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ABSTRACT 

INVESTIGATION OF THE RELATIONSHIP BETWEEN POLYMER 

STRUCTURES AND THERMAL, MECHANICAL, VISCOELASTIC PROPERTIES 

by Ethem Kaya 

December 2009 

The research presented in this dissertation involves four distinct areas: 

physical crosslinking systems, UV curable coatings for enhanced oxygen and 

carbon dioxide barrier properties, synthesis, and investigation of melting 

behavior/crystallinity relations of linear polyamides with long alkyl chains, and 

synthesis and characterization of cyclic diamides as precursors to linear 

polyamides 6 4. 

The physical crosslinking section involves synthesis of monomers and 

polymers bearing cyclodextrin and adamantane pendent groups, and 

investigation of non-covalent interactions between these polymers (Chapter II). 

Two methacrylate monomers bearing cyclodextrin and adamantane were 

synthesized, and copolymerized with poly(ethylene glycol) methyl ether 

methacrylate. The specific interaction between copolymers bearing pendent 

cyclodextrin and adamantane were examined. The viscoelastic properties of 

supramolecular assemblies were investigated with frequency and temperature 

sweep experiments. The specific host-guest interaction between pendent 

adamantyl and cyclodextrin lead to large increases of viscosity, and depending 

on the concentration of these groups, also to gel formation. 
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The second section involves the investigation of methyl (a-

hydroxymethyl)acrylate (MHMA) and its various copolymers as coatings for 

barrier improvement (Chapter lil). The UV curable coating of MHMA gives 

excellent barrier improvement when coated onto PET biaxially oriented thin films. 

Blown bottle side walls from coated PET preforms show 2-3 times improvement 

over uncoated side walls. The affect of photoinitiator concentration, initiator 

types, and temperature on photopolymerization kinetics of MHMA was 

investigated. The photopolymerization kinetics of MHMA with methyl 

methacrylate was also studied. 

The third section involves synthesis and characterization of long alkyl 

chain nylons (Chapter IV), and investigation of melting and crystallinity of nylons 

with high aliphatic content (Chapter V). Nylon 18 18 and nylon 18 ADA (1,3-

adamantanedicarboxylic acid) have been synthesized via melt polycondensation 

and characterized by thermal and spectroscopic techniques. Crystallization and 

melting behaviors of both polymers were investigated. There is no observed 

melting for nylon 18 ADA by DSC. However, solution cast samples of nylon 18 

ADA shows some ordered structures that can grow into more stable crystals with 

annealing. 

The fourth section involves synthesis and characterization of cyclic 

diamides and exploration of the affect of the reaction conditions on yield and final 

cyclic formation. Ring-opening polymerization of these novel cyclic diamides was 

also investigated with different methods. Copolymerization of cyclic diamides with 

e-caprolactam via an anionic route gave a block copolyamide with a two distinct 

iii 



endotherms in DSC analysis. However, copolymerization by the hydrolytic route 

gave only nylon 6 with a terminal 6 4 units. 
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1 

CHAPTER I 

INTRODUCTION 

The research presented in this dissertation involves three distinct areas, 

physical crosslinking systems, UV curable coatings for enhanced oxygen and 

carbon dioxide barrier properties, synthesis, and investigation of melting 

behavior/crystallinity relations of linear polyamides with long alkyl chains, and 

finally synthesis of cyclic diamides as linear polyamide's precursor. The chapters 

in this dissertation were formatted to be submitted for publication, therefore each 

chapter contains an abstract, introduction, result and discussion, experimental, 

conclusion, and references section. The physical crosslinking chapter involves 

synthesis of monomers and polymers bearing cyclodextrin and adamantane 

pendent groups, and investigation of non-covalent interactions between these 

polymers (Chapter II). The second section involves the investigation of methyl (a-

hydroxymethyl)acrylates and its various copolymers as a coating for gas barrier 

improvement (Chapter III). The third section involves synthesis and 

characterization of long alkyl chain nylons (Chapter IV), and investigation of 

melting and crystallinity of nylons with high aliphatic content (Chapter V). The 

fourth section involves synthesis and characterization of novel cyclic diamides 

and their copolymerization (Chapter VI). 

Supramolecular Crosslinking Systems 

Supramolecular materials are formed through reversible non-covalent 

interactions which may include ionic, or dipole interactins, metal-ligand 

associations, and/or hydrogen bonding. Because of the responsive features of 



these interactions to external stimuli, supramolecular materials can undergo 

dynamic self-assembly and disassembly processes. This reversible characteristic 

makes such assemblies dynamic materials.1 In nature, this type of structure and 

behavior is abundant. Naturally occurring DNA is one of the best examples for 

self-assembled structures. In DNA, two single strands are held together via a 

number of very selective hydrogen bonds (shown in Figure 1.1).2 

H 
N-H'"""""0 M 

H-\ y=/ sugar 

sugar 0"*""""H-N 
H 

CZ3 deoxyribose 

—P— phosphate ester 

hydrogen bond 

<Z> adenine (A) 

T> thymine (T) 

( > guanine (G) 

X2> cytosine (C) 

cytosine (C) 

HqC O" 

guanine (G) 

H 
"H-N 

f V-H N. V-N> 
N-A 

sugar O 

^ _ N sugar 

thymine (T) adenine (A) 

(a) (b) 

Figure 1.1. (a) Complementary base pairing in helical DNA and (b) examples of 

specific pairs in DNA. 

Cyclodextrins (CDs) have been extensively used for industrial applications 

in many fields from laundry soap to food and pharmaceuticals. They also have 

been investigated as building blocks for supramolecular chemistry because they 

can form complexes with a number of different molecules and polymers through 

host-guest interaction.3,4 The most widely used CDs are a-CD, p-CD (Figure 1.2), 

and y-CD, which respectively consist of six, seven, or eight D-glucopyranose 



units. They possess truncated, cone-shaped hydrophobic cavities in which the 

narrow end has primary and the wide end secondary hydroxyl groups. Since the 

inner cavity does not have any hydroxyl groups,5 it can bind a number of different 

hydrophobic moieties. The driving forces for complex formation are the expulsion 

of high energy water from the cyclodextrin cavity, the release of ring strain, van 

der Waals interaction, and hydrogen bonding.6 

HO 
P-

Q-iSF 
« ™H°-^° 

Ol 
HO 

HO 
HO VV ""' / f - ' JDH " O H , CYV-C 

o.. 

p* 4? $A^\ r\./m 
o' 

"\ J 

HO 

Figure 1.2. Chemical structure of p-cyclodextrin. 

Because CDs have non-covalent interactions with host molecules, they 

are easily affected by changes in solvent, temperature, and other external stimuli. 

A cyclodextrin-based molecular shuttle is based on the fact that cyclodextrins, 

threaded along a polymer chain (polyrotaxane), move between different blocks of 

the polymer chain in response to various stimuli.7,8 

Polyrotaxane Type Host-guest Interactions 

Polyrotaxanes are topological structures that are usually made of one or 

more cyclic compounds threaded around another linear chain. Cyclodextrins, 

crowns, and porphyrins have been used as host cyclic units with several organic 

and inorganic polymers as linear guests.9 In 1990, the first polymer-cyclodextrin 

inclusion complexes were reported by Harada.10 Poly(ethylene glycol) (PEG) with 
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average molecular weight between 400 and 10000 was used to form inclusion 

complexes with a-cyclodextrin by addition of an aqueous solution of PEG to a 

saturated a-cyclodextrin aqueous solution at room temperature. The solution 

became turbid and precipitated complexes were obtained.11 However, no 

complex formation was observed if poly(ethylene glycol) was replaced with 

polypropylene glycol). Evidently, the presence of pendent CH3 groups in 

polypropylene glycol) increases the cross sectional dimension of the linear 

chains, which become too large to penetrate into the relatively narrow cavity of a-

cyclodextrin.12 These results indicate that the size of the cyclodextrin cavity and 

the cross sectional area of the included polymer are both important parameters 

for inclusion complex formation. 

It has been reported12 that poly(ethylene glycol) (PEG) does not form 

inclusion complexes with p-CD. The (3-CD cavity (diameter of the cavity= 7.0 A) 

may be too large for the cross sectional dimension of PEG to form a stable 

complex. Although the cavity of y-CD is bigger (8.5 A), inclusion complexes of y-

CD have been reported with several polyethers and polyesters such as 

poly(ethylene glycol) (PEG)12,13, poly(ethylene adipate) (PEA)14 as well as poly(e-

caprolactone) (PEC)15. It was proposed that two linear chains are included into 

each y-CD cavity (as shown in Figure 1.3). PEG derivatives with y-CD give 

crystalline compounds with columnar structures,16 which seems to contradict this 

hypothesis, C6o-end-capped poly(ethylene oxide), on the other hand, formed a 

thermo-reversible gel structure presumably involving highly hydrophobic C60 ends 



5 

in hydrophilic solvent forming micelle-like core-shell aggregates which create 

another physical linkage besides cyclodextrins threaded PEGs.13 

(a) 

(b) 

Figure 1.3. Proposed structures of the (a) a-CD-PEA and (b) y-CD-PEA 

complexes. 

Several crosslinking systems have been reported utilizing cyclodextrins. 

Yui, et al.,17 reported supramolecular hydrogels based on inclusion complexation 

between a-cylodextrin and poly(ethylene glycol)-grafted dextran. a-Cyclodextrin 

threaded PEG chains come together to form channel-type crystalline micro-

domains. These crystalline microphases create physical junctions between 

dextran main chains. The sol-gel transition is based on physical threading-

dethreading of a-CDs from the polymeric guests. The process is strongly affected 

by temperature changes, making gelation thermo-reversible. The transition 

temperature can be varied by changing the solution concentrations, the PEG 

content in the graft polymer, and the stoichiometric ratio between guest and host 

molecules. 
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Another interesting crosslinking system was proposed by Okumura and 

Ito.18 They synthesized polyrotaxanes in which PEG chains with molecular 

weights between 20,000 and 100,000 were included into a-cyclodextrins, then 

end-capped with bulky groups to prevent de-threading. These cyciodextrins were 

then chemically connected with cyanuric chloride crosslinker to give a 

transparent gel with good tensile strengths and large swellability in water. The 

polymer chains in this gel are neither covalently bonded like chemical gels nor 

attractively interacting like physical gels. 

Specific Host-guest Interaction 

Yui, et al.,5 published a study in which both ionic and hydrophobic 

interactions were used to obtain sol-gel systems with rapid phase transitions. 

They modified poly(e-lysine) (PL) with (3-CD to give biocompatible and 

biodegradable polymeric hosts (p-CDPL). The guest, 3-trimethylsilylpropionic 

acid (TPA), containing both hydrophobic and ionic groups, was chosen 

specifically to provide dual interactions with the polymeric host and each other. In 

this system, TPA is included into the CD cavity by host-guest interaction to create 

physical crosslinks through co-operative hydrophobic and ionic interactions. The 

system showed a very rapid phase transition with small change in temperature 

across their upper critical solution region. Because of the ionic character, all 

systems are profoundly affected by pH changes. 

The stability of an adamantane and cyclodextrin inclusion complexes have 

also been examined.19 An acrylamide monomer substituted with an adamantyl 

group was synthesized (as shown in Figure 1.4). 
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Figure 1.4. Molecular structure of adamantyl substituted monomer. 

The copolymerization of an inclusion complex formed between adamantyl 

substituted monomer and 2,6-dimethyl-p-CD /V-isoproplyacrlyamide (NIPAAM) 

was carried out in aqueous media. After copolymerization, the mixture was 

dialyzed for two days and then freeze dried. GPC analysis of the copolymer 

showed that it retained the original amount of p-CD, which implies that the 

complex was stable during both synthesis and dialysis. On the other hand, GPC 

using DMF as a solvent indicated detachment from CD during elution; clearly, 

DMF shifted the equilibrium back to the uncomplexed state. 

Organic-inorganic polymer hybrids have been prepared using the strong 

host-guest interaction between adamantane and p-cyclodextrin.20 

Supramolecular assembles of adamantane-modified poly(acrylic acid) (ADA-

PAA) and p-cyclodextrin mixed with an aqueous solution of tetramethoxysilane 

(TMSO) gave the first example of a transparent and homogenous polymer 

hybrid. A homogenous aqueous solution of ADA-PAA cannot be achieved 

because of poor solubility of adamantane moiety in water, but after addition of p-

CD to the mixture, a transparent and homogenous solution was obtained. This 

results from strong host-guest interaction between adamantane and cyclodextrin 

which increases aqueous solubility of the adamantane groups. 
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The host-guest interactions between adamantane and p-cyclodextrin have 

also been proven by fluorescence using a dansyl group that exhibits strong 

fluorescence in a hydrophobic environment, but not in water.21 Because the 

cyclodextrin cavity is hydrophobic, complexation of the dansyl group with p-

cyclodextrin gives an intense peak around 480 nm. The peak intensity decreases 

with addition of ADA-PAA, because adamantane forms a stronger complex with 

the p-CD, causing the dansyl groups to be excluded from the hydrophobic cavity 

into water and decreasing the fluorescence peak. 

Many studies have been performed to understand the mechanism of 

molecular recognition and molecular assembly by cyclodextrins to obtain more 

selective and functional supramolecular systems.22,23'24,25 Studies showed that 

some substituents can self-include into the cavity of the parent cyclodextrin 

scaffold to form an intramolecular inclusion complex.22 However, depending on 

the substituted structure, either two modified cyclodextrins can interact with each 

other (heterodimerization)23 or modified cyclodextrin can interact with unmodified 

cyclodextrin (homodimerization).24Oligomeric supramolecular structures can also 

form in aqueous medium,26 generating a supramolecular helical column 

possessing inclusion complexes between modified cyclodextrins. 

Biomedical Applications 

Controlled drug release is one of the main goals of polymeric drug 

delivery systems. It is known that polymeric systems can modify drug release 

through generic mechanisms involving dissolution, diffusion, and erosion. 

Cyclodextrin is well known for being a host for many drugs. It has been reported 
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that physically mixing cyclodextrin with drugs can modify drug solubility, and 

diffusivity, and can change the hydration behavior of a polymer matrix to promote 

erosion.6 

Paclitaxel is known for its tumor inhibitory properties.27 However, its poor 

water solubility is a significant problem in clinical applications. To increase its 

solubility, paclitaxel was complexed with simple or modified cyclodextrins. 

Limited water solubility and stability are also problems for anti-tumor drugs such 

as doxorubicin28 and chlorambucil.29 In addition to increasing water solubility, 

cyclodextrins can allow simultaneous delivery of two or more drugs at the 

targeted site. Although cyclodextrins have been extensively used as host 

molecules for individual drugs and as building blocks for supramolecular gel 

formation, no report to date has described bringing those properties together. A 

supramolecular gel made with adamantyl-cyclodextrin conjugated polymers could 

be used as gels for single drug delivery or for host-guest complex formation with 

several drugs for synergistic treatment. 

Cyclodextrins are also used for supramolecular hydrogel formation. 

Biodegradable hydrogels are very important for delivery of hydrophobic 

therapeutic drugs and proteins. Erosion of hydrogels via hydrolysis makes 

surgery unnecessary to remove the implanted hydrogel. Another important issue 

with hydrogels is the erosion time, the time necessary for complete 

disappearance, and it is crucial to control erosion time for many biomedical 

applications. Yui, et al.,30 described a series of PEGs crosslinked by 

polyrotaxanes that consisted of PEGs chain-threaded with a-CDs and end-
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capped with bulky groups via ester linkages. It has been shown that the time for 

complete gel erosion is prolonged by decreasing the polyrotaxane content and 

increasing the PEG/a-CD ratio, indicating that the number of PEG chains linked 

to one CD is important. 

The work described in this dissertation involves preparation of 

supramolecular hydrogel for possible drug delivery applications. Two novel 

monomers and their polymers bearing adamantane and cyclodextrin pendant 

groups were synthesized. These monomers were copolymerized with 

poly(ethylene glycol) methyl ether methacrylate (PEGMA, 300 g/mol) at three 

different compositions by conventional free radical polymerization techniques. 

The host-guest interactions and viscoelastic properties of these new physical 

networks between PEG and adamantane units with pendent cyclodextrin units 

were investigated. 

Barrier Coatings for Poly(ethylene terephthalate) 

Poly(ethylene terephthalate) (PET) is widely used in food packaging 

because of its cost efficiency and good mechanical properties compared to other 

polymeric materials. PET has reasonably good gas barrier properties, but still the 

barrier performance of PET must be improved for certain applications such as 

bottles used for beer or juices. Therefore, there has been a significant interest in 

research to obtained PET with enhanced barrier properties. However, it is 

important not to compromise the mechanical properties, and in some cases the 

transparency of PET, while improving the barrier performance. In addition, the 

improvement has to be achieved with minimal cost to be applicable to industry. 
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Permeabilities of small molecule penetrants through polymer films was 

described in the late 1800's using a "solution-diffusion" mechanism. The 

permeability, P, depends on a small molecule penetrant entering the film by 

dissolving in the upstream face and diffusing to the downstream face. This 

mechanism still holds today, and describes the permeability as the product of 

solubility (S) and diffusivity (D).31 

Equation 1.1 P = D*S 

Most semicrystalline polymers like PET show decreasing permeability 

with increasing crystallinity. Crystallites are considered impermeable and create 

a torturous pathway for the penetrant molecules which, in turn, decreases D. In 

addition to this factor, increased crystalline domain content would decrease the 

amount of amorphous domain which can dissolve the penetrant molecules and, 

in turn, decrease S. However, the decrease of S is not directly proportional to 

decrease in amorphous domain content. This observation was discussed by 

Nazarenko, et al.,32 for semicrystalline PET and attributed to formation of rigid 

amorphous fraction. 

Because permeability depends on diffusivity and solubility, a number of 

approaches to lowering D and S in PET systems have been investigated. One 

approach to enhance the gas barrier performance of PET is silica coating. The 

gas barrier of silica coating is governed by chemical composition of silica layers 

in addition to pinholes and cracks.33 The surface composition affects the gas 

adsorption, while the inner composition is associated with gas diffusion through 

the Si-O-Si network. Plasma-enhanced chemical vapor deposition (PECVD) has 
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also been utilized to deposit silica coating on PET substrates. Silica coating on 

PET prepared by PECVD has been reported to have serious drawbacks as a 

result of impurities such as Si-CH3, Si-H, and Si-OH which prevent completion of 

the Si-O-Si network and therefore increase the permeability of the coating.34 

Takai, et al.,35 utilized a second layer composed of a different organosilane on 

the silica coating. This was deposited by PECVD and enhanced the gas barrier 

performance of PET. Organosilanes, such as n-ocdecyltrimethoxysilane (ODS), 

and heptadefluoro-1,1,2,2-tetrahydrodecyl-1-trimethoxysilane (FAS), were 

deposited on the silica layer by a low-temperature CVD method, and lead to 

slight decreases in oxygen transmission rates compared to the original silica 

layer. However, water vapor transmission rates for the FAS deposited substrate 

showed a significant decrease compared to the initial silica layer. 

Blending PET with a high barrier polymer is another approach that has 

been explored for a number of different polymers such as ethylene-vinyl alcohol 

copolymer,36 liquid crystalline polyester,37and polyamides.38 Unlike aliphatic 

polyamides, aromatic polyamides retain barrier performance even under high 

humidity conditions which makes them suitable for blending with PET. However, 

incompatibility could be an issue for blending, and a compatibilizer may need to 

be incorporated to obtain optimum barrier properties. Work by Hiltner, et al.,39 

explored the effect of the compatibilizer content, polyamide content, and humidity 

on gas barrier of PET. This study demonstrated that 5-10 wt-% high barrier 

aromatic polyamides noticeably improved gas barrier performance of PET. 

However, orientation is essential to obtain barrier, since unoriented blends of 



PET/polyamides show only very small changes in oxygen permeability. Biaxial 

orientation of the blend converted spherical polyamide domains into high aspect 

ratio platelets which in turn improved gas barrier properties by creating a more 

torturous pathway for penetrant molecules (decreasing D). 

Poly(ethylene 2,6-naphthalate) (PEN) is a very interesting high-barrier 

thermoplastic. It gives a 4-5 times lower air permeation than PET. However, the 

application of PEN in the packaging industry is limited due to its much higher cost 

(4-5 times more than that of PET). It has been of great interest to use this high-

barrier thermoplastic with PET to reduce cost. Again, blending is one alternative 

to improve the barrier performance of PET. Compatibility can be obtained at the 

interface by transesterification which leads an indistinct interface between PET 

and PEN, and to smaller PEN particles. However, barrier improvement can only 

be achieved if the blend will biaxial. Baer, et al.,40 investigated the effect of the 

copolymer composition and the various comonomers including naphthalate units 

on PET barrier. The incorporation of naphthalate units reduced the permeability 

to lower values, and gas barrier performance of PET improved with the 

increasing amounts of comonomers. 

Recently, there has been increasing emphasize on inorganic fillers on 

barrier properties of several polymers including PET. The improved gas barrier 

performance depends on both crystallinity and filler loading level. One typical 

filler is Montmorillonite (MMT), and it has to be organically modified to obtain high 

levels of interaction with the polymer matrix. It is assumed that exfoliation of clay 

platelets is crucial to obtaining high barrier since the aligned and exfoliated MMT 



sheets would create a torturous pathway (decreasing D). This observation was 

reported for a number of polymer matrices.41,42 However, exfoliation for PET is 

difficult at the processing temperature of PET which is higher than the 

decomposition temperature of most surfactants used to organically modify the 

clay. Yongping, et al.,43 investigated barrier properties of PET/MMT 

nanocomposites in which MMT was organically modified with a surfactant 

containing -COOH group to incorporate the surfactant as an end group in the 

PET. Although biaxially oriented films of PET/MMT nanocomposites showed 

lower permeability to O2, there were no detailed studies to establish the effect of 

clay on permeability of PET. Hwang, et a!.,44 on the other hand, attempted to 

intercalate an esterification catalyst directly into MMT interlayers (instead of using 

organic modification of the clay) to avoid the thermal degradation of surfactant. 

Oxygen permeability of PET/clay-supported catalyst composite films was found 

to be considerably lower compared to neat PET films. 

A reduction in free volume in the amorphous regions would also reduce 

the diffusion rate of the penetrant molecules. Moolman, et al.,45 studied the effect 

of hydrogen bonding interactions between polyvinyl alcohol) (PVOH) and 

poly(methyl vinyl ether-co-maleic acid) (PMVE-MA) blends on barrier properties 

of PVOH. PVOH with 20 wt-% (PMVE-MA) showed almost 4 times lower oxygen 

permeability compared to PVOH. Since the crystallinity of PVOH with 20-30 wt-

% (PMVE-MA) was not significantly changed, the decrease in permeability was 

attributed to a denser amorphous region due to hydrogen bonding between the 

two polymers causing a decrease in free volume. Further increase in (PMVE-MA) 
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content, on the other hand, resulted in decreased barrier performance since the 

hydrogen bonding and crystalinity were both reduced by increasing the (PMVE-

MA) content. 

All these methods has been shown to improve the barrier properties of 

PET, yet they have not been widely used in industry because of a substantial 

increase in investment in equipment, very complicated manufacturing processes, 

an increase in material cost, decrease in transparency, and loss of mechanical 

properties. An alternative second barrier, such as, a silica coating, requires 

complex processing such as vacuum deposition. Inorganic fillers such as clays 

must be aligned and dispersed throughout a PET matrix to effectively reduce 

permeation, and dispersion of clay platelets is difficult due to thermal degradation 

of surfactants used for organic modification of clays. Blending and incorporation 

of comonomers can affect bulk properties of PET, but substantially increase the 

cost and may require changes in processing conditions. In addition, such 

materials must be approved for contact with food and beverages. 

In this work we investigate the use of a UV-curable coating based on 

methyl (a-hydroxymethyl)acrylate for improved PET barrier properties. The 

solvent free coating does not alter bulk properties of PET, and is applied as an 

outer layer, so it does not contact food or beverages inside. The work presented 

here was accomplished by the collaboration with Tara Smith. 

Low Amide Density Nylons 

Nylons are an important family of polymers due to their unique properties 

including relatively high modulus, toughness and strength; and good temperature 



16 

resitantance, which makes them widely used as fibers and engineering 

thermoplastics. Mechanical properties of nylons depend on backbone symmetry, 

total amide density and processing conditions. The backbone symmetry 

determines if the polymer is highly crystalline or amorphous while the processing 

controls the orientation of the polymer chains and final the degree of crystallinity. 

The most important characteristic of nylons is the hydrogen bonding 

capabilities of - NH - and - CO - moieties in the amide groups. Therefore, the 

properties of a specific nylon will vary depending on amide density within the 

nylon's molecular chains. Amide density affects Tm, and to some extent, Tg. In 

recent years, there have been several reports on nylons with low and high amide 

unit density to investigate the effect of amide density on the performance of these 

novel polyamides.46,47,48'49 The low amide density nylons have lower melting 

points depending on the concentration of amide units. They show good impact 

properties, a lower dielectric constant, and improved hydrophophobicity. These 

nylons may be thought as backbone functionalized polyethylene, possessing the 

hydrophobic characteristics of polyethylene, but with improved thermal properties 

due to the hydrogen bonding amide units. These long alkyl chain nylons have 

also been considered as compatibilizers between polyamides and polyolefins.50 

Crystallinity of Nylons 

The most important feature of nylon structure is the organization of the 

polymer chains in two dimensional hydrogen bonded sheets which are held 

together by van der Waals interactions in a three dimensional lattices.51 

Crystallization requires the optimization of interactions of amide groups, and 
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methylene groups combined with chain folding. Hydrogen bonds have the lowest 

energy when they are linear, perpendicular to chain axis. Most even-even nylons 

can progressively shear by 13° parallel to the chain axis (c direction) to form 

chain-folded sheets called p-sheets with linear hydrogen bonds. However, nylons 

with equal numbers of methylene units in both diamine and diacid segments can 

also fold over amides units to create alternatively sheared chains called a-sheets. 

As in the case of hydrogen-bonded sheets formation, these hydrogen bonded 

sheets can also be stacked together either progressive or alternating manners 

via van der Waals forces. 

Depending on the type of hydrogen-bonded sheet formation, and stacking 

of sheets, two main crystalline structures denoted a and y can be identified for 

nylons. There are other types of crystalline structures that can be regarded as 

variations of these two main types.52 In the a structure, the chains are hydrogen 

bonded with a fully extended planar zigzag conformation. The amide groups in y 

structures are rotated about 60° with respect to the polymethylene chain axis 

resulting shorter chain axis than that of the fully extended zigzag conformation. 

The energy lost by twisting amide groups in the y structure can be compensated 

by the stability of fully hydrogen bonded structures.53 Crystal structures of nylon 6 

in a forms and y forms are given in Figure 1.5 as examples. For even-even 

nylons, the a form is the stable phase, while the y form is the stable phase for 

even-odd, odd-even, and odd-odd nylons at room temperature. Even nylons with 

short methylene groups such as PA-4, and PA-6 mainly crystallize into the a 
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form, while even nylons with more than seven methylene groups adopt the y form 

as the stable phase. 

(a) (b) 

Figure 1.5. Crystal structures of nylon 6 in a) a forms and b) y forms. 

The a and y crystallites can be easily identified using x-ray techniques. In 

addition to x-ray, 15N nuclear magnetic resonance (NMR) techniques is also used 

to differentiate a and y forms, as well as to quantitate the relative amorphous 

content.54,55,56 Different crystal forms can be obtained under specific conditions 

and one type of crystal can be transformed into another type by changing these 

conditions. The a crystal form can usually be obtained by slow crystallization 

from the melt, or by crystallization from a solvent, while the y crystal form can be 

produced by kinetically-trapping via rapid crystallization. The transformation from 

y to a can be achieved by heat, drawing, solvent, or a combination of these 

factors. For instance, the a crystal form of even nylons can be transformed into 

the y form by treating the sample with an aqueous iodine-potassium iodide 

solution, while the reverse transformation is possible by treatment with phenol. 
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Mo, at el.,57 investigated the crystal transition of nylon 12 12 under drawing and 

annealing. The a form was obtained for nylon 12 12 by crystallization from the 

melt or annealing at high temperature. The y form, on the other hand, can be 

obtained by crystallizing from the melted state at 90 °C, or drawing at 90 and 160 

°C. 

In recent years, there have been several reports by our group and others, 

which emphasize synthesis and crystal structures of nylons with long alkyl 

chains.58,59,60The hydrogen bonded amide units of nylons control the crystal 

structures and overall characteristic of polyamides. However, van der Waals 

interactions would be expected to be more and more important with decreasing 

amide density in specific nylons. Therefore, one would expect that below a 

certain amide density, nylons would adopt polyethylene-like crystal structures. 

In this work, the synthesis and characterization of two new long alkyl chain 

nylons are reported along with the effect of adamantyl backbone units in 

combination with a long alkyl chain on the thermal and mechanical properties of 

nylons. Additionally, the affect of crystallization conditions on melting behavior of 

long alkyl chain nylons was studied. The work presented in Chapter IV was 

accomplished by the collaboration with Carl Bennett. 

Cyclic Diamides as Precursors to Linear Polyamides 

Cyclic monomer and oligomers are part of many step-growth 

polymerization or Depolymerization reactions, and their presence and chemistry 

are well-known.61 Because of their low viscosity, and easy in situ poymerizability 

with an appropriate catalyst, they give high molecular weight polymers, that are 
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of interest to industry. For instance, anionic polymerization of caprolactam can be 

done in reaction injection molding since the monomer has a much lower melting 

temperature compared to the polymer. The process thus provides many 

economical and processing advantages.62 Cyclic monomers and oligomers are 

also of interest in host-guest supramolecular chemistry, since they can recognize 

inorganic, and organic cations as well as strongly bind neutral substances.63 

The melting temperature of nylon 6 4 was reported64 as being 278 °C, 

which is much higher then commercial nylon 6 6 (260 °C). Since amide density is 

higher then the amide density of nylon 6 6, the mechanical properties of nylon 6 

4 would be expected to be enhanced. Although there are economical advantages 

for the starting materials for nylon 6 4 compared to other high melting commercial 

nylons, it has not yet been commercialized. To date, there have been only 

reports of thermal properties and crystal structures of this promising 

polymer.51,6466,67 This may be due to the fact that high molecular weight nylon 6 4 

can not be obtained with traditional polycondensation reactions. 

In this work, the synthesis and characterization of a 12-membered cyclic 

diamide as potential precursor of nylon 6 4 was explored. Additionally, ring-

opening polymerization of the cyclic diamide was investigated. 
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CHAPTER II 

SYNTHESIS AND CHARACTERIZATION OF PHYSICAL CROSSLINKING 

SYSTEMS BASED ON CYCLODEXTRIN INCLUSION/HOST-GUEST 

COMPLEXATION 

Abstract 

New supramolecular assemblies based on cyclodextrin and adamantane 

were prepared. Two methacrylate monomers bearing cyclodextrin and 

adamantane were synthesized, and copolymerized with poly(ethylene glycol) 

methyl ether methacrylate,(PEGMA, 300 g/mol), by free radical polymerization. 

Copolymers bearing pendent cyclodextrin and adamantane were characterized 

by NMR, FTIR, TGA, SEC, DSC, and UV-visible spectrophotometer. All 

copolymers showed two distinct glass transitions. The specific interaction 

between pendent adamantyl and cyclodextrin was examined by 1H NMR. The 

viscoelastic properties of supramolecular assemblies were investigated with 

frequency and temperature sweep experiments. The specific host-guest 

interaction between pendent adamantyl and cyclodextrin lead to large increases 

of the viscosity; and depending on the concentration of these groups, also to gel 

formation. 



Introduction 

Cyclodextrins (CDs) have been extensively used for industrial applications 

in many fields from laundry soap to food and pharmaceuticals. They also have 

been investigated as building blocks for supramolecular chemistry because they 

can form complexes with a number of different molecules and polymers through 

host-guest interaction.1,2 The most widely used CDs are a-CD, p-CD, and y-CD, 

which respectively consist of six, seven, or eight D-glucopyranose units. They 

possess truncated, cone-shaped hydrophobic cavities in which the narrow end 

has primary and the wide end secondary hydroxyl groups. Since the inner cavity 

does not have any hydroxyl groups,3 it can bind a number of different 

hydrophobic moieties. The driving forces for complex formation are the expulsion 

of high energy water from the hydrophobic cyclodextrin cavity, the release of ring 

strain, van der Waals interactions, and hydrogen bonding.4 

Several physical crosslinking systems have been reported utilizing 

cyclodextrins. Yui, et al.,5 reported supramolecular hydrogels based on inclusion 

complexation between a-cylodextrin and poly(ethylene glycol)-grafted dextran. 

a-Cyclodextrin threaded PEG chains come together to form channel-type 

crystalline micro-domains. These crystalline microphases create physical 

junctions between dextran main chains. The sol-gel transition is based on 

physical threading-dethreading of a-CDs with the polymeric guests. The process 

is strongly affected by temperature changes, making gelation thermo-reversible. 

The transition temperature can be varied by changing the solution concentrations, 



the PEG content in the graft polymer, and the stoichiometric ratio between guest 

and host molecules. 

Yui, et al.,3 used both ionic and hydrophobic interactions to obtain sol-gel 

systems with rapid phase transitions. They modified poly(e-lysine) (PL) with p-

CD to give biocompatible and biodegradable polymeric hosts (p-CDPL). The 

guest, 3-trimethylsilylpropionic acid (TPA), containing both hydrophobic and ionic 

groups, was chosen specifically to provide dual interactions with the polymeric 

host and each other. In this system, TPA is included into the CD cavity by host-

guest interaction to create physical crosslinks through co-operative hydrophobic 

and ionic interactions. The system showed a very rapid phase transition with 

small change in temperature across the upper critical solution region. Because of 

the ionic character, these systems are profoundly affected by pH changes. 

A variety of hydrophobic groups interact strongly with CD's. The 

interaction between adamantane and (3-cyclodextrin was reported to be very 

strong compared to other bulky groups as studied by AFM.6 In recent years, 

there have been a number of reports published utilizing these strong host-guest 

interactions.7,8,9,10 Harada, et al., reported a use of these host-guest interactions 

to obtain high molecular weight (Mn=100000) supramolecular polymers formed 

from a p-cyclodextrin dimer and a guest dimer having adamantyl groups linked 

by poly(ethylene glycol).11 

Polymers consisting of poly(ethylene glycol) methyl ether methacrylate 

(PEGMA) have been investigated extensively for biomedical applications due to 

PEG biocompatibility and nonadhesive interactions to proteins.12 These polymers 



34 

also exhibit a lower critical solution temperature (LCST) which may be useful for 

nanotechnology and biotechnology applications.13 Currently, several derivatives 

of PEGMA macromonomers with different molecular weights and chain ends 

such as methoxy or hydroxyl are commercially available. They have been 

copolymerized with a variety of monomers using several different methods 

including atom transfer radical polymerization (ATRP)14,15, reversible addition-

fragmentation chain transfer (RAFT)16,17, and conventional free radical 

methods.18,19,2° Most of these copolymer systems have been studied for 

synergistic effects of two different units; for instance, to form pH and 

temperature sensitive copolymers.16,12 

Here we report the synthesis of two novel monomers and their polymers 

bearing adamantane and cyclodextrin pendant groups, respectively. These 

monomers were copolymerized with PEGMA at three different compositions (5, 

10, 15 mol-% feed ratio) by conventional free radical polymerization techniques. 

The characterization of these copolymers has been done using NMR, FTIR, TGA, 

SEC, and DSC. In addition, the effect of the comonomers on the LSCT of 

PEGMA copolymers was also studied. Finally, the host-guest interactions 

between PEG and adamantane units with pendent cyclodextrin units were 

examined, and the viscoelastic properties of these new physical network-forming 

systems were investigated with both frequency and temperature sweep rheology 

experiments. 
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Experimental 

Materials. (3-Cylcodextrin (p-CD) was purchased from TCI and used without 

purification. Poly(ethylene glycol) methyl ether methacrylate (PEGMA, 300 g/mol), 

p-toluenesulfonyl chloride (p-TsCI) and 1,6-hexanediamine (HDA), were 

purchased from Aldrich Chemical Co. and used as received. 

Azobisisobutyronitrile(AIBN) was purchased from Aldrich Chemical Co., and 

recrystallized from methanol three times before use. 6-0-Monotosyl-6-deoxy-p-

cyclodextrin (mono-6-OTs-p-CD) was synthesized based on a literature 

procedure.21 4-(1-Adamantyl)phenyl methacrylate (APM) was previously 

synthesized in our laboratory, and this procedure was followed to obtain APM as 

a white powder.22 

6-(6-Aminohexyl)amino-6-deoxy-/3-cyclodextrin23 (p-CD-HDA). A 250 mL 

three-necked round-bottom flask was charged with 5.0 g (3.8 mmol) of mono-6-

OTs-p-CD and excess HDA (20 g, 172 mmol) in 25 ml DMF. The reaction was 

carried out overnight at 80 °C. After completion of the reaction, the mixture was 

allowed to cool down to room temperature and the product precipitated into 

excess acetone. After filtration, the product was dissolved in DMF and 

reprecipitated in acetone. After several reprecipitation cycles, the crude product 

was washed with diethyl ether and kept in vacuum oven at room temperature for 

24 h. p-CD-HDA (2.3068 g) was obtained as white powder in 43% yield. 1H NMR 

(300 MHz, DMSO-cfe): 7.98, 5.75, 4.84, 4.49, 3.63, 3.4, 3.32, 3-3.1, 2.8-2.92, 

2.64-2.74, 2.1, 1.35, 1.26 ppm. 13C NMR (300 MHz, DMSO-cfe): 102, 81.5, 73, 

72.4, 72, 60, 49.5, 37, 29.5, 29, 26.5, 26.3 ppm. 
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(1-Methacrylamidohexyl)amino-6-deoxy-fi-cyclodextrin (MCD). A 100 mL 

three-necked round-bottom flask was charged with methacrylic anhydride (10 g, 

64 mmol) and 20 ml DMF. To this solution, p-CD-HDA (7.73 g, 6.3 mmol) in 20 

ml DMF was added dropwise under nitrogen atmosphere. The solution was 

stirred overnight. The product was precipitated into excess acetone. The solid 

powder was dissolved in DMF and reprecipitated into acetone several times. The 

final product was obtained as a white powder which was dried in a vacuum oven 

at 70 °C overnight. The yield was quantitative. 1H NMR (300 MHz, DMSO-d6): 5.7, 

5.6, 5.3, 4.8, 4.5, 4.2, 3.2-3.7, 3, 2, 1.6-1.9, 1.37, 1.15 ppm. 13C NMR (300 MHz, 

DMSO-de): 167.9, 140.2, 119.1, 102, 81.7, 73, 72.4, 72, 60, 30.8, 28.9, 26.1, 

25.9, 19.1 ppm. 

Synthesis of copolymer (PEGMA-co-MCD). A typical copolymerization is 

given for (PEGMA-15-MCD). MCD (3.84 g, 2.9 mmol), PEGMA (4.9 g, 16 mmol), 

AIBN (0.079 g, 0.49 mmol), and 32 mL DMF were charged to a 50 mL three-

necked round bottom flask. Nitrogen was bubbled through the solution for 15 min 

before heating at 50 °C for 24 h. The mixture was then precipitated into ethyl 

ether. After three reprecipitation cycles, the product was dried in a vacuum oven 

for 12 h at 40 °C. For further purification, the polymer was dissolved in deionized 

water, placed in Spectra Por dialysis tubing with a molecular cutoff of 12000-

14000 and dialyzed against deionized water for 7 days. The final polymer was 

freeze-dried to obtain a fiber-like, slightly yellowish solid in ca. 77% yield. 

Synthesis of copolymer (PEGMA-co-APM). Atypical copolymerization is 

given for (PEGMA-15-APM).. APM (1.33 g, 4.5 mmol), PEGMA (7.65 g, 25.5 



mmol), AIBN (0.098 g, 0.6 mmol), and 62 mL DMF were charged to a 100 ml_ 

three-necked round bottom flask, and bubbled with nitrogen for 15 min before 

heating. The reaction was carried out at 50 °C for 24 h, and the mixture was 

then precipitated into ethyl ether. After three reprecipitation cycles, the product 

was dried in a vacuum oven for 12 h at 40 °C. The copolymer was then 

dissolved in deionized water, placed in Spectra Por dialysis tubing with a 

molecular cutoff of 12000-14000 and dialyzed against deionized water for 7 days. 

The final polymer was freeze-dried to obtain the final product as a transparent 

solid in ca. 55% yield. Only the copolymer with 5 mol-% APM (PEGMA-5-APM) 

was sticky; all others were non-sticky materials. 

Instrumental Analysis 

NMR measurements were conducted on a Varian 300 MHz NMR using 

DMSO-cfe and D20 as solvents. FTIR spectra were obtained on a Nicholet 5DX 

using pressed KBr pellets. SEC was performed on a system using a HP 1037A 

Rl detector with a constaMetric pump flowing THF at 100 ml/min through five 

American Polymer Standards separation columns with porosities ranging from 

100 to 1,000,000 A. The SEC runs were calibrated using polystyrene standards. 

Differential scanning calorimetry (DSC) experiments were performed on a 

TA Instruments 2920 using pierced-lid crimped aluminum pans at a ramp rate of 

10.0 °C/min for both heating and cooling. Temperature and heat capacity were 

calibrated with indium and sapphire standards, respectively. Thermogravimetric 

analysis was conducted on a TA instrument 2960 at a heating rate of 10 °C/min 

under nitrogen. 



The optical transmittances of polymer solutions were recorded as a 

function of temperature on a UV-visible spectrophotometer (Shimadzu, UV-

1601 PC). A 2.5 wt-% solution of each polymer was prepared and the samples 

were heated at 2 °C/min while transmittances were recorded. All polymers 

showed a sharp transition for the LCST, which was defined as the temperature 

on heating at which the solution gave almost no transmittance. 

Rheological measurements 

Viscoelastic characterization was conducted with an Advanced 

Rheometerics Expansion System (ARES, Rheometrics Inc.) equipped with two 

25 and 40 mm diameter parallel plates. A thin layer of low-viscosity silicone oil 

was applied to the air/sample interface to inhibit water loss. Frequency sweep 

experiments were conducted at two different temperatures (20 and 30 °C) to 

obtain complex viscosity, storage and loss moduli over a wide range of 

frequencies. Temperature sweep experiments were conducted with a stress 

controlled rheometer (TA Instruments AR-G2) in a 40 mm double gap concentric 

cylinder system. 

Results and Discussion 

The copolymers bearing cyclodextrin and adamantane pendent groups 

were synthesized by free radical polymerization as described in the experimental 

section. The general routes for the synthesis of monomers and polymers are 

given in Schemes 1 and 2. 
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Scheme 2.1. Synthesis of monomers. 
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Figure 2.1 shows a typical solution C NMR spectrum for a copolymer 

bearing APM moieties. P(PEGMA-co-15APM) was chosen as an example, and 

the homopolymer of PEGMA is given for comparison. All peaks are assigned 

based on the expected structures of the polymers. For PEGMA monomer, the 

double bond peaks appear at 135.9 and 125.4 ppm and these are absent in the 

spectra of the homopolymer and copolymers. A broad new peak appears around 

44.4 ppm which is associated with the backbone carbons. In addition to PEGMA 

peaks, those associated with APM units are also observed for the copolymers. 

The aromatic peaks are located at 125.7 and 120.3 ppm, while the adamantyl 

peaks (labeled n, o, m and p) appear at 42.8, 36.2, 35.4 and 28.2, respectively. 

The carbonyl peak of PEGMA monomer is around 166 ppm and shifts to 177 

ppm in the homo- and copolymers. 
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13, Figure 2.1. 1JC solution NMR of P(PEGMA) (top) and P(PEGMA-co-15APM) 

(bottom) in DMSO-cfe. 
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The solution 1H NMR spectra of P(PEGMA) and P(PEGMA-co-15APM) 

are given in Figure 2.2. The double bond peaks of PEGMA at 5.64 and 6.03 ppm, 

disappear upon polymerization, and the backbone peaks of the homopolymer 

appear around 1.4-1.9 ppm. The PEG proton chemical shift is observed at 3.5 

ppm, while the methylene protons a and p to the ester groups give two distinct 

peaks at 4.2 and 3.7 ppm, respectively, for PEGMA; these two peaks shift slightly 

upfield upon polymerization. The methylene protons a to the ester group of 

PEGMA are at 4 ppm, whereas the methylene protons p to the ester group 

appear as a shoulder to PEG protons at around 3.6 ppm. In addition to all peaks 

associated with PEGMA units, new peaks are observed in the 1H NMR spectra of 

the copolymers due to APM units. The peaks at 7.02 and 7.4 ppm are attributed 

to the phenyl rings, while three peaks at 1.76,1.88, and 2.08 ppm due to 

adamantyl hydrogens overlap the backbone peaks. 
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Figure 2.2. 1H solution NMR of P(PEGMA) (top) and P(PEGMA-co-15APM) 

(bottom) in DMSO-d6. 



The copolymer series bearing MCD moieties was analyzed for copolymer 

composition by solution 13C NMR. The spectrum of P(PEGMA-co-15MCD) is 

given in Figure 2.3 as an example. All peaks are assigned based on the 

expected structure of the copolymers. Upon polymerization, the double bond 

peaks of MCD observed at 119.1 and 140.2 ppm disappear, while the carbonyl 

peak shifts from 167.9 ppm to 175.8 ppm. The peaks associated with 

cyclodextrin units appear at 102.1, 81.4, 73-72, 59.8 ppm, while the peaks 

attributed to the alkyl spacer between the methacrylamide and cyclodextrin 

amine appear at 36.7, 28.8, 25.6 ppm. The peaks ascribed to PEGMA units in 

the copolymer were assigned based on the 13C NMR spectrum of the 

homopolymer from Figure 2.1. 

100 90 80 70 60 50 40 30 20 

Figure 2.3. 13C solution NMR of P(PEGMA-co-15MCD) in DMSO-d6. 
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The solution 1H NMR spectrum of P(PEGMA-co-15MCD) is given in 

Figure 2.4. The double bond peaks of monomeric PEGMA which appear at 5.64 

and 6.03 ppm are under the cyclodextrin peaks (2 and 3), while the double bond 

peaks of MCD appear at 5.32 ppm and as a shoulder on the cyclodextrin peaks 

(2 and 3) at 5.6 ppm. Upon polymerization, the double bond peaks disappear. 

The peaks associated with 0(6)H, C(1)H, 0(2)H and 0(3)H of cyclodextrin units 

appear at 4.50, 4.85, and 5.73 ppm, respectively. The other peaks attributed to 

cyclodextrin units are under the proton peaks of PEG units, and can not be seen. 

The peaks associated with PEGMA units are assigned based on the 1H spectrum 

of the homopolymer of P(PEGMA) (Figure 2.2). 

Figure 2.4. 1H solution NMR of P(PEGMA-co-15MCD) in DMSO-d6. 



The molecular weights, Mw and Mn, and polydispersity as estimated by 

SEC are given in Table 2.1. The copolymer compositions are calculated by the 

total area ratios of the specific peaks using 1H NMR and are also given in Table 

1 The compositions of copolymers bearing APM were calculated from the area 

ratios of protons in the phenyl-rings (assigned as k and I) and PEGMA protons a 

to the ester group (assigned as e), using the equation m/n =(A-i/4)/(A2/2), where 

Ai and A2 are the total area under (k+l) and e, respectively. The composition of 

copolymers bearing MCD was calculated from the area ratios of CiH protons of 

cyclodextrin to PEGMA protons a to the ester group (assigned as e), using the 

equation, m/n -(A-i/7)/(A2/2), where Ai and A2 are the total area under CiH and e, 

respectively. 

Table 2.1 

Mn, Mw, PDI, compositions, and yield of copolymers. 

Sample moi?%a m o l " % b M"C MwC P D | C Y i e l d % 

P(PEGMA-co-5APM) 5 6~~ 
P(PEGMA-co-IOAPM) 10 8 
P(PEGMA-co-15APM) 15 17 
P(PEGMA-co-5MCD) 5 2 

P(PEGMA-co-IOMCD) 10 3.4 
P(PEGMA-co-15MCD) 15 10.2 
acomonomer feed mol-% 
Copolymer compositions estimated by 1H NMR 
Estimated by SEC 

The polymers were further characterized by FTIR, and the FTIR spectra of 

P(PEGMA-co-IOAPM) and P(PEGMA-co-IOMCD) are given as examples of 

each series of copolymers (Figure 2.5). Since each spectrum is dominated by 

PEGMA units (90 mol-% in each copolymer), the FTIR spectra of the 

20600 128000 6.2 75 
18200 127000 7 80 
55100 278000 5 55 
42300 165000 3.8 74 
21700 50000 2.3 76 
52800 287000 5.4 77 
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homopolymer of PEGMA and the PEGMA monomer are also given for 

comparison. The band observed at 1640 cm"1 due to the double bond of the 

monomer disappears in the homo- and copolymers which indicates that little or 

no residual monomer is present.24 The band associated with stretching of the 

ester carbonyl group at 1720 cm"1 for PEGMA shifts to 1731 cm"1 in the polymers. 

The peak observed around 1133 cm"1 is due to C-O-C stretching of ester and 

ether groups of PEGMA. The FTIR spectrum of P(PEGMA-co-IOMCD) shows a 

broad distinct peak around 3384 cm"1 associated with the hydroxyl groups of 

pendant cyclodextrins and this peak is not observed for the PEGMA monomer, 

the homopolymer of PEGMA and P(PEGMA-co-IOAPM). 

-» 1 1 r 

4000 3500 3000 2500 2000 1500 1000 500 

Wavenumber (cm - 1 ) 

Figure 2.5. FTIR spectra of a) P(PEGMA-co-IOMCD), b) P(PEGMA-co-IOAPM), 
c) P(PEGMA), and d) PEGMA. 



DSC thermograms of selected copolymers are given in Figure 2.6. DSC 

curves of all copolymers have two distinct Tg transitions, and no observed side 

chain crystallinity probably due to the PEG side chains not being long enough to 

form ordered structures. Observation of two Tg's is generally an indication of 

separate microphases. Similar transitions were observed for various copolymer 

systems consisting of PEGMA and n-butyl methacrylate.25 The PEGMA 

polymers have a limiting Tg corresponding to the glass transition temperature of 

PEG chains around - 59 °C,26 and the Tg of P(PEGMA300) previously was given 

as -57 °C.27 The Tg1 values, given in Table 2, are slightly higher than the Tg value 

reported for PEG. However, Tg2 values of P(PEGMA-co-APM) are much lower 

compared to the homopolymer of APM synthesized in our laboratory which has 

reported Tg of 253 °C.28 Therefore, the two glass transitions observed are not 

due to completely phase separated blocks but to essentially random copolymers 

with microdomains of pendent PEG groups. The glass transitions of this series of 

copolymers continuously increase with increasing APM ratio from 5 to 15 mol-%. 

The Tg values for the copolymer series having MCD units are more or less in the 

same range of the APM series. The glass transition temperatures of the 

copolymers are given in Table 2.2. 
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Figure 2.6. DSC thermograms of copolymers a) P(PEGMA-co-5APM), b) 

P(PEGMA-co-IOAPM), c) P(PEGMA-co-15APM), d) P(PEGMA-co-5MCD), e) 

P(PEGMA-co-10MCD), f) P(PEGMA-co-15MCD). 

Table 2.2 

Tg1 and Tg2 values of copolymers 

Sample Jai I&. 
P(PEGMA-co-5APM) -51.84 51.81 

P(PEGMA-co-10APM) -54.62 54.34 
P(PEGMA-co-15APM) -48.49 59.27 
P(PEGMA-co-5MCD) -54.53 61.89 
P(PEGMA-co-10MCD) -53.52 55.77 
P(PEGMA-co-15MCD) -48.59 58.46 

Thermal stabilities of the copolymers were analyzed by TGA. Figure 2.7 

shows TGA thermograms of two copolymers of each series with a heating rate of 

10 °C/min in N2. The copolymers with MCD exhibit a two-step degradation 

process. The onset of thermal decomposition of P(PEGMA-15MCD) is much 



lower compared to other copolymers perhaps due to the thermal degradation of 

pendant cyclodextrin units seen at lower temperatures. Similar behavior was 

observed for the copolymers having the highest feed ratio of MCD. The 

temperature at 10 wt-% loss for this polymer is 250 °C. The copolymers with 5 

mol-% APM and MCD give almost the same thermograms. The onset of the 

thermal degradation for the P(PEGMA-co-5MCD) is somewhat earlier because 

of the less stable cyclodextrin pendant units. However, it is not as pronounced 

as the onset of the thermal decomposition of the copolymer with 15 mol-% MCD. 

The temperature at 10 wt-% loss for P(PEGMA-co-15APM) and P(PEGMA-co-

5APM) are 290 and 280 °C, respectively. These values are in the same range as 

the homopolymer of PEGMA.29 The slight increases may be due to incorporated 

APM units which have been reported to enhance thermal stabilities in 

copolymers 28 
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Figure 2.7. TGA thermograms of copolymers a) P(PEGMA-co-5APM), b) 

P(PEGMA-co-15APM), c) P(PEGMA-co-5MCD), d) P(PEGMA-co-15MCD) in N2. 



The thermosensitive behaviors of solution of the copolymers and the 

homopolymer of PEGMA were investigated using a UV-visible 

spectrophotometer. The copolymer composition has a great effect on LCST 

behavior of the polymers, since the hydorphobicity-hydrophilicity balance 

changes with composition. In general, hydrophobic comonomers decrease the 

LCST, while hydrophilic comonomers increase it.16 It was expected that the 

copolymers with hydrophobic APM moieties and hydrophilic MCD would show 

different thermoresponsive behaviors. The effect of these hydrophobic or 

hydrophilic comonomers on LCST of P(PEGMA) is summarized in Figure 2.8. All 

polymers showed a sharp transition at the cloud point. The LCST of the 

homopolymer of PEGMA was 63 °C which is close to the LCST of 3 wt-% 

solution of P(PEGMA) reported of 60.8 °C.28 As expected, the cloud point 

continuously decreases with increasing content of the hydrophobic APM units in 

the copolymers. The decrease is as high as 14 °C for the copolymer with 15 

mol-% APM. On the other hand, there are slight increases of observed cloud 

points with increasing MCD ratio in copolymers. 
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Figure 2.8. Cloud point vs. comonomers feed ratio of copolymer bearing MCD 

(A), and APM(o). 

The copolymers having APM moieties are expected to show amphiphilic 

properties due to combined hydrophobic and hydrophilic segments. To explore 

the amphiphilic character of the copolymer, 1H NMR was used and the spectrum 

of P(PEGMA-co-15APM) is given for two different solvents, DMSO-ck and D20 

(Figure 2.9). DMSO-d6 is a good solvent for the copolymers, and with it, the 

adamantyl peaks can be easily identified, plus there are two separate peaks 

associated with the aromatic group of APM. On the other hand, the peaks of the 

adamantyl groups totally disappear in D20 or they may not be observed because 

of overlap with the backbone peaks. The spectrum has very broad peaks with no 

distinct separation for the aromatic groups of APM consistent with hydrophobic 

association. The spectral changes due to solvent differences indicate structural 

rearrangement, and perhaps pendent group association, of the amphiphilic 
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polymer in D2O. Similar observation has been reported for the amphiphilic block 

copolymer of PEG with hydrophobic poly(p-benzyl L-aspartate) and poly [N-{o-{4-

phenyl-4,5-dihydro-1,3-oxazol-2-yl)phenyl}maleimide].30'31 In D20, the 

hydrophobic groups tend to aggregate and may form a micelle-like structure. 

Mobility decreases in micelle structures, which would cause broadening of the 

APM peaks, as can easily be seen for the peaks associated with the aromatic 

groups, and disappearance of peaks associated with adamantane. 

ppm 

Figure 2.9.1H NMR analysis of P(PEGMA-co-15APM) in D20 (bottom) and 

DMSO-cfe (top). 

It is generally accepted that, unlike a-cyclodextrin which has been 

reported to form polyrotaxane type complexes with PEG, (3-cyclodextrin cannot 

form such stable complex as with PEG 32,33,34 35 However, Ripmeester, etal., did 



report stable binding between PEG and p-cyclodextrin and this complexation was 

further investigated by Cosgrove, et al.,36 In both cases, complexation of linear 

PEG with free p-cyclodextrin was investigated. Here, on the other hand, the 

mobilities of PEG and p-cyclodextrin units are restricted by the main polymer 

chain. Therefore, the binding and interactions of these groups would be expected 

to be different. Considering expected compositions of copolymers with 

adamantane and PEG units, three possibilities should be considered: 1) PEG 

units of the polymers can form stable complexes with cyclodextrin; 2) PEG units 

do not form stable complexes but inhibit interactions of adamantyl moieties with 

cyclodextrin; and 3) only adamantane and cyclodextrin groups form stable 

complexes. Another important factor which will influence the host-guest 

interaction between adamantyl and cyclodextrin groups may be the inter- and 

intramolecular self-association of bulky adamantyl moieties which may lead to 

inhibition of the host-guest complex formation between adamantyl groups and 

cyclodextrins. 

1H NMR analysis has been extensively used to probe inclusion formation 

in similar complexes.37,38,39 The formation of inclusion complexes between free 

cyclodextrin and adamantyl moieties of P(PEGMA-co-IOAPM) was investigated 

here using 1H NMR. Figure 2.10 shows variation of the 1H NMR spectra with 

increasing free cyclodextrins in solution. The top spectrum is the 1H NMR 

spectrum of P(PEGMA-co-IOAPM) given for comparison. The shifts of specific 

peaks in the polymer spectrum result from the inclusion complexation between 

adamantyl moieties and PEG units with added cyclodextrin. 
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Figure 2.10.1H NMR analysis of inclusion complex formation between 

P(PEGMA-co-IOAPM) with various concentrations of free cyclodextrin. 

The downfield shift indicates that there is indeed host-guest complex 

formation between pendant adamantane and cyclodextrin, this confirms that self-

association of the amphiphilic polymer does not inhibit specific complexation 

between the two groups. In fact, the interaction between these two groups is so 

strong that the self-association of hydrophobic adamantyl moieties may be 

disturbed upon addition of the cyclodextrin. Figure 2.11 shows a schematic 

representation and photograph of the gel formation. This gel was obtained with 

the 30 wt-% of the P(PEGMA-co-15APM)/P(PEGMA-co-15MCD) mixture. Initially, 

both solutions of 30 wt-% of P(PEGMA-co-15APM) and 30 wt-% of P(PEGMA-
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co-15MCD) were prepared; these solutions were viscous liquids at these 

concentration. After mixing, gel formation occurs rapidly, as demonstrated by the 

test tube inversion method. 

Figure 2.11. Photograph and schematic representation of gel formation as a 

result of inclusion complexation between adamantyl and cyclodextrin pendent 

groups of copolymers. 

To investigate viscoelastic properties of supramolecular assemblies, four 

aqueous solution mixtures were prepared: P(PEGMA-co-15APM)/P(PEGMA-co-

15MCD), P(PEGMA-co-10APM)/P(PEGMA-co=10MCD), P(PEGMA-co-5APM)/ 

P(PEGMA-co-5MCD). Each pair was mixed together to explore the effect of 

increasing associative group contents on viscosity. An aqueous solution of 

P(PEGMA)/P(PEGMA-co-10MCD) was used as the control to probe the 

interaction between PEG units of P(PEGMA) and the pendent cyclodextrins 

groups of P(PEGMA-co-IOMCD). For consistency, all samples were prepared as 

10 wt-% solutions in water, and the complex viscosity, storage and loss moduli 

as a function of angular frequency were determined in frequency sweep 



measurements. The viscosities were measured for two different temperatures, 

20 and 30 °C. 

The complex viscosities of the mixtures of viscous liquids as a function of 

angular frequency are given Figure 2.12. The complex viscosities are almost 

independent of frequency for all four samples for both temperatures. The 

viscosity values are dramatically higher for those samples with higher ratios of 

associative groups in the copolymers. The 1:1 mixtures of P(PEGMA-co-

15APM)/P(PEGMA-co-15MCD), and P(PEGMA-co-10APM)/P(PEGMA-co-

10MCD) show the highest viscosities which indicates that the solution properties 

of P(PEGMA) are tunable by changing the associating comonomer content. It is 

worth noting that the temperature dependence of viscosity is stronger for the 

samples with higher comonomer loading. Therefore, it can be concluded that the 

decrease in viscosity with temperature must be related to the supramolecular 

association of adamantyl and cyclodextrin groups rather than the interaction 

between PEG units and cyclodextrins. Another interesting finding is the fact that 

the viscosity increases for the samples bearing 5 mol-% associative groups to 10 

mol-% associative groups is significant, whereas there is no further increase for 

the mixture of copolymers bearing 15 mol-% associative groups. Since 

P(PEGMA-co-15APM) possesses more hydrophobic groups which enhance 

micelle formation and hydrophobic associations, and this may limit or decrease 

the inclusion complexation once the adamantyl group reaches a certain 

concentration. 
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Figure 2.12. Angular frequency dependence on complex viscosity for the mixture 

of 10 wt-% P(PEGMA-co-5APM)/P(PEGMA-co-5MCD) (•,n), P(PEGMA-co-

10APM)/P(PEGMA-co-10MCD) (A ,A ) , P(PEGMA-co-15APM)/P(PEGMA-co-

15MCD) (t,o), and P(PEGMA)/P(PEGMA-co-10MCD) (•,<>) at 20 (filled symbols) 

and 30 °C (open symbols). 

The storage modulus, G', and the loss modulus, G", of the four samples in 

10 wt-% solutions are given in Figure 2.13. The values of both G' and G" 

increase with increasing associative groups in the copolymer compositions, and 

the magnitudes of G" is higher than that of G' for all sample which means 

viscous flow dominates elastic response over the range of angular frequencies 

monitored. However, at low frequency, G" is almost equal to G' for the samples 

bearing the highest associative groups, P(PEGMA-co-15APM)/P(PEGMA-co-

15MCD), and the difference between G" and G' increases with angular 

frequency. The data at Figure 2.13 indicates that P(PEGMA-co-



15APM)/P(PEGMA-co-15MCD) is at the gel boundry, and the inclusion 

complexes are dissociated as viscous flow dominates the elastic response with 

increasing angular frequency. This observation is not surprising considering 

adamantyl/cyclodextrin inclusion complexation is in dynamic equilibrium and the 

fast exchange between free and complexed adamantyl moieties may not 

maintain long-range connectivity.40 The data indicates that both G' and G" are 

frequency dependent, and that they increase with increasing applied frequency. 

Similar observations were reported for G' and G" of cyclodextrin and adamantyl-

grafted chitosan, and the decrease of G' and G" with decreasing frequency was 

explained by network relaxation as a result of breaking and reforming of the 

crosslink points.36 
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Figure 2.13. Frequency dependence on storage (filled symbols) and loss moduli 

(open symbols) for the mixture of 10 wt-% P(PEGMA-co-5APM)/P(PEGMA-co-

5MCD) (B.D), P(PEGMA-co-10APM)/P(PEGMA-co-10MCD) (A ,A ) , P(PEGMA-



co-15APM)/P(PEGMA-co-15MCD) (•,o)J and P(PEGMA)/P(PEGMA-co-10MCD) 

(•,0) at 30 °C. 

Temperature effects on host-guest complex formation were further 

investigated for the 5 wt-% aqueous solution of P(PEGMA-co-IOAPM)/ 

P(PEGMA-co-IOMCD) via temperature sweep measurement. The variation in 

viscosity as a function of temperature is given in Figure 2.14. The viscosity 

change of the 5 wt-% aqueous solution of P(PEGMA-co-IOMCD) with 

temperature is also included in the same plot for comparison. As expected, the 

initial viscosity is significantly higher for the P(PEGMA-co-10APM)/P(PEGMA-co-

10MCD) mixture due to host-guest inclusion complexation between adamantyl 

and cyclodextrin pendent groups. However, the viscosity constantly and 

drastically decreases with increasing temperature since the inclusion 

complexation is enthalpy driven. That is, temperature increases leads to 

decreases in the number of inclusion complexes which in turn result in lower 

apparent molecular weight and decreased viscosity.40,41,42 This may result in a 

thermoreversible gel system such as has been reported by Hennick, et al., for a 

star-shaped 8-arm poly(ethylene glycol) (PEG) which was end-modified with p-

cyclodextrin and cholesterol moieties. The storage (G') and loss moduli (G") of 

the hydrogel system formed by the mixture of p-cyclodextrin end-capped PEG 

and cholesterol end-capped PEG decreased with increasing temperature from 4 

to 37 °C and reverted back to original values with cooling.43 Another important 

factor which leads to decreased viscosity may be increasing phase separation 
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with temperature; this may explain the slight decrease of the viscosity seen even 

forP(PEGMA-co-IOMCD). 

30 40 50 

Temperature (°C) 
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Figure 2.14. Viscosity dependence on temperature for the mixture of P(PEGMA-

co-10APM)/P(PEGMA-co-10MCD) (A) and P(PEGMA-co-IOMCD) (A) alone. 

Conclusion 

Methacrylate monomers bearing cyclodextrin and adamantane pendent 

groups were synthesized, and copolymerized with poly(ethylene glycol) methyl 

ether methacrylate by free radical polymerization. Both 13C and 1H solution NMR 

showed peaks associated with adamantyl and cyclodextrin units besides PEGMA 

units. Although micelle formation (hydrophobic interaction of adamantyl groups) 

was observed for the copolymer bearing APM moieties examined by 1H NMR, 

these associations did not inhibit the host-guest complex formation between 

pendent adamantyls with free cyclodextrins. The viscoelastic properties of 



supramolecular assemblies were investigated with frequency and temperature 

sweep experiments. It was shown that PEG units did not form stable complexes 

with pendent CD groups, while the specific host-guest interaction between 

pendent adamantyl and cyclodextrin moieties lead to large increases in viscosity. 

It has thus been shown that the viscosity of these systems is tunable by varying 

the concentration of these groups in water-soluble copolymers. 
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CHAPTER III 

UV CURABLE COATINGS FOR IMPROVED GAS BARRIER PROPERTIES OF 

POLYETHYLENE TEREPHTHALATE) 

Abstract 

A new high-barrier coating based on methyl (a-hydroxymethyl)acrylate 

(MHMA) for poly(ethylene terephthalate) (PET) was developed along with the 

process for preform dipping and cure prior to blow molding into bottles. The UV 

curable coating gives excellent barrier improvement to PET biaxially oriented 

thin films and bottle sidewalls. The affect of photoinitiator concentration, initiator 

types, and temperature on photopolymerization kinetics of MHMA was 

investigated. Once the photoinitiator, Irgacure 819®, concentration became 

larger than 1 mol-%, a decrease in rate of propagation was observed. The 

conversion also decreased with high initiator concentration. Irgacure 819® 

reduced the autoacceleration peak and induced maximum rates of 

polymerization much faster than Irgacure 651®. It gave a slightly higher 

conversion, but overall conversion for combinations of these photoinitiators were 

all high and above 80%. Real-time FTIR (RT-FTIR) studies of copolymerization 

of MHMA and methyl methacrylate (MMA) showed that conversion is fairly high 

up to 25 mol-% MMA. However, once MMA feed ratio exceeded 10 mol-%, a 

decrease in barrier performance was observed. A series of coated PET films 

based on two additional monomers synthesized in our research group with 

MHMA/MMA (50/50) were prepared, and these coated PET showed oxygen 



permeability reduced by 1.4-2.5 times that of the uncoated PET control. Finally, 

only MHMA coated preforms were blown into bottles using conventional 

methods, and blown bottle side walls from these coated preforms showed 2-3 

times barrier improvement over uncoated side walls. 

Introduction 

Gas barrier is the ability of a material to limit permeation of certain gases 

and is a key factor in the design of food and beverage packaging. Poly(ethylene 

terephthalate) (PET) is increasingly used for packaging applications due to its 

transparency, ease of processing, and low cost, plus its semi-crystalline nature 

inherently gives rise to moderate gas barrier properties. However, a three- to 

five-fold decrease in permeability is needed for new applications such as 

packaging for beer, fruit juices, and hot-fill baby foods. For this reason, 

increasing emphasis has been put on investigating methods to decrease the 

solubility and diffusivity of gasses in PET. 

Impermeable inorganic materials have been used as fillers for PET,1,2 as 

coatings,3,4 and in hybrid organic-inorganic coatings.5 Improvements in barrier 

are generally related to a decrease in diffusivity by formation of a torturous 

pathway in the case of inorganic fillers, or by high density in the case of 

inorganic coatings. Generally, inorganic coatings are brittle, and cracking or 

hole formation quickly deteriorates barrier properties. 

In polymers, free volume must be reduced or excluded to form high 

barrier materials.6 Thus, polymers with high degrees of hydrogen bonding, tight 

chain packing, and/or high degrees of molecular order in the amorphous phase 
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exhibit the best gas barrier properties. Ethylene/vinyl alcohol (EVOH) 

copolymers have excellent barrier properties under dry conditions, and have 

been widely investigated as barrier coatings,7"10 although properties suffer 

nearly a hundred fold when exposed to moisture. Moisture plasticizes EVOH 

and can irreversibly change the EVOH morphology, resulting in increased free 

volume.11 

Tiemblo, et al.,12 correlated fractional free volume to gas diffusivity of 

methacrylic ester copolymers with varying side chain lengths. Fractional free 

volume was calculated based on the specific volume of the polymer and the 

specific van der Waals volume. Additional methylenes in the side chain 

increased the fractional free volume, which in turn increased diffusion of gas 

molecules. Varying the size of the gas penetrant did not significantly affect the 

diffusivity, implying that the high flexibility of the side chains allows kinetic 

transport. 

The influence of molecular packing was exhibited in the high oxygen 

barrier of self-assembled melamine coatings. Melamine was vapor deposited 

onto PET films to form a transparent coating with high barrier to oxygen.13 

Although melamine is a small molecule, it assembled into regular arrays due to 

the presence of symmetrical hydrogen bond donor and acceptor sites (Figure 

3.1). 
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Figure 3.1. Structure of the supramolecular assembly of melamine. 

Coatings of hyperbranched polyesters based on 

bis(hydroxymethyl)propionic acid improved oxygen barrier of PET and 

polypropylene,14 although the coatings were moisture sensitive. The 

hyperbranched polyester had an average of 64 hydroxyl end-groups per 

molecule. Hyperbranched polymers with 15-30% methacrylate groups included 

for crosslinking showed the best barrier properties compared to uncrosslinked or 

lightly crosslinked systems. Unexpectedly, addition of semi-crystalline poly(e-

caprolactone) to the shell of hyperbranched polyesters decreased barrier 

properties. Moisture sorption in these systems was comparable to amorphous 

EVOH, and depended greatly on the concentration of hydroxyl groups.15 

A number of epoxy-amine derivatives have demonstrated excellent 

barrier properties.16,17 Brennan.et al.,18,19 synthesized new high-barrier 

thermoplastics based on bisphenol-A diglycidyl ether and bisphenols with an 

amide linkage. Lower oxygen permeabilities were obtained by either reducing 

the number of methylene units or increasing the population density of amide 

groups, which increased hydrogen-bonding interactions. Interestingly, the 

barrier properties of poly(hydroxy amide ethers) improved in the presence of 

moisture. A detailed investigation into the effect of polymer structure showed 



that replacing methylene units with meta-linked phenylene units decreased 

permeability.20 Also, barrier properties improved as the aromatic backbone unit 

became planar (improving chain packing) or had a strongly polar pendent 

functional group that strengthened hydrogen bonding.21 

In this work, a functionalized methacrylate, methyl (a-

hydroxymethyl)acrylate (MHMA), was applied to PET film, then 

photopolymerized to produce a coated structure possessing three times the 

oxygen barrier of the biaxially-oriented PET substrate alone. In addition, a series 

of coatings based on MHMA with various MMA concentrations were prepared 

on biaxially-oriented PET samples. The samples containing less than 10 mol-% 

MMA showed no substantial decrease in barrier properties of PET. Coatings 

based on two additional comonomers synthesized in our research group with 

MHMA/MMA (50/50) showed excellent barrier improvement. Finally, PET 

preforms were dipped in just MHMA solution and the obtained thin coating 

photopolymerized to produce a coated preform that could be blown into a bottle 

possessing at least two times the oxygen barrier of uncoated bottles 

Results and Discussion 

MHMA is a unique monomer in that it is an a-substituted methacrylate 

(Figure 3.2). It shows very fast photopolymerization rates and high conversions. 

Poly(MHMA) is completely amorphous, and offers cost saving advantages 

(estimated 1.5-3.5 times lower) over current commercially available barrier 

coatings. When polymerized, MHMA is completely transparent with optical 

clarity rivaling polycarbonate. 
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Figure 3.2. Structure of methyl (a-hydroxymethyl)acrylate (MHMA). 

Another unique property of poly(MHMA) is its very high density (Table 

2.1 ).22 This high density leads to excellent solvent resistance and extremely low 

moisture absorption. Poly(MHMA) is completely insoluble in acetone, methanol, 

ether and water, and only partially soluble in A/-A/-dimethylformamide, dimethyl 

sulfoxide, and hexafluoroisopropanol. These properties combine to give 

poly(MHMA) excellent barrier properties. 

Table 3.1 

Density comparison for methacrylate monomers.22 

Polymer Density (g/cm3) 

MHMA 1.388 
HEMA 1.07 
MMA 1.19 

Coating Experiments on PET Biaxially Oriented Thin Fiims 

Initial coating experiments involved application of thin monomer films to 

biaxially oriented PET films. The substrates were not washed prior to coating. 

An MHMA solution was prepared containing 1 mol-% Irgacure 651® 

photoinitiator. Approximately 0.5 mL of the MHMA solution was placed in the 

middle of a 90 mm diameter film. The solution was brushed outward using a 

small paintbrush, and samples were placed in a chamber with a nitrogen 

atmosphere. After purging the chamber, the samples were irradiated with UV 
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light from an external hand-held UV source through a UV transparent cover of 

polypropylene. Some samples were coated twice in order to cover coating 

defects such as small pin holes. 

Surprisingly, these crude MHMA photocured coatings resulted in 

excellent oxygen (Table 3.2) and carbon dioxide barrier properties (Table 3.3). 

Film thicknesses ranged from 0.8-1.8 mils, which showed oxygen permeability 

reduced 2.5-3.7 times that of the uncoated substrate. Carbon dioxide 

permeability also showed marked decreases compared to the uncoated 

substrate (3-4 x lower). 

Table 3.2 

Oxygen permeation results for PET thin films coated with MHMA and 
photocured. 
Sample Cure Total Coat 

# Time (h) Thickness (mils) P D S P0/P 
(mils) 

1 
2 
3a 

4a 

5 

0 
1 
1 
1 
1 

a Two coats photocurec 
P-cc 

Table 3.3 

(STP) cm m" 'atm1 

4.3 
5.2 
5.6 
6.1 
5.1 

i 
day';D-

0 
0.9 
1.3 
1.8 
0.8 

•xlO-,3ra2sec"';S-

0.133 
0.049 
0.042 
0.036 
0.053 

- cc(STP) cm'3 ami"' 

2.0 
1.1 
0.9 

0.82 
1.2 

0.075 
0.052 
0.054 
0.051 
0.045 

--

2.7 
3.2 
3.7 
2.5 

Carbon dioxide permeation results for PET thin films coated with MHMA and 
photocured. 

Cure Total Coat 
Sample Time Thickness (mils) P D S Po/P 

(h) (mils) 
1 
2 
3a 

4a 

5 

0 
1 
1 
1 
1 

4.3 
5.2 
5.6 
6.1 
5.1 

0 
0.9 
1.3 
1.8 
0.8 

0.863 
0.240 
0.235 
0.220 
0.283 

0.6 
0.26 
0.25 
0.24 
0.3 

1.66 
1.07 
1.09 
1.06 
1.09 

— 

3.5 
3.7 
4 
3 

Two coats photocured 
P - cc(STP) cm m"2atm"1 day-1; D - xlO"'3 m2 sec"'; S - cc(STP) cm"3 atm"1 



An important factor in altering the nature of PET is the effect a coating 

has on recycling. During the recycling process, PET bottles are subject to 

washing in hot caustic solutions. The poly(MHMA) coating was completely 

removed from PET thin films by a 2 wt-% solution of sodium hydroxide at 80 °C 

in the absence of agitation. Therefore, PET recycling will not be hindered by 

MHMA barrier coatings. 

Scotch® tape adhesion testing of MHMA-treated PET films was 

conducted on samples that had been UV cured for 60 minutes. The coated 

surface was not affected by the adhesion test. Furthermore, bending the coated 

film did not cause cracking or breaking of the coating layer. However, when the 

coated PET was folded over and creased, cracking of the coating was observed. 

In order to probe the importance of the MHMA hydroxyl group to 

adhesion, methyl methacrylate (MMA) monomer was coated onto PET thin films 

using the same method as was employed with MHMA. The obtained coatings of 

MMA were not homogeneous. Cracks formed during the photochemical cure, 

and the Scotch® Tape adhesion test caused significant loss of the coating. 

Adhesion of poly(MHMA) on aluminum surface was strong while the poly(MMA) 

could be removed easily. Both polymers adhered to glass substrates well. 

UV Photopolymerization and PhotoDSC 

We have been pursuing the chemistry of alkyl a-hydroxymethylacrylate 

(RHMA) for several years. This family of monomers shows very fast 

photopolymerization rates with high conversions. One of the main objectives in 

the UV curing of coatings is to obtain a high degree of conversion at the surface 



and throughout the coating layer. The concentration of initiator, on the other 

hand, significantly effects overall conversion and rate of polymerization. In order 

to obtain good through-cure of coating, the light has to penetrate throughout the 

coating. The use of a high concentration of photoinitiator may lead to screening, 

resulting in a gradient of the conversion and lower overall conversion.23 This is 

especially important for barrier properties of the coating since any residual 

monomers will act as plasticizers of the matrix, increasing the free volume and 

leading to lower barrier. Therefore, it is important to determine the optimal 

photoinitiator concentration that leads to fast polymerization with high 

conversion. 

Figure 3.3 shows the effect of cure time and initiator concentration on the 

rate and polymerization conversion of MHMA. The data given are for Irgacure 

819® up to 3 mol-% of the photoinitiator. The solubility of photoinitiator became 

an issue over 3 mol-% Irgacure 819®, whereas up to 5 mol-% Irgacure 651® 

easily dissolved in MHMA. Once the photoinitiator, Irgacure 819®, concentration 

became higher than 1 mol-%, a decrease in rate of propagation was observed. 

This may be due to screening of UV light as the photoinitiator concentration 

increases. The higher levels of photoinitiator absorb more UV light, preventing it 

from penetrating throughout the sample. This also effects overall conversion, 

and conversions decreased at initiator concentrations above 1 mol-%. The 

overall conversions for 0.5 and 1 mol-% initiator concentration were above 80%, 

whereas with initiator concentration higher than 1 mol-%, conversions were 

around 60%. Another interesting observation is that the decrease in rate of 



photopolymenzation was very sharp for 0.5 andl mol-% initiator concentration 

once the polymerization rate reached the maximum. These sharp decreases 

were not observed for higher photoinitiator concentrations. The autoacceleration 

peak was not observable for any of these systems except with 0.1 mol-% 

photoinitator concentration, as shown below. 

25 35 45 55 65 75 85 95 105 115 

Time (sec) 

25 35 45 55 65 75 85 95 105 115 

Time (sec) 

Figure 3.3. A) Rate versus time, and B) conversion versus time plots for MHMA 

with various Irgacure 819® initiator concentrations at 30 °C. 



It was also one of our objectives to evaluate the temperature effect on 

photopolymerization of MHMA with various initiator concentrations. Elevated 

rates of photopolymerization are usually observed when the reactions are 

performed at higher temperatures. Figure 3.4 shows the rate and the 

conversion of MHMA with various concentrations of Irgacure 819® initiator at 50 

°C. Contrary to our expectation, no significant change of overall rate and 

conversion was observed. A slight decrease was seen for systems with 0.5 and 

1 mol-% Irgacure 819®, while no change occurred with higher photoinitiator 

concentrations. The slight decrease of the systems with 0.5 and 1 mol-% 

Irgacure 819® may be related to the reduction of the extent of the hydrogen 

bonding at higher temperatures; i.e., the rate increase due to increasing 

temperature may not compensate for the decrease in hydrogen bonding. 

Jansen, et al., reported similar result for photopolymerization of undecyl amide 

N-ethyl acrylate.24 Even though the rate of photopolymerization at 50 °C was 

higher than at 30 °C, the rate was showing a decreasing trend when the 

temperature was over 40 °C. 



0.035 

0.03 

0.025 

| 0.02 

® 0.015 
is 

DC 

0.01 

0.005 

25 35 45 55 65 75 85 95 105 115 

Time (sec) 

-t—0.1% 

-*—0.5% 

- • - 1 % 

1.5% 

-o— 2% 

- A - 2 . 5 % 

- * - 3 % 

25 35 45 55 65 75 85 95 105 115 

Time (sec) 

Figure 3.4. A) Rate versus time, and B) conversion versus time plots for MHMA 

with various Irgacure 819® initiator concentrations at 50 °C. 

The effect of initiator type, dimethoxy phenylacetophenone (Irgacure 

651®) or phenyl bis(trimethylbenzoyl)phosphine oxide (Irgacure 819®) on 

photopolymerization ( chemical structures given in Figure 3.5) rates and 

conversions was investigated with respect to various ratios of these two 

photolnltators. The total concentration of photolnitiators was kept constant at 1 

mol-%, while the Irgacure 651® ratio was changed from 0 to 100%. Irgacure 

819® is able to generate four initiating radicals per photoinitiator molecule, 
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whereas Irgacure 651® is only able to create two radicals with photoinitation.25'26 

it is expected that the number of formed radicals plus absorbance difference of 

these two photoinitiators will have a dramatic effect on photopolymerization of 

MHMA. The initial monomer-initiator solutions for Irgacure 819® are yellow, 

whereas they are clear for Irgacure 651®. However, the initial yellowness of the 

solution disappears with curing. Figure 3.6 shows rate and conversion versus 

time plots for various ratios of the two different types of initiators. Irgacure 819® 

reduced the autoacceleration peak and reached maximum rates of 

polymerization much faster than Irgacure 651®. It gave a slightly higher 

conversion, but overall conversion for combinations of these photoinitiators were 

all high and above 80%. The peak maximum shifted to the right on the time 

scale with increasing Irgacure 651® concentration. 

Irgacure 819 Irgacure 651 

Figure 3.5. Chemical structures of Irgacure 651 and Irgacure 819 

photoinitiators. 
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Figure 3.6. Rate versus time plots for MHMA with Irgacure 819® vs. 651 

initiator at 30°C. 

Effect of Cure Time and Initiator Concentration on Barrier 

Barrier measurements were performed on selected samples to determine 

what affect the cure time and initiator concentration had on oxygen (Table 3.4) 

and carbon dioxide (Table 3.5) barrier properties. Irgacure 651® was used as 

photoinitiator. Barrier improvement over uncoated PET thin films was somewhat 

smaller than for previous systems. Once photoinitiatior concentrations became 



larger than 2.5 mol-%, a further decrease in barrier performance was observed. 

This may be due to screening of UV light as film thickness increases leading to 

higher residual monomer concentration that acts as a plasticizer. 

Table 3.4 

Oxygen barrier of MHMA on PET thin films UV cured with varied initiator 
concentration and cure times. 

[ l ] Cure T o t a l 

(mol- T . Thick Coat n ~ 0 ~ lri V
0/N Time ... x P D S P0/P %) , . x ness (mils) ; ( m m ) , •• x v ' (mis) 
1.5 
2.0 
2.5 
3.0 
5.0 

15 
5 
5 
3 
2 

P - cc(STP) cm m" 

Table 3.5 

5.3 
5.5 
5.5 
5.8 
5.4 

1.0 
1.2 
1.2 
1.5 
1.1 

2atm"1 day'1; D - xlO'13m2sec 

0.083 
0.086 
0.081 
0.092 
0.107 

"';S-cc(STP). 

1.4 
1.5 
1.5 
1.8 
1.7 

cm"3 atm"1 

0.070 
0.067 
0.063 
0.061 
0.091 

1.6 
1.5 
1.6 
1.4 
1.2 

Carbon dioxide barrier of MHMA on PET thin films UV cured with varied initiator 
concentration and cure times. 

" l Cure T o t a l 

(mils) 

(mol- j ^ Thick Coat 

(min) 
0/v Time ' . ; P D S P0/P 
%) . . . ness (mils) 

1.5 
2.0 
2.5 
3.0 
5.0 

15 
5 
5 
3 
2 

5.3 
5.5 
5.5 
5.8 
5.4 

1.0 
1.2 
1.2 
1.5 
1.1 

0.484 
0.537 
0.472 
0.586 
0.670 

0.38 
0.39 
0.40 
0.46 
0.49 

1.49 
1.58 
1.38 
1.48 
1.59 

1.8 
1.6 
1.8 
1.5 
1.3 

P - cc(STP) cm m" atm"1 day"1; D - xlO"13 m' sec"'; S - cc(STP) cm"3 atm"1 

Effect of Coating Thickness and Humidity on Barrier 

After initial work to coat PET substrates, draw-down rods with different 

effect numbers were used instead of brushing. An MHMA solution containing 1 

mol-% Irgacure 819 photoinitiator was applied on the PET substrate and the 

coating made more uniform using the draw-down rods. The coated samples 

were placed in a handmade sealed metal chamber with a quartz window, and 



then the samples were irradiated with an external hand-held UV source (Blak-

Ray Long Wave Ultraviolet, Model B 100 AP). 

In order to understand the effect of thickness of the MHMA coating on 

PET permeability, three different the draw-down rods (3, 6, and 13) were used 

to obtain PET coated samples with various coating thicknesses. From Table 3.6, 

it can be seen the MHMA coating gave marked improvement in oxygen barrier 

properties on PET. The improvement was up to a factor 2.1 for the thicker 

sample MHMA-13 compared to the neat PET substrate. The barrier 

performance of coatings improved with increasing hydroxyl content in the 

coating for dry conditions due to hydrogen bonding giving a denser network. 

However, the barrier performance of the polymer matrix is complicated under 

humid conditions. Lange, et al.,14 investigated the correlation between humidity 

and hydroxyl content for hydroxy-functional hyperbranched polyester resin. It 

was reported that up to a certain hydroxyl content fraction, permeability is lower 

for the polyester resin compared to permeability of the same polyester in dry 

conditions.14 Hydroxyl content fraction of poly(MHMA) is very high, and it is 

expected that MHMA coatings will be susceptible to humidity. The permeability 

data is given in Table 3.7 at 85% relative humidity (RH) for the samples. As 

expected, the coated samples showed reduced improvement over PET at 85% 

relative humidity due to high water uptake of MHMA coating, and plasticizing 

effect of water. 
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MHMA-33 

MHMA-6 
MHMA-13 

4.6 ±0.1 
4.7 ±0.1 
5.5 ±0.1 

Table 3.6 

Effect of thickness of MHMA coating on PET permeability at 0 % RH 

ID T h f " e s s tNcSs P D S Po/P Es"mated 

\m") ( m j | \ ^coating 

3Mcontrol 4.2 ±0.1 - 0.160 2.1 0.089 - -
0.4 ±0.2 0.106 2.0 0.060 
0.5 ±0.2 0.091 1.9 0.054 
1.3 ±0.2 0.068 1.7 0.047 -

a rod number 
P - cc(STP) cm m"2 atm'1 day'1; D - x 10"'3 m2 sec'1; S - cc(STP) cm'3 atm"' 

Table 3.7 

Effect of thickness of MHMA coating on PET permeability at 85 % RH 

ID Thickness < * ^ p Q s R o / p Estimated 
V m i U ( m i l ) "coating 

3Mcontrol 4.1 ±0.2 - 0.134 2.7 0.059 
MHMA-3 4.6 ±0.1 0.4 ±0.1 0.143 3.0 0.055 
MHMA-6 4.7 ±0.1 0.5 ±0.1 0137 3.3 0.048 

MHMA-13 5.5 ±0.1 delaminated during conditioning 
P - cc(STP) cm m"2 atm"' day''; D - xlO"13 m2 sec'; S - cc(STP) cm"3 atm"' 

Considering possible applications of MHMA coating, water uptake and 

transmittance will be important criteria. Investigation of the water absorption was 

conducted for various stand-alone films based on MHMA, MMA, and 

MHMA/MMA (50/50). For comparison, two other samples consisting of 

copolymers of MHMA with butyl acrylate (BA), and MHMA with methacrylic acid 

(MA) were prepared. The samples were soaked in water, and the weight change 

and transmittance were determined. The results are given in Table 3.8. Water 

uptake of the homopolymer of MMA is the least at 0.4 wt-%, whereas 

poly(MHMA-co-MA) (50/50) is the most at 27 wt-% gain in 24 hours. 
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Interestingly, water absorbance of poly(MHMA-co-MMA) (50/50) is very low 3.6 

wt-% in 24 hours, and no transmittance changes were observed. 

Table 3.8 

Water absorption and transmittance changes 

Film Composition Wt-% Gain Transmittance 
P(MHMA / MA*) (50 / 50) 27 Changed in 24 h~ 
P(MHMA / BA*) (50 / 50) 4.7 Changed in 48 h 
P(MHMA) 19.8 Changed in 24 h 
P(MHMA / MMA) (50 / 50 3.6 same 
P(MMA) 0.4 same 

Copolymerization with MMA 

To investigate copolymerization kinetics, thermal and barrier properties, a 

series of copolymers of MHMA with various mol fractions of MMA was prepared. 

The photopolymerization of MHMA/MMA (50/50) mixture was followed by FTIR 

at various time intervals. The mixture was applied between two salt plates and 

exposed to hand-held UV source for given times. Unfortunately, the absorbance 

spectra of MMA and MHMA almost completely overlap which makes it 

impossible to evaluate the effect of hydrogen bonding on copolymerization of 

MHMA and MMA. The broad O-H stretching band around 3475 cm"1 observed 

in Figure 3.7 is due to various hydrogen bonding structures in this systems. 

Absorptions at 821 cm"1 and 1639 cm"1 are due to vinyl groups. The intensity of 

these two peaks decreased with time, and there were no spectral changes after 

300 sec, although residual double bonds were still observed. The copolymers 

showed expected characteristic peaks. The bands at 2956 and 3000 cm"1 were 

ascribed to CH3 vibration, and the sharp peak around 1727 cm"1 to C=0 

vibration. 
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Figure 3.7. FTIR spectra of MHMA/MMA (50/50) mixture exposed to UV for 

various time intervals. 

Figure 3.8 is a plot of % conversion versus irradiation time and shows the 

effect of methyl methacrylate (MMA) concentration on MHMA polymerization 

rate and conversion. Jansen, et al., indicate that acrylate monomers capable of 

hydrogen bonding have very high rates compared with non-hydrogen bonding 

analogues with the same secondary functionality.24 The enhanced rate of 

photopolymerization was attributed to hydrogen bonding resulting in 

preorganization of the monomers. Viscosity differences may also play a 

significant role. Because MHMA has a hydroxyl group at the p position which is 



capable of hydrogen bonding with carbonyl groups or hydroxyl groups of other 

MHMA monomers, it is expected that MHMA will have a much higher rate of 

polymerization than MMA. The RT-FTIR plot (Figure 3.8) supports the 

importance of hydrogen bonding to the rate of polymerization of MHMA. The 

rate is given by the initial slope of the plots, and MHMA shows a significantly 

higher rate of polymerization and greatly increased final conversion (around 75 

% in 10 sec) than does MMA. 
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Figure 3.8. RT-FTIR plot of % conversion as a function of irradiation time for (a) 

MHMA, (b) MHMA.MMA with a ratio of (90:10), (c) MHMA.MMA (75:25), (d) 

MHMA:MMA (50:50), (e) MHMA:MMA (10:90), and (f) MMA. 



Figure 3.9 shows the DSC thermograms of pure poly(MHMA), pure 

poly(MMA), and several copolymers with various ratios of MHMA/MMA under 

nitrogen with a heating rate of 10 °C/min. The samples were dried at 110 °C 

before DSC runs to remove water and residual monomers. All copolymers have 

a single Tg which shifted to lower temperature with increasing MMA 

concentration in copolymer compositions. The feed ratios and glass transitions 

are given in Table 3.9. The pure poly(MHMA) and pure poly(MMA) have Tg of 

154 and 98 °C, respectively. Intermolecular interaction leads to closer packing of 

amorphous regions that results in reduced free volume.10 Thus, high Tg plus 

hydrogen bonding are two important factors that lead to high barrier properties 

of poly(MHMA). It must be noted that even the copolymer with 75/25 monomer 

ratios gave a Tg of 138 °C which may relate to the high barrier properties of this 

copolymer. The thermal stability of these polymers and the 50/50 copolymers 

were investigated by TGA under nitrogen with a heating rate of 10 °C/min. 

These three polymers gave very different decomposition patterns as shown in 

Figure 3.13. The two-step decomposition of poly(MHMA) must be due to 

methanol loss in the first stage and random scission of polymer chains in the 

second stage. 
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Figure 3.9. DSC thermograms of homopolymers and copolymers. 

Table 3.9. 

Compositions and Tg values of homopolymers and copolymers. 

Composition 
MHMA 
(mol-%) 

MMA 
(mol-%) To 

MHMA 
MHMA/MMA 

MHMA/MMA 

MHMA/MMA 

MHMA/MMA 

MHMA/MMA 

MHMA/MMA 

MMA 

100 
95 

90 

85 

75 

50 

25 

0 

0 
5 

10 

15 

25 

50 

75 

100 

154 
150 

146 

143 

138 

119 

101 

98 

To understand effect of MMA concentrations on barrier properties of 

MHMA coating, several MHMA-MMA copolymer coated PET samples were 
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prepared. Both number 6 and 10 rods were used to obtain two series of samples 

with two different coating thicknesses. MMA fractions were from 1 mol-% to 25 

mol-%. Both series showed a similar trend with increasing MMA mol fraction in 

poly(MHMA-co-MMA) increasing oxygen permeability. The results are given for 

thicker and thinner coating samples in Table 3.10. 

Table 3.10 

Oxygen barrier of MHMA with various MMA concentrations ranging from 1 mol-
% to 25 mol-%. 

ID 

3M Control 
MHMA 

MHMA/MMA1%a 

MHMA/MMA 5%a 

MHMA/MMA 5%b 

MHMA/MMA10%£ 

MHMA/MMAIO0^ 

MHMA/MMA15%£ 

MHMA/MMA25%£ 

MHMA/MMA25%t 

Thickness 
(mils) 

4.2 ±0.1 
4.7 ±0.1 
4.6 ±0.1 

4.5 ±0.1 

4.8 ±0.1 

4.6 ±0.1 

5.0 ±0.2 

4.8 ±0.1 

4.7 ±0.1 

5.1 ±0.1 

Coating 
thickness 

(mils) 
-

0.5 ±0.2 
0.4 ±0.2 

0.3 ±0.2 

0.6 ±0.2 

0.4 ±0.2 

0.8 ±0.3 

0.6 ±0.2 

0.5 ±0.2 

0.9 ±0.2 

P 

0.160 
0.091 
0.115 

0.120 

0.085 

0.116 

0.079 

0.124 

0.127 

0.094 

D 

2.1 
1.9 
1.7 

1.6 

1.6 

1.5 

1.6 

1.7 

1.7 

1.8 

S 

0.089 
0.054 
0.078 

0.086 

0.063 

0.089 

0.057 

0.085 

0.084 

0.059 

P0/P 

1.0X 
1.8X 
1.4X 

1.3X 

1.9X 

1.4X 

2.0X 

1.3X 

1.3X 

1.7X 

Estimated 
"coating 

-

0.0197 
0.0291 

0.0267 

0.0199 

0.0298 

0.0216 

0.0481 

0.0465 

0.0321 

a rod number 6 
brod number 10 
P - cc(STP) cm m-2 atm"1 day'1; D - xlO"13 m2 sec"1; S - cc(STP) era'1 atm"' 

For a better comparison, estimated coating permeability for each sample 

were calculated using the following equation3: 

Equation 3.1 
h h< 'C "S 

— + 



where h, hc, and hs represent the coated film, coating, and substrate thickness, 

respectively. P is apparent oxygen permeability of coated film, and Pc and Ps are 

the oxygen permeabilities of the coating and substrate, respectively. Estimated 

Pc data are given in Table 10 in the last column. Poly(MHMA-co-MMA) coatings 

with low MMA concentration showed comparable oxygen barrier, although, once 

the MMA concentration exceeded 10 mol-%, a further decrease in barrier 

performance was observed. 

Hardness of the coatings. The hardness of MHMA and MMA coatings were 

measured using the pencil hardness test. The value for all coatings was 

determined to be 6H. The coatings were homogenous and transparent. For 

comparison, the Persoz hardness test was also used. The basic principle of this 

test is that the amplitude of the pendulum's oscillation will decrease more 

quickly when supported on a softer surface. The results of pencil hardness test 

are in agreement with pendulum hardness, and there was no significant change 

of hardness for copolymer films up to 25 mol-% MMA. All films gave almost the 

same result, ranging from 71 to 77 sec. 

Copolymerization with MF and DF 

Recently a new monomer and a crosslinking agent were synthesized in 

our research group. The synthesis routes and structures are given in Figure 

3.10. Michael addition reaction of equimolar amounts of AHM and EAgave 3-

(A/-propionate ethylene glycol amino)-2-hydroxypropyl methacrylate (MF), while 

two equivalents of AHM gave a difunctional crosslinking agent 3-( N,N-

bis(propionate) ethylene glycol amino)-2-hydroxypropyl methacrylate (DF). 
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Figure 3.10. The synthesis routes for DF and MF monomers. 

To investigate the effect these mono- and difunctional monomers had on 

rates and conversions of MHMA photopolymerizations, photo-DSC experiments 

were conducted for two different mol-ratios of each of these two monomers with 

MHMA. MHMA was mixed with either 5 or 10 mol-% of DF or MF momomers 

plus 1 mol-% photoinititor (Irgacure 819). No significant change was observed 

with either type of monomer; however, the peak maximum shifted to the right 

with MF monomer for both concentrations. The rate quickly decreased for 

MHMA/DF systems due to faster gelation. The conversions were high for both 

monomers at both concentrations. However, MHMA/DF systems showed slightly 

lower conversion compared to MHMA/MF solution systems. This might be due 

to rapid gelation and network formation leading to trapped double bonds and 

residual monomers in this network that limited the overall conversions. 



+— 10mol-%MF 

«— 5 mol-% MF 

10mol-%DF 

5 mol-% DF 

20 30 40 50 60 70 80 90 100 

Time (sec) 

4—10 mol-% MF 

5 mol-% MF 

10 mol-% DF 

5 mol-% DF 

20 30 40 50 60 70 80 90 100 

Time (sec) 

Figure 3.11. Rate versus time plots for MHMA with MF and DF using 1 mol-% 

lrgacure819®at30°C. 

A series of coated PET samples were prepared based on reaction 

between MF and DF with MHMA/MMA (50/50) mixture. The mol ratios of MF 

and DF for each series ranged from 1 to 10. These combinations gave excellent 

barrier improvement (Table 3.11). The coatings were drawn-down by number 6 

rods and showed oxygen permeability reduced 1.4-2.5 times that of uncoated 

substrate. Estimated PCOating of poly(MHMA-co-MMA) with 10 mol-% MF were 
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calculated to be 0.0139. This marked improved of oxygen barrier is presumably 

due to increasing hydroxyl group content capable of hydrogen bonding. 

Table 3.11 

Oxygen barrier of poly(MHMA-co-MMA) with varied concentrations of MF and 
DF. 

ID 
Th;ck"fs th iSs 

(mils> (mils) 
D Po/P 

Estimated 
"coating 

3M Control 
1 mol-% DF+ 
MHMA:MMA(1:1) 
5 mol-% DF+ 
MHMA:MMA(1:1) 
10 mol-% DF+ 
MHMA:MMA(1:1) 
1 mol-% MF+ 
MHMA:MMA(1:1) 
5 mol-% MF+ 
MHMA:MMA(1:1) 
10 mol-% MF+ 
MHMA:MMA(1:1) 

4.2 ±0.1 - 0.160 2.1 0.089 1.0X -

4.9 ±0.1 0.7±0.2 0.092 1.8 0.060 1.7X 0.0259 

4.8 ±0.1 0.6±0.2 0.094 2.0 0.055 1.7X 0.0242 

4.9 ±0.1 0.7±0.2 0.087 7.8 0.056 1.8X 0.0233 

4.7 ±0.1 0.5±0.2 0.117 2.1 0.064 1.4X 0.0359 

4.6 ±0.1 0.4±0.2 0.114 2.0 0.065 1.4X 0.0284 

4.9 ±0.2 0.7±0.3 0.064 1.3 0.056 2.5X 0.0139 
P - cc(STP) cm m"2 atm"' day"1; D - xlO'13m2sec"'; S - cc(STP) cm-3 atm"1 

Figure 3.12 shows the DSC thermograms of MHMA/MMA (50/50) 

polymers with various mol-% of either DF or MF monomers. The samples were 

dried at 110 °C before DSC runs and were run under nitrogen with a heating 

rate of 10 °C/min. The Tg values, mol and weight percent of monomers are given 

in Table 3.12. The Tg values were higher for copolymers with MF compared to 

those of the copolymers with DF. These results were in accordance with the 

photodsc results where the conversions with MF were higher than those with 

DF. The trapped double bonds and residual monomers in DF systems might act 

as a plasticizer for this polymer network, leading to lower Tg. Another indication 



of plasticizing effect of the DF monomers was the wide Tg transitions, especially 

with 5 and 10 mol-% DF systems. Flexibility of these momomers as well as the 

trapped double bonds, may be the reason for lower Tg. 

TGA was used to evaluate the thermal stability of these polymers under 

nitrogen with a heating rate of 10 °C/min. Figure 3.13 shows TGA thermograms 

of copolymers with 10 mol-% DF or MF. Char residue for these systems was 

about 7%. The copolymers showed slight increases in thermal stability probably 

due to higher crosslinking density. 
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Figure 3.12. DSC thermograms for poly(MHMA-co-MMA) (50/50) with a)1 mol-

% MF, b) 5 mol-% MF, c) 10 mol-% MF, d) 1 mol-% DF, e) 5 mol-% DF, and f) 

10 mol-% DF. 



Table 3.12 

Tg values for copolymers with MF and DF 

MHMA/MMA 
(50/50) 

mol-% wt-% Ta 

MF 
MF 

MF 

DF 

DF 

DF 

1 
5 

10 

1 

5 

10 

2.5 
13 

25 

4 

22 

45 

120 
110 

95 

117 

88 

81 

100 

O 60 

600 

Temperature (°C) 

Figure 3.13. TGA for homo- and copolymers of a) poly(MHMA), b) poly(MMA), 

c) poly(MHMA-co-MMA) (50/50), d) poly(MHMA-co-MMA) (50/50) with 10 mol-

% MF, and e) poly(MHMA-co-MMA) (50/50) with 10 mol-% DF. 



Preform Dipping Experiments 

Currently, barrier coatings for drink bottles are applied after the bottle has 

been blown, or are formed in situ as sandwiched laminate layers in preforms. 

These processing approaches have the disadvantage of requiring coating 

processes at the blow molding sites, or producing the entire bottle (preform and 

bottle) at the same site. Because preforms are injection molded in only a few 

locations worldwide, barrier coated bottles would be ideally processed by 

coating preforms prior to blow molding. This would lower the number of 

manufacturing sites that require the additional processing step (coating 

procedure). 

It was important to tailor viscosity in the coating formulations because 

MHMA monomer was not viscous enough by itself for dip coating PET preforms. 

Attempts to dip and quickly photocure gave little if any barrier coating on the 

preform. Therefore, viscosity needed to be increased without using additives 

that could diminish barrier properties. In order to circumvent this problem, 

MHMA was thermally polymerized, and quenched at low conversion (~ 8%). 

This resulted in a viscous solution of poly(MHMA) dissolved in MHMA monomer. 

Photoinitiator was then dissolved in the viscous solution, and preforms dipped 

and photocured to give transparent coatings on PET preforms. 

1H NMR of the thermally polymerized viscous solution showed multiple 

peaks for the pendent hydroxyls (Figure 3.14 A). After curing, residual 

monomer was detected by 1H NMR (Figure 3.14 B). Apparently, in the viscous 

solution there is monomer-monomer and monomer-polymer hydrogen bonding, 



and this causes two broad peaks of equal intensity (one the monomer -OH and 

one an average of the monomer and polymer -OH). The appearance of 

multiple broad peaks for the hydroxyl proton in UV cured films indicates a variety 

of hydrogen bonded environments. Cured samples are partially soluble in 

DMSO-d6. Highly swollen viscous gels can be observed after cure, which may 

also contribute to differences in hydrogen bonding environments. 

7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 
ppm 

Figure 3.14. 1H NMR spectra in DMSO-cfe of (A) thermally polymerized viscous 

solution and (B) UV cured coating removed from a preform. 
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Table 3.13 gives the oxygen barrier of the blown bottle sidewalls. Entries 

1-6 showed little improvement over the uncoated PET sidewall control. 

However, these coatings are an order of magnitude thinner than previous brush 

coatings. The viscosity of the dipping solution was increased in order to 

increase the thickness of preform coatings. Entries 7-10 show some 

improvement, while entries 11 and 12 exhibited marked improvement over PET 

control. Dipping solutions for entries 11 and 12 were deoxygenated with 

nitrogen bubbling prior to dip coating which most likely increased the degree of 

cure. 

Table 3.13 

Oxygen barrier results of blown bottle sidewalls 

Sample 

Control 
1 
2 
3 
4 
5 
6 

Control 2 
7 
8 
9 
10 
11 
12 

Average 
Total 

Thickness 
(mils) 
8.9 
8.8 
10.7 
10.7 
8.2 
9.6 
9.4 
8.2 
12.0 
14.7 
13.7 
13.4 
14.9 
14.5 

Estimated 
Coating 

Thickness 
(mils) 

0 
0.18 
0.12 
0.20 
0.12 
0.23 
0.13 

0 
NC 
NC 
NC 
NC 
NC 
NC 

P 

0.178 
0.155 
0.165 
0.156 
0.160 
0.151 
0.161 
0.183 
0.122 
0.166 
0.102 
0.100 
0.064 
0.088 

D 

2.50 
1.82 
2.15 
2.11 
1.78 
1.86 
2.08 
2.84 
2.08 
2.16 
1.86 
1.69 
1.5 
1.4 

S 

0.081 
0.099 
0.089 
0.086 
0.104 
0.094 
0.090 
0.075 
0.068 
0.062 
0.063 
0.069 
0.048 
0.071 

Po/P 

— 
1.1 
1.1 
1.1 
1.1 
1.2 
1.1 
~ 

1.5 
1.1 
1.8 
1.8 
2.9 
2.1 

P - cc(STP) cm m'2 atm'1 day-1; D - x 10'13 m2 sec"1; S - cc(STP) cm'3 atm'1 

NC indicates thickness was not calculated 

The results in Table 3.13 demonstrate that a number of variables can 

influence gas barrier for even a one-component coating. Increasing thickness 



increased the barrier slightly, although decreasing the amount of residual 

monomer made a significant improvement in barrier properties. 

Inherent Barrier Properties of UV Cured MHMA 

In order to determine the inherent barrier properties of photocured MHMA 

films, monomer thin films were cured on aluminum foil substrates. The thin 

aluminum substrate could be peeled from the back of the UV cured films. This 

gave stand-alone poly(MHMA) films, synthesized following an analogous 

procedure to PET thin film coatings and preform dip coatings. MHMA stand

alone films showed outstanding barrier to oxygen (P = 0.0071 for 20 mil thick 

sample). This demonstrates that optimizing curing conditions, coating 

thickness, and conversion will lead to packaging materials with even lower gas 

permeabilities. 

Conclusions 

MHMA is a viable material for use in solvent-free barrier coatings on PET. 

The hydroxyl group serves as an anchor, or compatibilizing agent, to enhance 

adhesion to the surface of the polyester. The strong hydrogen bonding 

interactions in the polymer lead to its high density, high solvent resistance, and 

high barrier properties. Barrier improvements of nearly four times that of 

uncoated PET thin films were obtained for both oxygen and carbon dioxide. 

Although MHMA film has excellent barrier properties under dry conditions, the 

barrier is very sensitive to humidity. Copolymerization of MHMA with MMA can 

be utilized to address this problem. Films obtained by reaction of MHMA/MMA 

(50/50) with 10 mol-% MF gave a barrier improvement 2.5 times that of neat 
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PET substrate. Coated preforms that were blown into bottles showed nearly a 

three-fold decrease in oxygen permeability. Recycle process testing suggests 

that hot caustic solution, such is can be found in commercial recycling facilities, 

will remove the barrier coating. A unique pre-polymerization approach to 

increased viscosity without additives proved effective for controlling coating 

amounts deposited by dip coating. 
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Experimental 

Materials. MHMA was purchased from Nippon Shokubai, Co., Toyko, 

Japan, and passed through a short column of dry silica gel to remove inhibitor. 

Photoinitiators, 2,2-dimethoxy-1,2-diphenylethan-1-one (Irgacure 651®) and 

phenyl bis(trimethylbenzoyl)phosphine oxide (Irgacure 819®) were donated by 

Ciba Specialty Chemicals, Basel, Switzerland. All other chemicals were 
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purchased from Aldrich Chemical Company and used as received. Biaxially 

oriented PET thin films were purchased from 3M, Minneapolis, MN, and used as 

received. Amorphous PET preforms were provided by KoSa, Spartanburg, SC. 

Synthesis of 3-(N-propionate ethylene glycol amino)-2-hydroxypropyl 

methacrylate (MF). MF was synthesized by Michael addition reaction of 

ethanol amine (EA) with one equivalent of 3-(acryloyloxy)-2-hydroxypropyl 

methacrylate (AHM). AHM (10 g, 46 mmol) and EA (2.9 g, 46 mmol) were 

charged into a 50 ml round bottom flask in an ice bath. Since the reaction was 

extremely exothermic, the mixture was stirred in the ice bath for couple hours to 

prevent formation of bis-adduct. The mixture was stirred overnight which gave 

the final product as viscous clear liquid. The yield was quantitative based on the 

NMR analysis. 

Synthesis of 3-(N,N-bis(propionate) ethylene glycol amino)-2-

hydroxypropyl methacrylate (DF). DF was synthesized by Michael addition 

reaction of ethanol amine (EA) with two equivalents of 3-(acryloyloxy)-2-

hydroxypropyl methacrylate (AHM). AHM (21 g, 98 mmol) and EA (3 g, 49 

mmol) mixture were charged into a 50 ml round bottom flask at ambient 

temperature and stirred overnight. The temperature was increased to 45 oC and 

the reaction was carried out at this temperature for another 2 h. The final 

product was very viscous clear liquid. The yield was quantitative based on the 

NMR analysis. 

Instrumentation. Fourier transform infrared spectra were obtained with a 

Mattson 5000 spectrometer. Thermal analyses were performed using a TA 
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instrument 2960 controlled by a thermal analyst 2100, under nitrogen with a 

heating rate of 10 °C/min. Differential scanning calorimetry (DSC) experiments 

were performed on a TA Instruments 2920 using pierced-lid crimped aluminum 

pans with heating rates of 10.0 °C/min. Routine solution 1H nuclear magnetic 

resonance (NMR) was performed on a Varian MercuryPLUS 300 MHz 

spectrometer. 

PET film coatings. PET films were coated using the following procedure. 

Methyl (a-hydroxymethyl)acrylate (MHMA) was passed through a short column 

of dry silica gel to remove inhibitor. One mol-% 2,2-dimethoxy-1,2-

diphenylethan-1-one (Irgacure 651®) was dissolved in the monomer. The 

resulting solution was spread using a small paint brush on discs of 3M 

transparency film (biaxially-oriented PET) and placed in a polypropylene 

chamber. The chamber was purged with nitrogen for 10 minutes and remained 

under nitrogen throughout the cure process. The samples were then irradiated 

with an external UV light source (long wave length UV/hand held Blak-Ray 

model B). Finished samples were tested at Case Western Reserve University 

for oxygen and carbon dioxide barrier using Mocon oxygen and carbon dioxide 

analyzers. 

Recycle experiments. Samples of PET film coated with MHMA, and 

photocured (as above) were exposed for 20 minutes to a bath of 2 wt-% caustic 

soda (NaOH) held at 80° C. The coating was completely removed by this 

treatment. 
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Preform dipping experiments. A general procedure for preform dipping 

follows. MHMA was passed through a short column of dry silica gel to remove 

inhibitor. 2,2'-Azobisisobutyronitrile (AIBN) was recently recrystailized from 

methanol. A 50 ml_ Erylenmeyer flask equipped with a magnetic stir-bar was 

charged with MHMA (42.2 g, 0.37 mol), 0.5 mol-% AIBN (0.299 g, 0.0018 mol) 

and sealed with a rubber septa. Nitrogen was bubbled through the monomer-

initiator solution for 10 min in order to remove dissolved oxygen. The flask was 

then placed in a preheated oil bath at 35 °C for 94 min. A substantial increase 

in viscosity was observed. The viscous solution was immediately exposed to 

oxygen and 34.4 grams was poured into a flask cooled to 0 °C in order to 

quench the thermal polymerization. Then, 1 mol-% Irgacure 651® (0.76 g, 

0.00296 mol) was dissolved in the viscous solution. The solution was allowed to 

stand for 24 h at 0 °C. Nitrogen was bubbled through the viscous solution for 10 

min. Preforms were weighed and placed in a nitrogen-purged dry-box equipped 

with the UV lamp source. Each preform was dipped into the solution and 

irradiated for 9 minutes, rotating a quarter turn every minute. Preforms were 

removed from the drybox and reweighed to determine the weight gained due to 

coating. 

Alternate procedure. The previous procedure was modified in order to 

reduce bubbles trapped in the viscous solution prior to dipping. While sealed 

under nitrogen, the thermal polymerization was quenched by cooling rapidly to 0 

°C for 10 minutes. The reaction flask was then introduced into a nitrogen 

purged dry-box. In the dry-box, Irgacure 651® was carefully dissolved in the 
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viscous solution with gentle agitation. Approximately 33 ml_ was transferred to a 

flask suitable for preform clipping. Preforms were immediately dipped and 

cured. 

Photopolymerizations of various acrylates, MHMA, and MHMA viscous 

solution. For a typical photopolymerization,1 mol-% Irgacure 819® was 

dissolved in MHMA. Approximately 2.0 mg of the mixture was placed in a 

bottom-impressed aluminum DSC pan (approximately 200 (im thickness). A TA 

Instruments 930 differential photocalorimiter (DPC) was used to measure heats 

of reaction. The chamber of the DPC was allowed to purge with nitrogen for 5 

min before irradiation, and a nitrogen blanket was maintained throughout the 

reaction. The sample was equilibrated for 30 sec at the desired reaction 

temperature and irradiated for 5 min, with the light shutter opening set for 30 sec 

after the beginning of data acquisition. The enthalpy value AHtheor =13.1 

kcal/mol was used as the theoretical heat evolved for methacrylate double 

bonds.27 

Instantaneous rates of polymerization were calculated according to 

Equation 3.2,28,29 where AHpoi is the heat released per mole of double bonds 

reacted, Q/s is the heat flow per second, M the molar mass of the monomer, n 

the number of double bonds per monomer molecule, and mass being the mass 

of monomer in the sample. 

Equation 3.2 Rate = (Q/s)M/nAHp0imass 

Real-time FTIR. The polymerisation kinetics of MHMA and MMA were 

studied by real-time FTIR and the detailed description of the instrument was 
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given by T.Y. Lee, et al.,30 A modified Bruker 88 spectrometer which allows light 

to impinge on a horizontal sample using a fiber-optic cable was used to obtain 

infrared spectra of samples. The samples were placed between two sodium 

chloride discs whose edges were sealed by using vacuum grease to prevent 

both oxygen diffusion into the samples and evaporation of MMA. A 200 W high 

pressure mercury Xenon lamp (ScienceTech Co.) served as the light source to 

induce free radical polymerization. Disappearance of methacrylate double bond 

at 1636 cm"1 and 750 cm"1 was monitored under continuous UV irradiation with a 

scanning rate of 2 scans/sec. Conversion was calculated according to Equation 

3.3, where AQ is the absorbance at t = 0 and At is the absorbance at time = t. 

Equation 3.3 % Conversion = [(Ao- At)/Ao]*100 

Pencil and persoz hardness test Hardness of coatings were measured 

according to ASTM designation D336331 using a range of pencils from B to 9H. 

The pencil lead was flattened before using. The pencil was held at a 45° angle 

from the coating surface and pushed forward on the substrate. The first pencil 

which could scratch the coating gave the measured pencil hardness. A BYK 

Gardner pendulum hardness tester was used to determine Persoz pendulum 

hardness of the coatings. The measurements were conducted at room 

temperature on polymer coated PET substrates, and repeated at least five 

times. 
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CHAPTER IV 

SYNTHESIS AND CHRACTERIZATION OF NYLON 18 18 AND NYLON 18 

ADAMANTANE 

Abstract 

Nylon 18 18 and nylon 18 ADA (1,3-adamantanedicarboxylic acid) have 

been synthesized via melt polycondensation and characterized by thermal and 

spectroscopic techniques. Good film forming behavior combined with film 

toughness and flexibility indicate reasonable molecular weights for both. The 

higher aliphatic content of nylon 18 18 leads to increased resistance to common 

organic solvents over commercial nylons. Crystallization of nylon 18 18 

combines hydrogen bonding of the amide units with a more significant 

contribution from van der Waals forces than possible for lower aliphatic content 

nylons due to the greater aliphatic chain lengths. Solid state 15N CP/MAS NMR 

indicates a mostly amorphous polymer, with crystalline regions comprised of the 

thermodynamically stable a-form generally adopted by even-even nylons. Nylon 

18 ADA as-produced is completely amorphous as determined by DSC. However, 

solution cast samples of nylon 18 ADA show some ordered structures that can 

grows into more stable crystals with annealing. These crystals, once melted, do 

not recrystallize on cooling possibly due to chain rearrangement inhibited by 

bulky adamantyl groups. 
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Introduction 

Nylons with low amide density and high methylene content are desirable 

due to improved properties (such as radiation shielding) and applications in 

thermoplastic processing. These polymers act as "functionalized polyethylene," 

combining the hydrophobic character of polyethylene with the thermal properties 

afforded by the hydrogen bonding amide units of polyamides. While there have 

been previous reports of high aliphatic content AB nylon systems,1,2 there are 

only a few reports of high aliphatic content AA-BB nylons with regularly placed 

amide units, such as nylons X16,3 nylons X18,4,5 nylons X20,6 nylons X22,7 

and nylons X34.8 Of these, the highest aliphatic content is for nylon 12 34,8,9 

which contains 44 methylene units per two nylon repeat units. While this is an 

extremely high aliphatic content overall, there is a marked imbalance in the 

spacing of the amide groups, which are 12 and 32 methylene units apart, a factor 

that may impact solid phase order and packing. 
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N1220 

N1818 PE 

Figure 4.1. Repeat units of nylons with progressively higher aliphatic 

content. As amide density decreases and the spacing becomes more uniform, 

the polymer chain more resembles a functionalized polyethylene. 

To further evaluate effects of high aliphatic content on nylon properties, 

there is need for a system with evenly spaced polymethylene segments between 

amide units. Figure 4.1 represents the progression to higher aliphatic content 

with regular spacing of the amide units, ranging from nylon 6 6 to nylon 18 18. 

The highest content reported that retains similar length aliphatic segments are 

nylons 10 14,1012 12,11 and 13 13.12'13The majority of cases reported in the 

literature incorporate 1,12-dodecanediamine (as the only commercially available 
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high aliphatic diamine), combined with higher methylene content in the diacid 

moiety. 

Adamantane, a highly symmetrical tricyclic hydrocarbon, has been 

incorporated into many polymer structures as a pendant group or directly into the 

polymer main chain. The incorporation of the adamantane as a pendant group 

increases solubility, decreases crystallinity, enhances the glass transition 

temperature, and improves thermal stability.14'15,16 There have also been a 

number of reports on incorporation of the adamantane moiety in aromatic 

polyamides and polyimides.17,18 

We report here the synthesis and evaluation of nylon 18 18, which 

contains amide units consistently 16 and 18 methylene units apart. This is the 

highest degree of spacing reported to date for a regular AA-BB nylon. In 

addition, we describe a new type of amorphous nylon based on an adamantane 

segment in the repeat unit. This moiety possesses all sp3 carbons, a relatively 

high hydrogen-to-carbon ratio, and a rigid structure that prevents symmetrical 

packing of the amide groups attached to the adamantane core. 

Experimental 

Materials. All reagents were used as received. The monomers 1,18-

octadecanediamine and 1,18-octadecanedioic acid were supplied by Cognis 

Corporation. 1,3-Adamantanedicarboxylic acid (ADA) was purchased from 

Aldrich. All solvents were purchased from Acros, with the exception of 

1,1,1,3,3,3-hexafluoroisopropanol (HFIP), which was purchased from Regis 

Technology. All chemicals were used without further purification. 
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Synthesis of nylon 18 18. Nylon 18 18 was produced by a melt 

polycondensation technique. The monomers were mixed together in equalmolar 

amounts and heated under nitrogen purge using a silicon oil bath at 170-180 °C 

for 4 hours, then 220-230 °C for 4 hours. At this point, no bubbling was visible in 

the melt and a vacuum was applied for 0.5 hours. The sample was cooled under 

vacuum. The resulting material was white in color and translucent. 

Synthesis of nylon 18 ADA. Nylon 18 ADA was synthesized in a similar melt 

polycondensation reaction except the total reaction time was 22-24 hours. This 

polymer was obtained as a transparent, yellow-brown plug that was very tough 

and hard to cut or grind. 

Characterization. Dilute solution viscometry (DSV) was performed using a 

Cannon-Ubbelohde 1C C628 viscometer with dichloroacetic acid as the solvent. 

Efflux times were recorded at a temperature of 35±0.2 °C. 

Transmission Infrared measurements were carried out on a Mattson 

Galaxy Series FTIR 5000 using solution cast films and 256 transients. ATR 

measurements were made using a Spectra-Tech HATR cell with a ZnSe 45° 

crystal and melt pressed films in a Nicolet Protege FTIR. 

Thermogravimetric analysis (TGA) was performed on a TA Instruments 

Q500. The temperature was ramped at a heating rate of 10 °C/min under 

nitrogen. The temperature at which a 5% loss in weight occurred was recorded 

as the decomposition onset temperature. In addition, the peak maximum of the 

derivative of the weight loss curve was recorded as the peak decomposition 

temperature. 
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Differential scanning calorimetry (DSC) experiments were performed on a 

TA Instruments 2920 using pierced-lid crimped aluminum pans. Non-isothermal 

DSC experiments were recorded at a ramp rate of 10.0 °C/min. Each sequence 

of scans was recorded twice for reproducibility. The melting temperature was 

taken as the endotherm maximum, and the crystallization temperature was taken 

as the exotherm maximum. Annealing was conducted in the DSC. For a typical 

DSC analyses, small pieces (~4 mg) were cut and placed in aluminum DSC 

pans. The samples were heated at 10 °C/min to a given temperature and 

annealed at that temperature for 2 h. They were cooled down to -10 °C with a 

cooling rate of 10 °C/min, and heated again with a heating rate of 10 °C/min. 

Tensile testing of nylons was performed on a MTS Alliance RT/10 

according to the standard protocol of ASTM 882. DMA measurements were 

obtained on a Seiko Instruments SDM 5600 series dynamic mechanical 

spectrometer (DMS 210). 

Wide angle X-ray diffraction (WAXD) measurements were obtained with a 

Rigaku Ultima III diffractometer operated at 40 kV and 44 mA and run with a scan 

speed of 0.2° per minute from 2 to 45°. Samples for XRD analysis were placed in 

a sealed aluminum holder and annealed using a conventional oven. 

Routine solution 13C nuclear magnetic resonance (NMR) spectroscopy 

was performed on a Varian Mercur/'LUS 300 MHz spectrometer operating at 75.5 

MHz for carbon, using a pulse width of 7.8 f̂ sec, acquisition time of 1.8 msec, 

and no relaxation delay. The sample was prepared in a mixture of 1,1,1,3,3,3-
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hexafluoroisopropanol and CDCI3, and referenced to the center peak of the 

deuterated solvent triplet at 5 = 77.23 ppm. 

CP/MAS solid state 15N NMR experiments were performed on a Bruker 

MSL 200 MHz spectrometer operating at 20.28 MHz with a 7.5 mm 

Chemagnetics double resonance probe, with a sample spinning speed of 2.2 

kHz. Cross-polarization was conducted using a 3.5 ^isec 1H 90° pulse followed 

by a mixing time of 2 msec. An acquisition time of 42 msec using high powered 

decoupling was used, with a relaxation delay of 3 sec between scans. Peaks 

were referenced to the amide nitrogen of 15N labeled glycine at 8=0.0 ppm as an 

external standard. 

Results and Discussion 

Nylon 18 18 

Nylon 18 18 exhibits similar but enhanced solvent resistance to typical 

organic solvents seen in the series of nylons X18; i.e., it was insoluble in 

chloroform, 2,2,2-trifluoroethanol (TFE), or mixtures of TFE with chloroform.19,20 

It was also insoluble in carbon tetrachloride. For the nylon X18 series, m-cresol 

was found to dissolve all but nylons 2 18 and 12 18; it also does not dissolve 

nylon 18 18. In addition, nylon 18 18 is not soluble in HFIP, which is a good 

solvent for all other nylons X18 examined to date. Thus, trifluoroacetic acid or 

an 80-20 mixture of HFIP-CDCI3 was used for solution state NMR 

characterization. Dichloroacetic acid is also a suitable solvent, and was used in 

viscosimetric characterization. The intrinsic viscosity was determined to be 0.54 

dL/g. 
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Figure 4.2. FTIR spectrum of nylon 18 18. 

Infrared spectra for nylon 18 18 prepared in this study displayed the 

characteristic peaks of amide groups and methylene groups, as shown in Figure 

4.2. The peaks were found at 3324 cm"1 (amide A, H-bonded N-H stretching), 

3087 cm"1 (amide B, overtone of N-H in-plane bending), 2905 cm"1 (C-H 

stretching), 1643 cm"1 (amide I, C=0 stretch), 1538 cm"1 (amide II, C-N stretch 

and CO-N-H bend), 1273 cm"1 (amide III), 943 cm"1 (amide IV, C-CO stretch), 

721 cm"1 (CH2 rocking), and 591 cm"1 (amide VI, C=0 out-of-plane bend). 
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Figure 4.3. 13C solution NMR of the aliphatic and carbonyl (inset) regions of 

nylon 18 18. Sample was dissolved in a mixture of HFIP:CDCI3. 

The solution state 13C NMR spectrum (Figure 4.3) of Nylon 18 18, shows 

peaks typical of aliphatic nylons, which are summarized in Table 4.1. Previous 

work in our group19 has shown the observation of cis amide units when the 

sample is dissolved in a fluorinated alcohol and chloroalkane. It was also shown 

that the relative population of cis amide units (obtained by integration of the trans 

and cis carbon peaks a to the amide NH) increases with increasing aliphatic 

content, from nylon 4 (0.76 %cis) to nylon 13 13 (2.70 %cis), and this behavior 

continues to nylon 18 18 (5.18 %cis). The 18 carbon diamine contained 

approximately 1% of the 18 carbon monofunctional amine so that end groups are 

a combination of carboxyiic acid and terminal alkanes, as can be seen by the 



121 

small carbonyl carbon peak at 5=180.3 ppm and the terminal methyl group at 

5=13.6 ppm (not shown). The peaks associated with amine end groups were not 

observed, so the tabulated values of end groups include only the acid and alkyl 

group, with the later denoted by endl, end2, and end3 for the terminal C18 

alkane starting from the methyl end group. 

Table 4.1. 13C solution NMR chemical shifts for nylon 18 18. 

1 
2 
3 
4 

5-9 

r 
2' 
3' 
4' 

5'-8' 

9' 

endl 
end2 
end3 
aC02H 
pC02H 
9'C02H 

Nylon 18 18 
trans 
40.36 
28.88 
26.72 
29.19 
29.46-
29.77 
36.77 
25.88 
29.07 
29.19 
29.46-
29.77 
177.38 

cis 
43.77 
32.18 
„ = 

— 

33.93 
25.43 
— 

— 

179.73 
end groups 

13.57 
22.68 
32.02 
33.55 
24.90 
180.28 

— 
— 
— 
— 

— 
— 

DSC indicates a Tm of 163 °C and a Tc of 126 °C, taken from the scan 

obtained at 10 °C/min. Using a procedure based on group additivity values from 

van Krevelen,21 the percent crystallinity was calculated from DSC data and 

theoretical AHf. The equilibrium heat of fusion, AHf, was calculated by adding 

two amide groups (67.4 J/g) and thirty-four methylene groups (at 270.8 J/g), to 
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give a combined total of 338.2 J/g. Using a DSC heating rate of 20 °C/min, the 

experimental enthalpy of fusion after melt crystallization was 68.0 J/g, giving a 

calculated crystallinity of 20%. This value is lower than for typical commercial 

polyamides, perhaps owing to conformational and/or librational motion of the 

polymethylene chains inhibiting crystallization (entropy inhibition). 

100 120 140 160 180 200 

Temperature (°C) 

Figure 4.4. Non-isothermal DSC heating traces of nylon 18 18 recorded at 

different heating rates. 

From non-isothermal DSC studies, it can be seen that, as the heating rate 

increases, a broad melting endotherm develops from 120-140 °C (Figure 4.4), 

most likely associated with "melting" of aligned polymethylene segments.22 DSC 

experiments on polyethylene have shown a similar broadening of the melting 

endotherm at higher heating rates.23 This endotherm is not as well-defined at 

lower heating rates, perhaps because there is sufficient time for reorganization 

and (re)crystallization as the sample is heated. In addition, as ramp rate 
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increases, a small crystallization exotherm develops at approximately 148 °C. 

This behavior is dependent on the cooling rate from above the melt. When the 

cooling rate increases, the librational mobility of the polymethylene chains 

precludes high order for the formed crystals, and the recrystallization event 

reflects a population of less perfect crystallites. Thus, there are three factors 

leading to a broad population of imperfect crystallites. The first is the random 

occurrence of gauche configurations in the polymethylene chains. The second is 

the formation of random switchboard-type lamellae due to the length of the 

alkane segments involved in the folding process during crystallization. The third 

is c/s-amide residues which can not pack into crystal domains. 

It has been reported that the predominant mechanism of lamellar 

formation for nylons is through folding of the alkane segments.24 As the length of 

the alkane chain involved in folding increases, these lamellar folds act as 

impurities because of a more random reentry into the lamellar structure. During 

heating of the sample, reorganization leads to a higher degree of perfection in 

the crystallites, demonstrated by the recrystallization event, followed by melting 

of the more ordered domains. It is not clear how cis amide groups influence 

lamellar packing. 
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Figure 4.5. Non-isothermal DSC cooling traces of nylon 18 18 at different 

cooling rates. 

When comparing the melting behavior of nylon 18 18 to the even-even 

series of nylons X18, the broad melting endotherm at 120-140 °C that is present 

in nylon 18 18 could also be seen in nylon 12 18, but is not observed with lower 

methylene content diamines, indicating that high aliphatic content in both the 

diacid and diamine segments is necessary for this transition to be observable. 

Thus, the broad crystallization and melting curves are considered to be the result 

of two lesser transitions attributed to two different portions of the chains, the 

amide linkages and the C16 and C18 polymethylene segments. 

Polymethylene segments in polyolefins melt and crystallize at much lower 

temperatures than those for high-aliphatic nylons. As a result, the broad peaks 

may involve configurations of amides and CH2 segments in imperfectly ordered 

domains in which first, the van der Waals forces of the polymethylene segments 

are overcome, and at higher temperatures, the hydrogen bonds of the amide 

20 °C/min 
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linkages are broken up. In the cooling scans at different cooling rates (Figure 

4.5), the crystallization exotherms begin to show two overlapping exotherms at 

slower cooling rates. The low temperature exotherm is the predominant peak, 

with a shoulder on the high temperature side. As the cooling rate increases, the 

two endotherms merge and become indistinguishable. Overall, the Tc shows a 

significant decrease (-10 °C) as the cooling rate increases. As the sample is 

cooled from the melt, it would be expected that the hydrogen bonds form first, 

and act as nucleation sites, or pinning points, for the subsequent crystallization of 

the polymethylene segments. Thus, unlike traditional nylons, this system 

appears to resemble a polyethylene backbone with periodic hydrogen bonding 

that pre-organizes the melt for crystal formation. 
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Figure 4.6. Graph of Tm and Tc for nylons X 18.5 The AB analogs nylon 

161 and nylon 182 are shown for comparison. 
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Table 4.2. Thermal data for nylons X 18 recorded at a scan rate of 10 °C/min.5 

Nylon 

218 
318 
418 
618 
818 
919 
12 18 
18 18 

Tc 
(°C) 
208 
166 
197 
178 
159 
153 
131 
126 

AHC 
(J/fl) 
37.9 
60.5 
42.5 
50.4 
51.2 
61.9 
48.4 
65.8 

AHm 

(J/fl) 
34.4 
51.3 
40.9 
58.3 
51.1 
57.5 
34.9 
68.0 

Tm 
(°C) 
229 
198 
218 
197 
185 
179 
172 
163 

Further comparison of the melting and crystallization temperatures of 

nylon 18 18 with the rest of the series nylons X18 shows that these values 

approach those of polyethylene in a non-linear fashion, as shown in Figure 4.6. 

Similar trends have been found for both Tc and Tm of nylons X20,6 as well as the 

Tm of nylons X 34,8 for which no Tc values were given. The Tm for nylon 6 18 is 

197 °C, and for nylon 12 18, with an addition of 6 diamine methylene units, the 

Tm is 172 °C, a difference of 25 °C. The difference in Tm after another addition of 

six more diamine methylene units, from nylon 12 18 to 18 18 (Tm=163 °C) is only 

9 °C. There comes a point at which the melting point is decreasing in 

progressively smaller steps as the diamine segment length increases beyond 12 

methylene units, and the amide unit spacing becomes more uniform along the 

backbone. 

Typically, AA-BB nylons melt at significantly higher temperatures than 

their AB analogs with comparable aliphatic content. However, the reported 

melting temperatures of nylon 16 and nylon 18 are 164 °C1 and 158 °C,2 

respectively, which are not significantly different from the Tm of nylon 1818. It is 
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of note that the enthalpies of both melting and crystallization for nylon 18 18 are 

significantly higher than those of the rest of the nylons X18 (Table 4.2). This 

suggests that there is an additional component contributing to the crystallization 

involving the C16 and C18 polymethylene chains, which augments the observed 

enthalpy values related mainly to behavior of the amide ordered units. 

| 1 1 1 1 1 1 1 1 1 1 1 | ! 1 

120 110 100 90 80 70 60 50 
8 (ppm) 

Figure 4.7. Solid state 15N CP/MAS NMR of nylon 18 18. 

The solid state 15N CP/MAS NMR spectrum, shown in Figure 4.7, contains 

a broad peak resulting from a highly amorphous system, observed at 87 ppm. A 

significant shoulder to this amorphous peak is found at 84 ppm, associated with 

the a crystalline structure, the thermodynamically stable form for even-even 

nylons.5 The even-even nylons X18 previously reported show a trend toward 

higher amorphous content as the aliphatic content increases. This can be 

attributed to the librational motion of the polymethylene segments in both the 
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diacid and diamine moieties, which affects both the kinetics and thermodynamics 

of crystallization. It is most likely also related to the higher cis-amide content of 

higher aliphatic nylons which also inhibits crystalline packing. 

Nylon 18 ADA 

Nylon 18 ADA was readily soluble in CHCl3, HFIP and m-cresol. It is 

partially soluble in methylene chloride, 2,2,2-trifluoroethanol (TFE), and 

trifluoroacetic acid leading to a cloudy suspension. It is also partially soluble in a 

80-20 mixture of TFE-CDCI3. Films cast from solution were clear and tough. 

Infrared spectra of nylon 18 ADA showed characteristic absorption bands of 

amide groups and methylene segments as seen in Figure 4.8. Peaks were found 

at 3345 cm'1 (N-H stretching), 2921-23 cm-1 (C-H stretching), 1633-35 crrf1 

(amide I, C=0 stretch), 1535 cm"1 (amide II, C-N stretch and CO-N-H bend), 

1284 cm"1 (amide III), and 736 cm'1 (CH2 rocking). 

1 1 1 1 1 1 1 « 1 1 1 1 1 — 

3500 3000 2500 2000 1500 1000 500 

Wavenumber (cm") 

Figure 4.8. FTIR spectrum of nylon 18 ADA. 
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Based on the Coleman's previous work25 on nylon 11, N-H stretching 

bands can be divided into three parts. The band at 3456 cm"1 is due to free N-H, 

the band at 3362 cm"1 is due to disordered hydrogen bonded N-H in the 

amorphous phase, and the band at 3320 cm"1 is due to ordered hydrogen 

bonded N-H in the crystalline phase. The frequency of hydrogen bonded N-H 

indicates the strength, while the breadth of this band results from the 

conformational distribution of hydrogen bonded groups. The N-H stretching 

band of nylon 18 18 is broad, from 3146 to 3480 cm"1, while the band for nylon 

18 ADA is more narrow from 3256 to 3480 cm"1. The peak positions and the 

breadth of the peaks suggests that nylon 18 18 is mostly amorphous with some 

ordered structures, whereas nylon 18 ADA is almost totally amorphous. Its 

interesting to note that the amide II overtone band at 3084 cm"1 (nylon 18 18, 

Figure 4.2) is not observed for nylon 18 ADA. 
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80 70 60 50 40 30 

Figure 4.9. 13C solution NMR of Nylon 18 ADA. Sample was dissolved in 

CDCI3. 

Figure 4.9 shows solution 13C spectra for Nylon 18 ADA. All peaks are 

assigned based on the structure of the polymer except the carbonyl carbon which 

shows up at 176.92 ppm. The adamantane carbons next to the carbonyl carbon 

are seen at 39.48 ppm (2C), while the carbon atom between these two carbons 

is observed at 35.45 ppm (1C). The other adamantyl carbons show up at 29.29 

(2C), 38.42 (4C), and 40.48 ppm (1C). Peaks associated with amine end groups 

were not observed. Like nylon 18 18, only terminal carboxylic acid and alkanes 

were assigned for nylon 18 ADA. The carbonyl carbon peak of the end groups 

appears at 178.71 ppm. The other peaks associated with adamantane end 

groups were observed at 40.78, 40.19, 37.98, 27.95 ppm. End1 and end2 of 

terminal alkanes were observed at 13.98 and 22.58 ppm, respectively, due to the 
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presence of previously mentioned C18 monoamine. The molecular weight of 

nylon 18 ADA was calculated from NMR data using the following equation:20 

Mn (g/mol) = M0(li/2)/[(l PCOOH + Ud2)/2] 

where M0 is the molecular weight of the repeating unit for nylon 18 ADA 

(472.75 g/mol), li is the intensity of the methylene carbons a to the nitrogen 

atom, while I PCOOH and Iend2 are the intensities of the methylene carbon p to acid 

end groups and the terminal methyl group donated as end2, respectively. The 

intensity of the methylene carbon p to acid end groups was calculated based on 

the assumption that the ratio of the intensities of carbonyl end groups to carbonyl 

main chain peaks will be the same as the ratio of the intensities of the methylene 

carbon p to acid end groups to the methylene carbons a to nitrogen. The 

number-average molecular weight of nylon 18 ADA was then calculated to be 21 

000 g/mol. 

120 110 100 90 80 70 60 50 
5(ppm) 

15 Figure 4.10. Solid state ,0N CP/MAS NMR of nylon 18 ADA. 



132 

It has been shown that the chemical shift of amide nitrogens in 15N 

CP/MAS NMR spectra indicates the crystalline form of the nylon samples. The 

solid state 15N CP/MAS NMR spectrum of nylon 18 ADA is shown in Figure 4.10 

and contains only a broad peak resulting from a highly amorphous system, with a 

peak value at 77 ppm. 

Annealing of Nylon 18 ADA 

— | 1 1 1 1 1 1 1 1 1 1 1 1 • 1 

25 50 75 100 125 150 175 200 
Temperature (°C) 

Figure 4.11. DSC thermograms of solution-cast nylon 18 ADA annealed 

at various temperatures for 2 h. 

Figure 4.11 shows the DSC scans of nylon 18 ADA samples annealed at 

different temperatures for 2 hours in the range of 60 to 100 °C. Annealing 

temperatures higher than 100 °C gave similar thermograms to that obtained at 

100 °C. Two distinct peaks are observed for the sample annealed at 60 °C. The 

lower endothermic peak disappears and the heat of fusion increases once the 
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annealing temperature is 70 °C. The heat of fusion of melting decreases with 

higher annealing temperatures and no melting peak is observed once the 

annealing temperature is100 °C or above. On the other hand, the melting peak 

shifts slightly to higher temperatures with increasing annealing temperatures. 

Two peaks for the sample annealed at 60 °C may be related to two distinct 

crystal populations with different degrees of perfection and size. Smaller and less 

perfect crystals may grow into more stable and thicker crystals. This may explain 

the increase in the heat of fusion for the sample annealed at 70 °C. It is 

interesting to note that once the melting of these crystals occurs, the polymer 

chains do not rearrange to form crystals under the conditions indicated, possibly 

due to bulky adamantane groups in the backbone inhibiting chains getting closer 

in the time frame of DSC analysis. During solvent casting, nylon 18 ADA chains 

are more mobile and have enough time and flexibility to form limited amounts of 

ordered structures which they do not from the melt. This may explain why there 

is only a small endothermic peak with higher melting point observed once the 

sample is annealed at 90 °C. At this temperature, most of the crystals melt, and 

the peak observed is only for the most perfect crystals which have higher melting 

points and are still stable at this temperature. The glass transition for nylon 18 

ADA is always observed at 64 °C which is higher than the other long alkyl chain 

nylons examined to date, possibly due bulky adamantane groups inhibiting 

segmental motion. 
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Figure 4.12. DSC thermograms of solution-cast nylon 18 ADA annealed 

at 80 °C for various times. 

Figure 4.12 shows the DSC traces of nylon 18 ADA annealed at 80 °C for 

different periods of time. The heat of fusion and the melting point slightly increase 

with annealing time. The melting point shifts from 99 to 102, while the heat of 

fusion of the melting increases from 15 to 18 J/g. These changes are not 

significant. There are also slight differences observed for the samples annealed 

at 90 °C for different time periods. These results indicate that there is little or no 

change in crystallinity with time using the annealing conditions described here. 
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Figure 4.13. The WAXD patterns of solution-cast nylon 18 ADA annealed 

at various temperatures for 2 h. 

A series of WAXD pattern, recorded at room temperature, of solution-cast 

nylon 18 ADA samples annealed at various temperatures for 2 h is given in 

Figure 4.13. The as-cast sample (without further thermal treatment) shows an 

amorphous halo in addition to a sharp peak at 21.04° and possibly a higher order 

peak at 28.08°. The WAXD patterns follow the same trends as the DSC 

thermograms (Figure 4.11). The peak intensities are almost unchanged with 

annealing up to 70 °C, and then the intensity of the peak at 21.04° decreased for 

the sample annealed at 80 °C. Once the annealing temperature is 90 °C and 

higher, only an amorphous halo is observed. 
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Thermogravimetric Analysis 
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Figure 4.14. TGA thermograms in N2 with heating rates of 10 °C/min. 

Dashed line is Nylon 18 18, solid line is Nylon 18 ADA. 

Both polymers showed good thermal and thermo-oxidative stability. Figure 

4.14 shows typical TGA traces for nylon 18 18 and Nylon 18 ADA with heating 

rates of 10 °C/ min in N2. The temperature at 5 wt-% loss is 429 °C, and the 

temperature at 10 wt-% loss is 440 °C for nylon 18 18 in N2. Nylon 18 ADA 

shows a slightly enhanced thermal stability compared to Nylon 18 18. The 

temperature at 5 wt-% loss is 434 °C , and the peak decomposition temperature 

is 485 °C which is about 18 °C higher than the peak decomposition temperature 

of Nylon 18 18. The change in thermal stability of Nylon 18 18 in air is 

insignificant, and no change is observed in thermal stability of Nylon 18 ADA. 
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Mechanical Analysis 

Figure 4.15 shows typical stress-strain curves for Nylon 18 18 and nylon 

18 ADA. The initial modulus values are measured as 820 MPa and 486 MPa for 

nylon 18 ADA and Nylon 18 18, respectively. The Young's modulus for nylon 18 

18 is in the range of the nylon X 34 series which was given as 500-700 MPa.26 

The analysis also indicates elongation at the breaking point increased by 300% 

for nylon 18 ADA, while initial modulus is almost doubled compared to nylon 18 

18. This remarkable improvement in mechanical properties confirms the 

reinforcing effect of the adamantyl moiety in polyamide backbones. The stress-

strain curves of nylon 6 18 and nylon 8 18 are also given in Figure 4.15 for 

comparison. The elongations at break for nylon 6 18 and 8 18 are 550 and 750%, 

respectively. 
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Figure 4.15. Stress-strain curve for a) nylon 18 18, b) nylon 18 ADA, c) 

nylon 8 18, and d) nylon 6 18. 
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Figure 4.16-A shows the storage module as a function of temperature for 

nylon 18 18. For comparison, the data are given for two other nylons, nylon 6 18 

and nylon 8 18, also synthesized in our laboratory. As expected, the storage 

modulus increases with increasing amide density for these nylons. The increase 

is significant for nylon 6 18, and is almost 300% higher compared to nylon 18 18. 

Figure 4.16-B shows the loss tangent delta dependence on temperature for these 

nylons. The glass transitions obtained by DMA are in the same range of 43-45 

°C. The small increase in Tg for nylon 18 18 may be a result of lower amide 

density of this polymer which leads to lower water absorption. 



139 

TO 

1 
3 

2 
o 

1200-

1000-

800 

600 

4001 

200 

0 

0.11 

0.10-

0.09-

% 0.08-
Q 
£ 0.07H 
I -

0.06 

0.05 

0.04H 

20 40 60 80 
Temperature (°C) 

100 

20 40 60 80 
Temperature (°C) 

100 

120 

120 

Figure 4.16. DMA curves of a) nylon 6 18, b) nylon 8 18, and c) nylon 18 

18 (A- Storage modulus vs. temperature, B- Tan delta vs. temperature) 

Conclusions 

Two novel aliphatic nylons have been successfully synthesized. The high-

aliphatic nylon with near-uniform spacing of the amide units, nylon 18 18, 

approaches the properties expected for polyethylene with periodic hydrogen 

bonds substituted along the backbone. Resistance to typical organic solvents 



increases over other aliphatic nylons as a result of the increased polymethylene 

content. Quantitative 13C solution NMR analysis confirmed a continued increase 

in the population of cis amide units as the aliphatic content increases. Non-

isothermal DSC experiments point to a two-component system with two major 

melting and crystallization phenomena, the lower associated with van der Waals 

forces and the higher with amide hydrogen bonds. Combined, the regular 

placement of amide groups and long methylene segment lengths results in a 

higher-than-expected Tm, with a higher enthalpy (and higher degree of 

crystallinity) than most of the other nylons X18. Nylon 18 ADA, on the other 

hand, is totally amorphous from the melt. However, solution-cast samples of 

nylon 18 ADA shows some ordered structures that can grows into more stable 

crystals with annealing. Incorporation of adamatyl moieties in the polymer's main 

chain enhanced both the thermal stability and mechanical properties. 
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CHAPTER V 

INVESTIGATION OF MELTING BEHAVIORS AND CRYSTALLINITY OF 

LINEAR POLYAMIDE WITH HIGH ALIPHATIC CONTENT 

Abstract 

The melting behaviors and crystal structures of a long alkyl chain 

polyamide, nylon 18 18, were investigated under annealing and isothermal 

crystallization conditions. Nylon 18 18 showed multiple melting peaks in DSC 

thermograms depending on thermal history of the samples. The origin of the 

multiple melting peaks may be a result of a melting and recrystallization 

mechanism during DSC scans. WAXD patterns showed two new diffraction 

peaks which appeared at 0.44 and 0.37 nm and are characteristic peaks of a-

form (triclinic structure) of even-even nylons with increasing annealing 

temperature. The intensities of these peaks increased, and they split further 

apart, with elevated annealing temperatures. The solid state 15N CP/MAS NMR 

spectra of the nylon 18 18 samples that had been quenched and annealed also 

confirmed the a crystalline form. 
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Introduction 

Nylons have excellent mechanical properties resulting from backbone 

symmetry and total amide density combined with processing induced 

morphology. The backbone symmetry determines if the polymer can be 

crystalline or amorphous while the processing controls the orientation of the 

polymer chains and the degree of crystallinity. Amide density affects Tm, and to 

some extent, Tg. In recent years, there have been several reports on nylons with 

low amide unit density.1,2,3'4 This is desirable to improve certain properties such 

as hydrophophobicity, solvent resistance and processing conditions. These 

nylons may be thought of as backbone-functionalized polyethylene: They posses 

the hydrophobic character of polyethylene along with improved thermal 

properties due to the hydrogen bonding amide units. These long alkyl chain 

nylons have also been considered as compatibilizers between polyamides and 

polyolefins.5 Previous work by our group and others, has emphasized synthesis 

and crystal structures of nylons with long alkyl chains.1,6,7,8 However, there have 

been no reports on the affect of crystallization conditions on melting behavior of 

long alkyl chain nylons. 

Multiple melting peaks have been reported for many semicrystalline 

polymers such as poly(ethylene terepthalate),9'10,11 poly(butylene 

terepthalate),12,13 poly(ether ether ketone) (PEEK)14,15,16 and traditional 

nylons17,18. There have been several interpretations proposed for these multiple 

endotherms based on three hypotheses. First, the two melting endotherms may 

result from two different crystal morphologies (polymorphism).19,20 For instance, 
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nylon 12 was shown to have two separate peaks depending on the history of the 

samples.20 These two peaks were attributed to a and y crystalforms of the 

polymer. The melting point of a nylon 12 was given as 173 °C, while the y form 

of nylon 12 melted at around 200 °C. The multiple peaks seen during DSC scans 

were explained by recyrstallization to y form after melting of a form. 

The second hypothesis was associated with crystal structures having 

different lamellar thicknesses, and therefore, different thermodynamic 

stabilities.21 For this scenario, the main crystal population, grown first during 

isothermal crystallization, is overlaid by a smaller population of crystallites formed 

in intermediate spaces, perhaps nucleated at the surfaces of the primary crystals. 

The third interpretation for multiple endotherm during DSC scans is related to 

melting and recyrstallization of one initial morphology as a result of prior thermal 

history of the samples.22 According to this explanation, the lower endotherm 

involve the onset of melting of the characteristic crystals which formed rapidly 

during initial cooling and are less perfect. These crystals experience continuous 

melting and recyrstallization during the DSC analysis to give a trace in which the 

peak shape observed is the combination of continuously overlapping melting and 

recrystallization processes. 

In this paper, the change in melting behavior and crystal morphology of 

nylon 18 18 was investigated with various annealing and isothermal 

crystallization conditions. Unlike the other long alkyl chain nylons described in 

litrature, nylon 18 18 possesses relatively even distribution of amide units along 

the polymer chains. Melting behaviors of this long alkyl chain nylon were studied 
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on samples either crystallized from the glassy state or from the melt. The 

samples later were either quenced from melt and annealed at certain 

temperature, or cooled to a certain temperature and isothermally crystallized for 

a given time. The multiple endotherms is discussed with respect to changes in 

crystal morphology as seen by WAXD, FTIR, CP/MAS solid state 15N and 13C 

NMR. 

Experimental 

Synthesis of nylon samples. Nylon 18 18 was produced here by a melt 

polycondensation technique. 1,18-Octadecanediamine and 1,18-octadecanedioic 

acid were supplied by Cognis Corporation and were used as received. The 

monomers were mixed together in equimolar amounts (~ total 4-5 g) and heated 

under nitrogen purge using a silicon oil bath at 170-180 °C for 4 hours, then at 

220-230 °C for 4 hours. At this point, no bubbling was visible in the melt and a 

vacuum was applied for 0.5 hours. The sample was cooled under vacuum. The 

resulting material was opaque and white in color. The intrinsic viscosity was 

determined to be 0.54 dL/g in dichloroacetic acid. 

Instrumentation and techniques. Dilute solution viscometry (DSV) was 

performed using a Cannon-Ubbelohde 1C C628 viscometer, with dichloroacetic 

acid as the solvent. Efflux times were recorded at a temperature of 35±0.2 °C. 

Nylon 18 18 was melted at 190 °C for 3 mins and quenched between two 

cold metal plates. For DSC experiment, all thermal treatment was performed in 

TA Instruments 2920 using aluminum pans. For all other experiment, the 

samples were annealed in a conventional oven with an automated temperature 



controller. The samples were placed in aluminum holder which was purged with 

argon for 10 mins and sealed after purging to minimize oxidation of the samples. 

For consistency, the samples annealed using the conventional oven were 

analyzed by DSC and the data compared with those annealed in the DSC. 

Transmission FTIR spectroscopy was carried out on a Mattson Galaxy 

Series FTIR 5000 and 256 transients. Differential scanning calorimetry (DSC) 

experiments were performed on a TA Instruments 2920 using pierced-lid crimped 

aluminum pans. The temperature and heat capacity were calibrated with indium 

and sapphire standards, respectively. Unless otherwise stated, DSC analyses 

were recorded at a ramp rate of 10.0 °C/min for both heating and cooling. For a 

typical DSC analyses, small pieces (~6 mg) were cut and placed in an aluminum 

DSC pan. The samples were heated at 10 °C/min to a given temperature and 

annealed at that temperature for 2 h. They were cooled down to 20 °C at a 

cooling rate of 10 °C/min, and heated again with a heating rate of 10 °C/min 

trough complete melting. Each sequence of thermal scans was recorded at least 

three times for reproducibility. The melting temperature was taken as the 

endotherm maximum, and the crystallization temperature was taken as the 

exotherm maximum. The overlapped peaks of thermograms were separated by 

fitting with multiple Gaussian function using Origin 7.0 data-analysis and plotting 

software. 

Wide angle X-ray diffraction (WAXD) measurements were obtained with a 

Rigaku Ultima III diffractometer operated at 40 kV and 44 mA. Melt pressed 

samples were quenched and run with a scan speed of 0.5° per minute from 2 to 
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45°. The thermal treatments of these samples were as similar as possible to 

those analyzed by other methods. 

CP/MAS solid state 15N and 13C NMR experiments were performed on a 

Bruker MSL 400 MHz spectrometer and peaks were referenced to the amide 

nitrogen of 15N labeled glycine at 8=0.0 ppm and adamantane methane at 29.5 

ppm, respectively, as external standards. 

Results and Discussion 

The melting behaviors and crystal structures of various nylon 18 18 

samples were considered to be the result of both amide group content and the 

spacing of polymethylene segments between these amide units. Unlike other 

nylons with shorter alkyl chains, the comformational and librational motions of the 

polymethylene chains enhances mobility of the hydrogen bonding amides, 

enhancing the reordering process during annealing. This may be the reason for 

the broad melting endotherm seen between 120-140 °C, most likely associated 

with melting of ordered domains of less perfect crystallinity then that of the main 

crystalline regions. This peak occurs in each trace at roughly 5 °C above the 

annealing temperature, consistent with gradual increase in the size and/or 

perfection of these domains, which is followed by a cold crystallization exotherm 

around 140 °C.23 Based on this observation and experimental data given in this 

paper, the DSC results for annealed nylon 18 18 samples were divided into two 

section. 
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Figure 5.1. DSC thermograms of nylon18 18 annealed for 2 h at a) 80 °C, b) 90 

°C, c) 100 °C, d) 110 °C, e) 120 °C, f) 130 °C, and g) 135 °C (samples annealed 

in DSC). 

Table 5.1 

DSC parameters of nylon 18 18 samples annealed between 80 to 135 °C 

Ta
a 

(°C) 

80 
90 

100 

110 

120 

130 

135 

Tm1b 

(°C) 

94 
102.4 

112 

122.4 

131.2 

139.3 

143.9 

Tm2b 

(°C) 

162.5 
162.5 

162.9 

162.6 

162.9 

162.8 

162.4 

AHm1c 

(J/g) 

4.7 
5.6 

7.1 

10 

11.4 

12.2 

12.6 

AHm2c 

(J/g) 

66.96 
65.11 

63.05 

61.45 

59.65 

59.87 

59.66 

X D S C % 

19.8 
19.2 

18.6 

18.2 

17.6 

17.7 

17.6 

a annealing temperature 
bmelting point of lower and higher endotherms 
cheat of fusion of lower and higher endotherms 
d percent crystallinity based on only AHm2 
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Figure 5.1 shows the DSC scans of nylon 18 18 samples annealed at 

different temperatures in the range of 80 to 135 °C. The samples were first 

quenched between two cold metal plates from the molten state before DSC 

analysis. All curves have a sharp endothermic peak resulting from melting of the 

main crystal population at around 163 °C. They also posses another wide 

endotherm as a result of smaller crystal population found approximately 12 °C 

above the annealing temperature. The lower melting peak becomes stronger and 

sharper with increasing annealing temperature, while the higher melting peak 

area slightly decreases. 

Overall crystallinity is not affected with increasing annealing temperature 

for given time periods. The percent crystallinity (X%) was calculated using a 

procedure based on group additivity values from Van Krevelen24 to give the 

theoretical AHf. The equilibrium heat of fusion, AHf, was calculated by adding 

two amide groups (67.4 J/g each) and thirty-four methylene groups (at 270.8 J/g 

each), to give a total of 338.2 J/g. The calculated percent crystallinity is lower 

than for typical commercial polyamides which may be a result of high 

conformational mobility of the polymethylene chains kinetically inhibiting 

crystallization. Samples annealed up to 135 °C showed the same percent 

crystallinity which meant even at 135 °C the temperature was not high enough for 

the extensive molecular motion required to form proper register of amide groups 

into a lamella structure. However, imperfections such as gauche conformations in 

the polymethylene chains can be excluded under this low temperature annealing 

conditions. In addition, the perfection and narrower distribution of the crystals 



may occur as a result of the fact that the temperature in this region was high 

enough to give polymer chains enough mobility to form high ordered crystals. 

IT 
o 

<u 
I 

_£_____ 4 j l | 
: _ d _ _ _ — — — ~ ~ / l 
' o • — A / • 

;_b -J J\ 
a / 

I 

V 

V 

V 
i i i i i i I i I I i i 

90 100 110 120 130 140 150 160 170 180 190 200 210 220 
Exo Down Temperature (°C) 

Figure 5.2. DSC thermograms of nylon18 18 annealed for 2 h at a) 140 °C, b) 

145 °C, c) 150 °C, d) 155 °C, and e) 158 °C (samples annealed in DSC). 
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Table 5.2 

DSC parameters of nylon 18 18 samples annealed between 140 to 158 °C. 

Ta Tm1 Tm2 AHm1 AHm2 Hm y 0 / e 

(°C) (°C) (°C) (J/g) (J/g) (J/g) A D S C / O 

140 147.9 

145 151.9 

150 156.6 

155 160.7 

158 163.1 

162.6 

162.5 

162 

162.2 

164.4 

3 annealing temperature 
bmelting point of lower and higher endotherms 

16.4 

24.3 

36.1 

52.3 

29.6 

47.6 
43.1 

34.3 

28.5 

36.6 

77.7 

87.8 

93.1 

115.8 

95.7 

23 
26 

27 

34 

28 

c heat of fusion of lower and higher endotherms 
d total heat of fusion (the beginning of the melting was taken as 110 °C ) 
e Percent crystallinity 

DSC scans of nylon 18 18 that had been annealed for 2 h at higher 

temperatures are shown in Figure 5.2. Two distinct peaks are observed for those 

samples annealed in the range of 140-158 °C. The lower endothermic peak was 

5-7 °C higher than the annealing temperature, and increased linearly with 

annealing temperature until it merged with the higher peak at an annealing 

temperature 158 °C. 

The low temperature endotherm also increased continuously in size with 

increasing annealing temperature, while the heat of fusion of the high 

temperature endotherm decreased. These changes are more pronounced 

compared to the results obtained for low temperature annealing. The heat of 

fusion for each endotherm, the melting points, and total crystallinity are given in 

Table 5.2. Overlapped peaks were separated by fitting with a multiple Gaussian 

function. The heat of fusion of the higher melting domains is almost 

independent of the annealing temperature below 135°Cbut decreased with 
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higher annealing temperatures. This result can not be explained by the 

increased heat of fusion of the lower endotherm at the expense of the higher 

endotherm since the transformation of the higher melting crystals to lower 

melting crystals is prohibited by thermodynamics. However, it clearly shows that 

two endotherms are somehow associated, and the melting/recrystallization 

hypothesis may be well suited to explain this result. 

It is noteworthy that, unlike the low temperature annealing, the total 

percent cystallinity also increases as the annealing temperature increased. The 

minimum temperature required for the polymer chains to overcome the energy 

barrier to form larger crystalline domains of nylon 18 18 may be around 140 °C. 

Once the annealing temperature reaches 158 °C, only one endotherm is 

observed and the melting point was increased to 164 °C. This may be due to the 

fact that at this temperature, defects can be excluded and the chains can be 

reorganized to form thicker crystals with a higher melting point. 
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Figure 5.3. DSC heating thermograms of nylon18 18 annealed at 145 °C for 15, 

60, 120, 360, 1440, and 2880 mins from bottom to top. 

Figure 5.3 shows the DSC traces of nylon 18 18 annealed at 145°C for 

different periods of time. The upper endothermic peak was nearly constant at 163 

°C, while the lower temperature melting peak gradually shifted from 151 to 154 

°C with increasing annealing time. The heat of fusion for the lower endotherm 

also increased with the annealing time from 18 to 27 J/g. By contrast, the heat of 

fusion of the upper endothermic peak decreases with time from 30 to 20 J/g. 

These changes may be attributed to the perfection and/or thickening of the 

thinner lamellar crystals produced by annealing the sample. The total crystallinity 

on the other hand, is almost invariant with annealing time in range of 22-25 %. 

This result may indicate that at this specific temperature melting/ recrystalization 

is in equilibrium. 
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Figure 5.4. DSC thermograms of nylon18 18 isothermally crystallized from melt 

for 2 h at a) 80 °C, b) 100 °C, c) 110 °C, d) 130 °C , e) 140 °C, and f) 150 °C 

(cooling rate is 60 °C/min). 

The DSC heating curves of Nylon 18 18 samples, isothermally crystallized 

from the melt, are given in Figure 5.4. The samples were heated to 190 °C with a 

heating rate of 10 °C/min and held at this temperature for 5 mins to erase thermal 

history of the samples. Then, they were cooled to a given temperature with a 

cooling rate of 60 °C/min and held at that temperature for 2 h. After being 

isothermally crystallized at the specified temperature for 2 h, the samples were 

cooled with a rate of 60 °C/min to 20 °C, and then heated up to 190 °C with a 

heating rate of 10 °C/min. Thermograms obtained from isothermal crystallization 

of nylon 18 18 from the melt are totally different those obtained by annealing from 

the glassy state. Unlike the quenched samples which shows slight variations in 
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DSC traces even at lower temperatures, the samples isothermally crystallized up 

to 110 °C gave almost the same thermograms with a higher cold crystallization 

peak. A higher cold crystallization peak is not surprising considering 

crystallization during cooling was not as fast as for the quenched sample, this 

leads to more organized chains melted and recrystallized at a higher 

temperature. Once the isothermal crystallization temperature reaches 130 °C, 

there are three distinct peaks and no crystallization peak. 

The two lower endotherms may be attributed to different sizes of crystals. 

The lower peaks are at the same position as the lower peak resulting from 

annealing from the glassy state. This endotherm may result from annealing at a 

given temperature. The middle peak, on the other hand, must be a result of both 

melting of the crystals formed during the cooling process and recrystallization of 

smaller, imperfect crystals into more stable and thicker lamellae. The same 

observation was given for nylon 10 1425. When nylon 10 14 was isothermally 

crystallized from the glassy state, three distinct peaks were observed. Two lower 

endotherms were attributed to different thicknesses and perfection of the crystals 

formed during isothermal crystallization. The position of the main melting 

endotherm was constant regardless of the isothermal crystallization temperature. 
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Figure 5.5. DSC thermograms of nylon18 18 annealed at 145 °C for 2 h and 

scanned with different heating rates. 

Table 5.3 

DSC parameters of nylon 18 18 samples annealed 145 °C for 2 h and scanned 
with different heating rates. 

Scanning 
rate 

T 1 a 

I m I 
Tm2 a 

(°C/min) ( C ) ( C ) 

AHm1b 

(J/g) 
AHm2b AHm

c 

(J/g) (J/g) 

2 
10 
20 

40 

80 

149 
152 
154 

158 

163 

163 
163 
162 

160 

163 

13 
31 
46 
-

-

50 
35 
13 
-

-

84 
81 
74 

76 

71 

"melting point of lower and higher endotherms 
b heat of fusion of lower and higher endotherms 
0 total heat of fusion (the beginning of the melting was taken as 110 °C ) 
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Figure 5.5 shows DSC traces of PA1818 sampled annealed at 145 °C for 

2 h with heating rates in the range of 2 to 80 °C/min. As the heating rate was 

increased, the lower endothermic peak shifted to higher temperature and the 

area under this endotherm gradually increased. On the other hand, the higher 

melting peak shifted to lower temperature and decreased in size with increasing 

heating rate. This behavior can be explained by simultaneous melting, 

recrystallization and then melting of recrystallized lamellas. With increasing 

heating rate, the time needed for reorganization was restricted. With a heating 

rate of 40 °C/min, the two endotherms almost merged into a single peak. The 

peak position is between the two initial endotherms. 

This, same behavior was discussed for several different polymers. The 

melting mechanism proposed by Runt26 to account for the heating rate 

dependence of melt-crystallized poly(caprolactone)/poly(styrene-co-acrylonitrile) 

is well suited the melting behavior of nylon 18 18 with varied heating rates. If the 

heating rate increased even more, the peak shifted to higher temperature. This 

can be explained by the low thermal conductivity of the polymer. 
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Figure 5.6. DSC thermograms of nylon18 18 sequentially annealed a) 80 °C, 100 

°C, 135 °C, 145 °C, and finally 155 °C for 2 h each, b) first 155 °C then 145 °C, 

and 135 °C for 6 h each, and c) first 155 °C then 145 °C, 135 °C, 100 °C, and 80 

°C for 2 h each. 

Figure 5.6 shows the DSC curves for the stepwise annealed samples of 

nylon 18 18. The top thermogram is of the sample first annealed at 155 °C for 

two hours and then progressively annealed at 145, 135,100, and 80 °C for 

another two hours at each annealing temperature. The sample annealed first at 

155 °C for two hours and then progressively annealed at 145 and 135 °C for six 

hours gave the middle thermogram. After the stepwise annealing of the sample 

at lower temperatures, multiple melting endotherms were observed and the 

number of melting endotherms was dependent on the number of annealing steps 

with the number of endothermic peaks increasing with the number of annealing 

steps. The bottom thermogram was of the sample annealed progressively at 
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80,100, 135, 145, and 155 °C for two hours. It showed only a main endothermic 

peak due to the fact that the crystals formed during lower annealing steps 

transformed to thicker lamellae with each step. It is noteworthy to mention that 

the main melting peak was almost invariant for both annealing process, and the 

heat of fusion for the thinner lamella was much lower compared to those samples 

at specific temperature. 
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Figure 5.7. The WAXD patterns of the nylon 18 18 annealed at various 

temperatures for 2 h from bottom to top: quenched, 80, 110, 120, 130, 140, 145, 

150, and 155 °C. 

A series of WAXD patterns, recorded at room temperature, of the 

annealed nylon 1818 at various temperatures for 2 h is shown in Figure 5.7. The 

sample quenched from the molten state without further thermal treatment is also 

presented for comparision. The quenched sample shows only an amorphous 
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halo. The samples annealed up to 130 °C show partially ordered structures but 

still are mostly amorphous. Once the annealing temperature reaches 140 °C, two 

new diffraction peaks appeared at 0.44 and 0.37 nm which are characteristic 

peaks of the a-form (triclinic structure) of even-even nylons. The (100) and (010) 

planes (which represent the interchain spacing within the hydrogen-bonded 

sheets and intersheet spacing, respectively) continuously separate as the 

annealing temperature increases. The intensity of the diffraction peaks also 

increases with increasing annealing temperature. This suggests that the crystals 

become more perfect as the degree of crystallinity increases. 

Nylons can show different crystalline forms and can exhibit crystal-crystal 

transitions.27,28,29 The WAXD patterns of nylon 1128, for instance, show a to 8 and 

again to a transition with prolonged annealing time. Nylon 12 1229 was reported 

to give a strong diffraction peak at 0.42 nm, characteristic of a pseudo-hexagonal 

structure (or y form), but once crystallized at 90 °C from the melt, the y form was 

transformed to the a form. No x-ray polymorphism was observed for nylon 18 18 

during annealing, which suggests only one type of crystalline form develops for 

this polymer. Therefore, the multiple melting endotherms are not related to 

different crystalline structures but are a result of the melting of a form crystallites 

of different size and perfection. Finally, hydrogen bonding is still the most 

important factor controlling the crystal morphology of this nylon even with its low 

amide density. 
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Figure 5.8. The solid state 15N CP/MAS NMR spectrum of nylon 18 18 samples 

a) quenched, b) annealed at 145 °C, and c) annealed at 155 °C for 2 h. 

Previous works by our group on various A-B and AA-BB nylons has shown 

that the chemical shift of the amide nitrogen is determined by crystalline 

form.30,31,32,33 The a form gives a chemical shift at -84 ppm, whereas the y form 

gives a chemical shift around -89 ppm. Most other nylon X 18 where X is even 

possess a form crystallinity, the thermodynamically stable form for even-even 

nylons. However, the even-even nylons X18 previously reported show a trend 

toward higher amorphous content as the aliphatic content increases. Quenched 

nylon 18 18 gives a broad peak resulting from a highly amorphous system, with a 

peak value at 86 ppm (Figure 5.8). Once the sample is annealed at 145 °C for 2 

h, a new peak appears at 84 ppm associated with the a structure. The peak 

intensity increases while the amorphous peak decreases when the sample is 
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annealed at 155 °C for 2 h. This result is consistent with the WAXD patterns of 

Figure 5.7. 
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Figure 5.9. The solid state 13C CP/MAS NMR spectrum of nylon 18 18 samples 

a) quenched, b) annealed at 145 °C, and c) annealed at 155 °C for 2 h. 

The solid state 13C CP/MAS NMR spectrum of the nylon 18 18 samples, 

neat, annealed at 145 °C, and at 155 °C, are shown in Figure 5.9. The peak at 

173.5 ppm of carbonyl group is shifted to 173.9 ppm on annealing. The aliphatic 

regions, on the other hand, showed significant changes, especially for those 

carbons a to the amide nitrogen. There is one broad peak at 40.5 ppm for 

quenched nylon 18 18. After annealing at 145 °C, a new peak is seen at 42.9 

ppm for highly crystalline regions which shifted even further and became more 

distinct once the sample is annealed at 155 °C. The peak at 40.5 ppm can be still 
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observed, but the intensity of this peak is much smaller compared to the 

quenched sample. Similar sharpening is seen for the all-trans polymethylene 

peak at 33-35 ppm and the p-Chb to carbonyl peak at 25-26 ppm. The peaks are 

narrower for the annealed samples due to the fact that increasing crystallinity 

leads to less conformational disorder and narrower peaks. 
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Figure 5.10. Partial FTIR spectrum of annealed nylon 18 18 with increasing 

annealing temperature (arrows indicate direction of increasing temperature). 

FTIR spectra of annealed nylon 18 18 are given in Figure 5.10. For 

comparison, the same sample was used throughout the annealing process. The 

band at 942 cm"1 (amide IV, C-CO stretching mode)27 is related to the crystalline 

region of the polymer. On annealing, this peak shifts to 939 cm"1 and becomes 

155°C 
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100°C 
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more narrow as a result of restricted conformational motions of the amide group 

in the crystalline regions. The band at 1184 cm"1 is due to stretching vibration 

mode of C-C bonds.27 There is no significant change on this band up to 130 °C. 

Once the annealing temperature reaches 140 °C, the intensity of this band is 

much higher and narrower. The band around 3305 cm"1 is due to the stretching 

vibration of NH groups (amide A),34 and can be related to hydrogen bonding.27 

Enhanced vibration as a result of conformational disorder leads to a broader 

band, while an ordered structure will result in narrowing of this band. For nylon 

18 18 samples, the annealing process lead to narrowing of this band as well as 

giving a more defined peak. 

Conclusions 

The melting behaviors and crystal structures of a long alkyl chain 

polyamide, nylon 18 18, were investigated under annealing and isothermal 

crystallization conditions. Nylon 18 18 showed multiple melting peaks in DSC 

thermograms depending on the thermal history of the samples. The annealed 

samples posses only a-form crystals which was confirmed by WAXD patterns 

and solid state 15N CP/MAS NMR spectrum of the nylon 18 18. The multiple 

endotherms can be explained by the hypothesis that the origin of the multiple 

melting peaks may be as a result of the melting and recrystallization mechanism 

during DSC scans. Finally, hydrogen bonding is still the most important factor 

controlling the crystal morphology of this nylon even with its low amide density. 
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CHAPTER VI 

PREPARATION, CHRACTERIZATION, AND COPOLYMERIZATION OF 12-

MEMBERED CYCLIC DIAMIDE: 1,6-DIAZACYCLODODECANE-2,5-DIONE 

Abstract 

The 12-membered cyclic diamide was successfully synthesized with a 

fairly high yield (~ 45%). The synthesis conditions were varied to see the affect 

of the reactants on yield. Three fold excess HDA gave the highest yield, while 

further increasing the amount of HDA decreased the yield. Using 

diisopropylethylamine (DPEA) as acid scavenger resulted in formation of two 

different cyclic diamides which were fully analyzed by 1H and 13C solution NMR, 

and mass spectrometry. Copolymerization of cyclic diamides with e-caprolactam 

via an anionic route gave a block copolyamide with a two distinct endotherms in 

the DSC analysis. However, copolymerization by the hydrolytic route gave only 

nylon 6 with a terminal 6 4 units. 
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Introduction 

Cyclic amides are research topic of polymer science for two main 

reasons; they are either part of step-growth polymerization as a minor 

component, or they are used for ring-opening polymerization.1 Cyclic diamide 

can be obtained in several ways including direct cyclization of dicarboxylic acid 

derivatives with a diamine,2'3,4 depolymerization of polyamides,5 and 

rearrangement of another cyclic.6 One of the complication of homopolymerization 

of cyclic diamides are that they usually have high melting points especially those 

with small rings which may be very close to degradation temperatures.7 

Nylon 6 4 is of interest because of its high melting point compared to 

commercial nylon 6 6. Unlike nylon 4 6 which has been commercialized by DSM 

under the trade name Stanyl®,8 nylon 6 4 has not been manufactured possibly 

due to the side reactions which inhibits to obtain high molecular weight polymer 

via polycondensation reaction. Therefore, an alternate route to obtain high 

molecular nylon 6,4 is still needed. Ring-opening polymerization of the 12-

membered cyclic monomer of nylon 6 4 may be an alternative way to obtain a 

high molecular weight homo, or copolymers of nylon 6 4. 

Herein, we reported the synthesis and characterization of the 12-

membered cyclic diamide; 1,6-diazacyclododecane-2,5-dione. The affect of the 

reactant on yield and products was studied. Ring opening reactivities of this 

cyclic diamide were also explored. For this purpose, copolymerization of the 12-

membered cyclic diamide with caprolactam was investigated with different ring 

opening polymerization methods. 
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Experimental 

Materials. All reagents were used as received. Succinyl chloride, N,N-

diisopropylethylamine (DPEA), 4-dimethylaminopyridine (DMAP), succinic 

anhydride, A/-acetylcaprolactam, 2,2,2-trifluoroethanol (TFE), and choloroform-d 

were purchased from Aldrich. 1,6-Hexamethylene diamine (HDA) and chloroform 

was purchased from Fluka. e-Caprolactam purchased from ACROS was 

recrystallized from acetone and the crystals were dried at 70°C under reduced 

pressure overnight before use. 

Instrumentation and techniques. Routine solution 13C nuclear magnetic 

resonance (NMR) was performed on a Varian MercuryPLUS 200 and 500 MHz 

spectrometer. Transmission Infrared measurements were carried out on a 

Mattson Galaxy Series FTIR 5000 using KBr as reference and 256 transients. 

Differential scanning calorimetry (DSC) experiments were performed on a TA 

Instruments 2920. The temperature was ramped at a heating rate of 10 °C/min 

under nitrogen. 

Wide angle X-ray diffraction (WAXD) measurements were obtained with a 

Rigaku Ultima III diffractometer operated at 40 kV and 44 mA. Powder samples 

were run with a scan speed of 2° per minute from 2 to 45°. 

The molecular weight of cyclic diamide I and II were determined by a 

ThermoFisher LXQ Ion-Trap instrument running in positive mode. The samples 

were prepared by placing -10 mg of cyclic diamide I or II in an Eppendorf tube 

and 1 ml_ of 1:1 THF:MeOH with NaCI was added. The sample was vortexed for 

1 minute to ensure a homogenous solution. 100 uL of this sample was then 
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diluted to 1 ml_ with 900 uL of the 1:1 THF:MeOH NaCI solution (the NaCI 

concentration in the THF:MeOH is approx. 1 uM), The diluted sample was then 

infused into the spectrometer at a rate of 10 uL/min to observe a stable 

spectrum. The spectrum was then optimized on the sodium adduct of cyclic 

diamide I or II using the autotune function in the XCalibur software which controls 

the instrument. The final spectra are the average of several collected spectra. 

Synthesis of 1,6-diazacyclododecane-2,5-dione. The procedures for 

synthesis of the cyclic monomers are given for sample 4. All other samples were 

synthesized using the same procedure except the ratio of reactant or the 

amounts of solvent were varied. Hexamethylenediamine (HDA) (2.16 g, 116 

g/mol), N,N-diisopropylethylamine (DPEA) (4.38g, 129.24 g/mol), and 4-

dimethylaminopyridine (DMAP) (0.2 g, 122.17 g/mol) were dissolved in 50 ml_ 

chloroform and charged to a syringe. A second syringe was charged with 

succinyl chloride (2.62 g, 154.98 g/mol) in 50 ml_ chloroform. These two syringes 

were placed in a syringe pump and their content added very slowly (addition rate-

0.5 mL/min) to 500 ml_ chloroform in a three-necked round bottom flask under 

nitrogen. After the reaction was complete, the precipitant was removed by 

filtration. Solvent was removed under reduced pressure at 50 °C and the 

remaining solid was washed with acetone several times. The final product was 

obtained as white powder. It was recrystallized from acetonitrile. The melting 

point of the 12-membered cyclic diamide was obtained as 290 °C by using DSC. 

Synthesis of HAD-bisimide. Hexamethylene diamine (HDA) (34 mmol, 116 

g/mol) and succinic anhydride (72 mmol, 100.07 g/mol) were dissolved in 20 ml_ 
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ionized water. The mixture was refluxed for 2 h and then vacuum (to remove 

water) was applied while the temperature increased to 150 °C. The reaction was 

carried out for another 2 h. After completion, the crude product was allowed to 

cool down to room temperature and washed with water several times. After 

filtration, the crude product was recrystallized from water twice which gave the 

final product as white crystals in 70% yield. 13C NMR (200 MHz, TFE:CDCI3): 

179.1, 38.2, 27.5, 26.6, 25.7 ppm. 

Synthesis of HAD-bisamide acid. Hexamethylene diamine (HDA) (34 mmol, 

116 g/mol) and succinic anhydride (136 mmol, 100.07 g/mol) were dissolved in 

100 mL ionized water. The mixture was stirred at room temperature for 6 h. After 

the reaction was complete, the precipitant was removed by filtration, and washed 

with hot water several times. After washing with acetone one more time, the final 

product was allowed to dry in a vacuum oven overnight. The product was 

obtained as white powder in 50% yield. 13C NMR (200 MHz, TFE:CDCI3): 176.8, 

174.4, 39.8, 30.3, 29.5, 28.6, 26.1 ppm. 

Synthesis of copolymer nylon (6-co-64) via the anionic polymerization 

method. Caprolactam (2 g) and 10 w-% cyclic diamide (0.2 g) were charged to a 

test tube. Another test tube was charged with caprolactam (0.3 g) and dry 

sodium hydride (0.2 g). Nitrogen was bubbled through both test tubes for 15 min 

before heating. Both test tubes were placed in a previously heated oil bath at 

140 °C. After melting, 0.3 mL A/-acetylcaprolactam was added to 

caprolactam/cyclic diamide mixture by a syringe and the mixture was allowed to 

stir for another 10 min. The caprolactam/sodium hydride mixture was then added 
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to this mixture, and the reaction was carried out at 145 °C until it solidified. The 

product was allowed to cool down to room temperature under nitrogen, and was 

then powdered and washed with refiuxing ethanol overnight to remove unreacted 

monomers. After washing with ethanol one more time, the final product was dried 

in a vacuum oven for 12 h at 100 °C. 

Synthesis of copolymer nylon (6-CO-64) via hydrolytic polymerization 

method. Caprolactam (2 g), 10 w-% cyclic diamide (0.2 g), 10 mol-% 

aminocaproic acid, and 1 mL ionized water were charged to a test tube. Nitrogen 

was bubbled through the mixture for 15 min before heating. The temperature was 

maintained at 250 °C for 4 h in a sand bath. The product was allowed to cool 

down to room temperature under nitrogen, and was then powdered and washed 

with refluxed ethanol overnight to remove unreacted caprolactam and cyclic 

diamide. After washing with ethanol on more time, the final product was dried in a 

vacuum oven for 12 h at 100 °C. 

Results and Discussion 

The synthetic scheme for the 12-membered cyclic diamide is given in 

Scheme 6.1. The synthesis of cyclic diamides of diamines and diacid chlorides 

is usually obtained with high-dilution methods or slow addition of reactants into a 

solvent to decrease the possibility of linear oligomer or polymer formation.3 
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Scheme 6.1. Synthesis of 1,6-diazacyclododecane-2,5-dione. 

n excess HDA 
u or 

/ \ / \ / \ ^ " . . 2 + r\' - C l D P E A 

O CHCh 
HDA 

It was of interest here to explore the affect of reactants, ratio of reactants, 

and amount of solvent used for synthesis of the 12-membered cyclic diamide on 

yield. For this purpose, the amount of succinyl chloride was kept almost constant 

(~ X=13 mmol) and the amount of the other reactants was changed with respect 

to the succinyl chloride. The data are given in Table 6.1. The best yield was 

obtained for the samples numbered 1 and 3. The catalyst, DMAP, somehow 

inhibited the cyclization. Three fold-excess of HDA gave the best yield. 

Increasing HDA concentration even further decreased the yield of the cyclic 

diamide, possibly due to increasing probability that one succinyl chloride could 

react with two HDA leading to a linear monomer. 

Table 6.1. 

Synthesis of 1,6-diazacyclododecane-2,5-dione. 

Sample HT^ Succinyl Chloroform D p E A ~ Y j e | d_% 

_ chloride (mL) 
45 
26 
42 

0.1X 12 
40 
32 

1 
2 
3 
4 
5 
6 

3X 
5X 
X 
X 
3X 
X 

X 
X 
X 
X 
X 
X 

500 
500 
500 
500 
1000 
1000 

-

-

2X 
2X 
-

2X 
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The 12-membered ring cyclic diamide obtained as a white powder is not 

soluble in chloroform; therefore a TFEEiCDCb mixture was used for NMR 

analysis. 13C solution NMR of 1,6-diazacyclododecane-2,5-dione in TFEiCBCb 

is given in Figure 6.1. The carbonyl carbon peak of the cyclic amide appears at 

173.3 ppm. This peak and the peak assigned as "a" are a good indication of the 

absence of the linear compounds in the final product. 

b 
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Figure 6.1.13C solution NMR spectrum of 1,6-diazacyclododecane-2,5-dione. 

The sample was dissolved in TFE:CDCl3. 

The 1H solution NMR spectrum of 1,6-diazacyclododecane-2,5-dione is 

given in Figure 6.2. All peaks are assigned based on the molecular structure 

expected for the cyclic diamide. The amide NH can be seen around 6.6 ppm and 

there is a small shoulder of this peak at 6.9 ppm. The protons a to the amide NH 
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can be observed at 3.3 ppm, and this peak also has a small shoulder around 3.2 

ppm. The shoulder may be related with a higher order macrocycle formation 

which cannot be observed easily with 13C solution NMR. 

Figure 6.2.1H solution NMR of 1,6-diazacyclododecane-2,5-dione. The sample 

was dissolved in TFEiCDCb. 

The infrared spectra for the 12-membered cyclic diamide made here 

displayed the characteristic peaks of amide groups and methylene groups, as 

shown in Figure 6.3. Peaks were found at 3313 cm"1 (N-H stretching), 3095 cm"1 

(overtone of N-H in-plane bending), 2834-3000 cm"1 (C-H stretching), 1644 cm"1 

(C=0 stretch), 1538 cm"1 (C-N stretch and CO-N-H bend).9 
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Figure 6.3. FTIR spectrum 1,6-diazacycIododecane-2,5-dione. 

For the reaction of HDA with succinyl chloride, only one kind of cyclic 

product is obtained. The second product, which gives a peak around 6.9 ppm in 

the 1H NMR spectrum, was speculated as being due to higher order cyclics 

formation. However, the same reaction with DPEA gives a 50/50 mixture of cyclic 

diamide I and cyclic diamide II. Cyclic diamide I is the same 12-membered cyclic 

compound obtained without DPEA. Cyclic diamide II, on the other hand, can be 

obtained nearly quantitatively as a white powder with a melting point of 250 °C 

after recrystallization of the 50/50 mixture from acetonitrile. Using mass 

spectrometry, the molecular weight of cyclic diamide I and cyclic diamide II were 

determined being 198.18 g/mol and 396.41 g/mol, respectively, corresponding to 
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mono- and biscyclic diamides. Triethyl amine, which is commonly used in 

synthesis to obtain cyclic diamide10 instead of DPEA gives negligible yield of 

cyclic product. This may be due to higher reactivity of succinyl chloride compared 

to other aliphatic diacid chlorides.3 

Figure 6.4 shows the 13C solution NMR spectra of the mixture and cyclic 

diamide II in TFEiCDCb mixture. All peaks are assigned based on the expected 

structures of the cyclic monomers. It can be seen that there are two set of peaks 

with same number of peaks of roughly equal intensities. However, the peak 

intensities of the carbonyl carbons are not the same, perhaps due to different 

relaxation times for these carbons. The peaks associated with cyclic diamide I 

appear exactly at the same chemical shifts as for the cyclic monomer obtained 

without DPEA and are assigned with the same letters. The carbonyl carbon peak 

of cyclic amide II appears at 173.5 ppm. Compared to cyclic diamide I, peaks 

related to cyclic diamide II are shifted significantly. The peak a to the amide 

groups of cyclic diamide I assigned as "b" (observed at 36.7 ppm) shifts to 38.4 

ppm for the cyclic diamide II. A similar but upfield shift is observed for the methyl 

group a to the carbonyl which shifts from 34.5 to 31.4 ppm. The significant 

differences of chemical shifts for cyclic diamides may be a good indication of 

different ring strains for these two monomers. 
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Figure 6.4.13C solution NMR of the 50/50 mixture (top) and cyclic diamide II 

(bottom). The sample was dissolved in TFE:CDCl3. 

The solution 1H NMR spectra of the mixture and cyclic diamide II are given 

in Figure 6.5. Two sets of peaks with the same number and roughly equal 

intensities are also observed in the 1H NMR spectra. All peaks are assigned 

based on the molecular structure of cyclic diamides. The peaks associated with 

the protons a to the amide NH, which can hardly observed in Figure 6.2, are of 

equal intensities. Splitting of the peaks associated the same protons of cyclic 

diamide I is seen at 3.3 ppm. The amide NH which can be observed around 6.6 

ppm for cyclic diamide I shifts downfield to 6.9 ppm for cyclic diamide II. Similar 

downfield shifts were observed for various ring size cyclic 

oligo(undecanamide)s.1 Hovewer, the shifts are not as pronounced for cyclic 
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oligo(undecanamide)s of different sizes. This may be due to the fact that the ring 

strain is more crucial for cyclic diamides in this study. 
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Figure 6.5.1H solution NMR of 50/50 mixture (top) and cyclic diamide II (bottom). 

The sample was dissolved in TFEiCDCb-

FTIR spectra of the 50/50 mixture and pure cyclic diamide II are given in 

Figure 6.6. As anticipated, the two spectra are almost identical with only minor 

differences which associated with cyclic diamide I. Most changes are observed 

for the stretching vibration of NH groups, as seen by comparing the FTIR spectra 

of cyclic diamide I (Figure 6.3) with FTIR spectra of cyclic diamide II. For cyclic 

diamide I, this band is narrower and shows only one peak at 3313 cm"1 with a 

small shoulder, while two peaks at 3301 and 3334 cm"1 are observed for the 
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cyclic diamide II. This band is very sensitive to hydrogen bonding and generally 

enhanced vibration is a result of conformational disorder which leads to a 

broader band, while an ordered structure will show a narrow band.11,12 Based on 

the shape and frequency of this band, it may be stated that cyclic diamide I is 

more ordered compared to cyclic diamide II. The difference may also be related 

with types of inter- and intramolecular hydrogen bonding of the different cyclic 

structures.2 
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Figure 6.6. Partial FTIR spectra of the 50/50 mixture (solid line) and cyclic 

diamide II (dashed line). 

Crystal packings of cyclic diamides were investigated using WAXD and 

are completely different for each cyclic monomer. WAXD patterns recorded at 

room temperature of the 50/50 mixture, and purified cyclic diamide I and cyclic 

diamide II, are shown in Figure 6.7. Cyclic diamide II was obtained after 

recyrstallization from a 50/50 mixture and WAXD pattern shows exactly the same 

peaks of 50/50 mixture except those associated with the cyclic diamide I. Cyclic 

diamide I, on the other hand, shows only three distinct peak at 13, 23, 27°. 
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29 (°) 

Figure 6.7. The WAXD patterns of 50/50 mixture (bottom) and cyclic diamide II 

(middle), and cyclic diamide I (top). 

Copolymerization of 1,6-diazacyclododecane-2,5-dione 

Homopolymerization of these cyclic diamides in the molten state is difficult 

due to the fact that the melting point of these monomers is so high, especially for 

the 12 member cyclic diamide which is around 290 °C and in the range of nylon 6 

4. For this reason, we first explored the copolymerization of caprolactam with 

these cyclic monomers to investigate ring opening abilities and effect of nylon 6 4 

repeat units on possible improvement of thermal and mechanical properties of 

nylon 6. 

Copolymerization of 1,6-diazacyclododecane-2,5-dione with £-

caprolactam was carried out by both anionic and hydrolytic polymerization 
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methods to investigate the effect of the reaction mechanism on final copolymers. 

The details of the copolymerization are described in the experimental section. 

Since anionic polymerization is faster and carried out at lower temperature, it was 

expected to give fewer side products. Cyclic diamides used for polymerization 

mostly contained a single type of cyclic diamide. 

The 13C solution NMR spectrum of a copolymer synthesized by anionic 

polymerization is shown in Figure 6.8. The spectrum of homopolymer nylon 6 is 

included for comparison. The carbonyl carbon peak of the cyclic amide observed 

at 173.3-173-5 ppm shifts downfield to 174 ppm in the polymer backbone. The 

peaks assigned as a and c of cyclic diamide I are observed at 34.05 and 25.4 

ppm, respectively. These peaks appear at 31.5 and 28.8 ppm, respectively, in 

the copolymer and are very close to the chemical shifts of these same carbons of 

cyclic diamide II. This is a good indication that chemical shifts of cyclic diamide II 

are related to the higher order macrocycle with less ring strain. The chemical 

shifts in the NMR spectrum will be more like their linear counterpart due to 

reduced ring-strain. Based on the intensity of the carbonyl carbon peak, the 

incorporation of nylon 6 4 is calculated as being 12 mol-%. The actual intensity of 

the carbonyl carbon of nylon 6 4 units is divided by two based on the assumption 

that there are two carbonyl carbon for nylon 6 4 units while only one for nylon 6 

units. 
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Figure 6.8.13C solution NMR of neat nylon 6 (top) and nylon (6-CO-64) (bottom) 

by anionic polymerization method; 3:1 TFEiCDCb NMR solvent. 

As expected, copolymerization using the hydrolytic polymerization method 

is more complicated and results in several side products. To identify the peaks of 

copolymers, two novel model compounds was synthesized and the chemical 

shifts of copolymers analysized based on the chemical shift of these compounds 

in same solvent system (3:1 TFE:CDCl3). The structures of these compounds are 

shown in Figure 6.9. 
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Figure 6.9. Chemical structures of a) HAD-bisimide and b) HAD-bisamide acid. 

The 13C solution NMR spectrum of the copolymer with 10 w-% cyclic 

diamide synthesized by hydrolytic polymerization is shown in Figure 6.10. All 

peaks are assigned based on the chemical shifts of model compounds and nylon 

(6-co-64) obtained by anionic polymerization. Four distinct carbonyl peaks are 

observed including the carbonyl carbon of nylon 6. The carbonyl peak of acid-

end groups appears at 178 ppm, while the carbonyl peak of imide-end group 

appears at 179.8 ppm. The peak associated with nylon 6 4 carbonyl is observed 

at 173.9 and split into two; one probably in the backbone, and the other the 

carbonyl carbon close to the carboxylic acid end-group. The splitting can be 

observed easily for the methyl carbon a to the carbonyl assigned as a. There are 

three peaks observed for this carbon in which one is associated with the carbon 

a to carboxylic acid end-groups and the others are associated with carbons a to 

backbone amides and amides close to carboxylic acid end-groups. Considering 

the intensities of the peaks, the cyclic diamide reacted only once and formed 

either imide or carboxylic acid terminal units. 
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Figure 6.10.13C solution NMR of nylon (6-CO-64) by hydrolytic polymerization 

method. The sample was dissolved in 3:1 TFEiCDCb. 

The DSC heating thermograms of Nylon (6-co-64) by hydrolytic 

polymerization and anionic polymerization are given in Figure 6.11. Nylon (6-co-

64) by anionic polymerization shows two distinct peaks at 217 and 280 °C 

indicating two different crystal populations. The higher endotherm is almost the 

same as the melting point of nylon 6 4 which was reported as 278 °C.1 In addition 

to 13C solution NMR spectrum of the copolymer synthesized by anionic method, 

which shows one peak and no splitting for nylon 6 4 repeat units, two distinct 

peak in the DSC similar to each homopolymer strongly suggests that the 

copolymer is a block copolyamide, and the reactivity of 1,6-diazacyclododecane-

2,5-dione and £-caprolactam are significantly different. Two distinct peaks at 195 

and 218 °C are also observed in the DSC heating thermogram of nylon (6-co-64) 

obtained by hydrolytic polymerization and no endotherm is observed over the 
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temperature higher then the melting of nylon 6. The lower endotherm must be 

related with the melting of terminal nylon 6 4 units. 

250 300 

ExoUp Temperature (°C) 

Figure 11. DSC heating thermograms of nylon (6-co-64) by hydrolytic 

polymerization (dashed line), and anionic polymerization (solid line). 

Conclusions 

The 12-membered cyclic diamide has been successfully synthesized in 

fairly high yield. The yield and the ring size of cyclic diamide can be varied by 

altering the reactants and reactant ratios. The synthesis of cyclic diamide with 

DPEA gave two different cyclic structures which can be easily isolated by 

recrystallization. The crystal packing as well as the melting points of each 

diamide were totally different. These cyclic diamides were shown to copolymerize 

with caprolactam, resulting in a block copolymers of nylon 6 and 6 4. 
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