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(ABSTRACT) 

High glass transition (eg. 360 °C) melt processsable thermoplastic polyimide homopolymers 

and poly({imide-siloxane) segmented copolymers were prepared from a number of diamines 

and dianhydrides via solution imidization, polydimethylsiloxane segment incorporation and 

molecular weight control with non-reactive phthalimide end-groups. The adhesive bond per- 

formance of these polyimides was investigated as a function of molecular weight, siloxane 

incorporation, residual solvent, test temperature, and polyimide structure via single lap shear 

samples prepared from treated Ti-6AI-4V alloy adherends and compression molded film ad- 

hesives or scrim cloth adhesives. The adhesive bond strengths increased greatly with 

siloxane segment incorporation at 10, 20 and 30 weight percent, and decreased slightly with 

total polymer molecular weight. As the test temperature was increased, adhesive bond 

strength increased, decreased or showed a maximum at some temperatures depending on 

the polyimide structure and siloxane content. The presence of residual solvent increased 

adhesive bond strength at ambient temperature but decreased the strength at the elevated 

temperatures. The variation of adhesive bond strength with residual solvent, siloxane and test 

temperature was attributed to the influence of these parameters on the brittle-ductile transi- 

tion behavior of the polyimide system. This conclusion was supported by stress-strain 

measurements which indicated that tensile strength and modulus decreased with siloxane 

concentration and test temperature, demonstrating that there was an optimum combination 

of strength and strain for maximum adhesive bond strength. A model was developed to de- 

scribe this behavior. The poly({imide-30%siloxane) segmented copolymer and a miscible 

poly(ether-imide) also demonstrated excellent adhesive bond strength with poly(arylene ether



ketone) PEEK®-graphite composites. Oxygen or ammonia gas plasma treatment was very ef- 

fective in further improving adhesive bond strength of melt laminated PEEK®-graphite com- 

posites.
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Chapter I. Introduction 

A strong demand for high temperature polymers for military, aerospace and electronic appli- 

cations has led to a tremendous research effort to develop new polymeric materials which 

meet the rigorous requirements. Polyimides are one of the best high temperature aromatic 

polymers and have received a great deal of attention due to their excellent properties. These 

include their thermal and mechanical properties, thermo-oxidative stabilities and high glass 

transition temperature. However, their utilization has been limited due to poor processability 

and/or the production of water during the standard in situ poly{amic-acid) to polyimide trans- 

formation. Consequently, instead of employing fully cyclized polyimide, poly(amic-acid) 

(which cyclizes upon processing) supported on scrim cloth (E-glass fabric) has been nearly 

exclusively utilized in the adhesion field. 

Although utilization of poly{amic-acid) intermediates enhanced processability, scrim cloth 

based adhesives still have unsolved problems such as unremoved solvent and water evolution 

upon cyclization. This might be expected to have a very strong influence on the adhesive 

bond performance, especially at elevated temperatures. A number of approaches to enhance 
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the processability of fully imidized polyimides, such as incorporation of flexible bridging units 

into polyimide backbone [1-3] and bulky side groups [4], and utilization of diamines containing 

meta linkages [5], were somewhat successful in developing soluble and processable high Tg 

polyimides. Recently, our laboratory has succeeded in synthesizing soluble and processable 

thermoplastic high Tg polyimides without detracting from their excellent proerties by utilizing 

newly developed techniques such as solution imidization, siloxane incorporation, and molec- 

ular weight control with non-reactive end groups [6-9]. 

Although there has been a great amount of research on the development of high Tg structural 

adhesives, the major variables affecting their adhesive properties have not been fully inves- 

tigated in detail, but only confined to preliminary studies. The major requirements for optimal 

adhesive performance are good bond consolidation and good mechanical properties. The 

molecular weight should be high enough to afford chain entanglements which yield good 

mechanical properties, but low enough to provide good melt flow under bonding conditions. 

Earlier studies [10,11] have shown that the bond strength as well as other mechanical prop- 

erties certainly depend on the polyimide molecular weight. However, the range of molecular 

weight used in those studies was fairly narrow and melt stability issues were not addressed. 

Scrim cloth adhesives coated with poly{amic-acid) have been exclusively used in adhesion 

studies of polyimides. However, only few studies have been conducted to study the effect of 

scrim cloth adhesives on the adhesive bond strength, as well as the behavior of scrim cloth 

adhesives themselves. Dezern and Young [12] have found that scrim cloth adhesives con- 

tained quite an amount of residual solvent and unconverted poly(amic-acid), unless dried at 

very high temperature. They also reported that the adhesive bond strength of scrim cloth 

adhesives is a function of scrim cloth drying temperature and bonding temperature, which 

controlled flow and thus bond consolidation. 

Adhesive bond strengths vary with test temperatures and some studies [12-17] have shown 

decreased bond strength of scrim cloth adhesives while others [18-19] have shown slightly 
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increased bond strength with test temperature. It has also been observed [12,20] that aging 

of adhesive bonds from scrim cloth adhesives at elevated temperatures decreased bond 

strength at room temperature, but increased it at the elevated test temperatures. However, 

no clear explanation has been provided yet. In addition, no comparison of adhesive bond 

strength of a scrim cloth adhesive with that of a melt fabricated film has been made, although 

some polyimides have been claimed to be thermoplastic. 

Due to advantages such as high specific strength and specific modulus and other advantages 

such as high corrosion resistance and design flexibilities, polymeric composite materials have 

been used increasingly for aerospace, electronic materials, biomaterials, sporting goods and 

automobile applications. However, a number of obstacles, such as joining difficulty, high cost 

and processing limitations have to be overcome before high volume applications will be fea- 

sible. Adhesive bonding, as opposed to mechanical fastening, has been increasingly utilized 

for composite joining. A number of bonding techniques such as resistance heating, ultrasonic 

welding, focused infrared heating [21] as well as microwave processing [22] have been intro- 

duced. In order to achieve strong and durable adhesive bonding, proper surface treatments 

and good adhesives have also been demonstrated to be vital requirements. Various papers 

have indicated that gas plasma treatment is a promising technique to enhance bond strength 

of polymers [23-26], polymeric composites [27-30] and metals (34). The nature of the 

polymeric adhesive also plays a very important role on the bond performance [28]. 

In this thesis, the adhesive bond strength of polyimides was investigated as a function of mo- 

lecular weight, siloxane incorporation, test temperature and polyimide molecular structure 

using compression molded film adhesives, as well as scrim scrim cloth adhesives. Secondly, 

an extensive study has been conducted on the effect of residual solvent on adhesive bond 

performance with scrim cloth adhesive and fully imidized thermoplastic polyimide, as a func- 

tion of scrim cloth drying temperature, bonding and testing temperature. Adhesive bond 

strengths of the film adhesive were also compared with those of the scrim cloth adhesive. 

Thirdly, it was attempted to correlate adhesive bond strength with mechanical properties 
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measured by stress-strain tests. Finally, adhesive bond performance of PEEK®-graphite 

composite with poly(imide-30%siloxane) copolymer and poly(ether-imide) U/tem® 1000 was 

investigated as a function of surface treatments such as acetone/distilled water washing, grit 

blasting and gas plasma treatment (oxygen, ammonia, nitrogen and argon). 
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2-1 Adhesion and adhesive bonding 

Although adhesion has been utilized for a jong time as a means of joining materials, system- 

atic investigation of adhesion did not begin until the middle of 20th century. The recognition 

of the many advantages of adhesive bonding (Table 1) over mechanical fastening [32], has 

accelerated attempts to understand adhesive joints. A major objective has been to achieve 

strong and durable adhesive bonds. 

Adhesion may be defined [33] as the state in which two surfaces are held together by 

interfacial forces which may consist of valence forces, mechanical interlocking forces or both. 

Other commonly accepted terminologies of adhesion science are listed in Table 2. The ad- 

hesive bonds derive their strength from interactions of molecules, atoms and ions at the sur- 

face [32,34]. The magnitude of these attractive forces varies from strong chemical bonds to 

weak van der Waals dispersion forces, and is a function of distance between the two materi- 

als. Therefore, intimate contact which is often termed good “wetting” is essential for good 

adhesion. 
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Table 1. Advantages and disadvantages of adhesion [32] 

Advantages 

1. Ability to join dissimilar materials, 
eg. metal to composite 
Ability to join thin sheet materials 
Improved stress distribution of bonded joints 
Convenient and cost effectve 
Increased design flexibility 
Improved appearance-smooth, blemish free 
Improved corrosion resistance N

O
O
R
 
w
h
 

Disadvantages 

Elaborate surface treatment may be required 
Limited upper service temperature 
Mechanical strength may be limited in tension and shear 
Difficult to repair and inspect 
Health hazard (for solvent processing) 
May require long process time Q

u
o
n
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Table 2. Definitions in adhesion science (ASTM standard V15.06, 1989) 

Adherend A body which is held to another body by an adhesive 

Adhesive A substance capable of holding materials together 
by surface attachment 

Structural adhesive A bonding agent used for transferring 
loads between adherends, exposed to service environments typical 
for the structuring loads between adherends 

Bond The union of materials by adhesive joint: The location 
at which two adherend are held together with a layer of 
adhesive 

Bond strength The unit load applied in tension, compression, 
flexure, peel, impact, cleavage or shear, required to break 
an adhesive assembly with failure occuring in or near the plane 
of the bond 

Adhesive failure Rupture of an adhesive bond, such 
that the separation appears to be at the adhesive and adherend 
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The science of adhesion includes two major fields; chemistry and physics of surfaces and 

interfaces, and fracture mechanics of adhesive bonds under various environments. The for- 

mer deals with bond formation and attempts to predict the magnitude of the intrinsic adhesive 

bond strength. The latter includes mechanical analysis of adhesive bonds and the develop- 

ment of reproducible and representative test methods. Although there has been a tremen- 

dous effort to explain the existing adhesion phenomena and to elucidate the mechanisms of 

adhesion, adhesion science is still a somewhat primative area of research. Therefore, better 

theories, materials and processing advances are needed. 

2-1-1 Mechanisms of adhesion 

In addition to the intimate contact between adhesive and adherend, the nature and magnitude 

of the adhesion forces are also mportant for a strong, durable adhesive bond. The intrinsic 

adhesion forces operating across the adhesive/adherend interface are critical to the mech- 

anisms of adhesion and may involve physical (mechanical interlocking, adsorption, or dif- 

fusion) and chemical bonding (covalent, hydrogen or ionic bonds). Although, there are many 

widely accepted theories on the mechanisms of adhesion, such as mechanical interlocking, 

electronic (eg. acid-base), adsorption, diffusion and weak boundary layer theory, none can 

satisfactorily explain all of the existing important adhesion phenomena [35-39]. Several of 

these these theories are reviewed in the following sections. 

2-1-1-1 Mechanical interlocking 

This theory proposes that adhesive bond strength arises mainly from the mechanical inter- 

locking of the adhesive onto the substrate. Thus, an “Ink-bottle” type pit present on the 

adherend is considered to be the ideal case for this theory but is practically seldom encount- 

ered. However, anodization of aluminium alloy usually results in deep cylindrical pores which 
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may lead to mechanical interlocking [40]. Surface preparation methode such as grit blasting, 

on the other hand, increases surface roughness rather than creating “pits” per se and thus is 

less likely to result in mechanical interlocking. Although there are some good examples 

[40-43] in which mechanical interlocking is the main mechanism for adhesive bond strength, 

other cases also exist where perfectly smooth mica [44] and optically smooth rubber result in 

good adhesion [45]. Therefore, adhesion phenomena can not be attributed solely to me- 

chanical interlocking 

2-1-1-2 Diffusion theory 

The diffusion theory of adhesion, proposed by Voyutskii [46], states that intrinsic polymer- 

polymer adhesion is due to the mutual diffusion of polymer molecules across the interface. 

Therefore, this theory is applicable only to those polymers whose chain mobility and mutual 

solubility are high enough for inter diffusion. These conditions are met usually in the 

autohesion of elastomers and in the solvent welding of compatible amorphous polymers. 

However, diffusion is unlikely to occur in polymers which have dissimilar solubility parame- 

ters, or where they are highly crosslinked, crystalline or below the glass transition temper- 

ature. 

2-1-1-3 Electronic theory 

When two substrates have different electronic band structure, there is likely to be some 

electron transfer upon contact to balance the Fermi levels, resulting in the formation of elec- 

trical double layer. An electrostatic forces arising from the electrical double layer could be 

the main source of adhesive bond strength. The electronic theory of adhesion was proposed 

by Deryaguin and co-workers [47]. Although it has been demonstrated in some cases that 
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electrostatic forces from electrical double layer are the major source of adhesion strength 

[48-50], it is not a general phenomenon and has not been proven in other cases. 

2-1-1-4 Adsorption theory 

The adsorption theory of adhesion is the most widely applicable one among those proposed 

and has been studied in depth [51-54]. According to this theory, the adhesive bond strength 

arises from the interatomic and intermolecular forces between the atoms and molecules at the 

interface of the adhesive/substrate, provided that there is a good interfacial contact. The re- 

acting forces are divided into three groups (Table 3)[35]; primary bond, secondary bond and 

donor-acceptor interaction. The first category includes ionic, covalent and metallic bonds. Van 

der Waal’s forces are the most common forces in adhesion and belong to the secondary bond 

which also includes hydrogen bonds. The acid-base interaction pioneered by Fowkes [55.56] 

has strength falling between secondary and primary bonds. A number of studies indicate the 

importance of acid-base interaction [57-59] 

One of the main advantages of this theory is that the the adhesive bond strength can be de- 

duced from the measured work of adhesion employing the Young-Dupre equation. Thus, the 

adhesive bond strength is thought to stem from two components; the dispersion and acid-base 

interaction forces. In general, the theoretical calculations predict a much lower adhesive bond 

strength strength than the experimental value due to energy dissipation. 

It is obvious that the introduction of active chemical groups into the surface of adhesive and 

adherend will improve the adhesive bond strength as well as durability [60-62]. This might 

be achieved by proper surface treatments or by applying coupling agents. 
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Table 3. Sond type and typical bond energies [35] 

  

  

Bond Type Bond Energy (kJ/mol) 

Primary bonds 
Ionic 600-1100 
Covalent 60-700 
Metallic 110-350 

Donor-acceptor bonds 
Bronsted acid-base interactions Up to 1000 
(i.e. up to a primary ionic bond 
Lewis acid-base interactions Up to 80 

Secondary bonds 
Hydrogen bonds 

Hydrogen bonds involving fluorine Up to 40 
Hydrogen bonds excluding fluorine 10-25 

Van der Waals bonds 
Permanant dipole-dipole interactions 4-20 
Dipole-induced dipole interactions Less than 2 
Dispersion (London) forces 0.08-40 
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�W�a� �=� �y�(�1� �+� �c�o�s� �@�)� �[�2�-�4�]� 
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�T�h�e� �c�r�i�t�e�r�i�o�n� �f�o�r� �s�p�r�e�a�d�i�n�g� �i�s� �t�h�a�t� �w�o�r�k� �o�f� �a�d�h�e�s�i�o�n� �b�e� �g�r�e�a�t�e�r� �t�h�a�n� �t�h�a�t� �o�f� �c�o�h�e�s�i�o�n�,� �W�a�>� �W�e�.� 

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

�S�i�j�s� �=� �W�a�  �� �W�e� 

�=�Y�e�v� �t� �v�i�v�  �� �¥�s�t �� �2�¥� �i�v� 

�=�V�s�v �� �(�v�i�v� �+� �Y�s�)� �[�2� �_� �5�]� 

�I�f� �S�,�;� �>� �0�,� �s�p�o�n�t�a�n�e�o�u�s� �s�p�r�e�a�d�i�n�g� �w�o�u�l�d� �t�a�k�e� �p�l�a�c�e� �a�n�d� �t�h�e� �s�p�r�e�a�d�i�n�g� �c�o�e�f�f�i�c�i�e�n�t� �S� �c�a�n� �b�e� 

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

�m�e�n�t�s�.� �W�i�t�h� �a�n� �i�n�f�o�r�m�a�t�i�v�e� �a�p�p�r�o�x�i�m�a�t�i�o�n� �(�y�,�,� �=� �0�)�,� �t�h�e� �c�o�n�d�i�t�i�o�n� �f�o�r� �s�p�r�e�a�d�i�n�g� �i�s� �o�b�t�a�i�n�e�d� 

�a�s� �f�o�l�l�o�w�s�;� 

�S�i�s�=�¥�s�v �� �Y�u� �>� �O� �[�2�-�6�]� 

�t�h�u�s�,� �V�s� �>� �V�i�n� 

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

�t�h�e� �l�i�q�u�i�d�,� �w�h�i�c�h� �i�s� �t�h�e� �c�o�n�c�e�p�t� �o�f� �c�r�i�t�i�c�a�l� �s�u�r�f�a�c�e� �t�e�n�s�i�o�n� �p�r�o�p�o�s�e�d� �b�y� �Z�i�s�m�a�n� �[�7�0�]�.� 

�2�-�1�-�3� �D�e�s�i�g�n� �o�f� �a�d�h�e�s�i�v�e� �b�o�n�d�s� 

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

�c�o�m�p�l�e�x�i�t�y�,� �s�e�v�e�r�a�l� �g�e�n�e�r�a�l� �p�r�i�n�c�i�p�l�e�s� �h�a�v�e� �b�e�e�n� �i�n�t�r�o�d�u�c�e�d� �[�3�8�,� �7�1�-�7�3�]�.� �T�h�e� �p�r�i�m�a�r�y� �g�o�a�l� �o�f� 

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

�d�i�c�t�a�t�e�d� �b�y� �1�)� �m�e�c�h�a�n�i�c�a�l� �p�r�o�p�e�r�t�i�e�s� �o�f� �a�d�h�e�s�i�v�e� �a�n�d� �a�d�h�e�r�e�n�d�,� �2�)� �b�o�n�d� �g�e�o�m�e�t�r�y�,� �3�)� �r�e�s�i�d�u�a�l� 

�i�n�t�e�r�n�a�l� �s�t�r�e�s�s�,� �4�)� �d�e�g�r�e�e� �o�f� �t�r�u�e� �i�n�t�e�r�f�a�c�i�a�l� �c�o�n�t�a�c�t� �a�n�d� �5�)� �s�e�r�v�i�c�e� �e�n�v�i�r�o�n�m�e�n�t�s�.� �T�h�e� �m�a�j�o�r� 

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

�2�.� �m�a�x�i�m�u�m� �b�o�n�d� �a�r�e�a� 

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

�4�.� �n�o� �s�t�r�e�s�s� �c�o�n�c�e�n�t�r�a�t�i�o�n� �p�o�i�n�t�s� 

�T�h�e�r�e� �a�r�e� �f�i�v�e� �t�y�p�e�s� �o�f� �s�t�r�e�s�s� �f�o�u�n�d� �i�n� �t�h�e� �a�d�h�e�s�i�v�e� �j�o�i�n�t� �a�s� �i�l�l�u�s�t�r�a�t�e�d� �i�n� �F�i�g�u�r�e� �2�;� �c�o�m�-� 

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

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

�c�o�m�p�r�e�s�s�i�o�n� �a�n�d� �s�h�e�a�r� �a�s� �o�p�p�o�s�e�d� �t�o� �p�e�e�l� �o�r� �c�l�e�a�v�a�g�e� �s�t�r�e�s�s�e�s� �[�3�2�]�.� �T�h�e�r�e�f�o�r�e�,� �t�h�i�s� �f�a�c�t� 

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

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

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

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

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

�[�7�4�]�.� 

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

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

�t�h�i�c�k�n�e�s�s� �o�f� �t�h�e� �a�d�h�e�s�i�v�e� �l�a�y�e�r� �a�l�s�o� �p�l�a�y�s� �a�n� �i�m�p�o�r�t�a�n�t� �r�o�l�e� �i�n� �a�d�h�e�s�i�v�e� �b�o�n�d� �s�t�r�e�n�g�t�h� �[�7�4�]�.� 

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

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

�n�e�s�s� �o�f� �a�r�o�u�n�d� �0�.�0�2 �� �o�r� �n�o� �v�a�r�i�a�t�i�o�n� �[�7�3�,� �2�1�9�]�.� �T�h�e� �d�e�p�e�n�d�e�n�c�e� �o�f� �a�d�h�e�s�i�v�e� �b�o�n�d� �s�t�r�e�n�g�t�h� �o�n� 

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

�i�t ��s� �t�h�i�c�k�n�e�s�s�.� �A� �t�h�i�c�k� �l�a�y�e�r� �w�o�u�l�d� �i�m�p�r�o�v�e� �t�h�e� �t�o�u�g�h�n�e�s�s� �[�7�5�]� �b�u�t� �m�a�y� �i�n�c�r�e�a�s�e� �t�h�e� �c�r�e�e�p� 

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

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

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

�c�o�n�c�e�n�t�r�a�t�i�o�n� �p�o�i�n�t�s�,� �i�n�i�t�i�a�t�i�n�g� �t�h�e� �f�a�i�l�u�r�e� �o�f� �t�h�e� �j�o�i�n�t�.� �C�o�n�s�e�q�u�e�n�t�l�y�,� �a� �c�o�n�t�i�n�u�o�u�s� �a�n�d� �v�o�i�d�-� 

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

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

�a�n�d� �a�d�h�e�s�i�v�e� �[�7�6�]�,� �a�n�d� �j�o�i�n�t� �g�e�o�m�e�t�r�y�.� �T�h�e�s�e� �s�o�u�r�c�e�s� �c�a�n� �b�e� �e�l�i�m�i�n�a�t�e�d� �b�y� �t�h�e� �s�e�l�e�c�t�i�o�n� �o�f� 

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

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

�T�h�e� �s�t�r�e�s�s� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �a� �s�i�n�g�l�e� �l�a�p� �s�h�e�a�r� �j�o�i�n�t� �i�s� �i�s� �n�o�t� �u�n�i�f�o�r�m� �(�F�i�g�u�r�e� �5�)� �[�7�7�]� �b�u�t� �m�o�s�t� �o�f� 

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

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

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

�s�h�e�a�r� �a�n�d� �t�e�n�s�i�l�e� �s�t�r�e�s�s�,� �a�n�d� �s�o�m�e�t�i�m�e�s� �p�e�e�l� �s�t�r�e�s�s� �a�t� �t�h�e� �e�n�d� �o�f� �a� �j�o�i�n�t� �(�F�i�g�u�r�e� �&�)� �[�7�7�]�.� �T�h�e� 

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

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

�j�o�i�n�t�s� �(�F�i�g�u�r�e� �5�)�.� �U�n�f�o�r�t�u�n�a�t�e�l�y�,� �t�h�e� �b�e�v�e�l�e�d� �a�n�d� �s�c�a�r�f� �j�o�i�n�t�s� �h�a�v�e� �s�o�m�e� �p�r�o�d�u�c�t�i�o�n� �d�i�f�f�i�c�u�l�t�i�e�s�.� 

�2�-�1�-�4� �T�e�s�t�i�n�g� �o�f� �a�d�h�e�s�i�v�e� �b�o�n�d�s� 

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

�[�7�1�,�7�3�]�.� �M�a�n�y� �h�a�v�e� �b�e�e�n� �s�t�a�n�d�a�r�d�i�z�e�d� �b�y� �A�m�e�r�i�c�a�n� �S�o�c�i�e�t�y� �f�o�r� �T�e�s�t�i�n�g� �a�n�d� �M�a�t�e�r�i�a�l�s� �(�A�S�T�M�)� 

�c�o�m�m�i�t�t�e�e� �D�-�1�4�,� �S�o�c�i�e�t�y� �o�f� �A�u�t�o�m�o�t�i�v�e� �E�n�g�i�n�e�e�r�s� �(�S�A�E�)�,� �g�o�v�e�r�n�m�e�n�t� �a�g�e�n�c�i�e�s� �a�n�d� �i�n�d�u�s�t�r�i�e�s� 

�{�T�a�b�l�e� �4�)�.� �S�u�c�h� �t�e�s�t� �m�e�t�h�o�d�s� �e�v�a�l�u�a�t�e� �n�o�t� �o�n�l�y� �t�h�e� �i�n�h�e�r�e�n�t� �s�t�r�e�n�g�t�h� �o�f� �t�h�e� �a�d�h�e�s�i�v�e� �j�o�i�n�t� �b�u�t� 

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

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

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

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

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

�C�h�a�p�t�e�r� �I�l�.� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �1�9
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�P�l�a�i�n� �b�u�t�t� �-� �u�n�s�a�t�i�s�f�a�c�t�o�r�y� 

�S�i�n�g�l�e� �l�a�p� �(�p�l�a�i�n� �l�a�p�)� �-� �g�o�o�d�,� 
�p�r�a�c�t�i�c�a�l� 

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

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

�J�o�g�g�l�e� �l�a�p� �-� �g�o�o�d�,� �p�r�a�c�t�i�c�a�l� 

�S�i�n�g�l�e� �s�t�r�a�p� �-� �f�a�i�r�,� �s�o�m�e�t�i�m�e�s� 
�d�e�s�i�r�a�b�l�e� 

�D�o�u�b�l�e� �s�t�r�a�p� �-� �g�o�o�d�,� �s�o�m�e�t�i�m�e�s� 
�d�e�s�i�r�a�b�l�e� 

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

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

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

�D�o�u�b�l�e� �l�a�p� �-� �g�o�o�d�,� �w�h�e�n� �a�p�p�l�i�c�a�b�l�e� 

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

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

�F�i�g�u�r�e� �4�.� �T�y�p�e�s� �o�f� �a�d�h�e�s�i�v�e� �j�o�i�n�t�s� �u�s�e�d� �i�n� �a�d�h�e�s�i�v�e� �b�o�n�d�i�n�g� �o�f� �f�l�a�t� �a�d�h�e�r�e�n�d� �e�n�d�s� �[�7�1�]� 
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�D�O�U�B�L�E� �-� �L�a�p� 
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�F�i�g�u�r�e� �5�.� �A�d�h�e�s�i�v�e� �s�h�e�a�r� �s�t�r�e�s�s� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �A�l�-�A�l� �l�a�p� �j�o�i�n�t� �[�7�7�]� 
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�F�i�g�u�r�e� �6�.� �S�t�r�e�s�s� �i�n� �a� �s�i�n�g�l�e� �l�a�p� �s�h�e�a�r� �j�o�i�n�t� �[�7�7�]� 
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�T�a�b�l�e� �4�.� �T�e�s�t�i�n�g� �m�e�t�h�o�d�s� �(�A�S�T�M� �S�t�a�n�d�a�r�d�)� 

� � 

�L�a�p� �S�h�e�a�r� �T�e�s�t�s� 

�P�e�e�l� �T�e�s�t�s� 

�I�m�p�a�c�t� �T�e�s�t� 

�C�r�e�e�p� �T�e�s�t� 

�F�a�t�i�g�u�e� �T�e�s�t� 

�C�l�e�a�v�a�g�e� �T�e�s�t� 

�D�u�r�a�b�i�l�i�t�y� �T�e�s�t� 

�A�S�T�M� �D�-�1�0�0�2�-�7�2� 
�D�-�3�1�6�3� 
�D�-�2�2�9�5�-�7�2� 
�D�-�2�5�5�7�-�7�2� 
�D�-�9�0�5� 
�D�-�3�1�6�4�-�7�3� 

�A�S�T�M� �D�-�3�1�6�7�-�7�6� 
�D�-�9�0�3�-�4�9� 
�D�-�1�8�7�6�-�7�2� 
�D�-�1�7�8�1�-�7�6� 
�D�-�2�9�1�8�-�7�1� 

�A�S�T�M� �D�-�9�5�0�-�8�2� 

�A�S�T�M� �D�-�1�7�8�0�-�7�2� 
�D�-�2�2�9�3�-�6�9� 

�A�S�T�M� �D�-�3�1�1�6�6�-�7�3� 

�A�S�T�M� �D�-�1�0�6�2�-�7�8� 

�A�S�T�M� �D�-�8�9�6�-�8�4� 
�D�-�9�0�4�-�5�7� 
�D�-�1�1�8�3�-�7�0� 
�D�-�1�8�2�0�-�7�0� 
�D�-�1�8�7�9�-�7�0� 
�D�-�2�9�1�8�-�7�1� 
�D�-�2�9�1�9�-�7�1� 

�D�-�3�7�6�2�-�7�9� 
�B�-�1�1�7� 

�S�i�n�g�l�e� �L�a�p� �S�h�e�a�r� �i�n� �T�e�n�s�i�o�n� 
�S�i�n�g�l�e� �L�a�p� �S�h�e�a�r�,� �R�i�g�i�d� �S�u�b�s�t�r�a�t�e� 
�S�i�n�g�l�e� �L�a�p� �S�h�e�a�r�,� �H�i�g�h� �T�e�m�p�e�r�a�t�u�r�e� 
�S�i�n�g�l�e� �L�a�p� �S�h�e�a�r�.� �L�o�w� �t�e�m�p�e�r�a�t�u�r�e� 
�S�i�n�g�l�e� �L�a�p� �S�h�e�a�r� �i�n� �C�o�m�p�r�e�s�s�i�o�n� 
�D�o�u�b�l�e� �L�a�p� �S�h�e�a�r� 
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�H�i�g�h� �S�t�r�e�s�s�,� �M�o�i�s�t�u�r�e� �&� �T�e�m�p� �(�S�i�n�g�l�e� �L�a�p� 
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�T�h�e� �t�e�s�t� �m�e�t�h�o�d�s� �c�a�n� �b�e� �c�l�a�s�s�i�f�i�e�d� �i�n�t�o� �t�w�o� �m�a�j�o�r� �g�r�o�u�p�s�;� �d�e�s�t�r�u�c�t�i�v�e� �a�n�d� �n�o�n�-�d�e�s�t�r�u�c�t�i�v�e�.� 

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

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

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

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

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

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

�d�i�s�c�u�s�s�e�d� �t�o�g�e�t�h�e�r� �w�i�t�h� �n�o�n�-� �d�e�s�t�r�u�c�t�i�v�e� �t�e�s�t�i�n�g� �m�r�t�h�o�d�o�l�o�g�i�e�s�.� 

�2�-�1�-�4�-�1� �L�a�p� �s�h�e�a�r� �t�e�s�t�s� 

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

�2�)�.� �S�i�n�c�e� �p�u�r�e� �s�h�e�a�r� �s�t�r�e�s�s� �i�s� �r�a�r�e�l�y� �e�n�c�o�u�n�t�e�r�e�d� �i�n� �a�c�t�u�a�l� �a�d�h�e�s�i�v�e� �a�s�s�e�m�b�l�i�e�s�,� �c�o�n�v�e�n�t�i�o�n�a�l� 

�t�e�s�t� �s�a�m�p�l�e�s� �a�r�e� �a�d�e�q�u�a�t�e� �f�o�r� �m�o�s�t� �p�u�r�p�o�s�e�s�.� �A�m�o�n�g� �t�h�e� �s�h�e�a�r� �t�e�s�t�s� �(�T�a�b�l�e� �4�)�,� �s�i�n�g�l�e� �l�a�p� 

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

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

�e�a�s�i�l�y� �o�b�t�a�i�n�e�d�.� �T�h�e� �s�p�e�c�i�f�i�c�a�t�i�o�n�s� �o�f� �s�i�n�g�l�e� �l�a�p� �s�h�e�a�r� �t�e�s�t� �a�r�e� �d�e�s�c�r�i�b�e�d� �i�n� �A�S�T�M� �D�-�1�0�0�2� �a�n�d� 

�t�e�s�t� �s�p�e�c�i�m�e�n� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �7�.� 

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

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

�s�a�m�p�l�e�s� �a�r�e� �a�l�s�o� �a� �f�u�n�c�t�i�o�n� �o�f� �m�e�c�h�a�n�i�c�a�l� �p�r�o�p�e�r�t�i�e�s�,� �a�n�d� �t�h�i�c�k�n�e�s�s� �o�f� �a�d�h�e�s�i�v�e� �[�7�4�]� �a�n�d� 

�a�d�h�e�r�e�n�d� �[�7�8�-�8�0�]�.� �S�h�e�a�r� �s�t�r�e�n�g�t�h� �c�a�n� �a�l�s�o� �b�e� �m�e�a�s�u�r�e�d� �b�y� �c�o�m�p�r�e�s�s�i�o�n� �l�o�a�d�i�n�g� �(�A�S�T�M� 

�D�-�9�0�5�)�.� �T�h�e� �m�a�j�o�r� �d�r�a�w�b�a�c�k� �o�f� �t�h�i�s� �t�e�s�t� �i�s� �t�h�a�t� �t�h�e� �f�a�i�l�u�r�e� �m�o�d�e� �i�s� �n�o�t� �p�u�r�e� �s�h�e�a�r� �b�u�t� �a� �m�i�x�t�u�r�e� 

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

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

�c�o�n�c�e�n�t�r�a�i�o�n� �a�t� �t�h�e� �e�n�d� �o�f� �t�h�e� �j�o�i�n�t� �[�7�3�,�7�7�]�.� 
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�F�i�g�u�r�e� �7�.� �S�i�n�g�l�e� �l�a�p� �s�h�e�a�r� �s�h�e�a�r� �s�a�m�p�l�e� �(�A�S�T�M� �D�-�1�0�0�2�)� 
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�F�i�g�u�r�e� �8�.� �D�e�f�o�r�m�a�t�i�o�n� �o�f� �L�a�p� �s�h�e�a�r� �s�a�m�p�l�e� �i�n� �t�e�n�s�i�o�n� �[�7�7�]� 
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�2�-�1�-�4�-�2� �P�e�e�l� �a�n�d� �c�l�e�a�v�a�g�e� �t�e�s�t�s� 

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

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

�t�h�e� �f�l�e�x�i�b�l�e� �m�e�m�b�e�r� �a�t� �a�n� �a�n�g�l�e� �o�f� �9�0� �o�r� �1�8�0� �d�e�g�r�e�e�.� �C�o�m�m�o�n�l�y� �a�p�p�l�i�e�d� �p�e�e�l� �t�e�s�t�s� �a�r�e� �t�h�e� 

�f�l�o�a�t�i�n�g� �r�o�l�l�e�r� �t�e�s�t� �(�D�-�3�1�6�7�)�,� �c�l�i�m�b�i�n�g� �d�r�u�m� �p�e�e�l� �t�e�s�t� �(�D�-�1�7�8�1�)�,� �T�-�p�e�e�l� �t�e�s�t� �(�D�-�1�8�7�6�)� �a�n�d� �1�8�0� �d�e�-� 

�g�r�e�e� �p�e�e�l� �t�e�s�t� �(�D�-�9�0�3�)�.� �T�-�p�e�e�l� �t�e�s�t� �p�r�o�v�i�d�e�s� �t�h�e� �l�o�w�e�s�t� �v�a�l�u�e�s� �o�f� �a�n�y� �p�e�e�l� �t�e�s�t� �d�u�e� �t�o� �t�h�e� 

�t�r�a�n�s�m�i�s�s�i�o�n� �o�f� �a�p�p�l�i�e�d� �l�o�a�d� �t�o� �t�h�e� �b�o�n�d� �[�8�1�]�.� �A�c�c�o�r�d�i�n�g� �t�o� �G�e�n�t� �a�n�d� �c�o�-�w�o�r�k�e�r�s� �[�8�2�]�,� �a� �4�5� 

�d�e�g�r�e�e� �p�e�e�l� �t�e�s�t� �i�s� �b�e�t�t�e�r� �t�h�a�n� �t�h�e� �9�0� �o�r� �1�8�0� �d�e�g�r�e�e� �t�e�s�t� �s�i�n�c�e� �i�t� �m�i�n�i�m�i�z�e�s� �t�h�e� �d�e�f�o�r�m�a�t�i�o�n� 

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

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

�t�h�i�c�k�n�e�s�s� �o�f� �t�h�e� �a�d�h�e�r�e�n�d� �w�o�u�l�d� �r�e�s�u�l�t� �i�n� �a� �i�j�a�r�g�e� �v�a�r�i�a�t�i�o�n� �o�f� �p�e�e�l� �s�t�r�e�n�g�t�h� �[�8�3� �,�8�4�]�.� �T�h�e�r�e�f�o�r�e�,� 

�i�t� �i�s� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �t�h�e� �a�v�e�r�a�g�e� �f�o�r�c�e� �o�f� �a� �5� �t�o� �6� �i�n�c�h� �l�e�n�g�t�h� �p�u�l�l� �b�e� �t�a�k�e�n� �a�s� �a�n� �i�n�d�i�c�a�t�i�o�n� �o�f� 

�t�h�e� �p�e�e�l� �s�t�r�e�n�g�t�h� �a�n�d� �p�e�e�l� �f�o�r�c�e�s� �a�r�e� �r�e�p�o�r�t�e�d� �a�s� �l�i�n�e�a�r� �v�a�l�u�e�s�;� �p�o�u�n�d�s� �p�e�r� �l�i�n�e�a�r� �i�n�c�h� �(�P�L�I�)�,� 

�o�r� �c�o�m�p�a�r�a�b�l�e� �S�!� �u�n�i�t�s�.� 

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

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

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

�o�f� �a�d�h�e�s�i�v�e� �b�o�n�d� �b�u�t� �a�l�s�o� �t�o� �m�e�a�s�u�r�e� �f�r�a�c�t�u�r�e� �t�o�u�g�h�n�e�s�s�.� �D�o�u�b�l�e� �c�a�n�t�i�l�e�v�e�r� �b�e�a�m� �(�D�C�B�)� 

�[�8�5�-�8�8�]�,� �b�l�i�s�t�e�r� �t�e�s�t�s� �[�8�9�-�9�0�]� �a�n�d� �i�n�d�e�n�t�a�t�i�o�n� �t�e�s�t� �[�9�1�,�9�2�]� �a�r�e� �a�l�s�o� �u�t�i�l�i�z�e�d� �t�o� �m�e�a�s�u�r�e� �t�h�e� 

�t�o�u�g�h�n�e�s�s� �o�f� �t�h�e� �a�d�h�e�s�i�v�e� �v�i�a� �m�e�a�s�u�r�i�n�g� �t�h�e� �s�t�r�a�i�n� �e�n�e�r�g�y� �r�e�l�e�a�s�e� �r�a�t�e�.� �T�h�e� �D�C�B� �t�e�s�t� �(�F�i�g�u�r�e� 

�9�)� �i�s� �b�a�s�i�c�a�l�l�y� �s�i�m�i�l�a�r� �t�o� �t�h�e� �T�-�p�e�e�l� �t�e�s�t� �w�h�i�l�e� �t�h�e� �b�l�i�s�t�e�r� �t�e�s�t� �i�s� �s�i�m�i�l�a�r� �t�o� �t�h�e� �i�n�d�e�n�t�a�t�i�o�n� �t�e�s�t�.� 
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 �� �P�U�N� �H�o�d� �b�.� 
�1� �o�t�i�s�.� �>� �b�i�n�,� �\� 

�©� �[� �A�D�I�G�E� �D� �f� 

�N�r� �a� �N�U�N�S� 
�h�e�  ��_� �\� �A�D�E�L�A� �D� �f�p�.� �o�O� 
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�A�D�E�L�E� �S�E�N� �b�e�.� 

� � 

� � 

�O
� 

�O
�1

�9
� 

� � � � 
� � 

�(�a�)� 

� � 

� � 
� � �l

�e
� 

�O�,�0�0�5� � � � � � � 

� � � � 

� � 

�{�b�y� 
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�2�-�1�-�4�-�3� �D�u�r�a�b�i�l�i�t�y� �t�e�s�t�s� 

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

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

�m�e�n�t�s�,� �h�o�t�/�w�e�t� �c�o�n�d�i�t�i�o�n�s� �a�r�e� �t�h�e� �m�o�s�t� �c�o�m�m�o�n�l�y� �u�s�e�d� �[�9�3�-�9�6�]�.� �I�f� �t�h�e� �h�o�s�t�i�l�e� �e�n�v�i�r�o�n�m�e�n�t� �i�s� 

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

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

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

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

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

�3�M ��s� �s�p�r�i�n�g� �l�o�a�d�e�d� �t�e�s�t� �a�n�d� �t�h�e� �A�l�c�o�a� �s�t�r�e�s�s� �t�e�s�t� �(�F�i�g�u�r�e� �1�0�)�,� �i�n� �c�o�n�j�u�n�c�t�i�o�n� �w�i�t�h� �A�S�T�M� 

�m�e�t�h�o�d�s� �(�T�a�b�l�e� �4�)�.� �I�n� �a� �s�t�r�e�s�s�-�d�u�r�a�b�i�l�i�t�y� �t�e�s�t�,� �a�n� �a�p�p�l�i�e�d� �l�o�a�d� �i�s� �a�d�j�u�s�t�e�d� �p�e�r�i�o�d�i�c�a�l�l�y� �d�u�e� �t�o� 

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

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

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

�2�-�1�-�4�-�4� �N�o�n�-�d�e�s�t�r�u�c�t�i�v�e� �t�e�s�t�i�n�g� 

�T�h�e�r�e� �h�a�s� �b�e�e�n� �a� �s�t�r�o�n�g� �d�e�m�a�n�d� �f�o�r� �h�i�g�h�l�y� �r�e�l�i�a�b�l�e� �n�o�n�-�d�e�s�t�r�u�c�t�i�v�e� �t�e�s�t� �m�e�t�h�o�d�s� �(�N�D�E�)� �t�o� 

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

�t�e�c�h�n�i�q�u�e� �i�s� �t�a�p� �t�e�s�t�i�n�g� �[�9�7�]�.� �B�u�t�,� �t�h�i�s� �m�e�t�h�o�d� �i�s� �l�i�m�i�t�e�d� �t�o� �t�h�i�n� �l�a�y�e�r� �(�l�e�s�s� �t�h�a�n� �1�m�m�)� �a�n�d� �a� 

�l�a�r�g�e�r� �u�n�b�o�n�d�e�d� �z�o�n�e� �{�l�a�r�g�e�r� �t�h�a�n� �1�0�m�m� �i�n� �d�i�a�m�e�t�e�r�)�.� �A�l�t�h�o�u�g�h� �a� �n�u�m�b�e�r� �o�f� �N�D�E� �t�e�c�h�n�i�q�u�e�s� 

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

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

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

�L�a�m�b� �w�a�v�e�s� �(�L�W�,� �C�-�s�c�a�n�)� �[�9�8�-�1�0�0�]�.� 
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�S�t�r�e�s�s�e�d� �r�i�n�g� 
�D�e�a�d� �l�o�a�d� �(�A�l�c�o�a�)� 

�S�p�e�c�i�m�a�n� �g�a�n�g� 
�(�3�M�)� 

�1�0� �o�r� �m�o�r�e� 
�b�o�n�d�s� 
�i�n� �g�a�n�g� 

�F�i�g�u�r�e� �1�0�.� �C�o�m�m�o�n�l�y� �u�s�e�d� �d�u�r�a�b�i�l�i�t�y� �t�e�s�t� �m�e�t�h�o�d�s� 

�C�h�a�p�t�e�r� �I�i�.� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� 

�W�e�d�g�e� �t�e�s�t� 

�(�B�o�e�i�n�g�)� 
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�e�e�e�!� 

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

�3�0



�T�h�e� �u�l�t�i�m�a�t�e� �g�o�a�l� �o�f� �N�D�E� �i�s� �t�o� �m�e�a�s�u�r�e� �t�h�e� �s�t�r�e�n�g�t�h� �o�f� �a�d�h�e�s�i�v�e� �b�o�n�d�s� �w�i�t�h�o�u�t� �b�r�e�a�k�i�n�g� �t�h�e� 

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

�t�i�o�n�s�:� 

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

�s�t�r�u�c�t�u�r�e� 

�2�.� �N�D�E� �i�s� �o�f�t�e�n� �n�o�t� �y�e�t� �s�u�f�f�i�c�i�e�n�t�l�y� �s�e�n�s�i�t�i�v�e� �t�o� �i�n�t�e�r�f�a�c�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� 

�3�.� �N�D�E� �i�s� �u�n�a�b�l�e� �t�o� �d�e�t�e�c�t� �p�o�o�r� �s�u�r�f�a�c�e� �p�r�e�p�a�r�a�t�i�o�n� 

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

�s�t�r�e�n�g�t�h� 

�2�-�1�-�5� �F�r�a�c�t�u�r�e� �m�e�c�h�a�n�i�c�s� �o�f� �a�d�h�e�s�i�v�e� �b�o�n�d�s� 

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

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

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

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

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

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

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

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

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

�d�e�p�e�n�d�s� �o�n� �t�h�e� �r�a�t�e� �o�f� �s�e�p�a�r�a�t�i�o�n�,� �e�n�v�i�r�o�n�m�e�n�t�,� �t�h�i�c�k�n�e�s�s� �o�f� �t�h�e� �a�d�h�e�s�i�v�e� �a�n�d� �t�e�s�t� �t�e�m�p�e�r�-� 

�a�t�u�r�e�,� �e�s�p�e�c�i�a�l�l�y� �f�o�r� �v�i�s�c�o�e�l�a�s�t�i�c� �m�a�t�e�r�i�a�l�s� �[�7�8�,�1�0�1�]�.� �N�e�v�e�r�t�h�e�l�e�s�s�,� �W�a� �s�h�o�u�l�d� �b�e� �i�n�d�e�p�e�n�d�e�n�t� 

�o�f� �t�h�e� �m�o�d�e� �o�f� �a�p�p�l�i�e�d� �l�o�a�d�;� �t�e�n�s�i�o�n�,� �s�h�e�a�r�,� �o�r� �p�e�e�l� �[�1�0�1�,�1�0�2�]�.� �T�h�e�r�e�f�o�r�e�,� �t�h�e� �e�n�e�r�g�y� �c�r�i�t�e�r�i�o�n� 

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

�C�h�a�p�t�e�r� �I�l�.� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �3�1



�2�-�1�-�5�-�1� �T�e�n�s�i�o�n� �m�o�d�e� 

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

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

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

�d�e�b�o�n�d�e�d� �z�o�n�e� �(�C�a�s�e� �1�)� �a�n�d� �a� �t�h�i�c�k� �a�d�h�e�s�i�v�e� �l�a�y�e�r� �w�i�t�h� �a� �r�e�l�a�t�i�v�e�l�y� �s�h�o�r�t� �d�e�b�o�n�d�e�d� �z�o�n�e� 

�(�C�a�s�e� �2�)�.� �T�h�e� �w�o�r�k� �o�f� �d�e�t�a�c�h�m�e�n�t� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �f�o�r� �t�h�e� �t�e�n�s�i�l�e� �m�o�d�e� �b�a�s�e�d� �o�n� �t�h�e� �r�e�l�a�t�i�o�n� 

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

�W�,�=�h�,�W�,� �f�o�r� �C�a�s�e� �1� �[�2�-�7�]� 

�w�h�e�r�e� �h�,� �i�s� �t�h�e� �a�d�h�e�s�i�v�e� �l�a�y�e�r� �t�h�i�c�k�n�e�s�s� �i�n� �t�h�e� �u�n�s�t�r�a�i�n�e�d� �s�t�a�t�e� �a�n�d� �W�,� �i�s� �t�h�e� �s�t�r�a�i�n� �e�n�e�r�g�y� 

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

�W�,�=�K�c�W�,� �[�2 ��8�]� 

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

�(�x� �+� �&�)�-�/�?�,� �w�h�e�r�e� �e� �i�s� �t�h�e� �t�e�n�s�i�l�e� �s�t�r�a�i�n� �a�t� �b�r�e�a�k�.� 

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

�f�o�l�l�o�w�s�;� 

�W�a�,�  ��K�e� 

�h�o�W�p� �=� �T�=� �e�x�p� �A�g� 
� � � � �[�2�-�9�]� 

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

�Y�o�u�n�g ��s� �m�o�d�u�l�u�s� �E�,� �t�h�e� �e�q�u�a�t�i�o�n�s� �o�f� �2�-�7� �a�n�d� �2�-�8� �c�a�n� �b�e� �r�e�w�r�i�t�t�e�n� �w�i�t�h� �W�,� �r�e�p�l�a�c�e�d� �b�y� �o�b�?�/�2�E� 

�w�h�e�r�e� �o�b�?� �i�s� �t�h�e� �a�p�p�l�i�e�d� �s�t�r�e�s�s� �a�t� �b�r�e�a�k� �a�n�d� �k� �i�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �e�q�u�a�l�s� �z�;� 

�o�b� �=� �(�2�E�W�,�/�h�,�)�'�?� �f�o�r� �C�a�s�e� �1� �[�2�  �� �1�0�]� 

�o�b� �=�(�2�E�W�,�/�n�c�)�'�?� �f�o�r� �C�a�s�e� �2� �[�2�-�1�1�]� 

�C�h�a�p�t�e�r� �I�I�.� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �3�2
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�F�i�g�u�r�e� �1�1�.� �T�h�i�n� �a�n�d� �t�h�i�c�k� �a�d�h�e�s�i�v�e� �l�a�y�e�r� �i�n� �t�e�n�s�i�o�n� �a�n�d� �i�n� �s�h�e�a�r� �t�e�s�t� 

�C�h�a�p�t�e�r� �I�l�.� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �3�3



�A�s� �e�x�p�e�c�t�e�d� �f�r�o�m� �E�q�u�a�t�i�o�n� �2�-�1�0�,� �t�h�e� �t�h�i�c�k�n�e�s�s� �o�f� �t�h�e� �a�d�h�e�s�i�v�e� �i�s� �a�n� �i�m�p�o�r�t�a�n�t� �f�a�c�t�o�r� �w�h�e�n� �t�h�e� 

�a�d�h�e�s�i�v�e� �l�a�y�e�r� �i�s� �t�h�i�n� �a�n�d� �d�e�b�o�n�d�e�d� �z�o�n�e� �i�s� �r�e�l�a�t�i�v�e�l�y� �l�a�r�g�e� �(�C�a�s�e� �1�)�.� �H�o�w�e�v�e�r�,� �t�h�e� �s�i�z�e� �o�f� 

�t�h�e� �f�l�a�w� �o�r� �d�e�b�o�n�d�e�d� �z�o�n�e� �i�s� �t�h�e� �g�o�v�e�r�n�i�n�g� �f�a�c�t�o�r� �i�n� �C�a�s�e� �2�.� �T�h�e�r�e�f�o�r�e�,� �i�t� �c�a�n� �b�e� �s�a�i�d� �t�h�a�t� 

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

�f�a�i�l�u�r�e�.� 

�2�-�1�-�5�-�2� �S�h�e�a�r� �m�o�d�e� 

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

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

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

�a�t� �b�r�e�a�k� �f�o�r� �t�w�o� �e�x�t�r�e�m�e� �c�a�s�e�s� �a�r�e� �g�i�v�e�n� �a�s�;� 

�T�p� �=� �(�2�G�W�.�J�h�,�)�'�!�?� �=� �(�2�E�W�,�/�3�h�,�)� �[�2�-�1�2�]� 

�f�o�r� �t�h�i�n� �a�d�h�e�s�i�v�e� �l�a�y�e�r� �a�n�d� �r�e�l�a�t�i�v�e�l�y� �l�a�r�g�e� �d�e�b�o�n�d�e�d� �z�o�n�e� �(�C�a�s�e� �1�)�,� �w�h�e�r�e� �G�=�E�/�3� �s�t�a�n�d�s� �f�o�r� 

�s�h�e�a�r� �m�o�d�u�l�u�s�.� �F�o�r� �c�a�s�e� �2�,� �t�h�i�c�k� �a�d�h�e�s�i�v�e� �b�u�t� �s�m�a�l�l� �d�e�b�o�n�d�e�d� �z�o�n�e� �(�c�<� �<� �h�,�)�,� 

�T�y� �=� �(�2�G�W�,�/�x�c�)�'�!�?� �=� �(�2�E�W�,�/�3�n�c�)�'�/�?� �[�2�  �� �1�3�]� 

�S�i�n�c�e� �t�h�e� �e�f�f�e�c�t�i�v�e� �s�h�e�a�r� �s�t�i�f�f�n�e�s�s� �a�n�d� �t�h�e� �u�n�i�f�o�r�m�i�t�y� �o�f� �s�t�r�a�i�n� �f�o�r� �C�a�s�e�1� �a�r�e� �n�o�t� �s�e�n�s�i�t�i�v�e� �t�o� 

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

�p�o�r�t�i�o�n�a�l� �t�o� �h�,�'�/�*� �(�E�q�u�a�t�i�o�n� �2�-�1�2�)�.� �H�o�w�e�v�e�r�,� �i�n� �g�e�n�e�r�a�l�,� �t�h�e� �s�i�z�e� �o�f� �d�e�b�o�n�d�e�d� �z�o�n�e� �o�r� �f�l�a�w� �i�s� 

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

�d�e�p�e�n�d� �o�n� �t�h�e� �a�d�h�e�s�i�v�e� �t�h�i�c�k�n�e�s�s� �b�u�t� �o�n� �t�h�e� �s�i�z�e� �o�f� �d�e�b�o�n�d�e�d� �z�o�n�e� �o�r� �f�l�a�w� �(�E�q�u�a�t�i�o�n� �2�-�1�3�)�.� 

�C�h�a�p�t�e�r� �I�l�.� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �3�4



�k�K �� �{ � ��>�|� �i� � � � � 

�(�b�)� 
� � 

� � � � 
�F�i�g�u�r�e� �1�2�.� �C�l�e�a�v�a�g�e� �t�e�s�t� �w�i�t�h� �s�t�i�f�f� �a�n�d� �f�l�e�x�i�b�l�e� �d�e�t�a�c�h�i�n�g� �p�o�r�t�i�o�n� 
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�2�-�1�-�5�-�3� �C�l�e�a�v�a�g�e� �m�o�d�e� 

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

�p�o�r�t�i�o�n� �a�s� �i�n�d�i�c�a�t�e�d� �i�n� �F�i�g�u�r�e� �1�2�.� �W�h�e�n� �t�h�e� �d�e�t�a�c�h�i�n�g� �p�o�r�t�i�o�n� �i�s� �v�e�r�y� �s�t�i�f�f�,� �t�h�e� �w�o�r�k� �o�f� 

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

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

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

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

�2�E�l�a� 
� � �W�a� �[�2�  �� �1�4�]� 

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

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

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

�t�h�r�o�u�g�h� �9�0� �d�e�g�r�e�e� �b�y� �t�h�e� �c�l�e�a�v�a�g�e� �f�o�r�c�e� �P�,� �t�h�e� �w�o�r�k� �o�f� �d�e�t�a�c�h�m�e�n�t� �i�s� �p�r�o�v�i�d�e�d� �d�i�r�e�c�t�l�y� �b�y� �t�h�e� 

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

�W�,�= �� �[�2�  �� �1�5�]� 

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

�e�x�t�r�e�m�e� �a�s� �e�x�p�r�e�s�s�e�d� �b�y�;� 

� � 

�W� �7�3�2� 

�=� �1�9�]� �=� �|� �[�2�  �� �1�6�]� 

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

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

�2�E�/� �2�_� �2�E�)� �_� �K�?� �=�e� �[�2�-�1�7�]� 
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�T�h�u�s� �,� �E�q�u�a�t�i�o�n� �2�-�1�7� �a�l�l�o�w�s� �E�q�u�a�t�i�o�n� �2�-�1�6� �t�o� �b�e� �m�u�c�h� �m�o�r�e� �a�p�p�l�i�c�a�b�l�e�.� 

�2�-�1�-�6� �E�n�e�r�g�y� �d�i�s�s�i�p�a�t�i�o�n� �a�n�d� �v�i�s�c�o�e�l�a�s�t�i�c�i�t�y� 

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

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

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

�t�h�e� �p�e�e�l�i�n�g� �t�e�s�t� �[�8�3�,�1�0�5�]�.� �D�u�r�i�n�g� �t�h�e� �s�t�e�a�d�y� �s�t�a�t�e� �p�e�e�l�i�n�g� �e�x�p�e�r�i�m�e�n�t�,� �t�h�e� �e�n�e�r�g�y� �b�a�l�a�n�c�e� �m�a�y� 

�b�e� �e�x�p�r�e�s�s�e�d� �a�s� �f�o�l�l�o�w�s�;� 

�W�r� �=� �E�t�y� �+� �E�n�s� �+� �E�a�n� 

�w�h�e�r�e�;� 

�W�;� �=� �w�o�r�k� �o�f� �d�e�t�a�c�h�m�e�n�t� 

�E�r�y� �=� �t�h�e�r�m�o�d�y�n�a�m�i�c� �s�u�r�f�a�c�e� �d�e�t�a�c�h�m�e�n�t� �e�n�e�r�g�y� 

�E�s�s� �=� �e�n�e�r�g�y� �d�i�s�s�i�p�a�t�e�d� �w�i�t�h�i�n� �t�h�e� �a�d�h�e�s�i�v�e� 

�E�a� �e�n�e�r�g�y� �d�i�s�s�i�p�a�t�e�d� �w�i�t�h�i�n� �t�h�e� �a�d�h�e�r�e�n�d�.� 

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

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

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

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

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

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

�r�a�t�e�s� �a�n�d� �t�e�m�p�e�r�a�t�u�r�e�s�.� 

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

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

�o�f� �p�o�l�y�m�e�r�s� �[�1�0�1�,�1�0�6�]�.� �T�h�e� �a�d�h�e�s�i�v�e� �b�o�n�d� �s�t�r�e�n�g�t�h� �i�n�c�r�e�a�s�e�s� �a�s� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �i�s� �d�e�c�r�e�a�s�e�d� 
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�o�r� �t�h�e� �t�e�s�t� �r�a�t�e� �i�s� �i�n�c�r�e�a�s�e�d�.� �I�n� �a�d�d�i�t�i�o�n�,� �t�h�e� �l�o�c�u�s� �o�f� �f�a�i�l�u�r�e� �a�l�s�o� �d�e�p�e�n�d�s� �o�n� �t�h�e� �t�e�s�t� �c�o�n�d�i�-� 

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

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

�a�n�d� �t�e�s�t� �t�e�m�p�e�r�a�t�u�r�e� �o�n� �t�h�e� �t�e�n�s�i�l�e� �s�t�r�e�n�g�t�h� �a�n�d� �s�t�r�a�i�n� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �1�3� �a�n�d� �1�4�,� �r�e�s�p�e�c�-� 

�t�i�v�e�l�y�.� 

�2�-�2� �H�i�g�h� �t�e�m�p�e�r�a�t�u�r�e� �s�t�r�u�c�t�u�r�a�l� �a�d�h�e�s�i�v�e�s� 

�2�-�2�-�1� �H�i�s�t�o�r�i�c�a�l� �b�a�c�k�g�r�o�u�n�d� 

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

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

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

�o�f� �s�u�c�h� �u�s�a�g�e�.� �A�s� �H�e�r�g�e�n�r�o�t�h�e�r� �[�1�0�8�]� �i�n�d�i�c�a�t�e�d�,� �t�h�e� �r�e�q�u�i�r�e�m�e�n�t�s� �f�o�r� �t�h�e� �h�i�g�h� �t�e�m�p�e�r�a�t�u�r�e� 

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

�b�o�n�d� �s�t�r�e�n�g�t�h� �u�n�d�e�r� �u�n�i�m�a�g�i�n�a�b�l�e� �c�o�n�d�i�t�i�o�n�s� �s�u�c�h� �a�s� �t�h�o�u�s�a�n�d�s� �o�f� �h�o�u�r�s� �a�t� �2�3�2� �°�C�,� �h�u�n�d�r�e�d�s� 

�o�f� �h�o�u�r�s� �a�t� �3�1�6� �°�C�,� �o�r� �m�i�n�u�t�e�s� �a�t� �5�3�8� �°�C�.� �T�h�e� �f�i�r�s�t� �s�t�r�u�c�t�u�r�a�l� �a�d�h�e�s�i�v�e� �d�e�v�e�l�o�p�e�d� �w�a�s� �a� �v�i�n�y�l� 

�p�h�e�n�o�l�i�c� �r�e�s�i�n� �f�o�r� �t�h�e� �b�o�n�d�i�n�g� �o�f� �a�i�r�c�r�a�f�t� �f�u�s�e�l�a�g�e� �s�t�r�u�c�t�u�r�e� �d�u�r�i�n�g� �t�h�e� �s�e�c�o�n�d� �w�o�r�l�d� �w�a�r� �[�1�0�9�]�.� 

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

�a�d�h�e�s�i�v�e�s� �e�v�e�r� �s�i�n�c�e� �t�h�e�y� �w�e�r�e� �f�i�r�s�t� �d�e�v�e�l�o�p�e�d� �i�n� �1�9�3�6� �b�y� �S�c�h�l�a�c�k� �i�n� �G�e�r�m�a�n�y� �[�1�1�0�]� �d�u�e� �t�o� 

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

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

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

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

�c�u�r�i�n�g� �a�g�e�n�t�s�.� 
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�C�h�a�p�t�e�r� �I�l�.� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� 

�I� 
�o�O� �1�0� �2� �3�0� �4�0� �5�0� �6�0� �7� �8�0� 

�1�2�0� � � �j�e� �e�e� 

�E�L�O�N�G�A�T�I�O�N� �(�%�)� 

�4�0



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

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

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

�2�0�0� �°�C�.� �I�n� �t�h�e� �1�9�6�0 ��s�,� �s�e�v�e�r�a�l� �h�i�g�h� �t�e�m�p�e�r�a�t�u�r�e� �a�d�h�e�s�i�v�e�s� �w�e�r�e� �i�n�t�r�o�d�u�c�e�d�,� �s�u�c�h� �a�s� 

�p�o�l�y�b�e�n�z�i�m�i�d�a�z�o�l�e� �(�1�9�6�1�)� �[�1�1�1�]�,� �p�o�l�y�q�u�i�n�o�x�a�l�i�n�e�s� �(�1�9�6�4�)� �[�1�1�2�,�1�1�3�]�,� �p�o�l�y�p�h�e�n�y�l�q�u�i�n�o�x�a�l�i�n�e�s� 

�(�1�9�6�7�)� �[�1�1�4�]� �a�n�d� �p�o�l�y�i�m�i�d�e�s� �(�1�9�6�5�)� �[�1�1�5�,�1�1�6�]�,� �w�h�i�c�h� �c�o�u�l�d� �h�a�v�e� �T�g� �v�a�l�u�e�s� �a�b�o�v�e� �3�0�0� �°�C�.� �H�o�w�-� 

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

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

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

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

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

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

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

�s�t�i�l�l� �w�i�d�e�l�y� �u�t�i�l�i�z�e�d�,� �s�u�c�h� �a�s� �t�h�e� �p�o�l�y�u�r�e�t�h�a�n�e�s� �[�1�1�8�,�1�1�9�]�,� �p�h�e�n�o�l�i�c�s� �[�1�2�0�]�,� �p�o�l�y�e�s�t�e�r�s� �[�1�2�1�]�,� �a�n�d� 

�a�c�r�y�l�i�c� �a�d�h�e�s�i�v�e�s� �[�1�2�2�-�1�2�4�]�.� 

�2�-�2�-�2� �C�l�a�s�s�i�f�i�c�a�t�i�o�n�s� 

�A�c�c�o�r�d�i�n�g� �t�o� �A�S�T�M� �D�-�9�8�0�7�-�8�2� �[�3�3�]�,� �a� �s�t�r�u�c�t�u�r�a�l� �a�d�h�e�s�i�v�e� �i�s� �d�e�f�i�n�e�d� �a�s� �a� �b�o�n�d�i�n�g� �a�g�e�n�t� �u�s�e�d� �f�o�r� 

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

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

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

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

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

�M�i�l�l�a�r�d� �[�1�2�5�]� �c�l�a�s�s�i�f�i�e�d� �h�i�g�h� �t�e�m�p�e�r�a�t�u�r�e� �s�t�r�u�c�t�u�r�a�l� �a�d�h�e�s�i�v�e�s� �i�n�t�o� �t�w�o� �g�r�o�u�p�s� �b�a�s�e�d� �o�n� �t�h�e� 

�a�p�p�l�i�c�a�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e�;� �i�n�t�e�r�m�e�d�i�a�t�e� �t�e�m�p�e�r�a�t�u�r�e� �r�e�s�i�s�t�a�n�t� �a�d�h�e�s�i�v�e� �(�u�p� �t�o� �2�0�4� �°�C�)� �a�n�d� �h�i�g�h� 

�C�h�a�p�t�e�r� �I�I�.� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �4�1



�t�e�m�p�e�r�a�t�u�r�e� �r�e�s�i�s�t�a�n�t� �a�d�h�e�s�i�v�e�s� �(�2�0�4�-�3�4�3� �°�C�)�.� �E�p�o�x�y�-� �b�a�s�e�d� �a�n�d� �p�h�e�n�o�l�i�c� �a�d�h�e�s�i�v�e�s� �b�e�l�o�n�g� 

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

�p�o�l�y�q�u�i�n�o�x�l�i�n�e�s� �(�P�Q�s�)� �a�n�d� �p�o�l�y�b�e�n�z�i�m�i�d�a�z�o�l�e�s� �(�P�B�l�s�)�,� �b�e�l�o�n�g� �t�o� �t�h�e� �l�a�t�t�e�r� �g�r�o�u�p�.� �A� �s�i�m�i�l�a�r� 

�c�l�a�s�s�i�f�i�c�a�t�i�o�n� �w�a�s� �d�i�s�c�u�s�s�e�d� �b�y� �L�e�e� �[�1�2�6�]�,� �w�h�o� �c�o�n�s�i�d�e�r�e�d� �t�h�r�e�e� �g�r�o�u�p�s� �b�a�s�e�d� �o�n� �t�h�e� �a�p�p�l�i�-� 

�c�a�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e�.� 

�T�h�e� �a�d�h�e�s�i�v�e�s� �s�u�c�h� �a�s� �P�B�l�s� �a�n�d� �P�Q�s� �b�e�l�o�n�g�i�n�g� �t�o� �G�r�o�u�p� �|� �a�r�e� �u�t�i�l�i�z�e�d� �f�o�r� �m�i�s�s�i�l�e�s� �a�n�d� �a�d�-� 

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

�o�f� �5�3�8�-�7�6�0� �°�C�.� �T�h�e� �s�e�c�o�n�d� �g�r�o�u�p� �o�f� �a�d�h�e�s�i�v�e�s� �s�u�c�h� �a�s� �P�i�s� �a�n�d� �P�P�Q�s� �a�r�e� �r�e�q�u�i�r�e�d� �t�o� �p�r�o�v�i�d�e� 

�g�o�o�d� �a�d�h�e�s�i�v�e� �b�o�n�d� �s�t�r�e�n�g�t�h� �f�o�r� �h�u�n�d�r�e�d�s� �o�f� �h�o�u�r�s� �i�n� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �r�a�n�g�e� �o�f� �2�8�8�-�3�7�1� �°�C�.� 

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

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

�s�a�n�d�s� �o�f� �h�o�u�r�s� �o�f� �s�e�r�v�i�c�e� �l�i�f�e� �i�n� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �r�a�n�g�e� �o�f� �1�7�7�-�2�3�2� �°�C�.� �O�b�v�i�o�u�s�l�y�,� �h�e�t�e�r�o�c�y�c�l�i�c� 

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

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

�2�-�2�-�3� �E�p�o�x�y�-�b�a�s�e�d� �A�d�h�e�s�i�v�e�s� 

�E�v�e�r� �s�i�n�c�e� �t�h�e�i�r� �f�i�r�s�t� �i�n�t�r�o�d�u�c�t�i�o�n� �b�y� �P�.� �S�c�h�l�a�c�k� �i�n� �1�9�3�6� �[�1�1�0�]�,� �e�p�o�x�y�-�b�a�s�e�d� �r�e�s�i�n�s� �h�a�v�e� �e�n�j�o�y�e�d� 

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

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

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

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

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

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

�T�y�p�i�c�a�l� �b�a�s�e� �r�e�s�i�n�s� �a�r�e� �t�h�e� �c�y�c�l�o�a�l�i�p�h�a�t�i�c� �o�r� �d�i�g�l�y�c�i�d�y�l� �e�t�h�e�r� �b�i�s�p�h�e�n�o�l� �A� �(�D�G�E�B�A�)�,� �E�p�o�x�y�-� 

�n�o�v�o�l�a�c�,� �P�e�r�a�c�i�d�-�r�e�s�i�n�s�,� �a�n�d� �H�y�d�a�n�t�o�i�n�-� �r�e�s�i�n�s� �[�1�2�7�]�.� �C�o�m�m�e�r�c�i�a�l�l�y� �a�v�a�i�l�a�b�l�e� �e�p�o�x�y� �r�e�s�i�n�s� �f�o�r� 

�C�h�a�p�t�e�r� �I�l�.� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �4�2



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

�[�1�2�8�,�1�2�9�]�.� 

�<!"� � � 

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

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

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

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

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

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

�h�i�g�h�l�y� �d�e�p�e�n�d�e�n�t� �o�n� �t�h�e� �c�u�r�e� �p�r�o�c�e�s�s� �a�n�d� �c�o�n�d�i�t�i�o�n�s� �[�1�3�0�-�1�3�5�]�.� 

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

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

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

�f�i�l�l�e�r�s�,� �t�o�u�g�h�e�n�i�n�g� �a�g�e�n�t�s� �a�n�d� �f�l�e�x�i�b�i�l�i�z�e�r�s� �[�1�3�0�-�1�3�7�]�.� �I�n� �g�e�n�e�r�a�l�,� �T�g� �o�f� �c�u�r�e�d� �e�p�o�x�i�e�s� �f�a�l�l� �i�n� �t�h�e� 

�r�a�n�g�e� �o�f� �5�0� �t�o� �2�0�0� �°�C� �[�1�2�9�]� �w�i�t�h� �f�e�w� �e�x�c�e�p�t�i�o�n�s�,� �s�u�c�h� �a�s� �p�h�e�n�o�l�i�c� �r�e�s�i�n�s� �[�1�2�8�,�1�3�8�]�.� �I�t� �m�a�y� �b�e� 

�p�o�s�s�i�b�l�e� �t�o� �a�c�h�i�e�v�e� �h�i�g�h� �T�g� �(�e�.�g�.� �3�0�0� �°�C�)� �b�u�t� �t�o�u�g�h�n�e�s�s� �w�i�l�l� �d�r�a�s�t�i�c�a�l�l�y� �d�e�c�r�e�a�s�e� �d�u�e� �t�o� �t�h�e� 

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

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

�t�h�e�r�m�o�p�l�a�s�t�i�c� �d�o�m�a�i�n�s� �[�1�3�9�]�.� 

�C�h�a�p�t�e�r� �I�l�.� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �4�3



�2�-�2�-�4� �P�o�l�y�i�m�i�d�e�s� 

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

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

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

�O�o� 

�o�T�}� 

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

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

�n�u�m�e�r�o�u�s� �c�y�c�l�i�c�a�l� �c�h�a�i�n�s� �p�r�e�s�e�n�t� �i�n� �t�h�e�i�r� �b�a�c�k�b�o�n�e� �[�1�4�0�,�1�4�1�]�.� �P�o�l�y�i�m�i�d�e�s� �h�a�v�e� �h�i�g�h� �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� �i�n� �g�e�n�e�r�a�l� �a�b�o�v�e� �3�0�0� �°�C�,� �a�r�e� �b�r�i�e�f�l�y� �s�t�a�b�l�e� �u�p� �t�o� �5�0�0� �°�C� �i�n� �a�i�r�,� �a�n�d� �d�o� 

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

�A�r�o�m�a�t�i�c� �p�o�l�y�i�m�i�d�e�s� �w�e�r�e� �f�i�r�s�t� �s�y�n�t�h�e�s�i�z�e�d� �i�n� �1�9�0�8� �[�1�4�2�]� �b�y� �t�h�e� �s�e�l�f� �c�o�n�d�e�n�s�a�t�i�o�n� �o�f� 

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

�o�v�e�r�c�o�m�e� �b�y� �E�d�w�a�r�d� �[�1�1�5�]� �a�n�d� �E�n�d�r�y� �[�1�1�6�]� �w�h�o� �i�n�t�r�o�d�u�c�e�d� �t�h�e� �t�w�o�-�s�t�e�p� �p�r�o�c�e�s�s� �o�f� �a�r�o�m�a�t�i�c� 

�p�o�l�y�i�m�i�d�e�s� �i�n� �1�9�6�5�.� �T�h�e� �f�i�r�s�t� �s�t�e�p� �i�n�v�o�l�v�e�s� �t�h�e� �p�r�e�p�a�r�a�t�i�o�n� �o�f� �a� �p�o�l�y�(�a�m�i�c�-�a�c�i�d�)� �p�r�e�p�o�l�y�m�e�r� 

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

�[�1�4�3�]� �b�y� �p�r�o�g�r�a�m�e�d� �h�e�a�t�i�n�g� �t�o� �3�0�0� �°�C�,� �o�r� �v�i�a� �c�h�e�m�i�c�a�l� �d�e�h�y�d�r�a�t�i�o�n� �m�e�t�h�o�d�s� �[�1�4�4�-�1�4�5�]�.� �A�l�-� 

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

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

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

�C�h�a�p�t�e�r� �I�l�.� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �4�4



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

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

�d�i�a�m�i�n�e�s� �[�1�4�5�-�1�4�8�]�,� �b�u�l�k�y� �s�i�d�e�-�g�r�o�u�p�s� �[�4�,�1�4�9�]�,� �f�l�e�x�i�b�l�e� �l�i�n�k�a�g�e� �[�3�,�1�9�,�2�0�,�1�5�0�]� �o�r� �s�i�l�o�x�a�n�e� 

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

�s�u�c�h� �a�s� �i�n� �t�h�e� �c�o�m�m�e�r�c�i�a�l�l�y� �s�u�c�c�e�s�s�f�u�l� �U�/�t�e�m�®�,� �p�o�l�y�(�e�t�h�e�r�-�i�m�i�d�e�)� �[�1�5�5�]�,� �w�h�i�c�h� �i�s� �a� �t�r�u�e� 

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

�w�o�r�k�e�r�s� �[�1�5�6�-�1�5�8�]� �r�e�f�i�n�e�d� �s�e�v�e�r�a�l� �i�m�p�o�r�t�a�n�t� �t�e�c�h�n�i�q�u�e�s� �s�u�c�h� �a�s�_� �s�o�l�u�t�i�o�n� �i�m�i�d�i�z�a�t�i�o�n� �m�e�t�h�o�d� 

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

�c�o�n�d�u�c�t�e�d� �i�n� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �a�n� �a�z�e�o�t�r�o�p�i�n�g� �a�g�e�n�t�,� �s�u�c�h� �a�s� �2�0� �w�e�i�g�h�t� �p�e�r�c�e�n�t� �o�f� 

�c�y�c�l�o�h�e�x�y�l�p�y�r�o�l�i�d�i�n�o�n�e� �(�C�H�P�)� �o�r� �1�0� �w�e�i�g�h�t� �p�e�r�c�e�n�t� �o�f� �c�y�c�l�o�h�e�x�y�l�p�y�r�o�l�i�d�i�n�o�n�e� �(�C�H�P�)� �o�r� �1�0� 

�w�e�i�g�h�t� �%� �o�f� �d�i�c�h�l�o�r�o�b�e�n�z�e�n�e� �a�t� �a�r�o�u�n�d� �1�6�5� �°�C� �f�o�r� �2�4� �h�o�u�r�s�.� �R�e�c�e�n�t�l�y� �a� �s�o�-�c�a�l�l�e�d�  ��o�n�e�-�p�o�t �� 

�p�r�o�c�e�s�s� �w�a�s� �i�n�t�r�o�d�u�c�e�d� �[�1�5�8�]�.� �A� �n�u�m�b�e�r� �o�f� �p�o�l�y�i�m�i�d�e�s� �h�a�v�e� �b�e�e�n� �d�e�v�e�l�o�p�e�d� �a�n�d� �s�o�m�e� �o�f� 

�t�h�e�m� �a�r�e� �c�o�m�m�e�r�c�i�a�l�l�y� �a�v�a�i�l�a�b�l�e�;� �A�v�i�m�i�d� �K�-�I�I�l�,� �A�v�i�m�i�d�-�N� �a�n�d� �K�a�p�t�o�n�®� �(�D�u� �P�o�n�t�)�,� �L�A�R�C�-�T�P�I� 

�(�M�i�t�s�u�i�-�T�o�a�t�s�u�)�,� �X�U�-�2�1�8� �(�C�i�b�a�-�G�e�i�g�y�)�,� �P�l�-�2�0�8�0� �(�U�p�j�o�h�n�)� �a�n�d� �U�/�t�e�m�®� �(�G�E�)�;� �o�n�l�y� �t�h�e� �f�a�t�t�e�r� �i�s� �a� �t�r�u�e� 

�t�h�e�r�m�o�p�l�a�s�t�i�c�.� �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� �s�e�l�e�c�t�e�d� �p�o�l�y�i�m�i�d�e�s� �a�r�e� �l�i�s�t�e�d� �i�n� �T�a�b�l�e� �5�.� 

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

�o�f� �l�o�w� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �i�m�i�d�e� �o�l�i�g�o�m�e�r�s� �t�e�r�m�i�n�a�t�e�d� �w�i�t�h� �a�c�e�t�y�l�e�n�i�c� �[�1�5�9�,�1�6�0�]� �o�r� �n�a�d�i�c� 

�[�1�6�1�,�1�6�2�]� �g�r�o�u�p�s�.� �T�h�e� �c�o�m�m�e�r�c�i�a�l�l�y� �a�v�a�i�l�a�b�l�e� �a�d�d�i�t�i�o�n�a�l� �p�o�l�y�i�m�i�d�e�s� �a�r�e� �P�M�R�-�1�5�,� �T�h�e�r�m�i�d� �6�0�0� 

�(�N�a�t�i�o�n�a�l� �S�t�a�r�c�h� �a�n�d� �C�h�e�m� �C�o�.�)�,� �K�e�r�i�m�i�d� �6�0�1� �(�R�h�o�n�e�-�P�o�u�l�e�n�c�)� �a�n�d� �L�A�R�C�-�1�3� �(�N�A�S�A�-�L�a�n�g�l�e�y� 

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

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

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

�2�-�2�-�5� �P�o�l�y�b�e�n�z�i�m�i�d�a�z�o�l�e� 

�P�o�l�y�b�e�n�z�i�m�i�d�a�z�o�l�e�s� �(�P�B�I� �s�)� �a�r�e� �a� �c�l�a�s�s� �o�f� �l�i�n�e�a�r� �h�e�t�e�r�o�c�y�c�l�i�c� �a�r�o�m�a�t�i�c� �p�o�l�y�m�e�r� �w�h�o�s�e� �r�e�p�e�a�t� 

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

�C�h�a�p�t�e�r� �I�l�.� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �4�5



�T�a�b�l�e� �5�.� �M�e�c�h�a�n�i�c�a�l� �p�r�o�p�e�r�t�i�e�s� �o�f� �s�e�l�e�c�t�e�d� �p�o�l�y�i�m�i�d�e�s�[�1�4�0�]� 

� � 

� � 

�o�(�M�P�a�)�  ¬�(�%�)� �E�(�M�P�a�)� �T�g�(�°�C�)� 

�U�l�t�e�m�®� �1�0�0�0� �1�0�5� �6�0� �2�9�6� �2�1�0� 

�P�I� �2�0�8�0� �1�1�1� �1�0� �2�5�3� �3�1�0� 

�L�A�R�C�-�T�P�I� �1�3�5� �4�.�8� �3�7�2� �2�6�0� 

�K�a�p�t�o�n�®� �1�7�2� �7�0� �2�9�6� 

�P�M�R�-�1�5� �5�5� �1�.�5� �3�2�4� �2�9�0� 
� � 

�C�h�a�p�t�e�r� �f�l�.� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w



�f�o�r� �t�h�e� �p�o�l�y�(�2�,�2 ��-�(�m�-�p�h�e�n�y�l�e�n�e�)�-�5�,�5 ��-�b�i�b�e�n�z�i�m�i�d�a�z�o�l�e�)�,� �w�h�i�c�h� �i�s� �c�o�m�m�e�r�c�i�a�l�l�y� �a�v�a�i�l�a�b�l�e� �f�r�o�m� 

�H�o�e�c�h�s�t� �C�e�l�a�n�e�s�e� �C�o�r�p�.� �T�h�e� �f�i�r�s�t� �P�B�I� �w�a�s� �p�r�e�p�a�r�e�d� �i�n� �1�9�5�9� �[�1�6�3�]�.� �S�u�b�s�e�q�u�e�n�t�l�y�,� �f�u�l�l�y� 

�a�r�o�m�a�t�i�c� �P�B�l�s� �w�e�r�e� �p�r�e�p�a�r�e�d� �v�i�a� �m�e�l�t� �c�o�n�d�e�n�s�a�t�i�o�n� �b�y� �V�o�g�e�l� �a�n�d� �M�a�r�v�e�l� �i�n� �1�9�6�1� �[�1�6�4�]�,� �w�h�i�c�h� 

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

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

�p�r�e�p�a�r�e�d� �a�n�d� �t�h�e�n� �c�o�n�v�e�r�t�e�d� �t�o� �P�B�I� �b�y�  ��c�u�r�i�n�g ��.� 

�I� 
�P�B�i�s� �e�x�h�i�b�i�t� �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� �4�3�0� �°�C� �o�r� �h�i�g�h�e�r� �a�n�d� �s�h�o�w� �e�x�c�e�l�l�e�n�t� �s�h�o�r�t� �t�e�r�m� 

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

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

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

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

�H�o�e�c�h�s�t�-�C�e�l�a�n�e�s�e� �m�a�t�e�r�i�a�l� �s�o�r�b�s� �a�b�o�u�t� �1�6� �p�e�r�c�e�n�t� �o�f� �w�a�t�e�r�.� 

�2�-�3� �F�a�c�t�o�r�s� �g�o�v�e�r�n�i�n�g� �p�o�l�y�i�m�i�d�e� �a�d�h�e�s�i�o�n� 

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

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

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

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

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

�C�h�a�p�t�e�r� �I�l�.� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �4�7



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

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

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

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

�2�-�3�-�1� �M�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �c�o�n�t�r�o�l� 

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

�o�f� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �[�1�0�7�]�.� �A�b�o�v�e� �a� �c�r�i�t�i�c�a�l� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �o�f�t�e�n� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� 

�e�n�t�a�n�g�l�e�m�e�n�t�s�,� �m�o�s�t� �p�h�y�s�i�c�a�l� �p�r�o�p�e�r�t�i�e�s� �l�e�v�e�l� �o�f�f� �a�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �1�5�.� �H�o�w�e�v�e�r�,� �t�h�e� �z�e�r�o� 

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

�w�e�i�g�h�t� �u�p� �t�o� �t�h�e� �c�h�a�i�n� �e�n�t�a�n�g�l�e�m�e�n�t� �p�o�i�n�t� �a�n�d� �p�o�w�e�r� �o�f� �3�.�4� �t�h�e�r�e�a�f�t�e�r� �(�F�i�g�u�r�e� �1�5�)�.� �T�h�e�r�e�f�o�r�e�,�i�t� 

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

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

�M�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �c�o�n�t�r�o�l� �o�f� �p�o�l�y�i�m�i�d�e�s� �w�a�s� �a�t�t�e�m�p�t�e�d� �b�y� �S�t�.� �C�l�a�i�r� �a�n�d� �c�o�-�w�o�r�k�e�r�s� �[�1�3�,�1�9�]�,� �b�u�t� 

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

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

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

�c�o�n�c�l�u�s�i�o�n�s�.� �R�e�c�e�n�t�l�y�,� �c�o�n�t�r�o�l�l�e�d� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �o�f� �L�A�R�C�-�T�P�I� �h�a�s� �b�e�e�n� �m�a�r�k�e�t�e�d� �b�y� �M�i�t�s�u�i� 

�T�o�a�t�s�u� �C�h�e�m�.� �I�n�c�.�,� �T�o�k�y�o�,� �J�a�p�a�n�,� �a�n�d� �h�a�s� �b�e�e�n� �u�t�i�l�i�z�e�d� �f�o�r� �a�d�h�e�s�i�o�n� �s�t�u�d�y� �[�1�6�4�]� �a�s� �w�e�l�l� �a�s� �f�o�r� 

�c�o�m�p�o�s�i�t�e� �f�a�b�r�i�c�a�t�i�o�n� �[�1�6�5�]�.� 

�2�-�3�-�2� �S�c�r�i�m� �c�l�o�t�h� �a�d�h�e�s�i�v�e�s�;� �i�n�f�l�u�e�n�c�e� �o�f� �d�r�y�i�n�g� �c�o�n�d�i�t�i�o�n�s� 

�D�u�e� �t�o� �t�h�e� �u�t�i�l�i�z�a�t�i�o�n� �o�f� �p�o�l�y�(�a�m�i�c�-�a�c�i�d�)� �a�n�d� �t�h�u�s� �s�c�r�i�m� �c�l�o�t�h� �(�1�1�2� �E�-�g�l�a�s�s� �f�a�b�r�i�c�)�,� �t�h�e� �d�r�y�i�n�g� 

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

�C�h�a�p�t�e�r� �I�l�.� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �4�8
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�a�f�f�o�r�d� �g�o�o�d� �p�r�o�c�e�s�s�a�b�i�l�i�t�y�,� �s�c�r�i�m� �c�l�o�t�h� �a�d�h�e�s�i�v�e�s� �a�r�e� �d�r�i�e�d� �a�t� �m�o�d�e�r�a�t�e� �t�e�m�p�e�r�a�t�u�r�e�s� �(�1�5�0� �t�o� 

�2�0�0� �°�C�)�.� �T�h�i�s� �d�r�y�i�n�g�:� �p�r�o�c�e�s�s� �p�r�o�b�a�b�l�y� �l�e�a�v�e�s� �a� �p�a�r�t�i�a�l�l�y� �i�m�i�d�i�z�e�d� �a�d�h�e�s�i�v�e� �a�n�d� �a� �s�m�a�l�l� 

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

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

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

�s�t�r�e�n�g�t�h� �a�n�d� �s�t�i�f�f�n�e�s�s� �(�F�i�g�u�r�e� �1�6�)� �[�1�0�7�]�.� �T�h�e�r�e�f�o�r�e�,� �i�t� �i�s� �d�e�e�m�e�d� �i�m�p�o�r�t�a�n�t� �t�o� �c�o�n�t�r�o�l�,� �i�f� �p�o�s�s�i�-� 

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

�t�e�m�p�e�r�a�t�u�r�e� �a�s� �w�e�l�l� �a�s� �a�t� �t�h�e� �e�l�e�v�a�t�e�d� �t�e�m�p�e�r�a�t�u�r�e�s�.� 

�S�t�u�d�i�e�s� �b�y� �D�e�z�e�r�n� �a�n�d� �Y�o�u�n�g� �[�1�2�]� �s�h�o�w�e�d� �t�h�a�t� �t�h�e� �v�o�l�a�t�i�l�e�s� �(�w�h�i�c�h� �a�r�e� �p�r�e�s�u�m�a�b�l�y� �a� �m�i�x�t�u�r�e� 

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

�s�h�o�w�n� �i�n� �T�a�b�l�e� �6�.� �C�o�n�s�i�s�t�e�n�t�l�y�,� �f�l�o�w� �p�r�o�p�e�r�t�i�e�s� �a�n�d� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �a�d�h�e�s�i�v�e� �b�o�n�d� �s�t�r�e�n�g�t�h� 

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

�S�u�r�p�r�i�s�i�n�g�l�y�,� �a� �m�i�n�i�m�u�m� �a�d�h�e�s�i�v�e� �b�o�n�d� �s�t�r�e�n�g�t�h� �w�a�s� �o�b�t�a�i�n�e�d� �a�t� �2�0�0� �°�C� �t�e�s�t� �f�r�o�m� �m�a�t�e�r�i�a�!� 

�d�r�i�e�d� �a�t� �1�7�5� �°�C� �(�T�a�b�l�e� �6�)�,� �b�u�t� �f�u�r�t�h�e�r� �e�x�p�l�a�n�a�t�i�o�n� �o�f� �t�h�i�s� �c�u�r�i�o�u�s� �b�e�h�a�v�i�o�r� �w�a�s� �n�o�t� �p�r�o�v�i�d�e�d�.� 

�2�-�3�-�3� �B�o�n�d�i�n�g� �c�o�n�d�i�t�i�o�n�s� 

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

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

�o�n� �t�h�e� �b�o�n�d� �c�o�n�s�o�l�i�d�a�t�i�o�n� �a�n�d� �t�h�u�s� �a�d�h�e�s�i�v�e� �b�o�n�d� �s�t�r�e�n�g�t�h�,� �w�h�i�l�e� �p�r�e�s�s�u�r�e� �[�1�8�]� �a�n�d� �h�o�l�d�i�n�g� 

�t�i�m�e� �[�1�3�]� �h�a�v�e� �a�l�s�o� �s�i�g�n�i�f�i�c�a�n�t� �e�f�f�e�c�t�s�.� �D�u�r�i�n�g� �t�h�e� �b�o�n�d�i�n�g� �p�r�o�c�e�s�s�,� �r�e�s�i�d�u�a�l� �s�o�l�v�e�n�t� �a�n�d� �w�a�t�e�r� 

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

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

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

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

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

�C�h�a�p�t�e�r� �i�l�.� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �5�0
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�I�N�C�R�E�A�S�I�N�G� �P�L�A�S�T�I�C�I�Z�E�R� �L�E�V�E�L� � � � � 
�T�E�M�P�E�R�A�T�U�R�E�  � � � ��>� 

�F�i�g�u�r�e� �1�6�.� �E�f�f�e�c�t� �o�f� �p�l�a�s�t�i�c�i�z�e�r� �o�n� �m�e�c�h�a�n�i�c�a�l� �b�e�h�a�v�i�o�r� �o�f� �p�o�l�y�m�e�r�s� �[�1�0�7�]� 

�C�h�a�p�t�e�r� �I�l�.� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �3�1



�T�a�b�l�e� �6�.� �E�f�f�e�c�t� �o�f� �s�c�r�i�m� �c�l�o�t�h� �d�r�y�i�n�g� �c�o�n�d�i�t�i�o�n�s� �o�n� �v�o�l�a�t�i�l�e�s�,� �f�l�o�w� �a�n�d� �b�o�n�d� �s�t�r�e�n�g�t�h� �[�1�2�]� 

�*� �P�o�l�y�i�m�i�d�e� �f�r�o�m� �B�T�D�A�+�m�D�D�S� 
�*� �1�5�%� �s�o�l�u�t�i�o�n� �i�n� �d�y�g�l�y�m�e� �o�n� �1�1�2� �E�-�g�l�a�s�s� 

�*� �D�r�y� �c�o�n�d�i�t�i�o�n�s� 
�1�.� �2�5� �°�C�  �� �6�0� �°�C� �h�o�l�d� �3�0� �m�i�n�.� 

�2�.� �6�0� �°�C�  �� �1�0�0� �°�C�,� �h�o�l�d� �1� �h�o�u�r� 

�3�.� �1�0�0� �°�C� �>� �1�5�0� �°�C�,� �h�o�l�d� �1� �h�o�u�r� 

�4�.� �1�0�0� �°�C� �>� �1�7�5� �°�C�,� �h�o�l�d� �0�.�5� �h�o�u�r� 

�5�.� �1�0�0� �°�C�  �� �2�0�0� �°�C�,� �h�o�l�d� �0�.�5� �h�o�u�r� 

�6�.� �1�0�0� �°�C� �2�5�0� �°�C�,� �h�o�l�d� �6� �h�o�u�r�s� 

� � 

� � 

� � 

�S�.�C�.�D�.�c�!�.�  �� �V�o�l�a�t�i�l�e�s� �T�g�2� �F�l�o�w�?� �B�.�S�.�(�M�P�a�)�4� 
�(�%�)� �B�e� �A�f� �(�%�)� �R�.�T�.� �2�0�0� �°�C� 

�3� �1�2� �1�5�8� �2�4�8� �1�4�0� �3�0� �2�3� 
�4� �9� �1�6�3� �2�4�8� �4�$� �2�9� �1�6� 
�5� �3� �2�1�0� �2�4�8� �5� �2�1� �1�6� 
�6� �<�1� �2�1�0� �2�5�4� �0� �1�8� �2�0� 

�1�.� �S�c�r�i�m� �c�l�o�t�h� �d�r�y�i�n�g� �c�o�n�d�i�t�i�o�n�s� 
�2�.� �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�;� �b�e�f�o�r�e� �a�n�d� �a�f�t�e�r� �b�o�n�d�i�n�g� 
�3�.� �M�e�a�s�u�r�e�d� �a�t� �3�4�3� �O�C�,� �1�.�3�8�M�P�a� �f�o�r� �3� �m�i�n� 
�4�.� �R�e�a�d� �f�r�o�m� �f�i�g�u�r�e� 

�C�h�a�p�t�e�r� �I�l�.� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �5�2



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

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

�A�l�t�h�o�u�g�h� �s�e�v�e�r�a�l� �p�a�p�e�r�s� �[�1�3�,�1�4�,�1�8�,�1�9�,�2�0�]� �a�r�e� �p�u�b�l�i�s�h�e�d� �i�n� �t�h�e� �l�i�t�e�r�a�t�u�r�e� �t�h�a�t� �f�o�c�u�s� �o�n� �b�o�n�d�i�n�g� 

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

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

�b�o�n�d� �s�t�r�e�n�g�t�h�s�.� �T�h�e�s�e� �s�t�u�d�i�e�s� �[�1�1�,�1�4�]� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �t�h�e� �b�o�n�d�i�n�g� �t�e�m�p�e�r�a�t�u�r�e�s� �d�o� �n�o�t� �h�a�v�e� �a� 

�m�a�j�o�r� �i�m�p�a�c�t� �o�n� �t�h�e� �a�d�h�e�s�i�v�e� �b�o�n�d� �s�t�r�e�n�g�t�h� �u�n�l�e�s�s� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �i�s� �l�a�r�g�e� �(�e�.�g�.� �1�0�0� �°�C�)�.� �T�h�e� 

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

�O�n�e� �s�t�u�d�y� �[�1�3�]� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �t�h�e� �a�d�h�e�s�i�v�e� �b�o�n�d� �s�t�r�e�n�g�t�h� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �a�s� �w�e�l�l� �a�s� �a�t� 

�2�0�0� �°�C� �d�e�c�r�e�a�s�e�s� �w�i�t�h� �h�o�l�d�i�n�g� �t�i�m�e� �w�h�i�l�e� �o�t�h�e�r�s� �[�1�9�]� �s�h�o�w� �d�e�c�r�e�a�s�e�d� �b�o�n�d� �s�t�r�e�n�g�t�h� �a�t� �r�o�o�m� 

�t�e�m�p�e�r�a�t�u�r�e�,� �b�u�t� �a�c�t�u�a�l�l�y� �i�n�c�r�e�a�s�e�d� �v�a�l�u�e�s� �a�t� �2�0�0� �°�C�.� �T�h�e� �d�i�f�f�e�r�e�n�c�e�,� �w�h�i�c�h� �w�a�s� �n�o�t� �e�l�u�c�i�-� 

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

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

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

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

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

�2�-�3�-�4� �H�i�g�h� �t�e�m�p�e�r�a�t�u�r�e� �a�g�i�n�g� 

�A�d�h�e�s�i�v�e�l�y� �b�o�n�d�e�d� �s�a�m�p�l�e�s� �a�r�e� �s�o�m�e�t�i�m�e�s� �e�x�p�o�s�e�d� �t�o� �h�i�g�h� �t�e�m�p�e�r�a�t�u�r�e� �(�e�g�.� �2�0�4� �o�r� �2�3�2� �°�C�)� 

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

�I�t� �c�a�n� �b�e� �c�a�r�r�i�e�d� �o�u�t� �i�n� �t�h�e� �a�i�r� �c�o�n�v�e�c�t�i�o�n� �o�v�e�n� �o�r� �a�n� �e�n�v�i�r�o�n�m�e�n�t�a�l� �c�h�a�m�b�e�r�.� �A�l�t�h�o�u�g�h� �t�h�e� 

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

�g�e�n�e�r�a�l� �t�r�e�n�d� �c�a�n� �b�e� �s�u�m�m�a�r�i�z�e�d� �a�s� �f�o�l�l�o�w�s� �[�1�3�,�1�4�,�1�9�,�2�0�]�;� 

�1�.� �i�n�c�r�e�a�s�i�n�g� �T�g� 

�C�h�a�p�t�e�r� �i�l�.� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �5�3



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

�3�.� �e�n�h�a�n�c�e�d� �a�d�h�e�s�i�v�e� �b�o�n�d� �s�t�r�e�n�g�t�h� �h�i�g�h� �t�e�m�p�e�r�a�t�u�r�e� �(�e�g�.� �2�0�4� �°�C�)� 

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

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

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

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

�a�t�u�r�e�s�.� 

�2�-�3�-�5� �S�c�r�i�m� �c�l�o�t�h� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� 

�I�n� �t�h�e� �a�d�h�e�s�i�o�n� �s�t�u�d�y� �o�f� �p�o�l�y�i�m�i�d�e�s�,� �s�c�r�i�m� �c�l�o�t�h� �(�1�1�2� �E� �g�l�a�s�s� �f�a�b�r�i�c�)� �h�a�s� �b�e�e�n� �w�i�d�e�l�y� �u�t�i�l�i�z�e�d� 

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

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

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

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

�s�y�s�t�e�m�a�t�i�c�a�l�l�y� �s�t�u�d�i�e�d� �y�e�t�.� 

�P�r�o�g�a�r� �a�n�d� �S�t�.� �C�l�a�i�r� �[�1�3�]� �s�h�o�w�e�d� �t�h�a�t� �t�h�e� �s�c�r�i�m� �c�l�o�t�h� �a�d�h�e�s�i�v�e� �o�f� �4�2�2� �p�o�l�y�i�m�i�d�e� �w�h�o�s�e� �T�g� �i�s� 

�2�0�3� �°�C� �e�x�h�i�b�i�t�e�d� �b�o�n�d� �s�t�r�e�n�g�t�h� �o�f� �1�5�.�6� �M�P�a� �a�t� �2�0�4� �°�C�.� �W�a�t�e�r� �s�o�l�u�b�l�e� �L�A�R�C�-�T�P�I� �p�o�l�y�(�a�m�i�c�-�a�c�i�d�)� 

�[�1�4�]� �w�h�o�s�e� �T�g� �i�s� �2�3�0� �°�C� �a�l�s�o� �s�h�o�w�e�d� �a� �s�i�m�i�l�a�r� �t�r�e�n�d�;� �1�8�.�5� �M�P�a� �o�f� �a�d�h�e�s�i�v�e� �b�o�n�d� �s�t�r�e�n�g�t�h� �a�t� 

�2�3�2� �°�C�,� �T�h�e� �a�d�h�e�s�i�v�e� �b�o�n�d� �s�t�r�e�n�g�t�h� �i�s� �v�e�r�y� �h�i�g�h� �e�v�e�n� �a�t� �a�r�o�u�n�d� �t�h�e� �T�g� �o�f� �t�h�e� �a�d�h�e�s�i�v�e�,� �w�h�i�c�h� 

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

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

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

�C�h�a�p�t�e�r� �I�l�.� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �5�4



�2�-�4� �C�o�m�p�o�s�i�t�e� �m�a�t�e�r�i�a�l�s� 

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

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

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

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

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

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

�H�u�l�l� �[�1�6�7�]� �m�i�g�h�t� �b�e� �a�p�p�r�o�p�r�i�a�t�e� �t�o� �g�i�v�e� �a� �b�r�i�e�f� �i�d�e�a� �o�f� �c�o�m�p�o�s�i�t�e� �m�a�t�e�r�i�a�l�s�.� 

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

�m�a�t�e�r�i�a�l�s� 

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

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

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

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

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

�b�i�l�e�s� �a�s� �w�e�l�l� �a�s� �f�o�r� �o�t�h�e�r� �a�p�p�l�i�c�a�t�i�o�n�s� �[�1�6�7�-�1�6�9�]�.� �T�h�e� �h�i�g�h� �s�p�e�c�i�f�i�c� �s�t�r�e�n�g�t�h� �a�n�d� �m�o�d�u�l�u�s� 

�(�F�i�g�u�r�e� �1�7�)� �a�n�d� �o�t�h�e�r� �a�d�v�a�n�t�a�g�e�s� �s�u�c�h� �a�s� �h�i�g�h� �c�o�r�r�o�s�i�o�n� �r�e�s�i�s�t�a�n�c�e� �a�n�d� �d�e�s�i�g�n� �f�l�e�x�i�b�i�l�i�t�i�e�s� 

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

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

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

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

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

�c�o�m�p�o�s�i�t�e�s�.� 

�C�h�a�p�t�e�r� �I�l�.� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �5�5



�C�o�m�p�o�-� �C�o�m�p�o�-� 

� � � � � � � � � � � � � � � � 

�S�t�e�e�l� �s�i�t�e�s� �i�t� �A�l� �C�o�m�p�o�-� �s�i�t�e�s� 

�Z� �N�]� �s�i�t�e�s� �a� �_� 
�w�o� �\� �S�t�e�e�l� 

�Y�e� �x� �.� 

�U�;� �o� �©� �S�t�e�e�l� �v� �S�t�e�e�l� �S�t�e�e�l� 
�a�)� �A�l� �E� �N�4�3� �A� �O�o� �1� �o�O� �|� �/� �3� �y� �8� �A�l� 

�A�N�n� �U�N�E� �V�N� �\� �N� �|� �|� �2�S� �A�N�I� �N� �|� 
�W�e�i�g�h�t� �T�h�e�r�m�a�l� �S�t�i�f�f�n�e�s�s� �S�t�r�e�n�g�t�h� �F�a�t�i�g�u�e� 

�e�x�p�a�n�s�i�o�n� �r�e�s�i�s�t�a�n�c�e� 
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�2�-�4�-�1� �F�i�b�e�r�s� 

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

�h�i�g�h� �s�t�r�e�n�g�t�h� �(�3�-�4�.�5� �G�P�a�)� �a�n�d� �v�e�r�y� �h�i�g�h� �s�t�i�f�f�n�e�s�s� �(� �8�0�-�5�5�0� �G�P�a�)� �c�o�u�p�l�e�d� �w�i�t�h� �a� �v�e�r�y� �l�o�w� �d�e�n�s�i�t�y� 

�(�1�.�4�4�-�2�.�7� �g�/�c�c�)� �a�r�e� �w�i�d�e�l�y� �u�t�i�l�i�z�e�d� �d�u�e� �t�o� �t�h�e� �f�a�c�t� �t�h�a�t� �f�i�b�r�o�u�s� �f�o�r�m�s� �a�r�e� �s�t�r�o�n�g�e�r� �a�n�d� �s�t�i�f�f�e�r� �t�h�a�n� 

�a�n�y� �o�t�h�e�r� �f�o�r�m�s� �s�u�c�h� �a�s� �a�s� �p�a�r�t�i�c�l�e�s�,� �f�l�a�k�e�s�,� �w�h�i�s�k�e�r� �a�n�d� �s�h�e�e�t�s� �[�1�6�9�]�.� �V�a�r�i�o�u�s� �f�o�r�m�s� �o�f� �g�l�a�s�s� 

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

�f�i�b�e�r� �d�e�v�e�l�o�p�e�d� �b�y� �D�u� �P�o�n�t� �i�n� �t�h�e� �1�9�6�0�s� �i�s� �m�u�c�h� �s�t�i�f�f�e�r� �a�n�d� �l�i�g�h�t�e�r� �t�h�a�n� �g�l�a�s�s� �f�i�b�e�r�.� �O�t�h�e�r� �h�i�g�h� 

�p�e�r�f�o�r�m�a�n�c�e� �f�i�b�e�r�s� �a�r�e� �b�o�r�o�n�,� �s�i�l�i�c�o�n� �c�a�r�b�i�d�e�,� �c�a�r�b�o�n�(�g�r�a�p�h�i�t�e�)� �a�n�d� �a�l�u�m�i�n�a� �[�1�6�7�,�1�6�8�]�.� �S�o�m�e� 

�c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �t�h�e�s�e� �f�i�b�e�r�s� �a�r�e� �l�i�s�t�e�d� �i�n� �T�a�b�l�e� �7�.� �C�a�r�b�o�n� �f�i�b�e�r�s� �o�f� �e�x�t�r�e�m�e�l�y� �h�i�g�h� �m�o�d�u�l�u�s� 

�c�a�n� �b�e� �m�a�d�e� �b�y� �c�a�r�b�o�n�i�z�a�t�i�o�n� �o�f� �o�r�g�a�n�i�c� �p�r�e�c�u�r�s�o�r� �f�i�b�e�r�s� �a�t� �2�0�0�-�3�0�0� �°�C� �f�o�l�l�o�w�e�d� �b�y� 

�g�r�a�p�h�i�t�i�z�a�t�i�o�n� �a�t� �1�0�0�0�-�2�5�0�0� �°�C� �[�1�7�0�-�1�7�2�]�.� �T�h�e� �m�o�s�t� �c�o�m�m�o�n�l�y� �u�s�e�d� �p�r�e�c�u�r�s�o�r� �f�i�b�e�r� �i�s� 

�p�o�l�y�a�c�r�o�n�i�t�r�i�l�e� �(�P�A�N�)� �w�h�i�c�h� �w�a�s� �f�i�r�s�t� �i�n�t�r�o�d�u�c�e�d� �b�y� �S�h�i�n�d�o� �i�n� �1�9�6�1� �[�1�7�3�]�.� 

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

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

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

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

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

�a�r�e� �e�x�p�e�n�s�i�v�e�.� 

�2�-�4�-�2� �M�a�t�r�i�x� �r�e�s�i�n�s� 

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

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

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

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

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

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

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

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

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

�o�f� �a�p�p�l�i�c�a�t�i�o�n�s� �[�3�,�1�7�5�]�.� �R�e�c�e�n�t�l�y�,� �t�h�e�r�e� �h�a�s� �b�e�e�n� �a�n� �i�n�c�r�e�a�s�i�n�g� �i�n�t�e�r�e�s�t� �i�n� �t�h�e�r�m�o�p�l�a�s�t�i�c� 

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

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

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

�b�l�y� �s�e�m�i�c�r�y�s�t�a�l�l�i�n�i�t�y�,� �w�h�i�c�h� �a�l�l�o�w�s� �f�o�r� �g�o�o�d� �s�o�l�v�e�n�t� �r�e�s�i�s�t�a�n�c�e� �[�1�1�7�]�.� 

�2�-�4�-�3� �F�a�b�r�i�c�a�t�i�o�n� 

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

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

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

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

�s�o�m�e�t�i�m�e�s� �c�l�a�s�s�i�f�i�e�d� �i�n�t�o� �t�w�o� �g�r�o�u�p�s�,� �n�a�m�e�l�y� �o�p�e�n� �m�o�l�d� �a�n�d� �c�l�o�s�e�d� �m�o�l�d� �p�r�o�c�e�s�s� �[�1�6�7�]�.� �T�h�e� 

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

�p�r�o�c�e�s�s�.� �S�e�v�e�r�a�l� �m�a�n�u�f�a�c�t�u�r�i�n�g� �r�o�u�t�e�s� �a�r�e� �l�i�s�t�e�d� �i�n� �T�a�b�l�e� �9�.� 

�C�h�a�p�t�e�r� �I�l�.� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �6�0



�T�a�b�l�e� �9�.� �C�o�m�p�o�s�i�t�e� �f�a�b�r�i�c�a�t�i�o�n� �r�o�u�t�e�s� �[�1�6�7�]� 

�O�p�e�n� �M�o�l�d� �P�r�o�c�e�s�s� 
�1�.� �H�a�n�d� �L�a�y�-�u�p� 
�2�.� �S�p�r�a�y�-�u�p� 
�3�.� �V�a�c�u�u�m� �b�a�g�,� �p�r�e�s�s�u�r�e� �b�a�g�,� �a�u�t�o�c�l�a�v�e� 
�4�,� �F�i�l�a�m�e�n�t� �w�i�n�d�i�n�g� 
�5�.� �C�e�n�t�r�i�f�u�g�a�l� �c�a�s�t�i�n�g� 

�C�l�o�s�e�d� �M�o�l�d� �P�r�o�c�e�s�s� 
�1�.� �H�o�t� �p�r�e�s�s�,� �c�o�m�p�r�e�s�s�i�o�n� �m�o�u�l�d�i�n�g� 
�2�.� �I�n�j�e�c�t�i�o�n�,� �t�r�a�n�s�f�e�r� �m�o�u�l�d�i�n�g� 
�3�.� �P�u�l�t�r�u�s�i�o�n� 
�4�.� �C�o�l�d� �p�r�e�s�s� �m�o�u�l�d�i�n�g� 
�5�.� �R�e�s�i�n� �i�n�j�e�c�t�i�o�n� 
�6�.� �R�e�i�n�f�o�r�c�e�d� �r�e�a�c�t�i�o�n� �i�n�j�e�c�t�i�o�n� �m�o�u�l�d�i�n�g� 

�C�h�a�p�t�e�r� �I�l�.� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� 
�6�1



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

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

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

�t�e�n�t�i�a�l� �t�o� �e�l�i�m�i�n�a�t�e� �t�h�e� �m�e�l�t�i�n�g� �o�r� �p�r�e�p�a�r�i�n�g� �t�h�e� �s�o�l�u�t�i�o�n� �o�f� �t�h�e�r�m�o�p�l�a�s�t�i�c� �r�e�s�i�n�s� �[�1�6�5�,�1�6�6�]�.� 

�A�m�o�n�g� �t�h�e� �p�r�o�c�e�s�s�i�n�g� �r�o�u�t�e�s�,� �r�e�s�i�n� �t�r�a�n�s�f�e�r� �m�o�l�d�i�n�g� �(�R�T�M�)� �a�l�s�o� �s�h�o�w�s� �g�r�e�a�t� �p�o�t�e�n�t�i�a�l� �i�n� �r�e�-� 

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

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

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

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

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

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

�2�-�4�-�4� �S�u�r�f�a�c�e� �t�r�e�a�t�m�e�n�t� �o�f� �c�o�m�p�o�s�i�t�e� �m�a�t�e�r�i�a�l�s� 

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

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

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

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

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

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

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

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

�C�h�a�p�t�e�r� �I�l�.� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �6�2



�2�-�4�-�4�-�1� �S�o�l�v�e�n�t� �c�l�e�a�n�i�n�g� 

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

�p�r�o�c�e�s�s� �o�r� �s�u�p�p�o�r�t�i�v�e� �p�r�o�c�e�s�s�.� �W�i�d�e�l�y� �u�s�e�d� �s�o�l�v�e�n�t�s� �a�r�e� �M�e�t�h�y�l� �e�t�h�y�l� �k�e�t�o�n�e� �(�M�E�K�)� �f�o�r� 

�P�E�E�K�®� �c�o�m�p�o�s�i�t�e� �[�2�9�,�3�0�,�1�7�6�]�,� �a�n�d� �s�u�l�f�u�r�i�c� �a�c�i�d� �a�n�d� �m�e�t�h�a�n�o�l� �f�o�r� �L�A�R�C�-�1�6�0� �c�o�m�p�o�s�i�t�e� �[�1�2�7�]�.� 

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

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

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

�2�-�4�-�4�-�2� �G�r�i�t� �b�l�a�s�t�i�n�g� 

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

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

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

�v�e�r�y� �r�o�u�g�h� �s�u�r�f�a�c�e�.� �W�u� �[�1�7�7�]� �h�a�s� �r�e�p�o�r�t�e�d� �t�h�a�t� �g�r�i�t� �b�l�a�s�t�i�n�g� �d�i�d� �n�o�t� �i�m�p�r�o�v�e� �t�h�e� �a�d�h�e�s�i�v�e� �b�o�n�d� 

�s�t�r�e�n�g�t�h� �o�f� �P�E�E�K�®� �-�g�r�a�p�h�i�t�e� �c�o�m�p�o�s�i�t�e�,� �w�h�i�l�e� �M�o�y�e�r� �[�2�7�]� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �i�t� �e�n�h�a�n�c�e�d� �a�d�h�e�s�i�v�e� 

�b�o�n�d� �s�t�r�e�n�g�t�h� �a�s� �w�e�l�l� �a�s� �w�e�t�t�a�b�i�l�i�t�y� �o�f� �L�A�R�C�-�1�6�0� �c�o�m�p�o�s�i�t�e�.� �T�h�e� �f�o�r�m�e�r� �r�e�s�u�l�t� �m�i�g�h�t� �b�e� �d�u�e� 

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

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

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

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

�2�-�4�-�4�-�3� �P�l�a�s�m�a� �t�r�e�a�t�m�e�n�t� 

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

�p�r�o�v�e� �b�o�t�h� �t�h�e� �w�e�t�t�a�b�i�l�i�t�y� �a�n�d� �b�o�n�d�a�b�i�l�i�t�y� �o�f� �m�a�n�y� �p�o�l�y�m�e�r�s� �[�2�3�-�2�5�]�,� �p�o�l�y�m�e�r�i�c� �c�o�m�p�o�s�i�t�e�s� 

�[�2�1�,�2�7�,�2�9�,�3�0�,�1�7�6�,�1�7�7�]� �a�n�d� �e�v�e�n� �m�e�t�a�l�s� �[�1�7�8�]�.� �A� �c�o�m�p�r�e�h�e�n�s�i�v�e� �r�e�v�i�e�w� �o�f� �p�l�a�s�m�a� �t�r�e�a�t�m�e�n�t� �h�a�s� 

�C�h�a�p�t�e�r� �i�l�.� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �6�3



�a�l�s�o� �b�e�e�n� �p�u�b�l�i�s�h�e�d� �[�2�6�]�.� �B�y� �d�e�f�i�n�i�t�i�o�n�,� �p�l�a�s�m�a� �i�s� �a�n� �i�o�n�i�z�e�d� �g�a�s� �t�h�a�t� �i�s� �s�p�a�t�i�a�l�l�y� �n�e�u�t�r�a�l� �a�n�d� 

�w�h�i�c�h� �c�o�n�s�i�s�t�s� �o�f� �r�a�d�i�c�a�l�s�,� �e�x�c�i�t�e�d� �m�o�l�e�c�u�l�e�s� �a�n�d� �a�t�o�m�s�,� �i�o�n�s� �a�n�d� �e�l�e�c�t�r�o�n�s� �[�2�6�,�1�7�9�]�.� �P�l�a�s�m�a� 

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

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

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

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

�(�0�.�1�-�1� �t�o�r�r�)� �a�n�d� �a�p�p�l�i�e�d� �f�o�r�c�e� �(�e�g�.� �r�a�d�i�o� �f�r�e�q�u�e�n�c�y�)�.� �O�n� �t�h�e� �o�t�h�e�r� �h�a�n�d�,� �h�y�b�r�i�d� �p�l�a�s�m�a�s� �a�r�e� 

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

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

�c�h�e�m�i�s�t�r�y� �[�1�7�9�]�.� �T�h�e� �s�u�r�f�a�c�e� �f�r�e�e� �r�a�d�i�c�a�l�s� �a�r�e� �c�r�e�a�t�e�d� �e�i�t�h�e�r� �b�y� �d�i�r�e�c�t� �a�t�t�a�c�k� �o�f� �g�a�s�-�p�h�a�s�e� �f�r�e�e� 

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

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

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

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

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

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

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

�n�u�m�b�e�r� �o�f� �s�t�u�d�i�e�s� �[�1�8�0�-�1�8�1�]� �h�a�v�e� �d�e�m�o�n�s�t�r�a�t�e�d� �t�h�a�t� �p�l�a�s�m�a� �t�r�e�a�t�m�e�n�t� �i�m�p�r�o�v�e�d� �w�e�t�t�a�b�i�l�i�t�y� 

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

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

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

�2�-�4�-�5� �J�o�i�n�i�n�g� �t�e�c�h�n�i�q�u�e�s� �f�o�r� �c�o�m�p�o�s�i�t�e�s� 

�I�n� �t�h�e� �j�o�i�n�i�n�g� �o�f� �c�o�m�p�o�s�i�t�e� �m�a�t�e�r�i�a�l�s�,� �a�d�h�e�s�i�v�e� �b�o�n�d�i�n�g� �[�1�8�2�,�1�8�3�]� �a�n�d� �m�e�c�h�a�n�i�c�a�l� �f�a�s�t�e�n�i�n�g� 

�h�a�v�e� �b�e�e�n� �w�i�d�e�l�y� �u�t�i�l�i�z�e�d� �[�1�8�2�-�1�8�4�]�.� �A�t�t�e�n�t�i�o�n� �h�a�s� �b�e�e�n� �f�o�c�u�s�s�e�d� �r�e�c�e�n�t�l�y�,� �h�o�w�e�v�e�r�,� �t�o� �l�o�c�a�l�-� 

�C�h�a�p�t�e�r� �I�l�.� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �6�4



�i�z�e�d� �w�e�l�d�i�n�g� �o�f� �t�h�e�r�m�o�p�l�a�s�t�i�c� �p�o�l�y�m�e�r� �m�a�t�r�i�x� �c�o�m�p�o�s�i�t�e�s� �[�2�1�,�1�8�5�]�.� �A�d�h�e�s�i�v�e� �b�o�n�d�i�n�g� �h�a�s� �t�h�e� 

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

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

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

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

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

�2�-�4�-�5�-�1� �A�d�h�e�s�i�v�e� �b�o�n�d�i�n�g� 

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

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

�f�a�s�t�e�n�i�n�g� �d�e�s�p�i�t�e� �i�t�s� �d�r�a�w�b�a�c�k�s� �[�2�6�,�1�7�9�]�.� �A�d�h�e�s�i�v�e� �j�o�i�n�t�s� �h�a�v�e� �u�n�i�f�o�r�m� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �a�p�p�l�i�e�d� 

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

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

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

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

�2�-�4�-�5�-�2� �W�e�l�d�i�n�g� 

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

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

�t�h�e�y� �a�r�e� �w�e�l�d�a�b�l�e� �[�1�8�5�-�1�8�7�]�.� �D�e�p�e�n�d�i�n�g� �o�n� �h�o�w� �t�h�e� �h�e�a�t� �i�s� �s�u�p�p�l�i�e�d�,� �w�e�l�d�i�n�g� �c�a�n� �b�e� �b�r�o�a�d�l�y� 

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

�i�n�f�r�a�r�e�d� �w�e�l�d�i�n�g�)�;� �2�)�.� �f�r�i�c�t�i�o�n� �w�e�l�d�i�n�g� �(�s�p�i�n� �w�e�l�d�i�n�g�,� �a�n�g�u�l�a�r� �v�i�b�r�a�t�i�o�n� �w�e�l�d�i�n�g�,� �o�r�b�i�t�a�l� �w�e�l�d�i�n�g�,� 

�v�i�b�r�a�t�i�o�n� �w�e�l�d�i�n�g� �a�n�d� �u�l�t�r�a�s�o�n�i�c� �w�e�l�d�i�n�g�)�;� �3�)�.� �e�l�e�c�t�r�o�m�a�g�n�e�t�i�c� �b�o�n�d�i�n�g� �(�r�e�s�i�s�t�a�n�c�e�(�i�m�p�l�a�n�t�)� 

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

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

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

�(�T�g�,� �T�m�,� �e�t�c�.�)� 

�2�-�5� �T�i�t�a�n�i�u�m� �a�l�l�o�y� �a�d�h�e�r�e�n�d� 

�2�-�5�-�1� �T�i�t�a�n�i�u�m� �a�n�d� �i�t�s� �a�l�l�o�y�s� 

�T�i�t�a�n�i�u�m� �i�s� �n�i�n�t�h� �m�o�s�t� �a�b�u�n�d�a�n�t� �e�l�e�m�e�n�t� �(�0�.�6�%�)� �o�f� �t�h�e� �e�a�r�t�h ��s� �c�r�u�s�t� �i�n� �t�h�e� �f�o�r�m� �o�f� �i�l�m�e�n�i�t�e� �(� 

�F�e�O�  �� �T�i�O�,�)�,� �r�u�t�i�l�e� �(�T�i�O�,�)� �a�n�d� �o�t�h�e�r�s� �[�1�8�8�]�.� �T�i�t�a�n�i�u�m� �a�n�d� �i�t�s� �a�l�l�o�y�s� �a�r�e� �v�e�r�y� �v�a�l�u�a�b�l�e� �m�a�t�e�r�i�a�l�s� 

�i�n� �a�d�v�a�n�c�e�d� �a�i�r�c�r�a�f�t�,� �m�i�l�i�t�a�r�y� �a�n�d� �n�u�c�l�e�a�r� �p�o�w�e�r� �p�l�a�n�t� �a�p�p�l�i�c�a�t�i�o�n�s� �[�1�8�9�]� �d�u�e� �t�o� �t�h�e� �s�o�m�e� 

�o�u�t�s�t�a�n�d�i�n�g� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �s�u�c�h� �a�s� �a� �r�e�l�a�t�i�v�e�l�y� �l�o�w� �d�e�n�s�i�t�y� �(�4�.�5�0�7� �g�/�c�c� �f�o�r� �a� �a�n�d� �4�.�3�5� �g�/�c�c� �f�o�r� 

�B� �a�t� �2�0� �°�C�)�,� �h�i�g�h� �m�e�l�t�i�n�g� �p�o�i�n�t� �(�1�6�6�8� �°�C�,� �e�s�t�i�m�a�t�e�d� �b�o�i�l�i�n�g� �p�o�i�n�t�-�3�2�6�0� �°�C�)� �a�n�d� �g�o�o�d� �c�o�r�r�o�s�i�o�n� 

�r�e�s�i�s�t�a�n�c�e� �[�1�8�8�,�1�9�0�,�1�9�1�]�.� �B�e�c�a�u�s�e� �o�f� �i�t�s� �h�i�g�h� �c�o�s�t�,� �i�t� �i�s� �c�o�m�m�o�n�l�y� �u�s�e�d� �o�n�l�y� �w�h�e�r�e� �n�o� �o�t�h�e�r� 

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

�a�r�e� �l�i�s�t�e�d� �i�n� �T�a�b�l�e� �1�0�.� 

�T�i�t�a�n�i�u�m� �h�a�s� �t�w�o� �c�r�y�s�t�a�l�l�i�n�e� �s�t�r�u�c�t�u�r�e�s�;� �a�-�p�h�a�s�e� �b�e�l�o�w� �8�8�2�.�5� �°�C� �a�n�d� �8�-�p�h�a�s�e� �a�b�o�v�e� �t�h�a�t� 

�[�1�9�0�,�1�9�1�]�.� �T�h�e� �«�-�p�h�a�s�e�,� �c�l�o�s�e�-�p�a�c�k�e�d� �h�e�x�a�g�o�n�a�l� �s�t�r�u�c�t�u�r�e�,� �h�a�s� �h�i�g�h� �s�t�r�e�n�g�t�h�,� �h�i�g�h� �t�o�u�g�h�n�e�s�s�,� 

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

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

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

�t�i�t�a�n�i�u�m� �a�l�l�o�y�s� �h�a�v�e� �b�e�e�n� �p�r�e�p�a�r�e�d� �[�1�9�1�]�.� �T�i�-�6�A�I�-�4�V� �a�l�l�o�y� �h�a�s� �a� �m�i�x�e�d� �p�h�a�s�e� �o�f� �a� �a�n�d� �f� �o�v�e�r� 

�a� �w�i�d�e� �r�a�n�g�e� �o�f� �t�e�m�p�e�r�a�t�u�r�e�s�.� �V�a�n�a�d�i�u�m� �w�a�s� �a�d�d�e�d� �t�o� �p�r�o�d�u�c�e� �t�h�e� �8�-�p�h�a�s�e� �a�t� �l�o�w� �t�e�m�p�e�r�-� 

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

�a�n�d� �a�l�s�o� �t�o� �s�t�r�e�n�g�t�h�e�n� �t�h�e� �a�-�p�h�a�s�e� �b�y� �s�o�l�i�d� �s�o�l�u�t�i�o�n�.� �T�h�e� �«�-�f� �a�l�l�o�y�s� �s�h�o�w� �g�o�o�d� �f�a�b�r�i�c�a�t�i�o�n� 
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�T�a�b�l�e� �1�0�.� �M�e�c�h�a�n�i�c�a�l� �p�r�o�p�e�r�t�i�e�s� �o�f� �s�e�l�e�c�t�e�d� �m�e�t�a�l�s� �[�1�6�8�]� 

� � 

� � 

�E� �:� �G�o�,� �O�m�a�x� �K�,�,� 
�(�G�P�a�)� �(�M�P�a�)� �(�M�P�a�)� �(�M�P�a� �m�'�?�)� 

�P�u�r�e� �(�d�u�c�t�i�l�e�}� �m�e�t�a�l�s� 

�A�l�u�m�t�n�u�m� �7�0� �4�0� �2�0�0� �1�0�0� 
�C�o�p�p�e�r� �1�2�0� �6�0� �°� �4�0�0� �t�o� 
�N�i�c�k�e�l� �2�1�0� �7�0� �4�0�0� �3�5�0� 

�T�i�-�6�A�1�-�4�V� �1�1�0� �9�0�0� �1�0�0�0� �1�2�0� 
�A�l�u�m�i�n�u�m� �a�l�l�o�y�s� 

�(�h�i�g�h� �s�t�r�e�n�g�t�h� 
�l�o�w� �s�t�r�e�n�g�t�h�)� �7�0� �1�0�0�-� �3�8�0� �2�5�0�-�4�8�0� �2�3�-�4�0� 

�P�l�a�i�n� �c�a�r�b�o�n� �s�t�e�e�l� �2�1�0� �2�5�0� �4�2�0� �1�4�0� 
�S�t�a�i�n�l�e�s�s� �s�t�e�e�l� �(�3�0�4�)� �1�9�5� �2�4�0� �3�6�5� �2�0�0� 
� � 
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�c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�,� �h�i�g�h� �s�t�r�e�n�g�t�h� �a�t� �a�m�b�i�e�n�t� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �m�o�d�e�r�a�t�e� �s�t�r�e�n�g�t�h� �a�t� �e�l�e�v�a�t�e�d� 

�t�e�m�p�e�r�a�t�u�r�e� �s�t�r�e�n�g�t�h�,� �r�e�s�u�l�t�i�n�g� �i�n� �e�x�c�e�l�l�e�n�t� �m�a�t�e�r�i�a�l�s� �f�o�r� �a�e�r�o�s�p�a�c�e� �a�p�p�l�i�c�a�t�i�o�n�s� �[�1�9�2�]�.� 

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

�o�f� �i�t�s� �h�i�g�h� �r�e�a�c�t�i�v�i�t�y�.� �T�h�e�r�e� �a�r�e� �t�h�r�e�e� �o�x�i�d�e� �f�o�r�m�s�;� �r�u�t�i�l�e�,� �b�r�o�o�k�i�t�e� �a�n�d� �a�n�a�t�a�s� �[�1�8�5�}�.� �A�m�o�n�g� 

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

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

�[�1�9�4�]�.� 

�2�-�5�-�2� �S�u�r�f�a�c�e� �t�r�e�a�t�m�e�n�t� �o�f� �t�i�t�a�n�i�u�m� �a�l�l�o�y�s� 

�E�v�e�r� �s�i�n�c�e� �a�n� �a�l�k�a�l�i�n�e� �h�y�d�r�o�g�e�n� �p�e�r�o�x�i�d�e� �e�t�c�h� �(�A�H�P�)� �w�a�s� �d�e�v�e�l�o�p�e�d� �i�n� �e�a�r�l�y� �1�9�7�0�s� �[�1�9�3�]�,� �a� 

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

�h�e�s�i�v�e� �b�o�n�d�s� �e�v�e�n� �i�n� �h�o�t�/�h�u�m�i�d� �c�o�n�d�i�t�i�o�n�s� �[�1�9�4�]�.� �T�h�e� �v�a�r�i�o�u�s� �s�u�r�f�a�c�e� �p�r�e�p�a�r�a�t�i�o�n� �t�e�c�h�n�i�q�u�e�s� 

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

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

�a�n�d� �e�l�e�c�t�r�o�c�h�e�m�i�c�a�l�.� �T�a�b�l�e� �1�1� �l�i�s�t�s� �t�h�e� �p�r�o�c�e�s�s� �a�c�c�o�r�d�i�n�g� �t�o� �t�h�i�s� �c�l�a�s�s�i�f�i�c�a�t�i�o�n� �[�1�9�4�]�.� �A�m�o�n�g� 

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

�m�o�s�t� �c�o�m�m�o�n� �p�r�o�c�e�s�s�e�s� �a�r�e� �c�h�r�o�m�i�c� �a�c�i�d� �a�n�o�d�i�z�a�t�i�o�n� �(�C�A�A�)� �a�n�d� �s�o�d�i�u�m� �h�y�d�r�o�x�i�d�e� 

�a�n�o�d�i�z�a�t�i�o�n� �(�S�H�A�)�.� �R�e�c�e�n�t�l�y�,� �p�l�a�s�m�a�-�s�p�r�a�y� �t�e�c�h�n�i�q�u�e�s� �h�a�v�e� �b�e�e�n� �i�n�t�r�o�d�u�c�e�d� �a�n�d� �e�x�h�i�b�i�t�e�d� 

�g�r�e�a�t� �p�o�t�e�n�t�i�a�l� �[�1�9�5�]�.� 

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

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

�{�1�9�6�-�2�0�4�]�.� �T�h�e� �a�n�o�d�i�z�a�t�i�o�n� �g�e�n�e�r�a�l�l�y� �y�i�e�l�d� �r�a�t�h�e�r� �t�h�i�c�k� �o�x�i�d�e�s� �(�a� �f�e�w� �h�u�n�d�r�e�d� �a�n�g�s�t�r�o�m�s�)�.� �A� 

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

�(�l�e�s�s� �t�h�a�n� �1�0�0� �a�n�s�t�r�o�m�)�.� �P�a�s�a� �J�e�l�l�!�l�,� �w�h�i�c�h� �w�a�s� �i�n�t�r�o�d�u�c�e�d� �i�n� �t�h�e� �e�a�r�l�y� �1�9�7�0�s�,� �h�a�s� �b�e�e�n� �w�i�d�e�l�y� 

�u�t�i�l�i�z�e�d� �a�s� �a� �r�e�f�e�r�e�n�c�e� �t�e�c�h�n�i�q�u�e�.� �A�c�c�o�r�d�i�n�g� �t�o� �P�r�o�g�e�r� �[�2�0�1�]�,� �t�h�e� �t�h�i�n� �o�x�i�d�e� �s�e�e�m�s� �t�o� �p�r�o�v�i�d�e� 

�C�h�a�p�t�e�r� �I�!�.� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �6�8



�T�a�b�l�e� �1�1�.� �C�l�a�s�s�i�f�i�c�a�t�i�o�n� �o�f� �s�u�r�f�a�c�e� �p�r�e�t�r�e�a�t�m�e�n�t� �f�o�r� �a�d�h�e�s�i�v�e� �b�o�n�d�i�n�g� �o�f� �T�i�t�a�n�i�u�m� �[�3�5�]� 

� � 

� � 

� � 

�C�l�a�s�s�i�f�i�c�a�t�i�o�n� �P�r�o�c�e�s�s� �R�e�s�u�l�t�s� 
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�C�h�e�m�i�c�a�l� �A�l�k�a�l�i�n�e� �c�l�e�a�n�e�r�s� �P�o�o�r� �P�o�o�r� 
�T�U�R�C�O� �5�5�7�8� �A�d�e�q�u�a�t�e� �A�d�e�q�u�a�t�e� 
�N�i�t�r�i�c�-�h�y�d�r�o�f�l�u�o�n�c� �a�c�i�d� �e�t�c�h� �A�d�e�q�u�a�t�e� �P�o�o�r� 

�P�h�o�s�p�h�a�t�e�~�f�l�u�o�r�i�d�e� �A�d�e�q�u�a�t�e� �P�o�o�r� 
�M�o�d�i�f�i�e�d� �p�h�o�s�p�h�a�t�e�~�f�l�u�o�r�i�d�e� �A�d�e�q�u�a�t�e� �S�l�i�g�h�t�l�y� 
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�P�a�s�a� �J�e�l�l� �1�0�7� �A�d�e�q�u�a�t�e� �A�d�e�q�u�a�t�e� 
�A�l�k�a�l�i�n�e�-�p�e�r�o�x�i�d�e� �e�t�c�h� �G�o�o�d� �G�o�o�d� 
�A�c�t�i�v�a�t�e�d� �c�h�e�m�i�c�a�l� �o�x�i�d�a�t�i�o�n� �G�o�o�d� �G�o�o�d� 

�M�e�c�h�a�n�i�c�o�-�c�h�e�m�i�c�a�l� �V�A�S�T� �p�r�o�c�e�s�s� �G�o�o�d� �P�o�o�r� 

�E�l�e�c�t�r�o�c�h�e�m�i�c�a�l� �A�n�o�d�i�s�i�n�g� �i�n� �c�h�r�o�m�i�c� �a�c�i�d�-� �G�o�o�d� �G�o�o�d� 
�f�l�u�o�r�i�d�e� �m�i�x�t�u�r�e� 

�A�n�o�d�i�s�i�n�g� �i�n� �a�l�k�a�l�i�n�e�-�p�e�r�o�x�i�d�e� �G�o�o�d� �G�o�o�d� 
�s�o�l�u�t�i�o�n�s� 

�C�a�t�h�o�d�i�c� �d�e�p�o�s�i�t�i�o�n� �f�r�o�m� �a�o�n�-� �A�d�e�q�u�a�t�e� �A�d�e�q�u�a�t�e� 
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� � 

�C�h�a�p�t�e�r� �I�l�.� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w



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

�a�t� �h�i�g�h� �t�e�m�p�e�r�a�t�u�r�e�s� �(�e�g�.� �2�3�2� �°�C�)�.� 

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

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

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

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

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

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

�f�a�c�e� �m�o�d�i�f�i�c�a�t�i�o�n�s�.� �H�o�w�e�v�e�r�,� �A�l�l�e�n� �a�n�d� �c�o�-�w�o�r�k�e�r�s� �[�1�9�3�,�2�0�5�]�,� �a�n�d� �M�a�t�z� �[�2�0�6�}� �h�a�v�e� �r�e�p�o�r�t�e�d� 

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

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

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

�r�e�s�u�l�t�i�n�g� �i�n� �r�e�d�u�c�e�d� �d�u�r�a�b�i�l�i�t�y� �[�1�9�4�,�2�0�7�]�.� �T�h�u�s�,� �i�t� �i�s� �b�e�l�i�e�v�e�d� �t�h�a�t� �r�u�t�i�l�e� �i�s� �t�h�e� �b�e�s�t� �f�o�r� 

�h�o�t�/�h�u�m�i�d� �c�o�n�d�i�t�i�o�n�s� �[�2�0�4�]�.� 

�2�-�5�-�3� �J�o�i�n�i�n�g� �o�f� �t�i�t�a�n�i�u�m� �a�l�l�o�y�s� 

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

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

�t�e�n�i�n�g� �d�u�e� �t�o� �i�t�s� �h�i�g�h� �s�t�r�e�n�g�t�h� �a�n�d� �h�i�g�h� �e�l�e�c�t�r�o� �p�o�t�e�n�t�i�a�l� �[�1�9�1�]�.� �I�f� �t�i�t�a�n�i�u�m� �i�s� �c�o�u�p�l�e�d� �w�i�t�h� �l�e�s�s� 

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

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

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

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

�f�r�i�c�t�i�o�n� �e�s�p�e�c�i�a�l�l�y� �i�n� �s�u�p�e�r�s�o�n�i�c� �a�i�r�c�r�a�f�t� �(�2�0�8� �|�.� 

�C�h�a�p�t�e�r� �I�l�.� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �7�0



�C�h�a�p�t�e�r� �I�l�l�.� �E�x�p�e�r�i�m�e�n�t�a�l� 

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

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

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

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

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

�U�i�t�e�m�®� �1�0�0�0� �h�a�s� �o�f�f�e�r�e�d� �a� �n�e�w� �a�v�e�n�u�e� �f�o�r� �m�a�t�e�r�i�a�l� �d�e�v�e�l�o�p�m�e�n�t�.� �i�n� �o�u�r� �l�a�b�o�r�a�t�o�r�y� �e�v�e�n� 

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

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

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

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

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

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

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

�p�o�l�y�(�{�i�m�i�d�e�-�s�i�l�o�x�a�n�e�)� �s�e�g�m�e�n�t�e�d� �c�o�p�o�l�y�m�e�r�s� �p�r�e�p�a�r�e�d� �v�i�a� �n�e�w� �t�e�c�h�n�i�q�u�e�s� �d�e�v�e�l�o�p�e�d� �i�n� �o�u�r� 

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

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

�T�i�-�6�A�I�-�4�V� �a�l�l�o�y� �a�n�d� �P�E�E�K�®�-�g�r�a�p�h�i�t�e� �c�o�m�p�o�s�i�t�e� �a�d�h�e�r�e�n�d�s�.� �T�h�e� �a�d�h�e�s�i�v�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �w�e�r�e� 

�C�h�a�p�t�e�r� �I�l�l�.� �E�x�p�e�r�i�m�e�n�t�a�l� �7�1



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

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

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

�P�E�E�K�®�-�g�r�a�p�h�i�t�e� �c�o�m�p�o�s�i�t�e�s� �o�n� �a�d�h�e�s�i�v�e� �b�o�n�d� �s�t�r�e�n�g�t�h� �w�a�s� �a�l�s�o� �i�n�v�e�s�t�i�g�a�t�e�d�.� �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�o�l�y�i�m�i�d�e� �h�o�m�o�p�o�l�y�m�e�r�s� �a�n�d� �p�o�l�y�(�i�m�i�d�e�-�s�i�l�o�x�a�n�e�)� �s�e�g�m�e�n�t�e�d� �c�o�p�o�l�y�m�e�r�s� 

�w�e�r�e� �s�t�u�d�i�e�d� �v�i�a� �s�t�r�e�s�s� �-�s�t�r�a�i�n� �m�e�a�s�u�r�e�m�e�n�t�s� �a�n�d� �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�.� �F�i�n�a�l�l�y�,� �t�h�e� 

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

�S�p�e�c�t�r�o�s�c�o�p�y� �(�X�P�S�)�,� �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� �(�S�E�M�)� �a�n�d� �c�o�n�t�a�c�t� �a�n�g�l�e� �m�e�a�s�u�r�e�m�e�n�t�.� 

�3�-�1� �S�y�n�t�h�e�s�i�s� �a�n�d� �c�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �o�f� �p�o�l�y�i�m�i�d�e� �h�o�m�o�p�o�l�y�m�e�r�s� �a�n�d� 

�s�e�g�m�e�n�t�e�d� �c�o�p�o�l�y�m�e�r�s� 

�3�-�1�-�1� �R�e�a�g�e�n�t�s� �a�n�d� �s�o�l�v�e�n�t�s� 

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

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

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

�d�i�a�n�h�y�d�r�i�d�e�s� �h�a�v�e� �b�e�e�n� �d�e�v�e�l�o�p�e�d� �[�2�0�9�]� �a�n�d� �s�o�m�e� �o�f� �t�h�e�m� �a�r�e� �c�o�m�m�e�r�c�i�a�l�l�y� �a�v�a�i�l�a�b�l�e�.� �I�n� �t�h�i�s� 

�r�e�s�e�a�r�c�h�,� �3�,�3 �� �a�n�d� �4�,�4 �� �d�i�a�m�i�n�o�-�d�i�p�h�e�n�y�l�-�s�u�l�f�o�n�e� �(�m�-� �a�n�d� �p�-�D�D�S�)� �a�n�d� �4�,�4 �� �p�h�e�n�y�l�e�n�e� �d�i�a�m�i�n�e� 

�(�p�-�P�D�)� �w�e�r�e� �c�h�o�s�e�n� �a�s� �d�i�a�m�i�n�e� �m�o�i�e�t�i�e�s�,� �a�n�d� �3�,�3 ��,�4�,�4 ��-�b�e�n�z�o�p�h�e�n�o�n�e� �t�e�t�r�a�c�a�r�b�o�x�y�l�i�c� 

�d�i�a�n�h�y�d�r�i�d�e� �(�B�T�D�A�)� �a�n�d� �h�e�x�a�-�f�l�u�o�r�o� �d�i�a�n�h�y�d�r�i�d�e� �(�6�F�D�A�)� �a�s� �d�i�a�n�h�y�d�r�i�d�e�s� �a�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� 

�1�8�.� �A�d�d�i�t�i�o�n�a�l�l�y�,� �«�-�w�-�a�m�i�n�o�p�r�o�p�y�l� �t�e�r�m�i�n�a�t�e�d� �p�o�l�y�(�d�i�m�e�t�h�y�l�-�s�i�l�o�x�a�n�e�)� �(�P�D�M�S�)� �o�l�i�g�o�m�e�r�s� �w�e�r�e� 

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

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

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

�C�h�a�p�t�e�r� �I�l�l�.� �E�x�p�e�r�i�m�e�n�t�a�l� �7�2



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

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

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

�D�u�e� �t�o� �t�h�e� �h�i�g�h�l�y� �p�o�l�a�r� �n�a�t�u�r�e� �o�f� �m�o�n�o�m�e�r�s�,� �N�-�m�e�t�h�y�l�-� �p�y�r�o�l�l�i�d�i�n�o�n�e�(�N�M�P�)� �w�a�s� �e�x�c�l�u�s�i�v�e�l�y� 

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

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

�t�i�o�n�a�l� �s�o�l�v�e�n�t�s�,� �s�u�c�h� �a�s� �c�y�c�h�l�o�h�e�x�y�l�-�p�y�r�o�l�l�i�d�i�n�o�n�e� �(�C�H�P�)� �o�r� �d�i�c�l�o�r�o�b�e�n�z�e�n�e� �(�O�C�B�)� �w�e�r�e� �u�s�e�d� 

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

�p�r�o�c�e�s�s�.� �A�l�l� �r�e�a�g�e�n�t�s� �a�n�d� �s�o�l�v�e�n�t�s� �u�t�i�l�i�z�e�d� �i�n� �t�h�i�s� �r�e�s�e�a�r�c�h� �a�r�e� �l�i�s�t�e�d� �i�n� �T�a�b�l�e� �1�2�.� 

�3�-�1�-�2� �P�u�r�i�f�i�c�a�t�i�o�n� �o�f� �r�e�a�g�e�n�t�s� �a�n�d� �s�o�l�v�e�n�t�s� 

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

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

�a�n�d� �t�o� �u�s�e� �p�r�o�p�e�r� �p�u�r�i�f�i�c�a�t�i�o�n� �t�e�c�h�n�i�q�u�e�s�.� �T�h�e� �d�i�a�n�h�y�d�r�i�d�e�s�,� �s�u�c�h� �a�s� �B�T�D�A� �(�A�l�l�c�o�)� �a�n�d� �6�F�D�A� 

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

�g�r�a�d�e�.� �T�h�e�y� �w�e�r�e� �u�s�e�d� �o�n�l�y� �a�f�t�e�r� �d�r�y�i�n�g� �a�t� �1�5�0� �°�C� �f�o�r� �1�2� �h�o�u�r�s� �i�n� �a�n� �a�i�r� �c�o�n�v�e�c�t�i�o�n� �o�v�e�n�.� �T�h�i�s� 

�t�r�e�a�t�m�e�n�t� �i�s� �u�s�e�f�u�l� �t�o� �f�o�r�m� �a�n�h�y�d�r�i�d�e� �m�o�i�e�t�i�e�s� �f�r�o�m� �a�n�y� �h�y�d�r�o�l�y�z�e�d� �d�i�a�c�i�d� �f�u�n�c�t�i�o�n�a�l�i�t�i�e�s� �[�2�1�1�]�.� 

�D�i�a�m�i�n�e�s� �s�u�c�h� �a�s� �m�-�D�D�S� �a�n�d� �p�-�D�D�S� �w�e�r�e� �o�b�t�a�i�n�e�d� �a�s� �a� �f�i�n�e� �w�h�i�t�e� �p�o�w�d�e�r� �(�9�8�%� �p�u�r�i�t�y�)� �a�n�d� 

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

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

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

�d�i�a�m�i�n�e� �w�a�s� �s�t�o�r�e�d� �i�n� �a� �d�e�s�i�c�c�a�t�o�r� �u�n�t�i�l� �n�e�e�d�e�d�.� �O�n� �t�h�e� �o�t�h�e�r� �h�a�n�d�,� �p�P�D� �a�n�d� �P�A� �w�e�r�e� �p�u�r�i�-� 

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

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

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

�a�n� �N�e� �N�e�y� �O�n�n�e� �a�n� 
�3�,�3�'�-�D�i�a�m�i�n�o�d�i�p�h�e�n�y�l� �S�u�l�f�o�n�e� �(�m�D�D�S�)� �4�,�4�'�-�D�i�a�m�i�n�o�d�l�p�h�e�n�y�l� �S�u�l�f�o�n�e� �(�p�D�D�S�)� 

�H�2�N�(�C�H�>�)�3� �i�-�0� �i�-�(�C�H�,�)�;�N�H� 
�H�N� �N�H�,� �|� �n� �|� 

�C�H�;� �C�H�,� 

�4�,�4�°� �P�h�e�n�y�l�e�n�e� �D�i�a�m�i�n�e� �(�p�P�D�)� �P�o�l�y�d�i�m�e�t�h�y�l�s�i�l�o�x�a�n�e� �(�P�D�M�S�)� 
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�P�h�t�h�a�l�i�c� �a�n�h�y�d�r�i�d�e� �(�P�A�)� 

�F�i�g�u�r�e� �1�8�.� �M�o�n�o�m�e�r�s� �u�s�e�d� �f�o�r� �p�o�l�y�i�m�i�d�e�s� �s�y�n�t�h�e�s�i�s� 

�C�h�a�p�t�e�r� �I�l�l�.� �E�x�p�e�r�i�m�e�n�t�a�l� �7�4



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

� � 

� � 

�R�e�a�g�e�n�t� �M�W� �M�P� �B�P� �S�u�p�p�l�i�e�r� 
�(�g�/�m�o�l�e�)� �(�°�C�)� �(�°�C�)� 

�D�i�a�n�h�y�d�r�i�d�e� �B�I�D�A� �3�2�2�.�2�3� �2�2�4�-�2�2�6� �A�l�l�c�o� 

�6�F�D�A� �4�4�4�.�2�5� �2�4�5�-�2�4�6� �H�o�e�c�h�s�t�-�C�e�l�a�n�e�s�e� 

�D�i�a�m�i�n�e� �m�D�D�S� �2�8�4�.�3� �1�6�7�-�1�7�0� �A�l�d�r�i�c�h� 

�p�D�D�S� �2�4�8�.�3� �1�7�5�-�1�7�7� �A�l�d�r�i�c�h� 

�p�P�D� �1�0�8�.�1�4� �1�4�3�-�1�4�5� �A�l�d�r�i�c�h� 

�E�n�d�-�c�a�p�p�e�r� �P�A� �1�4�8�.�1�2� �1�3�1�-�1�3�4� �A�l�d�r�i�c�h� 

�S�o�l�v�e�n�t� �N�M�P� �2�0�5� �F�i�s�h�e�r� 

�T�H�F� �6�6� �F�i�s�h�e�r� 

�C�H�P� �2�9�0� �F�i�s�h�e�r� 

�D�C�B� �6�5� �A�l�d�r�i�c�h� 

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

�a�n�d� �D�C�B� �w�e�r�e� �d�i�s�t�i�l�l�e�d� �u�n�d�e�r� �r�e�d�u�c�e�d� �p�r�e�s�s�u�r�e� �a�f�t�e�r� �s�t�i�r�r�i�n�g� �a�t� �l�e�a�s�t� �1�2� �h�o�u�r�s� �o�v�e�r� 

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

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

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

�3�-�1�-�3� �C�a�l�c�u�l�a�t�i�o�n� �o�f� �P�A� �c�o�n�c�e�n�t�r�a�t�i�o�n� �f�o�r� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �c�o�n�t�r�o�l� 

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

�o�f� �o�n�e� �m�o�n�o�m�e�r� �(�o�f�f�-�s�t�o�i�c�h�i�o�m�e�t�r�y�)� �o�r� �a� �m�o�n�o�-�f�u�n�c�t�i�o�n�a�l� �a�g�e�n�t� �[�1�0�7�,�2�1�2�]�.� �I�n� �t�h�i�s� �s�t�u�d�y�,� �a� 

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

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

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

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

�p�o�l�y�m�e�r� �h�a�v�i�n�g� �n�u�m�b�e�r� �a�v�e�r�a�g�e� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t�s� �o�f� �2�0�,�0�0�0�,� �3�0�,�0�0�0� �a�n�d� �4�0�,�0�0�0� �g�/�m�o�l�e�,� �w�i�t�h� 

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

�+�r� 
�<�X�n�>� �=� �a�o� �[�3�  �� �1�]� 

�w�h�e�r�e�:� 

�<�X�n�>� �=� �n�u�m�b�e�r� �a�v�e�r�a�g�e� �r�e�p�e�a�t� �u�n�i�t�s� �(�2�D�P�)� 

�D�P� �=� �d�e�g�r�e�e� �o�f� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� 

�p�=� �f�r�a�c�t�i�o�n�a�l� �%� �c�o�n�v�e�r�s�i�o�n� 

�r�=�s�t�o�i�c�h�i�o�m�e�t�r�i�c� �i�m�b�a�l�a�n�c�e� �=�N�a�/�N�b� �<� �1� 

�N�a�=�n�u�m�b�e�r� �o�f� �m�o�l�e�s� �o�f� �d�i�a�n�h�y�d�r�i�d�e� 

�N�b�=�n�u�m�b�e�r� �o�f� �m�o�l�e�s� �o�f� �d�i�a�m�i�n�e� 

�I�f� �w�e� �a�s�s�u�m�e� �1�0�0�%� �c�o�n�v�e�r�s�i�o�n�,� �E�q�u�a�t�i�o�n� �3�-�1� �b�e�c�o�m�e�s� 
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�<�X�n�>� �=� �[�3�  ��2�]� � � 

�B�y� �r�e�w�r�i�t�i�n�g� �E�q�u�a�t�i�o�n� �3�-�2� 

�(�<�X�n�>�  �� �1�)� �N�a� 

�"�=�e�x�n�>� �+�1�)� �N�b� �[�3�  �� �3�]� 

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

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

�a�g�e�n�t�.� 

�N�e�o� �=� �2�(�N�a�  �� �N�b�)� �[�3�  �� �4�]� 

�w�h�e�r�e�:� 

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

�T�h�e� �r�e�a�s�o�n� �f�o�r� �t�h�e� �t�h�e� �f�a�c�t�o�r� �2� �i�s� �t�h�a�t� �e�a�c�h� �m�o�l�e� �o�f� �p�o�l�y�m�e�r� �c�h�a�i�n� �n�e�e�d�s� �t�w�o� �m�o�i�e�s� �o�f� �e�n�d�-� 

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

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

�3�-�1�-�3�-�1� �M�o�d�e�l� �c�a�l�c�u�l�a�t�i�o�n� �f�o�r� �a� �h�o�m�o�p�o�l�y�i�m�i�d�e� 

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

�t�a�r�g�e�t� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �o�f� �2�0�,�0�0�0� �g�/�m�o�l�e�.� �B�y� �d�e�f�i�n�i�t�i�o�n�,� �t�h�e� �d�e�g�r�e�e� �o�f� �p�o�l�y�m�e�r�i�z�a�t�i�o�n�,� �D�P�,� �i�s� 

�o�b�t�a�i�n�e�d� �a�s� �f�o�l�l�o�w�s�;� 

�2�0�,�0�0�0� 
�D�P� �=� �(�2�4�8�.�5� �+� �3�2�2�.�2�3�)� �=� �3�5�.�0�3�3� 

�T�h�e�n�,� �<�X�n�>� �=�2�D�P�=� �7�0�.�1�1�0�.� 

�C�h�a�p�t�e�r� �I�l�l�.� �E�x�p�e�r�i�m�e�n�t�a�l� �7�7



�T�a�b�l�e� �1�3�.� �I�n�c�o�r�p�o�r�a�t�e�d� �m�o�l�e� �p�e�r�c�e�n�t� �o�f� �p�h�t�h�a�l�i�c� �a�n�h�y�d�r�i�d�e� �u�t�i�l�i�z�e�d� �f�o�r� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �c�o�n�t�r�o�l� 

�w�i�t�h� �n�o�n�-�r�e�a�c�t�i�v�e� �e�n�d�-�g�r�o�u�p�d� 
� � 

� � 

�P�o�l�y�i�m�i�d�e� �2�0�K� �3�0�k� �4�0�k� 

�B�T�D�A�+�m�D�D�S� �2�.�7�7�3�5� �1�.�8�6�6� �1�.�4�0�6�2� 
�B�T�D�A�+�m�D�D�S�+�1�0�%�P�D�M�S� �2�.�7�4�9� �1�.�8�4�9� �1�.�3�9�3�7� 
�B�T�D�A�+�m�D�D�S�+�2�0�%�P�D�M�S� �3�.�3�1�4� �2�.�2�3�4� �1�.�6�8�5� 
�B�T�D�A�+�m�D�D�S�+�3�0�%�P�D�M�S� �3�.�6�7� �4�.�4�9�7� �-� 

�6�F�D�A�+�p�D�D�S� �3�.�3�4�6�5� �.� 

�6�E�D�A�+�p�P�D� �2�.�6�8�8� �.� �-� 
� � 
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�T�h�e� �s�t�o�i�c�h�i�o�m�e�t�r�i�c� �i�m�b�a�l�a�n�c�e�,� �r�,� �i�s� �o�b�t�a�i�n�e�d� �w�i�t�h� �E�q�u�a�t�i�o�n� �3�-�3� 

�_� �(�<�X�n�>�  ��1�)� 

�=� �(�<�X�n�>� �+�1�)� �=� �0�.�9�7�1�8� 

�S�i�n�c�e� �r�=�N�e�r�p�a�/�N�p�o�s�,� 

�N�o�v�o�s� �=� �N�e�r�o�a�/� �0�.�9�7�1�8�.� 

�I�f� �w�e� �u�s�e� �2�5�g� �(�0�.�0�7�7�5�8� �m�o�l�e�)� �o�f� �B�T�D�A�,� �t�h�e� �a�m�o�u�n�t� �o�f� �D�D�S� �n�e�e�d�e�d� �i�s� �a�s� �f�o�l�l�o�w�s�;� 

�N�o�o�s� �=� �0�.�0�7�7�5�8�/�0�.�9�7�1�8� �=� �0�.�0�7�9�8�3� �m�o�l�e� 

�D�D�S� �=� �0�.�0�7�9�8�3� �x� �2�4�8�.�3� �g� �=� �1�9�.�8�2�1�6� �g� 

�B�y� �u�t�i�l�i�z�i�n�g� �E�q�u�a�t�i�o�n� �3�-�4�,� �t�h�e� �a�m�o�u�n�t� �o�f� �P�A� �i�s� �c�a�i�c�u�l�a�t�e�d� �a�s� �f�o�l�l�o�w�s�;� 

�N�e�a�=� �N�e�c� 

�=� �2�{�[�D�D�S�]�-�[�B�T�D�A�]�}� 

�=� �2�(�0�.�0�7�9�8�3�-�0�.�0�7�7�5�8�)� 

�0�.�0�0�4�4�9� �m�o�l�e� 

�P�A� �=� �0�.�0�0�4�4�9� �x� �1�4�8�.�1�2�g� �=� �0�.�6�6�5�1�g� 

�T�h�e�r�e�f�o�r�e�,� �t�h�e� �a�m�o�u�n�t� �o�f� �r�e�a�g�e�n�t�s� �n�e�e�d�e�d� �t�o� �s�y�n�t�h�e�s�i�z�e� �a�p�p�r�o�x�i�m�a�t�e�l�y� �4�5�g� �o�f� �p�o�l�y�i�m�i�d�e� �h�a�v�-� 

�i�n�g� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �o�f� �2�0�,�0�0�0� �g�/�m�o�l�e� �w�i�t�h� �n�o�n�-�r�e�a�c�t�i�v�e� �e�n�d�-�g�r�o�u�p�s� �a�r�e� �2�5� �g� �(�0�.�0�7�7�5� �m�o�l�e�)� �o�f� 

�B�T�D�A�,� �1�9�.�8�2�1�6� �g� �(�0�.�0�7�9�8�3� �m�o�l�e�)� �o�f� �m�D�D�S� �a�n�d� �0�.�6�6�5�1� �g� �(�0�.�0�0�4�4�9� �m�o�l�e�)� �o�f� �P�A�.� 

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

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

�N�o�p�s� �_� �2�x�0�.�7�9�8�3� 
�=�  � � � � ��_� �=� �9�5�.�5�5� �u�n�i�t�s� �K�a�e�,� �0�.�0�0�4�4�9� 

�C�h�a�p�t�e�r� �I�l�l�.� �E�x�p�e�r�i�m�e�n�t�a�l� �7�9



�w�h�e�r�e� �K� �i�s� �t�h�e� �n�u�m�b�e�r� �o�f� �D�D�S� �u�n�i�t�s� �i�n� �o�n�e� �p�o�l�y�m�e�r� �c�h�a�i�n�.� �T�h�e� �b�a�c�k�-�c�a�l�c�u�l�a�t�e�d� �n�u�m�b�e�r�,� �3�5�.�5�5�,� 

�i�s� �v�e�r�y� �c�l�o�s�e� �t�o� �D�P�,� �3�5�.�0�5�.� �T�h�e� �d�i�s�c�r�e�p�a�n�c�y� �a�r�i�s�e�s� �f�r�o�m� �t�h�e� �t�h�e� �e�r�r�o�r� �i�n� �r�o�u�n�d�i�n�g� �o�u�t� �t�h�e� �c�a�l�-� 

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

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

�c�o�n�v�e�r�s�i�o�n� �(�<� �1�0�0�%�)�.� 

�3�-�1�-�3�-�2� �M�o�d�e�l� �c�a�l�c�u�l�a�t�i�o�n� �f�o�r� �a� �p�o�l�y�(�i�m�i�d�e�-�s�i�l�o�x�a�n�e�)� �s�e�g�m�e�n�t�e�d� �c�o�p�o�l�y�m�e�r�s� 

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

�h�o�m�o�p�o�l�y�i�m�i�d�e� �c�a�s�e�.� �C�a�l�c�u�l�a�t�i�o�n� �i�s� �b�a�s�e�d� �o�n� �t�h�e� �_� �p�o�l�y�(�i�m�i�d�e�-�1�0�%�s�i�l�o�x�a�n�e�)� �f�r�o�m� 

�B�T�D�A�+�m�D�D�S�+�P�D�M�S� �h�a�v�i�n�g� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �o�f� �2�0�,�0�0�0� �g�/�m�o�l�e�.� �T�h�e� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �o�f� 

�P�D�M�S� �o�l�i�g�o�m�e�r� �i�s� �1�,�5�5�1�g�/�m�o�l�e�.� �S�i�n�c�e� �t�h�e� �s�i�l�o�x�a�n�e� �o�l�i�g�o�m�e�r�s� �a�r�e� �a�m�i�n�e� �t�e�r�m�i�n�a�t�e�d� �a�t� �b�o�t�h� 

�e�n�d�s�,� �t�h�e� �n�u�m�b�e�r� �o�f� �m�o�l�e�s� �o�f� �B�T�D�A� �e�q�u�a�l�s� �t�h�e� �s�u�m�m�a�t�i�o�n� �o�f� �m�o�l�e�s� �o�f� �D�D�S� �a�n�d� �P�D�M�S� �i�n�a� 

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

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

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

�N�e�r�o�a� �=� �N�o�o�s� �+� �N�p�o�m�s�.� 

�D�D�S� �(�g�)�=�Z�x�X�B�T�D�A� �(�g�)� �[�3�-�5�]� 

�w�h�e�r�e�;� 

�D�D�S� �=� �a�m�o�u�n�t� �o�f� �D�D�S� 

�Z� �=� �[�1�-�{�(�(�B�T�D�A�/�(�W�T�x�P�D�M�S�)�}�]�/�[�{�(�(�B�T�D�A�x�W�T�/�(�1�-�W�T�)�P�D�M�S�$�}� �+� �(�B�T�D�A�/�D�D�S�)�]� 

�B�T�D�A� �=� �a�m�o�u�n�t� �o�f� �B�T�D�A� 

�P�D�M�S� �=� �a�m�o�u�n�t� �o�f� �P�D�M�S� 

�W�T� �=� �w�e�i�g�h�t� �%� �o�f� �P�D�M�S� �i�n�c�o�r�p�o�r�a�t�e�d� 

�C�h�a�p�t�e�r� �H�l�.� �E�x�p�e�r�i�m�e�n�t�a�l� �8�0



�F�i�r�s�t�,� �t�h�e� �a�m�o�u�n�t� �o�f� �D�D�S� �a�n�d� �P�D�M�S� �f�o�r� �a� �s�t�o�i�c�h�i�o�m�e�t�r�i�c� �r�e�a�c�t�i�o�n� �a�r�e� �c�a�l�c�u�l�a�t�e�d� �f�r�o�m� �E�q�u�a�t�i�o�n� 

�3�-�5� �w�i�t�h� �a� �g�i�v�e�n� �B�T�D�A�,� �2�5�g� �(�0�.�0�7�7�5�8� �m�o�l�e�)�,� �r�e�s�u�l�t�i�n�g� �i�n� �D�D�S�=� �1�7�.�5�6�0�8�g� �(�0�.�0�7�0�7�2� �m�o�l�e�)� �a�n�d� 

�P�D�M�S� �=� �1�0�.�6�4�0�2�g� �(�0�.�0�0�6�8�6� �m�o�l�e�)�.� �I�n� �o�r�d�e�r� �t�o� �c�a�l�c�u�l�a�t�e� �t�h�e� �d�e�g�r�e�e� �o�f� �p�o�l�y�m�e�r�i�z�a�t�i�o�n�,� �D�P�,� �a�n�d� 

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

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

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

�P�s�r�o�a�=� �1�,� �t�h�e� �p�r�o�b�a�b�i�l�i�t�y� �f�o�r� �D�D�S� �i�s� �0�.�9�5�9�8� �a�n�d� �t�h�a�t� �f�o�r� �P�D�M�S� �i�s� �0�.�0�4�0�1�5� 

�B�a�s�e�d� �o�n� �t�h�e�s�e� �p�r�o�b�a�b�i�l�i�t�i�e�s�,� �D�P� �a�n�d� �<�X�n�>� �c�a�n� �b�e� �o�b�t�a�i�n�e�d� �f�o�r� �2�0�,�0�0�0�g�/�m�o�l�e� �m�o�l�e�c�u�l�a�r� 

�w�e�i�g�h�t� �p�o�l�y�m�e�r�.� 

�D�P� �2�0�,�0�0�0� �/� �(�3�2�2�.�2�3�x�1� �+� �2�4�8�.�3�x�0�.�9�5�9�8� �+� �1�5�5�1�x�0�.�0�4�0�1�5�)� 

�=� �2�0�,�0�0�0� �/� �5�6�5�.�3�9� 

�3�5�.�3�7� 

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

�<�X�n�>� �=� �2�D�P� �=� �7�0�.�7�4� 

�T�h�e� �s�t�o�i�c�h�i�o�m�e�t�r�i�c� �i�m�b�a�l�a�n�c�e�,� �r�,� �i�s� �o�b�t�a�i�n�e�d� �a�s� �f�o�l�l�o�w�s�:� 

�(�<�X�n�?� �9�)� �_� �0�.�9�7�2�1� �3�-�6�]� �r�<�"�(�<�x�n�>� �+�1�)� �[�3�  �� 

�N�'�a�r�o�a� �N�a�r�v�a� 
� � �r�=� �=� 

�N�o�o�s�+�N�p�p�m�s� � �N�o�e�r�p�a� 

�w�h�e�r�e�;� 

�N�s�r�o�a� �=� �#� �O�f� �m�o�l�e�s� �o�f� �B�T�D�A� �f�o�r� �s�t�o�i�c�h�i�o�m�e�t�r�i�c� �r�e�a�c�t�i�o�n� 

�N ��s�t�o�a� �=� �#� �O�f� �m�o�l�e�s� �o�f� �B�T�D�A� �f�o�r� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �o�f� �2�0�,�0�0�0� �g�/�m�o�l�e�.� 

�C�h�a�p�t�e�r� �I�I�I�.� �E�x�p�e�r�i�m�e�n�t�a�l� �8�1



�T�h�e� �r�e�a�s�o�n� �f�o�r� �v�a�r�y�i�n�g� �t�h�e� �a�m�o�u�n�t� �o�f� �B�T�D�A� �i�s� �t�h�a�t� �t�h�e� �c�h�a�n�g�e� �o�f� �D�D�S� �r�e�s�u�l�t�s� �i�n� �a� �c�h�a�n�g�e� �o�f� 

�P�D�M�S�,� �w�h�i�c�h� �l�e�a�d�s� �t�o� �t�h�e� �c�h�a�n�g�e� �o�f� �w�e�i�g�h�t� �p�e�r�c�e�n�t� �o�f� �i�n�c�o�r�p�o�r�a�t�e�d� �P�D�M�S�.� �F�r�o�m� �E�q�u�a�t�i�o�n� �3�-�6�,� 

�a� �n�u�m�b�e�r� �o�f� �m�o�l�e�s� �o�f� �B�T�D�A� �f�o�r� �t�h�e� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �o�f� �2�0�,�0�0�0� �g�/�m�o�l�e� �i�s� �c�a�l�c�u�l�a�t�e�d�;� 

�N ��s�r�p�a� �=� �0�.�9�7�2�1� �X� �N�e�r�o�a� 

�=� �(�0�.�9�7�2�1�)�(�0�.�0�7�7�5�8� �m�o�l�e�)� 

�=�0�.�0�7�5�4�2� �m�o�l�e� 

�T�h�u�s�,� �t�h�e� �a�m�o�u�n�t� �o�f� �P�A� �r�e�q�u�i�r�e�d� �f�o�r� �2�0�,�0�0�0� �g�/�m�o�l�e� �c�a�n� �b�e� �c�a�l�c�u�l�a�t�e�d� �f�r�o�m� �E�q�u�a�t�i�o�n� �3�-�4�;� 

�N�e�a� �=� �2�(�N�e�r�o�a�  �� �N�'�s�7�0�a�)� 

�=� �2�(�N�e�r�p�a� �_� �N ��s�r�o�a�)� 

�=� �2�(�0�.�0�7�7�5�8�-�0�.�0�7�5�4�2�)� 

�=� �0�.�0�0�4�3�2�5� �m�o�l�e� 

�P�A� �=�N�e�a� �X� �1�4�8�.�1�2� �=� �0�.�0�0�4�3�5�2� �X� �1�4�8�.�1�2� �=� �0�.�6�4�0�6� �g� 

�A� �c�o�n�f�i�r�m�a�t�i�o�n� �o�f� �t�h�i�s� �c�a�l�c�u�l�a�t�i�o�n� �c�a�n� �b�e� �m�a�d�e� �a�s� �d�i�d� �i�n� �S�e�c�t�i�o�n� �3�-�1�-�3�;� 

�K� �=� �2�(�N�o�o�s� �+� �N�e�o�m�s�)� �/� �N�e�a� 

�2�(�0�.�0�7�7�5�8�)� �/� �0�.�0�0�4�3�2�5� �=� �3�5�.�8�7� 

�T�h�e� �b�a�c�k�-�c�a�l�c�u�l�a�t�e�d� �v�a�l�u�e� �(�3�5�.�8�7�)� �i�s� �v�e�r�y� �c�l�o�s�e� �t�o� �D�P�,� �3�5�.�3�7�,� �w�h�i�c�h� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �t�h�e� �c�a�l�c�u�-� 

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

�C�h�a�p�t�e�r� �I�l�l�.� �E�x�p�e�r�i�m�e�n�t�a�!� �8�2



�3�-�1�-�4� �S�y�n�t�h�e�s�i�s� �o�f� �p�o�l�y�(�a�m�i�c�-�a�c�i�d�)� �h�o�m�o�p�o�l�y�m�e�r�s� 

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

�a�r�o�m�a�t�i�c� �d�i�a�n�h�y�d�r�i�d�e�s� �i�n� �a� �d�i�p�o�l�a�r� �a�p�r�o�t�i�c� �s�o�l�v�e�n�t�,� �N�-�m�e�t�h�y�l�p�y�r�r�o�l�i�d�o�n�e� �(�N�M�P�)�,� �a�t� �r�o�o�m� �t�e�m�-� 

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

�s�y�n�t�h�e�s�i�s� �w�e�r�e� �B�T�D�A�+�m�D�D�S�,� �6�F�D�A�+�p�D�D�S�,� �a�n�d� �6�F�D�A�+�p�P�D�.� �P�h�t�h�a�l�i�c� �a�n�h�y�d�r�i�d�e� �(�P�A�)� �w�a�s� 

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

�u�s�e�d� �f�o�r� �p�o�l�y�i�m�i�d�e� �s�y�n�t�h�e�s�i�s� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �1�9�.� 

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

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

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

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

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

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

�o�f� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�0� �°�C� �w�a�s� �o�b�s�e�r�v�e�d�.� �A�l�l� �w�e�i�g�h�i�n�g� �p�a�n�s� �w�e�r�e� �r�i�n�s�e�d� �w�i�t�h� �N�M�P� �a�n�d� �t�h�e� �f�i�n�a�l� 

�s�o�l�i�d�s� �c�o�n�t�e�n�t� �w�a�s� �c�o�n�t�r�o�l�l�e�d� �t�o� �1�5�%� �b�y� �w�e�i�g�h�t�.� �A�p�p�r�o�x�i�m�a�t�e�l�y� �h�a�l�f� �a�n� �h�o�u�r� �l�a�t�e�r�,� �t�h�e� �r�e�a�c�t�i�o�n� 

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

�s�t�a�g�e�.� �T�h�e� �r�e�a�c�t�i�o�n� �w�a�s� �a�l�l�o�w�e�d� �t�o� �c�o�n�t�i�n�u�e� �f�o�r� �8�-�1�2� �h�o�u�r�s� �u�n�d�e�r� �n�i�t�r�o�g�e�n� �f�l�o�w� �a�n�d� �s�t�i�r�r�i�n�g� 

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

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

�s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�0�.� 

�3�-�1�-�5� �S�y�n�t�h�e�s�i�s� �o�f� �p�o�l�y�(�a�m�i�c�-�a�c�i�d�-�s�i�l�o�x�a�n�e�)� �s�e�g�m�e�n�t�e�d� �c�o�p�o�l�y�m�e�r�s� 

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

�c�o�n�d�e�n�s�a�t�i�o�n� �r�e�a�c�t�i�o�n� �w�i�t�h� �a�r�o�m�a�t�i�c� �d�i�a�n�h�y�d�r�i�d�e�s�,� �d�i�a�m�i�n�e�s� �a�n�d� �a�d�d�i�t�i�o�n�a�l� �a�m�i�n�o�p�r�o�p�y�l� �t�e�r�-� 
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�S�p�y�h�o� �.� �C�o�r�e� �c�c� 

�3�,�3�'�-�D�i�a�m�i�n�o� �D�i�p�h�e�n�y�l� �S�u�l�f�o�n�e� �(�m�D�D�S�)� �B�e�n�z�o�p�h�e�n�o�n�e� �T�e�t�r�a�c�a�r�b�o�x�y�l�i�c� �P�h�t�h�a�l�i�c� �A�n�h�y�d�r�i�d�e� �(�P�A�)� 
�D�i�a�n�h�y�d�r�i�d�e� �(�B�T�O�A�)� 

�N�.� 
�1�5�%� �S�o�l�l�d� �i�n� �N�M�P� 
�8�-�1�2� �H�o�u�r�s� �a�t� �R�.�T�.� 

�|� �S�o�l�u�t�i�o�n� �I�m�i�d�i�z�a�t�i�o�n� 

�p�o�t�s� 
�N�M�P�/�C�H�P� �(�8�0�/�2�0�)� 
�1�6�0� �°�C� �f�o�r� �2�4� �h�o�u�r�s� 

�r�o�b�e� �p�e� �C�p�i�c�h�e� �t�e� 
�F�i�g�u�r�e� �2�0�.� �S�y�n�t�h�e�t�i�c� �s�c�h�e�m�e� �f�o�r� �p�o�l�y�i�m�i�d�e� �h�o�m�o�p�o�l�y�m�e�r� 
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�m�i�n�a�t�e�d� �p�o�l�y�(�d�i�m�e�t�h�y�l�-�s�i�l�o�x�a�n�e�)� �o�l�i�g�o�m�e�r�s� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �u�n�d�e�r� �t�h�e� �n�i�t�r�o�g�e�n� �f�l�o�w�.� �T�h�e� 

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

�t�h�e� �u�t�i�l�i�z�a�t�i�o�n� �o�f� �a� �s�o�l�v�e�n�t� �m�i�x�t�u�r�e� �o�f� �T�e�t�r�a�h�y�d�r�o�f�u�r�a�n� �(�T�H�F�)� �a�n�d� �N�-�m�e�t�h�y�l�p�y�r�r�o�l�i�d�o�n�e� �(�N�M�P�)� 

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

�s�e�g�m�e�n�t�e�d� �c�o�p�o�l�y�m�e�r�s� �w�e�r�e� �o�n�l�y� �p�r�e�p�a�r�e�d� �f�r�o�m� �B�T�D�A�+�m�D�D�S�+�P�D�M�S�.� �A�m�i�n�o�p�r�o�p�y�!� 

�p�o�l�y�(�d�i�m�e�t�h�y�l�-�s�i�l�o�x�a�n�e�)� �o�l�i�g�o�m�e�r�s� �w�i�t�h� �a� �n�u�m�b�e�r� �a�v�e�r�a�g�e� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �o�f� �1�5�5�1� �g�/�m�o�l�e� 

�w�a�s� �a�d�d�e�d� �t�o� �h�a�v�e� �i�n�c�o�r�p�o�r�a�t�i�o�n�s� �o�f� �1�0�,� �2�0�,� �a�n�d� �3�0�%� �b�y� �w�e�i�g�h�t�.� �T�h�e� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �w�a�s� 

�a�l�s�o� �c�o�n�t�r�o�l�l�e�d� �t�o� �2�0�,�0�0�0�,� �3�0�,�0�0�0� �a�n�d� �4�0�,�0�0�0� �g�/�m�o�l�e� �b�y� �a�d�d�i�n�g� �t�h�e� �d�e�s�i�r�e�d� �a�m�o�u�n�t� �o�f� �p�h�t�h�a�l�i�c� 

�p�h�t�h�a�l�i�c� �a�n�h�y�d�r�i�d�e� �(�T�a�b�l�e� �1�3�)�.� �T�h�e� �s�a�m�e� �a�p�p�a�r�a�t�u�s� �(�F�i�g�u�r�e� �1�9�)� �b�u�t� �w�i�t�h� �a�n� �a�d�d�i�t�i�o�n�a�l� �f�u�n�n�e�l� 

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

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

�B�T�D�A� �i�n� �t�h�e� �m�i�x�t�u�r�e� �o�f� �d�i�s�t�i�l�l�e�d� �N�M�P� �a�n�d� �T�H�F�.� �A�f�t�e�r� �c�o�m�p�l�e�t�e� �d�i�s�s�o�l�u�t�i�o�n� �o�f� �B�T�D�A�,� �P�D�M�S� �i�n� 

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

�a�l�l�o�w�e�d� �t�o� �r�e�a�c�t� �f�u�r�t�h�e�r� �f�o�r� �1�0� �t�o� �1�5� �m�i�n�u�t�e�s� �b�e�f�o�r�e� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �P�A� �a�n�d� �a� �s�e�c�o�n�d� �d�i�a�m�i�n�e�,� 

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

�a�b�o�u�t� �1�0� �°�C� �o�f� �e�x�o�t�h�e�r�m�.� �T�h�e� �r�e�a�c�t�i�o�n� �t�u�r�n�e�d� �f�r�o�m� �d�a�r�k� �o�r�a�n�g�e� �t�o� �a� �g�o�l�d�e�n� �y�e�l�l�o�w� �s�o�l�u�t�i�o�n� 

�i�n� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�0� �m�i�n�u�t�e�s�.� �T�h�e� �f�i�n�a�l� �s�o�l�i�d�s� �c�o�n�t�e�n�t� �o�f� �t�h�e� �r�e�a�c�t�i�o�n� �s�o�l�u�t�i�o�n� �w�a�s� �1�5�%� �i�n�a� 

�m�i�x�t�u�r�e� �o�f� �N�M�P� �a�n�d� �T�H�F� �(�5�0�:�5�0�)�.� �F�i�n�a�l�l�y�,� �t�h�e� �r�e�a�c�t�i�o�n� �w�a�s� �a�l�l�o�w�e�d� �t�o� �p�r�o�c�e�e�d� �f�o�r� �8�-�1�2� �h�o�u�r�s� 

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

�p�o�l�y�(�a�m�i�c�-�a�c�i�d�-�s�i�l�o�x�a�n�e�)� �s�o�l�u�t�i�o�n� �w�a�s� �s�u�b�j�e�c�t�e�d� �t�o� �c�y�c�l�o�d�e�h�y�d�r�a�t�i�o�n� �t�o� �f�o�r�m� �p�o�l�y�{�i�m�i�d�e�-� 

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

�c�o�p�o�l�y�m�e�r�s� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�1�.� 

�3�-�1�-�6� �S�o�l�u�t�i�o�n� �I�m�i�d�i�z�a�t�i�o�n� 

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

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

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

�s�i�l�o�x�a�n�e�)� �s�e�g�m�e�n�t�e�d� �c�o�p�o�l�y�m�e�r�s� �[�2�1�3�-�2�1�5�]�.� �T�h�e� �p�o�l�y�{�a�m�i�c�-�a�c�i�d�)� �w�a�s� �t�r�a�n�s�f�e�r�r�e�d� �t�o� �a� �n�e�w� 

�a�p�p�a�r�a�t�u�s�;� �a� �f�o�u�r� �n�e�c�k�e�d� �r�o�u�n�d� �b�o�t�t�o�m� �f�l�a�s�k� �c�o�n�t�a�i�n�i�n�g� �C�H�P� �w�h�i�c�h� �w�a�s� �p�r�e�h�e�a�t�e�d� �t�o� �1�6�0� �°�C� 

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

�d�r�y�i�n�g� �t�u�b�e� �a�n�d� �m�e�c�h�a�n�i�c�a�l� �s�t�i�r�r�e�r� �(�F�i�g�u�r�e� �2�2�)�.� �I�m�i�d�i�z�a�t�i�o�n� �w�a�s� �c�a�r�r�i�e�d� �o�u�t� �a�t� �1�5�%� �s�o�l�i�d�s� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n� �a� �m�i�x�t�u�r�e� �o�f� �N�M�P� �a�n�d� �C�H�P� �(�8�0�:�2�0� �b�y� �v�o�l�u�m�e�)� �a�t� �1�6�0� �°�C� �f�o�r� �2�4� �h�o�u�r�s� �u�n�d�e�r� 

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

�T�h�e� �C�H�P� �a�c�t�s� �a�s� �a�n� �a�z�e�o�t�r�o�p�i�n�g� �s�o�l�v�e�n�t� �a�n�d� �e�f�f�e�c�t�i�v�e�l�y� �r�e�m�o�v�e�s� �t�h�e� �w�a�t�e�r� �o�f� �i�m�i�d�i�z�a�t�i�o�n� �f�r�o�m� 

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

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

�h�o�m�o�p�o�l�y�i�m�i�d�e� �w�h�i�l�e� �T�H�F� �i�s� �a�l�s�o� �c�o�n�d�e�n�s�e�d� �i�n� �t�h�e� �c�o�p�o�l�y�m�e�r� �c�a�s�e�.� �A� �n�e�w� �t�e�c�h�n�i�q�u�e�,� �w�h�i�c�h� 

�i�s� �a� �s�o� �c�a�l�l�e�d�,�  ��o�n�e�-�p�o�t �� �p�r�o�c�e�s�s� �w�a�s� �a�l�s�o� �d�e�v�e�l�o�p�e�d� �i�n� �o�u�r� �l�a�b�o�r�a�t�o�r�y� �l�a�b�o�r�a�t�o�r�y� �[�1�5�8�]�.� �A�n� 

�a�z�e�o�t�r�o�p�i�n�g� �a�g�e�n�t�,� �D�C�B�,� �w�a�s� �a�d�d�e�d� �t�o� �p�o�l�y�(�a�m�i�c�-�a�c�i�d�)� �s�o�l�u�t�i�o�n� �u�p�o�n� �t�h�e� �c�o�m�p�l�e�t�i�o�n� �o�f� �t�h�e� 

�r�e�a�c�t�i�o�n� �a�n�d� �t�h�e� �i�m�i�d�i�z�a�t�i�o�n� �w�a�s� �c�a�r�r�i�e�d� �o�u�t� �u�n�d�e�r� �t�h�e� �s�a�m�e� �c�o�n�d�i�t�i�o�n�s� �b�u�t� �w�i�t�h� �1�0� �%� �b�y� 

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

�t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �i�s�o�l�a�t�e�d� �i�n�t�o� �a� �w�a�t�e�r�/�m�e�t�h�a�n�o�l� �m�i�x�t�u�r�e� �(�2�5�:�7�5�)�.� �W�e�l�l� �d�r�i�e�d� �p�o�l�y�m�e�r� �p�o�w�d�e�r� 

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

�3�-�1�-�7� �C�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� 

�T�h�e� �c�o�m�p�l�e�t�i�o�n� �o�f� �i�m�i�d�i�z�a�t�i�o�n� �o�f� �p�o�l�y�(�a�m�i�c�-�a�c�i�d�)� �w�a�s� �c�o�n�f�i�r�m�e�d� �b�y� �F�T�I�R�,� �N�i�c�o�l�e�t� �M�X�-�1�,� �w�i�t�h� 

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

�o�f� �i�m�i�d�e� �b�a�n�d�s� �a�t� �1�7�7�8� �a�n�d� �7�2�5� �c�m�-�'� �a�n�d� �t�h�e� �d�i�s�a�p�p�e�a�r�a�n�c�e� �o�f� �t�h�e� �a�m�i�d�e� �b�a�n�d� �a�t� �1�5�4�6� �c�m�-�~�"�.� 

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

�w�e�i�g�h�t�s�.� �i�n�t�r�i�n�s�i�c� �v�i�s�c�o�s�i�t�y� �w�a�s� �m�e�a�s�u�r�e�d� �i�n� �N�M�P� �a�t� �2�5� �°�C� �u�s�i�n�g� �a� �C�a�n�n�o�n�-�U�b�b�e�l�o�h�d�e� 

�C�h�a�p�t�e�r� �I�l�l�.� �E�x�p�e�r�i�m�e�n�t�a�l� �8�8
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�N�O�,� �t�t�e� �P�a�c�e�r�s� 

�F�i�g�u�r�e� �2�2�.� �A�p�p�a�r�a�t�u�s� �u�s�e�d� �f�o�r� �s�o�l�u�t�i�o�n� �i�m�i�d�i�z�a�t�i�o�n� 

�C�h�a�p�t�e�r� �I�l�l�.� �E�x�p�e�r�i�m�e�n�t�a�l� �8�9



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

�z�e�r�o� �c�o�n�c�e�n�t�r�a�t�i�o�n�.� 

�D�i�f�f�e�r�e�n�t�i�a�l� �S�c�a�n�n�i�n�g� �C�a�l�o�r�i�m�e�t�r�y� �(�D�S�C�)� �w�a�s� �u�t�i�l�i�z�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �u�p�p�e�r� �p�o�l�y�i�m�i�d�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� �w�i�t�h� �D�u�P�o�n�t�-�9�1�2� �o�r� �P�e�r�k�i�n� �E�l�m�e�r� �M�o�d�e�l� �D�S�C�-�I�l� �a�t� �1�0� �°�C�/�m�i�n�u�t�e� �h�e�a�t�i�n�g� 

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

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

�T�h�e�r�m�a�l� �G�r�a�v�i�m�e�t�r�i�c� �A�n�a�l�y�s�i�s�(�T�G�A�)� �w�a�s� �p�e�r�f�o�r�m�e�d� �o�n� �D�u�P�o�n�t�-�9�1�5� �T�h�e�r�m�o�g�r�a�v�i�m�e�t�r�i�c� �A�n�a�-� 

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

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

�o�f� �1�0� �c�c�/�m�i�n�u�t�e� �a�n�d� �h�e�a�t�i�n�g� �r�a�t�e� �o�f� �1�0� �°�C�/�m�i�n�u�t�e�.� �I�s�o�t�h�e�r�m�a�l� �s�c�a�n�s� �w�e�r�e� �a�l�s�o� �o�b�t�a�i�n�e�d� �f�r�o�m� 

�s�e�l�e�c�t�e�d� �s�a�m�p�l�e�s�.� 

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

�A�n�a�l�y�s�e�r�,� �P�e�r�k�i�n� �E�l�m�e�r� �T�M�S�-�2�.� �T�h�e� �s�c�a�n�s� �w�e�r�e� �c�a�r�r�i�e�d� �o�u�t� �u�t�i�l�i�z�i�n�g� �t�h�e� �p�e�n�e�t�r�a�t�i�o�n� �m�o�d�e� �w�i�t�h� 

�1�0�m�g� �p�r�o�b�e� �o�n� �c�o�m�p�r�e�s�s�i�o�n� �m�o�l�d�e�d� �f�i�l�m�s�.� �T�h�e� �s�c�a�n�s� �w�e�r�e� �r�u�n� �a�t� �1�0� �°�C�/�m�i�n�u�t�e� �i�n� �a�i�r�.� 

�3�-�2� �A�d�h�e�s�i�o�n� �i�n�v�e�s�t�i�g�a�t�i�o�n� �w�i�t�h� �p�o�l�y�i�m�i�d�e�s� 

�3�-�2�-�1� �M�a�t�e�r�i�a�l�s� 

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

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

�o�f� �p�o�l�y�i�m�i�d�e�s� �p�r�e�p�a�r�e�d� �i�n� �o�u�r� �l�a�b�o�r�a�t�o�r�y� �a�s� �w�e�l�l� �a�s� �U�/�f�e�m�®� �1�0�0�0� �w�e�r�e� �u�t�i�l�i�z�e�d�.� �A�s� �l�i�s�t�e�d� �i�n� 

�T�a�b�l�e� �1�4�,� �T�i�-�6�A�I�-�4�V� �a�l�l�o�y�s� �a�n�d� �P�E�E�K�®�-�g�r�a�p�h�i�t�e� �c�o�m�p�o�s�i�t�e�,� �A�P�C�2�/�A�S�4� �[�O�]�4�,� �w�e�r�e� �c�h�o�s�e�n� �a�s� 

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

�C�h�a�p�t�e�r� �I�l�l�.� �E�x�p�e�r�i�m�e�n�t�a�l� �8�0



�T�a�b�l�e� �1�4�.� �M�a�t�e�r�i�a�l�s� �f�o�r� �a�d�h�e�s�i�o�n� �s�t�u�d�y� 
� � 

� � 

�M�a�t�e�r�i�a�l� �S�p�e�c�i�f�i�c�a�t�i�o�n� �S�u�p�p�l�i�e�r� 

�A�d�h�e�r�e�n�d� �T�i�-�6�A�l�-�4�V� �5�"�x�1�"�x�0�.�0�0�5�"� �N�A�S�A� �L�R�C� 

�P�E�E�K� �®�-� �g�r�a�p�h�i�t�e� �4�"�x�1�"�x�0�.�0�1�"� �I�C�I� �F�i�b�e�r�i�t�e� 

�A�d�h�e�s�i�v�e� �=� �P�o�l�y�i�m�i�d�e� �H�o�m�o�p�o�l�y�m�e�r�s� 

�B�T�D�A�+�m�D�D�S� �2�0�k�,� �3�0�K�,� �4�0�K�,� �U�E�C�!� 
�6�F�D�A�+�p�D�D�S� �2�0�K� 

�6�F�D�A�+�p�P�D� �2�0�K� 

�P�o�l�y�i�m�i�d�e� �C�o�p�o�l�y�m�e�r�s� 

�B�T�D�A�+�m�D�D�S�+�1�0�%�P�D�M�S�*� �2�0�K�,� �3�0�K�,� �4�0�K�,� �U�E�C� 
�B�T�D�A�+�m�D�D�S�+�2�0�%�P�D�M�S� �2�0�K�,� �3�0�K�,� �4�0�K�,� �U�E�C� 

�B�T�D�A�+�m�D�D�S�+�3�0�%�P�D�M�S� �2�0�K�,� �3�0�K� 

�U�l�t�e�m�®� �1�0�0�0� �P�o�l�y�e�t�h�e�r�i�m�i�d�e� �G�E� 

�S�c�r�i�m� �C�l�o�t�h� �(�1�1�2� �g�l�a�s�s� �f�i�b�e�r� �f�a�b�r�i�c�)� �N�A�S�A� �L�R�C� 

�P�a�s�a� �J�e�l�l� �1�0�7�3� �B�a�n�c�r�o�f�t� �C�o� 

� � 

�1�.� �U�n�c�o�n�t�r�o�l�l�e�d� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� 

�2�.� �P�o�l�y�(�d�i�m�e�t�h�y�l�-�s�i�l�o�x�a�n�e�)� �<�M�n�>�=�1�5�5�1� �g�/�m�o�l�e� 

�3�.� �4�0�%� �n�i�t�r�i�c� �a�c�i�d�,� �1�0�%� �c�o�m�b�i�n�e�d� �f�l�u�o�r�i�d�e�s�,� �1�0�%� �c�h�r�o�m�i�c� �a�c�i�d�,� �1�%� �c�o�u�p�l�e�r� �a�n�d� 

�b�a�l�a�n�c�e� �w�a�t�e�r� 

�C�h�a�p�t�e�r� �I�I�I�.� �E�x�p�e�r�i�m�e�n�t�a�l� �9�1



�a� �p�r�o�m�i�s�i�n�g� �m�a�t�e�r�i�a�l� �i�n� �t�h�e� �a�e�r�o�s�p�a�c�e� �i�n�d�u�s�t�r�i�e�s�.� �P�a�s�a�-�J�e�l�l� �1�0�7� �w�a�s� �u�t�i�l�i�z�e�d� �f�o�r� �t�h�e� �s�u�r�f�a�c�e� 

�t�r�e�a�t�m�e�n�t� �o�f� �T�i�-�6�A�I�-�4�V� �a�l�l�o�y�s�.� �S�c�r�i�m� �c�l�o�t�h�,� �1�1�2�-�g�l�a�s�s� �f�i�b�e�r� �f�a�b�r�i�c� �t�r�e�a�t�e�d� �w�i�t�h� �y�-�A�P�S�,� �w�a�s� �u�s�e�d� 

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

�3�-�2�-�2� �A�d�h�e�r�e�n�d� �p�r�e�p�a�r�a�t�i�o�n� 

�3�-�2�-�2�-�1� �S�u�r�f�a�c�e� �t�r�e�a�t�m�e�n�t� �o�f� �T�i�-�6�A�I�-�4�V� �a�l�l�o�y�s� 

�T�i�-�6�A�l�-�4�V� �c�o�u�p�o�n�s�,� �s�u�p�p�l�i�e�d� �b�y� �N�A�S�A� �L�a�n�g�l�e�y� �R�e�s�e�a�r�c�h� �C�e�n�t�e�r�,� �e�x�h�i�b�i�t�e�d� �a� �v�e�r�y� �l�a�r�g�e� �v�a�r�i�-� 

�a�t�i�o�n� �i�n� �t�h�i�c�k�n�e�s�s�;� �e�g�.�,� �a�n�y�w�h�e�r�e� �b�e�t�w�e�e�n� �4�5� �t�o� �6�5� �m�i�l�.� �T�h�e�r�e�f�o�r�e�,� �i�t� �w�a�s� �n�e�c�e�s�s�a�r�y� �t�o� �g�r�o�u�p� 

�t�h�e�m� �a�c�c�o�r�d�i�n�g� �t�o� �t�h�e�i�r� �t�h�i�c�k�n�e�s�s� �i�n� �o�r�d�e�r� �t�o� �m�i�n�i�m�i�z�e� �e�x�p�e�r�i�m�e�n�t�a�l� �e�r�r�o�r�.� �A�l�t�h�o�u�g�h� �P�a�s�a�-�J�e�l�l� 

�1�0�7� �t�r�e�a�t�m�e�n�t� �i�s� �n�o�t� �t�h�e� �b�e�s�t� �k�n�o�w�n� �t�e�c�h�n�i�q�u�e� �a�m�o�n�g� �t�h�e� �d�e�v�e�l�o�p�e�d� �m�e�t�h�o�d�s� �f�o�r� �t�h�e� �s�u�r�f�a�c�e� 

�p�r�e�p�a�r�a�t�i�o�n� �o�f� �T�i�-�6�A�I�-�4�V� �a�l�l�o�y�s� �[�1�9�4�]�,� �i�t� �i�s� �u�s�e�d� �b�y� �m�a�n�y� �a�d�h�e�s�i�o�n� �s�c�i�e�n�t�i�s�t�s� �a�n�d� �w�a�s� �c�h�o�s�e�n� 

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

�c�o�n�d�u�c�t�e�d� �w�i�t�h� �T�r�i�n�-�m�i�x� �#�4�,� �a� �m�i�x�t�u�r�e� �o�f� �g�l�a�s�s� �b�e�a�d�s� �a�n�d� �a�l�u�m�i�n�u�m� �o�x�i�d�e�,� �t�o� �r�e�m�o�v�e� �a�n�y� 

�c�o�n�t�a�m�i�n�a�n�t� �a�n�d� �t�o� �i�n�c�r�e�a�s�e� �t�h�e� �s�u�r�f�a�c�e� �a�r�e�a�.� �T�h�e� �g�r�i�t� �b�l�a�s�t�e�d� �T�i�-�6�A�I�-�4�V� �c�o�u�p�o�n�s� �(�5�x�1 ��)� �w�e�r�e� 

�d�i�p�p�e�d� �i�n�t�o� �t�h�e� �P�a�s�a�-�J�e�l�l� �1�0�7� �f�o�r� �1�5� �m�i�n�u�t�e�s� �[�1�9�4�]� �a�n�d� �w�a�s�h�e�d� �w�i�t�h� �r�u�n�n�i�n�g� �t�a�p� �w�a�t�e�r� �f�o�l�l�o�w�e�d� 

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

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

�c�l�e�a�n� �a�n�d� �f�a�v�o�r�a�b�l�e� �o�x�i�d�e� �s�u�r�f�a�c�e� �f�o�r� �d�u�r�a�b�l�e� �a�n�d� �s�t�r�o�n�g� �a�d�h�e�s�i�o�n�,� �t�h�e�n� �f�u�r�t�h�e�r� �d�r�i�e�d� �a�t� �1�5�0� 

�°�C� �f�o�r� �3�0� �m�i�n�u�t�e�s� �a�n�d� �s�t�o�r�e�d� �i�n� �a� �d�e�s�i�c�c�a�t�o�r� �u�n�t�i�l� �n�e�e�d�e�d�.� �T�h�e� �p�o�l�y�m�e�r� �u�s�e�d� �f�o�r� �p�r�i�m�e�r� 

�p�r�e�p�a�r�a�t�i�o�n� �w�a�s� �t�h�e� �s�a�m�e� �p�o�l�y�m�e�r� �a�s� �t�h�e� �a�d�h�e�s�i�v�e� �d�i�s�s�o�l�v�e�d� �i�n� �N�M�P�,� �1�0�%� �b�y� �w�e�i�g�h�t�.� �A�l�l� 

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

�C�h�a�p�t�e�r� �I�I�!�.� �E�x�p�e�r�i�m�e�n�t�a�l� �9�2



�3�-�2�-�2�-�2� �S�u�r�f�a�c�e� �t�r�e�a�t�m�e�n�t� �o�f� �P�E�E�K�-�g�r�a�p�h�i�t�e� �c�o�m�p�o�s�i�t�e�s� 

�U�n�l�i�k�e� �T�i�-�6�A�I�-�4�V� �a�l�l�o�y�s�,� �t�h�e�r�e� �a�r�e� �n�o� �w�i�d�e�l�y� �a�c�c�e�p�t�e�d� �s�u�r�f�a�c�e� �t�r�e�a�t�m�e�n�t� �t�e�c�h�n�i�q�u�e�s� �f�o�r� 

�P�E�E�K�®�-�g�r�a�p�h�i�t�e� �c�o�m�p�o�s�i�t�e�s� �a�s� �w�e�l�l� �a�s� �f�o�r� �o�t�h�e�r� �p�o�l�y�m�e�r� �m�a�t�r�i�x� �c�o�m�p�o�s�i�t�e�s�.� �I�n� �t�h�i�s� �i�n�v�e�s�t�i�-� 

�g�a�t�i�o�n�,� �c�o�m�m�e�r�c�i�a�l� �P�E�E�K�®�-�g�r�a�p�h�i�t�e� �c�o�m�p�o�s�i�t�e�s� �f�r�i�e�n�d�l�y� �p�r�o�v�i�d�e�d� �b�y� �I�C�I� �F�i�b�e�r�i�t�e�,� �w�e�r�e� �s�u�b�-� 

�j�e�c�t�e�d� �t�o� �t�h�r�e�e� �m�e�t�h�o�d�s� �o�f� �s�u�r�f�a�c�e� �p�r�e�p�a�r�a�t�i�o�n�;� �1�)� �w�a�s�h� �w�i�t�h� �a�c�e�t�o�n�e� �a�n�d� �d�i�s�t�i�l�l�e�d� �w�a�t�e�r�,� �2�)� 

�g�r�i�t� �b�l�a�s�t�i�n�g�,� �a�n�d� �3�)� �g�a�s� �p�l�a�s�m�a� �t�r�e�a�t�m�e�n�t�.� �C�o�m�p�o�s�i�t�e� �a�d�h�e�r�e�n�d�s� �w�e�r�e� �w�a�s�h�e�d� �w�i�t�h� �a�c�e�t�o�n�e� 

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

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

�o�u�t� �w�i�t�h� �T�r�i�n�-�m�i�x� �#�4�,� �a� �m�i�x�t�u�r�e� �o�f� �g�l�a�s�s� �b�e�a�d�s� �a�n�d� �a�l�u�m�i�n�u�m� �o�x�i�d�e�.� �G�r�i�t� �b�l�a�s�t�e�d� �s�a�m�p�l�e�s� �w�e�r�e� 

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

�T�h�e� �p�l�a�s�m�a� �t�r�e�a�t�m�e�n�t� �w�a�s� �c�a�r�r�i�e�d� �o�u�t� �w�i�t�h� �a� �P�l�a�s�m�o�d� �i�n�s�t�r�u�m�e�n�t� �a�t� �5�0�W� �a�n�d� �1�3�.�5�6� �M�H�z� �u�n�d�e�r� 

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

�g�a�s�e�s� �u�t�i�l�i�z�e�d� �h�a�d� �9�9�%� �o�r� �h�i�g�h�e�r� �p�u�r�i�t�y�.� �T�h�e� �p�l�a�s�m�a� �t�r�e�a�t�m�e�n�t�s� �w�e�r�e� �c�o�n�d�u�c�t�e�d� �o�n� �t�h�e� 

�w�a�s�h�e�d� �P�E�E�K�®�-�g�r�a�p�h�i�t�e� �c�o�m�p�o�s�i�t�e� �s�a�m�p�l�e�s� �a�f�t�e�r� �5� �m�i�n�u�t�e�s� �o�f� �p�r�e�-�v�a�c�u�u�m� �w�i�t�h� �a� �m�e�c�h�a�n�i�c�a�l� 

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

�t�a�i�n�e�r� �w�a�s� �u�t�i�l�i�z�e�d�.� �T�h�e� �t�r�e�a�t�m�e�n�t� �t�i�m�e� �w�a�s� �v�a�r�i�e�d� �t�o� �1�,� �2�,� �5� �o�r� �1�0� �m�i�n�u�t�e�s�.� �A�l�s�o�,� �a� �c�o�m�b�i�-� 

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

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

�s�u�r�f�a�c�e� �a�n�d� �d�r�i�e�d� �a�t� �1�5�0� �°�C� �f�o�r� �3�0� �m�i�n�u�t�e�s�.� �A�l�l� �t�r�e�a�t�e�d� �s�a�m�p�l�e�s� �w�e�r�e� �s�t�o�r�e�d� �i�n� �a� �d�e�s�i�c�c�a�t�o�r� 

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

�d�i�s�s�o�l�v�e�d� �i�n� �N�M�P�,� �1�0�%� �b�y� �w�e�i�g�h�t�.� 

�C�h�a�p�t�e�r� �l�i�l�.� �E�x�p�e�r�i�m�e�n�t�a�l� �9�3



�3�-�2�-�3� �A�d�h�e�s�i�v�e� �p�r�e�p�a�r�a�t�i�o�n� 

�3�-�2�-�3�-�1� �C�o�m�p�r�e�s�s�i�o�n� �m�o�l�d�e�d� �f�i�l�m� �a�d�h�e�s�i�v�e�s� 

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

�d�i�f�f�i�c�u�l�t�y� �o�f� �o�b�t�a�i�n�i�n�g� �t�h�i�c�k� �f�i�l�m�s� �(�5�-�1�0� �m�i�l�)� �a�n�d� �o�f� �r�e�m�o�v�i�n�g� �t�h�e� �s�o�l�v�e�n�t�,� �t�h�e� �f�i�l�m� �a�d�h�e�s�i�v�e�s� �w�e�r�e� 

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

�p�r�e�s�s�.� �D�u�e� �t�o� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �l�i�m�i�t�a�t�i�o�n� �o�f� �t�h�e� �f�o�r�m�e�r� �(�6�0�0� �°�F�)�,� �h�i�g�h� �T�g� �p�o�l�y�i�m�i�d�e�s� �w�e�r�e� 

�p�r�e�s�s�e�d� �w�i�t�h� �T�e�t�r�a�h�e�d�r�o�n� �p�r�e�s�s� �w�h�i�c�h� �c�a�n� �g�o� �u�p� �t�o� �1�0�0�0� �o�F�,� �W�e�l�l� �d�r�i�e�d� �p�o�l�y�i�m�i�d�e� �p�o�w�d�e�r� 

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

�p�r�e�s�s�e�d� �f�o�r� �1�0� �m�i�n�u�t�e�s� �a�f�t�e�r� �a�l�l�o�w�i�n�g� �1�0� �m�i�n�u�t�e�s� �u�n�d�e�r� �c�o�n�t�a�c�t� �p�r�e�s�s�u�r�e� �i�n� �o�r�d�e�r� �t�o� �a�l�l�o�w� �a�n�y� 

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

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

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

�t�i�v�e�l�y�,� �w�h�i�l�e� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e�s� �w�e�r�e� �v�a�r�i�e�d� �f�r�o�m� �3�0�0� �t�o� �4�5�0� �°�C� �d�e�p�e�n�d�i�n�g� �o�n� �t�h�e� �n�a�t�u�r�e� �o�f� �t�h�e� 

�p�o�l�y�i�m�i�d�e�.� �T�h�e� �c�o�m�p�r�e�s�s�i�o�n� �m�o�l�d�i�n�g� �t�e�m�p�e�r�a�t�u�r�e� �(�C�M�T�)� �r�e�p�o�r�t�e�d� �w�a�s� �t�h�e� �l�o�w�e�s�t� �t�e�m�p�e�r�-� 

�a�t�u�r�e� �a�t� �w�h�i�c�h� �a� �c�l�e�a�r� �f�i�l�m� �w�a�s� �s�u�c�c�e�s�s�f�u�l�l�y� �o�b�t�a�i�n�e�d�.� �A�l�t�h�o�u�g�h� �a� �f�i�l�m� �t�h�i�c�k�n�e�s�s� �o�f� �1�0�-�1�3� �m�i�l� 

�w�a�s� �d�e�s�i�r�e�d�,� �i�t� �r�a�n�g�e�d� �a�n�y�w�h�e�r�e� �f�r�o�m� �5� �t�o� �1�0� �m�i�l�s�.� �T�h�e�r�e�f�o�r�e�,� �i�t� �w�a�s� �n�e�c�e�s�s�a�r�y� �t�o� �s�t�a�c�k� �m�o�r�e� 

�t�h�a�n� �o�n�e� �l�a�y�e�r� �o�f� �f�i�l�m� �t�o� �a�c�h�i�e�v�e� �1�0� �t�o� �1�3� �m�i�l� �t�h�i�c�k� �a�d�h�e�s�i�v�e�s�.� 

�3�-�2�-�3�-�2� �S�c�r�i�m� �c�l�o�t�h� �a�d�h�e�s�i�v�e�s� 

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

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

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

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

�o�f� �c�o�n�t�r�o�l�l�i�n�g� �t�h�e� �r�e�s�i�d�u�a�l� �s�o�l�v�e�n�t�.� �S�c�r�i�m� �c�l�o�t�h�,� �1�1�2�-�g�l�a�s�s� �f�i�b�e�r� �f�a�b�r�i�c� �t�r�e�a�t�e�d� �w�i�t�h� �y�-�A�P�S�,� �w�a�s� 
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�d�r�i�e�d� �a�t� �1�0�0� �°�C� �f�o�r� �3�0� �m�i�n�u�t�e�s� �p�r�i�o�r� �t�o� �c�o�a�t�i�n�g� �o�f� �1�0�%� �p�o�l�y�i�m�i�d�e� �s�o�l�u�t�i�o�n� �i�n� �N�M�P�.� �S�c�r�i�m� �c�l�o�t�h� 

�a�d�h�e�s�i�v�e�s� �h�a�v�i�n�g� �t�h�i�c�k�n�e�s�s� �o�f� �1�0�-�1�3� �m�i�l� �w�a�s� �o�b�t�a�i�n�e�d� �b�y� �r�e�p�e�a�t�e�d�l�y� �a�p�p�l�y�i�n�g� �a�n�d� �d�r�y�i�n�g� �a�t� 

�5�0� �°�C� �f�o�r� �2�0�-�3�0� �m�i�n�u�t�e�s�.� �T�h�e�n�,� �t�h�e�y� �w�e�r�e� �d�r�i�e�d� �a�t� �1�0�0� �°�C� �f�o�r� �2�4� �h�o�u�r�s� �a�n�d� �a�t� �1�5�0�,� �2�0�0�,� �2�5�0� �o�r� 

�3�0�0� �°�C� �f�o�r� �a�d�d�i�t�i�o�n�a�l� �2� �h�o�u�r�s�,� �a�n�d� �s�t�o�r�e�d� �i�n� �a� �d�e�s�i�c�a�t�o�r� �u�n�t�i�l� �n�e�e�d�e�d�.� 

�T�h�e� �a�m�o�u�n�t� �o�f� �r�e�s�i�d�u�a�l� �s�o�l�v�e�n�t� �w�a�s� �d�e�d�u�c�e�d� �f�r�o�m� �w�e�i�g�h�t� �l�o�s�s� �{�a�t� �4�0�0� �°�C�)� �i�n� �d�y�n�a�m�i�c� �T�G�A�.� 

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

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

�s�c�r�i�m� �c�l�o�t�h� �a�d�h�e�s�i�v�e� �(�1� �x� �1� �c�m�)� �a�t� �3�5�0� �°�C� �u�n�d�e�r� �l�o�a�d� �o�f� �1�0�,�0�0�0� �|�b� �f�o�r� �1�0� �m�i�n�u�t�e�s�.� �T�h�e� �e�x�p�a�n�d�e�d� 

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

�3�-�2�-�4� �B�o�n�d�i�n�g� �p�r�e�p�a�r�a�t�i�o�n� �o�f� �s�i�n�g�l�e� �l�a�p� �s�h�e�a�r� �s�a�m�p�l�e�s� 

�3�-�2�-�4�-�1� � �T�i�-�6�A�I�-�4�V� �a�l�l�o�y� �a�d�h�e�r�e�n�d� 

�S�i�n�g�l�e� �l�a�p� �s�h�e�a�r� �s�p�e�c�i�m�e�n�s� �w�e�r�e� �p�r�e�p�a�r�e�d� �f�r�o�m� �T�i�-�6�A�I�-�4�V� �a�l�l�o�y�s� �a�n�d� �c�o�m�p�r�e�s�s�i�o�n� �m�o�l�d�e�d� 

�p�o�l�y�i�m�i�d�e� �f�i�l�m�s� �o�r� �s�c�r�i�m� �c�l�o�t�h� �a�d�h�e�s�i�v�e�s� �(�a�b�o�u�t� �1�0�-�1�3� �m�i�l� �t�h�i�c�k�)�.� �T�w�o� �s�a�m�p�l�e�s� �w�e�r�e� �m�a�d�e� �s�i�-� 

�m�u�l�t�a�n�e�o�u�s�l�y� �t�o� �m�i�n�i�m�i�z�e� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �e�r�r�o�r�.� �S�i�n�g�l�e� �l�a�p� �s�h�e�a�r� �s�a�m�p�l�e�s� �(�1�/�2 �� �o�v�e�r�l�a�p�)� 

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

�T�i�-�6�A�I�-�4�V� �a�d�h�e�r�e�n�d�s� �a�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�3�.� �T�h�e� �b�o�n�d�i�n�g� �c�o�n�d�i�t�i�o�n�s� �w�e�r�e� �o�p�t�i�m�i�z�e�d� �b�y� �v�a�r�y�-� 

�i�n�g� �t�h�e� �b�o�n�d�i�n�g� �t�e�m�p�e�r�a�t�u�r�e� �(�3�0�0�-�4�5�0� �°�C�)� �u�n�d�e�r� �f�i�x�e�d� �h�o�l�d�i�n�g� �t�i�m�e� �3�0� �m�i�n�u�t�e�s� �a�n�d� �p�r�e�s�s�u�r�e� 

�o�f� �e�i�t�h�e�r� �2�0�0� �p�s�i� �(�1�.�3�8� �M�P�a�)� �f�o�r� �B�T�D�A�+�m�D�D�S� �b�a�s�e�d� �p�o�l�y�i�m�i�d�e�s� �o�r� �5�0�0� �p�s�i� �(�3�.�4�4� �M�P�a�)� �f�o�r� 

�6�F�D�A�+�p�D�D�S� �a�n�d� �6�F�D�A�+�p�P�D� �b�a�s�e�d� �p�o�l�y�i�m�i�d�e�.� �T�h�e� �s�a�m�p�l�e�s� �w�e�r�e� �h�e�a�t�e�d� �f�r�o�m� �r�o�o�m� �t�e�m�-� 

�p�e�r�a�t�u�r�e� �t�o� �2�8�0� �°�C� �u�n�d�e�r� �c�o�n�t�a�c�t� �p�r�e�s�s�u�r�e� �a�t� �a� �h�e�a�t�i�n�g� �r�a�t�e� �o�f� �a�r�o�u�n�d� �8� �°�C�/�m�i�n�u�t�e�,� �t�h�e�n� 

�p�r�e�s�s�u�r�e� �o�f� �2�0�0� �o�r� �5�0�0� �p�s�i� �w�a�s� �a�p�p�l�i�e�d�.� �S�a�m�p�l�e�s� �w�e�r�e� �f�u�r�t�h�e�r� �h�e�a�t�e�d� �t�o� �3�5�0�,� �3�6�0�,� �3�9�0� �o�r� �4�2�0� 

�°�C� �a�t� �a� �h�e�a�t�i�n�g� �r�a�t�e� �o�f� �8� �°�C�/�m�i�n�u�t�e� �a�n�d� �w�e�r�e� �h�e�l�d� �f�o�r� �3�0� �m�i�n�,� �f�o�l�l�o�w�e�d� �b�y� �a�i�r� �c�o�o�l�i�n�g� �t�o� �r�o�o�m� 

�t�e�m�p�e�r�a�t�u�r�e� �u�n�d�e�r� �p�r�e�s�s�u�r�e�.� �T�h�e� �g�e�n�e�r�a�l� �b�o�n�d�i�n�g� �p�r�o�c�e�d�u�r�e� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�4�.� 
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�3�-�2�-�4�-�2� � �P�E�E�K�-�g�r�a�p�h�i�t�e� �c�o�m�p�o�s�i�t�e� �a�d�h�e�r�e�n�d� 

�T�h�e� �b�o�n�d�i�n�g� �t�e�m�p�e�r�a�t�u�r�e� �w�a�s� �o�p�t�i�m�i�z�e�d� �f�o�r� �p�o�l�y�(�i�m�i�d�e�-� �3�0�%�s�i�l�o�x�a�n�e�)� �s�e�g�m�e�n�t�e�d� �c�o�p�o�l�y�m�e�r� 

�a�n�d� �U�l�t�e�m�®� �1�0�0�0� �b�y� �v�a�r�y�i�n�g� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �f�r�o�m� �3�0�0� �t�o� �3�6�0� �°�C�.� �I�t� �w�a�s� �f�o�u�n�d� �t�h�a�t� �t�h�e� �h�i�g�h�e�s�t� 

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

�i�t�e� �u�n�d�e�r� �2�0�0� �p�s�i� �w�a�s� �3�4�0� �°�C� �d�u�e� �t�o� �t�h�e� �t�h�e�r�m�a�l� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �P�E�E�K�®� �p�o�l�y�m�e�r� �(�T�g�:�1�4�5� �°�C�,� 

�T�m�:�3�4�5� �°�C�)�.� �T�h�e� �s�i�n�g�l�e� �l�a�p� �s�h�e�a�r� �s�a�m�p�l�e�s� �w�e�r�e� �a�l�s�o� �p�r�e�p�a�r�e�d� �f�r�o�m� �t�h�e� �s�u�r�f�a�c�e� �t�r�e�a�t�e�d� 

�P�E�E�K�®�-�g�r�a�p�h�i�t�e� �c�o�m�p�o�s�i�t�e� �a�d�h�e�r�e�n�d� �a�n�d� �c�o�m�p�r�e�s�s�i�o�n� �m�o�l�d�e�d� �f�i�l�m� �a�d�h�e�s�i�v�e�s� �w�i�t�h� �1�/�2 �� �o�v�e�r�-� 

�l�a�p�.� �T�h�e� �b�o�n�d�i�n�g� �p�r�o�c�e�s�s� �w�a�s� �b�e�g�u�n� �b�y� �h�e�a�t�i�n�g� �f�r�o�m� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �t�o� �2�8�0� �°�C� �u�n�d�e�r� 

�c�o�n�t�a�c�t� �p�r�e�s�s�u�r�e�.� �A�s� �s�o�o�n� �a�s� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �r�e�a�c�h�e�d� �2�8�0� �°�C�,� �2�0�0� �p�s�i� �w�a�s� �a�p�p�l�i�e�d� �a�n�d� �f�u�r�t�h�e�r� 

�h�e�a�t�i�n�g� �t�o�o�k� �p�l�a�c�e� �u�p� �t�o� �3�1�0� �°�C� �f�o�r� �U�/�t�e�m�®� �1�0�0�0� �o�r� �3�4�0� �°�C� �f�o�r� �p�o�l�y�(�i�m�i�d�e�-�3�0�%�s�i�l�o�x�a�n�e�)� �s�e�g�-� 

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

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

�s�t�r�e�n�g�t�h� �m�e�a�s�u�r�e�m�e�n�t�.� 

�3�-�2�-�5� �T�e�s�t�i�n�g� �o�f� �s�i�n�g�l�e� �l�a�p� �s�h�e�a�r� �s�a�m�p�l�e�s� 

�S�i�n�g�l�e� �l�a�p� �a�d�h�e�s�i�v�e� �s�a�m�p�l�e�s� �w�e�r�e� �t�e�s�t�e�d� �w�i�t�h� �I�n�s�t�r�o�n� �M�o�d�e�l� �1�1�2�3� �a�t� �a� �c�r�o�s�s�h�e�a�d� �s�p�e�e�d� �o�f� 

�0�.�0�5 ��/�m�i�n�u�t�e�.� �T�h�e� �a�d�h�e�s�i�v�e� �b�o�n�d� �s�t�r�e�n�g�t�h� �w�a�s� �m�e�a�s�u�r�e�d� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e�,� �1�0�0�,� �1�5�0�,� �2�0�0�,� 

�2�5�0� �o�r� �3�0�0� �°�C� �a�c�c�o�r�d�i�n�g� �t�o� �t�h�e� �A�S�T�M� �D�-�1�0�0�2�.� �F�o�r� �t�h�e� �e�l�e�v�a�t�e�d� �t�e�m�p�e�r�a�t�u�r�e� �t�e�s�t�s�,� �e�n�v�i�r�o�n�-� 

�m�e�n�t�a�l� �c�h�a�m�b�e�r� �w�i�t�h� �t�e�m�p�e�r�a�t�u�r�e� �c�o�n�t�r�o�l� �(�I�n�s�t�r�o�n�-�3�1�1�6�)� �w�a�s� �u�s�e�d�.� �1�5� �m�i�n�u�t�e�s� �w�a�s� �a�l�l�o�w�e�d� 

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

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

�o�r�d�e�r� �t�o� �i�n�v�e�s�t�i�g�a�t�e� �t�h�e� �f�a�i�l�u�r�e� �m�o�d�e�.� 
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�3�-�3� �S�t�r�e�s�s�-�s�t�r�a�i�n� �a�n�a�l�y�s�i�s� 

�3�-�3�-�1� �M�a�t�e�r�i�a�l�s� 

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

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

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

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

�U�i�t�e�m�®� �1�0�0�0� �a�n�d� �K�a�p�t�o�n�®� �f�i�l�m� �w�e�r�e� �a�l�s�o� �a�n�a�l�y�z�e�d� �f�o�r� �c�o�m�p�a�r�i�s�o�n� �p�u�r�p�o�s�e�.� 

�3�-�3�-�2� �S�a�m�p�l�e� �p�r�e�p�a�r�a�t�i�o�n� 

�A�l�l� �p�o�l�y�i�m�i�d�e�s� �w�e�r�e� �c�o�m�p�r�e�s�s�i�o�n� �m�o�l�d�e�d� �t�o� �a�f�f�o�r�d� �a� �f�i�l�m� �h�a�v�i�n�g� �t�h�i�c�k�e�n�s�s� �o�f� �5� �t�o� �1�0� �m�i�l� �e�x�c�e�p�t� 

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

�w�i�t�h� �a� �d�i�e� �o�f� �A�S�T�M� �D�-�6�3�8� �T�y�p�e�-�V�.� �S�a�m�p�l�e�s� �w�e�r�e� �p�u�n�c�h�e�d� �r�a�n�d�o�m�l�y� �f�r�o�m� �c�o�m�p�r�e�s�s�i�o�n� �m�o�l�d�e�d� 

�f�i�l�m� �t�o� �m�i�n�i�m�i�z�e� �d�i�r�e�c�t�i�o�n� �e�f�f�e�c�t�.� �T�h�e� �d�i�m�e�n�s�i�o�n�s� �o�f� �d�o�g�-�b�o�n�e� �s�a�m�p�l�e�s� �a�r�e� �l�i�s�t�e�d� �i�n� �F�i�g�u�r�e� �2�5�.� 

�A�r�o�u�n�d� �1�0� �d�o�g�-�b�o�n�e� �s�a�m�p�l�e�s� �w�e�r�e� �p�r�e�p�a�r�e�d� �f�r�o�m� �5� �t�o� �1�0� �m�i�l� �t�h�i�c�k� �f�i�l�m�s� �s�i�n�c�e� �A�S�T�M� �r�e�c�o�m�-� 

�m�e�n�d�s� �t�o� �t�e�s�t� �a�t� �l�e�a�s�t� �5� �s�a�m�p�l�e�s�.� 

�3�-�3�-�3� �T�e�s�t�i�n�g� 

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

�c�r�o�s�s�-�h�e�a�d� �s�p�e�e�d� �o�f� �0�.�0�5 ��/�m�i�n�.� �D�u�e� �t�o� �t�h�e� �t�i�m�e� �l�i�m�i�t�a�t�i�o�n� �o�f� �I�n�s�t�r�o�n� �(�2�0� �m�i�n�u�t�e�s�)�,� �v�e�r�y� �h�i�g�h�i�l�y� 

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

�h�e�a�d� �s�p�e�e�d� �(�0�.�1 ��/�m�i�n�u�t�e�s�)� �s�o� �a�s� �t�o� �a�v�o�i�d� �l�o�s�s� �o�f� �d�a�t�a�.� �T�h�e� �s�a�m�p�l�e�s� �t�e�s�t�e�d� �a�t� �t�h�i�s� �s�t�r�a�i�n� �r�a�t�e� 

�w�e�r�e� �p�o�l�y�(�i�m�i�d�e�-�2�0�%�s�i�l�o�x�a�n�e�)� �(�2�0�,�0�0�0� �g�/�m�o�l�e�)� �a�t� �2�5�0� �°�C�,� �p�o�l�y�(�i�m�i�d�e�-�2�0�%� �s�i�l�o�x�a�n�e�)� �(�4�0�,�0�0�0� 
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�D�i�m�e�n�s�i�o�n�s� �o�f� �s�t�r�e�s�s�-�s�t�r�a�i�n� �s�a�m�p�l�e�s� 
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�g�/�m�o�l�e�)� �a�n�d� �p�o�l�y� �(�i�m�i�d�e�-�3�0�%� �s�i�l�o�x�a�n�e�)� �(�2�0�,�0�0�0� �a�n�d� �3�0�,�0�0�0� �g�/�m�o�l�e�)� �a�t� �2�0�0� �°�C�,� �a�n�d� �U�/�t�e�m�®� �1�0�0�0� 

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

�l�i�z�e�d� �a�s� �u�s�e�d� �i�n� �a�d�h�e�s�i�o�n� �t�e�s�t�.� �T�h�e� �t�e�s�t� �w�a�s� �c�o�n�d�u�c�t�e�d� �a�f�t�e�r� �1�5� �m�i�n�u�t�e�s� �o�f� �w�a�i�t�i�n�g� �t�i�m�e� �t�o� 

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

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

�t�e�s�t�e�d� �s�a�m�p�l�e�s� �c�o�u�l�d� �b�e� �s�t�i�l�l� �b�e� �m�a�d�e�.� 

�3�-�4� �S�u�r�f�a�c�e� �c�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �o�f� �P�E�E�K�-�g�r�a�p�h�i�t�e� �c�o�m�p�o�s�i�t�e�s� 

�3�-�4�-�1� �X�-�r�a�y� �p�h�o�t�o�e�l�e�c�t�r�o�n� �s�p�e�c�t�r�o�s�c�o�p�y� �(�X�P�S�)� 

�X�-�r�a�y� �p�h�o�t�o�e�l�e�c�t�r�o�n� �s�p�e�c�t�r�o�s�c�o�p�y� �(�X�P�S�)� �i�s� �a� �w�e�l�l� �k�n�o�w�n� �s�u�r�f�a�c�e� �a�n�a�l�y�s�i�s� �t�e�c�h�n�i�q�u�e�,� �w�h�i�c�h� �c�a�n� 

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

�o�f� �t�h�e� �P�E�E�K�®�-�g�r�a�p�h�i�t�e� �s�a�m�p�l�e�s� �a�n�d� �f�o�r� �s�o�m�e� �o�f� �t�h�e� �T�i�-�6�A�I�-�4�V� �s�a�m�p�l�e�s� �t�o� �i�n�v�e�s�t�i�g�a�t�e� �t�h�e� �f�a�i�l�u�r�e� 

�m�o�d�e�.� �T�h�e� �s�a�m�p�l�e�s� �w�e�r�e� �a�n�a�l�y�z�e�d� �b�y� �X�P�S�,� �P�e�r�k�i�n� �E�l�m�e�r� �5�3�0�0�,� �w�i�t�h� �m�a�g�n�e�s�i�u�m� �K�-�a�«� �X�-�r�a�y� 

�s�o�u�r�c�e� �a�t� �2�5�0� �m�W� �a�n�d� �t�h�e� �t�a�k�e� �o�f�f� �a�n�g�l�e� �o�f� �9�0� �d�e�g�r�e�e�.� �T�h�e� �r�e�p�r�o�d�u�c�i�b�i�l�i�t�y� �w�a�s� �c�o�n�f�i�r�m�e�d� �b�y� 

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

�a�i�r�,� �t�h�e� �p�l�a�s�m�a� �t�r�e�a�t�e�d� �s�a�m�p�l�e�s� �w�e�r�e� �t�r�a�n�s�f�e�r�r�e�d� �i�n� �a�n� �a�r�g�o�n� �f�i�l�l�e�d� �b�o�t�t�l�e� �a�s� �X�P�S� �u�t�i�l�i�z�e�d� �w�a�s� 

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

�a�t�o�m�i�c� �c�o�n�c�e�n�t�r�a�t�i�o�n� �c�h�a�n�g�e� �a�n�d� �b�i�n�d�i�n�g� �e�n�e�r�g�y� �s�h�i�f�t� �f�r�o�m� �t�h�e� �d�e�c�o�n�v�o�l�u�t�i�o�n� �o�f� �C�1�s� �p�e�a�k�s�.� 

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

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

�a�t�t�e�m�p�t�e�d� �o�n� �t�h�e� �O�1�s� �p�e�a�k�s� �b�e�c�a�u�s�e� �o�f� �c�o�m�p�l�e�x�i�t�y�.� 

�C�h�a�p�t�e�r� �l�i�l�.� �E�x�p�e�r�i�m�e�n�t�a�l� �1�0�1



�3�-�4�-�2� �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�h�e� �m�o�r�p�h�o�l�o�g�y� �o�f� �m�o�d�i�f�i�e�d� �s�a�m�p�l�e�s� �o�f� �P�E�E�K�®�-�g�r�a�p�h�i�t�e� �c�o�m�p�o�s�i�t�e�s� �a�n�d� �T�i�-�6�A�I�-�4�V� �a�l�l�o�y�s� �w�a�s� 

�a�l�s�o� �s�t�u�d�i�e�d� �b�y� �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� �(�S�E�M�)�,� �I�S�I�-�S�X�-�4�0�,� �a�t� �1�0� �o�r� �1�5� �K�V�.� �A�l�l� �s�a�m�p�l�e�s� 

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

�r�e�s�o�l�u�t�i�o�n�.� 

�3�-�4�-�3� �C�o�n�t�a�c�t� �a�n�g�l�e� �m�e�a�s�u�r�e�m�e�n�t� 

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

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

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

�t�r�e�a�t�m�e�n�t�.� �M�o�r�e� �t�h�a�n� �t�h�r�e�e� �d�r�o�p�s� �w�e�r�e� �t�r�i�e�d� �a�n�d� �t�h�e� �r�e�s�u�l�t�s� �w�e�r�e� �a�v�e�r�a�g�e�d�.� 
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�C�h�a�p�t�e�r� �I�V�.� �R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n�s� 

�4�-�1� �C�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �o�f� �p�o�l�y�i�m�i�d�e� �h�o�m�o�p�o�l�y�m�e�r�s� �a�n�d� �p�o�l�y�(�i�m�i�d�e�-� 

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

�4�-�1�-�1� �F�T�-�I�R� �s�t�u�d�y� 

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

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

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

�t�e�c�h�n�i�q�u�e� �d�e�v�e�l�o�p�e�d� �i�n� �o�u�r� �l�a�b�o�r�a�t�o�r�y� �[�1�5�2�]�.� �T�h�e� �c�o�m�p�l�e�t�i�o�n� �o�f� �i�m�i�d�i�z�a�t�i�o�n� �w�a�s� �c�o�n�f�i�r�m�e�d� �b�y� 

�F�T�I�R�,� �N�i�c�o�l�e�t� �M�X�-�1�,� �u�t�i�l�i�z�i�n�g� �i�m�i�d�e� �b�a�n�d�s� �o�b�s�e�r�v�e�d� �a�t� �1�7�7�8�,� �1�3�6�0� �a�n�d� �7�2�5� �c�m�-�'� �a�n�d� 

�d�i�s�s�a�p�p�e�a�r�a�n�c�e� �o�f� �t�h�e� �a�m�i�d�e� �b�a�n�d� �a�t� �1�5�3�5� �c�m�-�'�.� �F�i�g�u�r�e� �2�6� �s�h�o�w�s� �a� �r�e�p�r�e�s�e�n�t�a�t�i�v�e� �F�T�I�R� 

�s�p�e�c�t�r�u�m� �o�f� �t�h�e� �p�o�l�y�i�m�i�d�e� �h�o�m�o�p�o�l�y�m�e�r� �f�r�o�m� �B�T�D�A�-�m�D�D�S� �(�2�0�,�0�0�0� �g�/�m�o�l�e�)�;� �o�t�h�e�r� �p�o�l�y�i�m�i�d�e�s� 

�e�x�h�i�b�i�t�e�d� �s�i�m�i�l�a�r� �s�p�e�c�t�r�a�.� 

�T�h�e�r�m�a�l� �i�m�i�d�i�z�a�t�i�o�n� �i�s� �o�f�t�e�n� �c�o�n�d�u�c�t�e�d� �a�t� �3�0�0�-�4�0�0� �°�C�,� �w�h�e�r�e� �c�h�a�i�n� �e�x�t�e�n�s�i�o�n� �a�n�d� �/�o�r� �s�i�d�e� �r�e�-� 

�a�c�t�i�o�n�s� �c�a�n� �r�e�s�u�l�t� �i�n� �i�n�s�o�l�u�b�l�e� �i�n�f�u�s�i�b�e� �p�o�l�y�i�m�i�d�e�s� �[�1�5�2�,�1�5�3�]�.� �T�h�e�r�e�f�o�r�e�,� �i�t� �i�s� �c�o�m�m�o�n� �t�o� �e�m�-� 

�C�h�a�p�t�e�r� �I�V�.� �R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n�s� �1�0�3



� � � � � � � � � � 
� � �[� �T� �2�0�0�0� �1�6�0�0� �1�2�0�0� �9�0�0� �7�0�0� �5�0�0� 

�W�a�v�e� �N�u�m�b�e�r�s� �(�c�m�-�1�)� 

�F�i�g�u�r�e� �2�6�.� �F�T�I�R� �o�f� �p�o�l�y�i�m�i�d�e� �h�o�m�o�p�o�l�y�m�e�r� �f�o�r�m� �B�T�D�A�-�m�D�D�S� �(�2�0�,�0�0�0� �g�/�m�o�l�e�)� 

�C�h�a�p�t�e�r� �I�V�.� �R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n�s� �1�0�4



�p�l�o�y� �p�o�l�y�(�a�m�i�c�-�a�c�i�d�)�s� �i�n�s�t�e�a�d� �o�f� �f�u�l�l�y� �i�m�i�d�i�z�e�d� �p�o�l�y�i�m�i�d�e�s�.� �H�o�w�e�v�e�r�,� �s�i�n�c�e� �s�o�l�u�t�i�o�n� �i�m�i�d�i�z�a�t�i�o�n� 

�w�a�s� �e�m�p�l�o�y�e�d� �a�t� �t�h�e� �m�o�d�e�r�a�t�e� �t�e�m�p�e�r�a�t�u�r�e� �(�1�6�0� �°�C�)� �a�n�d� �n�o�n�-�r�e�a�c�t�i�v�e� �e�n�d� �g�r�o�u�p�s� �w�e�r�e� 

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

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

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

�d�u�r�i�n�g� �p�r�o�c�e�s�s�i�n�g�.� 

�4�-�1�-�2� �I�n�t�r�i�n�s�i�c� �v�i�s�c�o�s�i�t�y� �m�e�a�s�u�r�e�m�e�n�t� 

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

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

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

�t�h�e� �w�e�l�l� �k�n�o�w�n� �M�a�r�k�-�H�o�u�w�i�n�k� �e�q�u�a�t�i�o�n�,� �[�y�]� �=� �K�M�?�.� �S�i�n�c�e� �p�o�l�y�i�m�i�d�e�s� �p�r�e�p�a�r�e�d� �i�n� �t�h�i�s� �i�n�v�e�s�-� 

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

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

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

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

�A�s� �l�i�s�t�e�d� �i�n� �T�a�b�l�e� �1�5�,� �i�n�t�r�i�n�s�i�c� �v�i�s�c�o�s�i�t�i�e�s� �m�e�a�s�u�r�e�d� �i�n� �N�M�P� �a�t� �2�5� �°�C� �i�n�d�i�c�a�t�e� �t�h�a�t� �c�o�n�t�r�o�l�l�i�n�g� 

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

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

�v�i�s�c�o�s�i�t�i�e�s� �w�e�r�e� �o�b�t�a�i�n�e�d�.� �T�h�e� �i�n�t�r�i�n�s�i�c� �v�i�s�c�o�s�i�t�i�e�s� �o�f� �u�n�c�o�n�t�r�o�l�l�e�d� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �(�1�:�1� 

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

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

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

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

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

�{�2�2�1�]� �d�e�m�o�n�s�t�r�a�t�i�n�g� �t�h�a�t� �t�h�e� �m�e�t�h�o�d� �u�t�i�l�i�z�e�d� �i�n� �t�h�i�s� �i�n�v�e�s�t�i�g�a�t�i�o�n� �i�s� �v�e�r�y� �e�f�f�e�c�t�i�v�e� �f�o�r� �m�o�l�e�c�u�l�a�r� 

�C�h�a�p�t�e�r� �I�V�.� �R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n�s� �1�0�5



�T�a�b�l�e� �1�5�.� �C�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �p�o�l�y�i�m�i�d�e� �a�d�h�e�s�i�v�e�s� 
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�P�o�l�y�i�m�i�d�e� �A�d�h�e�s�i�v�e� �<�M�n�>� �[�n�N�]�!� �T�g�@�C�2� �D�T�O�E�C�3� �C�M�T�C�C�)�4� 

�2�0�K� �0�.�2�1� �2�5�9� �5�5�0� �3�4�0� 
�3�0�K� �0�.�2�6� �2�6�5� �5�4�5� �3�5�0� 

�B�T�D�A�-�m�D�D�S� �4�0�K� �0�.�3�9� �2�6�3� �5�6�0� �3�8�0� 
�U�E�C�?�  �� �0�.�9�5� �2�6�6� �5�6�5� �N�/�A� 
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�6�F�D�A�-�p�D�D�S� �2�0�K� �0�.�3�1� �2�5�9� �5�5�0� �3�4�0� 

�6�F�D�A�-�p�P�D� �2�0�K� �0�.�3�4� �3�4�5�(�3�6�0�)�6� �5�0�0� �3�9�0� 

�1�.� �N�M�P� �a�t� �2�5� �°�C� 
�2�.� �M�e�a�s�u�r�e�d� �b�y� �D�S�C�,� �1�0� �°�C�/�m�i�n�.�,� �i�n� �2�n�d� �s�c�a�n� 
�3�.� �D�e�g�r�a�d�a�t�i�o�n� �T�e�m�p�e�r�a�t�u�r�e� �(�1�0�%� �w�e�i�g�h�t� �l�o�s�s� �i�n� �a�i�r�)� 
�4�,� �C�o�m�p�r�e�s�s�i�o�n� �M�o�l�d�i�n�g� �T�e�m�p�e�r�a�t�u�r�e� �(�a�t� �1�0�k�l�b�,� �f�o�r� �1�0� �m�i�n�)� 
�5�.� �U�n�e�n�d�c�a�p�p�e�d� �(�1�:�1� �s�t�o�i�c�h�i�o�m�e�t�r�i�c� �r�e�a�c�t�i�o�n�)� 
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�w�e�i�g�h�t� �c�o�n�t�r�o�l� �o�f� �p�o�l�y�i�m�i�d�e�s�.� �A�l�t�h�o�u�g�h� �i�t� �w�a�s� �e�x�p�e�c�t�e�d� �t�h�a�t� �s�i�l�o�x�a�n�e� �i�n�c�o�r�p�o�r�a�t�i�o�n� �w�o�u�l�d� �a�f�-� 

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

�i�n�c�o�r�p�o�r�a�t�i�o�n� �a�s� �s�h�o�w�n� �i�n� �T�a�b�i�e� �1�5�.� 

�4�-�1�-�3� �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� �d�e�t�e�r�m�i�n�a�t�i�o�n� 

�T�h�e� �u�p�p�e�r� �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� �o�f� �p�o�l�y�i�m�i�d�e� �h�o�m�o�p�o�l�y�m�e�r�s� �a�n�d� �p�o�l�y�(�i�m�i�d�e�-�s�i�l�o�x�a�n�e�)� 

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

�(�T�a�b�l�e� �1�5�)�,� �a�n�d� �w�e�r�e� �f�o�u�n�d� �t�o� �b�e� �a� �f�u�n�c�t�i�o�n� �o�f� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �a�n�d� �c�h�a�i�n� �r�i�g�i�d�i�t�y� �a�s� �e�x�p�e�c�t�e�d�.� 

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

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

�h�o�m�o�p�o�l�y�m�e�r� �f�r�o�m� �B�I�T�D�A�-�m�D�D�S� �(�2�0�,�0�0�0� �g�/�m�o�l�e�)� �e�x�h�i�b�i�t�e�d� �a� �T�g� �o�f� �2�5�9� �°�C� �a�n�d� �i�n�c�r�e�a�s�e�d� 

�s�l�i�g�h�t�l�y� �w�i�t�h� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t�,� �w�h�i�l�e� �t�h�e� �1�0�%� �a�n�d� �2�0�%� �s�i�l�o�x�a�n�e� �c�o�p�o�l�y�m�e�r� �(�2�0�,�0�0�0� �g�/�m�o�l�e�)� 

�h�a�d� �T�g� �v�a�l�u�e�s� �o�f� �2�4�8� �a�n�d� �2�3�1� �°�C� �a�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�7�.� �H�o�w�e�v�e�r�,� �e�v�e�n� �t�h�e� �p�o�l�y�{�i�m�i�d�e�-� 

�3�0�%�s�i�l�o�x�a�n�e�)� �c�o�p�o�l�y�m�e�r� �e�x�h�i�b�i�t�e�d� �a� �f�a�i�r�l�y� �h�i�g�h� �T�g�,� �2�0�9� �°�C�.� �A� �s�l�i�g�h�t� �i�n�c�r�e�a�s�e� �o�f� �T�g� �w�i�t�h� �m�o�-� 

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

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

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

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

�S�u�i�t�a�b�l�e� �f�o�r� �a�e�r�o�s�p�a�c�e� �o�r� �e�l�e�c�t�r�o�n�i�c� �a�p�p�l�i�c�a�t�i�o�n�s�.� 

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

�n�o�t� �m�e�a�s�u�r�e�d� �b�u�t� �t�h�e� �r�e�p�o�r�t�e�d� �v�a�l�u�e�s� �[�1�5�3�]� �f�a�l�l� �i�n� �t�h�e� �r�a�n�g�e� �o�f� �-�1�0�6� �t�o� �-�1�2�3� �°�C�.� �I�t� �w�a�s� �a�l�s�o� 

�f�o�u�n�d� �[�1�5�3�]� �t�h�a�t� �t�h�e� �l�o�w�e�r� �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� �f�r�o�m� �t�h�e� �s�i�l�o�x�a�n�e� �d�o�m�a�i�n�s� �w�e�r�e� �n�o�t� 

�d�e�t�e�c�t�a�b�l�e� �u�n�l�e�s�s� �a�r�o�u�n�d� �2�0� �w�e�i�g�h�t� �p�e�r�c�e�n�t� �o�r� �m�o�r�e� �w�a�s� �i�n�c�o�r�p�o�r�a�t�e�d�,� �a�n�d� �t�h�a�t� �t�h�e�y� �d�e�-� 

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

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

�C�h�a�p�t�e�r� �I�V�.� �R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n�s� �1�0�7



� � 

�A� �e�e� 

� � � � � � 
�B� 

�&� 
�e�w� 

�2� �2�4�8�.�5�5� �°�C� �(�H�)� 

�a�t� 

�o�O� 
�T�w� 
�|� 

�u�u� �C� 
�V�v� 

�2�3�1�.�6�1� �°�C� �(�H�)� 

�D� �S�N�e� 

�i� �1� �1� �0� �1�0�0� �2�0�0� �3�0�0� �a�g�o� �5�0�0� 
�T�e�m�p�e�r�a�t�u�r�e� �(�°�C�)� 

�F�i�g�u�r�e� �2�7�.� �D�S�C� �o�f� �p�o�l�y�i�m�i�d�e� �h�o�m�o�p�o�l�y�m�e�r� �a�n�d� �_� �p�o�l�y�(�i�m�i�d�e�-�s�i�l�o�x�a�n�e�)� �c�o�p�o�l�y�m�e�r�s� �(�2�0�,�0�0�0� 
�g�/�m�o�l�e�)�:� �a�)� �H�o�m�o�p�o�l�y�i�m�i�d�e�,� �b�)� �1�0�%�-�s�i�l�o�x�a�n�e� �c�o�p�o�l�y�i�m�i�d�e�,� �c�)� �2�0�%�-�s�i�l�o�x�a�n�e� 
�c�o�p�o�l�y�i�m�i�d�e�,� �d�)� �3�0�%�-�s�i�l�o�x�a�n�e� �c�o�p�o�l�y�i�m�i�d�e� 

�C�h�a�p�t�e�r� �I�V�.� �R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n�s� �1�0�8



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

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

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

�4�-�1�-�4� �T�h�e�r�m�a�l� �S�t�a�b�i�l�i�t�y� 

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

�c�o�p�o�l�y�m�e�r�s� �w�e�r�e� �e�s�t�i�m�a�t�e�d� �b�y� �t�h�e�r�m�o�g�a�v�i�m�e�t�r�i�c� �a�n�a�l�y�z�e�r� �(�T�G�A�)� �i�n� �a�n� �a�i�r� �a�t�m�o�s�p�h�e�r�e� �e�i�t�h�e�r� 

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

�p�o�l�y�i�m�i�d�e� �p�o�w�d�e�r�.� �T�h�e� �i�s�o�t�h�e�r�m�a�l� �T�G�A� �w�a�s� �c�a�r�r�i�e�d� �o�u�t� �a�t� �3�6�0� �°�C� �f�o�r� �1�2�0� �m�i�n�u�t�e�s� �o�n� �t�h�e� 

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

�m�o�l�e�c�u�l�a�r� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t�s� �w�e�r�e� �a�b�o�u�t� �3�0�,�0�0�0� �g�/�m�o�l�e� �(�F�i�g�u�r�e� �2�8�)�.� �W�h�i�l�e� �h�e�a�t�i�n�g� �t�o� �3�6�0� �°�C� 

�(�w�h�i�c�h� �t�o�o�k� �a�r�o�u�n�d� �1�5� �m�i�n�u�t�e�s�)� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�%� �w�e�i�g�h�t� �l�o�s�s� �w�a�s� �d�e�t�e�c�t�e�d� �i�n� �a�l�l� �s�a�m�p�l�e�s�,� 

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

�w�e�i�g�h�t� �l�o�s�s� �i�n� �t�h�a�t� �c�o�n�d�i�t�i�o�n�,� �b�u�t� �i�t� �i�s� �b�e�l�i�e�v�e�d� �t�h�a�t� �t�h�e� �a�c�t�u�a�l� �w�e�i�g�h�t� �l�o�s�s� �a�t� �3�6�0� �°�C� �f�o�r� �2� �h�o�u�r�s� 

�i�n� �a�i�r� �w�a�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�%� �o�w�i�n�g� �t�o� �a�d�s�o�r�b�e�d� �w�a�t�e�r�.� �A�s� �t�h�e� �a�m�o�u�n�t� �o�f� �s�i�l�o�x�a�n�e� �i�n�c�o�r�p�o�-� 

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

�p�o�l�y�(�i�m�i�d�e�-�3�0�%�s�i�l�o�x�a�n�e�)� �s�e�g�m�e�n�t�e�d� �c�o�p�o�l�y�m�e�r� �(�3�0�,�0�0�0� �g�/�m�o�l�e�)� �w�a�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �7�%�,� �w�h�i�l�e� 

�1�0�%� �a�n�d� �2�0�%� �c�o�p�o�l�y�m�e�r�s� �s�h�o�w�e�d� �2�.�5�%� �a�n�d� �3�.�5�%�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �I�t� �i�s� �b�e�l�i�e�v�e� �t�h�a�t� �a�l�i�p�h�a�t�i�c� 

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

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

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

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

�w�e�i�g�h�t� �l�o�s�s� �u�n�t�i�l�!� �5�0�0� �°�C� �i�n� �d�y�n�a�m�i�c� �T�G�A�,� �a�s� �d�e�p�i�c�t�e�d� �i�n� �F�i�g�u�r�e� �2�9�.� �A�l�l� �p�o�l�y�(�i�m�i�d�e�-�s�i�l�o�x�a�n�e�)� 

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

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

�y�i�e�l�d� �w�a�s� �p�r�o�p�o�r�t�i�o�n�a�l� �t�o� �s�i�l�o�x�a�n�e� �c�o�n�t�e�n�t�,� �s�u�g�g�e�s�t�i�n�g� �t�h�a�t� �s�i�l�i�c�a�t�e�-�t�y�p�e� �s�t�r�u�c�t�u�r�e� �w�a�s� �t�h�e� 
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�p�r�i�n�c�i�p�a�l� �d�e�g�r�a�d�a�t�i�o�n� �p�r�o�d�u�c�t� �i�n� �a�n� �a�i�r� �a�t�m�o�s�p�h�e�r�e� �[�6�,�1�5�3�]�.� �T�h�e� �s�t�u�d�y� �b�y� �M�a�u�d�g�a�l� �a�n�d� �S�t�.� 

�C�l�a�i�r� �[�1�5�4�]� �r�e�v�e�a�l�e�d� �t�h�a�t� �t�h�e� �s�i�l�o�x�a�n�e� �i�n�c�o�r�p�o�r�a�t�i�o�n� �e�x�h�i�b�i�t�e�d� �t�w�o� �s�t�e�p� �d�e�g�r�a�d�a�t�i�o�n� �p�r�o�c�e�s�s� 

�b�u�t� �o�t�h�e�r� �o�b�s�e�r�v�a�t�i�o�n�s� �w�e�r�e� �t�h�e� �s�a�m�e� �a�s� �o�u�r�s�.� �T�h�e� �d�e�g�r�a�d�a�t�i�o�n� �b�e�t�w�e�e�n� �4�0�0� �a�n�d� �4�5�0� �°�C� �w�a�s� 

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

�r�e�l�a�t�i�v�e�l�y� �s�t�a�b�l�e� �a�r�o�m�a�t�i�c� �s�t�r�u�c�t�u�r�e� �w�h�i�c�h� �d�e�g�r�a�d�e�s� �a�r�o�u�n�d� �5�0�0� �t�o� �5�5�0� �°�C� �[�1�5�4�]�.� �T�h�e� �t�w�o� �s�t�e�p� 

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

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

�4�-�1�-�5� �T�h�e�r�m�o�-�m�e�c�h�a�n�i�c�a�l� �a�n�a�l�y�s�i�s� 

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

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

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

�o�b�t�a�i�n�e�d� �b�y� �T�M�A� �i�s� �s�i�m�i�l�a�r� �t�o� �a� �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� �i�n�d�i�c�a�t�e�d� �i�n� �F�i�g�u�r�e� �3�0�,� �n�o� 

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

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

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

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

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

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

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

�c�a�p�p�e�d� �a�l�o�n�g� �w�i�t�h� �a�n�  ��u�n�e�n�d�-�c�a�p�p�e�d �� �(�U�E�C�)� �h�i�g�h� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �c�o�n�t�r�o�l�.� 

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

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

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

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

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

�C�h�a�p�t�e�r� �I�V�.� �R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n�s� �1�1�2
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�h�o�m�o�p�o�l�y�m�e�r� �a�n�d� �p�o�l�y�(�i�m�i�d�e�-�s�i�l�o�x�a�n�e�)� �s�e�g�m�e�n�t�e�d� �c�o�p�o�l�y�m�e�r�s� �e�x�h�i�b�i�t�e�d� �v�e�r�y� �s�l�o�w� �p�e�n�e�-� 

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

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

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

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

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

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

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

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

�4�-�1�-�6� �C�o�m�p�r�e�s�s�i�o�n� �m�o�l�d�i�n�g� �t�e�m�p�e�r�a�t�u�r�e� 

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

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

�i�n�g� �t�e�m�p�e�r�a�t�u�r�e� �(�C�M�T�)� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �s�y�s�t�e�m�a�t�i�c�a�l�l�y� �v�a�r�y�i�n�g� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �b�y� �1�0� �°�C� 

�u�n�d�e�r� �a� �f�i�x�e�d� �l�o�a�d� �(�1�0�,�0�0�0� �I�b�)� �a�n�d� �h�o�l�d�i�n�g� �t�i�m�e� �(�1�0� �m�i�n�u�t�e�s�)�.� �T�h�e� �r�e�p�o�r�t�e�d� �v�a�l�u�e�s� �a�r�e� �t�h�e� 

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

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

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

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

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

�w�i�t�h� �s�i�l�o�x�a�n�e� �i�n�c�o�r�p�o�r�a�t�i�o�n� �(�T�a�b�l�e� �1�5�)�.� �H�o�w�e�v�e�r�,� �n�o� �f�i�l�m� �c�o�u�l�d� �b�e� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� 

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

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

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

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

�p�r�o�c�e�s�s�a�b�l�e�.� 
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�4�-�1�-�7� �E�f�f�e�c�t� �o�f� �p�o�l�y�i�m�i�d�e� �s�t�r�u�c�t�u�r�e� 

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

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

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

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

�n�i�q�u�e�s�.� �T�h�e� �h�e�x�a�-�f�l�u�o�r�o� �d�i�a�n�h�y�d�r�i�d�e� �(�6�F�D�A�)� �i�n�s�t�e�a�d� �o�f� �B�T�D�A� �w�a�s� �u�t�i�l�i�z�e�d� �a�s� �t�h�e� �d�i�a�n�h�y�d�r�i�d�e� 

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

�c�o�n�s�t�a�n�t�s� �a�n�d� �b�e�t�t�e�r� �s�o�l�u�b�i�l�i�t�y�.� �T�h�e� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �o�f� �p�o�l�y�i�m�i�d�e� �w�a�s� �c�o�n�t�r�o�l�l�e�d� �t�o� �2�0�,�0�0�0� 

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

�T�h�e� �p�o�l�y�i�m�i�d�e�s� �w�e�r�e� �c�h�a�r�a�c�t�e�r�i�z�e�d� �b�y� �F�T�I�R�,� �D�S�C�,� �D�M�T�A�,� �T�G�A� �a�n�d� �i�n�t�r�i�n�s�i�c� �v�i�s�c�o�s�i�t�y� �m�e�a�s�-� 

�u�r�e�m�e�n�t�.� �T�h�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �p�o�l�y�i�m�i�d�e�s� �a�r�e� �l�i�s�t�e�d� �i�n� �T�a�b�l�e� �1�5� �t�o�g�e�t�h�e�r� �w�i�t�h� �t�h�o�s�e� �o�f� 

�B�T�D�A�-�m�D�D�S� �p�o�l�y�i�m�i�d�e�.� �T�h�e� �p�o�l�y�i�m�i�d�e�s� �f�r�o�m� �6�F�D�A� �e�x�h�i�b�i�t�e�d� �g�o�o�d� �s�o�l�u�b�i�l�i�t�y� �i�n� �a� �n�u�m�b�e�r� �o�f� 

�s�o�l�v�e�n�t�s� �s�u�c�h� �a�s� �N�M�P�,� �T�H�F� �a�n�d� �C�H�,�C�L�2�.� �T�h�e� �s�o�l�u�t�i�o�n� �i�m�i�d�i�z�a�t�i�o�n� �t�e�c�h�n�i�q�u�e� �w�a�s� �a�g�a�i�n� �s�u�c�-� 

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

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

�N�M�P� �a�t� �2�5� �°�C�.� �T�h�e� �i�n�t�r�i�n�s�i�c� �v�i�s�c�o�s�i�t�y� �f�r�o�m� �6�F�D�A� �b�a�s�e�d� �p�o�l�y�i�m�i�d�e�s� �w�e�r�e� �s�l�i�g�h�t�l�y� �h�i�g�h�e�r� �t�h�a�n� 

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

�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� �o�f� �p�o�l�y�i�m�i�d�e�s� �f�r�o�m� �6�F�D�A�-� �p�D�D�S� �a�n�d� �6�F�D�A�-�p�P�D� �w�e�r�e� �3�2�5� 

�a�n�d� �3�4�5� �°�C�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �A�s� �e�x�p�e�c�t�e�d�,� �p�o�l�y�i�m�i�d�e� �f�r�o�m� �6�F�D�A�-�p�P�D� �s�h�o�w�e�d� �h�i�g�h�e�r� �T�g� �o�f� �3�6�0� �°�C� 

�b�y� �D�M�T�A� �t�h�a�n� �t�h�a�t� �b�y� �D�S�C� �(�F�i�g�u�r�e� �3�2�)�.� �T�h�e� �t�h�e�r�m�a�l� �s�t�a�b�i�l�i�t�y� �o�f� �B�E�D�A� �b�a�s�e�d� �p�o�l�y�m�e�r�s� �m�e�a�s�-� 

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

�6�F�D�A�-�b�a�s�e�d� �p�o�l�y�i�m�i�d�e�s� �e�x�h�i�b�i�t�e�d� �h�i�g�h�e�r� �T�g�s� �t�h�a�n� �B�T�D�A�-�m�D�D�S� �p�o�l�y�i�m�i�d�e�,� �i�t� �w�a�s� �s�t�i�l�l� �p�o�s�s�i�b�l�e� 

�t�o� �o�b�t�a�i�n� �g�o�o�d� �f�i�l�m�s� �b�y� �c�o�m�p�r�e�s�s�i�o�n� �m�o�l�d�i�n�g�.� 
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�F�i�g�u�r�e� �3�2�.� �D�M�T�A� �o�f� �p�o�l�y�i�m�i�d�e� �f�r�o�m� �6�F�D�A�-�p�P�D� �(�2�0�,�0�0�0� �g�/�m�o�l�e�)� 

�C�h�a�p�t�e�r� �I�V�.� �R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n�s� �1�1�7



�4�-�2� �M�e�c�h�a�n�i�c�a�l� �p�r�o�p�e�r�t�i�e�s� �o�f� �p�o�l�y�i�m�i�d�e�s� 

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

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

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

�t�e�m�p�e�r�a�t�u�r�e�s�.� �U�/�t�e�m�®� �1�0�0�0� �a�n�d� �K�a�p�t�o�n�®� �p�o�l�y�i�m�i�d�e� �c�o�n�t�r�o�l�s� �w�e�r�e� �a�l�s�o� �t�e�s�t�e�d� �f�o�r� �c�o�m�p�a�r�i�s�o�n� 

�p�u�r�p�o�s�e�s�.� �T�h�e� �t�e�s�t�s� �w�e�r�e� �c�o�n�d�u�c�t�e�d� �a�c�c�o�r�d�i�n�g� �t�o� �A�S�T�M� �D�-�6�3�8� �a�n�d� �a�l�l� �d�o�g�-�b�o�n�e� �t�y�p�e� �s�p�e�c�i�-� 

�m�e�n�s� �w�e�r�e� �p�r�e�p�a�r�e�d� �f�r�o�m� �c�o�m�p�r�e�s�s�i�o�n� �m�o�l�d�e�d� �f�i�l�m�s� �(�5�-�1�0� �m�i�l� �t�h�i�c�k�)� �w�i�t�h� �A�S�T�M� �D�-�6�3�8� �t�y�p�e� �V� 

�d�i�e�.� �H�o�w�e�v�e�r�,� �K�a�p�t�o�n�®� �i�s� �n�o�t� �a� �t�h�e�r�m�o�p�l�a�s�t�i�c� �a�n�d� �w�a�s� �s�u�p�p�l�i�e�d� �a�s� �a� �t�h�i�n� �f�i�l�m�.� �M�o�r�e� �t�h�a�n� �5� 

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

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

�4�-�2�-�1� �E�f�f�e�c�t� �o�f� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� 

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

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

�w�e�i�g�h�t� �o�f� �p�o�l�y�i�m�i�d�e�s� �w�a�s� �c�o�n�t�r�o�l�l�e�d� �t�o� �a�f�f�o�r�d� �1�0�,�0�0�0� �2�0�,�0�0�0�,� �3�0�,�0�0�0� �a�n�d� �4�0�,�0�0�0� �(�g�/�m�o�l�e�)� �t�o�-� 

�g�e�t�h�e�r� �w�i�t�h� �u�n�c�o�n�t�r�o�l�l�e�d� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t�.� �H�o�w�e�v�e�r�,� �s�i�n�c�e� �t�h�e� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �o�f� �1�0�,�0�0�0� 

�(�g�/�m�o�l�e�)� �w�a�s� �t�o�o� �b�r�i�t�t�l�e� �t�o� �p�r�e�p�a�r�e� �f�i�l�m� �a�d�h�e�s�i�v�e�,� �t�h�a�t� �w�a�s� �e�x�c�l�u�d�e�d�.� �A�c�c�o�r�d�i�n�g� �t�o� �W�a�l�d�b�a�u�e�r� 

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

�w�e�i�g�h�t� �o�f� �1�5�,�0�0�0� �t�o� �2�0�,�0�0�0� �(�g�/�m�o�l�e�)�,� �w�h�i�c�h� �i�s� �c�o�n�s�i�s�t�a�n�t� �w�i�t�h� �o�b�s�e�r�v�a�t�i�o�n� �i�n� �t�h�i�s� �s�t�u�d�y�.� 

�T�h�e� �p�o�l�y�i�m�i�d�e� �h�o�m�o�p�o�l�y�m�e�r� �(�2�0�,�0�0�0�g�/�m�o�l�e�)� �e�x�h�i�b�i�t�e�d� �t�e�n�s�i�l�e� �s�t�r�e�n�g�t�h� �o�f� �1�0�.�4� �k�s�i� �(�7�1�.�7� �M�P�a�)�,� 

�t�e�n�s�i�l�e� �m�o�d�u�l�u�s� �o�f� �3�0�0� �k�s�i� �(�2�0�7� �M�P�a�)� �a�n�d� �5�.�9�%� �e�l�o�n�g�a�t�i�o�n�.� �T�h�e� �t�e�n�s�i�l�e� �s�t�r�e�n�g�t�h� �a�n�d� �s�t�r�a�i�n� �o�f� 

�p�o�l�y�i�m�i�d�e� �h�o�m�o�p�o�l�y�m�e�r� �i�n�c�r�e�a�s�e�d� �s�i�g�n�i�f�i�c�a�n�t�l�y� �w�i�t�h� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �(�1�7�.�7� �k�s�i� �a�n�d� �7�.�5�%� �w�i�t�h� 

�4�0�,�0�0�0� �g�/�m�o�l�e�)�,� �w�h�i�l�e� �t�h�e� �a�p�p�a�r�a�n�t� �t�e�n�s�i�l�e� �m�o�d�u�l�u�s� �d�i�d� �n�o�t� �v�a�r�y� �s�i�g�n�i�f�i�c�a�n�t�l�y� �(�3�1�3� �k�s�i� �w�i�t�h� 

�4�0�,�0�0�0� �g�/�m�o�l�e�)� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �a�s� �i�n�d�i�c�a�t�e�d� �i�n� �F�i�g�u�r�e� �3�3�.� �C�o�m�p�a�r�e�d� �w�i�t�h� �w�e�l�l� �k�n�o�w�n� 

�C�h�a�p�t�e�r� �I�V�.� �R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n�s� �1�1�8



�p�o�l�y�i�m�i�d�e�,� �L�A�R�C�-�T�P�t�,� �w�h�i�c�h� �h�a�s� �t�e�n�s�i�l�e� �s�t�r�e�n�g�t�h� �o�f� �1�9�.�7� �k�s�i�,� �m�o�d�u�l�u�s� �o�f� �5�4�0� �k�s�i� �(�o�b�t�a�i�n�e�d� �w�i�t�h� 

�a� �s�t�r�a�i�n� �g�a�u�g�e�)� �a�n�d� �4�.�8� �%� �e�l�o�n�g�a�t�i�o�n� �[�1�4�0�]�,� �p�o�l�y�i�m�i�d�e� �h�o�m�o�p�o�l�y�m�e�r�s� �d�e�m�o�n�s�t�r�a�t�e�d� �g�o�o�d� 

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

�e�m�p�l�o�y�e�d� �i�n� �t�h�i�s� �m�e�a�s�u�r�e�m�e�n�t�,� �t�h�e� �t�e�n�s�i�l�e� �m�o�d�u�l�u�s� �i�s� �p�r�o�b�a�b�l�y� �3�0�-�5�0�%� �l�o�w�e�r� �t�h�a�n� �t�h�e� �a�b�s�o�-� 

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

�T�h�e� �l�o�w�e�s�t� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �(�2�0�,�0�0�0� �g�/�m�o�l�e�)� �u�s�e�d� �w�a�s� �a�t� �o�r� �a�b�o�v�e� �t�h�e� �c�r�i�t�i�c�a�l� �r�a�n�g�e� �o�f� �m�o�-� 

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

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

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

�T�h�e� �e�f�f�e�c�t� �o�f� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �o�n� �t�h�e� �s�t�r�e�s�s�-�s�t�r�a�i�n� �b�e�h�a�v�i�o�r� �w�a�s� �a�l�s�o� �c�o�n�d�u�c�t�e�d� �a�t� �2�0�0� �°�C�.� 

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

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

�(�F�i�g�u�r�e� �3�3�)�.� �T�e�n�s�i�l�e� �s�t�r�e�n�g�t�h� �i�n�c�r�e�a�s�e�d� �s�l�i�g�h�t�l�y� �f�r�o�m� �6�.�5� �k�s�i� �w�i�t�h� �2�0�,�0�0�0� �g�/�m�o�l�e� �t�o� �9�.�0� �k�s�i� �w�i�t�h� 

�4�0� �,�0�0�0� �g�/�m�o�l�e� �a�t� �2�0�0� �°�C�,� �w�h�i�l�e� �t�e�n�s�i�l�e� �m�o�d�u�l�u�s� �d�i�d� �n�o�t� �c�h�a�n�g�e�.� �T�e�n�s�i�l�e� �s�t�r�a�i�n�,� �h�o�w�e�v�e�r�,� �i�n�-� 

�c�r�e�a�s�e�d� �f�r�o�m� �8�.�7�%� �w�i�t�h� �2�0�,�0�0�0� �g�/�m�o�l�e� �t�o� �1�6�.�7�%� �w�i�t�h� �4�0�,�0�0�0� �g�/�m�o�l�e�.� �O�n�c�e� �a�g�a�i�n�,� �i�n�c�r�e�a�s�e�d� 

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

�w�e�i�g�h�t�.� 

�4�-�2�-�2� �E�f�f�e�c�t� �o�f� �p�o�l�y�d�i�m�e�t�h�y�l�s�i�l�o�x�a�n�e� �s�e�g�m�e�n�t� �i�n�c�o�r�p�o�r�a�t�i�o�n� 

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

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

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

�m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �o�f� �3�0�,�0�0�0� �g�/�m�o�l�e� �i�s� �d�e�p�i�c�t�e�d� �i�n� �F�i�g�u�r�e� �3�4� �a�n�d� �s�u�m�m�a�r�i�z�e�d� �i�n� �F�i�g�u�r�e� �3�5�.� 
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�1�2�0� �C�h�a�p�t�e�r� �I�V�.� �R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n�s



�k�s�i� �w�i�t�h� �1�0�%� �s�i�l�o�x�a�n�e�,� �a�n�d� �t�h�e�n� �d�e�c�r�e�a�s�e�d� �t�o� �1�3�.�2� �a�n�d� �9�.�9� �k�s�i� �w�i�t�h� �2�0�%� �a�n�d� �3�0�%� �s�i�l�o�x�a�n�e� 

�i�n�c�o�r�p�o�r�a�t�i�o�n�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

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

�s�l�i�g�h�t�l�y� �w�i�t�h� �i�t�.� �A�s� �i�n�d�i�c�a�t�e�d� �i�n� �F�i�g�u�r�e� �1�3� �a�n�d� �1�4�,� �t�h�e� �t�e�n�s�i�l�e� �s�t�r�e�n�g�t�h� �a�n�d� �m�o�d�u�l�u�s� �i�n�c�r�e�a�s�e�d� 

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

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

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

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

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

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

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

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

�b�r�o�k�e�n� �a�t� �l�o�w� �s�t�r�a�i�n� �b�u�t� �h�i�g�h� �s�t�r�e�n�g�t�h�.� �A� �s�m�a�l�l� �a�m�o�u�n�t� �o�f� �s�i�l�o�x�a�n�e� �(�e�g� �1�0�%�)� �i�n�c�o�r�p�o�r�a�t�i�o�n� 

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

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

�a�n�d� �r�e�s�u�l�t�s� �i�n� �b�r�i�t�t�l�e� �f�r�a�c�t�u�r�e�.� �S�i�n�c�e� �2�0�%� �a�n�d� �3�0�%� �s�i�l�o�x�a�n�e� �i�n�c�o�r�p�o�r�a�t�e�d� �c�o�p�o�l�y�m�e�r�s� �h�a�d� 

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

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

�T�h�e� �t�e�n�s�i�l�e� �s�t�r�e�n�g�t�h� �o�f� �t�h�e� �p�o�l�y�i�m�i�d�e�s� �c�o�n�t�a�i�n�i�n�g� �2�0�%� �a�n�d� �3�0�%� �s�i�l�o�x�a�n�e� �a�t� �2�0�0� �°�C� �w�a�s� 

�m�e�a�s�u�r�e�d� �a�t� �a� �s�t�r�a�i�n� �r�a�t�e� �o�f� �0�.�1 ��/�m�i�n�u�t�e�s� �d�u�e� �t�o� �t�h�e� �s�o� �h�i�g�h� �e�l�o�n�g�a�t�i�o�n� �o�f� �t�h�e�s�e� �p�o�l�y�i�m�i�d�e�s� 

�i�n�s�t�e�a�d� �o�f� �0�.�0�5 ��/�m�i�n�u�t�e�s� �w�h�i�c�h� �u�s�e�d� �f�o�r� �p�o�l�y�i�m�i�d�e� �h�o�m�o�p�o�l�y�m�e�r� �a�n�d� �p�o�l�y�(�{�i�m�i�d�e�-�1�0�%� �s�i�l�o�x�a�n�e�)� 

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

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

�p�o�r�a�t�i�o�n� �w�h�i�l�e� �t�h�e� �t�e�n�s�i�l�e� �m�o�d�u�l�u�s� �d�e�c�r�e�a�s�e�d� �e�x�p�o�n�e�n�t�i�a�l�l�y� �a�t� �2�0�0� �°�C�.� �T�h�e� �t�e�n�s�i�l�e� �s�t�r�a�i�n�,� 

�h�o�w�e�v�e�r�,� �i�n�c�r�e�a�s�e�d� �e�x�p�o�n�e�n�t�i�a�l�l�y� �w�i�t�h� �s�i�l�o�x�a�n�e� �i�n�c�o�r�p�o�r�a�t�i�o�n� �a�t� �2�0�0� �°�C�;� �f�r�o�m� �1�4�%� �w�i�t�h� 

�p�o�l�y�i�m�i�d�e� �h�o�m�o�p�o�l�y�m�e�r� �t�o� �2�1�2�%� �w�i�t�h� �3�0�%� �s�i�l�o�x�a�n�e� �c�o�p�o�l�y�m�e�r�,� �w�h�i�l�e� �t�e�n�s�i�l�e� �s�t�r�e�n�g�t�h� �a�n�d� 

�C�h�a�p�t�e�r� �I�V�.� �R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n�s� �1�2�1
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�E�f�f�e�c�t� �o�f� �s�i�l�o�x�a�n�e� �b�l�o�c�k� �(�<�M�n�>� �=� �1�5�5�0� �g�/�m�o�l�e�)� �i�n�c�o�r�p�o�r�a�t�i�o�n� �o�n� �t�h�e� �s�t�e�s�s�-�s�t�r�a�i�n� �b�e�-� 
�h�a�v�i�o�r� �o�f� �p�o�l�y�i�m�i�d�e�s� 

�F�i�g�u�r�e� �3�5�.� 

�1�2�3� �I�s�c�u�s�s�i�o�n�s� �C�h�a�p�t�e�r� �I�V�.� �R�e�s�u�l�t�s� �a�n�d� �D



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

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

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

�4�-�2�-�3� �E�f�f�e�c�t� �o�f� �t�e�s�t� �t�e�m�p�e�r�a�t�u�r�e� 

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

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

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

�d�e�c�r�e�a�s�e�d� �s�t�r�e�n�g�t�h�.� �D�u�e� �t�o� �t�h�e� �t�i�m�e� �l�i�m�i�t�a�t�i�o�n� �o�f� �I�n�s�t�r�o�n� �(�2�0� �m�i�n�u�t�e�s�)�,� �v�e�r�y� �h�i�g�h�i�l�y� �e�x�t�e�n�s�i�b�l�e� 

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

�(�0�.�1 ��/�m�i�n�u�t�e�s�)� �s�o� �a�s� �t�o� �a�v�o�i�d� �l�o�s�s� �o�f� �d�a�t�a�.� �T�h�e� �s�a�m�p�l�e�s� �t�e�s�t�e�d� �a�t� �t�h�i�s� �s�t�r�a�i�n� �r�a�t�e� �w�e�r�e� 

�p�o�l�y�(�i�m�i�d�e�-�2�0�%�s�i�l�o�x�a�n�e�)� �(�2�0�,�0�0�0� �g�/�m�o�l�e�)� �a�t� �2�5�0� �°�C�,� �p�o�l�y�(�i�m�i�d�e�-�2�0�%� �s�i�l�o�x�a�n�e�)� �(�4�0�,�0�0�0� �g�/�m�o�l�e�)� 

�a�n�d� �p�o�l�y�(�i�m�i�d�e�-�3�0�%� �s�i�l�o�x�a�n�e�)� �(�2�0�,�0�0�0� �a�n�d� �3�0�,�0�0�0� �g�/�m�o�l�e�)� �a�t� �2�0�0� �°�C�,� �a�n�d� �U�/�t�e�m�®� �1�0�0�0� �a�n�d� 

�K�a�p�t�o�n�®� �p�o�l�y�i�m�i�d�e� �a�t� �a�l�l� �t�e�s�t� �t�e�m�p�e�r�a�t�u�r�e�s�.� 

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

�c�o�p�o�l�y�m�e�r�s� �o�f� �3�0�,�0�0�0� �g�/�m�o�l�e� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �3�6�,� �w�h�i�c�h� �i�s� �s�i�m�i�l�a�r� �t�o� 

�F�i�g�u�r�e� �1�4�.� �T�h�e� �m�e�c�h�a�n�i�c�a�l� �p�r�o�p�e�r�t�i�e�s� �a�r�e� �s�u�m�m�a�r�i�z�e�d� �i�n� �F�i�g�u�r�e� �3�7�.� �I�n� �g�e�n�e�r�a�l�,� �p�o�l�y�i�m�i�d�e�s� 

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

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

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

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

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

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

�(�F�i�g�u�r�e� �3�7�)�.� 

�C�h�a�p�t�e�r� �I�V�.� �R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n�s� �1�2�4
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�A�s� �e�x�p�e�c�t�e�d�,� �t�h�e� �t�e�n�s�i�l�e� �s�t�r�a�i�n� �i�n�c�r�e�a�s�e�d� �a�l�m�o�s�t� �e�x�p�o�n�e�n�t�i�a�l�l�y� �w�i�t�h� �t�e�s�t� �t�e�m�p�e�r�a�t�u�r�e�.� �T�h�u�s�,� 

�p�o�l�y�i�m�i�d�e� �h�o�m�o�p�o�l�y�m�e�r� �e�x�h�i�b�i�t�e�d� �6�%�,� �1�4�%� �a�n�d� �9�1�%� �o�f� �t�e�n�s�i�l�e� �s�t�r�a�i�n� �a�t� �2�5�°�C�,� �2�0�0� �°�C� �a�n�d� �2�5�0� 

�°�C�,� �r�e�s�p�e�c�t�i�v�e�l�y�,� �w�h�i�l�e� �3�0�%� �s�i�l�o�x�a�n�e� �c�o�p�o�l�y�m�e�r�s� �s�h�o�w�e�d� �1�0�%�,� �3�3�%� �a�n�d� �2�1�2�%� �a�t� �r�o�o�m� �t�e�m�-� 

�p�e�r�a�t�u�r�e�,� �1�5�0� �a�n�d� �2�0�0� �°�C�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �A�s� �t�h�e� �t�e�s�t� �t�e�m�p�e�r�a�t�u�r�e� �a�p�p�r�o�a�c�h�e�d� �t�h�e� �T�g� �o�f� �t�h�e� 

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

�T�g�.� �T�h�e� �t�e�n�s�i�l�e� �m�o�d�u�l�u�s� �e�x�h�i�b�i�t�e�d� �s�i�m�i�l�a�r� �t�r�e�n�d� �a�s� �s�t�r�e�n�g�t�h�.� �P�o�l�y�i�m�i�d�e� �h�o�m�o�p�o�l�y�m�e�r� �a�n�d� �1�0�%� 

�s�i�l�o�x�a�n�e� �c�o�p�o�l�y�m�e�r� �s�h�o�w�e�d� �a� �s�l�i�g�h�t� �d�e�c�r�e�a�s�e� �o�f� �t�e�n�s�i�l�e� �m�o�d�u�i�u�s� �w�i�t�h� �t�e�m�p�e�r�a�t�u�r�e� �u�n�t�i�l� �2�0�0� 

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

�F�i�g�u�r�e� �3�8� �a�l�s�o� �c�l�e�a�r�l�y� �d�e�m�o�n�s�t�r�a�t�e�d� �t�h�e� �e�f�f�e�c�t� �o�f� �s�i�l�o�x�a�n�e� �o�n� �t�h�e� �t�e�n�s�i�l�e� �p�r�o�p�e�r�t�i�e�s�.� �T�h�e� �r�e�-� 

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

�T�h�e� �r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �t�e�s�t� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �o�f� �t�h�e� �1�0�%� �s�i�l�o�x�a�n�e� 

�c�o�p�o�l�y�m�e�r�s� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �3�8�.� �T�e�n�s�i�l�e� �s�t�r�e�n�g�t�h� �v�a�r�i�e�d� �w�i�t�h� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �a�t� �r�o�o�m� 

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

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

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

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

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

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

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

�H�o�w�e�v�e�r�,� �a�t� �2�5�0� �°�C�,� �d�u�e� �t�o� �t�h�e� �e�x�c�e�s�s�i�v�e� �d�u�c�t�i�l�i�t�y� �b�y� �t�e�m�p�e�r�a�t�u�r�e�,� �a�l�l� �p�o�l�y�i�m�i�d�e�s� �d�i�d� �n�o�t� �s�h�o�w� 

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

�4�-�2�-�4� �P�o�l�y�i�m�i�d�e� �s�t�r�u�c�t�u�r�e� 

�S�t�r�a�i�n�-�s�t�r�e�s�s� �m�e�a�s�u�r�e�m�e�n�t�s� �w�e�r�e� �a�l�s�o� �c�a�r�r�i�e�d� �o�u�t� �o�n� �t�h�e� �h�i�g�h� �T�g� �(�3�6�0� �°�C�)� �p�o�l�y�i�m�i�d�e� �b�a�s�e�d� 

�o�n� �6�F�D�A�-�p�P�D�.� �C�o�m�m�e�r�c�i�a�l� �p�o�l�y�i�m�i�d�e�s� �s�u�c�h� �a�s� �U�/�f�e�m�®� �1�0�0�0� �a�n�d� �K�a�p�t�o�n�®� �w�e�r�e� �a�l�s�o� �s�u�b�j�e�c�t�e�d� 

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

�C�h�a�p�t�e�r� �I�V�.� �R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n�s� �1�2�7
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�T�e�s�t� �T�e�m�p�e�r�a�t�u�r�e� �(�°�C�)� 

�F�i�g�u�r�e� �3�8�.� �E�f�f�e�c�t� �o�f� �t�e�s�t� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �o�n� �t�h�e� �s�t�r�e�s�s�-�s�t�r�a�i�n� �b�e�h�a�v�i�o�r� �o�f� 
�p�o�l�y�(�i�m�i�d�e�-�1�0�%� �s�i�l�o�x�a�n�e�)� �c�o�p�o�l�y�m�e�r�s� 

�C�h�a�p�t�e�r� �I�V�.� �R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n�s� �1�2�8



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

�r�a�t�o�r�y�.� �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�o�l�y�i�m�i�d�e� �d�e�r�i�v�e�d� �f�r�o�m� �6�F�D�A� �w�a�s� �m�e�a�s�u�r�e�d� �a�t� �a� �s�t�r�a�i�n� 

�r�a�t�e� �o�f� �0�.�0�5 ��/�m�i�n�u�t�e� �w�h�i�l�e� �t�h�a�t� �o�f� �U�i�t�e�m�®� �1�0�0�0� �a�n�d� �K�p�t�o�n�®� �p�o�l�y�i�m�i�d�e�s� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �a�t� 

�0�.�1 ��/�m�i�n�u�t�e�.� 

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

�1�6� �t�o�g�e�t�h�e�r� �w�i�t�h� �p�o�l�y�i�m�i�d�e� �f�r�o�m� �B�T�D�A�-�m�D�D�S�.� �S�t�r�e�s�s�-�s�t�r�a�i�n� �b�e�h�a�v�i�o�r� �o�f� �p�o�l�y�i�m�i�d�e� �d�e�r�i�v�e�d� 

�f�r�o�m� �6�F�D�A�-�p�P�D�,� �U�i�t�e�m�®� �1�0�0�0� �a�n�d� �K�p�t�o�n�®� �p�o�l�y�i�m�i�d�e�s� �a�r�e� �a�l�s�o� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �3�9�.� �U�/�t�e�m�®� �1�0�0�0� 

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

�A�s� �e�x�p�e�c�t�e�d�,� �c�o�m�m�e�r�c�i�a�l� �o�r�i�e�n�t�e�d� �f�i�l�m� �K�a�p�t�o�n�®� �p�r�o�v�i�d�e�d� �t�h�e� �h�i�g�h�e�s�t� �t�e�n�s�i�l�e� �s�t�r�e�n�g�t�h� �f�o�l�l�o�w�e�d� 

�b�y� �6�F�D�A�-�p�P�D�,� �B�T�D�A�-�m�D�D�S� �a�n�d� �U�/�t�e�m�®� �1�0�0�0�.� �T�h�e� �r�e�p�o�r�t�e�d� �t�e�n�s�i�l�e� �s�t�r�e�n�g�t�h� �o�f� �K�a�p�t�o�n�®� �w�a�s� 

�2�5� �k�s�i� �a�n�d� �o�u�r� �m�e�a�s�u�r�e�d� �v�a�l�u�e� �w�a�s� �2�3� �k�s�i�,� �w�h�i�l�e� �b�y� �c�o�m�p�a�r�i�s�o�n� �t�h�e� �p�o�l�y�i�m�i�d�e� �f�r�o�m� �6�F�D�A�-�p�P�D� 

�h�a�d� �a� �t�e�n�s�i�l�e� �s�t�r�e�n�g�t�h� �o�f� �2�1� �k�s�i�.� �C�o�n�s�i�d�e�r�i�n�g� �t�h�a�t� �K�a�p�t�o�n�®� �f�i�l�m� �i�s� �b�e�l�i�e�v�e�d� �t�o� �h�a�v�e� �c�h�a�i�n� �o�r�i�-� 

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

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

�T�h�e� �h�i�g�h�e�s�t� �t�e�n�s�i�l�e� �s�t�r�a�i�n� �w�a�s� �o�b�t�a�i�n�e�d� �b�y� �U�/�t�e�m�®� �1�0�0�0�,� �a�r�o�u�n�d� �1�0�0�%� �w�h�i�c�h� �w�a�s� �h�i�g�h�e�r� �t�h�a�n� 

�t�h�e� �r�e�p�o�r�t�e�d� �v�a�l�u�e� �o�f� �6�0�%� �[�1�4�0�]�,� �w�h�i�l�e� �K�a�p�f�o�n�®� �e�x�h�i�b�i�t�e�d� �7�0�%� �w�h�i�c�h� �w�a�s� �v�e�r�y� �c�l�o�s�e� �t�o� �t�h�e� 

�r�e�p�o�r�t�e�d� �v�a�l�u�e�.� �T�h�e� �h�i�g�h� �T�g� �p�o�l�y�i�m�i�d�e� �b�a�s�e�d� �o�n� �6�F�D�A�-�p�P�D�,� �s�h�o�w�e�d� �1�5�%� �t�e�n�s�i�l�e� �e�l�o�n�g�a�t�i�o�n�,� 

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

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

�H�o�w�e�v�e�r�,� �p�o�l�y�i�m�i�d�e� �f�r�o�m� �B�T�D�A�-�m�D�D�S� �(�2�0�,�0�0�0� �g�/�m�o�l�e�)� �s�h�o�w�e�d� �a�n� �a�b�r�u�p�t� �i�n�c�r�e�a�s�e� �o�f� �t�e�n�s�i�l�e� 

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

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

�T�h�e� �p�o�l�y�i�m�i�d�e� �f�r�o�m� �B�T�D�A�-�m�D�D�S� �(�2�0�,�0�0�0� �g�/�m�o�l�e�)� �e�x�h�i�b�i�t�e�d� �h�i�g�h�e�s�t� �t�e�n�s�i�l�e� �m�o�d�u�l�u�s� �(�3�0�0� �k�s�i�)� 

�f�o�l�l�o�w�e�d� �b�y� �6�F�D�A�-�p�P�D� �(�2�9�3� �k�s�i�)�,� �U�i�t�e�m�®� �1�0�0�0� �(�2�4�1� �k�s�i�)� �a�n�d� �K�a�p�t�o�n�®� �(�1�9�5� �k�s�i�)�,� �a�n�d� �d�e�c�r�e�a�s�e�d� 

�w�i�t�h� �t�e�m�p�e�r�a�t�u�r�e�.� �C�o�m�p�a�r�e�d� �t�o� �t�h�e� �r�e�p�o�r�t�e�d� �t�e�n�s�i�l�e� �m�o�d�u�l�u�s� �o�f� �U�/�t�e�m�®� �a�n�d� �K�a�p�t�o�n�®�,� �w�h�i�c�h� 

�w�e�r�e� �4�3�0� �k�s�i�,� �t�h�e� �m�e�a�s�u�r�e�d� �v�a�l�u�e�s� �w�e�r�e� �l�o�w�e�r� �b�y� �4�4�%� �a�n�d� �5�5�%�,� �r�e�s�p�e�c�t�i�v�e�l�y�,� �w�h�i�c�h� �c�a�n� �b�e� 

�C�h�a�p�t�e�r� �I�V�.� �R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n�s� �1�2�9


