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Acyclic diene metathesis (ADMET) allows for the synthesis of perfectly linear polyolefins 

with precisely controlled distribution of some exactly defined functional group, either within or 

pendant to the polymer backbone. The materials produced in this fashion possess properties that 

are tunable synthetically, accomplished by changing the identity of the regularly appearing 

moiety or the frequency of its appearance. A wide range of materials have been produced in this 

fashion, resulting in a catalogue of polymers displaying various morphologies and material 

responses. The ADMET polymerization and subsequent hydrogenation strategy when applied to 

the synthesis of model polymers facilitates the systematic study of various structural 

manipulations and their relationship to property.  

Here we describe the incorporation of hydrophilic pendant defects, namely short chain 

polyethylene glycol branches, onto the backbone of polyethylene using ADMET 

polycondensation chemistry. The motivation behind this work is to create semi crystalline 

materials, intentionally excluding this hydrophilic moiety from the crystal, thereby isolating the 

behavior of the methylene sequences between glycol branches. The immiscibility of the 

hydrophobic backbone and hydrophilic defects induces folding of the backbone about the 

pendant defect allowing the clustering of the PEG branches to minimizing contact between each 
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segment. This work demonstrates that by carefully planning the identity of the pendant defect it 

can be excluded from the crystal and induced to aggregate; excluded and induced to crystallize 

separately, or excluded and re-included back into the polymer backbone crystals. The 

crystallization of the backbone excluding the PEG branches to the amorphous regions, or even 

the formation of bicontinuous PE and PEG phases could result in a layered or channeled 

morphology that may find utility in advanced applications. 
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CHAPTER 1 
INTRODUCTION 

The Evolution of ADMET 

By the mid 1980s considerable advancements had been made in the field of olefin 

metathesis chemistry.1 This mild carbon bond forming reaction was discovered by accident in the 

late 1960s when researchers at Goodyear exposed a mixture of 1-olefins to a combination of 

tungsten hexachloride and a lewis acid with the intent to find a new catalyst for the 

polymerization of vinyl olefins.2, 3 Instead of high polymer the research team observed a complex 

mixture of scrambled olefin products. The mechanism of this reaction, first proposed by Yves 

Chauvin4 in 1971 and later confirmed by Thomas Katz5 in 1975, involves the 2+2 cyclo addition 

of an olefin to a metal carbene to form a metallocyclobutane, followed by a 2+2 cyclo reversion 

to yield a new olefin and metal carbene. A majority of the research in the years to follow 

involved the development of stable metal carbenes that could facilitate this useful 

transformation, which has become an indispensable tool to the synthetic organic chemist (Figure 

1-1).1, 6 

This reaction was used from its inception in the synthesis of polymers. Despite the lack of 

well defined catalyst systems, a large volume of work had been produced by the mid 80s on the 

ring opening polymerization of strained cyclic olefins.6 This reaction, coined ROMP (ring 

opening metathesis polymerization) has become one of the most useful methods in the 

fabrication of functionalized polymers for use in every imaginable application. Although it was 

proposed early on that this reaction could also be used in the polycondensation of a linear 

diolefin, it wasn’t until 1987 when the first study proving the feasibility of this concept 

appeared.7 In this report the Wagener Group at the University of Florida attempted the 

polymerization of 1,9 decadiene using an ill defined tungsten hexachloride /lewis acid mixture, 
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resulting in viscous oil and an intractable solid. Monitoring the disappearance of terminal olefin 

signal via13C NMR and IR confirmed that the polymerization had occurred. Since any 

polycondensation requires that the reaction involved proceeds quantitatively, the self metathesis 

of styrene to stilbene was attempted as a test reaction. The isolated product in this case was 

polystyrene, rather than stilbene, due to the cationic polymerization of styrene initiated by the 

lewis acid present in the ill defined catalyst system. The authors were quick to realize that while 

the concept was feasible, a well defined metal carbene catalyst would be necessary to prevent 

this detrimental side reaction.7  

Fortunately, excellent progress was being made in catalyst design at this time. Professor 

Wagener was so excited by the outlook for this reaction that he called Richard Schrock at MIT 

and Bob Grubbs at Cal Tech to request assistance in the area of well defined catalysts and give 

this acyclic diene metathesis (ADMET) a second try. Armed now with the right carbene for the 

job, the Wagener group successfully synthesized stilbene from styrene in quantitative yields and 

reported the first viable ADMET of 1,9 decadiene to polyoctenamer.8 Examples of well-defined 

metal carbene metathesis catalysts are shown in Figure 1-3.  

It was obvious even in the initial ADMET report that this reaction could have utility in the 

fabrication of unique structures.7, 8 Virtually any moiety that can be functionalized with two 

olefins could potentially become an ADMET monomer. Not surprisingly early efforts in the 

Wagener group involved the synthesis of a variety of functionalized polymers using this 

chemistry (“what could ‘R’ be”). As metathesis catalysts became increasingly robust and tolerant 

of functional groups the number of moieties that could be used in this reaction increased and the 

library of ADMET polymers grew considerably. Simultaneously, research on the mechanism of 

this reaction ensued (Figure 1-4). By attacking ADMET from both practical and fundamental 
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aspects the Wagener research group was able to carve a niche in the olefin metathesis story. 

Several review articles have been published on this topic.9-11 

More recently research in the Wagener group has moved specifically towards the study of 

precise structure (Figure 1-5). In particular, ADMET has the unique ability of producing 

structures that mimic copolymers of ethylene and vinyl comonomers.9-20 These ethylene based 

copolymers are typically made using chain propagation techniques, which are subject to 

uncontrollable side reactions that create unwanted defects. These defects in turn have adverse 

effects on polymer performance.9 Perfectly linear defect free model polymers can be created 

using ADMET. This is accomplished by synthesizing a symmetrical terminal diene with a 

pendant functional group, polymerizing, and exhaustively hydrogenating the resulting 

unsaturated polyolefin backbone, allowing “defects” to be introduced in a controlled manner. 

Knowing exactly what the identity of this defect is and where it occurs along the backbone 

provides a systematic way to study this aspect of structure-property in ethylene based materials.9 

This chapter describes the evolution of this study. Research on various materials from linear 

polyethylene free of defects, through the addition of halogen atoms and alkyl branches of 

increasing size has displayed that not only do the precise structures created using ADMET 

possess unique properties, but that these properties are highly controllable. The library of 

polymers that has been created in this fashion and the information these polymers have provided 

about structure and property have led us to a new frontier: synthesis of precisely tunable 

polyolefins for advanced applications. For simplicity of discussion, the polymers described in 

this introduction will follow a systematic nomenclature: the identity of the pendant moiety is 

named first, followed by its frequency of its appearance along the polyethylene backbone (Figure 

1-6).  
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Linear ADMET Polyethylene 

Unbranched, or perfectly linear, polyethylene is of considerable interest, particularly for 

studying the behavior of this homopolymer during crystallization.  Much of this work has been 

conducted on large n-paraffins (monodisperse PE oligomers) up to 390 carbons long, since 

defect free high-molecular weight PE is an elusive goal. While small molecule paraffin 

compounds allow in-depth study of structurally perfect model materials, end group concentration 

becomes a problem and leads to irregularities when trying to extrapolate morphological behavior 

to a macromolecular system.  The methyl endgroups present in n-paraffins are regarded as 

defects that hinder crystallization. Polymer chains up to millions of grams per mol, on the other 

hand, possess an infinitesimal number of methyl end groups relative to backbone carbons, and 

comparisons between these two systems can lead to ambiguous results. 

The synthesis of linear ADMET PE is important in this work to prove that the structures 

created are indeed effective as models of the commodity materials they mimic. Perfectly linear 

ADMET is prepared via the polymerization of 1,9 decadiene followed by saturation of the 

product polyoctenamer with hydrogen.  While high molecular weight samples exhibit thermal 

behavior similar to that of high density polyethylene, molecular weights of products can be 

controlled by regulating reaction time, temperature, and the monomer/catalyst ratio affording a 

family of ADMET PE polymers with varied thermal responses. Despite the relatively low 

molecular weight (between 2000 and 15000 g/mol) for some ADMET PEs, these polymers all 

display sharp DSC melting transitions above 130 °C (Table 1-1).  While the peak melting point 

increases with increased molecular weight, the polymer of Mn = 15,000 shows a peak melt of 134 

°C, exactly that of high density polyethylene.  It is evident based on this work that beyond the 



 

24 

molecular weight threshold of Mn = 15,000 ADMET polymers can effectively model analogous 

commercial materials.  

Model Polyolefins with Precisely Placed Halogen Atoms 

ADMET polyolefins with precisely placed halogen atoms (Figure 1-7) provide a unique 

system for studying crystallization and melting behavior of precision polyolefins. By 

synthesizing polymers decorated with fluorine, chlorine, and bromine the effect of this 

systematic increase in pendant defect size can be probed. Four separate studies13, 14, 16, 21 were 

conducted on this class of materials. In the first the static methylene sequence length between 

defects was held constant (18 backbone carbons) and the defect identity altered.16 In the other 

three the defect was held constant (fluorine, chlorine, or bromine) and the distance between 

defects altered.13, 14, 21 In the first study it was found, not surprisingly, that with the increased 

defect size came a decrease in melting temperature and enthalpy.16 When the defect identity was 

held constant melting temperature and enthalpy decreased with decreasing distance between 

defects,13, 14 the notable exception being the fluorine containing polymers which all have 

approximately the same melting temperature despite differences in defect distribution.21 Table 1-

2 summarizes the DSC data for the precise halogenated polyethylenes. 

Precise Fluorine Placement.  

Regardless of branch distribution the melting points of ADMET polymers containing 

precisely placed fluorine atoms are consistent with what is witnessed for linear ADMET PE, 

evidence that the orthorhombic crystal structure of HDPE is unaffected by the addition of the 

fluorine atom.21 This result was confirmed by WAXS. This is not surprising; considering the 

similarity in size between hydrogen and fluorine the steric requirements for housing this defect in 

the crystal shouldn’t be significantly different. The melting enthalpy of this family of copolymers 

does however decrease with increasing fluorine content. This is much more significant in the 
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cases of F15 and F9 than in the cases of F19 and F21. The decrease in enthalpy for the higher 

defect concentration is evidence that electronic repulsions and bond polarity, as well as sterics, 

play an important role in the crystallization behavior for ADMET polymers.16, 21  

Precise Chlorine Placement.  

The consequences for the incorporation of chlorine atoms at precise intervals along 

polyethylene’s backbone are more severe. There is a marked decrease in melting temperature 

from ADMET PE and the precise fluorine family. There is also a change in crystal structure, 

from orthorhombic to triclinic. These data show that the distribution of chlorine atoms in the 

crystalline and amorphous regions is uniform. Further, the lamellar thickness (estimated using 

atomic force microscopy) far exceeds the distance between defects on the backbone. This 

confirms that the chlorine atoms are included within the crystal. The steric requirements, 

however, are too severe for the orthorhombic crystal structure to remain intact. This behavior is 

solely a result of the uniform defect distribution, as random analogues with similar branch 

content possess broadened melting profiles with higher peak melting temperatures.22 This is 

indicative of populations of lamella with different thicknesses, typical of copolymers with 

random branch distribution and quite unlike the homopolymer type crystallization and melting 

witnessed in ADMET systems.13, 21, 22  

Precise Bromine Placement.   

ADMET models with precise bromine placement represent the upper size limit for our 

study of halogen containing polymers, as nature resisted efforts to produce iodine containing 

ADMET polymers. As expected, the increased size of the bromine atom results in a decrease in 

melting temperature and enthalpy compared with the other halogenated ADMET polymers.14 

Like the precision chlorine polymers a triclinic crystal structure was assigned for the bromine 

containing polymers. The distribution of the bromine atoms was uniform in both crystalline and 
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amorphous regions like the chlorine polymers, and like the random chlorine polymers the 

random bromine polymers exhibited copolymer type methylene sequence selection when 

crystallizing.22 Based on AFM measurements, as is the case for chlorine, the bromine atom 

resides within the crystal. Perhaps the most interesting feature of the precision bromine polymers 

is their similarity in thermal response to ADMET polymers with precise methyl branch 

placement (discussed in the following section). Based on these findings along with the data 

reported for the fluorine polymers, it appears that defect steric requirements are the most 

important factor in dictating the melting point of the resulting ADMET polymer crystal. Or, 

more simply put: a defect is a defect, regardless of its identity.14 It could be a coffee cup!  

Model Polyolefins with Precisely Placed Alkyl Branches 

For more than half a century studies on structure and morphology have been central to 

polyolefin research. Discoveries in this area have allowed for the synthesis of materials with 

wide range of properties and behaviors. This is exemplified in the case of poly(ethylene-co-1-

olefins), where the behavior of the polymer can be greatly altered simply by varying the content 

and identity of the comonomer chosen.  

Precise Methyl Placement: ADMET Ethylene Propylene (EP) Copolymers.  

Besides being commercially significant, EP copolymers can provide a general insight to 

the structure property relationship when viewed as model systems. Consider polypropylene: 

highly crystalline when the orientation of the pendant methyl group is highly regular 

(syndiotactic or isotactic), however completely amorphous when backbone methyl groups are 

randomly oriented (atactic); a simple structural difference resulting in significantly altered 

behavior. Linear defect free polyethylene, the other extreme, is highly crystalline. However, this 

crystallinity can be disrupted by the incorporation of defects, clearly evident in the 

aforementioned halogen work. Between the extremes of amorphous attactic polypropylene and 
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highly crystalline, defect free polyethylene lie EP copolymers. Simply varying the amount and 

placement of the incorporated methyl defect allows the response of the final material to be 

significantly altered and ultimately controlled.9 

Although numerous methods are available for producing model polymeric systems, 

ADMET modeling controls comonomer content and distribution, therefore leading to fewer 

ambiguities relative to other model systems when relating structure on the molecular level to 

macroscopic properties.9, 19, 23, 24  Polymerization of symmetrical methyl branched terminal 

dienes, followed by exhaustive saturation of the resultant polymer, afford these precise EP 

models (Figure 1-8).19 These models are named according to the frequency of the pendant defect, 

i.e. Me21 for a methyl branch every 21st backbone carbon, Me15 for every 15th and so on. To 

date Me5, Me7, Me11, Me15, Me19, and Me21 have been investigated. The syntheses of Me11 

through Me21 are rather straight forward using this simple yet elegant 

polymerization/hydrogenation approach.19 Placing branches every 5th or 7th backbone carbon 

requires the synthesis of a symmetrical diene dimer, as the corresponding diene monomers 

undergo ring closing metathesis rather than ADMET.24 Attempts to place methyl groups every 

third backbone carbon, using a diene trimer, were unsuccessful due to the placement of the 

methyl group in the allylic position. This allylic methyl decreases the yield of the cross 

metathesis reaction allowing for only the partial oligermerization of the diene (Figure 1-9).25  

The effects of branch distribution are clear when examining the thermal behavior of the 

precision EP copolymer family.19 As defect content increases melting temperature and enthalpy 

decrease. These precise models are semicrystalline even at branch contents high enough to 

render random EP copolymers completely amorphous. Not until methyl groups are placed on 
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every 5th carbon do these precise ADMET EP copolymers lose the ability to crystallize.24 Table 

1-3 summarizes the DSC data for the precise methyl family.  

Copolymerization of ADMET EP monomers with 1,9 decadiene, thereby forming linear 

EP copolymers with random branch distribution, has also been accomplished.23 In this study it 

was again found that as the branch content increased, over all crystallinity as well as the melting 

temperatures and enthalpies decreased. In the cases of the highest amount of branch 

incorporation the random materials exhibited a broad, ill defined melting behavior quite unlike 

the sharp melting endotherm observed for the precise models with similar branch content. This 

drastic difference in the behavior between precise and random models punctuates the effect of 

precise branch placement (Figure 1-10).19, 23   

Me21 and Me15 have been further characterized by Wegner et al. using X-ray diffraction, 

TEM, and Raman spectroscopy to further understand their structure and morphology.26 TEM 

results indicate a lamellar thickness far exceeding the inter branch distance along the backbone, 

proving that like chlorine and bromine atoms the methyl group must be included within the 

crystal. The diffraction work elucidated crystal structure. This data showed that the chains pack 

into a triclinic lattice which allows inclusion of methyl branches as lattice defects. Further, it was 

found that methylene sequences between defects participate in a hexagonal sublattice. In order 

for the chains to pack in this way the defects must be contained within plains oblique to the chain 

stems, leading to conformationally distorted crystals. This is more prevalent in the case of Me15 

than in Me21 due to the greater defect content, a result confirmed by Raman spectroscopy. The 

melting point depression witnessed is no surprise given these observations. Further scattering 

experiments and exhaustive DSC experiments performed on Me21 by Wunderlich et al. lead to 

the same conclusion involving defects concentrated in planes between stacks of hexagonally 
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packed methylene sequences; however a monoclinic lattice rather than triclinic was used to 

describe the main unit cell within which the defects planes and hexagonal sublattice resides.27  

ADMET Polyolefins with Larger Alkyl Defects.  

To further understand the morphology of these precise materials and probe the size limit 

for inclusion of defects within the crystal, ADMET models with precisely placed ethyl, hexyl, 

and geminal dimethyl branches have been examined.  

Precise Geminal Dimethyl Placement.  

Precision geminal dimethyl ADMET models (Figure 1-11) display the effect increasing 

steric bulk has on the polymer’s thermal behavior.20 The addition of the second methyl group 

when moving from Me9 to 2Me9 disrupts the polymers ability to pack into crystals resulting in 

an amorphous material for 2Me9. Extending the inter defect sequence length to 14 or 20 carbons 

renders the polymer semicrystalline with a depressed melting temperature when compared to the 

analogous EP models. Interestingly, 2Me15 shows much less melting point depression from 

Me15 than does 2Me21 from Me21. Further, 2Me21 shows thermal behavior unlike either 

2Me15 or any of the EP family. Exhaustive DSC studies on this material reveal that much of this 

behavior is dependant on thermal history. WAXD studies show reflections associated with 

hexagonal, monoclinic, and triclinic packing pointing towards polymorphism as a possible cause 

of this complex behavior. The melting behavior was found to be incident with the melting of 

eicosane (a 20 carbon n-paraffin), suggesting that crystallization behavior of 2Me21 is strongly 

related to the branch to branch distance.27 The DSC data for this family of polymers is shown in 

Table 1-4.  

Precise Ethyl Branch Placement.  

Ethylene butene (EB) copolymers featuring precisely placed ethyl branches (Figure 1-12) 

were the next logical step in this study; moving from two single carbon defects to a single two 
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carbon defect.17 These are of particular interest as EB copolymers are important materials 

commercially. Like 2Me9, Et9 is fully amorphous. Again, extending the space between defects 

allows for crystallization in both Et15 and Et21.  Like the geminal dimethyl models the EB 

models show greatly depressed melting temperatures when compared to the EP models. Another 

point of interest is the difference in the observed thermal behavior from both the geminal 

dimethyl family and the EP family. EB copolymers exhibit bimodal melting profiles very much 

unlike the sharp, uniform melt exhibited by the EP family.17   

WAXD investigations,17 as well as exhaustive DSC analysis27 have helped in explaining 

this behavior. Like 2Me21, the melting behavior of Et21 can be correlated with that of eicosane 

and is therefore very much dependant on the branch to branch distance. The WAXD results 

shows some lattice expansion implying the partial inclusion of ethyl groups into the crystal, 

however to a lesser extent than in EP21. Comparing these results for 2Me21 and Et21 imply that 

much of the melting behavior is attributed to crystallization of methylene sequences between 

defects. The bimodal melt could therefore be a result of polymorphism involving the inclusion 

and exclusion of these defects, or a melting and simultaneous crystallization mechanism. In or 

out of the crystal, the effect of increased volume requirements of the defect when increasing the 

size by just one methylene unit is obvious. Table 1-5 summarizes the DSC data for the precise 

ethyl family.  

Precise Hexyl Branch Placement.  

ADMET Ethylene Octene (EO) models serve as LLDPE models with precise hexyl branch 

placement (Figure 1-13).12 These precise EO models follow a similar trend in behavior as the 

previously discussed families; that is with increasing branch content decreasing melting 

temperature and enthalpy are observed. It is no surprise that Hex9 is totally amorphous, as the 

much smaller ethyl branch is able to completely disrupt crystallinity at this branch concentration. 
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A semicrystalline morphology is observed for Hex15; an interesting result considering all other 

known EO copolymers with similar branch content are amorphous.12 Hex21 is as well 

semicrystalline. The very low melting temperature (16 °C) is indicative of very small crystallites. 

Interestingly the melting enthalpy of Hex21 is similar to that of Et21, which is likewise 

surprising considering the notable decreases in enthalpy from Me21 to 2Me21 to Et21. The 

melting profile of the Hex21 closely mimics that of Me21 with a single sharp melting endotherm, 

rather than the complex endotherms displayed by 2Me21 and Et21. One possible explanation is 

that the hexyl branch is of sufficient size to be completely excluded from the crystal, owing the 

observed behavior to the crystallization of the inter defect methylene units. The inclusion of the 

branch resulting in a single crystal form as seen in Me21 is another possibility. With no 

scattering data available for this polymer conclusions on whether or not the hexyl branch is 

included or excluded from the crystal in these precise EO models based on thermal behavior 

alone. Table 1-6 summarizes the DSC data for this group of polymers. 

Some reasonable conclusions can be drawn by comparing the DSC heating traces of Et21 

and Hex21 (Figure 1-14).12, 17 The lower melting mode of the bimodal melting endotherm for 

Et21 perfectly overlaps with the melting endotherm for Hex21. Taking the similarity of melting 

enthalpies into consideration as well is seems possible that at defect sizes beyond the ethyl group 

the inter defect methylene sequences can crystallize and exclude the branch to the amorphous 

regions. For these larger defects it would mean that these crystals do not organize into well 

defined lamella as the ADMET EP’s do. It is possible that there are fewer carbons in the 

paraffinic crystal structure for Hex21 than for the other alkyl branched ADMET models (based 

on the decreased melting temperature), where the defect itself as well as the point at which the 

branch connects to the backbone would be excluded form this crystal, creating pockets of 
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uniform nanocrystallites randomly oriented in a matrix of amorphous hydrocarbon. This model 

for the crystallization of ADMET polyolefins is illustrated in Figure 1-15.  

Precise Ether Placement 

Model polymers with the precise placement of ether moieties along a PE backbone (Figure 

1-16) represent the first examples of linear ethylene-co-vinyl ether polymers ever made.28, 29 

Difference in reactivity ratios between ethylene and vinyl ethers prevented the synthesis of this 

type of material via chain propagation chemistry until very recently.30 These polymers differ 

from their alkyl branched cousins only by the exchange of the methylene unit directly off the 

backbone for an oxygen atom, which allows for some intriguing comparisons. Looking at the 

thermal behavior of OMe21 and Et21, shown in Figure 1-10,  reveals a very interesting result.9 

The addition of the oxygen results in a slight increase of the peak melting temperature and 

melting enthalpy. The melting temperature for OMe21, like several of the previous examples, is 

incident with that of eicosane. As the steric requirements are roughly the same for these two 

polymers it can be concluded that the polarity of the bond and the electronics of the oxygen 

create a favorable place to initiate a fold in the polymer backbone, allowing for a more complete 

crystallization of the inter defect paraffic unit cell. The DSC data for this group of precision 

polyolefins are shown in Table 1-7.  

Toward Advanced Applications 

Precise Carboxylic Acid Placement.  

A family of polymers with precise placement of carboxylic acids made using ADMET 

(Figure 1-18) were synthesized to model commercial analogues.31 The resulting material 

produced some very significant data concerning the morphology of ADMET polymers. One of 

the most interesting features of these polymers is the fact that all of the carboxylic acid groups 

are dimerized based on the FTIR spectra. Based on SAXS measurements on these polymers it 
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was found that they contain a high degree of order that corresponds directly to the inter defect 

distance. WAXS data confirms that the paraffinic crystal structure is uninterrupted by the 

incorporation of these defects. The melting point of COOH21, like the 2Me21, is incident with 

eicosane. Correlating this data confirms that the methylene sequences between acids organize 

into a paraffin like crystal with the dimerized carboxylic acids concentrated in defect planes, 

similar to what was observed for the Me21. Diffraction experiments on a drawn sample of 

COOH21 provide even more compelling evidence for this; several concentric reflections were 

observed, corresponding to 1, 2, and 3 parallel stacks of crystallized inter-acid methylene 

sequences. This behavior is in sharp contrast to that of the random analogues, again highlighting 

the ability of ADMET to impart unique morphological features into polymeric systems by 

perfectly controlling microstructure.31 Table 1-8 summarizes the DSC data for these polymers. 

Precise Ionomers 

A family of precise ADMET ionomers was examined by neutralizing the above carboxylic 

acid polymers with various amounts of zinc salt.32 As seen in the other ADMET studies 

presented here, these materials did not behave at all like their random counterparts. In DSC 

experiments the first heating trace of these materials resulted in liquid crystalline like 

thermograms due to the melting of the well ordered interdefect paraffinic structures, resulting in 

an LC like phase, before entering an isotropic melt. This behavior was not repeatable on 

subsequent cooling and heating, implying that the ionic clusters and carboxylic acid dimers 

dominate the morphology when the material is cooled after the initial heating cycle. Long term 

annealing experiments were not conducted, however to see if the re-ordering of the inter defect 

methylene sequences could occur.  
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Purpose of Study 

The question of whether or not large defects are included or excluded from the crystals of 

these ADMET polymers is central to our work in the Wagener research group. While the alkyl 

branching work is interesting and provides insight into the unique behavior of ADMET 

polymers, the composition of the defect is still identical to that of the backbone, and therefore 

there remains the propensity for the inclusion of such a defect into the polymer unit cell. This 

dissertation describes the incorporation of hydrophilic pendant defects, namely short chain 

polyethylene glycol branches, onto the backbone of polyethylene using ADMET 

polycondensation chemistry. The motivation in this work is to intentionally exclude the defect 

from the crystal, thereby isolating the behavior of the inter defect methylene sequences. Phase 

separation and self assembly of PE-co-PEG block copolymers and block oligomers is well 

known.31-49 However this strategy has not been applied to precision polyolefins with any well 

defined goal in mind. The immiscibility of the hydrophobic backbone and hydrophilic defects 

should induce a specific behavior: the PE backbone chains should fold to allow the clustering of 

the PEG branches, minimizing contact between each segment. The crystallization of the 

backbone while excluding the PEG branches to the amorphous regions, or even the formation of 

bicontinuous PE and PEG phases could result in a layered or channeled morphology (depicted by 

a simple cartoon in Figure 1-19) that may find utility in advanced applications such as polymer 

electrolytes or membrane technologies.  

Chapter 2 describes the synthesis of a series of ADMET polymers with hydroxy terminated 

PEG branches. A protecting group was used to ensure the absence of side reactions during 

monomer synthesis and polymerization. The thermal behavior of the polymer with and without 

the protecting group was evaluated; it was found that the identity of the graft end group can 

significantly alter the behavior of these polymers. Analysis of the data collected for this family 
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revealed that the polymer backbone forms crystallites while excluding the PEG branches to 

amorphous regions. Chapter 3 describes the synthesis of a series of ADMET polymers with 

methoxy terminated glycol branches. Methyl groups are small enough as not to disrupt backbone 

crystallization, but lack the ability for hydrogen bonding possessed by the polymers in chapter 2. 

Three parameters are altered in this study: the length of the PEG graft, the manner in which the 

branch is connected to the backbone, and the distribution of the branch along the backbone. 

Doing so isolates the effect all three features have on the ability of the backbone to crystallize. 

These polymers were analyzed both before and after hydrogenation to understand the effect the 

site of unsaturation (essentially a defect) has on the crystallization of the backbone. Chapter 4 

examines whether or not self assembly or aggregation of functional groups attached to the end of 

the PEG chains is possible. This is an important question- if this concept is proven tailoring these 

polymers for application has promise. First, the end of the PEG chain was labeled with a pyrene 

unit. Fluorescence measurements confirm excimer formation and therefore the interactions of the 

pyrene groups. Although this aggregation results in an increase in glass transition temperature 

relative to the corresponding unlabeled polymer, the crystallinity of the polymer backbone 

remains intact displaying that the amorphous content can be altered independently of the 

crystalline regions. Two different n-paraffin end groups are also studied, the goal being to induce 

self assembly of the branches and thus alter the crystallization behavior. This chapter 

demonstrates that by carefully planning the identity of the pendant defect it can be excluded from 

the crystal and induced to aggregate; excluded and induced to crystallize separately, or 

cocrystallized with the polymer backbone crystals.  Chapter 5 describes the synthesis of 

deuterium labeled polymers analogous to the materials described in chapter three. By labeling 

the polymer at 3 different locations information about molecular motion at these points above 
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and below the polymer’s glass transition and melting temperatures can be accessed by solid state 

deuterium NMR. The solid state NMR experiments themselves are, however, beyond the scope 

of this dissertation and are therefore not discussed.  
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Figure 1-1: Olefin metathesis reactions 

 

 

Figure 1-2: The ADMET polycondensation reaction. 

 

 



 

38 

Mo

F3C
F3C CF3

F3C
O

O
Ru

Cl
Cl

Cy3P

PCy3 N N

Ru
Cl
Cl

Cy3P

N N

Ru
Cl
Cl

O

Schrock's Molybdenum
Catalyst

Grubbs' First Generation
Catalyst

Grubbs' Second Generation
Catalyst

Grubbs Hoyveda
Catalyst  

Figure 1-3: Well defined metathesis catalysts 

 

 

 

Figure 1-4: The ADMET mechanism 
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Figure 1-5: ADMET polymerization/hydrogenation strategy for precision polyolefin models 

 

 

 

 

Figure 1-6: Nomenclature used in this introduction for ADMET polymers  

 

 

 

 

Figure 1-7: Precise halogen family 
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Figure 1-9: Synthesis of ADMET EP models. Shorter run lengths require the use of “ADMET 
dimmers.” The use of ADMET trimers for placing groups every 3rd is complicated by 
the presence of the allylic methyl groups.  
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Figure 1-10: DSC comparison of random and precise EP polymers with similar branch content.  
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Figure 1-11: Precise geminal-dimethyl family  
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Figure 1-12: Precise ethyl family 
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Figure 1-13: Precise hexyl family 
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Figure 1-14: DSC comparison of Et21 and Hex21 (data taken consecutively on the same DSC 
independent of references 13 and 18) 
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Figure 1-15: Model for the crystallization of ADMET polyolefins with larger defects 

 

 

 

 

Figure 1-16: Precise ether family 
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Figure 1-17: DSC comparison of OMe21 and Et21 

 

 

 

 

 

Figure 1-18: Precise carboxylic acid family 
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Figure 1-19: Target morphology 
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Table 1-1: Effect of molecular weight on thermal behavior in linear ADMET polyethylene 
Mn Polydispersity 

Index (PDI) 
Tm (°C) (peak) 
 

Δhm (J/g) 

2400 2.4 130.7 252 
7600 2.4 131.3 213 
11000 1.9 132.0 221 
15000 2.6 133.9 204 

 
 
 
Table 1-2: DSC data for precise halogen family 

Polymer Tm (°C) Δhm (J/g) 
F9 124 137 
F15 124 174 
F19 127 207 
F21 124 205 
Cl 9 41 27 
Cl 15 63 87 
Cl 19 72 105 
Cl 21 81 11 
Br9 -14 21 
Br15 49 35 
Br19 63 55 
Br21 70 48 

 
 
 
Table 1-3: DSC data for precise methyl family 

Polymer Tm (°C) Δhm (J/g) 
Me5 Amorphous  
Me7 -60 19 
Me9 -14 28 
Me11 11 66 
Me15 39 82 
Me19 57 96 
Me21 63 103 

 
 
 
Table 1-4: DSC data for precise geminal-dimethyl family 

Polymer Tm (°C) Δhm (J/g) 
2Me9 Amorphous n/a 
2Me15 32 40 
2Me21 45 61 
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Table 1-5: DSC data for precise ethyl family 
Polymer Tm (°C)  Δhm (J/g) 
Et9 Amorphus n/a 
Et15 -33 & -6 Not reported 
Et21 17&34 (ref 18) 48 

 
 
 
Table 1-6: DSC data for precise hexyl family 

Polymer Tm (°C)  Δhm (J/g) 
Hex9 Amorphus n/a 
Hex15 -48 19 
Hex21 16  53 

 
 
 
Table 1-7: DSC Data for precise ether family 

Polymer Tm (°C) Δhm (J/g) 
OMe11 -41 35 
OMe15 -10 62 
OMe21 40 78 
OEt11 -4 66 
OEt15 -33 82 
OEt21 28 96 

 
 
 
Table 1-8: DSC data for precise carboxylic acid family 

Polymer Tm (°C)  Δhm (J/g) 
COOH9 Amorphous n/a 
COOH15 Amorphous n/a 
COOH21 45  42 
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CHAPTER 2 
ADMET AMPHIPHILES: POLYETHYLENE WITH PRECISELY PLACED HYDROPHILIC 

DEFECTS 

Introduction 

Amphiphilic copolymers receive considerable attention in the literature due to the vast 

array of compositions, morphologies, and properties available in these materials.33-40 Systems 

featuring hydrophilic segments, often poly(ethylene glycol) (PEG), and lipophilic segments such 

as polyethylene (PE) are of interest due to their biocompatibility, propensity for phase 

segregation, and ability to self assemble into higher ordered structures.33-44  Block copolymer 

architectures are by far the most investigated, which is not surprising as advances living 

polymerization techniques have facilitated the synthesis of numerous systems with well defined 

structures.35, 36, 38, 40, 41, 45-48 Amphiphilic graft copolymer architectures have received less 

attention, likely due to the inability to control composition and structure with the same precision 

available in block copolymer synthesis.  This is particularly true for PE-g-PEG systems where 

only a few examples exist, most of which lack structural control in terms of graft incorporation 

or distribution.42  

Well defined microstructures are essential to fully understand the behavior of amphiphilic 

graft copolymer model systems. Acyclic diene metathesis (ADMET) polycondensation 

chemistry is an excellent tool to model polymeric systems that lack such structural regularity 

when synthesized through other means. A number of ethylene based copolymers have been 

modeled in this fashion, from simple ethylene-co-α-olefin systems made to mimic industrial 

polyethylene9 to materials inaccessible through other means such as poly(ethylene-co-vinyl 

ether)9, 28, 29 and so called “bio-olefins.”49, 50 

The synthesis of PEG grafted unsaturated polyolefins with controlled placement of PEG 

grafts has been previously reported.43 These polymers contained an overwhelming weight 
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percentage of polyether, and the properties reported reflected this.  In that study the polyolefin 

backbone remained unsaturated; this site of unsaturation in the backbone repeat unit serves as a 

defect well known to impede the crystallization of PE.9 Recent success in controlling the 

crystallization behavior and morphology of polyethylene through the incorporation of pendant 

moieties of various size and polarity13, 14, 16, 28, 31 inspired this study, which  investigates fully 

saturated versions of these PEG grafted polyethylenes. This chapter describes the synthesis of a 

family of polymers with short glycol chains (4 oxyethylene repeat units) attached every 9th, 15th, 

and 21st carbon along a backbone of polyethylene. By precisely controlling structure, the relative 

weight percentages of PE and PEG can be varied and the morphological effects of this 

architecture systematically probed. The goal is that by incorporating a pendant group that is 

immiscible with the PE backbone it may be possible to build a layered or channeled morphology 

that would have utility in advanced applications.  

The precise polymer structures have been confirmed by NMR (1H and 13C). Thermal 

characterization by differential scanning calorimetry (DSC) reveals properties ranging from semi 

crystalline to fully amorphous. When the PE and PEG content are nearly equal, the polymer 

contains a high degree of amorphous content, as well as crystalline regions that display variable 

melting behavior based on thermal history. For the case of the highest amount of polyether 

incorporation, the material is completely amorphous.  The lowest amount of polyether 

incorporation results in a semicrystalline material; the melting temperature incident with n-

paraffin molecules of length similar to the static methylene sequence length between PEG 

branches. X-ray diffraction experiments confirmed that the crystallinity is a result of the PE 

backbone, which crystallizes excluding the PEG graft, creating crystalline phases of pure 

polyolefin dispersed in a matrix of amorphous PEG and PE phases.  
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Experimental Section 

Instrumentation.  

All 1H NMR (300 MHz) and 13C NMR (75 MHz) spectra were recorded on a Varian 

Associates Mercury 300 spectrometer. Chemical shifts for 1H and 13C NMR were referenced to 

residual signals from CDCl3 (1H: δ= 7.27 ppm and 13C: δ = 77.23 ppm) with 0.03% v/v TMS as 

an internal reference. Thin layer chromatography (TLC) was performed on EMD silica gel 

coated (250 μm thickness) glass plates.  Developed TLC plates were stained with iodine 

adsorbed on silica to produce a visible signature.  Reaction conversions and relative purity of 

crude products were monitored by TLC and 1H NMR.  Fourier transform infrared (FT-IR) 

measurements were conducted on polymer films cast from chloroform onto KBr plates using a 

Bruker Vector 22 Infrared Spectrophotometer. High resolution mass spectrometry analyses were 

performed on a Bruker APEX II 4.7 T Fourier Transform Ion Cyclone Resonance mass 

spectrometer (Bruker Daltonics, Billerica, MA) using electrospray ionization (ESI). The XRD 

measurements were taken using a Philips X’Pert MRD system using grazing incidence 

(omega=3°). Elemental analysis was carried out at Atlantic Microlab Inc. (Norcross, GA). 

Molecular weights and molecular weight distributions (Mw/Mn) were determined by gel 

permeation chromatography (GPC) using a Waters Associates GPCV2000 liquid 

chromatography system with an internal differential refractive index detector (DRI) and two 

Waters Styragel HR-5E columns (10 microns PD, 7.8 mm ID, 300 mm length) at 40 °C. HPLC 

grade tetrahydrofuran was used as the mobile phase (flow rate = 1.0 mL/minute). Retention times 

were calibrated against polystyrene standards (Polymer Laboratories; Amherst, MA).  

Differential scanning calorimetry (DSC) and temperature modulated differential scanning 

calorimetry (MDSC) were performed on a TA Instruments Q1000 equipped with a liquid 
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nitrogen cooling accessory calibrated using sapphire and high purity indium metal. All samples 

were prepared in hermetically sealed pans (4-7 mg/sample) and were referenced to an empty pan. 

Samples were run under s purge of helium gas. A scan rate of 10 °C per minute was used unless 

otherwise specified. Modulated experiments were scanned with a 3 °C per minute linear heating 

rate with modulation amplitude of 0.4 °C and period of 80 seconds. Melting temperatures are 

taken as the peak of the melting transition, glass transition temperatures as the mid point of a step 

change in heat capacity. Annealing experiments were conducted as follows: samples were heated 

through the melt at 10 °C per minute to erase thermal history, followed by cooling at 10 °C per 

minute to -150 °C, heated at 10 °C per minute to the annealing temperature, held isothermally for 

1 hour, cooled rapidly to -150 °C, and heated through the melt at 10 °C per minute. Data reported 

reflects this final heating scan.  

Materials. 

Unless otherwise specified all reagents were purchased from Aldrich and used without 

further purification. Grubbs’ 1st generation catalyst was a gift from Materia, Inc.  Diene tosylates 

1a-c and tetra(ethylene glycol) monotrityl ether were synthesized according to the literature.17, 19, 

40, 44 

General Procedure for the Synthesis of Trityl Protected Tetra(ethylene glycol) Monomers 

Anhydrous DMF (250 ml) was cannula transferred into an oven dried, 3 neck round 

bottom flask equipped with a magnetic stirrer, gas inlet, and charged with sodium hydride (1.3 

eq, 60% dispersion in mineral oil). The slurry was cooled to 0°C and 1.2 equivalents of tetra 

ethylene glycol monotrityl ether in 30 mL of anhydrous DMF were added via syringe. Hydrogen 

evolution was monitored by bubbler; when gas evoulution ceased 1 equivalent of 1 in 30 mL of 

anhydrous DMF was added via syringe. The reaction was stirred for 17 hours at 0 °C and 

quenched by pouring into 600 mL of water. The resulting mixture was extracted with diethyl 
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ether and the combined organics washed with brine. Concentration afforded a yellow oil which 

was further purified by column chromatography.  

2-(4-pentenyl)-6-heptenyl-1-tetra(ethylene glycol) monotrityl ether (2-2a).  

Column Chromatography: 55% diethyl ether 45% hexane eluent yielded 3.2g (55% yield) 

of colorless oil. 1H NMR (CDCl3): δ (ppm) 1.21-1.52 (br, 9H ), 1.98 (q, 4H), 3.21 (t, 2H), 3.29 

(d, 2H), 3.50-3.75 (br, 14H) 4.98 (m, 4H), 5.82 (m, 2H), 7.19 (m, 9H), 7.43 (d, 6H). 13C NMR 

(CDCl3): δ (ppm) 26.09, 30.83, 34.09, 37.86, 63.19, 70.15, 70.35, 70.44, 70.51, 70.56, 74.53, 

86.28, 113.92, 126.68, 127.51, 128.48, 138.97, 143.91. ESI/HRMS: [M+NH4] + calcd for 

NH4C39H52O5, 618.4153; found 618.4128. Anal. (CH) calcd for C39H52O5: C, 77.96; H, 8.72. 

Found C, 77.91; H, 8.82. 

2-(7-octenyl)-9-decenyl-1-tetra(ethylene glycol) monotrityl ether (2-2b).  

Column Chromatography: 25% ethyl acetate 75% hexane eluent yielding 4.0g (60% yield) 

of colorless oil. 1H NMR (CDCl3): δ (ppm) 1.21-1.52 (br, 21H), 1.98 (q, 4H), 3.21 (t, 2H), 3.29 

(d, 2H), 3.50-3.75 (br, 14H) 4.98 (m, 4H), 5.82 (m, 2H), 7.19 (m, 9H), 7.43 (d, 6H). 13C NMR 

(CDCl3): .δ (ppm) 26.52, 28.71, 28.92, 29.70, 31.08, 33.58, 37.86, 63.09, 70.13, 70.36, 70.43, 

70.50, 70.57, 74.54, 86.29, 113.90, 126.67, 127.52, 128.49, 138.98, 143.92. ESI/HRMS: [M] + 

calcd for C45H64O5, 684.48; found 684.4753. Anal. (CH) calcd for C45H64O5: C, 78.90; H, 9.42. 

Found C, 78.96; H, 9.48. 

2-(10-undecenyl)-12-tridecenyl-1-tetra(ethylene glycol) monotrityl ether (2-2c).  

Column Chromatography 15% ethyl acetate 85% hexane eluent afforded 1.01g (34% yield) 

of colorless oil. 1H NMR (CDCl3): δ (ppm) 1.21-1.52 (br, 33H ), 1.98 (q, 4H), 3.21 (t, 2H), 3.29 

(d, 2H), 3.50-3.75 (br, 14H) 4.98 (m, 4H), 5.82 (m, 2H), 7.19 (m, 9H), 7.43 (d, 6H). 13C NMR 

(CDCl3): δ (ppm) 27.03, 29.14, 29.35, 29.71, 29.82, 29.85, 30.28 31.52, 34.01, 38.29, 63.51, 
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70.57, 70.78, 70.86, 70.92, 70.99, 74.98, 86.71, 114.28, 127.08, 127.92, 128.90, 139.41, 144.32 

ESI/HRMS: [M+NH4]+ calcd for NH4C51H76O5, 786.6031; found 786.6037. Anal. (CH) calcd 

for C51H76O5: C, 79.64; H, 9.96. Found C, 79.46; H, 10.03. 

General Procedure for ADMET Polymerizations 

Monomers were dried under vacuum at 80 °C for 48 hours prior to polymerization and 

transferred to a 50 ml round bottom flask equipped with a magnetic stir bar. Grubbs 1st 

generation catalyst (300:1 monomer catalyst ratio) was added and the flask placed under vacuum 

at 45 °C for 4 days. Polymerizations were quenched with ethyl vinyl ether (5 drops in degassed 

toluene), precipitated into acidic methanol to remove catalyst residue, and isolated as an adhesive 

gum. 

Polymerization of 2-(4-pentenyl)-6-heptenyl-1-tetra(ethylene glycol) monotrityl ether 
(TEGOTr9u, 2-3a).  

1H NMR (CDCl3): δ (ppm) 1.21-1.52 (br, 9H ), 1.98 (q, 4H), 3.21 (t, 2H), 3.29 (d, 2H), 

3.50-3.75 (br, 14H), 5.35 (br, 2H), 7.19-7.36 (m, 9H), 7.43 (d, 6H). 13C NMR (CDCl3): δ (ppm) 

26.09, 30.83, 34.09, 37.86, 63.86, 70.72, 71.01, 71.13, 71.27, 71.33, 75.15, 86.67, 127.14, 

128.15, 129.15, 130.06 (cis olefin), 130.79 (trans olefin), 144.68.   IR (ν cm-1) 2924, 2852, 

1488, 1462, 1447, 1106, 1032, 1010, 966, 745, 760, 705. GPC (THF vs. polystyrene standards): 

Mw = 9100 g/mol; PDI (Mw/Mn) = 1.89 

Polymerization of 2-(7-octenyl)-9-decenyl-1-tetra(ethylene glycol) monotrityl ether 
(TEGOTr15u, 2-3b).  

1H NMR (CDCl3): δ (ppm) 1.21-1.52 (br, 21H ), 1.98 (q, 4H), 3.21 (t, 2H), 3.29 (d, 2H), 

3.50-3.75 (br, 14H), 5.35 (br, 2H), 7.19-7.36 (m, 9H), 7.43 (d, 6H). 13C NMR (CDCl3): δ (ppm) 

27.40, 27.84, 29.87, 29.95, 30.32, 30.40, 30.58, 31.96, 33.25, 38.71, 63.91, 70.93, 71.16, 71.23, 

71.30, 71.37, 75.32, 87.09, 127.48, 128.32, 129.29, 130.15 (cis olefin), 130.90 (trans olefin), 
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144.71.  IR (ν cm-1) 2923, 2853, 1489, 1463, 1448, 1108, 1033, 1011, 967, 746, 761, 706. GPC 

data (THF vs. polystyrene standards): Mw = 47300 g/mol; P.D.I. (Mw/Mn) = 1.85 

Polymerization of 2-(10-undecenyl)-12-tridecenyl-1-tetra(ethylene glycol) monotrityl ether 
(TEGOTr21u, 2-3c).  

1H NMR (CDCl3): δ (ppm) 1.21-1.52 (br, 33H ), 1.98 (q, 4H), 3.21 (t, 2H), 3.29 (d, 2H), 

3.50-3.75 (br, 14H), 5.35 (br, 2H), 7.19 (m, 9H), 7.43 (d, 6H). 13C NMR (CDCl3): δ (ppm) 27.08, 

29.49, 29.80, 29.93, 30.33, 31.62, 32.87, 38.39, 63.56, 70.58, 70.81, 70.88, 70.95, 71.02, 75.08, 

86.76, 127.10, 127.95, 128.95, 130.09 (cis olefin), 130.54 (trans olefin), 144.37 IR (ν cm-1) 

2923, 2853, 1489, 1463, 1448, 1108, 1033, 1011, 967, 746, 761, 706. GPC data (THF vs. 

polystyrene standards): Mw = 49900 g/mol; P.D.I. (Mw/Mn) = 1.71 

General Procedure for Parr Bomb Hydrogenation of Unsaturated Polymers 

Unsaturated, trityl protected polymers were dissolved in toluene and added to a glass lined 

Parr bomb. Wilkinson’s catalyst was added and the bomb charged with 700 psi of H2. The 

reaction was stirred for 3 days at room temperature. The resulting polymers were purified by 

precipitation into acidic methanol to remove catalyst residue and isolated as an adhesive gum.  

TEGOTr9 (2-4a).  

1H NMR (CDCl3): δ (ppm) 1.21-1.52 (br, 17H ), 1.98 3.21 (t, 2H), 3.29 (d, 2H), 3.50-3.75 

(br, 14H), 5.35 (br, 2H), 7.19-7.36 (m, 9H), 7.43 (d, 6H). 13C NMR (CDCl3): δ (ppm) 26.19, 

30.86, 34.14, 37.82, 63.76, 70.63, 71.05, 71.17, 71.23, 71.41, 75.21, 86.63, 127.16, 128.12, 

129.21, 144.68.   IR (ν cm-1) 2924, 2852, 1488, 1462, 1447, 1106, 1032, 1010, 745, 760, 705. 

GPC (THF vs. polystyrene standards): Mw = 9300 g/mol; PDI (Mw/Mn) = 1.63 
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TEGOTr15 (2-4b).  

1H NMR (CDCl3): δ (ppm) 1.21-1.52 (br, 29H ),  3.29 (t, 2H), 3.21 (d, 2H), 3.50-3.75 (br, 

14H), 7.19-7.36 (m, 9H), 7.43 (d, 6H). 13C NMR (CDCl3): δ (ppm) 27.12, 30.03, 30.42, 31.62, 

63.55, 70.57, 70.82, 70.90, 70.96, 71.03, 127.13, 127.97, 128.96, 144.38. IR (ν cm-1) 2923, 

2853, 1489, 1463, 1448, 1108, 1033, 1011, 746, 761, 706. GPC (THF vs. Polystyrene standards): 

Mw = 45100 PDI (Mw/Mn) = 1.99  

TEGOTr21 (2-4c).  

1H NMR (CDCl3): δ (ppm) 1.21-1.52 (br, 41H ), 3.21 (t, 2H), 3.29 (d, 2H), 3.50-3.75 (br, 

14H), 5.35 (br, 2H), 7.19-7.36 (m, 9H), 7.43 (d, 6H). 13C NMR (CDCl3): δ (ppm) 27.08, 29.98, 

30.37, 31.62, 38.38, 63.57, 70.58, 70.82, 70.89, 70.96, 71.02, 75.02, 86.76, 127.11, 127.95, 

128.95, 144.37 IR (ν cm-1) 2923, 2853, 1489, 1463, 1448, 1108, 1033, 1011, 967, 746, 761, 720, 

706. GPC data (THF vs. polystyrene standards): Mw = 51700 g/mol; P.D.I. (Mw/Mn) = 1.77 

General Procedure for the Removal of the Trityl Protecting Group 

The saturated, trityl protected polymers 4a-c were dissolved in THF, acidified with 

concentrated HCl, and refluxed for 5 hours. The resulting polymers were precipitated into 

hexane to remove triphenyl methane and dried under vacuum at 80 °C over night to afford an 

adhesive, elastic gum.  

TEGOH9 (2-5a).  

1H NMR (CDCl3): δ (ppm) 1.21-1.52 (br, 17H ),  3.29 (d, 2H), 3.50-3.75 (br, 16H). 13C 

NMR (d4-methanol): δ (ppm) 26.75, 29.57, 30.53, 31.31, 38.29, 61.08, 70.28, 70.47, 72.56, 

74.42. IR (ν cm-1) 3424, 2924, 2854, 1465, 1351, 1116, 886, 722. GPC (THF vs. polystyrene 

standards): Mw = 9500 g/mol; PDI (Mw/Mn) = 1.57 
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TEGOH15 (2-5b).  

1H NMR (CDCl3): δ (ppm) 1.21-1.52 (br, 29H ),  3.29 (d, 2H), 3.50-3.75 (br, 16H). 13C 

NMR (d8-THF): δ (ppm) 27.93, 30.76, 31.16, 32.52, 39.49, 62.29, 71.50, 71.62, 74.09, 75.03. IR 

(ν cm-1) 3423, 2923, 2853, 1464, 1350, 1115, 886, 721. GPC (THF vs. Polystyrene standards): 

Mw = 48700; PDI (Mw/Mn) = 2.13 

TEGOH21 (2-5c).  

1H NMR (CDCl3): δ (ppm) 1.21-1.52 (br, 41H ),  3.29 (d, 2H), 3.50-3.75 (br, 16H), 13C 

NMR (CDCl3): δ (ppm) 27.34, 29.95, 30.35, 31.55, 38.29, 62.00, 70.60, 70.87, 72.80, 75.04, IR 

(ν cm-1) 3422, 2923, 2852, 1463, 1351, 1114, 887, 720. GPC data (THF vs. polystyrene 

standards): Mw = 63200 g/mol; PDI (Mw/Mn) = 2.19 

Results and Discussion 

Synthesis and Structural Analysis 

Synthesis of these precise amphiphilic copolymers involves well known chemistry (Figure 

2-1).  Diene tosylates 2-1a-c (prepared as previously described19) were coupled with the PEG 

branch via Williamson etherification. Tetra ethylene glycol (TEG) was monoprotected with the 

bulky trityl (Tr) group before the Williamson etherification to avoid side reactions and enhance 

solubility in organic media. The structures of monomer 2-2a-c were confirmed by NMR (1H and 

13C), HRMS, and elemental analysis. Following polymerization the unsaturated, trityl protected 

polymer was fully hydrogenated using Wilkinson’s catalyst.  The protecting group remained 

untouched during this reaction and required subsequent acidification for removal. Polymer 

structures 2-3a-c and 2-4a-c were confirmed by NMR (1H and 13C) and FTIR. Molecular weight 

data (GPC versus polystyrene standards) is summarized in Table 2-1.  
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For simplicity of discussion, a systematic nomenclature is used for these ADMET 

amphiphilic copolymers and monomers. Monomers are named first by the number of methylene 

carbons between the terminal olefin and branch point followed by the identity of the pendant 

group, for example 6,6TEGOTr for structure 2-2b. Polymers are named first for the identity of 

the pendant group, followed by the frequency of its appearance along the backbone, e.g. 

TEGOH15 for structure 2-5b. Unsaturated polymers are denoted with the suffix “u.” Figure 2-2 

shows the 1H NMR spectrum of 6,6TEGOTr (arbitrarily chosen as an example) with peaks 

assigned: trityl protecting group  (7.2-7.6 ppm), terminal olefin (5.8 and 4.9 ppm), glycol protons 

(3.5-3.8 ppm), branch point methylene unit (3.3 ppm), methylene unit adjacent to the protecting 

group oxygen (3.2 ppm), allylic protons (2.1 ppm), and internal methylene protons  (1.2-1.6 

ppm). 

 
The progression from monomer (6,6TEGOTr) to fully saturated, deprotected polymer 

(TEGOH15) by 1H NMR is shown in Figure 2-3. After polymerization with first generation 

Grubbs catalyst the terminal olefin signals at 4.9 and 5.8 ppm in the monomer spectrum 

converge to one signal for internal olefin at 5.4 ppm in the spectrum of the unsaturated, protected 

polymer 2-3b. Following hydrogenation, this internal olefin peak completely disappears in the 

spectrum of the saturated but still protected polymer 2-4b. Deprotection with HCl results in the 

loss of trityl protecting group signal at 7.2-7.6 ppm as seen in the spectrum for the final polymer 

2-5b. The pristine structures of the fully saturated, deprotected polymers were confirmed by 13C 

NMR. The spectrum for polymer 2-5b is shown in Figure 2-4, only resonances predicted by the 

repeat unit are present confirming the absence of side reactions and structural defects. 
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Thermal Analysis 

Figure 2-5 shows the differential scanning calorimetry (DSC) cycle (first cooling scan 

from the melt, second heating scan) for the series of saturated, deprotected polymers.  TEGOH21 

is semi crystalline with a peak melting temperature of 29 °C. Decreasing the space between PEG 

grafts when moving from TEGOH21 to TEGOH15 results in a decrease in melting temperature 

from 29 °C to -3 °C, as well as a decrease in melting enthalpy. Both polymers exhibit glass 

transitions at the same temperature, -63 °C. The marked change in the melting behavior coupled 

with no change in the thermal response of the amorphous character implies that the crystallinity 

is solely a result of the PE backbone. This is punctuated by the thermal behavior of TEGOH9, 

where further decreasing the number of backbone carbons between grafts results in a completely 

amorphous material. The glass transition temperature for TEGOH9, -65 °C, is only slightly 

depressed from the other polymers in this series, again indicating similar amorphous character. It 

can be concluded when examining the whole series that for the case of TEGOH21 and 

TEGOH15 the backbone of the polymer is able to form crystallites while totally excluding the 

PEG grafts to the amorphous regions. In the case of TEGOH9, the close proximity of the PEG 

groups along the backbone is disrupting the ability of the backbone to order into crystallites. All 

three polymers therefore must contain amorphous regions with high polyether content, confirmed 

by the nearly identical glass transitions. Table 2-2 summarizes the presented thermal data. 

The melting profile of TEGOH15 is particularly interesting as it contains a second, lower 

temperature endothermic shoulder. Since this material shows only a single, sharp crystallization 

upon cooling this shoulder is surprising. Various annealing experiments were conducted to 

further understand this behavior (Figure 2-6). 

Annealing just below this shoulder induces a significant increase in its intensity without 

altering the higher temperature endotherm. Annealing just above the shoulder completely 
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suppresses this behavior while slightly affecting the higher temperature endotherm. Annealing 

first above, then below induces the same effect on the high temperature peak, but also the 

reappearance of the lower temperature peak. These annealing treatments should decrease this 

lower melting transition in all cases as the crystallites formed during cooling would provide the 

template for crystal growth. The low temperature peak must therefore be an artifact of smaller, 

less stable crystallites formed after the initial cooling scan.  

This behavior was investigated in more depth using temperature modulated DSC (MDSC). 

MDSC can provide a wealth of information on overlapping thermal transitions by separating 

reversible and irreversible processes.51 Based on the MDSC plot (Figure 2-7), crystallization is 

occurring simultaneously along with melting, beginning just above the glass transition 

temperature. PE segments that are locked in the amorphous regions upon cooling gain sufficient 

mobility to crystallize above Tg. As temperature increases this annealing process continues until 

finally a maximum melting temperature is reached and the crystallites formed on cooling melt 

with no simultaneous crystallization occurring. The low temperature peak is therefore a result of 

these smaller crystallites undergoing an annealing process during heating, the higher temperature 

peak due to the melting of crystallites formed during the cooling scan. Crystallization of the PEG 

grafts can be ruled out as this phenomenon is not witnessed in the other polymers of this series. 

Similar behavior is witnessed when annealing experiments are conducted on TEGOH21. 

Annealing at room temperature for several days TEGOH21 results in an increase in peak melting 

temperature, resulting in a melt that is incident with n-paraffin molecules with lengths similar to 

the static methylene sequence length between grafts (Figure 2-8). This result provides more 

compelling evidence that the crystallinity witnessed in these materials is wholly due to the PE 

backbone. 
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Although thermal analysis can provide excellent information on the dynamic 

crystallization behavior, it provides no information on the structure of the crystallites formed. 

The thermal data strongly suggests that the PEG graft exclusion model is correct. To be certain 

TEGOH21 was studied by x-ray diffraction. TEGOH21 was chosen over TEGOH15 because its 

melting temperature allows for measurements to be taken at room temperature. The diffraction 

pattern of TEGOH21 is shown in Figure 2-9.  

A single diffraction is seen at 2Θ= 21.6°, which lies in between the known diffraction 

patterns for orthorhombic paraffins27 and the (100)h reflection at 2Θ=20.5° for hexagonal 

polyethylene.52 This implies a contracted hexagonal unit cell tending towards the paraffinic 

orthorohombic unit cell, almost identical to the results obtained by Wunderlich et. al. for 

poly(octedecyl acrylate),27 also in agreement with Wegner’s26 assessment of precise alkyl 

branched polyethylenes prepared by ADMET where the methylene sequences between branches 

organize into a hexagonal sub lattice within a triclinic unit cell. By correlating the XRD and DSC 

results obtained for these ADMET amphiphiles it can be concluded that the PE backbone is 

indeed forming crystallites and excluding the glycol grafts to the amorphous regions.  

The terminus of the PEG graft seems to play an extremely important role in this unique 

behavior. Clustering of the PEG grafts, likely forming a pure polyether phase is evident by the 

broad hydrogen bonding peak in the IR spectrum for these polymers (Figure 2-10).  

Replacing the hydroxyl end group with the bulky trityl protecting group when going from 

TEGOH15 to TEGOTr15 disrupts all crystallinity and increases the glass transition temperature 

by 30 °C (Figure 2-11A). The results are similar when moving from TEGOH21 to TEGOTr21; 

in this case crystallization is not totally disrupted, but it is significantly hindered as noted by a 

decrease in melting temperature and enthalpy (Figure 2-11B). At this point it is unclear whether 
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the lack of hydrogen bonding, the shear steric bulk of the trityl group, or a combination of both 

are responsible for the difference in behavior between the TEGOH and TEGOTr series.  

Conclusions 

In summary, amphiphilic PE-g-PEG copolymer models with precisely defined structures 

can be synthesized via metathesis polycondensation chemistry; thermal data suggest that the PE 

backbones crystallize excluding the PEG graft, a result that is confirmed by x-ray diffraction. 

Thermal history has a significant effect on behavior of these materials. The identity of the graft 

end group clearly plays an important role in the morphology of such systems; the copolymer can 

be made semicrystalline or rendered completely amorphous simply by altering this group. The 

following chapter describes the effects of changing the size of the PEG graft and the manner in 

which it is connected to the backbone. Methoxy terminated PEG chains are examined to rule out 

hydrogen bonding or end group steric requirements as the cause of the behavior witnessed in this 

chapter. The effect of backbone saturation is also evaluated. 
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Figure 2-1: Polymer Synthesis. i: NaH, DMF, tetra ethylene glycol monotrityl ether; ii: Grubbs’ 
1st generation, 45°C, vacuum; iii: Wilkinson’s Catalyst, toluene, H2 700psi; iv: THF, 
HCl. 

 

 

 
 

Figure 2-2: 1H NMR spectrum of 6,6TEGOTr.  
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Figure 2-3: Progression of monomer (6,6TEGOTr) to polymer (TEGOH15) monitored by 1H 

NMR.  
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Figure 2-4: 13C spectrum of TEGOH15. 

 
 
Figure 2-5: DSC heating and cooling profiles for TEGOH family. 
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Figure 2-6: Annealing TEGOH15. 

 
Figure 2-7: MDSC of TEGOH15 
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Figure 2-8: Annealing TEGOH21 

 
Figure 2-9: X-ray diffraction pattern for TEGOH21. 
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Figure 2-10: IR spectrum of TEGOH15 and TEGOTr15 (arbitrarily chosen as examples) 
showing clear hydrogen bonding stretch at ~3500 cm-1 in 2-5b but absent in 2-4b. 

 

A  B 

Figure 2-11: DSC comparisons for protected and deprotected polymers. A) TEGOTr15 and 
TEGOH15. B) TEGOTr21 and TEGOH21.  
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Table 2-1: Molecular weight data for polymers described in chapter 2. 
Polymer Mn

a (kg/mol) Mw
a (kg/mol) PDIb 

TEGOTr9u 4.8 9.1 1.89 
TEGOTr15u 25.6 47.3 1.85 
TEGOTr21u 29.2 49.9 1.71 
TEGOTr9 5.7 9.3 1.63 
TEGOTr15 22.7 45.1 1.99 
TEGOTr21 29.2 51.7 1.77 
TEGOH9 6.1 9.5 1.57 
TEGOH15 22.9 48.7 2.13 
TEGOH21 28.8 63.2 2.19 
a GPC vs. polystyrene standards; b Mw/Mn 

 
 
 
Table 2-2: DSC data for polymers described in chapter 2. 
Polymer Tg (°C)) ΔCp (J/g·°C) Tm (°C) ΔHm (J/g) Tc (°C) ΔHc (J/g) 
TEGOH9 -65 .73 n/a n/a n/a n/a 
TEGOH15 -63 .28 -3 19 -34 21 
TEGOH21 -63 .26 29 36 20 36 
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CHAPTER 3 
PROBING THE EFFECTS OF PENDANT BRANCH LENGTH, DISTRIBUTION, AND 

CONNECTIVITY IN ADMET AMPHIPHILES 

Introduction 

The manipulation of morphology via synthetic control over microstructure spearheads 

research in polymer chemistry. The design of novel materials for advanced applications and the 

study of commodity materials to improve commercial products both require an understanding of 

the relationship between structure and material behavior. Acyclic diene metathesis (ADMET) 

has been utilized extensively for the modeling of polymeric systems,9-11 where linear, defect-free 

polymers produced by this method serve as pristine models of commercial materials or as novel 

materials for advanced applications.13, 14, 31, 49, 53, 54 Research in this area has shown that imparting 

these materials with such structural regularity results in behavior unique to this class of 

polymers.9, 12, 13, 31, 53  

A recent area of effort in our laboratory has been the synthesis of polyethylene with precise 

placement of hydrophilic branches. Although these polymers resemble traditional amphiphilic 

graft copolymers, there are a number of notable differences. First, ADMET amphiphiles possess 

a perfectly uniform distribution of hydrophilic grafts (polyethylene glycol, PEG) along a 

hydrophobic (polyethylene, PE) backbone, architecture which is typically inaccessible for PE-g-

PEG systems.39, 42, 55  The distance between branches (14 and 20 backbone carbons apart in this 

study) is tunable synthetically by altering the size and symmetry of the diene monomer. Second, 

the length of the graft is precisely defined,  thereby differing from traditional amphiphilic graft 

copolymers.39, 42, 55, 56 Precise placement of hydrophilic branches on the hydrophobic backbone 

induces a phase separated morphology that may be desirable in advanced applications. 

Our recent synthesis of hydroxyl terminated tetra ethylene glycol grafted PE was the first 

to demonstrate such morphological control.15 In that study we concluded that the polyethylene 
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backbone crystallized by excluding the PEG branch based on thermal and structural 

investigations.15 We believe for this to occur, the PEG branch must be inducing a fold in the PE 

backbone, thereby allowing for the clustering of the branches and allowing the backbone to form 

small, isolated paraffin like crystallites (Figure 3-1).   While the domain sizes that would result 

from this model are quite small in comparison to other amphiphilic PE-co-PEG block and graft 

copolymer systemes,33, 38, 39, 42, 55, 57 this behavior is well documented for alternating block 

oligomers44, 45, 58 of PEG and PE having blocks of similar size to the branch to branch distance 

and PEG graft lengths of our polymers. 

This chapter describes a family of polymers designed to test this model. First, the size of 

PEG branch is altered. If the crystallinity is solely a result of the backbone then the 

crystallization and melting behavior should be independent of branch length, which is indeed the 

case. Second, if the folds in the chain are occurring at the site of the PEG branch then the manner 

in which the branch is connected to the backbone should alter the behavior as well. In this report 

we present polymers in which the first atom of the branch is either a carbon (methylene group) or 

an oxygen atom. This alters both the sterics and electronics at this point in the chain thereby 

altering the ability of the chain to fold, a result confirmed by thermal investigations. Finally, 

altering the architecture of the backbone should effect changes in the behavior according to this 

model. We examine this in two ways: by changing the static methylene sequence length between 

branches and by investigating the effect a site of unsaturation (seen as a defect) has on the 

crystallization and melting behavior. Both parameters prove significant in influencing the 

behavior of the polymers presented.   

The pristine nature of the monomer structures (shown in scheme 1) are confirmed by NMR 

(1H and 13C), high resolution mass spectrometry, and elemental analysis. Corresponding 
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unsaturated and fully saturated polymer structures are confirmed by NMR (1H and 13C), and 

FTIR. The thermal behavior is thoroughly investigated by differential scanning calorimetry 

(DSC) and temperature modulated DSC (MDSC). The thermal stability of the materials is also 

assessed using thermogravimetric analysis (TGA).  

The thermal analysis results indicate that the architecture of the PE backbone as well as the 

manner in which the PEG branch is connect to the backbone play an important role in the 

crystallization and melting behavior of these materials. The size of the PEG branch, however, 

does not affect this behavior. This provides compelling evidence that our model for the chains 

folding about the defects, as presented in Figure 3-1, is correct.  

Experimental Section 

Instrumentation  

 
All 1H NMR (300 MHz) and 13C NMR (75 MHz) spectra were recorded on a Varian 

Associates Mercury 300 spectrometer. Chemical shifts for 1H and 13C NMR were referenced to 

residual signals from CDCl3 (1H: δ= 7.27 ppm and 13C: δ = 77.23 ppm) with 0.03% v/v TMS as 

an internal reference. Thin layer chromatography (TLC) was performed on EMD silica gel 

coated (250 μm thickness) glass plates.  Developed TLC plates were stained with iodine 

adsorbed on silica to produce a visible signature.  Reaction conversions and relative purity of 

crude products were monitored by TLC and 1H NMR.  Fourier transform infrared (FT-IR) 

measurements were conducted with a Bruker Vector 22 Infrared Spectrophotometer using 

polymer films cast from chloroform onto KBr plates. High resolution mass spectrometry 

analyses were performed on a Bruker APEX II 4.7 T Fourier Transform Ion Cyclotron 

Resonance mass spectrometer (Bruker Daltonics, Billerica, MA) using electrospray ionization 

(ESI). Elemental analysis was carried out at Atlantic Microlab Inc. (Norcross, GA). 
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Molecular weights and molecular weight distributions (Mw/Mn) were determined by gel 

permeation chromatography (GPC) using a Waters Associates GPCV2000 liquid 

chromatography system with an internal differential refractive index detector (DRI) and two 

Waters Styragel HR-5E columns (10 micron particle diameter, 7.8 mm ID, 300 mm length) at 40 

°C. The mobile phase was HPLC grade tetrahydrofuran at a flow rate of 1.0 mL/minute. 

Retention times were calibrated versus polystyrene standards (Polymer Laboratories; Amherst, 

MA).  

Differential scanning calorimetry (DSC) and temperature modulated differential scanning 

calorimetry (MDSC) were performed on a TA Instruments Q1000 equipped with a liquid 

nitrogen cooling accessory and calibrated using sapphire and high purity indium metal. All 

samples were prepared in hermetically sealed aluminum pans (4-7 mg/sample) and were 

referenced to an empty pan. Samples were run under s purge of helium gas. Scan rates of 

10ºC/min and 3ºC/min were used for DSC and MDSC, respectively. The MDSC modulation 

amplitude and period were 0.4º and 80 s, respectively. Melting temperatures were evaluated as 

the peak of the melting transition and glass transition temperatures as the mid-point of a step 

change in heat capacity. Annealing experiments were conducted as follows: samples were heated 

through the melt to erase thermal history, cooled at 10 °C per minute to -150 °C, heated at 10 °C 

per minute to the annealing temperature, held isothermally for 1 hour, cooled rapidly to -150 °C, 

and heated through the melt at 10 °C per minute. The reported data reflect this final heating scan. 

Thermogravimetric Analysis (TGA) was performed on a TA Instruments Q5000 IR using the 

dynamic high-resolution analysis mode and a two point Curie temperature calibration (alumel 

alloy and high purity nickel).   
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Materials. 

 
 Unless otherwise stated, all reagents were purchased from Aldrich and used without 

further purification. Grubbs’ 1st generation catalyst was a gift from Materia, Inc.  Diene alcohols 

3-1a,b and 3-2a,b and oligoethoxy-p-tosylates were synthesized according to the literature.13, 17, 59  

General Procedure for the Synthesis of Methoxy Terminated PEG Grafted Diene 
Monomers (3-3a-d, 3-4a-d) 

 Anhydrous DMF (40 mL) was cannula transferred into an oven dried, 3-neck round-

bottom flask equipped with a magnetic stirrer and gas inlet, and was charged with 2 equivalents 

of sodium hydride (60% dispersion in mineral oil). The slurry was cooled to 0°C and 1 

equivalent of 1 in 20 mL of anhydrous DMF was added via syringe.  When gas evolution 

(monitored by bubbler) ceased, 1.2 equivalents of 2 in 20 mL of anhydrous DMF were added via 

syringe. The reaction was stirred for 17 hours at 0 °C and quenched by pouring into 600 mL of 

water. The resulting mixture was extracted with diethyl ether and the combined organics washed 

with brine. Concentration afforded a yellow oil which was further purified by column 

chromatography.  

9-(tetra (ethylene glycol) monomethyl ether)-1,16-heptadecadiene (6,6TEGOMe2, 3-3a). 

Column Chromatography:40% ethyl acetate 60% hexane eluent yielding 1g (38% yield) of 

colorless oil. 1H NMR (CDCl3): δ (ppm) 1.21-1.52 (br, 20H), 2.01 (q, 4H), 3.21 (m, 1H), 3.35 (s, 

3H), 3.50-3.75 (br, 16H) 4.98 (m, 4H), 5.82 (m, 2H) 13C NMR (CDCl3): .δ (ppm) 25.55, 29.08, 

29.32, 28.89, 33.97, 34.16, 59.19, 68.23, 70.72, 70.84, 71.10, 72.16, 80.27, 114.35, 139.31. 

ESI/HRMS: [M+NH4] + calcd for NH4C26H50O5, 460.3937; found 460.4048. Anal. (CH) calcd 

for C26H50O5: C, 70.54; H, 11.38. Found C, 70.38; H, 11.57. 
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12-(tetra (ethylene glycol) monomethyl ether)-1,22-tricosadiene (9,9TEGOMe2, 3-3b). 

Column Chromatography:25% ethyl acetate 75% hexane eluent afforded .734g (30% 

yield) of colorless oil. 1H NMR (CDCl3): δ (ppm) 1.21-1.52 (br, 32H), 2.01 (q, 4H), 3.21 (m, 

1H), 3.35 (s, 3H), 3.50-3.75 (br, 16H) 4.98 (m, 4H), 5.82 (m, 2H). 13C NMR (CDCl3): δ (ppm) 

25.63, 29.16, 29.35, 29.71, 29.79, 29.86, 30.07, 34.02, 34.19, 59.23, 68.19, 70.75, 70.83, 70.85, 

71.11, 72.17, 80.35, 114.31, 139.42 ESI/HRMS: [M+NH4]+ calcd for NH4C32H62O5, 544.4936; 

found 544.4938. Anal. (CH) calcd for C32H62O5: C, 72.95; H, 11.86. Found C, 73.48; H, 12.12. 

9-(tri (ethylene glycol) monomethyl ether)-1,16-heptadecadiene (6,6TrEGOMe2, 3-3c).  

Column Chromatography: 40% ethyl acetate 60% hexane eluent yielding 1.2g (51% yield) 

of colorless oil. 1H NMR (CDCl3): δ (ppm) 1.21-1.52 (br, 20H), 2.01 (q, 4H), 3.21 (m, 1H), 3.35 

(s, 3H), 3.50-3.75 (br, 12H) 4.98 (m, 4H), 5.82 (m, 2H). 13C NMR (CDCl3): .δ (ppm) 25.52, 

29.05, 29.28, 28.84, 33.94, 34.12, 59.16, 68.18, 70.72, 70.79, 70.82, 71.06, 72.12, 80.24, 114.29, 

139.28. ESI/HRMS: [M+Na] + calcd for C24H46O4 Na, 416.3734; found 421.3288. Anal. (CH) 

calcd for C24H46O4: C, 72.31; H, 11.63. Found C, 72.72; H, 11.64. 

12-(tri (ethylene glycol) monomethyl ether)-1,22-tricosadiene (9,9TrEGOMe2 3-3d).  

Column Chromatography: 25% ethyl acetate 75% hexane eluent afforded 1.01g (34% 

yield) of colorless oil. 1H NMR (CDCl3): δ (ppm) 1.21-1.52 (br, 32H), 2.01 (q, 4H), 3.21 (m, 

1H), 3.35 (s, 3H), 3.50-3.75 (br, 12H) 4.98 (m, 4H), 5.82 (m, 2H). 13C NMR (CDCl3): δ (ppm) 

25.56, 29.10, 29.30, 29.65, 29.73, 29.80, 30.01, 33.96, 34.13, 59.16, 68.14, 70.71, 70.77, 70.83, 

71.06, 72.12, 80.27, 114.24, 139.32 ESI/HRMS: [M+ NH4]+ calcd for NH4C30H58O4, 500.4673; 

found 500.4676. Anal. (CH) calcd for C30H58O4: C, 74.63; H, 12.11. Found C, 74.83; H, 12.37. 
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2-(7-octenyl)-9-decenyl-1-tetra(ethylene glycol) monomethyl ether (6,6TEGOMe, 3-4a). 

Column Chromatography 40% ethyl acetate 60% hexane eluent yielding 1.03g (55% yield) 

of colorless oil. 1H NMR (CDCl3): δ (ppm) 1.21-1.52 (br, 21H), 1.98 (q, 4H), 3.21 (d, 2H), 3.35 

(s, 2H), 3.50-3.71 (br, 16H) 4.98 (m, 4H), 5.82 (m, 2H). 13C NMR (CDCl3): .δ (ppm) 26.90, 

29.09, 29.28, 30.07, 31.48, 33.95, 38.26, 59.17, 70.55, 70.68, 70.75, 70.79, 72.81, 74.90, 114.27, 

139.32. ESI/HRMS: [M+NH4]+ calcd for NH4C27H52O5474.4153; found 474.4220. Anal. (CH) 

calcd for C27H52O5: C, 71.01; H, 11.48. Found C, 71.12; H, 11.67. 

2-(10-undecenyl)-12-tridecenyl-1-tetra (ethylene glycol) monomethyl ether (9,9TEGOMe, 
3-4b).  

Column Chromatography: 25% ethyl acetate 75% hexane eluent afforded .560g (63% 

yield) of colorless oil. 1H NMR (CDCl3): δ (ppm) 1.21-1.52 (br, 33H), 2.01 (q, 4H), 3.29 (d, 2H), 

3.35 (s, 3H), 3.50-3.75 (br, 16H) 4.98 (m, 4H), 5.82 (m, 2H). 13C NMR (CDCl3): δ (ppm) 26.92, 

29.06, 29.27, 29.63, 29.73, 29.76, 30.20, 31.45, 33.94,38.22, 59.13, 70.50, 70.64, 70.71, 70.75, 

72.07, 74.88, 114.21, 139.29 ESI/HRMS: [M+NH4]+ calcd for NH4C33H64O5, 558.5092; found 

558.5088. Anal. (CH) calcd for C33H64O5: C, 73.28; H, 11.93. Found C, 73.14; H, 12.05. 

2-(7-octenyl)-9-decenyl-1-tri(ethylene glycol) monomethyl ether (6,6TrEGOMe, 3-4c).  

Column Chromatography: 25% ethyl acetate 75% hexane eluent yielding 1.02g (60% 

yield) of colorless oil. 1H NMR (CDCl3): δ (ppm) 1.21-1.52 (br, 21H), 1.98 (q, 4H), 3.29 (d, 2H), 

3.35 (s, 2H), 3.50-3.71 (br, 12H) 4.98 (m, 4H), 5.82 (m, 2H). 13C NMR (CDCl3): .δ (ppm) 27.31, 

29.49, 29.68, 30.47, 31.88, 34.35, 38.67, 59.52, 70.95, 71.09, 71.16, 71.20, 72.52, 75.29, 114.67, 

139.70. ESI/HRMS: [M+NH4]+ calcd for NH4C25H48O4 430.3891; found 430.3954. Anal. (CH) 

calcd for C25H48O4: C, 72.77; H, 12.72. Found C, 72.91; H, 12.88. 
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2-(10-undecenyl)-12-tridecenyl-1-tri (ethylene glycol) monomethyl ether (9,9TrEGOMe, 3-
4d).  

Column Chromatography: 25% ethyl acetate 75% hexane eluent afforded .1.01g (55% 

yield) of colorless oil. 1H NMR (CDCl3): δ (ppm) 1.21-1.52 (br, 33H), 2.01 (q, 4H), 3.29 (d, 2H), 

3.35 (s, 3H), 3.50-3.75 (br, 12H) 4.98 (m, 4H), 5.82 (m, 2H). 13C NMR (CDCl3): δ (ppm) 26.95, 

29.09, 29.30, 29.66, 29.76, 29.79, 30.23, 31.49, 33.96, 38.26, 59.16, 70.53, 70.69, 70.75, 70.79, 

70.83, 72.11, 74.91, 114.24, 139.33 ESI/HRMS: [M+NH4]+ calcd for NH4C31H60O5, 514.4830; 

found 514.4869. Anal. (CH) calcd for C31H60O5: C, 74.95; H, 12.17. Found C, 74.83; H, 12.33. 

General Procedure for ADMET Polymerizations 

Monomers were dried under vacuum at 80 °C for 48 hours prior to polymerization and 

subsequently transferred to a 50 mL round-bottom flask equipped with a magnetic stir bar. 

Grubbs 1st generation catalyst (300:1 monomer:catalyst ratio) was added and the flask was 

stirred under vacuum at 45 °C for 4 days. Polymerizations were quenched with ethyl vinyl ether 

(5 drops in degassed toluene), precipitated into cold, acidic methanol to remove catalyst residue, 

and isolated as an adhesive gum. 

Polymerization of 9-(tetra (ethylene glycol) monomethyl ether)-1,16-heptadecadiene 
(TEGOMe15u2, 3-5a).  

1H NMR (CDCl3): δ (ppm) 1.21-1.52 (br, 20H), 2.01 (q, 4H), 3.21 (m, 1H), 3.29 (s, 3H), 

3.50-3.75 (br, 16H), 5.35 (m, 2H). 13C NMR (CDCl3): .δ (ppm) 25.63, 27.44, 29.47, 29.90, 

29.97, 32.82, 34.23, 59.21, 68.20, 70.72, 70.82, 70.84, 71.94, 72.16, 80.35, 130.04 (cis olefin), 

130.50 (trans olefin). IR (ν cm-1) 2923, 2853, 1464, 1350, 1115, 967, 886, 721. GPC (THF vs. 

Polystyrene standards): Mw = 88700 ; PDI (Mw/Mn) = 1.75 
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Polymerization of 12-(tetra (ethylene glycol) monomethyl ether)-1,22-tricosadiene 
(TEGOMe21u2, 3-5b).  

1H NMR (CDCl3): δ (ppm) 1.21-1.52 (br, 32H), 2.01 (q, 4H), 3.21 (m, 1H), 3.29 (s, 3H), 

3.50-3.75 (br, 16H) 5.35 (m, 2H). 13C NMR (CDCl3): δ (ppm) 25.67, 27.36, 29.46, 29.58, 29.77, 

29.87, 29.92, 30.02, 30.12, 32.85, 34.22, 59.24, 68.19, 70.74, 70.83, 70.85, 71.11, 72.17, 80.38, 

130.05 (cis olefin), 130.54 (trans olefin). IR (ν cm-1) 2923, 2853, 1464, 1350, 1115, 967, 886, 

721. GPC (THF vs. Polystyrene standards): Mw = 114500 ; PDI (Mw/Mn) = 1.78 

Polymerization of 9-(tri (ethylene glycol) monomethyl ether)-1,16-heptadecadiene 
(TrEGOMe15u2, 3-5c). 

1H NMR (CDCl3): δ (ppm) 1.21-1.52 (br, 20H), 2.01 (q, 4H), 3.21 (m, 1H), 3.29 (s, 3H), 

3.50-3.75 (br, 12H), 5.35 (m, 2H). 13C NMR (CDCl3):.δ (ppm) 25.63, 27.44, 29.47, 29.90, 29.97, 

32.82, 34.23, 59.22, 68.21, 70.67, 70.82, 70.87, 71.11, 72.17, 80.34, 130.09 (cis olefin), 130.51 

(trans olefin). IR (ν cm-1) 2923, 2853, 1464, 1350, 1115, 967, 886, 721. GPC (THF vs. 

Polystyrene standards): Mw = 79500; PDI (Mw/Mn) = 1.85 

Polymerization of 12-(tri (ethylene glycol) monomethyl ether)-1,22-tricosadiene 
(TrEGOMe21u2, 3-5d).  

1H NMR (CDCl3): δ (ppm) 1.21-1.52 (br, 32H), 2.01 (q, 4H), 3.21 (m, 1H), 3.29 (s, 3H), 

3.50-3.75 (br, 12H) 5.35 (m, 2H). 13C NMR (CDCl3): δ (ppm) 25.67, 27.44, 29.44, 29.56, 29.76, 

29.86, 29.91, 30.01, 30.11, 32.84, 34.22, 59.22, 68.16, 70.77, 70.82, 70.87, 71.10, 72.17, 80.36, 

130.07 (cis olefin), 130.53 (trans olefin). IR (ν cm-1) 2923, 2853, 1464, 1350, 1115, 967, 886, 

721. GPC (THF vs. Polystyrene standards): Mw = 108700 ; PDI (Mw/Mn) = 1.69 
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Polymerization of 2-(7-octenyl)-9-decenyl-1-tetra(ethylene glycol) monomethyl ether 
(TEGOMe15u, 3-6a).  

1H NMR (CDCl3): δ (ppm) 1.21-1.52 (br, 21H), 1.98 (q, 4H), 3.21 (d, 2H), 3.35 (s, 2H), 

3.50-3.71 (br, 16H), 5.35 (m, 2H). 13C NMR (CDCl3): .δ (ppm) 26.60, 27.02, 29.06, 29.52, 

29.78, 31.16, 32.43, 37.92, 58.79, 70.15, 70.29, 70.36, 70.39, 71.72, 74.51, 129.89 (cis olefin), 

130.08 (trans olefin). IR (ν cm-1) 2923, 2853, 1464, 1350, 1115, 967, 886, 721. GPC (THF vs. 

Polystyrene standards): Mw = 100400 ; PDI (Mw/Mn) = 1.74 

Polymerization of 2-(10-undecenyl)-12-tridecenyl-1-tetra (ethylene glycol) monomethyl 
ether (TEGOMe21u, 3-6b).  

1H NMR (CDCl3): δ (ppm) 1.21-1.52 (br, 33H), 2.01 (q, 4H), 3.29 (d, 2H), 3.35 (s, 3H), 

3.50-3.75 (br, 16H), 5.35 (m, 2H). 13C NMR (CDCl3): δ (ppm) 27.03, 29.45, 29.76, 29.81, 29.90, 

30.00, 30.32, 31.54, 32.83, 38.30, 59.22, 70.55, 70.71, 70.76, 70.80, 72.12, 74.96, 130.05 (cis 

olefin), 130.52 (trans olefin). IR (ν cm-1) 2923, 2853, 1464, 1350, 1115, 967, 886, 721. GPC 

(THF vs. Polystyrene standards): Mw = 96200 ; PDI (Mw/Mn) = 1.76 

Polymerization of 2-(7-octenyl)-9-decenyl-1-tri(ethylene glycol) monomethyl ether 
(TrEGOMe15u, 3-6c).  

1H NMR (CDCl3): δ (ppm) 1.21-1.52 (br, 21H), 1.98 (q, 4H), 3.21 (d, 2H), 3.35 (s, 2H), 

3.50-3.71 (br, 12H), 5.35 (m, 2H). 13C NMR (CDCl3): .δ (ppm) 27.02, 27.09, 29.48, 29.94, 

30.20, 31.59, 32.85, 38.35, 59.22, 70.58, 70.74, 70.79, 70.85, 70.87, 71.16, 74.94, 130.06 (cis 

olefin), 130.51 (trans olefin). IR (ν cm-1) 2923, 2853, 1464, 1350, 1115, 967, 886, 721. GPC 

(THF vs. Polystyrene standards): Mw = 37200 ; PDI (Mw/Mn) = 1.74 

Polymerization of 2-(10-undecenyl)-12-tridecenyl-1-tri (ethylene glycol) monomethyl ether 
(TrEGOMe21u, 3-6d). 

1H NMR (CDCl3): δ (ppm) 1.21-1.52 (br, 33H), 2.01 (q, 4H), 3.29 (d, 2H), 3.35 (s, 3H), 

3.50-3.75 (br, 12H), 5.35 (m, 2H). 13C NMR (CDCl3): δ (ppm) 27.06, 27.51 29.46, 29.78, 29.83, 
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29.92, 30.34, 31.57, 32.85, 38.35, 59.24, 70.58, 70.75, 70.80, 70.84, 70.88, 72.16, 74.97, 130.08 

(cis olefin), 130.54 (trans olefin). IR (ν cm-1) 2923, 2853, 1464, 1350, 1115, 967, 886, 721. GPC 

(THF vs. Polystyrene standards): Mw = 57700 ; PDI (Mw/Mn) = 1.72 

General Procedure for the Hydrogenation of Unsaturated Polymers 

 Unsaturated polymers were dissolved in dry o-xylene.  p-toluenesulfonyl hydrazide (TSH) 

and tripropyl amine (TPA) were added with stirring (3 equivalents each). The resulting solution 

was refluxed for 3-4 hours while monitoring nitrogen evolution with a bubbler. When gas 

evolution ceased, the solution was cooled to room temperature, an additional 3 equivalents of 

TSH and TPA were added, and the solution was refluxed for another 3 hours. The solutions were 

then concentrated to one-half of the original volume and precipitated into cold, acidic methanol.  

The polymers were isolated as elastic, adhesive gums.   

TEGOMe152 (3-5a). 

1H NMR (CDCl3): δ (ppm) 1.21-1.52 (br, 28H), 3.21 (m, 1H), 3.29 (s, 3H), 3.50-3.75 (br, 

16H). 13C NMR (CDCl3): .δ (ppm) 25.67, 29.93, 30.12, 34.22, 59.21, 68.18, 70.72, 70.82, 71.09, 

72.16, 80.35. IR (ν cm-1) 2923, 2853, 1464, 1350, 1115, 886, 721. GPC (THF vs. Polystyrene 

standards): Mw = 92200 ; PDI (Mw/Mn) = 1.71 

TEGOMe212 (3-5b).  

1H NMR (CDCl3): δ (ppm) 1.21-1.52 (br, 40H), 2.01, 3.21 (m, 1H), 3.29 (s, 3H), 3.50-3.75 

(br, 16H). 13C NMR (CDCl3): δ (ppm) 25.68, 29.96, 30.12, 30.12, 34.22, 59.23, 68.19, 70.74, 

70.85, 71.11, 72.17, 80.38. IR (ν cm-1) 2923, 2853, 1464, 1350, 1115, 886, 721. GPC (THF vs. 

Polystyrene standards): Mw = 127500 ; PDI (Mw/Mn) = 1.44 
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TrEGOMe152 (3-7c). 

1H NMR (CDCl3): δ (ppm) 1.21-1.52 (br, 28H), 3.21 (m, 1H), 3.29 (s, 3H), 3.50-3.75 (br, 

12H). 13C NMR (CDCl3): .δ (ppm) 25.67, 29.93, 30.12, 34.23, 59.22, 68.19, 70.76, 70.82, 71.11, 

72.18, 80.37. IR (ν cm-1) 2923, 2853, 1464, 1350, 1115, 886, 721. GPC (THF vs. Polystyrene 

standards): Mw = 86700 ; PDI (Mw/Mn) = 1.85 

TrEGOMe212 (3-7d). 

 1H NMR (CDCl3): δ (ppm) 1.21-1.52 (br, 40H), 2.01, 3.21 (m, 1H), 3.29 (s, 3H), 3.50-

3.75 (br, 12H). 13C NMR (CDCl3): δ (ppm) 25.67, 29.96, 30.12, 30.12, 34.23, 59.24, 68.19, 

70.74, 70.83, 70.85,70.88, 71.11, 72.18, 80.38. IR (ν cm-1) 2923, 2853, 1464, 1350, 1115, 886, 

721. GPC (THF vs. Polystyrene standards): Mw = 117300; PDI (Mw/Mn) = 1.55 

TEGOMe15 (3-8a).  

1H NMR (CDCl3): δ (ppm) 1.21-1.52 (br, 29H), 3.21 (d, 2H), 3.35 (s, 2H), 3.50-3.71 (br, 

16H). 13C NMR (CDCl3): .δ (ppm) 27.08, 29.98, 30.37, 31.61, 38.37, 59.23, 70.59, 70.74, 70.81, 

70.84, 72.16, 74.98. IR (ν cm-1) 2923, 2853, 1464, 1350, 1115, 886, 721. GPC (THF vs. 

Polystyrene standards): Mw = 117400 ; PDI (Mw/Mn) = 1.50 

TEGOMe21 (3-8b).  

1H NMR (CDCl3): δ (ppm) 1.21-1.52 (br, 41H), 3.29 (d, 2H), 3.35 (s, 3H), 3.50-3.75 (br, 

16H). 13C NMR (CDCl3): δ (ppm) 27.08, 29.98, 30.37, 31.36, 38.37, 59.25, 70.61, 70.76, 70.83, 

70.86, 72.18, 75.03. IR (ν cm-1) 2923, 2853, 1464, 1350, 1115, 886, 721. GPC (THF vs. 

Polystyrene standards): Mw = 146500 ; PDI (Mw/Mn) = 1.25 

TrEGOMe15 (3-8c).  

1H NMR (CDCl3): δ (ppm) 1.21-1.52 (br, 29H), 3.21 (d, 2H), 3.35 (s, 2H), 3.50-3.71 (br, 

12H). 13C NMR (CDCl3): .δ (ppm) 27.06, 29.96, 30.35, 31.59, 38.35, 59.22, 70.58, 70.74, 70.81, 
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70.84, 72.16, 74.97. IR (ν cm-1) 2923, 2853, 1464, 1350, 1115, 886, 721. GPC (THF vs. 

Polystyrene standards): Mw = 42600 ; PDI (Mw/Mn) = 1.71 

TrEGOMe21 (3-8d). 

1H NMR (CDCl3): δ (ppm) 1.21-1.52 (br, 41H), 3.29 (d, 2H), 3.35 (s, 3H), 3.50-3.75 (br, 

12H). 13C NMR (CDCl3): δ (ppm) 27.05, 29.96, 30.35, 31.57, 38.34, 59.23, 70.58, 70.75, 70.81, 

70.85, 70.88, 72.17, 74.99. IR (ν cm-1) 2923, 2853, 1464, 1350, 1115, 886, 721. GPC (THF vs. 

Polystyrene standards): Mw = 117300 ; PDI (Mw/Mn) = 1.55  

Results and Discussion 

Synthesis and Structural Analysis 

Figure 3-2 describes the synthesis of the ADMET amphiphiles used in this study. 

Monomers 3-3a-d and 3-4a-d were prepared via Williamson etherification of primary and 

secondary diene alcohols 3-1a,b and 3-2a,b (synthsized as previously reported)13, 17 with 

oligoethoxy-p-tosylates.59 The use of the primary diene alcohol places a carbon atom directly off 

the backbone of the resulting polymer; throughout this report the monomers and polymers 

produced in this fashion will be described as “primary.” Using a secondary alcohol places an 

oxygen atom directly off the backbone, monomers and polymer produced in this fashion will be 

described as “secondary’ throughout this report. Monomer structures were confirmed by 1H and 

13C NMR, elemental analysis, and high resolution mass spectrometry. Polymerization with 

Grubbs’ 1st generation catalyst affords the unsaturated polymers 3-5a-d and 3-6a-d, which were 

quantitatively hydrogenated with p-toluenesulfonyl hydrazide. Polymer structures were 

confirmed by 1H and 13C NMR and FTIR. Molecular weights, (Table 3-1) were measured using 

gel permeation chromatography (THF vs. polystyrene standards).  
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To simplify the discussion, a systematic nomenclature was adopted for these polymers and 

monomers. Monomers are named with a prefix for the number of methylene carbons between the 

PEG branch and the olefin (n in Figure 3-2), followed by the identity of the branch (TEGOMe 

for tetra ethylene glycol (x = 4), methoxy terminated; TrEGOMe for tri ethylene glycol (x = 3), 

methoxy terminated). Polymers are named first for the identity of the branch, followed by a 

number indicating the frequency of the branch. Unsaturated polymers are denoted with the suffix 

“u.” Finally, monomers and polymers made from the secondary diene alcohols 3-1a-b are given 

the additional suffix “2.” For example, monomers 3-3a and 3-4a are 6,6TEGOMe2 and 

6,6TEGOMe, polymers 3-5a and 3-6a TEGOMe15u2 and TEGOMe15u, polymers 3-7a and 3-8a 

TEGOMe15 and TEGOMe152, respectively.  

The slight structural differences between the primary and secondary monomers are 

apparent in both the 1H and 13C NMR spectra. Figure 3-3 shows the 1H NMR spectra of 

monomers 3-3a and 3-4a, chosen arbitrarily as examples. The signal at 3.28 ppm in the bottom 

spectrum, corresponding to the methylene spacer, does not appear in the 3-3a spectrum.  Also, 

the resonance for the methine proton shifts from 1.54 ppm in the 3-4a spectrum to 3.22 ppm in 

the 3-3a spectrum. The olefin and glycol region proton signals remain mostly unchanged 

between the two monomers. The broad overlapping signal for the aliphatic protons emphasizes 

the limitation of 1H NMR in the structural analysis of ADMET monomers and the need for 

thorough 13C NMR analysis.  

Figure 3-4 shows the 13C NMR spectra for monomers 3-3a and 3-4a. As in the proton 

spectra, the 13C NMR spectra for the primary and secondary monomers show significant 

differences. The position of the methine carbon shifts from 38.26 ppm in the spectrum of 3-4a to 

80.27 in the spectrum of 3-3a. The resonance at 74.90 in the spectrum for 3-4a, absent in the 
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spectrum for 3-3a, corresponds to the methylene spacer carbon. The resonance at 68.22 in the 

spectrum for 3-3a but absent in the spectrum of 3-4a corresponds to the first methylene carbon in 

the glycol branch. The symmetric nature of the glycol branches results in the overlapping of the 

remaining glycol carbon signals in both monomers (70.50-70.75 ppm), except for the methyl 

endgroup carbon (59.16 ppm in both spectra) and the glycol carbon closest to the branch 

terminus (72.15 ppm in both spectra, unlabeled in Figure 3-3).  

Expansion of the aliphatic region (Figure 3-5) again reveals the effect of the slight 

structural variation of the methylene spacer. Monomer 3-3a shows a strong downfield shift for 

the methylene carbons adjacent to the central methine carbon when compared to 3-4a. There is 

also an upfield shift for the next adjacent carbons in the spectrum for 3-3a compared to 3-4a, due 

again to a difference in the magnetic environments of the two monomers’ methine carbons. 

However, past this the resonances are consistent for the remaining aliphatic carbons and the 

allylic carbons.  

The progression from monomer 3-4a to fully saturated polymer 3-8a (chosen as an 

example), monitored by 1H and 13C NMR, is shown in Figure 3-6. Polymerization to 3-6a results 

in the convergence of terminal olefin signals in the monomer spectra (4.89, 5.74 ppm in the 1H 

spectrum, 114.26 and 139.31 ppm in the 13C spectrum) to a single internal olefin peak for the 

unsaturated polymer (5.38 ppm in the 1H spectrum, 130.08 ppm in the 13C spectrum). Saturation 

to form 3-8a results in the complete disappearance of any olefin signal in the spectra of the final 

polymer. Coalescence of several individual backbone carbon peaks into a single peak, due to the 

symmetric nature of the repeat unit, highlights the ability of ADMET chemistry to create pristine 

polymer microstructures. The appearance of only the resonances predicted by the repeating unit 

confirms the absence of side reactions or structural irregularities.  
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Typically, the quantitative hydrogenation of ADMET polymers is confirmed using FTIR 

by the absence of the out-of-plane C-H wagging vibrational mode at 967 cm-1. This also occurs 

with this family of polymers.  However, a combination of NMR and IR is needed, because the 

signal at 967 cm-1 is complicated by overlapping polyether stretches, which prevent baseline 

resolution (Figure 3-7). However, the IR spectra serve to verify the absence of moisture in the 

polymer films (no hydrogen bonding seen).  This result helps confirm the interpretation of the 

DSC data (discussed in the subsequent section), which indicate that the thermal behavior is due 

to the bulk morphology of the polymer and is not a result of moisture content in the polyether 

phase.   

Thermal Analysis 

Previous ADMET studies have shown that both melting temperature and melting enthalpy 

decrease as the size of the pendant moieties increases.10 Interestingly, this trend is not observed 

in the series of polymers described here. The tri ethylene glycol and tetra ethylene glycol grafts 

show nearly identical peak melting temperatures and enthalpies when the branch distribution is 

held constant (3-8a,c; 3-7a,c; 3-6b,d; 3-8b,d; 3-7b,d). This is compelling evidence that the model 

presented above is correct, as the length of the graft doesn’t alter the behavior of the crystallizing 

backbone. Noticeable differences in glass transition between the tri ethylene glycol and tetra 

ethylene glycol grafts support this model.  Referring to Figure 3-8, which shows DSC plots for 

polymers with tri ethylene glycol and tetra ethylene glycol grafts, in all cases the longer graft 

results in a higher amorphous content and a more distinct glass transition.  

There are also remarkable differences in the thermograms for the saturated and unsaturated 

polymers. Comparing the melting temperatures in Table 3-2 for the unsaturated polymers to the 

values for the saturated analogues (3-6b and 3-8b, 3-5b and 3-7b, 3-6d and 3-8d, 3-5d and 3-7d), 

differences of more than 30 ºC are observed, but the Tg’s remain essentially unchanged, an 
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indication that only the crystalline region (i.e., the PE backbone) is affected by the degree of 

unsaturation and not the amorphous part. This once again supports our crystallization model: the 

internal olefin acts a defect witch interrupts the all trans configuration of the methylene 

sequences between branches, thus impeding crystallization. 

The differences between in thermal response depending on the nature of the attachment of 

the PEG branch (primary or secondary), and especially for the unsaturated polymers, further 

support our model. The unsaturated primary polymers (Figure 3-8B) display rather complex 

thermograms with multimodal melting profiles, while the secondary analogues (Figure 3-8A) 

display a single melting peak characteristic of most ADMET polymers. The corresponding 

saturated polymers show a difference between primary and secondary branch attachment, albeit 

less significant. A decrease in melting enthalpy and a broadening of the endotherm is witnessed 

for the secondary polymers, indicating a less perfectly formed crystal. This is definitive evidence 

that the point of branching is affecting the folding of the chains and therefore the crystallization 

and melting behavior.  

The interesting melting behavior for TEGOMe21u (3-6b) and TrEGOMe21u (3-6d) were 

further investigated using MDSC and selective annealing experiments. MDSC provide increased 

sensitivity over conventional DSC, as well as the separation of kinetic and thermodynamic 

components of the total heat flow. This allows for the resolution of weak or overlapping 

transions.51, 60-62 MDSC data (Figure 3-9A), confirmed the existence of two separate melting 

endotherms in these unsaturatued polymers. During the dual annealing experiment we discovered 

that the polymers could be conditioned thermally to prefer either of these two different 

crystalline forms. The DSC thermograms obtained after annealing temperatures at -37ºC (just 

below the higher temperature endotherm but above the lower temperature endotherm), at -57ºC 
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(just below the lower melting endotherm), and at -37ºC followed by -57ºC are shown in Figure 

3-10B, (refer to Figure 3-8B for the unannealed curve).  

Annealing at -37ºC results in a marked increase in the melting enthalpy for the higher 

temperature transition compared to the unannealed polymer. The lower temperature peak 

remains unaffected during this treatment. If the bimodal melt were the result of a melting and 

recrystallization mechanism, the lower temperature endotherm would be suppressed by this 

treatment, as crystallization would occur at temperatures above the melting point of these 

crystallites. This is not the case. Similarly, annealing at -57ºC results in an increase in the 

melting enthalpy of the lower temperature transition compared to the unannealed polymer, while 

leaving the higher temperature transition unaffected. Annealing at both temperatures, first -37ºC 

followed -57ºC produces two very sharp, distinct melting transitions. Further, the MDSC 

experiment shows no crystallization occurring simultaneously along with melting, noted by the 

absence of any exothermic transitions in any of the three heat flow signals. This confirms that the 

bimodal melt must be due to different crystallite populations and not to a melting and concurrent 

crystallization process. This again supports our current model of small, isolated crystallites. 

The thermograms for the polymers with 15 carbons between the PEG grafts are shown in 

Figure 3-10.  When comparing the unsaturated polymers in Figure 3-10 to the unsaturated 

polymers in Figure 3-8 (20 carbons between branch points), it becomes clear that the site of 

unsaturation in the 15 family disrupts crystallization, resulting in completely amorphous 

materials. The difference in the nature of the branch attachment (primary versus secondary) is 

also witnessed in the 15 family, but the trend is opposite to that of the 21 family.  The secondary 

polymers (Figure 3-10A) exhibit a sharper, more defined melt with a greater melting enthalpy 

compared to the primary polymers (Figure 3-10B). The peak melting temperature however, is 
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slightly depressed from the primary polymer, implying a thinner crystal. The reason for the 

opposite trend for the 15 and 21 series is not clear at this point; however it is again evident that 

the nature of the attachment of the PEG plays a crucial role in the crystallization of the backbone.  

Despite the differences in the crystallinity, the behavior of the amorphous content for each 

material is nearly identical for these polymers, the only exception being the tri ethylene glycol 

grafted polymers, which exhibit a smaller ΔCp than the tetra ethylene glycol grafted polymers. 

This is a clear indication that the amorphous regions across this entire family of polymers, which 

remain unaffected with significant changes in the structure of the backbone and the observed 

crystallinity, are primarily polyether.  The DSC data for all of the polymers discussed is 

summarized in Table 3-2 below.  

The thermal stabilities are similar for all of the saturated polymers in this family.  All are 

stable up to 380 °C, above which a single-stage, rapid decomposition is observed (Figure 3-11).  

Conclusions 

This chapter described the synthesis of a family of PEG grafted polyethylene amphiphilic 

copolymers using ADMET chemistry. The graft length and graft distribution have been perfectly 

controlled during the synthesis of the monomers. By altering several structural parameters we 

have shown that the PEG branches are inducing folds in the backbone, resulting in small paraffin 

like crystallites composed of the methylene sequences between branches. The site of 

unsaturation in the backbone of the polymer plays an important role in the ability of the polymer 

to crystallize. Likewise, the manner in which the PEG branch is connected to the backbone 

changes the sterics and electronics as this fold point and alters the observed crystallinity. The 

size of the PEG branch, however, does not affect this behavior significantly. These slight 

variations in structure ultimately provide tunability over the properties of the final materials; the 
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melting point of the resulting materials can be controlled over a range of 60 °C, or rendered fully 

amorphous. Experiments involving PEG branches with different end groups, designed to induce 

interactions of the branches within the amorphous phase of the polymer, are described in chapter 

4.  
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Figure 3-1: Model for chain folding and crystallization in ADMET amphiphiles.  
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Figure 3-2: ADMET amphiphile synthesis. i: NaH, DMF, TsO(CH2CH2O)xCH3; ii: Grubbs’ 1st 

generation catalyst, 45 °C, vacuum; iii: TSH, TPA, o-xylenes 140 °C.  
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Figure 3-3: 1H NMR spectra of monomers 3-3a and 3-4a. 
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Figure 3-4: 13C NMR for monomers 3-3a and 3-4a. 
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Figure 3-5: Assignment of aliphatic resonances in the 13C NMR spectra of monomers 3-3a and 3-

4a. 
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Figure 3-6: Progression from monomer 4a to polymer 8a monitored by 1H and 13C NMR. 

 

 
Figure 3-7: FTIR of TEGOMe21 and TEGOMe21u 
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Figure 3-8: DSC comparison of secondary A) and primary B) polymers with PEG grafts every 

21st backbone carbon. 
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Figure 3-9: MDSC for TEGOMe21u A) and DSC annealing experiments for TEGOMe21u and 

TrEGOMe21u B).  
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Figure 3-10: DSC comparison of secondary A ) and primary B) polymers with PEG grafts every 

15th backbone carbon. 
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Figure 3-11: Thermo gravimetric analysis of saturated polymers (arbitrary vertical offsets for 

clarity) 
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Table 3-1: Molecular weight data for polymers described in chapter 3 

Polymer Mn
a (kg/mol) Mw

a (kg/mol) PDIb 
TEGOMe15u (3-6a) 62.7 100.4 1.60 
TrEGOMe15u (3-6c) 21.4 37.2 1.74 
TEGOMe15u2 (3-5a) 50.7 88.7 1.75 
TrEGOMe15u2 (3-5c) 42.9 79.5 1.85 
TEGOMe15 (3-8a) 78.1 117.4 1.5 
TrEGOMe15 (3-8c) 24.9 42.6 1.71 
TEGOMe152 (3-7a) 53.9 92.2 1.71 
TrEGOMe152 (3-7c) 46.8 86.7 1.85 
TEGOMe21u (3-6b) 54.8 96.2 1.76 
TrEGOMe21u (3-6d) 33.5 57.7 1.72 
TEGOMe21u2 (3-5b) 64.1 114.5 1.78 
TrEGOMe21u2 (3-5d) 64.1 108.7 1.69 
TEGOMe21 (3-8b) 117.2 146.5 1.25 
TrEGOMe21 (3-8d) 41.1 70.3 1.71 
TEGOMe212 (3-7b) 87.9 127.5 1.44 
TrEGOMe212 (3-7d) 75.6 117.3 1.55 
a GPC vs. polystyrene standards; b Mw/Mn 

 
 
Table 3-2: DSC data for polymers described in chapter 3 
Polymer  Tg (°C) ΔCp (J/g·°C) Tm (°C) ΔHm (J/g) Tc (°C) ΔHc (J/g)  
TEGOMe15u (3-6a) -80 1.0 n/a n/a n/a n/a 
TrEGOMe15u (3-6c) -81 1.0 n/a n/a n/a n/a 
TEGOMe15u2 (3-5a) -81 1.0 n/a n/a n/a n/a 
TrEGOMe15u2 (3-5c) -81 0.9 n/a n/a n/a n/a 
TEGOMe15 (3-8a) -76 0.5 -9 21 -36 27 
TrEGOMe15 (3-8c) -70 0.2 -6 24 -36 32 
TEGOMe152 (3-7a) -76 0.4 -19 31 -28 31 
TrEGOMe152 (3-7c) -74 0.3 -18 40 -29 38 
TEGOMe21u (3-6b) -76 0.3 -38 18 -46 17 
TrEGOMe21u (3-6d) -76 0.3 -41 22 -49 23 
TEGOMe21u2 (3-5b) -76 0.4 -21 21 -37 22 
TrEGOMe21u2 (3-5d) -70 0.3 -20 20 -36 22 
TEGOMe21 (3-8b) -74 0.4 15 44 7 43 
TrEGOMe21 (3-8d) -74 0.2 14 45 8 45 
TEGOMe212 (3-7b) -71 0.3 12 45 -1 45 
TrEGOMe212 (3-7d) -65 0.2 13 50 -1 50 
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CHAPTER 4 
INDUCING PENDANT BRANCH SELF ASSEMBLY IN ADMET AMPHIPHILES 

Introduction 

It is well understood that highly regular macromolecular structures result in predictable and 

controllable behavior. This is especially true with amphiphilic copolymers, for which minor 

alterations in structure can induce a broad range of responses in the bulk and in solution.63-67 The 

amount of research on the synthesis and self assembly of amphiphilic block copolymers alone is 

remarkable.35, 37, 41, 46, 67-69 Living radical,37, 70 cationic,36, 41 anionic,71 and even metathesis72 

polymerizations have been extensively utilized in creating well defined structures that can self 

assemble to form interesting and useful morphologies.  

The use of acyclic diene metathesis (ADMET) to create highly regular, precisely defined 

structures is also well known.9-11 These materials, while often structurally related to copolymers 

made via chain copolymerization of ethylene and vinyl comonomers, possess properties that set 

them apart as a completely separate class of materials.9, 12-14, 16-19, 28, 31, 53 These properties are 

highly tunable with minor structural alterations, imparted during the synthesis of the symmetrical 

terminal diolefin monomer. Two parameters are generally altered: the identity of the pendant 

functional moiety and the static methylene sequence length between this functional group and 

the terminal olefin. When the pendant moiety is a methyl group, systematically changing the 

methylene sequence length from branches every 7th carbon to branches every 21st carbon results 

in a control of melting point over a range of 200 °C.19, 24 Likewise, alteration of the pendant 

group size and polarity allow tunability of the properties when the methylene sequence length is 

held constant. In all ADMET copolymers observed previously, an increase in defect size results 

in a systematic decrease in melting temperature.13, 14, 18  



 

101 

The previous chapters described the use of ADMET to synthesize a family of amphiphilic 

graft copolymers with polyethylene (PE) backbones and hydrophilic polyethylene glycol (PEG) 

branches. By combining the structural regularity available with ADMET and the ability of 

amphiphiles to phase separate and self assemble we have created semicrystalline materials in 

which the PE backbone crystallizes, forming pure hydrocarbon crystallites excluding the 

polyether branches.15 This chapter describes the expansion of this area of research by altering the 

pendant PEG chain end group to create copolymers with PE backbones and AB amphiphilic 

grafts. Two of the polymers reported have the A-g-(B-b-A) motif, where an oligoethylene chain 

is affixed to the end of the PEG branch directly attached to the PE backbone. The third has a 

pyrene group attached to the end of the PEG chain. Labeling in the fashion allows the 

aggregation of these graft end groups to be examined using fluorescence measurements. To 

assess the influence of these pendant groups on the PE backbone accurately, the distance 

between pendant groups was kept constant in this chapter. A 21-carbon distance between 

pendant branches was chosen to ensure the crystallization of the backbone because previous 

ADMET polymers with this functional group distribution have always been semicrystalline.9-11  

All monomer and precursor structures were confirmed by 1H and 13C NMR, elemental 

analysis and high resolution mass spectrometry. The structures of the corresponding polymers 

were confirmed by 1H and 13C NMR, and FTIR. Differential Scanning Calorimetry (DSC) and 

temperature modulated DSC (MDSC) were used to study the behavior of these materials in the 

bulk. The observed thermal behavior indicates that the three materials have very different 

morphologies. Affixing the PEG branch with a pyrene end group results in the complete 

exclusion of the pendant moiety from the crystal, simultaneously inducing their aggregation. 

Changing the end group to an n-hexyl chain results in crystallization of the pendant branch 
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separately from the PE backbone. Extending this olgioethylene chain from n-hexyl to n-

tetradecyl allows the pendant moiety to extend back into the polymer crystal, thereby increasing 

the melting point compared to the polymer with the 6-carbon terminus. The inclusion of the 

tetradecyl group into the crystal and resultant increase in melting point compared to the other 

materials presented here is significant because it breaks the usual trend for ADMET polymers, 

which show a decrease in melting point and melting enthalpy with increasing pendant group size. 

Experimental Section 

Instrumentation  

All 1H NMR (300 MHz) and 13C NMR (75 MHz) spectra were recorded on a Varian 

Associates Mercury 300 spectrometer. Chemical shifts for 1H and 13C NMR were referenced to 

residual signals from CDCl3 (1H: δ= 7.27 ppm and 13C: δ = 77.23 ppm) with 0.03% v/v TMS as 

an internal reference. Thin layer chromatography (TLC) was performed on EMD silica gel 

coated (250 μm thickness) glass plates.  Developed TLC plates were stained with iodine 

adsorbed on silica to produce a visible signature.  Reaction conversions and relative purity of 

crude products were monitored by TLC and 1H NMR.  Fourier transform infrared (FT-IR) 

measurements were conducted with a Bruker Vector 22 Infrared Spectrophotometer using 

polymer films cast from chloroform onto KBr plates using . High resolution mass spectrometry 

analyses were performed on a Bruker APEX II 4.7 T Fourier Transform Ion Cyclotron 

Resonance mass spectrometer (Bruker Daltonics, Billerica, MA) using electrospray ionization 

(ESI). Elemental analysis was carried out at Atlantic Microlab Inc. (Norcross, GA). 

Molecular weights and molecular weight distributions (Mw/Mn) were determined by gel 

permeation chromatography (GPC) using a Waters Associates GPCV2000 liquid 

chromatography system with an internal differential refractive index detector (DRI) and two 
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Waters Styragel HR-5E columns (10 micron particle diameter, 7.8 mm ID, 300 mm length) at 40 

°C. The mobile phase was HPLC grade tetrahydrofuran at a flow rate of 1.0 mL/minute). 

Retention times were calibrated versus polystyrene standards (Polymer Laboratories; Amherst, 

MA).  

Differential scanning calorimetry (DSC) and temperature modulated differential scanning 

calorimetry (MDSC) were performed on a TA Instruments Q1000 equipped with a liquid 

nitrogen cooling accessory calibrated using sapphire and high purity indium metal. All samples 

were prepared in hermetically sealed pans (4-7 mg/sample) and were referenced to an empty pan. 

Samples were run under s purge of helium gas. A scan rate of 10 °C per minute was used unless 

otherwise specified. Modulated experiments were scanned with a 3 °C per minute linear heating 

rate with modulation amplitude of .45 °C and period of 30 seconds. Melting temperatures are 

taken as the peak of the melting transition, glass transition temperatures as the mid point of a step 

change in heat capacity.  

Materials 

Unless otherwise stated, all reagents were purchased from Aldrich and used without further 

purification. Grubbs’ 1st generation catalyst was a gift from Materia, Inc.  Diene alcohol 4-1 was 

synthesized as previously reported.17  

Synthesis of 2-(10-undecenyl)-12-tridecenyl-1-tetra(ethylene glycol)-p-tosylate (4-2). 

 Anhydrous DMF (30 mL) was cannula transferred into an oven dried, 3-neck round-

bottom flask equipped with a magnetic stirrer and gas inlet, and was charged with 2 equivalents 

of sodium hydride (60% dispersion in mineral oil). The slurry was cooled to 0°C and 1 

equivalent of 4-1 in 20 mL of anhydrous DMF was added via syringe. When hydrogen gas 

evolution (monitored by bubbler) ceased, the solution was cannula transferred into a well-stirred 

flask containing 4.5 equivalents of tetraethylene glycol di-p-tosylate in 50 mL of anhydrous 
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DMF. The reaction was stirred for 17 hours at 0 °C and quenched by pouring into 300 mL of 

water. The resulting mixture was extracted with diethyl ether and the combined organics washed 

with brine. Concentration afforded a yellow oil which was further purified by column 

chromatography, 30% ethyl acetate 70% hexane eluent, yielding 1.5g (52%) of colorless oil. 1H 

NMR (CDCl3): δ (ppm) 1.21-1.52 (br, 33H), 2.01 (q, 4H), 2.42 (s, 3H), 3.29 (d, 2H), 3.50-3.75 

(br, 15H), 4.18 (d, 2H), 4.98 (m, 4H), 5.82 (m, 2H), 7.31 (d, 2H), 7.79 (d, 2H). 13C NMR 

(CDCl3): δ (ppm) 21.82, 27.01, 29.15, 29.35, 29.70, 20.80, 29.83, 30.28, 31.55, 34.00, 38.32, 

68.89, 69.39, 70.57, 70.74, 70.79, 70.80, 70.88, 70.97, 75.01, 114.28, 128.18, 129.99, 133.33, 

139.43, 144.92. ESI/HRMS: [M+NH4]+ calcd for NH4C39H68O7S, 698.5024; found 698.5023. 

Anal. (CH) calcd for C39H68O7S: C, 68.78; H, 10.06. Found C, 58.51; H, 9.95. 

General Procedure for Preparation of Monomers 

 Anhydrous DMF (45 mL) was cannula transferred into an oven dried, 3-neck round-

bottom flask equipped with a magnetic stirrer and gas inlet, and was charged with 2 equivalents 

of sodium hydride (60% dispersion in mineral oil). The slurry was cooled to 0°C and 3 was 

added in 20 mL of anhydrous DMF via syringe. When hydrogen gas evolution (monitored by 

bubbler) ceased, 1 equivalent of 4-2 in 30 mL of anhydrous DMF was added via syringe. The 

reaction was stirred for 17 hours at 0 °C and quenched by pouring into 300 mL of water. The 

resulting mixture was extracted with diethyl ether and the combined organics washed with brine. 

Concentration afforded a yellow oil which was further purified by column chromatography.  

2-(10-undecenyl)-12-tridecenyl-1-tetra (ethylene glycol) methenyl pyrene (9,9TEGOPy, 4-
3a).  

Column Chromatography:30% ethyl acetate 70% hexane eluent afforded .475g (29% 

yield) of colorless oil. 1H NMR (CDCl3): δ (ppm) 1.21-1.52 (br, 33H), 2.01 (q, 4H), 3.29 (d, 2H), 

3.50-3.75 (br, 12H) 4.98 (m, 4H), 5.28 (s, 2H), 5.82 (m, 2H), 7.61-8.79 (m, 4H), 8.13-8.20 (m, 
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4H), 8.37 (d, 1H). 13C NMR (CDCl3): δ (ppm) 26.96, 29.14, 29.35, 29.71, 20.82, 29.85, 30.28, 

31.52, 34.01, 38.28, 69.72, 70.54, 70.75, 70.83, 70.87, 70.95, 72.04, 74.96, 114.28, 123.75, 

124.64, 124.92, 125.36, 126.09, 127.22, 127.60, 127.83, 131.03, 131.47, 131.62, 139.43. 

ESI/HRMS: [M+NH4]+ calcd for NH4C49H72O5, 758.5718; found 758.5735. Anal. (CH) calcd 

for C49H72O5: C, 79.41; H, 9.79. Found C, 79.00; H, 9.80. 

2-(10-undecenyl)-12-tridecenyl-1-tetra (ethylene glycol) mono n-hexyl ether (9,9TEGOHex, 
4-3b).  

Column Chromatography: 20% ethyl acetate 80% hexane eluent afforded .144g (17% 

yield) of colorless oil. 1H NMR (CDCl3): δ (ppm) 0.82 (t, 3H), 1.21-1.61 (br, 41H), 2.01 (q, 4H), 

3.29 (d, 2H), 3.41 (t, 2H), 3.50-3.71 (br, 16H) 4.98 (m, 4H), 5.82 (m, 2H). 13C NMR (CDCl3): δ 

(ppm) 14.21, 22.78, 25.95, 26.92, 29.12, 29.33, 29.68, 29.79, 29.82, 30.26, 31.53, 31.87, 33.98, 

38.31, 70.26, 70.57, 70.78, 70.81, 70.83, 71.71, 74.98, 114.25, 139.33. ESI/HRMS: [M+NH4]+ 

calcd for NH4C38H74O5, 628.5875; found 628.5887. Anal. (CH) calcd for C38H74O5: C, 74.70; H, 

12.21. Found C, 74.84; H, 12.36. 

2-(10-undecenyl)-12-tridecenyl-1-tetra (ethylene glycol) mono n-tetradecyl ether 
(99TEGOC14, 4-3c).  

Column Chromatography: 20% ethyl acetate 80% hexane eluent afforded .400g (34% 

yield) of colorless oil. 1H NMR (CDCl3): δ (ppm) 0.82 (t, 3H), 1.21-1.61 (br, 57H), 2.01 (q, 4H), 

3.29 (d, 2H), 3.41 (t, 2H), 3.50-3.71 (br, 16H) 4.98 (m, 4H), 5.82 (m, 2H). 13C NMR (CDCl3): δ 

(ppm) 14.29, 22.88, 26.31, 27.03, 29.16, 29.36, 29.55, 29.71, 29.82, 29.85, 29.87, 30.29, 31.57, 

32.13, 34.01, 38.35, 70.29, 70.60, 70.79, 70.84, 70.86, 71.75, 75.01, 114.27, 139.40. ESI/HRMS: 

[M+NH4]+ calcd for NH4C38H74O5, 628.5875; found 628.5887. Anal. (CH) calcd for C38H74O5: 

C, 74.70; H, 12.21. Found C, 74.84; H, 12.36. 
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General Procedure for ADMET Polymerizations 

 Monomers were dried under vacuum at 80 °C for 48 hours prior to polymerization and 

subsequently transferred to a 50 mL round-bottom flask equipped with a magnetic stir bar. 

Grubbs 1st generation catalyst (300:1 monomer:catalyst ratio) was added and the flask was 

stirred under vacuum at 45 °C for 4 days. Polymerizations were quenched with ethyl vinyl ether 

(5 drops in degassed toluene), precipitated into cold, acidic methanol to remove catalyst residue, 

and isolated as adhesive gums. 

Polymerization of 2-(10-undecenyl)-12-tridecenyl-1-tetra (ethylene glycol) methenyl pyrene 
(TEGOPy21u, 4-4a). 

1H NMR (CDCl3): δ (ppm) 1.21-1.52 (br, 33H), 2.01 (q, 4H), 3.29 (d, 2H), 3.50-3.75 (br, 

12H) , 5.28 (s, 2H), 5.35 (m, 2H), 7.61-8.79 (m, 4H), 8.13-8.20 (m, 4H), 8.37 (d, 1H). 13C NMR 

(CDCl3): δ (ppm) 27.05, 27.46, 29.46, 29.35, 29.59, 29.78, 29.92, 30.02, 30.35, 31.57, 32.86, 

38.33, 69.73, 70.54, 70.76, 70.83, 70.87, 70.95, 72.05, 74.96, 123.75, 124.64, 124.93, 125.13, , 

125.33, 125.38, 126.10, 127.23, 127.57, 127.60, 127.84, 129.60, 130.08 (cis olefin), 130.53 

(trans olefin), 131.03, 131.44, 131.47, 131.62. IR (ν cm-1) 2923, 2853, 1464, 1350, 1260, 1115, 

967, 846, 802, 721. GPC (THF vs. Polystyrene standards): Mw = 80300 ; PDI (Mw/Mn) = 1.90 

Polymerization of 2-(10-undecenyl)-12-tridecenyl-1-tetra (ethylene glycol) mono n-hexyl 
ether (TEGOHex21u, 4-4b).  

1H NMR (CDCl3): δ (ppm) 0.82 (t, 3H), 1.21-1.61 (br, 41H), 2.01 (q, 4H), 3.29 (d, 2H), 

3.41 (t, 2H), 3.50-3.71 (br, 16H), 5.35 (m, 2H). 13C NMR (CDCl3): δ (ppm) 14.26, 22.83, 25.99, 

27.08, 29.49, 29.83, 29.97, 30.36, 31.61, 31.91, 32.87, 38.38, 70.29, 70.60, 70.86, 71.63, 75.06, 

130.09(cis olefin), 130.55 (trans olefin). IR (ν cm-1) 2923, 2853, 1464, 1350, 1260, 1115, 967, 

846, 802, 721. GPC (THF vs. Polystyrene standards): Mw = 84800 ; PDI (Mw/Mn) = 1.98 
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Polymerization of 2-(10-undecenyl)-12-tridecenyl-1-tetra (ethylene glycol) mono n-
tetradecyl ether (TEGOC1421u, 4-4c).  

1H NMR (CDCl3): δ (ppm) 0.82 (t, 3H), 1.21-1.61 (br, 57H), 2.01 (q, 4H), 3.29 (d, 2H), 

3.41 (t, 2H), 3.50-3.71 (br, 16H), 5.35 (m, 2H). 13C NMR (CDCl3): δ (ppm) 14.29, 22.88, 26.31, 

27.03, 29.16, 29.36, 29.55, 29.71, 29.82, 29.85, 29.87, 30.29, 31.57, 32.13, 34.01, 38.35, 70.29, 

70.61, 70.79, 70.84, 70.86, 71.76, 75.01, 130.08 (trans olefin), 130.54 (trans olefin). IR (ν cm-1) 

2923, 2853, 1464, 1350, 1260, 1115, 967, 846, 802, 721. GPC (THF vs. Polystyrene standards): 

Mw = 61900 ; PDI (Mw/Mn) = 1.71 

General Procedure for the Hydrogenation of Unsaturated Polymers 

Unsaturated polymers were dissolved in dry o-xylene.  P-toluenesulfonyl hydrazide (TSH) 

and tripropyl amine (TPA) were added with stirring (3 equiv each). The resulting solution was 

refluxed for 3-4 hours while monitoring nitrogen evolution with a bubbler. When gas evolution 

ceased, the solution was cooled to room temperature, an additional 3 equivalents of TSH and 

TPA were added, and the solution was refluxed for another 3 hours. The solutions were then 

concentrated to one-half of the original volume and precipitated into cold, acidic methanol.  The 

polymers were isolated as elastic, adhesive gums.   

TEGOPy21, (4-5a). 

1H NMR (CDCl3): δ (ppm) 1.21-1.52 (br, 41H), 3.29 (d, 2H), 3.50-3.75 (br, 12H) , 5.28 (s, 

2H), 7.61-8.79 (m, 4H), 8.13-8.20 (m, 4H), 8.37 (d, 1H). 13C NMR (CDCl3): δ (ppm) 27.05, 

29.96, 30.02, 30.35, 31.59, 38.34, 69.76, 70.56, 70.78, 70.85, 70.87, 70.97, 72.05, 74.97, 123.75, 

124.64, 124.95, 125.15, , 125.33, 125.38, 126.10, 127.23, 127.57, 127.61, 127.84, 129.60, 

131.05, 131.44, 131.48, 131.66. IR (ν cm-1) 2923, 2853, 1464, 1350, 1260, 1115, 846, 802, 721. 

GPC (THF vs. Polystyrene standards): Mw = 60400 ; PDI (Mw/Mn) = 1.93 
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TEGOHex21 (4-5b).  

1H NMR (CDCl3): δ (ppm) 0.82 (t, 3H), 1.21-1.61 (br, 49H), 3.29 (d, 2H), 3.41 (t, 2H), 

3.50-3.71 (br, 16H). 13C NMR (CDCl3): δ (ppm) 14.28, 22.85, 25.99, 27.07, 29.83, 29.97, 30.38, 

31.58, 31.93, 38.35, 70.29, 70.60, 70.84, 70.86, 71.77, 75.02. IR (ν cm-1) 2923, 2853, 1464, 

1350, 1260, 1115, 846, 802, 721. GPC (THF vs. Polystyrene standards): Mw = 79200 ; PDI 

(Mw/Mn) = 1.78 

TEGOC1421 (4-5c).  

1H NMR (CDCl3): δ (ppm) 0.82 (t, 3H), 1.21-1.61 (br, 65H), 3.29 (d, 2H), 3.41 (t, 2H), 

3.50-3.71 (br, 16H), 5.35 (m, 2H). 13C NMR (CDCl3): δ (ppm) 14.29, 22.88, 26.31, 27.03, 29.55, 

29.71, 29.82, 29.87, 29.97, 30.35, 31.60, 32.13, 38.38, 70.28, 70.61, 70.86, 71.76, 75.01. IR (ν 

cm-1) 2923, 2853, 1464, 1350, 1260, 1115, 846, 802, 721. GPC (THF vs. Polystyrene 

standards): Mw = 65800; PDI (Mw/Mn) = 1.76 

Results and Discussion 

Synthesis and Structural Analysis 

Figure 4-1 describes the synthesis of these unique materials. First, diene alcohol 4-1 

(prepared as previously described17) is attached to the PEG branch via Williamson etherification 

with tetra(ethylene glycol)di p-tosylate. Disubstitution is avoided using careful stoichiometry. 

The hydrophobic endgroup is then attached to 4-2 with a second Williamson by using the 

appropriate alcohol. This synthetic method is general and can potentially be applied to prepare an 

array of ADMET monomers and subsequent polymers having a variety of functional groups 

separated from the PE backbone by a PEG spacer. Monomers 4-3a-c are polymerized in the bulk 

at 45 °C under high vacuum using Grubbs’ first generation catalyst to afford the unsaturated 
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ADMET polymers 4-4a-c. Subsequent hydrogenation with p-toluenesulfonyl hydrazide results in 

the final fully saturated polymers 4-5a-c.  

For simplicity, a systematic nomenclature has been adopted for these monomers and 

polymers. Monomers are given the prefix “9,9” to indicate the number of methylene carbons 

between the branch and the olefin, followed by the identity of the pendant group (TEGO for tetra 

ethylene glycol and either Py, Hex, or C14 for pyrene, n-hexyl or n-tetradecyl). Polymers are 

named first for the identity of the pendant defect, followed by the branch frequency. Unsaturated 

polymers are denoted with the suffix “u.” For example, monomer 4-3a is named “9,9TEGOPy,” 

polymer 4-4a “TEGOPy21u,” and polymer 4-5a “TEGOPy21.” 

The 1H and 13C NMR spectra for 9,9TEGOTs (4-2) are shown in Figure 4-2. In the proton 

spectrum the tosyl end group is clearly identified by the two doublets at 7.32 and 7.72 ppm, as 

well as the singlet at 2.45 ppm. The triplet at 4.16 ppm corresponds to the methylene protons 

adjacent to the tosyl group, shifted downfield from the overlapping glycol proton signals which 

appear from 3.55 to 3.61 ppm. The doublet at 3.30 ppm corresponds to the methylene protons 

separating the glycol moiety from the backbone. The allylic protons display a quartet at 2.03 

ppm, the central methine carbon shows a multiplet at 1.56 ppm, and the characteristic terminal 

olefin peaks are seen at 4.91 and 5.80 ppm. Finally, the remaining methylene protons of the 

diene main chain overlap into a single broad peak at 1.26 ppm. In the carbon spectra for 

99TEGOTs the resonances for the tosyl group are seen at 144.92, 133.33, 129.99, 128.18 ppm 

(aromatic carbons) and 21.83 ppm (methyl carbon). Terminal olefin signals appear at 114.28 and 

139.43 ppm, the methylene carbon connecting the branch to the backbone appears at 75.01 ppm, 

and the glycol carbons overlap from 70.58 to 70.97 ppm. The glycol carbons closest to the tosyl 

group appear at 68.90 ppm, the central methine carbon is at 38.32 ppm, and the allylic carbons 
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are at 34.01 ppm. The remaining resonances for the internal methylene carbons appear from 27 

to 32 ppm and are all individually resolved. This highlights the need for thorough 13C analysis in 

the ADMET synthesis of precise polyolefins, because simply investigating the 1H spectra can 

lead to ambiguities due to overlapping resonances.  

The 1H and 13C NMR spectra of 9,9TEGOPy (4-3a) are shown in Figure 4-3. In the proton 

spectrum the aromatic pyrene protons appear from 8.02 to 8.43 ppm. The methylene protons 

between the pyrene and glycol branch appear as a singlet at 5.30 ppm. The resonances for the 

glycol region, terminal olefin, allylic, and aliphatic protons remain mostly unchanged compared 

to the 1H spectrum of  9,9TEGOTs. The case is similar for the carbon spectrum of 9,9TEGOPy.  

The aromatic pyrene carbons appear from 123.74 to 131.61 ppm, and the methylene carbon 

between the pyrene and glycol moieties is seen at 72.04 ppm. As in the proton spectrum, the 

terminal olefin, allylic, and aliphatic carbons remain mostly unchanged compared to the carbon 

spectrum of 9,9TEGOTs.  

Figures 4-4 and 4-5 show the 1H and 13C NMR spectra of 9,9TEGOHex (4-3b) and 

9,9TEGOC14 (4-3c), respectively. In the proton spectra the n-hexyl and n-tetradecyl methyl end 

groups appear at 0.87 ppm, and the methylene protons adjacent to the glycol portion of the 

branch appear as triplets at 3.44 ppm. The rest of the n-hexyl protons overlap with the internal 

methylene protons of the diene main chain. The remaining resonances are unchanged as 

described in the previous example. The carbon spectra for these monomers are nearly identical 

except for the aliphatic regions, which are complicated by the overlapping diene main chain and 

aliphatic branch carbon resonances. 

An expanded view of the aliphatic regions in the 13C NMR spectra of 9,9TEGOHex, 

9,9TEGOC14, and 9,9TEGOPy is shown in Figure 4-6. Comparing 9,9TEGOPy to the two 
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monomers with aliphatic branch end groups allows the resonances for the diene main chain to be 

separated from the aliphatic end group resonances. Still, particularly in the case of 9,9TEGOC14, 

the number of overlapping resonances greatly complicates the interpretation of this region. 

The progression from diene monomer through unsaturated polymer, to saturated polymer 

(monitored by 1H and 13C NMR) is shown in Figure 4-7 for 9,9TEGOC14 (4-3c) through 

TEGOC1421 (4-5c) (arbitrarily chosen as an example).  Polymerization to 4-4c results in 

convergence of the terminal olefin signals in the monomer spectrum to a single peak for internal 

olefin seen in both the 1H and 13C spectra. Hydrogenation results in the complete elimination of 

any olefin signal in either the proton or the carbon spectra. The appearance of only the 

resonances predicted by the fundamental repeat unit confirm the absence of side reactions and 

structural irregularities, again highlighting the effectiveness of ADMET chemistry in the 

synthesis of pristine, highly regular polymer structures. Molecular weight data (GPC in THF vs. 

polystyrene standards) are displayed in Table 4-1. 

Thermal Analysis 

The DSC data for the new polymers are presented in Table 4-2.  The polymers exhibit 

remarkably different thermal behavior, a clear indication that changing the graft end group 

moiety has significant effects on the morphology of these systems. The difference in behavior 

between the saturated and unsaturated polymers is also significant, emphasizing the role of the 

PE backbone on the crystallization in these materials.  

The DSC profiles for TEGOPy21 and TEGOPy21u are shown in Figure 4-8.  The heating 

and cooling curves show that the saturation of the backbone allows for crystallization to occur, 

while the unsaturated polymer remains completely amorphous. This is clear evidence that the 

pendant defect is not involved in the crystallization and therefore must be excluded from the 

crystal. The Tg of the saturated polymer is also slightly increased compared to the unsaturated 
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analogue, an indication that segmented motion of the grafts is restricted by the crystallinity. The 

completely amorphous behavior of TEGOPy21u is an interesting result, considering that 

previous reported unsaturated ADMET polymers with the same distribution of pendant 

functionality are semi crystalline.9-11 The lack of crystallinity in TEGOPy21u, as well as the 

significantly depressed melting point for the saturated analogue compared to our previous 

ADMET amphiphilic copolymers15 is a result of pyrene aggregation impeding segmental motion 

as well as backbone crystallization. This is confirmed by pyrene excimer formation seen in the 

fluorescence spectra for both the unsaturated and saturated polymers (Figure 4-9). 

The DSC curves for TEGOHex21 and TEGOHex21u are shown in Figure 4-10.  The 

difference in behavior between the saturated and unsaturated polymers is especially interesting in 

this pair. The unsaturated polymer is semicrystalline with a melting endotherm at -13 °C. There 

is significant amorphous content to this material as well, indicated by the distinct Tg at -76 °C. 

The heating and cooling profiles are typical for unsaturated ADMET polymers. The thermal 

behavior of the saturated analogue is completely different, however. A single, bimodal 

crystallization at -4ºC is witnessed on cooling. Upon heating a small exotherm is barely observed 

at -91 °C, followed by a bimodal melting endotherm with peaks at -48 °C and -37 °C. A second 

bimodal melting endotherm occurs with peaks at 4 °C and 11 °C.  

The complex behavior of TEGOHex21 was further investigated by MDSC, which provides 

increased sensitivity compared to traditional DSC and allows for resolution of overlapping 

transitions.51, 60-62 The MDSC heating traces are shown in Figure 4-11. In the nonreversing and 

total heat flow signals the cold crystallization event, barely perceptible in Figure 4-10, is clearly 

visible. This is followed by the first bimodal melting endotherm, which is observed in all three 

signals. In the nonreversing signal this transition is first exothermic, then endothermic, indicating 
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that the bimodal melt is actually the result of a melting and concurrent crystallization 

mechanism.60 The same is true for the higher temperature bimodal endotherm; clear exothermic 

activity in both the total and nonreversing signals indicates melting and simultaneous 

crystallization. Because the melting enthalpy of this higher temperature peak (21 J/g) matches 

the enthalpy of crystallization (21 J/g), and also because its metling temperature and enthalpy 

(4ºC and 27 J/g) are in good agreement with those of TEGOPy21 (9ºC and 24 J/g), it can be 

concluded that this behavior is a result of crystallization of the backbone excluding the pendant 

branch. The backbone crystallizes during cooling.  Then during subsequent heating, the excluded 

branches gain sufficient mobility to self crystallize, noted by the exotherm at -100ºC. The 

pendant crystals then melt at about -50ºC, followed by the melting of the backbone crystals.   

The thermal behavior of TEGOC1421u and TEGOC1421 (Figure 4-12) differs significantly 

from the previous two examples. Both polymers exhibit extremely sharp melting transitions at 

temperatures much higher than the other polymers in this family. This deviates from the well 

known trend for ADMET polymers, which show a decrease in Tm and ΔHm as the defect size 

increases. For TEGOC1421u and TEGOC1421, the increase in pendant group length results in 

marked increases in both melting temperature and enthalpy. Further, no Tg is observed in either 

the saturated or unsaturated analogues, indicating greatly reduced amorphous content for these 

polymers. Thus, the long alkyl chains must also be crystallizing.  Since there is only one melting 

peak the C14 chain must be long enough to extend back into the crystallizing PE backbone, 

forming a single crystallized region.  

Conclusions 

The synthesis of polyethylene with precise placement of amphiphilic grafts has been 

achieved. These polymers feature PEG grafts attached to the polyolefin backbone with different 

hydrophobic groups affixed to the end of the PEG chains. These structural differences induce 
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significant changes in the thermal behavior of the corresponding materials. When the graft end 

group is a pyrene moiety, the polyolefin backbone crystallizes excluding the pendant branch. 

When the end group is changed to an n-hexyl chain, the branches and the backbone crystallize 

separately, forming two different crystalline regions. Extending this end group from an n-hexyl 

to an n-tetradecyl chain allows the branches and backbone to crystallize together, resulting in the 

inclusion of the branch within the PE crystal. This material breaks the well known trend for 

ADMET polymers, which show a decrease in Tm and ΔHm as the defect size increases. Most 

importantly we have demonstrated that a pendant group can be intentionally excluded from the 

crystallized polyethylene backbone and induced to self interact. This displays the promise such 

architectures could have in advanced applications such as membrane technologies or polymer 

electrolytes. 
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Figure 4-1: Synthesis of polyethylene with precisely placed amphiphilic branches. i: NaH, 

tetra(ethylene glycol)di-p-tosylate, DMF; ii: NaH, ROH, DMF; iii: Grubbs’ 1st 
generation catalyst, 45 °C, vacuum; iv: TSH, TPA, o-xylene, 140 °C. 
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Figure 4-2: 1H and 13C NMR spectra of 9,9TEGOTs (4-2). 
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Figure 4-3: 1H and 13C NMR spectra of 9,9TEGOPy (4-3a). 
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Figure 4-4: 1H and 13C NMR spectra of 9,9TEGOHex (4-3b). 
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Figure 4-5: 1H and 13C NMR spectra of 9,9TEGOC14 (4-3c). 
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Figure 4-6: Expansion of the aliphatic regions of the 13C spectra of 9,9TEGOPy, 9,9TEGOHex, 
and 9,9TEGOC14 (3a-c). 
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Figure 4-7: Progression from monomer 4-3c to saturated polymer 4-5c monitored by NMR. 
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Figure 4-8: DSC heating and cooling traces for TEGOPy21u (4-4a) and TEGOPy21 (4-5a).  

 

 

 

Figure 4-9: Absorption and fluorescence spectra for TEGOPy21 A) and TEGOPy21u B) 
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Figure 4-10: DSC heating and cooling traces for TEGOHex21u (4-4b) and TEGOHex21 (4-5b).  

 
Figure 4-11: MDSC heating traces for TEGOHex21 (4-5b).  
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Figure 4-12: DSC heating and cooling traces for TEGOC1421u (4-4c) and TEGOC1421 (4-5c).  
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Table 4-1: Molecular weight data for polymers described in chapter 4. 
Polymer Mn

a (kg/mol) Mw
a (kg/mol) PDIb 

TEGOPy21u (4a) 42.2 80.3 1.9 
TEGOPy21 (5a) 31.2 60.4 1.93 
TEGOHex21u (4b) 42.8 84.8 1.98 
TEGOHex21 (5b) 44.4 79.2 1.78 
TEGOC1421u (4c) 36.2 61.9 1.71 
TEGOC1421 (5c) 37.3 65.8 1.76 
a GPC vs. polystyrene standards; b Mw/Mn 
 
 
 
Table 4-2: DSC data for polymers described in chapter 4. 
Polymer Tg (°C) ΔCp (J/g·°C) Tm (°C) ΔHm (J/g) Tc (°C) ΔHc (J/g) 

TEGOPy21u -36 0.76 n/a n/a n/a n/a 
TEGOPy21 -21 0.36 9 24 -12 25 
TEGOHex21u -76 0.49 -13 21 -54 21 
TEGOHex21 n/a n/a -37, 4 8, 27 -4 28 
TEGOC1421u n/a n/a -3 50 -7 51 
TEGOC1421 n/a n/a 23 71 17 72 
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CHAPTER 5 
SYNTHESIS OF DEUTERIUM LABELED ADMET AMPHIPHILES  

Introduction 

This dissertation explores the effects that altering various parameters have on the overall 

response in a family of materials with related structures. Chapter 2 outlines the basics of this 

study where altering the distribution of the hydrophilic branch as well as the identity of the 

branch end group could affect the ability of the polymer backbone to crystallize. This is further 

explored in chapter 3 by examining the effect the length of the graft and the manner of its 

connection to the backbone has on thermal behavior while keeping the graft end group constant. 

Chapter 3 also showed that the saturation of the internal olefin influenced thermal behavior: 

when the site of unstauration remains the polymers ability of to crystallize is greatly hindered or 

suppressed completely. By considering these data we are able to constructe a model for the 

manner in which the chains fold to allow the crystallization of the backbone and the exclusion of 

the pendant branch. This chapter briefly describes the synthesis of deuterium labeled polymers 

based on TEGOMe21 (structure 3-8b, presented in chapter 3). Solid state 2H NMR has been 

utilized in the past to gain information on polymer molecular motions and dynamics.73-77 Since 

TEGOMe21 presents both a well defined glass transition and melting endotherm it is an 

excellent candidate for deuterium labeling and subsequent solid state 2H NMR motion studies on 

the crystalline and amorphous regions of the polymer. Three labeled TEGOMe21analogues are 

presented in this chapter. The backbone (midway between defects), the point of branch 

connection, and the branch end group were chosen as labeling points since the previous chapters 

have proven these locations are critical in the thermal behavior of these materials (Figure 5-1). 

Only the synthesis of these polymers is discussed here, the solid state NMR experiments are 

beyond the scope of this dissertation. 
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Experimental Section 

Instrumentation  

All 1H NMR (300 MHz) and 13C NMR (75 MHz) spectra were recorded on a Varian 

Associates Mercury 300 spectrometer. Chemical shifts for 1H and 13C NMR were referenced to 

residual signals from CDCl3 (1H: δ= 7.27 ppm and 13C: δ = 77.23 ppm) with 0.03% v/v TMS as 

an internal reference. Thin layer chromatography (TLC) was performed on EMD silica gel 

coated (250 μm thickness) glass plates.  Developed TLC plates were stained with iodine 

adsorbed on silica to produce a visible signature.  Reaction conversions and relative purity of 

crude products were monitored by TLC and 1H NMR.  Fourier transform infrared (FT-IR) 

measurements were conducted with a Bruker Vector 22 Infrared Spectrophotometer using 

polymer films cast from chloroform onto KBr plates. High resolution mass spectrometry 

analyses were performed on a Bruker APEX II 4.7 T Fourier Transform Ion Cyclotron 

Resonance mass spectrometer (Bruker Daltonics, Billerica, MA) using electrospray ionization 

(ESI). Elemental analysis was carried out at Atlantic Microlab Inc. (Norcross, GA). 

Molecular weights and molecular weight distributions (Mw/Mn) were determined by gel 

permeation chromatography (GPC) using a Waters Associates GPCV2000 liquid 

chromatography system with an internal differential refractive index detector (DRI) and two 

Waters Styragel HR-5E columns (10 micron particle diameter, 7.8 mm ID, 300 mm length) at 40 

°C. The mobile phase was HPLC grade tetrahydrofuran at a flow rate of 1.0 mL/minute. 

Retention times were calibrated versus polystyrene standards (Polymer Laboratories; Amherst, 

MA).  

Differential scanning calorimetry (DSC) and temperature modulated differential scanning 

calorimetry (MDSC) were performed on a TA Instruments Q1000 equipped with a liquid 
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nitrogen cooling accessory and calibrated using sapphire and high purity indium metal. All 

samples were prepared in hermetically sealed aluminum pans (4-7 mg/sample) and were 

referenced to an empty pan. Samples were run under a purge of helium gas. Scan rates of 

10ºC/min and 3ºC/min were used for DSC and MDSC, respectively. Melting temperatures were 

evaluated as the peak of the melting transition and glass transition temperatures as the mid-point 

of a step change in heat capacity.  

Materials. 

 Unless otherwise stated, all reagents were purchased from Aldrich and used without 

further purification. Grubbs’ 1st generation catalyst was a gift from Materia, Inc. Oligoethoxy-p-

tosylates59 and diene acid 5-449 were prepared according to the literature. 99TEGOMe (3-4b) and 

99TEGOTs (4-2) were synthesized as described in chapters 3 and 4 of this dissertation, 

respectively. 99CD2OH (5-4) was prepared as described in the PhD dissertation of John 

Sworen.76 TEGOMe21u (3-6b) was obtained from the polymerization of 99TEGOMe as 

described in chapter 3 of this dissertation.  

Synthesis of 99CD2TEGOMe (5-5). 

Anhydrous DMF (40 mL) was cannula transferred into an oven dried, 3-neck round-

bottom flask equipped with a magnetic stirrer and gas inlet, and was charged with 2 equivalents 

of sodium hydride (60% dispersion in mineral oil). The slurry was cooled to 0°C and 2g (5.6 

mmol) of 5-4 in 20 mL of anhydrous DMF was added via syringe.  When gas evolution 

(monitored by bubbler) ceased, 2.94g (8.1 mmol) of tetraethylene glycol monomethylether p-

toluenesulfonate in 20 mL of anhydrous DMF was added via syringe. The reaction was stirred 

for 17 hours at 0 °C and quenched by pouring into 300 mL of water. The resulting mixture was 

extracted with diethyl ether and the combined organics washed with brine. Concentration 

afforded a yellow oil which was further purified by column chromatography. 25% ethyl acetate 
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75% hexane eluent afforded .710g (23% yield) of colorless oil. 1H NMR (CDCl3): δ (ppm) 1.21-

1.52 (br, 33H), 2.01 (q, 4H), 3.35 (s, 3H), 3.50-3.75 (br, 16H) 4.98 (m, 4H), 5.82 (m, 2H). 2H 

NMR (CDCl3): δ (ppm) 3.30 13C NMR (CDCl3): δ (ppm) 26.92, 29.06, 29.27, 29.63, 29.73, 

29.76, 30.20, 31.45, 33.94,38.22, 59.13, 70.50, 70.64, 70.71, 70.75, 72.07, 114.21, 139.29 

ESI/HRMS: [M+H]+ calcd for H+C33H62D2O5, 543.4592; found 543.4933. Anal. (CH) calcd for 

C33H64O5: C, 73.01; H or D, 12.25. Found C, 72.94; H, 11.83. 

Synthesis of 99TEGOCD3 (5-2)  

Anhydrous DMF (40 mL) was cannula transferred into an oven dried, 3-neck round-

bottom flask equipped with a magnetic stirrer and gas inlet, and was charged with 2 equivalents 

of sodium hydride (60% dispersion in mineral oil). The slurry was cooled to 0°C and .270g (7.5 

mmol) of deuterated methanol was added via syringe.  When gas evolution (monitored by 

bubbler) ceased, 1g (1.5 mmol) of 99TEGOTs (4-2) in 20 mL of anhydrous DMF was added via 

syringe. The reaction was stirred for 17 hours at 0 °C and quenched by pouring into 300 mL of 

water. The resulting mixture was extracted with diethyl ether and the combined organics washed 

with brine. Concentration afforded a yellow oil which was further purified by column 

chromatography. 25% ethyl acetate 75% hexane eluent afforded .300g (36% yield) of colorless 

oil. 1H NMR (CDCl3): δ (ppm) 1.21-1.52 (br, 33H), 2.01 (q, 4H), 3.29 (d, 2H), 3.50-3.75 (br, 

16H) 4.98 (m, 4H), 5.82 (m, 2H). 2H NMR (CDCl3): δ (ppm) 3.38 13C NMR (CDCl3): δ (ppm) 

26.92, 29.06, 29.27, 29.63, 29.73, 29.76, 30.20, 31.45, 33.94,38.22, 70.50, 70.64, 70.71, 70.75, 

72.07, 74.88, 114.21, 139.29 ESI/HRMS: [M+H]+ calcd for H+C33H64O5, 544.5015; found 

544.4998. Anal. (CH) calcd for C33H61D3O5: C, 72.88; H or D, 12.42. Found C, 72.66; H or D, 

11.86 
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General Procedure for ADMET Polymerizations 

Monomers were dried under vacuum at 80 °C for 48 hours prior to polymerization and 

subsequently transferred to a 50 mL round-bottom flask equipped with a magnetic stir bar. 

Grubbs 1st generation catalyst (300:1 monomer:catalyst ratio) was added and the flask was 

stirred under vacuum at 45 °C for 4 days. Polymerizations were quenched with ethyl vinyl ether 

(5 drops in degassed toluene), precipitated into cold, acidic methanol to remove catalyst residue, 

and isolated as an adhesive gum. 

CD2TEGOMe21u.  

1H NMR (CDCl3): δ (ppm) 1.21-1.52 (br, 33H), 2.01 (q, 4H), 3.35 (s, 3H), 3.50-3.75 (br, 

16H), 5.35 (m, 2H). 13C NMR (CDCl3): δ (ppm) 27.03, 29.45, 29.76, 29.81, 29.90, 30.00, 

30.32, 31.54, 32.83, 38.30, 59.22, 70.55, 70.71, 70.76, 70.80, 72.12, 130.05 (cis olefin), 130.52 

(trans olefin). IR (ν cm-1) 2923, 2853, 1464, 1350, 1115, 967, 886, 721. GPC (THF vs. 

Polystyrene standards): Mw = 63800 ; PDI (Mw/Mn) = 1.66 

TEGOCD321u.  

1H NMR (CDCl3): δ (ppm) 1.21-1.52 (br, 33H), 2.01 (q, 4H), 3.29 (d, 2H), 3.50-3.75 (br, 

16H), 5.35 (m, 2H). 13C NMR (CDCl3): δ (ppm) 27.03, 29.45, 29.76, 29.81, 29.90, 30.00, 30.32, 

31.54, 32.83, 38.30, 70.55, 70.71, 70.76, 70.80, 72.12, 74.96, 130.05 (cis olefin), 130.52 (trans 

olefin). IR (ν cm-1) 2923, 2853, 1464, 1350, 1115, 967, 886, 721. GPC (THF vs. Polystyrene 

standards): Mw = 88700 ; PDI (Mw/Mn) = 1.64 

General Procedure for the TSH Hydrogenation of Unsaturated Polymers 

 Unsaturated polymers were dissolved in dry o-xylene.  p-toluenesulfonyl hydrazide (TSH) 

and tripropyl amine (TPA) were added with stirring (3 equivalents each). The resulting solution 

was refluxed for 3-4 hours while monitoring nitrogen evolution with a bubbler. When gas 
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evolution ceased, the solution was cooled to room temperature, an additional 3 equivalents of 

TSH and TPA were added, and the solution was refluxed for another 3 hours. The solutions were 

then concentrated to one-half of the original volume and precipitated into cold, acidic methanol.  

The polymers were isolated as elastic, adhesive gums. 

CD2TEGOMe21 (5-7).  

1H NMR (CDCl3): δ (ppm) 1.21-1.52 (br, 41H), 3.35 (s, 3H), 3.50-3.75 (br, 16H). 13C 

NMR (CDCl3): δ (ppm) 27.08, 29.98, 30.37, 31.36, 38.37, 59.25, 70.61, 70.76, 70.83, 70.86, 

72.18, IR (ν cm-1) 2923, 2853, 1464, 1350, 1115, 886, 721. GPC (THF vs. Polystyrene 

standards): Mw = 77700 ; PDI (Mw/Mn) = 1.70 

TEGOCD321 (5-3).  

1H NMR (CDCl3): δ (ppm) 1.21-1.52 (br, 41H), 3.29 (d, 2H), 3.50-3.75 (br, 16H). 13C 

NMR (CDCl3): δ (ppm) 27.08, 29.98, 30.37, 31.36, 38.37, 70.61, 70.76, 70.83, 70.86, 72.18, 

75.03. IR (ν cm-1) 2923, 2853, 1464, 1350, 1115, 886, 721. GPC (THF vs. Polystyrene 

standards): Mw = 107500 ; PDI (Mw/Mn) = 1.66 

Parr Bomb “Deuteration” of TEGOMe21d (5-1). 

Unsaturated, trityl protected polymer TEGOMe21u was dissolved in toluene and added to 

a glass lined Parr bomb. Wilkinson’s catalyst was added and the bomb charged with 700 psi of 

D2. The reaction was stirred for 3 days at room temperature. The resulting polymers were 

purified by precipitation into acidic methanol to remove catalyst residue and isolated as an 

adhesive gum. 1H NMR (CDCl3): δ (ppm) 1.21-1.52 (br, 39H), 3.29 (d, 2H), 3.35 (s, 3H), 3.50-

3.75 (br, 16H). 13C NMR (CDCl3): δ (ppm) 27.08, 29.98, 30.37, 31.36, 38.37, 59.25, 70.61, 

70.76, 70.83, 70.86, 72.18, 75.03. IR (ν cm-1) 2923, 2853, 1464, 1350, 1115, 886, 721. GPC 

(THF vs. Polystyrene standards): Mw = 81700 ; PDI (Mw/Mn) = 1.70 
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Results and Discussion 

Synthesis and Structural Analysis 

Figure 5-2 illustrates the synthesis of the deuterium labeled TEGOMe21 analogues. To 

label the backbone TEGOMe21u (3-6b, prepared as described in chapter 3) was simply saturated 

with deuterium gas using the parr bomb hydrogenation procedure found in chapter 2. Labeling 

the branch’s methyl end group and the branch connection point were slightly more complicated. 

To label the branch end group 99TEGOTs (4-2, prepared as described in chapter 4) was reacted 

with deuterated sodium methoxide. To label the branch connection the appropriately labeled 

diene alcohol 99CD2OH (5-5) was prepared by the LAD reduction of the diene acid 5-4. This 

alcohol was then used in a Williamson etherification to yield 99CD2TEGOMe, the reaction 

conditions identical to the synthesis of the corresponding unlabeled monomer described in 

chapter 3.  

The structures of the deuterium labeled monomers were confirmed by 1H, 13C, and 2H 

NMR as well as high resolution mass spectrometry and elemental analysis. Figure 5-3 shows the 

1H NMR spectra of the deuterium labeled monomers with the unlabeled 99TEGOMe for 

comparison. In the spectrum for 99CD2TEGOMe the doublet at δ=3.29 ppm corresponding to 

the methylene unit directly off the backbone disappears confirming deuterium labeling at this 

location. In the spectrum of 99TEGOCD3 the singlet at δ=3.35 ppm corresponding to the branch 

methyl end group is absent, confirming the presence of deuterons at this location.  

Similarly, differences in the 13C NMR spectra (Figure 5-4) between the labeled and unlabeled 

can be seen. Labeling at the methylene unit and methyl end group results in the splitting of the 

corresponding carbon signal, slightly visible in the spectrum for 99CD2TEGOMe (δ=75 ppm) 
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and not visible in the spectrum for 99TEGOCD3 (δ=59 ppm). In both cases the disappearance of 

the obvious singlets confirms deuterium labeling has occurred on these carbons  

As discussed in the chapter 3 (Figure 3-6), polymerization is confirmed by the 

disappearance of terminal olefin signals in both the 1H and 13C NMR spectra. Subsequent 

saturation is confirmed by the disappearance of the internal olefin signal. 

Thermal Analysis 

Since the ultimate goal of this synthesis is to study the dynamics above and below the glass 

transition and melting temperatures it is essential to confirm that labeling in this fashion will not 

affect these polymers’ thermal response. Figure 5-5 shows the DSC overlay for all three labeled 

polymers. It is clear looking at the thermogram that the thermal behavior is identical in all cases, 

showing that labeling in this fashion does not alter the thermal behavior of the polymer. Given 

the consistency in the thermograms it is clear these materials are appropriate for future use in 

solid state 2H NMR motion studies. 

Conclusions 

The polymer TEGOMe21 was deuterium labeled in three locations that have been proven 

critical throughout this dissertation in the crystallization and melting behavior of this class of 

materials. The deuterium labeling of these ADMET amphiphiles is straight forward and requires 

only small alterations in synthetic method. Labeling in the fashion does not affect the thermal 

behavior of the final polymer. These materials could be useful in solid state 2H NMR motion 

studies. Such studies could offer further insight into the way these specific locations on the 

repeat unit of ADMET polymers affect the crystallization and melting behavior.   
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Figure 5-1: Locations chosen for deuterium labeling in TEGOMe21 

 

Figure 5-2: Synthesis of deuterium labeled TEGOMe21 analogues; i: Grubbs 1st generation, 45 
°C, vacuum; ii: Wilkinson’s catalyst; 700 psi D2, toluene; iii: NaH, CD3OD, DMF; iv: 
TSH, TPA, xylenes, 140 °C; v: LAD, THF; vi: NaH, TsO(CH2CH2O)4CH3, DMF 
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Figure 5-3: 1H NMR of deuterium labeled 99TEGOMe analogues. Unlabeled 99TEGOMe 
shown for comparison 
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Figure 5-4: 13C spectra of deuterium labeled 99TEGOMe analogues. Unlabeled 99TEGOMe 
shown for comparison 
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Figure 5-5: DSC overlay of the deuterium labeled TEGOMe21 analogues. 
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APPENDIX 
IMPRESSIONS ON LIFE IN KYOTO 

Hajimemashite 

As long as I live I will never forget the shouts of irrashaimassen dozo when entering 

restaurants or shops, or the chants of arigato gozimasu received when leaving. Although I spent 

only one month in Japan it has left an indelible impression. The entire society is set up for 

efficiency and convenience. There is intense emphasis on being polite, as well as a strong feeling 

that the collective is much more important than the individual. This is not to say that 

individuality is not openly expressed and embraced. It is simply slightly more subtle than in 

western cultures. There are wisdoms and courtesies to Japanese culture that escape our own. 

People with colds, for example, wear gauze masks to protect others from infection. The emphasis 

on politeness can be aggravating to an unfamiliar outsider, and could even be misconstrued as 

open rudeness. For example, no one will tell you “no.” They instead say: musukashi desu ne 

(literally “it’s difficult”). Chotto musukashi desu (it’s a little difficult) appears to mean down 

right impossible. Imagine asking if the train you are on goes to your destination and being told 

that “it’s a bit difficult,” only to find out after continuing to ride that is does not take you 

anywhere close to where you want to be. Once you begin to recognize the social rules and adopt 

them in your own behavior the atmosphere is warm and inviting.  

Japan is not at all free of Western influence, however. Kyoto, Osaka and Nagoya have the 

same designer fashion boutiques as Fifth Avenue in Manhattan. The music shops are lined with 

rare and vintage American guitars. Camera shops contain high end professional equipment from 

all over the globe. Appearance, it seems, is very important. At the same time, stealing in Japan is 

unheard of. In Kyoto I lost a cellular phone on a bus and it was returned to me within days. The 

lack of thievery coupled with this emphasis on materialism perhaps reveals the most striking trait 
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of Japanese culture: everything from possessions to social status must be earned through hard 

work, honor, and integrity.  

Amid the vast differences are innumerable and comforting similarities. It took no time at 

all for me to feel at home despite my sophomoric understanding of the language. In the following 

report I will briefly describe the cultural experience I had during my visit. This exchange has 

changed my outlook entirely. I can not wait to return for an extended visit, and I have 

recommended the trip to everyone I’ve talked to since my return. To spend time in another 

culture is essential to understand how small the world we share really is, how alike we all are, 

and how much we still have to learn from each other. For a graduate student this is of 

monumental importance, as many of us become the educators of future generations.  We can not 

teach understanding and tolerance for all people until we are forced to tolerate and understand, as 

well as be tolerated and understood. My experience in Kyoto has promoted precisely this. 

City life in Kyoto 

I was immediately impressed by the cleanliness of the city, the efficiency of the public 

transportation, and the ease at which this city of about 1.5 million operates. The subway system 

consists of only 2 lines, which is in sharp contrast to the complicated network of train lines in 

Nagoya or Osaka. Busses are by far the easiest means of transport. They are always on time, 

reasonably priced (roughly 2 American dollars for most rides), and on city busses a number of 

stops are announced in English. Several private bus lines link to private and public train lines, 

making travel to surrounding areas very convenient.  

Restaurants in Kyoto operate with the same efficiency as the public transportation. You are 

welcomed with tea, your order taken, and your check delivered with the food. There is no 

pressure to hurry, however the minute you stand up your table is bussed and prepared for the 

next customer. Tipping is not customary. The cost of food varies widely. Family sit down 
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restaurants (comparable to Applebee’s or Ruby Tuesday’s in the US) are about 30% more 

expensive, the cost per meal around 12-15 USD. Higher quality restaurants (comparable to our 

downtown restaurants like Liquid Ginger) are much more expensive, typically 30-50 USD for a 

meal. At some of the more famous sushi restaurants patrons can expect to pay upwards of $500 

per person for the experience! Most restaurants of course feature Japanese food, however 

Chinese, French, and Italian cuisine are all very popular throughout Japan.  

Japanese fast food is similar in cost to US fast food, depending on the meal item and 

portion. The food is much lower in fat content compared to US fast food. Food at grocery stores 

is again comparable to US prices, with the exception of beef, which is extremely expensive in 

Japan. Some western items are widely available such as breakfast cereal and potato chips; 

however it is difficult to find all of the ingredients to cook traditional American meals.  

Entertainment is Kyoto is slightly lower key than other Japanese cities. There are a few 

pubs, bars, and night clubs. I didn’t frequent these, preferring instead to explore the myriad 

temples, shrines, and shopping arcades for a true look into a foreign culture with a fascinating 

history. Perhaps the most interesting feature was the vast subterranean malls in Kyoto and 

Nagoya. In such a small country space is a premium, and the Japanese are experts and making 

the most efficient use of this resource.   

Graduate School in Kyoto 

The educational system in Japan is very different from our own system. Research groups 

are run by a team of three faculty members: one full professor, one associate professor, and one 

assistant professor. There is always more faculty on staff than at American research universities; 

Osaka University’s department of Materials Engineering has 60 full professors alone (180 

professors if assistant and associate professors are included!) 
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Students remain at the same school throughout undergraduate, masters, and PhD studies. 

They are required to finish masters studies before working towards a PhD; most students elect to 

take an industrial job rather than continuing for a PhD. Regardless of the difference in structure 

the time to a degree is about the same: Japanese graduate students spend 2 years in the masters 

course and 3 years in the PhD course. All of this time is spent on research, there is no teaching 

requirement.  

Life as a graduate student in Japan is not at all unlike life as an American graduate student 

in the sciences. Most students work 10 to 12 hours days, most work at least one day on the 

weekend. Some students arrive early, most however begin work around 10 am. This varies from 

group to group, just like in the USA. The most striking difference to our university is the time for 

weekly group meeting: in Japan research groups meet every other Saturday to discuss research. 

The purpose is 2 fold, it allows every researcher ample time to discuss recent work and get 

advice, as well as forcing less diligent students to work at least 2 Saturdays a month! In addition, 

each researcher is expected to give a literature presentation every semester. There is great 

emphasis on being productive, and a total of 6 publications, split between undergraduate, 

masters, and PhD courses are expected before a PhD degree will be awarded. The length and 

style of PhD dissertations is very similar to those in the USA, and most are written in English.  

College Sports at Kyoto University 

I was fortunate enough to join Kyodai Judo Club for one of their practices and get a 

glimpse into role of extra curricular activities and athletics at Japanese colleges. There is really 

no equivalent at Japanese universities for NCAA college athletics. All sports are operated as 

clubs. The members, however, take them just as seriously as our college athletes (perhaps more 

so!) The Kyodai Judo team practices 6 days a week for at least 3 hours per session. Every other 

week there are 2 practice session per day Monday through Friday. This is true not only for 
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Japanese sports such as judo, kendo, and karate, but also western sports like boxing, fencing, 

volleyball, basket ball, etc. Music and art clubs operate with the same intensity. I was curious 

how this affected course work; apparently undergraduate studies are very different in Japan. The 

most rigorous part is the entrance exam. The course work is less intense than in the USA, the 

idea being that Undergraduate time is supposed to be enjoyed before the responsibilities of 

professional life set in. 

Benefit to the University of Florida 

The benefits of this exchange program to both the students involved as well as the 

University of Florida itself far outweigh the costs involved. Kyoto University is one of the top 

ranked schools in Asia (second only to the University of Tokyo), as well as being ranked in the 

top 25 schools in the world.  

For students, this program allows a glimpse at a different culture with a fascinating history. 

For students in science particularly this is an eye opening experience, as the lingua franca for the 

sciences is English. At the poster sessions I attended a number of the presentations reflected this. 

Although a majority the lectures were in Japanese, most of the power point slides were in 

English, so it wasn’t difficult to follow their stories. I even attended a few symposia were the 

language switched from Japanese to English between speakers (questions and discussions 

included)! Perhaps most surprising was the fact that these English lectures were usually given by 

Chinese or Korean speakers. It is especially important for American students to witness this. 

How many of us could enter into scientific discussions in multiple languages? 

The University of Florida also benefits by strengthening its bond with a globally 

recognized institution. Kyoto University has been involved in exchange programs with Stanford, 

Brown, The University of Pennsylvania, the University of Michigan, Oxford, and Cambridge to 
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name a few. The University of Florida certainly belongs among such company, and I hope that 

we will continue to build this connection with colleagues at Kyoto University.  

Arigato Gozaimashita 

I would like to extend my gratitude to Professors Masuda, Sanda, and Shiotsuki for their 

hospitality, as well and the Deans office, the College of Liberal Arts and Sciences, and my 

advisor Ken Wagener for making this dream a reality. I am a changed person after my 

experience in Japan and I hope I can incorporate the lessons of patience, tolerance, respect, and 

curtsey I learned during my visit in all of my future endeavors.  
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