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(ABSTRACT) 

Hexenyl functionalized poly(dimethylsiloxane) and 

methacryloyloxy functionalized poly(methyl methacrylate) 

(PMMA) and poly(dimethylsiloxane) (PDMS) macromonomers were 

synthesized using living polymerization techniques. The 

PDMS macromonomers were prepared by the anionic ring-opening 

polymerization of hexamethylcyclotrisiloxane followed by 

termination with a functionalized chlorosilane derivative. 

The methacryloyloxy functionalized PMMA macromonomers were 

prepared using group transfer polymerization with a 

protected hydroxyl functional initiator. The molar masses 

of the macromonomers ranged from 1000 g/mol up to 20000 

g/mol with narrow molar mass distributions, less than 1.1, 

and high percent functionalities. The hexenyl 

functionalized PDMS macromonomers, having a range of molar 

masses, were statistically terpolymerized with l-butene and 

sulfur dioxide to yield poly(l-butene sulfone) -g-PDMS 

copolymers of various chemical compositions up to 20 wt% 

PDMS. The bulk and surface phase morphologies were 

investigated using DSC, TEM, XPS, and water contact angle



measurements. The graft copolymer was shown to be an 

excellent resist for electron beam lithography with a 

44u4C/cm4 sensitivity and a 33:1 etch ratio relative to a 

cross linked novolac resin. The 7000 g/mol methacryloyloxy 

functionalized PMMA macromonomers were copolymerized 

anionically with MMA to yield PMMA-g-PMMA polymers having 

absolute molar mass distributions less than 1.1 containing 

from 5 wt% to 40 wt% of the macromonomer at constant overall 

molar mass of 250000 g/mol. The graft polymers were 

utilized as model homopolymers exhibiting long chain 

branching. The methacryloyloxy functionalized PDMS 

macromonomers were free radically and anionically 

copolymerized with MMA to yield PMMA-g-PDMS copolymers. The 

graft copolymers were fractionated and their chemical 

composition distributions were determined as a function of 

copolymerization mechanism. 

In addition, preliminary studies were started using 

aluminum-27 NMR to study several different aluminum 

porphyrins based on (5,10,15,20-tetraphenyl) porphine 

(TPPH>) . The aluminum porphyrins were formed by reacting 

trimethylaluminum with TPPHy to yield TPPAIMe. The 

resulting aluminum porphyrin was modified by adding a 

stoichiometric amount of various carboxylic acids to form 

aluminum porphyrin carboxylates that had varying steric and 

electronic effects on the macrocycle.
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SCOPE OF DISSERTATION 
  

The research presented here has been divided into two 

parts for clarity and conciseness. Part 1, entitled 

"Synthesis, Characterization, and Microlithographic 

Evaluation of Well-Defined Graft Polymers", is devoted 

primarily to polymer synthesis using the macromonomer 

methodology. It begins with the literature review which was 

focussed on the appropriate topics necessary for an in-depth 

discussion to follow. It does not, however, begin with the 

fundamentals but rather it assumes a certain level of 

expertise and knowledge of the literature. This has allowed 

for a strong dependence of the Results and Discussions 

Section on the pertinent sections of the Literature Review. 

Part 2 is entitled “Investigations of Aluminum 

Porphyrins as Initiators in Living Polymerizations". It is 

concerned with the utilization of aluminum porphyrins as 

living polymerization catalysts and initiators for the 

polymerization of alkylene oxides and their characterization 

by multinuclear magnetic resonance spectroscopy. It begins 

with a Literature Review Section that assumes a firm 

understanding of living polymerization processes and their 

relative kinetic constraints. It is primarily concerned 

with the most recent appropriate literature out of the 

laboratories of the leading authorities in this field. The



aluminum porphyrin section of this dissertation is an on 

going area of research for our laboratories and therefore is 

presented in a manner which reflects the directions we are 

currently pursuing.



PART 1 

SYNTHESIS, CHARACTERIZATION, AND MICROLITHOGRAPHIC 

EVALUATION OF WELL-DEFINED GRAFT POLYMERS 

 



Introduction and Literature Review 
  

The research presented here is the culmination of our 

work involving the synthesis of well-defined single and 

multiphase polymers. Our goal throughout has been to obtain 

the polymers with the desired characteristics and hence we 

were not bound by using certain polymerization processes. 

We have made extensive use of the macromonomer method to 

synthesize well-defined graft polymers. Three different 

macromonomers were synthesized and incorporated into systems 

to create the selected materials. Methacryloyloxy 

functionalized PMMA and PDMS macromonomers were synthesized 

having controlled molar masses and narrow molar mass 

distributions. The PMMA and PDMS macromonomers were 

copolymerized with MMA to afford PMMA-g-PMMA and PMMA-g-PDMS 

systems, respectively. The grafted homopolymer was designed 

to be a model for materials exhibiting long chain branching. 

The PMMA-g-PDMS system was made using free radical and 

anionic copolymerization mechanisms. We were interested in 

the distribution of chemical composition as a function of 

the copolymerization mechanism. The third macromonomer 

synthesized was again a PDMS material; however, it was 

functionalized to have an olefinic end group. The olefinic 

end group allowed it to be terpolymerized in a statistical 

fashion with olefins and sulfur dioxide to afford a graft 

copolymer having a poly(olefin sulfone) backbone and PDMS



grafts. The bulk and surface properties of these graft 

copolymers were evaluated and correlated to their 

performance as electron beam resists in microlithography. 

The literature review will now follow. It was 

directed towards three different areas. The first section 

will review what a macromonomer is and how others have taken 

advantage of this methodology. The second section is 

primarily concerned with one of the most often overlooked 

polymer parameters, namely chemical composition distribution 

(CCD). The CCD as it arises from statistical and 

conversional heterogeneity will be discussed along with the 

methods used to experimentally elucidate the CCD for block 

and graft copolymers. The third section will address the 

lithographic process and will briefly discuss the prior art 

involving the use of silicon containing polymers as resists 

in microlithography.



THE MACROMONOMER TECHNIQUE 

In 1974, Dr. Ralph Milkovicht was granted a patent on 

functional macromolecular monomers under the trade name 

MACROMERS. A macromer, or more precisely, a macromonomer, 

is an oligomer or polymer that contains a polymerizable 

functional end group that can be incorporated into a 

polymeric system to form a graft copolymer. The most 

commonly used copolymerization process for incorporation is 

that of chain growth mechanisms. As shown in Scheme 1.1, 

when a macromonomer is statistically copolymerized with 

conventional small monomers, such as styrene or methyl 

methacrylate, it results in a graft copolymer where the 

backbone is comprised of the small monomer and the grafts 

are the result of the macromonomer. 

Many different synthetic schemes have been devised for 

the synthesis of macromonomers. Several excellent reviews 

have been written but none have been as comprehensive on the 

synthetic variations as the overview written on the subject 

by Smith.2 A few examples will be given here to give the 

reader an appreciation for the synthetic utility of this 

technique. 

Researchers have published on the synthesis of 

macromonomers using free radical, anionic, cationic, 

coordination, GTP, and condensation type processes. Often



Scheme 1.1 Definition of a macromonomer and 

wen Tration ot synthetic utility. 

MACROMONOMER = Macromer 

An oligomer or polymer that contains 

a polymerizable endgroup that can be 

incorporated into a system in a chain 

growth manner. 

H. H H. AH 

C——c” + cc! 
H” R H” _ 

  
 



the free radical methods involved the use of appropriately 

functionalized chain transfer agents?/4, or functionalized 

initiators (Fe/H505)° that would result in hydroxyl 

terminated oligomers | that could be converted to 

polymerizable end groups. A unique approach has been the 

exploitation of inherent terminatYon processes® to yield 

polymerizable endgroups. The dominate termination process 

during the free radical polymerization of MMA is 

disproportionation which yields one saturated end group and 

one unsaturated end group. It is this unsaturated end group 

that was shown to free radically copolymerize with other 

monomers to yield ill-defined copolymers with PMMA grafts. 

Probably the most important method for synthesizing 

well-defined macromonomers involves the use of living 

polymerization techniques. In this way, the resultant graft 

copolymers will have grafts possessing narrow molar mass 

distributions. Many different examples can be found in the 

literature but most either use one of two methods. The most 

popular is the direct functionalization upon termination of 

the living polymerization, perhaps after deactivation of the 

chain end, to yield a polymerizable end group. The other 

most common method is to use protected functionalized 

initiators.



The use of the functionalized termination method was 

illustrated by Schulz and Milkovich’, Scheme 1.2, when they 

polymerized styrene anionically with alkyllithiums and after 

complete conversion of the monomer they deactivated the 

carbanion with ethylene oxide. The lithium alkoxide was 

then added to methacryloyl chloride to form a 

methacryloyloxy functional poly(styrene) macromonomer. The 

preparation of macromonomers using functionalized initiators 

was demonstrated by Serre and Worsfold8, Scheme 1.3. They 

used 4-lithiobutene-l as an anionic initiator for the 

polymerization of styrene or hexamethylcyclotrisiloxane to 

yield macromonomers having a terminal c-olefin functional 

groups. 

In principle, the methods used for the 

copolymerization of the macromonomer with conventional 

monomers are also just as varied. The easiest and hence the 

most common method of copolymerization employs ae free 

radical mechanism. This method allows the most flexible 

choices for the type of end group on the macromonomer to 

copolymerize with the low molar mass monomers. Probably the 

most important constraint for this type of copolymerization 

is the reactivity ratio of each monomer. In addition, a 

living copolymerization method can be utilized to obtain a 

graft copolymer. This results in a material that not only 

has a narrow molar mass distribution for the graft part,
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Scheme 1.2 Synthesis of poly(styrene) macromonomer 
using functional termination after chain deactivation. 
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�m�o�n�o�m�e�r�s�.� �B�o�t�h� �M�i�l�k�o�v�i�c�h�?� �a�n�d� �R�e�m�p�p�?�9� �s�h�o�w�e�d� �t�h�a�t� �t�h�e� 

�c�l�a�s�s�i�c�a�l� �c�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n� �e�q�u�a�t�i�o�n�,� �e�q�u�a�t�i�o�n� �1�,� 

�a�[�{�M�,� �]� �(�M�,�]� �v�r� �,�(�M�,�]� �+� �[�M�9�]� �[�M�j� �]� 

� � 

� �  �� 

�a�[�M�>�]� �[�M�o�]� �r�o�l�[�M�o�]� �+� �[�M�y�]� �r�o� �[�M�p�9�]� �(�1�)�,� 

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

�c�o�n�c�e�n�t�r�a�t�i�o�n� �t�y�p�i�c�a�l�l�y� �u�s�e�d�.� �T�h�e� �r�e�a�c�t�i�v�i�t�y� �r�a�t�i�o�,� �r�5�,� �c�a�n� 

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

�i�n�s�t�a�n�t�a�n�e�o�u�s� �c�o�n�v�e�r�s�i�o�n�s�,
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�r�o� �=� �M�y� �c�o�n�v�e�r�s�i�o�n� �/� �M�,� �c�o�n�v�e�r�s�i�o�n� �(�2�)� 

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

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

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

�v�a�l�u�e� �o�f� �0�.�6�,� �w�h�i�c�h� �i�s� �t�h�e� �s�a�m�e� �a�s� �t�h�e� �l�i�t�e�r�a�t�u�r�e� �v�a�l�u�e� �f�o�r� 

�M�M�A� �a�n�d� �s�t�y�r�e�n�e�.� 

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

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

�r�a�d�i�c�a�l�l�y� �c�o�p�o�l�y�m�e�r�i�z�e�d� �m�e�t�h�a�c�r�y�l�o�y�l�o�x�y� �f�u�n�c�t�i�o�n�a�l� �P�D�M�S� 

�m�a�c�r�o�m�o�n�o�m�e�r�s� �h�a�v�i�n�g� �m�o�l�a�r� �m�a�s�s�e�s� �o�f� �5�0�0� �g�/�m�o�l�,� �1�0�0�0� �g�/�m�o�l�,� 

�a�n�d� �1�0�0�0�0� �g�/�m�o�l�,� �w�i�t�h� �s�t�y�r�e�n�e�.� �T�h�e�y� �p�o�i�n�t�e�d� �o�u�t� �t�h�a�t� �t�h�e� 

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

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

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

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

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

�m�a�s�s� �o�f� �t�h�e� �m�a�c�r�o�m�o�n�o�m�e�r� �i�s� �g�r�e�a�t�e�r� �t�h�a�n� �1�0�0�0�0� �g�/�m�o�l�.� �T�h�e�i�r� 

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

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

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

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

�b�y� �I�t�o�l�2�,� �i�n�c�r�e�a�s�e�d� �a�s� �t�h�e� �m�o�l�a�r� �m�a�s�s� �o�f� �t�h�e� �m�a�c�r�o�m�o�n�o�m�e�r� 

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

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

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

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

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

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

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

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

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

�t�h�e� �d�e�c�r�e�a�s�e�d� �r�e�a�c�t�i�v�i�t�y� �w�i�t�h� �m�o�l�a�r� �m�a�s�s� �g�i�v�e�n� �b�y� �K�e�n�n�e�d�y�?�3� 

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

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

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

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

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

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

�r�e�a�c�t�i�o�n�s�.� 

�T�h�e� �t�h�i�r�d� �p�a�r�a�m�e�t�e�r� �l�i�s�t�e�d� �i�n� �T�a�b�l�e� �1�.�1� �d�e�a�l�i�n�g� �w�i�t�h� 

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

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

�I�t�o� �e�t� �a�l�t�4� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �t�h�e� �r�e�p�u�l�s�i�o�n� �b�e�t�w�e�e�n� �d�i�s�s�i�m�i�l�a�r� 

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

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

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

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

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

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

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

�e�x�c�l�u�d�e�d� �v�o�l�u�m�e� �e�f�f�e�c�t�.� 

�I�n� �1�9�8�7� �G�n�a�n�o�u�t�S� �r�e�p�o�r�t�e�d� �t�h�e� �m�o�s�t� �c�o�n�c�l�u�s�i�v�e� �e�v�i�d�e�n�c�e� 

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

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

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

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

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

�p�-�m�e�t�h�y�l�s�t�y�r�e�n�e� �a�n�d� �w�i�t�h� �s�t�y�r�e�n�e�,� �S�c�h�e�m�e� �1�.�4�.� �F�o�r� �t�h�e� �f�i�r�s�t� 

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

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

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

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

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

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

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

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

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

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

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

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

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



�1�8� 

�S�c�h�e�m�e� �1�.�4� �S�y�n�t�h�e�s�i�s� �o�f� �p�o�l�y� �(�s�t�y�r�e�n�e�)� �-�g�-�p�o�l�y� �(�s�t�y�r�e�n�e�)� 
�a�n�d� �p�o�l�y�(�p�-�m�e�t�h�y�l�s�t�y�r�e�n�e�)� �-�g�-�p�o�l�y�(�s�t�y�r�e�n�e�)� �u�s�i�n�g� �s�t�y�r�e�n�i�c� 
�f�u�n�c�t�i�o�n�a�l�i�z�e�d� �p�o�l�y�(�s�t�y�r�e�n�e�)� �m�a�c�r�o�m�o�n�o�m�e�r�s�.� 

�H�,�C ��C�H� �H�,�C ��=�C�H� 

� � �Y� 

�P�o�l�y�(�s�t�y�r�e�n�e�)�-�g�-�p�o�l�y�(�s�t�y�r�e�n�e�)� 

�H�,�C ��C�H� �H�,�C � ��C�H� 

�C�H�,� 

� � �Y� 

�P�o�l�y�(�p�-�m�e�t�h�y�l�s�t�y�r�e�n�e�)�-�g�-�p�o�l�y�(�s�t�y�r�e�n�e�)



�1�9� 

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

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

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

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

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

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

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

�r�e�a�c�t�i�v�i�t�y� �o�f� �t�h�e� �m�a�c�r�o�m�o�n�o�m�e�r�.� 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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



�2�1� 

�C�H�E�M�I�C�A�L� �C�O�M�P�O�S�I�T�I�O�N� �D�I�S�T�R�I�B�U�T�I�O�N� �I�N� �B�L�O�C�K� �A�N�D� �_� �G�R�A�F�T� 
�C�O�P�O�L�Y�M�E�R�S� 

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

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

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

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

�d�i�s�t�r�i�b�u�t�i�o�n� �(�C�C�D�)�,� �m�o�l�a�r� �m�a�s�s�,� �m�o�l�a�r� �m�a�s�s� �d�i�s�t�r�i�b�u�t�i�o�n�,� 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�p�o�l�y�m�e�r�i�z�a�t�i�o�n�.� 

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

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



�2�2� 

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

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

�t�h�a�n� �w�i�t�h� �c�o�n�v�e�n�t�i�o�n�a�l� �l�o�w� �m�o�l�a�r� �m�a�s�s� �m�o�n�o�m�e�r�s�.� �S�t�e�j�s�k�a�l�,� 

�K�r�a�t�o�c�h�v�i�l�,� �a�n�d� �J�e�n�k�i�n�s�? �� �h�a�v�e� �s�h�o�w�n� �t�h�a�t� �t�h�e� �s�t�a�t�i�s�t�i�c�a�l� 

�c�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n� �o�f� �a� �l�o�w� �m�o�l�a�r� �m�a�s�s� �m�o�n�o�m�e�r� �w�i�t�h� �2� �m�o�l�%� �o�f� 

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

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

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

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

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

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

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

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

�c�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n� �o�f� �a� �l�o�w� �m�o�l�a�r� �m�a�s�s� �m�o�n�o�m�e�r�,� �1�0�0� �g�/�m�o�l�,� 

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

�h�a�v�i�n�g� �a� �m�o�l�a�r� �m�a�s�s� �o�f� �2�0�0�0�0� �g�/�m�o�l�.� �T�h�i�s� �c�o�r�r�e�s�p�o�n�d�s� �t�o� 

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

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

�p�o�l�y�m�e�r�i�z�a�t�i�o�n� �r�a�n�g�i�n�g� �f�r�o�m� �5�0� �t�o� �5�0�0�0�.� �T�h�e� �d�a�t�a� �s�h�o�w�s� �t�h�a�t� 

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

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

�a�s�y�m�m�e�t�r�i�c�a�l�l�y�.
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�1� 

�!� 

�0�.�1� �0�.�2� �0�.�3� �x� �0�.�4� 

�F�i�g�u�r�e� �1�.�2�.� �D�i�f�f�e�r�e�n�t�i�a�l� �w�e�i�g�h�t� �d�i�s�t�r�i�b�u�t�i�o�n� 
�f�u�n�c�t�i�o�n�,� �W�*�(�x�)�,� �o�f� �c�h�e�m�i�c�a�l� �c�o�m�p�o�s�i�t�i�o�n�,� �x�,� �o�f� �g�r�a�f�t� 
�c�o�p�o�l�y�m�e�r�s� �p�r�e�p�a�r�e�d� �b�y� �s�t�a�t�i�s�t�i�c�a�l� �c�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n� �o�f� �a� �l�o�w� 
�m�o�l�a�r� �m�a�s�s� �m�o�n�o�m�e�r�,� �1�0�0� �g�/�m�o�l�,� �w�i�t�h� �a� �m�a�c�r�o�m�o�n�o�m�e�r� �h�a�v�i�n�g� �a� 
�m�o�l�a�r� �m�a�s�s� �o�f� �2�0�0�0�0� �g�/�m�o�l�.� �T�h�e� �c�o�p�o�l�y�m�e�r�s� �c�o�n�t�a�i�n� �8�0� �w�t�%� 
�g�r�a�f�t� �c�o�m�p�o�n�e�n�t� �a�n�d� �d�i�f�f�e�r� �i�n� �t�h�e� �d�e�g�r�e�e� �o�f� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� 
�a�s� �c�u�r�v�e� �J�]� �=� �5�0�,� �c�u�r�v�e� �2� �=� �5�0�0�,� �c�u�r�v�e� �3� �=� �2�0�0�0�,� �a�n�d� �c�u�r�v�e� 
�4� �=� �5�0�0�0�.�4



�2�4� 

�S�t�e�j�s�k�a�l� �a�n�d� �K�r�a�t�o�c�h�v�i�l�l�®� �n�a�v�e� �a�l�s�o� �e�v�a�l�u�a�t�e�d� �t�h�e� �C�C�D� 

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

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

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

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

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

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

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

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

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

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

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

�f�r�o�m� �u�n�i�t�y�,� �t�h�e� �b�r�o�a�d�e�r� �t�h�e� �C�C�D� �i�s�,� �F�i�g�u�r�e� �1�.�3�.� �T�h�e� �v�a�l�u�e�s� 

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

�5�0� �w�t�%� �o�f� �e�a�c�h� �c�o�m�o�n�o�m�e�r� �a�t� �5�0� �w�t�%� �c�o�n�v�e�r�s�i�o�n�,� �t�h�a�t� �t�h�e�r�e� 

�e�x�i�s�t� �m�a�c�r�o�m�o�l�e�c�u�l�e�s� �d�i�f�f�e�r�i�n�g� �b�y� �2�5� �w�t�%� �i�n� �g�r�a�f�t� �c�o�n�t�e�n�t� 

�f�o�r� �r�y� �=� �0�.�1�,� �2�1� �w�t�%� �f�o�r� �r�y�,� �=� �0�.�2�,� �1�1� �w�t�%� �f�o�r� �r�y�z� �=� �0�.�5�,� �a�n�d� 

�o�n�l�y� �2� �w�t�%�®� �f�o�r� �r�a� �=� �0�.�9�.� �T�h�e�s�e� �v�a�l�u�e�s� �e�m�p�h�a�s�i�z�e� �t�h�e� 

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

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

�m�a�s�s� �c�o�m�o�n�o�m�e�r�.� �W�h�e�n� �t�h�e� �m�o�n�o�m�e�r� �a�n�d� �t�h�e� �m�a�c�r�o�m�o�n�o�m�e�r� �h�a�v�e� 

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

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

�l�w� �(�x�)� 

�0�.�8�}�-� 

�O�0�.�6�F� 

�0� �4�}�-� 

�0� �2�]�-� � � � � � � � � � � 
�F�i�g�u�r�e� �1�.�3�.� �T�h�e� �c�u�m�u�l�a�t�i�v�e� �C�C�D�,� �I�w�(�x�)�,� �f�o�r� 

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



�2�6� 

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

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

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

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

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

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

�a�s� �n�e�g�l�i�g�i�b�l�e�.� �I�n� �m�a�n�y� �c�a�s�e�s�,� �S�t�e�j�s�k�a�l� �a�n�d� �K�r�a�t�o�c�h�v�i�l�l�9� 

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

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

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

�d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �1�.�2�.� �T�h�e� �r�e�s�u�l�t�s�,� �F�i�g�u�r�e� �1�.�4�,� �s�h�o�w� �t�h�a�t� �a�t� 

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

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

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

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

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

�d�i�s�t�r�i�b�u�t�i�o�n�.� �T�h�e� �d�i�b�l�o�c�k� �c�a�s�e� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �1�.�5� �a�n�d� 

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

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

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

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

�i�g�n�o�r�e�d�.� �W�h�e�n� �t�h�e� �m�o�l�a�r� �m�a�s�s� �d�i�s�t�r�i�b�u�t�i�o�n� �i�s� �2�,� �t�h�e� �m�o�s�t� 

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

�u�n�i�f�o�r�m�!� �T�h�a�t� �i�s�,� �m�a�c�r�o�m�o�l�e�c�u�l�e�s� �w�i�t�h� �a�n�y� �a�n�d� �a�l�l� �p�o�s�s�i�b�l�e
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�Z�L� �Z� �Z� �Z� �V�A� �x� 
�L� �L�Z� �Z�L� �L� �L� �_�/� �Z� �Z� �Z� �Z� �Z� �7�,� 

�1� �2� �.� 
�M�x� �1�0�°� 

�F�i�g�u�r�e� �1�.�4�.� �T�w�o� �d�i�m�e�n�s�i�o�n�a�l� �d�i�f�f�e�r�e�n�t�i�a�l� �w�e�i�g�h�t� 
�d�i�s�t�r�i�b�u�t�i�o�n� �f�u�n�c�t�i�o�n� �W�(�M�,�x�)� �o�f� �m�o�l�a�r� �m�a�s�s�e�s�,� �M�.� �a�n�d� 
�c�h�e�m�i�c�a�l� �c�o�m�p�o�s�i�t�i�o�n�,� �x�,� �g�o�r� �a� �d�i�b�l�o�c�k� �c�o�p�o�l�y�m�e�r� �(�M�n� �=� 
�1�0�0�0�0�0� �g�/�m�o�l�,� �M�w�/�M�n� �=� �1�.�2�.�1� 

� 
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�F�i�g�u�r�e� �1�.�5�.� �D�i�f�f�e�r�e�n�t�i�a�l� �w�e�i�g�h�t� �d�i�s�t�r�i�b�u�t�i�o�n� �f�u�n�c�t�i�o�n� 
�W�(�x�)� �o�f� �c�h�e�m�i�c�a�l� �c�o�m�p�o�s�i�t�i�o�n�,� �x�,� �o�f� �a� �m�o�d�e�l� �d�i�b�l�g�c�k� 
�c�o�p�o�l�y�m�e�r� �h�a�v�i�n�g� �t�h�e� �i�n�d�i�c�a�t�e�d� �m�o�l�a�r� �m�a�s�s� �d�i�s�t�r�i�b�u�t�i�o�n�s�.
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�3� �a� 

�1�5� 
�2�  ��.� 

�2�0� 

�t�e� �3�.�0� �_� 

�5�.�0� 

�A�K�A�K�M!"� 

�6� �0�.�5� �1�.�C� 

�F�i�g�u�r�e� �1�.�6�.� �D�i�f�f�e�r�e�n�t�i�a�l� �w�e�i�g�h�t� �d�i�s�t�r�i�b�u�t�i�o�n� �f�u�n�c�t�i�o�n� 
�W�(�x�)� �o�f� �c�h�e�m�i�c�a�l� �c�o�m�p�o�s�i�t�i�o�n�,� �x�,� �o�f� �a� �m�o�d�e�l� �t�r�i�b�}� �g�c�k� 
�c�o�p�o�l�y�m�e�r� �h�a�v�i�n�g� �t�h�e� �i�n�d�i�c�a�t�e�d� �m�o�l�a�r� �m�a�s�s� �d�i�s�t�r�i�b�u�t�i�o�n�s�.



�3�0� 

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

�t�h�e� �m�o�l�a�r� �m�a�s�s� �d�i�s�t�r�i�b�u�t�i�o�n�s� �e�x�c�e�e�d� �2�,� �t�h�e�n� �t�h�e� �C�C�D�s� �a�r�e� 

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

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

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

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

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

�m�o�l�a�r� �m�a�s�s�,� �(�w�h�e�r�e� �t�h�e� �c�o�m�p�o�s�i�t�i�o�n� �i�s� �5�0� �w�t�%�)� �i�s� �o�b�v�i�o�u�s�l�y� 

�l�o�w�.� 

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

�i�n�v�e�s�t�i�g�a�t�i�n�g� �t�h�e� �c�h�e�m�i�c�a�l� �h�e�t�e�r�o�g�e�n�e�i�t�y� �i�n� �c�o�p�o�l�y�m�e�r�s�.� �2�9� 

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

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

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

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

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

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

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

�m�o�m�e�n�t�s� �o�f� �t�h�e� �C�C�D�,� �r�e�f�e�r�r�e�d� �t�o� �a�s� �t�h�e� �p�a�r�a�m�e�t�e�r�s� �P� �a�n�d� �Q�.� 

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

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

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

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



�3�1� 

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

�p�r�e�c�i�p�i�t�a�t�i�o�n� �l�i�q�u�i�d� �c�h�r�o�m�a�t�o�g�r�a�p�h�y�2�§�,� �c�r�o�s�s� 

�f�r�a�c�t�i�o�n�a�t�i�o�n�}�,� �f�r�a�c�t�i�o�n�a�t�i�o�n� �i�n� �d�e�m�i�x�i�n�g� �s�o�l�v�e�n�t�s�2�2�,� �a�n�d� 

�S�u�p�e�r�c�r�i�t�i�c�a�l� �f�l�u�i�d� �e�x�t�r�a�c�t�i�o�n� �f�r�a�c�t�i�o�n�a�t�i�o�n�.�2�3�,� �2�4� 

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

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

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

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

�c�o�m�p�o�s�i�t�i�o�n� �d�i�s�t�r�i�b�u�t�i�o�n�.� �B�e�n�o�i�t� �a�n�d� �B�u�s�h�u�k�*�>� �d�e�r�i�v�e�d� �t�h�e� 

�r�e�l�a�t�i�o�n�s�h�i�p�,� �e�q�u�a�t�i�o�n� �3�,� 

�M�a�p� �=� �M�y� �+� �2�P�R� �+� �O�R� �(�3�)�,� 
�w�h�e�r�e� �R� �=� �[�[�(�d�n�/�d�c�)�,� �-� �(�d�n�/�d�c�)�p�l�]�/�(�d�n�/�d�c�)�c�]� �a�n�d� �(�d�n�/�d�c�)� �z� �a�r�e� 

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

�h�o�m�o�p�o�l�y�m�e�r�s� �(�J� �=� �A�,�B�)� �a�n�d� �o�f� �t�h�e� �c�o�p�o�l�y�m�e�r� �(�J� �=� �(�C�)�.� 

�P�a�r�a�m�e�t�e�r� �P� �t�h�e�n� �r�e�f�e�r�s� �t�o� �t�h�e� �f�i�r�s�t� �m�o�m�e�n�t� �o�f� �t�h�e� �z� 

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

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

�a�b�o�v�e� �e�q�u�a�t�i�o�n� �c�a�n� �b�e� �s�h�o�w�n� �g�r�a�p�h�i�c�a�l�l�y�,� �a�s� �i�n� �F�i�g�u�r�e� �1�.�7�.� 

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

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

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

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

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

�d�i�s�t�r�i�b�u�t�i�o�n� �i�n� �c�o�m�p�o�s�i�t�i�o�n�.� �C�o�p�o�l�y�m�e�r�s�,� �t�h�e�r�e�f�o�r�e�,� �w�i�t�h
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�8�0�0� �T� �T� �T� �T� 

�1�0�?�x�M�°�P�|�  �� 

�6�0�0�7� �=� 

�4�0�0�+� 
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�L� 

�2�0�0�F� �-� 
�O�P�E� �P�H�E� 

�B�F� �"�C�N� �C�N� �O�C�E� �{�A�M�S� �A�S� �A�M�S� 
�1� �I� 

�-� �1�,� �-�?� �0�)� �2� �4� 
�V�a� �>� �V�a� 

�V�e� 

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

� 



�3�3� 

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

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

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

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

�b�e�e�n� �t�h�e� �h�y�p�h�e�n�a�t�i�o�n� �o�f� �L�A�L�L�S� �a�n�d� �G�P�C�.� �D�u�m�e�l�o�w� �a�n�d� 

�c�o�w�o�r�k�e�r�s�*�®� �d�e�f�i�n�e�d� �t�h�e� �p�a�r�a�m�e�t�e�r� �H� �a�s� �t�h�e� �r�a�t�i�o� �o�f� �Q�/�Q�n�a�x� 

�w�h�i�c�h� �t�a�k�e�s� �a� �v�a�l�u�e� �b�e�t�w�e�e�n� �0� �(�f�o�r� �a� �c�o�m�p�o�s�i�t�i�o�n�a�l� 

�h�o�m�o�g�e�n�e�o�u�s� �s�a�m�p�l�e�)� �a�n�d� �1� �(�f�o�r� �a� �h�o�m�o�p�o�l�y�m�e�r� �b�l�e�n�d�,� �i�.�e�.� 

�m�a�x�i�m�u�m� �h�e�t�e�r�o�g�e�n�e�i�t�y�)�.� 

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

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

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

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

�o�f� �t�h�e� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �-� �P�a�r�t� �1�.� �T�h�e� �u�t�i�l�i�z�a�t�i�o�n� �o�f� 

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

�d�i�s�c�u�s�s�e�d� �n�e�x�t�.
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�c�)� �S�I�L�I�C�O�N� �C�O�N�T�A�I�N�I�N�G� �C�O�P�O�L�Y�M�E�R�S� �I�N� �M�I�C�R�O�E�L�E�C�T�R�O�N�I�C�S� 

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

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

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

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

�c�i�r�c�u�i�t�s� �a�n�d� �s�u�b�-�m�i�c�r�o�n� �d�e�v�i�c�e� �p�a�t�t�e�r�n�s�.� �S�i�n�c�e� �1�9�5�9�,� �t�h�e� 

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

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

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

�r�o�u�t�i�n�e� �f�a�b�r�i�c�a�t�i�o�n� �o�f� �d�e�v�i�c�e�s� �w�i�t�h� �d�i�m�e�n�s�i�o�n�s� �o�f� �2� �t�o� �3� 

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

�D�R�A�M� �m�e�m�o�r�y� �c�h�i�p�s� �h�a�v�e� �1� �m�i�c�r�o�n� �s�i�z�e�d� �f�e�a�t�u�r�e�s�.� �I�t� �i�s� 

�b�e�l�i�e�v�e�d� �t�h�a�t� �i�n� �o�r�d�e�r� �t�o� �f�a�b�r�i�c�a�t�e� �1�6� �a�n�d� �6�4� �m�e�g�a�b�y�t�e� �D�R�A�M� 

�m�e�m�o�r�y� �c�h�i�p�s� �t�h�a�t� �t�h�e� �t�e�c�h�n�o�l�o�g�y� �w�i�l�l� �n�e�e�d� �t�o� �u�t�i�l�i�z�e� �0�.�7� 

�m�i�c�r�o�n� �s�i�z�e�d� �f�e�a�t�u�r�e�s�.�?�8� �I�n� �o�r�d�e�r� �t�o� �f�a�b�r�i�c�a�t�e� �d�e�v�i�c�e� 

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

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

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

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

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

�m�i�d� �U�V�,� �d�e�e�p� �U�V�,� �X�-�r�a�y�,� �o�r� �e�l�e�c�t�r�o�n� �b�e�a�m� �i�r�r�a�d�i�a�t�i�o�n�.� 

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

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

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

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

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

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

�U�V�.� 

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

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

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

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

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

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

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

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

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

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

�h�a�s� �m�o�t�i�v�a�t�e�d� �t�h�e� �u�s�e� �o�f� �m�u�l�t�i�-�l�e�v�e�l� �r�e�s�i�s�t� �p�r�o�c�e�s�s�e�s ��?�,� �A� 

�t�y�p�i�c�a�l� �m�u�l�t�i�-�l�e�v�e�l� �r�e�s�i�s�t� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �1�.�8� �f�o�r� �a� �b�i�-� 

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

�r�e�s�i�s�t�s�,� �h�o�w�e�v�e�r� �t�h�e� �b�i�-�l�e�v�e�l� �r�e�s�i�s�t�s� �w�i�l�l� �b�e� �e�m�p�h�a�s�i�z�e�d� 

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

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

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

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

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

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



�3�6� 

�T�H�E� �M�I�C�R�O�L�I�T�H�O�G�R�A� 

�E�X�P�O�S�U�R�E� 
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� � 
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� � � � 

� � 

�F�i�g�u�r�e� �1�4�8� �T�h�e� 
�b�i�l�e�v�e�l� �r�e�s�i�s�t�.� 

� � 
� � � � � � 

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



�3�7� 

�c�r�o�s�s� �l�i�n�k�e�d� �m�a�t�e�r�i�a�l� �b�a�s�e�d� �o�n� �b�i�s�-�b�e�n�z�o�c�y�c�l�o�b�u�t�e�n�e�s�.� �O�n� 

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

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

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

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

�t�o� �r�e�a�c�t�i�v�e� �i�o�n� �e�t�c�h�i�n�g� �p�l�a�s�m�a�s� �(�R�I�E�)�.� �I�n� �t�h�a�t� �w�a�y�,� �w�h�e�r�e� 

�t�h�e� �r�e�s�i�s�t� �h�a�s� �b�e�e�n� �r�e�m�o�v�e�d�,� �t�h�e� �R�I�E� �w�i�l�l� �d�e�g�r�a�d�e� �a�n�d� �r�e�m�o�v�e� 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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



�3�8� 

�W�i�l�l�s�o�n� �a�t� �I�B�M�.� �H�e� �c�o�i�n�e�d� �t�h�e� �p�h�r�a�s�e� �"�c�h�e�m�i�c�a�l� 

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

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

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

�e�x�i�s�t�i�n�g� �p�o�l�y�(�t�-�b�u�t�o�x�y�c�a�r�b�o�n�y�l�o�x�y�s�t�y�r�e�n�e�)� �i�n� �a� �c�a�t�a�l�y�t�i�c� 

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

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

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

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

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

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

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

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

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

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

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

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

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

�o�r� �m�o�l�a�r� �m�a�s�s� �a�l�o�n�e�.� 

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

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

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

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

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

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



�3�9� 

�p�o�l�y�s�t�y�r�e�n�i�c�s� �w�h�e�n� �e�x�p�o�s�e�d� �t�o� �d�e�e�p� �U�V� �o�r� �X�-�r�a�y�s�.� �A�n�o�t�h�e�r� 

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

�p�o�l�y� �(�d�i�m�e�t�h�y�l�s�i�l�o�x�a�n�e�)� �(�P�D�M�S�)�.� �P�D�M�S� �u�n�d�e�r�g�o�e�s� �c�r�o�s�s� �l�i�n�k�i�n�g� 

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

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

�i�s� �t�o� �b�e� �r�e�s�i�s�t�a�n�t� �t�o� �a� �R�I�E� �p�l�a�s�m�a�.� �T�h�e� �p�o�s�s�i�b�i�l�i�t�y� �t�h�a�t� �a�n� 

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

�g�r�e�w� �o�u�t� �o�f� �o�u�r� �n�a�t�i�o�n�'�s� �s�p�a�c�e� �e�x�p�l�o�r�a�t�i�o�n� �e�f�f�o�r�t�.� �I�n� �t�h�e� 

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

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

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

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

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

�e�l�e�m�e�n�t�s� �i�n�t�o� �t�h�e� �p�o�l�y�m�e�r� �.�3�2�,�3�3�,�3�4� �T�h�e� �s�t�a�t�e� �o�f� �t�h�e� �a�r�t� �h�a�s� 

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

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

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

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

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

�u�t�i�l�i�z�e�d�.�3�5� �I�n� �t�h�e� �e�a�r�l�y� �1�9�8�0�s�,� �t�h�e� �m�i�c�r�o�e�l�e�c�t�r�o�n�i�c�s� 

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

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

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

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

�r�e�s�i�s�t�a�n�c�e� �t�o� �o�x�y�g�e�n� �R�I�E� �p�r�o�c�e�s�s�e�s�3�®�,� �T�h�i�s� �r�e�s�i�s�t�a�n�c�e� �i�s� �a



�4�0� 

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

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

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

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

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

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

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

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

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

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

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

�r�a�d�i�a�t�i�o�n� �a�n�d� �t�h�a�t� �t�h�e� �s�i�l�i�c�o�n� �i�m�p�a�r�t�e�d� �o�x�y�g�e�n� �R�I�E� 

�r�e�s�i�s�t�a�n�c�e�.� �T�h�e�s�e� �m�a�t�e�r�i�a�l�s� �i�n�c�l�u�d�e�:� �p�o�l�y�(�3�-�b�u�t�e�n�y�l�t�r�i�-� 

�m�e�t�h�y�l�s�i�l�a�n�e� �s�u�l�f�o�n�e�)� �,� �3�7� �p�o�l�y� �(�s�i�l�y�l�s�t�y�r�e�n�e� �s�u�l�f�o�n�e�)� �,� �3�8� 

�p�o�l�y� �(�m�e�t�h�y�l� �m�e�t�h�a�c�r�y�l�a�t�e�)� �-�g�-�p�o�l�y� �(�d�i�m�e�t�h�y�l�s�i�l�o�x�a�n�e�)� �,� �3�9� 

�p�o�l�y� �(�t�r�i�m�e�t�h�y�l�s�i�l�y�l�s�t�y�r�e�n�e�-�c�o�-�c�h�l�o�r�o�m�e�t�h�y�l�s�t�y�r�e�n�e�)� �4�9�,� 

�p�o�l� �(�t�r�i�m�e�t�h�y�l�s�i�l�y�l�s�t�y�r�e�n�e�-�c�o�-�p�-�c�h�l�o�r�o�s�t�y�r�e�n�e�)� �4�1�,� �p�o�l�y� �(�d�i�-� 

�4�2�,� �t�e�r�p�o�l�y�m�e�r� �o�f� �p�h�e�n�o�l�-�t�r�i�m�e�t�h�y�l�s�i�l�y�l�p�h�e�n�o�l�-� 

�f�o�r�m�a�l�d�e�h�y�d�e� �w�i�t�h� �o�-�q�u�i�n�o�n�e�d�i�a�z�i�d�e� �a�s� �a� �s�e�n�s�i�t�i�z�e�r�4�3�,� 

�a�l�k�y�l�s�i�l�a�n�e� 

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

�n�a�p�h�t�h�o�q�u�i�n�o�h�e�d�i�a�z�i�d�e� �a�s� �a� �s�e�n�s�i�t�i�z�e�r�4�4�,� �p�o�l�y� �(�p�h�e�n�y�l�s�i�l�y�l�-� 

�s�e�s�q�u�i�o�x�a�n�e�)� �4�5�,� �a�n�d� �p�o�l�y� �(�p�-�m�e�t�h�y�l�s�t�y�r�e�n�e�)� �-�b�-�p�o�l�y� �(�d�i�m�e�t�h�y�l�-� 

�s�i�l�o�x�a�n�e�)� �4�6�,� �t�o� �n�a�m�e� �a� �f�e�w�.



�T�h�i�s� �c�o�n�c�l�u�d�e�s� �t�h�i�s� �s�e�c�t�i�o�n� �a�n�d� �t�h�e� �e�n�t�i�r�e� �L�i�t�e�r�a�t�u�r�e� 

�R�e�v�i�e�w� �S�e�c�t�i�o�n� �-� �P�a�r�t� �1�.� �T�h�e� �t�h�r�e�e� �t�o�p�i�c�s� �c�o�v�e�r�e�d� �i�n� �t�h�i�s� 

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

�t�o� �s�e�v�e�r�a�l� �t�i�m�e�s� �i�n� �t�h�e� �R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� �S�e�c�t�i�o�n� �-� 

�P�a�r�t� �1� �w�h�i�c�h� �w�i�l�l� �f�o�l�l�o�w� �i�m�m�e�d�i�a�t�e�l�y� �a�f�t�e�r� �t�h�e� �E�x�p�e�r�i�m�e�n�t�a�l� 

�S�e�c�t�i�o�n� �w�h�i�c�h� �i�s� �n�e�x�t�.



�E�X�P�E�R�I�M�E�N�T�A�L� 

�R�E�A�G�E�N�T�S� �A�N�D� �P�U�R�I�F�I�C�A�T�I�O�N� 

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

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

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

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

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

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

�s�e�n�s�i�t�i�v�e� �r�e�a�g�e�n�t�s�.� 

�N�i�t�r�o�g�e�n� 

�P�r�e�p�u�r�i�f�i�e�d� �n�i�t�r�o�g�e�n� �(�9�9�.�9�9�%�)� �(�A�i�r�c�o�)� �w�a�s� �r�e�g�u�l�a�t�e�d� 

�t�h�r�o�u�g�h� �a� �1� �1�/�2� �i�n� �s�t�e�e�l� �d�r�y�i�n�g� �c�o�l�u�m�n� �a�t� �c�a�.� �5�0� �p�s�i�g� 

�(�3�4�5� �k�P�a�)�.� �T�h�e� �d�r�y�i�n�g� �c�o�l�u�m�n� �w�a�s� �p�a�c�k�e�d� �w�i�t�h� �f�r�e�s�h�l�y� 

�a�c�t�i�v�a�t�e�d� �4� �A� �m�o�l�e�c�u�l�a�r� �s�i�e�v�e�s� �(�L�i�n�d�e�)� �a�n�d� �s�u�p�p�o�r�t�e�d� �b�y� 

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

�c�o�l�u�m�n�,� �t�h�e� �d�r�i�e�d� �n�i�t�r�o�g�e�n� �w�a�s� �r�e�g�u�l�a�t�e�d� �t�o� �c�a�.� �6�-�8� �p�s�i�g� 

�(�4�2�-�5�6� �k�P�a�)� �a�n�d� �c�o�n�n�e�c�t�e�d� �t�o� �a� �g�l�a�s�s� �n�i�t�r�o�g�e�n�/�v�a�c�u�u�m� 

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

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

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

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

�s�y�s�t�e�m� �i�s� �c�a�p�a�b�l�e� �o�f� �c�a�.� �1�5� �m�t�o�r�r�.� 

�4�2



�4�3� 

�G�l�a�s�s�w�a�r�e� 

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

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

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

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

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

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

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

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

�a�n�d� �w�a�t�e�r�.� �F�r�e�q�u�e�n�t�l�y�,� �t�h�e� �g�l�a�s�s�w�a�r�e� �w�a�s� �r�i�n�s�e�d� �w�i�t�h� 

�h�y�d�r�o�f�l�u�o�r�i�c� �a�c�i�d� �(�4�9� �%�)�,� �f�o�l�l�o�w�e�d� �b�y� �r�i�n�s�e�s� �w�i�t�h� �d�i�l�u�t�e� 

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

�a� �f�o�r�c�e�d� �a�i�r� �c�o�n�v�e�c�t�i�o�n� �o�v�e�n� �a�t� �1�2�0� �°�C� �f�o�r� �c�a�.� �1�2� �4�h�,� 

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

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

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

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

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

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

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

�6�-�8� �p�s�i�g� �(�4�2�-�5�6� �k�P�a�)� �o�f� �n�i�t�r�o�g�e�n� �u�s�i�n�g� �t�h�e� �n�i�t�r�o�g�e�n�/�v�a�c�u�u�m� 

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

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

�m�i�n�i�m�a�l� �c�o�n�t�a�m�i�n�a�t�i�o�n�.



�4�4� 

�S�o�l�v�e�n�t�s� 

�T�e�t�r�a�h�y�d�r�o�f�u�r�a�n�.� �T�e�t�r�a�h�y�d�r�o�f�u�r�a�n� �(�F�i�s�h�e�r�,� 

�C�e�r�t�i�f�i�e�d� �G�r�a�d�e�)� �(�T�H�F�)� �w�a�s� �p�l�a�c�e�d� �i�n� �a� �2�0�0�0�-�m�L�,� �i�1�-�n�e�c�k�,� 

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

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

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

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

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

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

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

�s�e�v�e�r�a�l� �h�o�u�r�s�,� �c�a�.� �0�.�1�-�0�.�3� �g� �o�f� �b�e�n�z�o�p�h�e�n�o�n�e� �(�A�l�d�r�i�c�h�)� �w�a�s� 

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

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

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

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

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

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

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

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

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

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

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

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

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



�4�5� 

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

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

�P�r�i�o�r� �t�o� �c�o�l�l�e�c�t�i�o�n� �o�f� �t�h�e� �T�H�F� �f�o�r� �p�o�l�y�m�e�r�i�z�a�t�i�o�n�,� �c�a�.� 

�5�0� �m�L� �o�f� �d�i�s�t�i�l�l�a�t�e� �w�a�s� �r�e�m�o�v�e�d� �a�n�d� �t�h�e� �m�i�d�d�l�e� �f�r�a�c�t�i�o�n� �w�a�s� 

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

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

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

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

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

�r�e�p�o�r�t�e�d� �t�h�a�t� �c�a�.� �0�.�5�-�1�.�0� �m�m�o�l�e�/�1�0�0�0� �m�L� �o�f� �i�m�p�u�r�i�t�i�e�s� �s�t�i�l�l� 

�e�x�i�s�t�.� �4�8� 

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

�g�r�a�d�e�s� �o�f� �c�y�c�l�o�h�e�x�a�n�e� �i�s� �c�y�c�l�o�h�e�x�e�n�e�.� �4�9� �T�h�e� �a�l�l�y�l�i�c� �p�r�o�t�o�n�s� 

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

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

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

�i�m�p�u�r�i�t�y�,� �c�y�c�l�o�h�e�x�a�n�e� �(�F�i�s�h�e�r�,� �R�e�a�g�e�n�t� �G�r�a�d�e�)� �w�a�s� �s�t�i�r�r�e�d� �i�n� 

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

�t�e�m�p�e�r�a�t�u�r�e� �f�o�r� �5�-�7� �d�a�y�s�.� �T�h�i�s� �p�r�o�c�e�d�u�r�e� �s�u�l�f�o�n�a�t�e�s� �t�h�e� 

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

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

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

�c�y�c�l�o�h�e�x�a�n�e� �w�a�s� �p�l�a�c�e�d� �i�n� �a� �1�0�0�0�-�m�L�,� �o�n�e�-�n�e�c�k�,� �r�o�u�n�d� �b�o�t�t�o�m� 

�f�l�a�s�k� �a�n�d� �2�-�3� �g� �o�f� �s�o�d�i�u�m� �d�i�s�p�e�r�s�e�d� �i�n� �p�a�r�a�f�f�i�n� �w�a�s� �s�l�o�w�l�y



�4�6� 

�a�d�d�e�d�.� �T�h�e� �c�y�c�l�o�h�e�x�a�n�e� �w�a�s� �r�e�f�l�u�x�e�d� �f�o�r� �2�4� �h�r� �u�n�d�e�r� �d�r�y� 

�n�i�t�r�o�g�e�n�.� �P�r�i�o�r� �t�o� �c�o�l�l�e�c�t�i�o�n� �o�f� �t�h�e� �c�y�c�l�o�h�e�x�a�n�e�,� �c�a� �2�5� �m�L� 

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

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

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

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

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

�c�o�p�p�e�r� �w�i�r�e� �a�n�d� �s�t�o�r�e�d� �u�n�d�e�r� �6�-�8� �p�s�i�g� �(�4�2�-�5�6� �k�P�a�)� �o�f� 

�p�u�r�i�f�i�e�d� �n�i�t�r�o�g�e�n�.� 

�T�o�l�u�e�n�e�.� �T�o�l�u�e�n�e� �(�F�i�s�h�e�r�,� �C�e�r�t�i�f�i�e�d� �G�r�a�d�e�)� �w�a�s� 

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

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

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

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

�D�i�c�h�l�o�r�o�m�e�t�h�a�n�e�.� �D�i�c�h�l�o�r�o�m�e�t�h�a�n�e� �(�M�a�l�l�i�n�c�k�r�o�d�t�,� 

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

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

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

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

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

�P�B�S�-�g�-�P�D�M�S� �c�o�p�o�l�y�m�e�r�s� �w�a�s� �c�y�c�l�o�p�e�n�t�a�n�o�n�e�.� �C�y�c�l�o�p�e�n�t�a�n�o�n�e� 

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

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



�4�7� 

�M�i�s�c�e�l�l�a�n�e�o�u�s�.� �C�h�l�o�r�o�f�o�r�m� �(�A�l�d�r�i�c�h�,� �C�e�r�t�i�f�i�e�d� �G�r�a�d�e�)�,� 

�c�h�l�o�r�o�f�o�r�m�-�d� �(�A�l�d�r�i�c�h�,� �9�9�.�8�%� �d�e�u�t�e�r�a�t�e�d�)�,� �h�e�x�a�n�e�s� �(�F�i�s�h�e�r�)� 

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

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

�a�n�d� �r�o�u�t�i�n�e� �N�M�R� �a�n�a�l�y�s�i�s�,� �a�n�d� �t�h�e�r�e�f�o�r�e� �t�h�e�y� �w�e�r�e� �u�s�e�d� �a�s� 

�r�e�c�e�i�v�e�d�.� 

�M�o�n�o�m�e�r�s� 

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

�t�r�i�m�e�r�,� �k�n�o�w�n� �a�s� �D�3� �i�n� �t�h�e� �s�i�l�i�c�o�n� �l�i�t�e�r�a�t�u�r�e�,� �w�a�s� �k�i�n�d�l�y� 

�p�r�o�v�i�d�e�d� �b�y� �G�e�n�e�r�a�l� �E�l�e�c�t�r�i�c� �C�o�r�p�o�r�a�t�i�o�n� �(�D�r�.� �B�r�u�c�e� �F�r�y�e�:� 

�(�5�1�8�)� �2�3�3�-�2�5�4�5�)�.� �D�3� �w�a�s� �p�u�r�i�f�i�e�d� �b�y� �v�a�c�u�u�m� �s�u�b�l�i�m�a�t�i�o�n� �f�r�o�m� 

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

�s�h�o�w�n� �i�n� �F�i�g�u�r�e� �1�.�9�.� �T�h�e� �a�p�p�a�r�a�t�u�s� �w�a�s� �t�h�o�r�o�u�g�h�l�y� �c�l�e�a�n�e�d� 

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

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

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

�4�6�0� �g� �o�f� �D�3� �w�a�s� �a�d�d�e�d� �t�o� �t�h�e� �s�u�b�l�i�m�a�t�i�o�n� �f�l�a�s�k� �a�l�o�n�g� �w�i�t�h� 

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

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

�(�7�0� �°�C�)� �a�n�d� �w�a�s� �s�t�i�r�r�e�d� �o�v�e�r� �c�a�l�c�i�u�m� �h�y�d�r�i�d�e� �f�o�r� �c�a�.� �1�2� �h�.� 

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

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

�a�n�d� �h�e�a�t�e�d� �t�o� �c�a�.� �7�0� �°�C�.� �T�h�e� �s�u�b�l�i�m�a�t�i�o�n� �f�l�a�s�k� �w�a�s� �c�o�o�l�e�d� 

�t�o� �-�7�8� �°�C� �a�n�d� �a�f�t�e�r� �t�h�e�r�m�a�l� �e�q�u�i�l�i�b�r�i�u�m� �w�a�s� �r�e�a�c�h�e�d�,� �t�h�e



�4�8� 

� � 

� � 

�V�/� 

� � 
�F�i�g�u�r�e� �1�.�9� �V�a�c�u�u�m� �s�u�b�l�i�m�a�t�i�o�n� �a�p�p�a�r�a�t�u�s�.



�4�9� 

�a�p�p�a�r�a�t�u�s� �w�a�s� �e�v�a�c�u�a�t�e�d� �t�o� �5�0� �m�t�o�r�r�.� �A�t� �t�h�i�s� �t�i�m�e� �t�h�e� 

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

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

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

�t�o� �c�a�.� �3�5� �°�C�.� �A�t� �t�h�i�s� �t�i�m�e� �t�h�e� �m�o�n�o�m�e�r� �w�o�u�l�d� �s�u�b�l�i�m�e� �(�t�a�k�e�s� 

�c�a�.� �4�h�)�.� �A�f�t�e�r� �a�p�p�r�o�x�i�m�a�t�e�l�y� �9�0�%� �o�f� �t�h�e� �m�o�n�o�m�e�r� �h�a�d� 

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

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

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

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

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

�t�h�e� �s�t�i�r�r�i�n�g�,� �s�o�m�e�t�i�m�e�s� �a� �w�a�r�m� �w�a�t�e�r� �b�a�t�h� �(�4�0� �°�C�)� �w�a�s� �p�l�a�c�e�d� 

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

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

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

�1�0�0�0�-�m�L� �v�o�l�u�m�e�t�r�i�c� �f�l�a�s�k� �t�h�a�t� �h�a�d� �b�e�e�n� �c�l�e�a�n�e�d�,� �f�l�a�m�e�d�,� 

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

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

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

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

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

�D�3� �t�h�a�t� �w�a�s� �t�r�a�n�s�f�e�r�r�e�d�.� �T�h�i�s� �p�r�o�c�e�d�u�r�e� �t�y�p�i�c�a�l�l�y� �r�e�s�u�l�t�s� 

�i�n� �a� �4�0� �w�/�w�%� �s�o�l�u�t�i�o�n� �o�f� �D�3� �i�n� �c�y�c�l�o�h�e�x�a�n�e� �t�h�a�t� �w�a�s� �s�t�o�r�e�d� 

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



�5�0� 

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

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

�M�e�t�h�y�l� �M�e�t�h�a�c�r�y�l�a�t�e�.� �M�e�t�h�y�l� �m�e�t�h�a�c�r�y�l�a�t�e� �(�R�o�h�m� �a�n�d� 

�H�a�a�s�)� �(�M�M�A�)� �w�a�s� �t�r�a�n�s�f�e�r�r�e�d� �t�o� �a� �c�l�e�a�n�e�d� �a�n�d� �f�l�a�m�e�d� �r�o�u�n�d� 

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

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

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

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

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

�S�t�i�r� �o�v�e�r� �t�h�e� �h�e�t�e�r�o�g�e�n�e�o�u�s� �d�r�y�i�n�g� �a�g�e�n�t� �f�o�r� �c�a�.� �3� �d�a�y�s�.� 

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

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

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

�a�g�a�i�n� �c�o�o�l�e�d� �t�o� �-�7�8� �°�C� �a�n�d� �a� �g�o�o�d� �v�a�c�u�u�m� �w�a�s� �e�s�t�a�b�l�i�s�h�e�d� 

�(�<�1�0�0� �m�t�o�r�r�)� �f�o�l�l�o�w�e�d� �b�y� �f�l�a�m�e� �d�r�y�i�n�g� �t�h�e� �a�p�p�a�r�a�t�u�s� �o�n�c�e� 

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

�a�n�d� �t�h�e� �m�o�n�o�m�e�r� �(�b�.�p�.� �=� �1�0�0� �°�C�)� �w�a�s� �a�l�l�o�w�e�d� �t�o� �d�i�s�t�i�l�l� �w�h�i�l�e� 

�c�o�o�l�i�n�g� �t�h�e� �r�e�c�e�i�v�i�n�g� �f�l�a�s�k� �t�o� �-�7�8� �°�C� �w�i�t�h� �a� �d�r�y� 

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

�a�t� �c�a�.� �1�5� �°�C� �a�t� �t�h�e� �s�t�a�t�e�d� �i�n�i�t�i�a�l� �p�r�e�s�s�u�r�e�.� �A�f�t�e�r� 

�d�i�s�t�i�l�l�a�t�i�o�n� �o�f� �a�p�p�r�o�x�i�m�a�t�e�l�y� �9�5�%� �o�f� �t�h�e� �m�o�n�o�m�e�r�,� �t�h�e� 

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

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

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

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



�5�1� 

�e�x�t�e�n�d�e�d� �p�e�r�i�o�d�s� �o�f� �t�i�m�e� �(�m�a�n�y� �m�o�n�t�h�s�)� �a�t� �-�2�0� �°�C� �w�i�t�h�o�u�t� 

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

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

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

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

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

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

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

�F�o�r� �u�s�e� �i�n� �a�n�i�o�n�i�c� �p�o�l�y�m�e�r�i�z�a�t�i�o�n�s�,� �t�h�e� �M�M�A� �w�a�s� 

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

�a�l�u�m�i�n�u�m�s�.�5�9� �T�h�e� �d�e�s�i�r�e�d� �a�m�o�u�n�t� �o�f� �c�o�n�v�e�n�t�i�o�n�a�l�l�y� �p�u�r�i�f�i�e�d� 

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

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

�c�o�n�n�e�c�t�e�d� �w�i�t�h� �2�-�n�e�c�k� �d�i�s�t�i�l�l�i�n�g� �a�n�d� �r�e�c�e�i�v�i�n�g� �f�l�a�s�k�s� �t�h�a�t� 

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

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

�c�y�c�l�e�s�.� �T�r�i�e�t�h�y�l�a�l�u�m�i�n�u�m� �(�2�5� �w�t�%� �i�n� �h�e�p�t�a�n�e�)� �(�T�E�A�)� �(�K�i�n�d�l�y� 

�p�r�o�v�i�d�e�d� �b�y� �D�r�.� �T�o�m� �H�a�n�l�o�n� �a�t� �E�t�h�y�l� �C�o�r�p�o�r�a�t�i�o�n�)� �w�a�s� �s�l�o�w�l�y� 

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

�a�d�d� �t�h�e� �T�E�A� �w�h�i�l�e� �s�t�i�r�r�i�n�g� �t�o� �a�v�o�i�d� �t�h�e� �u�n�d�e�s�i�r�a�b�l�e� �e�x�o�t�h�e�r�m� 

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

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

�p�r�o�t�o�n�i�c� �i�m�p�u�r�i�t�i�e�s� �h�a�d� �b�e�e�n� �s�c�a�v�e�n�g�e�d�.� �A� �5�0�%� �e�x�c�e�s�s� �o�f� �t�h�e� 

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

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



�5�2� 

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

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

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

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

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

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

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

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

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

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

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

�1�-�B�u�t�e�n�e�.� �1�-�B�u�t�e�n�e� �(�A�l�d�r�i�c�h�,� �9�9�.�9�%�)� �w�a�s� �u�s�e�d� �a�s� 

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

�d�i�o�x�i�d�e�.� 

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

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

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

�s�o�l�u�t�i�o�n�s� �o�f� �c�a�.� �4�5�%� �s�o�l�i�d�s�.� 

�5�-�E�t�h�y�l�i�d�e�n�e�-�2�-�n�o�r�b�o�r�n�e�n�e�.� �5�-�E�t�h�y�l�i�d�e�n�e�-�2�-�n�o�r�b�o�r�n�e�n�e� 

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

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



�5�3� 

�S�u�l�f�u�r� �d�i�o�x�i�d�e�.� �S�u�l�f�u�r� �d�i�o�x�i�d�e� �(�A�l�d�r�i�c�h�,� �a�n�h�y�d�r�o�u�s�)� 

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

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

�I�n�i�t�i�a�t�o�r�s�,� �T�e�r�m�i�n�a�t�i�n�g� �A�g�e�n�t�s� �a�n�d� �C�a�t�a�l�y�s�t�s� 

�s�e�c�-�B�u�t�y�l�l�i�t�h�i�u�m�.� �s�e�c�-�B�u�t�y�l�l�i�t�h�i�u�m� �(�L�i�t�h�c�o� �D�i�v�i�s�i�o�n� 

�o�f� �F�M�C�)� �w�a�s� �o�b�t�a�i�n�e�d� �a�s� �a� �1�.�4� !"�M� �s�o�l�u�t�i�o�n� �i�n� �c�y�c�l�o�h�e�x�a�n�e�.� �[�I�n� 

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

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

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

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

�w�a�s� �t�h�e�n� �d�e�t�e�r�m�i�n�e�d� �b�y� �t�i�t�r�a�t�i�o�n� �u�s�i�n�g� �2�,�5�-�d�i�m�e�t�h�o�x�y�b�e�n�z�y�l� 

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

�s�e�c�-�b�u�t�y�l�l�i�t�h�i�u�m� �w�e�r�e� �s�t�o�r�e�d� �a�t� �-�2�0� �°�C�.� 

�1�,�1�-�D�i�p�h�e�n�y�l�e�t�h�y�l�e�n�e�.� �1�,�1�-�D�i�p�h�e�n�y�l�e�t�h�y�l�e�n�e� �(�E�a�s�t�m�a�n� 

�K�o�d�a�k� �C�o�m�p�a�n�y�)� �(�D�P�E�)� �w�a�s� �t�y�p�i�c�a�l�l�y� �v�a�c�u�u�m� �d�i�s�t�i�l�l�e�d� �f�r�o�m� 

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

�d�u�e� �t�o� �t�h�e� �i�n�a�b�i�l�i�t�y� �o�f� �4�-�m�e�t�h�y�l�-�1�,�1�-�d�i�p�h�e�n�y�l�p�e�n�t�y�l�l�i�t�h�i�u�m�,� 

�t�h�e� �1�:�1� �r�e�a�c�t�i�o�n� �p�r�o�d�u�c�t� �o�f� �s�e�c�-�b�u�t�y�l�l�i�t�h�i�u�m� �a�n�d� �D�P�E�,� �t�o� 

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

�v�i�s�c�o�u�s� �l�i�q�u�i�d� �(�b�.� �p�.� �=� �2�7�0� �°�C�)� �w�a�s� �c�h�a�r�a�c�t�e�r�i�z�e�d� �b�y� �a� 

�y�e�l�l�o�w� �c�o�l�o�r�.� �T�h�e�  ��a�s� �r�e�c�e�i�v�e�d�"� �D�P�E� �w�a�s� �t�r�a�n�s�f�e�r�r�e�d� �v�i�a� 

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

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

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

�s�u�c�c�e�s�i�v�e� �f�r�e�e�z�e�-�t�h�a�w� �c�y�c�l�e�s� �(�1�0�0� �m�t�o�r�r�,� �-�1�9�8� �°�C�)�.� �s�e�c�-� 

�B�u�t�y�l�l�i�t�h�i�u�m� �w�a�s� �a�d�d�e�d� �d�r�o�p�w�i�s�e� �t�o� �t�h�e� �d�e�g�a�s�s�e�d� �D�P�E� �w�h�i�l�e� 

�S�t�i�r�r�i�n�g� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e�.� �T�h�e� �D�P�E� �s�o�l�u�t�i�o�n� �i�m�m�e�d�i�a�t�e�l�y� 

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

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

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

�m�e�t�h�y�l�-�1�,�1�-�d�i�p�h�e�n�y�l�p�e�n�t�y�l�l�i�t�h�i�u�m�.� �T�h�e� �c�o�l�o�r� �c�h�a�n�g�e�s� �d�u�r�i�n�g� 

�t�h�e� �t�i�t�r�a�t�i�o�n� �o�f� �D�P�E� �h�a�v�e� �b�e�e�n� �a�t�t�r�i�b�u�t�e�d� �t�o� �t�r�a�c�e� 

�q�u�a�n�t�i�t�i�e�s� �o�f� �b�i�p�h�e�n�y�l� �a�n�d� �b�e�n�z�o�p�h�e�n�o�n�e�.� �>�4� �T�h�e� �D�P�E� �w�a�s� 

�a�l�l�o�w�e�d� �t�o� �s�t�i�r� �f�o�r� �c�a�.� �3�0� �m�i�n� �u�n�d�e�r� �n�i�t�r�o�g�e�n� �p�r�i�o�r� �t�o� 

�d�i�s�t�i�l�l�a�t�i�o�n�.� �D�u�e� �t�o� �t�h�e� �h�i�g�h� �b�o�i�l�i�n�g� �p�o�i�n�t� �o�f� �D�P�E�,� 

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

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

�t�h�e� �d�i�s�t�i�l�l�a�t�i�o�n� �f�l�a�s�k� �t�o� �c�a�.� �6�0� �°�C�.� �T�h�e� �d�i�s�t�i�l�l�a�t�e� �w�a�s� 

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

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

�w�i�t�h� �s�e�p�t�a�.� �T�h�e� �p�u�r�i�f�i�e�d� �D�P�E� �w�a�s� �s�t�o�r�e�d� �i�n� �a� �r�e�f�r�i�g�e�r�a�t�o�r�,� 

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

�f�o�r� �e�x�t�e�n�d�e�d� �p�e�r�i�o�d�s� �o�f� �t�i�m�e�.� 

�4�-�M�e�t�h�y�l�-�1�,�1�-�d�i�p�h�e�n�y�l�p�e�n�t�y�l�l�i�t�h�i�u�m�.� �A� �m�o�r�e� �s�t�a�b�l�e�,� 

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

�c�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n� �o�f� �M�M�A� �w�i�t�h� �e�i�t�h�e�r� �m�e�t�h�a�c�r�y�l�o�y�l�o�x�y� 

�f�u�n�c�t�i�o�n�a�l�i�z�e�d� �P�M�M�A� �o�r� �P�D�M�S� �m�a�c�r�o�m�o�n�o�m�e�r�s�.� �T�h�e� �i�n�i�t�i�a�t�o�r�,
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�4�-�m�e�t�h�y�l�-�1�,�1�l�-�d�i�p�h�e�n�y�l�p�e�n�t�y�l�l�i�t�h�i�u�m�,� �a�l�s�o� �c�o�m�m�o�n�l�y� �k�n�o�w�n� �a�s� 

�1�,�1�l�-�d�i�p�h�e�n�y�h�e�x�y�l�l�i�t�h�i�u�m� �(�D�P�H�L�)�,� �w�a�s� �p�r�e�p�a�r�e�d� �f�r�o�m� �1�,�1�-� 

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

�c�l�e�a�n�e�d�,� �f�l�a�m�e�d�,� �a�n�d� �n�i�t�r�o�g�e�n� �p�u�r�g�e�d� �1�0�0�-�m�L� �r�o�u�n�d� �b�o�t�t�o�m� 

�f�l�a�s�k� �f�i�t�t�e�d� �w�i�t�h� �a� �s�e�p�t�u�m� �a�n�d� �a� �s�t�i�r� �b�a�r�,� �w�a�s� �a�d�d�e�d� �3�0� �m�L� 

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

�t�o� �-�7�8� �°�C� �b�y� �a� �d�r�y� �i�c�e�/�i�s�o�p�r�o�p�a�n�o�l� �b�a�t�h� �a�n�d� �a�f�t�e�r� �r�e�a�c�h�i�n�g� 

�t�h�e�r�m�a�l� �e�q�u�i�l�i�b�r�i�u�m� �2�.�2� �m�L� �(�0�.�0�1�2� �m�o�l�e�)� �o�f� �p�u�r�i�f�i�e�d� �D�P�E� �w�a�s� 

�a�d�d�e�d�,� �f�o�l�l�o�w�e�d� �b�y� �7�.�5� �m�L� �o�f� �1�.�4� �M� �s�e�c�-�b�u�t�y�l�l�i�t�h�i�u�m� �(�0�.�0�1�0� 

�m�o�l�e�)�.� �T�h�i�s� �p�r�o�d�u�c�e�d� �a� �0�.�2�5� �M� �s�o�l�u�t�i�o�n� �o�f� �D�P�H�L� �w�h�i�c�h� �w�a�s� 

�t�h�e�n� �h�a�n�d�l�e�d� �b�y� �s�y�r�i�n�g�e�.� 

�1�,�1�'�-�A�z�o�b�i�s�(�i�s�o�b�u�t�y�r�o�n�i�t�r�i�l�e�)�.� �1�,�1�'�-�A�z�o�b�i�s�(�i�s�o�-� 

�b�u�t�y�r�o�n�i�t�r�i�l�e�)� �(�D�u�P�o�n�t�)� �(�A�I�B�N�)� �w�a�s� �r�e�c�r�y�s�t�a�l�l�i�z�e�d� �f�r�o�m� 

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

�a�n�d� �s�t�o�r�e�d� �i�n� �a� �d�a�r�k� �b�r�o�w�n� �b�o�t�t�l�e� �a�t� �-�2�0� �°�C�.� �S�t�a�n�d�a�r�d� 

�s�o�l�u�t�i�o�n�s� �o�f� �A�I�B�N� �w�e�r�e� �r�o�u�t�i�n�e�l�y� �p�r�e�p�a�r�e�d� �b�y� �d�i�s�s�o�l�v�i�n�g� �a� 

�k�n�o�w�n� �a�m�o�u�n�t� �o�f� �p�u�r�i�f�i�e�d� �A�I�B�N� �i�n� �e�i�t�h�e�r� �d�e�g�a�s�s�e�d� �t�o�l�u�e�n�e� �o�r� 

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

�n�i�t�r�o�g�e�n�.� 

�t�-�B�u�t�y�l�h�y�d�r�o�p�e�r�o�x�i�d�e�.� �t�-�B�u�t�y�l�h�y�d�r�o�p�e�r�o�x�i�d�e� �(�A�l�d�r�i�c�h�,� 

�9�0� �w�/�v�%� �i�n� �i�s�o�p�r�o�p�a�n�o�l�)� �w�a�s� �u�s�e�d� �a�s� �r�e�c�e�i�v�e�d� �a�n�d� �h�a�n�d�l�e�d� 

�u�n�d�e�r� �n�i�t�r�o�g�e�n�.� 

�3�-�M�e�t�h�a�c�r�y�l�o�y�l�o�x�y�p�r�o�p�y�l�d�i�m�e�t�h�y�l�c�h�l�o�r�o�s�i�l�a�n�e�.� �3�-�M�e�t�h�-� 

�a�c�r�y�l�o�y�l�o�x�y�p�r�o�p�y�l�d�i�m�e�t�h�y�l�c�h�l�o�r�o�s�i�l�a�n�e� �(�P�e�t�r�a�r�c�h�)� �w�a�s� �u�s�e�d� �a�s
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�r�e�c�e�i�v�e�d� �t�o� �t�e�r�m�i�n�a�t�e� �l�i�v�i�n�g� �D�3� �p�o�l�y�m�e�r�i�z�a�t�i�o�n�s� �t�o� �f�o�r�m� 

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

�5�-�H�e�x�e�n�y�l�d�i�m�e�t�h�y�l�c�h�l�o�r�o�s�i�l�a�n�e�.� �5�-�H�e�x�e�n�y�l�d�i�m�e�t�h�y�l�-� 

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

�l�i�v�i�n�g� �D�3� �p�o�l�y�m�e�r�i�z�a�t�i�o�n�s� �t�o� �f�o�r�m� �h�e�x�e�n�y�l� �t�e�r�m�i�n�a�t�e�d� �P�D�M�S� 

�M�a�c�r�o�m�o�n�o�m�e�r�s�.� 

�T�r�i�e�t�h�y�l�a�m�i�n�e�.� �T�r�i�e�t�h�y�l�a�m�i�n�e� �(�A�l�d�r�i�c�h�,� �G�o�l�d� �L�a�b�e�l�)� 

�w�a�s� �r�e�f�l�u�x�e�d� �f�o�r� �1�2� �h�r�s� �o�v�e�r� �c�a�l�c�i�u�m� �h�y�d�r�i�d�e� �f�o�l�l�o�w�e�d� �b�y� 

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

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

�M�e�t�h�a�c�r�y�l�o�y�l� �c�h�l�o�r�i�d�e�.� �M�e�t�h�a�c�r�y�l�o�y�l� �c�h�l�o�r�i�d�e� 

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

�M�A�C�R�O�M�O�N�O�M�E�R� �S�Y�N�T�H�E�S�I�S� �A�N�D� �C�H�A�R�A�C�T�E�R�I�Z�A�T�I�O�N� 

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

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

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

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

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

�f�u�n�c�t�i�o�n�a�l�i�z�e�d� �o�l�i�g�o�m�e�r�s�.
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�M�e�t�h�a�c�r�y�l�o�y�l�o�x�y� �F�u�n�c�t�i�o�n�a�l�i�z�e�d� �P�M�M�A� �M�a�c�r�o�m�o�n�o�m�e�r�s� 

�P�o�l�y� �(�m�e�t�h�y�l� �m�e�t�h�a�c�r�y�l�a�t�e�)� �M�a�c�r�o�m�o�n�o�m�e�r� �S�y�n�t�h�e�s�i�s�.� �T�h�e� 

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

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

�f�u�n�c�t�i�o�n�a�l�i�z�e�d� �P�M�M�A�.� �T�h�e� �p�r�i�m�a�r�y� �h�y�d�r�o�x�y�l� �f�u�n�c�t�i�o�n�a�l�i�z�e�d� 

�P�M�M�A� �o�l�i�g�o�m�e�r�s� �w�e�r�e� �s�y�n�t�h�e�s�i�z�e�d� �b�y� �D�r�.� �A�n�n� �M�a�r�i�e� �H�e�l�l�s�t�e�r�n� 

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

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

�u�s�e�d� �t�o� �s�y�n�t�h�e�s�i�z�e� �a� �P�M�M�A� �o�l�i�g�o�m�e�r� �w�i�t�h� �a� �m�o�l�a�r� �m�a�s�s� �o�f� �6�3�0�0� 

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

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

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

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

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

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

�h�y�d�r�o�s�i�l�y�l�a�t�i�o�n� �u�s�i�n�g� �W�i�l�k�i�n�s�o�n�'�s� �c�a�t�a�l�y�s�t� �w�i�t�h� 

�t�r�i�m�e�t�h�y�l�s�i�l�a�n�e�.� 

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

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

�T�H�F�.�>�4� �T�h�e� �h�y�d�r�o�x�y�l� �f�u�n�c�t�i�o�n�a�l� �p�o�l�y�m�e�r� �w�a�s� �p�r�e�c�i�p�i�t�a�t�e�d� �i�n� 

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

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

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

�A� �2�0� �m�o�l�e� �%� �e�x�c�e�s�s� �o�f� �p�u�r�i�f�i�e�d� �t�r�i�e�t�h�y�l�a�m�i�n�e� �w�a�s� �a�d�d�e�d� �v�i�a� 

�S�y�r�i�n�g�e� �t�o� �a�c�t� �a�s� �a�n� �a�c�i�d� �s�c�a�v�e�n�g�e�r�.� �A� �5� �m�o�l�e� �%� �e�x�c�e�s�s� �o�f



�5�8� 

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

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

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

�p�r�o�c�e�e�d� �f�o�r� �c�a�.� �1�6� �h� �a�f�t�e�r� �w�h�i�c�h� �t�h�e� �s�o�l�u�t�i�o�n� �w�a�s� �f�i�l�t�e�r�e�d� 

�t�o� �r�e�m�o�v�e� �t�h�e� �s�a�l�t�s� �a�n�d� �t�h�e� �P�M�M�A� �m�a�c�r�o�m�o�n�o�m�e�r� �w�a�s� 

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

�M�e�t�h�a�c�r�y�l�o�y�l�o�x�y� �F�u�n�c�t�i�o�n�a�l�i�z�e�d� �P�D�M�S� �M�a�c�r�o�m�o�n�o�m�e�r�s� 

�A�n�i�o�n�i�c� �p�o�l�y�m�e�r�i�z�a�t�i�o�n�s� �o�f� �D�3� �w�e�r�e� �c�a�r�r�i�e�d� �o�u�t� �i�n� 

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

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

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

�6�-�8� �p�s�i�g� �(�4�2�-�5�6� �k�P�a�)� �p�r�e�p�u�r�i�f�i�e�d� �n�i�t�r�o�g�e�n� �a�t�m�o�s�p�h�e�r�e�.� �T�h�e� 

�c�y�c�l�o�h�e�x�a�n�e� �s�o�l�u�t�i�o�n� �o�f� �D�3� �w�a�s� �s�y�r�i�n�g�e�d� �i�n�t�o� �t�h�e� �r�e�a�c�t�i�o�n� 

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

�t�o� �i�n�i�t�i�a�t�e� �t�h�e� �r�i�n�g�-�o�p�e�n�i�n�g� �p�o�l�y�m�e�r�i�z�a�t�i�o�n�.� �T�h�e� �i�n�i�t�i�a�t�i�o�n� 

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

�a�d�d�i�t�i�o�n� �o�f� �c�a�.� �1�0� �p�e�r�c�e�n�t� �b�y� �v�o�l�u�m�e� �p�u�r�i�f�i�e�d� �T�H�F� �t�o� �p�r�o�m�o�t�e� 

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

�p�o�l�y�m�e�r�i�z�a�t�i�o�n� �w�a�s� �t�e�r�m�i�n�a�t�e�d� �a�f�t�e�r� �4�8� �h� �w�i�t�h� �3�-�m�e�t�h�a�c�r�y�l�-� 

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

�w�h�i�c�h� �w�a�s� �t�h�e�n� �p�r�e�c�i�p�i�t�a�t�e�d� �i�n� �m�e�t�h�a�n�o�l� �a�f�t�e�r� �2� �h� �a�n�d� �d�r�i�e�d� 

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

�w�e�i�g�h�t�.



�5�9� 

�H�e�x�e�n�y�l� �F�u�n�c�t�i�o�n�a�l�i�z�e�d� �P�D�M�S� �M�a�c�r�o�m�o�n�o�m�e�r�s� 

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

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

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

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

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

�t�h�a�t� �5�-�h�e�x�e�n�y�l�d�i�m�e�t�h�y�l�c�h�l�o�r�o�s�i�l�a�n�e� �w�a�s� �u�s�e�d� �a�s� �t�h�e� 

�t�e�r�m�i�n�a�t�i�n�g� �a�g�e�n�t� �i�n�s�t�e�a�d� �o�f� �3�-�m�e�t�h�a�c�r�y�l�o�y�l�o�x�y�p�r�o�p�y�l�-� 

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

�P�M�M�A�-�g�-�P�M�M�A� �B�Y� �A�N�I�O�N�I�C� �C�O�P�O�L�Y�M�E�R�I�Z�A�T�I�O�N� 

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

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

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

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

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

�c�h�a�i�n� �b�r�a�n�c�h�i�n�g�.� 

�S�y�n�t�h�e�s�i�s� �a�n�d� �C�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� 

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

�M�M�A� �w�i�t�h� �t�h�e� �m�e�t�h�a�c�r�y�l�o�y�l�o�x�y� �f�u�n�c�t�i�o�n�a�l�i�z�e�d� �P�M�M�A� 

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

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

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

�a� �6�-�8� �p�s�i�g� �(�4�2�-�5�6� �k�P�a�)� �p�r�e�p�u�r�i�f�i�e�d� �n�i�t�r�o�g�e�n� �a�t�m�o�s�p�h�e�r�e�.� �A



�6�0� 

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

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

�s�e�p�t�a�.� �T�h�e� �m�a�c�r�o�m�o�n�o�m�e�r�s� �w�e�r�e� �t�h�o�r�o�u�g�h�l�y� �d�e�g�a�s�s�e�d� �f�o�r� �2�0� 

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

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

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

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

�w�/�v�%� �M�M�A� �m�o�n�o�m�e�r�.� �A� �c�l�e�a�n�e�d� �a�n�d� �f�l�a�m�e�d� �t�h�e�r�m�o�c�o�u�p�l�e� �w�a�s� 

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

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

�t�e�m�p�e�r�a�t�u�r�e�.� �T�h�e� �r�e�a�c�t�i�o�n� �f�l�a�s�k�s� �w�e�r�e� �s�u�b�m�e�r�g�e�d� �i�n�t�o� �-�7�8� �°�C� 

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

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

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

�t�o� �P�M�M�A� �m�a�c�r�o�m�o�n�o�m�e�r�.� �T�h�e� �i�n�i�t�i�a�t�i�o�n� �o�f� �t�h�e� �a�n�i�o�n�i�c� 

�c�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n� �w�a�s� �a�c�h�i�e�v�e�d� �b�y� �a�d�d�i�n�g� �0�.�2� �m�L� �a�l�i�q�u�o�t�s� �o�f� �a� 

�0�.�2�5� �M� �4�-�m�e�t�h�y�l�-�1�,�1�-�d�i�p�h�e�n�y�l�p�e�n�t�y�l�l�i�t�h�i�u�m� �(�D�P�H�L�)� �s�o�l�u�t�i�o�n� �t�o� 

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

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

�-�7�8� �°�C� �(�a�p�p�r�o�x�i�m�a�t�e�l�y� �1�0� �m�i�n�)�,� �t�h�e� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �w�a�s� 

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

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

�E�x�t�r�a�c�t�i�o�n� �o�f� �U�n�i�n�c�o�r�p�o�r�a�t�e�d� �M�a�c�r�o�m�o�n�o�m�e�r�.� �T�h�e� �a�b�o�v�e� 

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

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

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

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

�T�h�i�s� �p�r�o�c�e�d�u�r�e� �w�a�s� �p�e�r�f�o�r�m�e�d� �b�y� �E�.� �J�.� �S�i�o�c�h�i� �i�n� 

�P�r�o�f�e�s�s�o�r� �T�o�m� �W�a�r�d�'�s� �l�a�b�o�r�a�t�o�r�y� �a�t� �V�i�r�g�i�n�i�a� �T�e�c�h�.� �T�h�e� �m�o�s�t� 

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

�m�a�k�i�n�g� �a� �1� �w�t�%� �s�o�l�u�t�i�o�n� �o�f� �t�h�e� �r�e�a�c�t�i�o�n� �p�r�o�d�u�c�t� �i�n� �T�H�F�.� 

�H�e�x�a�n�e� �w�a�s� �s�l�o�w�l�y� �a�d�d�e�d� �t�o� �t�h�i�s� �s�o�l�u�t�i�o�n� �w�i�t�h� �a�g�i�t�a�t�i�o�n� �j�u�s�t� 

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

�a�l�l�o�w�e�d� �t�o� �r�i�p�e�n� �f�o�r� �s�e�v�e�r�a�l� �h�o�u�r�s�.� �M�o�r�e� �h�e�x�a�n�e� �w�a�s� �a�d�d�e�d� 

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

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

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

�S�t�i�l�l� �d�i�s�s�o�l�v�e�d� �a�n�d� �u�n�i�n�c�o�r�p�o�r�a�t�e�d� �P�M�M�A� �m�a�c�r�o�m�o�n�o�m�e�r�.� �T�h�e� 

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

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

�P�M�M�A�-�g�-�P�D�M�S� �B�Y� �F�R�E�E� �R�A�D�I�C�A�L� �A�N�D� �A�N�I�O�N�I�C� �C�O�P�O�L�Y�M�E�R�I�Z�A�T�I�O�N� 

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

�c�o�p�o�l�y�m�e�r�s� �b�a�s�e�d� �o�n� �P�D�M�S� �m�a�c�r�o�m�o�n�o�m�e�r�s� �a�n�d� �M�M�A�.� �T�h�e� 

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

�D�r�.� �S�t�e�v�e�n� �S�m�i�t�h�*� �i�n� �P�r�o�f�e�s�s�o�r� �J�a�m�e�s� �E�.� �M�c�G�r�a�t�h�'�s� �r�e�s�e�a�r�c�h� 

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

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

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

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

�S�y�n�t�h�e�s�i�s� �a�n�d� �C�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� 

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

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

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

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

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

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

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

�m�a�c�r�o�m�o�n�o�m�e�r� �w�i�t�h� �M�M�A�.� 

�F�r�e�e� �R�a�d�i�c�a�l� �C�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n�.� �T�h�e� �f�r�e�e� �r�a�d�i�c�a�l� 

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

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

�6�5� �°�C� �f�o�r� �c�a�.� �5�0� �h� �u�s�i�n�g� �0�.�1� �w�e�i�g�h�t� �p�e�r�c�e�n�t� �(�b�a�s�e�d� �o�n� �M�M�A�)� 

�A�I�B�N�.� �T�h�e� �c�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n�s� �w�e�r�e� �c�a�r�r�i�e�d� �o�u�t� �a�t� �2�0� �w�e�i�g�h�t� 

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

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

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

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

�u�n�i�n�c�o�r�p�o�r�a�t�e�d� �P�D�M�S� �m�a�c�r�o�m�o�n�o�m�e�r�.� 

�A�n�i�o�n�i�c� �C�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n�.� �T�h�e� �a�n�i�o�n�i�c� 

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

�f�u�n�c�t�i�o�n�a�l�i�z�e�d� �P�D�M�S� �m�a�c�r�o�m�o�n�o�m�e�r�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �i�n
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�p�r�e�v�i�o�u�s�l�y� �c�l�e�a�n�e�d�,� �f�l�a�m�e�d�,� �a�n�d� �n�i�t�r�o�g�e�n� �p�u�r�g�e�d� �o�n�e�-�n�e�c�k� 

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

�a�n�d� �a� �r�u�b�b�e�r� �s�e�p�t�u�m� �u�n�d�e�r� �a� �6�-�8� �p�s�i�g� �(�4�2�-�5�6� �k�P�a�)� �p�r�e�p�u�r�i�f�i�e�d� 

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

�m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �P�D�M�S� �m�a�c�r�o�m�o�n�o�m�e�r�s� �w�a�s� �c�h�a�r�g�e�d� �t�o� �t�h�e� 

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

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

�2�0� �m�i�n� �u�n�d�e�r� �v�a�c�u�u�m� �f�o�l�l�o�w�e�d� �b�y� �b�a�c�k�f�i�l�l�i�n�g� �a�n�d� 

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

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

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

�s�o�l�u�t�i�o�n�s� �o�f� �c�a�.� �4� �w�/�v�%� �M�M�A� �m�o�n�o�m�e�r�.� �A� �c�l�e�a�n�e�d� �a�n�d� �f�l�a�m�e�d� 

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

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

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

�S�u�b�m�e�r�g�e�d� �i�n�t�o� �-�7�8�  ��°�C� �b�a�t�h�s� �a�n�d� �a�l�l�o�w�e�d� �t�o� �r�e�a�c�h� �t�h�e�r�m�a�l� 

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

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

�o�b�t�a�i�n� �t�h�e� �d�e�s�i�r�e�d� �r�a�t�i�o� �o�f� �M�M�A� �t�o� �P�D�M�S� �m�a�c�r�o�m�o�n�o�m�e�r�.� �T�h�e� 

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

�a�d�d�i�n�g� �0�.�2� �m�L� �a�l�i�q�u�o�t�s� �o�f� �a� �0�.�2�5� �M� �#� �£�4�-�m�e�t�h�y�l�-�1�,�1�-� 

�d�i�p�h�e�n�y�l�p�e�n�t�y�l�l�i�t�h�i�u�m� �(�D�P�H�L�)� �s�o�l�u�t�i�o�n� �t�o� �t�h�e� �r�e�a�c�t�i�o�n� 

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

�A�f�t�e�r� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �r�e�e�q�u�i�l�i�b�r�a�t�e�d� �t�o� �-�7�8� �°�C� 

�(�a�p�p�r�o�x�i�m�a�t�e�l�y� �1�0� �m�i�n�)�,� �t�h�e� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �w�a�s� �t�e�r�m�i�n�a�t�e�d



�6�4� 

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

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

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

�P�D�M�S� �m�a�c�r�o�m�o�n�o�m�e�r�.� 

�P�O�L�Y� �(�O�L�E�F�I�N� �S�U�L�F�O�N�E�)� �S� �B�Y� �F�R�E�E� �R�A�D�I�C�A�L� �A�L�T�E�R�N�A�T�I�N�G� 
�C�O�P�O�L�Y�M�E�R�I�Z�A�T�I�O�N� 
� � 

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

�p�o�l�y�m�e�r�i�z�a�t�i�o�n�s� �w�e�r�e� �C�a�r�r�i�e�d� �o�u�t� �i�n� �a� �l�o�w�-�p�r�e�s�s�u�r�e� 

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

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

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

�m�a�c�h�i�n�e�d� �3�1�6� �s�t�a�i�n�l�e�s�s� �s�t�e�e�l� �r�e�a�c�t�o�r� �c�a�p� �a�s�s�e�m�b�l�y�.� �T�h�e� 

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

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

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

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

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

�l�i�s�t�.� 

�S�y�n�t�h�e�s�i�s� �o�f� �P�o�l�y�(�5�-�e�t�h�y�l�i�d�e�n�e�-�2�-� �n�o�r�b�o�r�n�e�n�e� �s�u�l�f�o�n�e�)�s� 

�P�o�l�y� �(�5�-�e�t�h�y�l�i�d�e�n�e�-�2�-�n�o�r�b�o�r�n�e�n�e� �s�u�l�f�o�n�e�)� �(�P�E�N�S�)� �w�a�s� 

�s�y�n�t�h�e�s�i�z�e�d� �u�n�d�e�r� �a� �6�-�8� �p�s�i�g� �(�4�2�-�5�6� �k�P�a�)� �n�i�t�r�o�g�e�n� 

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

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

�d�i�c�h�l�o�r�o�m�e�t�h�a�n�e� �t�o� �y�i�e�l�d� �o�v�e�r�a�l�l� �d�i�l�u�t�i�o�n�s� �o�f� �c�a�.� �5� �w�t�/�v�%� 

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



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

�d�i�e�n�e� �s�o�l�u�t�i�o�n� �v�i�a� �c�a�n�n�u�l�a� �a�t� �t�e�m�p�e�r�a�t�u�r�e�s� �b�e�l�o�w� �-�1�5� �°�C�,� 

�f�o�l�l�o�w�e�d� �b�y� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �c�a�.� �0�.�1� �w�t�%� �t�-�b�u�t�y�l� �h�y�d�r�o�p�e�r�-� 

�o�x�i�d�e� �(�b�a�s�e�d� �o�n� �m�o�n�o�m�e�r�)�.� �T�h�e� �s�e�c�o�n�d� �m�e�t�h�o�d� �w�a�s� �s�i�m�i�l�a�r� �t�o� 

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

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

�s�u�l�f�u�r� �d�i�o�x�i�d�e� �w�a�s� �v�a�r�i�e�d� �f�r�o�m� �1�:�1� �t�o� �1�:�2�.� �U�n�d�e�r� �t�h�e�s�e� 

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

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

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

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

�t�e�m�p�e�r�a�t�u�r�e�.� 

�S�y�n�t�h�e�s�i�s� �o�f� �P�B�S�-�g�-�P�D�M�S� 

�A� �c�a�l�c�u�l�a�t�e�d� �a�m�o�u�n�t� �o�f� �t�h�e� �h�e�x�e�n�y�l� �t�e�r�m�i�n�a�t�e�d� �P�D�M�S� 

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

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

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

�d�e�g�a�s�s�e�d� �u�n�d�e�r� �v�a�c�u�u�m� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �f�o�r� �3�0� �m�i�n�.� �A�f�t�e�r� 

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

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

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

�c�o�r�r�e�s�p�o�n�d�e�d� �t�o� �a�n� �a�m�o�u�n�t� �t�h�a�t� �w�o�u�l�d� �r�e�s�u�l�t� �i�n� �a� �2�0� �w�/�v�%� 

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

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

�t�h�e� �c�o�o�l�i�n�g� �c�o�i�l�.� �A�f�t�e�r� �a�t�t�a�i�n�i�n�g� �-�2�0� �°�C�,� �c�a�l�c�u�l�a�t�e�d� 

�v�o�l�u�m�e�s� �o�f� �l�1�-�b�u�t�e�n�e� �a�n�d� �s�u�l�f�u�r� �d�i�o�x�i�d�e� �w�e�r�e� �c�o�n�d�e�n�s�e�d� �i�n�t�o� 

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

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

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

�u�s�i�n�g� �f�o�u�r� �a�l�i�q�u�o�t�s� �t�h�a�t� �r�e�s�u�l�t�e�d� �i�n� �0�.�0�6�6� �w�/�v�%� �(�b�a�s�e�d� �o�n� �1�-� 

�b�u�t�e�n�e� �a�n�d� �s�u�l�f�u�r� �d�i�o�x�i�d�e�)� �a�d�d�i�t�i�o�n�s� �a�t� �5� �m�i�n�u�t�e� �i�n�t�e�r�v�a�l�s�.� 

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

�i�n�t�o� �a� �t�e�n�-�f�o�l�d� �e�x�c�e�s�s� �o�f� �m�e�t�h�a�n�o�l� �c�o�n�t�a�i�n�i�n�g� �2� �v�/�v�%� �o�f� 

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

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

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

�u�n�i�n�c�o�r�p�o�r�a�t�e�d� �P�D�M�S� �m�a�c�r�o�m�o�n�o�m�e�r� �i�n� �a� �s�o�x�h�l�e�t� �e�x�t�r�a�c�t�o�r� �t�h�a�t� 

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

�e�x�t�r�a�c�t�e�d� �p�o�l�y�m�e�r�s� �w�e�r�e� �r�o�u�t�i�n�e�l�y� �s�t�o�r�e�d� �a�t� �-�2�0� �°�C� �t�o� �a�v�o�i�d� 

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

�S�T�R�U�C�T�U�R�A�L� �A�N�D� �C�O�M�P�O�S�I�T�I�O�N�A�L� �A�N�A�L�Y�S�I�S� �O�F� �M�A�C�R�O�M�O�N�O�M�E�R�S� �A�N�D� 
�H�I�G�H� �P�O�L�Y�M�E�R�S� 

�M�u�l�t�i�n�u�c�l�e�a�r� �M�a�g�n�e�t�i�c� �R�e�s�o�n�a�n�c�e� �S�p�e�c�t�r�o�s�c�o�p�y� 

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

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

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

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

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

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

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

�a�d�d�r�e�s�s�e�d� �i�n� �t�h�e� �R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n�s� �s�e�c�t�i�o�n�.� 

�l�y� �w�M�R�.�  ��H� �N�M�R� �m�e�a�s�u�r�e�m�e�n�t�s� �w�e�r�e� �r�e�c�o�r�d�e�d� �o�n� �e�i�t�h�e�r� �a� 

�B�r�u�k�e�r� �W�P� �2�7�0� �s�p�e�c�t�r�o�m�e�t�e�r� �o�r� �a� �B�r�u�k�e�r� �W�P� �2�0�0� �s�p�e�c�t�r�o�m�e�t�e�r�.� 

�T�h�e� �B�r�u�k�e�r� �W�P� �2�7�0� �s�p�e�c�t�r�o�m�e�t�e�r� �w�a�s� �o�p�e�r�a�t�e�d� �a�t� �2�7�0�.�1�3�2� �M�H�z� 

�w�i�t�h� �a� �s�w�e�e�p� �w�i�d�t�h� �o�f� �3�0�0�0� �H�z� �a�n�d� �a� �4�5�°� �p�u�l�s�e� �w�i�d�t�h� �o�f� �4� �u�s�.� 

�T�h�e� �B�r�u�k�e�r� �W�P� �2�0�0� �s�p�e�c�t�r�o�m�e�t�e�r� �w�a�s� �o�p�e�r�a�t�e�d� �a�t� �2�0�0�.�1�3�5� �M�H�z� 

�w�i�t�h� �a� �2�4�0�0� �H�z� �s�w�e�e�p� �w�i�d�t�h� �a�n�d� �a� �4�5�°� �p�u�l�s�e� �w�i�d�t�h� �o�f� �1�5� �u�s�.� 

�A� �t�o�t�a�l� �o�f� �e�i�t�h�e�r� �1�6� �o�r� �3�2� �t�r�a�n�s�i�e�n�t�s� �w�e�r�e� �a�c�c�u�m�u�l�a�t�e�d� �a�n�d� 

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

�t�o� �t�h�e� �H�z� �p�e�r� �p�o�i�n�t� �r�e�s�o�l�u�t�i�o�n�.� 

�1�3�¢� �w�a�r�.�  ��3�c� �N�M�R� �s�p�e�c�t�r�a� �w�e�r�e� �r�e�c�o�r�d�e�d� �o�n� �a� �B�r�u�k�e�r� �W�P� 

�2�0�0� �s�p�e�c�t�r�o�m�e�t�e�r� �o�p�e�r�a�t�i�n�g� �a�t� �5�0�.�3�2�4� �#�£�=�M�H�z�.� �T�h�e� �N�M�R� 

�e�x�p�e�r�i�m�e�n�t�s� �w�e�r�e� �m�a�d�e� �u�s�i�n�g� �a� �1�0� �m�m� �m�u�l�t�i�n�u�c�l�e�a�r� �b�r�o�a�d� �b�a�n�d� 

�p�r�o�b�e� �w�i�t�h� �a� �1�2�5�0�0� �H�z� �s�w�e�e�p� �w�i�d�t�h�.� �A� �p�o�w�e�r�g�a�t�e�d� �p�u�l�s�e� 

�s�e�q�u�e�n�c�e� �w�a�s� �u�s�e�d� �w�i�t�h� �a� �4�5�°� �p�u�l�s�e� �w�i�d�t�h� �o�f� �8�.�0� �u�s� �a�n�d�a� 

�0�.�3�2�8� �s� �a�q�u�i�s�i�t�i�o�n� �d�e�l�a�y�.� 

�2�9�5�3� �N�M�R�.� �Q�u�a�n�t�i�t�a�t�i�v�e� �2�9�5�4� �N�M�R� �s�p�e�c�t�r�a� �w�e�r�e� �r�e�c�o�r�d�e�d� 

�o�n� �a� �B�r�u�k�e�r� �W�P� �2�0�0� �s�p�e�c�t�r�o�m�e�t�e�r� �o�p�e�r�a�t�i�n�g� �a�t� �3�9�.�7�6�3� �M�H�z�.� 

�T�h�e� �N�M�R� �e�x�p�e�r�i�m�e�n�t�s� �w�e�r�e� �m�a�d�e� �u�s�i�n�g� �a� �1�0� �m�m� �m�u�l�t�i�n�u�c�l�e�a�r� 

�b�r�o�a�d� �b�a�n�d� �p�r�o�b�e� �w�i�t�h� �a� �1�6�0�0�0� �H�z� �s�w�e�e�p� �w�i�d�t�h�.� �A�n� 

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

�s�e�q�u�e�n�c�e� �u�t�i�l�i�z�e�d� �a� �4�5�°� �p�u�l�s�e� �w�i�d�t�h� �o�f� �2�5�.�0� �u�s� �a�n�d� �a� �0�.�5�0�8� �s� 

�a�q�u�i�s�i�t�i�o�n� �d�e�l�a�y�.� �A� �t�o�t�a�l� �o�f� �2�5�0�0� �t�r�a�n�s�i�e�n�t�s� �w�e�r�e� �c�o�l�l�e�c�t�e�d� 

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

�r�e�l�a�x�a�t�i�o�n� �a�g�e�n�t�,� �0�.�4� �M� �c�h�r�o�m�i�u�m�(�I�I�I�)� �a�c�e�t�y�l�a�c�e�t�o�n�a�t�e� 

�S�o�l�u�t�i�o�n� �i�n� �C�D�C�l�3�,� �w�a�s� �e�m�p�l�o�y�e�d� �t�o� �s�h�o�r�t�e�n� �t�h�e� �r�e�l�a�x�a�t�i�o�n� 

�t�i�m�e�,� �T�l�,� �a�s� �w�e�l�l� �a�s� �t�o� �h�e�l�p� �s�u�p�p�r�e�s�s� �N�O�E�.�°�>� 

�U�l�t�r�a�v�i�o�l�e�t� �S�p�e�c�t�r�o�s�c�o�p�y� 

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

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

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

�o�n� �a� �P�e�r�k�i�n� �E�l�m�e�r� �5�5�2� �s�p�e�c�t�r�o�m�e�t�e�r� �s�c�a�n�n�i�n�g� �f�r�o�m� �3�5�0� �n�m� �t�o� 

�1�9�0� �n�m� �a�t� �2�0� �n�m�/�m�i�n�.� �T�h�e� �m�o�l�a�r� �m�a�s�s� �o�f� �t�h�e� �m�a�c�r�o�m�o�n�o�m�e�r�s� 

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

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

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

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

�B�e�e�r�-�L�a�m�b�e�r�t� �L�a�w� �p�l�o�t�.� �F�r�o�m� �t�h�i�s� �p�l�o�t�,� �t�h�e� �e�x�t�i�n�c�t�i�o�n� 

�c�o�e�f�f�i�c�i�e�n�t� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �t�o� �b�e� �6�8�6�3� �L�/�m�o�l� �i�n� �c�y�c�l�o�h�e�x�a�n�e�.� 

�P�D�M�S� �m�a�c�r�o�m�o�n�o�m�e�r� �s�o�l�u�t�i�o�n�s� �o�f� �k�n�o�w�n� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �w�e�r�e� 

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

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

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

�V�a�p�o�r� �p�h�a�s�e� �o�s�m�o�m�e�t�r�y� �(�V�P�O�)� �w�a�s� �u�s�e�d� �t�o� �m�e�a�s�u�r�e� �t�h�e� 

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

�P�D�M�S� �m�a�c�r�o�m�o�n�o�m�e�r�s�.� �T�h�e� �e�x�p�e�r�i�m�e�n�t�s� �w�e�r�e� �c�a�r�r�i�e�d� �o�u�t� �o�n� �a� 

�W�e�s�c�a�n� �m�o�d�e�l� �2�3�3� �v�a�p�o�r� �p�h�a�s�e� �o�s�m�o�m�e�t�e�r� �i�n� �t�o�l�u�e�n�e� �a�t� �8�0� �°�C� 

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

�s�t�a�n�d�a�r�d�s� �u�s�e�d� �w�e�r�e�:� �s�q�u�a�l�e�n�e�,� �4�1�0� �g�/�m�o�l�;� �s�u�c�r�o�s�e� 

�o�c�t�a�a�c�e�t�a�t�e�,� �6�7�8� �g�/�m�o�l�;�p�o�l�y�s�t�y�r�e�n�e�,� �1�8�0�0� �g�/�m�o�l�;� �a�n�d� 

�p�o�l�y� �(�m�e�t�h�y�l� �m�e�t�h�a�c�r�y�l�a�t�e�)�s� �o�f� �7�8�0�0�,� �1�3�0�0�0�,� �a�n�d� �1�9�7�0�0� �g�/�m�o�l�.� 

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

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

�a�n�a�l�y�z�e�d� �w�e�r�e� �h�a�n�d�l�e�d� �i�n� �a� �s�i�m�i�l�a�r� �m�a�n�n�e�r�.� �T�h�e� �d�a�t�a� �w�a�s� 

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

�M�n�7�l� �v�s� �z�V�/�C� �t�o� �o�b�t�a�i�n� �t�h�e� �s�l�o�p�e� �a�n�d� �i�n�t�e�r�c�e�p�t� �w�h�i�c�h� �w�a�s� 

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

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

�M�e�m�b�r�a�n�e� �O�s�m�o�m�e�t�r�y� 
� � 

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

�m�e�a�s�u�r�e�d� �b�y� �m�e�m�b�r�a�n�e� �o�s�m�o�m�e�t�r�y� �(�M�O�)�.� �M�O� �w�a�s� �u�s�e�d� �t�o� �a�n�a�l�y�z�e� 

�m�a�n�y� �f�r�a�c�t�i�o�n�s� �o�f� �a� �s�e�l�e�c�t�e�d� �P�M�M�A�-�g�-�P�D�M�S� �c�o�p�o�l�y�m�e�r� �(�p�r�e�p�a�r�e�d� 

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

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

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

�o�t�h�e�r� �P�M�M�A�-�g�-�P�D�M�S� �s�a�m�p�l�e�s� �a�n�d� �f�o�r� �P�B�S�-�g�-�P�D�M�S� �s�a�m�p�l�e�s�.� �A�l�s�o�,
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�M�O� �w�a�s� �u�s�e�d� �b�y� �E�.� �J�.� �S�i�o�c�h�i� �f�o�r� �a�n�a�l�y�s�i�s� �o�f� �t�h�e� �f�r�a�c�t�i�o�n�a�t�e�d� 

�P�M�M�A�-�g�-�P�M�M�A� �m�a�t�e�r�i�a�l�s�.� 

�T�h�e� �M�O� �e�x�p�e�r�i�m�e�n�t�s� �p�e�r�f�o�r�m�e�d� �a�t� �V�i�r�g�i�n�i�a� �T�e�c�h� �w�e�r�e� 

�c�a�r�r�i�e�d� �o�u�t� �o�n� �a� �W�e�s�c�a�n� �M�o�d�e�l� �2�3�1� �r�e�c�o�r�d�i�n�g� �m�e�m�b�r�a�n�e� 

�o�s�m�o�m�e�t�e�r�.� �T�h�e� �m�e�a�s�u�r�e�m�e�n�t�s� �w�e�r�e� �d�o�n�e� �w�i�t�h� �R�C� �5�2� �a�n�d� �R�C� �5�1� 

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

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

�E�x�p�e�r�i�m�e�n�t�s� �w�e�r�e� �c�o�n�d�u�c�t�e�d� �a�t� �3�0� �°�C� �i�n� �H�P�L�C� �g�r�a�d�e� �t�o�l�u�e�n�e� 

�f�o�r� �b�o�t�h� �t�h�e� �P�M�M�A�-�g�-�P�D�M�S� �c�o�p�o�l�y�m�e�r�s� �a�n�d� �t�h�e� �P�M�M�A�-�g�-�P�M�M�A� 

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

�2� �t�o� �8� �g�/�L� �w�e�r�e� �u�s�e�d� �(�f�o�r� �t�h�e� �s�e�r�i�e�s� �o�f� �P�M�M�A�-�g�-�P�D�M�S� 

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

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

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

�s�o�l�u�t�i�o�n�s� �w�e�r�e� �f�i�l�t�e�r�e�d� �t�h�r�o�u�g�h� �0�.�5� �u�m� �t�e�f�l�o�n� �G�P�C� �f�i�l�t�e�r�s�.� 

�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� 

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

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

�(�G�P�C�)� �f�o�r� �t�h�e� �P�M�M�A�-�g�-�P�D�M�S� �c�o�p�o�l�y�m�e�r�s� �a�n�d� �f�o�r� �t�h�e� �v�a�r�i�o�u�s� 

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

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

�P�M�M�A�'�s� �a�n�d� �f�o�r� �t�h�e� �P�D�M�S�'�s� �s�i�n�c�e� �G�P�C� �s�t�a�n�d�a�r�d�s� �w�e�r�e� �a�v�a�i�l�a�b�l�e� 

�f�o�r� �t�h�e�s�e� �p�o�l�y�m�e�r�s�.� �T�h�e� �i�n�s�t�r�u�m�e�n�t� �w�a�s� �a� �W�a�t�e�r�s� �1�5�0�-�C�1�7� �G�P�C
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�e�q�u�i�p�p�e�d� �w�i�t�h� �U�l�t�r�a� �S�t�y�r�a�g�e�l� �c�o�l�u�m�n�s� �o�f� �5�0�0�,� �1�0�3�,� �1�0�4�,� �1�0�°�,� 

�a�n�d� �1�0�°� �A� �p�o�r�o�s�i�t�i�e�s� �i�n� �T�H�F�.� �T�h�e� �g�r�a�f�t� �c�o�p�o�l�y�m�e�r�s� �a�n�d� �t�h�e� 

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

�2�1�8� �n�m� �i�n� �c�o�n�j�u�n�c�t�i�o�n� �w�i�t�h� �t�h�e� �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� 

�(�D�R�I�)� �d�e�t�e�c�t�o�r� �a�n�d� �P�M�M�A� �G�P�C� �s�t�a�n�d�a�r�d�s�.� �T�h�e� �s�a�m�e� �i�n�s�t�r�u�m�e�n�t� 

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

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

�t�h�a�n� �2�0�0�0�0� �g�/�m�o�l�.� �T�h�i�s� �c�o�l�u�m�n� �s�e�t� �h�a�d� �1�0�0�,� �5�0�0�,� �a�n�d� �1�0�0�0� �A� 

�p�o�r�o�s�i�t�i�e�s� �i�n� �t�o�l�u�e�n�e� �a�n�d� �w�a�s� �u�s�e�d� �w�i�t�h� �t�h�e� �D�R�I� �d�e�t�e�c�t�o�r� �a�n�d� 

�P�D�M�S� �s�t�a�n�d�a�r�d�s� �s�y�n�t�h�e�s�i�z�e�d� �i�n� �o�u�r� �l�a�b�o�r�a�t�o�r�i�e�s�.� �7�6�,� �3�7� 

�I�n� �a�d�d�i�t�i�o�n�,� �a� �v�e�r�y� �e�l�e�g�a�n�t� �i�n�v�e�s�t�i�g�a�t�i�o�n� �w�a�s� 

�p�e�r�f�o�r�m�e�d� �b�y� �E�.� �J�.� �S�i�o�c�h�i� �u�s�i�n�g� �G�P�C� �w�i�t�h� �d�i�f�f�e�r�e�n�t�i�a�l� 

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

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

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

�f�o�r�t�h�-�c�o�m�i�n�g� �m�a�n�u�s�c�r�i�p�t�.� �9� 

�D�i�f�f�e�r�e�n�t�i�a�l� �R�e�f�r�a�c�t�o�m�e�t�r�y� �a�n�d� �L�i�g�h�t� �S�c�a�t�t�e�r�i�n�g� 

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

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

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

�d�i�f�f�e�r�e�n�t� �s�a�m�p�l�e�s� �o�f� �t�h�e� �P�M�M�A�-�g�-�P�D�M�S� �a�n�d� � �P�B�S�-�g�-�P�D�M�S� 

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

�P�r�a�g�u�e�,� �C�z�e�c�h�o�s�l�o�v�a�k�i�a� �b�y� �P�r�o�f�e�s�s�o�r�s� �K�r�a�t�o�c�h�v�i�l� �a�n�d� �S�t�e�j�s�k�a�l
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�a�n�d� �t�h�e�i�r� �c�o�l�l�e�a�g�u�e�s�.� �T�h�i�s� �t�e�d�i�o�u�s� �w�o�r�k� �i�s� �p�r�e�s�e�n�t�e�d� �h�e�r�e� 

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

�P�M�M�A�-�g�-�P�D�M�S� �c�o�p�o�l�y�m�e�r�s� �p�r�e�p�a�r�e�d� �u�s�i�n�g� �a�n�i�o�n�i�c� 

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

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

�e�t�h�y�l� �k�e�t�o�n�e�,� �t�e�t�r�a�l�i�n� �(�b�o�t�h� �f�r�o�m� �F�l�u�k�a�)�,� �t�o�l�u�e�n�e�,� �d�i�o�x�a�n�e�,� 

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

�(�L�a�c�h�e�m�a�,� �C�z�e�c�h�o�s�l�o�v�a�k�i�a�)�.� �R�e�f�r�a�c�t�i�v�e� �i�n�d�e�x� �i�n�c�r�e�m�e�n�t�s� �o�f� 

�P�M�M�A� �a�n�d� �P�D�M�S� �(�M�,� �=� �7�0�0�0�)� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �w�i�t�h� �a� �B�r�i�c�e�-� 

�P�h�o�e�n�i�x� �B�P�-�2�0�0�0�-�V� �d�i�f�f�e�r�e�n�t�i�a�l� �r�e�f�r�a�c�t�o�m�e�t�e�r� �a�t� �2�5� �°�C� �f�o�r� �a� 

�w�a�v�e�l�e�n�g�t�h� �o�f� �5�4�6� �n�m�.� �T�h�e� �r�e�f�r�a�c�t�i�v�e� �i�n�d�e�x� �i�n�c�r�e�m�e�n�t�s�,� 

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

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

�(�d�n�/�d�c�)�¢� �=� �(�d�n�/�d�c�)�,� �<�X�>� �+� �(�d�n�/�d�c�)�p� �(�1� �-� �<�x�X�>�)� �,� �(�3�)� 

�w�h�e�r�e� �A�,� �B�,� �a�n�d� �C� �r�e�f�e�r� �t�o� �P�M�M�A�,� �P�D�M�S�,� �a�n�d� �t�h�e� �c�o�p�o�l�y�m�e�r�,� 

�r�e�s�p�e�c�t�i�v�e�l�y�.� �<�X�>� �i�s� �t�h�e� �a�v�e�r�a�g�e� �c�o�p�o�l�y�m�e�r� �c�o�m�p�o�s�i�t�i�o�n� 

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

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

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

�c�o�m�p�o�s�i�t�i�o�n�,� �<�X�>�,� �f�r�o�m� �e�q�u�a�t�i�o�n� �3�.� �M�e�t�h�y�l�e�t�h�y�l�k�e�t�o�n�e� �w�a�s� 

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

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

�S�o�f�i�c�a� �4�2�.�0�0�0� �(�F�r�a�n�c�e�)� �u�s�i�n�g� �a� �v�e�r�t�i�c�a�l�l�y� �p�o�l�a�r�i�z�e�d� �p�r�i�m�a�r�y� 

�b�e�a�m� �o�f� �w�a�v�e�l�e�n�g�t�h� �5�4�6� �n�m�.� �S�o�l�u�t�i�o�n�s� �w�e�r�e� �f�i�l�t�e�r�e�d� �t�h�r�o�u�g�h
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�S�i�n�t�e�r�e�d�-�g�l�a�s�s� �f�i�l�t�e�r� �G�5� �(�V�E�B� �J�e�n�a�e�r� �G�l�a�s�s�w�e�r�k�e�,� �G�D�R�)� �p�r�i�o�r� 

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

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

�I�n�t�r�i�n�s�i�c� �V�i�s�c�o�s�i�t�y� 
� � 

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

�U�b�b�e�l�h�o�d�e� �s�i�z�e� �1�0�0� �o�r� �s�i�z�e� �5�0� �v�i�s�c�o�m�e�t�e�r� �i�n� �d�i�c�h�l�o�r�o�m�e�t�h�a�n�e� 

�a�t� �2�5� �°�C�.� �T�h�e� �s�o�l�u�t�i�o�n� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �r�a�n�g�e�d� �f�r�o�m� �0�.�2� �t�o� 

�0�.�5� �g�/�d�L�.� 

�F�r�a�c�t�i�o�n�a�t�i�o�n� �b�y� �S�u�p�e�r�c�r�i�t�i�c�a�l� �F�l�u�i�d� �E�x�t�r�a�c�t�i�o�n� 

�T�h�e� �P�M�M�A�-�g�-�P�D�M�S� �c�o�p�o�l�y�m�e�r�s� �p�r�e�p�a�r�e�d� �b�y� �b�o�t�h� �f�r�e�e� 

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

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

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

�c�r�i�t�i�c�a�l� �p�r�e�s�s�u�r�e� �(�T�c� �=� �9�6� �°�C�;� �P�e� �=� �5�.�0�2� �M�P�a�)�.� �T�h�e� 

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

�C�o�r�p�o�r�a�t�i�o�n� �b�y� �D�r�.� �V�a�l� �J�.� �K�r�u�k�o�n�i�s� �a�n�d� �h�i�s� �c�o�l�l�e�a�g�u�e�s�.� �T�h�e� 

�g�r�a�f�t� �c�o�p�o�l�y�m�e�r�s� �w�e�r�e� �f�r�a�c�t�i�o�n�a�t�e�d� �i�s�o�t�h�e�r�m�a�l�l�y� �a�t� �1�2�0�  ��°�C� 

�u�s�i�n�g� �a�n� �i�n�c�r�e�a�s�i�n�g� �p�r�e�s�s�u�r�e� �p�r�o�f�i�l�e� �f�r�o�m� �1�0�.�4� �M�P�a� �t�o� �2�7�.�6� 

�M�P�a� �i�n� �a�n� �a�p�p�a�r�a�t�u�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �1�.�1�0�.� �I�n�d�i�v�i�d�u�a�l� 

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

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

�S�i�z�e�s� �o�f� �c�a�.� �1�0� �9�4�9� �w�e�r�e� �s�e�p�a�r�a�t�e�d� �i�n�t�o� �f�r�a�c�t�i�o�n�s� �o�f
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�M�E�T�E�R� 

�R�O�T�A�M�E�T�E�R� 
�C�O�L�L�E�C�T�O�R�S� 

�F�i�g�u�r�e� �1�.�1�0� �S�u�p�e�r�c�r�i�t�i�c�a�l� �f�l�u�i�d� �f�r�a�c�t�i�o�n�a�t�i�o�n� 

�a�p�p�a�r�a�t�u�s�.



�7�5� 

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

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

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

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

�F�r�a�c�t�i�o�n�a�t�i�o�n� �b�y� �D�e�m�i�x�i�n�g� �S�o�l�v�e�n�t�s� 

�T�h�e� �P�M�M�A�-�g�-�P�D�M�S� �c�o�p�o�l�y�m�e�r�s� �p�r�e�p�a�r�e�d� �b�y� �f�r�e�e� �r�a�d�i�c�a�l� 

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

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

�s�u�l�f�o�x�i�d�e� �(�D�M�S�O�)� �a�n�d� �t�e�t�r�a�c�h�l�o�r�o�e�t�h�y�l�e�n�e� �(�T�C�E�)�.� �T�h�e� 

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

�P�a�v�a�l� �K�r�a�t�o�c�h�v�i�l� �a�t� �t�h�e� �I�n�s�t�i�t�u�t�e� �o�f� �M�a�c�r�o�m�o�l�e�c�u�l�a�r� 

�C�h�e�m�i�s�t�r�y� �i�n� �P�r�a�g�u�e�,� �C�z�e�c�h�o�s�l�o�v�a�k�i�a�.� �4�?� �T�h�e� �m�e�t�h�o�d� �i�n�v�o�l�v�e�s� 

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

�a�t� �6�0�  ��°�C� �i�n� �a� �c�y�l�i�n�d�r�i�c�a�l� �f�l�a�s�k�.� �A�f�t�e�r� �a� �h�o�m�o�g�e�n�e�o�u�s� 

�s�o�l�u�t�i�o�n� �r�e�s�u�l�t�s� �a�t� �6�0� �°�C�,� �t�h�e� �f�l�a�s�k� �i�s� �t�r�a�n�s�f�e�r�r�e�d� �t�o� �a� 

�2�5� �°�C� �w�a�t�e�r� �b�a�t�h�.� �T�h�r�e�e� �c�o�e�x�i�s�t�i�n�g� �p�h�a�s�e�s� �f�o�r�m�e�d� �a�n�d� �a�t� 

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

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

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

�p�o�r�t�i�o�n� �o�f� �D�M�S�O� �a�n�d� �T�C�E� �w�e�r�e� �a�d�d�é�d� �t�o� �t�h�e� �m�i�d�d�l�e� �p�h�a�s�e� �a�n�d� 

�a�g�a�i�n� �t�h�e� �s�y�s�t�e�m� �w�a�s� �h�o�m�o�g�e�n�i�z�e�d� �a�t� �6�0� �°�C�,� �f�o�l�l�o�w�e�d� �b�y� 

�e�q�u�i�l�i�b�r�a�t�i�o�n� �a�t� �2�6� �°�C�.� �T�h�i�s� �w�h�o�l�e� �p�r�o�c�e�d�u�r�e� �w�a�s� �r�e�p�e�a�t�e�d� 

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

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

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

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

�2�0� �f�r�a�c�t�i�o�n�s� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �d�e�p�e�n�d�i�n�g� �o�n� �w�h�i�c�h� �s�a�m�p�l�e� �w�a�s� 

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

�g�r�e�a�t�e�r� �t�h�a�n� �9�9�%�.� �T�h�e� �c�h�e�m�i�c�a�l� �c�o�m�p�o�s�i�t�i�o�n� �o�f� �t�h�e�s�e� 

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

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

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

�a�p�p�a�r�e�n�t� �m�o�l�a�r� �m�a�s�s�,� �<�M�a�p�>�,� �e�q�u�a�l�s� �t�h�e� �w�e�i�g�h�t� �a�v�e�r�a�g�e� �m�o�l�a�r� 

�m�a�s�s�,� �<�M�w�>�,� �w�h�i�c�h� �n�e�g�l�e�c�t�s� �t�h�e� �e�f�f�e�c�t� �o�f� �c�h�e�m�i�c�a�l� 

�h�e�t�e�r�o�g�e�n�e�i�t�y�.� �©� 

�E�l�e�m�e�n�t�a�l� �A�n�a�l�y�s�i�s� 
� � 

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

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

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

�M�i�c�r�o�a�n�a�l�y�t�i�c�a�l� �L�a�b�o�r�a�t�o�r�y� �(�S�t�a�r� �R�o�u�t�e� �1�,� �B�o�x� �1�4�2�,� �E�a�g�l�e� 

�H�a�r�b�o�r�,� �M�i�c�h�i�g�a�n� �4�9�9�5�1�)�.� �T�h�i�s� �w�a�s� �a�n� �e�s�p�e�c�i�a�l�l�y� �v�a�l�u�a�b�l�e� 

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

�P�D�M�S� �g�r�a�f�t� �c�o�p�o�l�y�m�e�r�s� �s�i�n�c�e� �N�M�R� �c�a�n� �g�i�v�e� �f�a�l�s�e� �d�a�t�a� �o�n� �b�l�o�c�k� 

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

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

�s�o�l�v�e�n�t�s� �u�s�e�d� �i�n� �t�h�i�s� �w�o�r�k�.



�D�i�f�f�e�r�e�n�t�i�a�l� �S�c�a�n�n�i�n�g� �C�a�l�o�r�i�m�e�t�r�y� �(�D�S�C�)� 

�D�S�C� �t�h�e�r�m�o�g�r�a�m�s� �w�e�r�e� �o�b�t�a�i�n�e�d� �o�n� �t�h�e� �P�B�S�-�g�-�P�D�M�S� 

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

�e�x�p�e�r�i�m�e�n�t�s� �w�e�r�e� �r�u�n� �o�n� �a� �S�E�I�K�O� �I�n�s�t�r�u�m�e�n�t�s� �S�y�s�t�e�m� �I� �D�S�C� 

�2�1�0�.� �T�h�e� �P�D�M�S� �n�e�a�t� �o�l�i�g�o�m�e�r�s� �w�e�r�e� �q�u�e�n�c�h�e�d� �t�o� �-�1�6�0� �°�C� �a�n�d� 

�h�e�a�t�e�d� �t�o� �0� �°�C� �a�t� �5� �°�C�/�m�i�n�.� �T�h�e� �P�B�S�-�g�-�P�D�M�S� �c�o�p�o�l�y�m�e�r�s� �w�e�r�e� 

�a�n�a�l�y�z�e�d� �a�s� �p�r�e�c�i�p�i�t�a�t�e�d� �p�o�w�d�e�r�s� �(�5�-�7� �m�g�)�.� �T�h�e� �s�a�m�p�l�e�s� �w�e�r�e� 

�i�n�i�t�i�a�l�l�y� �h�e�a�t�e�d� �a�b�o�v�e� �t�h�e� �u�p�p�e�r� �g�l�a�s�s� �t�r�a�n�s�i�t�i�o�n� �t�o� �1�2�0� �°�C� 

�a�n�d� �h�e�l�d� �i�s�o�t�h�e�r�m�a�l�l�y� �f�o�r� �1�0� �m�i�n� �f�o�l�l�o�w�e�d� �b�y� �a� �q�u�i�c�k� �q�u�e�n�c�h� 

�t�o� �-�1�6�0� �°�C�.� �T�h�e� �s�a�m�p�l�e�s� �w�e�r�e� �t�h�e�n� �h�e�a�t�e�d� �t�o� �1�2�0� �°�C� �a�t� 

�5� �°�C�/�m�i�n� �t�o� �o�b�t�a�i�n� �i�n�f�o�r�m�a�t�i�o�n� �o�n� �t�h�e� �T�g� �o�f� �b�o�t�h� �c�o�m�p�o�n�e�n�t�s� 

�a�n�d� �t�h�e� �c�r�y�s�t�a�l�l�i�z�a�t�i�o�n� �a�n�d� �m�e�l�t�i�n�g� �b�e�h�a�v�i�o�r� �o�f� �P�D�M�S�.� �G�l�a�s�s� 

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

�h�e�a�t� �c�a�p�a�c�i�t�y�,� �t�h�e� �/�\�t�T�9� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �a�s� �t�h�e� �r�a�n�g�e� �i�n� 

�t�e�m�p�e�r�a�t�u�r�e� �w�h�e�r�e� �t�h�e� �D�S�C� �t�r�a�c�e� �w�o�u�l�d� �d�e�v�i�a�t�e� �f�r�o�m� �t�h�e� 

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

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

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

�h�e�a�t� �c�a�p�a�c�i�t�y�,� �/�\�C�P�,� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�e� �g�l�a�s�s� �t�r�a�n�s�i�t�i�o�n�.� 

�T�h�e� �/�\�c�p� �m�e�t�h�o�d� �d�e�v�e�l�o�p�e�d� �b�y� �P�a�s�c�a�u�l�t� �a�n�d� �C�a�m�b�e�r�l�i�n�®�1�,� �6�2�,� �6�3� 

�w�a�s� �u�s�e�d� �t�o� �e�s�t�i�m�a�t�e� �t�h�e� �D�P�M� �a�s� �f�o�l�l�o�w�s�:� 

�D�P�M� �=� �[�1� �-� �(� �(�/�\�c�p�'�'�/�w�'�t�'�)� �/� �/�\�c�p�'�)� �]� �x� �1�0�0� �'� �(�4�)� 

�w�h�e�r�e� �w�h�e�r�e� �/�\�C�p�'� �i�s� �t�h�e� �n�o�r�m�a�l�i�z�e�d� �v�a�l�u�e� �f�o�r� �P�B�S�,� �/�\�C�p�'�'� �i�s� 

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

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

�%� �c�r�y�s�t�a�l�l�i�n�e� �=� �/�N�H�m� �/� �/�\�H�m�°� �x� �1�0�0� �,� �(�5�)� 

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

�e�x�p�e�r�i�m�e�n�t�a�l�l�y� �a�n�d� �/�\�k�m�°� �i�s� �t�h�e� �h�e�a�t� �o�f� �f�u�s�i�o�n� �o�f� �a� 

�p�e�r�f�e�c�t�l�y� �c�r�y�s�t�a�l�l�i�n�e� �m�a�t�e�r�i�a�l�.� �/�\�k�m�*� �i�s� �d�i�f�f�i�c�u�l�t� �t�o� 

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

�s�u�b�s�t�a�n�c�e�s� �a�r�e� �n�e�v�e�r� �o�b�t�a�i�n�e�d�.� �T�h�e� �v�a�l�u�e� �o�f� �/�\�H�m�°� �f�o�r� �P�D�M�S� 

�h�a�s� �b�e�e�n� �r�e�p�o�r�t�e�d�®�4�,� �6�5� �t�o� �b�e� �6�1�.�1�9� �m�J�/�m�g�,� �w�h�i�c�h� �w�a�s� �o�b�t�a�i�n�e�d� 

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

�T�h�e�r�m�a�l� �G�r�a�v�i�m�e�t�r�i�c� �A�n�a�l�y�s�i�s� �(�T�G�A�)� 

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

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

�a�n�d� �i�n� �n�i�t�r�o�g�e�n� �u�s�i�n�g� �a� �P�e�r�k�i�n� �E�l�m�e�r� �S�y�s�t�e�m� �2� �i�n�s�t�r�u�m�e�n�t� �a�t� 

�a� �h�e�a�t�i�n�g� �r�a�t�e� �o�f� �1�0� �°�C�/�m�i�n�.� 

�W�a�t�e�r� �C�o�n�t�a�c�t� �A�n�g�l�e� �A�n�a�l�y�s�i�s� 

�F�i�l�m�s� �o�f� �t�h�e� �P�B�S�-�g�-�P�D�M�S� �c�o�p�o�l�y�m�e�r�s� �w�e�r�e� �p�r�e�p�a�r�e�d� �f�o�r� 

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

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

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

�(�c�a�.� �4�8� �h�h�)�.� �T�h�e� �p�o�l�y�m�e�r� �f�i�l�m�s� �o�n� �t�h�e� �m�e�t�a�l� �s�u�b�s�t�r�a�t�e� �w�e�r�e� 

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

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



�7�9� 

�0�.�0�0�2� �m�L� �i�n�c�r�e�m�e�n�t�s� �u�n�t�i�l� �a�n� �e�q�u�i�l�i�b�r�i�u�m� �c�o�n�t�a�c�t� �a�n�g�l�e� �w�a�s� 

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

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

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

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

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

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

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

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

�a�g�r�e�e�m�e�n�t� �w�a�s� �g�e�n�e�r�a�l�l�y� �w�i�t�h�i�n� �+� �2�°�.� 

�X�-�r�a�y� �P�h�o�t�o�e�l�e�c�t�r�o�n� �S�p�e�c�t�r�o�s�c�o�p�y� �(�X�P�S�)� 

�F�i�l�m�s� �o�f� �t�h�e� �P�B�S�-�g�-�P�D�M�S� �c�o�p�o�l�y�m�e�r�s� �w�e�r�e� �p�r�e�p�a�r�e�d� �f�o�r� 

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

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

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

�(�c�a�.� �4�8� �h�)�.� �V�a�r�i�a�b�l�e� �a�n�g�l�e� �X�P�S� �w�a�s� �p�e�r�f�o�r�m�e�d� �o�n� �a� �K�R�A�T�O�S� 

�X�S�A�M� �8�0�0� �X�-�r�a�y� �p�h�o�t�o�e�l�e�c�t�r�o�n� �s�p�e�c�t�r�o�m�e�t�e�r� �e�q�u�i�p�p�e�d� �w�i�t�h� �a� 

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

�o�p�e�r�a�t�e�d� �a�t� �1�5� �k�V� �a�n�d� �2�0� �m�A�.� �A� �p�r�e�s�s�u�r�e� �o�f� �1�0�7�8� �t�o�r�r� �w�a�s� 

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

�T�h�e� �a�n�a�l�y�z�e�r� �w�a�s� �o�p�e�r�a�t�e�d� �i�n� �F�i�x�e�d� �R�e�t�a�r�d�i�n�g� �R�a�t�i�o� �m�o�d�e�.� 

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

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

�t�h�e� �s�a�m�p�l�e� �p�l�a�n�e� �a�n�d� �t�h�e� �a�n�a�l�y�z�e�r�.� �A�n�g�l�e�s� �r�a�n�g�i�n�g� �f�r�o�m� �1�0�°
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�t�o� �9�0�°� �w�e�r�e� �u�s�e�d�.� �T�h�e� �P�B�S�-�g�-�P�D�M�S� �c�o�p�o�l�y�m�e�r�s� �w�e�r�e� �c�o�o�l�e�d� 

�u�s�i�n�g� �l�i�q�u�i�d� �n�i�t�r�o�g�e�n� �t�o� �c�a�.� �-�1�2�0� �°�C� �t�o� �a�v�o�i�d� �d�e�g�r�a�d�a�t�i�o�n� �o�f� 

�t�h�e� �P�B�S� �d�u�r�i�n�g� �s�a�m�p�l�e� �a�n�a�l�y�s�i�s�.� 

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

�T�E�M� �w�a�s� �p�e�r�f�o�r�m�e�d� �b�y� �M�r�.� �G�r�e�g� �Y�o�r�k� �w�h�o�-�~� �w�a�s� 

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

�o�f� �t�h�i�s� �w�o�r�k�.� �F�i�l�m�s� �o�f� �t�h�e� �P�B�S�-�g�-�P�D�M�S� �c�o�p�o�l�y�m�e�r�s� �w�e�r�e� 

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

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

�s�o�l�v�e�n�t� �t�o� �s�l�o�w�l�y� �e�v�a�p�o�r�a�t�e� �(�c�a�.� �4�8� �h�)�.� �T�h�e� �f�i�l�m�s� �w�e�r�e� 

�s�e�c�t�i�o�n�e�d� �o�n� �a� �R�e�i�c�h�e�r�t�-�J�u�n�g� �U�L�T�R�A�C�U�T� �F�C�-�4� �u�l�t�r�a�m�i�c�r�o�t�o�m�e� 

�s�y�s�t�e�m� �a�t� �a� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �a�b�o�u�t� �-�1�1�0� �°�C�.� �T�h�e� �l�i�q�u�i�d� �u�s�e�d� 

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

�A� �P�h�i�l�l�i�p�s� �E�M� �4�2�0� �S�T�E�M� �o�p�e�r�a�t�e�d� �a�t� �1�0�0� �k�V� �w�i�t�h� �c�o�n�d�e�n�s�e�r� �a�n�d� 

�o�b�j�e�c�t�i�v�e� �a�p�e�r�t�u�r�e�s� �o�f� �5�0� �a�n�d� �3�0� �m�i�c�r�o�n� �r�e�s�p�e�c�t�i�v�e�l�y� �w�e�r�e� 

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

�S�c�a�n�n�i�n�g� �E�l�e�c�t�r�o�n� �M�i�c�r�o�s�c�o�p�y� �(�S�E�M�)� 

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

�v�a�r�i�o�u�s� �s�u�r�f�a�c�e�s� �d�u�r�i�n�g� �e�v�a�l�u�a�t�i�o�n� �o�f� �P�B�S�-�g�-�P�D�M�S� �i�n� 

�m�i�c�r�o�e�l�e�c�t�r�o�n�i�c� �d�e�v�i�c�e� �a�p�p�l�i�c�a�t�i�o�n�s�.� �A� �P�h�i�l�l�i�p�s� �I�L� �4�2�0� �S�T�E�M� 

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

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

�M�i�c�r�o�l�i�t�h�o�g�r�a�p�h�i�c� �e�v�a�l�u�a�t�i�o�n� �o�f� �t�h�e� �P�B�S�-�g�-�P�D�M�S� 

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

�B�e�l�l� �C�o�m�m�u�n�i�c�a�t�i�o�n�s� �R�e�s�e�a�r�c�h� �i�n� �R�e�d� �B�a�n�k�,� �N�e�w� �J�e�r�s�e�y� �i�n� �t�h�e� 

�l�a�b�o�r�a�t�o�r�i�e�s� �o�f� �D�r�.� �M�u�r�r�a�e� �J�.� �B�o�w�d�e�n� �a�n�d� �D�r�.� �A�n�t�o�n�i� �G�o�z�d�z�.� 

�T�h�i�n� �F�i�l�m� �P�r�e�p�a�r�a�t�i�o�n�.� �T�h�e� �P�B�S�-�g�-�P�D�M�S� �c�o�p�o�l�y�m�e�r�s� �w�e�r�e� 

�d�i�s�s�o�l�v�e�d� �i�n� �p�u�r�i�f�i�e�d� �c�y�c�l�o�p�e�n�t�a�n�o�n�e� �t�o� �y�i�e�l�d� �5� �w�t�%� 

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

�m�a�s�s� �2�0�0�0�0� �g�/�m�o�l�,� �w�e�r�e� �d�i�s�s�o�l�v�e�d� �i�n� �c�h�l�o�r�o�f�o�r�m� �b�e�c�a�u�s�e� �o�f� 

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

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

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

�p�l�a�n�a�r�i�z�i�n�g� �l�a�y�e�r� �w�a�s� �a� �1�.�2�4�t�m� �t�h�i�c�k� �f�i�l�m� �s�p�u�n� �c�a�s�t� �f�r�o�m� 

�1�0� �w�t�%� �e�t�h�o�x�y�e�t�h�y�l�a�c�e�t�a�t�e� �a�n�d� �e�x�t�e�n�s�i�v�e�l�y� �c�r�o�s�s�l�i�n�k�e�d� �f�o�r� 

�1�h� �a�t� �2�0�0� �°�C�.� �A�l�l� �s�o�l�u�t�i�o�n�s� �w�e�r�e� �f�i�l�t�e�r�e�d� �t�h�r�e�e� �t�i�m�e�s� 

�t�h�r�o�u�g�h� �0�.�4�5�u�m� �T�e�f�l�o�n� �f�i�l�t�e�r�s�.� 

�O�x�y�g�e�n� �R�e�a�c�t�i�v�e� �I�o�n� �E�t�c�h�i�n�g�.� �T�h�e� �i�n�v�e�s�t�i�g�a�t�i�o�n�s� �i�n�t�o� 

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

�r�e�a�c�t�i�v�e� �i�o�n� �e�t�c�h�i�n�g� �(�R�I�E�)� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �o�n� �c�a�.� �2�2�0�0� �A� 

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

�s�o�l�u�t�i�o�n� �a�n�d� �d�r�i�e�d� �a�t� �1�1�0� �°�C� �f�o�r� �1�5� �m�i�n�.� �T�h�e� �o�x�y�g�e�n� �R�I�E� 

�m�e�a�s�u�r�e�m�e�n�t�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �u�s�i�n�g� �a� �C�o�o�k�e� �V�a�c�u�u�m� �P�r�o�d�u�c�t�s� 

�p�a�r�a�l�l�e�l�-�p�l�a�t�e� �r�e�a�c�t�o�r� �a�t� �a�n� �R�F� �f�r�e�q�u�e�n�c�y� �o�f� �1�3�.�5�6� �M�H�z�,� 

�1�5� �m�t�o�r�r� �o�x�y�g�e�n�,� �g�a�s� �f�l�o�w� �r�a�t�e� �o�f� �1�0� �s�c�c�m�,� �a�n�d� �a� �s�e�l�f�-�b�i�a�s
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�o�f� �-�3�5�0� �V� �f�o�r� �v�a�r�i�o�u�s� �i�n�c�r�e�m�e�n�t�a�l� �t�i�m�e� �p�e�r�i�o�d�s�.� �T�h�e� �f�i�l�m�s� 

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

�R�I�E� �c�h�a�m�b�e�r� �f�o�r� �v�a�r�i�o�u�s� �p�e�r�i�o�d�s� �o�f� �t�i�m�e� �a�n�d� �t�h�e�i�r� �t�h�i�c�k�n�e�s�s� 

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

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

�E�l�e�c�t�r�o�n� �B�e�a�m� �S�e�n�s�i�t�i�v�i�t�y�.� �S�e�n�s�i�t�i�v�i�t�y� �c�u�r�v�e�s� �w�e�r�e� 

�e�s�t�a�b�l�i�s�h�e�d� �o�n� �t�h�e� �t�w�o�-�l�a�y�e�r� �t�e�s�t� �s�a�m�p�l�e�s�.� �A� �P�B�S�-�g�-�P�D�M�S� 

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

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

�m�i�n� �d�r�y�i�n�g� �s�t�e�p� �a�t� �1�1�0� �°�C�.� �T�h�e� �r�e�s�u�l�t�i�n�g� �P�B�S�-�g�-�P�D�M�S� �r�e�s�i�s�t� 

�l�a�y�e�r� �w�a�s� �1�8�0�0� �A� �t�h�i�c�k�.� �T�e�s�t� �p�a�t�t�e�r�n�s� �w�e�r�e� �e�x�p�o�s�e�d� �w�i�t�h� �a� 

�2�5� �k�V� �e�l�e�c�t�r�o�n� �b�e�a�m� �(�J�E�O�L� �J�B�X� �I�I�(�U�)� �E�l�e�c�t�r�o�n� �B�e�a�m� 

�L�i�t�h�o�g�r�a�p�h�y� �S�y�s�t�e�m�)� �w�i�t�h� �v�a�r�i�o�u�s� �d�o�s�e� �(�p�e�r� �a�r�e�a�)� �l�e�v�e�l�s� 

�r�a�n�g�i�n�g� �f�r�o�m� �0�.�6�4�4�C�/�e�m�2� �t�o� �9�.�3� �A�&�C�/�c�m�4� �(�m�i�c�r�o�c�o�u�l�o�m�b�s� �p�e�r� 

�s�q�u�a�r�e� �c�e�n�t�i�m�e�t�e�r�)� �o�r�,� �i�n� �t�e�r�m�s� �o�f� �d�o�s�e� �p�e�r� �g�r�a�m�,� �6�.�9� �R�a�d� �t�o� 

�1�0�7�.�5� �R�a�d�.� �T�h�e� �p�a�t�t�e�r�n�s� �w�e�r�e� �d�i�p� �d�e�v�e�l�o�p�e�d� �w�i�t�h� �5�-�m�e�t�h�y�l�-�2�-� 

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

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

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

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

�P�a�t�t�e�r�n� �T�r�a�n�s�f�e�r� �E�x�p�e�r�i�m�e�n�t�s�.� �H�i�g�h� �d�e�n�s�i�t�y� 

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

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

�T�h�e� �t�e�s�t� �p�a�t�t�e�r�n�s� �e�x�p�o�s�e�d� �w�e�r�e� �0�.�5�4�4�m� �l�i�n�e�s� �h�a�v�i�n�g� �v�a�r�i�o�u�s



�8�3� 

�p�i�t�c�h�e�s� �r�a�n�g�i�n�g� �f�r�o�m� �1�.�5�4�,�.�m� �t�o� �0�.�7�5�A�4�m�.� �T�h�e� �s�a�m�p�l�e�s� �w�e�r�e� 

�e�x�p�o�s�e�d� �a�t� �4�4�4� �C�/�o�m�@� �(�4�6�.�2� �R�a�d�)� �a�n�d� �w�e�r�e� �d�i�p� �d�e�v�e�l�o�p�e�d� �i�n� 

�5�-�m�e�t�h�y�l�-�2�-�h�e�x�a�n�o�n�e� �f�o�r� �3�0� �s� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �f�o�l�l�o�w�e�d� �b�y� 

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

�i�n� �t�h�e� �P�B�S�-�g�-�P�D�M�S� �t�o�p� �l�a�y�e�r� �w�e�r�e� �t�r�a�n�s�f�e�r�r�e�d� �i�n�t�o� �t�h�e� �b�o�t�t�o�m� 

�p�l�a�n�a�r�i�z�i�n�g� �l�a�y�e�r� �b�y� �o�x�y�g�e�n� �R�I�E� �f�o�r� �1�3� �m�i�n� �u�s�i�n�g� �t�h�e� �R�I�E� 

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



�R�E�S�U�L�T�S� �A�N�D� �D�I�S�C�U�S�S�I�O�N� 
� � 

�I�N�T�R�O�D�U�C�T�I�O�N� 

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

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

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

�m�a�t�e�r�i�a�l�s� �o�f� �t�h�i�s� �t�y�p�e� �i�s�.� �v�a�r�i�e�d�.� �T�h�e� �m�e�t�h�o�d�o�l�o�g�i�e�s� 

�a�v�a�i�l�a�b�l�e� �t�o� �s�y�n�t�h�e�s�i�z�e� �h�e�t�e�r�o�p�h�a�s�e� �m�a�t�e�r�i�a�l�s� �i�n�c�l�u�d�e� �s�t�e�p�-� 

�g�r�o�w�t�h� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �p�r�o�c�e�s�s�e�s�,� �l�i�v�i�n�g� �a�n�i�o�n�i�c� �a�n�d� �c�a�t�i�o�n�i�c� 

�c�h�a�i�n�-�g�r�o�w�t�h� �s�y�s�t�e�m�s�,� �t�r�a�d�i�t�i�o�n�a�l� �"�g�r�a�f�t�i�n�g� �f�r�o�m�"� �f�r�e�e� 

�r�a�d�i�c�a�l� �m�e�t�h�o�d�s�,� �a�n�d� �f�i�n�a�l�l�y� �t�h�e� �m�a�c�r�o�m�o�n�o�m�e�r� �t�e�c�h�n�i�q�u�e� 

�e�s�t�a�b�l�i�s�h�e�d� �b�y� �R�e�m�p�p� �©�6� �a�n�d� �M�i�l�k�o�v�i�c�h�.� �2�,�6�7� 

�M�a�n�y� �a�n�i�o�n�i�c� �p�o�l�y�m�e�r�i�z�a�t�i�o�n�s� �h�a�v�e� �t�h�e� �d�i�s�t�i�n�g�u�i�s�h�i�n�g� 

�c�h�a�r�a�c�t�e�r�i�s�t�i�c� �o�f� �a�l�l�o�w�i�n�g� �o�n�e� �t�o� �e�s�t�a�b�l�i�s�h� �t�h�e� �c�o�n�d�i�t�i�o�n�s� 

�n�e�c�e�s�s�a�r�y� �f�o�r� �i�n�s�t�a�n�t� �i�n�i�t�i�a�t�i�o�n�,� �c�o�n�t�i�n�u�o�u�s� �p�r�o�p�a�g�a�t�i�o�n� 

�w�i�t�h�o�u�t� �s�i�d�e� �r�e�a�c�t�i�o�n�s�,� �a�n�d� �t�h�e� �l�a�c�k� �o�f� �t�e�r�m�i�n�a�t�i�n�g� 

�r�e�a�c�t�i�o�n�s�.� �A�l�t�e�r�n�a�t�i�v�e�l�y�,� �o�t�h�e�r� �m�e�c�h�a�n�i�s�m�s�,� �s�u�c�h� �a�s� 

�c�a�t�i�o�n�i�c�,� �h�a�v�e� �a� �t�e�n�d�e�n�c�y� �t�o�w�a�r�d�s� �d�e�a�c�t�i�v�a�t�i�o�n�.� �T�h�e�s�e� 

�p�a�r�a�m�e�t�e�r�s�,� �i�n� �c�o�n�c�e�r�t�,� �a�l�l�o�w� �t�h�e� �s�y�n�t�h�e�s�i�s� �o�f� �h�i�g�h� �m�o�l�a�r� 

�m�a�s�s� �m�o�n�o�d�i�s�p�e�r�s�e� �b�l�o�c�k� �a�n�d� �g�r�a�f�t� �c�o�p�o�l�y�m�e�r�s� �w�i�t�h� 

�p�r�e�d�i�c�t�a�b�l�e� �m�o�l�a�r� �m�a�s�s�e�s� �a�n�d� �n�a�r�r�o�w� �m�o�l�a�r� �m�a�s�s� 

�d�i�s�t�r�i�b�u�t�i�o�n�s�.� �T�h�e�r�e� �a�r�e� �m�a�n�y� �f�a�c�t�o�r�s� �t�h�a�t� �d�e�t�e�r�m�i�n�e� �t�h�e� 

�a�b�i�l�i�t�y� �o�f� �a� �p�a�r�t�i�c�u�l�a�r� �i�o�n� �p�a�i�r� �t�o� �g�i�v�e� �r�i�s�e� �t�o� �t�h�e�s�e� 

�d�e�s�i�r�e�d� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�.� �T�h�e�s�e� �f�a�c�t�o�r�s� �p�r�i�m�a�r�i�l�y� �i�n�c�l�u�d�e� 

�t�h�e� �n�a�t�u�r�e� �o�f� �t�h�e� �g�r�o�w�i�n�g� �p�o�l�y�m�e�r� �c�h�a�i�n� �a�n�d� �i�t�s� �c�o�u�n�t�e�r�i�o�n�,� 

�t�h�e� �n�a�t�u�r�e� �a�n�d� �n�u�m�b�e�r� �o�f� �o�t�h�e�r� �l�i�g�a�n�d�s� �i�n� �t�h�e� �c�o�o�r�d�i�n�a�t�i�o�n� 
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�s�p�h�e�r�e�,� �t�h�e� �n�a�t�u�r�e� �o�f� �t�h�e� �r�e�a�c�t�i�o�n� �m�e�d�i�u�m�,� �r�e�a�c�t�i�o�n� 

�t�e�m�p�e�r�a�t�u�r�e�,� �r�e�a�c�t�i�o�n� �p�r�e�s�s�u�r�e�,� �a�n�d� �r�e�a�c�t�a�n�t� �c�o�n�c�e�n�t�r�a�t�i�o�n�s�.� 

�A�l�l� �o�f� �t�h�e�s�e� �f�a�c�t�o�r�s� �i�n�f�l�u�e�n�c�e� �t�h�e� �i�n�t�e�g�r�i�t�y� �o�f� �t�h�e� 

�g�r�o�w�i�n�g� �c�h�a�i�n� �e�n�d� �a�n�d� �i�t�s� �l�a�c�k� �o�f� �s�t�e�r�i�c� �a�n�d� �e�l�e�c�t�r�o�n�i�c� 

�h�i�n�d�e�r�a�n�c�e� �t�o�w�a�r�d�s� �p�r�o�p�a�g�a�t�i�o�n�.� �A�t� �f�i�r�s�t� �g�l�a�n�c�e�,� �t�h�e� 

�c�o�n�c�e�p�t� �o�f� �t�h�e� �d�e�g�r�e�e� �o�f� �a�s�s�o�c�i�a�t�i�o�n� �o�f� �i�o�n� �p�a�i�r�s� �i�n� �a� 

�W�e�i�n�s�t�e�i�n�®�8� �s�e�n�s�e� �i�s� �a�p�p�r�o�p�r�i�a�t�e� �t�o� �e�x�p�l�a�i�n� �t�h�e�s�e� �p�h�e�n�o�m�e�n�a�;� 

�i�n�d�e�e�d� �t�h�i�s� �t�r�e�a�t�m�e�n�t� �w�i�l�l� �i�l�l�u�s�t�r�a�t�e� �a� �n�u�m�b�e�r� �o�f� �f�e�a�t�u�r�e�s�;� 

�h�o�w�e�v�e�r�,� �t�h�e� �c�o�n�c�e�p�t� �n�e�e�d�s� �t�o� �b�e� �e�x�p�a�n�d�e�d� �t�o� �a�d�d�r�e�s�s� �n�o�t� 

�o�n�l�y� �t�h�e� �"�t�i�g�h�t�n�e�s�s�"� �a�n�d�  ��l�o�o�s�e�n�e�s�s�"� �o�f� �i�o�n� �p�a�i�r�s� �b�u�t� �a�l�s�o� 

�t�h�e� �n�u�m�b�e�r� �o�f� �i�o�n� �p�a�i�r�s� �t�h�a�t� �a�r�e� �a�c�t�u�a�l�l�y� �a�s�s�o�c�i�a�t�e�d� �t�o� �f�o�r�m� 

�a�g�g�r�e�g�r�a�t�e�s�.� �I�n� �u�n�d�e�r�s�t�a�n�d�i�n�g� �t�h�e� �m�e�c�h�a�n�i�s�m�s� �o�f� �t�h�e�s�e� 

�r�e�a�c�t�i�o�n�s�,� �o�n�e� �m�u�s�t� �n�o�t� �f�o�r�g�e�t� �t�h�e� �p�o�s�s�i�b�l�y� �d�o�m�i�n�a�t�i�n�g� �r�o�l�e� 

�t�h�a�t� �p�e�n�u�l�t�i�m�a�t�e� �a�n�d� �a�n�t�e�p�e�n�u�l�t�i�m�a�t�e� �g�r�o�u�p�s� �p�l�a�y� �i�n� �a�d�d�i�t�i�o�n� 

�t�o� �t�h�e� �n�a�t�u�r�e� �o�f� �t�h�e� �c�o�u�n�t�e�r�i�o�n�.� 

�T�h�e�s�e� �c�o�n�c�e�p�t�s� �w�i�l�l� �p�l�a�y� �a� �s�u�b�s�t�a�n�t�i�a�l� �p�a�r�t� �i�n� �s�e�v�e�r�a�l� 

�d�i�f�f�e�r�e�n�t� �f�a�c�e�t�s� �o�f� �t�h�e� �l�i�v�i�n�g� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �w�o�r�k� �p�r�e�s�e�n�t�e�d� 

�h�e�r�e� �i�n� �w�h�i�c�h� �a�r�e� �o�r�i�e�n�t�a�t�e�d� �t�o�w�a�r�d�s� �t�h�e� �s�y�n�t�h�e�s�i�s� 

�h�e�t�e�r�o�p�h�a�s�e� �m�a�t�e�r�i�a�l�s�.� �I�n� �t�h�e� �s�y�n�t�h�e�s�i�s� �o�f� �P�M�M�A�-�g�-�P�M�M�A�s�,� 

�b�o�t�h� �a�n�i�o�n�i�c� �a�n�d� �G�T�P� �m�e�c�h�a�n�i�s�m�s� �w�e�r�e� �e�m�p�l�o�y�e�d� �a�n�d� �r�e�s�u�l�t�e�d� 

�i�n� �t�h�e� �s�y�n�t�h�e�s�i�s� �o�f� �p�e�r�h�a�p�s� �t�h�e� �m�o�s�t� �w�e�l�l�-�d�e�f�i�n�e�d� �g�r�a�f�t� 

�h�o�m�o�p�o�l�y�m�e�r�s� �e�v�e�r� �b�e�f�o�r�e� �m�a�d�e�.� �A�l�s�o�,� �i�n� �t�h�e� �s�y�n�t�h�e�s�i�s� �o�f� 

�P�M�M�A�-�g�-�P�D�M�S�s�,� �a�n�i�o�n�i�c� �p�o�l�y�m�e�r�i�z�a�t�i�o�n�s�,� �r�e�s�u�l�t�i�n�g� �i�n� �l�i�v�i�n�g� 

�S�i�l�o�x�a�n�o�l�a�t�e�s� �a�n�d� �e�n�o�l�a�t�e�s�,� �l�e�d� �t�o� �t�h�e� �s�y�n�t�h�e�s�i�s� �o�f� �v�e�r�y
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�w�e�l�l�-�d�e�f�i�n�e�d� �g�r�a�f�t� �c�o�p�o�l�y�m�e�r�s� �t�h�a�t� �r�i�v�a�l� �d�i�b�l�o�c�k� �c�o�p�o�l�y�m�e�r�s� 

�i�n� �t�h�e�i�r� �u�n�i�f�o�r�m�i�t�y� �o�f� �m�o�l�e�c�u�l�a�r� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�.� 

�T�h�e� �c�o�m�m�o�n� �t�h�e�m�e� �i�n� �b�o�t�h� �o�f� �t�h�e�s�e� �s�y�s�t�e�m�s� �i�s� �t�h�a�t� 

�l�i�v�i�n�g� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �m�e�t�h�o�d�s� �w�e�r�e� �u�t�i�l�i�z�e�d� �n�o�t� �o�n�l�y� �i�n� �t�h�e� 

�p�r�e�p�a�r�a�t�i�o�n� �o�f� �t�h�e� �m�a�c�r�o�m�o�n�o�m�e�r�s�,� �w�h�i�c�h� �i�s� �r�e�l�a�t�i�v�e�l�y� 

�c�o�m�m�o�n�,� �b�u�t� �a�l�s�o� �i�n� �t�h�e� �c�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n� �s�t�e�p�.� �T�h�i�s� �u�n�i�q�u�e� 

�a�p�p�r�o�a�c�h� �r�e�s�u�l�t�s� �i�n� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �g�r�a�f�t� �p�o�l�y�m�e�r�s� �h�a�v�i�n�g� 

�n�a�r�r�o�w� �m�o�l�a�r� �m�a�s�s� �d�i�s�t�r�i�b�u�t�i�o�n� �g�r�a�f�t� �p�a�r�t�s� �a�n�d� �b�a�c�k�b�o�n�e� 

�p�a�r�t�s�.� �T�h�e�s�e� �e�x�t�r�e�m�e�l�y� �w�e�l�l�-�d�e�f�i�n�e�d� �m�a�t�e�r�i�a�l�s� �a�r�e� �c�u�r�r�e�n�t�l�y� 

�b�e�i�n�g� �u�s�e�d� �t�o� �i�n�v�e�s�t�i�g�a�t�e� �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�,� 

�b�o�t�h� �i�n� �s�o�l�u�t�i�o�n� �a�n�d� �i�n� �t�h�e� �b�u�l�k�,� �i�n� �a�n� �u�n�p�r�e�c�e�d�e�n�t�e�d� �m�a�n�n�e�r� 

�a�s� �a� �r�e�s�u�l�t� �o�f� �t�h�e� �s�y�n�t�h�e�t�i�c� �c�o�n�t�r�o�l� �d�e�m�o�n�s�t�r�a�t�e�d� �u�s�i�n�g� 

�l�i�v�i�n�g� �c�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n� �m�e�t�h�o�d�s�.� 

�T�h�e� �r�e�s�u�l�t�s� �a�n�d� �d�i�s�c�u�s�s�i�o�n� �s�e�c�t�i�o�n� �w�i�l�l� �n�o�w� �f�o�l�l�o�w�.� 

�T�h�i�s� �s�e�c�t�i�o�n� �w�i�l�l� �a�t�t�e�m�p�t� �t�o� �a�d�d�r�e�s�s� �t�h�e� �s�u�b�t�l�e�t�i�e�s� �i�n�v�o�l�v�e�d� 

�i�n� �t�h�e� �p�r�e�p�a�r�a�t�i�o�n� �o�f� �s�e�v�e�r�a�l� �n�e�w� �m�a�t�e�r�i�a�l�s� �i�n�c�l�u�d�i�n�g� �t�h�e� 

�P�M�M�A�-�g�-�P�M�M�A�'�s� �o�f� �v�a�r�i�o�u�s� �d�e�g�r�e�e�s� �o�f� �b�r�a�n�c�h�i�n�g�,� �t�h�e� �p�o�l�y�(�5�-� 

�e�t�h�y�l�i�d�e�n�e�-�2�-�n�o�r�b�o�r�n�e�n�e� �s�u�l�f�o�n�e�)� �h�o�m�o�-� �a�n�d� �c�o�p�o�l�y�m�e�r�s�,� �a�n�d� 

�t�h�e� �P�B�S�-�g�-�P�D�M�S�'�s� �o�f� �v�a�r�i�o�u�s� �c�o�m�p�o�s�i�t�i�o�n�s� �a�n�d� �a�r�c�h�i�t�e�c�t�u�r�e�s�.� 

�I�n� �a�d�d�i�t�i�o�n�,� �d�e�t�a�i�l�s� �w�i�l�l� �b�e� �p�r�e�s�e�n�t�e�d� �o�n� �t�h�e� �e�l�u�c�i�d�a�t�i�o�n� �o�f� 

�t�h�e� �c�h�e�m�i�c�a�l� �c�o�m�p�o�s�i�t�i�o�n� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �g�r�a�f�t� �c�o�p�o�l�y�m�e�r�s� 

�p�r�e�p�a�r�e�d� �b�y� �t�h�e� �m�a�c�r�o�m�o�n�o�m�e�r� �m�e�t�h�o�d� �a�n�d� �i�t�s� �s�e�n�s�i�t�i�v�i�t�i�e�s� 

�r�e�g�a�r�d�i�n�g� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �m�e�c�h�a�n�i�s�m�.
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�P�O�L�Y� �(�M�E�T�H�Y�L� �M�E�T�H�A�C�R�Y�L�A�T�E�)� �-�G�-�P�O�L�Y� �(�M�E�T�H�Y�L�M�E�T�H�A�C�R�Y�L�A�T�E�)� �S� 

�P�o�l�y�m�e�r� �S�c�i�e�n�c�e� �i�s� �a� �m�u�l�t�i�d�i�s�c�i�p�l�i�n�a�r�y� �s�u�b�j�e�c�t�.� 

�A�d�v�a�n�c�e�s� �i�n� �t�h�e� �u�n�d�e�r�s�t�a�n�d�i�n�g� �o�f� �t�h�e� �s�y�n�t�h�e�s�i�s� �a�n�d� 

�p�r�o�p�e�r�t�i�e�s� �o�f� �m�a�c�r�o�m�o�l�e�c�u�l�e�s� �i�n�v�o�l�v�e� �a� �c�l�o�s�e� �i�n�t�e�r�a�c�t�i�o�n� 

�b�e�t�w�e�e�n� �s�c�i�e�n�t�i�s�t�s� �w�h�o�s�e� �f�i�e�l�d�s� �o�f� �i�n�t�e�r�e�s�t� �a�n�d� �s�k�i�l�l� �a�r�e� 

�t�r�a�d�i�t�i�o�n�a�l�l�y� �l�a�b�e�l�e�d� �a�s� �o�r�g�a�n�i�c� �c�h�e�m�i�s�t�r�y�,� �p�h�y�s�i�c�a�l� 

�c�h�e�m�i�s�t�r�y�,� �s�o�l�i�d� �s�t�a�t�e� �p�h�y�s�i�c�s�,� �m�a�t�e�r�i�a�l�s� �e�n�g�i�n�e�e�r�i�n�g�,� �a�n�d� 

�m�a�n�y� �o�t�h�e�r�s�.� 

�T�h�e� �c�o�n�c�e�p�t� �f�o�r� �t�h�i�s� �p�a�r�t�i�c�u�l�a�r� �i�n�v�e�s�t�i�g�a�t�i�o�n� �e�v�o�l�v�e�d� 

�f�r�o�m� �t�h�e� �n�e�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �a�c�c�u�r�a�c�y� �o�f� �a�n� �e�s�t�a�b�l�i�s�h�e�d� 

�a�n�a�l�y�t�i�c�a�l� �t�e�c�h�n�i�q�u�e�,� �t�h�e� �s�o�-�c�a�l�l�e�d� �"�u�n�i�v�e�r�s�a�l�"� �c�a�l�i�b�r�a�t�i�o�n� 

�m�e�t�h�o�d� �u�t�i�l�i�z�e�d� �i�n� �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� �(�G�P�C�)� �.�6�9�,� �7�0� 

�T�h�i�s� �m�e�t�h�o�d� �i�n�v�o�l�v�e�s� �t�h�e� �c�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �o�f� �t�h�e� �m�o�l�a�r� �m�a�s�s� 

�a�n�d� �t�h�e� �m�o�l�a�r� �m�a�s�s� �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�e�s� �b�y� �t�a�k�i�n�g� 

�a�d�v�a�n�t�a�g�e� �o�f� �t�h�e� �f�a�c�t� �t�h�a�t� �t�h�e� �p�r�o�d�u�c�t� �o�f� �t�h�e� �i�n�t�r�i�n�s�i�c� 

�v�i�s�c�o�s�i�t�y� �a�n�d� �t�h�e� �n�u�m�b�e�r� �a�v�e�r�a�g�e� �m�o�l�a�r� �m�a�s�s� �i�s� �e�q�u�i�v�e�l�e�n�t� �t�o� 

�t�h�e� �h�y�d�r�o�d�y�n�a�m�i�c� �v�o�l�u�m�e�.� �I�n� �o�r�d�e�r� �t�o� �e�v�e�n� �c�o�n�s�i�d�e�r� �t�h�i�s� 

�i�n�v�e�s�t�i�g�a�t�i�o�n�,� �n�o�v�e�l� �w�e�l�l�-�d�e�f�i�n�e�d� �m�a�c�r�o�m�o�l�e�c�u�l�e�s� �n�e�e�d�e�d� �t�o� 

�b�e� �s�y�n�t�h�e�s�i�z�e�d�;� �t�h�e�r�e�f�o�r�e�,� �a� �m�u�l�t�i�d�i�s�c�i�p�l�i�n�a�r�y� �a�p�p�r�o�a�c�h� �w�a�s� 

�t�a�k�e�n�.� 

�I�t� �w�a�s� �p�r�o�p�o�s�e�d� �b�y� �t�h�e� �a�u�t�h�o�r� �t�o� �s�y�n�t�h�e�s�i�z�e� �a� �s�e�r�i�e�s� 

�o�f� �m�o�d�e�l� �g�r�a�f�t� �h�o�m�o�p�o�l�y�m�e�r�s� �a�n�d� �s�t�u�d�y� �t�h�e�i�r� �d�i�l�u�t�e� �s�o�l�u�t�i�o�n� 

�p�r�o�p�e�r�t�i�e�s� �u�s�i�n�g� �h�y�p�h�e�n�a�t�e�d� �s�t�a�t�e�-�o�f�-�t�h�e�-�a�r�t� �G�P�C� 

�i�n�s�t�r�u�m�e�n�t�a�t�i�o�n� �i�n� �c�o�n�j�u�n�c�t�i�o�n� �w�i�t�h� �c�l�a�s�s�i�c�a�l� �c�h�a�r�a�c�t�e�r�-� 

�i�z�a�t�i�o�n� �t�e�c�h�n�i�q�u�e�s� �t�o� �r�e�a�f�f�i�r�m� �t�h�e� �a�p�p�l�i�c�a�b�i�l�i�t�y� �o�f� �t�h�e
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�u�n�i�v�e�r�s�a�l� �c�a�l�i�b�r�a�t�i�o�n� �G�P�C� �m�e�t�h�o�d� �f�o�r� �p�o�l�y�m�e�r�s� �t�h�a�t� �e�x�h�i�b�i�t� 

�l�o�n�g� �c�h�a�i�n� �b�r�a�n�c�h�i�n�g�.� 

�T�h�e� �m�o�d�e�l� �b�r�a�n�c�h�e�d� �h�o�m�o�p�o�l�y�m�e�r�s� �w�e�r�e� �s�y�n�t�h�e�s�i�z�e�d� �u�s�i�n�g� 

�t�h�e� �m�a�c�r�o�m�o�n�m�e�r� �t�e�c�h�n�i�q�u�e� �a�n�d� �l�i�v�i�n�g� �a�n�i�o�n�i�c� 

�c�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n� �m�e�t�h�o�d�s�.� �T�h�i�s� �s�y�s�t�e�m�,� �h�a�v�i�n�g� �a� �n�a�r�r�o�w� 

�m�o�l�a�r� �m�a�s�s� �d�i�s�t�r�i�b�u�t�i�o�n� �f�o�r� �t�h�e� �g�r�a�f�t� �a�n�d� �b�a�c�k�b�o�n�e� 

�c�o�m�p�o�n�e�n�t�s�,� �c�o�u�p�l�e�d� �w�i�t�h� �c�o�m�p�o�s�i�t�i�o�n�a�l� �h�o�m�o�g�e�n�e�i�t�y�,� �i�s� �a�n� 

�i�d�e�a�l� �b�r�a�n�c�h�e�d� �p�o�l�y�m�e�r� �s�y�s�t�e�m� �t�o� �i�n�v�e�s�t�i�g�a�t�e� �t�h�e� �u�n�i�v�e�r�s�a�l� 

�c�a�l�i�b�r�a�t�i�o�n� �G�P�C� �m�e�t�h�o�d�,� �a�v�o�i�d�i�n�g� �m�i�c�e�l�l�u�l�a�r�i�z�a�t�i�o�n� �p�r�o�b�l�e�m�s� 

�t�h�a�t� �o�f�t�e�n� �o�c�c�u�r�.� 

�T�h�e� �h�y�d�r�o�x�y�l� �f�u�n�c�t�i�o�n�a�l�i�z�e�d� �P�M�M�A� �o�l�i�g�o�m�e�r�s �� �w�e�r�e� 

�s�y�n�t�h�e�s�i�z�e�d� �b�y� �D�r�.� �A�n�n� �M�a�r�i�e� �H�e�l�l�s�t�e�r�n�?�3� �u�s�i�n�g� �g�r�o�u�p� 

�t�r�a�n�s�f�e�r� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �w�i�t�h� �a� �p�r�o�t�e�c�t�e�d� �h�y�d�r�o�x�y�l� �f�u�n�c�t�i�o�n�a�l� 

�i�n�i�t�i�a�t�o�r� �b�a�s�e�d� �o�n� �2�-�h�y�d�r�o�x�y�e�t�h�y�l� �m�e�t�h�a�c�r�y�l�a�t�e�.� �T�h�e� 

�s�y�n�t�h�e�s�i�s� �o�f� �t�h�e� �p�r�o�t�e�c�t�e�d� �G�T�P� �i�n�i�t�i�a�t�o�r� �i�s� �s�h�o�w�n� �i�n� 

�S�c�h�e�m�e� �1�.�5�.� �G�T�P� �i�s� �s�e�n�s�i�t�i�v�e� �t�o� �p�r�o�t�o�n�i�c� �s�o�u�r�c�e�s�,� �a�n�d� 

�t�h�e�r�e�f�o�r�e�,� �i�t� �w�a�s� �n�e�c�e�s�s�a�r�y� �t�o� �p�r�o�t�e�c�t� �t�h�e� �h�y�d�r�o�x�y�l� �g�r�o�u�p� �o�f� 

�H�E�M�A� �a�s� �s�h�o�w�n�.� �T�h�e� �h�y�d�r�o�s�i�l�y�l�a�t�i�o�n� �o�f� �t�h�e� �p�r�o�t�e�c�t�e�d� �H�E�M�A� 

�u�t�i�l�i�z�e�d� �W�i�l�k�i�n�s�o�n�'�s� �c�a�t�a�l�y�s�t� �w�h�i�c�h� �i�s� �h�i�g�h�l�y� �s�e�l�e�c�t�i�v�e� �f�o�r� 

�1�,�4�-�h�y�d�r�o�s�i�l�y�l�a�t�i�o�n�s�.�/�7�?� 

�I�n�i�t�i�a�t�i�o�n� �o�f� �t�h�e� �g�r�o�u�p� �t�r�a�n�s�f�e�r� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �o�f� �M�M�A� 

�u�s�i�n�g� �t�h�e� �p�r�o�t�e�c�t�e�d� �i�n�i�t�i�a�t�o�r� �i�s� �s�h�o�w�n� �i�n� �S�c�h�e�m�e� �1�.�6�.� �G�T�P� 

�e�a�s�i�l�y� �a�l�l�o�w�s� �t�h�e� �s�y�n�t�h�e�s�i�s� �o�f� �p�r�i�m�a�r�y� �h�y�d�r�o�x�y�l
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�-� 

�S�c�h�e�m�e� �1�.�5� �S�y�n�t�h�e�s�i�s� �o�f� �p�r�o�t�e�c�t�e�d� �G�T�P� �i�n�i�t�i�a�t�o�r�.� 

� � 

�P�R�O�T�E�C�T�I�O�N�:� 

�c�r�s� �S�i�M�e�3�C�I� �C�H�,� 
�H�2�c�=�=�C� �H�,�C�=�=�C� �+� �C�l� �*�N�H�M�e�,� 

�l� 
 ��C�=�O� �N�E�t�,� �C�=�0� 

�O�-�C�H�,�C�H�,�-�O�H� �O ��C�H�s�C�H�2 ��-�O�S�i�M�e�-� 

�H�Y�D�R�O�S�I�L�A�T�I�O�N�:� 

�C�H�s� �R�h�(�P�P�h�,�)�,�c�l� �B�C�,� �O�S�i�M�e�s� 
�H�2�C�=�=�C� �+� �S�i�M�e�,�H�  � � �� �p�o�e� 

�c�=�0� �H�.�C� �O�C�H�,�C�H�,�O�S�i�M�e�,
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�S�c�h�e�m�e� �1�.�6� �I�n�i�t�i�a�t�i�o�n�,� �p�r�o�p�a�g�a�t�i�o�n�,� �a�n�d� �t�e�r�m�i�n�a�t�i�o�n� �i�n� 

� � 

� � 

� � 

�G�T�P�.� 

�M�e�s�S�i�O�C�H�2�C�H�2�0� �p�o�s�i�h�e� �C�H� 

�|� �+� �=� 
�C�c� �C�=�0� 

 ��o�N� �|� 
�H�C� �C�H�,� �O�M�e� 

�I�N�I�T�I�A�T�I�O�N�  ��N�B�u�, ��B�e�n�z�o�a�t�e� 

�C�H� 

�9� �[�F�M� �_�o�s�i�r�s� 
�M�e�3�S�i�O�C�H�,�C�H�, �� �O ��C ��C ��C�H�, ��C�=�=�C�,� 

�O�M�e� 
�C�H�;� 

�P�R�O�P�A�G�A�T�I�O�N� �M�M�A� 

�C�H� 

�o� �|� �°� �C�H� �(�3� �_�,�O�S�i�R�s� 
�M�e�s�S�i�O�C�H�,�C�H�z ��O ��C�-�C � �� �(�C�H�,�  ��C�  ��)�,�  ��-�C�H�, ��C�=�=�C�_� 

�C�=�0� �O�M�e� 

�C�H�,� �I� 
�O�M�e� 

�T�E�R�M�I�N�A�T�I�O�N� �M�e�t�h�a�n�o�l� 

�C�H� �a�e� �e�t�s� 
�M�e�3�S�i�O�C�H�,�C�H�2 � �� �O �� �C�  ��C � �� �(�C�H�a� �G�p� 

�C�H�,� �7�°� 
�O�M�e
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�S�c�h�e�m�e� �1�.�7� �D�e�p�r�o�t�e�c�t�i�o�n� �a�n�d� �f�o�r�m�a�t�i�o�n� �o�f� 
�m�e�t�h�a�c�r�y�l�o�y�l�o�x�y� �f�u�n�c�t�i�o�n�a�l�i�z�e�d� �P�M�M�A� �m�a�c�r�o�m�o�n�o�m�e�r�.� 

� � 

�H�s� �C�H�s� �i�t� 

�C�=�O� �C�H�3� 

�O�M�e� 

�H�C�l� 

�a�e� �C�H�s� �9� 
�H�4�-�E�C �� �C�H�a�}� �G� �C ��O ��C�H�,�C�H�, ��O�H� 

�C�=�O� �C�H�3� 

�O�M�e� 

�M�e�t�h�a�c�r�y�l�o�y�l� �C�h�l�o�r�i�d�e� 
�T�r�i�e�t�h�y�l�a�m�i�n�e� 

�G�h� 
�H�o�o�=�6� 

�H�s� �G�t�a� �i�a�n� 
�H�4 ��C ��C�H�2 ��}�y�-� �G�C�  � �� �C ��O�  �� �C�H� �C�H�a� �O� 

�C�=�0� �C�H�,� 

�O�M�e
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�f�u�n�c�t�i�o�n�a�l�i�z�e�d� �P�M�M�A� �a�f�t�e�r� �h�y�d�r�o�l�y�s�i�s� �o�f� �t�h�e� 

�t�r�i�m�e�t�h�y�l�s�i�l�y�l�p�r�o�t�e�c�t�i�n�g� �g�r�o�u�p�,� �s�h�o�w�n� �i�n� �S�c�h�e�m�e� �1�.�7�.� �S�i�n�c�e� 

�i�t� �h�a�s� �b�e�e�n� �d�e�m�o�n�s�t�r�a�t�e�d� �t�h�a�t� �G�T�P� �i�s� �a� �l�i�v�i�n�g� 

�p�o�l�y�m�e�r�i�z�a�t�i�o�n�,� �p�o�l�y�m�e�r�s� �o�f� �c�o�n�t�r�o�l�l�e�d� �m�o�l�a�r� �m�a�s�s� �h�a�v�i�n�g� �a� 

�n�a�r�r�o�w� �m�o�l�a�r� �m�a�s�s� �d�i�s�t�r�i�b�u�t�i�o�n� �c�a�n� �e�a�s�i�l�i�y� �b�e� �s�y�n�t�h�e�s�i�z�e�d�,� 

�a�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �1�.�1�.� �T�h�e� �n�u�m�b�e�r� �a�v�e�r�a�g�e� �m�o�l�a�r� �m�a�s�s� 

�o�b�t�a�i�n�e�d� �b�y� �V�P�O� �w�a�s� �7�0�2�0� �g�/�m�o�l� �a�n�d� �s�h�o�w�s� �v�e�r�y� �g�o�o�d� 

�c�o�r�r�e�l�a�t�i�o�n� �w�i�t�h� �t�h�e� �v�a�l�u�e� �o�f� �6�3�0�0� �g�/�m�o�l� �o�b�t�a�i�n�e�d� �b�y� �G�P�C�.� �A� 

�m�o�l�a�r� �m�a�s�s� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �1�.�1�1� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �f�r�o�m� �t�h�e� �G�P�C� 

�t�r�a�c�e� �u�s�i�n�g� �l�i�n�e�a�r� �P�M�M�A� �G�P�C� �s�t�a�n�d�a�r�d�s�.� �T�h�e� �r�e�s�u�l�t�i�n�g� �P�M�M�A� 

�o�l�i�g�o�m�e�r�s� �w�e�r�e� �r�e�a�c�t�e�d� �w�i�t�h� �m�e�t�h�a�c�r�y�l�o�y�l� �c�h�l�o�r�i�d�e� �a�f�t�e�r� 

�h�y�d�r�o�l�y�s�i�s� �t�o� �a�f�f�o�r�d� �a� �m�e�t�h�a�c�r�y�l�o�y�l�o�x�y� �f�u�n�c�t�i�o�n�a�l�i�z�e�d� �P�M�M�A� 

�m�a�c�r�o�m�o�n�o�m�e�r� �a�s� �o�u�t�l�i�n�e�d� �i�n� �S�c�h�e�m�e� �1�.�7�.� 

�T�h�e� �m�e�t�h�a�c�r�y�l�o�y�l�o�x�y� �f�u�n�c�t�i�o�n�a�l�i�z�e�d� �P�M�M�A� �m�a�c�r�o�m�o�n�o�m�e�r� 

�w�a�s� �t�h�e�n� �s�t�a�t�i�s�t�i�c�a�l�l�y� �c�o�p�o�l�y�m�e�r�i�z�e�d� �w�i�t�h� �M�M�A�,� �w�i�t�h� �v�a�r�i�o�u�s� 

�f�e�e�d� �r�a�t�i�o�s�,� �u�s�i�n�g� �a�n�i�o�n�i�c� �c�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n� �m�e�t�h�o�d�s� �t�o� 

�a�f�f�o�r�d� �t�h�e� �g�r�a�f�t�e�d� �h�o�m�o�p�o�l�y�m�e�r�s�,� �S�c�h�e�m�e� �1�.�8�.� �T�h�e� �a�n�i�o�n�i�c� 

�c�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n� �o�f� �t�h�e� �P�M�M�A� �m�a�c�r�o�m�o�n�o�m�e�r� �w�i�t�h� �M�M�A� �i�s� �a�n� 

�a�p�p�r�o�a�c�h� �f�o�r� �o�b�t�a�i�n�i�n�g� �a� �n�e�a�r� �m�o�n�o�d�i�s�p�e�r�s�e� �g�r�a�f�t� �p�o�l�y�m�e�r�.� 

�T�h�e� �p�o�l�y�m�e�r�i�z�a�t�i�o�n�s� �w�e�r�e� �c�a�r�r�i�e�d� �o�u�t� �i�n� �d�i�l�u�t�e� �s�o�l�u�t�i�o�n�s� �i�n� 

�o�r�d�e�r� �t�o� �m�a�i�n�t�a�i�n� �t�h�e� �d�e�s�i�r�e�d� �l�o�w� �t�e�m�p�e�r�a�t�u�r�e�s� �d�u�r�i�n�g� �t�h�e� 

�p�o�l�y�m�e�r�i�z�a�t�i�o�n� �e�x�o�t�h�e�r�m�.� �T�h�e� �a�d�d�i�t�i�o�n� �o�f� �a�l�i�q�u�o�t�s� �o�f� �t�h�e� 

�D�P�H�L� �i�n�i�t�i�a�t�o�r� �s�o�l�u�t�i�o�n� �a�l�l�o�w�e�d� �f�o�r� �t�h�e� �t�i�t�r�a�t�i�o�n� �o�f� �a�n�y� 

�p�r�o�t�o�n�i�c� �i�m�p�u�r�i�t�i�e�s� �t�h�a�t� �w�e�r�e� �p�r�e�s�e�n�t�.� �W�h�e�n� �a�l�l� �o�f� �t�h�e



�9�3� 

�G�P�C� �O�F� �H�Y�D�R�O�X�Y� �N�C�T�I�O�N�A�L�I�Z�E�D� �P�M�M�A� 

�<�M�n�>� �=� �6�3�0�0� �g�/�m�o�l� 

�M�W�D� �=� �1�.�1�1� 

� � 
� � �P�o�P� �o�y� �t�o�y� �d�d� 

�3�2�.� �3�3� �3�4� �3�5� �3�6� �3�7� �3�8� 

�F�i�g�u�r�e� �1�.�1�1� �G�P�C� �t�r�a�c�e� �o�f� �P�M�M�A� �m�a�c�r�o�m�o�n�o�m�e�r�.
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�S�c�h�e�m�e� �1�.�8� �S�y�n�t�h�e�s�i�s� �o�f� �P�M�M�A�-�g�-�P�M�M�A�.� 

�r�h� �c�i� 
�H�2�c�=�=�C� �+� �H�2�o�=�=�C� 

�i�v� �-�°� 
�O � ��P�M�M�A� �O�M�e� 

�D�P�H�L� 

�T�H�F� 

�-�7�8� �C� � � 
� � 

� � � � � � 
�P�M�M�A� �B�R�A�N�C�H�E�D� �H�O�M�O�P�O�L�Y�M�E�R� 

� 



�i�m�p�u�r�i�t�i�e�s� �h�a�v�e� �r�e�a�c�t�e�d� �w�i�t�h� �D�P�H�L�,� �t�h�e� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� 

�p�r�o�c�e�d�e�d� �w�i�t�h� �t�h�e� �a�c�c�o�m�p�a�n�y�i�n�g� �e�x�o�t�h�e�r�m�.� �A�t� �t�h�e�s�e� 

�t�e�m�p�e�r�a�t�u�r�e�s� �a�n�d� �c�o�n�c�e�n�t�r�a�t�i�o�n�s�,� �e�x�o�t�h�e�r�m�s� �l�a�s�t�i�n�g� �a�s� �l�o�n�g� 

�a�s� �t�h�r�e�e� �m�i�n�u�t�e�s� �w�e�r�e� �o�b�s�e�r�v�e�d�.� �T�h�e� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �e�x�o�t�h�e�r�m� 

�w�a�s� �i�m�p�o�r�t�a�n�t� �t�o� �m�o�n�i�t�o�r� �s�i�n�c�e� �f�u�r�t�h�e�r� �a�d�d�i�t�i�o�n� �o�f� �t�h�e� �D�P�H�L� 

�i�n�i�t�i�a�t�o�r� �w�o�u�l�d� �h�a�v�e� �r�e�s�u�l�t�e�d� �i�n� �m�a�t�e�r�i�a�l�s� �w�i�t�h� �b�i�m�o�d�a�l� 

�m�o�l�a�r� �m�a�s�s� �d�i�s�t�r�i�b�u�t�i�o�n�s�.� 

�T�h�e� �a�c�h�i�e�v�e�m�e�n�t� �a�n�d� �m�a�i�n�t�e�n�a�n�c�e� �o�f� �-�7�8� �°�C� �i�n� �t�h�e� 

�r�e�a�c�t�i�o�n� �f�l�a�s�k�s� �w�h�e�r�e� �o�n�e� �i�s� �a�n�i�o�n�i�c�a�l�l�y� �p�o�l�y�m�e�r�i�z�i�n�g� �M�M�A� 

�s�h�o�u�l�d� �n�e�v�e�r� �b�e� �a�s�s�u�m�e�d�.� �I�t� �r�e�q�u�i�r�e�s� �t�h�a�t� �t�h�e� �f�l�a�s�k� �i�s� 

�a�l�m�o�s�t� �e�n�t�i�r�e�l�y� �s�u�b�m�e�r�g�e�d� �i�n� �t�h�e� �d�r�y� �i�c�e�/�i�s�o�p�r�o�p�a�n�o�l� �(�I�P�A�)� 

�b�a�t�h� �a�n�d� �t�h�a�t� �o�n�e� �u�s�e�s� �d�r�y� �i�c�e� �p�o�w�d�e�r� �w�h�i�c�h� �r�e�s�u�l�t�s� �i�n�a� 

�v�i�s�c�o�u�s� �I�P�A� �s�l�u�r�r�y�.� �I�n� �a�d�d�i�t�i�o�n�,� �w�h�e�n� �a�l�l� �o�f� �t�h�e� �m�o�n�o�m�e�r� �i�s� 

�c�h�a�r�g�e�d� �p�r�i�o�r� �t�o� �i�n�i�t�i�a�t�i�o�n� �(�o�r� �w�h�e�n� �t�h�e� �m�o�n�o�m�e�r� �i�s� �a�d�d�e�d� 

�t�o�o� �q�u�i�c�k�l�y� �t�o� �a� �D�P�H�L� �s�o�l�u�t�i�o�n�)� �o�n�e� �c�a�n� �e�a�s�i�l�y� �r�i�s�e� �a�b�o�v�e� 

�-�6�5� �°�C�,� �t�h�e� �u�p�p�e�r� �t�e�m�p�e�r�a�t�u�r�e� �l�i�m�i�t� �p�r�e�v�i�o�u�s�l�y� �r�e�p�o�r�t�e�d�/�@� 

�f�o�r� �a�v�o�i�d�i�n�g� �d�e�l�e�t�e�r�i�o�u�s� �s�i�d�e� �r�e�a�c�t�i�o�n�s�,� �d�u�e� �t�o� �t�h�e� 

�p�o�l�y�m�e�r�i�z�a�t�i�o�n� �e�x�o�t�h�e�r�m�.� �T�h�e�r�e�f�o�r�e�,� �i�t� �i�s� �n�e�c�e�s�s�a�r�y� �t�o� �w�o�r�k� 

�w�i�t�h� �d�i�l�u�t�e� �s�o�l�u�t�i�o�n�s� �i�n� �o�r�d�e�r� �t�o� �e�f�f�i�c�i�e�n�t�l�y� �d�i�s�s�i�p�a�t�e� �t�h�e� 

�h�e�a�t� �e�v�o�l�v�e�d� �(�o�r� �o�n�e� �s�h�o�u�l�d� �a�d�d� �t�h�e� �m�o�n�o�m�e�r� �s�l�o�w�e�r� �w�h�e�n� 

�m�a�k�i�n�g� �l�i�n�e�a�r� �p�o�l�y�(�a�l�k�y�l� �m�e�t�h�a�c�r�y�l�a�t�e�)�s�)�.� 

�O�n�e� �c�a�n� �e�a�s�i�l�y� �e�s�t�i�m�a�t�e� �t�h�e� �i�m�p�u�r�i�t�y� �l�e�v�e�l� �i�n�h�e�r�e�n�t� �i�n� 

�t�h�e� �r�e�a�c�t�i�o�n�s� �w�h�e�n� �m�a�c�r�o�m�o�n�o�m�e�r�s� �a�r�e� �u�s�e�d�,� �w�h�i�c�h� �c�a�n� �n�o�t� �b�e� 

�e�a�s�i�l�y� �p�u�r�i�f�i�e�d� �t�o� �h�i�g�h� �l�e�v�e�l�s� �l�i�k�e� �c�o�n�v�e�n�t�i�o�n�a�l� �s�m�a�l�l



�9�6� 

�m�o�n�o�m�e�r�s� �c�a�n� �b�e� �b�y� �d�i�s�t�i�l�l�a�t�i�o�n�,� �b�y� �s�a�c�r�i�f�i�c�i�n�g� �o�n�e� �o�f� �t�h�e� 

�r�e�a�c�t�i�o�n�s� �a�n�d� �a�d�d�i�n�g� �s�m�a�l�l�e�r� �i�n�c�r�e�m�e�n�t�s� �o�f� �t�h�e� �i�n�i�t�i�a�t�o�r�.� 

�O�n�c�e� �i�t� �i�s� �d�e�t�e�r�m�i�n�e�d� �e�x�a�c�t�l�y� �h�o�w� �m�u�c�h� �i�n�i�t�i�a�t�o�r� �i�t� �t�o�o�k� �f�o�r� 

�t�h�e� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �e�x�o�t�h�e�r�m� �t�o� �b�e� �n�o�t�i�c�e�d�,� �o�n�e� �c�a�n� �s�i�m�p�l�y� 

�a�d�d� �t�h�i�s� �a�m�o�u�n�t� �o�f� �i�n�i�t�i�a�t�o�r� �t�o� �t�h�e� �c�a�l�c�u�l�a�t�e�d� �a�m�o�u�n�t� �o�f� �t�h�e� 

�i�n�i�t�i�a�t�o�r� �t�o� �a�c�h�i�e�v�e� �t�h�e� �d�e�s�i�r�e�d� �m�o�l�a�r� �m�a�s�s� �p�o�l�y�m�e�r�.� �T�h�i�s� 

�p�r�o�c�e�d�u�r�e� �i�s� �n�o�t� �u�n�l�i�k�e� �t�o� �t�h�e� �p�r�o�c�e�d�u�r�e� �u�s�e�d� �f�o�r� �t�h�e� �l�o�w�-� 

�p�r�e�s�s�u�r�e� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �r�e�a�c�t�o�r�s� �d�e�v�e�l�o�p�e�d� �b�y� �D�r�.� �J�a�m�e�s� 

�H�o�o�v�e�r� �/�3� �a�n�d�,� �a�s� �w�i�l�l� �b�e� �s�h�o�w�n� �l�a�t�e�r�,� �t�h�e� �P�M�M�A�-�g�-�P�M�M�A� 

�p�o�l�y�m�e�r�s� �w�e�r�e� �a�l�l� �o�f� �h�i�g�h� �m�o�l�a�r� �m�a�s�s�,� �c�e�n�t�e�r�e�d� �a�t� �2�5�0�,�0�0�0� 

�g�/�m�o�l�,� �a�n�d� �w�i�t�h�i�n� �1�5�%� �o�f� �o�n�e� �a�n�o�t�h�e�r�.� 

�G�e�l� �p�e�r�m�e�a�t�i�o�n� �c�h�r�o�m�a�t�o�g�r�a�m�s� �f�o�r� �t�h�e� �r�e�a�c�t�i�o�n� �p�r�o�d�u�c�t�s� 

�o�f� �a� �s�e�r�i�e�s� �o�f� �g�r�a�f�t� �p�o�l�y�m�e�r�s� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �1�.�1�2�.� �T�h�e� 

�c�h�r�o�m�a�t�o�g�r�a�m�s� �a�r�e� �o�f� �t�h�e� �c�r�u�d�e� �r�e�a�c�t�i�o�n� �p�r�o�d�u�c�t�s� �o�f� �t�h�r�e�e� 

�c�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n�s� �t�h�a�t� �h�a�d� �v�a�r�i�o�u�s� �a�m�o�u�n�t�s� �o�f� �t�h�e� �s�a�m�e� �m�o�l�a�r� 

�m�a�s�s� �P�M�M�A� �m�a�c�r�o�m�o�n�o�m�e�r� �c�h�a�r�g�e�d� �t�o� �t�h�e�m�,� �w�h�i�c�h� �v�a�r�i�e�d� �t�h�e� 

�i�n�i�t�i�a�l� �f�e�e�d� �r�a�t�i�o�s� �o�f� �t�h�e� �c�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n�.� �T�h�e� �r�a�w� 

�c�h�r�o�m�a�t�o�g�r�a�m�s� �w�e�r�e� �o�b�t�a�i�n�e�d� �u�s�i�n�g� �a� �U�V� �d�e�t�e�c�t�o�r� �a�t� �2�1�8� �n�m�.� 

�I�t� �i�s� �c�l�e�a�r� �t�h�a�t� �s�o�m�e� �o�f� �t�h�e� �m�a�c�r�o�m�o�n�o�m�e�r� �w�a�s� �n�o�t� 

�i�n�c�o�r�p�o�r�a�t�e�d�,� �a�s� �e�v�i�d�e�n�c�e�d� �b�y� �t�h�e� �s�m�a�l�l� �p�e�a�k�s� �t�h�a�t� �c�o�m�e� �a�t� 

�3�4� �m�L� �e�l�u�t�i�o�n� �v�o�l�u�m�e� �c�o�r�r�e�s�p�o�n�d�i�n�g� �t�o� �t�h�e� �e�l�u�t�i�o�n� �v�o�l�u�m�e� �o�f� 

�t�h�e� �s�t�a�r�t�i�n�g� �m�a�c�r�o�m�o�n�o�m�e�r�.� �T�h�e� �a�p�p�a�r�e�n�t� �m�o�l�a�r� �m�a�s�s�e�s� �a�n�d� 

�a�p�p�a�r�e�n�t� �m�o�l�a�r� �m�a�s�s� �d�i�s�t�r�i�b�u�t�i�o�n�s�,� �t�h�a�t� �i�s� �r�e�l�a�t�i�v�e� �t�o� 

�l�i�n�e�a�r� �P�M�M�A� �G�P�C� �s�t�a�n�d�a�r�d�s�,� �o�f� �t�h�e� �m�a�j�o�r� �p�e�a�k� �i�n� �t�h�e� 

�c�h�r�o�m�a�t�o�g�r�a�m�s�,� �s�h�o�w�s� �t�h�e� �m�a�t�e�r�i�a�l�s� �t�o� �b�e� �o�f� �h�i�g�h� �m�o�l�a�r� �m�a�s�s



�G�P�C�s� �O�F� �P�M�M�A�-�g�-�P�M�M�A� �(�U�N�F�R�A�C�T�I�O�N�A�T�E�D�)� 

� � � � 
�P�o�p�o� �F�o� �b�o�a� �P�o�y� �p�T� �a� �T�y� �p�d� �P�o�r�t� �t� �t� �P�i�a� �t�o� �P�T�T� �T�T�T� �t�i� �T�I� 

�2�3�0� �2�4� �2� �2�6� �2�7� �2�8� �2� �3�1� �1�2� �«�3�3� �«�4� �3�5� �2�2�0�2�4� �2�5� �2�6� �0�2�7� �2�8� �o�s� �O�H� �2�K� �M�S� �2�2�0�2�4� �«�2�5� �«�2�6� �«�2�7� �2�8� �2�9� �3�0� �0� �3�1� �3�2� �0�6�:�9�3� �e�S� 

�F�i�g�u�r�e� �1�.�1�2� �G�P�C� �t�r�a�c�e�s� �o�f� �c�r�u�d�e� �r�e�a�c�t�i�o�n� �p�r�o�d�u�c�t�.



�9�8� 

�a�n�d� �r�e�l�a�t�i�v�e�l�y� �n�a�r�r�o�w� �m�o�l�a�r� �m�a�s�s� �d�i�s�t�r�i�b�u�t�i�o�n�s�.� �I�n� �o�r�d�e�r� �t�o� 

�o�b�t�a�i�n� �t�h�e� �n�u�m�b�e�r� �a�v�e�r�a�g�e� �m�o�l�a�r� �m�a�s�s� �o�f� �t�h�e� �h�i�g�h� �m�o�l�e�c�u�l�a�r� 

�w�e�i�g�h�t� �b�r�a�n�c�h�e�d� �p�o�l�y�m�e�r� �b�y� �m�e�m�b�r�a�n�e� �o�s�m�o�m�e�t�r�y� �a�n�d� �t�h�e� �w�e�i�g�h�t� 

�a�v�e�r�a�g�e� �m�o�l�a�r� �m�a�s�s� �b�y� �l�i�g�h�t� �s�c�a�t�t�e�r�i�n�g�,� �i�t� �w�a�s� �n�e�c�e�s�s�a�r�y� �t�o� 

�f�r�a�c�t�i�o�n�a�t�e� �t�h�e� �l�o�w� �m�o�l�a�r� �m�a�s�s� �u�n�i�n�c�o�r�p�o�r�a�t�e�d� �o�l�i�g�o�m�e�r� �f�r�o�m� 

�t�h�e� �h�i�g�h� �m�o�l�a�r� �m�a�s�s� �c�o�m�p�o�n�e�n�t�.� �T�h�i�s� �w�a�s� �a�c�c�o�m�p�l�i�s�h�e�d� �b�y� 

�d�i�s�s�o�l�v�i�n�g� �t�h�e� �c�r�u�d�e� �p�r�o�d�u�c�t� �i�n� �T�H�F� �a�n�d� �s�l�o�w�l�y� �a�d�d�i�n�g� �a� 

�n�o�n�s�o�l�v�e�n�t�,� �h�e�x�a�n�e�,� �t�o� �t�h�e� �s�o�l�u�t�i�o�n� �a�n�d� �s�e�l�e�c�t�i�v�e�l�y� 

�p�r�e�c�i�p�i�t�a�t�i�n�g� �t�h�e� �h�i�g�h� �m�o�l�a�r� �m�a�s�s� �m�a�t�e�r�i�a�l�.� �F�i�g�u�r�e� �1�.�1�3� 

�s�h�o�w�s� �t�h�e� �c�h�r�o�m�a�t�o�g�r�a�m� �f�o�r� �o�n�e� �s�a�m�p�l�e� �b�e�f�o�r�e� �a�n�d� �a�f�t�e�r� �t�h�e� 

�f�r�a�c�t�i�o�n�a�t�i�o�n� �p�r�o�c�e�d�u�r�e�.� �A�s� �o�n�e� �c�a�n� �s�e�e�,� �t�h�e� �m�e�t�h�o�d� �w�a�s� 

�s�u�c�c�e�s�s�f�u�l� �i�n� �r�e�m�o�v�i�n�g� �t�h�e� �u�n�i�n�c�o�r�p�o�r�a�t�e�d� �m�a�c�r�o�m�o�n�o�m�e�r�,� �a�s� 

�e�v�i�d�e�n�c�e�d� �b�y� �t�h�e� �f�l�a�t� �b�a�s�e�l�i�n�e� �a�t� �4�8� �m�L� �e�l�u�t�i�o�n� �v�o�l�u�m�e� �f�o�r� 

�t�h�e� �f�r�a�c�t�i�o�n�a�t�e�d� �m�a�t�e�r�i�a�l�.� �E�v�e�n� �m�o�r�e� �i�m�p�o�r�t�a�n�t�l�y�,� �o�n�e� �c�a�n� 

�s�e�e� �t�h�a�t� �t�h�e� �c�h�r�o�m�a�t�o�g�r�a�m�s� �a�r�e� �v�i�r�t�u�a�l�l�y� �s�u�p�e�r�i�m�p�o�s�a�b�l�e� �i�n� 

�t�h�e� �h�i�g�h� �m�o�l�a�r� �m�a�s�s� �r�e�g�i�o�n�,� �i�n�d�i�c�a�t�i�n�g� �t�h�a�t� �t�h�e� 

�f�r�a�c�t�i�o�n�a�t�i�o�n� �p�r�o�c�e�d�u�r�e� �d�i�d� �n�o�t� �e�f�f�e�c�t� �t�h�e� �m�o�l�a�r� �m�a�s�s� 

�d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �t�h�e� �b�r�a�n�c�h�e�d� �p�o�l�y�m�e�r� �t�o� �a�n�y� �l�a�r�g�e� �e�x�t�e�n�t�.� 

�C�a�l�c�u�l�a�t�i�o�n� �o�f� �t�h�e� �N�u�m�b�e�r� �o�f� �G�r�a�f�t�s� �p�e�r� �B�a�c�k�b�o�n�e�.� �I�n� 

�o�r�d�e�r� �t�o� �c�a�l�c�u�l�a�t�e� �t�h�e� �n�u�m�b�e�r� �o�f� �g�r�a�f�t�s� �p�e�r� �m�a�c�r�o�m�o�l�e�c�u�l�e� �o�r� 

�b�a�c�k�b�o�n�e�,� �a� �v�a�r�i�e�t�y� �o�f� �i�n�f�o�r�m�a�t�i�o�n� �w�a�s� �n�e�e�d�e�d�.� �A� �s�a�m�p�l�e� 

�c�a�l�c�u�l�a�t�i�o�n� �i�s� �g�i�v�e�n� �i�n� �F�i�g�u�r�e� �1�.�1�4�.� �T�h�i�s� �i�n�c�l�u�d�e�d� �t�h�e� 

�r�e�s�u�l�t�s� �f�r�o�m� �t�h�e� �G�P�C� �o�f� �t�h�e� �c�r�u�d�e� �r�e�a�c�t�i�o�n� �p�r�o�d�u�c�t�,� �t�h�e� �V�P�O� 

�d�a�t�a� �o�f� �t�h�e� �P�M�M�A� �m�a�c�r�o�m�o�n�o�m�e�r�,� �t�h�e� �M�O� �d�a�t�a� �o�n� �t�h�e
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� � �r�e�o�  �� � � �o�b� �4� �4�,�  �� �4� �4� �m�l� �4� �4� �4� �4� �e�e� �.� �4� �4� �4� 
�a� �¥� �r� �r� 

�1�8�.�0�  ��2�8�.�0� �3�8�.�0�  ��4�8�,�0� �5�8�.�0� �6�8�.�0� 

�R�E�T�E�N�T�I�O�N� �V�O�L�U�M�E� �(�m�l�)� 

�F�i�g�u�r�e� �1�.�1�3� �G�P�C� �t�r�a�c�e�s� �o�f� �f�r�a�c�t�i�o�n�a�t�e�d� �a�n�d� 
�u�n�f�r�a�c�t�i�o�n�a�t�e�d� �P�M�M�A�-�g�-�P�M�M�A�.



�1�0�0� 

� � 

�A�s�s�u�m�e� �t�h�a�t� �t�h�e� �a�m�o�u�n�t� �o�f� �p�o�l�y�m�e�r� �p�r�e�c�i�p�i�t�a�t�e�d� �f�r�o�m� 
�t�h�e� �c�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n� �w�a�s� �1�0� �g�,� �b�u�t�,� �w�e� �c�h�a�r�g�e�d� �8� �g� �m�o�n�o�m�e�r� 
�a�n�d� �4� �g� �o�f� �m�a�c�r�o�m�o�n�o�m�e�r�,� �t�h�i�s� �l�e�a�v�e�s� �a�n� �8�3�%� �y�i�e�l�d�,� 

�1�0� �g� �p�r�o�d�u�c�t� �/� �(� �8� �g� �M�M�A� �+� �4� �g� �m�a�c�r�o�m�o�n�o�m�e�r�)� �=� �0�.�8�3� 

�N�o�w�,� �a�s�s�u�m�i�n�g� �t�h�a�t� �w�e� �g�e�t� �a�l�l� �o�f� �o�u�r� �m�a�c�r�o�m�o�n�o�m�e�r� �b�a�c�k�,� 
�e�i�t�h�e�r� �f�r�e�e� �o�r� �i�n�c�o�r�p�o�r�a�t�e�d�,� �t�h�e�n� �4� �g� �o�f� �t�h�e� �1�0� �g� �y�i�e�l�d� �i�s� 
�a�t�t�r�i�b�u�t�e�d� �t�o� �t�h�e� �m�a�c�r�o�m�o�n�o�m�e�r�;� �h�o�w�e�v�e�r�,� �f�r�o�m� �G�P�C� �w�e� �k�n�o�w� 
�t�h�a�t� �5� �w�t�%� �o�f� �t�h�e� �y�i�e�l�d� �i�s� �a�c�t�u�a�l�l�y� �f�r�e�e� �m�a�c�r�o�m�o�n�o�m�e�r�,� � � 

�0�.�0�5� �x� �1�0�g� �=� �0�.�5�g� �f�r�e�e� �m�a�c�r�o�m�o�n�o�m�e�r� 

�'�S�o� �t�h�a�t� �t�h�e� �a�m�o�u�n�t� �o�f� �m�a�c�r�o�m�o�n�o�m�e�r� �t�h�a�t� �w�a�s� �i�n�c�o�r�p�o�r�a�t�e�d� 
�|� �w�a�s� 

�(�4� �g� �c�h�a�r�g�e�d� �m�a�c�r�o�m�e�r�)� �-� �(�0�.�5� �g� �f�r�e�e� �m�a�c�r�o�m�e�r�)� �=� �3�.�5� �9�g�,� 

�w�h�i�c�h� �l�e�a�v�e�s� 

�3�.�5� �g� �/� �(�1�0� �g� �-� �0�.�5� �g�)� �x� �1�0�0� �=� �3�7� �w�t�%� 

�T�h�i�s� �m�e�a�n�s� �t�h�a�t� �3�7� �w�t�%� �o�f� �t�h�e� �g�r�a�f�t� �p�o�l�y�m�e�r� �i�s� �m�a�d�e� �u�p� �o�f� 
�g�r�a�f�t�s�.� �I�f� �t�h�e� �<�M�n�>� �o�f� �t�h�e� �g�r�a�f�t� �p�o�l�y�m�e�r� �i�s� �1�0�0�,�0�0�0� �g�/�m�o�l� 
�b�y� �m�e�m�b�r�a�n�e� �o�s�m�o�m�e�t�r�y�,� �t�h�e�n� 

�0�.�3�7� �x� �1�0�0�,�0�0�0� �g�/�m�o�l� �=� �3�7�,�0�0�0� �g�/�m�o�l� 

�i�s� �a�t�t�r�i�b�u�t�e�d� �t�o� �t�h�e� �g�r�a�f�t� �p�a�r�t� �o�f� �t�h�e� �c�o�p�o�l�y�m�e�r�.� �B�y� �V�P�O�,� 
�w�e� �k�n�o�w� �t�h�a�t� �t�h�e� �<�M�n�>� �o�f� �t�h�e� �m�a�c�r�o�m�o�n�o�m�e�r� �w�a�s� �7�,�0�0�0� �g�/�m�o�l�,� 
�t�h�e�n� 

�7�,�0�0�0� �g�/�m�o�l� �/� �3�7�,�0�0�0� �g�/�m�o�l� �=� �5�.�3� �g�r�a�f�t�s�/�b�a�c�k�b�o�n�e�.� � � � � � � 
� � 

�F�i�g�u�r�e� �1�.�1�4� �S�a�m�p�l�e� �c�a�l�c�u�l�a�t�i�o�n�s� �f�o�r� �t�h�e� �n�u�m�b�e�r� �o�f� 
�g�r�a�f�t�s� �p�e�r� �b�a�c�k�b�o�n�e�.� 

� 



�1�0�1� 

�f�r�a�c�t�i�o�n�a�t�e�d� �P�M�M�A�-�g�-�P�M�M�A� �s�e�r�i�e�s� �o�f� �p�o�l�y�m�e�r�s�,� �a�s� �w�e�l�l� �a�s� �t�h�e� 

�k�n�o�w�l�e�d�g�e� �o�f� �t�h�e� �o�v�e�r�a�l�l� �S�y�n�t�h�e�t�i�c� �y�i�e�l�d� �o�f� �t�h�e� 

�c�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n� �a�n�d� �t�h�e� �k�n�o�w�n� �f�e�e�d� �r�a�t�i�o� �d�a�t�a�.� �T�h�e� �o�n�l�y� 

�a�s�s�u�m�p�t�i�o�n� �m�a�d�e� �i�n� �t�h�i�s� �c�a�l�c�u�l�a�t�i�o�n� �w�a�s� �t�h�a�t� �t�h�e� 

�m�a�c�r�o�m�o�n�o�m�e�r� �c�h�a�r�g�e�d� �d�u�r�i�n�g� �t�h�e� �s�y�n�t�h�e�s�i�s� �w�a�s� �f�u�l�l�y� 

�r�e�c�o�v�e�r�e�d� �i�n� �t�h�e� �p�r�o�d�u�c�t� �a�s� �e�i�t�h�e�r� �a� �g�r�a�f�t� �o�n� �t�h�e� �b�r�a�n�c�h�e�d� 

�P�M�M�A� �o�r� �a�S� �a� �f�r�e�e�,� �u�n�i�n�c�o�r�p�o�r�a�t�e�d� �s�p�e�c�i�e�s� �w�h�o�s�e� �p�e�a�k� �o�n� �t�h�e� 

�c�h�r�o�m�a�t�o�g�r�a�m� �w�a�s� �f�u�l�l�y� �r�e�s�o�l�v�e�d� �f�r�o�m� �t�h�e� �p�e�a�k� �o�f� �t�h�e� �h�i�g�h� 

�m�o�l�a�r� �m�a�s�s� �b�r�a�n�c�h�e�d� �P�M�M�A�.� �T�h�e� �a�b�s�o�l�u�t�e� �m�o�l�a�r� �m�a�s�s� �a�n�d� �t�h�e� 

�c�u�m�m�u�l�a�t�i�v�e� �m�a�s�s� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �t�h�e� �u�n�e�x�t�r�a�c�t�e�d� �f�o�r�m� �o�f� �t�h�e� 

�c�o�p�o�l�y�m�e�r�s� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �G�P�C� �e�x�p�e�r�i�m�e�n�t�s� �w�e�r�e� �u�s�e�d� �t�o� 

�c�a�l�c�u�l�a�t�e� �t�h�e� �p�e�r�c�e�n�t�a�g�e� �o�f� �u�n�i�n�c�o�r�p�o�r�a�t�e�d� �m�a�c�r�o�m�o�n�o�m�e�r� 

�p�r�e�s�e�n�t� �i�n� �t�h�e� �f�i�n�a�l� �s�y�n�t�h�e�t�i�c� �y�i�e�l�d� �o�f� �g�r�a�f�t� �P�M�M�A�.� �B�a�s�e�d� 

�o�n� �t�h�i�s� �i�n�f�o�r�m�a�t�i�o�n�,� �t�h�e� �w�e�i�g�h�t� �o�f� �u�n�i�n�c�o�r�p�o�r�a�t�e�d� 

�m�a�c�r�o�m�o�n�o�m�e�r� �w�a�s� �d�e�t�e�r�m�i�n�e�d�.� �T�h�i�s� �a�l�l�o�w�e�d� �f�o�r� �t�h�e� 

�d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �w�e�i�g�h�t� �f�r�a�c�t�i�o�n� �o�f� �t�h�e� �b�r�a�n�c�h�e�d� �P�M�M�A� 

�t�h�a�t� �w�a�s� �c�o�m�p�r�i�s�e�d� �o�f� �g�r�a�f�t�s�.� �T�h�e� �f�i�n�a�l� �s�t�e�p� �i�n�v�o�l�v�e�d� 

�t�a�k�i�n�g� �t�h�e� �p�e�r�c�e�n�t�a�g�e� �o�f� �t�h�e� �<�M�n�>� �o�f� �t�h�e� �g�r�a�f�t� �c�o�p�o�l�y�m�e�r� 

�(�o�b�t�a�i�n�e�d� �f�r�o�m� �M�O� �o�n� �t�h�e� �f�r�a�c�t�i�o�n�a�t�e�d� �b�r�a�n�c�h�e�d� �P�M�M�A�)� 

�a�t�t�r�i�b�u�t�e�d� �t�o� �t�h�e� �g�r�a�f�t� �p�a�r�t�s� �a�n�d� �d�i�v�i�d�i�n�g� �b�y� �t�h�e� �<�M�n�>� �o�f� 

�t�h�e� �m�a�c�r�o�m�o�n�o�m�e�r� �(�o�b�t�a�i�n�e�d� �f�r�o�m� �V�P�O� �o�n� �t�h�e� �n�e�a�t� �P�M�M�A� 

�m�a�c�r�o�m�o�n�o�m�e�r�)� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �a�v�e�r�a�g�e� �n�u�m�b�e�r� �o�f� �g�r�a�f�t�s� �p�e�r� 

�b�a�c�k�b�o�n�e�.� 

�T�h�e� �r�e�s�u�l�t�s�,� �t�h�e� �a�v�e�r�a�g�e� �o�f� �t�h�r�e�e� �r�u�n�s�,� �a�r�e� �p�r�e�s�e�n�t�e�d� 

�i�n� �T�a�b�l�e� �1�.�2�,� �f�o�r� �t�h�e� �s�e�r�i�e�s� �o�f� �t�h�r�e�e� �P�M�M�A�-�g�-�P�M�M�A�'�s� �w�i�t�h



�1�0�2� 

�T�a�b�l�e� �1�.�2� �M�o�l�a�r� �m�a�s�s� �a�n�d� �m�o�l�a�r� �m�a�s�s� �d�i�s�t�r�i�b�u�t�i�o�n� �d�a�t�a� 
�f�o�r� �P�M�M�A�-�g�-�P�M�M�A�.� 

� � 

� � 

� � � � � � � � � � � � 

�S�a�m�p�l�e�)� �<�M�n�>� �o�f� �G�r�a�f�t�)� �<�M�w�>� �o�f� �G�r�a�f�t� �M�o�l�a�r� �M�a�s�s� �|� �N�u�m�b�e�r� �o�f� 
�"�|� �P�o�l�y�m�e�r� �P�o�l�y�m�e�r�,� �D�i�s�t�r�i�b�u�t�i�o�n� �G�r�a�f�t�s� 

�(�k�g�/�m�o�l�)� �@� �(�k�g�/�m�o�l�)� �°� �|� �(�<�M�w�>�/�<�M�n�>�)� 

�A� �2�8�1� �2�9�5� �1�.�0�5� �2�.�2� 

�B� �2�1�5� �2�3�3� �1�.�0�8� �7�.�4� 

�C�c� �2�4�9� �2�6�6� �1�.�0�7� �1�4�.�1� 

�a� 

�n�f� �7�@�u� 

�D�e�t�e�r�m�i�n�e�d� �b�y� �m�e�m�k� �v�a�n�e� �o�s�m�o�m�e�t�r�y� 

�D�e�t�e�r�m�i�n�e�d� �b�y� �l�i�g�h�t� �s�c�a�t�t�e�r�i�n�g� 

� 



�1�0�3� 

�d�i�f�f�e�r�e�n�t� �l�e�v�e�l�s� �o�f� �b�r�a�n�c�h�i�n�g�.� �A�s� �o�n�e� �c�a�n� �s�e�e�,� �a�l�l� �o�f� �t�h�e� 

�b�r�a�n�c�h�e�d� �P�M�M�A�'�s� �h�a�v�e� �t�h�e�i�r� �n�u�m�b�e�r� �a�v�e�r�a�g�e� �m�o�l�a�r� �m�a�s�s�e�s� 

�c�e�n�t�e�r�e�d� �a�r�o�u�n�d� �2�5�0�0�0�0� �g�/�m�o�l� �(�2�x� �1�3�%�)�,� �i�n�d�i�c�a�t�i�n�g� �g�o�o�d� 

�c�o�n�t�r�o�l� �o�f� �t�h�e� �m�o�l�a�r� �m�a�s�s� �d�u�r�i�n�g� �t�h�e� �s�y�n�t�h�e�s�i�s�,� �g�i�v�e�n� �t�h�a�t� 

�t�h�e� �t�a�r�g�e�t� �m�o�l�a�r� �m�a�s�s� �w�a�s� �2�0�0�0�0�0� �g�/�m�o�l�.� �T�h�e� �w�e�i�g�h�t� �a�v�e�r�a�g�e� 

�m�o�l�a�r� �m�a�s�s�e�s� �a�r�e� �a�l�s�o� �l�i�s�t�e�d� �a�l�o�n�g� �w�i�t�h� �t�h�e�i�r� �m�o�l�a�r� �m�a�s�s� 

�d�i�s�t�r�i�b�u�t�i�o�n�s�.� �A�s� �o�n�e� �c�a�n� �s�e�e�,� �t�h�e� �r�e�s�u�l�t�a�n�t� �g�r�a�f�t� 

�h�o�m�o�p�o�l�y�m�e�r�s� �a�l�l� �h�a�v�e� �v�e�r�y� �n�a�r�r�o�w� �d�i�s�t�r�i�b�u�t�i�o�n�s� �a�n�d� 

�t�h�e�r�e�f�o�r�e� �l�e�n�d� �t�h�e�m�s�e�l�v�e�s� �v�e�r�y� �n�i�c�e�l�y� �a�s� �m�o�d�e�l� �b�r�a�n�c�h�e�d� 

�p�o�l�y�m�e�r�s� �f�o�r� �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� �i�n�v�e�s�t�i�g�a�t�i�o�n�s�.� 

�T�h�e� �l�e�v�e�l�s� �o�f� �b�r�a�n�c�h�i�n�g�,� �a�t� �e�s�s�e�n�t�i�a�l�l�y� �c�o�n�s�t�a�n�t� �m�o�l�a�r� �m�a�s�s�,� 

�r�a�n�g�e�d� �f�r�o�m� �2� �g�r�a�f�t�s� �p�e�r� �b�a�c�k�b�o�n�e� �t�o� �1�4� �g�r�a�f�t�s� �p�e�r� �b�a�c�k�b�o�n�e� 

�w�h�i�c�h� �w�o�r�k�s� �o�u�t� �t�o� �b�e� �5� �w�t�%� �u�p� �t�o� �4�0� �w�t�%� �o�f� �l�o�n�g� �c�h�a�i�n� 

�b�r�a�n�c�h�i�n�g�.� 

�D�e�t�a�i�l�s� �o�f� �t�h�e� �d�i�l�u�t�e� �s�o�l�u�t�i�o�n� �p�r�o�p�e�r�t�i�e�s� �o�f� �t�h�e�s�e� 

�w�e�l�l�-�d�e�f�i�n�e�d� �P�M�M�A�-�g�-�P�M�M�A� �c�o�p�o�l�y�m�e�r�s� �c�a�n� �b�e� �f�o�u�n�d� �i�n� �a� �s�e�r�i�e�s� 

�o�f� �p�r�e�p�r�i�n�t�s�/�?�4�:�7�5� �a�n�d� �i�n�a� �f�o�r�t�h�-�c�o�m�i�n�g� �m�a�n�u�s�c�r�i�p�t�.� �7�6� 

�P�O�L�Y� �(�M�E�T�H�Y�L� �M�E�T�H�A�C�R�Y�L�A�T�E�)� �-�G�-�P�O�L�Y� �(�D�I�M�E�T�H�Y�L�S�T�L�O�X�A�N�E�)� �S� 

�L�i�v�i�n�g� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �m�e�t�h�o�d�s� �a�l�l�o�w� �t�h�e� �s�y�n�t�h�e�s�i�s� �o�f� 

�p�o�l�y�m�e�r�s� �o�f� �c�o�n�t�r�o�l�l�e�d� �m�o�l�a�r� �m�a�s�s� �h�a�v�i�n�g� �a� �n�a�r�r�o�w� �m�o�l�a�r� �m�a�s�s� 

�d�i�s�t�r�i�b�u�t�i�o�n�.� �O�f� �p�a�r�t�i�c�u�l�a�r� �i�n�t�e�r�e�s�t� �t�o� �t�h�i�s� �s�t�u�d�y� �w�a�s� 

�p�o�l�y� �(�d�i�m�e�t�h�y�l�s�i�l�o�x�a�n�e�)� �(�P�D�M�S�)� �m�a�c�r�o�m�o�n�o�m�e�r�s� �s�y�n�t�h�e�s�i�z�e�d� 

�t�h�r�o�u�g�h� �t�h�e� �a�n�i�o�n�i�c� �o�r�g�a�n�o�l�i�t�h�i�u�m� �i�n�i�t�i�a�t�e�d� �r�i�n�g�-�o�p�e�n�i�n�g



�1�0�4� 

�p�o�l�y�m�e�r�i�z�a�t�i�o�n� �o�f� �h�e�x�a�m�e�t�h�y�l�c�y�c�l�o�t�r�i�s�i�l�o�x�a�n�e� �o�r� �D�3�.� �T�h�i�s� 

�i�n�v�e�s�t�i�g�a�t�i�o�n� �i�n�v�o�l�v�e�d� �t�h�e� �f�u�n�c�t�i�o�n�a�l� �t�e�r�m�i�n�a�t�i�o�n� �o�f� �t�h�e� 

�l�i�v�i�n�g� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �w�i�t�h� �a� �c�h�l�o�r�o�s�i�l�a�n�e� �d�e�r�i�v�a�t�i�v�e� �o�f� 

�a�l�l�y�l� �m�e�t�h�a�c�r�y�l�a�t�e� �t�o� �a�f�f�o�r�d� �m�e�t�h�a�c�r�y�l�o�y�l�o�x�y� �f�u�n�c�t�i�o�n�a�l�i�z�e�d� 

�P�D�M�S� �m�a�c�r�o�m�o�n�o�m�e�r�s� �h�a�v�i�n�g� �m�o�l�a�r� �m�a�s�s�e�s� �r�a�n�g�i�n�g� �f�r�o�m� 

�1�0�0�0� �g�/�m�o�l� �t�o� �2�0�0�0�0� �g�/�m�o�l�.� �T�h�e�s�e� �m�a�c�r�o�m�o�n�o�m�e�r�s� �w�e�r�e� 

�s�u�b�s�e�q�u�e�n�t�l�y� �c�o�p�o�l�y�m�e�r�i�z�e�d� �w�i�t�h� �M�M�A� �t�o� �a�f�f�o�r�d� �t�h�e� �t�i�t�l�e� 

�g�r�a�f�t� �c�o�p�o�l�y�m�e�r�s�.� 

�T�h�e� �d�e�s�i�r�a�b�l�e� �p�r�o�p�e�r�t�i�e�s� �o�f� �P�D�M�S� �i�n�c�l�u�d�e� �a� �v�e�r�y� �l�o�w� 

�g�l�a�s�s� �t�r�a�n�s�i�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e�,� �b�i�o�c�o�m�p�a�t�i�b�i�l�i�t�y�,� �l�o�w� �s�u�r�f�a�c�e� 

�e�n�e�r�g�y�,� �o�x�y�g�e�n� �p�e�r�m�e�a�b�i�l�i�t�y�,� �a�n�d� �r�e�s�i�s�t�a�n�c�e� �t�o�w�a�r�d�s� 

�d�e�g�r�a�d�a�t�i�o�n� �b�y� �a�t�o�m�i�c� �o�x�y�g�e�n� �a�n�d� �o�x�y�g�e�n� �p�l�a�s�m�a�s�.� �A� 

�h�e�t�e�r�o�p�h�a�s�e� �m�a�t�e�r�i�a�l� �t�h�e�r�e�f�o�r�e�,� �c�o�n�s�i�s�t�i�n�g� �o�f� �m�i�c�r�o�p�h�a�s�e� 

�s�e�p�a�r�a�t�e�d� �P�D�M�S� �d�o�m�a�i�n�s� �e�m�b�e�d�d�e�d� �i�n� �a� �P�M�M�A� �m�a�t�r�i�x�,� �s�u�c�h� �a�s� 

�t�h�e� �g�r�a�f�t� �c�o�p�o�l�y�m�e�r�s� �s�y�n�t�h�e�s�i�z�e�d� �i�n� �t�h�i�s� �p�a�p�e�r�,� �s�h�o�u�l�d� 

�i�l�l�u�s�t�r�a�t�e� �t�h�e� �d�e�s�i�r�a�b�l�e� �p�r�o�p�e�r�t�i�e�s� �o�f� �b�o�t�h� �c�o�m�p�o�n�e�n�t�s�.� 

�P�o�l�y� �(�d�i�m�e�t�h�y�l�s�i�l�o�x�a�n�e�)� �S�y�n�t�h�e�s�i�s�.� �T�h�e� �p�o�l�y� �(�d�i�m�e�t�h�y�l�-� 

�S�i�l�o�x�a�n�e�)� �m�a�c�r�o�m�o�n�o�m�e�r�s� �w�e�r�e� �s�y�n�t�h�e�s�i�z�e�d� �u�s�i�n�g� �t�h�e� �l�i�v�i�n�g� 

�r�i�n�g�-�o�p�e�n�i�n�g� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �o�f� �D�3� �a�s� �d�e�s�c�r�i�b�e�d� �i�n� �t�h�e� 

�E�x�p�e�r�i�m�e�n�t�a�l� �S�e�c�t�i�o�n�.� �T�h�e� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �w�a�s� �i�n�i�t�i�a�t�e�d� �b�y� 

�t�h�e� �a�d�d�i�t�i�o�n� �o�f� �s�e�c�-�b�u�t�y�l�l�i�t�h�i�u�m� �t�o� �a� �p�u�r�e� �c�y�c�l�o�h�e�x�a�n�e� 

�s�o�l�u�t�i�o�n� �o�f� �D�3�.� �T�h�i�s� �r�e�s�u�l�t�s� �i�n� �t�h�e� �i�n�i�t�i�a�t�i�o�n� �o�f� �t�h�e� �r�i�n�g�-� 

�o�p�e�n�i�n�g� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �w�i�t�h�o�u�t� �a�n�y� �f�u�r�t�h�e�r� �p�r�o�p�a�g�a�t�i�o�n� 

�r�e�a�c�t�i�o�n�s� �t�a�k�i�n�g� �p�l�a�c�e�.� �I�n� �a� �n�o�n�p�o�l�a�r� �m�e�d�i�u�m�,� �s�u�c�h� �a�s



�1�0�5� 

�c�y�c�l�o�h�e�x�a�n�e�,� �t�h�e� �l�i�v�i�n�g� �s�i�l�o�x�a�n�o�l�a�t�e� �e�x�i�s�t�s� �a�s� �a� �v�e�r�y� �t�i�g�h�t� 

�i�o�n�-�p�a�i�r� �w�i�t�h� �t�h�e� �l�i�t�h�i�u�m� �c�o�u�n�t�e�r�i�o�n� �a�n�d� �t�h�a�t� �t�h�e�s�e� �i�o�n�-� 

�p�a�i�r�s� �e�x�i�s�t� �a�s� �a�g�g�r�e�g�a�t�e�s� �o�f� �t�h�r�e�e�,� �o�r� �m�o�r�e� �l�i�k�e�l�y�,� �f�o�u�r� 

�i�o�n�-�p�a�i�r�s�.�/�?�7� �U�p�o�n� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �t�h�e� �p�o�l�a�r� �s�o�l�v�e�n�t�,� �T�H�F�,� 

�t�h�e� �p�o�l�a�r�i�t�y� �o�f� �t�h�e� �s�o�l�u�t�i�o�n� �c�h�a�n�g�e�s�,� �w�h�i�c�h� �l�o�o�s�e�n�s� �t�h�e� �i�o�n�-� 

�p�a�i�r� �a�n�d� �p�r�o�b�a�b�l�y� �b�r�e�a�k�s� �u�p� �t�h�e� �i�o�n�-�p�a�i�r� �a�g�g�r�a�g�a�t�e�s� �t�o� �s�o�m�e� 

�e�x�t�e�n�t�,� �a�l�l�o�w�i�n�g� �p�r�o�p�a�g�a�t�i�o�n� �t�o� �o�c�c�u�r� �t�o� �a�f�f�o�r�d� �h�i�g�h� �p�o�l�y�m�e�r� 

�o�f� �c�o�n�t�r�o�l�l�e�d� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �i�n� �a� �l�i�v�i�n�g� �m�a�n�n�e�r� �a�s� �s�h�o�w�n� 

�i�n� �S�c�h�e�m�e� �1�.�9�7�8�,� �7�9�,� �8�0�,� �8�1�,� �8�2�,� �8�3� 

�T�o� �c�o�n�t�r�o�l� �t�h�e� �m�o�l�a�r� �m�a�s�s�,� �i�t� �i�s� �n�e�c�e�s�s�a�r�y� �t�h�a�t� �t�h�e� 

�i�n�i�t�i�a�t�i�o�n� �r�e�a�c�t�i�o�n� �t�a�k�e�s� �p�l�a�c�e� �i�n�s�t�a�n�t�a�n�e�o�u�s�l�y� �a�n�d� �f�a�s�t�e�r� 

�t�h�a�n� �t�h�e� �p�r�o�p�a�g�a�t�i�o�n� �r�e�a�c�t�i�o�n�s�.� �T�h�i�s� �c�r�i�t�e�r�i�o�n� �i�s� 

�a�r�t�i�f�i�c�i�a�l�l�y� �e�n�f�o�r�c�e�d� �u�n�d�e�r� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� �c�o�n�d�i�t�i�o�n�s� 

�i�l�l�u�s�t�r�a�t�e�d� �a�b�o�v�e�.� �I�t� �h�a�s� �b�e�e�n� �s�h�o�w�n�,� �i�n� �a�n� �e�x�c�e�l�l�e�n�t� �p�a�p�e�r� 

�b�y� �F�r�y�e� �a�n�d� �c�o�w�o�r�k�e�r�s�8�4� �i�n� �1�9�7�0�,� �t�h�a�t� �u�p�o�n� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� 

�a�l�k�y�l�l�i�t�h�i�u�m�s�,� �s�p�e�c�i�f�i�c�a�l�l�y� �n�-�b�u�t�y�l�l�i�t�h�i�u�m� �a�n�d� �t�-� 

�b�u�t�y�l�l�i�t�h�i�u�m�,� �t�o� �D�3�,� �r�a�p�i�d� �r�i�n�g�-�o�p�e�n�i�n�g� �r�e�a�c�t�i�o�n�s� �o�c�c�u�r� �t�o� 

�y�i�e�l�d� �l�i�t�h�i�u�m� �s�i�l�o�x�a�n�o�l�a�t�e�s�.� �T�h�e�s�e� �s�p�e�c�i�e�s� �a�r�e� �i�n� �t�u�r�n� 

�c�o�m�p�l�e�t�e�l�y� �c�o�n�s�u�m�e�d� �b�y� �a�d�d�i�t�i�o�n�a�l� �a�l�k�y�l�l�i�t�h�i�u�m�s� �i�n� �a�n� �e�v�e�n� 

�f�a�s�t�e�r� �s�e�r�i�e�s� �o�f� �a�l�k�y�l�a�t�i�o�n� �r�e�a�c�t�i�o�n�s� �t�o� �y�i�e�l�d� �t�h�e� �s�i�m�p�l�e� 

�t�r�i�o�r�g�a�n�o�s�i�l�o�x�a�n�o�l�a�t�e�.� �T�h�e�s�e� �s�u�b�s�e�q�u�e�n�t� �a�l�k�y�l�a�t�i�o�n� 

�r�e�a�c�t�i�o�n�s� �o�f� �t�h�e� �a�l�k�y�l�l�i�t�h�i�u�m�s� �o�n� �t�h�e� �l�i�t�h�i�u�m� �s�i�l�o�x�a�n�o�l�a�t�e�s� 

�a�r�e� �s�o� �m�u�c�h� �f�a�s�t�e�r� �t�h�a�n� �t�h�e� �r�e�a�c�t�i�o�n�s� �o�f� �t�h�e� �a�l�k�y�l�i�t�h�i�u�m�s� �o�n� 

�c�y�c�l�i�c� �n�e�u�t�r�a�l� �s�p�e�c�i�e�s� �t�h�a�t� �t�h�e�r�e� �i�s� �n�o� �e�v�i�d�e�n�c�e� �o�f� �a�n�y� 

�l�i�t�h�i�u�m� �s�i�l�o�x�a�n�o�l�a�t�e�s� �w�i�t�h� �m�o�r�e� �t�h�a�n� �o�n�e� �r�e�p�e�a�t� �u�n�i�t� �o�f
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�1�0�7� 

�S�i�l�o�x�a�n�e�,� �i�n� �h�y�d�r�o�c�a�r�b�o�n� �s�o�l�v�e�n�t�s�.� �T�h�i�s� �e�n�h�a�n�c�e�d� �p�r�e�f�e�r�e�n�c�e� 

�i�s� �p�r�e�s�u�m�a�b�l�y� �a�t�t�r�i�b�u�t�e�d� �t�o� �t�h�e� �n�a�t�u�r�e� �o�f� �t�h�e� �a�s�s�o�c�i�a�t�i�o�n� �o�f� 

�t�h�e� �i�o�n�-�p�a�i�r�s� �w�h�i�c�h� �g�i�v�e�s� �r�i�s�e� �t�o� �a� �l�o�c�a�l�l�y� �h�i�g�h�e�r� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �l�i�t�h�i�u�m� �s�i�l�o�x�a�n�o�l�a�t�e�s� �a�n�d� �o�r�g�a�n�o�l�i�t�h�i�u�m�s� 

�r�e�l�a�t�i�v�e� �t�o� �o�r�g�a�n�o�l�i�t�h�i�u�m�s� �a�n�d� �t�h�e� �c�y�c�l�i�c� �t�r�i�m�e�r�.� �W�h�e�n� 

�6�@�é�t�h�e�r� �i�s� �a�d�d�e�d� �t�o� �t�h�e� �h�y�d�r�o�c�a�r�b�o�n� �s�o�l�u�t�i�o�n� �o�f� �t�h�e�s�e� 

�r�e�a�c�t�a�n�t�s�,� �a�l�k�y�l�l�i�t�h�i�u�m�s� �w�e�r�e� �s�h�o�w�n� �t�o� �b�e� �m�o�r�e� �r�e�a�c�t�i�v�e� �t�h�a�n� 

�t�h�e� �l�i�t�h�i�u�m� �s�i�l�o�x�a�n�o�l�a�t�e�s� �t�o�w�a�r�d�s� �D�3�.� 

�T�h�e� �l�i�v�i�n�g� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �w�a�s� �t�e�r�m�i�n�a�t�e�d� �a�f�t�e�r� �4�8� �h� 

�a�c�c�o�r�d�i�n�g� �t�o� �S�c�h�e�m�e� �1�.�1�0�.� �W�e� �h�a�v�e� �s�h�o�w�n�,� �b�y� �s�i�l�i�c�o�n�-�2�9� 

�N�M�R�8�5� �,� �G�P�C�,� �a�n�d� �e�n�d� �g�r�o�u�p� �a�n�a�l�y�s�i�s� �b�y� �F�T�I�R�@�,� �t�h�a�t� �e�v�e�n� 

�t�o�w�a�r�d�s� �t�h�e� �e�n�d� �o�f� �t�h�e� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �r�e�a�c�t�i�o�n�,� �u�n�d�e�r� �t�h�e� 

�t�i�m�e�s� �a�n�d� �c�o�n�d�i�t�i�o�n�s� �u�s�e�d� �h�e�r�e�,� �n�o� �c�y�c�l�i�c� �f�o�r�m�a�t�i�o�n� �a�n�d� �n�o� 

�b�r�o�a�d�e�n�i�n�g� �o�f� �t�h�e� �m�o�l�a�r� �m�a�s�s� �d�i�s�t�r�i�b�u�t�i�o�n� �h�a�d� �o�c�c�u�r�e�d� �b�y� 

�4�8� �h�.� �T�h�i�s� �a�l�l�o�w�s� �f�o�r� �e�x�c�e�l�l�e�n�t� �c�o�n�t�r�o�l� �o�f� �t�h�e� �m�o�l�a�r� �m�a�s�s� 

�a�n�d� �f�u�n�c�t�i�o�n�a�l�i�t�y� �o�f� �P�D�M�S� �o�l�i�g�o�m�e�r�s� �a�n�d� �p�o�l�y�m�e�r�s�.� �T�h�e� 

�t�e�r�m�i�n�a�t�i�n�g� �a�g�e�n�t� �u�s�e�d� �f�o�r� �m�e�t�h�a�c�r�l�o�y�l�o�x�y� �f�u�n�c�t�i�o�n�a�l�i�z�e�d� 

�P�D�M�S� �o�l�i�g�o�m�e�r�s� �w�a�s� �3�-�m�e�t�h�a�c�r�y�l�o�y�l�o�x�y�p�r�o�p�y�l�d�i�m�e�t�h�y�l�c�h�l�o�r�o�-� 

�S�i�l�a�n�e�.� �T�h�i�s� �r�e�a�g�e�n�t� �i�s� �a�n� �a�d�d�u�c�t� �p�r�e�p�a�r�e�d� �f�r�o�m� �t�h�e� 

�h�y�d�r�o�s�i�l�y�l�a�t�i�o�n�8�®� �o�f� �a�l�l�y�l� �m�e�t�h�a�c�r�y�l�a�t�e� �w�i�t�h� �d�i�m�e�t�h�y�l�-� 

�c�h�l�o�r�o�s�i�l�a�n�e� �u�s�i�n�g� �c�h�l�o�r�o�p�l�a�t�i�n�i�c� �a�c�i�d� �a�s� �d�e�p�i�c�t�e�d� �i�n� �S�c�h�e�m�e� 

�1�.�1�1�.� �T�h�e� �t�e�r�m�i�n�a�t�i�n�g� �a�g�e�n�t� �w�a�s� �a�d�d�e�d� �d�i�r�e�c�t�l�y� �t�o� �t�h�e� 

�p�o�l�y�m�e�r�i�z�a�t�i�o�n� �r�e�a�c�t�i�o�n�s� �u�s�i�n�g� �a�i�r�l�e�s�s� �t�e�c�h�n�i�q�u�e�s�.� �S�h�o�r�t�l�y� 

�a�f�t�e�r� �t�h�e� �a�d�d�i�t�i�o�n�,� �o�n�e� �c�o�u�l�d� �o�b�s�e�r�v�e� �t�h�e� �f�o�r�m�a�t�i�o�n
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�a�n�d� �p�r�e�c�i�p�i�t�a�t�i�o�n� �o�f� �l�i�t�h�i�u�m� �c�h�l�o�r�i�d�e�,� �i�n�d�i�c�a�t�i�n�g� �s�u�c�c�e�s�s�f�u�l� 

�t�e�r�m�i�n�a�t�i�o�n�.� �T�h�e� �p�r�e�c�i�p�i�t�a�t�i�o�n� �o�f� �l�i�t�h�i�u�m� �c�h�l�o�r�i�d�e� �i�s� �a�l�s�o� 

�a� �d�r�i�v�i�n�g� �f�o�r�c�e� �t�o�w�a�r�d�s� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �h�i�g�h�l�y� 

�f�u�n�c�t�i�o�n�a�l�i�z�e�d� �P�D�M�S� �m�a�c�r�o�m�o�n�o�m�e�r�s�.� �A�f�t�e�r� �t�h�e� �d�e�s�c�r�i�b�e�d� 

�w�o�r�k�-�u�p�,� �t�h�e� �m�e�t�h�a�c�r�y�l�o�y�l�o�x�y� �f�u�n�c�t�i�o�n�a�l�i�z�e�d� �P�D�M�S� �m�a�c�r�o�-� 

�m�o�n�o�m�e�r�s� �w�e�r�e� �c�h�a�r�a�c�t�e�r�i�z�e�d� �b�y� �a� �v�a�r�i�e�t�y� �o�f� �t�e�c�h�n�i�q�u�e�s� �w�h�i�c�h� 

�i�n�c�l�u�d�e� �G�P�C� �(�u�s�i�n�g� �t�h�e� �U�V� �d�e�t�e�c�t�o�r� �i�n� �a�n� �i�s�o�r�e�f�r�a�c�t�i�v�e� 

�s�o�l�v�e�n�t� �a�n�d� �w�i�t�h� �t�h�e� �r�e�f�r�a�c�t�i�v�e� �i�n�d�e�x� �d�e�t�e�c�t�o�r� �i�n� �a� 

�n�o�r�.�i�s�o�r�e�f�r�a�c�t�i�v�e� �s�o�l�v�e�n�t�)�,� �V�P�O�,� �U�V� �s�p�e�c�t�r�o�s�c�o�p�y�,� �a�n�d� �N�M�R�.� 

�T�h�e� �t�a�r�g�e�t� �m�o�l�a�r� �m�a�s�s�e�s� �f�o�r� �t�h�e� �P�D�M�S� �m�a�c�r�o�m�o�n�o�m�e�r�s� �u�s�e�d� 

�i�n� �t�h�e� �C�C�D� �i�n�v�e�s�t�i�g�a�t�i�o�n�s� �r�a�n�g�e�d� �f�r�o�m� �5�k� �g�/�m�o�l� �t�o� �2�0�k� �g�/�m�o�l�.� 

�T�h�e� �n�u�m�b�e�r� �a�v�e�r�a�g�e� �m�o�l�a�r� �m�a�s�s�e�s� �a�n�d� �m�o�l�a�r� �m�a�s�s� �d�i�s�t�r�i�b�u�t�i�o�n�s� 

�w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �b�y� �G�P�C� �i�n� �t�o�l�u�e�n�e� �u�s�i�n�g� �t�h�e� �r�e�f�r�a�c�t�i�v�e� �i�n�d�e�x� 

�d�e�t�e�c�t�o�r� �a�n�d� �P�D�M�S� �G�P�C� �s�t�a�n�d�a�r�d�s�.� �T�h�e� �n�u�m�b�e�r� �a�v�e�r�a�g�e� �m�o�l�a�r� 

�m�a�s�s� �w�a�s� �a�l�s�o� �d�e�t�e�r�m�i�n�e�d� �b�y� �p�e�r�f�o�r�m�i�n�g� �a�n� �e�n�d�g�r�o�u�p� �a�n�a�l�y�s�i�s� 

�u�s�i�n�g� �U�V� �s�p�e�c�t�r�o�s�c�o�p�y� �a�n�d� �b�y� �v�a�p�o�r� �p�h�a�s�e� �o�s�m�o�m�e�t�r�y� �a�s� 

�d�e�s�c�r�i�b�e�d� �i�n� �t�h�e� �E�x�p�e�r�i�m�e�n�t�a�l� �S�e�c�t�i�o�n� �-� �P�a�r�t� �1�.� �A�S� �o�n�e� �c�a�n� 

�s�e�e� �i�n� �T�a�b�l�e� �1�.�3�,� �a� �g�o�o�d� �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� 

�v�a�l�u�e�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �G�P�C�,� �V�P�O�,� �a�n�d� �U�V� �s�p�e�c�t�r�o�s�c�o�p�y� �a�n�d� �t�h�e� 

�t�a�r�g�e�t� �v�a�l�u�e�s� �a�r�e� �l�i�s�t�e�d� �i�n� �t�h�e� �f�i�r�s�t� �c�o�l�u�m�n�.� �A� �t�y�p�i�c�a�l� �G�P�C� 

�t�r�a�c�e� �f�o�r� �t�h�e� �m�e�t�h�a�c�r�y�l�o�y�l�o�x�y� �f�u�n�c�t�i�o�n�a�l�i�z�e�d� �P�D�M�S� 

�m�a�c�r�o�m�o�n�o�m�e�r�s� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �1�.�1�5�.



�1�1�]� 

�T�a�b�l�e� �1�.�3� �N�u�m�b�e�r� �a�v�e�r�a�g�e� �m�o�l�a�r� �m�a�s�s�e�s� �a�n�d� �m�o�l�a�r� �m�a�s�s� 

� � 

� � 

�d�i�s�t�r�i�b�u�t�i�o�n�s� �o�f� �m�e�t�h�a�c�r�y�l�o�y�l�o�x�y� �f�u�n�c�t�i�o�n�a�l�i�z�e�d� �P�M�M�A� 
�m�a�c�r�o�m�o�n�o�m�e�r�s�.� 

�T�a�r�g�e�t� �G�P�C� �M�o�l�a�r� �M�a�s�s� �V�a�p�o�r� �P�h�a�s�e� �U�V� 
�M�o�l�a�r� �M�a�s�s� �<�M�n�>� �D�i�s�t�r�i�b�u�t�i�o�n� �O�s�m�o�m�e�t�r�y� 
�(�k�g�/�m�o�l�)� �(�k�g�/�m�o�l�)� �(�k�g�/�m�o�l�)� �(�k�g�/�m�o�l� 

�5�.�0� �7�.�5� �1�.�1�5� �5�.�6� �4�.�7� 

�1�0�.�0� �1�0�.�5� �1�.�1�5� �9�.�8� �8�.�8� 

�2�0�.�0� �2�2�.�8� �1�.�0�7� �-�-�-�-� �-�-�-�-� � � � � � � � � � � � � � 



�1�1�2� 

�P� �l� �A� 

�M�A�C�R�O�M�O�N�O�M�E�R� 

�(�M�W� �=� �2�0�K�,� �M�W�D� �=� �1�.�0�7�)� 

� � 

�3� �«�(�3�1� �3�2� �3�4� �3�5� 

�E�L�U�T�I�O�N� �V�O�L�U�M�E� �(�m�L�)� 

�F�i�g�u�r�e� �1�.�1�5� �G�P�C� �o�f� �m�e�t�h�a�c�r�y�l�o�y�l�o�x�y� �f�u�n�c�t�i�o�n�a�l�i�z�e�d� �P�D�M�S�.



�1�1�3� 

�T�n�e� �m�e�t�h�a�c�r�y�l�o�y�l�o�x�y� �f�u�n�c�t�i�o�n�a�l�i�z�e�d� �P�D�M�S� �m�a�c�r�o�m�o�n�c!"�e�r�s� 

�d�e�s�c�r�i�b�e�d� �a�b�o�v�e� �w�e�r�e� �t�h�e�n� �u�s�e�d� �a�s� �a� �c�o�m�o�n�o�m�e�r� �w�i�t�h� �M�M�A� �u�s�i�n�g� 

�t�w�o� �d�i�f�f�e�r�e�n�t� �c�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n� �t�e�c�h�n�i�q�u�e�s�,� �n�a�m�e�l�y� �f�r�e�e� 

�r�a�d�i�c�a�l� �a�n�d� �a�n�i�o�n�i�c� �m�e�t�h�o�d�s�.� �T�h�e� �c�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n�s� �y�i�e�l�d�i�n�g� 

�t�h�e� �P�M�M�A�-�g�-�P�D�M�S� �c�o�p�o�l�y�m�e�r�s� �w�i�l�l� �b�e� �d�i�s�c�u�s�s�e�d� �n�e�x�t� �a�l�o�n�g� �w�i�t�h� 

�t�h�e�i�r� �m�o�l�e�c�u�l�a�r� �c�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �a�n�d� �C�C�D� �e�v�a�l�u�a�t�i�o�n�.



�1�1�4� 

�F�r�e�e� �R�a�d�i�c�a�l� �C�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n�.� �P�M�M�A�-�g�-�P�D�M�S� 

�c�o�p�o�l�y�m�e�r�s� �w�e�r�e� �p�r�e�p�a�r�e�d� �u�s�i�n�g� �a� �f�r�e�e� �r�a�d�i�c�a�l� 

�c�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n� �m�e�c�h�a�n�i�s�m� �a�c�c�o�r�d�i�n�g� �t�o� �S�c�h�e�m�e� �1�.�1�2�.� 

�T�o�l�u�e�n�e� �w�a�s� �f�o�u�n�d� �t�o� �b�e� �a� �g�o�o�d� �s�o�l�v�e�n�t� �a�n�d� �d�i�d� �n�o�t� �s�h�o�w� 

�p�r�o�b�l�e�m�s� �o�f� �s�i�g�n�i�f�i�c�a�n�t� �c�h�a�i�n� �t�r�a�n�s�f�e�r� �w�i�t�h� �m�e�t�h�y�l� 

�m�e�t�h�a�c�r�y�l�a�t�e�.� �T�h�e� �h�o�m�o�g�e�n�e�o�u�s� �s�o�l�u�t�i�o�n� �p�o�l�y�m�e�r�i�z�a�t�i�o�n�s� �w�e�r�e� 

�r�u�n� �a�t� �2�0� �w�/�v�%�.� �T�h�i�s� �c�o�n�c�e�n�t�r�a�t�i�o�n� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �a�d�e�q�u�a�t�e� 

�t�o� �o�b�t�a�i�n� �h�i�g�h� �m�o�l�a�r� �m�a�s�s� �(�>�1�0�0� �k�g�/�m�o�l�)� �p�o�l�y�m�e�r�s� �w�h�i�l�e� �s�t�i�l�l� 

�m�a�i�n�t�a�i�n�i�n�g� �a� �h�o�m�o�g�e�n�e�o�u�s� �c�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n�.� �T�h�e� �p�a�r�a�m�e�t�e�r�s� 

�i�n�v�o�l�v�e�d� �i�n� �d�e�t�e�r�m�i�n�i�n�g� �i�f� �h�e�t�e�r�o�g�e�n�e�i�t�y� �w�o�u�l�d� �o�c�c�u�r� �i�n�c�l�u�d�e� 

�t�h�e� �m�o�l�a�r� �m�a�s�s� �o�f� �t�h�e� �m�a�c�r�o�m�o�n�o�m�e�r�,� �t�h�e� �v�o�l�u�m�e� �f�r�a�c�t�i�o�n�s� �o�f� 

�m�a�c�r�o�m�o�n�o�m�e�r� �a�n�d� �m�o�n�o�m�e�r�,� �t�h�e� �s�p�e�c�i�f�i�c� �s�y�s�t�e�m� 

�(�X�4�9� �p�a�r�a�m�e�t�e�r�)�,� �t�e�m�p�e�r�a�t�u�r�e�,� �a�n�d� �t�h�e� �s�o�l�v�e�n�t�.� �P�h�a�s�e� 

�s�e�p�a�r�a�t�i�o�n� �c�o�u�l�d� �b�e� �m�o�s�t� �e�a�s�i�l�y� �i�n�d�u�c�e�d� �w�i�t�h� �t�h�e� �h�i�g�h�e�r� 

�m�o�l�a�r� �m�a�s�s� �P�D�M�S� �m�a�c�r�o�m�o�n�o�m�e�r�s�.� 

�T�h�e� �r�e�s�u�l�t�a�n�t� �g�r�a�f�t� �c�o�p�o�l�y�m�e�r�s� �a�l�w�a�y�s� �c�o�n�t�a�i�n�e�d� �a� 

�c�e�r�t�a�i�n� �a�m�o�u�n�t� �o�f� �u�n�i�n�c�o�r�p�o�r�a�t�e�d� �P�D�M�S� �m�a�c�r�o�m�o�n�o�m�e�r� �a�f�t�e�r� 

�p�r�e�c�i�p�i�t�a�t�i�o�n� �i�n� �m�e�t�h�a�n�o�l�.� �T�h�e� �f�r�e�e� �P�D�M�S� �o�l�i�g�o�m�e�r� �w�a�s� 

�c�o�n�v�e�n�i�e�n�t�l�y� �r�e�m�o�v�e�d� �b�y� �t�h�o�r�o�u�g�h� �e�x�t�r�a�c�t�i�o�n� �o�f� �t�h�e� �r�e�a�c�t�i�o�n� 

�p�r�o�d�u�c�t� �w�i�t�h� �e�i�t�h�e�r� �h�e�x�a�n�e�s� �o�r� �i�s�o�p�r�o�p�a�n�o�l� �i�n� �a� �s�o�x�h�l�e�t� 

�e�x�t�r�a�c�t�o�r�.� �F�i�g�u�r�e� �1�.�1�6� �s�h�o�w�s� �t�w�o� �G�P�C� �t�r�a�c�e�s� �o�f� �t�h�e� �P�M�M�A�-�g�-� 

�P�D�M�S� �c�o�p�o�l�y�m�e�r�s� �p�r�e�p�a�r�e�d� �u�s�i�n�g� �t�h�e� �f�r�e�e� �r�a�d�i�c�a�l� �c�o�p�o�l�y�m�e�r�-� 

�i�z�a�t�i�o�n� �m�e�c�h�a�n�i�s�m�.� �T�h�e� �t�r�a�c�e� �o�n� �t�h�e� �l�e�f�t� �i�s� �t�h�e� �c�r�u�d�e� 

�r�e�a�c�t�i�o�n� �p�r�o�d�u�c�t�.� �T�h�e� �t�r�a�c�e� �o�n� �t�h�e� �r�i�g�h�t� �i�s� �t�h�e� �g�r�a�f�t� 

�c�o�p�o�l�y�m�e�r� �a�f�t�e�r� �e�x�t�r�a�c�t�i�o�n� �s�h�o�w�i�n�g� �t�h�e� �m�a�t�e�r�i�a�l� �b�e�i�n�g� �f�r�e�e



�1�1�5� 

�S�c�h�e�m�e� �1�.�1�2� �F�r�e�e� �r�a�d�i�c�a�l� �c�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n� �o�f� �M�M�A� �w�i�t�h� 
�m�e�t�h�a�c�r�y�l�o�y�l�o�x�y� �f�u�n�c�t�i�o�n�a�l� �P�D�M�S� �m�a�c�r�o�m�o�n�o�m�e�r�.� 
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�e�e� �e�e�e� �e�e� 
�2�0� �2�1� �2�2� �2�3� �2�4� �2�5� �2�6� �2�7� �2�8� �2�9� �3�0� �3�1� �3�3� �3�4� �3�5� 

�E�L�U�T�I�O�N� �V�O�L�U�M�E� �(�m�L�)� 
�F�i�g�u�r�e� �1�.�1�6� �G�P�C� �t�r�a�c�e� �o�f� �P�M�M�A�-�g�-�P�D�M�S� �b�e�f�o�r�e� �a�n�d� �a�f�t�e�r� 

�_�.�.�.�.�a�c�t�i�o�n� �o�f� �P�D�M�S� �m�a�c�r�o�m�o�n�o�m�e�r�.



�1�1�7� 

�o�f� �u�n�i�n�c�o�r�p�o�r�a�t�e�d� �P�D�M�S� �o�l�i�g�o�m�e�r�.� �T�h�e� �U�V� �d�e�t�e�c�t�o�r� �w�a�s� �u�s�e�d� 

�t�o� �o�b�t�a�i�n� �t�h�e�s�e� �t�r�a�c�e�s� �a�n�d� �t�h�e�r�e�f�o�r�e� �t�h�e� �s�i�g�n�a�l� �f�r�o�m� �t�h�e� 

�f�r�e�e� �P�D�M�S� �i�s� �d�u�e� �t�o� �t�h�e� �a�b�s�o�r�b�a�n�c�e� �f�r�o�m� �t�h�e� �m�e�t�h�a�c�r�y�l�o�y�l�o�x�y� 

�f�u�n�c�t�i�o�n�a�l� �g�r�o�u�p�.� 

�O�n�e� �o�f� �t�h�e� �m�a�i�n� �i�n�t�e�r�e�s�t�s� �i�n� �t�h�e�s�e� �m�a�t�e�r�i�a�l�s� �w�a�s� �f�o�r� 

�t�h�e�i�r� �u�s�e� �i�n� �e�l�u�c�i�d�a�t�i�n�g� �t�h�e� �c�h�e�m�i�c�a�l� �c�o�m�p�o�s�i�t�i�o�n� 

�d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �g�r�a�f�t� �c�o�p�o�l�y�m�e�r�s� �p�r�e�p�a�r�e�d� �b�y� �t�h�e� 

�m�a�c�r�o�m�o�n�o�m�e�r� �m�e�t�h�o�d�.� �W�e� �f�i�r�s�t� �n�e�e�d�e�d� �t�o� �e�s�t�a�b�l�i�s�h� �t�h�a�t� 

�t�h�e�r�e� �w�a�s� �n�o�t� �a� �d�r�i�f�t� �i�n� �t�h�e� �f�e�e�d� �r�a�t�i�o� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� 

�c�o�n�v�e�r�s�i�o�n�.� �T�h�i�s� �w�o�u�l�d� �l�e�a�d� �t�o� �a� �b�r�o�a�d�e�n�i�n�g� �o�f� �t�h�e� �C�C�D� �d�u�e� 

�t�o� �c�o�n�v�e�r�s�i�o�n�a�l� �h�e�t�e�r�o�g�e�n�e�i�t�i�e�s� �a�s� �d�e�s�c�r�i�b�e�d� �i�n� �t�h�e� �R�e�s�u�l�t�s� 

�a�n�d� �D�i�s�c�u�s�s�i�o�n� �S�e�c�t�i�o�n� �-� �P�a�r�t� �1�.� �I�t� �w�a�s� �t�h�e�r�e�f�o�r�e� �i�m�p�o�r�t�a�n�t� 

�t�o� �c�h�e�c�k� �i�f� �t�h�e�r�e� �w�a�s� �a� �s�i�g�n�i�f�i�c�a�n�t� �d�r�i�f�t� �i�n� �t�h�e� �c�h�e�m�i�c�a�l� 

�c�o�m�p�o�s�t�i�o�n� �o�f� �t�h�e� �g�r�a�f�t� �c�o�p�o�l�y�m�e�r�s� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� 

�c�o�n�v�e�r�s�i�o�n�.� �T�h�e� �g�r�a�p�h� �i�n� �F�i�g�u�r�e� �1�.�1�7� �s�h�o�w�s� �t�h�e� �w�t�%� �P�D�M�S� 

�i�n�c�o�r�p�o�r�a�t�e�d� �i�n� �a� �c�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n� �o�f� �M�M�A� �a�n�d� �a� �P�D�M�S� 

�m�a�c�r�o�m�o�n�o�m�e�r� �w�i�t�h� �a� �m�o�l�a�r� �m�a�s�s� �o�f� �5�0�0�0� �g�/�m�o�l�.� �A�S� �o�n�e� �c�a�n� 

�s�e�e�,� �w�i�t�h�i�n� �e�x�p�e�r�i�m�e�n�t�a�l� �e�r�r�o�r�,� �t�h�e� �c�o�m�p�o�s�i�t�i�o�n� �r�e�m�a�i�n�s� 

�c�o�n�s�t�a�n�t� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �c�o�n�v�e�r�s�i�o�n�.� �T�h�i�s� �r�e�s�u�l�t� �a�l�l�o�w�s� �u�s� 

�t�o� �a�t�t�r�i�b�u�t�e� �a�n�y� �b�r�o�a�d�e�n�i�n�g� �o�f� �t�h�e� �C�C�D� �t�o� �s�t�a�t�i�s�t�i�c�a�l� 

�h�e�t�e�r�o�g�e�n�e�i�t�y�.� �T�h�e� �c�o�n�t�r�i�b�u�t�i�o�n� �t�o� �t�h�e� �C�C�D� �o�f� �t�h�i�s� �s�y�s�t�e�m� 

�f�r�o�m� �c�o�n�v�e�r�s�i�o�n�a�l� �h�e�t�e�r�o�g�e�n�e�i�t�y� �i�s� �t�h�e�r�e�f�o�r�e� �n�e�g�l�i�g�i�b�l�e�.� 

�T�h�e� �c�h�e�m�i�c�a�l� �c�o�m�p�o�s�i�t�i�o�n� �d�i�s�t�r�i�b�u�t�i�o�n� �(�C�C�D�)� �w�a�s� �e�v�e�n
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�1�1�9� 

�m�e�a�s�u�r�e�d� �f�o�r� �t�h�i�s� �s�y�s�t�e�m� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �c�o�n�v�e�r�s�i�o�n� �a�n�d� �t�h�e� 

�r�e�s�u�l�t�s� �w�i�l�l� �b�e� �p�r�e�s�e�n�t�e�d� �i�n� �t�h�e� �s�e�c�t�i�o�n� �d�e�a�l�i�n�g� �w�i�t�h� �C�C�D�.� 

�A�n�i�o�n�i�c� �C�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n�.� �T�h�e� �a�n�i�o�n�i�c� 

�c�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n� �o�f� �t�h�e� �m�e�t�h�a�c�r�y�l�o�y�l�o�x�y� �f�u�n�c�t�i�o�n�a�l�i�z�e�d� �P�D�M�S� 

�m�a�c�r�o�m�o�n�o�m�e�r� �w�i�t�h� �M�M�A� �i�s� �a�n� �a�p�p�r�o�a�c�h� �f�o�r� �o�b�t�a�i�n�i�n�g� �a� 

�m�o�n�o�d�i�s�p�e�r�s�e� �g�r�a�f�t� �c�o�p�o�l�y�m�e�r� �w�i�t�h� �a� �P�o�i�s�s�o�n� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� 

�d�e�g�r�e�e�s� �o�f� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �f�o�r� �t�h�e� �b�a�c�k�b�o�n�e� �c�o�m�p�o�n�e�n�t� �a�l�o�n�g� 

�w�i�t�h� �t�h�e� �g�r�a�f�t� �c�o�m�p�o�n�e�n�t�.� �T�h�e� �m�e�t�h�a�c�r�y�l�o�y�l�o�x�y� 

�f�u�n�c�t�i�o�n�a�l�i�z�e�d� �P�D�M�S� �m�a�c�r�o�m�o�n�o�m�e�r� �w�a�s� �t�h�e�n� �s�t�a�t�i�s�t�i�c�a�l�l�y� 

�c�o�p�o�l�y�m�e�r�i�z�e�d� �w�i�t�h� �M�M�A�,� �w�i�t�h� �v�a�r�i�o�u�s� �f�e�e�d� �r�a�t�i�o�s�,� �u�s�i�n�g� 

�a�n�i�o�n�i�c� �c�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n� �m�e�t�h�o�d�s� �t�o� �a�f�f�o�r�d� �t�h�e� �g�r�a�f�t� 

�c�o�p�o�l�y�m�e�r�s�,� �S�c�h�e�m�e� �1�.�1�3�.� �T�h�e� �p�o�l�y�m�e�r�i�z�a�t�i�o�n�s� �w�e�r�e� �c�a�r�r�i�e�d� 

�o�u�t� �i�n� �d�i�l�u�t�e� �s�o�l�u�t�i�o�n�s� �i�n� �o�r�d�e�r� �t�o� �m�a�i�n�t�a�i�n� �t�h�e� �d�e�s�i�r�e�d� �l�o�w� 

�t�e�m�p�e�r�a�t�u�r�e�s� �d�u�r�i�n�g� �t�h�e� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �e�x�o�t�h�e�r�m�.� �T�h�e� 

�a�d�d�i�t�i�o�n� �o�f� �a�l�i�q�u�o�t�s� �o�f� �t�h�e� �D�P�H�L� �i�n�i�t�i�a�t�o�r� �s�o�l�u�t�i�o�n� �a�l�l�o�w�e�d� 

�f�o�r� �t�h�e� �t�i�t�r�a�t�i�o�n� �o�f� �a�n�y� �p�r�o�t�o�n�i�c� �i�m�p�u�r�i�t�i�e�s� �t�h�a�t� �w�e�r�e� 

�p�r�e�s�e�n�t�.� �W�h�e�n� �a�l�l� �o�f� �t�h�e� �i�m�p�u�r�i�t�i�e�s� �h�a�v�e� �r�e�a�c�t�e�d� �w�i�t�h� �D�P�H�L�,� 

�t�h�e� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �w�o�u�l�d� �p�r�o�c�e�e�d� �w�i�t�h� �t�h�e� �a�c�c�o�m�p�a�n�y�i�n�g� 

�e�x�o�t�h�e�r�m�.� �A�t� �t�h�e�s�e� �t�e�m�p�e�r�a�t�u�r�e�s� �a�n�d� �c�o�n�c�e�n�t�r�a�t�i�o�n�s�,� 

�e�x�o�t�h�e�r�m�s� �l�a�s�t�i�n�g� �a�s� �l�o�n�g� �a�s� �t�h�r�e�e� �m�i�n�u�t�e�s� �w�e�r�e� �o�b�s�e�r�v�e�d�.� 

�T�h�e� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �e�x�o�t�h�e�r�m� �w�a�s� �i�m�p�o�r�t�a�n�t� �t�o� �m�o�n�i�t�o�r� �s�i�n�c�e� 

�f�u�r�t�h�e�r� �a�d�d�i�t�i�o�n� �o�f� �t�h�e� �D�P�H�L� �i�n�i�t�i�a�t�o�r� �w�o�u�l�d� �h�a�v�e� �r�e�s�u�l�t�e�d� 

�i�n� �m�a�t�e�r�i�a�l�s� �w�i�t�h� �b�i�m�o�d�a�l� �m�o�l�a�r� �m�a�s�s� �d�i�s�t�r�i�b�u�t�i�o�n�s�.
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�S�c�h�e�m�e� �1�.�1�3� �A�n�i�o�n�i�c� �c�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n� �o�f� �m�e�t�h�a�c�r�y�l�-� 
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�1�2�1� 

�A�s� �w�a�s� �i�l�l�u�s�t�r�a�t�e�d� �i�n� �T�a�b�l�e� �1�.�1� �i�n� �t�h�e� �L�i�t�e�r�a�t�u�r�e� 

�R�e�v�i�e�w� �S�e�c�t�i�o�n� �-� �P�a�r�t� �1� �d�e�a�l�i�n�g� �w�i�t�h� �t�h�e� �p�a�r�a�m�e�t�e�r�s� �t�h�a�t� 

�a�f�f�e�c�t� �t�h�e� �a�b�i�l�i�t�y� �o�f� �a� �m�a�c�r�o�m�o�n�o�m�e�r� �t�o� �c�o�p�o�l�y�m�e�r�i�z�e� �w�i�t�h� 

�s�m�a�l�l� �m�o�n�o�m�e�r�s�,� �t�h�e� �m�o�s�t� �i�m�p�o�r�t�a�n�t� �i�t�e�m� �l�i�s�t�e�d� �d�e�a�l�t� �w�i�t�h� 

�t�h�e� �n�a�t�u�r�e� �o�f� �s�u�b�s�t�i�t�u�t�i�o�n� �o�n� �t�h�e� �u�n�s�a�t�u�r�a�t�e�d� �e�n�d� �g�r�o�u�p�.� 

�T�h�i�s� �c�o�n�s�t�r�a�i�n�t� �i�s� �v�e�r�y� �m�e�c�h�a�n�i�s�t�i�c� �d�e�p�e�n�d�e�n�t�.� �I�n� �o�t�h�e�r� 

�w�o�r�d�s�,� �f�o�r� �t�h�e� �f�r�e�e� �r�a�d�i�c�a�l� �c�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n� �m�e�t�h�o�d� �t�o� 

�s�y�n�t�h�e�s�i�z�e� �P�M�M�A�-�g�-�P�D�M�S�,� �o�n�e� �c�o�u�l�d� �h�a�v�e� �u�s�e�d� �a� �s�t�y�r�e�n�i�c� 

�f�u�n�c�t�i�o�n�a�l� �P�D�M�S� �m�a�c�r�o�m�o�n�o�m�e�r� �t�o� �c�o�p�o�l�y�m�e�r�i�z�e� �w�i�t�h� �M�M�A� 

�b�e�c�a�u�s�e� �f�r�e�e� �r�a�d�i�c�a�l�l�y�,� �s�t�y�r�e�n�e� �c�o�p�o�l�y�m�e�r�i�z�e�s� �v�e�r�y� �w�e�l�l� �w�i�t�h� 

�M�M�A�.� �I�n� �f�a�c�t�,� �s�t�y�r�e�n�e� �w�i�l�l� �c�o�p�o�l�y�m�e�r�i�z�e� �b�e�t�t�e�r� �w�i�t�h� �M�M�A� 

�t�h�a�n� �M�M�A� �p�o�l�y�m�e�r�i�z�e�s� �w�i�t�h� �i�t�s�e�l�f�.� �H�o�w�e�v�e�r�,� �f�o�r� �a�n�i�o�n�i�c� 

�s�t�a�t�i�s�t�i�c�a�l� �c�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n�s� �o�f� �s�m�a�l�l� �m�o�n�o�m�e�r�s� �w�i�t�h� 

�m�a�c�r�o�m�o�n�o�m�e�r�s�,� �s�u�c�h� �a�s� �t�h�e� �c�a�s�e� �w�e� �h�a�v�e� �h�e�r�e�,� �i�t� �i�s� 

�n�e�c�e�s�s�a�r�y� �t�h�a�t� �w�h�e�n� �a� �l�i�t�h�i�u�m� �e�n�o�l�a�t�e� �f�o�r�m�s� �f�r�o�m� �t�h�e� �a�n�i�o�n�i�c� 

�p�o�l�y�m�e�r�i�z�a�t�i�o�n� �o�f� �M�M�A�,� �t�h�a�t� �i�t� �c�a�n� �c�r�o�s�s� �o�v�e�r� �t�o� �f�o�r�m� �a�n� 

�e�q�u�a�l�l�y� �r�e�a�c�t�i�v�e� �c�h�a�i�n� �e�n�d� �w�i�t�h� �t�h�e� �P�D�M�S� �m�a�c�r�o�m�o�n�o�m�e�r�,� �a�n�d� 

�v�i�s�a� �v�e�r�s�a�.� �W�e� �c�o�u�l�d� �n�o�t� �h�a�v�e� �t�h�e�r�e�f�o�r�e� �s�t�a�t�i�s�t�i�c�a�l�l�y� 

�c�o�p�o�l�y�m�e�r�i�z�e�d� �a� �s�t�y�r�e�n�i�c� �f�u�n�c�t�i�o�n�a�l�i�z�e�d� �m�a�c�r�o�m�o�n�o�m�e�r� �w�i�t�h� 

�M�M�A�.� 

�T�h�e� �a�c�h�i�e�v�e�m�e�n�t� �a�n�d� �m�a�i�n�t�e�n�a�n�c�e� �o�f� �-�7�8� �°�C� �i�n� �t�h�e� 

�r�e�a�c�t�i�o�n� �f�l�a�s�k�s� �w�h�e�r�e� �o�n�e� �i�s� �a�n�i�o�n�i�c�a�l�l�y� �p�o�l�y�m�e�r�i�z�i�n�g� �M�M�A� 

�s�h�o�u�l�d� �n�e�v�e�r� �b�e� �a�s�s�u�m�e�d� �a�n�d� �t�h�e� �p�r�e�c�a�u�t�i�o�n�s� �l�i�s�t�e�d� �i�n� �t�h�e� 

�R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� �S�e�c�t�i�o�n� �d�e�a�l�i�n�g� �w�i�t�h� �P�M�M�A�-�g�-�P�M�M�A� 

�s�y�n�t�h�e�s�i�s� �s�h�o�u�l�d� �b�e� �c�o�n�s�u�l�t�e�d�.� �I�f� �o�n�e� �m�a�i�n�t�a�i�n�s� �t�h�e� �d�e�s�i�r�e�d



�1�2�2� 

�l�o�w� �t�e�m�p�e�r�a�t�u�r�e�s�,� �i�t� �i�s� �p�o�s�s�i�b�l�e� �t�o� �s�y�n�t�h�e�s�i�z�e� �g�r�a�f�t� 

�c�o�p�o�y�m�e�r�s� �w�i�t�h� �a�p�p�a�r�e�n�t�l�y� �n�a�r�r�o�w� �m�o�l�a�r� �m�a�s�s� �d�i�s�t�r�i�b�u�t�i�o�n�s�,� 

�a�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �1�.�1�8�,� �f�o�r� �a�n� �a�n�i�o�n�i�c�a�l�l�y� �c�o�p�o�l�y�m�e�r�i�z�e�d� 

�g�r�a�f�t� �c�o�p�o�l�y�m�e�r� �a�f�t�e�r� �e�x�t�r�a�c�t�i�o�n� �t�o� �r�e�m�o�v�e� �f�r�e�e� �P�D�M�S� 

�M�m�M�a�c�r�o�m�o�n�o�m�e�r�.� 

�T�a�b�l�e� �4� �s�h�o�w�s� �s�o�m�e� �t�y�p�i�c�a�l� �d�a�t�a� �f�o�r� �t�h�e� �i�n�c�o�r�p�o�r�a�t�i�o�n� 

�o�f� �t�h�e� �P�D�M�S� �m�a�c�r�o�m�o�n�o�m�e�r�s� �i�n�t�o� �t�h�e� �c�o�p�o�l�y�m�e�r�s� �u�s�i�n�g� �a�n�i�o�n�i�c� 

�c�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n� �m�e�t�h�o�d�s�.� �T�h�e� �s�e�r�i�e�s� �p�r�e�s�e�n�t�e�d� �a�l�l� �u�s�e�d� �t�h�e� 

�S�a�m�e� �m�o�l�a�r� �m�a�s�s� �P�D�M�S� �m�a�c�r�o�m�o�n�o�m�e�r�,� �n�a�m�e�l�y� �1�0�°� �k�g�/�m�o�l�,� �w�i�t�h� 

�i�n�i�t�i�a�l� �f�e�e�d� �r�a�t�i�o�s� �r�a�n�g�i�n�g� �f�r�o�m� �1�0� �w�t�%� �t�o� �4�0� �w�t�%�.� �T�h�e� 

�r�e�s�u�l�t�s� �s�h�o�w� �t�h�a�t� �t�y�p�i�c�a�l�l�y� �5�0�%� �o�f� �t�h�e� �P�D�M�S� �m�a�c�r�o�m�o�n�o�m�e�r� 

�c�h�a�r�g�e�d� �w�a�s� �i�n�c�o�r�p�o�r�a�t�e�d�.� �I�t� �m�u�s�t� �b�e� �n�o�t�e�d�,� �h�o�w�e�v�e�r�,� �t�h�a�t� 

�t�h�e�s�e� �r�e�a�c�t�i�o�n�s� �w�e�r�e� �s�h�o�r�t� �s�t�o�p�p�e�d� �a�t� �c�a�.� �8�5�%� �c�o�n�v�e�r�s�i�o�n� 

�w�h�i�c�h� �c�o�r�r�e�s�p�o�n�d�e�d� �t�o� �3�-�5� �m�i�n� �a�f�t�e�r� �t�h�e� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� 

�e�x�o�t�h�e�r�m� �b�e�g�a�n�.� �T�h�i�s� �w�a�s� �d�o�n�e� �t�o� �p�r�e�v�e�n�t� �b�l�o�c�k�s� �o�f� �g�r�a�f�t�s� 

�f�o�r�m�i�n�g�,� �w�h�i�c�h� �c�o�u�l�d� �t�h�e�o�r�e�t�i�c�a�l�l�y� �f�o�r�m� �f�o�r� �a� �l�i�v�i�n�g� 

�p�o�l�y�m�e�r�i�z�a�t�i�o�n� �t�h�a�t� �i�s� �b�e�c�o�m�i�n�g� �h�i�g�h�e�r� �i�n� �P�D�M�S� �c�o�n�c�e�n�t�r�a�t�i�o�n� 

�a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �c�o�n�v�e�r�s�i�o�n�.� 

�M�o�l�e�c�u�l�a�r� �C�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n�.� �F�o�r� �a� �c�h�e�m�i�c�a�l�l�y� 

�h�e�t�e�r�o�g�e�n�e�o�u�s� �c�o�p�o�l�y�m�e�r�,� �l�i�g�h�t� �s�c�a�t�t�e�r�i�n�g� �m�e�t�h�o�d�s� �y�i�e�l�d� �a�n� 

�a�p�p�a�r�e�n�t� �m�o�l�a�r� �m�a�s�s�,� �M�a�p�:� �i�n�s�t�e�a�d� �o�f� �t�h�e� �t�r�u�e� �w�e�i�g�h�t� �a�v�e�r�a�g�e� 

�m�o�l�a�r� �m�a�s�s�,� �M�Y� �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�e� �t�w�o� 

�q�u�a�n�t�i�t�i�e�s� �w�a�s� �d�e�f�i�n�e�d� �i�n� �t�h�e� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �S�e�c�t�i�o�n� �a�n�d
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�G�P�C� �O�F� �P�M�M�A�-�G�-�P�D�M�S� 
�E�P�A�R�E�D� �A�N�I�O�N�I�C�A�L�L�Y� 

�(�G�R�A�F�T� �M�W� �=� �2�0�K�,� �P�D�M�S� �=� �1�6� �w�t�%�)� 

�3� �2� �8� �2�e� �e�a�7�e�F� �8�6� �3�a� �W�D� �=� �3�1� �3�2� 

�F�i�g�u�r�e� �1�.�1�8� �G�P�C� �t�r�a�c�e� �f�o�r� �P�M�M�A�-�g�-�P�D�M�S� �p�r�e�p�a�r�e�d� �b�y� 
�a�n�i�o�n�i�c� �c�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n� �m�e�t�h�o�d�s�.
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�1�2�4� 

�T�a�b�l�e� �1�.�4� �S�u�m�m�a�r�y� �o�f� �p�d�m�s� �m�a�c�r�o�m�o�n�o�m�e�r� �i�n�c�o�r�p�o�r�a�t�i�o�n� 
�i�n�t�o� �P�M�M�A�-�g�-�P�D�M�S� �p�r�e�p�a�r�e�d� �u�s�i�n�g� �a�n�i�o�n�i�c� �c�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n�.� 

� � 

� � 

� � 
�S�a�m�p�l�e�)� �P�D�M�S� �|� �w�t�%� �P�D�M�S� �w�t�%� �P�D�M�S� �|� �A�p�p�a�r�e�n�t� �A�p�p�a�r�e�n�t� 

�<�M�n�>� �|� �C�h�a�r�g�e�d� �I�n�c�o�r�p�.� �<�M�n�>� �M�W�D� 

�A� �1�0�k� �1�0�%� �5�%� �1�1�3�k� �1�.�1�8� 

�B� �1�0�k� �2�0�%� �9�%� �1�5�8�k� �1�.�2�4� 

�C�c� �1�0�k� �3�0�%� �1�2�%� �1�8�0�k� �1�.�2�9� 

�D� �1�0�k� �4�0�%� �2�1�%� �1�1�4�k� �1�.�1�6� � � � � � � � � � � 
� 



�1�2�5� 

�w�a�s� �s�h�o�w�n� �t�o� �b�e�:� 

�M�a�p� �=� �M�y� �+� �2�P�R� �+� �O�R�?� �(�6�)�,� 

�w�h�e�r�e� �R� �w�a�s� �d�e�f�i�n�e�d� �a�s� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �o�f� �t�h�e� �r�e�f�r�a�c�t�i�v�e� 

�i�n�d�e�x� �i�n�c�r�e�m�e�n�t�s�.� �f�o�r� �e�a�c�h� �c�o�m�p�o�n�e�n�t�s� �h�o�m�o�p�o�l�y�m�e�r� �d�i�v�i�d�e�d� �b�y� 

�t�h�e� �r�e�f�r�a�c�t�i�v�e� �i�n�d�e�x� �i�n�c�r�e�m�e�n�t� �f�o�r� �t�h�e� �c�o�p�o�l�y�m�e�r�.� 

�E�q�u�a�t�i�o�n� �6� �r�e�p�r�e�s�e�n�t�s� �a� �p�a�r�a�b�o�l�i�c� �f�u�n�c�t�i�o�n� �o�f� �t�h�e� �v�a�r�i�a�b�l�e� 

�R�,� �t�h�e� �v�a�l�u�e� �o�f� �w�h�i�c�h� �i�s� �m�a�i�n�l�y� �d�e�p�e�n�d�e�n�t� �u�p�o�n� �t�h�e� 

�r�e�f�r�a�c�t�i�v�e� �i�n�d�e�x� �o�f� �t�h�e� �s�o�l�v�e�n�t�.� �B�y� �d�e�t�e�r�m�i�n�i�n�g� �t�h�e� 

�a�p�p�a�r�e�n�t� �m�o�l�a�r� �m�a�s�s�,� �M�a�p�:� �i�n� �t�h�e� �s�e�v�e�n� �s�o�l�v�e�n�t�s� �w�i�t�h� 

�d�i�f�f�e�r�e�n�t� �r�e�f�r�a�c�t�i�v�e� �i�n�d�i�c�e�s� �(�r�a�n�g�i�n�g� �f�r�o�m� �1�.�3�7� �t�o� �1�.�5�3�)�,� 

�a�l�l� �t�h�r�e�e� �p�a�r�a�m�e�t�e�r�s� �i�n� �e�q�u�a�t�i�o�n� �6�,� �M�,�,� �P�,� �a�n�d� �Q�,� �c�a�n� �b�e� 

�e�v�a�l�u�a�t�e�d�.� �T�h�e� �r�e�s�u�l�t�s�,� �p�l�o�t�t�e�d� �a�s� �t�h�e� �p�a�r�a�b�o�l�i�c� �f�u�n�c�t�i�o�n�,� 

�a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �1�.�1�9�.� �I�n� �a�d�d�i�t�i�o�n�,� �w�h�e�n� �o�n�e� �p�e�r�f�o�r�m�s� 

�t�h�e� �l�i�g�h�t� �s�c�a�t�t�e�r�i�n�g� �e�x�p�e�r�i�m�e�n�t� �i�n� �a� �s�o�l�v�e�n�t� �t�h�a�t� �h�a�s� �t�h�e� 

�s�a�m�e� �r�e�f�r�a�c�t�i�v�e� �i�n�d�e�x� �a�s� �P�D�M�S�,� �s�u�c�h� �a�s� �T�H�F�,� �o�n�l�y� �t�h�e� �P�M�M�A� 

�c�o�m�p�o�n�e�n�t� �w�i�l�l� �r�e�s�u�l�t� �i�n� �t�h�e� �s�c�a�t�t�e�r�i�n�g� �o�f� �l�i�g�h�t�.� �T�h�i�s� 

�a�l�l�o�w�s� �t�h�e� �d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �w�e�i�g�h�t� �a�v�e�r�a�g�e� �m�o�l�a�r� �m�a�s�s� �o�f� 

�t�h�e� �b�a�c�k�b�o�n�e� �a�f�t�e�r� �t�h�e� �p�o�l�y�m�e�r� �i�s� �a�l�r�e�a�d�y� �p�r�e�p�a�r�e�d� �a�c�c�o�r�d�i�n�g� 

�t�O�:� 

�M�y�,�P�M�M�A� �=� �<�%�?� �M�a�p�  �� �(�7�)� 

�A�l�t�e�r�n�a�t�i�v�e�l�y�,� �w�h�e�n� �t�h�e� �l�i�g�h�t� �s�c�a�t�t�e�r�i�n�g� �e�x�p�e�r�i�m�e�n�t� �w�a�s� 

�c�o�n�d�u�c�t�e�d� �i�n� �a� �s�o�l�v�e�n�t� �t�h�a�t� �w�a�s� �i�s�o�r�e�f�r�a�c�t�i�v�e� �w�i�t�h� �P�M�M�A�,� 

�s�u�c�h� �a�s� �t�o�l�u�e�n�e�,� �t�h�e� �s�c�a�t�t�e�r�i�n�g� �w�a�s� �o�n�l�y� �d�u�e� �t�o� �t�h�e� �P�D�M�S� 

�c�o�m�p�o�n�e�n�t�.� �T�h�i�s� �a�l�l�o�w�e�d� �t�h�e� �e�v�a�l�u�a�t�i�o�n� �o�f� �t�h�e� �w�e�i�g�h�t� 

�a�v�e�r�a�g�e� �m�o�l�a�r� �m�a�s�s� �o�f� �t�h�e� �P�D�M�S� �g�r�a�f�t�s� �w�h�i�l�e� �t�h�e�y� �a�r�e� �a�l�r�e�a�d�y
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�F�i�g�u�r�e� �1�.�1�9� �D�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �w�e�i�g�h�t� �a�v�e�r�a�g�e� �m�o�l�a�r� 
�m�a�s�s� �o�f� �t�h�e� �P�M�M�A�-�g�-�P�D�M�S� �c�o�p�o�l�y�m�e�r� �b�y� �t�h�e� �p�a�r�a�b�o�l�i�c� �f�i�t� �o�f� 
�e�q�u�a�t�i�o�n� �7�.



�1�2�7� 

�c�o�p�o�l�y�m�e�r�i�z�e�d� �a�c�c�o�r�d�i�n�g� �t�o� �t�h�e� �e�q�u�a�t�i�o�n�:� 

�M�w�,�P�D�M�S� �=� �(�1� �-� �<�x�>�)�M�a�p�,� �(�8�)� 

�T�h�e� �m�o�l�a�r� �m�a�s�s� �d�i�s�t�r�i�b�u�t�i�o�n�s� �f�o�r� �t�h�e� �c�o�p�o�l�y�m�e�r�,� �t�h�e� �P�M�M�A� 

�b�a�c�k�b�o�n�e�,� �a�n�d� �t�h�e� �P�D�M�S� �g�r�a�f�t�s� �c�o�u�l�d� �b�e� �c�a�l�c�u�l�a�t�e�d� �b�y� 

�c�o�m�b�i�n�i�n�g� �t�h�e� �i�s�o�r�e�f�r�a�c�t�i�v�e� �l�i�g�h�t� �s�c�a�t�t�e�r�i�n�g� �d�a�t�a� �w�i�t�h� �t�h�e� 

�n�u�m�b�e�r� �a�v�e�r�a�g�e� �m�o�l�a�r� �m�a�s�s�e�s� �d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �m�e�m�b�r�a�n�e� 

�o�s�m�o�m�e�t�r�y� �a�n�d� �t�h�e� �c�o�m�p�o�s�i�t�i�o�n� �d�e�t�e�r�m�i�n�a�t�i�o�n� �b�y� �N�M�R�.� �T�h�e� 

�r�e�s�u�l�t�s� �a�r�e� �l�i�s�t�e�d� �i�n� �T�a�b�l�e� �1�.�5�,� �a�n�d� �a�s� �o�n�e� �c�a�n� �s�e�e�,� �t�h�e� 

�P�M�M�A�-�g�-�P�D�M�S� �c�o�p�o�l�y�m�e�r�s� �p�r�e�p�a�r�e�d� �u�s�i�n�g� �t�h�e� �l�i�v�i�n�g� �a�n�i�o�n�i�c� 

�c�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n� �m�e�t�h�o�d� �h�a�v�e� �v�e�r�y� �n�a�r�r�o�w� �o�v�e�r�a�l�l� �m�o�l�a�r� �m�a�s�s� 

�d�i�s�t�r�i�b�u�t�i�o�n�s�.� �I�n� �a�d�d�i�t�i�o�n�,� �t�h�e� �m�o�l�a�r� �m�a�s�s� �d�i�s�t�r�i�b�u�t�i�o�n�s� 

�f�o�r� �t�h�e� �g�r�a�f�t� �a�n�d� �b�a�c�k�b�o�n�e� �p�a�r�t�s� �a�r�e� �v�e�r�y� �n�a�r�r�o�w�,� �i�n� 

�a�c�c�o�r�d�a�n�c�e� �w�i�t�h� �t�h�e� �f�a�c�t� �t�h�a�t� �l�i�v�i�n�g� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� 

�p�r�o�c�e�s�s�e�s� �w�e�r�e� �u�s�e�d� �t�o� �s�y�n�t�h�e�s�i�z�e� �b�o�t�h� �o�f� �t�h�e�s�e� �c�o�m�p�o�n�e�n�t�s�.� 

�T�h�e� �m�o�l�a�r� �m�a�s�s� �d�i�s�t�r�i�b�u�t�i�o�n� �v�a�l�u�e�s� �f�o�r� �t�h�e� �P�D�M�S� �g�r�a�f�t�s� �w�e�r�e� 

�1�.�0�2� �a�n�d� �1�.�0�9�,� �w�h�i�c�h� �c�o�r�r�e�s�p�o�n�d� �v�e�r�y� �w�e�l�l� �w�i�t�h� �t�h�e� �1�.�0�7� 

�v�a�l�u�e� �o�b�t�a�i�n�e�d� �o�n� �t�h�e� �n�e�a�t� �P�D�M�S� �o�l�i�g�o�m�e�r� �b�e�f�o�r�e� 

�p�o�l�y�m�e�r�i�z�a�t�i�o�n� �u�s�i�n�g� �G�P�C� �w�i�t�h� �P�D�M�S� �G�P�C� �s�t�a�n�d�a�r�d�s�.� �A� �t�h�i�r�d� 

�p�o�i�n�t� �t�o� �n�o�t�e� �i�s� �t�h�a�t� �t�h�e� �r�e�s�u�l�t�s� �a�l�l�o�w� �t�h�e� �d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� 

�t�h�e� �a�v�e�r�a�g�e� �n�u�m�b�e�r� �o�f� �g�r�a�f�t�s� �p�e�r� �m�o�l�e�c�u�l�e�,� �w�h�e�r�e� �t�h�e� �v�a�l�u�e�s� 

�r�a�n�g�e� �f�r�o�m� �c�a�.� �2� �g�r�a�f�t�s�/�m�o�l�e�c�u�l�e� �t�o� �c�a�.� �7� �g�r�a�f�t�s�/�m�o�l�e�c�u�l�e�.� 

�C�h�e�m�i�c�a�l� �C�o�m�p�o�s�i�t�i�o�n� �D�i�s�t�r�i�b�u�t�i�o�n�.� �T�h�e� �c�h�e�m�i�c�a�l� 

�c�o�m�p�o�s�i�t�i�o�n� �d�i�s�t�r�i�b�u�t�i�o�n� �(�C�C�D�)� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �f�o�r� �t�h�e� �P�M�M�A�-



�1�2�8� 

�T�a�b�l�e� �1�.�5� �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� �a�n�i�o�n�i�c�a�l�l�y� 
�p�r�e�p�a�r�e�d� �P�M�M�A�-�g�-�P�D�M�S� �c�o�p�o�l�y�m�e�r�s� �a�n�d� �o�f� �t�h�e�i�r� �i�n�d�i�v�i�d�u�a�l� 
�p�a�r�t�s�.� 

�M�W� �G�R�A�F�T� �=� �2�0�K� �M�W� �G�R�A�F�T� �=� �2�0�K� 
�W�T�%� �P�D�M�S�=�1�7� �W�1�%� �P�D�M�S� �=� �3�4� 

�1� �e�M�w�s� �C�O�P�O�L�Y�M�E�R� �2�0�7� �4�1�4� �4�1�4�+�3�8� 
�2� �-�M�w�>� �P�M�M�A� �B�A�C�K�B�O�N�E� �2�0�0� �2�8�8� 
�2� �-�M�w�>� �P�D�M�S� �G�R�A�F�T� �3�4�.�2� �1�5�4� 

�3� �<�M�n�>� �C�O�P�O�L�Y�M�E�R� �2�0�3� �4�0�6� 
�4� �-�M�n�>� �P�M�M�A� �B�A�C�K�B�O�N�E� �6�9�.�5� �2�7�3� 
�4� �e�M�n�>� �P�D�M�S� �G�R�A�F�T� �3�3�.�5� �1�4�1� 

�<�M�w�>�/�<�M�n�>� �C�O�P�O�L�Y�M�E�R� �1�.�1�1� �1�.�0�2� 
�<�M�w�>�/�<�M�n�>� �P�M�M�A� �B�A�C�K�B�O�N�E� �1�.�1�8� �1�.�0�5� 
�<�M�w�>�/�<�M�n�>� �P�D�M�S� �G�R�A�F�T� �1�.�0�2� �1�.�0�9� 

�A�V�G�.� �N�U�M�B�E�R� �O�F� �G�R�A�F�T�S�  ��1�.�7� �7�.�1� 
�P�E�R� �B�A�C�K�B�O�N�E� 

�|� �C�H�E�M�I�C�A�L� �C�O�M�P�O�S�I�T�I�O�N� �0�.�8�3� �0�.�6�6� 
�(�W�T�.� �F�R�A�C�T�I�O�N� �P�M�M�A�)� 

�D�E�T�E�R�M�I�N�E�D� �B�Y� �L�I�G�H�T� �S�C�A�T�T�E�R�I�N�G� �I�N� �S�E�V�E�R�A�L� �S�O�L�V�E�N�T�S� 
�D�E�T�E�R�M�I�N�E�D� �B�Y� �I�S�O�R�E�F�R�A�C�T�I�V�E� �L�I�G�H�T� �S�C�A�T�T�E�R�I�N�G� 
�D�E�T�E�R�M�I�N�E�D� �B�Y� �M�E�M�B�R�A�N�E� �O�S�M�O�M�E�T�R�Y� 
�O�E�T�E�R�M�I�N�E�D� �F�R�O�M� �<�M�n�>� �O�F� �C�O�P�O�L�Y�M�E�R� �A�N�D� �C�O�M�P�O�S�I�T�I�O�N� �D�A�T�A� �f�-
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�1�2�9� 

�g�G�-�P�D�M�S� �c�o�p�o�l�y�m�e�r�s� �p�r�e�p�a�r�e�d� �b�y� �b�o�t�h� �t�h�e� �f�r�e�e� �r�a�d�i�c�a�l� �a�n�d� 

�a�n�i�o�n�i�c� �c�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n� �m�e�c�h�a�n�i�s�m�.� �T�h�e� �m�e�t�h�o�d�s� �u�s�e�d� �t�o� 

�e�v�a�l�u�a�t�e� �t�h�e� �C�C�D� �w�e�r�e� �S�C�F�E� �f�r�a�c�t�i�o�n�a�t�i�o�n� �a�n�d� �f�r�a�c�t�i�o�n�a�t�i�o�n� 

�i�n� �d�e�m�i�x�i�n�g� �s�o�l�v�e�n�t�s�.� �E�a�c�h� �m�e�t�h�o�d� �w�a�s� �e�m�p�l�o�y�e�d� �t�o� �o�b�t�a�i�n� 

�s�m�a�l�l� �f�r�a�c�t�i�o�n�s� �o�f� �t�h�e� �o�v�e�r�a�l�l� �c�o�p�o�l�y�m�e�r�.� �T�h�e�s�e� �s�m�a�l�l� 

�f�r�a�c�t�i�o�n�s� �w�e�r�e� �t�h�e�n� �a�n�a�l�y�z�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e�i�r� �c�h�e�m�i�c�a�l� 

�c�o�m�p�o�s�i�t�i�o�n� �b�y� �e�i�t�h�e�r� �l�y� �N�M�R� �(�f�o�r� �t�h�e� �S�C�F�E� �f�r�a�c�t�i�o�n�a�t�e�d� 

�m�a�t�e�r�i�a�l�s�)� �o�r� �b�y� �r�e�f�r�a�c�t�i�v�e� �i�n�d�e�x� �(�f�o�r� �t�h�e� �m�a�t�e�r�i�a�l�s� 

�f�r�a�c�t�i�o�n�a�t�e�d� �i�n� �d�e�m�i�x�i�n�g� �s�o�l�v�e�n�t�s�)�.� �T�h�e� �r�e�s�u�l�t�s� �w�e�r�e� �t�h�e�n� 

�p�l�o�t�t�e�d� �a�s� �c�u�m�u�l�a�t�i�v�e� �w�e�i�g�h�t� �f�r�a�c�t�i�o�n� �v�e�r�s�u�s� �c�o�m�p�o�s�i�t�i�o�n� �i�n� 

�o�r�d�e�r� �t�o� �e�v�a�l�u�a�t�e� �t�h�e� �C�C�D�.� 

�I�n� �1�9�8�7�,� �o�u�r� �c�o�w�o�r�k�e�r�s�8�7� �i�n� �C�z�e�c�h�o�s�l�o�v�a�k�i�a� �o�u�t�l�i�n�e�d� �a� 

�t�h�e�o�r�y� �o�f� �c�h�e�m�i�c�a�l� �c�o�m�p�o�s�i�t�i�o�n� �d�i�s�t�r�i�b�u�t�i�o�n�s� �f�o�r� �g�r�a�f�t� 

�c�o�p�o�l�y�m�e�r�s� �p�r�e�p�a�r�e�d� �b�y� �t�h�e� �m�a�c�r�o�m�o�n�o�m�e�r� �t�e�c�h�n�i�q�u�e�,� �w�h�e�r�e� �t�h�e� 

�r�e�s�u�l�t�i�n�g� �c�o�p�o�l�y�m�e�r� �h�a�d� �a� �Z�i�m�m�-�S�c�h�u�l�t�z� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f� 

�d�e�g�r�e�e�s� �o�f� �p�o�l�y�m�e�r�i�z�a�t�i�o�n�.� �T�h�e�i�r� �p�r�e�d�i�c�t�i�o�n�s� �s�h�o�w� �t�h�a�t� �t�h�e� 

�d�i�s�t�r�i�b�u�t�i�o�n� �o�f� �c�h�e�m�i�c�a�l� �c�o�m�p�o�s�i�t�i�o�n� �i�s� �a� �f�u�n�c�t�i�o�n� �o�f� �b�o�t�h� 

�t�h�e� �m�o�l�a�r� �m�a�s�s� �o�f� �t�h�e� �m�a�c�r�o�m�o�n�o�m�e�r� �a�n�d� �t�h�e� �n�u�m�b�e�r� �o�f� �g�r�a�f�t�s� 

�p�e�r� �b�a�c�k�b�o�n�e�.� �A�s� �t�h�e� �n�u�m�b�e�r� �o�f� �g�r�a�f�t�s� �i�s� �i�n�c�r�e�a�s�e�d� �a�t� �a� 

�c�o�n�s�t�a�n�t� �w�e�i�g�h�t� �p�e�r�c�e�n�t� �m�a�c�r�o�m�o�n�o�m�e�r�,� �w�h�i�c�h� �i�s� �a�c�h�i�e�v�e�d� �b�y� 

�l�o�w�e�r�i�n�g� �t�h�e� �m�o�l�a�r� �m�a�s�s� �o�f� �t�h�e� �s�t�a�r�t�i�n�g� �m�a�c�r�o�m�o�n�o�m�e�r�,� �t�h�e� 

�b�r�e�a�d�t�h� �o�f� �t�h�e� �C�C�D� �n�a�r�r�o�w�s�,� �a�s�s�u�m�i�n�g� �t�h�a�t� �t�h�e� �i�n�c�o�r�p�o�r�a�t�i�o�n� 

�o�f� �t�h�e� �m�a�c�r�o�m�o�n�o�m�e�r� �i�n�t�o� �t�h�e� �g�r�a�f�t� �c�o�p�o�l�y�m�e�r� �i�s� �r�a�n�d�o�m�.� 

�T�h�i�s� �i�s� �d�e�m�o�n�s�t�r�a�t�e�d� �i�n� �F�i�g�u�r�e� �1�.�2�0�.� �T�h�e� �c�u�r�v�e�s� �w�e�r�e� �a�l�l� 

�g�e�n�e�r�a�t�e�d� �b�a�s�e�d� �o�n� �t�h�e�i�r� �t�h�e�o�r�y� �f�o�r� �a� �g�r�a�f�t� �c�o�p�o�l�y�m�e�r� �f�o�r�m�e�d



� � � � 
� � � 

� � � 

�2�0� �(�1�K�)� 

�P�w� �2�(�0�K�) ��=� 

�1�(� �2�0� �K�) ��~� � � � � 

�0� �0�.�5� �1�0� 
�C�O�M�P�O�S�I�T�I�O�N� �(�W�T�%� �P�M�M�A�)� 

�M�W� �=� �1�0�0�,�0�0�0� �g�/�m�o�l�,� �2�0� �w�t�%� �P�D�M�S�,� �8�0� �w�t�%� �P�M�M�A� 

�I�F� �M�A�C�R�O�M�E�R� �M�W� �=� �1�,�0�0�0� �g�/�m�o�l� 

�r�a� �=� �2�0� �G�R�A�F�T�S� �/� �B�A�C�K�B�O�N�E� � � 

�I�F� �M�A�C�R�O�M�E�R� �M�W� �=� �1�0�,�0�0�0� �g�/�m�o�l� 

�2�0�,�0�0�0� 
�1�0�,�0�0�0� �>� �2� �G�R�A�F�T�S� �/� �B�A�C�K�B�O�N�E� 

�I�F� �M�A�C�R�O�M�E�R� �M�W� �=� �2�0�,�0�0�0� �g�/�m�o�l� 

�2�0�,�0�0�0� �_� �s�a�n�g� �|� �G�R�A�F�T�/�B�A�C�K�B�O�N�E� 

�F�i�g�u�r�e� �1�.�2�0� �T�h�e�o�r�e�t�i�c�a�l� �C�C�D� �p�r�o�f�i�l�e�s� �f�o�r� �P�M�M�A�-�g�-�P�D�M�S� 
�c�o�p�o�l�y�m�e�r�s� �w�i�t�h� �v�a�r�i�o�u�s� �g�r�a�f�t� �m�o�l�a�r� �m�a�s�s�e�s� �a�t� �c�o�n�s�t�a�n�t� 
�c�o�m�p�o�s�i�t�i�o�n�.



�1�3�1� 

�u�s�i�n�g� �m�o�n�o�d�i�s�p�e�r�s�e� �m�a�c�r�o�m�o�n�o�m�e�r�s� �w�i�t�h� �m�o�l�a�r� �m�a�s�s�e�s� �o�f� 

�1�k� �g�/�m�o�l�,� �1�0�k� �g�/�m�o�l�,� �a�n�d� �2�0�k� �g�/�m�o�l� �a�n�d� �i�n�c�o�r�p�o�r�a�t�i�n�g� �2�0� �w�t�%� 

�M�a�c�r�o�m�o�n�o�m�e�r� �a�t� �a� �c�o�n�s�t�a�n�t� �d�e�g�r�e�e� �o�f� �p�o�l�y�m�e�r�i�z�a�t�i�o�n�.� �M�T�h�e�i�r� 

�r�e�s�u�l�t�s� �s�h�o�w� �t�h�a�t� �a�s� �y�o�u� �h�a�v�e� �m�o�r�e� �a�n�d� �m�o�r�e� �s�h�o�r�t�e�r� �g�r�a�f�t�s� 

�t�h�e� �C�C�D� �b�e�g�i�n�s� �t�o� �s�h�a�r�p�e�n� �r�e�l�a�t�i�v�e� �t�o� �f�e�w�e�r� �l�o�n�g�e�r� �g�r�a�f�t�s�.� 

�I�n� �o�r�d�e�r� �t�o� �v�e�r�i�f�y� �t�h�e�i�r� �t�h�e�o�r�y�,� �a� �s�e�r�i�e�s� �o�f� �g�r�a�f�t� 

�c�o�p�o�l�y�m�e�r�s� �w�e�r�e� �s�y�n�t�h�e�s�i�z�e�d� �u�s�i�n�g� �f�r�e�e� �r�a�d�i�c�a�l� 

�c�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n� �m�e�t�h�o�d�s�.� �U�n�d�e�r� �t�h�e� �c�o�n�d�i�t�i�o�n�s� �e�m�p�l�o�y�e�d� �f�o�r� 

�t�h�e� �f�r�e�e� �r�a�d�i�c�a�l�l�y� �c�o�p�o�l�y�m�e�r�i�z�e�d� �g�r�a�f�t� �c�o�p�o�l�y�m�e�r�s�,� �t�h�e� 

�r�e�a�c�t�i�o�n�s� �t�y�p�i�c�a�l�l�y� �y�i�e�l�d� �m�a�t�e�r�i�a�l�s� �o�f� �c�o�n�s�t�a�n�t� �d�e�g�r�e�e� �o�f� 

�p�o�l�y�m�e�r�i�z�a�t�i�o�n�,� �a�s� �s�h�o�w�n� �i�n� �T�a�b�l�e� �1�.�6� �f�o�r� �a� �s�i�m�i�l�a�r� �s�e�r�i�e�s� 

�o�f� �c�o�p�o�l�y�m�e�r�s�.� �T�h�e�s�e� �m�a�t�e�r�i�a�l�s� �a�l�l� �h�a�d� �t�h�e� �s�a�m�e� �m�o�l�a�r� �m�a�s�s� 

�P�D�M�S� �m�a�c�r�o�m�o�n�o�m�e�r�,� �1�0�k� �g�/�m�o�l�,� �b�u�t� �h�a�d� �v�a�r�y�i�n�g� �a�m�o�u�n�t�s� �o�f� 

�S�i�l�o�x�a�n�e� �i�n�c�o�r�p�o�r�a�t�e�d�.� �T�h�e� �i�s�o�r�e�f�r�a�c�t�i�v�e� �l�i�g�h�t� �s�c�a�t�t�e�r�i�n�g� 

�m�e�t�h�o�d� �w�a�s� �u�t�i�l�i�z�e�d� �t�o� �o�b�t�a�i�n� �t�h�e� �w�e�i�g�h�t� �a�v�e�r�a�g�e� �m�o�l�a�r� �m�a�s�s� 

�o�f� �t�h�e� �P�M�M�A� �b�a�c�k�b�o�n�e� �f�o�r� �t�h�e� �s�e�r�i�e�s�,� �w�h�i�c�h� �c�e�n�t�e�r�e�d� �a�r�o�u�n�d� 

�2�2�5�k� �g�/�m�o�l�.� �I�n� �a�d�d�i�t�i�o�n�,� �t�h�e� �a�p�p�a�r�e�n�t� �w�e�i�g�h�t� �a�v�e�r�a�g�e� �m�o�l�a�r� 

�m�a�s�s�,� �w�h�i�c�h� �i�s� �r�e�l�a�t�e�d� �t�o� �a� �c�o�m�b�i�n�a�t�i�o�n� �o�f� �b�o�t�h� �t�h�e� �g�r�a�f�t� 

�a�n�d� �b�a�c�k�b�o�n�e� �m�o�l�a�r� �m�a�s�s�e�s�,� �i�n�c�r�e�a�s�e�s�e�s� �a�t� �e�s�s�e�n�t�i�a�l�l�y� 

�c�o�n�s�t�a�n�t� �d�e�g�r�e�e� �o�f� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �d�u�e� �t�o� �t�h�e� �e�f�f�e�c�t� �o�f� 

�i�n�c�o�r�p�o�r�a�t�i�n�g� �t�h�e� �h�i�g�h� �m�o�l�a�r� �m�a�s�s� �m�a�c�r�o�m�o�n�o�m�e�r�s�.� �S�i�m�i�l�a�r� 

�c�o�p�o�l�y�m�e�r�s� �w�e�r�e� �s�u�b�s�e�q�u�e�n�t�l�y� �f�r�a�c�t�i�o�n�a�t�e�d� �u�s�i�n�g� �S�C�F�E� �m�e�t�h�o�d�s� 

�a�n�d� �t�h�e� �c�o�m�p�o�s�i�t�i�o�n�s� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �b�y� �N�M�R�.� �T�h�e� �r�e�s�u�l�t�s�,� 

�p�l�o�t�t�e�d� �a�s� �t�h�e� �c�u�m�u�l�a�t�i�v�e� �w�e�i�g�h�t� �f�r�a�c�t�i�o�n� �v�e�r�s�u�s� �w�e�i�g�h�t� 

�f�r�a�c�t�i�o�n� �P�M�M�A�,� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �1�.�2�1�.� �T�h�e� �r�e�s�u�l�t�s� �s�h�o�w



�1�3�2� 

�T�a�b�l�e� �1�.�6� �M�o�l�e�c�u�l�a�r� �c�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �o�f� �P�M�M�A�-�g�-�P�D�M�S� 
�c�o�p�o�l�y�m�e�r�s� �p�r�e�p�a�r�e�d� �b�y� �f�r�e�e� �r�a�d�i�c�a�l� �c�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n�.� 

� � 

� � 

�S�a�m�p�l�e� �C�o�m�p�o�s�i�t�i�o�n� �M�w�,� �a�p�p� �M�w�,� �b�a�c�k�b�o�n�e� 
�(�%� �P�D�M�S�)� �(�k�g�/�m�o�l�)� �(�k�g�/�m�o�l�)� 

�J�M�D�-�0�9�5�-�A� �5�%� �2�2�9� �2�1�8� 

�J�M�D�-�0�9�5�-�B� �1�4�%� �2�7�5� �2�3�7� 

�J�M�D�-�0�9�5�-� �2�6�%� �2�9�7� �2�2�0� � � � � � � � � � � � � 
� � 

� 



�P�M�M�A�-�G�-�P�D�M�S�:� �4�5�,� �2�8�,� �1�3� �W�T�%� �P�D�M�S� 
� � �1�.�0� �H�E�A� 

�Q� �=� �a� �0�.�8� 
�O� 

�E� �o� �0�.�6� �-� 
�u�l� �=� 
�z� �0�.�4� �-� 
�o�a� 
�5� 

�b�u� �S� �0�.�2� �-� 

�0�.�0� � � � � � � � � 
�4�0� �5�0� �6�0� �#�7�0� �8�0� �9�0� �1�0�0� 

�C�O�M�P�O�S�I�T�I�O�N� �(�W�T�%� �P�M�M�A�)� 

� � 

�G�8� �4�5� �W�T�%� �P�D�M�S� 
�®� �2�8� �W�T�%� �P�D�M�S� 
�B� �1�3� �W�T�%� �P�D�M�S� � � � � � � 

�F�i�g�u�r�e� �1�.�2�1� �E�x�p�e�r�i�m�e�n�t�a�l�l�y� �d�e�t�e�r�m�i�n�e�d� �C�C�D� �p�r�o�f�i�l�e�s� 
�f�o�r� �P�M�M�A�-�g�-�P�D�M�S� �c�o�p�o�l�y�m�e�r�s� �w�i�t�h� �v�a�r�i�o�u�s� �g�r�a�f�t� �m�o�l�a�r� �m�a�s�s�e�s� 
�a�t� �c�o�n�s�t�a�n�t� �c�o�m�p�o�s�i�t�i�o�n�.



�1�3�4� 

�t�h�a�t� �a�s� �t�h�e� �n�u�m�b�e�r� �o�f� �g�r�a�f�t�s� �p�e�r� �m�o�l�e�c�u�l�e� �i�n�c�r�e�a�s�e�s�,� �i�.�e�.� �a�s� 

�t�h�e� �w�t�%� �P�D�M�S� �i�n�c�r�e�a�s�e�s�,� �t�h�e� �b�r�e�a�d�t�h� �o�f� �t�h�e� �C�C�D� �d�e�c�r�e�a�s�e�s�.� 

�T�h�e�s�e� �e�x�p�e�r�i�m�e�n�t�a�l�l�y� �e�v�a�l�u�a�t�e�d� �C�C�D�s� �c�o�r�r�e�l�a�t�e� �v�e�r�y� �w�e�l�l� �w�i�t�h� 

�t�h�o�s�e� �p�r�e�d�i�c�t�e�d� �b�y� �t�h�e�o�r�y�.� 

�T�h�e� �C�C�D� �w�a�s� �a�l�s�o� �e�v�a�l�u�a�t�e�d� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �c�o�n�v�e�r�s�i�o�n� 

�d�u�r�i�n�g� �a� �f�r�e�e� �r�a�d�i�c�a�l� �c�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n� �o�f� �t�h�e� 

�m�e�t�h�a�c�r�y�l�o�y�l�o�x�y� �f�u�n�c�t�i�o�n�a�l�i�z�e�d� �P�D�M�S� �m�a�c�r�o�m�o�n�o�m�e�r� �w�i�t�h� �M�M�A�.� 

�T�h�i�s� �w�a�s� �d�o�n�e� �i�n� �o�r�d�e�r� �t�o� �v�e�r�i�f�y� �t�h�a�t� �t�h�e� �o�b�s�e�r�v�e�d� �C�C�D� �w�a�s� �a� 

�r�e�s�u�l�t� �o�f� �s�t�a�t�i�s�t�i�c�a�l� �h�e�t�e�r�o�g�e�n�e�i�t�y� �a�n�d� �n�o�t� �c�o�n�v�e�r�s�i�o�n�a�l� 

�h�e�t�e�r�o�g�e�n�e�i�t�y�,� �a�s� �d�i�s�c�u�s�s�e�d� �i�n� �t�h�e� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �S�e�c�t�i�o�n� 

�-� �P�a�r�t� �1�.� �T�h�e� �s�a�m�p�l�e� �c�h�o�s�e�n� �f�o�r� �t�h�i�s� �s�t�u�d�y� �w�a�s� �a� �f�r�e�e� 

�r�a�d�i�c�a�l� �c�o�p�o�l�y�m�e�r�i�z�a�t�i�o�n� �o�f� �a� �1�0�k� �g�/�m�o�l� �P�D�M�S� �m�a�c�r�o�m�o�n�o�m�e�r� 

�w�i�t�h� �M�M�A�.� �T�h�e� �i�n�i�t�i�a�l� �f�e�e�d� �r�a�t�i�o� �w�a�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �3�2� �w�t�%� 

�P�D�M�S� �t�o� �6�8� �w�t�%� �M�M�A� �f�o�r� �a� �t�o�t�a�l� �o�f� �2�0� �w�t�%� �s�o�l�i�d�s� �i�n� �t�o�l�u�e�n�e� 

�a�t� �6�5� �°�C� �w�i�t�h� �0�.�1� �w�t�%� �A�I�B�N�.� �L�a�r�g�e� �a�l�i�q�u�o�t�s� �w�e�r�e� �w�i�t�h�d�r�a�w�n� 

�a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �c�o�n�v�e�r�s�i�o�n� �a�n�d� �t�h�e� �p�r�o�d�u�c�t� �w�a�s� �p�r�e�c�i�p�i�t�a�t�e�d� 

�a�n�d� �t�h�r�o�u�g�h�l�y� �e�x�t�r�a�c�t�e�d� �t�o� �r�e�m�o�v�e� �u�n�i�n�c�o�r�p�o�r�a�t�e�d� �P�D�M�S� 

�m�a�c�r�o�m�o�n�o�m�e�r�.� �T�h�e� �g�r�a�f�t� �c�o�p�o�l�y�m�e�r� �w�a�s� �t�h�e�n� �f�r�a�c�t�i�o�n�a�t�e�d� 

�w�i�t�h� �S�C�F�E� �m�e�t�h�o�d�s� �a�n�d� �t�h�e� �d�a�t�a� �w�a�s� �t�r�e�a�t�e�d� �a�s� �d�e�s�c�r�i�b�e�d� 

�a�b�o�v�e�.� �T�h�e� �r�e�s�u�l�t�s�,� �F�i�g�u�r�e� �1�.�2�2�,� �s�h�o�w� �t�h�e� �o�b�s�e�r�v�e�d� �C�C�D� �a�t� 

�1�6� �w�t�%�,� �6�0� �w�t�%�,� �a�n�d� �1�0�0� �w�t�%� �c�o�n�v�e�r�s�i�o�n�.� �T�h�e� �C�C�D�s� �a�r�e� �f�a�i�r�l�y� 

�c�o�n�s�t�a�n�t� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �c�o�n�v�e�r�s�i�o�n� �w�h�i�c�h� �i�l�l�u�s�t�r�a�t�e�s� �t�h�a�t


