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(Abstract) 

Several novel characterization techniques were developed to gain a molecular-level 

understanding of the effects of exposure intensity and exposure time on photopolymer network 

formation. These techniques enable detailed characterization of photopolymer behavior in real- 

time and post-exposure. 

In situ dynamic mechanical analysis was performed to observe the changes in composite 

modulus during photopolymerization of thin acrylate films supported on stainless steel grid 

sheets. Vitrification phase transformations were monitored in real-time via remote sensing 

dielectric spectroscopy. The relationship between exposure intensity and vitrification time 

revealed the exposure conditions necessary to shift the crosslinking rate from reaction kinetics 

controlled to diffusion kinetics controlled. 

The effect of exposure intensity and exposure time on chemical conversion was 

ascertained via Fourier transform infrared microspectroscopy mapping experiments. The 

relationship between exposure intensity and time at a given conversion level revealed an 

increased occurrence of radical isolat:on at higher conversions. Furthermore, the exposure 

necessary to maintain a fixed conversion indicated greater reciprocity failure at lower 

conversions, indicative of classical radical termination kinetics.
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CHAPTER 1 
  

INTRODUCTION 
  

This dissertation describes the development and implementation of several novel 

characterization techniques to provide detailed molecular-level information about photocurable 

materials. These techniques are based on monitoring photopolymer behavior in either real-time 

or post-exposure. As a result, this work provides vital information about photopolymer 

network formation and how crosslinking is affected by various combinations of exposure 

intensity and exposure time. 

In particular, the effects of exposure intensity on mechanical properties were monitored in 

situ by coupling a dynamic mechanical thermal analyzer to an exposure apparatus. Remote 

sensing dielectric spectroscopy was employed to monitor the vitrification transformation upon 

photopolymerization. Thus, the critical exposure conditions responsible for shifting the 

crosslinking mechanism from reaction kinetics controlled to diffusion kinetics controlled were 

ascertained. Dielectric spectroscopy was capable of detecting molecular-level changes over more 

than four decades in exposure, making this technique one of the most sentitive for characterizing 

photopolymerizations in real time. 

Post-exposure characterization techniques also provided valuable information about the 

efficiency of photopolymerization. Scanning electron microscopy coupled with traditional image 

density measurements helped correlate the effects of exposure intensity on a model 

photopolymer-based imaging system. The technique of infrared microspectroscopy afforded



quantitative interpretation of chemical conversion in photopolymerized films. Exposure intensity 

and exposure time were modulated over five and three decades in magnitude, respectively. Asa 

result, kinetic parameters were investigated in numerous ways by cross-sectioning the surface 

corresponding to chemical conversion as a function of the exposure variables. In particular, 

cross-sections made at fixed exposure times revealed the effects of oxidation, autoacceleration, 

and vitrification on chemical conversion. The reaction order with respect to intensity was 

examined also by monitoring the relationships between exposure intensity and time at fixed 

levels of conversion. Photopolymer imaging characteristics were examined by depicting the 

exposure conditions necessary to maintain a given level of conversion. 

Finally, this disseration outlines some suggested future investigations to extend and 

complement the present work. In particular, combining the techniques of remote sensing 

dielectric spectroscopy and Fourier transform infrared spectroscopy may enable the 

simultaneous measurements of photopolymerization kinetics and vitrification kinetics in real 

time. This capability may help elucidate information about the effects of free volume on 

photopolymer network formation .



CHAPTER 2 
  

LITERATURE REVIEW 
  

2.1. EXTENT OF THIS REVIEW 

Radiation curable coatings are used successfully in a wide variety of applications. A 

major reason is that their mechanical properties can be tailored to meet the needs of specific 

applications. Hence, a detailed knowledge of both thermomechanical behavior, post- 

exposure, and thermosetting behavior, during network formation, is essential to the 

successful utilization of radiation curable coatings. This review focuses on the analytical 

methods which can be used to characterize the mechanical and spectroscopic properties of 

radiation curable adhesives and coatings. 

A general discussion of the factors which influence thermomechanical behavior is 

presented in Section 2.2. Pertinent theoretical relationships which govern dynamic viscoelastic 

behavior are introduced in Section 2.3 to illustrate how molecular response can be characterized 

by either mechanical or electrical methods. Photopolymerization kinetics are presented first in 

ideal form in Section 2.4 and then discussed with respect to diffusion-limiting phenomena--the 

gel effect (autoacceleration) and the glass-effect (vitrification). Theoretical predictions of gel- 

point conversions are also discussed. The phase transformation behavior of thermosets is 

outlined in Section 2.5 to introduce the concepts of gelation and vitrification. Section 2.6 makes 

note of specific reports in the literature which lend a better understanding of the relationship 

between radiation exposure and network properties. Finally, Section 2.7 examines a number of 

reports on the use of infrared spectroscopy to assess chemical conversion in radiation cured



coatings. Only those papers that seemed especially relevant and current have been discussed in 

this review. 

2.2. THERMOMECHANICAL BEHAVIOR: GENERAL CONSIDERATIONS 

The viscoelastic nature of polymeric materials results in mechanical properties which 

inherently depend upon both temperature and the rate of deformation [1-10]. This dependence 

is uniquely illustrated by the thermomechanical spectrum, shown schematically in Figure 

2.1, which can be obtained by using techniques that impose either a periodic stress (i.e. dynamic 

test) or a fixed rate of strain (i.e. transient test) on a sample. Thermomechanical properties 

depend upon numerous factors, including chemical structure, composition, rheology, topology, 

molecular weight, additives, and morphology. Collectively, these factors are referred to as the 

polymer parameters and are briefly discussed sequentially in the following paragraphs [2, 10]. 

The thermomechanical spectrum may consist of several distinct zones: a glassy region, a 

glass-to-rubber transition, an entanglement zone, a rubbery plateau, a viscous flow or terminal 

region, and for semicrystalline materials, the melting transition. The shape of the 

thermomechanical spectrum reveals detailed molecular level information concerning 

structure/property relationships and polymer behavior. Over a very large range of temperature 

(or frequency), polymers typically exhibit a number of transitions which are attributed to specific 

molecular relaxations. Thus, the phrase "transition", "relaxation", etc. are used interchangeably 

to refer to specific molecular scale events or "dispersions” which are induced by a termperature 

or strain rate change over a certain characteristic range. One of the most important relaxations is 

that of the glass transition, often marked by several decades' change in modulus or stiffness. 

The appearance of more than one glass transition in multicomponent systems, for example, can 

reveal information about compatibility. On a molecular level, the glass transition, T,, marks the 

occurrence of large scale cooperative motions which result in maximum strain energy 

dissipation. The temperature dependence of this transition is controlled by the balance between 

intermolecular and intramolecular forces. Intermolecular interactions between dipoles, for
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Figure 2.1. 

Temperature 

Thermomechanical spectra depicting modulus as a function of temperature for 
polymers of differing morphology, topology, and molecular weight. Curves 
correspond to: (a) uncrosslinked and amorphous polymers of different molecular 
weight; (b) crosslinked and amorphous polymers; (c) semicrystalline polymers.



example, elevate the glass transition since greater energy is required to disrupt the inter-chain 

forces. The magnitude of intramolecular forces also depends upon chain rigidity. This effect 

often is depicted by potential energy diagrams for bond rotations. Siloxanes, for example, with 

their tremendously flexible Si-O bonds, have T,s well below room temperature. Polyimides, on 

the other hand, form very rigid backbone polymers, which exhibit very high T,s. Radiation 

cured coatings typically exhibit very broad glass transitions since their network structures are 

typically highly crosslinked. 

Polymers in the vitreous state experience very limited molecular motion. Internal energy 

(kT) is insufficient for large scale motions which originate at the glass transition region; 

however, the rotations of specific side groups or localized ring deformations (secondary 

relaxations termed B, y, 5, etc.) do lead to important sub-T, transitions. Impact properties have 

been associated with these transitions [11]. Polymers which exhibit broad sub-T, transitions in 

the region of -100 to -50 °C often possess excellent impact properties. 

Chain entanglements above the T, provide a rubbery plateau region where the polymer 

responds to perturbations as a viscoelastic liquid. Relaxation times of the chains are much 

shorter in the rubbery region than in the leathery region; thus, the amount of energy dissipated as 

heat decreases due to the lower efficiency of energy absorption. 

Uncrosslinked amorphous polymers undergo viscous flow in the terminal zone as the 

chains begin to possess sufficient energy (kT) to disentangle in the time scale of an experiment. 

Therefore, polymer molecular weight greatly influences the temperature at which the chains can 

disentangle and flow. The breadth of the rubbery plateau depends upon the polymer’s topology, 

which can be linear, branched (random, star, comb), or crosslinked. The rubbery plateau can be 

extended indefinitely by the introduction of enough chemical crosslinks. Crosslinked liquids, 

by definition, are infusible, insoluble, and intractable. The height of the rubbery plateau can be 

used as a measure of crosslink density (number of network junctions per unit volume) provided 

that the polymer is lightly crosslinked [1, 2, 12]. The average molecular weight between



crosslinks can be controlled by introducing oligomers with pendent functional groups or more 

commonly by regulating the amount of multifunctional material present in a formulation (i.e. 

functionality per unit volume). 

Additives and fillers can have a tremendous influence on the shape of the 

thermomechanical spectrum. Plasticizers, for example, separate entangled chains, thereby 

facilitating molecular motions which reduce polymers’ T,s. A given polymer can be made stiff, 

compliant, or even elastomeric by carefully controlling the amount of additive. For example, the 

T, of polyvinyl chloride (PVC) can be lowered from 85 °C to -30 °C by the incorporation of 

diocty] phthalate as a plasticizer [7]. As a result, PVC can be made leathery or even elastomeric 

at room temperature. Radiation cured networks often are plasticized by the presence of 

unreacted monomer or sol in the network. 

Polymer morphology (i.e. semicrystalline and amorphous) has a very distinct impact on 

thermomechanical behavior. Semicrystalline polymers possess an elevated modulus below T, 

(~ 0.2 decades) due to the higher modulus of the crystals relative to the amorphous material. 

The crystallites act as physical crosslinks which provide an elevated modulus until their eventual 

melting at Tm. The level of crystallinity affects how much the modulus changes at T, and the 

relative height of the modulus above T,. It is important to note that the degree of crystallinity 

can also change during analysis a sample temperature enters the T, to T;, window necessary for 

crystallization [13]. 

2.3. THEORY OF DYNAMIC VISCOELASTIC BEHAVIOR 

2.3.1. | Forced Oscillation Theory 

2.3.1.1. Dynamic Mechanical Relationships 

The basic principle of forced oscillation dynamic testing involves applying a low 

amplitude sinusoidal stress to a material, the resultant sinusoidal strain is then monitored and 

divided into two components: those which are in-phase and those which are 90° out-of-phase



with the applied stress. The phase angle, 5, between the two sine waves, shown schematically 

in Figure 2.2, has two theoretical limits: O° for a perfectly elastic material (e.g. Hookian spring) 

and 90° for a perfectly viscous material (e.g. Newtonian fluid). Polymeric materials exhibit 

intermediate behavior which is highly dependent upon the physical state and molecular mobility 

of the polymer chains. Thus, 5, or more commonly, tan 6, signifies the efficiency of dissipating 

the applied energy as heat via the viscous component. For that reason, tan 6 is often referred to 

as the dissipation factor or the loss tangent. Below the glass transition temperature, very limited 

molecular mobility results in little heat dissipation so that tan § is very small. Likewise, above 

T,, molecular motions become so rapid as the liquid state is approached that the relaxation times 

of the chains no longer coincide with the applied field, and little internal damping results. 

Hence, the material behaves in a manner more elastic in nature than viscous. At the T,, 

however, maximum damping occurs as the time constants for molecular relaxation coincides 

with the applied stress at a given frequency. The cooperative movement of the chains results in 

maximum efficiency in transforming the mechanical energy into heat. A similar argument can be 

applied to the analogous dielectric experiment where an alternating electric field is allplied. The 

relationship between the frequency of molecular motion and the frequency of the applied field is 

rather complex and has been addressed elsewhere [1]. In a practical sense, the magnitude and 

breadth of the loss tangent peak indicate the temperature range over which the specimen can 

absorb energy of a given frequency (e.g. impact frequencies). These concepts are essential to 

understanding the performance of radiation cured materials which may be exposed to applied 

stresses. 

In addition to the loss tangent, the storage modulus, E' (@), and the loss modulus, E" (@), 

also are obtained by dynamic mechanical analysis. The storage modulus is a measure of the 

energy stored per cycle of strain, and is associated with the stress in-phase with the strain. The 

loss modulus is a measure of the energy lost per cycle dissipated as heat, and is associated with
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Schematic viscoelastic response depicting the relationship between an applied 

sinusoidal stress and resultant sinusoidal strain. The phase shift, 5, reveals the 
‘magnitude of internal damping as a result of molecular motion. 

Figure 2.2.
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the stress 90° out-of-phase with the strain. In analytical terms, the stress, and strain, can be 

expressed as follows: 

€=e, sin wt (2.1) 

G=6,Sn (t+ 8) (2.2) 

where @ is the angular frequency (27f), 6 is the phase angle, and o, and €, are the maximum 

stress and strain-amplitudes. The expression for the applied stress can be separated by the 

addition formula into two components: 

6=6,,00s 5 sin wt+ 0, sin 5 cos wot (2.3) 

The ratio of stress to strain yields expressions of the storage and loss moduli which are 90° out- 

of-phase with each other, as can be seen in the rotating-vector plot in Figure 2.3. 

oO oO 

E'=—"osS5 ; E"=—°snd$ (2.4) 
Eo Eo 

In complex notation, €= €,exp (i@), therefore, the ratio of stress to strain results in: 

Fo Cog 9) (2.5) 
€ €) 

which can be expanded by using the Euler relationship: 

o Oo 

—=— (cos §+ isin 8) (2.6) 
— €, 

Therefore, the complex modulus and loss tangent can be expressed as: 

E*=E'+iE" (2.7) 

_E" 

tan b=a (2.8) 

The differential equation describing the forced vibration of a single cantilever beam has been
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�i�n�s�t�r�u�m�e�n�t� �d�e�s�i�g�n�.� �S�t�r�a�i�n�-�a�m�p�l�i�t�u�d�e�s� �a�r�e� �k�e�p�t� �s�m�a�l�l� �e�n�o�u�g�h� �t�o� �i�n�s�u�r�e� �l�i�n�e�a�r� �v�i�s�c�o�e�l�a�s�t�i�c� 

�b�e�h�a�v�i�o�r�,� �t�y�p�i�c�a�l�l�y� �o�n� �t�h�e� �o�r�d�e�r� �o�f� �t�e�n�s� �o�f� �m�i�c�r�o�n�s�.� �T�h�i�n� �f�i�l�m�s� �s�u�c�h� �a�s� �c�o�a�t�i�n�g�s� �r�e�q�u�i�r�e� �t�h�e� 

�s�u�p�p�o�r�t� �o�f� �i�n�e�r�t� �s�u�b�s�t�r�a�t�e�s� �(�e�.�g�.� �m�e�t�a�l� �f�o�i�l�s�,� �g�l�a�s�s� �p�l�a�t�e�s�,� �m�i�c�r�o�p�o�r�o�u�s� �m�a�t�e�r�i�a�l�s�)� �t�o� �i�n�c�r�e�a�s�e� 

�s�a�m�p�l�e� �r�i�g�i�d�i�t�y� �a�n�d� �t�h�u�s� �c�o�n�f�i�n�e� �t�h�e� �s�a�m�p�l�e�.� �T�h�e� �t�h�e�r�m�o�m�e�c�h�a�n�i�c�a�l� �l�o�s�s� �t�a�n�g�e�n�t� �s�p�e�c�t�r�u�m� �i�s� 

�i�d�e�a�l�l�y� �u�n�a�f�f�e�c�t�e�d� �b�y� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �a�n� �e�l�a�s�t�i�c� �s�u�b�s�t�r�a�t�e� �a�n�d� �p�r�o�v�i�d�e�s� �u�s�e�f�u�l� �i�n�f�o�r�m�a�t�i�o�n� �a�b�o�u�t� 

�t�h�e� �p�o�s�i�t�i�o�n� �a�n�d� �b�r�e�a�d�t�h� �o�f� �t�h�e� �g�l�a�s�s� �t�r�a�n�s�i�t�i�o�n� �a�s� �w�e�l�l� �a�s� �o�t�h�e�r� �r�e�l�a�x�a�t�i�o�n�s�.� �M�e�t�a�l�s� �a�r�e� �e�x�c�e�l�l�e�n�t� 

�s�u�b�s�t�r�a�t�e�s� �f�o�r� �d�y�n�a�m�i�c� �m�e�c�h�a�n�i�c�a�l� �a�n�a�l�y�s�i�s� �a�s� �t�h�e�y� �i�m�p�a�r�t� �n�e�g�l�i�g�i�b�l�e� �d�a�m�p�i�n�g� �a�n�d� �e�x�h�i�b�i�t� �n�o� 

�r�e�l�a�x�a�t�i�o�n�s� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �t�e�m�p�e�r�a�t�u�r�e�.� �C�o�a�t�i�n�g�s� �a�s� �t�h�i�n� �a�s� �2�0�0� �A� �h�a�v�e� �b�e�e�n� �a�n�a�l�y�z�e�d� �w�i�t�h� 

�r�e�a�s�o�n�a�b�l�e� �s�e�n�s�i�t�i�v�i�t�y� �[�1�4�]�.� �T�h�i�s� �a�d�v�a�n�t�a�g�e� �i�s� �u�n�i�q�u�e� �t�o� �d�y�n�a�m�i�c� �t�e�s�t�i�n�g� �a�n�d� �o�f�t�e�n� �f�a�r� �e�x�c�e�e�d�s� 

�t�h�e� �s�e�n�s�i�t�i�v�i�t�y� �o�f� �c�a�l�o�r�i�m�e�t�r�y� �f�o�r� �d�e�t�e�c�t�i�n�g� �t�h�e� �g�l�a�s�s� �t�r�a�n�s�i�t�i�o�n� �o�r� �o�t�h�e�r� �d�i�s�p�e�r�s�i�o�n�s�.� �T�h�e� 

�m�e�a�s�u�r�e�d� �m�o�d�u�l�u�s�,� �h�o�w�e�v�e�r�,� �i�s� �n�o�t� �s�i�m�p�l�y� �t�h�e� �s�u�m� �o�f� �t�h�e� �c�o�a�t�i�n�g� �a�n�d� �s�u�b�s�t�r�a�t�e� �m�o�d�u�l�i�.� 

�C�a�l�c�u�l�a�t�i�o�n�s� �a�n�d� �a�s�s�u�m�p�t�i�o�n�s� �h�a�v�e� �b�e�e�n� �u�s�e�d� �p�r�e�v�i�o�u�s�l�y� �t�o� �e�s�t�i�m�a�t�e� �t�h�e� �a�b�s�o�l�u�t�e� �c�o�a�t�i�n�g



�1�3� 

�m�o�d�u�l�u�s� �f�r�o�m� �t�h�e� �c�o�m�p�o�s�i�t�e� �v�a�l�u�e�;� �h�o�w�e�v�e�r�,� �s�u�c�h� �c�a�l�c�u�l�a�t�i�o�n�s� �o�f�t�e�n� �r�e�q�u�i�r�e� �s�i�g�n�i�f�i�c�a�n�t� 

�a�s�s�u�m�p�t�i�o�n�s� �[�1�4�]�.� 

�2�.�3�.�1�.�2�.� �D�i�e�l�e�c�t�r�i�c� �R�e�l�a�t�i�o�n�s�h�i�p�s� 

�T�h�e� �t�h�e�o�r�y� �c�o�n�c�e�r�n�i�n�g� �t�h�e� �e�l�e�c�t�r�i�c�a�l� �a�n�a�l�o�g�u�e� �t�o� �d�y�n�a�m�i�c� �m�e�c�h�a�n�i�c�a�l� �s�p�e�c�t�r�o�s�c�o�p�y� �c�a�n� 

�b�e� �a�n�a�l�y�z�e�d� �i�n� �a� �l�i�k�e�w�i�s�e� �f�a�s�h�i�o�n� �w�h�e�r�e� �v�o�l�t�a�g�e� �a�n�d� �c�u�r�r�e�n�t� �a�r�e� �a�n�a�l�o�g�o�u�s� �t�o� �t�h�e� �a�p�p�l�i�e�d� �s�t�r�e�s�s� 

�a�n�d� �r�e�s�u�l�t�a�n�t� �s�t�r�a�i�n� �[�5�,� �1�5�-�1�8�]�.� �O�f� �c�o�u�r�s�e�,� �t�h�e�r�e� �m�u�s�t� �b�e� �e�l�e�c�t�r�i�c� �d�i�p�o�l�e�s� �i�n� �t�h�e� �s�a�m�p�l�e� �f�o�r� �t�h�e� 

�a�n�a�l�o�g�y� �t�o� �a�p�p�l�y�.� �N�o�n�p�o�l�a�r� �m�o�i�e�t�i�e�s� �s�u�c�h� �a�s� �a� �c�a�r�b�o�n�-�t�o�-�c�a�r�b�o�n� �b�o�n�d� �a�r�e� �"�i�n�v�i�s�i�b�l�e�"� �t�o� �t�h�i�s� 

�f�o�r�m� �o�f� �t�e�s�t�i�n�g�.� �T�w�o� �c�o�n�d�u�c�t�i�n�g� �p�l�a�t�e�s� �o�f� �a�r�e�a� �A� �a�r�e� �u�s�e�d� �t�o� �a�p�p�l�y� �a� �v�o�l�t�a�g�e� �o�f� �a�m�p�l�i�t�u�d�e� �V�,� 

�w�h�i�c�h� �p�r�o�d�u�c�e�s� �o�p�p�o�s�i�t�e� �c�h�a�r�g�e�s�,� �Q�,�,� �o�n� �t�h�e� �p�l�a�t�e�s�.� �C�o�u�l�o�m�b�'�s� �l�a�w� �e�x�p�r�e�s�s�e�s� �t�h�e� 

�p�r�o�p�o�r�t�i�o�n�a�l�i�t�y� �b�e�t�w�e�e�n� �t�h�e� �m�a�g�n�i�t�u�d�e�s� �o�f� �t�h�e� �c�h�a�r�g�e�s� �a�n�d� �t�h�e� �e�l�e�c�t�r�i�c� �f�i�e�l�d� �a�s�:� 

�Q�o�=� �E�E� �(�2�.�1�0�)� 

�T�h�e� �p�r�o�p�o�r�t�i�o�n�a�l�i�t�y� �c�o�n�s�t�a�n�t� �i�s� �t�h�e� �p�e�r�m�i�t�i�v�i�t�y� �i�n� �v�a�c�u�u�m�,�  ¬�,�.� �E� �i�s� �g�i�v�e�n� �a�s� �t�h�e� �r�a�t�i�o� �o�f� �t�h�e� 

�v�o�l�t�a�g�e� �t�o� �e�l�e�c�t�r�o�d�e� �s�p�a�c�i�n�g�:� �V�/�d�.� �T�h�e� �p�o�t�e�n�t�i�a�l� �c�a�n� �t�h�e�r�e�f�o�r�e� �b�e� �e�x�p�r�e�s�s�e�d� �a�s�:� 

�Q�,� 
�°�C� 

�V� �(�2�.�1�1�)� 

�w�h�e�r�e� �C�,� �i�s� �t�h�e� �c�a�p�a�c�i�t�a�n�c�e� �i�n� �v�a�c�u�u�m�.� �T�h�e� �i�n�s�e�r�t�i�o�n� �o�f� �a� �d�i�e�l�e�c�t�r�i�c� �b�e�t�w�e�e�n� �t�h�e� �e�l�e�c�t�r�o�d�e�s� 

�r�e�s�u�l�t�s� �i�n� �a� �v�o�l�t�a�g�e� �d�r�o�p� �a�n�d� �a� �c�a�p�a�c�i�t�a�n�c�e� �r�i�s�e�.� �T�h�e� �r�a�t�i�o� �o�f� �v�o�l�t�a�g�e�s� �o�r� �c�a�p�a�c�i�t�a�n�c�e�s� �p�r�o�v�i�d�e�s� 

� � 

�t�h�e� �d�i�e�l�e�c�t�r�i�c� �c�o�n�s�t�a�n�t�:� 

�V�o�_�C� 
�=� �_�°�  ��  ¬� �V�C� �(�2�.�1�2�)� 

�T�h�e� �v�o�l�t�a�g�e� �a�c�r�o�s�s� �t�h�e� �s�a�m�p�l�e� �c�a�n� �t�h�e�r�e�f�o�r�e� �b�e� �w�r�i�t�t�e�n� �a�s�:� 

�G�o� �_� 
�V�=� �=� �(�2�.�1�3�)� 

�E�C�,� �C�,� 

�s�i�n�c�e� �t�h�e� �t�r�u�e� �c�h�a�r�g�e�,� �q�,�,� �i�s� �t�h�e� �p�r�o�d�u�c�t� �o�f� �t�h�e� �d�i�e�l�e�c�t�r�i�c� �c�o�n�s�t�a�n�t� �a�n�d� �t�h�e� �f�r�e�e� �c�h�a�r�g�e�,� �q�,�.� �T�h�e� 

�d�i�f�f�e�r�e�n�c�e� �i�n� �c�h�a�r�g�e�s� �(�q�,�-�q�,�)� �i�s� �r�e�f�e�r�r�e�d� �t�o� �a�s� �t�h�e� �b�o�u�n�d� �c�h�a�r�g�e� �w�h�i�c�h� �i�s� �r�e�l�a�t�e�d� �t�o� �t�h�e� 

�p�o�l�a�r�i�z�a�t�i�o�n�,� �P�,� �o�f� �a� �d�i�e�l�e�c�t�r�i�c� �b�y�:



�1�4� 

�1� 
�P�=�7�@�,� �q�)� 

�t�h�e� �s�u�r�f�a�c�e� �c�h�a�r�g�e� �d�e�n�s�i�t�y� �(�6� �=� �q�/�A�)� �i�s� �o�f�t�e�n� �u�s�e�d� �t�o� �e�x�p�r�e�s�s� �t�h�e� �p�o�l�a�r�i�z�a�t�i�o�n� �a�s�:� 

�P�=�0�,�-� �0�;� 

�T�h�e� �e�l�e�c�t�r�i�c� �d�i�s�p�l�a�c�e�m�e�n�t�,� �D�,� �a�n�d� �t�h�e� �e�l�e�c�t�r�i�c� �f�i�e�l�d� �s�t�r�e�n�g�t�h�,� �E�,� �a�r�e� �t�h�u�s� �g�i�v�e�n� �b�y�:� 

�D�=�4�n�0�,� 

�E�=� �4�n�0� 

�s�o� �t�h�a�t�:� 

�D�=�E�+�4�n�x�P� 

�w�h�i�c�h� �u�p�o�n� �s�i�m�p�l�e� �s�u�b�s�t�i�t�u�t�i�o�n� �y�i�e�l�d�s�:� 

�D�=�e�E� 

�I�n� �t�e�r�m�s� �o�f� �d�y�n�a�m�i�c� �d�i�e�l�e�c�t�r�i�c� �n�o�t�a�t�i�o�n�:� 

�E�=�E�;� �s�i�n� �(�w�t�+� �9�)� 

�D�=�D�,�;�s�i�n� �o�t� 

�s�o� �t�h�a�t� �t�h�e� �e�l�e�c�t�r�i�c� �f�i�e�l�d� �s�t�r�e�n�g�t�h� �c�a�n� �b�e� �r�e�p�r�e�s�e�n�t�e�d� �b�y� �t�w�o� �t�e�r�m�s�:� 

�E�=�E�;�s�i�n� �w�t�c�o�s� �6�+� �E�c�o�s� �w�t�s�i�n� �6� 

�T�h�e� �s�t�o�r�a�g�e� �(�d�i�e�l�e�c�t�r�i�c� �c�o�n�s�t�a�n�t�)� �a�n�d� �l�o�s�s� �(�d�i�e�l�e�c�t�r�i�c� �l�o�s�s�)� �c�a�n� �b�e� �e�x�p�r�e�s�s�e�d� �a�s�:� 

�E�'� �E�,� �6� �E�"� �E�,� �.� �5� 

�O�o� �o�O� 

�I�n� �c�o�m�p�l�e�x� �n�o�t�a�t�i�o�n�:� 

�E�*� �=�E� �e�x�p� �[�i�(�a�t�+� �5�]� 

�D�*� �=� �D�,�e�x�p� �G�a�d� 

�p�r� �D�,� �e�*� �=�  ��_� �=� �e�x�p� �(�4�8�)� 
�E�F� �E�D� 

�(�2�.�1�4�)� 

�(�2�.�1�5�)� 

�(�2�.�1�6�)� 

�(�2�.�1�7�)� 

�(�2�.�1�8�)� 

�(�2�.�1�9�)� 

�(�2�.�2�0�)� 

�(�2�.�2�1�)� 

�(�2�.�2�2�)� 

�(�2�.�2�3�)� 

�(�2�.�2�4�)� 

�(�2�.�2�5�)� 

�(�2�.�2�6�)



�1�5� 

�e�t�=�E�'� �+�E�"� �(�2�.�2�7�)� 

�2�.�3�.�2�.� �F�r�e�e� �O�s�c�i�l�l�a�t�i�o�n� �T�h�e�o�r�y� 

�T�o�r�s�i�o�n� �p�e�n�d�u�l�u�m� �(�T�P�)� �a�n�d� �t�o�r�s�i�o�n� �b�r�a�i�d� �a�n�a�l�y�z�e�r�s� �(�T�B�A�)� �h�a�v�e� �b�e�e�n� �u�s�e�d� �t�o� �f�o�l�l�o�w� 

�c�h�a�n�g�e�s� �i�n� �d�a�m�p�i�n�g� �a�n�d� �t�o�r�s�i�o�n�a�l� �r�i�g�i�d�i�t�y� �f�o�r� �n�u�m�e�r�o�u�s� �n�o�n�r�e�a�c�t�i�v�e� �[�2�,� �4�,� �5�,� �1�0�]� �a�n�d� �r�e�a�c�t�i�v�e� 

�[�1�3�,� �1�9�-�2�8�]� �p�o�l�y�m�e�r�s�.� �T�h�e� �m�o�t�i�o�n� �o�f� �a�n� �e�l�a�s�t�i�c� �r�o�d� �s�e�t� �i�n�t�o� �f�r�e�e� �o�s�c�i�l�l�a�t�i�o�n� �t�h�r�o�u�g�h� �a�n� �a�n�g�l�e�,� �8�,� 

�d�e�p�e�n�d�s� �u�p�o�n� �t�h�e� �r�e�s�t�o�r�i�n�g� �t�o�r�q�u�e� �w�h�o�s�e� �a�s�s�o�c�i�a�t�e�d� �i�n�e�r�t�i�a�,� �I�,� �r�e�s�u�l�t�s� �i�n� �a�n� �a�n�g�u�l�a�r� �a�c�c�e�l�e�r�a�t�i�o�n�,� 

�@�,� �w�h�i�c�h� �d�e�c�a�y�s� �w�i�t�h� �t�i�m�e� �a�s� �m�o�l�e�c�u�l�a�r� �m�o�t�i�o�n�s� �d�i�s�s�i�p�a�t�e� �t�h�e� �a�p�p�l�i�e�d� �e�n�e�r�g�y� �a�s� �h�e�a�t�.� �T�h�e� 

�e�q�u�a�t�i�o�n� �o�f� �m�o�t�i�o�n� �i�s� �g�i�v�e�n� �a�s� �[�4�]�:� 

�-� �+� �K�X� 
�1�0� �+�6� �+�7�G�*�=�0� �(�2�.�2�8�)� 

�w�h�e�r�e� �1�)� �i�s� �a� �v�i�s�c�o�u�s� �a�i�r�-�d�a�m�p�e�n�i�n�g� �t�e�r�m�,� �/� �i�s� �s�a�m�p�l�e� �l�e�n�g�t�h�,� �K� �i�s� �a� �g�e�o�m�e�t�r�y� �f�a�c�t�o�r�,� �a�n�d� �G �� �i�s� 

�t�h�e� �c�o�m�p�l�e�x� �m�o�d�u�l�u�s�.� �T�h�e� �g�e�n�e�r�a�l� �s�o�l�u�t�i�o�n� �t�o� �E�q�u�a�t�i�o�n� �2�.�2�8� �i�s� �g�i�v�e�n� �b�y�:� 

�6� �=�6� �e�x�p� �(�P�i�t�)� �e�x�p� �(�i�o� �(�2�.�2�9�)� 

�w�h�i�c�h� �d�e�s�c�r�i�b�e�s� �t�h�e� �o�s�c�i�l�l�a�t�i�o�n� �o�f� �a� �d�a�m�p�e�d� �s�i�n�e� �w�a�v�e� �w�h�e�r�e� �@� �i�s� �t�h�e� �a�n�g�u�l�a�r� �f�r�e�q�u�e�n�c�y� 

�(�2�n�/�p�e�r�i�o�d�)� �a�n�d� �B� �i�s� �t�h�e� �d�e�c�a�y� �c�o�n�s�t�a�n�t�.� �T�h�e� �l�o�g� �d�e�c�r�e�m�e�n�t�,� �A�,� �i�s� �o�b�t�a�i�n�e�d� �b�y� �r�a�t�i�o�i�n�g� 

�c�o�n�s�e�c�u�t�i�v�e� �o�s�c�i�l�l�a�t�i�o�n� �a�m�p�l�i�t�u�d�e�s� �s�u�c�h� �t�h�a�t�:� 

� � 

� � 

� � 

�8�,� 
�A�=�I�n� �(�2�.�3�0�)� 

�O�n�+�1� 

�F�u�r�t�h�e�r�m�o�r�e�,� 

�8� �.�  ��_�=� �e�x�p� �[�P�(�B� �-� �i�a�d�]� �=� �e�x�p� �(�P�B�)� �(�2�.�3�1�)� 
�O�n�e� 

�T�h�u�s� �t�h�e� �l�o�g� �d�e�c�r�e�m�e�n�t� �i�s� �g�i�v�e�n� �b�y�:� 

�8� �n� �A�=�I�n� �5� �=� �B�P� �(�2�.�3�2�)� 
�n�+�l



�1�6� 

�B�y� �c�o�m�b�i�n�i�n�g� �a�n�d� �r�e�d�u�c�i�n�g� �t�h�e� �a�b�o�v�e� �e�q�u�a�t�i�o�n�s�,� �w�h�e�r�e� �1�>�A�>�>�n�P�/�I�,� �t�h�e� �s�t�o�r�a�g�e� �a�n�d� �l�o�s�s� 

�m�o�d�u�l�i� �c�a�n� �b�e� �o�b�t�a�i�n�e�d� �a�n�d� �r�a�t�i�o�e�d� �t�o� �g�e�t� �a�n� �e�x�p�r�e�s�s�i�o�n� �f�o�r� �t�a�n� �6�.� 

�_� �4�x� 
�K�G� �= ��>� �(�2�.�3�3�)� 

�P� 

�,� � �4�n�l�A�l� 
�K�G� �=� �(�2�.�3�4�)� 

�P� 

�S�O�:� 

�A� 
�t�n� �6�= �� �(�2�.�3�5�)� 

�T� 

�T�h�e�r�e�f�o�r�e�,� �c�h�a�n�g�e�s� �i�n� �t�h�e� �o�s�c�i�l�l�a�t�i�o�n� �a�m�p�l�i�t�u�d�e� �p�r�o�v�i�d�e� �i�n�f�o�r�m�a�t�i�o�n� �a�b�o�u�t� �d�a�m�p�i�n�g�,� �a�n�d� �t�h�e� 

�p�e�r�i�o�d� �p�r�o�v�i�d�e�s� �i�n�f�o�r�m�a�t�i�o�n� �a�b�o�u�t� �r�i�g�i�d�i�t�y�:� �G�'� �a� �1�/�P�2�.� �T�h�e� �T�B�A�,� �a�l�o�n�g� �w�i�t�h� �o�t�h�e�r� �t�e�c�h�n�i�q�u�e�s� 

�w�h�i�c�h� �s�u�p�p�o�r�t� �s�a�m�p�l�e�s� �o�n� �a� �s�u�b�s�t�r�a�t�e�,� �c�a�n�n�o�t� �y�i�e�l�d� �q�u�a�n�t�i�t�a�t�i�v�e� �v�a�l�u�e�s� �o�f� �G�'�.� �T�h�e�y� �c�a�n�,� 

�h�o�w�e�v�e�r�,� �p�r�o�v�i�d�e� �i�n�f�o�r�m�a�t�i�o�n� �a�b�o�u�t� �w�h�e�n� �c�r�o�s�s�l�i�n�k�i�n�g� �c�o�m�m�e�n�c�e�s� �d�u�r�i�n�g� �c�u�r�e� �a�n�d� 

�t�h�e�r�m�o�m�e�c�h�a�n�i�c�a�l� �b�e�h�a�v�i�o�r� �a�f�t�e�r� �c�u�r�e�.� �S�u�c�h� �d�a�t�a� �a�r�e� �o�f�t�e�n� �u�s�e�d� �t�o� �s�t�u�d�y� �t�h�e� �g�e�l�a�t�i�o�n� �a�n�d� 

�v�i�t�r�i�f�i�c�a�t�i�o�n� �p�h�a�s�e� �t�r�a�n�s�f�o�r�m�a�t�i�o�n�s� �i�n� �t�h�e�r�m�o�s�e�t�t�i�n�g� �p�o�l�y�m�e�r�s�.� 

�2�.�4�.� �K�I�N�E�T�I�C� �A�S�P�E�C�T�S� �O�F� �R�A�D�I�C�A�L� �C�H�A�I�N� �P�H�O�T�O�P�O�L�Y� �M�E�R�I�Z�A�T�I�O�N� 

�2�.�4�.�1�.� �I�n�t�r�o�d�u�c�t�i�o�n� 

�T�h�e� �k�i�n�e�t�i�c�s� �g�o�v�e�r�n�i�n�g� �r�a�d�i�c�a�l� �c�h�a�i�n� �g�r�o�w�t�h� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �a�r�e� �o�f�t�e�n� �n�o�n�i�d�e�a�l�.� �A�s�a� 

�r�e�s�u�l�t�,� �t�h�e� �m�e�c�h�a�n�i�c�a�l� �p�r�o�p�e�r�t�i�e�s� �o�f� �p�h�o�t�o�p�o�l�y�m�e�r� �n�e�t�w�o�r�k�s� �a�r�e� �v�e�r�y� �s�e�n�s�i�t�i�v�e� �t�o� �t�h�e� �c�o�n�d�i�t�i�o�n�s� 

�u�s�e�d� �t�o� �i�n�d�u�c�e� �c�r�o�s�s�l�i�n�k�i�n�g� �a�s� �w�e�l�l� �a�s� �t�h�e� �t�h�e�r�m�a�l� �h�i�s�t�o�r�y� �a�f�t�e�r� �i�r�r�a�d�i�a�t�i�o�n�.� �T�h�e�o�r�e�t�i�c�a�l� 

�r�e�l�a�t�i�o�n�s�h�i�p�s� �d�e�s�c�r�i�b�i�n�g� �i�d�e�a�l� �r�a�d�i�c�a�l� �c�h�a�i�n� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �k�i�n�e�t�i�c�s� �a�r�e� �d�e�t�a�i�l�e�d� �i�n� �S�e�c�t�i�o�n� �2�.�4�.�2�.� 

�D�i�f�f�u�s�i�o�n�-�l�i�m�i�t�i�n�g� �p�h�e�n�o�m�e�n�a� �i�n�c�l�u�d�i�n�g� �t�h�e� �g�e�l�-�e�f�f�e�c�t� �(�a�u�t�o�a�c�c�e�l�e�r�a�t�i�o�n�)� �a�n�d� �t�h�e� �g�l�a�s�s�-�e�f�f�e�c�t� 

�(�v�i�t�r�i�f�i�c�a�t�i�o�n�)� �a�r�e� �d�i�s�c�u�s�s�e�d� �i�n� �S�e�c�t�i�o�n� �2�.�4�.�3� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �t�h�e�i�r� �i�m�p�a�c�t� �o�n� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� 

�k�i�n�e�t�i�c�s�.� �F�r�e�e� �v�o�l�u�m�e� �c�o�n�c�e�p�t�s� �a�r�e� �u�s�e�d� �t�o� �a�d�d�r�e�s�s� �t�w�o� �t�o�p�i�c�s�:� �t�h�e� �e�f�f�e�c�t�s� �o�f� �v�i�t�r�i�f�i�c�a�t�i�o�n� �o�n� �t�h�e� 

�k�i�n�e�t�i�c�s� �o�f� �n�e�t�w�o�r�k� �f�o�r�m�a�t�i�o�n� �a�s� �w�e�l�l� �a�s� �t�h�e� �e�f�f�e�c�t�s� �o�f� �p�h�y�s�i�c�a�l� �a�g�i�n�g� �o�n� �m�e�c�h�a�n�i�c�a�l� �p�r�o�p�e�r�t�i�e�s



�1�7� 

�a�f�t�e�r� �n�e�t�w�o�r�k� �f�o�r�m�a�t�i�o�n�.� �S�e�c�t�i�o�n� �2�.�4�.�4� �s�u�m�m�a�r�i�z�e�s� �t�h�e� �m�o�s�t� �r�e�c�e�n�t� �m�o�d�e�l�s� �u�s�e�d� �t�o� �p�r�e�d�i�c�t� �g�e�l�-� 

�p�o�i�n�t� �c�o�n�v�e�r�s�i�o�n�s�.� �F�i�n�a�l�l�y�,� �S�e�c�t�i�o�n� �2�.�4�.�5� �e�m�p�h�a�s�i�z�e�s� �t�h�e� �i�m�p�o�r�t�a�n�c�e� �o�f� �r�e�c�i�p�r�o�c�i�t�y� �b�e�h�a�v�i�o�r� 

�(�i�.�e�.� �e�f�f�e�c�t� �o�f� �e�x�p�o�s�u�r�e� �i�n�t�e�n�s�i�t�y� �a�n�d� �t�i�m�e� �o�n� �c�h�e�m�i�c�a�l� �c�o�n�v�e�r�s�i�o�n�)� �i�n� �p�h�o�t�o�p�o�l�y�m�e�r� �b�a�s�e�d� 

�i�m�a�g�i�n�g� �s�y�s�t�e�m�s�.� 

�2�.�4�.�2�.� �I�d�e�a�l�i�z�e�d� �P�h�o�t�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n� �M�e�c�h�a�n�i�s�m�s� �a�n�d� �K�i�n�e�t�i�c�s� 

�C�h�a�i�n� �g�r�o�w�t�h� �p�o�l�y�m�e�r�i�z�a�t�i�o�n�s� �i�n�v�o�l�v�e� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �m�o�n�o�m�e�r�,� �M�,� �o�n�t�o� �g�r�o�w�i�n�g� 

�r�a�d�i�c�a�l� �c�h�a�i�n�s�,� �R�e�,� �t�o� �p�r�o�d�u�c�e� �h�i�g�h� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �p�o�l�y�m�e�r� �a�t� �r�e�l�a�t�i�v�e�l�y� �l�o�w� �c�h�e�m�i�c�a�l� 

�c�o�n�v�e�r�s�i�o�n�s� �[�7�,� �8�,� �2�9�]�.� �T�h�e� �m�e�c�h�a�n�i�s�m� �c�o�n�s�i�s�t� �o�f� �s�e�v�e�r�a�l� �d�i�s�t�i�n�c�t� �s�t�e�p�s�:� �d�i�s�s�o�c�i�a�t�i�o�n�,� �i�n�i�t�i�a�t�i�o�n�,� 

�p�r�o�p�a�g�a�t�i�o�n�,� �a�n�d� �t�e�r�m�i�n�a�t�i�o�n�:� 

�D�i�s�s�o�c�i�a�t�i�o�n� �|�  �� �2�R�s� 

�I�n�i�t�i�a�t�i�o�n� �R�s� �+�M� �i� �R�M�e� 

�P�r�o�p�a�g�a�t�i�o�n� �R�M�-� �+� �M� �s�e� �R�M�M�:� 

�R�M�;� �+� �M� �s�e� �R�M�;�,�,� 

�T�e�r�m�i�n�a�t�i�o�n� �R�M�;� �+� �R�M�3�  �� �R�M�z�,�,�R� 

�R�M�;� �+� �R�M�s� �i� �R�M�,� �+� �R�M�,� 
�T�e�r�m�i�n�a�t�i�o�n� �o�f� �g�r�o�w�i�n�g� �c�h�a�i�n�s� �o�f�t�e�n� �o�c�c�u�r�s� �b�y� �c�o�m�b�i�n�a�t�i�o�n� �(�r�a�t�e� �c�o�n�s�t�a�n�t� �k�,�,�)� �o�r� �t�o� �a� �l�e�s�s�e�r� 

�e�x�t�e�n�t� �b�y� �d�i�s�p�r�o�p�o�r�t�i�o�n�a�t�i�o�n� �(�r�a�t�e� �c�o�n�s�t�a�n�t� �k�,�q�)� �[�2�9�]�.� �D�e�a�d� �p�o�l�y�m�e�r� �c�a�n� �b�e� �o�b�t�a�i�n�e�d� �a�l�s�o� �b�y� 

�c�h�a�i�n� �t�r�a�n�s�f�e�r� �p�r�o�c�e�s�s�e�s� �i�n�v�o�l�v�i�n�g� �m�o�n�o�m�e�r�,� �s�o�l�v�e�n�t�,� �i�n�i�t�i�a�t�o�r�,� �p�o�l�y�m�e�r� �o�r� �s�u�b�s�t�r�a�t�e� �[�2�9�]�.� �T�h�e� 

�r�a�t�e� �o�f� �d�i�s�a�p�p�e�a�r�a�n�c�e� �o�f� �m�o�n�o�m�e�r� �(�-�d�[�M�]�/�d�t�)� �i�s� �e�x�p�r�e�s�s�e�d� �a�s� �t�h�e� �s�u�m� �o�f� �a�l�l� �r�a�t�e�s� �g�o�v�e�r�n�i�n�g� 

�m�o�n�o�m�e�r� �c�o�n�s�u�m�p�t�i�o�n� �[�2�9�-�3�2�]�:� 

�R�o�z�n� �=� �R�i� �+� �R�y� �(�2�.�3�6�)� 

�A�s�s�u�m�i�n�g� �t�h�a�t� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �p�r�o�p�a�g�a�t�i�o�n� �c�h�a�i�n�s� �i�s� �s�m�a�l�l� �s�u�c�h� �t�h�a�t� �t�h�e� �r�a�t�e� �o�f� �i�n�i�t�i�a�t�i�o�n� �i�s� 

�m�u�c�h� �l�e�s�s� �t�h�a�n� �t�h�e� �r�a�t�e� �o�f� �p�o�l�y�m�e�r�i�z�a�t�i�o�n�:� 

�R�p�m� �=� �R�p� �=� �k�p�I�R�+�J�M�)� �2�.�3�7�)



�1�8� 

�E�x�p�e�r�i�m�e�n�t�a�l�l�y�,� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �a�l�l� �g�r�o�w�i�n�g� �c�h�a�i�n�s�,� �R�e�,� �i�s� �d�i�f�f�i�c�u�l�t� �t�o� �o�b�t�a�i�n� �(�[�R�*�]� �~� �1�0�-�8� �M�)� 

�[�2�9�]�;� �t�h�e�r�e�f�o�r�e�,� �a� �s�i�m�p�l�i�f�y�i�n�g� �a�s�s�u�m�p�t�i�o�n� �k�n�o�w�n� �a�s� �t�h�e� �s�t�e�a�d�y�-�s�t�a�t�e� �a�s�s�u�m�p�t�i�o�n� �i�s� �c�o�m�m�o�n�l�y� 

�e�n�v�o�k�e�d�:� 
�d�[�R�-�]� �_� 

�d�t� �=�0� 
� � �(�2�.�3�8�)� 

�T�h�e�r�e�f�o�r�e�,� �t�h�e� �r�a�t�e� �o�f� �i�n�i�t�i�a�t�i�o�n� �e�q�u�a�l�s� �t�h�e� �r�a�t�e� �o�f� �t�e�r�m�i�n�a�t�i�o�n�.� �T�h�e� �g�e�n�e�r�a�l� �r�a�t�e� �o�f� �t�e�r�m�i�n�a�t�i�o�n� 

�i�n�v�o�l�v�i�n�g� �t�h�e� �r�e�a�c�t�i�o�n� �o�f� �t�w�o� �g�r�o�w�i�n�g� �c�h�a�i�n�s� �i�s� �e�x�p�r�e�s�s�e�d� �a�s�:� 

�2� �R�=�X�{�R�I�C�=�R�;� �(�2�.�3�9�)� 

�T�h�e� �s�t�e�a�d�y�-�s�t�a�t�e� �o�f� �r�a�d�i�c�a�l� �c�o�n�c�e�n�t�r�a�t�i�o�n�,� �[�R�e�]�,�,�,� �c�a�n� �t�h�e�r�e�f�o�r�e� �b�e� �e�x�p�r�e�s�s�e�d� �a�s�:� 

�1� �1� �1� 

�R�,�\�2�_�(�R�;�\�2�_�(�R�,�\�2� �s�o�a�r�(�S�}� �(�8�)� �(�8�)� �a�a�n� 
�T�h�e� �r�a�t�e� �o�f� �i�n�i�t�i�a�t�i�o�n� �c�a�n� �b�e� �e�x�p�r�e�s�s�e�d� �u�s�i�n�g� �B�e�e�r�s� �L�a�w� �f�o�r� �c�o�a�t�i�n�g�s� �o�f� �h�i�g�h� �o�p�t�i�c�a�l� �d�e�n�s�i�t�y� �[�3�4�]�:� 

�R�;� �=� �2�0�1�,�[�1� �-� �¢�*�°�*�]� �(�2�.�4�1�)� 
�w�h�e�r�e� �I�,� �i�s� �t�h�e� �i�n�c�i�d�e�n�t� �r�a�d�i�a�t�i�o�n� �i�n�t�e�n�s�i�t�y�,� �c� �i�s� �t�h�e� �p�h�o�t�o�i�n�i�t�i�a�t�o�r� �c�o�n�c�e�n�t�r�a�t�i�o�n�,�  ¬� �i�s� �t�h�e� �m�o�l�a�r� 

�a�b�s�o�r�p�t�i�v�i�t�y� �o�f� �t�h�e� �s�o�l�u�t�i�o�n�,� �a�n�d� �x� �i�s� �t�h�e� �f�i�l�m� �t�h�i�c�k�n�e�s�s�.� �F�i�l�m�s� �o�f� �l�o�w� �o�p�t�i�c�a�l� �d�e�n�s�i�t�y� �(�<�<�1�)� 

�e�x�h�i�b�i�t� �n�e�g�l�i�g�i�b�l�e� �a�t�t�e�n�u�a�t�i�o�n� �i�n� �r�a�d�i�a�t�i�o�n� �i�n�t�e�n�s�i�t�y� �s�o� �t�h�a�t� �t�h�e� �r�a�t�e� �o�f� �i�n�i�t�i�a�t�i�o�n� �c�a�n� �b�e� �e�x�p�r�e�s�s�e�d� 

�a�s� �(�3�5�,� �3�6�]�:� 

�R�j� �=�2�I�,� �(�2�.�4�2�)� 

�T�h�e� �s�t�e�a�d�y�-�s�t�a�t�e� �r�a�d�i�c�a�l� �c�o�n�c�e�n�t�r�a�t�i�o�n� �c�a�n� �t�h�e�r�e�f�o�r�e� �b�e� �e�x�p�r�e�s�s�e�d� �i�n� �t�e�r�m�s� �o�f� �e�x�p�o�s�u�r�e� �i�n�t�e�n�s�i�t�y�:� 

�1� 

�Q�I�.� �\�2� 
�[�R�e�]� �s�s�=� �(�)� �(�2�.�4�3�)� 

�k�,� 

�I�n�c�o�r�p�o�r�a�t�i�n�g� �t�h�e� �s�t�e�a�d�y�-�s�t�a�t�e� �r�a�d�i�c�a�l� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n�t�o� �E�q�u�a�t�i�o�n� �2�.�3�7� �r�e�v�e�a�l�s� �t�h�e� �o�v�e�r�a�l�l� �r�a�t�e� �o�f� 

�p�o�l�y�m�e�r�i�z�a�t�i�o�n�:� 

�o�,�\�2� �a�m� �R�u�n�=� �c�p�a� �=�m� �(�2�.�4�4�)



�1�9� 

�T�h�e� �r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �c�h�e�m�i�c�a�l� �c�o�n�v�e�r�s�i�o�n�,� �p�,� �e�x�p�o�s�u�r�e� �i�n�t�e�n�s�i�t�y�,� �I�,� �a�n�d� �e�x�p�o�s�u�r�e� �t�i�m�e�,� �t�,� 

�c�a�n� �b�e� �o�b�t�a�i�n�e�d� �b�y� �s�e�p�a�r�a�t�i�n�g� �v�a�r�i�a�b�l�e�s� �a�n�d� �i�n�t�e�g�r�a�t�i�n�g� �t�h�e� �r�a�t�e� �e�q�u�a�t�i�o�n�:� 

�1� 

� � 

� � 

�_�d�[�M�]� �_� �o�1�,�\�2� �2�.�4� !"� �*�P� �a� �d�t� �(�2�.�4�5�)� 

�1� 
�[�M�]� �o�o� �\�2� 

�I�n�f�  � ��°� �|�=�k� �| ��8�|� �t� �(�2�.�4�6�)� 
�a� �{� �5� 

�N�a�t�u�r�a�l� �l�o�g�a�r�i�t�h�m� �r�e�s�u�l�t�s� �f�r�o�m� �i�n�t�e�g�r�a�t�i�o�n�;� �h�o�w�e�v�e�r�,� �t�h�e� �c�o�m�m�o�n� �n�o�m�e�n�c�l�a�t�u�r�e� �i�n� �p�h�o�t�o�g�r�a�p�h�i�c� 

�s�y�s�t�e�m�s� �i�s� �l�o�g�a�r�i�t�h�m� �b�a�s�e� �t�e�n�.� �T�h�e�r�e�f�o�r�e�,� �t�h�e� �e�q�u�a�t�i�o�n� �b�e�l�o�w� �r�e�l�a�t�e�s� �m�o�n�o�m�e�r� �c�o�n�c�e�n�t�r�a�t�i�o�n� �t�o� 

�e�x�p�o�s�u�r�e� �i�n�t�e�n�s�i�t�y� �a�n�d� �t�i�m�e� �b�y� �b�o�t�h� �l�o�g�a�r�i�t�h�m�s�.� 

�[�M�]� 
�b�e� �w�a�t�]� �3� �I�,� �+� �l�o�g� �t�+� �c�o�n�s�t�.� �(�2�.�4�7�)� 

�E�m�p�l�o�y�i�n�g� �t�h�e� �d�e�f�i�n�i�t�i�o�n� �o�f� �c�h�e�m�i�c�a�l� �c�o�n�v�e�r�s�i�o�n�,� �t�h�e� �g�e�n�e�r�a�l� �e�q�u�a�t�i�o�n� �g�o�v�e�r�n�i�n�g� 

�p�h�o�t�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n� �c�a�n� �b�e� �o�b�t�a�i�n�e�d� �[�2�9�]�:� 

� � 

�M�I�,� �p�=�1�-� �I�M�]� �(�2�.�4�8�)� 

�b�o�g� �[�i�n� �(�1�-�p�)�]� �=� �j�o�g� �I�,� �+� �l�o�g� �t�+� �c�o�n�s�t� �(�2�.�4�9�)� 

�T�h�e�r�e�f�o�r�e�,� �a�s�s�u�m�i�n�g� �s�t�e�a�d�y�-�s�t�a�t�e� �c�o�m�p�l�i�a�n�c�e� �a�n�d� �b�i�r�a�d�i�c�a�l� �t�e�r�m�i�n�a�t�i�o�n�,� �t�h�e� �r�e�a�c�t�i�o�n� �o�r�d�e�r� 

�w�i�t�h� �r�e�s�p�e�c�t� �t�o� �i�n�t�e�n�s�i�t�y� �a�n�d� �t�i�m�e� �i�s� �o�n�e� �h�a�l�f� �a�n�d� �o�n�e�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �F�i�g�u�r�e� �2�.�4�a� �d�e�p�i�c�t�s� 

�g�r�a�p�h�i�c�a�l�l�y� �t�h�e� �t�h�e�o�r�e�t�i�c�a�l� �d�e�p�e�n�d�e�n�c�e� �o�f� �c�h�e�m�i�c�a�l� �c�o�n�v�e�r�s�i�o�n� �o�n� �e�x�p�o�s�u�r�e� �i�n�t�e�n�s�i�t�y� �a�n�d� �t�i�m�e�.� 

�T�h�e� �o�t�h�e�r� �t�h�e�o�r�e�t�i�c�a�l� �e�x�t�r�e�m�e� �i�n� �r�a�d�i�c�a�l� �t�e�r�m�i�n�a�t�i�o�n� �p�r�o�c�e�s�s�e�s� �i�s� �c�o�m�p�l�e�t�e� �r�a�d�i�c�a�l� 

�i�s�o�l�a�t�i�o�n�.� �T�h�e� �r�a�t�e� �o�f� �t�e�r�m�i�n�a�t�i�o�n� �i�s� �t�h�u�s� �d�e�p�e�n�d�e�n�t� �u�p�o�n� �r�a�d�i�c�a�l� �c�o�n�c�e�n�t�r�a�t�i�o�n� �t�o� �t�h�e� �f�i�r�s�t
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�2�1� 

�p�o�w�e�r�:� 

�R�,� �=� �k� �{�R�l�s� �(�2�.�5�0�)� 

�A�s� �a� �r�e�s�u�l�t�,� �t�h�e� �t�h�e�o�r�e�t�i�c�a�l� �d�e�p�e�n�d�e�n�c�e� �o�f� �c�o�n�v�e�r�s�i�o�n�,� �p�,� �o�n� �e�x�p�o�s�u�r�e� �i�n�t�e�n�s�i�t�y� �a�n�d� �t�i�m�e� �c�a�n� �b�e� 

�e�x�p�r�e�s�s�e�d� �a�s�:� 

�l�o�g� �[�A�n� �(�1�-�p�)�]� �=�l�o�g� �I�,� �+� �l�o�g� �t�+� �c�o�n�s�t� �(�2�.�5�1�)� 

�T�h�i�s� �d�e�p�e�n�d�e�n�c�e� �i�s� �d�e�p�i�c�t�e�d� �g�r�a�p�h�i�c�a�l�l�y� �i�n� �F�i�g�u�r�e� �2�.�4�b�.� �C�o�n�d�i�t�i�o�n�s� �o�f� �c�o�n�s�t�a�n�t� �c�o�n�v�e�r�s�i�o�n� 

�p�r�e�d�i�c�t� �a� �o�n�e�-�t�o�-�o�n�e� �c�o�r�r�e�s�p�o�n�d�e�n�c�e� �b�e�t�w�e�e�n� �e�x�p�o�s�u�r�e� �i�n�t�e�n�s�i�t�y� �a�n�d� �t�i�m�e�.� 

�A� �s�i�m�p�l�i�s�t�i�c� �t�r�e�a�t�m�e�n�t� �o�f� �m�i�x�e�d� �m�o�d�e� �t�e�r�m�i�n�a�t�i�o�n� �c�a�n� �b�e� �m�a�d�e� �b�y� �i�n�t�r�o�d�u�c�i�n�g� �a� �f�r�a�c�t�i�o�n�a�l� 

�c�o�e�f�f�i�c�i�e�n�t�,� �x�,� �g�o�v�e�r�n�i�n�g� �t�h�e� �a�m�o�u�n�t� �o�f� �r�a�d�i�c�a�l� �i�s�o�l�a�t�i�o�n�:� 

�2� 
�e�[�S�]�I� �=� �(�1�-�X�)�K� �R�e�l� �+� �X�k� �[�R�e�]� �(�2�.�5�2�)� 

�F�i�g�u�r�e� �2�.�5�a�-�d� �d�e�p�i�c�t�s� �t�h�e� �c�o�n�v�e�r�s�i�o�n� �s�u�r�f�a�c�e� �c�o�r�r�e�s�p�o�n�d�i�n�g� �t�o� �2�0�,� �4�0�,� �6�0�,� �a�n�d� �8�0� �p�e�r�c�e�n�t� �r�a�d�i�c�a�l� 

�i�s�o�l�a�t�i�o�n�.� �T�h�e� �m�o�s�t� �i�m�p�o�r�t�a�n�t� �f�e�a�t�u�r�e� �i�s� �t�h�e� �n�o�n�l�i�n�e�a�r� �r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �e�x�p�o�s�u�r�e� �i�n�t�e�n�s�i�t�y� 

�a�n�d� �t�i�m�e� �a�t� �f�i�x�e�d� �l�e�v�e�l�s� �o�f� �c�h�e�m�i�c�a�l� �c�o�n�v�e�r�s�i�o�n�.� 

�2�.�4�.�3�.� �F�a�c�t�o�r�s� �C�o�m�p�l�i�c�a�t�i�n�g� �B�u�l�k� �P�h�o�t�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n� �K�i�n�e�t�i�c�s�:� �G�e�l�-� �a�n�d� �G�l�a�s�s�-�e�f�f�e�c�t�s� 

�T�h�e� �k�i�n�e�t�i�c�s� �o�f� �r�a�d�i�c�a�l� �c�h�a�i�n� �p�o�l�y�m�e�r�i�z�a�t�i�o�n�s� �a�r�e� �o�f�t�e�n� �c�o�m�p�l�i�c�a�t�e�d� �b�y� �d�i�f�f�u�s�i�o�n�-�l�i�m�i�t�i�n�g� 

�f�a�c�t�o�r�s� �s�u�c�h� �a�s� �t�h�e� �g�e�l�-� �o�r� �g�l�a�s�s�-�e�f�f�e�c�t�s� �[�2�9�,� �3�3�,� �3�7�-�5�6�]�.� �T�h�e� �g�e�l�-�e�f�f�e�c�t� �i�s� �c�h�a�r�a�c�t�e�r�i�z�e�d� �b�y� �r�a�p�i�d� 

�a�u�t�o�a�c�c�e�l�e�r�a�t�i�o�n� �i�n� �t�h�e� �r�a�t�e� �o�f� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �a�s� �g�r�o�w�i�n�g� �c�h�a�i�n�s� �s�h�a�r�p�l�y� �i�n�c�r�e�a�s�e� �i�n� �m�o�l�e�c�u�l�a�r� 

�w�e�i�g�h�t� �a�n�d� �t�h�u�s� �v�i�s�c�o�s�i�t�y�.� �T�h�e� �g�l�a�s�s�-�e�f�f�e�c�t�,� �o�n� �t�h�e� �o�t�h�e�r� �h�a�n�d�,� �o�c�c�u�r�s� �a�t� �e�v�e�n� �h�i�g�h�e�r� 

�c�o�n�v�e�r�s�i�o�n�s� �a�n�d� �r�e�s�u�l�t�s� �f�r�o�m� �t�h�e� �n�e�t�w�o�r�k�'�s� �p�h�a�s�e� �t�r�a�n�s�f�o�r�m�a�t�i�o�n� �f�r�o�m� �r�u�b�b�e�r� �t�o� �g�l�a�s�s�.� �T�h�e� 

�o�n�s�e�t� �o�f� �v�i�t�r�i�f�i�c�a�t�i�o�n� �o�c�c�u�r�s� �w�h�e�n� �t�h�e� �r�a�p�i�d�l�y� �a�d�v�a�n�c�i�n�g� �g�l�a�s�s� �t�r�a�n�s�i�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �t�h�e� 

�n�e�t�w�o�r�k� �b�e�c�o�m�e�s� �c�o�i�n�c�i�d�e�n�t�a�l� �w�i�t�h� �t�h�e� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e�.� �T�h�i�s� �e�v�e�n�t� �s�e�v�e�r�e�l�y� �r�e�s�t�r�i�c�t�s� 

�t�h�e� �r�a�t�e� �o�f� �p�o�l�y�m�e�r�i�z�a�t�i�o�n�.� �S�i�g�n�i�f�i�c�a�n�t� �a�m�o�u�n�t�s� �o�f� �u�n�r�e�a�c�t�e�d� �f�u�n�c�t�i�o�n�a�l� �g�r�o�u�p�s� �c�a�n� �o�f�t�e�n� �b�e� 

�d�e�t�e�c�t�e�d� �i�n� �n�e�t�w�o�r�k�s� �c�u�r�e�d� �a�t� �l�o�w� �t�e�m�p�e�r�a�t�u�r�e�s� �a�s� �a� �r�e�s�u�l�t� �o�f� �v�i�t�r�i�f�i�c�a�t�i�o�n�,� �p�a�r�t�i�c�u�l�a�r�l�y� �i�n� �t�h�e� �c�a�s�e� 

�o�f� �r�a�d�i�a�t�i�o�n� �c�u�r�a�b�l�e� �m�a�t�e�r�i�a�l�s� �s�i�n�c�e� �t�h�e�y� �a�r�e� �o�f�t�e�n� �p�r�o�c�e�s�s�e�d� �a�r�o�u�n�d� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e�.� �T�h�e
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�2�3� 

�c�o�m�p�l�i�c�a�t�i�n�g� �c�o�n�s�e�q�u�e�n�c�e�s� �o�f� �t�h�e� �g�e�l�-� �a�n�d� �g�l�a�s�s�-�e�f�f�e�c�t�s� �i�n� �m�e�t�h�y�l� �m�e�t�h�a�c�r�y�l�a�t�e� �(�M�M�A�)� �c�a�n� �b�e� 

�e�a�s�i�l�y� �s�e�e�n� �b�y� �c�o�n�t�r�a�s�t�i�n�g� �t�w�o� �s�c�e�n�a�r�i�o�s� �[�2�9�]�:� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �i�n� �d�i�l�u�t�e� �s�o�l�u�t�i�o�n� �a�n�d� �b�u�l�k�.� �T�h�e� 

�c�o�n�v�e�r�s�i�o�n� �p�r�o�f�i�l�e� �o�f� �M�M�A� �p�o�l�y�m�e�r�i�z�e�d� �i�n� �d�i�l�u�t�e� �s�o�l�u�t�i�o�n�,� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�6�,� �i�s� �i�n�d�i�c�a�t�i�v�e� �o�f� 

�c�l�a�s�s�i�c�a�l� �r�a�d�i�c�a�l� �c�h�a�i�n� �b�e�h�a�v�i�o�r�.� �C�o�n�v�e�r�s�e�l�y�,� �M�M�A� �p�o�l�y�m�e�r�i�z�e�d� �i�n� �b�u�l�k� �e�x�h�i�b�i�t�e�d� �s�t�r�o�n�g� �g�e�l�-� 

�a�n�d� �g�l�a�s�s�-�e�f�f�e�c�t�s�.� �T�h�e� �r�a�t�e� �o�f� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �s�l�o�w�l�y� �d�e�c�r�e�a�s�e�d� �d�u�r�i�n�g� �t�h�e� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �a�s� �t�h�e� 

�a�m�o�u�n�t� �o�f� �a�v�a�i�l�a�b�l�e� �m�o�n�o�m�e�r� �d�i�m�i�n�i�s�h�e�d�.� �F�i�g�u�r�e� �2�.�7� �d�e�p�i�c�t�s� �t�h�e� �n�o�r�m�a�l�i�z�e�d� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �r�a�t�e� 

�a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �c�o�n�v�e�r�s�i�o�n� �r�e�v�e�a�l�i�n�g� �t�h�r�e�e� �d�i�s�t�i�n�c�t� �r�e�g�i�o�n�s�.� �R�e�g�i�o�n� �I� �d�e�p�i�c�t�s� �a� �c�o�n�s�t�a�n�t� 

�n�o�r�m�a�l�i�z�e�d� �r�a�t�e� �o�f� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �i�n�d�i�c�a�t�i�v�e� �o�f� �c�l�a�s�s�i�c�a�l� �r�a�d�i�c�a�l� �c�h�a�i�n� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �k�i�n�e�t�i�c�s�.� 

�R�e�g�i�o�n� �I�I�,� �h�o�w�e�v�e�r�,� �d�e�p�i�c�t�s� �a� �d�r�a�m�a�t�i�c� �i�n�c�r�e�a�s�e� �i�n� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �r�a�t�e� �a�s� �a� �r�e�s�u�l�t� �o�f� �t�h�e� �g�e�l�-� 

�e�f�f�e�c�t�.� �O�n� �a� �m�o�l�e�c�u�l�a�r� �l�e�v�e�l�,� �t�h�e� �g�e�l�-�e�f�f�e�c�t� �i�s� �c�h�a�r�a�c�t�e�r�i�z�e�d� �b�y� �d�e�c�r�e�a�s�e�d� �t�r�a�n�s�l�a�t�i�o�n�a�l� �d�i�f�f�u�s�i�o�n� 

�(�m�o�v�e�m�e�n�t� �o�f� �t�h�e� �e�n�t�i�r�e� �r�a�d�i�c�a�l� �c�h�a�i�n�)�.� �T�e�r�m�i�n�a�t�i�o�n� �i�s� �a�f�f�e�c�t�e�d� �t�h�e� �m�o�s�t� �b�e�c�a�u�s�e� �i�t� �r�e�q�u�i�r�e�s� �t�h�e� 

�r�e�a�c�t�i�o�n� �o�f� �t�w�o� �r�a�d�i�c�a�l� �c�h�a�i�n�s�,� �b�o�t�h� �h�a�v�i�n�g� �r�e�s�t�r�i�c�t�e�d� �t�r�a�n�s�l�a�t�i�o�n�a�l� �d�i�f�f�u�s�i�o�n�.� �P�r�o�p�a�g�a�t�i�o�n�,� �o�n� �t�h�e� 

�o�t�h�e�r� �h�a�n�d�,� �i�s� �l�e�s�s� �a�f�f�e�c�t�e�d� �b�e�c�a�u�s�e� �i�t� �r�e�q�u�i�r�e�s� �t�h�e� �d�i�f�f�u�s�i�o�n� �o�f� �a� �s�m�a�l�l� �m�o�l�e�c�u�l�e� �t�o� �t�h�e� �r�a�d�i�c�a�l� 

�c�h�a�i�n� �e�n�d� �f�o�r� �r�e�a�c�t�i�o�n�.� �A�s� �a� �r�e�s�u�l�t�,� �t�h�e� �r�a�t�e� �c�o�n�s�t�a�n�t� �f�o�r� �t�e�r�m�i�n�a�t�i�o�n� �d�e�c�r�e�a�s�e�s� �m�u�c�h� �m�o�r�e� 

�r�a�p�i�d�l�y� �t�h�a�n� �t�h�e� �d�e�c�r�e�a�s�e� �i�n� �t�h�e� �p�r�o�p�a�g�a�t�i�o�n� �r�a�t�e� �c�o�n�s�t�a�n�t� �s�o� �t�h�a�t� �k� �J�k�.�)� �i�n�c�r�e�a�s�e�s� �s�u�b�s�t�a�n�t�i�a�l�l�y� 

�l�e�a�d�i�n�g� �t�o� �a�n� �i�n�c�r�e�a�s�e�d� �r�a�t�e� �o�f� �p�o�l�y�m�e�r�i�z�a�t�i�o�n�.� �T�h�e� �f�i�n�a�l� �s�e�g�m�e�n�t� �o�f� �F�i�g�u�r�e� �2�.�7�,� �t�e�r�m�e�d� �R�e�g�i�o�n� 

�I�I�I�,� �d�e�p�i�c�t�s� �a� �r�a�p�i�d� �d�e�c�r�e�a�s�e� �i�n� �t�h�e� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �r�a�t�e� �a�s� �a� �r�e�s�u�l�t� �o�f� �t�h�e� �g�l�a�s�s�-�e�f�f�e�c�t�.� �V�i�t�r�i�f�i�c�a�t�i�o�n� 

�r�e�s�t�r�i�c�t�s� �n�o�t� �o�n�l�y� �t�r�a�n�s�l�a�t�i�o�n�a�l� �d�i�f�f�u�s�i�o�n� �b�u�t� �a�l�s�o� �s�e�g�m�e�n�t�a�l� �d�i�f�f�u�s�i�o�n� �(�l�o�c�a�l�i�z�e�d� �m�o�v�e�m�e�n�t� �o�f� 

�c�h�a�i�n� �e�n�d�s�)�.� �A�s� �a� �r�e�s�u�l�t�,� �t�h�e� �r�a�p�i�d�l�y� �d�e�c�r�e�a�s�i�n�g� �p�r�o�p�a�g�a�t�i�o�n� �r�a�t�e� �c�o�n�s�t�a�n�t� �s�u�b�s�t�a�n�t�i�a�l�l�y� �d�e�c�r�e�a�s�e�s� 

�t�h�e� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �r�a�t�e�.� 

�V�a�r�i�o�u�s� �m�o�d�e�l�s� �h�a�v�e� �b�e�e�n� �d�e�v�e�l�o�p�e�d� �t�o� �a�c�c�o�u�n�t� �f�o�r� �t�h�e� �e�f�f�e�c�t�s� �o�f� �a�u�t�o�a�c�c�e�l�e�r�a�t�i�o�n� �a�n�d� 

�v�i�t�r�i�f�i�c�a�t�i�o�n� �o�n� �r�a�d�i�c�a�l� �c�h�a�i�n� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �k�i�n�e�t�i�c�s�.� �I�n� �g�e�n�e�r�a�l�,� �t�w�o� �a�p�p�r�o�a�c�h�e�s� �h�a�v�e� �e�v�o�l�v�e�d�.� 

�E�m�p�i�r�i�c�a�l� �m�o�d�e�l�s� �f�o�c�u�s� �o�n� �t�h�e� �u�s�e� �o�f� �m�u�l�t�i�p�l�e� �p�a�r�a�m�e�t�e�r�s� �t�o� �f�i�t� �e�x�p�e�r�i�m�e�n�t�a�l� �d�a�t�a� �f�o�r� �u�s�e� �i�n� 

�o�p�t�i�m�i�z�i�n�g� �c�o�m�m�e�r�c�i�a�l� �r�e�a�c�t�o�r� �p�r�o�c�e�s�s�i�n�g� �c�o�n�d�i�t�i�o�n�s�.� �O�'�D�r�i�s�c�o�l�l� �u�s�e�d� �c�h�a�i�n� �e�n�t�a�n�g�l�e�m�e�n�t� 

�c�o�n�c�e�p�t�s� �t�o� �d�e�s�c�r�i�b�e� �t�h�e� �g�e�l�-�e�f�f�e�c�t�;� �h�o�w�e�v�e�r�,� �t�h�e� �m�o�d�e�l� �w�a�s� �n�o�t� �c�a�p�a�b�l�e� �o�f� �i�n�c�l�u�d�i�n�g� �t�h�e� �g�l�a�s�s�-� 

�e�f�f�e�c�t� �[�5�7�]�.� �M�o�d�e�l�s� �d�e�v�e�l�o�p�e�d� �b�y� �M�a�r�t�e�n�,� �H�a�m�i�e�l�e�c�,� �a�n�d� �S�t�i�c�k�l�e�r� �e�n�v�o�k�e�d� �f�r�e�e� �v�o�l�u�m�e
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�F�i�g�u�r�e� �2�.�6�.� 

�1�0�0�0� 

�T�i�m�e�,� �m�i�n� 

�C�u�r�e� �p�r�o�f�i�l�e�s� �o�f� �v�a�r�i�o�u�s� �m�e�t�h�y�l� �m�e�t�h�a�c�r�y�l�a�t�e� �s�o�l�u�t�i�o�n�s� �(�1�0� �t�o� �1�0�0� �w�e�i�g�h�t� �p�e�r�c�e�n�t� 
�M�M�A�)� �r�e�v�e�a�l�i�n�g� �t�h�e� �e�f�f�e�c�t�s� �o�f� �a�u�t�o�a�c�c�e�l�e�r�a�t�i�o�n� �a�n�d� �v�i�t�r�i�f�i�c�a�t�i�o�n�.� �(�R�e�p�r�i�n�t�e�d� �f�r�o�m� 
�R�e�f�.� �2�9�.�)� 

� 
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� � � 
�,� �R�e�g�i�o�n� �I�I� 

�R�e�g�i�o�n� �I� �V�i�t�r�i�f�i�c�a�t�i�o�n� 
�A�u�t�o�a�c�c�e�l�e�r�a�t�i�o�n� 
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�R�e�g�i�o�n� �I� 
� � � � 
� � 

�C�o�n�v�e�r�s�i�o�n� 

�F�i�g�u�r�e� �2�.�7�.� �E�f�f�e�c�t�s� �o�f� �a�u�t�o�a�c�c�e�l�e�r�a�t�i�o�n� �a�n�d� �v�i�t�r�i�f�i�c�a�t�i�o�n� �o�n� �t�h�e� �n�o�r�m�a�l�i�z�e�d� �r�a�t�e� �o�f� 
�p�o�l�y�m�e�r�i�z�a�t�i�o�n� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �c�o�n�v�e�r�s�i�o�n�.



�2�6� 

�a�r�g�u�m�e�n�t�s� �t�o� �m�o�d�i�f�y� �t�h�e� �t�e�r�m�i�n�a�t�i�o�n� �a�n�d� �p�r�o�p�a�g�a�t�i�o�n� �r�a�t�e� �c�o�n�s�t�a�n�t�s� �[�4�3�-�4�9�]�.� �O�v�e�r�a�l�l�,� �t�h�e�s�e� 

�m�o�d�e�l�s� �p�r�o�v�e�d� �h�i�g�h�l�y� �s�u�c�c�e�s�s�f�u�l� �i�n� �d�e�s�c�r�i�b�i�n�g� �b�o�t�h� �t�h�e� �g�e�l�-� �a�n�d� �g�l�a�s�s�-�e�f�f�e�c�t�s�.� �T�h�e�i�r� �m�a�j�o�r� 

�s�h�o�r�t�c�o�m�i�n�g�,� �h�o�w�e�v�e�r�,� �w�a�s� �t�h�e�i�r� �l�a�c�k� �o�f� �m�o�l�e�c�u�l�a�r� �l�e�v�e�l� �b�a�s�i�s�.� �M�o�d�e�l�s� �p�r�o�p�o�s�e�d� �b�y� �T�u�l�i�g� �a�n�d� 

�T�i�r�r�e�l�l� �[�3�3�]� �a�s� �w�e�l�l� �a�s� �R�u�s�s�e�l�l� �e�t� �a�l�.� �[�5�2�]� �a�t�t�e�m�p�t� �t�o� �a�d�d�r�e�s�s� �t�h�e� �g�e�l�-� �a�n�d� �g�l�a�s�s�-�e�f�f�e�c�t�s� �o�n� �a� �m�o�r�e� 

�f�u�n�d�a�m�e�n�t�a�l� �l�e�v�e�l�.� �I�n� �p�a�r�t�i�c�u�l�a�r�,� �t�h�e� �c�o�n�c�e�p�t�s� �o�f� �r�e�p�t�a�t�i�o�n� �w�e�r�e� �u�s�e�d� �t�o� �r�e�l�a�t�e� �t�h�e� �t�e�r�m�i�n�a�t�i�o�n� �r�a�t�e� 

�c�o�n�s�t�a�n�t� �t�o� �t�h�e� �d�i�f�f�u�s�i�o�n� �c�o�n�s�t�a�n�t� �o�f� �t�h�e� �g�r�o�w�i�n�g� �r�a�d�i�c�a�l� �c�h�a�i�n�.� 

�2�.�4�.�4�.� �|� �T�h�e�o�r�e�t�i�c�a�l� �P�r�e�d�i�c�t�i�o�n�s� �o�f� �G�e�l�-�P�o�i�n�t� �C�o�n�v�e�r�s�i�o�n�s� 

�T�h�e� �m�e�c�h�a�n�i�s�m� �o�f� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �d�r�a�m�a�t�i�c�a�l�l�y� �a�f�f�e�c�t�s� �g�e�l�-� �p�o�i�n�t� �c�o�n�v�e�r�s�i�o�n�s�.� �T�h�r�e�e� 

�m�e�c�h�a�n�i�s�m�s� �o�f� �n�e�t�w�o�r�k� �f�o�r�m�a�t�i�o�n� �a�r�e� �c�o�m�m�o�n�l�y� �m�o�d�e�l�e�d�:� 

�*� �S�t�e�p� �g�r�o�w�t�h� 

�¢� �V�u�l�c�a�n�i�z�a�t�i�o�n� �o�f� �c�h�a�i�n�s� 

�¢� �C�h�a�i�n� �g�r�o�w�t�h� 

�S�u�c�c�e�s�s�f�u�l� �m�o�d�e�l�s� �h�a�v�e� �b�e�e�n� �d�e�v�e�l�o�p�e�d� �t�o� �a�d�d�r�e�s�s� �t�h�e� �f�i�r�s�t� �t�w�o� �c�a�s�e�s�.� �T�h�e� �c�l�a�s�s�i�c�a�l� �m�o�d�e�l� �b�y� 

�F�l�o�r�y� �p�r�o�v�i�d�e�s� �a� �s�i�m�p�l�e� �r�e�l�a�t�i�o�n�s�h�i�p� �f�o�r� �c�a�l�c�u�l�a�t�i�n�g� �g�e�l�-�p�o�i�n�t� �c�o�n�v�e�r�s�i�o�n�s�,� �,�,� �k�n�o�w�i�n�g� �t�h�e� 

�m�o�n�o�m�e�r� �f�u�n�c�t�i�o�n�a�l�i�t�y�,� �f� �[�5�8�]�:� 
�1� �=�r� �(�2�.�5�3�)� 

�F�l�o�r�y�'�s� �t�h�e�o�r�y� �a�s�s�u�m�e�s� �e�q�u�a�l� �a�n�d� �i�n�d�e�p�e�n�d�e�n�t� �r�e�a�c�t�i�v�i�t�y� �o�f� �t�h�e� �f�u�n�c�t�i�o�n�a�l� �g�r�o�u�p�s� �u�n�d�e�r�g�o�i�n�g� 

�c�r�o�s�s�l�i�n�k�i�n�g�.� �F�u�r�t�h�e�r�m�o�r�e�,� �i�n�t�r�a�m�o�l�e�c�u�l�a�r� �c�r�o�s�s�l�i�n�k�i�n�g� �o�r� �c�y�c�l�i�z�a�t�i�o�n� �i�s� �n�e�g�l�e�c�t�e�d�.� 

�N�o�n�e�t�h�e�l�e�s�s�,� �t�h�i�s� �t�h�e�o�r�y� �w�o�r�k�s� �w�e�l�l� �f�o�r� �s�t�e�p� �g�r�o�w�t�h� �p�o�l�y�m�e�r�i�z�a�t�i�o�n�s� �o�f� �r�e�l�a�t�i�v�e�l�y� �l�o�w� �t�o� 

�m�o�d�e�r�a�t�e� �c�r�o�s�s�l�i�n�k� �d�e�n�s�i�t�y� �(�e�.�g�.� �e�p�o�x�y� �n�e�t�w�o�r�k�s�)�.� 

�L�e�s�s� �p�r�o�g�r�e�s�s�,� �h�o�w�e�v�e�r�,� �h�a�s� �b�e�e�n� �m�a�d�e� �i�n� �m�o�d�e�l�l�i�n�g� �c�h�a�i�n� �g�r�o�w�t�h� �p�o�l�y�m�e�r�i�z�a�t�i�o�n�s�.� 

�S�e�v�e�r�a�l� �a�p�p�r�o�a�c�h�e�s� �h�a�v�e� �b�e�e�n� �t�a�k�e�n�.� �M�i�l�l�e�r� �a�n�d� �M�a�c�o�s�k�o� �[�5�9�]� �t�r�e�a�t�e�d� �v�i�n�y�l� �a�n�d� �d�i�v�i�n�y�l� 

�c�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n�s� �h�a�v�i�n�g� �u�n�e�q�u�a�l� �a�n�d� �i�n�d�e�p�e�n�d�e�n�t� �v�i�n�y�l� �r�e�a�c�t�i�v�i�t�i�e�s�.� �F�i�g�u�r�e� �2�.�8� �i�n�d�i�c�a�t�e�s� �a� �g�e�l�-� 

�p�o�i�n�t� �c�o�n�v�e�r�s�i�o�n� �o�f� �l�e�s�s� �t�h�a�n� �f�i�v�e� �p�e�r�c�e�n�t� �f�o�r� �t�h�e� �c�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n� �o�f� �a� �v�i�n�y�l� �m�o�n�o�m�e�r� �w�i�t�h� �0�.�5
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�4�b� �|�l� �V�I�N�Y�L� �+� �D�I�V�I�N�Y�L� 

�~� �|� �C�H� �C�H�3� 
 �� �o�b� �|� �(�.�9�9�5�)� �H�o�C�=�C� �+� �(�.�0�0�5�)� �H�.�C� �=� �C�  ��»� �N�E�T�W�O�R�K� 

�o� �|� �C�=�0� �C�0� 
�=� �|� �0� �0� 
�2� �1�0� �C�H�,� �C�H�2� �4�3� �[�.�0� 

�é� �o�n�a� 
�N� �S�t� �9� �4�.�3� 

�r�a� �F�s� �C�=�O� 
�=� �|� �H�e�e� �°�F� �v�1� 
�>� �-� 
�5� �6�T�H� �"�,� �C�H�,� �P�i� �x�g�)� �7� �6� 

�e� �|� �v�7� �"� 

�5� �4�r� �|�  �� �4�.�4� 

 ��7� �P�(�x�a�)� �J� 
�|� �-� �3� 

�B�  ��~�*�~� �~�_ ��_ ��o�n� 

�T�G�)� �2� �/� �_�-�~�  ��_�<�- � �� �-� �2� 

�U�J� �<� �|� �e�T� �~�~� 

�0� �a� �|� �b�a� �i� �r� �=� �+�  ��  �� �0� 

�0� �P�g� �J� �2� �3� �4� �5� �6� �7� �8� �9� �1�.�0� 

�p�,� �E�X�T�E�N�T� �O�F� �R�E�A�C�T�I�O�N� 

�F�i�g�u�r�e� �2�.�8�.� �P�r�e�d�i�c�t�i�o�n� �o�f� �g�e�l�-�p�o�i�n�t� �c�o�n�v�e�r�s�i�o�n� �f�o�r� �a� �v�i�n�y�l� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �c�o�n�t�a�i�n�i�n�g� �0�.�5� �m�o�l�e� 
�p�e�r�c�e�n�t� �d�i�v�i�n�y�l� �m�a�t�e�r�i�a�l�.� �(�R�e�p�r�i�n�t�e�d� �f�r�o�m� �R�e�f�.� �5�9�.�)



�2�8� 

�m�o�l�e� �p�e�r�c�e�n�t� �d�i�v�i�n�y�l� �m�a�t�e�r�i�a�l�.� �S�i�n�c�e� �t�h�e� �m�o�d�e�l� �o�f� �M�i�l�l�e�r� �a�n�d� �M�a�c�o�s�k�o� �c�a�n�n�o�t� �d�e�s�c�r�i�b�e� 

�c�y�c�l�i�z�a�t�i�o�n� �e�f�f�e�c�t�s�,� �c�a�l�c�u�l�a�t�i�o�n�s� �f�o�r� �h�i�g�h�e�r� �a�m�o�u�n�t�s� �o�f� �m�u�l�t�i�f�u�n�c�t�i�o�n�a�l� �m�a�t�e�r�i�a�l� �a�r�e� �n�o�t� �p�o�s�s�i�b�l�e�.� 

�D�u�s�e�k� �e�t� �a�l�.� �h�a�v�e� �a�t�t�e�m�p�t�e�d� �t�o� �i�n�c�o�r�p�o�r�a�t�e� �c�y�c�l�i�z�a�t�i�o�n� �e�f�f�e�c�t�s� �i�n�t�o� �t�h�e�i�r� �m�e�a�n�-�f�i�e�l�d� �m�o�d�e�l�s� 

�d�e�s�c�r�i�b�i�n�g� �c�h�a�i�n� �g�r�o�w�t�h� �c�r�o�s�s�l�i�n�k�i�n�g�.� �D�u�s�e�k� �p�r�e�d�i�c�t�s� �[�6�0�,� �6�1�]� �t�h�a�t� �t�h�e� �g�e�l�-�p�o�i�n�t� �c�o�n�v�e�r�s�i�o�n� �f�o�r� 

�t�h�e� �c�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n� �o�f� �e�q�u�a�l� �a�m�o�u�n�t�s� �o�f� �s�t�y�r�e�n�e� �a�n�d� �d�i�v�i�n�y�l�b�e�n�z�e�n�e� �o�c�c�u�r�s� �a�t� �3�.�6� �p�e�r�c�e�n�t�.� �T�h�e� 

�m�e�a�n�-�f�i�e�l�d� �m�o�d�e�l�s�,� �h�o�w�e�v�e�r�,� �d�o� �n�o�t� �t�r�e�a�t� �r�a�d�i�c�a�l� �i�s�o�l�a�t�i�o�n� �o�r� �s�h�i�e�l�d�i�n�g� �o�f� �p�e�n�d�e�n�t� �f�u�n�c�t�i�o�n�a�l� 

�g�r�o�u�p�s�.� �F�u�r�t�h�e�r�m�o�r�e�,� �t�h�e� �m�o�d�e�l� �a�s�s�u�m�e�s� �u�n�r�e�s�t�r�i�c�t�e�d� �c�h�a�i�n� �f�l�e�x�i�b�i�l�i�t�y�.� �P�e�r�c�o�l�a�t�i�o�n� �m�o�d�e�l�s� 

�h�a�v�e� �a�l�s�o� �b�e�e�n� �d�e�v�e�l�o�p�e�d� �t�o� �d�e�s�c�r�i�b�e� �n�e�t�w�o�r�k� �f�o�r�m�a�t�i�o�n� �b�y� �c�h�a�i�n� �g�r�o�w�t�h� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �[�6�2�-� 

�6�4�]�.� �T�h�e� �a�d�v�a�n�t�a�g�e�s� �o�f� �p�e�r�c�o�l�a�t�i�o�n� �m�o�d�e�l�s� �a�r�e� �t�h�a�t� �c�y�c�l�i�z�a�t�i�o�n� �e�f�f�e�c�t�s� �a�n�d� �r�a�d�i�c�a�l� �i�s�o�l�a�t�i�o�n� �c�a�n� 

�b�e� �m�o�d�e�l�e�d� �f�o�r� �h�i�g�h� �c�o�n�t�e�n�t�s� �o�f� �m�u�l�t�i�f�u�n�c�t�i�o�n�a�l� �m�a�t�e�r�i�a�l�s� �t�h�r�o�u�g�h�o�u�t� �t�h�e� �e�n�t�i�r�e� �c�o�n�v�e�r�s�i�o�n� 

�d�o�m�a�i�n�.� �F�i�g�u�r�e� �2�.�9� �d�e�p�i�c�t�s� �t�h�e� �p�r�e�d�i�c�t�e�d� �n�e�t�w�o�r�k� �s�t�r�u�c�t�u�r�e� �o�f� �a� �m�u�l�t�i�f�u�n�c�t�i�o�n�a�l� �m�o�n�o�m�e�r� �u�s�i�n�g� 

�B�o�o�t�'�s� �m�o�d�i�f�i�e�d� �p�e�r�c�o�l�a�t�i�o�n� �m�o�d�e�l� �[�6�2�]�.� �C�a�l�c�u�l�a�t�i�o�n�s� �h�a�v�e� �a�l�s�o� �b�e�e�n� �p�e�r�f�o�r�m�e�d� �c�o�n�s�i�d�e�r�i�n�g� 

�t�h�r�e�e� �d�i�m�e�n�s�i�o�n�a�l� �m�o�d�e�l�s� �b�y� �K�l�o�o�s�t�e�r�b�o�e�r� �[�6�5�]�.� 

�T�h�e� �c�o�n�c�e�p�t�s� �o�f� �f�r�e�e� �v�o�l�u�m�e� �a�r�e� �o�f�t�e�n� �u�s�e�d� �t�o� �d�e�s�c�r�i�b�e� �t�h�e� �g�l�a�s�s� �t�r�a�n�s�i�t�i�o�n� �[�1�,� �6�6�]�;� 

�h�o�w�e�v�e�r�,� �t�h�e�y� �h�a�v�e� �b�e�e�n� �u�s�e�d� �m�o�r�e� �r�e�c�e�n�t�l�y� �t�o� �d�e�s�c�r�i�b�e� �t�h�e� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �k�i�n�e�t�i�c�s� �o�f� �d�i�f�f�u�s�i�o�n�-� 

�l�i�m�i�t�e�d� �r�e�a�c�t�i�o�n�s� �[�4�2�-�4�9�]�.� �F�r�e�e� �v�o�l�u�m�e� �b�e�h�a�v�i�o�r� �i�s� �p�a�r�t�i�c�u�l�a�r�l�y� �p�e�r�t�i�n�e�n�t� �t�o� �t�h�e� �s�t�u�d�y� �o�f� �r�a�d�i�a�t�i�o�n� 

�c�u�r�e�d� �m�a�t�e�r�i�a�l�s� �s�i�n�c�e� �v�i�t�r�i�f�i�c�a�t�i�o�n� �m�a�y� �b�e� �r�e�s�p�o�n�s�i�b�l�e� �f�o�r� �c�o�n�t�r�o�l�l�i�n�g� �t�h�e� �u�l�t�i�m�a�t�e� �c�h�e�m�i�c�a�l� 

�c�o�n�v�e�r�s�i�o�n� �o�f� �t�h�e� �r�e�a�c�t�i�v�e� �v�i�n�y�l� �g�r�o�u�p�s�.� �F�o�r� �e�x�a�m�p�l�e�,� �p�h�o�t�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n� �o�f� 

�t�r�i�m�e�t�h�y�l�o�l�p�r�o�p�a�n�e� �t�r�i�a�c�r�y�l�a�t�e� �(�T�M�P�T�A�)� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �r�e�s�u�l�t�s� �i�n� �a� �m�a�x�i�m�u�m� �o�f� �4�3� �t�o� �4�7� 

�p�e�r�c�e�n�t� �c�o�n�v�e�r�s�i�o�n� �o�f� �t�h�e� �r�e�a�c�t�i�v�e� �v�i�n�y�l� �g�r�o�u�p�s� �[�6�7�-�7�0�]�.� �F�r�e�e� �v�o�l�u�m�e� �i�s� �d�e�f�i�n�e�d� �a�s� �t�h�e� 

�d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �a� �p�o�l�y�m�e�r�'�s� �m�a�c�r�o�s�c�o�p�i�c� �v�o�l�u�m�e� �a�n�d� �i�t�s� �o�c�c�u�p�i�e�d� �v�o�l�u�m�e�,� �w�h�i�c�h� �i�s� 

�d�e�f�i�n�e�d� �b�y� �v�a�n� �d�e�r� �W�a�a�l�s� �r�a�d�i�i� �a�n�d� �t�h�e� �v�o�l�u�m�e� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �v�i�b�r�a�t�i�o�n�a�l� �m�o�t�i�o�n�.� �F�i�g�u�r�e� �2�.�1�0� 

�s�h�o�w�s� �s�c�h�e�m�a�t�i�c�a�l�l�y� �t�h�e� �r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �v�o�l�u�m�e� �a�n�d� �t�e�m�p�e�r�a�t�u�r�e�.� �T�h�e� �o�c�c�u�p�i�e�d� �v�o�l�u�m�e� 

�i�n�c�r�e�a�s�e�s� �l�i�n�e�a�r�l�y� �w�i�t�h� �t�e�m�p�e�r�a�t�u�r�e� �a�s� �i�n�c�r�e�a�s�e�d� �e�n�e�r�g�y� �r�e�s�u�l�t�s� �i�n� �g�r�e�a�t�e�r� �v�i�b�r�a�t�i�o�n�a�l� �m�o�t�i�o�n�.� �T�h�e� 

�s�u�d�d�e�n� �i�n�c�r�e�a�s�e� �i�n� �m�a�c�r�o�s�c�o�p�i�c� �v�o�l�u�m�e� �a�t� �T�,� �(�p�o�i�n�t� �o�f� �d�i�s�c�o�n�t�i�n�u�i�t�y�)� �i�s� �t�h�e�n� �a�t�t�r�i�b�u�t�e�d� �t�o� �a�n� 

�i�n�c�r�e�a�s�e� �i�n� �t�h�e� �p�o�l�y�m�e�r ��s� �f�r�e�e� �v�o�l�u�m�e� �a�s� �t�h�e� �f�o�r�c�e�s� �l�i�m�i�t�i�n�g� �m�o�t�i�o�n� �a�r�e� �o�v�e�r�c�o�m�e� �a�n�d� �r�e�l�a�x�a�t�i�o�n
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�2� �4� �j�e�l� �P�a�p�e� �S�e� 
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� � � � 
�U� �a� �O�e� �i�S� �2� 

�c�y�  �� �=�<�4�-� �w�o�u� �s�t�e�]� �F�a� �9�M� 
�»� �o�n� �o�e� �)� �f�a� �e�e� �W�I�S� �r�e�r� �c�e� �a�a� �A� �C�E�S�:� �_� �i� �f�a�z� �5� �=� �S�P� �G�b� 

�b�a� �l�e�a� �F�N� �G�l�g� �w�p�e� �u�n�g� �|� �a�0� �S�e�i� �h�a�a�)� �[�A�L� �a� �e�a�e� �p�e�a�e� �l�a� �a�i�e� �i�c�e� �A�e� �M�e� �i�y� 
�b�u�p�a�i�s�l� �©�  ��1� �T�e�a�l� �o�e� �a�e� �a� �s�u�r�e� �V�T� �n�e� �+� �o�y� �F�u�s�e� �S�e�v�o�c�k� �o�w� �a�y� �P�i�e� �-� �e�e�u� �-� �f�o�!� �e�t� �:� 
�c�v� �e�s� �S�e�t� �f�e�y� �a� �a� �O�F� �A�,� �y�p�  ��4� �m�e� �i� �D�e� �M�a�n�e� �E�S� �T�B� �T�e�a�h�y� �i�e�,� 

�F�e�e�d�s� �l�e�e� �O�t� �D�a�k� �e�e� �B�S�I� �i�e� �e�a� �a�e� �o�e� �h�e� �e�o� �a� 
�S�H� �p�a�a�r� �t�e� �t�e�e� �W�e� �n�t� �a� �e�r� �4� �i�n�t�e� �p�e�e� �T�a�o� �a�l�e�  ��m�S� �S�y� �e�e� �S�s�h�.� �e�y� �o�n�d� 

�F�e� �S�t�e�a�l� �2� �=�A� �A�p�t� �w�e�a� �S�y� �e�o�f� �o�Y� �M�o�e� �g�t�i� �T�e� �p�e�t�e� �t�e�r�k�e� �a� �N�d� �E�L�S� 

�p�o�r�e� �p�e�w� �a�S� �S�t�e�e� �H�e� �e�t�s�y� �b�e�y� �e�n� �W�i�s�s�e� �e�a� �a�s� �P�o�p�e� �a�t�e�s� 
�L�a�a�t� �i�e� �e�g�i�e�r�e�,� �S�o� �E�e� �a� �p�e�d�i� �t�y� �i� �s�e�t� �d�e�l�e� �S�e� 

�e�s� �e�i� �S�t�e�a�l� �t�i�e�r� �S�a�t� �a�r�t� �a�a� �F�e� �H�y� �g�e� �a�3� �S�T� �t�e�e� �S�u�l� �l�a�t�e�s� �T�a�t�s� 
�i�n�a�t�e� �S�E� �e�t�e� �a�s�)� �P�E�A� �S�a� �d�e� �a� �T�e� �s�a�d�e�!� �h�e� 

�a�A� �d�i�d� �r�y�  ��_� �=�  ��e� �'� �~� �t�h� �"� 

�T�i�t� �a�=� �E�e� �v�=� �+�,� �E�S� �2� �L�i�e� �t�a� �J�a�y�p�e�e� �f�y� �y�u� �o�y� �p�-�R� �t� �e�e� �a�f� �a�e�s� �e�e� �¢� �h�y� 

�f�l� �S�o�!�  ��*� �}� �i�.� �f�u�r� �8� �r�a� �n� �a�t� �y�h� �a� �P�a�s�t�,� �S�t�a�s� �2� �-�?� �S�e�s� �o�-�f�e�s� �e�t�e� �a� �<�1� 
�~� �t�e� �H�i�r�i� �g�h� �o�s�e� �.� �4� �b�k� �u� �p� �n�F� �e�e�s� �n�g�,� �a�e� �=�e�  �� �=� 

�N�e�e� �h�o�l�s�.� �u�e� �M�n�  ��i�z� �a� �f�4�,�4�5� �|� �S�E�R�S� �h�e� �-� �=� �e�S� �a�e� �o�d�e� �a�!� �T�a�g�e� �'� �a�n�i�t� �2�'�s� 

�e�e� �a� �I�T�T� �S�e�c�r�e�t� �e�e�n� �B�E�N� �p�a� �A�e� �e�i� �o�e� 
 ��a� �m�i�e� �t� �a�i�t� �l�e�e� �¥�%� �r� �r�i� �+� �&� �u�y�  �� �G�i� �a�r�e�a�s� �t�o�a� �T�i�g� �p�H� �E�e� �i�l�s�.� �2�4�e�r�s� 

�4�3�.�7� �d�u�p�e�d� �A�L� �T�e�o� �a�h� �r�i�a� �j�e�n�n�a� �L�L� �a�t� �p�e�u�r� �a�s�s�  ��r�a�r�e� 

�z� �e�i�s� �t�a�L�S�,� �S�o�p� �t�i�t�y� �b�e�e�s� �e�p�i� �a�i�n� �B�r�a� �h�s� �a�t� �t�i�e� �S�2�9� �i�k� �e�e� �S�E� �P�1� �r�t�e� 
�a� �r�e� �.� �=� �-�  �� �;� �-�'�,� 
�H�A� �S�h�e�r� �h�s� �f�l�e�e�a� �t�h�i�s� �§� �=� �e�e� �Y�a�e�l� �U�N� �e�n�e� �t�e�e� �U�e�d�i�s�y� �S�u�e� 

�M�a�r�a�n� �F�e� �A�e� �e�g�e�s�t�a�s� �G�e�e� �o�n�t� �p�a� �B�a�l�e� �a� �a�t�h� �F�g� �h�y� �i�e� �e�T� �e�t�s� 
�n�a�t�e� �a�2� �s�o� �E�T� �F�i� �a�b� �O�e�!� �A�v�e� �B�e�t�a� �C�e�r� �i�t� �o�t� �i� �i� �n�i�g�h�t� �n�n�  ��g�l� �S�z� �M�i�s�h� �o�y� �4� � � � � 

�F�i�g�u�r�e� �2�.�9�.� �P�e�r�c�o�l�a�t�i�o�n� �m�o�d�e�l� �p�r�e�d�i�c�t�i�o�n�s� �o�f� �n�e�t�w�o�r�k� �s�t�r�u�c�t�u�r�e� �a�t� �t�h�e� �p�o�i�n�t� �o�f� �2�5� �p�e�r�c�e�n�t� 
�c�o�n�v�e�r�s�i�o�n� �f�o�r� �v�a�r�i�o�u�s� �k�i�n�e�t�i�c� �c�h�a�i�n� �l�e�n�g�t�h�s�:� �(�a�)� �k�i�n�e�t�i�c� �l�e�n�g�t�h� �n�e�c�e�s�s�a�r�y� �t�o� �t�r�a�p� 
�t�h�e� �g�r�o�w�i�n�g� �c�h�a�i�n� �i�n� �t�h�e� �m�a�t�r�i�x�;� �(�b�)� �2�0� �s�t�e�p�s�;� �(�c�)� �2� �s�t�e�p�s�;� �(�d�)� �s�t�e�p� �g�r�o�w�t�h� 
�p�o�l�y�m�e�r�i�z�a�t�i�o�n� �o�f� �a� �t�e�t�r�a�f�u�n�c�t�i�o�n�a�l� �m�o�n�o�m�e�r�.� �(�R�e�p�r�i�n�t�e�d� �f�r�o�m� �R�e�f�.� �6�2�.�)� 
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�T�e�m�p�e�r�a�t�u�r�e� 

�F�i�g�u�r�e� �2�.�1�0�.� �S�c�h�e�m�a�t�i�c� �d�e�p�i�c�t�i�o�n� �o�f� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �d�e�p�e�n�d�e�n�c�e� �o�f� �a� �p�o�l�y�m�e�r�'�s� �m�a�c�r�o�s�c�o�p�i�c� 
�a�n�d� �o�c�c�u�p�i�e�d� �v�o�l�u�m�e�s�.� �T�h�e� �d�i�s�t�a�n�c�e� �b�e�t�w�e�e�n� �t�h�e� �c�u�r�v�e�s� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �a�v�a�i�l�a�b�l�e� 
�f�r�e�e� �v�o�l�u�m�e�.



�3�1� 

�t�i�m�e�s� �f�o�r� �c�o�o�p�e�r�a�t�i�v�e� �m�o�t�i�o�n� �r�a�p�i�d�l�y� �d�e�c�r�e�a�s�e� �.� �T�h�e� �g�l�a�s�s� �t�r�a�n�s�i�t�i�o�n� �i�s� �t�h�e�r�e�f�o�r�e� �r�e�l�a�t�e�d� �t�o� �t�h�e� 

�f�r�a�c�t�i�o�n�a�l� �f�r�e�e� �v�o�l�u�m�e� �(�f� �=� �V�¢�/�V�)� �v�i�a�:� 

�f�=� �f�,�+� �a� �d�T� �-�T�)� �(�2�.�5�4�)� 

�w�h�e�r�e� �f�,� �i�s� �t�h�e� �f�r�a�c�t�i�o�n�a�l� �f�r�e�e� �v�o�l�u�m�e� �a�t� �T�y� �(�~� �0�.�0�2�5� �+� �0�.�0�0�3�)� �a�n�d� �o�f� �i�s� �t�h�e� �t�h�e�r�m�a�l� �e�x�p�a�n�s�i�o�n� 

�c�o�e�f�f�i�c�i�e�n�t� �o�f� �f�r�e�e� �v�o�l�u�m�e�.� 

�2�.�4�.�5�.� �K�i�n�e�t�i�c� �B�e�h�a�v�i�o�r� �o�f� �I�m�a�g�i�n�g� �S�y�s�t�e�m�s�:� �R�e�c�i�p�r�o�c�i�t�y� �C�o�n�c�e�p�t�s� 

�T�h�e� �r�e�c�i�p�r�o�c�i�t�y� �l�a�w� �s�t�a�t�e�s� �t�h�a�t� �[�7�1�]�:� 

�"�T�h�e� �p�h�o�t�o�g�r�a�p�h�i�c� �e�f�f�e�c�t� �(�e�.�g�.� �i�m�a�g�e� �d�e�n�s�i�t�y�)� �i�s� �d�e�p�e�n�d�e�n�t� �o�n�l�y� �o�n� �t�h�e� �t�o�t�a�l� 

�q�u�a�n�t�i�t�y� �o�f� �e�n�e�r�g�y� �s�u�p�p�l�i�e�d� �t�o� �t�h�e� �p�h�o�t�o�g�r�a�p�h�i�c� �m�a�t�e�r�i�a�l�,� �i�n�d�e�p�e�n�d�e�n�t� �o�f� �t�h�e� 

�c�o�m�p�o�n�e�n�t�s� �o�f� �e�x�p�o�s�u�r�e� �(�i�n�t�e�n�s�i�t�y� �a�n�d� �t�i�m�e�)�. �� 

�R�e�c�i�p�r�o�c�i�t�y� �b�e�h�a�v�i�o�r� �i�s� �o�f�t�e�n� �s�t�u�d�i�e�d� �b�y� �a�n�a�l�y�z�i�n�g� �t�h�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c� �c�u�r�v�e�s�,� �r�e�f�e�r�r�e�d� �t�o� �a�s� �D�-�l�o�g� 

�H� �c�u�r�v�e�s�,� �d�e�p�i�c�t�i�n�g� �i�m�a�g�e� �d�e�n�s�i�t�y� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �e�x�p�o�s�u�r�e� �i�n�t�e�n�s�i�t�y�.� �F�i�g�u�r�e� �2�.�1�1� 

�s�c�h�e�m�a�t�i�c�a�l�l�y� �i�l�l�u�s�t�r�a�t�e�s� �a� �D�-�l�o�g� �H� �c�u�r�v�e�.� �I�n� �t�e�r�m�s� �o�f� �i�m�a�g�e� �d�e�n�s�i�t�y�,� �a�d�h�e�r�e�n�c�e� �t�o� �r�e�c�i�p�r�o�c�i�t�y� 

�r�e�q�u�i�r�e�s� �t�h�a�t� �t�h�e� �D�-�l�o�g� �H� �c�u�r�v�e� �n�o�t� �c�h�a�n�g�e� �s�h�a�p�e� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �e�x�p�o�s�u�r�e� �t�i�m�e�.� �F�u�r�t�h�e�r�m�o�r�e�,� �a� 

�o�n�e� �d�e�c�a�d�e� �c�h�a�n�g�e� �i�n� �e�x�p�o�s�u�r�e� �t�i�m�e� �m�u�s�t� �b�e� �a�c�c�o�m�p�a�n�i�e�d� �b�y� �a� �o�n�e� �d�e�c�a�d�e� �s�h�i�f�t� �o�f� �t�h�e� �D�-�l�o�g� �H� 

�c�u�r�v�e� �o�n� �t�h�e� �i�n�t�e�n�s�i�t�y� �a�x�i�s�.� �A�d�h�e�r�e�n�c�e� �t�o� �r�e�c�i�p�r�o�c�i�t�y� �i�s� �c�r�u�c�i�a�l� �i�n� �p�h�o�t�o�g�r�a�p�h�i�c� �s�y�s�t�e�m�s� �b�e�c�a�u�s�e� 

�e�x�p�o�s�u�r�e�s� �a�r�e� �b�a�s�e�d� �o�n� �a� �o�n�e�-�t�o�-�o�n�e� �c�o�r�r�e�s�p�o�n�d�e�n�c�e� �b�e�t�w�e�e�n� �i�n�t�e�n�s�i�t�y� �a�n�d� �t�i�m�e� �(�i�.�e�.� �l�o�g� �E� �=� �l�o�g� 

�I� �+� �l�o�g� �t�)�.� �F�o�r� �e�x�a�m�p�l�e�,� �a� �o�n�e� �f�-�s�t�o�p� �d�e�c�r�e�a�s�e� �o�n� �a� �c�a�m�e�r�a� �d�o�u�b�l�e�s� �t�h�e� �e�x�p�o�s�u�r�e� �i�n�t�e�n�s�i�t�y�.� �A� 

�s�u�b�s�e�q�u�e�n�t� �h�a�l�v�i�n�g� �o�f� �t�h�e� �s�h�u�t�t�e�r� �s�p�e�e�d� �p�r�o�v�i�d�e�s� �t�h�e� �o�r�i�g�i�n�a�l� �n�u�m�b�e�r� �o�f� �p�h�o�t�o�n�s� �a�n�d� �t�h�u�s� �w�o�u�l�d� 

�e�x�p�e�c�t� �t�o� �p�r�o�d�u�c�e� �t�h�e� �o�r�i�g�i�n�a�l� �i�m�a�g�e� �d�e�n�s�i�t�y�,� �a�s�s�u�m�i�n�g� �a�d�h�e�r�e�n�c�e� �t�o� �t�h�e� �r�e�c�i�p�r�o�c�i�t�y� �l�a�w�.� 

�A� �c�o�m�m�o�n� �m�e�t�h�o�d� �o�f� �v�e�r�i�f�y�i�n�g� �r�e�c�i�p�r�o�c�i�t�y� �c�o�m�p�l�i�a�n�c�e� �i�s� �t�o� �p�l�o�t� �t�h�e� �e�x�p�o�s�u�r�e� �(�l�o�g� �I� �+� �l�o�g� 

�t�)� �n�e�c�e�s�s�a�r�y� �t�o� �p�r�o�d�u�c�e� �a� �g�i�v�e�n� �i�m�a�g�e� �d�e�n�s�i�t�y� �v�e�r�s�u�s� �t�h�e� �e�x�p�o�s�u�r�e� �v�a�r�i�a�b�l�e�s� �(�l�o�g� �I� �a�n�d� �l�o�g� �t�)�.� 

�I�d�e�a�l�l�y�,� �t�h�e� �p�a�r�t�i�c�u�l�a�r� �c�o�m�b�i�n�a�t�i�o�n� �o�f� �e�x�p�o�s�u�r�e� �i�n�t�e�n�s�i�t�y� �a�n�d� �t�i�m�e� �u�s�e�d� �t�o� �m�a�i�n�t�a�i�n� �a� �g�i�v�e�n� 

�n�u�m�b�e�r� �o�f� �p�h�o�t�o�n�s� �f�o�r� �e�x�p�o�s�u�r�e� �s�h�o�u�l�d� �n�o�t� �e�f�f�e�c�t� �t�h�e� �r�e�s�u�l�t�a�n�t� �i�m�a�g�e� �d�e�n�s�i�t�y�.� �S�c�h�e�m�a�t�i�c�a�l�l�y�,� 

�t�h�i�s� �i�s� �r�e�p�r�e�s�e�n�t�e�d� �b�y� �C�u�r�v�e� �a� �i�n� �F�i�g�u�r�e� �2�.�1�2�.� �R�e�c�i�p�r�o�c�i�t�y� �f�a�i�l�u�r�e� �p�r�o�d�u�c�e�s� �a� �n�o�n�-�l�i�n�e�a�r� �c�u�r�v�e�,
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�L�o�g� �E�x�p�o�s�u�r�e� �I�n�t�e�n�s�i�t�y� 

�F�i�l�t�e�r� �D�e�n�s�i�t�y� 

� � 

�F�i�g�u�r�e� �2�.�1�1�.� �S�c�h�e�m�a�t�i�c� �D�-�l�o�g� �H� �c�u�r�v�e� �d�e�p�i�c�t�i�n�g� �t�h�e� �e�f�f�e�c�t� �o�f� �e�x�p�o�s�u�r�e� �i�n�t�e�n�s�i�t�y� �a�n�d� �t�i�m�e� �o�n� 
�i�m�a�g�e� �d�e�n�s�i�t�y�.
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�L�o�g� �E�x�p�o�s�u�r�e� �I�n�t�e�n�s�i�t�y� 

�F�i�l�t�e�r� �D�e�n�s�i�t�y� 

� � 

�F�i�g�u�r�e� �2�.�1�2�.� �S�c�h�e�m�a�t�i�c� �i�l�l�u�s�t�r�a�t�i�o�n� �o�f� �r�e�c�i�p�r�o�c�i�t�y� �b�e�h�a�v�i�o�r�:� �(�a�)� �i�d�e�a�l�;� �(�b�)� �f�a�i�l�u�r�e�.� �T�h�e� �o�r�d�i�n�a�t�e� 
�c�o�r�r�e�s�p�o�n�d�s� �t�o� �t�h�e� �n�u�m�b�e�r� �o�f� �p�h�o�t�o�n�s� �n�e�c�e�s�s�a�r�y� �t�o� �m�a�i�n�t�a�i�n� �a� �g�i�v�e�n� �i�m�a�g�e� 
�d�e�n�s�i�t�y�.



�3�4� 

�a�s� �i�l�l�u�s�t�r�a�t�e�d� �b�y� �C�u�r�v�e� �b�.� �F�o�r� �e�x�a�m�p�l�e�,� �h�i�g�h� �i�n�t�e�n�s�i�t�y� �e�x�p�o�s�u�r�e�s� �m�a�y� �r�e�q�u�i�r�e� �m�o�r�e� �p�h�o�t�o�n�s� �t�o� 

�m�a�i�n�t�a�i�n� �t�h�e� �s�a�m�e� �i�m�a�g�e� �d�e�n�s�i�t�y�.� 

�V�a�r�i�o�u�s� �s�o�u�r�c�e�s� �o�f� �r�e�c�i�p�r�o�c�i�t�y� �f�a�i�l�u�r�e� �h�a�v�e� �b�e�e�n� �r�e�p�o�r�t�e�d� �[�7�1�,� �7�2�]�.� �A�m�e�y� �[�7�3�]� �h�a�s� �s�h�o�w�n� 

�t�h�e� �d�r�a�m�a�t�i�c� �e�f�f�e�c�t�s� �o�f� �o�x�y�g�e�n� �o�n� �t�h�e� �M�e�a�d� �M�i�c�r�o�e�n�c�a�p�s�u�l�a�t�e�d� �I�m�a�g�i�n�g� �S�y�s�t�e�m� �[�7�4�]�,� �a�s� �s�h�o�w�n� 

�i�n� �F�i�g�u�r�e� �2�.�1�3�.� �T�h�e� �e�n�e�r�g�y� �n�e�c�e�s�s�a�r�y� �t�o� �p�r�o�d�u�c�e� �t�h�e� �f�i�r�s�t� �d�e�t�e�c�t�a�b�l�e� �c�h�a�n�g�e�s� �i�n� �i�m�a�g�e� �d�e�n�s�i�t�y� 

�i�n�c�r�e�a�s�e�d� �b�y� �m�o�r�e� �t�h�a�n� �a� �f�a�c�t�o�r� �o�f� �t�e�n� �f�o�r� �v�e�r�y� �l�o�n�g� �t�i�m�e� �e�x�p�o�s�u�r�e�s�.� �A�m�e�y� �f�o�u�n�d� �t�h�a�t� �b�e�c�a�u�s�e� 

�t�h�e� �m�i�c�r�o�c�a�p�s�u�l�e� �w�a�l�l�s� �s�u�r�r�o�u�n�d�i�n�g� �t�h�e� �p�h�o�t�o�s�e�n�s�i�t�i�v�e� �c�o�m�p�o�s�i�t�i�o�n� �o�f� �a�c�r�y�l�a�t�e�s�,� �l�e�u�c�o� �d�y�e�,� �a�n�d� 

�p�h�o�t�o�i�n�i�t�i�a�t�o�r� �w�e�r�e� �o�x�y�g�e�n� �p�e�r�m�e�a�b�l�e�,� �l�o�n�g�e�r� �e�x�p�o�s�u�r�e� �t�i�m�e�s� �r�e�s�u�l�t�e�d� �i�n� �g�r�e�a�t�e�r� �a�m�o�u�n�t�s� �o�f� 

�o�x�y�g�e�n� �t�o� �b�e� �c�o�n�s�u�m�e�d� �d�u�r�i�n�g� �i�r�r�a�d�i�a�t�i�o�n� �a�n�d� �t�h�u�s� �l�e�d� �t�o� �r�e�c�i�p�r�o�c�i�t�y� �f�a�i�l�u�r�e�.� 

�T�h�e� �a�c�t�u�a�l� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �m�e�c�h�a�n�i�s�m� �i�s� �a�n�o�t�h�e�r� �f�a�c�t�o�r� �d�r�a�m�a�t�i�c�a�l�l�y� �a�f�f�e�c�t�i�n�g� �r�e�c�i�p�r�o�c�i�t�y� 

�b�e�h�a�v�i�o�r� �i�n� �p�h�o�t�o�p�o�l�y�m�e�r� �b�a�s�e�d� �i�m�a�g�i�n�g� �s�y�s�t�e�m�s�.� �C�o�n�s�i�d�e�r� �t�h�a�t� �c�h�e�m�i�c�a�l� �c�o�n�v�e�r�s�i�o�n� �i�s� �t�h�e� 

�p�a�r�a�m�e�t�e�r� �t�o� �j�u�d�g�e� �r�e�c�i�p�r�o�c�i�t�y� �b�e�h�a�v�i�o�r� �i�n�s�t�e�a�d� �o�f� �i�m�a�g�e� �d�e�n�s�i�t�y�.� �H�e�n�c�e�,� �F�i�g�u�r�e� �2�.�4�a� �d�e�p�i�c�t�s� �t�h�e� 

�r�e�c�i�p�r�o�c�i�t�y� �s�u�r�f�a�c�e� �o�f� �a� �p�h�o�t�o�p�o�l�y�m�e�r� �b�a�s�e�d� �i�m�a�g�i�n�g� �s�y�s�t�e�m� �o�b�e�y�i�n�g� �t�h�e� �c�l�a�s�s�i�c�a�l� 

�p�h�o�t�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n� �k�i�n�e�t�i�c�s� �d�i�s�c�u�s�s�e�d� �i�n� �S�e�c�t�i�o�n� �2�.�4�.�2�.� �I�t� �i�s� �i�m�p�o�r�t�a�n�t� �t�o� �n�o�t�e� �t�h�a�t� 

�t�h�e�o�r�e�t�i�c�a�l�l�y�,� �c�o�n�v�e�r�s�i�o�n� �d�e�p�e�n�d�s� �u�p�o�n� �i�n�t�e�n�s�i�t�y� �t�o� �t�h�e� �h�a�l�f� �p�o�w�e�r� �a�n�d� �t�i�m�e� �t�o� �t�h�e� �f�i�r�s�t� �p�o�w�e�r�.� 

�T�h�i�s� �d�e�p�e�n�d�e�n�c�e� �i�s� �i�n� �c�o�n�f�l�i�c�t� �w�i�t�h� �t�h�e� �r�e�c�i�p�r�o�c�i�t�y� �l�a�w� �r�e�l�a�t�i�n�g� �i�m�a�g�e� �d�e�n�s�i�t�y� �t�o� �e�x�p�o�s�u�r�e� 

�i�n�t�e�n�s�i�t�y� �a�n�d� �t�i�m�e� �t�o� �t�h�e� �f�i�r�s�t� �p�o�w�e�r�.� �C�r�o�s�s�-�s�e�c�t�i�o�n�i�n�g� �t�h�e� �t�h�e�o�r�e�t�i�c�a�l� �c�o�n�v�e�r�s�i�o�n� �b�a�s�e�d� 

�r�e�c�i�p�r�o�c�i�t�y� �s�u�r�f�a�c�e� �(�F�i�g�u�r�e� �2�.�4�a�)� �h�o�l�d�i�n�g� �e�x�p�o�s�u�r�e� �c�o�n�s�t�a�n�t� �p�r�o�d�u�c�e�s� �a� �s�i�g�m�o�i�d�a�l� �c�u�r�v�e�.� �T�h�i�s� 

�c�a�n� �b�e� �v�i�s�u�a�l�i�z�e�d� �b�y� �t�r�a�c�i�n�g� �a� �r�a�y� �f�r�o�m� �t�h�e� �u�p�p�e�r� �c�o�m�e�r� �o�f� �t�h�e� �p�l�o�t� �i�n� �F�i�g�u�r�e� �2�.�4�a� �t�o� �t�h�e� �l�o�w�e�r� 

�c�o�m�e�r�.� �C�o�m�b�i�n�a�t�i�o�n�s� �o�f� �l�o�w� �i�n�t�e�n�s�i�t�y� �a�n�d� �l�o�n�g� �t�i�m�e� �p�r�o�d�u�c�e� �l�o�w� �c�o�n�v�e�r�s�i�o�n�.� �H�i�g�h� �i�n�t�e�n�s�i�t�y� 

�a�n�d� �s�h�o�r�t� �t�i�m�e�s� �r�e�s�u�l�t� �i�n� �m�a�x�i�m�u�m� �c�o�n�v�e�r�s�i�o�n�.� �O�n�l�y� �f�o�r� �t�h�e� �c�a�s�e� �o�f� �r�a�d�i�c�a�l� �i�s�o�l�a�t�i�o�n� �w�h�e�r�e� 

�c�o�n�v�e�r�s�i�o�n� �s�c�a�l�e�s� �w�i�t�h� �i�n�t�e�n�s�i�t�y� �a�n�d� �t�i�m�e� �t�o� �t�h�e� �f�i�r�s�t� �p�o�w�e�r� �d�o�e�s� �t�h�e� �p�h�o�t�o�p�o�l�y�m�e�r� �b�a�s�e�d� 

�i�m�a�g�i�n�g� �s�y�s�t�e�m� �o�b�e�y� �i�d�e�a�l� �r�e�c�i�p�r�o�c�i�t�y� �b�e�h�a�v�i�o�r�.� �T�r�a�c�i�n�g� �t�h�e� �s�a�m�e� �r�a�y� �a�s� �d�i�s�c�u�s�s�e�d� �a�b�o�v�e� 

�t�h�r�o�u�g�h� �t�h�e� �p�l�o�t� �i�n� �F�i�g�u�r�e� �2�.�4�b� �d�e�p�i�c�t�i�n�g� �r�e�c�i�p�r�o�c�i�t�y� �b�e�h�a�v�i�o�r� �a�s�s�u�m�i�n�g� �c�o�m�p�e�t�e� �r�a�d�i�c�a�l� �i�s�o�l�a�t�i�o�n� 

�d�o�e�s� �c�o�n�v�e�r�s�i�o�n� �b�e�c�o�m�e� �i�n�d�e�p�e�n�d�e�n�t� �o�f� �e�x�p�o�s�u�r�e� �i�n�t�e�n�s�i�t�y� �a�n�d� �t�i�m�e�.
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�L�o�g� �(�s�e�c�o�n�d�s�)� 

�F�i�g�u�r�e� �2�.�1�3�.� �E�f�f�e�c�t�s� �o�f� �o�x�y�g�e�n� �o�n� �t�h�e� �r�e�c�i�p�r�o�c�i�t�y� �b�e�h�a�v�i�o�r� �o�f� �t�h�e� �M�e�a�d� �M�i�c�r�o�e�n�c�a�p�s�u�l�a�t�e�d� 
�I�m�a�g�i�n�g� �S�y�s�t�e�m� �(�M�M�I�S�)�.� �(�R�e�p�r�i�n�t�e�d� �f�r�o�m� �R�e�f�.� �7�3�.�)



�3�6� 

�2�.�5�.� �T�I�M�E�-�T�E�M�P�E�R�A�T�U�R�E�-�T�R�A�N�S�F�O�R�M�A�T�I�O�N� �(�T�T�T�)� �B�E�H�A�V�I�O�R� 

�2�.�5�.�1�.� �G�e�l�a�t�i�o�n� �a�n�d� �V�i�t�r�i�f�i�c�a�t�i�o�n� �i�n� �T�h�e�r�m�o�s�e�t�s�:� �E�f�f�e�c�t� �o�f� �C�u�r�e� �T�e�m�p�e�r�a�t�u�r�e� 

�I�n� �a�d�d�i�t�i�o�n� �t�o� �t�h�e�r�m�o�m�e�c�h�a�n�i�c�a�l� �b�e�h�a�v�i�o�r�,� �d�y�n�a�m�i�c� �t�e�s�t�i�n�g� �a�l�s�o� �c�a�n� �b�e� �u�s�e�d� �t�o� �s�t�u�d�y� 

�t�h�e� �t�h�e�r�m�o�s�e�t�t�i�n�g� �b�e�h�a�v�i�o�r� �o�f� �n�e�t�w�o�r�k�s� �a�s� �t�h�e� �p�h�y�s�i�c�a�l� �a�n�d� �c�h�e�m�i�c�a�l� �p�r�o�c�e�s�s�e�s� �o�c�c�u�r� �(�r�e�f�e�r�r�e�d� �t�o� 

�a�s� �"�r�e�a�l� �t�i�m�e�"� �e�x�p�e�r�i�m�e�n�t�s�)�.� �I�n� �p�a�r�t�i�c�u�l�a�r�,� �t�h�e� �t�i�m�e�-�t�e�m�p�e�r�a�t�u�r�e�-�t�r�a�n�s�f�o�r�m�a�t�i�o�n� �(�T�T�T�)� �c�o�n�c�e�p�t�s� 

�p�r�o�p�o�s�e�d� �b�y� �G�i�l�l�h�a�m� �e�t� �a�l�.� �[�1�9�-�2�8�]� �h�a�v�e� �b�e�e�n� �u�s�e�d� �t�o� �d�e�s�c�r�i�b�e� �t�h�e� �i�s�o�t�h�e�r�m�a�l� �p�h�a�s�e� 

�t�r�a�n�s�f�o�r�m�a�t�i�o�n�s� �w�h�i�c�h� �t�a�k�e� �p�l�a�c�e� �d�u�r�i�n�g� �t�h�e� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �o�f� �l�i�q�u�i�d� �r�e�s�i�n� �t�o� �h�i�g�h�l�y� �c�r�o�s�s�l�i�n�k�e�d� 

�g�l�a�s�s�.� �T�h�e� �T�T�T� �d�i�a�g�r�a�m� �d�e�p�i�c�t�s� �t�h�e� �r�e�a�c�t�i�o�n� �t�i�m�e� �n�e�c�e�s�s�a�r�y� �f�o�r� �g�e�l�a�t�i�o�n� �(�i�.�e�.� �f�o�r�m�a�t�i�o�n� �o�f� �t�h�e� 

�i�n�s�o�l�u�b�l�e� �i�n�f�i�n�i�t�e� �n�e�t�w�o�r�k�)� �a�n�d� �t�h�e� �r�e�a�c�t�i�o�n� �t�i�m�e� �r�e�q�u�i�r�e�d� �t�o� �s�o�l�i�d�i�f�y� �t�h�e� �t�h�e�r�m�o�s�e�t� �(�i�.�e�.� 

�v�i�t�r�i�f�i�c�a�t�i�o�n�)� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �i�s�o�t�h�e�r�m�a�l� �c�u�r�e� �t�e�m�p�e�r�a�t�u�r�e�.� �K�i�n�e�t�i�c� �i�n�f�o�r�m�a�t�i�o�n� �a�l�s�o� �c�a�n� �b�e� 

�o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �T�T�T� �d�i�a�g�r�a�m� �f�o�r� �u�s�e� �i�n� �m�o�d�e�l�l�i�n�g� �t�h�e�r�m�o�s�e�t� �r�e�a�c�t�i�o�n�s�.� 

�T�h�e� �S�-�s�h�a�p�e�d� �T�T�T� �d�i�a�g�r�a�m�,� �s�h�o�w�n� �s�c�h�e�m�a�t�i�c�a�l�l�y� �i�n� �F�i�g�u�r�e� �2�.�1�4�,� �c�o�n�s�i�s�t�s� �o�f� �s�e�v�e�r�a�l� 

�d�i�s�t�i�n�c�t� �r�e�g�i�o�n�s� �i�n�c�l�u�d�i�n�g� �s�o�l�u�b�l�e� �g�l�a�s�s�,� �l�i�q�u�i�d�,� �s�o�l�/�g�e�l� �r�u�b�b�e�r�,� �s�o�l�/�g�e�l� �g�l�a�s�s�,� �g�e�l� �r�u�b�b�e�r�,� �g�e�l� 

�g�l�a�s�s�,� �a�n�d� �c�h�a�r� �[�1�9�]�.� �T�h�e� �l�o�w� �t�e�m�p�e�r�a�t�u�r�e� �b�e�h�a�v�i�o�r� �o�f� �t�h�e� �r�e�a�c�t�a�n�t�s� �(�i�.�e�.� �<� �T�,� �o�)� �i�s� �t�h�a�t� �o�f� �a� �l�o�w� 

�m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �s�o�l�i�d� �g�l�a�s�s�.� �T�h�e�r�m�o�s�e�t�s� �o�f�t�e�n� �a�r�e� �s�t�o�r�e�d� �a�t� �t�e�m�p�e�r�a�t�u�r�e�s� �b�e�l�o�w� �T�,�,� �t�o� �i�n�s�u�r�e� 

�l�o�n�g�-�t�e�r�m� �s�t�a�b�i�l�i�t�y�.� �A� �r�e�s�i�n� �c�u�r�e�d� �i�s�o�t�h�e�r�m�a�l�l�y� �b�e�t�w�e�e�n� �T�,�,� �a�n�d� �,�.�)�T�,� �w�i�l�l� �v�i�t�r�i�f�y� �p�r�i�o�r� �t�o� 

�g�e�l�l�i�n�g�.� �T�h�e�r�e�f�o�r�e�,� �a� �p�a�r�t�i�a�l�l�y� �r�e�a�c�t�e�d� �b�u�t� �s�o�l�u�b�l�e� �r�e�s�i�n� �i�s� �p�r�o�d�u�c�e�d�.� �T�h�r�e�e� �d�i�s�t�i�n�c�t� �p�h�a�s�e�s� �a�r�e� 

�e�n�c�o�u�n�t�e�r�e�d� �f�o�r� �t�h�e�r�m�o�s�e�t�s� �c�u�r�e�d� �b�e�t�w�e�e�n� �,�.�)�I�'�,� �a�n�d� �T�,�.�.�.� �I�n�i�t�i�a�l�l�y�,� �t�h�e� �r�e�a�c�t�i�o�n� �b�e�g�i�n�s� �w�i�t�h� �t�h�e� 

�r�e�s�i�n� �i�n� �t�h�e� �l�i�q�u�i�d� �s�t�a�t�e�.� �T�h�e� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �i�n�c�r�e�a�s�e�s� �w�i�t�h� �r�e�a�c�t�i�o�n� �t�i�m�e� �a�t� �a� �r�a�t�e� �d�e�t�e�r�m�i�n�e�d� 

�b�y� �t�h�e� �m�e�c�h�a�n�i�s�m� �o�f� �p�o�l�y�m�e�r�i�z�a�t�i�o�n ��s�t�e�p� �g�r�o�w�t�h� �v�e�r�s�u�s� �c�h�a�i�n� �g�r�o�w�t�h�.� �A�t� �a� �c�r�i�t�i�c�a�l� �p�o�i�n�t�,� �t�h�e� 

�i�n�f�i�n�i�t�e� �n�e�t�w�o�r�k� �i�s� �f�o�r�m�e�d� �a�n�d� �t�h�e� �r�e�s�i�n� �t�r�a�n�s�f�o�r�m�s� �f�r�o�m� �a� �l�i�q�u�i�d� �t�o� �a� �r�u�b�b�e�r�,� �a�s� �i�n�d�i�c�a�t�e�d� �b�y� �t�h�e� 

�f�i�r�s�t� �d�a�s�h�e�d� �c�u�r�v�e� �i�n� �t�h�e� �T�I�T� �d�i�a�g�r�a�m�.� �T�h�e� �r�u�b�b�e�r�y� �t�h�e�r�m�o�s�e�t� �c�o�n�s�i�s�t�s� �o�f� �t�w�o� �s�p�e�c�i�e�s�:� �a�n� 

�i�n�s�o�l�u�b�l�e� �f�r�a�c�t�i�o�n� �t�e�r�m�e�d� �t�h�e� �g�e�l� �a�n�d� �a� �s�o�l�u�b�l�e� �f�r�a�c�t�i�o�n� �t�e�r�m�e�d� �t�h�e� �s�o�l�.� �C�r�o�s�s�l�i�n�k� �d�e�n�s�i�t�y� 

�i�n�c�r�e�a�s�e�s� �a�s� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �p�r�o�g�r�e�s�s�e�s� �i�n� �t�h�e� �r�u�b�b�e�r�y� �s�t�a�t�e� �a�t� �a� �r�a�t�e� �u�n�a�f�f�e�c�t�e�d� �b�y� �g�e�l�a�t�i�o�n� �t�o� 

�i�n�c�r�e�a�s�e� �t�h�e� �g�e�l� �f�r�a�c�t�i�o�n� �a�t� �t�h�e� �e�x�p�e�n�s�e� �o�f� �t�h�e� �s�o�l� �[�1�3�]�.� �V�i�t�r�i�f�i�c�a�t�i�o�n� �d�r�a�m�a�t�i�c�a�l�l�y� �a�f�f�e�c�t�s� �t�h�e� 

�k�i�n�e�t�i�c�s� �o�f� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �s�i�n�c�e� �d�i�f�f�u�s�i�o�n�-�l�i�m�i�t�i�n�g� �m�e�c�h�a�n�i�s�m�s� �n�o�w� �g�o�v�e�r�n� �p�r�o�p�a�g�a�t�i�o�n� �a�n�d
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� � �e�e�e� �O�O� �O�O�O�O� �w�a�e� �e�a� �0� �6� �0� �o�e� �8� �0� �6� �6� �4� �6� �0� �6� �6� �0� �6� �8� �6�0�m� �6� �0�8� �0� �0� �6� �5� �e�o� �8� �O�O� �8� �8�8� �6� �w�o�e� �8� �6�S� �O�e� �O�e� �e�e� �8� �e�e�e� �o�e� �e�c� �O�e� �a� �e�e� �e�e� �O�e� �e�e� �H�O�O�T� �O�E�M� �T�O�O�O�R�O� �R�O�O�T� �E�E� �T�e� �R�e�e� �E�D�O� �e�e�e� �O�e� �e� 

�O�e� �e�e� �e�e� 

�S�o�l� �G�l�a�s�s�:� � � � � � � � �.� �a�e� �O�e� �e�e� �e�e� �e�e� �e�e� �e�e�}� �e�n�e� �e�e� �s�e� �e�e� �o�e� �t�e� �O�e� �H�O�O�D� �e�e�e� �H�O� �R�H�O� �C�S�A�S� �H�H�H� �R�O�S�E�S� �E�e� �E�H�H� �H�E�S� �E�H�O� �R�H� �O�E�S� �C�o�H� �S�O�B� �D� �o�O� �E�H�H� �T� �O�H�H� �E�H�D� �R�O�D�E�O� �H�C�O� �H�E�H�E� �O�E� �e�H� �O�D� 
� � 

�l�o�g� �t�i�m�e� 

�F�i�g�u�r�e� �2�.�1�4�.� �S�c�h�e�m�a�t�i�c� �r�e�p�r�e�s�e�n�t�a�t�i�o�n� �o�f� �t�h�e� �t�i�m�e�-�t�e�m�p�e�r�a�t�u�r�e�-�t�r�a�n�s�f�o�r�m�a�t�i�o�n� �d�i�a�g�r�a�m� �(�T�T�T�)� 
�d�e�p�i�c�t�i�n�g� �i�s�o�t�h�e�r�m�a�l� �t�i�m�e�s� �t�o� �g�e�l�a�t�i�o�n�,� �v�i�t�r�i�f�i�c�a�t�i�o�n�,� �a�n�d� �d�e�v�i�t�r�i�f�i�c�a�t�i�o�n�.



�3�8� 

�t�e�r�m�i�n�a�t�i�o�n�.� �T�h�e� �n�e�t�w�o�r�k� �c�o�n�s�i�s�t�s� �o�f� �b�o�t�h� �s�o�l� �a�n�d� �g�e�l� �a�n�d� �i�s� �f�r�o�z�e�n� �i�n� �t�h�e� �g�l�a�s�s�y� �s�t�a�t�e�.� 

�R�a�d�i�a�t�i�o�n� �c�u�r�e�d� �c�o�a�t�i�n�g�s� �a�l�m�o�s�t� �a�l�w�a�y�s� �a�r�e� �c�o�n�v�e�r�t�e�d� �i�n�t�o� �t�h�i�s� �s�o�l�/�g�e�l�/�g�l�a�s�s�y� �s�t�a�t�e� �s�i�n�c�e� �t�h�e�y� �a�r�e� 

�t�y�p�i�c�a�l�l�y� �p�r�o�c�e�s�s�e�d� �f�a�r� �b�e�l�o�w� �T�,�,�.�.� �T�h�e� �f�u�l�l�y� �c�u�r�e�d� �n�e�t�w�o�r�k� �c�a�n� �b�e� �o�b�t�a�i�n�e�d� �b�y� �e�i�t�h�e�r� 

�p�r�o�c�e�s�s�i�n�g� �j�u�s�t� �a�b�o�v�e� �T�,�.�.� �o�r� �m�o�r�e� �c�o�m�m�o�n�l�y� �b�y� �c�u�r�i�n�g� �i�n� �s�t�a�g�e�s�.� �F�o�r� �e�x�a�m�p�l�e�,� �a� �r�e�s�i�n� �c�u�r�e�d� 

�b�e�l�o�w� �T�,�.�,� �f�o�r� �a� �s�h�o�r�t� �t�i�m�e� �c�a�n� �l�a�t�e�r� �b�e� �p�o�s�t�-�b�a�k�e�d� �a�b�o�v�e� �T�,�,�,� �w�h�i�c�h� �d�e�v�i�t�r�i�f�i�e�s� �t�h�e� �n�e�t�w�o�r�k� 

�t�h�e�r�e�b�y� �e�n�a�b�l�i�n�g� �c�o�m�p�l�e�t�e� �c�o�n�v�e�r�s�i�o�n� �o�f� �s�o�l� �t�o� �g�e�l�,� �a�s� �i�n�d�i�c�a�t�e�d� �b�y� �t�h�e� �"�F�u�l�l� �C�u�r�e�"� �c�u�r�v�e� �i�n� �t�h�e� 

�T�I�T� �d�i�a�g�r�a�m�.� �T�h�i�s� �p�r�o�c�e�d�u�r�e� �c�a�n� �b�e� �p�a�r�t�i�c�u�l�a�r�l�y� �u�s�e�f�u�l� �i�n� �c�o�n�t�r�o�l�l�i�n�g� �p�h�a�s�e� �s�e�p�a�r�a�t�i�o�n� �a�n�d� 

�r�e�d�u�c�i�n�g� �r�e�s�i�d�u�a�l� �s�t�r�e�s�s�e�s�.� �A� �n�u�m�b�e�r� �o�f� �i�n�v�e�s�t�i�g�a�t�i�o�n�s�,� �i�n�c�l�u�d�i�n�g� �s�o�m�e� �o�n� �r�a�d�i�a�t�i�o�n� �c�u�r�a�b�l�e� 

�c�o�a�t�i�n�g�s�,� �h�a�v�e� �r�e�v�e�a�l�e�d� �t�h�a�t� �a�l�t�h�o�u�g�h� �v�i�t�r�i�f�i�c�a�t�i�o�n� �d�r�a�m�a�t�i�c�a�l�l�y� �r�e�s�t�r�i�c�t�s� �c�r�o�s�s�l�i�n�k�i�n�g�,� �r�e�a�c�t�i�o�n�s� 

�c�a�n� �c�o�n�t�i�n�u�e� �t�o� �o�c�c�u�r� �i�n� �t�h�e� �g�l�a�s�s�y� �s�t�a�t�e� �b�u�t� �a�t� �a�n� �e�v�e�r�-�d�e�c�e�l�e�r�a�t�i�n�g� �r�a�t�e� �[�6�5�,� �7�5�,� �7�6�]�.� �C�o�m�p�l�e�t�e� 

�c�o�n�v�e�r�s�i�o�n� �o�f� �s�o�l� �t�o� �g�e�l� �r�e�s�u�l�t�s� �i�n� �t�h�e� �u�l�t�i�m�a�t�e� �T�,� �o�f� �t�h�e� �s�y�s�t�e�m�,� �T�y�.�.�.� �T�h�e� �u�l�t�i�m�a�t�e� �p�r�o�p�e�r�t�i�e�s� 

�o�f�t�e�n� �a�r�e� �s�o�u�g�h�t� �i�n� �t�h�e�r�m�o�s�e�t�s� �t�o� �i�n�s�u�r�e� �t�h�e�r�m�a�l�l�y� �a�n�d� �m�e�c�h�a�n�i�c�a�l�l�y� �s�t�a�b�l�e� �m�a�t�e�r�i�a�l�s�.� �C�u�r�e� �a�t� 

�t�e�m�p�e�r�a�t�u�r�e�s� �a�b�o�v�e� �T�,�.�,� �f�o�r� �e�x�t�e�n�d�e�d� �p�e�r�i�o�d�s� �o�f� �t�i�m�e� �c�a�n� �l�e�a�d� �t�o� �d�e�g�r�a�d�a�t�i�o�n� �a�n�d� �c�h�a�r� �f�o�r�m�a�t�i�o�n�.� 

�2�.�5�.�2�.� �A�n�a�l�y�s�i�s� �a�n�d� �I�n�t�e�r�p�r�e�t�a�t�i�o�n� �o�f� �G�e�l�a�t�i�o�n� �a�n�d� �V�i�t�r�i�f�i�c�a�t�i�o�n� 

�P�h�a�s�e� �t�r�a�n�s�f�o�r�m�a�t�i�o�n�s� �m�o�s�t� �c�o�m�m�o�n�l�y� �a�r�e� �m�o�n�i�t�o�r�e�d� �b�y� �d�y�n�a�m�i�c� �t�e�s�t�i�n�g� �m�e�t�h�o�d�s�.� �I�n� 

�p�a�r�t�i�c�u�l�a�r�,� �l�o�s�s� �t�a�n�g�e�n�t� �s�p�e�c�t�r�a� �a�r�e� �u�s�e�d� �t�o� �i�d�e�n�t�i�f�y� �t�h�e� �i�s�o�t�h�e�r�m�a�l� �t�i�m�e�s� �t�o� �g�e�l�a�t�i�o�n� �a�n�d� 

�v�i�t�r�i�f�i�c�a�t�i�o�n�.� �T�h�e� �s�t�u�d�y� �o�f� �t�h�e�r�m�o�s�e�t�t�i�n�g� �r�e�s�i�n�s� �t�y�p�i�c�a�l�l�y� �r�e�q�u�i�r�e�s� �t�h�e� �u�s�e� �o�f� �s�u�b�s�t�r�a�t�e�s� �t�o� �s�u�p�p�o�r�t� 

�t�h�e� �r�e�s�i�n� �a�s� �i�t� �p�r�o�c�e�e�d�s� �f�r�o�m� �t�h�e� �l�i�q�u�i�d� �t�o� �t�h�e� �g�l�a�s�s�y� �s�t�a�t�e�.� �F�o�r� �e�x�a�m�p�l�e�,� �t�h�e� �T�B�A� �s�u�p�p�o�r�t�s� �r�e�s�i�n� 

�v�i�a� �a� �m�u�l�t�i�f�i�l�a�m�e�n�t� �g�l�a�s�s� �b�r�a�i�d� �(�~�3�6�0�0� �f�i�l�a�m�e�n�t�s�)� �[�1�9�]�.� �F�o�r�c�e�d� �o�s�c�i�l�l�a�t�i�o�n� �d�y�n�a�m�i�c� �m�e�c�h�a�n�i�c�a�l� 

�a�n�a�l�y�z�e�r�s� �o�f�t�e�n� �e�m�p�l�o�y� �g�l�a�s�s� �f�a�b�r�i�c�s� �[�7�7�]� �b�o�t�h� �t�o� �r�e�t�a�i�n� �t�h�e� �r�e�s�i�n� �a�n�d� �p�r�o�v�i�d�e� �s�u�f�f�i�c�i�e�n�t� �r�i�g�i�d�i�t�y� 

�t�o� �m�a�i�n�t�a�i�n� �a� �r�e�a�s�o�n�a�b�l�e� �s�i�g�n�a�l� �t�o� �n�o�i�s�e� �r�a�t�i�o�.� 

�T�h�e� �T�I�T� �d�i�a�g�r�a�m� �i�s� �c�o�n�s�t�r�u�c�t�e�d� �b�y� �m�o�n�i�t�o�r�i�n�g� �t�a�n� �6� �(�f�o�r� �t�r�a�n�s�i�t�i�o�n�s�,� �o�n�e� �"�T�"�)� �a�s� �a� 

�f�u�n�c�t�i�o�n� �o�f� �t�i�m�e� �(�S�e�c�o�n�d� �"�T�"�)� �f�o�r� �s�a�m�p�l�e�s� �c�u�r�e�d� �a�t� �v�a�r�i�o�u�s� �t�e�m�p�e�r�a�t�u�r�e�s� �(�T�h�i�r�d� �"�T�"�)�,� �a�s� �s�h�o�w�n� 

�i�n� �F�i�g�u�r�e� �2�.�1�5� �f�o�r� �a�n� �e�p�o�x�y� �c�u�r�e�.� �I�n�i�t�i�a�l�l�y�,� �d�a�m�p�i�n�g� �i�s� �v�e�r�y� �l�o�w� �s�i�n�c�e� �t�h�e� �r�e�s�i�n� �i�s� �i�n� �t�h�e� �l�i�q�u�i�d� 

�s�t�a�t�e�.� �D�a�m�p�i�n�g� �i�n�c�r�e�a�s�e�s�,� �h�o�w�e�v�e�r�,� �a�s� �t�h�e� �r�e�s�i�n� �b�e�c�o�m�e�s� �m�o�r�e� �r�u�b�b�e�r�-�l�i�k�e� �b�u�t� �d�e�c�r�e�a�s�e�s
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�3�0� 
�x� 

�l� �2� �3� �4� �5� �6� �7� 

�I�n�(�t�i�m�e�)� �[�m�i�n�]� �I�n�(�t�i�m�e�}� �[�m�i�n�]� 

�F�i�g�u�r�e� �2�.�1�5�.� �M�e�c�h�a�n�i�c�a�l� �s�p�e�c�t�r�a� �d�e�p�i�c�t�i�n�g� �t�h�e� �r�e�l�a�t�i�v�e� �r�i�g�i�d�i�t�y� �a�n�d� �l�o�s�s� �b�e�h�a�v�i�o�r� �o�f� �a�n� �e�p�o�x�y� 
�S�y�s�t�e�m� �r�e�c�o�r�d�e�d� �a�t� �v�a�r�i�o�u�s� �i�s�o�t�h�e�r�m�a�l� �c�u�r�e� �t�e�m�p�e�r�a�t�u�r�e�s�.� �(�R�e�p�r�i�n�t�e�d� �f�r�o�m� �R�e�f�.� 
�7�7�.�)



�4�0� 

�b�e�y�o�n�d� �t�h�e� �g�e�l� �p�o�i�n�t� �s�i�n�c�e� �h�i�g�h�e�r� �c�r�o�s�s�l�i�n�k� �d�e�n�s�i�t�y� �r�e�s�t�r�i�c�t�s� �m�o�l�e�c�u�l�a�r� �m�o�b�i�l�i�t�y�.� �D�a�m�p�i�n�g� 

�e�x�h�i�b�i�t�s� �a� �s�e�c�o�n�d� �m�a�x�i�m�a� �a�s� �t�h�e� �n�e�t�w�o�r�k� �t�r�a�n�s�f�o�r�m�s� �f�r�o�m� �t�h�e� �r�u�b�b�e�r�y� �t�o� �t�h�e� �g�l�a�s�s�y� �s�t�a�t�e� �i�n� �a�n� 

�a�n�a�l�o�g�o�u�s� �f�a�s�h�i�o�n� �t�o� �t�h�e� �g�l�a�s�s� �t�r�a�n�s�i�t�i�o�n�.� �I�n� �f�a�c�t�,� �v�i�t�r�i�f�i�c�a�t�i�o�n� �m�a�r�k�s� �t�h�e� �p�o�i�n�t� �a�t� �w�h�i�c�h� �t�h�e� �T�,� 

�b�e�c�o�m�e�s� �c�o�i�n�c�i�d�e�n�t�a�l� �w�i�t�h� �t�h�e� �c�u�r�e� �t�e�m�p�e�r�a�t�u�r�e�.� 

�A�n� �i�m�p�o�r�t�a�n�t� �c�o�n�c�e�p�t� �o�f�t�e�n� �o�v�e�r�l�o�o�k�e�d� �i�n� �t�h�e� �s�t�u�d�y� �o�f� �n�e�t�w�o�r�k� �f�o�r�m�a�t�i�o�n� �i�s� �t�h�e� �e�f�f�e�c�t� �o�f� 

�c�u�r�e� �s�c�h�e�d�u�l�e ��i�s�o�t�h�e�r�m�a�l� �v�e�r�s�u�s� �i�s�o�c�h�r�o�n�a�l�.� �T�h�e� �T�T�T� �d�i�a�g�r�a�m� �d�e�p�i�c�t�s� �t�h�e� �e�f�f�e�c�t�s� �o�f� 

�i�s�o�t�h�e�r�m�a�l� �c�u�r�e� �s�c�h�e�d�u�l�e�s� �o�n� �n�e�t�w�o�r�k� �f�o�r�m�a�t�i�o�n�.� �T�h�e� �v�i�t�r�i�f�i�c�a�t�i�o�n� �l�i�n�e� �m�a�r�k�s� �t�h�e� �t�i�m�e� 

�n�e�c�e�s�s�a�r�y� �f�o�r� �t�h�e� �T�g� �o�f� �t�h�e� �r�e�a�c�t�a�n�t�s� �t�o� �c�o�i�n�c�i�d�e� �w�i�t�h� �t�h�e� �c�u�r�e� �t�e�m�p�e�r�a�t�u�r�e�.� �H�o�w�e�v�e�r�,� �t�h�e� �s�a�m�e� 

�T�g� �c�a�n� �b�e� �o�b�t�a�i�n�e�d� �b�y� �i�s�o�c�h�r�o�n�a�l� �c�u�r�e� �s�c�h�e�d�u�l�e�s� �t�h�a�t� �t�h�e� �T�T�T� �d�i�a�g�r�a�m� �i�s� �n�o�t� �d�e�s�i�g�n�e�d� �t�o� �d�e�p�i�c�t�.� 

�B�r�e�t�t� �[�7�8�]� �e�x�a�m�i�n�e�d� �t�h�e� �e�f�f�e�c�t�s� �o�f� �c�u�r�e� �s�c�h�e�d�u�l�e� �o�n� �t�h�e� �l�a�p� �s�h�e�a�r� �p�r�o�p�e�r�t�i�e�s� �o�f� �a� �t�h�e�r�m�a�l�l�y� 

�c�r�o�s�s�l�i�n�k�e�d� �e�p�o�x�y� �s�y�s�t�e�m�.� �F�i�g�u�r�e� �2�.�1�6�a� �a�n�d� �b� �c�o�m�p�a�r�e�s� �t�h�e� �l�a�p� �s�h�e�a�r� �s�t�r�e�n�g�t�h�s� �o�f� �n�e�t�w�o�r�k�s� 

�p�o�s�s�e�s�s�i�n�g� �v�a�r�i�o�u�s� �T�g�s� �a�t�t�a�i�n�e�d� �b�y� �e�i�t�h�e�r� �i�s�o�t�h�e�r�m�a�l� �o�r� �i�s�o�c�h�r�o�n�a�l� �c�u�r�e� �s�c�h�e�d�u�l�e�s�.� �F�o�r� �e�x�a�m�p�l�e�,� 

�t�h�e� �s�i�n�g�l�e� �l�a�p� �s�h�e�a�r� �s�t�r�e�n�g�t�h�s� �o�f� �s�a�m�p�l�e�s� �c�u�r�e�d� �i�s�o�t�h�e�r�m�a�l�l�y� �w�e�r�e� �m�o�r�e� �t�h�a�n� �2�.�5� �t�i�m�e�s� �g�r�e�a�t�e�r� 

�t�h�a�n� �s�a�m�p�l�e�s� �c�u�r�e�d� �i�s�o�c�h�r�o�n�a�l�l�y� �e�v�e�n� �t�h�o�u�g�h� �a�l�l� �s�a�m�p�l�e�s� �p�o�s�s�e�s�s�e�d� �t�h�e� �i�d�e�n�t�i�c�a�l� �T�g� �o�f� �8�0�°�C�.� 

�T�h�i�s� �d�i�f�f�e�r�e�n�c�e� �i�s� �a�l�s�o� �m�a�n�i�f�e�s�t�e�d� �i�n� �t�h�e� �r�e�s�i�d�u�a�l� �h�e�a�t� �o�f� �r�e�a�c�t�i�o�n� �a�s� �d�e�t�e�c�t�e�d� �b�y� �D�S�C�.� �I�n� 

�p�a�r�t�i�c�u�l�a�r�,� �s�a�m�p�l�e�s� �c�u�r�e�d� �i�s�o�c�h�r�o�n�a�l�l�y� �e�x�h�i�b�i�t�e�d� �g�r�e�a�t�e�r� �l�a�p� �s�h�e�a�r� �s�t�r�e�n�g�t�h�s� �f�o�r� �a� �g�i�v�e�n� �a�m�o�u�n�t� �o�f� 

�r�e�s�i�d�u�a�l� �h�e�a�t� �o�f� �r�e�a�c�t�i�o�n�.� �T�h�e�s�e� �d�a�t�a� �i�n�d�i�c�a�t�e� �t�h�a�t� �t�h�e� �p�a�r�t�i�c�u�l�a�r� �c�h�o�i�c�e� �o�f� �c�u�r�e� �s�c�h�e�d�u�l�e� 

�d�r�a�m�a�t�i�c�a�l�l�y� �a�f�f�e�c�t�s� �t�h�e� �p�r�o�c�e�s�s� �o�f� �n�e�t�w�o�r�k� �f�o�r�m�a�t�i�o�n� �a�n�d� �t�h�u�s� �t�h�e� �u�l�t�i�m�a�t�e� �n�e�t�w�o�r�k� 

�s�t�r�u�c�t�u�r�e�.� �T�h�e�s�e� �f�i�n�d�i�n�g�s� �m�a�y� �a�l�s�o� �b�e� �i�m�p�o�r�t�a�n�t� �i�n� �r�a�d�i�a�t�i�o�n� �c�u�r�i�n�g� �o�f� �n�e�t�w�o�r�k�s�.� �T�h�e� 

�p�a�r�t�i�c�u�l�a�r� �c�o�n�d�i�t�i�o�n�s� �o�f� �e�x�p�o�s�u�r�e� �i�n�t�e�n�s�i�t�y�,� �t�i�m�e�,� �c�u�r�e� �t�e�m�p�e�r�a�t�u�r�e�,� �a�n�d� �e�v�e�n� �h�e�a�t�i�n�g� �r�a�t�e� �m�a�y� 

�g�r�e�a�t�l�y� �i�n�f�l�u�e�n�c�e� �t�h�e� �u�l�t�i�m�a�t�e� �m�e�c�h�a�n�i�c�a�l� �p�r�o�p�e�r�t�i�e�s�.� �A�s� �B�r�e�t�t� �o�b�s�e�r�v�e�d�,� �i�n� �s�o�m�e� �c�a�s�e�s� �i�t� �m�a�y� �b�e� 

�i�m�p�o�r�t�a�n�t� �t�o� �k�n�o�w� �b�o�t�h� �t�h�e� �n�e�t�w�o�r�k� �T�g� �a�n�d� �t�h�e� �r�e�s�i�d�u�a�l� �h�e�a�t� �o�f� �r�e�a�c�t�i�o�n� �i�n� �o�r�d�e�r� �t�o� �c�h�a�r�a�c�t�e�r�i�z�e� 

�m�e�c�h�a�n�i�c�a�l� �p�r�o�p�e�r�t�i�e�s�.
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�F�i�g�u�r�e� �2�.�1�6�.� �E�f�f�e�c�t� �o�f� �c�u�r�e� �s�c�h�e�d�u�l�e� �o�n� �s�i�n�g�l�e� �l�a�p� �s�h�e�a�r� �s�t�r�e�n�g�t�h�s� �(�o�w�e�r� �c�u�r�v�e�s�)� �a�n�d� �d�o�u�b�l�e� 
�l�a�p� �s�h�e�a�r� �s�t�r�e�n�g�t�h�s� �(�u�p�p�e�r� �c�u�r�v�e�s�)� �o�f� �e�p�o�x�y� �a�d�h�e�s�i�v�e�s�:� �(�a�)� �i�s�o�c�h�r�o�n�a�l� �c�u�r�e�;� �(�b�)� 
�i�s�o�t�h�e�r�m�a�l� �c�u�r�e�.� �(�R�e�p�r�i�n�t�e�d� �f�r�o�m� �R�e�f�.� �7�8�.�)



�4�2� 

�2�.�6�.� �D�Y�N�A�M�I�C� �T�E�S�T�I�N�G� �O�F� �R�A�D�I�A�T�I�O�N� �C�U�R�E�D� �C�O�A�T�I�N�G�S� 

�2�.�6�.�1�.� �|� �F�o�r�c�e�d� �O�s�c�i�l�l�a�t�i�n�g� �T�e�c�h�n�i�q�u�e�s� 

�2�.�6�.�1�.�1�.� �D�y�n�a�m�i�c� �M�e�c�h�a�n�i�c�a�l� �A�n�a�l�y�s�i�s� 

�D�y�n�a�m�i�c� �t�e�s�t�i�n�g� �b�y� �f�o�r�c�e�d� �o�s�c�i�l�l�a�t�i�o�n� �i�s� �o�n�e� �o�f� �t�h�e� �m�o�s�t� �e�x�p�e�r�i�m�e�n�t�a�l�l�y� �c�o�n�v�e�n�i�e�n�t� 

�m�e�t�h�o�d�s� �f�o�r� �e�v�a�l�u�a�t�i�n�g� �t�h�e� �t�h�e�r�m�o�m�e�c�h�a�n�i�c�a�l� �b�e�h�a�v�i�o�r� �o�f� �v�i�s�c�o�e�l�a�s�t�i�c� �m�a�t�e�r�i�a�l�s� �o�n� �a� �m�o�l�e�c�u�l�a�r� 

�l�e�v�e�l�.� �T�h�e� �a�p�p�l�i�c�a�t�i�o�n� �o�f� �d�y�n�a�m�i�c� �m�e�c�h�a�n�i�c�a�l� �a�n�a�l�y�s�i�s� �t�o� �t�h�e� �s�t�u�d�y� �o�f� �r�a�d�i�a�t�i�o�n� �c�u�r�a�b�l�e� �c�o�a�t�i�n�g�s� 

�h�a�s� �l�e�d� �t�o� �n�u�m�e�r�o�u�s� �i�n�s�i�g�h�t�s� �o�n� �h�o�w� �m�e�c�h�a�n�i�c�a�l� �p�r�o�p�e�r�t�i�e�s� �d�e�p�e�n�d� �u�p�o�n� �m�o�r�p�h�o�l�o�g�y�,� 

�t�o�p�o�l�o�g�y�,� �r�h�e�o�l�o�g�y�,� �c�h�e�m�i�c�a�l� �c�o�m�p�o�s�i�t�i�o�n�,� �a�n�d� �s�t�r�u�c�t�u�r�e�.� �T�h�e� �u�n�i�q�u�e� �a�b�i�l�i�t�y� �o�f� �d�y�n�a�m�i�c� 

�m�e�c�h�a�n�i�c�a�l� �a�n�a�l�y�s�i�s� �t�o� �p�r�o�v�i�d�e� �m�o�l�e�c�u�l�a�r� �l�e�v�e�l� �i�n�f�o�r�m�a�t�i�o�n� �a�b�o�u�t� �s�t�r�u�c�t�u�r�e�-�p�r�o�p�e�r�t�y� �b�e�h�a�v�i�o�r� 

�w�i�t�h� �e�x�c�e�l�l�e�n�t� �s�e�n�s�i�t�i�v�i�t�y� �a�n�d� �e�x�p�e�r�i�m�e�n�t�a�l� �e�a�s�e� �h�a�s� �b�e�e�n� �v�e�r�y� �i�m�p�o�r�t�a�n�t� �i�n� �a�s�s�e�s�s�i�n�g� �t�h�e� 

�p�r�o�p�e�r�t�i�e�s� �o�f� �r�a�d�i�a�t�i�o�n� �c�u�r�a�b�l�e� �c�o�a�t�i�n�g�s�.� �S�o�m�e� �e�x�a�m�p�l�e�s� �f�o�l�l�o�w�.� 

�K�l�o�o�s�t�e�r�b�o�e�r� �e�t� �a�l�.� �h�a�v�e� �c�o�n�d�u�c�t�e�d� �a� �n�u�m�b�e�r� �o�f� �i�n�v�e�s�t�i�g�a�t�i�o�n�s� �f�o�c�u�s�i�n�g� �o�n� �v�a�r�i�o�u�s� �a�s�p�e�c�t�s� 

�o�f� �p�h�o�t�o�p�o�l�y�m�e�r� �n�e�t�w�o�r�k� �f�o�r�m�a�t�i�o�n� �[�4�1�,� �6�3�-�6�5�,� �7�6�,� �7�9�-�9�3�]�.� �I�n� �p�a�r�t�i�c�u�l�a�r�,� �t�h�e�i�r� �r�e�p�o�r�t�s� �o�f�t�e�n� 

�f�o�c�u�s�e�d� �o�n� �t�h�e� �i�n�f�l�u�e�n�c�e� �o�f� �v�o�l�u�m�e� �s�h�r�i�n�k�a�g�e� �a�n�d� �v�i�t�r�i�f�i�c�a�t�i�o�n� �o�n� �c�o�n�v�e�r�s�i�o�n�.� �A�l�t�h�o�u�g�h� �t�h�e� 

�g�e�n�e�r�a�l� �c�o�n�c�e�p�t�s� �o�f� �f�r�e�e� �v�o�l�u�m�e� �a�n�d� �p�h�y�s�i�c�a�l� �a�g�i�n�g� �h�a�v�e� �b�e�e�n� �w�e�l�l� �d�o�c�u�m�e�n�t�e�d� �i�n� �t�h�e� �l�i�t�e�r�a�t�u�r�e�,� 

�v�e�r�y� �f�e�w� �r�e�p�o�r�t�s� �t�h�e�r�e�i�n� �d�i�s�c�u�s�s� �t�h�e�i�r� �i�m�p�a�c�t� �o�n� �t�h�e� �h�i�g�h�l�y� �n�o�n�-�e�q�u�i�l�i�b�r�i�u�m� �p�r�o�c�e�s�s� �o�f� 

�p�h�o�t�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n� �i�n� �t�e�r�m�s� �o�f� �k�i�n�e�t�i�c�s� �a�n�d� �n�e�t�w�o�r�k� �s�t�r�u�c�t�u�r�e�.� 

�K�l�o�o�s�t�e�r�b�o�e�r� �e�t� �a�l�.� �i�n�v�e�s�t�i�g�a�t�e�d� �t�h�e� �e�f�f�e�c�t�s� �o�f� �u�l�t�r�a�v�i�o�l�e�t� �e�x�p�o�s�u�r�e� �i�n�t�e�n�s�i�t�y� �a�n�d� �e�x�p�o�s�u�r�e� 

�t�i�m�e� �o�n� �t�h�e� �t�h�e�r�m�o�m�e�c�h�a�n�i�c�a�l� �b�e�h�a�v�i�o�r� �o�f� �1�,�6�-�h�e�x�a�n�e�d�i�o�l� �d�i�a�c�r�y�l�a�t�e� �(�H�D�D�A�)� �[�6�5�,� �7�6�,� �9�3�]� �a�n�d� 

�t�e�t�r�a�-�e�t�h�y�l�e�n�e�g�l�y�c�o�l� �d�i�a�c�r�y�l�a�t�e� �(�T�E�G�D�A�)� �[�7�6�,� �8�9�-�9�1�]� �h�o�m�o�p�o�l�y�m�e�r� �n�e�t�w�o�r�k�s�.� �T�h�r�e�e� �d�i�f�f�e�r�e�n�t� 

�e�x�p�o�s�u�r�e� �s�c�h�e�m�e�s� �w�e�r�e� �u�s�e�d� �t�o� �i�n�v�e�s�t�i�g�a�t�e� �t�h�e�i�r� �e�f�f�e�c�t�s� �o�n� �t�h�e�r�m�o�m�e�c�h�a�n�i�c�a�l� �b�e�h�a�v�i�o�r�:� 

�e� �M�o�d�u�l�a�t�e� �i�n�t�e�n�s�i�t�y� �a�t� �s�i�m�i�l�a�r� �e�x�p�o�s�u�r�e� �t�i�m�e�s� 

�e� �M�o�d�u�l�a�t�e� �e�x�p�o�s�u�r�e� �t�i�m�e� �a�t� �f�i�x�e�d� �e�x�p�o�s�u�r�e� �i�n�t�e�n�s�i�t�y� 

�e� �E�q�u�a�l� �n�u�m�b�e�r� �o�f� �p�h�o�t�o�n�s ��v�a�r�i�o�u�s� �c�o�m�b�i�n�a�t�i�o�n�s� �o�f� �i�n�t�e�n�s�i�t�y� �a�n�d� �t�i�m�e� 

�E�x�p�o�s�u�r�e� �o�f� �H�D�D�A� �t�o� �i�n�c�r�e�a�s�i�n�g�l�y� �i�n�t�e�n�s�e� �u�l�t�r�a�v�i�o�l�e�t� �r�a�d�i�a�t�i�o�n� �r�e�s�u�l�t�e�d� �i�n� �g�l�a�s�s� �t�r�a�n�s�i�t�i�o�n�s� 

�w�h�i�c�h� �w�e�r�e� �h�i�g�h�e�r�,� �b�r�o�a�d�e�r�,� �a�n�d� �s�m�a�l�l�e�r� �i�n� �m�a�g�n�i�t�u�d�e� �a�s� �a� �r�e�s�u�l�t� �o�f� �i�n�c�r�e�a�s�e�d� �c�r�o�s�s�l�i�n�k� �d�e�n�s�i�t�y�.
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�F�i�g�u�r�e� �2�.�1�7�.� �E�f�f�e�c�t� �o�f� �e�x�p�o�s�u�r�e� �i�n�t�e�n�s�i�t�y� �o�n� �t�h�e� �l�o�s�s� �t�a�n�g�e�n�t� �s�p�e�c�t�r�a� �o�f� �p�h�o�t�o�p�o�l�y�m�e�r�i�z�e�d� 

�H�D�D�A�.� �(�R�e�p�r�i�n�t�e�d� �f�r�o�m� �R�e�f�.� �6�5�.�)



�T�h�e� �l�o�s�s� �t�a�n�g�e�n�t� �s�p�e�c�t�r�a� �d�e�p�i�c�t�e�d� �i�n� �F�i�g�u�r�e� �2�.�1�7� �s�h�o�w� �h�o�w� �t�h�e� �g�l�a�s�s� �t�r�a�n�s�i�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e�s� 

�r�a�n�g�e�d� �f�r�o�m� �-�2�3� �t�o� �6�2� �°�C� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �i�n�t�e�n�s�i�t�y� �[�6�5�]�.� �S�a�m�p�l�e�s� �e�x�p�o�s�e�d� �f�o�r� �v�a�r�i�o�u�s� �t�i�m�e�s� �a�t� �a� 

�f�i�x�e�d� �e�x�p�o�s�u�r�e� �i�n�t�e�n�s�i�t�y� �d�i�s�p�l�a�y�e�d� �t�h�e�r�m�o�m�e�c�h�a�n�i�c�a�l� �b�e�h�a�v�i�o�r� �w�h�i�c�h� �c�h�a�n�g�e�d� �l�i�t�t�l�e� �o�v�e�r� �t�h�e� 

�s�t�u�d�i�e�d� �e�x�p�o�s�u�r�e� �d�o�m�a�i�n�.� �T�h�e�s�e� �f�i�n�d�i�n�g�s� �i�n�d�i�c�a�t�e� �t�h�a�t� �v�i�t�r�i�f�i�c�a�t�i�o�n� �g�o�v�e�r�n�e�d� �t�h�e� �f�i�n�a�l� 

�c�o�n�v�e�r�s�i�o�n� �i�n� �a�l�l� �s�a�m�p�l�e�s�,� �i�r�r�e�s�p�e�c�t�i�v�e� �o�f� �t�h�e� �e�x�p�o�s�u�r�e� �t�i�m�e�.� �A�s� �a� �r�e�s�u�l�t�,� �t�h�e� �l�o�s�s� �t�a�n�g�e�n�t� �s�p�e�c�t�r�a� 

�s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�1�8� �e�x�h�i�b�i�t�e�d� �o�n�l�y� �a� �3�0� �°�C� �s�p�r�e�a�d� �i�n� �t�h�e� �T�,�s�.� �I�n�t�e�r�e�s�t�i�n�g�l�y�,� �t�h�e� �o�b�s�e�r�v�e�d� �T�,�s� 

�w�e�r�e� �4�0� �t�o� �7�0� �°�C� �h�i�g�h�e�r� �t�h�a�n� �t�h�e� �2�0� �°�C� �c�u�r�e� �t�e�m�p�e�r�a�t�u�r�e�.� �A�l�t�h�o�u�g�h� �t�h�e� �e�x�o�t�h�e�r�m� �o�f� �r�e�a�c�t�i�o�n� �m�a�y� 

�h�a�v�e� �s�i�g�n�i�f�i�c�a�n�t�l�y� �i�n�c�r�e�a�s�e�d� �t�h�e� �c�u�r�e� �t�e�m�p�e�r�a�t�u�r�e� �(�s�a�m�p�l�e�s� �w�e�r�e� �0�.�5� �m�m� �t�h�i�c�k�)�,� �t�h�e� �e�f�f�e�c�t� �o�f� �f�r�e�e� 

�v�o�l�u�m�e� �o�n� �t�h�e� �T�,� �a�l�s�o� �w�a�s� �c�o�n�s�i�d�e�r�e�d� �b�y� �K�l�o�o�s�t�e�r�b�o�e�r� �e�t� �a�l�.� �S�i�n�c�e� �m�o�l�e�c�u�l�a�r� �m�o�b�i�l�i�t�y� �i�s� �t�h�e� 

�u�l�t�i�m�a�t�e� �p�a�r�a�m�e�t�e�r� �r�e�s�t�r�i�c�t�i�n�g� �f�u�r�t�h�e�r� �c�r�o�s�s�l�i�n�k�i�n�g�.� �K�l�o�o�s�t�e�r�b�o�e�r� �e�t� �a�l�.� �r�e�p�o�r�t�e�d� �t�h�a�t� �c�o�n�v�e�r�s�i�o�n� 

�d�e�p�e�n�d�s� �n�o�t� �o�n�l�y� �o�n� �t�h�e� �a�m�o�u�n�t� �o�f� �a�v�a�i�l�a�b�l�e� �f�r�e�e� �v�o�l�u�m�e� �b�u�t� �a�l�s�o� �o�n� �i�t�s� �r�a�t�e� �o�f� �d�e�c�a�y�.� �T�h�i�s� 

�m�a�y� �b�e� �p�a�r�t�i�c�u�l�a�r�l�y� �p�e�r�t�i�n�e�n�t� �t�o� �p�h�o�t�o�p�o�l�y�m�e�r� �n�e�t�w�o�r�k� �f�o�r�m�a�t�i�o�n� �w�h�i�c�h� �o�c�c�u�r�s� �u�n�d�e�r� �n�o�n�-� 

�e�q�u�i�l�i�b�r�i�u�m� �c�o�n�d�i�t�i�o�n�s�.� �K�l�o�o�s�t�e�r�b�o�e�r� �e�t� �a�l�.� �h�a�v�e� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �e�l�e�v�a�t�e�d� �T�,�s� �m�a�y� �b�e� �p�o�s�s�i�b�l�e� 

�d�u�e� �t�o� �t�h�e� �t�e�m�p�o�r�a�r�y� �e�x�c�e�s�s� �f�r�e�e� �v�o�l�u�m�e� �w�h�i�c�h� �r�e�s�u�l�t�s� �w�h�e�n� �s�h�r�i�n�k�a�g�e� �c�a�n�n�o�t� �k�e�e�p� �u�p� �w�i�t�h� 

�c�h�e�m�i�c�a�l� �c�o�n�v�e�r�s�i�o�n�.� 

�S�a�m�p�l�e�s� �a�l�s�o� �w�e�r�e� �e�x�p�o�s�e�d� �u�n�d�e�r� �i�s�o�-�p�h�o�t�o�n� �c�o�n�d�i�t�i�o�n�s� �b�y� �m�a�k�i�n�g� �e�x�p�o�s�u�r�e�s� �a�t� �v�a�r�i�o�u�s� 

�c�o�m�b�i�n�a�t�i�o�n�s� �o�f� �i�n�t�e�n�s�i�t�y� �a�n�d� �t�i�m�e� �t�o� �p�r�o�v�i�d�e� �a� �c�o�n�s�t�a�n�t� �n�u�m�b�e�r� �o�f� �p�h�o�t�o�n�s�.� �T�h�e� �l�o�s�s� �t�a�n�g�e�n�t� 

�s�p�e�c�t�r�a�,� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�1�9�,� �r�e�v�e�a�l�e�d� �l�o�w�e�r� �T�,�s� �f�o�r� �s�a�m�p�l�e�s� �e�x�p�o�s�e�d� �t�o� �h�i�g�h�e�r� �i�n�t�e�n�s�i�t�i�e�s� 

�[�6�5�]�.� �T�h�e� �g�l�a�s�s� �t�r�a�n�s�i�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e�s� �v�a�r�i�e�d� �b�y� �o�n�l�y� �2�0� �°�C� �o�v�e�r� �t�h�e� �s�p�a�n� �o�f� �t�h�r�e�e� �d�e�c�a�d�e�s� �i�n� 

�i�n�t�e�n�s�i�t�y�.� �K�l�o�o�s�t�e�r�b�o�e�r� �e�t� �a�l�.� �a�t�t�r�i�b�u�t�e� �t�h�i�s� �d�e�v�i�a�t�i�o�n� �t�o� �t�h�e� �i�n�v�e�r�s�e� �s�q�u�a�r�e� �r�o�o�t� �d�e�p�e�n�d�e�n�c�e� �o�f� 

�k�i�n�e�t�i�c� �c�h�a�i�n� �l�e�n�g�t�h� �o�n� �i�n�t�e�n�s�i�t�y� �d�e�s�p�i�t�e� �t�h�e� �s�q�u�a�r�e� �r�o�o�t� �d�e�p�e�n�d�e�n�c�e� �o�n� �i�n�t�e�n�s�i�t�y�.� �T�h�e� �n�e�t� �e�f�f�e�c�t�,� 

�t�h�e�y� �e�x�p�l�a�i�n�,� �r�e�s�u�l�t�s� �i�n� �l�o�w�e�r� �T�,�s� �a�t� �h�i�g�h�e�r� �i�n�t�e�n�s�i�t�i�e�s�.� �T�h�e�o�r�e�t�i�c�a�l� �p�r�e�d�i�c�t�i�o�n�s� �b�y� �t�h�e� �p�r�e�s�e�n�t� 

�a�u�t�h�o�r� �(�s�e�e� �S�e�c�t�i�o�n� �2�.�4�)�,� �i�n�d�i�c�a�t�e� �t�h�a�t� �c�o�n�v�e�r�s�i�o�n�,� �a�n�d� �t�h�u�s� �T�y�,� �s�h�o�u�l�d� �i�n�c�r�e�a�s�e� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� 

�i�n�t�e�n�s�i�t�y� �u�n�d�e�r� �i�s�o�-�p�h�o�t�o�n� �c�o�n�d�i�t�i�o�n�s�.� 

�T�h�e� �h�o�m�o�p�o�l�y�m�e�r� �n�e�t�w�o�r�k� �p�r�o�p�e�r�t�i�e�s� �o�f� �T�E�G�D�A� �a�l�s�o� �w�e�r�e� �i�n�v�e�s�t�i�g�a�t�e�d� �b�y� �K�l�o�o�s�t�e�r�b�o�e�r� 

�e�t� �a�l�.� �u�s�i�n�g� �t�h�e� �s�a�m�e� �e�x�p�o�s�u�r�e� �s�c�h�e�m�e� �a�s� �p�r�e�v�i�o�u�s�l�y� �i�n�d�i�c�a�t�e�d� �[�8�9�]�.� �C�r�N�i� �s�t�e�e�l� �(�2�0�0� �j�u�m� �t�h�i�c�k�)
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�T�e�m�p�e�r�a�t�u�r�e�,� �°�C� 

�8� 

�F�i�g�u�r�e� �2�.�2�3�.� �T�h�e�r�m�o�m�e�c�h�a�n�i�c�a�l� �b�e�h�a�v�i�o�r� �o�f� �t�h�e� �C�y�c�o�l�o�r�®� �i�m�a�g�i�n�g� �s�y�s�t�e�m� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� 
�e�x�p�o�s�u�r�e� �i�n�t�e�n�s�i�t�y�.� �F�i�l�m�s� �w�e�r�e� �s�u�p�p�o�r�t�e�d� �o�n� �P�E�T� �f�o�r� �m�e�c�h�a�n�i�c�a�l� �a�n�a�l�y�s�i�s�.� 
�(�R�e�p�r�i�n�t�e�d� �f�r�o�m� �R�e�f�.� �9�6�.�)



�5�2� 

�u�s�i�n�g� �a�c�i�d�i�c� �r�e�s�i�n� �c�o�a�t�e�d� �p�a�p�e�r�,� �w�e�r�e� �c�o�m�p�a�r�e�d� �t�o� �t�h�e� �g�l�a�s�s� �t�r�a�n�s�i�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e�s� �m�e�a�s�u�r�e�d� �v�i�a� 

�d�y�n�a�m�i�c� �m�e�c�h�a�n�i�c�a�l� �t�h�e�r�m�a�l� �a�n�a�l�y�s�i�s�.� �T�h�i�s� �p�l�o�t�,� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�2�4�,� �r�e�v�e�a�l�e�d� �h�o�w� �i�m�p�o�r�t�a�n�t� 

�w�e�r�e� �l�o�w� �T�,� �m�a�t�e�r�i�a�l�s� �i�n� �c�o�n�t�r�o�l�l�i�n�g� �i�m�a�g�e� �d�e�n�s�i�t�y�.� 

�A�l�l�e�n� �a�n�d� �D�r�a�i�n� �h�a�v�e� �r�e�p�o�r�t�e�d� �p�r�e�l�i�m�i�n�a�r�y� �d�a�t�a� �o�n� �t�h�e� �u�s�e� �o�f� �t�i�m�e�-�t�e�m�p�e�r�a�t�u�r�e� 

�s�u�p�e�r�p�o�s�i�t�i�o�n�i�n�g� �(�t�-�T� �S�p�)�,� �t�o� �c�h�a�r�a�c�t�e�r�i�z�e� �r�a�d�i�a�t�i�o�n� �c�u�r�e�d� �p�r�e�s�s�u�r�e� �s�e�n�s�i�t�i�v�e� �a�d�h�e�s�i�v�e�s� �[�9�7�]�.� 

�R�e�c�t�a�n�g�u�l�a�r� �s�a�m�p�l�e�s� �(�5�0� �m�m� �l�o�n�g�,� �1�2� �m�m� �w�i�d�e�,� �a�n�d� �1�.�7�5� �m�m� �t�h�i�c�k�)� �o�f� �e�p�o�x�y� �a�c�r�y�l�a�t�e� 

�o�l�i�g�o�m�e�r�/�m�o�n�o�m�e�r� �b�l�e�n�d�s� �w�e�r�e� �p�r�e�p�a�r�e�d� �i�n� �a�n� �a�l�u�m�i�n�u�m� �m�o�l�d� �b�y� �f�i�r�s�t� �e�x�p�o�s�i�n�g� �t�h�e� �s�a�m�p�l�e�s� �t�o� 

�u�l�t�r�a�v�i�o�l�e�t� �r�a�d�i�a�t�i�o�n� �v�i�a� �F�u�s�i�o�n� �S�y�s�t�e�m�s�®� �F�4�5�0� �c�o�n�v�e�y�o�r�i�z�e�d� �e�q�u�i�p�m�e�n�t� �a�n�d� �t�h�e�n� �b�y� �p�o�s�t�-� 

�b�a�k�i�n�g� �f�o�r� �2�0� �m�i�n� �a�t� �1�2�0�°�C�.� �T�o�r�s�i�o�n�a�l� �r�h�e�o�m�e�t�r�y� �w�a�s� �t�h�e�n� �p�e�r�f�o�r�m�e�d� �v�i�a� �a� �R�h�e�o�m�e�t�r�i�c�s�®� �R�D�A� 

�7�0�0� �a�t� �d�i�s�c�r�e�t�e� �t�e�m�p�e�r�a�t�u�r�e�s� �r�a�n�g�i�n�g� �f�r�o�m� �2�5� �t�o� �1�2�5� �°�C� �t�o� �m�o�n�i�t�o�r� �s�t�o�r�a�g�e� �m�o�d�u�l�u�s� �w�h�i�l�e� 

�s�w�e�e�p�i�n�g� �f�r�e�q�u�e�n�c�y� �f�r�o�m� �0�.�1� �t�o� �1�0�0� �r�a�d�/�s�e�c�.� �T�h�e� �i�n�d�i�v�i�d�u�a�l� �i�s�o�t�h�e�r�m�s�,� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�2�5�,� 

�w�e�r�e� �s�h�i�f�t�e�d� �h�o�r�i�z�o�n�t�a�l�l�y� �t�o� �f�o�r�m� �t�h�e� �s�m�o�o�t�h�,� �c�o�n�t�i�n�u�o�u�s� �c�u�r�v�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�2�6�,� �r�e�f�e�r�r�e�d� 

�t�o� �a�s� �t�h�e� �m�a�s�t�e�r� �c�u�r�v�e�.� �T�h�e� �c�o�r�r�e�s�p�o�n�d�i�n�g� �s�h�i�f�t� �f�a�c�t�o�r� �p�l�o�t� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�2�7� �r�e�v�e�a�l�e�d� �a� 

�s�m�o�o�t�h� �f�i�t� �n�e�c�e�s�s�a�r�y� �f�o�r� �a�p�p�l�i�c�a�t�i�o�n� �o�f� �t�h�e� �W�i�l�l�i�a�m�s�,� �L�a�n�d�e�l�,� �F�e�r�r�y� �(�W�L�F�)� �t�r�e�a�t�m�e�n�t� �[�1�]�.� 

�A�l�t�h�o�u�g�h� �A�l�l�e�n� �a�n�d� �D�r�a�i�n� �s�i�m�p�l�y� �r�e�p�o�r�t�e�d� �t�h�e� �a�p�p�l�i�c�a�b�i�l�i�t�y� �o�f� �t�-�T� �S�p� �t�o� �t�h�e�i�r� �s�y�s�t�e�m�,� �m�a�s�t�e�r� 

�c�u�r�v�e�s� �i�n� �g�e�n�e�r�a�l� �a�l�l�o�w� �o�n�e� �t�o� �p�r�e�d�i�c�t� �w�h�a�t� �t�h�e� �m�e�c�h�a�n�i�c�a�l� �p�r�o�p�e�r�t�i�e�s� �w�i�l�l� �b�e� �a�t� �a�n�y� �c�o�m�b�i�n�a�t�i�o�n� 

�o�f� �t�e�m�p�e�r�a�t�u�r�e�,� �t�i�m�e�,� �a�n�d� �f�r�e�q�u�e�n�c�y�.� �F�o�r� �e�x�a�m�p�l�e�,� �a�d�h�e�r�e�n�c�e� �t�o� �t�h�e� �D�a�h�l�q�u�i�s�t� �c�r�i�t�e�r�i�o�n� 

�(�c�o�m�p�l�i�a�n�c�e� �o�f� �1� �x� �1�0�-�7� �c�m�2�/�d�y�n�e� �a�t� �1� �s�e�c�)� �f�o�r� �p�r�e�s�s�u�r�e� �s�e�n�s�i�t�i�v�e� �a�d�h�e�s�i�v�e�s� �c�a�n� �r�e�a�d�i�l�y� �b�e� 

�d�e�t�e�r�m�i�n�e�d� �o�n�c�e� �t�h�e� �c�o�r�r�e�s�p�o�n�d�i�n�g� �m�a�s�t�e�r� �c�u�r�v�e� �h�a�s� �b�e�e�n� �g�e�n�e�r�a�t�e�d�.� �T�h�e� �e�f�f�e�c�t� �o�f� �p�o�l�y�m�e�r� 

�m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t�,� �c�o�m�p�o�s�i�t�i�o�n�,� �c�h�e�m�i�c�a�l� �s�t�r�u�c�t�u�r�e�,� �m�o�r�p�h�o�l�o�g�y�,� �t�o�p�o�l�o�g�y�,� �a�n�d� �a�d�d�i�t�i�v�e�s� �c�a�n� �a�l�l� 

�b�e� �o�b�s�e�r�v�e�d� �o�v�e�r� �m�a�n�y� �d�e�c�a�d�e�s� �o�f� �t�i�m�e� �o�r� �f�r�e�q�u�e�n�c�y� �b�y� �a�p�p�l�y�i�n�g� �t�h�e� �p�r�i�n�c�i�p�l�e�s� �o�f� �t�-�T� �S�p�.� 

�K�i�m� �e�t� �a�l�.� �i�n�v�e�s�t�i�g�a�t�e�d� �t�h�e� �e�f�f�e�c�t� �o�f� �p�h�o�t�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e� �o�n� �t�h�e� �d�e�g�r�e�e� �o�f� 

�m�i�c�r�o�p�h�a�s�e� �s�e�p�a�r�a�t�i�o�n� �i�n� �v�a�r�i�o�u�s� �i�n�t�e�r�p�e�n�e�t�r�a�t�i�n�g� �n�e�t�w�o�r�k�s� �(�I�P�N�)� �a�n�d� �l�i�n�e�a�r� �b�l�e�n�d�s� �[�9�8�]�.� �T�h�e� 

�p�o�l�y�m�e�r�i�z�a�t�i�o�n�s� �o�f� �s�t�y�r�e�n�e�,� �v�i�a� �a� �f�r�e�e� �r�a�d�i�c�a�l� �m�e�c�h�a�n�i�s�m�,� �a�n�d� �a� �p�o�l�y�u�r�e�t�h�a�n�e�,� �v�i�a� �a� �s�t�e�p� �g�r�o�w�t�h� 

�m�e�c�h�a�n�i�s�m�,� �w�e�r�e� �c�a�r�r�i�e�d� �o�u�t� �s�i�m�u�l�t�a�n�e�o�u�s�l�y� �i�n� �a� �s�i�n�g�l�e� �r�e�a�c�t�i�o�n� �m�i�x�t�u�r�e� �c�o�n�t�a�i�n�i�n�g� �m�o�n�o�m�e�r�s� 

�(�s�t�y�r�e�n�e�,� �T�P�I�,� �b�u�t�a�n�e�d�i�o�l�)�,� �o�l�i�g�o�m�e�r�s� �(�p�o�l�y�t�e�t�r�a�m�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)�,� �a�n�d� �o�p�t�i�o�n�a�l�l�y� �c�r�o�s�s�l�i�n�k�i�n�g
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�a�g�e�n�t�s� �(�T�M�P� �a�n�d� �d�i�v�i�n�y�l� �b�e�n�z�e�n�e�)� �t�o� �p�r�o�d�u�c�e� �p�o�l�y�m�e�r�s� �p�o�s�s�e�s�s�i�n�g� �u�n�i�q�u�e� �m�o�r�p�h�o�l�o�g�i�e�s� �w�h�i�c�h� 

�w�e�r�e� �h�i�g�h�l�y� �d�e�p�e�n�d�e�n�t� �u�p�o�n� �r�e�a�c�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �p�r�e�s�s�u�r�e�.� �F�o�u�r� �g�e�n�e�r�a�l� �t�y�p�e�s� �o�f� �p�o�l�y�m�e�r�s� 

�w�e�r�e� �r�e�p�o�r�t�e�d�:� 

�e� �I�P�N ��C�r�o�s�s�l�i�n�k�e�d� �p�o�l�y�u�r�e�t�h�a�n�e�/�c�r�o�s�s�l�i�n�k�e�d� �p�o�l�y�s�t�y�r�e�n�e� 

�e� �S�e�m�i�-�I� �I�P�N ��C�r�o�s�s�l�i�n�k�e�d� �p�o�l�y�u�r�e�t�h�a�n�e�/�l�i�n�e�a�r� �p�o�l�y�s�t�y�r�e�n�e� 

�e� �S�e�m�i�-�I�I� �I�P�N ��L�i�n�e�a�r� �p�o�l�y�u�r�e�t�h�a�n�e�/�c�r�o�s�s�l�i�n�k�e�d� �p�o�l�y�s�t�y�r�e�n�e� 

�e� �B�l�e�n�d ��L�i�n�e�a�r� �p�o�l�y�u�r�e�t�h�a�n�e�/�l�i�n�e�a�r� �p�o�l�y�s�t�y�r�e�n�e� 

�T�h�e� �m�i�s�c�i�b�i�l�i�t�y� �o�f� �p�o�l�y�m�e�r�-�p�o�l�y�m�e�r� �b�l�e�n�d�s� �h�a�s� �b�e�e�n� �s�t�u�d�i�e�d� �f�o�r� �m�a�n�y� �y�e�a�r�s� �[�9�9�]�.� �T�h�e� �l�o�w� 

�e�n�t�r�o�p�y� �o�f� �m�i�x�i�n�g� �o�f� �p�o�l�y�m�e�r�s� �a�l�m�o�s�t� �a�l�w�a�y�s� �r�e�s�u�l�t�s� �i�n� �d�i�s�c�r�e�t�e� �d�o�m�a�i�n�s� �o�f� �p�h�a�s�e� �s�e�p�a�r�a�t�e�d� 

�m�a�t�e�r�i�a�l�.� �T�h�e� �m�i�s�c�i�b�i�l�i�t�y� �o�f� �r�e�a�c�t�i�v�e� �b�l�e�n�d�s� �o�f�t�e�n� �i�s� �a�f�f�e�c�t�e�d� �b�y� �n�e�t�w�o�r�k� �f�o�r�m�a�t�i�o�n� �w�h�i�c�h� �a�r�r�e�s�t�s� 

�p�h�a�s�e� �s�e�p�a�r�a�t�i�o�n� �a�s� �m�o�l�e�c�u�l�a�r� �m�o�b�i�l�i�t�y� �d�i�m�i�n�i�s�h�e�s�.� �T�h�e� �r�a�t�e� �o�f� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �t�h�e�r�e�f�o�r�e� 

�d�e�t�e�r�m�i�n�e�s� �t�h�e� �d�e�g�r�e�e� �o�f� �p�h�a�s�e� �m�i�x�i�n�g� �i�n� �a�n� �I�P�N�,� �w�h�i�c�h� �w�i�l�l� �b�e� �r�e�f�l�e�c�t�e�d� �i�n� �t�h�e� 

�t�h�e�r�m�o�m�e�c�h�a�n�i�c�a�l� �s�p�e�c�t�r�u�m�.� �A�s� �a� �r�e�s�u�l�t�,� �t�h�e� �l�i�n�e�a�r� �p�o�l�y�u�r�e�t�h�a�n�e�/�p�o�l�y�s�t�y�r�e�n�e� �a�n�a�l�o�g�u�e� �w�a�s� 

�e�x�p�e�c�t�e�d� �t�o� �d�i�s�p�l�a�y� �t�h�e� �g�r�e�a�t�e�s�t� �p�o�t�e�n�t�i�a�l� �f�o�r� �p�h�a�s�e� �s�e�p�a�r�a�t�i�o�n�.� �A�s� �e�x�p�e�c�t�e�d�,� �F�i�g�u�r�e� �2�.�2�8� �s�h�o�w�s� 

�t�w�o� �d�i�s�t�i�n�c�t� �t�r�a�n�s�i�t�i�o�n�s� �f�o�r� �t�h�e� �l�i�n�e�a�r� �b�l�e�n�d�:� �a� �l�o�w� �t�e�m�p�e�r�a�t�u�r�e� �t�r�a�n�s�i�t�i�o�n� �f�o�r� �t�h�e� �p�o�l�y�u�r�e�t�h�a�n�e� 

�a�n�d� �a� �h�i�g�h� �t�e�m�p�e�r�a�t�u�r�e� �t�r�a�n�s�i�t�i�o�n� �f�o�r� �t�h�e� �p�o�l�y�s�t�y�r�e�n�e�.� �T�h�e� �i�n�t�r�o�d�u�c�t�i�o�n� �o�f� �c�r�o�s�s�l�i�n�k�s� �i�n�t�o� �b�o�t�h� 

�t�h�e� �p�o�l�y�u�r�e�t�h�a�n�e� �a�n�d� �p�o�l�y�s�t�y�r�e�n�e� �c�o�m�p�o�n�e�n�t�s� �(�I�P�N�)� �r�e�s�u�l�t�e�d� �i�n� �a� �m�u�c�h� �m�o�r�e� �p�h�a�s�e� �m�i�x�e�d� 

�n�e�t�w�o�r�k� �a�s� �e�v�i�d�e�n�c�e�d� �b�y� �t�h�e� �f�a�c�t� �t�h�a�t� �t�h�e� �l�o�w� �t�e�m�p�e�r�a�t�u�r�e� �p�o�l�y�u�r�e�t�h�a�n�e� �t�r�a�n�s�i�t�i�o�n� �b�e�c�a�m�e� �a� 

�s�h�o�u�l�d�e�r� �o�n� �t�h�e� �p�o�l�y�s�t�y�r�e�n�e� �d�i�s�p�e�r�s�i�o�n�.� �I�n� �t�e�r�m�s� �o�f� �t�h�e� �t�w�o� �s�e�m�i�-�I�P�N�s�,� �K�i�m� �e�t� �a�l�.� �s�h�o�w�e�d� �t�h�a�t� 

�o�n�l�y� �b�y� �c�r�o�s�s�l�i�n�k�i�n�g� �t�h�e� �c�o�n�t�i�n�u�o�u�s� �p�o�l�y�u�r�e�t�h�a�n�e� �p�h�a�s�e� �w�a�s� �m�i�s�c�i�b�i�l�i�t�y� �a�f�f�e�c�t�e�d�.� �T�h�e� �l�i�n�e�a�r� 

�p�o�l�y�u�r�e�t�h�a�n�e� �w�i�t�h� �e�i�t�h�e�r� �c�r�o�s�s�l�i�n�k�e�d� �o�r� �l�i�n�e�a�r� �p�o�l�y�s�t�y�r�e�n�e� �e�x�h�i�b�i�t�e�d� �d�i�s�t�i�n�c�t� �p�h�a�s�e� �s�e�p�a�r�a�t�i�o�n� 

�m�a�k�i�n�g� �t�h�i�s� �a�n�a�l�o�g�o�u�s� �t�o� �t�h�e� �l�i�n�e�a�r� �b�l�e�n�d� �s�i�n�c�e� �t�h�e� �p�o�l�y�u�r�e�t�h�a�n�e� �w�a�s� �n�o�t� �a�b�l�e� �t�o� �a�r�r�e�s�t� �t�h�e� �p�h�a�s�e� 

�s�e�p�a�r�a�t�i�o�n�.� �T�h�e� �s�e�n�s�i�t�i�v�i�t�y� �o�f� �t�h�e� �d�e�g�r�e�e� �o�f� �p�h�a�s�e� �s�e�p�a�r�a�t�i�o�n� �i�n� �t�h�e� �I�P�N� �t�o� �r�e�a�c�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e� 

�w�a�s� �a�l�s�o� �d�e�m�o�n�s�t�r�a�t�e�d�,� �a�s� �c�a�n� �b�e� �s�e�e�n� �i�n� �F�i�g�u�r�e� �2�.�2�9�.� �T�h�e� �l�o�w�e�r� �t�h�e� �r�e�a�c�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e�,� �t�h�e� 

�m�o�r�e� �p�h�a�s�e� �m�i�x�i�n�g� �w�a�s� �o�b�t�a�i�n�e�d�.� �T�h�i�s� �w�a�s� �a�t�t�r�i�b�u�t�e�d� �t�o� �t�h�e� �f�a�c�t� �t�h�a�t� �a�t� �l�o�w� �t�e�m�p�e�r�a�t�u�r�e�s�,� 

�p�a�r�t�i�c�u�l�a�r�l�y� �a�t� �0� �°�C�,� �d�i�f�f�u�s�i�o�n� �w�a�s� �s�l�o�w� �e�n�o�u�g�h� �a�n�d� �n�e�t�w�o�r�k� �f�o�r�m�a�t�i�o�n� �o�c�c�u�r�r�e�d� �s�o�o�n� �e�n�o�u�g�h
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�F�i�g�u�r�e� �2�.�2�8�.� �L�o�s�s� �t�a�n�g�e�n�t� �s�p�e�c�t�r�a� �o�f� �t�h�e� �I�P�N�,� �S�e�m�i�-�I� �I�P�N�,� �S�e�m�i�-�I�I� �I�P�N�,� �a�n�d� �b�l�e�n�d� �p�o�l�y�m�e�r�s� 
�s�y�n�t�h�e�s�i�z�e�d� �a�t� �0� �°�C�.� �(�R�e�p�r�i�n�t�e�d� �f�r�o�m� �R�e�f�.� �9�8�.�)
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�T�E�M�P�E�R�A�T�U�R�E� �(�°�C�)� 

�F�i�g�u�r�e� �2�.�2�9�.� �L�o�s�s� �t�a�n�g�e�n�t� �s�p�e�c�t�r�a� �o�f� �I�P�N�s� �s�y�n�t�h�e�s�i�z�e�d� �a�t� �v�a�r�i�o�u�s� �t�e�m�p�e�r�a�t�u�r�e�s�.� �(�R�e�p�r�i�n�t�e�d� 
�f�r�o�m� �R�e�f�.� �9�8�.�)
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�t�h�a�t� �t�h�e� �p�o�l�y�s�t�y�r�e�n�e� �i�n�t�e�r�p�e�n�e�t�r�a�t�e�d� �m�o�r�e� �e�x�t�e�n�s�i�v�e�l�y� �i�n�t�o� �t�h�e� �p�o�l�y�u�r�e�t�h�a�n�e� �n�e�t�w�o�r�k�.� �T�h�e� 

�b�r�e�a�d�t�h� �a�n�d� �l�o�c�a�t�i�o�n� �o�f� �t�h�e� �l�o�s�s� �t�a�n�g�e�n�t� �p�e�a�k�s� �w�e�r�e� �v�e�r�y� �u�s�e�f�u�l� �i�n� �d�e�t�e�r�m�i�n�i�n�g� �t�h�e� �m�o�r�p�h�o�l�o�g�y� 

�i�n� �r�a�d�i�a�t�i�o�n� �c�u�r�e�d� �I�P�N� �m�a�t�e�r�i�a�l�s�.� 

�A�n�o�t�h�e�r� �s�t�u�d�y� �o�n� �t�h�e� �d�y�n�a�m�i�c� �m�e�c�h�a�n�i�c�a�l� �b�e�h�a�v�i�o�r� �o�f� �I�P�N� �m�a�t�e�r�i�a�l�s� �f�o�r�m�e�d� �v�i�a� �u�l�t�r�a�v�i�o�l�e�t� 

�p�h�o�t�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n� �w�a�s� �p�u�b�l�i�s�h�e�d� �b�y� �S�u�z�u�k�i� �e�t� �a�l�.� �I�n� �t�h�i�s� �s�t�u�d�y�,� �t�h�r�e�e� �t�y�p�e�s� �o�f� �I�P�N�s� �w�e�r�e� 

�p�r�e�p�a�r�e�d� �[�1�0�0�]�:� 

�e� �N�o�r�m�a�l ��P�h�o�t�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n� �o�f� �a�c�r�y�l�a�t�e� �f�o�l�l�o�w�e�d� �b�y� �t�h�e�r�m�a�l� �c�u�r�i�n�g� �o�f� �a�n� �e�p�o�x�y� 

�e� �I�n�v�e�r�s�e ��T�h�e�r�m�a�l� �c�u�r�e� �o�f� �e�p�o�x�y� �f�o�l�l�o�w�e�d� �b�y� �p�h�o�t�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n� �o�f� �a�c�r�y�l�a�t�e� 

�e� �S�i�m�u�l�t�a�n�e�o�u�s ��T�h�e�r�m�a�l� �h�o�m�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n� �o�f� �b�o�t�h� �c�o�m�p�o�n�e�n�t�s� 

�T�h�e� �m�a�t�e�r�i�a�l�s� �u�s�e�d� �i�n� �t�h�i�s� �s�t�u�d�y� �i�n�c�l�u�d�e�d� �a� �b�i�s�p�h�e�n�o�l�-�A� �b�a�s�e�d� �d�i�a�c�r�y�l�a�t�e� �(�2�,�2�'�-�b�i�s�(�4�-� 

�m�e�t�h�a�c�r�y�l�o�x�y� �d�i�m�e�t�h�o�x�y� �p�h�e�n�y�l�)�-�p�r�o�p�a�n�e�)�,� �a� �d�i�m�e�t�h�a�c�r�y�l�a�t�e� �(�p�o�l�y�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� 

�d�i�m�e�t�h�a�c�r�y�l�a�t�e� �M�W� �=� �2�0�0� �g�/�m�o�l�)�,� �a�n� �e�p�o�x�y� �(�d�i�g�l�y�c�i�d�y�l� �e�t�h�e�r� �o�f� �b�i�s�-�A�,� �D�G�E�B�A�)�,� �a�n� �e�p�o�x�y� 

�a�c�c�e�l�e�r�a�t�o�r� �(�1�.�0� �p�h�r� �z�i�n�c� �o�c�t�y�l�a�t�e�)�,� �a�n�d� �a�n� �u�l�t�r�a�v�i�o�l�e�t� �p�h�o�t�o�i�n�i�t�i�a�t�o�r� �(�0�.�5� �p�h�r� �b�e�n�z�o�i�n� �e�t�h�y�l� �e�t�h�e�r�)�.� 

�T�h�e� �n�o�r�m�a�l� �I�P�N�s� �w�e�r�e� �p�r�e�p�a�r�e�d� �b�y� �S�u�z�u�k�i� �e�t� �a�l�.� �b�y� �f�i�r�s�t� �p�h�o�t�o�p�o�l�y�m�e�r�i�z�i�n�g� �t�h�e� �a�c�r�y�l�a�t�e� 

�c�o�m�p�o�n�e�n�t�s� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �t�h�e�n� �p�o�s�t�-�b�a�k�i�n�g� �a�t� �1�3�5� �a�n�d� �1�5�0� �°�C� �f�o�r� �a� �t�o�t�a�l� �o�f� �2�0� �h�o�u�r�s� 

�t�o� �c�r�o�s�s�l�i�n�k� �t�h�e� �e�p�o�x�y� �(�w�h�i�c�h� �i�n�c�i�d�e�n�t�a�l�l�y� �d�e�v�i�t�r�i�f�i�e�d� �t�h�e� �a�c�r�y�l�a�t�e�,� �t�h�u�s� �e�n�a�b�l�i�n�g� �i�t� �t�o� �f�u�r�t�h�e�r� 

�c�r�o�s�s�l�i�n�k�)�.� �T�h�e� �d�y�n�a�m�i�c� �m�e�c�h�a�n�i�c�a�l� �b�e�h�a�v�i�o�r� �r�e�v�e�a�l�e�d� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �T�,�,� �c�r�o�s�s�l�i�n�k� �d�e�n�s�i�t�y�,� �a�n�d� 

�r�e�l�a�t�i�v�e� �d�e�g�r�e�e� �o�f� �p�h�a�s�e� �s�e�p�a�r�a�t�i�o�n�.� �F�i�g�u�r�e� �2�.�3�0� �s�u�g�g�e�s�t�e�d� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �d�i�s�t�i�n�c�t� �p�h�a�s�e�s� �i�n� �t�h�e� 

�n�o�r�m�a�l� �I�P�N� �w�i�t�h� �t�h�e� �a�p�p�e�a�r�a�n�c�e� �o�f� �m�u�l�t�i�p�l�e� �t�r�a�n�s�i�t�i�o�n�s� �i�n� �t�h�e� �l�o�s�s� �t�a�n�g�e�n�t� �s�p�e�c�t�r�u�m� �a�t� 

�i�n�t�e�r�m�e�d�i�a�t�e� �c�o�m�p�o�s�i�t�i�o�n�s�.� �T�h�e� �p�o�l�y�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� �d�i�m�e�t�h�a�c�r�y�l�a�t�e� �h�o�m�o�p�o�l�y�m�e�r� �e�x�h�i�b�i�t�e�d� 

�t�h�e� �h�i�g�h�e�s�t� �c�r�o�s�s�l�i�n�k� �d�e�n�s�i�t�y� �a�s� �e�v�i�d�e�n�c�e�d� �b�y� �t�h�e� �h�e�i�g�h�t� �o�f� �t�h�e� �r�u�b�b�e�r�y� �p�l�a�t�e�a�u� �a�s� �w�e�l�l� �a�s� �t�h�e� 

�b�r�e�a�d�t�h� �a�n�d� �m�a�g�n�i�t�u�d�e� �o�f� �t�h�e� �l�o�s�s� �t�a�n�g�e�n�t� �p�e�a�k�.� 

�T�h�e� �i�n�v�e�r�s�e� �I�P�N� �w�a�s� �p�r�e�p�a�r�e�d� �b�y� �f�i�r�s�t� �t�h�e�r�m�a�l�l�y� �c�r�o�s�s�l�i�n�k�i�n�g� �t�h�e� �e�p�o�x�y� �a�l�o�n�g� �w�i�t�h� �a�n� 

�u�n�r�e�a�c�t�i�v�e� �d�i�l�u�e�n�t� �p�o�l�y�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� �d�i�i�s�o�b�u�t�y�l�a�t�e�.� �N�e�x�t�,� �t�h�e� �d�i�l�u�e�n�t� �w�a�s� �e�x�t�r�a�c�t�e�d� �a�n�d� 

�e�x�c�h�a�n�g�e�d� �w�i�t�h� �t�h�e� �u�l�t�r�a�v�i�o�l�e�t� �s�e�n�s�i�t�i�v�e� �d�i�m�e�t�h�a�c�r�y�l�a�t�e�.� �F�i�g�u�r�e� �2�.�3�1� �s�h�o�w�s� �t�h�e� �d�y�n�a�m�i�c� 

�m�e�c�h�a�n�i�c�a�l� �b�e�h�a�v�i�o�r� �o�f� �t�h�e� �p�r�e�s�w�o�l�l�e�n� �g�e�l�s�.� �I�n�c�r�e�a�s�i�n�g� �a�c�r�y�l�a�t�e� �c�o�n�t�e�n�t� �d�e�c�r�e�a�s�e�d� �t�h�e� �n�e�t�w�o�r�k�s �
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�T�e�m�p�.� �(�C�)� 

�F�i�g�u�r�e� �2�.�3�0�.� �T�h�e�r�m�o�m�e�c�h�a�n�i�c�a�l� �b�e�h�a�v�i�o�r� �o�f� �v�a�r�i�o�u�s� �n�o�r�m�a�l� �I�P�N�s� �o�f� �v�a�r�y�i�n�g� �c�o�m�p�o�s�i�t�i�o�n� �o�f� 
�e�p�o�x�y� �t�o� �a�c�r�y�l�a�t�e�:� �(�1�)� �1�0�:�0�;� �(�2�)� �8�:�2�;� �(�3�)� �6�:�4�;� �(�4�)� �3�:�7�;� �(�5�)� �0�:�1�0�.� �(�R�e�p�r�i�n�t�e�d� �f�r�o�m� 
�R�e�f�.� �1�0�0�.�)
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�T�e�m�p�.� �(�°�C� �)� 

�F�i�g�u�r�e� �2�.�3�1�.� �T�h�e�r�m�o�m�e�c�h�a�n�i�c�a�l� �b�e�h�a�v�i�o�r� �o�f� �v�a�r�i�o�u�s� �n�e�t�w�o�r�k�s� �o�f� �e�p�o�x�y� �p�r�e�s�w�o�l�l�e�n� �w�i�t�h� 
�u�n�r�e�a�c�t�e�d� �a�c�r�y�l�a�t�e� �i�n� �d�i�f�f�e�r�i�n�g� �c�o�m�p�o�s�i�t�i�o�n�s� �o�f� �e�p�o�x�y� �t�o� �a�c�r�y�l�a�t�e�:� �(�1�)� �1�0�:�0�;� 
�(�2�)� �7�:�3�;� �(�3�)� �4�:�6�;� �(�4�)� �2�:�8�.� �(�R�e�p�r�i�n�t�e�d� �f�r�o�m� �R�e�f�.� �1�0�0�.�)



�6�3� 

�T�s� �a�s� �w�e�l�l� �a�s� �l�o�w�e�r�e�d� �t�h�e�i�r� �r�u�b�b�e�r�y� �m�o�d�u�l�i�.� �R�e�p�o�r�t�e�d�l�y�,� �t�h�e� �m�o�n�o�m�e�r� �p�l�a�s�t�i�c�i�z�e�d� �t�h�e� �T�,�s� �o�f� 

�t�h�e� �e�p�o�x�y� �n�e�t�w�o�r�k�s�,� �t�h�u�s� �l�o�w�e�r�i�n�g� �t�h�e�i�r� �t�r�a�n�s�i�t�i�o�n�s�.� �U�p�o�n� �e�x�p�o�s�u�r�e� �t�o� �u�l�t�r�a�v�i�o�l�e�t� �r�a�d�i�a�t�i�o�n�,� �t�h�e� 

�d�y�n�a�m�i�c� �m�e�c�h�a�n�i�c�a�l� �b�e�h�a�v�i�o�r� �o�f� �t�h�e� �I�P�N�s� �c�h�a�n�g�e�d� �d�r�a�m�a�t�i�c�a�l�l�y� �a�s� �c�a�n� �b�e� �s�e�e�n� �i�n� �c�o�m�p�a�r�i�s�o�n� �t�o� 

�t�h�e� �h�o�m�o�p�o�l�y�m�e�r�s �� �s�p�e�c�t�r�a� �i�n� �F�i�g�u�r�e� �2�.�3�2�.� �T�h�e� �d�y�n�a�m�i�c� �m�e�c�h�a�n�i�c�a�l� �b�e�h�a�v�i�o�r� �o�f� �t�h�e� 

�s�i�m�u�l�t�a�n�e�o�u�s� �I�P�N�,� �f�o�r�m�e�d� �b�y� �t�h�e�r�m�a�l�l�y� �c�r�o�s�s�l�i�n�k�i�n�g� �b�o�t�h� �c�o�m�p�o�n�e�n�t�s�,� �i�s� �a�l�s�o� �d�e�p�i�c�t�e�d� �i�n� 

�F�i�g�u�r�e� �2�.�3�2�.� �I�n�t�e�r�e�s�t�i�n�g�l�y�,� �b�o�t�h� �t�h�e� �i�n�v�e�r�s�e� �I�P�N� �a�n�d� �t�h�e� �s�i�m�u�l�t�a�n�e�o�u�s� �I�P�N� �e�x�h�i�b�i�t� �w�h�a�t� �a�p�p�e�a�r� 

�t�o� �b�e� �s�i�n�g�l�e� �l�o�s�s� �p�e�a�k�s�,� �i�n�d�i�c�a�t�i�n�g� �p�o�s�s�i�b�l�e� �m�i�s�c�i�b�i�l�i�t�y�;� �h�o�w�e�v�e�r�,� �d�u�e� �t�o� �t�h�e� �r�a�t�h�e�r� �b�r�o�a�d� �l�o�s�s� 

�p�e�a�k� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�e� �h�i�g�h�l�y� �c�r�o�s�s�l�i�n�k�e�d� �a�c�r�y�l�a�t�e�,� �s�u�c�h� �a�n� �i�n�t�e�r�p�e�n�e�t�r�a�t�i�o�n� �c�a�n� �b�e� �m�i�s�l�e�a�d�i�n�g�.� 

�W�h�a�t� �i�s� �t�o� �b�e� �n�o�t�e�d� �f�r�o�m� �t�h�e�s�e� �s�t�u�d�i�e�s� �o�n� �v�a�r�i�o�u�s� �I�P�N�s� �i�s� �t�h�a�t� �m�e�c�h�a�n�i�c�a�l� �p�r�o�p�e�r�t�i�e�s� �a�r�e� 

�h�i�g�h�l�y� �d�e�p�e�n�d�e�n�t� �u�p�o�n� �t�h�e� �p�a�r�t�i�c�u�l�a�r� �c�o�m�p�o�s�i�t�i�o�n�,� �c�u�r�e� �t�e�m�p�e�r�a�t�u�r�e�,� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �o�r�d�e�r�,� �a�n�d� 

�c�h�e�m�i�c�a�l� �s�t�r�u�c�t�u�r�e� �u�s�e�d� �t�o� �f�o�r�m� �t�h�e� �n�e�t�w�o�r�k�s�.� �A�l�l� �o�f� �t�h�e�s�e� �e�f�f�e�c�t�s� �c�o�u�l�d� �b�e� �a�s�s�e�s�s�e�d� �b�y� �c�a�r�e�f�u�l�l�y� 

�i�n�t�e�r�p�r�e�t�i�n�g� �t�h�i�s� �d�y�n�a�m�i�c� �m�e�c�h�a�n�i�c�a�l� �b�e�h�a�v�i�o�r�.� 

�T�h�e� �e�f�f�e�c�t�s� �o�f� �f�i�l�l�e�r�s� �(�r�e�i�n�f�o�r�c�i�n�g� �a�n�d� �n�o�n�-�r�e�i�n�f�o�r�c�i�n�g�)� �a�n�d� �a�d�d�i�t�i�v�e�s� �(�o�i�l�s�,� �s�l�i�p� �a�g�e�n�t�s�,� 

�t�a�c�k�i�f�i�e�r�s�)� �o�n� �t�h�e� �d�y�n�a�m�i�c� �m�e�c�h�a�n�i�c�a�l� �b�e�h�a�v�i�o�r� �o�f� �c�o�n�v�e�n�t�i�o�n�a�l�l�y� �p�r�o�c�e�s�s�e�d� �t�h�e�r�m�o�p�l�a�s�t�i�c� �a�n�d� 

�t�h�e�r�m�o�s�e�t� �p�o�l�y�m�e�r�s� �h�a�v�e� �b�e�e�n� �d�i�s�c�u�s�s�e�d� �i�n� �g�r�e�a�t� �d�e�t�a�i�l� �[�2�,� �4�,� �1�0�]�;� �h�o�w�e�v�e�r�,� �t�h�e�i�r� �e�f�f�e�c�t�s� �o�n� 

�r�a�d�i�a�t�i�o�n� �c�u�r�e�d� �m�a�t�e�r�i�a�l�s� �a�r�e� �l�e�s�s� �w�e�l�l� �k�n�o�w�n�.� �B�a�y�e�r� �a�n�d� �L�e�h�n�e�r� �h�a�v�e� �r�e�p�o�r�t�e�d� �e�n�h�a�n�c�e�m�e�n�t�s� �i�n� 

�m�e�c�h�a�n�i�c�a�l� �p�r�o�p�e�r�t�i�e�s� �b�y� �t�h�e� �i�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �r�e�i�n�f�o�r�c�i�n�g� �s�i�l�i�c�a� �p�a�r�t�i�c�l�e�s� �(�1� �t�o� �2�5� �t�m� �i�n� �a�v�e�r�a�g�e� 

�d�i�a�m�e�t�e�r�)� �[�1�0�1�]�.� �D�e�p�i�c�t�e�d� �i�n� �F�i�g�u�r�e� �2�.�3�3�,� �t�h�e� �g�l�a�s�s�y� �a�n�d� �r�u�b�b�e�r�y� �m�o�d�u�l�i� �i�n�c�r�e�a�s�e�d� �s�u�b�s�t�a�n�t�i�a�l�l�y� 

�w�i�t�h� �t�h�e� �i�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �6�5� �w�e�i�g�h�t� �p�e�r�c�e�n�t� �s�i�l�i�c�a�.� �T�h�e� �g�l�a�s�s� �t�r�a�n�s�i�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e� �a�l�s�o� �w�a�s� 

�n�o�t�e�d� �t�o� �i�n�c�r�e�a�s�e� �s�o�m�e�w�h�a�t� �d�u�e� �t�o� �t�h�e� �i�n�c�r�e�a�s�e�d� �s�u�r�f�a�c�e� �a�r�e�a� �w�i�t�h� �w�h�i�c�h� �t�h�e� �p�o�l�y�m�e�r� �i�n�t�e�r�a�c�t�s�,� 

�t�h�u�s� �b�r�o�a�d�e�n�i�n�g� �i�t�s� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �r�e�l�a�x�a�t�i�o�n� �t�i�m�e�s�.� 

�K�a�n�d�a� �h�a�s� �p�u�b�l�i�s�h�e�d� �r�e�s�u�l�t�s� �o�n� �t�h�e� �i�n�f�l�u�e�n�c�e� �o�f� �m�i�c�r�o�g�e�l� �f�i�l�l�e�r� �p�a�r�t�i�c�l�e�s� �o�n� �t�h�e� �t�h�e�r�m�a�l� 

�m�e�c�h�a�n�i�c�a�l� �b�e�h�a�v�i�o�r� �o�f� �v�a�r�i�o�u�s� �u�l�t�r�a�v�i�o�l�e�t� �c�u�r�e�d� �f�i�l�m�s� �[�1�0�2�]�.� �P�r�e�p�o�l�y�m�e�r�s� �o�f� 

�p�o�l�y�u�r�e�t�h�a�n�e�a�c�r�y�l�a�t�e�,� �p�o�l�y�e�s�t�e�r�a�c�r�y�l�a�t�e�,� �a�n�d� �e�p�o�x�y�a�c�r�y�l�a�t�e� �w�e�r�e� �c�r�o�s�s�l�i�n�k�e�d� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� 

�i�n� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �v�a�r�i�o�u�s� �a�m�o�u�n�t�s� �o�f� �m�i�c�r�o�g�e�l� �s�p�h�e�r�e�s� �(�<�1�0� �w�e�i�g�h�t� �p�e�r�c�e�n�t�)� �t�o� �p�r�o�d�u�c�e� �b�u�l�k� 

�p�r�o�p�e�r�t�i�e�s� �w�h�i�c�h� �w�e�r�e� �c�h�a�r�a�c�t�e�r�i�z�e�d� �a�s� �e�l�a�s�t�i�c�,� �t�o�u�g�h�,� �a�n�d� �b�r�i�t�t�l�e�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �I�n� �t�h�e� �c�a�s�e� �o�f� �t�h�e
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�T�e�m�p�.�(�°�C� �)� 

�F�i�g�u�r�e� �2�.�3�2�.� �T�h�e�r�m�o�m�e�c�h�a�n�i�c�a�l� �b�e�h�a�v�i�o�r� �o�f� �t�h�e� �i�n�v�e�r�s�e� �a�n�d� �s�i�m�u�l�t�a�n�e�o�u�s� �I�P�N�s� �a�s� �w�e�l�l� �a�s� �t�h�e� 
�i�n�d�i�v�i�d�u�a�l� �h�o�m�o�p�o�l�y�m�e�r�s�:� �(�1�)� �e�p�o�x�y� �h�o�m�o�p�o�l�y�m�e�r�;� �(�2�)� �8�:�2� �e�p�o�x�y� �t�o� �a�c�r�r�y�l�a�t�e�,� 
�i�n�v�e�r�s�e� �I�P�N�;� �(�3�)� �6�:�4� �e�p�o�x�y� �t�o� �a�c�r�y�l�a�t�e�,� �i�n�v�e�r�s�e� �I�P�N�;� �(�4�)� �6�:�4� �e�p�o�x�y� �t�o� �a�c�r�y�l�a�t�e�,� 
�s�i�m�u�l�t�a�n�e�o�u�s� �I�P�N�;� �(�5�S�)� �a�c�r�y�l�a�t�e� �h�o�m�o�p�o�l�y�m�e�r�.� �(�R�e�p�r�i�n�t�e�d� �f�r�o�m� �R�e�f�.� �1�0�0�.�)
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�S�O� �1�0�0� �1�5�0� �2�0�0� �3�=�(�°�C�)� �2�5�0� 

�T�E�M�P�E�R�A�T�U�R�E� 

�F�i�g�u�r�e� �2�.�3�3�.� �T�h�e�r�m�o�m�e�c�h�a�n�i�c�a�l� �s�p�e�c�t�r�a� �o�f� �p�h�o�t�o�c�u�r�e�d� �r�e�s�i�n�s� �c�o�n�t�a�i�n�i�n�g�:� �(�a�)� �n�o� �f�i�l�l�e�r�,� �(�0�)� �2�3�0� 
�p�a�r�t�s� �p�e�r� �h�u�n�d�r�e�d� �r�e�s�i�n� �o�f� �s�i�l�i�c�a�.� �(�R�e�p�r�i�n�t�e�d� �f�r�o�m� �R�e�f�.� �1�0�1�.�)



�6�6� 

�r�u�b�b�e�r�y� �p�o�l�y�u�r�e�t�h�a�n�e�a�c�r�y�l�a�t�e�,� �t�h�e� �d�y�n�a�m�i�c� �m�e�c�h�a�n�i�c�a�l� �l�o�s�s� �s�p�e�c�t�r�a� �d�i�s�p�l�a�y�e�d� �i�n�c�r�e�a�s�e�d� �b�r�e�a�d�t�h� 

�a�n�d� �a�n� �i�n�c�r�e�a�s�e�d� �T�,� �w�i�t�h� �t�h�e� �i�n�t�r�o�d�u�c�t�i�o�n� �o�f� �m�i�c�r�o�s�p�h�e�r�e�s�,� �w�h�i�c�h� �i�s� �c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �t�h�e� �b�e�h�a�v�i�o�r� 

�o�f� �c�o�n�v�e�n�t�i�o�n�a�l�l�y� �f�i�l�l�e�d� �m�a�t�e�r�i�a�l�s�.� �T�h�e� �t�h�e�r�m�o�m�e�c�h�a�n�i�c�a�l� �s�p�e�c�t�r�u�m� �e�x�h�i�b�i�t�e�d� �a� �l�o�w�e�r� �r�u�b�b�e�r�y� 

�p�l�a�t�e�a�u� �i�n� �t�h�e� �c�a�s�e� �o�f� �t�h�e� �u�n�f�i�l�l�e�d� �n�e�t�w�o�r�k�,� �a�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�3�4�.� �A�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �t�h�e� 

�s�t�o�r�a�g�e� �m�o�d�u�l�u�s� �a�p�p�e�a�r�e�d� �e�q�u�i�v�a�l�e�n�t�;� �h�o�w�e�v�e�r�,� �t�h�e� �d�a�m�p�i�n�g� �i�n�c�r�e�a�s�e�d� �b�y� �o�v�e�r� �a� �f�a�c�t�o�r� �o�f� �t�h�r�e�e� 

�a�s� �c�o�m�p�a�r�e�d� �t�o� �t�h�e� �f�o�r�m�u�l�a�t�i�o�n� �w�i�t�h�o�u�t� �m�i�c�r�o�s�p�h�e�r�e�s�.� 

�2�.�6�.�1�.�2�.� �R�h�e�o�l�o�g�i�c�a�l� �A�n�a�l�y�s�i�s� 

�O�t�s�u�o�b�o�,� �A�m�a�r�i�,� �a�n�d� �W�a�t�a�n�a�b�e� �h�a�v�e� �p�u�b�l�i�s�h�e�d� �a� �s�e�r�i�e�s� �o�f� �p�a�p�e�r�s� �d�i�s�c�u�s�s�i�n�g� �t�h�e� 

�c�o�n�s�t�r�u�c�t�i�o�n�,� �c�a�l�i�b�r�a�t�i�o�n�,� �a�n�d� �u�s�e� �o�f� �a� �f�o�r�c�e�d� �o�s�c�i�l�l�a�t�i�o�n� �r�h�e�o�m�e�t�e�r� �t�o� �c�h�a�r�a�c�t�e�r�i�z�e� �t�h�e� �d�y�n�a�m�i�c� 

�v�i�s�c�o�s�i�t�y� �o�f� �p�h�o�t�o�c�u�r�a�b�l�e� �m�a�t�e�r�i�a�l�s� �i�n� �r�e�a�l� �t�i�m�e� �[�1�0�3�-�1�0�7�]�.� �T�h�e� �e�f�f�e�c�t�s� �o�f� �p�h�o�t�o�i�n�i�t�i�a�t�o�r� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�,� �p�h�o�t�o�i�n�i�t�i�a�t�o�r� �s�t�r�u�c�t�u�r�e�,� �c�u�r�e� �t�e�m�p�e�r�a�t�u�r�e�,� �e�x�p�o�s�u�r�e� �i�n�t�e�n�s�i�t�y�,� �f�i�l�m� �t�h�i�c�k�n�e�s�s�,� 

�p�i�g�m�e�n�t� �t�y�p�e�,� �a�n�d� �p�i�g�m�e�n�t� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�n� �t�h�e� �d�y�n�a�m�i�c� �v�i�s�c�o�e�l�a�s�t�i�c� �b�e�h�a�v�i�o�r� �o�f� 

�p�h�o�t�o�p�o�l�y�m�e�r�i�z�e�d� �i�n�k�s� �w�e�r�e� �s�y�s�t�e�m�a�t�i�c�a�l�l�y� �i�n�v�e�s�t�i�g�a�t�e�d�.� �T�h�e� �r�h�e�o�m�e�t�e�r�,� �s�h�o�w�n� �s�c�h�e�m�a�t�i�c�a�l�l�y� 

�i�n� �F�i�g�u�r�e� �2�.�3�5�,� �c�o�n�s�i�s�t�e�d� �o�f� �a� �q�u�a�r�t�z� �p�l�a�t�e�,� �l�e�v�e�l�e�d� �b�y� �a�n� �o�p�t�i�c�a�l� �i�n�t�e�r�f�e�r�o�m�e�t�e�r� �a�f�f�i�x�e�d� �t�o� �a� �d�r�i�v�e� 

�s�h�a�f�t� �o�p�e�r�a�t�i�n�g� �a�t� �a� �f�r�e�q�u�e�n�c�y� �o�f� �8�0� �H�z� �w�i�t�h� �p�e�a�k�-�t�o�-�p�e�a�k� �d�i�s�p�l�a�c�e�m�e�n�t� �o�f� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�0� �u�m� 

�[�1�0�3�]�.� �T�h�e� �a�p�p�a�r�a�t�u�s� �w�a�s� �c�a�l�i�b�r�a�t�e�d�,� �a�n�d� �t�h�e� �r�e�s�p�o�n�s�e� �o�f� �t�h�i�n� �f�i�l�m�s� �(�a�p�p�r�o�x�i�m�a�t�e�l�y� �2�-�2�0�0� �u�m� 

�t�h�i�c�k�)� �w�a�s� �c�h�a�r�a�c�t�e�r�i�z�e�d� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �o�s�c�i�l�l�a�t�i�o�n� �a�m�p�l�i�t�u�d�e� �t�o� �i�n�s�u�r�e� �l�i�n�e�a�r� �v�i�s�c�o�e�l�a�s�t�i�c� 

�b�e�h�a�v�i�o�r�.� 

�T�y�p�i�c�a�l� �o�u�t�p�u�t� �o�f� �d�y�n�a�m�i�c� �v�i�s�c�o�s�i�t�y� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �c�u�r�e� �t�i�m�e� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�3�6� �f�o�r� 

�t�h�r�e�e� �e�x�p�o�s�u�r�e� �i�n�t�e�n�s�i�t�i�e�s� �[�1�0�4�]�.� �T�h�e� �d�y�n�a�m�i�c� �v�i�s�c�o�s�i�t�y� �w�a�s� �f�o�u�n�d� �t�o� �i�n�c�r�e�a�s�e� �r�a�p�i�d�l�y� �b�e�y�o�n�d� �a� 

�m�i�n�i�m�u�m� �e�x�p�o�s�u�r�e� �e�n�e�r�g�y�,� �E�,�,�,� �i�n� �a� �l�i�n�e�a�r� �f�a�s�h�i�o�n�.� �T�h�e� �s�l�o�p�e� �o�f� �t�h�e� �l�i�n�e� �w�a�s� �i�n�d�e�p�e�n�d�e�n�t� �o�f� 

�p�h�o�t�o�i�n�i�t�i�a�t�o�r� �t�y�p�e� �[�1�0�3�]�,� �p�h�o�t�o�i�n�i�t�i�a�t�o�r� �c�o�n�c�e�n�t�r�a�t�i�o�n� �[�1�0�3�]�,� �o�r� �e�x�p�o�s�u�r�e� �i�n�t�e�n�s�i�t�y� �[�1�0�4�]�,� �b�u�t� 

�w�a�s� �d�e�p�e�n�d�e�n�t� �u�p�o�n� �c�u�r�e� �t�e�m�p�e�r�a�t�u�r�e� �[�1�0�4�]�.� �T�h�e� �s�l�o�p�e� �w�a�s� �r�e�p�o�r�t�e�d� �t�o� �d�e�p�e�n�d� �a�l�s�o� �u�p�o�n� 

�t�h�i�c�k�n�e�s�s� �w�h�e�n� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �p�i�g�m�e�n�t� �b�e�c�a�m�e� �l�a�r�g�e� �e�n�o�u�g�h� �t�o� �s�i�g�n�i�f�i�c�a�n�t�l�y� �r�e�s�t�r�i�c�t� 

�p�o�l�y�m�e�r�i�z�a�t�i�o�n� �t�h�r�o�u�g�h�o�u�t� �t�h�e� �t�h�i�c�k�n�e�s�s� �o�f� �t�h�e� �c�o�a�t�i�n�g� �[�1�0�5�,� �1�0�7�]�.
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�-�1�0�0� �0� �1�0�0� �-�1�0�0� �0� �1�0�0� 

�T�e�m�p�e�r�a�t�u�r�e� �(� �°�C� �)� �T�e�m�p�e�r�a�t�u�r�e� �(� �°�C� �)� 

�F�i�g�u�r�e� �2�.�3�4�.� �T�h�e�r�m�o�m�e�c�h�a�n�i�c�a�l� �b�e�h�a�v�i�o�r� �o�f� �p�h�o�t�o�c�u�r�e�d� �c�o�a�t�i�n�g�s� �c�o�n�t�a�i�n�i�n�g�:� �(�a�)� �1�1� �w�e�i�g�h�t� 
�p�e�r�c�e�n�t� �p�o�l�y�m�e�r� �m�i�c�r�o�g�e�l� �p�a�r�t�i�c�l�e�s�;� �(�b�)� �n�o� �f�i�l�l�e�r�.� �(�R�e�p�r�i�n�t�e�d� �f�r�o�m� �R�e�f�.� �1�0�2�.�)
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�C�W�O�T�T�L� �A�A� �A�L�A�S� �A�A�A� �A�A�A�S� �O�E�S� �S�S� 

�F�i�g�u�r�e� �2�.�3�5�.� �R�h�e�o�m�e�t�e�r� �d�e�s�i�g�n� �c�o�n�s�i�s�t�i�n�g� �o�f�:� �(�C�)� �d�r�i�v�i�n�g� �c�o�i�l�;� �(�F�)� �f�r�a�m�e�;� �(�G�)� �q�u�a�r�t�z� �p�l�a�t�e�;� �(�M�)� 
�m�a�g�n�e�t�;� �(�P�)� �c�o�n�d�e�n�s�e�r� �p�i�c�k�-�u�p�;� �(�S�)� �s�a�m�p�l�e�;� �(�T�)� �a�d�j�u�s�t�a�b�l�e� �t�a�b�l�e�;� �(�U�)� �U�V� �s�o�u�r�c�e�;� 
�(�W�)� �s�u�s�p�e�n�s�i�o�n� �w�i�r�e�s�.� �(�R�e�p�r�i�n�t�e�d� �f�r�o�m� �R�e�f�.� �1�0�3�.�)
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�1�0�°� �1�0�°� �1�0� 
�E�x�p�o�s�u�r�e� �t�i�m�e� �t� �(�s�)� 

�F�i�g�u�r�e� �2�.�3�6�.� �E�f�f�e�c�t� �o�f� �e�x�p�o�s�u�r�e� �i�n�t�e�n�s�i�t�y� �o�n� �d�y�n�a�m�i�c� �v�i�s�c�o�s�i�t�y� �d�u�r�i�n�g� �p�h�o�t�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n� �o�f� 
�a� �1�7� �p�m� �t�h�i�c�k� �f�i�l�m�:� �(�0�)� �2�0� �m�W�/�c�m�?�;� �(�o�)� �3�7� �m�W�/�c�m�?�;� �(�e�)� �7�0� �m�W�/�c�m�?�.� �C�u�r�e� 
�t�e�m�p�e�r�a�t�u�r�e� �w�a�s� �3�0� �°�C�.� �(�R�e�p�r�i�n�t�e�d� �f�r�o�m� �R�e�f�.� �1�0�4�.�)



�7�0� 

�A�l�t�h�o�u�g�h� �t�h�e� �r�h�e�o�m�e�t�e�r� �d�e�s�i�g�n�e�d� �b�y� �O�t�s�u�o�b�o� �e�t� �a�l�.� �c�o�u�l�d� �n�o�t� �b�e� �u�s�e�d� �t�o� �f�o�l�l�o�w� 

�p�h�o�t�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n� �b�e�y�o�n�d� �t�h�e� �r�u�b�b�e�r�y� �s�t�a�t�e�,� �i�t� �d�i�d� �p�r�o�v�i�d�e� �u�s�e�f�u�l� �i�n�f�o�r�m�a�t�i�o�n� �c�o�n�c�e�r�n�i�n�g� �t�h�e� 

�i�n�d�u�c�t�i�o�n� �p�e�r�i�o�d� �a�n�d� �t�h�e� �e�a�r�l�y� �s�t�a�g�e�s� �o�f� �p�o�l�y�m�e�r�i�z�a�t�i�o�n�.� �T�h�e� �i�n�d�u�c�t�i�o�n� �t�i�m�e� �f�o�r� �r�a�p�i�d� 

�c�r�o�s�s�l�i�n�k�i�n�g�,� �i�m�p�o�r�t�a�n�t� �i�n� �c�o�n�t�r�o�l�l�i�n�g� �p�r�o�c�e�s�s�i�n�g� �s�p�e�e�d�s�,� �w�a�s� �f�o�u�n�d� �t�o� �b�e� �s�h�o�r�t�e�n�e�d� 

�c�o�n�s�i�d�e�r�a�b�l�y� �b�y� �i�n�c�r�e�a�s�i�n�g� �t�h�e� �p�h�o�t�o�i�n�i�t�i�a�t�o�r� �c�o�n�c�e�n�t�r�a�t�i�o�n�,� �a�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�3�7� �[�1�0�3�]�.� �T�h�e� 

�c�u�r�e� �t�e�m�p�e�r�a�t�u�r�e� �w�a�s� �f�o�u�n�d� �t�o� �i�n�c�r�e�a�s�e� �t�h�e� �o�v�e�r�a�l�l� �r�a�t�e� �o�f� �c�r�o�s�s�l�i�n�k�i�n�g� �a�s� �e�v�i�d�e�n�c�e�d� �b�y� �t�h�e� 

�d�i�f�f�e�r�e�n�t� �s�l�o�p�e�s� �o�f� �t�h�e� �v�i�s�c�o�s�i�t�y� �t�i�m�e� �p�r�o�f�i�l�e�s�,� �s�u�m�m�a�r�i�z�e�d� �i�n� �F�i�g�u�r�e� �2�.�3�8� �[�1�0�4�]�.� �F�i�n�a�l�l�y�,� �t�h�e� 

�i�n�f�l�u�e�n�t�i�a�l� �e�f�f�e�c�t�s� �o�f� �p�i�g�m�e�n�t�a�t�i�o�n� �w�e�r�e� �e�x�a�m�i�n�e�d�.� �C�u�r�e� �r�a�t�e�s� �w�e�r�e� �f�o�u�n�d� �t�o� �d�e�p�e�n�d� �u�p�o�n� �t�h�e� 

�t�y�p�e�,� �c�o�n�c�e�n�t�r�a�t�i�o�n�,� �a�n�d� �p�a�r�t�i�c�l�e� �s�i�z�e� �o�f� �t�h�e� �p�i�g�m�e�n�t�s�.� �A�m�o�n�g� �f�o�u�r� �i�n�k�s� �t�e�s�t�e�d�,� �m�a�g�e�n�t�a� �i�n�k�s� 

�w�e�r�e� �r�e�p�o�r�t�e�d� �a�s� �t�h�e� �m�o�s�t� �r�a�p�i�d�l�y� �c�u�r�i�n�g� �f�o�l�l�o�w�e�d� �b�y� �y�e�l�l�o�w�,� �c�y�a�n�,� �a�n�d� �b�l�a�c�k� �i�n�k�s� �f�o�r� �t�h�e�i�r� 

�p�a�r�t�i�c�u�l�a�r� �p�h�o�t�o�s�e�n�s�i�t�i�v�e� �s�y�s�t�e�m�.� �O�t�s�u�o�b�o� �e�t� �a�l�.� �a�t�t�r�i�b�u�t�e�d� �t�h�e�s�e� �d�i�f�f�e�r�e�n�c�e�s� �t�o� �t�h�e� �s�p�e�c�t�r�a�l� 

�s�e�n�s�i�t�i�v�i�t�i�e�s� �o�f� �t�h�e� �p�i�g�m�e�n�t�s� �r�e�l�a�t�i�v�e� �t�o� �t�h�e� �p�h�o�t�o�i�n�i�t�i�a�t�o�r� �[�1�0�5�]�.� 

�2�.�6�.�1�.�3�.� �D�i�e�l�e�c�t�r�i�c� �A�n�a�l�y�s�i�s� 

�D�i�e�l�e�c�t�r�i�c� �s�p�e�c�t�r�o�s�c�o�p�y�,� �u�n�l�i�k�e� �s�t�a�n�d�a�r�d� �t�h�e�r�m�a�l� �o�r� �m�e�c�h�a�n�i�c�a�l� �t�e�c�h�n�i�q�u�e�s�,� �i�s� 

�p�a�r�t�i�c�u�l�a�r�l�y� �w�e�l�l� �s�u�i�t�e�d� �f�o�r� �t�h�e� �a�n�a�l�y�s�i�s� �o�f� �t�h�i�n� �f�i�l�m�s� �o�r� �c�o�a�t�i�n�g�s�.� �F�u�r�t�h�e�r�m�o�r�e�,� �d�i�e�l�e�c�t�r�i�c� 

�s�p�e�c�t�r�o�s�c�o�p�y� �c�a�n� �f�o�l�l�o�w� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �t�h�r�o�u�g�h�o�u�t� �t�h�e� �c�o�u�r�s�e� �o�f� �t�h�e� �r�e�a�c�t�i�o�n�,� �e�v�e�n� 

�w�h�e�n� �t�h�e� �p�o�l�y�m�e�r� �u�n�d�e�r�g�o�e�s� �p�h�a�s�e� �t�r�a�n�s�f�o�r�m�a�t�i�o�n�s� �f�r�o�m� �l�i�q�u�i�d� �t�o� �r�u�b�b�e�r� �t�o� �g�l�a�s�s�.� �D�e�s�p�i�t�e� 

�t�h�e�s�e� �u�n�i�q�u�e� �a�t�t�r�i�b�u�t�e�s�,� �f�e�w� �r�e�p�o�r�t�s� �c�a�n� �b�e� �f�o�u�n�d� �i�n� �t�h�e� �l�i�t�e�r�a�t�u�r�e� �w�h�i�c�h� �d�i�s�c�u�s�s� �t�h�e� �a�p�p�l�i�c�a�t�i�o�n� 

�o�f� �d�i�e�l�e�c�t�r�i�c� �s�p�e�c�t�r�o�s�c�o�p�y� �t�o� �r�a�d�i�a�t�i�o�n� �c�u�r�a�b�l�e� �c�o�a�t�i�n�g�s� �[�1�5�,� �1�0�8�-�1�1�5�]�.� �T�h�i�s� �p�o�r�t�i�o�n� �o�f� �t�h�e� 

�r�e�v�i�e�w� �f�o�c�u�s�e�s� �o�n� �s�e�v�e�r�a�l� �a�p�p�r�o�a�c�h�e�s� �r�e�p�o�r�t�e�d� �i�n� �t�h�e� �l�i�t�e�r�a�t�u�r�e� �w�h�i�c�h� �h�a�v�e� �b�e�e�n� �u�s�e�d� �t�o� 

�c�h�a�r�a�c�t�e�r�i�z�e� �p�h�o�t�o�p�o�l�y�m�e�r�s�.� �A�n�a�l�y�z�e�r�s� �o�p�e�r�a�t�i�n�g� �a�t� �f�r�e�q�u�e�n�c�i�e�s� �r�a�n�g�i�n�g� �f�r�o�m� �1�0�0� �H�z� �t�o� �1�0� 

�G�H�z� �h�a�v�e� �b�e�e�n� �u�s�e�d� �t�o� �i�n�v�e�s�t�i�g�a�t�e� �s�a�m�p�l�e�s� �b�e�t�w�e�e�n� �m�e�t�a�l� �p�l�a�t�e�s�,� �i�n� �t�u�n�e�d� �w�a�v�e�g�u�i�d�e�s�,� �a�n�d� 

�m�o�s�t� �r�e�c�e�n�t�l�y�,� �o�n� �s�i�n�g�l�e�-�s�i�d�e�d�,� �i�n�t�e�r�d�i�g�i�t�a�t�i�n�g� �e�l�e�c�t�r�o�d�e�s�.� 

�I�n� �1�9�5�1� �a� �s�e�r�i�e�s� �o�f� �p�a�p�e�r�s� �b�y� �M�e�l�v�i�l�l�e� �e�t� �a�l�.� �a�p�p�e�a�r�e�d� �i�n� �t�h�e� �l�i�t�e�r�a�t�u�r�e� �d�i�s�c�u�s�s�i�n�g� �t�h�e� 

�c�o�n�s�t�r�u�c�t�i�o�n�,� �o�p�e�r�a�t�i�o�n�,� �a�n�d� �a�p�p�l�i�c�a�t�i�o�n� �o�f� �a� �d�i�e�l�e�c�t�r�i�c� �s�p�e�c�t�r�o�m�e�t�e�r� �f�o�r� �f�o�l�l�o�w�i�n�g� �n�o�n�-�s�t�a�t�i�o�n�a�r�y
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�E�x�p�o�s�u�r�e� �t�i�m�e� �t� �(�s�)� 

�F�i�g�u�r�e� �2�.�3�7�.� �E�f�f�e�c�t� �o�f� �p�h�o�t�o�i�n�i�t�i�a�t�o�r� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�n� �d�y�n�a�m�i�c� �v�i�s�c�o�s�i�t�y� �d�u�r�i�n�g� 
�p�h�o�t�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n�.� �A�c�e�t�o�p�h�e�n�o�n�e� �w�a�s� �u�s�e�d� �i�n� �v�a�r�i�o�u�s� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �b�y� 
�w�e�i�g�h�t�:� �(�0�)� �0�;� �(�0�)� �0�.�0�5�7�;� �(�@�)� �0�.�2�4�;� �(�©�)� �0�.�6�3�;� �(�@�)� �2�;� �(�@�)� �5�;� �(�@�)� �1�0�.� �(�R�e�p�r�i�n�t�e�d� 
�f�r�o�m� �R�e�f�.� �1�0�3�.�)



�7�2� 

� � 

�(�
-�)

� 

� � 
� � 

�?� �0� 
�7

�1
�2

� 

� � 
� � � � � � � � � � �|� 

�1�0�°� �1�0�!� �1�0�2� 

�E�x�p�o�s�u�r�e� �E� �(�m�J�-�c�m�?�)� 

� � 

�F�i�g�u�r�e� �2�.�3�8�.� �E�f�f�e�c�t� �o�f� �c�u�r�e� �t�e�m�p�e�r�a�t�u�r�e� �o�n� �t�h�e� �r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �r�e�l�a�t�i�v�e� �d�y�n�a�m�i�c� �v�i�s�c�o�s�i�t�y� 
�a�n�d� �e�x�p�o�s�u�r�e� �i�n�t�e�n�s�i�t�y�.� �F�i�l�m� �t�h�i�c�k�n�e�s�s� �w�a�s� �1�7� �1�m�.� �V�a�r�i�o�u�s� �i�s�o�t�h�e�r�m�a�l� �c�u�r�e� 
�t�e�m�p�e�r�a�t�u�r�e�s� �w�e�r�e� �u�t�i�l�i�z�e�d�:� �(�0�)� �1�0� �°�C�;� �(�@�)� �2�0� �°�C�;� �(�@�)� �3�0� �°�C�;� �(�@�)� �4�0� �°�C�.� 
�(�R�e�p�r�i�n�t�e�d� �f�r�o�m� �R�e�f�.� �1�0�4�.�)



�7�3� 

�s�t�a�t�e� �p�h�o�t�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n�s� �i�n� �d�i�l�u�t�e� �s�o�l�u�t�i�o�n�s� �[�1�1�0�-�1�1�2�]�.� �T�h�e� �s�p�e�c�t�r�o�m�e�t�e�r� �w�a�s� �b�a�s�e�d� �o�n� �a� 

�t�u�n�e�d� �c�i�r�c�u�i�t� �w�h�i�c�h� �i�n�c�l�u�d�e�d� �a� �o�n�e�-�v�o�l�t�,� �4�0� �t�o� �1�1�0� �M�H�z� �s�i�g�n�a�l� �g�e�n�e�r�a�t�o�r� �a�n�d� �a� �t�o�r�o�i�d�a�l� �c�e�l�l�,� 

�s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�3�9�,� �w�h�i�c�h� �h�o�u�s�e�d� �a� �q�u�a�r�t�z� �r�e�a�c�t�i�o�n� �v�e�s�s�e�l� �(�4�0� �m�m� �i�n� �d�i�a�m�e�t�e�r� �a�n�d� �7� �m�m� 

�t�h�i�c�k�)� �f�o�r� �p�h�o�t�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n�s� �[�1�1�0�]�.� �D�i�e�l�e�c�t�r�i�c� �c�o�n�s�t�a�n�t� �c�h�a�n�g�e�s� �o�f� �t�w�o� �p�a�r�t�s� �i�n� �1�0�8� �c�o�u�l�d� �b�e� 

�d�e�t�e�c�t�e�d� �a�t� �a� �t�i�m�e� �r�e�s�o�l�u�t�i�o�n� �o�f� �1� �m�s�e�c�.� �T�h�i�s� �t�e�c�h�n�i�q�u�e� �w�a�s� �u�s�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �r�a�t�e� �c�o�n�s�t�a�n�t�s� �a�n�d� 

�o�t�h�e�r� �k�i�n�e�t�i�c� �p�a�r�a�m�e�t�e�r�s� �f�o�r� �t�h�e� �p�h�o�t�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n� �o�f� �s�t�y�r�e�n�e�,� �v�i�n�y�l� �a�c�e�t�a�t�e�,� �m�e�t�h�y�l� �a�c�r�y�l�a�t�e�,� 

�a�n�d� �b�u�t�y�l� �a�c�r�y�l�a�t�e� �i�n� �d�i�l�u�t�e� �s�o�l�u�t�i�o�n�.� �M�e�l�v�i�l�l�e� �e�t� �a�l�.� �f�o�c�u�s�e�d� �e�x�c�l�u�s�i�v�e�l�y� �o�n� �i�n�t�e�r�p�r�e�t�i�n�g� �t�h�e� 

�e�f�f�e�c�t�s� �o�f� �e�x�p�o�s�u�r�e� �o�n�  ¬�'�.� �A�s� �a� �r�e�s�u�l�t�,�  ¬�"� �a�n�d� �t�a�n� �6� �v�a�l�u�e�s� �w�e�r�e� �u�n�f�o�r�t�u�n�a�t�e�l�y� �n�o�t� �r�e�p�o�r�t�e�d�.� 

�(�T�h�i�s� �c�u�r�r�e�n�t� �d�i�s�s�e�r�t�a�t�i�o�n� �d�i�s�c�u�s�s�e�s� �t�h�e� �u�s�e� �o�f� �l�o�s�s� �t�a�n�g�e�n�t� �d�a�t�a� �t�o� �p�r�o�v�i�d�e� �v�a�l�u�a�b�l�e� �i�n�f�o�r�m�a�t�i�o�n� 

�a�b�o�u�t� �p�h�a�s�e� �t�r�a�n�s�f�o�r�m�a�t�i�o�n�s� �d�u�r�i�n�g� �r�a�p�i�d� �p�h�o�t�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n�.�)� �M�e�l�v�i�l�l�e� �e�t� �a�l�.� �i�n�v�e�s�t�i�g�a�t�e�d� �t�h�e� 

�f�o�l�l�o�w�i�n�g� �k�i�n�e�t�i�c� �p�a�r�a�m�e�t�e�r�s�:� 

�e� �t ��a�v�e�r�a�g�e� �r�a�d�i�c�a�l� �l�i�f�e�t�i�m�e� 

�¢� �k�,�/�k�, ��R�a�t�i�o� �o�f� �t�h�e� �p�r�o�p�a�g�a�t�i�o�n� �r�a�t�e� �c�o�n�s�t�a�n�t� �t�o� �t�h�e� �t�e�r�m�i�n�a�t�i�o�n� �r�a�t�e� �c�o�n�s�t�a�n�t� 

�e� �R�e�a�c�t�i�o�n� �o�r�d�e�r� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �i�n�t�e�n�s�i�t�y� 

�K�i�n�e�t�i�c� �p�a�r�a�m�e�t�e�r�s� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �b�y� �f�o�l�l�o�w�i�n�g� �t�h�e� �f�r�a�c�t�i�o�n� �o�f� �i�n�c�r�e�m�e�n�t�a�l� �c�h�a�n�g�e� �i�n� �d�i�e�l�e�c�t�r�i�c� 

�c�o�n�s�t�a�n�t� �(�i�.�e�.� �A�e�'�/�e ��)� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �t�i�m�e�.� �I�n� �p�a�r�t�i�c�u�l�a�r�,� �e�x�p�e�r�i�m�e�n�t�a�l� �v�a�l�u�e�s� �o�f� �A�e ��/�e�'� �w�e�r�e� 

�r�a�t�i�o�e�d� �t�o� �a� �t�h�e�o�r�e�t�i�c�a�l� �v�a�l�u�e� �o�f� �A�e�'�/�e �� �b�a�s�e�d� �u�p�o�n� �1�0�0� �p�e�r�c�e�n�t� �c�o�n�v�e�r�s�i�o�n� �o�f� �m�o�n�o�m�e�r� �t�o� �o�b�t�a�i�n� 

�t�h�e� �a�m�o�u�n�t� �o�f� �p�o�l�y�m�e�r�i�z�a�t�i�o�n�,� �A�M�/�M�.� �A�n� �e�x�a�m�p�l�e� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�4�0� �f�o�r� �t�h�e� 

�p�h�o�t�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n� �o�f� �m�e�t�h�y�l� �a�c�r�y�l�a�t�e� �[�1�1�2�]�.� �A�l�s�o� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�.�4�0� �a�r�e� �t�h�e� �t�h�e�o�r�e�t�i�c�a�l� 

�p�r�e�d�i�c�t�i�o�n�s� �b�a�s�e�d� �o�n� �f�i�r�s�t� �o�r�d�e�r� �(�I�!�)� �a�n�d� �h�a�l�f� �o�r�d�e�r� �(�1�1�/�2�)� �t�e�r�m�i�n�a�t�i�o�n� �p�r�o�c�e�s�s�e�s� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� 

�i�n�t�e�n�s�i�t�y�,� �I�.� �T�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �c�u�r�v�e� �f�a�l�l�s� �b�e�t�w�e�e�n� �t�h�e�s�e� �t�w�o� �a�n�d� �y�i�e�l�d�s� �a�n� �o�r�d�e�r� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� 

�i�n�t�e�n�s�i�t�y� �o�f� �0�.�7�5�,� �i�n�d�i�c�a�t�i�n�g� �a� �m�i�x�e�d� �m�o�d�e� �o�f� �t�e�r�m�i�n�a�t�i�o�n�.� �E�x�t�r�a�p�o�l�a�t�i�o�n� �o�f� �a� �t�a�n�g�e�n�t� �t�o� �t�h�e� 

�c�u�r�v�e� �t�o� �t�h�e� �t�i�m�e� �a�x�i�s� �r�e�v�e�a�l�e�d� �v�a�l�u�e�s� �o�f� �T�t� �(�i�n� �s�e�c�)� �a�n�d� �k� �J�k�,� �o�f� �4�.�1� �a�n�d� �1�.�2� �X� �1�0�°�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�I�t� �w�a�s� �a�s�s�e�r�t�e�d� �t�h�a�t� �t�h�e�s�e� �r�e�s�u�l�t�s� �c�o�m�p�a�r�e�d� �f�a�v�o�r�a�b�l�y� �w�i�t�h� �t�h�o�s�e� �o�b�t�a�i�n�e�d� �v�i�a� �r�o�t�a�t�i�n�g� �s�e�c�t�o�r� �D�S�C� 

�e�x�p�e�r�i�m�e�n�t�s� �(�6�.�2� �a�n�d� �1�.�7�5� �x� �1�0�°�)�.
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� � 

� � 
�F�i�g�u�r�e� �2�.�3�9�.� �T�u�n�e�d� �c�i�r�c�u�i�t� �i�n�c�l�u�d�i�n�g� �t�h�e� �r�e�a�c�t�i�o�n� �c�e�l�l� �u�s�e�d� �t�o� �f�o�l�l�o�w� �d�i�e�l�e�c�t�r�i�c� �c�o�n�s�t�a�n�t� �c�h�a�n�g�e�s� 

�o�f� �d�i�l�u�t�e� �s�o�l�u�t�i�o�n� �p�h�o�t�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n�s� �i�n� �r�e�a�l� �t�i�m�e�.� �(�R�e�p�r�i�n�t�e�d� �f�r�o�m� �R�e�f�.� �1�1�0�.�)


