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STUDIES ON LIGNIN BIOSYNTHESIS AND BIODEGRADATION 

by 
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(ABSTRACT) 

For the first time, the bonding patterns of specific carbon atoms in woody plant lignin 

have been identified in situ. This was accomplished by administering and incorporating 

into the lignin fraction of Leucaena leucocephala, a tropical hardwood, ferulic acid en- 

riched with '3C at either the 1-, 2-, or 3-C atom of the side chain. The plants were 

grown hydroponically over extended periods of time (28 days) under aseptic conditions 

in media containing the ferulic acid precursor, and then the tissues were examined by 

solid-state 1*C NMR spectroscopy. Consequently, resonances due to the bonding pat- 

terns of the specific carbon atoms were determined. These resonances differ substantially 

from similarly labelled synthetic dehydrogenatively polymerized (DHP) lignin in both 

spectral profile and relative peak intensities. 

Subsequent studies using phenylalanine as precursor showed that it was better translo- 

cated into the aerial portions of the plant, and that its uptake did not result in distortion 

of lignification in those tissues, both in amount and monomeric composition. Conse- 

quently, the difference spectra obtained by '*C NMR analyses of phenylalanine-treated 

plants confirmed and extended the results obtained with ferulic acid. Evidence for the 

conversion of both precursors to the monolignols was shown by the difference spectra 

of [1-!*C]-precursor-fed tissues, where the dominant resonance at 61-63 ppm is consist- 

ent with substructures containing the hydroxymethyl functionality. The spectrum ob-



tained with roots administered [1-!?C] ferulic acid showed the presence of a minor 

resonance (170-174 ppm) attributable to carboxylic acids/esters. By allowing the plant 

to undergo further metabolism by growing in hydroponic media without the precursor, 

these signals disappeared from the resulting spectrum. The first direct evidence for the 

dominance of the f-O-4’ linkage of lignin in situ was shown by the appearance of the 

resonance at 83 ppm corresponding to this substructure in both [2-!3C] ferulic acid- 

treated roots and [2-!?C] phenylalanine-treated roots and stems. Evidence for the oc- 

currence of a-O-carbohydrate or a-O-aryl linkage in intact plant tissues was obtained in 

the spectra of tissues administered [3-!*C] ferulic acid and [3-!3C] phenylalanine. 

The effect of horseradish peroxidase/H2Oz2 in organic medium (dioxane/aqueous acetate 

buffer, pH 5, 95:5) on dehydrogenatively polymerized (DHP) lignin was reinvestigated. 

We found no evidence for vigorous depolymerization of DHP lignin under these condi- 

tions, contrary to claims made by Dordick, Marletta and Klibanov (1986, Proc. Nail. 

Acad. Sci. USA 83:6255-6257). Furthermore, we did not detect ferulic acid as a degra- 

dation product following treatment of DHP lignin with HRP/H20O2. 

Both coniferyl alcohol and DHP lignin were used in incubation experiments to determine 

effects of lignin peroxidase from the white-rot fungus Phanerochaete chrysosporium and 

H2O2 on these substrates. Gel filtration chromatography showed that polymeric mate- 

rials of high molecular weights were the result of these treatments. Incubation of [1-!*C], 

[2-!3C] and [3-!3C] coniferyl alcohol with lignin peroxidase/H2Oz2 resulted in products 

similar to-DHP lignins prepared by horseradish peroxidase/H2Oz2 with respect to occur- 

rence of identical resonances in corresponding solution-state '*C NMR spectra. Conse- 

quently, the role of polymerization of low molecular weight phenolics as a mechanism 

for detoxification was ascribed to these fungal peroxidases.
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1.0 INTRODUCTION 

The term “lignins”, as used in this work, pertains to the biomolecules that are polymers 

of phenylpropanoid units, linked to each other in a variety of ways, and constituting 

essentially all the non-carbohydrate portion of the cell walls and middle lamellae of ter- 

restrial vascular plants. As naturally-occurring, renewable organic substances, they are 

generally regarded to rank only next to cellulose in abundance. They can be found not 

only in the wood, but also in the bark, cork, fruits, leaves and buds of vascular plants 

[55]. 

Lignins serve many purposes in plants. As the “cementing substances” in plant tissue, 

they impart rigidity to the plant cell walls thereby allowing them to withstand 

compressive stresses [60,75]. The presence of lignin in plants imparts resistance to fungal 

attack [60]. Due to their complex structure, lignins are practically impermeable to 

moisture which serves the plant well in physiological conduction of the sap and in pre- 

venting dehydration and leaching of water-soluble nutrients [60,75]. 
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The structure and composition of native lignins depend on the plant species, on the 

tissue in which they are formed, and even on their morphological location within the 

plant cell wall [56,175]. Based on typical composition, lignins are generally classified 

as softwood, hardwood, or grass lignins. Softwood lignins are often comprised pre- 

dominantly of  guaiacylpropanoid units (2) and small amounts’ of 

p-hydroxyphenylpropanoid units (1) [142], although there are some exceptions to this 

trend (e.g., Tetraclinis articulata and Podocarpus nerrifolius) [115]. Hardwood lignins are 

found in angiosperms other than monocots, and usually consist of guaiacyl-, syringyl- 

(3), and p-hydroxyphenylpropanoid units, where guaiacyl- and syringylpropanoid units 

dominate and are generally present in almost equal amounts. The dicot Erythrina 

crista-galli is a notable exception [100]. Chemical analyses of its lignin indicated an 

unusually low syringyl content, as further evidenced by a negative Maule test, a 

histochemical staining procedure specific for syringyl units. Finally, the 

guaiacyl/syringyl/p-hydroxyphenyl ratio of lignins in grasses varies from species to spe- 

cies, with p-hydroxyphenylpropanoid units predominating in some cases, and with 

~10% of the lignin consisting of p-hydroxycinnamic acid moieties occurring in free or 

esterified forms [76,130]. 

} } / 
1 (Y) He H—C— H—C—l 
2 _c— —cC— —cC— (8) H—C—} H—¢ ’ HC ’ 

3(~) H—C-O-) H—C-O-] H—C-o-} 
i 1 

6’ 2’ 

4" OCH, CH,0 OCH3 

OH OH OH 

(1) (2) (3) 
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Hence, it is obvious that a rigid categorization of lignins according to taxonomic groups 

is not possible, since this would exclude lignins in some plants whose compositions es- 

sentially do not fall under these classifications. 

While there is some agreement on the physiological roles lignins play in the plant, their 

structures within the plant cell wall are still poorly understood. To date, there is no 

single method to isolate lignins in their native, or intact, state. Consequently, lignin 

preparations are identified according to the procedure used in obtaining them, as well 

as by the type of plant material from which they are derived, e.g., softwood, hardwood, 

etc. Further, because of their importance in turnover of organic carbon, there has been 

considerable interest in defining the biochemical route operative in the biodegradation 

of lignins. 

This study has two parts: The first is to characterize lignin in intact plant tissue. When 

the structure of lignin in situ has been ascertained, then the efficacy of the different 

methods used in isolating lignins can be compared. For purposes of studying lignin 

biosynthesis and structure, the method of choice for isolating lignin is that which results 

in least modification, if at all, of native lignin. To investigate the biogenesis and struc- 

ture of lignin in situ, a fast-growing tropical hardwood, Leucaena leucocephala was se- 

lected. This species is widely utilized for reforestation in developing countries in Asia 

and Central America [77]. Using this plant, methodology was developed for deter- 

mining the bonding patterns of specific carbons of the monomeric units that make up 

lignin in vivo. This involved administering to the plant lignin precursors }*C-specifically 

labelled at different positions in the propyl side chain. For the most part, these are the 

sites mainly involved in the major inter-unit linkages in the lignin polymer. Following 
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uptake of precursors by the plant, lignins in the intact plant tissue/organ were then an- 

alyzed by solid state 1*C nuclear magnetic resonance (NMR) spectroscopy. 

The second part of this study is aimed at establishing the role of extracellular peroxidases 

secreted by white-rot fungi in the biodegradation of lignin. These enzymes, together 

with horseradish peroxidase preparations [28], have been reported to be the catalytic 

agents in the decomposition of lignin [52,184]. In the first instance, lignin degradation 

experiments reported by Dordick, Marletta and Klibanov [28] using horseradish 

peroxidases (HRP)/H2O2 in organic media were reinvestigated, with the main exception 

that “degradation” products were separated by a gel permeation chromatographic system 

that partially suppresses lignin association [21]. Second, the effects of lignin peroxidases 

isolated from Phanerochaete chrysosporium on coniferyl alcohol (4) and a 

dehydrogenatively polymerized (DHP) lignin preparation were investigated. This was 

carried out by separately incubating [1-!3C]-, [2-!°C]-, and [3-!*C]-coniferyl alcohols 

(4a-c) with a preparation of lignin peroxidase and by treating a DHP lignin preparation 

with the enzyme in a similar manner. The molecular weight profiles of the resulting 

products were determined by gel filtration chromatography. In addition, solution-state 

13C NMR spectroscopy was employed to determine bonding patterns of the '3C 

specifically-labelled side-chain carbon atoms in those products. Hopefully, the results 

will provide us with a better understanding of the mechanisms occurring during the 

depolymerization of lignins. 

OH OH OH 
a 

OCH OCH, OCH, 

OH OH OH 

(4a) == 136 (4b) (4c) 
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2.0 OBJECTIVES 

1. Main objective: To determine the bonding patterns of specific carbon atoms of 

lignin in situ in hardwoods. 

Specific objectives: 

a. To develop a methodology for administering specifically-labelled lignin precur- 

sors to growing Leucaena leucocephala seedlings. 

b. To ascertain that such precursors are taken up intact, and that the lignin formed 

is comparable with that of plants grown “normally”. 

c. To determine the bonding environments of !*C-enriched carbon atoms of lignin 

in. situ by solid-state 1*C NMR spectroscopy. 

2. Main objectives: a) To further define the role of extracellular peroxidases excreted 

by lignin-biodegrading white-rot fungi; and b) If shown capable of degrading lignins, 

to determine their effects on lignin in plant tissue. 
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e Specific objectives: 

a. To reassess the claim made by Dordick, Marletta and Klibanov [28] that 

horseradish peroxidases vigorously degrade lignin in organic solvents. 

b. To determine the effects of extracellular peroxidases isolated from 

Phanerochaete chrysosporium on both coniferyl alcohol (4) and DHP lignin. 
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3.0 REVIEW OF LITERATURE 

3.1 Biosynthesis and Structure of Lignin 

3.1.1. Shikimate-chorismate pathway 

The ultimate precursors in the biogenesis of lignin, namely p-coumaryl (5), coniferyl (4) 

and sinapyl (6) alcohols are derived from the aromatic amino acid(s) phenylalanine (7) 

(and tyrosine (8) in grasses), which are formed by the shikimate-chorismate pathway 

(Figures 1 and 2). The two most widely-studied metabolites in this pathway are shikimic 

acid (14), first discovered in the oriental plant shikimi-no-ki (Illicium reliogosum) by 

Eykmann in 1885 [71] and chorismic acid (17), a branchpoint for at least five metabolic 

routes leading to a variety of secondary plant products [45]. The biosynthetic sequence 

of this pathway was first elucidated using Escherichia coli and other bacteria [24], al- 

though consequently, all the enzymes that catalyze the respective transformations in the 

pathway have also been isolated from higher plants. 
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The first step in the biosynthetic route to the aromatic amino acids is an aldol-like 

condensation between phosphoenol pyruvate, PEP, (9} and D-erythrose-4-phosphate 

(10) giving 3-deoxy-D-arabinoheptulosonic acid-7-phosphate, DAHP (11). The enzyme 

responsible for this reaction is phospho-2-keto-3-deoxy-heptonate synthase (DAHP 

synthase), which in higher plants, has been characterized from cauliflower (Brassica 

oleracea L. var. botrytis Mill) [78] and carrots (Daucus carrota) [178]. The mechanism 

postulated for this reaction involves initial nucleophilic attack by H2O at C-2 of PEP 

(9), subsequent addition of erythrose-4-phosphate (10) at C-3, and elimination of 

orthophospate from C-2 [25]. 

The second step involves cyclization of DAHP (11) to 3-dehydroquinic acid, 3-DHQ 

(12), in an intramolecular reaction that possibly involves an enolic intermediate, re- 

sulting in elimination of the remaining phosphate group and oxidation at C-3. These 

transformations are mediated by 3-dehydroquinate synthase, a nicotinamide adenine 

dinucleotide, NAD* (24a) and Co*?-requiring enzyme. In higher plants, 3-DHQ 

synthase has been found in Sorghum bicolor [155] and Phaseolus mungo [194] seedlings. 

The dehydration of 12, resulting from the syn-elimination of the elements of water from 

carbon atoms 1 and 2, is a reversible reaction which, in a forward direction, leads to the 

formation of 3-dehydroshikimic acid (13). Partially-purified enzyme preparations from 

different organs of Zea mays [10] showed the presence of 3-DHQ dehydratase, which 

functions as the catalyst for the dehydroquinate-dehydroshikimate interconversion. 

The next step is a reduction by shikimate dehydrogenase, which requires the reduced 

form of nicotinamide adenine dinucleotide phosphate, NADPH (25b), as a co-factor. 

Nucleophilic attack of the carbonyl functionality by a hydride ion from NADPH 
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produces shikimic acid (14). Spinach leaves and peas [6] were among the first higher 

plants in which the presence of shikimate dehydrogenase was demonstrated. 

Shikimic acid (14) is then reversibly phosphorylated to give shikimate-3-phosphate (15). 

This reaction involves shikimate kinase, which transfers a phosphoryl group from 

adenosine triphosphate, ATP (26), to the hydroxyl at C-3. Shikimate kinase activity has 

been reported in cell-free preparations of etiolated shoots and green stems of Sorghum 

bicolor [11] and Phaseolus mungo [96], thereby completing the scheme for an intact 

biochemical machinery for shikimate biogenesis in higher plants. 

NH> 

N NON 

O- O- O- v 
| | | ‘N Zz 

~O—P—O—P—O—P—O—CH) N 
| \| | 
O O O 

ANY 

OH OH 

(26) 

Following shikimate-3-phosphate (15) formation is the addition of a second molecule 

of PEP (9) to form 5-enol-pyruvylshikimate-3-phosphate (16). A reversible addition- 

elimination mechanism has been proposed for this reaction, catalyzed in both microbial 

organisms and higher plants by 3-phospho-5-enolpyruvylshikimate synthase 

[26,45,128]. 

REVIEW OF LITERATURE 12



The next step is chorismic acid (17) formation, which is thought to proceed via a trans 

1,4 elimination of the elements of phosphoric acid [45]. This reaction occurs via the 

mediation of the enzyme chorismate synthase [70], which, in higher plants, was recently 

detected in tissue extracts and chloroplast preparations of pea (Pisum sativum L.) [129]. 

The metabolic route to the aromatic amino acids (Figure 2) proceeds with the reposi- 

tioning of the 3-carbon moiety in 17 via a concerted intramolecular mechanism involving 

migration of sigma (o) bonds with accompanying pi (z) bond shifts, yielding prephenic 

acid (18). The enzyme, chorismate mutase, which is responsible for this reaction is very 

well-studied, having been found in a variety of prokaryotes [26] and higher plants 

[23,174]. It is also of immense biochemical interest because its isoenzymic forms and 

their cellular compartmentation could provide possible clues for the regulation and 

control of the pathways that branch out from chorismic acid (17). 

Tyrosine (8) formation was initially thought to occur via p-hydroxyphenylpyruvic acid 

(21), formed from decarboxylation and dehydrogenation of prephenic acid (18), in a re- 

action catalyzed by NADP*-requiring prephenate dehydrogenase [50]. Alternatively, 

phenylalanine (7) formation was thought to proceed via phenylpyruvic acid (19) as a 

result of decarboxylation and dehydration of 18 by prephenate dehydratase [50]. Sub- 

sequent transamination with an amine donor, e.g. L-glutamic acid (27), of both 21 and 

19 would yield tyrosine (8) and phenylalanine (7), respectively. Both conversions were 

presumably catalyzed by aromatic amino acid aminotransferases which lacked substrate 

specificity [193]. 
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COOH 

(27) 

More recently, arogenic acid (20) has been proposed as an intermediate in tyrosine (8) 

and phenylalanine (7) biosynthesis in a number of herbaceous and graminaceous plants 

[15,20,44]. It now appears to be the only pathway for phenylalanine/tyrosine biogenesis 

in these organisms. The reaction takes place via a transamination mechanism between 

prephenic acid (18) and an amine donor (e.g., L-glutamic acid, 27), and is mediated by 

prephenate aminotransferase [173]. Subsequent decarboxylation of arogenic acid (20), 

when accompanied by dehydration (catalyzed by arogenate dehydratase), results in 

phenylalanine (7) [84]. On the other hand, when decarboxylation is accompanied by 

dehydrogenation (via the NADP *-requiring enzyme, arogenate dehydrogenase), tyrosine 

(8) is formed. In both cases, ring aromatization is obtained. 

3.1.2 The phenylpropanoid pathway 

Part of the metabolic route leading to the formation of monolignols belongs to the 

phenylpropanoid pathway, which includes the biogenetic steps towards activated 
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cinnamic acids (33-35), known intermediates for a variety of plant phenolics. The pre- 

vailing notion in plant biochemistry today is that E-monolignols (4-6) are formed in the 

plant principally for lignin biosynthesis, although their involvement in the biogenesis 

of lignans and suberin should not be discounted. 

In all plants, phenylalanine (7) is deaminated by phenylalanine ammonia lyase (PAL) 

giving trans-cinnamic acid (22), which is also an intermediate in the biosynthesis of 

coumarins [12]. In grasses, tyrosine ammonia lyase (TAL) activity is found associated 

with PAL, and TAL deaminates L-tyrosine (8) to give trans-p-coumaric acid (23). In 

both deamination reactions, the pro-S hydrogen 1s abstracted from the alpha (a) carbon 

of the amino acid, leaving a trans double bond between the a-f carbons [32,79]. PAL 

is an enzyme inducible by light and by pathological factors, and studies relating to the 

response of this enzyme to such stimuli, as well as to the regulation of its activity, have 

been critically reviewed [16,81]. 

When TAL activity is absent, trans-p-coumaric acid (23) is formed from frans-cinnamic 

acid (22) via a hydroxylation step catalyzed by cinnamate-4-hydroxylase. This reaction 

is believed to occur via a NIH (National Institutes of Health) shift [55], a mechanism 

involving hydride migration from the carbon undergoing oxidation to an adjacent 

(ortho) carbon atom. A microsomal preparation of cinnamate-4-hydroxylase from 7-day 

old parsley suspension culture cells was shown to be stereospecific for trans-cinnamic 

acid (22) [149]. 

a 

p-Coumarate (23) can either be further substituted in the aromatic ring or it can be ac- 

tivated (via hydroxycinnamyl CoA ligase). The product resulting from the latter reaction 

iS an intermediate common to both flavonoid and lignin biosynthesis, and may also be 

involved in the formation of ester-bound p-coumaric acids. 
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�l�i�g�a�s�e�,� �v�)� �c�i�n�n�a�m�y�l� �C�o�A� �r�e�d�u�c�t�a�s�e�,� �v�i�)� �c�i�n�n�a�m�y�!� �a�l�c�o�h�o�l� �d�e�h�y�d�r�o�g�e�n�a�s�e�.� 
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�I�t� �s�h�o�u�l�d� �b�e� �s�e�l�f�-�e�v�i�d�e�n�t� �t�h�a�t� �t�w�o� �r�o�u�t�e�s� �a�r�e� �p�o�s�s�i�b�l�e� �f�o�r� �t�h�e� �b�i�o�s�y�n�t�h�e�s�i�s� �o�f� �s�i�n�a�p�i�c� �a�c�i�d� 

�(�3�2�)� �(�F�i�g�u�r�e� �3�)�.� �I�t�s� �f�o�r�m�a�t�i�o�n� �c�o�u�l�d� �p�r�o�c�e�e�d� �v�i�a� �1�]� �c�a�f�f�e�i�c� �(�2�9�)� �>� �f�e�r�u�l�i�c� �(�3�0�)� �>� 

�5�-�h�y�d�r�o�x�y�f�e�r�u�l�i�c� �(�3�1�)�  �� �s�i�n�a�p�i�c� �(�3�2�)� �a�c�i�d� �a�s� �d�i�s�c�u�s�s�e�d�;� �o�r� �2�]� �c�a�f�f�e�i�c� �(�2�9�)� �3� 

�3�,�4�,�5�-�t�r�i�n�y�d�r�o�x�y�c�i�n�n�a�m�i�c� �(�3�9�)�  �� �s�i�n�a�p�i�c� �(�3�2�)� �a�c�i�d�.� �T�h�e� �l�i�k�e�l�i�h�o�o�d� �t�h�a�t� �i�t�s� �b�i�o�g�e�n�e�s�i�s� 

�p�r�o�c�e�e�d�s� �v�i�a� �5�-�h�y�d�r�o�x�y�f�e�r�u�l�i�c� �a�c�i�d� �(�3�1�)� �i�s� �s�u�p�p�o�r�t�e�d� �b�y� �t�h�e� �i�s�o�l�a�t�i�o�n� �o�f� �f�e�r�u�l�i�c� �a�c�i�d� 

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

�p�o�p�l�a�r� �s�t�e�m�s� �[�5�7�]�,� �a�n�d� �t�h�e� �d�e�m�o�n�s�t�r�a�t�i�o�n� �o�f� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �5�-�h�y�d�r�o�x�y�f�e�r�u�l�i�c� �a�c�i�d� �(�3�1�)� 

�i�n� �c�e�l�l� �w�a�l�l�s� �o�f� �Z�e�a� �m�a�y�s� �a�n�d� �H�o�r�d�e�u�m� �v�u�l�g�a�r�e� �[�1�4�5�]�.� �C�l�e�a�r�l�y�,� �i�f� �s�i�n�a�p�i�c� �a�c�i�d� �(�3�2�)� �w�a�s� 

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

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

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

�T�h�e� �r�e�d�u�c�t�i�o�n� �o�f� �t�h�e� �h�y�d�r�o�x�y�c�i�n�n�a�m�i�c� �a�c�i�d�s� �(�2�3�,�3�0�,�3�2�)� �i�s� �i�n�i�t�i�a�t�e�d� �b�y� �a�n� �a�c�t�i�v�a�t�i�o�n� �s�t�e�p� 

�m�e�d�i�a�t�e�d� �b�y� �h�y�d�r�o�x�y�c�i�n�n�a�m�a�t�e� �C�o�A� �l�i�g�a�s�e� �[�6�3�]�.� �T�h�e� �r�e�a�c�t�i�o�n� �t�o� �f�o�r�m� �t�h�e� �C�o�A� �e�s�t�e�r�s� 

�(�3�3�-�3�5�)� �i�s� �d�e�p�e�n�d�e�n�t� �u�p�o�n� �A�T�P� �(�2�6�)� �a�n�d� �M�g�*�?�,� �a�s� �s�h�o�w�n� �b�y� �i�n�c�u�b�a�t�i�n�g� �p�-�c�o�u�m�a�r�i�c� �a�c�i�d� 

�(�2�3�)� �i�n� �c�e�l�l�-�f�r�e�e� �p�r�e�p�a�r�a�t�i�o�n�s� �f�r�o�m� �y�o�u�n�g� �s�t�e�m�s� �o�f� �F�o�r�s�y�t�h�i�a� �s�p�.� �[�1�7�7�]�.� �I�n�t�e�r�e�s�t�i�n�g�l�y�,� �t�h�e� 

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

�c�e�l�l� �s�u�s�p�e�n�s�i�o�n� �c�u�l�t�u�r�e�s� �o�f� �p�a�r�s�l�e�y� �[�6�3�]�.� �I�t� �r�e�m�a�i�n�s� �t�o� �b�e� �s�e�e�n� �w�h�e�t�h�e�r� �a�n� �i�n�c�r�e�a�s�e�d� �r�e�-� 

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

�o�r� �b�o�t�h�.� 

�3�.�1�.�3�.� �B�i�o�s�y�n�t�h�e�s�i�s� �o�f� �m�o�n�o�l�i�g�n�o�l�s� �f�r�o�m� �a�c�t�i�v�a�t�e�d� �c�i�n�n�a�m�i�c� �a�c�i�d�s� 

�T�h�e� �c�i�n�n�a�m�o�y�l� �C�o�A� �e�s�t�e�r�s� �(�3�3�-�3�5�)� �r�e�s�u�l�t�i�n�g� �f�r�o�m� �t�h�e� �l�i�g�a�s�e� �r�e�a�c�t�i�o�n� �a�r�e� �t�h�e�n� �r�e�d�u�c�e�d�,� 

�i�n� �a� �t�w�o�-�s�t�e�p� �p�r�o�c�e�s�s�,� �t�o� �t�h�e� �c�i�n�n�a�m�y�l� �a�l�c�o�h�o�l�s� �o�r� �m�o�n�o�l�i�g�n�o�l�s� �(�4�-�6�)� �[�6�1�,�1�2�1�,�1�9�1�]�.� 
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�C�i�n�n�a�m�o�y�l� �C�o�A� �r�e�d�u�c�t�a�s�e�s� �a�r�e� �r�e�s�p�o�n�s�i�b�l�e� �f�o�r� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �t�h�e� �r�e�s�p�e�c�t�i�v�e� 

�c�i�n�n�a�m�a�l�d�e�h�y�d�e�s� �(�3�6�-�3�8�)�,� �i�n� �a� �r�e�v�e�r�s�i�b�l�e� �r�e�a�c�t�i�o�n� �t�h�a�t� �r�e�q�u�i�r�e�s� �N�A�D�P�H� �(�2�5�b�)� �a�s� �a� �c�o�-� 

�f�a�c�t�o�r�.� �T�h�i�s� �r�e�d�u�c�t�a�s�e� �h�a�s� �b�e�e�n� �p�u�r�i�f�i�e�d� �f�r�o�m� �p�o�p�l�a�r� �(�P�o�p�u�l�u�s� �x� �e�u�r�a�m�e�r�i�c�a�n�a�)� �[�1�6�5�]�,� 

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

�s�t�e�m�s� �o�f� �t�h�i�s� �p�l�a�n�t� �s�h�o�w�e�d� �d�e�c�r�e�a�s�i�n�g� �a�f�f�i�n�i�t�y� �t�o�w�a�r�d�s� �f�e�r�u�l�o�y�l� �C�o�A� �(�3�4�)�,� �s�i�n�a�p�o�y�l� �C�o�A� 

�(�3�5�)� �a�n�d� �p�-�c�o�u�m�a�r�o�y�l� �C�o�A� �(�3�3�)� �[�1�6�5�]�.� �C�i�n�n�a�m�y�l� �a�l�c�o�h�o�l� �d�e�h�y�d�r�o�g�e�n�a�s�e�,� �o�n� �t�h�e� �o�t�h�e�r� 

�h�a�n�d�,� �m�e�d�i�a�t�e�s� �a� �r�e�v�e�r�s�i�b�l�e� �r�e�a�c�t�i�o�n� �w�h�i�c�h� �r�e�d�u�c�e�s� �t�h�e� �c�i�n�n�a�m�a�l�d�e�h�y�d�e�s� �(�3�6�-�3�8�)� �t�o� �t�h�e�i�r� 

�r�e�s�p�e�c�t�i�v�e� �c�i�n�n�a�m�y�l� �a�l�c�o�h�o�l�s� �(�4�-�6�)�,� �a�n�d� �f�o�r� �w�h�i�c�h� �N�A�D�P�H� �(�2�5�b�)� �i�s� �a�l�s�o� �a� �r�e�q�u�i�r�e�m�e�n�t�.� 

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

�c�o�n�i�f�e�r�a�l�d�e�h�y�d�e� �(�3�7�)�.� �B�y� �t�e�s�t�i�n�g� �t�h�e� �A� �a�n�d� �B� �f�o�r�m�s� �o�f� �N�A�D�P�-�[�4�-�?�H�(�n�)�]�,� �i�t� �w�a�s� �d�e�t�e�r�-� 

�m�i�n�e�d� �t�h�a�t� �t�h�e� �d�e�h�y�d�r�o�g�e�n�a�s�e� �o�f� �F�o�r�s�y�t�h�i�a� �s�u�s�p�e�n�s�a� �w�a�s� �o�f� �t�h�e� �c�l�a�s�s� �A� �t�y�p�e� �[�1�2�5�]�.� �R�e�-� 

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

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

�p�r�e�p�a�r�a�t�i�o�n�s� �f�r�o�m� �b�e�e�c�h� �b�a�r�k� �[�3�1�,�1�1�0�]�.� �T�h�i�s� �p�r�o�v�i�d�e�d� �a�d�d�i�t�i�o�n�a�l� �i�n�d�i�r�e�c�t� �p�r�o�o�f� �t�h�a�t� �t�h�e� 

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

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

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

�a�c�t�i�v�i�t�y� �[�5�9�]�.� 

�3�.�1�.�4� �T�h�e� �p�r�o�c�e�s�s� �o�f� �l�i�g�n�i�f�i�c�a�t�i�o�n� 

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

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

�F�r�e�u�d�e�n�b�e�r�g� �[�4�0�]�,� �i�t� �b�e�c�a�m�e� �w�i�d�e�l�y� �a�c�c�e�p�t�e�d� �t�h�a�t� �l�i�g�n�i�f�i�c�a�t�i�o�n� �i�n� �p�l�a�n�t�s� �c�o�u�l�d� �b�e� �a�p�-� 

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

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

�h�y�d�r�o�g�e�n�-�p�e�r�o�x�i�d�e� �r�e�q�u�i�r�i�n�g� �e�n�z�y�m�e� �l�o�c�a�l�i�z�e�d� �i�n� �t�h�e� �c�e�l�l� �w�a�l�l�s� �[�6�8�]�,� �c�o�n�t�i�n�u�e�s� �u�n�t�i�l� �a� 

�l�a�r�g�e� �p�o�l�y�m�e�r�i�c� �n�e�t�w�o�r�k� �r�e�s�u�l�t�s� �(�F�i�g�u�r�e� �4�)�.� 

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

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

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

�t�h�r�o�u�g�h� �t�h�e� �1�9�7�0 ��s�.� �S�i�n�c�e� �t�h�e�n�,� �h�o�w�e�v�e�r�,� �s�o�p�h�i�s�t�i�c�a�t�e�d� �t�e�c�h�n�i�q�u�e�s� �l�i�k�e� �a�u�t�o�r�a�d�i�o�g�r�a�p�h�y�,� 

�h�i�g�h� �r�e�s�o�l�u�t�i�o�n� �e�l�e�c�t�r�o�n� �m�i�c�r�o�s�c�o�p�y� �a�n�d� �!�*�C� �N�M�R� �s�p�e�c�t�r�o�s�c�o�p�y� �h�a�v�e� �b�e�c�o�m�e� �a�v�a�i�l�a�b�l�e� 

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

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

�t�h�a�n� �w�a�s� �o�r�i�g�i�n�a�l�l�y� �t�h�o�u�g�h�t� �[�5�6�]�.� 

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

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

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

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

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

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

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

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

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

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

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

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

�R�E�V�I�E�W� �O�F� �L�I�T�E�R�A�T�U�R�E� �2�0



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

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

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

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

�t�h�a�t� �i�n� �M�a�g�n�o�l�i�a� �k�o�b�u�s� �[�1�8�2�]�,� �g�u�a�i�a�c�y�l� �m�o�i�e�t�i�e�s� �a�r�e� �i�n�c�o�r�p�o�r�a�t�e�d� �i�n�t�o� �t�h�e� �c�e�l�l� �c�o�r�n�e�r�s� 

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

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

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

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

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

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

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

�w�h�i�c�h� �c�a�n� �b�e� �d�i�s�t�i�n�g�u�i�s�h�e�d� �b�y� �t�h�e�i�r� �b�o�n�d�i�n�g� �p�a�t�t�e�r�n�s� �[�1�3�8�]�.� �Z�u�l�a�u�f�v�e�r�f�a�h�r�e�n� �i�s� �a� �m�e�t�h�o�d� 

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

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

�p�o�l�y�m�e�r�i�z�a�t�i�o�n� �a�n�d� �c�o�n�s�i�d�e�r�a�b�l�e� �a�m�o�u�n�t�s� �o�f� �C�-�5� �a�r�y�l�-�l�i�n�k�e�d� �s�u�b�s�t�r�u�c�t�u�r�e�s� �[�7�5�,�1�6�1�]�.� �O�n� 

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

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

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

�b�e�t�w�e�e�n� �t�h�e� �m�o�n�o�m�e�r�i�c� �u�n�i�t�s�.� �T�h�e� �d�o�m�i�n�a�n�c�e� �o�f� �£�-�O�-�4 �� �l�i�n�k�a�g�e�s� �o�v�e�r� �o�t�h�e�r� �m�o�d�e�s� �o�f� 

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

�p�o�l�y�m�e�r�i�c� �p�r�o�d�u�c�t� �[�7�5�,�1�6�1�]�,� �b�u�t� �s�u�c�h� �d�o�m�i�n�a�n�c�e� �c�o�u�l�d� �n�o�t� �b�e� �o�b�s�e�r�v�e�d� �b�y� �'�*�C� �N�M�R� 

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

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

�t�h�a�t� �p�r�e�f�e�r�e�n�t�i�a�l�l�y� �g�i�v�e� �r�i�s�e� �t�o� �t�h�e� �f�-�O�-�4 �� �s�u�b�s�t�r�u�c�t�u�r�e�s�.� �I�n� �T�h�u�j�a� �o�r�i�e�n�t�a�l�i�s� �a�n�d� 

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

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

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

�l�y�a�s�e�,� �c�a�f�f�e�a�t�e�-�3�-�O�-�m�e�t�h�y�l�t�r�a�n�s�f�e�r�a�s�e�,� �h�y�d�r�o�x�y�c�i�n�n�a�m�a�t�e� �C�o�A� �l�i�g�a�s�e� �a�n�d� �c�i�n�n�a�m�y�l� �a�l�c�o�-� 

�h�o�l� �d�e�h�y�d�r�o�g�e�n�a�s�e�)� �w�e�r�e� �h�i�g�h�e�r� �t�h�a�n� �i�n� �t�h�e� �o�p�p�o�s�i�t�e�,� �n�o�r�m�a�l� �s�e�c�t�i�o�n� �o�f� �t�h�e� �s�t�e�m� �[�1�0�1�]�.� 

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

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

�u�n�i�t�s�,� �w�h�i�c�h� �r�e�s�u�l�t�s� �i�n� �l�o�w� �m�e�t�h�o�x�y�l� �c�o�n�t�e�n�t� �a�n�d� �h�i�g�h� �f�r�e�q�u�e�n�c�y� �o�f� �C�-�5� �a�r�y�l�-�l�i�n�k�e�d� �s�u�b�-� 

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

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

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

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

�a�s� �l�i�g�h�t� �[�5�8�]� �a�n�d� �t�e�m�p�e�r�a�t�u�r�e� �[�1�8�6�,�1�8�7�]�,� �a�s� �w�e�l�l� �a�s� �i�n�t�e�r�n�a�l� �i�n�f�l�u�e�n�c�e�s� �s�u�c�h� �a�s� �p�H� �v�a�r�i�-� 

�a�t�i�o�n� �[�1�8�6�]� �a�n�d� �C�a�*�?� �c�o�n�c�e�n�t�r�a�t�i�o�n� �[�1�9�2�]�.� �H�o�w�e�v�e�r�,� �t�h�e� �p�r�e�c�i�s�e� �m�e�c�h�a�n�i�s�m� �b�y� �w�h�i�c�h� 

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

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

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

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

�o�f� �e�n�z�y�m�e�s� �o�f� �t�h�e� �p�h�e�n�y�l�p�r�o�p�a�n�o�i�d� �p�a�t�h�w�a�y�,� �l�i�k�e� �P�A�L� �a�n�d� �h�y�d�r�o�x�y�c�i�n�n�a�m�y�l� �C�o�A� 

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

�s�u�e� �[�1�5�2�,�1�5�3�]�.� �F�r�o�m� �e�v�i�d�e�n�c�e� �o�b�t�a�i�n�e�d� �b�y� �h�i�s�t�o�c�h�e�m�i�c�a�l� �s�t�a�i�n�i�n�g� �a�n�d� �s�p�e�c�t�r�o�s�c�o�p�i�c� 
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�t�e�c�h�n�i�q�u�e�s�,� �i�t� �w�a�s� �c�o�n�c�l�u�d�e�d� �t�h�a�t� �l�i�g�n�i�n� �w�a�s� �a�m�o�n�g� �t�h�o�s�e� �p�h�e�n�o�l�i�c�s� �w�h�o�s�e� �s�y�n�t�h�e�s�i�s� 

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

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

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

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

�3�.�1�.�5� �T�h�e� �d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �s�t�r�u�c�t�u�r�e� �o�f� �l�i�g�n�i�n� 

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

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

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

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

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

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

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

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

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

�f�e�r�e�n�t� �o�r�i�g�i�n�s� �[�1�3�9�]�.� �T�h�u�s�,� �t�h�e�r�e� �i�s� �n�o� �u�n�i�v�e�r�s�a�l� �m�e�t�h�o�d� �f�o�r� �i�s�o�l�a�t�i�n�g� �l�i�g�n�i�n� �f�r�o�m� �p�l�a�n�t�s� 

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

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

�r�i�z�e�d� �r�e�c�e�n�t�l�y� �[�1�4�1�]�.� 

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

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

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

�R�E�V�I�E�W� �O�F� �L�I�T�E�R�A�T�U�R�E� �2�4



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

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

�g�r�o�u�p�s� �a�n�d�/�o�r� �r�e�a�c�t�i�v�i�t�y� �[�8�3�,�1�2�6�]�,� �a�n�d� �a�n�a�l�y�s�e�s� �o�f� �i�s�o�l�a�t�e�d� �l�i�g�n�i�n� �o�r� �i�t�s� �d�e�r�i�v�a�t�i�v�e�s� �b�y� 

�s�p�e�c�t�r�o�s�c�o�p�i�c� �m�e�t�h�o�d�s� �l�i�k�e� �U�V�-�,� �[�9�,�5�4�,�8�0�,�1�2�7�]� �I�R�-�,� �m�a�s�s�-�,� �a�n�d� �N�M�R� �s�p�e�c�t�r�o�s�c�o�p�y� 

�[�1�,�4�2�,�1�3�6�]�.� �I�n� �a�d�d�i�t�i�o�n�,� �t�h�e� �l�i�g�n�i�n� �p�r�e�p�a�r�a�t�i�o�n� �w�a�s� �s�u�b�j�e�c�t�e�d� �t�o� �c�h�e�m�i�c�a�l� �d�e�g�r�a�d�a�t�i�o�n�,� 

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

�m�o�n�o�l�i�g�n�o�l�s�,� �d�i�m�e�r�s� �a�n�d� �o�l�i�g�o�m�e�r�s� �o�b�t�a�i�n�e�d� �a�s� �d�e�g�r�a�d�a�t�i�o�n� �p�r�o�d�u�c�t�s� �w�e�r�e� �m�a�d�e� �[�1�3�5�]�.� 

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

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

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

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

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

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

�s�t�r�u�c�t�u�r�e� �o�f� �l�i�g�n�i�n�.� 

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

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

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

�t�i�s�s�u�e� �i�t�s�e�l�f� �[�9�4�,�1�1�5�]�.� �T�h�e� �d�e�g�r�a�d�a�t�i�o�n� �p�r�o�d�u�c�t�s� �s�o� �o�b�t�a�i�n�e�d�,� �a�n�d� �t�h�e�i�r� �d�e�r�i�v�a�t�i�v�e�s�,� �w�e�r�e� 

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

�a�n�d� �i�n� �t�h�e� �c�a�s�e� �o�f� �r�a�d�i�o�l�a�b�e�l�l�e�d� �m�a�t�e�r�i�a�l�s�,� �b�y� �a�u�t�o�r�a�d�i�o�g�r�a�p�h�y� �[�1�8�3�]�.� �A�n�a�l�y�s�i�s� �o�f� �t�h�e� 

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

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

�(�4�1�)�,� �c�o�r�r�e�s�p�o�n�d�i�n�g� �t�o� �s�y�r�i�n�g�y�l� �a�n�d� �g�u�a�i�a�c�y�l� �r�e�s�i�d�u�e�s�,� �r�e�s�p�e�c�t�i�v�e�l�y�,� �w�e�r�e� �d�e�t�e�c�t�e�d� �f�r�o�m� �|� 

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

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

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

�m�a�y� �a�l�s�o� �o�v�e�r�e�s�t�i�m�a�t�e� �s�y�r�i�n�g�y�l� �c�o�n�t�e�n�t� �s�i�n�c�e� �s�y�r�i�n�g�y�l� �u�n�i�t�s� �a�r�e� �n�o�t� �i�n�v�o�l�v�e�d� �i�n� �C�-�5� �a�r�y�l�-� 

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

�a� �m�e�t�h�o�x�y�l� �g�r�o�u�p�)� �[�1�6�2�]�.� 

�C�H�O� �C�H�O� �C�H�O� 

�O�C�H�,� �H�4�C�O� �O�C�H�3� 
�O�H� �O�H� �O�H� 

�(�4�0�)� �(�4�1�)� �(�4�2�)� 

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

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

�a�g�a�i�n� �b�y� �d�e�g�r�a�d�a�t�i�v�e� �t�e�c�h�n�i�q�u�e�s�,� �o�r� �b�y� �s�p�e�c�t�r�o�s�c�o�p�i�c� �m�e�t�h�o�d�s� �[�1�1�1�]�.� �W�h�i�l�e� �a�r�t�i�f�i�c�i�a�l� 

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

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

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

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

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

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

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

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

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

�(�T�E�M�-�E�D�X�A�)� �[�3�8�,�3�9�,�1�5�6�,�1�5�7�]�,� �a�u�t�o�r�a�d�i�o�g�r�a�p�h�y� �[�1�8�3�]�,� �a�n�d� �s�o�l�i�d�-�s�t�a�t�e� �1�*�C� �N�M�R� 

�s�p�e�c�t�r�o�s�c�o�p�y� �[�1�1�2�,�1�1�4�,�1�1�6�,�1�1�7�]�.� �S�o�m�e� �o�f� �t�h�e�s�e� �t�e�c�h�n�i�q�u�e�s� �c�o�u�l�d� �o�n�l�y� �p�r�o�v�i�d�e� �e�s�t�i�m�a�t�e�s� 

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

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

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

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

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

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

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

�m�i�s�s�i�o�n� �e�l�e�c�t�r�o�n� �m�i�c�r�o�s�c�o�p�y� �w�i�t�h� �e�n�e�r�g�y� �d�i�s�p�e�r�s�i�v�e� �X�-�r�a�y� �a�n�a�l�y�s�i�s� �[�1�5�6�]� �o�f� �b�r�o�m�i�n�a�t�e�d� 

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

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

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

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

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

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

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

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

�v�e�r�r�u�c�o�s�a�,� �a�n�d� �b�y� �t�r�a�c�e�r� �e�x�p�e�r�i�m�e�n�t�s� �c�a�r�r�i�e�d� �o�u�t� �b�y� �T�e�r�a�s�h�i�m�a� �e�t� �a�l�.� �[�1�8�3�]� �o�n� �p�o�p�l�a�r� 

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

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

�m�o�n�o�l�i�g�n�o�l� �t�r�a�n�s�p�o�r�t� �a�n�d� �c�e�l�l�u�l�a�r� �c�o�n�t�r�o�l� �o�f� �l�i�g�n�i�f�i�c�a�t�i�o�n�,� �h�a�v�e� �b�e�e�n� �d�i�s�c�u�s�s�e�d� �[�5�1�]�.� 

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

�R�a�m�a�n� �s�p�e�c�t�r�o�s�c�o�p�y� �[�3�]�.� �I�t�s� �a�p�p�l�i�c�a�t�i�o�n� �t�o� �l�i�g�n�i�n� �i�n� �s�i�t�w� �i�s� �s�t�i�l�l� �v�e�r�y� �m�u�c�h� �i�n� �t�h�e� �e�x�-� 

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

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

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

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

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

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

�3�.�1�.�6� �A�p�p�l�i�c�a�t�i�o�n�s� �o�f�  ��°�C� �n�u�c�l�e�a�r� �m�a�g�n�e�t�i�c� �r�e�s�o�n�a�n�c�e� �(�N�M�R�)� �s�p�e�c�t�r�o�s�c�o�p�y� 

�i�n� �l�i�g�n�i�n� �s�t�u�d�i�e�s� 

�L�i�k�e� �p�r�o�t�o�n� �n�u�c�l�e�a�r� �m�a�g�n�e�t�i�c� �r�e�s�o�n�a�n�c�e� �(�'�H� �N�M�R�)� �s�p�e�c�t�r�o�s�c�o�p�y�,� �c�a�r�b�o�n�-�1�3� �n�u�c�l�e�a�r� 

�m�a�g�n�e�t�i�c� �r�e�s�o�n�a�n�c�e� �(�1�3�C� �N�M�R�)� �s�p�e�c�t�r�o�s�c�o�p�y� �c�a�n� �b�e� �u�s�e�d� �i�n� �d�e�t�e�r�m�i�n�i�n�g� �t�h�e� �s�t�r�u�c�t�u�r�e� 

�o�f� �o�r�g�a�n�i�c� �c�o�m�p�o�u�n�d�s� �b�a�s�e�d� �o�n� �t�h�e� �a�b�i�l�i�t�y� �o�f� �a�t�o�m�i�c� �n�u�c�l�e�i�,� �i�n� �t�h�i�s� �c�a�s�e�,� �t�h�e� �c�a�r�b�o�n�-�1�3� 

�i�s�o�t�o�p�e�,� �t�o� �i�n�t�e�r�a�c�t� �w�i�t�h� �e�l�e�c�t�r�o�m�a�g�n�e�t�i�c� �r�a�d�i�a�t�i�o�n� �i�n� �t�h�e� �r�a�d�i�o� �f�r�e�q�u�e�n�c�y� �(�1�0�°� �t�o� �1�0�?�°� 

�H�z�)� �r�a�n�g�e�.� �T�h�e� �i�n�t�e�r�a�c�t�i�o�n� �t�a�k�e�s� �t�h�e� �f�o�r�m� �o�f� �a� �t�r�a�n�s�f�e�r� �o�f� �e�n�e�r�g�y� �b�e�t�w�e�e�n� �t�h�e� �p�h�o�t�o�n�s�,� 

�o�r� �p�a�r�t�i�c�l�e�s� �o�f� �r�a�d�i�a�t�i�o�n�,� �a�n�d� �t�h�e� �/�3�C� �n�u�c�l�e�i� �o�s�c�i�l�l�a�t�i�n�g� �i�n� �a� �u�n�i�f�o�r�m� �m�o�l�e�c�u�l�a�r� �m�o�t�i�o�n� 

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

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

�R�E�V�I�E�W� �O�F� �L�I�T�E�R�A�T�U�R�E� �2�8



�O�f� �t�h�e� �t�h�r�e�e� �i�s�o�t�o�p�e�s� �o�f� �c�a�r�b�o�n�,� �/�%�C� �i�s� �t�h�e� �o�n�e� �d�e�t�e�c�t�a�b�l�e� �b�y� �N�M�R� �b�e�c�a�u�s�e� �i�t� �i�s� �t�h�e� 

�i�s�o�t�o�p�e� �t�h�a�t� �p�o�s�s�e�s�s�e�s� �a� �n�o�n�z�e�r�o� �n�u�c�l�e�a�r� �s�p�i�n� �(�I� �=�  ��%�)�.� �C�o�n�s�e�q�u�e�n�t�l�y�,� �i�t� �h�a�s� �2� �s�p�i�n� 

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

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

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

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

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

�n�a�l�,� �a�l�s�o� �m�o�r�e� �c�o�n�v�e�n�i�e�n�t�l�y� �d�e�f�i�n�e�d� �a�s� �a� �c�h�e�m�i�c�a�l� �s�h�i�f�t� �(�6�)� �a�n�d� �e�x�p�r�e�s�s�e�d� �a�s� �p�p�m�.� 

�F�o�r� �'�*�C� �N�M�R� �s�p�e�c�t�r�o�s�c�o�p�y�,� �t�h�e� �c�h�e�m�i�c�a�l� �s�h�i�f�t� �r�a�n�g�e� �i�s� �u�p� �t�o� �2�5�0� �p�p�m�,� �o�v�e�r� �2�0� �t�i�m�e�s� 

�w�i�d�e�r� �t�h�a�n� �'�H� �N�M�R�.� �I�n� �t�e�r�m�s� �o�f� �r�e�s�o�l�u�t�i�o�n�,� �t�h�i�s� �l�a�r�g�e� �r�a�n�g�e� �i�s� �o�f�t�e�n� �a�n� �a�d�v�a�n�t�a�g�e� �o�f� 

�1�3�C� �N�M�R� �o�v�e�r� �'�H� �N�M�R�.� �T�h�e� �s�e�n�s�i�t�i�v�i�t�y� �o�f� �'�*�>�C� �N�M�R�,� �h�o�w�e�v�e�r�,� �i�s� �p�o�o�r� �c�o�m�p�a�r�e�d� �t�o� 

�1�H� �N�M�R� �b�e�c�a�u�s�e� �c�a�r�b�o�n�-�1�3� �h�a�s� �a� �v�e�r�y� �l�o�w� �n�a�t�u�r�a�l� �a�b�u�n�d�a�n�c�e� �(�1�.�1�%�)�.� �I�n� �t�h�e� �p�a�s�t�,� �t�h�i�s� 

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

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

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

�1�3�C� �N�M�R� �s�p�e�c�t�r�o�s�c�o�p�y� �i�s� �u�s�e�f�u�l� �f�o�r� �p�r�o�p�o�s�i�n�g� �c�o�n�n�e�c�t�i�v�i�t�i�e�s� �b�e�t�w�e�e�n� �c�a�r�b�o�n� �a�t�o�m�s� �i�n� 

�c�o�m�p�l�e�x� �p�o�l�y�m�e�r�s�,� �i�n�c�l�u�d�i�n�g� �l�i�g�n�i�n�.� �I�t� �w�a�s� �f�i�r�s�t� �u�s�e�d� �b�y� �L�u�d�e�m�a�n� �a�n�d� �N�i�m�z� �[�1�1�9�]� �t�o� 

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

�v�e�l�o�p�e�d� �f�r�o�m� �a�n�a�l�y�s�e�s� �o�f� �l�i�g�n�i�n� �d�e�g�r�a�d�a�t�i�o�n� �p�r�o�d�u�c�t�s� �[�1�3�5�]�.� �A�s�s�i�g�n�m�e�n�t�s� �i�n� �t�h�e� �'�7�C� 

�N�M�R� �s�p�e�c�t�r�a� �o�f� �B�j�o�r�k�m�a�n� �m�i�l�l�e�d� �w�o�o�d� �l�i�g�n�i�n�s� �(�M�W�L�)� �f�r�o�m� �t�h�e�s�e� �s�p�e�c�i�e�s� �w�e�r�e� �b�a�s�e�d� 

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

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

�o�f� �s�t�r�u�c�t�u�r�a�l� �u�n�i�t�s� �t�h�a�t� �m�a�k�e� �u�p� �t�h�e� �l�i�g�n�i�n� �m�a�c�r�o�m�o�l�e�c�u�l�e� �[�1�2�0�,�1�3�5�]�.� �S�u�b�s�e�q�u�e�n�t� �a�p�p�l�i�-� 

�c�a�t�i�o�n�s� �o�f� �t�h�i�s� �t�e�c�h�n�i�q�u�e� �w�e�r�e� �c�a�r�r�i�e�d� �o�u�t� �o�n� �v�a�r�i�o�u�s� �D�H�P� �l�i�g�n�i�n� �p�r�e�p�a�r�a�t�i�o�n�s� �[�1�3�8�]�,� �a�n�d� 

�R�E�V�I�E�W� �O�F� �L�I�T�E�R�A�T�U�R�E� �2�9



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

�l�i�g�n�i�n�s� �[�1�3�7�]�.� �T�h�e�r�e�a�f�t�e�r�,� �a� �r�e�p�o�r�t� �[�4�3�]� �c�a�m�e� �o�u�t� �d�e�s�c�r�i�b�i�n�g� �t�h�e� �s�y�n�t�h�e�s�i�s� �o�f� �D�H�P� �l�i�g�n�i�n� 

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

�q�u�e�n�t� �a�n�a�l�y�s�i�s� �b�y� �s�o�l�u�t�i�o�n�-�s�t�a�t�e� �'�*�C� �N�M�R� �s�p�e�c�t�r�o�s�c�o�p�y�.� �A�s� �a� �r�e�s�u�l�t�,� �c�h�e�m�i�c�a�l� �s�h�i�f�t�s� 

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

�(�C�a�)� �i�n� �b�o�n�d�i�n�g� �e�n�v�i�r�o�n�m�e�n�t�s� �s�u�c�h� �a�s� �t�h�e� �f�-�f ��,� �B�-�5 ��,� �B�-�O�-�4 �� �s�u�b�s�t�r�u�c�t�u�r�e�s�,� �a�s� �w�e�l�l� �a�s� �a� 

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

�S�u�b�s�e�q�u�e�n�t� �s�t�u�d�i�e�s� �o�n� �l�i�g�n�i�n� �f�r�o�m� �v�a�r�i�o�u�s� �p�l�a�n�t�s� �e�m�p�l�o�y�e�d� �!�*�C� �N�M�R� �s�p�e�c�t�r�o�s�c�o�p�y� �f�o�r� 

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

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

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

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

�[�1�3�6�]�.� �I�n� �a�d�d�i�t�i�o�n� �t�o� �g�u�a�i�a�c�y�l� �r�e�s�o�n�a�n�c�e�s�,� �s�i�g�n�a�l�s� �f�o�r� �s�y�r�i�n�g�y�l� �u�n�i�t�s� �(�n�o�t� �d�e�t�e�c�t�e�d� �b�y� 

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

�p�-�h�y�d�r�o�x�y�p�h�e�n�y�l� �g�r�o�u�p�s� �w�e�r�e� �o�b�s�e�r�v�e�d� �i�n� �t�h�e� �}�3�C� �N�M�R� �s�p�e�c�t�r�u�m�,� �a�n�d� �o�n� �t�h�i�s� �b�a�s�i�s�,� 

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

�s�t�u�d�i�e�s� �w�i�t�h� �m�i�l�l�e�d� �w�o�o�d� �l�i�g�n�i�n� �f�r�o�m� �R�o�b�i�n�i�a� �p�s�e�u�d�o�a�c�a�c�i�a� �[�4�1�]� �a�n�d� �R�o�s�a� �g�l�a�u�c�a� �[�1�5�4�]� 

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

�o�n�l�y� �i�n� �m�o�n�o�m�e�r�i�c� �c�o�m�p�o�s�i�t�i�o�n�,� �b�u�t� �a�l�s�o� �i�n� �i�n�t�e�r�-�u�n�i�t� �l�i�n�k�a�g�e�s� �[�4�1�]�.� �P�r�e�v�i�o�u�s� �o�b�s�e�r�-� 

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

�(�s�e�e� �p�r�e�c�e�d�i�n�g� �s�e�c�t�i�o�n�)� �g�a�i�n�e�d� �s�o�m�e� �s�u�p�p�o�r�t� �w�i�t�h� �1�*�C� �N�M�R� �s�p�e�c�t�r�o�s�c�o�p�i�c� �r�e�s�u�l�t�s� �o�b�-� 

�t�a�i�n�e�d� �f�o�r� �B�e�t�u�l�a� �e�r�m�a�n�i�i� �[�1�7�]� �d�i�o�x�a�n�e� �l�i�g�n�i�n� �a�n�d� �f�o�r� �P�o�p�u�l�u�s� �t�r�i�c�h�o�c�a�r�p�a� �d�i�o�x�a�n�e� �a�n�d� 

�c�e�l�l�u�l�a�s�e�-�l�i�b�e�r�a�t�e�d� �l�i�g�n�i�n�s� �[�1�0�3�]�.� �I�n� �t�h�e�s�e� �e�x�p�e�r�i�m�e�n�t�s�,� �i�t� �w�a�s� �s�u�g�g�e�s�t�e�d� �t�h�a�t� �t�h�e� �r�e�-� 

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

�R�E�V�I�E�W� �O�F� �L�I�T�E�R�A�T�U�R�E� �3�0



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

�t�h�e� �c�e�l�l� �w�a�l�l�,� �[�1�0�3�]�)�.� 

�I�n� �a�n� �e�f�f�o�r�t� �t�o� �o�b�t�a�i�n� �!�*�C�-�l�a�b�e�l�l�e�d� �l�i�g�n�i�n� �f�r�a�c�t�i�o�n�s� �s�u�i�t�a�b�l�e� �f�o�r� �}�3�C� �N�M�R� �r�e�s�o�l�u�t�i�o�n� �e�n�-� 

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

�e�n�v�i�r�o�n�m�e�n�t� �w�i�t�h� �a�i�r� �c�o�n�t�a�i�n�i�n�g� �2�0�%� �'�*�C�O�,� �[�1�0�4�]�.� �F�o�l�l�o�w�i�n�g� �i�s�o�l�a�t�i�o�n� �o�f� �t�h�e� 

�'�3�C�-�e�n�r�i�c�h�e�d� �l�i�g�n�i�n� �f�r�a�c�t�i�o�n�s�,� �s�o�l�u�t�i�o�n�-� �s�t�a�t�e� �'�*�;�C� �N�M�R� �s�p�e�c�t�r�a� �w�e�r�e� �o�b�t�a�i�n�e�d�,� �a�n�d� 

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

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

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

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

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

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

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

�l�y�z�e�d� �b�y� �1�3�C� �N�M�R� �s�p�e�c�t�r�o�s�c�o�p�y�,� �a�n�d� �a�m�o�n�g� �t�h�e� �m�o�r�e� �d�e�f�i�n�i�t�i�v�e� �r�e�s�u�l�t�s� �w�a�s� �t�h�e� 

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

�[�9�7�]�.� �V�a�r�i�o�u�s� �l�i�g�n�i�n� �p�r�e�p�a�r�a�t�i�o�n�s� �f�r�o�m� �s�p�r�u�c�e� �w�e�r�e� �s�u�b�j�e�c�t�e�d� �t�o� �t�h�e� �l�i�g�n�i�n�-�d�e�g�r�a�d�i�n�g� 

�f�u�n�g�u�s�,� �P�h�a�n�e�r�o�c�h�a�e�t�e� �c�h�r�y�s�o�s�p�o�r�i�u�m�,� �a�n�d� �b�a�s�e�d� �o�n� �t�h�e� �a�n�a�l�y�s�i�s� �b�y� �'�*�C� �N�M�R� �o�f� �t�h�e� 

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

�C�a�-�o�x�i�d�a�t�i�o�n�,� �a�r�o�m�a�t�i�c� �r�i�n�g� �c�l�e�a�v�a�g�e�,� �a�n�d� �p�o�s�s�i�b�l�y� �r�e�d�u�c�t�i�o�n�,� �w�e�r�e� �p�r�o�p�o�s�e�d� �[�1�9�]�.� 

�S�i�m�i�l�a�r� �m�e�c�h�a�n�i�s�m�s� �w�e�r�e� �n�o�t�e�d� �w�i�t�h� �d�e�g�r�a�d�a�t�i�v�e� �s�t�u�d�i�e�s� �o�f� �D�H�P� �l�i�g�n�i�n� �s�y�n�t�h�e�s�i�z�e�d� �f�r�o�m� 

�s�p�e�c�i�f�i�c�a�l�l�y�-�e�n�r�i�c�h�e�d� �[�!�*�C�]� �c�o�n�i�f�e�r�y�l� �a�l�c�o�h�o�l� �(�4�)� �i�n�c�u�b�a�t�e�d� �w�i�t�h� �t�h�e� �f�o�l�l�o�w�i�n�g� �o�r�g�a�n�i�s�m�s�:� 

�P�l�e�u�r�o�t�u�s� �o�s�t�r�e�a�t�u�s�,� �C�h�a�e�t�o�m�i�u�m� �p�i�l�u�l�i�f�o�r�u�m� �a�n�d� �N�o�c�a�r�d�i�a� �a�u�t�o�t�r�o�p�h�i�c�a� �{�3�3�}�.� 

�I�n� �r�e�c�e�n�t� �y�e�a�r�s�,� �s�o�l�i�d�-�s�t�a�t�e� �\�>�C� �N�M�R� �s�p�e�c�t�r�o�s�c�o�p�y� �h�a�s� �r�e�c�e�i�v�e�d� �c�o�n�s�i�d�e�r�a�b�l�e� �a�t�t�e�n�t�i�o�n� 

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

�R�E�V�I�E�W� �O�F� �L�I�T�E�R�A�T�U�R�E� �3�1



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

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

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

�[�1�2�3�]�.� 

�U�n�l�i�k�e� �s�o�l�u�t�i�o�n�-�s�t�a�t�e� �'�*�C� �N�M�R� �s�p�e�c�t�r�o�s�c�o�p�y�,� �s�p�e�c�t�r�a�l� �l�i�n�e�s� �o�b�t�a�i�n�e�d� �b�y� �s�o�l�i�d�-�s�t�a�t�e� �}�3�C� 

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

�M�a�c�o�m�b�e�r� �[�1�2�3�]� �a�s� �o�r�i�g�i�n�a�t�i�n�g� �f�r�o�m� �t�h�e�  ��r�a�n�g�e� �o�f� �l�o�c�a�l� �e�n�v�i�r�o�n�m�e�n�t�s� �f�o�r� �e�a�c�h� �s�e�t� �o�f� 

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

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

�1�3�C� �N�M�R� �s�p�e�c�t�r�o�s�c�o�p�y�.� �F�o�r�t�u�n�a�t�e�l�y�,� �t�h�e� �m�e�t�h�o�d� �o�f� �c�r�o�s�s� �p�o�l�a�r�i�z�a�t�i�o�n� �(�C�P�)� �a�n�d� �m�a�g�i�c� 

�a�n�g�l�e� �s�p�i�n�n�i�n�g� �(�M�A�S�)� �h�a�v�e� �b�e�e�n� �d�e�v�e�l�o�p�e�d� �t�o� �p�a�r�t�i�a�l�l�y� �o�f�f�s�e�t� �t�h�e�s�e� �l�i�m�i�t�a�t�i�o�n�s�.� �C�r�o�s�s� 

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

�s�p�i�n� �s�t�a�t�e�s� �c�a�u�s�e�s� �p�o�l�a�r�i�z�a�t�i�o�n� �i�n� �a�n�o�t�h�e�r� �s�e�t� �o�f� �n�u�c�l�e�i� �[�1�2�3�]�,� �r�e�s�u�l�t�s� �i�n� �h�i�g�h�e�r� �s�i�g�n�a�l� �t�o� 

�n�o�i�s�e� �(�S�/�N�)� �r�a�t�i�o�s� �a�n�d� �s�h�o�r�t�e�r� �e�x�p�e�r�i�m�e�n�t� �t�i�m�e�s�.� �M�a�g�i�c� �a�n�g�l�e� �s�p�i�n�n�i�n�g� �(�M�A�S�)�,� �o�n� �t�h�e� 

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

�m�a�g�i�c� �a�n�g�l�e� �(�5�4�°� �4�4 ��)�,� �w�h�i�c�h� �i�s� �t�h�e� �a�n�g�l�e� �b�e�t�w�e�e�n� �t�h�e� �s�p�i�n�n�i�n�g� �a�x�i�s� �a�n�d� �t�h�e� �m�a�g�n�e�t�i�c� 

�f�i�e�l�d� �v�e�c�t�o�r�.� �T�o�g�e�t�h�e�r�,� �C�P�/�M�A�S� �r�e�s�u�l�t� �i�n� �b�e�t�t�e�r� �r�e�s�o�l�v�e�d� �s�o�l�i�d�-�s�t�a�t�e� �!�°�C� �N�M�R� �s�p�e�c�t�r�a�l� 

�l�i�n�e�s�.� 

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

�N�M�R� �[�4�,�5�,�3�0�]�,� �w�i�t�h� �r�e�s�u�l�t�s� �a�d�d�i�n�g� �f�u�e�l� �t�o� �t�h�e� �d�e�b�a�t�e� �r�e�g�a�r�d�i�n�g� �t�h�e� �t�r�u�e� �n�a�t�u�r�e� �a�n�d� �o�r�t�-� 

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

�w�o�o�d� �w�a�s� �a�n�a�l�y�z�e�d� �b�y� �t�h�i�s� �t�e�c�h�n�i�q�u�e� �[�7�4�,�9�5�,�1�8�0�]�,� �d�o�m�i�n�a�n�t� �r�e�s�o�n�a�n�c�e�s� �o�b�s�e�r�v�e�d� �w�e�r�e� 

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

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

�R�E�V�I�E�W� �O�F� �L�I�T�E�R�A�T�U�R�E� �3�2



�(�~�1�1�0�-�1�6�0� �p�p�m�)� �a�n�d� �t�h�a�t� �f�o�r� �t�h�e� �m�e�t�h�o�x�y�l� �s�u�b�s�t�i�t�u�e�n�t� �(�~�5�6� �p�p�m�)�.� �C�h�e�m�i�c�a�l� �s�h�i�f�t�s� �f�o�r� 

�t�h�e� �a�l�i�p�h�a�t�i�c� �c�a�r�b�o�n�s� �i�n� �t�h�e� �p�r�o�p�y�l� �s�i�d�e� �c�h�a�i�n� �(�~�5�0�-�9�0� �p�p�m�)� �,� �w�e�r�e� �m�a�s�k�e�d� �b�y� �t�h�e� �s�i�g�n�a�l�s� 

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

�m�e�n�t�s� �i�n� �t�e�c�h�n�i�q�u�e�s�/�i�n�s�t�r�u�m�e�n�t�a�t�i�o�n� �a�r�e� �i�n�c�r�e�a�s�i�n�g� �t�h�e� �u�t�i�l�i�t�y� �o�f� �s�o�l�i�d�-�s�t�a�t�e� �'�*�C� �N�M�R� 

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

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

�p�l�a�n�t� �c�e�l�l� �w�a�l�l�s� �[�1�3�2�]�.� 

�T�h�e� �s�u�b�j�e�c�t� �o�f� �l�i�g�n�i�n�-�c�a�r�b�o�h�y�d�r�a�t�e� �l�i�n�k�a�g�e�s� �h�a�s� �a�l�s�o� �b�e�e�n� �e�x�a�m�i�n�e�d� �u�s�i�n�g� �s�o�l�i�d�-�s�t�a�t�e� �}�3�C� 

�N�M�R� �s�p�e�c�t�r�o�s�c�o�p�y�.� �T�h�e�i�r� �e�x�i�s�t�e�n�c�e� �w�a�s� �i�n�d�i�r�e�c�t�l�y� �p�r�o�v�e�n� �b�y� �'�7�C� �N�M�R� �s�p�e�c�t�r�a� �s�h�o�w�i�n�g� 

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

�l�a�t�e�d� �c�a�r�b�o�h�y�d�r�a�t�e�s� �[�9�5�]�.� �A�d�d�i�t�i�o�n�a�l� �e�v�i�d�e�n�c�e� �f�o�r� �t�h�e� �l�i�g�n�i�n�-�c�a�r�b�o�h�y�d�r�a�t�e� �s�p�e�c�i�e�s� �i�n� 

�p�l�a�n�t� �t�i�s�s�u�e�s� �w�e�r�e� �o�b�t�a�i�n�e�d� �b�y� �e�m�p�l�o�y�i�n�g� �r�e�l�a�x�a�t�i�o�n� �t�e�c�h�n�i�q�u�e�s� �w�i�t�h� �'�*�C� �C�P�/�M�A�S� 

�N�M�R� �e�x�p�e�r�i�m�e�n�t�s� �o�n� �c�e�l�l�u�l�a�s�e�-�t�r�e�a�t�e�d� �P�i�c�e�a� �g�l�a�u�c�a� �p�u�l�p� �[�4�8�]�.� �H�o�w�e�v�e�r�,� �t�h�e� �e�x�a�c�t� �n�a�-� 

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

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

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

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

�S�o�l�i�d�-�s�t�a�t�e� �1�3�C� �N�M�R� �s�t�u�d�i�e�s� �o�f� �s�p�r�u�c�e� �l�i�g�n�i�n� �p�r�e�p�a�r�e�d� �b�y� �v�a�r�i�o�u�s� �i�s�o�l�a�t�i�o�n� �p�r�o�c�e�d�u�r�e�s� 

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

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

�p�r�e�p�a�r�a�t�i�o�n� �[�8�]�.� �H�o�w�e�v�e�r�,� �s�i�n�c�e� �t�h�e� �e�x�a�c�t� �n�a�t�u�r�e� �o�f� �l�i�g�n�i�n� �i�n� �s�i�t�u� �i�s� �n�o�t� �k�n�o�w�n�,� �t�h�e�r�e� 

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

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

�R�E�V�I�E�W� �O�F� �L�I�T�E�R�A�T�U�R�E� �3�3



�T�h�e� �u�s�e� �o�f� �s�o�l�i�d�-�s�t�a�t�e� �'�*�C� �N�M�R� �s�p�e�c�t�r�o�s�c�o�p�y� �w�a�s� �l�i�k�e�w�i�s�e� �e�x�p�l�o�r�e�d� �f�o�r� �q�u�a�n�t�i�t�a�t�i�v�e� 

�m�e�a�s�u�r�e�m�e�n�t�s� �[�7�3�]�,� �b�u�t� �i�t� �w�a�s� �o�b�v�i�o�u�s� �t�h�a�t� �a�d�d�i�t�i�o�n�a�l� �t�e�c�h�n�i�c�a�l� �i�m�p�r�o�v�e�m�e�n�t�s� �w�e�r�e� 

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

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

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

�b�l�e� �w�i�t�h� �r�e�s�u�l�t�s� �f�r�o�m� �m�e�t�h�o�x�y�l� �c�o�n�t�e�n�t�/�e�l�e�m�e�n�t�a�l� �c�o�m�p�o�s�i�t�i�o�n� �d�e�t�e�r�m�i�n�a�t�i�o�n�s� �[�1�2�4�]�.� 

�A�s�p�e�n� �(�P�o�p�u�l�u�s� �x� �e�u�r�a�m�e�r�i�c�a�n�a�)� �w�o�o�d�,� �g�r�o�w�n� �u�n�d�e�r� �1�0�%� �a�n�d� �2�0�%� �'�?�C�O�z�2� �a�t�m�o�s�p�h�e�r�e�,� 

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

�1�3�C� �N�M�R� �s�p�e�c�t�r�o�s�c�o�p�y� �w�i�t�h� �C�P�/�M�A�S� �[�7�]�.� �T�h�e� �s�o�l�i�d�-�s�t�a�t�e� �'�*�C� �N�M�R� �s�p�e�c�t�r�u�m� �o�f� �t�h�e� 

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

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

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

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

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

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

�s�t�a�t�e� �'�3�C� �N�M�R� �s�p�e�c�t�r�a� �o�f� �i�n�t�a�c�t� �w�o�o�d�.� �F�o�r�t�u�n�a�t�e�l�y�,� �o�n�e� �s�u�c�h� �a�p�p�r�o�a�c�h� �h�a�d� �a�l�r�e�a�d�y� 

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

�o�m�s� �o�f� �l�i�g�n�i�n�,� �f�o�l�l�o�w�e�d� �b�y� �a�n�a�l�y�s�i�s� �o�f� �t�h�e� �t�i�s�s�u�e� �b�y� �s�o�l�i�d�-�s�t�a�t�e� �'�*�C� �N�M�R� �s�p�e�c�t�r�o�s�c�o�p�y� 

�[�1�1�2�,�1�1�3�,�1�1�6�]�.� 

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

�s�p�e�c�i�f�i�c�a�l�l�y�-�e�n�r�i�c�h�e�d� �w�i�t�h� �!�7�C� �a�t� �e�i�t�h�e�r� �t�h�e� �I�-�,� �2�-�,� �3�-�,� �o�r� �1�,�2�-�p�o�s�i�t�i�o�n�s� �o�f� �t�h�e� �p�r�o�p�y�l� �s�i�d�e� 

�c�h�a�i�n� �(�4�a�-�c�)�,� �w�e�r�e� �a�n�a�l�y�z�e�d� �b�y� �s�o�l�i�d�-�s�t�a�t�e� �}�*�C� �N�M�R� �s�p�e�c�t�r�o�s�c�o�p�y� �[�1�1�1�]�.� �D�i�f�f�e�r�e�n�c�e� 

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

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

�R�E�V�I�E�W� �O�F� �L�I�T�E�R�A�T�U�R�E� �3�4



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

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

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

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

�s�p�e�c�t�r�a�.� 

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

�s�t�r�a�t�e�d� �w�i�t�h� �a� �c�l�e�v�e�r� �e�x�p�e�r�i�m�e�n�t� �i�n� �w�h�i�c�h� �t�h�e� �[�1�-�!�*�?�C�]�-�e�n�r�i�c�h�e�d� �D�H�P� �l�i�g�n�i�n� �w�a�s� �b�l�e�n�d�e�d� 

�w�i�t�h� �c�e�l�l�u�l�o�s�e�,� �i�n� �a�n� �a�t�t�e�m�p�t� �t�o� �s�i�m�u�l�a�t�e� �l�i�g�n�i�f�i�e�d� �p�l�a�n�t� �t�i�s�s�u�e� �[�I�1�1�]�.� �T�h�i�s� �c�l�e�a�r�l�y� �s�h�o�w�e�d� 

�t�h�a�t� �s�i�m�i�l�a�r� �l�a�b�e�l�l�i�n�g� �o�f� �s�p�e�c�i�f�i�c� �c�a�r�b�o�n� �a�t�o�m�s� �o�f� �l�i�g�n�i�n� �i�n� �t�h�e� �p�l�a�n�t� �a�t� �1�-�2�%� �i�n�c�o�r�p�o�-� 

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

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

�T�h�e� �f�i�r�s�t� �a�t�t�e�m�p�t� �t�o� �l�a�b�e�l� �s�p�e�c�i�f�i�c� �c�a�r�b�o�n� �a�t�o�m�s� �o�f� �l�i�g�n�i�n� �i�n� �p�l�a�n�t� �t�i�s�s�u�e� �w�i�t�h� �'�*�C� �w�a�s� 

�s�u�c�c�e�s�s�f�u�l�l�y� �c�a�r�r�i�e�d� �o�u�t� �w�i�t�h� �w�h�e�a�t� �(�T�r�i�t�i�c�u�m� �a�e�s�t�i�v�u�m�)� �[�1�1�6�]�.� �I�n� �t�h�i�s� �e�x�p�e�r�i�m�e�n�t�,� �w�h�e�a�t� 

�w�a�s� �g�r�o�w�n� �f�o�r� �2�4� �d�a�y�s� �o�n� �a�g�a�r� �m�e�d�i�u�m� �c�o�n�t�a�i�n�i�n�g� �e�i�t�h�e�r� �[�1�-�1�3�C�]�,� �[�2�-�!�*�C�]�,� �o�r� �[�3�-�'�3�C�]� 

�f�e�r�u�l�i�c� �a�c�i�d� �[�3�0�a�-�c�]� �u�n�d�e�r� �a�s�e�p�t�i�c� �c�o�n�d�i�t�i�o�n�s�.� �T�h�e� �s�o�l�i�d�-�s�t�a�t�e�  ��*�C� �N�M�R� �s�p�e�c�t�r�a� �o�f� �t�h�e� 

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

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

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

�N�M�R� �s�p�e�c�t�r�a� �o�f� �!�*�C�-�e�n�r�i�c�h�e�d� �D�H�P� �l�i�g�n�i�n�s� �s�h�o�w�e�d� �m�a�r�k�e�d� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �b�o�n�d�i�n�g� �p�a�t�-� 

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

�i�s�o�l�a�t�e�d� �f�r�o�m� �t�h�e� �e�n�r�i�c�h�e�d� �t�i�s�s�u�e�s� �a�n�d� �i�t�s� �s�o�l�u�t�i�o�n�-�s�t�a�t�e� �'�*�C� �N�M�R� �s�p�e�c�t�r�a� �s�h�o�w�e�d� �c�o�r�-� 

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

�[�3�1�]�.� �T�h�e� �p�r�e�s�e�n�t� �w�o�r�k� �d�e�m�o�n�s�t�r�a�t�e�s� �t�h�e� �e�f�f�i�c�a�c�y� �o�f� �t�h�i�s� �m�e�t�h�o�d�o�l�o�g�y� �w�i�t�h� �o�t�h�e�r� �p�l�a�n�t�s�.� 

�R�E�V�I�E�W� �O�F� �L�I�T�E�R�A�T�U�R�E� �3�5



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

�p�l�a�n�t�s� �i�n�v�e�s�t�i�g�a�t�e�d�,� �a�s� �w�e�l�l� �a�s� �o�f� �D�H�P� �l�i�g�n�i�n�,� �h�a�v�e� �b�e�e�n� �o�b�t�a�i�n�e�d� �[�1�1�2�-�1�1�4�]�.� 

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

�s�o�l�i�d�-�s�t�a�t�e� �'�7�C� �N�M�R� �s�p�e�c�t�r�o�s�c�o�p�y� �o�f� �t�i�s�s�u�e�s� �e�n�r�i�c�h�e�d� �w�i�t�h� �s�p�e�c�i�f�i�c�a�l�l�y�-�l�a�b�e�l�l�e�d� �p�r�e�c�u�r�-� 

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

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

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

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

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

�O�t�h�e�r� �p�o�l�y�m�e�r�i�c� �p�l�a�n�t� �c�o�n�s�t�i�t�u�e�n�t�s� �h�a�v�e� �b�e�e�n� �a�n�a�l�y�z�e�d� �b�y� �s�o�l�i�d�-�s�t�a�t�e� �1�3�C� �N�M�R� 

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

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

�a�g�a�i�n�s�t� �m�o�i�s�t�u�r�e� �l�o�s�s� �[�4�6�,�1�7�6�]�.� �S�o�l�i�d�-�s�t�a�t�e� �'�*�C� �N�M�R� �e�x�p�e�r�i�m�e�n�t�s� �w�i�t�h� �l�i�m�e� �c�u�t�i�c�l�e�s� 

�[�1�7�6�]� �a�n�d� �s�u�b�e�r�i�z�e�d� �p�o�t�a�t�o� �c�e�l�l� �w�a�l�l�s� �[�4�6�]� �v�e�r�i�f�i�e�d� �t�h�e� �p�o�l�y�e�s�t�e�r� �n�a�t�u�r�e� �o�f� �t�h�e�s�e� �p�r�o�t�e�c�-� 

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

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

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

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

�R�E�V�I�E�W� �O�F� �L�I�T�E�R�A�T�U�R�E� �3�6



�3�.�2� �L�i�g�n�i�n� �B�i�o�d�e�g�r�a�d�a�t�i�o�n� 

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

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

�b�i�o�s�p�h�e�r�e� �a�s� �c�a�r�b�o�n� �d�i�o�x�i�d�e� �(�C�O�2�)�.� �B�i�o�t�i�c� �f�a�c�t�o�r�s�,� �i�.�e�.�,� �m�i�c�r�o�o�r�g�a�n�i�s�m�s�,� �a�r�e� �p�r�e�s�u�m�a�b�l�y� 

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

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

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

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

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

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

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

�i�s�o�l�a�t�i�o�n� �a�n�d� �i�d�e�n�t�i�f�i�c�a�t�i�o�n� �o�f� �e�n�z�y�m�e�s�/�e�n�z�y�m�e� �s�y�s�t�e�m�s� �(�e�.�g�.�,� �c�e�l�l�u�l�a�s�e�s�)� �c�a�p�a�b�l�e� �o�f� �u�s�i�n�g� 

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

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

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

�r�e�p�o�r�t�s� �o�f� �i�t�s� �i�s�o�l�a�t�i�o�n� �f�r�o�m� �t�h�e� �w�h�i�t�e�-�r�o�t� �f�u�n�g�u�s�,� �P�h�a�n�e�r�o�c�h�a�e�t�e� �c�h�r�y�s�o�s�p�o�r�i�u�m� �[�5�2�,�1�8�4�]�.� 

�3�.�2�.�1� �M�i�c�r�o�o�r�g�a�n�i�s�m�s� �t�h�a�t� �d�e�g�r�a�d�e� �l�i�g�n�i�n� 

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

�[�1�0�5�,�1�0�7�]� �t�o� �v�a�r�y�i�n�g� �e�x�t�e�n�t�s�.� �F�u�n�g�i�,� �p�a�r�t�i�c�u�l�a�r�l�y� �t�h�o�s�e� �r�e�s�p�o�n�s�i�b�l�e� �f�o�r� �w�h�i�t�e�-�r�o�t� �i�n� �w�o�o�d�,� 

�a�r�e� �p�r�o�b�a�b�l�y� �t�h�e� �m�o�r�e� �e�f�f�i�c�i�e�n�t� �l�i�g�n�i�n�-�d�e�g�r�a�d�e�r�s� �[�9�3�]�.� �B�a�c�t�e�r�i�a�,� �o�n� �t�h�e� �o�t�h�e�r� �h�a�n�d�,� �b�y� 
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�t�h�e�i�r� �s�h�e�e�r� �v�o�l�u�m�e� �i�n� �t�h�e� �s�o�i�l� �[�1�8�]�,� �m�a�y� �c�o�n�t�r�i�b�u�t�e� �s�u�b�s�t�a�n�t�i�a�l�l�y� �t�o� �t�h�e� �o�v�e�r�a�l�l� �b�r�e�a�k�d�o�w�n� 

�o�f� �l�i�g�n�i�n�.� �H�o�w�e�v�e�r�,� �t�h�i�s� �i�s� �d�i�s�p�u�t�e�d� �b�y� �s�o�m�e� �a�u�t�h�o�r�s� �[�9�1�,�1�0�7�]� �w�h�o� �c�o�n�s�i�d�e�r� �r�e�s�u�l�t�s� �o�f� 

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

�3�.�2�.�1�.�1� �B�a�c�t�e�r�i�a�.� 

�A� �n�u�m�b�e�r� �o�f� �b�a�c�t�e�r�i�a�l� �o�r�g�a�n�i�s�m�s� �[�1�4�4�,�1�6�0�]� �o�r� �t�h�e�i�r� �m�i�x�t�u�r�e�s� �w�e�r�e� �t�e�s�t�e�d� �f�o�r� �t�h�e�i�r� �a�b�i�l�i�t�y� 

�t�o� �m�e�t�a�b�o�l�i�z�e�/�d�e�g�r�a�d�e� �l�i�g�n�i�n� �m�o�d�e�l� �s�u�b�s�t�r�a�t�e�s� �a�n�d� �l�i�g�n�i�n� �i�n� �w�o�o�d� �[�1�3�4�]�.� �F�o�r� �e�x�a�m�p�l�e�,� 

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

�e�t�h�e�r� �(�4�3�)� �c�o�u�l�d� �b�e� �d�e�g�r�a�d�e�d� �b�y� �b�a�c�t�e�r�i�a� �[�1�5�9�]�.� �F�o�l�l�o�w�i�n�g� �d�e�g�r�a�d�a�t�i�o�n� �e�x�p�e�r�i�m�e�n�t�s� �w�i�t�h� 

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

�c�l�e�a�v�a�g�e� �o�f� �f�-�e�t�h�e�r� �l�i�n�k�a�g�e� �w�a�s� �p�r�o�p�o�s�e�d� �[�1�5�8�]�.� �A�n�o�t�h�e�r� �s�p�e�c�i�e�s�,� �P�s�e�u�d�o�m�o�n�a�s� 

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

�R�e�c�e�n�t�l�y�,� �l�i�g�n�o�s�t�i�l�b�e�n�e�-�«�,�8�-�d�i�o�x�y�g�e�n�a�s�e� �w�a�s� �i�s�o�l�a�t�e�d� �f�r�o�m� �c�e�l�l�-�f�r�e�e� �e�x�t�r�a�c�t�s� �o�f� 

�P�s�e�u�d�o�m�o�n�a�s� �s�p�.� �T�M�Y� �1�0�0�9� �w�h�i�c�h� �c�o�u�l�d� �a�c�c�o�u�n�t� �f�o�r� �t�h�e� �o�b�s�e�r�v�e�d� �c�l�e�a�v�a�g�e� �o�f� 

�i�n�t�e�r�p�h�e�n�y�l� �d�o�u�b�l�e� �b�o�n�d� �o�f� �l�i�g�n�i�n�-�d�e�r�i�v�e�d� �s�t�i�l�b�e�n�e�s� �[�8�6�]�.� �B�y� �m�i�x�i�n�g� �b�a�c�t�e�r�i�a�l� �c�u�l�t�u�r�e�s�,� �t�h�e� 

�a�b�i�l�i�t�y� �t�o� �d�e�g�r�a�d�e� �l�i�g�n�i�n� �m�o�d�e�l� �c�o�m�p�o�u�n�d�s� �w�a�s� �i�m�p�r�o�v�e�d� �[�1�4�8�]�.� �T�h�e� �d�i�f�f�i�c�u�l�t�y� �o�f� �s�t�u�d�y�-� 

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

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

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

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

�s�u�l�f�a�t�e� �[�1�9�6�]�.� �T�h�e� �a�u�t�h�o�r�s� �a�r�g�u�e�d� �t�h�a�t� �f�o�r� �a�n�a�e�r�o�b�i�c� �o�r�g�a�n�i�s�m�s�,� �d�e�g�r�a�d�a�t�i�o�n� �o�f� �s�u�b�s�t�r�a�t�e� 

�c�a�n�n�o�t� �a�l�w�a�y�s� �b�e� �m�e�a�s�u�r�e�d� �b�y� �C�O�z�2� �p�r�o�d�u�c�t�i�o�n�.� �T�h�i�s� �o�b�s�e�r�v�a�t�i�o�n� �c�o�u�l�d� �a�p�p�l�y� �t�o� �o�t�h�e�r� 

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

�o�x�i�d�a�t�i�o�n�.� �T�h�e�r�e�f�o�r�e�,� �i�t� �i�s� �n�o�t� �u�s�u�a�l�l�y� �w�i�s�e� �t�o� �s�i�m�p�l�y� �l�o�o�k� �a�t� �C�Q�2� �e�v�o�l�u�t�i�o�n� �t�o� �a�s�s�e�s�s� 

�l�i�g�n�i�n� �d�e�g�r�a�d�i�n�g� �a�b�i�l�i�t�i�e�s� �o�f� �t�h�e�s�e� �m�i�c�r�o�o�r�g�a�n�i�s�m�s�.� 
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�G�n�2�0�8� 

�H�C ��O� 

�H�C� �O�H� 
�O�C�H�3� 

�O�C�H�3� 

�O�H� 

�(�4�3�)� 

�3�.�2�.�1�.�2� �F�u�n�g�i�.� 

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

�O�f� �t�h�e�s�e�,� �t�h�e� �o�n�e�s� �t�h�a�t� �d�o� �m�o�s�t� �e�x�t�e�n�s�i�v�e� �d�e�g�r�a�d�a�t�i�o�n� �o�n� �l�i�g�n�i�n� �i�n� �w�o�o�d� �a�r�e� �t�h�e� �w�h�i�t�e�-� 

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

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

�s�c�r�i�b�e�d� �i�n� �a� �n�u�m�b�e�r� �o�f� �r�e�v�i�e�w� �a�r�t�i�c�l�e�s� �[�2�2�,�1�0�5�,�1�0�7�]�.� �I�n� �r�e�c�e�n�t� �y�e�a�r�s�,� �o�w�i�n�g� �i�n� �p�a�r�t� �t�o� �t�h�e� 

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

�[�5�2�,�1�8�4�]�,� �t�h�i�s� �o�r�g�a�n�i�s�m� �h�a�s� �b�e�c�o�m�e� �t�h�e� �m�o�s�t� �w�i�d�e�l�y�-�s�t�u�d�i�e�d�,� �w�i�t�h� �i�n�v�e�s�t�i�g�a�t�i�o�n�s� �r�a�n�g�i�n�g� 

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

�w�h�i�c�h�,� �a�l�l�e�g�e�d�l�y�,� �c�o�m�p�r�i�s�e� �t�h�e� �b�u�l�k� �o�f� �i�t�s� �l�i�g�n�i�n�-�d�e�g�r�a�d�i�n�g� �s�y�s�t�e�m� �[�9�3�]�.� 

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

�e�d�o�d�e�s� �[�1�0�6�]�,� �A�s�p�e�r�g�i�l�l�u�s� �f�u�m�i�g�a�t�u�s� �[�8�5�]�,� �T�r�i�c�h�o�d�e�r�m�a� �h�a�r�z�i�a�n�u�m� �[�8�8�]�,� �C�h�r�y�s�o�n�i�l�i�a� �s�i�t�o�p�h�i�l�a� 

�[�2�9�]�,� �P�h�l�e�b�i�a� �r�a�d�i�a�t�a� �[�1�3�3�]� �a�n�d� �C�o�r�i�o�l�u�s� �v�e�r�s�i�c�o�l�o�r� �(�=� �T�r�a�m�e�t�e�s� �v�e�r�s�i�c�o�l�o�r� �=� �P�o�l�y�p�o�r�u�s� 
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�v�e�r�s�i�c�o�l�o�r�)� �[�2�7�,�3�4�]�,� �w�i�t�h� �d�e�t�e�c�t�i�o�n� �o�f� �l�i�g�n�i�n� �p�e�r�o�x�i�d�a�s�e� �a�c�t�i�v�i�t�y� �o�n�l�y� �r�e�p�o�r�t�e�d� �i�n� �t�h�e� �l�a�t�t�e�r� 

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

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

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

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

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

�3�.�2�.�2� �M�e�c�h�a�n�i�s�m�s� �f�o�r� �t�h�e�  ��b�i�o�d�e�g�r�a�d�a�t�i�o�n �� �o�f� �l�i�g�n�i�n� 

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

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

�i�n� �l�i�g�n�i�n� �b�i�o�d�e�g�r�a�d�a�t�i�o�n�.� �A�s� �a� �r�e�s�u�l�t�,� �s�i�n�c�e� �t�h�e� �1�9�6�0 ��s� �a�n�d� �t�h�e� �1�9�7�0 ��s�,� �e�n�z�y�m�a�t�i�c� �i�n�v�e�s�-� 

�t�i�g�a�t�i�o�n�s� �o�f� �m�i�c�r�o�b�i�a�l� �d�e�g�r�a�d�a�t�i�o�n� �o�f� �l�i�g�n�i�n�s� �f�o�c�u�s�s�e�d� �o�n� �l�a�c�c�a�s�e� �[�4�9�,�8�7�,�1�4�0�]� �a�n�d� 

�p�e�r�o�x�i�d�a�s�e�/�H�2�O�z�2� �s�y�s�t�e�m�s� �[�1�3�,�4�9�,�8�7�,�1�6�8�,�1�9�5�]�.� �E�x�p�e�r�i�m�e�n�t�s� �w�i�t�h� �p�h�e�n�o�l�i�c� �l�i�g�n�i�n� �m�o�d�e�l� 

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

�h�a�r�d�l�y� �a�f�f�e�c�t�e�d� �[�4�9�]�.� �N�o� �d�e�p�o�l�y�m�e�r�i�z�a�t�i�o�n� �o�f� �D�H�P� �l�i�g�n�i�n� �t�r�e�a�t�e�d� �w�i�t�h� �h�o�r�s�e�r�a�d�i�s�h� 

�p�e�r�o�x�i�d�a�s�e� �a�n�d� �w�i�t�h� �l�a�c�c�a�s�e� �i�s�o�l�a�t�e�d� �f�r�o�m� �C�.� �v�e�r�s�i�c�o�l�o�r� �w�a�s� �o�b�s�e�r�v�e�d� �[�8�7�]�.� �A�d�d�i�t�i�o�n�a�l�l�y�,� 

�w�h�e�n� �m�i�l�l�e�d� �w�o�o�d� �l�i�g�n�i�n� �w�a�s� �u�s�e�d� �a�s� �s�u�b�s�t�r�a�t�e�,� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �a�p�p�a�r�e�n�t�l�y� �r�e�s�u�l�t�e�d� �[�1�9�5�]�.� 

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

�H�R�P�/�H�2�O�2� �o�r� �l�a�c�c�a�s�e�.� �I�n�s�t�e�a�d�,� �c�o�u�p�l�i�n�g� �a�n�d� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �r�e�a�c�t�i�o�n�s�,� �o�p�p�o�s�i�t�e� �t�o� 

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

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

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

�e�n�z�y�m�e�s� �[�4�9�]�.� �I�n�d�e�e�d�,� �b�o�t�h� �l�a�c�c�a�s�e� �a�n�d� �p�e�r�o�x�i�d�a�s�e� �h�a�v�e� �b�e�e�n� �a�s�c�r�i�b�e�d� �t�h�e� �r�o�l�e� �o�f� 

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

�R�E�V�I�E�W� �O�F� �L�I�T�E�R�A�T�U�R�E� �4�0



�m�e�t�a�b�o�l�i�c� �b�a�l�a�n�c�e� �a�r�o�u�n�d� �t�h�e� �f�u�n�g�i �� �[�4�9�]�.� �A�s� �a� �r�e�s�u�l�t�,� �i�n�t�e�r�e�s�t� �i�n� �t�h�e� �l�i�g�n�i�n�-�d�e�g�r�a�d�i�n�g� 

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

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

�a�t�t�e�n�t�i�o�n� �o�f� �s�e�v�e�r�a�l� �r�e�s�e�a�r�c�h�e�r�s� �[�6�4�]�.� �O�n�l�y� �t�h�e� �h�y�d�r�o�x�y� �(�e�O�H�)� �r�a�d�i�c�a�l�s� �(�g�e�n�e�r�a�t�e�d� �b�y� 

�F�e�n�t�o�n�'�s� �r�e�a�g�e�n�t�)� �w�a�s� �s�h�o�w�n� �t�o� �h�a�v�e� �a� �m�e�a�s�u�r�a�b�l�e� �e�f�f�e�c�t� �o�n� �l�i�g�n�i�n� �d�e�p�o�l�y�m�e�r�i�z�a�t�i�o�n� 

�[�9�9�]�.� �R�e�c�e�n�t�l�y�,� �c�y�t�o�c�h�e�m�i�c�a�l� �s�t�a�i�n�i�n�g� �a�n�d� �m�i�c�r�o�s�c�o�p�i�c� �a�n�a�l�y�s�i�s� �o�f� �O�H�-�t�r�e�a�t�e�d� �w�o�o�d� �r�e�-� 

�v�e�a�l�e�d� �p�a�t�t�e�r�n�s� �o�f� �d�e�g�r�a�d�a�t�i�o�n� �s�i�m�i�l�a�r� �t�o� �t�h�o�s�e� �o�f� �f�u�n�g�a�l�-�t�r�e�a�t�e�d� �w�o�o�d� �[�8�2�]�.� �I�t� �w�a�s� �s�u�g�-� 

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

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

�I�n� �1�9�8�3�,� �t�w�o� �i�n�d�e�p�e�n�d�e�n�t� �g�r�o�u�p�s� �o�f� �r�e�s�e�a�r�c�h�e�r�s� �[�5�2�,�1�8�4�]� �r�e�p�o�r�t�e�d� �t�h�e�i�r� �f�i�n�d�i�n�g�s�,� �t�h�e�n� 

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

�e�n�z�y�m�e�.� �T�i�e�n� �a�n�d� �K�i�r�k� �[�1�8�4�,�1�8�5�]� �c�l�a�i�m�e�d� �t�h�a�t� �a� �H�2�O�2�-�r�e�q�u�i�r�i�n�g� �o�x�y�g�e�n�a�s�e� �f�r�o�m� �t�h�e� 

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

�c�o�m�p�o�u�n�d�s� �a�s� �w�e�l�l� �a�s� �s�p�r�u�c�e� �a�n�d� �b�i�r�c�h�  ��l�i�g�n�i�n�s ��.� �G�l�e�n�n� �e�t� �a�l�.� �[�5�2�]�,� �o�n� �t�h�e� �o�t�h�e�r� �h�a�n�d�,� 

�r�e�p�o�r�t�e�d� �~�1�0�%� �d�e�g�r�a�d�a�t�i�o�n� �o�f� �a� �[�!�4�C�]�-�r�i�n�g� �l�a�b�e�l�l�e�d� �l�i�g�n�i�n� �b�y� �a� �c�o�n�c�e�n�t�r�a�t�e�d� �e�x�t�r�a�c�e�l�l�u�l�a�r� 

�f�l�u�i�d� �f�r�o�m� �6�-�d�a�y� �o�l�d� �c�u�l�t�u�r�e�s� �o�f� �P�.� �c�h�r�y�s�o�s�p�o�r�i�u�m� �a�n�d� �a� �H�2�O�2�-�g�e�n�e�r�a�t�i�n�g� �s�y�s�t�e�m� �(�g�l�u�c�o�s�e� 

�o�x�i�d�a�s�e�,� �0�.�0�2� �u�n�i�t�s� �m�L�~�'�,� �p�l�u�s� �g�l�u�c�o�s�e�,� �3� �m�M�)� �a�t� �3�7�°�.� 

�T�h�e�s�e� �t�w�o� �p�a�p�e�r�s� �w�e�r�e� �c�r�i�t�i�c�a�l�l�y� �r�e�v�i�e�w�e�d� �r�e�c�e�n�t�l�y� �[�1�1�5�]�.� �W�i�t�h� �r�e�f�e�r�e�n�c�e� �t�o� �T�i�e�n� �a�n�d� 

�K�i�r�k ��s� �r�e�p�o�r�t� �[�1�8�4�]�,� �q�u�e�s�t�i�o�n�s� �r�e�g�a�r�d�i�n�g� �t�h�e� �a�p�p�r�o�p�r�i�a�t�e�n�e�s�s� �o�f� �a� �[�!�*�C�]�-�m�e�t�h�y�l� �i�o�d�i�d�e�-� 

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

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

�s�u�b�s�t�r�a�t�e�s� �(�2�2�%� �a�n�d� �6�%� �d�e�p�o�l�y�m�e�r�i�z�a�t�i�o�n� �r�a�t�e�s� �f�o�r� �s�p�r�u�c�e� �a�n�d� �b�i�r�c�h�  ��l�i�g�n�i�n�s ��,� �r�e�s�p�e�c�-� 

�t�i�v�e�l�y�)� �w�e�r�e� �t�a�k�e�n� �t�o� �t�a�s�k�,� �c�i�t�i�n�g� �a� �r�e�p�o�r�t� �b�y� �F�a�i�x� �e�t� �a�l� �[�3�5�]� �i�n� �w�h�i�c�h� �g�u�a�i�a�c�y�l�-�s�y�r�i�n�g�y�l� 

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

�R�E�V�I�E�W� �O�F� �L�I�T�E�R�A�T�U�R�E� �4�1



�o�p�p�o�s�i�t�e� �o�f� �w�h�a�t� �w�a�s� �o�b�s�e�r�v�e�d�.� �I�n� �G�l�e�n�n� �e�t� �a�l�'�s� �a�r�t�i�c�l�e� �[�5�2�]�,� �i�t� �w�a�s� �r�e�g�r�e�t�t�a�b�l�e� �t�h�a�t� �t�h�e� 

�a�l�l�-�i�m�p�o�r�t�a�n�t� �g�e�l� �f�i�l�t�r�a�t�i�o�n� �d�a�t�a� �s�h�o�w�i�n�g� �t�h�e� �d�e�g�r�a�d�a�t�i�o�n� �o�f� �t�h�e� �!�+�C�-�r�i�n�g� �l�a�b�e�l�l�e�d� �l�i�g�n�i�n� 

�w�a�s� �n�o�t� �d�e�s�c�r�i�b�e�d�.� �I�t� �w�a�s� �a�l�s�o� �n�o�t�e�d� �[�1�1�5�]� �t�h�a�t� �s�i�n�c�e� �t�h�e�s�e� �t�w�o� �r�e�p�o�r�t�s� �w�e�r�e� �p�u�b�l�i�s�h�e�d�,� 

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

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

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

�t�h�e�y� �c�a�l�l�e�d�  ��l�i�g�n�i�n�a�s�e ��,� �T�i�e�n� �a�n�d� �K�i�r�k� �[�1�8�5�]� �q�u�i�c�k�l�y� �p�r�o�c�e�e�d�e�d� �t�o� �p�u�r�i�f�y� �t�h�e� �e�n�z�y�m�e�s� �f�r�o�m� 

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

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

�b�e� �t�h�e� �d�o�m�i�n�a�n�t� �H�8� �i�s�o�z�y�m�e� �s�e�p�a�r�a�t�e�d� �b�y� �H�P�L�C� �i�n� �a� �s�u�b�s�e�q�u�e�n�t� �w�o�r�k� �[�9�2�]�,� �w�a�s� �o�b�-� 

�t�a�i�n�e�d� �b�y� �i�s�o�l�e�c�t�r�i�c� �f�o�c�u�s�s�i�n�g� �(�p�I� �=� �3�.�5�)� �a�n�d� �s�o�d�i�u�m� �d�o�d�e�c�y�l� �s�u�l�f�a�t�e�-�p�o�l�y�a�c�r�y�l�a�l�a�m�i�d�e� �g�e�l� 

�e�l�e�c�t�r�o�p�h�o�r�e�s�i�s�,� �S�D�S�-�P�A�G�E� �(�M�W�=� �4�2�,�0�0�0�)�.� �T�h�e� �e�n�z�y�m�e� �w�a�s� �r�e�p�o�r�t�e�d� �t�o� �b�e� �a� 

�g�l�y�c�o�p�r�o�t�e�i�n� �w�i�t�h� �a�n� �u�n�u�s�u�a�l�l�y� �l�o�w� �p�H� �o�p�t�i�m�u�m� �(�p�H� �2�.�5�-�3�.�0�)� �[�1�8�5�]�.� �G�o�l�d� �e�r� �a�l�.� �[�5�3�]� 

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

�t�h�e� �w�h�i�t�e�-�r�o�t� �f�u�n�g�u�s�.� 

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

�v�e�a�l�i�n�g� �t�h�e� �t�r�u�e� �n�a�t�u�r�e� �o�f� �t�h�e� �e�n�z�y�m�e� �[�9�3�]�.� �T�h�e� �m�u�l�t�i�p�l�i�c�i�t�y� �o�f�  ��l�i�g�n�i�n� �p�e�r�o�x�i�d�a�s�e�s �� �w�a�s� 

�a�l�s�o� �s�h�o�w�n�,� �w�i�t�h� �r�e�p�o�r�t�s� �r�a�n�g�i�n�g� �f�r�o�m� �3� �[�1�5�1�]� �t�o� �1�5� �[�1�0�9�]� �d�i�s�t�i�n�g�u�i�s�h�a�b�l�e� �h�e�m�e�-� 

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

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

�e�x�t�r�a�c�e�l�l�u�l�a�r� �m�e�d�i�u�m� �o�f� �l�i�g�n�i�n�o�l�y�t�i�c� �c�u�l�t�u�r�e�s� �o�f� �P�.� �c�h�r�y�s�o�s�p�o�r�i�u�m� �[�1�0�2�]�.� �U�n�l�i�k�e�  ��l�i�g�n�i�n� 

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

�[�1�4�6�]�;� �a� �r�o�l�e� �f�o�r� �g�e�n�e�r�a�t�i�n�g� �H�.�O�2� �w�a�s� �a�l�s�o� �s�u�g�g�e�s�t�e�d�.� 
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�V�a�r�i�o�u�s� �m�o�n�o�m�e�r�i�c� �a�n�d� �d�i�m�e�r�i�c� �m�o�d�e�l� �c�o�m�p�o�u�n�d�s� �w�e�r�e� �i�n�c�u�b�a�t�e�d� �w�i�t�h� �t�h�e� �p�u�r�i�f�i�e�d� 

�e�n�z�y�m�e� �f�r�a�c�t�i�o�n� �(�p�r�e�s�u�m�a�b�l�y� �t�h�e� �H�8� �i�s�o�z�y�m�e� �d�e�t�e�c�t�e�d� �i�n� �l�a�t�e�r� �s�t�u�d�i�e�s�)� �i�n� �t�h�e� �p�r�e�s�e�n�c�e� 

�o�f� �H�2�O�2� �[�1�8�5�]�.� �B�y� �d�e�t�e�r�m�i�n�i�n�g� �t�h�e� �s�t�r�u�c�t�u�r�e�s� �o�f� �t�h�e�  ��m�a�j�o�r �� �p�r�o�d�u�c�t�s� �f�o�r�m�e�d�,� �r�e�a�c�t�i�o�n� 

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

�o�x�i�d�i�z�e�d� �p�h�e�n�o�l�s�,� �a�n�d� �h�y�d�r�o�x�y�l�a�t�i�o�n� �o�f� �m�e�t�h�y�l�e�n�e� �g�r�o�u�p�s�,� �w�e�r�e� �p�r�o�p�o�s�e�d�.� �H�2�O�2� �w�a�s� 

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

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

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

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

�p�e�r�o�x�i�d�a�s�e� �p�r�o�p�o�s�e�d� �b�y� �K�i�r�k� �[�9�0�]�.� �L�i�g�n�i�n� �p�e�r� �s�e� �h�a�s� �n�o�t� �b�e�e�n� �u�n�a�m�b�i�g�u�o�u�s�l�y� �s�h�o�w�n� �t�o� 

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

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

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

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

�h�i�g�h�e�r� �r�e�d�o�x� �p�o�t�e�n�t�i�a�l� �t�h�a�n� �t�h�e� �s�u�b�s�t�r�a�t�e�s� �o�f� �h�o�r�s�e�r�a�d�i�s�h� �p�e�r�o�x�i�d�a�s�e� �[�6�5�]�.� �O�x�i�d�a�t�i�o�n� �b�y� 

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

�a�r�o�m�a�t�i�c� �n�u�c�l�e�u�s� �p�r�o�d�u�c�i�n�g� �a�n� �u�n�s�t�a�b�l�e� �r�a�d�i�c�a�l� �c�a�t�i�o�n� �[�8�9�]�.� �I�t� �w�a�s� �t�h�e�n� �p�o�s�t�u�l�a�t�e�d� �t�h�a�t� 

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

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

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

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

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

�i�n� �d�i�m�e�r�i�c� �m�o�d�e�l�s� �[�3�7�]� �a�n�d� �b�y� �t�h�e� �s�u�b�s�t�i�t�u�t�i�o�n� �p�a�t�t�e�r�n� �o�f� �t�h�e� �a�r�o�m�a�t�i�c� �r�i�n�g� �[�1�8�8�]�.� 

�U�m�e�z�a�w�a� �[�1�8�8�]� �p�r�e�s�e�n�t�e�d� �e�v�i�d�e�n�c�e� �f�o�r� �t�h�e� �f�o�r�m�a�t�i�o�n� �o�f� �m�u�c�o�n�a�t�e�,� �o�x�a�l�a�t�e�s� �a�n�d� �c�y�c�l�i�c� 

�c�a�r�b�o�n�a�t�e�s� �o�f� �a�r�y�l�g�l�y�c�e�r�o�l� �m�o�d�e�l�s� �a�s� �p�o�s�s�i�b�l�e� �m�e�c�h�a�n�i�s�m�s� �f�o�r� �l�i�g�n�i�n� �p�e�r�o�x�i�d�a�s�e�-�c�a�t�a�l�y�z�e�d� 
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�O�n�i�d�i�z�e�d� �L�i�g�n�i�n� 
�P�r�o�d�u�c�t�s� �N�l�o�d�e�t� �C�o�m�p�o�u�n�d�s� 

�H�2�O�2� �H� �2�0� 

�R�E�S�T�I�N�G� �E�N�Z�Y�M�E� �N�S� �C�O�M�P�O�U�N�D� �I� 

�O�x�i�d�i�z�e�d� �H�,�0� 
�P�r�o�d�u�c�t�s� �L�i�g�n�i�n� 

�M�o�d�e�l� �C�o�m�p�o�u�n�d�s� 

�2�i�I�t� 

�C�O�M�P�O�U�N�D� �I�t� 

�L�i�g�n�i�n� �O�n�i�d�i�z�e�d� 
�N�l�o�d�e�l� �C�o�m�p�o�u�n�d�s� �P�r�o�d�u�c�t�s� 

�F�i�g�u�r�e� �5�.� �M�o�d�i�f�i�e�d� �s�c�h�e�m�e� �f�o�r� �t�h�e� �c�a�t�a�l�y�t�i�c� �c�y�c�l�e� �o�f� �l�i�g�n�i�n� �p�e�r�o�x�i�d�a�s�e�.� 

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

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

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

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

�[�9�3�]�.� �I�n� �f�a�c�t�,� �t�h�e� �s�i�n�g�l�e� �e�l�e�c�t�r�o�n� �o�x�i�d�a�t�i�o�n� �o�f� �p�h�e�n�o�l�i�c� �m�o�i�e�t�i�e�s� �r�e�l�e�a�s�e�d� �b�y� �h�o�m�o�l�y�t�i�c� 

�C�a�-�C�B� �c�l�e�a�v�a�g�e� �i�n� �a�r�y�l�g�l�y�c�e�r�o�l� �8�-�a�r�y�l� �e�t�h�e�r� �m�o�d�e�l� �c�o�m�p�o�u�n�d�s� �i�n�t�o� �p�h�e�n�o�x�y� �r�a�d�i�c�a�l�s� �i�s� 

�c�o�n�s�i�d�e�r�e�d� �t�o� �b�e� �a� �m�o�r�e� �f�a�c�i�l�e� �p�r�o�c�e�s�s� �t�h�a�n� �f�o�r�m�i�n�g� �r�a�d�i�c�a�l� �c�a�t�i�o�n� �i�n�t�e�r�m�e�d�i�a�t�e�s� �[�1�6�3�]�.� 

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

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

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

�p�o�u�n�d�s�,� �i�n�c�l�u�d�i�n�g� �p�o�l�y�c�y�c�l�i�c� �a�r�o�m�a�t�i�c� �h�y�d�r�o�c�a�r�b�o�n�s� �a�n�d� �d�i�b�e�n�z�o�[�p�]�d�i�o�x�i�n�s� �[�6�5�]�,� 

�t�h�i�a�n�t�h�r�e�n�e� �(�4�4�)�,� �a� �h�e�t�e�r�o�c�y�c�l�i�c� �s�u�l�f�u�r� �c�o�m�p�o�u�n�d� �[�1�6�9�]�,� �a�n�d� �p�o�l�y�c�h�l�o�r�i�n�a�t�e�d� �p�h�e�n�o�l�s� �[�6�6�]�.� 
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�A�s� �w�i�t�h� �t�h�e� �r�e�a�c�t�i�o�n�s� �i�n�v�o�l�v�i�n�g� �l�i�g�n�i�n� �m�o�d�e�l� �c�o�m�p�o�u�n�d�s�,� �a� �r�a�d�i�c�a�l� �c�a�t�i�o�n� �i�n�t�e�r�m�e�d�i�a�t�e� 

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

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

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

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

 ��l�i�g�n�i�n�a�s�e ��,� �(�a�n�d� �e�v�e�n� �l�i�g�n�i�n� �p�e�r�o�x�i�d�a�s�e�,� �1�1�5�)� �i�s� �d�i�s�c�o�u�r�a�g�e�d� �(�R�e�p�o�r�t� �o�f� �t�h�e� �L�i�g�n�i�n� �R�e�-� 

�s�e�a�r�c�h� �W�o�r�k�s�h�o�p�,� �U�n�i�v�e�r�s�i�t�y� �o�f� �I�l�l�i�n�o�i�s�,� �s�p�o�n�s�o�r�e�d� �b�y� �t�h�e� �U�.�S�.� �D�e�p�a�r�t�m�e�n�t� �o�f� �E�n�e�r�g�y�,� 

�D�i�v�i�s�i�o�n� �o�f� �E�n�e�r�g�y� �B�i�o�s�c�i�e�n�c�e�s�,� �[�1�8�9�]�)�.� 

�S� 

�S� 

�(�4�4�)� 

�3�.�2�.�3� �I�n�v�o�l�v�e�m�e�n�t� �o�f� �a�n� �a�l�t�e�r�n�a�t�i�v�e� �e�n�z�y�m�e� �s�y�s�t�e�m� �i�n� �l�i�g�n�i�n� �b�i�o�d�e�g�r�a�d�a�t�i�o�n� 

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

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

�n�o�t� �h�a�v�e� �t�h�e� �s�a�m�e� �e�f�f�e�c�t� �o�n� �l�i�g�n�i�n�s� �a�s� �d�o� �i�n�t�a�c�t� �f�u�n�g�a�l� �c�u�l�t�u�r�e�s� �[�1�8�9�]�.� �A�d�d�i�t�i�o�n�a�l�l�y�,� 

�L�e�i�s�o�l�a� �a�n�d� �c�o�-�w�o�r�k�e�r�s� �[�1�0�8�]� �o�b�s�e�r�v�e�d� �t�h�a�t� �c�u�l�t�u�r�e�s� �o�f� �P�.� �c�h�r�y�s�o�s�p�o�r�i�u�m� �w�i�t�h� �n�o� �d�e�t�e�c�t�-� 

�a�b�l�e� �l�i�g�n�i�n� �p�e�r�o�x�i�d�a�s�e� �a�c�t�i�v�i�t�y�,� �d�e�g�r�a�d�e�d� �'�+�C�-�l�a�b�e�l�l�e�d� �s�t�r�a�w� �l�i�g�n�i�n� �t�o� �s�o�m�e� �e�x�t�e�n�t�.� �A�d�-� 

�d�i�t�i�o�n� �o�f� �l�i�g�n�i�n� �p�e�r�o�x�i�d�a�s�e�,� �o�r� �o�f� �b�o�t�h� �l�i�g�n�i�n� �p�e�r�o�x�i�d�a�s�e� �a�n�d� �v�e�r�a�t�r�y�l� �a�l�c�o�h�o�l� �(�4�5�)�,� 

�e�n�h�a�n�c�e�d� �t�h�e� �l�i�g�n�i�n� �b�i�o�d�e�g�r�a�d�a�t�i�o�n� �r�a�t�e� �[�1�0�8�]� �o�f� �t�h�e� �c�u�l�t�u�r�e�s�.� �T�h�e� �a�u�t�h�o�r�s� �a�l�s�o� �r�e�p�o�r�t�e�d� 

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

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

�1�3�C�-�e�n�r�i�c�h�e�d� �D�H�P� �l�i�g�n�i�n�s� �w�i�t�h� �P�l�e�u�r�o�t�u�s� �o�s�t�r�e�a�t�u�s�,� �C�.� �p�i�l�u�l�i�f�e�r�u�m� �a�n�d� �N�.� �a�u�t�o�t�r�o�p�h�i�c�a� 

�[�3�3�]� �(�s�e�e� �s�e�c�t�i�o�n� �o�n� �1�7�C� �N�M�R� �a�p�p�l�i�c�a�t�i�o�n�s� �i�n� �l�i�g�n�i�n� �s�t�u�d�i�e�s�)�.� �S�o� �f�a�r�,� �o�f� �t�h�e�s�e� 

�m�i�c�r�o�o�r�g�a�n�i�s�m�s�,� �o�n�l�y� �P�.� �o�s�t�r�e�a�t�u�s� �w�a�s� �r�e�p�o�r�t�e�d� �t�o� �p�o�s�s�e�s�s� �l�i�g�n�i�n� �p�e�r�o�x�i�d�a�s�e� �a�c�t�i�v�i�t�y� �[�9�1�]�,� 

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

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

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

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

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

�t�h�e� �l�a�t�t�e�r� �[�1�6�7�]�.� �H�o�w�e�v�e�r�,� �c�e�l�l�o�b�i�o�s�e�:� �q�u�i�n�o�n�e� �o�x�i�d�o�r�e�d�u�c�t�a�s�e� �(�C�B�Q�a�s�e�)� �c�a�p�a�b�l�e� �o�f� �r�e�-� 

�d�u�c�i�n�g� �p�h�e�n�o�x�y� �r�a�d�i�c�a�l�s� �h�a�d� �n�o� �e�f�f�e�c�t� �o�n� �t�h�e� �r�a�t�e� �o�f� �l�i�g�n�i�n� �d�e�g�r�a�d�a�t�i�o�n� �[�1�4�3�]�.� 

�C�H�2�O�H� �C�H�O� 

�O�C�H�;� �O�C�H�3� 

�O�C�H�3� �O�C�H�;� 

�(�4�5�)� �(�4�6�)� 

�3�.�2�.�4� �R�o�l�e� �o�f�  ��l�i�g�n�i�n� �p�e�r�o�x�i�d�a�s�e �� �i�n� �l�i�g�n�i�n� �b�i�o�d�e�g�r�a�d�a�t�i�o�n� 

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

�b�y� �P�.� �c�h�r�y�s�o�s�p�o�r�i�u�m�.� �A�s� �m�e�n�t�i�o�n�e�d� �e�a�r�l�i�e�r�,� �t�h�e�  ��e�v�i�d�e�n�c�e �� �f�o�r� �t�h�i�s� �d�a�t�e�s� �f�r�o�m� �1�9�8�3� �w�h�e�n� 
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�t�h�e� �c�o�n�c�e�n�t�r�a�t�e�d� �e�x�t�r�a�c�e�l�l�u�l�a�r� �f�l�u�i�d� �o�f� �P�.� �c�h�r�y�s�o�s�p�o�r�i�u�m� �(�p�r�e�s�u�m�a�b�l�y� �c�o�n�t�a�i�n�i�n�g�  ��l�i�g�n�i�n� 

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

�p�r�e�p�a�r�a�t�i�o�n� �[�1�8�4�]�.� �O�b�s�e�r�v�a�t�i�o�n�s� �i�n� �w�h�i�c�h� �t�h�e� �p�u�r�i�f�i�e�d� �e�n�z�y�m�e� �w�a�s� �s�h�o�w�n� �t�o� �d�e�g�r�a�d�e� 

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

�p�r�o�l�i�f�e�r�a�t�e�d�.� 

�o� 

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

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

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

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

�t�h�e�r� �i�n�c�r�e�a�s�e� �t�h�e�i�r� �m�o�l�e�c�u�l�a�r� �s�i�z�e� �[�1�4�3�]�.� 

�O�C�H�3� 
�O�H� 

�(�4�7�)� 

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

�A�n� �e�a�r�l�y� �w�o�r�k� �[�1�1�8�]� �d�e�m�o�n�s�t�r�a�t�e�d� �t�h�a�t� �N�a�-�l�i�g�n�o�s�u�l�f�o�n�a�t�e�s� �t�r�e�a�t�e�d� �w�i�t�h� �i�m�m�o�b�i�l�i�z�e�d� 

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

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

�m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �[�1�1�8�]�.� �M�o�r�e� �r�e�c�e�n�t�l�y�,� �i�n� �a�n� �e�x�p�e�r�i�m�e�n�t� �w�h�e�r�e� �a�l�k�a�l�i�-�i�s�o�l�a�t�e�d� �s�t�r�a�w� 

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

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

�t�o� �u�n�d�e�r�g�o� �f�u�r�t�h�e�r� �p�o�l�y�m�e�r�i�z�a�t�i�o�n� �[�6�2�]�.� �W�i�t�h� �t�h�e�s�e� �o�b�s�e�r�v�a�t�i�o�n�s�,� �i�t� �b�e�c�o�m�e�s� �i�n�c�r�e�a�s�-� 
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�i�n�g�l�y� �a�p�p�e�a�l�i�n�g� �t�o� �a�s�c�r�i�b�e� �t�h�e� �r�o�l�e� �o�f� �p�o�l�y�m�e�r�i�z�i�n�g� �l�o�w� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �p�h�e�n�o�l�i�c�s� �r�e�-� 

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

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

�w�e�r�e� �a�b�l�e� �t�o� �d�e�s�t�r�o�y� �t�o�x�i�n�-�r�i�c�h� �(�e�.�g�.�,� �p�i�n�o�s�y�l�v�i�n�,� �4�8�)� �h�e�a�r�t�w�o�o�d�s� �o�f� �l�i�v�i�n�g� �t�r�e�e�s� �[�1�2�2�]�.� �I�n� 

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

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

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

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

�O�H� 
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�4�.�0� �E�X�P�E�R�I�M�E�N�T�A�L� 

�4�.�1� �G�e�n�e�r�a�l� �M�e�t�h�o�d�s� 

�T�h�i�n�-�l�a�y�e�r� �c�h�r�o�m�a�t�o�g�r�a�p�h�y� �w�a�s� �c�o�n�d�u�c�t�e�d� �o�n� �e�i�t�h�e�r� �s�i�l�i�c�a� �g�e�l� �6�0� �F�2�5�4� �a�l�u�m�i�n�u�m� �s�h�e�e�t�s� 

�(�M�e�r�c�k�,� �D�a�r�m�s�t�a�d�t�,� �F�R�G�)� �o�r� �K�o�d�a�k� �(�R�o�c�h�e�s�t�e�r�,� �N�e�w� �Y�o�r�k�)� �s�i�l�i�c�a� �g�e�l� �s�h�e�e�t�s� �1�3�1�8�1�.� 

�H�i�g�h� �p�e�r�f�o�r�m�a�n�c�e� �l�i�q�u�i�d� �c�h�r�o�m�a�t�o�g�r�a�p�h�y� �(�H�P�L�C�)� �s�e�p�a�r�a�t�i�o�n�s� �w�e�r�e� �c�a�r�r�i�e�d� �o�u�t� �u�s�i�n�g� 

�e�i�t�h�e�r� �o�n�e� �o�f� �t�h�e� �t�w�o� �c�o�n�f�i�g�u�r�a�t�i�o�n�s� �d�e�s�c�r�i�b�e�d� �b�e�l�o�w�:� �A� �W�a�t�e�r�s� �(�M�i�l�f�o�r�d�,� �M�A�)� �m�o�d�e�l� 

�7�2�1� �P�r�o�g�r�a�m�m�a�b�l�e� �S�y�s�t�e�m� �C�o�n�t�r�o�l�l�e�r�,� �a� �m�o�d�e�l� �7�3�0� �D�a�t�a� �M�o�d�u�l�e�,� �2� �m�o�d�e�l� �5�1�0� �p�u�m�p�s�,� 

�a� �W�I�S�P� �m�o�d�e�l� �7�1�0�B�,� �w�i�t�h� �e�i�t�h�e�r� �a� �L�a�m�b�d�a�-�M�a�x� �m�o�d�e�l� �4�8�1� �s�p�e�c�t�r�o�p�h�o�t�o�m�e�t�e�r�,� �o�r� �a� 

�W�a�t�e�r�s� �9�9�0� �P�h�o�t�o�d�i�o�d�e� �A�r�r�a�y� �d�e�t�e�c�t�o�r� �i�n�t�e�r�f�a�c�e�d� �w�i�t�h� �a� �N�E�C� �A�P�C� �I�V� �p�e�r�s�o�n�a�l� �c�o�m�-� 

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

�a� �W�a�t�e�r�s� �9�9�0� �p�l�o�t�t�e�r� �a�n�d� �U�V� �s�p�e�c�t�r�a� �w�e�r�e� �p�r�i�n�t�e�d� �u�s�i�n�g� �a� �N�E�C� �P�i�n�w�r�i�t�e�r� �C�P�6�.� 

�F�o�r� �a�l�l� �H�P�L�C� �s�e�p�a�r�a�t�i�o�n�s�,� �a� �W�a�t�e�r�s� �N�o�v�a�-�P�a�k� �C�:�g� �(�3� �u�m� �C�i�g�-�c�o�a�t�e�d� �s�i�l�i�c�a� �p�a�r�t�i�c�l�e�s�,� 

�3�.�9� �m�m� �x� �1�5� �c�m�)� �s�t�e�e�l� �c�o�l�u�m�n� �w�a�s� �u�s�e�d� �w�i�t�h� �i�n�-�l�i�n�e� �c�o�l�u�m�n� �p�r�o�t�e�c�t�i�o�n� �e�m�p�l�o�y�i�n�g� �a� 

�W�a�t�e�r�s� �p�r�e�-�c�o�l�u�m�n� �f�i�l�t�e�r� �a�n�d� �g�u�a�r�d� �c�o�l�u�m�n� �p�a�c�k�e�d� �w�i�t�h� �W�a�t�e�r�s� �B�o�n�d�a�p�a�k� �C�:�s�/�C�o�r�a�s�i�l� 
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�(�3�7� �-� �5�0� �u�m�)�.� �A�q�u�e�o�u�s� �(�o�r�g�a�n�i�c�-�f�r�e�e� �w�a�t�e�r� �p�u�r�i�f�i�e�d� �b�y� �S�y�b�r�o�n� �B�a�r�n�s�t�e�a�d� �[�B�o�s�t�o�n�,� �M�A�]� 

�N�A�N�O�p�u�r�e� �I�I� �p�u�r�i�f�i�c�a�t�i�o�n� �s�y�s�t�e�m�)� �a�n�d� �o�r�g�a�n�i�c� �(�H�P�L�C�-�g�r�a�d�e�)� �c�o�m�p�o�n�e�n�t�s� �o�f� �t�h�e� �m�o�-� 

�b�i�l�e� �p�h�a�s�e� �w�e�r�e� �f�i�l�t�e�r�e�d� �(�0�.�2�2� �o�r� �0�.�4�5� �u�m� �m�e�m�b�r�a�n�e�)� �a�n�d� �d�e�g�a�s�s�e�d� �u�s�i�n�g� �e�i�t�h�e�r� �a� 

�M�i�l�l�i�p�o�r�e� �D�u�r�a�p�o�r�e� �(�B�e�d�f�o�r�d�,� �M�A�)� �f�i�l�t�e�r�i�n�g� �s�y�s�t�e�m� �o�r� �a� �K�o�n�t�e�s� �(�V�i�n�e�l�a�n�d�,� �N�J�)� �U�l�t�r�a�-� 

�w�a�r�e� �H�P�L�C� �M�o�b�i�l�e� �p�h�a�s�e� �h�a�n�d�l�i�n�g� �s�y�s�t�e�m�.� 

�M�a�s�s� �s�p�e�c�t�r�a�l� �a�n�a�l�y�s�e�s� �w�e�r�e� �c�a�r�r�i�e�d� �o�u�t� �w�i�t�h� �a� �V�G� �7�0�7�0� �E�H�F� �m�a�s�s� �s�p�e�c�t�r�o�m�e�t�e�r� �a�t� �7�0� 

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

�w�e�r�e� �c�a�r�r�i�e�d� �o�u�t� �w�i�t�h� �e�i�t�h�e�r� �a� �V�a�r�i�a�n� �(�P�a�l�o� �A�l�t�o�,� �C�A�)� �C�a�r�y� �2�1�9� �U�V�-�v�i�s�i�b�l�e� 

�s�p�e�c�t�r�o�p�h�o�t�o�m�e�t�e�r� �o�r� �a� �P�e�r�k�i�n� �E�l�m�e�r� �(�N�o�r�w�a�l�k�,� �C�T�)� �L�a�m�b�d�a� �6�/�P�E�C�S�S� �s�y�s�t�e�m�,� �w�h�i�c�h� 

�c�o�n�s�i�s�t�e�d� �o�f� �a� �L�a�m�b�d�a� �6� �U�V�/�V�i�s� �s�p�e�c�t�r�o�p�h�o�t�o�m�e�t�e�r�,� �a� �L�a�m�b�d�a� �a�c�c�e�s�s�o�r�y� �i�n�t�e�r�f�a�c�e�,� �a�n� 

�E�p�s�o�n� �E�q�u�i�t�y� �I�+� �p�e�r�s�o�n�a�l� �c�o�m�p�u�t�e�r� �a�n�d� �a�n� �E�p�s�o�n� �E�X�8�0�0� �p�r�i�n�t�e�r�.� �M�e�l�t�i�n�g� �p�o�i�n�t�s� �w�e�r�e� 

�d�e�t�e�r�m�i�n�e�d� �u�s�i�n�g� �a� �M�e�l�-�T�e�m�p� �a�p�p�a�r�a�t�u�s� �(�L�a�b�o�r�a�t�o�r�y� �D�e�v�i�c�e�s�,� �C�a�m�b�r�i�d�g�e�,� �M�A�)�.� 

�A�n� �L�K�B� �W�a�l�l�a�c� �R�a�c�k�b�e�t�a� �L�i�q�u�i�d� �S�c�i�n�t�i�l�l�a�t�i�o�n� �C�o�u�n�t�e�r� �(�T�u�r�k�u� �1�0�,� �F�i�n�l�a�n�d�)� �w�a�s� �u�s�e�d� �f�o�r� 

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

�w�e�r�e� �c�o�u�n�t�e�d� �i�n� �e�i�t�h�e�r� �A�q�u�a�s�o�l�-�2� �(�N�E�N� �R�e�s�e�a�r�c�h� �P�r�o�d�u�c�t�s�,� �B�o�s�t�o�n�,� �M�A�)�,� �E�c�o�s�c�i�n�t�,� �o�r� 

�E�c�o�l�u�m�e� �(�I�C�N� �B�i�o�m�e�d�i�c�a�l�s�,� �I�n�c�.�,� �I�r�v�i�n�e�,� �C�A�)� �s�c�i�n�t�i�l�l�a�t�i�o�n� �c�o�c�k�t�a�i�l�s�.� �M�o�s�t� �s�o�l�i�d� �s�a�m�p�l�e�s� 

�w�e�r�e� �c�o�m�b�u�s�t�e�d� �i�n� �t�h�e� �P�a�c�k�a�r�d� �m�o�d�e�l� �B�3�0�6� �T�r�i�-�C�a�r�b� �S�a�m�p�l�e� �O�x�i�d�i�z�e�r� �(�D�o�w�n�e�r�s� �G�r�o�v�e�,� 

�I�L�)�.� �T�h�e� �r�a�d�i�o�a�c�t�i�v�e� �'�*�C�O�2� �g�e�n�e�r�a�t�e�d� �b�y� �c�o�m�b�u�s�t�i�o�n� �w�a�s� �a�b�s�o�r�b�e�d� �w�i�t�h� �C�a�r�b�o�-�s�o�r�b� 

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

�D�o�w�n�e�r�s� �G�r�o�v�e�,� �I�L�)�.� �C�o�u�n�t�i�n�g� �e�f�f�i�c�i�e�n�c�i�e�s� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �q�u�e�n�c�h�i�n�g� �c�u�r�v�e�s� 

�o�b�t�a�i�n�e�d� �u�s�i�n�g� �e�i�t�h�e�r� �[�!�'�*�C�]� �t�o�l�u�e�n�e� �(�I�C�N� �B�i�o�m�e�d�i�c�a�l�s�,� �7�.�0�3� �x� �1�0�°� �B�q�/�m�L� �d�e�t�e�r�m�i�n�e�d� 

�o�n� �O�c�t�o�b�e�r� �1�4�,� �1�9�8�5�)� �o�r� �[�!�4�C�]� �h�e�x�a�d�e�c�a�n�e� �(�A�m�e�r�s�h�a�m�,� �F�R�G�,� �1�.�4�4�3� �x� �1�0�*� �B�q�/�m�L� �d�e�-� 

�t�e�r�m�i�n�e�d� �o�n� �J�u�l�y� �1�,� �1�9�8�8�)�.� 

�E�X�P�E�R�I�M�E�N�T�A�L� �5�0



�S�o�l�u�t�i�o�n�-�s�t�a�t�e� �c�a�r�b�o�n�-�1�3� �n�u�c�l�e�a�r� �m�a�g�n�e�t�i�c� �r�e�s�o�n�a�n�c�e� �(�1�*�C�-�N�M�R�)� �s�p�e�c�t�r�a� �w�e�r�e� �r�e�c�o�r�d�e�d� 

�w�i�t�h� �a� �B�r�u�k�e�r� �W�P� �2�7�0� �S�Y� �s�p�e�c�t�r�o�m�e�t�e�r�.� �F�e�r�u�l�i�c� �a�c�i�d� �(�3�0�)�,� �c�o�n�i�f�e�r�y�l� �a�l�c�o�h�o�l� �(�4�)� �a�n�d� 

�D�H�P� �l�i�g�n�i�n� �s�a�m�p�l�e�s� �w�e�r�e� �d�i�s�s�o�l�v�e�d� �i�n� �d�e�u�t�e�r�a�t�e�d� �a�c�e�t�o�n�e� �(�9�9�.�9� �a�t�o�m� �%� �D�)�,� �d�e�u�t�e�r�a�t�e�d� 

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

�s�p�e�c�t�i�v�e�l�y�.� �A�l�l� �d�e�u�t�e�r�a�t�e�d� �N�M�R� �s�o�l�v�e�n�t�s� �w�e�r�e� �p�u�r�c�h�a�s�e�d� �f�r�o�m� �M�S�D� �I�s�o�t�o�p�e�s�,� 

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

�s�p�e�c�t�i�v�e� �s�a�m�p�l�e�s� �a�n�a�l�y�z�e�d�.� �'�/�*�C� �c�r�o�s�s�-�p�o�l�a�r�i�z�a�t�i�o�n� �(�C�P�)�-�m�a�g�i�c� �a�n�g�l�e� �s�p�i�n�n�i�n�g� �(�M�A�S�)� 

�N�M�R� �s�p�e�c�t�r�a� �o�f� �s�o�l�i�d� �s�a�m�p�l�e�s� �w�e�r�e� �o�b�t�a�i�n�e�d� �a�t� �5�0� �M�H�z� �o�n� �a� �V�a�r�i�a�n� �X�L�-�2�0�0� 

�s�p�e�c�t�r�o�m�e�t�e�r� �e�q�u�i�p�p�e�d� �w�i�t�h� �a� �D�O�T�Y� �S�c�i�e�n�t�i�f�i�c� �M�A�S� �P�r�o�b�e�.� �I�n� �t�h�e� �C�P� �e�x�p�e�r�i�m�e�n�t�,� �t�h�e� 

�H�a�r�t�m�a�n�-�H�a�h�n� �c�o�n�t�a�c�t� �t�i�m�e� �w�a�s� �1� �m�s�e�c� �a�n�d� �t�h�e� �y�H�z� �f�i�e�l�d� �w�a�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �5�0� �k�H�z�.� 

�C�h�e�m�i�c�a�l� �s�h�i�f�t�s� �w�e�r�e� �r�e�f�e�r�e�n�c�e�d� �t�o� �t�h�e� �a�r�o�m�a�t�i�c� �s�i�g�n�a�l� �o�f� �h�e�x�a�m�e�t�h�y�l� �b�e�n�z�e�n�e� �(�3�8�.�5�6� 

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

�p�l�e�s� �(�3�0� �-� �8�0� �m�g�)� �w�e�r�e� �p�a�c�k�e�d� �i�n�t�o� �f�u�s�e�d� �a�l�u�m�i�n�a� �c�y�l�i�n�d�r�i�c�a�l� �r�o�t�o�r�s� �a�n�d� �s�p�u�n� �a�t� �s�p�e�e�d�s� 

�i�n� �e�x�c�e�s�s� �o�f� �4� �k�H�z�.� �W�h�e�n� �t�h�e� �s�a�m�p�l�e� �q�u�a�n�t�i�t�y� �w�a�s� �l�o�w�,� �c�h�r�o�m�a�t�o�g�r�a�p�h�i�c� �s�i�l�i�c�a� �g�e�l� �w�a�s� 

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

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

�w�i�n�d�o�w� �o�f� �1�7� �k�H�z�.� �N�o� �s�p�i�n�n�i�n�g� �s�i�d�e� �b�a�n�d� �s�u�p�p�r�e�s�s�i�o�n� �w�a�s� �u�s�e�d� �[�1�1�6�]�.� 

�P�r�i�o�r� �t�o� �u�s�e�,� �s�o�l�v�e�n�t�s� �a�n�d� �r�e�a�g�e�n�t�s� �w�e�r�e� �r�e�d�i�s�t�i�l�l�e�d� �o�r� �r�e�c�r�y�s�t�a�l�l�i�z�e�d�.� �!�*�C�-�e�n�r�i�c�h�e�d� �c�o�m�-� 

�p�o�u�n�d�s� �(�{�1�,�3�-�1�?�C�2�]�-� �a�n�d� �[�2�-�'�3�C�]� �m�a�l�o�n�i�c� �a�c�i�d�,� �a�n�d� �[�1�-�!�3�C�]�-�,� �[�2�-�!�3�C�]�-� �a�n�d� �[�3�-�!�°�C�]� 

�p�h�e�n�y�l�a�l�a�n�i�n�e�,� �7�a�-�c�)� �w�e�r�e� �p�u�r�c�h�a�s�e�d� �f�r�o�m� �M�S�D� �I�s�o�t�o�p�e�s�,� �M�o�n�t�r�e�a�l�,� �C�a�n�a�d�a�.� �[�2�-�!�4�C�]� 

�F�e�r�u�l�i�c� �a�c�i�d� �(�3�0 ��)� �w�a�s� �p�r�e�v�i�o�u�s�l�y� �p�r�e�p�a�r�e�d� �i�n� �o�u�r� �l�a�b�o�r�a�t�o�r�y� �b�y� �D�r�.� �K�.�P�.� �D�h�a�r�a�.� 

�[�1�-�!�3�C�]�-�,� �[�2�-�1�3�C�]�,� �a�n�d� �[�3�-�!�3�C�]� �C�o�n�i�f�e�r�y�l� �a�l�c�o�h�o�l�s� �(�4�a�-�c�)� �w�e�r�e� �p�r�e�p�a�r�e�d� �i�n� �o�u�r� �l�a�b�o�r�a�t�o�r�y� 

�b�y� �D�r�.� �T�.� �P�i�c�c�a�r�i�e�l�l�o�.� 

�E�X�P�E�R�I�M�E�N�T�A�L� �$�1



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

�U�n�i�v�e�r�s�i�t�y� �o�f� �H�a�w�a�i�i� �(�3�1�9�0� �M�a�i�l�e� �W�a�y�,� �H�o�n�o�l�u�l�u�,� �H�I� �9�6�8�2�2�)�.� �L�i�g�n�i�n� �p�e�r�o�x�i�d�a�s�e� �f�r�o�m� 

�P�h�a�n�e�r�o�c�h�a�e�t�e� �c�h�r�y�s�o�s�p�o�r�i�u�m� �A�T�C�C� �3�4�5�4�1� �w�a�s� �g�e�n�e�r�o�u�s�l�y� �p�r�o�v�i�d�e�d� �b�y� �D�r�.� �M�a�t�t�i� �S�.� �A�.� 

�L�e�i�s�o�l�a� �o�f� �t�h�e� �F�i�n�n�i�s�h� �S�u�g�a�r� �C�o�.� �(�K�a�n�t�v�i�k�,� �F�i�n�l�a�n�d�)�.� �P�r�o�t�e�i�n� �(�5� �m�g� �m�L�~�'�)� �i�n� �t�h�e� �p�r�e�p�-� 

�a�r�a�t�i�o�n� �w�a�s� �d�i�s�s�o�l�v�e�d� �i�n� �s�o�d�i�u�m� �a�c�e�t�a�t�e� �b�u�f�f�e�r� �(�0�.�4� �M�,� �p�H� �6�.�4� �a�t� �4�°�)� �c�o�n�t�a�i�n�i�n�g� �v�e�r�a�t�r�y�l� 

�a�l�c�o�h�o�l� �(�4�5�)� �(�1�0� �m�M�)� �a�s� �a�n� �e�n�z�y�m�e� �s�t�a�b�i�l�i�z�e�r�.� 

�4�.�2�.� �E�x�a�m�i�n�a�t�i�o�n� �o�f� �L�i�g�n�i�n� �S�t�r�u�c�t�u�r�e� �i�n� �s�i�t�u� �b�y� �S�o�l�i�d�-�s�t�a�t�e� 

�1�3�C� �N�M�R� �S�p�e�c�t�r�o�s�c�o�p�y� 

�4�.�2�.�1� �C�o�n�s�t�r�u�c�t�i�o�n� �o�f� �a�n� �a�s�e�p�t�i�c�,� �h�y�d�r�o�p�o�n�i�c� �s�y�s�t�e�m� �f�o�r� �a�d�m�i�n�i�s�t�e�r�i�n�g� 

�p�r�e�c�u�r�s�o�r� 

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

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

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

�m�a�d�e� �o�f� �9�.�5� �m�m� �p�l�y�w�o�o�d� �a�n�d� �w�a�s� �d�e�s�i�g�n�e�d� �w�i�t�h� �a� �f�r�o�n�t� �(�m�i�d�d�l�e� �l�e�v�e�l�)� �p�l�a�t�f�o�r�m� �o�n� �w�h�i�c�h� 

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

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

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

�T�h�e� �c�u�l�t�u�r�i�n�g� �c�h�a�m�b�e�r� �w�a�s� �c�o�n�s�t�r�u�c�t�e�d� �f�r�o�m� �a� �2�-�q�u�a�r�t� �M�a�s�o�n� �(�T�h�o�m�a�s� �S�c�i�e�n�t�i�f�i�c�)� �g�l�a�s�s� 

�j�a�r�,� �c�o�n�t�a�i�n�i�n�g� �a� �1�2�5�-�m�L� �p�o�l�y�p�r�o�p�y�l�e�n�e� �(�N�a�l�g�e�n�e�)� �m�e�d�i�a� �j�a�r�.� �T�h�e� �m�e�d�i�a� �j�a�r� �w�a�s� �s�e�c�u�r�e�d� 

�E�X�P�E�R�I�M�E�N�T�A�L� �5�2
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�F�i�g�u�r�e� �6�.� �H�y�d�r�o�p�o�n�i�c� �u�n�i�t� �f�o�r� �t�h�e� �c�u�l�t�u�r�e� �o�f� �L�.� �/�e�u�c�o�c�e�p�h�a�l�a� 

�E�X�P�E�R�I�M�E�N�T�A�L



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

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

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

�m�o�d�a�t�e� �T�e�f�l�o�n� �t�u�b�i�n�g� �(�6�.�4� �m�m� �o�u�t�e�r� �d�i�a�m�e�t�e�r� �[�O�D�]� �x� �1�.�2� �m�m� �w�a�l�l� �t�h�i�c�k�n�e�s�s� �[�W�T�]�)� �f�o�r� 

�(�1�)� �a�e�r�a�t�i�o�n�,� �(�2�)� �w�a�t�e�r�i�n�g�,� �(�3�)� �v�e�n�t�i�n�g�,� �a�n�d� �(�4�)� �i�n�t�r�o�d�u�c�t�i�o�n� �o�f� �f�r�e�s�h�,� �s�t�e�r�i�l�e� �m�e�d�i�a� �(�4�.�8� 

�m�m� �O�D� �x� �0�.�8� �m�m� �W�T�)�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e� �e�n�d� �o�f� �t�h�e� �a�e�r�a�t�i�o�n� �t�u�b�i�n�g� �s�u�b�m�e�r�g�e�d� �i�n� �t�h�e� 

�c�u�l�t�u�r�e� �m�e�d�i�u�m� �w�a�s� �s�e�a�l�e�d� �b�y� �h�e�a�t�i�n�g�,� �a�n�d� �s�l�i�t�s�,� �0�.�5� �-� �1� �c�m� �l�o�n�g�,� �w�e�r�e� �m�a�d�e� �w�i�t�h� �a� �s�u�r�-� 

�g�i�c�a�l� �b�l�a�d�e� �(�N�o�.� �2�3�,� �M�i�l�t�e�x�,� �K�a�i�,� �J�a�p�a�n�)� �o�n� �t�h�e� �s�a�m�e� �e�n�d� �f�o�r� �a�e�r�a�t�i�o�n�.� �T�h�i�s� �e�n�d� �o�f� �t�h�e� 

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

�W�a�t�e�r� �s�u�p�p�l�y� �a�n�d� �w�a�s�t�e� �m�e�d�i�a� �j�a�r�s� �w�e�r�e� �1� �L� �p�o�l�y�p�r�o�p�y�l�e�n�e� �M�a�s�o�n� �j�a�r�s� �(�N�a�l�g�e�n�e�)� 

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

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

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

�e�r�e�d� �w�i�t�h� �a� �N�o�.� �4� �s�i�l�i�c�o�n�e� �s�t�o�p�p�e�r� �(�T�h�o�m�a�s�)� �t�h�r�o�u�g�h� �w�h�i�c�h� �t�w�o� �4�.�8� �m�m� �d�i�a�m�e�t�e�r�-�h�o�l�e�s� 

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

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

�F�o�r� �a�e�r�a�t�i�o�n�,� �a� �W�h�i�s�p�e�r� �5�0�0� �a�q�u�a�r�i�u�m� �a�i�r� �p�u�m�p� �(�W�i�l�l�i�n�g�e�r� �B�r�o�s�.�,� �I�n�c�.�,� �E�n�g�l�e�w�o�o�d�,� �N�J�)� 

�w�a�s� �c�o�n�n�e�c�t�e�d�,� �t�h�e� �a�i�r� �f�r�o�m� �w�h�i�c�h� �w�a�s� �f�i�l�t�e�r�e�d� �w�i�t�h� �M�i�l�l�e�x�-�F�G�s�o� �f�i�l�t�e�r�s� �(�S�O� �m�m�,� �0�.�2� 

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

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

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

�A�u�t�o�c�l�a�v�a�b�l�e� �p�l�a�s�t�i�c� �(�N�a�l�g�e�n�e�)� �t�u�b�i�n�g� �(�4�.�8� �o�r� �6�.�4� �m�m� �i�n�t�e�r�n�a�l� �d�i�a�m�e�t�e�r� �[�I�D�]� �x� �1�.�6� �m�m� 

�W�T�)� �w�a�s� �u�s�e�d� �t�o� �c�o�n�n�e�c�t� �t�h�e� �d�i�f�f�e�r�e�n�t� �c�o�m�p�o�n�e�n�t�s� �o�f� �t�h�e� �s�y�s�t�e�m�.� �A� �3�-�w�a�y�,� 

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

�E�X�P�E�R�I�M�E�N�T�A�L� �5�4



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

�d�e�p�e�n�d�e�n�t� �w�a�t�e�r�i�n�g� �a�n�d� �m�e�d�i�a� �e�x�c�h�a�n�g�e�.� �P�o�l�y�p�r�o�p�y�l�e�n�e� �r�e�d�u�c�i�n�g� �c�o�n�n�e�c�t�o�r�s�,� �(�5� �m�m� �x� 

�6� �m�m� �t�u�b�i�n�g� �I�D�,� �C�o�l�e� �P�a�r�m�e�r�,� �C�h�i�c�a�g�o�,� �I�L�)� �w�e�r�e� �u�s�e�d� �t�o� �c�o�n�n�e�c�t� �t�u�b�i�n�g� �b�e�t�w�e�e�n� �t�h�e� 

�p�u�m�p� �a�i�r� �f�i�l�t�e�r� �t�o� �t�h�e� �c�u�l�t�u�r�e� �c�h�a�m�b�e�r�,� �t�h�e� �w�a�t�e�r� �s�u�p�p�l�y� �j�a�r� �t�o� �t�h�e� �3�-�w�a�y� �s�t�o�p�c�o�c�k�,� �a�n�d� 

�t�h�e� �3�-�w�a�y� �s�t�o�p�c�o�c�k� �t�o� �t�h�e� �s�a�m�p�l�i�n�g� �j�a�r�.� �P�o�l�y�p�r�o�p�y�l�e�n�e� �T� �c�o�n�n�e�c�t�o�r�s� �(�4�.�8� �m�m�,� �N�a�l�g�e�n�e�)� 

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

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

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

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

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

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

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

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

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

�a�l�r�e�a�d�y� �f�i�l�l�e�d� �t�h�r�e�e�-�f�o�u�r�t�h ��s� �f�u�l�l� �o�f� �w�a�t�e�r� �(�~�7�5�0� �m�L�)� �a�t� �t�h�e� �t�i�m�e� �i�t� �w�a�s� �a�u�t�o�c�l�a�v�e�d� �t�o� 

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

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

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

�6�0�-�m�l� �B�e�c�t�o�n�-�D�i�c�k�i�n�s�o�n� �(�B�D�)� �s�y�r�i�n�g�e� �(�R�u�t�h�e�r�f�o�r�d�,� �N�J�)�.� �T�h�e� �m�e�d�i�a� �w�a�s� �i�n�t�r�o�d�u�c�e�d� �i�n�t�o� 

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

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

�o�f� �a�l�u�m�i�n�u�m� �f�o�i�l� �w�a�s� �s�p�r�a�y�e�d� �w�i�t�h� �7�0�%� �e�t�h�a�n�o�l�,� �f�l�a�m�e�d�,� �a�n�d� �u�s�e�d� �t�o� �c�o�v�e�r� �t�h�e� �f�i�l�t�e�r� 

�u�n�i�t�.� 

�E�X�P�E�R�I�M�E�N�T�A�L� �5�5



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

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

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

�m�e�d�i�a� �w�a�s� �e�x�e�c�u�t�e�d� �b�y� �i�n�s�e�r�t�i�n�g� �a� �s�t�e�r�i�l�e� �B�D� �n�e�e�d�l�e� �(�2�3�G� �T�W�)�,� �a�t�t�a�c�h�e�d� �t�o� �a� �s�t�e�r�i�l�e� �B�D� 

�s�y�r�i�n�g�e� �(�3� �m�L�)�,� �t�h�r�o�u�g�h� �t�h�e� �s�i�l�i�c�o�n�e� �s�t�o�p�p�e�r�,� �w�i�t�h� �w�h�i�c�h� �1�-�2� �m�L� �m�e�d�i�a� �v�o�l�u�m�e�s� �w�e�r�e� 

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

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

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

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

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

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

�4�.�2�.�2� �P�r�e�p�a�r�a�t�i�o�n� �o�f� �p�l�a�n�t� �m�a�t�e�r�i�a�l� 

�L�e�u�c�a�e�n�a� �l�e�u�c�o�c�e�p�h�a�l�a� �s�e�e�d�s� �{�K�2�9� �v�a�r�i�e�t�y�,� �U�n�i�v�e�r�s�i�t�y� �o�f� �H�a�w�a�i�i�)� �w�e�r�e� �w�a�s�h�e�d� �w�i�t�h� 

�E�t�O�H�:�H�2�0� �(�7�0�:�3�0�)� �f�o�r� �3� �m�i�n�,� �a�n�d� �s�c�a�r�i�f�i�e�d� �b�y� �s�o�a�k�i�n�g� �i�n� �c�o�n�c�e�n�t�r�a�t�e�d� �s�u�l�f�u�r�i�c� �a�c�i�d� 

�(�~�5�0� �m�L�)� �f�o�r� �1�3� �t�o� �1�5� �m�i�n� �u�n�d�e�r� �a� �l�a�m�i�n�a�r� �f�l�o�w� �h�o�o�d�.� �T�h�e� �a�c�i�d� �w�a�s� �r�e�m�o�v�e�d� �b�y� �s�u�c�-� 

�c�e�s�s�i�v�e� �w�a�s�h�i�n�g�s� �w�i�t�h� �s�t�e�r�i�l�e� �d�i�s�t�i�l�l�e�d� �w�a�t�e�r� �(�7� �x� �6�0� �m�L�)�.� �S�c�a�r�i�f�i�e�d� �s�e�e�d�s� �w�e�r�e� �t�h�e�n� �i�n�d�i�-� 

�v�i�d�u�a�l�l�y� �t�r�a�n�s�f�e�r�r�e�d� �t�o� �s�t�e�r�i�l�e� �p�e�t�r�i� �d�i�s�h�e�s� �(�1�0�0� �x� �1�5� �m�m�)� �c�o�a�t�e�d� �i�n�s�i�d�e� �w�i�t�h� �p�o�t�a�t�o� 

�d�e�x�t�r�o�s�e� �a�g�a�r�,� �P�D�A�,� �(�D�i�f�c�o� �L�a�b�o�r�a�t�o�r�i�e�s�,� �D�e�t�r�o�i�t�,� �M�I�)� �u�n�d�e�r� �a�s�e�p�t�i�c� �c�o�n�d�i�t�i�o�n�s�.� �P�D�A� 

�p�l�a�t�e�s� �w�e�r�e� �p�r�e�p�a�r�e�d� �a�s� �f�o�l�l�o�w�s�:� �D�e�h�y�d�r�a�t�e�d� �P�D�A� �(�3�9� �g�)� �w�a�s� �w�e�i�g�h�e�d� �a�n�d� �s�u�s�p�e�n�d�e�d� �i�n� 

�d�i�s�t�i�l�l�e�d�,� �d�e�i�o�n�i�z�e�d� �w�a�t�e�r� �(�1� �L�)� �i�n� �a�n� �E�r�l�e�n�m�e�y�e�r� �f�l�a�s�k� �(�2� �L�)�.� �T�h�e� �s�u�s�p�e�n�s�i�o�n� �w�a�s� �h�e�a�t�e�d� 

�t�o� �b�o�i�l�i�n�g� �u�n�t�i�l� �d�i�s�s�o�l�u�t�i�o�n� �w�a�s� �c�o�m�p�l�e�t�e�.� �P�o�r�t�i�o�n�s� �(�5�0�0� �m�L�)� �o�f� �t�h�e� �h�e�a�t�e�d� �s�u�s�p�e�n�s�i�o�n� 

�w�e�r�e� �d�i�s�p�e�n�s�e�d� �i�n�t�o� �E�r�l�e�n�m�e�y�e�r� �f�l�a�s�k�s� �(�1� �L�)�,� �a�n�d� �s�u�b�s�e�q�u�e�n�t�l�y� �s�t�e�r�i�l�i�z�e�d� �i�n� �a�n� �a�u�t�o�c�l�a�v�e� 
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�f�o�r� �2�0� �m�i�n� �a�t� �1�2�1�°�.� �T�h�e� �m�e�d�i�u�m� �w�a�s� �c�o�o�l�e�d� �t�o� �4�5�-�5�0�°�,� �a�n�d� �t�h�e�n� �a�l�i�q�u�o�t�s� �(�a�b�o�u�t� �1�5� �a�n�d� 

�8� �m�L�,� �r�e�s�p�e�c�t�i�v�e�l�y�)� �w�e�r�e� �d�i�s�p�e�n�s�e�d� �i�n�t�o� �s�t�e�r�i�l�e�,� �d�i�s�p�o�s�a�b�l�e� �p�e�t�r�i� �d�i�s�h�e�s� �(�1�0�0� �x� �1�5� �m�m� �f�o�r� 

�g�e�r�m�i�n�a�t�i�n�g� �s�e�e�d�s�,� �a�n�d� �6�0� �x� �1�5� �m�m� �f�o�r� �c�o�n�t�a�m�i�n�a�t�i�o�n� �t�e�s�t�s�)�.� 

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

�a� �g�r�o�w�t�h� �c�h�a�m�b�e�r� �(�1�6�h� �d�a�y� �a�t� �2�5�°�,� �8�h� �n�i�g�h�t� �a�t� �1�9�°� �c�y�c�l�e�)� �f�o�r� �1�0� �t�o� �1�4� �d�a�y�s�.� �W�h�e�n� �t�h�e� 

�c�o�t�y�l�e�d�o�n�s� �w�e�r�e� �f�u�l�l�y� �e�x�p�a�n�d�e�d� �(�i�.�e�.�,� �t�h�e� �c�o�t�y�l�e�d�o�n�s� �w�e�r�e� �s�p�r�e�a�d� �o�p�e�n� �a�t� �a�b�o�u�t� �a� �9�0�°� 

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

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

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

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

�4�.�2�.�3� �P�r�e�p�a�r�a�t�i�o�n� �o�f� �n�u�t�r�i�e�n�t� �m�e�d�i�a� 

�M�o�d�i�f�i�e�d� �H�o�a�g�l�a�n�d ��s� �m�e�d�i�u�m� �[�2�]� �w�a�s� �p�r�e�p�a�r�e�d� �f�r�o�m� �s�t�o�c�k� �s�o�l�u�t�i�o�n�s� �a�s� �s�h�o�w�n� �(�T�a�b�l�e� 

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

�s�o�l�u�t�i�o�n� �(�1�0�0� �m�L�)�,� �m�i�c�r�o�n�u�t�r�i�e�n�t� �s�o�l�u�t�i�o�n� �(�1� �m�L�)� �a�n�d� �N�a�,�F�e�-�E�D�T�A� �s�o�l�u�t�i�o�n� �(�1� �m�L�)� 

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

�i�n� �a� �b�e�a�k�e�r� �(�1� �L�)�.� �T�h�e� �s�o�l�u�t�i�o�n� �w�a�s� �f�i�r�s�t� �a�d�j�u�s�t�e�d� �t�o� �p�H� �5�.�9� �b�y� �d�r�o�p�w�i�s�e� �a�d�d�i�t�i�o�n� �o�f� �0�.�1�M� 

�K�O�H�,� �a�n�d� �t�h�e�n� �m�a�d�e� �u�p� �i�n� �a� �v�o�l�u�m�e�t�r�i�c� �f�l�a�s�k� �(�1� �L�)� �w�i�t�h� �d�i�s�t�i�l�l�e�d�,� �d�e�i�o�n�i�z�e�d� �w�a�t�e�r�.� �T�h�i�s� 

�i�s� �d�e�f�i�n�e�d�_�a�s� �f�u�l�l�-�s�t�r�e�n�g�t�h� �H�o�a�g�l�a�n�d ��s� �m�e�d�i�u�m�.� �A�l�i�q�u�o�t�s� �(�1�3�0� �m�L�)� �o�f� �t�h�e� �p�r�e�p�a�r�e�d� �m�e�-� 

�d�i�u�m� �w�e�r�e� �d�i�s�p�e�n�s�e�d� �i�n�t�o� �E�r�l�e�n�m�e�y�e�r� �f�l�a�s�k�s� �(�2�5�0� �m�L�)� �a�n�d� �c�o�v�e�r�e�d� �w�i�t�h� �t�w�o� �l�a�y�e�r�s� �o�f� 

�a�l�u�m�i�n�u�m� �f�o�i�l� �a�n�d� �a�u�t�o�c�l�a�v�e�d� �f�o�r� �2�1� �m�i�n� �a�t� �1�2�1�°�.� �A�s� �r�e�q�u�i�r�e�d�,� �p�r�e�c�u�r�s�o�r�s� �(�n�a�t�u�r�a�l� 

�a�b�u�n�d�a�n�c�e�,� �r�a�d�i�o�-�l�a�b�e�l�l�e�d�,� �a�n�d� �s�t�a�b�l�e� �i�s�o�t�o�p�e�-�l�a�b�e�l�l�e�d� �f�e�r�u�l�i�c� �a�c�i�d�,� �3�0� �o�r� �p�h�e�n�y�l�a�l�a�n�i�n�e�,� 

�7�)� �w�e�r�e� �f�i�l�t�e�r�-�s�t�e�r�i�l�i�z�e�d� �(�0�.�2�2� �u�m�,� �M�i�l�l�e�x�-�G�V� �f�i�l�t�e�r� �u�n�i�t�,� �M�i�l�l�i�p�o�r�e�)� �a�n�d� �a�d�d�e�d� �t�o� �t�h�e� �m�e�d�i�a� 
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�T�a�b�l�e� �1�.� �C�o�m�p�o�s�i�t�i�o�n� �o�f� �s�t�o�c�k� �s�o�l�u�t�i�o�n�s� �a�n�d� �f�i�n�a�l� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �m�o�d�i�f�i�e�d� �H�o�a�g�l�a�n�d ��s� �m�e�d�i�a�.� 

� � 

�S�t�o�c�k� �C�o�m�p�o�n�e�n�t�s� �F�i�n�a�l� �S�t�o�c�k� �W�e�i�g�h�t� �p�e�r� 
�N�o�.� �C�o�n�c�e�n�t�r�a�t�i�o�n� �C�o�n�c�e�n�t�r�a�t�i�o�n� �l�i�t�e�r� �o�f� 

�i�n� �m�e�d�i�u�m� �s�t�o�c�k� �s�o�l�u�t�i�o�n� 
�(�m�M�)� �(�g�)� 

�M�a�c�r�o�n�u�t�r�i�e�n�t�s� 

�1� �N�H�4�H�2�P�O�,�4� �1� �1�0�X� �1�.�1�5� 
�K�N�O�3� �6� �6�.�0�7� 

�M�g�S�O�,� �2� �2�.�4�1� 

�2� � �C�a�(�N�O�3�)�>�.�4�H�2�0� �4� �1�0�X� �9�.�4�5� 
�(�p�r�e�p�a�r�e�d� �s�e�p�a�r�a�t�e�l�y� �t�o� �p�r�e�v�e�n�t� �p�r�e�c�i�p�i�t�a�t�i�o�n�)� 

�3�.� �H�3�B�0�3� �0�.�0�4�9�6� �1�0�0�0�X� �2�.�8�6� 
�M�n�C�l�1�>�.�4�H�2�0� �0�.�0�0�9�1� �1�.�8�1� 
�Z�n�S�O�4�.�7�H�2�0� �0�.�0�0�0�7�6�5� �0�.�2�2� 
�C�u�S�O�4�.�5�H�3�0� �0�.�0�0�0�3�2� �0�.�0�8� 
�N�a� �M�o�0�,� �.� �2�H�2�0� �0�.�0�0�0�1� �0�.�0�2�4� 

�4� �N�a�,� �F�e�-�E�D�T�A� �0�.�0�2�4�5� �1�0�0�0�X� �9�.�8�8� 

�E�X�P�E�R�I�M�E�N�T�A�L



�t�o� �g�i�v�e� �~�0�.�1�7�5� �m�M� �c�o�n�c�e�n�t�r�a�t�i�o�n�.� �F�o�r� �e�a�c�h� �p�l�a�n�t�,� �a�l�i�q�u�o�t�s� �(�1�-�2� �m�L�)� �f�r�o�m� �b�o�t�h� �f�r�e�s�h� 

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

�t�e�s�t� �f�o�r� �b�i�o�l�o�g�i�c�a�l� �c�o�n�t�a�m�i�n�a�t�i�o�n�,� �m�o�n�i�t�o�r�i�n�g� �p�r�e�c�u�r�s�o�r� �c�o�n�c�e�n�t�r�a�t�i�o�n�,� �a�n�d� �'�*�C� �c�o�n�t�e�n�t� 

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

�4�.�2�.�4� �P�l�a�n�t� �g�r�o�w�t�h� 

�S�e�e�d�l�i�n�g�s� �w�e�r�e� �c�a�r�e�f�u�l�l�y� �t�r�a�n�s�f�e�r�r�e�d� �i�n�t�o� �t�h�e� �h�y�d�r�o�p�o�n�i�c� �u�n�i�t� �(�3� �p�l�a�n�t�s� �p�e�r� �u�n�i�t�)� �u�n�d�e�r� 

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

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

�(�2�5�°�)� �a�n�d� �8�h�-�n�i�g�h�t� �(�1�9�°�)� �c�y�c�l�e�.� �L�i�g�h�t� �i�n�t�e�n�s�i�t�y� �i�n� �t�h�e� �g�r�o�w�t�h� �c�h�a�m�b�e�r� �r�a�n�g�e�d� �f�r�o�m� �3�0�0� 

�t�o� �5�8�0� �w�E�i�n�s�t�e�i�n� �m�~�*�s�e�c!"�}�.� �O�n� �t�h�e� �f�i�r�s�t� �w�e�e�k� �o�f� �p�l�a�n�t� �g�r�o�w�t�h�,� �o�n�e�-�t�e�n�t�h� �s�t�r�e�n�g�t�h� �n�u�-� 

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

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

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

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

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

�E�X�P�E�R�I�M�E�N�T�A�L� �3�9



�4�.�2�.�5� �I�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �[�2�-�'�*�C�]� �f�e�r�u�l�i�c� �a�c�i�d� �(�3�0 ��)� �i�n�t�o� �L�e�u�c�a�e�n�a� �l�e�u�c�o�c�e�p�h�a�l�a� 

�r�o�o�t� �t�i�s�s�u�e� 

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

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

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

�A� �s�t�o�c�k� �s�o�l�u�t�i�o�n� �o�f� �[�2�-�1�4�C�]� �f�e�r�u�l�i�c� �a�c�i�d�,� �3�0 �� �(�1�4�0� �m�g�,� �4�.�5�7� �x� �1�0�°� �d�p�m� �m�g�~�'�)� �w�a�s� �p�r�e�p�a�r�e�d� 

�a�s� �f�o�l�l�o�w�s�:� �n�a�t�u�r�a�l� �a�b�u�n�d�a�n�c�e� �f�e�r�u�l�i�c� �a�c�i�d� �(�3�0�)� �(�8�8�.�4�9� �m�g�,� �0�.�4�6� �m�m�o�l�)� �w�a�s� �c�o�m�b�i�n�e�d� 

�w�i�t�h� �[�2�-�!�4�C�]� �f�e�r�u�l�i�c� �a�c�i�d� �(�3�0 ��)� �(�5�1�.�5�6� �m�g�,� �0�.�2�7� �m�m�o�l�,� �1�.�2�4� �x� �1�0�®� �d�p�m� �m�g!"�!� �)� �a�n�d� �d�i�s�-� 

�s�o�l�v�e�d� �i�n� �m�e�t�h�a�n�o�l� �(�2�.�7� �m�L�)� �i�n� �a�n� �E�r�l�e�n�m�e�y�e�r� �f�l�a�s�k� �(�2�5� �m�L�)�.� �W�i�t�h� �t�h�e� �u�s�e� �o�f� �a�n� 

�E�p�p�e�n�d�o�r�f� �m�i�c�r�o�p�i�p�e�t�t�o�r�,� �a�l�i�q�u�o�t�s� �(�3� �m�L�)� �w�e�r�e� �d�i�s�p�e�n�s�e�d� �i�n�t�o� �i�n�d�i�v�i�d�u�a�l� �v�i�a�l�s� �(�4� �m�L�)�,� 

�s�o� �t�h�a�t� �e�a�c�h� �v�i�a�l� �c�o�n�t�a�i�n�e�d� �1�5�.�5�6� �m�g� �o�f� �f�e�r�u�l�i�c� �a�c�i�d� �(�t�o�t�a�l� �a�c�t�i�v�i�t�y� �p�e�r� �v�i�a�l� �=� �7�.�1�1� �x� �1�0�°� 

�d�p�m�)�,� �s�u�f�f�i�c�i�e�n�t� �f�o�r� �t�h�e� �w�e�e�k�l�y� �p�r�e�c�u�r�s�o�r� �r�e�q�u�i�r�e�m�e�n�t� �o�f� �o�n�e� �h�y�d�r�o�p�o�n�i�c� �u�n�i�t� �(�3� �p�l�a�n�t�s�)�.� 

�C�O�O�H� 

�e� 

�O�C�H�g� 

�O�H� 

�(�3�0 ��)� 

�=� �1�4�C� 

�T�h�e� �v�i�a�l�s� �c�o�n�t�a�i�n�i�n�g� �t�h�e� �f�e�r�u�l�i�c� �a�c�i�d� �(�3�0 ��)� �s�o�l�u�t�i�o�n� �w�e�r�e� �l�o�o�s�e�l�y� �c�a�p�p�e�d� �a�n�d� �p�l�a�c�e�d� �i�n�s�i�d�e� 

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

�d�u�c�e�d� �p�r�e�s�s�u�r�e�.� �T�h�e� �v�i�a�l�s� �w�e�r�e� �t�h�e�n� �s�e�a�l�e�d� �a�n�d� �s�t�o�r�e�d� �a�t� �-�4�°� �u�n�t�i�l� �r�e�q�u�i�r�e�d�.� �E�a�c�h� �t�i�m�e� 

�a� �m�e�d�i�a� �e�x�c�h�a�n�g�e� �w�a�s� �c�a�r�r�i�e�d� �o�u�t�,� �a� �v�i�a�l� �c�o�n�t�a�i�n�i�n�g� �t�h�e� �f�e�r�u�l�i�c� �a�c�i�d� �(�3�0 ��)� �w�a�s� �u�s�e�d� �a�s� 

�d�e�s�c�r�i�b�e�d� �b�e�l�o�w�.� 

�E�X�P�E�R�I�M�E�N�T�A�L� �6�0



�F�r�e�s�h�l�y�-�p�r�e�p�a�r�e�d�,� �N�H�4�O�H� �s�o�l�u�t�i�o�n� �(�5�5�0� �p�L�,� �0�.�2� �N�)� �w�a�s� �p�i�p�e�t�t�e�d� �i�n�t�o� �t�h�e� �v�i�a�l� �c�o�n�t�a�i�n�i�n�g� 

�r�a�d�i�o�-�l�a�b�e�l�l�e�d� �f�e�r�u�l�i�c� �a�c�i�d� �(�3�0�)�,� �a�n�d� �e�a�c�h� �v�i�a�l� �w�a�r�m�e�d� �t�o� �4�0�-�5�0�°� �i�n� �a� �w�a�t�e�r� �b�a�t�h� �u�n�t�i�l� 

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

�t�o� �a� �s�t�e�r�i�l�e�,� �d�i�s�p�o�s�a�b�l�e� �B�D� �s�y�r�i�n�g�e� �(�3� �m�L�)� �c�o�n�t�a�i�n�i�n�g� �a� �s�t�e�r�i�l�e� �f�i�l�t�e�r� �a�t�t�a�c�h�m�e�n�t� �(�0�.�2�2� 

�u�m�,� �M�i�l�l�e�x�-�G�V�,� �M�i�l�l�i�p�o�r�e�)�,� �a�n�d� �f�i�l�t�e�r�-�s�t�e�r�i�l�i�z�e�d� �i�n�t�o� �a� �s�t�e�r�i�l�e� �v�i�a�l� �(�2�0� �m�L�)� �i�n� �a� �l�a�m�i�n�a�r� 

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

�E�p�p�e�n�d�o�r�f� �m�i�c�r�o�p�i�p�e�t�t�o�r� �e�q�u�i�p�p�e�d� �w�i�t�h� �a� �s�t�e�r�i�l�e� �p�i�p�e�t� �t�i�p�.� �A�l�i�q�u�o�t�s� �(�1�5�0� �u�L�,� �~�1�.�9�4� �x� 

�1�0�°� �d�p�m�)� �w�e�r�e� �d�i�s�p�e�n�s�e�d� �i�n�t�o� �E�r�l�e�n�m�e�y�e�r� �f�l�a�s�k�s� �(�2�5�0� �m�L�)� �c�o�n�t�a�i�n�i�n�g� �t�h�e� �s�t�e�r�i�l�i�z�e�d� 

�H�o�a�g�l�a�n�d ��s� �m�e�d�i�a� �(�~�1�2�5� �m�L�)�.� 

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

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

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

�[�2�-�'�4�C�]� �f�e�r�u�l�i�c� �a�c�i�d� �(�3�0 ��)� �a�s� �b�e�f�o�r�e�.� �D�u�r�i�n�g� �e�a�c�h� �m�e�d�i�a� �e�x�c�h�a�n�g�e�,� �a�l�i�q�u�o�t�s� �(�1�-�2� �m�L�)� �w�e�r�e� 

�t�a�k�e�n� �f�r�o�m� �o�l�d� �a�n�d� �n�e�w� �m�e�d�i�a�,� �p�o�r�t�i�o�n�s� �o�f� �w�h�i�c�h� �w�e�r�e� �a�n�a�l�y�z�e�d� �f�o�r� �f�e�r�u�l�i�c� �a�c�i�d� �(�3�0�)� 

�c�o�n�t�e�n�t� �b�y� �H�P�L�C�,� �b�i�o�l�o�g�i�c�a�l� �c�o�n�t�a�m�i�n�a�t�i�o�n� �a�n�d� �t�o�t�a�l� �r�a�d�i�o�a�c�t�i�v�i�t�y�.� �I�n� �t�h�e� �l�a�t�t�e�r� �c�a�s�e�,� 

�t�w�o� �a�l�i�q�u�o�t�s� �(�5�0�0� �n�L�)� �w�e�r�e� �d�i�s�p�e�n�s�e�d� �i�n�t�o� �s�c�i�n�t�i�l�l�a�t�i�o�n� �v�i�a�l�s� �(�2�0� �m�L�)� �c�o�n�t�a�i�n�i�n�g� �1�0� �m�L� 

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

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

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

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

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

�w�i�t�h� �f�o�r�c�e�p�s�.� �E�a�c�h� �p�l�a�n�t� �w�a�s� �t�h�e�n� �t�r�a�n�s�f�e�r�r�e�d� �t�o� �a� �b�e�a�k�e�r� �(�2�5�0� �m�L�)� �c�o�n�t�a�i�n�i�n�g� �d�i�s�t�i�l�l�e�d� 

�w�a�t�e�r� �(�~�1�0�0� �m�L�)� �t�o� �w�a�s�h� �r�o�o�t� �t�i�s�s�u�e�.� �T�h�e� �w�h�o�l�e� �p�l�a�n�t� �w�a�s� �n�e�x�t� �c�o�p�i�o�u�s�l�y� �w�a�s�h�e�d� �w�i�t�h� 
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�d�i�s�t�i�l�l�e�d� �w�a�t�e�r�,� �a�f�t�e�r� �w�h�i�c�h� �e�x�c�e�s�s� �w�a�t�e�r� �w�a�s� �s�h�a�k�e�n� �o�f�f� �t�h�e� �p�l�a�n�t�,� �a�n�d� �i�t�s� �f�r�e�s�h� �w�e�i�g�h�t� 

�d�e�t�e�r�m�i�n�e�d�.� 

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

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

�f�r�o�m� �t�h�e� �r�a�c�h�i�s�,� �t�h�e� �t�i�s�s�u�e� �w�a�s� �i�m�m�e�r�s�e�d� �i�n� �c�o�l�d� �w�a�t�e�r� �i�n� �a� �g�l�a�s�s� �p�e�t�r�i� �d�i�s�h� �(�1�0�0� �x� �1�5� 

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

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

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

�e�x�t�r�a�c�t�i�o�n� �t�h�i�m�b�l�e�s� �(�1�0� �m�m� �i�n�t�e�r�n�a�l� �d�i�a�m�e�t�e�r� �[�I�D�]� �x� �5�0� �m�m� �l�e�n�g�t�h�)� �a�n�d� �e�x�t�r�a�c�t�e�d� �f�o�r� 

�1�2� �h� �w�i�t�h� �b�e�n�z�e�n�e�/�e�t�h�a�n�o�l� �(�1�6� �m�L�,� �2�.�5�:�1�,� �v�/�v�)� �i�n� �a� �m�i�c�r�o�-�S�o�x�h�l�e�t� �e�x�t�r�a�c�t�i�o�n� �a�p�p�a�r�a�t�u�s� 

�(�A�c�e�-�G�l�a�s�s� �I�n�c�.�,� �V�i�n�e�l�a�n�d�,� �N�J�)�.� �T�h�e� �b�e�n�z�e�n�e�/�e�t�h�a�n�o�l� �e�x�t�r�a�c�t� �w�a�s� �r�e�c�o�v�e�r�e�d� �i�n� �a� �g�r�a�d�u�-� 

�a�t�e�d� �c�y�l�i�n�d�e�r� �(�2�5� �m�L�,� �T�C�)�,� �i�t�s� �t�o�t�a�l� �v�o�l�u�m�e� �r�e�c�o�r�d�e�d�,� �a�n�d� �a�n� �a�l�i�q�u�o�t� �(�5�0�0� �u�L�)� �r�e�m�o�v�e�d� 

�f�o�r� �s�c�i�n�t�i�l�l�a�t�i�o�n� �c�o�u�n�t�i�n�g�.� 

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

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

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

�(�P�a�c�k�a�r�d� �I�n�s�t�r�u�m�e�n�t� �C�o�m�p�a�n�y�,� �I�n�c�.�)� �a�n�d� �o�x�i�d�i�z�e�d� �i�n� �a� �M�o�d�e�l� �B�3�0�6� �T�r�i�-�C�a�r�b� �S�a�m�p�l�e� 

�O�x�i�d�i�z�e�r�.� �T�h�e� �'�*�C�O�2� �g�e�n�e�r�a�t�e�d� �w�a�s� �a�b�s�o�r�b�e�d� �w�i�t�h� �C�a�r�b�o�-�s�o�r�b� �a�n�d� �c�o�l�l�e�c�t�e�d� �i�n� �s�c�i�n�t�i�l�-� 

�l�a�t�i�o�n� �v�i�a�l�s� �(�2�0� �m�L�)�.� �T�h�e�s�e� �v�i�a�l�s� �w�e�r�e� �c�o�u�n�t�e�d� �u�s�i�n�g� �P�e�r�m�a�f�l�u�o�r� �(�P�a�c�k�a�r�d� �I�n�s�t�r�u�m�e�n�t� 

�C�o�m�p�a�n�y�,� �I�n�c�.�)� �a�s� �s�c�i�n�t�i�l�l�a�t�i�o�n� �c�o�c�k�t�a�i�l�.� 
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�4�.�2�.�6� �S�y�n�t�h�e�s�i�s� �o�f� �[�'�°�C�]�-�l�a�b�e�l�l�e�d� �f�e�r�u�l�i�c� �a�c�i�d� �(�3�0�a�-�c�)� 

�a�)� �[�1�-�!�°�C�]� �F�e�r�u�l�i�c� �a�c�i�d� �(�3�0�a�)�:� 

�M�a�l�o�n�i�c� �a�c�i�d�-�[�1�,�3�-�!�3�C�2�]� �(�4�9�)� �(�0�.�5� �g�,� �4�.�8� �m�m�o�l�,� �9�9� �a�t�o�m� �%� �1�7�C�,� �M�S�D� �I�s�o�t�o�p�e�s�,� 

�M�o�n�t�r�e�a�l�,� �C�a�n�a�d�a�)� �a�n�d� �v�a�n�i�l�l�i�n� �(�0�.�7�0�5� �g�,� �4�.�6�4� �m�m�o�l�,� �A�l�d�r�i�c�h�)� �w�e�r�e� �a�d�d�e�d� �t�o� �a� �2�-�n�e�c�k�,� 

�r�o�u�n�d� �b�o�t�t�o�m� �f�l�a�s�k� �(�5�0� �m�L�)� �c�o�n�t�a�i�n�i�n�g� �d�r�y� �r�e�d�i�s�t�i�l�l�e�d� �p�y�r�i�d�i�n�e� �(�7�.�5� �m�L�,� �F�i�s�h�e�r�)�.� �T�w�o� 

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

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

�b�a�t�h� �a�t� �5�5� �+� �2�°�,� �t�h�e� �s�o�l�u�t�i�o�n� �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�.� �T�h�e� �s�o�l�v�e�n�t� �w�a�s� �t�h�e�n� 

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

�v�a�c�u�u�m� �(�0�.�5� �t�o�r�r�)� �b�e�c�a�m�e� �s�o�l�i�d� �(�~�5�0�0� �m�g�)�.� �T�h�e� �s�o�l�i�d� �r�e�s�i�d�u�e� �w�a�s� �d�i�s�s�o�l�v�e�d� �i�n� �g�l�a�c�i�a�l� 

�a�c�e�t�i�c� �a�c�i�d� �(�5� �m�L�)� �b�y� �w�a�r�m�i�n�g� �(�~�7�0�°�)� �i�n� �a� �h�o�t� �w�a�t�e�r� �b�a�t�h�.� �M�o�r�e� �g�l�a�c�i�a�l� �a�c�e�t�i�c� �a�c�i�d� 

�(�~�2� �m�L�)� �w�a�s� �a�d�d�e�d�,� �a�n�d� �t�h�e� �s�o�l�u�t�i�o�n� �w�a�s� �t�r�a�n�s�f�e�r�r�e�d� �t�o� �a�n� �E�r�l�e�n�m�e�y�e�r� �f�l�a�s�k� �(�1�2�5� �m�L�)�.� 

�T�h�e� �r�o�u�n�d� �b�o�t�t�o�m� �f�l�a�s�k� �w�a�s� �s�u�b�s�e�q�u�e�n�t�l�y� �r�i�n�s�e�d� �w�i�t�h� �g�l�a�c�i�a�l� �a�c�e�t�i�c� �a�c�i�d� �(�2� �x� �1� �m�L�)�,� �a�n�d� 

�t�h�e� �w�a�s�h�i�n�g�s� �w�e�r�e� �a�d�d�e�d� �t�o� �t�h�e� �E�r�l�e�n�m�e�y�e�r� �f�l�a�s�k�.� �D�i�s�t�i�l�l�e�d� �w�a�t�e�r� �(�9� �m�L�)� �w�a�s� �a�d�d�e�d� 

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

�[�1�-�!�*�C�]� �F�e�r�u�l�i�c� �a�c�i�d� �(�3�0�a�)� �c�r�y�s�t�a�l�s� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �b�y� �f�i�l�t�r�a�t�i�o�n� �i�n� �a� �B�u�c�h�n�e�r� �f�u�n�n�e�l�,� 

�w�a�s�h�e�d� �w�i�t�h� �i�c�e�-�c�o�l�d� �d�i�s�t�i�l�l�e�d� �w�a�t�e�r� �(�~� �5�0� �m�L�)�,� �t�h�e�n� �r�e�c�r�y�s�t�a�l�l�i�z�e�d� �f�r�o�m� �w�a�t�e�r�,� �t�o� �y�i�e�l�d� 

�w�h�i�t�e� �n�e�e�d�l�e�-�l�i�k�e� �c�r�y�s�t�a�l�s� �(�4�1�9� �m�g�,� �4�5�%� �y�i�e�l�d�;� �m�p� �=� �1�7�3�-�1�7�4�9�,� �l�i�t�.� �m�p� �=� �1�7�4�°�)�;� �M�S� 

�(�m�/�z�)�:� �1�9�5� �(�M�*�,� �1�0�0�%�)�,� �1�8�0� �(�M�*�-�C�H�s�,� �2�2�%�)�,� �7�7� 

�(�M� �*� �+�2�H�,�-�O�H�,�-�O�C�H�3�;�,�-�C�H� �=� �C�H�!�3�C�O�2�H�,� �2�0�%�)�,� �9�9� �a�t�o�m� �%� �}�3�7�C�;� �!�3�C� �N�M�R� 

�[�(�C�D�3�)�2�C�O�]� �6�:� �1�6�8�.�3� �p�p�m�.� 
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�H�O�O�!�S�c�  ��C�H�g ��'�S�C�O�O�H� 

�(�4�9�)� 

�g�s� �C�O�O�H� �C�O�O�H� �C�O�O�H� 

�O�C�H�,� �O�C�H�,� �O�C�H�3� 

�O�H� �O�H� �O�H� 

�(�3�0�a�)� �(�3�0�b�)� �(�3�0�c�)� 
�a�=� �1�3�C� 

�b�)� �[�2�-�!�3�C�]� �F�e�r�u�l�i�c� �a�c�i�d� �(�3�0�b�)�:� 

�[�2�-�!�°�C�]� �F�e�r�u�l�i�c� �a�c�i�d� �(�3�0�b�)� �w�a�s� �p�r�e�p�a�r�e�d� �f�r�o�m� �m�a�l�o�n�i�c� �a�c�i�d�-�[�2�-�!�7�C�]� �(�9�9� �a�t�o�m� �%� �!�3�C�,� 

�M�S�D� �I�s�o�t�o�p�e�s�)� �a�n�d� �v�a�n�i�l�l�i�n� �(�A�l�d�r�i�c�h�)�,� �a�s� �d�e�s�c�r�i�b�e�d� �a�b�o�v�e�.� �M�S� �(�m�/�z�)�:� �1�9�5� �(�M�*�,� �1�0�0�%�)�,� 

�1�8�0� �(�M�*�-�C�H�3�,� �2�2�%�)�,� �1�3�4� �(�M�*� �+�H�,�-�O�H�,�-�C�O�O�H�,� �2�1�%�)�,� �9�9� �a�t�o�m� �%� �1�3�°�C�;� �}�3�C� �N�M�R� 

�[�(�C�D�3�)�2�C�O�]� �6�:� �1�1�6�.�2� �p�p�m�.� 

�c�)� �[�3�-�!�3�C�]� �F�e�r�u�l�i�c� �a�c�i�d� �(�3�0�c�)�:� 

�(�3�-�1�3�C�]� �F�e�r�u�l�i�c� �a�c�i�d� �(�3�0�c�)� �w�a�s� �p�r�e�p�a�r�e�d� �a�s� �a�b�o�v�e� �f�r�o�m� �m�a�l�o�n�i�c� �a�c�i�d� �(�F�i�s�h�e�r�)� �a�n�d� 

�[�}�3�C�-�c�a�r�b�o�n�y�]�]� �v�a�n�i�l�l�i�n� �(�9�9� �a�t�o�m� �%� �}�3�C�,� �d�e�s�c�r�i�b�e�d� �b�y� �N�e�w�m�a�n� �e�t� �a�l� �[�1�3�1�]�)�.� �M�S� �(�m�/�z�)�:� 

�1�9�5� �(�M�*�,� �1�0�0�%�)�,� �9�4� �(�M� �*� �+� �2�H�,�-�O�C�H�s�,�-�!�°�C�H� �=� �C�H�-�C�O�O�H�,� �5�9�%�)�,� �9�9� �a�t�o�m� �%� �1�3�C�;� �!�3�C� 

�N�M�R� �[�(�C�D�3�)�2�C�O�]� �6�:� �1�4�6�.�0� �p�p�m�.� 

�E�X�P�E�R�I�M�E�N�T�A�L� �6�4



�4�.�2�.�7�.� �I�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �[�1�-�'�°�C�]� �f�e�r�u�l�i�c� �a�c�i�d� �(�3�0�a�)� �i�n�t�o� �L�.� �l�e�u�c�o�c�e�p�h�a�l�a� �r�o�o�t� 

�t�i�s�s�u�e� 

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

�t�i�o�n�s� �i�n� �H�o�a�g�l�a�n�d ��s� �m�e�d�i�a� �c�o�n�t�a�i�n�i�n�g� �0�.�1�7�5� �m�M� �[�1�-�!�3�C�]� �f�e�r�u�l�i�c� �a�c�i�d� �(�3�0�a�)�,� �a�s� �p�r�e�v�i�o�u�s�l�y� 

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

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

�v�a�l�s�,� �s�a�m�p�l�e�s� �(�1�-�2� �m�L�)� �o�f� �b�o�t�h� �f�r�e�s�h� �a�n�d� �o�l�d� �m�e�d�i�a� �w�e�r�e� �i�n�d�i�v�i�d�u�a�l�l�y� �a�n�a�l�y�z�e�d� �f�o�r� �b�i�-� 

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

�s�e�p�a�r�a�t�e�d� �i�n�t�o� �c�o�m�p�o�n�e�n�t� �t�i�s�s�u�e�s� �(�r�o�o�t�s�,� �s�t�e�m�s�,� �e�t�c�.�)� �a�s� �d�e�s�c�r�i�b�e�d� �f�o�r� �p�r�e�v�i�o�u�s� �[�2�-�'�+�C�]� 

�f�e�r�u�l�i�c� �a�c�i�d� �(�3�0 ��)� �i�n�c�u�b�a�t�i�o�n�s�.� �E�a�c�h� �t�i�s�s�u�e� �(�r�o�o�t�s�,� �s�t�e�m�s�,� �e�t�c�.�)� �w�a�s� �i�n�d�i�v�i�d�u�a�l�l�y� �w�r�a�p�p�e�d� 

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

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

�s�c�i�n�t�i�l�l�a�t�i�o�n� �v�i�a�l�s� �(�2�0� �m�L�)�.� �S�o�l�i�d�-�s�t�a�t�e� �1�3�C� �N�M�R� �a�n�a�l�y�s�i�s� �w�a�s� �c�a�r�r�i�e�d� �o�u�t� �o�n� �L�.� 

�l�e�u�c�o�c�e�p�h�a�l�a� �r�o�o�t� �t�i�s�s�u�e� �(�8�3�.�5� �m�g�)� �p�r�e�v�i�o�u�s�l�y� �a�d�m�i�n�i�s�t�e�r�e�d� �[�1�-�!�*�C�]� �f�e�r�u�l�i�c� �a�c�i�d� �(�3�0�a�)�.� �A� 

�d�i�f�f�e�r�e�n�c�e� �s�p�e�c�t�r�u�m� �w�a�s� �o�b�t�a�i�n�e�d� �b�y� �s�u�b�t�r�a�c�t�i�n�g� �f�r�o�m� �t�h�e� �s�p�e�c�t�r�u�m� �o�f� �[�1�-�!�°�C�)�]� �f�e�r�u�l�i�c� 

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

�n�a�t�u�r�a�l� �a�b�u�n�d�a�n�c�e� �f�e�r�u�l�i�c� �a�c�i�d�,� �3�0�,� �o�r� �t�h�o�s�e� �g�r�o�w�n� �h�y�d�r�o�p�o�n�i�c�a�l�l�y� �w�i�t�h�o�u�t� �p�r�e�c�u�r�s�o�r�)�.� 

�4�.�2�.�8� �T�h�r�e�e�-�w�e�e�k� �[�1�-�!�3�C�]� �f�e�r�u�l�i�c� �a�c�i�d� �(�3�0�a�)� �i�n�c�o�r�p�o�r�a�t�i�o�n� �i�n�t�o� �L�.� 

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

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

�0�.�1�7�5� �m�M� �[�1�-�!�3�C�]� �f�e�r�u�l�i�c� �a�c�i�d� �(�3�0�a�)�.� �A�f�t�e�r� �3� �w�e�e�k�s� �o�f� �g�r�o�w�t�h� �a�n�d� �2� �m�e�d�i�a� �e�x�c�h�a�n�g�e�s�,� 

�E�X�P�E�R�I�M�E�N�T�A�L� �6�5



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

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

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

�s�t�a�t�e� �4�3�>�C� �N�M�R�.� 

�4�.�2�.�9� �T�h�r�e�e�-�w�e�e�k� �i�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �[�1�-�'�°�C�]� �f�e�r�u�l�i�c� �a�c�i�d� �(�3�0�a�)� �i�n�t�o� �L�.� 

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

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

�0�.�1�7�5� �m�M� �[�1�-�!�3�C�]� �f�e�r�u�l�i�c� �a�c�i�d� �(�3�0�a�)� �a�n�d� �h�a�r�v�e�s�t�e�d� �a�f�t�e�r� �t�h�r�e�e� �w�e�e�k�s� �o�f� �h�y�d�r�o�p�o�n�i�c� 

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

�d�r�i�e�d�,� �a�n�d� �t�h�e� �s�h�r�e�d�d�e�d� �r�o�o�t�s� �(�4�1�.�7� �m�g�)� �a�n�a�l�y�z�e�d� �b�y� �s�o�l�i�d�-�s�t�a�t�e� �}�*�C� �N�M�R�.� 

�4�.�2�.�1�0� �I�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �[�2�-�'�°�C�]� �f�e�r�u�l�i�c� �a�c�i�d� �(�3�0�b�)� �i�n�t�o� �L�.� �l�e�u�c�o�c�e�p�h�a�l�a� �r�o�o�t� 

�t�i�s�s�u�e� 

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

�0�.�1�7�5� �m�M� �[�2�-�!�3�C�]� �f�e�r�u�l�i�c� �a�c�i�d� �(�3�0�b�)� �a�s� �d�e�s�c�r�i�b�e�d� �a�b�o�v�e�.� �A�f�t�e�r� �f�o�u�r� �w�e�e�k�s� �o�f� �w�e�e�k�l�y� 

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

�T�h�e� �r�o�o�t�s� �w�e�r�e� �a�g�a�i�n� �c�o�m�b�i�n�e�d� �(�3�2�.�4� �m�g�)�,� �s�h�r�e�d�d�e�d� �(�s�t�a�i�n�l�e�s�s� �s�t�e�e�l� �s�c�i�s�s�o�r�s�)� �a�n�d� �p�a�c�k�e�d� 

�f�o�r� �a�n�a�l�y�s�i�s� �b�y� �s�o�l�i�d�-�s�t�a�t�e� �'�*�C� �N�M�R� �a�n�a�l�y�s�i�s�.� �T�h�e� �r�e�s�u�l�t�i�n�g� �d�i�f�f�e�r�e�n�c�e� �s�p�e�c�t�r�u�m� �f�o�r� �t�h�i�s� 

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

�E�X�P�E�R�I�M�E�N�T�A�L� �6�6



�4�.�2�.�1�1� �I�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �[�3�-�'�*�C�]� �f�e�r�u�l�i�c� �a�c�i�d� �(�3�0�c�)� �i�n�t�o� �L�.� �l�e�u�c�o�c�e�p�h�a�l�a� �r�o�o�t� 

�t�i�s�s�u�e� 

�L�.� �l�e�u�c�o�c�e�p�h�a�l�a� �s�e�e�d�l�i�n�g�s� �w�e�r�e� �a�d�m�i�n�i�s�t�e�r�e�d� �[�3�-�!�*�C�]� �f�e�r�u�l�i�c� �a�c�i�d� �(�3�0�c�)� �b�y� �g�r�o�w�i�n�g� �t�h�e�m� 

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

�a�n�d� �p�r�e�p�a�r�a�t�i�o�n� �o�f� �t�h�e� �r�o�o�t� �t�i�s�s�u�e� �f�o�r� �s�o�l�i�d�-�s�t�a�t�e� �'�3�C� �N�M�R� �a�n�a�l�y�s�i�s� �w�e�r�e� �t�h�e� �s�a�m�e� �a�s� 

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

�s�p�e�c�t�r�u�m� �f�o�r� �[�'�3�C�]� �f�e�r�u�l�i�c� �a�c�i�d� �f�e�d� �r�o�o�t�s� �w�a�s� �5�9�.�7� �m�g�.� 

�4�.�2�.�1�2� �H�P�L�C� �a�s�s�a�y� �f�o�r� �f�e�r�u�l�i�c� �a�c�i�d� �(�3�0�)� �i�n� �t�h�e� �m�e�d�i�a� 

�D�i�s�t�i�l�l�e�d� �d�e�i�o�n�i�z�e�d� �w�a�t�e�r� �(�1�.�3� �m�L�)� �w�a�s� �a�d�d�e�d� �t�o� �a�l�i�q�u�o�t�s� �(�0�.�5� �m�L�)� �o�f� �t�h�e� �h�y�d�r�o�p�o�n�i�c� 

�m�e�d�i�a� �c�o�n�t�a�i�n�i�n�g� �f�e�r�u�l�i�c� �a�c�i�d� �(�3�0�)�.� �T�h�i�s� �s�o�l�u�t�i�o�n� �w�a�s� �t�r�a�n�s�f�e�r�r�e�d� �t�o� �a� �d�i�s�p�o�s�a�b�l�e� �B�D� 

�s�y�r�i�n�g�e� �(�3� �m�L�)� �e�q�u�i�p�p�e�d� �w�i�t�h� �a� �0�.�4�5� �u�m� �A�C�R�O� �L�C�3�A� �f�i�l�t�e�r� �a�s�s�e�m�b�l�y� �(�G�e�l�m�a�n� �S�c�i�e�n�c�e�s�,� 

�A�n�n� �A�r�b�o�r�,� �M�I�)�.� �F�o�l�l�o�w�i�n�g� �f�i�l�t�r�a�t�i�o�n�,� �1�0�-�u�L� �v�o�l�u�m�e�s� �w�e�r�e� �a�p�p�l�i�e�d� �t�o� �a� �r�e�v�e�r�s�e�-�p�h�a�s�e� 

�N�o�v�a�-�P�a�k� �C�,�3� �c�o�l�u�m�n� �a�n�d� �t�h�e�n� �e�l�u�t�e�d� �w�i�t�h� �5�%� �A�c�O�H� �i�n� �H�2�0�:� �m�e�t�h�a�n�o�l� �(�8�5�:�1�5�,� �v�/�v�)�,� 

�a�t� �a� �f�l�o�w� �r�a�t�e� �o�f� �0�.�6� �m�L� �m�i�n�~�!�.� �O�n�l�y� �E�-�f�e�r�u�l�i�c� �a�c�i�d� �(�3�0�)� �w�a�s� �d�e�t�e�c�t�e�d� �i�n� �f�r�e�s�h� �m�e�d�i�a� 

�(�r�e�t�e�n�t�i�o�n� �t�i�m�e� �=� �1�7�.�1� �m�i�n�)�,� �w�h�i�l�e� �b�o�t�h� �E�-� �(�3�0�)� �a�n�d� �Z�-� �(�3�0�d�)� �f�e�r�u�l�i�c� �a�c�i�d� �w�e�r�e� �o�b�s�e�r�v�e�d� 

�i�n� �a�g�e�d� �(�7� �d�a�y�s�)� �m�e�d�i�a� �(�r�e�t�e�n�t�i�o�n� �t�i�m�e� �o�f� �t�h�e� �Z�-�i�s�o�m�e�r� �=� �2�0�.�8� �m�i�n�)�.� �(�R�e�t�e�n�t�i�o�n� �t�i�m�e�s� 

�w�e�r�e� �a� �f�u�n�c�t�i�o�n� �o�f� �c�o�l�u�m�n� �a�g�e�)�.� �F�e�r�u�l�i�c� �a�c�i�d� �(�3�0�)� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �i�n� �t�h�e� �m�e�d�i�a� �w�e�r�e� �d�e�-� 

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

�s�t�a�n�d�a�r�d� �c�u�r�v�e� �p�r�e�p�a�r�e�d� �f�r�o�m� �s�o�l�u�t�i�o�n�s� �o�f� �f�e�r�u�l�i�c� �a�c�i�d� �(�3�0�)� �o�f� �k�n�o�w�n� �c�o�n�c�e�n�t�r�a�t�i�o�n�s�.� 
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�C�O�O�H� 

�O�C�H�g� 
�O�H� 

�(�3�0�d�)� 

�4�.�2�.�1�3� �I�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �[�U�-�'�*�C�]� �L�-�p�h�e�n�y�l�a�l�a�n�i�n�e� �(�7 ��)� �i�n�t�o� �L�.� �l�e�u�c�o�c�e�p�h�a�l�a� 

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

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

�c�o�n�d�i�t�i�o�n�s� �a�s� �p�r�e�v�i�o�u�s�l�y� �d�e�s�c�r�i�b�e�d�,� �i�n� �H�o�a�g�l�a�n�d ��s� �m�e�d�i�a� �c�o�n�t�a�i�n�i�n�g� �0�.�1�7�5� �m�M� �[�U�-�!�4�C�]� 

�L�-�p�h�e�n�y�l�a�l�a�n�i�n�e� �(�7 ��)�.� �F�o�r� �e�a�c�h� �h�y�d�r�o�p�o�n�i�c� �u�n�i�t�,� �t�h�e� �p�r�e�c�u�r�s�o�r� �s�o�l�u�t�i�o�n� �w�a�s� �p�r�e�p�a�r�e�d� �a�s� 

�f�o�l�l�o�w�s�:� �N�a�t�u�r�a�l� �a�b�u�n�d�a�n�c�e� �L�-�p�h�e�n�y�l�a�l�a�n�i�n�e� �(�7�)� �(�1�0�.�8�7� �m�g�,� �0�.�0�6�6� �m�m�o�l�,� �S�i�g�m�a�)� �w�a�s� 

�a�d�d�e�d� �t�o� �a�n� �E�r�l�e�n�m�e�y�e�r� �f�l�a�s�k� �(�2�5� �m�L�)� �c�o�n�t�a�i�n�i�n�g� �H�o�a�g�l�a�n�d ��s� �m�e�d�i�a� �(�3�.�1� �m�L�)�.� �W�i�t�h� �t�h�e� 

�u�s�e� �o�f� �a�n� �a�i�r�-�t�i�g�h�t�,� �H�a�m�i�l�t�o�n� �s�y�r�i�n�g�e� �(�5�0� �u�L�,� �R�e�n�o�,� �N�V�)�,� �2�8� �u�L� �o�f� �[�U�-�'�4�*�C�]� �L�-� 

�p�h�e�n�y�l�a�l�a�n�i�n�e� �(�7�)� �i�n� �H�C�I� �(�0�.�0�1�N�)� �w�a�s� �d�r�a�w�n� �f�r�o�m� �a� �s�e�a�l�e�d� �v�i�a�l� �(�s�p�e�c�i�f�i�c� �a�c�t�i�v�i�t�y� �=� �1�.�5� 

�x� �1�0�°� �B�q� �m�m�o�l�~�!�,� �I�C�N� �B�i�o�m�e�d�i�c�a�l�s�)� �a�n�d� �d�e�l�i�v�e�r�e�d� �t�o� �t�h�e� �E�r�l�e�n�m�e�y�e�r� �f�l�a�s�k�.� �T�h�e� �r�e�-� 

�s�u�l�t�i�n�g� �s�o�l�u�t�i�o�n� �(�2�1�.�2� �m�M�,� �1�.�0�5�1� �x� �1�0�°� �B�q�)� �w�a�s� �f�i�l�t�e�r�-�s�t�e�r�i�l�i�z�e�d� �t�o� �a� �s�t�e�r�i�l�e� �s�c�i�n�t�i�l�l�a�t�i�o�n� 

�v�i�a�l� �(�2�0� �m�L�)� �i�n� �a� �l�a�m�i�n�a�r� �f�l�o�w� �h�o�o�d�.� �A�n� �a�l�i�q�u�o�t� �(�1�0� �n�L�)� �w�a�s� �r�e�m�o�v�e�d� �f�o�r� �s�c�i�n�t�i�l�l�a�t�i�o�n� 

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

�A�l�i�q�u�o�t�s� �(�9�5�0� �u�L�)� �w�e�r�e� �d�i�s�p�e�n�s�e�d� �i�n�t�o� �i�n�d�i�v�i�d�u�a�l� �f�l�a�s�k�s� �(�2�5�0� �m�L�)� �c�o�n�t�a�i�n�i�n�g� �f�r�e�s�h�l�y�-� 

�p�r�e�p�a�r�e�d�,� �s�t�e�r�i�l�e� �H�o�a�g�l�a�n�d ��s� �m�e�d�i�a� �(�1�2�5� �m�L�)� �t�o� �g�i�v�e� �a� �0�.�1�7�5� �m�M� �p�h�e�n�y�l�a�l�a�n�i�n�e� �c�o�n�c�e�n�-� 

�t�r�a�t�i�o�n� �a�n�d� �a�n� �a�v�e�r�a�g�e� �t�o�t�a�l� �a�c�t�i�v�i�t�y� �o�f� �3�.�9�8� �x� �1�0�*� �B�q� �(�+� �3�.�5�5� �x� �1�0�°� �B�q�)�.� 
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�C�O�O�H� 

�N�H�>� 

�(�7�)� 
�O�n�c�e� �a�g�a�i�n�,� �m�e�d�i�a� �s�a�m�p�l�e�s� �(�1�-�2� �m�L�)� �w�e�r�e� �t�a�k�e�n� �o�n� �a� �w�e�e�k�l�y� �b�a�s�i�s�,� �p�o�r�t�i�o�n�s� �o�f� �w�h�i�c�h� 

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

�c�e�n�t�r�a�t�i�o�n� �u�s�i�n�g� �t�h�e� �p�h�e�n�y�l�a�l�a�n�i�n�e� �a�m�m�o�n�i�a� �l�y�a�s�e� �(�P�A�L�)� �a�s�s�a�y�.� 

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

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

�b�e�n�z�e�n�e�/�e�t�h�a�n�o�l� �(�2�.�5�:�1�,� �v�/�v�)� �a�n�d� �d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �r�a�d�i�o�a�c�t�i�v�i�t�y� �i�n� �t�h�e� �b�e�n�z�e�n�e�/�e�t�h�a�n�o�l� 

�s�o�l�u�b�l�e� �a�n�d� �i�n�s�o�l�u�b�l�e� �p�o�r�t�i�o�n�s� �w�e�r�e� �a�s� �f�o�r� �[�2�-�'�*�C�]� �f�e�r�u�l�i�c� �a�c�i�d�-�f�e�d� �p�l�a�n�t�s�.� 

�4�.�2�.�1�4� �D�i�s�t�r�i�b�u�t�i�o�n� �o�f� �r�a�d�i�o�a�c�t�i�v�i�t�y� �i�n� �t�h�e� �r�o�o�t�s� �a�n�d� �s�t�e�m�s� �o�f� �[�U�-�*�*�C�]� 

�L�-�p�h�e�n�y�l�a�l�a�n�i�n�e�-�f�e�d� �L�.� �l�e�u�c�o�c�e�p�h�a�l�a� 

�D�r�i�e�d� �r�o�o�t�s� �o�r� �s�t�e�m�s� �(�~�1�0� �m�g�)� �w�e�r�e� �w�e�i�g�h�e�d� �a�n�d� �t�r�a�n�s�f�e�r�r�e�d� �t�o� �a� �m�o�r�t�a�r� �(�9�0� �m�m� �O�D�)� 

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

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

�s�p�r�e�a�d� �o�f� �r�a�d�i�o�a�c�t�i�v�i�t�y� �b�y� �s�p�u�t�t�e�r�i�n�g�.� �£�-�M�e�r�c�a�p�t�o�e�t�h�a�n�o�l� �(�1�0� �m�M�,� �3� �m�L�)� �w�a�s� �t�h�e�n� 

�a�d�d�e�d� �a�n�d� �g�r�i�n�d�i�n�g� �w�a�s� �c�o�n�t�i�n�u�e�d� �f�o�r� �s�i�x� �m�i�n�.� �I�f� �t�h�e� �8�-�m�e�r�c�a�p�t�o�e�t�h�a�n�o�l� �s�o�l�u�t�i�o�n� �f�r�o�z�e�,� 
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�g�r�i�n�d�i�n�g� �w�a�s� �c�o�n�t�i�n�u�e�d� �f�o�r� �s�i�x� �m�i�n� �a�f�t�e�r� �t�h�a�w�i�n�g�.� �T�o�t�a�l� �g�r�i�n�d�i�n�g� �t�i�m�e�,� �i�n�c�l�u�d�i�n�g� �t�h�a�t� �f�o�r� 

�t�h�a�w�i�n�g�,� �w�a�s� �9�-�1�0� �m�i�n�.� 

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

�c�e�n�t�r�i�f�u�g�e� �t�u�b�e� �(�1�5� �m�L�)�.� �T�h�e� �m�o�r�t�a�r� �w�a�s� �r�i�n�s�e�d� �w�i�t�h� �B�-�m�e�r�c�a�p�t�o�e�t�h�a�n�o�l� �(�1�0� �m�M�,� �3� �x� 

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

�i�n� �a� �S�o�r�v�a�l�l� �S�S�-�3�4� �r�o�t�o�r� �(�5� �m�i�n�,� �4�8�0� �x� �g�,� �1�0�°�)� �i�n� �a� �S�o�r�v�a�l�l� �S�u�p�e�r�s�p�e�e�d� �R�C�2�-�B� �A�u�t�o�m�a�t�i�c� 

�R�e�f�r�i�g�e�r�a�t�e�d� �C�e�n�t�r�i�f�u�g�e� �(�S�o�r�v�a�l�l�,� �I�n�c�.�,� �N�e�w�t�o�n�,� �C�T�)�.� 

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

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

�d�i�s�t�i�l�l�e�d� �w�a�t�e�r� �(�2� �m�L�)� �a�n�d� �p�o�u�r�e�d� �o�n�t�o� �a� �t�a�r�e�d�,� �W�h�a�t�m�a�n� �g�l�a�s�s� �m�i�c�r�o�f�i�b�r�e� �f�i�l�t�e�r� �G�F�/�A� 

�(�4�.�2�5� �c�m�)� �i�n� �a� �B�u�c�h�n�e�r� �f�u�n�n�e�l� �w�i�t�h� �a� �f�i�l�t�e�r�i�n�g� �f�l�a�s�k� �a�t�t�a�c�h�m�e�n�t�.� �T�h�e� �c�e�n�t�r�i�f�u�g�e� �t�u�b�e� �w�a�s� 

�r�i�n�s�e�d� �w�i�t�h� �d�i�s�t�i�l�l�e�d� �w�a�t�e�r� �(�3� �m�L�)� �a�n�d� �t�h�e� �w�a�s�h�i�n�g�s� �p�o�u�r�e�d� �o�n�t�o� �t�h�e� �g�l�a�s�s� �f�i�l�t�e�r�.� �T�h�e� 

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

�c�y�l�i�n�d�e�r�.� �T�h�e� �v�o�l�u�m�e� �o�f� �t�h�i�s� �f�r�a�c�t�i�o�n� �w�a�s� �r�e�c�o�r�d�e�d�,� �a�n�d� �t�w�o� �a�l�i�q�u�o�t�s� �(�5�0�0� �u�L� �e�a�c�h�)� �w�e�r�e� 

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

�T�h�e� �r�e�s�i�d�u�e� �o�n� �t�h�e� �g�l�a�s�s� �f�i�l�t�e�r� �w�a�s� �w�a�s�h�e�d�,� �f�i�r�s�t� �w�i�t�h� �8�0�%� �e�t�h�a�n�o�l� �(�3� �x� �2� �m�L�)�,� �t�h�e�n� 

�m�e�t�h�a�n�o�l� �(�3� �x� �2� �m�L�)�,� �a�n�d� �f�i�n�a�l�l�y�,� �d�i�e�t�h�y�l� �e�t�h�e�r� �(�3� �x� �3� �m�L�)�.� �T�h�e� �o�r�g�a�n�i�c� �f�i�l�t�r�a�t�e�s� �( ��o�r�-� 

�g�a�n�i�c� �s�o�l�u�b�l�e �� �f�r�a�c�t�i�o�n�)� �w�e�r�e� �c�o�m�b�i�n�e�d�,� �t�r�a�n�s�f�e�r�r�e�d� �t�o� �a� �r�o�u�n�d� �b�o�t�t�o�m� �f�l�a�s�k� �(�2�5� �m�L�)� �a�n�d� 

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

�m�L�)� �w�i�t�h� �t�w�o�-�5�0�0� �u�L� �a�l�i�q�u�o�t�s� �r�e�m�o�v�e�d� �f�o�r� �s�c�i�n�t�i�l�l�a�t�i�o�n� �c�o�u�n�t�i�n�g�.� 

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

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

�o�n� �t�h�e� �g�l�a�s�s� �f�i�l�t�e�r� �w�a�s� �w�e�i�g�h�e�d� �a�n�d� �t�r�a�n�s�f�e�r�r�e�d� �t�o� �a� �s�c�i�n�t�i�l�l�a�t�i�o�n� �v�i�a�l� �f�o�r� �c�o�u�n�t�i�n�g�.� 
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�4�.�2�.�1�5� �I�n�c�o�r�p�o�r�a�t�i�o�n� �o�f� �'�*�C�-�e�n�r�i�c�h�e�d� �L�-�p�h�e�n�y�l�a�l�a�n�i�n�e� �(�7�a�-�c�)� �i�n�t�o� �L�.� 

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

�a�)� �[�1�-�1�3�C�]� �P�h�e�n�y�l�a�l�a�n�i�n�e� �(�7�a�)� �a�s� �p�r�e�c�u�r�s�o�r�:� 

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

�i�n�g� �[�1�-�!�3�C�]� �p�h�e�n�y�l�a�l�a�n�i�n�e� �(�7�a�)� �w�a�s� �t�h�e� �s�a�m�e� �a�s� �t�h�a�t� �f�o�r� �[�U�-�'�*�C�]� �L�-�p�h�e�n�y�l�a�l�a�n�i�n�e� �(�7 ��)� 

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

�c�o�u�n�t�i�n�g�.� �T�h�u�s�,� �[�I�-�!�?�C�]� �p�h�e�n�y�l�a�l�a�n�i�n�e� �(�7�a�)� �(�9�9� �a�t�o�m� �%� �!�3�C�)� �w�a�s� �a�d�m�i�n�i�s�t�e�r�e�d� �t�o� �L�.� 

�l�e�u�c�o�c�e�p�h�a�l�a� �p�l�a�n�t�s� �g�r�o�w�n� �h�y�d�r�o�p�o�n�i�c�a�i�l�l�y� �i�n� �a�s�e�p�t�i�c� �u�n�i�t�s� �a�s� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �6�.� �S�o�l�i�d�-� 

�s�t�a�t�e� �'�*�C� �N�M�R� �d�i�f�f�e�r�e�n�c�e� �s�p�e�c�t�r�a� �w�e�r�e� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �e�n�r�i�c�h�e�d� �r�o�o�t�s� �(�8�0�.�0� �m�g�)� �a�n�d� 

�s�t�e�m�s� �(�6�3�.�6� �m�g�)�.� 

�w� �C�O�O�H� �C�O�O�H� �C�O�O�H� 

�N�H�»� �N�H�,� �a� �N�H�»� 

�(�7�a�)� �(�7�b�)� �(�7�c�)� 

�a�1� �3�C� 

�b�)� �[�2�-�!�*�C�]�-� �P�h�e�n�y�l�a�l�a�n�i�n�e� �(�7�b�)� �a�s� �p�r�e�c�u�r�s�o�r�:� 

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

�0�.�1�7�5� �m�M� �[�2�-�!�3�C�]� �p�h�e�n�y�l�a�l�a�n�i�n�e� �(�7�b�)� �(�9�9� �a�t�o�m� �%� �!�7�C�)� �a�s� �d�e�s�c�r�i�b�e�d� �a�b�o�v�e�.� �A�f�t�e�r� �f�o�u�r� 

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

�E�X�P�E�R�I�M�E�N�T�A�L� �7�h



�d�r�i�e�d�.� �R�o�o�t�s� �(�9�0�.�1� �m�g�)� �a�n�d� �s�t�e�m�s� �(�7�3�.�8� �m�g�)� �w�e�r�e� �s�e�p�a�r�a�t�e�l�y� �c�o�m�b�i�n�e�d�,� �s�h�r�e�d�d�e�d� �(�s�t�a�i�n�-� 

�l�e�s�s� �s�t�e�e�l� �s�c�i�s�s�o�r�s�)� �a�n�d� �p�a�c�k�e�d� �f�o�r� �a�n�a�l�y�s�i�s� �b�y� �s�o�l�i�d�-�s�t�a�t�e� �1�}�C� �N�M�R�.� �T�h�e� �r�e�s�u�l�t�i�n�g� 

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

�c�)� �[�3�-�!�3�C�]� �P�h�e�n�y�l�a�l�a�n�i�n�e� �(�7�c�)� �a�s� �p�r�e�c�u�r�s�o�r�:� 

�L�,� �l�e�u�c�o�c�e�p�h�a�l�a� �s�e�e�d�l�i�n�g�s� �w�e�r�e� �a�d�m�i�n�i�s�t�e�r�e�d� �[�3�-�'�3�C�]� �p�h�e�n�y�l�a�l�a�n�i�n�e� �(�7�c�)� �(�9�9� �a�t�o�m� �%� �!�3�C�)� 

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

�h�a�r�v�e�s�t�i�n�g� �a�n�d� �p�r�e�p�a�r�a�t�i�o�n� �o�f� �t�h�e� �s�t�e�m� �a�n�d� �r�o�o�t� �t�i�s�s�u�e�s� �f�o�r� �s�o�l�i�d�-�s�t�a�t�e� �1�>�C� �N�M�R� �a�n�a�l�-� 

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

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

�t�i�s�s�u�e� �w�a�s� �7�5�.�5� �m�g�.� 

�4�.�2�.�1�6� �S�p�e�c�t�r�o�p�h�o�t�o�m�e�t�r�i�c� �a�s�s�a�y� �f�o�r� �L�-�p�h�e�n�y�l�a�l�a�n�i�n�e� �(�7�)� �i�n� �t�h�e� �m�e�d�i�a� 

�F�r�o�m� �a� �s�t�o�c�k� �s�o�l�u�t�i�o�n� �o�f� �p�h�e�n�y�l�a�l�a�n�i�n�e� �i�n� �H�o�a�g�l�a�n�d ��s� �m�e�d�i�a� �(�5�0� �m�g� �L�~�!�,� �0�.�3�0� �m�M�)�,� 

�a�l�i�q�u�o�t�s� �w�e�r�e� �r�e�m�o�v�e�d� �t�o� �p�r�e�p�a�r�e� �a� �s�e�r�i�e�s� �o�f� �d�i�l�u�t�e�d� �p�h�e�n�y�l�a�l�a�n�i�n�e� �(�7�)� �s�o�l�u�t�i�o�n�s� �i�n� 

�H�o�a�g�l�a�n�d ��s� �m�e�d�i�a�.� �T�h�e� �a�s�s�a�y� �w�a�s� �c�a�r�r�i�e�d� �o�u�t� �b�y� �p�i�p�e�t�t�i�n�g� �t�o� �a� �c�u�v�e�t�t�e� �(�1�.�5� �m�L�)� �t�h�e� 

�f�o�l�l�o�w�i�n�g�:� �1�.�0�5� �m�L� �o�f� �0�.�0�5� �M� �T�r�i�s�-�H�C�l� �b�u�f�f�e�r� �(�p�H� �8�.�7�5� �a�t� �3�0�°�)�,� �1�5� �w�L� �o�f� �s�t�a�n�d�a�r�d� �L�-� 

�p�h�e�n�y�l�a�l�a�n�i�n�e� �(�7�)� �s�o�l�u�t�i�o�n�,� �a�n�d� �2�0� �w�L� �o�f� �p�h�e�n�y�l�a�l�a�n�i�n�e� �a�m�m�o�n�i�a� �l�y�a�s�e�,� �P�A�L�,� �(�0�.�0�4� �u�n�i�t�,� 

�S�i�g�m�a� �G�r�a�d�e� �I�)�.� �(�O�n�e� �u�n�i�t� �w�i�l�l� �d�e�a�m�i�n�a�t�e� �1� �u�m�o�l� �L�-�p�h�e�n�y�l�a�l�a�n�i�n�e� �(�7�)� �t�o� �c�i�n�n�a�m�i�c� �a�c�i�d� 

�(�2�2�)� �a�n�d� �a�m�m�o�n�i�a� �p�e�r� �m�i�n� �a�t� �3�0�°� �a�n�d� �p�H� �8�.�7�5�)�.� �T�h�e� �c�u�v�e�t�t�e� �w�a�s� �i�n�v�e�r�t�e�d� �3� �t�i�m�e�s� �t�o� 

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

�a�b�s�o�r�b�a�n�c�e� �w�a�s� �m�e�a�s�u�r�e�d� �a�t� �2�9�0� �n�m� �f�o�r� �1� �m�i�n�.� �T�h�e� �s�l�o�p�e� �w�a�s� �c�a�l�c�u�l�a�t�e�d�,� �a�n�d� �t�h�e� �r�e�-� 

�s�u�l�t�i�n�g� �v�a�l�u�e� �p�l�o�t�t�e�d� �a�g�a�i�n�s�t� �L�-�p�h�e�n�y�l�a�l�a�l�a�n�i�n�e� �(�7�)� �c�o�n�c�e�n�t�r�a�t�i�o�n�,� �g�i�v�i�n�g� �a� �s�t�a�n�d�a�r�d� 
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�c�u�r�v�e� �(�a�c�t�i�v�i�t�y� �v�e�r�s�u�s� �[�P�h�e�]�)�.� �A� �s�t�a�n�d�a�r�d� �c�u�r�v�e� �w�a�s� �p�r�e�p�a�r�e�d� �f�o�r� �e�v�e�r�y� �b�a�t�c�h� �o�f� �m�e�d�i�a� 

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

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

�1�.�5� �m�L� �c�u�v�e�t�t�e� �t�h�e� �f�o�l�l�o�w�i�n�g�:� �1�.�0�5� �m�L� �o�f� �0�.�0�5� �M� �T�r�i�s�-�H�C�l� �b�u�f�f�e�r� �(�p�H� �8�.�7�5� �a�t� �3�0�°�)�,� �1�5� 

�n�L� �o�f� �t�h�e� �s�a�m�p�l�e� �m�e�d�i�a� �c�o�n�t�a�i�n�i�n�g� �L�-�p�h�e�n�y�l�a�l�a�n�i�n�e� �(�7�)�,� �a�n�d� �2�0� �w�L� �o�f� �P�A�L� �a�s� �d�e�s�c�r�i�b�e�d� 

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

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

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

�s�p�o�n�d�i�n�g� �L�-�p�h�e�n�y�l�a�l�a�n�i�n�e� �(�7�)� �c�o�n�c�e�n�t�r�a�t�i�o�n� �f�o�r� �t�h�e� �o�b�s�e�r�v�e�d� �a�c�t�i�v�i�t�y�.� 

�4�.�2�.�1�7� �M�o�n�i�t�o�r�i�n�g� �m�e�d�i�a� �f�o�r� �b�i�o�l�o�g�i�c�a�l� �c�o�n�t�a�m�i�n�a�t�i�o�n� 

�M�e�d�i�a� �a�l�i�q�u�o�t�s� �(�~�0�.�5� �m�L�)� �t�a�k�e�n� �w�e�e�k�l�y� �f�r�o�m� �e�a�c�h� �L�.� �l�e�u�c�o�c�e�p�h�a�l�a� �p�l�a�n�t� �h�y�d�r�o�p�o�n�i�c� 

�m�e�d�i�a� �w�e�r�e� �a�p�p�l�i�e�d�,� �u�n�d�e�r� �a� �l�a�m�i�n�a�r� �f�l�o�w� �h�o�o�d�,� �o�n�t�o� �d�i�s�p�o�s�a�b�l�e� �p�e�t�r�i� �d�i�s�h�e�s� �(�6�0� �x� �1�5� 

�m�m�)� �c�o�n�t�a�i�n�i�n�g� �c�u�r�e�d�,� �s�t�e�r�i�l�e� �p�o�t�a�t�o� �d�e�x�t�r�o�s�e� �a�g�a�r� �(�P�D�A�,� �D�i�f�c�o�)�.� �T�h�e� �p�e�t�r�i� �d�i�s�h�e�s� �w�e�r�e� 

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

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

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

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

�c�o�r�r�e�s�p�o�n�d�i�n�g� �P�D�A� �p�l�a�t�e�s�)�.� 
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�4�.�2�.�1�8� �A�c�e�t�y�l� �b�r�o�m�i�d�e� �l�i�g�n�i�n� �d�e�t�e�r�m�i�n�a�t�i�o�n� �[�1�2�7�]� 

�T�i�s�s�u�e�s� �p�r�e�v�i�o�u�s�l�y� �e�x�t�r�a�c�t�e�d� �w�i�t�h� �b�e�n�z�e�n�e�/�e�t�h�a�n�o�l� �(�2�.�5�:�1�,� �v�/�v�)� �(�1�-�3� �m�g�)� �w�e�r�e� �w�e�i�g�h�e�d� �a�n�d� 

�t�r�a�n�s�f�e�r�r�e�d� �i�n�t�o� �t�e�s�t� �t�u�b�e�s� �(�1�8� �x� �1�5�0� �m�m�)�.� �A� �s�o�l�u�t�i�o�n� �(�5� �m�L�)� �o�f� �a�c�e�t�y�l� �b�r�o�m�i�d�e� �(�A�l�d�r�i�c�h�)� 

�i�n� �g�l�a�c�i�a�l� �a�c�e�t�i�c� �a�c�i�d� �(�F�i�s�h�e�r�)� �(�2�5�%�,� �v�/�v�)� �w�a�s� �a�d�d�e�d� �t�o� �e�a�c�h� �t�e�s�t� �t�u�b�e�,� �a�n�d� �t�h�e�n� �e�a�c�h� �w�a�s� 

�c�a�p�p�e�d� �w�i�t�h� �s�o�l�i�d� �g�l�a�s�s� �s�p�h�e�r�e�s� �(�1�7� �m�m� �d�i�a�m�e�t�e�r�)�.� �T�u�b�e�s� �w�e�r�e� �h�e�a�t�e�d� �f�o�r� �3�0� �m�i�n� �i�n� �a� 

�7�0�°� �w�a�t�e�r� �b�a�t�h� �(�P�r�e�c�i�s�i�o�n� �S�c�i�e�n�t�i�f�i�c� �C�o�m�p�a�n�y�,� �C�h�i�c�a�g�o�,� �I�L�)� �w�i�t�h� �c�o�n�t�i�n�u�o�u�s� �s�h�a�k�i�n�g�.� 

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

�v�o�l�u�m�e�t�r�i�c� �f�l�a�s�k� �(�1�0�0� �m�L�)� �c�o�n�t�a�i�n�i�n�g� �2�N� �N�a�O�H� �(�4�.�5� �m�L�)� �a�n�d� �g�l�a�c�i�a�l� �a�c�e�t�i�c� �a�c�i�d� �(�2�5� 

�m�L�)�.� �A� �s�m�a�l�l� �a�m�o�u�n�t� �o�f� �g�l�a�c�i�a�l� �a�c�e�t�i�c� �a�c�i�d� �(�~�3� �m�L�)� �w�a�s� �u�s�e�d� �t�o� �r�i�n�s�e� �e�a�c�h� �t�e�s�t� �t�u�b�e�,� 

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

�(�S�i�g�m�a�)� �s�o�l�u�t�i�o�n� �(�7�.�5� �M�,� �0�.�5� �m�L�)� �w�a�s� �a�d�d�e�d� �t�o� �t�h�e� �v�o�l�u�m�e�t�r�i�c� �f�l�a�s�k� �f�o�l�l�o�w�e�d� �b�y� �g�l�a�c�i�a�l� 

�a�c�e�t�i�c� �a�c�i�d� �w�h�i�c�h� �w�a�s� �a�d�d�e�d� �t�o� �a� �f�i�n�a�l� �v�o�l�u�m�e� �o�f� �1�0�0� �m�L�.� �T�h�e� �f�l�a�s�k� �w�a�s� �s�h�a�k�e�n� �v�i�g�o�r�-� 

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

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

�W�i�t�h� �t�h�e� �u�s�e� �o�f� �a� �U�V� �s�p�e�c�t�r�o�p�h�o�t�o�m�e�t�e�r�,� �t�h�e� �a�b�s�o�r�b�a�n�c�e� �o�f� �t�h�e� �s�o�l�u�t�i�o�n� �a�t� �2�8�0� �n�m� �w�a�s� 

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

�e�q�u�a�t�i�o�n� �g�i�v�e�n� �b�e�l�o�w� �[�1�2�7�]�:� 

�%� �L�i�g�n�i�n� �=� �5�.�1�2�A� �-� �0�.�7�4� 

�w�h�e�r�e� �A� �=� �(�A�,� �-� �A�,�)�/�c� 

�A�,� �=� �s�a�m�p�l�e� �a�b�s�o�r�p�t�i�o�n� 

�A�,� �=� �b�l�a�n�k� �a�b�s�o�r�p�t�i�o�n� 
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�c� �=� �d�r�y� �o�r�g�a�n�i�c� �m�a�t�t�e�r� �c�o�n�c�e�n�t�r�a�t�i�o�n�,� �g� �L!"�?�.� 

�4�.�2�.�1�9� �N�i�t�r�o�b�e�n�z�e�n�e� �o�x�i�d�a�t�i�o�n� 

�F�r�e�e�z�e�-�d�r�i�e�d� �p�l�a�n�t� �t�i�s�s�u�e�s� �w�e�r�e� �w�e�i�g�h�e�d� �a�n�d� �t�r�a�n�s�f�e�r�r�e�d� �t�o� �v�i�a�l�s� �(�2�0� �m�L�)� �f�o�r� �s�t�o�r�a�g�e� �a�t� 

�-�2�0�°�.� �W�h�e�n� �n�e�e�d�e�d�,� �t�i�s�s�u�e�s� �w�e�r�e� �a�l�l�o�w�e�d� �t�o� �w�a�r�m� �t�o� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �s�h�r�e�d�d�e�d� 

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

�e�x�t�r�a�c�t�i�o�n� �t�h�i�m�b�l�e�s� �(�1�0� �m�m� �I�D� �x� �5�0� �m�m� �l�e�n�g�t�h�)� �a�n�d� �r�e�w�e�i�g�h�e�d�.� �E�a�c�h� �t�h�i�m�b�l�e� �w�a�s� 

�p�l�a�c�e�d� �i�n�s�i�d�e� �a� �m�i�c�r�o�-�S�o�x�h�l�e�t� �e�x�t�r�a�c�t�i�o�n� �a�p�p�a�r�a�t�u�s� �(�A�c�e� �G�l�a�s�s� �I�n�c�.�,� �V�i�n�e�l�a�n�d�,� �N�J�)� �a�n�d� 

�e�x�t�r�a�c�t�e�d� �s�u�c�c�e�s�s�i�v�e�l�y� �w�i�t�h� �b�e�n�z�e�n�e�/�e�t�h�a�n�o�l� �(�2�.�5�:�1�,� �v�/�v�)�,� �e�t�h�a�n�o�l� �(�9�5�%�)�,� �a�n�d� �d�i�s�t�i�l�l�e�d�,� 

�d�e�i�o�n�i�z�e�d� �w�a�t�e�r�.� �T�h�e� �e�x�t�r�a�c�t�i�o�n� �f�l�a�s�k� �c�o�n�t�a�i�n�e�d� �1�6� �m�L� �o�f� �s�o�l�v�e�n�t�,� �a�n�d� �1� �t�o� �3� �b�o�i�l�e�e�z�e�r� 

�(�F�i�s�h�e�r�)� �c�h�i�p�s�.� �(�G�l�a�s�s� �b�e�a�d�s� �w�e�r�e� �a�d�d�e�d� �w�h�e�n� �e�x�t�r�a�c�t�i�n�g� �w�i�t�h� �w�a�t�e�r�)�.� �E�x�t�r�a�c�t�i�o�n� �w�i�t�h� 

�e�a�c�h� �s�o�l�v�e�n�t� �w�a�s� �c�a�r�r�i�e�d� �o�u�t� �f�o�r� �1�2� �h�o�u�r�s�.� �T�i�s�s�u�e�s� �w�e�r�e� �a�i�r�-�d�r�i�e�d� �b�e�t�w�e�e�n� �e�x�t�r�a�c�t�i�o�n�s�.� 

�E�x�t�r�a�c�t�i�v�e�-�f�r�e�e� �t�i�s�s�u�e�s� �(�a�i�r�-�d�r�i�e�d�)� �w�e�r�e� �t�r�a�n�s�f�e�r�r�e�d� �t�o� �a� �m�o�r�t�a�r� �(�7�0� �m�m� �O�D�)� �a�n�d� �g�r�o�u�n�d� 

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

�w�e�i�g�h�e�d� �a�n�d� �t�r�a�n�s�f�e�r�r�e�d� �t�o� �a� �s�t�a�i�n�l�e�s�s� �s�t�e�e�l� �v�e�s�s�e�l� �(�1�0� �m�m� �I�D�,� �~�1�.�5� �m�L� �c�a�p�a�c�i�t�y�)�.� �N�a�O�H� 

�(�1�5�0� �u�L�,� �2�N�)� �a�n�d� �d�i�s�t�i�l�l�e�d� �n�i�t�r�o�b�e�n�z�e�n�e� �(�1�5� �u�L�,� �F�i�s�h�e�r�)� �w�e�r�e� �t�h�e�n� �a�d�d�e�d� �t�o� �e�a�c�h� �v�e�s�s�e�l�.� 

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

�E�a�c�h� �v�e�s�s�e�l� �w�a�s� �s�u�b�m�e�r�g�e�d� �i�n� �a� �s�i�l�i�c�o�n� �o�i�l� �b�a�t�h� �(�F�i�s�h�e�r� �H�i�-�T�e�m�p� �B�a�t�h� �M�o�d�e�l� �1�6�0�)� �p�r�e�-� 

�h�e�a�t�e�d� �t�o� �1�6�5� �+� �3�°�.� �T�h�e� �v�e�s�s�e�l�s� �w�e�r�e� �r�o�t�a�t�e�d� �a�n�d� �s�h�a�k�e�n� �f�o�r� �1�3�0� �m�i�n�,� �r�e�m�o�v�e�d� �f�r�o�m� �t�h�e� 

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

�t�r�a�n�s�f�e�r�r�e�d� �t�o� �a� �1�0�-�m�L� �t�e�s�t� �t�u�b�e� �(�1�3� �x� �1�0�0� �m�m�)� �c�o�n�t�a�i�n�i�n�g� �d�i�s�t�i�l�l�e�d�,� �d�e�i�o�n�i�z�e�d�,� �o�r�g�a�n�i�c�-� 

�f�r�e�e� �w�a�t�e�r� �(�2�5�0� �#�:�L�)�.� �E�a�c�h� �v�e�s�s�e�l� �w�a�s� �r�i�n�s�e�d� �w�i�t�h� �d�i�s�t�i�l�l�e�d� �w�a�t�e�r� �(�3� �x� �2�5�0� �n�L�)�,� �w�i�t�h� �e�a�c�h� 

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

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

�u�l�t�r�a�s�o�n�i�c� �c�l�e�a�n�e�r�,� �S�h�e�l�t�o�n�,� �C�T�)� �w�i�t�h� �d�i�e�t�h�y�l� �e�t�h�e�r� �(�3� �m�L�)�.� �T�h�e� �e�t�h�e�r� �l�a�y�e�r� �w�a�s� �r�e�m�o�v�e�d� 

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

�w�i�t�h� �e�t�h�e�r� �(�2� �x� �3� �m�L�)�,� �a�n�d� �t�h�e� �e�t�h�e�r� �e�x�t�r�a�c�t�s� �w�e�r�e� �s�u�b�s�e�q�u�e�n�t�l�y� �d�i�s�c�a�r�d�e�d�.� 

�T�h�e� �a�q�u�e�o�u�s� �l�a�y�e�r� �w�a�s� �n�e�x�t� �a�c�i�d�i�f�i�e�d� �t�o� �p�H� �3�.�0� �b�y� �d�r�o�p�w�i�s�e� �a�d�d�i�t�i�o�n� �o�f� �H�C�I� �(�S�N�)�.� �(�T�h�e� 

�p�H� �w�a�s� �c�h�e�c�k�e�d� �u�s�i�n�g� �p�H� �i�n�d�i�c�a�t�o�r� �s�t�r�i�p�s� �[�C�o�l�o�r� �p�H�A�s�t�,� �p�H� �0�-�6�,� �E�M� �S�c�i�e�n�c�e�,� �C�h�e�r�r�y� 

�H�i�l�l�,� �N�J�]�)�.� �T�h�e� �r�e�s�u�l�t�i�n�g� �a�c�i�d�i�c� �m�i�x�t�u�r�e� �w�a�s� �e�x�t�r�a�c�t�e�d� �(�b�y� �s�o�n�i�c�a�t�i�o�n�)� �w�i�t�h� �d�i�e�t�h�y�l� �e�t�h�e�r� 

�(�3� �m�L�)� �c�o�n�t�a�i�n�i�n�g� �|� �m�M� �v�e�r�a�t�r�a�l�d�e�h�y�d�e� �(�4�6�)� �a�s� �i�n�t�e�r�n�a�l� �s�t�a�n�d�a�r�d�.� �T�h�e� �e�t�h�e�r� �l�a�y�e�r� �w�a�s� 

�r�e�m�o�v�e�d� �w�i�t�h� �a� �P�a�s�t�e�u�r� �p�i�p�e�t�t�e� �a�n�d� �t�r�a�n�s�f�e�r�r�e�d� �t�o� �a�n� �E�r�l�e�n�m�e�y�e�r� �f�l�a�s�k� �(�5�0� �m�L�)�.� �E�x�-� 

�t�r�a�c�t�i�o�n� �w�i�t�h� �d�i�e�t�h�y�l� �e�t�h�e�r� �(�2� �x� �3� �m�L�)� �w�a�s� �r�e�p�e�a�t�e�d� �a�n�d� �t�h�e� �e�t�h�e�r� �e�x�t�r�a�c�t�s� �w�e�r�e� �c�o�m�b�i�n�e�d� 

�a�n�d� �d�r�i�e�d� �(�N�a�2�S�O�,�)�.� �T�h�e� �r�e�s�u�l�t�i�n�g� �e�t�h�e�r� �s�o�l�u�t�i�o�n� �(�i�n�c�l�u�d�i�n�g� �N�a�z�2�S�O�.�4� �d�i�e�t�h�y�l� �e�t�h�e�r� 

�w�a�s�h�i�n�g�s�,� �2� �x� �3� �m�L�)� �w�a�s� �e�v�a�p�o�r�a�t�e�d� �t�o� �d�r�y�n�e�s�s� �u�n�d�e�r� �r�e�d�u�c�e�d� �p�r�e�s�s�u�r�e� �i�n� �a� �r�o�u�n�d� �b�o�t�-� 

�t�o�m� �f�l�a�s�k� �(�2�5� �m�L�)�.� 

�T�h�e� �f�l�a�s�k� �w�a�s� �r�i�n�s�e�d� �w�i�t�h� �H�P�L�C�-�g�r�a�d�e� �m�e�t�h�a�n�o�l� �(�3� �x� �|� �m�L�)�.� �T�h�e� �c�o�m�b�i�n�e�d� �m�e�t�h�a�n�o�l�!� 

�s�o�l�u�t�i�o�n� �w�a�s� �f�i�l�t�e�r�e�d� �t�h�r�o�u�g�h� �a�n� �A�C�R�O� �L�C�3�S� �f�i�l�t�e�r� �a�s�s�e�m�b�l�y� �(�G�e�l�m�a�n� �S�c�i�e�n�c�e�s�,� �A�n�n� 

�A�r�b�o�r�,� �M�1�)� �a�t�t�a�c�h�e�d� �t�o� �a� �3�-�c�c� �d�i�s�p�o�s�a�b�l�e� �B�D� �s�y�r�i�n�g�e�,� �i�n� �p�r�e�p�a�r�a�t�i�o�n� �f�o�r� �H�P�L�C� �a�n�a�l�y�s�i�s�.� 

�S�e�p�a�r�a�t�i�o�n� �o�f� �t�h�e� �o�x�i�d�a�t�i�o�n� �p�r�o�d�u�c�t�s� �o�n� �W�a�t�e�r�s� �N�o�v�a�-�P�a�k� �C�i�s� �c�o�l�u�m�n� �w�a�s� �a�c�h�i�e�v�e�d� 

�u�s�i�n�g� �a� �l�i�n�e�a�r� �g�r�a�d�i�e�n�t� �o�f� �t�w�o� �s�o�l�v�e�n�t� �s�y�s�t�e�m�s�:� �A� �-� �(�H�2�0�/�M�e�O�Q�H�/�C�H�3�C�O�O�Q�O�H�,� �9�5�:�5�:�0�.�1�)� 

�a�n�d� �B� �-� �(�M�e�O�H�/�C�H�;�C�O�O�H�,� �9�9�:�1�)�.� �T�h�e� �g�r�a�d�i�e�n�t� �w�a�s� �r�u�n� �f�o�r� �2�5� �m�i�n� �f�r�o�m� �1�0�0�%� �A� �(�0�%� 
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�B�)� �t�o� �6�0�%� �A� �(�4�0�%� �B�)� �a�t� �a� �f�l�o�w� �r�a�t�e� �o�f� �1� �m�l� �m�i�n!"�?�.� �A�n� �a�l�i�q�u�o�t� �(�1�0� �w�L�)� �o�f� �t�h�e� �s�a�m�p�l�e� 

�w�a�s� �a�p�p�l�i�e�d� �t�o� �t�h�e� �c�o�l�u�m�n� �w�i�t�h� �t�h�e� �c�o�m�p�o�n�e�n�t�s� �o�f� �i�n�t�e�r�e�s�t� �d�e�t�e�c�t�e�d� �a�t� �2�8�0� �n�m�.� �I�n�t�e�-� 

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

�p�-�h�y�d�r�o�x�y�b�e�n�z�a�l�d�e�h�y�d�e� �(�4�0�)�,� �v�a�n�i�l�l�i�n� �(�4�1�)� �a�n�d� �s�y�r�i�n�g�a�l�d�e�h�y�d�e� �(�4�2�)�.� �E�f�f�i�c�i�e�n�c�y� �o�f� �s�a�m�p�l�e� 

�r�e�c�o�v�e�r�y� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �c�o�m�p�a�r�i�s�o�n� �o�f� �p�e�a�k� �a�r�e�a�s� �f�o�r� �v�e�r�a�t�r�a�l�d�e�h�y�d�e� �(�4�6�)� �u�s�e�d� �a�s� 

�i�n�t�e�r�n�a�l� �s�t�a�n�d�a�r�d� �w�i�t�h� �p�u�r�e� �v�e�r�a�t�r�a�l�d�e�h�y�d�e� �(�4�6�)� �s�a�m�p�l�e�s�.� 

�4�.�3� �L�i�g�n�i�n� �d�e�g�r�a�d�a�t�i�o�n� �b�y� �p�e�r�o�x�i�d�a�s�e� �i�n� �o�r�g�a�n�i�c� �m�e�d�i�a� 

�4�.�3�.�1� �P�u�r�i�f�i�c�a�t�i�o�n� �o�f� �d�i�o�x�a�n�e� 

�A� �m�i�x�t�u�r�e� �o�f� �d�i�o�x�a�n�e� �(�3� �L�)� �p�l�u�s� �c�o�n�c�e�n�t�r�a�t�e�d� �H�C�I� �(�3�7�.�5� �m�L�)� �i�n� �d�i�s�t�i�l�l�e�d� �w�a�t�e�r� �(�3�0�0� �m�L�)� 

�w�a�s� �r�e�f�l�u�x�e�d� �f�o�r� �1�2�-�1�8� �h� �u�n�d�e�r� �d�r�y� �N�z� �i�n� �a� �5�-�L� �r�o�u�n�d� �b�o�t�t�o�m� �f�l�a�s�k�.� �T�h�e� �s�o�l�u�t�i�o�n� �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� �a�n�d� �e�x�c�e�s�s� �s�o�l�i�d� �K�O�H� �s�l�o�w�l�y� �a�d�d�e�d� �w�i�t�h� �s�t�i�r�r�i�n�g�.� �T�h�e� 

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

�(�1�5�0� �g� �K�O�H� �p�e�r� �L� �d�i�o�x�a�n�e�)�.� �T�h�e� �d�i�o�x�a�n�e� �w�a�s� �t�h�e�n� �p�l�a�c�e�d� �i�n� �a� �5�-�L� �r�o�u�n�d� �b�o�t�t�o�m� �f�l�a�s�k� 

�c�o�n�t�a�i�n�i�n�g� �N�a� �m�e�t�a�l� �(�1�5�-�2�2� �g�)�,� �a�n�d� �a�g�a�i�n� �u�n�d�e�r� �N�a�2�,� �i�t�s� �t�e�m�p�e�r�a�t�u�r�e� �w�a�s� �r�a�i�s�e�d� �u�n�t�i�l� 

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

�p�e�r�o�x�i�d�e�-�f�r�e�e� �d�i�o�x�a�n�e�.� 
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�4�.�3�.�2� �G�e�l� �f�i�l�t�r�a�t�i�o�n� �c�h�r�o�m�a�t�o�g�r�a�p�h�y� 

�A� �l�o�w�-�p�r�e�s�s�u�r�e� �l�i�q�u�i�d� �c�h�r�o�m�a�t�o�g�r�a�p�h�y� �s�y�s�t�e�m� �c�o�n�s�i�s�t�i�n�g� �o�f� �S�e�p�h�a�d�e�x� �L�H�-�2�0� �p�a�c�k�e�d� �i�n� 

�a�n� �S�R� �1�0�/�5�0� �c�o�l�u�m�n� �(�P�h�a�r�m�a�c�i�a�,� �U�p�p�s�a�l�a�,� �S�w�e�d�e�n�)� �w�a�s� �u�s�e�d� �f�o�r� �a�n�a�l�y�s�i�s�.� �S�e�p�h�a�d�e�x� �g�e�l� 

�(�8�-�1�1� �g�)� �w�a�s� �s�w�o�l�l�e�n� �i�n� �t�h�e� �l�i�q�u�i�d� �p�h�a�s�e� �(�0�.�I�M� �L�i�C�l� �i�n� �r�e�d�i�s�t�i�l�l�e�d� 

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

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

�l�o�w�i�n�g� �s�t�a�n�d�a�r�d�s� �o�f� �k�n�o�w�n� �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�s� �w�i�t�h� �M�W� �o�f� �2�0�0�0� �a�n�d� �8�0�0� 

�(�P�r�e�s�s�u�r�e� �C�h�e�m�i�c�a�l�,� �P�i�t�t�s�b�u�r�g�h�,� �P�A�)� �a�n�d� �M�W� �o�f� �1�0�0�0� �(�P�o�l�y�m�e�r� �L�a�b�o�r�a�t�o�r�y�,� �C�h�u�r�c�h� 

�S�t�r�e�t�t�o�n�,� �E�n�g�l�a�n�d�)� �a�n�d� �d�i�b�e�n�z�y�l� �m�a�l�o�n�a�t�e� �(�5�0�)� �M�W� �2�8�4� �(�A�l�d�r�i�c�h�)�.� �T�h�e� �e�l�u�a�t�e� �w�a�s� 

�m�o�n�i�t�o�r�e�d� �a�t� �2�8�0� �n�m� �u�s�i�n�g� �a� �L�K�B� �B�r�o�m�m�a� �2�1�5�8� �U�v�i�c�o�r�d� �S�D� �d�e�t�e�c�t�o�r�.� �E�l�u�t�i�o�n� �w�a�s� �e�i�-� 

�t�h�e�r� �w�i�t�h� �e�l�u�a�n�t� �A� �(�0�.�1� �M� �L�i�C�l� �i�n� �r�e�d�i�s�t�i�l�l�e�d� �N�,�N�-�d�i�m�e�t�h�y�l�f�o�r�m�a�m�i�d�e�)� �a�t� �a� �f�l�o�w� �r�a�t�e� �o�f� 

�0�.�2�3�-�0�.�2�4� �m�L� �m�i�n�7�!� �o�r� �e�l�u�a�n�t� �B� �(�a�n�h�y�d�r�o�u�s� �d�i�o�x�a�n�e�)� �a�t� �a� �f�l�o�w� �r�a�t�e� �o�f� �0�.�1�8�-�0�.�1�9� �m�L� 

�m�i�n�~�!�.� �S�o�l�v�e�n�t� �f�l�o�w� �t�h�r�o�u�g�h� �t�h�e� �c�o�l�u�m�n� �w�a�s� �r�e�g�u�l�a�t�e�d� �b�y� �u�s�i�n�g� �a� �P�h�a�r�m�a�c�i�a� �P�-�3� 

�p�e�r�i�s�t�a�l�t�i�c� �p�u�m�p�.� 

�i� �t�i�t� 
�(�O�)�-�c�t�s�-�0�- ¬� �6�-�6� �-�o�-�c�m�-�(�C�)�)� 

�H� 

�(�5�0�)� 
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�4�.�3�.�3� �F�r�a�c�t�i�o�n�a�t�i�o�n� �o�f� �D�H�P� �l�i�g�n�i�n� 

�D�e�h�y�d�r�o�g�e�n�a�t�i�v�e�l�y� �p�o�l�y�m�e�r�i�z�e�d� �(�D�H�P�)� �l�i�g�n�i�n� �p�r�e�p�a�r�e�d� �f�r�o�m� �c�o�n�i�f�e�r�y�l� �a�l�c�o�h�o�l� �(�4�)� �a�s� �d�e�-� 

�s�c�r�i�b�e�d� �[�1�1�1�]�,� �w�a�s� �u�s�e�d�.� �T�o� �o�b�t�a�i�n� �u�n�i�f�o�r�m�l�y� �h�i�g�h� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �f�r�a�c�t�i�o�n�s� �o�f� 

�d�i�o�x�a�n�e�-�s�o�l�u�b�l�e� �m�a�t�e�r�i�a�l�,� �3�0�0�-�u�L� �a�l�i�q�u�o�t�s� �o�f� �D�H�P� �l�i�g�n�i�n� �(�1�2�.�5� �m�g� �m�L!"�@�!� �d�i�m�e�t�h�y�l� 

�f�o�r�m�a�m�i�d�e�)� �w�e�r�e� �p�a�s�s�e�d� �t�h�r�o�u�g�h� �t�h�e� �S�e�p�h�a�d�e�x� �L�H�-�2�0� �c�o�l�u�m�n� �u�s�i�n�g� �a�n�h�y�d�r�o�u�s� �d�i�o�x�a�n�e� 

�a�s� �e�l�u�a�n�t�.� �F�r�a�c�t�i�o�n�s� �e�l�u�t�e�d� �a�t� �t�h�e� �v�o�i�d� �v�o�l�u�m�e�,� �V�o�,� �(�M�W�>�2�0�0�0�)� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �a�n�d� 

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

�o�f� �D�H�P� �l�i�g�n�i�n� �i�n� �D�M�F� �(�1�2�.�5� �m�g� �m�L�,� �3�0�0� �w�L�)�,� �3�.�2�6� �m�g� �o�f� �h�i�g�h� �M�W� �D�H�P� �w�a�s� �r�e�-� 

�c�o�v�e�r�e�d�.� 

�4�.�3�.�4� �E�f�f�e�c�t� �o�f� �h�o�r�s�e�r�a�d�i�s�h� �p�e�r�o�x�i�d�a�s�e�/�H�2�O�2�z� �o�n� �D�H�P� �l�i�g�n�i�n� 

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

�p�e�r�o�x�i�d�a�s�e� �a�s� �f�o�l�l�o�w�s�:� �D�H�P� �l�i�g�n�i�n� �(�0�.�3� �m�g�)� �d�i�s�s�o�l�v�e�d� �i�n� �d�i�o�x�a�n�e� �(�9�5�0� �u�L�)� �w�a�s� �p�l�a�c�e�d� �i�n� 

�a� �g�l�a�s�s� �v�i�a�l� �2�0� �m�L�)�.� �A� �s�o�l�u�t�i�o�n� �o�f� �H�,�O�2� �(�1�0� �u�w�L�,� �2�0�0� �m�M� �i�n� �1�0� �m�M� �s�o�d�i�u�m� �a�c�e�t�a�t�e� 

�b�u�f�f�e�r�,� �p�H� �5�)� �a�n�d� �a� �s�o�l�u�t�i�o�n� �(�4�0� �u�L�)� �o�f� �h�o�r�s�e�r�a�d�i�s�h� �p�e�r�o�x�i�d�a�s�e� �i�n� �t�h�e� �s�a�m�e� �b�u�f�f�e�r� �(�1�2�.�5� 

�m�g� �m�L�~�!�)� �w�e�r�e� �a�d�d�e�d�.� �A�t�t�e�m�p�t�s� �t�o� �d�i�s�s�o�l�v�e� �h�o�r�s�e�r�a�d�i�s�h� �p�e�r�o�x�i�d�a�s�e� �d�i�r�e�c�t�l�y� �i�n� �9�5�:�5� 

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

�p�a�r�e�d�.� 

�I�n�c�u�b�a�t�i�o�n�s� �w�e�r�e� �c�a�r�r�i�e�d� �o�u�t� �i�n� �a� �P�r�e�c�i�s�i�o�n� �l�o�w�-�t�e�m�p�e�r�a�t�u�r�e� �i�n�c�u�b�a�t�o�r� �m�o�d�e�l� �8�1�8� �(�P�r�e�-� 

�c�i�s�i�o�n� �S�c�i�e�n�t�i�f�i�c� �C�o�m�p�a�n�y�,� �C�h�i�c�a�g�o�,� �I�L�)� �a�t� �2�0� �+� �0�.�5�°�,� �a�n�d� �v�i�a�l�s� �c�o�n�t�a�i�n�i�n�g� �t�h�e� �i�n�c�u�-� 

�b�a�t�i�o�n� �m�i�x�t�u�r�e� �w�e�r�e� �a�g�i�t�a�t�e�d� �o�n� �a� �L�a�b�-�L�i�n�e� �(�M�e�l�r�o�s�e� �P�a�r�k�,� �I�L�)� �o�r�b�i�t� �s�h�a�k�e�r� �(�m�o�d�e�l� 

�3�5�2�0�)� �a�t� �2�5�0� �r�p�m�.� �A�f�t�e�r� �i�n�c�u�b�a�t�i�o�n� �p�e�r�i�o�d�s� �o�f� �0�,� �2�4�,� �a�n�d� �9�6� �h�,� �t�w�o� �1�0�-�u�L� �a�l�i�q�u�o�t�s� �w�e�r�e� 

�E�X�P�E�R�I�M�E�N�T�A�L� �8�0



�r�e�m�o�v�e�d� �a�n�d� �d�i�l�u�t�e�d� �w�i�t�h� �9�9�0� �u�L� �o�f� �a�c�e�t�a�t�e� �b�u�f�f�e�r� �i�n� �p�r�e�p�a�r�a�t�i�o�n� �f�o�r� �a�s�s�a�y� �o�f� �r�e�s�i�d�u�a�l� 

�e�n�z�y�m�a�t�i�c� �a�c�t�i�v�i�t�y�.� �T�h�e� �r�e�m�a�i�n�d�e�r� �o�f� �t�h�e� �i�n�c�u�b�a�t�i�o�n� �m�i�x�t�u�r�e� �w�a�s� �d�i�l�u�t�e�d� �w�i�t�h� �2� �v�o�l�u�m�e�s� 

�o�f� �d�i�m�e�t�h�y�l�f�o�r�m�a�m�i�d�e�,� �s�t�i�r�r�e�d� �f�o�r� �4�5�-�6�0� �m�i�n� �a�n�d� �c�e�n�t�r�i�f�u�g�e�d� �a�t� �7�7�1�0� �x� �g� �f�o�r� �2�0� �m�i�n� �t�o� 

�p�r�e�c�i�p�i�t�a�t�e� �t�h�e� �e�n�z�y�m�e�.� �A�l�i�q�u�o�t�s� �(�1�0�0� �n�L�)� �w�e�r�e� �t�h�e�n� �r�e�m�o�v�e�d� �f�r�o�m� �t�h�e� �s�u�p�e�r�n�a�t�a�n�t� �a�n�d� 

�s�u�b�j�e�c�t�e�d� �t�o� �S�e�p�h�a�d�e�x� �L�H�-�2�0� �c�o�l�u�m�n� �(�1� �x� �4�6�.�6� �c�m�)� �c�h�r�o�m�a�t�o�g�r�a�p�h�y� �a�s� �d�e�s�c�r�i�b�e�d�.� 

�4�.�3�.�5� �E�n�z�y�m�e� �a�s�s�a�y� 

�T�h�e� �i�n�i�t�i�a�l� �s�p�e�c�i�f�i�c� �a�c�t�i�v�i�t�y� �o�f� �t�h�e� �S�i�g�m�a� �h�o�r�s�e�r�a�d�i�s�h� �p�e�r�o�x�i�d�a�s�e� �t�y�p�e� �I�I� �w�a�s� �1�5�0�.�4� 

�p�u�r�p�u�r�o�g�a�l�l�i�n� �u�n�i�t�s� �m�g�~�!� �(�a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �t�h�e� �S�i�g�m�a� �e�n�z�y�m�e� �a�s�s�a�y� �p�r�o�c�e�d�u�r�e�)�.� �P�r�i�o�r� 

�t�o� �a�n�d� �d�u�r�i�n�g� �i�n�c�u�b�a�t�i�o�n�s�,� �t�h�e� �e�n�z�y�m�e� �a�c�t�i�v�i�t�y� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �u�s�i�n�g� �g�u�a�i�a�c�o�l� �(�4�7�)� �a�s� 

�s�u�b�s�t�r�a�t�e� �[�1�5�0�]�.� �T�h�e� �a�s�s�a�y� �m�i�x�t�u�r�e� �c�o�n�s�i�s�t�e�d� �o�f� �p�o�t�a�s�s�i�u�m� �p�h�o�s�p�h�a�t�e� �b�u�f�f�e�r� �(�0�.�1�M�,� �p�H� 

�7�.�0� �a�t� �2�5�°�)�,� �5�0� �u�w�L� �g�u�a�i�a�c�o�l� �(�2�0�.�1� �m�M�)� �(�4�7�)� �(�F�l�u�k�a� �C�h�e�m�i�k�a�,� �S�w�i�t�z�e�r�l�a�n�d�)� �s�o�l�u�t�i�o�n�,� �a�n�d� 

�e�n�z�y�m�e�.� �T�h�e� �r�e�a�c�t�i�o�n� �w�a�s� �i�n�i�t�i�a�t�e�d� �b�y� �a�d�d�i�t�i�o�n� �o�f� �H�2�O�2� �(�3�0� �w�L�,� �1�2�.�3� �m�M�)�.� �T�h�e� �t�o�t�a�l� 

�v�o�l�u�m�e� �o�f� �t�h�e� �r�e�a�c�t�i�o�n� �m�i�x�t�u�r�e� �w�a�s� �3�.�1�8� �m�L�.� �A�c�t�i�v�i�t�y� �w�a�s� �m�o�n�i�t�o�r�e�d� �a�t� �4�3�6� �n�m�.� 

�E�n�z�y�m�e� �a�c�t�i�v�i�t�y� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �u�s�i�n�g� �a�n� �e�x�t�i�n�c�t�i�o�n� �c�o�e�f�f�i�c�i�e�n�t� �(�4�3�6� �n�m�)� �o�f� �6�.�3�9� �c�m�?� 

�u�m�o�l�~�!� �f�o�r� �g�u�a�i�a�c�o�l� �(�4�7�)� �[�1�5�0�]�.� �O�n�e� �u�n�i�t� �o�f� �e�n�z�y�m�e� �a�c�t�i�v�i�t�y� �w�a�s� �d�e�f�i�n�e�d� �a�s� �|� �u�m�o�l� �o�f� 

�g�u�a�i�a�c�o�l� �(�4�7�)� �c�o�n�s�u�m�e�d� �(�o�x�i�d�i�z�e�d�)� �p�e�r� �m�i�n�.� 

�4�.�3�.�6� �H�P�L�C� �a�s�s�a�y� �f�o�r� �f�e�r�u�l�i�c� �a�c�i�d� �(�3�0�)� 

�A�l�i�q�u�o�t�s� �o�f� �t�h�e� �i�n�c�u�b�a�t�i�o�n� �m�i�x�t�u�r�e� �w�e�r�e� �a�s�s�a�y�e�d� �f�o�r� �t�h�e�i�r� �f�e�r�u�l�i�c� �a�c�i�d� �(�3�0�)� �c�o�n�t�e�n�t� �u�s�i�n�g� 

�t�h�e� �H�P�L�C� �p�r�o�c�e�d�u�r�e� �d�e�s�c�r�i�b�e�d� �f�o�r� �m�o�n�i�t�o�r�i�n�g� �f�e�r�u�l�i�c� �a�c�i�d� �i�n� �H�o�a�g�l�a�n�d ��s� �m�e�d�i�a� �(�S�e�e� 

�s�e�c�t�i�o�n� �4�.�2�.�1�2�)�.� 
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�4�.�4� �L�i�g�n�i�n� �p�e�r�o�x�i�d�a�s�e� �f�r�o�m� �P�h�a�n�e�r�o�c�h�a�e�t�e� 

�c�h�r�y�s�o�s�p�o�r�i�u�m�:� �E�f�f�e�c�t�s� �o�n� �c�o�n�i�f�e�r�y�l� �a�l�c�o�h�o�l� �(�4�)� �a�n�d� �D�H�P� 

�l�i�g�n�i�n� 

�4�.�4�.�1� �A�s�s�a�y� �p�r�o�c�e�d�u�r�e� �f�o�r� �l�i�g�n�i�n� �p�e�r�o�x�i�d�a�s�e� �a�c�t�i�v�i�t�y� 

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

�C�o�.� �L�t�d� �(�p�e�r�s�o�n�a�l� �c�o�m�m�u�n�i�c�a�t�i�o�n� �w�i�t�h� �J�a�r�i� �P�u�h�a�k�k�a�,� �1�9�8�9�)�.� �O�n�e� �u�n�i�t� �o�f� �a�c�t�i�v�i�t�y� �i�s� �d�e�-� 

�f�i�n�e�d� �a�s� �t�h�e� �a�m�o�u�n�t� �o�f� �v�e�r�a�t�r�y�l� �a�l�c�o�h�o�l� �(�4�5�)� �(�u�m�o�l�)� �o�x�i�d�i�z�e�d� �b�y� �l�i�g�n�i�n� �p�e�r�o�x�i�d�a�s�e� �t�o� 

�v�e�r�a�t�r�a�l�d�e�h�y�d�e� �(�4�6�)� �i�n� �|� �m�i�n�u�t�e� �a�t� �3�0�°� �a�n�d� �p�H� �3�.�0�.� �F�o�r� �c�a�l�c�u�l�a�t�i�n�g� �e�n�z�y�m�e� �a�c�t�i�v�i�t�y�,� �a�n� 

�e�x�t�i�n�c�t�i�o�n� �c�o�e�f�f�i�c�i�e�n�t� �o�f� �9�3�0�0� �M�~�!� �c�m�7�!� �o�f� �v�e�r�a�t�r�a�l�d�e�h�y�d�e� �(�4�6�)� �a�t� �3�1�0� �n�m� �w�a�s� �u�s�e�d�.� 

�S�o�d�i�u�m� �t�a�r�t�r�a�t�e� �b�u�f�f�e�r� �(�0�.�3�3� �M�,� �p�H� �3�.�0� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e�)� �a�n�d� �a� �s�t�o�c�k� �s�o�l�u�t�i�o�n� �o�f� 

�1�.�0� �M� �v�e�r�a�t�r�y�l� �a�l�c�o�h�o�l� �(�4�5�)� �w�e�r�e� �p�r�e�p�a�r�e�d�.� �E�a�c�h� �t�i�m�e� �a�n� �a�s�s�a�y� �w�a�s� �p�e�r�f�o�r�m�e�d�,� �a�n� 

�a�l�i�q�u�o�t� �(�3�0� �n�L�)� �w�a�s� �r�e�m�o�v�e�d� �f�r�o�m� �t�h�e� �v�e�r�a�t�r�y�l� �a�l�c�o�h�o�l� �(�4�5�)� �s�t�o�c�k� �a�n�d� �t�r�a�n�s�f�e�r�r�e�d� �t�o� �a� 

�v�o�l�u�m�e�t�r�i�c� �f�l�a�s�k� �(�1�0� �m�L�)� �c�o�n�t�a�i�n�i�n�g� �9� �m�L� �o�f� �s�o�d�i�u�m� �t�a�r�t�r�a�t�e� �b�u�f�f�e�r�.� �T�h�e� �r�e�s�u�l�t�i�n�g� �s�o�l�-� 

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

�a�l�c�o�h�o�l� �(�4�5�)� �s�u�b�s�t�r�a�t�e� �(�3� �m�M�,� �1�0� �m�L�)�.� 

�T�h�e� �f�o�l�l�o�w�i�n�g� �c�o�m�p�o�n�e�n�t�s� �w�e�r�e� �p�i�p�e�t�t�e�d� �i�n�t�o� �a� �c�u�v�e�t�t�e� �(�3�.�5� �m�L�)�:� �e�n�z�y�m�e� �s�o�l�u�t�i�o�n� �d�i�-� 

�l�u�t�e�d� �w�i�t�h� �d�i�s�t�i�l�l�e�d� �w�a�t�e�r� �(�2� �m�L�,� �~�0�.�2�5�-�0�.�3�0� �u�n�i�t�s�)�,� �v�e�r�a�t�r�y�l� �a�l�c�o�h�o�l� �(�4�5�)� �s�u�b�s�t�r�a�t�e� �(�1� �m�L�)�,� 

�a�n�d� �f�r�e�s�h�l�y� �p�r�e�p�a�r�e�d� �s�o�l�u�t�i�o�n� �o�f� �5�4� �m�M� �H�2�0�;�2� �(�1�5�.�4� �n�L�)�.� �T�h�e� �c�u�v�e�t�t�e� �w�a�s� �i�n�s�e�r�t�e�d� �i�n�t�o� 

�t�h�e� �c�e�l�l� �h�o�l�d�e�r� �o�f� �a� �U�V� �s�p�e�c�t�r�o�p�h�o�t�o�m�e�t�e�r� �w�h�i�c�h� �w�a�s� �e�q�u�i�l�i�b�r�a�t�e�d� �a�t� �3�0�°�.� �A�b�s�o�r�b�a�n�c�e� 
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�a�t� �3�1�0� �n�m� �w�a�s� �r�e�a�d� �f�o�r� �1� �m�i�n�.� �S�l�o�p�e� �w�a�s� �c�a�l�c�u�l�a�t�e�d� �f�r�o�m� �2�0� �t�o� �3�2� �s�e�c�o�n�d�s� �i�n�t�o� �t�h�e� �r�e�-� 

�a�c�t�i�o�n�.� 

�W�h�e�n� �g�u�a�i�a�c�o�l� �(�4�7�)� �w�a�s� �u�s�e�d� �a�s� �s�u�b�s�t�r�a�t�e�,� �t�h�e� �r�e�a�c�t�i�o�n� �w�a�s� �c�a�r�r�i�e�d� �o�u�t� �i�n� �0�.�3�3� �M� �s�o�d�i�u�m� 

�t�a�r�t�r�a�t�e� �b�u�f�f�e�r� �a�t� �p�H� �4�.�0�,� �a�n�d� �t�h�e� �c�h�a�n�g�e� �i�n� �a�b�s�o�r�b�a�n�c�e� �m�e�a�s�u�r�e�d� �a�t� �4�3�6� �n�m�.� �T�h�e� 

�s�u�b�s�t�r�a�t�e� �s�o�l�u�t�i�o�n� �c�o�n�s�i�s�t�e�d� �o�f� �g�u�a�i�a�c�o�l� �(�1�.�3�2� �m�M�)� �i�n� �s�o�d�i�u�m� �t�a�r�t�r�a�t�e� �b�u�f�f�e�r�.� �I�n� �t�h�i�s� 

�a�s�s�a�y�,� �1� �u�n�i�t� �o�f� �e�n�z�y�m�e� �a�c�t�i�v�i�t�y� �w�a�s� �d�e�f�i�n�e�d� �a�s� �|� �u�m�o�l� �o�f� �g�u�a�i�a�c�o�l� �(�4�7�)� �o�x�i�d�i�z�e�d� �b�y� �l�i�g�n�i�n� 

�p�e�r�o�x�i�d�a�s�e� �p�e�r� �m�i�n�u�t�e� �a�t� �3�0�°� �a�t� �p�H� �4�.�0�.� �F�o�r� �c�a�l�c�u�l�a�t�i�n�g� �e�n�z�y�m�e� �a�c�t�i�v�i�t�y�,� �a�n� �e�x�t�i�n�c�t�i�o�n� 

�c�o�e�f�f�i�c�i�e�n�t� �o�f� �6�3�9�0� �M�~�!� �c�m�!� �w�a�s� �u�s�e�d�.� 

�4�.�4�.�2� �E�l�e�c�t�r�o�p�h�o�r�e�t�i�c� �p�a�t�t�e�r�n�s� �o�f� �l�i�g�n�i�n� �p�e�r�o�x�i�d�a�s�e� 

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

�a�p�p�a�r�a�t�u�s� �(�S�c�h�l�e�i�c�h�e�r� �a�n�d� �S�c�h�u�e�l�l�,� �I�n�c�.�,� �K�e�e�n�e�,� �N�H�)�,� �|� �m�L� �o�f� �t�h�e� �l�i�g�n�i�n� �p�e�r�o�x�i�d�a�s�e� �s�o�l�-� 

�u�t�i�o�n� �w�a�s� �d�i�a�l�y�z�e�d� �o�v�e�r�n�i�g�h�t� �a�g�a�i�n�s�t� �2�0� �m�M� �a�c�e�t�i�c� �a�c�i�d� �(�w�i�t�h� �3� �x� �~�5�0�0� �m�L� �s�o�l�v�e�n�t� 

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

�n�i�t�r�o�c�e�l�l�u�l�o�s�e� �m�e�m�b�r�a�n�e� �(�G�r�a�d�e�:� �U�H� �1�0�0�/�2�5�,� �M�W� �c�u�t�-�o�f�f� �=� �2�5�,�0�0�0�;� �c�a�p�.�=� �8� �m�L�)� �f�o�r� 

�a�l�m�o�s�t� �8� �h� �t�o� �a� �f�i�n�a�l� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �|� �m�g� �m�L�7�!�.� 

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

�f�o�c�u�s�s�i�n�g� �o�n� �a� �p�r�e�-�m�a�d�e� �5�%� �p�o�l�y�a�c�r�y�a�l�a�m�i�d�e� �g�e�l� �(�A�m�p�h�o�l�i�n�e� �P�A�G�P�l�a�t�e�,� �L�K�B� �B�r�o�m�m�a�)� 

�c�o�n�t�a�i�n�i�n�g� �2�.�4�%� �a�m�p�h�o�l�i�n�e� �f�o�r� �a� �p�H� �r�a�n�g�e� �o�f� �3�.�5� �-� �9�.�5�.� �T�h�e� �f�l�a�t� �b�e�d� �e�l�e�c�t�r�o�p�h�o�r�e�s�i�s� 

�e�q�u�i�p�m�e�n�t� �w�a�s� �c�o�n�n�e�c�t�e�d� �t�o� �a� �c�i�r�c�u�l�a�t�i�n�g� �w�a�t�e�r� �b�a�t�h� �a�t� �1�0�°�.� �K�e�r�o�s�e�n�e� �w�a�s� �u�s�e�d� �a�s� �t�h�e� 

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

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

�t�w�e�e�n�.� �T�h�e� �P�A�G�P�l�a�t�e� �w�a�s� �c�u�t� �w�i�t�h� �a� �s�u�r�g�i�c�a�l� �b�l�a�d�e� �t�o� �a� �l�e�n�g�t�h� �o�f� �2�4�3� �m�m� �s�o� �t�h�a�t� �i�t�s� 

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

�E�l�e�c�t�r�o�d�e� �s�t�r�i�p�s� �w�e�r�e� �s�a�t�u�r�a�t�e�d� �w�i�t�h� �H�3�P�O�.�,�4� �(�1� �M�)� �f�o�r� �t�h�e� �a�n�o�d�e� �a�n�d� �N�a�O�H� �(�1� �M�)� �f�o�r� 

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

�S�a�m�p�l�e� �a�p�p�l�i�c�a�t�i�o�n� �p�i�e�c�e�s� �w�e�r�e� �p�o�s�i�t�i�o�n�e�d� �(�u�s�i�n�g� �f�o�r�c�e�p�s�)� �5� �m�m� �a�p�a�r�t� �a�l�o�n�g� �l�a�n�e� �5� �(�o�r� 

�a�b�o�u�t� �3�.�3� �c�m� �f�r�o�m� �t�h�e� �a�n�o�d�e�)� �o�f� �t�h�e� �P�A�G�P�l�a�t�e�.� �U�s�i�n�g� �a�n� �E�p�p�e�n�d�o�r�f� �m�i�c�r�o�p�i�p�e�t�t�o�r�,� �1�5� 

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

�m�a�r�k�e�r�s� �(�p�I� �r�a�n�g�e� �2�.�4� �-� �5�.�6�5�)� �w�e�r�e� �a�l�s�o� �a�p�p�l�i�e�d� �(�S� �u�L� �o�f� �1�:�3� �m�a�r�k�e�r� �i�n� �d�i�s�t�i�l�l�e�d� �w�a�t�e�r�)� �o�n� 

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

�D�u�r�i�n�g� �t�h�e� �f�i�r�s�t� �3�0� �m�i�n�,� �t�h�e� �g�e�l� �w�a�s� �f�o�c�u�s�s�e�d� �a�t� �a� �c�o�n�s�t�a�n�t� �v�o�l�t�a�g�e� �o�f� �6�0�0� �V�.� �A�f�t�e�r� �3�0� 

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

�w�a�s� �c�o�n�t�i�n�u�e�d� �f�o�r� �1�.�5� �h� �a�t� �1�1�0�0� �V�.� 

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

�W�i�t�h� �t�h�e� �u�s�e� �o�f� �a� �s�u�r�g�i�c�a�l� �b�l�a�d�e�,� �t�h�e� �P�A�G�P�L�a�t�e� �w�a�s� �d�i�v�i�d�e�d� �i�n�t�o� �5� �s�e�c�t�i�o�n�s� �f�o�r� �v�i�s�u�a�l�-� 

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

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

�T�r�i�c�h�l�o�r�o�a�c�e�t�i�c� �a�c�i�d� �(�1�1�.�5� �g�,� �S�i�g�m�a�)� �a�n�d� �s�u�l�f�o�s�a�l�i�c�y�l�i�c� �a�c�i�d� �(�3�.�4�5�g�,� �F�i�s�h�e�r�)� �w�e�r�e� �a�d�d�e�d� �t�o� 

�d�i�s�t�i�l�l�e�d� �w�a�t�e�r� �a�n�d� �m�a�d�e� �u�p� �t�o� �v�o�l�u�m�e� �i�n� �a� �v�o�l�u�m�e�t�r�i�c� �f�l�a�s�k� �(�1�0�0� �m�L�)�.� �D�e�s�t�a�i�n�i�n�g� �s�o�l�-� 

�u�t�i�o�n�:� �E�t�h�a�n�o�l� �(�2�5�0� �m�L�)� �a�n�d� �g�l�a�c�i�a�l� �a�c�e�t�i�c� �a�c�i�d� �(�8�0� �m�L�)� �w�e�r�e� �m�i�x�e�d� �a�n�d� �d�i�l�u�t�e�d� �w�i�t�h� 

�d�i�s�t�i�l�l�e�d� �w�a�t�e�r� �i�n� �a� �v�o�l�u�m�e�t�r�i�c� �f�l�a�s�k� �(�1� �L�)�.� �S�t�a�i�n�i�n�g� �s�o�l�u�t�i�o�n�:� �C�o�o�m�a�s�s�i�e� �B�r�i�l�l�i�a�n�t� �B�l�u�e� 

�R�-�2�5�0� �(�0�.�2�3�0� �g�,� �B�i�o�-�R�a�d�)� �w�a�s� �d�i�s�s�o�l�v�e�d� �i�n� �2�0�0� �m�L� �d�e�s�t�a�i�n�i�n�g� �s�o�l�u�t�i�o�n�,� �t�h�e�n� �f�i�l�t�e�r�e�d�.� 

�P�r�e�s�e�r�v�i�n�g� �s�o�l�u�t�i�o�n�:� �G�l�y�c�e�r�o�l� �(�1�0� �m�L�)� �w�a�s� �a�d�d�e�d� �t�o� �1�0�0� �m�L� �o�f� �t�h�e� �d�e�s�t�a�i�n�i�n�g� �s�o�l�u�t�i�o�n�.� 
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�T�h�e� �k�e�r�o�s�e�n�e� �o�n� �t�h�e� �p�l�a�s�t�i�c� �s�u�p�p�o�r�t� �o�f� �t�h�e� �P�A�G�P�l�a�t�e� �w�a�s� �r�e�m�o�v�e�d� �b�y� �w�i�p�i�n�g� �t�h�e� 

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

�S�t�a�i�n�i�n�g� �w�a�s� �l�o�w�e�r�e�d� �i�n�t�o� �t�h�e� �f�i�x�i�n�g� �s�o�l�u�t�i�o�n� �f�o�r� �0�.�5� �t�o� �|� �h� �t�o� �p�r�e�c�i�p�i�t�a�t�e� �t�h�e� �p�r�o�t�e�i�n� �a�n�d� 

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

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

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

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

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

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

�d�.� �G�u�a�i�a�c�o�l� �(�4�7�)� �s�t�a�i�n�i�n�g�.� �A�c�t�i�v�i�t�y� �s�t�a�i�n�i�n�g� �w�i�t�h� �g�u�a�i�a�c�o�l� �(�4�7�)� �w�a�s� �c�a�r�r�i�e�d� �o�u�t� �i�n� �a� �s�o�l�-� 

�u�t�i�o�n� �(�5�0� �m�L�)� �c�o�n�t�a�i�n�i�n�g� �s�o�d�i�u�m� �t�a�r�t�r�a�t�e� �b�u�f�f�e�r� �(�5�0� �m�M�,� �p�H� �4�.�0� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e�)�,� 

�g�u�a�i�a�c�o�l� �(�4�7�)�,� �1�2� �m�M� �(�F�l�u�k�a�)� �a�n�d� �H�2�0�O�2� �(�2�.�5� �m�M�)�.� �T�h�e� �b�a�n�d�s� �s�t�a�i�n�e�d� �b�r�o�w�n� �w�i�t�h� 

�o�x�i�d�i�z�e�d� �g�u�a�i�a�c�o�l� �w�i�t�h�i�n� �3� �m�i�n�.� �T�h�e� �g�e�l� �w�a�s� �l�e�f�t� �t�o� �d�r�y� �o�n� �a� �g�l�a�s�s� �p�l�a�t�e�,� �t�h�e�n� �c�o�v�e�r�e�d� 

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

�e�.� �4�-�C�h�l�o�r�o�-�1�!�-�n�a�p�h�t�h�o�l� �(�5�1�)� �s�t�a�i�n�i�n�g�.� �A�c�t�i�v�i�t�y� �s�t�a�i�n�i�n�g� �w�i�t�h� �4�-�c�h�l�o�r�o�-�l�-�n�a�p�h�t�h�o�l� �(�5�1�)� �w�a�s� 

�c�a�r�r�i�e�d� �o�u�t� �i�n� �a� �s�o�l�u�t�i�o�n� �(�5�0� �m�L�)� �c�o�n�t�a�i�n�i�n�g� �t�a�r�t�r�a�t�e� �b�u�f�f�e�r� �(�5�0� �m�M�,� �p�H� �3�.�0� �a�t� �r�o�o�m� 

�t�e�m�p�e�r�a�t�u�r�e�)�,� �4�-�c�h�l�o�r�o�-�1�-�n�a�p�h�t�h�o�l� �(�5�1�)�,� �0�.�4�5� �m�M� �(�B�i�o�-�R�a�d�)� �a�n�d� �H�2�O�2� �(�5�0� �u�M�)�.� �T�h�e� 

�s�o�l�u�t�i�o�n� �o�f� �4�-�c�h�l�o�r�o�-�1�-�n�a�p�h�t�h�o�l� �(�5�1�)� �w�a�s� �p�r�e�p�a�r�e�d� �a�s� �f�o�l�l�o�w�s�:� �4�-�C�h�l�o�r�o�-�1�-�n�a�p�h�t�h�o�l�,� �5�1� 

�(�6�0� �m�g�)�,� �w�a�s� �d�i�s�s�o�l�v�e�d� �w�i�t�h� �m�e�t�h�a�n�o�l� �(�2�0� �m�L�)�.� �T�r�i�s�-�b�u�f�f�e�r�e�d� �s�a�l�i�n�e� �s�o�l�u�t�i�o�n� �(�1�0�0� �m�L�,� 

�2�0� �m�M�,� �i�n� �5�0�0� �m�M� �N�a�C�l�,� �p�H� �7�.�5� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e�)� �w�a�s� �a�d�d�e�d� �f�o�r� �a� �t�o�t�a�l� �v�o�l�u�m�e� 

�o�f� �~�1�2�0� �m�L�.� �S�t�a�i�n�i�n�g� �t�o� �p�a�l�e� �b�l�u�e� �w�a�s� �e�v�i�d�e�n�t� �a�f�t�e�r� �5� �t�o� �1�0� �m�i�n�u�t�e�s�.� �T�h�e� �g�e�l� �w�a�s� �d�r�i�e�d� 

�a�n�d� �s�t�o�r�e�d� �a�s� �d�e�s�c�r�i�b�e�d� �a�b�o�v�e�.� 
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�O�H� 

�C�l� 

�(�5�1�)� 

�f�.� �P�h�e�n�o�l� �r�e�d� �(�5�2�)� �s�t�a�i�n�i�n�g�.� �A�s�s�a�y�s� �w�e�r�e� �c�a�r�r�i�e�d� �o�u�t� �u�s�i�n�g� �p�h�e�n�o�l� �r�e�d� �(�5�2�)� �a�s� �s�u�b�s�t�r�a�t�e� �i�n� 

�s�o�l�u�t�i�o�n�s� �w�i�t�h� �o�r� �w�i�t�h�o�u�t� �M�n�*�*�.� �T�w�o� �m�i�x�t�u�r�e�s� �(�5�0� �m�L� �e�a�c�h�)� �w�e�r�e� �p�r�e�p�a�r�e�d� �c�o�n�s�i�s�t�i�n�g� 

�o�f� �s�o�d�i�u�m� �s�u�c�c�i�n�a�t�e� �b�u�f�f�e�r� �(�5�0� �m�M�,� �p�H� �4�.�5� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e�)�,� �0�.�0�1�%� �p�h�e�n�o�l� �r�e�d� 

�(�5�2�)� �a�n�d� �H�2�0�2� �(�5�0� �u�M�)�.� �M�n�S�O�x�g� �(�1�0�0� �u�M�)� �w�a�s� �a�d�d�e�d� �t�o� �o�n�e� �o�f� �t�h�e� �m�i�x�t�u�r�e�s�.� �S�e�p�a�r�a�t�e� 

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

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

�O�H� 

�(�5�2�)� 
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�4�.�4�.�3� �S�p�e�c�t�r�o�p�h�o�t�o�m�e�t�r�i�c� �a�s�s�a�y� �f�o�r� �M�n�*�?�-�d�e�p�e�n�d�e�n�t� �e�n�z�y�m�e� �a�c�t�i�v�i�t�y� �i�n� 

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

�T�w�o� �I�-�m�L� �r�e�a�c�t�i�o�n� �m�i�x�t�u�r�e�s� �c�o�n�s�i�s�t�i�n�g� �o�f� �0�.�0�1�%� �p�h�e�n�o�l� �r�e�d�,� �(�5�2�)� �(�S�i�g�m�a�)�,� �2�5� �m�M� 

�l�a�c�t�a�t�e� �(�5�3�)� �(�J�T� �B�a�k�e�r� �C�h�e�m�.� �C�o�.�)�,� �0�.�1�%� �c�h�i�c�k�e�n� �e�g�g� �a�l�b�u�m�i�n� �(�S�i�g�m�a�)� �a�n�d� �H�2�O�2� �(�1�0�0� 

�u�M�)� �w�e�r�e� �p�r�e�p�a�r�e�d�.� �M�n�S�O�g� �(�3�0� �u�L�,� �3�.�3�4� �m�M�)� �w�a�s� �a�d�d�e�d� �t�o� �o�n�e� �o�f� �t�h�e� �m�i�x�t�u�r�e�s� �t�o� 

�o�b�t�a�i�n� �a� �f�i�n�a�l� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �1�0�0� �u�M� �M�n�*�?�.� �A�n� �e�q�u�a�l� �v�o�l�u�m�e� �o�f� �d�i�s�t�i�l�l�e�d�,� �d�e�i�o�n�i�z�e�d� 

�w�a�t�e�r� �w�a�s� �a�d�d�e�d� �t�o� �t�h�e� �o�t�h�e�r� �m�i�x�t�u�r�e�.� �N�a� �s�u�c�c�i�n�a�t�e� �b�u�f�f�e�r� �(�1�.�0� �m�L�,� �2�0� �m�M�,� �p�H� �4�.�5� �a�t� 

�3�0�°�)� �w�a�s� �t�h�e�n� �a�d�d�e�d� �t�o� �e�a�c�h� �m�i�x�t�u�r�e�.� �T�h�e� �m�i�x�t�u�r�e� �w�a�s� �t�r�a�n�s�f�e�r�r�e�d� �t�o� �a� �c�u�v�e�t�t�e�,� �a�n�d� 

�e�n�z�y�m�e� �s�o�l�u�t�i�o�n� �(�1�0� �w�L�,� �w�i�t�h� �a�n� �a�c�t�i�v�i�t�y� �e�q�u�i�v�a�l�e�n�t� �t�o� �0�.�0�8� �u�m�o�l� �o�f� �g�u�a�i�a�c�o�l� �c�o�n�s�u�m�e�d� 

�p�e�r� �m�i�n�u�t�e� �a�t� �3�0�°�)� �w�a�s� �t�h�e�n� �a�d�d�e�d�.� �F�o�r� �0� �m�i�n� �r�e�a�c�t�i�o�n� �t�i�m�e�,� �N�a�O�H� �(�4�0� �w�L�,� �2�N�)� �w�a�s� 

�a�d�d�e�d� �i�m�m�e�d�i�a�t�e�l�y� �t�o� �t�h�e� �m�i�x�t�u�r�e� �i�n� �t�h�e� �c�u�v�e�t�t�e�,� �i�n�v�e�r�t�e�d� �3� �t�i�m�e�s�,� �a�n�d� �t�h�e� �a�b�s�o�r�b�a�n�c�e� 

�d�e�t�e�r�m�i�n�e�d� �w�i�t�h� �a� �U�V� �s�p�e�c�t�r�o�p�h�o�t�o�m�e�t�e�r� �a�t� �6�1�0� �n�m�.� �O�t�h�e�r�w�i�s�e�,� �t�h�e� �r�e�a�c�t�i�o�n� �w�a�s� �a�l�-� 

�l�o�w�e�d� �t�o� �p�r�o�c�e�e�d� �f�o�r� �5� �m�i�n�u�t�e�s� �a�t� �3�0�°�,� �t�h�e�n� �t�e�r�m�i�n�a�t�e�d� �w�i�t�h� �a�d�d�i�t�i�o�n� �o�f� �N�a�O�H� �(�4�0� �u�L�,� 

�2�N�)�.� �T�h�e� �a�b�s�o�r�b�a�n�c�e� �a�t� �6�1�0� �n�m� �w�a�s� �i�m�m�e�d�i�a�t�e�l�y� �d�e�t�e�r�m�i�n�e�d�.� 

�G�o�o�n� 

�H�E�O�H� 

�C�H� 

�(�5�3�)� 
�I�n� �s�e�p�a�r�a�t�e� �e�x�p�e�r�i�m�e�n�t�s�,� �t�h�e� �f�o�l�l�o�w�i�n�g� �c�o�m�p�o�n�e�n�t�s� �w�e�r�e� �r�e�m�o�v�e�d�,� �o�n�e� �a�t� �a� �t�i�m�e�,� �f�r�o�m� 

�t�h�e� �r�e�a�c�t�i�o�n� �m�i�x�t�u�r�e�:� �l�a�c�t�a�t�e� �(�5�3�)�,� �H�.�O�2� �a�n�d� �e�n�z�y�m�e�.� �A� �s�e�p�a�r�a�t�e� �m�i�x�t�u�r�e� �c�o�n�t�a�i�n�i�n�g� 

�o�n�l�y� �t�h�e� �e�n�z�y�m�e� �a�n�d� �t�h�e� �b�u�f�f�e�r� �w�a�s� �a�l�s�o� �p�r�e�p�a�r�e�d�.� �I�n� �a�l�l� �c�a�s�e�s�,� �a�b�s�o�r�b�a�n�c�e� �a�t� �6�1�0� �n�m� 

�w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �u�s�i�n�g� �a� �U�V� �s�p�e�c�t�r�o�p�h�o�t�o�m�e�t�e�r�,� �a�t� �b�o�t�h� �0� �a�n�d� �5� �m�i�n� �r�e�a�c�t�i�o�n� �t�i�m�e�s�.� 

�R�e�a�c�t�i�o�n� �w�a�s� �t�e�r�m�i�n�a�t�e�d� �b�y� �a�d�d�i�t�i�o�n� �o�f� �N�a�O�H� �(�4�0� �u�L�,� �2�N�)� �a�s� �a�b�o�v�e�.� 
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�4�.�4�.�4� �P�r�e�p�a�r�a�t�i�o�n� �o�f� �c�o�n�i�f�e�r�y�l� �a�l�c�o�h�o�l� �(�4�)� �f�o�r� �i�n�c�u�b�a�t�i�o�n� �w�i�t�h� �l�i�g�n�i�n� 

�p�e�r�o�x�i�d�a�s�e� 

�a�)� �[�1�-�!�3�C�]� �C�o�n�i�f�e�r�y�l� �a�l�c�o�h�o�l� �(�4�a�)�:� 

�U�n�l�a�b�e�l�l�e�d� �c�o�n�i�f�e�r�y�l� �a�l�c�o�h�o�l� �(�4�)� �(�4�0�.�2� �m�g�)�,� �w�a�s� �m�i�x�e�d� �w�i�t�h� �[�1�-�!�3�C�]� �c�o�n�i�f�e�r�y�l� �a�l�c�o�h�o�l� 

�(�4�a�)� �(�2�5�.�0� �m�g�)�,� �t�o� �g�i�v�e� �c�o�n�i�f�e�r�y�l� �a�l�c�o�h�o�l� �e�n�r�i�c�h�e�d� �w�i�t�h� �1�3�C� �a�t� �C�-�1� �t�o� �t�h�e� �e�x�t�e�n�t� �o�f� �2�4� 

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

�(�M�S� �m�/�z�)�:� �1�8�1� �(�M�+�,� �4�0�%�)�,� �1�8�0� �(�8�9�%�)�,� �1�3�7� �(�M�*� �+�H�,�-�C�H�!�3�C�H�2�0�H�,� �1�0�0�%�)�,� �2�4� �a�t�o�m� 

�%� �1�3�C�;� �1�3�C� �N�M�R� �[�C�D�C�l�]� �6�:� �6�3�.�8� �p�p�m�.� 

�b�)� �[�2�-�!�3�C�]� �C�o�n�i�f�e�r�y�l� �a�l�c�o�h�o�l� �(�4�b�)�:� 

�S�p�e�c�t�r�a�l� �d�a�t�a� �f�o�r� �[�2�-�!�2�C�]� �c�o�n�i�f�e�r�y�l� �a�l�c�o�h�o�l� �(�4�b�)� �i�s� �a�s� �f�o�l�l�o�w�s�:� �M�S� �(�m�/�z�)�:� �1�8�1� �(�M�*�,� �7�0�%�)�,� 

�1�8�0� �(�3�%�)�,� �1�3�7� �(�M�*� �+�H�,�-�!�3�}�C�H�C�H�2�O�H�,� �1�0�0�%�)�,� �9�6� �a�t�o�m� �%� �'�3�C�;� �}�3�C� �N�M�R� �(�C�D�C�l�s�3�)� �6�:� 

�1�2�6�.�5� �p�p�m�.� �T�h�i�s� �w�a�s� �u�s�e�d� �w�i�t�h�o�u�t� �d�i�l�u�t�i�o�n� �w�i�t�h� �u�n�l�a�b�e�l�l�e�d� �c�o�n�i�f�e�r�y�l� �a�l�c�o�h�o�l� �(�4�)�.� 

�c�)� �[�3�-�!�3�C�]� �C�o�n�i�f�e�r�y�l� �a�l�c�o�h�o�l� �(�4�c�)�:� 

�S�p�e�c�t�r�a�l� �d�a�t�a� �f�o�r� �[�3�-�1�°�C�]� �c�o�n�i�f�e�r�y�l� �a�l�c�o�h�o�l� �(�4�c�)� �i�s� �a�s� �f�o�l�l�o�w�s�:� �M�S� �(�m�/�z�)�:� �1�8�1� �(�M�*�,� �7�0�%�)�,� 

�1�8�0� �(�2�3�%�)�,� �1�3�8� �(�M�*� �+�H�,�-�C�H�C�H�2�O�H�,� �1�0�0�%�)�,� �7�4� �a�t�o�m� �%� �1�2�C�;� �1�3�C� �N�M�R� �(�C�D�C�I�3�)� �6�:� 

�1�3�1�.�7� �p�p�m�.� �T�h�i�s� �w�a�s� �u�s�e�d� �w�i�t�h�o�u�t� �d�i�l�u�t�i�o�n� �w�i�t�h� �u�n�l�a�b�e�l�l�e�d� �c�o�n�i�f�e�r�y�l� �a�l�c�o�h�o�l� �(�4�)�.� 
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�4�.�4�.�5� �T�r�e�a�t�m�e�n�t� �o�f� �c�o�n�i�f�e�r�y�!� �a�l�c�o�h�o�l� �(�4�)� �w�i�t�h� �l�i�g�n�i�n� �p�e�r�o�x�i�d�a�s�e� 

�a�)� �{�1�-�!�?�C�]� �C�o�n�i�f�e�r�y�l� �a�l�c�o�h�o�l� �(�4�a�)� 

�L�i�g�n�i�n� �p�e�r�o�x�i�d�a�s�e� �(�7�.�1� �m�L�,� �5�4� �t�o� �6�0� �g�u�a�i�a�c�o�l� �(�4�7�)� �u�n�i�t�s�,� �w�i�t�h� �v�e�r�a�t�r�y�l� �a�l�c�o�h�o�l� �(�1�1�.�9�6� �m�g�,� 

�0�.�0�7� �m�m�o�l�)� �p�r�e�s�e�n�t� �a�s� �s�t�a�b�i�l�i�z�e�r�)� �w�a�s� �a�d�d�e�d� �t�o� �a� �t�h�r�e�e�-�n�e�c�k� �r�o�u�n�d� �b�o�t�t�o�m� �f�l�a�s�k� �(�2�5�0� �m�L�)� 

�c�o�n�t�a�i�n�i�n�g� �a� �m�a�g�n�e�t�i�c� �s�t�i�r� �b�a�r� �(�7�.�9� �x� �2�5� �m�m�)� �a�n�d� �e�q�u�i�p�p�e�d� �w�i�t�h� �t�w�o� �p�o�l�y�e�t�h�y�l�e�n�e� 

�c�a�p�i�l�l�a�r�y� �i�n�l�e�t� �t�u�b�e�s� �a�n�d� �a� �n�i�t�r�o�g�e�n� �i�n�l�e�t�.� �S�o�d�i�u�m� �t�a�r�t�r�a�t�e� �b�u�f�f�e�r� �(�5�6�.�9� �m�L�,� �2�5� �m�M�,� �p�H� 

�3�.�0� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e�)� �w�a�s� �a�d�d�e�d� �t�o� �t�h�e� �f�l�a�s�k� �i�n� �o�r�d�e�r� �t�o� �b�r�i�n�g� �t�h�e� �p�H� �o�f� �t�h�e� �m�i�x�t�u�r�e� 

�t�o� �4�.�0�.� 

�T�w�o� �s�o�l�u�t�i�o�n�s�,� �d�e�s�i�g�n�a�t�e�d� �a�s� �A� �a�n�d� �B�,� �w�e�r�e� �p�r�e�p�a�r�e�d� �a�s� �f�o�l�l�o�w�s�:� �[�1�-�)�*�C�]� �c�o�n�i�f�e�r�y�l� �a�l�-� 

�c�o�h�o�l�,� �4�a� �(�3�0�.�4� �m�g�,� �0�.�1�7� �m�m�o�l�)�,� �w�a�s� �d�i�s�s�o�l�v�e�d� �i�n� �s�o�d�i�u�m� �t�a�r�t�r�a�t�e� �b�u�f�f�e�r� �(�2�5� �m�L�,� �2�5� �m�M�,� 

�p�H� �4�.�0�,� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e�)� �t�o� �g�i�v�e� �s�o�l�u�t�i�o�n� �A�.� �S�o�l�u�t�i�o�n� �B� �w�a�s� �p�r�e�p�a�r�e�d� �b�y� �a�d�d�i�n�g� �3�0�%� 

�H�2�0�2� �(�2�2�.�7� �u�L�,� �0�.�2�0� �m�m�o�l�)� �t�o� �2�5� �m�L� �t�a�r�t�r�a�t�e� �b�u�f�f�e�r� �(�2�5� �m�M�,� �p�H� �4�.�0� �a�t� �r�o�o�m� �t�e�m�p�e�r�-� 

�a�t�u�r�e�)�.� 

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

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

�m�o�d�e�l� �2�2�3�2� �o�r� �2�1�3�2� �M�i�c�r�o�p�e�r�p�e�x� �p�e�r�i�s�t�a�l�t�i�c� �p�u�m�p�.� �F�l�o�w� �r�a�t�e� �w�a�s� �0�.�5�2� �m�L� �h�7�!� �f�o�r�a� 

�t�o�t�a�l� �r�e�a�c�t�i�o�n� �t�i�m�e� �o�f� �4�8� �h�.� �T�h�e� �r�e�a�c�t�i�o�n� �w�a�s� �c�a�r�r�i�e�d� �o�u�t� �a�t� �2�5�°� �a�n�d� �t�h�e� �m�i�x�t�u�r�e� �c�o�n�-� 

�s�t�a�n�t�l�y� �s�t�i�r�r�e�d� �u�n�d�e�r� �N�>�.� 

�A�l�i�q�u�o�t�s� �(�~�0�.�0�8� �g�u�a�i�a�c�o�l� �u�n�i�t�s�)� �w�e�r�e� �r�e�m�o�v�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �e�n�z�y�m�e� �a�c�t�i�v�i�t�y� �a�t� �t�i�m�e� �0�,� 

�2�4� �a�n�d� �4�8� �h�.� �A�f�t�e�r� �4�8� �h�,� �t�h�e� �m�i�x�t�u�r�e� �w�a�s� �t�r�a�n�s�f�e�r�r�e�d� �t�o� �f�o�u�r� �C�o�r�e�x� �c�e�n�t�r�i�f�u�g�e� �t�u�b�e�s� �(�3�0� 

�m�L�)� �a�n�d� �c�e�n�t�r�i�f�u�g�e�d� �f�o�r� �2� �h� �a�t� �9�,�7�5�0� �x� �g� �a�t� �1�0�°� �u�s�i�n�g� �a� �S�o�r�v�a�l�l� �S�S�-�3�4� �r�o�t�o�r�.� �A�f�t�e�r� 
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�c�e�n�t�r�i�f�u�g�a�t�i�o�n�,� �t�h�e� �s�u�p�e�r�n�a�t�a�n�t� �w�a�s� �d�e�c�a�n�t�e�d� �i�n�t�o� �t�h�e� �t�h�r�e�e�-�n�e�c�k� �r�o�u�n�d� �b�o�t�t�o�m� �f�l�a�s�k�.� 

�A� �s�o�l�u�t�i�o�n� �o�f� �H�2�0�2� �(�2�5� �m�L�,� �8�.�0� �m�M� �i�n� �2�5� �m�M� �t�a�r�t�r�a�t�e� �b�u�f�f�e�r�,� �p�H� �4�.�0� �a�t� �r�o�o�m� �t�e�m�p�e�r�-� 

�a�t�u�r�e�)� �w�a�s� �a�d�d�e�d� �o�v�e�r� �a� �2�4� �h� �p�e�r�i�o�d� �w�i�t�h� �t�h�e� �u�s�e� �o�f� �a� �p�e�r�i�s�t�a�l�t�i�c� �p�u�m�p� �(�f�l�o�w� �r�a�t�e� �=� �1�.�0�4� 

�m�L� �h�-�!�)�.� 

�T�h�e� �p�e�l�l�e�t�s� �i�n� �t�h�e� �c�e�n�t�r�i�f�u�g�e� �w�e�r�e� �c�o�m�b�i�n�e�d�,� �r�e�s�u�s�p�e�n�d�e�d� �i�n� �d�i�s�t�i�l�l�e�d� �w�a�t�e�r� �(�~�1�0�-�1�5� �m�L�)�,� 

�a�n�d� �c�e�n�t�r�i�f�u�g�e�d� �a�t� �9�,�7�5�0� �x� �g� �f�o�r� �a�n� �a�d�d�i�t�i�o�n�a�l� �2� �h�.� �T�h�e� �s�u�p�e�r�n�a�t�a�n�t� �w�a�s� �d�i�s�c�a�r�d�e�d�,� �a�n�d� 

�a� �s�m�a�l�l� �a�m�o�u�n�t� �o�f� �f�r�e�s�h�,� �d�i�s�t�i�l�l�e�d� �w�a�t�e�r� �(�~�0�.�5�-�1�.�0� �m�L�)� �w�a�s� �a�d�d�e�d�.� �T�h�e� �s�u�s�p�e�n�s�i�o�n� �w�a�s� 

�t�r�a�n�s�f�e�r�r�e�d� �t�o� �a� �t�a�r�e�d� �v�i�a�l� �(�2�0� �m�L�)�,� �f�r�o�z�e�n� �w�i�t�h� �l�i�q�u�i�d� �n�i�t�r�o�g�e�n�,� �a�n�d� �l�y�o�p�h�i�l�i�z�e�d�.� �T�h�e� 

�r�e�s�u�l�t�i�n�g� �d�r�y�,� �l�i�g�h�t�-�b�e�i�g�e� �t�o� �r�e�d�d�i�s�h� �b�r�o�w�n� �p�r�o�d�u�c�t� �w�a�s� �w�e�i�g�h�e�d� �(�7�.�5� �m�g�,� �2�4�.�8�%� �y�i�e�l�d�)� 

�a�n�d� �a�l�i�q�u�o�t�s� �w�e�r�e� �r�e�m�o�v�e�d� �f�o�r� �s�o�l�u�t�i�o�n�-�s�t�a�t�e� �1�*�C� �N�M�R� �a�n�a�l�y�s�i�s� �a�n�d� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� 

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

�s�y�n�t�h�e�s�i�s� �w�a�s� �o�b�t�a�i�n�e�d� �a�s� �d�e�s�c�r�i�b�e�d� �a�b�o�v�e� �(�2�3�.�7� �m�g�,� �7�8�.�2�%� �y�i�e�l�d�)�.� �A�n� �a�l�i�q�u�o�t� �f�r�o�m� �t�h�e� 

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

�b�)� �[�2�-�?�3�C�]� �C�o�n�i�f�e�r�y�l� �a�l�c�o�h�o�l� �(�4�b�)�:� 

�S�o�l�u�t�i�o�n� �A� �w�a�s� �p�r�e�p�a�r�e�d� �b�y� �d�i�s�s�o�l�v�i�n�g� �[�{�2�-�!�*�C�]� �c�o�n�i�f�e�r�y�l� �a�l�c�o�h�o�l� �(�4�b�)�,� �(�3�1�.�1� �m�g�,� �0�.�1�7� 

�m�m�o�l�)�,� �i�n� �t�a�r�t�r�a�t�e� �b�u�f�f�e�r� �(�2�5� �m�L�,� �2�5� �m�M�,� �p�H� �4�.�0� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e�)�.� �T�h�e� �s�o�l�u�t�i�o�n� 

�o�f� �H�2�O�2� �(�s�o�l�u�t�i�o�n� �B�)� �w�a�s� �p�r�e�p�a�r�e�d� �a�s� �d�e�s�c�r�i�b�e�d� �a�b�o�v�e�.� �T�h�e�s�e� �t�w�o� �s�o�l�u�t�i�o�n�s� �w�e�r�e� �d�e�-� 

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

�o�v�e�r� �a� �4�8� �h� �p�e�r�i�o�d� �w�i�t�h� �a� �p�e�r�i�s�t�a�l�t�i�c� �p�u�m�p� �(�f�l�o�w� �r�a�t�e� �=� �0�.�5�2� �m�L� �h�~�!�)�.� �T�h�e� �r�e�a�c�t�i�o�n� 

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

�t�e�r�m�i�n�e� �e�n�z�y�m�e� �a�c�t�i�v�i�t�y�.� �A�f�t�e�r� �4�8� �h�,� �t�h�e� �r�e�a�c�t�i�o�n� �m�i�x�t�u�r�e� �w�a�s� �c�e�n�t�r�i�f�u�g�e�d� �a�s� �a�b�o�v�e� �a�n�d� 

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

�d�r�y�i�n�g� �w�a�s� �1�6�.�9�2� �m�g� �(�5�4�.�3�%� �y�i�e�l�d�)�.� �P�o�r�t�i�o�n�s� �w�e�r�e� �r�e�m�o�v�e�d� �f�o�r� �s�o�l�u�t�i�o�n�-�s�t�a�t�e� �}�*�>�*�C� �N�M�R� 

�a�n�d� �g�e�l� �f�i�l�t�r�a�t�i�o�n� �c�h�r�o�m�a�t�o�g�r�a�p�h�y� �a�n�a�l�y�s�e�s�.� 
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�T�h�e� �p�r�o�d�u�c�t� �o�f� �t�h�e� �s�e�c�o�n�d� �r�o�u�n�d� �o�f� �s�y�n�t�h�e�s�i�s� �w�a�s� �o�b�t�a�i�n�e�d� �a�s� �d�e�s�c�r�i�b�e�d� �a�b�o�v�e� �(�1�7�.�6�4� 

�m�g�,� �5�6�.�6�%� �y�i�e�l�d�)�.� �A�n� �a�l�i�q�u�o�t� �f�r�o�m� �t�h�e� �f�i�n�a�l� �r�e�a�c�t�i�o�n� �m�i�x�t�u�r�e� �w�a�s� �a�l�s�o� �r�e�m�o�v�e�d� �t�o� �a�s�s�a�y� 

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

�c�)� �[�3�-�!�3�C�]� �C�o�n�i�f�e�r�y�l� �a�l�c�o�h�o�l� �(�4�c�)�:� 

�S�o�l�u�t�i�o�n� �A� �w�a�s� �p�r�e�p�a�r�e�d� �b�y� �d�i�s�s�o�l�v�i�n�g� �[�3�-�'�3�C�]� �c�o�n�i�f�e�r�y�l� �a�l�c�o�h�o�l� �(�4�c�)�,� �(�3�2�.�4� �m�g�,� �0�.�1�8� 

�m�m�o�l�)�,� �i�n� �s�o�d�i�u�m� �t�a�r�t�r�a�t�e� �b�u�f�f�e�r� �(�2�5� �m�L�,� �2�5� �m�M�,� �p�H� �4�.�0� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e�)�.� �A� �s�o�l�-� 

�u�t�i�o�n� �o�f� �H�2�O�2� �(�s�o�l�u�t�i�o�n� �B�)� �w�a�s� �a�l�s�o� �p�r�e�p�a�r�e�d�.� �T�h�e�s�e� �t�w�o� �s�o�l�u�t�i�o�n�s� �w�e�r�e� �d�e�l�i�v�e�r�e�d� �s�i�-� 

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

�4�8� �h� �p�e�r�i�o�d� �w�i�t�h� �a� �p�e�r�i�s�t�a�l�t�i�c� �p�u�m�p� �(�f�l�o�w� �r�a�t�e� �=� �0�.�5�2� �m�L� �h�7�!�)�.� �T�h�e� �r�e�a�c�t�i�o�n� �v�e�s�s�e�l� �w�a�s� 

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

�a�c�t�i�v�i�t�y�.� �I�n�s�t�e�a�d� �o�f� �s�t�o�p�p�i�n�g� �t�h�e� �r�e�a�c�t�i�o�n� �a�f�t�e�r� �4�8� �h�,� �H�2�O�2� �(�2�5� �m�L�,� �8�.�0� �m�M�,� �i�n� �2�5� �m�M� 

�t�a�r�t�r�a�t�e� �b�u�f�f�e�r�,� �p�H� �4�.�0� �a�t� �R�T�)� �w�a�s� �d�e�l�i�v�e�r�e�d� �t�o� �t�h�e� �f�l�a�s�k� �f�o�r� �a�n�o�t�h�e�r� �8�.�3� �h� �(�f�l�o�w� �r�a�t�e� �=� 

�3� �m�L� �h�7�!�)�.� �T�h�e� �r�e�a�c�t�i�o�n� �m�i�x�t�u�r�e� �w�a�s� �c�e�n�t�r�i�f�u�g�e�d� �a�s� �a�b�o�v�e� �a�n�d� �y�i�e�l�d�e�d� �3�3�.�0� �m�g� �o�f� 

�p�r�o�d�u�c�t� �(�q�u�a�n�t�i�t�a�t�i�v�e� �y�i�e�l�d�)�.� �P�o�r�t�i�o�n�s� �w�e�r�e� �r�e�m�o�v�e�d� �f�o�r� �s�o�l�u�t�i�o�n�-�s�t�a�t�e� �'�7�C� �N�M�R� �a�n�d� 

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

�4�.�4�.�6� �I�n�c�u�b�a�t�i�o�n� �o�f� �c�o�n�i�f�e�r�y�l� �a�l�c�o�h�o�l� �(�4�)� �i�n� �2�5� �m�M� �s�o�d�i�u�m� �t�a�r�t�r�a�t�e� �b�u�f�f�e�r�,� 

�p�H� �4�.�0�,� �w�i�t�h�o�u�t� �l�i�g�n�i�n� �p�e�r�o�x�i�d�a�s�e� 

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

�t�h�r�e�e�-�n�e�c�k� �r�o�u�n�d� �b�o�t�t�o�m� �f�l�a�s�k� �c�o�n�t�a�i�n�i�n�g� �1�0� �m�M� �v�e�r�a�t�r�y�l� �a�l�c�o�h�o�l� �(�4�5�)� �i�n� �0�.�4� �M� �s�o�d�i�u�m� 

�a�c�e�t�a�t�e� �b�u�f�f�e�r� �(�7�.�1� �m�L�,� �p�H� �6�.�4�)� �a�n�d� �s�o�d�i�u�m� �t�a�r�t�r�a�t�e� �b�u�f�f�e�r� �(�5�6�.�9� �m�L�,� �2�5� �m�M�,� �p�H� �3�.�0�)�.� 

�C�o�n�i�f�e�r�y�l� �a�l�c�o�h�o�l�,� �4� �(�3�0�.�6�6� �m�g�,� �0�.�1�7� �m�m�o�l�)�,� �w�a�s� �d�i�s�s�o�l�v�e�d� �i�n� �s�o�d�i�u�m� �t�a�r�t�r�a�t�e� �b�u�f�f�e�r� �(�2�5� 
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�m�L�,� �2�5� �m�M�,� �p�H� �4�.�0�)� �a�s� �i�n� �s�o�l�u�t�i�o�n� �A� �a�b�o�v�e�.� �L�i�k�e�w�i�s�e�,� �a� �f�r�e�s�h� �s�o�l�u�t�i�o�n� �o�f� �H�2�O�2� �(�d�e�s�-� 

�i�g�n�a�t�e�d� �a�s� �s�o�l�u�t�i�o�n� �B�)�,� �(�2�5� �m�L�,� �8� �m�M�)� �w�a�s� �p�r�e�p�a�r�e�d� �a�n�d� �s�i�m�u�l�t�a�n�e�o�u�s�l�y� �w�i�t�h� �t�h�e� 

�c�o�n�i�f�e�r�y�l� �a�l�c�o�h�o�l� �(�4�)� �s�o�l�u�t�i�o�n�,� �d�e�l�i�v�e�r�e�d� �o�v�e�r� �a� �4�8� �h� �p�e�r�i�o�d�,� �i�n�t�o� �t�h�e� �r�o�u�n�d� �b�o�t�t�o�m� �f�l�a�s�k� 

�w�i�t�h� �c�o�n�s�t�a�n�t� �s�t�i�r�r�i�n�g� �a�n�d� �u�n�d�e�r� �a�n� �i�n�e�r�t� �e�n�v�i�r�o�n�m�e�n�t� �(�N�2�)�.� 

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

�w�a�s� �r�e�m�o�v�e�d� �a�f�t�e�r� �4�8� �h� �f�o�r� �H�P�L�C� �a�n�a�l�y�s�i�s� �u�s�i�n�g� �a� �N�o�v�a�-�P�a�k� �C�i�g� �r�e�v�e�r�s�e�-�p�h�a�s�e� �c�o�l�u�m�n�.� 

�T�h�e� �a�l�i�q�u�o�t� �w�a�s� �f�i�l�t�e�r�e�d� �t�h�r�o�u�g�h� �a�n� �A�c�r�o� �L�C�3�A� �f�i�l�t�e�r� �a�s�s�e�m�b�l�y� �(�0�.�4�5� �u�m�)�,� �1�0� �u�L� �o�f� 

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

�M�e�O�H�:�H�,�0� �(�1�5�:�8�5�)� �a�t� �a� �f�l�o�w� �r�a�t�e� �o�f� �1�.�3� �m�L� �m�i�n!"�!� �a�n�d� �u�s�i�n�g� �a� �d�e�t�e�c�t�i�o�n� �w�a�v�e�l�e�n�g�t�h� 

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

�c�o�h�o�l� �(�4�)� �(�2�.�5�6� �m�M�)� �s�h�o�w�e�d� �t�h�a�t� �t�h�e� �c�o�n�i�f�e�r�y�l� �a�l�c�o�h�o�l� �(�4�)� �r�e�m�a�i�n�e�d� �u�n�c�h�a�n�g�e�d� �i�n� �t�h�e� 

�r�e�a�c�t�i�o�n� �m�i�x�t�u�r�e�.� �T�h�e� �r�e�t�e�n�t�i�o�n� �t�i�m�e� �f�o�r� �c�o�n�i�f�e�r�y�l� �a�l�c�o�h�o�l� �(�4�)� �u�n�d�e�r� �t�h�i�s� �c�o�n�d�i�t�i�o�n� �w�a�s� 

�1�2�.�8� �m�i�n�.� 

�4�.�4�.�7� �E�f�f�e�c�t� �o�n�  ��D�H�P� �l�i�g�n�i�n �� �b�y� �f�u�r�t�h�e�r� �t�r�e�a�t�m�e�n�t� �w�i�t�h� �l�i�g�n�i�n� �p�e�r�o�x�i�d�a�s�e� 

�[�2�-�'�°�C�]� �D�H�P� �l�i�g�n�i�n� �(�1�0� �m�g�)�,� �s�y�n�t�h�e�s�i�z�e�d� �f�r�o�m� �[�2�-�!�?�C�]� �c�o�n�i�f�e�r�y�l� �a�l�c�o�h�o�l� �(�4�b�)�,� �w�a�s� �a�d�d�e�d� 

�t�o� �a� �r�o�u�n�d� �b�o�t�t�o�m� �f�l�a�s�k� �(�2�5�0� �m�L�)� �c�o�n�t�a�i�n�i�n�g� �~�1�8� �g�u�a�i�a�c�o�l� �u�n�i�t�s� �o�f� �l�i�g�n�i�n� �p�e�r�o�x�i�d�a�s�e� 

�(�f�r�o�m� �s�t�o�c�k� �s�o�l�u�t�i�o�n� �d�e�s�c�r�i�b�e�d� �p�r�e�v�i�o�u�s�l�y�)� �a�n�d� �s�o�d�i�u�m� �t�a�r�t�r�a�t�e� �b�u�f�f�e�r� �(�1�9�.�0� �m�L�,� �2�5� �m�M�,� 

�p�H� �3�.�0�)�.� �H�y�d�r�o�g�e�n� �p�e�r�o�x�i�d�e� �s�o�l�u�t�i�o�n� �(�0�.�1�3� �m�m�o�l� �H�2�O�2� �i�n� �1�6�.�7� �m�L� �o�f� �s�o�d�i�u�m� �t�a�r�t�r�a�t�e� 

�b�u�f�f�e�r�,� �2�5� �m�M�,� �p�H� �4�.�0�)� �w�a�s� �a�d�d�e�d� �d�i�r�e�c�t�l�y� �t�o� �t�h�e� �f�l�a�s�k�.� �T�h�e� �r�e�a�c�t�i�o�n� �m�i�x�t�u�r�e� �w�a�s� �s�t�i�r�r�e�d� 

�f�o�r� �5� �h� �u�n�d�e�r� �N�z�.� �H�2�0�2� �(�0�.�1�3� �m�m�o�l�)� �d�i�s�s�o�l�v�e�d� �i�n� �d�i�s�t�i�l�l�e�d� �d�i�o�x�a�n�e� �(�1�0� �m�L�)� �w�a�s� �a�d�d�e�d� 

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

�r�e�m�o�v�e�d� �u�n�d�e�r� �r�e�d�u�c�e�d� �p�r�e�s�s�u�r�e�.� �T�h�e� �r�e�s�u�l�t�i�n�g� �a�q�u�e�o�u�s� �s�u�s�p�e�n�s�i�o�n� �w�a�s� �c�e�n�t�r�i�f�u�g�e�d� �f�o�r� 
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�2�h� �a�t� �9�,�7�5�0� �x� �g� �a�n�d� �1�0�°�.� �T�h�e� �r�e�s�u�l�t�i�n�g� �p�e�l�l�e�t� �w�a�s� �r�e�s�u�s�p�e�n�d�e�d� �i�n� �d�i�s�t�i�l�l�e�d� �w�a�t�e�r� �a�n�d� 

�c�e�n�t�r�i�f�u�g�e�d� �f�o�r� �a�n�o�t�h�e�r� �2� �h� �a�t� �9�,�7�5�0� �x� �g�.� �A�f�t�e�r� �d�i�s�c�a�r�d�i�n�g� �t�h�e� �s�u�p�e�r�n�a�t�a�n�t�,� �a� �s�m�a�l�l� 

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

�f�r�e�e�z�e�-�d�r�i�e�d�.� 

�4�.�4�.�8� �D�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �d�i�s�t�r�i�b�u�t�i�o�n� �o�f�  ��D�H�P� �l�i�g�n�i�n�s �� 

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

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

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

�L�~�1�,� �i�n� �c�a�r�b�o�n�a�t�e�-�f�r�e�e� �a�q�u�e�o�u�s� �N�a�O�H� �(�1� �m�L�,� �0�.�1� �N�)� �a�n�d� �a�p�p�l�i�e�d� �t�o� �a� �S�e�p�h�a�d�e�x� �G�1�0�0� 

�c�o�l�u�m�n� �(�2�.�5� �x� �1�0�0� �c�m�)�.� �E�l�u�t�i�o�n� �w�i�t�h� �c�a�r�b�o�n�a�t�e�-�f�r�e�e� �a�q�u�e�o�u�s� �N�a�O�H� �(�0�.�1� �N�)� �a�t� �a� �f�l�o�w� 

�r�a�t�e� �o�f� �3�0� �m�L� �h�7�!� �w�a�s� �m�o�n�i�t�o�r�e�d� �a�t� �2�8�0� �n�m� �w�i�t�h� �a� �d�o�u�b�l�e�-�b�e�a�m� �I�S�C�O� �m�o�d�e�l� �V�*� �d�e�-� 

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

�a�r�o�u�n�d� �5�0�0� �w�a�s� �l�e�s�s� �t�h�a�n� �8�%� �o�f� �t�h�e� �r�e�l�a�t�i�v�e� �c�o�l�u�m�n� �r�e�t�e�n�t�i�o�n� �v�o�l�u�m�e�.� �T�h�e� �r�a�w� �d�a�t�a� 

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

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

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

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

�l�i�b�r�i�u�m� �m�e�a�s�u�r�e�m�e�n�t�s� �[�4�7�]�.� �T�h�e� �e�f�f�e�c�t�i�v�e� �i�n�c�u�b�a�t�i�o�n� �t�i�m�e�s� �r�e�p�r�e�s�e�n�t� �t�h�e� �t�i�m�e� �e�l�a�p�s�e�d� 

�b�e�t�w�e�e�n� �d�i�s�s�o�l�u�t�i�o�n� �a�n�d� �a�p�p�e�a�r�a�n�c�e� �o�f� �t�h�e� �p�r�o�f�i�l�e�.� 
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�5�.�0� �R�E�S�U�L�T�S� �A�N�D� �D�I�S�C�U�S�S�I�O�N� 

�5�.�1� �E�x�a�m�i�n�a�t�i�o�n� �o�f� �L�i�g�n�i�n� �S�t�r�u�c�t�u�r�e� �i�n� �s�i�t�u� �b�y� �S�o�l�i�d�-�s�t�a�t�e� 

�7�3�C� �N�M�R� �S�p�e�c�t�r�o�s�c�o�p�y� 

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

�y�e�a�r�s� �i�s� �t�h�e� �d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �n�a�t�i�v�e� �s�t�r�u�c�t�u�r�e� �o�f� �l�i�g�n�i�n� �[�1�4�7�]�.� �L�i�g�n�i�n� �i�n� �p�l�a�n�t� �t�i�s�s�u�e� 

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

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

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

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

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

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

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

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

�1�3�C� �N�M�R� �s�p�e�c�t�r�o�s�c�o�p�y� �o�f� �t�h�e� �e�n�r�i�c�h�e�d� �t�i�s�s�u�e�,� �p�r�o�v�i�d�e� �s�t�r�u�c�t�u�r�a�l� �i�n�f�o�r�m�a�t�i�o�n� �n�o�t� �a�t�-� 

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

�a�e�s�t�i�v�u�m�,� �a� �g�r�a�s�s� �s�p�e�c�i�e�s�,� �w�h�e�r�e� �1�%�C�-�e�n�r�i�c�h�m�e�n�t� �o�f� �s�p�e�c�i�f�i�c� �c�a�r�b�o�n� �a�t�o�m�s� �o�f� �t�h�e� 

�p�r�o�p�a�n�o�i�d� �s�i�d�e�-�c�h�a�i�n� �a�n�d� �s�u�b�s�e�q�u�e�n�t� �'�*�C� �N�M�R� �s�p�e�c�t�r�o�s�c�o�p�y� �o�f� �t�h�e� �r�o�o�t� �t�i�s�s�u�e� �l�e�d� �t�o� 

�t�h�e� �i�d�e�n�t�i�f�i�c�a�t�i�o�n� �o�f� �t�h�e� �m�a�j�o�r� �b�o�n�d�i�n�g� �e�n�v�i�r�o�n�m�e�n�t�s� �o�f� �t�h�e�s�e� �c�a�r�b�o�n� �a�t�o�m�s� �[�1�1�6�]�.� 

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

�m�i�n�i�s�t�e�r�i�n�g� �}�3�C�-�s�p�e�c�i�f�i�c�a�l�l�y�-�l�a�b�e�l�l�e�d� �f�e�r�u�l�i�c� �a�c�i�d� �(�3�0�a�-�c�)� �t�o� �i�n�d�i�v�i�d�u�a�l� �p�l�a�n�t�s� �t�h�r�o�u�g�h� �t�h�e�i�r� 

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

�g�r�o�w�n� �i�n� �a�g�a�r� �m�e�d�i�u�m� �c�o�n�t�a�i�n�i�n�g� �t�h�e� �p�r�e�c�u�r�s�o�r� �[�1�1�6�]�.� �O�n�e� �o�f� �t�h�e� �p�r�o�b�l�e�m�s� �a�s�s�o�c�i�a�t�e�d� 

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

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

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

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

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

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

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

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

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

�I�n� �d�e�v�e�l�o�p�i�n�g� �m�e�t�h�o�d�o�l�o�g�y� �f�o�r� �t�h�i�s� �s�t�u�d�y�,� �f�e�r�u�l�i�c� �a�c�i�d� �(�3�0�)� �w�a�s� �i�n�i�t�i�a�l�l�y� �u�s�e�d� �a�s� �l�i�g�n�i�n� 

�p�r�e�c�u�r�s�o�r�.� �S�u�b�s�e�q�u�e�n�t�l�y�,� �!�3�C� �s�p�e�c�i�f�i�c�a�l�l�y�-�l�a�b�e�l�l�e�d� �p�h�e�n�y�l�a�l�a�n�i�n�e� �(�7�a�-�b�)� �w�a�s� �e�m�p�l�o�y�e�d�.� 

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

�r�a�d�i�o�-� �(�a�n�d� �s�t�a�b�l�e�-�)� �i�s�o�t�o�p�e� �l�a�b�e�l�l�i�n�g� �s�t�u�d�i�e�s� �o�f� �l�i�g�n�i�n�.� �F�e�r�u�l�i�c� �a�c�i�d� �(�3�0�)� �i�s� �q�u�i�t�e� �o�f�t�e�n� 

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

�R�E�S�U�L�T�S� �A�N�D� �D�I�S�C�U�S�S�I�O�N� �9�S



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

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

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

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

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

�E�x�p�e�r�i�m�e�n�t�a�l� �s�e�c�t�i�o�n�)�.� 

�[�U�-�!�4�C�]� �P�h�e�n�y�l�a�l�a�n�i�n�e� �(�7 ��)� �i�s� �a�n�o�t�h�e�r� �w�i�d�e�l�y� �u�s�e�d� �p�r�e�c�u�r�s�o�r� �f�o�r� �r�a�d�i�o�-�l�a�b�e�l�l�i�n�g� �s�t�u�d�i�e�s� 

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

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

�f�e�r�u�l�i�c� �a�c�i�d� �(�3�0�)�,� �p�h�e�n�y�l�a�l�a�n�i�n�e� �(�7�)� �s�u�f�f�e�r�s� �f�r�o�m� �t�h�e� �d�i�s�a�d�v�a�n�t�a�g�e� �t�h�a�t� �i�t� �c�a�n� �b�e� �i�n�c�o�r�p�o�-� 

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

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

�d�e�m�o�n�s�t�r�a�t�e� �t�h�a�t� �l�i�g�n�i�n� �w�a�s� �t�h�e� �m�a�j�o�r� �m�e�t�a�b�o�l�i�t�e� �d�e�r�i�v�e�d� �f�r�o�m� �p�h�e�n�y�l�a�l�a�n�i�n�e� �(�7�)� �i�n�c�o�r�-� 

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

�p�r�i�o�r� �e�x�t�r�a�c�t�i�o�n�.� 

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

�a�r�e� �a�s� �f�o�l�l�o�w�s� �[�3�1�]�:� �1�)� �c�h�e�m�i�c�a�l� �s�t�a�b�i�l�i�t�y� �w�h�i�l�e� �b�e�i�n�g� �a�d�m�i�n�i�s�t�e�r�e�d� �t�o� �t�h�e� �p�l�a�n�t�;� �2�)� 

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

�c�o�r�p�o�r�a�t�i�o�n� �l�e�v�e�l�s� �t�o� �a�l�l�o�w� �d�e�t�e�c�t�i�o�n� �b�y� �s�o�l�i�d�-�s�t�a�t�e� �'�*�C� �N�M�R� �s�p�e�c�t�r�o�s�c�o�p�y� �o�f� �t�h�e� �t�i�s�s�u�e�.� 

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

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