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by 
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Dr. T. C. Ward, Chairman 

Chemistry 

Polymer chemistry has primarily been a main chain carbon-based 

science, but recently the usage of inorganic polymeric materials has increased 

with polyphosphazene research leading the way. The credit for the increased 

interest in the field of phosphazene chemistry arises from the unique physical 

properties these materials possess. Depending upon the rigidity of the side 

group, the morphology of these materials is controllable. A high degree of 

chain mobility is exhibited by this class of polymers resulting in low glass 

transitions. The industrial applications of these materials are quite divergent 

as a result of the various morphologies and glass transitions. Possible sealant 

applications of these materials are apparent and have yet to be realized. These 

will be the focus of this thesis. 

The objective of this research was to characterize polyphenoxy- 

ethylphenoxyphosphazene in terms of three bulk properties to determine 

the possibility of favorable sealant application. Investigation of the 

solubility parameter through solvent ingression experiments determined



the solvent resistive abilities of the material. Thermogravimetric analysis 

set an upper temperature limit of application by determining the thermal 

stability of the polymer. The study of polyphenoxy-ethylphenoxy- 

phospazene through dynamic mechanical analysis provided insight into 

the vibrational damping characteristics of the material as well as 

establishing a lower temperature limit of possible use. Combination of 

the results from these various experiments enables one to make 

qualitative conclusions regarding favorable sealant application.
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1.0 Introduction 

The field of polymer chemistry has developed largely around the 

study of materials composed of main chain organic molecules. Recent 

interest in experimenting with new combinations of materials has 

highlighted the importance of inorganic polymeric materials. 

Polyphosphazene research leads the way. 

The polyphosphazene repeat unit consists of alternating phosphorus 

and nitrogen atoms connected by successive single and double bonds. 

Phosphorus is bonded with two substituents and Figure 1 depicts the 

typical repeat unit of polyorganophosphazenes, where the symbol R 

represents a wide variety of substituents. The effect of these substituential 

variations will be discussed later. Increased interest in these compounds 

resulted in the development of over 300 stable phosphazene polymers and 

this number is ever increasing. 

Because of the unique physical properties these materials possess 

there has been rapid progress in the field of polyphosphazene chemistry. 

The high degree of chain mobility these polymers display allows their 

morphology to be controlled as a function of the substituents' rigidity. 1-2 

Polyphosphazenes' ability to resist photolytic and oxidative degradation 

provides high temperature stability and flame retardent properties. The 

industrial applications of these materials are extensive, resulting from the 

variable morphologies that are obtainable. The focus of this thesis is to



determine the possibilities for sealant applications of these materials, that 

have not yet been completely realized. 

Use of solution, thermal, and dynamic mechanical experiments allow 

one to investigate possible sealant applications of polyphenoxy- 

ethylphenoxyphosphazene. Solution studies determine the solvent 

resistive abilities of the material. Thermal experiments establish the 

thermal stability of the material and set an upper temperature limit of 

usage. Dynamic mechanical investigations determine the vibrational 

damping capabilities of the material and establish a lower temperature 

limit of application. 

Figure 1. Repeat unit of a polyphosphazene where R and 

R’ represent a wide variety of substituents 
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Literature Search 

2.0 Polyphosphazenes 

2.1 Background 

Phosphazene chemistry originated in 1834 when Wolher* and Rose? 

showed that phosphorus pentachloride reacts with ammonia to form a 

crystalline white solid, (NPC12)3, later named hexachlorocyclotri- 

phosphazene. Scheme 1 depicts this reaction pathway. These early 

explorations received little attention until the late 1890's when Stokes® 

identified the existence of cyclic species up to (NPCl2)7. Stokes found that 

the application of heat transformed these cyclic chlorophosphazenes into 

elastic materials that became commonly known as inorganic rubber. 

Additional heating of this new elastomeric material decomposed it to the 

cyclic components. However, this new compound's insolubility, resulting 

from its crosslinked structure slowed further investigation. 

During the 1960's Allcock and Kugel’ developed a method by which 

hexachlorocyclotriphospazene was polymerized without the formation of 

the crosslinked material. The scientists found that through control of 

reaction time, temperature, and purity of the trimer, they formed a linear 

polymer that was soluble in most organic solvents. Besides synthesizing 

an uncrosslinked species, the formation of organophosphazene 

compounds became possible due to the reactivity of the P-Cl bonds.



Continued heating resulted in the formation of an insoluble rubber, just as 

Stokes had discovered some 60 years earlier. This early research 

catapulted polyphospazene chemistry into one of the most popular fields of 

inorganic polymer chemistry to date. 

Scheme 1. Preparation of Hexachlorocyclotriphosphazene 
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2.2 Synthesis 

The intricacies involved in the synthesis of polyorganophosphazenes 

is extensive and control of the variables is critical to the formation of 

completely substituted materials. The formation of polyorgano- 

phosphazenes occurs through macromolecular substitution of a reactive



intermediate, polydichlorophosphazene. The development of the reactive 

intermediate has received a considerable amount of attention and some of 

the more common methods used in its formation are discussed. 

Allcock and others have reported the formation of linear dichloro - 

phosphazene through a combination of phosphorus pentachloride and 

ammonia. On completion of the formation of hexachlorocyclo- 

triphospazene, polymerization occurs by increasing the reaction 

temperature to 250°C and applying a vacuum. Further research 

conducted by Hornbaker and Li showed that polydichlorophosphazene 

polymerizes from phosphorus pentachloride and ammonium chloride, 

bypassing the formation of hexachlorocylophosphazene. Heloui and 

others9 further refined the preparation of the intermediate by performing a 

| condensation reaction using N-dichlorophosphoryl-p-trichloro- 

monophosphazene. The elimination of phosphoryl chloride results in the 

desired product while providing improved molecular weight control 

through the addition of a chain limiter or careful control of reaction time. 

Scheme 2 illustrates all of these reaction pathways. 

The macromolecular substitution of polydichlorophosphazene has 

been performed using a wide variety of organic nucleophiles. The 

uncrosslinked polydichlorophosphazene is initially dissolved in an inert 

solvent and then added dropwise to a solution containing the desired 

nucleophile. As the substitution progresses, the polymer and salt 

precipates out of the solution. The reaction time, temperature, and solvent 

mixtures are all dependent upon the reactivity of the nucleophile!9. 

The synthesis of polyalklyoxyphosphazenes occurs in solvent 

mixtures of benzene and tetrahydrofuran to dissolve the two compounds. 

While using reaction temperatures of 60-80°C, dropwise addition of the



solvated intermediate to excessive amounts of sodium alkyloxides results 

in percent yields ranging from 60 to 80% .11 

Scheme 2. Reaction pathways for Polydichlorophosphazene 
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The decreased reactivity of sodium aryloxyides results in increased 

reaction temperatures. The synthesis of polyaryloxyphosphazenes occurs 

at 115 - 125°C when solution mixtures of toluene and diglyme have



dissolved the intermediate and nucleophile. Dropwise addition of the 

intermediate solution to the nucleophile results in 30 to 80 percent 

yields.12 Solvent mixtures of benzene and tetrahydrofuran decrease the 

reaction temperature but unstable polymers result due to incomplete 

substitution. 18 

The conditions used in the formation of polyaminophosphazenes are 

similar to those used in the polymerization of polyakyloxyphosphazenes. 

To eliminate the formation of crosslinked products when attempting to 

react nucleophilic primary amines and ammonia substituents, reduction of 

reaction temperatures and times is vital.14 Table 1 shows some 

representative compositions for the various classes of polyphosphazenes 

discussed above. 

Complications arise when attempting substitution reactions with 

organometallic compounds and polydichlorophosphazene. The addition of 

these metallic nucleophiles results in the depolymerization and 

subsequent cleavage of the P-N bonds. Replacing the chlorine 

substituents with fluorine atoms allows the reaction to progress without 

significant degradation.!5 The P-C bond that results from this reaction 

provides excellent thermal stability when compared with other 

polyorganophosphazenes. 

Several researchers have considered alternate forms of 

polymerization but found them less successful than the techniques set 

forth above. Allcock and Evans have shown that substitution of 

hexachlorocyclotriphosphazene with a single organic group and carrying 

out a ring opening polymerization results in the formation of the product 

but with decreased percent yields. 16 Others have attempted direct



synthetic techniques to form polyorganophosphazenes that previously were 

unattainable through the nucleophilic substitution methods. 

Table 1. Various classes of Polyphosphazenes 

  

e Polyalkyoxyphosphazenes 
{(CHsO)2PN}_, 
{((CF3CH20)2PN},, 

{((CFsCH20)(CF3CF,CF2CH20)PN}n 

e Polyaryloxyphosphazenes 
((CeHsO).PN}n 
{(p-CeHsCsH40) pn}, 
{(m-CH3C6H,0)2PN}n 

¢ Polyaminophosphazenes 
((CHsNH),pn}, 

{(C6éHsNH), PN},       
Pyrolysis of silylphosphinimines has been the primary method used to 

form these new structures, but few researchers are pursuing this 

technique further. !7



2.3 Physical Properties 

Interest in polyphosphazene chemistry is associated with the unique 

physical characteristics that these materials display and the wide variety 

of substituents the polymer chain can support. Over the last 30 years 

researchers have identified and documented the physical characteristics of 

polyphosphazenes. They have focused on the structure, thermal 

transitions and stability, solution behavior, and dynamic mechanical 

response. These are outlined below. 

2.3.1 Structure 

The outward appearance of the polyphosphazene structure would 

lead one to conclude that these materials exist as rigid semicrystalline 

polymers. Polyphosphazenes can possess a variety of morphologies and 

demonstrate variable thermal and solvent stability. However, the one 

characteristic consistent to all polyphosphazenes is backbone flexibility. 

The skeletal backbone consists of alternating single and double 

bonds between phosphorus and nitrogen atoms, which do not behave in a 

manner analogous to classical open ended conjugated carbon based



systems. Both phosphorus and nitrogen possess five valence electrons for 

use in bond formation. Phosphorus donates four electrons while nitrogen 

donates two electrons and a single lone pair of electrons to the formation 

of the sigma bonds. The nonbonding electrons, one for each molecule, 

inhabit the 2pz orbital on nitrogen and the 3d orbital on phosphorous. 

These electrons combine to form a restrained localized px - dg bond. Asa 

consequence of the orbital mismatch that occurs on each phosphorous, a 

three centered island m-bonding effect arises. Figure 2 illustrates this 

bonding phenomenon. Because phosphorus possesses five 3d orbitals, 

rotation of the P - N bond allows the p-orbital of nitrogen to project upon 

any of the d-orbitals of phosphorus. 18 This results in much smaller 

rotational barriers for polyphosphazenes than typical pz-d;z, double bonds 

found in most organic compounds. The barrier to rotation that 

phosphorous - nitrogen bonds exhibit is 3.38 kJ/mol and 21.8 kJ/mol for 

polydifluorethoxy- and polydiphenoxyphosphazene, respectively. 19 

Another factor influencing the physical properties of 

polyphosphazenes is chain conformation. The torsional angles of the 

bonded polymer backbone influence the shape of a polymer's chain. These 

acquired angles depend upon two factors: (1) repulsion or attractions of 

neighboring substituents on the chain and (2) intramolecular forces 

associated with the packing of molecules into possible micro - crystalline 

formations. 18 Polyphosphazenes are separated from most other carbon 

based systems, because the side groups are bonded to every other 

10



Figure 2. Drawing illustrating the hybridization of the phosphorous 

3d orbitals and the nitrogen 2pz orbitals. A discontinuity in the 

overlap of the orbitals is clearly apparent in this representation. 

  

skeletal atom. Therefore the attraction or repulsion of the substituents 

effects the chain conformation of polyphosphazenes. The cis-trans chain 

structure allows for the largest degree of space between the substituents, 

thereby minimizing the intramolecular forces between the side groups and 

generating the most stable conformation.29 X-ray diffraction experiments 

found the distance of the unit cell to be 4.9A for a representative group of 

polyphosphazenes, reinforcing this hypothetical portrait of the chain 

conformation. 10 This distance is consistent with prior results for 

polymers possessing a cis-trans conformation. 

11



2.3.2 Thermal Properties 

The ability to access different morphologies by altering the 

polyphosphazene substituents is a quality rarely found in many polymer 

systems. Polyphosphazenes exist over a range from amorphous gums to 

semicrystalline solids with some of the later materials displaying 

mesomorphic transformation between the crystallization and melting 

temperatures.12 Variations of the side group also greatly influence the 

glass transition temperature. The transition from the glassy to the 

rubbery state is contingent upon the size of the substituent and the 

amount of steric interference. 

Since alkyloxy groups are small and non-obstructive, the polymer 

chain can undergo main chain rotation at low temperatures, usually 

between -100 to -60°C.!1 The presence of aromatic rings results in 

increased hindrance of chain motion, causing an elevation in the 

temperature of the glass transition to between -50 to O°C. Location and 

length of the alkyl substituent also influences the glass transition in 

aryloxyphosphazenes.!2 Meta-substituted phosphazenes have lower glass 

transition temperatures when compared to para-substituted materials. 

Increasing the length of the alkyl chain in the para-position also results in 

the lowering of glass transition temperatures. Amino substituents also 

have an effect on the chain mobility. Interatomic attractions between the 

side group and polymer backbone, resulting from increased basicity of the 

12



substituent, limit the chain flexibility and increase the glass transition to 

above 0°C21, 

The morphology taken on by polyphosphazene materials also 

depends upon the number of substituents bonded to phosphorus. Mono- 

substituted polyalkyoxyphosphazenes are semicrystalline, while aryloxy 

substituted polymers exhibit polymorphic transitions resulting from side 

chain liquid crystalline formations. These crystalline features relate to the 

molecular symmetry caused by the presence of a single substituent and 

the ability of the backbone to reach the preferred cis-trans configuration. 

The lack of crystallinity in polyphosphazenes results from the presence of 

two or more substituents. Polyphosphazenes that are di-substituted are 

amorphous and demonstrate elastomeric capabilities.3 Table 2 shows the 

thermal transitions for a variety of polyphosphazene materials. 190 

Table 2. Thermal Transitions of various Polyphosphazenes 

  

Polymer Tg (C) T(1) (C) Tm (°C) 

{(Cl),PN},, -63 --- 68 

{(CH3O)2PN},, -76 --- --- 

{((CF,CH.O)2PN}n -66 80 240 
{(C 6HsO)2PN}n 5.5 160 390 

{((p-CH,CeH40)2PN},, 0.3 152 340 

{(CH,NH)2PN}, 14 140 _--     

13 

 



2.3.4 Thermal Stability 

The thermal stability of polyorganphosphazenes is a physical 

property that many researchers have disputed. Polydichlorophosphazene 

displays thermal stability up to 350°C whereupon depolymerization into 

cyclic oligomers takes place.22 Allen and others investigated the 

decomposition for a wide variety of polyorganophosphazenes via 

thermogravimetric analysis (TGA). The results from these initial 

experiments demonstrate that a majority of polyphosphazenes possess 

thermal stability above 300°C. Table 3 shows results from these 

experiments. 23 

Table 3. Decomposition Temperatures for various Polyphosphazenes 

  

Polymer R group % Weight loss Temp(°C) Temp of 10% loss (°C) 

Cl 100 550 410 

OCH2CF3 100 500 410 

OC6H4Cl(para) 76 600 400 

OC6H4F (para) 75 500 385 

OC6H4C6H5 (para) 45 600 470     
  

14



Allcock and others disputed these preliminary findings.24 Using 

polydiphenoxyphosphazene, Allcock performed thermal degradation 

experiments ranging from 100 to 400°C. The materials, sealed in 

evacuated heating tubes, were heated to the desired experimental 

temperatures. The use of intrinsic viscosity, gel permeation 

chromatography, and mass spectroscopy allowed for investigation of the 

products from the thermolysis reactions. The results reveal that 

polydiphenoxyphosphazene undergoes rapid viscosity and molecular 

weight decreases in the temperature range of 100-200°C. These decreases 

illustrate the depolymerization. Once depolymerization starts, the 

formation of a wide variety of cyclic oligomers as well as low to medium 

molecular weight fragmented polymers occurs. These findings support the 

possibility that depolymerization is thermodynamically driven resulting 

from steric interactions in the polymer chain, since these interactions are 

not present in the cyclic oligomers. The fact that polybistrifluroeythoxy- 

phosphazene, which has little steric hindrance, is less apt to undergo 

depolymerization at temperatures below 200°C than polydiphenoxy- 

phosphazene, reinforces this theory.29 Because the rate of 

depolymerization is slow, polydiphenoxyphosphazene is stable at room 

temperature. However, by increasing the temperature depolymerization 

becomes favorable. Therefore, hindrance of the depolymerization 

mechanism would enhance the thermal stability of these polymers. 

In his continued investigation into the thermal behavior of 

polyphosphazenes Allcock2© observed three particular processes: (1) 

random chain cleavage of the polymer backbone, (2) depolymerization 

resulting in the formation of cyclic oligomers, and (3) crosslinking 

15



reactions of the cyclic species to form a network ultrastructure. The 

samples were heated from 50 to 1000°C in a tube furnace and the 

products characterized through a combination of 3! P NMR spectroscopy, 

vapor phase osmometry, and mass spectrometry. 

Thermogravimetric scan of triflouroethoxyphosphazene illustrates 

the percent weight loss versus temperature. Trifluorethoxyphosphazene 

underwent chain cleavage at temperatures below 250°C. The cleavage of 

the polymer chain arises from low concentrations of imperfections along 

the polymer chain. These defects result from incomplete substitution of 

the chlorine atoms during synthesis. At slightly elevated temperatures, 

the decrease in the molecular weight was complimented by the formation 

of cyclic oligomers, more specifically, the tetramer [NP(OCH2CF3)9]4 and 

trimer [NP(OCH2CF3)2]3 species. At temperatures exceeding 300°C, the 

observation of the depolymerization reaction occurs by plotting the change 

in the molecular weight and the percentage of oligomers formed against 

the temperature. This temperature limit is very important because TGA 

results do not show any appreciable weight loss at or below 300°C, 

although backbone cleavage and cyclic formation apparently take place 

below these temperatures. At temperatures above 300°C the cyclic species 

begins to volatilize and by 450°C the material degrades completely. 

Polyaryloxyphosphazenes, phenoxy and p-methylphenoxy, 

underwent chain cleavage, depolymerization, and subsequent crosslinking 

upon heating. Molecular weight decreases were observed between the 

temperatures of 120 - 250°C. The formation of cyclic oligomers was not 

detected at these temperatures. However, above 250°C for phenoxy and 

300°C for methylphenoxy, initiation of oligomer formation takes place. The 

TGA results demonstrate a significant weight loss occurring at 400°C, 

16



which reflects the volatilization of the oligomers formed during heating. 

Up to this temperature, these materials' thermal behavior resembles the 

pyrolytic process of the polyalkylflourophosphazene discussed earlier. At 

temperatures above 400°C these similarities no longer exist. 

Continued heating of the cyclic species yields a viscous solution that 

eventually hardens at 500°C to form a colorless solid. Further heating 

produces a darkened mass. The non-volatile solid is the end result of an 

intermolecular reaction allowing the formation of a network structure. 

Analysis of the unstable gases given off by the heating of the cyclic 

compounds reveals the presence of a phenol derivative as the major 

product. This led the experimenters to theorize that the pyrolytic 

crosslinking that takes place in aryloxyphosphazenes is a result of 

reactions that involve the aryloxy substituents themselves. Scheme 3 

shows the proposed pathway for this process. 26 

Following depolymerization of the bulk polymer, continued heating 

of the cyclic oligomers causes heterolytic cleavage of a P-O bond. The 

result is the formation of a phosphazenium cation and a phenoxide anion. 

The phosphazenium ion then links itself to the phenyl ring of neighboring 

cyclic species through electrophillic substitution, creating a chemical 

crosslink. Additional reactions result in the formation of a network ultra 

structure. Heating 50/50 mixtures of the [NP(OC6H5)2]3 and 

[NP(OC 6D5)2]3 at various temperatures substantiated these findings. The 

products, when analyzed by mass spectrometry, showed that exchange 

between the compounds did occur at temperatures exceeding 400°C. 

These findings further reinforce the purpose for investigating the 

degradation behavior of polyphosphazenes. Prior to determining potential 

high temperature applications of these materials, the controversy 

17
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�o�f� �p�o�l�y�o�r�g�a�n�o�p�h�o�s�p�h�a�z�e�n�e�s�.� �T�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �i�n�s�o�l�u�b�l�e� �g�e�l�a�t�i�n�o�u�s� 

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

�p�o�l�y�p�h�o�s�p�h�a�z�e�n�e�s�.� �R�e�c�e�n�t� �i�m�p�r�o�v�e�m�e�n�t�s� �i�n� �t�h�e� �s�y�n�t�h�e�t�i�c� �t�e�c�h�n�i�q�u�e�s� �h�a�v�e� 

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

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

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

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

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

�s�o�l�v�e�n�t�s� �u�s�e�d� �p�o�s�s�e�s�s�e�d� �s�o�l�u�b�i�l�i�t�y� �p�a�r�a�m�e�t�e�r�s� �r�a�n�g�i�n�g� �f�r�o�m� �1�5�.�1�7� �t�o� �2�5�.�4�2� 

�J�1�/�2�/�c�e�m�3�/�2�,�1�0� �T�h�e�s�e� �e�x�p�e�r�i�m�e�n�t�s� �r�e�v�e�a�l� �t�h�a�t� �s�e�m�i�c�r�y�s�t�a�l�l�i�n�e� �p�o�l�y�m�e�r�s� 

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

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

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

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

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

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

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

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

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

�m�a�t�e�r�i�a�l�s�.� 

�A�l�l�e�n�,� �L�e�w�i�s�,� �a�n�d� �T�o�d�d�!�3� �i�n�v�e�s�t�i�g�a�t�e�d� �t�h�e� �d�i�l�u�t�e� �s�o�l�u�t�i�o�n� �p�r�o�p�e�r�t�i�e�s� 

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

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

�p�h�a�z�e�n�e�s�.� �T�h�e� �r�e�s�e�a�r�c�h�e�r�s� �r�e�p�o�r�t�e�d� �i�n�c�o�n�s�i�s�t�e�n�t� �r�e�l�a�t�i�o�n�s�h�i�p�s� �b�e�t�w�e�e�n� �[�1�]� 

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

�l�a�r�g�e� �p�o�l�y�d�i�s�p�e�r�s�i�t�y� �v�a�l�u�e�s� �o�b�t�a�i�n�e�d� �f�r�o�m� �G�P�C� �a�n�d� �o�s�m�o�m�e�t�r�y� 

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

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

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

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

�U�s�i�n�g� �p�o�l�y�f�l�o�u�r�o�a�l�k�o�x�y�p�h�o�s�p�h�a�z�e�n�e�s� �H�a�g�n�a�u�e�r� �a�n�d� �S�c�h�n�e�i�d�e�r�2�?� 

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

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

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

�l�i�n�e�a�r� �c�h�a�i�n�.� �L�i�g�h�t� �s�c�a�t�t�e�r�i�n�g� �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� �a�n�d� �t�h�e� 

�c�a�l�c�u�l�a�t�e�d� �z� �-� �a�v�e�r�a�g�e� �r�a�d�i�u�s� �o�f� �g�y�r�a�t�i�o�n� �(�<�S�2�>�z�)� �w�a�s� �p�l�o�t�t�e�d� �v�e�r�s�u�s� �M�w�.� 

�T�h�e� �r�a�t�i�o� �o�f� �<�S�2�>�z�/�M�w� �e�x�h�i�b�i�t�e�d� �c�o�n�s�i�s�t�e�n�t� �v�a�l�u�e�s�,� �e�s�p�e�c�i�a�l�l�y� �a�m�o�n�g� �h�i�g�h� 

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

�i�s� �p�r�e�s�e�n�t� �b�e�c�a�u�s�e� �a�t� �t�h�e� �h�i�g�h�e�r� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t�s� �t�h�e� �r�a�t�i�o� �o�f� �<�S�2�>�z�/�M�w� 

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

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

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

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

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

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

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

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

�t�h�e�i�r� �p�a�p�e�r�.� 

�C�o�n�t�i�n�u�i�n�g� �t�h�e� �s�t�u�d�y� �o�f� �p�o�l�y�a�r�y�l�o�x�y�p�h�o�s�p�h�a�z�e�n�e�s� �S�i�n�g�l�e�r� �a�n�d� 

�o�t�h�e�r�s�!�2� �p�e�r�f�o�r�m�e�d� �d�i�l�u�t�e� �s�o�l�u�t�i�o�n� �c�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �t�h�r�o�u�g�h� �l�i�g�h�t� 

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

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

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

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

�s�u�g�g�e�s�t� �t�h�a�t� �t�h�e� �c�o�n�f�l�i�c�t�i�n�g� �r�e�s�u�l�t�s� �b�e�t�w�e�e�n� �t�h�e�i�r� �e�x�p�e�r�i�m�e�n�t�s� �a�n�d� �A�l�l�e�n�'�s� 

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

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

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

�2�.�3�.�6� �M�e�c�h�a�n�i�c�a�l� �P�r�o�p�e�r�t�i�e�s� 

�E�a�r�l�y� �r�e�s�e�a�r�c�h� �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� �o�f� �p�o�l�y�p�h�o�s�p�h�a�z�e�n�e�s� 

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

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

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

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

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

�2�1



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

�p�o�l�y�m�e�r�i�c� �f�i�l�m�s� �t�o�o�k� �p�l�a�c�e� �a�b�o�v�e� �t�h�e�i�r� �r�e�s�p�e�c�t�i�v�e� �T�(�1�)� �t�r�a�n�s�i�t�i�o�n�s�.� �T�h�i�s� 

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

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

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

�A�s� �i�n�t�e�r�e�s�t� �i�n� �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�p�h�o�s�p�h�a�z�e�n�e�s� �g�r�e�w�,� 

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

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

�h�o�m�o�p�o�l�y�m�e�r�s�,� �c�o�p�o�l�y�m�e�r�s�,� �a�n�d� �b�l�e�n�d�e�d� �s�a�m�p�l�e�s�.�2�9� �T�h�e� �p�o�l�y�m�e�r�s� �w�e�r�e� 

�t�e�s�t�e�d� �o�v�e�r� �a� �t�e�m�p�e�r�a�t�u�r�e� �r�a�n�g�e� �o�f� �-�1�8�0� �t�o� �2�5�0�°�C� �a�n�d� �a�l�l� �t�h�e� �s�a�m�p�l�e�s� 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�2�2



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

�b�y� �t�h�e� �r�e�s�e�a�r�c�h�e�r�s�.� 

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

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

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

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

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

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

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

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

�a�c�t�i�v�a�t�i�o�n� �e�n�e�r�g�i�e�s�.�1�3� �T�h�e�s�e� �v�a�l�u�e�s� �a�r�e� �l�a�r�g�e�r� �t�h�a�n� �o�n�e� �w�o�u�l�d� �e�x�p�e�c�t� �f�o�r� 

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

�T�a�b�l�e� �4� �.� �A�c�t�i�v�a�t�i�o�n� �E�n�e�r�g�i�e�s� �f�o�r� �t�h�e� �G�l�a�s�s� �T�r�a�n�s�i�t�i�o�n�s� �d�e�t�e�r�m�i�n�e�d� 

�t�h�r�o�u�g�h� �D�y�n�a�m�i�c� �M�e�c�h�a�n�i�c�a�l� �M�e�a�s�u�r�e�m�e�n�t�s� 

� � 

� � 

�S�u�b�s�t�i�t�u�e�n�t� �A�c�t�i�v�a�t�i�o�n� �E�n�e�r�g�y� �A�H� �(�k�J�/�m�o�l�)� 

�T�r�i�f�l�o�u�r�o�e�t�h�o�x�y� �1�9�6�.�7� 

�p�-�C�h�l�o�r�o�p�h�e�n�o�x�y� �4�2�6�.�7� 

�p�-�P�h�e�n�y�l�p�h�e�n�o�x�y� �3�4�0�.�9� � � � � 
� � 
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�3�.�0� �S�o�l�u�b�i�l�i�t�y� �P�a�r�a�m�e�t�e�r� 

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

�p�o�l�y�m�e�r� �i�n�t�e�r�a�c�t�i�o�n�s�.�3�9� �T�h�i�s� �p�r�o�p�e�r�t�y� �d�i�r�e�c�t�l�y� �r�e�l�a�t�e�s� �t�o� �t�h�e� �c�o�h�e�s�i�v�e� 

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

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

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

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

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

�m�o�l�e� �(�A�U�)� �w�i�t�h� �r�e�g�a�r�d� �t�o� �t�h�e� �l�o�n�d�o�n� �d�i�p�e�r�s�i�v�e� �f�o�r�c�e�s�.� �S�c�a�t�c�h�a�r�d�3�2� �a�d�d�e�d� �t�o� 

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

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

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

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

�p�a�r�a�m�e�t�e�r� �(�6�)�.� �T�h�i�s� �n�e�w� �q�u�a�n�t�i�t�y� �p�r�o�v�i�d�e�d� �a� �m�e�a�n�s� �f�o�r� �c�o�m�p�a�r�i�n�g� �t�h�e� 

�b�e�h�a�v�i�o�r� �o�f� �a� �s�o�l�u�t�e� �i�n� �d�i�f�f�e�r�e�n�t� �s�o�l�v�e�n�t�s�.� �T�a�b�l�e� �5� �i�l�l�u�s�t�r�a�t�e�s� �t�h�e� 

�r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �a�l�l� �o�f� �t�h�e�s�e� �v�a�r�i�a�b�l�e�s�.� 
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�T�a�b�l�e� �5�.� �S�o�l�u�b�i�l�i�t�y� �R�e�l�a�t�i�o�n�s�h�i�p�s� 

� � 

�E�c�o�h� �=� �A�U� 

 ¬�c�o�h� �=� �E�c�o�h� �/�V�m� 
�$�=� �(�e� �c�o�h�)�!�/�2� 

� � � � � � 

�3�.�1� �E�s�t�i�m�a�t�i�o�n� �o�f� �6� 

�T�h�e� �e�f�f�o�r�t�s� �o�f� �H�i�l�d�e�b�r�a�n�d� �a�n�d� �S�c�a�t�c�h�a�r�d� �d�e�m�o�n�s�t�r�a�t�e�d� �t�h�a�t� �t�h�e� 

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

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

�m�a�t�e�r�i�a�l�'�s� �h�e�a�t� �o�f� �v�a�p�o�r�i�z�a�t�i�o�n�.� �H�o�w�e�v�e�r�,� �p�o�l�y�m�e�r�s� �d�o� �n�o�t� �u�n�d�e�r�g�o� 

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

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

�e�x�p�e�r�i�m�e�n�t�s�.� 

�E�c�o�h� �=� �A�U�v�a�p� �=� �A�H�v�a�p� �-�p�A�V� �=� �A�H�v�a�p� �-� �R�T� �(�1�)�3�3� 

�D�u�n�k�e�l�3�4� �t�h�e�o�r�i�z�e�d� �c�o�h�e�s�i�v�e� �e�n�e�r�g�y� �t�o� �b�e� �a�n� �a�d�d�i�t�i�v�e� �p�r�o�p�e�r�t�y� �b�a�s�e�d� 

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

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

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

�H�a�y�e�s�3�9� �a�n�d� �D�i� �B�e�n�e�d�e�t�t�o�3�6� �i�n�d�e�p�e�n�d�e�n�t�l�y� �d�e�v�e�l�o�p�e�d� �t�h�e� �f�i�r�s�t� 

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

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

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

�a�p�p�l�i�c�a�b�i�l�i�t�y�.� �R�h�e�i�n�e�c�k� �a�n�d� �L�i�n�? �� �d�e�v�e�l�o�p�e�d� �a� �m�o�r�e� �e�x�t�e�n�s�i�v�e� �l�i�s�t� �o�f� 

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

�r�e�n�d�e�r�e�d� �t�h�i�s� �m�e�t�h�o�d� �i�n�e�f�f�e�c�t�i�v�e�.� �V�a�n� �K�r�e�v�e�l�e�n� �a�n�d� �H�o�f�t�y�z�e�r�3�®� �a�t�t�e�m�p�t�e�d� 

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

�c�o�n�t�r�i�b�u�t�i�o�n� �v�a�l�u�e�s�.� �N�e�v�e�r�t�h�e�l�e�s�s�,� �l�i�m�i�t�a�t�i�o�n�s� �a�r�o�s�e� �f�r�o�m� �t�h�e� �l�a�c�k� �o�f� 

�s�t�r�u�c�t�u�r�a�l� �c�o�m�p�o�n�e�n�t�s� �l�i�s�t�e�d� �i�n� �t�h�e� �t�a�b�l�e�.� �F�i�n�a�l�l�y�,� �F�e�d�o�r�s�3�9�d�e�v�e�l�o�p�e�d� �a� 

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

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

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

�s�t�r�u�c�t�u�r�e�s�.� 

�3�.�2� �E�x�p�e�r�i�m�e�n�t�a�l� �D�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �t�h�e� 
�0� 

�A�s� �i�n�t�e�r�e�s�t� �i�n� �p�o�l�y�m�e�r� �-� �s�o�l�v�e�n�t� �i�n�t�e�r�a�c�t�i�o�n�s� �g�r�e�w�,� �H�a�n�s�e�n�4�0� 

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

�p�a�r�a�m�e�t�e�r�.� �O�r�i�g�i�n�a�l�l�y�,� �H�i�l�d�e�b�r�a�n�d�'�s� �s�o�l�u�b�i�l�i�t�y� �t�h�e�o�r�i�e�s� �c�o�n�s�i�d�e�r�e�d� �l�o�n�d�o�n� 

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

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

�a�r�e� �t�h�e� �p�o�l�a�r� �6� �p�,� �h�y�d�r�o�g�e�n� �b�o�n�d�i�n�g� �6� �h�,� �a�n�d� �l�o�n�d�o�n� �d�i�s�p�e�r�s�i�v�e� �6� �q� 

�c�o�m�p�o�n�e�n�t�s�.� �E�q�u�a�t�i�o�n� �2� �i�l�l�u�s�t�r�a�t�e�s� �t�h�e� �r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �t�h�e� �v�a�r�i�a�b�l�e�s� 

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

�6�2� �=�5�p�2�4�+�5�n�2�+�8�q�2� �=� �(�2�)� 

�B�y� �d�e�v�i�s�i�n�g� �a�n� �a�r�b�i�t�r�a�r�y� �r�a�t�i�n�g� �s�c�a�l�e� �b�a�s�e�d� �u�p�o�n� �a� �m�a�t�e�r�i�a�l�'�s� �r�e�s�p�o�n�s�e� �i�n� 

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

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

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

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

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

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

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

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

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

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

�c�o�n�t�r�i�b�u�t�i�n�g� �f�o�r�c�e�s� �b�y� �B�a�g�e�l�y� �a�n�d� �o�t�h�e�r�s�*�!� �s�u�c�c�e�s�s�f�u�l�l�y� �c�o�r�r�e�c�t�s� �t�h�i�s� 

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

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

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

�c�l�a�s�s�i�f�i�e�s� �a�s� �a� �c�h�e�m�i�c�a�l� �c�o�n�t�r�i�b�u�t�i�o�n�.� �E�q�u�a�t�i�o�n� �3� �d�e�m�o�n�s�t�r�a�t�e�s� �a� �n�e�w� 

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

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

�S�y� �=� �(�8�q�2� �+� �S�p�2� �)�1�/�2� �(�3�)� 

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

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

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

�o�f� �t�h�e� �p�o�l�y�m�e�r� �m�a�y� �b�e� �d�e�t�e�r�m�i�n�e�d�.� 
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�4�.�0� �M�e�c�h�a�n�i�c�a�l� �P�r�o�p�e�r�t�i�e�s� 

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

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

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

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

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

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

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

�m�o�r�p�h�o�l�o�g�i�c�a�l� �t�r�a�n�s�i�t�i�o�n�s�.�4�2� 

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

�a�n�d� �r�a�n�g�e�s� �f�r�o�m� �1�0�©� �t�o� �1�0�1�2� �d�y�n�e�s�/�c�m�2� �d�e�p�e�n�d�i�n�g� �u�p�o�n� �t�h�e� �p�o�l�y�m�e�r� 

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

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

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

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

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

�f�r�e�q�u�e�n�c�y� �d�e�p�e�n�d�e�n�c�e� �o�f� �r�o�t�a�t�i�o�n�a�l� �b�e�h�a�v�i�o�r� �i�n� �p�o�l�y�m�e�r� �c�h�a�i�n�s�.�4�3� 
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�4�.�1� �T�h�e�o�r�y� 

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

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

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

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

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

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

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

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

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

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

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

�r�e�l�a�x�a�t�i�o�n� �p�r�o�c�e�s�s�e�s� �i�n� �p�o�l�y�m�e�r� �c�h�a�i�n�s�.�4�4� 

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

�s�h�o�w�n� �b�e�l�o�w�,� 

�6� �=� �o�o�s�i�n�(�a�t� �+� �9�8�)� �(�1�)� 

 ¬� �=� �e�o�s�i�n�a�t� �(�2�)� 

�i�n� �w�h�i�c�h� �@� �i�s� �t�h�e� �a�n�g�u�l�a�r� �f�r�e�q�u�e�n�c�y� �a�n�d� �6� �i�s� �t�h�e� �p�h�a�s�e� �a�n�g�l�e�.� �E�q�u�a�t�i�o�n� �(�3�)� 

�d�e�p�i�c�t�s� �a�n� �e�x�p�a�n�d�e�d� �v�e�r�s�i�o�n� �o�f� �e�q�u�a�t�i�o�n� �(�1�)� �i�l�l�u�s�t�r�a�t�i�n�g� �h�o�w� �t�h�e� �s�t�r�e�s�s� �i�s� 

�m�a�d�e� �u�p� �o�f� �t�w�o� �c�o�m�p�o�n�e�n�t�s�.� �T�h�e� �f�i�r�s�t� �t�e�r�m� �i�s� �r�e�f�e�r�r�e�d� �t�o� �a�s� �t�h�e� �"�i�n� 
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�O� �=� �O�~�S�i�n�a�@�t�c�o�s�d� �+� �G�g�c�o�s�a�t�s�i�n�d� �(�3�)� 

�p�h�a�s�e� �e�l�e�m�e�n�t�"�,� �o�o�c�o�s�6�,� �a�n�d� �t�h�e� �l�a�t�t�e�r� �a�s� �t�h�e� �"�o�u�t� �o�f� �p�h�a�s�e� �c�o�m�p�o�n�e�n�t ��,� 

�O�o�s�i�n�d�.� �E�q�u�a�t�i�o�n� �(�4�)� �d�e�p�i�c�t�s� �t�h�e� �m�o�d�u�l�u�s� �a�s� �h�a�v�i�n�g� �t�w�o� �c�o�m�p�o�n�e�n�t�s� �a�f�t�e�r� 

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

�O� �=�  ¬�o�E ��s�i�n�a�t� �+� �e�g� �E ��"�'�c�o�s�a�t� �(�4�)� 

�E�'� �=� �{�0�9�/ ¬�o�}�c�o�s�d� �a�n�d� �E�"� �=� �{�o�9�/ ¬�o�}�s�i�n�d� �(�5�)� 

�e�q�u�a�t�i�o�n� �(�4�)�,� �E�'� �a�n�d� �E�"�,� �a�r�e� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�e� �r�e�a�l� �a�n�d� �i�m�a�g�i�n�a�r�y� 

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

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

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

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

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

�t�a�n� �6�=�E�"�/�E�'� �(�6�)� 

�o�r� �t�a�n� �6�.� �T�a�n� �6� �i�s� �l�i�n�k�e�d� �t�o� �c�h�a�i�n� �m�o�b�i�l�i�t�y� �a�n�d� �i�s� �a� �r�a�t�i�o� �o�f� �t�h�e� �e�n�e�r�g�y� 

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

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

�o�f� �a� �m�a�t�e�r�i�a�l�.�4�2� 
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�4�.�2� �R�e�l�a�x�a�t�i�o�n�s� 

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

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

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

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

�1�0�"� �-� �1�.�0� 

�,� �T�a�n� �6� �l�o�g� �E �� �(�P�a�)� �1�0�9�  �� 

�0�.�5� 
�_� �[� 

�1�0�7� 

�1�0�5�  ��  ��-� �0�.�0� � � � � � � 
�T�e�m�p�e�r�a�t�u�r�e� �°�C� 

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

�f�r�o�m� �1�0�1�1� �t�o� �1�0�6� �d�y�n�e�s� �/� �c�m�2�.� �T�h�i�s� �d�e�c�r�e�a�s�e� �i�s� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�e� 

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

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

�3�2



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

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

�r�e�g�i�o�n�s� �o�f� �t�h�e� �p�o�l�y�m�e�r�i�c� �m�a�t�e�r�i�a�l�.�4�5� 

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

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

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

�f�r�e�e� �t�o� �m�o�v�e�,� �w�h�i�l�e� �o�t�h�e�r�s� �a�r�e� �s�t�i�l�l� �f�r�o�z�e�n� �i�n� �t�h�e�i�r� �o�r�i�e�n�t�a�t�i�o�n�.� �T�h�e�s�e� �f�r�o�z�e�n� 

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

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

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

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

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

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

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

�W�h�e�r�e�a�s� �r�e�d�u�c�e�d� �t�a�n� �6� �v�a�l�u�e�s� �o�c�c�u�r� �w�h�e�n� �s�e�m�i�c�r�y�s�t�a�l�l�i�n�e� �d�o�m�a�i�n�s� �h�i�n�d�e�r� 

�t�h�e� �m�o�l�e�c�u�l�a�r� �m�o�v�e�m�e�n�t� �o�f� �t�h�e� �a�m�o�r�p�h�o�u�s� �c�h�a�i�n�s�.�4�3� 

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

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

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

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

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

�o�f� �t�h�e� �l�i�t�e�r�a�t�u�r�e� �o�n� �t�h�i�s� �s�u�b�j�e�c�t�.�4�9� 

�D�i�s�p�e�r�s�i�o�n�s� �a�r�e� �a�l�s�o� �e�v�i�d�e�n�t� �a�t� �t�e�m�p�e�r�a�t�u�r�e�s� �a�b�o�v�e� �t�h�e� �«� �r�e�l�a�x�a�t�i�o�n�.� 

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

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

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

�r�e�l�a�x�a�t�i�o�n�s�.�4�2� �I�n� �a�m�o�r�p�h�o�u�s� �p�o�l�y�m�e�r�s� �t�h�e�s�e� �d�i�s�p�e�r�s�i�o�n�s� �r�e�s�u�l�t� �f�r�o�m� �m�e�l�t�i�n�g� 

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

�p�o�l�y�m�e�r�s� �p�o�s�s�e�s�s�i�n�g� �b�r�o�a�d� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �d�i�s�t�r�i�b�u�t�i�o�n�s�.�4�/� 
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�5�.�0� �T�h�e�r�m�a�l� �A�n�a�l�y�s�i�s� 

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

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

�i�t�s� �r�e�a�c�t�i�o�n� �p�r�o�d�u�c�t�s� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �t�e�m�p�e�r�a�t�u�r�e�.�4�8� �E�v�e�n� �t�h�o�u�g�h� �t�h�i�s� 

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

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

�i�n�s�t�r�u�m�e�n�t�s�.� �T�h�e� �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� �(�T�G�A�)� �m�o�n�i�t�o�r�s� �m�a�s�s� �l�o�s�s� 

�o�r� �g�a�i�n�,� �w�h�i�l�e� �a� �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�e�r� �(�D�S�C�)� �m�e�a�s�u�r�e�s� �t�h�e� 

�c�h�a�n�g�e� �i�n� �s�p�e�c�i�f�i�c� �h�e�a�t� �c�a�p�a�c�i�t�y�,� �a�n�d� �f�i�n�a�l�l�y� �d�y�n�a�m�i�c� �m�e�c�h�a�n�i�c�a�l� �(�D�M�T�A�)� 

�a�n�d� �d�i�e�l�e�c�t�r�i�c� �(�D�E�T�A�)� �t�h�e�r�m�a�l� �a�n�a�l�y�z�e�r�s� �y�i�e�l�d� �t�h�e� �s�t�o�r�a�g�e� �a�n�d� �l�o�s�s� �m�o�d�u�l�i�.� 

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

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

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

�5�.�1� �T�h�e�r�m�o�g�r�a�v�i�m�e�t�r�i�c� �A�n�a�l�y�s�i�s� 

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

�i�n�v�o�l�v�i�n�g� �m�a�s�s� �c�h�a�n�g�e� �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�e� �c�o�n�v�e�n�t�i�o�n�a�l� �u�s�e� 

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

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

�o�t�h�e�r� �u�s�e�s� �f�o�r� �t�h�e� �T�G�A� �i�n�c�l�u�d�e�:� �m�e�a�s�u�r�e�m�e�n�t� �o�f� �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�4�8�,� �e�v�o�l�u�t�i�o�n� �o�f� �v�o�l�a�t�i�l�e� �g�a�s�e�s� �d�u�r�i�n�g� �p�y�r�o�l�y�s�i�s�,� �a�n�d� 

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

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

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

�i�t�s� �i�n�t�r�o�d�u�c�t�i�o�n� �b�y� �F� �r�e�i�d�m�a�n�*�#�9�.� �T�h�e� �k�i�n�e�t�i�c� �t�r�e�a�t�m�e�n�t� �b�e�g�i�n�s� �w�i�t�h� �t�h�e� 

�m�a�n�i�p�u�l�a�t�i�o�n� �o�f� �t�h�e� �A�r�r�h�e�n�i�u�s� �e�q�u�a�t�i�o�n� �(�1�)� �w�h�e�r�e� �A� �i�s� �t�h�e� �p�r�e�-�e�x�p�o�n�e�n�t�i�a�l� 

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

�k�(�T�)� �=� �A� �e�x�p�(�-�E�/�R�T�)� �(�1�)� 

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

�e�q�u�a�t�i�o�n� �(�2�)�.� 

�d�a�/�d�t� �=� �f�(�a�J�A� �e�x�p�(�-�E�/�R�T�)� �(�2�)� 

�E�q�u�a�t�i�o�n� �(�3�)� �s�h�o�w�s� �a� �r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �t�h�e� �a�c�t�i�v�a�t�i�o�n� �e�n�e�r�g�y�,� �A�E�,� �a�n�d� 

�t�h�e� �d�e�g�r�e�e� �o�f� �c�o�n�v�e�r�s�i�o�n�,� �o�j�,� �w�h�e�r�e� �(�d�o�/�d�t�)�j� �a�n�d� �T�j� �a�r�e� �t�h�e� �r�a�t�e� �o�f� 

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

�I�n�(�d�a�/�d�t�)�i� �=� �I�n� �A�f�(�o�y�)� �-� �(�A�E�/�R�)�(�1�/�T�j�)� �(�3�)� 

�U�s�i�n�g� �e�q�u�a�t�i�o�n� �(�3�)� �t�h�e� �p�l�o�t� �o�f� �I�n�(�d�a�/�d�t�)�i� �v�s� �(�1�/�T�j�)�,� �r�e�s�u�l�t�s� �i�n� �a� �s�l�o�p�e� 

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

�d�e�g�r�e�e�s� �o�f� �c�o�n�v�e�r�s�i�o�n� �d�e�t�e�r�m�i�n�e�s� �t�h�e� �c�o�n�s�i�s�t�e�n�c�y� �o�f� �t�h�e� �a�c�t�i�v�a�t�i�o�n� �e�n�e�r�g�y�.� 
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�O�z�a�w�a� �°�9� �a�n�d� �F�l�y�n�n�?�!� �,� �i�n�d�e�p�e�n�d�e�n�t�l�y�,� �i�m�p�r�o�v�e�d� �t�h�i�s� �m�e�t�h�o�d� �b�y� 

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

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

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

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

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

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

�c�o�n�v�e�r�s�i�o�n� �w�a�s� �t�h�e� �s�a�m�e� �a�s� �s�h�o�w�n� �e�a�r�l�i�e�r� �(�4�)�.� 

�d�o�/�d�t� �=� �f�(�a�)�k�(�T�)� �(�4�)� 

�S�u�b�s�t�i�t�u�t�i�n�g� �a� �c�o�n�s�t�a�n�t� �h�e�a�t�i�n�g� �r�a�t�e�,� �B� �=� �d�T�/�d�t�,� �i�n�t�o� �e�q�u�a�t�i�o�n� �(�4�)� �y�i�e�l�d�s� 

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

�e�q�u�a�t�i�o�n� �(�5�)� �r�e�s�u�l�t�s� �i�n� �a�n� �e�q�u�a�t�i�o�n� �f�o�r� �t�h�e� �f�r�a�c�t�i�o�n�a�l� �c�o�n�v�e�r�s�i�o�n� �s�h�o�w�n� �i�n� 

�e�q�u�a�t�i�o�n� �(�6�)�.� �T�h�e� �u�s�e� �o�f� �D�o�y�l�e�'�s� �a�p�p�r�o�x�i�m�a�t�i�o�n� �t�o� �e�q�u�a�t�i�o�n� �(�7�)� �b�e�c�o�m�e�s� 

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

�e�q�u�a�t�i�o�n� �(�8�)� �i�l�l�u�s�t�r�a�t�e�s� �t�h�a�t� �t�h�e� �a�c�t�i�v�a�t�i�o�n� �e�n�e�r�g�y� �i�s� �p�r�o�p�o�r�t�i�o�n�a�l� �t�o� �t�h�e� 

�s�l�o�p�e� �o�f� �I�n� �B� �v�e�r�s�u�s� �1�/�T� �(�K�)�.� �A�l�l� �o�f� �t�h�e�s�e� �e�q�u�a�t�i�o�n�s� �a�r�e� �s�h�o�w�n� �b�e�l�o�w� �(�5�-�8�)�.� 

�d�a�/�d�T� �=� �B�-�1�f�(�a�)�k�(�T�)� �(�5�)� 

�F�(�a�)� �=� �J� �(�d�o�.�/�f�(�o�)�)� �=� �B�-�1�J� �k�(�M�d�T� �(�6�)� 
�F�(�a�)� �=� �A�B�-� �1�)� �e�x�p�(�-�E�/�R�T�)� �d�T� �(�7�)� 

�I�n� �F�(�a�)� �=� �I�n� �(�A�E�/�R�)� �-� �I�n� �B� �-� �5�.�3�3�0�5� �-� �1�.�0�5�2�(�E�/�R�T�)� �(�8�)� 

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

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

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

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

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

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

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

�m�e�a�s�u�r�a�b�l�e� �q�u�a�n�t�i�t�y�.� 
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�6�.�0� �E�x�p�e�r�i�m�e�n�t�a�l� 

�6�.�1� �M�a�t�e�r�i�a�l�s� 

�T�h�e� �p�o�l�y�p�h�e�n�o�x�y� �-� �e�t�h�y�l�p�h�e�n�o�x�y�p�h�o�s�p�h�a�z�e�n�e� �w�a�s� �p�r�o�v�i�d�e�d� �b�y� �C�S�A� 

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

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

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

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

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

�4� �i�s� �a� �r�e�p�r�e�s�e�n�t�a�t�i�o�n� �o�f� �t�h�e� �r�e�p�e�a�t� �u�n�i�t� �f�o�r� �p�o�l�y�p�h�e�n�o�x�y�-�e�t�h�y�l�p�h�e�n�o�x�y�-� 

�p�h�o�s�p�h�a�z�e�n�e�.� 

�F�i�g�u�r�e� �4�.� �R�e�p�e�a�t� �u�n�i�t� �o�f� �p�o�l�y�p�h�e�n�o�x�y�-� 

�e�t�h�y�l�p�h�e�n�o�x�y�p�h�o�s�p�h�a�z�e�n�e� 
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�6�.�2� �S�o�l�u�t�i�o�n� �I�n�v�e�s�t�i�g�a�t�i�o�n� 

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

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

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

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

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

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

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

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

�p�a�r�a�m�e�t�e�r�s� �r�a�n�g�i�n�g� �f�r�o�m� �1�4�.�8� �t�o� �4�8� �J�!�/�2�/�c�m�3�/�2� �3�0�,� �C�o�n�s�i�s�t�e�n�t� �a�m�o�u�n�t�s� 

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

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

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

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

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

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

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

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

�p�a�r�a�m�e�t�e�r� �t�o� �a�n� �e�s�t�i�m�a�t�e�d� �v�a�l�u�e� �f�r�o�m� �F�e�d�o�r�s�'�?�9� �g�r�o�u�p� �c�o�n�t�r�i�b�u�t�i�o�n� �t�a�b�l�e�s� 

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

�s�t�r�u�c�t�u�r�e�s�.� 
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�6�.�2� �T�h�e�r�m�a�l� �A�n�a�l�y�s�i�s� 

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

�s�t�a�b�i�l�i�t�y� �r�e�l�a�t�i�o�n�s�h�i�p� �t�o� �p�o�l�y�p�h�e�n�o�x�y�-�e�t�h�y�l�p�h�e�n�o�x�y�p�h�o�s�p�h�a�z�e�n�e� �w�h�i�l�e� �a�l�s�o� 

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

�P�e�r�k�i�n�-�E�l�m�e�r� �T�G�A� �7� �a�n�a�l�y�z�e�d� �t�h�e�s�e� �t�e�m�p�e�r�a�t�u�r�e� �d�e�p�e�n�d�e�n�t� �f�u�n�c�t�i�o�n�s� �w�i�t�h� 

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

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

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

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

�p�o�l�y�p�h�e�n�o�x�y�-�e�t�h�y�l�p�h�e�n�o�x�y�p�h�o�s�p�h�a�z�e�n�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� �8�0�0�°�C� �w�i�t�h� �h�e�a�t�i�n�g� �r�a�t�e�s� �r�a�n�g�i�n�g� �f�r�o�m� �5�°�C�/�m�i�n� �t�o� 

�2�5�°�C�/�m�i�n� �i�n� �a�c�c�o�r�d�a�n�c�e� �w�i�t�h� �F�l�y�n�n�'�s� �i�s�o�c�o�n�v�e�r�s�i�o�n�a�l� �m�e�t�h�o�d�o�l�o�g�y�.� �T�h�e� 

�s�a�m�p�l�e� �s�i�z�e�s� �r�a�n�g�e�d� �f�r�o�m� �1�8�-�2�1� �m�g�.� 

�6�.�4� �D�y�n�a�m�i�c� �M�e�c�h�a�n�i�c�a�l� 
�E�v�a�l�u�a�t�i�o�n� 

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

�d�a�m�p�i�n�g� �a�b�i�l�i�t�y� �o�f� �p�o�l�y�p�h�e�n�o�x�y�-�e�t�h�y�l�p�h�e�n�o�x�y�p�h�o�s�p�h�a�z�e�n�e�,� �w�a�s� �e�x�a�m�i�n�e�d� 
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�v�i�a� �d�y�n�a�m�i�c� �m�e�c�h�a�n�i�c�a�l� �e�x�p�e�r�i�m�e�n�t�s�.� �A� �P�e�r�k�i�n� �E�l�m�e�r� �D�M�A� �7� �i�n� �t�h�e� �t�h�r�e�e� 

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

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

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

�M�o�u�n�t�i�n�g� �o�f� �t�h�e� �s�a�m�p�l�e�s� �t�r�a�n�s�p�i�r�e�d� �u�s�i�n�g� �a� �1�5�m�m� �b�e�n�d�i�n�g� �p�l�a�t�f�o�r�m�.� �T�h�e� 

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

�e�x�p�e�r�i�m�e�n�t�s� �u�t�i�l�i�z�e�d� �t�h�e� �s�a�m�e� �s�a�m�p�l�e� �s�i�z�e�s�:� �w�i�d�t�h� �1�5�m�m�,� �d�e�p�t�h� �5�m�m�,� 

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

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

�1�°�C�/�m�i�n� �w�i�t�h� �t�h�e� �f�r�e�q�u�e�n�c�y�,� �d�y�n�a�m�i�c� �a�n�d� �s�t�a�t�i�c� �s�t�r�e�s�s�e�s� �r�e�m�a�i�n�i�n�g� 

�c�o�n�s�t�a�n�t�.� �E�x�p�e�r�i�m�e�n�t�a�l� �f�r�e�q�u�e�n�c�i�e�s� �r�a�n�g�e�d� �f�r�o�m� �1� �t�o� �5�0� �H�z�.� 
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�7�.�0� �R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� 

�7�.�1� �S�o�l�u�t�i�o�n� �P�r�o�p�e�r�t�i�e�s� 

�7�.�1�.�1� �E�s�t�i�m�a�t�i�o�n� �o�f� �6� 

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

�e�s�t�i�m�a�t�e�d� �u�s�i�n�g� �g�r�o�u�p� �c�o�n�t�r�i�b�u�t�i�o�n� �t�h�e�o�r�i�e�s� �a�n�d� �t�a�b�l�e�s�.� �F�e�d�o�r�s�'� �e�s�t�i�m�a�t�e�d� 

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

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

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

�c�o�h�e�s�i�v�e� �e�n�e�r�g�y� �(�A�E�y�)� �a�n�d� �m�o�l�a�r� �v�o�l�u�m�e� �[�(�V�)�.� �T�h�e� �r�a�t�i�o� �o�f� �t�h�e�s�e� �v�a�l�u�e�s� �i�s� 

�e�q�u�a�l� �t�o� �t�h�e� �s�o�l�u�b�i�l�i�t�y� �p�a�r�a�m�e�t�e�r� �a�s� �s�h�o�w�n� �i�n� �t�a�b�l�e� �6�.� 

�T�a�b�l�e� �6�.� �A�d�d�i�t�i�v�e� �E�q�u�a�t�i�o�n�s� �f�o�r� �t�h�e� �C�a�l�c�u�l�a�t�i�n�g� �t�h�e� �S�o�l�u�b�i�l�i�t�y� 

�P�a�r�a�m�e�t�e�r� 

� � 

�A�E�.�o�h� �=� �»�,� �A�e�,� 

�V� �=� �A�V�,� 
�d� �=� �(�A�E�.�.�o�n�/� �V�)� �1�/�2� 

� � � � � � 
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�T�h�e� �r�e�p�e�a�t� �u�n�i�t� �o�f� �p�o�l�y�p�h�e�n�o�x�y�-�e�t�h�y�l�p�h�e�n�o�x�y�-�p�h�o�s�p�h�a�z�e�n�e� �w�a�s� �t�h�e� 

�b�a�s�i�s� �f�o�r� �c�o�n�s�t�r�u�c�t�i�o�n� �o�f� �T�a�b�l�e� �7�.� �I�t� �s�h�o�w�s� �t�h�e� �a�p�p�r�o�x�i�m�a�t�e� �v�a�l�u�e�s� �f�o�r� �t�h�e� 

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

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

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

�p�a�r�a�m�e�t�e�r�.� 

�T�a�b�l�e� �7�.� �C�a�l�c�u�l�a�t�i�o�n� �o�f� �S�o�l�u�b�i�l�i�t�y� �P�a�r�a�m�e�t�e�r� �u�s�i�n�g� �F�e�d�o�r ��s� �G�r�o�u�p� 

�C�o�n�t�r�i�b�u�t�i�o�n� �T�a�b�l�e�s� 

� � 

�s�t�r�u�c�t�u�r�a�l� �c�o�m�p�o�n�e�n�t� �A�e�v�y�i�(�J� �/�m�o�l�e�)� �A�v�j�(�c�e�m�3�/�m�o�l�e�)� 

�P� �9�4�1�4� �-�1�.�0� 

�-�N�=� �1�1�7�1�5�.�2� �5�.�0� 

�2�(�-�O�-�)� �2�(�3�3�4�7�.�2�)� �2�(�3�.�8�)� 

�P�h�e�n�y�l� �3�1�9�2�3�.�9� �7�1�.�4� 

�p�-�P�h�e�n�y�l� �3�1�9�2�3�.�9� �5�2�.�4� 

�C�H�9�2� �4�9�3�7�.�1� �1�6�.�1� 

�C�H�3� �4�7�0�7� �3�3�.�5� 

�Y�A�e�y�j� �=� �1�0�1�3�1�5�.�5� �L�v�i�=� �1�8�5�.�0� 

�§� �=� �(�1�0�1�3�1�5�.�5�/�1�8�5�.�0�)�!�/�2� �=� �2�3�.�4�5�1�/�2�/�c�e�m�3�/�2� � � � � 
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�T�h�e� �e�s�t�i�m�a�t�e�d� �s�o�l�u�b�i�l�i�t�y� �p�a�r�a�m�e�t�e�r� �f�o�r� �p�o�l�y�p�h�e�n�o�x�y�-�e�t�h�y�l�p�h�e�n�o�x�y�-� 

�p�h�o�s�p�h�a�z�e�n�e� �w�a�s� �2�3�.�4� �J� �1�/�2�/�e�m�3�/�2� �u�s�i�n�g� �F�e�d�o�r�s�'� �c�o�n�t�r�i�b�u�t�i�o�n� �t�a�b�l�e�s�.� 

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

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

�a�p�p�l�i�c�a�b�l�e� �t�o� �p�h�o�s�p�h�a�z�e�n�e� �s�y�s�t�e�m�s�.� 
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�7�.�1�.�2� �S�o�l�u�b�i�l�i�t�y� �S�t�u�d�y� 

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

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

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

�t�h�e�i�r� �r�e�s�p�e�c�t�i�v�e� �s�o�l�u�b�i�l�i�t�y� �p�a�r�a�m�e�t�e�r�s�.�3�9� �B�y� �m�o�n�i�t�o�r�i�n�g� �t�h�e� �r�e�s�p�o�n�s�e� �o�f� �a� 

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

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

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

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

�T�a�b�l�e� �8�.� �S�o�l�v�e�n�t�s� �u�s�e�d� �i�n� �t�h�e� �S�o�l�u�b�i�l�i�t�y� �S�t�u�d�y� �a�n�d� �t�h�e�i�r� �S�o�l�u�b�i�l�i�t�y� �P�a�r�a�-� 
�m�e�t�e�r�s� �a�n�d� �t�h�e� �c�o�m�p�o�n�e�n�t�s� �t�h�e�r�e�o�f�.� �A�l�l� �t�h�e� �s�o�l�u�b�i�l�i�t�y� �p�a�r�a�m�e�t�e�r�s� �h�a�v�e� �u�n�i�t�s� 
�o�f� �J� �1�/�2�/� �c�e�m�3�/�2� 

� � 

� � 

�S�o�l�v�e�n�t� �9�)� �o�h� �o�d� �o�p� 

�m�e�t�h�a�n�o�l� �2�9�.�5� �2�2�.�3� �5�.�2� �1�2�.�3� 
�w�a�t�e�r� �4�8�.�0� �3�4�.�2� �1�3�.�3� �3�1�.�3� 
�e�t�h�a�n�o�l� �2�6�.�5� �1�9�.�5� �1�5�.�8� �8�.�8� 
�a�c�e�t�o�n�i�t�r�i�l�e� �2�4�.�3� �6�.�1� �1�8�.�8� �1�8�.�0� 

�c�h�l�o�r�o�f�o�r�m� �1�9�.�0� �5�.�7� �1�7�.�9� �3�.�1� 
�C�H�,�C�l�,� �1�9�.�9� �6�.�1� �1�6�.�8� �6�.�4� 
�2�-�p�r�o�p�a�n�o�l� �2�3�.�6� �1�6�.�4� �1�5�.�8� �6�.�1� 
�p�-�x�y�l�e�n�e� �1�7�.�9� �1�.�0� �1�6�.�9� �1�.�0� 
�1�,�2�-�p�r�o�p�a�n�e�d�i�o�l� �3�0�.�3� �2�3�.�3� �1�6�.�9� �9�.�4� 
�t�o�l�u�e�n�e� �1�8�.�2� �2�.�0� �1�7�.�7� �1�.�4� 
�D�M�F� �2�4�.�9� �1�1�.�3� �1�7�.�4� �1�3�.�7� 
�h�e�x�a�n�e� �1�4�.�8� �0�.�0� �1�4�.�8� �0�.�0� 
�m�e�t�h�y�l� �p�y�r�r�o�l�i�d�o�n�e� �2�2�.�9� �7�.�2� �1�7�.�9� �1�2�.�3� 
�a�c�e�t�o�n�e� �2�0�.�2� �7�.�0� �1�5�.�5� �1�0�.�4� � � � � � � � � � � � � 
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�p�a�r�a�m�e�t�e�r� �o�f� �t�h�e� �u�n�k�n�o�w�n� �m�a�t�e�r�i�a�l�.� 

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

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

�s�o�l�v�e�n�t�s� �w�h�i�l�e� �m�i�n�i�m�a�l� �g�a�i�n� �i�n� �o�t�h�e�r�s�.� �T�a�b�l�e� �9� �s�h�o�w�s� �t�h�e� �w�e�i�g�h�t� �g�a�i�n� �f�o�r� 

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

�4�0� �h�o�u�r�s�.� �A� �p�l�o�t� �o�f� �t�h�e� �p�e�r�c�e�n�t� �w�e�i�g�h�t� �g�a�i�n� �v�e�r�s�u�s� �t�i�m�e� �s�h�o�w�s� �e�x�p�o�n�e�n�t�i�a�l� 

�T�a�b�l�e� �9�.� �W�e�i�g�h�t� �g�a�i�n� �f�o�r� �t�h�e� �v�a�r�i�o�u�s� �s�o�l�v�e�n�t�s�.� �W�o� �i�s� �t�h�e� �o�r�i�g�i�n�a�l� 

�w�e�i�g�h�t� �i�n� �m�i�l�l�i�g�r�a�m�s�,� �W� �i�s� �t�h�e� �w�e�i�g�h�t� �g�a�i�n� �i�n� �m�g� �a�f�t�e�r� �9�6� �h�r�s� �a�n�d� �t�h�e� 

�p�e�r�c�e�n�t� �w�e�i�g�h�t� �g�a�i�n� �w�a�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�-� 

� � 

� � 

� � 

�W�o�}� �/�W�o�}�*�1�0�0� 

�S�o�l�v�e�n�t� �W�o� �W�@�9�6� �h�o�u�r�s� �%� �w�t�.� �g�a�i�n� 
�m�e�t�h�a�n�o�l� �6�4�.�6�4� �6�6�.�7�2� �3�.�2�2� 
�w�a�t�e�r� �6�4�.�2� �6�5�.�9�0� �1�.�9�8� 
�e�t�h�a�n�o�l� �6�3�.�8�0� �6�7�.�2�1� �5�,�2�3� 
�a�c�e�t�o�n�i�t�r�i�l�e� �6�5�.�7�2� �7�2�.�0�0� �9�.�5�6� 
�c�h�l�o�r�o�f�o�r�m� �6�4�.�8�3� �2�9�7�.�5�4� �3�5�8�.�9�5� 
�C�H�,�C�l�,� �7�0�.�2�2� �2�6�5�.�1�0� �2�7�7�.�5�3� 
�2�-�p�r�o�p�a�n�o�l� �6�4�.�1�8� �6�8�.�5�4� �6�.�7�9� 
�p�-�x�y�l�e�n�e� �7�0�.�4�2� �2�1�6�.�5�3� �2�0�7�.�4�9� 
�1�,�2�-�p�r�o�p�a�n�e�d�i�o�l� �6�1�.�3�4� �6�5�.�7�8� �7�.�2�4� 
�t�o�l�u�e�n�e� �7�0�.�5�8� �2�1�7�.�3�6� �2�0�7�.�9�6� 
�D�M�F� �6�1�.�7�2� �1�4�0�.�0�0� �1�2�6�.�8�3� 
�h�e�x�a�n�e� �6�0�.�6�9� �7�7�.�6�2� �2�7�.�9�0� 
�M�e�-�p�y�r�r�o�l�i�d�o�n�e� �6�6�.�4�8� �7�7�.�2�1� �1�6�.�1�4� 
�a�c�e�t�o�n�e� �7�0�.�9�1� �1�1�0�.�1�6� �5�5�.�3�5� 

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

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

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

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

�F�i�g�u�r�e� �5� �P�e�r�c�e�n�t� �W�e�i�g�h�t� �G�a�i�n� �V�e�r�s�u�s� �T�i�m�e� �i�i�n� �c�h�l�o�r�o�f�o�r�m� �i�l�l�u�s�t�r�a�t�i�n�g� 

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

� � �4�0�0� 

�3�0�0� �=� �a�}� �i�  � ��f�}� �t� � � 

�2�0�0� �+� 
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�1�0�0� �-� � � � � 
�0� �2�0� �4�0� �6�0� �8�0� �1�0�0� 

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

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

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

�c�o�n�c�l�u�d�e� �t�h�a�t� �t�h�e� �p�o�l�y�p�h�e�n�o�x�y�-�e�t�h�y�l�p�h�e�n�o�x�y�p�h�o�s�p�h�a�z�e�n�e� �e�x�i�s�t�s� �a�s� �a� 

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

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

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

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

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

�e�t�h�y�l�p�h�e�n�o�x�y�p�h�o�s�p�h�a�z�e�n�e� �a�r�e� �2�-�p�r�o�p�a�n�o�l�,� �a�c�e�t�o�n�i�t�r�i�l�e�,� �a�n�d� 

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

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

�s�o�l�v�e�n�t�s� �p�o�s�s�e�s�s� �s�o�l�u�b�i�l�i�t�y� �p�a�r�a�m�e�t�e�r�s� �o�f� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�9� �J� �1�/�2�/� �e�m�3�/�2�,� 

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

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

�a�n�a�l�o�g�o�u�s� �t�o� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �s�o�l�u�b�i�l�i�t�y� �p�a�r�a�m�e�t�e�r� �w�h�i�c�h� �i�s� �1�9�.�3� 

�J�1�/�2�/�e�m�3�/�2�,� 

�F�i�g�u�r�e� �6� �P�e�r�c�e�n�t� �W�e�i�g�h�t� �G�a�i�n� �v�e�r�s�u�s� �T�h�e� �S�o�l�u�b�i�l�i�t�y� �P�a�r�a�m�e�t�e�r� 

� � 

� � 

�o�f� �t�h�e� �S�o�l�v�e�n�t�s�.� 

�4�0�6� 

�G�o� 

�3�0�6� 
�o�l� 

�%� �w�e�i�g�h�t� 

�g�a�i�n� �2�0�0� �5� 

�1�0�6� 

�O�o� 

�E�l� 

�@� �a� � � � � 
�S�o�l�u�b�i�l�i�t�y� �p�a�r�m�e�t�e�r� 

�4�9



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

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

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

�W�e�i�g�h�t� �g�a�i�n�s� �o�f� �g�r�e�a�t�e�r� �t�h�a�n� �1�5�0�%� �r�e�c�e�i�v�e�d� �a� �r�a�t�i�n�g� �o�f� �3�,� �1�5�0�%� �t�o� �5�0�%� �g�o�t� 

�a� �r�a�t�i�n�g� �o�f� �2�,� �a�n�d� �b�e�l�o�w� �5�0�%� �r�e�c�e�i�v�e�d� �a� �r�a�t�i�n�g� �o�f� �1�.� �T�h�e� �s�o�l�u�b�i�l�i�t�y� 

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

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

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

�F�i�g�u�r�e� �7� �T�w�o� �-� �D�i�m�e�n�s�i�o�n�a�l� �r�e�p�r�e�s�e�n�t�a�t�i�o�n� �o�f� �t�h�e� �p�h�y�s�i�c�a�l� 

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