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ABSTRACT 

NEW POLYMER ARCHITECTURES: 

SYNTHESIS AND CHARACTERIZATION OF 

POLYURETHANE-CROWN ETHER BASED 

POLYROTAXANES 

By 

Ya Xi Shen 

Committee Chairman: Professor Harry W. Gibson 

Department of Chemistry 

Rotaxane chemistry provides a new direction of research in 

polymer architectures. Unlike conventional polymers, polyrotaxanes are 

molecular composites comprised of macrocycles threaded by linear 

polymer backbones with no covalent bonds between the two components. 

This novel class of materials displays unusual chemical and physical 

properties due to their unique architectures. 

The studies include crown ether and blocking group syntheses, 

synthetic methodologies leading to rotaxanes and polyrotaxanes and 

structure-property relationships of polyrotaxanes. 

Crown ethers (30-crown-10, 36-crown-12, 42-crown-14, 48-crown- 

16 and 60-crown-20) were systematically synthesized from low molecular 

weight glycols with 30 - 60% yields. Bis(p-phenylene)-32-crown-4 and 

bis(p-phenylene)-34-crown-10 (BPP34C10) were also synthesized in 8 - 

13% yields; the latter was synthesized with four different synthetic



routes. All crown ethers were prepared in large quantities. A series of 

monofunctionalized triaryl derivatives were also synthesized as rotaxane 

blocking groups. 

A series of polyrotaxanes comprised of a polyurethane backbone 

and crown ethers with ring size ranging from 36 - 60 membered were 

synthesized via the statistical threading method. The polyrotaxane 

formation was proven by multiple reprecipitations, 1H-NMR and GPC 

analyses. The threading efficiency (rings per repeat unit) increases from 

0.16 to 0.87 with an increase in ring size of crown ethers from 36 to 60 

membered at 1.5 molar ratio of crown ether to linear glycol. 

Host-guest complexation of paraquat dication and BPP34C10 has 

been studied. A series of difunctionalized paraquat dication derivatives 

was synthesized and used to prepare  host-guest complexes 

(pseudorotaxanes) with BPP34C10. X-Ray crystal structures of the 

complexes were determined. Furthermore, a class of viologen-containing 

polyurethane elastomeric polyrotaxanes was synthesized via this host- 

guest complexation. The threading efficiencies from this method were 

quantitative. 

Through rotaxane formation, polymer solubilities increase and 

glass transition temperatures decrease. Evidenced by DSC and WAXS 

analyses, the crown ether forms crystalline domains without dethreading 

from the amorphous polyurethane backbone. This process is kinetically 

"retarded". It is time and temperature dependent and reversible. It can 

only be observed for polyrotaxanes with large rings and high ring 

contents, which provide high mobilities of rings along the backbone and 
also wide Ty, - Tg windows. The study of recrystallization kinetics has 

also shown that 60-crown-20 recrystallizes much slower in a 

polyrotaxane than in its physical blend with the model polymer.
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CHAPTER I: 

INTRODUCTION TO NEW POLYMER 

ARCHITECTURES: POLYROTAXANES 

Since Carothers began synthesizing polymers in the 1930's using 

well-established organic reactions with the knowledge of the chain-like 

structure of giant molecules proposed by H. Staudinger in 1920, polymer 

synthesis has rapidly developed and indeed has changed our life. Today, 

from our home to our vehicle, from industrial to commercial, from 

ground to outer space, synthetic polymers are everywhere. 

The term "polymer" is derived from the Greek words "poly" and 

"meros", meaning many and parts, respectively. How are those parts put 

together to form a polymer? Staudinger proposed that they are held 

together by covalent bonds like those in low molecular weight organic 

compounds, which we accept today. However, this concept now has to 

be modified since the birth of a new class of polymer materials: 

polyrotaxanes and polycatenanes whose components are not covalently 

bonded.



I-1: CONVENTIONAL POLYMER ARCHITECTURES 1 

The art of designing polymers in terms of polymer architecture 

generally applies to the macromolecules having special topological 

structures. Macromolecules can be linear, branched or cyclic. The 

linear polymer chains have two ends, the branched ones have more than 

two ends, but the cyclic polymers have no end. On the other hand, 

macromolecules can also be designed as three dimensional networks or 

shaped like stars, combs, ladders, and so on. 

I-1-1;: LINEAR POLYMERS (FLEXIBLE THREAD, RIGID ROD, 

LADDER) 

Linear polymers can be thread-like or rope-like chains (I-la) or 

rigid rods (I-1b) with two ends. 

  ROS 

I-la I-1b 

When the individual repeat units are all the same, the polymer is a 

homopolymer and its structure may be most simply represented as 

-(-A-)n-, where A is the repeat unit and n is the number of the repeat 

units or degree of polymerization (DP). When the repeat units are of 

more than one type, the polymer is a copolymer. However, copolymers



could be random copolymers or block copolymers (see section I-1-3). For 

example, the structure of an alternating copolymer formed from A and B 

monomers can be represented as -(-AB-},-. The bonds linking the units 

are generally covalent bonds formed during the polymerization. 

There are different polymerization processes by which linear 

polymers can be _ obtained. The step-growth polymerization 

(condensation polymerization) process produces step-growth polymers or 

condensation polymers such as polyesters, polyethers, polyamides, 

polyimides, polyurethanes, polyureas, polysulfides, polysulfones, etc. To 

form high molecular weight linear polymers, it is required that the 

monomers posses difunctionality, high purity and high reactivity. The 

chain-growth polymerization (addition polymerization) process produces 

chain-growth polymers or addition polymers, of which the most common 

type is the family of vinyl polymers. The chain-growth polymerization 

can be subclassified as_ free-radical polymerization, anionic 

polymerization and cationic polymerization depending on the initiator 

which in turn is related to the characteristics of the monomer used, 

generally the polarity of functional groups of the monomer. 

Linear polymers show properties distinct from low molecular 

weight compounds in both solution and the solid state. Those properties 

are due to chain entanglement, molecular interactions (inter- and intra- 

molecular), crystallinity, and so on. When we talk about the crystalline 

polymers, we often refer to semicrystalline polymers. Such polymers, 

however, are only even partially crystalline and hence contain both



crystalline and amorphous regions. Linear polymer chains are arrayed 

regularly in the crystalline phase (usually chain folded lamellar) but 

adopt a random coil conformation in the amorphous phase. Such a 

conformation is also usually found for the polymers in solution. Also 

stereoisomerization of linear polymer chains (for example, tacticity) can 

lead to different polymer properties, especially the crystallinity of linear 

polymers. 

Ladder polymers (I-1c) are double-stranded linear polymers. The 

structures comprise two parallel strands with regular cross-links such as 

polyquinoxaline, polyimidazopyrrolone, etc. The permanence properties 

of ladder polymers are superior even to those of conventional network 

polymers. This type of polymers is usually used as high temperature 

resistant polymers. 

  

_{_[ jf ft 

I-lc 

I-1-2: BRANCHED POLYMERS2 (COMB, STAR, TREE) 

Branched polymers can be short-chain branched (I-2) or long- 

chain-branched (I-3, I-4 and I-5) according to the length of side chains. 

Short-chain branched polymers behave more like linear polymers. 

However, long-chain branched polymers form a class of polymers 

between the strictly linear polymers and polymer networks. Branched 

polymers are characterized by the presence of branch points, i.e., atoms



or small groups from which more than two long chains emanate, or by 

the presence of more than two end groups. There are several types of 

branchings which classify branched polymers into several categories: 

comb-like (I-3), star-like (I-4), and random (or tree-like) (I-5) branches. 

I-2 I-3 

en 

Yo Ne 
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Ve 

I-4 1-5 

Comb-like polymers have a backbone from which branches 

emanate at various positions. Star-like polymers have a single branch 

point from which emanate a number of arms. Randomly branched (tree- 

like) polymers have no main chain and branches carry branches. For 

camb-like polymers, besides the branch point, the ratio of the molecular 

weight of the backbone to that of single branch, Mpp/Mpr, is also an



important factor in the characterization. If Mpph/Mpr approaches to zero, 

the comb-like polymers revert to star-like polymers. 

There are several ways to prepare branched polymers by controlled 

branching. The most straightforward method is to carry out the 

polymerization of difunctional monomers in the presence of a small 

amounts of multifunctional comonomer. The formation of random 

branching is statistical. This method can be applied to both step-growth 

polymerization? and free-radical polymerization.4-6 Of course, attention 

must be paid to possible gelation when this method is used. In the 

preparation of star-like polymers, multifunctional initiators can be used 

to control branch point and number of arms.’-!0 The dendritic 

hyperbranched polymers can be prepared via "divergent-growth" and 

"convergent-growth" approaches.!! Another approach is to prepare 

linear macromonomers first; then the macromonomers are connected to 

the main chain by graft-copolymerization techniques, either "graft-from" 

or "graft-to".12 The structure of polymer can be precisely controlled with 

this method. 

The branched polymers show different properties reflecting the 

characteristics of the polymer architectures. For example, the intrinsic 

viscosity [qn] and intrinsic translational friction coefficient [f] of branched 

polymers are smaller than those of linear analogies because of the 

smaller radii of gyration. However, compared with the linear homologue, 

long-chain branching has little influence on bulk properties of polymers



such as glass transition temperature and crystallinity, since the 

branching chain could behave as the main chain. 

I-1-3: NETWORK POLYMERS 13 

As represented by I-6, a network polymer is an interconnected 

branched polymer. This type of polymers can also be called thermoset 

polymers. 

1-6 

Generally network polymers are synthesized by polymerization of 

monomers with average functionality greater than 2 and reaction to 

sufficiently high conversion. Chemically crosslinking linear or branched 

polymers, such as "vulcanization" or "curing", is another way to produce 

network polymers. 

The molecular weights of network polymers are infinite (relatively). 

Due to the network formation, the polymers exhibit properties different 

from linear and branched polymers, e.g., rubber elasticity, gel-formation, 

etc. However, network polymers are insoluble and thus posses poor 

processibility.



I-1-4: BLOCK COPOLYMERS14 

Different from homopolymers, random and alternating copolymers, 

block copolymers have a linear arrangement of blocks of varying 

monomer composition. Also different from polymer blends, a block 

copolymer contains two or more polymers but they are connected end- 

on-end. Structure I-7 represents a diblock segmented copolymer 

containing A and B blocks, where the A segment is flexible and the B 

segment is rigid. 

  

1-7 

The synthetic techniques leading to block copolymers have been 

well established 14(a). Generally there are two different approaches. The 

first one is condensation. In this approach, blocks (polymers or 

oligomers) are interconnected via the reaction of functional groups 

present at the ends of different blocks. Segmented polyurethanes 

(thermoplastic elastomers) are prepared via interconnecting prepolymers 

with chain extender, a difunctional monomer which reacts with 

prepolymers. The second approach is called living polymerization. 

Active sites on a block (polymer or oligomer) are created which then 

initiate the free radical, anionic or cationic polymerization of another 

monomer to build the second block. For example, poly(styrene-block- 

butadiene) can be synthesized via anionic living polymerization.



Block copolymers exhibit interesting properties owing to their 

special molecular structures both in solution and in the solid state. 

Especially in the solid state, due to the microdomain formation, block 

copolymers with incompatible sequences show _ characteristic 

morphological behavior. They could be thermoplastic elastomers 

showing the same elastomeric properties as a crosslinked rubber due to 

the fact that so-called physical crosslinking forms in the crystalline or 

glassy phase which is separate from the amorphous, viscous or rubbery 

phase. However, these thermoplastic elastomers are soluble in common 

solvents whereas crosslinked elastomers are _ insoluble. The 

thermoplastic elastomers will discussed in detail in Chapter VI. 

So far we have discussed some basic polymer architectures. There 

are some other systems that have recently become subjects of interest 

such as cyclic polymers!95 and polymacrocycles. 16 Cyclic polymers 

have no end (I-8).Polymacrocycles are the polymers containing 

macrocycles, either incorporated into the polymer backbone (I-Q9a) or as 

pendant groups (I-9b). Compared with its linear analogs, a cyclic 

polymer has smaller hydrodynamic volume and hence different solution 

properties.15 In the solid state, the cyclic polymers may possess 

different shear rate dependence.!5 Different mechanical properties 

resulting from the reduced number of entanglements should also be 

expected. 

However, polymer chemists have not been satisfied. With the rapid 

development of synthetic organic chemistry, polymers with more



complicated architectures such as polymer chains incorporating knots (I- 

10),!7 bulk complexes, etc. have also been focused on. Not only do they 

play with sophisticated chemistry to build unusual molecular 

architectures, but also polymer scientists have synthesized polymers 

with unusual morphological architectures using other more routine 

techniques. For example, the sol-gel process has been used to combine 

inorganic glass with organic polymers to form inorganic-organic hybrid 

network materials. 18 

YP wr 
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I-2: NEW POLYMER ARCHITECTURES: POLYROTAXANES 

Polymers with different architectures show different properties as a 

consequence of their structure’ characteristics. However, the 

conventional architectures are generated by changing atom connections 

and groups or species are held together at fixed positions with covalent 

bonds. 

Rotaxane chemistry, on the other hand, provides a new direction of 

research in polymer architectures. Rotaxanes (Latin: rota = the wheel, 

axis = the axle) are a class of compounds with a special topological 

structure; a cyclic species is threaded by a linear species with no 

covalent bond between the two components and the ends of the linear 

species are blocked by bulky groups called blocking group. The 

structure of rotaxanes may be systematically represented by I-11, where 

O. www and «represent macrocycle, linear molecule and blocking 

group, respectively. The polymers’ derived from _ rotaxanes, 

polyrotaxanes, can be envisaged as molecular composites. By different 

synthetic routes, polyrotaxanes with different structures can be 

obtained. For examples, linear polymerization in the presence of a 

macrocycle and a monofunctional blocking group produces polyrotaxane 

I-12a; linear polymerization in the presence of a macrocycle and a 

difunctional blocking group or polymerization of a difunctional rotaxane 

with functional groups at the ends of the linear component produce 

11



polyrotaxanes I-12b; polymerization of a difunctional rotaxane with 

functional groups on the ring produces polyrotaxane I-12c; or a 

monofunctional rotaxane can be attached to a polymer backbone as 

pendant groups (I-12d) via chemical reactions. Of course, there are more 

complicated structures such as slip-linked polyrotaxane I-12e which can 

be built up via more complicated routes (see section VII-3-3). 

Ot esr thst 
I-11 I-12a I-12b 

ae A fap+ Tt +H 
I-12c I-12d I-12e 

Polyrotaxanes are expected to exhibit novel physical and chemical 

properties such as glass transition, solubility, viscosity, mechanical 

behavior, and so on, which are derived not directly from covalent bonding 

12



of the repeat units but from physical interactions of the cyclic and linear 

components. The interactions between these two components could be 

van der Waal interactions and hydrogen bonding under the restriction of 

limiting space. In the presence of rings, the polymer chains tend to be 

loose packed and interchain interactions are largely reduced. Hence 

polyrotaxanes are expected to possess large free volumes. Due to the 

mobility of rings along the chain (in the case that there is no blocking 

group among macrocycles like I-12a), the morphology of polyrotaxanes 

could be very interesting. For example, macrocycles may stay in the 

amorphous region if the backbone of the polyrotaxane is semicrystalline, 

or they may form other crystalline phases different from that of the 

backbone. Generally, the two species, macrocycle and polymer backbone 

tend to exhibit their own characteristics and also associated ones. The 

final properties of a polyrotaxane are determined by the degree of 

independence of the two species, which depends on the properties of the 

two species such as polarity, rigidity, ring size, chain length, chain 

diameter, and so on. Polyrotaxanes can be considered as physical 

analogs of copolymers and true "molecular composites" or molecular 

interpenetrating networks. As a class of novel materials with unusual 

properties, polyrotaxanes are expected to offer wide and_ special 

applications in the areas such as blend compatibilization, adhesion, 

novel tough physically crosslinked systems, controlled release, 

electronically conductive polymers, molecular-scale information 

processors, engineering materials, etc. 
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�c�o�m�p�l�e�x�e�s�.�3�3� �L�a�w�r�e�n�c�e� �e�t� �a�l�.� �r�e�p�o�r�t�e�d� �t�h�e� �s�e�l�f�-�a�s�s�e�m�b�l�y� �o�f� �a� �t�h�r�e�a�d�e�d� 

�m�o�l�e�c�u�l�a�r� �l�o�o�p�,� �r�o�t�a�x�a�n�e� �I�-�2�2�.�3�4� �T�h�i�s� �w�a�s� �a� �t�e�m�p�l�a�t�e� �d�i�r�e�c�t�e�d� �s�e�l�f�-� 

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

�h�e�p�t�a�k�i�s�(�2�,�6�-�O�-�m�e�t�h�y�l�)�-�B�-�c�y�c�l�o�d�e�x�t�r�i�n� �i�n� �a�q�u�e�o�u�s� �s�o�l�u�t�i�o�n�.� �T�h�e� �r�o�t�a�x�a�n�e� 

�w�a�s� �o�b�t�a�i�n�e�d� �i�n� �7�1�%� �y�i�e�l�d�.� �A� �f�e�w� �m�o�n�t�h�s� �a�g�o�,� �S�t�o�d�d�a�r�t� �e�t� �a�l�.� 

�s�y�n�t�h�e�s�i�z�e�d� �a� �r�o�t�a�x�a�n�e� �I�-�2�8� �t�h�e�y� �c�a�l�l�e�d� �a� �"�m�o�l�e�c�u�l�a�r� �s�h�u�t�t�l�e�"�.�3�9� �T�h�i�s� 

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

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

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

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

�n�y� �b�e� 
�O�H� �O�M�e� 

�I�-�2�2� 

�n�t� �O� �n�t� 
�C�H�(�C�H�3�)� �9� �K�A� �O�C� �O� �C�H� �(�C�H�3�)� �9� 

�(�C�H�3�)� �5�C�H�-� �S�i� �(�O�C�H�5�C�H�>�)� �3�-�0�X�O�)�-�o� �3� �0� �{�O�)�-�o�>� � �(�C�H�y�C�H�D�O�)� �3� �S�i� �C�H� �(�C�H�3�)� �5� 

�C�H� �I�C�H�)� �4� �Q�C� �C�Q� �C�H� �I�C�H�)� �4� 

�I�-�2�3� 

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

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

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

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

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

�p�r�o�p�e�r�t�i�e�s� �o�f� �s�o�m�e� �r�o�t�a�x�a�n�e�s� �h�a�v�e� �b�e�e�n� �r�e�p�o�r�t�e�d�.� �T�h�e� �r�o�t�a�x�a�n�e� �I�-�1�6� �i�s� 

�s�t�a�b�l�e� �u�p� �t�o� �2�0�0�°�C�,�2�7� �w�h�i�l�e� �I�-�1�7� �(�n� �=� �2�9�)� �d�e�c�o�m�p�o�s�e�d� �a�t� �1�2�0�°�C� �b�y� 

�t�h�e�r�m�a�l�l�y� �e�x�t�r�u�d�i�n�g� �t�h�e� �l�i�n�e�a�r� �m�o�l�e�c�u�l�e� �f�r�o�m� �t�h�e� �m�a�c�r�o�c�y�c�l�e�.�2�8� 

�R�o�t�a�x�a�n�e�s� �a�l�s�o� �s�h�o�w� �m�a�s�s� �s�p�e�c�t�r�a�l� �(�M�S�)� �c�h�a�r�a�c�t�e�r�i�s�t�i�c� �p�a�r�e�n�t� �i�o�n� �p�e�a�k�s� 
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�r�e�p�r�e�s�e�n�t�i�n�g� �t�h�e� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �s�u�m�m�a�t�i�o�n� �o�f� �t�h�e� �_� �t�w�o� 

�c�o�m�p�o�n�e�n�t�s�.�2�9�.�2�8� �I�t� �s�e�e�m�s� �t�h�a�t� �t�h�e� �m�e�l�t�i�n�g� �p�o�i�n�t� �o�f� �r�o�t�a�x�a�n�e�s� �f�a�l�l� �i�n� 

�b�e�t�w�e�e�n� �t�h�o�s�e� �o�f� �t�h�e� �t�w�o� �c�o�m�p�o�n�e�n�t�s�,�2�9� �a�n�d� �s�o� �d�o�e�s� �t�h�e� �s�o�l�u�b�i�l�i�t�y�.� 

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

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

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

�c�o�m�p�o�n�e�n�t�s�)� �f�o�r� �s�o�m�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c� �p�e�a�k�s�.� �F�o�r� �e�x�a�m�p�l�e�,� �i�n� �t�h�e� �I�-�1�7� 

�s�y�s�t�e�m� �w�h�e�n� �t�h�e�r�e� �w�e�r�e� �1�3� �m�e�t�h�y�l�e�n�e� �u�n�i�t�s� �i�n� �t�h�e� �l�i�n�e�a�r� �c�h�a�i�n� �a�n�d� �n� �=� 

�3�2�,� �t�h�e� �s�h�i�f�t� �w�a�s� �o�b�s�e�r�v�e�d� �f�o�r� �m�e�t�h�y�l�e�n�e� �r�i�n�g� �p�r�o�t�o�n�s�.�2�9� 

�I�t� �i�s� �v�e�r�y� �i�n�t�e�r�e�s�t�i�n�g� �t�h�a�t� �i�n� �t�h�e� �"�m�o�l�e�c�u�l�a�r� �s�h�u�t�t�l�e�"� �I�-�2�3�,� �b�e�c�a�u�s�e� 

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

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

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

�e�n�e�r�g�y� �f�o�r� �t�h�e� �r�i�n�g� �m�o�t�i�o�n� �f�r�o�m� �o�n�e� �s�t�a�t�i�o�n� �t�o� �t�h�e� �o�t�h�e�r� �i�s� �1�3� �k�c�a�l� �p�e�r� 

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

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

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

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

�I�-�3�-�2�:� �P�O�L�Y�R�O�T�A�X�A�N�E�S� 

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

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

�c�h�r�o�m�a�t�o�g�r�a�p�h�y�.�3�6� �W�h�e�n� �a� �m�a�c�r�o�c�y�c�l�e� �g�a�s�e�o�u�s� �p�h�a�s�e� �w�a�s� �p�a�s�s�e�d� 

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

�2�0



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

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

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

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

�a�n�d� �L�i�p�a�t�o�v�a�.� 

�B�y� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �n�a�p�h�t�h�a�l�e�n�e�-�1�,�5�-�d�i�i�s�o�c�y�a�n�a�t�e� �t�o� �a�n� �e�q�u�i�l�i�b�r�i�u�m� 

�s�y�s�t�e�m� �o�f� �o�l�i�g�o�m�e�r�i�c� �e�t�h�y�l�e�n�e� �g�l�y�c�o�l�s� �(�D�P� �=� �3� �-� �2�2�)� �a�n�d� �c�r�o�w�n� �e�t�h�e�r�s� �(�1�5�,� 

�3�0�,� �4�4� �a�n�d� �5�8� �m�e�m�b�e�r�e�d� �r�i�n�g�s�)�,� �A�g�a�m� �e�t� �a�l�.� �s�y�n�t�h�e�s�i�z�e�d� �t�h�e� �f�i�r�s�t� 

�p�o�l�y�r�o�t�a�x�a�n�e�s� �I�-�2�4� �i�n� �1�9�7�6�.�3�7� �T�h�e�y� �s�t�u�d�i�e�d� �t�h�r�e�a�d�i�n�g� �e�f�f�i�c�i�e�n�c�y� 

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

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

�r�i�n�g� �s�i�z�e�s� �v�a�r�y� �f�r�o�m� �3�0� �t�o� �4�4� �t�o� �5�8�,� �b� �v�a�l�u�e� �v�a�r�i�e�s� �f�r�o�m� �1�0� �t�o� �3�0� �t�o� �5�0�.� 

�W�h�e�n� �x� �v�a�r�i�e�s� �f�r�o�m� �3� �t�o� �4� �t�o� �7� �t�o� �1�3�.�2� �t�o� �2�2�.�3� �a�t� �f�i�x�e�d� �y� �a�n�d� �z� �v�a�l�u�e�s� �o�f� 

�8�.�7�,� �b� �v�a�l�u�e� �v�a�r�i�e�s� �f�r�o�m� �1�0� �t�o� �3�.�1� �t�o� �1�.�9� �t�o� �1�.�6� �t�o� �2�.�1�.� �U�n�f�o�r�t�u�n�a�t�e�l�y�,� �t�h�e� 

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

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

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

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

�o�f� �e�t�h�y�l�e�n�e� �o�x�i�d�e� �i�n� �t�h�e� �5�8�-�m�e�m�b�e�r�e�d� �c�r�o�w�n� �e�t�h�e�r�.� �T�h�e� �r�o�t�a�x�a�n�e� �w�a�s� 

�o�b�t�a�i�n�e�d� �i�n� �1�1�%� �y�i�e�l�d�.� �H�o�w�e�v�e�r�,� �S�c�h�i�l�l� �e�t� �a�L� �h�a�v�e� �p�r�o�v�e�n� �t�h�a�t� �t�h�e� �t�r�i�t�y�l� 

�g�r�o�u�p� �c�a�n� �n�o�t� �b�l�o�c�k� �m�a�c�r�o�c�y�c�l�e�s� �l�a�r�g�e�r� �t�h�a�n� �3�3� �m�e�m�b�e�r�e�d�.�2�2� �T�h�e�r�e�f�o�r�e�,� 

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

�h�e�a�t�i�n�g� �t�o� �1�5�0�°�C� �o�r� �d�u�r�i�n�g� �t�h�e� �g�e�l� �c�h�r�o�m�a�t�o�g�r�a�p�h�i�c� �e�l�u�t�i�o�n�.�3�7� 

�2�1



�0� 

�N�-�C ��0�O�-� �(�C�H�5�C�H�.�0�)� 
�O� �(�O�)� �|� �Z� �Z� �x� �I�-�2�4� �H� �t�t� 

�c�o�y� �(�<�O�)� �b� 
�H� 

�(�C�H�5�C�H�0�)� 

�a� �(�O�C�H�»�C�H�y�)� �~�0� 

� � 

� � � � 

�M�a�c�i�e�j�e�w�s�k�i� �e�t� �a�l�.� �r�e�p�o�r�t�e�d� �t�h�e� �s�y�n�t�h�e�s�i�s� �o�f� �p�o�l�y�r�o�t�a�x�a�n�e�s� �I�-�2�5� 

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

�1�9�7�9�.�3�8�-�4�0� �T�h�e� �p�o�l�y�m�e�r� �c�o�n�t�a�i�n�e�d� �8�0� �w�t�%� �c�y�c�l�o�d�e�x�t�r�i�n� �l�i�n�k�e�d� �t�o� �t�h�e� 

�v�i�n�y�l�i�d�e�n�e� �c�h�l�o�r�i�d�e� �p�o�l�y�m�e�r� �c�h�a�i�n� �(�2�0� �w�t�%�)�.� �T�h�e� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �w�a�s� 

�c�a�.� �2�0�,�0�0�0�.� �N�o�t�e� �t�h�a�t� �t�h�i�s� �w�a�s� �a� �c�r�y�s�t�a�l�l�i�n�e� �a�d�d�u�c�t� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �w�h�e�r�e� 

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

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

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

�H�e�r�t�s� �B�C� �C�C� �=� �C�y�c�l�o�d�e�x�t�r�i�n� 

�I�-�2�5� 

�L�i�p�a�t�o�v�a� �e�t� �a�l�.� �s�y�n�t�h�e�s�i�z�e�d� �p�o�l�y�r�o�t�a�x�a�n�e�s� �I�-�2�6� �f�r�o�m� �s�w�o�l�l�e�n� �c�y�c�l�i�c� 

�u�r�e�t�h�a�n�e�s� �(�3�4� �a�n�d� �4�0� �m�e�m�b�e�r�e�d� �r�i�n�g�s�)� �a�n�d� �n�e�a�t� �s�t�y�r�e�n�e� �m�o�n�o�m�e�r� �b�y� 

�t�h�e�r�m�a�l� �p�o�l�y�m�e�r�i�z�a�t�i�o�n�.�4�1�.�4�2� �F�o�r� �t�h�e� �3�4�-�m�e�m�b�e�r�e�d� �r�i�n�g�,� �t�h�e� �x� �v�a�l�u�e� 

�w�a�s� �1�8�,� �w�h�i�l�e� �f�o�r� �t�h�e� �4�0�-�m�e�m�b�e�r�e�d� �r�i�n�g�,� �t�h�e� �x� �v�a�l�u�e� �w�a�s� �2�1�.� �T�h�e�y� �f�o�u�n�d� 

�2�2



�t�h�a�t� �w�h�e�n� �t�h�e� �c�y�c�l�i�c� �u�r�e�t�h�a�n�e� �w�a�s� �c�o�m�p�l�e�x�e�d� �w�i�t�h� �Z�n�C�l�9� �p�r�i�o�r� �t�o� 

�s�w�e�l�l�i�n�g� �w�i�t�h� �s�t�y�r�e�n�e�,� �h�i�g�h�e�r� �t�h�r�e�a�d�i�n�g� �e�f�f�i�c�i�e�n�c�i�e�s� �(�x� �=� �6� �f�o�r� �3�4�-� 

�m�e�m�b�e�r�e�d� �r�i�n�g� �a�n�d� �x� �=� �1�1� �f�o�r� �4�0�-�m�e�m�b�e�r�e�d� �r�i�n�g�)� �w�e�r�e� �o�b�t�a�i�n�e�d�.� 

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

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

�s�i�d�e� �c�h�a�i�n�s� �h�a�s� �b�e�e�n� �s�y�n�t�h�e�s�i�z�e�d� �b�y� �B�o�r�n� �a�n�d� �R�i�t�t�e�r�.�4�3� �T�h�r�e�a�d�i�n�g� �v�i�a� 

�t�h�e� �s�e�l�f�-�a�s�s�e�m�b�l�y� �p�r�o�c�e�s�s� �o�f� �2�,�6�-�d�i�m�e�t�h�y�l�-�B�-�c�y�c�l�o�d�e�x�t�r�i�n� �a�n�d� 

�m�o�n�o�f�u�n�c�t�i�o�n�a�l� �b�l�o�c�k�i�n�g� �g�r�o�u�p� �4�'�-�t�r�i�p�h�e�n�y�l�m�e�t�h�y�l�-�4�-�a�m�i�n�o�b�u�t�a�n�a�n�i�l�i�d�e� 

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

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

�t�h�e� �c�h�a�i�n� �t�o� �b�u�i�l�d� �a� �p�o�l�y�r�o�t�a�x�a�n�e� �I�-�2�7�,� �w�h�e�r�e� �t�h�e� �r�e�a�c�t�i�v�e� �p�o�l�y�m�e�r� �w�a�s� 

�p�r�e�p�a�r�e�d� �b�y� �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�e�t�h�y�l� �m�e�t�h�a�c�r�y�l�a�t�e� �a�n�d� �1�1�-� 

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

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

� � 

�i�y� �a�n� 
�C�H�o�)�g�N�  �� �C� �(�O�C�H�9�C�H�9�)�,�,�0�C�  �� �N�~�_� �|� 

�H�I�C�H�C�H�g� 
�|� 

�H� �O� �O�H� 

�I�-�2�6� 

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

�o�f� �p�o�l�y�r�o�t�a�x�a�n�e�s�.� �P�o�l�y�r�o�t�a�x�a�n�e�s� �o�f� �s�y�s�t�e�m� �I�-�2�4� �s�h�o�w� �T�L�C� �R�g� �v�a�l�u�e�s� 

�b�e�t�w�e�e�n� �t�h�o�s�e� �o�f� �t�h�e� �t�w�o� �c�o�m�p�o�n�e�n�t�s�.�3�7� �X�-�r�a�y� �d�i�f�f�r�a�c�t�i�o�n� �p�a�t�t�e�r�n�s� �o�f� �I�-� 

�2�6� �w�e�r�e� �i�d�e�n�t�i�c�a�l� �t�o� �t�h�e� �c�y�c�l�i�c� �c�o�m�p�o�n�e�n�t�s� �w�h�i�c�h� �w�e�r�e� �k�n�o�w�n� �t�o� �b�e� 

�2�3



�c�r�y�s�t�a�l�l�i�n�e�.�4�1�,�4�2� �P�o�l�y�r�o�t�a�x�a�n�e�s� �I�-�2�5� �w�i�t�h� �x� �=� �4�.�5� �t�o� �2�1� �w�e�r�e� �s�o�l�u�b�l�e� �i�n� 

�d�i�m�e�t�h�y�l�f�o�r�m�a�m�i�d�e� �(�D�M�F�)�,� �w�h�i�l�e� �t�h�e� �m�o�d�e�l� �p�o�l�y�m�e�r�s� �(�t�h�e� �l�i�n�e�a�r� 

�b�a�c�k�b�o�n�e� �w�i�t�h�o�u�t� �m�a�c�r�o�c�y�c�l�e�)� �w�e�r�e� �n�o�t�.�3�9� �H�o�w�e�v�e�r�,� �p�o�l�y�r�o�t�a�x�a�n�e�s� �I�-�2�6� 

�w�e�r�e� �n�o�t� �s�o�l�u�b�l�e� �i�n� �b�e�n�z�e�n�e� �o�r� �d�i�m�e�t�h�y�l� �s�u�l�f�o�x�i�d�e� �(�D�M�S�O�)�,� �w�h�i�l�e� �t�h�e� 

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

�D�M�S�O�.�4�1�.�4�2� �A�g�a�i�n�,� �p�o�l�y�r�o�t�a�x�a�n�e� �I�-�2�7� �w�a�s� �s�o�l�u�b�l�e� �i�n� �d�i�e�t�h�y�l� �e�t�h�e�r�,� 

�w�h�i�l�e� �t�h�e� �m�o�d�e�l� �p�o�l�y�m�e�r� �w�a�s� �n�o�t�.�4�3� 

�a�n�y� �<�>� �«�=� �T�h�e� �c�y�c�l�o�d�e�x�t�r�i�n� 

�I�-�2�7� 

�M�o�r�e� �s�o�l�u�t�i�o�n� �p�r�o�p�e�r�t�i�e�s� �o�f� �I�-�2�7� �h�a�v�e� �b�e�e�n� �s�t�u�d�i�e�d�.�4�3� �F�o�r� 

�e�x�a�m�p�l�e�,� �c�h�e�m�i�c�a�l� �s�h�i�f�t� �c�h�a�n�g�e�s� �f�o�r� �s�o�m�e� �p�r�o�t�o�n�s� �i�n� �t�h�e� �!�H�-�N�M�R� 

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

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

�2�4



�I�-�3�-�3�:� �R�A�P�I�D� �D�E�V�E�L�O�P�M�E�N�T� �I�N� �C�A�T�E�N�A�N�E� �S�Y�N�T�H�E�S�I�S� 

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

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

�(�L�a�t�i�n�:� �c�a�t�e�n�a� �=� �t�h�e� �c�h�a�i�n�)� �i�s� �a� �l�i�n�k�e�d� �c�h�a�i�n� �i�n� �w�h�i�c�h� �m�a�c�r�o�c�y�c�l�i�c� 

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

�c�o�v�a�l�e�n�t� �b�o�n�d� �a�s� �r�e�p�r�e�s�e�n�t�e�d� �b�y� �I�-�2�8�,� �a� �c�a�t�e�n�a�n�e� �c�o�n�t�a�i�n�i�n�g� �t�w�o� �r�i�n�g�s�.� 

�T�h�e� �n�u�m�b�e�r� �o�f� �r�i�n�g�s� �c�a�n� �b�e� �a�s� �m�a�n�y� �a�s� �a� �p�o�l�y�m�e�r�,� �p�o�l�y�c�a�t�e�n�a�n�e� �I�-�2�9�.� 

�6�)� �G�e�t� 
�I�-�2�8� �I�-�2�9� 

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

�a�n�d� �s�t�u�d�i�e�d� �m�o�r�e� �e�x�t�e�n�s�i�v�e�l�y�.� �B�a�c�k� �t�o� �s�o�m�e� �t�i�m�e� �b�e�t�w�e�e�n� �1�9�0�0� �a�n�d� 

�1�9�1�2�,� �l�o�n�g� �b�e�f�o�r�e� �m�a�c�r�o�c�y�c�l�e�s� �w�e�r�e� �e�v�e�n� �k�n�o�w�n�,� �P�r�e�l�o�g� �a�n�d� �W�i�l�l�s�t�a�t�t�e�r� 

�h�a�v�e� �m�e�n�t�i�o�n�e�d� �t�h�e� �c�o�m�p�o�u�n�d�s� �i�n� �a� �s�e�m�i�n�a�r� �a�t� �Z�i�r�i�c�h�.�4�4� �H�o�w�e�v�e�r�,� �t�h�e� 

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

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

�r�e�p�o�r�t� �o�n� �e�x�p�e�r�i�m�e�n�t�a�l� �w�o�r�k� �i�n� �t�h�e� �s�y�n�t�h�e�s�i�s� �o�f� �c�a�t�e�n�a�n�e�s� �i�n� �1�9�5�8�;�4�9� 

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

�1�9�6�0�.�4�6�.�4�7� �H�e� �s�y�n�t�h�e�s�i�z�e�d� �"�a� �f�e�w� �m�i�l�l�i�g�r�a�m�s�"� �o�f� �c�a�t�e�n�a�n�e� �I�-�3�0� �f�r�o�m� �a� 

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

�O�x�i�d�a�t�i�o�n� �o�f� �I�-�3�0� �c�l�e�a�v�e�d� �t�h�e� �a�c�y�l�o�i�n� �c�o�n�t�a�i�n�i�n�g� �r�i�n�g� �a�n�d� �y�i�e�l�d�e�d� �t�h�e� 
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�l�i�n�e�a�r� �s�p�e�c�i�e�s�.� �I�n� �t�h�e� �p�a�p�e�r� �b�y� �F�r�i�s�c�h� �a�n�d� �W�a�s�s�e�r�m�a�n� �e�n�t�i�t�l�e�d� �"�c�h�e�m�i�c�a�l� 

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

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

�e�.�g�.�,� �i�n�t�e�r�l�o�c�k�e�d� �a�n�d� �_� �u�n�i�n�t�e�r�l�o�c�k�e�d�,� �k�n�o�t�t�e�d� �a�n�d� � �u�n�k�n�o�t�t�e�d�.� 

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

�s�t�a�b�i�l�i�t�y� �o�f� �t�h�e�s�e� �m�a�t�e�r�i�a�l�s�.� 

� � 

�I�-�3�0� 

�S�i�n�c�e� �1�9�6�0�,� �m�a�n�y� �c�a�t�e�n�a�n�e�s� �h�a�v�e� �b�e�e�n� �s�y�n�t�h�e�s�i�z�e�d� �v�i�a� �d�i�f�f�e�r�e�n�t� 

�m�e�t�h�o�d�s� �s�u�c�h� �a�s� �c�h�e�m�i�c�a�l� �c�o�n�v�e�r�s�i�o�n�,�4�8�.�4�9� �M�é�b�i�u�s� �s�t�r�i�p� �s�y�n�t�h�e�s�i�s�°�0�-�5�3� 

�a�n�d� �s�t�a�t�i�s�t�i�c�a�l�°�4� �a�p�p�r�o�a�c�h�e�s�.� �S�c�h�i�l�l� �e�t� �a�l�.� �f�i�r�s�t� �s�y�n�t�h�e�s�i�z�e�d� �[�3�]�-�c�a�t�e�n�a�n�e�s�,� 

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

�a�n�d� �t�r�a�n�s�l�a�t�i�o�n�a�l� �i�s�o�m�e�r�i�z�a�t�i�o�n� �w�a�s� �o�b�s�e�r�v�e�d�.�°�9�.�°�S� �H�o�w�e�v�e�r�,� �t�h�e�y� �h�a�v�e� 

�n�o�t� �b�e�e�n� �h�i�g�h� �y�i�e�l�d�i�n�g� �(�b�e�l�o�w� �1�4�%�)� �u�n�t�i�l� �r�e�c�e�n�t�l�y�:� �s�y�n�t�h�e�s�i�s� �o�f� �c�a�t�e�n�a�n�e�s� 

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

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

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

�p�h�e�n�a�n�t�h�r�o�l�i�n�e� �b�a�s�e�d� �[�2�]�-�c�a�t�e�n�a�n�e�s� �i�n� �2�7�%� �y�i�e�l�d�9�7�,�5�8� �a�n�d� �[�3�]�-�c�a�t�e�n�a�n�e�s� 

�i�n� �5�8�%� �y�i�e�l�d�.�°�9� �S�t�o�d�d�a�r�t� �e�t� �a�l�.� �h�a�v�e� �e�x�t�e�n�s�i�v�e�l�y� �s�t�u�d�i�e�d� �t�h�e� �h�o�s�t�-�g�u�e�s�t� 
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�c�o�m�p�l�e�x�a�t�i�o�n� �b�e�t�w�e�e�n� � �b�i�s�(�p�a�r�a�p�h�e�n�y�l�e�n�e�)�-�(�8�n�+�4�)�-�c�r�o�w�n�-�n� �a�n�d�_� �t�h�e� 

�p�a�r�a�q�u�a�t� �a�n�d� �d�i�q�u�a�t� �d�i�c�a�t�i�o�n�s� �(�s�e�e� �d�i�s�c�u�s�s�i�o�n� �i�n� �C�h�a�p�t�e�r� �V�)�.� �B�a�s�e�d� �o�n� 

�t�h�i�s� �p�r�i�n�c�i�p�l�e�,� �t�h�e�y� �r�e�p�o�r�t�e�d� �t�h�e� �s�y�n�t�h�e�s�i�s� �o�f� �I�-�3�2� �i�n� �a� �o�n�e�-�s�t�e�p� �r�e�a�c�t�i�o�n� 

�f�r�o�m� �p�r�e�c�u�r�s�o�r� �I�-�3�1� �a�n�d� �a�,�a�'�-�d�i�b�r�o�m�o�-�p�-�x�y�l�e�n�e� �i�n� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� 

�b�i�s�(�p�a�r�a�p�h�e�n�y�l�e�n�e�)�-�3�4�-�c�r�o�w�n�-�1�0� �i�n� �a� �7�0�%� �y�i�e�l�d�!�6�9� 

� � � � 
�I�-�3�1� �I�-�3�2� 

�T�h�e�r�e� �h�a�v�e� �b�e�e�n� �n�o� �p�o�l�y�c�a�t�e�n�a�n�e�s� �w�i�t�h� �u�n�i�q�u�e� �s�t�r�u�c�t�u�r�e�s� �a�s� �I�-�2�9� 

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

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

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

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

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

�c�o�n�t�a�i�n�i�n�g� �a� �c�y�c�l�i�c� �d�e�p�s�i�p�e�p�t�i�d�e� �(�V�a�l�i�n�o�m�y�c�i�n�)�,� �a� �3�6�-�m�e�m�b�e�r�e�d� �r�i�n�g�.�©�1� 
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�M�a�r�k� �e�t� �a�l� �s�t�u�d�i�e�d� �s�o�m�e� �c�r�o�s�s�l�i�n�k�i�n�g� �s�y�s�t�e�m�s� �c�o�n�t�a�i�n�i�n�g� �c�y�c�l�i�c� 

�p�o�l�y�(�d�i�m�e�t�h�y�l�s�i�l�o�x�a�n�e�)�.�6�2�-�6�4� 

�I�-�3�3� 

�I�-�3�-�4�:� �O�T�H�E�R� �W�O�R�K� �O�N� �R�O�T�A�X�A�N�E� �C�H�E�M�I�S�T�R�Y� �D�O�N�E� �I�N� �O�U�R� 

�L�A�B�O�R�A�T�O�R�Y� 

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

�r�o�t�a�x�a�n�e�s� �i�n� �1�9�8�6� �a�n�d� �h�a�v�e� �m�a�d�e� �s�i�g�n�i�f�i�c�a�n�t� �c�o�n�t�r�i�b�u�t�i�o�n�s� �t�o� �r�o�t�a�x�a�n�e� 

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

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

�p�o�l�y�a�c�r�y�l�o�n�i�t�r�i�l�e� �b�a�s�e�d� �p�o�l�y�r�o�t�a�x�a�n�e�s� �a�n�d� �s�o�m�e� �m�o�n�o�m�e�r�i�c� �r�o�t�a�x�a�n�e�s�,�6�9� 

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

�r�o�t�a�x�a�n�e� �I�-�3�4� �h�a�s� �b�e�e�n� �s�y�n�t�h�e�s�i�z�e�d� �i�n� �4�2�%� �y�i�e�l�d� �a�n�d� �c�h�a�r�a�c�t�e�r�i�z�e�d� �b�y� 

�1�H�-�N�M�R� �a�n�d� �M�S� �a�n�a�l�y�s�e�s�.�6�6� �S�i�g�n�i�f�i�c�a�n�t� �c�h�e�m�i�c�a�l� �s�h�i�f�t� �d�i�f�f�e�r�e�n�c�e�s� �w�e�r�e� 

�o�b�s�e�r�v�e�d� �b�e�t�w�e�e�n� �t�h�e� �p�r�o�t�o�n�s� �o�n� �I�-�3�4� �a�n�d� �t�h�o�s�e� �o�n� �i�t�s� �t�w�o� �c�o�m�p�o�n�e�n�t�s�.� 

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

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

�f�r�a�g�m�e�n�t�a�t�i�o�n� �o�f� �t�h�e� �c�y�c�l�i�c� �c�o�m�p�o�n�e�n�t�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e� �p�o�l�y�e�s�t�e�r� �b�a�s�e�d� 
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�p�o�l�y�r�o�t�a�x�a�n�e� �I�-�3�5�,�6�7� �s�y�n�t�h�e�s�i�z�e�d� �f�r�o�m� �d�i�m�e�t�h�y�l� �s�e�b�a�c�a�t�e�,� �t�r�i�(�e�t�h�y�l�e�n�e� 

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

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

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

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

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

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

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

�m�a�c�r�o�c�y�c�l�e� �f�r�o�m� �a� �r�o�t�a�x�a�n�e� �s�y�s�t�e�m�.� 

� � 

�R�=� �C�H�o�(�C�H�y�0�C�H�5�)�o�9�C�H�o�,� �(�C�H�o�)�4� 

�O� 
�I� �I�I� 
�C ��(�C�H� �-�C�-�O�R�O�}�-� �=� �3�0�-�C�r�o�w�n�-�1�0�,� �6�0�-�C�r�o�w�n�-�2�0� 

�x� �n�/�x� �=� �1�.�8� �-� �7�.�7� 

�I�-�3�5� 

�2�9



�R�e�c�e�n�t�l�y�,� �w�o�r�k� �o�n� �_� �p�o�l�y�(�b�u�t�y�l�e�n�e� �s�e�b�a�c�a�t�e�)�-�6�0�C�2�0� �b�a�s�e�d� 

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

�p�o�l�y�m�e�r�.�6�8�-�7�0� �F�o�r� �e�x�a�m�p�l�e�s�,� �t�h�e� �p�o�l�y�r�o�t�a�x�a�n�e� �h�a�s� �l�o�w�e�r� �g�l�a�s�s� �t�r�a�n�s�i�t�i�o�n� 

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

�c�r�y�s�t�a�l�l�i�z�a�t�i�o�n� �o�f� �6�0�C�2�0� �a�n�d� �t�h�e� �p�o�l�y�e�s�t�e�r� �b�a�c�k�b�o�n�e� �o�c�c�u�r�,� �p�r�o�d�u�c�i�n�g� 

�t�w�o� �c�r�y�s�t�a�l�l�i�n�e� �p�h�a�s�e�s�.� �K�i�n�e�t�i�c�s� �o�f� �c�r�y�s�t�a�l�l�i�z�a�t�i�o�n� �o�f� �6�0�C�2�0� �i�n� �t�h�e� 

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

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

�I�-�4�:� �S�Y�N�T�H�E�T�I�C� �M�E�T�H�O�D�O�L�O�G�I�E�S� 

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

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

�t�e�m�p�l�a�t�e� �s�y�n�t�h�e�s�i�s�.� 

�I�-�4�-�1�;� �C�H�E�M�I�C�A�L� �C�O�N�V�E�R�S�I�O�N� 

�A�s� �i�l�l�u�s�t�r�a�t�e�d� �b�y� �S�c�h�e�m�e� �I�-�1�,� �a� �w�e�l�l�-�d�e�s�i�g�n�e�d� �m�o�l�e�c�u�l�e� �c�a�l�l�e�d� �a� 

�p�r�e�r�o�t�a�x�a�n�e� �(�I�-�3�6�)� �h�a�s� �a� �s�p�e�c�i�a�l� �t�o�p�o�l�o�g�i�c�a�l� �s�t�r�u�c�t�u�r�e� �i�n� �w�h�i�c�h� �a� 

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

�t�w�o� �s�p�e�c�i�e�s� �a�r�e� �c�h�e�m�i�c�a�l�l�y� �b�o�n�d�e�d�.� �A� �r�o�t�a�x�a�n�e� �(�I�-�3�8�)� �i�s� �g�e�n�e�r�a�t�e�d� �w�h�e�n� 

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

�l�i�n�e�a�r� �s�p�e�c�i�e�s� �a�r�e� �b�l�o�c�k�e�d� �w�i�t�h� �b�l�o�c�k�i�n�g� �g�r�o�u�p� �(�I�-�3�7�)�.� �A�n� �e�x�a�m�p�l�e� �i�s� 

�r�o�t�a�x�a�n�e� �I�-�1�3� �w�h�i�c�h� �i�s� �g�e�n�e�r�a�t�e�d� �b�y� �t�h�e� �h�y�d�r�o�l�y�s�i�s� �o�f� �I�-�1�4�.� �A� 

�3�0



�p�o�l�y�r�o�t�a�x�a�n�e� �I�-�3�9� �c�a�n� �b�e� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �i�n�v�o�l�v�i�n�g� �i�n� 

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

�p�r�e�r�o�t�a�x�a�n�e� �I�-�3�6�,� �w�h�i�c�h� �c�o�u�l�d� �b�e� �v�e�r�y� �d�i�f�f�i�c�u�l�t�.� 

�I�-�4�-�2�:� �S�T�A�T�I�S�T�I�C�A�L� �T�H�R�E�A�D�I�N�G� 

�A�s� �i�l�l�u�s�t�r�a�t�e�d� �b�y� �S�c�h�e�m�e� �I�-�2�,� �a� �d�i�f�u�n�c�t�i�o�n�a�l�i�z�e�d� �l�i�n�e�a�r� �s�p�e�c�i�e�s� �(�I�-� 

�4�0�)� �i�s� �s�t�i�r�r�e�d� �w�i�t�h� �a� �m�e�l�t�e�d� �m�a�c�r�o�c�y�c�l�e� �u�n�t�i�l� �a�n� �e�q�u�i�l�i�b�r�i�u�m� �i�s� �r�e�a�c�h�e�d�.� 

�A� �s�t�o�i�c�h�i�o�m�e�t�r�i�c� �a�m�o�u�n�t� �o�f� �m�o�n�o�f�u�n�c�t�i�o�n�a�l�i�z�e�d� �b�l�o�c�k�i�n�g� �g�r�o�u�p� �(�I�-�4�1�)� �i�s� 

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

�r�o�t�a�x�a�n�e� �(�I�-�4�2�)� �c�a�n� �b�e� �i�s�o�l�a�t�e�d� �f�r�o�m� �t�h�e� �p�r�o�d�u�c�t� �m�i�x�t�u�r�e�.� �A� �p�o�l�y�r�o�t�a�x�a�n�e� 

�(�I�-�4�3�)� �c�a�n� �a�l�s�o� �b�e� �p�r�e�p�a�r�e�d� �b�y� �c�o�n�v�e�n�t�i�o�n�a�l� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �i�n� �t�h�e� 

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

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

�t�h�o�s�e� �n�u�m�b�e�r�e�d� �f�r�o�m� �I�-�1�6� �t�o� �I�-�2�1�,� �a�n�d� �p�o�l�y�r�o�t�a�x�a�n�e�s� �s�u�c�h� �a�s� �I�-�2�4�,� �I�-�2�6�,� 

�I�-�3�5� �w�e�r�e� �s�y�n�t�h�e�s�i�z�e�d� �v�i�a� �t�h�i�s� �m�e�t�h�o�d�.� 

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

�s�e�v�e�r�a�l� �v�a�r�i�a�b�l�e�s� �a�s� �s�h�o�w�n� �b�y� �E�q�u�a�t�i�o�n� �(�I�-�1�)�,�3�2� �w�h�e�r�e� �N� �i�s� �t�h�e� �n�u�m�b�e�r� �o�f� 

�N� �=� �(�k� �M�e� �M�g� �[�1�-�e�x�p�(�-�N�e�/�2�N�g�)�]� �N�e� �N�g� �6�}�/�V� �E�q�.� �I�-�1� 

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

�c�h�a�i�n�,� �r�e�s�p�e�c�t�i�v�e�l�y�;� �V� �i�s� �t�h�e� �t�o�t�a�l� �v�o�l�u�m�e�;� �6� �i�s� �t�h�r�e�a�d�i�n�g� �a�n�g�l�e� �w�h�i�c�h� 

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

�d�e�t�e�r�m�i�n�e�d� �b�y� �E�q�u�a�t�i�o�n� �(�I�-�2�)� �a�n�d� �k� �i�s� �a� �c�o�n�s�t�a�n�t� �r�e�l�a�t�e�d� �t�o� 

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

�3�1



�C�o�s�@� �=� �d�/�2�r� �E�q�.� �I�-�2� 

�I�t� �c�a�n� �b�e� �s�e�e�n� �f�r�o�m� �E�q�u�a�t�i�o�n� �(�I�-�1�)� �t�h�a�t� �t�h�e� �n�u�m�b�e�r� �o�f� �t�h�r�e�a�d�i�n�g�s� 

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

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

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

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

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

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

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

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

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

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

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

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

�p�o�l�y�r�o�t�a�x�a�n�e�s�.�6�7� 

�1�-�4�-�3�:� �T�E�M�P�L�A�T�E� �S�Y�N�T�H�E�S�I�S� 

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

�c�a�t�e�g�o�r�i�e�s�.� �S�c�h�e�m�e�s� �I�-�3� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �t�e�m�p�l�a�t�e� �s�y�n�t�h�e�s�i�s� �u�s�i�n�g� �a� �t�h�i�r�d� 

�s�p�e�c�i�e�s� �(�u�s�u�a�l�l�y� �a� �m�e�t�a�l� �i�o�n�)� �a�s� �t�h�e� �t�e�m�p�l�a�t�e�.� �S�c�h�e�m�e� �I�-�4� �r�e�p�r�e�s�e�n�t�s� �t�h�e� 

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

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

�I�n� �S�c�h�e�m�e� �J�-�3�,� �b�o�t�h� �l�i�n�e�a�r� �s�p�e�c�i�e�s� �(�I�-�4�4�)� �a�n�d� �c�y�c�l�i�c� �s�p�e�c�i�e�s� �(�I�-�4�5�)� 

�a�r�e� �e�l�e�c�t�r�o�n� �d�o�n�o�r�s�.� �T�h�e�y� �c�o�o�r�d�i�n�a�t�e� �t�o� �a� �m�e�t�a�l� �i�o�n� �(�M�)� �t�o� �f�o�r�m� �a�n� 
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�i�n�t�e�r�l�o�c�k�i�n�g� �m�o�l�e�c�u�l�e� �I�-�4�6� �w�h�i�c�h� �i�s� �a� �p�r�e�r�o�t�a�x�a�n�e�.� �T�h�e� �m�o�l�e�c�u�l�a�r� �p�l�a�n�e�s� 

�o�f� �I�-�4�6� �a�r�e� �p�e�r�p�e�n�d�i�c�u�l�a�r� �t�o� �e�a�c�h� �o�t�h�e�r� �d�u�e� �t�o� �t�h�e� �s�t�e�r�i�c� �d�i�c�t�a�t�e�s� �o�f� �t�h�e� 

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

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

�t�h�e�n� �b�e� �d�e�m�o�n�s�t�r�a�t�e�d� �t�o� �f�o�r�m� �a� �r�o�t�a�x�a�n�e� �I�-�4�7� �o�r� �b�e� �p�o�l�y�m�e�r�i�z�e�d� �t�o� �a� 

�p�o�l�y�r�o�t�a�x�a�n�e� �I�-�4�8�.� �R�o�t�a�x�a�n�e� �I�-�3�4� �w�a�s� �s�y�n�t�h�e�s�i�z�e�d� �v�i�a� �t�h�i�s� �a�p�p�r�o�a�c�h�.�6�6� 

�I�n� �S�c�h�e�m�e� �I�-�4�,� �a� �h�o�s�t�-�g�u�e�s�t� �c�o�m�p�l�e�x�a�t�i�o�n� �b�e�t�w�e�e�n� �a�n� �e�l�e�c�t�r�o�n� �r�i�c�h� 

�(�o�r� �d�e�f�i�c�i�e�n�t�)� �m�a�c�r�o�c�y�c�l�e� �(�I�-�4�9�)� �a�n�d� �a�n� �e�l�e�c�t�r�o�n� �d�e�f�i�c�i�e�n�t� �(�o�r� �r�i�c�h�)� 

�d�i�f�u�n�c�t�i�o�n�a�l�i�z�e�d� �l�i�n�e�a�r� �s�p�e�c�i�e�s� �(�I�-�5�0�)� �y�i�e�l�d�s� �a� �t�h�r�e�a�d�e�d� �u�n�i�o�n� �I�-�5�1�,� �w�h�i�c�h� 

�i�s� �a� �p�r�e�r�o�t�a�x�a�n�e�.� �A� �r�o�t�a�x�a�n�e� �I�-�5�2� �i�s� �g�e�n�e�r�a�t�e�d� �b�y� �r�e�a�c�t�i�n�g� �o�f� �I�-�5�1� �w�i�t�h�a� 

�m�o�n�o�f�u�n�c�t�i�o�n�a�l�i�z�e�d� �b�l�o�c�k�i�n�g� �g�r�o�u�p�.� �O�n� �t�h�e� �o�t�h�e�r� �h�a�n�d�,� �I�-�5�1� �c�a�n� �b�e� 

�d�i�r�e�c�t�l�y� �u�s�e�d� �a�s� �a� �p�o�l�y�r�o�t�a�x�a�n�e� �p�r�e�c�u�r�s�o�r� �l�e�a�d�i�n�g� �t�o� �p�o�l�y�r�o�t�a�x�a�n�e�s� �I�-�5�3�.� 

�R�o�t�a�x�a�n�e�s� �I�-�2�2�,�3�4� �1�-�2�3�3�5� �a�n�d� �p�o�l�y�r�o�t�a�x�a�n�e�s� �I�-�2�5�,�3�8�-�4�0� �1�-�2�7�4�3� �w�e�r�e� 

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

�I�-�4�-�4�:� �D�R�I�V�I�N�G� �F�O�R�C�E�S� �F�O�R� �T�H�R�E�A�D�I�N�G� 

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

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

�A�G� �=� �A�H� �-� �T�A�S� �E�q�.� �I�-�3� 

�I�n� �t�h�e� �s�t�a�t�i�s�t�i�c�a�l� �t�h�r�e�a�d�i�n�g� �a�p�p�r�o�a�c�h�,� �A�H� �i�s� �e�s�s�e�n�t�i�a�l�l�y� �z�e�r�o� �o�r� �e�v�e�n� 

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

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

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

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

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

�V�e�r�y� �h�i�g�h� �t�h�r�e�a�d�i�n�g� �e�f�f�i�c�i�e�n�c�y�,� �e�v�e�n� �q�u�a�n�t�i�t�a�t�i�v�e�,� �c�a�n� �b�e� �a�c�h�i�e�v�e�d� �w�i�t�h� 

�t�h�i�s� �a�p�p�r�o�a�c�h�.� 
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�R�E�F�E�R�E�N�C�E�S� 

�(�a�)� �F�l�o�r�y�,� �P�.� �J�.� �"�P�r�i�n�c�i�p�l�e�s� �o�f� �P�o�l�y�m�e�r� �C�h�e�m�i�s�t�r�y�"�,� �C�o�r�n�e�l�l� �U�n�i�v�e�r�s�i�t�y� 

�P�r�e�s�s�,� �I�t�h�a�c�a�,� �N�e�w� �Y�o�r�k�,� �1�9�5�3�;� �(�b�)� �O�d�i�a�n�,� �G�.� �"�P�r�i�n�c�i�p�l�e�s� �o�f� 

�P�o�l�y�m�e�r�i�z�a�t�i�o�n�"�,� �2�n�d�.� �E�d�.�,� �W�i�l�e�y�,� �N�e�w� �Y�o�r�k�,� �1�9�8�1�;� �(�c�)� �R�u�d�i�n�,� �A�.� 

�"�E�l�e�m�e�n�t�s� �o�f� �P�o�l�y�m�e�r� �S�c�i�e�n�c�e� �a�n�d� �E�n�g�i�n�e�e�r�i�n�g�"�,� �A�c�a�d�e�m�i�c� �P�r�e�s�s�,� �N�e�w� 

�Y�o�r�k�,� �1�9�8�2�;� �(�d�)� �H�i�e�m�e�n�z�,� �P�.� �C�.� �"�P�o�l�y�m�e�r� �C�h�e�m�i�s�t�r�y�,� �t�h�e� �B�a�s�i�c� 

�C�o�n�c�e�p�t�s�"�,� �M�a�r�c�e�l� �D�e�k�k�e�r�,� �I�n�c�.�,� �N�e�w� �Y�o�r�k�,� �1�9�8�4�;� �(�e�}�)� �M�c�G�r�a�t�h�,� �J�.� �E�.� 

�"�E�n�c�y�c�l�o�p�e�d�i�a� �o�f� �P�h�y�s�i�c�a�l� �S�c�i�e�n�c�e� �a�n�d� �T�e�c�h�n�o�l�o�g�y�"�,� �A�c�a�d�e�m�i�c� �P�r�e�s�s�,� 

�N�e�w� �Y�o�r�k�,� �1�9�8�7�,� �V�o�l�.� �1�1�,� �p�1�2�0�-�1�4�2�.� 

�R�o�o�v�e�r�s�,� �J�.� �"�E�n�c�y�c�l�o�p�e�d�i�a� �o�f� �P�o�l�y�m�.� �S�c�i�.� �a�n�d� �E�n�g�.�"�,� �J�o�h�n� �W�i�l�e�y� �&� 

�S�o�n�s�,� �I�n�c�.�,� �N�e�w� �Y�o�r�k�,� �1�9�8�7�,� �V�o�l�.� �2�,� �p�4�7�8�.� 

�M�a�n�a�r�e�s�i�,� �P�.�;� �P�a�r�r�i�n�i�,� �P�.�;� �S�e�m�e�g�h�i�n�i�,� �G�.� �L�.�;� �d�e� �F�o�r�n�a�s�a�r�i�,� �E�.� �P�o�l�y�m�e�r� 

�1�9�7�6�,� �1�7�,� �5�9�5�.� 

�K�u�r�a�t�a�,� �M�.�;� �A�b�e�,� �M�.�;� �I�w�a�m�a�,� �M�.�;� �M�a�t�s�u�s�h�i�m�a�,� �M�.� �P�o�l�y�m�.� �J�.� �1�9�7�2�,� �3�,� 

�7�2�9�.� 

�T�h�u�r�m�o�n�d�,� �C�.� �D�.�;� �Z�i�m�m�,� �B�.� �H�.� �J�.� �P�o�l�y�m�.� �S�c�i�.� �1�9�5�2�,� �8�,� �4�7�7�.� 

�K�a�m�a�d�a�,� �K�.�;� �S�a�t�o�,� �H�.� �P�o�l�y�m�.� �J�.� �1�9�7�1�,� �2�,� �4�8�9�.� 

�S�c�h�a�e�f�g�e�n�,� �J�.� �R�.�;� �F�l�o�r�y�,� �P�.� �J�.� �J�.� �A�m�.� �C�h�e�m�.� �S�o�c�.� �1�9�4�8�,� �7�0�,� �2�7�0�9�.� 

�P�f�a�n�n�e�m�i�l�l�e�r�,� �B�.�;� �B�u�r�c�h�a�r�d�,� �W�.�;� �F�r�a�n�k�e�n�,� �I�.� �S�t�a�r�c�h� �1�9�7�6�,� �2�8�,� �1�.� 
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�1�0�.� 

�1�1�.� 

�1�2�.� 

�1�3�.� 

�1�4�.� 

�1�5�.� 

�1�6�.� 

�1�7�.� 

�K�e�n�n�e�d�y�,� �J�.� �P�.�;� �G�u�h�a�n�i�y�o�g�i�,� �S�.� �C�.�;� �P�e�r�c�e�c�,� �V�.� �P�o�l�y�.� �B�u�l�l�.� �1�9�8�2�,� �8�,� 

�5�6�3�.� 

�E�s�c�h�w�e�y�,� �H�.�;� �B�u�r�c�h�a�r�d�,� �W�.� �P�o�l�y�m�e�r� �1�9�7�5�,� �1�6�,� �1�8�0�.� 

�W�o�o�l�e�y�,� �K�.� �L�.�;� �H�a�w�k�e�r�,� �C�.� �J�.�;� �F�r�é�c�h�e�t�,� �J�.� �M�.� �J�.� �J�.� �A�m�.� �C�h�e�m�.� �S�o�c�.� 

�1�9�9�1�,� �1�1�3�,� �4�2�5�2�.� 

�K�e�n�n�e�d�y�,� �J�.� �P�.� �A�p�p�L� �P�o�l�y�m�.� �S�y�m�p�.� �1�9�7�7�,� �3�0�,� �1�.� 

�(�a�)�.� �F�l�o�r�y�,� �P�.� �J�.� �"�E�n�c�y�c�l�o�p�e�d�i�a� �o�f� �P�o�l�y�.� �S�c�i�.� �a�n�d� �E�n�g�.�"�,� �J�o�h�n� �W�i�l�e�y� �&� 

�S�o�n�s�,� �I�n�c�.�,� �N�e�w� �Y�o�r�k�,� �1�9�8�7�,� �V�o�l�.� �1�0�,� �p�9�5�;� �(�b�)�.� �G�i�l�l�h�a�m�,� �J�.� �K�.� �i�b�i�d�,� 

�V�o�l�.� �4�,� �p�5�1�9�.� 

�(�a�)�.� �N�o�s�h�a�y�,� �A�.�;� �M�c�G�r�a�t�h�,� �J�.� �E�.� �"�B�l�o�c�k� �C�o�p�o�l�y�m�e�r�s�:� �O�v�e�r�v�i�e�w� �a�n�d� 

�C�r�i�t�i�c�a�l� �S�u�r�v�e�y�"� �1�9�7�7�,� �A�c�a�d�e�m�i�c� �P�r�e�s�s�,� �N�e�w� �Y�o�r�k�;� �(�b�)�.� �R�i�e�s�s�,� �G�.�;� 

�H�u�r�t�r�e�z�,� �G�.�;� �B�a�h�a�d�u�r�,� �P�.� �"�E�n�c�y�c�l�o�p�e�d�i�a� �o�f� �P�o�l�y�m�.� �S�c�i�.� �a�n�d� �E�n�g�.�"�,� 

�J�o�h�n� �W�i�l�e�y� �&� �S�o�n�s�,� �N�e�w� �Y�o�r�k�,� �1�9�8�5�,� �V�o�l�.� �2�,� �p�3�2�4�;� �(�c�)�.� �M�c�G�r�a�t�h�,� �J�.� 

�E�.� �P�u�r�e� �a�n�d� �A�p�p�l�.� �C�h�e�m�.� �1�9�8�3�,� �5�5�,� �1�5�7�3�.� �(�d�)�.� �M�c�G�r�a�t�h�,� �J�.� �E�.� �J�.� 

�C�h�e�m�.� �E�d�.� �1�9�8�1�,� �5�8�,� �9�1�4�.� 

�"�C�y�c�l�i�c� �P�o�l�y�m�e�r�s�"�,� �E�d�i�t�e�d� �b�y� �S�e�m�l�y�e�n�,� �J�.� �A�.�,� �E�l�s�e�v�i�e�r�,� �N�e�w� �Y�o�r�k�,� 

�1�9�8�6�.� 

�H�i�r�a�o�k�a�,� �M�.� �"�C�r�o�w�n� �C�o�m�p�o�u�n�d�s�,� �T�h�e�i�r� �C�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �a�n�d� 

�A�p�p�l�i�c�a�t�i�o�n�s�"�,� �S�t�u�d�y� �i�n� �O�r�g�.� �C�h�e�m�.� �V�o�l�.� �1�2�,� �E�l�s�e�v�i�e�r�,� �N�e�w� �Y�o�r�k�,� �1�9�8�2�,� 

�p�2�4�1� 

�d�e� �G�e�n�n�e�s�,� �P�.� �G�.� �M�a�c�r�o�m�o�l�e�c�u�l�e�s� �1�9�8�4�,� �1�7�,� �7�0�3�.� 
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�1�8�.� 

�1�9�.� 

�2�0�.� 

�2�1�.� 

�2�2�.� 

�2�3�.� 

�2�4�.� 

�2�5�.� 

�2�6�.� 

�2�7�.� 

�2�8�.� 

�2�9�.� 

�3�0�.� 

�(�a�)�.� �W�i�l�k�e�s�,� �G�.� �L�.�;� �O�r�l�e�r�,� �B�.�;� �H�u�a�n�g�,� �H�.� �P�o�l�y�m�.� �P�r�e�p�r�.� �1�9�8�5�,� �2�6�(�2�)�,� 

�3�0�0�;� �(�b�)�.� �H�u�a�n�g�,� �H�.�;� �O�r�l�e�r�,� �B�.�;� �W�i�l�k�e�s�,� �G�.� �L�.� �M�a�c�r�o�m�o�l�e�c�u�l�e�s� �1�9�8�7�,� 

�2�0�(�6�)�,� �1�3�2�2�.� 

�S�c�h�i�l�l�,� �G�.� �"�C�a�t�e�n�a�n�e�s�,� �R�o�t�a�x�a�n�e�s�,� �a�n�d� �K�n�o�t�s�"�,� �O�r�g�a�n�i�c� �C�h�e�m�.�-�A� 

�s�e�r�i�e�s� �o�f� �M�o�n�o�g�r�a�p�h�s�,� �V�o�l�.� �2�2�,� �A�c�a�d�e�m�i�c� �P�r�e�s�s�,� �N�e�w� �Y�o�r�k�,� �1�9�7�1�.� 

�F�r�i�s�c�h�,� �H�.� �L�.�;� �W�a�s�s�e�r�m�a�n�,� �E�.� �J�.� �A�m�.� �C�h�e�m�.� �S�o�c�.� �1�9�6�1�,� �8�3�,� �3�7�8�9�.� 

�(�a�)�.� �S�t�e�t�t�e�r� �H�.�;� �L�i�h�o�t�z�k�y�,� �R�.� �u�n�p�u�b�l�i�s�h�e�d� �d�a�t�a� �1�9�6�2�;� �(�b�)�.� �L�i�h�o�t�z�k�y�,� �R�.� 

�D�i�s�s�e�r�t�a�t�i�o�n� �1�9�6�2�,� �T�e�c�h�n�i�s�c�h�e� �H�o�c�h�s�c�h�u�l�e�,� �A�a�c�h�e�n�.� 

�S�c�h�i�l�l�,� �G�.�;� �Z�o�l�l�e�n�k�o�p�f�,� �H�.� �N�a�c�h�r�.� �C�h�e�m�.� �T�e�c�h�n�.� �1�9�6�7�,� �7�9�,� �1�4�9�.� 

�S�c�h�i�l�l�,� �G�.�;� �Z�o�l�l�e�n�k�o�p�f�,� �H�.� �A�n�n�.� �C�h�e�m�.� �1�9�6�9�,� �7�2�1�,� �5�3�.� 

�S�c�h�i�l�l�,� �G�.�;� �Z�u�r�c�h�e�r�,� �C�.�;� �V�e�t�t�e�r�,� �W�.� �C�h�e�m�.� �B�e�r�.� �1�9�7�3�,� �1�0�6�,� �2�2�8�.� 

�S�c�h�i�l�l�,� �G�.�;� �B�e�c�k�m�a�n�n�,� �W�.�;� �V�e�t�t�e�r�,� �W�.� �C�h�e�m�.� �B�e�r�.� �1�9�8�0�,� �1�1�3�,� �9�4�1�.� 

�S�c�h�i�l�l�,� �G�.�;� �B�e�c�k�m�a�n�n�,� �W�.�;� �V�e�t�t�e�r�,� �W�.� �A�n�g�.� �C�h�e�m�.� �I�n�t�.� �E�d�.� �E�n�g�l�.� �1�9�7�3�,� 

�1�2�,� �6�6�5�.� 

�H�a�r�r�i�s�o�n�,� �I�.� �T�.�;� �H�a�r�r�i�s�o�n�,� �S�.� �J�.� �A�m�.� �C�h�e�m�.� �S�o�c�.� �1�9�6�7�,� �8�9�,� �5�7�2�3�.� 

�H�a�r�r�i�s�o�n�,� �I�.� �T�.� �J�.� �C�h�e�m�.� �S�o�c�.�,� �C�h�e�m�.� �C�o�m�m�u�n�.� �1�9�7�2�,� �2�3�1�.� 

�H�a�r�r�i�s�o�n�,� �|�.� �T�.� �J�.� �C�h�e�m�.� �S�o�c�.�,� �P�e�r�k�i�n� �I� �1�9�7�4�,� �3�0�1�.� 

�S�c�h�i�l�l�,� �G�.�;� �S�c�h�e�v�e�i�k�e�r�t�,� �N�.�;� �F�r�i�t�z�,� �H�.�;� �V�e�t�t�e�r�,� �W�.� �A�n�g�e�w�.� �C�h�e�m�.� �I�n�t�.� �E�d�.� 

�E�n�g�l�.� �1�9�8�3�,� �2�2�,� �8�8�9�.� 
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�3�1�.� 

�3�2�.� 

�3�3�.� 

�3�4�.� 

�3�5�.� 

�3�6�.� 

�3�7�.� 

�3�8�.� 

�3�g�.� 

�4�0�.� 

�4�1�.� 

�4�2�.� 

�S�c�h�i�l�l�,� �G�.�;� �B�e�c�k�m�a�n�n�,� �W�.�:� �S�c�h�w�e�i�c�k�e�r�t�,� �N�.�;� �F�r�i�t�z�,� �H�.� �C�h�e�m�.� �B�e�r�.� 

�1�9�8�6�,� �1�1�9�,� �2�6�4�7�.� 

�A�g�a�m�,� �G�.�;� �G�r�a�i�v�e�r�,� �D�.�;� �Z�i�l�k�h�a�,� �A�.� �J�.� �A�m�.� �C�h�e�m�.� �S�o�c�.� �1�9�7�6�,� �9�8�,� �5�2�0�6�.� 

�O�g�i�n�o�,� �H�.� �J�.� �A�m�.� �C�h�e�m�.� �S�o�c�.� �1�9�8�1�,� �1�0�3�,� �1�3�0�3�.� 

�V�e�n�k�a�t�a� �T�.�:� �R�a�o�,� �S�.�;� �L�a�w�r�e�n�c�e�,� �D�.� �S�.� �J�.� �A�m�.� �C�h�e�m�.� �S�o�c�.� �1�9�9�0�,� �1�1�2�,� 

�3�6�1�4�.� 

�A�s�h�t�o�n�,� �P�.� �R�.�;� �G�r�o�g�n�u�z�,� �M�.�;� �S�l�a�w�i�n�,� �A�.� �M�.� �Z�.�;� �S�t�o�d�d�a�r�t�,� �J�.� �F�.�;� 

�W�i�l�l�i�a�m�s�,� �D�.� �J�.� �T�e�t�r�a�h�e�d�r�o�n� �L�e�t�t�.� �1�9�9�1�,� �3�2�,� �6�2�3�5�;� �J�.� �A�m�.� �C�h�e�m�.� �S�o�c�.� 

�1�9�9�1�,� �1�1�3�,� �5�1�3�1�.� 

�H�a�r�r�i�s�o�n�,� �I�.� �T�.� �J�.� �C�h�e�m�.� �S�o�c�.�,� �C�h�e�m�.� �C�o�m�m�u�n�.� �1�9�7�7�,� �3�8�4�.� 

�A�g�a�m�,� �G�.�;� �Z�i�l�k�h�a�,� �A�.� �J�.� �A�m�.� �C�h�e�m�.� �S�o�c�.� �1�9�7�6�,� �9�8�,� �5�2�1�4�.� 

�M�a�c�i�e�j�e�w�s�k�i�,� �M�.� �J�.� �M�a�c�r�o�m�o�l�.� �S�c�i�.� �-�C�h�e�m�.� �1�9�7�9�,� �A�1�3�(�1�)�,� �7�7�.� 

�M�a�c�i�e�j�e�w�s�k�i�,� �M�.�;� �G�w�i�z�d�o�w�s�k�i�,� �A�.�;� �P�e�c�z�a�k�,� �P�.�;� �P�i�e�t�r�z�a�k�,� �A�.� �J�.� 

�M�a�c�r�o�m�o�l�.� �S�c�i�.�-�C�h�e�m�.� �1�9�7�9�,� �A�1�3�(�1�)�,� �8�7�.� 

�M�a�c�i�e�j�e�w�s�k�i�,� �M�.� �J�.� �M�a�c�r�o�m�o�l�.� �S�c�i�.�-�C�h�e�m�.� �1�9�7�9�,� �A�1�3�(�8�)�,� �1�1�7�5�.� 

�L�i�p�a�t�o�v�a�,� �T�.� �E�.�;� �K�o�s�y�a�n�c�h�u�k�,� �L�.� �F�.�;� �G�o�m�z�a�,� �Y�u�.� �P�.�;� �S�h�i�l�o�v�,� �V�.� �V�.�;� 

�L�i�p�a�t�o�v�,� �Y�u�.� �P�.� �D�o�k�L� �A�k�a�d�.� �N�a�u�k� �S�S�S�R�,� �(�E�n�g�.� �T�r�.�)� �1�9�8�2�,� �2�6�3�,� �1�4�0�.� 

�L�i�p�a�t�o�v�a�,� �T�.� �E�.�;� �K�o�s�y�a�n�c�h�u�k�,� �L�.� �F�.�;� �S�h�i�l�o�v�,� �V�.� �V�.�;� �G�o�m�z�a�,� �Y�u�.� �P�.� �P�o�l�y�.� 

�S�c�i�.� �U�S�S�R�,� �(�E�n�g�.� �T�r�.�)� �1�9�8�5�,� �2�7�,� �6�2�2�.� 
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�4�3�.� 

�4�4�.� 

�4�5�.� 

�4�6�.� 

�4�7�.� 

�4�8�.� 

�4�9�.� 

�5�0�.� 

�1�.� 

�5�2�.� 

�5�3� 

�5�4�.� 

�5�5�.� 

�B�o�r�n�,� �M�.�;� �R�i�t�t�e�r�,� �H�.� �M�a�k�r�o�m�o�l�.� �C�h�e�m�.�,� �R�a�p�i�d� �C�o�m�m�u�n�.�1�9�9�1�,� �1�2�,� 

�4�7�1�.� 

�F�o�o�t�n�o�t�e� �5� �i�n� �r�e�f�e�r�e�n�c�e� �2�0�.� 

�L�i�t�t�r�i�n�g�h�a�u�s�,� �A�.�;� �C�r�a�m�e�r�,� �F�.�;� �P�r�i�n�z�b�a�c�h�,� �H�.�;� �H�e�n�g�l�e�i�n�,� �F�.� �M�.�;� �J�u�s�t�u�s� 

�L�i�e�b�i�g�s� �A�n�n�.� �C�h�e�m�.� �1�9�5�8�,� �6�1�3�,� �1�8�5�.� 

�W�a�s�s�e�r�m�a�n�,� �E�.� �J�.� �A�m�.� �C�h�e�m�.� �S�o�c�.� �1�9�6�0�,� �8�2�,� �4�4�3�3�.� 

�W�a�s�s�e�r�m�a�n�,� �E�.� �S�c�i�.� �A�m�.� �1�9�6�2�,� �2�0�7�,� �9�4�.� 

�S�c�h�i�l�l�,� �G�.�;� �L�a�t�t�r�i�n�g�h�a�u�s�,� �A�.� �A�n�g�e�w�.� �C�h�e�m�.� �1�9�6�4�,� �7�6�,� �5�6�7�.� 

�S�c�h�i�l�l�,� �G�.�;� �D�o�e�r�j�e�r�,� �G�.�;� �L�o�g�e�m�a�n�n�,� �E�.�;� �V�e�t�t�e�r�,� �W�.� �C�h�e�m�.� �B�e�r�.� �1�9�8�0�,� 

�1�1�3�,� �3�6�9�7�,� 

�W�a�s�s�e�r�m�a�n�,� �E�.�;� �B�e�n�-�E�f�r�a�i�m�,� �D�.� �A�.�;� �W�o�l�o�v�s�k�y�,� �R�.� �J�.� �A�m�.� �C�h�e�m�.� �S�o�c�.� 

�1�9�6�8�,� �9�0�,� �3�2�8�6�.� 

�W�o�l�o�v�s�k�y�,� �R�.� �J�.� �A�m�.� �C�h�e�m�.� �S�o�c�.� �1�9�7�0�,� �9�2�,� �2�1�3�2�.� 

�B�e�n�-�E�f�r�a�i�m�,� �D�.� �A�.�;� �B�a�t�i�c�h�,� �C�.�;� �W�a�s�s�e�r�m�a�n�,� �E�.� �J�.� �A�m�.� �C�h�e�m�.� �S�o�c�.� 

�1�9�7�0�,� �9�2�,� �2�1�3�3�.� 

�.� �E�.� �W�a�s�s�e�r�m�a�n�,� �C�.� �B�a�t�i�c�h�,� �S�.� �B�a�r�e�r�,� �D�.� �A�.� �B�e�n�-�E�f�r�a�i�m�,� �P�o�l�y�m�.� �P�r�e�p�r�.�,� 

�1�3�(�2�)�,� �9�2�0�(�1�9�7�2�)�.� 

�A�g�a�m�,� �G�.�;� �Z�i�l�k�h�a�,� �A�.� �J�.� �A�m�.� �C�h�e�m�.� �S�o�c�.� �1�9�7�6�,� �9�8�,� �5�2�1�4�.� 

�S�c�h�i�l�l�,� �G�.�;� �Z�u�r�c�h�e�r�,� �C�.� �C�h�e�m�.� �B�e�r�.� �1�9�7�7�,� �1�1�0�,� �2�0�4�6�.� 
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�5�6�.� 

�5�7�.� 

�5�8�.� 

�5�9�.� 

�6�0�.� 

�6�1�.� 

�6�2�.� 

�6�3�.� 

�6�4�.� 

�S�c�h�i�l�l�,� �G�.�;� �R�e�s�s�l�e�r�,� �K�.�;� �F�r�i�t�z�,� �H�.�;� �V�e�t�t�e�r�,� �W�.� �A�n�g�e�w�.� �C�h�e�m�.�,� �C�h�e�m�.�,� �I�n�t�.� 

�E�d�.� �E�n�g�l�.� �1�9�8�1�,� �2�0�,� �1�8�7�.� 

�D�i�e�t�r�i�c�h�-�B�u�c�h�e�c�k�e�r�,� �C�.� �O�.�;� �S�a�u�v�a�g�e�,� �J�-�P�.� �J�.� �A�m�.� �C�h�e�m�.� �S�o�c�.� �1�9�8�4�,� 

�1�0�6�,� �3�0�4�3�.� 

�D�i�e�t�r�i�c�h�-�B�u�c�h�e�c�k�e�r�,� �C�.� �O�.�;� �S�a�u�v�a�g�e�,� �J�-�P�.�;� �W�e�i�s�s�,� �J�.� �T�e�t�r�a�h�e�d�r�o�n� �L�e�t�t�.� 

�1�9�8�6�,� �2�7�,� �2�2�5�7�.� 

�D�i�e�t�r�i�c�h�-�B�u�c�h�e�c�k�e�r�,� �C�.� �O�.�;� �K�h�e�m�i�s�s�,� �A�.�;� �S�a�u�v�a�g�e�,� �J�-�P�.� �J�.� �C�h�e�m�.� �S�o�c�.�,� 

�C�h�e�m�.� �C�o�m�m�u�n�.� �1�9�8�6�,� �1�3�7�6�.� 

�A�s�h�t�o�n�,� �P�.� �R�.�;� �G�o�o�d�n�o�w�,� �T�.� �T�.�;� �K�a�i�f�e�r�,� �A�.� �E�.�;� �R�e�d�d�i�n�g�t�o�n�,� �M�.� �V�.�;� 

�S�l�a�w�i�n�,� �A�.� �M�.� �Z�.�;� �S�p�e�n�c�e�r�,� �N�.�;� �S�t�o�d�d�a�r�t�,� �J�.� �F�.�;� �V�i�c�e�n�t�,� �C�.�;� �W�i�l�l�i�a�m�s�,� 

�D�.� �J�.� �A�n�g�e�w�.� �C�h�e�m�,� �I�n�t�.� �E�d�.� �E�n�g�l�.� �1�9�8�9�,� �2�8�,� �1�3�9�6�.� 

�C�a�l�l�a�h�a�n�,� �D�.�;� �F�r�i�s�c�h�,� �H�.� �L�.�;� �K�l�e�m�p�n�e�r�,� �D�.� �P�o�l�y�.� �E�n�g�.� �S�c�i�.� �1�9�7�5�,� �1�5�,� 

�7�0�.� 

�F�y�v�i�e�,� �T�.� �J�.�;� �F�r�i�s�c�h�,� �H�.� �L�.�;� �S�e�m�l�y�e�n�,� �J�.� �A�.�;� �C�l�a�r�s�o�n�,� �S�.� �J�.�;� �M�a�r�k�,� �J�.� �E�.� 
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�S�c�h�e�m�e� �I�-�1�:� �C�h�e�m�i�c�a�l� �C�o�n�v�e�r�s�i�o�n� �A�p�p�r�o�a�c�h� �t�o� �R�o�t�a�x�a�n�e�s� �a�n�d� 

�P�o�l�y�r�o�t�a�x�a�n�e�s� 

�f� �£� 

�I� 

�2� �B�-�g� �1�-�3�6� �r�o�r� �/� �\� 

�B ��g�f� �w�i�g ��B�  ��e�t� �t�e� 

�|� �B�o�n�d� �C�l�e�v�a�g�e� �|� �o�n� �C�l�e�v�a�g�e� 

�B ��g�i�w�w�w� �|�w�i�g ��B� �f�e�t�e�  ��f�e�} �� 
�n� 

�1�-�3�8� 
�I�-�3�9� 

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

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

�b�e� �u�s�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�.� 

�4�2



�S�c�h�e�m�e� �I�-�2�:� �S�t�a�t�i�s�t�i�c�a�l� �T�h�r�e�a�d�i�n�g� �A�p�p�r�o�a�c�h� �t�o� �R�o�t�a�x�a�n�e�s� �a�n�d� 

�P�o�l�y�r�o�t�a�x�a�n�e�s� 

�f�e�w� �f� �+� �C�)� 

�I�-�4�0� 

�K� �A�H�=�0� 

� � � � 

�& ��&� 
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�S�c�h�e�m�e� �I�-�3�:� �T�e�m�p�l�a�t�e� �S�y�n�t�h�e�s�i�s� �o�f� �R�o�t�a�x�a�n�e�s� �a�n�d� �P�o�l�y�r�o�t�a�x�a�n�e�s�:� 

�M�e�t�a�l� �I�o�n� �a�s� �T�e�m�p�l�a�t�e� 

�C�o�+�m� �+� �C�)� 
�I�-�4�4� �1�-�4�5� 

�C�o�o�r�d�i�n�a�t�i�o�n� �A�H� �<�<� �0� 

� � � 



�S�c�h�e�m�e� �I�-�4�:� �T�e�m�p�l�a�t�e� �S�y�n�t�h�e�s�i�s� �o�f� �R�o�t�a�x�a�n�e�s� �a�n�d� �P�o�l�y�r�o�t�a�x�a�n�e�s�:� 

�H�o�s�t�-�G�u�e�s�t� �C�o�m�p�l�e�x�a�t�i�o�n� 

�r� �+� �(�)� 
�I�-�4�9� �I�-�5�0� 

� � 

�M�o�l�e�c�u�l�a�r� �S�e�l�f�-�A�s�s�e�m�b�l�i�n�g� �A�H� �<�<� �0� 

�O�n� 
�I�-�5�1� 

�2� �B�g� �J�L� �N�e� 

�p�o�t�)� �g�s� �e�e�t�)� �f�e�y� 

�I�-�5�2�  �� �I�-�5�3� 

� � � � 
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�C�H�A�P�T�E�R� �I�T�:� 

�C�R�O�W�N� �E�T�H�E�R� �M�A�C�R�O�C�Y�C�L�E�S� 

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

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

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

�p�u�b�l�i�s�h�e�d� �i�n� �r�e�v�i�e�w� �o�f� �t�h�i�s� �f�i�e�l�d�.� �1� 

�I�i�-�1�:� �C�O�N�C�E�P�T�S� �O�F� �D�E�S�I�G�N�I�N�G� �M�A�C�R�O�C�Y�C�L�E�S� �F�O�R� 

�R�O�T�A�X�A�N�E�S� �A�N�D� �P�O�L�Y�R�O�T�A�X�A�N�E�S� 

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

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

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

�I�I�-�1�-�1�;� �E�F�F�E�C�T�I�V�E� �C�A�V�I�T�Y� �S�I�Z�E� 

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

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

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

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

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

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

�s�y�s�t�e�m�s� �e�v�e�n� �w�h�e�n� �a� �c�r�o�w�n� �e�t�h�e�r� �a�s� �l�a�r�g�e� �a�s� �6�0�C�2�0� �w�a�s� �u�s�e�d�.�2� �T�h�e� 

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

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

�(�s�t�e�r�e�o�c�h�e�m�i�s�t�r�y� �o�f� �t�h�e� �r�i�n�g� �m�e�m�b�e�r�s�)�.� �T�h�e� �r�i�n�g� �f�l�e�x�i�b�i�l�i�t�y� �i�s� �n�o�t� �v�e�r�y� 

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

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

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

�c�o�n�s�i�d�e�r�e�d� �i�s� �t�h�e� �r�i�n�g� �s�i�z�e�.� 

�H�a�r�r�i�s�o�n� �h�a�s� �d�e�m�o�n�s�t�r�a�t�e�d� �t�h�a�t� �r�i�n�g�s� �w�i�t�h� �l�e�s�s� �t�h�a�n� �2�2� �m�e�t�h�y�l�e�n�e� 

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

�u�n�d�e�c�a�n�e�d�i�o�l�.� �B�u�t� �t�h�o�s�e� �w�i�t�h� �m�o�r�e� �t�h�a�n� �3�3� �m�e�t�h�y�l�e�n�e� �u�n�i�t�s� �c�a�n� 

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

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

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

�v�a�r�i�a�b�l�e�s�,� �i�n�c�l�u�d�i�n�g� �r�i�n�g� �s�i�z�e�.�4� �H�e� �p�o�i�n�t�e�d� �o�u�t� �t�h�a�t� �t�h�e� �r�i�n�g� �s�i�z�e� �a�f�f�e�c�t�s� 

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

�p�r�e�v�i�o�u�s� �r�e�s�u�l�t�s�,�!�-�5� �i�t� �s�e�e�m�s� �t�h�a�t� �c�r�o�w�n� �e�t�h�e�r�s� �w�i�t�h� �r�i�n�g� �s�i�z�e�s� �o�f� �3�0�-� 

�m�e�m�b�e�r�e�d� �t�o� �6�0�-�m�e�m�b�e�r�e�d� �a�r�e� �s�u�i�t�a�b�l�e� �f�o�r� �p�o�l�y�r�o�t�a�x�a�n�e� �s�y�n�t�h�e�s�e�s� �w�i�t�h� 

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

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

�p�o�l�y�m�e�r�s�,� �t�h�e� �p�o�l�y�m�e�r� �b�a�c�k�b�o�n�e�s� �w�i�t�h�o�u�t� �m�a�c�r�o�c�y�c�l�e�s�.� 
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�I�I�-�1�-�2�:� �A�B�I�L�I�T�Y� �T�O� �C�O�M�P�L�E�X� �A� �G�U�E�S�T� �M�O�L�E�C�U�L�E� 

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

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

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

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

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

�c�h�a�n�g�e�s�.� �T�h�e� �i�n�t�e�r�a�c�t�i�o�n� �m�a�y� �b�e� �c�o�o�r�d�i�n�a�t�i�o�n� �(�S�c�h�e�m�e� �I�-�3�)� �w�h�e�r�e� �t�h�e� 

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

�(�S�c�h�e�m�e� �I�-�4�)� �w�h�e�r�e� �t�h�e� �m�a�c�r�o�c�y�c�l�e� �c�a�n� �e�t�h�e�r� �b�e� �t�h�e� �d�o�n�o�r� �o�r� �a�c�c�e�p�t�o�r�.� 

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

�a� �l�i�n�e�a�r� �s�p�e�c�i�e�s� �a�s� �r�e�p�r�e�s�e�n�t�e�d� �b�y� �S�c�h�e�m�e� �I�-�3� �o�r� �i�t� �c�a�n� �b�e� �a� �s�u�i�t�a�b�l�e� 

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

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

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

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

�I�I�-�1�-�3�:� �F�U�N�C�T�I�O�N�A�L�I�Z�E�D� �M�A�C�R�O�C�Y�C�L�E�S� 

�T�o� �s�y�n�t�h�e�s�i�z�e� �p�o�l�y�r�o�t�a�x�a�n�e�s� �h�a�v�i�n�g� �s�c�h�e�m�a�t�i�c� �s�t�r�u�c�t�u�r�e�s� �I�-�1�2�c�,� �I�-� 

�1�2�d�,� �a�n�d� �I�-�1�2�e�,� �f�u�n�c�t�i�o�n�a�l�i�z�e�d� �m�a�c�r�o�c�y�c�l�e�s� �a�r�e� �r�e�q�u�i�r�e�d�.� �T�h�e�y� �c�a�n� �b�e� 

�e�i�t�h�e�r� �m�o�n�o�f�u�n�c�t�i�o�n�a�l�i�z�e�d� �(�p�r�e�c�u�r�s�o�r�s� �f�o�r� �I�-�1�2�d� �a�n�d� �_� �I�-�1�2�e�)� �o�r� 

�d�i�f�u�n�c�t�i�o�n�a�l�i�z�e�d� �(�p�r�e�c�u�r�s�o�r�s� �f�o�r� �I�-�1�2�c�)�.� �F�u�n�c�t�i�o�n�a�l�i�z�e�d� �m�a�c�r�o�c�y�c�l�e�s� �a�r�e� 

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

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

�t�h�e� �r�e�a�c�t�i�o�n� �a�n�d� �d�e�p�r�o�t�e�c�t�e�d� �a�f�t�e�r�w�a�r�d�.� 
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�I�l�-�1�-�4�:� �M�E�L�T�I�N�G� �P�O�I�N�T�,� �S�O�L�U�B�I�L�I�T�Y� �A�N�D� �S�T�A�B�I�L�I�T�Y� 

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

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

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

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

�g�e�n�e�r�a�l�l�y� �t�h�e� �m�e�l�t�i�n�g� �p�o�i�n�t� �o�f� �t�h�e� �m�a�c�r�o�c�y�c�l�e� �i�s� �e�x�p�e�c�t�e�d� �t�o� �b�e� �3�0�°�C� �o�r� 

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

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

�3�0� �t�o� �6�0� �m�e�m�b�e�r�e�d� �a�r�e� �p�o�l�a�r� �i�n� �n�a�t�u�r�e� �a�n�d� �t�h�e�i�r� �m�e�l�t�i�n�g� �p�o�i�n�t�s� �a�r�e� �i�n� 

�t�h�e� �r�a�n�g�e� �o�f� �3�0� �t�o� �5�0�°�9�C�.� �T�h�e�y�,� �t�h�e�r�e�f�o�r�e�,� �a�r�e� �g�o�o�d� �c�a�n�d�i�d�a�t�e�s� �f�o�r� �m�a�n�y� 

�r�o�t�a�x�a�n�e� �a�n�d� �p�o�l�y�r�o�t�a�x�a�n�e� �s�y�s�t�e�m�s�.� 

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

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

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

�s�o�l�v�e�n�t�s�.� 

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

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

�c�r�o�w�n� �e�t�h�e�r�s� �a�n�d� �p�h�e�n�y�l�e�n�e� �b�a�s�e�d� �c�r�o�w�n� �e�t�h�e�r�s� �a�r�e� �a�r�o�u�n�d� �1�8�0�°�C� �a�n�d� 

�2�7�5�°�C�,� �r�e�s�p�e�c�t�i�v�e�l�y�;� �t�h�e�y� �c�a�n� �b�e� �u�s�e�d� �f�o�r� �p�o�l�y�u�r�e�t�h�a�n�e�s�.� 

�T�a�b�l�e� �I�I�-�1� �l�i�s�t�e�d� �s�o�m�e� �e�x�a�m�p�l�e�s� �o�f� �m�a�c�r�o�c�y�c�l�e�s� �w�i�t�h� �r�i�n�g� �s�i�z�e�s� �f�r�o�m� 

�2�5�-�m�e�m�b�e�r�e�d� �t�o� �6�0�-�m�e�m�b�e�r�e�d�.�6�-�1�3� �T�h�e�y� �a�r�e� �c�r�o�w�n� �e�t�h�e�r� �a�n�d� �a�n�a�l�o�g� 

�c�a�n�d�i�d�a�t�e�s� �f�o�r� �p�o�l�y�r�o�t�a�x�a�n�e�s�.� 
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�H�-�2�:� �S�Y�N�T�H�E�T�I�C� �A�P�P�R�O�A�C�H�E�S� 

�T�h�e� �f�i�r�s�t� �c�r�o�w�n� �c�o�m�p�o�u�n�d� �w�a�s� �s�y�n�t�h�e�s�i�z�e�d� �i�n� �1�9�6�7� �b�y� �P�e�d�e�r�s�e�n �� 

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

�t�e�t�r�a�h�y�d�r�o�p�y�r�a�n� �(�T�H�P�)� �m�o�n�o�p�r�o�t�e�c�t�e�d� �c�a�t�e�c�h�o�l� �a�n�d� �d�i�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� 

�d�i�c�h�l�o�r�i�d�e�.� �A�f�t�e�r� �t�h�e� �d�e�p�r�o�t�e�c�t�i�o�n�,� �h�e� �u�n�e�x�p�e�c�t�i�v�e�l�y� �o�b�t�a�i�n�e�d� �d�i�b�e�n�z�o�-�1�8�-� 

�c�r�o�w�n�-�6� �a�s� �a� �b�y�-�p�r�o�d�u�c�t�.� �S�i�n�c�e� �t�h�e�n� �h�e� �h�a�s� �s�y�n�t�h�e�s�i�z�e�d� �m�a�n�y� �e�x�a�m�p�l�e�s� 

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

�I�I�-�2�-�1�:� �S�Y�N�T�H�E�T�I�C� �M�E�T�H�O�D�S� 

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

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

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

�m�e�t�h�o�d�s� �n�a�m�e�d� �"�V�"�,� �"�W�"�,� �"�X�"� �a�n�d� �"�Y�"�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

�"�V�"� �M�e�t�h�o�d�:� �T�h�i�s� �i�s� �t�h�e� �"�o�n�e� �p�l�u�s� �o�n�e�"� �m�e�t�h�o�d� �a�s� �r�e�p�r�e�s�e�n�t�e�d� �b�y� 

�a�n� �e�x�a�m�p�l�e� �s�h�o�w�n� �i�n� �S�c�h�e�m�e� �I�I�-�1�.� �A� �s�i�n�g�l�e� �d�i�o�l� �i�s� �a�l�l�o�w�e�d� �t�o� �r�e�a�c�t� �w�i�t�h� �a� 

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

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

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

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

�"�W�"� �M�e�t�h�o�d�:� �T�h�e� �e�x�a�m�p�l�e� �f�o�r� �"�W�"� �m�e�t�h�o�d� �i�s� �s�h�o�w�n� �i�n� �S�c�h�e�m�e� �I�I�-�2�.� 

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

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

�t�h�e� �s�a�m�e� �a�s� �R� �o�r� �d�i�f�f�e�r�e�n�t� �o�r� �i�t� �a�l�s�o� �c�a�n� �b�e� �o�l�i�g�o�(�e�t�h�y�l�e�n�e� �o�x�i�d�e�)�s�.� �B�y� 

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

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

�f�r�o�m� �R� �a�n�d� �R�'� �g�r�o�u�p�s� �l�e�a�d�i�n�g� �t�o� �m�o�n�o� �o�r� �d�i�f�u�n�c�t�i�o�n�a�l�i�z�e�d� �c�r�o�w�n� �e�t�h�e�r�s�.� 

�"�X�"� �M�e�t�h�o�d�:� �A�s� �s�h�o�w�n� �b�y� �S�c�h�e�m�e� �I�I�-�3�,� �t�h�e� �s�t�o�i�c�h�i�o�m�e�t�r�y� �o�f� �t�h�i�s� 

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

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

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

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

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

�p�r�o�d�u�c�t�.� �A�g�a�i�n�,� �t�h�e�r�e� �a�r�e� �m�a�n�y� �c�h�o�i�c�e�s� �o�f� �R� �a�n�d� �R�'� �g�r�o�u�p�s�.� 

�"�Y�"� �M�e�t�h�o�d�:� �T�h�i�s� �i�s� �a� �s�e�l�f�-�c�y�c�l�i�z�a�t�i�o�n� �p�r�o�c�e�s�s� �i�n�v�o�l�v�i�n�g� �o�n�l�y� �o�n�e� 

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

�g�r�o�u�p� �a�t� �t�h�e� �o�t�h�e�r� �e�n�d� �a�s� �r�e�p�r�e�s�e�n�t�e�d� �b�y� �S�c�h�e�m�e� �I�I�-�4�.� �O�f� �c�o�u�r�s�e�,� �t�h�e� 

�c�r�o�w�n� �e�t�h�e�r� �w�i�t�h� �t�w�i�c�e� �t�h�e� �r�i�n�g� �s�i�z�e� �i�s� �a�l�s�o� �p�r�o�d�u�c�e�d�.� �A�s� �i�n� �t�h�e� �"�V�"� �a�n�d� 

�"�X�"� �m�e�t�h�o�d�s�,� �t�h�e� �r�i�n�g� �s�i�z�e� �o�f� �t�h�e� �c�r�o�w�n� �d�e�t�e�r�m�i�n�e�s� �t�h�e� �o�u�t�c�o�m�e� �o�f� �t�h�e� 

�r�e�a�c�t�i�o�n�.� 

�I�n� �t�h�e� �S�c�h�e�m�e�s� �I�I�-�1� �t�o� �I�I�-�4�,� �t�h�e� �l�e�a�v�i�n�g� �g�r�o�u�p� �i�s� �n�o�t� �n�e�c�e�s�s�a�r�i�l�y� 

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

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

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

�r�e�a�c�t�i�n�g� �w�i�t�h� �t�o�s�y�l� �c�h�l�o�r�i�d�e�.� 
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�I�i�-�2�-�2�:� �T�E�M�P�L�A�T�E� �E�F�F�E�C�T� 

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

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

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

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

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

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

�e�f�f�e�c�t� �i�s� �i�l�l�u�s�t�r�a�t�e�d� �i�n� �S�c�h�e�m�e� �I�I�-�5�,� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �1�8�-�c�r�o�w�n�-�6� �(�1�8�C�6�)�.� 

�T�h�e� �f�i�r�s�t� �C�-�O� �b�o�n�d� �f�o�r�m�a�t�i�o�n� �m�a�y� �n�o�t� �b�e� �e�f�f�e�c�t�e�d� �b�y� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �t�h�e� 

�t�e�m�p�l�a�t�i�n�g� �c�a�t�i�o�n� �(�M�+�)�.� �H�o�w�e�v�e�r�,� �t�h�e� �s�e�c�o�n�d� �C�-�O� �b�o�n�d� �f�o�r�m�a�t�i�o�n� �i�s� 

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

�r�e�m�a�i�n�d�e�r� �o�f� �t�h�e� �c�h�a�i�n� �w�r�a�p�s� �a�r�o�u�n�d� �i�t�.� �I�t� �i�s� �c�l�e�a�r� �f�r�o�m� �S�c�h�e�m�e� �I�I�-�5� �t�h�a�t� 

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

�e�n�d�s� �c�l�o�s�e� �t�o�g�e�t�h�e�r�.� 

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

�p�r�o�d�u�c�e�d� �(�{�i�.�e�.�,� �S�c�h�e�m�e� �I�I�-�1� �v�s� �S�c�h�e�m�e� �I�I�-�3�)� �d�e�p�e�n�d�s� �o�n� �t�h�e� �s�i�z�e� �o�f� �t�h�e� 

�t�e�m�p�l�a�t�e� �u�s�e�d�.�1�9�.� �4�-�1�8� �F�o�r� �e�x�a�m�p�l�e�,� �M�a�s�c�i� �e�t� �a�l�.� �h�a�v�e� �s�h�o�w�n� �t�h�a�t� �i�n� �t�h�e� 

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

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

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

�m�e�t�a�l� �i�o�n�s� �w�e�r�e� �u�s�e�d� �(�F�i�g�u�r�e� �I�I�-�1�)�.�1�7� �T�h�e�r�e�f�o�r�e�,� �b�y� �c�h�o�i�c�e� �o�f� �t�e�m�p�l�a�t�e�,� �a� 

�d�e�s�i�r�e�d� �s�i�z�e� �o�f� �c�r�o�w�n� �e�t�h�e�r� �c�a�n� �b�e� �o�b�t�a�i�n�e�d� �i�n� �r�e�l�a�t�i�v�e�l�y� �h�i�g�h� �y�i�e�l�d�.� 
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�I�-�3�:� �R�E�S�U�L�T�S� �A�N�D� �D�I�S�C�U�S�S�I�O�N� 

�I�I�-�3�-�1�:� �P�R�E�P�A�R�A�T�I�O�N�S� �O�F� �P�R�E�C�U�R�S�O�R�S� �F�O�R� �C�R�O�W�N� �E�T�H�E�R�S� 

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

�o�l�i�g�o�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)�s� �a�n�d� �o�l�i�g�o�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� �d�i�t�o�s�y�l�a�t�e�s� �o�r� �t�h�e� 

�d�i�i�o�d�i�d�e�s�.� 

�I�I�-�3�-�1�-�1�:� �O�l�i�g�o�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)�s� 

�O�n�e� �o�f� �t�h�e� �d�i�s�a�d�v�a�n�t�a�g�e�s� �o�f� �"�V�"� �m�e�t�h�o�d� �(�S�c�h�e�m�e� �I�I�-�1�)� �t�o� �s�y�n�t�h�e�s�i�z�e� 

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

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

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

�6�0�C�2�0�.�1�0� �T�h�e� �d�i�f�f�i�c�u�l�t�i�e�s� �f�a�c�e�d� �a�r�e� �t�h�e� �p�r�e�p�a�r�a�t�i�o�n� �a�n�d� �p�u�r�i�f�i�c�a�t�i�o�n� �o�f� 

�t�h�e� �o�l�i�g�o�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)�s�.� �I�n� �t�h�e� �s�y�n�t�h�e�s�e�s� �o�f� �o�l�i�g�o�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)�s� 

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

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

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

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

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

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

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

�c�a�s�e� �s�i�n�c�e� �w�e� �r�e�q�u�i�r�e� �l�a�r�g�e� �q�u�a�n�t�i�t�i�e�s�.� 

�T�o� �s�o�l�v�e� �t�h�i�s� �p�r�o�b�l�e�m�,� �w�e� �a�d�o�p�t�e�d� �t�h�e� �"�X�"� �m�e�t�h�o�d� �(�S�c�h�e�m�e� �I�I�-�3�)� �(�b�y� 
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�u�s�i�n�g� �c�o�m�m�e�r�c�i�a�l�l�y� �a�v�a�i�l�a�b�l�e� �{�v�e�r�y� �c�h�e�a�p�)� �l�o�w� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� 

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

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

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

�s�t�e�p� �r�o�u�t�e� �a�s� �s�h�o�w�n� �b�y� �S�c�h�e�m�e� �I�I�-�6�.� �F�i�r�s�t�,� �t�e�t�r�a�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� �w�a�s� 

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

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

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

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

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

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

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

�g�l�y�c�o�l�)� �w�a�s� �q�u�i�t�e� �l�o�w� �(�2�9�%�)�.� �T�h�e� �l�o�s�s� �o�f� �y�i�e�l�d� �c�o�u�l�d� �b�e� �d�u�e� �t�o� �t�h�e� �s�i�d�e�-� 

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

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

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

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

�T�h�e� �G�C� �t�r�a�c�e�s� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �I�I�-�2�.� �T�h�e� �s�t�r�u�c�t�u�r�e� �w�a�s� �p�r�o�v�e�d� �b�y� 

�1�H�-�N�M�R� �(�F�i�g�u�r�e� �I�I�-�3�)�.� �A�l�s�o� �F�T�I�R� �s�h�o�w�s� �t�h�e� �e�x�i�s�t�e�n�c�e� �o�f� �h�y�d�r�o�x�y�l� �g�r�o�u�p�s�.� 

�I�I�-�3�-�1�-�2�:� �O�l�i�g�o�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� �D�i�t�o�s�y�l�a�t�e�s� 

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

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

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

�c�o�r�r�e�s�p�o�n�d�i�n�g� �o�l�i�g�o�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)�j�s� �i�n� �N�a�O�H�/�H�2�O�/�T�H�F� �s�y�s�t�e�m� �a�s� 
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�s�h�o�w�n� �i�n� �S�c�h�e�m�e� �I�I�-�7�.� �T�h�e�s�e� �r�e�a�c�t�i�o�n�s� �w�e�r�e� �r�e�p�o�r�t�e�d� �b�y� �O�u�c�h�i� �e�t� �a�l�.�1�4� 

�T�h�e� �r�e�p�o�r�t�e�d� �r�e�a�c�t�i�o�n� �t�i�m�e� �w�a�s� �2� �h�o�u�r�s�.� �H�o�w�e�v�e�r�,� �t�h�e� �r�e�a�c�t�i�o�n�s� �w�e�r�e� 

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

�2�4� �h�o�u�r�s�.� �U�n�d�e�r� �t�h�a�t� �c�o�n�d�i�t�i�o�n�,� �t�h�e� �r�e�a�c�t�i�o�n�s� �w�e�r�e� �c�o�m�p�l�e�t�e� �a�n�d� 

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

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

�r�e�a�c�t�i�o�n�s� �a�n�d� �y�i�e�l�d�s� �w�e�r�e� �o�v�e�r� �9�0�%�.� 

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

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

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

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

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

�r�e�c�r�y�s�t�a�l�l�i�z�a�t�i�o�n�s�.� �F�i�g�u�r�e� �I�I�-�4� �s�h�o�w�s� �!�H�-�N�M�R� �s�p�e�c�t�r�a� �o�f� �t�r�i�-� �a�n�d� 

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

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

�I�I�-�3�-�1�-�3�:� �P�e�n�t�a�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� �D�i�i�o�d�i�d�e� 

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

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

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

�s�y�n�t�h�e�s�i�s� �w�a�s� �d�o�n�e� �b�y� �W�u� �e�t� �a�l�.� �i�n� �o�u�r� �l�a�b�o�r�a�t�o�r�y�.�!�9� �T�h�e�r�e�f�o�r�e�,� �i�t� �w�i�l�l� 

�n�o�t� �b�e� �r�e�p�o�r�t�e�d� �h�e�r�e�.� 

�T�h�e� �s�y�n�t�h�e�t�i�c� �r�o�u�t�e� �i�s� �s�h�o�w�n� �i�n� �S�c�h�e�m�e� �I�I�-�8�.� �T�h�e� �f�i�r�s�t� �s�t�e�p� �w�a�s� 

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

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

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

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

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

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

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

�a�n�a�l�y�s�e�s� �a�n�d� �f�u�r�t�h�e�r� �p�r�o�v�e�d� �b�y� �!�H�-�N�M�R� �a�n�a�l�y�s�e�s�.� �F�i�g�u�r�e� �I�I�-�5� �c�l�e�a�r�l�y� 

�s�h�o�w�s� �t�h�a�t� �t�h�e� �c�h�e�m�i�c�a�l� �s�h�i�f�t� �o�f� �-�C�H�9�-�X� �m�e�t�h�y�l�e�n�e� �p�r�o�t�o�n�s� �c�h�a�n�g�e�d� 

�f�r�o�m� �3�.�7�0� �p�p�m� �t�o� �3�.�3�0� �p�p�m� �w�h�e�n� �X� �w�a�s� �c�h�a�n�g�e�d� �f�r�o�m� �-�C�l� �t�o� �-�I�.� 

�I�I�-�3�-�2�:� �S�Y�S�T�E�M�A�T�I�C� �S�Y�N�T�H�E�S�E�S� �O�F� �m�-�C�R�O�W�N�-�n� 

�T�h�e� �s�y�n�t�h�e�s�e�s� �o�f� �3�0�C�1�0�,� �3�6�-�c�r�o�w�n�-�1�2� �(�3�6�C�1�2�)�,� �4�2�-�c�r�o�w�n�-�1�4� 

�(�4�2�C�1�4�)�,� �4�8�-�c�r�o�w�n�-�1�6� �(�4�8�C�1�6�)� �a�n�d� �6�0�C�2�0� �h�a�v�e� �b�e�e�n� �r�e�p�o�r�t�e�d� �b�y� 

�C�h�é�n�e�v�e�r�t� �e�t� �a�l�.�1�9� �T�h�e� �m�e�t�h�o�d� �t�h�e�y� �u�s�e�d� �w�a�s� �t�h�e� �"�V�"� �m�e�t�h�o�d� �(�"�t�w�o�-�p�i�e�c�e� 

�c�o�m�b�i�n�a�t�i�o�n�"�)� �w�i�t�h� �R� �=� �o�l�i�g�o�(�e�t�h�y�l�e�n�e� �o�x�i�d�e�)� �(�S�c�h�e�m�e� �I�I�-�1�)�.� �B�y� �v�a�r�i�a�t�i�o�n� 

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

�s�i�z�e�s� �w�e�r�e� �o�b�t�a�i�n�e�d�.� �T�h�e�y� �u�s�e�d� �N�a�H� �a�s� �b�a�s�e� �a�n�d� �t�e�t�r�a�h�y�d�r�o�f�o�r�a�n� �(�T�H�F�)� 

�a�s� �t�h�e� �r�e�a�c�t�i�o�n� �s�o�l�v�e�n�t�.� �T�h�e� �r�e�p�o�r�t�e�d� �y�i�e�l�d�s� �w�e�r�e� �5�5�%� �(�3�0�C�1�0�)�,� �2�8�%� 

�(�3�6�C�1�2�)�,� �2�0�%� �(�4�2�C�1�4�)�,� �2�2�%� �(�4�8�C�1�6�)� �a�n�d� �2�6�%� �(�6�0�C�2�0�)�.� �3�0�C�1�0� �a�n�d� 

�3�6�C�1�2� �w�e�r�e� �r�e�p�o�r�t�e�d� �a�s� �o�i�l�s�.� �T�h�e� �m�e�l�t�i�n�g� �p�o�i�n�t�s� �o�f� �t�h�e� �o�t�h�e�r� �c�r�o�w�n� 

�e�t�h�e�r�s� �w�e�r�e� �2�8�.�5� �-� �3�1�°�C� �(�4�2�C�1�4�)�,� �4�0� �-� �4�3�°�C� �(�4�8�C�1�6�)� �a�n�d� �4�6� �-� �5�0�.�5�°�C� 

�(�6�0�C�2�0�)�.� �C�r�o�w�n� �e�t�h�e�r�s� �s�h�o�w�e�d� �s�i�n�g�l�e� �p�e�a�k�s� �o�n� �!�H�-�N�M�R� �s�p�e�c�t�r�a� 

�(�c�h�l�o�r�o�f�o�r�m�-�d�)�.� �T�h�e� �c�h�e�m�i�c�a�l� �s�h�i�f�t�s� �w�e�r�e� �3�.�6�7� �p�p�m� �(�3�0�C�1�0�)�,� �3�.�6�6� �p�p�m� 

�(�3�6�C�1�2�)�,� �3�.�6�6� �p�p�m� �(�4�2�C�1�4�)�,� �3�.�6�6� �p�p�m� �(�4�8�C�1�6�)� �a�n�d� �3�.�6�4� �(�6�0�C�2�0�)�.� �I�n� �t�h�i�s� 
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�s�e�c�t�i�o�n�,� �t�h�e� �s�y�s�t�e�m�a�t�i�c� �s�y�n�t�h�e�s�e�s� �o�f� �t�h�e�s�e� �c�r�o�w�n� �e�t�h�e�r�s� �i�n� �l�a�r�g�e� 

�q�u�a�n�t�i�t�i�e�s� �(�2�0� �-� �5�0� �g�r�a�m� �s�c�a�l�e�s�)� �u�s�i�n�g� �r�e�l�a�t�i�v�e�l�y� �l�o�w� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� 

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

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

�S�c�h�e�m�e� �I�I�-�8�.� �T�h�e� �r�e�a�c�t�i�o�n� �w�a�s� �n�u�c�l�e�o�p�h�i�l�i�c� �s�u�b�s�t�i�t�u�t�i�o�n� �i�n� �a� �N�a�H�/�T�H�F� 

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

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

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

�y�i�e�l�d� �o�f� �t�h�e� �t�w�o� �c�r�o�w�n� �e�t�h�e�r�s� �r�a�n�g�e�d� �f�r�o�m� �3�0�%� �t�o� �6�0�%� �d�e�p�e�n�d�i�n�g� �o�n� �t�h�e� 

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

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

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

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

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

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

�(�m�/�2�-�c�r�o�w�n�-�n�/�2� �v�e�r�s�u�s� �m�-�c�r�o�w�n�-�n�)� �(�S�c�h�e�m�e� �I�I�-�8�)� �i�s� �d�e�t�e�r�m�i�n�e�d� �b�y� 

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

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

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

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

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

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

�4�2�C�1�4� �w�a�s� �o�b�t�a�i�n�e�d� �a�t� �h�i�g�h�e�r� �t�e�m�p�e�r�a�t�u�r�e� �w�h�e�n� �t�r�i�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� 

�r�e�a�c�t�e�d� �w�i�t�h� �t�e�t�r�a�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� �d�i�t�o�s�y�l�a�t�e�.�2�9� �A�n�o�t�h�e�r� �e�f�f�i�c�i�e�n�t� �m�e�t�h�o�d� 

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

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

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

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

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

�o�f� �t�r�i�f�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� �a�n�d� �t�r�i�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� �d�i�t�o�s�y�l�a�t�e� �p�r�o�d�u�c�e�d� �3�6�C�1�2� 

�a�n�d� �1�8�C�6�;� �t�e�t�r�a�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� �a�n�d� �t�r�i�f�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� �d�i�t�o�s�y�l�a�t�e� 

�p�r�o�d�u�c�e�d� �4�2�C�1�4� �a�n�d� �2�1�-�c�r�o�w�n�-�7� �(�2�1�C�7�)�;� �t�e�t�r�a�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� �a�n�d� 

�t�e�t�r�a�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� �d�i�t�o�s�y�l�a�t�e� �p�r�o�d�u�c�e�d� �4�8�C�1�6� �a�n�d� �2�4�-�c�r�o�w�n�-�8� �(�2�4�C�8�)�,� 

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

�6�0�C�2�0� �a�n�d� �3�0�C�1�0�.� �A�l�t�e�r�n�a�t�e� �s�y�n�t�h�e�s�e�s� �u�s�i�n�g� �t�h�e� �s�h�o�r�t�e�r� �g�l�y�c�o�l�s� �a�n�d� �t�h�e� 

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

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

�o�b�s�e�r�v�e�d� �b�y� �O�u�c�h�i� �e�t� �a�l�.� �i�n� �t�h�e� �s�y�n�t�h�e�s�e�s� �o�f� �2�0�-�c�r�o�w�n�-�6� �f�r�o�m� �b�u�t�a�n�e�d�i�o�l� 

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

�4�2�%� �w�h�e�n� �t�h�e� �d�i�o�l� �a�n�d� �d�i�t�o�s�y�l�a�t�e� �w�e�r�e� �r�e�v�e�r�s�e�d�.�1�4� 

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

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

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

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

�o�f� �c�r�o�w�n� �e�t�h�e�r�s� �b�e�g�i�n�s� �t�o� �o�c�c�u�r� �a�t� �1�7�5�°�C�.� �C�o�l�u�m�n� �s�e�p�a�r�a�t�i�o�n�s� �w�e�r�e� �a�l�s�o� 

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

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

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

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

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

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

�A�l�l� �t�h�e� �c�r�o�w�n� �e�t�h�e�r�s� �s�h�o�w� �a� �s�i�n�g�l�e� �p�e�a�k� �o�n� �1�H�-�N�M�R� �s�p�e�c�t�r�a� 

�(�F�i�g�u�r�e� �I�I�-�6�)�.� �I�t� �w�a�s� �d�i�f�f�i�c�u�l�t� �t�o� �i�d�e�n�t�i�f�y� �t�h�e� �c�h�e�m�i�c�a�l� �s�h�i�f�t�s� �d�i�f�f�e�r�e�n�c�e�s� 

�b�e�t�w�e�e�n� �t�h�e�m� �w�h�e�n� �t�h�e� �!�H�-�N�M�R� �s�p�e�c�t�r�a� �w�e�r�e� �t�a�k�e�n� �s�e�p�a�r�a�t�e�l�y� �b�e�c�a�u�s�e� 

�t�h�e� �i�n�s�t�r�u�m�e�n�t�a�l� �c�o�n�d�i�t�i�o�n�s� �w�e�r�e� �n�o�t� �e�x�a�c�t�l�y� �t�h�e� �s�a�m�e� �(�F�i�g�u�r�e� �I�I�-�6�a� �-� 

�F�i�g�u�r�e� �I�I�-�6�e�)�.� �H�o�w�e�v�e�r�,� �t�h�e� �d�i�f�f�e�r�e�n�c�e�s� �b�e�c�a�m�e� �s�i�g�n�i�f�i�c�a�n�t� �o�n� �t�h�e� �1�H�-� 

�N�M�R� �s�p�e�c�t�r�u�m� �o�f� �a� �s�y�n�t�h�e�t�i�c� �m�i�x�t�u�r�e� �o�f� �p�u�r�e� �c�r�o�w�n� �e�t�h�e�r�s� �(�F�i�g�u�r�e� �I�I�-�6�f�)�.� 

�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�i�c� �(�D�S�C�)� �a�n�a�l�y�s�i�s� �w�a�s� �d�o�n�e� �w�i�t�h� 

�6�0�C�2�0� �a�n�d� �t�h�e� �t�r�a�c�e� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �I�I�-�7�.� �T�h�e� �g�l�a�s�s� �t�r�a�n�s�i�t�i�o�n� 

�t�e�m�p�e�r�a�t�u�r�e� �i�s� �-�6�6�°�C� �a�n�d� �m�e�l�t�i�n�g� �p�o�i�n�t� �i�s� �4�9�°�C�.� �T�h�e� �o�t�h�e�r� �c�r�o�w�n� �e�t�h�e�r�s� 

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

�I�I�-�3�-�3�:� �B�I�S�(�p�-�P�H�E�N�Y�L�E�N�E�)� �B�A�S�E�D� �C�R�O�W�N� �E�T�H�E�R�S� 

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

�m�a�c�r�o�c�y�c�l�e�s�,� �b�i�s�(�p�-�p�h�e�n�y�l�e�n�e�)�-�3�4�-�c�r�o�w�n�-�1�0� �(�B�P�P�3�4�C�1�0�)� �a�n�d� �_� �b�i�s�(�p�-� 

�p�h�e�n�y�l�e�n�e�)�-�3�2�-�c�r�o�w�n�-�4� �(�B�P�P�3�2�C�4�)� �a�r�e� �r�e�p�o�r�t�e�d�.� 

�E�v�e�n� �t�h�o�u�g�h� �B�P�P�3�4�C�1�0� �i�s� �a� �k�n�o�w�n� �c�o�m�p�o�u�n�d�,� �i�t� �i�s� �n�e�c�e�s�s�a�r�y� �t�o� 

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

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

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

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

�h�a�v�e� �b�e�e�n� �c�a�r�r�i�e�d� �o�u�t� �r�o�u�t�i�n�e�l�y� �o�n� �r�e�l�a�t�i�v�e�l�y� �l�a�r�g�e� �s�c�a�l�e�s� �(�2� �-� �3� �g� �o�f� �p�u�r�e� 

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

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

�B�P�P�3�2�C�4� �i�s� �a� �n�e�w� �c�o�m�p�o�u�n�d�.� �T�h�e� �s�y�n�t�h�e�s�i�s� �i�s� �t�h�e� �s�a�m�e� �a�s� �t�h�a�t� �o�f� 

�B�P�P�3�4�C�1�0� �i�n� �p�r�i�n�c�i�p�l�e�.� �T�h�i�s� �c�o�m�p�o�u�n�d� �w�a�s� �p�r�e�p�a�r�e�d� �u�s�i�n�g� �o�n�l�y� �t�h�e� �o�n�e� 

�s�t�e�p� �m�e�t�h�o�d�.� 

�I�I�-�3�-�3�-�1�:� �B�P�P�3�4�C�1�0� 

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

�B�P�P�3�4�C�1�0� �c�o�u�l�d� �b�e� �o�b�t�a�i�n�e�d�.� �T�h�i�s� �c�o�m�p�o�u�n�d� �w�a�s� �f�i�r�s�t� �r�e�p�o�r�t�e�d� �b�y� 

�C�r�a�m� �e�t� �a�l�.�2�1�,�2�2� �v�i�a� �a� �o�n�e�-�s�t�e�p� �r�e�a�c�t�i�o�n� �o�f� �h�y�d�r�o�q�u�i�n�o�n�e� �a�n�d� 

�t�e�t�r�a�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� �d�i�t�o�s�y�l�a�t�e�;� �t�h�e� �y�i�e�l�d� �w�a�s� �r�e�p�o�r�t�e�d� �a�s� �8�%�.� �S�t�o�d�d�a�r�t� 

�e�t� �a�l�.� �e�m�p�l�o�y�e�d� �a� �f�o�u�r�-�s�t�e�p� �p�r�o�c�e�d�u�r�e� �t�o� �s�y�n�t�h�e�s�i�z�e� �B�P�P�3�4�C�1�0� �s�t�a�r�t�i�n�g� 

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

�t�h�e� �m�o�n�o�p�r�o�t�e�c�t�i�o�n� �o�f� �h�y�d�r�o�q�u�i�n�o�n�e�.�2�3� �T�h�e� �o�v�e�r�a�l�l� �y�i�e�l�d� �r�e�p�o�r�t�e�d� �b�y� 

�t�h�e�m� �w�a�s� �1�2�.�8�%�,� �w�h�i�c�h� �w�a�s� �h�i�g�h�e�r� �t�h�a�n� �t�h�a�t� �b�y� �t�h�e� �o�n�e�-�s�t�e�p� �s�y�n�t�h�e�s�i�s�.� 

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

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

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

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

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

�r�o�u�t�e� �w�i�t�h� �C�s�t� �a�s� �t�e�m�p�l�a�t�e�.� 

�B�a�s�e�d� �o�n� �S�t�o�d�d�a�r�t� �e�t� �a�l�.�'�s� �f�o�u�r�-�s�t�e�p� �p�r�o�c�e�d�u�r�e�,� �I� �u�s�e�d� �a� �m�o�d�i�f�i�e�d



�r�o�u�t�e� �d�e�s�c�r�i�b�e�d� �i�n� �S�c�h�e�m�e� �I�I�-�1�0�.� �I�n� �t�h�i�s� �m�e�t�h�o�d�,� �a� �p�r�o�t�e�c�t�i�n�g� �b�e�n�z�y�l� 

�g�r�o�u�p� �w�a�s� �u�s�e�d�.� �T�h�e� �m�o�n�o�p�r�o�t�e�c�t�e�d� �c�o�m�p�o�u�n�d� �H�-�6� �w�a�s� �o�b�t�a�i�n�e�d� �i�n� 

�5�4�%�,� �w�h�i�c�h� �i�s� �c�l�o�s�e� �t�o� �t�h�e� �t�h�e�o�r�e�t�i�c�a�l� �v�a�l�u�e� �f�o�r� �t�h�i�s� �m�o�n�o�p�r�o�t�e�c�t�i�o�n� 

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

�t�h�e� �!�H�-�N�M�R� �s�p�e�c�t�r�a� �w�a�s� �t�h�e� �e�v�i�d�e�n�c�e� �o�f� �t�h�e� �b�e�n�z�y�l� �e�t�h�e�r� �b�o�n�d� 

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

�I�I�-�6� �a�n�d� �a� �s�t�r�o�n�g� �b�a�s�e� �(�N�a�H�)� �w�e�r�e� �u�s�e�d� �t�o� �e�n�s�u�r�e� �t�h�e� �d�i�s�u�b�s�t�i�t�u�t�i�o�n�.� 

�T�h�i�s� �s�t�e�p� �y�i�e�l�d�e�d� �7�4�%� �o�f� �a� �d�i�s�u�b�s�t�i�t�u�t�e�d� �p�r�o�d�u�c�t� �I�I�l�-�7�.� �B�e�c�a�u�s�e� �t�h�e� �C�-�O� 

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

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

�w�i�t�h�o�u�t� �b�r�e�a�k�i�n�g� �o�t�h�e�r� �e�t�h�e�r� �b�o�n�d�s�.� �T�h�e� �F�T�I�R� �s�p�e�c�t�r�u�m� �s�h�o�w�e�d� �t�h�e� 

�a�p�p�e�a�r�a�n�c�e� �o�f� �a� �p�h�e�n�o�l� �p�e�a�k� �a�f�t�e�r� �t�h�e� �h�y�d�r�o�g�e�n�a�t�i�o�n� �(�F�i�g�u�r�e� �I�I�-�8�)� �a�n�d� �t�h�e� 

�1�H�-�N�M�R� �s�p�e�c�t�r�u�m� �s�h�o�w�e�d� �t�h�e� �d�i�s�a�p�p�e�a�r�a�n�c�e� �o�f� �b�e�n�z�y�l� �p�r�o�t�o�n� �p�e�a�k�s�.� �A� 

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

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

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

�d�i�p�h�e�n�o�l� �I�I�-�8� �t�o� �t�e�t�r�a�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� �d�i�t�o�s�y�l�a�t�e� �w�a�s� �u�s�e�d�.� �S�i�n�c�e� �t�h�e� 

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

�s�y�s�t�e�m�,� �t�h�e� �c�y�c�l�i�z�a�t�i�o�n� �r�e�a�c�t�i�o�n� �w�a�s� �c�a�r�r�i�e�d� �o�u�t� �i�n� �a� �d�i�l�u�t�e� �s�y�s�t�e�m� �(�0�.�0�5� 

�M�)�;� �t�h�i�s� �p�r�o�d�u�c�e�d� �p�u�r�e� �B�P�P�3�4�C�1�0� �i�n� �2�8�%� �y�i�e�l�d�.� �T�h�e� �s�t�r�u�c�t�u�r�e� �o�f� 

�B�P�P�3�4�C�1�0� �w�a�s� �p�r�o�v�e�d� �b�y� �i�t�s� �F�T�I�R� �s�p�e�c�t�r�u�m� �w�h�i�c�h� �s�h�o�w�e�d� �n�o� �h�y�d�r�o�x�y�l� 

�p�e�a�k� �a�n�d� �i�t�s� �!�H�-�N�M�R� �s�p�e�c�t�r�u�m� �w�h�i�c�h� �i�s� �c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �t�h�e� �s�t�r�u�c�t�u�r�e� 

�(�F�i�g�u�r�e� �I�I�-�9�)�.� �A�l�s�o� �i�t�s� �m�e�l�t�i�n�g� �p�o�i�n�t� �i�s� �c�l�o�s�e� �t�o� �t�h�e� �r�e�p�o�r�t�e�d� �v�a�l�u�e�.�2�3� 

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

�m�o�n�o�p�r�o�t�e�c�t�i�o�n� �o�f� �h�y�d�r�o�q�u�i�n�o�n�e� �(�S�c�h�e�m�e� �I�I�-�1�1�)�.� �T�h�e� �r�e�a�c�t�i�o�n� �c�o�n�d�i�t�i�o�n�s� 
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�i�n� �s�t�e�p� �1� �w�e�r�e� �c�o�n�t�r�o�l�l�e�d� �p�r�e�c�i�s�e�l�y� �b�y� �d�r�o�p�w�i�s�e� �a�d�d�i�n�g� �b�a�s�e� �t�o� �t�h�e� 

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

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

�t�h�e� �d�i�p�h�e�n�o�l� �I�I�-�8� �a�n�d� �a�l�s�o� �s�o�m�e� �m�a�c�r�o�c�y�c�l�e�.� �T�h�e� �e�x�c�e�s�s� �o�f� �h�y�d�r�o�q�u�i�n�o�n�e� 

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

�p�r�o�d�u�c�t� �m�i�x�t�u�r�e� �s�h�o�w�e�d� �t�h�r�e�e� �m�a�j�o�r� �p�e�a�k�s� �o�n� �H�P�L�C� �(�F�i�g�u�r�e� �I�I�-�1�0�)�.� �T�h�e� 

�l�a�r�g�e�s�t� �p�e�a�k�,� �i�d�e�n�t�i�f�i�e�d� �a�s� �H�-�8� �b�y� �s�p�i�k�i�n�g� �w�i�t�h� �a�n� �a�u�t�h�e�n�t�i�c� �s�a�m�p�l�e�,� �w�a�s� 

�5�4�.�6�%� �b�y� �a�r�e�a�,� �c�o�r�r�e�s�p�o�n�d�i�n�g� �t�o� �4�9�%� �y�i�e�l�d�.� �T�h�e� �c�y�c�l�i�z�a�t�i�o�n� �w�a�s� �c�a�r�r�i�e�d� 

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

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

�g�l�y�c�o�l�)� �d�i�t�o�s�y�l�a�t�e� �u�s�i�n�g� �N�a�H�/�D�M�F�.� �T�h�e� �p�r�o�d�u�c�t� �f�r�o�m� �t�h�e� �c�y�c�l�i�z�a�t�i�o�n� 

�r�e�a�c�t�i�o�n� �w�a�s� �a� �m�i�x�t�u�r�e� �c�o�n�t�a�i�n�i�n�g� �B�P�P�3�4�C�1�0� �(�I�I�-�9�)� �w�h�i�c�h� �w�a�s� �i�s�o�l�a�t�e�d� �b�y� 

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

�t�o�l�u�e�n�e�/�n�-�h�e�x�a�n�e� �(�7�0�:�3�0�/�v�:�v�)� �m�i�x�t�u�r�e�.� �T�h�e� �o�v�e�r�a�l�l� �y�i�e�l�d� �o�f� �B�P�P�3�4�C�1�0� 

�w�i�t�h� �t�h�i�s� �t�w�o� �s�t�e�p� �m�e�t�h�o�d� �w�a�s� �1�4�.�2�%�.� 

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

�(�S�c�h�e�m�e� �I�I�-�1�2�)�.� �I� �f�i�r�s�t� �c�a�r�r�i�e�d� �o�u�t� �t�h�i�s� �o�n�e�-�p�o�t� �r�e�a�c�t�i�o�n� �o�f� �h�y�d�r�o�q�u�i�n�o�n�e� 

�a�n�d� �t�e�t�r�a�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� �d�i�t�o�s�y�l�a�t�e� �i�n� �r�e�f�l�u�x�i�n�g� �1�-�b�u�t�a�n�o�l�/�1�,�4�-�d�i�o�x�a�n�e�.� 

�1�,�4�-�D�i�o�x�a�n�e� �w�a�s� �u�s�e�d� �t�o� �d�i�s�s�o�l�v�e� �t�e�t�r�a�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� �d�i�t�o�s�y�l�a�t�e� �w�h�i�c�h� 

�i�s� �n�o�t� �v�e�r�y� �s�o�l�u�b�l�e� �i�n� �1�-�b�u�t�a�n�o�l�.� �A�g�a�i�n�,� �t�h�e� �r�e�a�c�t�i�o�n� �s�o�l�u�t�i�o�n� �w�a�s� �d�i�l�u�t�e� 

�(�0�.�1� �M�)� �t�o� �i�n�c�r�e�a�s�e� �t�h�e� �p�r�o�b�a�b�i�l�i�t�y� �o�f� �c�y�c�l�i�z�a�t�i�o�n�.� �T�h�i�s� �o�n�e�-�p�o�t� �r�e�a�c�t�i�o�n� 

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

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

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

�f�r�o�m� �o�t�h�e�r� �b�y�-�p�r�o�d�u�c�t�s� �w�h�i�c�h� �a�r�e� �m�o�r�e� �p�o�l�a�r� �o�p�e�n� �c�h�a�i�n� �c�o�m�p�o�u�n�d�s� �a�n�d� 
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�h�a�v�e� �m�u�c�h� �l�o�n�g�e�r� �r�e�t�e�n�t�i�o�n� �t�i�m�e�s�.� �A� �1�0�.�5�%� �y�i�e�l�d� �o�f� �m�a�c�r�o�c�y�c�l�e� �w�a�s� 

�f�o�u�n�d� �w�i�t�h� �t�h�i�s� �m�e�t�h�o�d�.� 

�T�h�e� �o�n�e�-�s�t�e�p� �s�y�n�t�h�e�s�i�s� �o�f� �B�P�P�3�4�C�1�0� �w�a�s� �a�l�s�o� �i�n�v�e�s�t�i�g�a�t�e�d� �i�n� 

�r�e�f�l�u�x�i�n�g� �e�t�h�a�n�o�l�.� �A� �p�o�o�r� �y�i�e�l�d� �(�3�.�5�%�)� �o�f� �B�P�P�3�4�C�1�0� �w�a�s� �o�b�t�a�i�n�e�d� �i�n� �t�h�i�s� 

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

�t�e�m�p�e�r�a�t�u�r�e�.� 

�T�h�e� �y�i�e�l�d� �o�f� �B�P�P�3�4�C�1�0� �i�n�c�r�e�a�s�e�d� �s�i�g�n�i�f�i�c�a�n�t�l�y� �w�i�t�h� �t�h�i�s� �o�n�e�-�s�t�e�p� 

�m�e�t�h�o�d� �w�h�e�n� �t�h�e� �t�e�m�p�l�a�t�e� �e�f�f�e�c�t� �w�a�s� �a�p�p�l�i�e�d�.� �I�n� �t�h�e� �c�a�s�e� �o�f� �1�-� 

�b�u�t�a�n�o�l�/�1�,�4�-�d�i�o�x�a�n�e�,� �t�h�e� �y�i�e�l�d� �i�n�c�r�e�a�s�e�d� �t�o� �1�2�.�5�%� �w�h�e�n� �e�q�u�i�m�o�l�a�r� 

�C�s�9�C�O�3� �w�a�s� �p�r�e�s�e�n�t� �i�n� �t�h�e� �r�e�a�c�t�i�o�n� �s�y�s�t�e�m�,� �c�o�r�r�e�s�p�o�n�d�i�n�g� �t�o� �a� �1�9�%� 

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

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

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

�p�r�o�c�e�s�s�.� 

�I�n� �s�u�m�m�a�r�y�,� �t�h�e� �y�i�e�l�d� �o�f� �B�P�P�3�4�C�1�0� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �d�i�f�f�e�r�e�n�t� 

�s�y�n�t�h�e�t�i�c� �r�o�u�t�e�s� �a�r�e� �l�i�s�t�e�d� �i�n� �T�a�b�l�e� �I�I�-�2�.� �I�t� �c�a�n� �b�e� �s�e�e�n� �t�h�a�t� �t�h�e� �y�i�e�l�d� �i�s� 

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

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

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

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

�c�o�m�p�a�r�a�b�l�e�.� 

�B�P�P�3�4�C�1�0� �w�a�s� �a�n�a�l�y�s�i�z�e�d� �b�y� �D�S�C� �a�n�d� �t�h�e� �t�r�a�c�e� �i�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� 

�I�I�-�7�b�.� �A�s� �a� �n�o�r�m�a�l� �c�r�y�s�t�a�l�l�i�n�e� �c�o�m�p�o�u�n�d�,� �B�P�P�3�4�C�1�0� �s�h�o�w�s� �a� �g�l�a�s�s� 
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�t�r�a�n�s�i�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �2�5�8�°�K� �a�n�d� �a� �c�r�y�s�t�a�l�l�i�z�a�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e� �o�f� 

�2�9�1�9�K�.� �I�n�t�e�r�e�s�t�i�n�g�l�y�,� �t�w�o� �m�e�l�t�i�n�g� �p�e�a�k� �a�t� �3�6�7�°�K� �a�n�d� �3�7�3�°�K� �w�e�r�e� 

�o�b�s�e�r�v�e�d�,� �i�n�d�i�c�a�t�i�n�g� �t�h�a�t� �B�P�P�3�4�C�1�0� �e�x�i�s�t�s� �i�n� �t�w�o� �d�i�f�f�e�r�e�n�t� �c�r�y�s�t�a�l� 

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

�c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �c�r�y�s�t�a�l� �s�t�r�u�c�t�u�r�e�s� �o�f� �B�P�P�3�4�C�1�0� �d�e�t�e�r�m�i�n�e�d� �b�y� �X�-�r�a�y� 

�s�i�n�g�l�e� �c�r�y�s�t�a�l� �a�n�a�l�y�s�i�s� �(�s�e�e� �C�h�a�p�t�e�r� �V�-�2�-�1�)�.� �I�t� �c�a�n� �b�e� �e�s�t�i�m�a�t�e�d� �t�h�a�t� �r�a�t�i�o� 

�o�f� �t�h�e� �t�w�o� �c�r�y�s�t�a�l�s� �i�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �3�:�1� �b�a�s�e�d� �t�h�e� �p�e�a�k� �a�r�e�a�s�.� 

�I�I�-�3�-�3�-�2�:� �B�P�P�3�2�C�4� 

�A� �b�i�s�(�p�a�r�a�-�p�h�e�n�y�l�e�n�e�)� �b�a�s�e�d� �h�y�d�r�o�c�a�r�b�o�n� �m�a�c�r�o�c�y�c�l�e�,� �B�P�P�3�2�C�4� 

�(�I�-�1�0�)�,� �w�a�s� �s�y�n�t�h�e�s�i�z�e�d� �v�i�a� �a� �o�n�e� �s�t�e�p� �r�e�a�c�t�i�o�n� �o�f� �h�y�d�r�o�q�u�i�n�o�n�e� �a�n�d� 

�1�,�1�0�-�d�i�b�r�o�m�o�d�e�c�a�n�e� �a�s� �s�h�o�w�n� �i�n� �S�c�h�e�m�e� �I�I�-�1�3�.� �A�s� �i�n� �t�h�e� �o�n�e�-�s�t�e�p� 

�s�y�n�t�h�e�s�i�s� �o�f� �B�P�P�3�4�C�1�0�,� �t�h�e� �r�i�n�g� �w�a�s� �f�o�r�m�e�d� �b�y� �"�f�o�u�r�-�p�i�e�c�e� �c�o�m�b�i�n�a�t�i�o�n ��.� 

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

�t�h�a�t� �o�f� �t�h�e� �o�n�e�-�s�t�e�p� �s�y�n�t�h�e�s�i�s� �o�f� �B�P�P�3�4�C�1�0� �i�n� �1�-�b�u�t�a�n�o�l�/�1�,�4�-�d�i�o�x�a�n�e� 

�s�y�s�t�e�m�.� �T�h�e� �!�H�-�N�M�R� �s�p�e�c�t�r�u�m� �(�F�i�g�u�r�e� �I�I�-�1�1�)� �i�s� �c�o�n�s�i�s�t�e�n�t� �w�i�t�h� �i�t�s� 

�s�t�r�u�c�t�u�r�e�.� �I�t�s� �M�S� �s�p�e�c�t�r�u�m� �(�F�i�g�u�r�e� �I�I�-�1�2�)� �h�a�s� �a� �p�a�r�e�n�t� �i�o�n� �p�e�a�k� �a�t� �4�9�6� 

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

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

�I�I�-�4�:� �C�O�N�C�L�U�S�I�O�N� 

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



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

�o�l�i�g�o�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� �d�i�t�o�s�y�l�a�t�e�s�.� �T�h�i�s� �i�s� �a� �c�o�m�b�i�n�a�t�i�o�n� �o�f� �"�V�"� �a�n�d� �"�X�"� 

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

�r�a�n�g�e�d� �f�r�o�m� �3�0�%� �t�o� �6�0�%�.� �H�o�w�e�v�e�r�,� �t�h�e� �r�e�l�a�t�i�v�e� �y�i�e�l�d� �o�f� �e�a�c�h� �c�r�o�w�n� 

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

�t�e�m�p�l�a�t�e�,� �e�t�c�.�)�.� 

�C�o�m�p�a�r�i�n�g� �t�h�e� �y�i�e�l�d�s� �o�f� �B�P�P�3�4�C�1�0� �a�m�o�n�g� �t�h�e� �f�i�v�e� �m�e�t�h�o�d�s� 

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

�a�n�d� �1�,�4�-�d�i�o�x�a�n�e� �i�s� �t�h�e� �m�o�s�t� �s�i�m�p�l�e� �(�2�0� �h�o�u�r� �r�e�a�c�t�i�o�n�)�,� �e�c�o�n�o�m�i�c�a�l� 

�[�c�h�e�a�p�e�r� �s�o�l�v�e�n�t� �(�1�-�b�u�t�a�n�o�l� �v�s�.� �D�M�F�)�,� �c�h�e�a�p�e�r� �b�a�s�e� �(�N�a�O�H� �v�s�.� �N�a�H�)�,� �n�o� 

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

�B�P�P�3�4�C�1�0�,� �e�v�e�n� �t�h�o�u�g�h� �t�h�e� �o�t�h�e�r� �m�e�t�h�o�d�s� �o�f�f�e�r� �h�i�g�h�e�r� �y�i�e�l�d�s�.� 

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

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

�B�P�P�3�2�C�4� �w�a�s� �s�y�n�t�h�e�s�i�z�e�d� �w�i�t�h� �s�i�m�i�l�a�r� �y�i�e�l�d� �a�s� �t�h�a�t� �o�f� �B�P�P�3�4�C�1�0�.� 

�I�I�-�5�:� �E�X�P�E�R�I�M�E�N�T�A�L� 

�E�t�h�y�l�e�n�e� �g�l�y�c�o�l� �(�9�9�%�)�,� �d�i�f�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� �(�9�9�%�)�,� �t�r�i�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� 

�(�9�9�%�)�,� �t�e�t�r�a�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� �(�9�9�%�)�,� �t�r�i�f�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� �d�i�c�h�l�o�r�i�d�e� �(�9�9�%�)�,� 

�h�y�d�r�o�q�u�i�n�o�n�e� �(�9�9�%�)�,� �t�h�i�o�n�y�l� �c�h�l�o�r�i�d�e� �(�9�9�%�)� �a�n�d� �s�o�d�i�u�m� �i�o�d�i�d�e� �(�9�8�%�)� 

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

�6�5



�p�u�r�i�f�i�c�a�t�i�o�n�s�.� �S�o�d�i�u�m� �h�y�d�r�i�d�e� �(�6�0�%�)� �i�n� �m�i�n�e�r�a�l� �o�i�l� �w�a�s� �p�u�r�c�h�a�s�e�d� �f�r�o�m� 

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

�T�o�l�u�e�n�e�s�u�l�f�o�n�y�l� �c�h�l�o�r�i�d�e� �(�9�8�%�)� �w�a�s� �p�u�r�c�h�a�s�e�d� �f�r�o�m� �A�l�d�r�i�c�h� �C�h�e�m�i�c�a�l� �C�o�.� 

�a�n�d� �r�e�c�r�y�s�t�a�l�l�i�z�e�d� �o�n�c�e� �i�n� �n�-�h�e�x�a�n�e�.� �1�,�1�0�-�D�i�b�r�o�m�o�d�e�c�a�n�e� �w�a�s� �a�l�s�o� 

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

�p�e�t�r�o�l�e�u�m� �e�t�h�e�r�.� 

�M�e�l�t�i�n�g� �p�o�i�n�t�s� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �o�n� �a� �H�A�A�K�E� �B�U�C�H�L�E�R� �c�a�p�i�l�l�a�r�y� 

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

�r�e�c�o�r�d�e�d� �o�n� �a� �N�i�c�o�l�e�t� �M�X�-�1� �F�T�I�R� �s�p�e�c�t�r�o�m�e�t�e�r�.� �T�h�e� �!�H�-�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�7�0� �M�H�z� �i�n�s�t�r�u�m�e�n�t� �u�s�i�n�g� 

�t�e�t�r�a�m�e�t�h�y�l�s�i�l�a�n�e� �(�T�M�S�)� �a�s� �t�h�e� �i�n�t�e�r�n�a�l� �s�t�a�n�d�a�r�d�.� �G�C� �a�n�a�l�y�s�e�s� �w�e�r�e� 

�p�e�r�f�o�r�m�e�d� �u�s�i�n�g� �a�n� �a� �V�a�r�i�a�n� �3�4�0�0� �G�a�s� �C�h�r�o�m�a�t�o�g�r�a�p�h� �i�n�s�t�r�u�m�e�n�t�.� 

�H�P�L�C� �e�x�p�e�r�i�m�e�n�t�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �u�s�i�n�g� �a�n� �I�S�C�O� �m�o�d�e�l� �2�3�5�0� �e�q�u�i�p�p�e�d� 

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

�s�p�e�c�t�r�u�m� �w�a�s� �m�e�a�s�u�r�e�d� �w�i�t�h� �a� �V�G�A� �7�0�7�0�E� �a�n�a�l�y�t�i�c�a�l� �m�a�s�s� �s�p�e�c�t�r�o�m�e�t�e�r� 

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

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

�I�n�c�.�,� �N�o�r�c�r�o�s�s�,� �G�A�.� 

�1�-�5�-�1�:� �H�E�X�A�(�E�T�H�Y�L�E�N�E� �G�L�Y�C�O�L�)� 

�I�I�-�5�-�1�-�1�:� �T�e�t�r�a�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� �D�i�c�h�l�o�r�i�d�e� 

�A� �m�i�x�t�u�r�e� �o�f� �t�e�t�r�a�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� �(�2�3�9�.�5� �m�L�,� �1�.�3�9� �m�o�l�)�,� �p�y�r�i�d�i�n�e� 

�(�2�5�0� �m�L�,� �3�.�1�0� �m�o�l�)� �a�n�d� �b�e�n�z�e�n�e� �(�1�.�3� �L�)� �i�n� �a� �3�-�L�,� �3�-�n�e�c�k�e�d� �f�l�a�s�k� �w�a�s� 

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



�(�2�2�5�.�5� �m�L�,� �3�.�1�0� �m�o�l�)� �w�a�s� �a�d�d�e�d� �d�r�o�p�w�i�s�e� �o�v�e�r� �3� �h�o�u�r�s�.� �T�h�e� �m�i�x�t�u�r�e� �w�a�s� 

�r�e�f�l�u�x�e�d� �f�o�r� �2�4� �h�o�u�r�s�.� 

�T�h�e� �p�r�o�d�u�c�t� �w�a�s� �e�x�t�r�a�c�t�e�d� �2� �t�i�m�e�s� �w�i�t�h� �b�e�n�z�e�n�e� �(�2� �x� �4�0�0� �m�L�)� �a�f�t�e�r� 

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

�o�r�g�a�n�i�c� �p�h�a�s�e� �w�a�s� �w�a�s�h�e�d� �3� �t�i�m�e�s� �w�i�t�h� �w�a�t�e�r� �(�3� �x� �8�0�0� �m�L�)�,� �d�r�i�e�d� �w�i�t�h� 

�M�g�s�S�O�x�4�,� �f�i�l�t�e�r�e�d� �a�n�d� �r�o�t�a�r�y� �e�v�a�p�o�r�a�t�e�d� �d�o�w�n� �t�o� �a� �y�e�l�l�o�w� �o�i�l�.� �T�h�e� �p�r�o�d�u�c�t� 

�w�a�s� �p�u�r�i�f�i�e�d� �b�y� �v�a�c�u�u�m� �d�i�s�t�i�l�l�a�t�i�o�n� �(�1�.�7� �t�o�r�r�,� �1�4�8�°�C�)� �3� �t�i�m�e�s� �a�n�d� �2�5�1�.�5� �g� 

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

�Y�i�e�l�d�:� �7�8�.�3�%� �(�r�e�p�o�r�t�e�d�:� �9�2�%�)�:�7� �b�.�p�.� �1�4�8�°�C� �a�t� �1�.�7� �t�o�r�r� �(�r�e�p�o�r�t�e�d�:� 

�b�.�p�.� �9�5�°�C� �a�t� �0�.�4� �m�m�)�;� �I�R� �(�v�/�m�a�x�,�c�m�~�1�)�:� �2�9�0�5�,� �1�4�5�0�,� �1�3�8�0�,� �1�3�4�2�,� �1�2�8�0�,� 

�1�2�2�4�,� �1�1�1�0�,� �1�0�8�0�,� �1�0�5�1�,� �1�0�0�0�,� �9�5�0�,� �9�0�0�,� �8�3�2�,� �7�4�8�,� �6�6�1�:� �!�H�-�N�M�R� 

�(�c�h�l�o�r�o�f�o�r�m�-�d�/�T�M�S�,� �p�p�m�)�:� �3�.�6�5� �(�t�,� �4� �H�,� �-�C�H�9�-�C�l�)�,� �3�.�7�0� �(�s�,� �8� �H�,� �-� 

�O�C�H� �9�C�H�2�0�C�H�9�C�H�Q�0�-�)�,� �3�.�8�1� �(�t�,� �4� �H�,� �C�l�-�C�H�g�C�H�9�0�-�)�.� 

�I�I�-�5�-�1�-�2�:� �H�e�x�a�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� 

�T�o� �e�t�h�y�l�e�n�e� �g�l�y�c�o�l� �(�7�2�4� �g�,� �1�1�.�7� �m�o�l�)� �i�n� �a� �3�-�L�,� �3�-�n�e�c�k�e�d� �f�l�a�s�k� �w�i�t�h� 

�m�e�c�h�a�n�i�c�a�l� �s�t�i�r�r�i�n�g� �a�n�d� �g�e�n�t�l�e� �w�a�r�m�i�n�g�,� �s�o�d�i�u�m� �(�1�0�6� �g�,� �4�.�6�1� �m�o�l�)� �w�a�s� 

�a�d�d�e�d� �p�a�r�t�w�i�s�e� �o�v�e�r� �3� �h�o�u�r�s� �u�n�d�e�r� �n�i�t�r�o�g�e�n� �w�i�t�h� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �a�t� 

�9�1�°�C�.� �T�h�e� �m�i�x�t�u�r�e� �w�a�s� �s�t�i�r�r�e�d� �f�o�r� �3�0� �m�i�n�.� �a�f�t�e�r� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �s�o�d�i�u�m�.� 

�T�e�t�r�a�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� �d�i�c�h�l�o�r�i�d�e� �(�2�7�3� �g�,� �1�.�1�8� �m�o�l�)� �w�a�s� �a�d�d�e�d� �d�r�o�p�w�i�s�e�.� 

�T�h�e� �m�i�x�t�u�r�e� �w�a�s� �s�t�i�r�r�e�d� �f�o�r� �1�2� �h�o�u�r�s� �a�n�d� �t�h�e�n� �c�o�o�l�e�d� �d�o�w�n� �t�o� �r�o�o�m� 

�t�e�m�p�e�r�a�t�u�r�e�.� 

�W�a�t�e�r� �(�3�0�0� �m�L�)� �w�a�s� �a�d�d�e�d�.� �T�h�e� �s�o�l�u�t�i�o�n� �w�a�s� �a�c�i�d�i�f�i�e�d� �t�o� �p�H� �=� �7� 

�w�i�t�h� �1�0�%� �H�C�l�.� �T�h�e� �s�a�l�t� �w�a�s� �f�i�l�t�e�r�e�d� �a�n�d� �d�i�s�c�a�r�d�e�d� �a�n�d� �w�a�t�e�r� �w�a�s� 
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�r�e�m�o�v�e�d� �b�y� �r�o�t�a�r�y� �e�v�a�p�o�r�a�t�i�o�n�.� �T�h�e� �y�e�l�l�o�w� �o�i�l� �w�a�s� �s�u�b�j�e�c�t�e�d� �t�o� �v�a�c�u�u�m� 

�d�i�s�t�i�l�l�a�t�i�o�n� �(�0�.�1�5� �t�o�r�r�,� �1�8�0� �-� �2�0�0�°�C�)� �3� �t�i�m�e�s� �a�n�d� �9�6� �g� �o�f� �s�l�i�g�h�t�l�y� �y�e�l�l�o�w� �o�i�l� 

�w�a�s� �o�b�t�a�i�n�e�d�.� �G�C� �i�n�d�i�c�a�t�e�d� �h�i�g�h� �p�u�r�i�t�y� �(�F�i�g�u�r�e� �I�I�-�2�)�.� 

�Y�i�e�l�d�:� �2�9�%� �(�r�e�p�o�r�t�e�d�:� �3�5�%�2�4�,� �8�0�%�2�°� �w�i�t�h� �a� �d�i�f�f�e�r�e�n�t� �m�e�t�h�o�d�)�;� �b�.�p�.� 

�1�9�0�°�C� �a�t� �0�.�1�5� �t�o�r�r� �(�r�e�p�o�r�t�e�d�2�®�:� �b�.�p�.� �2�1�7�°�C� �a�t� �4� �m�m�)�;� �I�R� �(�v�/�m�a�x�,�c�m�-�]�)�:� 

�3�4�4�9�,� �2�8�9�8�,� �1�9�7�6�,� �1�4�5�3�,� �1�3�4�9�,� �1�3�0�8�,� �1�2�3�9�,� �1�1�1�6�,� �9�4�8�,� �8�9�1�,� �8�4�4�;� �!�H�-� 

�N�M�R� �(�F�i�g�u�r�e� �I�I�-�3�,� �c�h�l�o�r�o�f�o�r�m�-�d�/�T�M�S�,� �p�p�m�)�:� �3�.�3�1� �(�t�,� �2� �H�,� �-�O�H�)�,� �3�.�6�3� �(�t�,� �4� 

�H�,� �-�C�H�9�-�O�H�)�,� �3�.�7�0� �(�s�,� �8� �H�,� �-�O�C�H�9�C�H�2�0�C�H�9�C�H�9�0�O�-�)�,� �3�.�7�5� �(�t�,� �4� �H�,� �H�O�-� 

�C�H�2�C�H�9�0�-�)�.� 

�I�I�-�5�-�2�:� �O�L�I�G�O�(�E�T�H�Y�L�E�N�E� �G�L�Y�C�O�L�)� �D�I�T�O�S�Y�L�A�T�E�S� 

�I�I�-�5�-�2�-�1�:� �T�e�t�r�a�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� �D�i�t�o�s�y�l�a�t�e� 

�N�a�O�H� �(�5�3�.�0� �g�,� �1�.�3�3� �m�o�l�)� �i�n� �w�a�t�e�r� �(�3�0�0� �m�l�)� �w�a�s� �m�i�x�e�d� �w�i�t�h� 

�t�e�t�r�a�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� �(�8�0�.�5� �g�,� �0�.�4�0�0� �m�o�l�)� �i�n� �T�H�F� �(�2�0�0� �m�L�)� �i�n� �a� �2�-�L�,� �3�-� 

�n�e�c�k�e�d� �f�l�a�s�k�.� �T�h�e� �f�l�a�s�k� �w�a�s� �p�l�a�c�e�d� �i�n� �a�n� �i�c�e� �b�a�t�h�.� �T�o�s�y�l� �c�h�l�o�r�i�d�e� �(�1�7�1�.�6� 

�g�,� �0�.�9�0�0� �m�o�l�)� �i�n� �T�H�F� �(�3�0�0� �m�L�)� �w�a�s� �a�d�d�e�d� �i�n�t�o� �t�h�e� �f�l�a�s�k� �d�r�o�p�w�i�s�e�.� �T�h�e� 

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

�T�h�e� �m�i�x�t�u�r�e� �w�a�s� �p�o�u�r�e�d� �i�n�t�o� �1�0�%� �H�C�l� �(�5�0�0� �m�L�)� �a�t� �O�°�C�.� �T�h�e� 

�p�r�o�d�u�c�t� �w�a�s� �e�x�t�r�a�c�t�e�d� �t�w�o� �t�i�m�e�s� �w�i�t�h� �t�o�l�u�e�n�e� �(�2� �x� �5�0�0� �m�L�)�.� �T�h�e� 

�c�o�m�b�i�n�e�d� �o�r�g�a�n�i�c� �p�h�a�s�e� �w�a�s� �w�a�s�h�e�d� �t�w�o� �t�i�m�e�s� �w�i�t�h� �w�a�t�e�r� �(�2� �x� �8�0�0� �m�L�)�,� 

�o�n�e� �t�i�m�e� �w�i�t�h� �d�i�l�u�t�e� �(�0�.�5� �w�t�%�)� �a�q�u�e�o�u�s� �K�9�C�O�3� �s�o�l�u�t�i�o�n� �(�4�0�0� �m�L�)�,� �o�n�e� 

�m�o�r�e� �t�i�m�e� �w�i�t�h� �w�a�t�e�r� �(�4�0�0� �m�L�)� �a�n�d� �d�r�i�e�d� �w�i�t�h� �M�g�S�O�4�.� �A� �s�l�i�g�h�t�l�y� �y�e�l�l�o�w� 

�o�i�l� �(�1�9�7� �g�)� �w�a�s� �o�b�t�a�i�n�e�d� �a�f�t�e�r� �t�h�e� �s�o�l�v�e�n�t� �w�a�s� �r�e�m�o�v�e�d� �b�y� �r�o�t�a�r�y� 

�e�v�a�p�o�r�a�t�i�o�n�.� �T�h�e� �o�i�l� �w�a�s� �w�a�s�h�e�d� �w�i�t�h� �h�o�t� �n�-�h�e�x�a�n�e� �t�o� �r�e�m�o�v�e� �u�n�r�e�a�c�t�e�d� 
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�t�o�s�y�l� �c�h�l�o�r�i�d�e�.� �A� �c�o�l�o�r�l�e�s�s� �v�i�s�c�o�u�s� �o�i�l� �(�1�9�5� �g�)� �w�a�s� �o�b�t�a�i�n�e�d�.� 

�Y�i�e�l�d�:� �1�0�0�%�;� �I�R� �(�v�/�m�a�x�,�c�m�7�!�)�:� �2�9�6�0�,� �1�5�9�6�,� �1�4�6�4�,� �1�4�2�0�,� �1�3�4�4�,� 

�1�1�7�6�,� �1�1�4�0�,� �1�1�0�0�,� �1�0�8�0�,� �1�0�2�5�,� �9�5�5�,� �9�2�3�,� �8�9�8�,� �8�2�9�,� �7�4�9�,� �6�7�5�,� �6�6�5�,� �5�7�0�,� 

�5�4�0�;� �!�H�-�N�M�R� �(�F�i�g�u�r�e� �I�I�-�4�a�,� �c�h�l�o�r�o�f�o�r�m�-�d�/�T�M�S�,� �p�p�m�)�:� �2�.�4�5� �(�s�,� �6� �H�,� �-� 

�C�H�g�3�)�,� �3�.�5�5� �(�m�,� �8� �H�,� �-�O�C�H�9�g�C�H�2�O�C�H�9�C�H�9�0�-�)�,� �3�.�6�8� �(�t�,� �4� �H�,� �-�C�H�g�O�-�)�;� �4�.�1�5� 

�(�t�,� �4� �H�,� �T�s�O�-�C�H�o�9�-�)�,� �7�.�3�5� �(�d�,� �4� �H�,� �a�r�o�m�.�)�,� �7�.�8�0� �(�d�,� �4� �H�,� �a�r�o�m�.�)�.� 

�I�I�-�5�-�2�-�2�:� �T�r�i�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� �D�i�t�o�s�y�l�a�t�e� 

�T�o� �a� �5�-�L�,� �3�-�n�e�c�k�e�d� �f�l�a�s�k�,� �N�a�O�H� �(�8�0�.�0� �g�,� �2�.�0�0� �m�o�l�)� �a�n�d� �w�a�t�e�r� �(�1� �L�)� 

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

�(�1�0�0� �g�,� �0�.�6�6�6� �m�o�l�)� �w�a�s� �a�d�d�e�d� �a�n�d� �t�h�e� �m�i�x�t�u�r�e� �w�a�s� �m�e�c�h�a�n�i�c�a�l�l�y� �s�t�i�r�r�e�d� 

�f�o�r� �3�0� �m�i�n�.� �T�o�s�y�l� �c�h�l�o�r�i�d�e� �(�3�1�7� �g�,� �1�.�6�7� �m�o�l�)� �i�n� �T�H�F� �(�1� �L�)� �w�a�s� �a�d�d�e�d� 

�d�r�o�p�w�i�s�e�.� �T�h�e� �m�i�x�t�u�r�e� �w�a�s� �s�t�i�r�r�e�d� �f�o�r� �4�8� �h�o�u�r�s�.� 

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

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

�m�e�t�h�y�l�e�n�e� �c�h�l�o�r�i�d�e� �(�2� �x� �3�0�0� �m�L�)�.� �A�l�l� �o�r�g�a�n�i�c� �p�h�a�s�e�s� �w�e�r�e� �c�o�m�b�i�n�e�d� �a�n�d� 

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

�t�i�m�e�s� �i�n� �a�c�e�t�o�n�e� �t�o� �g�i�v�e� �2�5�0� �g� �o�f� �p�u�r�e� �w�h�i�t�e� �c�r�y�s�t�a�l�s�.� 

�Y�i�e�l�d�:� �8�2�%�;� �m�.�p�.� �8�0�.�8� �-� �8�1�.�9�°�C� �(�r�e�p�o�r�t�e�d�2�6�:� �8�0� �-� �8�2�°�C�)�;� �1�!�H�-�N�M�R� 
�(�F�i�g�u�r�e� �I�I�-�4�a�,� �c�h�l�o�r�o�f�o�r�m�-�d�/�T�M�S�,� �p�p�m�)�:� �2�.�4�4� �(�s�,� �6� �H�,� �-�C�H�g�)�,� �3�.�5�2� �(�s�,� �4� �H�,� 

�-�O�C�H�9�C�H�9�0�-�)�,� �3�.�6�5� �(�t�,� �4� �H�,� �-�C�H�g�0�-�)�,� �4�.�1�3� �(�t�,� �T�s�O�C�H�9�-�)�,� �7�.�3�4� �(�d�,� �4� �H�,� 

�a�r�o�m�.�)�,� �7�.�7�8� �(�d�,� �4� �H�,� �a�r�o�m�.�)�.� 
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�I�I�-�5�-�3�:� �P�E�N�T�A�(�E�T�H�Y�L�E�N�E� �G�L�Y�C�O�L�)� �D�I�I�O�D�I�D�E� 

�I�I�-�5�-�3�-�1�:� �P�e�n�t�a�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� 

�T�o� �e�t�h�y�l�e�n�e� �g�l�y�c�o�l� �(�6�2�1� �g�,� �1�0�.�0� �m�o�l�)� �i�n� �a� �3�-�L�,� �3�-�n�e�c�k�e�d� �f�l�a�s�k� �w�i�t�h� 

�m�e�c�h�a�n�i�c�a�l� �s�t�i�r�r�i�n�g� �a�n�d� �g�e�n�t�l�e� �w�a�r�m�i�n�g�,� �s�o�d�i�u�m� �(�9�2�.�0� �g�,� �4�.�0�0� �m�o�l�)� �w�a�s� 

�a�d�d�e�d� �p�a�r�t�w�i�s�e� �o�v�e�r� �3� �h�o�u�r�s� �u�n�d�e�r� �n�i�t�r�o�g�e�n� �w�i�t�h� �a� �r�e�a�c�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e� 

�o�f� �9�1�°�C�.� �T�h�e� �m�i�x�t�u�r�e� �w�a�s� �s�t�i�r�r�e�d� �f�o�r� �3�0� �m�i�n�.� �a�f�t�e�r� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� 

�s�o�d�i�u�m�.� �T�r�i�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� �d�i�c�h�l�o�r�i�d�e� �(�1�8�7� �g�,� �1�.�0�0� �m�o�l�)� �w�a�s� �a�d�d�e�d� 

�d�r�o�p�w�i�s�e�.� �T�h�e� �m�i�x�t�u�r�e� �w�a�s� �s�t�i�r�r�e�d� �f�o�r� �1�2� �h�o�u�r�s� �a�n�d� �t�h�e�n� �c�o�o�l�e�d� �t�o� �r�o�o�m� 

�t�e�m�p�e�r�a�t�u�r�e�.� 

�W�a�t�e�r� �(�2�5�0� �m�l�)� �w�a�s� �a�d�d�e�d�.� �T�h�e� �s�o�l�u�t�i�o�n� �w�a�s� �a�c�i�d�i�f�i�e�d� �t�o� �p�H� �=� �7� 

�w�i�t�h� �1�0�%� �H�C�l�.� �T�h�e� �s�a�l�t� �w�a�s� �f�i�l�t�e�r�e�d� �a�n�d� �d�i�s�c�a�r�d�e�d� �a�n�d� �w�a�t�e�r� �w�a�s� 

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

�t�o� �v�a�c�u�u�m� �d�i�s�t�i�l�l�a�t�i�o�n� �(�0�.�6� �t�o�r�r�,� �1�7�0� �-� �1�8�0�°�C�)� �t�w�o� �t�i�m�e�s� �a�n�d� �4�9�.�7� �g� �o�f� 

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

�Y�i�e�l�d�:� �2�8�%�;� �b�.�p�.� �1�7�0� �-� �1�8�0�°�C� �a�t� �0�.�6� �t�o�r�r� �(�r�e�p�o�r�t�e�d�2�6�:� �b�.�p�.� �1�8�4�°�C� �a�t� 

�2� �m�m�)�.� 

�I�I�-�5�-�3�-�2�:� �P�e�n�t�a�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� �D�i�c�h�l�o�r�i�d�e� 

�A� �m�i�x�t�u�r�e� �o�f� �p�e�n�t�a�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� �(�4�1�.�0� �g�,� �0�.�1�7�2� �m�o�l�)�,� �p�y�r�i�d�i�n�e� 

�(�4�3�.�5� �g�,� �0�.�5�5�0� �m�o�l�)� �a�n�d� �b�e�n�z�e�n�e� �(�3�0�0� �m�L�)� �i�n� �a� �5�0�0�-�m�L�,� �3�-�n�e�c�k�e�d� �f�l�a�s�k� 

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

�c�h�l�o�r�i�d�e� �(�6�5�.�7� �g�,� �0�.�5�5�0� �m�o�l�)� �w�a�s� �a�d�d�e�d� �d�r�o�p�w�i�s�e� �o�v�e�r� �3� �h�o�u�r�s�.� �T�h�e� 

�m�i�x�t�u�r�e� �w�a�s� �r�e�f�l�u�x�e�d� �f�o�r� �2�4� �h�o�u�r�s�.� 
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�T�h�e� �s�o�l�u�t�i�o�n� �w�a�s� �c�o�o�l�e�d� �d�o�w�n� �t�o� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e�.� �W�a�t�e�r� �(�3�0�0� 

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

�3�0�0� �m�L�)�.� �T�h�e� �c�o�m�b�i�n�e�d� �o�r�g�a�n�i�c� �p�h�a�s�e� �w�a�s� �w�a�s�h�e�d� �3� �t�i�m�e�s� �w�i�t�h� �w�a�t�e�r� �(�3� 

�x� �5�0�0� �m�L�)�,� �d�r�i�e�d� �w�i�t�h� �M�g�S�O�x�z�,� �f�i�l�t�e�r�e�d� �a�n�d� �r�o�t�a�r�y� �e�v�a�p�o�r�a�t�e�d� �d�o�w�n� �t�o� �a� 

�y�e�l�l�o�w� �o�i�l� �w�h�i�c�h� �w�a�s� �s�u�b�j�e�c�t�e�d� �t�o� �v�a�c�u�u�m� �d�i�s�t�i�l�l�a�t�i�o�n� �(�0�.�7�5� �t�o�r�r�,� �1�8�0� �-� 

�1�9�0�°�C�)�.� �A� �s�l�i�g�h�t�l�y� �y�e�l�l�o�w� �o�i�l� �(�3�0� �g�)� �w�a�s� �o�b�t�a�i�n�e�d�.� 

�Y�i�e�l�d�:� �6�3�%�;� �b�.�p�.� �1�8�0� �-� �1�9�0�°�C� �a�t� �0�.�7�5� �t�o�r�r�;� �!�H�-�N�M�R� �(�F�i�g�u�r�e� �I�I�-�5�a�,� 

�c�h�l�o�r�o�f�o�r�m�-�d�/�T�M�S�,� �p�p�m�)�:� �3�.�6�5�(�t�,� �4� �H�,� �C�l�-�C�H�g�-�)�,� �3�.�7�0�(�s�,� �1�2� �H�,� �-� 

�O�C�H�9�C�H�g�0�C�H�9�C�H�g�0�C�H�2�C�H�9�2�0�-�)�,� �3�.�8�0�(�t�,� �4� �H�,� �-�O�C�H�»�-�)�.� 

�I�I�-�5�-�3�-�3�:� �P�e�n�t�a�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� �D�i�i�o�d�i�d�e� 

�T�o� �a� �m�i�x�t�u�r�e� �o�f� �p�e�n�t�a�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� �d�i�c�h�l�o�r�i�d�e� �(�2�8�.�1� �g�,� �0�.�1�0�2� �m�o�l�)� 

�a�n�d� �N�a�l� �(�9�0�.�0� �g�,� �0�.�6�0�0� �m�o�l�)� �i�n� �a� �1�-�L�,� �1�-�n�e�c�k�e�d� �f�l�a�s�k�,� �a�c�e�t�o�n�e� �(�7�0�0� �m�l�)� 

�w�a�s� �a�d�d�e�d� �a�n�d� �t�h�e� �s�o�l�u�t�i�o�n� �w�a�s� �s�t�i�r�r�e�d� �f�o�r� �2�0� �h�o�u�r�s� �a�t� �r�e�f�l�u�x�.� 

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

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

�c�h�l�o�r�i�d�e� �(�2� �x� �2�5�0� �m�L�)�.� �T�h�e� �c�o�m�b�i�n�e�d� �p�h�a�s�e� �w�a�s� �w�a�s�h�e�d� �3� �t�i�m�e�s� �w�i�t�h� 

�w�a�t�e�r� �(�3� �x� �5�0�0� �m�L�)�,� �d�r�i�e�d� �w�i�t�h� �M�g�S�O�g�,� �f�i�l�t�e�r�e�d� �a�n�d� �r�o�t�a�r�y� �e�v�a�p�o�r�a�t�e�d� 

�d�o�w�n� �t�o� �a� �r�e�d�d�i�s�h� �b�r�o�w�n� �o�i�l� �(�5�0�.�0� �g�)� �w�h�i�c�h� �s�h�o�w�e�d� �o�n�e� �s�p�o�t� �o�n� �T�L�C�.� �N�o� 

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

�a�l�k�y�l� �i�o�d�i�d�e�s�.� 

�Y�i�e�l�d�:� �1�0�0�%�;� �1�H�-�N�M�R� �(�F�i�g�u�r�e� �I�I�-�5�b�,� �c�h�l�o�r�o�f�o�r�m�-�d�/�T�M�S�,� �p�p�m�)�:� �3�.�3�0� 

�(�t�,� �4� �H�,� �I�-�C�H�9�-�)�,� �3�.�7�0� �(�s�,� �1�2� �H�,� �-�O�C�H�g�C�H�Z�J�O�C�H�g�C�H�g�O�C�H�9�C�H�9�0�-�)�,� �3�.�8�0� 

�(�t�,� �4� �H�,� �-�C�H�9�0�-�)�.� 
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�I�I�-�5�-�4�:� �6�0�C�2�0� �A�N�D� �3�0�C�1�0�1�0� 

�T�h�e� �s�y�n�t�h�e�s�e�s� �o�f� �3�0�C�1�0� �a�n�d� �6�0�C�2�0� �w�e�r�e� �d�o�n�e� �i�n� �c�o�l�l�a�b�o�r�a�t�i�o�n� 

�w�i�t�h� �C�.� �L�i�m� �i�n� �o�u�r� �l�a�b�o�r�a�t�o�r�y�.�2�7� 

�N�a�H� �(�6�0�%�)� �(�4�2�.�8� �g�,� �1�.�0�7� �m�o�l�)� �w�a�s� �w�a�s�h�e�d� �t�w�o� �t�i�m�e�s� �w�i�t�h� �n�-�h�e�x�a�n�e� 

�(�2�x� �1�0�0� �m�l�)� �a�n�d� �t�r�a�n�s�f�e�r�r�e�d� �i�n�t�o� �a� �5�-�L�,� �3�-�n�e�c�k�e�d� �f�l�a�s�k� �w�i�t�h� �T�H�F� �(�f�r�e�s�h�l�y� 

�o�p�e�n�e�d�)� �(�2�.�5� �L�)� �u�n�d�e�r� �n�i�t�r�o�g�e�n�.� �H�e�x�a�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� �(�6�0�.�3� �g�,� �0�.�2�1�0� �m�o�l�)� 

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

�a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e�.� �T�e�t�r�a�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� �d�i�t�o�s�y�l�a�t�e� �(�1�0�6� �g�,� �0�.�2�1�0� �m�o�l�)� 

�i�n� �3�0�0� �m�l� �T�H�F� �w�a�s� �a�d�d�e�d� �d�r�o�p�w�i�s�e� �o�v�e�r� �9� �h�o�u�r�s�.� �T�h�e� �m�i�x�t�u�r�e� �w�a�s� 

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

�W�a�t�e�r� �(�1�0�0� �m�l�)� �w�a�s� �a�d�d�e�d� �d�r�o�p�w�i�s�e� �t�o� �d�e�s�t�r�o�y� �u�n�r�e�a�c�t�e�d� �N�a�H�.� 

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

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

�c�r�u�d�e� �c�r�o�w�n� �m�i�x�t�u�r�e� �(�9�0�.�2� �g� �o�f� �o�i�l�)� �w�a�s� �p�a�s�s�e�d� �t�h�r�o�u�g�h� �a� �s�h�o�r�t� �s�i�l�i�c�a� �g�e�l� 

�(�9�0� �g�)� �c�o�l�u�m�n� �w�i�t�h� �m�e�t�h�y�l�e�n�e� �c�h�l�o�r�i�d�e�.� �T�h�e� �e�l�u�t�e�d� �c�r�o�w�n� �m�i�x�t�u�r�e� �(�6�3� �g� 

�o�f� �b�r�o�w�n� �s�o�l�i�d�)� �w�a�s� �s�u�b�j�e�c�t�e�d� �t�o� �r�e�c�r�y�s�t�a�l�l�i�z�a�t�i�o�n� �4� �t�i�m�e�s� �i�n� �a�c�e�t�o�n�e� �a�t� �-� 

�2�0�°�C�.� �T�h�e� �w�h�i�t�e� �c�r�y�s�t�a�l�l�i�n�e� �s�o�l�i�d� �w�a�s� �6�0�C�2�0� �(�1�5�.�0�7� �g�)�.� �T�h�e� �m�o�t�h�e�r� 

�s�o�l�u�t�i�o�n� �c�o�n�t�a�i�n�e�d� �3�0�C�1�0� �w�h�i�c�h� �w�a�s� �f�u�r�t�h�e�r� �p�u�r�i�f�i�e�d� �b�y� �r�e�c�r�y�s�t�a�l�l�i�z�a�t�i�o�n� 

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

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

�k�e�p�t� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �i�n� �a� �r�o�u�n�d� �b�o�t�t�o�m� �f�l�a�s�k� �o�p�e�n� �t�o� �a�i�r� �f�o�r� �7� �d�a�y�s�.� 

�C�l�e�a�r� �c�r�y�s�t�a�l�s� �o�f� �3�0�C�1�0� �w�e�r�e� �f�o�r�m�e�d� �(�6�.�0� �g�)�.� 

�Y�i�e�l�d�s�:� �1�6�%� �(�6�0�C�2�0�)�,� �6�.�0�%� �(�3�0�C�1�0�)�;� �m�.�p�.� �5�2�.�2� �-�5�3�.�9�9�C� �(�6�0�C�2�0�,� 
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�r�e�p�o�r�t�e�d�1�9�:� �4�6�.�0� �-� �5�0�.�5�°�C�)�,� �3�4�.�0� �-� �3�6�.�0�°�C� �(�3�0�C�1�0�,� �r�e�p�o�r�t�e�d� �a�s� �a�n� �o�i�l�!�9�)�;� 

�I�R� �(�v�/�m�a�x�,�c�m�-�1�)� �(�3�0�C�1�0�)�:� �2�8�7�8�,� �2�7�3�5�,� �1�7�6�2�,� �1�4�5�7�,� �1�3�4�7�,� �1�2�9�9�,� �1�2�5�1�,� 

�1�1�3�5�,� �1�1�1�5�,� �1�0�4�0�,� �9�9�2�,� �9�4�4�,� �8�5�5�,� �7�3�2�:� �1�J�H�-�N�M�R� �(�c�h�l�o�r�o�f�o�r�m�-�d�/�T�M�S�,� 

�p�p�m�)�:� �3�.�6�4� �(�s�)� �(�6�0�C�2�0�,� �F�i�g�u�r�e� �I�I�-�6�e�)�,� �3�.�6�8� �(�s�)� �(�3�0�C�1�0�,� �F�i�g�u�r�e� �I�I�-�G�a�)�.� �D�S�C� 

�t�r�a�n�s�i�t�i�o�n�s� �(�6�0�C�2�0�,� �F�i�g�u�r�e� �I�I�-�7�b�)�:� �T�g� �=� �-� �6�6�°�C�,� �T�y� �=� �4�9�°�C�.� 

�I�I�-�5�-�5�:� �3�6�C�1�2� 

�N�a�H� �(�6�0�%�,� �3�2�.�0� �g�,� �0�.�8� �m�o�l�)� �w�a�s� �w�a�s�h�e�d� �2� �t�i�m�e�s� �w�i�t�h� �n�-�h�e�x�a�n�e� �(�2� �x� 

�6�0� �m�l�)� �a�n�d� �t�r�a�n�s�f�e�r�r�e�d� �i�n�t�o� �a� �5�-�L�,� �3�-�n�e�c�k�e�d� �f�l�a�s�k� �w�i�t�h� �d�r�y� �T�H�F� �(�1�.�5� �L�)� 

�u�n�d�e�r� �n�i�t�r�o�g�e�n�.� �T�r�i�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� �(�4�2�.�6� �g�,� �0�.�2�8�4� �m�o�l�)� �i�n� �T�H�F� �(�5�0�0� �m�l�)� 

�w�a�s� �a�d�d�e�d� �s�l�o�w�l�y� �a�n�d� �t�h�e� �m�i�x�t�u�r�e� �w�a�s� �m�e�c�h�a�n�i�c�a�l�l�y� �s�t�i�r�r�e�d� �f�o�r� �3�0� �m�i�n�.� 

�a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e�.� �T�r�i�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� �d�i�t�o�s�y�l�a�t�e� �(�1�3�0� �g�,� �0�.�2�8�4� �m�o�l�)� �i�n� 

�T�H�F� �(�1� �L�)� �w�a�s� �a�d�d�e�d�.� �T�h�e� �m�i�x�t�u�r�e� �w�a�s� �s�t�i�r�r�e�d� �f�o�r� �2�4� �h�o�u�r�s� �u�n�d�e�r� �t�h�e� 

�s�a�m�e� �c�o�n�d�i�t�i�o�n�s�.� 

�W�a�t�e�r� �(�1�0�0� �m�l�)� �w�a�s� �a�d�d�e�d� �t�o� �d�e�s�t�r�o�y� �t�h�e� �u�n�r�e�a�c�t�e�d� �N�a�H�.� �B�u�b�b�l�e�s� 

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

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

�(�1�5�0� �g�)� �w�a�s� �o�b�t�a�i�n�e�d� �a�n�d� �p�a�s�s�e�d� �t�h�r�o�u�g�h� �a� �s�h�o�r�t� �s�i�l�i�c�a� �g�e�l� �c�o�l�u�m�n� �(�5�0�0� 

�g�)� �w�i�t�h� �m�e�t�h�y�l�e�n�e� �c�h�l�o�r�i�d�e�.� �T�h�e� �e�l�u�t�e�d� �l�i�g�h�t� �b�r�o�w�n� �o�i�l� �(�1�2�5� �g�)� �w�a�s� 

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

�r�o�u�n�d� �b�o�t�t�o�m� �f�l�a�s�k� �o�p�e�n� �t�o� �a�i�r� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �f�o�r� �5� �d�a�y�s�.� �C�l�e�a�r� 

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

�w�i�t�h� �i�m�m�e�d�i�a�t�e� �v�a�c�u�u�m� �d�r�y�i�n�g� �a�n�d� �w�e�i�g�h�e�d� �1�4�.�3� �g�r�a�m�s�.� 

�Y�i�e�l�d�:� �1�9�%�;� �m�.�p�.� �3�7�.�0� �-� �3�7�.�5�°�C� �(�r�e�p�o�r�t�e�d� �a�s� �a�n� �o�i�l�!�9�)�;� �1�H�-�N�M�R� 
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�(�F�i�g�u�r�e� �I�I�-�6�b�,� �c�h�l�o�r�o�f�o�r�m�-�d�/�T�M�S�,� �p�p�m�)�:� �3�.�6�7� �(�s�)�.� 

�I�I�-�5�-�6�:� �4�2�C�1�4� 

�N�a�H� �(�6�0�%�,� �4�0�.�0� �g�,� �1�.�0�0� �m�o�l�)� �w�a�s� �w�a�s�h�e�d� �2� �t�i�m�e�s� �w�i�t�h� �n�-�h�e�x�a�n�e� �(�2� 

�x� �6�0� �m�l�)� �a�n�d� �t�r�a�n�s�f�e�r�r�e�d� �i�n�t�o� �a� �5�-�L� �3�-�n�e�c�k�e�d� �f�l�a�s�k� �w�i�t�h� �d�r�y� �T�H�F� �(�5�0�0� �m�l�)� 

�u�n�d�e�r� �n�i�t�r�o�g�e�n�.� �T�e�t�r�a�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� �(�6�3�.�5� �g�,� �0�.�3�2�7� �m�o�l�)� �i�n� �T�H�F� �(�5�0�0� 

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

�h�o�u�r�s�.� �T�r�i�f�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� �d�i�t�o�s�y�l�a�t�e� �(�1�5�0� �g�,� �0�.�3�2�7� �m�o�l�)� �i�n� �T�H�F� �(�2� �L�)� �w�a�s� 

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

�m�i�x�t�u�r�e� �w�a�s� �s�t�i�r�r�e�d� �f�o�r� �4�8� �h�o�u�r�s� �u�n�d�e�r� �t�h�e� �s�a�m�e� �c�o�n�d�i�t�i�o�n�s�.� 

�W�a�t�e�r� �(�2�0� �m�l�)� �w�a�s� �a�d�d�e�d� �t�o� �d�e�s�t�r�o�y� �t�h�e� �u�n�r�e�a�c�t�e�d� �N�a�H�.� �B�u�b�b�l�e�s� 

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

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

�p�u�r�p�l�e� �o�i�l� �(�8�3�.�8� �g�)�,� �w�h�i�c�h� �s�o�l�i�d�i�f�i�e�d� �i�n� �3�0� �m�i�n�.�,� �w�a�s� �o�b�t�a�i�n�e�d�.� �T�h�e� �s�o�l�i�d� 

�w�a�s� �r�e�c�r�y�s�t�a�l�l�i�z�e�d� �i�n� �a�c�e�t�o�n�e� �a�t� �-�2�0�°�C�.� �A� �w�h�i�t�e� �p�o�w�d�e�r� �(�6�1�.�1� �g�)� �w�a�s� 

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

�4�9�°�C� �a�n�d� �a� �w�h�i�t�e� �c�r�y�s�t�a�l�l�i�n�e� �s�o�l�i�d� �(�2�5� �g�)� �w�a�s� �o�b�t�a�i�n�e�d�.� 

�Y�i�e�l�d�:� �2�2�%�;� �m�.�p�.� �4�9�.�6� �-� �5�0�.�4�°�C� �(�r�e�p�o�r�t�e�d�!�9�;� �2�8�.�5� �-� �3�1�.�0�°�C�)�;� �1�H�-� 

�N�M�R� �(�F�i�g�u�r�e� �I�I�-�6�c�,� �c�h�l�o�r�o�f�o�r�m�-�d�/�T�M�S�,� �p�p�m�)�:� �3�.�6�5� �(�s�)�.� 

�I�I�-�5�-�7�:� �4�8�C�1�6� 

�N�a�H� �(�6�0�%�,� �6�0�.�0� �g�,� �1�.�5�0� �m�o�l�)� �w�a�s� �w�a�s�h�e�d� �2� �t�i�m�e�s� �w�i�t�h� �n�-�h�e�x�a�n�e� �(�2� 

�x� �1�0�0� �m�l�)� �a�n�d� �t�r�a�n�s�f�e�r�r�e�d� �i�n�t�o� �a� �5�-�L� �3�-�n�e�c�k�e�d� �f�l�a�s�k� �w�i�t�h� �d�r�y� �T�H�F� �(�1�.�5� �L�)� 

�u�n�d�e�r� �n�i�t�r�o�g�e�n�.� �T�e�t�r�a�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� �(�1�0�0� �g�,� �0�.�5�1�5� �m�o�l�)� �i�n� �T�H�F� �(�1� �L�)� 
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�w�a�s� �a�d�d�e�d� �s�l�o�w�l�y� �a�n�d� �t�h�e� �m�i�x�t�u�r�e� �w�a�s� �m�e�c�h�a�n�i�c�a�l�l�y� �s�t�i�r�r�e�d� �f�o�r� �3�0� �m�i�n�.� 

�a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e�.� �T�e�t�r�a�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� �d�i�t�o�s�y�l�a�t�e� �(�2�6�1� �g�,� �0�.�5�2�0� �m�o�l�)� 

�i�n� �T�H�F� �(�1� �L�)� �w�a�s� �a�d�d�e�d�.� �T�h�e� �m�i�x�t�u�r�e� �w�a�s� �s�t�i�r�r�e�d� �f�o�r� �2�4� �h�o�u�r�s� �u�n�d�e�r� �t�h�e� 

�s�a�m�e� �c�o�n�d�i�t�i�o�n�s�.� 

�W�a�t�e�r� �(�8�0� �m�l�)� �w�a�s� �a�d�d�e�d� �t�o� �d�e�s�t�r�o�y� �t�h�e� �u�n�r�e�a�c�t�e�d� �N�a�H�.� �B�u�b�b�l�e�s� 

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

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

�(�3�5� �g�j�,� �w�h�i�c�h� �s�o�l�i�d�i�f�i�e�d� �i�n� �h�o�u�r�s�,� �w�a�s� �o�b�t�a�i�n�e�d� �a�n�d� �s�u�b�j�e�c�t�e�d� �t�o� 

�r�e�c�r�y�s�t�a�l�l�i�z�a�t�i�o�n� �5� �t�i�m�e�s� �i�n� �a�c�e�t�o�n�e� �a�t� �-�2�0�°�C�.� �A� �w�h�i�t�e� �c�r�y�s�t�a�l�l�i�n�e� �s�o�l�i�d� 

�(�1�9�.�5� �g�)� �w�a�s� �o�b�t�a�i�n�e�d�.� 

�Y�i�e�l�d�:� �1�5�%�;� �m�.�p�.� �4�9�.�6� �-� �5�0�.�8�°�C� �(�r�e�p�o�r�t�e�d�!�9�:� �4�0�.�0� �-� �4�3�.�0�°�C�)�;� �!�H�-� 

�N�M�R� �(�F�i�g�u�r�e� �I�I�-�6�d�,� �c�h�l�o�r�o�f�o�r�m�-�d�/�T�M�S�,� �p�p�m�)�:� �3�.�6�5� �(�s�)�.� 

�I�I�-�5�-�8�:� �S�Y�N�T�H�E�S�I�S� �O�F� �B�P�P�3�4�C�1�0� 

�I�I�-�5�-�8�-�1�:� �F�o�u�r�-�S�t�e�p� �R�o�u�t�e� �(�S�c�h�e�m�e� �I�-�1�0�)� 

�I�I�-�5�-�8�-�1�-�1�:� �p�-�B�e�n�z�y�l�o�x�y�p�h�e�n�o�l� �(�1�1�-�6�)� �-�-�-�-� �M�o�n�o�p�r�o�t�e�c�t�i�o�n� 

�H�y�d�r�o�q�u�i�n�o�n�e� �(�1�6�5� �g�,� �1�.�5�0� �m�o�l�)� �w�a�s� �p�l�a�c�e�d� �i�n� �a� �2�-�l�i�t�e�r� �3�-�n�e�c�k�e�d� 

�f�l�a�s�k� �u�n�d�e�r� �n�i�t�r�o�g�e�n� �a�t�m�o�s�p�h�e�r�e� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e�.� �D�M�F� �(�1� �L�)� �w�a�s� 

�a�d�d�e�d� �t�o� �d�i�s�s�o�l�v�e� �t�h�e� �h�y�d�r�o�q�u�i�n�o�n�e�.� �P�o�t�a�s�s�i�u�m� �c�a�r�b�o�n�a�t�e� �(�2�0�7� �g�,� �1�.�5�0� 

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

�c�h�l�o�r�i�d�e� �(�1�7�3� �g�,� �1�.�5�0� �m�o�l�)� �w�a�s� �a�d�d�e�d� �i�n�t�o� �t�h�e� �f�l�a�s�k� �d�r�o�p�w�i�s�e� �o�v�e�r� �t�h�r�e�e� 

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

�T�h�e� �p�r�e�c�i�p�i�t�a�t�e� �w�a�s� �f�i�l�t�e�r�e�d� �a�n�d� �d�i�s�c�a�r�d�e�d�.� �T�h�e� �f�i�l�t�r�a�t�e� �w�a�s� 
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�n�e�u�t�r�a�l�i�z�e�d� �w�i�t�h� �1�0�%� �H�C�1� �s�o�l�u�t�i�o�n� �t�o� �p�H� �=� �7�.� �T�h�e� �p�r�o�d�u�c�t� �w�a�s� �e�x�t�r�a�c�t�e�d� 

�t�h�r�e�e� �t�i�m�e�s� �w�i�t�h� �e�t�h�y�l� �e�t�h�e�r� �(�3� �x� �5�0�0� �m�L�)� �a�n�d� �t�h�e� �c�o�m�b�i�n�e�d� �o�r�g�a�n�i�c� 

�p�h�a�s�e� �w�a�s� �w�a�s�h�e�d� �e�i�g�h�t� �t�i�m�e�s� �w�i�t�h� �w�a�t�e�r� �(�8� �x� �6�0�0� �m�L�)� �t�o� �r�e�m�o�v�e� �D�M�F� 

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

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

�8�0�%� �e�t�h�y�l� �a�c�e�t�a�t�e� �a�n�d� �2�0�%� �n�-�h�e�x�a�n�e� �m�i�x�t�u�r�e�.� �W�h�i�t�e� �m�i�c�a� �c�r�y�s�t�a�l�s� �(�1�6�4� 

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

�Y�i�e�l�d�:� �5�5�%�:� �m�.�p�.� �1�1�9�.�8� �-� �1�2�1�.�1�°�C� �(�r�e�p�o�r�t�e�d�2�8�:� �1�2�2�°�C�)�;� �F�T�I�R� 

�(�v�/�m�a�x�,�c�m�~�1�)�:� �3�4�0�0�,� �2�8�9�6�,� �1�5�1�2�,� �1�4�6�8�,� �1�4�2�4�,� �1�3�7�6�,� �1�2�8�0�,� �1�2�5�6�,� �1�1�6�0�,� 

�1�1�0�0�,� �1�0�3�8�,� �9�3�5�,� �8�1�5�,� �7�6�6�,� �7�4�9�,� �6�9�3�,� �5�3�2�,� �5�1�7�;� �H�-�N�M�R� �(�c�h�l�o�r�o�f�o�r�m�-� 

�d�/�T�M�S�,� �p�p�m�)�:� �4�.�6�0� �(�s�,� �1� �H�,� �-�O�H�)�,� �5�.�0�0� �(�s�,� �2� �H�,� �P�h�C�H�9�0�O�-�)�,� �6�.�7�5� �-� �6�.�9�0� �(�m�,� 

�4�H�,� �a�r�o�m�.�)�,� �7�.�2�0� �-� �7�.�5�0� �(�m�,� �5� �H�,� �a�r�o�m�.�)�.� 

�I�I�-�5�-�8�-�1�-�2�:� �1�,�1�1�-�B�i�s�(�p�a�r�a�-�b�e�n�z�y�l�o�x�y�p�h�e�n�o�x�y�)�-�3�,�6�,�9�-�t�r�i�o�x�a�u�n�d�e�c�a�n�e� 

�(�1�-�7�)� �-�-�-�-� �D�i�s�u�b�s�t�i�t�u�t�i�o�n� 

�N�a�H� �(�6�0�%�)� �(�6�.�5�6� �g�,� �0�.�1�6�4� �m�o�l�)� �w�a�s� �w�a�s�h�e�d� �t�h�r�e�e� �t�i�m�e�s� �w�i�t�h� �n�-� 

�h�e�x�a�n�e� �(�3� �x� �2�0� �m�L�)� �a�n�d� �t�r�a�n�s�f�e�r�r�e�d� �i�n�t�o� �a� �5�0�0�-�m�L� �3�-�n�e�c�k�e�d� �f�l�a�s�k� �w�i�t�h� 

�D�M�F� �(�2�0�0� �m�L�)� �u�n�d�e�r� �n�i�t�r�o�g�e�n�.� �p�-�B�e�n�z�y�l�o�x�y�p�h�e�n�o�l� �(�I�I�-�6�)� �(�2�4�.�0� �g�,� �0�.�1�1�9� 

�m�o�l�)� �i�n� �D�M�F� �(�1�5�0� �m�L�)� �w�a�s� �a�d�d�e�d� �i�n�t�o� �t�h�e� �f�l�a�s�k� �d�r�o�p�w�i�s�e� �o�v�e�r� �3�0� �m�i�n�.� 

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

�T�e�t�r�a�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� �d�i�t�o�s�y�l�a�t�e� �(�3�0�.�1� �g�,� �0�.�0�5�9�5� �m�o�l�)� �i�n� �D�M�F� �(�1�0�0� �m�L�)� 

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

�d�a�y�s� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e�.� 

�W�a�t�e�r� �(�1�0�0� �m�l�)� �w�a�s� �a�d�d�e�d� �i�n�t�o� �t�h�e� �f�l�a�s�k� �d�r�o�p�w�i�s�e� �t�o� �r�e�m�o�v�e� 
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�u�n�r�e�a�c�t�e�d� �N�a�H�.� �B�u�b�b�l�e�s� �w�e�r�e� �o�b�s�e�r�v�e�d� �u�p�o�n� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �w�a�t�e�r�.� �T�h�e� 

�p�r�o�d�u�c�t� �w�a�s� �e�x�t�r�a�c�t�e�d� �t�h�r�e�e� �t�i�m�e�s� �w�i�t�h� �e�t�h�y�l� �a�c�e�t�a�t�e� �(�3� �x� �3�0�0� �m�L�)�.� �T�h�e� 

�c�o�m�b�i�n�e�d� �o�r�g�a�n�i�c� �p�h�a�s�e� �w�a�s� �w�a�s�h�e�d� �w�i�t�h� �w�a�t�e�r� �e�i�g�h�t� �t�i�m�e�s� �(�8� �x� �6�0�0� �m�L�)� 

�t�o� �r�e�m�o�v�e� �D�M�F� �a�n�d� �t�h�e�n� �d�r�i�e�d� �w�i�t�h� �m�a�g�n�e�s�i�u�m� �s�u�l�f�a�t�e�.� �A� �s�o�l�i�d� �w�a�s� 

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

�R�e�c�r�y�s�t�a�l�l�i�z�a�t�i�o�n� �w�a�s� �d�o�n�e� �t�h�r�e�e� �t�i�m�e�s� �w�i�t�h� �e�t�h�y�l� �a�c�e�t�a�t�e�/�n�-�h�e�x�a�n�e� 

�(�4�:�1�/�v�:�v�)� �m�i�x�t�u�r�e�.� �A� �w�h�i�t�e� �c�r�y�s�t�a�l�l�i�n�e� �s�o�l�i�d� �(�2�6�.�1� �g�)� �w�a�s� �o�b�t�a�i�n�e�d� �a�n�d� 

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

�Y�i�e�l�d�:� �7�4�.�3�%�;� �m�.�p�.� �8�2�.�6� �-� �8�3�.�0�°�C� �(�r�e�p�o�r�t�e�d�2�:� �o�i�l�)�;� �F�T�I�R� �(�F�i�g�u�r�e� 

�I�l�-�8�a�,� �v�/�m�a�x�,�c�m�-�1�)�:� �2�9�5�2�,� �2�8�9�6�,� �1�5�1�0�,� �1�4�5�2�,� �1�4�0�4�,� �1�3�7�6�,� �1�2�9�6�,� �1�2�3�2�,� 

�1�1�3�6�,� �1�1�0�8�,� �1�0�9�5�,� �1�0�8�8�,� �1�0�7�8�,� �1�0�7�0�,� �9�8�2�,� �9�3�0�,� �8�3�6�,� �8�2�9�,� �7�5�6�,� �7�3�8�,� �6�9�3�:� 

�1�H�-�N�M�R�-� �(�c�h�l�o�r�o�f�o�r�m�-�d�/�T�M�S�,� �p�p�m�)�:� �3�.�6�0� �(�m�,� �8� �4�H�,� �-� 

�O�C�H�2�C�H�2�0�C�H�2�C�H�Q�0�O�-�)�,� �3�.�7�5� �(�m�,� �4� �H�,� �a�r�o�m�.�-�O�C�H�g�C�H�9�0�-�a�l�i�p�h�.�)�,� �4�.�1�0� 

�(�m�,� �4� �H�,� �a�r�o�m�.�-�O�C�H�g�C�H�9�0�-�a�l�i�p�h�.�)�,� �5�.�0�0� �(�s�,� �4� �H�,� �P�h�C�H�2�0�-�)�,� �6�.�8�0� �-� �6�.�9�0� 

�(�m�,� �8� �H�,� �a�r�o�m�.�)�,� �7�.�4�0� �-� �7�.�5�0� �(�m�,� �1�0� �H�,� �a�r�o�m�.�)�.� 

�I�I�-�5�-�8�-�1�-�3�:� �1�,�1�1�-�B�i�s�(�p�a�r�a�-�h�y�d�r�o�x�y�p�h�e�n�o�x�y�)�-�3�,�6�,�9�-�t�r�i�o�x�a�u�n�d�e�c�a�n�e� �(�I�I�-�8�)� 

�-�-�-�-� �D�e�p�r�o�t�e�c�t�i�o�n� 

�A� �c�a�l�i�b�r�a�t�e�d� �P�a�r�r� �3�9�1�1� �h�y�d�r�o�g�e�n�a�t�i�o�n� �a�p�p�a�r�a�t�u�s� �w�a�s� �u�s�e�d� �t�o� �c�a�r�r�y� 

�o�u�t� �t�h�e� �c�a�t�a�l�y�t�i�c� �h�y�d�r�o�g�e�n�a�t�i�o�n�.� �C�o�m�p�o�u�n�d� �H�-�7� �(�1�9�.�7� �g�,� �0�.�0�3�3�0� �m�o�l�)� 

�w�a�s� �d�i�s�s�o�l�v�e�d� �i�n� �t�o�l�u�e�n�e� �(�8�3�0�0� �m�L�)� �i�n� �t�h�e� �r�e�a�c�t�i�o�n� �v�e�s�s�e�l�.� �1�0�%� �P�d�/�C� 

�c�a�t�a�l�y�s�t� �(�2�.�0�0� �g�)� �w�a�s� �a�d�d�e�d� �i�n�t�o� �t�h�e� �v�e�s�s�e�l�.� �F�o�r� �s�a�f�e�t�y�,� �t�h�e� �c�a�t�a�l�y�s�t� �w�a�s� 

�a�d�d�e�d� �v�e�r�y� �s�l�o�w�l�y� �a�n�d� �p�a�r�t�w�i�s�e�.� �T�h�e� �r�e�a�c�t�i�o�n� �w�a�s� �c�a�r�r�i�e�d� �o�u�t� �f�o�r� �1�8� 

�h�o�u�r�s� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �u�n�d�e�r� �a� �s�t�a�r�t�i�n�g� �p�r�e�s�s�u�r�e� �o�f� �3�5�.�5� �p�s�i�.� �T�h�e� 

�c�a�t�a�l�y�s�t� �w�a�s� �f�i�l�t�e�r�e�d� �a�n�d� �r�e�u�s�e�d� �a�f�t�e�r� �i�t� �w�a�s� �w�a�s�h�e�d� �w�i�t�h� �m�e�t�h�a�n�o�l� �t�h�r�e�e� 
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�t�i�m�e�s�.� �T�h�e� �f�i�l�t�r�a�t�e� �w�a�s� �r�o�t�a�r�y� �e�v�a�p�o�r�a�t�e�d� �d�o�w�n� �t�o� �a� �v�i�s�c�o�u�s� �o�i�l� �(�1�3�.�0� �g�)� 

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

�Y�i�e�l�d�:� �1�0�0�%� �(�r�e�p�o�r�t�e�d�?�3�:� �1�0�0�%� �a�s� �a�n� �o�i�l�)�;� �F�T�I�R� �(�F�i�g�u�r�e� �I�I�-�8�b�,� 

�v�/�m�a�x�,�c�m�"�!�)�:� �3�5�0�0�,� �3�0�0�8�,� �2�9�6�0�,� �2�9�2�0�,� �1�5�0�9�,� �1�4�6�0�,� �1�3�4�0�,� �1�3�0�4�,� �1�2�6�0�,� 

�1�2�2�8�,� �1�1�4�8�,� �1�1�1�6�,� �1�0�8�2�,� �1�0�7�5�,� �9�7�5�,� �9�4�8�,� �8�3�3�,� �7�5�5�,� �7�4�5�,� �6�9�3�,� �5�1�4�;� �1�H�-� 

�N�M�R� �(�c�h�l�o�r�o�f�o�r�m�-�d�/�T�M�S�,� �p�p�m�)�:� �3�.�6�5� �(�m�,� �8� �H�,� �-�O�C�H�2�g�C�H�2�J�O�C�H�3�C�H�9�0�-�)�,� 

�3�.�7�0� �(�m�,� �4� �H�,� �a�r�o�m�.�-�O�C�H�2�C�H�9�0�-�a�l�i�p�h�.�)�,� �4�.�0�0� �(�m�,� �4� �H�,� �a�r�o�m�.�-� 

�O�C�H�9�C�H�9�0�-�a�l�i�p�h�.�)�,� �6�.�8�0� �(�m�,� �8� �H�,� �a�r�o�m�.�)�.� 

�I�I�-�5�-�8�-�1�-�4�:� �B�i�s�(�p�a�r�a�-�p�h�e�n�y�l�e�n�e�)�-�3�4�-�c�r�o�w�n�-�1�0� �(�I�I�-�9�)� �-�-�-�-� �C�y�c�l�i�z�a�t�i�o�n� 

�N�a�H� �(�6�0�%�,� �5�.�0�0� �g�,� �0�.�1�2�2� �m�o�l�)� �w�a�s� �w�a�s�h�e�d� �t�h�r�e�e� �t�i�m�e�s� �w�i�t�h� �n�-� 

�h�e�x�a�n�e� �(�3� �x� �2�0� �m�L�)� �a�n�d� �t�r�a�n�s�f�e�r�r�e�d� �i�n�t�o� �a� �5�0�0�-�m�L� �3�-�n�e�c�k�e�d� �f�l�a�s�k� �u�n�d�e�r� 

�n�i�t�r�o�g�e�n� �w�i�t�h� �D�M�F� �(�1�5�0� �m�L�)�.� �C�o�m�p�o�u�n�d� �I�I�-�8� �(�6�.�0�4� �g�,� �0�.�0�1�6�0� �m�o�l�)� �i�n� 

�D�M�F� �(�1�0�0� �m�L�)� �w�a�s� �a�d�d�e�d� �i�n�t�o� �t�h�e� �f�l�a�s�k� �d�r�o�p�w�i�s�e� �o�v�e�r� �3�0� �m�i�n�.� �T�h�e� 

�m�i�x�t�u�r�e� �w�a�s� �s�t�i�r�r�e�d� �f�o�r� �a�n�o�t�h�e�r� �3�0� �m�i�n�.� �T�e�t�r�a�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� �d�i�t�o�s�y�l�a�t�e� 

�(�7�.�4�8� �g�,� �0�.�0�1�4�9� �m�o�l�)� �i�n� �D�M�F� �(�5�0� �m�L�)� �w�a�s� �a�d�d�e�d� �d�r�o�p�w�i�s�e� �o�v�e�r� �o�n�e� �h�o�u�r�.� 

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

�W�a�t�e�r� �(�1�0�0� �m�l�)� �w�a�s� �a�d�d�e�d� �d�r�o�p�w�i�s�e� �t�o� �r�e�m�o�v�e� �u�n�r�e�a�c�t�e�d� �N�a�H�.� 

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

�e�x�t�r�a�c�t�e�d� �w�i�t�h� �e�t�h�y�l� �a�c�e�t�a�t�e� �t�h�r�e�e� �t�i�m�e�s� �(�3� �X� �3�0�0� �m�L�)�.� �T�h�e� �c�o�m�b�i�n�e�d� 

�o�r�g�a�n�i�c� �p�h�a�s�e� �w�a�s� �w�a�s�h�e�d� �w�i�t�h� �w�a�t�e�r� �e�i�g�h�t� �t�i�m�e�s� �(�8� �X� �6�0�0� �m�L�)� �t�o� �r�e�m�o�v�e� 

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

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

�r�e�c�r�y�s�t�a�l�l�i�z�a�t�i�o�n� �w�a�s� �d�o�n�e� �w�i�t�h� �m�e�t�h�a�n�o�l�.� �T�h�e� �s�o�l�i�d� �w�a�s� �t�h�e�n� �d�i�s�s�o�l�v�e�d� 
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�i�n� �e�t�h�y�l� �a�c�e�t�a�t�e� �(�2�0� �m�l�)�.� �T�o� �t�h�e� �s�o�l�u�t�i�o�n�,� �a� �r�e�l�a�t�i�v�e�l�y� �l�a�r�g�e� �a�m�o�u�n�t� �o�f� 

�m�e�t�h�a�n�o�l� �(�6�0� �m�l�)� �w�a�s� �a�d�d�e�d� �a�n�d� �a� �w�h�i�t�e� �p�r�e�c�i�p�i�t�a�t�e� �w�a�s� �o�b�s�e�r�v�e�d�.� �T�h�e� 

�p�r�e�c�i�p�i�t�a�t�e� �(�2�.�2�0� �g�)� �i�d�e�n�t�i�f�i�e�d� �a�s� �B�P�P�3�4�C�1�0� �w�a�s� �f�i�l�t�e�r�e�d� �a�n�d� �d�r�i�e�d� �u�n�d�e�r� 

�v�a�c�u�u�m� �o�v�e�r�n�i�g�h�t�.� 

�Y�i�e�l�d�:� �2�7�.�5�%� �(�r�e�p�o�r�t�e�d�2�3�:� �3�0�%�)�;� �m�.�p�.� �8�4�.�0� �-� �8�6�.�0�°�C� �[�r�e�p�o�r�t�e�d�2�3�:� 

�8�7�.�0� �-� �8�9�.�0�°�C� �(�f�r�o�m� �t�h�i�s� �m�e�t�h�o�d�)�]�;� �F�T�I�R� �(�v�/�m�a�x�,�c�m�-� �1�)�:� �2�9�6�0�,� �2�9�2�0�,� �1�5�0�9�,� 

�1�4�6�0�,� �1�3�4�9�,� �1�3�4�0�,� �1�3�1�1�,� �1�3�0�4�,� �1�2�3�5�,� �1�1�4�0�,� �1�1�2�0�,� �1�1�0�5�,� �1�0�7�5�,� �1�0�3�8�,� 

�9�7�5�,� �9�4�8�,� �9�0�0�,� �8�3�3�,� �7�4�5�,� �5�1�5�;� �H�-�N�M�R� �(�F�i�g�u�r�e� �I�I�-�9�,� �c�h�l�o�r�o�f�o�r�m�-�d�/�T�M�S�,� 

�p�p�m�)�:� �3�.�6�0� �(�m�,� �1�6� �H�,� �-�O�C�H�9�g�C�H�2�O�C�H�9�C�H�9�0�-�)�,� �3�.�7�5� �(�m�,� �8� �H�,� �a�r�o�m�.�-� 

�O�C�H�2�C�H�9�0�-�a�l�i�p�h�.�)�,� �4�.�0�3� �(�m�,� �8� �H�,� �a�r�o�m�.�-�O�C�H�9�C�H�9�0�-�a�l�i�p�h�.�)�,� �6�.�8�5� �(�s�,� �8� 

�H�,� �a�r�o�m�.�)�.� 

�I�I�-�5�-�8�-�2�:� �T�w�o�-�S�t�e�p� �R�o�u�t�e� �(�S�c�h�e�m�e� �I�I�-�1�1�)� 

�I�I�-�5�-�8�-�2�-�1�:� �1�,�1�1�-�B�i�s�(�p�a�r�a�-�h�y�d�r�o�x�y�p�h�e�n�o�x�y�)�-�3�,�6�,�9�-�t�r�i�o�x�a�u�n�d�e�c�a�n�e� �(�I�I�-�8�)� 

�-�-�-�-� �D�i�s�u�b�s�t�i�t�u�t�i�o�n� 

�I�n� �a� �5�0�0�-�m�L� �3�-�n�e�c�k�e�d� �f�l�a�s�k�,� �s�o�d�i�u�m� �d�i�t�h�i�o�n�i�t�e� �(�0�.�1� �g�)� �w�a�s� �a�d�d�e�d� �t�o� 

�9�5�%� �e�t�h�a�n�o�l� �(�1�0�0� �m�L�)�,� �w�h�i�c�h� �h�a�d� �b�e�e�n� �p�r�e�v�i�o�u�s�l�y� �d�e�a�e�r�a�t�e�d� �w�i�t�h� 

�n�i�t�r�o�g�e�n�.� �T�h�e�n� �h�y�d�r�o�q�u�i�n�o�n�e� �(�5�5�.�1� �g�,� �0�.�5�0�0� �m�o�l�)� �w�a�s� �a�d�d�e�d� �a�n�d� 

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

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

�r�e�f�l�u�x�.� �T�o� �t�h�i�s� �r�e�f�l�u�x�i�n�g� �s�o�l�u�t�i�o�n� �w�a�s� �a�d�d�e�d� �o�v�e�r� �1�5� �m�i�n�.� �a� �s�o�l�u�t�i�o�n� �o�f� 

�K�O�H� �(�8�.�4�2� �g�,� �0�.�1�5�0� �m�o�l�)� �i�n� �9�5�%� �e�t�h�a�n�o�l� �(�5�0� �m�L�)�.� �T�h�e� �m�i�x�t�u�r�e� �w�a�s� 

�s�t�i�r�r�e�d� �a�t� �r�e�f�l�u�x� �f�o�r� �4� �h�o�u�r�s� �u�n�d�e�r� �n�i�t�r�o�g�e�n�.� 

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

�m�e�t�h�y�l�e�n�e� �c�h�l�o�r�i�d�e� �(�2� �X� �3�0�0� �m�L�)�.� �T�h�e� �c�o�m�b�i�n�e�d� �o�r�g�a�n�i�c� �p�h�a�s�e� �w�a�s� 

�w�a�s�h�e�d� �w�i�t�h� �w�a�t�e�r� �t�w�o� �t�i�m�e�s� �(�2� �X� �5�0�0� �m�L�)� �a�n�d� �d�r�i�e�d� �w�i�t�h� �m�a�g�n�e�s�i�u�m� 

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

�b�y� �e�v�a�p�o�r�a�t�i�o�n�.� �H�P�L�C� �(�F�i�g�u�r�e� �I�I�-�1�0�,� �m�o�b�i�l�e� �p�h�a�s�e�:� �8�0�:�2�0�/�v�:�v� �r�a�t�i�o� �o�f� �2�-� 

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

�m�i�x�t�u�r�e� �o�f� �p�r�o�d�u�c�t�s�.� �T�h�r�e�e� �p�e�a�k�s� �[�r�e�t�e�n�t�i�o�n� �t�i�m�e�s� �(�s�e�c�.�)�:� �3�.�0�3�,� �1�9�2�,� �3�0�1�]� 

�w�e�r�e� �s�h�o�w�n� �a�n�d� �t�h�e� �o�n�e� �f�o�r� �t�h�e� �d�i�p�h�e�n�o�l� �I�I�-�8� �(�a�t� �3�0�1� �s�e�c�.�)� �w�a�s� �i�d�e�n�t�i�f�i�e�d� 

�b�y� �s�p�i�k�i�n�g�.� �A�r�e�a�%� �o�f� �t�h�e� �p�e�a�k� �f�o�r� �H�-�8� �w�a�s� �5�4�.�6�%� �a�n�d� �t�h�e� �c�a�l�c�u�l�a�t�e�d� 

�p�u�r�e� �y�i�e�l�d� �w�a�s� �4�9�%�.� �T�h�e� �p�r�o�d�u�c�t� �m�i�x�t�u�r�e� �w�a�s� �s�u�b�j�e�c�t�e�d� �t�o� �t�h�e� �n�e�x�t� 

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

�I�I�-�5�-�8�-�2�-�2�:� �B�i�s�(�p�a�r�a�-�p�h�e�n�y�l�e�n�e�)�-�3�4�-�c�r�o�w�n�-�1�0� �(�I�I�-�4�)� �-�-�-�-� �C�y�c�l�i�z�a�t�i�o�n� 

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

�1� �(�d�i�s�u�b�s�t�i�t�u�t�i�o�n�)�.� �T�h�e� �s�t�o�i�c�h�i�o�m�e�t�r�y� �i�s� �b�a�s�e�d� �o�n� �H�P�L�C� �d�a�t�a�.� �N�a�H� �(�6�0�%�,� 

�5�.�0�0� �g�,� �0�.�0�7�5� �m�o�l�)� �w�a�s� �w�a�s�h�e�d� �t�h�r�e�e� �t�i�m�e�s� �w�i�t�h� �n�-�h�e�x�a�n�e� �(�3� �x� �2�0� �m�L�)� 

�a�n�d� �t�r�a�n�s�f�e�r�r�e�d� �t�o� �a� �5�0�0�-�m�L� �3�-�n�e�c�k�e�d� �f�l�a�s�k� �w�i�t�h� �D�M�F� �(�1�5�0� �m�L�)� �u�n�d�e�r� 

�n�i�t�r�o�g�e�n�.� �T�h�e� �c�r�u�d�e� �p�r�o�d�u�c�t� �I�I�-�8� �(�f�r�o�m� �s�t�e�p� �1�)� �(�8�.�9�0� �g�)� �i�n� �D�M�F� �(�5�0� �m�L�)� 

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

�f�o�r� �a�n�o�t�h�e�r� �3�0� �m�i�n�.� �T�e�t�r�a�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� �d�i�t�o�s�y�l�a�t�e� �(�7�.�4�8� �g�,� �0�.�0�1�4�9� �m�o�l�)� 

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

�o�v�e�r�n�i�g�h�t� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e�.� 

�W�a�t�e�r� �(�1�0�0� �m�l�)� �w�a�s� �a�d�d�e�d� �t�o� �t�h�e� �m�i�x�t�u�r�e� �t�o� �r�e�m�o�v�e� �t�h�e� �u�n�r�e�a�c�t�e�d� 

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

�w�a�s� �e�x�t�r�a�c�t�e�d� �t�w�o� �t�i�m�e�s� �w�i�t�h� �e�t�h�y�l� �a�c�e�t�a�t�e� �(�2� �X� �2�5�0� �m�L�)�.� �T�h�e� �c�o�m�b�i�n�e�d� 
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�o�r�g�a�n�i�c� �p�h�a�s�e� �w�a�s� �w�a�s�h�e�d� �t�w�o� �t�i�m�e�s� �w�i�t�h� �w�a�t�e�r� �(�2� �x� �4�0�0� �m�l�)� �a�n�d� �d�r�i�e�d� 

�w�i�t�h� �m�a�g�n�e�s�i�u�m� �s�u�l�f�a�t�e�.� �A� �b�r�o�w�n� �s�o�l�i�d� �(�1�3�.�0� �g�)� �w�a�s� �o�b�t�a�i�n�e�d�.� �C�o�l�u�m�n� 

�c�h�r�o�m�a�t�o�g�r�a�p�h�i�c� �s�e�p�a�r�a�t�i�o�n� �w�a�s� �d�o�n�e� �o�n� �9�0�0� �g�r�a�m�s� �o�f� �s�i�l�i�c�a� �g�e�l� �w�i�t�h� 

�e�t�h�y�l� �a�c�e�t�a�t�e�-�h�e�x�a�n�e� �(�1�:�1�/�v�:�v�)� �a�s� �e�l�u�t�i�n�g� �s�o�l�v�e�n�t�.� �R�e�c�r�y�s�t�a�l�l�i�z�a�t�i�o�n� �o�f� �t�h�e� 

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

�t�o�l�u�e�n�e�/�n�-�h�e�x�a�n�e� �(�7�:�3�/�v�:�v�)� �g�a�v�e� �B�P�P�3�4�C�1�0� �(�2�.�3�0� �g�)� �a�s� �c�l�e�a�r� �c�r�y�s�t�a�l�s� 

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

�Y�i�e�l�d�:� �2�9�%�;� �m�.�p�.� �9�4�.�3� �-� �9�5�.�6�°�C� �(�r�e�p�o�r�t�e�d�2�2�:� �9�3�.�5� �-� �9�4�.�0�°�C�)�;� �F�T�I�R� 

�(�v�/�m�a�x�,�c�m�~�!�)�:� �2�9�6�1�,� �2�9�2�0�,� �1�0�6�0�,� �1�4�6�0�,� �1�3�5�0�,� �1�3�4�1�,� �1�3�1�1�,� �1�3�0�4�,� �1�2�3�6�,� 

�1�1�4�0�,� �1�1�2�0�,� �1�1�0�3�,� �1�0�7�5�,� �1�0�3�8�,� �9�7�5�,� �9�4�8�,� �9�0�2�,� �8�3�3�,� �7�4�5�,� �5�1�4�;� �1�H�-�N�M�R� 

�(�c�h�l�o�r�o�f�o�r�m�-�d�/�T�M�S�,� �p�p�m�)�:� �3�.�7�0� �(�m�,� �1�6� �H�,� �-�O�C�H�g�C�H�g�O�C�H�9�C�H�9�0�-�)�,� �3�.�8�0� 

�(�m�,� �8� �H�,� �a�r�o�m�.�-�O�C�H�9�C�H�9�0�-�a�l�i�p�h�.�)�,� �4�.�0�0� �(�m�,� �8� �H�,� �a�r�o�m�.�-�O�C�H�9�C�H�9�0�-� 

�a�l�i�p�h�.�)�,� �6�.�8�0� �(�s�,� �8� �H�,� �a�r�o�m�.�)�.� 

�I�I�-�5�-�8�-�3�:� �O�n�e�-�s�t�e�p� �R�o�u�t�e� �(�S�c�h�e�m�e� �I�-�1�2�)� 

�H�y�d�r�o�q�u�i�n�o�n�e� �(�1�4�.�7� �g�,� �0�.�1�0�0� �m�o�l�)� �i�n� �1�-�b�u�t�a�n�o�l� �(�4�5�0� �m�L�)� �w�a�s� �m�i�x�e�d� 

�w�i�t�h� �N�a�O�H� �(�9�.�1�0� �g�,� �0�.�2�2�8� �m�o�l�)� �i�n� �H�9�O� �(�1�0� �m�L�)� �i�n� �a� �2�-�L� �3�-�n�e�c�k�e�d� �f�l�a�s�k� 

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

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

�(�5�0�.�2� �g�,� �0�.�1�0�0� �m�o�l�)� �i�n� �1�,�4�-�d�i�o�x�a�n�e�/�1�-�b�u�t�a�n�o�l� �(�3�:�2�/�v�:�v�)� �m�i�x�t�u�r�e� �(�5�0�0� �m�L�)� 

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

�2�0� �h�o�u�r�s�.� 

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

�p�r�e�c�i�p�i�t�a�t�e�s� �(�N�a�O�T�s� �a�n�d� �s�o�m�e� �o�t�h�e�r� �1�-�b�u�t�a�n�o�l� �i�n�s�o�l�u�b�l�e� �b�y�-�p�r�o�d�u�c�t�s�)� 
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�w�e�r�e� �f�i�l�t�e�r�e�d� �a�n�d� �d�i�s�c�a�r�d�e�d�.� �T�h�e� �f�i�l�t�r�a�t�e� �w�a�s� �r�o�t�a�r�y� �e�v�a�p�o�r�a�t�e�d� �d�o�w�n� �t�o� �a� 

�b�r�o�w�n� �s�o�l�i�d� �(�5�0�.�0� �g�)�.� �T�h�e� �s�o�l�i�d� �w�a�s� �d�i�s�s�o�l�v�e�d� �i�n� �m�e�t�h�y�l�e�n�e� �c�h�l�o�r�i�d�e� �(�1�0�0� 

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

�a�c�e�t�a�t�e� �t�o� �r�e�m�o�v�e� �s�o�m�e� �i�m�p�u�r�i�t�i�e�s�.� �A� �l�i�g�h�t� �b�r�o�w�n� �s�o�l�i�d� �(�2�5�.�0� �g�)� �w�a�s� 

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

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

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

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

�B�P�P�3�4�C�1�0� �e�l�u�t�e�d� �n�e�x�t�.� �R�e�c�r�y�s�t�a�l�l�i�z�a�t�i�o�n� �f�r�o�m� �t�o�l�u�e�n�e�/�n�-�h�e�x�a�n�e� 

�(�3�:�2�/�v�:�v�)� �m�i�x�t�u�r�e� �g�a�v�e� �c�l�e�a�r� �c�r�y�s�t�a�l�l�i�n�e� �B�P�P�3�4�C�1�0� �(�2�.�8�5� �g�)�,� �w�h�i�c�h� �w�a�s� 

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

�Y�i�e�l�d�:� �1�0�.�5�%�;� �m�.�p�.� �9�5�.�0� �-� �9�6�.�8�°�C� �(�r�e�p�o�r�t�e�d�2�2�:� �9�3�.�5� �-� �9�4�.�0�°�C�)�;� �F�T�I�R� 

�(�v�/�m�a�x�,�c�m�-�1�!�)�:� �2�9�6�0�,� �2�9�2�0�,� �1�5�0�9�,� �1�4�6�0�,� �1�3�4�9�,� �1�3�4�1�,� �1�3�1�0�,� �1�3�0�0�,� �1�2�3�5�,� 

�1�1�4�0�,� �1�1�2�0�,� �1�1�0�5�,� �1�0�7�7�,� �1�0�3�8�,� �9�7�5�,� �9�5�0�,� �9�0�1�,� �8�3�3�,� �7�4�5�,� �5�1�4�;� �!�H�-�N�M�R� 

�(�c�h�l�o�r�o�f�o�r�m�-�d�/�T�M�S�,� �p�p�m�)�:� �3�.�7�0� �(�m�,� �1�6� �H�,� �-�O�C�H�g�C�H�g�O�C�H�9�C�H�9�0�-�)�,� �3�.�8�0� 

�(�m�,� �8� �H�,� �a�r�o�m�.�-�O�C�H�2�C�H�9�0�-�a�l�i�p�h�.�)�,� �4�.�0�0� �(�m�,� �8� �H�,� �a�r�o�m�.�-�O�C�H�9�C�H�9�0�-� 

�a�l�i�p�h�.�)�,� �6�.�7�5� �(�s�,� �8� �H�,� �a�r�o�m�.�)�.� 

�I�I�-�5�-�8�-�4�:� �T�e�m�p�l�a�t�e� �O�n�e�-�s�t�e�p� �R�o�u�t�e� �(�S�c�h�e�m�e� �I�I�-�1�2�)� 

�H�y�d�r�o�q�u�i�n�o�n�e� �(�1�1�.�1� �g�,� �0�.�1�0�0� �m�o�l�)� �i�n� �1�-�b�u�t�a�n�o�l� �(�4�5�0� �m�L�)� �w�a�s� �m�i�x�e�d� 

�w�i�t�h� �N�a�O�H� �(�9�.�1�0� �g�,� �0�.�2�2�8� �m�o�l�)� �i�n� �H�9�0� �(�1�0� �m�L�)� �i�n� �a� �2�-�L� �3�-�n�e�c�k�e�d� �f�l�a�s�k� 

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

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

�(�5�0�.�2� �g�,� �0�.�1�0�0� �m�o�l�)� �a�n�d� �C�s�9�C�O�g� �(�3�2�.�6� �g�,� �0�.�1�0�0� �m�o�l�)� �i�n� �1�,�4�-�d�i�o�x�a�n�e�/�1�-� 

�b�u�t�a�n�o�l� �(�3�:�2�/�v�:�v�)� �m�i�x�t�u�r�e� �(�5�0�0� �m�L�)� �w�e�r�e� �a�d�d�e�d� �i�n�t�o� �t�h�e� �f�l�a�s�k�.� �T�h�e� 
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�m�i�x�t�u�r�e� �w�a�s� �s�t�i�r�r�e�d� �f�o�r� �2�0� �h�o�u�r�s� �a�t� �r�e�f�l�u�x�.� 

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

�i�n� �o�n�e�-�s�t�e�p� �r�o�u�t�e� �d�e�s�c�r�i�b�e�d� �a�b�o�v�e�.� �B�P�P�3�4�C�1�0� �w�a�s� �o�b�t�a�i�n�e�d� �a�s� �c�l�e�a�r� 

�c�r�y�s�t�a�l�s� �(�3�.�3�5� �g�)�.� 

�Y�i�e�l�d�:� �1�2�.�5�%�;� �M�e�l�t�i�n�g� �p�o�i�n�t�,� �F�T�I�R� �a�n�d� �!�H�-�N�M�R� �r�e�s�u�l�t�s� �w�e�r�e� �t�h�e� 

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

�I�I�-�5�-�9�:� �S�Y�N�T�H�E�S�I�S� �O�F� �B�P�P�3�2�C�4� 

�H�y�d�r�o�q�u�i�n�o�n�e� �(�1�4�.�7� �g�,� �0�.�1�0�0� �m�o�l�)� �i�n� �1�-�b�u�t�a�n�o�l� �(�4�5�0� �m�L�)� �w�a�s� �m�i�x�e�d� 

�w�i�t�h� �N�a�O�H� �(�9�.�1�0� �g�,� �0�.�2�2�8� �m�o�l�)� �i�n� �H�g�O� �(�2�0� �m�L�)� �i�n� �a� �2�-�L� �3�-�n�e�c�k�e�d� �f�l�a�s�k� 

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

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

�0�.�1�0�0� �m�o�l�)� �i�n� �1�-�b�u�t�a�n�o�l�/�1�,�4�-�d�i�o�x�a�n�e� �(�3�:�2�/�v�:�v�)� �m�i�x�t�u�r�e� �(�5�0�0� �m�L�)� �w�a�s� 

�a�d�d�e�d� �i�n�t�o� �t�h�e� �f�l�a�s�k�.� �T�h�e� �r�e�a�c�t�i�o�n� �m�i�x�t�u�r�e� �w�a�s� �s�t�i�r�r�e�d� �f�o�r� �2�0� �h�o�u�r�s� �a�t� 

�r�e�f�l�u�x�.� 

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

�i�n� �t�h�e� �o�n�e�-�s�t�e�p� �s�y�n�t�h�e�s�i�s� �o�f� �B�P�P�3�4�C�1�0�.� �B�P�P�3�2�C�4� �w�a�s� �o�b�t�a�i�n�e�d� �a�s� �w�h�i�t�e� 

�c�r�y�s�t�a�l�s� �(�1�.�3�0� �g�)�.� 

�Y�i�e�l�d�:� �7�.�5�%�;� �m�.�p�.� �1�0�1�.�5� �-� �1�0�2�.�0�°�C�;� �!�H�-�N�M�R� �(�F�i�g�u�r�e� �I�I�-�1�1�,� 
�c�h�l�o�r�o�f�o�r�m�-�d�/�T�M�S�,� �p�p�m�)�:� �1�.�2�9� �(�s�,� �1�6� �H�,� �-�O�C�H�g�C�H�g�C�H�9�-�(�C�H�9�)�4�-� 

�C�H�g�C�H�2�C�H�9�0�-�)�,� �1�.�4�1� �(�m�,� �8� �H�,� �-�O�C�H�g�C�H�9�C�H�9�-�(�C�H�2�)�4�-�C�H�9�C�H�g�C�H�9�0�-�)�,� 

�1�.�7�2� �(�m�,� �8� �H�,� �-�O�C�H�9�C�H�9�C�H�9�-�(�C�H�g�9�)�4�-�C�H�g�C�H�9�C�H�Q�0�-�)�,� �3�.�9�2� �(�t�,� �8� �H�,� �-� 

�O�C�H� �9�C�H�9�2�C�H�9�-�(�C�H�9�)�4�-�C�H�g�C�H�9�g�C�H�9�0�-�)�,� �6�.�8�1� �(�s�,� �8� �H�,� �a�r�o�m�.�)�;� �M�S� �(�F�i�g�u�r�e� 

�8�3



�I�-�1�2�,� �m�/�z�)�:� �E�l�+� �=� �4�9�6�;� �e�l�e�m�e�n�t�a�l� �a�n�a�l�y�s�i�s� �(�%�)�:� �c�a�l�c�u�l�a�t�e�d� �f�o�r� �C�3�9�H�4�g�8�0�4�,� 

�C�:� �7�7�.�3�8�,� �H�:� �9�.�7�4�,� �O�:� �1�2�.�8�8�;� �f�o�u�n�d�:� �C�:� �7�7�.�1�2�,� �H�:� �9�.�6�4�.



�R�E�F�E�R�E�N�C�E�S� 

�1�.� �G�o�k�e�l�,� �G�.� �W�.�;� �K�o�r�z�e�n�i�o�w�s�k�i�,� �S�.� �H�.� �"�M�a�c�r�o�c�y�c�l�i�c� �P�o�l�y�e�t�h�e�r� �S�y�n�t�h�e�s�i�s�"�,� 

�S�p�r�i�n�g�e�r�-�V�e�r�l�a�g�,� �N�e�w� �Y�o�r�k�,� �1�9�8�2�.� 

�2�.� �W�u�,� �C�.�;� �B�h�e�d�a�,� �M�.�;� �L�i�m�,� �C�.�;� �S�h�e�n�,� �Y�.� �X�.�;� �S�z�e�,� �J�.�;� �G�i�b�s�o�n�,� �H�.� �W�.� 

�P�o�l�y�m�.� �C�o�m�m�u�n�.� �1�9�9�1�,� �3�2�,� �2�0�4�.� 

�3�.� �H�a�r�r�i�s�o�n�,� �I�.� �T�.� �J�.� �C�h�e�m�.� �S�o�c�.�,� �P�e�r�k�i�n� �I� �1�9�7�4�,� �3�0�1� 

�4�.� �A�g�a�m�,� �G�,�;� �G�r�a�v�i�e�r�,� �D�.�;� �Z�i�l�k�h�a�,� �A�.� �J�.� �A�m�.� �C�h�e�m�.� �S�o�c�.� �1�9�7�6�,� �9�8�,� �5�2�0�6�.� 

�5�.� �G�i�b�s�o�n�,� �H�.� �W�.�;� �B�h�e�d�a�,� �M�.�;� �E�n�g�e�n�,� �P�.� �T�.�;� �S�h�e�n�,� �Y�.� �X�.�;� �S�z�e�,� �J�.�;� �W�u�,� �C�.�;� 

�S�a�i�k�a�t�,� �J�.�;� �W�a�r�d�,� �T�.� �C�.�;� �L�e�c�a�v�a�l�i�e�r�,� �P�.� �R�.� �M�a�k�r�o�m�o�l�.� �C�h�e�m�.�,� �M�a�c�r�o�m�o�l�.� 

�S�y�m�p�.� �1�9�9�1�,� �4�2�/�4�3�,� �3�9�5�.� 

�6�.� �A�s�h�t�o�n�,� �P�.� �R�.�;� �S�l�a�w�i�n�,� �A�.� �M�.� �Z�.�;� �S�p�e�n�c�e�r�,� �N�.�;� �S�t�o�d�d�a�r�t�,� �J�.� �F�.�;� 

�W�i�l�l�i�a�m�s�,� �D�.� �J�.� �J�.� �C�h�e�m�.� �S�o�c�.�,� �C�h�e�m�.� �C�o�m�m�u�n�.� �1�9�8�7�,� �1�0�6�6�.� 

�7�.� �P�e�d�e�r�s�e�n�,� �C�.� �J�.� �J�.� �A�m�.� �C�h�e�m�.� �S�o�c�.� �1�9�6�7�,� �8�9�,� �7�0�1�7�.� 

�8�.� �D�i�e�t�r�i�c�h�-�B�e�u�c�h�e�c�k�e�r�,� �C�.� �O�.�;� �S�a�u�v�a�g�e�,� �J�.� �P�.�;� �K�i�n�t�z�i�n�g�e�r�,� �J�.� �P�.� 

�T�e�t�r�a�h�e�d�r�o�n� �L�e�t�t�.� �1�9�8�3�,� �2�4�,� �5�0�9�5�.� 

�9�.� �K�y�b�a�,� �E�.� �P�.�;� �H�e�l�g�e�s�o�n�,� �R�.� �C�.�;� �M�a�d�a�n�,� �K�.�;� �G�o�k�e�l�,� �G�.� �W�.�;� �T�a�r�n�o�w�s�k�i�,� �T�.� 

�L�.�;� �M�o�o�r�e�,� �S�.� �S�.�;� �C�r�a�m�,� �D�.� �J�.� �J�.� �A�m�.� �C�h�e�m�.� �S�o�c�.� �1�9�7�7�,� �9�9�,� �2�5�6�4�.� 

�1�0�.� �C�h�é�n�e�v�e�r�t�,� �R�.�;� �D�'�A�s�t�o�u�s�,� �L�.� �J�.� �H�e�t�e�r�o�c�y�c�l�i�c� �C�h�e�m�.� �1�9�8�6�,� �2�3�,� �1�7�8�5�.� 
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�1�1�.� 

�1�2�.� 

�1�3�.� 

�1�4�.� 

�1�5�.� 

�1�6�.� 

�1�7�.� 

�1�8�.� 

�1�9�.� 

�2�0�.� 

�A�l�l�w�o�o�d�,� �B�.� �L�.�;� �S�p�e�n�c�e�r�,� �N�.�;� �S�h�a�h�r�i�a�r�i�-�Z�a�v�a�r�e�h�,� �H�.�;� �S�t�o�d�d�a�r�t�,� �J�.� �F�.�;� 

�W�i�l�l�i�a�m�s�,� �D�.� �J�.� �J�.� �C�h�e�m�.� �S�o�c�.�,� �C�h�e�m�.� �C�o�m�m�u�n�.� �1�9�8�7�,� �1�0�6�1�.� 

�T�h�o�m�p�s�o�n�,� �M�.� �D�.�;� �B�r�a�d�s�h�a�w�,� �J�.� �S�.�;� �N�i�e�l�s�e�n�,� �S�.� �F�.�;� �B�i�s�h�o�p�,� �C�.� �T�.�;� 

�C�o�x�,� �F�.� �T�.�;� �F�o�r�e�,� �P�.� �E�.�;� �M�a�a�s�,� �G�.� �E�.�;� �I�z�a�t�t�,� �R�.� �M�.�;� �C�h�r�i�s�t�i�n�a�s�e�n�,� �J�.� �J�.� 

�T�e�t�r�a�h�e�d�r�o�n� �1�9�7�7�,� �3�3�1�7�.� 

�N�e�w�k�o�m�e�,� �G�.� �R�.�;� �N�a�y�a�k�,� �A�.�;� �M�c�C�l�u�r�e�,� �G�.� �L�.�;� �D�a�n�e�s�h�-�K�h�o�s�h�b�o�o�,� �F�.�;� 

�B�r�o�u�s�s�a�r�d�-�S�i�m�p�s�o�n�,� �J�.� �J�.� �O�r�g�.� �C�h�e�m�.� �1�9�7�6�,� �4�2�,� �1�5�0�0�.� 

�O�u�c�h�i�,� �M�.�;� �I�n�o�u�e�,� �Y�.�;� �K�a�n�z�a�k�i�,� �T�.�;� �H�a�k�u�s�k�i�,� �T�.� �J�.� �O�r�g�.� �C�h�e�m�.� �1�9�8�4�,� 

�4�9�,� �1�4�0�8�.� 

�L�a�i�d�l�e�r�,� �D�.� �A�.�;� �S�t�o�d�d�a�r�t�,� �J�.� �F�.� �i�n� �"�T�h�e� �C�h�e�m�i�s�t�r�y� �o�f� �E�t�h�e�r�s�,� �C�r�o�w�n� 

�E�t�h�e�r�s�,� �H�y�d�r�o�x�y�l� �G�r�o�u�p�s� �a�n�d� �T�h�e�i�r� �S�u�l�p�h�u�r� �A�n�a�l�o�g�u�e�s�"�,� �E�d�i�t�e�d� �b�y� �S�.� 

�P�a�t�a�i�,� �J�o�h�n� �W�i�l�e�y� �&� �S�o�n�s�,� �N�e�w� �Y�o�r�k�,� �1�9�8�0�,� �p�1�.� 

�V�i�t�a�l�i�,� �C�.� �A�.�;� �M�a�s�c�i�,� �B�.� �T�e�t�r�a�h�e�d�r�o�n� �1�9�8�9�,� �4�5�,� �2�2�0�1�.� 

�V�i�t�a�l�i�,� �C�.� �A�.�;� �M�a�s�c�i�,� �B�.� �T�e�t�r�a�h�e�d�r�o�n� �1�9�8�9�,� �4�5�,� �2�2�1�3�.� 

�R�e�i�n�h�o�u�d�t�,� �D�.� �N�.�;� �G�r�a�y�,� �R�.� �T�.�;� �S�m�i�t�,� �C�.� �J�.�;� �V�e�e�n�s�t�r�a�,� �M�s�.� �I�.� 

�T�e�t�r�a�h�e�d�r�o�n� �1�9�7�6�,� �3�2�,� �1�1�6�1�.� 

�W�u�,� �C�.� �L�e�c�a�v�a�l�i�e�r�,� �P�.� �R�.�;� �S�h�e�n�,� �Y�.� �X�.�;� �G�i�b�s�o�n�,� �H�.� �W�.� �C�h�e�m�.� �M�a�t�e�r�.� 

�1�9�9�1�,� �3�,� �5�6�9�.� 

�E�n�g�e�n�,� �P�.� �T�.� �P�h�D� �D�i�s�s�e�r�t�a�t�i�o�n� �1�9�9�1�,� �V�i�r�g�i�n�i�a� �P�o�l�y�t�e�c�h�n�i�c� �I�n�s�t�i�t�u�t�e� 

�a�n�d� �S�t�a�t�e� �U�n�i�v�e�r�s�i�t�y�.� 
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�2�1�.� 

�2�2�.� 

�2�3�.� 

�2�4�.� 

�2�5�.� 

�2�6�.� 

�2�7�.� 

�2�8�.� 

�H�e�l�g�e�s�o�n�,� �R�.� �G�.�;� �T�i�m�k�o�,� �J�.� �M�.�;� �C�r�a�m�,� �D�.� �J�.� �J�.� �A�m�.� �C�h�e�m�.� �S�o�c�.� �1�9�7�3�,� 

�9�6�,� �7�3�8�0�.� 

�H�e�l�g�e�s�o�n�,� �R�.� �C�.�;� �T�a�r�n�o�w�s�k�i�,� �T�.� �L�.�;� �T�i�m�k�o�,� �J�.� �M�.�;� �C�r�a�m�,� �D�.� �J�.� �J�.� �A�m�.� 

�C�h�e�m�.� �S�o�c�.� �1�9�7�7�,� �9�9�,� �6�4�1�1�.� 

�A�l�l�w�o�o�d�,� �B�.� �L�.�;� �S�p�e�n�c�e�r�,� �N�.�;� �S�h�a�h�r�i�a�r�i�-�Z�a�v�a�r�e�h�,� �H�.�;� �S�t�o�d�d�a�r�t�,� �J�.� �F�.�;� 

�W�i�l�l�i�a�m�s�,� �D�.� �J�.� �J�.� �C�h�e�m�.� �S�o�c�.�,� �C�h�e�m�.� �C�o�m�m�u�n�.� �1�9�8�7�,� �1�0�6�1�,� �T�h�e� 

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

�P�e�r�r�y� �e�t� �a�l�.� �C�a�n�.� �J�.� �R�e�s�.� �1�9�3�6�,� �1�4�,� �7�7�.� 

�B�a�r�t�s�c�h�,� �R�.�;� �C�a�s�o�n�,� �C�.� �V�.�;� �C�z�e�c�h�,� �B�.� �P�.� �J�.� �O�r�g�.� �C�h�e�m�.� �1�9�8�9�,� �5�4�,� �8�5�7�.� 

�A�l�d�r�i�c�h� �c�a�t�a�l�o�g� �1�9�9�0� �-� �1�9�9�1�.� 

�L�i�m�.� �C�.� �M�S� �T�h�e�s�i�s� �1�9�9�1�,� �V�i�r�g�i�n�i�a� �P�o�l�y�t�e�c�h�n�i�c� �I�n�s�t�t�i�t�u�t�e� �a�n�d� �S�t�a�t�e� 

�U�n�i�v�e�r�s�i�t�y�.� 

�"�C�R�C� �H�a�n�d�b�o�o�k� �o�f� �D�a�t�a� �f�o�r� �O�r�g�.� �C�o�m�p�.�"�,� �E�d�i�t�e�d� �b�y� �W�e�a�s�t�,� �R�.� �C�.�:�:� 

�G�r�a�s�s�e�l�l�,� �J�.� �G�.�,� �2�n�d� �E�d�.�,� �C�R�C� �P�r�e�s�s�,� �B�o�c�a� �R�a�t�o�n�,� �F�l�o�r�i�d�a�,� �1�9�8�9�,� �V�o�l�.� 

�V�,� �p�3�4�1�8�.� 
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�S�c�h�e�m�e� �I�I�-�1�:� �E�x�a�m�p�l�e� �o�f� �"�V�"� �M�e�t�h�o�d� 
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�C�H�A�P�T�E�R� �I�I�T�:� 

�M�O�N�O�F�U�N�C�T�I�O�N�A�L�I�Z�E�D� �T�R�I�A�R�Y�L� 
�D�E�R�I�V�A�T�I�V�E�S� 

�(�B�L�O�C�K�I�N�G� �G�R�O�U�P�S�)� 

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

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

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

�t�h�r�e�a�d�e�d� �c�y�c�l�i�c�s�.� 

�I�i�I�-�1�:�;� �D�E�S�I�G�N� �A�N�D� �U�S�E� �O�F� �B�L�O�C�K�I�N�G� �G�R�O�U�P�S� 

�I�I�-�1�-�1�:� �D�E�S�I�G�N� �C�O�N�C�E�P�T�S� 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�r�e�p�o�r�t�e�d� �t�h�a�t� �t�h�e� �h�y�d�r�o�c�a�r�b�o�n� �m�a�c�r�o�c�y�c�l�e�s� �w�i�t�h� �m�o�r�e� �t�h�a�n� �2�9� �m�e�t�h�y�l�e�n�e� 

�u�n�i�t�s� �c�a�n� �p�a�s�s� �o�v�e�r� �t�h�e� �t�r�i�t�y�l� �e�n�d� �b�l�o�c�k�e�r� �a�t� �1�2�0�°�C�;�2� �t�h�e� �o�n�e� �w�i�t�h� �2�8� 

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

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

�h�y�d�r�o�c�a�r�b�o�n� �m�a�c�r�o�c�y�c�l�e� �w�i�t�h� �m�e�t�h�y�l�e�n�e� �u�n�i�t�s� �l�e�s�s� �t�h�a�n� �3�4� �a�t� �2�5�0�°�C�;� 

�u�n�f�o�r�t�u�n�a�t�e�l�y� �n�o� �l�a�r�g�e�r� �r�i�n�g�s� �w�e�r�e� �t�e�s�t�e�d�.�3� �I�t� �s�e�e�m�s� �t�h�a�t� �t�h�e�r�e� �h�a�v�e� 

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

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

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

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

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

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

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

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

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

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

�1� �a�n�d� �I�I�-�2�,� �r�e�s�p�e�c�t�i�v�e�l�y�,� �w�h�e�r�e� �t�h�e� �s�o�l�i�d� �b�a�l�l� �r�e�p�r�e�s�e�n�t� �a� �b�u�l�k�y� �g�r�o�u�p�.� 

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

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

� � � 

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

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

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

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

�I�l�!�-�1�-�2�:� �U�S�E� �O�F� �B�L�O�C�K�I�N�G� �G�R�O�U�P�S� 

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

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

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

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

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

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

�1�1�9



�t�h�e� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �a�s� �r�e�p�r�e�s�e�n�t�e�d� �b�y� �S�c�h�e�m�e� �I�I�I�-�1�.� �P�o�l�y�r�o�t�a�x�a�n�e�s� 

�r�e�s�u�l�t�i�n�g� �f�r�o�m� �t�h�i�s� �m�e�t�h�o�d� �h�a�v�e� �s�c�h�e�m�a�t�i�c� �s�t�r�u�c�t�u�r�e� �I�-�1�2�a�.� 

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

�t�h�e� �p�o�l�y�m�e�r�i�z�a�t�i�o�n�s� �a�s� �s�h�o�w�n� �b�y� �S�c�h�e�m�e� �I�I�I�-�2�.� �I�n� �t�h�a�t� �c�a�s�e�,� �b�l�o�c�k�i�n�g� 

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

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

�1�2�b�.� 

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

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

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

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

�I�i�I�-�2�:� �R�E�S�U�L�T�S� �A�N�D� �D�I�S�C�U�S�S�I�O�N� 

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

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

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

�s�y�n�t�h�e�s�i�s� �o�f� �m�o�n�o�m�e�r�i�c� �r�o�t�a�x�a�n�e�s�.�3� �B�u�t� �h�e� �d�i�d� �n�o�t� �r�e�p�o�r�t� �t�h�e� 

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

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

�s�y�n�t�h�e�s�e�s� �o�f� �a�l�k�y�l� �s�u�b�s�t�i�t�u�t�e�d� �h�e�x�a�a�r�y�l�e�t�h�a�n�e�s�.�4� �T�h�e�y� �p�r�e�p�a�r�e�d� �t�h�e� 

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

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

�2�1�2� �-� �2�1�3�°�C� �i�n� �a�b�o�u�t� �4�0�%� �y�i�e�l�d� �f�r�o�m� �t�h�e� �r�e�a�c�t�i�o�n�.� �U�n�f�o�r�t�u�n�a�t�e�l�y� �d�i�-�(�p�-�t�-� 

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

�d�a�t�a� �w�a�s� �r�e�p�o�r�t�e�d�.� 

�I�l�l�-�3�a�:� �R�'� �=� �H�,� �R� �=� �(�C�H�g�)�3�,� �X� �=� �O�H� 
�I�l�-�3�b�:� �R�'� �=� �H�,� �R� �=� �(�C�H�9�g�)�3�,� �X� �=� �C�l� 

�I�i�l�-�3�c�:� �R�'� �=� �H�,� �R� �=� �(�C�H�9�)�3�,� �X�=�!� 

�I�l�I�-�3�d�:� �R�'� �=� �H�,� �R� �=� �(�C�H�9�)�g�,� �X� �=� �O�H� 

�I�i�I�-�3�e�:� �R�'� �=� �H�,� �R� �=� �(�C�H�g�)�g�,� �X� �=� �C�l� 

�I�i�I�-�3�f�:� �R�'� �=� �H�,� �R� �=� �(�C�H�g�)�g�,� �X� �=�!� 

�I�l�I�-�3�g�:� �R�'� �=� �H�,� �R� �=� �p�-�C�g�H�y�4�,� �X� �=� �O�H� 

�I�l�I�-�3�h�:� �R�'� �=� �t�-�b�u�t�y�l�,� �R� �=� �p�-�C�g�H�4�,� �X� �=� �O�H� 

�I�l�I�-�3�i�:� �R�'� �=� �t�-�b�u�t�y�l�,� �R� �=� �p� �C�g�H�g�O�C�H�2�C�H�2�Z�O�C�H�9�2�C�H�g�9�,� �X� �=� �O�H� 

�I�i�I�-�3�j�:� �R�'� �=� �t�-�b�u�t�y�l�,� �R� �=� �p� �C�g�e�H�4�O�C�H�9�-�p�-�C�g�H�4�C�H�g�,� �X� �=� �B�r� 
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�A�c�c�o�r�d�i�n�g� �t�o� �M�a�r�v�e�l� �e�t� �a�l�,� �a� �b�u�l�k�y� �t�r�i�a�r�y�l� �g�r�o�u�p� �c�a�n� �b�e� �b�u�i�l�t� �u�p� �b�y� 

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

�W�i�t�h� �t�h�i�s� �p�r�i�n�c�i�p�l�e�,� �I� �s�y�n�t�h�e�s�i�z�e�d� �s�e�r�i�e�s� �I�I�-�3� �s�t�a�r�t�i�n�g� �f�r�o�m� �t�h�e� �G�r�i�g�n�a�r�d� 

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

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

�I�l�I�-�2�-�1�;�:� �G�R�I�G�N�A�R�D� �R�E�A�C�T�I�O�N�S� 

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

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

�S�c�h�e�m�e� �I�I�I�-�3�.� �A�n� �a�t�t�e�m�p�t� �w�a�s� �f�i�r�s�t� �m�a�d�e� �w�i�t�h� �e�t�h�y�l� �e�t�h�e�r� �a�s� �s�o�l�v�e�n�t� 

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

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

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

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

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

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

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

�s�h�o�w�n� �i�n� �S�c�h�e�m�e� �I�I�I�-�4�.� �F�i�r�s�t�,� �t�h�e� �G�r�i�g�n�a�r�d� �r�e�a�g�e�n�t� �a�t�t�a�c�k�e�d� �t�h�e� �c�a�r�b�o�n�y�l� 

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

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

�r�e�a�c�t�i�o�n� �g�a�v�e� �8�0�%� �-� �9�0�%� �y�i�e�l�d�s�.� �A� �m�a�j�o�r� �b�y�-�p�r�o�d�u�c�t� �w�a�s� �a� �f�l�u�o�r�e�s�c�e�n�t� 

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

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

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