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ABSTRACT
NOVEL SYNTHETIC STRATEGIES TO PRODUCE BIOBASED POLYURETHNKkS
By
Maria Kristina Irene Darsono

Polymers from renewable resources are gaining a lot efest especially with
the high price and limited availability of crude oil. Polyureth@ene polymer that is
widely used in various industries including packaging. Therefasediésirable to be able
to synthesize biobased polyurethane, especially with toxicityecoacfrom polymer
production. The two main building blocks in polyurethanes are polyol and isocyanate.

One example of biobased polyol that is available commercialgoysderived
polyol. Catalytic ozonation of soybean oil has been investigatedeasftattive method
to produce polyols. Ozone is known to be a powerful oxidizing agent, anedsimus
combination with ultraviolet (UV) light in many processes for oti@a of organic
material to improve the effectiveness of the reaction. The condmnat ozone and UV
light in the ozonation reaction of soybean oil was investigateda$ found that the
addition of UV light to the process did not change the rate of the ozonatiolmeact

Two isocyanate-free and phosgene-free methods were utilizedntbesize
biobased polyurethane: polyurethane synthesis from carbamateaedtgolyurethane
synthesis from ethylene carbonate. Dimethyl azelate was asedmodel compound.
Analyses were conducted on the end products of both methods. The polyurethane
synthesis using ethylene carbonate was found to be a moce algroach to produce
polyurethanes. This method is, therefore, recommended for furthsy ef bio-based

polyurethane synthesis.



DEDICATION

This thesis is dedicated to both of my family in Indonesia and in US.



ACKNOLEDGEMENT

| would like to thank God for always giving me an abundance of blesaihgs/
life. | thank my parents for their love, support, and prayers, lalamt to thank both of
my sisters for their love, support and companionship. | thank Don and Mduarine
becoming my second parents, also for their love and support.

| also want to express my sincere gratitude to my advisdR&@mnani Narayan for
his support, wisdom and patience. | thank Dr. Daniel Graiver for continuous help, support
and advices though out my research and Ken Farminer for helpipgtrasatly. | want to
thank my committee members, Dr. Susan Selke, Dr. Rafael Aoraserving on my
committee and for reviewing my master thesis. | also watitaok Dr. Selke for helping
me revising my thesis patiently.

| thank all my current and past friends of the BMRG researmhpgifor their help
and support during my three years of research. | thank Mike RicheanféisReland for
training me on the analytical equipments in CMSC. | thank people Bh l&b for
allowing me to use their GC during my research. | thank Dr. édtolmes for the
training and continuous help with the NMR.

| thank all my friends and family wherever you are, for allirysupport, love, and

prayers. | want also thank Ryan for coming into my life and made it so colorful.



TABLE OF CONTENTS

LIST OF TABLES ...ttt s e e e e e e e e e e e e e e e e e eeebaebnn s Vil
LIST OF FIGURES ...ttt e e e e e e e e e e e e e eeanenannne viii
(@ gF=T o] (= g I [ o1 o To [1 [ £ o PR SRPP 1

R EIENCES. .. e e e e e e e A

Chapter 2: General Background on Isocyanate, Polyols, and Polyurethane ...................... 8
N A K0 L03 V= 1 g =S OO 8
2.1.1 Reactions Of ISOCYANALE .........cooiiiiiiiiiiiiiiee et e e e e e e eeeeeenees 10
2.1.2 PhoSgenation REACHION............ccoiiiiiieiiieeeiiis e e e e e e e e e e e e e e 14
2.2 POIYOIS ..ttt a e e e e e e e e e et b rn s 15
2.2.1 POIYESIEr POIYOIS.......eiiiiiiee et e e e e e e 16
2.2.2 POIYELNEI POIYOIS ...ttt e e 17
PG B = YU =1 = g = SR 17
2.3.1 Prepolymer MethOd ...t e e e e e eeeeaneeee 18
2.3.2.0N€ SOt MENOd ........coiiiiii e 19

REIBIENCES. ..o e e e e e e e e e e e e e e e 022

Chapter 3: Effect of UV on the Catalytic Ozonation of Soy Oil to Produce Palyol23

3.1 LITEIAtUIE REVIEW ...ueiieiiiiiiiie ettt et e e et et e e e e e b e e e e e e e e b e s e e raaeeeanes 23
G o 1= 11 4= €= | PSSR 30
G T I 1Y = (=] = R 30
3.2.2 Equipment and Methods............oevuiiiiiiiiiiiee e 30
3.2.3 MOdel COMPOUNAS.....iiiiiieiii it e e e e e e e e e eeeeeeennes 32
I I O F= 1= Toi (=] 2= 1[0 [P 32
3.4 RESUILS ANU DISCUSSION ...cvuiiitiiiiitieii et ettt e e et e et e st e e et e e et e s st e e abesaa e ran e ean e saneesanss 33
KIS o o T3 [ V<3 o] o N 45

REIBIENCES. ..o e e e e e e e e e e a0 A8

Chapter 4: Synthesis of Bio-based Polyurethane...........ccccccoeeeeiiiiiieeeeiccccee e, 49
4.1 LILEIature REVIBW ....ceeiiiieiiiiiiieie ettt s e e e e e e e e e e e e e e et e e et be bbb e e e e e e e eeeeeaaas 49
4.1.1 Bio-based Polyurethane ProduCt...........cccooeeeeeiiiiiiiiieesisse e 49
4.1.2 1SOCYANAte SYNTNESIS ....uuueiiiiiiiiiiee e 51
4.1.3 Alternative Methods of Polyurethane SynthesiS..........ccccceeeeeeiiieeeeeeiiiicceee e, 53
4.1.4 Model COMPOUNG .....ooiiiiiiiiiii e e e e e e 54
o ISR o o 0T LY=o [N =T Vod 1 (o] o S 55
4.1.5.1 AMIdAtioN FEACLION. .......cceiiiiiiiiiiiiiieiee e e e e e e ettt e e e e e e e e e e e e e eeeeeeenennes 55
4.1.5.2 Carbamate SYNNESIS .......cccvviiiiiiiiiieii ettt e e e e e e e e e e e e eeerannnan 56
4.1.5.3 1SOCYANALE SYNTNESIS ...uvvuiiiiiieie e 57
4.1.5.4 Polyurethane Synthesis from Carbamate..............cccccovvivviiiiiiiciiiie e, 58



4.1.5.5 Polyurethane Synthesis with Ethylene Carbonate ..............ccccoeiiiiiiiiiiiiinnnnns 58

4.2 EXperimental SECHON ........coiiiiiiieeir e e e e e e 59
A.2.1 MALEIIAIS ..ottt e e e e ettt e et e e e e e e e e e e e e eeaaneee 59
4.2.2 Equipments and MethOdS ..........oovuviiiiiiiiiiii e e e e e e e e e e e e eeaneanes 60

4.2.2.1 Preparation of Azelaic acid bis-[(2-amino-ethyl)-amide]...............cccceeeees 60

4.2.2.2 Carbamate SYNNESIS .......ccevvieiiiiiiiiiis ettt s e e e e e e e e e e e e e e eeaannnn 60
4.2.2.3 1SOCYANALE SYNTNESIS ...vvviiiiiiieei et 60
4.2.2.4 Polyurethane Synthesis from Carbamate (isocyanate-free method)............. 61
4.2.2.5 Polyurethane Synthesis from ethylene carbonate .............ccccceeeiiiiiinniiiinnnnnn. 61

G O g b= = Tox (T £ 4= (o] o [PPSR PTTPTPPP 62

4.4 RESUItS @Nd DISCUSSION .....uuvuriiiiiiieeee e e e e eeeeeeeeetttbtiasa s e e e e e e e e e e e e e e e eeaeasabba e aaa e e e e eeaaaaas 63
4.4.1 Amidation REACHON FESUIL ........cccoviiiiiiiiiiiii e 63
4.4.2 Carbamate SYNNESIS ........cooiiiiiiiiiiiiiee et e e e e e e e e e e eeeaeereaaaae 65
4.4.3 1SOCYANALE SYNTNESIS ...uvvviiiiiiiiiie e e e e e e e e e eeas 66

4.4 Polyurethane Synthesis from Carbamate ..............eeiiiiiiiiiii i 68

4.5 Polyurethane Synthesis with Ethylene Carbonate ...............cccceeeeiiiiiiiieeeeieeeeeeeeiiis 70

o S o] o 11151 o] [P UPTT 73

RETEIENCES. ..ot e e e e e (O

Chapter 5: CONCIUSIONS ......uiiiiiei e e e e ettt a e e e e e e e e e e e eeeeeesneannnns 79

APPENDIX A: CHAPTER 3 DATA L.ttt a e e e e e e e s s s eeeenaaaaaaae s 81

APPENDIX B: CHAPTER 4 NMR SPECTRA AND PREDICTION.......ccvvvviiiiiiiieeaenn. 92

APPENDIX C: CHARACTERIZATION TECHNIQUES ..ot 102

Vi



LIST OF TABLES

Table 2.1The Reactivity of Isocyanate with Hydrogen Active Compounds.............11
Table 3.1 Unsaturation Content of Different OilS.............c.ooiiii i e,
Table 3.2 Model Compound Study Titration Data..............ccoevie e iiiiiiiiieieneen,

Table 3.3 Model Compound Study NMR Data............ccovviiiiiiiiiiici i e e e,

Vii



LIST OF FIGURES

Figure 1.1 World Polyurethane Consumption, by products (2000-2002)..................... 1
Figure 1.2 World Market for Packaging Polyurethane Foam Products........................ 3
Figure 2.1 Formation of a urethane bond...............cooi i, 8
Figure 2.2 Commercial ISCOCYANAtES. .. .......cvie it e e e e aenaas 9
FIgUre 2.3 Urea REaCHION. .. ... ittt et et e e e et e e e e e et aeaes 10
Figure 2.4 Isocyanate reaction wWith water..............ccooiii i, 11
Figure 2.5 Secondary Reactions of isocyanate with urethane (top) and urea (bottom).....
Figure 2.6 Poly-addition Reactions of Isocyanate...............ccccevvie e iii i i, 13

Figure 2.7 Isocyanate synthesis by phosgenation...............ccccoceevviiviiiiieniennn 14

Figure 2.8 Condensation Reaction to Synthesis Polyester................cccooo v v, 16
Figure 2.9 Prepolymer production reaction...........c.ouveiieiie e e e ieceeeen e 19
FIgure 3.1 Castor Oll.......c.uie e e e e e e e e 24
Figure 3.2 Composition of Soybean Oll..........ccooiii i e e, 25

Figure 3.3 Double Bond Modification Pathways.............ccccvcviiiiiieiii e 27

Figure 3.4 decomposition of ozone to oxygen in potassium iodide solution....... 27.
Figure 3.5 General mechanism of the reaction of ozone with UV............................ 28
Figure 3.6 Cyclo-addition of ozone to double bonds..............cccooiiiiii i, 29
Figure 3.7 Model Compounds StrUCIUIES.......ovvv i e e v ee e eas 32
Figure 3.8 FTIR result of Ozonized Soy oil and Soybean Oil................c.ccovieieni, 37
Figure 3.9 Double bond reduction comparison between UV on and UV off................ 38

Flgure 3.10 Catalyzed ozonation of unsaturated fatty acid ||glytc'er|de with ethylene
glycol... PP .39

viii



Figure 3.11 Deconvoluted double bond spectrum of Soybean Oil (Left), Deated/ol
double bond spectrum of soybean oil after 30 minutes ozonolysis with UV (Right)...... 40

Figure 3.12 Ester peak of Soybean Oil (Left) Deconvoluted Estde tprfeSoybean oil

after 30 minutes ozonolysis with UV (Right)... e Y & |
Figure 3.13 Ester functional group formation between UV on and UV off.................. 42
Figure 3.14 lodine Value Titration ReSUIS..........coviiiiiiiiii e, 43
Figure 3.15 Hydroxyl Value Titration ResultS...........coovii i 43
Figure 3.16 Saponification Value Titration ResultS...........cccooiiii i 44
Figure 3.17 Acid Value Titration ReSUltS......... ..o 44
Figure 4.1 Isocyanate SYNtNESIS. ...t e e e e e 53

Figure 4.2 Isocyanate-free Method of Polyurethane Synthesis wittc@albonate...55

Figure 4.3 Preparation of poly(oxycarbonylimino-1,4-phenylene)........................... 55
Figure 4.4 Ester products from ozonolysis of methyl oleate...................coooiiiinn. 56
Figure 4.5 Dimethyl azelate amidation..............c.cooiiiiiiiiii e 56
Figure 4.6 Carbamate SyNthesiS. ... e e 58
Figure 4.7 Dealcoholysis process of carbamate.............cooovii i 58
Figure 4.8 Polyurethane synthesis from carbamate................cooo i, 59

Figure 4.9 Polyurethane synthesis by reaction of amine with ehthylerenateh...... 60

Figure 4.10 FTIR spectra of amidation product of dimethyl azéta® and dimethyl
azelate starting material (DOtOM).........iniii e 65

Figure 4.11 FTIR spectra of carbamates product (top) and amidation jpobdiimethyl
azelate (DOTIOM)......c i e e e 67

Figure 4.12 FTIR spectra of thermal decomposrtron product (top) andmﬁmproduct
(bottom)... e e e e e e e e e e e e e e e e . 69

Figure 4.13 FTIR spectra of polyurethane produced (top) and esbamtaes startlng
material (bottom)... e e . 70



Figure 4.14 DSC result for Polyurethane from carbamate.....................ocoviiennen. 71

Figure 4.15 FTIR spectra of polyurethane produced with ethyler®mate (top) and

polyurethane produced from ester-carbamate (bottom).............coovvveiiiieviim 72
Figure 4.16 DSC result for Polyurethane produced with ethylene carbonate............... 73
Figure A.1 FTIR results of soybean oil ozonolysis with UV...................ooei. 83
Figure A.2 FTIR results of ozonolysis of soybean oil without UV.......................... 84

Figure A.313C NMR spectrum of methyl oleate — ozonated with ethylene glycol with
UV light. Inset shows the spectrum of the product without UV light........................ 85

Figure A.41H NMR spectrum of Methyl oleate —ozonated with ethylene glycol with UV
light. Inset shows the spectrum of product without UV light................................. 86

Figure A.513C NMR spectrum of triolein-ozonated with ethylene glycol with UV light.
Inset shows the spectrum of the product without UV light ..., 87

Figure A.61H NMR spectrum of triolein —ozonated with ethylene glycol and UV light

(bottom). Top spectrum shows the spectrum of product without UV light........... 88....
Figure A.71H NMR prediction of methyl oleate................oo i, 89
Figure A.8lSC NMR Prediction of methyl oleate................c.ccoiiiiiiic i 90
Figure A.91H NMR prediction of triolein...........oooo i 91
Figure A.1013C NMR prediction of triolein...............ccooeiii 292
Figure B.llH NMR spectrum of dimethyl azelate ................c..coooiiiiinn e, 94
Figure B.21H NMR spectrum of amidation product..............ccoevieiii i iiiiinnnss 95
Figure B.31H NMR spectrum of carbamate................coooi i1 ...96
Figure B.41H NMR spectrum of polyurethane from carbamate............c..........97



Figure B.51H NMR spectrum of polyurethane synthesized with ethylene carbonate.....

Figure B.61H NMR spectrum of dimethyl azelate prediction.....................vveee 99
Figure B.71H NMR spectrum prediction of amidated dimethyl azelate.................... 100
Figure B.81H NMR spectrum prediction of carbamate..................cceumenennn. 101
Figure B.9'"H NMR prediction spectrum of polyurethane.....cowecveevvnenn...... 102
Figure C.1 Hydroxyl Value ReactionsS .............ccouiuiieiieiiciieiieiiecee e e e 105
Figure C.2 lodine Value Titration Reaction ..............cccoiiiiiiiiiiiii i i e e e, 107
Figure C.3 Saponification reaction ..........c.cooiiiiiiiiiiiiiiie e e e e e 109

Xi



Chapter 1

I ntroduction

Polyurethane is a polymer broadly used in various industries foiting
insulation, toys, furniture, and packaging, to airplane construciiom first polyurethane
was synthesized by Otto Bayer in 1937 through the basic diisoeyaoat-addition
process. In 1957, the introduction of polyether polyols increased the udage o
polyurethane; previously only polyester polyols were used to producergthignes. The
progress in chemical research and processing technology hasteddocommercial use

of polyurethane.

Coatings,
Adhesives, R
Sealants, Flexible PU
Elastomers Foams
28% 44%

Rigid PU
Foams
28%

Figure 1.1. World Polyurethane Consumption, by products (2000-32002)



The development of polyurethane flexible foams, semi-rigid foanastaghers, films,
and rigid foams helped to increase the importance of this polyuerto the flexibility
in selection of monomeric materials (diols, diisocyanate, and aghdenders), and also

the variation of preparation methods to meet the desired properties bhal product,

the industry interest in this material keeps increasifighe world consumption of

polyurethane based products can be seen in Figure 1.1 above. Basetket forecast
by IBISWorld, the demand for polyurethane foam for the US aloneeélth $12 billion

in 2010, and th@ackaging applications of polyurethane foam account for 5.3% of the

. 3
total of the US polyurethane industry revenue.

Six main types of plastics dominate the packaging industry: PBEIygthylene
terephthalate), HDPE (high-density polyethylene), PVC (polyviciyoride), LDPE
(low-density polyethylene), PP (polypropylene), and PS (polystyr&udyurethane has
an important application especially in foam packaging known asna-ifo@lace system,
where the foam is injected into a container and the product is ptested surrounded by

PE protective film. During the foaming process an additionalrlajdgoam is injected
prior to the container being seaf‘éd’.he foam acts as a shock absorber to protect the
product during transportation. Polyurethane foam with an anti-statditive is a
preferred material for electronics packag?ngﬂ.\ market study of the packaging

polyurethane foam industry was conducted and according to this stedgietand for

packaging polyurethane foam is estimated to reach $1.8 billion in 281d4haavn in

Figure 1.2 be|OV\(I3.
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Figure 1.2. World Market for Packaging Polyurethane Foam Pr06ducts

Another major polyurethane application in packaging is as an adhfsive
flexible packaging applications. Various categories of polyuretlzaesive including

reactive adhesive, solvent-borne adhesive, and synthetic water-dbesve are used to

. L . 7 .
laminate polyolefin films and aluminum, as well as pap€heoretically, strong bonds

cannot be made between polar adherents with non-polar adhesiveg ersa; many
non-polar adhesives have hydrophobic characteristics, and many gbksives have
hydrophilic characteristics. Therefore, non-polar adhesives wik lpor wetting and
spreading in humid condition; polar adhesives will absorb the moistnde p@vide

sufficient wetting and spreading. Polyurethane adhesives bothirc@ttong polar bonds

and are hydrophilic, which make them a good adhesive with broad appfjcdbié to

. . . 8
their good wetting properties.



Starting in the 1970s, when public attention was drawn to the high gnide
limited availability of crude oil, the development of polymers =i from non-

petrochemical feedstocks has gained a great interest. lestiasated that about 7% of

worldwide oil and gas are used for plastic manufacturifigis motivates the interest in

developing bio-based polyurethane products. Vegetable oil, soybeanpaitticular, is
very attractive as an alternative feedstock. These new biobadedals are expected to
act as alternative raw materials and provide a more environiyeinihdly solution to
traditional petroleum-based raw materials. When compared tool@etr-based
polyurethanes, the obstacles facing bio-based polyurethanessirand performance
characteristics. However, recent significant development ih&sed products has made
this material more cost-competitive with conventional products asgiomliuced a wide
variety of products such as fuels, chemicals, building matehdigcants, fibers, and
coatings. Other environmental issues that need to be addresseel jpmotluction of
plastic packaging are air and water emissions, and chemjpas@re. Exposure to some
chemicals is harmful, especially if the exposure is above the thresheld lev
Chemicals used in urethane production, such as isocyanates, raiséesdthe
hazard concerns. The toxicity problem can be minimized by good iralystactices.
The Occupational Safety and Health Administration (OSHA) sel@aegulations about
the hazards and exposure limits of isocyanates. Isocyanatesoave as strong irritants
to the skin, eyes, gastrointestinal tract and the respiratstgrsy Common isocyanates
such as MDI and TDI are reported to be harmful as they can #etebody through

inhalation, skin (open wounds), eye contact, or mouth by swallowing or coratizahi

. .10-13 .
food and drink and by smoking.” The most common commercial process to produce



isocyanates is the reaction of phosgene with amines; the oreasti called the
phosgenation reaction. Phosgene is a colorless, highly reactive girlg taxic gas.

Exposure to this toxic gas can cause severe respiratocysefbeular irritation and burns

- 14
to the eye and skin have been reported, and even deatherefore, replacement of

phosgene in isocyanate production is highly desirable.

The goal of this thesis was to develop a method to synthesizeséiba
polyurethane that is intended for use in packaging applications. The eplecge
synthesis of isocyanate and isocyanate-free synthesis of l@d-pasyurethane will be

covered in this thesis.
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Chapter 2

General Background on I socyanate, Polyols, and Polyurethane

This section will focus on the basic chemical reactions invoingtlie synthesis
of polyurethanes. Specific background is discussed in appropriate seletbbnsethanes
are prepared by a condensation reaction of di- or poly-hydroxyl &unattgroups with
isocyanates (Figure 2.1). The wide applicability of polyuretharsue to a long list of
components such as diols, diisocyanates and chain extenders tha camliined to
form the polymer. The two main important building blocks in polyurethaeepolyol
and isocyanate.

O

||
HO—R-OH +OCN -R'-NCO —>HO-R-O— C NH-R'—-NCO

Figure 2.1 Formation of a urethane bond

2.1 |socyanate

Toluene diisocyanate (TDI) and diphenylmethane diisocyanate (BtBi)he two
most common aromatic isocyanates that are used in polyurethantaatanng (Figure
2.2). TDI is used primarily in the production of flexible polyuretharenfs. It exists in
two isomeric forms (2,4 and 2,6 TDI). Different isomer mixtuogésTDI are offered
commercially, TDI 80/20 (80% 2,4 TDI and 20% 2,6 TDI), TDI 65/35 (65% 2,4 &l
35% 2,6 TDI) as well as pure 2,4 TDI. MDI is used primarily in greduction of

polyurethane elastomers and in some flexible foams; polymers pobélece MDI are

usually stiffer compare to polymers produced from ‘HSIPure 4,4 MDI isomer is a



commercial product, and is commonly used in high performance polgneeth

eIastomersZ.MDI is considered much safer to use than TDI, due to its |owkatility;

however, MDI is harder to purify than TDI.

3 CH;
NCO OCN NCO
OCN @—c%—@ NCO

NCO
2,4-TDI 2,6-TDI 4,4'-MDI

Figure 2.2 Commercial Isocyanates

CH

Both TDI and MDI are produced by the reaction of phosgene with apatemmines;
TDI production involves nitration of toluene followed by a reduction stegh then

phosgenation. MDI production involves condensation of aniline with formaleéeagd

phosgenation.More details concerning phosgenation reactions will be discussed below.

Another type of isocyanate is aliphatic isocyanate, which rhase specific
applications than aromatic isocyanate. One of the reasons fofffdrerdi applications is
due to the reactivity differences between these two isoayagedups. In general,
aliphatic isocyanate, such as HDI (hexamethylene diisotgpraas less reactivity than
aromatic isocyanate. One common application for HDI is as #réngt component for

Spandex fiber production. Another example of aliphatic isocyanat®iséphthalene

diisocyanate, commonly used in elastomers for specific applicatiédigphatic and

aromatic isocyanates will form aliphatic and aromatic polyuretba respectively.

Aromatic isocyanate is more sensitive to UV light than alighabcyanate, which can



cause Yyellowing of surfaces with exposure. Polyurethane producttbnavamatic and

aliphatic isocyanates will produce rigid polymers and flexible polymefl;pe[t'eively.2

2.1.1 Reactions of |socyanate

Isocyanate is a very reactive compound. Isocyanate reactiorse azategorized
into two types: reactions with active hydrogen compounds and polymieniza
Isocyanate can react easily with active hydrogen atoraialtks the oxygen atom of the
hydroxyl groups or the nitrogen atoms in the case of amines; thed mmportant

isocyanate reaction is with hydroxyl groups which produces a meetivékage, as was
shown in Figure 2.1. The heat of reaction is 24 Kcal per mol olhametformec}. The
reactivities of various active hydrogen compounds are expected thffeeent; for
example, the reactivity of secondary, tertiary or aromatichedls will be less than that of
primary alcohols, and aromatic isocyanates are more redatimeatiphatic isocyanatgs.

The second fundamental reaction of isocyanate is the reactionebpetsexzyanate and

primary or secondary amines to form urea, as can be seen in Figure 2.3.

O
I
R—NH2+ OCN-R'-NCO——> R—NH— C—NH-R'-NCO

Figure 2.3 Urea Reaction
Polyurea is widely used in industrial coating applications tegtiire good chemical
resistance. The reaction of primary amines with isocyanatauish faster than the

reaction with primary alcohol and, generally, no catalyst quired. Table 2.1 lists

reactivities of different compounds with isocyanate.

10



Table 2.1 The Reactivity of Isocyanate with Hydrogen Active Compolunds
Hydrogen Active Formula Relative Reaction Rate (non-
Compound catalyzed, Z%C)
Primary aliphatic amine R-NH2 2500
Secondary aliphatic amine R>-NH 500-1250
Primary aromatic amine Ar-NH» 5-7.5
Primary hydroxyl R-CH»>-OH 2.5
Water HOH 2.5
Carboxylic acid R-COOH 1
Secondary hydroxyl Ro-CH-OH 0.75
Urea R-NH-CO-NH-R 0.375
Tertiary hydroxyl R3-C-OH 0.0125
Phenolic hydroxyl Ar-OH 0.0025-0.0125
Urethane R-NH-COOR 0.0025

Another fundamental reaction of isocyanate is the reaction witarwahis reaction is

important in low density flexible foam manufacturing because the reactamnajes CQ

. . . 3 .
gas that acts as a blowing agent during the foaming prockssgyanates react with

water to form thermally unstable carbamic acids, which decompaksBem amines and

carbon dioxide. These are exothermic reactions that releaseatheatkcallmoil. The

amine product can further react with isocyanate to form di-substituted urea.

0
|

H,0 + OCN—-R-NCO —> R—NH— C —NH-R

CO, + R—NH,

~

Carbamic Acid (Unstabl

O

|
R—NH—- C —NH—R

OCN — R = NCO

Figure 2.4 Isocyanate reaction with water
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Due to the high reactivity of isocyanate, the products from the aleaetions, which are
urethane and urea, can further react with isocyanate (secondetipme The rate of the
secondary reaction will be lower compared to the reaction Watthal or amine, but
under suitable conditions (temperature and relative humidity) theéiceacan occur.
Furthermore, urethane and urea can also react with isocyandtesntallophanate and

biuret, respectively. Both secondary reactions need higher tempgergteater than

1100C, for the reaction to occur, and both of these reactions are reversible.

ﬁ) o Allophanate
|
R-O—C-—NH—R'+ OCN-R" =—= R-O—C-—N—R'
|

C —NH- R"
||
@)
Q i
]
R—NH—-C-—-NH-R +OCN—-R' =——= R NH-C —I‘\I— R
_ C —NH- R"
Biuret ||
@)

Figure 2.5 Secondary reactions of isocyanate with urethane (top) and urea (bottom)

Another category of isocyanate reaction is self-addition poliyat@n such as
dimerization and trimerization reactions. Dimers and trimelisadyanate can easily be
formed at elevated temperature in the presence of a basigstathe products are
uretidinedione and isocyanurate respectively. The dimerizationiaedsta reversible

reaction, and can only occur with aromatic isocyanate. Aromatiyaeates such as

4.4 -diisocyanate can dimerize slowly at room temperature. Otheerifiation reactions

12



of isocyanate can also form carbodiimides with carbon dioxide @®dhyct, some types

of carbodiimides can be used as stabilizers to prevent hydrolysis of polyur?éthane.

Trimerization can occur with both aromatic and aliphatic isodganarlhis
reaction forms a very stable isocyanurate ring in the preserastadng base catalyst. It

is used to produce isocyanuric foams and urethane-isocyanuric Wadntsgh crosslink

density.l The self-addition polymerization reaction for isocyanate is shown in Figure 2.6.

0 0
1
C /N\ C—0
/ o=C —
2RN=C=0 === R-N_ N-—R BRN=C=0—> | |
C R—N_ N—R
| o
O |
Uretidinediones ©
Isocyanurate

2RN=C—0 —> R N—=C—N-R + CO,
Carbodiimides

Figure 2.6 Poly-addition Reactions of Isocyanate

The high reactivity of isocyanate can lead to secondargtioes and undesirable
formation of crosslinks. Therefore in order to increase the wyabil isocyanate, it is
reacted with other compounds, such as phenols, caprolactam, and dxatneseate a
thermally weak bond and prevent further isocyanate reactions. Thisspriscealled
capping or blocking of isocyanate. Dimerized isocyanate is alsodeoed as blocking

the isocyanate process, called the self-block concept, and isdfegrgd reaction to

. . . 5
avoid the release of volatile blocking agent.
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2.1.2 Phosgenation Reaction

Phosgene (carbonyl chloride) is commercially used to produceaisaigy from
amines, chloroformate esters and organic carbonates from alcahdlgolycarbonate
and acid chlorides from caboxylic acids. The use of phosgene agenten isocyanate
production makes the production of high yield and high purity isocyanateblgossi
Aromatic or aliphatic isocyanates are made by the reactiophotgene and the
corresponding amine or amine hydrochloride. The basic chemisstyolsn in Figure
2.7.

O

I 0
cr ol I R-NH

R—NH— C —Cl +HCl———=R—~ NH, — HCl + R N—C—0
o

R*NH2
R— NH, — HCl—> R—N—C=0 + HCI

Figure 2.7: Isocyanate synthesis by phosgenétion

Amines react with excess phosgene and produce carbamyl chlortienyarogen
chloride which are then converted to amine hydrochloride and isocyaihadesirable
secondary reaction can occur when the amine reacts with the isocyamtesorto form
urea. In order to prevent urea formation, some process improvememtsiaveloped.
The phosgenation reaction was conducted at a very low tempenaiirea high

phosgene concentration. Jet and venturi mixers were used to providéoligrelocities

. L 9
during mixing in order to reduce by-product formation.
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2.2 Polyols

Polyols are defined as compounds that contain more than one hydrougl gr
Polyols are separated into two categories, low moleculaghtveand high molecular
weight polyol. In polyurethane production, low molecular weight polyolsusexl as
chain extenders, compounds with two hydroxyl groups (diols), and as ickess]i
compounds with more than two hydroxyl groups. Higher molecular weighbls,
called oligo-polyols, are one of the main building blocks in the faomatbf
polyurethane. The structure of polyols involved in the polyurethane fanmadétermines
the final product properties of this polymer. Therefore, selettiagight polyols to use
is very important in order to achieve the desired end product propéeFtes main
categories of polyurethane are elastic polyurethane and rigidrptilgne. The structure
of polymer that falls within any of those two categories isebdaon the oligo-polyol
structure that formed the polymer. Polyurethane formed with higleaulalr weight
polyol that contains low hydroxyl functionality (2-3 hydroxyl groupsihwill fall into
the elastic polyurethane category. This occurs due to the high mobility pbtyol chain
that will act as a soft segment in the polymer. On the othedl, @olyurethane formed
with low molecular weight oligo-polyol and high functionality (aroude hydroxyl
group/mol), will form a rigid crosslinked polymer. The high functicyatydroxyl group

will form urethane bonds with diisocyanate, high crosslinking \alet place, and rigid
polyurethane will be forme<1:I.The two main high molecular weight polyols that are used

commercially are polyester polyols and polyether polyols.

15



2.2.1 Polyester Polyols

In the beginning of polyurethane production, polyester polyols wererihe
polyols available. In general, polyester synthesis is conductedrnmensation reactions

between alcohols and organic acids (Figure 2.8).

I(I) O
||
ROH + R—C—OH—>RO-C—R + HO

Figure 2.8 Condensation Reaction to Synthesis Polyester

Polyurethane that is produced from polyester polyols has betéilityi solvent
resistance and thermal resistance than polyurethane produced froetheolgolyols.

This is due to secondary forces in the ester chains that fystalline structures in the

urethane segmen%sTherefore polyester-based polyurethane is preferred where wear

resistance and environmental stability are important, such as imgagplications,

paints, sealants, and adhesives. Flexible specialty foams faufernpackaging and the

automotive industry are the main applications for polyester poJB%OTshe downside of

using polyester polyol is the high price and the sensitivity of thgnpe to hydrolysisz.

Addition of anti-hydrolysis substances can help to improve the quality of theiahdtat

will increase the price of production Another way to increasdyieolysis resistance is

to increase the chain length and branching of the polyesterlc?hain.
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2.2.2 Polyether Polyols

Polyether polyols were introduced in 1957 and rapidly gained market sher
polyester polyols in polyurethane production. Currently, polyether polyaisuat for

almost 90% of polyurethane production. Polyether polyols have high hydretgsility,

which is one property that polyester polyols lack, due to the eﬂﬂeﬁgész. The main

materials used to produce polyether polyols are alkylene oxideaetnte hydrogen
compounds usually called initiators. Initiators are defined as polyfurattcompounds
of alcohols or amines, such as ethylene glycol, glycerol, triethanioé, and sucrose.
The wide choice of raw starting material to make polyether [®lgs well as the variety
of types of processing, make this material easily tailoredigsired properties and
applications. In addition to the application flexibility and higher biydis resistance,
polyether polyols have lower viscosities than polyester polyols, hvinake these

materials easier to process. The weakness of polyether palywipared to polyester

. . Sy . 14
polyols is their lower oxidation resistance.

2.3 Polyurethane

In polyurethane formation by polyaddition reaction, the ratio betweernwthe
reactive groups ([-NCO]/[-OH]) is important. High molecularigie polymers will form
with an equimolar ratio between the two reactive groups; a sigtess of one of the
reactants will significantly reduce the molecular weighthef resulting polymer. Several
different polyurethane fabrication methods are commercially us$ed;different end

applications determine which technique to pursue in making the polymer.wiN-
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known methods to produce polyurethane are the prepolymer method and thetone-s

method.

2.3.1 Prepolymer Method

This is a solvent-free method, used in fabrication of polyurethantomias,
coatings, flexible foams, sealants, mono-component polyurethaneadivesives. A
prepolymer with -NCO terminal group, which acts as an intermediate polyaddition
reaction, is formed by reacting a diisocyanate with an oliggobdktep 1). A high

molecular weight polymer is then made by reacting the prepolwitie a chain extender

(such as ethylene glycol) (Step ]2315 shown in Figure 2.9. Another similar method is

called quasiprepolymer, where an excess of isocyanatedsdusig the making of the
prepolymer. The prepolymer produced in this quasiprepolymer methotiavd!l a free

isocyanate (16-32%). This technique is usually used in flexibleupzilyane foam

.1
production.
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Step 1
2 OCN —R— NCO + HO— R'—OH

N

H O O H
| NI
OCN —R—N—C —O—R' —0O0—C—N—R—NCO

Prepolyme

Step -
H O ﬁ H
| |
OCN —R—N—C %% R'—O— C —N—R—NCO

Chain Extender (C ( O H H

| |
% *N Prepolymer —N— C —O— CE ]L
n

Figure 2.9 Prepolymer production reaction

One of the advantages of using this prepolymer method is the lower overall exotherm of

.11
the reaction.

2.3.2 One Shot M ethod

This method, another solvent-free process, is the most commonly used in
polyurethane production, due to the speed of the reaction, its stynpdicd its
economics. In this technique a master batch is prepared, which coatamgure of
polyurethane components that are not reacted with each other (sugblyal and
modifiers) and is mixed with the other reactant components (i.gasate and catalyst).

The key to this method is to have efficient mixing and perfentrol of the amount of

each component, because efficient contact between the reaetwggnts is very

important.1 The disadvantage of using this method is the higher possibilitypokexe to
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isocyanate which can cause health hazards, the expensive equipmentheguaccuracy

i , 11
needed, and the sensitivity to the operating conditions.
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Chapter 3
Effect of UV on the Catalytic Ozonation of Soy Oil to Produce Polyols

3.1 Literature Review

Petroleum based polymers find extensive applications in various iedustnd
typically exhibit excellent properties. Due to the high costrafle oil and its limited
availability, substitute materials such as biobased products xqected to play a
significant role as alternative industrial raw materialsrtfiermore, the use of such
biobased commodities should lessen the impact on the environment, provaldea st
domestic source of raw materials and potentially could reduceefteet of global
warming. Indeed, some biobased products are already being useelsascifiemicals,
construction materials, lubricants, fibers, coatings, and a host of other groduct

One readily available source of renewable biomaterial is aklgebils. These oils
contain triglycerides, compounds that are composed of three deittg joined with
glycerol. Some of the fatty acids are unsaturated, which provitige aites for chemical
reactions that can be used to prepare polyols. These biobased patythlsrcae used in
the polymerization of polyesters and polyurethanes for various irmluapplications
including resins, elastomers, coatings, and foams. One of theseares of natural

biobased polyols was based on castor oil, which contains fatty aciaog) leacondary

hydroxyl groups (Figure 3.?[)2.
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Figure 3.1: Castor OiIl

Limited production and the relatively high price of castor oil leskagchers to look at
other vegetable oils such as soybean, canola, and sunflower oitmgAtimese different
vegetable oils, soybean oil is most attractive since it is alntiada is available at a low
price compared with the other vegetable oils. Furthermore, it cordamgh degree of
unsaturation, which can be used to produce higher functionality of polyel3 ébde 3.1

for comparison of vegetable oil compositions). The triglyceridesyiean oil, however,
do not contain any hydroxyl groups (Figure 3.2) and therefore furthemical

modification is required to produce bio-based polyols from this soybean oil.

Table 3.1 Unsaturation Content of Different 8ils

Type of Oil | Soybean Corn | Castol Rapeseed
lodine value | 117-143| 103-140 82-88 94-120

Soy-derived polyols could have a significant impact in the automatdigstry since
they are a key component in the manufacturing of polyurethanesftzah are used in
seat cushions, armrests and head restraints. The automotive industryedsdisating of

$26 million by converting petroleum-based polyols to soy-based poliyolshe

production of PU foams at high vqumAéé’.he United Soybean Board reported in 2006

that the North American market opportunity for soy-based thernpbastic was about
650 million pounds compared to the annual North America market demandofiidr6

pounds. Out of all of the potential industrial uses for soy polyols, paakand other
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industries (footware, marine, etc) held 29% of the total 6500nnibounds‘rf Packaging

applications for soy polyols consist of soy-based thermoset glastiatings, adhesives

and sealants.

Palmitic Acid ~119
PN N P N\

Stearic Acid ~2-4¢

i
P N N NP P\
—0O— C—R
|<|) Oleic Acid~23.5-25¢
O
|| Linoleic Acid ~51¥%
—O0O— C—R

Linolenic Acid ~9¥%

Figure 3.2: Composition of Soybean %il

Chemical modifications of soybean oil to polyols can be conducteeviera
ways; only the common approaches will be discussed. Soybearcdriggs can be

modified by alcoholysis with glycerol, pentaerythritol, @methylglucoside that yield

primary hydroxyls upon transesterificatinghe downside of this synthesis is the high

temperature and the length of the reaction which can cause deggnadther common

methods involve the conversion of double bonds to hydroxyl groups (Figure 3.3).

Soybean oil averages 4.6 double bonds per molécEtmoxidation of the unsaturated

bonds on the fatty acids of the triglyceride followed by ring apgioif the epoxides will
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yield alcohols (B)8._11 The epoxidized soy oils produce secondary alcohols, which have

lower reactivity than primary alcohols. Similarly, multi-stppocesses are described

where the double bonds are used in hydroformylatio%z(amd ozone oxidation (C and

D)13 to yield polyols.
Ozone is known to react with the double bonds in olefins to form ozonide

) .. 14 ) ) . .
intermediates. If no other reactants are present in the reaction mixture, dresedes

are quickly decomposed to aIdehy%Peand carboxylic acid%(.‘3 The use of ozone as an

oxidizing agent has distinct advantages over other oxidizing ageist&nibwn as one of

the most powerful oxidation agents. It is produced on-site and does naerspecial
storage, as do most other oxidizing agents. Any excess ozonedhaithzeen reacted is
spontaneously decomposed back to oxygen or can be decomposed in potassium iodide
(K1) solution (Figure 3.4). Therefore there is no need to filterveagte by-products or
neutralize and then remove the neutralization products, as iagbevith other oxidizing

agents.
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Figure 3.3: Double Bond Modification Pathways

2KI+ 03+ HjO—— 2KOH+ O+ I,

Figure 3.4: decomposition of ozone to oxygen in potassium iodide solution

Conventional ozonation (Figure 3.3-C) to produce polyols proceeds by a
reduction process of the ozonide intermediates to yield polyols. Wawiis multi-step
ozonation-reduction process requires expensive reducing agents rastdeisonomical.
Instead, it was shown that ozonation in the presence of sodium metltdie methyl

esters and not the usual mixture of aldehydes and carboxydis. &uich reactions were
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. . 17 . .
previously demonstrated with unsaturated ethers, esters, and amidegsding the

reaction of methyl oleate to produce methyl nonanoate and dinmethghedioate. It was
concluded that this one-step conversion of olefins to methyl estdyasin methanol
solution appears to be general and does not depend on a required structsir@ioee

bond of the reactants. We have utilized this one-step catalytic cmotatprepare soy
oil polyols by reacting the oil with ethylene eg<7:0{Figure 3.3-D). This process appears

very useful, is relatively simple, and led to high conversions of olyvithout
saponification of the triglyceride esters.
In many cases oxidation of organic materials is more intensidegapid when a

combination of ozone and UV are used. There are many publicationsboiesa

combination of ozone and UV light primarily for modification of polyr\s;e|rfacesl.8’19

The motivation for those studies was to improve adhesion, initiate pheftorgr or to
enhance the dyeability and wettability. Generally, photolysis of ozonesoocniexposure

to 200—300 nm UV light to form atomic oxygen and molecular oxygen. Theframne

L . . . . 20 .
photolysis is affected by the light intensity as well as ozomecentration.” In this

reactive gaseous mixture (e.g. ozone, atomic oxygen and molegyigen), the atomic

oxygen is the most reactive species and will react withrwatgor to produce hydroxyl

. 21
radicals:

a+hv —» olp)

o('D) + HO —» 2 OH.
Figure 3.5: General mechanism of the reaction of ozone with UV
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The hydroxyl radicals will then abstract a hydrogen atom ftben organic polymer

chain, leaving a free carbon radical site, or they may be @asarto C-H or C-C bonds
to form hydroxyl and ether groups, respectivze%yThese hydroxyl radicals may further

combine with such carbon radicals to form a hydroxyl group or thay afstract a
hydrogen atom leaving an alkene unit in the polymer chain. Thecolaieoxygen
species may also react with a carbon radical, forming a pep@up, which then may
abstract a hydrogen atom from a neighboring carbon to form asmrxide unit.
Subsequent oxidation will then yield aldehydes, ketones, ether ofiestéonal groups
as well as crosslinks when a free radical is terminatedooyling with another free
radical on a neighboring chain. Alternatively, extended oxidation i@ag to chain
scission and the formation of low molecular weight species.

Unlike atomic oxygen, ozone preferentially reacts with olefituable bonds and the

mechanism of this reaction is not via a free radical mechamssbefore, but rather a 1,3-

dipole cyclo-addition of ozone to the double bond as foll%)f'/vs:

Figure 3.6: Cyclo-addition of ozone to double bonds

The overall reaction mechanism has been studied extensively andesaclarious

oxygen containing intermediates with structures that depend onpgbeofyolefins, the
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reaction conditions and the type of solvent used. However, it is geregated that the

Criegee mechaniszr% (Figure 3.6) adequately describes the ozonolysis of alkenes.

It is apparent that the active species and, in fact, the reangchanism itself are
quite different when ozone is used by itself or in combination withlight. In this work
the formation of polyols by catalytic ozonation of methyl soyate related model
compounds is investigated and compared with the same synthesis (éiagsidted
ozonolysis. In particular, we were interested on the effectvofight on the kinetics and

the mechanism of this polyol synthesis.

3.2 Experimental

3.2.1 Materials

Low saturated soybean oil was obtained from Zeeland Farwic&erinc.,
Zeeland, Ml and was used without further modification. Methyl ol€&®86 purity),
triolein (65% purity), and calcium carbonate (99% purity) were lmsed from Sigma-
Aldrich, St. Louis, MO. All other chemicals and reagents use@ wapalytical grade, and

were used as received unless otherwise noted.

3.2.2 Equipment and methods

Ozone was produced by passing dry air through a Praxailigamiozone
generator model OZC-1001 (Cincinnati, Ohio). The inlet air (20vpa$) passed through
a desiccant column provided by W.A. Hammond Drierite Co. LTD (Xenigg)efore

entering the ozone generator. The ozone generator was set efin®flos/ rate and 500

volt power setting. UV light was produced by a Pen@ayv lamp model 90-0012-01
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(UVP, Upland, CA). The UV light source operated at 254 nm with 4.4/<m‘5v

intensity. A 250-ml round bottom 3-neck flask equipped with magnetrerstvas used
as a reactor.

Ozone was introduced through a fine diffuser as fine bubbles through dme of t
necks and the UV light source was placed in another neck just d@beveeaction
mixture. A condenser was attached to the middle neck to exhaiat t@ntaining any

excess of ozone. Any ozone that did not react was then bubbled througbotutidn

before venting back out to the air. The reaction temperature watamed at e with

an ice/water bath.

A typical experiment consisted of adding soybean oil (10 g))estbyglycol (20
g), calcium carbonate (1 g), sodium hydroxide (0.01 g) and dichlorome(B@geg).
Sodium hydroxide was dissolved in ethylene glycol prior to the ozaealys to ensure
homogeneity during the reaction. Ozone was then bubbled through the istixtare for
a predetermined period of time and samples were collected ®weirnyutes. The effect of
UV was determined by comparing the reaction products with théghYswitched on to
the ozonolysis products with no UV. Each sample was filtered towerthe calcium
carbonate, and washed 3 times with 100 mL of distilled wateenwove unreacted
ethylene glycol. The oil phase was separated and dried oveculalesieves for 24
hours. Finally, the molecular sieves were filtered out and the dach&ihane solvent

was evaporated.
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3.2.3 Model Compounds

Methyl oleate (MO) and triolein (TO), as shown in Figure 3.7rewesed as
model compounds instead of soybean oil as described above. Heretlaganonolysis
reaction was run for 30 minutes with the UV light switched on andptbducts were
compared to an identical reaction with the UV switched off. Tharaéipn steps were
similar except that, with these model compound experiments, thedictdthane was
evaporated first. Excess ethylene glycol was separatedebtyifagation. No water
washing was conducted to prevent the loss of the water soluble, dseutar weight
products. It is recognized that omitting the water-washing stephe separation
procedure affects the hydroxyl value obtained from the titrationtaluke presence of

ethylene glycol.

i
@)
_ o i) —O—CR " Triglein
R—C—0—] Cl)
Methyl Oleate —O—C—R

R= o~

Figure 3.7 Model Compound Structures

3.3 Characterization

Infrared spectra were obtained with a PerkinElmer 2000 FTIR repeeter with
a diamond top ATR cell. Each spectrum was obtained with at leastab® to ensure a

high signal-to-noise ratio. The hydroxyl value and acid value determined by ASTM

standard methods D192547and D198C?,5 respectively. The presence of double bonds

was determined by iodine value in accordance with ASTM D%.%Wld the ester
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linkages were determined by the saponification value based oMAH962.27 Samples

for NMR spectroscopy were prepared by dissolving 50-100 mg of praad@c? ml of
CDCl3. Spectra were acquired on a Varian Unity plus spectrometeatopeiat 500

MHz. Standard acquisition parameters were used for the proton spadtra recycle
delay of 2 seconds was used for the carbon spectra. The solvent pesfenesced to

7.24 ppm and 77 ppm on the proton and carbon spectra respectively. Spaetra w

acquired at a constant temperature o5

3.4 Results and Discussion

As mentioned above, ozone is a very powerful oxidation agent. The expdsure
soybean oil to ozone in the presence of ethylene glycol and Na@iddcthe cleavage of
carbon-carbon double bonds and further reaction with the hydroxyl groups, which yielded
a mixture of polyols.

The combination of UV light and ozone during polyol synthesis was exptxte
increase the oxidation rate. Titration results from the model compdd@dand TO after
30 minutes reaction time can be seen in Table 3.2. Surprisingyafparent from these
data that there were no differences between the productsns ¢érthe disappearance of
the carbon-carbon double bonds, the amount of hydroxyl groups and esterdjnkage

indicating that the UV light does not have a significant effect on this reactio
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Table 3.2 Model Compound Study Titration Data

Methyl Oleate Triolein
Properties UV off | UVon | UV off | UV on
Hydroxyl Value (mg/qg) 336.54 331.95 352.09 346|5
lodine Value (mg/q) 0 0 0 1.5
Saponification Value (mg/qg) 243.6 243.11 23401 257.16

Further confirmation that UV has no apparent effect on this reastisrobtained
from the chemical structure of the products by NMR (NMR specan be seen in
Appendix A.2). The proton NMR spectra with and without the use of UnM hgr MO
and TO are very similar. It is further apparent that the ozoisolys all cases is
essentially complete as seen from the absence of peaks at 5.3¢pesponding to the
olefinic protons. The regions of interest along with the mole peagestare provided in
Table 3.3. Integral areas were determined relative to the niarmiethyl group as
reference. The methyl group was chosen since it is up field othal protons and thus
errors are minimized. All reactants predominantly convertedcébabs or ethers upon
ozonolysis with ethylene glycol. However, in all cases the prodisttibution was not
changed significantly by the UV light. It is also observearfrthe NMR that unreacted
ethylene glycol is present in the product since water washasgnot employed, which

most likely contributed to the high hydroxyl values listed in Table 3.2.

34



Table 3.3 Model Compound Study NMR Data

1 13
H C Functional group MO+ MO | TO+UV | TO
uv
(ppm) | (ppm)
(@)
T N\ H
50-52| 105 \ /C"W\ 6% | 8.5% 12% 4%
O0——0O
CH
46-4.9| 108 o/ o 25% | 34% 47% 58%
\—/ , other acetal
0
41-42| 65 ﬂ /gz oH 14% | 15% 6% 8%
Ny NS
o) o)
65 \
3.7-3.9 HoC CHz | other ether ) ) ) )
61 0
JVN\C OH
AN /\ e
0 C
H,
2.4 44 MCHchO 4% 8% 3% 2%

The carbon spectra for the samples confirmed the conclusions dramntie
proton spectra. Peaks corresponding to the ozonide (105 ppm), acetals (J8)8¥1)08

and carboxylic acid (178 ppm) were clearly observed. Also peakssponding to

hydroxyesters (65, 61 ppm), dioxolane £4 ppm) and unreacted ethylene glycol (63
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ppm) were seen in the spectra. The aldehydes can be obsertretproton spectrum
through the proton alpha to the carbonyl. Similarly, the carbon spsktwed the
corresponding carbon (44 ppm). Apparently, the spectra for sampleandtwithout the
UV light were similar since the primary mechanism of ti@action is ionic in nature,
whereas UV light is expected to affect primarily a radmakchanism as shown in Figure
3.5.

The effect of UV was further investigated in this catalyzed ozsimlusing
soybean oil. Here, the oil with excess of ethylene glycol aatdlyst was exposed to
ozone to produce a mixture of polyols and the products were charadtati different
times. FTIR was used to determine cleavage of the double bonds, gengareof

hydroxyl groups and the formation of the ester groups (Figure 3.8).

| “ \

Ozonized Soy O1l

@mﬁl) J
L Soybean O1l J

3650 3150 2650 2150 1650 1150 650

Frequency (cm-1)

Absorbance

Figure 3.8: FTIR result of Ozonized Soy oil (Top) and Soybean Oil (Bottom)
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It is apparent from these spectra that ozone readily attacked the doublebdnis new
chain-ends reacted with one of the hydroxyl groups of the ethghyeel through an

ester linkage (Figure 3.9).

HO O
O—
P @)
OM \/\OH
o— © o ¥

Figure 3.9: Catalyzed ozonation of unsaturated fatty acid in lgceigde with ethylene

glycol

The disappearance of the double bonds at 3006 amd the appearance of a

broad hydroxyl peak around 3400 _(::Lmas the ozonolysis reaction progressed were

clearly observed. However, no apparent effect of UV was observégesa variables.
Figures 3.10 and 3.11 show the double bond reduction curve and an example of the

deconvoluted double bond spectrum, respectively.

37



1.oﬁ_

12
ol !
L i & UV Off
> 08 | *
a | B UV On
o
o
S 06 | n
e
()
(2
T
[ 0.4 B
0
m
Q2
202t
0
(a]
O-O L L L L L L +
0 5 10 15 20 25 30
Time [min]

Figure 3.10: Double bond reduction comparison between UV on and UV off
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Figure 3.11: Deconvoluted double bond spectrum of Soybean Oil (Top), Deataavol
double bond spectrum of soybean oil after 30 minutes ozonolysis wittBottom) (For
interpretation of the references to color in this and all othardgy the reader is referred
to the electronic version of this thesis)

In order to better identify the reaction products and ensure tharoleict was
not simply a blend of ethylene glycol and ozonized soy oil, thex esgjion in the FTIR

was expanded and deconvoluted (Figure 3.12).
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Figure 3.12: Ester peak of Soybean Oil (Left), Deconvoluted psigk of Soybean oil

after 30 minutes ozonolysis with UV (Right)
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It is observed that the new ester linkage of the new chain-ends layldnet glycol
appears as a shoulder on the original ester peak between tembimd the fatty acids
in the triglycerides. The deconvolution allowed us to separate thebedian of the new
peak and determine its relative area. It is apparent (Figure tBdt3he area of this new
ester peak is directly proportional to the extent of the reactwincating that the ester
linkage is indeed due to the reaction of ethylene glycol withéwe chain-ends of the

fatty acids. However, the UV has essentially no effect on the rate of @stetion.
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Figure 3.13: Ester functional group formation between UV on and UV off

Similar results were obtained from the titrations to deterrttieeiodine values,
hydroxyl values, saponification values and acid values (Figure 3.14-3dé&ctvely) all

indicating no effect on the rate of the reaction due to the UV.
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Figure 3.14: lodine Value Titration Results
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Figure 3.15: Hydroxyl Value Titration Results
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Figure 3.17: Acid Value Titration Results
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The titration results were consistent with the FT-IR analgsisvell as the model
compound study. The reduction of double bonds that was observed with thafdIR
guantified with iodine value was proportional to the increase in lytinalue. The
iodine value was used to measure the amount of unsaturation presemgdiithey/l value
was used to measure the concentration of hydroxyl groups pr@senteduction of
double bond and the increase of hydroxyl were expected in a polyol signfiteen soy
oil ozonolysis process. The water wash step during the ethglgoal separation was
conducted with dichloromethane present; therefore, a small excestybéne glycol
might be present in the final soybean polyol samples, and the lowcutalaveight
molecules were washed away.

The saponification value measures the free acids and saponifisdregesips.
The slight increase of the saponification value over the ozonolyssitdicates that the
ozone did not cleave the triglyceride bond, which will lower the amafingster
produced. The ozone attacked the double bond to react with ethylenetglycobuce
esters. This interpretation is supported by the increase in saptaii value and no
change in acid value.

It is well known that low UV wavelength light (~185 nm) leadsdmfation of
ozone from oxygen. However, in this set of experiments 254 nm UVWightused. UV
light in this wavelength is known to react with ozone to yietomt oxygen as shown in
Figure 3.5, which was expected to increase the rate of theioreattowever, no
significant difference was observed. Possible explanations drthéhaxidation reaction
between ozone and the double bond was faster than the reaction bewvaad ozone,

and that the primary mechanism of the reaction is ionic wheneddV light is expected
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to affect radical mechanisms. Thus, essentially all the oporduced reacted with the
double bonds independent of the UV light. Another possibility is that thasiy of the
UV light was not sufficient and therefore the effect was mali In general, photolysis
reactions are strongly dependent on the intensity of the light sanccéhe distance of
the source from the reaction medium. If this is the case here, experiments may be
needed with higher intensity UV light in order to verify the “ndeef’ conclusion

observed with our data.

3.5 Conclusion

The study shows that adding UV to complement the catalyzed ozisnofysoy
oil and ethylene glycol to produce polyols did not change the rate ok#ation. The
same conclusion was obtained whether soy oil or model compounds (e.gadViBDa
were used. However, the simpler structure of the model compoundsl hedfge better
identify the products of this complicated reaction. Irrespectivih@fexact mechanism,
the catalyzed ozonolysis reaction appears to be useful in the Sgntigolyols from
soybean oil. The polyols thus produced were characterized by iodine, wahich
confirmed the cleavage of the double bond due to the ozone attack;difoeythyalue,
which confirmed the presence of OH groups; and the saponification wahieh

confirmed the reaction linkage of the oil with ethylene glycol.
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Chapter 4

Synthesis of Bio-based Polyurethane
4.1 Literature Review

Polyurethane, a versatile polymer, can be produced in forms ofkwe#rjo very
hard materials with a wide range of flexibility. Polyuretbsrare prepared by reacting
polyols and isocyanates. There are concerns about toxicity invaitvealyurethane
production particularly since phosgene is used in isocyanate productioesaged in
the introduction, and some of the isocyanate itself in polyurethaneigtima Those
concerns have led to development of alternative methods of polyurethaiiesss.
Another concern is related to the use of dwindling petroleum resow tesia materials
in polyurethane production. Therefore, the alternative methods of pttame synthesis
that are covered in this chapter will include isocyanate-fregphandgene-free methods.
A biobased di-ester model compound was also used in this studgtasirag material.
The results of this study are expected to be used as a tapioduction of bio-based

polyurethanes.

4.1.1 Bio-based Polyurethane

The synthesis of linear polyurethane includes the formation ofolyrepr,
followed by a chain extending reaction. As described in the previoygech#éhe raw
materials used in the production of polyurethanes, such as polyokydirsate and chain
extender, determine the properties of the final polyurethane producerbusnbiobased

polyurethane products are prepared by combining petroleum-based nistecyand

biobased polyol%.These biobased polyols can be derived from renewable resources such
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as carbohydrates, lignin, and vegetable oils. Molecular weightokyldnumber and
functionality requirement of biobased polyols thus produced are impantasrter to
compete with the petroleum-based polyols.

The utilization of castor oil for polyurethane production has beatiest. The

properties of polyurethane produced vary with the isocyanate index useti, aifects

. . . 2,3
the glass transition temperature, tensile strength, and degreelonfation.’

Commercial biobased polyurethanes that are formed by casywolyil have been used

in telecommunications, electrical, and biomedical applications. Theunethane

. . . : . 1
produced from castor oil has good insulation properties, and good reaististance.

The formulation of biobased polyurethane derived from other plantsuitd) as soy-
based polyols, has similar advantages. The flexibility/rigiditgadyurethane produced is
determined by the ratio of the hard segments to the soft segnidr@sdegree of
crosslinking is determined by the degree of functionality oh@acnomer. The hydroxyl
value determines the required amounts of isocyanate and water.

As mentioned in Chapter 3, soy polyols can be prepared by differetitods,
hydroformylation, epoxidation, and ozonolysis. Detailed studies of pohamet
properties prepared by such methods with petroleum-based isocyanatebéen
conducted. Polyurethane produced from hydroformylated and hydrogenatedizgabxi
soybean oil polyols with the same functionality were compared. Rolyaduced by

hydroformylation are more reactive in forming urethane linkages pladyols produced

from epoxidation‘? Polyurethanes produced from polyols prepared by the epoxidation

route are more rigid and have better mechanical propertiesatkei dangling chains
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in polyols prepared by the ozonolysis method produced polyurethane with good

properties and highergT(glass transition temperatureDetailed investigations of the

foam properties of polyurethane derived from soybean oil polyols hksee keeen
published®®

Studies have been conducted concerning different polyurethane properties
obtained from different ratios of diisocyanate to polyols, ad a®ldifferent types of

. 9:11 : . . . .
isocyanates used.” The ratio of isocyanate, with functionality more than two, to

hydroxyl groups affects the crosslink density of the polymer produdadh also affects

the Tg. Polyurethanes with the highesg &re produced from aromatic triisocyanates,

followed by aromatic diisocyanate, aliphatic triisocyanate, and alipth@imcyanate.

As mentioned, all the studies above were conducted using petroleumdderive
isocyanate. Nevertheless, renewable resources have proven xoelleng alternatives
capable of providing a wide range of polyol properties. As covier@revious chapters,
biobased polyols derived from soybean oil offer a wide variety loémical

modifications, and provide a valuable, inexpensive and abundant source of raw material.

4.1.2 | socyanate Synthesis

Isocyanates are very reactive compounds. They are derived frooiepm
resources and require the use of phosgene during their production. Phosgdodess

gas, reacts with amines to produce isocyanates. (Figure 4.1)
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O O
|1 I
R—NH, + C— C —ClI —> R—NH— C —CI + HCI

Phosgene
it
R—NH— C Cl —> R—N—C —/0 + HCI

Isocyanate

Figure 4.1: Isocyanate Synthesis
The high toxicity of phosgene, the high concentrations of the corréBleby-product
and the inherent risk involved in the isocyanate synthesis furtheribzdad to the
interest in development of an alternative method to produce isocyandnéague

approaches to eliminate the use of phosgene in isocyanate productingei

N : 12 . . 13 .
diisocyanate synthesis from fatty améssocyanate synthesis from soybean o#dnd

. . 7
direct synthesis from carbama]te.s

Isocyanates derived from fatty acids that are availablermmally are based on

dimers of the fatty acids. These isocyanates contain danglimgsctinat will result in

further crosslinkingl.2 In another study of isocyanate production from fatty acid, fatty
nitrile and unsaturated nitrile were converted to a dinitdenpound, and then reacted

with diamine to form diisocyanag‘éA recent study to produce isocyanate from fatty
acid (oleic acids) used the Curtius rearragerrl12er|l11. this study the isocyanate synthesis

was based on catalytic thermal decomposition of carbamateatiegy of biobased di-

esters.
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4.1.3 Alternative M ethods of Polyurethane Synthesis

Some isocyanate-free methods have been investigated. Polyuretuanee
obtained by reacting the cyclic derivative of carbonic agidlic carbonate) with amines
that yield urethane linkages and hydroxyl groups. Figure 4.2 isegample of the

polyaddition reaction between bis(cyclic carbonate)s and diamines raduge

poly(hydroxyu rethanejjfls'19

jog
O\< HoN” \NH

2

0 R o NN
OH OH H H
n
Ho OH ]
0 o 4
PN J R
o o NN
H
2 In

Figure 4.2: Isocyanate-free Method of Polyurethane Synthesis with Garlbonate

In another alternative synthetic method, aliphatic polyurethanes w&pared by a

chain-growth reaction followed by a ring opening polymerizatioralgfhatic cyclic

20-24 L . o .
urethanes; Such cationic ring-opening polymerization led to trimethylerethane

and tetramethylene urethane. Alternatively, amino alcohol weatett with two

equivalents of phenyl chloroformate, and the resultinghenyl urethane»-phenyl
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carbonate was then treated with additional starting amino alcohdiactn di-tert-

butyltricarbonate is known as a versatile and mild reagent in gygdbeses. AB-type
aromatic poly(oxycarbonylimino-1,4-phenylene) was synthe%?zdmy pyrolysis of

phenyl N-p-hydroxyphenylcarbamate as shown in Figure 4.3.

H i H ]
N (@) N
T O— X
™~
H O
O = - Nn
Figure 4.3: Preparation of poly(oxycarbonylimino-1,4-phenylene)

Two methods of isocyanate-free polyurethane preparation from diamine, diols and
ethylene carbonate as a phosgene substitution method and polyuptizaration from
carbamate will be covered in this study. Details of the propresetions and methods

will be discussed below.

4.1.4 Model Compound

Dimethyl azelate, diester that can be produced from ozonatedglrokthte, was
used as a starting material in this research. Dimethyhtazis a useful starting material
for model polyurethane synthesis since it avoids the complexitgatiyof bio-based raw
materials structures that often contain a mixture of compoundstbyirazelate, on the
other hand, is a well defined reagent that contains only two estepggwhich can be
reacted to form a di-functional prepolymer.

Ozonolysis of this biodiesel model compound (methyl oleate) is eghdot

produce two esterzsf? methyl hexanoate and dimethyl azelate. (Figure 4.4)
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= |C| /O\CH3

Catalyst
l MeOH
i ] I
|
/\/\/\/\C/O\CH3 + H3C/O\C’\/\/\/\C H,

Methyl Hexanoat Dimethyl Azelat
Figure 4.4 Ester products from ozonolysis of methyl oleate

4.1.5 Proposed reaction

4.1.5.1 Amidation reaction
An amidation reaction replaces the hydroxyl group in the termiagbogyl

groups with an amide group. Examples of the application of the aomdaaction are
the reaction to produce aniline from nitrobenzene and the synthesis afmpddyfrom
ester.

The first step is to react the ester group with diamine suclotitatone amine is

reacted to form an amide, with the other amine group availabléufther reactions

(Figure 4.5).
i L NH
\O/\/\/\/\/\O/ +NH2/\/ 2
Catalyst
75C
i i
I
CH3 OH + H2N\/\N/\/\/\/\/\N/\/ NH2
H H

Figure 4.5 Dimethyl azelate amidation
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4.1.5.2 Carbamate Synthesis
Carbamates are known as protecting groups in organic chemistigulpaly in
. 27-29 . L
peptide synthesis. ~—~ The conventional process of carbamate synthesis is based on
phosgenation. Alternative routes for carbamate synthesis inveaatimg amines with

. ., 30,31 . .
alkyl chloroformate in the presence of base or some Lewids.aci  Similarly

alkoxycarbonylation of amines to carbamates has been proposedabggtrearbon

monoxide, alcohols or organic nitro compounds in the presence of platnoum metals

2,33 . .
as a catalys?f. Several catalysts are known to enhance the reaction of amtime
, . 34 . .
chloroformates to yield carbamates; examples include zirimethylcarbonate with
. .. 35 . ... 36 o
lead derivatives’, and tin derivatives. The catalyst that was used in this study was

.37 . . . .
alumina . This catalyst was chosen because it does not generate sakadtien is

simple, and additionally the catalyst is cheap, safe and can bedrafter thermal
activation.

Carbamate, also called urethane, is the monomer of polyurethartgan@tes
were prepared by reacting the product from the amidation reagtigare 4.5) with

dimethyl carbonate. Details of the proposed reaction can be seen in Figure 4.6.
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R ¢ —NH—CH, —CH, NH- o~

CH3 + H3C —OH

Figure 4.6 Carbamate synthesis

4.1.5.3 Isocyanate Synthesis

One alternative method to synthesize isocyanate is based amathe
decomposition of carbamates with an appropriate catalyst. Maalystat have been

suggested in the literature, including zinc, copper, aluminum, titanium, carbon gnolups a

. . . . . 38,39
their oxides, and rare earths, antimony, bismuth and their oxides.

Uriz et al. investigated an alternative method of synthagirocyanate from

carbamate. In their study, montmorillonite K-10 was shown to befactigé catalyst for

. . .40
the dealcoholysis process of carbamates to isocyanates (Figure 4.7).

)
I MM-K10

R—N——C —O—CHBT> R—N—C—0 + CH;OH
Figure 4.7 Dealcoholysis process of carbamate

The reaction is initiated with the protonation of the carbonyl group;hwthien yields an

ionic intermediate followed by the elimination of the amidic pnoto form the desired
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. 40 . .
isocyanate.” The reaction must be run at elevated temperatures in ordemtwive the

by-product (methanol) from the reaction mixture.

4.1.5.4 Polyurethane Synthesis from Carbamate

L. Ubagé11 has reported that polyurethane can be synthesized by

polycondensation of bis(phenyl carbamate)s with ethylene glyb@®. procedure can be
applied to the carbamate produced from the previous reaction, withoih@spd reaction

shown in Figure 4.8 below.

H 0 0 H
u ] OH
NN NN, o
0 H H 0
Catalyst
80C
H 0 0 H
| N0~
/\[\K s N m
0 H H 0

Figure 4.8: Polyurethane synthesis from carbamate

4.1.5.5 Polyurethane Synthesiswith Ethylene Carbonate
Rokicki and Piotrowsk‘}';l2 investigated an alternative polyurethane synthesis

using ethylene carbonate as an alternative to phosgene. Theyedeporcess in
synthesizing polyurethane without the use of isocyanate or phosgbeedetailed

reaction beginning with the amidated product of dimethyl azelate is shoviguire &.9.
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Figure 4.9: Polyurethane synthesis by the reaction of amine with m¢hgdebonate

The prepolymer produced has functionality of two; therefore lipeburethane will be

produced in this model compound study.

4.2 Experimental Section

4.2.1 Materials
Dimethyl azelate (80% purity), ethylene diamine, dibutyltin wiéde, and

dimethyl carbonate were purchased from Sigma-Aldrich, St. Louis, Bamma alumina
was purchased from Inframat Advanced Material LLC, Manchesiér, All other
chemicals and reagents used were analytical grades, and wdr@asiseceived unless

otherwise noted.
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4.2.2 Equipment and M ethods
4.2.2.1 Preparation of Azelaic acid bis-[(2-amino-ethyl)-amide]

A typical experiment was conducted by mixing dimethyl azglai® mol), with
an excess of ethylene diamine (2 mol) and 2% by weight of dibutyltin digaratthree-
necked round bottom flask. A Dean Stark trap apparatus and a \watknser were
attached to one of the necks. A thermometer and a nitrogen purdgetbialet were
attached to the remaining two necks. The reaction temperaturmaiagined at 7.
This reaction is reversible; therefore, heating is required during tbgoreéo remove the
by-product methanol. During the reaction, the methanol was collectéte iDean and
Stark trap. At the end of the reaction the amount of methanol cdlleae determined.

Unreacted ethylene diamine was then removed by distillation.

4.2.2.2 Carbamate Synthesis

Azelaic acid bis-[(2-amino-ethyl)-amide] (0.05 mol) from thewee reaction was
reacted with a large excess of dimethyl carbonate (1 maly ysalumina as a catalyst in
a three necked round bottom flask. The experimental set up waargionihe amidation
reaction described in section 4.2.2.1. The reaction mixture was reflorxéé hours and
the methanol by-product was collected in the Dean and Stark traéipe Ahd of reaction,

unreacted dimethyl carbamate was removed by distillation.

4.2.2.3 |socyanate Synthesis

Isocyanate was synthesized from carbamate by thermal decdomodihe
product from the carbamate synthesis described in section 4.2.2.2 wasteubriee

isocyanate by utilizing montmorillonite K-10 as a catalystcdliee was used as a
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solvent in the reaction. The mixture was heated toOCLQ'Or 24 hours. After 24 hours,

the decaline was removed by vacuum distillation.

4.2.2.4 Polyurethane Synthesis from Carbamate (isocyanate-free method)

Polyurethane was produced directly from carbamate. The catdg@noauct from
section 4.2.2.3 was reacted with ethylene glycol, which actedchaia extender, with
mol ratio of 2:1. Dimethyltin dilaurate (2% by weight of carbtehavas used as a
catalyst. The reaction was conducted in batch set-up in a threeawew bottom flask

equipped with Dean Stark apparatus. A nitrogen blanket and thermoneséeattached

on the remaining two necks. The reaction was maintained % 8thd stirred

continuously as the polymerization progressed and the viscosity increased.

4.2.2.5 Polyurethane Synthesis from Ethylene Carbonate

This method consists of two steps, the formation of prepolymer tinenamine
product and the polymerization of this prepolymer. In the first ste@rthéated product,
azelaic acid bis-[(2-amino-ethyl)-amide] described inisact.2.2.1, was reacted with
ethylene carbonate at a 1:2 mol ratio using methylene delas a solvent. The mixture

was stirred continuously at room temperature and the end of th®neaas determined

by the disappearance of the 1800_lcmleak in the FT-IR spectrum. Methylene chloride
was then removed by distillation. This intermediate was thennpoiyed in a three
necked round bottom flask equipped with a Dean Stark trap and a water @ndens

thermometer, and glass stopper, with xylene as a solvent. The ssh®osed to reduce

the viscosity and to advance the reaction to produce high molecuigtvpslymer.
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Ethylene glycol was produced as a by-product and was collected in the Deaineptas

the reaction proceeded. The mixture of xylene and ethylene dtywoéd an azeotrope

with a boiling point of 145-15C. The xylene solvent was removed by distillation at the

end of the reaction.

4.3 Characterization

Infrared spectra were obtained with a PerkinElmer 2000 FTittspneter
equipped with a diamond tip ATR cell.
NMR spectroscopy (proton spectra) was obtained using a Varian Inova

spectrometer operating at 300 MHz. Unless otherwise stateshrafiles were prepared

by dissolving 50-100 mg of product in 0.7 ml of CRCIhe solvent peak was referenced

at 7.24 ppm. All spectra were acquired ales

Gas chromatography was used to characterize the mixture produged each

reaction, using a HP 5890 Series Il GC, with Supelco Pta-5 column®025mm i.d.),

film thickness 1um, and helium as the carrier gas. The GC temperature wat 5@C
initial temperature, with 24T /min ramp to a final temperature of 3m
Amine value titration was conducted per ASTM standard D%%)?dh the

amidation end product. Hydroxyl value was conducted per ASTM method 6‘&%7

the prepolymer in the ethylene carbonate polyurethane synthes.(DiEerential

Scanning Calorimetry) analysis was conducted on the polymers pthdugiag a TA

Q2000 DSC and aluminum sample pans. The experiments were rUFCAID heating
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rate, and 50 ml/min nitrogen flow. TA universal analysis sokwaas used to analyze

the experimental data.

4.4 Resaults and Discussion
4.4.1 Amidation Reaction Results

The reaction between dimethyl azelate and ethylene diamiheawtin catalyst
was expected to produce a compound with two terminal amine groupsFTIRe
spectrum of the dimethyl azelate and the bis-[(2-amino-Je#ingide] derivative from the
amidation reaction is shown in Figure 4.10.

The FTIR spectra show a shift of the characteristic catb@@wO) band from

1730 to 1630 cr_r% and the disappearance of the band at 12(5(]J canresponding to C—

O stretching. These two bonds represent the ester linkages of te¢hylimzelate
structure. The shifts are caused by the formation of amides the ester groups in the

reaction with ethylene diamine. Furthermore, the formation of gtsiretching and

bending bands located at 3290_%rand 1550 cr_nl , respectively, are characteristic of

N—H groups obtained from the amidation reaction as shown in Figure 4.5.

The complete conversion was further confirmedlblyNMR spectroscopy. The
1H NMR showed the peaks corresponding to the hydrogen efdfidched to the ester

group (~2.3ppm) were shifted to ~2.1 ppm after the amidation reaction. Tl%bl NMR

spectra of the dimethyl azelate and the amidation product caedrein appendix B,
Figure B.1 and B.2, respectively. The by-product of this reaction methanol. The

presence of methanol was confirmed by GC (retention time = 1.736 minutes).
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Figure 4.10 FTIR spectra of amidation product of dimethyl azétam and dimethyl

azelate starting material (bottom)

Amine value titration was conducted to determine the equivalent amount of
amine. The theoretical amine value of the amidated product is 412KQhkgg. The
total amine value that was calculated based on ASTM standard D2@7I3 amidation
product was 347.8+26.0 mg KOH/g sample. It is apparent from the abovédatae

amidation product of dimethyl azelate was successfully obtained.
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4.4.2 Carbamate Synthesis

The carbamate derivative was synthesized from the bis-[({@sagthyl)-amide]
of azelaic acid by reaction of the terminal amines with giethloroformate. The FTIR
spectrum was obtained from the carbamates produced (Figure 4.11).

The FTIR spectra of the carbamates produced show a new ehistacpeak at
1700 crr'l1 which corresponds to the stretching band of the C=0 group caused by the
reaction between the amine and dimethyl carbonate (Figure 4&)né peak around

1200 crﬁ1 is consistent with the existence of C—O stretching regiam the dimethyl

carbonate structure. The stretching vibration of N—H at 334@1 @nists for both
structures, the amidation product and carbamate.
1 . .
The "H NMR spectroscopy for the carbamate produced was in accordathice

the structure proposed. The spectra can be seen in Appendix B, Bi§urehis NMR

spectrum showed the disappearance of the peak at 2.7 ppm, whickenepréhe

hydrogen in CH of diamine and then shifted to 3.32 ppm due to the reaction with

dimethyl carbonate. New peaks also appeared at 3.68 ppm, which neépteésemethyl
group at the end of the carbamate structure. Another indicatiorhéhptdposed reaction

occurred as expected was the formation and removal of methanol by-product.
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Figure 4.11 FTIR spectra of carbamates product (top) and amidatidangbrof dimethyl

azelate (bottom)

From all the results above, it can be concluded that the carbamastesuccessfully

produced from the amidation product of dimethyl azelate.

4.4.3 | socyanate Synthesis

The isocyanate was synthesized by thermal decomposition afatbamate produced.
The decomposition was conducted in the liquid phase at higher temperatresIR
spectrum of the end product after the thermal decompositionaeastshown in Figure

4.12.
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The small peak around 2200 _c}m)f the thermal decomposition product spectrum

is a distinct peak related to the stretching vibration of theyaswie group (N=C=0).
The presence of this peak in the end product spectrum indicatébehabcyanate was
successfully produced during this thermal decomposition reactiorortunétely, the
magnitude of the peak is much smaller than expected, indicating &esyiThis poor
yield could be due to the fact that isocyanate is a verytiveacompound and reacted
with moisture after it was produced or it further reacteith vearbamate to form
allophanate. To suppress these side reactions, the reaction vesdedemt higher
temperatures. However, although methanol was collected in the Dadn t&p as
expected, the yields were still low. Therefore, due to the losidyof isocyanate
produced in this reaction, it was decided to prepare high MW polyaeettigectly from
the methyl carbamate intermediates. An alternative methsdaisa investigated. These

results are discussed in both sections below.
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Figure 4.12 FTIR spectra of thermal decomposition product (top) anchtatdsproduct

(bottom)

4.4 Polyur ethane Synthesis from Carbamate

Polyurethane was prepared from the carbamate intermediatetmin extending
reaction with ethylene glycol. The FTIR spectrum of the polyxare produced by this
route is shown in Figure 4.13 below. This reaction produced the desiseagibhne. As
mentioned above, carbamate is the monomer of polyurethane; therefof€eTifRe
spectrum produced was very similar, since the same functional gexigisin both

compounds.

The lH NMR spectra of the polymer produced are shown in Appendix B

Figure B.4. ThelH NMR spectra of the polyurethane produced were compared with the
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spectra of the carbamate starting material. Since theamete is the monomer of
polyurethane, the NMR spectra showed similar peaks. A nek gkeawed on the
polyurethane spectra around 4.2 ppm, this peak represents the hydtagkadato the
methylene of the ethylene glycol that reacted with thbazaate. An extra peak around
3.8 ppm indicates unreacted ethylene glycol present in the mixture. Deterrhimiexgict
amount of ethylene glycol used is one of the challenges in ttitsotheEthylene glycol
has a high boiling point, which makes this compound difficult to remove fitan
mixture. The presence of ethylene glycol even in small amoulfitsignificantly reduce

the molecular weight of the polymer produced.

Absorbance

! T T ! T T

3650 3150 2650 2150 1650 1150 650
Wavelength (cm-1)

Figure 4.13 FTIR spectra of polyurethane produced (top) and ester-carbaaréites st

material (bottom)
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Differential scanning calorimetry was used to analyze the palynd product.

Figure 4.14 shows the result of the heat flow versus temperatwesalbtained from the

polyurethane sample. The glass transition temperatgjeofTthis polymer was around -

23.9°C and melting temperature was f1

S =
tn N
| |

Heat Flow (W/g)
n

-3 1 43.14 °C
35

'4 | | |
-100 -50 0 50 100
Temperature (°C)

Figure 4.14 DSC result for polyurethane from carbamate

4.5 Polyurethane Synthesiswith Ethylene Carbonate

Another synthetic route to polyurethane without utilizing any ianaje was
examined. This polyurethane synthesis method in which polyurethanediveasly
produced from the amidation product of dimethyl azelate wam@les process than the
previous method. Details of this reaction are shown in Figure 4.8FTH® spectra of
the polymer produced by this method were compared to the FTIRraspaicthe

polyurethane produced from ester carbamate. These spectra are shown in Figure 4.
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Figure 4.15 FTIR spectra of polyurethane produced with ethylene carbonate (top) and

polyurethane produced from ester-carbamate (bottom)

Based on the FTIR spectra, it is apparent that the polyurethane ptdgubeth methods

had the same functional groups. The structure of the polymer whasrfaonfirmed with
1H NMR spectroscopic analysis (Appendix B, Figure B.5). 11hle NMR spectrum

showed peaks at 4.1 ppm and 3.3 ppm, representing the hydrogen on the hywlenaet
groups of the ethylene carbonate that attached to the amutanted he peaks at 2.76
ppm that represent the hydrogen attached to the methylenexittat @ the amidation
product NMR spectra were reduced, but still appeared, which indacatenreacted
amine, and a new peak at 3.67 ppm represents the same hydrogen boathylane

already attached to the ethylene carbonate group. The smalapdak ppm shows the
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hydrogen attached to the methylene group after the removdiydéree glycol necessary
for the monomer to polymerize. This shows that the polymerizationreccand a high
molecular weight of polymer was produced. This proposed method hasdskpsrfrom
converting the starting material to polyurethane and can be usgulepare high

molecular weight polymer
The glass transition temperaturgyYBnd melting temperature J values of this
polyurethane were obtained from DSC (Figure 4.16). The polyurethxhitgted a glass

transition temperature of 4035 and melting point of 128.56.

-1 A 40.85 °C

Heat Flow (W/g)

128.55°C
—8 I I I I I I

-100 -50 0 50 100 150 200 250
Temperature (°C)

Figure 4.16 DSC result for polyurethane produced with ethylene carbonate

Based on the end product results from both methods, it was cleagiywethghat
both methods successfully produced polyurethane. There is greababitity of the

polymer resulting from the carbamate method containing impuritiesgodhe additional
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steps required. Each step in this carbamate method was als@édmseming. It was
harder to obtain a high molecular weight of polymer with the carteamathod due to
the requirement of a specific amount of ethylene glycol additiotheopre-polymer
mixture. On the other hand, the polyurethane synthesis method with etbglboeate is
a much faster process, it contains fewer steps than thar@denethod and it produced

higher purity polymer.

4.6 Conclusion

In order to avoid the use of hazardous monomers such as phosgene and
isocyanates, alternative polyurethane synthesis methods werdigatezs Dimethyl
azelate was used as a model compound to produce polyurethanesdiyeneat routes;
the first method involves chain extension reaction of a carbamaemidiate with
ethylene glycol and the second method involves formation of urethaspolyreers by
the reaction of terminal amines and ethylene carbonate followee-&quilibration. The
data indicate that high molecular weight polyurethanes can besstudbe produced by
either method starting from dimethyl azelate. Two differenttisstic isocyanate-free
polyurethane synthetic methods were also investigated. The polyursirghesis using
ethylene carbonate is a more direct approach to production of polyurethaneseffinid m

is, therefore, recommended for further study of bio-based polyurethane synthesis.
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Chapter 5

Conclusions

The urgent necessity to develop and improve new synthetic routes hesyat
polymeric materials from renewable resources has driveraa gmeount of research. The
renewable resource based polymers have economic and environmentalsbenefi
Polyurethane has two main building blocks, polyols and isocyanateaggidipolyols are
available commercially. Ozonolysis is one method that can be ugeddoce soy-based
polyols.

One study was done to evaluate the effect of ultraviolet (igitf) to improve the
synthesis of soy-based polyols with ozonolysis. The study showeddtiion of UV to
complement the catalyzed ozonolysis of soy oil and ethylen®lgiygproduce polyols
did not change the rate of the reaction.

In the study of this thesis, two methods were used to synthesizeaded
polyurethane. The simpler structure of a model compound, dimethytegZetdped us to
better identify the products of this complicated reaction. Basetieomnesults, it can be
concluded that polyurethane can be successfully produced from dinagtigte. Two
different synthetic isocyanate-free methods to produce polyueetiveine successfully
demonstrated. The polyurethane synthesis method using ethyleneatarisothe more
direct and preferred approach to the production of this polymer. Thikothes,
therefore, recommended for further study of bio-based polyuretlatteesis. For future
work, other chemicals like biodiesel can be used as startingiahatereplacement of

dimethyl azelate with the recommended method above.
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A. 1. FTIR Spectra of Soybean Oil Ozonolysis
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Figure A.1 FTIR results of soybean oil ozonolysis with UV
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Figure A.2 FTIR results of ozonolysis of soybean oil without UV
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A.2. NMR Spectra of Model Compounds
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Figure A.313C NMR spectrum of methyl oleate — ozonated with ethylene glycol with U¥. ligset shows the spectrum of the
product without UV light
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Figure A.513C NMR spectrum of triolein-ozonated with ethylene glycol with UV lighselt shows the spectrum of the product
without UV light
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product without UV light
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Figure B.11H NMR spectrum of dimethyl azelate
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Figure B.21H NMR spectrum of amidation product
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Figure B.31H NMR spectrum of carbamate
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Figure B.41H NMR spectrum of polyurethane from carbamate
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Figure B.51H NMR spectrum of polyurethane synthesized with ethylene carbonate
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Figure B.71H NMR spectrum prediction of amidated dimethyl azelate
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This section describes the background to techniques used to analyzedtipeoducts
guantitatively and qualitatively in this thesis experimentation.esmlspecified, the

details discussed in this section are applicable for all the analyses tsmhduc

C.1 Fourier Transform Infrared (FTIR) Spectroscopy

FTIR, a single beam system, is a common analytical techniguieh utilizes

infrared (IR) radiation to determine the different functional granpsach compound. IR

radiation falls between wavelengths of 0.78140.1 When the IR radiation contacts

molecules, the functional chemical group absorbs the radiation and gsodugnique
vibration mode (stretch, bend and contract). The intensity of absoiptidetected by
infrared spectroscopy. The spectrum produced from this method gives abspgtion
results. The correlation between the wavelength positions aficaecompounds can be

used to identify functional group content. A major advantage of kItRe possibility of

. . . . 1
multiple scans of the sample to increase the signal to noise(&N). All the spectra

provided in this thesis were scanned with 16 scans.

Attenuated total reflection (ATR) was used for analysididha spectra provided
in this thesis. ATR-IR utilizes a high refractive index tayswhich allows IR absorption
measurement of non-transparent materials. Good contact with thertapesof the ATR
crystal and the sample allows the infrared penetration intcsaingple and reflection

within the crystal several times.

C.2 Hydroxyl Value

Hydroxyl value is an important characteristic of polyols tlsatexpressed as

milligram (mg) of potassium hydroxide (KOH) per one gram arhple.2 This number
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represents the amount of terminal hydroxyl groups available par gf polyol, which is
required to determine the amount of isocyanate needed in order to thdjusolecular

weight of the polyurethane formed. A titrimetric method based on AStandard

D1957 was used to determine this va?fuﬁhe hydroxyl group is reacted with an organic

anhydride, such as acetic anhydride to form acetic acid. uhineacted anhydride is
hydrolyzed with water at the end of the reaction and the aceiit @oduced is
neutralized by a known normality of potassium hydroxide. The detakection can be

seen in Figure C.1 below.

0
IL_cn O 0
R—OH + O ? — = R0-C<CH, + HC— C —OH
H
| 3 o
o o [

I -

Figure C.1 Hydroxyl Value Reactions

The volume of potassium hydroxide needed to neutralize the migaurebe
calculated as the hydroxyl group content of each compound. Free acidtpresiee
sample will also produce some hydroxyl number during the titratigincan be corrected
during the calculation of the final hydroxyl number. A blank is gispared to measure
the amount of KOH required without any sample present. Theditsatvere conducted
potentiometrically due to the dark color of the product solution afitetylation. The
formula used for hydroxyl value (H.V.) calculation can be seen Inb€low, where B is
the KOH needed to titrate the blank (ml), S is the sample wsdd/droxyl titration (g),

A is the KOH needed for acid value titration (ml), C is the @anused for acid value
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titration (g), V is the KOH needed for hydroxyl sample titlmt(ml) and N is the

normality of the KOH used for both acid and hydroxyl value titrations.

B+(%)—V
H.\/.=+XNX56.1 C-1

C.3 Acid Value
This method is used to measure the amount of free acid in theesaujal value

is defined as the amount of potassium hydroxide (KOH) in milligrasquired to

. - 4 . . .
neutralize the acidity of one gram of sampl€he sample is dissolved and titrated with

potassium hydroxide solution. Phenolphthalein is used as the end-pointandidae
solution of 0.1N KOH was used for this color titration, to achieve aempoecise end
point. The formula to calculate acid value (A.V) can be seendrb€low, where S is the
volume of KOH needed for titration of the specimen (ml), Bhis volume of KOH
needed for titration of the blank (ml), N is the normality of Kit@H used, and W is the
specimen weight (Q).

(S-B) x N x56.1
W

AV.= C-2

Acid value also is used as a correction factor in determininghyfagoxyl value.
Reactivity, shelf life, and hydrolytic stability of polyols can a#ected by the acid

5
value.

C.4 lodine value
The iodine value method is used to determine the degree of unsatunddicm,

represent the carbon-carbon double bond content. The iodine value is defined as

. C 6 .
centigrams of iodine §) per gram of sample. The preferred solvent is carbon
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tetrachloride (CQ); however its toxicity and carcinogenicity have led to sultstib

with cyclohexane. The sample is dissolved in cyclohexane, then makbdiodine
monochloride (ICI) solution (Wijs Solution). The Wijs solution is ligieinperature and
moisture sensitive. Therefore titration of the sample and the blantoHze done at the
same conditions, and relatively at the same time. Transfeagent to the sample flask
should be done away from bright light and away from the heat scAftee.addition of
the reagent, the solutions are kept in the dark for one hour foedb&an to take place.

The potassium iodide solutions are added after one hour of reaction, andh¢he

solutions are titrated with sodium thiosulfate §8g03). The reaction of iodine value

titration can be seen in Figure C.2 below.

Cl
R
H H

H H

—c  + K — |, + KCl

I, + 2N&S,03 — e 2Nal + NaS,0q

Figure C.2 lodine Value Titration Reaction
The iodine () is produced by reaction of potassium iodide and unreacted Wijsosol

Therefore, a blank solution is required to determine the Wijsisolueaction with the
specimen tested. The formula used to calculate iodine value ¢bxi.be seen in C-3

below, where B is the sodium thiosulfate required for blank titragrah), V is the
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sodium thiosulfate required for the specimen titration (ml), khé normality of the
sodium thiosulfate, and S is the weight of the specimen used (g).

(B-V)x N x12.69
S

V.= C-3

C.5 Amine Value
In a substance there are three amine possibilities: primergndary and tertiary

amines. The total amine value is the number of milligrampatdssium hydroxide

equivalent to the total basicity in one gram of sampléie method involves dissolving

the sample in isopropyl alcohol and titrating against standartimdchloric acid (HCI)
solution. Bromophenol blue indicator solution is used to determine the end Ploat
formula used to calculate the total amine value can be seen inwkkede V is the HCI
required to titrate the specimen (ml), N is the normalitghef HCI used, and S is the
weight of the specimen used (Q).

Total amine val*..:levxNC—XSG'1 C-4

~

C.6 Saponification Value
The saponification value is the amount of alkali required to sap@ngram of

sample, this number is expressed as miligrams of potassiunoxigelrper gram of

sampIeE.; The ester content in this reaction is hydrolyzed with known KOHitisol, and
the excess of KOH is then back-titrated with standardizedrsulacid or hydrochloric
acid. Hydrochloric acid was used to measure the saponificatitire vin this thesis

analysis. A blank is required in this method to know the acid requreeutralize the

original KOH solution before reaction with any sample. This numtirbe used to
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calculate the KOH consumed during the saponification reaction. ddation of this

saponification value titration can be seen below (Figure C.3)

7
(”) —O—C—R
R—C—-0— C”) +3KOH
—0O—C—R

H,C—OH o
HC OH + 3K-O0-C—R
H,C—OH

Figure C.3 Saponification reaction
The hydrolysis reaction goes to completion. One alkali is reduior each
equivalent ester. Therefore this method can be used to quantjtatiealsure the ester
content. Saponification value (S.V) is calculated with the formuld-b, where B is the
HCI required to titrate the blank (ml), V is the HCI requireditrate the specimen, N is
the normality of the HCIl used and S is the weight of the specimen (g).

B-V)xN

SV.= x 56.1 C-5

C.7 Gas Chromatography (GC)

Gas chromatography (GC) is a chromatography method useéptrate a

mixture of volatile compounds into its component$he separation occurs inside a

chromatography column that is filled with packing material @tegionary phase). The
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moving phase, which carries the compounds to be analyzed, is gas iypthi®f
chromatography. Inert gas is usually used to avoid interactiontiatistationary phase
and the sample. Helium is used in the GC that was used to asalypées in this project
work.

The dilute sample is injected into the gas stream. It is vapbinzeediately after
injection. The vapor is then carried by the carrier gas (mahisese) to be separated.
After the separation process, the components are detectedebgctod system. Different
compounds will have specific retention times, thus enabling compound ickrtif.
The retention time of a particular compound is dependent on the column,othle m

phase flow rate and the heating rate. Therefore, a constaribgasafe is important in

order to obtain a constant retention ti%ne.

Gas chromatography can be used as both a qualitative and a quaritetiysis
method. Qualitatively GC can detect what components or impuriteeprasent in an
unidentified substance. Quantitatively, the area under the peak is pabto the
molecular concentration present. GC can also be paired withspassometry (MS) or

FTIR in order to enable direct identification.

C.8 Nuclear Magnetic Resonance (NMR) Spectroscopy

Nuclear magnetic resonance (NMR) is a powerful analytieegthod that can be

. 1 . . .
used to determine molecular structutagnetic nuclei that can be measured with NMR

are hydrogenlﬁ), fluorine-19 %QF), phosphorus-313%P), and carbon-ls;l%C) isotopes.
Proton and carbon-13 NMR were used mainly in this thesis. Hydratgen is present as

1H (proton NMR) andZH (deuterium NMR) in NMR spectrometers. Deuterium
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molecules are known as lock substances that are very stable and mostly usemtssgsolve
The common solvents that are used in NMR analyses are deutrktexform (CDC}),
water (BO), Dimethyl Sulfoxide-g, tetrahydrofuran-gl and acetonegl which all

contain deuteriumZH). The signal that shows in NMR spectra depends on the strength of
external magnetic field and radiofrequency (RF) radiation. hterdction between RF
radiation and nuclei causes absorptions that re-radiate duringdbesiaon time and
generate an NMR sign%tI.AII signals gathered from NMR are assigned to the
corresponding protons. A prediction program (ChemDraw) is used towitpthis
proton assignment. Quantitative analysis can be done with NMR. Téresityt of NMR

resonance (area under the curve) is proportional to the molar concentration of sample.

The NMR spectra for carbon-13 can be done with compounds that contain

9 .
methyl, methylene, methane and quarternary cartidmre most common carbon isotope

is 12C that has no spin, anlgC is only present at about 1.1% of total carbon. Therefore a

higher concentration of sample is required to get the NMR speatn@pared to proton
NMR. One of the differences of carbon NMR compared to proton NMR is that the carbon

NMR signal is not proportional to the number of atoms.

C.9 Differential Scanning Calorimetry (DSC)
DSC is a thermal analysis instrument that measures the aofdwedt the sample
absorbs under isothermal conditions. DSC provides important information on the

properties of the polymer tested, such as degree of crystalligiass transition
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temperature (), melting temperature ¢f), and cystallization temperaturedﬂ1 DSC

uses of two pans, a reference pan and a sample pan; both pans drathteatsame rate.
Aluminum pans were used for both sample and reference pans. Thetaof heat
absorbed by the sample pan is compared to the reference pan, aptl afdraat flow
vs. temperature is generated from the process. The response cadoligernic or
exothermic. The changes in heat flow provide information about phyasichthemical

changes during the heating process.
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