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SURFACE CHARACTERIZATION OF  

POLY (ε-CAPROLACTONE) AT THE AIR/WATER INTERFACE 

 

Bingbing Li  

(Abstract) 

 

Surface behavior of poly (ε-caprolactone) (PCL) have been studied at the air/water 

interface (A/W). PCL is a hydrophobic and crystalline polyester with a glass transition 

temperature around -60oC, a melting point around 55oC, excellent biocompatibility, and 

low toxicity. In the past decade, PCL based systems have attracted considerable interest 

for controlled-release drug delivery and as scaffolds for tissue engineering, that require a 

fundamental understanding of PCL's degradation mechanisms and crystallization 

properties. PCL spherulites were commonly observed in previous bulk studies. This 

thesis focuses on PCL crystallization in Langmuir monolayers. Brewster angle 

microscopy (BAM) studies show that square, distorted rectangular, and dendritic crystals 

form at the A/W interface. While dendritic structures have been observed in poly 

(ethylene oxide) (PEO) thin film on solid substrates, this study of PCL is the first time 

that dendritic morphologies have been observed at the A/W interface for a linear flexible-

coil polymer. As far as we know, the crystallization of flexible-coil polymers at the A/W 

interface is a brand new area of research. These findings may provide an interesting 

model system for studying crystallization in confined geometries and the effect of 

crystallinity on enzyme catalyzed hydrolysis of this important biodegradable polymer at 

the A/W interface. 

The main objectives of this thesis were to investigate the phase behavior of PCL at 

the A/W interface, gain a deeper understanding of the nucleation and growth mechanism 

of PCL crystallization at the A/W interface through surface pressure-area (Π-A) 

isotherms and isobaric area relaxation analyses, and interpret the effects of molecular 

weight on the nucleation and growth mechanism, and morphologies of semicrystalline 

PCL crystallized in Langmuir monolayers at the A/W interface.  
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CHAPTER 1 

INTRODUCTION AND REVIEW 

 

1.1 Langmuir Monolayers at the Air/Water Interface  

Langmuir monolayers are usually formed by certain amphiphilic materials, such 

as stearic acid, which has two distinct regions in one molecule: a hydrophilic 

headgroup to anchor the molecule on an aqueous surface and a hydrophobic tail (a 

long alkyl chain) to keep the molecule from dissolving into the subphase.1 These 

well-spread amphiphilic molecules will cover the available surface area rapidly and 

arrange themselves at the air/water (A/W) interface to minimize their free energy 

upon compression. The well-ordered surface layer thus formed, with headgroups 

immersed in the water and hydrophobic tails pointed into the air, is called a Langmuir 

monolayer. 2 

Benjamin Franklin was the first to introduce the concept of spread monolayers 

into a scientific arena in 1774. 3 He studied the effects of oil films on vibrations at the 

air/water interface. These experiments stimulated further investigations mainly in 

Germany.4 About one-hundred years later, Lord Rayleigh demonstrated that the 

extended oil films formed at the A/W interface were one molecule thick and indicated 

that the thickness could be estimated by determining the area occupied by the 

film-forming molecules.5 About the same time, Agnes Pockels devised a simple 

apparatus, an original model of a Langmuir trough, and published the first 
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pressure-area isotherm in Nature.6 In the 1900’s, Irving Langmuir designed a number 

of new devices for measuring the pressures of spread monolayers, one such device 

was later named a Langmuir film balance, which is the technique presently used for 

everyday monolayer research. Langmuir’s experiments confirmed that the thickness 

of a monolayer is one molecule and the existence of short-range forces is the basis of 

well-ordered film formation.7 In 1919, Katherine Blodgett successfully transferred 

fatty acid monolayers from a water surface to glass substrates.1 The transferred 

multilayer films are now called Langmuir-Blodgett (LB) films. These studies, along 

with contributions from other scientists, provide the foundations of monolayer studies 

and the subject of monolayer assemblies.    

Starting from the aforementioned techniques, new methods were developed for in 

situ investigations of Langmuir monolayers or multilayers,8, 9 such as Brewster angle 

microscopy, fluorescence recovery after photobleaching,10-12 surface light 

scattering,13-15 etc. The characterization methods developed for transferred LB-films 

are even greater, including atomic force and scanning tunneling microscopies, X-ray 

reflection and diffraction, and various spectroscopies. The range of film-forming 

materials has been enlarged; not only covering the classical amphiphilic molecules, 

but also includes the long chain substituted aromatic compounds, dyes, polymers, 

biological materials, porphyrins, fullerenes, etc.16-19 The potential applications of 

LB-films as functional coatings, optical devices, biosensors, and biomimetic model 

membranes have also attracted considerable attention from scientists.2, 16-19   
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1.1.1 Two-Dimensional (“2D”) Phases: Monolayers 

The line force acting on surface molecules is referred to as the surface tension, γ , 

which can also be thought of as an energy per unit area, reflecting the tendency of 

liquids to reduce their surface area. Surface tension acts on the surface along a 

tangential direction. If the film-forming materials at A/W are spread to dilute enough 

surface concentrations, the interactions between molecules are negligible and only 

small surface tension changes are observed. Upon compression, the molecules will 

exert strong short-range forces on each other in the closely packed states. This 

condition is analogous to the intermolecular interactions observed at higher pressure 

in bulk phases. The 2D analog of pressure at a surface is called surface pressure, Π, 

which is the difference between the surface tension of a film covered surface, γ, and a 

pure liquid subphase, γ0. The presence of a molecular film at the interface will 

decrease the surface tension of pure water. Thus, surface pressure is defined as:   

                    Π = γ0 - γ                               (1-1)  

At equilibrium, the surface tension at the A/W interface can be expressed as: 

γ ∂
∂

∂
∂

= 





= 





F
A

G
AT V n T P ni i, , , ,

                      (1-2) 

where F and G, are the Helmholz and Gibbs free energies, respectively, and A is the 

surface area. The surface tension can be measured by the Wilhelmy plate technique as 

seen in Figure 1.1. The surface tension and surface pressure can be calculated by the 

following equations: 
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( )
γ

θ
=

−

+

F W
L t
obs film,

cos2
                            (1-3) 

( )
Π = − =

−

+
γ γ

θ0
0

2
F F

L t
obs obs film, ,

cos
                      (1-4) 

where Fobs is the force measured by the Wilhelmy plate, W is the gravitational force, L 

is the length of plate and t is thickness of the plate, which is usually so small 

compared to L that it can be ignored. θ is the contact angle between the liquid 

subphase and the plate (See Fig. 1.1). Equations 1-3 and 1-4 assume the buoyant force 

is negligible.  
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Figure 1.1 Measurement of surface pressure. 
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Figure 1.2 A schematic Π-A isotherm for an amphiphilic molecule. G: gas phase; 

L1-G: coexisting liquid expanded and gas phases; L1: liquid expanded phase; L2: 

liquid condensed phase; S: solid phase; and ∏c: collapse point.   

 

 The most important quantitative characterization of the monolayer at the A/W 

interface is given by the Π-A isotherm, which reflects changes in surface pressure 

upon compression or expansion of the films and is the two-dimensional analog of a 

pressure-volume (P-V) diagram.17, 19 Figure 1.2 is a schematic Π-A isotherm for 

traditional amphiphiles. Monolayers at the A/W interface form a variety of gas, liquid, 

and solid phases, and can also undergo phase transitions, which are analogous to three 

dimensional (3D) transitions in bulk. The gas phase (G) is formed at very low surface 

concentrations. The non-interacting molecules are randomly arranged at the interface 
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in this regime. The liquid phase can be separated into a liquid-expanded phase (L1 or 

LE) and a liquid condensed phase (L2 or LC) for some molecules. Gas and liquid 

phases can coexist as a L-G regime. The formation of liquid-like monolayer phases in 

traditional lipids, such as fatty acids, is related to the chain length of the hydrophobic 

tail. Thus, an L1 phase may not be observed for some kinds of molecules. The 

molecular surface density of the L1 phase is smaller than the L2 phase, which 

corresponds most closely to a 3D liquid; hence the compressibility of the film in the 

liquid-expanded phase is much higher than that of a 3D liquid. The lateral 

compressibility of the film, κ, can be expressed as: 

κ ∂
∂

= − 





1
A

A

TΠ
                             (1-5) 

Information about the static dilational elasticity, εs (two dimensional-analog to the 

bulk modulus in 3D), can also be obtained from a Π-A isotherm by: 

ε κ ∂
∂S

T

A
A

= = − 





−1 Π                           (1-6) 
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(a) 2D condensed monolayer

(b) Monolayer collapse

(c) Multilayer 2D-3D transformation  

Figure 1.3 Schematic diagram of film collapse.  

 

Upon the formation of the liquid condensed phase (L2), the close packing of 

molecules restricts the molecular motion enough to only allow rotation. Furthermore, 

molecules in the L2-phase may take on tilted and/or untilted orientations. Hence there 

are a number of different possible phases that can be differentiated through X-ray 

diffraction.20, 21 If a film forms a solid phase (S), the molecules are highly ordered and 

strong interactions exist between molecules. The surface pressure corresponding to 

the collapse of the monolayer is called the “collapse pressure” (∏c), where the 

compressibility of the monolayer approaches infinity. The value of ∏c indicates the 

limit of the stability of a two dimensional (“2D”) condensed monolayer. After the 

collapse point, molecules can not maintain their ordered “2D” arrangement and begin 

to form multilayers as depicted in Figure 1.3 to dissipate the increased energy 
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compression provides to the system. However, for soluble surfactants like 

poly(ethylene oxide) (PEO), the monolayer is only stable below some critical surface 

concentration. At higher surface concentrations, PEO will be squeezed into the 

subphase, and its penetration depth increases with increasing surface concentrations 

while the “surface” concentration of the uppermost layer remains almost constant.22 

The lowest molecular weight (MW) of PEO to form stable monolayers at A/W is ∼18 

kg⋅mol-1. For PEO, the ∏c increases slightly with MW. However, in the MW range 

from 145 to 996 kg⋅mol-1, the collapse pressure becomes MW independent at a value 

of 10.2 mN⋅m-1.23 

For a little more than a decade, Brewster angle microscopy (BAM) has become 

one effective method for directly visualizing in-situ morphologies of “2D” condensed 

phases of monolayers due to the difference in refractive index between LE，LC, or 

solid phases at A/W.8, 9 These “2D” structures of classical amphiphilic molecules have 

been well studied and demonstrate an interesting variety of shapes and sizes, such as 

dendrites, fractal-like structures, and circular plates.24-26 However, the “2D” phase 

diagram for polymers is much simpler as only the gas phase, one liquid phase, and a 

collapsed state have ever been observed as depicted in Figure 1.4.27 The semi-dilute 

liquid-like polymer monolayer exists in an analogous state to the semi-dilute region of 

polymer solutions. Γ* is the overlap concentration from the dilute to semi-dilute 

region. When surface concentration is below Γ*, monolayers show gas-like behavior. 

For dilute enough Γ, non-interacting systems are observed, leading to molecular 



 
 

9

weight dependent isotherms in accord with the ideal gas law. With increasing Γ, 

intermolecular interactions become important and real gas behavior is observed.27 As 

Γ* is approached, the “2D” coiled polymer molecules start to touch each other as 

depicted in Figure 1.5. Upon further compression, intramolecular interactions take on 

a critical role. Thus, within the semi-dilute region, the isotherms are no longer 

dependent on molecular weight. Unlike 3D systems, polymer chain entanglements are 

not important during this process. With further compression, the liquid-like 

monolayer will ultimately undergo “2D”-3D transformation at the collapse point.27 

The collapse states of polymer monolayers show interesting variability according to 

the characteristics of their chain structures.  
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Figure 1.4 Schematic depiction of Π-Γ isotherms for monolayers of a polymer. The 

isotherms indicate that a gas-like state, a semi-dilute liquid-like state, and a collapsed 

state exist for polymer monolayers. Mn is the number average molecular weight and 

Γ* is the overlap concentration.  

 

Gas-like film

Film at Γ*

Semi-dilute film

Gas-like film

Film at Γ*

Semi-dilute film

 

Figure 1.5 Schematic depiction of chain conformations of random coil polymers at 

the A/W interface. 
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Figure 1.6 Schematic depiction of collapsed states of polymeric monolayers. (a) 

Collapsed state and multilayer formation of comb-like polymers with strongly 

hydrophobic side chains; (b) Collapsed state of amphiphilic diblock polymers with 

hydrophilic chains squeezed into the subphase; (c) Folded loop structures formed 

during monolayer collapse of polymers having intermediate solubility; (d) 

“Collapsed” state for monolayers where chains can desorb from the interface.  
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Figure 1.6a depicts the collapsed state and multilayer formation for comb-like 

polymers with strongly hydrophobic side chains. Collapse transitions in polymer 

monolayers are similar to small molecule amphiphiles. The collapsed state of 

amphiphilic diblock polymers is depicted in Figure 1.6b, where the hydrophilic blocks 

are squeezed into the subphase. Thus, both mushroom and brush conformations are 

possible. If amphiphilic polymers are linear flexible and have an intermediate 

solubility, the polymer chains can form looped structures as seen in Figure 1.6c. 

Figure 1.6d corresponds to the collapsed state of monolayer formed by soluble 

polymers like PEO. Upon compression at collapse point, the polymer chains are 

squeezed into subphase. “2D”-3D transformations corresponding to the monolayer 

collapse become extremely important as far as polymer monolayers are concerned. 

The aim of this thesis is to present preliminary results for PCL crystallization in 

monolayers, which is correlated to the “2D”-3D transformation around the collapse 

point as seen in Figure 1.6c.17 Although, previous studies of collapsed states are 

mainly focused on small molecule amphiphiles, the proposed theories might be useful 

for polymer systems. Thus in the following sections, “2D”-3D transformations and an 

associated theory will be introduced. Some of previous studies on PCL monolayers 

will also be reviewed.  
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1.1.2 “2D”-3D Transformations 

After the film-forming materials are spread on the surface, the surface pressure 

will increase to a maximum stable value upon compression. This maximum stable 

surface pressure (∏e) is defined as a limiting pressure above which relaxation 

phenomena occur when the monolayer is held at a constant surface pressure or a 

constant area per molecule.28 The monolayer relaxation is characterized either by a 

decrease in area per molecule in an isobaric experiment or a drop in Π if the trough 

area is held constant during the experiment. As long as the surface pressure is higher 

than Πe, the monolayer lies in a supersaturated state or metastable state. Such 

supersaturated monolayers can exist over a wide surface pressure range below the 

collapse point.29, 30 This state is analogous to bulk materials for which an equilibrium 

vapor pressure exists in the presence of its vapor. If this vapor pressure is exceeded, 

such as in the supersaturated vapor, materials in the gas state can deposit onto a solid 

surface. Nucleation from supersaturated monolayers can be compared to nucleation 

from supercooled or supersaturated bulk systems. For most long-chain insoluble 

monolayers, only the low pressure regime of a Π-A isotherm obtained by compression 

at a fixed rate corresponds to a “thermodynamic equilibrium state”. 

There have been numerous studies on the “2D”-3D transitions of insoluble 

monolayers. “2D”-3D transformation of monolayers frequently occurs during 

“monolayer collapse”-a phase change related to the growth of a 3D phase from a 

close-packed “2D” monolayer upon overcompression. “Monolayer collapse” is 
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usually observed as drop in Π or a plateau region in a Π-A isotherm. The “2D”-3D 

transition can occur within the plateau region at Πc such as behenic acid 

monolayers.31 For some molecules, like stearic acid on an acidic subphase (pH 3.0) at 

20 oC, “2D”-3D transitions can start below Πc, in the supersaturated monolayer. The 

3D nuclei form at Π < Πc, and then grow and overlap within the plateau region.31   

The Π values and the shape of isotherms at the collapse point depend on the 

intermolecular interactions between amphiphiles, the compression rate, and the 

interactions between the molecules in the monolayer and the subphase.31, 32 According 

to previous studies on the compression rate dependence of Πc,32, 33 the magnitude of 

Πc has been demonstrated to increase with the compression rate. At higher 

compression rates, the ordered monolayers cannot relax faster than the rate of 

compression in a short period of time, thus the monolayers undergo a higher degree of 

supersaturation or undercooling and exhibit an increased value of Πc. Consequently, 

the number of nuclei formed from a supersaturated monolayer increases with 

increasing compression rate. At a sufficiently high compression rate, the shape of the 

isotherm around the collapse point can change from a “kink” to a “plateau” since it is 

impossible for monolayers to relax on such short experimental time scales. Thus, at 

lower compression rates, the measured surface pressures are closer to the 

“equilibrium” values. As mentioned above, the magnitude of Πc is an indication of 

monolayer stability. Enhancements of monolayer stability will lead to an increase in 

the magnitude of Πc. Enhanced stability can be obtained by increasing the length of 
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hydrophobic tails, introducing ionic or coordination interactions between amphiphiles 

and the subphase, etc. Temperature is also a factor that can affect “2D”-3D 

transformations due to its influence on intermolecular interactions and the 

hydrophilicity of the head groups.  

1.1.3 Nucleation and Growth Theory for Traditional Amphiphiles   

The energy input into the system during compression can be considered as the 

driving force for the nucleation of “3D” phases from “2D” condensed monolayers.34 

From a molecular point of view, the breaking and piling-up of “2D” condensed 

monolayers upon overcompression at or near Πc lead to the formation of 3D 

structures. Nucleation-growth-collision theory developed by Vollhardt et al. has been 

used for theoretically describing the nucleation, growth, and overlapping of 3D 

centers in monolayers of traditional long-chain amphiphilic molecules.35-39 Two 

different models were developed that have the following features in common: (1) The 

total transformation rate is described as a convolution of the nucleation rate and the 

growth rate; and (2) The overlap of the growing centers in the succeeding stages of 

the process has also been considered.35, 36, 38 

 

Figure 1.7 Geometries of 3D nucleation centers in monolayers.35 
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Table 1.1 Exponent x for different nucleation mechanisms and center geometries.35, 37 

Geometry of centers Nucleation mechanism Exponent x
Hemispherical edge growth Instantaneous 3/2 
Hemispherical edge growth Progressive 5/2 

Hemispherical growth from basal area Instantaneous 1 
Hemispherical growth from basal area Progressive 4 

Cylindrical edge growth Instantaneous 2 
Cylindrical edge growth Progressive 3 

 

The first model was developed by Vollhardt et al. as an extension of the Avrami 

equation.35-37 This model assumed homogeneous nucleation with a simple geometric 

shape for the 3D nuclei as seen in Figure 1.7.36-37 The general expression for both 

instantaneous and progressive nucleation from this model is:  

( )( )A A
A A

K t tx i
x0

0

1−
−

= − − −
∞

exp                      (1-7) 

where A is the total area per molecule at time t, A0 is the initial area per molecule, and 

A∞ is the area per molecule at t ≈ ∞. An induction time, ti, is introduced as a 

theoretical description of time dependent growth rates. A positive ti value indicates 

that the growth rate at early times is smaller than the normal value for the subsequent 

growth process, while a negative value suggests a higher growth rate at the start of 

nucleation. Kx is an overall transformation rate constant that encompasses the 

nucleation rate, kn, and growth rate, k. Instantaneous nucleation corresponds to large 

kn with N∼Nmax, while progressive nucleation is correlated to small kn with dN/dt = 

knNmax. N is the number of nuclei at time t and Nmax is the total number of potential 

nuclei forming sites at A/W. Different nucleation models result in distinct Kx. The 
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expression of Kx was described elsewhere.36 The exponent x is specified according to 

the different mechanisms of nucleation and growth and the geometries of the 3D 

nucleation centers (See Fig. 1.7 and Table 1.1).36, 37 Thus the nucleation mechanism 

can be inferred from the value of the exponent x by fitting A vs. t data obtained from 

constant Π experiments. Previously reported constant Π studies of octadecanoic acid 

monolayers have clearly indicated that different nucleation mechanisms exist for 

different experimental conditions: (1) Area changes at Π = 30 mN⋅m-1 and T = 30 oC 

could be explained by instantaneous nucleation with hemispherical edge growth. (2) 

For the case of Π relaxation at Π = 34 mN⋅m-1 and T = 20 oC, progressive nucleation 

with hemispherical edge growth was observed.36, 37 

Another generalized nucleation model assumed nucleation corresponding to the 

formation and growth of a lenticular nucleus. Two limiting cases: Instantaneous and 

progressive nucleation are also included in this model. The overlap of the growing 

centers and the effects of surface tension on the lenticular growth at the three phase 

contact (air/water/3D center) have been considered in this model.38, 39 The expression 

derived for the generalized nucleation and growth model is given as:  

( )[ ]A A
A A

Ct F k tn
0

0

3 21−
−

= − −
∞

exp /                      (1-8)  

All constants corresponding to specific properties of the materials and the 3D centers 

were incorporated into the constant C. kn is the nucleation rate. Two limiting cases of 

nucleation are related to the boundary conditions of F(knt),39 which were 

mathematically described in Equation 1-9 through 1-12. 
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Instantaneous nucleation:  

( )lim
k t n

n

F k t
→ ∞

= 1                             (1-9) 

[ ]A A
A A

Ct0

0

3 21−
−

= − −
∞

exp /                        (1-10) 

 

Progressive nucleation: 

( )
lim
k t

n

nn

F k t
k t→

=
0

2
5

                           (1-11) 

A A
A A

Ck tn
0

0

5 21 2
5

−
−

= − −



∞

exp /                     (1-12) 

Unfortunately, previous studies found excellent agreement between the calculated 

and experimental A-t curves of methyl stearate monolayers for both models, leading 

to an overall rate constant (2/5) Ckn from model 2 that is vastly different from the Kx 

value obtained from Eq. 1-7 for progressive nucleation.37 This ambiguity could be 

related to the effects of the geometric shape of the 3D nucleation centers on the 

overall growth rates. At this time, there is still no method available for distinguishing 

between the two cases.  

 

1.1.4 Previous Studies of Poly (ε-caprolactone) (PCL) Monolayers at the 

Air/Water Interface  

Polymeric monolayers and transferred LB-films have attracted more and more 

attention since they have better thermal and mechanical stability than traditional 

amphiphiles. PCL is one of several interesting linear flexible (homo-) polymers for 
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monolayer studies. PCL based systems have attracted considerable interest for 

controlled-release drug delivery and as scaffolds for tissue engineering,40-42 that 

require a fundamental understanding of PCL's degradation mechanisms and 

crystallization properties. PCL is degradable through base or enzyme catalyzed 

hydrolysis of its ester bonds. PCL degradation correlates to the molecular weight, 

molecular orientation, chain packing, crystal surface, and crystallinity of the 

polymer.43, 44 At the A/W interface, previous results indicate that PCL (16 kg⋅mol-1) 

can form a “2D” close-packed monolayer with a collapse point around A ≈ 20 

Å2⋅monomer-1. These Langmuir monolayers have been used to study base catalyzed 

PCL hydrolysis. 43, 44 One of the advantages of the monolayer method is that the ester 

groups could be organized at the interface due to their hydrophilicity. Consequently, it 

is possible to realize the optimal conditions for hydrolysis or enzymatic degradation 

when all ester bonds are exposed to acidic or basic subphase with or without enzymes. 

Another advantage is the possibility of quantitative analysis of hydrolysis kinetics by 

monitoring the surface pressure change during the hydrolysis process at constant area 

or the decrease in area per monomer with time during isobaric measurements since the 

hydrolytic products, short fragments or monomers of PCL, are water-soluble. 

Previous results by Lee et al. demonstrate that base catalyzed hydrolysis of PCL 

blends with poly (L-lactic acid) (l-PLA) is faster than for either pure component.43, 44 

This behavior may be related to the difference in crystallinity of PCL and its blends at 

the A/W interface. Decreasing the order of a PCL monolayer through blending could 
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assist the hydrolysis process by increasing the number of sites per unit area suitable 

for base catalyzed hydrolysis. In this thesis, BAM is used to study the in-situ growth 

and morphologies of PCL crystals during compression (nucleation and growth: 

monolayer materials→3D solid) and melting during expansion (melting: 3D 

solid→”2D” phase) of a Langmuir film at the A/W interface. These results are not 

only significant for future studies of the effect of crystallinity on enzymatic 

degradation, but also provide an interesting model system for studies of polymer 

crystallization in confined geometries at surfaces.  

 

1.2 Crystallization of Semicrystalline Polymers 

Understanding the nucleation and growth process is one of the key points for 

understanding PCL crystallization at the A/W interface. Although previous 

well-developed theories of polymer crystallization may not be directly applicable to 

understanding crystallization in Langmuir monolayers, the analogies may provide 

some valuable hints for further studies. Thus, in this section, some fundamental 

concepts of semicrystalline polymers will be reviewed. 

 

1.2.1 Introduction  

The crystalline state is defined as a state exhibiting a melting temperature, Tm (a 

first-order phase transition), and an X-ray scattering pattern with sharp reflections. At 

the melting temperature, heat has to be added until all well-ordered crystallites have 



 
 

21

been transformed into a disordered melt state. Tm is usually controlled by factors such 

as polarity, hydrogen bonding, molecular weight, etc. Tm can be conveniently 

observed through thermal analysis. Differential scanning calorimetry (DSC) has been 

a popular method for quantitative thermal analysis since it can easily provide Tm, as 

well as the heat of fusion, ∆Hf, which is given by the total area under the Tm peak. The 

glass transition temperature, Tg, is a characteristic of the amorphous state, which is 

still present in semicrystalline polymers. However, it is not easy to observe Tg in 

highly crystalline polymers since only a very small amount of amorphous substance is 

present, leading to a weak thermal signal.45 

The development of crystallinity normally requires that the polymer chains can be 

extended in a low energy conformation (a helix, or a planner zigzag) and be generally 

packed with parallel chain axes. From the view point of structural regularity, isotactic 

and syndiotactic polymers are usually easier to crystallize, whereas atactic polymers 

usually do not crystallize. Crystallizable polymers usually have very small crystalline 

regions, which are interconnected by an amorphous phase such that the crystallinity of 

polymers ranges between 0% and 95%. Polymer chain arrangements also exhibit 

some defects such as occasional and irregular kinks or folds outside crystalline 

regions. Thus, polymer materials are only classified as non-crystalline and 

semicrystalline materials.45, 46 

Polymer crystallization initially starts from a nucleation site. Nucleation is usually 

defined as the formation of the smallest crystalline entity due to density fluctuations in 
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supercooled melts.47 The further growth of these crystallites is thermodynamically 

favored. Nucleation may be classified as primary, secondary or tertiary nucleation. 

Primary nucleation refers to the initial process of nuclei formation. The 

thermodynamic description of crystallization process can be written as: 

∆G G Gcrystal melt= −                       (1-13) 

∆ ∆ ∆G H T S= −                        (1-14) 

where ∆G  is the Gibbs free energy of crystallization, and ∆H  and ∆S  are the 

enthalpy and entropy of crystallization, respectively. Gcrystal is the overall free energy 

of the crystal and Gmelt is the free energy of the same amount of material in the melt 

state. Any small crystallites must have a large specific surface area, A with the 

specific surface free energy, γ *. Thus the overall free energy of a crystal can be given 

by:   

G G Acrystal bulk= + ∑ γ *                   (1-15) 

∆G G Gc bulk melt= −                      (1-16) 

where Gbulk is the free energy of the crystal disregarding surface effects; ∆Gc  

represents the free energy difference between the bulk crystal and its melt ignoring 

surface effects. Thus the free energy change of crystallization can be given by: 

∆ ∆G G Ac= + ∑ γ *                    (1-17) 

∆ ∆G R G Rc
V= +

4
3

43 2π π γ *                 (1-18) 

At T < Tm, ∆Gc
V  is negative. The specific surface free energy, γ *, is positive for 

crystallization at all temperatures. Hence, these two opposing contributions to the free 
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energy lead to an initial increase in ∆G (positive in sign) until a certain critical 

maximum value is observed with increasing radii of the spherulitic nuclei, R, beyond 

which there is a drop in the free energy leading to the formation of a stable nucleus as 

∆G becomes negative. Thus, a thermodynamically stable crystal of sufficient size 

must be grown through a path from positive to negative ∆G as illustrated in Figure 1.8. 

The maximum in ∆G  corresponds to the critical size of the nucleus. Nuclei with sizes 

to the left of the maximum ∆G value are called subcritical nuclei or embryos. Nuclei 

formed to the right of the maximum ∆G value with positive ∆G are called supercritical 

nuclei. Nuclei with a negative ∆G value are called stable nuclei or small crystals.48 

The free energy barrier to crystallization can be overcome by local random density 

fluctuations, or local order in the melt. The larger the required size of stable nuclei, 

the longer the amount of time that will be required for the nucleation process.    

    

Size

Critical nucleus

Supercritical size

Embryo Stable region

0

G∆
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Supercritical size
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0
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Figure 1.8 Schematic illustration of the nucleation process: the change in free 

energy ∆G as a function of size.   
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Primary nucleation can be homogeneous or heterogeneous. The formation of 

initial nuclei occurred in the absence of a second phase is termed homogenous 

nucleation. The nucleation initiated by any foreign particle or a second surface from 

the same polymer is referred to as heterogeneous nucleation. A foreign surface usually 

reduces the activation energy barrier for the formation of a stable nucleus since the 

creation of the interface between the polymer crystal and the foreign surface is easier 

than the creation of a free polymer crystal surface.48 If heterogeneous nucleation is 

initiated by entities having the same composition as the crystallizing polymer, it is 

called self-nucleation, such as nucleation induced by pre-existing nuclei.  

 

 

l 

a b 

l

a b

l

a b 
 

       (a)                      (b)                     (c) 

Figure 1.9 Types of nuclei: (a) Primary nucleus, (b) secondary nucleus, and (c) 

tertiary nucleus.   

 

Secondary nucleation refers to a process whereby a new layer of crystal deposits 

on a molecularly smooth crystal surface. Secondary nucleation has a lower free 

energy barrier than primary nucleation since the newly created specific surface area is 
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smaller. Tertiary nucleation is defined as fresh crystal growth at an edge as seen in 

Figure 1.9. Tertiary nucleation exhibits the smallest free energy barrier due to the 

smallest specific surface area, so the relative difficulty for different nucleation 

processes is: primary nucleation > secondary nucleation > tertiary nucleation.  

The shape, the chain-orientation, and the size of the crystals not only depend on 

the structural characteristics of the polymers, but also depend on processing 

conditions. It is necessary to consider both the polymer structures and operating 

conditions when we study polymer crystallization.46 Crystallization can be induced by 

evaporating a dilute solution, cooling a molten polymer, annealing processes, or 

drawing processes. Annealing is a process in which the crystallinity is formed by 

heating the substance at a specified temperature in vacuum or an inert atmosphere to 

prevent oxidation. Stretching a polymeric substance at a temperature above Tg may 

also induce crystallization in a process called drawing.46  

 

1.2.2 The Fringed Micelle Model 

The earliest evidence of semicrystalline structures in polymers was discovered in 

X-ray and electron diffraction patterns, where two overlapping yet distinct diffraction 

patterns indicted that both amorphous and crystalline regions coexisted in the 

polymer.46 Hermann and Gerngross postulated the first model, the “fringed micelle 

model,” to describe the crystalline structure of natural rubber (Figure 1.10).49 

According to this model, the fringed micelles were present in a “sea” of amorphous 
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phase and the length of the crystallites was on the order of 100 Å. The “fringes” are 

the regions of the chains crossing from the crystalline region to the surrounding 

amorphous phase. Each polymer chain thus passes in and out of the crystalline and 

amorphous phases several times since the chain length is longer than the crystallites at 

least in one dimension. This model has been successfully used to describe the 

coexistence of amorphous and crystalline phases and the behavior of drawn fibers; 

however, it has failed to explain the formation of actual crystalline structures such as 

spherulites, for most semicrystalline polymers.46   

 

Crystalline region

Amorphous region

Crystalline region

Amorphous region

 

Figure 1.10 Schematic diagram of the fringed micelle model for semicrystalline 

polymers.  

 

1.2.3 Crystallization from Dilute Solution  

Crystallization from dilute solution can produce rather regular crystals, usually 

called single crystals. Single crystals have a large extension in two dimensions and a 
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uniform thickness. One classical sample is the PE single crystal prepared by Keller 

from extremely dilute xylene solutions.50 From Keller’s study onward; polyethylene 

has become a popular model system for studying single crystals. High density 

polyethylene (Mw=10 kg⋅mol-1, Mw/Mn=1.02) single crystals have also been obtained 

by isothermal crystallization in a tetrachloroethylene solution.51 The thickness of the 

PE single crystal is on the order of 100-200 Å, which is much smaller than the 2000 Å 

contour length of the polymer chain. Thus, the polymer chains must back-fold and 

re-enter into the crystals multiple times. Previous investigations showed that the unit 

cell structure of PE contains two mers.52 The unit cell is orthorhombic with 

dimensions of a = 7.40 Å, b = 4.93 Å and c = 2.53 Å. Two models of chain reentry 

into crystals were immediately proposed to explain the growth of single crystals. One 

is the folded-chain model illustrated in Figure 1.11a.53 According to this model, the 

polymer chains tightly and regularly fold back and forth and the single crystal growth 

occurs through the lateral deposition of regularly folded-chains in the plane. 

According to the switchboard model, which was later proven to be wrong, the energy 

of tight folding is so high that adjacent reentry is forbidden, the polymer chains may 

fold and enter the crystal randomly as depicted in Figure 1.11b.54 Both of the above 

models represent two limiting cases, the actual system could be more complex and 

likely lies somewhere between the two limiting cases.  
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(b) Switchboard model
(random reentry fold)

(b) Switchboard model
(random reentry fold)

(a) Adjacent reentry 
and regular fold 

(a) Adjacent reentry 
and regular fold 

(b) Switchboard model
(random reentry fold)

(b) Switchboard model
(random reentry fold)

(a) Adjacent reentry 
and regular fold 

(a) Adjacent reentry 
and regular fold  

Figure 1.11 Schematic illustration of the folded-chain and switchboard model. (a) 

Folded-chain model: tight, adjacent reentry into a polymer crystal (b) Switchboard 

model: random reentry into the crystal.  

 

Various single crystal structures of 17 polymers have been reviewed by 

Livingston.55 Single crystal morphologies of biodegradable aliphatic polyesters have 

also been reported by Iwata et al.56 PCL multilamellar crystals were prepared from 

dilute solutions of n-hexanol. The lamellar thickness of PCL single crystals is about 

10 nm. The parameters of the crystal structure are consistent with that of the 

orthorhombic unit cell: a = 7.48 + 0.02 Å, b = 4.98 + 0.02 Å and c = 17.26 + 0.03 Å, 

which were suggested by previous X-ray diffraction studies.57-59  
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                          (a)               (b) 

Figure 1.12 Two models for PCL crystal structures: (a) the nonplanar conformation, 

and (b) the planar conformation.57-59 

 

Two conformations for PCL crystal structures have been suggested by previous 

results as shown in Figure 1.12a the nonplanar conformation;57 and Figure 1.12b the 

planar conformation.58 In the nonplanar model the carbonyl groups of two 

neighboring chains in the unit cell are not located at the same level to lower the 

internal energy of the stem region. Hu et al. showed that the nonplanar conformation 

is more reasonable than the planar model according to their improved crystallization 

technique and electron diffraction data.59 Measured unit cell parameters from electron 

diffraction patterns are in agreement with previous X-ray studies. The crystal structure 

of PCL is similar to polyethylene, but the chain is slightly twisted from a fully 
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extended conformation. 

It could be easier to produce regular lamellar crystals from dilute solution since 

the polymer chains are fully separated from each other so that the effects of chain 

entanglements on crystallization can be ignored. Similar lamellar crystallites are also 

present in spherulitic crystals grown from the melt state. Both the thickness and shape 

of lamellae can vary with the degree of undercooling. Greater undercooling produces 

thinner crystals; meanwhile the thicknesses of lamellar crystals affect the observed 

melting temperature. Undercooling, ∆T T Tm x= −0 , is the temperature difference 

between the equilibrium melting temperature, Tm
0 , and the isothermal crystallization 

temperature, Tx. Tm
0  is the melting point of an infinitely large crystal in equilibrium 

with the normal polymer liquid, which is always above the actual melting point. 

Hence it is impossible to directly measure Tm
0 .  

 

 

1.2.4 Spherulitic Crystal Growth from Melts     

Crystallization from the melt state is different than crystallization from dilute 

solutions because of the effects of chain entanglements in the melt. Consequently, the 

possibility of regular chain folding across the entire growing surface is very low 

except for the case where the driving force and growth rate are small enough that a 

single polymer chain can cast off all of its neighbors and directly attach itself onto the 

growing surface.60 
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(a)                              (b) 

Figure 1.13 Schematic illustration of a spherulite. (a) Ideal illustration of a spherulite; 

and (b) Spherulitic growth fronts.  

 

When polymers are crystallized from a melt, the most commonly observed 

morphologies are spherulites,61 which are aggregates of many small lamellae (See 

Fig.1.13b). Figure 1.13a shows the ideal schematic illustration of spherulites during 

crystallization from a melt. The long axes of the individual lamella are oriented along 

the radius of the growing spherulite and the axes of the folding chains in each lamella 

are roughly perpendicular to the spherulite’s radius. In spherulites, one polymer chain 

can be present in more than one lamella and lamellar structures are separated by 

amorphous phase as seen in Figure 1.13b.46 The spherulitic morphologies were 

usually observed for PCL crystallized isothermally in melts11 or on oriented PE 

substrates.62   



 
 

32

 

Figure 1.14 Dependence of the spherulitic growth rate on Tx. 38 

 

Spherulitic growth rates can be estimated by measuring a spherulite’s radius as a 

function of time by optical microscopy. From a kinetic point of view, the spherulitic 

growth rate is dependent upon where Tx is located in the thermal window (betweenTm
0  

and Tg). When spherulite growth rates are plotted as a function of Tx, a maximum 

linear growth rate is obtained in the middle of the thermal window as shown in Figure 

1.14. At small degrees of undercooling ( ∆T T Tm x= −0 , the green region or right side 

of Figure 1.14), crystal growth is nucleation controlled and linear growth rates 

increase with increasing ∆T up to the maximum growth rate, Gmax,. After Gmax, further 

decreases in Tx approach Tg , and the molecular motion becomes more sluggish 

causing a decrease in the growth rate as ∆T increases. In this region, the growth rate is 

controlled by diffusion as seen in Figure.1.14 (light gray or left side).  
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From the above review of polymer crystallization, the following points are 

highlighted:  

1. Polymer chains order themselves in a thermodynamically favorable conformation 

in the crystalline region.   

2. Both crystalline and amorphous regions coexist in semi-crystalline polymers 

obtained from the melt or concentrated solutions. Crystal growth from the melt or 

concentrated solutions is usually spherulitic under quiescent conditions.  

3. Crystallization from dilute solution usually produces more regular crystals than 

crystallization from melts. For sufficiently dilute solution, the polymer chains are 

fully separated from each other so that the effects of chain entanglements on 

crystallization can be ignored, unlike the cases of crystallization from melts or 

concentrated solutions. From this view point, crystallization in Langmuir 

monolayers may be analogous to crystallization from a dilute solution. The 

compression process of the monolayer could be analogous to the isothermal 

evaporation of a dilute solution.    
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CHAPTER 2 

 EXPERIMENTAL METHODS AND MATERIALS 

 

2.1 Experimental Methods  

2.1.1 Langmuir–Blodgett (LB) Technique  

The experimental results presented in this thesis were obtained with a standard 

Langmuir trough (500 cm2, NIMA Technology, 601BAM) equipped with a Brewster 

angle microscope (BAM, MiniBAM, NanoFilm Technologies, Ltd. Linear resolution 

≤ 20 µm). The instruments are housed in a Plexiglas® box to maintain a relative 

humidity of 70–75 % and a dust free environment. The Plexiglas® box and instrument 

are placed on a floating optical table with black curtains on all sides to minimize stray 

light and mechanical vibrations (Newport RS-2000 & I-2000). The Langmuir trough 

constructed of Teflon® is strongly hydrophobic and can be cleaned by 

dichloromethane or chloroform without any chemical reaction or degradation. The 

Langmuir trough was filled with ultrapure 18.2 MΩ water (Milli-Q Gradient A-10). 

The barriers are made of a hydrophilic acetal resin polymer (Delrin®) and need to be 

cleaned with isopropanol as halogenated solvents will damage the barriers. The 

barriers sweep the water surface during compression of the monolayer to vary the 

surface area as illustrated in Figure 2.1. The highly hydrophobic Teflon® trough 

supports an approximately 1 mm brim of water above the top of the trough edges. The 

overflow container around the trough was used to maintain a clean environment. 
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Before spreading the monolayer, the barriers were automatically moved toward each 

other thereby concentrating dust and surface-active contaminants in the center of the 

trough. Next a pipet connected to a vacuum pump was used to suction off 

surface-active contaminants. The cleaning procedure was repeated several times.  

 

Langmuir layer

Balance

Whilhelmy plate

Aqueous subphase 

Barrier 

Temperature Controlled Teflon® Trough  
 

Figure 2.1 Schematic illustration of the Langmuir-Blodgett trough.  

 

A measured mass of spreading solution based on the desired initial area per 

molecule was spread onto the clean surface using a micro syringe (Hamilton). A 

minimum of 30 min was allowed after spreading to ensure the volatile solvent, 

chloroform, evaporated before all measurements. During all isotherm measurements, 

the surface pressure was recorded by the Wilhelmy plate technique to ± 0.1 mN⋅m-1. 

A completely wetted filter paper plate was used in the NIMA Mini-BAM instrument. 

The experimental temperature was controlled at 22.5 oC for all experiments using a 

circulating bath (Neslab RTE-111) unless otherwise noted. Surface pressure-area per 

monomer (Π-A) isotherms were recorded by a computer which controlled the barrier 

positions and provided a read-out of the surface pressure from the balance.  
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2.1.2 Constant Compression Rate Experiments 

During compression isotherm experiments, the barriers were compressed at a 

specific and fixed rate. Compression isotherms were used to determine the areas per 

monomer where various phase transitions occur. For the Π-A isotherms presented 

here, the samples were compressed at 8, 9, 10, or 20 cm2⋅min-1 depending on the goal 

of the experiment. The film's static elastic modulus, εs=-A(∂Π/∂A)T, can also be 

obtained from the Π-A isotherms. 

 

2.1.3 Hysteresis Loops: Compression and Expansion Isotherms 

   During hysteresis experiments, each sample was compressed at a speed of 8, 10, 

or 20 cm2⋅min-1 to a designated trough area (25 or 30 cm2) and were immediately 

expanded at the same barrier speed back to the initial trough area (485 cm2). The 

hysteresis loops can be used to determine the reversibility of the Π-A isotherm 

obtained during the compression process, as well as the morphological features 

accompanying phase transitions through Brewster angle microscopy (BAM). In this 

thesis, the expansion process of PCL crystals can be viewed as a "melting" process.  

 

2.1.4 Isobaric Experiments 

   Experiments at constant surface pressure were started after the monolayers were 

compressed to the desired target Π at a speed of 9 cm2⋅min-1. The isobaric (constant Π) 

experiments were performed for monolayers in supersaturated states. Two target 
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pressures, Π = 9 and 10 mN⋅m-1, were chosen to investigate the nucleation and growth 

mechanism of PCL crystallization in monolayers.   

 

2.1.5 Brewster Angle Microscopy  

Brewster angle microscopy (BAM) provides an efficient method for monitoring 

the in-situ morphology of a Langmuir layer at the air/water interface. The 

morphological data can provide information about phase transitions and aggregation 

within a film. A beam diagram for a BAM instrument using a polarized light source is 

shown in Figure 2.2. When light passes through a medium with a lower refractive 

index (n0) into a medium with a higher refractive index (n1), some fraction of 

p-polarized light will be reflected at all angles of incidence except at Brewster’s angle 

(θb), which is defined by: 

tan /θb n n= 1 0                        (2-1) 

The angle of incidence, θ0 and the angle of refraction, θ1 can be related through 

Snell’s Law: 

n n0 0 1 1sin sinθ θ=                      (2-2)  

Eq. 2-2 yields Eq. 2-1 under the condition where θ0 + θ1 = 90o (Brewster’s condition). 

In the experimental set-up of the Mini-BAM instrument (Mini-BAM, NanoFilm 

Technologie GmBH, linear resolution better than or equal to 20 µm), the angle of the 

incident light is set to Brewster’s angle (θb) for the A/W interface, which minimizes 

the reflection of p-polarized light from a pure water surface.1 However, when a film 
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resides at the A/W interface, the refractive index and thickness of the film will lead to 

a detectable reflectance of light at the interface as seen in Figure 2.2. Detection of the 

light with a position sensitive device like a CCD camera allows for visualization of 

the film’s morphology.1, 2 
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(a)                                (b)  

Figure 2.2 Laser beam diagrams for Brewster angle microscopy: (a) pure water 

surface and (b) a film covered surface. Arrows in the beams indicate radiation 

polarized in the p direction (in the plane of the paper). The radiation polarized in the s 

direction is perpendicular (out of the plane of the paper) to the plane of incidence. The 

incident light is set to Brewster’s angle (θb) for pure water. A p-polarizer is placed in 

the path of the reflected beam to filter out the residual s component before it can reach 

the detector.   
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Figure 2.3 is a schematic diagram of the Mini-BAM instrument which consists of 

a p-polarized diode laser source (688 nm), a p-polarizer, a CCD camera, and a Teflon 

trough. The only difference between Mini-BAM and traditional BAM is the position 

of the polarizer. In Mini-BAM, the p-polarizer is placed in the path of the reflected 

beam to filter out any residual s component before it reaches the detector. In 

traditional BAM, the polarizer is in the path of the incident beam to polarize most of 

the radiation in the p direction by removing the s component before it reaches the 

surface. This feature enhances imaging resolution in the Mini-BAM. Morphology 

studies using BAM reveal information about domain structures, molecular orientation, 

phase behavior, and other aggregation behavior.3-9  
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Figure 2.3 Schematic diagrams of Brewster angle microscopy: (a) a pure water 

surface and (b) a film covered surface. The Mini-BAM instrument consists of a 

p-polarized diode laser source (688 nm), a p-polarizer, a CCD camera, and a Teflon 

trough.  



 
 

45

BAM studies were carried out simultaneously with isotherm measurements. The 

reflected laser beam was projected onto the detector window. When monitoring the 

morphologies of Langmuir films, a black plate was placed in the bottom of the 

subphase to minimize scattering from refracted light reflected by the white Teflon® 

surface. The BAM images were taken by the CCD camera and were viewed on a 

black and white monitor (Phillips). Image data was transferred to a connected 

computer with a video card (Accurion) and analyzed using imaging software packages 

(National Instruments).  

 

2.2 Materials and their Characterization 

A series of poly (ε-caprolactone) (PCL) samples with different molecular weights 

were purchased from Polymer Source, Inc. and were used as received. Spreading 

solutions were prepared by dissolving the samples in chloroform (HPLC grade) at 

concentrations of 0.4∼0.5 mg⋅g-1. Weight average molecular weight (Mw), number 

average molecular weight (Mn), and polydispersity index (PDI = Mw/Mn) values of the 

PCL samples provided by the vender (Polymer Source, Inc.) along with experimental 

results obtained by gel permeation chromatography (GPC) are listed in Table 2.1. Gel 

permeation chromatograms were acquired in tetrahydrofuran (THF) at 30 °C on a 

Waters Alliance Model 2690 chromatograph equipped with a Waters HR 0.5 + HR 2 

+ HR 3 + HR 4 styragel column set and a Viscotek viscosity detector and a refractive 

index detector. Polystyrene standard samples were used to establish a universal 
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calibration curve. GPC experiments were performed by Mark Flynn (Riffle group, 

Chemistry Department, Virginia Tech). In this thesis, the weight average molecular 

weights provided by Polymer Source, Inc. are used to differentiate between the 

samples.  

 

Table 2.1 Molecular weight data for PCL samples. 

SEC (Polymer Source, Inc.) GPC a, b Sample # 
Mn Mw PDI Mn Mw PDI 

P1934-CL 3.5 5.2 1.5 4.2 6.9 1.66 
P1302-CL 8 10 1.25 7.9 13 1.65 
P3281-CL 11 13 1.18 15.6 17.8 1.14 
P1297-CL 36 42.8 1.19 31.2 37.4 1.20 
aSolvent: THF. 
bPolystyrene standard samples were used to establish a universal calibration curve. 

 

Melting points (Tm) were obtained under a nitrogen atmosphere with a gas flow 

rate of 20.0 mL⋅min-1 with differential scanning calorimetry (DSC, TA MDSC 2902) 

by Hailing Yang (Ward group, Chemistry Department, Virginia Tech). PCL samples 

were heated from 25 to 100 oC at 10 oC⋅min-1 followed by annealing for 1 min to erase 

the previous thermal history. The samples were subsequently cooled from 100 oC to 

25 oC at 10 oC⋅min-1 and held at 25 oC for 3 min. The heating-cooling cycle was then 

repeated. The peak temperature of the endotherm recorded during the second cycle 

was considered to be the melting point of the samples. The Tm results are summarized 

in Table 2.2. Similarly, the temperature corresponding to the exotherm peak during 

the second cooling cycle was taken as an estimate of the crystallization temperature 
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(Tx). The Tx values along with the end groups of the different samples are also 

summarized in Table 2.2.    

 

Table 2.2 Melting points and end groups of PCL samples.a  

Sample # Mw Tm (oC) Tx (oC) End Group 
P1934-CL 5.2 55, 57 (shoulder) 31 2 
P1302-CL 10 56, 58(shoulder) 31 1 
P3281-CL 13 57 34 3 
P1297-CL 42.8 58 28 1 

End Group:b 

1. R1 = ─OCH(CH3)2,  R2 = ─H  
2. R1 = ─OCH2CH3,  R2 = ─H  
3. R1= ─OCH(CH3)CH2OCH3,  R2 = ─H  

aTm and Tx were determined by DSC during a 2nd heating-cooling cycle at 10 
oC⋅min-1 by Hailing Yang in the Ward group at Virginia Tech. 
bThe end groups of PCL samples were obtained from the vendor (Polymer Source, 
Inc.). 
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CHAPTER 3 

PHASE BEHAVIOR OF POLY (ε-CAPROLACTONE) (PCL) 

AT THE AIR/WATER INTERFACE 

 

Previous studies of PCL's crystalline properties include: shear induced 

crystallization,1 molecular weight dependent crystallization,2 and highly oriented 

surface induced crystallization.3 Spherulitic morphologies were commonly observed 

in the above cases. The development of dendritic PCL crystals (Mw = 10 kg⋅mol-1, 

Mw/Mn = 1.25) in a Langmuir monolayer at A/W will be presented in this chapter.  

 
R CH2 C

O

O H
5 n  

(I) 

PCL (I) exhibits surface activity at the A/W interface due to the hydrophobicity of 

the five methylene units in the backbone, and the hydrophilic character of the ester 

linkages. The focus of this chapter will be on the phase behavior of one PCL sample 

with a weight average molar mass, Mw = 10 kg·mol-1, and a polydispersity of Mw/Mn = 

1.25. Brewster angle microscopy (BAM) was used to visualize the morphologies of 

crystals during surface pressure-area (Π-A) hysteresis and isobaric crystallization. A 

possible model for PCL crystal formation will be suggested according to the isotherm 

and morphological studies. A 2nd Π-A hysteresis loop will be performed to study the 

effects of hysteresis on the morphologies of PCL crystals at the A/W interface. 
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Average growth rates at different compression rates will be estimated and analyzed by 

roughly measuring the diagonal lengths of crystals at different growth stages.  

 

3.1 Π-A Hysteresis Experiments at Constant Compression Rates 

Figure 3.1 shows the surface pressure-area per monomer (Π-A) isotherm of PCL 

with a compression and expansion rate of 8 cm2·min-1 at 22.5 ºC. Due to our desire to 

grow the largest possible crystals, PCL was spread to an initial value of 1.2 mN·m-1 (A 

∼0.63 nm2·monomer-1) corresponding to a homogeneous liquid-expanded monolayer. 

Upon compression, there is a gentle rise in Π and an increase in the film's static elastic 

modulus, ε ∂
∂s

T

A
A

= − 





Π , until εs reaches a maximum value of  ∼15 mN·m-1 at 

A∼0.37 nm2·monomer-1 as seen in the inset of Figure 3.1. At this point, it is likely that 

some of the carbonyl groups of the polymer backbone start to leave A/W. Further 

compression leads to a nearly linear decrease in εs and the monolayer is subsequently 

compressed into a supersaturated state until A∼0.20 nm2·monomer-1 corresponding to 

the collapse “kink” in the Π-A isotherm (a→b). Looking at the repeat unit structure in 

Figure 3.2a, and noting that “two-dimensional” (“2D”) monolayers of methyl esters of 

fatty acids become unstable at A = 0.185 nm2·monomer-1, and undergo a “2D”→ 

three-dimensional (3D) transition upon further compression, the structure depicted in 

Figure 3.2b of PCL repeat units standing on end ideally describes the monolayer 

structure corresponding to point (b) on Figure 3.1. The kink at point (b) on Figure 3.1, 
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corresponds to the "collapse point" (Πc~11.3 mN·m-1, Ac~0.20 nm2·monomer-1). 

During the collapse process, 3D nuclei are formed as the monolayer undergoes a “2D” 

to 3D transition. Upon further compression past the “kink” from point c to e, the Π-A 

isotherm exhibits a short plateau region, where more polymer chains are deposited 

from the “2D” supersaturated monolayer onto the lateral surface of the 3D centers.    
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Figure 3.1 ∏-A hysteresis loop of PCL (10 kg⋅mol-1) obtained at 22.5 oC. The 

compression (solid line) and expansion (dashed line) isotherms were obtained at a 

compression rate of 8 cm2·min-1. The letters on the graph correspond to the BAM 

images in Figure 3.2. The inset shows the static elastic moduli, εs, as a function of A 

for compression. The εs-A plot exhibits a maximum at 0.37 nm2·monomer-1. For 

A<0.37 nm2·monomer-1, the monolayer likely undergoes a conformational change 

from a flat adsorbed chain to a vertically oriented folded chain structure.        

 



 
 

53

 

 

 

Figure 3.2 Idealized illustration of PCL crystallization at A/W: (a) the PCL repeat unit, 

(b) side view of a condensed monolayer just prior to nucleation at A ≈ 0.2 

nm2·monomer-1, (c) the “multilayer” unit cell (at least two monomers thick) formed 

after the monolayer collapses, where the possible principle axes of growth are pointed 

out by f and f ′, that appear in (d) BAM images of PCL crystals. Image (d) was 

obtained during expansion (analogous to a “melting” process) at A ≈ 0.272 

nm2·monomer-1 with a barrier speed of 8 cm2·min-1. The size of this BAM image is 

1.28 × 0.96 mm2. 
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During compression to point (a) on Figure 3.1, BAM shows the monolayer is a 

homogeneous liquid-like film. At point (a) on Figure 3.1, the first observable crystals 

formed from a "supersaturated solution," i.e. the monolayer, were captured by BAM. 

The nucleation event corresponds to the collapse of the structure in Figure 3.2b, 

whereby additional carbonyl groups pull away from the surface and start to form a 

folded film with a thickness that should correspond to at least two repeating units 

(Figure 3.2c).  Due to the greater rotational freedom of ester linkages around the 

polymer backbone, the ester groups could be forming hairpin turns allowing the chain 

to fold back and forth in a similar fashion to the folded chain structure of polyethylene 

single crystals formed from dilute solution.5, 6 These features would also be consistent 

with the orthorhombic unit cell parameters of PCL crystals obtained from X-ray 

diffraction data (a = 0.748 ± 0.002 nm, b = 0.498 ± 0.002 nm, c = 1.726 ± 0.003 nm), 

as discussed in Chapter 1.7, 8 In the orthorhombic unit cell, the polymer chain axis 

coincides with the c axis, and the magnitude of c corresponds to the length of two 

repeat units with a "zig-zag" chain conformation. The non-planar conformation model 

of the orthorhombic unit cell constructed by Chatani et al., and confirmed by Hu et al., 

shows the ester linkages of neighboring chains do not lie at the same level along the c 

axis; however, in our case, confinement at A/W could force the ester groups to lie at 

the same level to avoid overcrowding between ester linkages as depicted in Figure 

3.2b. Based on what is known about fatty acid monolayers,9, 10 the tilted conformation 

of the unit cell may be preferred at A/W (Figure 3.2c) to avoid strong steric 
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interactions between ester groups and lower the energy of system. Thus, at early stage 

of crystal growth the preferred direction may be f and f ' as indicated in Figure 3.2c. 

Upon further compression, the tilted chain may be standing close to vertical on the 

water surface, leading to six-fold symmetry for some of the crystals as seen in Figure 

3.3e through 3.3h     

 

 

Figure 3.3 BAM images of PCL (10 kg⋅mol-1) obtained at 22.5 oC. The BAM images 

(a→i) correspond to the labeled points on the Π-A isotherm (Figure 3.1). 

Compression images (A /nm2·monomer-1): (a) 0.243, (b) 0.200, (c) 0.170, (d) 0.120, 

and (e) 0.080; and expansion images (A /nm2·monomer-1):  (f) 0.082, (g) 0.173, (h) 

0.272, and (i) 0.387 were obtained in a hysteresis experiment performed at a constant 

compression rate of 8 cm2·min-1 and T = 22.5 oC. All images are 1.28 × 0.96 mm2 with 

linear resolution as good as or better than 20 µm. 
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Based on the previous paragraph, the chain folds occur at the A/W interface as the 

crystal grows parallel to the surface with further compression. The apparent 

mechanism for the growing crystal could be analogous to the nucleation and growth 

mechanism proposed by Vollhardt, et al. for small molecule amphiphiles.11, 12 As seen 

in Figure 3.3b (yellow circle), PCL already shows anisotropic crystal growth at very 

early stages, and this anisotropy becomes more apparent (Figure 3.3e) as the crystals 

continue to grow.  

The anisotropy of the growing crystals during the surface pressure induced 

crystallization is also observed during expansion – a process that is analogous to 

“melting”. In order to observe this “melting” process, the compressed film is 

expanded (dashed curve in Figure 3.1) and BAM is used to image the changes in 

morphology accompanying the large hysteresis loop. BAM images exhibit the 

formation of dendritic crystals during the early stages of melting (Figure 3.3f). As 

Vollhardt et al. pointed out; direct coupling of the monolayer to the subphase at A/W 

alleviates the problem of dissipating the latent heat of crystallization.4, 13 Thus, at A/W, 

dendritic growth is mass diffusion-limited and arises from a difference in the rate of 

crystallization compared to the diffusion of new material to the growing crystal front.4 

However, according the morphological data obtained from BAM images, it must be 

noted that that the dendritic crystals of PCL were revealed during expansion instead of 

compression, unlike the dendritic crystal growth observed in N-dodecylgluconamide 

monolayers upon compression at A/W.4 Upon compression past the collapse point, the 
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vertically oriented folded polymer chains deposit onto the lateral surface in response 

to the increased surface pressure, and the anisotropic features seen in Figure 3.3e 

rapidly apprear. During the early stages of expansion, the arrangements of chains in 

the crystals undergo rapid relaxation as the external forces which were applied during 

compression are removed. The crystals become loose and parts of chains apparently 

fall from the unstable edges back to the water surface, leading to the dendritic crystals 

observed in Figure 3.3f.  

As seen in Figure 3.3f to 3.3i, the lighter secondary dendrites "melt away" faster 

than the principle axes, which occur as the solid-like structures, are able to re-dissolve 

at lower Π. The optical contrast between the principle axes and the secondary 

dendrites is consistent with the contrast mechanism for BAM where both the 

thickness and refractive index differences contribute to the reflectivity of p-polarized 

light. Hence, even though the macroscopic measure of hysteresis is large (Π-A 

isotherm), the BAM images suggest "melting" follows a similar mechanism to crystal 

growth. Increasing the compression rate during constant compression experiments 

leads to more and smaller crystals at A/W as seen in Figure 3.4. Increasing the 

compression rate corresponds to an increase in the degree of undercooling as 

structural relaxation is hampered at higher compression rate. Since nucleation from 

the supersaturated monolayer with a higher degree of undercooling could be easier, 

the number of nuclei formed increases with increasing compression rate.    
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a                   b                    c  

 

Figure 3.4 BAM images of PCL (10 kg⋅mol-1) obtained at different compression rates: 

(a) 8 cm2·min-1, (b) 10 cm2·min-1, and (c) 20 cm2·min-1. All images correspond to the 

same surface concentration, A = 0.12 nm2·monomer-1. Increasing the compression rate 

during constant compression experiments leads to more and smaller crystals at A/W. 

All experiments were performed at 22.5 oC and the BAM micrographs are 3.2 × 4.8 

mm2. 
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3.2 Effect of Temperature on the Isotherms 

Figure 3.5 shows hysteresis loops as a function of temperature at a compression 

rate of 8 cm2⋅min-1. At each temperature, the steepest part of the Π-A isotherm 

extrapolates to almost identical limiting areas of A0 ≈ 0.52 nm2⋅monomer-1. Upon 

compression of the monolayer from ∼0.52 nm2⋅monomer-1, the polymer chains start to 

make contact with each other and form a liquid-like monolayer. Further compression 

from ∼0.52 to 0.37 nm2⋅monomer-1 (maximum point in the εs-A plot, as noted 

previously), the hydrophobic methylene groups of the polymer chain start to pull off 

the water surface and form looped structures. For the case of isotherms obtained at 

~22.5 oC (water subphase), during compression between 0.2 < A < 0.37 

nm2⋅monomer-1, the strength of the interactions between the hydrophilic ester linkages 

and the water surface with the increasing lateral pressure becomes insufficient to keep 

all of the ester linkages directly tethered to the water surface. Hence, some of the ester 

linkages are forced to fold up and take on a more compact surface conformation as 

seen in Figure 3.2b. Compressing the monolayer past 0.2 nm2⋅monomer-1 ultimately 

results in the collapse of the film. However, as seen in Figure 3.5, the collapse point in 

the isotherm performed at ~5 oC (water subphase) is shifted to a slightly higher value 

of Π and a slightly lower surface concentration relative to the isotherm obtained at 

~22.5 oC. Moreover, the “kink” almost disappears. This feature is not surprising given 

the fact that compression of the monolayer in the vicinity of the “kink” is a 

time-dependent process, which corresponds to a relaxation of over-compressed 
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monolayers into the collapsed state. During this process, a “2D” to 3D transformation 

occurs. The term relaxation refers to the time required for the system to respond to a 

change in surface pressure. At higher temperature, there is a lower collapse Π value, 

indicating a faster relaxation of the monolayer upon compression. After the collapse 

point, there is a drop in Π followed by a short plateau for the isotherm obtained at 

~22.5 oC, indicating that the conversion rate (crystallization rate) becomes faster than 

the compression rate immediately after compressing past the collapse point. The rapid 

deposition of vicinal polymer chains onto the initial 3D nucleation centers formed at 

or before the collapse point leads to a higher crystallization rate than compression rate 

at ~22.5 oC, i.e. a drop in Π after the collapse point. This process is energetically 

favorable. However, at ~5 oC, the Π-A isotherm exhibits an almost flat plateau after 

the collapse point, implying that the crystallization rate and the compression rate are 

comparable. Since the chain dynamics are slower at ~5 oC, the vicinal polymer chains 

are not able to deposit rapidly onto the lateral surface of the 3D nuclei after the 

collapse point, i.e. no obvious changes in the crystallization rate occur, leading to a 

flat plateau region in the isotherm. The above results also indicate that the growth of 

nuclei is mainly controlled by chain diffusion at A/W.  
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Figure 3.5 Hysteresis loops of PCL (10 kg⋅mol-1) obtained at different subphase 

temperatures: T = ~22.5 oC (solid line) and T = ~5 oC (dashed line) at a constant 

compression rate of 8 cm2·min-1. The letters on the graph correspond to the BAM 

images in Figure 3.6. The inset expands the Π-A compression isotherm in the vicinity 

of the collapse point to clarify the effect of temperature. 
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a 

 

 
b                         c                        d  

Figure 3.6 BAM images of PCL (10 kg⋅mol-1) obtained at T = 5 oC. The 

morphologies obtained by BAM at different surface concentrations during a hysteresis 

experiment are obtained at a constant compression rate of 8 cm2·min-1. The 4.8 × 6.4 

mm2 (a) and 4.8 × 3.2 mm2 (b→d) BAM images correspond to a compression image 

(a, A ≈ 0.104 nm2·monomer-1) and three expansion images, b, c, and d, corresponding 

to A ≈ 0.139, 0.158, and 0.202 nm2·monomer-1, respectively, as indicated on Figure 

3.5.  
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Upon compression at 5 oC, the surface morphology of PCL crystals is consistent 

with the images seen at 22.5 oC, except that the crystal size distribution appears to be 

more heterogeneous as some very big and many smaller crystals coexist as seen in 

Figure 3.6a. This feature may reflect heterogeneous nucleation due to less efficient 

spreading of the monolayer at the lower temperature, whereby some 3D aggregates 

could already be present at A/W prior to crystallization. Furthermore, although the 

driving force for crystal growth, an increase in the degree of undercooling is stronger 

at lower temperature ( ∆T T Tm x= −0 ), the chain mobility will be more sluggish; hence 

diffusion may become a more significant factor affecting crystal growth rates. As the 

overall growth rate is controlled by both parameters (degree of undercooling and 

diffusion), a change in the dominant factor may also give rise to the differences in 

morphology and crystal size distribution seen in Figure 3.6a. Interestingly, the crystals 

observed during expansion at lower temperature, provide an even clearer 

demonstration of dendritic PCL morphologies as seen in Figure 3.6b to 3.6d. 

Moreover, the crystals appear to show four-fold symmetry.  
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3.3 Second Hysteresis Loop 

In order to gain further insight into the nucleation step, two hysteresis loops were 

run on the PCL film as shown in Figure 3.7. During experiments for multiple cycles, 

the monolayer was first compressed to a trough area of 25 cm2 (corresponding to Π 

∼11.6 mN⋅m-1, which was higher than the collapse or plateau pressures), and then 

expanded to a trough area of 485 cm2 (corresponding to Π ∼1.3 mN⋅m-1). After 

waiting for 5 min, the monolayer was compressed again to the same trough area of 25 

cm2 and re-expanded to a trough area of 485 cm2 at the same compression rate of 8 

cm2⋅min-1. BAM was used to monitor the morphological change for both hysteresis 

cycles. Representative images obtained at three different surface concentrations 

during both the 1st and 2nd compression step are shown in Figure 3.8. 
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Figure 3.7 Two hysteresis cycles for PCL (10 kg⋅mol-1) at T = 22.5 oC. The isotherms 

were obtained at a constant compression rate of 8 cm2⋅min-1. The solid line represents 

the first compression and expansion cycle. After the first hysteresis loop, the 

monolayer was maintained at Π∼1.3 mN⋅m-1 and the maximum trough area 485 cm2 

for 5 min. The monolayer was then recompressed and expanded again (dotted line). 

The second hysteresis loop was also carried out at a constant compression rate of 8 

cm2⋅min-1. The letters on the graph correspond to the BAM images in Figure 3.8.   
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                 a                b                c 

 
d               e                f 

Figure 3.8 BAM images of PCL (10 kg⋅mol-1) crystals during multiple hysteresis 

loops. The BAM images were obtained during the first and second hysteresis cycles at 

a constant compression rate of 8 cm2⋅min-1 and T = 22.5 oC shown in Figure 3.7. The 

3.2 × 4.8 mm2 BAM images correspond to surface concentrations of (a) 0.245, (b) 

0.110, and (c) 0.084 nm2·monomer-1 for the initial compression of the film, and (d) 

0.245, (e) 0.110, and (f) 0.084 nm2·monomer-1 during the 2nd compression step.  

 

   From Figure 3.7, it is clear that the 2nd hysteresis cycle does not retrace the 1st 

cycle. Two distinct differences are noted here: 1) the monolayer collapses at a lower 

surface pressure during the 2nd compression stage; 2) the plateau Π value observed 
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during the 2nd expansion is higher for ∼0.07 < A < 0.35 nm2⋅monomer-1. As discussed 

previously for the 1st compression step, the high lateral pressures force the PCL chains 

into a dense vertically oriented film and PCL forms crystals after the start of film 

collapse. These crystals formed upon compression are unstable at experimental 

conditions. During expansion, the removal of the applied force (Π) allows the 

polymer chains in the metastable crystal to undergo relaxation back to a liquid-like 

state. However, polymer chain relaxation is slower than barrier expansion; hence Π 

drops quickly. After Π drops to ∼6 mN⋅m-1 during the initial stages of expansion, a 

plateau region is observed. A molecular interpretation for this plateau is that PCL 

chains start to respread from the crystals allowing Π to remain relatively constant with 

increasing trough area. This process is analogous to melting – with a re-spreading of 

some of the PCL chains on the water surface. However, the original state of all ester 

linkages bound to the water surface prior to the compression of the film is not 

recovered following the first hysteresis cycle, even after a five minute hold time at A 

∼0.63 nm2⋅monomer-1. This conclusion is consistent with the observation that the 

second cycle is shifted to smaller A and Π values suggesting that 3D aggregates 

(locally well-ordered structure) that are too small to be observed by BAM must 

remain at the end of the first cycle. The presence of these 3D aggregates provide 

nucleation centers for crystallization during the second cycle allowing crystallization 

to occur at smaller Π values, i.e. smaller undercoolings. As seen in Figure 3.8d 

through 3.8f, the sizes of crystals formed during the 2nd compression of the film are 
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much smaller than those formed during the 1st compression (Figure 3.8a through 3.8c) 

at the same surface concentrations, but the average surface fraction of the bright 

domains is much larger. This observation could be due to a difference in crystal 

thickness. As the plateau Π value observed during the melting process is higher for 

the 2nd cycle than the 1st loop. The smaller and likely thinner crystals undergo a more 

rapid relaxation and re-spreading, i.e. melting, at higher Π. After the 2nd expansion 

process, any residual crystals are also smaller than the detection limit of the BAM. 

Both the small and large crystals are very rigid and brittle. When crystals impinge 

upon each other, they tend to move around to avoid the overcrowding instead of 

merging together. This feature is consistent with the interpretation that each crystal 

grows individually and supports the conclusion that the morphologies observed by 

BAM are not a regular pattern of aggregates. At very high surface concentrations, 

some of the crystals are broken during expansion as revealed in Figure 3.6.  

 

3.4 Isobaric Crystallization  

The nucleation and growth theory described in Chapter 1 was developed for 

homogeneous nucleation of small molecules with nucleation centers that are assumed 

to have simple geometrical shapes.11, 12 Although more investigations are needed to 

clarify the nucleation mechanism of PCL at A/W, previous theories may be useful to 

explain the preliminary results of isobaric crystallization experiments. The 

generalized expression of a nucleation and growth model for small molecules at the 
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A/W interface is given by: 

( )[ ]A A
A A

K t tx i
x0

0

1−
−

= − − −
∞

exp                  (3-1) 

[ ]A A A A K t tx i
x= + − − −∞ ∞( ) exp ( )0                (3-2) 

where A is the apparent area per molecule at time t, A0 is the initial area per molecule, 

and A∞ is the apparent area per molecule at t ≈ ∞. An induction time, ti, is introduced 

as a theoretical description of time dependent growth rates. A positive ti value 

indicates that the growth rate at the initial stage of nucleation is smaller that the 

normal value for the subsequent growth process, while negative ti values suggest a 

higher growth rate during the early stages of nucleation. Kx is an overall 

transformation rate constant including the nucleation rate kn and growth rate k. The 

exponent x is different for different nucleation mechanisms and nucleation center 

geometries.11, 12  

Two isobaric crystallization experiments for PCL monolayers were performed. 

The target surface pressures were 9.8 and 8.8 mN⋅m-1. The A-t plots are presented in 

Figure 3.9. At Π = 9.8 mN⋅m-1, Figure 3.9a shows that a concave-downward shape is 

present during the initial relaxation. At later times, the A-t curves change to 

concave-upward and start to flatten out at the end of the experiments. The results are 

qualitatively similar to isobaric area relaxation experiments on octadecanoic acid 

monolayers.11 At Π = 8.8 mN⋅m-1, Figure 3.9b does not have the same shape as Figure 

3.9a. Figure 3.9b lacks the concave-downward part during the initial stages of 
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relaxation, which means that stable nuclei do not form at Π ≤ 8.8 mN⋅m-1. BAM 

images were used to confirm this argument since almost no bright structures were 

observed over a long time and the barriers almost stopped at A ≈ 0.16 nm2⋅monomer-1 

after 9.7 hours. As seen in Figure 3.9b the BAM image obtained at A ≈ 0.16 

nm2⋅monomer-1 after 9.7 h for Π = 8.8 mN⋅m-1 shows that the bright domains are very 

small and irregular, which is consistent with unstable nuclei that are unable to form 

larger crystals. As pointed out by Vollhardt et al., only the concave-downward part of 

the initial relaxation curve is suitable for deducing the mechanism for the 

transformation of monolayer materials to the 3D collapsed phase. 11, 12 For fitting the 

present relaxation results with the model developed by Vollhardt et al., only the 

isobaric experiment performed at Π = 9.8 mN⋅m-1 will be considered in this section. 
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(a)                                (b) 

Figure 3.9 Isobaric crystallization of PCL (10 kg⋅mol-1) monolayers: (a) Π = 9.8 

mN⋅m-1 and (b) Π = 8.8 mN⋅m-1. The experiment was performed at 22.5 oC. The 

BAM image in Figure 3.9b was obtained at A = 0.16 nm2⋅monomer-1 after 9.7 hours. 
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Figure 3.10 Isobaric area relaxation of PCL (10 kg⋅mol-1) monolayers at Π = 9.8 

mN⋅m-1. The experimental data was obtained at 22.5 oC. Symbols, , represent the 

experimental data. The solid line is the fit obtained from the generalized model (Eq. 

3-1) for instantaneous nucleation with hemispherical edge growth. 

  

In Figure 3.10, the isobaric area relaxation data of PCL monolayers at Π = 9.8 

mN⋅m-1 and T = 22.5 oC are presented as data points (open squares). The solid line 

represents the fit of the relaxation curve by applying the generalized nucleation and 

growth model, Eq. 3-2 with A0 ≈ 0.24 nm2⋅monomer-1. The best fit to the 

experimental data is provided from the model based on instantaneous nucleation with 

hemispherical edge growth with an exponent of x = 1.5 and A∞ ≈ 0.05 nm2⋅monomer-1 

in Eq. 3-2. Meanwhile, the curve fitting results also give an overall transformation 

rate constant, Kx = (6.3 ± 0.01) × 10-6 s-3/2. Thus, according to this model, the curve 

fitting results suggest an instantaneous nucleation mechanism with hemispherical 

centers. However, the application of this model to the PCL system is limited by:  
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(1) The nucleation and growth model was developed for homogeneous 

nucleation of small molecules. Nucleation of polymers has similarities to small 

molecules except that the critical nucleus involves a number of chain segments rather 

than a collection of molecules. In general, the homogeneous nucleation of polymers 

does not easily occur since the formation of a critical nucleus is very energetically 

unfavorable. The nucleation for these systems in quiescent states is usually believed to 

be heterogeneous, occurring on various impurities. At A/W, Π can play a significant 

role in overcoming the energy barrier for the formation of critical nuclei. Evidence for 

this hypothesis is that during isobaric crystallization at Π = 8.8 mN⋅m-1, no bright 

structures were observed at very long times, suggesting that the nucleation can only 

occur above a critical Π value. A However, it does not mean that homogeneous 

nucleation must occur when the isobaric crystallization is carried out at or above this 

critical Π value since nucleation occurring on impurities in the sample is much easier 

than homogeneous nucleation in any case. Thus, the assumption of homogeneous 

nucleation for this model may not be appropriate for the PCL system. 

(2) The model was developed with the assumption of either hemispherical or 

cylindrical 3D nucleation centers, which grow in a shape-preserving fashion. 

However, the nucleation and growth process in the PCL system reveals anisotropic 

crystal shapes as seen in Figure 3.11. Hence, the geometry of the 3D centers may not 

be hemispherical or cylindrical in shape. Therefore, the geometrical centers assumed 

by this model are likely over-simplified.  
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(3) The model, Eq. 3-2, can not be used for crystallization experiments at constant 

compression rate (dΠ/dt ≠ 0). The derivation of Eq. 3-2 is based on the explicit 

assumption that dΠ/dt = 0, which gives dΓ/dt = 0 since d
dt

d
d

d
dt

Π Π
Γ

Γ
= ×  and finally 

leads to n A Ac = −Γ( )0 , where nc is the number of molecules (or monomers) 

forming 3D centers in the monolayer. Thus the correlation between the surface area 

change and the transformation of “2D” to 3D centers is implicitly built into the model.  

Summing the discussion thus far, the previously developed model for explaining 

nucleation and growth behavior at the A/W interface will most likely need to be 

refined to more accurately interpret results from isobaric crystallization experiments 

with polymeric systems. Considering that the nucleation and growth mechanism of 

isobaric crystallization may differ from experiments performed at fixed compression 

rates, further investigations should focus on a new model to describe the nucleation 

and growth mechanism during constant compression rate experiments.     
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Figure 3.11 BAM images for PCL (10 kg⋅mol-1) during isobaric area relaxation 

experiments. Experiments were performed at Π = 9.8 mN⋅m-1 and T = 22.5 oC. The 

letters on the A/A0 vs. t graph (h) correspond to the BAM images (a → g). All images 

are 3.2 × 4.8 mm2.  
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Table 3.1 Important parameters for BAM images of PCL (Mw = 10 kg⋅mol-1) during 
isobaric area relaxation experiments at Π = 9.8 mN⋅m-1. 

BAM image # A (nm2⋅monomer-1) A/A0 Time (s) 

a 0.227 0.936 557.1 
b 0.204 0.841 1053 
c 0.193 0.796 1306 
d 0.151 0.623 2218 
e 0.131 0.540 2694 
f 0.102 0.421 3699 
g 0.081 0.334 4629 

 

Figure 3.11 shows the BAM images obtained for isobaric area relaxation 

experiments at Π = 9.8 mN⋅m-1 and T = 22.5 oC. The letters on the A/A0 vs. t plot 

correspond to the BAM images (a→g). The corresponding values of area per 

monomer, A/A0, and time are summarized in Table 3.1. Images (a→c) show the early 

stages of isobaric area relaxation for PCL monolayers. No obvious differences were 

observed for the isobaric experiment in comparison with the results seen for hysteresis 

experiments in Figure 3.3a. With decreasing area per monomer, more growing crystals 

were captured by BAM. The growing crystals show uniform brightness 

(homogeneous reflectivity), suggesting similar crystal thicknesses. In addition, 

looking at the A/A0 vs. t plot in Figure 3.11h, the relaxation rate becomes faster at 

higher Π, where the relaxation corresponds to the transformation of 2D monolayer 

material into 3D structures.  

In comparison with the isobaric area relaxation at Π = 9.8 mN⋅m-1, the relaxation 

process at Π = 8.8 mN⋅m-1 can not be considered as a regular transformation of 2D 

monolayer materials into 3D structures. No regularly shaped 3D structures were found 
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during the time investigated in Figure 3.9b, suggesting the absence of a homogeneous 

nucleation mechanism at Π = 8.8 mN⋅m-1. Under this lower Π condition, the lateral Π 

values are still not large enough to induce the folded chain structures, which are 

necessary to form stable 3D structures. Furthermore, the free energy barrier to 

crystallization needs to be overcome for the formation of stable nuclei.14 The crystal 

growth can only start from stable nuclei. The critical nucleus size depends on the free 

energy barrier, with larger critical nuclei requiring longer times to form. Thus, it is 

believed that the initially formed stable 3D nuclei of PCL at A/W were induced by the 

surface pressure, which needs to be higher than a critical value. According the 

preliminary results of the isobaric area relaxation experiments for PCL monolayers, 

this critical Π should be between 9 and 10 mN⋅m-1. As noted in Chapter 1, there is 

another specific value of surface pressure, the equilibrium surface pressure (Πe), 

defined as a limiting pressure above which relaxation phenomena occur. Monolayer 

relaxation is characterized either by a decrease in the area per molecule in an isobaric 

experiment or a drop in Π during a constant area experiment. The isobaric experiment 

performed at Π = 8.8 mN⋅m-1 clearly indicates that relaxation does occur, i.e. Πe < 8.8 

mN⋅m-1, although the apparent relaxation rate is much slower that that at 9.8 mN⋅m-1 

as seen in the plot of A/A0 vs. t in Figure 3.11h. As long as Π is higher than Πe, the 

monolayer exists in a supersaturated state. Thus, a general conclusion from the 

isobaric experiments for the PCL monolayer system is:  

Πe < 8.8 mN⋅m-1 < Π (critical) < 9.8 mN⋅m-1 < Πc (collapse). 
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At present, it is still unclear if this critical Π value can be considered as the 

limiting value for the formation of stable nuclei or if it is the limiting value for both 

primary nucleation and subsequent growth. The studies required to make this 

distinction will be a part of the future work for this project. However, a best guess can 

be made in terms of the relative difficulty of primary and secondary nucleation. As 

pointed out previously, the lateral surface pressure required must be high enough to 

form stable nuclei at A/W. However, the subsequent deposition process of molecules 

onto the growing surface could be considered as secondary nucleation. In terms of the 

difficulty of the nucleation process, primary nucleation > secondary nucleation, so 

crystal growth may not require a Π value as large as the value required to form the 

stable nuclei. Thus, the 3D nuclei formed above Π (critical) may continue to grow 

when Π decreases below Π (critical). However, this point begs another question, how 

low can Π be, and still support crystal growth? Moreover, does the smallest Π value 

that supports crystal growth correspond to Πe, or does growth continue at even lower 

Π values? Based on these questions, it is safe to say that considerable effort is still 

required to understand the nucleation and growth mechanism of PCL at A/W. 

 

3.5 Average Growth Rate Analysis  

  The average crystal growth rate, G = dL/dtx, was calculated as the slope of a linear 

plot of the diagonal length of the crystals, L, versus crystallization time, tx. Since the 

laser beam of BAM can not be focused on the same image for a long period of time 
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due to monolayer flow, it is impossible to monitor the growth process for an 

individual crystal. Hence, the diagonal lengths of growing crystals were averaged for 

~5-10 crystals with medium sizes in a given image to obtain an average value. The 

measurements were carried out for several images captured at different times, t. The 

time where the first crystal was observed was considered as the initial time, t0. The 

crystallization time, tx, for the crystals in each BAM image was computed as tx = t - t0. 

The time t can be obtained from the original data file of the Π-A isotherm. This 

information allows for a rough calculation of the average isothermal growth rates of 

PCL at A/W. The average diagonal lengths and crystallization times obtained at three 

different compression rates are summarized in Table 3.2. Adobe Photoshop 6.0 was 

used to roughly estimate the diagonal length of the crystals. 

 

Table 3.2 Average diagonal lengths, L, and crystallization times, tx, measured at 
different compression rates.a  

Compression Rate: 8 cm2⋅min-1

L (mm) 0.08 0.17 0.23 0.29 0.41 0.52 
tx (sec) 0 151 299 357 582 648 

Compression Rate: 10 cm2⋅min-1

L (mm) 0.06 0.18 0.25 0.28 0.31 0.34 
tx (sec) 0 322 535 603 664 698 

Compression Rate: 20 cm2⋅min-1 
L (mm) 0.06 0.08 0.11 0.12 0.15 0.16 
tx (sec) 0 58 126 145 235 277 

aThe measurements of average diagonal lengths were carried out by Adobe Photoshop 
6.0. Crystallization times were calculated from the original data of the Π-A isotherms. 
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The accessible temperature window of the Langmuir trough is fairly narrow so 

that the growth rates at various crystallization temperatures have not been obtained. 

The actual melting temperature of the crystals formed at A/W has not been measured 

at this point since it is difficult to transfer the rigid and brittle crystals onto solid 

substrates. Other ex-situ experimental studies have been deferred to future work.           
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Figure 3.12 Average diagonal length, L, versus crystallization time, tx. Average 

diagonal lengths of crystals have been roughly measured at three different 

compression rates: (+) 8 cm2⋅min-1, ( ) 10 cm2⋅min-1, and (×) 20 cm2⋅min-1. Dotted 

lines represent the linear fit used to estimate the average growth rate. 

 

Table 3.3 Average isothermal growth rates at different compression rates.a  

Compression Rate (cm2⋅min-1) G (µm ⋅sec-1) G (µm⋅min-1) 
8 0.64±0.05 38±3 
10 0.38±0.02 23±1 
20 0.37±0.02 22±1 

aThe average isothermal growth rates are determined from the slopes of the linear 
curve fitting in Figure 3.11. 
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   Figure 3.12 shows a plot of the diagonal length of the crystals versus tx at three 

different compression rates. An assumption of a linear growth rate seems to be 

reasonable based on the present results. Thus, isothermal growth rates at different 

compression rates were determined from the slopes obtained by a least squares 

analysis. The results for growth rates obtained at different compression rates are 

summarized in Table 3.3. While these data merely represent initial efforts, they 

suggest that the average growth rate increases with decreasing compression rate.    

 

3.6 Summary 

   In summary, "crystallization" processes for linear flexible PCL (Mw = 10 

kg⋅mol-1, PDI = 1.25) at A/W have been captured by BAM. The crystal growth is 

anisotropic at slow compression rates. As the compression rate increases, the average 

isothermal growth rate decreases. The crystallization during the 2nd hysteresis loop is 

strongly affected by the previous history, as surviving crystallites from the 1st 

hysteresis cycle serve as nucleation centers during the second compression step. This 

effect might be alleviated if the time interval between the two cycles is extremely long 

so that all polymer chains can re-disperse and the initial conformation can be 

recovered. Isobaric area relaxation results suggest that Πe < 8.8 mN⋅m-1 < Π (critical) 

< 9.8 mN⋅m-1 < Πc (collapse). Finally, area relaxation at Π > Π (critical) during the 

isobaric experiments is related to the transformation of “2D” monolayer materials into 

3D crystals.   
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CHAPTER 4 

CRYSTALLIZATION OF POLY (ε-CAPROLACTONE) (PCL) WITH 

DIFFERENT MOLECULAR WEIGHTS 

 

4.1 Isotherm Studies of PCL Crystals During Compression 

Figure 4.1 shows plots of surface pressure, ∏, and static elasticity, εs, as a 

function of area per monomer, A, for PCL samples with different molecular weights 

(MW). The MW characteristics of the different samples are summarized in Table 4-1. 

∏-A curves are represented by the solid lines and the εs vs. A behavior is represented 

by the symbols. The extrapolated limiting areas for the four samples are almost 

identical at A0 ∼ 0.52 nm2⋅monomer-1. Looking at the details of the ∏-A and εs-A 

curves for each sample, at an area per monomer A > ∼ 0.52 nm2⋅monomer-1, both 

properties, ∏ and εs, increase slowly with increasing surface concentration. In this 

regime, all ester linkages in the backbones and even the oxygen atoms of the terminal 

groups are expected to be adsorbed to the water subphase. Meanwhile, the alkyl 

portion of the repeating unit, (CH2)5, makes PCL hydrophobic enough to keep the 

chains at the air/water interface (A/W), reflecting the amphiphilic nature of PCL. For 

all samples, εs is small, indicating a high lateral compressibility in this region. The 

relationship between the lateral compressibility of the film, κ , and εs is given by: 

ε κ ∂
∂S

T

A
A

= = − 





−1 Π                      (4-1)     
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The high compressibility observed for A > ∼ 0.52 nm2⋅monomer-1 implies that the 

hydrophilic groups may have a significant amount of bound water molecules.   
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Figure 4.1 ∏ (left axis) and εs (right axis) versus A plots for PCL samples with 

different molecular weights. All experiments were performed at a constant 

compression rate of 8 cm2⋅min-1 and T = 22.5 oC. ∏-A isotherms are represented by 

the solid lines and the static elasticity, εs, is represented by the symbols. Both ∏ and εs 

are plotted as a function of area per monomer. The weight average molecular weight, 

Mw, and polydispersity index, PDI, are indicated on each figure.  
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Table 4.1 Molecular weight data of PCL samples.a  

# (Vender) # (Thesis) Mw (kg⋅mol-1) Mn (kg⋅mol-1) PDI 
P1934-CL P1 5.2 3.5 1.66 
P1302-CL P2 10 8 1.65 

P3281-CL P3 13 11 1.14 

P1297-CL P4 42.8 36 1.20 
aSupplied by Polymer Source,Inc.   
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Figure 4.2 εs vs. ∏ for PCL samples with different molecular weights. The 

experiments were performed at T = 22.5 oC with a constant compression rate of 8 

cm2⋅min-1. The symbols correspond to Mw = 5.2 (♦), 10 (∆), 13 (○), and 42.8 (×) 

kg⋅mol-1. The lines are theoretical curves, εs = z∏, for good solvent conditions (z = 

2.86, solid line) 2 and theta solvent conditions (z = 101, dotted line).4    
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Recently, Esker, et al. showed that the traditional approach for describing the 

scaling behavior of ∏ with respect to surface concentration, Γ = 1/A, i.e. ∏ ∝ Γz, in 

the semi-dilute regime, could be reduced to Eq. 4-2 and 4-3 if one assumes that ∏ = 0 

at the onset of semi-dilute monolayer regime.1 

  Π = −CA z                              (4-2) 

εs z= Π                               (4-3) 

In this treatment, z, the two-dimensional scaling exponent, has a value of z = 2.86 for 

a good solvent,2 and values ranging from 8 to 101 for theta conditions depending on 

the theoretical treatment used to obtain z.3, 4 For comparison, mean field treatments 

yield z = 3 (good solvent) and z → ∞ (theta solvent).5 Using the data in Figure 4.1, εs 

is plotted as a function of ∏ in Figure 4.2. As seen in Figure 4.2, there is excellent 

agreement between the expected behavior for good solvent conditions (solid line) and 

the experimental data (symbols). Hence, it is safe to conclude that all of the 

experimental data up to the maximum in εs correspond to the semi-dilute monolayer 

regime (≈ 1 < ∏ < 5.8 mN⋅m-1), and PCL exists in good solvent conditions. Figure 4.2 

also demonstrates the necessary absence of any molecular weight effect on ∏ in the 

semi-dilute regime. The lack of a molecular weight effect on ∏ within the 

experimental error for the semi-dilute regime indicates that the relevant interactions 

become monomer-monomer interactions instead of interactions between different 

polymer chains. In this regime, the polymer chains are believed to be un-entangled 

like the 3D case, i.e. only the monomer surface density matters.6      
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Figure 4.3 εs-A curves for PCL samples with different molecular weights. The 

experiments were performed at a constant compression rate of 8 cm2⋅min-1 and T = 

22.5 oC. The symbols correspond to Mw = 5.2 (♦), 10 (∆), 13 (○), and 42.8 (×) 

kg⋅mol-1. All εs-A plots exhibit the same maximum at 0.37 nm2·monomer-1. At the 

maximum, it is likely that some of the carbonyl groups of the polymer backbone start 

to leave A/W and fold up to form a liquid-like monolayer with a different 

conformation. 
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Continuing the discussion of Figure 4.1, upon further compression of the 

monolayer, ∼0.37 < A < ∼0.52 nm2⋅monomer-1, the isotherms are consistent with a 

liquid-expanded (LE) monolayer for PCL due to good solvent conditions. In this 

regime, Π increases more quickly upon compression and the water molecules start to 

be squeezed out of the polymer chains until a maximum, εs, max, is observed at A∼0.37 

nm2⋅monomer-1 as seen in Figure 4.3. εs, max is believed to correspond to the limiting 

value of the lateral compressibility for the completely adsorbed monolayer state. The 

schematic illustration of the monolayer in this intermediate state (∼0.37 < A < ∼0.52 

nm2⋅monomer-1) is shown in Figure 4.4c. Deviation from an ideal semi-dilute 

monolayer is observed beyond this point. At A ≤ ∼0.37 nm2⋅monomer-1, the behavior 

of PCL monolayers start to depend on the molecular weight and this dependence will 

be discussed later in this chapter. 
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(a) A > 0.52 nm2⋅monomer-1 (b) A ≈ 0.52 nm2⋅monomer-1 

  
(c) 0.37 < A < 0.52 nm2⋅monomer-1 (d) A ≈ 0.37 nm2⋅monomer-1 

  
(e) A < 0.37 nm2⋅monomer-1  

and before film collapse  (f) At the collapse point  

 
(g) After film collapse 

 

Figure 4.4 Idealized illustration of chain conformations at A/W during compression: 

(a) A > 0.52 nm2⋅monomer-1 and (b) A ≈ 0.52 nm2⋅monomer-1 (top views); and (c) 

0.37 < A < 0.52 nm2⋅monomer-1, (d) A ≈ 0.37 nm2⋅monomer-1, (e) A < 0.37 

nm2⋅monomer-1 and before film collapse, (f) At the collapse point and (g) After film 

collapse (side views). Upon further compression, multilayer films may form and the 

amorphous phases may be squeezed out of the crystallites upon compression. The 

spheres represent the ester functional groups while the coronas with light color 

indicate the ester group bound with water. The gray connecting lines depict the 

methylene groups of the polymer chains.   
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Figure 4.5 Orthorhombic unit cell structure of a PCL crystal.7, 8 The parameters of the 

unit cell are a = 0.748 + 0.002 nm, b = 0.498 + 0.002 nm, and c = 1.726 + 0.003 nm, 

respectively.  

 

Recalling the orthorhombic unit cell of PCL as shown in Figure 4.5.7, 8 According 

to this unit cell structure, each segment occupies the area of (ab)/2 = 0.372/2 = 0.186 

nm2⋅monomer-1. By comparing this value with the value at A∼0.37 nm2⋅monomer-1, it 

seems reasonable that all of the hydrophilic ester groups could be anchored to the 

surface and contact with each other as closely as possible at the maximum εs value, 

meanwhile alkyl chains are squeezed out of the surface. If all the ester linkages are 

bound to the A/W interface at the maximum εs value, the corresponding packing at the 

surface would have small methylene loops as depicted in Figure 4.4d. This 

configuration is particularly reasonable given the cyclic monomer from which PCL is 

derived. Thus, at A∼0.37 nm2⋅monomer-1, the surface area occupied by each repeat 

unit of PCL is roughly equivalent to two times the cross-sectional area of one segment. 

Before ∼0.37 nm2⋅monomer-1, both Π and εs only reflect the amphiphilic nature of the 

PCL repeat unit at the A/W interface in a semi-dilute liquid-like monolayer and are 
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not dependent on the molecular weight.    

Upon further compression, A < ∼0.37 nm2·monomer-1, but before the collapse 

point as depicted in Figure 4.4e, the surface energy rises above the threshold 

necessary to start desorbing some of the ester linkages in response to the increase in 

surface pressure. The structural relaxation in this regime is slow since the polymer 

chains are firmly anchored to the water surface by hydrophilic ester linkages as shown 

in Figure 4.4e, and the compression rate is faster than the corresponding 

conformational change from Figure 4.4d to Figure 4.4f. Hence, even though there is 

no visible kink in the Π-A isotherm, εs, which is related to the slope of the ∏-A 

isotherm by Eq. 4-1, drops for A < ∼0.37 nm2·monomer-1. The drop in εs is consistent 

with a conformational change as the increase in ∏ is compensated for by the removal 

of ester linkages from the interface upon compression. The chain conformations 

during this process are ideally depicted in Figure 4.4d through 4.4f. However, unlike 

Π for monolayers at A > ∼0.37 nm2·monomer-1, the Π shows molecular weight 

dependent behavior in the vicinity of the collapse point, i.e. the supersaturated 

monolayer state. Generally speaking, “kinks” observed in Π-A isotherms of polymers 

around the collapsed point arise from kinetic effects corresponding to the conversion 

of quasi-two dimensional (“2D”) monolayer materials to three dimensional (3D) 

structures.9, 10 As observed for PCL (Mw = 10 kg⋅mol-1) in Chapter 3, nucleation 

already starts when the monolayer is compressed into the supersaturated state prior to 

the collapse point during compression experiments at a constant compression rate. 
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The conversion rate of “2D” material to 3D phases eventually becomes faster than the 

compression rate, causing Π to drop and creating a noticeable “kink” in the isotherm.9 

The plateau region in the isotherm is related to the growth of the 3D phase.9, 10 On the 

plateau, the conversion rate matches the compression rate, i.e. the decrease in A is 

compensated for by the conversion rate of “2D” monolayer material to 3D phases. 

Since the nucleation and growth of crystals is governed by chain length and other 

characteristics of samples, the isotherms of PCL around the collapse point and the 

subsequent plateau region are obviously affected by a sample’s molecular weight.  
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Figure 4.6 ∏-A isotherms of PCL samples with different molecular weights. The 

experiments were performed at T = 22.5 oC during compression experiments at a 

constant compression rate of 8 cm2·min-1. The letters on the graph show the positions 

where a series of BAM images in Figure 4.9 were taken. 
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Figure 4.6 shows ∏-A isotherms of PCL samples with different molecular 

weights obtained at T = 22.5 oC during compression experiments at a compression 

rate of 8 cm2·min-1. The collapse points decrease with increasing molecular weight 

except for the sample P2 (Mw = 10 kg⋅mol-1, PDI = 1.25) for which a maximum 

collapse pressure is observed. As mentioned in the previous paragraph, for the case of 

PCL crystallization at A/W, the collapse points can be related to an overall conversion 

rate of “2D” monolayer to 3D phase. The overall conversion rate contains 

contributions from the 3D amorphous phase, the primary nucleation of 3D nuclei, and 

the subsequent growth rate of the nuclei formed before the “kink”. Although it is 

impossible to separate the formation of 3D nuclei and the subsequent crystal growth 

process only according to the collapse point in the isotherm, it should be safe to 

consider the formation of 3D nuclei from the “2D” monolayer as a dominant factor 

leading to the “kink” in the isotherm. The subsequent plateau region would then 

mainly correspond to the overall conversion rate of “2D” monolayer to 3D crystalline 

and amorphous phases.  

 In the compression experiments of Figure 4.6, compression was carried out at 

the same compression rate for all four samples. Thus, the faster overall conversion 

rate of the “2D” matrix to 3D structures (mainly governed by the nucleation rate), the 

earlier the conversion rate exceeds the compression rate (constant), and the smaller 

the value of the collapse pressure. The isotherms exhibit a smaller collapse ∏ value 

for P1 (Mw = 5.2 kg⋅mol-1) than for P2 (Mw = 10 kg⋅mol-1) as seen in Figure 4.6, 
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implying that the formation rate of 3D nuclei for P1 is faster than for P2. The 

formation of 3D nuclei for P3 (Mw =13 kg⋅mol-1) and P4 (Mw = 42.8 kg⋅mol-1) is also 

faster than for P2. For the sake of a reasonable explanation for the observed results, 

the parameters governing nucleation and growth need to addressed, especially with 

respect to their interplay at A/W.  

Some theories have been developed for specified growth mechanisms and crystal 

morphologies, such as the Lauritzen-Hoffman theory for spherulitic growth. However, 

a general crystallization theory, which can be used universally, still eludes researchers. 

Even so, the previous theories could be useful for trying to interpret the preliminary 

studies of polymer crystallization at the A/W interface contained in this thesis. 

In bulk systems, molecular weight affects the degree of undercooling 

( ∆T T Tm x= −0 ) due to its influence on the equilibrium melting temperature, Tm
0. 

Previous studies of spherulite growth in supercooled PCL melts indicate that Tm
0 

increases with increasing the chain length till a plateau region is reached.11,12 Two 

issues need to be carefully considered here: (1) The morphologies obtained at A/W are 

not spherulitic and the thicknesses of the crystals are unknown, thus Tm
 and Tm

0 could 

be dramatically different from those previously observed for bulk samples; (2) The 

relationship between Tm
0 and molecular weight for crystals formed in bulk may not be 

applicable to crystals formed at the A/W interface. At the A/W interface, the unique 

chain dynamics observed upon compression, the confinement of mass diffusion to two 

dimensions, and the essentially instantaneous dissipation of heat in the monolayer into 
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the subphase may lead to crystal features that are considerably different than those 

formed in quiescent melt or solution, and spin coated films. Nevertheless previous 

studies may still provide qualitative insight into the dependence of the undercooling 

on molecular weight at the A/W interface. 

Polymers with higher MW exhibit a higher Tm
0, as nucleation occurs more 

readily at greater undercooling ( ∆T T Tm x= −0 ), where Tx is the crystallization 

temperature. Thus, the nucleation rate increases with increasing MW. This effect can 

be correlated with a decrease of the collapse ∏ in the ∏-A isotherms with increasing 

MW as seen in Figure 4.6. The exception to this trend at the A/W interface is the 

lowest molecular weight PCL sample (Mw = 5.2 kg⋅mol-1). In order to understand why 

PCL (Mw = 5.2 kg⋅mol-1) does not follow the main trend in Figure 4.6, all parameters 

which may influence the collapse Π value need to be considered, such as impurities, 

polydispersity, and even the synthetic process used for sample preparation. Even more 

importantly, the effects of MW on segmental mobility and structural relaxation in 

Langmuir monolayers need to be considered.  

Unlike the nucleation process from quiescent melt or solution，where the energy 

barrier for the formation of a nucleus is overcome if there is a sufficient degree of 

undercooling, nucleation at the A/W interface could also be influenced by the 

mechanism of film collapse, i.e. the chain dynamics upon compression. From the 

viewpoint of kinetics, the slower the structural relaxation of the monolayer, the larger 

the observed collapse Π value. The time scale for the structural relaxation increases 
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with decreasing segmental mobility of the polymer chain. The structural relaxation of 

the monolayer for P2 is slower than for P1 at A/W since the time scale for the 

structural relaxation increases with decreasing segmental mobility of the polymer 

chain. Hence, the interplay between the effect of MW on structural relaxation and Tm
0 

could cause a slightly higher collapse ∏ value for P2 than for P1. For PCL samples 

with Mw > 10 kg⋅mol-1, the dominant factor governing the formation of nuclei is the 

degree of undercooling, leading to a decrease in collapse ∏ values with increasing 

MW as seen in Figure 4.6. Thus, MW has two main effects on film collapse that also 

influence the formation of 3D nuclei at the A/W interface: (1) The dominant effect is 

that the collapse ∏ decreases with increasing MW since the nucleation rate increases 

with increasing ∆T; and (2) Collapse ∏ values can also be affected by the time scale 

of structural relaxation, which is accelerated for relatively short polymer chains with 

greater chain mobility, i.e. higher diffusion coefficients. The interplay between these 

two factors likely causes the collapse ∏ value of P1 (Mw = 5.2 kg⋅mol-1) to be slightly 

lower than for P2 (Mw = 10 kg⋅mol-1). Although it is believed that nucleation at the 

A/W interface will be mainly controlled by the degree of undercooling, the effects of 

segmental mobility on the nucleation at the A/W interface could be significant enough 

to influence film collapse upon compression. In addition, as mentioned above, any 

prior impurity, polydispersity, or even factors in the synthetic process such as 

functional end groups can also affect nucleation at the A/W interface. Thus, all of 

these factors may influence the collapse ∏ value. Nevertheless, the effects of chain 
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dynamics on the nucleation and crystallization of the floating monolayer at the A/W 

interface are enhanced and quantitive analysis of these effects still requires future 

studies. 

 

4.2 Morphological Studies of PCL Crystals during Compression 

Figure 4.7 shows BAM images obtained at different A values upon compression 

for PCL samples with different molecular weights. The appearance of bright domains 

was attributed to the formation of 3D crystallites. The nucleation event for these 

crystallites corresponds to the collapse of the monolayer structure as depicted in 

Figure 4.4g, whereby additional carbonyl groups pull away from the surface and start 

to form a folded film of a thickness comparable to the c-axis of PCL’s unit cell. Due to 

the greater rotational freedom of ester linkages around the polymer backbone, the 

ester groups could be forming hairpin turns allowing the chain to fold back and forth 

in a similar fashion to the folded chain structure of polyethylene single crystals 

formed from dilute solution.13, 14 This nucleation process could occur in a 

supersaturated monolayer i.e. nucleation starts before the collapse point. At 

comparable A values, a smaller nucleation site density for P2 (Mw = 10 kg⋅mol-1) is 

observed by BAM as seen in Figure 4.7. Even though the primary nucleation process 

at the A/W interface should mainly be controlled by the degree of undercooling, the 

influence of kinetic effects on the monolayer structure arising from dilational forces 

during compression is also significant. The latter factor may introduce special 



 
 

98

properties and features of crystallization in Langmuir monolayers that do not exist in 

systems like melts, dilute solutions, or spin-coated films.  

After the collapse point, the surface pressure drops slightly before the plateau 

region begins. This feature corresponds to the interpretation that polymer chains start 

to rapidly deposit onto the growing surface of the newly formed 3D nuclei. Within the 

plateau regions of the Π-A isotherms for P1 (Mw = 5.2 kg⋅mol-1), P2 (Mw = 10 

kg⋅mol-1) and P3 (Mw = 13 kg⋅mol-1), obvious changes in the number of crystals have 

not been observed with decreasing trough area during compression relative to the 

number of crystals per unit area formed around the collapse point. Although a 

distribution of crystal size is observed by BAM as seen in Figure 4.7d and 4.7e, the 

fact that most of the crystals are the same size is strong evidence that nuclei formed 

around the “kink” in the Π-A isotherm are the dominant factor for the conversion of 

“2D” materials to a 3D phase in the plateau region. Moreover, crystal growth is also 

energetically favored in the plateau regime as primary nucleation requires a larger 

specific area than secondary nucleation on the surface of nuclei, i.e. the energetic 

barrier of primary nucleation is bigger than that of secondary nucleation. Over the 

same experimental time scale, the size of the crystals for the four samples shows a 

maximum for P2. The P1 sample, with the lowest MW, has the greatest chain mobility. 

This factor results in crystals with a high energy growth front, indicating a decrease in 

growth rate and a smaller size of crystals in comparison to P2. Meanwhile, the P4 (Mw 

= 42.8 kg⋅mol-1) sample, with the highest MW, crystallizes under the greatest degree 
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of undercooling for the four samples. As a result, the primary nucleation rate may be 

comparable to the subsequent growth rate in the plateau region since ∆T has a more 

significant effect on primary nucleation than on the subsequent growth process. 

Meanwhile, it is difficult to estimate the number of nucleation sites for the P4 sample 

due to the small size of the crystals. 
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 0.24∼0.25 0.20∼0.21 0.16∼0.17 0.11∼0.12 0.07 ∼0.10 
 Area /nm2⋅monomer-1 

Figure 4.7 BAM images obtained during compression for PCL samples with different molecular 
weights. The experiments were performed at a constant compression rate of 8 cm2·min-1 and T = 
22.5 oC. P1, P2, P3, and P4 correspond to Mw = 5.2, 10, 13 and 42.8 kg⋅mol-1, respectively. The 
BAM images (a→e) correspond to the labeled arrows on the Π-A isotherm in Figure 4.6. All 
images are 4.8 × 3.2 mm2. To address the morphological features of the crystals, enlargements of 
the BAM images in this figure are provided in Figure 4.8 through 4.11. 
 



 
 

101

 

 

(a)                                  (b) 

 

 

 

(c)                      (d)                      (e) 

 

Figure 4.8 Enlarged BAM images of P1 (Mw = 5.2 kg⋅mol-1) during compression. 

Figure 4.8a through 4.8e correspond to images (P1, a) through (P1, e) in Figure 4.7. 

All images are 4.8 × 3.2 mm2.  
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(a)                                 (b) 

 

 

 

(c)                      (d)                      (e)       

 

Figure 4.9 Enlarged BAM images of P2 (Mw = 10 kg⋅mol-1) during compression. 

Figure 4.9a through 4.9e correspond to images (P2, a) through (P2, e) in Figure 4.7. 

All images are 4.8 × 3.2 mm2. 
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(a)                                (b) 

 

 

 

(c)                      (d)                        (e) 

 

Figure 4.10 Enlarged BAM images of P3 (Mw = 13 kg⋅mol-1) during compression. 

Figure 4.10a through 4.10e correspond to images (P3, a) through (P3, e) in Figure 4.7. 

All images are 4.8 × 3.2 mm2. 
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(a)                             (b) 

 

 

 

        (c)                      (d)                      (e) 

 

Figure 4.11 Enlarged BAM images of P4 (Mw = 42.8 kg⋅mol-1) during compression. 

Figure 4.11a through 4.11e correspond to images (P4, a) through (P4, e) in Figure 4.7. 

All images are 4.8 × 3.2 mm2. 
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BAM images for P1(a)→(e) (P1: Mw = 5.2 kg⋅mol-1) in Figures 4.7 and 4.8 show 

the morphologies of crystals at different stages of compression. During the early stage 

of compression, BAM images show the monolayer is a homogeneous liquid-like film 

and the first 3D domains appear at A ≈ 0.23 nm2⋅monomer-1 as seen in Figure 4.7. 

These first observable crystals formed from a "supersaturated solution," i.e. the 

compressed monolayer. Upon further compression, each individual domain grows 

larger and takes on a square shape. The crystal morphologies in Figures 4.7 (P1, d) 

and (P1, e) and 4.8d and 4.8e are quite similar to the crystals of P2 (Mw = 10 kg⋅mol-1) 

in the early stage of growth as seen in Figure 4.7 (P2, b) and Figure 4.9b. During the 

growth process of P2 crystals, the diffusion problem is aggravated in comparison with 

that of P1 upon compression and eventually results in a difference in the rate of 

crystallization compared to the diffusion of new material to the growing crystal front. 

Thus, obviously anisotropic growth is observed for P2 crystals (See Figure 4.9). For 

sample P1, the growth rate may be primarily controlled by the nucleation rate 

(secondary), while the growth rate of P2 starts to be governed by diffusion with 

increasing MW from P1→ P2.   

Looking at the BAM images of P3 (Mw = 13 kg⋅mol-1) in Figure 4.7 (P3, a) 

through (P3, e) and Figure 4.10, the crystal morphologies exhibit distorted rectangular 

shapes. Unlike the P2 sample, dendritic crystals were not revealed in BAM images 

during the subsequent expansion of the film. The diffusion coefficient becomes 

smaller for P3, and diffusion may govern the growth rate. As pointed out by Chen et 
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al. an increase in MW increased the primary nucleation rate in a much more 

significant fashion than it affected the growth rate.11 This trend is also consistent with 

the result for PCL crystallization at the A/W interface. Increasing MW from P2 → P3 

the effect of MW on ∆T is apparently overwhelmed by diffusion effects for crystal 

growth. Thus, although the P3 sample crystallizes with a slightly higher degree of 

undercooling than P2, the crystals do not grow as large as P2 crystals in the 

observable experimental window. 

BAM images for P4 (Mw = 42.8 kg⋅mol-1) in Figure 4.7 (P4, a) through (P4, e) 

and Figure 4.11 show the morphologies of PCL crystals during compression. The 

fraction of bright domains in Figure 4.7 increases upon compression as seen in images 

(P4, a) through (P4, e), even though the crystallites are so small that the growth of 

individual crystals can not be followed by BAM. For this sample, the crystal growth 

rate is dominated by diffusion, which is very slow; meanwhile the primary nucleation 

rate controlled by the degree of undercooling should be the largest of all four samples. 

For this sample the primary nucleation rate is apparently so fast that it may be 

comparable to the subsequent growth rate in the plateau region, which yields the 

crystal morphologies seen in Figure 4.7 and Figure 4.11. 

 

4.3 Average Growth Rate Analysis 

The average crystal growth rate, G = dL/dtx, was calculated as the slope of the 

linear plot of the diagonal length of crystals, L, versus crystallization time, tx. Since 



 
 

107

the laser beam of the BAM can not be focused on the same “image window” for the 

course of the experiment due to monolayer flow, it is impossible to monitor the 

growth process for an individual crystal. The measurement method is the same as that 

used in Chapter 3. The measurement is quite rough; suggesting that a bigger error for 

the measured growth rates could exist than for bulk studies. As an example, two 

separate measurements of the average growth rate for P2 (Mw = 10 kg⋅mol-1) yield a 

deviation of ∼5%. The measurement for PCL with Mw = 42.8 kg⋅mol-1 may be even 

more unreliable since the crystal size are so small. The time at which the “kink” 

occurs (collapse point as seen in Figure 4.6) was considered to be the initial time, t0. 

The time for each BAM image captured during the plateau region is considered as t. 

The crystallization time, tx, for the crystals measured in these BAM images was 

computed as tx = t - t0. This information allows for a rough calculation of the average 

growth rates of PCL at A/W, especially, the dependence of the growth rate on the 

molecular weight. Table 4.2 lists the average diagonal lengths, L, and crystallization 

times, tx, measured for the various MW PCL samples. The average diagonal lengths 

are plotted as a function of tx in Figure 4.12. Isothermal growth rates determined from 

the slopes by linear curve fitting in Figure 4.12 are listed in Table 4.2. The average 

growth rates are then compared with previous results reported by Chen et al. for 

spherulitic growth in melts (Figure 4.13). 
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Table 4.2 Average diagonal lengths, L, and crystallization times, tx, measured for 
various MW PCL samples.a, b  

Sample # 1 2 3 4 5 6 7 
L (mm) 0.07 0.09 0.10 0.11 012 0.15 0.15 

P1 tx (sec) 0 82 190 264 357 503 531 
L (mm) 0.11 0.13 0.16 0.22 0.25 0.31 0.38 

P2 tx (sec) 0 61 105 182 209 383 398 
L (mm) 0.06 0.09 0.12 0.15 0.17 0.20 0.23 

P3 tx (sec) 0 110 282 352 422 488 548 
L (mm) 0.03 0.04 0.05 0.06 

P4 tx (sec) 0 133 343 565 
Not available   

      Impingement 
aMeasurements of average diagonal lengths were carried out in Adobe Photoshop 6.0.  
bCrystallization times were calculated from the original data of the Π-A isotherms. 
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Figure 4.12 Average diagonal lengths, L, versus crystallization time, tx for various 

MW PCL samples. Average diagonal lengths of crystals have been roughly measured 

for PCL with Mw: (○) 5.2, (▲) 10, (♦) 13, and (×) 42.8 kg⋅mol-1. Dotted lines 

represent the linear fit used to estimate the average growth rate. 
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Table 4.3 Average growth rates of PCL monolayers at A/W.a, b 

# Mw 
kg⋅mol-1

Mn 

kg⋅mol-1 
Ln Xn

G 
µm⋅min-1 

lnG 
µm⋅sec-1 

P1 5.2 3.5 3.42 9±0.5 -1.90±0.06 
P2 10 8 4.25 38±3.5 -0.46±0.09 
P3 13 11 4.57 18±1.5 -1.20±0.08 
P4 42.8 36 5.76 3±0.3 -2.96±0.08 

aAverage growth rates were determined from the fitting lines in Figure 4.12.  
bError bars represent ± one standard deviation. 
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Figure 4.13 Variation of growth rate with degree of polymerization for PCL. Both 

spherulitic growth in melts11 and crystallization in the Langmuir monolayer exhibit a 

maximum growth rate. Literature data11 for the melts correspond to: (×) 30oC, (∆) 35 

oC, ( ) 40 oC, and (○) 43 oC. Symbols (+) indicate the average growth rate data 

obtained at 22.5 oC in Langmuir monolayers. The error bars on the Langmuir film data 

represent ± one standard deviation.   
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In summary, much stronger MW effects on PCL crystallization at A/W than 3D 

melt have been suggested by present data. The MW effects reflect two competing 

factors: segmental mobility and the degree of undercooling. The interplay between 

segmental mobility and the undercooling determines the overall growth rate and 

results in a maximum growth rate at intermediate MW as indicated by the symbols (+) 

with error bars (black color) in Figure 4.13. Similar MW effects on the spherulitic 

growth rate of PCL have been studied by Chen, et al.11 as seen in Figure 4.13. The 

ranges of MW demonstrating the maximum growth rates in bulk11 are quite close to 

the maximum observed in our data at the A/W interface. In the regime of low MW, the 

growth rate is mainly controlled by nucleation (secondary). At higher MW, diffusion 

has a strong influence on crystallization at the A/W interface. In addition, the present 

results of PCL crystallization at the A/W interface suggest that the collapse points in 

the isotherms may correlate with the primary nucleation rate, i.e. the formation of the 

3D nuclei, which initiate crystal growth in the subsequent plateau region.     

 

4.4 Isotherm and Morphology Studies of PCL Crystals During Expansion 

Figure 4.14 shows the ∏-A isotherms of PCL with different molecular weights 

obtained during expansion experiments at a constant expansion rate of 8 cm2·min-1 

and T = 22.5 oC. Expansion started from A ≈ 0.045∼0.048 nm2⋅monomer-1 following 

the compression step shown in Figure 4.6. As discussed in Chapter 3, the expansion 

isotherm can be thought of as a “2D” analog to the melting process of crystals. During 
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expansion, the metastable crystals formed upon compression start to undergo 

conformational relaxation rather than instantaneous dissolution. The surface pressure 

drops very quickly during the initial stages of expansion. After the rapid drop in ∏, a 

plateau region forms during expansion. In the plateau region, the crystals start to 

“melt”, i.e. the polymer chains peel away from the crystals and start to respread on the 

surface. As both steps (structural relaxation and respreading) of the “melting” process 

will be transport limited, there should be a strong MW dependence in the expansion 

isotherms. As seen in Figure 4.14, the plateau ∏ values dramatically decrease with 

increasing MW. By utilizing BAM, the re-dispersal of the crystals during expansion 

can be directly followed as seen in Figure 4.15.  
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Figure 4.14 Expansion ∏-A isotherms of PCL samples with different molecular 

weights. The experiments were performed at a constant expansion rate of 8 cm2·min-1 

and T = 22.5 oC. The symbols correspond to Mw = 5.2 (♦), 10 (∆), 13 (○), and 42.8 (×) 

kg⋅mol-1. The letters on the graph correspond to the A values where the BAM images 

in Figure 4.15 were taken. The starting point for each expansion curve was the end of 

the compression isotherm in Figure 4.6.  
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 0.08∼0.11 0.17∼0.18 0.26∼0.28 0.36∼0.37 
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Figure 4.15 BAM images for PCL samples with different MW obtained during 
expansion. The experiments were performed at T = 22.5 oC and an expansion rate of 8 
cm2·min-1. P1, P2, P3, and P4 correspond to Mw = 5.2, 10, 13, and 42.5 kg⋅mol-1, 
respectively. The BAM images (f→i) correspond to the labeled points on the Π-A 
expansion isotherm (Figure 4.14). Bright domains correspond to the morphologies of 
crystals during the “melting” process. All images are 4.8 × 3.2 mm2. To address the 
morphological features of the crystals, enlargements of the BAM images in this figure 
are also provided in Figure 4.16 through 4.19. 
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(f)                              (g) 

 

 

 

(h)                               (i) 

 

Figure 4.16 Enlarged BAM images of P1 (Mw = 5.2 kg⋅mol-1) during expansion.  

Figure 4.16f through 4.16i correspond to images (P1, f) through (P1, i) in Figure 4.15. 

All images are 4.8 × 3.2 mm2.  
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(f)                                  (g) 

 

 

 

(h)                                  (i) 

Figure 4.17 Enlarged BAM images of P2 (Mw = 10 kg⋅mol-1) during expansion.  

Figure 4.17f through 4.17i correspond to images (P2, f) through (P2, i) in Figure 4.15. 

All images are 4.8 × 3.2 mm2 
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(f)                                (g)    

 

 

 

(h)                                (i) 

 

Figure 4.18 Enlarged BAM images of P3 (Mw = 13 kg⋅mol-1) during expansion.  

Figure 4.18f through 4.18i correspond to images (P3, f) through (P3, i) in Figure 4.15. 

All images are 4.8 × 3.2 mm2  
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(f)                                 (g) 

 

 

 

(h)                                 (i) 

 

Figure 4.19 Enlarged BAM images of P4 (Mw = 42.8 kg⋅mol-1) during expansion.  

Figure 4.19f through 4.19i correspond to images (P4, f) through (P4, i) in Figure 4.15. 

All images are 4.8 × 3.2 mm2 
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Images (P1, f) through (P1, g) (P1: Mw = 5.2 kg⋅mol-1) in Figure 4.15 indicate 

that the crystals of P1 start to melt at the early stage of the plateau region, A ≈ 

0.08∼0.11 nm2⋅min-1 from the four in-plane faces of the “3D” square crystals as seen 

in the enlarged BAM image in Figure 4.16f (noting the thickness dimension is much 

smaller than the in-plane dimension). As the trough area increases, the cross-like 

principle axes appear as seen in Figure 4.16g, and all the bright domains become 

smaller and smaller as seen in Figure 4.16h and finally disappear as shown in Figure 

4.16i. Sample P2 (Mw = 10 kg⋅mol-1) exhibits a similar “melting” process except that 

dendritic crystals are observed during expansion and all of the bright domains 

disappear at smaller A values than P1. Combined with the result of the ∏-A isotherms 

shown in Figure 4.14, the plateau regions can be correlated to the transport processes 

associated with going from 3D crystals back to a “2D” monolayer state, where the 

polymer chains continuously peel off from the crystals to compensate for the decrease 

in ∏ that resulted from the expansion of the barriers. The plateau ∏ values for P1 and 

P2 reflect that higher MW PCL samples are less mobile than the lower MW samples. 

After the plateau region, most of the 3D material has been transferred back onto the 

water surface, and ∏ again drops in response to increasing trough area. For sample P3 

(Mw = 13 kg⋅mol-1) and P4 (Mw = 42.8 kg⋅mol-1), no cross-like principal axes were 

observed by BAM for the melting crystals as seen in Figures 4.18 and 4.19, 

respectively. Moreover, a few bright domains can still be observed (not shown) for P3 

even after the trough area was expanded back to the initial (maximum) trough area. 
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For the P4 sample, bright domains can still be observed (not shown) at the maximum 

trough area as well. As seen in Figure 4.14, the ∏-A isotherms have no real plateau 

regions and show greater hysteresis for P3 and P4, suggesting that the crystals of the 

samples with high MW are more difficult to re-dissolve at the A/W interface. 

Although no bright domains were observed by BAM after expansion to the maximum 

trough area for the P2 sample, the 2nd compression step does not retrace the initial 

compression step due to long lived 3D structures that can serve as nucleation centers 

and lead to different morphologies during the 2nd compression step as discussed in 

Chapter 3.    

From present studies on the MW dependence of PCL crystallization at A/W, four 

general conclusions can be made: (1) the collapse points in the compression isotherms 

appear to correlate with the formation of 3D nuclei; (2) The competition between 

lower segmental mobility and a greater degree of undercooling with increasing MW 

produces a maximum growth rate at intermediate MW similar to spherulitic growth in 

PCL melts;11 (3) The plateau regions in the expansion isotherms represent the 

“melting” process, where the polymer chains continuously return to the “2D” 

monolayer state from 3D phases and; and (4) The magnitude of the plateau ∏ value 

during expansion decreases with increasing molecular weight, suggesting that the 

“melting” process is strongly influenced by the transport properties of the polymer 

chains. 
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CHAPTER 5 

CONCLUSIONS 

 

Crystallization processes for linear flexible poly (ε-caprolactone) (PCL) at the 

air/water interface (A/W) have been successfully captured by Brewster angle 

microscopy (BAM). Material characterization and experimental methods were 

presented in Chapter 2. Preliminary results for isobaric crystallization and the 

dependence of crystallization on temperature and compression rate have been 

discussed in Chapter 3. In Chapter 4, two opposing influences of molecular weight on 

the crystallization of PCL at the A/W interface were discussed: segmental mobility 

and the degree of undercooling. The following general conclusions for crystallization 

of PCL in Langmuir monolayers at the A/W interface can be made from the present 

results: 

 

1. "Crystallization" processes for linear flexible PCL (Mw = 10 kg⋅mol-1, PDI = 1.25) 

at the A/W interface have been captured by BAM. The crystal growth is anisotropic 

at slow compression rates. Increasing the compression rate corresponds to an 

increase in the degree of undercooling and structure relaxation is hampered at 

higher compression rates. Since nucleation from the supersaturated monolayer with 

a higher degree of undercooling could be easier, the number of nuclei formed 

increases with increasing compression rate. The preliminary results suggest that the 
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average growth rate increases with decreasing compression rate. Although the 

difference in compression rate between 8 and 10 cm2⋅min-1 is fairly small, it results 

in extremely different growth rates. On the contrary, the difference in growth rate 

between compression at 10 and 20 cm2⋅min-1 is extremely small. While these data 

merely represent initial efforts, they suggest a non-linear dependence between 

growth rate and compression rate.   

2. Crystallization during the 2nd hysteresis loop of PCL (Mw = 10 kg⋅mol-1) is strongly 

affected by the previous history, as surviving crystallites serve as nucleation centers 

during the second compression step. This effect might be alleviated if the time 

interval between the two cycles is extremely long so that all polymer chains can 

redisperse and the initial conformation can be recovered.  

3. Isobaric area relaxation results of PCL (Mw = 10 kg⋅mol-1) suggest that Πe 

(equilibrium surface pressure) < 8.8 mN⋅m-1 < Π (critical surface pressure for 

nucleation) < 9.8 mN⋅m-1 < Πc (collapse pressure). Area relaxation at Π > Π 

(critical) during isobaric experiments is related to the transformation of two 

dimensional (“2D”) monolayer materials into three dimensional (3D) crystals.   

4. For the case of PCL crystallization with different molecular weights (MW) at the 

A/W interface: (1) The collapse points in the compression isotherms may correlate 

with the formation of 3D nuclei; (2) The competition between lower segmental 

mobility and a greater degree of undercooling with increasing MW produces a 

maximum growth rate at intermediate MW similar to spherulitic growth in PCL 
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melts; (3) The plateau regions in the expansion isotherms represent the “melting” 

process, where the polymer chains continuously return to the “2D” monolayer state 

from 3D phases; (4) The magnitude of the plateau ∏ value during expansion 

decreases with increasing molecular weight, suggesting that the “melting” process 

is strongly influenced by the transport properties of the polymer chains.  
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CHAPTER 6 

SUGGESTIONS FOR FUTURE WORK 

 

Many of the studies in this thesis are preliminary. As far as the nucleation and 

growth mechanism of poly (ε-caprolactone) (PCL) at the A/W interface is concerned, 

there are many studies that need to be performed for this new and challenging field of 

study. In addition to the scientific interests, PCL is an important biodegradable 

polymer that has attracted increasing attention among scientists. Considering the 

surface activity of PCL at the A/W interface, the Langmuir monolayer technique will 

provide a good method for investigating enzymatic degradation at a surface due to the 

ability to adjust liquid subphase conditions. The following future work suggested here 

could be used to get a better understanding on PCL related studies at the A/W 

interface: 

  

1. In-situ Synchrotron X-ray Characterization of PCL Crystals Formed at the 

A/W Interface 

The characterization results will provide information about PCL crystal structure 

at the A/W interface. Although preliminary results on the surface suggest that the 

unit cell structure could be orthorhombic since many of the dendritic crystals of 

pure PCL samples are four-armed, the parameters of the unit cell for crystals 

formed at the A/W interface need to be established.     
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2. Temperature Dependence of Crystallization   

The driving force of polymer crystallization is the degree of undercooling 

( ∆T T Tm x= −0 ), which is directly related to the crystallization temperature, Tx. 

Thus, isotherm and morphology studies over a wider range of temperatures will 

provide information about the effect of temperature on crystallization. 

Considering the preliminary experiments at low Tx (5 oC) were strongly affected 

by the spreading ability of the spreading solution on the low temperature subphase, 

future experiments at low temperature should be run by spreading the polymer 

solution at temperatures ≥ room temperature and then cooling the system down to 

the desired Tx.  

 

3. Compression Rate Dependence of Crystallization 

Recalling the discussion or PCL crystallization at the A/W interface, one of the 

most important conclusions should be addressed here: the collapse points result 

from the interplay between the compression rate and the nucleation rate. As shown 

in Chapter 3, increasing the compression rate increases the density of nuclei and 

decreases the size of the crystals. The present results are still insufficient to 

provide a quantitative description of this relationship. In the future, more 

compression rate dependence experiments and corresponding growth rate results 

are needed to quantitatively describe the compression rate dependence of PCL 

crystallization at the A/W interface.    
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4. Isobaric Crystallization of PCL at Different Temperatures 

Isobaric area relaxation experiments are a well-developed method for studying the 

mechanism of nucleation and growth for small molecules at the A/W interface. We 

can test and modify the previous model developed by Vollhardt et al. for our 

polymer systems. However, the crystallization of polymers is more complicated 

than small molecules and the water surface can dissipate the energy during 

crystallization at the A/W interface. Thus the same isobaric experiment run over a 

wide temperature range could be useful to obtain a better understanding of 

polymer crystallization at the A/W interface. 

 

5. Crystallization of PCL/PtBA or PCL/PDMS Blends 

These experiments could tell us more about PCL related systems from two aspects: 

(1) The crystallization behavior of crystalline PCL blended with “non-crystalline” 

poly (t-butyl acrylate) (PtBA) or polydimethylsiloxane (PDMS) at the A/W 

interface may change with changes in interfacial viscosity. One example of this is 

shown in Figure 6.1. (2) It may be possible to make Langmuir-Blodgett (LB) 

films from the mixed monolayers that would allow for further characterization of 

PCL with different techniques, although the blend ratio will need to be carefully 

controlled. As long as PCL crystals form, even very small crystallites formed in 

the early stages of crystallization in the vicinity of the collapse point will be 

observable by atomic force microscopy (AFM). AFM will be able to provide the 
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size, height, and surface density of these small crystallites. From this perspective, 

PtBA is the favored material for LB-film studies. 

  

 

Figure 6.1 PCL crystals in a blend with PtBA. Crystals form during compression 

at A ≈ 0.10 nm2⋅monomer-1. The PtBA is present at ~ 40 wt% and has Mw = 25.7 

kg⋅mol-1 and Mw/Mn = 1.08. The PCL has Mw = 10 kg⋅mol-1 and Mw/Mn = 1.25.  

 

6.  Enzymatic Degradation of PCL at A/W 

As depicted in Figure 6.2, Langmuir monolayers can be used to study the 

enzymatic degradation of PCL at the A/W interface. Various enzymes will be 

injected into the subphase. The PCL will be degraded when ester linkages adsorb 

onto the A/W interface. Both isobaric and constant area relaxation experiments 

could be used to compare the difference between pure PCL and PCL-enzyme 

systems. Temperature, subphase pH, and injected enzyme concentration could be 
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important variables for the above experiments. The enzymes can be injected at 

different stages during monolayer formation and collapse such as at 0.37 

nm2⋅monomer-1, 0.20 nm2⋅monomer-1, or < 0.20 nm2⋅monomer-1. The isotherm and 

morphologies obtained could be used to test the dependence of enzymatic 

degradation on the crystallinity of the film. In addition, the viscoelastic behavior 

of such systems could be studied by surface light scattering (SLS).      
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Figure 6.2 Schematic illustration of enzymatic degradation of PCL at A/W.        
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