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(ABSTRACT) 

Solutions of cellulose esters with different 

concentrations in dimethylacetamide (DMAc) and with different 

types of substituents were studied in relation to their liquid 

crystalline (LC) solution behavior. Classical LC behavior was 

revealed for all solutions. Critical polymer concentration 

(V,°) is highest for cellulose acetate (CA) and lowest for 

cellulose acetate butyrate (CAB) with highest degree of 

butyration. This is opposite to the classical model by Flory 

which predicts an increase in V,° with decreasing aspect ratio 

(L/d). 

Fibers were spun from isotropic and anisotropic DMAc 

solutions of cellulose esters by dry jet/wet spinning process. 

The mechanical properties, orientation, and crystallinity of 

the fibers increased as spinning progressed from the isotropic 

to the anisotropic solution state. High butyryl content 

enhances both overall solubility and the formation of LC 

solutions at lower concentration, but it results in lower 

fiber properties. 

Unmodified cellulose (C) and cellulose hexanoate (CH)



also exhibited LC behavior. The V,° value for CH was lower than 

that obtained for CAB with maximum degree of butyration. This 

indicates that bulky substituents may lower V,° values. The 

formation of high modulus (152 g/d) cellulose fibers from LC 

solutions is attributed to the air-gap that exists in the dry 

jet/wet spinning process. 

Presence of lithium chloride (LiCl) in the LC solutions 

of CAB exhibited ionic interactions. Mechano-sorptive creep 

behavior of the fibers spun from these solutions decreases in 

the presence of residual Licl salt. 

Fibers from blends of CAB and of C with lignin (L) were 

spun from Lc solution. Morphological investigations 

demonstrate that CAB and L formed intimately mixed blends 

whereas C and L were partially mixed. The mechanical 

properties of the fibers with L increased due to good phase 

mixing of CAB and L molecules in the fiber matrix.
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PREFACE 

Besides the introduction, all the other chapters of this 

dissertation have been prepared as manuscripts which have 

been, or will be, submitted for publication. The terms like 

"we" and "our" refer to the authors of the manuscript. Each 

chapter has its own abstract, experimental section and 

literature citations. Apologies are made for this 

inconvenience.
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1.0 INTRODUCTION.



1.0 INTRODUCTION 

Liquid crystalline polymers (LCP) have acquired 

importance in industry and academic research since 1970 (1). 

The interest in these materials was mainly due to the 

commercial development of exceptionally high modulus and high 

strength fibers. These materials have other useful properties 

which include excellent solvent resistance, low thermal 

expansion (2), low melt and solution viscosity, high use 

temperatures, and low permeability to many gases (3). Also, 

there is an increasing interest in the application of LCPs in 

blends with engineering thermoplastics and other resins as 

reinforcing agents (4). 

This chapter deals with important concepts in the areas 

of liquid crystals (Sections 1.1-1.3), fiber spinning 

(Sections 1.4-1.5) and fiber spinning from liquid crystalline 

solutions (Section 1.6) which is followed by research 

objectives (section 1.7). 

1.1 Description of Mesophases 

Mesophase crystals (Greek, mesos = middle, phasis = 

appearance) may be in-between liquid and solid in macroscopic 

appearance. It is possible to divide all molecules into three 

major classes, small molecules with high aspect ratio, 

flexible macromolecules and rigid macromolecules. Mesophase 

materials are possible for all three classes of molecules. The 

three conventional states that form the limits within which



the mesophases are formed are fully ordered crystal (long 

range, three dimensional order), amorphous solid (short and 

long range order) and isotropic liquid (no order). 

The mesophase order is divided into three major types, 

namely: liquid crystals, plastic crystals and condis crystals 

(5). Definitions of the types of mesophase discussed here have 

been adapted from reference 5. The "positionally disordered" 

crystals or "orientationally ordered" liquids are widely known 

as liquid crystals. The molecules of liquid crystals always 

have a rigid, mesogenic group which is rod- or disc-like and 

causes a high activation energy to rotational reorientation. 

The group of materials with a mesophase which shows 

"orientational disorder" but "positional order" and can be 

easily deformed are known as plastic crystals. The molecules 

of these crystals are compact and globular, and their 

reorientation is not opposed by a high activation barrier. 

The third group of mesophase materials represents "condis 

crystals", which is a contraction of the term 

"conformationally disordered crystal". These crystals consist 

of flexible molecules which can undergo relatively easily 

hindered rotation to change conformation without losing 

positional or orientational order. 

All three mesophases have some degree of long range order 

in common with the crystal and some degree of non-vibrational 

motion in common with the liquid. As a result, all mesophases 

must show just as liquids, a glass transition if



crystallization to full order can be avoided on cooling. This 

is a key identifier for the mesomorphic state and is often 

overlooked (5). At temperatures below the respective glass 

transitions, there can be three further mesophases. These are, 

positionally disordered glasses (LC-glasses), orientationally 

disordered glasses (PC-glasses) and conformationally 

disordered glasses (CD-glasses). The terms LC-, PC- and CD- 

glass stands for glass obtained by quenching a liquid crystal, 

plastic crystal and condis crystal, respectively. Only the 

liquid-crystal mesophases will be discussed in this chapter. 

1.2 Nature, Structure and Types of Liquid Crystals 

The term "liquid crystals" symbolizes the state of matter 

intermediate between the long-range and high degree of 

positional and orientational order of solid crystals and the 

long-range disorder of ordinary liquids. The phenomenon was 

first observed in 1888 by an Austrian botanist F. Reinitzer. 

On heating cholesteryl benzoate, he noticed the solid crystals 

melted to a turbid fluid which became a clear liquid at higher 

temperatures (6). In 1889, O. Z. Lehmann coined the term 

"Flussige Kristalle" (liquid crystal) to describe the physical 

state where a substance flows like a liquid but is optically 

anisotropic (7). Later the terms "crystalline liquids", 

"mesophases", and "mesomorphic phases" were embraced and are 

used interchangeably today. 

In a crystalline solid, the molecules are arranged ina



rigid lattice structure with three dimensional order. In 

contrast, the orientational and positional order in liquid 

crystals is shorter in range and the order is only one or two 

dimensional. A comparision of liquid crystals and isotropic 

liquids can be made too. The physical properties of isotropic 

liquids are same in all directions. Due to the presence of 

molecular ordering in liquid crystals, properties like 

viscosity are direction dependent on a microscopic scale (8). 

Liquid crystals are birefringent under both flow and quiescent 

conditions, whereas isotropic liquids exhibit birefringence 

only under flow conditions. 

Liquid crystal forming materials may have five pure 

phases namely, fully ordered crystal, LC-glass, amorphous 

glass, liquid crystal and isotropic melt. Also, there may be 

four two phase materials: fully ordered crystal and LC-glass, 

fully ordered crystal and amorphous glass, fully ordered 

crystal and isotropic melt and fully ordered crystal and 

liquid crystal. The correlations between these phases are 

shown in Figure 1 (5). 

There are two classes of liquid crystals, thermotropic 

liquid crystals and lyotropic liquid crystals. Thermotropic 

liquid crystals do not contain solvent and the transitions are 

governed by temperature, pressure and deformation. As the bulk 

polymer is heated, first order transition is observed from a 

solid to a liquid crystal (9). At higher temperatures, 

aifferent transitions may occur and finally the material will
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become isotropic or degrade depending on its chemical 

structure. In lyotropic liquid crystals a solvent or 

dispersing agent is present and the transitions are both 

concentration and temperature dependent. At low 

concentrations, the polymer solution is isotropic. As the 

concentration is raised the viscosity increases and reaches a 

maximum at a critical concentration, V,°, at which point the 

solution becomes birefringent and marks the commencement of 

liquid crystallinity. In the case of polymers, a two phase 

region (isotropic and liquid crystal phases) is routinely 

observed caused by polydispersity, impurities, or chain 

imperfections. As polymer concentration increases, the amount 

of material in the anisotropic phase increases, until the 

complete system becomes birefringent. At higher 

concentrations, the bulk polymer will precipitate out. 

Molecular-level mesophase order can be achieved by a 

large number of different chemical structural units which are 

very stiff and have high aspect ratios (10). These two 

geometric conditions provide an ample justification for the 

formation of a thermodynamically stable anisotropic fluid 

(11). Such units are known as "mesogens". A summary of common 

molecular moieties oor structures forming the _ liquid 

crystalline polymers can be found in reviews (2,12-14). Based 

on molecular configuration and conformation, liquid 

crystalline polymers are usually divided into four groups



(15). These groups are rigid rod-like molecules, molecules 

with rigid helical conformation, and block-like molecules with 

both mesogenic units and flexible spacer units in the main 

chain or with mesogenic units in the side groups but with a 

flexible chain backbone. Low molecular weight liquid crystals 

are usually composed of mesogenic groups, whereas’ the 

mesogenic units may be a part of the molecule in polymeric 

liquid crystals. 

In addition to the distinction between being lyotropic 

and thermotropic, each of the four groups tends to form a 

particular mesophase structure, of which three have been well 

defined: nematic, cholesteric, and smectic. Figure 2 (15) 

illustrates schematically the arrangements of the mesogens in 

the three types of mesophases. The definitions of these phases 

are adapted from references 5, 9, 10, 15 and 16. The nematic 

phases (Greek, nema = thread) shows no long range order and 

correlation exists only in the direction of the mesogenic 

groups which results in one dimensional order. Their centers 

of gravity are randomly arranged. The molecules are greatly 

affected by external fields and forces due to the high 

mobility of the molecules in the nematic mesophase (10). 

Consequently, nematics are characterized by low viscosities. 

A thermodynamically equivalent phase to the nematic phase 

is the cholesteric phase. It results if a mesogen is chiral or 

if a chiral molecule is dissolved in a nematic liquid crystal 

(5). The nematic structure of the cholesteric phase contains
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�t�h�r�e�e� �m�e�s�o�p�h�a�s�e� �t�y�p�e�s�.� �T�h�e� �m�o�l�e�c�u�l�e�s� �a�r�e� �o�r�i�e�n�t�e�d� �p�a�r�a�l�l�e�l� �t�o� 

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

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

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

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

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

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

�c�r�y�s�t�a�l�s�.� 

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

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

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

�s�y�m�m�e�t�r�y� �o�f� �t�h�e� �r�o�d� �o�r� �h�e�l�i�c�a�l� �c�o�i�l� �(�1�0�)�.� �R�i�g�i�d� �m�o�l�e�c�u�l�e�s� �w�i�t�h� 

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

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

�o�r� �h�e�l�i�c�a�l� �c�o�i�l�s� �t�e�n�d� �t�o� �f�o�r�m� �c�h�o�l�e�s�t�e�r�i�c� �m�e�s�o�p�h�a�s�e�s� �(�1�5�)�.� 

�1�0



�P�o�l�y� �(�y�-�b�e�n�z�y�l�-�L�-�g�l�u�t�a�m�a�t�e�)� �(�P�B�L�G�)� �s�o�l�u�t�i�o�n�s� �f�o�r�m� �c�h�o�l�e�s�t�e�r�i�c� 

�m�e�s�o�p�h�a�s�e�s� �w�h�e�r�e�a�s� �r�a�c�e�m�i�c� �m�i�x�t�u�r�e� �o�f� �P�B�L�G� �a�n�d� �p�o�l�y�(�y�-�b�e�n�z�y�l�-� 

�D�-�g�l�u�t�a�m�a�t�e�)� �(�P�B�D�G�)� �f�o�r�m� �n�e�m�a�t�i�c� �m�e�s�o�p�h�a�s�e�s� �(�1�7�)�.� �A�r�o�m�a�t�i�c� 

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

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

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

�l�i�k�e� �t�o�b�a�c�c�o� �m�o�s�a�i�c� �v�i�r�u�s� �(�1�8�)�,� �r�i�b�o�n�u�c�l�e�i� �a�c�i�d� �(�R�N�A�)�,� �a�n�d� 

�d�e�o�x�i�r�i�b�o�n�u�c�l�e�i�c� �a�c�i�d� �(�D�N�A�)� �(�1�9�)� �f�o�r�m� �r�i�g�i�d� �h�e�l�i�c�a�l� �c�o�i�l�s� �i�n� 

�b�u�l�k� �o�r� �i�n� �s�o�l�v�e�n�t�.� 

�B�l�o�c�k�-�l�i�k�e� �m�o�l�e�c�u�l�e�s� �c�o�n�s�i�s�t� �o�f� �a�l�t�e�r�n�a�t�i�n�g� �m�e�s�o�g�e�n�i�c� 

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

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

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

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

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

�s�i�z�e� �o�f� �t�h�e� �b�l�o�c�k�s� �(�1�5�)�.� 

�1�.�3�.� �M�o�l�e�c�u�l�a�r� �T�h�e�o�r�y� �o�f� �L�i�q�u�i�d� �C�r�y�s�t�a�l�s� 

�D�u�r�i�n�g� �t�h�e� �l�a�t�e� �1�9�3�0 ��s�,� �h�i�g�h� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �m�e�s�o�p�h�a�s�e�s� 

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

�v�i�r�u�s� �(�T�M�V�)�.� �A�s� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �t�h�e� �T�M�V� �s�o�l�u�t�i�o�n� �w�a�s� 

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

�b�i�r�e�f�r�i�n�g�e�n�t� �(�2�0�)�.� �P�h�a�s�e� �s�e�p�a�r�a�t�i�o�n� �o�c�c�u�r�r�e�d� �i�n� �s�u�s�p�e�n�s�i�o�n�s� 

�c�o�n�t�a�i�n�i�n�g� �o�n�l�y� �1�.�8�%� �n�e�e�d�l�e�-�l�i�k�e� �T�M�V� �p�a�r�t�i�c�l�e�s� �(�2�1�)�.� �I�n� �1�9�4�9�,� 

�O�n�s�a�g�e�r� �(�2�2�)� �p�r�e�s�e�n�t�e�d� �a� �t�h�e�o�r�e�t�i�c�a�l� �e�x�p�l�a�n�a�t�i�o�n� �f�o�r� �t�h�e�s�e� 

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

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

�s�y�s�t�e�m�s�.� �E�l�l�i�o�t� �a�n�d� �A�m�b�r�o�s�e� �r�e�p�o�r�t�e�d� �t�h�a�t� �a� �s�o�l�u�t�i�o�n� �o�f� �P�B�L�G� 

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

�w�a�s� �i�n�c�r�e�a�s�e�d� �(�2�3�)�.� �E�n�c�o�u�r�a�g�e�d� �b�y� �t�h�e�s�e� �o�b�s�e�r�v�a�t�i�o�n�s�,� �I�s�i�h�a�r�a� 

�(�2�4�)� �a�n�d� �F�l�o�r�y� �(�1�1�)� �d�e�v�e�l�o�p�e�d� �t�h�e�o�r�e�t�i�c�a�l� �e�x�p�l�a�n�a�t�i�o�n�s� �f�o�r� 

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

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

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

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

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

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

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

�r�e�f�e�r�e�n�c�e� �2�5�.� 

�1�.�3�.�1� �B�i�n�a�r�y� �L�y�o�t�r�o�p�i�c� �S�y�s�t�e�m�s� �C�o�n�s�i�s�t�i�n�g� �o�f� �H�a�r�d� �R�o�d�-�l�i�k�e� 

�P�a�r�t�i�c�l�e�s� �a�n�d� �a� �D�i�l�u�e�n�t� 

�T�h�e� �l�a�t�t�i�c�e� �t�h�e�o�r�y� �d�e�a�l�s� �w�i�t�h� �r�o�d�-�l�i�k�e� �p�a�r�t�i�c�l�e�s� �w�h�i�c�h� �d�o� 

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

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

�o�v�e�r�l�a�p�.� 

�a�)� �F�o�r�m�u�l�a�t�i�o�n� �o�f� �t�h�e� �P�a�r�t�i�t�i�o�n� �F�u�n�c�t�i�o�n�:� 

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

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

�m�o�l�e�c�u�l�e�s�,� �b�y� �t�h�e� �m�o�d�e�l� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �3� �(�2�5�)�.� �T�h�e� �p�a�r�t�i�c�l�e� 

�s�h�o�w�n� �i�n� �F�i�g�.� �3�a� �i�s� �o�r�i�e�n�t�e�d� �a�t� �a�n� �a�n�g�l�e� �y� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �t�h�e� 

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

� � 

� � 

�(�b�)� 

�F�i�g�u�r�e� �3�.� �(�a�)� �R�o�d�l�i�k�e� �p�a�r�t�i�c�l�e� �o�r�i�e�n�t�e�d� �a�t� �a�n� �a�n�g�l�e� �y� �f�r�o�m� �t�h�e� �p�r�e�f�e�r�r�e�d� �a�x�i�s� �X�-�X� 
�a�n�d� �(�b�)� �i�t�s� �s�u�b�d�i�v�i�s�i�o�n� �i�n�t�o� �y� �s�e�q�u�e�n�c�e�s� �p�a�r�a�l�l�e�l� �t�o� �t�h�i�s� �a�x�i�s� �a�s� �r�e�q�u�i�r�e�d� 
�f�o�r� �a�c�c�o�m�m�o�d�a�t�i�o�n� �o�n� �t�h�e� �c�u�b�i�c� �l�a�t�t�i�c�e� �(�2�5�)�.� 

�1�3



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

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

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

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

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

�w�h�e�n� �i�t� �i�s� �o�r�i�e�n�t�e�d� �a�s� �i�n� �F�i�g�.� �3�a�,� �i�t� �i�s� �t�o� �b�e� �s�u�b�d�i�v�i�d�e�d� �i�n�t�o� 

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

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

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

�t�h�e� �d�o�m�a�i�n� �a�x�i�s� �(�F�i�g�.� �3�b�)�.� �T�h�e� �a�n�a�l�y�s�i�s� �d�e�p�e�n�d�s �� �u�p�o�n� 

�e�v�a�l�u�a�t�i�o�n� �o�f� �t�h�e� �n�u�m�b�e�r� �»�,� �o�f� �s�i�t�u�a�t�i�o�n�s� �(�i�.�e�.�,� �a�p�p�r�o�p�r�i�a�t�e� 

�s�e�q�u�e�n�c�e� �o�f� �e�m�p�t�y� �l�a�t�t�i�c�e� �s�i�t�e�s�)� �a�c�c�e�s�s�i�b�l�e� �t�o� �m�o�l�e�c�u�l�e� �j� �w�i�t�h� 

�o�r�i�e�n�t�a�t�i�o�n� �y�;� �w�h�e�n� �j� �-� �1� �m�o�l�e�c�u�l�e�s� �h�a�v�e� �b�e�e�n� �a�d�d�e�d� �p�r�e�v�i�o�u�s�l�y� 

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

�R�e�f�e�r�e�n�c�e� �2�5� �d�e�s�c�r�i�b�e�s� �t�h�e� �c�o�m�p�l�e�t�e� �f�o�r�m�u�l�a�t�i�o�n� �o�f� �t�h�e� 

�P�a�r�t�i�t�i�o�n� �F�u�n�c�t�i�o�n�.� 

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

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

�f�o�l�l�o�w�s� �f�r�o�m� �t�h�e� �a�n�a�l�y�s�i�s� �i�s� 

�V�,�°� �¥� �(�8�/�x�)� �(�1� �-� �2�/�x�)� �(�1�)� 
�=� �8�/�x� �f�o�r� �h�i�g�h�e�r� �v�a�l�u�e�s� �o�f� �x�.� 

�E�q�u�a�t�i�o�n� �1� �h�o�l�d�s� �w�i�t�h�i�n� �2�%� �f�o�r� �x� �>� �1�0�.� �T�h�i�s� �r�e�l�a�t�i�o�n� �i�s� �w�i�d�e�l�y� 

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

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

�b�e� �w�e�l�l�-�j�u�s�t�i�f�i�e�d�.� 
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�b�)� �B�i�p�h�a�s�i�c� �E�q�u�i�l�i�b�r�i�u�m�:� 

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

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

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

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

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

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

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

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

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

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

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

�e�q�u�i�l�i�b�r�i�u�m�,� �i�.�e�.�,� 

�M�H�,� �=� �H�M�,� 

�M�y� �=� �H�b�, �� �(�2�)� 

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

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

�n�e�a�t� �l�i�q�u�i�d� �c�o�n�s�i�s�t�i�n�g� �o�f� �h�a�r�d� �r�o�d�s� �i�s� �6�.�4�2� �(�2�6�)�.� 

�1�.�3�.�2� �M�i�x�t�u�r�e�s� �o�f� �R�o�d�s� �a�n�d� �R�a�n�d�o�m� �C�o�i�l�s� 

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

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

�s�t�r�a�i�g�h�t�f�o�r�w�a�r�d� �(�2�7�)�.� �T�h�e� �f�r�e�e� �e�n�e�r�g�y� �o�f� �t�h�e� �n�e�m�a�t�i�c� �p�h�a�s�e� 

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

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

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

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

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

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

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

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

�p�r�e�d�i�c�t�i�o�n�s� �(�2�8�,�2�9�)�.� �B�y� �r�e�j�e�c�t�i�n�g� �t�h�e� �r�a�n�d�o�m� �c�o�i�l�,� �t�h�e� �n�e�m�a�t�i�c� 

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

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

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

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

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

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

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

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

�1�.�3�.�3� �S�e�m�i�r�i�g�i�d� �C�h�a�i�n�s� 

�C�o�m�p�l�e�t�e� �r�o�d�-�l�i�k�e� �r�i�g�i�d�i�t�y� �i�s� �n�o�t� �r�e�q�u�i�r�e�d� �t�o� �d�i�s�p�l�a�y� 

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

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

�(�3�0�,�3�1�)�.� �H�o�w�e�v�e�r�,� �a�s� �f�l�e�x�i�b�i�l�i�t�y� �i�n�c�r�e�a�s�e�s�,� �h�i�g�h�e�r� �s�o�l�u�t�i�o�n� 

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

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

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

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

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

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

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

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

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

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

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

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

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

�r�i�g�i�d� �s�e�q�u�e�n�c�e�s� �a�r�e� �s�u�f�f�i�c�i�e�n�t�l�y� �l�o�n�g� �(�3�2�,�3�3�)�.� �I�t� �i�s� �d�i�f�f�i�c�u�l�t� 

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

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

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

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

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

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

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

�c�a�n� �b�e� �c�a�l�c�u�l�a�t�e�d� �f�r�o�m� �t�h�e� �m�e�a�n�-�s�q�u�a�r�e� �e�n�d�-�t�o�-�e�n�d� �l�e�n�g�t�h� �<�r ��>�,� 

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

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

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

�n�l �� �=� �<�r ��>�,� �(�3�)� 

�L�=� �n�l�y� 

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

�l�e�n�g�t�h� �o�f� �o�n�e� �o�f� �t�h�e� �s�e�g�m�e�n�t�.� �A�l�s�o�,� �L� �=� �n�l�,�,� �w�h�e�r�e� �n� �a�n�d� �1�,� �a�r�e� 

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

�f�o�l�l�o�w�s� �t�h�a�t� 

�1� �=� �<�r ��>�,� �/� �n�l�,� �(�4�)� 

�C�e�l�l�u�l�o�s�e� �a�n�d� �c�e�l�l�u�l�o�s�e� �d�e�r�i�v�a�t�i�v�e�s� �a�r�e� �c�h�a�r�a�c�t�e�r�i�z�e�d� �a�s� 

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

�p�s�e�u�d�o�r�o�t�a�t�i�o�n� �o�f� �t�h�e� �s�u�g�a�r� �r�i�n�g�,� �c�a�u�s�i�n�g� �t�h�e� �O�-�C� �a�n�d� �C�-�O� 

�b�o�n�d�s� �t�o� �a�d�o�p�t� �t�r�a�n�s�v�e�r�s�e� �d�i�r�e�c�t�i�o�n�s� �(�3�4�,�3�5�)�.� �T�h�e� �a�p�p�l�i�c�a�t�i�o�n� 

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

�i�n� �C�h�a�p�t�e�r� �2�.� 

�1�.�3�.�4� �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�s� 

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

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

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

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

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

�a�)� �I�s�o�t�r�o�p�i�c� �I�n�t�e�r�a�c�t�i�o�n�s�:� 

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

�t�h�e� �a�d�d�i�t�i�o�n� �o�f� �t�h�e� �v�a�n� �L�a�a�r� �f�o�r�m� �t�o� �t�h�e� �f�r�e�e� �e�n�e�r�g�y� �o�f� 

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

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

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

�W�h�e�n� �x� �<� �0�,� �t�h�e� �i�n�t�e�r�a�c�t�i�o�n� �b�e�t�w�e�e�n� �t�h�e� �s�o�l�u�t�e� �m�o�l�e�c�u�l�e�s� �i�s� 

�r�e�p�u�l�s�i�v�e�.� �W�h�e�n� �y� �>� �0�,� �t�h�e� �i�n�t�e�r�a�c�t�i�o�n� �b�e�t�w�e�e�n� �t�h�e� �s�o�l�u�t�e� 

�s�e�g�m�e�n�t�s� �i�s� �a�t�t�r�a�c�t�i�v�e�,� �a�n�d� �t�h�e� �b�i�p�h�a�s�i�c� �r�e�g�i�o�n� �w�i�d�e�n�s�.� �F�i�g�.� 
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�F�i�g�u�r�e� �4�.� �C�o�m�p�o�s�i�t�i�o�n�s� �i�n� �v�o�l�u�m�e� �f�r�a�c�t�i�o�n� �o�f� �c�o�e�x�i�s�t�i�n�g� �p�h�a�s�e�s� �f�o�r� �r�o�d�s� �o�f� �a�x�i�a�l� 
�r�a�t�i�o� �x�=�1�0�0� �s�u�b�j�e�c�t� �t�o� �i�n�t�e�r�a�c�t�i�o�n� �d�e�n�o�t�e�d� �b�y� �p�a�r�a�m�e�t�e�r� �y� �(�2�5�)�.� 
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�4� �(�2�5�)� �s�h�o�w�s� �a� �p�l�o�t� �o�f� �x� �a�s� �o�r�d�i�n�a�t�e� �a�g�a�i�n�s�t� �t�h�e� �v�o�l�u�m�e� �v�,� �a�n�d� 

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

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

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

�n�e�g�a�t�i�v�e�.� �A�b�o�v�e� �t�h�e� �c�r�i�t�i�c�a�l� �p�o�i�n�t� �(�v�y� �=� �0�.�0�5�5�)�,� �a� �s�h�a�l�l�o�w� 

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

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

�c�o�n�c�e�n�t�r�a�t�i�o�n� �w�i�t�h�i�n� �t�h�e� �n�a�r�r�o�w� �g�a�p� �o�n� �t�h�e� �l�e�f�t�.� �A�t� �x� �=� �0�.�0�7�,� 

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

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

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

�e�x�p�e�r�i�m�e�n�t�s� �(�3�6�-�3�8�)�.� �T�h�e� �a�p�p�e�a�r�a�n�c�e� �o�f� �a� �c�o�n�c�e�n�t�r�a�t�e�d�,� �w�e�l�l�-� 

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

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

�b�)� �O�r�i�e�n�t�a�t�i�o�n�-�D�e�p�e�n�d�e�n�t� �I�n�t�e�r�a�c�t�i�o�n�s�:� 

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

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

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

�(�e�.�g�.�,�  ��-�C�=�C�-�,� �-�N�=�N�-�,� �a�n�d� �-�C�=�N�)� �i�n� �p�o�l�y�m�e�r� �c�h�a�i�n�s� �c�a�n� 

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

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

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

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

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

�f�o�r� �l�i�q�u�i�d�-�c�r�y�s�t�a�l�l�i�n�e� �p�h�a�s�e� �s�e�p�a�r�a�t�i�o�n� �(�2�5�)�.� �T�h�e�s�e� 

�2�0



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

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

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

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

�f�o�u�n�d� �s�i�m�i�l�a�r� �t�o� �F�i�g�.� �4�.� �T�h�e� �i�n�f�l�u�e�n�c�e� �o�f� �o�r�i�e�n�t�a�t�i�o�n�-� 

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

�h�a�v�e� �r�e�c�e�i�v�e�d� �l�i�t�t�l�e� �a�t�t�e�n�t�i�o�n�.� 

�1�.�4� �F�i�b�e�r� �S�p�i�n�n�i�n�g� �P�r�o�c�e�s�s�e�s� 

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

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

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

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

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

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

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

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

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

�o�c�c�u�r�s�.� 

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

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

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

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

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

�s�o�l�u�t�i�o�n� �s�p�i�n�n�i�n�g� �(�4�0�,�4�1�)�.� �P�r�e�s�e�n�t�l�y�,� �a�c�r�y�l�i�c�s�,� �a�r�o�m�a�t�i�c� 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�r�a�n�g�e� �o�f� �5�-�4�0� �m�/�m�i�n� �f�o�r� �a�n� �i�m�m�e�r�s�e�d� �j�e�t� �(�4�2�)�.� �W�e�t� �s�p�i�n�n�i�n�g� �i�s� 
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�t�h�e� �m�o�s�t� �c�o�m�p�l�e�x� �s�p�i�n�n�i�n�g� �p�r�o�c�e�d�u�r�e�.� �B�u�t� �t�h�i�s� �p�r�o�c�e�s�s� �p�r�o�v�i�d�e�s� 

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

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

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

�c�h�l�o�r�i�d�e�}�.� 

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

�s�p�i�n�n�e�r�e�t�t�e� �a�n�d� �c�o�a�g�u�l�a�t�i�o�n� �b�a�t�h� �(�4�2�)�.� �T�h�i�s� �p�r�o�c�e�s�s� �i�s� �k�n�o�w�n� 

�a�s� �"�d�r�y�-�j�e�t�"� �w�e�t� �s�p�i�n�n�i�n�g� �o�r� �a�i�r�-�g�a�p� �s�p�i�n�n�i�n�g�.� �I�t�s� �a�d�v�a�n�t�a�g�e�s� 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�t�h�e� �m�e�t�h�o�d�s� �o�f� �s�o�l�u�t�i�o�n� �s�p�i�n�n�i�n�g� �(�4�3�)�.� 

�1�.�5� �F�u�n�d�a�m�e�n�t�a�l�s� �o�f� �F�i�b�e�r� �F�o�r�m�a�t�i�o�n� 

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

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

�E�q�u�a�t�i�o�n�s� �a�n�d� �c�o�n�c�e�p�t�s� �a�r�e� �a�d�a�p�t�e�d� �f�r�o�m� �r�e�f�e�r�e�n�c�e� �4�4�.� 

�1�.�5�.�1� �S�p�i�n�n�a�b�i�l�i�t�y� �o�f� �F�l�u�i�d�s� 

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

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

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

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

�o�f� �t�h�e� �f�l�u�i�d� �j�e�t� �p�r�o�c�e�e�d�s� �w�i�t�h�o�u�t� �a� �b�r�e�a�k� �o�f� �a�n�y� �k�i�n�d� �(�4�4�)�.� 

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

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

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

�t�e�n�s�i�l�e� �s�t�r�e�s�s� �i�n� �a� �v�i�s�c�o�e�l�a�s�t�i�c� �j�e�t� �e�x�c�e�e�d�s� �s�o�m�e� �c�r�i�t�i�c�a�l� 

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

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

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

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

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

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

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

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

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

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

�(�F�i�g�.�6�a�)�;� 

�B�(�x�)�!� �g�a�g� �=� �P�a� �(�2�)� �o�a�t� �(�5�)� 
�E�q�u�a�t�i�o�n� �5� �d�e�t�e�r�m�i�n�e�s� �t�h�e� �m�a�x�i�m�u�m� �t�h�r�e�a�d� �l�e�n�g�t�h�,� �x ��,� 

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

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

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

�f�r�e�e� �s�u�r�f�a�c�e� �o�f� �a� �l�i�q�u�i�d� �j�e�t� �(�4�4�,�4�5�)�.� �I�t� �c�a�n� �b�e� �s�h�o�w�n� �t�h�a�t� 

�s�m�a�l�l�,� �a�x�i�s�y�m�m�e�t�r�i�c�a�l� �d�i�s�t�o�r�t�i�o�n�s� �o�f� �t�h�e� �j�e�t� �s�u�r�f�a�c�e�,� �6�,�,� �w�i�l�l� 

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

�d�r�o�p�s� �(�E�q�u�a�t�i�o�n� �6�,� �F�i�g�.� �6�b�)�;� 

�6�(�t�)� �=� �6�,�e�x�p�(�u�t�)�c�o�s�(�2�m�x�/�d�)�;� �A�>�2�T�R� �(�6�)� 

�R� �i�s� �t�h�e� �u�n�d�i�s�t�o�r�t�e�d� �j�e�t� �r�a�d�i�u�s�,�  ��\� �i�s� �t�h�e� �w�a�v�e�l�e�n�g�t�h�,� �a�n�d� �p�u� 

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

�j�e�t� �i�s� �g�i�v�e�n� �b�y�;� 

�5�(�x�)�|� �2�%� �=� �R�(�x�)�]� �o�y� �(�7�)� 
�B�o�t�h� �t�h�e� �m�e�c�h�a�n�i�s�m�s� �d�e�s�c�r�i�b�e�d� �c�a�n� �a�c�t� �i�n�d�e�p�e�n�d�e�n�t�l�y� �r�e�s�u�l�t�i�n�g� 

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

�(�a�)� �S�o� �:� �|� �.� � � 

� � 

� � 

� � � � 

�x
� 

�V�Y
� 

�6� �X�t�o�h� 
�D�i�s�t�a�n�c�e� �f�r�o�m� �s�p�i�n�n�e�r�e�t� 

�(�b�)� 

� � � � � � � � 
�D�i�s�t�a�n�c�e� �f�r�o�m� �s�p�i�n�n�e�r�e�t� 

�F�i�g�u�r�e� �6�.� �S�c�h�e�m�a�t�i�c� �r�e�p�r�e�s�e�n�t�a�t�i�o�n� �o�f� �(�a�)� �c�o�h�e�s�i�v�e� �f�r�a�c�t�u�r�e� �o�f� �a� �s�t�e�a�d�y�-�s�t�a�t�e� 
�l�i�q�u�i�d� �j�e�t� �a�n�d� �(�b�)� �b�r�e�a�k�-�u�p� �o�f� �a� �l�i�q�u�i�d� �j�e�t� �d�u�e� �t�o� �c�a�p�i�l�l�a�r�y� �w�a�v�e� 
�m�e�c�h�a�n�i�s�m� �(�4�4�)�.� 
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�m�o�r�e� �i�m�p�o�r�t�a�n�t� �f�o�r� �w�e�t�-�s�p�i�n�n�i�n�g�.� 

�1�.�5�.�2� �F�i�b�e�r� �S�p�i�n�n�i�n�g� �V�a�r�i�a�b�l�e�s� 

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

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

�V�o� �=� �Q� �/� �(�m�/�4�)�D�°� �(�8�)� 

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

�(�4�6�)�.� �T�h�e� �v�e�l�o�c�i�t�y�,� �V�,�,� �a�t� �w�h�i�c�h� �t�h�e� �f�i�l�a�m�e�n�t� �e�m�e�r�g�e�s� �f�r�o�m� �t�h�e� 

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

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

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

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

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

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

�o�f� �s�p�i�n�n�a�b�i�l�i�t�y�.� 

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

�D� �a�t� �a� �f�l�o�w� �r�a�t�e� �Q�.� �F�o�r� �e�l�a�s�t�i�c� �f�l�u�i�d�s�,� �t�h�e�r�e� �i�s� �r�e�l�e�a�s�e� �o�f� 

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

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

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

�a�l�s�o� �k�n�o�w�n� �a�s� �t�h�e� �B�a�r�u�s� �E�f�f�e�c�t� �(�F�i�g�.� �7�)�.� �T�h�i�s� �s�w�e�l�l�i�n�g� �c�a�u�s�e�s� 

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

�v�e�l�o�c�i�t�i�e�s� �a�r�e� �r�e�l�a�t�e�d� �b�y�;� 

�D�i�e� �S�w�e�l�l� �R�a�t�i�o� �=� �D�,�/�D� �=� �(�V�.�/�v�,�)�! �� �(�9�)� 

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

�d�r�a�w� �r�a�t�i�o� �i�n� �d�r�y� �a�n�d� �w�e�t� �s�p�i�n�n�i�n�g� �p�r�o�c�e�s�s�e�s�.� �T�h�e� �v�e�l�o�c�i�t�y� �o�f� 
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�F�i�g�u�r�e� �7�.� �S�c�h�e�m�a�t�i�c� �r�e�p�r�e�s�e�n�t�a�t�i�o�n� �o�f� �a� �f�l�u�i�d� �j�e�t� �i�s�s�i�u�n�g� �f�r�o�m� �c�a�p�i�l�l�a�r�y� �(�4�4�)�.� 
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�t�h�e� �t�a�k�e�-�u�p� �r�o�l�l�e�r� �i�s� �d�e�f�i�n�e�d� �a�s� �V�,�.� �T�h�e� �a�p�p�a�r�e�n�t� �d�r�a�w� �r�a�t�i�o� 

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

�(�D�r�a�w� �R�a�t�i�o�)�,�,� �=� �V�,� �/� �V�,� �(�1�0�)� 

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

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

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

�I�f� �o�n� �t�h�e� �o�t�h�e�r� �h�a�n�d�,� �t�h�e� �d�r�a�w� �r�a�t�i�o� �b�a�s�e�d� �o�n� �t�h�e� �f�r�e�e� 

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

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

�t�h�a�n� �o�n�e� �(�E�q�u�a�t�i�o�n� �1�1�)�.� 

�D�r�a�w� �R�a�t�i�o� �=� �V�,� �/� �V�;� �(�1�1�)� 

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

�p�h�y�s�i�c�a�l� �s�e�n�s�e�.� �L�/�D� �r�a�t�i�o� �o�f� �t�h�e� �c�a�p�i�l�l�a�r�y� �i�s� �a�n� �i�m�p�o�r�t�a�n�t� �d�i�e� 

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

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

�l�o�n�g�e�r� �(�4�6�)�.� 

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

�b�y�;� �.� 

�Y�u�n� �=� �4�Q� �/� �m�(�D�/�2�)�?�°� �(�1�2�)� 

�w�h�e�r�e� �D� �i�s� �t�h�e� �h�o�l�e� �d�i�a�m�e�t�e�r�.� 

�1�.�5�.�3� �D�i�f�f�u�s�i�o�n� �D�u�r�i�n�g� �t�h�e� �C�o�a�g�u�l�a�t�i�o�n� �S�t�e�p� �o�f� �W�e�t� 

�S�p�i�n�n�i�n�g� 

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

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

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

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

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

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

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

�p�r�e�v�i�o�u�s� �i�n�v�e�s�t�i�g�a�t�o�r�s� �f�o�r� �c�e�l�l�u�l�o�s�e� �(�4�7�-�4�9�)� �a�n�d� �o�t�h�e�r� �p�o�l�y�m�e�r� 

�s�y�s�t�e�m�s� �(�5�0�-�5�3�)�.� �A�n� �i�m�p�o�r�t�a�n�t� �f�e�a�t�u�r�e� �o�f� �t�h�e� �c�o�a�g�u�l�a�t�i�o�n� 

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

�t�h�e� �c�o�a�g�u�l�a�t�i�o�n�.� 

�a�)� �C�o�a�g�u�l�a�t�i�o�n� �a�n�d� �B�o�u�n�d�a�r�y� �M�o�v�e�m�e�n�t�:� 

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

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

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

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

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

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

�t�h�e� �s�p�i�n�n�a�b�i�l�i�t�y� �o�f� �p�o�l�y�m�e�r� �s�o�l�u�t�i�o�n�s� �(�5�2�)� �a�n�d� �s�t�r�u�c�t�u�r�e� �o�f� 

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

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

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

�v�a�r�i�o�u�s� �l�e�n�g�t�h�s� �o�f� �t�i�m�e� �(�5�2�,�5�4�-�5�6�)�.� �F�i�g�.� �8� �s�h�o�w�s� �t�h�i�s� 

�p�h�e�n�o�m�e�n�o�n� �s�c�h�e�m�a�t�i�c�a�l�l�y� �(�5�5�)�.� �&� �i�s� �t�h�e� �d�e�p�t�h� �o�f� �p�e�n�e�t�r�a�t�i�o�n�.� 

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

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

�i�s� �b�a�s�e�d� �o�n� �F�i�c�k ��s� �d�i�f�f�u�s�i�o�n� �l�a�w� �(�5�7�)�.� �T�h�e� �e�q�u�a�t�i�o�n� �f�o�r� �t�h�e� 

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

� � 
�F�i�g�u�r�e� �8�.� �S�c�h�e�m�a�t�i�c� �r�e�p�r�e�s�e�n�t�a�t�i�o�n� �o�f� �c�o�a�g�u�l�a�t�i�o�n� �a�n�d� �b�o�u�n�d�a�r�y� �m�o�v�e�m�e�n�t� �(�5�5�)�.� 
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�l�i�n�e�a�r� �o�n�e�-�d�i�m�e�n�s�i�o�n�a�l� �s�y�s�t�e�m� �i�s�;� 

�d�c�,�/�d�t� �=� �D�,�(�0�°�C�,�/�d�x ��)� �(�1�3�)� 

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

�c�o�e�f�f�i�c�i�e�n�t�s�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �R�e�f�e�r�e�n�c�e�s� �5�8� �a�n�d� �5�9� �d�e�s�c�r�i�b�e� �t�h�e� 

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

�T�h�e� �r�e�s�u�l�t�s� �f�r�o�m� �t�h�e� �s�o�l�u�t�i�o�n� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �£�/�V�t� �s�h�o�u�l�d� �b�e� �a� 

�c�o�n�s�t�a�n�t�.� �§�/�V�t� �i�s� �k�n�o�w�n� �a�s� �"�c�o�a�g�u�l�a�t�i�o�n� �r�a�t�e�"� �a�n�d� �r�e�f�l�e�c�t�s� �t�h�e� 

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

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

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

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

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

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

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

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

�t�h�e� �c�o�a�g�u�l�a�t�i�o�n� �b�a�t�h� �i�s� �g�i�v�e�n� �b�y�;� 

�(�E�/�V�t�)�*� �=� �0�.�7�(�D�/�2�)� �(�<�v�>�/�B�)� �! �� �(�1�4�)� 

�w�h�e�r�e� �D� �i�s� �t�h�e� �d�i�a�m�e�t�e�r� �o�f� �t�h�e� �s�p�i�n�n�e�r�e�t�t�e� �h�o�l�e�,� �a�n�d� �B� �a�n�d� �<�v�>� 

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

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

�(�5�6�)�.� �I�n� �p�r�a�c�t�i�c�e�,� �t�h�e� �c�o�a�g�u�l�a�n�t� �c�h�o�s�e�n� �i�n� �f�i�b�e�r� �s�p�i�n�n�i�n�g� 

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

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

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

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

�3�3



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

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

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

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

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

�s�t�r�u�c�t�u�r�e� �o�f� �t�h�e� �c�o�a�g�u�l�a�n�t� �d�u�e� �t�o� �s�t�e�r�i�c� �f�a�c�t�o�r�s� �(�5�6�)�.� �T�h�e� 

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

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

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

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

�s�t�r�u�c�t�u�r�e� �(�5�4�)�.� 

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

�r�a�t�e� �i�s� �c�o�n�t�r�o�l�l�e�d� �b�y� �t�w�o� �o�p�p�o�s�i�n�g� �f�a�c�t�o�r�s� �(�5�4�)�.� �A�n� �i�n�c�r�e�a�s�e� 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�a�c�r�o�s�s� �t�h�e� �b�o�u�n�d�a�r�y� �(�6�0�)�.� 

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

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

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

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

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

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

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

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

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

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

�b�)� �C�o�a�g�u�l�a�t�i�o�n� �a�n�d� �M�a�s�s� �T�r�a�n�s�f�e�r� �R�a�t�e� �D�i�f�f�e�r�e�n�c�e�:� 

�I�n� �t�h�e� �p�o�l�y�m�e�r� �s�o�l�u�t�i�o�n� �w�e�t�-�s�p�i�n�n�i�n�g� �s�y�s�t�e�m�,� �t�h�e� �s�o�l�v�e�n�t� 

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

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

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

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

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

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

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

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

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

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

�s�p�e�c�i�m�e�n�s� �i�n� �t�h�e�s�e� �m�e�a�s�u�r�e�m�e�n�t�s� �(�5�4�-�5�6�)�.� �B�a�s�e�d� �o�n� �m�a�s�s� �b�a�l�a�n�c�e� 

�a�n�d� �F�i�c�k ��s� �l�a�w�s� �o�f� �d�i�f�f�u�s�i�o�n� �(�5�7�)�,� �t�h�e� �w�e�i�g�h�t� �c�h�a�n�g�e� 

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

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

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

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

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

�t�h�e� �c�o�a�g�u�l�a�t�i�o�n� �b�a�t�h�.� 

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

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

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

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

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

�t�h�e� �s�o�l�v�e�n�t� �i�s� �l�e�s�s� �t�h�a�n� �t�h�a�t� �o�f� �t�h�e� �c�o�a�g�u�l�a�n�t� �(�A�K� �<� �0�)�,� �t�h�e� 

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

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

�t�h�a�n� �t�h�e� �a�b�s�o�r�p�t�i�o�n� �o�f� �c�o�a�g�u�l�a�n�t� �(�A�K� �>� �0�)�,� �t�h�e� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� 

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

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

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

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

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

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

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

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

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

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

�t�h�e� �r�a�t�i�o�;� 

�G�,� �=� �A�K�/� �(�E�/�V�t�)� �(�1�5�)� 
�p�l�a�y�s� �a�n� �i�m�p�o�r�t�a�n�t� �r�o�l�e� �i�n� �d�e�t�e�r�m�i�n�i�n�g� �t�h�e� �f�i�b�e�r� �c�r�o�s�s�-� 

�s�e�c�t�i�o�n�a�l� �s�h�a�p�e� �(�5�6�)�.� 

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

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

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

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

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

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

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

�e�q�u�i�l�i�b�r�i�u�m� �s�w�e�l�l�i�n�g� �d�e�g�r�e�e� �[�(�S�D�)�,�,�]�,� �w�h�i�c�h� �h�a�s� �b�e�e�n� �d�e�f�i�n�e�d� �a�s� 

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

�(�5�4�)�.� 

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

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

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

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

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

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

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

�t�h�e� �h�e�a�t�s� �o�f� �s�o�l�u�t�i�o�n� �(�A�H�,�,�)� �o�f� �t�h�e� �l�i�q�u�i�d�s� �(�6�1�)�.� �A� �h�e�a�t� �o�f� 

�s�o�l�u�t�i�o�n� �o�f� �a�b�o�u�t� �5�.�5� �c�a�l�o�r�i�e�s�/�g�r�a�m� �o�f� �t�h�e� �s�o�l�u�t�i�o�n� �o�r� �g�r�e�a�t�e�r� 

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

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

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

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

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

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

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

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

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

�c�o�n�t�e�n�t� �i�n� �t�h�e� �b�a�t�h�.� �I�t� �i�s� �a� �c�o�n�s�e�q�u�e�n�c�e� �o�f� �a� �d�i�l�u�t�i�o�n� �e�f�f�e�c�t� 

�o�f� �s�o�l�v�e�n�t� �o�n� �t�h�e� �c�o�a�g�u�l�a�n�t� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n� �t�h�e� �b�a�t�h� �(�5�5�)�.� �A�s� 

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

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

�f�o�r� �d�i�f�f�u�s�i�o�n�.� 

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

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

�t�h�e� �c�r�o�s�s�-�s�e�c�t�i�o�n� �o�f� �t�h�e� �f�i�b�e�r�s� �(�4�4�)�.� �I�n� �m�e�l�t� �s�p�i�n�n�i�n�g� �i�t� �i�s� 

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

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

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

�i�n� �t�h�e� �p�r�o�c�e�s�s� �o�f� �w�e�t�-�s�p�i�n�n�i�n�g�.� �C�r�o�s�s�-�h�a�t�c�h�e�d� �p�o�r�t�i�o�n� �d�e�n�o�t�e�s� �r�i�g�i�d� 
�s�o�l�i�d�i�f�i�e�d� �l�a�y�e�r� �(�4�4�)�.� 

�3�9



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

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

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

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

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

�b�o�u�n�d�a�r�y� �f�r�o�m� �t�h�e� �f�l�u�i�d� �"�c�o�r�e�"� �(�F�i�g�.� �9�)�.� �T�h�i�s� �g�i�v�e�s� �r�i�s�e� �t�o� 

�t�h�e� �w�e�l�l� �k�n�o�w�n� �"�S�k�i�n�-�C�o�r�e� �E�f�f�e�c�t�"� �a�n�d� �t�h�e� �r�e�s�u�l�t�i�n�g� �r�a�d�i�a�l� 

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

�1�.�6� �F�i�b�e�r� �S�p�i�n�n�i�n�g� �F�r�o�m� �L�i�q�u�i�d�-�C�r�y�s�t�a�l�l�i�n�e� �S�o�l�u�t�i�o�n�s� 

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

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

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

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

�s�t�r�e�n�g�t�h� �o�r�g�a�n�i�c� �p�o�l�y�m�e�r�i�c� �f�i�b�e�r�s� �(�6�2�)�.� �S�o�m�e� �o�f� �t�h�e� �c�o�n�c�e�p�t�s� 

�i�n� �s�e�c�t�i�o�n�s� �1�.�6�.�1� �a�n�d� �1�.�6�.�2� �a�r�e� �a�d�a�p�t�e�d� �f�r�o�m� �r�e�f�e�r�e�n�c�e� �6�2�.� 

�1�.�6�.�1� �R�o�l�e� �o�f� �L�i�q�u�i�d� �C�r�y�s�t�a�l�l�i�n�e� �S�t�a�t�e� 

�F�i�g�u�r�e� �1�0� �r�e�p�r�e�s�e�n�t�s� �a�n� �e�n�s�e�m�b�l�e� �o�f� �m�o�l�e�c�u�l�e�s� �w�h�i�c�h� 

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

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

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

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

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

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

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

�f�a�l�l� �i�n� �b�e�t�w�e�e�n� �t�h�e�s�e� �t�w�o� �e�x�t�r�e�m�e�s�.� 
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�F�i�g�u�r�e� �1�0�.� �|� �E�n�s�e�m�b�l�e� �o�f� �m�o�l�e�c�u�l�e�s� �e�x�h�i�b�i�t�i�n�g� �m�a�x�i�m�u�m� �s�t�r�e�n�g�t�h� �(�6�2�)�.� 
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�M�i�c�r�o�f�i�b�r�i�l�s� 

�~� �~� �C�r�y�s�t�a�l�l�i�t�e�s� 

� � � � � � � � � � � � � � � � � � � � 

�/� 

�7� �|� �)� �\� �e�l� 

�Q�u�a�s�i�-�N�e�m�a�t�i�c� �|�\�\�v� �|� �i�h� �4� �(�|� �!� 
�S�t�r�u�c�t�u�r�e� �o�f�  ��I� �l� �M�P�R� �k� �D�i�s�o�r�d�e�r�e�d� 

�E�x�t�e�n�d�e�d� �~� �H� �|� �/� �\� �N�l� �|� �i�y� �D�o�m�a�i�n�s� 
�N�o�n�c�r�y�s�t�a�l�l�i�n�e� �.� �c� 

�M�o�l�e�c�u�l�e�s� �A�g�e� �|� �|� �A� 

�W�A� 
�|� �i� �a�i�e� 

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 

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

�f�l�e�x�i�b�l�e� �m�o�l�e�c�u�l�e�s� �i�s� �s�h�o�w�n� �i�n� �F�i�g�.� �1�1�.� �T�h�e� �p�r�o�b�l�e�m� �o�f� 

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

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

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

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

�H�o�w�e�v�e�r�,� �i�t� �i�s� �p�o�s�s�i�b�l�e� �t�o� �p�r�o�d�u�c�e� �s�t�r�u�c�t�u�r�e�s� �l�i�k�e� �F�i�g�.� �1�0� 

�f�r�o�m� �p�o�l�y�e�t�h�y�l�e�n�e� �b�y� �s�o�l�i�d� �s�t�a�t�e� �e�x�t�r�u�s�i�o�n� �(�6�3�)�,� �d�r�a�w�i�n�g� 

�f�i�b�e�r�s� �f�r�o�m� �d�i�l�u�t�e� �s�o�l�u�t�i�o�n�s� �(�6�4�)�,� �a�n�d� �g�e�l� �s�p�i�n�n�i�n�g� �(�6�5�)�.� �T�h�e� 

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

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

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

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

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

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

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

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

�s�o�l�u�t�i�o�n� �(�6�7�)� �a�t� �t�e�m�p�e�r�a�t�u�r�e�s� �b�e�l�o�w� �t�h�e�i�r� �d�e�g�r�a�d�a�t�i�o�n�.� 

�1�.�6�.�2� �S�p�i�n�n�i�n�g� �f�r�o�m� �N�e�m�a�t�i�c� �S�o�l�u�t�i�o�n�s� 

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

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

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

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

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

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

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

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

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

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

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

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

�F�i�g�.� �1�0�,� �a�n�d� �K�e�v�l�a�r�-�t�y�p�e� �a�r�a�m�i�d� �f�i�b�e�r�s� �r�e�p�r�e�s�e�n�t� �t�h�e� �m�o�s�t� 

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

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

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

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

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

�m�e�t�h�y�l�m�o�r�p�h�o�l�i�n�e� �N�-�o�x�i�d�e�,� �t�o� �y�i�e�l�d� �s�t�r�o�n�g� �f�i�b�e�r�s� �(�6�8�)�.� 

�1�.�6�.�3� �F�l�o�w�-�I�n�d�u�c�e�d� �T�r�a�n�s�i�t�i�o�n�s� �t�o� �a� �N�e�m�a�t�i�c� �P�h�a�s�e� 

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

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

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

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

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

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

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

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

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

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

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

�s�h�e�a�r� �o�r� �e�l�o�n�g�a�t�i�o�n�a�l� �f�l�o�w� �(�6�9�-�7�4�)�.� �T�h�e� �b�a�s�i�c� �t�h�e�o�r�y� �o�f� �p�h�a�s�e� 
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�F�i�g�u�r�e� �1�2�.� �T�h�e� �f�r�e�e�l�y� �j�o�i�n�t�e�d� �c�h�a�i�n�:� �(�a�)� �t�h�e� �o�r�i�g�i�n� �o�f� �t�h�e� �c�o�-�o�r�d�i�n�a�t�e� �s�y�s�t�e�m� �i�s� �i�n� 
�t�h�e� �h�y�d�r�o�d�y�n�a�m�i�c� �c�e�n�t�e�r� �o�f� �t�h�e� �c�h�a�i�n�;� �(�b�)� �t�h�e� �m�i�n�i�m�u�m� �e�n�e�r�g�y� �o�f� 
�c�o�n�f�o�r�m�a�t�i�o�n� �(�7�2�)�.� 
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�e�q�u�i�l�i�b�r�i�a� �o�f� �r�i�g�i�d�-�r�o�d� �m�o�l�e�c�u�l�e�s� �b�y� �F�l�o�r�y� �i�s� �a�n� �e�q�u�i�l�i�b�r�i�u�m� 

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

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

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

�a�d�a�p�t�e�d� �f�r�o�m� �r�e�f�e�r�e�n�c�e� �n�o�s�.� �7�2�-�7�4�.� 

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

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

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

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

�a� �s�p�e�c�i�a�l� �c�a�s�e� �(�N�=�1�)� �a�n�d� �c�a�n� �d�e�s�c�r�i�b�e� �t�h�e� �s�e�m�i�-�r�i�g�i�d� �(�s�m�a�l�l� �N�)� 

�a�n�d� �t�h�e� �f�l�e�x�i�b�l�e� �(�l�a�r�g�e� �N�)� �c�a�s�e�s� �(�F�i�g�.� �1�2�a�)�.� �T�h�e� �f�r�e�e� �e�n�e�r�g�y� 

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

�e�q�u�i�l�i�b�r�i�u�m� �f�r�e�e� �e�n�e�r�g�y� �(�7�2�)�.� 

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

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

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

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

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

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

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

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

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

�i�.�e�.�,� �B�o�l�t�z�m�a�n�n� �d�i�s�t�r�i�b�u�t�i�o�n�.� �W�h�e�n� �t�h�e�r�e� �i�s� �n�o� �f�l�o�w�,� �a�l�l� 

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

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

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

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

�c�o�n�t�r�i�b�u�t�i�o�n� �d�u�e� �t�o� �f�l�o�w�-�f�i�e�l�d�.� 

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

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

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

�t�h�e� �f�r�i�c�t�i�o�n� �a�l�o�n�g� �t�h�e� �c�h�a�i�n� �(�7�2�)�.� 

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

�a�b�s�e�n�c�e� �o�f� �a� �f�l�o�w�,� �G� �=� �0� �a�n�d� �t�h�e� �a�n�i�s�o�t�r�o�p�i�c� �s�o�l�u�t�i�o�n�s� �a�t� 

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

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

�w�e�i�g�h�t� �N�.� �W�h�e�n� �G� �#�0�,� �a�n�i�s�o�t�r�o�p�y� �i�s� �m�o�r�e� �e�a�s�i�l�y� �a�c�h�i�e�v�e�d�.� �T�h�e� 

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

�(�G�x�?�)� �.�.� �=� �8�/�3�N� �(�1�6�)� 

�V�a�l�u�e�s� �o�f� �G� �l�a�r�g�e�r� �t�h�a�n� �G�,�,� �w�i�l�l� �g�e�n�e�r�a�t�e� �a�n�i�s�o�t�r�o�p�i�c� 

�s�o�l�u�t�i�o�n�s� �e�v�e�n� �i�n� �t�h�e� �l�i�m�i�t� �o�f� �d�i�l�u�t�e� �s�o�l�u�t�i�o�n�s�.� �I�f� �G� �i�s� 

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

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

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

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

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

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

�t�o� �b�e� �t�h�e� �s�e�m�i�-�r�i�g�i�d� �c�h�a�i�n�s� �h�a�v�i�n�g� �x� �o�f� �t�h�e� �o�r�d�e�r� �o�f� �1�0�.� 

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

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

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

�s�p�i�n�n�i�n�g� �l�i�n�e�,� �o�r� �w�h�e�n� �e�v�e�r� �t�h�e�r�e� �i�s� �a�_� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� 

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

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

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

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

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

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

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

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

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

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

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

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

�A� �r�a�t�h�e�r� �d�i�f�f�e�r�e�n�t� �S�i�t�u�a�t�i�o�n� �o�c�c�u�r�s� �f�o�r� 

�p�o�l�y�t�e�r�e�p�h�t�h�a�l�a�m�i�d�e� �o�f� �p�-�a�m�i�n�o�b�e�n�h�y�d�r�a�z�i�d�e� �(�X�-�5�0�0�)� �w�h�i�c�h� �d�o�e�s� 

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

�q�u�i�e�s�c�e�n�t� �c�o�n�d�i�t�i�o�n�.� �X�-�5�0�0� �i�s� �c�h�a�r�a�c�t�e�r�i�z�e�d� �a�s� �a� �s�e�m�i�-�r�i�g�i�d� 

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

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

�l�i�n�e�,� �a� �t�r�a�n�s�i�t�i�o�n� �f�r�o�m� �a�n� �i�s�o�t�r�o�p�i�c� �t�o� �a� �n�e�m�a�t�i�c� �s�t�a�t�e� �(�7�4�)�.� 

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

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

�c�l�u�s�t�e�r�s�.� �A�l�t�h�o�u�g�h� �t�h�e� �r�i�g�i�d�i�t�y� �o�f� �X�-�5�0�0� �i�s� �i�n�s�u�f�f�i�c�i�e�n�t� �t�o� 

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

�t�r�a�n�s�i�t�i�o�n�.� �S�i�m�i�l�a�r� �t�r�a�n�s�i�t�i�o�n�s� �a�r�e� �u�n�l�i�k�e�l�y� �t�o� �o�c�c�u�r� �i�n� 

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

�e�n�t�a�n�g�l�e�m�e�n�t�s�.� 
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�1�.�7� �R�e�s�e�a�r�c�h� �O�b�j�e�c�t�i�v�e�s� 

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

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

�m�a�d�e� �b�y� �W�e�r�b�o�w�y�z� �a�n�d� �G�r�a�y� �(�7�5�)� �i�n� �1�9�7�6�.� �S�i�n�c�e� �t�h�i�s� �i�n�i�t�i�a�l� 

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

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

�c�r�y�s�t�a�l�s� �(�7�6�-�8�2�)�.� �I�n�v�e�s�t�i�g�a�t�o�r�s� �o�f� �c�e�l�l�u�l�o�s�i�c� �l�i�q�u�i�d� �c�r�y�s�t�a�l�s� 

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

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

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

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

�f�i�b�e�r�s�.� 

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

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

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

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

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

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

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

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

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

�i�n�v�e�s�t�i�g�a�t�e�d� �i�n� �1�.� 

�3�.� �E�f�f�e�c�t�s� �o�f� �i�o�n�i�c� �i�n�t�e�r�a�c�t�i�o�n�s� �(�l�i�t�h�i�u�m� �c�h�l�o�r�i�d�e�)� �o�n� �t�h�e� 

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

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

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

�c�e�l�l�u�l�o�s�e� �e�s�t�e�r�s�.� 
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�1�.�8� 

�1�0�.� 

�1�1�.� 

�1�2�.� 

�1�3�.� 

�1�4�.� 

�R�e�f�e�r�e�n�c�e�s� 

�S�.� �L�.� �K�w�o�l�e�k�,� �P�.� �W�.� �M�o�r�g�a�n� �a�n�d� �J�.� �R�.� �S�c�h�a�e�f�g�e�n�,�  ��L�i�q�u�i�d� 

�C�r�y�s�t�a�l�l�i�n�e� �P�o�l�y�m�e�r�s�"�,� �i�n� �E�n�c�y�c�l�o�p�e�d�i�a� �o�f� �P�o�l�y�.� �S�c�i�.� �a�n�d� 

�E�n�g�r�.�,� �V�o�l�.� �9�,� �2�n�d� �E�d�i�t�i�o�n�,� �J�o�h�n� �W�i�l�e�y� �&� �S�o�n�s�,� �1�,� �1�9�8�7�.� 

�T�.� �S�.� �C�h�u�n�g�,� �P�o�l�y�m�.� �E�n�g�.� �S�c�i�.�,� �2�6�,� �9�0�1�,� �1�9�8�6�.� 

�J�.� �S�.� �C�h�i�o�u� �a�n�d� �D�.� �R�.� �P�a�u�l�,� �J�.� �P�o�l�y�.� �S�c�i�.� �P�o�l�y�.� �P�h�y�s�.� 

�E�d�.�,� �2�5�,� �1�6�9�9�,� �1�9�8�7�.� 

�W�.� �B�r�o�s�t�o�w�,� �T�.� �S�.� �D�z�i�e�m�i�a�n�o�w�i�c�z�,� �J�.� �R�o�m�a�n�s�k�i� �a�n�d� �W�.� 

�W�e�r�b�e�r�,� �P�o�l�y�.� �E�n�g�.� �S�c�i�.�,� �2�8�(�1�2�)�,� �7�8�5�,� �1�9�8�8�.� 

�B�.� �W�u�n�d�e�r�l�i�c�h� �a�n�d� �J�.� �G�r�e�b�o�w�i�c�z�,� �"�L�i�q�u�i�d� �C�r�y�s�t�a�l� �P�o�l�y�m�e�r�s� 

�I�I�/�I�I�I�"�,� �A�d�v�.� �i�n� �P�o�l�y�.� �S�c�i�.� �S�e�r�,� �6�0�/�6�1�,� �1� �1�9�8�4�.� 

�F�.� �R�e�i�n�i�t�z�e�r�,� �M�o�n�a�t�s�h�.�,� �9�,� �4�2�1�,� �1�8�8�8�.� 

�O�.� �L�e�h�m�a�n�n�,� �P�h�y�s�.� �C�h�e�m�.�,� �4�,� �4�6�2�,� �1�8�8�9�.� 

�M�.� �M�i�e�s�o�w�i�c�z�,� �N�a�t�u�r�e�,� �1�5�8�,� �2�7�,� �1�9�4�6�.� 

�P�.� �G�.� �D�e�g�e�n�n�e�s�,� �T�h�e� �P�h�y�s�i�c�s� �o�f� �L�i�q�u�i�d� �C�r�y�s�t�a�l�s�,� �O�x�f�o�r�d� 

�U�n�i�v�.� �P�r�e�s�s� �(�C�l�a�r�e�n�d�o�n�)�,� �L�o�n�d�o�n� �a�n�d� �N�e�w� �Y�o�r�k�,� �1�9�7�4�.� 

�G�.� �R�.� �L�u�c�k�h�u�r�s�t� �a�n�d� �G�.� �W�.� �G�r�a�y�,� �T�h�e� �M�o�l�e�c�u�l�a�r� �P�h�y�s�i�c�s� �o�f� 

�L�i�q�u�i�d� �C�r�y�s�t�a�l�s�,� �A�c�a�d�e�m�i�c� �P�r�e�s�s�,� �L�o�n�d�o�n�,� �1�9�7�9�.� 

�P�.� �J�.� �F�l�o�r�y�,� �P�r�o�c�.� �R�.� �S�o�c�.� �L�o�n�d�o�n�,� �S�e�r�.� �A�,� �2�3�4�,� �7�3�,� �1�9�5�6�.� 

�G�.� �W�.� �C�a�l�u�n�d�a�n�n� �a�n�d� �M�.� �J�a�f�f�e�,� �P�r�o�c�.� �R�o�b�e�r�t� �A�.� �W�e�l�c�h� 

�F�o�u�n�d�.� �C�o�n�f�.� �C�h�e�m�.� �R�e�s�.�,� �R�e�s�.� �C�o�n�f�.� �X�X�V�I�I�,�"�S�y�n�t�h�e�t�i�c� 

�P�o�l�y�m�e�r�s�"�,� �1�9�8�2�.� 

�C�h�.� �K�.� �O�b�e�r�,� �J�.� �I�.� �J�i�n� �a�n�d� �R�.� �W�.� �L�e�n�z�,� �A�d�v�.� �i�n� �P�o�l�y�.� 

�S�c�i�.�,� �5�9�,� �1�0�3�,� �1�9�8�4�.� 
� � 

�C�.� �N�o�e�l�,� �M�a�k�r�o�m�o�l�.� �C�h�e�m�.� �M�a�k�r�o�m�o�l�.� �S�y�m�p�.�,� �2�2�,� �9�5�,� �1�9�8�8�.� 
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�1�5�.� 

�1�6�.� 

�1�7�.� 

�1�8�.� 

�1�9�.� 

�2�0�.� 

�2�1�.� 

�2�2�.� 

�2�3�.� 

�2�4�.� 

�2�5�.� 

�2�6�.� 

�2�7�.� 

�2�8�.� 

�2�9�.� 

�T�.� �W�i�l�s�o�n�,� �P�h�.�D�.� �D�i�s�s�e�r�t�a�t�i�o�n�,� �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�A�,� �1�9�9�1�.� 

�A�.� �D�e�V�r�i�e�s�,� �i�n� �L�i�q�u�i�d� �C�r�y�s�t�a�l�s�,� �T�h�e� �F�o�u�r�t�h� �S�t�a�t�e� �o�f� 

�M�a�t�t�e�r�,� �C�h�a�p�t�e�r� �1�,� �F�.� �S�.� �S�a�e�v�a�,� �E�d�.�,� �M�a�r�c�e�l� �D�e�k�k�e�r�,� �N�e�w� 

�Y�o�r�k�,� �1�9�7�9�.� 

�T�.� �A�s�a�d�a�,� �S�.� �O�n�o�g�i� �a�n�d� �H�.� �Y�a�n�a�s�e�,� �P�o�l�y�.� �E�n�g�.� �S�c�i�.�,� �2�4�(�5�)�,� 

�3�5�5�,� �1�9�8�4�.� 

�G�.� �O�s�t�e�r�,� �J�.� �G�e�n�.� �P�h�y�s�i�o�l�o�g�y�,� �3�3�,� �4�4�5�,� �1�9�5�0�.� 

�H�.� �A�o�k�i�,� �J�.� �L�.� �W�h�i�t�e� �a�n�d� �J�.� �F�.� �F�e�l�l�e�r�s�,� �J�.� �A�p�p�l�.� �P�o�l�y�.� 

�S�c�i�.�,� �2�3�,� �2�2�9�3�,� �1�9�7�9�.� 

�F�.� �C�.� �B�a�w�d�e�n� �a�n�d� �N�.� �W�.� �P�i�r�i�e�,� �P�r�o�c�.� �R�.� �S�o�c�.� �L�o�n�d�o�n�,� �S�e�r�.� 

�B�,� �1�2�3�,� �2�7�4�,� �1�9�3�7�.� 

�J�.� �D�.� �B�e�r�n�a�l� �a�n�d� �I�.� �F�a�n�k�u�c�h�e�n�,� �J�.� �G�e�n�.� �P�h�y�s�i�o�l�o�g�y�,� �2�5�,� 

�1�1�1�,� �1�9�4�1�.� 

�L�.� �O�n�s�a�g�e�r�,� �A�n�n�.� �N�.�Y�.� �A�c�a�d�.� �S�c�i�.�,� �5�1�,� �6�2�7�,� �1�9�4�9�.� 

�A�.� �E�l�l�i�o�t� �a�n�d� �E�.� �J�.� �A�m�b�r�o�s�e�,� �D�i�s�c�u�s�s�.� �F�a�r�a�d�a�y� �S�o�c�.�,� �9�,� 

�2�4�6�,� �1�9�5�0�.� 

�A�.� �I�s�h�i�h�a�r�a�,� �J�.� �C�h�e�m�.� �P�h�y�s�.�,� �1�8�,� �1�4�4�6�,� �1�9�5�0�.� 

�P�.� �J�.� �F�l�o�r�y�,� �A�d�v�.� �i�n� �P�o�l�y�.� �S�c�i�.�,� �5�9�,� �1�,� �1�9�8�4�.� 

�P�.� �J�.� �F�l�o�r�y� �a�n�d� �G�.� �R�o�n�c�a�,� �M�o�l�.� �C�r�y�s�t�.� �L�i�q�.� �C�r�y�s�t�.�,� �5�4�,� 

�2�8�9�,� �1�9�7�9�.� 

�P�.� �J�.� �F�l�o�r�y�,� �M�a�c�r�o�m�o�l�e�c�u�l�e�s�,� �1�1�,� �1�1�3�8�,� �1�9�7�8�.� 

�S�.� �M�.� �A�h�a�r�o�n�i�,� �P�o�l�y�m�e�r�,� �2�1�,� �2�1�,� �1�9�8�0�.� 

�E�.� �B�i�a�n�c�h�i�,� �A�.� �C�i�f�e�r�r�i� �a�n�d� �A�.� �T�e�a�l�d�i�,� �M�a�c�r�o�m�o�l�e�c�u�l�e�s�,� �1�5�,� 

�1�2�6�8�,� �1�9�8�2�.� 
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�3�0�.� 

�3�1�.� 

�3�2�.� 

�3�3�.� 

�3�4�.� 

�3�5�.� 

�3�6�.� 

�3�7�.� 

�3�8�.� 

�3�9�.� 

�4�0�.� 

�4�1�.� 

�4�2�.� 

�L�i�q�u�i�d� �C�r�y�s�t�a�l�l�i�n�e� �O�r�d�e�r� �i�n� �P�o�l�y�m�e�r�s�,� �A�.� �B�l�u�m�s�t�e�i�n�,� �E�d�.�,� 

�A�c�a�d�e�m�i�c� �P�r�e�s�s�,� �N�e�w� �Y�o�r�k�,� �1�9�7�8�.� 

�P�o�l�y�m�e�r� �L�i�q�u�i�d� �C�r�y�s�t�a�l�s�,� �A�.� �C�i�f�e�r�r�i�,� �W�.� �R�.� �K�r�i�g�b�a�u�m� �a�n�d� 

�R�.� �B�.� �M�e�y�e�r�s�,� �E�d�s�.�,� �A�c�a�d�e�m�i�c� �P�r�e�s�s�,� �N�e�w� �Y�o�r�k�,� �1�9�8�2�.� 

�A�.� �C�i�f�e�r�r�i�,� �C�h�a�p�t�e�r� �3� �o�f� �R�e�f�.� �3�1�.� 

�A�.� �R�o�v�i�e�l�l�o� �a�n�d� �A�.� �S�i�r�i�g�u�,� �M�a�k�r�o�m�o�l�.� �C�h�e�m�.�,� �1�8�3�,� �8�9�5�,� 

�1�9�8�2�.� 

�D�.� �A�.� �B�r�a�n�t� �a�n�d� �K�.� �D�.� �G�o�e�b�e�l�,� �M�a�c�r�o�m�o�l�e�c�u�l�e�s�,� �5�,� �5�3�6�,� 

�1�9�7�2�.� 

�K�.� �D�.� �G�o�e�b�e�l� �a�n�d� �C�c�.� �E�.� �H�a�r�v�i�n�e� �a�n�d� �D�.� �A�.� �B�r�a�n�t�,� �A�p�p�l�i�e�d� 

�P�o�l�y�m�e�r� �S�y�m�p�.�,� �2�8�,� �6�7�1�,� �1�9�7�6�.� 

�A�.� �N�a�k�a�j�i�m�a�,� �T�.� �H�a�y�a�s�h�i� �a�n�d� �M�.� �O�h�m�o�r�i�,� �B�i�o�p�o�l�y�m�e�r�s�,� �6�,� 

�9�7�3�,� �1�9�6�8�.� 

�A�.� �N�a�k�a�j�i�m�a�,� �T�.� �H�i�r�a�i� �a�n�d� �T�.� �H�a�y�a�s�h�i�,� �P�o�l�y�m�.� �B�u�l�l�.�,� �i�,� 

�1�4�3�,� �1�9�7�8�.� 

�E�.� �L�.� �W�e�e� �a�n�d� �W�.� �G�.� �M�i�l�l�e�r�,� �L�i�q�u�i�d� �C�r�y�s�t�a�l�s� �a�n�d� �O�r�d�e�r�e�d� 

�F�l�u�i�d�s�,� �V�o�l�.� �3�,� �J�.� �F�.� �J�o�h�n�s�o�n� �a�n�d� �R�.� �S�.� �P�o�r�t�e�r�,� �E�d�s�.�,� 

�P�l�e�n�u�m� �P�r�e�s�s�,� �3�7�1�,� �1�9�7�8�.� 

�M�.� �W�a�r�n�e�r� �a�n�d� �P�.� �J�.� �F�l�o�r�y�,� �J�.� �C�h�e�m�.� �P�h�y�s�.�,� �7�3�,� �6�3�2�7�,� 

�1�9�8�0�.� 

�H�.� �d�e� �C�h�a�r�d�o�n�n�e�t�,� �U�.� �S�.� �P�a�t�e�n�t� �5�3�1�1�5�8�,� �1�8�9�4�.� 

�C�c�.� �H�.� �S�t�e�a�r�n�,� �B�r�i�t�i�s�h� �P�a�t�e�n�t� �1�0�2�0�,� �1�8�9�8�.� 

�J�.� �E�.� �M�c�I�n�t�y�r�e� �a�n�d� �M�.� �J�.� �D�e�n�t�o�n�,� �"�F�i�b�e�r�s�"�,� �i�n� 

�E�n�c�y�c�l�o�p�e�d�i�a� �o�f� �P�o�l�y�.� �S�c�i�.� �a�n�d� �E�n�g�.�,� �V�o�l�.�6�,� �2�n�d� �E�d�i�t�i�o�n�,� 

�J�o�h�n� �W�i�l�e�y� �&� �S�o�n�s�,� �8�0�5�,� �1�9�8�7�.� 
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�4�3�.� 

�4�4�.� 

�4�5�.� 

�4�6�.� 

�4�7�.� 

�4�8�.� 

�4�9�.� 

�5�0�.� 

�5�1�.� 

�5�2�.� 

�5�3�.� 

�5�4�.� 

�5�5�.� 

�5�6�.� 

�5�7�.� 

�5�8�.� 

�5�9�.� 

�M�.� �J�a�f�f�e� �a�n�d� �R�.� �M�.� �J�o�n�e�s�,� �i�n� �H�i�g�h� �T�e�c�h�n�o�l�o�g�y� �F�i�b�e�r�s�,� �P�a�r�t� 

�A�,� �M�.� �L�e�w�i�n� �a�n�d� �J�.� �P�r�e�s�t�o�n�,� �E�d�s�.�,� �I�n�t�e�r�n�a�t�i�o�n�a�l� �F�i�b�e�r� 

�S�c�i�.� �a�n�d� �T�e�c�h�.� �S�e�r�.� �N�o�.� �5�,� �M�a�r�c�e�l� �D�e�k�k�e�r�,� �3�6�6�,� �1�9�8�5�.� 

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

�&� �S�o�n�s�,� �1�5�,� �1�9�7�6�.� 

�L�o�r�d� �R�a�y�l�e�i�g�h�,� �P�h�i�l�.� �M�a�g�.�,� �3�4�,� �1�4�5�,� �1�8�9�2�.� 

�D�.� �R�.� �P�a�u�l�,� �J�.� �A�p�p�l�.� �P�o�l�y�.� �S�c�i�.�,� �1�2�,� �2�2�7�3�,� �1�9�6�8�.� 

�J�.� �J�.� �H�e�r�m�a�n�s�,� �J�.� �C�o�l�l�o�i�d� �S�c�i�.�,� �2�,� �3�8�7�,� �1�9�4�7�.� 

�A�.� �T�a�k�i�z�a�w�a�,� �S�e�n�-�I� �G�a�k�k�a�i�s�h�i�,� �1�6�,� �8�3�9�,� �1�9�6�0�.� 

�D�.� �V�e�r�m�a�a�s�,� �T�e�x�t�i�l�e� �R�e�s�.� �J�.�,� �3�2�,� �3�5�3�,� �1�9�6�2�.� 

�V�.� �G�r�o�e�b�e�,� �G�.� �M�a�n�n� �a�n�d� �G�.� �D�u�w�e�,� �F�a�s�e�r�f�o�r�s�c�h�.� �T�e�x�t�i�l�t�e�c�h�.�,� 

�1�7�,� �1�4�2�,� �1�9�6�6�.� 

�J�.� �R�.� �B�o�o�t�h�,� �A�p�p�l�.� �P�o�l�y�.� �S�y�m�p�.�,� �6�,� �8�9�,� �1�9�6�7�.� 

�D�.� �R�.� �P�a�u�l�,� �J�.� �A�p�p�l�.� �P�o�l�y�.� �S�c�i�.�,� �1�2�,� �3�8�3�,� �1�9�6�8�.� 

�A�.� �T�a�k�i�z�a�w�a�,� �S�e�n�-�I� �G�a�k�k�a�i�s�h�i�,� �1�7�,� �4�0�3�,� �1�9�6�1�.� 

�J�.� �J�.� �C�h�o�,� �S�.� �H�.� �H�u�d�s�o�n� �a�n�d� �J�.� �A�.� �C�u�c�u�l�o�,� �J�.� �P�o�l�y�.� 

�S�c�i�.�:�P�a�r�t� �B�:� �P�o�l�y�m�.� �P�h�y�s�.�,� �2�7�,� �1�6�9�9�,� �1�9�8�9�.� 

�C�c�.� �K�.� �L�i�u�,� �J�.� �A�.� �C�u�c�u�l�o� �a�n�d� �B�.� �S�m�i�t�h�,� �J�.� �P�o�l�y�.� �S�c�i�.�:�P�a�r�t� 

�B�:� �P�o�l�y�.� �P�h�y�s�.�,� �2�7�,� �2�4�9�3�,� �1�9�8�9�.� 

�C�c�.� �K�.� �L�i�u�,� �J�.� �A�.� �C�u�c�u�l�o� �a�n�d� �B�.� �S�m�i�t�h�,� �J�.� �P�o�l�y�.� �S�c�i�.�:�P�a�r�t� 

�B�:� �P�o�l�y�.� �P�h�y�s�.�,� �2�8�,� �4�4�9�,� �1�9�9�0�.� 

�J�.� �F�r�a�n�k�,� �T�h�e� �M�a�t�h�e�m�a�t�i�c�s� �o�f� �D�i�f�f�u�s�i�o�n�,� �O�x�f�o�r�d� �U�n�i�v�e�r�s�i�t�y� 

�P�r�e�s�s�,� �L�o�n�d�o�n�,� �2�9�0�,� �1�9�7�5�.� 

�G�.� �S�.� �A�d�a�i�r�,� �B�i�o�c�h�e�m�.� �J�.�,� �1�4�,� �7�6�2�,� �1�9�2�0�.� 

�R�.� �H�.� �P�e�t�e�r�s�,� �T�e�x�t�i�l�e� �C�h�e�m�i�s�t�r�y�,� �V�o�l�.� �I�I�I�,� �E�l�s�e�v�i�e�r�,� 

�O�x�f�o�r�d�,� �1�5�2�,� �1�9�7�5�.� 
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�6�0�.� 

�6�1�.� 

�6�2�.� 

�6�3�.� 

�6�4�.� 

�6�5�.� 

�6�6�.� 

�6�7�.� 

�6�8�.� 

�6�9�.� 

�7�0�.� 

�7�1�.� 

�D�.� �R�.� �P�a�u�l�,� �J�.� �A�p�p�l�.� �P�o�l�y�.� �S�c�i�.�,� �1�3�,� �8�1�7�,� �1�9�6�9�.� 

�T�.� �A�.� �H�a�n�c�o�c�k�,� �J�.� �L�.� �W�h�i�t�e� �a�n�d� �J�.� �E�.� �S�p�r�u�i�e�l�l�,� �P�o�l�y�.� �E�n�g�.� 

�S�c�i�.�,� �2�0�(�1�7�)�,� �1�1�2�6�,� �1�9�8�0�.� 

�D�.� �C�.� �P�r�e�v�o�s�e�k�,� �C�h�a�p�t�e�r� �1�2� �i�n� �R�e�f�e�r�e�n�c�e� �3�1�.� 

�A�.� �E�.� �Z�a�c�h�a�r�i�a�d�e�s�,� �W�.� �T�.� �M�e�a�d� �a�n�d� �R�.� �S�.� �P�o�r�t�e�r� �i�n� �U�l�t�r�a� 

�H�i�g�h� �M�o�d�u�l�u�s� �P�o�l�y�m�e�r�s�,� �A�.� �C�i�f�e�r�r�i� �a�n�d� �I�.� �M�.� �W�a�r�d�,� �E�d�s�.�,� 

�A�p�p�l�.� �S�c�i�.�,� �L�o�n�d�o�n�,� �7�7�,� �1�9�7�9�.� 

�A�.� �J�.� �P�e�n�n�i�n�g�s� �a�n�d� �K�.� �E�.� �M�e�i�h�i�n�g�e�n� �i�n� �U�l�t�r�a� �H�i�g�h� �M�o�d�u�l�u�s� 

�P�o�l�y�m�e�r�s�,� �A�.� �C�i�f�e�r�r�i� �a�n�d� �I�.� �M�.� �W�a�r�d�,� �E�d�s�.�,� �L�o�n�d�o�n�,� �1�1�7�,� 

�1�9�7�9�.� 

�P�.� �S�m�i�t�h� �a�n�d� �P�.� �J�.� �L�e�m�s�t�r�a�,� �M�a�k�r�o�m�o�l�.� �C�h�e�m�.�,� �1�8�0�,� �2�9�8�3�,� 

�1�9�7�9�.� 

�J�.� �P�r�e�s�t�o�n� �i�n� �U�l�t�r�a� �H�i�g�h� �M�o�d�u�l�u�s� �P�o�l�y�m�e�r�s�,� �A�.� �C�i�f�e�r�r�i� �a�n�d� 

�I�.� �M�.� �W�a�r�d�,� �E�d�s�.�,� �L�o�n�d�o�n�,� �1�5�5�,� �1�9�7�9�.� 

�J�.� �R�.� �S�c�h�a�e�f�g�e�n�,� �T�.� �I�.� �B�a�i�r�,� �J�.� �W�.� �B�a�l�l�o�u�,� �S�.� �L�.� �K�w�o�l�e�k�,� 

�P�.� �W�.� �M�o�r�g�a�n�,� �M�.� �P�a�v�a�r� �a�n�d� �J�.� �Z�i�m�m�e�r�m�a�n� �i�n� �U�l�t�r�a� �H�i�g�h� 

�M�o�d�u�l�u�s� �P�o�l�y�m�e�r�s�,� �A�.� �C�i�f�e�r�r�i� �a�n�d� �I�.� �M�.� �W�a�r�d�,� �E�d�s�.�,� 

�L�o�n�d�o�n�,� �1�7�3�,� �1�9�7�9�.� 

�N�.� �F�r�a�n�k�s� �a�n�d� �J�.� �V�a�r�g�a�,� �U�.� �S�.� �P�a�t�e�n�t� �4�,�1�4�5�,�5�3�2�,� �1�9�7�9�.� 

�G�.� �M�a�r�r�u�c�c�i� �a�n�d� �A�.� �C�i�f�e�r�r�i�,� �P�o�l�y�m�.� �L�e�t�t�.� �F�d�.�,� �1�5�,� �6�4�3�,� 

�1�9�7�7�.� 

�B�.� �V�a�l�e�n�t�i� �a�n�d� �A�.� �C�i�f�e�r�r�i�,� �P�o�l�y�m�.� �L�e�t�t�.� �F�E�d�.�,� �1�6�,� �6�5�7�,� 

�1�9�7�8�.� 

�D�.� �G�.� �B�a�i�r�d�,� �A�.� �C�i�f�e�r�r�i�,� �W�.� �R�.� �K�r�i�g�b�a�u�m� �a�n�d� �F�.� �S�a�l�a�r�i�s�,� 

�J�.� �P�o�l�y�.� �S�c�i�.�:� �P�h�y�s�.� �E�d�.�,� �1�7�,� �1�6�4�9�,� �1�9�7�9�.� 
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�7�2�.� 

�7�3�.� 

�7�4�.� 

�7�5�.� 

�7�6�.� 

�7�7�.� 

�7�8�.� 

�7�9�.� 

�8�0�.� 

�8�1�.� 

�8�2�.� 

�G�.� �M�a�r�r�u�c�c�i� �a�n�d� �G�.� �C�c�.� �S�a�r�t�i� �i�n� �U�l�t�r�a� �H�i�g�h� �M�o�d�u�l�u�s� 

�P�o�l�y�m�e�r�s�,� �A�.� �C�i�f�e�r�r�i� �a�n�d� �I�.� �M�.� �W�a�r�d�,� �E�d�s�.�,� �L�o�n�d�o�n�,� �1�3�7�,� 

�1�9�7�9�.� 

�A�.� �C�i�f�e�r�r�i� �a�n�d� �B�.� �V�a�l�e�n�t�i� �i�n� �U�l�t�r�a� �H�i�g�h� �M�o�d�u�l�u�s� �P�o�l�y�m�e�r�s�,� 

�A�.� �C�i�f�e�r�r�i� �a�n�d� �I�.� �M�.� �W�a�r�d�,� �E�d�s�.�,� �L�o�n�d�o�n�,� �2�0�3�,� �1�9�7�9�.� 

�B�.� �V�a�l�e�n�t�i�,� �G�.� �C�.� �A�l�f�o�n�s�o�,� �A�.� �C�i�f�e�r�r�i� �a�n�d� �P�.� �G�i�o�r�d�a�n�i�,� �J�.� 

�A�p�p�l�.� �P�o�l�y�.� �S�c�i�.�,� �2�6�,� �3�6�4�3�,� �1�9�8�1�.� 

�R�.� �S�.� �W�e�r�b�o�w�y�z� �a�n�d� �D�.� �G�.� �G�r�a�y�,� �M�o�l�.� �C�r�y�s�t�.� �L�i�g�.� �C�r�y�s�t�.�,� 

�3�4�,� �9�7�,� �1�9�7�6�.� 

�D�.� �G�.� �G�r�a�y�,� �J�.� �A�p�p�l�.� �P�o�l�y�m�.� �S�c�i�.�,� �A�p�p�l�.� �P�o�l�y�m�.� �S�y�m�p�.�,� �3�7�,� 

�1�7�9�,� �1�9�8�3�.� 

�R�.� �D�.� �G�i�l�b�e�r�t� �a�n�d� �P�.� �A�.� �P�a�t�t�o�n�,� �P�r�o�g�.� �i�n� �P�o�l�y�.� �S�c�i�.�,� �9� 

�(�2�/�3�)�,� �1�1�5�,� �1�9�8�3�.� 

�V�v�.� �G�.� �K�u�l�i�c�h�i�k�h�i�n� �a�n�d� �L�.� �K�.� �G�o�l�o�v�a�,� �K�h�i�m� �D�r�e�r�,� �3�,� �9�,� 

�1�9�8�5�.� 

�P�.� �S�i�x�o�u� �e�t� �a�l�.�,� �C�a�r�b�o�h�y�d�r�a�.� �P�o�l�y�m�.�,� �2�(�4�)�,� �2�3�8�1�,� �1�9�8�2�.� 

�D�.� �G�.� �G�r�a�y�,� �P�o�l�y�.� �S�c�i�.� �T�e�c�h�n�o�l�.� �(�P�o�l�y�m�e�r� �L�i�q�u�i�d� �C�r�y�s�t�a�l�)�,� 

�P�l�e�n�u�m�,� �2�8�,� �3�6�9�,� �1�9�8�5�.� 

�D�.� �G�.� �G�r�a�y�,� �F�a�r�a�d�a�y� �D�i�s�c�u�s�.� �C�h�e�m�.� �S�o�c�.�,� �7�9�,� �2�5�7�,� �1�9�8�5�.� 

�R�.� �D�.� �G�i�l�b�e�r�t� �i�n� �A�C�S� �S�y�m�p�.� �S�e�r�.� �N�o�.� �4�3�3�,� �C�h�a�p�t�e�r� �2�2�,� �2�5�9�,� 

�1�9�9�0�.� 
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�2�.�0� �C�E�L�L�U�L�O�S�E�-�B�A�S�E�D� �F�I�B�E�R�S� �F�R�O�M� �L�I�Q�U�I�D� �C�R�Y�S�T�A�L�L�I�N�E� �S�O�L�U�T�I�O�N�S�.� 

�I�.� �S�O�L�U�T�I�O�N� �P�R�O�P�E�R�T�I�E�S� �O�F� �C�E�L�L�U�L�O�S�E� �E�S�T�E�R�S�.� 
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�C�E�L�L�U�L�O�S�E�-�B�A�S�E�D� �F�I�B�E�R�S� �F�R�O�M� 
�L�I�Q�U�I�D� �C�R�Y�S�T�A�L�L�I�N�E� �S�O�L�U�T�I�O�N�S� 

�I�.� �S�O�L�U�T�I�O�N� �P�R�O�P�E�R�T�I�E�S� �O�F� �C�E�L�L�U�L�O�S�E� �E�S�T�E�R�S� 

�V�i�p�u�l� �D�a�v�é� �a�n�d� �W�o�l�f�g�a�n�g� �G�.� �G�l�a�s�s�e�r� 

�D�e�p�a�r�t�m�e�n�t� �o�f� �W�o�o�d� �S�c�i�e�n�c�e� �a�n�d� �F�o�r�e�s�t� �P�r�o�d�u�c�t�s� 
�B�i�o�b�a�s�e�d� �M�a�t�e�r�i�a�l�s� �C�e�n�t�e�r� 

�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� 
�B�l�a�c�k�s�b�u�r�g�,� �V�i�r�g�i�n�i�a�,� �U�S�A� �2�4�0�6�1� 

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

�(�D�M�A�c�)� �a�n�d� �w�i�t�h� �d�i�f�f�e�r�e�n�t� �t�y�p�e�s� �o�f� �s�u�b�s�t�i�t�u�e�n�t�s�,� �b�u�t� �w�i�t�h� �n�e�a�r�l�y� �c�o�n�s�t�a�n�t� �t�o�t�a�l� 

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

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

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

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

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

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

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

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

�n�a�t�u�r�e�.� 

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

�(�1�,�2�)�.� �F�o�r� �r�o�d�-�l�i�k�e� �s�p�e�c�i�e�s�,� �t�h�e� �c�l�a�s�s�i�c�a�l� �F�l�o�r�y� �e�q�u�a�t�i�o�n� �o�f�:� 

�V�p�"� �(�8�/�X�)�(�1�  �� �2�/�X�)� �(�1�)� 

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

�a�n�i�s�o�t�r�o�p�i�c� �p�h�a�s�e�;� �w�h�e�r�e� �X� �i�s� �t�h�e� �a�s�p�e�c�t� �r�a�t�i�o� �(�L�/�d�)� �o�f� �t�h�e� �p�o�l�y�m�e�r�;� �L� �i�s� �t�h�e� �c�o�n�t�o�u�r� �l�e�n�g�t�h�;� �a�n�d� 

�5�9



�d� �i�s� �t�h�e� �a�v�e�r�a�g�e� �d�i�a�m�e�t�e�r� �o�f� �t�h�e� �p�o�l�y�m�e�r� �c�h�a�i�n�.� �C�e�l�l�u�l�o�s�e� �i�s� �a� �l�i�n�e�a�r� �h�o�m�o�p�o�l�y�m�e�r� �o�f� �@�-�l�i�n�k�e�d� �1�,�4� 

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

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

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

�l�i�q�u�i�d� �c�r�y�s�t�a�l�l�i�n�e� �p�h�a�s�e� �a�p�p�e�a�r�s� �t�o� �b�e� �c�h�a�i�n� �s�t�i�f�f�n�e�s�s� �f�o�r� �c�e�l�l�u�l�o�s�e� �d�e�r�i�v�a�t�i�v�e�s� �(�5�)�.� �T�h�e� �s�o�l�u�t�i�o�n� �c�o�n�-� 

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

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

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

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

�t�h�e� �a�s�p�e�c�t� �r�a�t�i�o� �(�X�)� �i�n� �E�q�u�a�t�i�o�n� �1� �i�s� �r�e�l�a�t�e�d� �t�o� �t�h�e� �p�e�r�s�i�s�t�e�n�c�e� �l�e�n�g�t�h� �(�q�)� �t�h�r�o�u�g�h� �E�q�u�a�t�i�o�n� �2� �(�3�)�.� 

�X� �=� �2�q�/�d� �(�2�)� 

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

�t�o� �t�h�e� �e�q�u�i�v�a�l�e�n�t� �K�u�h�n� �s�e�g�m�e�n�t� �l�e�n�g�t�h� �(�i�,� �)� �b�y� �E�q�u�a�t�i�o�n� �3�.� 

�q�=�1�,�/�2� �(�3�)� 

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

�l�e�n�g�t�h�.� �H�e�n�c�e�,� �t�h�e� �a�s�p�e�c�t� �r�a�t�i�o� �X� �i�n� �E�q�u�a�t�i�o�n� �1� �c�a�n� �b�e� �r�e�p�r�e�s�e�n�t�e�d� �b�y� �E�q�u�a�t�i�o�n� �4�.� 

�X�_� �=� �e�/�a� �(�4�)� 

�w�h�e�r�e� �1�,� �=�<� �r�?� �>�,� �/�n�l�u� �(�4�a�)� 

�a�n�d� �d�=� �(�M�u�/�N�a�,�l�u�)�!�/�?� �(�4�6�)� 

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

�n�u�m�b�e�r�,� �a�n�d� �/�u� �i�s� �t�h�e� �l�e�n�g�t�h� �o�f� �t�h�e� �r�e�p�e�a�t� �u�n�i�t� �p�r�o�j�e�c�t�e�d� �o�n� �t�h�e� �m�o�l�e�c�u�l�a�r� �a�x�i�s� �(�7�)�.� 

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

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

�m�i�n�o�r� �d�e�v�i�a�t�i�o�n�s� �b�e�t�w�e�e�n� �t�h�e�o�r�e�t�i�c�a�l� �a�n�d� �e�x�p�e�r�i�m�e�n�t�a�l� �v�a�l�u�e�s� �o�f� �V�,�°� �h�a�v�e� �b�e�e�n� �r�e�p�o�r�t�e�d� �(�8�,�9�)�.� �A�t�-� 

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

�t�h�e�o�r�y� �f�o�r� �s�p�e�c�i�f�i�c� �s�o�l�v�e�n�t�s� �(�1�0�,�1�1�)�.� �V�a�l�u�e�s� �o�f� �V�,�°� �a�r�e� �i�n�f�l�u�e�n�c�e�d� �b�y� �s�o�l�v�e�n�t�,� �t�e�m�p�e�r�a�t�u�r�e�,� �m�o�l�a�r� �m�a�s�s� 

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

�a�n�d� �s�t�i�f�f�n�e�s�s� �(�5�,�1�2�)�.� �T�h�e� �c�h�a�n�g�e� �o�f� �V�,�°� �w�i�t�h� �s�o�l�v�e�n�t� �i�s� �p�r�i�m�a�r�i�l�y� �d�u�e� �t�o� �a� �c�h�a�n�g�e� �i�n� �t�h�e� �p�e�r�s�i�s�t�e�n�c�e� 

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

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

�o�r� �a�c�i�d�i�c� �s�o�l�v�e�n�t�s� �g�e�n�e�r�a�l�l�y� �f�a�v�o�r� �m�e�s�o�p�h�a�s�e� �s�e�p�a�r�a�t�i�o�n� �a�t� �l�o�w�e�r� �V�,�°� �(�1�3�)�.� 

�P�e�r�s�i�s�t�e�n�c�e� �l�e�n�g�t�h� �d�e�c�r�e�a�s�e�s� �a�s� �t�e�m�p�e�r�a�t�u�r�e� �r�i�s�e�s�;� �a�n�d� �t�h�i�s� �i�n�f�l�u�e�n�c�e�s� �V�,�°� �a�s� �w�e�l�l� �(�1�2�)�.� 

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

�d�e�r�i�v�a�t�i�v�e�s�,� �a�n�d� �t�h�e�s�e� �o�b�s�e�r�v�a�t�i�o�n�s� �a�r�e� �r�a�t�i�o�n�a�l�i�z�e�d� �i�n� �t�e�r�m�s� �o�f� �c�h�a�i�n� �s�t�i�f�f�n�e�s�s� �(�1�0�,�1�1�,�1�4�)�.� 

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

�c�e�n�t�r�a�t�i�o�n�s� �r�e�q�u�i�r�e�d� �f�o�r� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �l�i�q�u�i�d� �c�r�y�s�t�a�l�l�i�n�e� �s�o�l�u�t�i�o�n�s� �(�1�5�,�1�6�)�.� �H�o�w�e�v�e�r�,� �a� �m�y�r�i�a�d� �o�f� 

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

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

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

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

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

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

�c�r�y�s�t�a�l�s� �i�n� �t�h�e� �a�b�s�e�n�c�e� �o�f� �a� �s�o�l�v�e�n�t� �(�3�)�.� 

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

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

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

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

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

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

�c�r�y�s�t�a�l�l�i�n�e� �o�r�d�e�r� �b�e�f�o�r�e� �i�t� �d�e�c�r�e�a�s�e�s� �w�i�t�h� �f�u�r�t�h�e�r� �i�n�c�r�e�a�s�e� �i�n� �c�o�n�c�e�n�t�r�a�t�i�o�n� �(�1�8�)�.� �T�h�e� �l�i�q�u�i�d� �c�r�y�s�t�a�l�l�i�n�e� 

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

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

�v�i�s�c�o�s�i�t�y� �i�s� �o�b�s�e�r�v�e�d� �(�1�9�)�.� 

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

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

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

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

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

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

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

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

�E�x�p�e�r�i�m�e�n�t�a�l� 

�M�a�t�e�r�i�a�l�s�.� �C�e�l�l�u�l�o�s�e� �a�c�e�t�a�t�e� �(�C�A�)� �a�n�d� �c�e�l�l�u�l�o�s�e� �a�c�e�t�a�t�e� �b�u�t�y�r�a�t�e�s� �(�C�A�B�)� �w�e�r�e� �o�b�t�a�i�n�e�d� �f�r�o�m� �E�a�s�t�-� 

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

�o�b�t�a�i�n�e�d� �w�e�r�e� �C�A� �3�9�4�-�6�0� �(�C�A�)�,� �C�A�B� �1�7�1�-�1�5� �(�C�A�B�-�1�)�,� �C�A�B� �3�8�1�-�2�0� �(�C�A�B�-�2�)�,� �a�n�d� �C�A�B� �5�0�0�-�5� 

�(�C�A�B�-�3�)�.� �T�h�e�i�r� �a�v�e�r�a�g�e� �a�c�e�t�y�l� �c�o�n�t�e�n�t�s� �w�e�r�e� �3�9�.�4�,� �2�9�.�5�,� �1�3�.�5�,� �a�n�d� �4�.�0� �w�t�.�%�,� �r�e�s�p�e�c�t�i�v�e�l�y�;� �t�h�e�i�r� �b�u�-� 

�t�y�r�y�l� �c�o�n�t�e�n�t�s� �w�e�r�e� �0�,� �1�7�.�1�,� �3�8�.�1�,� �a�n�d� �5�0�.�0� �w�t�.�%�,� �r�e�s�p�e�c�t�i�v�e�l�y�;� �a�n�d� �t�h�e�i�r� �f�a�l�l�i�n�g�-�b�a�l�l� �v�i�s�c�o�s�i�t�i�e�s� �w�e�r�e� 

�6�0� �(�2�2�8� �p�o�i�s�e�)�,� �1�5� �(�5�7� �p�o�i�s�e�)�,� �2�0� �(�7�6� �p�o�i�s�e�)�,� �a�n�d� �5� �(�1�9� �p�o�i�s�e�)� �s�e�c�o�n�d�s�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�R�e�a�g�e�n�t� �g�r�a�d�e� �d�i�m�e�t�h�y�l� �a�c�e�t�a�m�i�d�e� �(�D�M�A�c�)� �w�a�s� �u�s�e�d� �a�s� �r�e�c�e�i�v�e�d�.� 

�M�e�t�h�o�d�s�.� �D�e�g�r�e�e� �o�f� �s�u�b�s�t�i�t�u�t�i�o�n� �(�D�S�)� �b�y� �a�c�e�t�a�t�e� �a�n�d� �b�u�t�y�r�a�t�e� �g�r�o�u�p�s� �o�n� �t�h�e� �c�e�l�l�u�l�o�s�e� �b�a�c�k�b�o�n�e� 

�w�a�s� �d�e�t�e�r�m�i�n�e�d� �u�s�i�n�g� �a� �J�E�O�L� �M�o�d�e�l� �G�X�-�2�7�0� �N�M�R� �s�p�e�c�t�r�o�m�e�t�e�r� �(�o�p�e�r�a�t�i�n�g� �a�t� �2�7�0� �M�H�z� �f�o�r� �'�H�)� �a�t� 

�8�0�°�C� �(�2�0�,�2�1�)�.� �D�e�u�t�e�r�a�t�e�d� �d�i�m�e�t�h�y�l� �s�u�l�f�o�x�i�d�e� �(�D�M�S�O�)� �w�i�t�h� �a� �t�r�a�c�e� �o�f� �t�r�i�f�l�u�o�r�o�a�c�e�t�i�c� �a�c�i�d� �s�e�r�v�e�d� �a�s� 
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�t�h�e� �s�o�l�v�e�n�t�.� 

�T�h�e� �m�o�l�e�c�u�l�a�r� �p�a�r�a�m�e�t�e�r�s� �(�m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t�,� �M�a�r�k�-�H�o�u�w�i�n�k�-�S�a�k�u�r�a�d�a� �c�o�n�s�t�a�n�t�s�,� �a�n�d� �i�n�t�r�i�n�s�i�c� 

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

�e�n�t�i�a�l� �v�i�s�c�o�s�i�t�y� �d�e�t�e�c�t�o�r� �(�V�i�s�c�o�t�e�k� �M�o�d�e�l� �N�o�.� �1�0�0�)� �a�n�d� �a� �d�i�f�f�e�r�e�n�t�i�a�l� �r�e�f�r�a�c�t�i�v�e� �i�n�d�e�x� �(�c�o�n�c�e�n�t�r�a�t�i�o�n�)� 

�d�e�t�e�c�t�o�r� �(�W�a�t�e�r�s� �4�1�0�)� �i�n� �s�e�q�u�e�n�c�e�.� �S�o�l�u�t�i�o�n�s� �o�f� �t�h�e� �c�e�l�l�u�l�o�s�e� �e�s�t�e�r�s� �w�e�r�e� �p�r�e�p�a�r�e�d� �i�n� �H�P�L�C�-�g�r�a�d�e� 

�t�e�t�r�a�h�y�d�r�o�f�u�r�a�n� �(�T�H�F�)�,� �a�n�d� �a�l�l� �t�h�e� �c�a�l�c�u�l�a�t�i�o�n�s� �w�e�r�e� �b�a�s�e�d� �o�n� �a� �u�n�i�v�e�r�s�i�a�l� �c�a�l�i�b�r�a�t�i�o�n� �c�u�r�v�e�.� 

�A� �c�o�m�p�l�e�t�e� �r�a�n�g�e� �o�f� �s�o�l�u�t�i�o�n�s� �[�5�-�5�0�%� �(�w�/�w�)�]� �w�e�r�e� �p�r�e�p�a�r�e�d� �b�y� �m�e�c�h�a�n�i�c�a�l�l�y� �m�i�x�i�n�g� �k�n�o�w�n� 

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

�e�q�u�i�l�i�b�r�a�t�e� �f�o�r� �1�-�2� �w�e�e�k�s� �p�r�i�o�r� �t�o� �a�n�a�l�y�s�i�s�.� �E�x�t�r�e�m�e� �c�a�r�e� �w�a�s� �t�a�k�e�n� �t�o� �t�r�e�a�t� �t�h�e� �s�o�l�u�t�i�o�n�s� �s�i�m�i�l�a�r�l�y� 

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

�V�i�s�c�o�s�i�t�y� �m�e�a�s�u�r�e�m�e�n�t� �o�f� �t�h�e� �s�o�l�u�t�i�o�n�s� �b�e�l�o�w� �2�0�%� �(�w�/�w�)� �c�o�n�c�e�n�t�r�a�t�i�o�n� �w�e�r�e� �m�a�d�e� �a�t� �2�5�°�C� 

�u�s�i�n�g� �a� �W�e�l�l�s�-�B�r�o�o�k�f�i�e�l�d� �C�o�n�e�/�P�l�a�t�e� �V�i�s�c�o�m�e�t�e�r� �a�t� �d�i�f�f�e�r�e�n�t� �c�o�n�e� �r�o�t�a�t�i�o�n� �s�p�e�e�d�s�.� �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� �(�R�M�S� �8�0�0�)� �w�a�s� �u�s�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �r�h�e�o�l�o�g�i�c�a�l� �p�r�o�p�e�r�t�i�e�s� �o�f� �2�0�%� �(�w�/�w�)� 

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

�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� �a�t� �2�6�°�C� �u�s�i�n�g� �a� �s�t�r�a�i�n� �a�m�p�l�i�t�u�d�e� �o�f� �2�5�%� �o�f� �t�h�e� �v�a�l�u�e� 

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

�r�a�d� �/�s�e�c�.� 

�P�o�l�a�r�i�z�e�d� �l�i�g�h�t� �m�i�c�r�o�s�c�o�p�y� �w�a�s� �p�e�r�f�o�r�m�e�d� �w�i�t�h� �a� �Z�e�i�s�s� �A�x�i�o�p�l�a�n� �U�n�i�v�e�r�s�a�l� �M�i�c�r�o�s�c�o�p�e�.� �S�m�a�l�l� 

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

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

�R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� 

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

�s�t�u�d�y� �a�r�e� �s�u�m�m�a�r�i�z�e�d� �i�n� �T�a�b�l�e� �I�.� �T�h�e� �d�e�g�r�e�e� �o�f� �s�u�b�s�t�i�t�u�t�i�o�n� �(�D�S�)� �o�f� �a�c�e�t�y�l� �(�D�S�4�c�)� �a�n�d� �b�u�t�y�r�y�l� 

�(�D�S�g�.�u�)� �w�a�s� �e�v�a�l�u�a�t�e�d� �b�y� �p�r�o�t�o�n� �N�M�R� �s�p�e�c�t�r�o�s�c�o�p�y� �(�2�0�,�2�1�)�.� �D�S�o�y� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �d�i�f�f�e�r�e�n�c�e� 

�[�e�.�g�.�,� �f�o�r� �C�A�;� �D�S�o�n� �=� �3 �� �2�.�4�4� �=� �0�.�5�6�]�.� �T�h�e� �r�e�s�u�l�t�s� �(�T�a�b�l�e� �I�)� �i�n�d�i�c�a�t�e� �t�h�a�t� �D�S�o�y� �i�s� �a�l�m�o�s�t� �c�o�n�s�t�a�n�t� 

�f�o�r� �a�l�l� �f�o�u�r� �c�e�l�l�u�l�o�s�e� �e�s�t�e�r� �d�e�r�i�v�a�t�i�v�e�s� �w�i�t�h� �t�h�e� �e�x�c�e�p�t�i�o�n� �o�f� �C�A�;� �t�h�a�t� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t�s� �d�i�f�f�e�r� �o�n�l�y� �b�y� �a� 
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�f�a�c�t�o�r� �o�f� �1�.�5� �t�o� �2�;� �t�h�a�t� �t�h�e� �M�a�r�k�-�H�o�u�w�i�n�k�-�S�a�k�u�r�a�d�a� �(�M�H�S�)� �c�o�n�s�t�a�n�t� �i�s� �a�l�m�o�s�t� �c�o�n�s�t�a�n�t� �b�y� �c�l�a�s�s�i�f�y�i�n�g� 

�a�l�l� �f�o�u�r� �c�e�l�l�u�l�o�s�e� �e�s�t�e�r�s� �a�s� �s�e�m�i�-�f�l�e�x�i�b�l�e� �p�o�l�y�m�e�r� �c�h�a�i�n�s� �(�a� �0�.�9�0�)�;� �a�n�d� �t�h�a�t� �i�n�t�r�i�n�s�i�c� �v�i�s�c�o�s�i�t�y� �v�a�r�i�e�s� 

�b�y� �l�e�s�s� �t�h�a�n� �a� �f�a�c�t�o�r� �o�f� �1�.�4�.� �A�l�t�h�o�u�g�h� �i�t� �i�s� �r�e�c�o�g�n�i�z�e�d� �t�h�a�t� �a�l�l� �f�a�c�t�o�r�s�,� �1�.�e�.�,� �D�S�o�y� �(�2�2�)�,� �m�o�l�e�c�u�l�a�r� 

�w�e�i�g�h�t� �(�1�0�,�1�1�,�1�4�,�2�2�)�,� �c�h�a�i�n� �f�l�e�x�i�b�i�l�i�t�y� �(�6�)�,� �a�n�d� �i�n�t�r�i�n�s�i�c� �v�i�s�c�o�s�i�t�y� �(�1�0�,�1�1�)�,� �i�n�f�l�u�e�n�c�e� �l�i�q�u�i�d� �c�r�y�s�t�a�l�l�i�n�e� 

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

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

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

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

�C�A� �C�A�B�-�1� �C�A�B�-�2� �C�A�B�-�3� 

�D�S�a�c�!� �2�.�4�4� �2�.�0�3� �0�.�9�6� �0�.�2�9� 

�D�S�p�u�?� �0� �0�.�8� �1�.�7�7� �2�.�5�7� 

�D�S�o�x�?� �0�.�5�6� �0�.�1�7� �0�.�2�7� �0�.�1�4� 

�M�,�(�x�1�0�°�)� �4�1�.�5� �6�6�.�8� �6�0�.�0� �5�2�.�6� 

�M�,�(�x�1�0�°�)� �7�6�.�8� �1�7�6�.�0� �1�4�3�.�0� �1�2�3�.�0� 

�M�H�S� �-� �C�o�n�s�t�a�n�t� �(�a�)� �0�.�9�0� �0�.�9�2� �0�.�9�8� �0�.�9�5� 

�I�n�t�r�i�n�s�i�c� �V�i�s�c�o�s�i�t�y� �(�d�L�/�g�)� �1�.�8�8� �1�.�6�3� �2�.�0�7� �1�.�5�1� 
� � 

�1� �D�e�t�e�r�m�i�n�e�d� �b�y� �H�-�N�M�R� �s�p�e�c�t�r�o�s�c�o�p�y�.� 

�2� �D�e�t�e�r�m�i�n�e�d� �b�y� �d�i�f�f�e�r�e�n�c�e�.� 

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

�M�e�r�z� �r�u�l�e� �(�2�3�)�]� �a�n�d� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �t�h�e� �c�e�l�l�u�l�o�s�e� �e�s�t�e�r� �d�e�r�i�v�a�t�i�v�e�s� �i�s� �i�l�l�u�s�t�r�a�t�e�d� �i�n� �F�i�g�u�r�e� �1�.� �A�l�l� 

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

�a� �m�a�x�i�m�u�m� �b�e�f�o�r�e� �d�e�c�r�e�a�s�i�n�g� �w�i�t�h� �f�u�r�t�h�e�r� �i�n�c�r�e�a�s�e� �i�n� �c�o�n�c�e�n�t�r�a�t�i�o�n� �(�i�.�e�.�,� �a�f�t�e�r� �V�>�°�)�.� �S�u�c�h� �a�n� 

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

�e�a�r�l�i�e�r� �f�o�r� �c�e�l�l�u�l�o�s�e� �a�c�e�t�a�t�e� �(�2�2�,�2�4�)�,� �e�t�h�y�l� �c�e�l�l�u�l�o�s�e� �(�2�5�)�,� �h�y�d�r�o�x�y�p�r�o�p�y�l� �c�e�l�l�u�l�o�s�e� �(�2�4�,�2�6�)�,� �c�e�l�l�u�l�o�s�e� 

�t�r�i�a�c�e�t�a�t�e� �(�2�7�)�,� �a�n�d� �c�e�l�l�u�l�o�s�e� �a�c�e�t�a�t�e� �b�u�t�y�r�a�t�e� �(�1�2�,�2�8�)�.� �T�h�i�s� �c�h�a�n�g�e� �i�n� �v�i�s�c�o�s�i�t�y� �i�s� �d�u�e� �t�o� �a� �c�h�a�n�g�e� 

�i�n� �t�h�e� �s�t�r�u�c�t�u�r�e� �o�f� �t�h�e� �s�o�l�u�t�i�o�n�s�.� �B�a�i�r�d� �h�a�s� �p�r�o�p�o�s�e�d� �a�n� �e�x�p�l�a�n�a�t�i�o�n� �t�h�a�t� �a�s� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �r�i�s�e�s�,� 
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�(�d�)� � � 
�D�y�n�a�m�i�c� �v�i�s�c�o�s�i�t�y� �v�e�r�s�u�s� �f�r�e�q�u�e�n�c�y� �f�o�r� �d�i�f�f�e�r�e�n�t� �c�o�n�c�e�n�t�r�a�t�i�o�n� 
�s�o�l�u�t�i�o�n�s� �o�f� �c�e�l�l�u�l�o�s�e� �e�s�t�e�r�s� �i�n� �d�i�m�e�t�h�y�l�a�c�e�t�a�m�i�d�e�;� �(�a�)� �C�A� �(�b�)� �C�A�B�-�1� 
�(�c�)� �C�A�B�-�2� �(�d�)� �C�A�B�-�3�.� 

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

�i�s�o�t�r�o�p�i�c� �m�a�t�r�i�x� �i�s� �c�r�e�a�t�e�d� �(�2�9�)�.� �T�h�e� �e�n�e�r�g�y� �d�i�s�s�i�p�a�t�e�d� �b�y� �t�h�e�s�e� �c�l�u�s�t�e�r�s� �d�u�r�i�n�g� �f�l�o�w� �i�s� �l�e�s�s� �t�h�a�n� �t�h�e� 

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

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

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

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

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

�a�s� �p�a�c�k�i�n�g� �e�f�f�e�c�t�s� �b�e�c�o�m�e� �i�m�p�o�r�t�a�n�t� �(�2�4�)�.� 

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

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

�d�r�i�v�i�n�g� �t�h�e� �t�h�e�r�m�o�d�y�n�a�m�i�c� �t�r�a�n�s�i�t�i�o�n� �o�f� �t�h�e� �a�n�i�s�o�t�r�o�p�i�c� �p�h�a�s�e� �t�o� �a� �d�i�f�f�e�r�e�n�t� �c�o�n�c�e�n�t�r�a�t�i�o�n� �(�3�0�)�.� 

�P�r�e�v�i�o�u�s� �i�n�v�e�s�t�i�g�a�t�o�r�s� �h�a�v�e� �m�a�d�e� �s�i�m�i�l�a�r� �o�b�s�e�r�v�a�t�i�o�n�s� �(�2�2�,�2�4�,�2�6�,�3�0�)�.� �T�h�e� �o�v�e�r�a�l�l� �m�a�g�n�i�t�u�d�e� �o�f� �t�h�e� 

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

�b�y� �s�e�v�e�r�a�l� �m�e�c�h�a�n�i�s�m�s�.� �H�e�r�m�a�n�s� �(�3�1�)� �s�u�s�p�e�c�t�e�d� �t�h�a�t� �t�h�e�r�e� �m�i�g�h�t� �b�e� �a� �c�o�m�p�e�t�i�t�i�o�n� �b�e�t�w�e�e�n� �t�h�e� 

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

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

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

�m�a�c�r�o�s�c�o�p�i�c� �t�e�x�t�u�r�e� �(�3�2�)�.� �T�h�i�s� �u�l�t�i�m�a�t�e�l�y� �c�a�u�s�e�s� �t�h�e� �v�i�s�c�o�s�i�t�y� �t�o� �d�e�c�l�i�n�e�.� �A�t� �h�i�g�h� �f�r�e�q�u�e�n�c�i�e�s�,� �t�h�e� 

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

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

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

�t�h�a�n� �f�o�r� �a�n� �i�s�o�t�r�o�p�i�c� �o�n�e� �o�f� �t�h�e� �s�a�m�e� �v�i�s�c�o�s�i�t�y� �(�3�3�)�.� �T�h�e� �d�e�p�e�n�d�e�n�c�e� �o�f� �v�i�s�c�o�s�i�t�y� �o�n� �s�h�e�a�r� �r�a�t�e� �f�o�r� 

�p�o�l�y�m�e�r� �l�i�q�u�i�d� �c�r�y�s�t�a�l�s� �h�a�s� �b�e�e�n� �d�i�v�i�d�e�d� �i�n�t�o� �a� �t�h�r�e�e�-�r�e�g�i�o�n� �f�l�o�w� �c�u�r�v�e� �b�y� �O�n�o�g�i� �a�n�d� �A�s�a�d�a� �(�3�4�)�.� 

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

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

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

�m�o�r�e� �p�r�o�n�o�u�n�c�e�d� �f�o�r� �C�A� �a�n�d� �r�e�d�u�c�e�s� �w�i�t�h� �h�i�g�h� �D�S�g�,� �(�C�A�B ��s�)�.� 

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

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

�f�o�u�r� �c�e�l�l�u�l�o�s�e� �e�s�t�e�r�s� �(�F�i�g�u�r�e� �2�)� �r�e�v�e�a�l�s� �t�h�a�t� �C�A� �e�x�h�i�b�i�t�s� �a� �g�r�e�a�t�e�r� �i�n�c�r�e�a�s�e� �i�n� �v�i�s�c�o�s�i�t�y� �t�h�a�n� �C�A�B�,� 

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

�c�o�n�c�e�n�t�r�a�t�i�o�n�s� �a�s� �D�S�p�,� �r�i�s�e�s� �(�F�i�g�u�r�e� �2�)�.� �T�h�i�s� �s�h�i�f�t� �i�n� �V�,�°� �c�a�n�n�o�t� �b�e� �a�c�c�o�u�n�t�e�d� �f�o�r� �b�y� �h�y�d�r�o�g�e�n� 

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

�e�s�t�e�r�s�.� �A�l�t�h�o�u�g�h� �i�t� �i�s� �n�o�t� �s�u�r�p�r�i�s�i�n�g� �t�h�a�t� �V�,�°� �i�s� �r�e�l�a�t�e�d� �t�o� �s�u�b�s�t�i�t�u�e�n�t� �s�i�z�e� �(�a�n�d� �b�u�l�k�)�,� �a� �d�e�c�r�e�a�s�e� �i�n� 

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

�f�o�r� �C�A� �a�n�d� �C�A�B�-�3�,� �1�.�e�.�,� �0�.�3�8� �a�n�d� �0�.�2�9�,� �a�r�e� �i�n� �r�e�a�s�o�n�a�b�l�e� �a�g�r�e�e�m�e�n�t� �w�i�t�h� �t�h�o�s�e� �o�b�t�a�i�n�e�d� �b�y� �D�a�y�a�n� 

�e�t� �a�l�.� �[�0�.�4�9�]� �(�2�2�)� �a�n�d� �B�h�e�d�a� �e�t� �a�l�.� �[�0�.�3�0�]� �(�1�2�)�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e� �C�A�B� �u�s�e�d� �b�y� �B�h�e�d�a� �e�t� �a�l�.� �h�a�d� 

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

�t�h�e� �o�n�e�s� �u�s�e�d� �i�n� �t�h�i�s� �s�t�u�d�y�.� 

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

�E�q�u�a�t�i�o�n�s� �1�-�4� �(�s�e�e� �A�p�p�e�n�d�i�x� �A�)�.�)� �D�i�a�m�e�t�e�r� �a�n�d� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �o�f� �t�h�e� �r�e�p�e�a�t� �u�n�i�t� �i�n�c�r�e�a�s�e� �f�r�o�m� 

� � 

�1� �T�h�e� �f�o�l�l�o�w�i�n�g� �d�i�r�e�c�t� �q�u�o�t�a�t�i�o�n� �i�s� �t�a�k�e�n� �f�r�o�m� �F�l�o�r�y� �(�7�)�:�  ��T�a�n�n�e�r� �a�n�d� �B�e�r�r�y� �(�3�5�)� �h�a�d� �o�b�t�a�i�n�e�d� 
�<�r�?� �>�,� �/�n� �=� �1�0�8�0�A�?� �f�o�r� �s�e�c�o�n�d�a�r�y� �a�c�e�t�a�t�e� �(�C�A�)� �o�f� �d�e�g�r�e�e� �o�f� �s�u�b�s�t�i�t�u�t�i�o�n� �2�.�4�5� �d�i�s�s�o�l�v�e�d� �i�n� �t�r�i�f�l�u�o�-� 
�r�o�a�c�e�t�i�c� �a�c�i�d� �o�r� �i�n� �a� �m�i�x�t�u�r�e� �o�f� �m�e�t�h�y�l�e�n�e� �c�h�l�o�r�i�d�e� �a�n�d� �m�e�t�h�a�n�o�l�.� �T�h�e�y� �f�o�u�n�d� �l�a�r�g�e�r� �v�a�l�u�e�s� �o�f� �1�3�5�0� 
�o�r� �g�r�e�a�t�e�r� �f�o�r� �c�e�l�l�u�l�o�s�e� �t�r�i�a�c�e�t�a�t�e� �(�C�T�A�)�;� �K�a�m�i�d�e�,� �M�i�y�a�z�a�k�i� �a�n�d� �A�b�e� �(�3�8�)�,� �o�n� �t�h�e� �o�t�h�e�r� �h�a�n�d�,� �r�e�p�o�r�t� 
�l�o�w�e�r� �v�a�l�u�e�s� �o�f� �c�a�.� �6�0�0� �f�o�r� �C�T�A�.� �T�h�e� �d�i�s�p�a�r�i�t�y� �m�a�y� �r�e�f�l�e�c�t� �t�h�e� �d�i�f�f�i�c�u�l�t�i�e�s� �c�a�u�s�e�d� �b�y� �a�g�g�r�e�g�a�t�i�o�n� 
�o�f� �C�T�A�.� �H�e�n�c�e�,� �w�e� �a�d�o�p�t� �t�h�e� �s�a�m�e� �v�a�l�u�e� �f�o�r� �C�T�A� �a�s� �f�o�r� �C�A�,� �o�n� �t�h�e� �p�l�a�u�s�i�b�l�e� �g�r�o�u�n�d�s� �t�h�a�t� �t�h�e�y� 
�s�h�o�u�l�d� �b�e� �s�i�m�i�l�a�r� �i�n� �t�h�i�s� �r�e�s�p�e�c�t�. �� �T�a�n�n�e�r� �a�n�d� �B�e�r�r�y� �h�a�d� �o�b�t�a�i�n�e�d� �r�e�l�a�t�i�v�e�l�y� �n�a�r�r�o�w� �r�a�n�g�e� �o�f� �v�a�l�u�e�s� 
�o�f� �<� �r�?� �>�,� �/�n� �f�o�r� �c�e�l�l�u�l�o�s�e� �h�e�x�a�n�o�a�t�e�,� �c�e�l�l�u�l�o�s�e� �n�i�t�r�a�t�e� �a�n�d� �c�e�l�l�u�l�o�s�e� �N�-�p�h�e�n�y�l�-�c�a�r�b�a�m�a�t�e� �i�n� �d�i�f�f�e�r�e�n�t� 
�s�o�l�v�e�n�t� �s�y�s�t�e�m�s�.� 

�L�i�g�h�t� �s�c�a�t�t�e�r�i�n�g� �m�e�a�s�u�r�e�m�e�n�t�s� �o�f� �s�o�m�e� �s�e�l�e�c�t�e�d� �f�r�a�c�t�i�o�n�s� �o�f� �c�e�l�l�u�l�o�s�e� �a�c�e�t�a�t�e� �b�u�t�y�r�a�t�e� �(�2�9�.�5�%� 
�a�c�e�t�y�l� �a�n�d� �1�7�%� �b�u�t�y�r�y�l� �b�y� �w�e�i�g�h�t�)� �i�n� �n�i�t�r�o�m�e�t�h�a�n�e� �a�n�d� �i�n� �e�t�h�y�l� �a�c�e�t�a�t�e� �w�e�r�e� �c�a�r�r�i�e�d� �o�u�t� �(�3�9�)�.� �T�h�e� 
�r�e�s�u�l�t�s� �w�e�r�e� �d�i�s�c�a�r�d�e�d� �b�e�c�a�u�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� �v�a�r�i�e�d� �f�r�o�m� �s�o�l�v�e�n�t� �t�o� �s�o�l�v�e�n�t�;� �t�h�e�r�e� 
�w�e�r�e� �i�n�c�o�n�s�i�s�t�e�n�t� �c�h�a�n�g�e�s� �o�f� �t�h�e� �s�e�c�o�n�d� �v�i�r�i�a�l� �c�o�e�f�f�i�c�i�e�n�t� �a�n�d� �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� 
�w�i�t�h� �t�h�e� �n�a�t�u�r�e� �o�f� �s�o�l�v�e�n�t�;� �a�n�d� �t�h�e� �c�u�r�v�i�l�i�n�e�a�r� �n�a�t�u�r�e� �o�f� �t�h�e� �s�c�a�t�t�e�r�e�d� �l�i�g�h�t� �i�n�t�e�n�s�i�t�y� �e�n�v�e�l�o�p�s� �m�a�d�e� 
�e�x�t�r�a�p�o�l�a�t�i�o�n� �i�n�a�c�c�u�r�a�t�e�.� �T�h�e�s�e� �p�r�o�b�l�e�m�s� �c�o�u�l�d� �b�e� �d�u�e� �t�o� �t�h�e� �f�a�c�t� �t�h�a�t� �t�h�e� �c�e�l�l�u�l�o�s�e� �a�c�e�t�a�t�e� �b�u�t�y�r�a�t�e� 
�c�h�a�i�n�s� �a�r�e� �h�e�t�e�r�o�g�e�n�e�o�u�s� �i�n� �c�o�m�p�o�s�i�t�i�o�n� �(�4�0�-�4�2�)�.� 

�I�t� �s�e�e�m�s� �d�i�f�f�i�c�u�l�t� �t�o� �e�x�p�e�r�i�m�e�n�t�a�l�l�y� �o�b�t�a�i�n� �c�o�h�e�r�e�n�t� �<� �r�?� �>�,� �/�n� �v�a�l�u�e�s� �f�o�r� �c�e�l�l�u�l�o�s�e� �a�c�e�t�a�t�e� 
�b�u�t�y�r�a�t�e�s�.� �H�e�n�c�e�,� �i�t� �i�s� �r�e�a�s�o�n�a�b�l�e� �t�o� �a�s�s�u�m�e� �t�h�e� �s�a�m�e� �<� �r�?� �>�,� �/�n� �(�i�.�e�.�,� �1�0�8�0� �A ��)� �v�a�l�u�e� �f�o�r� �t�h�e� 
�c�e�l�l�u�l�o�s�e� �e�s�t�e�r�s� �u�s�e�d� �i�n� �t�h�i�s� �s�t�u�d�y� �e�v�e�n� �t�h�o�u�g�h� �T�a�n�n�e�r� �a�n�d� �B�e�r�r�y� �d�i�d� �n�o�t� �m�e�a�s�u�r�e� �t�h�e�m�.� 
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�1�E�5� �4� �a�A� �C�A� �a�A� 

�A ��4� �C�A�B�-�1� �N�Y�,� 
�S�E�4� �7� �@ ��e� �C�A�B�-�2� 
�3�6�4�1� �o ��°� �C�A�B�-�3� 

�7�E�4� �+� 
�B�E�4� �7� 

�5�5�4�+� 
�4�e�4�a�t� 
�3�E�4� �+� �J� 

�2�h�4� �+� �Z�N� 

�5�0�0�0� �+�4� 
�[� �g�g� �e�g� �a�w� 

�~�5�0�0�0� �+ � ��+� �{� �+�  ��t� �+�  ��  ��t� 
�O� �5� �1�0� �1�5� �2�0� �2�5� �3�0� �3�5� �4�0� �4�5� �5�0� �5�5� 

�F�i�g�u�r�e� �2�.� 

�C�O�N�C�E�N�T�R�A�T�I�O�N�,� 

�L�o�w�-�f�r�e�q�u�e�n�c�y� �l�i�m�i�t� �(�1� �r�a�d�/�s�e�c�)� 
�c�o�n�c�e�n�t�r�a�t�i�o�n� �f�o�r� �c�e�l�l�u�l�o�s�e� �e�s�t�e�r�s� �i�n� �d�i�m�e�t�h�y�l�a�c�e�t�a�m�i�d�e�.� 

�W�T�.� �%� 

�o�f� �d�y�n�a�m�i�c� �v�i�s�c�o�s�i�t�y� �v�e�r�s�u�s� 
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�C�A� �t�o� �C�A�B�-�3� �(�T�a�b�l�e� �I�I�)�.� �T�h�i�s� �o�b�s�e�r�v�a�t�i�o�n� �i�s� �e�x�p�e�c�t�e�d� �b�e�c�a�u�s�e� �t�h�e� �s�u�b�s�t�i�t�u�e�n�t� �b�u�l�k� �i�n�c�r�e�a�s�e�s�.� �T�h�e� 

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

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

�w�i�t�h� �t�h�e� �u�n�c�h�a�n�g�e�d� �v�a�l�u�e� �o�f� �M�H�S� �c�o�n�s�t�a�n�t� �(�a�)� �f�o�r� �a�l�l� �c�e�l�l�u�l�o�s�e� �e�s�t�e�r�s�.� �I�t� �c�a�n� �b�e� �i�n�f�e�r�r�e�d� �t�h�a�t� �t�h�e� 

�v�a�l�u�e� �o�f� �t�h�e� �a�x�i�a�l� �r�a�t�i�o�,� �X�;�,� �i�s� �a�f�f�e�c�t�e�d� �o�n�l�y� �b�y� �M�u�.� �A�s� �M�u� �i�n�c�r�e�a�s�e�s� �f�r�o�m� �2�6�4�.�5� �t�o� �3�5�4�.�1�,� �X�;� 

�d�i�m�i�n�i�s�h�e�s� �f�r�o�m� �2�5�.�7�7� �t�o� �2�1�.�4�0� �a�n�d� �s�i�m�u�l�t�a�n�e�o�u�s�l�y�,� �t�h�e� �t�h�e�o�r�e�t�i�c�a�l� �v�a�l�u�e� �o�f� �V�,�°� �i�n�c�r�e�a�s�e�s� �f�r�o�m� �0�.�2�9� 

�t�o� �0�.�3�4�.� �T�h�e�r�e� �i�s� �f�a�i�r�l�y� �g�o�o�d� �a�g�r�e�e�m�e�n�t� �b�e�t�w�e�e�n� �t�h�e� �a�b�s�o�l�u�t�e� �e�x�p�e�r�i�m�e�n�t�a�l� �a�n�d� �t�h�e�o�r�e�t�i�c�a�l� �v�a�l�u�e�s� 

�o�f� �V�,�°� �(�T�a�b�l�e� �I�I�)�,� �b�u�t� �t�h�e�r�e� �i�s� �p�o�o�r� �c�o�r�r�e�l�a�t�i�o�n� �i�n� �t�h�e� �t�r�e�n�d� �o�f� �c�h�a�n�g�e� �i�n� �V�,�°� �w�i�t�h� �M�u� �(�F�i�g�u�r�e� �3�)�;� 

�t�.�e�.�,� �(�d�V�p�°�/�d�M�u�)�e�x�p�e� �<� �0� �a�n�d� �(�d�V�,�°�/�d�M�u�)�r�,�,� �>� �0�.� �S�u�c�h� �a�n� �o�p�p�o�s�i�t�e� �t�r�e�n�d� �i�s� �u�n�e�x�p�e�c�t�e�d� �a�n�d� 

�c�o�n�f�l�i�c�t�s� �w�i�t�h� �F�l�o�r�y ��s� �t�h�e�o�r�y�.� �I�n� �t�h�e� �d�e�r�i�v�a�t�i�o�n� �o�f� �E�q�u�a�t�i�o�n� �1�,� �t�h�e� �i�n�t�e�r�m�o�l�e�c�u�l�a�r� �a�n�d� �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� �w�e�r�e� �n�o�t� �c�o�n�s�i�d�e�r�e�d� �a�n�d� �t�h�e� �v�a�l�u�e� �o�f� �V�,�°� �i�s� �b�a�s�e�d� �o�n�l�y� �o�n� �g�e�o�m�e�t�r�i�c�a�l� �a�s�p�e�c�t�s� �o�f� �t�h�e� 

�m�o�l�e�c�u�l�e�s�.� �T�h�e� �o�r�i�e�n�t�a�t�i�o�n�-�d�e�p�e�n�d�e�n�t� �o�r� �a�n�i�s�o�t�r�o�p�i�c� �i�n�t�e�r�a�c�t�i�o�n�s� �c�o�n�s�i�d�e�r�e�d� �b�y� �F�l�o�r�y� �a�n�d� �R�o�n�c�a� �(�3�6�)� 

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

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

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

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

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

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

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

�V�,�°� �v�a�l�u�e�s� �a�r�e� �e�x�t�r�a�p�o�l�a�t�e�d� �t�o� �t�h�e� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �o�f� �a�n�h�y�d�r�o�g�l�u�c�o�s�e� �u�n�i�t�,� �%�.�e�.�,� �1�6�2� �(�F�i�g�u�r�e� �3�)�,� 

�(�V�,�°�)�e�x�p�t�.� �i�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �0�.�4�8�,� �a�n�d� �t�h�i�s� �i�s� �s�o�m�e�w�h�a�t� �c�l�o�s�e� �t�o� �t�h�a�t� �p�r�e�d�i�c�t�e�d� �o�n� �t�h�e�o�r�e�t�i�c�a�l� �g�r�o�u�n�d�s� 

�b�y� �G�i�l�b�e�r�t�,� �i�.�e�.�,� �0�.�7�0� �(�2�7�)�.� 

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

�f�r�e�q�u�e�n�c�y� �a�n�d� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �t�h�e� �f�o�u�r� �c�e�l�l�u�l�o�s�e� �e�s�t�e�r� �s�o�l�u�t�i�o�n�s� �i�s� �s�u�m�m�a�r�i�z�e�d� �i�n� �F�i�g�u�r�e�s� �4� �a�n�d� �5�,� 

�r�e�s�p�e�c�t�i�v�e�l�y�.� �G �� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �a�m�o�u�n�t� �o�f� �e�n�e�r�g�y� �s�t�o�r�e�d� �p�e�r� �c�y�c�l�e� �o�f� �d�e�f�o�r�m�a�t�i�o�n� �a�n�d� �G �� �r�e�p�r�e�s�e�n�t�s� 
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�|� �'� �,� �}�-� �_�_�|� �0�.�2�0�7� �3�1�D� �5�6�9� �3�1�2� �3�6�2� �4�1�2� 

�M�u� 

�F�i�g�u�r�e� �3�.� �E�x�p�e�r�i�m�e�n�t�a�l� �a�n�d� �t�h�e�o�r�e�t�i�c�a�l� �v�a�r�i�a�t�i�o�n� �o�f� �c�r�i�t�i�c�a�l� �v�o�l�u�m�e� �f�r�a�c�t�i�o�n� �o�f� 
�c�e�l�l�u�l�o�s�e� �e�s�t�e�r�s� �w�i�t�h� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �o�f� �t�h�e� �r�e�p�e�a�t�i�n�g� �u�n�i�t�.� 
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�F�i�g�u�r�e� �4�.� �D�y�n�a�m�i�c� �e�l�a�s�t�i�c� �m�o�d�u�l�u�s� �v�e�r�s�u�s� �f�r�e�q�u�e�n�c�y� �f�o�r� �d�i�f�f�e�r�e�n�t� �c�o�n�c�e�n�t�r�a�t�i�o�n� 

�s�o�l�u�t�i�o�n�s� �o�f� �c�e�l�l�u�l�o�s�e� �e�s�t�e�r�s� �i�n� �d�i�m�e�t�h�y�l�a�c�e�t�a�m�i�d�e�;� �(�a�)� �C�A� �(�b�)� �C�A�B�-�1� 
�(�c�)� �C�A�B�-�2� �(�d�)� �C�A�B�-�3�.
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�F�i�g�u�r�e� �5�.� �D�y�n�a�m�i�c� �l�o�s�s� �m�o�d�u�l�u�s� �v�e�r�s�u�s� �f�r�e�q�u�e�n�c�y� �f�o�r� �d�i�f�f�e�r�e�n�t� �c�o�n�c�e�n�t�r�a�t�i�o�n� 

�s�o�l�u�t�i�o�n�s� �o�f� �c�e�l�l�u�l�o�s�e� �e�s�t�e�r�s� �i�n� �d�i�m�e�t�h�y�l�a�c�e�t�a�m�i�d�e�;� �(�a�)� �C�A� �(�b�)� �C�A�B�-�1� 
�(�c�)� �C�A�B�-�2� �(�d�)� �C�A�B�-�3�.� 
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�T�a�b�l�e� �I�I�.� �T�h�e�o�r�e�t�i�c�a�l� �V�a�l�u�e�s� �o�f� �M�o�l�e�c�u�l�a�r� �P�a�r�a�m�e�t�e�r�s� �f�o�r� �C�e�l�l�u�l�o�s�e� �E�s�t�e�r�s�.� 
� � 

�C�e�l�l�u�l�o�s�e� �M�u�,� �T�h�.� �E�x�p�t�.� 

�E�s�t�e�r�s� �p�,� �g�/�c�m�?� �g�/�m�o�l�e� �d�A� �k�k�,�A� �g�,�A� �X�t� �V�o� �V�e� 
� � 

�C�A� �1�.�3� �2�6�4�.�5� �8�.�0�6� �2�0�7�.�7� �1�0�3�.�8�5� �2�5�.�7�7� �0�.�2�9� �0�.�3�8� 

�C�A�B�-�1� �1�.�2� �3�0�3�.�3� �8�.�9�8� �2�0�7�.�7� �1�0�3�.�8�5� �2�3�.�1�3� �0�.�3�2� �0�.�3�4� 

�C�A�B�-�2� �1�.�2� �3�2�6�.�2� �9�.�3�2� �2�0�7�.�7� �1�0�3�.�8�5� �2�2�.�2�9� �0�.�3�3� �0�.�3�2� 

�C�A�B�-�3� �1�.�2� �3�5�4�.�1� �9�.�7�1� �2�0�7�.�7� �1�0�3�.�8�5� �2�1�.�4�0� �0�.�3�4� �0�.�2�9� 
� � 

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

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

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

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

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

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

�b�e� �d�u�e� �t�o� �r�e�g�i�o�n�s� �o�f� �i�s�o�t�r�o�p�i�c� �f�l�u�i�d� �d�i�s�p�e�r�s�e�d� �i�n� �a�n�i�s�o�t�r�o�p�i�c� �r�e�g�i�o�n�s� �(�1�8�)�.� �S�i�m�i�l�a�r� �t�o� �a�n�y� �v�i�s�c�o�e�l�a�s�t�i�c� 

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

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

�G �� �r�i�s�e�s� �w�i�t�h� �i�n�c�r�e�a�s�e� �i�n� �f�r�e�q�u�e�n�c�y�.� �A�f�t�e�r� �r�e�a�c�h�i�n�g� �V�,�°�,� �G �� �f�a�l�l�s� �s�h�o�w�i�n�g� �t�h�a�t� �d�a�m�p�i�n�g� �c�h�a�r�a�c�-� 

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

�b�e�h�a�v�i�o�r� �w�i�t�h� �f�r�e�q�u�e�n�c�y� �i�s� �m�o�s�t� �p�r�o�n�o�u�n�c�e�d� �w�i�t�h� �C�A� �a�n�d� �l�e�a�s�t� �w�i�t�h� �C�A�B�-�3�.� 

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

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

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

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

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

�(�1�9�)�.� �C�r�o�s�s�-�p�o�l�a�r�i�z�a�t�i�o�n� �h�e�l�p�s� �t�o� �d�i�s�t�i�n�g�u�i�s�h� �i�s�o�t�r�o�p�i�c� �(�I�)�,� �b�i�p�h�a�s�i�c� �(�B�)�,� �a�n�d� �a�n�i�s�o�t�r�o�p�i�c� �(�A�)� �s�o�l�u�t�i�o�n� 

�c�h�a�r�a�c�t�e�r� �e�m�p�i�r�i�c�a�l�l�y�.� �P�o�l�a�r�i�z�e�d� �l�i�g�h�t� �m�i�c�r�o�s�c�o�p�y� �o�b�s�e�r�v�a�t�i�o�n�s� �f�o�r� �s�o�l�u�t�i�o�n�s� �c�o�n�t�a�i�n�i�n�g� �5�-�5�0�%� �(�w�/�w�)� 
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� � 

�(�a�)� �5�0�u�m� 

� � � 
�(�b�)� �s�o�u�z�m� �(�c�)� �5�0�u�m� 

�F�i�g�u�r�e� �6�.� �P�o�l�a�r�i�z�e�d� �o�p�t�i�c�a�l� �m�i�c�r�o�g�r�a�p�h�s� �o�f� �c�e�l�l�u�l�o�s�e� �e�s�t�e�r� �s�o�l�u�t�i�o�n�s� �i�n� 
�d�i�m�e�t�h�y�l�a�c�e�t�a�m�i�d�e�;� �(�a�)� �C�A�,� �5�0�%� �(�w�/�w�)� �c�o�n�c�.� �(�b�)� �C�A�B�-�1�,� �4�5�%� �(�w�/�w�)� 
�(�c�)� �C�A�B�-�1�,� �5�0�%� �(�w�/�w�)� �c�o�n�c�.� 
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� � 

�(�a�)� �5�0�u�m�M� �(�b�)� �5�0�u�m�  ��_ ��_ � ��_�_� 

� � 

�(�c�)� �5�0�4�u�m� �(�d�)� 
�a� �s�o�u�m� 

�F�i�g�u�r�e� �7�.� �P�o�l�a�r�i�z�e�d� �o�p�t�i�c�a�l� �m�i�c�r�o�g�r�a�p�h�s� �o�f� �c�e�l�l�u�l�o�s�e� �e�s�t�e�r� �s�o�l�u�t�i�o�n�s� �i�n� 
�d�i�m�e�t�h�y�l�a�c�e�t�a�m�i�d�e�;� �(�a�)� �C�A�B�-�2�,� �4�0�%� �(�w�/�w�)� �c�o�n�c�.� �(�b�)� �C�A�B�-�2�,� �4�5�%� �(�w�/�w�)� 
�c�o�n�c�.� �(�c�)� �C�A�B�-�3�,� �3�0�%� �(�w�/�w�)� �c�o�n�c�.� �(�d�)� �C�A�B�-�3�,� �4�0�%� �(�w�/�w�)� �c�o�n�c�.� 
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