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(ABSTRACT) 

The structure-property behavior of two types of elastomeric telechelic ionomers has 

been investigated. Sulfonated polyisobutylene telechelic ionomers were studied in both 

bulk and solution. The bulk mechanical properties of carboxylated polyisoprene 

telechelic ionomers were also investigated. 

The sulfonated polyisobutylene telechelic ionomers are available in three different 

molecular architectures - linear monofunctional, linear difunctional, and three-arm star 

trifunctional. These materials, which had previously been neutralized only with 

monovalent and divalent cations, were neutralized with cerium(III) and lanthanum(III). 

These trivalent cations resulted in a material with improved network stability over those 

materials previously studied. Long term stress relaxation and creep experiments revealed 

that at short times the networks are stable while the materials flow after about one week 

of relaxation. 

Studies of the solution behavior of the sulfonated polyisobutylene telechelic 

ionomers concerned dilute solution viscometric behavior in nonpolar solvents and 

nonpolar-polar solvent mixtures as well as the viscoelastic behavior of more concen- 

trated solutions in nonpolar solvents. Gelation was observed in nonpolar solvents at 

concentrations as low as 1-2 g/dl. The gelation concentration is dependent upon mo- 

lecular architecture, molecular weight, neutralizing cation type, and excess neutralizing



agent. The viscosity of these ionomers in nonpolar-polar solvent mixtures may increase 

with increasing temperature due to the temperature -dependent equilibrium between the 

ionic groups, the polar cosolvent, and the nonpolar solvent. More concentrated sol- 

utions or gels in nonpolar solvents display a unique viscoelastic behavior which is very 

dependent upon architecture, molecular weight, and neutralizing cation. Solutions of 

ionomers (5 g/dl) neutralized with zinc display a low-frequency viscous region and a 

high-frequency elastic region at room temperature. Solutions of ionomers neutralized 

with more ionic cations display an elastic response over essentially the entire frequency 

range. Storage and loss modulus curves obtained at different temperatures do not 

superpose, and these solutions are thus thermorheologically complex. 

The bulk mechanical properties of carboxylated polyisoprene telechelic (linear) 

ionomers were studied. For materials neutralized with Group IA or IIA metals, resist- 

ance to flow was found to increase with decreasing ionic radius. The zinc-neutralized 

material flowed with little resistance, while the nickel-neutralized material exhibited the 

best elastomeric characteristics. Materials neutralized with titanium(IV) required a 

fourfold stoichiometric excess to reach maximum strength due to the difference in 

neutralization pathway. An amine-terminated polybutadiene crosslinked with 

copper(II) chloride displayed greater strength and network stability than any of the 

carboxylated polyisoprene telechelic ionomers.
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I. Introduction 

Polymeric materials have rapidly achieved an enviable position as the class of ma- 

terials having the highest volume of production, exceeding that of both metals and ce- 

ramics. The meteoric rise in the production and utilization of polymers has been due to 

advances in polymer synthesis which allow the creation of well-defined molecular struc- 

tures, to new knowledge concerning the relationships between polymer structure and 

properties, and to an improved understanding of how processing can be used as a tool 

to develop desirable morphological features. Polymers have truly become “engineered 

materials” in every sense of the term. As a result of the wide spectrum of desirable 

properties they may display, polymers are now the material of choice for many diverse 

engineering applications. 

Polymer scientists and engineers are forever seeking to modify the properties of 

polymers by such techniques as alteration of molecular and morphological structure, 

reinforcement of a polymeric matrix with a filler or fiber, or blending of existing 

polymers to create a material which shows properties differing from those of either of 

the components. The utilization of ionic bonding in polymers has recently attracted 

widespread interest since it provides an additional means of controlling polymer struc- 

ture and properties. One class of ion-containing polymers which is currently of great 

practical and theoretical interest in both the academic and industrial sectors is that of 

ionomers. An ionomer is a polymer which generally has less than 10-15% ionic groups 

on an otherwise nonpolar chain. Neutralization of these ionic groups with ions of the 
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opposite charge results in strong coulombic associations and thus the formation of an 

ionic network. As would be expected, the ionomer may display properties which are 

dramatically different from those of the parent polymer. In addition, materials with a 

broad spectrum of properties may be created by varying the ionic content, neutralizing 

cation, extent of neutralization, etc. 

Although much of the earlier work in the field of ionomers focused on non- 

elastomeric materials, attention has more recently shifted to elastomeric ionomers due 

to their commercial potential as thermoplastic elastomers, i.e. elastomers which flow at 

high temperatures yet retain their network structure at ambient temperatures. For a 

material to function as a useful elastomer, the polymer molecules must, of course, be 

connected in some way to one another to prevent flow and permanent deformation when 

a stress is applied and then released. This has classically been accomplished by 

covalently crosslinking the chains to form a network. The utility of such a material is 

obviously limited since it must be crosslinked or cured in the desired end-use shape and 

cannot be shaped further after the curing process. This shortcoming has been overcome 

in the block and segmented copolymers since these materials are physically instead of 

covalently crosslinked. The components are thermodynamically incompatible and thus 

phase separate. Since the continuous elastomeric phase is covalently bonded to the 

glassy or semicrystalline regions, these regions act as physical crosslinks. Above its glass 

transition and/or melting temperature the hard phase softens to allow flow of the mate- 

rial. The network criterion for elastomeric character may also be satisfied by crosslink- 

ing the polymer molecules via strong ionic bonding. Such materials may also serve as 

thermoplastic elastomers since at higher temperatures the ionic bonds become sufhi- 

ciently labile to allow flow. Recent work on the solution behavior of ionomers has 

suggested that they may be useful as fluid additives to modify and control viscosity. 
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In the conventional ionomers the ionic groups are distributed randomly along the 

polymer chain. The resulting network structure is thus less than well defined. Another 

approach is to prepare telechelic ionomers which have the ionic groups located only at 

the chain ends. This defined chain microstructure leads to a network with much better 

definition than those resulting from the traditional ionomers in terms of the molecular 

weight between ionic regions. The task of relating structure to properties is thus some- 

what simplified. Such an approach has been taken in the present work. The results of 

two different joint investigations with other researchers are described. In the first, the 

bulk and solution properties of sulfonated polyisobutylene telechelic ionomers are re- 

ported. These materials were synthesized in the laboratory of Professor Joseph P. 

Kennedy of The University of Akron. In the second, the results of a study of the bulk 

mechanical properties of carboxylated elastomeric telechelic ionomers based on 

polyisoprene and polybutadiene are reported. These materials were synthesized in the 

laboratory of Professor Robert Jérdme of the University of Liége, Belgium. 
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II. Review of Previous Work 

This chapter is intended to be an overview of the structure-property behavior of 

ionomers. The basic chemical structure of ionomers will be considered followed by a 

discussion of the morphological structure. The discussion of ionomer morphology will 

include both theoretical and experimental approaches to the problem. It will become 

clear that this remains a controversial subject even after nearly two decades of research. 

Thus relating the properties of ionomers to their structure is not always straightforward. 

The mechanical/viscoelastic behavior of ionomers is then considered. The approach has 

been to discuss each region of the viscoelastic spectrum separately. This section draws 

heavily from a recent review by Tant and Wilkes [1] concerning the viscoelastic behavior 

of ionomers, but has been expanded to include a more thorough discussion of telechelic 

ionomers - the subject of this dissertation. Other recent reviews on the bulk structure 

and properties of ionomers have been published by MacKnight and Earnest [2], Banzuin 

and Eisenberg [3], Longworth [4], and Mauritz and Hopfinger [5]. Finally, the 

rheological behavior of ionomer solutions is discussed. This is an area in which signif- 

icant research has occurred only in the last five or so years. Even though it is a relatively 

new area, a great deal has been learned about the behavior of ionomer solutions. The 

unusual behavior of ionomer solutions suggests that the future of this area of research 

holds a great deal of promise. 
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Structure of Ionomers 

Chemical Structure 

Ionomers have traditionally been formed by incorporating acid groups randomly 

into the polymer chain by copolymerization, or by attaching acid groups randomly along 

a polymer chain. The typical organic acids such as sulfonic, carboxylic, phosphonic, etc. 

have generally been used. The idea of neutralizing these acid groups by addition of a 

cation was first suggested by Brown [6]. The electrostatic attraction between the cations 

and the acid groups on the polymer chain results in the formation of an ionic network 

consisting of linear polymer molecules crosslinked by ionic bonding. This association is 

promoted by the nonpolar nature of the medium which, in turn, is created by the non- 

polar polymer chain. Brown observed that neutralized carboxylated elastomers behave 

similarly to vulcanized rubber. This behavior was attributed to the presence of ionic 

crosslinks such as 

COO — 

Tn2* 

COO - 

in which the zinc ion simply bridges the two carboxylate ions. This simple structure was 

invoked to describe the behavior of ionomers in much of the early literature, even 

though it ignores the coordinating tendencies of the cation, the low polarity of the en- 

vironment resulting from the hydrocarbon backbone, and the presence of polar impuri- 

ties such as water. 
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When it was found that neutralization with a monovalent cation produces effects 

similar to those produced by divalent cations, Otocka, Heilman, and Blyler [7] postulated 

that dipole-dipole interactions occur between salt pairs, i.e. 

M* ~OOC- 

-COO” M* 

Although both of these models have proven to be quite useful in many instances, neither 

can completely account for the observed behavior of ionomers. The next section on 

morphological structure will address the question of how the ionic groups interact and 

what type of structures may be formed. 

In addition to using acids as the ionic groups for ionomers, it is also possible to 

create ionomers using basic groups on the polymer chain and then neutralizing these 

with an appropriate acid. Hwang, Yang, and Cooper [8] have created polyurethane 

zwitterionomers which possess both cationic (amine) and anionic (sulfonic acid) groups 

on the same chain. The basic amine and the sulfonic acid thus neutralize one another. 

These materials will be discussed in more detail at a later point in this chapter. 

Instead of being randomly distributed along the polymer chain, the ionic groups 

may be located only at the chain ends. This type of telechelic chain microstructure 

provides a more well-defined molecular weight between ionic groups provided, of course, 

the molecular weight distribution is relatively narrow. The result is a material with a 

known molecular weight between ionic crosslinks. Again, the telechelic ionomers will 

be discussed more fully later in this chapter. 
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Morphological Structure 

The unique properties of ionomers are, of course, a direct result of the interactions 

between ionic groups. Realizing the importance of understanding the structure of 

ionomers, Eisenberg [9] first attempted to describe the nature of the ionic interactions 

and the resulting influence upon morphology. It was assumed that the basic structure 

present is the contact ion pair in which the cation and anion are separated by their 

atomic radii. The electrostatic attraction between ion pairs results in the formation of 

regions consisting only of ionic species. These ionic regions, termed multiplets, specif- 

ically exclude the hydrocarbon or nonionic portions of the polymer chains. The size of 

a multiplet, if a spherical structure is assumed, is thus limited by steric considerations. 

Eisenberg suggested that the maximum possible multiplet size may be calculated by the 

equation 

= —? (2.1)   

where ,, is the multiplet radius, v, is the volume of an ion pair, and S,, is the area of the 

hydrocarbon chain in contact with the spherical surface of the multiplet. For an 

ethylene - sodium methacrylate copolymer this results in a multiplet radius of about 3 

A , which corresponds to a volume containing eight ion pairs. Thus multiplets of 

spherical geometry must be quite small. Should multiplets exist as lamellar structures, 

however, there is essentially no limit to the maximum size allowed by steric consider- 

ations. 

Eisenberg suggested that multiplets may further associate to form larger structures 

called clusters. These clusters consist of a group of multiplets ranging in size from a 
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single ion pair to the maximum size allowed by steric restrictions. The multiplets which 

make up the cluster are separated by a hydrocarbon skin consisting of the nonionic 

portions of the chains. The maximum cluster size is limited by the elasticity of the 

polymer molecules. 

It is clear that the optimum cluster size depends upon a balance between the 

electrostatic and elastic forces. The electrostatic interactions are calculated assuming 

that energy is released during cluster formation with the work being dependent upon 

both the geometry of the cluster as well as the dielectric constant of the medium. The 

elastic forces are calculated to a first approximation using the Gaussian theory of rubber 

elasticity. The electrostatic forces are weakly dependent upon temperature while the 

elastic forces are proportional to temperature. Thus there is a critical temperature at 

which clusters become unstable. It is also clear that for low ion concentrations the 

elastic forces would tend to be greater than at higher ion concentrations. This suggests 

that there may be a critical ion concentration for cluster formation. We shall see later 

that viscoelastic properties as well as other experimental results support the possibility 

of such a morphological transition for some ionomers. 

X-ray scattering experiments have shown that neutralized ionomers often display a 

small angle scattering peak while the same ionomers which have not been neutralized 

may not. Figure 1 shows such an “ionic peak” for the sodium salt of an ethylene - 

methacrylic acid copolymer along with the scattering curves for the acid form of the 

copolymer and low density polyethylene [10]. The fact that the ionic peak is observed 

only for the neutralized ionomer suggests that a change in structure occurs upon 

neutralization or that the elactron density difference becomes sufficient for detection. 

Both the magnitude and location of the ionic peak depend upon the cation, and the peak 

is destroyed when the ionomer is saturated with water. The ionic peak has been the 

basis of structural models proposed by several groups of investigators. 
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Figure 1. X-ray scattering curves of polyethylene-based materials: (a) low density 
polyethylene, (b) ethylene - methacrylic acid copolymer (5.8 mole % acid), and (c) 
the 100% neutralized sodium salt of (b). From Longworth [10]. 
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Longworth and Vaughan [11] assumed that the ionic peak is a Bragg diffraction 

maximum, and suggested that there is a repeat unit of regions of ordered hydrocarbon 

chains with a repeat distance of about 20 A (determined from the scattering angle). 

These regions of ordered hydrocarbon segments were said to arise due to the clustering 

of coordinated metal ions. The problems with this model, according to MacKnight and 

Earnest [2], are that: (1) it is difficult to envision a potential capable of producing such 

a regular distance between multiplets when the multiplets occur randomly along the 

polymer chains, and (2) the model does not adequately account for the intensity differ- 

ences in the ionic peak for different cations. 

Marx, Caulfield, and Cooper [12] proposed a model which assumes that no phase 

separation occurs, the acid groups existing as aggregates homogeneously distributed in 

the amorphous phase. These aggregates consist of two or more acid groups and contain 

both protons and the metal cations. It was postulated that the ionic peak arises due to 

the difference in electron density between the cations and the hydrocarbon, the cations 

being considered point scatterers distributed on a paracrystalline lattice. MacKnight and 

Earnest [2] point out that it is not clear what is the origin of the potential which must 

impose the regularity required for such a structure in an amorphous, random copolymer. 

These authors also point out that the model does not explain why the tonic peak is not 

present in the acid form but is present when neutralized with lithium (a poor scatterer 

of x-rays) when there is very little difference in the electron density between lithium 

carboxylate and the carboxylic acid. (Sulfonate ionomers may even show a peak in the 

unneutralized form, as has been shown by Weiss and Lefelar [57].) Binsbergen and 

Kroon [13] proposed a very similar aggregate model which has the same shortcomings 

as that of Marx et al. 

MacKnight, Taggart, and Stein [14] developed a model based upon a radial distrib- 

ution function (RDF) analysis and an analysis of small-angle x-ray scattering using the 
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theories of Porod [15] and Guinier and Fornet [16]. The materials studied were ethylene 

based ionomers of acrylic and methacrylic acid ranging in acid concentration from 2 to 

7 mole percent. The details of this study are much too lengthy to be presented here and 

thus we will move directly to the very important results obtained. The RDF analysis 

suggests that the ionic peak does not arise from interference between scattering centers 

since the distance between the clusters would have to be several hundred angstroms. 

The results of the small-angle x-ray scattering suggest that there are ionic clusters of 8-10 

A in radius randomly distributed in the amorphous hydrocarbon matrix. The proposed 

model assumes that the fundamental structure is the coordinated metal 1on and that 

there is a tendency toward a charge imbalance within the cluster. Matrix ions sur- 

rounding the cluster are attracted to it but cannot approach more closely than allowed 

by the hydrocarbon shell surrounding the cluster, so that there is an outer shell of ions 

with a lower charge density than the core. These two opposing mechanisms thus es- 

tablish a preferred distance of 20 A between the cluster and matrix ions, and this is the 

proposed origin of the ionic peak. These workers also suggest that when the material 

is saturated with water the water molecules tend to congregate near the cluster. They 

may coordinate with the matrix ions and their presence will raise the local dielectric 

constant. Thus the preferred distance and the ionic peak are destroyed but the cluster 

is left intact. A schematic of the model is shown in Figure 2. That the model can explain 

the disappearance of the ionic peak in the presence of water is certainly significant. 

Pineri and coworkers [17-20] have used, in addition to x-ray scattering, the tech- 

niques of electron microscopy, electron spin resonance (esr), Mossbauer spectroscopy, 

and small-angle neutron scattering (SANS). Meyer and Pineri [20] studied Fe(II) com- 

plexes of a butadiene-styrene-vinylpyridine terpolymer (85% butadiene, 10% styrene, 

and 5% vinylpyridine). Utilizing neutron and x-ray scattering these workers determined 

that more than 82% of the clusters are less than 30 A in radius and that the average 
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Figure 2. Schematic of MacKnight, Taggart, and Stein model: From [14]. 
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cluster radius is about 10 A , in good agreement with the results of MacKnight, Taggart, 

and Stein [14]. They also determined that there are three different types of ionic aggre- 

gates present, with two of them being essentially the shell-core structure proposed by 

MacKnight, Taggart, and Stein. 

Fujimura, Hashimoto, and Kawai [21] suggested a slight variation of the core-shell 

model of MacKnight, Taggart, and Stein. In this model, the electron density profile is 

modified somewhat. The hydrocarbon shell is considered to be depleted of ions while 

the matrix has a finite ion concentration. This model is illustrated in Figure 3. 

Yarusso and Cooper [22] have taken the approach of using the previously proposed 

models and calculating the scattering curves which would result from each. They were 

unable to fit the actual scattering data of a series of zinc-neutralized sulfonated 

polystyrenes using any of the models. They thus proposed a modified hard-sphere model 

similar to that of MacKnight et al. [14]. It was assumed that the hydrocarbon shell sur- 

rounding the core provides a barrier for the closest approach of the ionic aggregates. 

The electron density of the hydrocarbon shell is the same as that for the matrix, and 

there is no secondary ionic shell. The ionic aggregates are arranged with a liquid-like 

degree of order. This model is illustrated in Figure 4. Yarusso and Cooper were able 

to fit the scattering curves of the zinc sulfonate polystyrenes except in the region of very 

low angles. In further work, they utilized the model to fit SAXS curves of other types 

of ionomers [23]. 

The theoreticians have also joined in the effort to describe exactly how ion aggre- 

gation occurs. Forsman [24,25] has used a statistical mechanical approach to develop a 

model in which nearest neighbors interact to form an aggregate about a central site. 

Dreyfus [26,27] has more recently developed a model in which a cluster is built up from 

the center by closest packing, thus resulting in a charge distribution which decreases 

monotonically from the center. Because of their complexity, the details of the develop- 
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Figure 3. Schematic of Fujimura, Hashimoto, and Kawai model: From [21]. 
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�p�e�r�a�t�u�r�e� �a�n�d� �a�l�s�o� �a�l�l�o�w� �f�l�o�w� �a�n�d� �p�r�o�c�e�s�s�i�n�g� �a�t� �t�h�e� �d�e�s�i�r�e�d� �t�e�m�p�e�r�a�t�u�r�e�.� 
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�B�e�h�a�v�i�o�r� �i�n� �t�h�e� �G�l�a�s�s�y� �R�e�g�i�o�n� 

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

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

�m�e�c�h�a�n�i�c�a�l� �b�e�h�a�v�i�o�r� �i�s� �s�o�m�e�w�h�a�t� �a�l�t�e�r�e�d�.� �A�s� �a�n� �e�x�a�m�p�l�e�,� �D�r�z�e�w�i�n�s�k�i� �a�n�d� �M�a�c�K�n�i�g�h�t� 

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

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

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

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

�f�o�r� �t�h�i�s� �e�f�f�e�c�t� �w�a�s� �o�f�f�e�r�e�d�.� �N�a�k�a�n�o� �a�n�d� �M�a�c�K�n�i�g�h�t� �[�4�2�]� �h�a�v�e� �o�b�s�e�r�v�e�d� �t�h�a�t� �i�n�c�o�r�p�o�-� 

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

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

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

�s�u�b�-�T�,� �r�e�l�a�x�a�t�i�o�n�s�.� 

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

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

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

�b�e� �r�e�p�o�r�t�e�d� �[�4�3�]� �w�h�i�c�h� �i�n�d�i�c�a�t�e� �t�h�a�t� �i�o�n�o�m�e�r� �g�l�a�s�s�e�s� �m�a�y� �h�a�v�e� �i�n�c�r�e�a�s�e�d� �m�e�c�h�a�n�i�c�a�l� �f�a�-� 

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

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

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

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

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

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

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

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

�M�a�t�s�u�u�r�a� �a�n�d� �E�i�s�e�n�b�e�r�g� �[�4�4�]� �a�n�d� �E�i�s�e�n�b�e�r�g�,� �M�a�t�s�u�u�r�a�,� �a�n�d� �Y�o�k�o�y�a�m�a� �[�4�5�]� �t�h�a�t� �i�o�n�i�c� 

�a�s�s�o�c�i�a�t�i�o�n�s� �m�a�y� �c�o�n�s�i�d�e�r�a�b�l�y� �r�a�i�s�e� �7�,� �d�u�e� �t�o� �t�h�e� �r�e�s�t�r�i�c�t�i�o�n� �o�f� �b�a�c�k�b�o�n�e� �m�o�t�i�o�n� �-� �t�h�e� 

�o�r�i�g�i�n� �o�f� �7�,�.� �H�o�w�e�v�e�r�,� �t�h�e� �n�a�t�u�r�e� �o�f� �t�h�i�s� �7�,� �e�n�h�a�n�c�e�m�e�n�t� �i�s� �d�e�p�e�n�d�e�n�t� �u�p�o�n� �w�h�e�t�h�e�r� �t�h�e� 

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

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

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

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

�s�a�m�e� �b�a�c�k�b�o�n�e� �m�o�b�i�l�i�t�y� �a�n�d� �t�h�i�s� �r�e�s�u�l�t�s� �i�n� �a�n� �i�n�c�r�e�a�s�e� �i�n� �7�,�.� �I�n� �f�a�c�t�,� �t�h�e� �d�e�g�r�e�e� �t�o� �w�h�i�c�h� 

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

�i�t�s� �p�r�o�d�u�c�t� �w�i�t�h� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n�,� �c�,� �o�f� �t�h�e� �i�o�n�i�c� �s�p�e�c�i�e�s� �f�o�r� �G�r�o�u�p�s� �I� �a�n�d� �I�I� �o�f� �t�h�e� 

�p�e�r�i�o�d�i�c� �t�a�b�l�e� �[�4�4�,�4�5�]�.� �S�p�e�c�i�f�i�c�a�l�l�y�,� �M�a�t�s�u�u�r�a� �a�n�d� �E�i�s�e�n�b�e�r�g� �h�a�v�e� �n�i�c�e�l�y� �d�e�m�o�n�s�t�r�a�t�e�d� 

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

�w�h�e�n� �p�l�o�t�t�e�d� �a�g�a�i�n�s�t� �t�h�i�s� �p�r�o�d�u�c�t� �a�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �5�.� 

�A�s� �h�a�s� �b�e�e�n� �p�o�i�n�t�e�d� �o�u�t� �b�y� �J�é�r�é�m�e� �e�t� �a�l�.� �[�4�6�]�,� �t�h�e� �i�n�f�l�u�e�n�c�e� �o�f� �i�o�n�s� �o�n� �t�h�e� �b�a�c�k�b�o�n�e� 

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

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

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

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

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

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

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

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

�I�n� �f�a�c�t�,� �i�n� �t�h�e� �w�o�r�k� �o�f� �B�e�s�s�o� �e�t� �a�l�.� �[�4�7�]� �o�n� �c�a�r�b�o�x�y�l�a�t�e�d�-�p�h�e�n�y�l�a�t�e�d� �p�o�l�y�p�h�e�n�y�l�e�n�e� �w�h�i�c�h� 

�p�o�s�s�e�s�s�e�s� �a� �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� �(�c�a�.� �2�9�0�°�C�)�,� �i�t� �w�a�s� �f�o�u�n�d� �t�h�a�t� �t�h�e�r�e� �w�a�s� 
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�F�i�g�u�r�e� �5�.� �P�l�o�t� �o�f� �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� �v�s�.� �c�q�/�a�:� �D�a�t�a� �i�s� �f�o�r� �e�t�h�y�l� �a�c�r�y�l�a�t�e� �-� �a�c�r�y�l�i�c� 
�a�c�i�d� �c�o�p�o�l�y�m�e�r�s� �n�e�u�t�r�a�l�i�z�e�d� �w�i�t�h� �v�a�r�i�o�u�s� �c�a�t�i�o�n�s�.� �F�r�o�m� �M�a�t�s�u�u�r�a� �a�n�d� �E�i�s�e�n�b�e�r�g� 
�[�4�4�]�.� 
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�a� �l�e�s�s� �p�r�o�n�o�u�n�c�e�d� �e�f�f�e�c�t� �o�f� �i�o�n�i�c� �g�r�o�u�p�s� �o�n� �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� �t�h�a�n� �h�a�d� 

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

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

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

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

�W�h�e�t�h�e�r� �s�u�c�h� �p�l�a�s�t�i�c�i�z�a�t�i�o�n� �r�e�s�u�l�t�s� �i�n� �a� �s�h�i�f�t� �i�n� �7�,� �(�a�n�d� �t�h�u�s� �a�l�t�e�r�s� �v�i�s�c�o�e�l�a�s�t�i�c� �b�e�h�a�v�i�o�r�)� 

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

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

�a� �t�h�e�r�m�a�l� �s�c�a�n� �i�f� �t�h�e� �7�,� �i�s� �i�n� �t�h�e� �r�e�g�i�o�n� �w�h�e�r�e� �t�h�e� �p�l�a�s�t�i�c�i�z�e�r� �i�s� �v�o�l�a�t�i�l�e�.� 

�I�n� �s�u�m�m�a�r�y�,� �i�o�n�i�c� �m�o�i�t�i�e�s� �m�a�y� �o�f�t�e�n� �r�a�i�s�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�n�d� 

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

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

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

�B�e�h�a�v�i�o�r� �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� 

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

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

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

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

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

�r�a�t�e�,� �p�l�a�s�t�i�c�i�z�e�r� �c�o�n�t�e�n�t�,� �e�t�c�.� 

�T�h�e� �u�s�e� �o�f� �t�h�e� �w�e�l�l�-�k�n�o�w�n� �W�L�F� �r�e�l�a�t�i�o�n�s�h�i�p� �h�a�s� �b�e�e�n� �q�u�i�t�e� �s�u�c�c�e�s�s�f�u�l� �i�n� �p�r�e�d�i�c�t�i�n�g� 

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

�a�b�l�e�s� �o�f� �t�i�m�e� �a�n�d� �t�e�m�p�e�r�a�t�u�r�e� �a�l�o�n�g� �w�i�t�h� �t�h�e� �7�,� �a�n�d� �t�h�e� �t�w�o� �c�o�n�s�t�a�n�t�s� �w�e�l�l� �k�n�o�w�n� �a�s� 
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�C�,� �a�n�d� �C�,�.� �I�n� �p�a�r�t�i�c�u�l�a�r� �t�h�e� �W�L�F� �r�e�l�a�t�i�o�n�s�h�i�p� �g�e�n�e�r�a�l�l�y� �i�s� �u�s�e�d� �t�o� �p�r�e�d�i�c�t� �c�h�a�n�g�e�s� �i�n� 

�p�r�o�p�e�r�t�i�e�s� �o�v�e�r� �t�h�e� �r�a�n�g�e� �o�f� �T�,� �t�o� �T�,� �+� �1�0�0�°�C�,� �a�l�t�h�o�u�g�h� �i�t�s� �a�p�p�l�i�c�a�b�i�l�i�t�y� �h�a�s� �b�e�e�n� �o�b�-� 

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

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

�v�i�s�c�o�e�l�a�s�t�i�c� �p�r�o�p�e�r�t�i�e�s�.� �T�h�e� �d�a�t�a� �r�e�q�u�i�r�e�d� �f�o�r� �t�e�s�t�i�n�g� �o�r� �u�t�i�l�i�z�i�n�g� �t�h�e� �W�L�F� �e�q�u�a�t�i�o�n� �(�o�r� 

�t�h�e� �A�r�r�h�e�n�i�u�s� �e�q�u�a�t�i�o�n�)� �c�a�n� �b�e� �o�b�t�a�i�n�e�d� �b�y� �a� �n�u�m�b�e�r� �o�f� �m�e�t�h�o�d�s�.� �T�h�e�s�e� �m�a�y� �b�e� �d�y�-� 

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

�i�n� �s�t�r�e�s�s� �r�e�l�a�x�a�t�i�o�n� �o�r� �c�r�e�e�p� �e�x�p�e�r�i�m�e�n�t�s� �[�4�8�-�5�2�]�.� �W�h�i�l�e� �t�h�e� �m�a�j�o�r�i�t�y� �o�f� �s�u�c�h� �t�e�s�t�i�n�g� 

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

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

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

�d�i�s�c�u�s�s�e�d� �b�y� �S�m�i�t�h� �a�n�d� �C�h�u� �[�5�3�]�.� �T�o� �t�h�e� �a�u�t�h�o�r ��s� �k�n�o�w�l�e�d�g�e�,� �n�o� �s�u�c�h� �a�t�t�e�m�p�t�s� �h�a�v�e� 

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

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

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

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

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

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

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

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

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

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

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

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

�a�p�p�e�a�r�s� �t�o� �t�h�e� �o�b�s�e�r�v�e�r� �a�s� �a� �l�i�q�u�i�d�.� 

�I�I�.� �R�e�v�i�e�w� �o�f� �P�r�e�v�i�o�u�s� �W�o�r�k� �2�1



�W�h�i�l�e� �t�h�e� �D�e�b�o�r�a�h� �n�u�m�b�e�r� �i�s� �a� �m�o�r�e� �g�e�n�e�r�a�l� �c�o�n�c�e�p�t�,� �t�h�e� �W�L�F� �e�q�u�a�t�i�o�n�,� �w�h�i�c�h� �i�s� 

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

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

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

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

�o�b�s�e�r�v�a�t�i�o�n� �o�f� �d�e�v�i�a�t�i�o�n� �f�r�o�m� �W�L�F� �b�e�h�a�v�i�o�r� �o�r� �t�i�m�e�-�t�e�m�p�e�r�a�t�u�r�e� �s�u�p�e�r�p�o�s�i�t�i�o�n� �t�h�a�t� �h�a�s� 

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

�m�o�r�p�h�o�l�o�g�i�e�s� �i�n� �i�o�n�o�m�e�r� �s�y�s�t�e�m�s� �[�5�4�-�5�6�]�.� �S�p�e�c�i�f�i�c�a�l�l�y�,� �i�t� �i�s� �a� �v�e�r�y� �g�e�n�e�r�a�l� �o�b�s�e�r�v�a�t�i�o�n� 

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

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

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

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

�i�o�n�o�m�e�r�s� �o�b�t�a�i�n�e�d� �b�y� �E�i�s�e�n�b�e�r�g� �e�t� �a�l�.� �[�5�0�]�.� �I�t� �i�s� �o�b�s�e�r�v�e�d� �t�h�a�t� �a�t� �l�o�w� �i�o�n�i�c� �c�o�n�t�e�n�t�,� �w�h�i�l�e� 

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

�i�o�n�i�c� �a�s�s�o�c�i�a�t�i�o�n�,� �t�h�e� �W�L�F� �r�e�l�a�t�i�o�n�s�h�i�p� �o�r� �g�e�n�e�r�a�l� �t�i�m�e�-�t�e�m�p�e�r�a�t�u�r�e� �s�u�p�e�r�p�o�s�i�t�i�o�n� 

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

�C�,� �a�r�e� �n�o�t� �n�e�c�e�s�s�a�r�i�l�y� �t�h�e� �u�n�i�v�e�r�s�a�l� �v�a�l�u�e�s� �n�o�r�m�a�l�l�y� �f�o�u�n�d� �w�h�e�n� �7�,� �i�s� �t�h�e� �r�e�f�e�r�e�n�c�e� �t�e�m�-� 

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

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

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

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

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

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

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

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

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

�I�l�.� �R�e�v�i�e�w� �o�f� �P�r�e�v�i�o�u�s� �W�o�r�k� �2�2
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�F�i�g�u�r�e� �6�.� �S�t�r�e�s�s� �r�e�l�a�x�a�t�i�o�n� �m�a�s�t�e�r� �a�n�d� �p�s�e�u�d�o�m�a�s�t�e�r� �c�u�r�v�e�s� �f�o�r� �s�i�x� �i�o�n�o�m�e�r�s�:� �P�o�l�y�(�e�t�h�y�l� 
�a�c�r�y�l�a�t�e�)� �i�o�n�o�m�e�r�s� �n�e�u�t�r�a�l�i�z�e�d� �w�i�t�h� �s�o�d�i�u�m�.� �T�h�e� �n�u�m�b�e�r�s� �i�n�d�i�c�a�t�e� �i�o�n� �c�o�n�c�e�n�-� 
�t�r�a�t�i�o�n�s� �(�m�o�l�e� �%�)�.� �F�r�o�m� �E�i�s�e�n�b�e�r�g� �e�t� �a�l�.� �[�5�0�]�.� 

�2�3� �I�I�.� �R�e�v�i�e�w� �o�f� �P�r�e�v�i�o�u�s� �W�o�r�k



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

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

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

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

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

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

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

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

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

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

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

�L�o�n�g�w�o�r�t�h� �[�1�0�]�,� �Y�a�r�u�s�s�o� �a�n�d� �C�o�o�p�e�r� �[�2�3�]�,� �a�n�d� �W�e�i�s�s� �a�n�d� �L�e�f�e�l�a�r� �[�5�7�]�.� �I�n�d�e�e�d�,� �i�f� �i�o�n�i�c� 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�I�l�.� �R�e�v�i�e�w� �o�f� �P�r�e�v�i�o�u�s� �W�o�r�k� �2�4



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

�o�f� �a�v�a�i�l�a�b�l�e� �d�a�t�a�.� 

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

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

�t�i�o�n�e�d� �i�s� �b�y� �G�r�a�n�i�c�k� �[�5�9�]� �w�h�o� �n�o�t�e�d� �t�h�a�t� �t�h�e� �s�t�r�e�s�s� �r�e�l�a�x�a�t�i�o�n� �m�o�d�u�l�u�s� �c�u�r�v�e�s� �f�o�r� 

�s�u�l�f�o�n�a�t�e�d� �E�P�D�M ��s� �c�o�n�t�a�i�n�i�n�g� �t�h�e� �i�o�n�i�c� �p�l�a�s�t�i�c�i�z�e�r� �z�i�n�c� �s�t�e�a�r�a�t�e� �d�i�d� �n�o�t� �s�u�p�e�r�p�o�s�e�.� �I�n�-� 

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

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

�i�n� �t�h�e� �i�o�n�i�c� �r�e�g�i�o�n�s� �[�6�0�]�.� �D�u�e� �t�o� �t�h�i�s� �m�e�l�t�i�n�g� �d�i�s�t�r�i�b�u�t�i�o�n� �a�n�d� �h�e�n�c�e� �t�e�m�p�e�r�a�t�u�r�e� �d�e�-� 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�I�I�.� �R�e�v�i�e�w� �o�f� �P�r�e�v�i�o�u�s� �W�o�r�k� �2�5



�i�o�n�o�m�e�r�s� �[�6�1�-�6�3�]�.� �T�h�e�r�e� �h�a�s� �e�v�e�n� �b�e�e�n� �s�o�m�e� �h�i�n�t� �o�f� �s�u�c�h� �l�a�m�e�l�l�a�r� �s�t�r�u�c�t�u�r�e�s� �i�n� �t�h�e� 

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

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

�s�y�s�t�e�m�s�.� 

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

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

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

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

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

�e�t�c�.� �s�t�i�l�l� �r�e�q�u�i�r�e� �m�u�c�h� �f�u�r�t�h�e�r� �r�e�s�e�a�r�c�h�.� 

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

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

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

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

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

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

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

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

�b�y� �t�h�e� �w�o�r�k� �o�f� �L�u�n�d�b�e�r�g� �a�n�d� �P�h�i�l�l�i�p�s� �[�6�5�]� �c�o�n�c�e�r�n�i�n�g� �i�o�n�o�m�e�r� �s�o�l�u�t�i�o�n�s� �a�n�d� �t�h�e� �d�e�-� 

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

�B�e�h�a�v�i�o�r� �i�n� �t�h�e� �R�u�b�b�e�r�y� �R�e�g�i�o�n� 

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

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

�e�l�a�s�t�o�m�e�r�s�.� �T�h�e� �r�u�b�b�e�r�y� �s�t�a�t�e�,� �o�f� �c�o�u�r�s�e�,� �o�c�c�u�r�s� �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� 

�I�l�.� �R�e�v�i�e�w� �o�f� �P�r�e�v�i�o�u�s� �W�o�r�k� �2�6



�a�n�d� �i�s� �c�h�a�r�a�c�t�e�r�i�z�e�d� �b�y� �a� �p�l�a�t�e�a�u� �m�o�d�u�l�u�s� �i�n� �t�h�e� �v�i�c�i�n�i�t�y� �o�f� �0�.�1�-�0�.�2� �M�P�a�.� �I�n� �t�h�i�s� �r�e�g�i�o�n� 

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

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

�c�r�o�s�s�l�i�n�k�s� �w�h�i�c�h� �c�o�n�n�e�c�t� �t�h�e� �c�h�a�i�n�s�.� �W�h�e�n� �a�n� �e�l�a�s�t�o�m�e�r� �i�s� �r�e�l�e�a�s�e�d� �f�o�l�l�o�w�i�n�g� �a� �d�e�f�o�r�-� 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�b�u�t�a�d�i�e�n�e�-�s�t�y�r�e�n�e�-�a�c�r�y�l�i�c� �a�c�i�d� �t�e�r�p�o�l�y�m�e�r� �l�a�t�e�x� �(�t�r�a�d�e� �n�a�m�e� �H�y�c�a�r� �1�5�7�1�)� �m�a�r�k�e�t�e�d� �b�y� 

�B�.� �F�.� �G�o�o�d�r�i�c�h� �i�n� �1�9�4�9� �[�6�6�]�.� �I�t� �w�a�s� �B�r�o�w�n� �w�h�o� �f�i�r�s�t� �n�e�u�t�r�a�l�i�z�e�d� �c�a�r�b�o�x�y�l�a�t�e�d� �e�l�a�s�t�o�m�e�r�s� 

�w�i�t�h� �m�e�t�a�l� �o�x�i�d�e�s� �i�n� �t�h�e� �e�a�r�l�y� �1�9�5�0 ��s� �t�h�u�s� �a�c�t�u�a�l�l�y� �f�o�r�m�i�n�g� �i�o�n�i�c�a�l�l�y� �c�r�o�s�s�l�i�n�k�e�d� 

�e�l�a�s�t�o�m�e�r�s� �[�6�7�]�.� �H�i�s� �w�o�r�k� �c�a�t�a�l�y�z�e�d� �t�h�e� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �a�n� �e�n�t�i�r�e� �n�e�w� �c�l�a�s�s� �o�f� �p�o�l�y�m�e�r�i�c� 

�m�a�t�e�r�i�a�l�s�.� �I�n� �1�9�5�7� �a�n�d� �1�9�6�3� �h�e� �p�u�b�l�i�s�h�e�d� �r�e�v�i�e�w�s� �d�e�s�c�r�i�b�i�n�g� �t�h�e� �c�a�r�b�o�x�y�l�a�t�e�d� �e�l�a�s�t�o�m�e�r�s� 
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�[�6�6�,�6�8�]�.� �A� �m�o�r�e� �r�e�c�n�t� �r�e�v�i�e�w� �o�f� �c�a�r�b�o�x�y�l�a�t�e�d� �e�l�a�s�t�o�m�e�r�s� �w�a�s� �p�r�e�s�e�n�t�e�d� �b�y� �J�e�n�k�i�n�s� �a�n�d� 

�D�u�c�k� �[�6�9�]�.� 

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

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

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

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

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

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

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

�E�s�s�o� �p�a�t�e�n�t�s� �i�n� �t�h�e� �m�i�d�-�s�e�v�e�n�t�i�e�s� �[�7�0�-�7�2�]� �o�n� �s�u�l�f�o�n�a�t�e�d� �E�P�D�M� �m�a�t�e�r�i�a�l�s� �r�e�v�i�t�a�l�i�z�e�d� �t�h�e� 

�e�f�f�o�r�t�s� �t�o� �p�r�o�b�e� �t�h�e� �p�o�t�e�n�t�i�a�l� �o�f� �e�l�a�s�t�o�m�e�r�i�c� �i�o�n�o�m�e�r�s�.� �H�o�w�e�v�e�r�,� �i�t� �w�a�s� �n�o�t� �u�n�t�i�l� �1�9�7�8� 

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

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

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

�S�u�l�f�o�n�a�t�e�d� �E�P�D�M�.� 

�T�h�e� �E�P�D�M� �s�y�s�t�e�m�s� �a�r�e� �t�e�r�p�o�l�y�m�e�r�s� �o�f� �e�t�h�y�l�e�n�e�,� �p�r�o�p�y�l�e�n�e�,� �a�n�d� �a� �n�o�n�-�c�o�n�j�u�g�a�t�e�d� 

�d�i�e�n�e� �m�o�n�o�m�e�r� �(�e�.�g�.� �e�t�h�y�l�i�d�e�n�e� �n�o�r�b�o�r�n�e�n�e� �o�r� �E�N�B�)� �w�h�i�c�h� �a�r�e� �p�o�l�y�m�e�r�i�z�e�d� �b�y� �a� 

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

�n�e�u�t�r�a�l�i�z�a�t�i�o�n� �p�r�o�c�e�d�u�r�e�s� �h�a�v�e� �b�e�e�n� �p�r�e�s�e�n�t�e�d� �b�y� �M�a�k�o�w�s�k�i� �e�t� �a�l�.� �[�7�3�]�.� �A�g�a�r�w�a�l�,� 

�M�a�k�o�w�s�k�i�,� �a�n�d� �L�u�n�d�b�e�r�g� �[�4�8�]� �h�a�v�e� �s�t�u�d�i�e�d� �t�h�e� �v�i�s�o�e�l�a�s�t�i�c� �b�e�h�a�v�i�o�r� �o�f� �t�h�e� �b�u�l�k� �m�a�t�e�r�i�a�l� 

�a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �b�o�t�h� �s�u�l�f�o�n�a�t�e� �c�o�n�t�e�n�t� �a�n�d� �n�e�u�t�r�a�l�i�z�i�n�g� �c�a�t�i�o�n�.� �F�i�g�u�r�e� �7� �s�h�o�w�s� �t�h�e� �e�f�-� 

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

�E�P�D�M� �p�o�l�y�m�e�r� �s�h�o�w�s� �o�n�l�y� �a� �s�h�o�r�t� �p�s�e�u�d�o�-�r�u�b�b�e�r�y� �p�l�a�t�e�a�u� �n�e�a�r� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �i�n�-� 

�d�i�c�a�t�i�n�g� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �e�n�t�a�n�g�l�e�m�e�n�t�s� �b�u�t� �n�o� �c�r�o�s�s�l�i�n�k�i�n�g�.� �H�o�w�e�v�e�r�,� �u�p�o�n� �l�i�g�h�t� 
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�s�u�l�f�o�n�a�t�i�o�n� �(�0�.�6� �m�o�l�e� �p�e�r�c�e�n�t�)� �a�n�d� �n�e�u�t�r�a�l�i�z�a�t�i�o�n�,� �a� �w�e�l�l�-�d�e�f�i�n�e�d� �r�u�b�b�e�r�y� �p�l�a�t�e�a�u� �i�s� �o�b�-� 

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

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

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

�a�r�e� �o�b�s�e�r�v�e�d� �t�o� �f�l�o�w�.� �T�h�e� �l�e�v�e�l� �o�f� �s�u�l�f�o�n�a�t�i�o�n� �w�a�s� �q�u�i�t�e� �l�o�w�,� �0�.�6� �t�o� �1�.�4� �m�o�l�e� �p�e�r�c�e�n�t�,� 

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

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

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

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

�o�n� �t�h�e� �v�i�s�c�o�e�l�a�s�t�i�c� �p�r�o�p�e�r�t�i�e�s�.� �T�h�e� �c�a�t�i�o�n�s� �s�t�u�d�i�e�d� �i�n�c�l�u�d�e� �L�i�*�,� �C�s�*�,� �N�H�4�*�,� �M�g�?�*�,� 

�B�a�?�*�,� �Z�n�?�*�,� �a�n�d� �P�b�*�*�.� �T�h�e� �p�r�i�m�a�r�y� �o�b�s�e�r�v�a�t�i�o�n�s� �w�e�r�e� �t�h�a�t� �B�a�?�*� �r�e�s�u�l�t�e�d� �i�n� �a� �h�i�g�h�e�r� 

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

�T�h�e� �N�H�4�*� �m�a�t�e�r�i�a�l� �d�i�s�p�l�a�y�e�d� �a� �d�e�c�r�e�a�s�i�n�g� �G �� �a�t� �l�o�w�e�r� �t�e�m�p�e�r�a�t�u�r�e�s� �t�h�a�n� �t�h�e� �o�t�h�e�r�s� 

�(�l�i�k�e�l�y� �d�u�e� �t�o� �i�t�s� �b�u�l�k�i�n�e�s�s�)� �a�s� �d�i�d� �Z�n�?�*� �(�l�i�k�e�l�y� �d�u�e� �t�o� �i�t�s� �g�r�e�a�t�e�r� �c�o�v�a�l�e�n�t� �c�h�a�r�a�c�t�e�r�)�.� 

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

�p�e�r�c�e�n�t�a�g�e�s�.� 

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

�i�o�n�o�m�e�r�s� �w�a�s� �a�l�s�o� �i�n�v�e�s�t�i�g�a�t�e�d� �b�y� �M�a�k�o�w�s�k�i� �a�n�d� �L�u�n�d�b�e�r�g� �[�7�4�]�.� �T�h�e� �c�a�t�i�o�n�s� �s�t�u�d�i�e�d� 

�w�e�r�e� �L�i�t�,� �N�a�*�,� �M�g�?�*�,� �C�a�?�*�,� �B�a�?�*�,� �C�o�?�*�,� �a�n�d� �Z�n�*�*�.� �Z�i�n�c�-�n�e�u�t�r�a�l�i�z�e�d� �i�o�n�o�m�e�r�s� �d�i�s�-� 

�p�l�a�y�e�d� �t�h�e� �h�i�g�h�e�s�t� �m�e�l�t� �i�n�d�e�x� �(�0�.�7�5� �a�t� �1�9�0�°�C�,� �4�7�8� �p�s�i�)� �f�o�l�l�o�w�e�d� �b�y� �l�e�a�d� �(�0�.�1�)�,� �w�h�i�l�e� �t�h�e� 

�o�t�h�e�r� �m�a�t�e�r�i�a�l�s� �d�i�d� �n�o�t� �f�l�o�w� �a�t� �a�l�l� �(�m�e�l�t� �i�n�d�e�x� �o�f� �0�)�.� �T�h�e� �t�e�n�s�i�l�e� �p�r�o�p�e�r�t�i�e�s� �o�f� �z�i�n�c�-� 

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

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

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

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

�I�I�.� �R�e�v�i�e�w� �o�f� �P�r�e�v�i�o�u�s� �W�o�r�k� �3�0



�T�h�e�s�e� �w�o�r�k�e�r�s� �a�l�s�o� �f�o�u�n�d� �t�h�a�t� �t�h�e� �m�e�l�t� �v�i�s�c�o�s�i�t�y� �o�f� �z�i�n�c�-�n�e�u�t�r�a�l�i�z�e�d� �E�P�D�M� 

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

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

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

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

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

�i�n� �t�h�e� �v�i�s�c�o�e�l�a�s�t�i�c� �b�e�h�a�v�i�o�r�.� �I�n� �t�h�e� �p�l�a�t�e�a�u� �r�e�g�i�o�n� �e�x�t�e�n�d�i�n�g� �f�r�o�m� �7�,� �t�o� �a�b�o�u�t� �1�0�0�°�C�,� 

�G �� �i�n�c�r�e�a�s�e�s� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �z�i�n�c� �s�t�e�a�r�a�t�e� �c�o�n�t�e�n�t� �(�u�p� �t�o� �1�9�.�0� �g� �Z�n�(�S�t�)�2�/�1�0�0� �g� �p�o�l�y�m�e�r�)� 

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

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

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

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

�t�a�i�n� �m�e�t�a�l� �s�u�l�f�o�n�a�t�e� �E�P�D�M ��s� �w�i�t�h� �g�o�o�d� �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�f�f�i�c�i�e�n�t�l�y� �l�o�w� �m�e�l�t� 

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

�C�a�r�b�o�x�y�l�a�t�e�d� �E�l�a�s�t�o�m�e�r�i�c� �T�e�l�e�c�h�e�l�i�c� �I�o�n�o�m�e�r�s�.� 

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

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

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

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

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

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

�c�l�a�s�s� �o�f� �i�o�n�o�m�e�r�s�.� �T�h�i�s� �a�p�p�r�o�a�c�h� �w�a�s� �f�i�r�s�t� �p�u�r�s�u�e�d� �b�y� �O�t�o�c�k�a�,� �H�e�l�l�m�a�n�,� �a�n�d� �B�l�y�l�e�r� �[�7�]�,� 

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

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

�H�i�.� �R�e�v�i�e�w� �o�f� �P�r�e�v�i�o�u�s� �W�o�r�k� �3�t



�t�e�l�e�c�h�e�l�i�c� �i�o�n�o�m�e�r�s� �h�a�s� �b�e�e�n� �c�o�n�d�u�c�t�e�d� �b�y� �O�t�o�c�k�a� �e�t� �a�l�.� �[�7�]�,� �P�i�n�e�r�i� �e�t� �a�l�.� �[�1�7�]�,� �a�n�d� �m�o�r�e� 

�r�e�c�e�n�t�l�y� �b�y� �B�r�o�z�e�,� �J�é�r�é�m�e�,� �T�e�y�s�s�i�é�,� �a�n�d� �c�o�w�o�r�k�e�r�s� �[�4�6�,�6�3�,�7�5�-�8�0�]�.� 

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

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

�o�b�t�a�i�n�e�d� �c�o�m�m�e�r�c�i�a�l�l�y� �a�n�d� �h�a�d� �a�n� �M�,� �o�f� �4�6�0�0� �a�n�d� �o�f� �d�i�s�p�e�r�s�i�t�y� �r�a�t�i�o� �o�f� �1�.�8�.� �T�h�e� 

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

�a� �d�i�s�p�e�r�s�i�t�y� �r�a�t�i�o� �o�f� �l�e�s�s� �t�h�a�n� �1�.�2�.� �F�i�g�u�r�e� �8� �s�h�o�w�s� �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� �b�o�t�h� �t�h�e� 

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

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

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

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

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

�t�e�m�p�e�r�a�t�u�r�e� �d�e�p�e�n�d�e�n�c�e�.� �H�o�w�e�v�e�r�,� �l�i�n�e�a�r� �b�e�h�a�v�i�o�r� �r�e�s�u�l�t�s� �w�h�e�n� �l�o�g� �a�;� �i�s� �p�l�o�t�t�e�d� �v�s�.� �1�/�T�.� 

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

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

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

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

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

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

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

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

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

�s�t�r�u�c�t�u�r�e�s�.� 

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

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

�v�i�s�c�o�e�l�a�s�t�i�c� �b�e�h�a�v�i�o�r� �[�7�7�,�8�0�]�.� �O�b�v�i�o�u�s�l�y�,� �f�o�r� �t�e�l�e�c�h�e�l�i�c� �i�o�n�o�m�e�r�s� �t�h�e� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� 
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 ��4� �-�2� �0� �2� 

�F�i�g�u�r�e� �8�.� �D�y�n�a�m�i�c�_�b�e�h�a�v�i�o�r� �o�f� �c�a�r�b�o�x�y�-�t�e�l�e�c�h�e�l�i�c� �p�o�l�y�b�u�t�a�d�i�e�n�e� �a�t� �3�0�2�K�:� �(�a�)� �u�n�n�e�u�t�r�a�l�i�z�e�d� 
�f�o�r�m� �(�M�,�=�4�6�0�0�)� �a�n�d� �(�b�)� �m�a�s�t�e�r� �c�u�r�v�e� �f�o�r� �s�a�m�e� �m�a�t�e�r�i�a�l� �n�e�u�t�r�a�l�i�z�e�d� �w�i�t�h� 
�m�a�g�n�e�s�i�u�m�.� �F�r�o�m� �B�r�o�z�e� �e�t� �a�l�.� �[�7�5�]�.� 
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�a�l�s�o� �c�o�n�t�r�o�l�s� �t�h�e� �i�o�n�i�c� �c�o�n�t�e�n�t�.� �I�n�c�r�e�a�s�i�n�g� �t�h�e� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �d�e�c�r�e�a�s�e�s� �t�h�e� �i�o�n�i�c� 

�c�o�n�t�e�n�t�.� �F�i�g�u�r�e� �9� �s�h�o�w�s� �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� �v�i�s�c�o�e�l�a�s�t�i�c� �b�e�h�a�v�i�o�r� �o�f� 

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

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

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

�m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �m�a�t�e�r�i�a�l� �(�M�,�=� �7�0�0�0�)� �c�o�u�l�d� �n�o�t� �b�e� �c�h�a�r�a�c�t�e�r�i�z�e�d� �d�u�e� �t�o� �i�t�s� �h�i�g�h� �f�l�u�i�d�i�t�y�.� 

�U�p�o�n� �n�e�u�t�r�a�l�i�z�a�t�i�o�n�,� �a� �d�r�a�m�a�t�i�c� �c�h�a�n�g�e� �i�n� �b�e�h�a�v�i�o�r� �i�s� �o�b�s�e�r�v�e�d�.� �T�h�e� �7�0�0�0� �M�,� �m�a�t�e�r�i�a�l� 

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

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

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

�n�e�t�w�o�r�k� �i�s� �f�o�r�m�e�d�.� �A�l�t�h�o�u�g�h� �t�h�e� �r�u�b�b�e�r�y� �m�o�d�u�l�u�s� �i�s� �n�o�t� �s�t�r�o�n�g�l�y� �a�f�f�e�c�t�e�d� �f�r�o�m� �7�0�0�0� 

�t�o� �2�0�,�0�0�0� �M�.�,�,� �i�t� �d�e�c�r�e�a�s�e�s� �s�u�b�s�t�a�n�t�i�a�l�l�y� �w�h�e�n� �t�h�e� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �i�s� �f�u�r�t�h�e�r� �i�n�c�r�e�a�s�e�d� 

�t�o� �3�6�,�0�0�0�.� �T�h�i�s� �i�s�,� �o�f� �c�o�u�r�s�e�,� �d�u�e� �t�o� �t�h�e� �d�e�c�r�e�a�s�i�n�g� �i�n�f�l�u�e�n�c�e� �o�f� �t�h�e� �i�o�n�i�c� �g�r�o�u�p�s� �a�s� �m�o�-� 

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

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

�q�u�e�n�c�i�e�s� �w�h�e�n� �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� �t�o� �6�9�,�0�0�0� �i�s� �d�u�e� �t�o� �t�h�e� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �a� 

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

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

�i�n�t�e�r�a�c�t�i�o�n�s�.� 

�B�r�o�z�e� �e�t� �a�l�.� �[�7�8�,�8�0�]� �h�a�v�e� �a�l�s�o� �b�e�e�n� �a�b�l�e� �t�o� �c�r�o�s�s�l�i�n�k� �c�a�r�b�o�x�y� �t�e�l�e�c�h�e�l�i�c� �p�o�l�y�b�u�t�a�d�i�e�n�e� 

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

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

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

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

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

�n�a�t�u�r�e� �o�f� �t�h�e� �m�e�t�a�l� �c�a�t�i�o�n�s�.� �F�r�o�m� �v�i�s�c�o�e�l�a�s�t�i�c� �m�e�a�s�u�r�e�m�e�n�t�s�,� �i�t� �i�s� �c�l�e�a�r� �t�h�a�t� �z�i�r�c�o�n�i�u�m� 
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�F�i�g�u�r�e� �9�,� �G �� �m�a�s�t�e�r� �c�u�r�v�e�s� �f�o�r� �c�a�r�b�o�x�y�-�t�e�l�e�c�h�e�l�i�c� �p�o�l�y�i�s�o�p�r�e�n�e�:� 
�a�n�d� �n�e�u�t�r�a�l�i�z�a�t�i�o�n� �w�i�t�h� �m�a�g�n�e�s�i�u�m�.� �R�e�f�e�r�e�n�c�e� �t�e�m�p�e�r�a�t�u�r�e� �i�s� �2�9�6�K�.� �F�r�o�m� 
�J�é�r�6�m�e� �a�n�d� �B�r�o�z�e� �[�8�0�]�.� 

�I�I�.� �R�e�v�i�e�w� �o�f� �P�r�e�v�i�o�u�s� �W�o�r�k� 
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�3�5



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

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

�m�a�y� �b�e� �d�u�e� �t�o� �t�h�e� �l�a�r�g�e�r� �i�o�n�i�c� �r�a�d�i�u�s� �f�o�r� �z�i�r�c�o�n�i�u�m� �(�0�.�8� �A� �a�s� �c�o�m�p�a�r�e�d� �w�i�t�h� �0�.�6�8� �A� �f�o�r� 

�t�i�t�a�n�i�u�m�)�.� 

�L�a�l�e�g� �e�t� �a�l�.� �[�8�1�]� �s�t�u�d�i�e�d� �t�h�e� �i�n�f�l�u�e�n�c�e� �o�f� �c�a�t�i�o�n� �v�a�l�e�n�c�e� �o�n� �t�h�e� �v�i�s�c�o�e�l�a�s�t�i�c� �t�r�a�n�s�i�t�i�o�n�s� 

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

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

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

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

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

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

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

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

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

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

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

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

�e�x�c�e�s�s� �n�e�u�t�r�a�l�i�z�i�n�g� �a�g�e�n�t� �w�a�s� �f�o�u�n�d� �t�o� �s�i�g�n�i�f�i�c�a�n�t�l�y� �i�n�f�l�u�e�n�c�e� �7�,�,� �c�o�n�f�i�r�m�i�n�g� �t�h�e� �r�e�s�u�l�t�s� 

�o�f� �B�r�o�z�e� �e�t� �a�l�.� �[�7�7�]�.� �L�a�l�e�g� �a�n�d� �c�o�w�o�r�k�e�r�s� �a�l�s�o� �o�b�s�e�r�v�e�d� �a� �r�e�l�a�x�a�t�i�o�n�,� �a�p�p�e�a�r�i�n�g� �i�n� �t�h�e� 

�t�a�n� �6� �c�u�r�v�e�s�,� �a�b�o�v�e� �T�,�.� �T�h�i�s� �r�e�l�a�x�a�t�i�o�n� �w�a�s� �a�t�t�r�i�b�u�t�e�d� �t�o� �t�h�e� �i�o�n�i�c� �p�h�a�s�e� �a�n�d� �t�h�e� �t�e�m�-� 

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

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

�I�I�.� �R�e�v�i�e�w� �o�f� �P�r�e�v�i�o�u�s� �W�o�r�k� �3�6



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

�W�i�l�k�e�s�,� �K�e�n�n�e�d�y�,� �a�n�d� �c�o�w�o�r�k�e�r�s� �[�8�2�-�8�9�]� �h�a�v�e� �e�x�t�e�n�s�i�v�e�l�y� �s�t�u�d�i�e�d� �t�h�e� �p�r�o�p�e�r�t�i�e�s� �o�f� 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�h�a�v�e� �b�e�e�n� �o�b�s�e�r�v�e�d� �t�o� �s�u�s�t�a�i�n� �s�t�r�e�s�s�e�s� �i�n� �t�h�e� �r�a�n�g�e� �o�f� �3�-�5� �M�P�a� �a�n�d� �r�e�a�c�h� �e�x�t�e�n�s�i�o�n�s� �o�f� 

�8�0�0� �t�o� �1�0�0�0�%� �o�r� �m�o�r�e� �d�e�p�e�n�d�i�n�g� �u�p�o�n� �t�h�e� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t�,� �n�e�u�t�r�a�l�i�z�i�n�g� �c�a�t�i�o�n�,� �a�n�d� 

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

�d�i�f�u�n�c�t�i�o�n�a�l� �m�a�t�e�r�i�a�l�s� �r�a�r�e�l�y� �e�x�c�e�e�d� �1� �M�P�a� �s�t�r�e�s�s� �a�n�d� �r�e�a�c�h� �e�x�t�e�n�s�i�o�n�s� �o�f� �o�n�l�y� 

�3�0�0�-�4�0�0�%�.� �O�f� �c�o�u�r�s�e�,� �t�h�e� �l�i�n�e�a�r� �m�o�n�o�f�u�n�c�t�i�o�n�a�l� �m�a�t�e�r�i�a�l�s� �c�a�n�n�o�t� �f�o�r�m� �a� �n�e�t�w�o�r�k� �a�n�d� 

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

�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� �u�p�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� �t�h�e� �t�r�i�f�u�n�c�t�i�o�n�a�l� 

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

�i�n� �F�i�g�u�r�e� �1�0�.� �T�h�e� �n�o�m�e�n�c�l�a�t�u�r�e� �u�s�e�d� �i�n� �t�h�e� �f�i�g�u�r�e� �c�a�n� �b�e� �i�l�l�u�s�t�r�a�t�e�d� �b�y� �a�n� �e�x�a�m�p�l�e�.� 
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�°�/�,� �E�L�O�N�G� 

�F�i�g�u�r�e� �1�0�.� �S�t�r�e�s�s�-�s�t�r�a�i�n� �b�e�h�a�v�i�o�r� �o�f� �s�u�l�f�o�n�a�t�e�d� �P�I�B� �t�e�l�e�c�h�e�l�i�c� �i�o�n�o�m�e�r�s�:� �E�f�f�e�c�t� �o�f� �m�o�l�e�c�u�l�a�r� 
�w�e�i�g�h�t�.� �F�r�o�m� �B�a�g�r�o�d�i�a� �e�t� �a�l�.� �[�8�4�]�.� 

�I�I�.� �R�e�v�i�e�w� �o�f� �P�r�e�v�i�o�u�s� �W�o�r�k



�T�-�8�.�3�-�K�-�0� �i�n�d�i�c�a�t�e�s� �t�h�e� �t�r�i�f�u�n�c�t�i�o�n�a�l� �m�a�t�e�r�i�a�l� �o�f� �8�3�0�0� �M�,� �n�e�u�t�r�a�l�i�z�e�d� �w�i�t�h� �K�O�H� �t�o� �t�h�e� 

�s�t�o�i�c�h�i�o�m�e�t�r�i�c� �e�n�d�p�o�i�n�t� �(�o�r� �0�%� �e�x�c�e�s�s� �n�e�u�t�r�a�l�i�z�i�n�g� �a�g�e�n�t� �w�a�s� �a�d�d�e�d�)�.� �C�l�e�a�r�l�y�,� �t�h�e� �s�t�r�e�s�s� 

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

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

�c�r�e�a�s�e�s� �w�i�t�h� �d�e�c�r�e�a�s�i�n�g� �a�r�m� �l�e�n�g�t�h� �[�8�4�,�8�9�]�.� �T�h�e� �u�p�t�u�r�n� �i�n� �s�t�r�e�s�s� �a�b�o�v�e� �6�0�0�%� �e�l�o�n�g�a�t�i�o�n� 

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

�t�e�r�n�s� �[�8�3�]�.� 

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

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

�t�h�i�s� �v�a�r�i�a�b�l�e� �i�n�f�l�u�e�n�c�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� �t�h�e� �T�-�1�4�-�K� �s�e�r�i�e�s�.� �T�h�e� �T�-�1�4�-�K�-�(�-�1�0�)� 

�m�a�t�e�r�i�a�l�,� �w�h�i�c�h� �w�a�s� �n�e�u�t�r�a�l�i�z�e�d� �t�o� �o�n�l�y� �9�0�%� �(�-�1�0�%� �e�x�c�e�s�s� �n�e�u�t�r�a�l�i�z�i�n�g� �a�g�e�n�t�)�,� �d�o�e�s� �n�o�t� 

�r�e�a�c�h� �1� �M�P�a� �s�t�r�e�s�s� �o�r� �8�0�0�%� �e�l�o�n�g�a�t�i�o�n�.� �U�p�o�n� �s�t�o�i�c�h�i�o�m�e�t�r�i�c� �n�e�u�t�r�a�l�i�z�a�t�i�o�n� �(�T�-�1�4�-�K�-�0�)� 

�t�h�e� �s�t�r�e�s�s� �r�e�a�c�h�e�s� �a�l�m�o�s�t� �5� �M�P�a� �a�n�d� �1�0�0�0�%� �e�l�o�n�g�a�t�i�o�n�.� �T�h�u�s� �i�t� �i�s� �c�l�e�a�r� �t�h�a�t� �i�n� �o�r�d�e�r� 

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

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

�a�s� �u�p� �t�o� �3�0�0�%� �e�x�c�e�s�s� �n�e�u�t�r�a�l�i�z�i�n�g� �a�g�e�n�t� �i�s� �a�d�d�e�d�.� �T�h�i�s� �i�s� �i�n� �s�p�i�t�e� �o�f� �t�h�e� �f�a�c�t� �t�h�a�t� �t�h�e� 

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

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

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

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

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

�C�a�r�b�o�x�y�l�a�t�e�d� �S�B�R�.� 

�S�a�t�o� �[�9�0�]� �h�a�s� �r�e�c�e�n�t�l�y� �s�t�u�d�i�e�d� �t�h�e� �i�o�n�i�c� �c�r�o�s�s�l�i�n�k�i�n�g� �o�f� �c�a�r�b�o�x�y�l�a�t�e�d� �S�B�R� �(�s�t�y�r�e�n�e�-� 

�b�u�t�a�d�i�e�n�e�-�s�t�y�r�e�n�e� �r�u�b�b�e�r�)�.� �S�B�R� �i�s� �a� �t�e�c�h�n�o�l�o�g�i�c�a�l�l�y� �i�m�p�o�r�t�a�n�t� �m�a�t�e�r�i�a�l� �w�h�o�s�e� �p�r�o�p�e�r�-� 
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�Y�o� �E�L�O�N�G� 

�F�i�g�u�r�e� �1�1�.� �S�t�r�e�s�s�-�s�t�r�a�i�n� �b�e�h�a�v�i�o�r� �o�f� �s�u�l�f�o�n�a�t�e�d� �P�I�B� �t�e�l�e�c�h�e�l�i�c� �i�o�n�o�m�e�r�s�:� �E�f�f�e�c�t� �o�f� �e�x�c�e�s�s� 
�n�e�u�t�r�a�l�i�z�i�n�g� �a�g�e�n�t�.� �F�r�o�m� �M�o�h�a�j�e�r� �e�t� �a�l�.� �[�8�5�]�.� 

�I�I�.� �R�e�v�i�e�w� �o�f� �P�r�e�v�i�o�u�s� �W�o�r�k� �4�0



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

�u�s�e� �o�f� �a� �f�i�l�l�e�r� �s�u�c�h� �a�s� �c�a�r�b�o�n� �b�l�a�c�k�.� �C�a�r�b�o�x�y�l�a�t�e�d� �S�B�R� �i�s� �u�s�u�a�l�l�y� �c�o�v�a�l�e�n�t�l�y� �c�r�o�s�s�l�i�n�k�e�d� 

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

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

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

�4�0�-�6�0�°�C�.� �T�h�i�s� �p�e�a�k� �i�n�c�r�e�a�s�e�s� �i�n� �i�n�t�e�n�s�i�t�y� �a�n�d� �s�h�i�f�t�s� �t�o� �h�i�g�h�e�r� �t�e�m�p�e�r�a�t�u�r�e�s� �w�i�t�h� �a�d�d�i�-� 

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

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

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

�e�q�u�i�v�a�l�e�n�c�e� �p�o�i�n�t� �w�a�s� �r�e�a�c�h�e�d�.� �A�d�d�i�t�i�o�n�a�l� �z�i�n�c� �o�x�i�d�e� �h�a�d� �n�o� �i�n�f�l�u�e�n�c�e� �o�n� �t�h�e�s�e� �p�r�o�p�-� 

�e�r�t�i�e�s�.� �T�h�e� �a�d�d�i�t�i�o�n� �o�f� �c�a�r�b�o�n� �b�l�a�c�k� �(�5�0� �p�a�r�t�s� �p�e�r� �1�0�0� �p�a�r�t�s� �o�f� �r�u�b�b�e�r�)� �s�h�i�f�t�s� �t�h�e� �p�e�a�k� 

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

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

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

�P�o�l�y�u�r�e�t�h�a�n�e� �l�o�n�o�m�e�r�s�.� 

�C�o�o�p�e�r� �a�n�d� �c�o�w�o�r�k�e�r�s� �[�8�,�9�1�-�9�4�]� �h�a�v�e� �e�x�t�e�n�s�i�v�e�l�y� �s�t�u�d�i�e�d� �s�e�v�e�r�a�l� �t�y�p�e�s� �o�f� �n�o�v�e�l� 

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

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

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

�H�w�a�n�g�,� �Y�a�n�g�,� �a�n�d� �C�o�o�p�e�r� �[�8�]� �p�r�e�p�a�r�e�d� �p�o�l�y�e�t�h�e�r�-�p�o�l�y�u�r�e�t�h�a�n�e� �z�w�i�t�t�e�r�i�o�n�o�m�e�r�s� �b�y� 

�r�e�a�c�t�i�n�g� �y�-�p�r�o�p�a�n�e� �s�u�l�t�o�n�e� �w�i�t�h� �t�h�e� �t�e�r�t�i�a�r�y� �a�m�i�n�e� �o�n� �t�h�e� �c�h�a�i�n� �e�x�t�e�n�d�e�r� �N�M�D�E�A� �(�n�-� 

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

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

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

�I�l�.� �R�e�v�i�e�w� �o�f� �P�r�e�v�i�o�u�s� �W�o�r�k� �4�!



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

�s�h�a�r�p�e�n�e�d� �b�y� �t�h�e� �s�u�l�f�o�n�a�t�i�o�n�.� �T�h�e� �e�f�f�e�c�t� �o�f� �a�m�m�o�n�i�u�m� �s�u�l�f�o�n�a�t�i�o�n� �l�e�v�e�l� �f�o�r� �a� �3�7�%� �h�a�r�d� 

�s�e�g�m�e�n�t� �(�4�,�4�-�d�i�p�h�e�n�y�l� �m�e�t�h�a�n�e� �d�i�i�s�o�c�y�a�n�a�t�e� �(�M�D�I�)�)� �s�y�s�t�e�m�,� �w�h�e�r�e� �t�h�e� �a�m�m�o�n�i�u�m� 

�s�u�l�f�o�n�a�t�i�o�n� �r�a�n�g�e�s� �f�r�o�m� �z�e�r�o� �t�o� �6�.�0�%� �w�a�s� �s�t�u�d�i�e�d� �b�y� �d�y�n�a�m�i�c� �m�e�c�h�a�n�i�c�a�l� �s�p�e�c�t�r�o�s�c�o�p�y�.� 

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

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

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

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

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

�H�w�a�n�g�,� �a�n�d� �C�o�o�p�e�r� �[�9�1�]� �b�y� �s�i�m�p�l�y� �n�e�u�t�r�a�l�i�z�i�n�g� �t�h�e� �s�u�l�f�o�n�a�t�e� �g�r�o�u�p�s� �w�i�t�h� �s�o�d�i�u�m� �a�c�e�t�a�t�e� 

�t�r�i�h�y�d�r�i�d�e�,� �z�i�n�c� �(�I�I�)� �d�i�a�c�e�t�a�t�e� �d�i�h�y�d�r�i�d�e�,� �a�n�d� �i�r�o�n� �(�I�I�I�)� �d�i�a�c�e�t�a�t�e� �h�y�d�r�o�x�i�d�e�.� �T�h�e� 

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

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

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

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

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

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

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

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

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

�h�a�r�d� �d�o�m�a�i�n�s� �a�r�e� �m�o�r�e� �d�i�s�p�e�r�s�e�d�.� 

�R�u�t�k�o�w�s�k�a� �a�n�d� �E�i�s�e�n�b�e�r�g� �[�9�5�-�9�7�]� �h�a�v�e� �a�l�s�o� �s�t�u�d�i�e�d� �s�o�m�e� �a�s�p�e�c�t�s� �o�f� �t�h�e� �p�h�a�s�e� �s�e�p�-� 

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

�c�o�w�o�r�k�e�r�s�,� �i�.�e�.� �t�h�e� �i�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �N�M�D�E�A�.� 

�H�l�.� �R�e�v�i�e�w� �o�f� �P�r�e�v�i�o�u�s� �W�o�r�k� �4�2



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

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

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

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

�B�e�h�a�v�i�o�r� �o�f� �M�e�l�t�s� 

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

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

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

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

�o�f� �t�h�e� �t�h�e�r�m�a�l� �e�n�e�r�g�y� �f�a�c�t�o�r�,� �k�T�,� �r�e�l�a�t�i�v�e� �t�o� �t�h�e� �7�,� �o�f� �t�h�e� �p�o�l�y�m�e�r� �c�h�a�i�n� �h�a�s� �b�e�e�n� �d�i�s�-� 

�c�u�s�s�e�d�.� �O�f� �c�o�u�r�s�e�,� �f�o�r� �f�l�o�w� �t�o� �o�c�c�u�r� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �m�u�s�t� �b�e� �a�b�o�v�e� �t�h�e� �7�,� �o�f� �t�h�e� �c�h�a�i�n� 

�b�a�c�k�b�o�n�e�.� �A�b�o�v�e� �t�h�e� �7�,�,� �i�f� �t�h�e�r�e� �i�s� �i�n�s�u�f�f�i�c�i�e�n�t� �k�T� �t�o� �b�r�e�a�k� �u�p� �t�h�e� �i�o�n�i�c� �a�s�s�o�c�i�a�t�i�o�n�s� �t�h�e� 

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

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

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

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

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

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

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

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

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

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

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

�b�e�h�a�v�i�o�r� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �1�2�.� �I�n� �t�h�i�s� �w�o�r�k�,� �C�o�n�n�e�l�l�y� �e�t� �a�l�.� �[�9�8�]� �s�t�u�d�i�e�d� �t�h�e� �m�e�l�t� 
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�F�i�g�u�r�e� �1�2�.� �G �� �y�s�.� �f�r�e�q�u�e�n�c�y� �f�o�r� �a� �p�o�l�y�e�s�t�e�r� �i�o�n�o�m�e�r�:� �L�e�v�e�l�s� �o�f� �i�o�n�i�c� �c�o�n�t�e�n�t� �a�r�e� �a�s� �i�n�d�i�c�a�t�e�d� 
�a�n�d� �t�h�e� �r�e�f�e�r�e�n�c�e� �t�e�m�p�e�r�a�t�u�r�e� �i�s� �T�,� �+� �5�0�°�C�.� �F�r�o�m� �C�o�n�n�e�l�l�y� �e�t� �a�l�.� �[�9�8�]�.� 
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�r�h�e�o�l�o�g�y� �o�f� �a� �s�o�d�i�u�m�-�n�e�u�t�r�a�l�i�z�e�d� �p�o�l�y�e�s�t�e�r� �i�o�n�o�m�e�r� �i�n� �w�h�i�c�h� �t�h�e� �i�o�n�i�c� �c�o�n�t�e�n�t� �r�a�n�g�e�d� 

�f�r�o�m� �z�e�r�o� �t�o� �7� �m�o�l�e� �p�e�r�c�e�n�t�.� �T�h�e� �7�,� �w�a�s� �i�n�c�r�e�a�s�e�d� �f�r�o�m� �2�7� �t�o� �4�3�°�C� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �i�o�n� 

�c�o�n�t�e�n�t�.� �F�i�g�u�r�e� �1�2� �s�h�o�w�s� �t�h�e� �G �� �m�a�s�t�e�r� �c�u�r�v�e� �f�o�r� �t�h�i�s� �s�e�r�i�e�s� �o�f� �m�a�t�e�r�i�a�l�s� �a�t� �a� �r�e�f�e�r�e�n�c�e� 

�t�e�m�p�e�r�a�t�u�r�e� �o�f� �J�T�,� �+� �5�0�°�C�.� �C�l�e�a�r�l�y�,� �t�h�e� �e�f�f�e�c�t�s� �o�f� �i�o�n�i�c� �c�o�n�t�e�n�t� �a�r�e� �s�e�e�n� �p�r�i�m�a�r�i�l�y� �i�n� �t�h�e� 

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

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

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

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

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

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

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

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

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

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

�c�a�t�i�o�n�s� �w�h�i�c�h� �f�o�r�m� �m�o�r�e� �i�o�n�i�c� �b�o�n�d�s� �(�e�.�g�.� �C�a�?�*�)�.� �C�o�n�s�i�d�e�r�i�n�g� �c�a�t�i�o�n�s� �w�i�t�h�i�n� �a� �p�a�r�t�i�c�-� 

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

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

�t�o� �a� �l�a�r�g�e� �e�x�t�e�n�t� �t�h�r�o�u�g�h� �t�h�e� �c�h�o�i�c�e� �o�f� �t�h�e� �n�e�u�t�r�a�l�i�z�i�n�g� �c�a�t�i�o�n�.� 

�B�a�g�r�o�d�i�a� �e�t� �a�l�.� �[�8�7�,�8�8�]� �s�t�u�d�i�e�d� �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� �t�h�e� �s�u�l�f�o�n�a�t�e�d� 

�p�o�l�y�i�s�o�b�u�t�y�l�e�n�e� �t�e�l�e�c�h�e�l�i�c� �i�o�n�o�m�e�r�s� �i�n� �t�h�e� �m�e�l�t� �f�l�o�w� �r�e�g�i�o�n�.� �F�i�g�u�r�e� �1�3� �s�h�o�w�s� �G �� �m�e�a�s�-� 

�u�r�e�d� �a�t� �1�8�0�°�C� �f�o�r� �a� �s�e�r�i�e�s� �o�f� �t�h�e� �t�h�r�e�e�-�a�r�m� �s�t�a�r� �t�r�i�f�u�n�c�t�i�o�n�a�l� �m�a�t�e�r�i�a�l�s� �o�f� �v�a�r�y�i�n�g� �m�o�-� 

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

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

�t�e�m�p�e�r�a�t�u�r�e� �t�h�e� �s�t�o�r�a�g�e� �m�o�d�u�l�u�s�,� �G ��,� �i�s� �o�b�s�e�r�v�e�d� �t�o� �i�n�c�r�e�a�s�e� �a�s� �M�,� �i�n�c�r�e�a�s�e�s� �f�r�o�m� �8�3�0�0� 

�t�o� �1�4�0�0�0� �t�o� �3�4�0�0�0� �f�o�r� �t�h�e� �e�n�d�p�o�i�n�t� �n�e�u�t�r�a�l�i�z�e�d� �m�a�t�e�r�i�a�l�s�.� �A�p�p�a�r�e�n�t�l�y� �a�t� �1�8�0�°�C� �t�h�e� �i�o�n�i�c� 

�i�n�t�e�r�a�c�t�i�o�n�s� �a�r�e� �s�u�f�f�i�c�i�e�n�t�l�y� �w�e�a�k�e�n�e�d� �t�h�a�t� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �b�e�c�o�m�e�s� �t�h�e� �i�m�p�o�r�t�a�n�t� 
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�F�i�g�u�r�e� �1�3�.� �G �� �v�s�.� �f�r�e�q�u�e�n�c�y� �f�o�r� �t�h�r�e�e�-�a�r�m� �s�t�a�r� �t�r�i�f�u�n�c�t�i�o�n�a�l� �i�o�n�o�m�e�r�:� �N�e�u�t�r�a�l�i�z�e�d� �w�i�t�h� �K�O�H� 
�a�n�d� �t�e�s�t�e�d� �a�t� �1�8�0�°�C�:� �(�1�)� �T�-�8�.�3�-�K�-�0�,� �(�2�)� �T�-�1�4�-�K�-�0�,� �(�3�)� �T�-�3�4�-�K�-�0�,� �(�4�)� �T�-�3�4�-�K�-� �1�0�0�,� 
�a�n�d� �(�5�)� �T�-�8�.�3�-�K�-�1�0�0�.� 
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�f�a�c�t�o�r�.� �S�i�n�c�e� �t�h�e� �n�u�m�b�e�r� �o�f� �e�n�t�a�n�g�l�e�m�e�n�t�s� �i�n�c�r�e�a�s�e�s� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t�,� 

�G �� �i�s� �o�b�s�e�r�v�e�d� �t�o� �i�n�c�r�e�a�s�e� �w�i�t�h� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t�.� �H�o�w�e�v�e�r�,� �w�h�e�n� �1�0�0�%� �e�x�c�e�s�s� �n�e�u�-� 

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

�i�n�c�r�e�a�s�e� �i�n� �G �� �i�s� �o�b�s�e�r�v�e�d� �a�t� �a�l�l� �f�r�e�q�u�e�n�c�i�e�s�,� �p�a�r�t�i�c�u�l�a�r�l�y� �f�o�r� �t�h�e� �8�3�0�0� �M�,� �m�a�t�e�r�i�a�l�.� �I�n� 

�f�a�c�t�,� �f�o�r� �t�h�e� �m�a�t�e�r�i�a�l�s� �w�i�t�h� �e�x�c�e�s�s� �K�O�H�,� �G �� �i�s� �h�i�g�h�e�r� �f�o�r� �t�h�e� �8�3�0�0� �M�,� �m�a�t�e�r�i�a�l� �t�h�a�n� �f�o�r� 

�t�h�e� �3�4�0�0�0� �M�,� �m�a�t�e�r�i�a�l�,� �i�n�d�i�c�a�t�i�n�g� �t�h�a�t� �t�h�e� �i�o�n�i�c� �c�o�n�t�e�n�t� �h�a�s� �a�g�a�i�n� �b�e�c�o�m�e� �t�h�e� �m�o�s�t� �i�m�-� 

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

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

�8�3�0�0� �M�,� �m�a�t�e�r�i�a�l� �w�i�t�h� �a� �s�t�o�i�c�h�i�o�m�e�t�r�i�c� �a�m�o�u�n�t� �o�f� �K�O�H� �b�e�h�a�v�e�s� �a�s� �a� �v�i�s�c�o�u�s� �f�l�u�i�d� �e�v�e�n� 

�a�t� �t�h�e� �h�i�g�h�e�s�t� �f�r�e�q�u�e�n�c�i�e�s�.� �T�h�e� �1�4�0�0�0� �a�n�d� �3�4�0�0�0� �M�,� �m�a�t�e�r�i�a�l�s� �u�n�d�e�r�g�o� �a� �t�r�a�n�s�i�t�i�o�n� �f�r�o�m� 

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

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

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

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

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

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

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

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

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

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

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

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

�t�e�r�m�i�n�a�l� �r�e�g�i�o�n�.� 

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

�f�a�c�t�o�r�.� �B�a�g�r�o�d�i�a� �e�t� �a�l�.� �[�8�8�]� �f�o�u�n�d� �t�h�a�t� �t�h�e� �l�i�n�e�a�r� �m�o�n�o�f�u�n�c�t�i�o�n�a�l� �s�u�l�f�o�n�a�t�e�d� 

�p�o�l�y�i�s�o�b�u�t�y�l�e�n�e� �t�e�l�e�c�h�e�l�i�c� �i�o�n�o�m�e�r� �o�f� �1�1�0�0�0� �M�,� �d�i�s�p�l�a�y�s� �a� �n�e�a�r� �i�n�d�e�p�e�n�d�e�n�c�e� �o�f� �s�h�e�a�r� 

�I�i�.� �R�e�v�i�e�w� �o�f� �P�r�e�v�i�o�u�s� �W�o�r�k� �4�7



�r�a�t�e� �a�t� �1�8�0�°�C�.� �O�n� �t�h�e� �o�t�h�e�r� �h�a�n�d�,� �t�h�e� �l�i�n�e�a�r� �d�i�f�u�n�c�t�i�o�n�a�l� �a�n�d� �t�h�e� �t�h�r�e�e�-�a�r�m� �s�t�a�r� 

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

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

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

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

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

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

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

�m�a�t�e�r�i�a�l�s� �d�o� �n�o�t�.� 

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

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

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

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

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

�a�f�f�o�r�d�e�d� �b�y� �u�s�e� �o�f� �t�h�e�s�e� �a�d�d�i�t�i�v�e�s�.� 

�B�e�h�a�v�i�o�r� �o�f� �B�l�e�n�d�s� 

�R�e�c�e�n�t�l�y�,� �E�i�s�e�n�b�e�r�g� �a�n�d� �c�o�w�o�r�k�e�r�s� �[�9�5�,�9�6�,�9�9�-�1�0�2�]� �h�a�v�e� �p�r�o�m�o�t�e�d� �c�o�m�p�l�e�t�e� �o�r� �l�i�m�-� 

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

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

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

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

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

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

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

�I�l�.� �R�e�v�i�e�w� �o�f� �P�r�e�v�i�o�u�s� �W�o�r�k� �4�3



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

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

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

�i�o�n�i�c� �g�r�o�u�p�s� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �1�4� �a�n�d� �t�h�a�t� �f�o�r� �a� �5�0�/�5�0� �b�l�e�n�d� �o�f� �t�h�e� �t�w�o� �p�o�l�y�m�e�r�s� �w�i�t�h� 

�i�o�n�i�c� �g�r�o�u�p�s� �i�n� �F�i�g�u�r�e� �1�5�.� �I�t� �i�s� �c�l�e�a�r� �t�h�a�t� �t�h�e� �b�l�e�n�d� �o�f� �p�o�l�y�s�t�y�r�e�n�e� �a�n�d� �P�E�A� �w�a�s� 

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

�i�s� �e�s�s�e�n�t�i�a�l�l�y� �c�o�m�p�l�e�t�e�l�y� �m�i�s�c�i�b�l�e� �s�i�n�c�e� �o�n�l�y� �o�n�e� �7�,� �i�s� �o�b�s�e�r�v�e�d�.� 

�E�i�s�e�n�b�e�r�g� �a�n�d� �H�a�r�a� �[�1�0�1�,�1�0�2�]� �h�a�v�e� �a�l�s�o� �s�t�u�d�i�e�d� �t�h�e� �u�s�e� �o�f� �i�o�n�-�d�i�p�o�l�e� �i�n�t�e�r�a�c�t�i�o�n�s� �t�o� 

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

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

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

�t�r�a�n�s�i�t�i�o�n� �w�a�s� �d�e�p�r�e�s�s�e�d� �d�r�a�m�a�t�i�c�a�l�l�y� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �a�l�k�y�l�e�n�e� �o�x�i�d�e� �c�o�n�t�e�n�t� �a�n�d� �t�h�e� �7�,� 

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

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

�e�n�h�a�n�c�e�d� �m�i�s�c�i�b�i�l�i�t�y�.� 

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

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

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

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

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

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

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

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

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

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

�s�i�n�g�l�e� �c�o�m�p�o�n�e�n�t� �s�y�s�t�e�m�s�.� 
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�F�i�g�u�r�e� �1�5�.� �G �� �v�s�.� �t�e�m�p�e�r�a�t�u�r�e� �f�o�r� �a� �5�0�/�5�0� �b�l�e�n�d� �o�f� �s�u�l�f�o�n�a�t�e�d� �p�o�y�s�t�y�r�e�n�e� �a�n�d� �p�o�l�y�(�e�t�h�y�l� 
�a�c�r�y�l�a�t�e�)� �c�o�n�t�a�i�n�i�n�g� �v�i�n�y�l�p�y�r�i�d�i�n�e�:� �F�r�o�m� �Z�h�o�u� �a�n�d� �E�i�s�e�n�b�e�r�g� �[�9�4�]�.� 
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�R�h�e�o�l�o�g�i�c�a�l� �B�e�h�a�v�i�o�r� �o�f� �I�o�n�o�m�e�r� �S�o�l�u�t�i�o�n�s� 

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

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

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

�t�r�o�l� �a�g�e�n�t�s� �a�n�d� �g�e�l�l�i�n�g� �a�g�e�n�t�s� �f�o�r� �t�e�r�t�i�a�r�y� �o�i�l� �r�e�c�o�v�e�r�y�.� �A� �r�e�c�e�n�t� �p�a�p�e�r� �b�y� �D�i�e�t�e�r�i�c�h� �[�1�0�3�]� 

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

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

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

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

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

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

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

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

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

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

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

�v�i�s�c�o�s�i�t�y�.� �C�l�e�a�r�l�y�,� �s�i�n�c�e� �a�t� �l�e�a�s�t� �8�5�%� �o�f� �t�h�e� �i�o�n�o�m�e�r� �c�h�a�i�n� �i�s� �n�o�n�p�o�l�a�r� �o�r� �r�e�l�a�t�i�v�e�l�y� �s�o�,� 

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

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

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

�l�a�t�e�r�.� 

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

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

�n�o�n�p�o�l�a�r� �s�o�l�v�e�n�t�s�.� 

�V�i�s�c�o�m�e�t�r�i�c� �B�e�h�a�v�i�o�r� 

�N�o�n�p�o�l�a�r� �s�o�l�v�e�n�t�s�.� 

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

�l�a�r�i�t�y� �o�f� �t�h�e� �m�e�d�i�u�m�.� �L�u�n�d�b�e�r�g� �a�n�d� �P�h�i�l�l�i�p�s� �[�1�0�5�]� �h�a�v�e� �s�h�o�w�n� �t�h�a�t� �s�u�l�f�o�n�a�t�e�d� 

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

�d�e�p�e�n�d�i�n�g� �u�p�o�n� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �t�h�e� �s�o�l�u�t�i�o�n�,� �a�s� �i�l�l�u�s�t�r�a�t�e�d� �i�n� �F�i�g�u�r�e� �1�6�.� �A�t� �l�o�w� 

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

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

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

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

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

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

�l�e�v�e�l� �o�f� �s�u�l�f�o�n�a�t�i�o�n�.� 

�B�r�o�z�e�,� �J�é�r�d�m�e�,� �a�n�d� �T�e�y�s�s�i�é� �[�1�0�6�-�1�0�8�]� �h�a�v�e� �e�x�t�e�n�s�i�v�e�l�y� �s�t�u�d�i�e�d� �t�h�e� �d�i�l�u�t�e� �s�o�l�u�t�i�o�n� 

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

�p�o�l�y�i�s�o�p�r�e�n�e�.� �F�i�g�u�r�e� �1�7� �s�h�o�w�s� �a� �r�e�l�a�t�i�v�e� �v�i�s�c�o�s�i�t�y� �v�s�.� �c�o�n�c�e�n�t�r�a�t�i�o�n� �p�l�o�t� �f�o�r� �c�a�r�b�o�x�y�-� 

�t�e�l�e�c�h�e�l�i�c� �p�o�l�y�i�s�o�p�r�e�n�e� �o�f� �7�0�0�0� �M�,� �i�n� �t�o�l�u�e�n�e� �b�o�t�h� �p�r�i�o�r� �t�o� �n�e�u�t�r�a�l�i�z�a�t�i�o�n� �a�n�d� �f�o�l�l�o�w�i�n�g� 

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

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

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

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

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

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

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

�d�e�c�r�e�a�s�e� �t�h�e� �g�e�l�a�t�i�o�n� �e�f�f�e�c�t� �a�s� �w�o�u�l�d� �b�e� �e�x�p�e�c�t�e�d�.� �A�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �1�8� �t�h�e� �g�e�l�a�t�i�o�n� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �w�a�s� �f�o�u�n�d� �t�o� �d�e�c�r�e�a�s�e� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t�.� �B�r�o�z�e� �e�t� �a�l�.� �[�1�0�8�]� 

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

�t�h�e� �g�e�l�a�t�i�o�n� �c�o�n�c�e�n�t�r�a�t�i�o�n� �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� �t�h�e� �s�q�u�a�r�e� �r�o�o�t� �o�f� �t�h�e� �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�,� �M�;�;� �i�.�e�.� 

�C�o�o�t� �=� �k�M�,� �'�?� �[�2�.�2�]� 

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

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

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

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

�t�e�l�e�c�h�e�l�i�c� �i�o�n�o�m�e�r�s�.� �E�q�u�a�t�i�o�n� �(�2�)� �p�r�e�d�i�c�t�s� �t�h�a�t� �v�i�s�c�o�s�i�t�y� �i�n�c�r�e�a�s�e�s� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �m�o�-� 

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

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

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

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

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

�o�f� �J�o�a�n�n�y� �f�o�r� �l�o�w� �d�i�m�e�r�i�z�a�t�i�o�n� �e�n�e�r�g�i�e�s� �a�n�d� �w�i�t�h� �B�r�o�z�e� �e�t� �a�l�.� �f�o�r� �h�i�g�h�e�r� �d�i�m�e�r�i�z�a�t�i�o�n� 

�e�n�e�r�g�i�e�s�.� �H�o�w�e�v�e�r�,� �t�h�e� �r�e�a�s�o�n� �f�o�r� �t�h�i�s� �l�i�m�i�t�e�d� �a�g�r�e�e�m�e�n�t� �w�i�t�h� �t�h�e� �t�w�o� �o�t�h�e�r� �t�h�e�o�r�i�e�s� �i�s� 
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�a�p� 
�1�0�°� �O�o� �F�T� �'� �i� �1� 

�Q� �1� �2� �3� �4� 

�C�O�N�C�E�N�T�R�A�T�I�O�N� �(�g�/�d�l�)� 
�F�i�g�u�r�e� �1�8�.� �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� �g�e�l�a�t�i�o�n� �b�e�h�a�v�i�o�r� �o�f� �c�a�r�b�o�x�y�-�t�e�l�e�c�h�e�l�i�c� �p�o�l�y�i�s�o�p�r�e�n�e� 

�n�e�u�t�r�a�l�i�z�e�d� �w�i�t�h� �m�a�g�n�e�s�i�u�m�:� �A�t� �2�5�°�C�.� �F�r�o�m� �B�r�o�z�e� �e�t� �a�l�.� �[�1�0�7�]�.� 
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�n�o�t� �p�r�e�s�e�n�t�l�y� �u�n�d�e�r�s�t�o�o�d�.� �C�l�e�a�r�l�y�,� �a�d�d�i�t�i�o�n�a�l� �w�o�r�k� �w�i�l�l� �b�e� �n�e�c�e�s�s�a�r�y� �t�o� �g�a�i�n� �a� �c�o�m�p�l�e�t�e� 

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

�P�o�l�a�r� �s�o�l�v�e�n�t�s�.� 

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

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

�[�1�0�5�]� �a�n�d� �P�e�i�f�f�e�r� �a�n�d� �L�u�n�d�b�e�r�g� �[�1�1�2�]� �h�a�v�e� �s�t�u�d�i�e�d� �t�h�e� �v�i�s�c�o�m�e�t�r�i�c� �b�e�h�a�v�i�o�r� �o�f� �s�u�l�f�o�n�a�t�e�d� 

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

�(�D�M�S�O�)�.� �I�t� �w�a�s� �f�o�u�n�d� �t�h�a�t� �i�o�n�o�m�e�r�s� �i�n� �t�h�e�s�e� �s�o�l�v�e�n�t�s� �d�i�s�p�l�a�y� �t�h�e� �t�y�p�i�c�a�l� 

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

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

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

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

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

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

�S�i�m�i�l�a�r� �r�e�s�u�l�t�s� �h�a�v�e� �b�e�e�n� �f�o�u�n�d� �b�y� �N�i�e�z�e�t�t�e�,� �V�a�n�d�e�r�s�c�h�u�e�r�e�n�,� �a�n�d� �A�r�a�s� �[�1�1�3�]� �a�n�d� 

�R�o�c�h�a�s�,� �D�o�m�a�r�d�,� �a�n�d� �R�i�n�a�u�d�o� �[�1�1�4�]�.� 

�N�o�n�p�o�l�a�r�-�p�o�l�a�r� �s�o�l�v�e�n�t� �m�i�x�t�u�r�e�s�.� 

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

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

�t�e�m�p�e�r�a�t�u�r�e� �e�f�f�e�c�t�s�.� �L�u�n�d�b�e�r�g� �a�n�d� �M�a�k�o�w�s�k�i� �[�1�1�5�]� �a�n�d� �L�u�n�d�b�e�r�g� �[�1�1�6�,�1�1�7�]� �h�a�v�e� �m�a�d�e� 

�e�x�t�e�n�s�i�v�e� �s�t�u�d�i�e�s� �o�f� �s�u�c�h� �s�o�l�u�t�i�o�n�s�.� �T�h�e� �v�i�s�c�o�s�i�t�y� �o�f� �s�i�m�p�l�e� �f�l�u�i�d�s�,� �i�n�c�l�u�d�i�n�g� �t�y�p�i�c�a�l� 
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�C�O�N�C�E�N�T�R�A�T�I�O�N� �(�g�m�/�1�0�0� �m�l�)� 

�F�i�g�u�r�e� �1�9�.� �R�e�d�u�c�e�d� �v�i�s�c�o�s�i�t�y� �v�s�.� �c�o�n�c�e�n�t�r�a�t�i�o�n� �f�o�r� �s�u�l�f�o�n�a�t�e�d� �P�S� �i�n� �D�M�F�:� �N�e�u�t�r�a�l�i�z�e�d� �w�i�t�h� 
�s�o�d�i�u�m�.� �S�u�l�f�o�n�a�t�i�o�n� �l�e�v�e�l�s� �a�r�e� �a�s� �i�n�d�i�c�a�t�e�d�.� �F�r�o�m� �L�u�n�d�b�e�r�g� �a�n�d� �P�h�i�l�l�i�p�s� �[�1�0�5�]�.� 
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�p�o�l�y�m�e�r� �s�o�l�u�t�i�o�n�s�,� �d�e�c�r�e�a�s�e�s� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �t�e�m�p�e�r�a�t�u�r�e�.� �T�y�p�i�c�a�l� �e�x�a�m�p�l�e�s� �a�r�e� �s�h�o�w�n� 

�i�n� �F�i�g�u�r�e� �2�0�,� �w�h�e�r�e� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e�-�d�e�p�e�n�d�e�n�t� �v�i�s�c�o�s�i�t�y� �o�f� �3�%� �a�n�d� �1�8�%� �p�o�l�y�s�t�y�r�e�n�e� �i�n� 

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

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

�s�u�l�f�o�n�a�t�e�d� �p�o�l�y�s�t�y�r�e�n�e� �(�1�.�9�8� �m�o�l�e� �%� �s�u�l�f�o�n�a�t�e�)� �s�o�l�u�t�i�o�n�s� �i�n� �x�y�l�e�n�e�/�h�e�x�a�n�o�l� �m�i�x�t�u�r�e�s�.� 

�O�n�e� �i�s� �a� �3�%� �s�o�l�u�t�i�o�n� �i�n� �a� �3�%� �h�e�x�a�n�o�l�/�9�7�%� �x�y�l�e�n�e� �m�i�x�t�u�r�e�,� �a�n�d� �t�h�e� �o�t�h�e�r� �i�s� �a� �5�%� �s�o�l�-� 

�u�t�i�o�n� �i�n� �a� �5�%� �h�e�x�a�n�o�l�/�9�5�%� �x�y�l�e�n�e� �m�i�x�t�u�r�e�.� �B�o�t�h� �s�o�l�u�t�i�o�n�s� �s�h�o�w� �a� �d�r�a�m�a�t�i�c� �i�n�c�r�e�a�s�e� 

�i�n� �v�i�s�c�o�s�i�t�y� �a�s� �t�e�m�p�e�r�a�t�u�r�e� �i�n�c�r�e�a�s�e�s� �f�r�o�m� �2�5� �t�o� �8�0�°�C�.� �L�u�n�d�b�e�r�g� �a�n�d� �M�a�k�o�w�s�k�i� �[�1�1�5�]� 

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

 �� 

�a�l�c�o�h�o�l� �+� �(�P�  �� �S�O�3�N�a�)�,�,� �n�(�a�l�c�o�h�o�l�  �� �P�S�O�3�N�a�)� 
�e� 

�w�h�e�r�e� �t�h�e� �a�s�s�o�c�i�a�t�i�n�g� �s�p�e�c�i�e�s� �(�P�-�.�S�O�,�N�a�)� �i�s� �f�a�v�o�r�e�d� �a�t� �h�i�g�h� �t�e�m�p�e�r�a�t�u�r�e�s�,� �w�h�i�l�e� �t�h�e� 

�s�o�l�v�a�t�e�d� �s�p�e�c�i�e�s� �(�a�l�c�o�h�o�l� �-� �P�S�O�;�N�a�)� �i�s� �f�a�v�o�r�e�d� �a�t� �l�o�w� �t�e�m�p�e�r�a�t�u�r�e�s�.� �T�h�e�s�e� �w�o�r�k�e�r�s� �d�o� 

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

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

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

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

�[�1�1�8�]�.� 

�D�y�n�a�m�i�c� �B�e�h�a�v�i�o�r� 

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

�v�i�s�c�o�s�i�t�y� �b�e�h�a�v�i�o�r�,� �b�u�t� �u�n�u�s�u�a�l� �d�y�n�a�m�i�c� �b�e�h�a�v�i�o�r� �a�s� �w�e�l�l�.� �A�g�a�r�w�a�l� �a�n�d� �L�u�n�d�b�e�r�g� �[�1�1�9�]� 

�h�a�v�e� �s�t�u�d�i�e�d� �t�h�e� �b�e�h�a�v�i�o�r� �o�f� �s�u�l�f�o�n�a�t�e�d� �E�P�D�M� �i�n� �a� �p�a�r�a�f�f�i�n�i�c� �o�i�l�.� �F�i�g�u�r�e� �2�2�a� �s�h�o�w�s� �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� �a� �5�%� �s�o�l�u�t�i�o�n� �o�f� �z�i�n�c� �s�u�l�f�o�n�a�t�e�d� �E�P�D�M� �i�n� �a� �p�a�r�a�f�f�i�n�i�c� �o�i�l�.� �I�t� 

�I�l�.� �R�e�v�i�e�w� �o�f� �P�r�e�v�i�o�u�s� �W�o�r�k� �6�0
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�(�a�)� �5�%� �s�u�l�f�o�-�E�P�D�M� �Z�n� 
�s�a�l�t� �i�n� �L�O�O�N� �o�i�l� �a�n�d� �5�%� �s�u�l�f�o�-�E�P�D�M� �M�g� �s�a�l�t� �i�n� �1�L�0�0�N� �o�i�l�.� �R�e�f�e�r�e�n�c�e� �t�e�m�p�e�r�a�t�u�r�e� 
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�s�h�o�u�l�d� �b�e� �n�o�t�e�d� �t�h�a�t� �i�n� �t�h�e� �l�o�w� �f�r�e�q�u�e�n�c�y� �r�e�g�i�o�n�,� �t�h�e� �G �� �c�u�r�v�e� �(�G �� �v�s�.� �l�o�g� �w�a�,�)� �h�a�s� �a� 

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

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

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

�c�r�e�a�s�i�n�g� �G ��.� �A�t� �v�e�r�y� �h�i�g�h� �f�r�e�q�u�e�n�c�i�e�s� �G �� �a�g�a�i�n� �i�n�c�r�e�a�s�e�s�,� �a�p�p�a�r�e�n�t�l�y� �a�n�t�i�c�i�p�a�t�i�n�g� �a�n�-� 

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

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

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

�S�i�m�i�l�a�r� �e�x�p�e�r�i�m�e�n�t�s� �o�n� �s�o�l�u�t�i�o�n�s� �o�f� �s�u�l�f�o�n�a�t�e�d� �E�P�D�M� �n�e�u�t�r�a�l�i�z�e�d� �w�i�t�h� �m�a�g�n�e�s�i�u�m� 

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

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

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

�T�h�e�s�e� �c�u�r�v�e�s�,� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�2�b�,� �i�l�l�u�s�t�r�a�t�e� �t�h�a�t� �t�h�e� �l�o�w� �f�r�e�q�u�e�n�c�y� �l�i�m�i�t�i�n�g� �s�l�o�p�e�s� �a�r�e� 

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

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

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

�t�o� �i�n�c�r�e�a�s�e� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �t�e�m�p�e�r�a�t�u�r�e�.� �A�g�a�r�w�a�l�,� �G�a�r�n�e�r�,� �a�n�d� �L�u�n�d�b�e�r�g� �[�1�2�1�]� �h�a�v�e� 

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

�s�u�l�f�o�n�a�t�e�d� �E�P�D�M� �(�0�.�6�7� �m�o�l�e� �%� �s�u�l�f�o�n�a�t�e� �g�r�o�u�p�s�)� �i�n� �a� �s�o�l�v�e�n�t� �m�i�x�t�u�r�e� �c�o�n�s�i�s�t�i�n�g� �o�f� 

�9�8�.�5�%� �p�a�r�a�f�f�i�n�i�c� �o�i�l� �a�n�d� �1�.�5�%� �h�e�x�a�n�o�l�,� �a�n� �i�n�c�r�e�a�s�e� �i�n� �G �� �i�s� �o�b�s�e�r�v�e�d� �a�t� �a�l�l� �f�r�e�q�u�e�n�c�i�e�s� 

�a�s� �t�e�m�p�e�r�a�t�u�r�e� �i�s� �i�n�c�r�e�a�s�e�d� �i�n� �t�h�e� �r�a�n�g�e� �o�f� �2�2�.�3� �t�o� �7�5�.�9�°�C�.� �T�h�i�s� �w�o�u�l�d� �b�e� �e�x�p�e�c�t�e�d�,� �o�f� 

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

�a�p�p�r�o�a�c�h�e�s� �t�h�a�t� �o�f� �a� �N�e�w�t�o�n�i�a�n� �s�o�l�u�t�i�o�n�,� �w�h�i�l�e� �a�t� �7�5�°�C� �t�h�e�y� �d�i�s�p�l�a�y� �a� �n�e�t�w�o�r�k�-�l�i�k�e� �r�e�-� 

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

�I�I�.� �R�e�v�i�e�w� �o�f� �P�r�e�v�i�o�u�s� �W�o�r�k� �6�4



�B�r�o�z�e� �e�t� �a�l�.� �[�1�2�2�]� �h�a�v�e� �s�t�u�d�i�e�d� �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� �s�o�l�u�t�i�o�n�s� �o�f� �c�a�r�b�o�x�y�l�a�t�e�d� 

�p�o�l�y�b�u�t�a�d�i�e�n�e� �t�e�l�e�c�h�e�l�i�c� �i�o�n�o�m�e�r�s� �i�n� �d�e�c�a�l�i�n�.� �T�h�e�s�e� �m�a�t�e�r�i�a�l�s� �a�l�l� �h�a�d� �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� �4�6�0�0�.� �A�t� �a� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �1�0� �g�/�d�l�,� �m�a�g�n�e�s�i�u�m�-�n�e�u�t�r�a�l�i�z�e�d� �s�o�l�-� 

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

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

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

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

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

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

�d�e�n�s�i�t�y� �i�n�c�r�e�a�s�e�s�,� �a�n�d� �t�h�e� �v�i�s�c�o�s�i�t�y� �i�n�c�r�e�a�s�e�s�.� �W�i�t�t�e�n� �a�n�d� �C�o�h�e�n� �[�1�2�3�]� �h�a�v�e� �r�e�c�e�n�t�l�y� 

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

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

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

�b�e�t�w�e�e�n� �2�9�7� �a�n�d� �3�4�2�K�,� �a�n�d� �t�h�e� �s�h�i�f�t� �f�a�c�t�o�r�s� �o�b�e�y� �a�n� �A�r�r�h�e�n�i�u�s� �t�y�p�e� �o�f� �d�e�p�e�n�d�e�n�c�e�.� �F�o�r� 

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

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

�n�o�t� �a�l�l� �i�o�n�o�m�e�r� �s�o�l�u�t�i�o�n�s� �d�i�s�p�l�a�y� �s�h�e�a�r� �t�h�i�c�k�e�n�i�n�g�.� �A�g�a�r�w�a�l� �a�n�d� �L�u�n�d�b�e�r�g� �[�1�1�9�]� �h�a�v�e� 

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

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

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

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

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

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

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

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

�l�a�t�e�d� �G �� �a�n�d� �G �� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �2�3�.� �C�l�e�a�r�l�y� �t�h�e� �t�e�r�m�i�n�a�l� �r�e�g�i�o�n� �s�h�o�w�s� �G �� �w�i�t�h� �a� 
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�F�i�g�u�r�e� �2�3�.� �P�r�e�d�i�c�t�e�d� �G �� �a�n�d� �G �� �b�e�h�a�v�i�o�r� �f�o�r� �a�n� �i�o�n�o�m�e�r� �g�e�l�:� 

�I�I�.� �R�e�v�i�e�w� �o�f� �P�r�e�v�i�o�u�s� �W�o�r�k� 

�F�r�o�m� �G�o�n�z�a�l�e�z� �[�1�2�5�]�.� 

�6�6



�s�l�o�p�e� �o�f� �2� �a�n�d� �G �� �w�i�t�h� �a� �s�l�o�p�e� �o�f� �|� �a�s� �p�r�e�d�i�c�t�e�d� �f�o�r� �a� �l�i�n�e�a�r�l�y� �v�i�s�c�o�e�l�a�s�t�i�c� �f�l�u�i�d�.� �A�t�-�a �� 

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

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

�s�u�l�f�o�n�a�t�e�d� �E�P�D�M� �s�o�l�u�t�i�o�n�s� �(�s�e�e� �F�i�g�u�r�e� �2�2�)�.� 
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�I�I�I�.� �P�u�r�p�o�s�e� �a�n�d� �S�c�o�p�e� �o�f� �P�r�e�s�e�n�t� �W�o�r�k� 

�B�u�l�k� �S�t�r�u�c�t�u�r�e� �a�n�d� �P�r�o�p�e�r�t�i�e�s� �o�f� �S�u�l�f�o�n�a�t�e�d� �P�o�l�y�i�s�o�b�u�t�y�l�e�n�e� �T�e�l�e�c�h�e�l�i�c� 

�I�o�n�o�m�e�r�s� 

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

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

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

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

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

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

�s�t�r�u�c�t�u�r�e�s� �r�a�t�h�e�r� �t�h�a�n� �t�h�e� �s�p�h�e�r�i�c�a�l� �c�l�u�s�t�e�r�s� �p�o�s�t�u�l�a�t�e�d� �f�o�r� �r�a�n�d�o�m� �i�o�n�o�m�e�r�s� �[�1�7�-�2�0�]�.� �I�t� 

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

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

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

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

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

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

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

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

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

�I�I�I�]�.� �P�u�r�p�o�s�e� �a�n�d� �S�c�o�p�e� �o�f� �P�r�e�s�e�n�t� �W�o�r�k� �6�8



�a�n� �i�o�n�i�c� �p�e�a�k�.� �I�n� �t�h�e� �m�e�a�n�t�i�m�e�,� �t�h�e� �S�A�X�S� �a�p�p�a�r�a�t�u�s� �i�n� �o�u�r� �l�a�b�o�r�a�t�o�r�y� �w�a�s� �e�q�u�i�p�p�e�d� 

�w�i�t�h� �a� �p�o�s�i�t�i�o�n� �s�e�n�s�i�t�i�v�e� �d�e�t�e�c�t�o�r� �(�P�S�D�)�.� �F�o�l�l�o�w�i�n�g� �t�h�e� �i�n�s�t�a�l�l�a�t�i�o�n� �o�f� �t�h�e� �P�S�D�,� �f�u�r�t�h�e�r� 

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

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

�I�n� �t�h�e� �w�o�r�k� �o�f� �B�a�g�r�o�d�i�a� �e�t� �a�l�.� �[�8�9�]� �s�t�r�e�s�s� �r�e�l�a�x�a�t�i�o�n� �e�x�p�e�r�i�m�e�n�t�s� �a�t� �a�m�b�i�e�n�t� �c�o�n�d�i�-� 

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

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

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

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

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

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

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

�a�c�i�d� �g�r�o�u�p�s� �w�e�r�e� �n�e�u�t�r�a�l�i�z�e�d� �o�n�l�y� �w�i�t�h� �m�o�n�o�v�a�l�e�n�t� �(�K�*�)� �a�n�d� �d�i�v�a�l�e�n�t� �(�C�a�?�*� �a�n�d� �Z�n�?�*�)� 

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

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

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

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

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

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

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

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

�i�o�n�o�m�e�r�s� �w�i�t�h� �t�r�i�v�a�l�e�n�t� �c�a�t�i�o�n�s� �s�u�c�h� �a�s� �L�a�>�*� �a�n�d� �C�e�?�*�,� �a�n�d� �t�o� �c�o�m�p�a�r�e� �t�h�e� �p�r�o�p�e�r�t�i�e�s� 

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

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

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

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

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

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

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

�t�e�n�s�i�o�n� �o�n� �t�h�e� �s�p�e�c�i�m�e�n�.� �T�h�e� �n�e�w� �P�o�l�y�m�e�r� �L�a�b�o�r�a�t�o�r�i�e�s� �D�M�T�A� �i�n�s�t�r�u�m�e�n�t� �c�a�n� �b�e� 

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

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

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

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

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

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

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

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

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

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

�s�t�u�d�i�e�s� �o�f� �B�r�o�z�e� �e�t� �a�l�.� �[�1�0�6�-�1�0�8�]� �o�n� �t�h�e� �s�o�l�u�t�i�o�n� �b�e�h�a�v�i�o�r� �o�f� �c�a�r�b�o�x�y�-�t�e�l�e�c�h�e�l�i�c� �i�o�n�o�m�e�r�s� 

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

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

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

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

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

�I�I�I�.� �P�u�r�p�o�s�e� �a�n�d� �S�c�o�p�e� �o�f� �P�r�e�s�e�n�t� �W�o�r�k� �7�0



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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�E�P�D�M ��s� �i�n� �a� �n�o�n�p�o�l�a�r� �s�o�l�v�e�n�t� �d�i�s�p�l�a�y� �b�o�t�h� �h�i�g�h�l�y� �v�i�s�c�o�u�s� �a�s� �w�e�l�l� �a�s� �n�e�t�w�o�r�k�-�l�i�k�e� �b�e�-� 

�h�a�v�i�o�r� �d�e�p�e�n�d�i�n�g� �u�p�o�n� �t�h�e� �f�r�e�q�u�e�n�c�y� �o�f� �d�e�f�o�r�m�a�t�i�o�n� �a�n�d� �t�e�m�p�e�r�a�t�u�r�e�.� �B�r�o�z�e� �e�t� �a�l�.� �[�1�2�2�]� 

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

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

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

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

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

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

�l�e�c�u�l�a�r� �w�e�i�g�h�t�,� �n�e�u�t�r�a�l�i�z�i�n�g� �c�a�t�i�o�n�,� �e�t�c�.�,� �o�n� �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� �t�h�e�s�e� �c�o�n�c�e�n�-� 

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

�I�I�I�.� �P�u�r�p�o�s�e� �a�n�d� �S�c�o�p�e� �o�f� �P�r�e�s�e�n�t� �W�o�r�k� �7�1



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

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

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

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

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

�p�u�z�z�l�i�n�g� �q�u�e�s�t�i�o�n�.� 

�B�u�l�k� �P�r�o�p�e�r�t�i�e�s� �o�f� �C�a�r�b�o�x�y�l�a�t�e�d� �E�l�a�s�t�o�m�e�r�i�c� �T�e�l�e�c�h�e�l�i�c� �I�o�n�o�m�e�r�s� 

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

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

�[�4�6�,�6�3�,�7�5�-�8�0�,� �1�0�6�-�1�0�8�]�.� �H�o�w�e�v�e�r�,� �t�h�e� �b�e�h�a�v�i�o�r� �o�f� �t�h�e�s�e� �m�a�t�e�r�i�a�l�s� �a�t� �l�a�r�g�e� �d�e�f�o�r�m�a�t�i�o�n�s� 

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

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

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

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

�R�o�b�e�r�t� �J�é�r�6�m�e� �a�n�d� �P�h�i�l�l�i�p�e� �T�e�y�s�s�i�é� �t�h�u�s� �r�e�q�u�e�s�t�e�d� �t�h�a�t� �o�u�r� �r�e�s�e�a�r�c�h� �g�r�o�u�p� �i�n�v�e�s�t�i�g�a�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� �o�f� �t�h�e� �c�a�r�b�o�x�y�l�a�t�e�d� �e�l�a�s�t�o�m�e�r�i�c� �t�e�l�e�c�h�e�l�i�c� �i�o�n�o�m�e�r�s� �t�o� �d�e�t�e�r�-� 

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

�m�a�t�i�o�n�s�.� 

�I�I�I�.� �P�u�r�p�o�s�e� �a�n�d� �S�c�o�p�e� �o�f� �P�r�e�s�e�n�t� �W�o�r�k� �7�2



�I�V�.� �E�x�p�e�r�i�m�e�n�t�a�l� 

�M�a�t�e�r�i�a�l�s� 

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

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

�t�h�e�s�i�z�e�d� �a�t� �t�h�e� �U�n�i�v�e�r�s�i�t�y� �o�f� �A�k�r�o�n� �i�n� �t�h�e� �l�a�b�o�r�a�t�o�r�y� �o�f� �P�r�o�f�e�s�s�o�r� �J�o�s�e�p�h� �P�.� �K�e�n�n�e�d�y�.� 

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

�m�a�t�e�r�i�a�l�s� �w�e�r�e� �n�e�u�t�r�a�l�i�z�e�d� �a�t� �V�i�r�g�i�n�i�a� �P�o�l�y�t�e�c�h�n�i�c� �I�n�s�t�i�t�u�t�e� �a�n�d� �S�t�a�t�e� �U�n�i�v�e�r�s�i�t�y� 

�(�V�P�I�&�S�U�)� �w�i�t�h� �K�*�,� �C�a�*�*�,� �a�n�d� �Z�n�?�*� �u�s�i�n�g� �t�e�c�h�n�i�q�u�e�s� �d�e�v�e�l�o�p�e�d� �b�y� �D�r�.� �Y�o�s�e�f� �M�o�h�a�j�e�r�.� 

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

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

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

�-�C�H�2�-�C�(�C�H�3�)�2� �=� �C�H�z�2� �e�n�d� �g�r�o�u�p�s�.� �T�h�e� �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� �t�h�e�s�e� �l�i�n�e�a�r� 

�t�e�l�e�c�h�e�l�i�c� �(�a�,�a�-�d�i�f�u�n�c�t�i�o�n�a�l�)� �p�o�l�y�i�s�o�b�u�t�y�l�e�n�e�s� �h�a�v�e� �b�e�e�n� �d�e�s�c�r�i�b�e�d� �p�r�e�v�i�o�u�s�l�y� �[�1�2�6�-�1�3�2�]�.� 

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

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

�p�r�e�p�a�r�a�t�i�o�n� �o�f� �p�o�l�y�i�s�o�b�u�t�y�l�e�n�e�s� �c�a�r�r�y�i�n�g� �t�w�o� �-�C�H�»�2�-�C�(�C�H�3�)�2�C�l� �t�e�r�m�i�n�i� �w�i�t�h� �a� 

�f�u�n�c�t�i�o�n�a�l�i�t�y� �o�f� �2�.�0�.� �D�e�h�y�d�r�o�c�h�l�o�r�i�n�a�t�i�o�n� �o�f� �t�h�e�s�e� �p�o�l�y�i�s�o�b�u�t�y�l�e�n�e�s� �w�i�t�h� �a� �h�i�n�d�e�r�e�d� �b�a�s�e� 

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

�I�V�.� �E�x�p�e�r�i�m�e�n�t�a�l� �7�3



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

�b�y� �K�e�n�n�e�d�y� �e�t� �a�l�.� �[�1�2�6�]�.� �S�i�m�i�l�a�r� �t�o� �t�h�e� �s�y�n�t�h�e�s�i�s� �o�f� �l�i�n�e�a�r� �P�I�B� �d�i�c�h�l�o�r�i�d�e�s� �w�i�t�h� �t�h�e� 

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

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

�(�T�C�C�/�B�C�l�;�)�  ��t�r�i�n�i�f�e�r �� �s�y�s�t�e�m�.� �S�u�b�s�e�q�u�e�n�t� �q�u�a�n�t�i�t�a�t�i�v�e� �d�e�h�y�d�r�o�c�h�l�o�r�i�n�a�t�i�o�n� �o�f� �t�h�e�s�e� 

�t�e�l�e�c�h�e�l�i�c� �P�I�B� �t�r�i�c�h�l�o�r�i�d�e�s� �w�i�t�h� �t�h�e� �h�i�n�d�e�r�e�d� �b�a�s�e� �t�-�B�u�O�K� �u�n�d�e�r� �a�p�p�r�o�p�r�i�a�t�e� �c�o�n�d�i�t�i�o�n�s� 

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

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

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

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

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

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

�t�e�m�p�e�r�a�t�u�r�e�.� �T�h�e�n� �1�.�4� �m�l� �o�f� �a�c�e�t�i�c� �a�c�i�d� �w�e�r�e� �a�d�d�e�d� �w�i�t�h� �s�t�i�r�r�i�n�g�,� �a�n�d� �a�f�t�e�r� �1�0� �m�i�n�u�t�e�s� 

�0�.�6�7� �m�l� �o�f� �s�u�l�f�u�r�i�c� �a�c�i�d� �w�a�s� �a�d�d�e�d�.� �A�f�t�e�r� �s�t�i�r�r�i�n�g� �f�o�r� �t�w�o� �h�o�u�r�s� �t�h�e� �m�i�x�t�u�r�e� �w�a�s� �a�l�l�o�w�e�d� 

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

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

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

�b�e�e�n� �d�i�s�c�u�s�s�e�d� �b�y� �S�t�o�r�e�y� �[�1�3�2�]�.� 

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

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

�u�u�m� �f�o�r� �4�0� �m�i�n�u�t�e�s� �a�n�d� �t�h�e�n� �a�b�o�u�t� �2� �w�e�i�g�h�t� �p�e�r�c�e�n�t� �w�a�s� �d�i�s�s�o�l�v�e�d� �i�n� �a� �m�i�x�t�u�r�e� �o�f� �9�5�%� 

�h�e�x�a�n�e� �-� �5�%� �e�t�h�a�n�o�l� �f�o�r� �n�e�u�t�r�a�l�i�z�a�t�i�o�n� �w�i�t�h� �K�O�H�.� �A� �f�e�w� �d�r�o�p�s� �o�f� �a�l�i�z�a�r�i�n� �a�n�d� 

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

�a�n� �e�t�h�a�n�o�l�i�c� �K�O�H� �s�o�l�u�t�i�o�n� �(�0�.�1� �N�)� �t�o� �a� �f�a�i�n�t� �p�i�n�k� �c�o�l�o�r�.� �T�o� �p�r�e�p�a�r�e� �i�o�n�o�m�e�r�s� �w�i�t�h� 

�e�x�c�e�s�s� �n�e�u�t�r�a�l�i�z�i�n�g� �a�g�e�n�t�,� �t�h�e� �d�e�s�i�r�e�d� �e�x�c�e�s�s� �o�f� �K�O�H� �w�a�s� �a�d�d�e�d� �a�f�t�e�r� �r�e�a�c�h�i�n�g� �t�h�e� 

�e�n�d�p�o�i�n�t�.� �T�h�e� �i�o�n�o�m�e�r� �s�o�l�u�t�i�o�n�s� �w�e�r�e� �t�h�e�n� �d�r�i�e�d� �u�n�d�e�r� �n�i�t�r�o�g�e�n� �a�t� �a�b�o�u�t� �6�0�°�C�,� �a�n�d� 

�I�V�.� �E�x�p�e�r�i�m�e�n�t�a�l� �7�4



�t�h�e�n� �r�e�d�i�s�s�o�l�v�e�d� �i�n� �a� �h�e�x�a�n�e�-�e�t�h�a�n�o�l� �m�i�x�t�u�r�e�.� �T�h�e�n� �0�.�2� �w�e�i�g�h�t� �p�e�r�c�e�n�t� �I�r�g�a�n�o�x� �1�0�1�0� 

�a�n�t�i�o�x�i�d�a�n�t� �w�a�s� �a�d�d�e�d�.� �F�i�l�m�s� �w�e�r�e� �t�h�e�n� �c�a�s�t� �a�n�d� �d�r�i�e�d� �i�n� �a� �v�a�c�u�u�m� �o�v�e�n� �a�t� �8�0�°�C� �f�o�r� 

�a�t� �l�e�a�s�t� �2�4� �h�o�u�r�s�.� �F�o�r� �n�e�u�t�r�a�l�i�z�a�t�i�o�n� �w�i�t�h� �C�a�(�O�H�)�2�,� �t�h�e� �p�o�l�y�m�e�r� �a�c�i�d� �w�a�s� �d�i�s�s�o�l�v�e�d� �i�n� 

�t�e�t�r�a�h�y�d�r�o�f�u�r�a�n� �(�T�H�F�)� �d�u�e� �t�o� �i�t�s� �m�i�s�c�i�b�i�l�i�t�y� �w�i�t�h� �w�a�t�e�r� �-� �t�h�e� �s�o�l�v�e�n�t� �f�o�r� �C�a�(�O�H�)�2�.� 

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

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

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

�z�i�n�c� �a�c�e�t�a�t�e� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �f�r�o�m� �s�e�v�e�r�a�l� �t�i�t�r�a�t�i�o�n�s� �a�g�a�i�n�s�t� �a� �s�t�a�n�d�a�r�d� �K�O�H� �s�o�l�u�t�i�o�n�.� 

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

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

�b�e�f�o�r�e�.� 

�A� �s�i�m�i�l�a�r� �t�e�c�h�n�i�q�u�e� �w�a�s� �u�s�e�d� �t�o� �n�e�u�t�r�a�l�i�z�e� �t�h�e� �p�o�l�y�m�e�r� �a�c�i�d�s� �w�i�t�h� �l�a�n�t�h�a�n�u�m� �(�I�I�I�)� 

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

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

�t�h�e� �n�o�r�m�a�l�i�t�i�e�s� �o�f� �t�h�e�s�e� �s�o�l�u�t�i�o�n�s� �w�e�r�e� �k�n�o�w�n�,� �t�h�e� �v�o�l�u�m�e� �r�e�q�u�i�r�e�d� �t�o� �n�e�u�t�r�a�l�i�z�e� �t�h�e� 

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

�f�o�r�e�.� 

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

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

�s�t�a�r� �t�r�i�f�u�n�c�t�i�o�n�a�l�.� �T�h�e� �c�h�e�m�i�c�a�l� �s�t�r�u�c�t�u�r�e�s� �a�r�e� �i�l�l�u�s�t�r�a�t�e�d� �i�n� �F�i�g�u�r�e� �2�4�.� �T�h�e� �t�e�r�m�i�n�a�l� 

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

�m�e�n�c�l�a�t�u�r�e� �u�s�e�d� �i�s� �b�e�s�t� �i�l�l�u�s�t�r�a�t�e�d� �b�y� �a�n� �e�x�a�m�p�l�e�.� �T�h�e� �d�e�s�i�g�n�a�t�i�o�n� �T�-�1�4�-�K�-�0� �r�e�f�e�r�s� �t�o� 

�t�h�e� �t�r�i�f�u�n�c�t�i�o�n�a�l� �i�o�n�o�m�e�r� �o�f� �1�4�0�0�0� �M�,� �n�e�u�t�r�a�l�i�z�e�d� �w�i�t�h� �K�O�H� �t�o� �t�h�e� �e�n�d�p�o�i�n�t� �(�0�%� �e�x�-� 

�c�e�s�s�)�.� 

�T�h�e� �n�e�u�t�r�a�l�i�z�e�d� �m�a�t�e�r�i�a�l�s� �w�e�r�e� �c�o�m�p�r�e�s�s�i�o�n� �m�o�l�d�e�d� �a�t� �1�5�0�-�1�6�0�°�C� �f�o�r� �a�b�o�u�t� �5� �m�i�n�-� 

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

�I�V�.� �E�x�p�e�r�i�m�e�n�t�a�l� �7�5



�D�I�-� �T�R�I�-� 

�|� �|� 
�P�I�B� �P�I�B� 

�O� �C�H�,�-�C�-�C�H�,� �C�H�3�-�C�-�C�H�,� 

�C�H�a� �¢ ��C�H�s� �(�C�H�)�.� �o�O� �A�C�H�)�,� 
�P�r�e� �C�H�,�-�C�-�C�H� �r� �1� �a�y� �3� �P�I�B� �=� �P�I�B� 

�P�I�B� �|� �|� 
�l� �R� �R� 

�R� 

�C�H�,� 
�7� 

�R�=� �-�C�H�,�-�C�-�C�H�,�-�S�0�;� �M�t� 

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

�I�V�.� �E�x�p�e�r�i�m�e�n�t�a�l� �7�6



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

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

�C�a�r�b�o�x�y�l�a�t�e�d� �E�l�a�s�t�o�m�e�r�i�c� �T�e�l�e�c�h�e�l�i�c� �I�o�n�o�m�e�r�s� 

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

�o�f� �P�r�o�f�e�s�s�o�r� �R�o�b�e�r�t� �J�é�r�é�6�m�e� �o�f� �t�h�e� �U�n�i�v�e�r�s�i�t�y� �o�f� �L�i�é�g�e�,� �B�e�l�g�i�u�m�.� �C�a�r�b�o�x�y�-�t�e�l�c�h�e�l�i�c� 

�p�o�l�y�i�s�o�p�r�e�n�e� �(�P�I�P�)� �w�a�s� �a�n�i�o�n�i�c�a�l�l�y� �p�r�e�p�a�r�e�d� �i�n� �T�H�F� �a�t� �-�7�8�°�C�,� �a�n�d� �h�a�d� �a� �3�,�4�/�1�,�2� �r�a�t�i�o� 

�o�f� �6�5�/�3�5�.� �a�-�M�e�t�h�y�l�s�t�y�r�e�n�e� �s�o�d�i�u�m� �t�e�t�r�a�m�e�r� �w�a�s� �u�s�e�d� �a�s� �a� �d�i�f�u�n�c�t�i�o�n�a�l� �i�n�i�t�i�a�t�o�r� �a�n�d� �t�h�e� 

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

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

�e�x�c�e�e�d� �1�.�2� �a�n�d� �t�h�e� �f�u�n�c�t�i�o�n�a�l�i�t�y� �w�a�s� �g�r�e�a�t�e�r� �t�h�a�n� �1�.�9�5� �b�u�t� �l�e�s�s� �t�h�a�n� �2�.�0�.� �T�h�i�s� 

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

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

�t�o�l�u�e�n�e�s�u�l�f�o�n�i�c� �a�c�i�d� �i�n� �a� �9�:�1� �b�e�n�z�e�n�e�-�m�e�t�h�a�n�o�l� �m�i�x�t�u�r�e�.� �A�m�i�n�o�-�t�e�l�e�c�h�e�l�i�c� �p�o�l�y�b�u�t�a�d�i�e�n�e� 

�(�P�B�D�)� �w�a�s� �o�b�t�a�i�n�e�d� �f�r�o�m� �B�F�G�o�o�d�r�i�c�h� �a�n�d� �h�a�d� �a�n� �M�,� �o�f� �4�0�0�0�.� 

�C�a�r�b�o�x�y�-�t�e�l�e�c�h�e�l�i�c� �P�I�P� �w�a�s� �d�i�s�s�o�l�v�e�d� �i�n� �d�e�c�a�l�i�n� �(�1�0�%� �w�/�v�)� �a�n�d� �m�i�x�e�d� �w�i�t�h� �t�h�e� 

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

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

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

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

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

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

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

�A�l�s�o�,� �a� �f�i�v�e�f�o�l�d� �e�x�c�e�s�s� �o�f� �t�h�e� �n�e�u�t�r�a�l�i�z�i�n�g� �a�g�e�n�t� �w�a�s� �r�e�q�u�i�r�e�d�.� �B�r�o�z�e� �e�t� �a�l�.� �[�7�8�]� �s�u�g�g�e�s�t� 

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

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

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

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

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

�S�m�a�l�l� �A�n�g�l�e� �X�-�R�a�y� �S�c�a�t�t�e�r�i�n�g� �(�S�A�X�S�)� 

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

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

�c�a�m�e�r�a� �w�a�s� �u�t�i�l�i�z�e�d� �f�o�r� �t�h�e� �S�A�X�S� �e�x�p�e�r�i�m�e�n�t�s�.� �T�h�e� �X�-�r�a�y� �s�o�u�r�c�e� �w�a�s� �a� �S�i�e�m�e�n�s� �A�G� 

�C�u� �4�0�/�2� �t�u�b�e� �o�p�e�r�a�t�e�d� �a�t� �4�0� �k�V� �a�n�d� �2�0� �m�A� �b�y� �a� �G�E� �X�R�D�-�6� �g�e�n�e�r�a�t�o�r�.� �C�u� �K�a� �r�a�d�i�a�t�i�o�n� 

�o�f� �w�a�v�e�l�e�n�g�t�h� �1�.�5�4�2� �A� �w�a�s� �o�b�t�a�i�n�e�d� �b�y� �a� �N�i�-�f�o�i�l� �f�i�l�t�e�r�.� �T�h�e� �s�c�a�t�t�e�r�e�d� �i�n�t�e�n�s�i�t�y� �w�a�s� 

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

�T�e�c�h�n�o�l�o�g�i�e�s�,� �I�n�c�.� �I�n� �a�d�d�i�t�i�o�n�,� �s�o�m�e� �S�A�X�S� �e�x�p�e�r�i�m�e�n�t�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �o�n� �s�e�l�e�c�t�e�d� 

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

�M�e�c�h�a�n�i�c�a�l� �P�r�o�p�e�r�t�i�e�s� 

�M�i�c�r�o�b�u�m�b�e�l�l�s� �1�0�.�0� �m�m� �l�o�n�g� �w�e�r�e� �c�u�t� �f�r�o�m� �t�h�e� �c�o�m�p�r�e�s�s�i�o�n� �m�o�l�d�e�d� �f�i�l�m�s� �f�o�r� �m�e�-� 

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

�M�o�d�e�l� �1�1�2�2� �a�n�d� �w�e�r�e� �c�o�n�d�u�c�t�e�d� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �a�t� �a� �s�t�r�a�i�n� �r�a�t�e� �o�f� �1�0�0�%� �p�e�r� 

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

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

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

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

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

�1�0�0�.� �T�h�e�s�e� �a�r�e�a�s� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �u�s�i�n�g� �a�n� �e�l�e�c�t�r�o�n�i�c� �d�i�g�i�t�a�l� �p�l�a�n�i�m�e�t�e�r�.� �S�t�r�e�s�s� �r�e�l�a�x�a�-� 

�t�i�o�n� �e�x�p�e�r�i�m�e�n�t�s� �w�e�r�e� �c�a�r�r�i�e�d� �o�u�t� �o�n� �a� �T�e�n�s�i�l�o�n� �M�o�d�e�l� �V�I�T�M�-�I�I� �(�T�o�y�o� �M�e�a�s�u�r�i�n�g� �C�o�.�)� 

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

�s�t�r�a�i�n�e�d� �a�t� �a� �r�a�t�e� �o�f� �4�0�0�%� �p�e�r� �m�i�n�u�t�e� �t�o� �e�i�t�h�e�r� �1�0� �o�r� �2�5�%�,� �a�n�d� �s�t�r�e�s�s� �w�a�s� �m�o�n�i�t�o�r�e�d� �a�s� 

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

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

�D�(�t�)�,� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �f�r�o�m� �t�h�e�s�e� �d�a�t�a�.� 

�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� 

�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� �w�e�r�e� �m�e�a�s�u�r�e�d� �u�s�i�n�g� �a� �P�o�l�y�m�e�r� �L�a�b�o�r�a�t�o�r�i�e�s� �D�y�-� 

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

�m�o�d�e� �a�t� �a� �f�r�e�q�u�e�n�c�y� �o�f� �1�0� �H�z�.� �S�c�a�n�s� �w�e�r�e� �m�a�d�e� �f�r�o�m� �-�1�5�0�°�C� �t�o� �1�8�0�°�C� �a�t� �a� �s�c�a�n� �r�a�t�e� 

�o�f� �5�°�C�/�m�i�n�.� �T�h�e� �s�h�e�a�r� �s�t�o�r�a�g�e� �m�o�d�u�l�u�s� �G �� �a�n�d� �t�a�n� �5� �w�e�r�e� �m�e�a�s�u�r�e�d� �a�n�d� �p�l�o�t�t�e�d� �a�s� �a� 

�f�u�n�c�t�i�o�n� �o�f� �t�e�m�p�e�r�a�t�u�r�e�.� �D�M�T�A� �e�x�p�e�r�i�m�e�n�t�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �u�n�d�e�r� �a� �n�i�t�r�o�g�e�n� �a�t�m�o�s�-� 

�p�h�e�r�e�.� 

�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�r�m�o�m�e�c�h�a�n�i�c�a�l� �a�n�a�l�y�s�i�s� �(�T�M�A�)� �w�a�s� �p�e�r�f�o�r�m�e�d� �u�s�i�n�g� �a� �P�e�r�k�i�n�-�E�l�m�e�r� �T�M�S�-�2�.� 

�T�h�e� �t�e�m�p�e�r�a�t�u�r�e� �r�a�n�g�e� �f�r�o�m� �-�1�0�0�°�C� �t�o� �s�o�f�t�e�n�i�n�g� �(�u�p� �t�o� �3�0�0�°�C�)� �w�a�s� �s�c�a�n�n�e�d� �a�t� �a� �h�e�a�t�i�n�g� 
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�r�a�t�e� �o�f� �1�0�°�C�/�m�i�n�,� �a�n�d� �t�h�e� �p�e�n�e�t�r�a�t�i�o�n� �o�f� �a� �p�r�o�b�e� �u�n�d�e�r� �a� �1�0�g� �l�o�a�d� �w�a�s� �m�o�n�i�t�o�r�e�d�.� �T�M�A� 

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

�S�o�l�u�t�i�o�n� �V�i�s�c�o�m�e�t�r�y� 

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

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

�D�H�N�)� �o�r� �a� �m�i�x�t�u�r�e� �o�f� �h�e�x�a�n�o�l� �a�n�d� �d�e�c�a�l�i�n�.� �H�e�x�a�n�e� �a�n�d� �d�e�c�a�l�i�n� �w�e�r�e� �d�r�i�e�d� �o�v�e�r� �m�o�-� 

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

�u�s�i�n�g� �c�a�l�i�b�r�a�t�e�d� �U�b�b�e�l�o�h�d�e� �d�i�l�u�t�i�o�n� �v�i�s�c�o�m�e�t�e�r�s� �a�t� �2�5�+�0�.�1�°�C� �i�n� �a� �t�h�e�r�m�o�s�t�a�t�e�d� �b�a�t�h�.� 

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

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

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

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

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

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

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

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

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

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

�t�o� �c�h�e�c�k� �t�h�e� �s�o�l�u�t�i�o�n� �p�r�e�p�a�r�a�t�i�o�n� �p�r�e�c�e�d�u�r�e�.� 
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�S�o�l�u�t�i�o�n� �V�i�s�c�o�e�l�a�s�t�i�c�i�t�y� 

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

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

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

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

�s�u�p�p�l�i�e�d� �t�h�r�o�u�g�h� �t�h�e� �c�o�u�r�t�e�s�y� �o�f� �D�r�.� �P�a�w�a�n� �K�.� �A�g�a�r�w�a�l� �o�f� �E�x�x�o�n� �R�e�s�e�a�r�c�h� �a�n�d� �D�e�v�e�l�-� 

�o�p�m�e�n�t� �C�o�m�p�a�n�y�.� �A� �R�h�e�o�m�e�t�r�i�c�s� �M�e�c�h�a�n�i�c�a�l� �S�p�e�c�t�r�o�m�e�t�e�r� �M�o�d�e�l� �6�0�5� �w�a�s� �u�s�e�d� �i�n� �t�h�e� 

�d�y�n�a�m�i�c� �a�n�d� �s�t�e�a�d�y� �s�h�e�a�r� �m�o�d�e�s� �w�i�t�h� �c�o�n�e� �(�0�.�1� �r�a�d�i�a�n� �a�n�g�l�e�)� �a�n�d� �p�l�a�t�e� �(�2�.�5� �c�m� �d�i�a�m�-� 

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

�v�i�s�c�o�e�l�a�s�t�i�c� �r�e�s�p�o�n�s�e� �a�t� �s�t�r�a�i�n� �a�m�p�l�i�t�u�d�e�s� �u�p� �t�o� �3�0�%�.� �A� �s�t�r�a�i�n� �o�f� �1�0�%� �w�a�s� �u�s�e�d� �f�o�r� �t�h�e� 

�d�y�n�a�m�i�c� �m�e�a�s�u�r�e�m�e�n�t�s�.� �T�h�e� �f�r�e�q�u�e�n�c�y� �s�w�e�e�p� �c�o�v�e�r�e�d� �f�r�e�q�u�e�n�c�i�e�s� �f�r�o�m� �1�0�7�!� �t�o� �a�b�o�u�t� 

�7�0�0� �r�a�d�/�s�.� �T�h�e� �e�x�p�e�r�i�m�e�n�t�s� �w�e�r�e� �r�u�n� �i�s�o�t�h�e�r�m�a�l�l�y� �a�t� �t�e�m�p�e�r�a�t�u�r�e�s� �r�a�n�g�i�n�g� �f�r�o�m� �r�o�o�m� 

�t�e�m�p�e�r�a�t�u�r�e� �t�o� �1�0�0�°�C�.� 
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�V�.� �R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� 

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

�i�n� �B�u�l�k� 

�B�u�l�k� �S�t�r�u�c�t�u�r�e� 

�A�s� �w�a�s� �d�i�s�c�u�s�s�e�d� �i�n� �C�h�a�p�t�e�r� �I�I�I�,� �i�n�i�t�i�a�l� �S�A�X�S� �s�t�u�d�i�e�s� �o�n� �t�h�e� �s�u�l�f�o�n�a�t�e�d� 

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

�f�o�r� �i�o�n�o�m�e�r�s�.� �F�o�l�l�o�w�i�n�g� �t�h�e� �i�n�s�t�a�l�l�a�t�i�o�n� �o�f� �a� �p�o�s�i�t�i�o�n� �s�e�n�s�i�t�i�v�e� �d�e�t�e�c�t�o�r� �o�n� �t�h�e� �S�A�X�S� 

�a�p�p�a�r�a�t�u�s� �i�n� �o�u�r� �l�a�b�o�r�a�t�o�r�y�,� �t�h�i�s� �w�o�r�k� �w�a�s� �r�e�p�e�a�t�e�d�.� �T�h�e� �S�A�X�S� �e�x�p�e�r�i�m�e�n�t�s� �r�e�p�o�r�t�e�d� 

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

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

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

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

�h�a�s� �n�o�t� �b�e�e�n� �a�t�t�e�m�p�t�e�d�.� 

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

�d�i�f�u�n�c�t�i�o�n�a�l� �i�o�n�o�m�e�r�s�,� �b�o�t�h� �n�e�u�t�r�a�l�i�z�e�d� �w�i�t�h� �1�0�0�%� �e�x�c�e�s�s� �c�a�l�c�i�u�m� �a�c�e�t�a�t�e�.� �T�h�e� �c�u�r�v�e� 

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

�a�b�o�u�t� �0�.�1�2� �n�m!"�'�,� �c�o�r�r�e�s�p�o�n�d�i�n�g� �t�o� �a� �s�m�e�a�r�e�d� �B�r�a�g�g� �s�p�a�c�i�n�g� �o�f� �a�b�o�u�t� �8�3� �A� �,� �w�h�i�l�e� �t�h�e� 

�c�u�r�v�e� �f�o�r� �t�h�e� �D�-�1�2�-�C�a�A�c�-�1�0�0� �m�a�t�e�r�i�a�l� �d�e�c�r�e�a�s�e�s� �m�o�n�o�t�o�n�i�c�a�l�l�y� �w�i�t�h� �s�c�a�t�t�e�r�i�n�g� �a�n�g�l�e� 
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�s�h�o�w�i�n�g� �n�o� �i�n�d�i�c�a�t�i�o�n� �o�f� �a� �s�h�o�u�l�d�e�r�.� �A�s�s�u�m�i�n�g� �a�n� �M�,� �o�f� �6�5�0�0� �b�e�t�w�e�e�n� �i�o�n�i�c� �m�u�l�t�i�p�l�e�t�s� 

�a�n�d� �u�s�i�n�g� �t�h�e� �r�e�s�u�l�t�s� �o�f� �c�a�l�c�u�l�a�t�i�o�n�s� �b�y� �B�a�g�r�o�d�i�a� �[�1�3�7�]� �f�o�r� �t�h�e� �r�o�o�t�-�m�e�a�n�-�s�q�u�a�r�e� �e�n�d�-� 

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

�t�h�e� �B�r�a�g�g� �s�p�a�c�i�n�g� �o�f� �8�3� �A�.� �O�f� �c�o�u�r�s�e�,� �d�e�s�m�e�a�r�i�n�g� �t�h�e� �S�A�X�S� �d�a�t�a� �w�o�u�l�d� �a�l�s�o� �d�e�c�r�e�a�s�e� 

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

�B�r�o�z�e� �e�t� �a�l�.� �[�1�4�1�]� �a�n�d� �L�e�d�e�n�t� �e�t� �a�l�.� �[�1�4�2�]� �h�a�v�e� �s�t�u�d�i�e�d� �t�h�e� �S�A�X�S� �b�e�h�a�v�i�o�r� �o�f� �c�a�r�b�o�x�y�l�a�t�e�d� 

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

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

�C�h�a�p�t�e�r� �I�I�,� �i�t� �i�s� �n�o�t� �y�e�t� �c�l�e�a�r� �e�x�a�c�t�l�y� �w�h�a�t� �g�i�v�e�s� �r�i�s�e� �t�o� �t�h�e� �S�A�X�S� �p�e�a�k�.� �T�h�e� �l�a�c�k� �o�f�a� 

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

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

�t�r�a�t�i�o�n� �o�f� �i�o�n�i�c� �g�r�o�u�p�s�.� 

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

�T�-�8�.�3�-�K�-�0� �a�n�d� �T�-�1�9�-�C�a�A�c�-�1�0�0�.� �A�g�a�i�n�,� �t�h�e� �c�u�r�v�e� �f�o�r� �t�h�e� �l�o�w�e�r� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �m�a�t�e�-� 

�r�i�a�l�,� �T�-�8�.�3�-�K�-�0�,� �s�h�o�w�s� �a� �r�e�l�a�t�i�v�e�l�y� �s�t�r�o�n�g� �p�e�a�k� �a�t� �a�b�o�u�t� �0�.�1�2� �n�m�@�!�,� �w�h�i�l�e� �t�h�e� 

�T�-�1�9�-�C�a�A�c�-�1�0�0� �m�a�t�e�r�i�a�l� �s�h�o�w�s� �a� �m�o�n�o�t�o�n�i�c� �d�e�c�r�e�a�s�e� �i�n� �i�n�t�e�n�s�i�t�y� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �s�c�a�t�-� 

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

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

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

�(�8�3�0�0�)�,� �o�r� �5�5�3�0�.� �A�g�a�i�n�,� �t�h�i�s� �i�s� �c�l�o�s�e� �t�o� �t�h�a�t� �o�f� �t�h�e� �6�5�0�0� �M�,� �l�i�n�e�a�r� �d�i�f�u�n�c�t�i�o�n�a�l� �s�p�e�c�i�e�s� 

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

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

�b�e�h�a�v�i�o�r� �a�n�d� �t�h�u�s� �p�o�s�s�i�b�l�y� �t�h�e� �m�o�r�p�h�o�l�o�g�i�c�a�l� �s�t�r�u�c�t�u�r�e� �o�f� �t�h�e� �T�-�8�.�3�-�K�-�0� �m�a�t�e�r�i�a�l�.� 

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

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

�e�n�o�n�.� �I�t� �w�o�u�l�d� �c�e�r�t�a�i�n�l�y� �b�e� �d�e�s�i�r�a�b�l�e�,� �a�f�t�e�r� �a�d�d�i�t�i�o�n�a�l� �m�a�t�e�r�i�a�l�s� �h�a�v�e� �b�e�e�n� �p�r�e�p�a�r�e�d�,� �t�o� 
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�e�e�,� �S�e�n�e�a�s� �e�e� �m�e�s�s�,� 
�O�r� �e�r� �e�e�n�s� �e�s�e�.� �e�y�,� �7�0� �e�e�e�,� �*�v�a�e�e�e� �t�e�n� �a�e�e�y�e�o�n�e�g�n�g�e�,� �s�e�g�h� �s�e�e�n� �t�o�n�:� � � � � � � 

�F�i�g�u�r�e� �2�6�.� �S�A�X�S� �c�u�r�v�e�s� �f�o�r� �t�h�r�e�e�-�a�r�m� �s�t�a�r� �t�r�i�f�u�n�c�t�i�o�n�a�l� �i�o�n�o�m�e�r�s�:� �(�a�)� �T�-�8�.�3�-�K�-�0� �a�n�d� �(�b�)� 
�T�-�1�9�-�C�a�A�c�-� �1�0�0�.� 
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�i�n�v�e�s�t�i�g�a�t�e� �t�h�e� �i�n�f�l�u�e�n�c�e� �o�f� �t�h�e� �m�e�t�h�o�d� �o�f� �p�r�e�p�a�r�a�t�i�o�n� �(�e�.�g�.� �s�o�l�v�e�n�t� �c�a�s�t� �v�s�.� �t�h�e�r�m�a�l�l�y� 

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

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

�L�o�n�g� �T�e�r�m� �S�t�r�e�s�s� �R�e�l�a�x�a�t�i�o�n� �a�n�d� �C�r�e�e�p� �B�e�h�a�v�i�o�r� 

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

�v�a�l�u�e�s� �r�e�p�o�r�t�e�d� �b�y� �B�a�g�r�o�d�i�a� �e�t� �a�l�.� �[�8�4�]� �f�o�r� �s�t�r�e�s�s� �r�e�l�a�x�a�t�i�o�n� �o�f� �t�h�e� �t�h�r�e�e�-�a�r�m� �s�t�a�r� 

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

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

�r�e�a�c�h�e�d� �a�f�t�e�r� �a�b�o�u�t� �2�4� �h�o�u�r�s� �o�f� �r�e�l�a�x�a�t�i�o�n� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e�.� �T�h�e�s�e� �s�t�r�e�s�s� �r�e�l�a�x�a�t�i�o�n� 

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

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

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

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

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

�o�f� �i�n�v�e�s�t�i�g�a�t�i�n�g� �t�h�e� �s�t�a�b�i�l�i�t�y� �o�f� �i�o�n�i�c� �n�e�t�w�o�r�k�s�.� �F�i�g�u�r�e� �2�7� �s�h�o�w�s� �t�h�e� �e�f�f�e�c�t� �o�f� �e�x�c�e�s�s� 

�n�e�u�t�r�a�l�i�z�i�n�g� �a�g�e�n�t� �u�p�o�n� �t�h�e� �s�t�r�e�s�s� �r�e�l�a�x�a�t�i�o�n� �a�n�d� �c�r�e�e�p� �b�e�h�a�v�i�o�r� �o�f� �t�h�e� �T�-�1�4�-�K� �s�e�r�i�e�s�.� 

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

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

�o�f� �t�h�e� �i�n�i�t�i�a�l� �s�t�r�e�s�s� �i�n� �o�n�l�y� �1�7� �h�o�u�r�s�.� �A�d�d�i�t�i�o�n� �o�f� �5�0�%� �e�x�c�e�s�s� �n�e�u�t�r�a�l�i�z�i�n�g� �a�g�e�n�t� �s�l�i�g�h�t�l�y� 

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

�d�i�t�i�o�n� �o�f� �3�0�0�%� �e�x�c�e�s�s� �n�e�u�t�r�a�l�i�z�i�n�g� �a�g�e�n�t� �e�s�s�e�n�t�i�a�l�l�y� �m�o�v�e�s� �t�h�e� �s�t�r�e�s�s� �r�e�l�a�x�a�t�i�o�n� �c�u�r�v�e� �t�o� 

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

�w�o�r�k� �i�s� �s�t�r�e�n�g�t�h�e�n�e�d� �b�u�t� �n�o�t� �s�t�a�b�i�l�i�z�e�d� �f�u�r�t�h�e�r� �a�f�t�e�r� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �5�0�%� �e�x�c�e�s�s� �n�e�u�-� 

�t�r�a�l�i�z�i�n�g� �a�g�e�n�t�.� �I�t� �s�h�o�u�l�d� �b�e� �n�o�t�e�d� �t�h�a�t� �u�p� �t�o� �a�b�o�u�t� �1�0�°� �m�i�n�u�t�e�s�,� �s�t�r�e�s�s� �r�e�l�a�x�a�t�i�o�n� 
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�F�i�g�u�r�e� �2�7�.� �S�t�r�e�s�s� �r�e�l�a�x�a�t�i�o�n� �a�n�d� �c�r�e�e�p� �b�e�h�a�v�i�o�r� �o�f� �t�h�e� �T�-�1�4�-�K�-�X� �s�e�r�i�e�s�:� �(�a�)� �s�t�r�e�s�s� �r�e�l�a�x�a�t�i�o�n� 
�a�n�d� �(�b�)� �c�r�e�e�p�.� 
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�p�r�o�g�r�e�s�s�e�s� �i�n� �a�n� �e�s�s�e�n�t�i�a�l�l�y� �l�i�n�e�a�r� �m�a�n�n�e�r� �o�n� �t�h�i�s� �l�o�g�-�l�o�g� �p�l�o�t�.� �T�h�e�n� �t�h�e� �c�u�r�v�e� �b�e�g�i�n�s� �t�o� 

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

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

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

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

�n�e�u�t�r�a�l�i�z�e�d� �m�a�t�e�r�i�a�l�s� �f�o�r�m� �a� �n�e�t�w�o�r�k� �w�h�i�c�h� �i�s� �s�t�a�b�l�e� �s�u�b�s�t�a�n�t�i�a�l�l�y� �b�e�y�o�n�d� �1�0�0�0� �m�i�n�u�t�e�s�.� 

�B�u�t� �t�h�e� �m�a�t�e�r�i�a�l� �w�i�t�h� �3�0�0�%� �e�x�c�e�s�s� �n�e�u�t�r�a�l�i�z�i�n�g� �a�g�e�n�t� �a�p�p�e�a�r�s� �t�o� �m�a�i�n�t�a�i�n� �a�n� �e�f�f�e�c�t�i�v�e� 

�n�e�t�w�o�r�k� �e�v�e�n� �u�p� �t�o� �1�0�*� �m�i�n�u�t�e�s�.� �T�h�e� �i�m�p�o�r�t�a�n�c�e� �o�f� �n�e�t�w�o�r�k� �s�t�a�b�i�l�i�t�y� �i�n� �m�o�s�t� �a�p�p�l�i�c�a�-� 

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

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

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

�P�r�o�p�e�r�t�i�e�s� �o�f� �M�a�t�e�r�i�a�l�s� �N�e�u�t�r�a�l�i�z�e�d� �w�i�t�h� �E�l�e�m�e�n�t�s� �o�f� �t�h�e� �L�a�n�t�h�a�n�i�d�e� �S�e�r�i�e�s� 

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

�c�o�n�d�u�c�t�e�d� �o�n� �m�a�t�e�r�i�a�l�s� �n�e�u�t�r�a�l�i�z�e�d� �w�i�t�h� �m�o�n�o�v�a�l�e�n�t� �(�K�*�)� �a�n�d� �d�i�v�a�l�e�n�t� �(�C�a�?�*� �a�n�d� 

�Z�n�?�*�)� �c�a�t�i�o�n�s�.� �I�t� �m�i�g�h�t� �b�e� �i�m�a�g�i�n�e�d� �t�h�a�t� �i�f� �t�h�e� �s�u�l�f�o�n�i�c� �a�c�i�d�s� �c�o�u�l�d� �b�e� �n�e�u�t�r�a�l�i�z�e�d� �w�i�t�h� 

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

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

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

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

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

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

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

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

�c�a�t�i�o�n� �w�o�u�l�d� �f�o�r�m� �t�r�i�f�u�n�c�t�i�o�n�a�l� �c�r�o�s�s�l�i�n�k�s�.� �I�n� �t�h�e� �l�a�t�t�e�r� �c�a�s�e� �t�h�e� �n�e�t�w�o�r�k� �w�o�u�l�d�,� �i�n� �f�a�c�t�,� 
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�F�i�g�u�r�e� �2�8�.� �C�o�m�p�a�r�i�s�o�n� �o�f� �n�e�t�w�o�r�k�s� �f�o�r�m�e�d� �b�y� �t�r�i�f�u�n�c�t�i�o�n�a�l� �i�o�n�o�m�e�r�s� �n�e�u�t�r�a�l�i�z�e�d� �w�i�t�h� �(�a�)� 
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�b�e� �a�n� �a�l�t�e�r�n�a�t�i�n�g� �c�o�v�a�l�e�n�t�-�i�o�n�i�c� �n�e�t�w�o�r�k� �a�n�d� �w�o�u�l�d� �h�a�v�e� �t�w�i�c�e� �t�h�e� �c�r�o�s�s�l�i�n�k� �d�e�n�s�i�t�y� �o�f� 

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

�T�h�e� �D�-�6�.�5� �m�a�t�e�r�i�a�l� �w�a�s� �n�e�u�t�r�a�l�i�z�e�d� �w�i�t�h� �K�O�H�,� �C�a�(�O�H�)�,� �l�a�n�t�h�a�n�u�m� �(�I�I�I�)� �a�c�e�t�a�t�e� 
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�t�h�e� �T�-�1�9�-�C�a�-�0� �a�n�d� �t�h�a�t� �t�h�e� �p�e�r�c�e�n�t� �s�e�t� �f�o�r� �T�-�1�9�-�L�a�-�0� �i�s� �o�n�l�y� �t�w�o�-�t�h�i�r�d�s� �t�h�a�t� �f�o�r� �t�h�e� 

�T�-�1�9�-�C�a�-�0�.� �T�h�e�s�e� �d�a�t�a� �c�o�n�f�i�r�m� �t�h�a�t� �n�e�u�t�r�a�l�i�z�a�t�i�o�n� �w�i�t�h� �C�a�*�*� �a�s� �o�p�p�o�s�e�d� �t�o� �K�*� �r�e�s�u�l�t�s� 

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

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

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

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

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

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

�d�e�n�s�i�t�y�.� 

�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� 

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

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

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

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

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

�t�o�r�i�e�s� �D�y�n�a�m�i�c� �M�e�c�h�a�n�i�c�a�l� �T�h�e�r�m�a�l� �A�n�a�l�y�z�e�r� �(�D�M�T�A�)� �s�i�n�c�e� �t�h�i�s� �i�n�s�t�r�u�m�e�n�t� �c�a�n� �b�e� 

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

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

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

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

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

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

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

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

�F�i�g�u�r�e� �3�4� �s�h�o�w�s� �t�h�e� �e�f�f�e�c�t� �o�f� �m�o�l�e�c�u�l�a�r� �a�r�c�h�i�t�e�c�t�u�r�e� �u�p�o�n� �t�h�e� �G �� �a�n�d� �t�a�n� �6� �a�t� �a�n� 

�a�p�p�r�o�x�i�m�a�t�e�l�y� �c�o�n�s�t�a�n�t� �M�,� �o�f� �1�1�0�0�0�-�1�2�0�0�0�.� �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� �i�s� �n�o�t� �a�f�-� 

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

�f�o�u�n�d� �b�y� �B�a�g�r�o�d�i�a� �[�1�3�6�]� �b�y� �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�.� �T�h�e� �p�r�i�m�a�r�y� �d�i�f�f�e�r�e�n�c�e� �i�n� 

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

�T�-�1�1�-�Z�n�A�c�-�1�0�0� �m�a�t�e�r�i�a�l�  ��d�i�s�p�l�a�y�s� �a� �s�i�g�n�i�f�i�c�a�n�t�l�y� �h�i�g�h�e�r� �m�o�d�u�l�u�s� �t�h�a�n� �t�h�e� 

�D�-�1�2�-�Z�n�A�c�-�1�0�0� �m�a�t�e�r�i�a�l�.� �T�h�i�s� �i�s� �l�i�k�e�l�y� �d�u�e� �t�o� �t�h�e� �m�o�r�e� �e�x�t�e�n�s�i�v�e� �n�e�t�w�o�r�k� �f�o�r�m�e�d� �b�y� �t�h�e� 

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

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

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

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

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

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

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

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

�b�e� �s�o�m�e� �t�e�m�p�e�r�a�t�u�r�e�-�d�e�p�e�n�d�e�n�t� �c�h�a�n�g�e� �i�n� �t�h�e� �i�o�n�i�c� �a�s�s�o�c�i�a�t�i�o�n�s�.� �B�u�t�,� �a�s� �F�i�g�u�r�e� �3�5� 

�s�h�o�w�s�,� �a� �s�i�m�i�l�a�r� �i�n�c�r�e�a�s�e� �i�n� �G �� �i�s� �o�b�s�e�r�v�e�d� �f�o�r� �a� �l�i�n�e�a�r� �p�o�l�y�i�s�o�b�u�t�y�l�e�n�e� �w�i�t�h� �a� �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� �o�f� �1�.�3� �x� �1�0�°�.� �T�h�u�s�,� �t�o�o� �m�u�c�h� �s�h�o�u�l�d� �n�o�t� �b�e� �r�e�a�d� �i�n�t�o� �t�h�e� 

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