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SUMMARY 

Single-(macro) molecule tracking is used for the first time here to study 

the crystallization process in ultrathin layers of single poly(ethylene oxide) 

(PEO) chains. Diffusion trajectories of macromolecules diffusing toward the 

crystal followed by deposition onto the crystal-growth front display different 

types of motion, such as Brownian and directed motions, prior to crystallization. 

We show that PEO chains in the amorphous layer and in the less concentrated 

or depleted zone exhibit Brownian motion of different diffusion rates as a result 

of heterogeneities in the environment. 

The phase evolution of thin polymer blend film of polystyrene (PS) and 

poly(2-vinyl pyridine) (P2VP) triggered by solvent annealing is examined at 

both the bulk and single-(macro)molecule levels using wide-field microscopy 

(WFM). The transitions between different evolutionary stages in the nucleation 

and growth process are clearly visualized in real-time and without intermittent 

breaks. The nucleation of PS holes arises from the coalescence and growth of 

P2VP domains and the holes expand in a complex manner involving the 

dewetting of PS and the absorption of P2VP domains into the holes. 

The formation of multiring deposits of poly(2-vinyl pyridine) P2VP from 

the evaporation of a P2VP-(2,6-lutidine + water) drop on a glass substrate does 

not conform to the conventional pinning-depinning mechanism. Instead, 

ring-like deposits are formed when the droplet undergoes several cycles of 

spreading and receding where for each spreading event, a P2VP ridge is formed 

at the contact line when the polymer flows toward the outward advancing edge. A 
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surface tension gradient created as a result of the solutal-Marangoni effect plays 

an important role in enhancing the droplet spreading rate. 
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1.1 Crystallization in the ultrathin polymer films 

Polymer crystallization is an important process in semi-crystalline 

polymeric materials and it has a strong effect on their physical properties. To 

comprehensively understand the nucleation mechanism and kinetics of crystal 

growth during polymer crystallization, a significant number of studies have 

been dedicated to understand crystallization in bulk polymeric materials using 

small-angle X-ray scattering (SAXS) [1,2], wide angle X-ray diffraction 

(WAXD) [2,3], polarizing optical microscopy (POM) [2,3], differential 

scanning calorimetry (DSC) [1,4-6], transmission electron microscopy (TEM) 

[7] and other techniques. On the other hand, crystallization of semi-flexible 

polymer films on solid substrates is a unique branch of polymer science because 

the thermophysical properties such as glass transition temperature (Tg), thermal 

expansion coefficient, molecular mobility, etc. [8] of polymers confined in a 

thin film are considerably different from those of polymers in non-confined 

environment. The crystallization of polymer films has been investigated in 

depth using atomic force microscopy (AFM) which allows the morphology of 

the crystals to be visualized at different times [9-14]. Poly(ethylene oxide) is a 

common semi-crystalline polymer used to study thin film crystallization due to 

its simple polymeric chain structure and relatively low melting point (Tm) 

[9-17]. In the following sections, some special topics will be reviewed 

involving the crystallization of poly(ethylene oxide) ultrathin films on solid 

substrates including the nucleation formation, kinetics of crystal growth, 

thickening process of crystals and conformation of polymer chains in the 

adsorbed amorphous layer. 
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two possible situations can happen; namely, a molecule desorbs from the crystal 

with a probability Pd or becomes part of the crystal, which is determined by an 

accumulation factor (f). In this case, the evolution of crystal growth towards 

fingerlike morphologies is mapped out by the Monte-Carlo simulation (see 

Figure 1). Reiter and Sommer, in their subsequent works, further discussed the 

crystal growth kinetics of poly(ethylene oxide) monolayers in greater details 

combining both experiment and computational modeling studies [10,22]. 

The rate of transforming the amorphous poly(ethylene oxide) into the 

ordered crystalline layer calculated by Reiter et al. is relatively lower than the 

rate of bulk polymer crystallization [10]. In addition, the widths of the 

fingerlike patterns become broad as the crystallization temperature increases. 

The width of the fractal patterns of polymers with low molecular weight is 

significant even at low crystallization temperature whereas that of high 

molecular weight polymers displays a dramatic change only at high 

crystallization temperature. The surface smoothness of the fingerlike patterns is 

affected not only by the crystallization temperature but also by the 

crystallization time. The adsorbed polymer chains need to further optimize 

themselves after they have attached and joined the crystal cell. Sommer and 

Reiter have also proposed a model to explain how polymer chains become 

upright and arrange themselves in an orderly manner by adjusting several 

parameters, such as the maximum stretching length of the chains and the 

interaction energy between crystals [22]. 

The resulting fingerlike crystals of poly(ethylene oxide) on a surface at 

low temperature, however, are not in a thermal equilibrium state. When 

performing thermal annealing at higher temperature below the melting point of 
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force and lead to a capillary fluctuation. Clarke has developed a thermodynamic 

model on the basis of the height variation of the polymer film caused by 

capillary fluctuation [54] and has proposed that both the height fluctuation and 

the concentration variation may make the blend film more unstable.  

At present, the exact reasons behind the instability of multi-component 

polymer thin films are still not clear due to the coexistence of phase separation 

and dewetting. In particular, it is difficult to track, without intermittent breaks, 

the continuous evolution of phase separation, phase growth and dewetting. This 

problem has been circumvented by employing single molecule tracking 

technique to understand the dynamics of the instability of multi-component 

blend films. This will be discussed in Chapter 3. 

 

1.3 The transportation of the solute/suspended particles in the evaporating 

droplets 

A drop of coffee deposited on the surface of a table usually leaves behind a 

stain after drying. This behavior has several important applications and has 

received significant experimental attention due to the occurrence of an ordered 

assembly of solute in the ring stain [64-67] (see Figure 8). Stone and 

co-workers have found that polystyrene particles in an evaporating drop form 

an ordered ring-like arrangement when the contact line experiences pinning 

[68]. When Wong et al. evaporated a DNA drop, a lyotropic liquid crystalline 

DNA ring with a periodic type Z pattern was obtained [69]. Tsukruk et al. 

successfully aligned a ring of guided and arched 1D nanotubes by the 

evaporation of a drop on the substrate with periodic alternation of hydrophobic 

and hydrophilic sections [70]. Corwin et al. obtained uniformly distributed 
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has also emphasized that both the contact line pinning and the evaporation 

occurring near the contact line play an importance role in the formation of rings. 

The rings can be formed as long as the contact line is pinned (see Figure 9c), 

even if the receding of the contact line occurs, such as from A to B and then to 

C (see Figure 9b). Stone et al. have also proposed that multi-ring stains of 

polystyrene particles arise from the pinning-depinning of the contact line [68]. 

In the pinning-depinning process, the polystyrene particles were deposited and 

arranged in an orderly manner near the contact line (see Figure 10a). The steps 

of the pinning-depinning cycles of the contact lines are random. This 

observation is different from the strong periodic stick-slip motion reported by  

 

 

 

Figure. 10 A schematic picture of different mechanisms of solute deposition. 

 

Adachi et al [73]. In addition, the paper published by Chang et al. has shown 

another mechanism different from the one proposed by Stone where capillary 

dimple near the contact line exists [76]. The formation of the rings is due to the 
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solute in the contact line region being prevented from flowing towards the drop 

interior as capillary dimples form (see Figure 10b). This mechanism is also 

used to explain the formation of DNA ring stains by Chang et al. who proposed 

that the formation of multi-ring DNA stains is the result of the mutual 

interaction of deposition and stick-receding motion of the contact line [77]. 

Recently, Thiele et al. have modelled the dynamics of a contact line according 

to the long-wave approximation [78] and have found that both the 

evaporation-dominated and the convection-dominated mechanisms near the 

contact line control the pinning and depinning processes of the contact line. The 

concentration of solute increases substantially when the rate of evaporation is 

greater than the rate of convection in the contact line region. This results in the 

stopping (so-called pinning) of the contact line motion. Reversely, the contact 

line motion displays a slip (so-called depinning) when the convection 

dominates. In this way, all types of patterns can be explained well by the 

pinning and depinning of the contact line. However, the exact reason for the 

pinning is still largely unknown. 

Effects of Marangoni flow in the drop has also been explored by Deegan et 

al. [64,75]. Marangoni effect arises from the surface tension gradient created by 

a non-uniform distribution of temperature, concentration variation of the mixed 

liquid components or addition of surfactant into the evaporating drop. Hu and 

Larson [79] have demonstrated by numerical calculations that the recirculation 

of Marangoni flow will occur when the contact angle is beyond 14o in the 

evaporating drop. This Marangoni flow results from a temperature gradient (see 

equation 10). When the drop is contaminated (e.g. with a surfactant), 
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Tears of wine are well-known and they result from a concentration 

variation of water and ethanol at the contact line. Ethanol with a high vapor 

pressure and low surface tension is evaporated away preferentially. In this case, 

a surface tension gradient is created between the water-rich contact line with a 

high surface tension and the bulk solution. This leads to the occurrence of the 

Marangoni flow from the interior of the solution to the contact line. Conversely, 

if the phase near the contact line has a low surface tension as compared to the 

bulk solution, the direction of the Marangoni flow will be reversed. 

The dynamics of fluid in an evaporating drop has been investigated using 

relatively large (e.g. micro-scale) particles due to the ease of observing the 

behavior of the slow moving particles. However, smaller particles (e.g. 

nano-scale particles and polymer chains) are difficult to visualize due to the 

limited temporal and spatial resolution of conventional techniques. In this case, 

techniques with high resolution are needed to study the dynamics of fluid in 

evaporating droplets containing small molecules/particles. In chapter 4 the 

behaviour of the contact line and the solute close to the contact line of an 

evaporating binary solvent drop will be examined using WFM in order to 

elucidate the driving force behind the self-assembled multiring patterns.  

 

1.4 Single-molecule/particle tracking (SMT/SPT) technique 

Single-molecule/particle tracking (SMT/SPT) technique is a powerful tool 

to track the diffusion of single fluorescent molecules/particles and can be 

achieved by wide field microscopy (WFM) (see Figure 13). The WFM consists 

of a microscope and a laser source. The excitation light is passed through an 

excitation filter and reflected into an objective lens before exciting the sample. 
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The fluorescence from the sample is allowed to pass through the dichroic mirror 

and an emission filter before being detected by a highly sensitive CCD camera 

after magnification with a camera lens. 

 

 

 

Figure. 13 Scheme of the wide field microscopy set-up. Laser light from the 

source passes through an excitation filter and is reflected into the objective lens 

by a dichroic mirror to excite the sample, and then the emission of light from 

the sample through the dichroic mirror and emission filter is recorded by the 

CCD camera. 

 

SMT/SPT has been used to explore several biological processes, such as 

the infection pathways of viruses [82], plasmodium transmission [83], transport 

of gene carriers [84] and relating phospholipase mobility to activity [85]. In the 

investigation of the diffusion of single molecules in thin silica sol-gel films by 

SMT/SPT, Harris et al. have demonstrated that the structure of such films is 

spatially heterogeneous [86]. Hofkens et al. and Bräuchle et al. have also 
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applied SMT/SPT to probe the effect of crystal face of the catalyst on the 

catalysis efficiency and the effect of nano-structures on the diffusion of single 

molecules [87,88]. In the area of polymer science, Hofkens et al. [89] and 

Tezuka et al. [90] have used the SMT/SPT technique to study the diffusion of 

single polymer chains during polymerization and the diffusion of single ring 

polymers, respectively. 

The diffusion of single molecules/particles is visualized by recording the 

images of the diffusing molecule/particle using a CCD camera and the 

fluorescence intensity of the diffraction limited spots in the image frames are 

fitted using a two-dimensional Gaussian function [91,92,93,94]  

 

I(x,y) = An exp(-((x - xn)2 + (y - yn)2)/wn)     (13) 

 

in order to determine the position of each single molecule/particle accurately. In 

equation (13), An, wn, and (xn, yn) represent the peak height of the Gaussian 

distribution, width at position (xn, yn) and the co-ordinate of the center position 

of the diffraction limited spot, respectively. The error of the resulting position 

(xn, yn) for each diffraction limited spot depends on instrument resolution, the 

density of sample points, and the signal-to-noise ratio of the data [95]. After 

obtaining the position of a single molecule/particle in each frame with time, the 

mean square displacement can be calculated by [91] 

 

 =      (14) 
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where ri,i+n is the distance moved between frames i and i+n, and j is the total 

number of frames. Based on the functional relationship of the mean square 

displacement with time interval t, the motion of single 

molecules/particles are divided into random motion, directed motion and 

confined motion (see Figure 14) in two dimension. 

 

 

 

Figure. 14 Three plots of <r2(t)> vs. time t for different motions are shown. 

 

Case I : The expression for random motion is described by [91,93,94] 

 

 = 4Dt     (15) 

 

where D is the diffusion coefficient. 

 

Case II : The expression of directed motion is [96] 
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domain coalescence is proposed. In addition, the inclusion of poly(2-vinyl 

pyridine) domains during hole expansion results in irregular shaped holes and 

accelerated hole growth.  

Chapter 4.  Multiple ring deposits of poly(2-vinyl pyridine) from the 

evaporation of a P2VP-binary solvent drop on a glass substrate were formed by a 

spreading and receding mechanism which is different from the conventional 

pinning and depinning mechanism. We have demonstrated that a surface tension 

gradient created as a result of a solutal-Marangoni effect plays an important role 

in enhancing the droplet spreading rate. 
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2.1 Introduction 

Polymer crystallization is a fundamental process in polymer physics and is 

known to occur in thermoplastic materials commonly used in the aerospace, 

automobile and microelectronics industries. An extensive number of studies 

have been dedicated to understand the transition processes of (semi)flexible 

polymers in their random amorphous states to ordered crystalline states [1,2]. In 

particular, the kinetics of crystal growth in bulk samples have been examined 

using small-angle X-ray scattering (SAXS), polarizing optical microscopy 

(POM) and differential scanning calorimetry (DSC). Recently, atomic force 

microscopy (AFM) was utilized to probe the crystallization behavior of thin 

films of poly(ethylene oxide), PEO, on the surfaces of solid substrates [3-7]. 

Fractal-like crystals were observed and their growth dynamics was described 

using a model that considers the diffusion-limited transport of polymeric chains 

and the probability of their attachment to the crystal front [8]. However, these 

techniques yield only ensemble-averaged information on the thickening 

dynamics of lamellar crystals and do not provide information on the kinetics of 

mobile polymers in the vicinity of the crystals just before crystallization. 

Understanding the dynamics of the transportation pathways of single 

macromolecules prior to crystallization yields a better insight into the driving 

force behind crystal growth. 

Single-(macro)molecule tracking (SMT) via wide-field microscopy 

(WFM) has been used to track, in real-time, important processes occurring in 

biological systems and inorganic materials [9-13]. In this study, WFM is used 

to probe the behavior of diffusing polymers at different regions from the crystal 
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Figure. 1 (a) Wide-field fluorescence image of a PEO sample maintained at 

45oC for 35 h. (b) Trajectories of the diffusion of several PEO chains. 





50 
 

from the relationship <r2(t)> = 4Dt. Figure 2 shows the single- macromolecule 

trajectory of a representative polymeric chain corresponding to 260 steps (9 s) 

(see M1 in Figure 1 (b)). The plot of <r2(t)> against t (Figure 2) reveals a 

straight line (D = 2.9 × 10-14 m2s-1 ) for the first t = 6 s followed by a faster 

motion for the next 3 s with D = 4.4 × 10-14 m2s-1 (see Figure 3), possibly 

arising from a less constrained environment. This may arise from a reduced 

polymer-surface interaction, less entanglement and different loop tightness. It is 

still not clear which factor dominates, however, the trajectory clearly shows the 

motion changing as it moves into different regions. The latter is not unexpected 

for long trajectories since the molecule has a probability of returning to a 

location close to its initial position at long times [17]. An alternative method of 

obtaining MSDs is to determine the probability that the squared displacement 

(r2) exceeds a value U for a given t, C(U, t): 

 

C(U, t) = exp[(-U)/<r2(t)>]           (3) 

 

Mono-exponential decays of C(U, t) at different delay times (see Figure 4) and 

a good agreement between the plots of <r2(t)> against t based on equation 3 and 

the MSD analysis (Figure 4) suggest that only one type of motion is present in 

the trajectory. 

MSD analysis corresponding to the first 30 steps (1 s) of the trajectory was 

performed on 60 polymeric chains and the linear plots of <r2(t)> against t are 

given in Figure 5. Each PEO chain has a characteristic D value that ranges from 

1 × 10-15 to 3 × 10-13 m2s-1. At the single-molecule level, the nano-environment 

of the crowded amorphous layer may contain 1-2 layers of PEO such that the  






















































































































































