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ABSTRACT

ORGANOCATALYTIC DECOMPOSITION OF POLYETHYLENE
TEREPHTHALATE USING TRIAZABICYCLODECENE

This study focuses on the organocatalytic decomposition of polyethylene
terephthalate (PET) using 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) todativerse
library of aromatic amides. The reaction scheme was specificallynaeisio use low
reaction temperatures (>1%F) and avoid using solvents during the reaction to provide a
more environmentally friendly process. Of all the amines tested, PET asisgwith
aliphatic and aromatic amines demonstrated the best performance vdthhygier than
72%. PET aminolysis with click functionalized and non-symmetric reagatitseted
attack on certain sites on the basis of reactivity. Finally, the perfoentdrthe PET
degradation reactions with secondary amine and tertiary amine functionakzgshts
yielded mixed results due to complications with isolating the product from the crude
solution. Four of the PET-based monomers were also selected as modifiers jor epox
hardening to demonstrate the ability to convert waste into monomers for tigh-va
applications. The glass transition temperatures, obtained using diffeseatialing
calorimetry (DSC) and dynamic mechanical analysis (DMA) of the epomposite
samples treated with the PET-based monomers, were generally highewpiarison to
the samples cured with the basic diamines due to the hydrogen bonding and added
rigidity from the aromatic amide group. Developing these monomers providesra gr
and commercially viable alternative to eradicating a waste produgds thecoming an

environmental concern.
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CHAPTER ONE

INTRODUCTION

Dramatic increases in technology over the last century have led to improvements
in productivity and efficiency throughout various industrial sectors. The ability to
produce manufactured goods at a significantly higher level has adversely place
significant toll on the environment. Governments throughout the world have become
increasingly aware of the pollution and waste caused by the industrial sEhtoKyoto
Protocol demonstrates a worldwide collaboration in response to the environmental impa

caused by escalating G@missions [1].

1.1 Green Chemistry

Over the last two decades, there has been a growing emphasis on environmental
concerns and policies focused on solving environmental problems. Starting with the
Pollution Prevention Act of 1990, the government has had a direct role in establishing the
idea of “green chemistry” in research as well as in industry [2]. The EPAdtapted
the 12 principles of green chemistry, formulated by Anastas and Kirckdfigaset
objectives by which to define a process as green chemistry (Table 1gntesearch
implements the ideas of green chemistry into serviceable procéssesxample, Jeoet
al. were able to demonstrate higher yields using solvent-free cataljtsis w
bis(sulfonamide) diol ligand as a catalyst in a titanium tetraisopropoxide anglziatk
reaction medium for the addition of dialkylzinc to ketones [3]. The ability ontieitod

to reduce solvents while improving conversion through catalysis demonstrates an



environmentally and economically sound method of performing enantioselective
reactions. Jeoet al.improved a current industrially practiced process by fulfilling not
just one, but a combination of the 12 principles of green chemistry (Table 1). These
changes can make current processes into ones that are more environmentally and

economically benign.

Table 1. 12 principles of green chemistry [2].

1. Better to prevent waste than to 7. Raw materials should be focused
clean it up after formation. on renewable resources.
2. Maximize utilization of materials| 8. Unnecessary derivatization (i.e.,
for synthesis. blocking groups) should be
avoided.
3. Minimize the use and production| 9. Catalytic reagents should be used
of hazardous material. over stoichiometric reagents.
4. Increase efficacy while reducing| 10.End life of chemicals should not be
toxicity. persistent in the environment.
5. Prevent the use of auxiliary 11.Procedure of formation of toxic
substances (i.e., solvents). substances should be fully
analyzed.
6. Minimize energy requirements 12.Minimize substances with potential
using ambient conditions. for accidents

The Environmental Protection Agency (EPA) data reveal the total municipal solid
waste generated nationally every decade (Figure 1) [4]. The data deteoasyrowing
trend in total generation of waste as well as generation per capitaredsita
environmental-friendly processes, such as recycling, are being impéshterneduce the

amount of waste sent to landfills.
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Figure 1. Decennial production of municipal solid waste generation in the United Sta
of America [4].

1.2 Production of Polyethylene Terephthalate

The growing beverage industry has been an active contributor to the increasing
guantity of municipal solid waste. Polyethylene terephthalate (PET), tine ma
constituent in plastic bottles, is simple to synthesize using solid state piaigtioer,
reacting terephthalic acid with ethylene glycol using metalystasuch as antimony [5].

Figure 2 illustrates the general reaction from the oil-based derivatities polymer.

Terephthalic Acid Ethylene
o 0 BEEOE - PEIVC
m b HET~OH _—
H H Antimony

Q 0 8]
- D\./\;?_@_%ﬁ-ﬂ
Polyethylene Terephthalate !
Figure 2. General schematic of the polymerization process of PET.



Combining the simplicity of the polymerization process with the durable
mechanical properties of PET, industries throughout the world have used PET as the
staple polymer for beverage packaging. As a result, the accumulation af ptagés in
the U.S., as illustrated in Figure 3, has led to a growing concern over tinestnéand
disposal of generated waste, as well as the potential negative efféeiemironment
[6]. The environmental impact of plastic waste generation has troubled many
researchers, especially given waste accumulation in the North Pagiic Ghe
polymeric waste that grows in the Pacific, which transports persistggmiorpollutants
such as polychlorinated biphenyl, has had detrimental effects on the ecosy8ienn
response to the growing production of plastic bottles, recycling has playagarate in

reducing waste by converting used bottles into alternative products.

6000

5000 +

4000 +

000

2000 1

(Millions of Pounds)

Plastic Bottles on Shelves

1000 +

0 = T T T T T T T T T T T 1
1996 1997 15998 1995 2000 2001 2002 2003 2004 2005 2006 2007
Year
Figure 3. Annual production and storage of plastic bottles in the U.S. (Adapted from
National Association for PET Container Resources) [6].



1.3 Recycling of Polyethylene Terephthalate

Currently, the dominant form of PET recycling worldwide is mechanical
recycling. Mechanical recycling consists of grinding PET bottles into pousileg
physical means as opposed to chemical means. The general process for mechanical
recycling involves a six-stage process: sorting, granulation, flotation, wgasinying,
and extrusion [9]. Because PET is degraded using physical means, the powdedgathe
from mechanical recycling does not share the same quality propertiesia$ang
Therefore, mechanically recycled PET cannot be reused in plastic bottle tpoadue
to the diminished mechanical properties of PET through physical degradation [10].
Instead, these recycled products have been commercially produced to be usedias fibers
a large variety of secondary applications varying from clothing to cagpgtl]. Figure
4 displays the distribution of recycled PET used in secondary applications in thd Unit
States. Mechanical recycling, however, does not prevent the accumulation of PET i
landfills; the lifetime of the secondary product is limited, and it will evaiht be
discharged into the landfill. Despite this fact, mechanical recyclingiisexpensive

way to reduce the buildup of waste PET into our landfills after they have been consumed.
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Chemical recycling provides an ample method of degrading PET into its
monomeric form, which can then be used for the reproduction of plastic bottles.
Chemical recycling cleaves the polymer at strategic points dgnesang methanolysis,
glycolysis, or hydrolysis in order to cleave and then esterify to produce eithe
bis(hydroxyethyl) terephthalate or terephthalic acid [12]. Figure 5 dliestithe
decomposition of PET through methanolysis using zinc acetate as the majistcathke
disadvantages of the chemical recycling process stem from the rigorousor@ndi
required for the reaction to proceed as well given the difficulties in remtvengnetal

catalyst from the product.

180°C - 2B0°C
o o 24 MPa a o
4+  HiC-DOH ———f OH
A~ Zinc Acetats T Ve
n
FET Methanol Dimethyl Terephthalate (DMT) Ethylene Glycol (EG)

Figure 5. Chemical recycling of PET using methanolysis [12].



Environmentally, the amounts of chemical waste generated and large energy
requirements associated with chemical recycling make mechasogaling a more
appealing choice industrially. Chemical recycling does eliminate the dispfd3ET
into the landfills. If the chemical process can be altered to reduce theagussif the

system, chemical recycling may become a more viable method foringciP& T.

Figure 6. lllustration of 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD).

This thesis focuses on the chemical decomposition of PET replacing currently
used metal catalysts with commercially available organocatatysimmatically reduce
the conditions required for PET degradation while maintaining a high yield. slodke,
the guanidine-based 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) catalystietepi
Figure 6, is the focus of the project due to the high reactivity of TBD on ester lnkage
The ability to use organocatalysts resolves several issues incorporditesivwy metal
catalysts. Chemical recycling using organocatalysts provides not ordgrasrfor
degrading PET but also is an exemplary case of meeting green chetaistigrds due to
its ability to drastically reduce experimental conditions, improve thdesifty of
existing catalysts, and even eradicate the need for solvents. Altelyatie
degradation of PET may also lead to the chemical synthesis of new innovativeathemic

for new long-term applications instead of reproduction of plastic bottles. The new



monomers generated from the degradation of PET are identified as PEftrdage

reagent used to modify PET is the transesterification/aminolysis agent.



CHAPTER TWO

LITERATURE REVIEW

The increased production of PET has caused growing concern over the
environmental implications of PET waste. Organocatalysis may provide towaake
current chemical recycling processes a more environmentally beniggsprthrough the
applications of green chemistry. Organocatalysis has emerged largkgniical
synthesis/degradation because of the ability to strategically desgmdamlysts in order
to improve the performance to their respective reactions. Understanding tinsoevol
organocatalysts reveals triazabicyclodecene (TBD) as a potentsté&balgnhancing the
performance of certain specialized reactions, such as the degradation afichtrardof
PET. In addition to catalytically degrading PET back into its basic mongpirigs may
also be able to produce PET derivatives through transesterification and aminolys
reactions that could be used for high-valued applications. This chapter presents the
literature focused on the evolution of organocatalysts, as well as their applicat
organic synthesis and possible applications for aromatic amides formed from PET
derived amides/esters. Also presented are the economic incentives forimgoeET

compounds.



2.1 Evolution of Organocatalysts

Catalysis has significantly advanced organic chemistry in bothdedygrand
industrial settings. By minimizing reaction conditions while improving theopmdnce
of synthesis reactions, catalysts have become a heavily studied fieldpplitagons
ranging from pharmaceuticals to industrial chemicals (i.e., petroleueveto
environmental applications. Organocatalysts represent a relativelyaléwffcatalysts
using strictly organic components to improve process conditions, while avoiding the
hindrances that occur with metal constituents. A key concept in organocatalysiesnvol
the ability to strategically modify the structures of dated organgsasahto higher
performing ones. By understanding the evolution of organocatalysis, one canimketer
the factors that enhance catalytic performance for the development arc@mplof

new sound organocatalysts.

2.1.1 Metal Catalysts

Metal catalysts have become a staple in organic chemistry due todtihanic
properties, which allow them to form stable complexes with electronegativeerparts
[13]. The coordination-insertion mechanism provides a prime example of how the meta
ion targets the electronegative atom in the organic molecule and inserts the organi
constituent of the organometallic catalyst into the ring for it to open and patgnas
displayed in Figure 7 [14]. By using the basis of the metal-catalyzed mgehani
organocatalysts can be strategically developed to mimic or even improve current

synthetic/polymerizing properties.

10
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Figure 7. Coordination-Insertion mechanism of an organometallic ion on lactiddgid [

The use of metal catalysts in esterification reactions has bekedogamented.
Ishiharaet al. demonstrated an ester condensation reaction using hafnium and zirconium
salts between equimolar ratios of carboxylic acids and alcohols [15]. Sutcessf
conversion of several different carboxylic acids and alcohols demonstraligsl gf 99%,
illustrating the effectiveness of using cationic catalysts foriéstgion reactions.

Similarly, Ottonet al. performed the transesterification of benzoic acid with 2-butoxy-
ethanol, varying the catalyst used for the reaction with Titanium, and dentiogsting
highest conversion [16]. The demonstration of metal catalysts for thdiestiem of
different alcohols/carboxylic acids provides a foundation for the application of

organocatalysts for the same reactions.

2.1.2 Pyridine-based and Imidazolidone-based Organocatalysts

Similar to the mechanism for the ring opening polymerization using metal
catalysts, the goal for organocatalysts is to strategically develaganio compound for
nucleophilic catalysis. Pyridine has been a staple organic compound for nuateophil

substitution, amplified by the basic effects resulting from the electrompahe tertiary

11



amine [17]. Using the pyridine molecule as a basic model, researchetsategically
devise a new molecule for nucleophilic organocatalysis.

One of the first organocatalysts, the pyridine-functionalized organodadalys
dialkylaminopyridine (DMAP), was discovered by Steglich and Hélfe [18]is
compound is comprised of a pyridine derivative combined with an additional tertiary
amine opposite of the aromatic amine, as shown in Figure 8. The tertiawy ‘daanl’
causes the aromatic electrons to shift toward the aromatic amine, makiogetipair on
the aromatic amine more prone to nucleophilic substitution. In addition, tlayterti
amine forms a complex with the negative ion formed after the nucleophilic subatituti
[19]. DMAP is a prime example of applying functional end groups to improve the
reactivity of an organocatalyst.
|

#"N"‘l\

DMAP
Dialkylaminopyridine

Figure 8. lllustration of pyridine-derivative 4-dialkylaminopyridineMBP).

The catalytic pathway of DMAP during ester reactions provides a good
illustration of how strategic organocatalysts can improve the efficientheataction. A
mechanistic study on the acetylation of alcohols using DMAP was done biyaXu
using computation chemistry to calculate the relative enthalpies for vanoydexes
[20]. The results demonstrated that the most stable mechanism for thecpthyvay

involves the acylation of the acetyl group with DMAP, as shown in Figure 9.
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Figure 9. Catalytic pathway of DMAP in the acetylation of an alcohol witticace
anhydride [20].

By understanding the catalytic pathway of DMAP, researchers carhater
catalyst structurally in a way that can exploit the catalytic patlofi¢ghe reaction.
Spivey and Arseniyadis devised an experiment altering the functional tail édPvid
comparing the relative reactivities of the altered catalysts to dethe optimum
structure [19]. Table 2 illustrates a brief variation in the chemical steiof DMAP and
how reactivities vary based on structure. Through comparison of the relattieities,
pyrrolidinopyridine (PPY) demonstrated an improvement in the acylation of 1-

methylcyclohexanol.

Table 2. Alterations of the chemical structure of DMAP and the structufett en the
acylation of 1-methylcyclohexanol with acetic anhydride [19].

N
3 €1 4 an 4 2
Organocatalyst - = I S, I = I S | —
Chemical
Structure (NJ N{“‘i“’“"“ N QNJ N."-\-T—N'\ [N
N
ey | 2> | omar H
Relative
Reactivities 1.0 0.9 0.63 0.4 0.2
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A study by Macmillen demonstrated one of the earliest involvements of
imidazolidone-based organocatalysts for the improvement of the Diels-&kaleian
[21]. This new class of organocatalysts provided a new series of cafalyste
application in several chemical synthesis applications. Structuralltenetzyclic
carbenes offer more potential for higher reactivity due to the increased nultgyphi
compared to older organocatalysts, such as DMAP [14]. Researchers havkelsiudie
matching up different functional groups with the imidazolidone-based n-hetacocycl
catalyst, shown in Figure 10, affects the performance of the transesterifiesction

between carbonyl groups and alcohols.

Imidazolidone N-Heterocyclic Carbene
0 ‘s
J-L R. NN -R R = Functional
HN™ "NH :D \—s Group
A

Figure 10. An illustration of n-heterocyclic carbene, a derivative mfanolidone.

Nyceet al. studied the effect of the size of the n-heterocyclic carbenes on the
transesterification of methyl benzoate with various alcohols [22]. N-hetéicyc
carbenes, independent of size, demonstrated relatively high yields for the
transesterification of carboxylic esters with primary alcohols. ¢l@w the conversion
between carboxylic esters and secondary alcohols decreased siggificgdnincreasing
catalyst size (Table 3). Furthermore, the reaction with tertlaopals was nonexistent.
As expected, the reactivity of the alcohol was an important aspect cérfloenpance of

the transesterification reaction. Singfhal. demonstrated successful transesterification of
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secondary, aliphatic, aromatic cyclic, and even tertiary alcohols in thenpeesf cyclo-

hexyl functionalized n-heterocyclic carbenes (ICy) [23].

Table 3. N-heterocyclic carbene structure dependence on the trarnsasitaribf
methyl benzoate and various alcohols [22].

Alcohols
Primary Secondary Tertiary
H . .
8 M-Heterocyclic Carbene
Abbr ¥ R—|-oH R—T—DH R—T—DH
H H R™

"
IMes \Q"{_"@’ 85% 1% <1%

R = 2,4,6-trimethylphenyl

HaCu ™ N -CHs
IMe N\;»' 79% 72% <1%

R = methyl

Graseet al. presented a study comparing the reactivity of various organocatalytic
compounds with n-heterocyclic carbenes of different functionalities for the
transesterification of benzyl alcohol with methyl acetate [24]. d&ss?,6-di-iso-
propylphenyl functionalized n-heterocyclic carbenes (IPr) due to $tedcance, all n-
heterocyclic catalysts tested significantly outperformed the convenbesal
organocatalysts dimethylalkylpyridine (DMAP), 1,4-diazabicyclo[2@&@ne
(DABCO), and 1,8-diazabicycloundec-7-ene (DBU) in the transestendiicaf primary

alcohols, as shown in Table 4.
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Table 4. Performance of different organocatalysts on the transeateifiof methyl
acetate with benzyl alcohol [24].

Abbr. Organocatalyst Yield Abbr. Organocatalyst Yield

Imes \@“A"@’ 93% ICy O.,r'* N .O 100%
N
IPr r{:’N 45% DMAP & 15%
#N"-

N
I'Bu JnAnd 100% |DABCO (\’ 45%
= N
. M
IAd @N AN _@ 100% | pBU O:j 24%
= N

The gradual metamorphosis from utilizing pyridine-based organocattadysts

imidazolidone-based organocatalysts has influenced the strategy usednmndgsew
organocatalysts. By understanding the effects of basicity on catatitiitya
researchers have successfully developed a new set of enhanced catalysts for
transesterification reactions. The next section focuses on another innovatyearesi

catalyst structure to enhance the activity compared to their precedingrpauiste

2.1.3 Bifunctional Organocatalysts

The evolution of organocatalysts has led to dramatic improvements in reaction
performances, as illustrated when comparing n-heterocyclic carlbgtneDMAP.
Chemists are continuously exploring new strategic designs to improve theprte of
organocatalysts. Bifunctionality in organocatalysts offers an innovativeoohé&b

improve catalytic activity through the assistance of a secondary funayonalithe case
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of nucleophilic organocatalysts, the incorporation of hydrogen bonding magsecdtse
stability of the catalytic complexes formed, thus improving the executitreaicylation
reaction.

Some of the more regularly used bifunctional catalysts are the thioureh-base
organocatalysts. There are wide variations in the structure of thiourea ibmfahct
catalysts serving multiple purposes, but 1-(3,5-bis(trifluoromethyl) gjr8n§2-
(dimethylamino)cyclohexyl)thiourea (BDCT), depicted in Figure 11, is one ohtire
widely used thiourea catalysts. The effectiveness of BDCT resuiitsthre bidente
(double) hydrogen bonding allowing the substrate to form a more stable complex for the
reaction. Inokumat al. have demonstrated the hydrogen bonding effect of BDCT for the
Michael-addition of methylene compounds [25]. Peatil. further demonstrated the
versatility of BDCT for the nucleophilic ring opening attack lactides additional
support from the electron pair on the tertiary amine [26]. The success of lmhahcti
acid catalysts has led to the investigation of implementing bifunctionalitystirex

organocatalysts to improve their performance.

CFy
CFy @ S
,@,ﬁ@Q —— rerwdlye
Fs NN A AN
PLUN o
|
R’LR'

Figure 11. lllustration of BDCT and bidente hydrogen bonding formed due to
bifunctionality [25].
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2.1.4 Amidine-based and Guanidine-based Organocatalysts

Amidine based organocatalysts offer a new range of structures that eould b
applied to nucleophilic catalysis. The structure of amidine again allowb@come a
hydrogen-bonding catalyst with limited nucleophilic catalytic agtidite to the
functionality of the amine groups. Existing organocatalysts using an amidine backbon
include 1,5-diazabicyclo[4.3.0]non-5-ene (DBN) and 1,8-diazabicycloundec-7-ene
(DBU), as illustrated in Figure 12 [27]. Amidine-based organocatalystgeaerally less
reactive compared to n-heterocyclic carbenes (Table 4), but argvefieacleophilic
catalysts for specialized reactions such as the acylation of Baillisadiadducts or

catalysts for ring-opening polymerization [24,28-29].

Ry N
M
DBU
Amidine >
N
Figure 12. lllustration of amidine-derived organocatalysts.

In addition to amidine, guanidine-derived organocatalysts have also been
developed for nucleophilic catalysis. The powerful reactivity of 1,5,7-
triazabicyclo[4.4.0]dec-5-ene (TBD) has made it one of the most popular orgdysisata
used for chemical synthesis. What makes TBD more effective is its bdoality
resulting from the hydrogen bonding site and nucleophilic site, as shown in ERjure
[30]. Green successfully demonstrated the transesterification of carbamgllicarbonic

esters using TBD with relatively high conversions [31,32]. FurthermoheicBardtet
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al. compared the reactivity of TBD with other organocatalysts for the tr@niieation

of vegetable oils [33]. The results revealed a 30% improvement in yieldheveext

best catalyst, triamino(imino)phosphoranes (BEMP), which is used in the hydrafysi
vegetable oils, and a 60% improvement in yield over DBU. The high basicity of TBD
compared to DBU (150:3.4) explains the enhanced reactivity of TBD compared to other
organocatalysts, while the tactically placed nucleophilic site on TBD iegglze

enhancement over BEMP.

Guanidine

TBD
/X

H:N

Hydrogen Mucleophilic
Binding Site
Site

Figure 13. An illustration of guanidine-based organocatalyst TBD.

Similar to transesterification reactions, TBD has also demonstratedipbient
ring-opening polymerizations using a nucleophilic attack on the carboxydics ext-
lactides [29,34]. This chapter focuses on the use of organocatalysts fopenigg
polymerizations. Slightly different from the focus of using organocatafygs
transesterification reactions, ring-opening polymerizations provide a msohthat can
be compared to the degradation of polymers using TBD. Cletialainvestigated two
possible catalytic pathways associated with the ring-openintpofides: a hydrogen-
bonded mechanism and a covalently bounded or nucleophilic mechanism, illustrated in

Figure 14 [30]. Based on computational chemistry models, Cletialareported that the
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hydrogen-bonding pathway seemed most probable for the ring-opening polymerization
due to large increases in the energy barrier height of the rate detetepirig33
kcal/mol) compared to that of the covalent-bonding pathway (23.5 kcal/mol). However,
the complex formed through ring-opening polymerization was more strugtooaifined
than the one used for the transesterification of two independent subst@iaghécase
of transesterification reactions, both mechanisms must be reanalyzed tartketeem
true catalytic pathway of TBD in the reaction.

In addition to the transesterification reactions, TBD has also been shown to
perform aminolysis reactions with carboxylic esters, as demonstratezbbye®al. [35].
With the addition of TBD, the performance of the reactions resulted in amides ghth hi
yields (most >90%). These reactions were also performed under solvent free canditions
designating this as a “green” chemical process. This has dramaticatgois for
current industrial synthetic practices. Spydttagl. demonstrated the ability to
decompose polyethylene terephthalate (PET) using aminolysis reactions tnew
aromatic amide diamine compounds (Figure 15) [36]. However, the assembled product
consisted of non-symmetric constituents at relatively high condition§G21@y
combining the PET degradation reaction with TBD, an environmentally benign process
combining the high reactivity of the organocatalyst with the use of renewagentsdo

form rigidly structured amides can be developed for future applications.
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Figure 14. Catalytic mechanisms for the ring-opening polymerizatietaofide using
TBD [30].

H 9 2 H
a) HzNWNWMN"V"HHz

PET Diethylenetriamine
8] H H © o
C@ '\41 " HNASNANH, — by Mm"wu\)—@"ﬁm"“i
z 2
Q n 2 H
oo S
2

0 0
€) HoN_~ r?_@_‘;q ~UNH;
G

Figure 15. Aminolysis of polyethylene terephthalate with diethylenetm=a{36].
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Structurally, TBD combines the enhanced basicity and nucleophilicity from
pyridine-based and imidazolidone-based catalysts with the bifunctionathyg tiourea
catalysts. By understanding the evolution of organocatalysts, one can comprehend the
rationale behind the robust performance of TBD and its potential applicatiefotmr
current chemical processes. Specifically, the degradation of PEGanventional or
innovative monomers through transesterification/aminolysis reactions usingregD
provide a novel approach for averting the accumulation of plastic waste into ouddandfil

while upholding the requirements that characterize this as a green ch¢mosgss.

2.2 Applications of Aromatic Amide/Ester Compounds

An extensive library of potential monomers with special functional groups can be
developed through transesterification/aminolysis of PET. For example, $pyecha
developed various derivatives of PET-Diethylenetriamine (PET-DETA) thrdwggh t
degradation of PET [36]. The versatility of TBD enables a large varietygidf ri
compounds to be formed. The versatility of TBD to produce an extensive library of
potential monomers underscores the need for prospective applications for thelse mode
compounds. Although there are a variety of potential applications that could use
aromatic amides, the focus of this project is the use of amides for the epoxyirtngrde

process.
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2.2.1 Epoxy Hardening

Epoxies have been an integral component for various coating applications
involving paints, adhesives, composites, and even insulating materials. Epoxredyene
consist of two or more copolymers that form cross-linking polymers when tierma
activated or cured. Gillham’s time-temperature transformation  @iagram, shown in
Figure 16, illustrates the possible phases that thermosetting plastiesach before they
fully cross-link [37]. The goal is to reach the fully cured glass transiemperature
(Tg.) to ensure that the epoxy has polymerized completely without the drawbacks from

mass transfer limitations that occur between the gelation and vitrification b@mda

Temperature .
“._ Elastomer
Vitrificati
on
'5 ibd:;m“ D'E"I-'Hriﬂc:a-ﬁn
M e L }
L, Tl | Gel (Fully Curad Glass) I'
Isoviscous N
Contours %’é K R
b,
"y
geITg _____________________ e - Ge”s‘nl
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Liquid ff /
o /
/ Sol (Ungelled)

Time
Figure 16. Time-temperature transformation profile for thermosettintgqa37].
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The increase in temperature allows the molecules to move around more freely
throughout the volume since the viscosity is a function of temperature. ThenWillia
Landel-Ferry model, shown in Equation 1, links the temperature with the viscosity
empirically demonstrating an exponential decline in viscosity at higheperatures for
thermosetting polymers [38].

¢, (T-T,)

n(ar) = oy Equation 1

where G and G are empirically determined constantsisathe shift factor, T is the
desired operating temperature, andsTthe reference temperature.

Several different epoxy resins are used for epoxy hardening applications;
however, the most commonly commercially used resin is bisphenol A diglycidyl ethe
(BADGE), shown in Figure 17 [39]. When near amine groups, the epoxide group is
highly reactive and will form a covalent bond with each available hydrogen site
Riccardiet al.investigated the curing kinetics of BADGE with ethylenediamine (ED) to
find that both an autocatalytic (reagents are the catalyst) and a secondeorckgalytic
mechanism are present in the curing of epoxies [40]. Based on rate data, tasTg
estimated to be approximately°80for curing BADGE with ED at 6T through the use

of the differential scanning calorimeter (DSC).
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Figure 17. Cross-linking polymerization through epoxy hardening using BAREE
various polyamine/polyamides.

Aromatic polyamides provide sterner mechanical properties for compounds as a
result of the combination between the pi interactions of the aromatic rowys with the
improved hydrogen bonding from the presence of the carbonyl group. Met.ahn
developed a process implementing aromatic amides as fortifiers tgtererihe
hardening of epoxy resin [41]. The presence of the aromatic amides ymhddd t
strength improvement of 7000 psi when incorporating acetoacetanilide (accompanied by
phenylglycidylether) into an epoxy solution comprised of BADGE and methgleitiae
(Figure 18) due to the additional hydrogen bonding occurring between thibudedri
amide groups. lijimat al.further demonstrated the addition of terephthalate based
monomers as modifiers for the epoxy curing between DDS and BADGE [42]. The
addition of modifiers improved tensile strength from 135MPa at the control (gangin
from 129 MPa to 179MPa) with a wide diversity in modulus from 3.44 GPa at the control
(ranging from 2.48GPa to 4.28GPa). Spydtal.implemented an aromatic amide with

PET degradation products directly as a curing agent for epoxy hardeniitinges
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coating compounds with higher modulus of elasticity (108MPa to 3438MPa) but a lower
tensile strength (59MPa to 39MPa) compared to the non-PET modified aminég at 90
curing temperatures for four hours [36]. The lower tensile strength and highieitglas
were perhaps the result of lower cross-linking density due to the gapddoy the

aromatic amide groups. The modified characteristics from PET-derivieésprovide

solid characteristics for coating and adhesive applications.

LD -
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Figure 18. Implementing an aromatic amide as a fortifier for the epoxyrtiagdesing
methylene dianiline as the copolymer.

Aromatic amides also present the difficulty of solubility within the epoxi@se
way to combat this challenge is by dissolving the amides in polar solvents. The
involvement of solvents in the epoxy hardening process presents a concern over how the
solvents may affect the interaction between the two copolymers. Hong and Wuqatesent
a study on the effects of solvents on the DSC readings of epoxy systems [43]. The
addition of solvents at 5% by weight exhibited considerable alterations in tee glas
transition temperatures. For the BADGE-dicyandiamide/2-methdarale system, the
absence of solvents provided a,Tay 122C compared to the addition of 5% wt. toluene

where the Tg was found to be 16&, each at a curing temperature at®Gt 176C.
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Consequently, the effects from the inclusion of solvents in the epoxy systems must be

considered when characterizing the properties of the epoxy complex.

2.2.2 Interfacial Polymerization and Desalination Membranes
As advances in polymer technology continue to grow, new methods are developed
in order to encompass the diversity of polymers. Interfacial polymerizatmmei facet
that is growing in popularity as a result of its high performance wighasively simple
process. Bradhurgt al. presented a study mixing piperazine in an aqueous phase with
the terephthaloyl chloride in the organic phase to form a polyamide at thaceteiith
high molecular weight [44].

Interfacial polymerization has become a staple in developing thin film
composites used for reverse osmosis membranes. One of the earliest studies done on
polyamide based reverse osmosis membranes focused on monomeric aliphatic amine
with terephthaloyl chloride, illustrated in Table 5 [45]. The membrane exhibited poor
salt rejections with large water fluxes. 1,2-ethane formed weak polyhagisroke
when operated for reverse osmosis. Codette eventually established the nsesofytri
chloride with piperazine as the highest performing components for polyamideerevers
osmosis membrane with MgSO4 salt rejection at 97% while maintaining a imght 28
gfd (better than 1,2-ethanediamine with 1-6 gfd) [45]. Aliphatic diamines provided
higher salt rejections, especially with sodium chloride salts, but at the coakiofgm

them impractical for desalination.
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Table 5. Performance of reverse osmosis membranes with monomerid@bidraines
and terephthaloyl chloride [45].

Aliphatic Diamine Acyl Chloride Water Flux (gfd Salt Rejection %
NH;
HaN"> Brittle Brittle

1,2-Ethanediamine

0
M
HzN NH; ¢|§ (}' E;;. 233 30.6

1,3-propanediamine

Terephthaloyl Chloride

H. NWHHE

1,6-hexanediamine 104 8.2

Cadotte delved into the incorporation of aromatic amides on polysulfone
membranes for reverse osmosis membrane synthesis over conventional aipivegs
and piperazine [45,46]. The best performing aromatic amide involved the polynoerizati
of m-phenylenediamine with trimesoyl chloride, which demonstrated high¥R& gfd)
and high salt rejection (>96%). The addition of aromatic compounds provided more
vacancies throughout the membrane, reducing the restriction of the moleculgs to pa
through the filter. Several studies have also been conducted by adding specah&lincti
groups in order to enhance the performance of polyamide membraneset¥aing
implemented the use of diamines with sulfonic groups to improve permeability [47].
Through observation, increasing compositions of the diamine to sulfonic-functionalized
diamines demonstrated increases in flux but decreases in salt rejectiamgeaui
precise balance to enhance the performance of the membrane. This example provide

compelling case for searching specialized diamines to improve reverse Dsgsbsms.
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2.2.3 Applications in Specialty Polymers

Polymers have become an integral part of various industries due to the wide
application of their various properties. There is interest in finding stronger aed mor
robust polymers to improve the durability of these applications. To improve the
structural integrity of the polymer, it must be examined at the chemicakdesee if any
improvements in the chemical structure can be made. 8hatlpresented studies on
the effect of hydrogen bonding in segmented parts of polyurethane and polyurea
copolymers with hard segments [48]. It is rather difficult for polymers taird
segments to form high molecular weight polymers due to their structuradyitolé
properties. The incorporation of soft segments, as well as the addition of hydrogen
bonding properties, allows the buildup of molecular weight while still maimigithie
structural properties of the hard segments. Another study by &iatlalso
demonstrated morphology of hard segmented polymers with 1,4-phenylene diisecyana
to form polyurethanes yielding high level storage modulus [49]. The understanding of
hard-segmented copolymers is required for the application of PET-dariwenxdhtic
amides for elastomeric processing.

Click chemistry provides another means for developing highly rigid molecules
potentially for polymers. Binder and Sachsenhofer provided a review of the various
methods for metal catalyzed reaction between azide and alkyne functionalized
compounds [50]. Feldmaet al. also investigated the azide reaction with an aromatic

halogen with various alkyne functionalized groups (Figure 19) [51]. Click chgmist
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may provide a viable method for forming rigid aromatic polymers with properly

functionalized PET-derived compounds.

Cu

N=N
L] J'
®—|+: R + NaN; —90C o j u\z)-R

Figure 19. Click chemistry reaction illustration betweenaaide and an alkyl group
[51].

2.3 Economic Analysis

One of the largest barriers in implementing the recycling of plastiesiithe
cost differences of synthesizing plastics through chemical recyadirsys oil
derivatives. The main function of using organocatalysts is to reduce the aperatin
conditions required during the chemical recycling of PET into its monomenic for
However, the cost of the organocatalysts plays an important role in the econbmics
chemical recycling. This section focuses on the economics of using orgéyssadta
break PET down for resynthesis and degrading PET into high priced monomers for

alternative applications.
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2.3.1 Economics of PET Degradation Via Organocatalysis

One of the benefits of using PET for packaging applications is the fath¢hat
compounds required for PET synthesis are derived from highly abundant and cheap
sources (oil and natural gas). An economic analysis was conducted comparing the
current value of PET with the sum of the value of compounds required for
organocatalytic recycling, derived from the prices shown in Tafe 663]. However,
several assumptions needed to be made to make the analysis more ré&aigsfithe
amount of catalyst used consisted of only 5% loading by weight for each gram.of PET
Second, only the molar equivalence of ethylene glycol for 1 gram of PEConaglered.
This was because reagents can be separated out after purification andl fecycle
additional PET degradation reaction, as opposed to tossing excess reagents and using a
fresh batch. Lastly, PET used for organocatalytic recycling was agsianie taken
from waste and assumed to have negligible value. By incorporating thes@&sssm
into the calculation, the price of developing PET through oil was compared withidée pr
of developing PET through organocatalytic decomposition of PET, as demonstrated in

Table 7.

Table 6. Current prices for PET and chemicals required for organocatalytitgcy

Compound Price (¥0)
Polyethylene Terephthalate (PET) $1.51/kg
1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) $0.672/97
Ethylene Glycol (EG) $0.88/kg

*Estimated price calculated based on empirical formulation of privatized data
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Table 7. Economic analysis of synthesizing PET from oil and from organdzataly

recycling.
PET Synthesis | Compound | Price ($/g) Am%;rgéflj.r lg Prlcegtér_rl gof
Erom Oil PET $0.00151/g 1g $0.00151
Derivatives | 1o4q) $0.00151
PET - 1g -
From EG $0.00088/g 0.646g $0.000546
Organocatalytiq g $0.672/g 0.05g $0.0336
Recycling
Total $0.03416

There is a significant price discrepancy between developing PEThstiraig oil
derivatives and from organocatalytic recycling. The expense stems pyifran the
high price of TBD (nearly 98%). This analysis demonstrates the diffiotiliging
chemical recycling, especially with organocatalysts, to synthe&Ze Plowever, there
are certain possibilities that may make this feasible in the future, thestost to
synthesize PET from oil derivatives is directly linked to the price of oil. Oneelatst
few decades, oil prices have spiked due to decreased reserves. If the ptice of oi
continues to rise over the next few decades, synthesizing PET using oil desivadiye
become less economical than chemical recycling. In addition, TBD habee
produced in lab scale quantities, as it has only been discovered within the lastafise y
Large-scale production of TBD may emerge as a result of potential mdaations for
organocatalysts. Consequently, the price of TBD will drop tremendously due to the
benefits gained from the economies of scale. The combination of these twve faaly

eventually allow for the mainstream use of organocatalysis for the cdeeugycling of
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PET. Meanwhile, the next section presents an alternative for modifyihgnRider to

develop a more economically viable process for the near future.

2.3.2 Economics of Incorporating PET-derived Diamines for Epoxy Hardening

As discussed in the previous section, chemical recycling of PET using
organocatalysis may not be a cost-effective method for synthesizing PEFnatively,
PET may undergo aminolysis, which is discussed in Chapter 3, to form bifunctional
aromatic amides that may have potential applications as modifiers for eaaigning.
However, it is important to determine whether the process is finanocuatipetitive with
common epoxy modifiers. The same assumptions (5% weight catalyst loading of TBD
molar equivalence of PET used, and PET reagent is valueless) made famthaiec
analysis for the organocatalytic recycling of PET was applied for thiegsas well.
However, the amounts required were based on a 10 g scale of bisphenol A propoxylate
diglycidyl ether (BAPDGE). Furthermore, only 15% of the molar equivalehce
BAPDGE was used for the calculation in order to demonstrate the compound more as a
modifier than a full-fledged curing agent. Using these assumptions, we calatathe
cost based on how much of the PET-derived diamines are required for the procéss and
turn, how much of the starting material is needed to make the PET compounds.

The results for the economic analysis for using PET-derived diaminegbscatu
epoxy modifiers are summarized in Table 8. In this case, the price of dl{ypssd
modifier/curing agent, triethylenetetramine, was compared to the @irihe starting

material to make the equivalence for the PET-derived diamines. For 15%leqcevaf
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the modifier to a 10 g sample of BAPDGE, the calculated cost for triethgtesnaine
was $4.96/kg [54]. For the same ratios, the cost of the starting materials for PET-
ethylenediamine and PET-m-Xylylenediamine were $7.5/kg and $20.96/kg, resjyecti
[55, 56]. The prices for developing PET-derived diamines were within one order of
magnitude, slightly better than the prices of organocatalytic recyofi PET for PET
synthesis. In addition, the properties of the aromatic amides might enhapcepéries
of the epoxy polymer, allowing the price discrepancy to be reasonable.

Table 8. Economic analysis of implementing PET-decomposed polyamides for epoxy
hardening applications.

- Reagent Price Amount Price For
Modifier Reagent ($/9) Required Amount
Triethylenetetramine
TETA $0.031/g 0.01601g $0.00496
H
N NH
U Total $0.00496
PET-Ethylenediamine ED $0.00364/g 0.1316g $0.000479
(PET-ED) TBD $0.672/g 0.0105g $0.007071
0, 0
N Y™ PET - 0.2104g -
H H
Total $0.0075
PET-m-Xylylenediamine mX $0.038/g 0.4798¢g $0.0182
(PET-mX) TBD $0.672/g 0.0169g $0.001137
0, 0
szu’\@/‘.‘lﬂ\:| O EH/\©/\NHZ PET - 033859 -
Total $0.0296

2.4 Literature Review Summary
The development of organocatalysts has facilitated “green” reform otithent
chemical process. In addition, chemically degrading PET waste usingpoegalysts, in

this case TBD, into either its basic constituents or into new novel monomers, provides a
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valuable solution to the global spanning problem. Through analyzing the bifunctional
structure of TBD, one can understand its potency for the chemical degradatioh of PE
into a diverse set of products, specifically aromatic amides. Howevemipdgtant to
determine how these aromatic amides that are formed from PET degmnadiatibe
incorporated into practical applications. These practical applications, sucbxgs e
hardening, provide not only a novel method for using PET waste, but economic
incentives as well. For this project, the focus was on using the products from PET

degradation to develop modifiers for epoxy hardening.

35



CHAPTER THREE

PROJECT OBJECTIVES

The main objective of this project is to develop a library of polyethylene
terephthalate (PET)-derived amines and characterize them using nmabpzetic
resonance (NMR) spectroscopy. The degradation of PET was carriedsolytant-free
conditions using the organocatalyst 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD).irfgy us
a diverse set of amines, a library of polyamides was formed through amimebsi®ns
using degraded PET as the structural basis. The resulting set of arminded primary
amines (aliphatic, aromatic, click functionalized, tertiary functiond)izeecondary
amines, and asymmetric amines.

In addition to forming new rigid monomers using chemically recycled PETewas
a secondary objective of the project was to determine a commercially prabkss to
incorporate the PET-derived monomers. This project focused solely on using PET
derived diamines as modifiers for epoxy hardening. Four PET-derived diafiREE€s
Ethylenediamine, PET-m-Xylylenediamine, PET-Diamino-N-methyljyytamine, and
PET-Diethylenediamine) were used for the epoxy hardening studiesff€ébeof PET-
derived diamines on the strengthening of epoxy polymers in comparison to geir ba
counterparts was analyzed using a solvent-based procedure in order to dissolve the
diamines into the epoxy resin for thermal analysis. Differential scgmailorimetry and

dynamic mechanical analysis were used to analyze curing behavior of the epoxy
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composites with the PET-derived diamines. The thermal characterizationepictye
composites not only demonstrated the ability of the PET-derived diamines to bind with
the epoxy resin, but also illustrated the effects of the PET-diamine s&actihe curing
behavior. The following chapter focuses on the process of developing the PEdedegra

monomers and the preparation and characterization of the epoxy polymers.
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CHAPTER FOUR

MATERIALS AND METHODS

The successful application of organocatalysts for aminolysis reacticussksl
in Chapter 2 suggests the incorporation of organocatalysts for the chemichhgeol/
polyethylene terephthalate. The focus of the first section of this chapie procedure
and materials used for the degradation of PET into novel compounds. The next section of
the chapter focuses on the epoxy hardening process and the implementation of the
thermal characterization techniques used to describe the composite thepesalies

resulting from the PET-derived compounds.

4.1 Organocatalytic Decomposition of Polyethylene Terephthalate
The synthesized compounds formed from degraded PET vary based on the
reagents used for the aminolysis reactions. This allows the developmenidef a
variety of compounds based on the structure and functionality of the reagent compounds.
The reagents tested were divided into subgroups based on similarities mrsgruct
(Table 9). Due to the diverse properties of each reagent, each processl i mlitey
different conditions to operate and purify depending on the compound. This section first
discusses the materials used for the decomposition of PET and the genedhinertme
synthesizing the PET-derived monomers. This section further discusggedbdure for

reusing the reagents to develop a more efficient process.
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Table 9. Potential reagents for PET decomposition and modification.

# | Subgroup Reagent Name Nickname | Chemical Structure
1 Aliphatic Ethylenediamine ED HZN-"H,.-"H2
2 1,4 Diaminobutane DAB qu’WNHz
3 1,6 Diaminohexane DAH HEHW”H?
4 Aromatic m-Xylylenediamine mX H:’H/\@/\NH*
L NH;
5 p-Xylylenediamine pX ,—@—/
HN
. . NH;
6 p-Aminobenzylamine ABA H;H—@—/
7 p-phenylenediamine PPD Hzﬂ—@—NHz
8 Secondary Piperidine PPI HN )
9 Piperazine PPA HHH
iperazi
Non-
10 symmetric Ethanolamine EthA qu-""vc"H
(Selective)
11 . 1-(2- _ AEP N NH
Aminoethyl)piperazine HzN—/_ A
. L H
12 Diethylenetriamine DETA HZN""“*u-'H“v"“‘NHz
13 Click Allylamine Allyl HoN—e?""
14 Propargylamine Pro H 2N_/E
Tertiary 3,3’-Diamino-N- 1
15 Functionality | methyldipropylamine DAMDPA | HaN AN ANz
H;N_ _N_ _NH;
16 1,6-Diaminopyridine DAP U
H:
17 Tris(2-aminoethyl)amine  TAEA r}
Hzm""“v"*-f'”“rul-l;
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4.1.1 Materials

The main set of materials included the chemicals used for PET degradation,
purification, and analysis. PET was provided in the form of post-consumed plastic
bottles. The plastic bottle was stripped of all labels and washed thoroudhhyatér to
remove any potential contaminants. Then, the bottle was further preparetinayitut
into squares (flakes) no larger than 1cm by 1cm. TBD and the reagents uded for P
degradation (displayed in Table 9) were purchased from Sigma-Aldrich and jprbyide
the IBM Almaden Research Facility. The compounds were of analgtiadé and used
straight from the bottle without additional purification. Solvents used for theqaiidin
steps were purchased from J.T. Baker and used straight from the bottle. Finally,
deuterated dimethylsulfoxide, used for nuclear magnetic resonance SpEL¥ros
characterization of the PET-derived monomers, was purchased from Cantboidge
Laboratories and used straight from the bottle.

The PET-derived products were characterized through proton nuclear mmagnet
resonance spectroscopy (HNMR). The basic idea of HNMR spectroscopl is tha
hydrogen, with an odd number of protons, has a spin that can affect the magnetic field
provided by an instrument to give off resonance signals. The signals released ar
proportional to the number of protons, the influence of electronegative atoms on the
protons, and the spin coupling effects formed from neighboring protons (J-coupling).
The signals differ based on the functional groups of the tested sample, whidepravi

great tool for determining the chemical structure of the PET-derivednmenso The
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NMR instrument operated at IBM Almaden Research Center was the Avanceod8D m

purchased from Bruker Instruments.

4.1.2 Experimental Procedure for PET Decomposition

The experimental design for the chemical degradation of PET was based on the
principles of green chemistry to develop a more environmentally friendlggsocThe
reaction conditions focused primarily on solvent-free conditions, at temperisses
than 200C, and near atmospheric pressure or vacuum. Compared to the traditional
chemical recycling processes described by Pasizah the conditions required for PET
degradation using TBD made for a less demanding process that met grgssments
[12]. This section focuses on the reasoning behind selecting the appropoatarea
conditions along with the apparatus for the experiment. This section also describes i
detail the PET aminolysis procedure performed for each reagent fistadble 9. The H-
NMR spectra of each successful product can be found in the Appendix.

The general procedure for the PET aminolysis reactions consisted of adding
between 1-5 grams of shredded PET, 3-8 wt.% of TBD (based on mass of PET), excess
amounts of the respective reagent, and a magnetic stir bar into a 25mL Schlenk tube.
Then the tube was installed into the apparatus illustrated in Figure 20. Choosing the
reaction temperature was rather complicated, as it depends on the prabeinies
reagent itself. The key point, as discussed earlier, is that the reagesttise melted to
liquid form since the reaction volume is comprised mostly of the reagent. Thalgener

strategy for deciding the reaction temperatures followed the guidéstexsin Table 10.
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There were additional concerns over selecting temperatures. Firstpatatumes above
150°C, TBD sublimes out, forming a white crown above the reaction volume. As a
result, it was imperative to scrape the TBD back into the reaction volume oroaed m
TBD to continue the reaction. This project did not focus on reaction temperatures over
200°C, as TBD becomes inactive at such high temperatures and a new bath medium
would be required (i.e., sand instead of oil) to reach such temperatures. For non-
symmetric reagents, the goal was to target the most reactive sidefoféet was

important not to bring the temperature too high so that the PET could attack both sides,
providing a mixture of different PET compounds. Table 11 provides the list of reagents
used, along with their selected reaction temperatures based on their badlimgking

points.

Table 10. General strategy for selecting temperature for theéoreact

Temperature Condition of Reaction Volume (Tgy)
Trv > Melting Point of Reagent
Trv < Boiling Point of Reagent
Trv < 200C (Temperature Limits of TBD)
Trv > 40°C (Needed to Surpass Energy Barrief)
Higher ky for Less Reactive Reagents

G WIN P FH
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Temperature
Probe

Keaction
Volume

Hot Plate

Figure 20. lllustration of the experimental apparatus set-up for PET-dégrada
reaction.

Once the temperature conditions were set, the Schlenk tube was insertee i
apparatus based on the set-up illustrated in Figure 20. Although it was not chymplete
necessary, the reactions were held under vacuum as a safety precaugeeribgr
buildup in pressure due to released ethylene glycol. As the PET degraded, tha soluti
turned homogeneous (i.e., flakes disappeared). The time required for full conversion
depends on the reactivity of the reagents. In the case regarding ethylenedism
reagent, with the reaction shown in Figure 21, the reaction volume should reach
homogeneity within a few hours. However, all reactions were set overnightraheve

weekend as a cautionary measure to provide enough time for large conversions.

10020

0-1 atm
Q 0 NH, 5% wt eq TBD Q 0
@4 * Hz"aﬁ""’ 2 _.. Hl"\f H"'\.,-NHE + HD-“\UDH
o o n 17 hrs. H H

Figure 21. PET degradation reaction conditions using ethylenediamine reagent
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Table 11. List of reaction temperatures for various reagents in the dectomposSPET.

# | Compound | Chemical Structure | Boiling/Melting Point Reaction
of Reagent Temperature
1 ED N~z 118C (BP) 106C
2 DAB HoN~~ANH2 28°C (MP) 106C
3 DAH HN~S S~ 42°C (MP) 106C
4 mX “?“'\©/\"”= 265°C/745mmHg (BP)  100°C
MNH
5 oX ,-@-/ ? 63°C (MP) 106C
H:M
MH
6 ABA qu_@_/ 2 37°C (MP) 106C
7 PPD Hz"-@-"“z 143C (MP) 156C
8 PPI HN ) 106°C (BP) 95C
145°C (BP)
T
0 PPA \_/ 109C (MP) 135C
OH 11°C (MP)
10 EthA HoN"~ 176C (BP) 80°C
P
11 AEP e S 218C (BP) 80C
H
12 DETA HaN N N, 199°C (BP) 8dC
13 Allyl HoNe?" 52°C (BP) A7°C
14 Pro Nl — 83°C (MP) 67C
15| DAMDPA | HN_~_N_~_NH; | 11°C/6mmHg (BP) 11%C
H;N_ N_ _NH;
16 DAP I ; 122C (MP) 156C
Hz
17 TAEA '} 114C/15mmHg (BP) 11T
qu""‘“'-v'"*--*""‘MHz

*All boiling point/melting point temperatures cae bbound on the Sigma-Aldrich website:
http://www.sigmaaldrich.com
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The final step for synthesizing PET-derived compounds is purification.
Purification consisted of removing the crude product from the Schlenk tubesatoia
polar organic solvent such as ethyl acetate. This exploits the fact thattiaramides
are generally insoluble in most organic solvents. Water could have bekasuse
separation solvent for a few of the products, but some PET-derived compounds may be
partially soluble in the aqueous solution. Therefore, by using semi-polar spthents
PET-derived compounds were easily separated out from the reagent anst tatalygh
a simple filtration process with frit funnel. The product was then analyzed through
calculating the product yield and identifying the compound through HNMR
spectroscopy. The next few sections present in detail the specifics on tlmnseac

performed for each reagent.

4.1.2.1 Synthesis of PET-derived Aliphatic Diamines
N*,N*-bis(2-aminoethyl)terephthalamide (PETED)

Post consumed polyethylene terephthalate flakes (PET, 3.06 g, 16 mmol) were
placed into a 25 mL Schlenk tube along with excess amounts of ethylenediamjne (ED
11.83g, 0.2 mol) and 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD, 0.18 g, 1.3 mmol). The
tube was then heated under vacuum af@@¥ernight (17 h). The homogeneous
solution was then dumped in 250 mL of ethyl acetate and filtered. The resulting white
powder was then dried in a vacuum oven 4€5@ielding the desired product (PETED)

with high purity (3.95 g, 99%).
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N*,N*-bis(4-aminobutyl)terephthalamide (PETDAB)

PET flakes (1.02 g, 5.3 mmol), 1,4-diaminobutane (DAB, 6.49 g, 73 mmol) and
1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD, 0.07 g, 0.5 mmol) were placed in the Schlenk
tube and then heated under vacuum af@@@er the weekend (50 h). Purification of the
product was performed using the procedure discussed in the previous section, with
PETED yielding the desired product (PETDAB) in the form of a white powder wgth hi

purity (1.37 g, 85%).

N* N*-bis(6-aminohexyl)terephthalamide (PETDAH)

PET flakes (2.98 g, 15.5 mmol), 1,6-diaminohexane (DAH, 11.47 g, 1 mol) and
1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD, 0.12 g, 0.9 mmol) were placed in the Schlenk
tube and then heated under vacuum af@@W¥ernight (18 h). Purification of the product
was performed using the procedure discussed in the previous section with PETED
yielding the desired product (PETDAH) in the form of a white powder with high purity

(5.24 g, 93%).

4.1.2.2 Synthesis of PET-Based Monomers with Phenyl Containing Diamines
N* N*-bis(3-(aminomethyl)benzyl)terephthalamide (PETmX)

PET flakes (5.02 g, 26.1 mmol), m-xylylenediamine (mX, 16.97 g, 1.2 mol) and
1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD, 0.17 g, 1.2 mmol) were placed in the Schlenk
tube and then heated under vacuum af@@Wernight (17 h). The homogeneous

solution was then dumped in 250 mL of ethyl acetate and filtered. The resulting white
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powder was then dried in a vacuum oven 4€5@ielding the desired product (PETmX)

with high purity (7.59 g, 72%).

N*,N*-bis(4-(aminomethyl)benzyl)terephthalamide (PETpX)

PET flakes (1.01 g, 5.23 mmol), p-xylylenediamine (pX, 3.58 g, 26 mmol), and
1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD, 0.11 g, 0.8 mmol) were placed in the Schlenk
tube and then heated under vacuum af@@Wer the weekend (50 h). The homogeneous
solution was then dumped in 250 mL of ethyl acetate and filtered. The resulting white
powder was then dried in a vacuum oven 4€C5@ielding the desired product (PETpX)

with high purity (1.59 g, 75%).

N*,N*-bis(4-aminobenzyl)terephthalamide (PETABA)

PET flakes (2.90 g, 15 mmol), 4-aminobenzylamine (ABA, 9.59 g, 78 mmol), and
1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD, 0.17 g, 1.2 mmol) were placed in the Schlenk
tube and then heated under vacuum af@@Wer the weekend (50 h). The homogeneous
solution was then dumped in 250 mL of ethyl acetate and filtered. The resulting yellow
powder was then dried in a vacuum oven 4€5@ielding the desired product

(PETABA) with high purity (4.86 g, 85%).

N*,N*-bis(4-aminophenyl)terephthalamide (PETpPD)

PET flakes (4.01 g, 21 mmol), p-phenylenediamine (pPD, 17.25 g, 1.6 mol), and
1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD, 0.2 g, 1.5 mmol) were placed in the Schlenk
tube and then heated under vacuum af@5@Wernight (20 h). The homogeneous

solution was then dumped in 250 mL of ethyl acetate and filtered. However, H-NMR
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data showed significant amounts of the reagent within the product. The product was
dissolved in 10 mL of methanol and precipitated out in 250 mL of ethyl acetate. The
resulting blue powder was then dried in a vacuum oven’@: ¥elding the product
(PETpPD) with significant amounts of the reagent remaining in the product (7.77 g,

>100%).

4.1.2.3 Synthesis of PET-Based Monomers with Secondary Amines

1,4-phenylenebis(piperidin-1-ylmethanone) (PETPPI)

PET flakes (1.02 g, 5.3 mmol), piperidine (PPI, 3.88 g, 45.6 mmol), and 1,5,7-
triazabicyclo[4.4.0]dec-5-ene (TBD, 0.06 g, 0.4 mmol) were placed in the Schlenk tube
and then heated under vacuum d&®6&vernight (17 h). The homogeneous solution was
then dumped in 250 mL of ethyl acetate and filtered. The resulting white powder was
then dried in a vacuum oven at’6) yielding the desired product (PETPPI) with high

purity (0.77 g, 49%).

1,4-phenylenebis(piperazin-1-ylmethanone) (PETPPA)

PET flakes (1.07 g, 5.5 mmol), piperazine (PPA, 4.49 g, 52.2 mmol), and 1,5,7-
triazabicyclo[4.4.0]dec-5-ene (TBD, 0.07 g, 0.5 mmol) were placed in the Schlenk tube
and then heated under vacuum at®C3fer overnight, initially. However, the piperazine
sublimed out of the solution during the reaction and formed a crystal layer at the top of
the Schlenk tube. This was problematic, since the sublimation left onlyamalints of
the reagent to be reacted. The resulting product ended up as oligomers of varsous size

Therefore, another reaction was initiated at a temperature @@ 1&53 h to ensure that
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excess reagents were still present in the reaction to yield mondoreng of the

product. The crude solution was dumped in 250 mL of ether, redissolved in 5 mL of
methanol, precipitated out again in ether, and finally filtered out. Despite thmaaddi
precautions implemented into the reaction, the white solid (1.78 g) contained oligomeri

units, along with significant amounts of the reagent.

4.1.2.4 Synthesis of PET-Based Monomers with Non-symmetric reagents
N*,N*-bis(2-hydroxyethyl)terephthalamide (PETEthA)

PET flakes (2.02 g, 10.5 mmol), ethanolamine (EthA, 11.82 g, 0.19 mol), and
1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD, 0.1 g, 0.7 mmol) were placed in the Schlenk
tube and then heated under vacuum &E&ernight (15 h). The homogeneous solution
was then dumped in 250 mL of dichloromethane and filtered. The resulting yellow
powder was then dried in a vacuum oven aC5@ielding the desired product

(PETEthA) with high purity (2.41 g, 91%).

N*,N*-bis(2-(piperazin-1-yl)ethyl)terephthalamide (PETAEP)

PET flakes (1.01 g, 5.3 mmol), 1-(2-aminoethyl) piperazine (AEP, 5.95 g, 46
mmol), and 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD, 0.07 g, 0.5 mmol) were placed in
the Schlenk tube and then heated under vacuunf@t@@rnight (18 h). The
homogeneous solution was then dumped in 250 mL of ethyl acetate and filtered. The
resulting white sticky substance was then dried in a vacuum ovefGatyd€lding the

desired product (PETAEP) with high purity (0.45 g, 22%).
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N*,N*-bis(2-((2-aminoethyl)amino)ethyl)terephthalamide (PETDETA)

PET flakes (3.01 g, 15.7 mmol), diethylenetriamine (DETA, 13.87 g, 0.13 mol),
and 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD, 0.12 g, 0.9 mmol) were placed in the
Schlenk tube and then heated under vacuum®a 8@ernight (18 h). At the completion
of the reaction, the crude solution was dumped in 250 mL of ethyl acetate to form a
yellow oil-like substance. However, the product was crystallized by disgalve
product in small amounts (>10mL) of methanol and slowly precipitating it out in 250mL
of ethyl acetate. Once filtered, the white powder was then dried in a vamamat

50°C, yielding the desired product (PETDETA) with high purity (0.7 g, 13%).

4.1.2.5 Synthesis of Click Functionalized PET-based Monomers

N*,N* -diallylterephthalamide (PETAIlyl)

PET flakes (1.05 g, 5.5 mmoal), allylamine (Allyl, 2.88 g, 50 mmol), and 1,5,7-
triazabicyclo[4.4.0]dec-5-ene (TBD, 0.07 g, 0.5 mmol) were placed in the Schlenk tube
and then heated under vacuum d&G4@vernight (20 h). The homogeneous solution was
then dumped in 250 mL of ethyl acetate and filtered. The resulting white powder was
then dried in a vacuum oven at’8) yielding the desired product (PETAIlyl) with high

purity (0.92 g, 69%).

N N* -diallylterephthalamide (PETPro)

PET flakes (1.02 g, 5.3 mmol), propargylamine (Pro, 4.55 g, 83 mmol), and
1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD, 0.05 g, 0.4 mmol) were placed in the Schlenk

tube and then heated under vacuum &C&¥ernight (18 h). The homogeneous solution
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was then dumped in 250 mL of ethyl acetate and filtered. The resulting orahkge sti
substance was then dried in a vacuum oven ‘&,50elding the desired product

(PETPro) with high purity (0.29 g, 23%).

4.1.2.6 Synthesis of PET Monomers with Tertiary Functionalized Amines
N*, N*-bis(3-((3-aminopropyl)(methyl)amino)propyl)terephthalamide (PETDARMP
PET flakes (3.02 g, 16 mmol), Diamino-N-methyldipropylamine (DAMDPA,
10.78 g, 82 mmol), and 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD, 0.11 g, 0.8 mmol)
were placed in the Schlenk tube and then heated under vacuuniGioigdnight (17 h).
The crude solution was then dumped in 250 mL of ether resulting in a yellow oily
substance that consisted of large amounts of impurities based on H-NMR anghgsis
impure product was then dissolved in 5 mL of methanol and precipitated out again in
ether. Repeating the methanol/precipitation step two more times resudtgeliow
waxy compound. The resulting product was then dried in a vacuum oveiCat 50
yielding the desired product (PETDAMDPA) with significant amounts of nmethand

water (1.2 g, 18%).

N* N*-bis(6-aminopyridin-2-yl)terephthalamide (PETDAP)

PET flakes (3.84 g, 20 mmol), 2,6-diaminopyridine (DAP, 9.31 g, 85 mmol), and
1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD, 0.3 g, 2.1 mmol) were placed in thenRchl
tube and then heated under vacuum af@%Wernight (17 h). The crude solution was
then dumped in 250 mL of ethyl acetate, resulting in a dark brown solid that contained

large amounts of the reagent. The impure product was then dissolved in 10 mL of
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dimethylformamide and precipitated out again in ethyl acetate. Themgguibduct
was then dried in a vacuum oven at®Qyielding the desired product (PETDAP) with

significant amounts of methanol and water (2.1 g, 31%).

N*,N*- bis(2-(bis(2-aminoethyl)amino)ethyl)terephthalamide (PETTAEA)

PET flakes (1.02 g, 5 mmol), trisaminoethylamine (TAEA, 5.36 g, 37 mmol), and
1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD, 0.9 g, 0.6 mmol) were placed in thenRchl
tube and then heated under vacuum af@¥ernight (18 h). The crude solution was
then dumped in 250 mL of ethyl acetate, resulting in an orange oily solution that
consisted of large amounts of impurities. The crude product was then dissolvedrin wat
and further treated through solvent exchange using ethyl acetate. Ture pnpduct
was then dissolved in 10 mL of dimethylformamide and precipitated out again in ethyl
acetate. The resulting product still contained significant amounts of wateeagents
after the solvent exchange step. As a result, the product was then treated through a
Kugelrohr distillation apparatus at 3@for 30 minutes. The final waxy product still
contained vast amounts of the reagents and water, demonstrating the goegtyctffi
isolating the product. In addition, the high temperature of the distillation columrdcause

some of the product to degrade.
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4.1.3 PET Decomposition Incorporating Reused Reagents

The aminolysis of PET with various reagents described in the previous section
required a large amount of amines to replace the use of solvents. Howevhiljtthiva
separate the reagents from the organic solvent (ethyl acetate) altovileel reuse of the
remaining reagent for further PET-aminolysis reactions. Using the szamtion process
described in the previous section at a 5 gram scale, the PET degradation process was
restarted using the same reagents as before.

The recycled reaction was tested through the aminolysis of PET witlersghyl
diamine and m-xylylenediamine in a 5 gram scale. After the end of the PEAdd&gn
reaction, the products were isolated by adding in an excess amount of etidtyd and
filtering out the products from the supernatant. The supernatant was theneskpsirag
a rotary evaporator (rotovap) due to the differences in boiling point between the solvent
and the diamines. For m-xylylenediamine, the rotovap was set at tempeeaatued
60°C due to the high boiling point of the diamine. However, the rotovap for ethylene
diamine was required to be set af@@inder vacuum because of the relatively lower
boiling point of ethylene diamine (compared to other diamines). After the Separas
complete, the diamine solution was then reused for another PET decompositi@mreacti
(100PC, 45 hours for both cases) at a 1 gram scale without the addition of TBD or
diamine solution at the same operating conditions used at the 5 gram scale. The
suggested amount (5% wt) of TBD was only added if the reaction was not progressing
after 5 hours. After the reaction was complete, the product was evaluateght NMR

analysis. This procedure demonstrates the ability to recycle the sageatefor
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multiple PET degradation reactions, which has strong implications in improving

efficiency (and reducing costs) of the reagents for large scalelgadation reactions.

4.2 Epoxy Hardening Process Incorporating PET-derived Amides

The development of aromatic amides using recycled materials provides an
innovative way to produce relatively inexpensive epoxy modifiers while reduseng t
amount of municipal waste. As discussed by McKetaal., aromatic amide based
fortifiers can improve the mechanical properties of epoxy compounds. This project
investigated the ability to use PET-derived amides for epoxy hardenimgyaisblvent-
based epoxy hardening procedure. The solvent-based procedure focused primiaeily on t
comparison between dissolved PET-derived amide curing agents versup#uotives
precursor for thermal analysis. This section centers on the materialsoaedye used

for the preparation of the epoxy samples for thermal characterization.

4.2.1 Epoxy Hardening Materials

The materials section for the epoxy hardening process is divided into two
sections: epoxy copolymers and instruments. The epoxy copolymer, bisphenol A
propoxylate diglycidyl ether (BAPDGE), was the primary component usdtddapoxy
hardening process. Four diverse PET-derived diamines, illustrated i\e RRUPET-
Ethylenediamine, PET-m-Xylylenediamine, PET-Diamino-N-methyljyjygtamine, and

PET-Diethylenetriamine) were selected from the library develapdable 9 for the
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epoxy hardening process. 1,1,1,3,3,3-hexa-2-fluoropropanol (HFP) was used for the

solvent process in order to dissolve the PET-derived diamines into the epoxy solution.
BAPDGE and HFP were purchased from Sigma-Aldrich and provided by IBM Aimade
Research Facility. The only remaining copolymers involved were producedHeom

PET aminolysis process.

0 0
PET-Ethylenediamine
HsN NH,
~ N (PETED)
0 8]
HaN 'P\ < > Ehl NH, PET-m-Xylylenediamine
H H (PETmX)
] 0
PET-Diamino-N-methyldipropylamine
HaN TMH N N NH; (PETDAMDPA)}
] 8]
H p?_©_l( n PET-Diethylenetriamine
H N7~ *-..-"‘""H H-"*v ~"NH, (PETDETA)

Figure 22. Selected PET-derived diamines used for epoxy hardening applications

Thermal characterization was performed using a differential stgcalorimeter
(DSC) and dynamic mechanical analyzer (DMA). DSC determines the tgénsition
temperature of the sample by calculating the changes in heat flowastiari of
temperature. DMA also characterizes polymers based on the glasanatemperature
by measuring the storage modulus as a function of temperature. Substantiad amange
properties at higher temperatures represent physical changes bétevpetyimer and the

monomer, providing the ability to use thermal analysis to characterize epaobenbd
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compounds. All thermal characterization tests were done at IBM AlmadearBlese
Facility using the Q2000 DSC model and 2980 DMA model purchased from TA

instruments.

4.2.2 Epoxy Preparation for Thermal Analysis

The method of epoxy hardening using PET-derived diamines incorporates a
solvent to dissolve the PET-derived diamines into the epoxy resin for therraisina
Thermal analysis provides information on the curing behavior of the epoxy compounds,
as temperature dependence of the properties change when the cured epogy polym
reaches different phases based on the time-temperature transformafippi@Gfile.
This section describes the preparation of the epoxy samples for DSC andri2Msis

The first procedure focuses on the preparation of the cured epoxy polymers for
DSC analysis. Approximately 1 gram of BAPDGE was measured out and jpiag@0
mL vial (A). In a separate 20 mL vial (B), equimolar ratios of diamines (&&ikved
and basic) were weighed out and added to the vial at different compositions. The goal
was to determine the effects of PET-derived diamine versus its basic pawinter the
thermal properties of the epoxy polymer. Table 12 demonstrates a typaatl lsed for
developing epoxy polymers at different ratios in a solvent system.

Approximately 2 g of HFP was then added to the vial B. The vial was then heated
and mixed until all diamines were completely dissolved in HFP. Once cooled, the
contents in vial B were poured into vial A and mixed thoroughly until the solution was

uniform. The solution was then poured into an aluminum weighing dish and set on a hot
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plate at 48C over two hours to evaporate out the solvent and avoid the formation of
bubbles within the film without hitting the boiling point of HFP. The aluminum dish was
then transferred into an oven and cured afQ@¥er two hours under vacuum to remove
any remaining solvent. The final product consisted of a brownish glasstike fi

illustrated in Figure 23, which was isolated by peeling off the aluminum dish.lyf-imal
0.5cm x 0.5cm sample of the film was cut out, placed in a small aluminum plate, and run

through the DSC instrument to collect thermal data.

Table 12. Experimental design for epoxy hardening of PET-derived diamines@or DS

% Composition BAPDGE PET-ED ED HFP
PET

100% 19 0.274 g 0g 29

70% 1lg 0.191¢g 0.020 g 29

50% 19 0.137 g 0.033 g 29

30% 1lg 0.082 g 0.046 g 29

0% 1g 0g 0.066 g 29

200°C for 2 hours

Figure 23. lllustration of epoxy hardened polymer for DSC analysis.
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The DSC analysis measures the glass transition temperature of tlge epox
compound by measuring the heat flow through the polymer as a function of temperature
As the temperature rises, the epoxy polymer reaches vitrificatiomiet woint the
bonds of the polymer become loose and the heat transfer through the polymer reaches a
high point. This effect was exploited using the DSC to determine the glastdransi
temperature at the fully cured state of the polymer by measuring the spedifias a
function of temperature. However, it was important to expose the sample ital $eat
runs to ensure that it reached the maximum level of cross-linking and theot/#haee
glass transition state was that for the fully cured state (FigureA&4a. result, each
sample analyzed through the DSC needed to be heated and analyzed seveti@l times

determine the closest value for the glass transition temperature at yhaufelll state.

Specific
Heat

> Heat & Cool

(Te.) Temperature

Figure 24. Glass transition temperature at fully cured state for DSGnaly
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The second procedure focused on the preparation of the cured epoxy polymers for
DMA studies. Approximately 0.5 gram of BAPDGE was measured out and ptaeed |
20 mL vial (A). In a separate 20 mL vial (B), equimolar ratios of diamines-(PET
modified vs. basic) were weighed out and added to each associated vial atevemtdiff
compositions: 0% and 100% PET-derived diamine to basic diamine ratios, as presented
in Table 13. Approximately 2 grams of HFP were added to vial B, which was then
heated and mixed in order to fully dissolve the diamines into solution. The contents in
both vials were then combined and mixed thoroughly to form a uniform solution. The
contents of the solution were then pipetted onto a 6cm by 0.5 cm thin glass fiber strip on
top of a glass plate until the glass fiber strip could no longer absorb the solugare (F
25 (a)). The solvent was evaporated out by placing the glass plate in the 50%h far
2 hours under vacuum. The samples were then cured @ 208n oven for 2 hours
under vacuum as well, where the solution turned into a glass-like layer (Figurg.25 (b)
The glass fiber strips were then carefully removed from the glass fiate@oling and

entered into the DMA for analysis.

Table 13.Experimental design for epoxy hardening of PET-derived diamines for DSC

% Composition PET BAPDGE PET-ED ED HFP
100% 0.5¢g 0.137 g 0g 29
0% 059 0g 0.033 g 249
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(a) (b)
Figure 25. DMA epoxy samples (a) after sample preparation and (b) pedt-cur

Characterization through DMA provides information about the glass transition
temperature, as well as the cross-linking behavior as the polymehgoeght
devitrification to reach the elastomeric state based on the TTT diaJitaentransition
from the glass state to an elastomeric state can be visualized syrmgdhe modulus of
a thermoset sample versus temperature, as illustrated in Figure 26brfamgnal cross-
linking resulting from curing difficult compounds can be accounted for by the shape of
the DMA profile. This is done to ensure that the PET-derived diamines cofvebihye
as modifiers for epoxy hardening. The molecular weight between cnissckn also be
calculated based on the value of the modulus at the elastomeric region. However, i
should be pointed out that the particular instrument calculates a relative maulthsis

is used specifically to determine the thermal behavior of the composite sample
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Figure 26. Expected DMA result for fully cured epoxy polymer

4.3 Methods and Materials Summary

This section listed the respective processes for the aminolysis of REIeimt
monomers using various different reagents and the incorporation of these mormmers f
epoxy hardening. Incorporating organocatalysts to degrade plastic wastesoin
solvent-less systems is a creative way of removing waste wheing the principles
of green chemistry. In addition, the ability to form a library of structusdtiyng
aromatic amides may be important for the application of PET-derived dsmiepoxy
hardening. Using thermal tests, quantitative measurements were usedhe ¢esing
behavior of the epoxy polymers with the addition of these aromatic amides. Tihisrcha
provided the backbone for how the PET degradation products were formed, analyzed, and

applied.
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CHAPTER FIVE

PET AMINOLYSIS RESULTS

The main objective of this project was to develop an extensive library of acomati
amides from the reaction between PET waste and amines. This chaptsriyegin
explaining how the spectrums developed from proton nuclear magnetic resonance
spectroscopy (H-NMR) for these PET-based monomers were analyzed. Adgitianal
in-depth analysis of the performance of the PET aminolysis reactionsowdscted to
determine any trends between the reaction performance and the properties of the
reagents. Table 14 provides an overall synopsis of each PET aminolysis reatgidn te
along with the performance of each reaction based on yield. Furthermor&agbiisrc
delves into the results concerning the ability to reuse reagents, splcifsial PET-
ethylenediamine and PET-m-xylylenediamine, for conducting multiple d&gfadation
reactions. Finally, the last section focuses on the importance of the pilesegsalong

with these novel monomers in the global scale.
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Table 14. Summary of PET aminolysis reactions

# | PET-Based Product Chemical Structure | solated %Yidd
Q 0
1 PETED HaN~ { ~NH; Yes 99
H H
Q o]
2 PETDAB HzN o~ N~~.NH; Yes 85
H H
8] [w]
3 PETDAH Hz"-..-WH HWNHz Yes 93
(] 0
4 PETmMX HZH‘\@/‘r? & ﬁ'\@/unz Yes 72
H H
[*] ]
5 PETpX quﬂuwﬂﬂuuz Yes 75
0 o]
6 PETABA 4 Yes 86
HZN@.H "la\E‘:BMHz
0 8]
7 PETPPD e Ny, Yes* >100
[a] o]
8 PETPPI CH"‘@“{..J Yes 49
0 O
9 PETPPA N"“@“‘NH No >100
H e "--..-NH
9] 0
10 PETEthA HO_~ ~_OH Yes 91
H H
HN™S O O  ~NH
11 PETAEP LN~ h~NJ Yes 22
H H
H @ O u
12 PETDETA NN P AN i, Yes 13
H H
Q 8]
13 PETAIlyl DK~z Yes 69
H H
0 o]
14 PETPro SVt~ Yes 23
H H
0 o]
15 PETDAMDPA | yy~n~t 0§ ~mn~nn, | YES 18
1 H H 1
0, 8]
16 PETDAP HZN{_JNH O H;N..E'j,NH;. Yes 30
HoN NH,
\> 9 2 S No 13
17 PETTAEA
Hzﬂ“M"MHﬁ}_@JﬁH%"WHHZ




5.1 H-NMR Analysis for PET-Derived Monomers

The formation of the aromatic amide plays a key role in identifying the product
through H-NMR analysis. Due to the electron pulling nature of the amide group, the
signal of the protons on the aromatic amide appears at a higher chemiaal shift
comparison to the peaks of the reagents. Using the H-NMR spectrum for the PET-
ethylenediamine (PETED) product, illustrated in Figure 27, the peakisef@rotons on
the aromatic group of the amide are located at a chemical®@haftound 7.9 ppm (A) on
the spectrum. Although the spectrum only labels half of the compound, the symmetric
nature of the PET-based monomers implies that both sides of the compound have
equivalent peaks, thus simplifying the H-NMR analysis for each compound. MIRe N
spectrum also includes peaks for deuterated DMSO25 ppm) and wateb & 3.3
ppm). These peaks are consistent for all H-NMR analysis done on PET-based

monomers.

A~z
A

(et

BHIZ ™0

Characteristic Peaks
for Aromatic Amides

M B,

ppm (t1) 8.0 7.0 6.0 5.0 4.0 3.0

DMSO

Figure 27. H-NMR spectrum of PETED used to illustrate the characterestics
specific to the aromatic amide group for each PET-based monomer.
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Although the H-NMR for PETED looked clean, the production of oligomeric
products is a concern when developing PET-based monomers with diamine reagents.
The peak at a chemical shift at 8.8 ppm, shown in Figure 27, revealed oligomers in the
product. However, the amount of oligomers was nearly insignificant competieel t
amount of monomers present in the sample. The presence of the oligomers does illustrat

the importance of using excess reagents for these reactions.

5.2 Performance Analysis of PET Aminolysis Reactions

Using the procedures detailed in Chapter 4 to develop the PET-based monomers,
the H-NMR data and reaction yields can be analyzed with the type of reagent to f
trends between performance and the type of reagents used. Table 14 provides a summary
of all the PET aminolysis reactions executed in Chapter 3. The table also provides
information on the performance of the reaction (i.e., % yield) and whether the fproduc
was successfully isolated from the reagents. This section presegentral trends and
obstacles in the performance of the PET aminolysis reaction using the “gregm’ des

scheme.

5.2.1 PET Aminolysis with Aliphatic and Aromatic-Containing Diamines

The PET degradation reactions involving the aliphatic and aromatic amines
generally performed very well with high purity, as demonstrated by the H-BidéBtra
(Figures 28 and 29) and yields above 72%. The high performance was related to the

reactivity of the primary amine on these reagents. Aliphatic primanyesnare more
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effective nucleophiles than phenyl and secondary amines due to the lack of steric
hindrances from the protons on the primary amine. In addition, there are no other
functional groups on these amines that would inhibit aminolysis from occurring in the
reaction. Therefore, reactions between PET and the aliphatic amines should have
extremely high levels of conversion (>85%). Similarly, the diamine résgentaining
phenyl groups performed well in the aminolysis with PET with yieldeiggly over

72%. In addition, the aminolysis reaction with aminobenzylamine (ABA) demaatbtrat
the ability to target the more reactive benzyl amine over the phenykanhhis truly
demonstrates the ability of TBD to target certain functional groups on tlsedbas
reactivity under particular reaction conditions. By increasing theioeaeimperature to
150°C, the phenyl amine groups could be targeted, as demonstrated by the success in
producing PETPPD. However, through the use of multiple washing steps, PEfIPPD s
contained some reagent impurities in the product. This may be due to the affiriigy for t
reagent to remain bound to the product as a result of the pi interactions between the
phenyl groups. Despite the minor complexity in the isolation of PETPPD, the signthe
of PET-derived monomers using aliphatic and aromatic diamines generally produced

well-defined crystalline products with high yields.
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Figure 28. H-NMR characterization of the aliphatic PET-based diamindRE{J&ED, (b)
PETDAB, and (c) PETDAH.
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Figure 29. H-NMR characterization of the phenyl containing PET-basedndisn{a)
PETmX, (b) PETpX, (c) PETABA, and (d) PETPPD.

5.2.2 PET Aminolysis with Non-Symmetric Amines

The formation of PET-ABA by effectively targeting the functional grougeda
on reactivity opened the door for the development of specific monomers from non-
symmetric reagents through adjusting the reaction conditions. The successfulipmoduc
of the first compound, PETEthA, demonstrated the ability to specificallgttdrg more
nucleophilic amine site over the alcohol in the formation of these monomers at high

yields (91%), as illustrated by the H-NMR spectrum located in Figure 30. lmoaddi
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the H-NMR spectra in Figure 30 also demonstrated the ability to form PET-based

monomers by targeting the more reactive primary amines over secondaeg amthe

successful production of PETAEP and PETDETA. Interestingly, the developent

PETDETA using organocatalysis demonstrated the ability to develop one type of

monomer rather than a mixture, as illustrated in the aminolysis of PET bh&pyal

However, it is important to note that the amorphous nature of PETAEP and the

hygroscopic nature of PETDETA made it significantly more difficult to purging the

desired trituration process, resulting in the low yields of the product.

(a)
o] ] E
'§~—{: :}-aq C
HO o~y W= OH
A H A H D H,O
B
. o DAED
I Lk
e T N
ppm (1) &0 0 &0 50 40 30

T

pom (1) 8.0

0

L
&0

50

DMS0

o 5] E
H,u-"‘-n..-Nw.f"- "-v"-»-.r"qu
H A g D F

A

o ox

T
pem k) &0 7.0 6.0

(c)

Figure 30. H-NMR characterization of non-symmetric PET-based monofagrs;
PETEthA, (b) PETAEP, and (c) PETDETA.
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5.2.3 PET-Aminolysis with Click-Functionalized and Secondary Amines

The organocatalytic aminolysis of PET with click-functionalized amames
secondary amines was successful as well. Both click-functionalizeéag(PETAllyl
and PETPro) were produced and isolated with high purity using low temperature® (Fig
31) due to the limitations imposed by the low boiling points of the reagents. However, as
demonstrated by the yields for both PETAIlyl and PETPro, monomers with amorphous
properties (PETPro) versus crystalline properties (PETAIlyl) eepeed considerable
losses through the trituration process, as the product would not easily precpitat
solution. The PET reactions with secondary amines yielded mixed resulESTRBRP
formed a nice crystalline product with moderate yields (49%) (Figurend@e PETPPA
could not be successfully produced using the intended experimental design. During the
reaction, piperazine sublimed out of solution, leaving minute amounts of reagent in the
reaction volume. In addition, the product had solubility properties similar to thentea
making it very difficult to isolate. However, the presence of the peaks atracahshift
of 7.4 ppm did show promise that the compound can be developed using a modified

procedure to successfully produce PETPPA.
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Figure 31. H-NMR characterization of PET-based monomers with click-
functionalization; (a) PETAIlyl and (b) PETPro.
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Figure 32. H-NMR characterization of PET-based monomers using secondaegami
(a) PETPPI and (b) PETPPA.
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5.2.4 PET Aminolysis with Tertiary-Functionalized Amines

Finally, the formation of PET-derived monomers with tertiary-functiaedli
amines is interesting because of the water solubility charamtgmdttertiary amines as
well as the ability to form charged quaternary amines that can be used fatyaofa
different applications. The formation of the oily layer when dumped in the organic
solvent, due to the hygroscopic nature of these particular products, makes it veuit diff
to isolate using a basic trituration procedure. Additional precipitation stepsauirired
to completely isolate the product from the reagent, which leads to the low yielas i
product.

Both PETDAMDPA and PETDAP were successfully produced and isolated, as
demonstrated by the H-NMR spectrum located in Figure 33. For PETDAP, bévause
tertiary amine is lodged in the aromatic ring, any water solubiligcts provided by the
basic tertiary amine were negated due to the structural rigidity of theocord. An
interesting characteristic of PETDAMDPA, however, lies in the fadttteadimer form,
rather than the monomeric form, is isolated (Figure 34) when the tiitoiatid
precipitation steps require ethyl acetate instead of ether. Sifd@ANDPA contains
both water soluble parts (tertiary amine) and insoluble parts (aromatic)ahadmg a
dimer (Figure 34) would enable the compound to have a larger ratio of insoluble
segments to water-soluble segments (2:3) than the monomeric form (1:2). fehehefo
dimer is less hygroscopic and much easier to crystallize out than the monamaric f
This also explains why the dimer form is insoluble in water, making it thelésssable

product for potential applications, such as interfacial polymerization. Despgadbess
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of the previous two compounds, PETTAEA could not be produced and isolated as
water/methanol, and the reagents were difficult to remove using seveeatliff

purification techniques (solvent exchange, precipitation, etc.). Even when the crude
product was treated using a Kugelrohr distillation apparatus at a highregarpesmall
traces of impurities were still found in the product, along with the presersoens

degraded products caused by the high temperatures required for distillatiqite Eres

extra attention required to obtain these tertiary-amine functionalized compouseés, the
monomers do provide special properties that make it more valuable than the other PET-

based monomers.
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Figure 33. H-NMR characterization of PET-based monomers with tertiagtibnalized
amines; (a) PETDAMDPA, (b) PETDAP, and (c) PETTAEA.
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Figure 34. H-NMR spectrum for PETDAMDPA (dimer).

5.3 Recycling of Amine Reagents for PET-Aminolysis

The decomposition of PET using organocatalysis has facilitated theoorefti
new monomers by simply adding excess amounts of various amines. However, the cost
of using excess amounts of amines negates the advantages of producing moonamers fr
waste products. Recycling the reagents after forming PET products may nsake thi
process considerably more cost effective. Using the procedure detailedgtec4, the
recycling of both m-xylylenediamine (mX) and ethylenediamine (EDewesestigated
to perform additional PET degradation reactions.

The first reaction tested to determine the ability to recycle aminemtsafpr

further PET degradation consisted of mX. Using the reaction scheme illustr&igdre
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35, mX was separated from the ethyl acetate solution after the purificatiatiadf i
PETmX (~5g scale) through the use of the rotovap. mX was tested first becaase mX
ethyl acetate can be easily separated due to their considerabilerdifis in volatility.

The next step was performing the identical reaction at a 1 gram scale osSRPigTonly

the recycled mX solution (which still contained TBD from the previous reactidmd. T
reaction produced a white product at 64% yield with viscid properties. The results,
illustrated from the H-NMR spectrum displayed in Figure 36, demonstrated the
successful production of PETmX using recycled reagents. However, the viscidipsope
were likely due to the small impurities seen in the NMR spectrum at a cheimita
around 4.2 and 1.9 ppm. The impurities within the product may have been degraded
TBD byproducts formed due to excessive use of TBD. Despite the impurities, this
process did show high potential for recycling excess reagents to furdiaeicprPET-

degraded products.

100°C . 100°C
45 hrs 60°C 45 hrs
“ EA PET EA
PETmX
PET X PETmX
mX 5D @)
TBD
EA ]
o PETmX Rgtovap <
Imitial PET PETmX (1) Secondary PET PFTmX
Degradation Purification Degradation Purification

Figure 35. Reaction scheme for using recycled mX to perform a PET asmnoly
reaction.
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Figure 36. NMR analysis of PETmX product using (1) pristine mX and (2) estycK

The recycling of ethylenediamine for additional PET degradationioeactvas
also investigated to further demonstrate the potential efficient usagémts. The
reaction scheme for producing PETED using recycled ethylenediakigwed 37)
differed considerably from the m-xylylenediamine scheme. First, theapt
temperature was set to“@instead of the 6C used in the m-xylylenediamine process
due to the lower volatility of ethylenediamine compared to m-xylylemeidia In
addition, the secondary PET degradation reaction did not turn homogeneous after 10

hours. Thus, additional TBD was added (5 wt. % of PET) in order to allow the reaction
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to proceed. After 45 hours, the reaction created a white powder with a yieldthenge
100%. The H-NMR spectrum of both PETED products in Figure 38 demonstrated the
formation of PETED using recycled ethylenediamine. However, for the PEABPIs
produced from recycled ethylenediamine, PETED oligomers were pedsagtwith the
monomers. The reason for the generation of PETED oligomers was the limited amount
of ED remaining after the rotovap step. This could be remedied by adding mooe ED t
the PET degradation reaction to ensure that it occurred at high excess lof &fdlition,

the high amounts of impurities in the secondary PETED sample explained whglthe
was higher than expected. The inability of the secondary PET degratatiocur

without the addition of TBD may have been caused by excessive degradation of TBD
from the initial PETED process. Consequently, the degraded TBD byproductsarey
accounted for the large quantities of impurities in the PETED sampleontlusion,

both recycled m-xylylenediamine and ethylenediamine successfully deatedstie

ability to reuse reagents for PET aminolysis. However, processes incorpoeat/cled
reagent for PET aminolysis reactions need to consider ways of separatiigtimsed

products from degraded TBD byproducts.

100°C . 100°C
45 hrs W€ TRD 5o
i PETED i 5 PETED
PET ED ED PETED
ED TED TED (2)
TBD EA EA
PETED Rotovap o
Initial PET PETED (1) Secondary PET PETED
Degradation Purification Degradation Purification

Figure 37. Reaction scheme for using recycled ED to perform a PET ansnelysiion.
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Figure 38.NMR analysis of PETED product using (1) pristine ED and (2) recycled ED
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5.4  Discussion

This project demonstrated the ability, through organocatalysis, to develop a
library of specialty monomers with various functional groups using PET wesdects.
Consequently, the process as well as the monomers should be discussed to signify their
importance on the global scale. This section goes over the significatiie @focess
toward the environment, the additional studies that should be done to optimize process
conditions, and, finally, the characteristics of the PET-based monomers Keit ma

useful for potential applications.

5.4.1 Environmental Significance of Developing PET-Based Monomers

The overwhelming quantities of PET products released into the environment have
been detrimental to the ecosystem, as these products cannot be readifyeztadic
Developing specialty monomers from PET waste offers an alternagigasof treating
the waste with the potential to incorporate these monomers for high-value apmdicat
The ability to develop these monomers for high-value applications in turn mayeesvid
added economic incentive to collect and reduce the amount of PET waste in the
environment. In addition, the goal is to also apply these monomers in uses witlfidong li
spans, such as coatings, to avoid these PET products from entering the landfill.

As the world becomes more environmentally conscious, there is a drive to
develop more environmentally friendly processes for large-scale manirigatii
chemicals. The design scheme for the PET aminolysis using organocgiedysies a

way of developing new monomers at low operating conditions and solvent-lessireact
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conditions with the ability to recycle reagents and trituration solentsdditional PET
reactions. Although these properties may seem environmentally insighgicthe lab
scale, using this practical design at a manufacturing scale providdgaigradvantages
resulting from its simplicity and ability to comply with growing environna¢nt
restrictions.

Of all the monomers developed, however, certain compounds carry more weight,
especially on the environment. Looking at the results summarized in Table g#4sther
clearly a divide in productivity based on the properties of the compounds. Amorphous
and hygroscopic products generally produce low yields and require additional
purification steps to isolate. Environmentally, the development of these moneriess
favorable, as considerably more solvent and energy need to be expended to reach the
level of production seen with the crystalline monomers. The ability ofryiséadline
products to crash out of solution quickly and effortlessly truly demonsthegmtver of

this process, especially for large scale production.

5.4.2 Process Optimization

The main objective of this project was to specifically demonstrate theyabili
develop a library of compounds by reacting PET waste with varying reagent&vétow
due to the time limitations of this study, process optimization was not fullytigsieg.
Kinetic studies of these aminolysis reactions should be performed to highligbtate
that certain conditions play on the ability to perform these reactions. The three ma

factors that should be seriously considered include the reaction temperatre, TB
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concentration, and reagent concentrations. The ability to perform the PET amsinolysi
reactions with allylamine and propargylamine at temperatures well beld\@ 19@ather
intriguing, as it might provide a way of reducing the energy requiremerdidei@ a
greener process for the reaction with other reagents. Kinetic studies with TBD
concentration should also be investigated to find the minimal amount of TBD necessary
to perform the PET aminolysis reaction. Finally, the effects of reagec¢ctvation on

these PET aminolysis reactions should be determined to provide a way of cantroll
oligomeric formation. The process optimization is imperative, espeaially

manufacturing scales, to reduce costs while making the process cdrigideeaner.

5.4.3 Importance of Properties PET-Based for Potential Applications

The specialty monomers derived from PET contain extraordinary properties that
make it enticing for various applications. First, the added rigidity provided by é&mglph
ring on the aromatic amide enhances the structural rigidity of the mon&weond, the
amide groups provide additional structural support through hydrogen bonding. Finally,
the terephthalic structure forces these monomers to become bifunctional mondheers
combination of these properties makes these monomers very enticing for condensati
polymerization reactions, as the rigidity and hydrogen bonding properties shouidrioug
the polymers considerably. In addition, these monomers can be used as hard cross-
linking segments for polyesters and epoxy composites to improve their meclagcical
thermal properties. The development of these PET-based monomers funecwneétiz

tertiary amines also provides the ability to form aromatic amides witr walubility.
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This trait is especially useful for interfacial polymerizations whieeenhonomer can be
dissolved in water, rather than more toxic solvents such as DMSO, to form high
molecular weight polymers. Thus, despite the difficulties in isolating tharteetmine
functionalized monomers, specifically PETDAMDPA, it is worth pursuing, as the othe
PET-based compounds do not share these solubility characteristics. The ptett cha
examines the ability to use a few of these PET monomers as hardeners Jor epox

composites.
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CHAPTER SIX

PET-DIAMINE RESULTS AS EPOXY HARDENING MODIFIERS

The previous chapter focused on the development of a library of innovative
monomers from PET waste using organocatalysis. The large diversityl ald?ized
compounds suggests the potential for a diverse variety of applications. This thesis
focuses primarily on the use of four PET-derived diamines (PETED, PETmX,
PETDETA, and PETDAMDPA)(Figure 39) as epoxy hardening modifiers. Asisked
in Chapter 4, epoxy composites are characterized using two different thermal
characterization techniques: differential scanning calorimetry amanoig mechanical
analysis. Thermal characterization provides information on the typicataher
transitions that occur within thermosets. From the TTT diagram, we cantehaeathe
effect of PET-diamines on the curing of epoxies as a modifier on the basis gfidissi

transition temperatures through the isothermal curing of each sample.

0 0
HaN,_~ -~ NH: PETED
H H
(8] 0
Ha M'\@/‘y} O ;N'U‘ NH; PETmX
H H
8]
quw“m,} O I'Hﬁ«"v“uuz PETDETA
0] 8
Hzﬂmﬂﬂ'ﬁ” HVTVHHQ PETDAMDPA
1

Figure 39. PET-derived compounds used as modifiers for epoxy hardening.
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6.1 Differential Scanning Calorimeter Results

The differential scanning calorimeter (DSC) measures the heat flowgthtba
sample as a function of temperature. When curing PET-diamines with GEPtDe
behavior of the specific heat of the composite as a function of temperature should be
consistent with the curve typical for thermosets (Figure 24). The DSC analysuring
BAPDGE with 100% equivalence of PETED is shown in Figure 40. The fact that the
curve behaves identically to typical cured thermoset polymers demongtetdslity
for PET-diamines to successfully bind with the epoxy resin. This is also veoytant,

as it demonstrates no significant influence from the solvent HFP on the curinggaroce
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Figure 40. DSC analysis of cured epoxy polymer (100% PETED) heated and cured
several times to reach I.g
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The glass transition temperatures of each composite sample werdesstitiie
temperature where the largest change in specific heat occurred. Hoagesecussed
previously, the epoxy composite did not always reach complete cross-lintenguaing
the sample at 20Q for 2 hours. Therefore, it was necessary to heat and cool the sample
several times in the DSC in order to find the value of the glass transition teunpeta
the fully cured state (Tg. The Tg values for each heating/cooling, as illustrated in
Figure 40, were relatively constant (only %Cifference), demonstrating that the
sample reached full cure using the given curing conditionSQfa® 2 hours).

Using the DSC, the Tgof different compositions of PET-derived diamines (0%,
30%, 50%, 70%, and 100%) were obtained. As shown in Figure 41, higher compositions
of PET-diamines in the epoxy curing process generally demonstrated highsrerg
their simple counterparts. The positive trend of the Tg as a function of PET-monome
composition can be explained by the added structural rigidity and hydrogen bonding
effects from the aromatic amide on the PET-derived monomers. These effesed the
intermolecular forces between the cross-linked chains to be sigrifistmoinger, thus
requiring more energy to loosen the bonds as the composite reached the gésmtra
state. However, for PETDAMDPA, the extent of, Tigcreasing was significantly lower
than it was for the other PET-diamines. This can be attributed to the fact tha
PETDAMDPA is larger and more flexible because of the long aliphatic chegneting

the effects of the aromatic amide groups.
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DSC Analysis for Epoxy Compounds
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Figure 41. DSC analysis for epoxy hardened polymers using PET-derivedesami

The Tg, can also be compared for each PET-diamine based on their respective
structures (Table 15). PETDETA, as expected, had the highe$t8§C) because it
contains a free primary amine and secondary amine that can react with epoxefgr
BAPDGE. As aresult, the cross-linking density of the composite arasderably
higher, making the composite significantly more rigid and requiring additenergy to
allow cross-links to relax as the glass temperature was reaclsefdr the other three
PET-derived diamines, the value of Tdagpended mainly on the rigidity of the free
amine. The free benzylamine on PETmX (Fg71°C) provided additional rigidity,
making it slightly more difficult than PETED (Tg 67°C) and PETDAMDPA (Tg=
54°C) to relax as the composite reached the glass transition state. Adiititeaepoxy
samples cured with PETDAMDPA required a lower Tg to allow the composigath

the glass transition state, as the hydrogen bonding and rigidity efflectsyegated by
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the size and flexibility of PETDAMDPA. In conclusion, the DSC analysis provide
great deal of information on the thermal characteristics of the cured pplyxyers

based on the structural components of the curing agents.

Table 15. Table of T.gvalues of cure epoxy composite with 100% PET-diamine

100% PET-diamine Tg. (°C)
PETED 67
PETmMX 71

PETDETA 83
PETDAMDPA 54

6.2 Dynamic Mechanical Analysis Results

Dynamic mechanical analysis provides another thermal charaaterizzal to
describe the curing behavior between PET-derived diamines and epoxy resth. DM
provides thermal characterization of the desired composite by testirtgithgesmodulus
as a function of temperature. The Tg through DMA can be calculated by ohaterthe
point at which the modulus starts to drop into the elastomeric region. The gtessdn
temperatures determined through DMA were slightly different than thel@tgrmined
through DSC, as the instruments used different phenomena to determine the point at
which the composite reached the glass transition state. It is also impomaite that the
value of the modulus in the DMA was purely relative, since the dimensions of the

composite cannot be accurately determined with the presence of the glas$ tise
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section presents the thermal characterization results for the four Piz&ddmodifiers

using DMA.

6.2.1 PETED Composite DMA Results

The first test conducted using DMA focused on the curing of the epoxy rekin wit
PETED. Figure 42 illustrates the behavior of the modulus of the thermosets cilired wi
100% PETED and 100% ED as a function of temperature. The DMA results confirm that
both monomers cured correctly with the epoxy resin, as the shape of the storagesmodul
curve (sinusoidal curve) followed that illustrated in Figure 26. From the ONBATg of
the thermosets cured with PETED and ED weff€7ahd 51C, respectively. The DMA
Tg values for the epoxy samples cured with PETED/ED were similar t@athes
calculated through DSC, further substantiating the Tg for the samplealdbismportant
to note that the tan delta peak for the PETED sample in comparison to the EB sampl
was rather broad. The cross-linking within the sample was not uniform aadesslt,
showed a wide distribution of glass transition temperatures. This makes sahse, a

bulky aromatic amide group in PETED should cause additional voids within the polymer.

89



400 ) T 0.6 3 TEE .23
—— | = e T49 |'I|4\
wllo{: (\I T J4°C lll ".III
g 300 B 1 Il } E:; £ i I|I I'|II S
= I‘| I|I ke L’% \'. \
wi = 1 Y e
: | | 3 4 Ao o5 2
2 200 ] S A 8 4 (] ¢ L~
= == [ \\ lﬁ
u =B Foo 0.10
=P I;L nA 4] !
g | (- 2 1% \
& 100 . ||\ i | . M 7 g — =
i \ -~ o
I N e S
0 i — e 0

0 50 100 150 200

0
250

100 150 200

Temperature {°C) Temperature (°C)
Figure 42. DMA analysis for epoxy curing with (a) Ethylenediamine anBEd)
Ethylenediamine.

6.2.2 PETmX Composite DMA Results

The next dynamic mechanical analysis on the curing of epoxy resin with PET-
derived diamines was conducted on PETmX. Figure 43 illustrates the behavior of the
modulus of the thermosets cured with 100% PETmX and 100% mX as a function of
temperature. The glass transition temperatures between the sarqulkgezhthrough
the DMA for the epoxy samples cured with 100% PETmX and the epoxy samples for the
epoxy sample cured with 100% mX f64and 61C, respectively) deviated slightly from
the values for the DSC. However, these values were reasonable, adl inehderange
of temperatures where the glass transition occured. The tan delta peak on tkeo$ampl
PETmX also had a broader peak than the mX sample, which can be related tacthe ster

effects of the aromatic amide on the cross-linking. However, the behavior tdittges
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modulus with the PETmX sample was flat before it reached the drop off point. A
possible explanation for the deviation may be a slight phase separation thatdoccurre
when HFP evaporated out of solution. Therefore, there may be a few regionsthathi

polymer that cured differently and caused the behavior of the modulus to changg. slightl
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Figure 43.DMA analysis for epoxy curing with (a) m-xylylenediamine and (b) PET-
Xylylenediamine.
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6.2.3 PETDAMDPA Composite DMA Results

The next DMA that was completed was on the curing behavior using
PETDAMPDA. Figure 44 illustrates the behavior of the modulus of the thernmset$
with 100% PETDAMDPA and 100% DAMDPA as a function of temperature. The DMA
Tg values for the epoxy samples cured with PETDAMDPA($3natched the Tg
values established from the DSC {63 The samples cured with DAMDPA (40),
however, were significantly lower than the Tg values from the DST}53There were
some discrepancies in the curing behavior, as illustrated by the slight bumpishoe
tan delta peak of the 100% DAMDPA sample in Figure 44. There may have been some
slight phase separation that caused the non-uniform curing within the compound.
Nonetheless, these Tg values still provide a reasonable picture of the thehanabr of
the epoxy composites of both samples. Another interesting observation is that the ta
delta peaks for both samples were broader than those of the other PET-diamine/diam
samples. Because of the added flexibility provided by the PETDAMDPA/DRMD
curing agents, one would expect the range of the glass transition tempei@tueevider
due to the increasingly diverse amount of conformations that could occur between cross

links.
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Figure 44. DMA analysis for epoxy curing with (a) Diamino-N-mettpidpylamine
and (b) PET-Diamino-N-methyldipropylamine.

6.2.4 PETDETA Composite DMA Results

The final DMA was performed on the curing of the epoxy resin using PETDETA.
Figure 45 illustrates the behavior of the modulus of the thermosets cured with 100%
PETDETA and 100% DETA as a function of temperature. The glass transition behavior
and broadness of the tan delta peak differed greatly from the other testdxdh$HeT
diamine samples. In this case, the tan delta peak was significamtdywaamm
comparison to the other PET-diamines. The additional secondary amine on the
diethylenetriamine likely caused the polymer to have significantly higioss-linking
densities. As a result, the cross-linking should be drastically more uniformaaad m
packed in comparison to the other PET-diamines. The glass transition tempafrttare
sample consisting of 100% PETDETA {63 was actually significantly smaller than the

Tg value determined from the DSC {83. One explanation could be that the extra
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spacing from the aromatic amide group would force the cross-linked chaing¢o spa

around the bulky group and require less energy to stretch the sample, which &sin a le

constricted state when the load is applied. Through the DSC, no load was applied to the

sample; therefore, the loosening of the bonds as the glass transiticzaatasd occured

only as a function of temperature. However, the Tg values calculated frons@&thin

the glass transition range (Figure 45). Therefore, the Tg valuemdetdrfrom the DSC

can still be accounted for and used to characterize the thermal behavior of theespoxy r

cured with PETDETA.
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CHAPTER SEVEN

CONCLUSIONS AND FUTURE WORK

The growing concern regarding the overdevelopment of plastics, along with the
inability to effectively eradicate current plastic waste products, loéisated the
scientific community to develop innovative ways of solving this global problem. The
focus of this project is to develop an innovative alternative to treating PE& wsisg
organocatalysis. Using 1,5,7-triazabicyclo[4.4.0]dec-5-ene, a libraryerfse
monomers from PET waste bottles was developed with special propertiegaftets of
applications. In addition, the synthesis of these monomers was designed with an
emphasis on green chemistry, as these reactions were carried out in koomreac
conditions, as well as in the absence of solvent. As a result, PET aminolysis with
aliphatic diamines and aromatic diamines provided the best results in compatison w
the other amines tested due to the high reactivity of the reagents and timeisalaéing
the products from the reagents. In addition, both m-xylylenediamine and
ethylenediamine could be separated out and reused to produce additional PET monomers
with impurities resulting from degraded TBD. PET degradation reactiohsciak
functionalized amines and non-symmetric reagents produced the desired monimers
relatively low yields by targeting the reactive amine groups byiradf¢ine reaction

temperature. Finally, PET degradation with secondary amines and tarhatiphalized
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amines yielded mixed results due to problems associated with the solultWgebethe
reagents, products, and solvent.

Additional studies were done to demonstrate the ability to use PET-based
monomers for additional high valued monomers, specifically epoxy hardening. Four
different monomers (PETED, PETmX, PETDAMDPA, and PETDETA) were cwitd
the epoxy resin, bisphenol A propoxylate diglycidyl ether, using a polar solvent to
dissolve the PET monomer. Each epoxy sample was thermally charattesiizg
differential scanning calorimetry (DSC) and dynamic mechanicaysisgdDMA) to
determine the curing behavior. The DSC analysis of the epoxy composites cardeewit
PET-based monomers yielded higher glass transition temperatures tcamjtsites
cured with the reagent counterpart (e.g., PET-ethylenediamine vs. ethgtamegjias a
result of the added rigidity and hydrogen bonding effects obtained from thatarom
amide group present in the PET-based monomers. In addition, the Tg values for the
epoxy samples cured with each of the PET-based monomers were strnokegiytd the
structural properties of the PET-derived monomer curing agents. The Bdtksralso
confirmed the correct curing behavior for the samples cured with PET-based m@nomer
while generally yielding similar glass transition temperatureis thiose found from the
DSC.

This thesis focuses specifically on the aminolysis of PET waste produthef
development of structurally rigid, versatile monomers. However, curregdneh is
being done on the transesterification of PET waste with ethylene glyarhtddis(2-

hydroxyethyl) terephthalate, a monomer used to repolymerize into PET. Thethéoe
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is a lot of potential to develop similar monomers from PET waste through the
transesterification of alcohols to form a library of aromatic esfénss thesis focuses on

one particular application for these monomers: epoxy hardening. The extensive
collection of PET-based monomers has various attractive properties that caual bar us
various other applications ranging from desalination membranes to the development of
specialty monomers (polyamides and click polymers). The importance ofdb@ch is

not only to develop a method of solving current problems, but to create new opportunities

in research.
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