
ABSTRACT 

SHEN, JIALONG. Behaviors of Poly(ε-caprolactone)s (PCLs) Coalesced from Their Urea 

Inclusion Compounds. (Under the direction of Dr. Alan E. Tonelli). 

 

Guest poly (ε-caprolactone) (PCL) chains, with molecular weights ranging from ~2,000 to 

80,000 g/mol, were first included in and then coalesced from inclusion compounds (ICs) with 

a crystalline matrix formed with host urea (U). As previously observed for PCL and other 

polymer guests when coalesced from their ICs formed with host cyclodextrins (CDs), upon 

cooling from their melts, PCLs coalesced from their U-ICs, regardless of their molecular 

weight, also show enhanced abilities to crystallize. Also consistent with PCL that was 

coalesced from their CD-ICs, coalesced PCLs (c-PCLs) obtained from their U-ICs retain 

their enhanced abilities to crystallize even after spending long times in the melt. Because, 

unlike CD hosts, U does not thread over guest polymer chains in their ICs, we conclude that 

the enhanced ability of c-PCLs to crystallize from their melts upon removal of either host 

from their ICs is solely a consequence of their coalesced conformations/ 

structures/morphologies, which are stable to prolonged melt-annealing and are independent 

of the type of host used. Small amount of c-PCLs obtained from their U-ICs are observed to 

effectively enhance the melt-crystallization of as-received PCL. Furthermore, c-PCLs were 

observed to have increased hardness and modulus by nano-indentation and tensile testing.   

C-PCLs obtained from U-IC elongate much more than PCL coalesced from α-CD, which is 

very brittle.   
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Chapter 1: Introductions 

1.1 Introduction to Poly(ε-caprolactone)    

1.1.1 General Information of PCL                                   

Poly(ε-caprolactone) (PCL) is a linear aliphatic, flexible, semi-crystalline polyester,  which is 

often used in the biomedical field due to its biodegradable/bioabsorbable nature. Because of 

its low melting point (Tm, ca.56~65℃) and low glass transition temperature (Tg, ca. -65~-

60℃), it can be easily melt processed into various forms and its amorphous portions remain 

rubbery at room temperature. Besides its direct uses, several copolymers of PCL have been 

used as diol extenders for polyurethanes, which cannot be produced by step growth 

polymerization of monomers due to their low reactivity and the absence of side products that 

can be driven off to move the reaction equilibrium towards completion.1, 2 

1.1.2 Degradation of PCL  

The biodegradable properties of PCL first came to attention in 19733. It is known that the 

hydrolysis and bio-degradation of PCL depend on the molecular weight and the degree of 

crystallinity of the polymer. Both the carboxylic acid released from hydrolysis processes and 

many microbes and enzymes in nature catalyze the degradation of PCL.4 The longer 

hydrophobic constituent of PCL, as compared to Poly(lactic acid), accounts for its longer 

degradation time, since hydrolytic chain scission of the ester linkage is identified as the main 
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abiotic degradation mechanism.5 In addition, degradative studies showed that lipase boosts 

the degradation rate of PCL resulting in oligomers and monomers within 4 weeks, while 

there was no detectable degradation of PCL for more than two months when lipase was 

absent.6 

Understanding of PCL thermal stability, on the other hand, is crucial for deciding and 

improving melt processing conditions. A pyrolysis degradation study showed that the 

degradation mechanism depends on temperature; PCL degrades by chain end scission at 

higher temperatures and by random chain scission at lower temperatures.7 However, other 

researchers proposed different thermal degradation mechanisms, which possess their own 

merits.8  

1.1.3 Synthesis of PCL 

There are two general pathways for preparation of PCL; i.e., the polycondensation of 

hydroxycaproic acid and the ring-opening polymerization (ROP) of ε-caprolactone, which 

was first proposed in 1930s.4 

Polycondensation of hydroxycaproic acid, although doable by removal of byproduct in order 

to drive reaction towards completion, is inherently deficient in terms of resultant polymer 

molecular weight and polydispersity.9 Ring-opening polymerization of lactone, on the other 

hand, yields polymers with high molecular weight and low polydispersity.10 (See Figure 1) 

According to different type of catalyst used, ROP can be generally divided into four types; 

i.e., anionic, cationic, monomer-activated and coordination-insertion.4 Anionic ROP opens 
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monomer at the acyl oxygen bond and suffers from intramolecular transesterification, i.e., 

back-biting, which significantly lowers molecular weight of the polymer by forming cyclic 

oligomers and polymers. Cationic ROP is driven by bimolecular nucleophilic substitution 

between cationic species and the carbonyl oxygen of the monomer. In monomer-activated 

ROP, catalyst was used to activate the monomer and therefore attach it onto the growing 

polymer chain. Coordination-insertion ROP is possible by coordinating the monomer to 

metal catalyst followed by inserting the monomer into metal-oxygen bond in catalyst. It is 

reported to be the most commonly used mechanism of ROP.4 

 

Figure 1 Chemical reaction formula of ring-opening polymerization of PCL 

 

1.1.4 Crystallization of PCL 

The study of the melt-crystallization profile of a polymer is of both scientific interest and 

industrial importance, and gives us an insight into the fundamental physics of polymers, as 

well as a better means of exploiting potential applications.    

PCL is generally considered a fast crystallizing polymer in comparison to other polyesters, 

such as Poly-L-lactide (PLLA), which has a pendent methyl group and reduced number of 
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flexible methylene units, and polyethylene terephthalate (PET), which has aromatic rings 

along its backbone. The crystallization process of PCL has been intensively investigated as 

part of the study of blending PCL with other polymers,11-13 blockcopolymers,14, 15 inorganic 

particles,16 and some other inorganic-organic hybrid materials.17  

Although important, reports on the crystallization kinetics and morphological studies of 

unblended PCL are less abundant. Phillips et al.18 realized this problem and did some 

experiments using unblended PCL with different molecular weights. They found to some 

extent that the behavior of PCL crystallization was similar to that of polyethylene (PE), as 

can be expected from the similar crystal structure and large portion of the same repeating 

units. However, the differences, between PCL and PE and among PCLs with different 

molecular weight, were also significant in terms of surface free energy and rate of crystal 

thickening.  

Chen et al.19 discussed the effects of molecular weight on the spherulite growth rate and 

nucleation density, where the spherulite growth rate showed a maximum at moderate 

molecular weights, while the nucleation density of PCL spherulites increased with increasing 

MW. Although not noted by these authors, the nucleation density of spherulites should 

gradually flatten and approach a certain maximum. The primary nucleation rate was found to 

be more dependent on the degree of supercooling than the growth rate was, and so were their 

dependence on the molecular weight.  

Dhanvijay et al.20 studied both isothermal and non-isothermal crystallization kinetics of PCL. 
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The former crystallization has several sets of models available, while the latter has conditions 

that resemble what is really happening in industrial processing. The Avrami model was found 

to be the best in describing isothermal crystallization, with the diagnostic parameter n in the 

range 2.5-3, which is indicative of three-dimensional heterogeneous nucleation with spherical 

crystal geometry. Non-isothermal crystallization revealed a more complicated mode of 

spherulitic nucleation and growth during primary crystallization and a lower dimensional 

space extension during secondary spherulite crystallization. 

Christoph Schick and Bernhard Wunderlich are interested in semi-crystalline polymers and 

calorimetry. In their collaborative work21 , PCL was chosen to be the model fast crystallizing 

polymer on a time scale covering from 10
-4

s to 10
5
s and in a temperature ranging from 25K 

below the glass transition to the equilibrium melting point. Traditional DSC normally has a 

heating or cooling rate lower than 50Kmin
-1

 but in extreme cases goes to the limit of a 

cooling rate up to 500Kmin
-1

. However, it still does not meet the experimental requirement of 

a cooling rate more than 7000K/s in order to avoid both crystallization and nucleation during 

cooling. By reducing the mass of sample used, differential fast scanning calorimetry (DFSC) 

is able to characterize small mass sample (ca. 20ng) with a heating or cooling rate of 

thousands of degrees per second. It was found that at a cooling rate faster than 500K/s, 

crystallization was eliminated on cooling and therefore the melting endotherm equals to the 

cold crystallization exotherm on heating. Even faster cooling resulted in the reduction of 

nucleation and the subsequent cold crystallization enthalpy, which approaches a constant at 

cooling rates more than 5000K/s. This saturation effect was believed to be the result of 
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heterogeneous nuclei from unavoidable impurities.  

Stefano Acierno et al.22 utilized rheological techniques to study PCL crystallization kinetics 

and found that viscoelastic properties increased only at relatively high degrees of crystallinity, 

and that it is independent of temperature. The crystallization process was seen as a gelation 

process and it showed an Arrhenius type behavior. To sum up, although some new ideas have 

emerged and brought challenges to some previously developed theories, such as Hoffman-

Lauritzen theory, general understanding of polymer crystallization still has not been met.21 

 

1.1.5 Applications of PCL 

PCL is degradable by both hydrolysis and organisms, and is gaining more and more interest 

for applications ranging from agricultural to biomedical uses. It is a soil-degradable material 

that has been used as seedling containers as well as shopping bags.23 Because of its low Tg, 

high permeability at body temperature, and slow degradation rate, PCL has been widely 

recognized in controlled drug release applications.24 Various formulations such as 

microspheres, nanoparticles, micelles, films scaffolds, nano-fibers, etc. are feasible. Dash6 et 

al. reviewed a wide range of formulations for specific drugs and their respective preparation 

methods. Sinha25 et al. wrote a comprehensive review on PCL microspheres and nanospheres, 

their preparation, and their specific uses. The tailorable properties of PCL achieved by 

copolymerization or blending with many other polymers facilitate its application for different 

purposes.6 
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1.1.6 Modification of PCL—Copolymerization and Blending 

Because of the lower hydrolysis rate of PCL compared to other aliphatic polyesters, there 

were some approaches proposed to increase its degradation rate. The most used one is 

copolymerizing ε-caprolactone with some other lactones; e.g., glycolide and lactide. A wide 

range of properties were achieved through copolymerization depending on the composition.24  

Eastmond17 reviewed PCL blended with fair amounts of other materials, both polymeric and 

inorganic. Polymers of high glass transition temperature are often blended with low glass-

transition temperature substances to confer flexibility and toughness to it. Conventional small 

molecule plasticizers have a tendency of leaching out of polymer matrices after a long period 

of time and therefore polymeric plasticizers were introduced.17 However, most polymer pairs 

are inherently immiscible. The free energy of mixing ΔGmix = ΔHmix - TΔSmix, and for 

spontaneously miscible polymer pairs, their thermodynamic free energy of mixing ΔGmix < 0. 

Because of their long chain nature, ΔSmix is very small. The sign of ΔGmix largely depends on 

the sign and extent of ΔHmix. Furthermore, most polymer pairs exhibit endothermic mixing 

that is ΔHmix>0, leading to ΔGmix > 0. Therefore, most polymer pairs are inherently 

immiscible under standard conditions. 26 PCL is one of a small number of polymers that have 

been reported miscible with many other polymers, and is of interest to function as a 

polymeric plasticizer.17  

Despite the versatility and applicability, there is no intention to summarize and catalogue all 

possible applications and modification of PCL in the current work, because PCL blends and 

copolymers have already been intensively investigated. The interest of this work lies in 
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physically modifying pure PCL to achieve elevated mechanical properties without addition of 

any heterogeneous immiscible component.  

 

1.2 Inclusion Phenomena                

1.2.1 The Idea of Nano-structuring  

Despite the unique and valuable properties discussed above, PCL is not a strong material in 

terms of mechanical properties which is crucial for load bearing biomedical applications. 

However, if it is possible to maintain its unique properties and strengthen its physical 

properties in a way absent of changing its chemistry, PCL will no doubt be the most 

promising material in the biomedical industry. In light of this, there came the idea of nano-

structuring PCL by reorganizing individual chains to a more extended less entangled 

conformations and configurations.  

Papers from Tonelli’s group pointed to the fact that polymer chains are isolated and adopt 

more extended conformations in their narrow inclusion compound channels.27-39 If the 

extended conformations can be retained to some extent after removal of the host molecules, 

the resultant materials should have distinctive structures, morphologies, and conformations 

compared to bulk samples made from their randomly coiling melts and solutions.40-50  
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1.2.2 Introduction to Inclusion Compounds (ICs) 

There are a large number of molecules that are capable of forming inclusion compounds, 

which can be defined as a complex where one species (the guest) is confined or trapped in 

another species (the host). There are two types of host molecules that are able to form 

inclusion compounds containing long channels. The first type is of course those molecules 

possessing cavities themselves, which are large enough for the threading of guest molecules. 

Cyclodextrins and other cyclic molecules such as crown ethers and cryptands lie in this 

category.51 The second type of molecules does not have cavities themselves but their 

crystallographically well defined crystalline IC matrices do.52 Upon removal of guest 

molecules, the host crystalline structure will undergo deconstruction. A wide range of 

inorganic materials such as Werner Compounds, Hofmann-Type Compounds, and 

aluminosilicates were reported to form inclusion complexes.51 Organic small molecular 

weight species that form inclusion compounds include: urea, thiourea, perhydrotriphenylene 

(PHTP)27, 29, 53, hydroquinone (HYD), etc. Figure 2 shows both type 1 (bottom two with 

cavities) and type 2 (top five small molecules) host species that form inclusion compounds 

with some other guest species. Figure 3 gives schematic view of host and guest spacing for 

both type 1 and type 2 host molecules.      
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Figure 2 Chemical structures of organic host molecules54 

 

Although a list of host molecule choices have been presented above, most literature dealing 

with the inclusion of long-chain polymers and the properties of the resultant polymer 

materials are actually narrowed down to the choice of cyclodextrin and urea, partially due to 

the ease of production of both materials. In the following sections, cyclodextrin and urea 

inclusion compounds will be discussed in detail. 
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Figure 3 Polymer ICs formed between (a) polyethylene and urea, (b) trans-1,4-

polybutadiene and perhydrotriphenylene, and (c) poly(ethylene oxide) and α-CD44 
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1.2.3 Cyclodextrin-Polymer Inclusion Compounds (CD-P-IC) 

Cyclodextrins (CDs), also called cycloamyloses, are a family of cyclic starch derivatives 

which were first discovered by the French microbiologist A. Villiers in 1891 and were named 

as cellulosine due to its similar properties to cellulose.55 In 1903, Austrian microbiologist F. 

Schardinger isolated two crystalline compounds, which were later named as α-dextrin and β-

dextrin, from bacterial digestion of potato starch and suggested that they were identical to 

Villiers’ cellulosine.56 Schardinger continued this study and found that these compounds can 

be produced from different sources of starch using different bacteria.57 Freudenberg and 

colleagues then suggested a cyclic structure for ‘Schardinger dextrin’, and therefore named it 

cyclodextrin. During that period, they also discovered γ-cyclodextrin, which has a larger ring 

structure. 58-60 Since then these three industrially produced cyclodextrins have been 

intensively studied for their structures, properties, and applications.  

Though back in 1930s Pringsheim had already pointed out that these cyclodextrins tend to 

form complexes with a wide range of organic compounds,61 it was not until 1990 that their 

ability to form inclusion compounds with guest polymers was discovered. Harada and 

Kamachi first demonstrated this new perspective by threading guest poly(ethylene oxide) 

(PEO) oligomers through the cyclodextrin (CD) cavities to form polymer threaded crystalline 

inclusion compound (IC).62 Since then, a large number of crystalline CD-ICs have been 

formed containing either high molecular weight guest polymers or small molecule 

additives.63  
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1.2.3.1 Structures of CDs 

In order to elucidate the mechanism of the cyclodextrin inclusion process, a detail 

understanding of their structures is necessary. The most common varieties are α, β, and γ- CD 

containing 6, 7, and 8 glucose units. (See Figure 4 below) 

 

Figure 4 Chemical structure of α, β, and γ- CD 64 

 

All of them have truncated conical cylinder shape geometries, with primary hydroxyl groups 

on the narrow rim side and secondary hydroxyl groups on the wide rim side. They have 

internal cavities ranging from 0.5-1nm in diameter and the same height of 0.78nm. (See 

Figure 5 (b)) 

The total of 18-24 hydroxyl groups on the rims render cyclodextrin water soluble, while the 

inner cavities containing aliphatic entities have hydrophobic properties. (See Figure 6) Their 

dimensions as well as solubility data are listed in Table 1. 
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Figure 5 Structures of cyclodextrin: (a) γ-CD; (b) dimensions of α-, β-, and γ-CDs; 

schematic representation of (c) cage-type, (d) layer-type, and (e) head-to-tail channel-

type CD crystals; and (f) CD-IC channels containing included polymer guests. 63 

 

Figure 6  Schematic drawing of CD geometry65 
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Table 1 Characteristics of Cyclodextrins65, 66 

 

Property α-Cyclodextrin β-Cyclodextrin γ-Cyclodextrin 

Number of glucopyranose units 6 7 8 

Molecular weight (g/mol) 972 1135 1297 

Solubility in water at 25 °C 14.5 (%, w/v) 1.85 (%, w/v)  23.2 (%, w/v) 

Outer diameter (Å) 14.6 15.4 17.5 

Cavity diameter (Å) 4.7–5.3 6.0–6.5 7.5–8.3 

Height of torus (Å) 7.9 7.9 7.9 

Cavity volume (Å
3
) 174 262 427 

Crystal forms (from water) Hexagonal 

plates 

monoclinic 

parallelograms 

quadratic 

prisms 
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1.2.3.2 Nano-threading of Polymers into CD 

There are two general considerations for the complexation of CD with guest molecules; the 

first would be the relative size between the cyclodextrin and guest molecule, and the second 

is the existence of a favorable net energetic driving force for the complexation process.65 For 

example, the aromatic polyester poly (ethylene terephthalate) (PET) can only be included in 

the ~1.0nm channels of its γ-CD-IC, while the aliphatic polyester PCL can be included both 

in its ~0.6nm α-CD-IC as single chains and in the larger diameter γ-CD-IC as two parallel 

chains.67, 68 As we can imagine, CD cavities should have stereoselectivity over guest polymer 

chains. In Shuai’s work,69 isotactic and atactic poly(3-hydroxybutyrates)s (i-PHB and a-PHB) 

were used as guest polymers to form inclusion compound with α, β, γ-CDs. It was found that 

the narrow i-PHB chain only formed inclusion compound with α-CD due to the too large 

cavities of β and γ CD for a tight-packing. The much wider conformations available to a-

PHB, however, can only fit into γ-CD.  

On the other hand, the thermodynamic driving forces for the complexation include the 

followings, owing to its unique amphipathic nature: first, the expelling of polar water 

molecules form the hydrophobic cyclodextrin cavity; second, the increased number of 

hydrogen bonds formed, as the water is expelled out of the cavity and have more access to 

form hydrogen bonds; third, as a non-polar guest is included into the cavities, its repulsive 

interaction with aqueous environment is reduced; fourth, favorable interactions between 

hydrophobic guest and internal cavities of CD are increased.65     

Besides, it was determined that CD showed a preference for the inclusion of longer, higher 



 

17 

molecular weight polymers. It was suggested that this was mainly due to the slower 

unthreading of long polymer chain partially threaded with CDs compared to the rate of 

unthreading of a short chain.    

1.2.3.3 Crystalline Structures of Polymer-CD-ICs 

Cyclodextrins tend to adopt cage-type, or less often layer-type, crystalline structures (see fig. 

1.5 c) when crystallized from water as hydrates or with the presence of small guests. 

However, under certain conditions, α and γ-CD can be recrystallized from water in a 

columnar channel structure, which resemble those of CD-plymer-ICs.70 (see fig. 1.5 e and f, 

respectively) The inclusion of longer polymer chain make CD cavities line up and form long 

channels. Because of their unique crystal structure, which can be readily distinguished from 

their X-ray diffraction patterns, the formation of CD-polymer-ICs is easily confirmed.    

1.2.3.4 Properties of guest polymers coalesced from polymer-CD-ICs. 

Since polymer chains are threaded into and confined in such columnar long channels, it is 

reasonable to expect extended and isolated polymer chain within them. If CD hosts are 

carefully removed and guest polymer chains are allowed to coalesce into a bulk solid sample, 

the resultant extended, un-entangled and closely packed polymer chains should result in 

elevated physical properties compared to those produced from solution or melt. (See Figure 7 

for schematic representation of the nano-structuring process) 

After careful removal of CD from its polymer-CD-IC, using either enzymes or acids, 

coalesced crystallizable polymers evidence increased melting and crystallization 
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temperatures, while amorphous polymer show higher glass-transition temperatures.71 It is 

more evident to see distinct morphologies for normally slow crystallizing polymers, such as 

PET. In Figure 8, coalesced PET film has more uniformly distributed and much smaller 

crystallites compared to the typical as-received PET film, which has larger spherulites size 

and a lower nucleation density.  

The improved properties of polymer coalesced from their CD-ICs have been confirmed 

numerous times by Tonelli’s group. The first known work on completely coalesced PCL was 

done by Wei et al.73 in 2003, where PCL-α-CD-IC was coalesced using alpha-amylase 

enzyme from Bacillus licheniformis. The coalescence was confirmed via absence of a 

characteristic band for α-CD in the FTIR spectrum of the coalesced sample, which is roughly 

identical to that of the as-received PCL. The melt-crystallization was studied by both 

isothermal and non-isothermal crystallization, and the Avrami exponent (n) was determined 

to be close to 4, which is an indication of homogeneous crystallization. Due to the low yield 

of coalesced polymer, the resultant properties, other than thermal, had not been investigated 

until Williamson’s5 work was published. Williamson et al. employed both enzyme and acid 

wash coalescence and found that the acid wash was much more efficient than enzyme wash 

as evidenced by the comparison of FTIR spectra for them. (See Figure 9) Acid-washed 

samples have no characteristic band peak for α-CD around 3000-3500 cm
-1

. Relative 

effectiveness of coalescence methods were also determined and are listed in Table 2 below.  
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Figure 7 Schematic representation of polymer–CD-IC formation, the coalescence 

process, and the coalesced polymer50 

 

 

   

Figure 8 Polarized light micrographs of melt-crystallized (a) as-received PET and (b) 

coalesced PET72 
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Figure 9  FTIR spectra of α-CD (a), PCL-a-CD-IC enzymatically washed (b), and HCl-

coalesced (c) 5 

 

Table 2 Percentage of Remaining a-CD after Various Coalescence Techniques5 

 

 

Coalescing technique  Estimated remaining CD (%) 

Hot water washing 17.8 

Enzyme washing 12.7 

Soxhlet extraction 12.6 

Acid washing  Trace 
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The densities of as-received and completely acid-washed coalesced PCLs were determined 

by floatation. An increase of 3% in density of the amorphous regions was estimated and 

indicates a closer packing of polymer chains in the non-crystalline regions of the coalesced 

sample. Dynamic Mechanical Analysis showed that coalesced PCL was more elastic than as-

received PCL. Nanoindentation showed an increase of 33% in hardness and 53% in Young’s 

modulus for coalesced PCL film as compared to as-received PCL film. However, there was 

still not enough coalesced sample to perform tensile tests on these materials. 

1.2.3.5 Problems with CD 

Although this manner of nanoprocessing polymers has been shown to significantly alter their 

behaviors, the tedious coalescence process hinders the pace of its application. First of all, 

even after taking a very long time to remove the threaded cyclodextrin, the effectiveness is 

still not ensured. (see table 1.2) The second consideration is whether a small amount of 

cyclodextrin remains and affects the improved melt-crystallization and physical properties of 

coalesced polymer, which is believed to be the consequence of their coalesced conformations, 

structures, and morphologies. If the problem of remnant threaded CD can be bypassed and 

yet still achieve similar improvement in their ability to crystallize from their melt, even after 

spending a long time above their melting temperature, the suggested explanation can be 

confirmed. In the light of this, we recall that the inclusion compounds formed between small 

molecule hosts and polymers have the similar function of isolation and extension of random 

coiling polymer long chains and that the host small molecules are just packing around the 

polymer chains instead of threading, as is the case of CD-ICs. This type of inclusion 
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compound can easily be deconstructed and the host readily removed, insuring an alternative 

and easier method of nano-processing polymers.  

1.2.4 Urea Inclusion Compounds (U-ICs)               

Urea is such a small host molecule that can form channel structures in which polymer chains 

are included. In 1940, the first urea inclusion compound was discovered by Bengen74who 

accidently found that 1-octanol and urea formed a crystalline adduct. Many other different 

guest molecules were subsequently investigated and found to form inclusion compounds with 

urea. Smith75 applied X-ray diffraction to the study of crystalline inclusion compounds 

formed between hexadecane and urea.  

 

Figure 10 Different modes of lattice inclusions: (a) cross-linked matrix type of inclusion 

(b) coordinate-clathrate type of inclusion77 

 

The crystalline structure of the inclusion compound formed between hydrocarbons and urea 

were found to be hexagonal tunnel structures, which are constructed by extensively 

hydrogen-bonded urea molecules, with no coordination between urea and guest molecules. 
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They were characterized as “true clathrates” for forming channel structures with only host 

molecules themselves.76 (See Figure 10)   

1.2.4.1 Formation of the Crystalline Matrix  

An over-simplified description of how inclusion compounds were formed from their solution 

stated that a suitable nucleus present in a supersaturated solution triggers crystallization.78 

The crystallization process can also be regarded as two separate steps; first the host 

molecules form an unstable structure with empty cavities, and second the geometrically 

compatible guest molecules thread into the cavities and stabilize the unstable structure, which 

is not available for pure host crystal. For comparison, urea itself crystallized from solvent is a 

closely packed tetragonal crystalline structure.78 The majority of inclusion compounds 

formed with linear molecules and urea were found to adopt honey-comb networks, 

containing linear parallel helical channels with effective diameters ranging from 5.5 to 5.9 Å, 

as long as the requirements for critical minimum chain length and limited branching are met. 

(See Figure 11) Another type of host molecule, thiourea, forms similar honey-comb 

structures which are not helical and have larger channel diameters ranging between 5.8 and 

7.1 Å. Analogous to the fact that three different size cyclodextrins accommodate different 

types of polymers based mainly on their sizes, thiourea inclusion compounds have larger 

channel diameters adequate to include some branched polymer chains, which cannot be 

included in the conventional hexagonal urea channels.79 The size and shape selectivity of the 

crystalline structures lead to the applications in molecular separation, e.g., in the 

petrochemical industry. In addition, the chiral characteristic of urea inclusion compounds was 
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also used to separate enantiomers.80  

 

Figure 11 Perspective view along the channel axis of the honeycomb host network in an 

urea inclusion compound79 

 

1.2.4.2 Polymer-U-ICs  

Urea inclusion compounds formed with long polymer chains are usually prepared by co-

crystallization from a combined solution, where the host and guest molecules are dissolved or 

from their melt mixture. The polymer chains confined in the narrow channels in general 

prefer to adopt essentially the all-trans conformation. PE adopted all-trans conformation 

without any sign of the presence of gauche conformations or rotational interconversion 

between them, and poly(ethylene oxide) (POE) adopted conformations considerably more 

extended than that adopted in the crystal of pure POE.27  Both nylon-6 and PCL are able to 

adopt only five distinct conformations which have sizes appropriate for the channel formed 

by urea with other polymers (5.25-5.5 Å). Those conformations include the all-trans, planar 
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zigzag conformation, and four kink conformers with g 
+/-

 t g 
-/+

 sequences. However, it was 

determined by modeling that it is not possible for them to interconvert with each other 

without unthreading part of the chain out of the channel.28 Stereoregular poly(L-lactide) 

(PLLA) in the extended, nearly planar zigzag, all trans conformation fit in the channel, while 

regularly alternating poly(L,D-lactide) did not.33 Some common polymers and their urea 

inclusion compound structures are listed in Table 3.  

The extension of polymer chain conformations is the key of our nanostructuring process, 

which is similar to what has been achieved in CD-ICs. Due to the unstable nature of the 

empty host urea channel structure, which soon collapses after the included guest molecules 

have been removed, it is extremely easy to extract the polymer from its U-IC as compared to 

the coalescence from its CD-IC. The flow diagram of nanostrcuturing polymer chains with 

urea inclusion compounds is depicted below. (See Figure 12) This idea of recovery from its 

U-IC by extraction with a non-solvent for polymer was proposed by Vasanthan et al.35 in 

1994. DSC observations showed that IC-recovered PCL produces crystals that melt 6 ℃ 

higher than PCL recrystallized from solution or the melt. Extended chain morphology was 

believed to be the cause of the change in crystallization process. FTIR and NMR observation 

indicated a similar extended, nearly all-trans conformation for PCL chains in the PCL-U-IC 

and in the bulk. However, there was no further investigation of its physical properties.  
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Table 3 Urea Inclusion Compounds with Various Guest Polymers and Their Structures 

 

Guest Molecules Tm(° C) Crystal Structure References 

Poly(ethylene oxide) 143 trigonal(solution) 

hexagonal(melt) 

81
 

Poly(tetrahydrofuran) 135–138 hexagonal 82
 

Poly(ethylene) 148 hexagonal 75
 

Poly(ε-caprolactone) 142 hexagonal 83
 

Poly(L-lactic acid) 137 hexagonal 84
 

Poly(1,3-butadiene) 123–128 hexagonal 85
 

Polypropylenes 138 large tetragonal 86
 

Poly(acrylonitrile) – pseudo-hexagonal (or 

large tetragonal) 

87
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Figure 12 Schematic representation of polymer–U-IC formation, the coalescence 

process, and the coalesced polymer 

 

1.3 Coalesced PCL as a Self-nucleating Agent 

Nucleating agents are often utilized to control nucleation density, spherulite size and 

distribution, and therefore improve the physical properties of melt-crystallized polymers. 

Heterogeneous nucleating agents, which are insoluble in the polymer melt, are often used in 

industrial processing. However, in the sense of improving the physical properties of a 

polymer material which targets the bio-medical market, the nucleating agent must also be 

bio-absorbable and nontoxic. Gurarslan88 found nylon-6 (c-N-6) coalesced from N-6-α-CD-

IC crystals at low concentrations to serve as an effective self-nucleating agent for the bulk 

crystallization of N-6 from the melt. Williamson5 evaluated the ability of PCL coalesced from 
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its α-CD-IC to act as a self-nucleating agent. It was also found to effectively nucleate the 

melt-crystallization of as-received PCL. This homogenous self-nucleating agent is not only 

non-toxic and biodegradable, but also chemically compatible with the as-received material. 

The discussion of the effectiveness of polymers coalesced from their U-IC acting as self-

nucleating agents remains to be done in the current work.   

1.4 Motivation 

PCL has excellent bio-compatibility and bio-degradability, while it is not a strong material 

for load bearing biomedical applications. However, if it is possible to maintain its unique 

properties and increase its physical strength without changing its chemistry, PCL will no 

doubt be the most promising material in the biomedical industry. Endeavors have been made 

to nano-process it with cyclodextrin, and a positive result has been obtained. In order to 

bypass the tedious coalescence process from CD-IC, we propose to use another small 

molecule host (urea) to form crystalline channel matrix which can be readily removed by 

stirring in a non-solvent for the polymer. The work discussed in the following chapters is 

committed to systematically test the feasibility of the procedure and the performance of the 

resultant coalesced polymer is compared to that processed from cyclodextrin.   
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Chapter 2: Experimental 

2.1 Materials 

Four samples of poly(ε-caprolactone) having number average molecular weights of 80,000, 

42,500, 10,000, and 2,000 g/mol (asr-PCL-80,-40, -10, and -2) (See Table 4) were obtained 

from Sigma-Aldrich, as were acetone, methanol, and urea. It should be noted that each PCL 

contains a centrally located –(CH2-CH2-O-CH2-CH2-)– unit, as shown below. As a 

consequence, the two connected PCL chains run in opposite directions. 

 

Table 4 PCL Samples 

 

Sample ID Commercial Name                  Mn (g/mol)
*
     n 

PCL-2 Polycaprolactone diol 189421 2,000             8 

PCL-10 Polycaprolactone 440752 10,000          43 

PCL-40 Polycaprolactone 181609 42,500        186 

PCL-80 Polycaprolactone 440744 70-90,000     350 

                 
*
Provided by the manufacturer. 
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2.2 Methods 

2.2.1 Formation of PCL-U-ICs 

1 g of PCL was dissolved in 120 ml of acetone at 50° C, and 14 g of urea (U) were dissolved 

in 70 ml of methanol also at 50° C, and the U solution was slowly added to the PCL solution 

in a drop-wise manner. The temperature was lowered after mixing was complete, but stirring 

continued at room temperature for an additional 30 min. A further two days were allowed for 

inclusion complex formation, after which the resulting precipitate was filtered and vacuum 

dried.  

2.2.2 Coalescence of PCL from its U-IC 

Urea can be removed from the PCL-U-IC by two techniques. Stirring 1 g of PCL-urea-IC in 

50 ml of methanol can completely remove the U. In a second route, 1 g of PCL-urea-IC was 

stirred in excess water for one day and then filtered and dried. Then 1 g of the resulting 

material was stirred in 35 ml of methanol to completely remove the U and obtain coalesced 

PCL. Though the second route takes longer, it requires less methanol. Finally, in both cases 

the coalesced PCL samples were vacuum dried for one day. The yield in terms of PCL from 

the as-received sample to coalesced sample was ca. 60%. 

2.2.3 PCL Films 

Solvent cast PCL films were obtained by dissolving 1 g of PCL in 100 ml of acetone and 

then evaporating all the solvent.  PCL films nucleated with c-PCL were obtained by solvent 
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casting of 2.5 % c-PCL with 97.5 % as-received (asr)-PCL from acetone, which did not 

dissolve the c-PCL nucleant. All solvent-cast films were vacuum dried before further 

characterization. Melt pressed films of asr and c-PCL were prepared for polarized 

microscopy, tensile testing, nanoindentation, and density determination.  

2.2.4 Long Time Annealing Study 

c-PCL samples were kept in the oven above their melting temperature (Tm) at 80 ℃ for 3 

days, 2 weeks and 4 weeks to determine the thermal stability of coalesced materials. DSC 

was performed at each interval to see if their improved melt-crystallization behavior was 

retained after being kept in the melt state for a long period of time.   

2.3 Characterization 

2.3.1 FTIR 

Fourier Transform Infrared Spectroscopy (FTIR) analysis was performed on a Nicolet Nexus 

470 Spectrometer in the range 4000 - 400 cm
-1

, with a resolution of 4 cm
-1

. A Nicolet OMNI 

Germanium Crystal ATR sampling head was employed. 64 scans of data were collected and 

analyzed for each sample by using Omnic software.  

2.3.2 DSC 

Differential scanning calorimetric (DSC) thermal scans were performed with a Perkin Elmer 

Diamond DSC-7 instrument. Heating scans were started at 0° C, and each sample was heated 

to 75° C. After holding each sample in the melt for 5 min, they were cooled to 0° C at the 
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same rate they were previously heated (20° C/min). Nitrogen was used as the purge gas. DSC 

data were analyzed with Pyris software and melting and crystallization temperatures and 

enthalpies were calculated automatically by the software from the areas of their endothermic 

and exothermic peaks. 

2.3.3 Polarized Microscopy 

Polarized optical microscopic observations of as-received and coalesced PCL thin films were 

performed on a Nikon Eclipse 50i POL Optical Microscope equipped with a CCID-

IRIS/RGB color video camera made by Sony Corp. Photographs were taken by using crossed 

polarizers and a ¼ λ plate. 

2.3.4 NMR 

Dilute solutions of c-PCL and a mixture of 10 wt% urea and 90 wt% asr-PCL were prepared 

in 1:2 d6-DMSO:CDCl3 mixtures and their 
1
H-NMR spectra recorded on a Bruker 700Mhz 

spectrometer equipped with a 5 mm ID CPTCI (
1
H/

13
C/

15
N/D) Z-Axis Gradient cryo probe. 

NMR data were analyzed with Topspin 2.1 software. 

2.3.5 XRD 

X-ray diffraction analysis was done using a Philips XLF, ATPS X-ray diffractometer with an 

OMNI Instruments customized auto-mount and copper tube.  The tube produces X-rays with 

a wavelength of 1.54Å. The diffractograms were obtained over a 2θ range of 5-50
o
. The data 

was analyzed using TXRD 5.1 software. 
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2.3.6 Flow Time Measurement 

Flow times for both as-received and coalesced PCL 80,000 were measured with a #50 

Cannon-Ubbelohde viscometer. Each sample was weighed to ~0.25 gram with the maximum 

possible precision and dissolved in 30ml of acetone in a capped conical flask with mild heat 

and stirring applied. The solutions were then transferred to 50ml volumetric flasks. All the 

glassware in contact with solution were rinsed with acetone and transferred to the volumetric 

flasks. Then pure acetone was added drop-wise to the volumetric flasks until they reached the 

indicated 50ml marks. The solutions were mixed thoroughly after capping with a glass 

stopper, achieving concentrations of 0.5g/dL.  

Rinse the viscometer with acetone several times and record the flow time of pure acetone 

before measuring each sample solution. Each sample was measured at least 3 times and the 

average flow time was taken.   

 

2.4 Physical Properties 

2.4.1 Tensile Tests 

Tensile tests were conducted according to ASTM D-882-02 using a MTS Q-Test™/5, CRE-

type tester. The test specimens were prepared by cutting 0.30-0.42 mm thick films into 6mm 

wide and 90 mm long dog bone shapes using a template.(See Figure 13) Tensile tests were 
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performed using a 250 lb load cell, and the gauge length was 50mm. The cross-head speed 

was 500 mm/min. Modulus values were calculated from the slope of the initial part of the 

load-elongation curve where the slope is constant. According to ASTM D-882-02, a 

minimum of five specimens of our PCL films were tested from each sample. Specimens that 

failed at some obvious flaw or slip from the clamp were discarded and retests made.   

 

Figure 13 Dog-bone shape PCL film specimen and their sizes89 

 

2.4.2 Density Measurements 

The densities of as-received and coalesced-PCL films were measured by floatation using 

deionized water and aqueous sodium bromide (NaBr) solution. The density of NaBr solutions 
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with respect to its solute wt% can be found in a handbook.90 The high density 22wt% NaBr 

solution was added slowly using a burette to a premeasured volume of deionized water 

containing both PCL samples at the bottom. A stir bar was used to completely mix the 

solution. When the density of the aqueous salt solution matches the density of the sample, the 

sample reaches neutral buoyancy. The volumes of added NaBr solution for both as-received 

and coalesced-PCL at neutral buoyancy were noted respectively. The PCL sample density can 

be calculated by the following equation: 

 

 

 

2.4.3 Nanoindentation 

Nanoindentations were performed on PCL films using a Hysitron TriboIndenter and 

TriboScan software. All tests were performed at room temperature (~25˚C) on small 5mm by 

5mm squares of melt pressed PCL films (~0.4 mm thick). Four points in a  square 

pattern were selected for each sample and each point was indented 4 times separately with 

four different predetermined maximum forces (500μN, 1000μN, 1500μN, and 2000μN) using 

a Berkovich tip. (See Figure 14)  

The software recorded the force as a function of displacement and the loading and unloading 



 

36 

curve was obtained for each indentation. (See Figure 15) Then the hardness and reduced 

modulus values were determined automatically by the software from the loading and 

unloading curves. Topographic visualizations of the indented film can also be collected using 

the Hysitron hardware and software. (See Figure 16) 

 

Figure 14 Schematic view of PCL samples and indentation positions. 
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Figure 15 Example of a nanoindentation loading and unloading curve91 

 

 

Figure 16 Topographical scan of the as-received PCL sample surface post-indent 92 
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 From the reduced modulus, which accounts for the elastic properties of both sample and 

diamond indenter, the Young’s modulus of the sample can be calculated provided the 

Poisson’s ratio for both diamond indenter and sample and the Young’s modulus for diamond 

indenter are known. The equation assumes additivity of compliances: 

 

in which, 

Er -Reduced Modulus (GPa)  

E -Young’s Modulus of PCL Sample (GPa)  

ν – Poisson’s Ratio of PCL Sample 

Ei –Young’s Modulus of the Diamond Indenter (GPa)  

νi –Poisson’s Ratio of Diamond Indenter  

The Young’s modulus and Poisson’s ratio for diamond indenter are 1141 Gpa and 0.07, 

respectively.93 The Poisson’s ratio for semi-crystalline PCL in the literature is 0.46.94 DSC 

results showed an equal amount of crystallinity for all PCL samples that have been sitting at 

room temperature for more than a day irrespective of the previous cooling profile. This is 

mainly due to the fact that its Tg is below room temperature, so ‘annealing’ was taking place. 

Provided that the crystallinities of our c-PCL and asr-PCL are similar and that minor 
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difference in the Poisson’s ratio will not affect the Young’s modulus of the sample,95 it is 

reasonable to use 0.46 for both of them. Although the software did all the calculations except 

the conversion from reduced modulus to sample Young’s modulus, close scrutiny of what the 

software does is necessary if we want to better interpret the results.  

Doerner and Nix95 first proposed in 1986 to relate the load and displacement data to contact 

area, which is assumed to be constant upon unloading, and therefore the indenter was 

modeled as a flat punch. In this method, only one cycle of loading and unloading is needed 

without the need to image the hardness impression. Once an area function is generated for the 

indentation performed by a specific indenter by measuring its replica under Transmission 

Electron Microscope (TEM), the contact depth can be successfully related to the contact area. 

The maximum load, Pmax, the maximum displacement, hmax, elastic stiffness, S=dP/dh, which 

is determined from the derivative of the initial part, and the final depth, hf, should be 

determined from the P-h curve.93 To better estimate the contact depth, Oliver and Pharr93 

proposed an improved method that modeled the Berkovich indenter as a conical indenter. The 

elastic displacement of the periphery of the contact area, hs, can be calculated by: 

 

where, ε is an indenter geometry dependent constant and 0.75 is used as a standard value 

based on empirical observations. The relationship between those quantities used for 

analyzing the P-h data is illustrated in Figure 17, where the contact depth, hc, can be 
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expressed as: 

 

where S was determined from the slope of the  P-h  curve at the beginning of the unloading, 

hmax, and Pmax were also determined from the curve. Once the contact depth is obtained, the 

contact area can be directly calculated from the area function determined by the method 

introduced by Doerner and Nix, and the hardness can be obtained from: 

 

The reduced modulus, Er, can be assessed using the following relationship: 

 

The dimensionless parameter β was originally taken as unity. However, recent research 

showed the importance of refinement, which accounts for all physical processes deviating 

from the relationship. 96 

In this way, the software calculates and outputs the hardness and the reduced modulus from 

the recorded P-h curve of the sample.  



 

41 

 

Figure 17 Schematic illustration of the unloading process showing parameters 

characterizing the contact geometry96 
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Chapter 3: Results and Discussions 

3.1 Confirmation of IC formation 

3.1.1 FTIR  

FTIR spectra of PCL-U-ICs exhibit peaks characteristic of both PCL and U, indicating the 

co-existence of both components. (See Figure 18) That the vibrational peaks in the PCL-U-

IC spectrum shift slightly from their original wavenumbers in pure PCL and pure U indicates 

potential interactions between the two components and the formation of new structures, i.e. 

PCL-U-IC.   
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Figure 18 FTIR spectra of Asr-PCL (1), PCL-U-IC (2), and Urea (3) 
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U peaks between 3000 and 3500 cm
-1

, that correspond to NH2 stretch in the urea, showed a 

clear shift upon the formation of IC. PCL peaks in the IC at 2865 and 2944 cm
-1

, that 

represent CH2, did not change much from pure PCL. Because of the overlapping of PCL and 

U peaks between 1000 and 1800 cm
-1

, spectra were expanded to more readily observe the 

multiple peaks in this range. (See Figure 19) 
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Figure 19 FTIR spectra between 1000 and 1800 cm-1 of Asr-PCL (1), PCL-U-IC (2), 

and Urea (3) 

 

The carbonyl (C=O) stretch for PCL at 1723 cm
-1

 shifted to 1737 cm
-1

 when PCL chains 

were separately included in the hexagonal urea channels. Previous study by Vasanthan et 

al.97found a peak at 1724 cm
-1

 and a shoulder at 1738 cm
-1

 in semi-crystalline PCL sample 
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and assigned them to be the crystalline and amorphous contributions, respectively. This was 

initially proposed by Coleman et al.98who scanned FTIR spectrum for PCL above its melting 

point at ~75℃. (See Figure 20)  

 

Figure 20 FTIR spectra in the range 1675-1775 cm-1. (A) Spectrum of PCL recorded at 

75℃ (amorphous). (B) Spectrum of PCL aged for over one month and recorded at 

room temperature (semicrystalline). (C) Difference spectrum obtained by subtracting A 

from B. 98 

 

This made clear that carbonyl stretching in amorphous PCL is located at 1738 cm
-1

, where 

that of our included PCL is also located. Certainly the PCL chains in the channel are not in 

the amorphous phase, which is believed to be randomly coiling without any order. Instead, it 

is believed to have extended and separated chains in the U-IC. The fact that PCL chains 
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adopt nearly all-trans conformations in their crystalline phase and that the channels are only 

able to accommodate extended conformations, nearly all-trans, planar zigzag, and four kink 

conformers, with g 
+/-

 t g 
-/+

 kink sequences, suggest the separation of the chains, not the 

extended conformation, causes the similar vibrational mode of the carbonyl bond for PCL in 

the U-IC channel. Although PCL chains are in contact with each other in the amorphous 

phase, they are not as closely packed as in the crystalline phase. 

In addition, as discussed, there are no strong interactions, such as hydrogen bonding, between 

included PCL and urea. This makes it possible for PCL to freely vibrate at a frequency, 

similar to the amorphous contribution and different from crystalline contribution, of its neat 

bulk sample. Thus the amorphous contribution is not indicative of the conformation or 

orientation of the PCL chain, but rather the packing density, which must be similar between 

guest PCL and Host U in the IC.   

In another range of the PCL spectrum which is associated with C-O-C, it was previously97 

determined that the peak at 1187 cm
-1

 and the shoulder at 1178 cm
-1

 came from crystalline 

contributions while the shoulder at 1161 cm
-1 

came from the amorphous contribution. 

However, the overlapping of C-O-C peaks with urea peaks in this range prevent us from 

observing such peak shifts from that corresponding to crystalline contributions to that 

corresponding to the amorphous contributions. Nevertheless, interactions between PCL and 

urea in this region were clearly observed. 

Given that excess urea was used in the procedure, the peak at 1676 cm
-1

 should be assigned 
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to C=O in the excess urea since it doesn’t budge much from 1677 cm
-1

 for C=O in pure 

tetragonal urea crystal. The peak at 1653 cm
-1

 is most likely shifted from 1677 cm
-1

 which 

represent the C=O in tetragonal urea. This peak can be regarded as a sign of hexagonal urea 

channel formation. Similarly, the peak at 1463 cm
-1 

for N-C-N in tetragonal urea shifts to 

1487 cm
-1

 upon formation of the hexagonal urea channel. NH2 peaks at 1620 cm
-1

 and 1593 

cm
-1

 in urea slightly shift to 1629 cm
-1

 and 1596 cm
-1

 respectively, in the PCL-U-IC. A list of 

the wavenumbers associated with specific bonds and groups for tetragonal urea, hexagonal 

urea, as-received PCL and included PCL are compared in Table 5.   

Table 5 Numerical Listing of Wavenumbers at Which Some Functional Groups Absorb 

in the Infrared 
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3.1.2 DSC 

Despite their convenience, FTIR results are insufficient to confirm the formation of ICs. DSC 

was introduced in conjunction with FTIR to observe any distinguishable sign of IC formation. 

As seen in Figure 21, the first heating scan of PCL-U-IC does not show a melting peak for 

PCL. Instead, melting peaks for free U and PCL-U-IC are observed at 134 and 142° C, since 

excess U was employed in forming the PCL-U-IC. After melting of the PCL-U-IC, in the 

second heating scan we can observe melting peaks for both free PCL and U, as well as that of 

the partially reformed PCL-U-IC. The appearance of a PCL crystallization exotherm(~ 32 ° C) 

and subsequent melting endotherm(54° C) after the first heating leads us to believe that PCL 

was included in the PCL-U-IC crystalline structure. All four U-IC’s formed using PCLs with 

different molecular weights were confirmed this way. 

 

Figure 21 DSC thermograms of PCL-80-U-IC: 1st heating (A), 2nd heating (B), 1st 

cooling(C) 
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3.1.3 XRD 

Powder X-ray diffraction was performed instead of single crystal diffraction, due to the 

difficulties associated with obtaining single crystals of PCL-U-IC. Intensity was plotted 

against diffraction angle, 2θ, in Figure 22, where a peak at 12.5˚ is noticeable and was 

previously attributed to the hexagonal structure of Polymer-U-ICs.84 Although not shown, the 

tetragonal urea has very different peaks at 22.3˚, 24.6˚, 29.3˚, 31.7˚, 35.6˚ and 45.5˚. Among 

them, the peak at 22.3˚ has a significantly higher intensity than other peaks. However, the 

relative intensity of this little peak at 22.5˚ in PCL-U-IC was only 1% that of pure tetragonal 

urea indicating very little urea was left in the IC sample after rinsing it with methanol during 

the filtering process.  

The most significant peak for PCL-U-IC is at 21.6˚, while semi-crystalline PCL has its 

strongest peak at 21.4˚, which are very close to each other. The question of whether the PCL 

chains were included in the U-IC matrix or retained in the bulk could be answered by 

performing XRD at elevated temperature above PCL and U melting temperatures. In Figure 

23, PCL-U-IC was held at 130˚C, at which bulk PCLs in the sample become completely 

amorphous and tetragonal urea starts to melt.83 This readily confirms that the peak at 21.6˚ 

was not contributed by the bulk semi-crystalline PCL.  

In addition, peaks at 25˚, 27.3˚, 34.9˚, and 41.5˚, that are unique for PCL-U-IC and were not 

observed for both pure components, i.e., pure tetragonal urea and bulk semi-crystalline PCL, 

were observed. For comparison, bulk semi-crystalline PCL has three strong peaks at 21.4˚, 

22˚, and 23.7˚.99   
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In summary, diffractograms in Figure 22 and 23 are essentially identical which give us 

another strong confirmation of  PCL-U-IC formation.  

 

Figure 22 X-ray diffractogram of PCL-U-IC at room temperature 

 

 

 

Figure 23 X-ray diffractogram of PCL-U-IC at 130˚C83 
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3.2 Confirmation of complete coalescence 

3.2.1 FTIR 

Coalesced PCLs were obtained from their U-ICs after removing all of the host U. As seen in 

the FTIR spectra presented in Figure 24, as-received and coalesced PCL are virtually 

identical. There is very little if any urea remaining after coalescence.  
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Figure 24 FTIR spectra of as-r PCL (1), c-PCL (2) 

 

3.2.2 Proton NMR 

More sensitive 
1
H-NMR observations were also used to confirm the absence of remnant host 

U. (See Figure 25) The control is Asr-PCL with 10 w% of urea from which the chemical shift 

of urea protons and their relative intensity can be obtained.  The absence of the urea proton 

peak at ~5.35 ppm in the spectrum of c-PCL readily confirms that there is no detectable 

remnant urea in our coalesced sample.  
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Figure 25 The 700 MHz 1H-NMR spectra of Asr-PCL with 10 w% of urea (bottom) and 

c-PCL (top), which have been equally expanded 

 

3.2.3 Flow time 

Flow times for as-received and coalesced PCL 80,000 of equal concentration of 0.5g/dL in 

acetone were measured in a #50 Cannon-Ubbelohde viscometer at room temperature. (See 

Table 6) The flow times of both solutions are very similar, which reassures us that there is no 

degradation occurring during the IC formation and coalescence processes. In addition, 

similar flow times indicate that there is no appreciable urea content in our coalesced PCL, 

since any insoluble impurities in both solutions have been filtered to prevent it from clogging 
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the viscometer capillary.   

Table 6 Flow time of asr-PCL and c-PCL 

 

Sample Flow time
* 

Acetone 

asr-PCL 

c-PCL 

86 seconds 

122 seconds 

124 seconds 

*average over 3 readings 

3.3 Thermal Properties100 

3.3.1 Melt-crystallization properties 

The melt-crystallization of as-received (asr-) and c-PCL samples were studied by DSC. It is 

clear from Table 7 and Figure 26 that all c-PCL melts crystallize at significantly higher 

temperatures than their corresponding asr-melts, with the difference between them increasing 

with their molecular weights. It is also apparent that the Tc of the highest molecular weight 

asr-sample (PCL-80) is significantly lower than the Tcs of the others, which are very similar. 

This may be due to the presumably highly entangled nature of the high molecular weight asr-

PCL-80 melt. 

Despite the vast differences in their molecular weights, all the c-PCL samples have similar 

melt-crystallization temperatures. This is consistent with the assumed extended, un-entangled 

natures of their constituent PCL chains. (See Figure 7) 
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Table 7 Crystallization temperatures of different molecular weight asr- and c-PCLs 

 

 

Sample Tc of asr-PCLs, °C                  Tc of c-PCLs, °C 

PCL-2 17.0 26.5 

PCL-10 16.8 32.5 

PCL-40 18.8 35.0 

PCL-80 11.7 33.3 

 

 

Figure 26 Tc increments = Tc (c-PCL) - Tc (asr-PCL) for PCL-2, -10, -40, and -80 

 

3.3.2 Prolonged annealing  

The distinction between the Tcs of asr- and c-PCLs is maintained even after prolonged melt 

annealing of their c-melts at 80º C, as can be seen in Table 8. The difference in molecular 
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weights, no matter whether above or below the molecular weight of entanglement (Me), does 

not interfere with their thermal stabilities. This behavior suggested that c-PCLs would make 

excellent nucleation agents for enhancing the melt-crystallization of asr-PCLs.     

Table 8 Crystallization temperatures of c-PCLs before and after annealing 2 and 4 

weeks at 80° C 

 

Sample Initial Tc ( °C )               

     Tc ( °C )  

after annealing  

2 weeks at 80° C    

Tc (°C) 

after annealing 

4 weeks at 80° C 

c-PCL-2        26.5      26.0 26.4 

c-PCL-10        32.5      30.9 31.7 

c-PCL-40        35.0      34.1 33.8 

c-PCL-80        33.3      30.1 31.1 

 

3.3.3 Self-Nucleation effect 

One of the applications of our coalesced PCLs is to act as “stealth” nucleating agents to 

improve the melt-crystallization of asr-PCLs. The evaluation of the nucleating effect was 

carried out by DSC. In Figure 27 the first cooling DSC scans of neat asr-PCL-40, c-PCL-40, 

and asr-PCL-40 (97.5 wt%) self-nucleated with c-PCL-40 (2.5 wt%) reveal that the resulting 

nuc-PCL-40 and neat c-PCL-40 crystallize more readily than asr-PCL-40. The crystallization 

exotherms of c- and nuc-PCL-40 are much narrower/sharper, with crystallization ranges of ~ 
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9-10° C compared with ~30 °C for asr-PCL-40, and occur at significantly higher 

temperatures (35 and 32.3º C, respectively) compared with the crystallization exotherm of 

asr-PCL-40 (18.8º C). 

Table 9 presents a comparison of melt-crystalization temperatures for asr- , c-, and nuc-

samples of all four PCLs. In addition to the self-nucleated samples, the Tcs of asr-PCL-2, -40, 

-80 nucleated with c-PCL-10 are also given there, and they are seen to differ only minimally 

from the Tcs of their self-nucleated films. We can also see that the crystallization of nuc-

PCL-2 is very similar to and not enhanced compared with asr-PCL-2, independent of whether 

it is self-nucleated or nucleated with c-PCL-10. This is likely a result of its very low 

molecular weight, corresponding to just 16 repeat units (See Table 4), but not to the absence 

of entanglements, because all of the c-PCL melts are believed to crystallize from un-

entangled melts.  C-PCL-2 crystallizes less than 10° C higher than asr-PCL-2, while the 

higher molecular weight c-PCLs crystallize from 16 to 22° C higher in temperature than their 

asr-samples.  The -20° C/min cooling rate employed may not allow time sufficient for the 

asr-PCL chains to fully crystallize even though the nucleating c-PCL chains already have. 

Crystallinities calculated from 2nd heating DSC scans, assuming ΔHm
o
 = 135 J/g, are as 

follows: asr-, c-, and nuc-PCL80s are ~ 34±2% crystalline. If they have been melt pressed 

into film and are held at RT for a long time, all their crystallinities increase to ~ 50%. PCL40: 

asr- and nuc- ~ 49% crystallinities, PCL10: asr- and nuc- ~ 47% crystallinities, and PCL2:  

asr- and nuc- have ~60% crystallinities. 
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Table 9 Crystallization temperatures, Tc, of different molecular weight as-received 

PCLs, self-nucleated PCLs, and PCLs nucleated with c-PCL-10 

 

    Sample                     

  

PCL-2 

Tc, º C                                                                                                    

PCL-10 

                

PCL-40 

              

PCL-80 

As-received 17.0 16.8 18.8 11.7 

Coalesced 26.5 32.5 35 33.3 

Self-nucleated 18.8 27.9 32.3 29.6 

Nucleated with 

c-PLC-10 

21.3 27.9 29.5 28.1 

 

Figure 27 First cooling DSC scans from the melts of neat asr-PCL-40, self-nucleated 

nuc-PCL-40 (2.5 wt% c-PCL-40 + 97.5 wt% asr-PCL-40), and coalesced PCL-40 
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3.3.4 Semi-Crystalline Morphology  

In Figure 28, the optical microscope images of asr- and c-PCL-10 and -40 films observed 

under crossed polarizers are presented. There it is clear that the c-PCL-10 and -40 films have 

finer scale, more homogeneous semi-crystalline morphologies compared to their asr-received 

films. However, differences between different molecular weight samples are also evident. 

The nucleation rate is more dependent on the molecular weight than spherulite growth rate is. 

That is to say, the increase of nucleation rate is faster than the increase of growth rate with 

the increase in molecular weight. This will result in a higher nucleation density and smaller 

crystals for the higher molecular weight samples. In the light of this, only in lower molecular 

weight samples can we clearly see single spherulites and the differences between their 

relative sizes for asr- and c-PCLs.   

3.3.5 Section Summary  

All four PCLs, with molecular weights ranging from well below to well above the reported 

entanglement molecular weight of PCL, ~15,000 g/mol, when coalesced from their U-ICs are 

reorganized in a manner that significantly increases their melt-crystallization temperatures 

above those of their asr-samples. The difference in their thermal behaviors, and presumably 

their structures, is retained in their melts for extensive periods of time (See Table 8). Those 

behaviors presumably result from the small un-oriented regions of extended and un-

entangled chains with no overall macroscopic orientation of the small regions of  extended 

and un-entangled chains.100   
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Figure 28 Optical microscopy images (500x, crossed polarizers, ¼ λ plate) of melt 

pressed asr-PCL-10 (top left), c-PCL-10 (top right), asr-PCL-40(bottom left) and c-

PCL-40(bottom right) films 

 

3.4 Physical properties 

3.4.1 Density 

The unique and improved melt crystallization behaviors of coalesced PCL were believed to 

be the result of small un-oriented regions of extended chains without overall macroscopic 

orientation. It is reasonable to expect the change in conformation of polymer chains would be 

reflected in the overall density of the bulk material.    
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Melt pressed films of both asr-PCL and c-PCL were made using the same process condition. 

The density of each sample was averaged over four measurement and was determined to be 

1.144 and 1.146 g/cm
3
 for as-received and coalesced PCL respectively.(See Table 10) 

Multiple independent measurements made on different days showed slight shifts in both 

values with their differences remaining constant at ca. 0.2%. DSC results show essentially 

equal crystallinity for both samples, leading to the calculated increase in amorphous region 

density of c-PCL of ca. 0.4%. This indicates a tighter packing of coalesced polymer chains in 

the amorphous phase compared to the randomly coiling as-received polymer chains. 

Additional measurements were performed to compare the density of c-PCLs from U- and 

from CD-ICs, which the latter c-PCL showed ~0.6% higher density. The FTIR spectrum of c-

PCL from CD confirmed complete removal of CD. The reason for such a large difference 

between coalesced PCLs from inclusion compounds made with different hosts (CDs and U) 

remains unknown.   

Table 10 Densities of asr-PCL and c-PCL 

 

Sample Density
* 

asr-PCL 

c-PCL 

Overall Increase 

Amorphous Increase 

1.144 g/cm
3
 

1.146 g/cm
3 

0.2% 

0.4% 

              *Average over 4 readings 
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3.4.2 Nano-indentation 

Nano-indentation provides us with nano to micro scale surface mechanical properties of a 

thin film. This is an especially valuable technique for investigating hardness and Young’s 

modulus of low yield materials. Williamson et al.5 introduced Nano-indentation to test PCL 

coalesced from α-CD, since the tedious coalescence process deterred them from 

accomplishing tensile tests which demands much more coalesced material. Nano-indentation 

was carried out here for the purpose of comparing the hardness and Young’s modulus 

between c-PCL from α-CD and Urea ICs.  

Hardness and Reduced modulus were automatically calculated by the software using the 

means introduced in the previous chapter. Some obvious statistical outliers were removed 

from the data set. Young’s modulus was calculated using the Young’s modulus of diamond 

indenter, and Poisson’s ratios for both diamond and PCL.  

Average hardness for both the as-received and coalesced PCL films as a function of testing 

stress are plotted in Figure 29. Vertical error bars indicate the standard error of the estimated 

mean of the hardness. In order to compare the hardness of c-PCL films from U and CD, the 

value for as-received sample should be examined first. Hardness of as-received PCL film in 

the current test ranged from 0.029 to 0.039 GPa, which is in close approximation with the 

value from the previous work (~0.033-0.037 GPa).5 With confidence in the value of as-

received PCL, hardness for c-PCL films from U and CD can be compared. Close 

examination revealed that the value for c-PCL from U-IC at the lowest stress (500μN) was 

extremely high, and probably due to the deviation of actual contact area from the area 
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function and to the different near surface properties. Comparing the data at 1000, 1500 and 

2000 μN confirmed that the hardness of c-PCL from U (~0.043-0.057 GPa) is essentially 

similar to that of c-PCL from α-CD. (~0.043-0.051GPa)   

 

Figure 29 Hardness as a function of testing stress for as-received and coalesced from U-

IC PCLs 

 

The average Young’s modulus as a function of testing stress is plotted in Figure 30. Vertical 

error bars indicate the standard error for the estimated mean of Young’s modulus. Still a 

depth related trend was observed from the decrease in the Young’s modulus of the material 

with the increase in testing stress. Plotting modulus against depth was previously used to 

account for the substrate effect for extremely thin film.101 In our case, the maximum depth for 
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2000μN is ~3000nm, only ~1% of total thickness of the film. Instead of observing substrate 

effect, the deeper the indentation, the more characteristic of bulk material the result is. 

 

 

Figure 30 Young’s modulus as a function of testing stress for as-received and coalesced 

from U-IC PCLs 

 

Young’s modulus for both asr- and c-PCL were plotted against maximum depth in Figure 31. 

A power function was automatically fitted by Excel software and was determined to be better 

than a quadratic polynomial between the data range of 500-3000 nm. In order to better 

estimate bulk properties of the films, maximum depths were set as 3000nm (the upper limit 

of the fitted function) for both asr- and c-PCL power function. Therefore, Young’s modulus 
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of 0.1526 and 0.2241 GPa were obtained from the fitted function at 3000nm. Here we 

suspect that these results give us a better approximation to the bulk properties of PCLs.  

However, there are a few reasons for further performing standard tensile test. First of all, the 

indentation area is so small that is susceptible to any defect, such as air bubbles, dirt and 

grains on the die. Second, the indentation measures recovery after compression as opposed to 

elongation under tension in tensile testing.  

 

 

Figure 31 Young’s modulus as a function of maximum depth for as-received and 

coalesced from U-IC PCLs 
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3.4.3 Tensile Tests 

Tensile tests were performed on ~0.3-0.4 mm thick melt pressed films trimmed with a 

standard template. The average value for properties of interest and their standard deviations 

are listed in Table 11. Typical load-elongation curves are plotted in Figure 32 for both as-

received and coalesced PCL. From there we can see c-PCL has a higher Young’s modulus 

and yield load, but has lower elongation at break compared to asr-PCL. It is worth 

mentioning here that a parallel study on c-PCL from CDs showed much lower elongation at 

break and therefore showed very low toughness. On the other hand, this brittle behavior was 

overcome by c-PCL from U, as evidenced by the essentially similar overall areas under the 

curve (toughness) compared to asr-PCL.  

Table 11 Mechanical properties of asr-PCL and c- PCL 

 

 Properties As-r Coalesced %Change 

Strain% at Break  891.0±33.4% 841.2±72.9% -5.6% 

Modulus (MPa) 158.6±8.0 210.5±10.7 32.7% 

Yield stress (MPa) 10.9±1.0 11.60±0.9 6.4% 

Energy to break 
(Nmm) 19600±2000 19800±4200 0.8% 
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Close scrutiny of other mean values and standard deviations revealed that all of these 

differences, except Modulus, have overlapping standard deviations and therefore they do not 

significantly differ from each other. Modulus, however, has a much higher and significant 

increase (~33%) from asr-PCL to c-PCL. (See Figure 33) 

 

Figure 32 Load-Elongation curves for as-received and coalesced PCL 

 

Although tested by different means, it would be interesting to compare Young’s modulus 

obtained in tensile tests to those from Nano-indentation. From Figure 30 we can see that the 

average Young’s modulus obtained by Nano-indentation is much higher than what we 

obtained in the tensile tests. Because of the depth related trend, it is not legitimate to use 

mean value averaging over all testing forces to characterize the bulk property of PCL. 
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However, when the depth is set to the largest reliable value for the fitted function (3000nm), 

moduli from Nano-indentation are similar to tensile test results. The modulus obtained after 

the inclusion and coalescence process increases from 158.6 to 210.5 MPa in tensile tests, and 

from 152.5 to 224.1 MPa in Nano-indentation. That both methods show significant 

improvement of modulus from as-received PCL to coalesced PCL confirm the expectation of 

properties resulting from extended un-entangled chains that are packed together more closely 

in the non-crystalline sample regions. (See Figure 12)   

 

Figure 33  Modulus increment from asr- to c-PCL from tensile tests 
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Chapter 4: Conclusions 

PCLs coalesced from their U-ICs show enhanced abilities to crystallize, regardless of their 

molecular weight, over samples processed normally from their melts and solutions. This is 

consistent with PCL and other polymer guests coalesced from their ICs formed with host 

CDs. The retention of the enhanced abilities of PCLs coalesced from their U-ICs to 

crystallize even after spending long times (weeks or more) in the melt was also similar to its 

analog obtained from PCL-α-CD-IC. However, unlike CD hosts, U does not thread over 

guest polymer chains when forming their ICs. This makes it possible to conclude that the 

enhanced ability of c-PCLs to crystallize from their melts upon removal of the host U 

molecules is solely a consequence of their coalesced conformations, structures, and 

morphologies, which are stable to prolonged melt-annealing. 

Since both coalesced PCLs behave similarly, it is reasonable to exclude the effect of remnant 

CD host when accounting for their enhanced performance. Furthermore, because c-PCLs 

with chain lengths well below and well above those corresponding to the entanglement 

molecular weight of PCL behave similarly, we conclude that their enhanced ability to 

crystallize from the melt is likely a consequence of the extended and un-entangled 

arrangement of their coalesced chains. 

The high productivity of coalesced PCL obtained from Urea compared to that from CD 

makes it possible to have enough material for various physical tests. The viscometer flow 

times for both asr-PCL and c-PCL confirmed that there was no degradation during the IC 
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formation and coalescence processes. Density measurement showed an increase of ca. 0.2% 

and 0.4% for overall and amorphous region densities respectively. Nano-indentation results 

showed enhanced hardness and Young’s modulus of c-PCL over asr-PCL, with the calculated 

values decreasing with an increase in indentation depth. Maximizing the indentation depth in 

the fitted power function with the upper limit of data available led to moduli approaching 

those observed in bulk tensile tests. Tensile testing showed a slight increase in yield stress 

and decrease in the elongation of c-PCL, with only the increase in modulus being statistically 

significant. In addition to the direct use of c-PCL, small amounts of c-PCL can also be used 

as a fully compatible “stealth” nucleant for the melt-processing of asr-PCL.  

In conclusion, with the improvement made to PCL by nano-processing with U or CDs, the 

use of PCL in load-bearing bio-medical applications can be effectively enlarged.    
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Chapter 5: Future Directions 

The behaviors observed for c-PCL are consistent with the anticipated extended and un-

entangled conformations of the coalesced polymer melt. Though challenging, it would be 

worth directly observing the apparently unique structure and organization of coalesced 

polymers in their melts. Because polymer melts are usually featureless when observed by 

microscopy, AFM and POM equipped with hot stages might be a possible choice to 

investigate the kinetics of crystallization behavior in the vicinity of nucleation. Useful 

information might be obtained from such real-time imaging of the crystallization process.   

The enhancement observed for various physical properties gives us the confidence in 

believing that other properties specifically important for certain applications are also changed, 

e.g., moisture and gas permeability. The superior c-PCL films can also be used as self-

reinforcement in single component composites.88 Since self-nucleation was determined to be 

effective, it is worthwhile to see if repeated self-nucleation with nucleated PCL works or not. 

In addition, as previously done by forming common ICs with CD, inherently immiscible 

polymer pairs could also possibly be mixed at the molecular level by forming common ICs 

with host urea.12, 102-109 
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