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ABSTRACT

SYNTHESIS AND CHARACTERIZATION OF COPOLYMERS OF
DIISOCYANATES AND DIALCOHOL

Keskin, Selda
Ph.D., Department of Polymer Science and Technology

Supervisor: Prof. Dr. Ali Usanmaz

September 2008, 184 pages

This study was aimed to synthesize low moleculagktenydroxyl terminated
polyurethane acrylate polymers that can be usebiamedical applications.
Acrylate end capping via inter-esterification reéactwas successfully achieved
with the methacryloyl chloride addition to the hgryl ends of the
polyurethane at low temperatures. Isocyanate tet®ih polyurethane
acrylates were also synthesized for the sake opeoison. TDI, HDI and MDI
were used as diisocyanates for urethane synthadighey were end capped
with MMA and HEMA. Nature of the monomers used had effect on
thermal, morphological, and rheological propertieat were interpreted in

terms of the level of hydrogen bonding and degréepltase separation.



Synthesized polymers were characterized by NMRRFATR, DSC, TGA,
GPC, Mass Spectroscopy, SEM and rheometry.

In the literature, polyurethane acrylate polymeasenbeen synthesized from
the isocyanate terminated polyurethanes in whigh ukethane chains were
ended with isocyanate groups. However, the toxicftyhe isocyanate groups
limited their biomedical applications especiallyprosthetic dentistry as a soft
lining material. Therefore, it is inevitable to éape the cytotoxicity of

polyurethane acrylate polymers. For this purposbegrsnanoparticles that have
an average particle size of 40 nm, were incorpdrdte the synthesized
polymers. This addition, which intends to improwe degree of cytotoxicity,

was successful to a certain extent.

Keywords: Polyurethane, acrylate end capping, bigeatibility, silver

nanoparticle.



Oz

D ZOSYANAT VE D ALKOL KOPOL MER SENTEZ VE
KARAKTER ZASYONU

Keskin, Selda
Doktora, Polimer Bilimi ve Teknolojisi Bolumu

Tez Yoneticisi: Prof. Dr. Ali Usanmaz

Eylul 2008, 184 sayfa

Bu cal ma, biyomedikal uygulamalarda kullan labilecek ki molekul

a rlkl hidroksil sonlu poliiretan akrilat polimegtini sentezlemeyi
amacglamtr. nter-esterleme reaksiyonu ile diik s caklkta metakriloil
klorran hidroksil sonlu politiretana eklemesiylailt sonlanmas bar | bir
ekilde gercekldirilmi tir. zosiyanat sonlu polilretan akrilatlar da
kar la trma amac yla sentezlenrtir. TDI, HDI ve MDI, Uretan sentezinde
kullan lan diizosiyanatlard r ve akrilat sonlandasm MMA ve HEMA
kullan larak yap Im tr. Kullan lan monomerlerin s |, morfolojik ve oojik
Ozelliklere etkisi hidrojen ban n seviyesine ve faz ayr m derecesine gore
de erlendirilmi tir. Elde edilen polimerler NMR, FTIR-ATR, DSC, TGA

Vi



GPC, Kitle Spektrometresi, SEM ve reometre anaiiz&e karakterize

edilmi tir.

Literattirde politiretan akrilat polimerleri, zinaonlar izosiyanat gruplar yla
sonlanm  polilretanlardan  sentezlenmektedir.zosiyanat gruplarnn
toksisitesi, bu politretanlar n 6zellikle protetik hekimli inde yumuak astar
malzemesi olarak kullanImalarn snrland rir. Bu nedenle politretan
akrilat polimerlerinin sitotoksisite 6zelliklerininaratrlmas kag¢ nlmaz
olmu tur. Bu amagcla, ortalama pargcac k boyutu 40 nm a@mi nano

parcac klar sentezlenen polimerlere eklerimi Sitotoksisiteyi iyiletirmeyi

amaclayan bu ekleme belirli oranda etkili olrru.

Anahtar Kelimeler : Polilretan, akrilat eklemesiiyduyumluluk, gimu

nanopartikul.
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CHAPTER 1

INTRODUCTION

Polyurethanes are a unique class of polymers thst la wide range of
applications [1,2]. Since their properties can d&adily tailored by the variation
of their components, they have been used exteysa®lbiomaterials. The
attributes of polyurethane as an attractive mdtésraa number of biomedical
devices are its good biocompatibility, processibdity and excellent physical
mechanical properties. The applications includecuias prostheses, catheters,
heart valves, and dental materials [3-14].

Block copolymers that provide a combination of elént properties are the
most suitable materials for various uses. Acryfatectional group containing
block copolymers have found many applications doetheir optical and
biocompatible properties. However, the low impagersgth, lower thermal

stability, and low abrasion resistance limits ttagplication.

This thesis has focused on the synthesis of vampalpurethanes end capped
with different types of acrylates. Isocyanate angdrbxyl terminated
polyurethanes were synthesized and acrylate engir@apreactions were

achieved via two different chemical routes.



The second part of this research was aimed to figats the biocompatibility
of the synthesized polymers. In this respect, toxigvas investigated by

introducing silver nanopatrticles.

1.1 Urethane Polymers

1.1.1 Historical Background of Polyurethanes

Otto Bayer and co-workers discovered and patenteel ¢hemistry of
polyurethanes in 1937 [15-19]They produced linear polyurethanes from
diisocyanates and diols via polyaddition principéth development forced by
World War I, polyisocyanates became commerciallail@able by 1952.
Commercial production of flexible polyurethane folegan in 1954, based on
toluene diisocyanate and polyester polyols. In 1958hollenberger of
BFGoodrich introduced a new “virtually crosslinkedthermoplastic
polyurethane elastomers [20]. Spandex fiber callgcka was announced by
Du Pont at the same time. This product is a pobwrethane based on
polytetramethylene oxide, 4,4’-diphenylmethylenésattyanate and ethylene
diamine. By the early 1960s, new polyurethane bawseducts like Estane,
Texin, Desmopan and Elastollan were marketed byers¢vwcompanies. In
addition, urethane based synthetic leather wasdotred by Du Pont under the
trade name Corfam in 1963. In 1969 Bayer pionearedll-plastic car having
RIM molded bumpers and fascia; in 1983 the firgtspt body commercial

automobile (Pontiac Fiero) was produced in the J&H.

The extended use of polyurethanes in medical agpdiacs and orthopedics was
started at 1970s. Polyurethanes are commonly used number of medical
applications including catheter, general purposkinty hospital bedding,

surgical drapes, and wound dressings [22-26].



1.1.2 Urethane Chemistry

Polyurethane name is derived from the urethane Jbahdth is illustrated in
(1), forms the basis of the urethane chemistry 32f- Polyurethane has a
significant number of these urethane groups thanhaibhave to repeat in a

regular order.

(1)

urethane linkages
in a polyurethane

Polyurethanes can be formed by a variety of methodghich the reaction of
di- or poly functional hydroxyl compounds with dir polyfunctional

isocyanates is the most widely used production atefB2].

The chemistry involved in the synthesis of a poéyhiane elastomer is centered
on the isocyanate reactions. The observation oistheyanate group electronic

structure showed that the resonance structuresaction (2) are possible.

® © o @ 6 0
R—N=C=0<—> R—N=C=0+—>R—N=C=0 <> R—N=C=0 |,



The electron density increases in the order of G<QN Isocyanate reactions
mainly occur through addition to C=N double bondheTreactions of
isocyanates with active hydrogen compounds prodegdhe attack of a
nucleophilic center upon the electrophilic carboeithe isocyanate group.

NCO bonded electron acceptor groups increase Hativey and donor groups
reduce it. Reactivity is reduced by steric hindetisocyanate groups, and in

active hydrogen compounds [28].

The common reactions of isocyanates can be puttwaanain classes. One is
the reaction of isocyanates with compounds comtgimeactive hydrogen to
give addition products and the other is the selfsperization reaction of

isocyanates [27, 28, 32].

The addition of acidic hydrogen vyield carbamic adgtivative in which the
acidic H atom is inserted to C=N bond. This reatshown in (3) is strongly
influenced by the type of the catalyst used. Basimpounds and metal
compounds tend to accelerate the reaction, whaeigsc compounds slow
down [33-36].

O—0

R—N—/C—0 + R'—/™H —_— R NH (3)

The hydroxyl containing compounds react with thecimnate groups to
produce urethane linkages, as shown in reactionT{# reactivity of the OH
group has a great importance in the extend of imacPrimary hydroxyl

compounds are the most reactive ones. Steric modraffects can also greatly



modify the reaction rate. The urethane formatiostisngly catalyzed by mild
and strong bases, metals, and weakly by acids.

O
R N—C—0 + R OH > R NH—C—OR' (4)
Urethane

Other important reaction (5) of isocyanates is fthrenation of ureas through
the addition of amines. The more basic the amimeféster is the reaction.

Primary aliphatic amines are extremely reactive B43.

H
R—N—C—0 + R NH » R—NH—C—N——R (5)

urea

At elevated temperatures (up to 5Q), isocyanates react with hydroxyl
compounds to give urethanes. They produce ureds amtines and water as
shown in reaction (6). Reaction of isocyanate wititer is very important in

the polyurethane foam production. The released @43 diffusion helps to
blow the foam.

O

H
R—N=C=0 * H)O0——> R—NH—C—OH + R—NH—C—N—R+CGQ,  (6)



Polymer formation takes place when the reagentd usabove reactions are
di- or polyfunctional. While these reactions ocaltr different rates, urea
formation being the most rapid among all. Thesecbaddition reactions have
the advantage that, they do not give rise to bydgets. Linear products are
formed when bifunctional reactants are used. On dtieer hand higher

functionality leads to the formation of brancheccarsslinked products.

High temperature has a great effect in the isodgadaemistry and secondary
reactions take place to give allophanate, biuressimking groups as in
reaction (7) [21, 29, 38]These secondary reactions occur at the presence of
excess isocyanate that attacks the active hydrsigépresent in the previously

formed urethane and urea groups [30].

O] O

R—N=C=O0 + R—NH—C—NH—R R—N—C—NH—R

urea

O=C—NH-R
Biuret

7
R—N—C=—0 + R—NH—C—OR R—N—C—OR "
" O—C—NH-R
urethane Allophanate

Isocyanates can also react with themselves to falimers, trimers,
carbodiimides and uretoneimines [39-41]. Dimerinabtd isocyanates resulted
in the formation of uretidinediones at low temparas, as given in reaction (8)

and it is especially common in more reactive aranasocyanates.



Trimerization of isocyanates to give isocyanurategys [42], unlike dimer

rings, is exceptionally stable.
The self condensation reaction that takes plachigit temperatures form

carbodiimides [43-46and further reaction with an excess isocyanatdtsesu

uretoneimine formation [47] as shown in reaction (9

@)

2 R—N C—0 == =~ R NYN—R

o (8)
Uretidinedione

3 R—N=—/=C=—/70 >

Isocyanurate



R—N=—C—0 * R—N—C—0 —> R—N=—=C=—N—R + 002
Carbodiimide
N—R
| (9)
R—N—C—N—R + R—N=—=C=—0 — R—NYN—R
N—R

Uretoneimine

1.1.3 Raw materials

Isocyanates

There are several diisocyanates available in thekehdor the synthesis of
urethane polymers, and some of them listed in Tablésocyanates can be

subdivided into two groups as aromatic or aliphatic

TDI and MDI are well known aromatic isocyanates. | Tdmost used as a
mixture of 2,4 and 2,6 isomers, usually in a ratio80:20 or 65:35. Its
functionality is two and the reactivity of the NCfPoup in the para position of
the aromatic ring being more pronounced. Urethar#ained from aromatic
diisocyanates undergo slow oxidation in the presesfcair and light, causing
discoloration [48-50].

HMDI is the most important aliphatic diisocyanateed in polyurethane

production [51]. Isophorone diisocyanate (IPDI) @l -dicyclohexylmethane



Table 1 Common diisocyanates available for polyurethandhssis

Abbreviation Chemical Name Structure

CHg

Toluene-2,4-
diisocyanate

NCO
4,4’ -Methylene ocw@cm@wco
MDI bisphenylene

diisocyanate

i p-Phenylene, 1,4-
p-PDI diisocyanate e Neo

NCO

Naphthalene 1,5-
" : OO
diisocyanate

NCO

TDI

H,C—NCO  H,C—NCO

p-Xylene diisocyanate
XDI m-Xylene diisocyanate
H,C—Ng

H,C— NCO

1,6-Hexamethylene e

HDI diisocyanate
3-Isocyanatomethyl- NCO
3,5,5-

IPDI trimethylcyclohexyl
iIsocyanate NCO




diisocyanate are the other aliphatic isocyanates llave a wide application
area. Reactivity of diisocyanate is an importamtdathat mainly depends on
the chemical structure. Electron withdrawing groafgpached to isocyanate
group increases reactivity of the molecule by iasmeg the partial positive
charge on carbon. This makes the charge transféreofionor electron much
easier. This fact explains the reason of higherctraty of aromatic
diisocyanates than that of aliphatic ones. Stemdrdance also decreases the
reactivity of isocyanates. Therefore bulky grougsmthe reaction site reduce

the reactivity.

Diols and Polyols

The initial studies on polyurethane synthesis vii®ed on simple diols but the
use of polymeric analogues gain more importancedreasing the molecular
size. Polymers used for this purpose are usuallyefiwer- or polyester- based
compounds and they are available in various modgcweights [27]. In
addition, polydiene or polyolefin based compounds also used in the
polyurethane production. Some of the polyether @algester polyols are listed
in Table 2.

Catalysts

The catalysts most widely used in polyurethane pectdn are tertiary amines
and metal catalysts. Tertiary amines are the cst@lipr both the isocyanate-
hydroxyl (4) and the isocyanate-water (6) reactiofise efficiency of tertiary
amine catalyst increases as the basicity of thenanmcreases and the steric
shielding of the amino nitrogen decreases. Triethgtliamine shown in (10),
N, N, N, N'-tetramethyl ethylene diamine, N-alkyrpholines are the most
commonly used tertiary amine catalysts [52]. Dilttitydilaurate (10) and tin

octate are widely used as organotin catalysts. r@tga catalysts are most

10



effective for the isocyanate-hydroxyl reaction awdnot promote isocyanurate

formation (8).

Sn

chz\ /O CyiHos S

(10)
H9C4 ©) CllH23

O

Dibutyl tin dilaurate Triethylene diamine

Table 2 Polyether and polyester polyols

Abbreviation Polyol Chemical Structure
PEG Poly(ethylene glycol) HO/MOH

n
PPG Poly(propylene glycol) HO

PTMO Poly(tetramethylene oxide) HOM %
. 09\
PEO Poly(ethylene oxide) 0H</\/ y

n
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Britain and Gemeinhardt [53] first proposed thens&ey complex formation
between metal catalyst and an isocyanate. Complerattion could occur in
two steps, with either the hydroxyl or the isocyi@neompound reaction the
first. The reaction (11) shows the mechanism fag ttase in which the

isocyanate complexes first with the metal compound.

Smith [54] proposed an alternative mechanism, inciwtthe metal complexes
with the alcohol at some site other than the rgachiydroxyl group. Tin-

alcohol complex forms a bridge complex with theifocyanate complex. By
this way, more than one tin-alcohol or tin-isocyi@naomplexes interact and
urethane formation takes place by rearrangemetiteohydroxyl proton to the

nitrogen of the isocyanate group.

1.1.4 Polyurethane Synthesis

Polyurethane elastomers are synthesized by twoc b&sihniques. These
methods differentiated according to the mediumreppration and the addition
sequence of the reactants. Polymerization can beedaout in a solvent free
bulk or solution medium. Bulk polymerization givas advantage of solvent-
free synthesis and it has been used mainly in mmdlissynthesis for

environmental reasons, while solution polymerizatias largely been used for

the laboratory or experimental synthesis of polthaaes [27, 31].

Sequence of addition of reactants can either b& ame-step process or two
step process (prepolymer process). Prepolymer mfuteethane production is
schematically illustrated in Figure 2 [27] in whitie final polymer is formed

in two separate steps.

12



MX 5 _
R—N=—C—0 —» R_N:C:6 <« R—N—C—O0

MX 5 MX 2

R'——OH

R—N—/C—/7—=0

H—0—MX
L
R—N—C—0 <—» R—N—C—0 (11)
bk, bbb
| FL

R—N—C=—0 + MX 2

4—0—

The first step is to produce a precursor to thalfproduct by reacting a polyol
component with an excess of an isocyanate compomarg results in what is
known as an isocyanate-terminated prepolymer. Secgirp is the chain
extension step in which formed prepolymer is coterinto the final high
molecular weight polymer by further reaction withdal or diamine chain

extender.

13



Polyurethane formation with one shot process schieatly represented in
Figure 1 [27]. Polymerization carried out by sinaméously mixing together

polyol, diisocyanate and chain extender eitherulk lor in solution.

HOwWw v QOH + NCO=m==NCO + HOvwv OH

polyol diisocyanate chain extender

catalyst

Figure 1 Scheme of one-shot process for polyurethane el@&stpreparation
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Bolyal .
HO— Palyatier MP&'.vem%‘m"

OON——3-NCO 0CN—_3-NCO
Dilsocyanate Dilsocyanate
HO 0 H
g Polyol T} "
OCN—3-N—C—0— poiyutr o Polyessf—0~C~¥—1—+-NC0
Urethans Urethane
e Erp
PREPOLYMER
Chain Extended wits
FO-R—0H

OR NE,—R'—NH,

ﬁlﬁ ] Folyel |l I Ll
—0-R-0-L-NF3N-{—Quawsssn J— C-N-F FN—-C—0—R-0—C-N-E FN-C—
Hard Sesment Saft Seemen Hard Segmemt

+A-B}  Polywretiuse Seguened Copolyuer

Figure 2 Scheme of prepolymer route for the formation oblyprethane

elastomer
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1.1.5 Structure Property Relationship

Urethane elastomers can be regarded as a lineek btpolymer of the type
shown in Figure 3. These polymers can be considarésrms of long (1000 -
2000 nm) flexible segments and much shorter (15D ngrd units which are
chemically and hydrogen bonded together. This satgdepolymer structure
has three basic building blocks: the polyol, diisotate and chain extender.
The desired properties can be obtained by commllthe type and

concentration of the segments present.

Isocyanate polyvel mono or polvineric
isocyanate

Figure 3 The basic units in polyurethane

Polyurethanes can contain a high concentration abdrpgroups (polar hard
segment and less polar flexible segment), thattseBom isocyanate-hydroxyl
reactions, as well as ester, urea and other gradpsd and flexible (soft)
segment incompatibility cause phase separationesimeat of mixing is
positive. The final properties of polyurethanesed®ined by the extent of
interaction between these polar groups. The rigigihents in polyurethanes
particularly affect the modulus, hardness and st@ngth, and determine the

upper-use temperature by their ability to remaialevated temperatures.

The flexible blocks primarily influence the elastiature of the product and its

low-temperature performance, and they make impborantributions towards
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the hardness, tear strength and modulus. Suchgsipofar interactions in
polyurethanes can lead to a supramolecular orga@mhizanto aggregated

structures, which may be in the form of glassy diosar crystallites.

Aliphatic polyethers or aliphatic polyesters are thisual materials used as
flexible segments in polyurethane elastomer pradoctThese have glass
transition temperatures below room temperature ared low melting point

solids or liquids. Polyethers have weaker intenchaiterface forces than

polyesters, and generally give elastomers witheqadte physical properties.

Rigid segment properties determine the interchamteractions in the

elastomers to a large extent and so determine eéhg&ork structure in these

materials. Preferred diisocyanates are those hderyg molecular structural

bulk resulting in interchain steric hindrance ahedse have the highest levels of
modulus, tear and tensile strengths. Elastomersdbamn the aliphatic

isocyanate generally had superior mechanical ptigger This pattern of

behavior applies to both polyester and polyethesebdaurethane elastomers
[27].

The temperature of the reaction is important andoup0 °C the linear chain
forming reaction predominates but as higher tentpeza (up to 150 °C) are
reached then biuret and isocyanurate formation rbecceffective and
branching occurs. At above 150 °C some of the $table links are affected
and reversion or degradation can then take plaloe.iJocyanate reactions are
highly exothermic, and under conditions where héansfer is slow
appreciable temperature rises can be experiencetl deterioration in

properties results.
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Hydrogen Bonding

Hydrogen bonding results from the attraction of doggn atoms in one
molecule with an oxygen or nitrogen atom in anotheslecule [55]. The
hydrogen bond is the strongest secondary chemioat bwith a strength
estimated to about 20-50 kj/mol [56]. Hydrogen kiagdin polyurethanes
plays an important role in determining the degréelmase separation. N-H
group is the proton donor whereas the carbonylthacetheric oxygen are the
proton acceptors. Hydrogen bonding in urethane nshavas illustrated in
Figure 4 [57-60]. The FTIR analysis differentiatee thydrogen bonded N-H
and free N-H, and also gave information about thesgnce of urethane
carbonyl C=0 and urea carbonyl C=0 [61-70].

; | l | l
= S N |
I|\I—H---O:C|: N—H---(|) N—H---O:C|:
| : | —— | T
Urethane-Urethane Urethane-Ether Urethane-Ester

Figure 4 Hydrogen bonding interaction in polyurethanes

18



Degradation

Polymers can degrade by exposure to high temper#étinermal degradation),
shear action (mechanodegradation), oxygen, eleamostic, and ultrasonic
radiation, moisture, and chemical agents. In génpadymers are susceptible
to thermal degradation, which can occur either lhgirt scission, involving the
breakage of the backbone bonds, or by non-chaissisa, involving the
elimination of a small molecule from substituenbyp and subsequent double

bond formation.

Chain scission can occur by one of three mechanidihsse include (1)
random degradation, where the chain is broken ado@a sites; (2)
depolymerization, where monomer units are releagedn active chain end;
and (3) weak-link degradation, where the chain ksea the lowest energy
bonds [71].

Thermal degradation of polyurethanes can be exgdhiny three ways. The
predominant dissociation is occurred in the waylepolymerization in which
the original products: polyol and diisocyanate afermed between
temperatures 150-160 °C. On the other hand, they foran primary amines

together with alkenes and carbon dioxide via reacshown in (12).

A
| CH—
AL,

R—NH . .
R » R—NH, + CO + HC—CH—R (12)
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Formation of a secondary amine and carbon dioxsd@g0 possible as shown
in reaction (13) [72-76].

R—NH ‘
| - — » R—NH—R + CO, (13)
C R

o/ o

Photo degradation of the urethanes formed from aticndiisocyanates was
known by many researchers [77-80], and formatioryalfow color caused
many problems in storage and in actual applicafidns color formation was
the result of ultraviolet-initiated auto-oxidatiaosf the urethane linkage to
quinone imide structures (14). There have beenessfal attempts in the use
aromatic diisocyanates that are structurally inbégaf forming such quinone

species [78].

v OCOH CH,— NHCOOA

(14)

v OCOH CH=— NCOO M

Quinoneimide
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1.2 Urethane Acrylate Polymers

Urethane acrylate oligomers have been extensivelgstigated in the past as
photo/radiation/laser curable coatings [81-86], tphesists for the fabrication
of microelectronic devices [87], sealants and aidiess[88,89], biomaterials
useful in contact lenses [90] and surgical implamisnting inks [91] and

elastomeric and encapsulating coatings. The bawmistituents are urethane
oligomers tipped with acrylate functionality anchyi monomers, which are
added to make harder products and/or to reduceisigesity to obtain better

processability [92-93].

Classically, urethane acrylate synthesis showneaction (15) involves first
the preparation of isocyanate-terminated macrogjlggdhe reaction of polyol
with an excess of a diisocyanate and then obtai@ogylate end capped
urethane oligomers with the addition of hydroxykyhlacrylate groups, thus

bringing the reactive acrylic functions to the nuikes.

2 OCN- R—NCO+ HO—R—OH——>  OCNRHN—C—ORO— ﬂ— NHROCN
(15)

2ROH
(Hydroxylalkyl acryalate)

o
I

R'0—C—NH— RHN—C—ORO— C—NHR— NH—C—OR'
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The hydroxyalkyl (meth) acrylates which are usededy in the preparation of
urethane acrylate are 2-hydroxyethyl methacryla#=MA) [94-106], 2-
hydroxyethyl acrylate (HEA) [107-112], and 2-hydypxopyl methacrylate
(HPMA) [107,113].

Poly (urethane-b-acrylate) block copolymers weretlsgsized by radical
solution polymerization using macroazo initiatotd4-117]. Cheikhalard et.al
[117], have investigated the block copolymers baeadpolyurethane and
polymethylmethacrylate or polystyrene sequencasgusiacroazo initiators via

radicalic mechanism.

Oprea et.al [118] have synthesized and charactkniadiation and thermal
sensitive polyurethane methacrylate. Polyuretharentaining pendant
methacrylic groups were obtained from the reactbmolyester diol, excess
MDI, and methacrylic acid. These materials exhbiysical properties similar
to those of linear segmented polyurethanes. Thislagity was attributed to

low amount of methacrylate groups present.

Barbeau et.al [119] have investigated the roleiisibdyanate (IPDI, TDI, and
4,4 dicyclohexylmethane diisocyanate) on the prigee of polyurethane
acrylate (PUA) prepolymers based on polypropylexiden FTIR investigation
of the hydrogen bonding in 2,4 TDI based PUAs shbwat intermixing
between soft polyether segments and hard urethanpg were enhanced and
induced an increase of the Tg. The glass transitemperature of the
synthesized PUAs varies in between - 58 to -55 TRe rheological flow
characteristic of 2,6 TDI based prepolymers shoted they have had the
combination of shear thickening and thinning bebgwvhereas all the other

prepolymers behaved as Newtonian fluids.

UV curable urethane acrylates have been synthesineldcharacterized by

several researchers and formulation usually costaieactive urethane
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oligomers, reactive diluents, and photo-initiat¢pi20-126]. Generally, UV
curable telechelic (functionalized end group) uaes(meth)/acrylate
synthesis have been done via two synthetic stedgdi20-122]. The first one
is the reaction of diol with a diisocyanate to gee an oligomers of required
molecular weight followed by end capping with a topd/l functional acrylate
[121]. The second strategy is the reaction of aréwyg functional
(meth)acrylate with the appropriate diisocyanate giwe an isocyanate
functional (meth)/acrylate followed by reaction kvuitable diol [122]. Asha
et.al [123], have synthesized via second strategy @haracterized the UV
cured prepolymers

UV-curable poly(ethylene glycol) based polyurethaceylate hydrogels have
been prepared and characterized by Kim and Pailk][1Rffects of diol
molecular weight (PEG), the type of diisocyanak#Xl, HMDI, TDI), and the
content of acrylamide and acrylic acid have beemdist in terms of
mechanical properties, water content, and X-rayratifion profiles of the
obtained films. Although it is expected to have po@chanical properties with
the increase in PEG molecular weight, PEG 4000 dtasved the highest
modulus, strength, and elongation due to the digstaon. In DSC
thermograms, effect of hydrogen bonding is cleashserved for differing

amounts of acrylamide and acrylic acid presenh@final polymer.

Hsieh et.al [125] have prepared several urethanglates using N,N-
azobisisobutyonitrile (AIBN) as the initiator. Thelyave investigated the
HEMA terminated polyurethanes for lithographic aéting applications. The
curing analysis indicated the reaction rate equatmrrelates well with the film
thickness, initiator concentration, double bond cmsriration and exposed

energy.

Urethane di(meth)acrylates have been widely usedeimtal materials [127-

132]. The matrix phases of dental composites, whieghnow widely used in
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restorative dentistry, are mostly di(meth)acrylatenomers. Although some
urethane di(meth)acrylates have been commerciafiaedental applications
[130], they still have much promise to overcome #twrtcomings of the
previously available resins. Atai et.al [132] hasgnthesized urethane
dimethacrylate from HEMA end capped isocyanate itested prepolymer,
and characterized the prepolymer with the aim aluceng polymerization
shrinkage. Rheological behavior has been studiadl iarwas shown that
complex viscosity decreased with increased tempexatnd remained constant

with the increased frequency.

1.3 Soft Lining Materials

Denture lining materials act as shock absorbersraddce and distribute the
stresses on the denture bearing tissues [133,I3¥se materials can be

classified into three groups [135]:

1. Hard reline materials
2. Tissue conditioners
3. Soft lining materials

Soft lining materials serve to distribute the farad mastication more evenly
and absorb energy. They do not reduce the trareinitirce but result in a
smaller displacement of the oral mucosa. Sincestiffmess of the soft lining
material is less than that of the oral mucosai,ilitabsorb more of the energy
and deform more. The energy is released as theglineturns to its pre-

deformed shape.
The ideal properties of a soft lining material ud# the following:

1. Biocompatibility — non-toxic and non-irritant todloral tissues.

2. Permanently compliant- soft enough for the comébthe patient.
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Permanently resilient- the actual level of resitiemequired is unknown
as shown by the range available.

Adhere to the denture base and remain so in thelmou

5. Low water uptake- a high uptake will cause distortand may result in

fouling of the lining due to ingress of bacteria.et

Wetted by saliva- a thin film of saliva is necegstar the retention of
the denture and it acts as a lubricant to prevetation of the mucosa.
Sufficient mechanical properties- enough to withdtaormal handling,
brushing etc.

Easy to clean -not adversely affect by denturendees, not stained

easily etc.

Soft lining materials can be classified as follosepending on their chemical

structure:

N o g s~ wDdh P

Natural rubber /PMMA Graft copolymer system
Vinyl resins

Polyurethanes

Soft acrylic materials

Silicone rubber materials

Elastomer/ methacrylate systems

Fluoroethylene copolymers

Polyurethanes have been used successfully in thecétion of facial

prostheses and they can be used as a soft linibgrialaHowever, there is a

concern over the toxicity of the isocyanates usedhe production of these

materials [136]. In addition to their toxicity, tbe materials have high water

uptake into their cellular inner structure. Thisuked in early stagnation and

fouling. Their fabrication and application were hacally difficult therefore;

the material did not gain any real measure of gdregplication [165].
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1.4 Dynamic Mechanical Properties

The behavior of materials of low molecular massd@ascribed in terms of two
ideal cases: the elastic solid and the viscousidigiolymers can display
properties between these two cases depending oterhgerature and chosen
time scale. The elastic solid has a definite shape is deformed by external
forces into a new shape. The removal of these $oreeerts the material to its
original form by the help of stored energy obtairiexin external forces. On
the contrary, a viscous liquid has no definite €hapd flows irreversibly under
the action of external forces [137]. In viscousteyss all the work done on the
system is dissipated as heat, whereas in elagdiersg all the work is stored as
potential energy. It is this dual nature of polysdrat makes their behavior so

complex and therefore they are viscoelastic mdgeria
In linear viscoelastic behavior, the stress and s$hmin will both vary
sinusodially, but there is a lag in between as showFigure 5. Thus, they are

expressed as:

Strain e =gsin t (16)
Stress = gsin(t+ ) (17)

Where is the angular frequency ands the phase lag. The expanded form of

the stress equation (17) is:

= ,Sin tcos + (cos tsin (18)
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Stress o= Sy sin (ot + o)

Strain e = € sin ot

5 /l 5 ot

Figure 5 The strain lags behind the stress

Stress has two components: one is in phase witlstthen (an elastic stress),
the other is 90 out of phase with the strain (or in phase with skin rate,
viscous stress). The viscous and elastic stressesbe related to material
properties through the ratio of stress to strairmodulus. Thus, the ratio of the
elastic stress to strain is referred to as thetielgsr storage) modulus (I
which represents the ability of a material to stenergy elastically. The ratio
of viscous stress to strain is referred to as teeous (or loss) modulus (3
and is the measure of materials ability to dissigatergy. Therefore the stress-

strain relationship can be expressed in terms @@ G terms as:

=g Gsin t+eGcos t (19)

G and G define a complex shear modulus, @hich indicates the total energy

required to deform the material, so that:
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G=G+iG (20)

The ratio of the viscous modulus to the elastic uhosl is the tangent of the

phase angle shift between stress and strain. Hgemd of the phase angle is:

_ G«

tan (21)

Tan is a measure of the damping property of the naltdfior solids, which
are purely elastic tan equals zero. On the other hand, polymers haveraeve

degrees of values.

The variation of G G and tan with frequency is given in Figure 6 [137].
Viscoelastic solid is rubber like and has a low milad at low frequencies. At

high frequencies, the rubber is glassy. These ttages are independent of
frequency. On the other hand in the viscoelastiore modulus increases with
frequency. Similarly, loss modulus @ses to a maximum value. The loss

factor tan also has a maximum in the viscoelastic region.
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log G (Pa)

Rubbery Vigcoelastic  Glagsy log'e

Figure 6 Complex modulus as a function of frequency

Newtons law describes the mechanical behavior of an idesdous fluid.
When a fluid moves by virtue of being pushed thiowgpipe, or dragged
through a screw in an extruder, etc., the movernsetérmed shear. Newten

law relates the shear stresktp the rate of strain (or shear ratejdd:

de
dt

(22)

Newtonian fluid viscosity is independent of theeraif shear. In polymers,
viscosity decreases with increasing frequency ta o0& shear. This decrease is
a result of the storage of energy in the melt ghlates of deformation [138].
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In dynamic measurements on polymer melts, the andtdquency becomes
analogous to the rate of shear in the usual rhembmeasurements [139,140].

The complex viscosity can be expressed as:

k=g (23)

The real part of the complex viscosity is an enalpgipation term, just as is

the imaginary part of the complex modulus.

G= " and G"'= (24)

Melts of high molecular weight polymers and theancentrated solutions
display three characteristic regions, as illusttaite Figure 7. At low shear
rates, is nearly independent of shear rate (i.e. Newtorbahavior) and
approaches a limiting zero shear rate value pfAt higher shear rates,
decreases with increasingFluids that display this behavior are termed shea
thinning. Finally, once again approaches a limiting Newtonian plateatat
very high shear rate.

The molecular basis for shear thinning behaviothis effect of shear on
entanglements, as illustrated in FigureA8low shear rates, the entanglements
impede shear flow and, therefore, viscosity is hilgh the shear rate increases,
chains begin to orient in the flow direction andatitangle from one another-
the viscosity begins to drop.
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1 (poise)

Shear Rate (s1)

Figure 7 Typical dependence of viscosity of a polymeridtroa shear rate.

Finally, the molecules become fully oriented in floav direction at very high

shear rates. At this point, stable entanglemergsharlonger possible and the
viscosity reaches a low level that is again indejgen of shear strain rate. This
second Newtonian plateau region is observed ircéise of polymer solutions,

but is rarely observed for polymer melts, becatseshear rates required for

Figure 8 Idealized view of the effect of shear on the egtaments of melts

and concentrated polymer solutions.
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chain orientation in the melt are so high that¢hains actually be broken. In
rare cases, viscosity may increase with increasiagr rate. Fluids that exhibit

this behavior are called shear thickening (or ditét

Pseudoplastic
Fluid

Newtonian
Fluid

Shear Stress

Dilatant
Fluid

Shear Rate

Figure 9 Shear stress versus shear rate of pseudoplditdiant and

Newtonian fluids

The significance of entanglements to shear thinnflogv suggests that
molecular weight should significantly influence theeological properties of
polymers. It has been shown that the zero sheaosity is directly related to

the weight average molecular weight [141].
The viscosity of most polymers changes greatly wiémperature. For

Newtonian liquids or for polymer fluids at tempenats far above the glass

temperature or the melting point, the viscositydwts the Arrhenius equation:
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= K exp(Ea / RT) (25)

In equation (25), K at a given shear stress is rsstemt characteristic of the
polymer and its molecular weight, Ea is the actoratenergy of the flow

process, R is the gas constant, and T is the teyerin degrees Kelvin. The
energy of activation for flow increases as the sikéhe side groups increases
and as the chain becomes more rigid [142]. If atibn energy is evaluated at
a constant shear stress, Ea is constant indepeatitdhe value of shear stress.
However, if Ea is evaluated at a constant shear, the energy of activation
generally decreases with increasing rate of sh&dB][ For amorphous

polymers at temperatures less than 100 °C abowe igeequation (25) does
not fit the data well. Therefore the Williams-Lahéerry equation describes

viscosity temperature relation much better [139]144

_ _ 1744T- Tg) (26)

Log
h, 516+T- Tg

The viscosity at Tg at low rates of shear ¢sT is the temperature in degrees
Kelvin. Figure 10 illustrates how the viscosity olgas with temperature

according to both equations (25) and (26).
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log viscosity

T-Tg

Figure 10 Viscosity as a function of temperature according\td.-F equation

(solid line) and to Arrhenius equation (dashed)in

Rheometers characterize the viscous propertieliiolf as well as the reading
their elastic responses. Their name is derived fito@ology, which is the study
of the behavior of fluids. Samples are subjectedetther a dynamic
(sinusoidal) or steady shear strain deformatiom toen the resultant torque
expended by the sample in response to this sheam sis measured.
Commercial instrumentation to determine the stnesponse of polymeric
solutions and melts to static or dynamic sheairgtrs based on simple shear
geometries such as cone and plate, Couette cyl addrrotating paralel plates
(Figure 11) [71].

34



{ﬁ\—lq FIXTURE

-
FIXTURE

Figure 11 Parallel plate geometry

The apparent viscosity is obtained from steady ishesasurements. Values of
complex viscosity are obtained by applying an descty rather than steady
shear to the cone in a cone-and-plate rheometier the cylinder in the case of
a Couette rheometer. Alternately, the dynamic priogse of polymer solutions

and melts can be obtained directly by using stesthar flow in a rheometer

with parallel plate geometry [71].

1.5 Nanoparticles

Nanoparticles are defined as particulate dispessiath a size in the range of
10-100 nm.Figure 12 illustrates the main stages of how an individuaina
transforms into a bulk metal through a cluster,assze and colloidal particles
(active metals) [145 ].
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Figure 12 The main stages of the transformation metal atoviosa bulk metal

There exist many methods for the preparation ofoparticles. Most widely
used method is based on chemical reactions oni@olulano sized metals
with sizes in the range of 1-50 nm are obtaine@ asspersion of a solid in
liquid. Reduction of metal salts produces smallahgarticles of varying size
distributions. Reducing agents used include al®fi46], glycols [147], and
metal borohydrides [148]. Fined particles that preduced tend to aggregate
in order to reduce their high surface energy. Addg that reduce the surface
energy can restrain aggregation. Stabilizing agargsadded to overcome the
aggregation of particles. These agents employelidecsurfactants such as
long chain thiols, amines, and polymers [149]. Tise of polymers as steric
stabilizers is effective because of their intensshert range steric repulsions
that they are able to produce. In addition, theaatkge of using polymeric
stabilizer allows isolating and storing clustersairstable polymer embedded

form.

Particle size and the size distribution are thetnmportant characteristics of

nanoparticle systems. Depending on the size ofigampresent, nanoparticle
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containing solutions posses different colors. Tiodolgical properties, toxicity,

antibacterial performance are determined by thainbt size of the particles.

1.6 Aim of the study

The purpose of this work was to synthesize andtwdysthe properties of
polyurethane acrylate polymers based on PEG, twestyof acrylate: MMA

and HEMA, and three types of diisocyanates: TDI,IldBbd MDI. The effects

of the diisocyanate nature, termination type ofthage, the thermal and the
rheological properties of the resulting polymergevevestigated. The results
were discussed in the light of specific interacsi@uch as hydrogen bonding.
In addition to structural characterization, theotgkicity of the polymers was

investigated with the addition of silver nanopdetic

37



CHAPTER 2

EXPERIMENTAL

2.1 Chemicals and Purification Procedures
2, 4 — Tolylenediisocyanate (TDI)
Supplier: Aldrich

Molecular Formula: gHgN2O-

Molecular Weight: 174.16 g/mole, 95%.

Chemical Structure:

CHj CHs
O—C—N N—C—0O N=—C=—=0
N=—C=—7—"0
2,6 isomer 2,4 isomer

Purification Procedure:

TDI was distilled under vacuum and stored at 4 AGen nitrogen atmosphere.
Purity of the reagent was checked before everyofataction with NMR
spectroscopy.
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Methylene diphenyl diisocyanate (MDI)
Supplier: Aldrich

Molecular Formula: GH14N20,
Molecular Weight: 250.26 g/mole

Chemical Structure:

O=—C=N CH, N=C=0

Purification Procedure:
MDI was distilled at 150°C under vacuum. It wageatbat 4 °C under nitrogen
atmosphere. Its purity was checked before each tiomacwith NMR

spectroscopy.

1, 6 Hexane diisocyanate (HDI)

Supplier: Acros Organics

Molecular Formula: gH12N20,

Molecular Weight: 168.19 g/mole, 99.5%.

Chemical Structure:
/\/\/\/N:CZO
O0—C—N

Purification Procedure:
HDI was used as received without any further pecation. It was stored at 4 °C
under nitrogen atmosphere and purity was checkéardevery reaction with

NMR spectroscopy.
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Polyethylene glycol (PEG)
Supplier: Sigma Aldrich
Molecular Formula: (gH40),
Molecular Weight: 200,600, 1000, 6000 g/mole
Chemical Structure:
HO n
Purification Procedure:
PEG was dehydrated at 80°C under vacuum for 2 handsfresh PEG was

used for each set of reaction to remove any abdarimesture.

1, 4 Butanediol (BD)

Supplier: Aldrich

Molecular Formula: ¢H100-
Molecular Weight: 90.12 g/mole
Chemical Structure:

HO CH CH CH CH OH

Purification Procedure:
Butanediol was distilled under vacuum and fresh ®Bs used for each

reaction.

Methyl methacrylate (MMA)

Supplier: Acros Organics

Molecular Formula: HsO;

Molecular Weight: 100.12 g/mole, 99%.
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Chemical Structure:

Purification Procedure:

MMA was washed twice with aqueous 5% NaOH to remoy@roquinone and
twice with water. It was dried with Caglthen with Call under nitrogen at
reduced pressure. The distillate was stored attemperature and redistilled

before use.

2-Hydroxy ethyl methacrylate (HEMA)
Supplier: Acros Organics

Molecular Formula: H1¢03

Molecular Weight: 130.14 g/mole

Chemical Structure:

0
C— C—O0—CH,—CH,—OH

H,C—

Purification Procedure:
The purity of the reagent was checked with NMR ased as received. HEMA
was distilled under reduced pressure when necessary

Methyl ethyl ketone (MEK)

Supplier: Acros Organics

Molecular Formula: ¢gHgO

Molecular Weight: 72.11 g/mole, 99+ %.
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Chemical Structure:

O

CHy—— CH;——C——CHj

Purification Procedure:

MEK was used without further purification since pgrity is better than 99%.

Dibutyl tin dilaurate (DBTDL)

Supplier: Aldrich

Molecular Formula: (GHg)2Sn (O(O)C (CH)10CHz) 2
Molecular Weight: 631.56 g/mole, 95%.

Chemical Structure:

I
C, Hg\ /O_ C——CyHas
Sn
~

Purification Procedure:

DBTDL was used as catalyst without further purifica. The concentration of

the catalyst is usually around 100 ppm in the pathane synthesis reactions.

Methacryloyl chloride (MAC)

Supplier: Fluka

Molecular Formula: gHsOCI

Molecular Weight: 104.54 g/mole, 97%.
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Chemical Structure:

O

c—cCl

HZC:<

CH;

Purification Procedure:
Methacryloyl chloride was used as received. It wtsed at -10°C and after

each addition nitrogen was flushed into the bottle.

Azobisisobutyronitrile (AIBN)
Supplier: Aldrich

Molecular Formula: gH12N4
Molecular Weight: 164.21 g/mole

Chemical Structure:

CHs

A\

Hs

Purification Procedure:

It was used without further purification.

Silver nitrate (AgNO3)

Supplier: Aldrich

Molecular Formula: AgN©
Molecular Weight: 169.88 g/mole
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Chemical Structure:

Purification Procedure:

No purification was applied and it was used asiveck

Sodium borohydrate (NaBH,)
Supplier: Aldrich

Molecular Formula: NaBH
Molecular Weight: 37.83 g/mole
Chemical Structure:

Purification Procedure:

No purification was applied and it was used asiveck

Toluene

Supplier: Aldrich

Molecular Formula: gHsCHs

Molecular Weight: 92.14 g/mole, 99%.
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Chemical Structure:

Purification Procedure:

No purification was applied and it was used asiveck

Methanol (MeOH)
Supplier: Aldrich
Molecular Formula: CEDH
Molecular Weight: 32.04 g/mole, 95%.
Chemical Structure:
H,C—OH

Purification Procedure

No purification was applied and it was used asiveck

Hydroquinone

Supplier: Aldrich

Molecular Formula: ¢H, (OH)
Molecular Weight: 101 g/mole

Chemical Structure:

HO OH

Purification Procedure

No purification was applied and it was used asiveck
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2.2 Synthesis Methods
2.2.1 Polyurethane synthesis via one step solutipolymerization under

vacuum

Polyurethane was synthesized via a one step solgdymerization of 1,4
butanediol (BD) and toluene 2,4 diisocyanate (Tdger vacuum conditions
with the addition of a catalyst dibutyltindilaura(®BTDL) in toluene. An

example of a divalent tin compound acting as alygstt#s illustrated in Figure
13 [150].

ROH + R-N=c=0__ "(R'b R\s’fKO:C:N_R\
& .
R
F o
2+ JO=CN-R : .
S / / s R-NH- C-OR + Sn(R“)

Figure 13 Proposed mechanism for the alkyl tin catalyst olyprethane

synthesis.

Polymerizations were conducted at 60, 70, 90°C p&ature in a circulating

water bath for 1 day, 1 week and 1 month periodvéying BD / TDI ratios
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of 1:1.0, 1:1.5, 1:2.0 . The reaction procedurayiien below, using equal

molar amounts from each reactant.

0.01 mole from each reagent (BD, 0.901 gr; TDI41gr) was put into toluene
(10 ml) separately and cooled down to 5°C. These 8m@lutions were

combined as a stock solution and DBTDL (100 ppm$ wdded at 5°C. From
this stock solution 4 ml was taken and transfetced Pyrex test tube. In this
way 5 test tubes that contain same amount of oltkion were prepared and
each tube was then cooled down to liquid nitroganpgerature. These tubes
were connected to vacuum line in order to atta@rtiatmospheric conditions
and tubes were degassed three times under themaweith the removal of N

dewars. After 6 hours, vacuum line was disconneected tubes were taken

without interrupting the vacuum.

When proposed polymerization periods were complefgtex tube heads
were broken and the synthesized polymers, in tha faf a white solid, were
fillered and precipitated from toluene and thenedrin a vacuum oven.
Characterization of the obtained polymers was edrrout by several

spectroscopic and thermal analysis methods.

2.2.2 Polyurethane synthesis via prepolymer route

Polyurethane was synthesized via a two step prepmlyoute by the reaction
between a difunctional polyether polyols; PEG (M882600, 1000 and 6000
g/mol) and an equal molar amount of diisocyanatB]. TPolymers were
prepared in three-neck, round bottom, 250 ml Pyeaction flasks equipped
with an addition funnel carrying a nitrogen inlagflux condenser, an
immersion thermometer and a Teflon clad magnétidrsy bar as illustrated
in Figure 14. The nitrogen purge was maintainedughout the synthesis to

ensure a dry atmosphere and to minimize the siagions between NCO and
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residual moisture. Synthesis of polymer from P@®=200 g/mol) and TDI is

used here as a representative procedure.

Dried PEG (0.01 mole, 2 g) was charged into a rdowmitom Pyrex flask. TDI

(0.01 mole, 1.74 g) was mixed with MEK (50 ml) astdtred under the purge
of nitrogen gas. This solution was added to driegsRirop wise through the
dropping funnel under the nitrogen stream at rocmperature. High

molecular weight diols were solid at room tempemtuherefore before the
TDI addition, they were heated to their melting pematures. When
diisocyanate addition was completed, DBTDL (100 ppatalyst was added to
the system and the solution was stirred for 2 hatr60°C. Polymerization
reaction continued until all the NCO was consunm@@O concentration was
determined by titration method using di-n-butyl aeniback titration as
described in ASTM D-2572 [151]. The final producasva viscous, yellow
fluid. It was washed with the 1:1 mixture water-haatol several times and

dried in a vacuum oven at 80°C for 1 day.

48



Figure 14 Apparatus for the urethane synthesis

2.2.3 Isocyanate Terminated Prepolymer synthesis

Isocyanate terminated urethane prepolymers werthaesized by the reaction
between a difunctional polyether polyol; PEG (Mn82@/mol) and a

diisocyanate; TDI, MDI and HDI. Prepolymers wereepared in three-neck,
round bottom, 250 ml Pyrex reaction flask equippeth an addition funnel

carrying a nitrogen inlet, reflux condenser, an ension thermometer and a
Teflon clad magnetic stirring bar. The nitrogen gairwas maintained
throughout the synthesis to ensure a dry atmospdreeto minimize the side

reactions between NCO and residual moisture. Sgrghef prepolymer from
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PEG (Mn=200 g/mol) and TDI is used here as a remtasive procedure
(Figure 15).

A certain amount of dried PEG (0.01 mole, 2 g) wharged into a round
bottom Pyrex flask. TDI (0.02 mole, 3,48 g) was eubxwith MEK (50 ml) and
stirred under the purge of nitrogen gas. This smhutvas added drop wise via
dropping funnel with continuous stirring under thi&ogen stream to the diol
containing flask at room temperature. When diisoeya addition was
completed, DBTDL (100 ppm) catalyst was added te $iystem. For the
synthesis involving TDI, the reaction between NG@ ®H groups was much
faster compared to other diisocyanates, and didewptire any catalyst. After
stirring the solution for 4 hours, temperature waseased gradually to 60°C.
During the polymerization, MEK (50 ml) was addedréaluce the viscosity.
Polymerization reaction continued until the theimatNCO concentration was
obtained. NCO concentration was determined bytitinamethod using di-n-
butyl amine back titration as described in ASTM B#2 [151]. The final
product was a viscous fluid having a color thatnges from yellow to brown

depending on the diisocyanate used.

2.2.4 Hydroxyl Terminated Prepolymer synthesis

Hydroxyl terminated urethane prepolymers were ssitted by the reaction
between a diisocyanate; TDI, MDI and HDI, and amess of difunctional
polyester polyol; PEG (Mn=200 g/mol) (Figure 16)repolymers were
prepared in a three-neck, round bottom, 250ml| Pyeaxction flask equipped
with an addition funnel, a reflux condenser, a th@meter and a magnetic
stirrer. Synthesis of prepolymer from PERNn=200 g/mol) and TDI is given

in the below procedure as an example.
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CHg

NCO
NOH
+
HO N
NCO
1. MEK, DBTDL
2.60°C, 5 hours
CH, 0 0 CH,
N O Polyol O N
NCO NCO
PUNCO

Figure 15 Isocyanate terminated prepolymer synthesis

Dried PEG (0.02 mole, 4 g) was poured into a flegktaining MEK (50 ml).
TDI (0.01 mole, 1.74 g) mixed with MEK (50 ml) waslded through the
dropping funnel under the nitrogen atmosphere. tiwluwas stirred with
magnetic stirrer continuously. When addition of Twds completed, DBTDL
(100 ppm) catalyst was added and reaction wasragedi for 4 hours at 40°C.
In addition to di-n-butyl amine back titration meth NCO concentration was
monitored by examining the disappearance of theatiitm band at 2270 ¢
in the ATR-FTIR spectrum.
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CHa

NCO
OH
HO n +

excess
NCO
1. MEK, DBTDL
2.40°C, 4 hours
|C|) 0

HO—M\NWV‘—C—NH—[ j:NH—C+O—C2H4—O+C2H4—OH
n
CHs

PUOH

Figure 16 Hydroxyl terminated prepolymer synthesis

2.2.5 Acrylate End Capping of Isocyanate TerminatedPolyurethane

Isocyanate terminated urethane prepolymers werecapged with acrylate
monomers, MMA and HEMA. The end capping reactioocpdure with MMA

is as follows (Figure 17):

The reaction kettle containing diisocyanate teated urethane prepolymer
obtained in section 2.2.3, was charged with MMAORmoles, 2.00 g) which
was vacuum distilled and then stabilized with hyproone (100 ppm).
DBTDL (100 ppm) catalyst was added and solution mased for 2 hours at
30°C under the nitrogen gas flush. After the addiof AIBN (1 wt % based
on acrylate, 0.02 g), reaction temperature was faised to 50°C for 2 hours
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and then to 70°C for 3 hours. Obtained polymer fiVeesed and washed with
water and methanol several times and transferrgthss Petri dishes and dried
in a vacuum oven at 80°C for 1 day.

CHy CH;

J_ L

O—Polyol —0O
H y

1. Hydroquinone NCO
2. HEMA

3. DBTDL

4.3(°C, 2 hours

NCO

1. AIBN
2.50°C, 2 hours
3. 70°C, 3 hours
Y 4.H,0,MeOH

CHs 0 0 CHy

Jon L

O—Polyol —0O N

T o_ _NH tHs
-

| P
HzCZC\H/O_CzH4 m
0 ° Y
PUNCOMMA 0

Figure 17 Acrylate end capping reaction procedure of isoefe terminated
polyurethane
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2.2.6 Acrylate End Capping of Hydroxyl Terminated Polyurethane

Hydroxyl terminated urethane prepolymers were eadped with acrylate
monomers, MMA and HEMA with the use of MAC catalyst the first time.
Possible reaction mechanism for the catalyst isrgim Figure 18. The reaction

procedure is schematically represented in Figure 19

Hydroxyl terminated urethane prepolymer obtaineseation 2.2.4 was diluted
with MEK (100 ml) in order to decrease possiblecusty increase at low

temperatures. Then mixture was cooled down to v the dry ice bath.

e I D P T |
— —C— —_— — L7
N [~ RToR T G
(o]
R
R =H,C=C R’= Urethane group
CHs o

o
PN
NH O—CH,—CH,—0—CH,—CH,——O' C=CH,
o
n
A
_ NH
CH=cC O——CH,—CH,~0—CH,—CH,—O.
n o

Figure 18 Reaction of methacryloyl chloride with hydroxyl end

Temperature was maintained at this level for 30ute@s and with vigorous
stirring MAC (1 ml) was added drop wise under thiogen atmosphere. It
was allowed to react for 30 minutes. After thergrmguinone and MMA (0.02
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mole, 2.00 g) was added and mixture was stirrecfohour at -5°C. Bath was
removed and temperature increased to 30°C gradaradlyeaction continued at
this temperature for 1 hour. Following the additafnAIBN (1 wt % based on

acrylate, 0.02 g), reaction temperature was faged to 50°C for 2 hours and
then to 70°C for 3 hours. Obtained polymer wasrdtl and washed with water

and methanol several times and dried in a vacuuen av 80°C for 1 day.

ﬁ o)
I
HO——nnann—C ——NH- NH—C+O—C2H4—O-]-CZH4-OH
n
CHs

1. MEK
2. cooled -5 °C, 30 min.
3. MACI, 30 min

1. hydroguinone, MMA
2.-5°C, 1 hour
3.30°C, 1 hour

1. AIBN
2.50°C, 2 hours
3.70°C, 3 hours
4, H,0,MeOH

Y

CHs

o) o}
PNk
NH O—CH,;=CH;~O4CH,~CH,—0O~ C=CH,
o}
n

Il

CH2=C O—‘CHZ_CHWNH

Figure 19 Acrylate end capping reaction procedure of hygrterminated

polyurethane
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2.2.7 Ag nanoparticle preparation

Ag nanoparticles were prepared from the reductibrR@NO3; with NaBH,

(27). A 10-mL volume of 1.0 mM silver nitrate wasiedl dropwise (about 1
drop /second) to 30 mL of 2.0 mM sodium borohydsdéution that had been
chilled in an icebath. The reaction mixture wasraeti vigorously on a
magnetic stir plate. The solution turned light gellafter the addition of 2 mL
of silver nitrate and a brighter yellow when all tbke silver nitrate had been
added. The entire addition took about three minuaéer which the stirring
was stopped and the stir bar removed. The cleéowelolloidal silver is stable

at room temperature stored in a transparent vial.

AgNO; + NaBH, ——> Ag + 1/2H, + 1/2B,Hg + NaNO;  (27)

2.3 Characterization Methods

2.3.1 Fourier Transform Infrared Spectroscopy (FTIR)

Fourier Transform Infrared (FTIR) spectra were rded on a Bruker Vertex
70 FTIR spectrometer (Bruker Optics Inc., EttlingeBermany) using
attenuated total reflectance (ATR) attachment (PIK&chnologies, USA)
which has a MIRacle diamond crystal. All spectraaveollected in between
4000- 600 crit range using 16 scans with a resolution of 4'émtransmission

mode. The spectra data were acquired by using Ci?bJSoftware.
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2.3.2 Proton NMR Spectroscopy’t NMR)

'H NMR spectra of polymers were obtained by Bruk&0 3ViHz NMR

spectrometer (BioSpin, Ettlingen, Germany). DMSOa@s used as a solvent.
The sample concentration was approximately 8 mgikhke proton signals
were referenced to tetramethylsilane (TMS) at 0 @snhe internal standard.

The data were evaluated by using XWINNMR software.

2.3.3 Carbon NMR Spectroscopy’fC NMR)

3C NMR spectra of polymers were obtained by Brukéf 3MHz NMR
spectrometer (BioSpin, Ettlingen, Germany). DeutstdDMSO was used as a
solvent. The data were evaluated by using XWINNNMRvere.

2.3.4 Gel Permeation Chromatography (GPC)

Polymer Laboratories, PL-GPC 220 GPC spectromé&farign Inc., England)
was used in determining the number average moleauéaght (Mn) and
weight average molecular weight (Mw) of polymersings polystyrene
standards. The samples were dissolved in (1% whatisns) dimethyl

formamide, which was used also as a carrier solaeatrate of Iml/min.

2.3.5 Differential Scanning Calorimetry (DSC)

DSC thermograms were recorded to characterizehwenal properties of the
obtained polymers. The measurements were perforome@ Perkin Elmer
(Massachusetts, USA) instrument provided with amraicooler device.
Measurements in the temperature range —70 to 1&0%@ating rate of 10°C
/min under a nitrogen atmosphere were performedndéird 40 pl alumina

pans with perforated lids, were used. Some of tiayais was done with TA-
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DSC910 S instrument with a heating rate of 10°C/mider a nitrogen
atmosphere from -50°C to 300°C.

2.3.6 Thermal Gravimetric Analysis (TGA)

TGA of obtained polymers were carried out on a PeBtmer Pyris TGA-FT-
IR spectrometer (Massachusetts, USA).Thermogramee wecorded in a
temperature range of 25 — 500°C with a heating cdted0°C/min under

20ml/min nitrogen atmosphere.

2.3.7 Mass Spectrophotometer (MS)

Waters, Quattro Micro GC, tandem quadrupole masstspmeter (MA, USA)
was used to obtain the mass spectra. Spectronseéguipped with dedicated
electron impact source and was utilized within 181000 dalton m/z range.
Heating rate was as follows: sample was heated H®1C and remained there
for 1 minute and after that, every minute tempertas increased 50°C up to
500°C. At this temperature spectrometer, waited ibute and analysis

completed at a total time of 11 minutes.

2.3.8 Scanning Electron Microscopy (SEM)

SEM micrographs of sample surfaces that were coaitdtd2 nm AuPd were

taken with, Quanta 400 microscope FEI Company (&#dhds) at a

magnification of x150 and x 10000, respectively.

2.3.9 Particle Size Analyzer

The average particle size and particle size digiob of the dispersions were
determined by Malvern Nano ZS90 (Worcestershire,).UMeasurements of

the Ag nano particle sizes were carried out at reemperature.
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2.3.10 Rheological Analysis

TA Instruments ARES Rheometer (NewYork, USA), warkin a temperature
range of 30-120°C with a ramp rate of 1°C/min anthwa frequency range of
0.1-10 rad/s was used to investigate the rheolbgasponse of the polymers.

Paralel plates with 25 mm plate diameter was used.

2.3.11 Cytotoxicity

Cytotoxicity tests were assessed as describedin1@93-5 Standard [152].
The test was performed on an extract of nano paradded polymers and

extraction was performed in sterile, chemicallyrircdosed containers.

Sample Preparation:0.1 g from each sample was weighed for 1 ml ofucel
medium. Three replicates were used for each gramples were kept for 45
min under ultraviolet light to prevent bacterialntamination, and then they
were aged with Dulbecco’'s modified Eagle medium/karR12 nutrient
mixture 1:1 (DMEM/F12) (Biochrom, Germany) medium a humidified
incubator at 37°C for 24 hours and 1 week. Aftecheaging interval, the
extracts were kept in -20°C. When the aging otledl samples completed, the

extracts were used to assess cytotoxicity.

Cell Line: The cells used for the experiments were L929 mosisi@
fibroblasts (L929, 95030802 HUKUK, Ankara, Turkeyhe cells were grown
as monolayer cultures in T25-flasks, subculturededtimes a week at 37°C in
an atmosphere of 5 % G@ air and 100% relative humidity and maintained at

third passage.

Culture Medium: The culture medium (pH= 7.3) was Dulbecco’s madifi
Eagle medium/Ham’s F12 nutrient mixture 1:1 (DMENIZ} supplemented
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with 10% (v/v) fetal bovine serum (FBS) (Biochro@grmany) with 1 %
gentamycine as antibiotics. Adherent cells at aditigmic growth phase were
detached with a mixture of 0.025 % trypsin and 0.0%

ethylenediamineteraacetic acid (EDTA) (Biochrom,ri@any), incubated for

5-10 min at 37 °C and used for cell inoculation.

Cell viability assays (MTT assay)

The L-929 cell suspension was prepared at a coratamt of 4x10cell /ml and
dispensed onto 96-well cluster cell culture plate30 pL/well). The 96-well
plates were incubated at 37°C, 5 %,0@air for 24 h. After 24 h, the culture
medium was removed from the wells and equal voluofethe experimental
material were added into each well. In control &ell00 uL DMEM/F12 with
10 % FBS was added and incubated at 37°C, 5 %iiC@ir for 24 h. After 24
h the test extracts were removed and added 100gllLgnowth medium and 5
ML MTT was added to each well and kept in a dartkirenment for 4 h at 37
°C. Then, MTT was aspirated and 100 pL/wgrbwth medium and 11 pL
MTT were added to each well and kept in a dark remvnent for 4 h at 37°C.
Then, MTT was aspirated and 100 pL/wefl2-propanol was added to each
well. Subsequently, the absorbance at 570 nm waassumed using a UV-
visible spectrophotometer (Molecular Devices, UAJT assay was repeated

in three separate experiments.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1 Polyurethane synthesis
3.1.1 Polyurethane synthesis under vacuum

PU synthesized from 2,4-TDI and BD under vacuundescribed in section
2.2.1, is depicted schematically below (28). Therage values of the percent
conversion results obtained after 1 day, 1 weekl dnmonth periods at
different temperatures are given in Appendix A. cginthe obtained
conversions are very low, they were not considdrete. Compositions of
these oligomers which were synthesized at 40°@iasn in Table 3. They are
abbreviated with the letter 'v', which means tlntytwere synthesized under
vacuum. In order to understand the effect of sefinsent on the properties of
the synthesized PU, amount of BD was increasedemsethe molar amount of

TDI was kept constant.

N Q——CH5—CH5-CH5-CH5Q

2 2 2 2
pa
O

@NH_ </:_WW (28)
7N

Ha
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In addition to vacuum synthesis, polymers with #ame composition were
synthesized with solution polymerization at difieréemperatures as the way
described in section 2.2.2. The initial compositminthese polymers (PU1,
PU2 and PU3) is also given in Table 3. Percent ewmion of the polymer
synthesized from the reaction of BD and TDI in Idtio via solution
polymerization at 40, 60, 70, 90°C and nature effthal product were given in
Table 4. At higher temperatures, the control on rba&ction is limited and
therefore undesired gelation starts. However, tést Ibhing is to reach the
highest conversion without formation of gel. Frome fTable 4, it can be seen
that gelation was not a problem at low temperatureorder to increase the
conversion, some other methods have to be evaluasedising suitable

catalysts or promoters. This was achieved with rialge the other

polymerization conditions.

Table 3 Chemical composition and equivalent ratios of sgsized

polyurethanes

Sample ghemicql_ Equ_ivalent Mn Mw Polydispersity
omposition Ratio (g/moal) (g/mol) (Pd)
PU1V  TDI/BD 1:1 469 906 1.82
PU2V  TDI/BD 1:15 480 811 1.69
PU3V  TDI/BD 1:2 466 805 1.73
PU1 TDI/BD 1:1 4426 8917  2.02
PU2 TDI/BD 1:1.5 2602 4869  1.87
PU3 TDI/BD 1:2 3709 4655 1.25

& yvacuum synthesis
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Table 4 Temperature versus percent conversion of PU1 (IKDEO#£1)

Temperature ( °C) CP:ELCveer;tsion Nature of Product
40 73 Viscosity increased
60 84 gelation
70 82 gelation
90 89 Gelation and solidification

The molecular weights of the samples were deteminine GPC method and
the results are given in Table 3. Number averagéecutar weights of the
polymers synthesized from varying the ratio of thecyanate group to the
hydroxyl group under vacuum conditions were comganed they are found to
be almost the same and have a value between 40@/50@le. These low
values can be attributed to the insufficient mixofgeactants and also the low
temperature value (liquid nitrogen temperature)irduthe evacuation of the
tubes. At this type of low temperature, isocyanatesially give self
polymerization (homopolymer). Therefore, the molacuveights measured
are much lower compared to the molecular weighaiokd with the solution
polymerization. Both the molecular weight and tloéyispersivity index (Pd)
showed almost the same values which means thatattieum polymerization
might be prominent in some of the preparationsthis case the undesired
affect of presence of oxygen is eliminated and &saperature control can be
done much easily. The main purpose is to obtain nomecular weights with

Pd close to 1 at this stage (before curing).

The molecular weight distribution of PUl is given Figure 20 as a

representative distribution. The molecular weigtstribution of PUL1 gave a
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mono model peak with a wide base. The moleculaghtaiistributions of the
other polymers are represented in Appendix B. Tinaber average (Mn) and
weight average (Mw) molecular weight of PU1 were@4nd 8917 g/mol
respectively (Table 3). Pd of 2.02 shows a narr@stridution in overall chain
of products. Molecular weight is relatively incredswhen the BD amount is
increased in the feed. There is a regular changehéen weight average
molecular weights which decreased with the BD rageng from 1 to 2.
However, the same trend is not observed for Mns Tan be due to the overall
conversion in which low molecular weight fractiomse higher at high
conversions. Therefore, the fluctuation in Mn assesbed will be more

noticeable. Thus, the Pd decreased regularly igithen order.

9.03

P MW 917

y Nin: 4,426 | \

/
/ \
7.22 / "\Mz: 15,740

WefdLog MW]* 10°1

1.57

3.05 3.45 3.86 127 4.67

|Log MW]

Figure 20 Molecular weight distribution of PU1
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ATR-FTIR Analysis Results

FTIR is a well established analytical technique fiamctional group analysis
and to study the hydrogen bonding and phase separdtehavior of

polyurethanes. The frequency shifts in hydrogendednN-H and carbonyl
peaks relative to free N-H and C=0 peaks deterrthieeextent of hydrogen
bonding and microphase separation between hard@hdegments [153-158].
If hydrogen bonding exists only within the hard megt domains (due to the
hydrogen donor N-H group), phase separation occdnsthe other hand, if
they can be formed between the hard and the sgfhesats, the interphase
hydrogen bonding enhances the degree of phase gn{kigure 4) [159].

Characteristic IR absorption frequencies of polthaeaes are listed in Table 5.

FTIR-ATR spectrum (4000-600 ¢thof PU1 is provided in Figure 21 together
with the spectrum of TDI. The vibration band at @@m™ in the FTIR-ATR
spectrum of TDI points out the presence of isoctargoups which is not
present in PU1 spectrum. Intensity of this bandekses as the polymerization

proceeds and disappears at the.end

The spectrum of PU1 is mainly characterized bydlsaat 3150-3450 ci(NH
stretching vibrations), 2800-3000 €nfCH stretching vibrations: symmetric
and asymmetric), 1650-1750 ¢rfamide I: C=0 stretching vibrations), 1601
cm’ (C-C stretching vibration, aromatic), 1532 “tigamide 1I) [160], 1450
cm® (CH, scissoring vibration), 1224 ¢h(amide 1Il), 1057 crit (C-O-C
stretching vibration, ester group), 999 trCH, rocking), 878 cnit (C-H
bending vibration), 770 cth(CH out of plane bending vibration, aromatic). N-
H stretching vibration with a peak maximum at 3288 indicates the
presence of strong hydrogen bonding in this comgourhis vibration is
associated with the N-H...O hydrogen bond [161]. Tidrbgen atom of the
N-H group in urethane linkages is the donor protehile the acceptor group

can be oxygen atom of the ester group in BD.
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Table 5FTIR-ATR band assignments for polyurethanes

Frequency

(cm™) Group Assignmenf
3400-3500 N-H (N-H), free N-H
3310-3350 N-H (N-H), bonded (N-H...O=C)
3260-3300 N-H (N-H), bonded (N-H...O)
2890-3050 C-H a(CHy)
2850-2880 C-H s(CH,)
2240-2270 N=C=0 (NCO)
1720-1740 C=0 (C=0), free C=0
1700-1715 C=0 (C=0), bonded (N-H.0=C),
disordered
1670-1685 C=0 (C=0), bonded (N-H...O=C), ordere
1600-1610 Cc=C (C=C), aromatic ring
1500-1550 Amide I (C-N-H) + (C-N)
1430-1500 C-H (CHy)
1410-1420 C-C (C-C),aromatic ring
1360-1400 C-H (CHy)
1200-1300 Amide Il (N-H) + (C-N)
1100-1120 C-0O-C (C-0O-C), ether group (soft segment)
1050-1080 C-0-C (C-0O-C) , hard segment
1000-1020 C-H r (C-H)
810-820 C-H (C-H), aromatic ring
765-770 C=0 (C=0)

|

a

=stretching, a=asymmetric, s= symmetricz bending,

r=rocking = out of plane bending or twisting.
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In addition to hydrogen bonded N-H, there exissmall peak at 3450 ci
due to free N-H vibration [162]. The free N-H or Ggroups that measured
spectroscopically view as end groups of a chaihyafrogen bonded urethane
groups [163]. Hydrogen bonding interaction reduttes stretching vibration
frequency. Therefore, the hydrogen bonded C=Ocdtieg band appears at
lower wavenumber region than that of the free bgedl]. In Figure 21, the
broad carbonyl peak (amide | region) is in betw#840 and 1770 cthwith a
maximum at 1698 cthwhich corresponds to the region of hydrogen bonded

urethane carbonyl stretching vibration.

In order to get semi quantitative information abdlé extent of hydrogen
bonding, carbonyl stretching peak was resolved thtee components. The
C=0 stretching band was deconvoluted as shown gar€&i22, considering
peaks as Gaussian and the error associated withittheas less than 2%.
Before deconvolution, a flat baseline was choseah lzaseline correction was
applied by subtraction of the baseline. The repredve peak positions and
the integral areas associated with each carbomylpgof PU1 were shown in
Table 6. The integral area results revealed theatttordered hydrogen bonded

carbonyl component has the greatest contributidhéamide | region.

FTIR-ATR spectra of PU2 and PU3 were compared guid 23. The N-H and
C=0 stretching vibrations shift to lower wavenumbsithe amount of diol was
raised from 1.5 mole to 2 moles. The N-H band maximwas at 3277 cih
and 3257 cm for PU2 and PU3, respectively. This shift can hetated to
the increase in extent of hydrogen bonding. Sityilamaximum of the
carbonyl stretching vibration of PU2 was shifted191 cnit. On the other
hand, the carbonyl region of PU3 has three sepaesks at 1689 cm 1713
cm™* and1738 cm. These peaks corresponds to vibrations of hydragemed
ordered, hydrogen bonded disordered and free cgrbands, respectively.
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Figure 21 FTIR-ATR spectra of PU1 and TDI
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Figure 22 Deconvoluted carbonyl (C=0) region of PU1
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Table 6 Deconvolution results of carbonyl peak of PU1

Frequency (cm') Integral Carbonyl Group

Wavenumber cm-1

Figure 23 FTIR-ATR Spectra of PU2 and PU3

Area
1672 1.42 Hydrogen bonded, strong, ordered
1698 12.49 Hydrogen bonded, weak, disordefed
1727 3.74 Free
PU2
.
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'H and **C NMR Analysis Results

The indexedH and**C NMR spectrum of PU1 was given in Figure 24 and 25
respectively. The NMR spectra of the PU2 and PW@3samilar to that of PU1
and therefore are not given here. In tHeNMR spectrum of PU1, the urethane
protons (-NH in urethane) are observed=a8.7, and 9.5 ppm. The NH group
ortho to CH will have more steric effect for H bonding (lessbHnding) and
also due to the electron donating nature o @Hl give NMR peak at higher
chemical shift value. Thus, the peak at9.5 ppm is due to the N-H ortho to
CHs and peak at= 8.7 ppm is due to the N-H para to £Hhe aromatic
protons from TDI appeared at 7-7.8 ppm and the methyl proton was
assigned to the peak at2.4 ppm. Hydroxyl proton (-OH) was at2 ppm and
the —OCH protons were found at=3.4 ppm. The Ckprotons present in the
BD were at =1.3 and 1.6 ppm, respectively.

13C NMR spectrum of PU1 has a carbonyl peak fromutethane group at
=153 ppm. Aromatic carbons appeared=t14, 125, 130, 136 and 137 ppm

and were assigned to each carbon in the aromatcas shown in Figure 25.

The ether carbon peaks were the —OCH=80 and 64 ppm and -Gkt = 26

and 29 ppm. Methyl carbon attached to the arometgcwas observed at17
ppm. Both in'H and™C NMR spectra there were additional peaks which can

be assigned to the residual solvent MEK presetiterPU1.

In this type of molecules the resonance for amideigs are usually observed.
This can be detected with the presence of smallddoond peaks at the area
of 4.5- 6.5 ppm iftH NMR and that of°C NMR at 115-130 ppm range. In the
'H and*C NMR spectrum of PU1, the resonance peaks wereobsérved

which is due to the conformation stability of theletule.
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Figure 25**C NMR spectrum of PU1
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Thermal Analysis Results

Thermal stability of PU1 and PU3 in a temperatuagge of 30-400°C was
evaluated from the TGA data derived from the thegrawimetric analysis
under N atmosphere. The corresponding TGA curves of PUd RWd3 are
given in Figure 26 and 27. The derivative thermwegnatric (DTG) curves of
PU1l and PU3 showed degradation in three stagest Biage, which is
maximized at about 120°C, is due to the residulkest evaluation that might
not be removed during the drying processes. Thengestage is in between
125 up to 240°C, and maximized at 205°C. This stageesponds to the side
group linkage degradations and degradation of thallsmolecular weight
fractions. The first stage corresponds to about Hd%h second stage to about
20% weight loss. The third stage is the main cla@igradation and maximized
at around 290°C. The regular trend of degradatisn in between
depolymerization and regular random degradation.tdJg00°C about 5% of
polymer is not degraded and this may be due to atiaation of the phenyl
groups (char yield). These groups can be stablemt high temperatures. In
the second stage of degradation the curve is vapoth which most probably
shows that there is end group cyclization whichexpected for the given

structure.

TGA thermogram of PU3 shows three degradation ségaén but there is an
important difference in the second stage contrarthé case of PU1, in which
the thermogram has a smoother change in the sestagd and this ended up
with a new trend at about 250°C. However, in PUSrtiogram, the curve is
continuous and does not show a noticeable charues, Tn PU1 the end group
cyclization is predominant, but not in PU3 whiclogls a random degradation

trend.

72



- — (unwy%) % wblepm saneausq

B T I~ Q\W/.\Jr.
T
\\\\ R
\\\‘\ | _ .
-
’
/
/
)
;
!
I
|
\
]
|
\
ﬁ/:l
T
\ ’
_\ﬁ
!
|
,
ﬁ
|
4
: ) : J— Ao\a?_Em_wE ) ) .

200 250 300 350 400
Temperature (°C)

150

100

Figure 26 TGA thermogram of PU1
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DSC thermogram of PU1 is given in Figure 28. Thagerature range of the
thermogram is in between 25-250°C. Therefore, tkgeeted Tg at lower

temperatures is not observed in the thermogram.ekiaghermic curing peak
centering at 97°C showed further polymerization #redcuring of the sample.
This also gives a rearrangement regularity of th&rc which shows a melting
peak at 231°C (liquid crystalline form in which gkaseparation of hard and
soft segments appeared on a wide range). The D8&@ndigram of PU3 is

taken in the range of (-70) — (14G0) and given in Figure 29. In this
thermogram, Tg value is observed at -33.7°C andrém up to 140°C is not
changed. Thus, there is no further curing for thadymer which is also

supported by second run thermogram which is idehtuth that of first run.
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Figure 28 DSC thermogram of PU1
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Figure 29 DSC thermogram of PU3

3.1.2 Polyurethane synthesis via prepolymer routeofution polymerization

Molecular structure of the prepolymers synthesiasdn the way described in
section 2.2.2 have the below structure (29) ancevgéren in Table 7. All of
the polymers had an equal hydroxyl to isocyanate @& 1:1. The effect of
soft segment molecular weight was investigated whth same diisocyanate,
TDI.
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ﬂ_H i (29)

Table 7 Chemical composition of synthesized PU prepolymers

Sample Name Chemical Compositign
PU5 TDI/PEG(200)
PU6 TDI/PEG(600)
PU7 TDI/PEG(1000)
PUS TDI/PEG(6000)

FTIR-ATR Analysis Results

The FTIR-ATR spectra of the polymers synthesizedgiven in Figure 30. All
the polymers have N-H stretching vibration arouB0®cm', due to the N-H
bonded to the etheric oxygen present in the PE®.arhide | vibrations were
on the free carbonyl vibration side and appearedl#7 cni. Other
characteristic vibrations are located at 1601'c635 crit, 1225 crit, 1094
cm?, 768 cnt,due to (C=C), Amide Il ((C-N-H)+ (C-N)), Amide IIl ( (N-
H)+ (C-N)), ether group (C-O-C) and (C=0) respectively. In the spectrum
of both PU7 and PUS there is a vibration band &61€ni" and similarly same
vibration band is appeared at 1959 tin the FTIR-ATR spectrum of PU6.
This band is attributed to the formation of lactener lactams with the

extended PEG segments.
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'H and **c NMR Analysis Results

The'H NMR spectrum of PU7 is given in Figure 31. It watsserved that the
chemical shifts are similar to that of PUL (Fig2&. Main difference in PU7
proton NMR spectrum was the peak that appeareddegtw=3.3-3.8 ppm
which is attributed to the —GHbrotons of the PEG. The urethane protons (-NH
in urethane) are observed at 8.9 and 9.6 ppm, aromatic protons appeared at

= 7.0-7.6 ppm, -OH proton was at4.5 ppm and —OCHprotons were at

=3.5-3.6 , C(O)-OCHlprotons were at=4.1- 4.3 ppm. There were peaks of
the residual solvent MEK. The resonance peaksrfodea groups are observed
at =5.8-6.5 ppm itH NMR due to the presence of small double bond peak

f

3

RARRd
i § 4 1 PRpmM

Chemical Shift

Figure 31'H NMR spectrum of PU7
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Figure 32*C NMR spectrum of PU7

Carbon NMR spectrum of PU7 is given in Figure 3Be Tarbonyl peak from
the urethane groups are atl154,155 ppm. Aromatic carbons appeared at
=110-140 ppm. The ether carbon peaks were the —&CHG60 and 64 ppm
and —CH at = 26 ppm. Methyl carbon attached to the aromatig nvas
observed at=17 ppm. Both intH and**C NMR spectra there were additional
peaks which could be assigned to the residual BbMEK present in the PU7.

Thermal Analysis Results

Thermal behavior of the urethanes was investigaidd TGA thermograms. A

representative curve for PU7 was given in Figure BBe weight loss is
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starting after 100°C and continuously decrease8%yup to 300°C. Then the
decrease rate is increased and maximized at 349°®eight loss reaching

20%. A new degradation trend is started at thigoenature, and maximized at
410°C up to 450°C where the total weight los®086. After 440°C the

material is stable but there might be small de@gagp to high temperatures
but still 10 % of material remained as char whishas explained before as
caused by the aromatization. The general degradatechanism is a random

scission type degradation type.
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Figure 33 TGA thermogram of PU7

80



The DSC thermogram of PU7 (Figure 34) is almoshidal with that of PU3
(Figure 29). The temperature range of the thermmogsain between (-70) -
(140)°C. Tg value is observed at -32.88°C which is ctoghe Tg of PU3.
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Figure 34 DSC thermogram of PU7

Mass Analysis Results

The mass thermogram of PU7 is given in Figure 3Be Thermogram is
recorded up to 11.0 minutes, which correspondbeddeémperature range of 50-
500°C. Fragmentation takes place in four stagesdetnlO0°C solvent
evaporation takes place. The maximum fragmentatost about 220-400°C.
The detailed fragmentations at &) 250°C and 285°C temperatures are given
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in Figure 36. The base peak at 180°C is at m/zaBthis peak corresponds
to CHCHOH or C(=0)-N(H) ( Table 8).

100

504

Percentage Abundance

Figure 35Mass thermogram of PU-7

Thus the degradation can be at both end of polyin@in as shown below :

o}
U NH b+o CoH, O+C2H4—OH (30)
7 CH,

The HO (m/z=18) splits from the end of chain which ig tlesult of addition
of H to OH fragments during degradation. The gro@4O (m/z= 29), -
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CH,CH- (m/z= 27), are relatively strong peaks. Theosecstrongest peak (85
%) is at m/z=72 which may be CHOCHCHOH. The othaatively strong

peaks are —C¥CH,-O (m/z =44, 84%), -CH-C-O (m/z =57, 85 %). The
maximum peaks at m/z =42, 45, 57 and 72 are alserebd at 250°C and
285°C. Thus the fragmentations are maximized attémperature, but they are

similar in nature. The important fragments are lataa in Table 8.

The fragmentation at 250°C is due to the main cdagradation. The peak at
100 % intensity is now not m/z = 43, but m/z =3hjaeh corresponds to —GH
OH. It is not only the end group, but also PEG ddgtion in main chain. It is
in agreement with TGA thermogram (maximized at €)QFigure 33), where
degradation rate increases at 250°C and mechangsnramdom and
depolymerization type. The temperature values obthiwith the mass and
TGA differs, because in mass spectroscopy matsrglbjected to degradation
via electron impact and increase of temperature fiéxt most intense peak
(78.3%) is at m/z =55 and corresponds to —-CHCHOQidup. The other
intense peaks appeared at m/z = 42 (61.3%), m/k 69.1%), and m/z =174
(61.4%) which can be attributed to the groups N@@d(or CHCHO), -N-CO-
OCH, and —CONH-@H,-NHCO respectively. The other important peaks are
given in Table 8. At this temperature, the degradgatrate was higher

compared to 180C and main chain was degraded.

At 285°C, the backbone chain degradation was damhindhe fragments and
relative intensities are much similar to those obse in 250°C degradation
temperature. However, now the intensity of the peatkm/z = 192, 264, 304,
390 are relatively high. These peaks are mostlgysoate fragments. The
peaks and fragments are given in Table 8. Theme isyclization of main chain

and the degradations at this temperature are random
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Table 8 The relative abundance (intensity %) of the pealdtheir fragments

for PU7
Intensity (%) | Intensity (%) | Intensity (%)

m/Z Fragment 1800C 2500C 2850C
18| HO 67,2 52,2 14,1

CN 31,0 36,2
26 CoH, 28,3
27| GHs 72,1 55,1 62,1
28| CO 33,0 42,5 53,9

CHO 54,9 50,1
29 CoHe 76,0

CH30 100 100
311 ch,0H 81,0

CHO 55,2 71,2
41 CaHe 81,2

CsHa
42 | C;H,0 92,1 61,3 77,9

CNO

C20H; 57,5 76,8
43| cuNO 100,0
44| GH40 84,2 60,8 72,5
45| GHsO 44,3 37,2 56,1
55| GHs0 38,7 78,3 99,2
57 | GHO; 85,0 46,8 55,9
60 | GHsO 18,1 23,2 28,1

CsHO, 145 191
69 C.HO 23,5

C3H30, 591 3.2
1 e HNO 68,2
72 | GH40, 85,0 40,5 49,5
73| GHs0, 20,0 57,8 80,0
7 CGHS 9,3 46)7 64,3
81 | C4HO; 11,0 7,8 8,7
87| C/H3 CiH702 | 31 16,1 35,0
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Table 8 (cont’'d)

miz | Fragment Inte?ggz é%) Integggyo/ C(%) Integ;iStyo/ C(%)
89 | CrHs 12,0 15,4 30.1
C7H7
91 CeHsN 4,5 44,2 63,9
95 | CsHsO; 8.4 7,1 5,9
97 | CsHsO2 10,3 5,9 6,7
104 | C7HeN 8.1 42,3 53,3
115 | CeH1102 6,2 1,9 41
122 | C7HeO2 52 23,4 18,9
132 | CsH7NO 21 40,1 65,2
145 | CeHgOs 5,0 51,3 82,1
149 | CoHs02 6.6 23,0 28,4
169 | CoHsN20; 0.4 0,5 0,3
174 | CeH1504 6,1 61,2 88,7
176 | CaH1604 0,02 6,2 11,0
185 | CoHsNO; 1,3 0,4 0,03
192 | CoHsN2Os 0,07 42,3 54,3
265 | C12H1aN2Os | 0 23 - 72,1

3.1.3 Isocyanate Terminated Prepolymer synthesis

The molecular formula of the polymer synthesizedsdéction 2.2.3, from the

reaction of PEG with an excess TDI, is given bel¢8d). Chemical
compositions of the PUNCO’s were given in TablePgepolymers labeled
with the numbers 1, 2, and 3 which correspond éodilsocyanate used (TDI
HDI and MDI), respectively. DBTDL was added asagatyst only in reactions
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of MDI and HDI, since the relative reactivity ofedfi DI is greatest and leads to

sudden viscosity increase and finally gelation oamlin the system.

)J\ o (3D)

Table 9 Abbreviations of isocyanate terminated prepolymers

Sample Name Chemical Composition

PUNCO1 TDI/PEG
PUNCO2 HDI/PEG
PUNCO3 MDI/PEG

FTIR-ATR Analysis Results

FTIR-ATR spectra of synthesized prepolymers areemiin Figure 37. The
FTIR-ATR spectra of PUNCO1, PUNCO2, and PUNCO3 stbwifferences
mostly at the carbonyl and N-H vibration frequenmgions. PUNCO3
carbonyl frequency appeared at 1705'cmhereas PUNCO1 and PUNCO2 at
1726 and 1715 cih This result may be attributed to the differentéydrogen
bonding capacity of the aliphatic and the aromagiocyanates. The N-H

87



vibration frequencies of PUNCO1 and PUNCO3 are 3®03cni', which

correspond to the bonded N-H to the etheric oxyglrH...O). On the other
hand, the peak maximum of PUNCO?2 is at 3332 émdicating the bonded N-
H to the carbonyl oxygen (N-H...O=C). All of the tlkrespectra exhibit

characteristic urethane vibration bands as destiib&able 5.

Even though isocyanate is in excess, the isocygresik at about 2270 ¢his
not observed in Figure 37. This is because isodgaisavery reactive and any

species in the reaction mixture can add and blbelgtoup easily.

NMR Analysis Results

The'H and™*C NMR spectra of PUNCO polymers are given in Figd®eand
39 for PUNCO2 prepolymer (aliphatic diisocyanateed)s Unlike to the
polymers synthesized from the aromatic isocyan@esNCO1 and PUNCO3),
the —NH protons are shifted and detected as a lpeall at =7.3 ppm. The
hydroxyl proton (-OH) due to the resonance was=dt65 ppm and the —-OGH
protons were present at4.1 ppm. The Ckprotons present in the HDI were

between =1.3-1.6 ppm and at2.9 ppm.

Urethane carbonyl peak (C=0) was afl55 ppm in thé°’C NMR spectrum.
The ether carbon peaks (-OgHvere at about= 68 ppm and —CHpeaks
were at = 63 ppm. HDI carbons were appeared at25-29 ppm. NMR
spectra of PUNCO2 did not exhibit any resonanc&®eaad this is due to the

conformation stability of the molecule.

88



68

siswAjod OONNJ Jo enoads H1v-HIL1d L€ ainbi

T-Wd JaquinuaAepn

000T O00ST 000Z 00SC¢ 000€ 0059 000%

009

Transmittance [%]

€OONNd

3332

¢OONNd

3306 3208
2938

2878 2881 2866
1909 — 1956 1966
1705 — 1726
1599 — 1640
1533 —\ 1715 1601
1457 1537 1535
1413 1466 1452
1364 1359 1414
1310 — 1343 1349
1221 1279 1324
1174 — 1241 1293
1107 — 1146 1224
1068 —/— 1100 1092
1018 '/ 1061 1001
942 —/ 962 947

819 —//, 842 845

769 — 778 768

638 731 711

609 645 614

TOONNd




PUHCO2
g 0 i
e fily 4
M—C D—CH:—CH:?—DM Moo

1

a
MO
b d f h n

h
f e
£ h cd
L : |
' 11 10 ) 8 ' § ' } 3 ' ) Cppm
Chemical Shift
Figure 38'H NMR Spectrum of PUNCO2
PUNCOZ
H a
MN—Q—{D—CH:—u CH:j— T JOD
HCO E:4 L i
1] d f 1
H.
i . b .
£ e "3
f
] ] ] ]
2|:I||J lSID II;D 14I-U 1'.":0 IE:D S:J ﬁ::l 4:3 2IU E:
Chemical Shift

Figure 39™*C NMR Spectrum of PUNCO2

90



Thermal Analysis Results

TGA spectra of PUNCO1 and PUNCO2 are representédgures 40 and 41,
respectively. The TGA thermogram of PUNCO1l showedtheee-stage
decomposition, one of which was due to the remaswmdent at 110°C. The
other degradation stages follow each other and bgisveen 260°C and 400°C.
There is a 15% char yield due to the presence ahatization. On the other
hand PUNCOZ2 (Figure 41) was thermally stable (nmsisble than aromatic
PUNCOL1), so that it has the only main decomposi@ip#20°C and almost all
the polymer was decomposed at this temperature.chibe yield observed at

450°C is 3%. The degradation mechanism for PUNGOJ2andom degradation
with some depolymerization.

110

+ ~ _
100 A
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L /
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Figure 40 TGA thermogram of PUNCO1
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DSC thermogram of PUNCOL1 is given in Figure 42 atween -70 to 140°C.
At higher temperatures, the material decomposesgigasses harmful to the
instrument. Tg is observed at 20°C. The heat cgapabange at Tg value is
0.456 J/ dC. The DSC thermogram of PUNCO?2 is given in Figd8e The

thermogram is much different from that of PUNCQ11this case, the Tg value
is observed at -42°C with a heat capacity chande2aff5 J/g°C. The Tg value
of PUNCOZ2 is lower than that of PUNCO1 due to tlmespnce of aromatic
group (hard segment domination) in PUNCO1, wher@adNCO2 was

synthesized from flexible aliphatic chain. At highemperatures, polymorphic
structures ( liquid crystal property) are observEde melting points (Tm) of
these polymorphs are at 26.02°C and 37.45°C ragelgctThe enthalpy of
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fusion for each melting peaks are 7.6 J/g and 47g5respectively. This is
unusual for the polyurethane type polymers thaegiNquid crystal structures
and due to the presence of aliphatic group (no ylhgroups) which gives

linear chain with hard and soft segments.
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3.1.4 Hydroxyl Terminated Prepolymer Synthesis

Several model of hydroxyl terminated prepolymersshswn by the formula
(32) were prepared as explained in section 2.24céyemical composition of

the prepolymers are given in Table 10.

O

HOWA HN—] DIISOCYANATE NH c%o CoH, O+CZH4—OH (32)
n

Table 10Abbreviations of hydroxyl terminated prepolymers

Sample Name Chemical Composition
PUOH1 TDI/PEG
PUOH2 HDI/PEG
PUOH3 MDI/PEG

FTIR-ATR Analysis Results

FTIR-ATR spectra of PUOH prepolymers are shown imguke 44.

Characteristic urethane FTIR-ATR vibrations appeéanme each spectrum,
especially vibrations at amide | region (1680-171&)nfirmed the urethane
formation. Main vibration frequencies of each tygerepolymer are tabulated
in Table 11. The remaining vibration frequencieserable to those of the
bands appeared in PU1, PU7 and PUNCO polymersxgdaieed before. It
should be noted that the carbonyl vibration frequyeof PUOH2 and PUOH3
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appeared at the range of disordered and limiteddg@h bonded urethane
carbonyl vibration band where as the same bandJ@HPL is at free carbonyl
side. N-H vibration frequency of the PUOH2 and PUB#epolymers showed
a hydrogen bonded structure between N-H of uretheame the carbonyl
oxygen. On the other hand, N-H group of PUOH1 idrbgen bonded to the

etheric oxygen.

The C=C stretching band is not present in the PU@pctrum which was
synthesized from aliphatic isocyanate, as expedikis. band appeared almost
at the same frequency for the prepolymers syntbdsirom aromatic
diisocyanates (1600 ¢h

Table 11 Characteristic FTIR-ATR vibration bands of PUOH polymers.

Frequency (cm")

Group Assignment PUOH1 PUOH2  PUOHS3
(C=0) 1722 1713 1706
(N-H) 3298 3334 3310
(C=C) 1601 - 1600
(C-N-H) + (C-N) 1536 1536 1534
(N-H) + (C-N) 1224 1241 1221
(C-O-C) ether group 1101 1102 1107
(C-0O-C) hard segment 1065 1061 1069
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NMR Analysis Results

The *H and **C NMR spectra of PUOH1 are given in Figure 45 a®j 4
respectively. The urethane protons (-NH in urethare observed at= 8.9,

9.7 ppm. The aromatic protons from the TDI appeated 7-7.6 ppm and the
methyl proton was assigned to the peak=#.5 ppm. Hydroxyl proton (-OH)
was at =4.4 ppm and the —OGHprotons were found at=4.3 ppm. The CH
protons of PEG were at3.2-3.7 ppm. Carbonyl peak from the urethane group
was at =153 ppm in carbon NMR spectrum. Aromatic carboppeared
between =114-137 ppm and were assigned to each carboreiarttmatic ring

as shown in Figure 48. The ether carbon peaks W&€H) at =68 ppm and
—CHz at =17 ppm.

The indexedH NMR spectra of PUOH2 and PUOH3 are given in Féga6
and 47, respectively. The urethane protons appesred 7.2-7.3 for PUOH2
and at =9.7ppm for PUOH3. Phenyl protons of the aromaitig of PUOH3
are observed at=7.1- 7.4 ppm. There exists small double bond pé&aks the
resonance of amide groups at the area of 5.5- B8 m proton NMR of
PUOH2.
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Thermal Analysis Results

TGA curves of polymers PUOH1 and PUOH2 are provige&igure 49 and
50, respectively. TGA thermogram of PUOH1 showednzooth decrease
starting from 100°C with a weight loss of 10% up2&0°C. Then there is an
increasing rate of degradation, which is maximiae825°C with a weight loss
of 83%. The char yield is high and about 15%, ageeted. This
decomposition could be considered as of randomsiscis type with

fluctuations due to the limited amount of end grayplizations.

The thermogram of PUOH2 showed random type degmdatMain
degradation was maximized at 420°C and has a showd 375°C. The
shoulder with a 30% weight loss can be attributethe side groups where as
total weight loss of 97% was due to the main deamsipn of the molecule.

There remained 3 % char yield.

DSC thermogram of PUOH2 is given in Figure 51 am@ itemperature range
between -70 to 140°C. Two Tg values are observed@at°C and -6.54°C
which corresponds to the soft and hard domainpetely. This result is in
agreement with the FTIR-ATR vibration frequenciegeg in Table 11. The
heat capacity changes at Tg values are 0.108 &¥® @/ g°C. The melting
point (Tm) of the PUOH2 is 43.87°C with an enthatgyfusion 114.71 J/g.
The presence of Tm shows the Tm of the hard segméigfuid crystal phase.
However, for the soft segment there is no distifict but a shoulder, which

indicates the melting point of soft segment at al293C.
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3.2 Urethane Acrylate synthesis

3.2.1 Synthesis of Acrylate End capped Isocyanalerminated
Polyurethane

The chemical compositions of the acrylate end cdpgp®dymers are given in

Table 12. Acrylate end capping was achieved by agoylate monomers;
MMA and HEMA.

Molecular weights of the obtained PUNCOA polymers given in Table 11.

The molecular weight of PUNCOMMAZ2 could not be measl due to the
solubility problem in THF and DMF. Mn and Mw of PUMDMMAL are 3518
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and 3714 g/mol with a Pd of 1.056, which shows aava molecular weight
distribution (Appendix B). PUNCOHEMALl polymer hasmdar type of

distribution with Pd of 1.037. On the other harlite PUNCOMMAS polymer
has a relatively high Pd value of 3.95 with a Mmd aiw value of 5474 and
21629 g/mol, respectively. This large differencauldobe attributed to the
formation of PMMA homopolymer together with uretleaacrylate polymer.

Table 12 Abbreviation of PUNCOA polymers

Sample Name Chem“?"?" Mn Mw Pd
Composition (g/mol) (g/mol)
PUNCOMMA1 TDI/PEG/MMA 3518 3714 1.056
PUNCOMMA2  HDI/PEG /IMMA - - -
PUNCOMMA3 MDI/PEG/MMA 5474 21629 3.95
PUNCOHEMA1 TDI/PEG/HEMA 3171 3289 1.03y

FTIR-ATR Analysis Results

FTIR-ATR spectra of PUNCOA polymers are given imglre 52. Carbonyl
vibration frequencies are at 1727, 1715, 1705, 14t66 and N-H vibrations
appeared at 3298, 3339, 3308, 3305'dor PUNCOMMA1, PUNCOMMA?2,
PUNCOHEMA1, PUNCOHEMAS3 polymers, respectively. Hgden bonding

effect is dominant in HEMA added polymers as shdwrthe frequency values
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obtained for carbonyl vibrations. Almost all the RCOA polymers have
NH...O type hydrogen bonding except PUNCOMMAZ2, whictasha
NH...C(=0) type bond. Common vinyl group vibration darare mostly found
at 1643, 940-980, and 814 ¢mHEMA containing polymers have vibration
frequencies at 814 chn Characteristic urethane vibrations explainedabl& 5
are also present in the spectra shown in Figurédb2he polymers have bands
at 940-980 crl, whereas vibration band at 1640 trs only present in
PUNCOMMA?2. Vibration at 1640 cth cannot be seen clearly in other
PUNCOMMA polymers due to overlapping of the C=Cesthing vibration of
the aromatic groups present in the diisocyanateréfbre, FTIR is not a good
method for distinguishing vinyl groups due to thhegence of aromatic groups.
The presence of these groups can be explainedr beita the NMR

spectroscopy.
NMR Analysis Results

As representative spectra for PUNCOA polymers, tHeand *C NMR of
PUNCOMMA?Z2 are given in Figures 53 and 54, respetyiv Characteristic
protons were labeled on the proposed structurenthatattached to the Figures.
Proposed structures and the observed chemicas siithe protons are in good
agreement with each other. Urethane protons apghedre= 9.7 ppm, vinylic
protons are at =5.7 and 5.8 ppm, -CHprotons of PEG are at= 3.2-3.7 ppm
and —OCH protons are at = 4.1-4.2 ppm range. In the carbon NMR, C=C are
at = 115 ppm, carbonyl peaks are at 149, 156 and 158 ppm, NH-C at
60-62 ppm, -CHappeared at 25-29 ppm and PEG carbons were &8 ppm.
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The 'H NMR of PUNCOHEMAL is given in Figure 55. Duringi@ capping
with HEMA, the —OCHCH3; group was eliminated therefore it is expected that
the NMR spectrum of PUNCOHEMAL has a quiet simgharacteristic with
that of PUNCOMMAL. —NH protons of the urethaneugravere present in the
spectrum at = 8.9 and 9.7 ppm. The aromatic ring protons of Were in the
range of = 7.0-7.6 ppm. The double bond protons in HEMAuature is
observed at =5.8 and 6.4 ppm.
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Figure 53'H NMR Spectrum of PUNCOMMA2
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Thermal Analysis Results

TGA thermograms of polymers synthesized in secBdh5 were given in
Figure 56-59. The TGA thermogram of PUNCOMMAL hastwao stage
degradation process. First stage started at 508Cemched to 10% weight loss
up to 225°C. This stage corresponds to the degomdaf the side groups
present in the polymer. Main degradation is max@diat 325°C and lead to a
total weight loss of 95%. The remaining char yield5% was due to the

presence of thermally stable aromatic groups.

The TGA thermogram of PUNCOMMAS3 showed that thestfidegradation
stage was started at 100°C and end up at 260%G amveight loss of 8%.
Main degradation which is maximized at 330°C witlveaght loss of 90% end
up with 10% char yield. The comparison of the TGRermogram of
PUNCOMMA2 with the other TGA thermogram of PUNCO-Aolpmers
containing aromatic isocyanate groups gave thatalighatic diisocyanate
caused the resulting polymer to be much more thérnmstable. Thus,
PUNCOMMA2 polymer undergoes a main degradatior?@f@ and has a char
yield of 2 % at 450°C.
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DSC thermogram of the PUNCOMMAL1, PUNCOMMAZ2, and RUBDMMA3
are given in Figures 60, 61, and 62, respectivEiere exists one Tg value for
the polymers PUNCOMMAL at 17.0°C (Figure 60) andNRIODMMA3 at
7.06°C(Figure 62) and the corresponding heat capacityghat Tg value is
0.274 J/g°C and 0.552 J/g°©n the other hand, PUNCOMMAZ2 has two Tg
values at -48.46°C and -4.39°C (Figure 61). Thewesl Tg values correspond
to the transitions of soft/hard domains preserthenurethane and acrylate end
groups. Heat capacity changes at Tg values arel0&8w 0.237 J/g°C
respectively. Tm of the observed polymorphic sues is at 26.85°C and
41.31°C with an enthalpy of fusion of 0.90 J/g &2B5 J/g respectively.
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Mass Analysis Results

The mass thermogram of PUNCOHEMAL is given in Fgg6B8 and that of
PUNCOMMAZ3 in Figure 64, respectively. There are aripnt differences

between two thermograms. PUNCOHEMA1 is fragmentédaanarrow

temperature range and most of the fragmentationths main chain

fragmentation. The narrow distribution shows thag¢ polymer obtained is
linear with a high conversion leaving very smallcamt of monomers in the
mixture. The fragmentation of PUNCOMMAZS is in a widemperature range
with several side group linkage fragmentation. Bhi'agments might also be
unpolymerized fractions that were degraded in bebhwE)0-200°C.
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The fragmentations at 200°C, 250°C, and 270°C aengn Figure 65. The
base peak at 200°C is m/z = 55, which correspond<C{O)-C(CH)-. It is
most probable that firstly the end vinyl grouptl@H, group, then the ester
group is splitted off. The following most intensegls are -CHCgH3s-N- (m/z
=99 and 85,6%) and -83-CH,- (m/z = 89 and 74,8%). The other peaks are

shown in Table 13 and they are similar to othegrfrtants given in Table 8.

At 250°C the base peak isH3O, (m/z =145 and 100%) and second most
intense peak is CMDH (m/z =31 and 94,6%). Although it is expectedh&ve a
mechanism based on the end group cyclization, ihteresting that further
fragmentation is mostly peculiar to the isocyangteup (hard segment).
Fragmentation is of random type and observed peakshe same with the
peaks observed at previous fragmentation. All thakp are tabulated in Table
13.

At 270°C the base fragment is @FH,-O-C(O)-NH- (m/z =87 and 100%). The

other intense peaks are m/z = 145 (82.2 %), 174 Petc. The other peaks

are tabulated in Table 12.
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Table 13The relative abundance (Intensity %) of the peaidtheir fragments

for PUNCOHEMAL.

m/z | Fragment Intensity (%) Intensity (%) Intensity (%)
200°C 250°C 270°C
18 | O 36,1 31 37,9
N 56 43,1
26 CoH, 45,2
27 | GH3 68,2 68,9 69,4
28 | CO 52,3 37,8 67,8
CHO 73 62.7
29 CoHe 48,1
CH:0 94.6 613
3Ll chon [ 923
39 | GH3 38,8 48,2 42,3
C,HO 36 318
41 h 35
CsHa
42 | C;H0 34,5 40 35,0
CNO
C,OH;3 75 67.9
43 | cHNO 54,5
44 | CQ 45,2 46,8 50,2
45 | GHsO 46,7 47,2 30,2
55 | GH30O 100 66,3 17,1
57 | GHO, 45 25,9 33,9
60 | GHsO 35 11,5 16,0
CsHO;, 6.1 111
69| cHs0 22,5
CaHa0 12,5 25,5
LlcHNo [ 340
72 | GH402 42,3 22,2 54,3
73 | GHs02 64,7 50 57,8
75 | GHeO2 57 61,9 68,2
77 | GHs 55,3 56,6 58,8
81 C4H02 20 4,3 5,6
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Table 13 (cont'd)

m/z | Fragment Intensity (%) Intensity (%) Intensity (%)
200°C 250°C 270°C
85 | C4Hs0, 6,7 16,7 7,8
C7Hs
87 CH:O, 64,2 74,1 100
89 | CrHs 74.8 83,2 45,3
C7H7
91 CeHeN 53.4 62,5 61,3
95 | CsH30: 6.3 3 3,9
99 | C7HsN 85.6 65,3 22,3
104 | C7HeN 42,0 48,2 42,5
118 | CeH120 46,3 62,7 54,7
122 | CHeO2 20 8,4 5,5
129 | CeHoOs 8,2 6,4 5,0
132 | CsH7NO 52,4 69,0 62,5
145 | CeHoO4 65,2 100 82,2
149 | CoHs0O, 13,5 10,3 8,6
174 | CsH1504 70,2 82,4 79,1
175| CeH1e04 | 475 44,8 51,0
176 | CsH1604 8,2 4,9 6,9
185| CoHeNO2 1 32 0,6 0,07
192 | CoHsN2O3 | 28 7 17,5 15,3
205 | CoHsN20a | 1 6 1,2 1,4
265 | C12H1aN205 | 1 5 0,6 0,3
290 | C12H104 | 291 5,1 0,8
324 | C1oHeN205 | 17 8 15,3 8,9
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The fragmentation for PUNCOMMAS at 168°C, 250°C &1&°C is given in
Figure 66. The baseline at 168°C is m/z = 72 ahdrgbeaks very close to the
base line are m/z = 57 and 45. The other peaksimitar to the peaks obtained
for other polymers. At 250°C, the base peak is+8/Z and other intense peaks
are m/z = 59, 75 and 174. These are the same fragnobtained in other
fragmentations. At 315°C the base peak is m/z artbothers are at m/z =69,
89 and 174 etc. The results are tabulated in Thble
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Table 14 The relative abundances of the peaks and thgnieats for

PUNCOMMA3.
Intensity (%) | Intensity (%) | Intensity (%)

m/z | Fragment 168°C 250°C 31E0C
18| H,O 57,5 68,5 57,1

CN 27,8 19.6
26| Ch, 24.6
27| GHs 58,0 63,8 48,0
28| CcO 550 64,5 525

CHO 611 500
29| S 64.6

CHsO 613 474
lichon |20

C,HO 421 62.2
1| Ch, 39.1

CsHq
42 | C;H,0 52.4 38,0 38,2

CNO

C,OHs 725 598
43| cuNO 90,3
44| CQ 72,8 52,5 66
45| GHsO 08,2 53,4 100
55| GH30 64,2 17,5 32

C,HO, 45.2 351
571 CHO 98,0
58| GHsOH | 92,1 76,0 64.9
59 | GHsOH 82,4 77,1 68,4
60 | GHsO 52,5 29,3 12

CsHO, 30.4 79
691 c,H:0 52,5

CsH:0, 241 291
1l cHNo | 872
72 | GH40, 100 52,5 37,3
73| GHsO> 69,0 60,0 55,5
75 CeHs 86.2 77,1 551
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Table 14 ( cont'd)

miz | Fragment Integggz C(%) Integgiég é%) IntegiiStyo/ C(%)
77| GHs 32,3 60,0 52,5
87 22:302 86,5 100 67,8
CiHs
89 CeHaN 93,8 51,7 76,2
90| CHe 52 5 59,0 45,8
o1 gz:;N 5,5 53,6 52,8
95 | CsH3O2 41 6,1 7,8
97| CsHsO2 | 152 11,2 12,5
104 | C7HeN 3.9 40 23,2
113 | CsHsOs 13,0 15,0 64,7
119 | C/HsNO 31,3 57,0 51,8
122 | CHeO2 1,6 13,5 5,2
132| CsH/NO | 26 55,0 52.4
133 | CsHgNO 248 55,1 47,8
145 | CeHoO4 1,8 66,2 64,7
149 | CoHs02 48 22,5 7.3
154 | Ci2H10 1,0 2,3 1,5
163 | Ci2HsN 3,8 11,5 6,2
169 | Ci2HuN 0,1 2,5 1,5
174 | CeH1504 05 80,0 73,9
192 | CeHsN2Os | 0 4 47,5 17,7
205 | CoHsN204 | 0.3 2,5 2,9
219| CiH/N03 | 0 5 60,0 29,0
241 | C1sH1sNO2 | 003 1,0 1,1
265 | C12H1aN20s | 0 01 1,8 1,0
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3.2.2 Synthesis of Acrylate End capped Hydroxyl Teninated

Polyurethane
The compositions of the PUOHA polymers synthesizedection 2.2.6 are

given in Table 15. Acrylate end capping was actdewath two types of
acrylate, MMA and HEMA.

Table 15Chemical composition and molecular weights of PUQsdlymers.

Sample Name Chemical Mn Mw Pd
Composition (g/mol) (g/mol)
PUOHMMA1 TDI/PEG/MMA 4749 9820 2.068
PUOHMMA2 HDI/PEG/MMA 6234 13907 2.23
PUOHMMA3 MDI/PEG/MMA 5493 39486 7.19
PUOHHEMA1 TDI/PEG/HEMA 2590 2661 1.027

Molecular weights and the Pd values of PUOHA polssrare given in Table
15, and molecular weight distributions are givenAppendix B. MMA end
capped polymers have much higher Mn and Mw valuespared to that of
HEMA end capped polymer PUOHHEMAL. The Pd valuetiOHMMAS is

7.19. PUOHMMAZ has the highest Mn and Mw value.
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Obtained polymers were not purified therefore itpsssible that they may
contain some fractions of acrylate homopolymerghia final product. This

gives rise to the difference between Mn and Mw adl as Pd. However, the
observed differences are not too big, and therdafag could be acceptable. In
future work, the polymer obtained will be purifigd obtain much better

products.

FTIR-ATR Analysis Results

FTIR-ATR spectra of the acrylate end capped hydrotgrminated
polyurethanes are given in Figure 67. All the patymhave the characteristic
vibration bands of urethane. NH stretching vibnatiaxima of PUOHMMAL,
PUOHMMAS3 and PUOHHEMA1 appeared at 3295-3310"and these bands
showed the presence of strong hydrogen bondings Tasult was also
consistent with the vibration frequency of the cenyd band that is at 1705-
1710 cni. On the other hand, the N-H vibration for PUOHMM#2at the free
NH side and carbonyl vibration frequency is recdrde1716 crl that is close
to the free carbonyl vibration band. All the polymesxcept PUOHMMA2
have a C=C vibration band at 1602 tdue to the aromatic ring present in the
diisocyanate structure. Vinyl group stretching aiiosn band is shown at 1636
cm* for PUOHHEMAL.
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NMR Analysis Results

The'H and**C NMR spectra of PUOHMMAL are given in Figure 6819,
respectively. Urethane protons (-NH in urethane) @bserved at= 8.9, 9.8
ppm, aromatic protons are appeared =at6.9-7.9 ppm, the methyl proton is
assigned to the peak a0.9 ppm, hydroxyl proton (-OH) is at2 ppm and
the —OCH protons are found at=3.4 ppm. Vinylic protons of MMA are
observed at=5.7, 5.9 ppm. In th&’C NMR spectrum, there are two carbonyl
peaks at =153,154 ppm that corresponds to the urethane emytiacarbonyl.
Aromatic carbons and the carbons of the vinylic gralp appeared at114,
122, 125, 130, 136 and 137 ppm. The ether carbakspe-OCH) are at=63
and —CH at = 29 ppm. Methyl carbon attached to the aromatig nvas

observed at=17 ppm.
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Figure 68'"H NMR spectrum of PUOHMMAL
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The'H and**C NMR spectrum of PUOHHEMAL1 is given in Figure 7tdar1,
respectively. Characteristic chemical shifts foe throtons present in the
polymer structure are observed at 8.9, 9.6 ppm for NH protons, at 6.9-

7.6 ppm for aromatic protons, at5.7 - 6.4 ppm for vinylic protons of HEMA,
at =2.1 ppm for hydroxyl proton (-OH). In tHéC NMR spectrum, there are
three carbonyl peaks at153,154 and 165 ppm that correspond to the urethan
and acrylic carbonyl carbons. Vinylic carbons arespnt at =114-130 ppm,

which were very close to aromatic carbons.
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Thermal Analysis Results

Thermal analysis of PUOHA polymers were carried butTGA, DSC and

Mass spectroscopy. The TGA thermograms of thesgnmok are given in

Figures 72-74. All the polymers have two main ddgten stages that are
described in Table 16.

Table 16 TGA results of PUOHA polymers.

Polymer [S);%r:dation Temperature (°C) \(/(;)e;ight Loss
PUOHMMAL % %28 (multiple peaks) ég
PUOHMMA2 jég a
PUOHMMA3 ; ﬂg 83
PUOHHEMAL o 30

PUOHMMAL is degraded within two steps (Figure /Jst degradation with
a weight loss of 10 % is up to 130°C might be ladtied to the solvent removal
and it is followed by a second degradation maxiehiae350°C (in the range of
300-375°C) with a total weight loss of 90 %. In terond stage, there are
fluctuations that might be due to end group cytiora General trend of

thermogram resembles to that of PUOH1 (Figure #9)this case, acrylate
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ends lead to a much higher thermally stable polymkermal degradation of

PUOHMMAL could be considered as a depolymerizatiachanism type.

"o 1

100

Weight % (%) — —
"]

Derivative Weight % (%/min) — -

30 50 100 180 200 250 300 350 400 450 500
Temperature (°C)

Figure 72 TGA thermogram of PUOHMMAL.

Thermal degradation of PUOHMMAZ2 shown in Figurewas started at 30°C
up to 310°C with a smooth decrease that leadsweight loss of 10% and
continued by acceleration up to 400°C with a welghs of about 32%. Then
rate of degradation is increased and maximized28f@ with a shoulder at

410°C due to decomposition of side groups. Totagmdoss in stage two is
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96%. Random scission type degradation behavior sothe depolymerization

is also observed in PUOHMMAZ2 thermogram.

In the thermal degradation of PUOHMMAZ represerite&igure 74, showed
the same trend as it was observed in PUOHMMAL tlograam. However,

there is no shoulder in the main peak decomposifhosmooth decrease by 10
% due to possible end group cyclization is obseated16°C and main chain

degradation with a total weight loss of 93% is maixed at 410°C.
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Figure 73 TGA thermogram of PUOHMMA?2
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Figure 74 TGA thermogram of PUOHMMA3

PUOHHEMAL decomposition (Figure 75) starts from Heginning, continues
up to 200°C, and ends with a weight loss of 30%tdwsde group degradation.
This degradation can be regarded as a linkage Typse.first degradation stage
is followed by a random degradation with fluctuasodue to the end group
cyclization and second stage is continued up t¢@3hd ended with a total
weight loss of 95%. The TGA thermogram of PUOHHEMAAs a similar
characteristic with typical TGA thermogram of polMA. Therefore, it is
possible to have considerable amount of homopolyHEMA. Similarly,
PUOHMMAS thermogram shows more depolymerizationetygpegradation,
which is typical of polyMMA homopolymers.
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Figure 75 TGA thermogram of PUOHEMA1

The DSC thermograms of PUOHMMA1, PUOHMMAZ2, and PU@MA3
are given in Figure 76, 77 and 78, respectivelerifograms were recorded at
a temperature range of (-70) - 260 In this temperature range PUOHMMAL1
exhibited a Tg value of 13.31°C with a heat cépaaf 0.563 J/g°C. The
single Tg value of sample showed the phase mixintdpe sample rather than

phase separation.
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Figure 76 DSC thermogram of PUOHMMAL.

The DSC thermogram of PUOHMMAZ2 is shown in Figuiie At -54.76°C, Tg

of the polymer was recorded with a heat capacignge of 0.45 J/g °C. The
crystallization peak is observed at -29.79°C. Theeetwo Tm values, which
are at 22.94°C and 33.47°C due to the polymorptiicctsires present. The
enthalpy of fusion for the crystallization is -13f8r melting 41.7 and 5.6 J/g
respectively. Results of the DSC data showed thate exists a phase mixing
and a liquid crystal formation in the polymer. Tdlgtained Tm values indicate
the presence of liquid crystal, whereas the obsesiagle Tg value is the

indication of phase mixing (no phase separation).
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The Tg values observed for PUOHMMAS3 are at -45.619%5.04°C and
9.05°C as given in Figure 78. The negative Tg \almay correspond to the
transitions of soft and hard segments present e dbrylate end capped
polyurethane, whereas the positive one may be Heehbmopolymer of
acrylate (oligomer). The molecular weight of thentopolymer can be

calculated with the above equation as 3049 g/mol.

Tg=Tg - % (K= 4.3x10 and Tg =423)

Mn = 3049 g/mol (homopolymer)
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Figure 78 DSC thermogram of PUOHMMAS
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Mass Analysis Results

The mass thermograms of PUOHMMA1l and PUOHMMA3 areemy in
Figures 79 and 81, respectively. Fragments of PUGWW at 154°C, 250°C,
and 304°C are given in Figure 80. The details ef filagments obtained at

these temperatures are tabulated at Table 17.

PUOHMMA1 mass thermogram fragmentation at 154°Ceg#wee most

intense peak at m/z = 18, 43, and 45 (base peakkatle due to the fragments
of H,O, CHNO( or CHCHOH) and Ci€H,OH, respectively. It is obvious
from the fragmentation thermogram that at this terapre low mass

fragments, which might be the soft segments ofutte¢hane part, were splitted
off.

100
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Figure 79 Mass thermogram of PUOHMMAL.
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In addition to the above intense mass fragments 28, 29, 57, 72 and 89 are
also relatively predominant. These masses are audhé groups CO,
CHO/GHs, C(O)CHO, C(0)-CHCH,0 and GHs,

Although the most intense peak at 250°C is m/z =m8@st of the fragments
appeared to have abundance value close to theftzgaent. Among them
m/z =43 (CHNO or CHCHOH), 59 (CO-GHDH), 103 (CH-CgH>-N), 119
(CeH4-CO-0), 132 (CHCeH3-NH-C(O), 145 (CH=C(CH;)-C(O)O-OGH4-
0), 174 (CH=C(CHs)-C(0O)O-OGH4-0-C(0)) , 219 ( O-C(O)-NH-gH3(CHs)
— NH-C(O)O-CH) are important.

The m/z values obtained at 304°C have same fragmaeiith varying
abundance percentages. Base peak is at m/z= 4% vidithe same as in
temperature 154°C. Also at m/z =174Hg0,4 decomposition is dominant. All

the fragments are tabulated in Table 17 for thiferdnt temperatures.
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Table 17 The relative abundances of the peaks and thgnieats for

PUOHMMAL.
Intensity (%) | Intensity (%) | Intensity (%)
m/z | Fragment 154°C 250°C 304°C
18 H,0O 97,2 45,0 78,2
CN 30,0 15,2
26 CoHy 5,1
27 GHs 22,2 66,1 43,2
28 Cco 226 62,2 60,2
CHO 58,2 54,2
29 CoaHs 31,6
CHs0 60,6 38,4
31 CrOH 18,5
C,HO 40,1 70,1
41 <y 10,8
CsH.
42 C,H0 8,8 41,2 25,2
CNO
C20H;s 67,6 67,2
43 CHNG 80,8
44 CQ 24,2 50,2 75,2
45 GHsO 100 - 100
46 GHeO 4,2 49,8 12,5
51 GH-0 2.0 47,5 37,6
55 GH0 8,2 12,1 20,2
58 GH,0, 15,6 74,0 40,2
59 GH30, 14,8 75,0 56,2
60 GHsO 3,8 28,8 5,8
CsHO, 39,1 75,2
69 CHO 6,2
C3H30, 30,0 10,1
71 CoHe NO 7.4
72| GH40; 15,2 54,6 17,2
73 CsHsO, 11,0 56,7 35,4
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Table 17 (cont’d)

m/z | Fragment Inte;‘;iﬁfé%) 'ntegéggé%) Imegé% C(%)
75 GHeO2 8,4 78,5 27,2
77 GHs 3,8 56,0 32,0
g1 | CuHO, 21 5,2 7.1
C/Hs
87 CHO, 15,1 100 63,4
89 C/Hs 38.4 45,3 80,8
C/H7

N o 26 56,2 56,3
95 CsHs0O2 25 5,2 5,0
97 CsHs0; 1,2 6,4 51
103 C7HsN 3.3 55,0 25,2
104 C/HeN 1,2 44,4 12,9
115| CeH1102 0.6 7,5 5,9
119 C/H40; 28 56,4 27,0
132| CeH/NO 0.8 56,2 33,3
145  CoHeOs 3.2 71,4 65,8
149 CoH50, 5,2 17,5 3,9
174 CgH1504 3,8 78,4 80,2
176| CsH1e04 0,2 8,9 2,5
185| CoHgNO; 0,002 2,0 1,1
192| CoHsgN2Os3 _ 45,2 4.6
205 | CoHsN2O4 0,008 34 3,0
219| CioH10N204 0,012 53,8 5,0
279 | Ci12H15N20s 0,4 1,2 0,03
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The mass thermogram of PUOHMMAS is given in Fig8ie The thermogram
is recorded up to 500°C. Detailed fragments at 282, and 353°C are shown

in Figure 71 and most intense mass fragments aengn Table 18.

Main fragments of PUOHMMAS is given on the belowusture (33). Acrylate

group cleavage (m/z= 41,69) is prominent and redcte a maximum

abundance value at high temperatures as showngureF82. The m/z = 41
and 69 are the main peaks at temperatures 26458%¢€ 3 At low temperatures
(132°C), HO was splitted off from the end of the chain and a&b abundance
of 56,2 %.

135 5 A — 85
123y I 69
i o 41
RN
OCHN | -CHy! “N+-C+O—-CH,~CH,—— O~ "C=CH,
: 3
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Percentage Abundance

PUOHMMVA 3

Figure 81 Mass thermogram of PUOHMMAS3

Table 18 The relative abundances of the peaks and thegmeats for
PUOHMMAZS.

Intensity (%) | Intensity (%) | Intensity (%)
miz | Fragment 1320C 264°C 3530C
18 H,0 56,2 40,0 55,0
CN 18,0 28,2
26 CoHy 6,3
27 GHa 20,1 41,8 52,4
28 coO 13,4 42,2 57,8
CHO 44.8 66,2
29 CoHe 16,6
CH30 38,6 60,0
31 CrOH 10,4
39 GHa 34,0 59,5 55,0
CHO 72,3 74
41 CHe 13,2
42 GH4, CNO, 50 38,6 475
C,H,0 '
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Table 18 (cont’d)

Intensity (%)

Intensity (%)

Intensity (%)

m/z | Fragment 132°C 264°C 353°C
43 gZHONHS 24.8 56,8 73,4
44 (fe} 12,5 55,0 48.8
45 GHsO 72,5 87,5 48,2
= GHs0 13,4 44,2 54,2
57 GHO; 14,1 42,1 54,8
60 GHsO 12,5 13,2 18,0
69 gzﬂ% 6.6 100 100

71 CC;FZS[SJ)E) 6.6 55,4 60,0
73 GHs0; 27,5 62,5 75,4
78 CeHe 100 43,6 6,4

C7Hs,

87 CHO, 7.5 69,0 79,0
89 C/Hs 6,0 85,2 45,1
91 CC67H':{\| 8,0 26,8 26,4
97 CsH50, 2.2 35,4 17,6
104 C7HgN 1,2 48,0 13,4
105 C4HoOs3 3.6 73,1 50,2
113 CsHqO; 100 2,7 75,8
123 | C/H/NO 88,8 5,0 15,8
135 | CoHoNO 0,0005 9,4 14,2
169 CoHsN2O; - 6,5 4,1

185 | CoHsNO, - 2,5 4,7

206 | CoHeN2Os4 ; 44,8 4,2

211 Ci14H11INO - 2,7 5,0

250 | CisHeN202 - 80,0 12,1
256 | CisH1oN202 - 1,8 2,5
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Figure 82 Fragments of PUOHMMAS at 132°C, 264°C and 353 °C
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Rheological Investigation

In order to obtain the molecular interpretationtbé viscoelastic behavior,
some of the synthesized polymers were investighiedheometer. Actually,
the samples analyzed are uncured prepolymers aeid rtiolecular weights
were found to be low and gel point is not obseraethis level. At relatively
low temperatures, these samples are fluids in whdekired viscoelastic
properties are on the viscous part rather thantiplgsirt. Thus, the highest

temperature used in rheological experiments wa8C.20

Temperature dependence of storage and loss modtilasfrequency of 10
rad/s is given in Figure 83 and 84, respectivelyigGa measure of stiffness of
the material. At low temperatures, we would expbet stiffness to relate to
changes in the stored elastic energy on deformatvbich are associated with
small displacements of the molecules from theirildayium positions. On the
other hand, at high temperatures, the moleculanstaae flexible and they can
adopt conformations, which lead to maximum entroffyerefore, the storage
modulus values of all polymers are decreased wighiricrease in temperature
from 30°C to 120°C. PUOHMMALl has the highest G ueal at all
temperatures. On the other hand, PUOHMMAS3 has theedt G* and G™
values. This difference might be attributed to tla¢ure of diisocyanate used.
Thus, TDI may affect the rheological propertiestd final polymer in a better
way when compared with that of MDI. It is interesfito observe that the
decreasing trend of G" and G for PUOMMA1 and PUNHEMAL polymers
follow each other and have a similar character. HER-ATR results
confirmed this behavior that the hydrogen bondimgwieen NH...O groups
leads to a phase mixing in these polymers. Thas#skof interactions made the
polymers much stiffer. On the other hand, PUNCOMM#k a relatively low
storage modulus value among the TDI based polynidrs. FTIR-ATR data
revealed that the carbonyl frequency band of PUNGAX was on the free

vibrational side that in order terms the hydrogending is very low compared
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to the others. Therefore, we could expect a deer@ashe relative stiffness.

Similar trend was observed in loss modulus values.

10° o
E G*0 [rad/s]
- PUOHMMA1
PUOHHEMAZ
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© =
=21
o B
10° |
10° |
10

30 40 S0 B0 7O 50 =] 100 110 120

temperature °C

Figure 83 Temperature dependence of the storage modulusa{G0 rad/s
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Figure 84 Temperature dependence of the loss modulus (610 ead/s
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At low shear rates polymer melts has a Newtoniascosity (Figure 7).
However, as the shear rate increases the visadsdrease nearly linearly with
shear rate. In this linear range, the so-calledgydaw equation holds in which
y= C; x % where y is viscosity, x is shear rate. The power iladex (PLI) is
defined by the quantity: PLI= 1 C0 < PLI < 1 indicates a shear thinning
(pseudoplastic), whereas PLI>1 indicates sheakeniag (dilatant) material.

For the materials that are considered as NewtdmarPLI=1.

The shear rate dependence of complex viscos)tfo( some urethane acrylate
copolymers are compared at four different tempeeatin Figures 85-88. At
30°C, all the samples gave regular changes in silgcwith shear rate. The
slopes are almost the same and they are almoat lifibus, the o for different
samples are different from each other butalues are much similar, giving
almost straight line with slope very close to zébbtained data were fitted to
power law viscosity model. The power law index watculated and is given
in Table 19. PUOHMMA3 and PUNCOMMA1 exhibit shehirning
behavior (O<PLI<1) within the temperature range8804120°C. Shear-thinning
property of PUOHHEMAS is only present at 30°C. PoVesv model is useful
mathematical model because of its simplicity, nly@pproximately describes
the behavior of real non-Newtonian fluids. Therefothe negative values
shown in Table 19 could be explained with this kifddeviation from the

model.
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Table 19Power law index values of urethane acrylate porgme

30°C 60°C 90°C 120°C
PUOHMMA1 0.53 0.82 0.41 -1.19
PUOHMMAS3 0.52 0.68 0.43 0.42
PUOHHEMA3 0.65 -0.55 -1.21 -0.75
PUNCOHEMAL1 0.45 0.88 -0.32 -1.07
PUNCOMMA1 0.56 0.79 0.79 0.72
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Figure 85 Complex viscosity as a function of shear rateC&C3
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Figure 86 Complex viscosity as a function of shear rateC8C6
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Figure 87 Complex viscosity as a function of shear rateC&C9
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Figure 88 Complex viscosity as a function of shear rate2a°C

Log shear stress versus log shear rate graphsvae ig Figures 89-92. As the
structure of the polymer changes, certain changes®pected in the stress
strain curves. The slope of the curve increasds thi increase in crystallinity,
crosslinking density and amount of orientation. 3°C, a regular trend is
observed with a straight line of almost all the satope for different samples.
On the other hand, log shear stress values foerdiit polymers exhibit
different values. This regular trend was deviatedhwhe increase of
temperature from 30°C to 120°C. For PUOH, the trefithe line is almost the
same at all temperatures in this range. It is satlase to a straight line as the
others, but deviation is also similar for differeamperatures. PUOH has a low
stress value at a definite shear rate at all teatpess. Therefore, the acrylate

end capping was end up with a much stiffer polymer.
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The Arrhenius behavior was tried at two frequenalpegs; 1 rad/s and 10 rad/s,
but the normal behavior of viscoelastic propertigsre obtained with a

frequency of 10 rad/s. At this frequency Ln vistpsis a function of 1/T graph
is given in Figure 93. The slopes are differentdlbrsamples and this behavior
can be attributed to difference in chain entangl@selue to the change in
temperature values. Best lines were obtained filoendiata for each polymer
and slopes of these lines are equal to —Ea/R. @lvellated activation energies,
Ea, are given in Table 20. Lowest activation energlgserved in

PUNCOMMAL (0.6 kj/mol) whereas PUOHMMAS3 has the lmégt activation

energy ( 2.89 kj/mol). These results are in agregmeth the data obtained

from FTIR, NMR for the extend of hydrogen bonding.
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Figure 93 Ln viscosity versus 1/T at a frequency of 10 rad/s
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Table 20Arrhenius equation fit results and the activagoergy

Ln A SLOPE Ea
PUOHMMAL 0,60 0,15 1,26
PUNCOMMAL 0.36 0,072 0,60
PUOHMMA3 1,29 0,35 2,89
PUNCOHEMAL 0.85 0,24 1,95
PUOHHEMA3 0.87 0,22 1,82

SEM Analysis Results

The SEM micrographs of PUNCOMMAL are given in Figgi®4a and 94b at a
x150 and x10000 magnifications, respectively. Ledithumber of phase
separation domains is observed in the micrographs. dark areas represent
the hard segments, whereas white spots/areas eeprbe soft segments. For

PUNCOMMA sample, hard domains are much more tharsdift domains.

The SEM micrographs of PUOHA sample is given inurégg95a and 95b at
x150 and x10000 magnifications, respectively. Thetevdomains appeared to
be more that indicates the number of soft segmemiaths. On the other hand,

the number of hard segment domains is quiet limiféus is supported further

in Figure 95b.
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4:20:57 PM|20.00 kV|150 x| 10.5 mm|ETD| 4.0 | METU CENTRAL LABORATORY

Figure 94aSEM micrograph of PUNCOMMA at x150 magnification

11712008 HV mag WD | det |spot 10 pm

4:25:46 PM |20.00 kV‘ 10000 x|10.5mm|ETD| 4.0 | METU CENTRAL LABORATORY

Figure 94b SEM micrograph of PUNCOMMA at x10000 magnification
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Figure 95aSEM micrograph of PUOHMMA at x150 magnification
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Figure 95 b SEM micrograph of PUOHMMA at x10000 magnification
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Cytotoxicity Analysis

Size distribution graph of the Ag nano particlegiigen in Figure 96. Particle
diameter of 40-50 nm is the maximum value obtaifrein the graph. In

addition to small particles, there exist relatividyge particles which might be
due to the formation of the agglomerates in theutswmi. Intensity of

agglomerates is low when compared with the intgnsitthe nano particles.
These particles were also visualized by the SENirtigie. Diameters of the
nano particles on a carbon tape substrate are showigure 97 and the
particle size results are in good agreement wigt di particle size analyzer.

Particle size diameter varies between 47.9-55.2 nm.

Statistics Graph (1 measurements)
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Intensity (%)

Diameter (nm)

Figure 96 Particle size analysis of silver nano particle
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Figure 97 SEM micrograph of silver nano particles

SEM micrograph of silver nano particle added PUOHMBample is given in
Figure 98. Silver nano particles were homogeneodgyributed within the
polymer. The morphology of sample itself with hasthd soft segment
separation is also observed in the SEM image. Hewdlie separation is not

very distinct.

160



Figure 98 SEM micrograph of silver nano particle added PUQWMsample

Cytotoxicity analysis results of nano silver addddOHMMA polymers after
24 h and 1 week are given in Figures 99 and 10€§pectively. Group 1
represents the PUOHMMAL, group 2 is PUOHMMAZ2, ancbup 3 is
PUOHMMAS3.

Cytotoxicity was rated based on cell viability aoldtained relative to control
group. Absorbance value of >90 % is regarded ascytwtoxicity, 60-90 % is
slightly cytotoxic, 30-59 % is moderately cytotoxand <30% is severely
cytotoxic. In this respect, after 24 hours slighticges are observed and almost
all the samples are in the range of moderatelyctodano particle addition
decreased the toxicity only in group 2. It is atdmserved from the graph that
the control of groupl was slightly toxic, whereaa particle addition caused

it to be moderately toxic.
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Figure 99 Cytotoxicity results of nano particle added polysafter 24hr

After a week, almost all the control and nano addachples cytotoxicity is
increased and they are in the moderately cytotcige. The cytotoxicity of
control group of group 2 remained unchanged angkached to a limiting
value. In other groups, cytotoxicity was changinghwtime and did not

reached to a limiting value after a week.

The enhanced cytotoxicity in some groups with ttditgon of silver particles
could be explained in two ways. Since the cytotibxizvas evaluated on the
100 ppm added silver nanoparticles, the reasontdricity might be the
concentration of the particles in the polymers. f@a other hand it is also
possible that the remained oligomers or homopolgmeright cause a

considerable amount of cytotoxicity.
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Figure 100 Cytotoxicity results of nano particle added polysafter 1 week
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CHAPTER 4

CONCLUSION

Polyurethanes are one of the most important comalepolymers. Their
commercial synthesis got much attention from they y@eginning. The low
cost synthesis is popular in many industries. Hewevthere are sample
applications that require very special type of haees and require elaborate
method of synthesis. One of the applications iskimenedical application to
obtain materials such as soft liners that can leel digr relining of removable
prosthesis. For this purpose, a low molecular gseper has to be synthesized.
It is then end capped with acrylate to get macraonwer, which can be cured
to give a macromolecule of final thermosetting pody or relatively more
viscoelastic material of soft liner. PUNCOA polymehave a Mn value in
between 3500-5417 g/mol. Similarly, PUOHA polymé&@ve Mn values of
2590-6234 g/mol. In this synthesis, the types idodyanate and diol (PEG)
are very important. The additions of acrylate tethiane prepolymer require
specific conditions; the rate of addition reactiby inter-esterification, the
temperature control and preventing vinyl additieaations. Inter esterification
reaction is highly exothermic and the local tempee increase causes
gelation. This can be controlled by adjusting rasterification reaction and
dissipating the exothermic heat of reaction. Thaeefthe reaction temperature

was maintained at 40-60°C.
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The DSC results showed the liquid nature of somethef samples. The
corresponding polymorphs for PUNCOMMAZ2 were obsdra¢ 26.85 °C and
41.31 °C. On the other hand, these polymorphs fOORMMA2 were
observed at 22.94 °C and 33.47 °C.

The FTIR-ATR investigation clarified the phase mgi and/or phase
separation of some samples. The samples that shagepmixing have more
hydrogen bonding and parallel linear chains, whgiow liquid crystal
properties. In the case of phase separation, the dred soft samples showed
different morphological domains in SEM micrograpéwsd two Tg values.
Even though acrylates are usually added to reactiedium slowly, due to the
mobility of reaction medium some acrylates give lmwlecular homopolymer
of polyacrylates. The formation of homopolymer @bbk predicted from DSC
thermogram, which could also be used to estimagentiolecular weight of
homopolymer of acrylate. PUOHMMAS3 with a Pd value7019 contains a
polymethylmethacrylate with Mn of 3049 g/mol.

The viscosity-temperature relation gives informatidor the optimum
temperature of synthesis. Therefore, the rheolbgioaperties gave important
information about the way of applications of sarsplll the polymers showed
expected regular trend of decreasing viscosity withease in shear rate at 30
°C and also they obeyed the power law at this teatpee and showed a shear
thinning behavior.

The samples showed considerable toxicity and alehen absorbance value
lower than 70 %. The Ag nano particle addition @ased/ decreased the
cytotoxicity 2-5 %. Therefore, the toxicity shoule lowered. This is most
probably due to residual monomer and solvent in dyi@hesized materials.
Further works are needed to decrease the toxiodyta observe the effects of

addition of silver nanoparticles on antibacteriaperties of the final product.
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APPENDIX A

VACUUM SYNTHESIS RESULTS

Table Al Percent conversion results of prepolymer syntleglsinder vacuum.

Temperature C  Time (day) % Conversion
40 1 3.2
7 13.6
30 34
60 1 54
7 11.2
30 24.3
70 1 4.5
7 28
30 39
90 1 6.2
7 29
30 36
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APPENDIX B

MOLECULAR WEIGHT DISTRIBUTION GRAPHS

Figure B1Molecular weight distribution of PU1v.

Figure B2 Molecular weight distribution of PU2v.
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Figure B3 Molecular weight distribution of PU3v.

Figure B4 Molecular weight distribution of PU3.
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Figure B5 Molecular weight distribution of PUNCOMMAZ3.

Figure B6 Molecular weight distribution of PUOHMMAL.
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Figure B7 Molecular weight distribution of PUOHMMAZ3.
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