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(ABSTRACT) 

In this study, the viscoelastic and morphological characterization of molded foams 

was the main focus. A series of molded foams based on toluene diisocyanate (TDI) and 

glycerol initiated polyethylene-oxide-capped propylene-oxide was studied in terms of the 

structure property features. The results were in many instances compared to those obtained 

on conventional slabstock foams based on TDI and glycerol initiated propylene-oxide. 

These comparisons were made to delineate and clarify distinct differences between these 

two different and very important systems. It was found that high temperatures and 

humidities "plasticized" the viscoelastic behavior of molded foams to a greater extent than 

that of slabstock foams; the molded foams displayed higher load decay values in the 

viscoelastic measurements than slabstock foams. 

In an attempt to understand these dramatic differences, the two types of “cross- 

links" (covalent cross-links and urea based phase separated hard segment domains) were 

evaluated. It was discovered that the structure of the hard segment domains dictated the 

foam's behavior, especially at elevated temperatures and humidity. Furthermore, it was 

found that the hard segment domains in slabstock foams had a much higher level of short 

range ordering. This was confirmed by wide-angle x-ray scattering (WAXS) and fourier 

transform infrared (FTIR) which revealed that the conventional slabstock foams had much 

more organized hard segment domains. It is thus concluded that the dramatic differences 

between the mechanical properties of molded and slabstock foams are due to the lower and 

weaker ordering of the hard segments in molded systems making these physical "cross-



links" more labile at higher temperatures and humidities. These morphological differences 

were shown to be due primarily to differences in the formulation components between the 

two studied systems. First, the ethylene-oxide capping used in the polyol of molded foams 

to increase the reactivity is known to also increase the compatibility between the hard and 

soft segments thus promoting some phase-mixing. Second, the addition of diethanolamine 

(DEOA) added in the molded foam formulation to decrease demold times by enhancing 

cross-linking clearly resulted in the prevention of the full development of the hard-segment 

domains. 

It was also found that the copolymer polyol particles (CPP), added to molded 

foams to increase load bearing capabilities, had a negative effect on the viscoelastic 

properties. The viscoelastic properties of the CPP containing foams were more time- 

dependent than those of the foams lacking these particles. As expected, the incorporation 

of these particles increased the initial load and decreased the initial strain over the foams 

lacking the particles suggesting that the initial stiffness of these materials was increased. 

However, over a period of time, the amount of this initial load that decayed was greater for 

the CPP containing foams and furthermore, at elevated conditions, the load decreased to 

levels below those of the CPP lacking foams. 

A series of slabstock foams was also studied to evaluate the effect of toluene 

diisocyanate (TDI) index on the physical properties, and morphology of the foams. 

Extraction experiments using dimethyl formamide (DMF) showed that increasing the index 

increased the level of covalent cross-linking with perhaps a maximum being reached at an 

index of 100. Viscoelastic measurements also supported the claim of increased cross- 

linking with TDI index. The initial load in load relaxation experiments systematically 

increased with increasing TDI while the percent decay in a three hour period decreased. 

Temperature and/or humidity "plasticized" the load relaxation behavior in all the foams 

studied indicating that the hard segment domain physical "cross-links" play a significant 

role in the properties of these materials. The morphology of the foams was also found to



be influenced by the TDI index. Small angle x-ray scattering (SAXS), differential scanning 

calorimetry (DSC), and dynamic mechanical analysis (DMA) all provided evidence that an 

increase in the TDI index promoted phase mixing. FTIR and WAXS showed that the short 

range ordering within the hard segment domains displayed a maximum at an index of 100 

and decreased as the index was increased. 

Finally, the influence of transient moisture conditions on the viscoelastic behavior 

was also investigated. In creep extractions, as the moisture conditions were cycled from 

low to high humidity while maintaining constant temperature, the compressive strain 

increased in subsequent steps where the strain levels under cyclic moisture conditions 

surpassed those observed at the highest constant relative humidity. This overall 

phenomenon of enhanced creep under cyclic moisture levels was attributed to water 

interacting with the hydrogen bonded structure within the foam. These hydrophillic 

interactions, principally promoted within the hard segment regions due to high hydrogen 

bonding, are disrupted causing slippage and increases in strain. As the foam is rapidly 

dried, regions of free volume are induced by the loss of water thus causing further 

increases in strain prior to the re-establishment of well ordered hydrogen bonding.
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Chapter 1 

1.1 Introduction 

A cellular solid derived from the Latin word "cell", meaning a small enclosed space, 

is the assembly of cells with solid edges or faces packed together. Cellular solids are made 

up of an interconnected network of solid struts forming the edges and faces of the cells. 

The simplest cellular solid is a two-dimensional array of polygons called honeycombs. 

Three dimensional packing of the cells are called foams. The foam is said to be open-celled 

if only the cell edges are solid, where the foam is closed-celled if the cell faces as well are 

solid. 

Cellular polymers are multiphase materials consisting of a polymer and a fluid 

phase, e.g. air. The majority of cellular polymers used in industry are polyurethanes, 

polystyrene, poly(vinyl chloride), and polyolifins. Polymer foams have been classified by 

their cellular morphology, mechanical behavior, composition, or cellular structure such as 

cell openness. In closed-cell foams, the gas phase is discrete and the polymer phase is 

continuous. In open-cell materials, both the solid and fluid phases are continuous. A 

schematic representation of the different types of cellular solids is shown in Fig. 1.1. The 

mechanical properties of cellular solids largely depend on the gas transport through the 

medium which, in the case of open-cells, flows freely through the medium, but in closed- 

cells, the gas transport takes place by diffusion through cell walls. 

Introduction 1



Figure 1.1: 
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Schematic representation of different types of cellular polymers: (a) low- 
density open-cell foam, (b) high-density closed-cell foam, (c) structural 
foam with cellular core and integral skin, (d) multicomponent structural 
foam, (e) fiber-reinforced closed-cell foam and (f) syntactic foam. [ref 1]



Cellular solids are also classified according to their stiffness, 1.e. rigid versus 

flexible. A rigid foam is one in which the polymer exists in the semi-crystalline or glassy 

amorphous state. A flexible foam is one in which the polymer matrix exists above the glass 

transition in the rubbery state. Rigid polyurethane foams are often subdivided according to 

their application such as load-bearing structural materials or non-load-bearing applications. 

Flexible polyurethane foams are classified as either slabstock foams or molded foams. In 

short, slabstock foams involve the pouring of the components on to large conveyers 

producing large semi-continuous blocks from which specific shape and size samples are cut 

for end use. In molded foams, the components are poured into a mold having the desired 

shape and size thereby eliminating the need for cutting. Further details on molded foams 

will be given in a later section. Within each category, these foams can be further classified 

as cold-cured foams also referred to as high resiliency (HR) versus hot-cured foams. This 

Classification also relates to the mechanical hysteresis which in the case of HR foams is 

between that of open-cell flexible polyurethane foams and that of rubber latex foam. 

A very important feature of cellular solids is their density or relative density, p* /Ps 

(foam density/solid density). Polymeric foams used for cushioning, packaging or 

insulation have relative densities between 0.05 and 0.2. As the relative density increases, 

the cell walls generally thicken and the pore space decreases. 

Polyurethanes are polymeric products of reactions between an isocyanate and a 

hydroxyl group or polyol. They are polymers which contain the urethane linkage. The 

first polyurethanes were discovered in 1937 by Otto Bayer and co-workers.! The first 

commercial polyurethane foams were developed in 1954 using a German technology which 

used an aromatic isocyanate and a polyester polyol. Two years later, the first polyether 

polyols were introduced which provided for a foam which was more durable and less 

affected by hydrolysis. In 1958, the more economic "one shot" foam technology was 

developed where the polyether polyols, catalysts, and silicone-based surfactants (which are 

Introduction 3



all needed to produce a quality foam) were combined all at once to produce foams with 

improved physical properties. 

1.2 Applications 

There are four major areas of application of cellular solids: thermal insulation 

packaging, structural use, buoyancy, and furnishings. Since plastic foams have a low 

thermal conductivity, they are used as insulation from coffee cups to insulation in booster 

rockets. Another advantage is their low thermal mass which allows them to be heated or 

cooled with a minimum amount of energy. Foams are also used in packaging since they 

can absorb energy of impact and undergo large compressive strains without subjecting the 

contents to damaging stresses. The ease of molding along with their low density also make 

foams ideal for packaging. Cellular solids such as wood, bone, and coral are all structural 

foams used to support large loads. Wood is the most widely used natural cellular structural 

material. However, increasingly, man-made foams are used in structural applications such 

as sandwich panels, made of plywood skins bonded to balsa wood cores and more recently 

glass or carbon-fiber composite skin with a rigid polymer foam core. These sandwich 

panels used in space vehicles, skis, yachts and portable buildings, provide excellent 

specific bending strength for lightweight materials. Cellular materials, primarily 

polystyrene, and polyethylene, are used as supports for floating structures and portions of 

boats such as the hull or deck. By controlling their density, a given buoyancy factor can be 

achieved. Another advantage is that these foams are much more damage tolerant than other 

flotation devices such as bags or chambers and when damaged they can still retain their 

buoyancy. 

Figure 1.2 is a block diagram illustrating the wide versatility and wide application 

of flexible polyurethane foams. As can be seen, the majority of flexible foams are used as 

cushioning in the furniture industry, but extend from vibration and sound dampening to 
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protective packing in packaging. By controlling the isocyanate and polyol, foams can be 

made ranging from soft low density foams to stiff high strength foams. 

In view of the wide application base of these materials, a fundamental 

understanding of these materials is necessary, specifically how the formulation ingredients 

and processing techniques relate to the foam properties. While there exists within the 

scientific literature a wide range of data describing the various aspects of polyurethane 

foams, work which correlates the microscopic structure to the final foam properties is very 

limited. Roughly a decade ago, a joint venture between Dow Chemical Co. and the 

research group of Garth L. Wilkes began which focused on the structure-property behavior 

of slabstock polyurethane foams. The work presented in this dissertation is a continuation 

of this venture and reflects two major industrial trends: the increased manufacture of the 

higher productivity molded foams rather than slabstock, and the elimination of auxiliary 

blowing agents such as chloroflourocarbon (CFC). The majority of this work focuses on 

the structure-property relationships of molded foams to correlate the observed behavior to 

formulation ingredients and ensuing morphology using molecular arguments. The 

viscoelastic properties are given great consideration since they best simulate the end use 

treatment of these materials. These observations are then related back to the structural 

morphology of the foams. In addition, the results are compared to data obtained on 

conventional slabstock foams as obtained by similar methodology. In addition to 

characterization of the molded foams, the influence of altering the index, or amount on 

isocyanate included in the formulation relative to the amount required, was also investigated 

on a series of slabstock foams. This study reflects the trend of eliminating CFCs which 

has necessitated alternative methods of producing soft, low density foams. A potential 

method involves using a low index and a high water content. 

The format of this dissertation begins with a literature review which presents 

relevant work carried out on mostly polyurethane foams. This review provides a good 

knowledge basis for the work that will be presented in this dissertation. While most of the 
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work that is presented is on foam, certain relevant features are portrayed by studies carried 

out on polyurethane elastomers and even cellular solids based on other polymers. Again, it 

is the intention of the author to emphasize specific conclusions that are based on molecular 

arguments especially with regard to mechanical properties. Many models have been 

presented, most empirical, which have shown good correlation with experimental data, but 

are limited in terms of physical meaning. A few have been presented here, but the focus 

has been on correlations to the molecular structure. Following the literature review, is a 

chapter describing the experimental materials and techniques utilized in this dissertation. 

Three chapters of results are then presented, beginning with a characterization of molded 

foams, followed by an investigation of a series of slabstock foams of varying index, and 

concluding with a small chapter presenting the influence of transient moisture conditions on 

the viscoelastic behavior. 
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Chapter 2 

2.0 #£=Literature Review 

In this chapter, a summary of previous work on polyurethane foams is presented. 

Observations on other polymer foams and also some results on polyurethane elastomers are 

presented to convey certain relevant ideas. For example, in section 2.3.4, the mechano- 

sorptive behavior of many cellular materials is presented in view that it will be thoroughly 

investigated for the first time on polyurethane foams in this dissertation. Some of the other 

topics which are presented include the chemistry, morphology, mechanical properties, and 

viscoelastic properties of polyurethane foams and elastomers and even some other foams. 

2.1 Chemistry 

The chemistry of polyurethanes is based on reactions of isocyanates with active 

hydrogen-containing compounds, common examples being hydroxyl or amine 

functionalities. The hydroxyl or amine nucleophile adds to the isocyanate by a nucleophilic 

attack on the positive carbonyl] carbon. 

In the formation of polyurethane foams, there are at least two competing reactions. 

The first, illustrated in Fig. 2.1a., is the polymerization or gelling reaction. Here, an 

isocyanate group reacts with an alcohol or hydroxyl group to produce a urethane through 

Literature Review 8



�(�A�)� 

�O� �O� �i� �A� �i� 
�R�-�N�-�C�-�O�-�C�H�a�-�R �� �+� �R�-�N�=�C�=�O� �S�>�=�= ��=�=�"� �R�-�N�-�C�-�O�-�C�H�2�-�R �� 

�H� �1�1�0�°�C� �=� �C�=�O� 
�H�N� 

�R� 

�U�r�e�t�h�a�n�e� �l�s�o�c�y�a�n�a�t�e� �A�l�l�o�p�h�a�n�a�t�e� 

�(�B�)� 

�~�A� �9� 
�R�-�N�=�C�=�O� �+� �R�'�-�C�H�2�-�O�H�  � � � ��»� �R�-�N�-�C�-�O�-�C�H�o�-�R �� 

�H� 
�I�s�o�c�y�a�n�a�t�e� �A�l�c�o�h�o�l� �U�r�e�t�h�a�n�e� 

�F�i�g�u�r�e� �2�.�1�.� �R�e�a�c�t�i�o�n�s� �i�n� �u�r�e�t�h�a�n�e� �f�o�r�m�a�t�i�o�n�.� �(�A�)� �p�r�i�m�a�r�y� �g�e�l�l�a�t�i�o�n� �r�e�a�c�t�i�o�n� �a�n�d� �(�B�)� 
�s�e�c�o�n�d�a�r�y� �r�e�a�c�t�i�o�n� �l�e�a�d�i�n�g� �t�o� �a�l�l�o�p�h�a�n�a�t�e�.� 

�L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �9



�a�n� �a�d�d�i�t�i�o�n� �p�r�o�c�e�s�s� �w�i�t�h� �a�n� �e�x�o�t�h�e�r�m�i�c� �h�e�a�t� �o�f� �r�e�a�c�t�i�o�n� �o�f� �c�a�.� �2�4� �k�c�a�l�/�m�o�l�e�.� �W�h�e�n� �t�h�e� 

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

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

�i�l�l�u�s�t�r�a�t�e�d� �i�n� �F�i�g�.� �2�.�1�b�.� �A�l�l�o�p�h�a�n�a�t�e� �f�o�r�m�a�t�i�o�n� �c�a�n� �a�l�s�o� �c�r�o�s�s�-�l�i�n�k� �t�h�e� �p�o�l�y�m�e�r�.� �H�o�w�e�v�e�r�,� 

�a� �s�i�g�n�i�f�i�c�a�n�t� �a�m�o�u�n�t� �i�s� �u�n�l�i�k�e�l�y� �s�i�n�c�e� �h�i�g�h� �t�e�m�p�e�r�a�t�u�r�e�s� �(�>�1�1�0�°�C�)� �a�r�e� �r�e�q�u�i�r�e�d� �f�o�r� �t�h�i�s� 

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

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

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

�r�e�a�c�t�i�o�n�,� �s�h�o�w�n� �i�n� �F�i�g�.� �2�.�2�a�.�,� �i�s� �k�n�o�w�n� �a�s� �t�h�e� �b�l�o�w�i�n�g� �r�e�a�c�t�i�o�n� �s�i�n�c�e� �t�h�e� �c�a�r�b�o�n� �d�i�o�x�i�d�e� 

�f�o�r�m�e�d� �s�e�r�v�e�s� �t�o� �f�o�a�m� �t�h�e� �p�o�l�y�m�e�r�.� �T�h�i�s� �r�e�a�c�t�i�o�n� �i�s� �a�l�s�o� �e�x�o�t�h�e�r�m�i�c� �r�e�l�e�a�s�i�n�g� �c�a�.� �4�7� 

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

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

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

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

�d�i�s�u�b�s�t�i�t�u�t�e�d� �u�r�e�a� �s�h�o�w�n� �i�n� �F�i�g�.� �2�.�2�b�.� �A�d�d�i�t�i�o�n�a�l� �c�r�o�s�s�-�l�i�n�k�i�n�g� �c�a�n� �b�e� �a�c�h�i�e�v�e�d� �f�r�o�m� �t�h�e� 

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

�H�o�w�e�v�e�r�,� �a�s� �f�o�r� �t�h�e� �a�l�l�o�p�h�a�n�a�t�e�,� �r�e�v�e�r�s�i�b�i�l�i�t�y� �a�n�d� �t�h�e� �h�i�g�h� �t�e�m�p�e�r�a�t�u�r�e� �(�>�1�2�0�°�C�)� 

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

�u�n�l�i�k�e�l�y�.� 

�2�.�1�.�1� �F�o�r�m�u�l�a�t�i�o�n� �C�o�m�p�o�n�e�n�t�s� 

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

�f�o�a�m� �a�r�e� �l�i�s�t�e�d� �i�n� �T�a�b�l�e� �2�.�1�.� 

�2�.�1�.�1�.�a� �P�o�l�y�o�l�s� 

�L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �1�0



�(�A�)� 

�o�n� �I� 
�R�-�N�=�C�=�0� �+� �H�-�O�-�H�  � �� �>� �|�[�R�-�N�-�C�-�O�H� 

�H� �a� 
�l�s�o�c�y�a�n�a�t�e� �W�a�t�e�r� �C�a�r�b�a�m�i�c� �A�c�i�d� 

�R�-�N�H�»� �+� �C�O�o�T� �+� �H�E�A�T� 

�A�m�i�n�e� �C�a�r�b�o�n� 
�D�i�o�x�i�d�e� 

�(�B�)� 

�-� �T� 
�R�-�N�=�C�=�O� �+� �R�-�N�H�o� �- � � �� �R�-�N�-�C�-�N�-�R �� 

�H� �H� 
�l�s�o�c�y�a�n�a�t�e� �A�m�i�n�e� �D�i�s�u�b�s�t�i�t�u�t�e�d� 

�U�r�e�a� 

�(�C�)� 

�i� �A� �i� 
 �� �_� �a� �5� �R�-�N�-�C�-�N�-�R� �+� �R�-�N�=�C�=�0� �~�u�u� �R�-�N�-�C�-�N�-�R� 

�H� �H� �1�1�0�°�C� �H� �C�=�O� 

�H�N� 
�R� 

�D�i�s�u�b�s�t�i�t�u�t�e�d� �l�s�o�c�y�a�n�a�t�e� �B�i�u�r�e�t� 
�U�r�e�a� 

�F�i�g�u�r�e� �2�.�2�.� �R�e�a�c�t�i�o�n�s� �i�n� �u�r�e�a� �f�o�r�m�a�t�i�o�n�.� �(�A�)� �p�r�i�m�a�r�y� �b�l�o�w�i�n�g� �r�e�a�c�t�i�o�n�,� �(�B�)� �c�h�a�i�n� 
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�N�e�a�r�l�y� �9�0�%� �o�f� �a�l�l� �f�l�e�x�i�b�l�e� �f�o�a�m�s� �a�r�e� �p�r�o�d�u�c�e�d� �u�s�i�n�g� �p�o�l�y�e�t�h�e�r� �p�o�l�y�o�l�s� �w�h�i�c�h� �a�r�e� 

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

�°� �p�o�l�y�o�x�y�p�r�o�p�y�l�e�n�e� �d�i�o�l�s�,� �t�r�i�o�l�s�,� �o�r� �t�e�t�r�o�l�s� 

�°� �e�t�h�y�l�e�n�e�-�o�x�i�d�e� �e�n�d�c�a�p�p�e�d� �d�i�o�l�s�,� �t�r�i�o�l�s� �o�r� �t�e�t�r�o�l�s� 

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

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

�s�t�y�r�e�n�e�-�a�c�r�y�l�o�n�i�t�r�i�l�e� �c�o�p�o�l�y�m�e�r�s� 

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

�d�i�e�t�h�a�n�o�l�a�m�i�n�e� 

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

�f�l�e�x�i�b�l�e� �f�o�a�m�s�.�3� �S�i�n�c�e� �t�h�e�n�,� �p�o�l�y�o�l�s� �h�a�v�e� �a�l�s�o� �b�e�e�n� �b�a�s�e�d� �o�n� �p�o�l�y�e�t�h�y�l�e�n�e� �o�x�i�d�e�,� 

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

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

�o�x�i�d�e�.�4� �P�o�l�y�e�t�h�e�r� �p�o�l�y�o�l�s� �a�r�e� �p�r�o�d�u�c�e�d� �f�r�o�m� �r�e�a�c�t�i�o�n�s� �o�f� �o�r�g�a�n�i�c� �o�x�i�d�e�s� �a�n�d� �i�n�i�t�i�a�t�o�r�s� 

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

�t�h�e� �m�o�s�t� �c�o�m�m�o�n� �i�n�i�t�i�a�t�o�r�,� �h�o�w�e�v�e�r� �o�t�h�e�r�s� �a�r�e� �a�l�s�o� �u�s�e�d� �w�i�t�h� �f�u�n�c�t�i�o�n�a�l�i�t�i�e�s� �a�s� �h�i�g�h� �a�s� �8� 

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

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

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

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

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

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

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

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

�l�o�w�e�r� �p�o�l�y�o�l� �f�u�n�c�t�i�o�n�a�l�i�t�y�.� 

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

�p�o�l�y�p�r�o�p�y�l�e�n�e� �a�n�d� �p�o�l�y�e�t�h�y�l�e�n�e� �o�x�i�d�e�.� �I�n� �t�h�e� �c�a�s�e� �o�f� �p�o�l�y�p�r�o�p�y�l�e�n�e� �o�x�i�d�e�,� �t�h�e� �r�e�s�u�l�t�a�n�t� 
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�C�H�3� �C�H�3� 

�G�l�y�c�e�r�i�n�e� �P�r�o�p�y�l�e�n�e� �O�x�i�d�e� �A� �T�r�i�o�l� 

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

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

�p�r�i�m�a�r�y� �t�e�r�m�i�n�a�t�e�d� �h�y�d�r�o�x�y�!� �w�h�i�c�h� �i�s� �i�l�l�u�s�t�r�a�t�e�d� �i�n� �F�i�g�.� �2�.�4�.� �P�r�i�m�a�r�y� �h�y�d�r�o�x�y�l� �g�r�o�u�p�s� �a�r�e� 

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

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

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

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

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

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

�h�a�r�d�n�e�s�s�.�6�.�/�.�8� �T�h�e� �f�i�l�l�e�r� �p�o�l�y�m�e�r� �i�s� �t�y�p�i�c�a�l�l�y� �f�o�r�m�e�d� �i�n� �s�i�t�u� �t�h�r�o�u�g�h� �e�i�t�h�e�r� �a� �f�r�e�e� �r�a�d�i�c�a�l� �o�r� 

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

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

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

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

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

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

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

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

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

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

�s�t�y�r�e�n�e�-�a�c�r�y�l�o�n�i�t�r�i�l�e� �(�S�A�N�)� �m�i�x�t�u�r�e�s� �a�r�e� �n�o�w� �u�s�e�d� �i�n� �p�l�a�c�e� �o�f� �a�c�r�y�l�o�n�i�t�r�i�l�e� �a�l�o�n�e�.�>� �I�n� �t�h�i�s� 

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

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

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

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

�t�h�e� �m�o�l�d�e�d� �f�o�a�m�s� �s�t�u�d�i�e�d� �i�n� �t�h�i�s� �d�i�s�s�e�r�t�a�t�i�o�n�)�.� �H�e�r�e�,� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �b�e�g�i�n�s� �w�i�t�h� �a� �g�r�a�f�t� 
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�F�i�g�u�r�e� �2�.�5�.� �|� �F�o�r�m�a�t�i�o�n� �o�f� �b�l�o�c�k� �c�o�p�o�l�y�m�e�r� �p�o�l�y�o�l�.� 
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�p�o�l�y�o�l� �w�h�e�r�e� �t�h�e� �b�a�c�k�b�o�n�e� �i�s� �t�h�e� �S�A�N� �c�o�p�o�l�y�m�e�r� �c�h�a�i�n�s� �a�n�d� �t�h�e� �t�e�e�t�h� �a�r�e� �t�h�e� �s�t�a�b�i�l�i�z�e�r� 

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

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

�S�t�a�b�i�l�i�z�e�r� �c�h�a�i�n�s� �e�x�t�e�n�d� �o�u�t�w�a�r�d�.� �O�n�c�e� �t�h�e�s�e� �p�a�r�t�i�c�l�e�s� �h�a�v�e� �p�h�a�s�e� �s�e�p�a�r�a�t�e�d�,� 

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

�f�r�o�m� �t�h�e�i�r� �i�n�i�t�i�a�l� �s�i�z�e� �o�f� �0�.�0�1�-�0�.�0�5� �u�m� �t�o� �a� �f�i�n�a�l� �s�i�z�e� �o�f� �0�.�3�-�0�.�5� �u�m�.� �H�i�g�h� �r�e�s�i�l�i�e�n�c�y� 

�m�o�l�d�e�d� �a�n�d� �s�o�m�e�t�i�m�e�s� �s�l�a�b�s�t�o�c�k� �f�o�a�m�s� �a�r�e� �m�a�d�e� �w�i�t�h� �p�o�l�y�o�l�s� �h�a�v�i�n�g� �1�0�-�4�0�%� �s�o�l�i�d�s� �a�n�d� 

�v�i�s�c�o�s�i�t�i�e�s� �o�f� �2�5�0�0�-�4�0�0�0� �c�p� �u�s�i�n�g� �t�h�i�s� �m�a�c�r�o�m�e�r� �p�r�o�c�e�s�s�.� 

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

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

�p�o�l�y�h�a�r�n�s�t�o�f�f� �d�i�s�p�e�r�s�i�o�n� �(�P�H�D�)� �i�s� �o�n�e� �c�o�m�m�e�r�c�i�a�l� �p�r�o�t�o�c�o�l�.�?�:�!�9� �T�h�e�s�e� �p�a�r�t�i�c�l�e�s� �a�r�e� 

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

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

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

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

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

�a�l�s�o� �l�e�a�d�s� �t�o� �a� �b�r�o�a�d�e�r� �s�i�z�e� �d�i�s�t�r�i�b�u�t�i�o�n� �t�h�a�n� �a�c�h�i�e�v�e�d� �w�i�t�h� �t�h�e� �S�A�N� �d�i�s�p�e�r�s�i�o�n�.� �P�H�D� 

�p�o�l�y�o�l�s� �t�y�p�i�c�a�l�l�y� �c�o�n�t�a�i�n� �2�0�-�3�0�%� �s�o�l�i�d�s� �a�n�d� �h�a�v�e� �v�i�s�c�o�s�i�t�i�e�s� �o�f� �3�0�0�0�-�3�5�0�0� �c�p�.� �A�l�o�n�g� �w�i�t�h� 

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

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

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

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

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

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

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

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

�u�s�u�a�l� �v�a�l�u�e� �o�f� �3�.�0�.� �T�h�e� �h�y�d�r�o�x�y�l� �n�u�m�b�e�r� �i�s� �t�h�e� �a�m�o�u�n�t� �o�f� �r�e�a�c�t�i�v�e� �h�y�d�r�o�x�y�l� �g�r�o�u�p�s� 
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�a�v�a�i�l�a�b�l�e� �f�o�r� �r�e�a�c�t�i�o�n� �p�e�r� �g�r�a�m� �o�f� �p�o�l�y�m�e�r� �a�n�d� �t�h�u�s� �i�s� �r�e�l�a�t�e�d� �t�o� �t�h�e� �e�q�u�i�v�a�l�e�n�t� �w�e�i�g�h�t� �o�f� �t�h�e� 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�m�e�a�s�u�r�e�m�e�n�t�s�.� �F�i�g�u�r�e� �2�.�6�a� �i�s� �a� �B�r�o�o�k�f�i�e�l�d� �V�i�s�c�o�s�i�t�y� �T�e�s�t� �o�f� �v�i�s�c�o�s�i�t�y� �v�e�r�s�u�s� �t�i�m�e� 

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

�c�a�p�p�e�d� �5�0�0�0� �M�W� �t�r�i�o�l�.� �A�s� �c�a�n� �b�e� �s�e�e�n�,� �i�n�c�r�e�a�s�i�n�g� �t�h�e� �p�r�i�m�a�r�y� �h�y�d�r�o�x�y�l� �c�o�n�t�e�n�t� 

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

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

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

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

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

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

� � 
�R�e�a�c�t�i�v�i�t�y� �o�f� �p�o�l�y�o�l�s�.� �(�A�)� �e�f�f�e�c�t� �o�f� �p�r�i�m�a�r�y� �h�y�d�r�o�x�y�l�!� �c�o�n�t�e�n�t� �(�B�)� �e�f�f�e�c�t� �o�f� 
�m�o�n�o�l� �a�n�d� �p�r�i�m�a�r�y� �h�y�d�r�o�x�y�]� �c�o�n�t�e�n�t�.� �[�r�e�f� �6�]� 

�2�0



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

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

�2�.�1�.�1�.�6� �I�s�o�c�y�a�n�a�t�e�s� 

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

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

�t�h�e� �p�h�o�s�g�e�n�a�t�i�o�n� �o�f� �a�n� �a�m�i�n�e� �a�s� �i�l�l�u�s�t�r�a�t�e�d� �i�n� �F�i�g�.� �2�.�7�.�0�.�1�!� �S�e�v�e�r�a�l� �s�i�d�e� �r�e�a�c�t�i�o�n�s� �w�h�i�c�h� 

�c�a�n� �t�a�k�e� �p�l�a�c�e� �a�r�e� �i�l�l�u�s�t�r�a�t�e�d� �i�n� �F�i�g�.� �2�.�8�.� �T�h�e� �t�w�o� �m�o�s�t� �w�i�d�e�l�y� �u�s�e�d� �i�s�o�c�y�a�n�a�t�e�s� �a�r�e� �t�o�l�u�e�n�e� 

�d�i�i�s�o�c�y�a�n�a�t�e� �(�T�D�I�)� �a�n�d� �d�i�p�h�e�n�y�l�m�e�t�h�a�n�e� �d�i�i�s�o�c�y�a�n�a�t�e� �(�M�D�I�)� �w�h�e�r�e� �T�D�I� �i�s� �u�s�e�d� �m�o�r�e� �i�n� �t�h�e� 

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

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

�(�8�0�:�2�0�,� �o�r� �6�5�:�3�5�)� �o�f� �2�,�4� �a�n�d� �2�,�6� �i�s�o�m�e�r�s� �s�h�o�w�n� �i�n� �F�i�g�.� �2�.�9�.� �T�h�e� �8�0�:�2�0� �i�s�o�m�e�r� �m�i�x�t�u�r�e� �i�s� 

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

�p�h�o�s�g�e�n�a�t�i�o�n� �t�o� �t�h�e� �d�i�i�s�o�c�y�a�n�a�t�e� �a�s� �i�l�l�u�s�t�r�a�t�e�d� �b�y� �t�h�e� �b�l�o�c�k� �d�i�a�g�r�a�m� �i�n� �F�i�g�.� �2�.�1�0�.� �F�o�r�a� 
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�t�h�e� �p�r�o�c�e�s�s� �s�p�e�c�i�f�i�c�a�l�l�y� �t�h�e� �m�i�x�i�n�g� �s�t�a�g�e�s�.� �I�n� �a�d�d�i�t�i�o�n� �t�o� �t�h�e� �g�a�s� �e�x�p�a�n�s�i�o�n�,� �t�h�e� �b�u�b�b�l�e�s� 

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

�S�t�a�b�i�l�i�t�y� �o�f� �t�h�e� �g�r�o�w�i�n�g� �b�u�b�b�l�e�s�.� 

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

�W�i�t�h�o�u�t� �t�h�e� �c�e�l�l� �w�a�l�l� �s�t�a�b�i�l�i�z�a�t�i�o�n�,� �t�h�e� �c�e�l�l�s� �w�o�u�l�d� �c�o�a�l�e�s�c�e� �l�e�a�d�i�n�g� �t�o� �a� �c�o�l�l�a�p�s�e� �o�f� �t�h�e� 

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

�b�y� �t�h�e� �s�u�r�f�a�c�t�a�n�t�.� �A�l�s�o�,� �e�l�a�s�t�i�c�i�t�y� �o�f� �t�h�e� �m�e�m�b�r�a�n�e�,� �k�n�o�w�n� �a�s� �t�h�e� �G�i�b�b�s�-�M�a�r�a�n�g�o�n�i� �e�f�f�e�c�t�,� 

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

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

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

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

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

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

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

�i�n�c�o�r�p�o�r�a�t�e�s� �t�h�e� �p�r�e�c�i�p�i�t�a�t�e�d� �p�o�l�y�u�r�e�a� �i�n�t�o� �t�h�e� �l�i�q�u�i�d� �r�e�a�c�t�i�o�n� �m�i�x�t�u�r�e�.� �1�5� 

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

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

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

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

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

�p�h�y�s�i�c�a�l� �p�r�o�p�e�r�t�i�e�s�.� 

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

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

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

�o�f� �s�i�l�i�c�o�n�e�-�g�l�y�c�o�l� �s�u�r�f�a�c�t�a�n�t�s� �a�s� �d�e�s�c�r�i�b�e�d� �b�y� �B�r�y�a�n�t� �a�n�d� �S�t�e�w�a�r�t� �i�s� �i�l�l�u�s�t�r�a�t�e�d� �i�n� �F�i�g�.� 

�2�.�1�2�.�1�6� �F�i�r�s�t�,� �s�a�n�d� �i�s� �r�e�a�c�t�e�d� �w�i�t�h� �c�a�r�b�o�n� �a�n�d� �r�e�d�u�c�e�d� �t�o� �s�i�l�i�c�o�n�.� �T�h�e� �s�i�l�i�c�o�n� �i�s� �t�h�e�n� 

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

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

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

�n�o�n�h�y�d�r�o�l�y�z�a�b�l�e� �t�y�p�e� �s�u�r�f�a�c�t�a�n�t�,� �d�e�r�i�v�e�d� �f�r�o�m� �t�h�e� �r�e�a�c�t�i�o�n� �o�f� �t�h�e� �p�o�l�y�s�i�l�o�x�a�n�e� �f�l�u�i�d� �w�i�t�h� �a�n� 
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�C�H�3� �H� 

�A� �P�o�l�y�s�i�l�o�x�a�n�e� �F�l�u�i�d� �A�n� �E�O�/�P�O� �P�o�l�y�g�l�y�c�o�l� �a�c�i�d� 
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�C�H�;� �\� �C�H�g� 
�O�-�(�C�H�2�-�C�H�2�-�0�)�-�(�C�H�p�-�C�H�-�O�)�H� 

�H�y�d�r�o�l�y�z�a�b�l�e� �T�y�p�e� �S�u�r�f�a�c�t�a�n�t� 

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

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

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

�2�.�1�.�1�.�e� �C�a�t�a�l�y�s�t�s� 

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

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

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

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

�s�t�r�u�c�t�u�r�e� �w�i�t�h�o�u�t� �c�o�l�l�a�p�s�e�.� 

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

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

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

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

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

�H�o�l�d�s�w�o�r�t�h�,� �i�s� �s�h�o�w�n� �i�n� �F�i�g�.� �2�.�1�3�.�1�7� �O�n�c�e� �t�h�e� �c�o�m�p�l�e�x� �h�a�s� �f�o�r�m�e�d�,� �t�h�e� �n�i�t�r�o�g�e�n� �a�t�o�m� �o�n� 

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

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

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

�i�n�c�r�e�a�s�e�s� �t�h�e� �c�a�t�a�l�y�t�i�c� �a�c�t�i�v�i�t�y�.� �1�8� 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�2�.�1�.�1�.�£� �B�l�o�w�i�n�g� �A�g�e�n�t�s� 

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

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

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

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

�e�x�t�r�a�-�l�o�w� �d�e�n�s�i�t�i�e�s� �i�s� �c�h�l�o�r�o�f�l�o�u�r�o�c�a�r�b�o�n� �1�1� �(�C�F�C� �1�1�)�.� �H�o�w�e�v�e�r�,� �d�u�e� �t�o� �e�n�v�i�r�o�n�m�e�n�t�a�l� 

�c�o�n�c�e�r�n�s� �t�h�a�t� �C�F�C� �1�1� �i�s� �a� �s�u�s�p�e�c�t�e�d� �o�z�o�n�e� �d�e�p�l�e�t�i�n�g� �a�g�e�n�t�,� �r�e�p�l�a�c�e�m�e�n�t�s� �s�u�c�h� �a�s� 

�h�a�l�o�g�e�n�a�t�e�d� �c�h�l�o�r�i�n�a�t�e�d� �f�l�o�u�r�o�c�a�r�b�o�n�s� �(�H�C�F�C�-�1�2�3� �a�n�d� �H�C�F�C�-�1�4�1�)� �a�r�e� �a�l�s�o� �b�e�i�n�g� 

�u�t�i�l�i�z�e�d�.�1�9�,�2�0� �T�h�e�s�e� �H�C�F�C�'�s� �a�r�e� �r�e�p�o�r�t�e�d� �t�o� �h�a�v�e� �a� �m�u�c�h� �l�o�w�e�r� �o�z�o�n�e� �d�e�p�l�e�t�i�n�g� �p�o�t�e�n�t�i�a�l� 

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

�1�1�.� �T�h�e� �d�r�a�w�b�a�c�k� �t�o� �H�C�F�C�'�s� �i�s� �t�h�a�t� �e�c�o�n�o�m�i�c�a�l� �l�a�r�g�e� �s�c�a�l�e� �p�r�o�d�u�c�t�i�o�n� �o�f� �t�h�e�s�e� �i�s� 

�d�i�f�f�i�c�u�l�t�.� 
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�2�.�1�.�2� �M�o�l�d�e�d� �F�o�a�m�s� 

�I�n� �v�i�e�w� �o�f� �t�h�e� �f�a�c�t� �t�h�a�t� �t�h�e� �m�a�j�o�r�i�t�y� �o�f� �t�h�i�s� �d�i�s�s�e�r�t�a�t�i�o�n� �d�e�a�l�s� �w�i�t�h� �m�o�l�d�e�d� �f�o�a�m�s�,� �a� 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�t�o� �t�h�e� �c�o�m�p�l�i�c�a�t�i�o�n�.� 

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

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

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

�r�e�s�i�l�i�e�n�c�y� �(�H�R�)� �f�o�a�m�s� �i�n�v�o�l�v�e�s� �t�h�e� �u�s�e� �o�f� �a� �h�i�g�h�e�r� �r�e�a�c�t�i�v�i�t�y� �f�o�r�m�u�l�a�t�i�o�n� �s�o� �t�h�a�t� �n�o� �o�v�e�n� 

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

�t�w�o� �a�r�e� �i�l�l�u�s�t�r�a�t�e�d� �i�n� �T�a�b�l�e� �2�.�2�.� 

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

�a�u�t�o�m�o�t�i�v�e� �s�e�a�t�i�n�g�.� �F�o�r�m�u�l�a�t�i�o�n� �i�n� �t�h�e�s�e� �f�o�a�m�s�,� �i�s� �t�y�p�i�c�a�l�l�y� �b�a�s�e�d� �o�n� �a� �3�0�0�0�-�m�o�l�e�c�u�l�a�r� 

�L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �3�5



�T�a�b�l�e� �2�.�2�.� �G�e�n�e�r�a�l� �C�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �H�o�t�-�C�u�r�e� �a�n�d� �H�R� �M�o�l�d�e�d� �F�o�a�m�s� 

� � 

� � 

� � 

� � 

� � 

� � � � � � � � 

�H�o�t�-�C�u�r�e� �H�R� 

�I�s�o�c�y�a�n�a�t�e� �8�0�/�2�0� �T�D�I� �8�0�/�2�0� �T�D�I� 
�B�l�e�n�d�s� �w�/�M�D�I� 

�P�o�l�y�m�e�r�i�c� �M�D�I� 
�M�D�I� �p�r�e�p�o�l�y�m�e�r�s� 

�P�o�l�y�o�l� 
�M�o�l�e�c�u�l�a�r� �W�e�i�g�h�t� �2�8�0�0�-�3�5�0�0� �4�5�0�0�-�6�5�0�0� 
�E�O�-�C�a�p�p�e�d� �Y�e�s� �Y�e�s� 
�C�o�p�o�l�y�m�e�r� �P�o�l�y�o�l� �O�p�t�i�o�n�a�l� �O�p�t�i�o�n�a�l� 

�C�u�r�e� �O�v�e�n� �1�8�0�-�3�0�0�°�C� �7�5�-�2�0�0� �°�C� 
�T�e�m�p�e�r�a�t�u�r�e� �3�5�6�-�5�7�2�°�F� �1�6�5�-�3�9�2� �°�F� 

�P�o�s�t�c�u�r�i�n�g� �N�o� �O�p�t�i�o�n�a�l� 

�M�o�l�d� �T�e�m�p�e�r�a�t�u�r�e� �2�5�-�4�5� �°�C� �5�0�-�7�0� �°�C� 
�a�t� �P�o�u�r� �7�7�-�1�1�3� �°�F� �1�2�2�-�1�5�8� �°�F� � � 
� � 
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�w�e�i�g�h�t� �p�o�l�y�e�t�h�y�l�e�n�e�-�o�x�i�d�e�-�c�a�p�p�e�d� �t�r�i�o�l�.� �H�R� �f�o�a�m�s� �u�s�e� �a� �5�0�0�0�-�m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� 

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

�c�o�n�v�e�y�o�r�s� �b�e�g�i�n� �w�i�t�h� �p�r�e�h�e�a�t�i�n�g� �t�o� �a�p�p�r�o�x�i�m�a�t�e�l�y� �4�3�°�C�,� �f�r�o�m� �w�h�i�c�h� �t�h�e�y� �p�r�o�c�e�e�d� �t�o� �t�h�e� 

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

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

�a�p�p�r�o�x�i�m�a�t�e�l�y� �1�2�1�°�C� �f�o�l�l�o�w�e�d� �b�y� �a� �h�o�t� �a�i�r� �o�v�e�n� �a�t� �a�p�p�r�o�x�i�m�a�t�e�l�y� �5�4�°�C�.� �F�i�n�a�l�l�y�,� �t�h�e� �m�o�l�d�s� 

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

�c�y�c�l�e� �t�a�k�e�s� �3�0� �m�i�n�u�t�e�s�.� 

�H�i�g�h� �r�e�s�i�l�i�e�n�c�y� �f�o�a�m�s� �h�a�v�e� �a� �d�r�o�p�p�i�n�g�-�b�a�l�l�-�t�y�p�e� �r�e�s�i�l�i�e�n�c�y� �(�p�e�r� �A�S�T�M� �D� �3�7�7�0�-�7�9�)� 

�g�r�e�a�t�e�r� �t�h�a�n� �6�0�%�.� �T�o�d�a�y�,� �t�h�e� �t�e�r�m� �H�R� �f�o�a�m�s� �a�l�s�o� �r�e�f�e�r�s� �t�o� �c�o�l�d�-�c�u�r�e� �f�o�a�m�s�.� �T�h�e� �g�r�e�a�t�e�s�t� 

�a�d�v�a�n�t�a�g�e� �o�f� �H�R� �f�o�a�m�s� �i�s� �t�h�a�t� �t�h�e�s�e� �f�o�a�m�s� �h�a�v�e� �a� �s�u�p�e�r�i�o�r� �s�u�p�p�o�r�t� �f�a�c�t�o�r�,� �r�a�t�i�o� �o�f� �6�5�%� 

�i�n�d�e�n�t�a�t�i�o�n� �f�o�r�c�e� �d�e�f�l�e�c�t�i�o�n� �(�I�F�D�)� �t�o� �2�5�%� �(�I�F�D�)�,� �r�e�l�a�t�i�v�e� �t�o� �h�o�t�-�m�o�l�d�e�d� �f�o�a�m�s� �o�r� �s�l�a�b�s�t�o�c�k� 

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

�l�e�s�s�.� �T�h�e�s�e� �f�o�a�m�s� �a�r�e� �p�r�i�m�a�r�i�l�y� �b�a�s�e�d� �o�n� �5�0�0�0�-�m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �h�i�g�h�l�y� �r�e�a�c�t�i�v�e� 

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

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

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

�4�9� �t�o� �7�1�°�C�.� �I�n� �t�h�e� �c�a�s�e� �w�h�e�r�e� �s�o�m�e� �h�e�a�t� �m�a�y� �b�e� �a�d�d�e�d�,� �a�s� �i�n� �t�h�e� �c�a�s�e� �o�f� �l�o�w� �d�e�n�s�i�t�y� 

�s�e�a�t�i�n�g� �f�o�a�m�s�,� �t�h�e� �m�o�l�d�s� �a�r�e� �h�e�a�t�e�d� �t�o� �9�3�°�C� �f�o�r� �a�p�p�r�o�x�i�m�a�t�e�l�y� �3� �t�o� �1�0� �m�i�n�u�t�e�s�.� �T�h�e� �f�o�a�m� 

�i�s� �t�h�e�n� �r�e�m�o�v�e�d� �a�n�d� �t�h�e� �m�o�l�d�s� �a�r�e� �w�a�x�e�d� �a�n�d� �c�l�e�a�n�e�d�.� �T�h�e� �f�o�a�m�'�s� �c�e�l�l�s� �a�r�e� �t�h�e�n� 

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

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

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

�l�a�t�i�t�u�d�e� �o�f� �t�h�e� �m�o�l�d� �t�e�m�p�e�r�a�t�u�r�e� �a�t� �p�o�u�r� �i�s� �n�o�r�m�a�l�l�y� �5�7�°�C� �t�o� �7�7�°�C�.� �B�e�l�o�w� �t�h�i�s� �r�a�n�g�e�,� �c�o�l�d� 

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

�l�o�o�s�e� �a�n�d� �f�l�a�k�y� �a�n�d� �l�a�r�g�e� �v�o�i�d�s� �d�e�v�e�l�o�p�.� 
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�2�.�1�.�3� �M�o�l�d�e�d� �F�o�a�m� �P�r�o�c�e�s�s�i�n�g� �T�e�c�h�n�i�q�u�e� 

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

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

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

�C�h�a�p�t�e�r� �3�.�7�9� �T�h�e� �m�a�j�o�r�i�t�y� �o�f� �p�o�l�y�u�r�e�t�h�a�n�e� �f�o�a�m�s� �a�r�e� �m�a�d�e� �b�y� �a� �"�o�n�e�-�s�h�o�t�"� �p�r�o�c�e�s�s�.� �T�h�e� 

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

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

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

�l�i�q�u�i�d� �i�s� �d�i�s�p�e�n�s�e�d� �i�n�t�o� �a� �p�r�e�h�e�a�t�e�d� �a�n�d� �w�a�x�e�d� �m�o�l�d� �(�f�o�r� �m�o�l�d�e�d� �f�o�a�m�s�)� �w�h�e�r�e� �t�h�e� �b�u�b�b�l�e�s� 

�b�e�g�i�n� �t�o� �g�r�o�w�.� �T�h�e� �m�o�l�d� �i�s� �p�r�e�h�e�a�t�e�d� �(�u�s�u�a�l�l�y� �t�o� �3�8�-�4�9�°�C�)� �t�o� �h�e�l�p� �p�r�e�v�e�n�t� �d�e�n�s�i�t�y� 

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

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

�i�n�t�e�r�n�a�l� �s�u�r�f�a�c�e� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �c�a�.� �1�2�0�°�C�.� �D�u�r�i�n�g� �t�h�i�s� �i�n�d�u�c�t�i�o�n� �o�r� �c�r�e�a�m� �t�i�m�e� �(�c�a�.� �6�-�1�5� 

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

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

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

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

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

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

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

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

�e�x�o�t�h�e�r�m�i�c� �n�a�t�u�r�e� �o�f� �t�h�e� �r�e�a�c�t�i�n�g� �m�i�x�t�u�r�e�,� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �r�i�s�e�s�,� �a�n�d� �a�t� �c�a�.� �1�0�0�°�C�,� �t�h�e� �c�e�l�l� 

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

�I�n� �1�0�0�-�2�0�0� �s�e�c�o�n�d�s� �a�f�t�e�r� �m�i�x�i�n�g�,� �i�m�m�e�d�i�a�t�e�l�y� �f�o�l�l�o�w�i�n�g� �b�l�o�w�-�o�f�f�,� �t�h�e� �f�o�a�m� �h�a�s� �r�e�a�c�h�e�d� �i�t�s� 

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

�r�e�m�o�v�e�d�.� �T�h�e�y� �a�r�e� �t�h�e�n� �s�t�o�r�e�d� �t�o� �f�u�r�t�h�e�r� �c�u�r�e� �f�o�r� �a� �p�e�r�i�o�d� �o�f� �a�b�o�u�t� �a� �w�e�e�k�.�3�,�2�1�,�2�2�,�3�5� 

�2�.�1�.�4� �R�e�a�c�t�i�o�n� �S�e�q�u�e�n�c�e�s� 

�W�i�t�h� �t�h�e� �u�s�e� �o�f� �F�T�I�R�,� �t�h�e� �r�e�a�c�t�i�o�n� �s�e�q�u�e�n�c�e�s� �i�n� �a� �f�o�a�m�i�n�g� �p�r�e�c�e�s�s� �c�a�n� �b�e� �f�o�l�l�o�w�e�d� 

�t�o� �a� �h�i�g�h� �d�e�g�r�e�e� �o�f� �a�c�c�u�r�a�c�y�.� �M�a�n�y� �r�e�s�e�a�r�c�h�e�r�s� �s�u�c�h� �a�s� �R�o�s�s�m�y� �e�t�.� �a�l�.� �a�n�d� �B�a�i�l�e�y� �a�n�d� 

�C�r�i�t�c�h�f�i�e�l�d� �h�a�v�e� �c�o�n�f�i�r�m�e�d� �o�b�s�e�r�v�a�t�i�o�n�s� �o�f� �a�b�s�o�r�p�t�i�o�n� �b�a�n�d�s� �a�t� �1�7�1�0� �c�m�-�!�,� �1�6�6�0� �c�m�:�!�,� �a�n�d� 

�1�6�4�5� �c�m�-�!� �d�u�r�i�n�g� �t�h�e� �e�a�r�l�y� �s�t�a�g�e�s� �o�f� �t�h�e� �w�a�t�e�r�-�i�s�o�c�y�a�n�a�t�e� �r�e�a�c�t�i�o�n�.�!�5�,�.�2�3�.�2�4� �T�h�e� �b�a�n�d� �a�t� 

�1�7�1�0� �c�m�!� �w�a�s� �o�b�s�e�r�v�e�d� �i�n� �t�h�e� �b�e�g�i�n�n�i�n�g� �o�f� �t�h�e� �r�e�a�c�t�i�o�n� �w�h�i�l�e� �t�h�e� �b�a�n�d�s� �a�t� �1�6�6�0� �c�m�!� �a�n�d� 

�1�6�4�5� �c�m�-�!� �w�e�r�e� �o�b�s�e�r�v�e�d� �a�t� �5�0�%� �a�n�d� �7�5�%� �o�f� �t�h�e� �r�i�s�e� �t�i�m�e�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �I�t� �w�a�s� �p�r�o�p�o�s�e�d� 

�b�y� �b�o�t�h� �r�e�s�e�a�r�c�h�e�r�s� �t�h�a�t� �t�h�e� �b�a�n�d� �a�t� �1�6�4�5� �c�m�:�!� �i�s� �d�u�e� �t�o� �a� �d�i�s�u�b�s�t�i�t�u�t�e�d� �u�r�e�a�.� �R�o�s�s�m�y� �e�t�.� 

�a�l�.� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �t�h�e� �b�a�n�d� �a�t� �1�7�1�0� �c�m�-�!� �i�s� �d�u�e� �t�o� �t�h�e� �s�o�l�u�b�l�e� �u�r�e�a� �w�h�i�l�e� �t�h�e� �b�a�n�d� �a�t� �1�6�4�5� 

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

�f�r�o�m� �c�l�e�a�r� �t�o� �o�p�a�q�u�e�,� �t�h�e� �I�R� �s�h�i�f�t� �w�e�n�t� �f�r�o�m� �1�7�1�0� �c�m�-�!�,� �c�o�r�r�e�s�p�o�n�d�i�n�g� �t�o� �m�o�n�o�d�e�n�t�a�t�e� 

�u�r�e�a� �r�e�f�l�e�c�t�i�n�g� �w�e�a�k� �h�y�d�r�o�g�e�n� �b�o�n�d�i�n�g�,� �t�o� �1�6�4�5� �c�m�-�!�,� �w�h�i�c�h� �r�e�f�l�e�c�t�s� �s�t�r�o�n�g�e�r� �h�y�d�r�o�g�e�n� 

�b�o�n�d�i�n�g�.� �H�a�u�p�t�m�a�n� �e�t�.� �a�l�.� �a�n�d� �H�o�c�k�e�r� �o�b�s�e�r�v�e�d� �a�n� �I�R� �s�h�i�f�t� �f�r�o�m� �1�7�1�0� �c�m�-�!� �t�o� �1�6�4�5� �c�m�-�!� 

�w�h�e�n� �a� �d�i�p�h�e�n�y�l� �u�r�e�a� �w�a�s� �d�i�s�s�o�l�v�e�d� �i�n� �a� �g�o�o�d� �s�o�l�v�e�n�t� �(�D�M�F�)� �a�n�d� �t�h�e�n� �a� �p�o�o�r� �s�o�l�v�e�n�t� 

�(�T�H�F�)�.�2�5�:�2�6� �B�a�i�l�e�y� �a�n�d� �C�r�i�t�c�h�f�i�e�l�d� �u�s�e�d� �g�e�l�/�r�i�s�e� �p�r�o�f�i�l�e�s� �t�o� �f�o�l�l�o�w� �t�h�e� �f�o�a�m� �p�r�o�c�e�s�s�.� �A� 

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

�d�e�t�e�c�t�i�o�n� �o�f� �t�h�e� �u�r�e�a� �g�r�o�u�p�s� �a�t� �1�6�4�5� �c�m�-�!�.� �T�h�e� �s�u�g�g�e�s�t�i�o�n� �t�h�a�t� �t�h�e� �w�a�t�e�r�-�i�s�o�c�y�a�n�a�t�e� 

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

�l�o�s�s� �o�f� �i�s�o�c�y�a�n�a�t�e� �a�n�d� �w�a�t�e�r�.�2�/� 

�B�o�t�h� �i�n�v�e�s�t�i�g�a�t�o�r�s� �a�l�s�o� �a�g�r�e�e� �t�h�a�t� �t�h�e� �i�s�o�c�y�a�n�a�t�e�-�p�o�l�y�o�l� �r�e�a�c�t�i�o�n� �o�c�c�u�r�s� �l�a�t�e�r� �i�n� �t�h�e� 

�r�e�a�c�t�i�o�n� �n�e�a�r� �b�l�o�w�-�o�f�f�.� �R�o�s�s�m�y� �e�t�.� �a�l�.� �r�e�p�o�r�t�e�d� �o�b�s�e�r�v�i�n�g� �a� �u�r�e�t�h�a�n�e� �b�a�n�d� �a�t� �1�7�2�5� �c�m�~�!� �a�t� 

�7�5�%� �o�f� �f�o�a�m� �r�i�s�e� �w�h�i�l�e� �B�a�i�l�e�y� �a�n�d� �C�r�i�t�c�h�f�i�e�l�d� �r�e�p�o�r�t�e�d� �o�b�s�e�r�v�i�n�g� �a� �s�l�o�w� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� 

�u�r�e�t�h�a�n�e� �b�a�n�d� �a�t� �1�7�3�0� �c�m�7�!�.�2�3�,�2�4� �T�h�i�s� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �u�r�e�t�h�a�n�e� �a�b�s�o�r�p�t�i�o�n� �o�c�c�u�r�r�e�d� �f�o�r� �3�0� 

�L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �3�9



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

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

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

�V�a�n� �G�h�e�l�u�w�e� �a�n�d� �L�e�r�o�u�x� �u�s�e�d� �t�e�m�p�e�r�a�t�u�r�e� �p�r�o�f�i�l�e�s� �t�o� �f�o�l�l�o�w� �t�h�e� �f�o�a�m� 

�f�o�r�m�a�t�i�o�n�.�2�8� �T�h�e�y� �d�e�t�e�r�m�i�n�e�d� �t�h�e� �r�a�t�e� �o�f� �t�e�m�p�e�r�a�t�u�r�e� �r�i�s�e� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �v�a�r�y�i�n�g� �w�a�t�e�r� 

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

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

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

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

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

�R�e�c�e�n�t�l�y�,� �M�c�C�l�u�s�k�y� �e�t�.� �a�l�.� �u�s�e�d� �F�T�I�R�,� �S�A�X�S� �a�n�d� �v�i�s�c�o�s�i�t�y� �p�r�o�f�i�l�e�s� �t�o� �f�o�l�l�o�w� �t�h�e� 

�f�o�a�m� �e�v�o�l�u�t�i�o�n� �s�p�e�c�i�f�i�c�a�l�l�y� �t�h�e� �s�e�q�u�e�n�t�i�a�l� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �t�h�e� �n�e�t�w�o�r�k�.�2�7�:�3�0� �T�h�e�y� �h�a�v�e� 

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

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

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

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

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

�s�e�c�o�n�d� �s�t�a�g�e�,� �b�e�g�i�n�n�i�n�g� �a�t� �c�a�.� �1� �m�i�n�.� �f�o�l�l�o�w�i�n�g� �m�i�x�i�n�g�,� �w�a�s� �t�h�e� �o�n�s�e�t� �o�f� �m�o�n�o�d�e�n�t�a�t�e� �u�r�e�a� 

�(�a�t� �c�a�.� �1�7�0�0� �c�m�-�!� �t�o� �1�6�4�0� �c�m�-�!�)� �a�s� �o�b�s�e�r�v�e�d� �b�y� �F�T�I�R� �w�h�i�c�h� �o�c�c�u�r�r�e�d� �a�t� �c�a�.� �4�0�%� 

�i�s�o�c�y�a�n�a�t�e� �c�o�n�v�e�r�s�i�o�n�.� �D�u�r�i�n�g� �t�h�i�s� �t�i�m�e�,� �t�h�e�r�e� �i�s� �n�o� �p�h�a�S�e�-�s�e�p�a�r�a�t�i�o�n� �o�r� �v�i�s�c�o�s�i�t�y� �r�i�s�e�.� 

�T�h�e� �h�a�r�d� �s�e�g�m�e�n�t�s� �a�r�e� �s�t�i�l�l�,� �f�o�r� �t�h�e� �m�o�s�t� �p�a�r�t�,� �s�o�l�u�b�l�e� �i�n� �t�h�e� �s�o�f�t� �p�h�a�s�e�.� �A�t� �c�a�.� �1�0�0� �s�e�c�.�,� 

�s�u�b�s�t�a�n�t�i�a�l� �a�m�o�u�n�t�s� �o�f� �i�s�o�c�y�a�n�a�t�e� �h�a�v�e� �r�e�a�c�t�e�d� �(�6�5�%� �c�o�n�v�e�r�s�i�o�n�)� �a�n�d� �t�h�e� �o�n�s�e�t� �o�f� �b�i�d�e�n�t�a�t�e� 

�h�y�d�r�o�g�e�n� �b�o�n�d�i�n�g� �(�a�t� �c�a�.� �1�6�4�0� �c�m�-�!�)�w�a�s� �o�b�s�e�r�v�e�d� �w�h�i�c�h� �r�e�f�l�e�c�t�s� �s�t�r�o�n�g�e�r�,� �m�o�r�e� �s�t�a�b�l�e� 

�m�u�l�t�i�p�l�e� �h�y�d�r�o�g�e�n� �b�o�n�d�s�.� �F�u�r�t�h�e�r�m�o�r�e�,� �S�A�X�S� �d�a�t�a� �r�e�v�e�a�l�e�d� �p�h�a�s�e� �s�e�p�a�r�a�t�i�o�n� �a�n�d� �a� �s�h�a�r�p� 

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

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

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

�L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �4�0



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

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

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

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

�o�f� �s�o�l�u�t�i�o�n� �a�t� �c�a�.� �7�5�%� �o�f� �t�h�e� �r�i�s�e� �t�i�m�e� �s�u�g�g�e�s�t�i�n�g� �p�o�l�y�u�r�e�a� �a�g�g�r�e�g�a�t�i�o�n� �v�i�a� �b�i�d�e�n�t�a�t�e� 

�h�y�d�r�o�g�e�n� �b�o�n�d�i�n�g�.� 

�2�.�2� �M�o�r�p�h�o�l�o�g�y� �a�n�d� �S�t�r�u�c�t�u�r�e� 

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

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

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

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

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

�s�e�p�a�r�a�t�e� �f�r�o�m� �t�h�e� �c�o�n�t�i�n�u�o�u�s� �s�o�f�t� �p�h�a�s�e�.� �I�n� �F�i�g�.� �2�.�1�6�,� �w�h�i�c�h� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �p�h�a�s�e�-� 

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

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

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

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

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

�d�i�m�e�n�s�i�o�n�s� �o�f� �a�b�o�u�t� �3�0�0�0� �A� �a�s� �o�b�s�e�r�v�e�d� �u�s�i�n�g� �T�E�M�.�§�3�0� �D�u�e� �t�o� �t�h�e� �i�n�c�r�e�a�s�e�d� 

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

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

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

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

�p�o�l�y�u�r�e�t�h�a�n�e� �f�o�a�m�s� �a�r�e� �g�i�v�e�n� �a�s� �w�e�l�l� �a�s� �t�h�e� �t�e�c�h�n�i�q�u�e�s� �u�s�e�d�.� 
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�M�O�R�P�H�O�L�O�G�Y� �M�O�D�E�L�S� 

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

�L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� 

�p�o�l�y�u�r�e�t�h�a�n�e� �f�o�a�m�s�.� �[�r�e�f� �6�]� 
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�2�.�2�.�1� �S�c�a�n�n�i�n�g� �E�l�e�c�t�r�o�n� �M�i�c�r�o�s�c�o�p�y� 

�T�y�p�i�c�a�l� �S�E�M� �m�i�c�r�o�g�r�a�p�h�s� �o�f� �a� �s�l�a�b�s�t�o�c�k� �f�o�a�m� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�.� �2�.�1�7� �w�i�t�h� �t�h�e� 

�v�i�e�w�i�n�g� �d�i�r�e�c�t�i�o�n� �p�a�r�a�l�l�e�l� �a�n�d� �p�e�r�p�e�n�d�i�c�u�l�a�r� �t�o� �t�h�e� �r�i�s�e� �d�i�r�e�c�t�i�o�n�.�3�9� �A�s� �c�a�n� �b�e� �s�e�e�n�,� �t�h�e� 

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

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

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

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

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

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

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

�2�.�2�.�2� �T�r�a�n�s�m�i�s�s�i�o�n� �E�l�e�c�t�r�o�n� �M�i�c�r�o�s�c�o�p�y� 

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

�m�a�g�n�i�f�i�c�a�t�i�o�n�s� �i�n� �t�h�e� �r�a�n�g�e� �o�f� �1�0�,�0�0�0�X� �t�o� �1�0�0�,�0�0�0�X�.� �F�i�g�u�r�e� �2�.�1�8� �s�h�o�w�s� �T�E�M� 

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

�w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �f�o�a�m� �n�u�m�b�e�r�.�?�!� �F�o�a�m� �1�,� �m�i�c�r�o�g�r�a�p�h� �(�a�)�,� �s�h�o�w�s� �a� �g�r�a�i�n�y� �t�e�x�t�u�r�e� �a�r�i�s�i�n�g� 

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

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

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

�m�i�c�r�o�g�r�a�p�h�s�.� �F�o�a�m� �2� �(�3� �p�p�h� �w�a�t�e�r� �c�o�n�t�e�n�t�)� �s�h�o�w�s� �t�h�e� �b�e�g�i�n�n�i�n�g� �o�f� �a�g�g�r�e�g�a�t�i�o�n�s� �o�f� 

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

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

�a� �d�i�a�m�e�t�e�r� �o�f� �c�a�.� �3�0�0�0� �A�.� �A�s� �t�h�e� �w�a�t�e�r� �c�o�n�t�e�n�t� �i�s� �i�n�c�r�e�a�s�e�d�,� �t�h�e� �r�e�g�i�o�n�s� �b�e�c�o�m�e� �d�a�r�k�e�r� 

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

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

� � 
�F�i�g�u�r�e� �2�.�1�7�.� �T�y�p�i�c�a�l� �S�E�M� �m�i�c�r�o�g�r�a�p�h�s� �o�f� �a� �c�o�n�v�e�n�t�i�o�n�a�l� �s�l�a�b�s�t�o�c�k� �p�o�l�y�u�r�e�a�t�h�a�n�e� �f�o�a�m� 

�(�a�)� �p�a�r�a�l�l�e�l� �t�o� �t�h�e� �r�i�s�e� �d�i�r�e�c�t�i�o�n� �a�n�d� �(�b�)� �p�e�r�p�e�n�d�i�c�u�l�a�r� �t�o� �t�h�e� �r�i�s�e� �d�i�r�e�c�t�i�o�n�.� 
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�F�i�g�u�r�e� �2�.�1�8�:� �T�E�M� �m�i�c�r�o�g�r�a�p�h�s� �o�f� �f�o�u�r� �s�l�a�b�s�t�o�c�k� �p�o�l�y�u�r�e�t�h�a�n�e� �f�o�a�m�s� �v�a�r�y�i�n�g� �i�n� �w�a�t�e�r� 
�c�o�n�t�e�n�t� �(�A�)� �F�o�a�m� �|� �(�B�)� �F�o�a�m� �2� �(�C�)� �F�o�a�m� �3� �(�D�)� �F�o�a�m� �4�.� �[�r�e�f� �3�3�]� 
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