbanched urethangdates having high
functionalities and molecular weights, with accéaviscosities. Their results show
that the cured coatings have excellent mechanicgigoties due to high molecular

weights and acrylate functionality.
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Figure 2.49 :Preparation of UV-cured PU coatings using hypertinad polymers.

Hyperbanched acrylated aromatic polyester basestoydroxyisophthalic acid as an
AB, monomer, ethylenediamine tetra-acetic acid (EDT#g a core molecule, and
HEA as an end-group modifier (Figure 2.50) [286h adso be used along with
polyurethane acrylated in UV cure coatings. In haotreport, Wei et al. [287]
synthesized an acrylated hyperbanched polyestegrdged as HBP20-A from
Boltorn™ H20. The synthesized HBP20-A was UV-cured withireedr aromatic

polyurethane acrylate resin.
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2.5UV-curing Technology and Applications

UV-curing has now been established as an altema&tiving mechanism to thermal
hardening, contrary to the past, where it was amysidered for the curing on
temperature sensitive substrates, like wood, paper plastics. This alternative
curing technology uses the energy of photons ofati@eh sources in the short
wavelength region of the electromagnetic spectnumrder to form reactive species,

which trigger a fast chain growth curing reacti@gg].

From the application point of view, UV-curable dogts are mainly used in such
industrial applications where thermal curing is diarpossible, like curing of
coatings on temperature sensitive substrates,wiked, paper and plastics, and in
imaging applications, where only selected areasuldhbe polymerized, like in

polymer printing plates and photoresists.

Specific applications of photocurable coatings @ear coats for parquet, furniture,
vinyl flooring, on plastic substrates (skies, ba&radompact discs, headlight lenses,
overprint varnishes (posters, high gloss packagiaghesives, protective coatings
for optical fibres, electronic parts. Applicationg photocurable coatings on metals
(automotive, coil coating) and exterior uses arg pmerging. These applications
cover a large range of properties.
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Figure 2.51 :UV coatings from traditional to new applications.

As can be seen from the few application examplesvshin Figure 2.51, UV-curable
coatings are traditionally used on temperatureigeasubstrates, like wood, paper
and plastics, for example, clear coats for parduetjture, vinyl flooring, on plastic
substrates (crash helmet, boards), compact diseadlight lenses or overprint
varnishes (posters, high gloss packaging). Howesiace coatings are used almost
everywhere, the UV-curable coating market is expantb new applications, where
traditionally thermal curing systems have been wgkhorses. Applications like
UV-curable coatings on metals (automotive, coil towg and exterior uses on
windows, on glass, bikes, on appliances, like gefiators, washing machines, and
most prominently on cars are good examples. A plidiiy of coating applications
is often less noticed, such as adhesives and pir@ematings for DVD and CD’s,
protective coating on glass fiber wires, inside andside of beverage cans, on
automotive parts, like headlight mirrors and in tiplé functions on electronic parts.

This list can easily be extended even further [289]

25.1 Wood finising with UV-curable coatings

The usage of wood is very important as it is a rétuenewable raw material. Wood

also serves as a beautiful decorative materialvde scale of decorations can be
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created by mixing details from different kinds obed, coatings and technologies.
Furthermore, wood possesses even more remarkadiierde which in many ways
give it a leading position over alternative matetiaexcellent heat and sound
insulation independent of the temperature, as althe fact that wood does not

accumulate electrostatic charges are a few exarf@9es.

The coating of wooden surfaces serves mainly fafasas protection and thus
increases their utilization properties. Wood cagtiakes place in different sizes of
facilities, from smaller handcraft shops up to &fgrniture production facilities. In
wood processing, furniture production is the latgagsector. A large variety of
coatings (conventional solvent-based, high solid¥-curing, water-based...) is
applied by different application techniques (railinspraying, curtain coating,
brushing, dipping, manual application, etc.) inheat different sizes of facilities
[291].

UV-curable coatings are liquid coatings that do cantain any evaporative solvent
or water. Their nature is entirely active chemidtmgt converts directly to a solid
finish upon exposure of the applied coating toaviiolet energy. Since there is no
requirement to dry the coating, the wood surfaceicanediately exit the application

section of the finishing line and enter the UV-agrizone or UV “oven.” Cure is

instantaneous and parts exit the UV oven readyettidndled in the next stage of
production. A very significant advantage with 10Q4-curable coatings is the fact
that the excess coating may be re-used. UV-cuaéngs enable the most rapid of
production rates and any application method isiptesdt is a proven fact that 100%
UV-curable coatings can be and are routinely sgtaye large and small format

wood surfaces.

High-build, attractive finishes are easily obtairmtd are found in custom aircraft
interiors, yacht interiors, picture frame mouldinfgl-filled floor coatings, tabletops

and countertop coatings and other surfaces. St@ibth appearance is, however,
easily achieved by controlling the application rafeboth seal coat and topcoat
layers. Versatility is the key to 100% UV-curableatings and a quality coating

manufacturer can engineer the system to flow andgss well at low-coat weights.

Woods differ in their color, grain, pore structudensity and the type and content of

specific constituents. The various wood-based maégesuch as chipboard, hard-board,
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medium-density fiberboard (MDF) and plywood, whate also available with veneer

or laminated film finishes, differ widely in thesurface structures.

Exact knowledge of a substrate allows selectiora giolyurethane system which
ensures optimum coating results. In order to a&hispecial surface effects and
qualities, various coatings can be combined irotrexall coating system. In contrast to
nitrocellulose coatings, unsaturated polyestersUgFcuring systems, polyurethane
coatings usually present no problems in terms ofpatibility, overcoatability and

intercoat adhesion [292].

2.5.1.1 Formulations

Formulations used for radiation curable systemsdépmn the specific performance
requirements of the coatings and have to be adjustehe application techniques
(e.g., viscosity needs). Typically, formulations fdV-curable coatings contain 25—
90% oligomeric resins, 15-60% reactive diluent§—8% photoinitiators, 1-5%

additives, like levelling agents, defoamers, andiom@lly pigments, fillers and

matting agents.

The application fields are very wide and thereftire requirements on the coating
properties differ very much. From this broad spémpmplications it is obvious that
formulations also differ very much in their chemyseand composition. Classical
applications in wood and paper coating often rexhighly crosslinked coatings for
abrasion, scratch and chemical resistant surfatéereas for future applications,
such as exterior wood coating, like window frames,coil coating much more

flexible coating properties are needed.

Table 2.5General composition of wood coatings and functibthe components.

Component (%) Function

Oligomer resin 25-95 Film formation, basic pemiance
properties

Reactive diluent (monomers) 0-60 Film formatiaiscosity adjustment

Photoinitiator 1-5 Initiation of curing; speed

Fillers / pigments 0-50 Increased abrasion  ta&Ewe,

increased scratch resistance, cost
reduction (e. g. talc), coloration

Matting agents Gloss reduction
Additives 0-3 Defoaming, wetting, levelling,
slip, ...
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Polyester or epoxy acrylates either alone or inlwoation in amounts up to 60 %,
diluted with 35 % of monomers are mainly used fa@oa coatings. For parquet and
flooring applications the tougher and more abragiesistant urethane acrylates
along with monomers are also employed [293].

2.5.3 Advantages and drawbacks of UV-curable coatings

From the many advantages and disadvantages methtiort@e literature, some of
the most importants are listed below [294]:

Economical advantages

» Energy saving (commonly rapid cure at room terapge)

* High production speed

» Small space requirements

* Immediate post cure processing possible

Ecological advantages
* In general solvent free formulations (VOC redaoiji
* Possibility of easy recycling (waste reduction)

* Energy saving

Performance advantages

* Low substrate heating

* High product durability

* Application versatility

* High scratch resistance and chemical resistance
» Exceptional abrasion, stain and solvent resigtanc

 Superior toughness

Drawbacks
» Material costs are higher than, e.g., alkydsygstlers or epoxies
« 3D curing equipment development is in its infancy
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* UV curing in the presence of UV stabilizers decaled
» Oxygen inhibition at the surface (in many radicating systems)
* Sensitivity to moisture (cationic curing system)

« Difficult through-cure of pigmented coatings taicknesses 5 um)

Topics to eliminate weaknesses

» Improving adhesion to metal, plastics

* Minimizing skin irritation caused by some reaetdiluents
» Reducing odor (of the formulations)

* Reducing extractables of cured coatings

 Improving photoinitiators (cost, migration, valdy)

« Direct food contact packaging approval

The economical and ecological benefits of UV-cugatbatings often appear when
the question arises “which coating system shouldchesen in order to coat a
specific surface area” and different coating akéiires may be considered. This is
preferably done by comparing the whole proces®afing a substrate from cradle to
grave with the ecoefficiency method [295].

2.5.4 Driving forces of UV technology

From the discussion of the advantages and drawpaleksdriving forces of the

environmentally friendly UV technology for futurewklopments become evident.

In general the main driving forces are listed below

Performance, exemplarily mentioned are:
* High surface quality
* Chemical and mechanical resistance

* Gloss, scratch and abrasion resistance

Economy, exemplarily mentioned are:

* Energy and material saving process
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* Cold cure, no additional heating

Ecology,exemplarily mentioned are:
* Nearly no VOC’s

* Very low emissions after curing

* Very low extractables after curing

These driving forces result in double digit growdites in classical applications. Due
to the high curing speed of UV polymerization oteeo compatible coating systems,
besides the classical 100% solids UV coatings, sisalvater-based, powder and dual
cure systems, are also being modified in such a veaybe curable by UV
polymerization. And ultimately, general new exter@pplications and especially

automotive usage will contribute to further vitabgth [296].
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3. EXPERIMENTAL WORK

3.1 Materials

Bisphenol A (2,2-bis(4-hydroxyphenyl)propane) is a difunctional organic

molecule with molecular weight of 228,29 g/mol &8 purity supplied from Dow

g
oA A
CHs

Figure 3.1: Bisphenol A.

Chemicals.

6F-Bisphenol A([2,2-bis(4-hydroxyphenyl) 6F propane))is a difunctional organic
molecule with molecular weight of 336.29 g/mol a#d99 purity supplied from
Aldrich.

Figure 3.2: 6F-Bisphenol A.

Ethylene Carbonate 88.06g/mol with % 99.5 purity is supplied fromdaich and

used without purification.

@) @)

h

O

Figure 3.3: Ethylene carbonate.
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1,4-Cyclohexyl dimeth anol (CHDM) 144.21 g/mol,% 99,5 is supplied from

Eastman and used without purification.

HOCH, CH,OH

Figure 3.4: CHDM.

Isophorone Diisocyanateis an aliphatic diisocyanate with a molecular weigh
222 g/mol and density of 1.061 g/ml supplied froerdeorp. It is used as a reactant

in the synthesis of urethane acrylate.

NCO

NCO
Figure 3.5:IPDI.

Poly(propylene glycol) (PPG)is a polyether polyol that is used in polyurethane
synthesis. Its hydroxyl value is 104 mgKOH/g andrage molecular weight is 1100

g/mol.

HO+CH2CHO+H
| n
CH,

Figure 3.6: PPG.

2-hydroxyethyl methacrylate is a monoacrylate found widespread usage in
developments of radiation curing. It has moleculaight of 130.14 g/mol and
density of 1.077 g/cth

0]

Figure 3.7: HEMA.
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Diglycidyl 1,2-cyclohexane dicarboxylatg Epikot Resin 719, epoxy molar mass =
180-190 @) is supplied from Hexion Specialty Cheaatsds used in epoxy acrylate

synthesis.

o
Figure 3.8: Epikot Resin 719.

Adipic acid, is the most important dicarboxylic acid suppliednfr Merck. It has

molecular weight of 146.14 g/mol and density of6lg3cm

ﬁ o)
I
HO—C%CHZ)*C—OH
4

Figure 3.9: Adipic acid.

2,2-Di(methylol)propionic acid (DMPA), is a difunctional diol combines two
primary hydroxyl groups and one tertiary carboxyéicid group supplied from

Perstrorp. Its molecular weight is 134.13 g/mal @arity is % 99.

CH,OH
ch—lc—COOH

CH,OH

Figure 3.10: DMPA.

Hydroquinone (benzene-1,4-diol)was used as inhibitor. It is white solid and its

HOOOH

Figure 3.11:Hydroquinone.

density is 1,3 g/cth

Dibutyl tin laurate (DBTL) is an organometallic tin compound that is used as a
catalyst in the sytnthesis of polyurethaneacyltitellows allow the reaction to take
place at a rapid rate and at lower temperatures.
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Tripropylene glycol diacrylate (TPGDA) is a trifunctional monomer used to
increase the gelation stability of UV film formulats at elevated temperatures. It
has low viscosity, high Tg, and fast cure speedals used as a crosslinking agent in
photopolymerization system.

CHs CHs

Il Hy | Il
HpC==CH—C—0—CH,~CH—0—C —CH—0—C—C=CH,

Figure 3.12: TPGDA.

HDDA (1,6-hexanedioldiacrylate)is a low viscosity, fast curing monomer with low
volatility, a hydrophobic backbone, and good sobyerfor use in free radical

polymerization. It was used for lower viscosity adsslinking in polymerization.

PPN

Figure 3.13:HDDA.

NVP (n-vinyl pyrrolidone) has excellent viscosity reducing capabilities with
relatively low shrinkage. The flash point (open xupf NVP (98.4 °C) is
substantially higher than any of the preceding-aorylate monomers. This reduces

its fire hazard to make it compatible with the ogpicof low fire hazard radiation

L

N

curing.

HC=CH,
Figure 3.14:NVP.

Irgacure 184is a versatile photoinitiator for radical polymetti®n of unsaturated

resins upon UV light exposure.
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O

OO

Figure 3.15:Irgacure 184.

p-Toluen Sulfonic Acid (pTSA), is supplied from Fluka has molecular weigit
190,22 g/mol and purity is % 98.

H,C SO,0H
Figure 3.16:pTSA.

3.2 Equipment

3.2.1 Infrared spectroscopy (IR)

Infared analyses were performed with Perkin ElmgrecBum 100 FTIR
spectrometer, equipped with ATR sampling accessory.

3.2.2 Nuclear magnetic resonance spectroscopy (NMR)

(@) 'H NMR and®*C NMR measurements were recorded in DM&®ith Si(CHs)s
as internal standard, using a Varian Inova 500 Mpkctrometer.

3.2.3 Gas permeation chromotography (GPC)

GPC analyses were carried out with a set up congistf the Agilent pump and
refractive-index detector (Model 1100) and four ¥fatStyragel Columns (HR 5E,
HR 4E, HR 3, and HR2). THF was used as the elueatflaw rate of 0,3 ml/min at
30 °C. The molecular weights of the polymers were dated with the aid of

polystyrene standards.

3.2.4 Thermogravimetric analysis (TGA)

Thermogravimetric analyses were performed with aTlBA Q50 instrument, under

nitrogen atmosphere at a heating rate of 20 °C/min
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3.2.5 Differential scanning clorimetry (DSC)

The glass transition temperatures were measured differential scanning

calorimetry, TA DSC Q10, under nitrogen atmosplatra heating rate of 1@/min.

3.2.6 Determination of isocyanate content

The analytical method [297] for isocyanate deteation is the reaction of the
terminal isocyanate groups with an excess of diaatine in toluene (1 mol/L) and
allowed to stand at room temperature for 15 mire fidaction mixture is diluted with
isopropyl alcohol, and the excess dibutylamine askktitrated with hydrochloric

acid (1 mol/L). The content of isocyanate is catedl from titration volume.

(V-V1)*N*4202

% NCO =
m (3.1)

Where :
V, = HCl required for titration of blank, mL,

V; = HCI required for titration of sample, mL,

N = normality of HCI, meg/mL,

m = sample used, g

4.202 = constant combining the equivalent weight €O (42.02) mg/meq,
conversion of g to 1000 mg, and conversion to 100%

3.2.7 Determination of hydroxyl number

The hydroxyl number is defined as the quantitatiakie of the amount of hydroxyl
groups available for the reaction with isocyanat&€se hydroxyl number (or
hydroxyl index) is expressed as milligrams of pstas hydroxide equivalent for
one gram of the sample (mg KOH/g). The most impar&nalytical method for
hydroxyl number determination is the reaction @& terminal hydroxyl groups with
organic anhydrides (acetic anhydride or phthalibyanide) [298]. The sample is
acetylated with acetic anhydride; the excess aegtiyydride is converted to acetic
acid by boiling with water, and then is titratedtiwiagueous KOH. The acidic
carboxyl groups resulting from this reaction areitreised with the equimolecular

qguantity of potassium hydroxide.
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(Vo-V,)*N*56.1
OH= + AV
m (3.2)

Where:

OH = hydroxyl value of the sample (as such) in n@HK/ g resin.

V1 = ml of potassium hydroxide solution needed forgample.

V, = average ml of potassium hydroxide solution neddethe blank.
N = normality of the potassium hydroxide solution

m = weight of the polymer in g.

AV = acid value of the sample (as such).

3.2.8 Contact angle measurement

The contact angle measurements of the coated watacss were performed with a
Kriss Easy Drop DSA16 instrument at room tempeeatur

3.2.9 Pendulum hardness tester

A Konig Pendulum Hardness (BYK-Gardner) tester wasd to measure the film
hardness of the urethane acrylate films.

3.2.10 Pencil hardness test

Pencil hardness is the measure of the hardneserafildeads (made of different
proportions of graphite and clay), commonly rangiram 6B (maximum graphite,
hence softest) to 6H (least amount of graphitecéehe hardest) with HB (roughly
equal amounts of graphite and clay, hence mediuthaad) in the middle. Pencil
hardness is used in indicating the toughness dhseircoatings by testing which

number pencil-lead can scratch it.

OH8H7/H6HS5SH4H3H2HH F HBB 2B 3B 4B 5B 6B 7B 8B 9B

Hardest — Medium — Softest

3.2.11 Tensile test

Mechanical properties of the UV-cured free filmsreveletermined by Zwick Z010

Universal Tensile Tester under a 500 N load cell asing a crosshead speed of 5
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mm/min at room temperature. It was used to detegrpnoperties such as modulus,

elongation at break and strength.

3.2.12 Cross-cut adhesion test

The adhesion characteristics of the coating assiflad with cross-cut adhesion test

results accroding to the scale below.

Classification for percentage of area removed:
5B — 0% None

4B — Less than 5%

3B— 5% to 15%

2B — 15% to 35%

1B — 35% to 65%

0B — Greater than 65%

3.2.13 Gel content measurement

Gel content measurements were made against adeyoBexhlet extraction for 6 h.
The cured film samples @hwere accurately weighted, and extracted in a@fon
6 h. The extracted films were dried until a constaaight (n). Gel content of the

cured film was calculated by the following equation

Gel content (%) = (my/m;) x 100

3.2.14 Water swelling measurement

Water swell was measured by emerging a film in wateoom temperature for 24 h.
The cured film samples (@hwere accurately weighted, and swelled in wate2#h.
The swelled films were weighted gjrand % swell was calculated by the following
equation:

Water swelling (%)(Q) = [(mz-my)/my] x 100

3.2.15 Solvent resistance measurement

The solvent resistance of the flms were made agai@rious solvents by immersing
the cured film sample (fh in 10 ml solvent for one day. After drying thbrfs until
a constant weight those were reweighted) @md weight loss was calculated by the

following equation:
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Weight loss (%) =(mz-my)/m; x 100

3.3Synthesis

3.3.1 Synthesis of [2,2-bis(#-hydroxyethoxy) phenyl propane] (HEPA) and
[2,2-bis(43-hydroxyethoxy) phenyl 6F propane] (HEPFA)

HEPA and HEPFA were synthesized by the reactionsBisphenol A or 6F
Bisphenol A with ethylene carbonate respective @92 A spherical flask (500ml),
equipped with a reflux condenser, stirrer, therm@mend nitrogen inlet, was
charged with Bisphenol A (45.6 g, 0.2 mol), eth@erarbonate (35.2 g, 0.4 mol) and
sodium carbonate (0.2 g) as catalyst. The mixtueie reacted at 165-17C€ under
nitrogen flow for 2 h (Figure 17). The crude prodwuas washed with water several
times to remove unreacted ethylene carbonate asrgitadlized from methanol. A

white crytalline product, mp:10%C, was obtained in a yield about 90%.

HO@ R—QOH+ o\"/o Naco; |
o)

165-170°C

HOCHZCHZO—QROOCHZCHZOH + 2C0,
e
A S
CHj CF;

HEPA HEPFA

Figure 3.17:The synthesis of HEPA and HEPFA.
3.3.2 Synthesis of 1,4- cyclohexanedimethanol bagsalyester polyol(PECHDM)

PECHDM was synthesized by the reaction of cyclohexdimethanol and adipic
acid (Figure 18) according to the methods descripegviously in the literature
[300]. The conversion of polyester polyol was mored by determining the acid
value with respect to time until the resin had anl aalue under 5 mg KOH/g resin.

The acid value and hydroxyl value of polyester wereasured according to the
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ASTM standards D 1639-89 and D 4274-94, respegtivEhe acid number of the
polyester was 4 and the OH number was 185 mg KOHig.molecular weight and
polydispersity index (M/M,) were determined from GPC measurement as 1190
g/mol and 1.9 respectively. They Df the polyester was determined from DSC

measurement as €.

o 0 210 - 230 °C
3 HOCHZOCHZOH + 2HO—-CHCH;, C-OH —————

pTSA
1,4-Cyclohexane dimethanol Adipic acid
0o @)
HO—H2C4<:>7CH2—O+QZ—60H2>—QZ—OCHZAD\CHz—O%H
4 n
PECHDM

Figure 3.18:The synthesis of PECHDM.

3.3.3 Synthesis of linear urethane acrylate

The linear urethane acrylate was synthesized witdC®/OH ratio of 2 by the
methods described previously in the literature [30%ophorone diisocyanate,
polypropylene glycol (Mn=1000 g/mol) and 2-hydrotyd methacrylate were used
as reactive molecules (Figure 19). The completibthe reactions were followed by
disappearance of the peak at 2270 tfor -NCO group and formation of the
characteristic peaks at 3304 ¢nfor -NH group, 811 cint and 1635 cnit for
acrylate group in FT-IR spectrum.

HsC NCO
l¢)
HO%\l/ }‘H + H30>Q/ _—
n (o]
CH3 HaC CH3NCO YKO’\'OH

PPG IPDI HEMA

Urethane acrylate

Figure 3.19: The synthesis of urethane acrylate.
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3.3.4 Synthesis of epoxy acrylate

The aliphatic epoxy acrylate resin [302] were sgsthed by the methods described
previously in the literature. Diglycidyl 1,2-cyclekane dicarboxylate resin and
diglycidylether of bisphenol-A type epoxy resin wexcrylated with acrylic acid and

the reactions were carried out to obtain the prtsdudth desired acid value (Figure

20).

Diglycidyl 1,2-cyclohexane Acrylic acid
dicarboxylate l

H2C=HC—|C|Z—O—H2C—C|H—H2C—O O_CHZ_ClH_CHZ_O_lcl:_CH:CHZ
OH (@] O OH

Epoxy Acrylate
Figure 3.20: The synthesis of epoxy acrylate.

3.3.5Synthesis of HEPA, HEPFA and CHDM based hyperbranced polyester
polyols

First (G1) and second (G2) generation hyperbrangugester polyols (HB-PES)
were synthesized by melt polycondensation technidbe B core molecules were
added in a four-necked round-bottomed flask equpméth a thermometer,
mechanical stirrer, nitrogen inlet and Dean-Stgrgamatus. The required amount of
DMPA molecule for first generation was charged hbe fflask and the reaction
mixture was slowly heated to 18C. Titanium tetraisopropoxide (TTIP) was used
0.05 wt % as the catalyst for the esterificatiosdshon the weight of DMPA. After
complete melting of the reactants, the temperattae maintained at 180 with a
continuous nitrogen flow for about 24 h to followet course of esterification

reaction. The eliminated water was collected frdra Dean-Stark apparatus. The
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reaction was monitored periodically by checking #uél value through the titration
method and stopped when the acid value was below 10

The second generation hyperbranched polyester Isolyere prepared in a stepwise
manner from the first generation polyols by addegstoichiometric amount of
DMPA monomer corresponding to the next theoretemtond generation. These
reactions were also monitored periodically by clmgkhe acid value through the

titration method and stopped when the acid valug vedow 10.

3.3.6 Synthesis of hyperbranched urethane acrylates

The hyperbranched polyester polyols based urethargates were synthesized via a
two-step procedure. In the first step urethane raongate was obtained by the
reaction of IPDI and HEMA in an equal mole. IPDIq&), 0.027 mol) and DBTDL
(0.23 g) were placed to four-necked flask equippéth mechanical stirrer, a
dropping funnel with a water condenser capped wiitirying tube, a thermometer
and a nitrogen inlet tube. The reaction mixture digsolved in acetone and stirred at
room temperature while HEMA (3.13 g, 0.027 mol) wlaspped into the flask. After
all amount of HEMA was added to the flask, the teacmaintained at 40C until

the value of isocyanate reached to the theoretadak.

In the second step, urethane monoacrylate wasecadgth hyperbranched polyester
polyols with the ratio of 1:0.4 at 7€ until the disappearance of the peak at 2270
cm ! for -NCO group, while the appearance of the peak3384 cm® for -NH
group, at 811 cit and 1635 cnt for acrylate groups in FT-IR spectrum.

After evaporating the solvent and drying the praduacvacum slightly yellow to
clear, highly viscous hyperbranched uretane aaylatere obtained. All samples of
hyperbranched urethane acrylates were synthestsdding to the same procedure
as described above and characterized by FTHR, NMR and *C NMR

spectroscopy.

3.4 Wood coating formulations and preparation of free fims

UV curable formulations were prepared by mixing énganched polyester based
urethane acrylates (UA/HB-PEs), linear urethaneylaty (UA/L) as binder
components; n-vinyl pyrrolidone (NVP), hexanediolaatylate (HDDA) and
tripropylene glycol diacrylate (TPGDA) as reactoi@ients to adjust the viscosity of
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coating formulations and enable the solubilizatioh the photoinitiator. The

composition of UV-curable formulations are giverTable 1. The formulations were
stirred to get a homogeneous mixture, then pouredooa teflon mold with 1mm

xlem x 5cm dimensions. UV cured films and wood atet were prepared
respectively by casting the coating formulationsoamteflon plate (1 mm x1 cm x 5
cm) and wood species (10 mm x 7 mm) at room tenperand cured in a bench
type UV processor machine (EMA, 120 W/chmax = 365 nm, medium pressure

mercury UV lamps) donated with adjustable convespeeds.
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4. RESULTS AND DISCUSSION

In the first part of the study, first (G1) and sedo(G2) generation novel
hyperbranched polyester polyols (HB-PEs) were @®gited by melt
polycondensation technique. These hyperbranchégegters were characterized
with GPC,'H NMR and**C NMR spectroscopy.

In the second part of the study, hyperbranchedgstéys were acrylated to obtain
hyperbranched urethaneacrylates. Hyperbranched hamet acrylates were
incorporated into the three different series of tlfable wood coating formulations
as new oligomers. The effects of core structure @getheration number of
hyperbranched polyesters (HB-PEs’) on the propertie urethane acrylate based
UV-curable wood coatings were investigated by medrt®atings properties such as

surface, mechanical and physical properties.

4.1 The Synthesis of HEPA, HEPFA and CHDM based hypertanched

polyester polyols

First (G1) and second (G2) generation hyperbrangugester polyols (HB-PES)
were synthesized by melt polycondensation techni@)2-di(methylol)propionic
acid (DMPA) was used as ABnonomer (contains one carboxyl (A = COOH) and
two hydroxyl (B = OH) functional groups) and HEPAEPFA and PECHDM were

used as Bf=2 is the number of core hydroxyl functional gps) core molecules.
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| B¢ Codel | sttructurel
&

1. HEPA HOCHZCHZO@?OOCHZCHZOH
CHs

[2,2-bis(4$-hydroxyethoxy) phenyl propane]

B
2. HEPFA HOCHZCHZOQTOOCHZCHZOH
CF;

[2,2-bis(4$-hydroxyethoxy) phenyl 6F propane]

ﬁ 0
|
3. PECHDM HO*PC-&CHZ C—OCH, CH,—O—+H
4
n

Cyclohexyl dimethanol-adipic acid polyester polyol

Figure 4.1: The code and structure of Bore molecules.

Control over the molar mass and the molar-masgilgligsion of hyperbranched
polyesters were achieved by using multifunctionalrec moiety, B in the
polycondensation of ABmonomers. The effect of using Bore molecules in the
synthesis of hyperbranched aliphatic polyesters1f&2-di(methylol)propionic acid
(DMPA) have been demonstrated in the previousditee [303-306].This favors
the reaction of monomers with core unit or growihgperbranched molecules
containing the core unitThe undesired reactions between monomers leading to
branches were negligible and the polymerizatiorctiea approaches chain growth
type kinetics. Hult et al. reported a pseudo-omg-seaction where stoichiometric
amounts of DMPA monomer, corresponding to each rétmal dendrimer
generation, were added successively to the coreeaulgls in bulk under acidic
catalysis. The incremental addition mode of DMPActwe molecules was used for

the synthesis of hyperbranched polyester polyokhasvn in Figure 3.21.
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CH,OH
Br + ch—?—COOH
CH,OH

HO 0
TTIP | 180°C
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OH
o}
OH
o gOH
O OH

180 °C

0
HO 0o O o o
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"o > <O o G2 O>\€
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Figure 4.2: Synthesis of hyperbrached polyester polyols.

The characteristics of hyperbranched polyestergi®lgre given at Table 4.1. The
molar mass and molar mass distributions of hypedirad polyesters were measured
by size exclusion chromatography (SEC) calibratétth inear polymer standards.

Theoretical values oM, can be calculated from conversion and stoichiometri
considerations. In the case of the reaction of 1 AR, (monomer) an&k mol B

(core molecule)M, is given by equation (4.1) [307]:

My—x M~
|'I.f_f — [ 1l +=x :J_wf.':' N ,’pfl__
' P e

C1l-x (4.1)

Where, M is the weight average molecular weight

Pa is the conversion of A-groups (A ; COOH),

My is the molar mass of ABnonomer,
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Mc is the molar mass of core molecule, and

Me is the molar mass of the byproduct, water in tles@nt case.

My values of hyperbranched polyesters, experimen@dliermined by GPC, are
slightly different those theoretically calculatedes. This could be explained by the
differences between the PSt standarts and hyperbdrmolyester structures. It was
reported that copolymerization of ABnonomers with multifunctional (Bcores can
reduce the polydispersity of hyperbranched polynig@8-310]; either increment of
the reactivity of core or slow addition of ABnonomers can further make the
molecular weight distribution narrower. Accordirgthe theoretical calculations at
complete conversion of A groups, the polydispersiigex of the hyperbranched
polymers formed by copolymerization of ABvith B3 can be reduced to be 1.333
and the degree of branching can also be increase@l667 [304,311,312]The
polydispersity index (PDI) of hyperbranched polgestwere less than 2.0 and
HEPFA based hyperbranched polyesters have the igegalispersity index of 1.16
and 1.22. The PDI of HEPA and HEPFA based hypedbreah polyesters slightly

increase with increasing core/monomer ratio as imead in literature [309].

Table 4.1: Characterization of HB-PEs.

Theoretical Mn- Mn® Hydroxyl Acid Number Tg*
HB-PEs core/monomer the®  (g/mol) MM, number (mgKOH/g)* (°C)
ratio (g/mol) (mgKOH/g)°

HB-HEPA/G1 1/8 1265 1040 1.35 376 10 21
HB-HEPA/G2 1/12 1650 1295 1.68 380 7 35
HB-HEPFA/G1 1/8 1375 1630 1.16 400 4 21
HB-HEPFA/G2 1/12 1760 1920 1.22 385 5 27
HB-PECHDM/G1 1/8 2140 1945 2.10 258 7 -16
HB-PECHDM/G2 1/12 2720 3250 1.90 251 2 -22

*Theoretical molecular weigt is calculated from domra(4.1).

® Determined from GPC, based on PSt standarts.

“Determined by ASTM standard D 4274 — 94.

4Determined by ASTM standard D 1639 — 89.

*Determined from DSC under nitrogen at a heating o&tL0°C/min.
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Owing to their globular shape and their highly lmtaed structures, hyperbranched
polymers are expected to be amorphous. The theamsgyrobtained from DSC
measurements confirmed that all hyperbranched ptdye are amorphous. Due to
the increase in the molar mass of HB-PEs the Tgegalvere slightly increased from
first to second generation for HEPA and HEPFA. alalogy with their solution
properties, the thermal properties of hyperbrancstedctures and theiryTvalues
also depend on the nature of their end groups,elisas factors that are specific to
the inner part such as the backbone rigidity, tkgrele of branching, etc. The
decrease in Jvalues of PECHDM based hyperbanched polyestebeaascribed to
the decrease in backbone rigidity. In the casensfar polyester, PECHDM, core

structure causes plasticiser effect lowerigyadlues.

The chemical structure of hyperbranched polyestéots were characterized By
and**C NMR spectroscopy. Th#d NMR spectrum of HEPA based first and second
generation polyesters display signals at 1.0 {ppih for —(CH) protons of DMPA,

at 1.6 ppm for —(Ck} protons of Bis A, at 3.4 — 3.6 ppm for —-(OCOgtnd —
(OCH,) protons, at 4.0 — 4.4 ppm protons of —gOH)) protons, at 4.6 — 4.7 ppm
protons of —(OhKlon therminal unit, 4.8 — 5.0 ppm protons of Qi linear unit
and 6.8 — 7.2 ppm for —Ph protons of Bis A as showrFigure 4.3 and 4.4,

respectively.
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Figure 4.3:*H NMR spectrum of HB-HEPA/G1 in DMSQ;d
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Figure 4.4:*H NMR spectrum of HB-HEPA/G2 in DMSQ;d

The 'H NMR spectrum of HEPFA based first and second geius polyesters
displays signals at 1.0 — 1.4 ppm for —gFHdrotons of DMPA, at 3.4 — 3.6 ppm
for -(OCOCH) and —(OCH) protons, at 4.0 — 4.4 ppm protons of —¢OHl)
protons, at 4.6 — 4.8 ppm protons of —(Q therminal unit, 4.8 — 5.0 ppm
protons of (Ol on linear unit and 6.8 — 7.4 ppm for —Ph protoh6F-Bis A as

shown in Figure 4.5 and 4.6, respectively.
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Figure 4.6:'H NMR spectrum of HB-HEPFA/G2 in DMSQ.d

The 1H NMR spectrum of PECHDM based first and sdageneration polyesters
displays signals at 1.0 - 1.4 ppm for —-(CH3) pretohDMPA, at 1.4 - 1.6 ppm
for -(CH2) and —(CH) protons of CHDM, at 1.6 - p@m for —(CH2) protons, at
2.2 - 2.4 ppm for -( OOCCH2) protons, at 3.4 —ihé for -(OCOCH2) protons
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of DMPA, at 3.8 — 4.0 ppm for -(OCQGHprotons attached to the CHDM, at 4.0
— 4.2 ppm protons of —(GKH) protons, at 4.6 — 4.8 ppm protons of —{@iH
therminal unit, 4.8 — 5.0 ppm protons of —(0&h linear unit as shown in Figure

4.7 and 4.8, respectively.
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Figure 4.7:*H NMR spectrum of HB-PECHDM/G1 in DMSQd
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Figure 4.8: lH NMR spectrum of HB-PECHDM/G2 in DMSQGy.d
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Hyperbranched polymers prepared from ;ABonomers have highly, but not
perfectly, branched structures. They are composéstminal (T), linear (L), and
dendritic (D) units, which were distinguished byetmumber of unreacted
functional groups in the molecule. The fraction®ef L- and T- repeating units
and degree of branching were usually determinedl?NR spectroscopy [313].
13C NMR spectra of novel hyperbranched polyester gislgre shown in Figures
4.9 - 4.13. The®C NMR spectrum of HEPA based hyperbranched polyeste
display signals at 18.5 ppm for methyl carbon of BM 44 — 52 ppm for
guaternary carbons including 46.6 ppm for dendrit& 6 ppm for linear and 50.6
ppm for terminal repeating units, 62 — 68 ppm fatimylene carbons and 173-

178 ppm for carbonyl carbons as shown in Figure 4.9

Ho}f o»{
}’J\OCHQCHO @m @\HOCHCH; K{
HO Cay j O;,E{OH
0, ,OH
0)771{ OH

qc
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ﬂ " i b.c de . a
—c— i 1 l gh JL
f
L Ll ol @
IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
160 140 120 100 80 60 40 20 ppm
Figure 4.9: °C NMR spectra of (a) HB-HEPA-G1 and (b) HB-HEPA-{®B2
DMSO-ck.

The *C NMR spectrum of HEPFA based hyperbranched payestlisplay
signals at 18.5 ppm for methyl carbon of DMPA, 442 -ppm for quaternary
carbons including 46.6 ppm for dendritic, 48.6 pfamlinear and 50.6 ppm for
terminal repeating units, 62 — 68 ppm for methyleasdbons and 173 — 178 ppm
for carbonyl carbons as shown in Figure 4.10 - 4.11
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Figure 4.10:*C NMR spectrum of HB-HEPFA-G1 in DMSQxd
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Figure 4.11:**C NMR spectrum of HB-HEPFA/G2 in DMSQsd

The *C NMR spectrum of PECHDM based hyperbranched ptéyedisplay

signals at 18.5 ppm for methyl carbon of DMPA, 442 ppm for quaternary
carbons including 46.6 ppm for dendritic, 48.6 pfamlinear and 50.6 ppm for
terminal repeating units, 62 — 68 ppm for methyleadbons and 173 — 178 ppm

for carbonyl carbons as shown in Figure 4.12 - 4.13
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Figure 4.12:**C NMR spectrum of HB-PECHDM-G1 in DMSQ:d
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Figure 4.13:**C NMR spectrum of HB-PECHDM-G2 in DMSQ:d

The degree of branching (DB) of the hyperbranchelggsters were calculated
according to the Frechet [314] and Frey [315] frguaternary carbon zonedq

of *C NMR data and the results are shown in Table A&y reported that one-
pot polymerization of ABtype monomers statistically gives a DB of 0.5 when
the reactivities of functional groups in each ang identical [316]. Here, average
values of DByechet~ 0.45 (DByey ~ 0.40) of hyperbranched polyesters are found
quite consistent with the results obtained by Zagfaal (DBeechet ~ 0.43 and
DBerrey ~ 0.30) [317]. A value of DB = 0.5 would have bestpected if all OH
groups were equireactive in the DMPA polyestertfara reaction. A lower DB
suggests that the terminal hydroxyls might havéghdr reactivity in the original

polyesterification.
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Table 4.2 Degree of branching of first and second generdtygerbranched
polyester polyols.

Quaternary carbon Degree of
zone (@) Branching
D L T Frechet Frey
HBPEs (%) (%) (%) (%) (%)
HB-HEPA-G1 12 56 32 44 30
HB-HEPA-G2 15 57 28 43 36
HB-HEPFA-G1 17 54 29 46 39
HB-HEPFA-G2 18 57 25 43 39
HB-PECHDM-G1 18 56 26 44 39
HB-PECHDM-G2 19 54 27 46 41

4.2 Synthesis and Characterization of Hyperbranched Uretane Acrylates

In the second part of the work, three differentieseiof hyperbranched polyester
based urethane acrylates (UA/HB-PEs) were syntbesikhe effects of generation
and core molecule of HB-PES’ on the properties i@thane acrylate based UV-
curable wood coatings were investigated. For thrppse, theoretically 40 % of OH
groups of hyperbranched polyesters were end-cappidurethane acrylate via a
two step reaction as shown in Figure 4.14. Infitisé step, secondary cycloaliphatic
NCO group of IPDI was reacted [318] with an equesn@mount of HEMA and in
the second step -NCO bearing adduct, urethane awcoylate, was reacted with
hydroxyl functional HB-PEs respectively. The reastiwas monitored with IR
spectroscopy.
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Figure 4.14: Synthesis of hyperbranched urethane acrylates.
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According FT-IR spectra of UA/HB-PEs show charastar peaks of N-H stretching
vibrations at 3300-3360 ¢mC-H aliphatic stretching vibrations at 2945, 258",
amide | stretching of the ester C=0 bond at 170891@ni', amide Il stretching
vibration of C-N bond at 1520-1570 ¢nand amide III stretching vibration of N-H
bending and CN stretching at 1230-1250"cmhe spectra of UA/HB-PEs showed
the absorption peaks for C=C bending at 1638 amd =C-H bending at 810 ¢m
which illustrated that the acrylate C=C bond hadrbacorporated in the structure
(Figure 15-18).
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Figure 4.15:FT-IR spectrum of UA/HB-HEPA/GL1.
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Figure 4.16:FT-IR spectrum of UA/HB-HEPA/G2.
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Figure 4.17:FT-IR spectrum of UA/HB-HEPFA/GL.
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Figure 4.18:FT-IR spectrum of UA/HB-HEPFA/G2.
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Figure 4.20:FT-IR spectrum of UA/HB-PECHDM/G2.

The chemical structure of hyperbranched polyestsed urethane acrylates are also
characterized byH NMR spectroscopy. The peaks at 5.7 and 6.1 ppsuepthe
existence of acrylate groups in UA/HB-PEs molecudaucture. The degree of
acrylation was calculated by comparing the sign&trisities of the protons of the
methylene groups adjacent to the hydroxyl end ggptle protons next to the ester
groups and the protons of acrylic groups. The @e@f acrylation, calculated as 40
% for HB-HEPA and HB-HEPFA based urethane acrylate$ 30 %, 35 % for HB-
PECHDM/G1, G2 based urethane acrylates, were ind gagreement with the
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theoretical acrylation degree of 40 %. The NMR spectra of hyperbranched
polyesters based urethane acrylates are showgume4.21 - 4.26.

The'H NMR spectrum of HB-HEPA/G1,G2 based hyperbranadethane acrylates
display signals at 1.0 - 1.4 ppm for —(§Hbrotons of DMPA and IPDI, at 2.7 ppm
for —|(CH,NHCO) of IPDI, at 3.4 — 3.6 ppm for -(OCQg@Hand —(OCH) protons,
at 4.0 — 4.4 ppm protons of —(@BH) protons, at 4.6 — 4.8 ppm protons of —jOH
on therminal unit, 4.8 — 5.0 ppm protons of —(Q4 linear unit, at 5.7 and 6.1 ppm
for -(C=CH) and 6.8 — 7.4 ppm for —Ph protons of HEPA as showFigure 4.21
and 4.22, respectively.

jw ‘L\J&j

Figure 4.21:'H NMR spectrum ofJA/HB-HEPA/G1 in DMSO-@.

5 4 3 2 ppm

Figure 4.22:'H NMR spectrum ofJA/HB-HEPA/G2 in DMSO-@.

The 'H NMR spectrum of HB-HEPFA/G1,G2 based hyperbradcheethane
acrylates display signals at 1.0 - 1.4 ppm for —{Qttotons of DMPA and IPDI, at
2.7 ppm for -(CHNHCO) of IPDI, at 3.4 — 3.6 ppm for -(OCQOgHand —(OCH))
protons, at 4.0 — 4.4 ppm protons of —¢OHl) protons, at 4.6 — 4.8 ppm protons of
—(OH) on therminal unit, 4.8 — 5.0 ppm protons of —{QGi linear unit, at 5.7 and
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6.1 ppm for —(C=Chk) and 6.8 — 7.4 ppm for —Ph protons of HEPFA asvshm
Figure 4.23 and 4.24, respectively.
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Figure 4.23: *H NMR spectrum ofJA/HB-HEPFA/G1 in DMSO-¢.
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Figure 4.24:*H NMR spectrum ofJA/HB-HEPFA/G2 in DMSO-d.
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The 'H NMR spectrum of HB-PECHDM/G1,G2 based hyperbrauchirethane
acrylates display signals at 1.0 - 1.4 ppm for —{Qttotons of DMPA and IPDI, at
2.7 ppm for —(CENHCO) of IPDI, at 3.4 — 3.6 ppm for -(OCQOgHand —(OCH)
protons, at 4.0 — 4.4 ppm protons of —¢OHl) protons, at 4.6 — 4.8 ppm protons of
—(OH) on therminal unit, 4.8 — 5.0 ppm protons of —(Gdth linear unit, at 5.7 and
6.1 ppm for —-(C=CHk) as shown in Figure 4.25 and 4.26, respectively.
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Figure 4.25:'H NMR spectrum ofJA/HB-PECHDM/G1 in DMSO-¢.
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Figure 4.26: *H NMR spectrum ofJA/HB-PECHDM/G2 in DMSO-g.

4.3 Application of UV-Curable Hyperbranched Urethane Aaylates on Wood

and Determination of Coating Performance

Hyperbranched urethane acrylates were used as ligomers in three types of UV-
Curable wood coating formulations. In the first éypf coating formulations, new
hyperbranched urethane acrylates were used as atigomer and named as neat
formulations. The effects of generation number,ecstructure and number of

functional groups were discussed by means of cpaiirl free film properties.

In the second type of coating formulations, aliphaiolyurethane acrylate was
modified with new hyperbranched urethane acryléiggomers. The contributions of
hyperbranched structure on the coating and freegiloperties were evaluated.

In the third type of coating formulations, alipltagipoxy acrylate was modified with

new hyperbranched urethane acrylates. The effigiehaodified formulations were
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compared with high durable character of epoxy ateybased formulations. The
compatibility of epoxy acrylate and hyperbrancheolyester based urethane

acrylates were evaluated by means of the coatiddrae film properties.

The surface properties of wood coatings were ingastd by contact angle ),

gloss (20°-60°), pencil hardness (H — 7H), penduhardness (kdnig) and cross-cut
adhesion (0-5B) test results. The mechanical, taband physical properties were
also investigated. The resulting performances aseudsed in detail under the

following topics.

4.3.1 Characterization of hyperbranched urethane aglate based neat

formulations

UV curable compositions were prepared by mixingdrppanched polyesters based
urethane acrylates (UA/HB-PEs), linear urethanglams (UA/L) as oligomers; n-
vinyl pyrrolidone (NVP), hexanediol diacrylate (HIBD and tripropylene glycol
diacrylate (TPGDA) as reactive diluents to adjube tviscosity of coating
formulations and enable the solubilization of th®toinitiator. The composition of
UV-curable formulation are given at Table 4.3.

Table 4.3: The composition of UV-curable formulations.

Formulation (F) F-UA/HB-PEs F-UA/L
UA/HB-PEs 55 % -
UA/L - 55 %
NVP 15 % 15 %
HDDA 15 % 15 %
TPGDA 12 % 12%
IRGACURE 184 3% 3%

4.3.1.1Contact angle, gloss, pendulum hardness, pencil hdmess, and cross-cut
adhesion test results

The hardness of a coating depends mainly on chexibility of the molecules and
crosslink density [319]. Due to the increasing slo& density of HB-HEPA and
HB-HEPFA based urethane acrylates higher pendulardniess values were
achieved with the increasing generation number.oAlsigh scratch resistance
surfaces were obtained compared to the UA/L andodreil hardness values were
increased from H to 7H. Second generation HB-PECHB&ded hyperbranched

uerthane acrylate gave lower pendulum (75) andibbacdness (2H) values thus
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indicating the formation of a flexible coating. Tlw®ntact angle, gloss, pencil
hardness, pendulum hardness and cross-cut vakigsvan at Table 4.4.

Table 4.4:Contact Angle, gloss, pencil hardness, pendulurdress and cross-
cut adhesion results of aliphatic and hyperbranchiethane acrylates coated
wood surfaces.

Contact
Angle Gloss

Pendulum Pencil Cross-
Formulation 0° 20° 60° Hardness Hardness cut
F-UA/L 75 145 146 65 H 5B
F-UA/HB-HEPA/G1 80 155 152 85 7H 4B
F-UA/HB-HEPA/G2 85 158 152 88 7H 5B
F-UA/HB-HEPFA/G1 88 153 150 88 7H 5B
F-UA/HB-HEPFA/G2 82 153 150 94 7H 5B
F-UA/HB-PECHDM/G1 80 149 146 85 7H 5B
F-UA/HB-PECHDM/G2 92 153 150 75 2H 5B

As can be seen from Table 4.4 shiny films wereiabthwith UA/HB-PE oligomers

and slightly higher gloss values were provided careg to the linear oligomer. High
adhesion characteristics of the UA/HB-PEs to th@dveurfaces were proved with
5B cross-cut test results. In general, coating emigs of wood surfaces were

improved by utilizing hyperbranched polyester basesthane acrylates.

4.3.1.2Mechanical tests

Mechanical properties were seriously effected leydiosslink density and chemical
structure of the polymeric film. Due to the incredsnumber of OH functional
groups in the second generation hyperbranched gtelydased urethane acrylates
the crosslinking density of UV cured films wereneased and higher tensile strength
values were obtained. The increase in molecularghteof second generation
hyperbranched PECHDM caused formation of morelflexurethane acrylate than
first generation one. This emphasizes the rubbetyabior of second generation
hyperbranched PECHDM based urethane acrylate apdowes the elongation at
break values while decreasing the tensile strefidth.mechanical properties of UV-

cured films are given at Table 4.5.
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Table 4.5: Mechanical properties of aliphatic and hyperbraactrethane
acrylate based UV-cured films.

Tensile Elongation
Modulus strength  at break

Formulation (N/mm?  (Mpa) (%)
F-UA/L 127 11 13
F-UA/HB-HEPA/G1 595 36 10
F-UA/HB-HEPA/G2 625 42 12
F-UA/HB-HEPFA/G1 600 22 4
F-UA/HB-HEPFA/G2 645 38 6
F-UA/HB-PECHDM/G1 285 16 12
F-UA/HB-PECHDM/G2 120 11 18

4.3.1.3Thermal properties

The thermal properties of coatings were investjdtg thermogravimetric analysis
under nitrogen atmosphere. The thermograms are rshowrigure 4.27 and the
results are collected at Table 4.6, respectively.sAmples exhibited a 5% weight
loss at around 28%C followed by a rapid loss over the temperaturgyeaof 400°C
(Figure 4.27). Increase in the OH content of thePHEand HEPFA based
hyperbranched polyester drastically increased cheld. Thermal stabilities of
UA/HB-HEPA and UA/HB-HEPFA based films were slighthcreased from first to
second generation.

120
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Figure 4.27: TGA curves of the hyperbranched urethane acridased UV-cured
films.
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Table 4.6: Thermal characteristics of aliphatic and hyperbhaad urethane
acrylates based UV-cured films.

5% weight First max- Char yield

Formulation loss (°C) weight loss (°C) (%)
F-UA/L 290 395 1.20
F-UA/HB-HEPA/G1 275 410 2.95
F-UA/HB-HEPA/G2 285 410 4.00
F-UA/HB-HEPFA/G1 290 405 3.65
F-UA/HB-HEPFA/G2 295 405 4.95
F-UA/HB-PECHDM/G1 275 415 5.25
F-UA/HB-PECHDM/G2 380

265 1.00

DSC analysis were also performed to investigatdtbamal properties of UV-cured
urethane acrylates. The thermograms are shownguré-i27-30 and glvalues are

given at Table 4.7, respectively.
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Figure 4.28:DSC curves of F-UA/HB-HEPA/G1, F-UA/HB-HEPA/G2.
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Figure 4.29:DSC curves of F-UA/HB-HEPFA/G1, F-UA/HB-HEPFA/G2.
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Figure 4.30:DSC curves of F-UA/HB-PECHDM/G1, F-UA/HB-PECHDM/G2
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Table 4.7: T4 of hyperbranched and aliphatic urethane acrylaseth UV-cured

films.

Formulation Tg (°C)
F-UA/L -10
F-UA/HB-HEPA/G1 53
F-UA/HB-HEPA/G2 57
F-UA/HB-HEPFA/G1 60
F-UA/HB-HEPFA/G2 62
F-UA/HB-PECHDM/G1 10
F-UA/HB-PECHDM/G2 -20

UA/HB-HEPA and UA/HB-HEPFA based coating formulaiso gave higher ¢r
values compared to linear urethane acrylates. Algualues of UA/HB-HEPA and
UA/HB-HEPFA based formulations showed a linear éase from first to second

generation.

The hardness of coating and theafe known to be related. They both depend on the
crosslink density of the cured films and also am skructure of the UV-curable resin
[320]. An almost linear relationship was found beéw the modulus and, Values of
first and second generation HB-HEPA or HB-HEPFAdohgrethane acrylates.

4.3.1.4Gel content and swelling results

The gel content and swelling properties are immorparameters for evaluation of
the polymerization degree of UV cured films. Highenosslinking density and
polymerization degree in hyperbranched polyesteethaurethane acrylates result
with high gel content and swelling values. As showitable 4.8, the maximum gel
content values of hyperbranched HEPFA based urettemylates indicate the
highest crosslink density formation in these stites. Also, UA/HB-HEPA/G1-G2
and UA/HB-PECHDM/G1 based coating formulations jded high gel content
values. The only exception in the trend was obskrfee UA/HB-PECHDM/G2
which shows lower gel content. The swelling resphsved that the water resistance
of the hyperbranched urethane acrylates were hitja@r that of the linear urethane

acrylates.

107



Table 4.8:Gel Content and swelling (Q) results of aliphaiiel hyperbranched
urethane acrylate based UV-cured films.

Gel % Q

Formulation content  (water)
F-UA/L 94 10.00
F-UA/HB-HEPA/G1 96 6.50
F-UA/HB-HEPA/G2 96 7.00
F-UA/HB-HEPFA/G1 99 6.50
F-UA/HB-HEPFA/G2 99 7.50
F-UA/HB-PECHDM/G1 97 7.00
F-UA/HB-PECHDM/G2 70 9.00

4.3.1.5Chemical and solvent resistance results

The chemical resistances of the free films wergetes 10 % solutions dfulfuric
acid, sodium hydroxidandacetic acid, while solvent resistances were testghst
xylene and methanol (Table 4.9). The films mairgdirthe transparent and glossy
appearances without any breaks after they treatedemicals and solvents. UA/HB-
PEs based films were found much resistant thanesponding linear urethane

acrylates.

Table 4.9: The chemical and solvent resistances of aliplaatchyperbranched
urethane acrylate based UV-cured films.

Chemicals Solvents
Acetic acid H,SO, NaOH
(10%) (10%) (10%) Xylene Methanol

Weight Weight Weight Weight Weight

Formulation Loss % Loss % Lloss% Loss % Loss %
F-UA/L 1.0 2.0 1.0 15 4.0
F-UA/HB-HEPA/G1 1.0 1.0 1.0 0.1 3.0
F-UA/HB-HEPA/G2 0.2 0.5 0.2 1.0 3.0
F-UA/HB-HEPFA/G1 0.2 1.0 0.2 0.1 5.0
F-UA/HB-HEPFA/G2 0.5 1.0 0.2 0.5 5.0
F-UA/HB-PECHDM/G1 1.0 1.0 0.5 0.5 7.0
F-UA/HB-PECHDM/G2 2.0 2.0 12 3.0 30

4.3.1.6Results
Hyperbranched urethane acrylates were used as aive gtigomer in UV-Curable

wood coating formulations. Better surface and meia properties were obtained
with the hyperbranched HEPA and HEPFA based urethanylates. The increase in

number of hydroxyl functional groups in the secogeheration hyperbranched
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urethane acrylates of HB-HEPA and HB-HEPFA enhartbedcrosslink density in

the coating resulting higher gel content and masluhlues.

PECHDM core structure provides shiny and hydroptioburfaces with high
adhesion characteristics. Higher molecular weighsexond generation PECHDM
based urethane acrylate provides rubbery behawvidr causes higher elongation
values. As a consequence HEPA and HEPFA based brgpehed urethane
acrylates contribute a significant improvement @e toating properties of UV

curable wood coatings.

4.3.2 Characterization of Hyperbranched Urethane Arylate Modified Aliphatic
Polyurethane Acrylate Based Formulations

In this part, aliphatic polyurethane acrylate is dified by incorporation of
hyperbranched urethane acrylates into the coatingulations as a second oligomer.
The objective was to focus on the influence of nemdf functional groups and core
structure of hyperbranched urethane acrylates ocatingp properties of linear
urethane acrylate. Also, it was the goal to achieyaroved surface and mechanical

properties compared to the linear urethane acrylate

UV curable formulations were prepared by mixing érygganched urethane acrylates
(UA/HB-PEs), aliphatic polyurethane acrylate (UA/Lgs oligomers; n-vinyl
pyrrolidone (NVP), hexanediol diacrylate (HDDA) atngbropylene glycol diacrylate
(TPGDA) as reactive diluents to adjust the visgosit coating formulations and
enable the solubilization of the photoinitiator. eTltomposition of UV-curable

formulation are given at Table 4.10.

Table 4.10:The composition of UV-curable formulations.

Formulation (F) F-UA/L F- UA/L-UA/HB-PEs

UA/HB-PEs - 27.5%
UA/L 55 % 27.5%
NVP 15 % 15%

HDDA 15% 15 %
TPGDA 12 % 12 %
IRGACURE 184 4 % 5 %
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4.3.2.1Contact angle, gloss, pendulum hardness, pencil hdmess, and cross-cut
adhesion test results

The wetting characteristics of wood surfaces westetd by measuring the contact
angles against water. The maximum contact angleewabs obtained by addition of
UA/HB-PECHDM/G2. The gloss value of coatings were slightly increassd
incorporation of hyperbranched urethane acrylatesthe formulations.

Due to the enhancement of crosslink density esihedig incorporation of HB-
HEPA and HB-HEPFA based hyperbranched urethanelaéesy sharp increase
obtained in pendulum hardness values of linearharet. Paralel to the high
pendulum hardness values the pencil hardness veles also improved and high
scratch resistance surfaces were obtained compatbd UA/L. Improved hardness
of the coating were supported with high adhesicaratteristic of the coatings and
no area were removed after the cross-cut testsofAthe results are illustrated in
Table 11.

Table 4.11:Contact angle, gloss, pencil hardness and crasadtiesion results
of hyperbranched urethane acrylate modified aliphadlyurethane acrylate
coated wood surfaces.

Contact
Angle Gloss

Pendulum Pencil Cross-

Formulation 0° 20° 60° Hardness Hardness cut

F-UA/L 75 145 146 65 H 5B
F-UA/L-UA/HB-HEPA/G1 70 145 146 94 5H 5B
F-UA/L-UA/HB-HEPA/G2 72 155 151 96 5H 5B
F-UA/L-UA/HB-HEPFA/G1 72 158 151 92 4H 5B
F-UA/L-UA/HB-HEPFA/G2 75 140 141 98 5H 5B
F-UA/L-UA/HB-PECHDM/G1 70 155 151 90 2H 5B
F-UA/L-UA/HB-PECHDM/G2 80 140 147 73 H 5B

4.3.2.2Mechanical tests

The modulus, tensile strength and elongation albvalues are used to characterize
the mechanical properties of UV-cured films. A giigant increase in modulus and
tensile strength values were observed by incorfworatf hyperbranched urethane
acrylates in aliphatic polyurethane acrylate (Ta#lé2). Due to the increased
number of OH functional groups in the second gdiweraHB-HEPA and HB-
HEPFA based urethane acrylates the crosslink deditUV cured films were

increased and higher modulus values were obtained.
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Table 4.12:Mechanical properties of hyperbranched urethangdaes modified
aliphatic polyurethane acrylab@ased UV-cured films.

Tensile Elongation

Modulus strength  at break
Formulation (N/mm?  (Mpa) (%)
F-UA/L 127 11 13
F-UA/L-UA/HB-HEPA/G1 265 23 23
F-UA/L-UA/HB-HEPA/G2 340 23 11
F-UA/L-UA/HB-HEPFA/G1 360 24 10
F-UA/L-UA/HB-HEPFA/G2 430 27 11
F-UA/L-UA/HB-PECHDM/G1 240 16 12
F-UA/L-UA/HB-PECHDM/G2 65 7 12

4.3.2.3Thermal properties

The thermal properties of coatings were investijditg thermogravimetric analysis

under nitrogen atmosphere. The thermograms are rshowrigure 4.31 and the

results are collected at Table 4.13.
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Figure 4.31: TGA curves of hyperbranched urethane acrylatesfraddliphatic
polyurethane acrylate based UV-cured films.

All samples exhibited a 5% weight loss at aroun@ 2O followed by a rapid loss

over the temperature range of 4@
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Table 4.13: Thermal characteristics of of hyperbranched urethecrylates
modified aliphatic polyurethane acrylate based Uived films.

First max-
5 % weight weight loss Char yield
Formulation loss (°C) (°C) (%)
F-UA/L 290 395 1.20
F-UA/L-UA/HB-HEPA/G1 280 400 2.95
F-UA/L-UA/HB-HEPA/G2 300 400 1.55
F-UA/L-UA/HB-HEPFA/G1 285 400 3.30
F-UA/L-UA/HB-HEPFA/G2 295 400 4.30
F-UA/L-UA/HB-PECHDM/G1 260 400 3.35
F-UA/L-UA/HB-PECHDM/G2 290 410 1.00

Thermal stabilities of UA/HB-HEPA and UA/HB-HEPFAabked films were slightly
increased from first to second generation.

4.3.2.4Gel content and swelling results

As shown in Table 4.14, higher gel content valubtaioed by hyperbranched
urethane acrylate modified formulations. The swegllivalues in water remained
about the same as that of the aliphatic polyuretlzmylate. The only exception was
observed for UA/HB-PECHDM/G2 modified linear uretigaacrylate which shows
lower gel content and swelling values.

Table 4.14:Gel content and swelling (q) results of hyperbratturethane
acrylates modified aliphatic polyurethane acrylzsed UV-cured films.

Gel % Q
Formulation content  (water)
F-UA/L 94 10.00
F-UA/L-UA/HB-HEPA/G1 96 10.00
F-UA/L-UA/HB-HEPA/G2 96 9.00
F-UA/L-UA/HB-HEPFA/G1 96 10.00
F-UA/L-UA/HB-HEPFA/G2 96 10.00
F-UA/L-UA/HB-PECHDM/G1 96 9.00
F-UA/L-UA/HB-PECHDM/G2 82 20.00

4.3.2.5Chemical and solvent resistance results

The chemical resistances of the free films wergetesr 10 % solutions ddulfuric
acid, sodium hydroxidandacetic acid, while solvent resistances were tesggahst
xylene and methanol (Table 4.15). The chemical aotient resistances of

hyperbranched urethane acrylates modified formadatiwvere as high as aliphatic
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polyurethane acrylate. However, the UA/HB-PECHDM/@dified films were

broken and gave higher weight loss values after titeated to methanol.

Table 4.15:The chemical and solvent resistances of hyperbeharethane
acrylates modified aliphatic polyurethane acrylzsed UV-cured films.

Chemicals Solvents

Acetic acid H,SO, NaOH
(10%) (10%) (10%) Xylene Methanol

Weight Weight Weight Weight Weight

Formulation Loss % Loss% Loss% Loss % Loss %
F-UA/L 0.1 2.0 1.0 1.5 4.0
F-UA/L-UA/HB-HEPA/G1 none 2.5 1.0 1.0 4.0
F-UA/L-UA/HB-HEPA/G2 none 1.5 1.0 1.2 4.0
F-UA/L-UA/HB-HEPFA/G1 none 2.0 1.0 1.2 11
F-UA/L-UA/HB-HEPFA/G2 none 2.0 1.0 1.5 11
F-UA/L-UA/HB-PECHDM/G1 0.1 3.0 1.0 1.0 5.0
F-UA/L-UA/HB-PECHDM/G2 1.0 2.0 1.5 1.5 40

4.3.2.6Results
The hyperbrached urethane acrylates were incogubratto the linear urethane

acrylate based formulations successfully. High gjlealues of formulations can be
an indication of the compatibility of hyperbanche@thane acrylates with aliphatic
polyurethane acrylate. Incorporation of HB-HEPA andB-HEPFA based

hyperbranched urethane acrylates into the UV-caralmdod coating formulations
improved surface and mechanical properties of ngatby increasing the crosslink
density of the system. Higher gel content valueso aproved the higher
polymerization degree of HB-HEPA and HB-HEPFA basegthane acrylates in the

formulations.

4.3.3 Characterization of hyperbranched urethane acrylate modified

aliphatic epoxy acrylate based formulations

Epoxy acrylates are extensively used as oligonmet$v-curable systems to produce
hard and chemically resistant films. To improveirthpact performance, urethane
acrylates or polyester acrylates are generally rpmated into epoxy acrylate
formulations [321]. Also, hyperbranched polyesigese added without modification
into the UV-Curable epoxy systems for increasing tbughness of the cured

polymeric films [322,323].
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In this part, aliphatic epoxy acrylate is modifieg incorporation of hyperbranched
urethane acrylates into the coating formulatiorie goal is to investigate the effects
of multifunctional acrylated oligomers to the epaorylate by means of surface and

mechanical properties.

UV curable compositions were prepared by mixingdrippanched urethane acrylates
(UA/HB-PEs), epoxy acrylate (EA) as oligomers; myli pyrrolidone (NVP),
hexanediol diacrylate (HDDA) and tripropylene gliyatiacrylate (TPGDA) as
reactive diluents to adjust the viscosity of cogtiformulations and enable the
solubilization of the photoinitiator. The compositi of UV-curable formulation are
given at Table 4.16.

Table 4.16:The composition of UV-curable formulations.

Formulation (F) F-EA F- EA-UA/HB-PEs
UA/HB-PEs - 27.5%
EA 55 % 27.5%
NVP 15 % 15 %
HDDA 15% 15%
TPGDA 12 % 12 %
IRGACURE 184 3. % 4. %

4.3.3.1Contact angle, gloss, pendulum hardness, pencil hdmess and cross-cut
adhesion results

The wetting characteristics of wood surfaces westetl by measuring the contact
angles against water. The contact angle values aafdwsurfaces were increased
proportionally with increasing generation number lyperbranched urethane
acrylates. The maximum contact angle value was rebde with UA/HB-
PECHDM/G2 modified coating. The high gloss valuecoftings were maintained
with incorporation of hyperbranched polyester baseethane acrylates into the
formulations. The hardness of the coatings incikasigh incorporation of HB-
HEPA and HB-HEPFA based urethane acrylates intofah@ulations. Also, high
scratch resistance character of epoxy coatingppl®d by hyperbranched urethane
acrylates Cross-cut test results were 4B to 5B that were guiothe high adhesion
characteristics of the coating formulations onte #ood surfaces. The results are
illustrated at Table 4.1.
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Table 4.17:Contact angle, gloss, pendulum hardness, penchkas and cross-
cut adhesion results of hyperbranched urethandagesymodified epoxy acrylate
coated wood surfaces.

Contact
Angle Gloss

Pendulum Pencil Cross-
Formulation 0° 20° 60° Hardness Hardness cut
F-EA 75 152 148 95 6H 5B
F-EA-UA/HB-HEPA/G1 68 155 151 100 5H 5B
F-EA-UA/HB-HEPA/G2 78 156 151 110 5H 5B
F-EA-UA/HB-HEPFA/G1 80 152 152 105 5H 5B
F-EA-UA/HB-HEPFA/G2 82 150 148 110 5H 5B
F-EA-UA/HB-PECHDM/G1 75 149 153 90 5H 4B
F-EA-UA/HB-PECHDM/G2 82 146 148 70 3H 4B

4.3.3.2Mechanical tests

The modulus, tensile strength and elongation akovalues are used to characterize
the mechanical properties of UV cured films. Adelikin the Table 4.18 tensile
strength and modulus values are increased by tt#icad of HB-HEPA and HB-
HEPFA based hyperbranched urethane acrylates heofdrmulations. On the
contrary the addition of HB-PECHDM based hyperbhatturethane acrylate would
decrease the tensile strength and increase themgeziongation. It can be attributed

to the lower crosslink density due to the long itk core structure of the molecule.

Table 4.18:Mechanical properties of hyperbranched urethangaes modified
epoxy acrylate based UV-cured films.

Tensile Elongation
Modulus strength  at break

Formulation (N/mm?)  (Mpa) (%)
F-EA 540 32 7
F-EA-UA/HB-HEPA/G1 565 42 12
F-EA-UA/HB-HEPA/G2 580 50 12
F-EA-UA/HB-HEPFA/G1 655 43 8
F-EA-UA/HB-HEPFA/G2 665 44 8
F-EA-UA/HB-PECHDM/G1 475 30 11
F-EA-UA/HB-PECHDM/G2 353 22 13

4.3.3.3Thermal properties

The thermal properties of coatings were investijditg thermogravimetric analysis
under nitrogen atmosphere. The thermograms are rshow-igure 4.32 and the

results are collected at Table 4.19.
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Figure 4.32: TGA curves of hyperbranched urethane acrylatesfradcepoxy
acrylatebased UV-cured films.

The modification with second generation hyperbradchrethane acrylates slightly

increased the thermal stability.

Table 4.19:Thermal characteristics of hyperbranched uretla@ngates modified

epoxy acrylatdased UV-cured films.

First max- Char yield
5 % weight weight loss (%)
Formulation loss (°C) (°C)

F-EA 312 425 8.50
F-EA-UA/HB-HEPA/G1 295 420 4.30
F-EA-UA/HB-HEPA/G2 300 420 4.20
F-EA-UA/HB-HEPFA/G1 320 425 15.80
F-EA-UA/HB-HEPFA/G2 320 420 8.25
F-EA-UA/HB-PECHDM/G1 305 420 1.20
F-EA-UA/HB-PECHDM/G2 335 430 8.00

The glass transition temperaturg)(Values of the formulations were obtained from

DSC measurements. The thermograms are shown imeHig83-4.35 and the results

are collected at Table 4.20, respectively.
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Figure 4.33:DSC curves of F-EA-UA/HB-HEPA/ G1 and F-EA-UA/HBBERA/G2.
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Figure 4.34:DSC curves of F-EA-UA/HB-HEPFA/ G1 and F-EA-UA/HB-
HEPFA/G2.
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Figure 4.35:DSC curves of F-EA-UA/HB-PECHDM/ G1 and F-EA-UA/HB
PECHDM/G2.

As can be seen from the Table 4.20 the hyperbranahethane acrylates modified

films showed a glass transition temperature trasarsimiliar to the neat film.

Table 4.20:T, of hyperbranched urethane acrylates modified epaxylate
based UV-cured films.

Formulation Tg (°C)
F-EA 56
F-EA-UA/HB-HEPA/G1 54
F-EA-UA/HB-HEPA/G2 55
F-EA-UA/HB-HEPFA/G1 58
F-EA-UA/HB-HEPFA/G2 57
F-EA-UA/HB-PECHDM/G1 55
F-EA-UA/HB-PECHDM/G2 57

4.3.3.4Gel content and swelling results
The gel content and swelling values are increagaddorporation of HB-HEPA and
HB-HEPFA hyperbranched urethane acrylates intogpexy acrylate due to the

improved crosslink density as shown in Table 4.21.
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Table 4.21:Gel content and swelling (Q) results of hyperbratturethane
acrylates modified epoxy acrylate based UV-curkuadi

Gel % Q
Formulation content  (water)
F-EA 96.5 10
F-EA-UA/HB-HEPA/G1 99.5 8.3
F-EA-UA/HB-HEPA/G2 99 8.0
F-EA-UA/HB-HEPFA/G1 99 9.0
F-EA-UA/HB-HEPFA/G2 99 9.3
F-EA-UA/HB-PECHDM/G1 95 6.5
F-EA-UA/HB-PECHDM/G2 82 9.0

4.3.3.5Chemical and solvent resistance results

The chemical resistances of the free films wergetes 10 % solutions ddulfuric
acid, sodium hydroxidandacetic acid, while solvent resistances were testgahst
xylene and methanol (Table 4.22). The chemical soident resistances of UA/HB-
PEs containing films were as high as epoxy acrybaised film. Especially alcohol
resistances were effectively enhanced by incorporadf hyperbranched urethane

acrylates into the formulations.

Table 4.22:The chemical and solvent resistances of hyperbeharethane
acrylates modified epoxy acrylate based UV-cuileakst

Chemicals Solvents
Acetic acid H,SO, NaOH
(10%) (10%) (10%) Xylene Methanol

Weight Weight Weight  Weight Weight

Formulation Loss % Loss% Loss% Loss % Loss %
F-EA 0.5 1 none none 15
F-EA-UA/HB-HEPA/G1 none 7 7 0.2 6
F-EA-UA/HB-HEPA/G2 0.5 1 5 0.5 2
F-EA-UA/HB-HEPFA/G1 none 7 7 none 6
F-EA-UA/HB-HEPFA/G2 none 1 1 none 4
F-EA-UA/HB-PECHDM/G1 4 4 4 0.1 6
F-EA-UA/HB-PECHDM/G2 none 5 5 0.5 18

4.3.3.6Results

It can be seen that incorporation of hyperbranalrethane acrylates into the epoxy
acrylate formulations significantly improved the atiag properties. High
compatibility of epoxy acrylate and hyperbrancheethiane acrylates provided shiny
surfaces. Compatible feature of both types of oligs was also observed by DSC
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studies. The hyperbranched urethane acrylate neddifims gave high gel content
values with superior mechanical properties dudéohigh degree of polymerization

and crosslink density.
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5. CONCLUSION

In the first part of the thesis, first and secoraheyation hyperbranched polyester
polyols were synthesized with ABand B molecules by melt polycondensation
technique and characterized successfully with GB€C,NMR and *C NMR
spectroscopy. Control over the molar mass and tléaramass distribution of
hyperbranched polyesters were achieved by usingffandtional core moieties, B

in the polycondensation of ABnonomers. The polycondensation of ABonomers
with B, cores resulting with the molecular weight disttibn narrower. The
polydispersity index (PDI) of hyperbranched polgestwere less than 2.0 and
HEPFA based hyperbranched polyesters have the igegalispersity index of 1.16
and 1.22. The PDI of HEPA and HEPFA based hypadivad polyesters slightly

increase with increasing core/monomer ratio as ioead in literature.

The thermograms obtained from DSC measurements irced that all
hyperbranched polyesters are amorphous. Due tinthease in the molar mass of
HB-PEs the Tg values were slightly increased frarst o second generation for
HEPA and HEPFA. The decrease ig Values of PECHDM based hyperbanched
polyester can be ascribed to the decrease in baekbgidity. In the case of linear
polyester, PECHDM, core structure causes plastiei§ect lowering T values.

The fractions of D-, L- and T- repeating units atejree of branching were usually
determined by"*C NMR spectroscopy. Here, average values of-RRB:~ 0.45
(DBgrey ~ 0.40) of hyperbranched polyesters are foundeqoansistently with the
results obtained by Zagar et al (BBner~ 0.43 and DBy~ 0.305"".

In the second part of the thesis, hyperbranchegleptér based urethane acrylates
were synthesized and characterized with FT-fRi NMR and *C NMR
spectroscopy. The hyperbranched urethane acryhses utilized in three types of
UV-curable wood coating formulations as new oligesnd he mechanical, thermal
and physical properties were investigated to cherae the structure property

relationships.
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HB-HEPA and HB-HEPFA based urethane acrylates pemibetter surface and
mechanical properties. The increase in OH functiog@ups in the second
generation hyperbranched urethane acrylates of HBAJ and HB-HEPFA

enhanced the crosslink density in the coating tesuivith higher gel content and
modulus values. PECHDM core structure based hypedmed urethane acrylates
provided high gloss values and hydrophobic surfagdath high adhesion

characteristics. Higher molecular weight of secayeheration PECHDM based

urethane acrylate provides rubbery behavior andesahigher elongation values.

The hyperbrached urethane acrylates modified diipipalyurethane acrylate based
formulations provided high gloss values due to finenation of a homogeneous
blend. Incorporation of HB-HEPA and HB-HEPFA badegperbranched urethane
acrylates into the UV curable wood coating formolas improved surface and
mechanical properties of coatings by increasingctiesslink density of the system.
Higher gel content values also proved the highdyrperization degree of HB-

HEPA and HB-HEPFA based urethane acrylates indfadlations.

The hyperbrached urethane acrylates modified emuxylate based formulations
provided high gloss values that can be an indinatib the compatibility of both

types of oligomers. It can be seen that incorponabf hyperbranched urethane
acrylates into the epoxy acrylate formulations gigantly improved the coating

properties. Compatible feature of both types ajaiiers was also observed by DSC
studies. The hyperbranched urethane acrylate neddifims gave high gel content
values with superior mechanical properties dudéohigh degree of polymerization

and crosslink density.

The hyperbranched urethane acrylates modified emaxylate coatings provided
higher coating performances compared to the hypedbred urethane acrylate based
neat coatings. The mechanical properties and thecidative stability of neat
formulations improved especially by incorporation HB-HEPA and HB-HEPFA
based urethane acrylates into the epoxy acrylatengs.

As a consequence hyperbranched urethane acrylattuses contribute a significant

improvement on the coating performances and filee properties of the coatings.
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