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ABSTRACT 

SYNTHESIS AND CHARACTERIZATION OF NOVEL MOLECULAR 

ARCHITECTURES: POLYROTAXANES AND CATENANES 

Polyrotaxanes are novel polymer architectures consisting of 

two components. One component is the macrocycle consisting of 24- 

60 atoms; it is threaded by the second component, i.e., the linear 

backbone polymer. Combination of a variety of macrocycles and 

linear polymers could be used to obtain desired end use properties. 

The macrocycles prepared in this investigation are (i) cyclic 

polystyrene by anionic polymerization (ii) crown ethers such as 30- 

crown-10 and 60-crown-20 and (iii) bipyridyl (ionic) macrocycle 

BP-28-Nt,, a tetra cationic macrocycle for use in the template 

threading method. 

The linear species used for this investigation are (i) liquid 

cryStalline polyesters (ii) linear polystyrene, (iii) polyaramides, all 

made by polymerization in the presence of the cyclic species and (iv) 

preformed polymers such as polybutadiene and poly(tetrahydrofuran) 

of various molecular weights and (v) small molecules such as 1,8- 

octanedio! and 4,4'-biphenol. 

Rotaxanes and polyrotaxanes of small molecules, preformed 

polymers and polymers have been synthesized using crown ethers. 

As high as 50 weight % macrocycles has been incorporated into the 

polymers. It was found that threading of polymeric species proceeds 

more efficiently than small molecules. Further, it was found that 

solubility and thermal properties were altered considerably by 

incorporation of macrocycles. Polyaramide rotaxanes showed 

 



interplay of intermolecular and intraannular hydrogen bonding 

interactions resulting in behavior analogous to thermosetting 

polymers. . In the syntheses of polyrotaxanes of polystyrene by 

anionic polymerization, various factors such as the nature of the 

solvent, the polymerization temperature, etc., highly influenced the 

threading yields of the crown ether macrocycles. 

Various factors such as size of the macrocycle, length of the 

linear chain, polarity, compatibility and flexibility or rigidity of 

two components can play important roles in threading yields. These 

are discussed in the light of experimental results. 

Microstructure of Polystyrene 

Model studies of end capping of living polystyryl anions, with 

and without oa-methylstyrene at the chain ends, with 

chlorotrimethylsilane and chloromethyl methyl ether were done. In 

1H NMR spectra multiple peaks for -Si(CH3)3 and -CH2-O-CH3 group 

protons were observed. However, -Si(CH3)3 peak patterns for 

polymers with and without a-methylstyrene at the chain ends were 

quite different. Trimethylsilyl end group protons and methine or 

methylene protons of the polystyrene chain were not coupled as 

determined by decoupling experiments. Various parameters such as 

initiator, solvent, temperature and molecular weights did not change 

the peak pattern. This study indicates that the multiple peaks are 

due to stereoisomerism at the chain ends. Due to steric factors 

selective stereoisomer formation is indicated when a- 

methylstyrene is the terminal unit before end capping. Further, the 

chain end tacticities correspond to bulk tacticities and statistical 

analyses of multiple peaks gave P, = 0.55, which is consistent with 

the reported values for anionically prepared polystyrene. These 

results from the proton nmr analyses were confirmed by integration 

values of end groups in carbon nmr. Thus, end group spectroscopy 

provides a means of determining bulk tacticity.
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1.1 Introduction 

The increasing use of synthetic polymers by industrialists and 

engineers to replace or supplement more traditional materials has 

stimulated the research for even more versatile polymeric 

structures covering a wide range of properties. To exploit the 

existing technologies as well as to search efficiently, fundamental 

knowledge of structure-property relationships has been and is being 

studied extensively. The structure-property relationships can be 

dealt with under two broad topics: (i) Chemical aspects of polymers 

and (ii) Architectural aspects of the polymers (1a). 

(i) Chemical Aspects: These deal with information on the 

molecular structure of the macromolecules, including the type of 

monomer repeat units constituting the chain and the parameters 

which relates ultimately to the 3-dimensional aggregate structures 

and physical properties. The solubility properties as well as bulk 

properties of macromolecules such as glass transition temperature, 

melting temperatures, crystallinity, modulus depend primarily on 

the chain flexibility, chain symmetry and_ intermolecular 

interactions which, in turn, mainly depend on the chemical nature of 

the macromolecules. 

(ii) Architectural aspects: These are concerned with the chain as 

a whole. Macromolecules in different architectural arrangements 

(topology) have considerably different properties, for e.g., linear 

polymers vs networks, branched and cyclic polymers as well as 

block and graft copolymers. 

In the following discussion, architectural aspects and the 

resulting changes in the properties of the polymers are outlined. 

1.2 Polymer Topology 

Scheme I-1 shows polymers of different architectures. The 

structures represented here are of current commercial and academic 

interest.



Scheme I-1 Polymer Topologies 

I Cyclic Polymers (No Chain Ends) 

II Linear Polymers (Two Chain Ends) 

Homopolymers 

Random copolymers 

Block copolymers (Di-, Tri-) 

Segmented Copolymers 

III Branched Polymers 

(More than Two Ends) 

Star Polymers (Homo- or Block-) 

Randomly Branched Polymers 

Graft/Comb Polymers 
(Long Chain- & 
Short Chain- Branching) 

IV. Network Polymers 

(One Enormous Molecule) 

K 
He 

 



Polymer classes are listed in the order of increasing number of 

chain ends except the network polymer which represents one 

enormous molecule with relatively few chain ends. Cyclic polymers 

(Chapter V) represent an extreme case of the broad spectrum of 

polymer architectures and have no chain ends. Each class of polymer 

has its unique properties. The unique properties of cyclic polymers 

include lower hydrodynamic volumes, lower melt viscosities, higher 

glass transition temperatures at low molecular weights, and low 

frictional coefficients compared to linear counterparts of similar 

molecular weights. 

The importance of block copolymers can be realized from the 

fact that depending upon the arrangement of the blocks, 

compatibility and their crystalline tendencies (Tg and Tm), more 

versatile high tensile strength materials usable in a relatively 

larger temperature window than the random copolymer can be 

produced. Such block copolymers show microphase separation in 

which glassy or crystalline blocks tend to aggregate in domains and 

serve to anchor the elastomeric blocks and act as effective physical 

Cross-linking points. These physical crosslinks are reversible. 

Examples of such thermoplastic elastomers include polyurethanes 

and polystyrene-polydiene block copolymers (1b). 

Block and graft copolymers are also used as_ blend 

compatibilizers for two incompatible homopolymers’ if the 

respective blocks are compatible with the homopolymers of the 

blend (1c). 

In branched polymers, typically, the main chain is the longest 

chain with either short or long chains as pendant chains. If the 

branches of the main chain are themselves branched, then this is 

known as series branching. With very extensive series branching, 

the polymer has a kind of fir-tree shaped structure (2a). 

Star-shaped polymer have branches of almost equal length 

radiating out from a single branch point and are characterized by 

lower hydrodynamic volume due to their lower radius of gyration. 

This is reflected in the solution properties of the polymer, such as 

4



lower intrinsic viscosity (by ca. 23-38 %) depending on the number 

of branches. Further, the branches of the star polymer could be 

homopolymeric or diblock copolymeric (2b). 

Graft polymers are branched polymers whereby the branches 

have constitution which differs from that of the primary or 

backbone chain (graft base). The graft copolymers are a subgroup in 

which grafted branches may contain more than one type of monomer 

repeat unit. Comb shaped polymers, on the other hand, contain 

branches of generally equal length joined more or less equidistantly 

along the main. chain. Depending on the compatibility, and 

crystalline tendencies of the grafts and the graft base, phase 

separated morphologies analogous to the block copolymers and the 

resultant improvement in the properties can be obtained. One of the 

important uses of grafting is improved hydrophillicity of the graft 

base by grafting hydrophilic grafts (1c). 

Polyethylene is a good example of branching in polymers (1d). 

In branched polyethylene, the density and Tm are lower than for the 

linear counterpart. If a chain is substantially branched, the packing 

efficiency deteriorates and the crystalline content is lowered This 

provides a good handle on lowering the crystalline content of the 

polymers. Further, Tg of the polymer is significantly affected, 

depending upon the extent of branching. A small number of branches 

on a polymer chain are found to reduce the value of Tg due to 

increased free volume; however, a high branching density has the 

same effect as side groups in restricting mobility and hence giving 

higher Tg. 

The presence of chemical crosslinks in a polymeric system has 

the effect of increasing Tg, although when the density of crosslinks 

is high the range of transition region is broadened and the glass 

transition may not occur at all. Crosslinking tends to reduce the 

specific volume of the polymer which means that the free volume is 

reduced and the molecular motions become more difficult, so the Tg 

is raised. When the polymer is cross-linked, the dimensional 

Stability, resistance to solvents and heat stability are improved. 

5



Further, the cross-linked thermosetting resins are characterized by 

high modulus, low damping and low creep rate (1e). 

1.3 Polymer Blends 

Another approach to improve the properties of a polymer is 

neither by chemical modification nor by novel polymer architecture, 

but to blend with another polymer, resulting in a physical mixture of 

the polymers (2c). The blended polymers may be homopolymers or 

copolymers or a combination of both. In last two decades, polymer 

blends have gained more importance since a wide variety of 

polymers can be utilized to make polymer blends of desired end use 

property. Further, the cost of developing such blend systems is 

much lower than that for developing new polymers or to produce and 

commercialize a known polymer. The new properties of the blend 

produced such as Tg, Tm, modulus, crystallinity etc., depend on the 

nature and physical state of the original polymer, on the nature, 

physical state and means of processing in the added polymer (or 

additive), on the interaction between polymers, mixing ratio as well 

on the processing steps to which they are subjected. Further, the 

properties derived from such blend systems depend also on the 

microstructure of the resulting blend, i.e., whether the blend is 

homogeneous (single-phase, compatible) or heterogeneous 

(micro/macro-phase separated). Blends can be produced for a 

variety of reasons: to improve mechanical properties, improve 

processibility, improve heat resistance, improve thermo-mechanical 

properties or to produce high performance materials. There are a 

variety of blend systems that are commercialized for use for 

average requirements to high impact strength thermoplastics to 

flame proof materials. 

One of the major problems in the blend approach is the macro- 

phase separation (much larger domain sizes) and non mixing of the 

polymers. Even with detailed structure-property relationships 

coupled with compatibilization and micro-structural studies of 
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polymers, polymer blends with significantly improved properties can 

not be obtained from a wide variety of the polymers. Such examples 

include polyaramides and some nylons. 

1.4  Polyrotaxane Architectures 

To the above list of well studied polymer topologies, we wish 

to add one more type, i.e., poly(rotaxanes). Polyrotaxanes are two 

component systems consisting of low molecular weight oligomeric 

macrocycles threaded onto high molecular weight linear polymers 

such that there is no covalent bond between the linear and the cyclic 

components. The term ‘'rotaxane'’ is derived from the Latin words for 

wheel and axle (3). The linear polymer chains (the axles) may be 

terminated with bulky groups at the chain ends to prevent the 

dethreading of the macrocycle (the wheel), in the absence of any 

interactive forces between the macrocycle and the linear polymer 

chains. Thus, the properties of polyrotaxanes are derived from the 

two components held together not by a chemical bond but by means 

of either attractive intermolecular interactions or by the physical 

barriers to dethreading. Thus, the polyrotaxanes can be compared 

with blend systems where the linear backbone and the macrocycle 

components constitute a physical mixture of the two held together 

by attractive interactions and/or by physical barriers to macro- 

phase separation. Further, polyrotaxane systems may be compared 

to block copolymers where one of the block is covalently bonded to 

either a compatible or non compatible block. In the case of a non- 

compatible block copolymer, typically the result is micro-phase 

separation. In polyrotaxanes, if the macrocycle and the linear 

backbone are not compatible, due to the lack of covalent bond 

between the two and hence relative freedom of the macrocycles on 

the linear chain, macrocycles could move along the chain and result 

in macrocycle aggregation and crystallization as seen in the block 

copolymers. Thus, a variety of possibilities exists in tailoring the 

polyrotaxane structures and the resulting novel polymer



architecture is expected to have interesting solid state and solution 

properties. 

Our objective is to explore as well as exploit physical 

properties resulting from this type of novel polymer architecture. 

Scheme I-2 shows various possible structures for polyrotaxanes. 

The macrocycle can be part of a linear polymer or a pendent group or 

threaded onto the linear polymer, with or without intermittent stops 

on the chains. The purpose of the intermittent stop is to prevent the 

aggregation of macrocycles on the polymer chain. 

Scheme I-2  Polyrotaxane Architecture 

  
As indicated earlier, oligomeric as well as high molecular 

weight cyclic polymers have interesting properties such as lower 

melt and solution viscosities relative to their linear homologues, 

etc; further, oligomeric macrocycles are soluble in most of the 

common organic solvents. A wide range of physical properties of 

practical importance can result from judicious combination of



macrocycle as well as backbone linear polymer constituents. For 

example, the constituents in polyrotaxanes (macrocycle and linear 

chain) could be compatible in order to achieve systems with 

increased or decreased crystallinity, obtain tougher systems by 

introducing intermolecular interactions between macrocycle and the 

chains. Or they could be noncompatible to obtain micro-phase 

separated morphologies. Further, high temperature-high 

performance polymers could be modified to be able to either be melt 

processed or solution processed by incorporating low melting and 

highly soluble low molecular weight cyclics onto the polymer chains. 

Another novel molecular architecture that has been reported in 

the literature is interlocked rings (e.g., Olympic games symbol), 

called catenanes. In catenanes, one or more macrocycles are 

threaded to one parent macrocycle, thus resulting in interlocked 

macrocycles. Formation of a rotaxane structure, i.e., a linear 

species threaded by a macrocycle, is a necessary precursor in the 

synthesis of a catenane. Typically, the word catenane is preceded by 

a number in the square bracket indicating the number of macrocycles 

in the catenane. Included in the following literature review are 

some of the examples of catenanes that relate to rotaxanes. 

1-5 Literature Review of Rotaxane 

A stable union of a linear molecule threaded through a 

macrocycle was first suggested by Frisch and Wasserman (3). The 

term rotaxane was coined by Schill and Zollenkopf in 1967 (4). They 

reported a synthesis of Il-1a and I-2a from corresponding pre- 

rotaxanes I-1b and I-2b (4). They designed a linear backbone as 

well as a macrocycle around a phenyl ring followed by end capping 

the pre-rotaxane. These pre-rotaxanes I-1b and I-2b were then 

converted in to corresponding rotaxanes by bond cleavages. Further 

they reported the synthesis of analogous pre-rotaxane I-3 of twice 

the size (5).



The method used in the synthesis of these rotaxanes is called 

‘Chemical Conversion’, in which a well designed molecule containing 

macrocycle and the linear backbone is chemically converted into 

rotaxane topology. 
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1-3 R = H or COCH; 

The pre-rotaxane I-3 is twice the size of l-1a and I-2a 

rotaxanes and contains two rings. The concept of the size of the end 

blocking group in relation to the macrocycle size is illustrated in 

these examples. In the rotaxane I-1a the tri-substituted benzene 

was used to prevent the dethreading of the macrocycle; however, in 

the other two rotaxanes the trityl group was used. No indication of 

the efficiency of the respective blocking groups is reported. The 

authors reported that in the mass spectrum of I-1a, the parent ion 

peak mass was the sum of the two components and in thin layer 

chromatography, the rotaxane showed behavior different from that 

of a mixture of its components. 

In 1967 (about the same time as Schill et al.) Harrison and 

Harrison reported synthesis of an end capped, monomeric rotaxane 

(6). Their work involved immobilizing a 30-carbon alkane 

macrocycle onto a liquid chromatography column resin via a hydroxyl 

group present on the macrocycle. This column-macrocycle adduct 

was treated with 1,10-decanediol followed by end capping the diol 
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with triphenylmethyl chloride 70 times (to improve the yield) to 

obtain stable rotaxane I-4. The final rotaxane yield was6% . 

To identify the rotaxane produced and confirm the topology, 

they used infrared spectroscopy, chromatographic techniques, 

melting point experiments and recovery of the individual components 

after the cleavage of the ether bonds between 1,10 decane diol and 

the end capped groups. Since the formation of the rotaxane is 

controlled statistically and the macrocycles are relatively small, 

the yields were low for the above synthesis. This statistical 

threading method represents another approach in the synthesis of 

rotaxanes. 
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In his later paper (7), Harrison applied the statistical 

threading method to determine the effect of size of macrocycle in 

the formation and stability of the rotaxanes. A mixture of 
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cycloalkane macrocycles comprising 14-42 carbons and 1,10- 

bis(triphenylmethoxy)decane were heated together at 120 °C, 

forming small equilibrium concentrations of rotaxanes I-5. Stable 

rotaxanes were obtained from the 29 membered macrocycle, while 

unstable rotaxanes (easily dethreadable) of macrocycle sizes 30-32 

were obtained. No rotaxanes were obtained for macrocycle sizes 

14-28. In another similar experiment in the presence of traces of 

acid, which reversibly cleaves the ether linkages to allow threading 

of the macrocycle to take place, stable rotaxanes containing 

macrocycles of sizes 25-29 were obtained, . 

In another similar acid catalyzed statistical synthesis of 

rotaxane I-6 (8), 1,13-di(tris-p-t-butylphenylmethoxy)tridecane 

was used with cycloalkane macrocycles. The yields of the rotaxanes 

increased monotonically from macrocycle size 24 (0.0013 %) to size 

33 (1.6 %), with zero yield for larger ring sizes. 

From the above experiments, Harrison concluded that during 

the statistical synthesis of the rotaxanes, an equilibrium is set up 

between linear backbone and macrocycle, and that the yield of the 

Stable rotaxane depended on the sizes of the macrocycle and the end 

blocking groups. Further, it was shown that the macrocycles 

smaller than 24 atoms were not able to thread on the linear alkane 

backbone due to the small cavity of the macrocycle. It was further 

indicated that the triphenylmethyl blocking group can be squeezed 

through a 29-membered ring, but not through macrocycles of smaller 

sizes; larger macrocycles can freely thread-dethread over the 

blocking group, giving rise to unstable rotaxanes. When the larger 

blocking groups (tris(p-t-butylphenyl)methyl derivatives) were 

used, stable rotaxanes from macrocycles of sizes from 24-34 were 

obtained. 

Rotaxanes were characterized by spectroscopic techniques, 

GPC and selective cleavage of the rotaxanes to isolate individual 

components making up the rotaxanes. In proton nmr spectra, a 

resonance at 1.25 ppm observed for the macrocycle protons of a 1:1 

mixture of the components was shifted to 1.21 ppm for the rotaxane; 
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�r�o�t�a�x�a�n�e� �I�-�1�3�,� �t�h�e� �m�a�c�r�o�c�y�c�l�e� �i�s� �b�l�o�c�k�e�d� �o�n� �t�h�e� �c�h�a�i�n� �b�y� �t�h�e� �l�o�n�g� 

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

�t�r�i�p�h�e�n�y�l�m�e�t�h�a�n�e� �f�o�r� �t�h�e� �2�8� �m�e�m�b�e�r�e�d� �a�l�k�a�n�e� �m�a�c�r�o�c�y�c�l�e�.� 

�1�"� 

�O� �O� �c�a�d�e� �O�}� 

�M�e� �(�C�H�)� �1�o �� �©� �>� �(�C�H�,� �g ��C�- ¬�)� 
�X� 

�(�C�H�2�)�1�0� �-�t� 
�O�H� 

�I�-�1�0� �X� �=� �-� �O�C�;�H�,�O�-� 
�I�-�1�1� �X� �=� �-� �(�C�H�)�)�¢�-� 

�R� 

�B ��0�-� �(�C�H�)� �O�L�}� �-�8�0�4�-� �F�H�C�  ��  ��1�c ��s�0�.�{� �Y ��0�-�(�c�H�,�)�,�-�0�-�8� 
�\� �R� 

�(�C�H�a�)�?� 
�I�-�1�2� �R�=�H� 
�I�-�1�3� �R� �=� �-�(�C�H�)� �,�G�@�H� 

�B ��0�-�(�C�H�p�,�-�0�{�_�) ��8�0�,�-� �F�H� �(�C�H� �H�E ��$�0�; ��{�_�Y ��0�-�(�C�H� �O�-�B� 
�R� �R� �\� 

�(�C�H�i�N� 

�B� �=� �-�C�(�C�5�H�s�)�3� 

�I�-�1�4� �R� �=� �-�(�C�H�,�)�;� �;�C�=�H� 

�B� �=� �-�C�(�C�e�H�s�)�3� 

�I�n� �a� �r�e�c�e�n�t� �p�a�p�e�r� �(�1�4�)�,� �S�c�h�i�l�l� �d�e�s�c�r�i�b�e�s� �t�h�e� �e�f�f�e�c�t� �o�f� 

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

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

�i�n�c�o�r�p�o�r�a�t�i�n�g� �m�a�c�r�o�c�y�c�l�e�s� �o�f� �2�1�-�2�9� �c�a�r�b�o�n�s� �o�n�t�o� �d�o�d�e�c�a�n�e� �e�n�d� 
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�c�a�p�p�e�d� �b�y� �t�r�i�t�y�l� �g�r�o�u�p�s� �w�i�t�h� �s�u�l�f�i�d�e� �l�i�n�k�a�g�e�s� �i�n� �p�r�e�s�e�n�c�e� �o�f� �p�-� 

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

�m�a�c�r�o�c�y�c�l�e� �s�i�z�e� �2�1� �(�0�.�3�5� �%�)� �t�o� �m�a�c�r�o�c�y�c�l�e� �s�i�z�e� �2�9� �(�6�.�8� �%�)�.� �T�h�e� 

�e�f�f�e�c�t� �o�f� �l�e�n�g�t�h� �o�f� �l�i�n�e�a�r� �c�h�a�i�n� �w�a�s� �s�t�u�d�i�e�d� �b�y� �a�n� �a�l�k�a�n�e� �c�h�a�i�n� �o�f� 
�1�0�-�3�8� �c�a�r�b�o�n�s� �e�n�d� �b�l�o�c�k�e�d� �b�y� �t�r�i�t�y�l� �g�r�o�u�p�s� �u�s�i�n�g� �t�h�e� �2�9�-�c�a�r�b�o�n� 

�a�l�k�a�n�e� �m�a�c�r�o�c�y�c�l�e�.� �T�h�e� �t�h�r�e�a�d�i�n�g� �y�i�e�l�d�s� �w�e�r�e� �f�o�u�n�d� �t�o� �i�n�c�r�e�a�s�e� 
�w�i�t�h� �c�h�a�i�n� �l�e�n�g�t�h� �o�f� �1�0� �c�a�r�b�o�n�s� �(�4�.�5� �%�)� �t�o� �3�8� �c�a�r�b�o�n�s� �(�1�1�.�3� �%�)�.� 

�V�e�r�y� �f�e�w� �e�x�a�m�p�l�e�s� �o�f� �p�o�l�y�m�e�r�i�c� �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� 

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

�f�r�o�m� �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�,� �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� �a�n�d� 

�d�i�b�e�n�z�o�-�c�r�o�w�n� �e�t�h�e�r�s� �o�f� �d�i�f�f�e�r�e�n�t� �s�i�z�e�s� �(�1�0�)�.� �T�h�e� �e�f�f�e�c�t� �o�f� �t�h�e� 

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

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

�s�t�u�d�i�e�d� �a�n�d� �m�a�x�i�m�u�m� �t�h�r�e�a�d�i�n�g� �y�i�e�l�d�s� �a�s� �e�x�p�r�e�s�s�e�d� �i�n� �t�e�r�m�s� �o�f� 
�m�a�c�r�o�c�y�c�l�e�s�/�g�l�y�c�o�l� �r�e�p�e�a�t� �u�n�i�t�s� �o�f� �0�.�6�3� �(�i�.�e�.�,� �o�n�e� �m�a�c�r�o�c�y�c�l�e� �p�e�r� 

�e�v�e�r�y� �1�.�6� �r�e�p�e�a�t� �u�n�i�t�)� �w�e�r�e� �o�b�t�a�i�n�e�d� �(�1�0�)�.� �F�u�r�t�h�e�r�,� �n�o� �b�l�o�c�k�i�n�g� 

�g�r�o�u�p�s� �w�e�r�e� �u�s�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�i�s� �a�n�d� �o�v�e�r� �a� �6�0� �d�a�y� 

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

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

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

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

�I�n� �a�n�o�t�h�e�r� �a�t�t�e�m�p�t� �t�o� �s�y�n�t�h�e�s�i�z�e� �p�o�l�y�r�o�t�a�x�a�n�e�,� �p�o�l�y�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� �w�a�s� �d�o�n�e� �b�y� �a�n�i�o�n�i�c� �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� �d�i�b�e�n�z�o�-�5�8� �c�r�o�w�n� �e�t�h�e�r� �f�o�l�l�o�w�e�d� �b�y� �t�e�r�m�i�n�a�t�i�o�n� �w�i�t�h� �t�r�i�t�y�l� �e�n�d� 
�b�l�o�c�k�e�r�s�.� �T�h�e� �o�l�i�g�o�m�e�r�i�c� �r�o�t�a�x�a�n�e� �(�m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �7�0�0�,� �D�P� �=� �1�5�)� 

�o�f� �t�h�e� �s�t�r�u�c�t�u�r�e� �I�-�7�,� �(�X�=�Y�=�8�.�7�,� �Z�=�1�5�)� �w�a�s� �p�r�o�d�u�c�e�d� �i�n� �1�1�.�2� �%� �y�i�e�l�d� 

�(�1�0�)�.� �F�u�r�t�h�e�r�,� �i�t� �h�a�s� �b�e�e�n� �r�e�p�o�r�t�e�d� �t�h�a�t� �6�0� �%� �d�e�t�h�r�e�a�d�i�n�g� �o�c�c�u�r�s� 

�u�p�o�n� �h�e�a�t�i�n�g� �t�h�e� �p�o�l�y�m�e�r� �a�t� �1�5�0� �°�C� �f�o�r� �1�5� �h�o�u�r�s�.� 
�S�y�n�t�h�e�s�i�s� �o�f� �p�o�l�y�r�o�t�a�x�a�n�e�s� �o�f� �p�o�l�y�v�i�n�y�l�i�d�e�n�e� �c�h�l�o�r�i�d�e� �b�y� 

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

�B�-�c�y�c�l�o�d�e�x�t�r�i�n� �b�y� �r�a�d�i�a�t�i�o�n� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �h�a�v�e� �b�e�e�n� �r�e�p�o�r�t�e�d� �(�1�5�)�.� 
�T�h�e� �c�y�c�l�o�d�e�x�t�r�i�n� �c�o�n�t�e�n�t� �i�n� �t�h�e� �p�o�l�y�m�e�r� �w�a�s� �f�o�u�n�d� �t�o� �b�e� �a�b�o�u�t� �8�0� �%� 

�a�n�d� �t�h�e� �s�e�m�i�-�c�r�y�s�t�a�l�l�i�n�e� �p�o�l�y�m�e�r� �(�m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �2�0�,�0�0�0�)� �w�a�s� 
�f�o�u�n�d� �t�o� �b�e� �s�o�l�u�b�l�e� �i�n� �D�M�F� �w�h�i�l�e� �p�o�l�y�v�i�n�y�l�i�d�e�n�e� �c�h�l�o�r�i�d�e� �i�s� �n�o�t�.� 
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�T�h�u�s�,� �s�o�l�u�b�i�l�i�t�y� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �a� �p�o�l�y�m�e�r� �c�a�n� �b�e� �a�l�t�e�r�e�d� �b�y� 

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

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

�c�y�c�l�i�c� �u�r�e�t�h�a�n�e�s� �c�o�m�p�r�i�s�i�n�g� �o�f� �3�4� �a�n�d� �4�0� �a�t�o�m�s� �h�a�v�e� �b�e�e�n� �r�e�p�o�r�t�e�d� 

�(�1�6�)�.� �C�y�c�l�i�c� �u�r�e�t�h�a�n�e� �s�w�o�l�l�e�n� �b�y� �n�e�a�t� �s�t�y�r�e�n�e� �w�a�s� �p�o�l�y�m�e�r�i�z�e�d� 

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

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

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

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

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

�t�h�e� �p�o�l�y�r�o�t�a�x�a�n�e�s� �t�o� �b�e� �i�n�s�o�l�u�b�l�e� �i�n� �b�e�n�z�e�n�e� �o�r� �D�M�S�O�,� �b�o�t�h� �o�f� �w�h�i�c�h� 

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

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

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

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

�a�g�g�r�e�g�a�t�e� �t�o� �f�o�r�m� �o�r�d�e�r�e�d� �_� �r�e�g�i�o�n�s�.� �N�o� �o�t�h�e�r� �d�a�t�a� �o�n� 

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

�R�e�c�e�n�t� �L�i�t�e�r�a�t�u�r�e� �o�n� �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�:� 

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

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

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

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

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

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

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

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

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

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

�c�o�m�p�l�e�x�e�s� �o�f� �a� �v�a�r�i�e�t�y� �o�f� �d�i�b�e�n�z�o�-�c�r�o�w�n� �e�t�h�e�r� �(�I�-�1�5�,� �I�-�1�6�)� �a�n�d� 

�a�n�a�l�o�g�o�u�s� �m�a�c�r�o�c�y�c�l�e�s� �w�i�t�h� �s�m�a�l�l� �m�o�l�e�c�u�l�e�s� �s�u�c�h� �a�s� �[�d�i�q�u�a�t�]�2�+� 
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�(�N�,�N�'�-�d�i�m�e�t�h�y�l�-�2�,�2�'�-�b�i�p�y�r�i�d�y�!�)� �a�n�d� �[�p�a�r�a�q�u�a�t�]�@�+�,� �(�N�,�N�'�-�d�i�m�e�t�h�y�l�-�4�,�4�'�-� 
�b�i�p�y�r�i�d�y�l�)� �(�1�7�-�2�0�)� �i�n� �t�h�e� �m�i�d� �1�9�8�0�'�s�.� �I�t� �w�a�s� �f�o�u�n�d� �t�h�a�t� �d�u�e� �t�o� �t�h�e� 

�h�i�g�h�l�y� �e�l�e�c�t�r�o�n� �d�e�f�i�c�i�e�n�t� �n�a�t�u�r�e� �o�f� �t�h�e� �[�d�i�q�u�a�t�]�2�+� �a�n�d� �[�p�a�r�a�q�u�a�t�]�?� �+� 

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

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

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

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

�I�n� �a�n�o�t�h�e�r� �s�t�u�d�y� �(�2�1�)�,� �S�t�o�d�d�a�r�t� �a�n�d� �c�o�w�o�r�k�e�r�s� �i�n�c�o�r�p�o�r�a�t�e�d� 

�t�w�o� �[�p�a�r�a�q�u�a�t�]�2�+� �m�o�l�e�c�u�l�e�s� �i�n�t�o� �a� �m�a�c�r�o�c�y�c�l�e�,� �b�y� �p�r�e�p�a�r�i�n�g� �a�n� �i�o�n�i�c� 

�b�i�p�y�r�i�d�y�l� �m�a�c�r�o�c�y�c�l�e� �d�e�r�i�v�e�d� �f�r�o�m� �t�w�o� �4�,�4�'�-�b�i�p�y�r�i�d�y�l� �u�n�i�t�s� �j�o�i�n�e�d� �b�y� 
�t�w�o� �p�-�x�y�l�e�l�e�n�e� �u�n�i�t�s� �(�B�P�-�2�8�-�N�+�,�4� �:� �4� �P�F�g�-�,� �I�-�1�7�,� �a�s� �r�e�p�o�r�t�e�d� �i�n� 

�c�h�a�p�t�e�r� �4�)�.� �I�t� �w�a�s� �f�o�u�n�d� �t�h�a�t� �m�a�c�r�o�c�y�c�l�e� �I�-�1�7� �p�r�e�f�e�r�e�n�t�i�a�l�l�y� �f�o�r�m�s� 

�a� �s�t�a�b�l�e� �c�o�m�p�l�e�x� �w�i�t�h� �h�y�d�r�o�q�u�i�n�o�n�e� �e�t�h�e�r�s� �s�u�c�h� �a�s� �1�,�4�-� 

�d�i�m�e�t�h�o�x�y�b�e�n�z�e�n�e� �(�D�M�B�)� �a�n�d� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �t�h�e� �c�o�m�p�l�e�x� �w�a�s� 
�p�r�e�f�e�r�r�e�d� �a�s� �f�o�u�n�d� �b�y� �t�h�e� �e�q�u�i�l�i�b�r�i�u�m� �c�o�n�s�t�a�n�t� �o�f� �K�,� �=� �1�7� �M�°�?�.� 

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

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

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

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

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

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

�c�o�m�p�l�e�x�a�t�i�o�n�.� �S�i�m�i�l�a�r� �c�o�m�p�l�e�x�a�t�i�o�n� �o�f� �t�h�i�s� �m�a�c�r�o�c�y�c�l�e� �(�I�-�1�7�)� �w�i�t�h� 

�o�t�h�e�r� �m�o�l�e�c�u�l�e�s� �i�s� �a�l�s�o� �r�e�p�o�r�t�e�d� �(�2�2�-�2�4�)�.� 

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

�1�7� �a�n�d� �h�y�d�r�o�q�u�i�n�o�n�e� �e�t�h�e�r�s� �t�h�e�y� �r�e�p�o�r�t�e�d� �s�y�n�t�h�e�s�i�s� �o�f� �a� �[�2�]�c�a�t�e�n�a�n�e� 

�(�1�-�1�8�)� �f�r�o�m� �1�-�1�7� �a�n�d� �I�-�1�5� �i�n� �7�0� �%� �y�i�e�l�d� �(�2�5�)�!� �F�u�r�t�h�e�r�,� �t�h�e�y� �a�l�s�o� 

�r�e�p�o�r�t�e�d� �s�y�n�t�h�e�s�i�s� �o�f� �[�2�]�c�a�t�e�n�a�n�e� �(�I�-�1�9�)� �(�t�w�o� �i�n�t�e�r�l�o�c�k�e�d� �r�i�n�g�s�)� 

�m�a�d�e� �f�r�o�m� �I�-�1�7� �a�n�d� �I�-�1�6� �i�n� �5�1� �%� �y�i�e�l�d� �(�2�6�)�.� �S�t�r�u�c�t�u�r�e�s� �o�f� �b�o�t�h� �t�h�e� 
�c�a�t�e�n�a�n�e�s� �w�e�r�e� �c�o�n�f�i�r�m�e�d� �b�y� �X�-�r�a�y� �c�r�y�s�t�a�l� �s�t�r�u�c�t�u�r�e� �a�n�a�l�y�s�e�s�.� 

�S�i�m�i�l�a�r� �[�8�]�c�a�t�e�n�a�n�e�s� �(�t�h�r�e�e� �i�n�t�e�r�l�o�c�k�e�d� �r�i�n�g�s�)� �c�o�n�t�a�i�n�i�n�g� �t�w�o� 
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�d�i�b�e�n�z�o�-�c�r�o�w�n� �e�t�h�e�r�s� �u�s�i�n�g� �a� �m�a�c�r�o�c�y�c�l�e� �a�n�a�l�o�g�o�u�s� �t�o� �I�-�1�7� �h�a�v�e� 

�b�e�e�n� �r�e�p�o�r�t�e�d� �i�n� �2�0�-�3�0� �%� �y�i�e�l�d� �(�2�7�)�;� �f�u�r�t�h�e�r�,� �a� �[�2�]�-� �a�n�d� �[�3�]�-�c�a�t�e�n�a�n�e� 

�u�s�i�n�g� �a� �t�e�t�r�a�b�e�n�z�o�-�c�r�o�w�n� �e�t�h�e�r� �a�n�d� �I�-�1�7� �h�a�v�e� �b�e�e�n� �r�e�p�o�r�t�e�d� �i�n� �1�1�-� 

�1�2� �%� �y�i�e�l�d�s� �(�2�8�)�.� 

�A�N� �A�R�N� �o�n� �p�o� �O� �O� �3� �o�O� �p�r�e�!� �|� �P�F�s� �N�t� �N�T� �6� 

�°� �|� 
�T� �=� 

�o�O� �O�o� �O� �.� �|� �.� 

�:� �a�y�:� �C�H�,� �C�H�,� 
�1�-�1�7� �1�-�1�5�R� �=�~�)� 

�I�-�1�6� �R� �=� 

�1�-�1�8�R� �=�<�)� 

�1�-�1�9� �R� �=� �(�1� 

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

�r�o�t�a�x�a�n�e�s� �u�s�i�n�g� �1�-�1�7� �a�n�d� �l�i�n�e�a�r� �m�o�l�e�c�u�l�e�s� �h�a�v�i�n�g� �s�t�r�u�c�t�u�r�e�s� 

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

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

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

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

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

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

� � 
� � 

� � � � � � � � � � 
� � 

� � 

�2�0



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

�T�h�e� �r�o�t�a�x�a�n�e�s� �I�-�2�0� �a�n�d� �I�-�2�1� �w�e�r�e� �p�r�e�p�a�r�e�d� �b�y� �s�y�n�t�h�e�s�i�z�i�n�g� 

�t�h�e� �m�a�c�r�o�c�y�c�l�e� �I�-�1�7� �(�m�a�c�r�o�c�y�c�l�e� �4�,�4�'�-�b�i�p�y�r�i�d�i�n�i�u�m� �u�n�i�t�s� �i�n� �t�h�e� 

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

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

�(�2�9�)�.� �T�h�e� �s�t�r�u�c�t�u�r�e�s� �o�f� �t�h�e� �d�o�n�o�r�:�a�c�c�e�p�t�o�r� �c�o�m�p�l�e�x� �r�o�t�a�x�a�n�e�s� �w�e�r�e� 

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

�A�n�o�t�h�e�r� �i�n�t�e�r�e�s�t�i�n�g� �a�s�p�e�c�t� �o�f� �I�-�2�1� �i�s� �t�h�a�t� �t�h�e� �t�w�o� �h�y�d�r�o�q�u�i�n�o�l� 

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

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

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

�5�0�0� �t�i�m�e�s� �a� �s�e�c�o�n�d� �b�e�t�w�e�e�n� �t�w�o� �i�d�e�n�t�i�c�a�l�  ��s�t�a�t�i�o�n�s �� �i�n� �t�h�e� �s�h�a�p�e� �o�f� 

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

 ��s�t�o�p�p�e�r�s �� �(�2�9�)�.� 

�R�*� �e�o�n�  ��O�o� �O�o� 

�I�-�2�0� �n�=�3� 
�R�=� �A�d�a�m�a�n�t�o�y�l� �|� �|� 

�6� �O� �R� 
�N�S� 

�O�°� �a�r� �I�-�2�1� �n�=�3� �o�O� 
�R�=�-�S�i�(�i�-�P�r�)�3� �[�C�c�]� 

�R� �O� �O�o� �I� 
�O�o� �R� �e�n� �"�N�y� 

�2�1



�T�h�e� �s�y�n�t�h�e�s�i�s� �o�f� �r�o�t�a�x�a�n�e�s� �I�-�2�2� �t�o� �1�-�2�6� �i�s� �t�h�e�r�m�o�d�y�n�a�m�i�c�a�l�l�y� 

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

�S�y�n�t�h�e�s�i�s� �o�f� �r�o�t�a�x�a�n�e�s� �I�-�2�2� �t�o� �1�-�2�6� �(�t�h�e� �a�u�t�h�o�r�s� �d�e�s�c�r�i�b�e� �t�h�e�s�e� 

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

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

�e�n�d� �u�n�i�t�s� �w�i�t�h� �m�a�c�r�o�c�y�c�l�e� �I�-�1�7� �i�n� �e�q�u�i�m�o�l�a�r� �q�u�a�n�t�i�t�i�e�s�,� �u�p�o�n� �w�h�i�c�h� 

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

�(�3�0�)�.� �T�h�e� �r�o�t�a�x�a�n�e�s� �w�e�r�e� �c�h�a�r�a�c�t�e�r�i�z�e�d� �b�y� �m�a�s�s� �s�p�e�c�t�r�o�s�c�o�p�y� �a�n�d� �X�-� 

�r�a�y� �c�r�y�s�t�a�l� �s�t�r�u�c�t�u�r�e� �a�n�a�l�y�s�e�s�.� �X�-�r�a�y� �c�r�y�s�t�a�l� �s�t�r�u�c�t�u�r�a�l� �a�n�a�l�y�s�e�s� �o�f� 

�I�-�2�2� �a�n�d� �I�-�2�4� �s�h�o�w� �t�h�a�t� �t�h�e� �p�o�l�y�e�t�h�e�r� �l�i�n�e�a�r� �c�h�a�i�n� �i�s� �n�o�t� �o�n�l�y� 

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

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

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

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

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

�s�h�o�w�n� �i�n� �t�h�e� �d�i�a�g�r�a�m�)�.� �F�u�r�t�h�e�r�,� �t�h�e� �p�o�l�y�e�t�h�e�r� �c�h�a�i�n�s� �i�n� �I�-�2�2� �p�r�o�v�i�d�e� 

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

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

�o�f� �l�-�1�7� �a�n�d� �D�M�B�;� �w�h�e�r�e�a�s� �i�n� �I�-�2�4�,� �t�h�e�r�e� �w�a�s� �n�o� �f�o�r�m�a�t�i�o�n� �o�f� �s�u�c�h� 

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

�a�r�e� �t�o�o� �s�h�o�r�t�.� 

�0�"� �T�E�N�,� 

�R� �I�-�2�2� �n�=�3�,�R� �=� �4�-�P�h�C�H�,�O�-� 
�9� �I�-�2�3� �n�=�2�,�R� �=� �4�-�P�h�C�H�,�O�-� 

�R� 
�R� 

�N�N� �I�-�2�4� �n�=�2�,�R� �=� �3�,�5�-�(�M�e�O�)�p�-� 
�I�-�2�5� �n�=�3�,�R� �=� �4�-�O�H� 

�T�h�e� �r�o�t�a�x�a�n�e� �s�t�r�u�c�t�u�r�e�s� �o�f� �I�-�2�6� �a�n�d� �I�-�2�7� �w�e�r�e� �c�o�n�f�i�r�m�e�d� �b�y� 
�m�a�s�s� �s�p�e�c�t�r�o�s�c�o�p�y� �a�l�o�n�g� �w�i�t�h� �p�r�o�t�o�n� �N�M�R� �s�p�e�c�t�r�o�s�c�o�p�y� �(�3�1�)�.� �I�-�2�7� 

�2�2



�w�a�s� �p�r�e�p�a�r�e�d� �f�r�o�m� �I�-�2�6� �b�y� �a�d�d�i�t�i�o�n� �o�f� �1� �m�o�l�a�r� �e�q�u�i�v�a�l�e�n�t� �o�f� �I�-�1�7� 

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

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

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

�O� �a�n�,� �t�y�,� 
�>� �°� �[�e�l� �¢� �¢� �P�a� �O� �O� 

�n� �(� �n� 

�I�-�2�6� �n�=�3�,�R� �=� �-�O�C�H�2�P�h� 

�F�u�r�t�h�e�r�,� �I�-�2�6� �s�h�o�w�e�d� �t�e�m�p�e�r�a�t�u�r�e� �d�e�p�e�n�d�e�n�t� �b�e�h�a�v�i�o�r� �b�y� �t�h�e� 

�p�r�o�t�o�n� �N�M�R� �s�p�e�c�t�r�o�s�c�o�p�y�;� �t�h�i�s� �w�a�s� �r�a�t�i�o�n�a�l�i�z�e�d� �o�n� �t�h�e� �b�a�s�i�s� �t�h�a�t� �t�h�e� 
�m�a�c�r�o�c�y�c�l�e� �t�r�a�v�e�l�s� �f�r�o�m� �t�h�e� �c�e�n�t�r�a�l� �h�y�d�r�o�q�u�i�n�o�l� �u�n�i�t� �t�o� �t�h�e� �o�n�e�s� 
�t�h�a�t� �a�r�e� �a�d�j�a�c�e�n�t� �t�o� �t�h�e� �c�e�n�t�r�a�l� �h�y�d�r�o�q�u�i�n�o�l� �u�n�i�t�s�,� �a�n�d� �t�h�e� �s�y�s�t�e�m� �i�s� 

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

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

�r�a�t�e�.� 

�a�o�n�,� �O�T�N�,� 

�N�Y� �N�N� 
�I�-�2�7� �n�=�3�,�R� �=� �-�O�C�H�)�P�h� 

�2�3



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

�a�n�d� �o�u�r� �r�e�s�e�a�r�c�h� �g�r�o�u�p� �h�a�v�e� �i�n�d�e�p�e�n�d�e�n�t�l�y� �p�r�e�p�a�r�e�d� �d�e�r�i�v�a�t�i�z�e�d� �4�,�4�'�-� 
�b�i�p�y�r�i�d�i�n�e� �h�a�v�i�n�g� �f�u�n�c�t�i�o�n�a�l�i�t�i�e�s� �s�u�c�h� �a�s� �-�C�O�O�H�,� �-�C�O�O�C�H�s�3�,� �-�O�H�,� �e�t�c�.�,� 

�(�3�2�-�3�3�)�.� �X�-�r�a�y� �c�r�y�s�t�a�l� �s�t�r�u�c�t�u�r�e�s� �o�f� �d�o�n�o�r�:�a�c�c�e�p�t�o�r� �c�o�m�p�l�e�x�e�s� �o�f� 

�t�h�e�s�e� �m�o�l�e�c�u�l�e�s� �w�i�t�h� �I�-�1�5� �h�a�v�e� �b�e�e�n� �r�e�p�o�r�t�e�d�.� �T�h�e�s�e� �c�o�m�p�l�e�x�e�s� 

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

�o�b�t�a�i�n� �p�o�l�y�u�r�e�t�h�a�n�e� �r�o�t�a�x�a�n�e�s� �(�3�4�)�.� 
�S�a�u�v�a�g�e� �a�n�d� �c�o�w�o�r�k�e�r�s� �(�3�5�-�3�6� �a�n�d� �r�e�f�e�r�e�n�c�e�s� �t�h�e�r�e�i�n�)� 

�r�e�p�o�r�t�e�d� �s�y�n�t�h�e�s�i�s� �o�f� �c�a�t�e�n�a�n�e�s� �c�o�n�t�a�i�n�i�n�g� �2� �t�o� �7� �i�n�t�e�r�l�o�c�k�e�d� �r�i�n�g�s� 

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

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

�(�C�u�*�+�)� �t�o� �t�h�e� �p�h�e�n�a�n�t�h�r�o�l�i�n�e� �u�n�i�t�s� �o�f� �o�n�e� �m�a�c�r�o�c�y�c�l�e� �a�n�d� �o�n�e� �l�i�n�e�a�r� 

�m�o�l�e�c�u�l�e�,� �f�o�l�l�o�w�e�d� �b�y� �t�h�e� �c�y�c�l�i�z�a�t�i�o�n� �o�f� �t�h�e� �l�i�n�e�a�r� �m�o�l�e�c�u�l�e� �t�o� �y�i�e�l�d� 
�[�2�]�c�a�t�e�n�a�n�e�.� �I�n� �s�o�m�e� �o�f� �t�h�e� �c�a�t�e�n�a�n�e�s� �t�h�e� �t�e�m�p�l�a�t�e� �(�C�u�+�)� �w�a�s� �n�o�t� 

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

�c�a�l�l�e�d� �c�a�t�e�n�a�t�e�s�.� �O�n�e� �r�e�p�r�e�s�e�n�t�a�t�i�v�e� �e�x�a�m�p�l�e� �o�f� �a� �[�2�]�c�a�t�e�n�a�n�e� �(�t�w�o� 
�i�n�t�e�r�l�o�c�k�e�d� �r�i�n�g�s�)� �w�i�t�h�o�u�t� �t�h�e� �t�e�m�p�l�a�t�e� �i�s� �s�h�o�w�n� �b�e�l�o�w� �(�I�-�2�8�)�.� �A� 

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

�s�y�n�t�h�e�s�i�s� �o�f� �c�a�t�e�n�a�n�e�s� �h�a�s� �b�e�e�n� �p�u�b�l�i�s�h�e�d� �(�3�7�)�.� 

�I�-�2�8� 

� � 

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

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

�p�h�e�n�a�n�t�h�r�o�l�i�n�e� �g�r�o�u�p�s� �(�I�-�2�9�)� �h�a�s� �b�e�e�n� �r�e�p�o�r�t�e�d� �b�y� �o�u�r� �g�r�o�u�p�.� �T�h�e� 
�c�h�a�i�n� �e�n�d�s� �w�e�r�e� �b�l�o�c�k�e�d� �b�y� �b�u�l�k�y� �b�i�s�(�p�-�t�-�b�u�t�y�l�p�h�e�n�y�l�)�p�h�e�n�y�!� �m�e�t�h�y�l� 

�2�4



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

�m�a�s�s� �s�p�e�c�t�r�o�s�c�o�p�y� �(�3�8�)�.� 

�A�r�3�C�-�(�C�H�2�)�3�-�O� 

�1�-�2�9� 

�A�r�3�C� �=� �-�C�(�p�-�t�-�B�u�C�g�H�,�4�)�2�P�h� 

� � 

�A�r�3�C�-�(�C�H�?�2�)�3�-�O� 

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

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

�a�m�i�n�e�s� �b�y� �t�h�e� �t�e�m�p�l�a�t�e� �t�h�r�e�a�d�i�n�g� �m�e�t�h�o�d� �(�3�9�,�4�0�)�.� �I�t� �a�p�p�e�a�r�s� �f�r�o�m� 

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

�T�h�e� �r�o�t�a�x�a�n�e� �I�-�3�0� �m�a�d�e� �f�r�o�m� �a� �d�i�a�m�m�o�n�i�u�m� �s�a�l�t� �a�n�d� �B�-�c�y�c�l�o�d�e�x�t�r�i�n� 

�(�B�-�C�D�)� �m�a�c�r�o�c�y�c�l�e� �w�a�s� �e�n�d� �c�a�p�p�e�d� �b�y� �t�h�e� �t�e�t�r�a�p�h�e�n�y�l� �b�o�r�a�t�e� �a�n�i�o�n� 

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

�h�i�g�h� �a�s� �7�1� �%� �w�e�r�e� �o�b�t�a�i�n�e�d�.� �T�h�e� �r�o�t�a�x�a�n�e� �s�t�r�u�c�t�u�r�e� �w�a�s� �c�o�n�f�i�r�m�e�d� 

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

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

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

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

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

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

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

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

�g�r�o�u�p�s� �a�t� �t�h�e� �c�h�a�i�n� �e�n�d�s� �a�c�t�i�n�g� �a�s� �b�l�o�c�k�i�n�g� �g�r�o�u�p�s�.� 
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�(�P�h�)�,�B�-�H�3�N�*�(�H�2�C�)�3�  � ��O� 

� � 

�S�i�m�i�l�a�r� �r�o�t�a�x�a�n�e�s� �w�e�r�e� �m�a�d�e� �f�r�o�m� �t�h�e� �a�-�c�y�c�l�o�d�e�x�t�r�i�n� �(�a�-�C�D�)� 

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

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

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

�b�l�o�c�k�e�d� �b�y� �a�m�i�d�a�t�i�o�n� �u�s�i�n�g� �5�-�a�m�i�n�o�-�2�-�n�a�p�h�t�h�a�l�e�n�e�s�u�l�f�o�n�a�t�e� �a�s� 

�s�h�o�w�n� �i�n� �t�h�e� �s�t�r�u�c�t�u�r�e�s� �I�-�3�1� �a�n�d� �I�-�3�2�.� �T�h�e� �i�s�o�l�a�t�e�d� �y�i�e�l�d�s� �f�o�r� �a�l�l� 

�t�h�e� �r�o�t�a�x�a�n�e�s� �w�e�r�e� �a�b�o�u�t� �1�5� �%�.� �I�t� �w�a�s� �r�e�p�o�r�t�e�d� �(�4�0�)� �t�h�a�t� �t�h�e� 

�c�a�r�b�o�x�y�l� �g�r�o�u�p�s� �o�n� �t�h�e� �l�i�n�e�a�r� �m�o�l�e�c�u�l�e� �a�c�t� �a�s� �a�n� �i�o�n�i�z�a�b�l�e� �g�a�t�e� �f�o�r� 
�t�h�e� �t�h�r�e�a�d�i�n�g� �o�f� �a�-�C�D� �s�i�n�c�e� �d�e�p�r�o�t�o�n�a�t�i�o�n� �o�f� �t�h�e� �c�a�r�b�o�x�y�l� �p�r�o�t�o�n� 
�r�e�s�u�l�t�e�d� �i�n� �6� �f�o�l�d� �d�e�c�r�e�a�s�e� �o�f� �t�h�e� �b�i�n�d�i�n�g� �(�t�h�r�e�a�d�i�n�g� �?�)� �c�o�n�s�t�a�n�t� 
�w�i�t�h� �a�-�C�D�.� 

� � 

�F�u�r�t�h�e�r�,� �t�h�e� �a�u�t�h�o�r�s� �r�e�p�o�r�t� �i�s�o�m�e�r�i�c� �r�o�t�a�x�a�n�e�s� �o�f� �I�-�3�1� �a�n�d� �I�-� 

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

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

�r�o�t�a�x�a�n�e�s� �w�e�r�e� �c�o�n�f�i�r�m�e�d� �b�y� �N�M�R� �s�p�e�c�t�r�o�s�c�o�p�y�.� 

�I�n� �a� �s�y�n�t�h�e�s�i�s� �o�f� �c�o�m�b�-�l�i�k�e� �p�o�l�y�r�o�t�a�x�a�n�e�s� �w�h�e�r�e� �t�h�e� �B�-�C�D� �w�a�s� 

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

�O�n�t�o� �t�h�e� �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� �r�e�p�e�a�t� �u�n�i�t�s� �o�f� �t�h�i�s� 

�p�o�l�y�m�e�r�,� �t�h�e� �p�r�e�-�r�o�t�a�x�a�n�e� �f�r�o�m� �B�-�C�D� �a�n�d� �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� �o�r� �4�'�-�t�r�i�p�h�e�n�y�l�m�e�t�h�y�l�-�1�1�-�a�m�i�n�o�u�n�d�e�c�a�n�a�n�i�l�i�d�e� 

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

�r�o�t�a�x�a�n�e� �a�n�d� �t�h�e� �r�e�p�e�a�t� �u�n�i�t�.� �T�h�e� �r�e�s�u�l�t�i�n�g� �p�o�l�y�m�e�r� �h�a�d� �8�-�C�D� 
�m�a�c�r�o�c�y�c�l�e�s� �i�n� �t�h�e� �p�e�n�d�a�n�t� �c�h�a�i�n�s� �o�f� �t�h�e� �c�o�m�b� �s�h�a�p�e�d� �p�o�l�y�m�e�r�.� �T�h�e� 

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

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

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

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

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

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

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

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

�c�r�o�w�n� �e�t�h�e�r�s� �o�f� �v�a�r�i�o�u�s� �s�i�z�e�s� �(�4�2�-�5�4�)�.� �F�u�r�t�h�e�r�,� �f�u�n�c�t�i�o�n�a�l�i�z�e�d� 

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

�m�a�c�r�o�c�y�c�l�i�c� �p�o�l�y�m�e�r�s� �s�u�c�h� �a�s� �p�o�l�y�a�m�i�d�e�s� �o�r� �p�o�l�y�e�s�t�e�r�s� �(�5�5�)�,� �w�h�i�c�h� 

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

�o�f� �S�c�h�e�m�e� �1�-�2�.� 

�S�y�n�t�h�e�s�i�s� �o�f� �p�o�l�y�r�o�t�a�x�a�n�e�s� �o�f� �p�o�l�y�(�t�r�i�e�t�h�y�l�e�n�e�o�x�y� �s�e�b�a�c�a�t�e�)� 
�a�n�d� �p�o�l�y�(�b�u�t�y�l�e�n�e� �s�e�b�a�c�a�t�e�)� �(�4�2�-�4�3�,�5�0�-�5�1�)� �u�s�i�n�g� �v�a�r�i�o�u�s� �m�o�l�e� �r�a�t�i�o�s� 

�o�f� �m�o�n�o�m�e�r� �t�o� �c�r�o�w�n� �e�t�h�e�r�s� �s�u�c�h� �a�s� �3�0�-�c�-�1�0� �a�n�d� �6�0�-�c�-�2�0� 

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

�u�s�e�d� �f�o�r� �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�n� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� 

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

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

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

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

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

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

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

�a�n�a�l�y�s�e�d� �b�y� �p�r�o�t�o�n� �N�M�R� �a�n�d� �a� �c�o�n�s�t�a�n�t� �r�a�t�i�o� �o�f� �m�a�c�r�o�c�y�c�l�e�/�r�e�p�e�a�t� 

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

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

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

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

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

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

�c�o�r�r�e�s�p�o�n�d�i�n�g� �b�l�e�n�d�s�.� 

�F�u�r�t�h�e�r�m�o�r�e�,� �i�t� �w�a�s� �f�o�u�n�d� �t�h�a�t� �l�a�r�g�e�r� �m�a�c�r�o�c�y�c�l�e�s� �s�u�c�h� �a�s� �6�0�-� 

�c�-�2�0� �g�a�v�e� �m�u�c�h� �h�i�g�h�e�r� �t�h�r�e�a�d�i�n�g� �y�i�e�l�d�s� �t�h�a�n� �s�m�a�l�l�e�r� �3�0�-�c�-�1�0� �a�n�d� 

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

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

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

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

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

�a�l�.� �(�1�0�)� �t�h�a�t� �t�h�e� �r�o�t�a�x�a�n�e� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t�s� �w�e�r�e� �a�v�e�r�a�g�e� �o�f� �t�h�e� 
�l�i�n�e�a�r� �a�n�d� �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�s�.� �F�u�r�t�h�e�r�,� �i�t� �w�a�s� �s�h�o�w�n� 

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

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

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

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

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

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

�b�l�o�c�k�i�n�g� �g�r�o�u�p� �(�5�4�)�,� �p�o�l�y�u�r�e�t�h�a�n�e�s� �(�3�4�)� �a�n�d� �l�i�q�u�i�d� �c�r�y�s�t�a�l�l�i�n�e� 

�p�o�l�y�a�z�o�m�e�t�h�i�n�e�s� �(�5�3�)�.� �F�u�r�t�h�e�r�,� �a�s� �m�e�n�t�i�o�n�e�d� �e�a�r�l�i�e�r� �p�o�l�y�u�r�e�t�h�a�n�e�s� 

�d�e�r�i�v�e�d� �f�r�o�m� �i�o�n�i�c� �4�,�4�'�-�b�i�p�y�r�i�d�i�n�i�u�m� �d�e�r�i�v�a�t�i�v�e�s� �u�s�i�n�g� �d�i�b�e�n�z�o�-� 
�c�r�o�w�n� �e�t�h�e�r� �h�a�v�e� �a�l�s�o� �b�e�e�n� �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� �(�3�4�)�.� 
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�I�n� �t�h�e� �c�h�a�p�t�e�r�s� �I�l�l� �t�o� �X�,� �m�y� �c�o�n�t�r�i�b�u�t�i�o�n� �i�n� �t�h�i�s� �g�r�o�u�p� �e�f�f�o�r�t� �t�o� 

�u�n�d�e�r�s�t�a�n�d� �a�n�d� �e�x�p�l�o�r�e� �p�r�o�p�e�r�t�i�e�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� �i�s� 

�d�e�s�c�r�i�b�e�d�.� �S�y�n�t�h�e�s�i�s� �a�n�d� �c�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �o�f� �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�r�o�m� �s�m�a�l�l� �m�o�l�e�c�u�l�e�s� �s�u�c�h� �a�s� �1�,�8�-�o�c�t�a�n�e�d�i�o�l�,� �4�,�4�'�-� 

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

�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�,� �p�o�l�y�(�b�u�t�a�d�i�e�n�e�)� �a�s� �w�e�l�l� �a�s� �p�o�l�y�s�t�y�r�e�n�e� 

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

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

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

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

�1�-�6� �T�h�e�o�r�e�t�i�c�a�l� �c�o�n�s�i�d�e�r�a�t�i�o�n�s� 

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

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

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

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

�a�n�d� �s�o� �o�n� �h�a�s� �b�e�e�n� �m�a�d�e� �b�y� �A�g�a�m� �e�t� �a�l�.� �(�1�0�)�.� �T�h�e� �s�t�a�t�i�s�t�i�c�a�l� 

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

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

�m�o�l�e�c�u�l�e�s� �a�n�d� �s�o� �o�n�.� �T�h�e� �m�a�t�h�e�m�a�t�i�c�a�l� �m�o�d�e�l� �d�e�s�c�r�i�b�e�d� �(�1�0�)� �w�a�s� 

�c�o�n�s�t�r�u�c�t�e�d� �f�o�r� �s�u�c�h� �a� �m�e�t�h�o�d� �a�n�d� �t�h�e� �w�a�s� �c�o�m�p�a�r�e�d� �w�i�t�h� �t�h�e� 
�r�e�s�u�l�t�s� �o�f� �t�h�r�e�a�d�i�n�g� �e�x�p�e�r�i�m�e�n�t�s� �o�f� �d�i�b�e�n�z�o�-�c�r�o�w�n� �e�t�h�e�r� 
�m�a�c�r�o�c�y�c�l�e�s� �(�o�f� �s�i�z�e�s� �3�0�,� �4�4� �a�n�d� �5�8�)� �u�s�i�n�g� �p�o�l�y�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�s� 
�(�m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t�s� �4�0�0�,� �6�0�0� �a�n�d� �1�0�0�0�)� �a�s� �l�i�n�e�a�r� �c�h�a�i�n�s� �w�i�t�h� �a�n� 

�a�c�c�u�r�a�c�y� �o�f� �+� �1�5� �%�.� �S�o�m�e� �o�f� �t�h�e� �i�m�p�o�r�t�a�n�t� �c�o�n�c�l�u�s�i�o�n�s� �a�n�d� �t�r�e�n�d�s� �o�f� 
�t�h�i�s� �e�x�p�e�r�i�m�e�n�t� �a�r�e� �p�r�e�s�e�n�t�e�d� �h�e�r�e�.� 

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

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

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

�s�i�z�e� �t�h�e�r�e� �i�s� �a�n� �o�p�t�i�m�u�m� �i�n�i�t�i�a�l� �r�i�n�g�/�c�h�a�i�n� �r�a�t�i�o� �(�b�e�t�w�e�e�n� �2�-�4�)� �t�o� 
�a�c�h�i�e�v�e� �t�h�e� �h�i�g�h�e�s�t� �p�r�o�p�o�r�t�i�o�n� �o�f� �t�h�r�e�a�d�e�d� �m�a�c�r�o�c�y�c�l�e�s�/�l�i�n�e�a�r� �r�a�t�i�o�,� 
�b�e�y�o�n�d� �w�h�i�c�h� �i�t� �b�e�g�i�n�s� �t�o� �d�e�c�r�e�a�s�e�.� 

�2�9



�W�h�e�n� �t�h�e� �i�n�i�t�i�a�l� �m�o�l�a�r� �r�a�t�i�o� �o�f� �r�i�n�g�s�/�m�a�c�r�o�c�y�c�l�e� �i�s� �f�i�x�e�d� �(�1�:�1�)�,� 
�i�t� �w�a�s� �f�o�u�n�d� �t�h�a�t� �%� �m�a�c�r�o�c�y�c�l�e� �t�h�r�e�a�d�e�d� �(�d�i�b�e�n�z�o�-�4�4�-�c�r�o�w�n� �e�t�h�e�r� 

�a�n�d� �d�i�b�e�n�z�o�-�5�8�-�c�r�o�w�n� �e�t�h�e�r�)� �i�n�c�r�e�a�s�e�d� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �l�e�n�g�t�h� �o�f� �t�h�e� 

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

�f�o�r� �l�i�n�e�a�r� �c�h�a�i�n�s� �c�o�n�t�a�i�n�i�n�g� �a�b�o�u�t� �4�1� �a�t�o�m�s� �a�n�d� �a�b�o�v�e� �t�h�i�s� �l�e�n�g�t�h� 

�t�h�e� �%� �t�h�r�e�a�d�e�d� �r�i�n�g�s� �b�e�g�a�n� �t�o� �d�e�c�r�e�a�s�e�.� �H�o�w�e�v�e�r�,� �f�o�r� �d�i�b�e�n�z�o�-�3�0�-� 

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

�r�i�n�g�s� �a�b�o�v�e� �c�h�a�i�n�s� �c�o�n�t�a�i�n�i�n�g� �2�7� �a�t�o�m�s�.� 

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

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

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

�T�h�e� �e�f�f�e�c�t� �o�f� �t�e�m�p�e�r�a�t�u�r�e� �o�n� �t�h�e� �t�h�r�e�a�d�i�n�g� �o�f� �d�i�b�e�n�z�o�-�5�8�-� 

�c�r�o�w�n� �a�n�d� �p�o�l�y�e�t�h�y�l�e�n�e� �g�l�y�c�o�l� �(�m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �6�0�0�)� �w�a�s� �s�t�u�d�i�e�d�.� 

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

�t�h�e� �e�q�u�i�l�i�b�r�a�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �m�a�c�r�o�c�y�c�l�e� �a�n�d� �l�i�n�e�a�r� �c�h�a�i�n�s� �w�a�s� 
�i�n�c�r�e�a�s�e�d� �f�r�o�m� �1�0�0� �°�C� �t�o� �2�0�7� �°�C�.� �T�h�i�s� �m�e�a�n�s� �A�H� �f�o�r� �t�h�e� �p�r�o�c�e�s�s� �i�s� 

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

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

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

�T�h�e� �m�a�t�h�e�m�a�t�i�c�a�l� �m�o�d�e�l� �p�r�o�p�o�s�e�d� �b�y� �A�g�a�m� �e�t� �a�l�.� �(�1�0�)� 

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

�d�i�a�m�e�t�e�r�  ��2�r�'� �a�n�d� �t�h�a�t� �t�h�e� �c�h�a�i�n� �e�n�d�s� �o�f� �t�h�e� �l�i�n�e�a�r� �m�o�l�e�c�u�l�e�s� �s�h�o�u�l�d� 
�b�e� �i�n� �t�h�e� �d�o�m�a�i�n� �o�f� �t�h�e� �s�p�h�e�r�e� �w�i�t�h�i�n� �a� �s�p�e�c�i�f�i�c� �a�n�g�l�e� �r�a�n�g�e� �6� �(�f�r�o�m� 

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

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

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

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

�N� �=� �K�g� �(�M�;� �M�c� �8� �6�)� �/� �V� �w�h�e�r�e� �K� �i�s� �a� �n�u�m�e�r�i�c�a�l� �c�o�n�s�t�a�n�t�.� 

�3�0



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

�(�N�.�)� �t�h�e� �a�b�o�v�e� �e�q�u�a�t�i�o�n� �w�a�s� �c�h�a�n�g�e�d� �t�o�:� 

�N� �=� �K�g� �[�M�;� �M�g� �(�1� �-� �e�-�M�e�/!"�N�)�)� �n�g� �n�b� �E�]�/� �V� 
�w�h�e�r�e� �K� �=� �0�.�1�9�5� �a�n�d� �B� �=� �1�.�3� �f�o�r� �t�h�e� �s�y�s�t�e�m� �t�h�e�y� �s�t�u�d�i�e�d�.� 

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

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

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

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

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

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

�a�n�s�w�e�r�e�d� �s�u�c�h� �a�s�:� 

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

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

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

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

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

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

�c�o�m�p�o�n�e�n�t�s� �?� 

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

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

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

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

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

�3�1



�1�-�7� �P�r�a�c�t�i�c�a�l� �C�o�n�s�i�d�e�r�a�t�i�o�n�s� 

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

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

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

�(�i�)� �C�h�e�m�i�c�a�l� �C�o�n�v�e�r�s�i�o�n� �M�e�t�h�o�d�:� �I�n� �t�h�i�s� �a�p�p�r�o�a�c�h�,� �w�e�l�l� �d�e�s�i�g�n�e�d� 

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

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

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

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

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

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

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

�w�o�u�l�d� �n�o�t� �b�e� �p�o�s�s�i�b�l�e�.� 

�(�i�i�)� �T�e�m�p�l�a�t�e� �T�h�r�e�a�d�i�n�g� �M�e�t�h�o�d�:� �A�s� �s�h�o�w�n� �e�a�r�l�i�e�r� �b�y� �t�a�k�i�n�g� 

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

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

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

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

�a�s� �d�o�n�o�r�:�a�c�c�e�p�t�o�r� �c�o�m�p�l�e�x�e�s� �(�S�t�o�d�d�a�r�t� �e�t� �a�l�.�)� �o�r� �u�s�i�n�g� �a� �m�e�t�a�l� �i�o�n� �t�o� 

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

�d�e�r� �W�a�a�l�'�s� �i�n�t�e�r�a�c�t�i�o�n�s�.� 
�I�n� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �p�r�e�-�r�o�t�a�x�a�n�e�s� �b�y� �t�h�e� �t�e�m�p�l�a�t�e� �t�h�r�e�a�d�i�n�g� 

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

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

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

�3�2



�S�c�h�e�m�e� �I�-�3� �T�h�r�e�a�d�i�n�g� �E�q�u�i�l�i�b�r�i�u�m� 

�P�o�l�y�m�e�r�i�z�a�t�i�o�n� 
�+� �X�o� �Y� �<�>� �X�o� �Y� �>� 

�E�n�d� �C�a�p�p�i�n�g� 
� � 

�C� �L� �R� 

�K� �=� �[�R�]� �/�[�C�]� �[�L�]� �R�T� �n�K� �=�-� �A�G� 

�A�G� �=� �A�H� �-� �T�A�S� 

�(�i�i�i�)� �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�:� �I�n� �t�h�i�s� �m�e�t�h�o�d� �t�h�e� �t�h�r�e�a�d�i�n�g� �o�f� 

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

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

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

�(�S�c�h�e�m�e� �I�-�3�)�.� �T�h�e� �r�e�a�c�t�i�o�n� �i�s� �e�n�t�r�o�p�i�c�a�l�l�y� �d�r�i�v�e�n� �i�f� �A�H� �i�s� �e�i�t�h�e�r� 

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

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

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

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

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

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

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

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

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

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

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

�d�i�s�c�u�s�s�e�d�.� 

�M�a�c�r�o�c�y�c�l�e�s�:� 

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

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

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

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

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

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

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

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

�m�a�c�r�o�c�y�c�l�e�s� �a�r�e� �n�o�t� �v�e�r�y� �h�i�g�h� �(�c�a�.� �1�0�-�4�0� �%�)�.� �T�h�e� �p�u�r�i�t�y� �o�f� �t�h�e� 

�m�a�c�r�o�c�y�c�l�e�s� �(�g�r�e�a�t�e�r� �t�h�a�n� �9�9�%�)� �f�o�r� �u�s�e� �i�n� �a�n�i�o�n�i�c� �a�n�d� 

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

�I�n� �t�h�i�s� �s�t�u�d�y�,� �3�0�-�c�r�o�w�n�-�1�0� �w�a�s� �t�h�e� �c�h�o�i�c�e� �o�f� �m�a�c�r�o�c�y�c�l�e� �d�u�e� 

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

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

�t�o� �p�r�e�v�e�n�t� �d�e�t�h�r�e�a�d�i�n�g�.� �F�u�r�t�h�e�r�,� �i�n� �t�h�e� �s�y�n�t�h�e�s�i�s� �o�f� �3�0�-�c�-�1�0� �i�t� �w�a�s� 

�f�o�u�n�d� �t�h�a�t� �t�h�e� �m�a�c�r�o�c�y�c�l�e� �t�w�i�c�e� �t�h�e� �s�i�z�e�,� �i�.�e�.�,� �6�0�-�c�r�o�w�n�-�2�0�,� �i�s� �a�l�s�o� 
�f�o�r�m�e�d� �(�a�s� �d�i�s�c�u�s�s�e�d� �i�n� �C�h�a�p�t�e�r� �I�l�l�)�.� �T�h�u�s�,� �6�0�-�c�-�2�0� �w�a�s� �a�l�s�o� �u�s�e�d� 

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

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

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

�l�o�n�i�c� �b�i�p�y�r�i�d�y�l� �m�a�c�r�o�c�y�c�l�e� �I�-�1�7� �w�a�s� �a�l�s�o� �p�r�e�p�a�r�e�d� �s�i�n�c�e� �i�t� 

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

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

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

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

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

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

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

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

�g�r�o�u�p�s� �s�u�c�h� �a�s� �t�r�i�p�h�e�n�y�l�m�e�t�h�y�l� �c�a�n� �b�e� �s�q�u�e�e�z�e�d� �t�h�r�o�u�g�h� �a� �2�9�-� 

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

�I�n� �o�u�r� �s�t�u�d�y� �o�f� �C�P�K� �m�o�d�e�l�s� �i�t� �w�a�s� �f�o�u�n�d� �t�h�a�t� �t�h�a�t� �3�0�-�c�-�1�0� �c�a�n� 
�p�a�s�s� �o�v�e�r� �t�h�e� �t�r�i�p�h�e�n�y�l�m�e�t�h�a�n�e� �b�l�o�c�k�i�n�g� �g�r�o�u�p� �a�f�t�e�r� �s�o�m�e� 

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

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

�t�h�e� �c�r�o�w�n� �e�t�h�e�r�s� �u�p� �t�o� �4�2�-�m�e�m�b�e�r�e�d� �s�i�z�e�.� �T�h�u�s�,� � �t�r�i�s�(�p�-�t�-� 

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

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

�a�n�d� �v�i�n�y�l� �w�e�r�e� �m�a�d�e�.� 

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

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

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

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

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

�P�o�l� �L�i� �C�h�a�i�n�s�:� 

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

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

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

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

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

�p�o�l�y�m�e�r�s�.� �P�o�l�y�r�o�t�a�x�a�n�e�s� �o�f� �p�o�l�y�a�r�a�m�i�d�e�s� �a�n�d� �n�y�l�o�n�-�6�,�6� �w�e�r�e� 

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

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

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

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

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

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

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

�p�o�l�y�m�e�r�i�z�a�t�i�o�n�,� �t�o� �u�n�d�e�r�s�t�a�n�d� �t�h�e� �b�e�h�a�v�i�o�r� �o�f� �p�o�l�a�r� �m�a�c�r�o�c�y�c�l�e�s� �o�n� 
�t�h�e� �n�o�n� �p�o�l�a�r� �p�o�l�y�s�t�y�r�e�n�e� �a�n�d� �t�o� �s�t�u�d�y� �t�h�e� �c�h�a�n�g�e�s� �i�n� �p�r�o�p�e�r�t�i�e�s�.� 
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�P�.� �R�.� �A�s�h�t�o�n�,� �C�.� �L�.� �B�r�o�w�n�,� �E�.� �J�.� �T�.� �C�h�r�y�s�t�a�l�,� �T�.� �T�.� �G�o�o�d�n�o�w�,� 
�A�.� �E�.� �K�a�i�f�e�r�,� �K�.� �P�.� �P�a�r�r�y�,� �A�.� �M�.� �Z�.� �S�l�a�w�i�n�,� �N�.� �S�p�e�n�c�e�r�,� 
�J�.� �F�.� �S�t�o�d�d�a�r�t�,� �C�.� �V�i�n�c�e�n�t� �a�n�d� �D�.� �J�.� �W�i�l�l�i�a�m�s�,� �A�n�g�e�w�.� �C�h�e�m�.� 
�I�n�t�.� �E�d�.� �E�n�g�l�.�,� �1�9�9�1�,� �3�0�(�8�)�,� �1�0�3�9�.� 

�P�.� �R�.� �A�s�h�t�o�n�,� �C�.� �L�.� �B�r�o�w�n�,� �E�.� �J�.� �T�.� �C�h�r�y�s�t�a�l�,� �T�.� �T�.� �G�o�o�d�n�o�w�,� 
�A�.� �E�.� �K�a�i�f�e�r�,� �K�.� �P�.� �P�a�r�r�y�,� �M�.� �P�i�e�t�r�a�s�z�k�i�e�w�i�c�z�,� �N�.� �S�p�e�n�c�e�r� �a�n�d� 
�J�.� �F�.� �S�t�o�d�d�a�r�t�,� �A�n�g�e�w�.� �C�h�e�m�.� �I�n�t�.� �E�d�.� �E�n�g�l�.�,� �1�9�9�1�,� �3�0�/�8�)�,� �1�0�4�2�.� 

�P�.� �R�.� �A�s�h�t�o�n�,� �M�.� �G�r�o�g�n�u�z�,� �A�.� �M�.� �Z�.� �S�l�a�w�i�n�,� �N�.� �S�p�e�n�c�e�r�,� 
�J�.� �F�.� �S�t�o�d�d�a�r�t� �a�n�d� �D�.� �J�.� �W�i�l�l�i�a�m�s�,� �T�e�t�r�a�h�e�d�r�o�n� �L�e�t�t�e�r�s�,� 
�1�9�9�1�,� �3�2�(�4�3�)�,� �6�2�3�5�.� 

�L�.� �A�n�e�l�l�i�,� �P�.� �R�.� �A�s�h�t�o�n�,� �N�.� �S�p�e�n�c�e�r�,� �A�.� �M�.� �Z�.� �S�l�a�w�i�n�,� 
�J�.� �F�.� �S�t�o�d�d�a�r�t� �a�n�d� �D�.� �J�.� �W�i�l�l�i�a�m�s�,� �A�n�g�e�w�.� �C�h�e�m�.� �I�n�t�.� �E�d�.� �E�n�g�l�.�,� 
�1�9�9�1�,� �3�0�(�8�)�,� �1�0�3�6�.� 

�P�.� �R�.� �A�s�h�t�o�n�,� �D�.� �P�h�i�l�p�,� �N�.� �S�p�e�n�c�e�r� �a�n�d� �J�.� �F�.� �S�t�o�d�d�a�r�t�,� �,� 
�J�.� �C�h�e�m�.� �S�o�c�.�,� �C�h�e�m�.� �C�o�m�m�u�n�.�,� �1�9�9�1�,� �1�6�7�7�.� 

�P�.� �R�.� �A�s�h�t�o�n�,� �D�.� �P�h�i�l�p�,� �M�.� �V�.� �R�e�d�d�i�n�g�t�o�n�,� �A�.� �M�.� �Z�.� �S�l�a�w�i�n�,� 
�N�.� �S�p�e�n�c�e�r�,� �J�.� �F�.� �S�t�o�d�d�a�r�t� �a�n�d� �D�.� �J�.� �W�i�l�l�i�a�m�s�,� �J�.� �C�h�e�m�.� �S�o�c�.�,� 
�C�h�e�m�.� �C�o�m�m�u�n�.�,� �1�9�9�1�,� �1�6�8�0�.� 

�P�.� �T�.� �E�n�g�e�n�,� �Y�.� �X�.� �S�h�e�n�,� �M�.� �A�.� �G�.� �B�e�r�g�,� �J�.� �S�.� �M�e�r�o�l�a� �a�n�d� 
�H�.� �W�.� �G�i�b�s�o�n�,� �S�u�b�m�i�t�t�e�d� �t�o� �M�a�c�r�o�m�o�l�e�c�u�l�e�s�.� 

�Y�.� �X�.� �S�h�e�n�,� �P�h�.� �D�.� �T�h�e�s�i�s�,� �V�i�r�g�i�n�i�a� �T�e�c�h�,� �1�9�9�2�.� 

�F�.� �B�i�t�s�c�h�,� �C�.� �O�.� �D�i�e�t�r�i�c�h�-�B�u�c�h�e�c�k�e�r�,� �A�.�-�K�.� �K�h�é�m�i�s�s�,� 
�J�.�-�P�.� �S�a�u�v�a�g�e� �a�n�d� �A�.� �V�.� �D�o�r�s�s�e�l�a�e�r�,� �J�.� �A�m�e�r�.� �C�h�e�m�.� �S�o�c�.�,� 
�1�9�9�1�,� �1�1�3�,� �4�0�2�3�.� 
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�3�6�.� 

�3�7�.� 

�3�8�.� 

�3�9�.� 

�4�0�.� 

�4�1�.� 

�4�2�.� 

�4�3�.� 

�4�4�.� 

�4�5�.� 

�4�6�.� 

�4�7�.� 

�N�.� �A�r�m�a�r�o�l�i�,� �V�.� �B�a�l�z�a�n�i�,� �F�.� �B�a�r�i�g�e�l�l�e�t�t�i�,� �L�.� �D�e� �C�o�l�a�,� 
�J�.�-�P�.� �S�a�u�v�a�g�e�,� �a�n�d� �C�.� �H�e�m�m�e�r�t�,� �J�.� �A�m�e�r�.� �C�h�e�m�.� �S�o�c�.�,� 
�1�9�9�1�,� �1�1�3�,� �4�0�3�3�.� 

�C�.� �O�.� �D�i�e�t�r�i�c�h�-�B�u�c�h�e�c�k�e�r� �a�n�d� �J�.�-�P�.� �S�a�u�v�a�g�e�,� �C�h�e�m�.� �R�e�v�.�,� 
�1�9�8�7�,� �8�7�,� �7�9�5�.� 

�C�.� �W�u�,� �P�.� �R�.� �L�e�c�a�v�a�l�i�e�r�,� �Y�.� �X�.� �S�h�e�n� �a�n�d� �H�.� �W�.� �G�i�b�s�o�n�,� 
�C�h�e�m�.� �M�a�t�e�r�.�,� �1�9�9�1�,� �3�,� �5�6�9�.� 

�T�.� �V�e�n�k�a�t�a�,� �S�.� �R�a�o� �a�n�d� �D�.� �S�.� �L�a�w�r�e�n�c�e�,� �J�.� �A�m�e�r�,� �C�h�e�m�.� �S�o�c�.�,� 
�1�9�9�0�,� �1�1�2�,� �3�6�1�4�.� 

�R�.� �I�s�n�i�n� �a�n�d� �E�.� �K�a�i�f�e�r�,� �J�.� �A�m�.� �C�h�e�m�.� �S�o�c�.�,� �1�9�9�1�,� �1�1�3�,� �8�1�8�8�.� 

�M�.� �B�o�r�n�,� �H�.� �R�i�t�t�e�r�,� �M�a�k�r�o�m�o�l�.� �C�h�e�m�.�,� �R�a�p�i�d� �C�o�m�m�u�n�.�,� 
�1�2�,� �4�7�1�.� 

�C�.� �W�u�,� �M�.� �C�.� �B�h�e�d�a�,� �C�.� �L�i�m�,� �Y�.� �X�.� �S�h�e�n�,� �J�.� �S�z�e� �a�n�d� 
�H�.� �W�.� �G�i�b�s�o�n�,� �P�o�l�y�m�.� �C�o�m�m�.�,� �1�9�9�1�,� �3�2� �(�7�)�,� �2�0�4�.� 

�H�.� �W�.� �G�i�b�s�o�n�,� �M�.� �B�h�e�d�a�,� �P�.� �T�.� �E�n�g�e�n�,� �Y�.� �X�.� �S�h�e�n�,� �J�.� �S�z�e�,� 
�C�.� �W�u�,� �S�.� �J�o�a�r�d�a�r�,� �T�.� �C�.� �W�a�r�d� �a�n�d� �P�.� �R�.� �L�e�c�a�v�a�l�i�e�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�.� 

�H�.� �W�.� �G�i�b�s�o�n�,� �P�.� �R�.� �L�e�c�a�v�a�l�i�e�r� �a�n�d� �P�.� �T�.� �E�n�g�e�n�,� �A�m�.� �C�h�e�m�.� 
�S�o�c�.�,� �P�o�l�y�m�e�r� �P�r�e�p�r�i�n�t�s�,� �1�9�8�8�,� �2�9�(�1�)�,� �2�4�8�.� 

�P�.� �R�.� �L�e�c�a�v�a�l�i�e�r�,� �P�.� �T�.� �E�n�g�e�n�,� �Y�.� �X�.� �S�h�e�n�,� �S�.� �J�o�a�r�d�a�r�,� �T�.� �C�.� �W�a�r�d�,� 
�a�n�d� �H�.� �W�.� �G�i�b�s�o�n�,� �A�m�.� �C�h�e�m�.� �S�o�c�.�,� �P�o�l�y�m�e�r� �P�r�e�p�r�i�n�t�s�,� 
�1�9�8�9�,� �3�0�(�1�)�,� �1�8�9�.� 

�H�.� �W�.� �G�i�b�s�o�n�,� �M�.� �C�.� �B�h�e�d�a�,� �P�.� �T�.� �E�n�g�e�n�,� �Y�.� �X�.� �S�h�e�n�,� �J�.� �S�z�e�,� �C�.� �W�u�,� 
�S�.� �J�o�a�r�d�a�r�,� �T�.� �C�.� �W�a�r�d� �a�n�d� �P�.� �R�.� �L�e�c�a�v�a�l�i�e�r�,� �A�m�.� �C�h�e�m�.� �S�o�c�.�,� 
�P�o�l�y�m�e�r� �P�r�e�p�r�i�n�t�s�,� �1�9�9�0�,� �3�1�(�1�)�,� �7�9�.� 

�M�.� �C�.� �B�h�e�d�a� �a�n�d� �H�.� �W�.� �G�i�b�s�o�n�,� �A�m�.� �C�h�e�m�.� �S�o�c�.�,� �P�o�l�y�m�e�r� 
�P�r�e�p�r�i�n�t�s�,� �1�9�9�0�,� �3�1�(�1�)�,� �5�8�8�.� 
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�4�8�.� 

�4�9�.� 

�5�0�.� 

�5�1�.� 

�9�2�.� 

�5�3�.� 

�5�4�.� 

�5�5�.� 

�M�.� �C�.� �B�h�e�d�a� �a�n�d� �H�.� �W�.� �G�i�b�s�o�n�,� �M�a�c�r�o�m�o�l�e�c�u�l�e�s�,� 
�1�9�9�1�,� �2�4�,� �2�7�0�3�.� 

�H�.� �W�.� �G�i�b�s�o�n�,� �P�.� �T�.� �E�n�g�e�n�,� �Y�.� �X�.� �S�h�e�n�,� �J�.� �S�z�e�,� �C�.� �L�i�m�,� 
�M�.� �C�.� �B�h�e�d�a� �a�n�d� �C�.� �W�u�,� �A�m�e�r�i�c�a�n� �C�h�e�m�i�c�a�l� �S�o�c�i�e�t�y�,� 
�P�o�l�y�m�e�r� �P�r�e�p�r�i�n�t�s�,� �1�9�9�1�,� �3�2�(�4�1�)�,� �4�2�3�.� 

�H�.� �M�a�r�a�n�d�,� �A�.� �P�r�a�s�a�d�,� �C�.� �W�u�,� �M�.� �B�h�e�d�a� �a�n�d� �H�.� �W�.� �G�i�b�s�o�n�,� 
�A�m�e�r�i�c�a�n� �C�h�e�m�i�c�a�l� �S�o�c�i�e�t�y�,� �P�o�l�y�m�e�r� �P�r�e�p�r�i�n�t�s�,� 
�1�9�9�1�,� �3�2�/�3�)�,� �6�3�9�.� 

�C�.� �W�u�,� �Y�.� �X�.� �S�h�e�n�,� �M�.� �B�h�e�d�a�,� �J�.� �S�z�e�,� �P�.� �E�n�g�e�n�,� �A�.� �P�r�a�s�a�d�,� 
�H�.� �M�a�r�a�n�d�,� �D�.� �L�o�v�e�d�a�y� �a�n�d� �G�.� �W�i�l�k�e�s�,� �A�m�e�r�i�c�a�n� �C�h�e�m�i�c�a�l� 
�S�o�c�i�e�t�y�,� �P�o�l�y�m�e�r� �P�r�e�p�r�i�n�t�s�,� �1�9�9�1�,� �3�2�(�3�)�,� �5�9�3�.� 

�H�.� �W�.� �G�i�b�s�o�n�,� �C�.� �W�u�,� �Y�.� �X�.� �S�h�e�n�,� �M�.� �B�h�e�d�a�,� �J�.� �S�z�e�,� �P�.� �E�n�g�e�n�,� 
�A�.� �P�r�a�s�a�d�,� �H�.� �M�a�r�a�n�d�,� �D�.� �L�o�v�e�d�a�y� �a�n�d� �G�.� �W�i�l�k�e�s�,� 
�A�m�e�r�i�c�a�n� �C�h�e�m�i�c�a�l� �S�o�c�i�e�t�y�,� �P�o�l�y�m�e�r� �P�r�e�p�r�i�n�t�s�,� 
�1�9�9�1�,� �3�2�(�3�)�,� �6�3�7�.� 

�J�.� �S�z�e�,� �M�.� �S�.� �T�h�e�s�i�s�,� �V�i�r�g�i�n�i�a� �T�e�c�h�,� �1�9�9�2�.� 

�P�.� �E�n�g�e�n�,� �P�h�.� �D�.� �T�h�e�s�i�s�,� �V�i�r�g�i�n�i�a� �T�e�c�h�,� �1�9�9�1�.� 

�Y�.� �D�e�l�a�v�i�z� �a�n�d� �H�.� �W�.� �G�i�b�s�o�n�,� �M�a�c�r�o�m�o�l�e�c�u�l�e�s�,� �1�9�9�2�,� �2�5�,� �1�8�.� 
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�O�b�j�e�c�t�i�v�e�s� 

�T�h�e� �o�b�j�e�c�t�i�v�e�s� �o�f� �t�h�i�s� �r�e�s�e�a�r�c�h� �p�r�o�j�e�c�t� �w�e�r�e� �t�o� �s�y�n�t�h�e�s�i�z�e� 

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

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

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

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

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

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

�s�y�n�t�h�e�s�i�s� �o�f� �m�a�c�r�o�c�y�c�l�e�s� �h�a�v�i�n�g� �g�r�e�a�t�e�r� �t�h�a�n� �2�7� �a�t�o�m�s� �a�s� �w�e�l�l� �a�s� 

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

�I�n� �t�h�i�s� �s�t�u�d�y�,� �3�0�-�c�r�o�w�n�-�1�0� �w�a�s� �t�h�e� �m�a�c�r�o�c�y�c�l�e� �o�f� �c�h�o�i�c�e� �d�u�e� 

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

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

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

�s�y�n�t�h�e�s�i�s� �a�n�d� �p�u�r�i�f�i�c�a�t�i�o�n� �o�f� �3�0�-�c�-�1�0� �w�a�s� �e�x�p�l�o�r�e�d�.� �F�u�r�t�h�e�r�,� �i�n� �t�h�e� 

�s�y�n�t�h�e�s�i�s� �o�f� �3�0�-�c�-�1�0� �i�t� �w�a�s� �f�o�u�n�d� �t�h�a�t� �t�h�e� �m�a�c�r�o�c�y�c�l�e� �o�f� �t�w�i�c�e� �t�h�e� 

�s�i�z�e�,� �i�.�e�.�,� �6�0�-�c�r�o�w�n�-�2�0�,� �i�s� �a�l�s�o� �f�o�r�m�e�d�.� �T�h�u�s�,� �6�0�-�c�-�2�0� �w�a�s� �a�l�s�o� 
�u�s�e�d� �f�o�r� �p�o�l�y�r�o�t�a�x�a�n�e� �s�y�n�t�h�e�s�i�s�.� 

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

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

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

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

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

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

�m�a�c�r�o�c�y�c�l�e� �(�I�-�1�7�)� �p�r�o�v�i�d�e�s� �a�n� �a�l�t�e�r�n�a�t�i�v�e� �t�o� �s�t�a�t�i�s�t�i�c�a�l� �t�h�r�e�a�d�i�n�g� 

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

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

�w�a�s� �a�b�l�e� �t�o� �e�f�f�e�c�t�i�v�e�l�y� �b�l�o�c�k� �t�h�e� �c�r�o�w�n� �e�t�h�e�r�s� �u�p� �t�o� �4�2�-�m�e�m�b�e�r�e�d� 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

�4�4



�C�R�O�W�N� �E�T�H�E�R� �M�A�C�R�O�C�Y�C�L�E�S� �A�N�D� �C�A�T�E�N�A�N�E� �.� 
�l�l�l�.�1� �I�n�t�r�o�d�u�c�t�i�o�n� �.� 
�l�l�1�1�.�2� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� �.� 
�I�l�!�.�3� �R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� �.� �,� 

�C�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �o�f� �3�0�-�C�-�1�0� 
�C�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �o�f� �6�0�-�C�-�1�0� 

�1�1�1�.�4� �C�a�t�e�n�a�n�e� 
�H�l�.�5� �E�x�p�e�r�i�m�e�n�t�a�l� 
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�i�.� �I�n�t�r�o�d�u�c�t�i�o�n� 

�S�i�n�c�e� �t�h�e� �i�n�c�e�p�t�i�o�n�,� �d�e�s�i�g�n� �a�n�d� �f�i�r�s�t� �s�y�n�t�h�e�s�i�s� �o�f� �d�i�b�e�n�z�o�-�1�8�-� 

�c�r�o�w�n�-�6�,� �1�8�-�c�r�o�w�n�-�6� �a�n�d� �o�t�h�e�r� �c�r�o�w�n� �e�t�h�e�r� �m�a�c�r�o�c�y�c�l�e�s� �(�1�-�4�)� 

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

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

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

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

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

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

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

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

�u�n�i�t�s� �(�5�-�6�)� �h�a�v�e� �b�e�e�n� �r�e�p�o�r�t�e�d�.� �T�h�e� �s�e�l�e�c�t�i�v�i�t�y� �o�f� �t�h�e� �c�o�m�p�l�e�x�a�t�i�o�n� 

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

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

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

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

�e�n�c�l�o�s�e�d� �c�a�v�i�t�i�e�s� �(�c�r�y�p�t�a�n�d�s�)� �(�5�-�6�)�,� �o�r� �M�o�b�i�u�s� �s�t�r�i�p�s�,� �t�h�e� �o�n�e�-�s�i�d�e�d�,� 

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

�l�o�n�g� �a�x�i�s� �(�7�)�.� 

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

�e�t�h�e�r�s� �a�n�d� �a�n�a�l�o�g�u�e�s� �w�i�t�h� �h�e�t�e�r�o�-�a�t�o�m�s� �c�o�n�t�a�i�n�i�n�g� �l�e�s�s� �t�h�a�n� �2�7� 

�a�t�o�m�s� �h�a�v�e� �b�e�e�n� �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� �b�y� �N�M�R�,� �X�-�r�a�y� 

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

�i�o�n�i�c� �s�u�b�s�t�r�a�t�e�s� �(�5�-�6�)�.� �H�o�w�e�v�e�r�,� �t�h�e�r�e� �a�r�e� �r�e�l�a�t�i�v�e�l�y� �f�e�w� �e�x�a�m�p�l�e�s� 

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

�m�o�r�e� �t�h�a�n� �2�7� �a�t�o�m�s� �r�e�p�o�r�t�e�d� �i�n� �l�i�t�e�r�a�t�u�r�e�.� �A�s� �d�i�s�c�u�s�s�e�d� �i�n� �t�h�e� 

�e�a�r�l�i�e�r� �c�h�a�p�t�e�r� �m�a�c�r�o�c�y�c�l�e�s� �c�o�n�t�a�i�n�i�n�g� �g�r�e�a�t�e�r� �t�h�a�n� �2�7� �a�t�o�m�s� �a�r�e� 

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

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

�e�t�h�e�r�s� �a�n�d� �a�n�a�l�o�g�o�u�s� �m�a�c�r�o�c�y�c�l�e�s� �c�o�n�t�a�i�n�i�n�g� �m�o�r�e� �t�h�a�n� �2�7� �a�t�o�m�s� 

�a�n�d� �a�t�t�e�m�p�t�s� �t�o� �s�y�n�t�h�e�s�i�z�e� �c�r�o�w�n� �e�t�h�e�r�s�,� �p�a�r�t�i�c�u�l�a�r�l�y� �3�0�-�c�-�1�0� �a�n�d� 

�6�0�-�c�-�2�0�,� �i�n� �l�a�r�g�e� �s�c�a�l�e� �f�o�l�l�o�w�e�d� �b�y� �d�e�t�a�i�l�e�d� �c�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �a�r�e� 
�r�e�p�o�r�t�e�d�.� 

�H�.�2� �L�i�t�e�r�a�t�u�r�e� �R�e�v�i�e�w� 

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

�l�a�r�g�e�r� �s�i�z�e�s� �(�g�r�e�a�t�e�r� �t�h�a�n� �2�7� �a�t�o�m�s�)� �h�a�s� �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� �o�n� �l�e�s�s� �t�h�a�n� �a� �g�r�a�m� �s�c�a�l�e� �(�8�-�9�)�.� �T�h�e� �s�y�n�t�h�e�s�e�s� �o�f� �s�u�c�h� 

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

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

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

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

�s�t�r�u�c�t�u�r�e� �3�n�-�c�r�o�w�n�-�n�,� �w�h�e�r�e� �n� �i�s� �1�0�-�2�0�,� �r�a�n�g�i�n�g� �f�r�o�m� �3�0�-�c�-�1�0� 

�(�I�l�l�-�1�)� �t�o� �6�0�-�c�-�2�0� �(�I�I�I�-�6�)� �u�s�i�n�g� �t�h�i�s� �m�e�t�h�o�d� �(�8�)�.� 

�(� �I�I�I�-�1� �x�=�y�=� �4�;� �3�0�-�c�-�1�0� 

�o�O� �O� �x�X� �I�I�f�-�2� �X�=�y�=� �5�;� �3�6�-�c�-�1�2� 

�I�I�I�-�3� �x�=�y�=� �6�;� �4�2�-�c�-�1�4� 

�O� �q�o� �I�l�l�-�4� �x�=�y�=� �7�;� �4�8�-�c�-�1�6� 

 ��}�Y�"� �I�L�-�6� �x�=�y�=� �9�;� �6�0�-�c�-�2�0� 

�F�o�r� �3�3�-�c�-�1�1� �a�n�d� �l�a�r�g�e�r� �c�r�o�w�n�s� �(�s�o�m�e� �o�f� �t�h�e� �c�r�o�w�n� �e�t�h�e�r�s� �n�o�t� 

�s�h�o�w�n� �i�n� �t�h�e� �a�b�o�v�e� �d�i�a�g�r�a�m�)�,� �t�h�e� �y�i�e�l�d�s� �w�e�r�e� �i�n� �t�h�e� �r�a�n�g�e� �o�f� �2�0�-�3�0� 

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

�w�i�t�h� �s�o�d�i�u�m� �h�y�d�r�i�d�e� �d�i�d� �n�o�t� �c�h�a�n�g�e� �t�h�e� �y�i�e�l�d�s�.� �s�i�g�n�i�f�i�c�a�n�t�l�y�.� 
�H�o�w�e�v�e�r�,� �f�o�r� �2�7�-�c�-�9� �a�n�d� �3�0�-�c�-�1�0�,� �m�u�c�h� �b�e�t�t�e�r� �y�i�e�l�d�s� �(�a�b�o�u�t� �5�0� �%�)� 

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

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

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

�m�o�r�e� �t�h�a�n� �o�n�e� �m�e�t�a�l� �i�o�n� �c�o�m�p�l�e�x�e�s� �t�o� �t�h�e� �p�r�e�c�u�r�s�o�r� �e�t�h�e�r� �s�u�c�h� �t�h�a�t� 
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�t�h�e� �u�n�c�y�c�l�i�z�e�d� �e�n�d�s� �a�r�e� �h�e�l�d� �i�n� �c�l�o�s�e� �p�r�o�x�i�m�i�t�y�,� �r�e�s�u�l�t�i�n�g� �i�n� �h�i�g�h�e�r� 
�y�i�e�l�d�s� �(�8�)�.� �L�e�s�s� �t�h�a�n� �a� �g�r�a�m� �o�f� �e�a�c�h� �m�a�c�r�o�c�y�c�l�e� �w�a�s� �p�r�e�p�a�r�e�d�.� �2�/�7�-� 

�c�-�9� �a�n�d� �3�0�-�c�-�1�0� �w�e�r�e� �r�e�p�o�r�t�e�d� �a�s� �o�i�l�s�,� �w�h�i�l�e� �o�t�h�e�r� �m�a�c�r�o�c�y�c�l�e�s� 

�w�e�r�e� �r�e�p�o�r�t�e�d� �a�s� �s�o�l�i�d�s�,� �i�n�c�l�u�d�i�n�g� �6�0�-�c�-�2�0� �w�i�t�h� �a� �m�e�l�t�i�n�g� �p�o�i�n�t� �o�f� 

�4�6�-�5�0�.�5� �°�C�.� �M�a�c�r�o�c�y�c�l�e�s� �w�e�r�e� �p�u�r�i�f�i�e�d� �b�y� �c�o�l�u�m�n� �c�h�r�o�m�a�t�o�g�r�a�p�h�y�.� 

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

�c�o�n�t�a�i�n�i�n�g� �a�r�o�m�a�t�i�c� �g�r�o�u�p�s� �h�a�v�e� �b�e�e�n� �r�e�p�o�r�t�e�d� �(�1�0�-�2�0�)�.� �S�o�m�e� �o�f� �t�h�e� 
�e�x�a�m�p�l�e�s� �o�f� �t�h�e�s�e� �m�a�c�r�o�c�y�c�l�e�s� �c�o�n�t�a�i�n�i�n�g� �2�8� �a�t�o�m�s� �o�r� �m�o�r�e� �a�r�e� 

�s�h�o�w�n� �b�e�l�o�w�.� 

�N�A�,� 
� � 

� � 

� � � � � � � � � � 
� � 

�R� �R� 
�|� �T� 

�O� �O� �O� �W�Y �� �T� 

�I�I�I�-�7� �x�=�y�=� �3�,�R� �=� �C�l� �I�I�I�-�8� �x�=�y�=� �3�,�R� �=� 

�I�I�I�-�9� �x�=�y�=� �3� �I�I�I�-�1�0� �x�=�y�=� �2� 
�R�=� �I�I�I�-�1�1� �x�=�3�,� �y�=� �4� �I�I�I�-�1�2� �x�=�y�=� �4� 

�I�I�I�-�1�3� �x�=�2�,� �y�=� �3� 

�I�I�I�-�1�4� �x�=�y�=� �3�,�R�  ��O�O� �I�I�I�-�1�5� �x�=�y�=� �3�,�R� �0� 

�C�H�,�  �� 
�I�I�I�-�1�6� �x�=�y�=� �3�,�R� �=� 

�C�H�?�  �� 

�S�y�n�t�h�e�s�i�s� �o�f� �I�I�I�-�7� �t�o� �I�l�l�-�1�5� �a�r�e� �r�e�p�o�r�t�e�d� �b�y� �S�t�o�d�d�a�r�t� �a�n�d� 

�c�o�w�o�r�k�e�r�s� �(�1�0�-�1�7� �a�n�d� �r�e�f�e�r�e�n�c�e�s� �t�h�e�r�e�i�n�)� �a�n�d� �o�v�e�r�a�l�l� �y�i�e�l�d�s� �r�a�n�g�e�d� 

�f�r�o�m� �7�.�5�-�1�5� �%�.� �T�h�e� �s�y�n�t�h�e�s�i�s� �w�a�s� �a�c�c�o�m�p�l�i�s�h�e�d� �i�n� �f�o�u�r� �s�t�e�p�s�;� �i�n� �t�h�e� 

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

�c�y�c�l�i�z�a�t�i�o�n� �i�n� �t�h�e� �f�o�u�r�t�h� �s�t�e�p�.� �I�n� �o�u�r� �g�r�o�u�p�,� �a� �o�n�e� �s�t�e�p� �m�e�t�h�o�d� �w�a�s� 
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�d�e�v�i�s�e�d� �f�o�r� �t�h�e� �s�y�n�t�h�e�s�i�s� �o�f� �I�I�l�-�9� �a�n�d� �t�h�e� �y�i�e�l�d�s� �o�f� �t�h�e� �m�a�c�r�o�c�y�c�l�e� 

�w�e�r�e� �1�2�.�5� �%� �(�1�8�)�.� �I�n� �p�r�i�n�c�i�p�l�e�,� �t�h�i�s� �m�e�t�h�o�d� �c�a�n� �a�l�s�o� �b�e� �u�s�e�d� �f�o�r� �t�h�e� 
�s�y�n�t�h�e�s�i�s� �o�f� �o�t�h�e�r� �m�a�c�r�o�c�y�c�l�e�s� �m�e�n�t�i�o�n�e�d� �a�b�o�v�e�.� �X�-�r�a�y� �c�r�y�s�t�a�l� 

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

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

�r�o�t�a�x�a�n�e� �s�y�n�t�h�e�s�i�s� �e�x�c�e�p�t� �f�o�r� �I�I�l�-�1�4� �w�h�e�r�e� �t�h�e� �m�a�c�r�o�c�y�c�l�e� �i�s� 

�f�o�l�d�e�d� �i�n� �a� �'�U�'� �s�h�a�p�e� �s�u�c�h� �t�h�a�t� �t�h�e� �n�a�p�h�t�h�y�l� �g�r�o�u�p�s� �a�r�e� �i�n� �p�a�r�a�l�l�e�l� 

�o�r�i�e�n�t�a�t�i�o�n�.� 
�S�y�n�t�h�e�s�i�s� �o�f� �I�l�l�-�1�6� �w�a�s� �a�c�c�o�m�p�l�i�s�h�e�d� �b�y� �r�e�a�c�t�i�n�g� �a�,�a�'�-� 

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

�(�1�9�-�2�0�)�.� �Y�i�e�l�d�s� �o�f� �t�h�e� �m�a�c�r�o�c�y�c�l�e� �v�a�r�i�e�d� �f�r�o�m� �4�-�2�5� �%� �d�e�p�e�n�d�i�n�g� �o�n� 

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

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

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

� � 

�I�I�I�-�1�7� �n�=� �3� 
�I�l�l�-�1�9� �n�=� �4� � � 
�S�y�n�t�h�e�s�e�s� �o�f� �c�a�t�e�n�a�n�e�s� �a�n�d� �r�o�t�a�x�a�n�e�s� �d�e�r�i�v�e�d� �f�r�o�m� 

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

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

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

�c�o�n�t�a�i�n�i�n�g� �m�o�l�e�c�u�l�e�.� �T�h�e� �m�a�c�r�o�c�y�c�l�e� �I�I�l�-�1�7� �w�a�s� �s�y�n�t�h�e�s�i�z�e�d� �i�n� 

�a�b�o�u�t� �5�0� �%� �y�i�e�l�d� �a�n�d� �i�n� �t�h�i�s� �s�y�n�t�h�e�s�i�s�,� �m�a�c�r�o�c�y�c�l�e� �I�I�l�-�1�8� �i�s� �a�l�s�o� 
�f�o�r�m�e�d� �i�n� �a�b�o�u�t� �1�4� �%� �y�i�e�l�d�;� �f�u�r�t�h�e�r�,� �m�a�c�r�o�c�y�c�l�e� �I�I�l�-�1�9� �w�a�s� 

�4�9



�s�y�n�t�h�e�s�i�z�e�d� �i�n� �a�b�o�u�t� �4�5� �%� �y�i�e�l�d� �(�2�1�)�.� �D�e�s�p�i�t�e� �t�h�e� �h�i�g�h� �y�i�e�l�d�s�,� �a�n�d� 
�a�d�d�e�d� �a�d�v�a�n�t�a�g�e� �o�f� �h�o�s�t�-�g�u�e�s�t� �c�o�m�p�l�e�x�a�b�i�l�i�t�y� �o�f� �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�s�,� �t�h�e� �s�t�a�r�t�i�n�g� �m�a�t�e�r�i�a�l� �i�s� �f�a�i�r�l�y� �e�x�p�e�n�s�i�v�e� �(�c�a�.� �$� 

�1�/�g�)�.� �A�s� �i�n�d�i�c�a�t�e�d� �i�n� �C�h�a�p�t�e�r� �1�,� �a� �r�o�t�a�x�a�n�e� �f�r�o�m� �s�u�c�h� �a� �m�a�c�r�o�c�y�c�l�e� 
�h�a�s� �b�e�e�n� �m�a�d�e� �i�n� �o�u�r� �g�r�o�u�p�.� 

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

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

�m�o�l�e�c�u�l�e�s� �a�r�e� �k�n�o�w�n� �a�s� �c�a�l�i�x�[�X�J�a�r�e�n�e�s� �w�h�e�r�e� �X� �r�e�p�r�e�s�e�n�t� �n�u�m�b�e�r� �o�f� 

�b�e�n�z�e�n�e� �g�r�o�u�p�s� �i�n� �t�h�e� �c�y�c�l�i�c� �m�o�l�e�c�u�l�e�s�.� �S�y�n�t�h�e�s�i�s� �o�f� �c�a�l�i�x�[�8�J�a�r�e�n�e� 

�h�a�v�i�n�g� �m�p� �o�f� �4�1�0�-�4�1�2� �°�C� �h�a�s� �b�e�e�n� �r�e�p�o�r�t�e�d� �f�r�o�m� �p�h�e�n�o�l� �a�n�d� 
�f�o�r�m�a�l�d�e�h�y�d�e� �i�n� �a�b�o�u�t� �7�0� �%� �y�i�e�l�d� �(�2�3�)�.� �S�u�c�h� �c�a�l�i�x�a�r�e�n�e�s� �w�o�u�l�d� �b�e� 

�v�e�r�y� �u�s�e�f�u�l� �i�n� �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�.� 

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

�t�h�a�n� �2�7� �a�t�o�m�s� �h�a�v�e� �a�p�p�e�a�r�e�d� �i�n� �t�h�e� �l�i�t�e�r�a�t�u�r�e� �(�2�4�-�3�3�)�.� �T�h�e�s�e� 

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

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

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

�e�x�p�e�n�s�i�v�e� �s�t�a�r�t�i�n�g� �m�a�t�e�r�i�a�l�s�.� 

�T�h�u�s�,� �c�r�o�w�n� �e�t�h�e�r�s� �s�u�c�h� �a�s� �3�0�-�c�-�1�0� �a�n�d� �h�i�g�h�e�r� �h�o�m�o�l�o�g�u�e�s� 

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

�s�y�n�t�h�e�t�i�c� �a�p�p�r�o�a�c�h�,� �i�n�e�x�p�e�n�s�i�v�e� �s�t�a�r�t�i�n�g� �m�a�t�e�r�i�a�l�s� �a�n�d� �a�l�s�o� �b�e�c�a�u�s�e� 
�s�u�c�h� �m�a�c�r�o�c�y�c�l�e�s� �c�a�n� �b�e� �p�r�e�p�a�r�e�d� �i�n� �h�i�g�h� �y�i�e�l�d�s� �(�a�b�o�u�t� �4�0�-�5�0� �%�)�.� 

�F�u�r�t�h�e�r�,� �t�h�e� �b�l�o�c�k�i�n�g� �g�r�o�u�p�s �� �d�e�r�i�v�e�d� �f�r�o�m� �_� �t�r�i�s�(�p�-�t�-� 

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

�c�r�o�w�n� �e�t�h�e�r�s�.� 

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

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

�m�a�c�r�o�c�y�c�l�e�s� �w�a�s� �p�u�b�l�i�s�h�e�d�.� �I�n� �t�h�i�s� �p�a�p�e�r� �(�9�)�,� �t�h�e� �a�u�t�h�o�r�s� �h�a�v�e� 

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

�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�s� �o�f� �v�a�r�i�o�u�s� �s�i�z�e�s� �(�c�a�.� �3�6�-�c�-�1�2�,� �4�8�-�c�-�1�6�,� �6�0�-�c�-�2�0� 

�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� �3�0�-�c�-�1�0� �a�n�d� �6�0�-�c�-�2�0� �f�r�o�m� 

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

�5�0



�s�y�n�t�h�e�s�i�s� �o�f� �3�0�-�c�-�1�0� �a�n�d� �6�0�-�c�-�2�0�.� �T�a�b�l�e� �I�l�l�-�1� �s�u�m�m�a�r�i�z�e�s� �s�o�m�e� 

�o�f� �t�h�e� �r�e�s�u�l�t�s� �o�b�t�a�i�n�e�d� �b�y� �t�h�e� �a�u�t�h�o�r�s� �(�9�)�.� 

�T�a�b�l�e� �I�l�l�-�1� �R�e�p�o�r�t�e�d� �S�y�n�t�h�e�s�i�s� �o�f� �C�r�o�w�n� �E�t�h�e�r�s� �(�9�)� 

� � �c�u�y�.�0� �T�s�C�l�,� �K�O�H� �E� 
�H� �H� �>� �e�e �� �D�i�o�x�a�n�e�,� �6�5� �°�C� �(�O�C�H�,�C�H� �a�x� 

�w�h�e�r�e� �n� �=� �1�,� �2�,� �3�,� �4� �o�r� �5�.� 

� � � � 

�Y�i�e�l�d�s� �(�%�)� 
�X�=� �4� �2� �1�0� 

�1�2�-�c�-�4� �1�.�4� 
�1�5�-�c�-�5� �4�6�.�0� 
�2�4�-�c�-�8� �2�3�.�0� 
�3�0�-�c�-�1�0� �1�2�.�0� �4�3�.�0� 
�3�6�-�c�-�1�2� �1�1�.�0� 
�4�8�-�c�-�1�6� �4�.�3� 
�6�0�-�c�-�2�0� �1�.�2� �0�.�7� �1�.�4� 

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

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

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

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

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

�3�0�0�,� �4�0�0�,� �6�0�0� �a�n�d� �1�0�0�0�.� �T�h�e� �c�r�o�w�n� �e�t�h�e�r�s� �w�e�r�e� �p�u�r�i�f�i�e�d� �b�y� �e�i�t�h�e�r� 

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

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

�a�s� �g�l�a�s�s� �c�o�l�u�m�n� �p�a�c�k�e�d� �w�i�t�h� �3�%� �O�V�-�1�7� �o�n� �8�0�-�1�0�0� �S�u�p�e�l�c�o�p�o�r�t� �(�1� �m� 
�x� �1�/�8� �i�n�)�,� �s�t�a�i�n�l�e�s�s� �s�t�e�e�l� �c�o�l�u�m�n� �p�a�c�k�e�d� �w�i�t�h� �5�%� �O�V�-�1�0�1� �o�n� 

�C�h�r�o�m�o�s�o�r�b� �1�0�0�-�1�2�0� �(�1� �m� �x� �1�/�8� �i�n�)� �o�r� �s�t�a�i�n�l�e�s�s� �s�t�e�e�l� �c�o�l�u�m�n� �p�a�c�k�e�d� 

�w�i�t�h� �1�0�%� �U�C�W�-�9�8�2� �o�n� �C�h�r�o�m�o�s�o�r�b� �8�0�-�1�0�0� �(�(�2�0� �i�n� �x� �1�/�8� �i�n�)� �u�s�i�n�g� �a� 
�f�l�a�m�e� �i�o�n�i�z�a�t�i�o�n� �d�e�t�e�c�t�o�r� �(�9�)�.� 

�5�1



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

�o�f� �3�0�-�c�-�1�0� �w�a�s� �r�e�p�o�r�t�e�d� �t�o� �b�e� �a�b�o�u�t� �9�9� �%� �w�i�t�h� �a� �m�e�l�t�i�n�g� �p�o�i�n�t� �o�f� 

�3�5�.�5�-�3�6�.�8� �°�C� �w�h�i�l�e� �6�0�-�c�-�2�0� �w�a�s� �i�s�o�l�a�t�e�d� �i�n� �8�5� �%� �p�u�r�i�t�y� �w�i�t�h�o�u�t� 

�r�e�p�o�r�t�i�n�g� �a�n�y� �c�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �d�a�t�a� �(�9�)�.� 

�1�1�1�.�2� �R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n�s� 

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

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

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

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

�r�a�n�g�e� �o�f� �2�5�%�.� �B�a�r�t�s�c�h� �e�t� �a�l�.� �h�a�v�e� �r�e�p�o�r�t�e�d� �p�h�a�s�e�-�t�r�a�n�s�f�e�r�-�c�a�t�a�l�y�s�e�d� 

�s�y�n�t�h�e�s�i�s� �o�f� �h�e�x�a�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� �i�n� �8�0� �%� �y�i�e�l�d�s� �(�3�4�)�.� �A�n� �o�r�g�a�n�i�c� 
�p�h�a�s�e� �c�o�n�s�i�s�t�i�n�g� �o�f� �e�x�c�e�s�s� �C�I�-�C�H�>�C�H� �s�O�-�T�H�P� �a�s� �s�o�l�v�e�n�t� �a�n�d� 

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

�h�y�d�r�o�x�i�d�e� �i�n� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �t�e�t�r�a�b�u�t�y�l�a�m�m�o�n�i�u�m� �h�y�d�r�o�g�e�n� �s�u�l�f�a�t�e� 
�a�s� �t�h�e� �p�h�a�s�e�-�t�r�a�n�s�f�e�r� �c�a�t�a�l�y�s�t� �a�t� �6�5� �°�C� �f�o�r� �3� �d�a�y�s�.� �U�s�i�n�g� �t�h�i�s� 
�p�r�o�c�e�d�u�r�e�,� �i�n� �t�h�e� �p�r�e�s�e�n�t� �s�t�u�d�y�,� �h�e�x�a�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� �w�a�s� �o�b�t�a�i�n�e�d� 

�i�n� �y�i�e�l�d�s� �a�s� �h�i�g�h� �a�s� �9�2� �%�.� �T�h�e� �s�y�n�t�h�e�s�i�s� �o�f� �h�e�x�a�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� �i�s� 

�s�h�o�w�n� �i�n� �S�c�h�e�m�e� �I�I�I�-�1�.� 

�S�c�h�e�m�e� �I�l�l�-�1� �S�y�n�t�h�e�s�i�s� �o�f� �H�e�x�a�(�e�t�h�y�l�e�n�e� �G�l�y�c�o�l�)� 

�H�O� �O� �3� �O�H�  �� �_� �H�O� �O� �5�  ��O�H� 
�5�0� �%� �a�q� �N�a�O�H� 

�p�h�a�s�e� �t�r�a�n�s�f�e�r� �c�a�t�a�l�y�s�t�,� 

�6�5� �°�C�,� �5� �d�a�y�s� 

�H�*�/�M�e�O�H�-�C�H�2�C�l�2� 

�S�y�n�t�h�e�s�i�s� �o�f� �3�0�-�c�-�1�0� �w�a�s� �a�c�c�o�m�p�l�i�s�h�e�d� �b�y� �_� �r�e�a�c�t�i�n�g� 
�h�e�x�a�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� �a�n�d� �s�o�d�i�u�m� �h�y�d�r�i�d�e� �f�o�l�l�o�w�e�d� �b�y� �s�l�o�w� �a�d�d�i�t�i�o�n� 

�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�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� �a�s� 

�5�2



�d�e�s�c�r�i�b�e�d� �b�y� �C�h�e�n�e�v�e�r�t� �e�t� �a�l�.� �(�8�)�.� �S�i�n�c�e� �t�h�e� �s�y�n�t�h�e�s�i�s� �o�f� �3�0�-�c�-�1�0� 

�w�a�s� �d�o�n�e� �o�n� �a� �v�e�r�y� �l�a�r�g�e� �s�c�a�l�e� �(�0�.�3� �m�o�l�e�s� �a�t� �a� �t�i�m�e�)� �r�e�l�a�t�i�v�e�l�y� 

�h�i�g�h�e�r� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �w�e�r�e� �u�s�e�d� �t�h�a�n� �r�e�p�o�r�t�e�d� �(�8�)�.� �T�h�e� �o�v�e�r�a�l�l� 

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

�3�0�-�c�-�1�0� �w�a�s� �0�.�1�2� �m�o�l�e�/�l� �i�n� �T�H�F� �(�r�e�p�o�r�t�e�d� �(�8�)� �d�i�l�u�t�i�o�n� �f�o�r� �t�h�e� 

�s�y�n�t�h�e�s�i�s� �o�f� �3�0�-�c�-�1�0� �w�a�s� �0�.�0�4� �m�o�l�e�/�|� �o�f� �h�e�x�a�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� �i�n� 

�T�H�F�)�.� 
�3�0�-�c�-�1�0� �p�r�e�p�a�r�e�d� �i�n� �t�h�e� �e�a�r�l�y� �s�t�a�g�e�s� �o�f� �t�h�e� �r�e�s�e�a�r�c�h� �(�s�m�a�l�l� 

�s�c�a�l�e� �s�y�n�t�h�e�s�i�s�,� �0�.�0�4� �m�o�l�e�/�I� �h�e�x�a�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� �i�n� �T�H�F�)� �w�a�s� 

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

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

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

�c�o�l�u�m�n� �a�n�d� �i�t� �d�i�d� �n�o�t� �m�o�v�e�.� �F�u�r�t�h�e�r�,� �t�o� �o�b�t�a�i�n� �v�e�r�y� �p�u�r�e� �3�0�-�c�-�1�0� 

�(�9�9�+� �%�)� �i�t� �h�a�d� �t�o� �b�e� �p�u�r�i�f�i�e�d� �3�-�4� �t�i�m�e�s� �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� �t�h�e� �p�r�o�d�u�c�t� �s�h�o�w�e�d� �a� �s�i�n�g�l�e�t� �a�t� �3�.�6�7� �p�p�m� �i�n� �t�h�e� �p�r�o�t�o�n� �N�M�R� 

�s�p�e�c�t�r�u�m� �w�i�t�h� �a� �m�e�l�t�i�n�g� �p�o�i�n�t� �o�f� �3�8�.�1�-�4�0�.�1� �°�C�.� �F�u�r�t�h�e�r�m�o�r�e�,� �a�f�t�e�r� 

�c�o�m�p�l�e�t�e� �e�l�u�t�i�o�n� �o�f� �3�0�-�c�-�1�0� �f�r�o�m� �t�h�e� �c�o�l�u�m�n�,� �a�n�o�t�h�e�r� �c�o�m�p�o�u�n�d� �(�5�-� 

�7� �%� �y�i�e�l�d�)� �w�a�s� �f�o�u�n�d� �t�o� �e�l�u�t�e� �a�n�d� �i�n� �i�t�s� �p�r�o�t�o�n� �N�M�R� �s�p�e�c�t�r�u�m� �i�t� 

�s�h�o�w�e�d� �a� �s�i�n�g�l�e�t� �a�t� �3�.�6�4� �p�p�m�.� �T�h�i�s� �c�o�r�r�e�s�p�o�n�d�e�d� �t�o� �6�0�-�c�-�2�0� �a�s� 

�r�e�p�o�r�t�e�d� �b�y� �C�h�e�n�e�v�e�r�t� �e�t� �a�l�.� �(�8�)�.� �L�a�t�e�r� �i�t� �w�a�s� �c�o�n�f�i�r�m�e�d� �b�y� �m�a�s�s� 

�s�p�e�c�t�r�o�s�c�o�p�y� �t�h�a�t� �i�n�d�e�e�d�,� �i�t� �w�a�s� �6�0�-�c�-�2�0�.� �S�c�h�e�m�e� �I�I�I�l�-�2� �s�h�o�w�s� �t�h�e� 

�r�e�a�c�t�i�o�n� �o�f� �h�e�x�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� �t�o� �f�o�r�m� �3�0�-�c�-�1�0� �a�n�d� �6�0�-�c�-�2�0�.� 

�I�n� �t�h�e� �l�a�r�g�e� �s�c�a�l�e� �s�y�n�t�h�e�s�i�s�,� �6�0�-�c�-�2�0� �w�a�s� �f�o�r�m�e�d� �i�n� �a�b�o�u�t� �1�2� 

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

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

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

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

�c�o�u�l�d� �c�y�c�l�i�z�e� �t�o� �g�i�v�e� �3�0�-�c�-�1�0� �o�r� �f�u�r�t�h�e�r� �r�e�a�c�t� �w�i�t�h� �a� �m�o�l�e�c�u�l�e� �o�f� 

�h�e�x�a�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� �a�n�d� �a� �m�o�l�e�c�u�l�e� �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� �f�o�l�l�o�w�e�d� �b�y� �c�y�c�l�i�z�a�t�i�o�n� �o�f� �t�h�e� �r�e�s�u�l�t�i�n�g� �m�o�l�e�c�u�l�e�.� 
�F�o�r�m�a�t�i�o�n� �o�f� �6�0�-�c�-�2�0� �m�u�s�t� �b�e� �a�s�s�i�s�t�e�d� �b�y� �m�u�l�t�i�p�l�e� �t�e�m�p�l�a�t�e� �e�f�f�e�c�t�s� 
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�a�l�o�n�g� �w�i�t�h� �t�h�e� �r�e�l�a�t�i�v�e�l�y� �h�i�g�h�e�r� �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� 

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

�o�f� �6�0�-�c�-�2�0� �w�o�u�l�d� �n�o�t� �b�e� �o�b�t�a�i�n�e�d�.� 

�S�c�h�e�m�e� �I�l�l�-�2� �S�y�n�t�h�e�s�i�s� �o�f� �3�0�-�c�-�1�0� �a�n�d� �6�0�-�c�-�2�0� 

�3� �3� 
�+� 

�H�O� �O� �O�H� �T�s�O� �O�o� �O�T�s� 

�N�a�H� 
�T�H�F�,� �R�T� 

�5�6� �h�o�u�r�s� 

�>�)� �O�N� 

 �� �c�e� �~� �O� 

�3�0�-�c�-�1�0� �6�0�-�c�-�2�0� 

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

�l�a�r�g�e� �s�c�a�l�e� �r�e�a�c�t�i�o�n�s� �(�4�0�0� �g� �c�r�u�d�e� �p�r�o�d�u�c�t�)� �w�a�s� �p�u�r�i�f�i�e�d� �b�y� �f�i�l�t�e�r�i�n�g� 

�a� �s�o�l�u�t�i�o�n� �i�n� �d�i�c�h�l�o�r�o�m�e�t�h�a�n�e� �t�h�r�o�u�g�h� �a� �1�4�-�1�6�"� �l�o�n�g� �s�i�l�i�c�a� �g�e�l� 

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

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

�5�0�:�5�0� �w�a�t�e�r�:�e�t�h�a�n�o�l� �t�o� �r�e�m�o�v�e� �o�i�l� �(�f�r�o�m� �s�o�d�i�u�m� �h�y�d�r�i�d�e�)� �a�n�d� �a�n�y� 

�u�n�r�e�a�c�t�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�.� �S�c�h�e�m�e� �I�I�l�-�3� �s�h�o�w�s� 

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

�f�r�e�e� �o�f� �l�i�n�e�a�r� �i�m�p�u�r�i�t�i�e�s� �w�a�s� �a�n�a�l�y�s�e�d� �b�y� �p�r�o�t�o�n� �N�M�R� �a�n�d� �t�w�o� �m�a�j�o�r� 

�p�e�a�k�s� �o�f� �a�b�o�u�t� �e�q�u�a�l� �i�n�t�e�g�r�a�l� �v�a�l�u�e�s� �a�t� �3�.�6�4� �a�n�d� �3�.�6�7� �w�e�r�e� �o�b�s�e�r�v�e�d�,� 

�c�o�r�r�e�s�p�o�n�d�i�n�g� �t�o� �3�0�-�c�-�1�0� �a�n�d� �6�0�-�c�-�2�0�.� �F�u�r�t�h�e�r�,� �a� �s�m�a�l�l� �p�e�a�k� �a�t� 

�3�.�6�5� �p�p�m� �w�a�s� �a�l�s�o� �s�e�e�n�,� �w�h�i�c�h� �i�s� �b�e�l�i�e�v�e�d� �t�o� �b�e� �d�u�e� �t�o� �f�o�r�m�a�t�i�o�n� �o�f� 
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�S�c�h�e�m�e� �I�l�l�-�3� �P�u�r�i�f�i�c�a�t�i�o�n� �o�f� �3�0�-�c�-�1�0� �a�n�d� �6�0�-�c�-�2�0� 

� � 

�p�-�T�o�l�u�e�n�e�s�u�l�f�o�n�i�c� �A�c�i�d� 
�N�a�O�H� 

�H�e�x�a�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� 
�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�o�l�y�m�e�r�i�c� �g�l�y�c�o�l�s� 
�3�0�-�c�-�1�0�,� �6�0�-�c�-�2�0� 

�C�r�u�d�e� �R�e�a�c�t�i�o�n� 

�P�r�o�d�u�c�t� �i�n� �T�H�F� 

� � 

� � 

�y� �F�i�l�t�e�r� �o�u�t� �s�a�l�t�s� 

�|� �R�e�m�o�v�e� �T�H�F� �a�n�d� 
�E�x�t�r�a�c�t� �o�r�g�a�n�i�c�s� �w�i�t�h� 
�C�H�,�C�l�,� 

� � 

�H�e�x�a�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� �i�n� �C�H�C�l�,� 
�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� 

�P�o�l�y�m�e�r�i�c� �g�l�y�c�o�l�s� 
�3�0�-�c�-�1�0�,� �6�0�-�c�-�2�0� �4�0�0� �g� 
� � 

�1�4�-�1�6�"� �l�o�n�g� �s�i�l�i�c�a� �g�e�l� �c�o�l�u�m�n� 
�|� �P�a�s�s� �t�h�e� �s�o�l�u�t�i�o�n� �t�h�r�o�u�g�h� 

�a�b�o�u�t� �3�0�0� �g� �s�i�l�i�c�a� �g�e�l� 
� � 

�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�q�¢� �R�e�m�o�v�e� �C�H�,�C�l�,� 
�3�0�-�c�-�1�0�,� �6�0�-�c�-�2�0� �>� 

�3�0�1� �g� 

� � 

� � 

�E�x�t�r�a�c�t� �w�i�t�h� �5�0�:�5�0� �e�t�h�a�n�o�l�:�w�a�t�e�r� 
�R�e�m�o�v�e� �i�n�s�o�l�u�b�l�e� �l�a�y�e�r� �c�o�n�t�a�i�n�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� �a�n�d� �o�i�l� 
�f�r�o�m� �N�a�H� 

� � 

�e�k� �R�e�m�o�v�e� �e�t�h�a�n�o�l�:�w�a�t�e�r� 
�3�0�-�c�-�1�0�,� �6�0�-�c�-�2�0� 

�2�6�1� �¢�g� 

� � 

� � 
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�a� �c�a�t�e�n�a�n�e� �(�d�i�s�c�u�s�s�e�d� �l�a�t�e�r� �i�n� �t�h�e� �n�e�x�t� �s�e�c�t�i�o�n�)�.� �T�h�e� �3�0�-�c�-�1�0� �a�n�d� 

�6�0�-�c�-�2�0� �w�e�r�e� �s�e�p�a�r�a�t�e�d� �b�y� �c�r�y�s�t�a�l�l�i�z�a�t�i�o�n� �f�r�o�m� �6�0�:�4�0� �c�a�r�b�o�n� 

�t�e�t�r�a�c�h�l�o�r�i�d�e� �a�n�d� �p�e�t�r�o�l�e�u�m� �e�t�h�e�r�.� �3�0�-�c�-�1�0� �w�a�s� �f�u�r�t�h�e�r� �p�u�r�i�f�i�e�d� �b�y� 

�c�r�y�s�t�a�l�l�i�z�a�t�i�o�n� �f�r�o�m� �d�i�c�h�l�o�r�o�m�e�t�h�a�n�e�:�h�e�x�a�n�e�s� �(�4�0�:�6�0�)�.� �6�0�-�c�-�2�0� �w�a�s� 

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

�o�f� �6�0�-�c�-�2�0� �f�r�o�m� �a�c�e�t�o�n�e�.� �T�h�e� �y�i�e�l�d�s� �o�f� �i�s�o�l�a�t�e�d� �p�u�r�e� �c�r�o�w�n� �e�t�h�e�r�s� 
�w�e�r�e�:� �3�0�-�c�-�1�0�,� �(�1�1�0� �g�)� �2�8� �%� �y�i�e�l�d�;� �6�0�-�c�-�2�0�,� �(�9�5� �g�)� �1�2� �%� �y�i�e�l�d�.� �T�h�e� 
�t�h�i�r�d� �c�o�m�p�o�u�n�d�,� �a� �c�a�t�e�n�a�n�e�,� �w�a�s� �i�s�o�l�a�t�e�d� �i�n� �a�b�o�u�t� �1� �%� �y�i�e�l�d� �(�2�.�5� �g�)�.� 

�(�M�o�r�e� �o�f� �e�a�c�h� �c�o�m�p�o�u�n�d� �w�a�s� �p�r�e�s�e�n�t� �i�n� �4�0�-�5�0� �g� �o�f� �o�i�l�y� �m�i�x�t�u�r�e�,� 

�w�h�i�c�h� �a�l�s�o� �c�o�n�t�a�i�n�e�d� �2�-�4� �a�d�d�i�t�i�o�n�a�l� �c�o�m�p�o�n�e�n�t�s� �a�s� �a�n�a�l�y�s�e�d� �b�y� 

�p�r�o�t�o�n� �N�M�R�)�.� 

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

�o�f� �3�0�-�c�-�1�0� �a�n�d� �6�0�-�c�-�2�0� �i�s� �e�x�t�r�a�c�t�i�o�n� �o�f� �3�0�-�c�-�1�0� �b�y� �h�o�t� �h�e�x�a�n�e�s�.� 

�3�0�-�c�-�1�0� �i�s� �s�o�l�u�b�l�e� �i�n� �h�o�t� �h�e�x�a�n�e�s� �w�h�i�l�e� �6�0�-�c�-�2�0� �i�s� �n�o�t�;� �t�h�u�s�,� �v�e�r�y� 

�p�u�r�e� �3�0�-�c�-�1�0� �w�a�s� �o�b�t�a�i�n�e�d� �b�y� �j�u�s�t� �a� �f�e�w� �e�x�t�r�a�c�t�i�o�n�s� �o�f� �t�h�e� �c�r�u�d�e� 

�r�e�a�c�t�i�o�n� �m�i�x�t�u�r�e�.� �T�h�e� �6�0�-�c�-�2�0� �t�h�u�s� �i�s�o�l�a�t�e�d� �c�a�n� �b�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� �f�r�o�m� �a�c�e�t�o�n�e�.� 

�C�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �o�f� �3�0�-�C�-�1�0� 

�I�n� �t�h�e� �p�r�o�t�o�n� �N�M�R� �s�p�e�c�t�r�u�m�,� �3�0�-�c�-�1�0� �s�h�o�w�e�d� �a� �s�i�n�g�l�e� �p�e�a�k� �a�t� 
�3�.�6�7� �(�3�.�6�6�6� �p�p�m�)� �[�r�e�p�o�r�t�e�d� �(�8�)� �3�.�6�7� �p�p�m�]� �a�n�d� �a� �s�i�n�g�l�e� �p�e�a�k� �f�o�r� 

�c�a�r�b�o�n�s� �w�a�s� �s�e�e�n� �a�t� �7�0�.�6�7� �p�p�m� �(�r�e�p�o�r�t�e�d� �(�8�)� �7�0�.�5�5� �p�p�m�)� �i�n� �t�h�e� 

�c�a�r�b�o�n� �N�M�R� �s�p�e�c�t�r�u�m�.� �F�i�g�u�r�e� �I�l�l�-�1� �s�h�o�w�s� �t�h�e� �p�r�o�t�o�n� �a�n�d� �c�a�r�b�o�n� �N�M�R� 
�s�p�e�c�t�r�a� �o�f� �3�0�-�c�-�1�0�.� �C�h�e�m�i�c�a�l� �i�o�n�i�z�a�t�i�o�n� �m�a�s�s� �s�p�e�c�t�r�a�l� �d�a�t�a� �s�h�o�w� 

�t�h�e� �p�a�r�e�n�t� �i�o�n� �(�M�+�H�)�+� �a�t� �M�/�z� �=� �4�4�1�.� �I�n�f�r�a�r�e�d� �a�n�a�l�y�s�e�s� �s�h�o�w�e�d� �n�o� 

�d�e�t�e�c�t�a�b�l�e� �h�y�d�r�o�x�y� �g�r�o�u�p�s� �a�n�d� �a� �s�t�r�o�n�g� �p�e�a�k� �a�t� �1�1�3�5�-�1�1�1�5� �c�m�-�!� �i�s� 

�s�e�e�n� �f�o�r� �e�t�h�e�r� �l�i�n�k�a�g�e�s�.� 

�T�G�A� �a�n�a�l�y�s�e�s� �o�f� �3�0�-�c�-�1�0� �s�h�o�w� �t�h�e� �o�n�s�e�t� �o�f� �d�e�c�o�m�p�o�s�i�t�i�o�n� �i�n� 

�a�i�r� �a�t� �1�7�2� �°�C� �a�n�d� �5� �%� �w�e�i�g�h�t� �l�o�s�s� �w�a�s� �o�b�s�e�r�v�e�d� �a�t� �2�0�6� �°�C�.� �U�n�d�e�r� 

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

�t�h�e� �s�a�m�e� �t�e�m�p�e�r�a�t�u�r�e� �a�s� �t�h�a�t� �i�n� �a�i�r�;� �h�o�w�e�v�e�r�,� �t�h�e� �5� �%� �w�e�i�g�h�t� �l�o�s�s� 
�w�a�s� �o�b�s�e�r�v�e�d� �a�t� �2�3�8� �°�C�.� �D�S�C� �a�n�a�l�y�s�e�s� �o�f� �t�h�e� �t�h�e� �c�r�o�w�n� �s�h�o�w�e�d� �t�h�e� 
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�g�l�a�s�s� �t�r�a�n�s�i�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e� �t�o� �b�e� �-�6�9� �°�C�,� �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� �a�t� �-�4�4� �°�C� �a�n�d� �m�e�l�t�i�n�g� �t�e�m�p�e�r�a�t�u�r�e� �a�t� �4�0� �°�C�.� �F�i�g�u�r�e� �I�I�l�-� 

�2� �s�h�o�w� �t�h�e� �D�S�C� �a�n�a�l�y�s�e�s� �o�f� �3�0�-�c�-�1�0� �(�s�e�c�o�n�d� �s�c�a�n�)�.� 

�A�n�h�y�d�r�o�u�s� �c�r�y�s�t�a�l�s� �o�f� �3�0�-�c�-�1�0� �f�o�r� �X�-�r�a�y� �c�r�y�s�t�a�l� �s�t�r�u�c�t�u�r�e� 

�a�n�a�l�y�s�e�s� �w�e�r�e� �g�r�o�w�n� �u�n�d�e�r� �n�i�t�r�o�g�e�n� �f�r�o�m� �h�e�x�a�n�e�s�.� �C�r�y�s�t�a�l�s� �o�f� �3�0�-� 

�c�-�1�0� �t�e�t�r�a�h�y�d�r�a�t�e� �w�e�r�e� �g�r�o�w�n� �f�r�o�m� �d�i�c�h�l�o�r�o�m�e�t�h�a�n�e�:�h�e�x�a�n�e�s� �(�3�0�:�7�0�)� 

�s�o�l�u�t�i�o�n� �b�y� �s�l�o�w� �e�v�a�p�o�r�a�t�i�o�n�,� �w�h�i�l�e� �e�x�p�o�s�e�d� �t�o� �a�i�r�.� �F�i�g�u�r�e� �I�I�-�3� �a�n�d� 
�F�i�g�u�r�e� �I�l�l�-�4� �s�h�o�w� �t�h�e� �X�-�r�a�y� �c�r�y�s�t�a�l� �s�t�r�u�c�t�u�r�e�s� �o�f� �a�n�h�y�d�r�o�u�s� �3�0�-�c�-� 
�1�0� �a�n�d� �3�0�-�c�-�1�0� �t�e�t�r�a�h�y�d�r�a�t�e�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e� �X�-�r�a�y� �a�n�a�l�y�s�e�s� �o�f� 

�t�h�e� �a�n�h�y�d�r�o�u�s� �3�0�-�c�-�1�0� �c�r�y�s�t�a�l� �s�h�o�w�e�d� �i�t� �t�o� �b�e� �o�r�t�h�o�r�h�o�m�b�i�c�,� 
�b�e�l�o�n�g�i�n�g� �t�o� �s�p�a�c�e� �g�r�o�u�p� �P�b�c�a� �h�a�v�i�n�g� �u�n�i�t�-�c�e�l�l� �p�a�r�a�m�e�t�e�r�s� �o�f� �a� �=� 

�8�.�6�0�6� �(�1�)� �°�A�,� �b� �=� �8�.�2�6�0� �(�1�)� �°�A� �a�n�d� �c� �=� �3�3�.�3�1�0� �(�4�)� �°�A�.� �T�h�e� �3�0�-�c�-�1�0� �:� �4� 
�H�O� �c�r�y�s�t�a�l� �w�a�s� �f�o�u�n�d� �t�o� �b�e� �m�o�n�o�c�l�i�n�i�c�,� �b�e�l�o�n�g�i�n�g� �t�o� �t�h�e� �s�p�a�c�e� �g�r�o�u�p� 

�P�2�1�/�c� �a�n�d� �h�a�v�i�n�g� �u�n�i�t�-�c�e�l�l� �p�a�r�a�m�e�t�e�r�s� �o�f� �a� �=� �8�.�3�3�2� �(�4�)� �°�A�,� �b� �=� �9�.�0�8�3� 
�(�2�)� �°�A�,� �c� �=� �1�8�.�6�6�5� �(�5�)� �°�A� �a�n�d� �B� �=� �9�0�.�2�4� �(�3�)�°�.� �T�h�e� �X�-�r�a�y� �c�r�y�s�t�a�l� 

�s�t�r�u�c�t�u�r�e�s� �w�e�r�e� �s�o�l�v�e�d� �b�y� �d�i�r�e�c�t� �m�e�t�h�o�d�s� �a�n�d� �r�e�f�i�n�e�d� �b�y� �t�h�e� �f�u�l�l�-� 
�m�a�t�r�i�x� �l�e�a�s�t�-�s�q�u�a�r�e� �p�r�o�c�e�d�u�r�e� �t�o� �R� �=� �0�.�0�4�2�7�,� �R�y� �=� �0�.�0�5�0�1� �f�o�r� �1�6�4�4� 

�i�n�d�e�p�e�n�d�e�n�t� �o�b�s�e�r�v�e�d� �r�e�f�l�e�c�t�i�o�n�s� �[�F� �>� �4�0�(�F�)�]� �f�o�r� �a�n�h�y�d�r�o�u�s� �3�0�-�c�-�1�0� 

�a�n�d� �R� �=� �0�.�0�5�7�3�,� �R�y� �=� �0�.�0�7�0�1� �f�o�r� �1�3�7�0� �i�n�d�e�p�e�n�d�e�n�t� �o�b�s�e�r�v�e�d� 
�r�e�f�l�e�c�t�i�o�n�s� �[�F� �>� �4�o�0�(�F�)�]� �f�o�r� �3�0�-�c�-�1�0� �t�e�t�r�a�h�y�d�r�a�t�e� 

�T�h�e� �a�n�h�y�d�r�o�u�s� �3�0�-�c�-�1�0� �c�r�y�s�t�a�l�s� �h�a�v�e� �a� �c�a�v�i�t�y� �s�i�z�e� �o�f� �3�.�9� �°�A� �x� 

�1�3�.�6� �°�A� �a�n�d� �a� �m�e�l�t�i�n�g� �p�o�i�n�t� �o�f� �4�3�.�8� �°�C� �(�D�S�C� �p�e�a�k� �m�a�x�i�m�a�,� �h�e�a�t�i�n�g� 
�r�a�t�e� �2�.�5� �°�C�/�m�i�n�)�.� �T�h�e� �C�-�C� �b�o�n�d�s� �i�n� �t�h�r�e�e� �o�x�y�e�t�h�y�l�e�n�e� �u�n�i�t�s� �f�r�o�m� �O�(�1�)� 

�u�p� �t�o� �O�(�4�)� �a�r�e� �i�n� �t�r�a�n�s� �c�o�n�f�o�r�m�a�t�i�o�n�s� �(�O�-�C�-�C�-�O� �t�o�r�s�i�o�n�a�l� �a�n�g�l�e�s� 

�r�a�n�g�e� �f�r�o�m� �1�6�7�°�-�1�7�9�°�,� �T�a�b�l�e� �I�I�l�-�2�)� �w�h�i�l�e� �t�h�e� �C�-�C� �b�o�n�d�s� �o�f� �t�h�e� �o�t�h�e�r� 
�t�w�o� �o�x�y�e�t�h�y�l�e�n�e� �u�n�i�t�s� �f�r�o�m� �O�(�4�)� �t�o� �O�(�1�)� �h�a�v�e� �g�a�u�c�h�e�(�-�)� �(�g�-�)� 
�c�o�n�f�o�r�m�a�t�i�o�n�s� �(�t�o�r�s�i�o�n�a�l� �a�n�g�l�e�s� �a�r�e� �-�6�6�°� �a�n�d� �-�7�5�°�)�.� �T�h�e� �r�e�s�t� �o�f� �t�h�e� 
�f�i�v�e� �o�x�y�e�t�h�y�l�e�n�e� �u�n�i�t�s� �a�r�e� �t�h�e� �s�a�m�e� �a�s� �t�h�e� �a�b�o�v�e� �f�i�v�e� �o�x�y�e�t�h�y�l�e�n�e� 

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

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

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

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

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

�a�r�e� �p�r�e�d�o�m�i�n�a�n�t� �(�5�)�.� 

�T�a�b�l�e� �I�l�l�-�2�.� �T�o�r�s�i�o�n�a�l� �A�n�g�l�e�s� �i�n� �A�n�h�y�d�r�o�u�s� �3�0�-�c�-�1�0� 

�O�(�1�)�-�0�(�1�)�-�C�0�(�2�)�-�O�(�2�)� �-�1�7�4�.�9�°� 
�O�(�2�)�-�C�(�3�)�-�0�(�4�)�-�O�(�3�)� �1�7�9�.�8�°� 
�O�(�3�)�-�C�0�(�5�)�-�C�(�6�)�-�O�(�4�)� �-�1�7�9�.�0�°� 
�O�0�(�4�)�-�C�(�7�)�-�C�(�8�)�-�O�(�5�)� �-�6�6�.�2�°� 
�O�0�(�5�)�-�C�(�9�)�-�C�(�1�0�A�)�-�O�(�1�A�)� �-�7�5�.�4�°� 

�I�n� �t�h�e� �c�r�y�s�t�a�l� �s�t�r�u�c�t�u�r�e� �o�f� �3�0�-�c�-�1�0� �t�e�t�r�a�h�y�d�r�a�t�e�,� �f�o�u�r� 

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

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

�c�r�y�s�t�a�l� �s�t�r�u�c�t�u�r�e� �o�f� �1�8�-�c�-�6� �c�o�n�t�a�i�n�i�n�g� �6� �c�a�r�b�o�x�y�l� �g�r�o�u�p�s� �w�a�s� �f�o�u�n�d� 

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

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

�o�x�y�g�e�n� �t�o� �t�h�e� �h�y�d�r�o�g�e�n� �t�h�a�t� �c�o�n�n�e�c�t�s� �t�h�e� �d�i�m�e�r�,� �r�a�n�g�e� �f�r�o�m� �2�.�7�5� �°�A� 

�t�o� �2�.�7�8� �°�A�.� �I�t� �w�o�u�l�d� �b�e� �a�n� �i�n�t�e�r�e�s�t�i�n�g� �s�t�u�d�y� �t�o� �s�e�e� �i�f� �t�h�e� �f�o�u�r� �w�a�t�e�r� 

�m�o�l�e�c�u�l�e�s� �c�o�m�p�l�e�x�e�d� �w�i�t�h� �3�0�-�c�-�1�0� �c�o�u�l�d� �m�e�e�t� �t�h�e� �d�e�f�i�n�i�t�i�o�n� �f�o�r� �a� 

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

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

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

�3�0�-�c�-�1�0� �i�s� �w�i�d�e� �o�p�e�n� �a�s� �c�o�m�p�a�r�e�d� �t�o� �t�h�e� �a�n�h�y�d�r�o�u�s� �s�t�r�u�c�t�u�r�e�.� �T�h�e� 

�d�i�m�e�n�s�i�o�n�s� �o�f� �t�h�e� �c�a�v�i�t�y� �a�r�e� �7�.�5� �°�A� �x� �1�1�.�4� �°�A�;� �t�h�i�s� �c�o�r�r�e�s�p�o�n�d�s� �t�o� 

�a�b�o�u�t� �1�.�2�-�1�.�6� �t�i�m�e�s� �t�h�e� �a�r�e�a� �o�f� �a�n�h�y�d�r�o�u�s� �3�0�-�c�-�1�0�.� �T�h�e� 

�t�e�t�r�a�h�y�d�r�a�t�e� �h�a�d� �a� �m�e�l�t�i�n�g� �p�o�i�n�t� �o�f� �4�6�-�4�8� �°�C�.� �C�o�n�f�o�r�m�a�t�i�o�n�a�l� 
�a�n�a�l�y�s�e�s� �o�f� �3�0�-�c�-�1�0� �t�e�t�r�a�h�y�d�r�a�t�e� �s�h�o�w� �t�h�a�t� �o�n�l�y� �t�w�o� �o�f� �t�h�e� �t�e�n� 

�o�x�y�e�t�h�y�l�e�n�e� �u�n�i�t�s� �a�r�e� �i�n� �t�r�a�n�s� �c�o�n�f�o�r�m�a�t�i�o�n�s� �(�O�-�C�-�C�-�O� �t�o�r�s�i�o�n�a�l� 
�a�n�g�l�e� �+�1�7�7�.�4�°� �,� �T�a�b�l�e� �I�l�l�-�3�)�.� �T�h�e� �r�e�s�t� �o�f� �t�h�e� �o�x�y�e�t�h�y�l�e�n�e� �u�n�i�t�s� �h�a�v�e� 
�g� �c�o�n�f�o�r�m�a�t�i�o�n�s� �(�O�-�C�-�C�-�O� �t�o�r�s�i�o�n�a�l� �a�n�g�l�e�s� �r�a�n�g�e� �f�r�o�m� �7�0�°�-�6�6�°�)�.� 
�T�h�e� �l�a�r�g�e�r� �c�a�v�i�t�y� �s�i�z�e� �o�f� �t�h�e� �t�e�t�r�a�h�y�d�r�a�t�e� �c�o�m�p�a�r�e�d� �t�o� �a�n�h�y�d�r�o�u�s� 

�3�0�-�c�-�1�0� �i�s� �d�u�e� �t�o� �l�a�r�g�e� �n�u�m�b�e�r� �o�f� �g� �c�o�n�f�o�r�m�a�t�i�o�n�s� �i�n� �t�h�e� 
�t�e�t�r�a�h�y�d�r�a�t�e�.� 
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�T�a�b�l�e� �I�l�l�-�3� �T�o�r�s�i�o�n�a�l� �A�n�g�l�e�s� �i�n� �3�0�-�c�-�1�0� �:� �4� �H�2�,�0�O� 

�O�(�1�)�-�C�(�1�)�-�C�(�2�)�-�O�(�2�)� �1�7�7�.�4�°� 
�O�(�2�)�-�C�(�3�)�-�C�(�4�)�-�O�(�3�)� �-�7�0�.�0�°� 
�O�(�3�)�-�C�(�5�)�-�C�(�6�)�-�O�(�4�)� �-�7�0�.�4�°� 
�O�(�4�)�-�C�(�7�)�-�C�(�8�)�-�O�(�5�)� �-�6�6�.�6�°� 
�O�(�5�)�-�C�(�9�)�-�C�(�1�0�A�)�-�O�(�1�A�)� �-�6�5�.�9�°� 

�T�h�e�s�e� �X�-�r�a�y� �c�r�y�s�t�a�l� �s�t�r�u�c�t�u�r�e� �a�n�a�l�y�s�e�s� �o�f� �3�0�-�c�-�1�0� �r�e�p�r�e�s�e�n�t� 

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

�C�h�a�r�a�c�t�e�r�i�z�a�t�i�o�n� �o�f� �6�0�-�C�-�1�0� 

�T�h�e� �p�r�o�t�o�n� �N�M�R� �s�p�e�c�t�r�u�m� �o�f� �6�0�-�c�-�2�0� �s�h�o�w�e�d� �a� �s�i�n�g�l�e� �p�e�a�k� �a�t� 

�3�.�6�4� �p�p�m� �(�3�.�6�4�4�6� �p�p�m�,� �r�e�p�o�r�t�e�d� �(�8�)� �3�.�6�4� �p�p�m�)� �w�h�i�l�e� �i�n� �t�h�e� �c�a�r�b�o�n� 

�N�M�R� �s�p�e�c�t�r�u�m� �a� �s�i�n�g�l�e�t� �i�s� �s�e�e�n� �a�t� �7�0�.�5�3� �p�p�m� �(�r�e�p�o�r�t�e�d� �(�8�)� �7�0�.�4�4� 

�p�p�m�)�.� �F�i�g�u�r�e� �I�l�l�-�5� �s�h�o�w�s� �t�h�e� �p�r�o�t�o�n� �a�n�d� �c�a�r�b�o�n� �N�M�R� �s�p�e�c�t�r�a� �o�f� �6�0�-� 

�c�-�2�0�.� �T�h�e� �c�r�o�w�n� �h�a�d� �a� �m�e�l�t�i�n�g� �p�o�i�n�t� �o�f� �5�3�.�5�-�5�5�.�1� �°�C�.� 

�T�h�e� �F�T�I�R� �s�p�e�c�t�r�u�m� �o�f� �t�h�e� �6�0�-�c�-�2�0� �d�o�e�s� �n�o�t� �s�h�o�w� �a�n�y� 

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

�3�0�-�c�-�1�0�.� 

�T�h�e� �c�h�e�m�i�c�a�l� �i�o�n�i�z�a�t�i�o�n� �m�a�s�s� �s�p�e�c�t�r�u�m� �o�f� �6�0�-�c�-�2�0� �s�h�o�w�s� �a� 
�p�e�a�k� �c�o�r�r�e�s�p�o�n�d�i�n�g� �t�o� �t�h�e� �m�o�l�e�c�u�l�a�r� �i�o�n� �(�M�+�H�)�+� �a�t� �M�/�z� �=� �8�8�2�;� 

�h�o�w�e�v�e�r�,� �t�h�e� �p�e�a�k� �i�s� �n�o�t� �v�e�r�y� �p�r�o�n�o�u�n�c�e�d�.� �F�i�g�u�r�e� �I�l�l�-�6� �s�h�o�w�s� �t�h�e� 

�m�a�s�s� �s�p�e�c�t�r�u�m� �o�f� �6�0�-�c�-�2�0�;� �t�h�e� �v�e�r�t�i�c�a�l� �s�c�a�l�e� �o�f� �t�h�e� �m�a�s�s� �r�e�g�i�o�n� 

�f�r�o�m� �5�0�0� �t�o� �1�0�0�0� �i�s� �m�a�g�n�i�f�i�e�d� �t�w�e�n�t�y� �t�i�m�e�s� �t�h�a�t� �f�r�o�m� �1�0�0� �t�o� �5�0�0�.� 

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

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

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

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

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

�o�n�l�y� �(�3�6�)�.� 

�T�G�A� �a�n�a�l�y�s�e�s� �s�h�o�w�e�d� �t�h�e� �o�n�s�e�t� �o�f� �d�e�g�r�a�d�a�t�i�o�n� �i�n� �a�i�r� �a�t� �1�6�9� �°�C� 

�a�n�d� �5� �%� �w�e�i�g�h�t� �l�o�s�s� �w�a�s� �o�b�s�e�r�v�e�d� �a�t� �1�9�8� �°�C�.� �U�n�d�e�r� �n�i�t�r�o�g�e�n� 

�5�9



�a�t�m�o�s�p�h�e�r�e�,� �t�h�e� �o�n�s�e�t� �o�f� �d�e�g�r�a�d�a�t�i�o�n� �w�a�s� �o�b�s�e�r�v�e�d� �a�t� �1�8�0� �°�C� �a�n�d� �5� 

�%� �w�e�i�g�h�t� �l�o�s�s� �w�a�s� �o�b�s�e�r�v�e�d� �a�t� �2�3�0� �°�C�.� 
�D�S�C� �a�n�a�l�y�s�e�s� �o�f� �6�0�-�c�-�2�0� �s�h�o�w�e�d� �t�h�e� �g�l�a�s�s� �t�r�a�n�s�i�t�i�o�n� 

�t�e�m�p�e�r�a�t�u�r�e� �t�o� �b�e� �a�b�o�u�t� �-�6�7� �°�C� �a�n�d� �t�h�e� �m�e�l�t�i�n�g� �p�e�a�k� �i�s� �s�e�e�n� �a�t� �5�3� �°�C� 

�(�5� �°�C�/�m�i�n�)�.� �V�a�r�i�o�u�s� �a�t�t�e�m�p�t�s� �t�o� �p�r�e�p�a�r�e� �c�r�y�s�t�a�l�s� �o�f� �6�0�-�c�-�2�0� �f�o�r� �X�-� 

�r�a�y� �c�r�y�s�t�a�l� �s�t�r�u�c�t�u�r�e� �a�n�a�l�y�s�e�s� �w�e�r�e� �u�n�s�u�c�c�e�s�s�f�u�l�.� 

�i�i�.�4� �C�a�t�e�n�a�n�e� 

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

�o�b�s�e�r�v�e�d� �i�n� �t�h�e� �p�r�o�t�o�n� �N�M�R� �s�p�e�c�t�r�u�m� �o�f� �t�h�e� �w�o�r�k�e�d� �u�p� �p�r�o�d�u�c�t� �o�f� 

�3�0�-�c�-�1�0� �s�y�n�t�h�e�s�i�s�.� �T�w�o� �o�f� �t�h�e� �c�o�m�p�o�u�n�d�s� �w�i�t�h� �p�r�o�t�o�n� �N�M�R� �s�i�n�g�l�e�t�s� 

�a�t� �3�.�6�7� �p�p�m� �a�n�d� �3�.�6�4� �p�p�m� �w�e�r�e� �3�0�-�c�-�1�0� �a�n�d� �6�0�-�c�-�2�0�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 

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

�4� �%�)� �h�a�v�i�n�g� �a� �p�r�o�t�o�n� �N�M�R� �s�i�n�g�l�e�t� �a�t� �3�.�6�5� �p�p�m� �w�a�s� �s�u�r�p�r�i�s�i�n�g�.� �A�b�o�u�t� 

�2�.�5� �g� �o�f� �t�h�i�s� �c�o�m�p�o�u�n�d� �(�s�o�l�i�d�,� �m�p� �=� �3�6�.�1�-�3�8�.�7� �°�C�;� �p�a�r�t�l�y� �s�o�l�u�b�l�e� �i�n� 
�h�e�x�a�n�e�s�)� �w�a�s� �i�s�o�l�a�t�e�d� �a�n�d� �s�o�m�e� �m�o�r�e� �o�f� �t�h�e� �c�o�m�p�o�u�n�d� �w�a�s� �f�o�u�n�d� �t�o� 

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

�t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �a� �[�2�]�c�a�t�e�n�a�n�e�,� �i�n�t�e�r�l�o�c�k�e�d� �r�i�n�g�s�,� �c�o�n�s�i�s�t�i�n�g� �o�f� �t�w�o� 

�3�0�-�c�-�1�0� �m�a�c�r�o�c�y�c�l�e�s� �o�r� �t�w�o� �6�0�-�c�-�2�0� �m�a�c�r�o�c�y�c�l�e�s� �o�r� �a� �c�o�m�b�i�n�a�t�i�o�n� 

�o�f� �o�n�e� �3�0�-�c�-�1�0� �a�n�d� �o�n�e� �6�0�-�c�-�2�0� �m�a�c�r�o�c�y�c�l�e�s�.� �T�h�e� �s�o�l�u�b�i�l�i�t�y� �o�f� �t�h�e� 

�i�s�o�l�a�t�e�d� �c�o�m�p�o�u�n�d� �i�n� �h�e�x�a�n�e�s� �s�u�g�g�e�s�t�s� �t�h�a�t� �i�t� �c�o�u�l�d� �b�e� �a� �[�2�]�c�a�t�e�n�a�n�e� 

�o�f� �3�0�-�c�-�1�0�.� 
�T�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �s�u�c�h� �c�a�t�e�n�a�n�e�s� �s�e�e�m�s� �f�e�a�s�i�b�l�e� �e�v�e�n� �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� �e�m�p�l�o�y�e�d� �f�o�r� �s�y�n�t�h�e�s�i�s� �o�f� �c�r�o�w�n� �e�t�h�e�r�s� �d�u�e� 
�t�o� �t�h�e� �t�e�m�p�l�a�t�e� �e�f�f�e�c�t�.� �T�h�e� �t�e�m�p�l�a�t�e� �e�f�f�e�c�t� �c�a�n� �b�e� �r�e�a�l�i�z�e�d� �w�h�e�n� 

�t�h�e� �d�i�s�o�d�i�u�m� �s�a�l�t� �o�f� �h�e�x�a�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� �o�r� �s�o�d�i�u�m� �s�a�l�t�s� �o�f� �h�i�g�h�e�r� 
�h�o�m�o�l�o�g�u�e�s� �c�o�m�p�l�e�x� �w�i�t�h� �a�l�r�e�a�d�y� �f�o�r�m�e�d� �c�r�o�w�n� �e�t�h�e�r�s� �(�3�0�-�c�-�1�0� �o�r� 

�6�0�-�c�-�2�0�)� �i�n� �t�h�e� �r�e�a�c�t�i�o�n� �m�i�x�t�u�r�e�.� �C�y�c�l�i�z�a�t�i�o�n� �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� �b�y� �t�h�i�s� �s�o�d�i�u�m� �s�a�l�t� �o�f� �h�e�x�a�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� �o�r� 

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

�c�a�t�e�n�a�n�e�.� �F�o�r�m�a�t�i�o�n� �o�f� �a� �c�a�t�e�n�a�n�e� �h�a�s� �b�e�e�n� �s�u�g�g�e�s�t�e�d� �i�n� �t�h�e� 
�s�y�n�t�h�e�s�i�s� �o�f� �c�y�c�l�i�c� �p�o�l�y�s�t�y�r�e�n�e�;� �h�o�w�e�v�e�r�,� �c�a�t�e�n�a�n�e�s� �h�a�v�e� �n�e�v�e�r� �b�e�e�n� 
�i�s�o�l�a�t�e�d� �f�o�r�m� �t�h�e� �c�y�c�l�i�z�a�t�i�o�n� �r�e�a�c�t�i�o�n� �m�i�x�t�u�r�e� �(�3�7�)�.� �T�h�e� �d�i�f�f�i�c�u�l�t�y� 

�6�0



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

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

�S�o�m�e� �e�x�a�m�p�l�e�s� �o�f� �c�a�t�e�n�a�n�e�s� �w�e�r�e� �s�h�o�w�n� �i�n� �C�h�a�p�t�e�r� �I�.� �M�o�s�t� �o�f� 

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

�c�h�e�m�i�c�a�l� �s�t�r�u�c�t�u�r�e�s�,� �e�x�c�e�p�t� �I�-�2�8� �a�n�d� �o�t�h�e�r� �a�n�a�l�o�g�o�u�s� �c�a�t�e�n�a�n�e�s� 

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

�(�3�8�-�4�5�)�.� �O�t�h�e�r� �e�x�a�m�p�l�e�s� �o�f� �c�a�t�e�n�a�n�e�s� �c�a�n� �b�e� �f�o�u�n�d� �i�n� �t�h�e� �l�i�t�e�r�a�t�u�r�e� 
�(�4�6�-�4�9�)�.� 

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

�p�r�o�t�o�n� �N�M�R� �s�i�n�g�l�e�t� �a�t� �3�.�6�5� �p�p�m� �i�s� �a� �c�a�t�e�n�a�n�e�,� �s�y�n�t�h�e�s�i�s� �o�f� �a� 

�c�a�t�e�n�a�n�e� �o�f� �3�0�-�c�-�1�0� �w�a�s� �a�t�t�e�m�p�t�e�d� �u�s�i�n�g� �4�.�5� �e�q�u�i�v�a�l�e�n�t� �(�r�e�l�a�t�i�v�e� �t�o� 

�h�e�x�a�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)�)� �o�f� �3�0�-�c�-�1�0� �(�3�5� �g�)� �a�n�d� �T�H�F� �(�4�0� �m�l�)� �a�s� �a� 

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

�p�u�r�i�f�i�e�d� �p�r�o�d�u�c�t� �(�c�o�n�t�a�i�n�i�n�g� �m�a�i�n�l�y� �3�0�-�c�-�1�0�)� �d�i�d� �s�h�o�w� �a� �p�e�a�k� �a�t� 

�3�.�6�5� �p�p�m� �c�o�r�r�e�s�p�o�n�d�i�n�g� �t�o� �t�h�e� �c�a�t�e�n�a�n�e�,� �i�n� �a�b�o�u�t� �5�-�8� �%� �o�v�e�r�a�l�l� �y�i�e�l�d�.� 

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

�c�a�t�e�n�a�n�e� �i�s�o�l�a�t�e�d� �f�r�o�m� �t�h�e� �3�0�-�c�-�1�0� �s�y�n�t�h�e�s�e�s� �w�a�s� �u�t�i�l�i�z�e�d� �f�o�r� �t�h�e� 

�a�n�a�l�y�s�e�s�.� �F�i�g�u�r�e� �I�l�l�-�7� �s�h�o�w� �t�h�e� �p�r�o�t�o�n� �N�M�R� �s�p�e�c�t�r�u�m� �o�f� �p�u�r�p�o�r�t�e�d� 

�[�2�]�c�a�t�e�n�a�n�e� �o�f� �3�0�-�c�-�1�0�.� 

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

�T�h�e� �p�e�a�k� �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� �a�p�p�e�a�r�s� �a�t� �a� �m�a�s�s� �o�f� �8�8�1� 

�a�l�o�n�g� �w�i�t�h� �a� �p�e�a�k� �a�t� �a� �m�a�s�s� �o�f� �4�4�1�.� �T�h�e� �p�e�a�k� �o�f� �m�a�s�s� �8�8�1� 
�c�o�r�r�e�s�p�o�n�d�s� �t�o� �t�h�e� �[�2�]�J�c�a�t�e�n�a�n�e� �o�f� �3�0�-�c�-�1�0� �a�n�d� �t�h�e� �p�e�a�k� �a�t� �M�/�z� �=� �4�4�1� 

�c�o�r�r�e�s�p�o�n�d� �t�o� �t�h�e� �(�M�+�H�)�t�+� �i�o�n� �f�r�o�m� �3�0�-�c�-�1�0�.� �S�e�v�e�r�a�l� �o�t�h�e�r� �p�e�a�k�s� �a�r�e� 

�a�l�s�o� �p�r�e�s�e�n�t� �b�e�t�w�e�e�n� �t�h�e� �m�a�s�s� �4�4�1� �a�n�d� �8�8�1�,� �w�h�i�c�h� �c�o�r�r�e�s�p�o�n�d� �t�o� 

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

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

�H�I�.�5� �E�x�p�e�r�i�m�e�n�t�a�l� 

�M�e�a�s�u�r�e�m�e�n�t�s�:� 

�M�e�l�t�i�n�g� �P�o�i�n�t�s� �w�e�r�e� �t�a�k�e�n� �i�n� �c�a�p�i�l�l�a�r�y� �t�u�b�e�s� �w�i�t�h� �a� �H�a�a�k�e�-� 
�B�u�c�h�l�e�r� �m�e�l�t�i�n�g� �p�o�i�n�t� �a�p�p�a�r�a�t�u�s� �a�n�d� �h�a�v�e� �b�e�e�n� �c�o�r�r�e�c�t�e�d�.� �T�G�A� �d�a�t�a� 
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�w�e�r�e� �o�b�t�a�i�n�e�d� �u�s�i�n�g� �D�u� �P�o�n�t� �T�G�A� �9�5�1� �a�n�d� �P�e�r�k�i�n�-�E�l�m�e�r� �T�G�A�-�7� 

�i�n�s�t�r�u�m�e�n�t�s� �a�t� �a� �s�c�a�n� �r�a�t�e� �o�f� �1�0� �°�C�/�m�i�n�.� �D�S�C� �d�a�t�a� �w�e�r�e� �o�b�t�a�i�n�e�d� 

�u�s�i�n�g� �D�u� �P�o�n�t� �D�S�C� �9�1�2� �a�n�d� �P�e�r�k�i�n�-�E�l�m�e�r� �D�S�C�-�2� �i�n�s�t�r�u�m�e�n�t�s� �a�t� �a� 
�s�c�a�n� �r�a�t�e� �o�f� �1�0� �°�C�/�m�i�n�.� �P�r�o�t�o�n� �a�n�d� �c�a�r�b�o�n� �N�M�R� �s�p�e�c�t�r�a� �w�e�r�e� 

�o�b�t�a�i�n�e�d� �o�n� �a� �B�r�u�k�e�r� �W�P� �2�7�0� �s�p�e�c�t�r�o�m�e�t�e�r� �u�s�i�n�g� �d�e�u�t�e�r�a�t�e�d� 

�c�h�l�o�r�o�f�o�r�m� �s�o�l�u�t�i�o�n�s� �w�i�t�h� �t�e�t�r�a�m�e�t�h�y�l�s�i�l�a�n�e� �a�s� �a�n� �i�n�t�e�r�n�a�l� �s�t�a�n�d�a�r�d�.� 
�F�T�I�R� �s�p�e�c�t�r�a� �w�e�r�e� �o�b�t�a�i�n�e�d� �o�n� �a� �N�i�c�o�l�e�t� �M�X�-�1� �i�n�s�t�r�u�m�e�n�t�.� �X�-�r�a�y� 
�c�r�y�s�t�a�l� �s�t�r�u�c�t�u�r�e� �d�a�t�a� �w�e�r�e� �o�b�t�a�i�n�e�d� �u�s�i�n�g� �a� �S�i�e�m�e�n�s� �R�3�m�/�V� 

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

�S�H�E�L�X�T�L� �P�L�U�S� �s�o�f�t�w�a�r�e�.� �M�a�s�s� �s�p�e�c�t�r�a�l� �d�a�t�a� �w�e�r�e� �o�b�t�a�i�n�e�d� �u�s�i�n�g� �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�.� 

�h�e�s�i� �r� �h�y�l�e�n� �I� �|� �i� �I� 
�I�n� �a� �2� �|�,� �3�-�n�e�c�k� �f�l�a�s�k� �e�q�u�i�p�p�e�d� �w�i�t�h� �m�e�c�h�a�n�i�c�a�l� �s�t�i�r�r�i�n�g�,� �1�0�6� �g� 

�N�a�O�H� �(�2�.�7� �m�o�l�e�s�)�,� �4�4�0� �m�l� �w�a�t�e�r�,� �2�5�0� �m�l� �T�H�F� �a�n�d� �1�4�3�.�0� �m�l� 

�t�e�t�r�a�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� �(�0�.�8� �m�o�l�e�s�)� �w�a�s� �a�d�d�e�d�.� �T�h�e� �r�e�a�c�t�i�o�n� �m�i�x�t�u�r�e� 

�w�a�s� �c�o�o�l�e�d� �t�o� �a�b�o�u�t� �0�°�C� �a�n�d� �3�6�1�.�0� �g� �(�1�.�9� �m�o�l�e�s�)� �o�f� �p�-�t�o�l�u�e�n�s�u�l�f�o�n�y�!� 
�c�h�l�o�r�i�d�e� �i�n� �5�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� �a� �p�e�r�i�o�d� �o�f� �4� �h�o�u�r�s� 

�a�n�d� �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� �7� �h�o�u�r�s�.� �A�f�t�e�r� �t�h�e� �r�e�a�c�t�i�o�n� 

�w�a�s� �o�v�e�r�,� �t�h�e� �r�e�a�c�t�o�r� �c�o�n�t�e�n�t� �w�a�s� �p�o�u�r�e�d� �i�n�t�o� �c�o�l�d� �1�0�%� �H�C�l� �a�n�d� 

�e�x�t�r�a�c�t�e�d� �t�h�r�i�c�e� �w�i�t�h� �2� �L� �t�o�l�u�e�n�e�.� �T�h�e� �t�o�l�u�e�n�e� �l�a�y�e�r� �w�a�s� �w�a�s�h�e�d� 

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

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

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

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

�o�v�e�n� �a�t� �5�0� �°�C� �o�v�e�r�n�i�g�h�t�.� �T�h�e� �p�r�o�d�u�c�t� �w�a�s� �t�h�e�n� �s�t�o�r�e�d� �i�n� �a� �f�r�e�e�z�e�r� 

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

�T�h�e� �r�e�a�c�t�i�o�n� �i�s� �q�u�a�n�t�i�t�a�t�i�v�e�.� �F�T�I�R� �s�h�o�w�e�d� �n�o� �h�y�d�r�o�x�y�l� �g�r�o�u�p�s�.� �N�M�R� 
�(�C�D�C�l�)�:� �7�.�7�7�,� �7�.�7�4�;� �7�.�3�2�,� �7�.�3�5� �(�a�r�o�m�a�t�i�c�,� �2� �d�,� �8�H�)�,� �4�.�1�4� �(�a�-�C�H�p�,� �t�,� 
�4�H�)�,� �3�.�6�0� �(�B�-�C�H�o�,� �t�,� �4�H�)�,� �3�.�5�2� �(�C�H�,� �s�,� �8�H�)�,� �2�.�4�1� �(�C�H�s�3�,� �s�,� �6�H�)�.� 

�n�t�h�e�s�i� �f�_�h�e�x� �h�y�l�e�n� �|� �l�)�:� 

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

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

�2�0�0� �m�i� �o�f� �3�,�4�-�d�i�h�y�d�r�o�-�2�H�-�p�y�r�a�n� �(�D�H�P�)� �(�2�.�2�0� �m�o�l�e�s�)� �w�a�s� �c�o�o�l�e�d� 

�t�o� �0� �°�C�;� �t�o� �t�h�i�s� �1�4�7� �m�l� �(�2�.�1�9� �m�o�l�e�s�)� �o�f� �c�h�l�o�r�o�e�t�h�a�n�o�l� �w�a�s� �a�d�d�e�d�,� 

�f�o�l�l�o�w�e�d� �b�y� �a�d�d�i�t�i�o�n� �o�f� �3� �d�r�o�p�s� �o�f� �c�o�n�.� �H�C�l�.� �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� �1�5� �m�i�n�u�t�e�s� �a�t� �0� �°�C� �a�n�d� �t�h�e�n� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �f�o�r� 

�3� �h�o�u�r�s�.� �T�h�e� �p�r�o�d�u�c�t� �w�a�s� �d�i�s�t�i�l�l�e�d� �a�t� �6�3� �°�C� �(� �2�°�C�)� �u�n�d�e�r� �a� �v�a�c�u�u�m� 
�o�f� �1�-�2� �t�o�r�r� �(�r�e�p�o�r�t�e�d� �b�p� �=� �5�2� �°�C�,� �0�.�5� �t�o�r�r�)�.� �Y�i�e�l�d� �=� �3�3�4� �g�,� �9�3� �%� �y�i�e�l�d�.� 

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

�S�t�e�p�-� �1� �C�l�-�C�H�o�-�C�H�o�-�0�H� �+� �D�H�P� �-�-�-�>� �C�l�-�C�H�o�-�C�H�o�-�0�-�T�H�P� 

�-� �|� �|� 
�1�9�4�.�2� �g� �(�1�.�0� �m�o�l�e�)� �o�f� �t�e�t�r�a�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)�,� �6�5�7�.�4� �g� �o�f� �T�H�P� 

�p�r�o�t�e�c�t�e�d� �c�h�l�o�r�o�e�t�h�a�n�o�l� �(�4�.�0� �m�o�l�e�)� �a�n�d� �1�9�.�9� �g� �t�e�t�r�a�b�u�t�y�l�a�m�m�o�n�i�u�m� 

�h�y�d�r�o�g�e�n� �s�u�l�f�a�t�e� �(�5�8�.�6� �m� �m�o�l�e�)� �w�e�r�e� �m�i�x�e�d� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e�.� �T�o� 

�t�h�i�s� �1�5�0�6� �m�l� �o�f� �5�0� �%� �a�q�u�e�o�u�s� �N�a�O�H� �w�a�s� �a�d�d�e�d� �d�r�o�p�w�i�s�e�.� �T�h�e� 

�r�e�a�c�t�i�o�n� �m�i�x�t�u�r�e� �b�e�c�a�m�e� �s�e�m�i�s�o�l�i�d�;� �t�h�u�s�,� �1�0�0� �m�l� �w�a�t�e�r� �w�a�s� �a�d�d�e�d� 

�t�o� �t�h�e� �r�e�a�c�t�i�o�n� �m�i�x�t�u�r�e� �t�o� �d�i�s�s�o�l�v�e� �t�h�e� �s�e�m�i�s�o�l�i�d�.� �T�h�e� �r�e�a�c�t�i�o�n� 
�m�i�x�t�u�r�e� �w�a�s� �t�h�e�n� �h�e�a�t�e�d� �t�o� �6�0�-�7�0� �°�C� �a�n�d� �s�t�i�r�r�e�d� �v�i�g�o�r�o�u�s�l�y� �f�o�r� �5� 

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

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

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

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

�T�H�P� �p�r�o�t�e�c�t�e�d� �c�h�l�o�r�o�e�t�h�a�n�o�l� �a�t� �5�0�-�5�4� �°�C� �(�0�.�5� �t�o�r�r�)�;� �1�8�0� �m�l� �o�f� 
�p�r�o�t�e�c�t�e�d� �c�h�l�o�r�o�e�t�h�a�n�o�l� �w�e�r�e� �r�e�m�o�v�e�d� �b�y� �d�i�s�t�i�l�l�a�t�i�o�n�.� �T�o� �t�h�e� 
�r�e�m�a�i�n�i�n�g� �l�i�q�u�i�d�,� �1�.�2� �|� �m�e�t�h�a�n�o�l�:�d�i�c�h�l�o�r�o�m�e�t�h�a�n�e� �(�5�0�:�5�0�)� �w�a�s� �a�d�d�e�d�,� 

�f�o�l�l�o�w�e�d� �b�y� �a�d�d�i�t�i�o�n� �o�f� �5�5� �m�l� �o�f� �c�o�n�.� �H�C�I� �t�o� �d�e�p�r�o�t�e�c�t� �h�e�x�a�(�e�t�h�y�l�e�n�e� 

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

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

�c�r�u�d�e� �h�e�x�a�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� �w�a�s� �v�a�c�u�u�m� �d�i�s�t�i�l�l�e�d� �u�n�d�e�r� �a� �v�a�c�u�u�m� �o�f� 
�a�b�o�u�t� �1�-�2� �t�o�r�r� �a�t� �2�1�6�-�2�2�0� �°�C�;� �r�e�p�o�r�t�e�d� �b�p� �=� �2�1�7� �°�C� �/�4� �t�o�r�r� �(�A�l�d�r�i�c�h� 
�c�a�t�a�l�o�g�u�e�)�.� �2�6�0�.�2� �g� �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� �o�b�t�a�i�n�e�d�,� �y�i�e�l�d� 
�=� �9�2� �%�.� �N�M�R� �(�C�D�C�l�3�)�:� �3�.�7�7� �(�a�-�C�H�o�,� �m�,� �4�H�)�,� �3�.�6�6� �(�C�H�o�,� �s�,� �1�6�H�)�,� �3�.�6�0� 
�(�B�-�C�H�o�,� �t�,� �4�H�)�,� �3�.�4�7� �(�-�O�H�,� �t�,� �2�H�)�.� 

�h�e�s�i� �i�f�i�c�a�t�i� �-� �:� �n� �-�c�-�2�0�:� 
�I�n� �a� �5� �I�,� �3�-�n�e�c�k� �f�l�a�s�k� �e�q�u�i�p�p�e�d� �w�i�t�h� �a� �m�e�c�h�a�n�i�c�a�l� �s�t�i�r�r�e�r� �2�.�5� �|� 

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

�4�4�.�0�1� �g� �o�f� �8�0� �%� �N�a�H� �(�1�.�5�3� �m�o�l�e�s�)� �w�a�s� �c�a�r�e�f�u�l�l�y� �a�d�d�e�d� �a�n�d� �t�h�e� 

�s�u�s�p�e�n�s�i�o�n� �w�a�s� �s�t�i�r�r�e�d� �f�o�r� �2�0� �m�i�n�u�t�e�s�.� �T�o� �t�h�i�s� �s�u�s�p�e�n�s�i�o�n�,� �8�4�.�7� �g� 

�(�0�.�3� �m�o�l�e�s�)� �o�f� �h�e�x�a�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� �w�a�s� �a�d�d�e�d� �d�r�o�p�w�i�s�e� �o�v�e�r� �a� 

�p�e�r�i�o�d� �o�f� �2�-�3� �h�o�u�r�s� �f�o�l�l�o�w�e�d� �b�y� �a�d�d�i�t�i�o�n� �o�f� �1�5�5�.�0� �g� �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� �(�s�l�i�g�h�t� �e�x�c�e�s�s�,� �c�a�.� �0�.�3�0�8� �m�o�l�e�s�)� �i�n� �3�0�0� �m�l� �T�H�F� 

�o�v�e�r� �a� �p�e�r�i�o�d� �o�f� �4�-�5� �h�o�u�r�s�.� �A�f�t�e�r� �t�h�e� �a�d�d�i�t�i�o�n� �w�a�s� �c�o�m�p�l�e�t�e�,� �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� �5�6� �h�o�u�r�s� �a�r� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e�.� �T�h�e� 

�r�e�a�c�t�i�o�n� �w�a�s� �t�e�r�m�i�n�a�t�e�d� �b�y� �v�e�r�y� �s�l�o�w� �a�d�d�i�t�i�o�n� �o�f� �1�0�0� �m�l� �w�a�t�e�r� �t�o� 

�d�e�s�t�r�o�y� �e�x�c�e�s�s� �N�a�H�.� 

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

�r�e�a�c�t�i�o�n� �p�r�o�d�u�c�t� �(�a�b�o�u�t� �4�0�0� �g�)� �w�a�s� �w�o�r�k�e�d� �u�p� �t�o�g�e�t�h�e�r�.� �A� �s�c�h�e�m�a�t�i�c� 

�o�f� �t�h�e� �w�o�r�k� �u�p� �p�r�o�c�e�d�u�r�e� �e�m�p�l�o�y�e�d� �i�n� �t�h�e� �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� �i�s� �s�h�o�w�n� �i�n� �S�c�h�e�m�e� �I�I�l�-�3�.� �2�6�1�.�4� �g� �(�6�5�.�3� �%� �y�i�e�l�d�)� �o�f� �p�r�o�d�u�c�t� 

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

�u�p�.� �T�h�e� �p�r�o�t�o�n� �N�M�R� �s�p�e�c�t�r�u�m� �o�f� �t�h�i�s� �p�r�o�d�u�c�t� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �t�h�e�r�e� �a�r�e� 
�t�h�r�e�e� �c�o�m�p�o�u�n�d�s� �p�r�e�s�e�n�t�,� �n�a�m�e�l�y�,� �3�0�-�c�-�1�0� �(�1�H� �N�M�R� �8� �=� �3�.�6�7�)�,� �6�0�-�c�-� 

�2�0� �(�1�H� �N�M�R� �6� �=� �3�.�6�4�)� �a�n�d� �c�a�t�e�n�a�n�e� �i�n� �v�e�r�y� �s�m�a�l�l� �q�u�a�n�t�i�t�i�e�s� �(�1�H� �N�M�R� �8� 

�=� �3�.�6�5�)�.� �3�0�-�c�-�1�0� �w�a�s� �s�e�p�a�r�a�t�e�d� �b�y� �d�i�s�s�o�l�v�i�n�g� �i�t� �i�n� �7�5�:�2�5� 
�C�C�l�4�:�p�e�t�r�o�l�e�u�m� �e�t�h�e�r� �(�5�-�8� �%� �s�o�l�u�t�i�o�n�)� �a�n�d� �c�o�o�l�i�n�g� �i�t� �t�o� �-�2�0� �°�C�.� �3�0�-� 

�c�-�1�0� �r�e�m�a�i�n�s� �i�n� �t�h�e� �s�o�l�u�t�i�o�n� �w�h�i�l�e� �m�a�i�n�l�y� �6�0�-�c�-�2�0� �s�e�p�a�r�a�t�e�s� �a�s� 
�s�o�l�i�d�.� �9�3� �g� �o�f� �3�0�-�c�-�1�0� �f�r�a�c�t�i�o�n� �a�n�d� �1�6�5� �g� �o�f� �6�0�-�c�-�2�0� �f�r�a�c�t�i�o�n� 

�(�m�i�x�e�d� �w�i�t�h� �c�a�t�e�n�a�n�e�,� �1�5�-�2�0� �%� �3�0�-�c�-�1�0� �a�n�d� �o�t�h�e�r� �i�m�p�u�r�i�t�i�e�s�)� �w�e�r�e� 
�i�s�o�l�a�t�e�d�.� 
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�T�h�e� �3�0�-�c�-�1�0� �f�r�a�c�t�i�o�n� �w�a�s� �f�u�r�t�h�e�r� �p�u�r�i�f�i�e�d� �b�y� �d�i�s�s�o�l�v�i�n�g� �i�t� �i�n� 
�C�H�2�C�l�o�:�H�e�x�a�n�e�s� �(�4�0�:�6�0�)� �a�n�d� �c�o�o�l�i�n�g� �i�t� �t�o� �-�2�0� �°�C�.� �B�e�a�u�t�i�f�u�l� �c�r�y�s�t�a�l�s� 

�o�f� �3�0�-�c�-�1�0� �f�o�r�m�e�d� �i�n� �t�h�e� �f�l�a�s�k�.� �T�h�e� �c�r�y�s�t�a�l�s� �w�e�r�e� �s�e�p�a�r�a�t�e�d� �b�y� 

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

�s�o�l�v�e�n�t�s� �u�n�d�e�r� �v�a�c�u�u�m�.� �U�p�o�n� �d�r�y�i�n�g�,� �t�h�e� �3�0�-�c�-�1�0� �c�r�y�s�t�a�l�s� �c�o�l�l�a�p�s�e�d� 

�d�u�e� �t�o� �r�e�m�o�v�a�l� �o�f� �t�h�e� �s�o�l�v�e�n�t� �a�n�d� �w�h�i�t�e� �p�o�w�d�e�r� �w�a�s� �o�b�t�a�i�n�e�d� �(�7�8�.�5� 

�g�)�.� �A�b�o�u�t� �3�0� �g� �m�o�r�e� �p�u�r�e� �3�0�-�c�-�1�0� �w�a�s� �r�e�c�o�v�e�r�e�d� �f�r�o�m� �t�h�e� �6�0�-�c�-�2�0� 

�f�r�a�c�t�i�o�n�.� 

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

�a�c�e�t�o�n�e� �a�n�d� �c�o�o�l�i�n�g� �i�t� �t�o� �-�2�0� �°�C� �i�n� �t�h�e� �f�r�e�e�z�e�r�.� �6�0�-�c�-�2�0� �f�o�r�m�s� �a� 

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

�f�i�l�t�e�r�i�n�g� �s�t�i�c�k�.� �M�o�r�e� �a�c�e�t�o�n�e� �w�a�s� �a�d�d�e�d� �t�o� �d�i�s�s�o�l�v�e� �6�0�-�c�-�2�0� �a�n�d� �t�h�e� 

�c�y�c�l�e� �w�a�s� �r�e�p�e�a�t�e�d� �a�g�a�i�n�.� �A�f�t�e�r� �5� �s�u�c�h� �c�y�c�l�e�s�,� �t�h�e� �6�0�-�c�-�2�0� �w�a�s� 

�s�t�i�l�l� �n�o�t� �p�u�r�e� �a�s� �i�n�d�i�c�a�t�e�d� �b�y� �p�r�o�t�o�n� �N�M�R�.� �H�e�n�c�e�,� �i�t� �w�a�s� �d�i�s�s�o�l�v�e�d� �i�n� 

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

�T�h�e� �d�i�c�h�l�o�r�o�m�e�t�h�a�n�e� �w�a�s� �r�e�m�o�v�e�d� �a�n�d� �v�e�r�y� �n�i�c�e� �p�o�w�d�e�r�y� �6�0�-�c�-�2�0� 

�(�9�0�-�9�5� �g�)� �w�a�s� �o�b�t�a�i�n�e�d� �a�f�t�e�r� �o�n�e� �c�r�y�s�t�a�l�l�i�z�a�t�i�o�n� �f�r�o�m� �a�c�e�t�o�n�e�.� 

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

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

�(�4�0�-�5�0� �g�)� �o�f� �s�e�v�e�r�a�l� �c�o�m�p�o�u�n�d�s� �i�n�c�l�u�d�i�n�g� �3�0�-�c�-�1�0�,� �6�0�-�c�-�2�0� �a�n�d� 

�c�a�t�e�n�a�n�e� �(�a�s� �p�r�o�t�o�n� �N�M�R� �a�n�a�l�y�s�e�s� �s�h�o�w�e�d� �5�-�6� �p�e�a�k�s�)� �w�a�s� �o�b�t�a�i�n�e�d�.� 
�A�b�o�u�t� �2�.�5� �g� �o�f� �c�a�t�e�n�a�n�e� �(�1�H� �N�M�R� �6� �=� �3�.�6�5�)� �w�a�s� �s�e�p�a�r�a�t�e�d� �f�r�o�m� �t�h�e� 

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

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

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

�f�o�l�l�o�w�s�:� �3�0�-�c�-�1�0� �(�1�1�0� �g�)� �2�8� �%� �y�i�e�l�d�,� �6�0�-�c�-�2�0� �(�9�5�-�g�)� �1�2� �%� �y�i�e�l�d�.� �T�h�e� 

�t�h�i�r�d� �c�o�m�p�o�u�n�d�,� �t�h�e� �c�a�t�e�n�a�n�e�,� �w�a�s� �i�s�o�l�a�t�e�d� �i�n� �a�b�o�u�t� �1� �%� �y�i�e�l�d� �(�2�.�5� �g�)� 

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

�h�e�s�i� �i�n� �f� �-�¢�-�1�0�:� 

�5�.�0� �g� �h�e�x�a�(�e�t�h�y�l�e�n�e� �g�l�y�c�o�l�)� �(�1�.�8� �x� �1�0�-�2� �m�o�l�e�)� �a�n�d� �3�5�.�0� �g� �o�f� �3�0�-� 
�c�-�1�0� �(�8�.�0� �x� �1�0�-�2� �m�o�l�e�,� �4�.�5� �e�q�u�i�v�a�l�e�n�t�)� �w�e�r�e� �m�i�x�e�d� �a�t� �5�0�-�6�0� �°�C� �a�n�d� 
�s�t�i�r�r�e�d� �f�o�r� �4�1� �h�o�u�r�s�.� �T�o� �t�h�i�s� �v�i�s�c�o�u�s� �s�o�l�u�t�i�o�n� �4�0� �m�l� �d�r�y� �T�H�F� �w�a�s� 

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

�f�o�l�l�o�w�e�d� �b�y� �s�l�o�w� �a�d�d�i�t�i�o�n� �o�f� �3�.�0� �g� �o�f� �8�0� �%� �N�a�H� �(�0�.�1� �m�o�l�e�,� �2�.�8� 

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

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

�r�e�a�c�t�i�o�n� �m�i�x�t�u�r�e� �t�o� �a�b�o�u�t� �5�5� �°�C�,� �t�h�e� �s�t�i�c�k�y� �s�o�l�i�d� �b�e�g�a�n� �t�o� �d�i�s�s�o�l�v�e� 
�v�e�r�y� �s�l�o�w�l�y� �i�n� �T�H�F� �a�n�d� �i�t� �w�a�s� �s�t�i�r�r�e�d� �f�o�r� �3� �h�o�u�r�s�.� �T�o� �t�h�i�s� �t�h�e�n�,� �a� 
�s�o�l�u�t�i�o�n� �o�f� �8�.�9� �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� �(�1�.�8� �x� �1�0�-�2� �m�o�l�e�)� 

�i�n� �2�0� �m�l� �T�H�F� �w�a�s� �a�d�d�e�d� �d�r�o�p�w�i�s�e� �a�n�d� �a�d�d�i�t�i�o�n� �w�a�s� �c�o�m�p�l�e�t�e�d� �i�n� �4�-�5� 

�h�o�u�r�s�.� �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� �7�4� �h�o�u�r�s� �a�t� �5�0�-�6�0� �°�C�.� 

�T�h�e� �r�e�a�c�t�i�o�n� �m�i�x�t�u�r�e� �w�a�s� �c�o�o�l�e�d� �a�n�d� �2� �m�l� �o�f� �w�a�t�e�r� �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� �e�x�c�e�s�s� �N�a�H�.� �T�h�e� �r�e�a�c�t�i�o�n� �m�i�x�t�u�r�e� �w�a�s� �t�h�e�n� 
�e�x�t�r�a�c�t�e�d� �w�i�t�h� �d�i�c�h�l�o�r�o�m�e�t�h�a�n�e� �(�8� �x� �1�0�0� �m�l�)�,� �f�o�l�l�o�w�e�d� �b�y� �r�e�m�o�v�a�l� 

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

�w�a�s� �e�x�t�r�a�c�t�e�d� �t�w�i�c�e� �w�i�t�h� �h�o�t� �h�e�x�a�n�e�s� �(�2� �x� �2�0�0� �m�l�)� �t�o� �i�s�o�l�a�t�e� �3�0�.�6�3� 

�g� �o�f� �p�u�r�e� �3�0�-�c�-�1�0� �(�b�y� �p�r�o�t�o�n� �N�M�R�)�.� �T�h�e� �r�e�s�t� �o�f� �t�h�e� �p�r�o�d�u�c�t� �w�a�s� �a� 

�m�i�x�t�u�r�e� �a�n�d� �s�h�o�w�e�d� �t�h�r�e�e� �p�e�a�k�s� �i�n� �a� �p�r�o�t�o�n� �N�M�R� �s�p�e�c�t�r�u�m� �f�o�r� �3�0�-�c�-� 
�1�0� �(�1�'�H� �N�M�R� �5� �=� �3�.�6�7�)�,� �6�0�-�c�-�2�0� �(�1�H� �N�M�R� �5� �=� �3�.�6�4�)� �a�n�d� �i�n� �s�m�a�l�l� 
�q�u�a�n�t�i�t�i�e�s� �c�a�t�e�n�a�n�e� �(�1�H� �N�M�R� �8� �=� �3�.�6�5�)�.� �T�h�e� �r�e�m�a�i�n�d�e�r� �o�f� �t�h�e� �3�0�-�c�-�1�0� 

�a�n�d� �c�a�t�e�n�a�n�e� �(�8�.�4�3� �g�)� �w�e�r�e� �s�e�p�a�r�a�t�e�d� �f�r�o�m� �t�h�e� �m�i�x�t�u�r�e� �b�y� �1�8� �m�o�r�e� 

�e�x�t�r�a�c�t�i�o�n�s� �w�i�t�h� �h�o�t� �h�e�x�a�n�e�s�.� �T�h�e� �u�n�e�x�t�r�a�c�t�a�b�l�e� �p�o�r�t�i�o�n� �(�4�.�7�5� �g�)� 

�w�a�s� �m�a�i�n�l�y� �6�0�-�c�-�2�0� �m�i�x�e�d� �w�i�t�h� �l�i�n�e�a�r� �h�i�g�h� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� 
�g�l�y�c�o�l�s�,� �a�s� �i�n�d�i�c�a�t�e�d� �b�y� �p�r�o�t�o�n� �N�M�R�.� �C�a�t�e�n�a�n�e� �w�a�s� �n�o�t� �f�u�r�t�h�e�r� 
�s�e�p�a�r�a�t�e�d� �f�r�o�m� �3�0�-�c�-�1�0�.� �C�a�t�e�n�a�n�e� �o�b�t�a�i�n�e�d� �i�n� �t�h�e� �s�y�n�t�h�e�s�i�s� �o�f� �3�0�-� 

�c�-�1�0� �w�a�s� �u�s�e�d� �f�o�r� �t�h�e� �a�n�a�l�y�s�e�s�.� �F�T�I�R� �s�h�o�w�e�d� �n�o� �h�y�d�r�o�x�y�l� �g�r�o�u�p�s�.� 

�6�6



�1�H� �N�M�R� �2
�.�

8�
6�

7�
4�

8�
 

� � 
�|� 

�_�/� 
� � 

� � �P�T�E�T� �U�P�T�O� �e� �P�e�r�r�y� �r�r�r� �T�y�r�e�r� �T�y� �e�r�r�y� �T�r�y� �T�y�r� �r�t� �r�y� �r�t� �r�r�r� �r�r�r� �r�p� �r�r�r� �r�y� �r�r�r� �r�y� �r�r�r� �r�y� �r�r�r� 

�3� �9�5� �3�.�9�0� �3�.�8�5� �3�.�8�9�0� �3�°�7�5� �3�.�7�0� �3�8�5� �3� �6�0� �3�.�5�5� �3� �5�0� �3�.�4�5� �3�.�4�0� �3�.�3�5� 
�i�o� 

�2�0�-�0�2�-�1�0� 

�1�3�C� �N�M�R�  �� 

� � � � �P�r�e�e� �n�a�g� �h�t�t�p�s� �t�e�n� �f�t�h�c�r�i�a�t�a�g�i�-�a�p� �t�i�m�a�t�e�d� �G�h� �S�p�e� �y�t� �c�a�t�e� �S�a�t�i�e� �P� �T�E� �O�O� �a�y� �t�e�a�l� �e�t� �h�i�y�h�b�t�s� �i�t�t�i�e�l� �G�e�n� �a�e�r�a� �T�O�R� �N�e� 

�L�o�s�i� �l�o�p� �l�i�s�c�e�l�i�s�e�h�e�p� �l�h� �b�o� �b�t� 
�1�7�0� �1 ¬�0� �a�t�o� �a�d� �1�3�¢� �1�2�0� �3�3�9� �4�0�0� �o�e� �2�0� �e�c� �7�0� �6�0� �3�6� �a�g� �x� 
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�F�i�g�u�r�e� �I�I�l�.�1� �1�H� �(�2�7�0� �M�H�z�)� �a�n�d� �1�3�C� �N�M�R� �o�f� �3�0�-�c�-�1�0� 
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�°� �i �� �5�0� �4�0�0� 
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�F�i�g�u�r�e� �I�I�I�l�.�3� 
�X

�-�R
�a�y� 

�C
�r�y�s�t�a�l� �S

�t�r�u�c�t�u�r�e� 
�o�f� �3�0�-�c�-�1�0�;� 

�C
�a�v�i�t�y� �S�i�z�e�:� �3�.�9� �°�A� �x� 

�1�3�.�6� �°�A�,� 
�U�n�i�t� �C�e�l�l�:� �P

�b�c�a� �(�o�r�t�h�o�r�h�o�m
�b�i�c�)�,� 

�a� �=� �8�.�6�0�6� �(�1�)� �°�A�,� �b� �=� �8�.�2�6�0� �(�1�)� �°�A�,� 
�C�c� �=� �3�3�.�3�1�0� �(�4�)� �°�A


