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PREFACE 

The resolution of enantiomers traditionally has been considered 

one of the more difficu1t problems in separation science. This arises 

from the fact that enantiomers have identical physical and chemical 

properties with the exception that they rotate plane polarized light in 

opposite directions. The separation of enantiomers using cyclodextrins 

is described in Part One of this dissertation. 

Cyclodextrins are nonionic, cyclic, chiral carbohydrates composed 

of glucopyranose units bound through a-( 1,4) linkages. By covalently 

bonding cyclodextrins to silica gel particles, an effective chiral 

stationary phase for high performance liquid chromatography (HPLC) has 

been produced. The packing is hydrolytically stable under standard HPLC 

conditions. 

The ability of cyclodextrins to form inclusion complexes with a 

wide variety of water insoluble, sparingly soluble, and soluble 

compounds make it particularly useful for enantiomeric separations. The 

formation of inclusion complexes is affected by a number of factors, 

such as hydrophobic effects, hydrogen bonding at the mouth of the 

cyclodextrin cavity, dipole-dipole interactions or the release of high 

energy water or modifer from the cyclodextrin cavity during inclusion 

complex formation. 

The effects of temperature, mobile phase composition, pH, flow 

rate and solute structure on resolution and separation efficiency are 

examined as well as possible modes of mechanism by which 

XI 



separation occurs. The results provide important insight into the 

inf luence of experimental parameters upon these separations. 

Part Two of this dissertation examines the use of micelles in 

chromatography. Micelles are dynamic species consisting of aggregated 

surfactants in an aqueous continuum. While micellar mobile phases have 

been known to produce unusual selectivities for various compounds in 

HPLC, they have offered little or nothing for improved chromatographic 

efficiency. A study was performed to determine the loss of efficiency in 

micellar mediated separations. Results indicate that poor mass transfer 

in the stationary phase is predominately responsible for the low 

efficiencies observed in HPLC separations. 
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PART ONE 

CYCLODEXTRINS IN 5EPARATI0N5 



CHAPTERI 

INTRODUCTION 

Traditional Methods for Resolving 
Enantiomers 

Enantiomers are compounds which cannot be superimposed on their 

mirror images. The resolution of enantiomers has historically been one 

of the more difficult separation problems. This is attributable to the 

fact that enantiomers have identical physical and chemical properties 

with the exception that they rotate plane polarized light in opposite 

directions. When a compound is capable of rotating plane polarized light 

it is said to be optically active. 

In 1848 Pasteur reported the first successful separation of 

enantiomers from a racemic mixture (1). While examining the crystal 

structure of the sodium ammonium salt of racemic tartaric acid, he 

noticed that two types of crystals were present. One was identical to 

the sodium ammonium salt of (+)-tartaric acid (which had been 

discovered previously and shown to be dextrorotatory) while the other 

crystals were nonsuperimposable mirror reflections of (+)-tartaric acid. 

Pasteur separated the two types of crystals under a microscope with 

tweezers. Upon dissolving each crystal separately in water and placing 

the solution in a polarimeter, Pasteur found that they rotated plane 

polarized light in opposite directions by an equal amount. Since few 

organic compounds crystallize into distinct crystals (containing 

separate enantiomers) that are amenable to mechanical separation, this 

method was not generally applicable. 

i 
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Enantiomeric separations have traditionally been performed by 

conversion of the racemic mixture to a pair of diastereomers. Since 

diastereomers have different chemical and physical properties, they may 

then be separated by conventional methods with the enantiomers being 

recovered in subsequent steps (2-6). To enable successful resolution 

through diastereomeric compound formation with an optically-active 

reagent, the reaction should be reversible and recovery should not cause 

racemization. For example, a racemic mixture of bases may be 

transformed into the corresponding salts by reaction with an optically 

active acid. The salts, being diastereomeric, have different scalar 

properties, e.g., different solubilities and sometimes different crystal 

forms. This allows them to be separated by conventional physical 

methods such as fractional crystallization. The resulting pure 

diastereomeric salts are then decomposed separately to yield the pure 

enantiomers. In a similar manner, it is possible to resolve racemic acids 

by using an optically-active base. 

Enzymes have been shown to be highly efficient and selective 

catalysts for a number of asymmetric reactions (7,8). As natural chiral 

catalysts, enzymes often establish a very intimate and highly orientated 

contact with the substrate. As a result the activation energy for a 

reaction between enantiomers may differ appreciably and the enzyme can 

preferentially catalyze the reaction of one enantiomer relative to the 

other. Enzyme-catalyzed reactions have been used to resolve racemic 

mixtures when one enantiomer is a preferred substrate for the enzyme. 



Seoaration of Enantiomers bv HPLC 

The three-point chiral recognition model, proposed by Dalgliesh 

(9), has been used as a basis for the design of several chiral stationary 

phases. Pirkle and coworkers developed a class of chiral stationary 

phases (CSP) which used this model as the basis for their design (Figure 

1, structures A-C). They successfully resolved a series of enantiomeric 

sulfoxides and 3,5-dinitrobenzoyl derivatives of amines, alcohols, amino 

acids, thiols, amino alcohols, and hydroxy acids (10-12). An advantage of 

these CSP's was that they were applicable to a broad range of compounds. 

Current research in this area involves the extension of applications and 

the development of a rationale for predicting elution orders. 

Even though a significant amount of useful data has been 

accumulated for these columns, they suffer from several drawbacks. One 

disadvantage of this class of CSP's is that the presence of any water in 

the mobile phase can ruin the packing material. Another possible 

drawback is the reversal of the elution order for some enantiomers when 

the mobile phase composition is changed (13). This could restrict the 

use of these CSP's in assigning absolute configurations for compounds. 

The mechanism of separation is thought to occur via two hydrogen 

bonds and a T -TT donor-acceptor interaction. This would give the 

necessary three point attachment between the CSP and enantiomeric 

solute. Subsequent work indicated that dipole-dipole stacking and Van 

der Waals interactions should also be considered in some cases (13). 

Oi and coworkers (14-17) have made various modif ications to this 

class of CSP's (Figure 1, structures D-F). They have shown that there can 





Figure 1. A Schematic Showing Different Chiral Stationary 
Phases Developed by Pirkle and Coworkers (A-C) 
and Related Chiral Stationary Phases Developed 
by Oi and Coworkers (D-F) (36). 
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be significant differences in selectivity for many of these related CSP's. 

For example, it was noted that there are selectivity differences in 

packings containing the same chiral base molecule but differing in 

whether they are attached covalently or ionically (Figure 1, structures B 

and C) (13). Studies of this nature should continue to give insights into 

the separation mechanism. 

Natural or synthetic chiral polymers have been used as CSP's to 

separate a number of enantiomers. Presently, there are two basic 

approaches in using chiral polymers as HPLC stationary phases. The f irst 

approach is to use cross-linked polymers which possess sufficient 

mechanical strength to withstand the pressures normally employed in 

modern HPLC. An example of this approach is Lindner and Mannschreck's 

use of microcrystalline triacetyl cellulose for the HPLC separation of 

several racemic compounds (18). A second approach is to adsorb the 

chiral polymer onto silica gel. Protein bonded phases in particular have 

been used to separate the enantiomers of a variety of drugs and 

derivatized amino acids. The most useful protein HPLC bonded phases 

utilize bovine serum albumin or a^-acid glycoprotein. These bonded 

phases were originally developed by Allenmark (19) and Hermansson (20) 

respectively. The protein is attached to five or ten micron silica gel. 

One of the advantages of this packing is that it can be used with aqueous 

or aqueous-organic mobile phases. The mechanism by which separation 

occurs is not understood at this time. 

Chiral charge transfer stationary phases have been useful in the 

separation of racemic helicenes (21-24). These stationary phases are 
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usually coated on silica gel or bonded via an amide linkage through an 

aminopropyl silane (Figure 2, A and B). Ten racemic helicenes and two 

double helicenes were separated by Mikes and coworkers using a 

stationary phase of silica coated with a-(2,4,5,7-tetranitro-9-

f1uorenylidenaminooxy)propionic acid (TAPA) (25). A major drawback of 

these stationary phases is that they are limited in their applicability. 

Their use also must be conf ined to a normal phase mode. 

Cram and coworker's research on the complexation of ions by 

crown ethers has led to the development of a chiral stationary phase 

which employs chiral 18-crown-6 derivatives (26, 27). Ammonium ions 

form complexes with 18-crown-6. If the ammonium ion is attached to a 

chiral atom, as in a protonated amino acid, then the possibility exists for 

the resolution of those enantiomers (Figure 2, D). Cram and coworkers 

have successfully resolved a number of aromatic amino acids and 

analogous compounds on this stationary phase. While these stationary 

phases can effectively separate some racemic compounds that contain 

primary ammonium ions, their overall applicability is limited. 

Cyclodextrins 

The first publication on cyclodextrins appeared in 1891 by Villiers 

(28). He was able to isolate a small amount of crystalline substance by 

its physical properties (solubility, etc), from a medium of Bacillus 

amvlobacter grown on starch. Villiers called his crystalline product 

"cellulosine" because of its apparent similarity to cellulose. 

In 1904 Schardinger was the first to characterize cyclodextrins as 

cyclic oligosaccharides (29, 30). This is why cyclodextrins, especially 





Figure 2. A Schematic Showing the Structure of Three 
Different Charge Transfer Adducts That Have 
been Bonded to or Adsorbed on Silica Gel and 
Cram's Crown Ether Stationary Phase (36). 
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in the older literature, are sometimes called Schardinger dextrins. He 

succeeded in isolating a bacillus, which he named Bacillus macerans. as 

the microorganism responsible for the formation of cyclodextrins from 

starch. Bacillus macerans is a common source for the enzyme which is 

used in the production of cyclodextrins. Other bacteria that have this 

enzyme have been identified as well. 

Freudenberg et a1., in 1938, reported that cyclodextrins are 

composed of glucose units bound through a-(1,4)-1inkages (31). 

Freudenberg et al. also recognized that cyclodextrins could form 

inclusion complexes and, like French et al , outlined procedures for 

synthesizing pure cyclodextrins (32, 33). 

Investigation of cyclodextrins and their inclusion complexes has 

accelerated tremendously since the early foundations were laid by 

Schardinger. Intensive research on cyclodextrin and its use in separation 

chemistry is currently underway in many parts of the world. 

Structure and Physical Properties 

Cyclodextrins (also known as cycloamyloses, cycloglucans, or 

cycloglucopyranoses) are natural macrocyclic polymers of glucose that 

contain from six to twelve D-(+)-glucopyranose units which are bound 

via a-( 1,4)-linkages. They are chiral, toroidal shaped molecules with all 

the glucose units in a C1 (D) chair conformation. The structure of 

p-cyclodextrin (seven glucose units) is shown in Figure 3. The mouth of 

the molecule is facing the reader and has the larger circumference. It 

also contains the secondary hydroxyl groups on carbons 2 and 3 of the 

glucose units. The primary hydroxyl groups attached to carbon 6 of the 



12 



Figure 3. Structure of p-Cyclodextrin (A) and Two of the 
Glucopyranose Units that lllustrate Details of 
the a-( 1,4) Glycosidic Linkage (B), C1 (D) Chair 
Conformation, and the Numbering System 
Employed to Describe the Ring System (34). 
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glucose unit are on the opposite end of the cyclodextrin, forming a 

smaller opening. Thus, the cyclodextrin molecule is shaped like a 

truncated cone with the secondary hydroxyl side more open than the 

primary hydroxyl side. The primary hydroxyl groups on the truncated end 

can rotate to partially block the cavity, the secondary hydroxyl groups 

are held relatively rigid. Figure 4 illustrates the general shape and 

dimensions of p-cyclodextrin. The interior of the cavity consists of two 

rings of C-H groups with a ring of glucosidic oxygens in between. 

Therefore, the interior is relatively hydrophobic in comparison to polar 

solvents like water while the mouth of the cyclodextrin cavity is 

hydrophilic (34-38). 

A Greek letter is used to denote the number of glucose units per 

cyclodextrin. For example, a-for six (cyclohexaamylose) or a-CD; p-for 

seven (cycloheptaamylose) or p-CD; y-for eight (cyclooctaamylose) or 

y-CD; and so on. While a, p, y, and ô (the first four members of the 

series) are the most extensively studied, higher homologs have been 

identif ied by column chromatography (39). A schematic depicting the 

relative size of a, p, and y cyclodextrin is shown in Figure 5. Some of 

the physical properties of the four most common cyclodextrins are listed 

in Table I. Other important properties of cyclodextrins are: (a) they are 

non-reducing, (b) glucose is the only product of acid hydrolysis, 

(c) their molecular weights are always integral numbers of (162.1) the 

value for glucose, (d) they are non-toxic, and (e) they do not appreciably 

absorb ultraviolet or visible light (38). 

The enzyme responsible for producing cyclodextrins from starch, 

cyclodextrin transglycosylase (CTG), does not cleave a specific number 
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Figure 4 lllustration of the Size and Shape 
of a p-Cyclodextrin Molecule (63). 
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Figure 5. A Schematic Showing the Relative Size 
of a, p, and y Cyclodextrin Molecules (45). 
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Table 1 Physical Properties of Cyclodextrins^. 

Cyclodextrin Number Molecular Cavity Dimensions, Â 
of Glucose Weight Ext. Int. Depth 
Units Diameter Diameter 

a-CD 

p-CD 

y-CD 

8-CD 

6 

7 

8 

9 

973 

1135 

1297 

1459 

13.7 5,7 7,8 

15 3 7,8 7,8 

16.9 9,5 7.8 

^Taken from reference (38), 
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of glucose units from starch. Homologs from six to twelve glucose units 

may be obtained as mixtures with small amounts of branched cyclic 

molecules and branched open chain dextrins. It is interesting to note 

that a five-membered or smaller cyclodextrin ring has never been 

observed (40). This is most likely due to the considerable strain that 

would be present in small rings. 

Several procedures have been developed which allow one to control 

the ratios of the cyclodextrins produced (35, 37). One way is by addition 

of a substance to the reaction mixture which can greatly affect the 

formation of one specific cyclodextrin over the other. In the presence of 

1-decanol and 1-nonanol, a-cyc1odextrin is produced almost exclusively, 

while hexane, toluene, or trichloroethylene promote the production of 

p-cyclodextrin. Conversely, both cyclodextrins are produced simul-

taneously in the presence of tetrachloroethane or 1-heptanol. 

Preparation of Bonded Phases 

The ability of cyclodextrins to selectively form inclusion 

complexes with a wide variety of guest molecules or ions is well known 

(34-38). With this property in mind, several workers have attempted to 

immobilize cyclodextrins on appropriate supports for use in HPLC. 

Immobilization of cyclodextrin on a stationary phase offers several 

advantages over its use as a mobile phase modifier. For example 

p-cyclodextrin has a relatively low solubility in water and the cost of 

y- or a-cyclodextrin can be prohibitive, Furthermore, when employed in 

HPLC, cyclodextrin mobile phases usually produce relatively poor 

efficiencies. 
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A typical approach to produce such a stationary phase is to bind 

the cyclodextrin molecule to a support in such a way that allows the 

cyclodextrin to interact freely with solutes in solution. For example, 

several types of polymer gels were prepared by reaction of cyclodextrin 

with epichlorohydrin (34). These polymer gels, however, required low 

flow rates due to their poor mechanical strength. This resulted in long 

retention times and they also typically exhibited very low efficiencies. 

Thus, a solid matrix with high mechanical strength would be necessary 

for cyclodextrin stationary phases to be employed in modern HPLC. 

Efforts to couple cyclodextrins to a solid matrix were first 

attempted by Fujimura et al. (41). Using silica gel as the support, they 

chemically bound cyclodextrin molecules to the surface by amine 

linkages. Silica gel was reacted with [3-[(2-aminoethyl)amino]propyl]-

trimethoxysilane to form a diamine-modified silica gel. In order to 

react the cyclodextrin with the modified silica gel, it was necessary to 

tosylate the primary hydroxyl groups. Figure 6 shows the reaction 

scheme employed and the resulting stationary phase. Modified silica gels 

of the same amino type were also prepared in which (3-aminopropyl)-

trimethoxysilane was used as the modifier instead of the diamine. 

However, they found the diamino bonded phase was slightly superior in 

separating various structural isomers. 

Cyclodextrin has been attached to silica gel through amide 

linkages by Kawaguchi et a1. (42). Silica gel was converted to the 

carboxylated (succinyl) derivative by a general procedure via the 

aminopropyl derivative. Cyclodextrin was first reacted with 

ethylenediamine to form a monosubstituted cyclodextrin at the primary 
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Figure 6. A Schematic of the Reactions Used to Produce 
the Nitrogen Linked Bonded Phase (41, 42). 



23 

%-**-OH •|CM,0|,1KCM j) , |#^ 

l«l«i 

/NM, 
CM,CM, 

C 

Vsi-O-Si-

r . f lu . . 2.K ?i"*' 0^«-<CM,),HH N H , 

FyrMlM* ^ / 

70' C K J C H , 

0-S1CHjCHjCHjNHCCHjCHjCOH 
9 ô Ô 

Su-SIHc« 

H^NCHjCHoNH 

2z^ 
o-«N or t - tn 

COAC 
O-SlCHjCH^CH^NH^CH^CH^CNHCH^CHjNH 

I 2z^ 
••in< or 0-<n-Su-SI)lc« 

zi:\= = a- or B-cyc1odcxtrln 



24 

hydroxyl position. The modified cyclodextrin was then attached to the 

derivatized silica gel by a spacer arm which contained amide linkages. 

The similarities and differences of the amine and amide linked 

stationary phases are apparent in Figure 6. While both are attached to 

the primary hydroxyl of the cyclodextrin by a terminal amine, they differ 

in length and chemical composition of their spacer arms. 

Problems were subsequently encountered with these particular 

bonded phases (35, 43). It was reported that the retention time 

sometimes varied with sample concentration (43). This can be 

troublesome when performing quantitative work, particularly in the 

separation of enantiomers where absolute peak determinations are 

essential. Other shortcomings encountered with these bonded phases: 

(a) they are hydrolytically unstable placing severe limitations on the use 

of hydro-organic mobile phases, (b) the amount of cyclodextrin actually 

attached to the silica gel was often low, (c) the amine and amide 

linkages affected the selectivity of many compounds, (d) nitroxide 

formation is virtually unavoidable during synthesis, giving the material a 

brown color and rendering it unsuitable for thin layer chromatography 

applications, and (e) the syntheses involved were often tedious and 

rather time consuming. 

Bonded phases which contained no nitrogen linkages were later 

developed in our laboratory (44, 45). This packing consists of 

cyclodextrin molecules linked to silica gel by specific non-hydrolytic 

silane linkages. A variety of linkage materials were found to be suitable 

for binding cyclodextrin to silica gel. One of these groups of linking 

materials may be generally represented by the formula 
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/ \ 

R^Si-^CH^ ĵ-O-CH^-CH-CH^ 

in which each R is selected from the group consisting of methoxy, 

ethoxy, lower alkyl, C1 or Br. While 1t is not necessary for all of the R 

groups to be the same, at least one must be a methoxy, ethoxy, Cl or Br. 

These are the groups that are displaced upon nucleophilic attack by silica 

gel silanol groups (thereby linking the spacer arm to the silica gel). 

This reaction to silica gel is well known and many other silanes 

have been described which undergo similar reactions. It is essential, 

though, that the epoxy end group remain unreacted and intact after 

coupling to the support has taken place. Cyclodextrin is then attached to 

the epoxy end group by one of its primary hydroxyl groups to yield a 

product as shown in Figure 7. Although it is possible that linkage could 

occur through the secondary hydroxyl groups, coupling more commonly 

occurs through the primary groups which are less sterically hindered. 

The reaction is performed in an organic solvent such as dimethyl 

formamide or pyridine. Two other linking agents which have been 

successfully employed by similar reaction schemes are 7-octenyl 

dimethyl chlorosilane and 8-bromooctyl trichlorosilane. The vast 

majority of all reported HPLC separations on CD-bonded phases utilized 

this media. This was also the first CSP developed for use in the reverse 

phase mode. 

The linkage between silica gel and cyclodextrin can be carried out 

with shorter or longer chains in the spacer arm. With chains as short as 
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Figure 7. Diagram of the Non-Nitrogen Containing 
Bonded Phase (44). 
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three carbon atoms in the silane, coupling of the cyclodextrin is more 

difficult to accomplish due to the relatively large size of the 

cyclodextrin. Conversely, with chains as long as eighteen to twenty 

carbon atoms there is the danger of losing resolution during the 

separation process. This is because some solutes would have a greater 

tendency to associate with the long spacer arms than the cyclodextrin. 



CHAPTERII 

MATERIALSANDMETHODS 

Instrumentation 

All HPLC separations were performed using a Shimadzu LC-4A 

Liquid Chromatograph equipped with a 200 JJLL injection loop and a 

variable wavelength detector containing a 13 |jiL flow cell. Unless 

otherwise noted, the system was operated at room temperature. Circular 

Dichroism (CD) spectra were measured in a 1 cm pathlength cell using a 

Jasco 20 spectropolarimeter. Optical rotations were measured with a 

polarimeter in a water-jacketed cell monitored at 25 'C. 

Ultraviolet-visible absorption spectra of samples were obtained with a 

Hewlett Packard 8451A Diode Array Spectrophotometer. 

Computer graphics analyses were done at the Computer Graphics 

Laboratory, University of California, San Francisco. The major 

component of the Molecular Interactive Display and Simulation (MIDAS) 

system is an interactive graphics display program designed for the 

display and manipulation of macromolecules. Several ancillary programs 

are also part of the system which allow for computing the surface of a 

molecule, the selection of an active site region within a molecule, 

computation of electrostatic charge potentials, etc. All molecular 

coordinates used by the MIDAS system must be converted to the database 

before display and manipulation. Utility programs were available which 

provided for conversion to and from the MIDA5 database format. 

29 
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Chemicals 

HPLC grade acetonitrile, methanol, and water were obtained from 

Fisher Scientif ic Company. Absolute ethanol (USP grade) was obtained 

from AAPER Alcohol and Chemical Co. (Louisville, KY). The ethanol was 

filtered through a 0.45 |im Gelman filter prior to use as a mobile 

component. DL and L-amino acids, DL and L-dansyl amino acids, 

N-i-BOC-amino acids (N-tertbutoxy carbonyl derivatives of alanine, 

leucine and methionine), DNPyr-amino acids (N-3,5-dinitro-2-pyridyl 

derivatives of D and L alanine and methionine), N-CBZ-amino acids 

(N-carbenzoxy derivatives of D and L methionine), hexobarbital 

(5-cyclohexeny1-3,5-dimethylbarbituric acid), mephobarbital 

(5-phenyl-5-ethy1-3-methylbarbituric acid), DL-methionine, 

p-naphthylamide, dansyl chloride, quinidine, quinine, cinchonidine, 

cinchonine, and clomiphene were obtained from Sigma Chemical Co. (5t. 

Louis, Mo.) and used as received without further purification. The 

enantiomers of 4,5-bis(diphenylphosphinomethyl)-2,2-dimethyl-

1,3-dioxolane and a-methoxy-a-(trifluoromethyl)phenylacetic acid were 

obtained from Fluka Chemical Ca (Happange, NY). Thionyl chloride, 

D,L-alanine-2-naphthylamide, d- and l-mande1ic acid, (+)- and 

(-)-trans-a-( 1-naphthyl)ethylamine, cyclohexylphenylacetic acid, 

carbobenzy1-D,L-amino acids of proline and alanine, enantiomers of 

2,2-dimethyl-1,3-dioxo1ane-4-methanol, 2-naphthol, and L-(-)- and 

R-(+)-a-methy1benzylamine were obtained from Aldrich Chemical Co. 

The purity of these standard reference enantiomers was confirmed by 

microanalysis, polarimetry and melting-point determinations. The drugs 

propranolol, metoprolol, chlorpheniramine, verapamil, chlorthalidone, 
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mephenytoin, triazoline, phensuximide, aminoglutethimide, ketoprofen, 

methadone, methylphenidate, doxylamine, ketamine, warfarin, 

chlorcyclizine, bupivacaine, glycopyrrolate, and leucovorin (see appendix 

for the chemical names) were the generous gift of R. D. Armstrong 

(Cancer Research Institute and Department of Pharmacology, University 

of California, San Francisco, California). The cis and trans forms of 

tamoxifen, the 4-hydroxy tamoxifen and desmethyl tamoxifen were all 

provided by Imperial Chemical Industries (Cheshire, Great Britain). 

Nisolidipene and nimodipene were gifts from Dr. Kimball (Squibb Medical 

Institute). Nornicotine, 4-isonornicotine, 2-isonornicotine, azetidine , 

nicotine, methylanabasine, 6-ethylnicotine, nicotine, and 

N'-benzylnornicotine were graciously donated by Jeffrey Seeman (Phillip 

Morris Company, Richmond, Virginia). The 2,2'-binaphthyldiy1 crown 

ethers and analogues were synthesized (65) by Bronislaw P. Czech 

(Technicon Instruments Corporation). 

Methods 

The p-naphthol ester derivatives of amino acids were prepared in 

the following manner. First, the amino acid was placed in 1-2 mL of 

thionyl chloride in a test tube and warmed slightly until dissolved. Next, 

p-naphthol was added. After 15-20 minutes, this reaction mixture was 

added dropwise to a mixture containing NaHCÔ  and ice-water. The 

neutralized solution was then extracted three times with diethyl ether. 

After removal of the ether, the residue was redissolved in methanol 

prior to use. 
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For the isolation of tamoxifen metabolites from human plasma, 

one mL of plasma was spiked with varying amounts of cis-tamoxifen, 

trans-tamoxifen, 4-hydroxytamoxifen and desmethyltamoxifen. The 

plasma was then extracted with 10 mL of hexane containing 2% butanol. 

After the hexane and butanol solution was removed by passing a stream 

of nitrogen over the sample, the residue was resolubilized in 50% 

methanol-water, and a 100 JJLL sample was then injected onto the HPLC 

column. 

The cyclodextrin columns, 10 or 25 cm x 4.6 mm i.d., were 

prepared as mentioned earlier and packed by Advanced Separation 

Technologies (Whippany, New Jersey). The mobile phases used were 

mixtures of acetonitrile-water or buffer (0/100 to 55/45, v/v), 

methanol-water or buffer (0/100 to 100/0, v/v), and ethanol-water 

(5/95 to 60/40, v/v). The buffer consisted of a 1% aqueous triethyl 

amine solution, which was adjusted to pH = 4.1 with acetic acid. The 

flow rate was 1.0 mL/min unless specified otherwise, and the column 

back pressures at this flow rate ranged from 1650 to 2100 psi and 650 

to 1150 psi for the 25 and 10 cm cyclodextrin columns, respectively. 

The mobile phases were generally filtered through a 2-|im frit before 

use. The compounds were dissolved in methanol to give concentrations 

of 0.01 to 0.1 mM. TypicaDy, 5 [iL of these references were injected. 

The wavelength utilized for detection was generally the optimum (A^g^) 

for the compounds being studied. The elution order for the enantiomers 

was established from consecutive injections of the individual pure 

enantiomer as well as samples containing the racemic form unspiked and 
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spiked with one enantiomer. Precautions were taken to ensure that the 

chromatographic peaks attributed to the solute enantiomers actually 

were those of the enantiomers. Namely, the absence of peak overlap, 

caused by possible contaminants, was demonstrated by the constant 

peak-height ratios obtained by detection at different wavelengths. Also, 

in some instances, the optical rotation and circular dichroism of eluting 

fractions were measured in order to confirm the separations. 

Since almost all ions and molecules, including the typical column 

void volume indicators, such as Cl", Br", 1", SCN", NO3", MeOH, and Ĥ O, 

partially bind to cyclodextrin (46. 62, 64), they could not be directly 

employed to determine column void volumes. Consequently the following 

procedure was used to determine column void volumes, The retention 

volumes of several low molecular weight alcohols (Cj-Cj) were 

determined. Then a plot of retention volumes versus their formation 

binding constants for cyclodextrin (46) was made. The extrapolated 

retention volume for a binding constant equal to zero was taken as the 

column void volume. For a 25 cm p-CD column, for example, the void 

volume was determined to be 2.92 mL (t = 175 sec) for flow rate equal to 

1.00 mL/min. This volume agreed well with that determinedby 

observing the baseline disturbance "glitch" caused by some unknown 

impurities upon injection. In some cases, methanol was also used as an 

internal, relative retention marker. 

When not in use, the column was stored with 100% methanol. The 

column performance appeared to be unchanged for a period of 6 months. 



CHAPTERIII 

RE5ULT5 ANDDISCUSSION 

Enantiomeric Seoarations 

In liquid chromatography it is well known that there are two basic 

ways to improve a separation. The first is to increase the number of 

theoretical plates (n). This can be done either by using a longer column 

or by decreasing the height equivalent to a theoretical plate (H) of a 

given column. The second way is to change the relative retention (a) of 

two components (where a is the ratio of the net retention volumes of 

two solutes). This can be done by changing the nature of the stationary 

and/or mobile phase. In this work cyclodextrin bonded phases are 

examined. Enantiomeric separations were obtained as a result of the 

bonded phase's unusual selectivity and separation mechanism. 

In the reversed phase mode the selectivity and the retention 

behavior on these stationary phases are dependent on inclusion complex 

formation. Organic modifiers (such as methanol, acetonitrile, etc.) 

compete with a solute for the interior of the cyclodextrin cavity. 

Generally, the higher the percentage of organic modifier, the more easily 

a solute can be displaced from the cyclodextrin cavity, resulting in 

shorter retention times. Since the effect of changing volume compo-

sition of the mobile phase on the retention is not linear as in the case of 

most reversed phase columns, there is usually a greater effect on 

retention for a cyclodextrin column than for most comparable reverse 

phase columns for a given change in solvent composition. 

34 
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Dansyl Aminn Arif l^ 

It was found that the p-CD column exhibited excellent 

enantioselectivity for certain amino acid derivatives using 

aqueous-methanol mobile phases. Table 2 summarizes some of the 

chromatographic separation data for a variety of representative 

dansylamino acids. As can be seen, excellent resolutions have been 

achieved for various D,L pairs with Rg values greater than 2.0 in several 

instances. Note that most of the data in Table 2 was generated on a 

10-cm column and that the resulting separation factors and resolutions 

obtained often exceeded those previously reported for longer C5P 

columns and/or more complex chiral mobile-phase systems (47, 48). A 

typlcal chromatogram is shown in Figure 8 which illustrates the 

separation of a mixture of dansy1-D,L-threonine and phenylalanine as 

well as that of (±)-trans -a,a- (2,2-dimethyl-1,3-dioxo1ane-4,5-diy1)-

bis(diphenylmethanol). This chromatogram was obtained under isocratíc 

conditions although both solvent gradients and/or flow programming 

can be used to further optimize the separations as will be discussed 

later. 

While underivatized amino acids can be partially separated from 

each other with the p-CD column, all racemic amino acids examined 

eluted as a single peak. This result was not surprising since it had been 

previously reported that no enantioselectivity was observed in binding 

studies of various amino acids and simple dipeptides with p-CD (49. 50). 

The unsubstituted amino acids and dipeptides are much too small to 
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Table 2 Optical Resolution of the Enantiomers of Dansylamino Acids^. 

Amlno Acid Solutes^ 

a-amino-n-butyric 
acid 
arginine 
methionine 
norleucine 
norvaline 

phenylalanine 
serine 
tryptophan 
threonine 
valine 

Capacity 
Factor(k')t5 
L 

2,69 

20.7 
3.18 
1.90 
2.81 

3.10 
2.67 

17.8^ 
1.70 
2.20 

D 

3.00 

242 
3.66 
2.40 
3.18 

3.80 
3.00 

17.8^ 
2.10 
2.60 

Separation 
Factor(a)^ 

1,12 

1.17 
1.15 
1.26 
1.13 

1.23 
1.12 
1.00 
1.24 
1.18 

Resolution 
(R3)d 

0.60 

0.60 
0.70 
2.30 
0.83 

1.10 
0.43 
h 
2.00 
2.10 

Mobile 
Phasê  

50:50^ 

70:30^ 
50:50^ 
50:50^ 
50:50^ 

55:45^ 
50:50^ 
50:509 
50:50^ 
50:50^ 

^Solutes are dansyl derivatives of the D,L-amino acids (i.e., 1-N,N-
(dimethylamino)naphthalene-5-sulfonamides). 

^Capacity factor, k' = (retention volume of enantiomer-void 
volume)/void volume. 

^Separation factor, a = k'Q/k'[_. 

^Resolution factor, Rg = 2(distance between peaks)/(sum of the 

bandwidths of the two peaks). 

^Numbers represent the volume percent of methanol to water. The 
f low rate was 0,50 mL/min and the temperature 20 'C. 
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Table 2. Continued 

^Data obtained using a 10-cm p-CD column. 

^Data obtained using a 25-cm p-CD, flow rate 1.00 mL/m1n. 

'̂ Not resolved. 
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Figure 8. Chromatographic Separation of the Enantiomers 
of a Mixture of Racemic (±)-[DDDD], Dansyl-D,L-
Threonine [Dns Thr], and Dansyl-D,L-Phenyl-
alanine [Dns Phe] on the p-CD CSP. Conditions: 
25-cm Column, Flow Rate 1.00 mL/min, Mobile 
Phase 50:50 Methanol-Water, 25 'C, the First 
Peak is Methanol, Added as a Retention Marker. 
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tightly bind to the p-CD cavity. Likewise, the enantiomers of N-t-BOC-

amino acids, CBZ-amino acids, and DNPry-amino acids were also not 

resolvable on the p-CD C5P. Apparently the phenyl and pyridyl groups are 

not quite large enough to provide the tight binding situation required for 

chiral recognition. 

Molecules possessing a substituent of approximately the size of 

naphthalene or a little larger, however, can form strong inclusion 

complexes with p-CD (34, 37, 38, 51, 52). Consequently, chiral recog-

nition is possible for the dansylamino acids as was already illustrated. 

In terms of the three-point attachment model, one would expect that the 

(dimethlyamino)naphthyl group of the dansylamino acid could penetrate 

and tightly bind the p-CD cavity. This would put the chiral carbon atom, 

along with its substituents, in close proximity to the hydroxyl groups on 

the CD rim where its carboxylate and amine moieties could form 

hydrogen bonds. Additionally, it may be possible for the sulfonyl oxygens 

to also participate in hydrogen bond formation (53). Possible modes for 

the separation mechanism will be discussed in detail later. 

Good baseline separations were also observed for the enantiomeric 

p-naphthylamide and p-naphthyl ester derivatives of amino acids on the 

p-CD columns (refer to representative entries 1-3, Table 3). In these 

derivatives, the naphthyl ring tightly binds the CD cavity and allows the 

carbonyl oxygen and primary amine functionality to interact with the 

CD's hydroxyl groups. It is apparent that one can obtain chiral recog-

nition on the p-CD column by either derivatizing the amino or the 

carboxylate groups of the amino acid. For some of the dansyl. 
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Table 3. Retention, Separation, and Resolution Parameters for the 
Separation of Other Enantiomers on the p-CD Stationary Phase. 

No. Compounds 

1 alanine-p-naphthyl ester 
2 alanine-p-naphthylamide 
3 methionine-p-naphthyl-

amide 
4 hexobarbital (Evipan) 
5 mephobarbital (Prominal) 

6 DIOP 
7 DDDD 
8 DDM 
9 MTPA 

10 cyclohexylphenylacetic 
acid 

11 mandelic acid 
12 a-( 1 -naphthyOethylamine 

Caoacity Seoaration 
Factors Factor(a) 

k*i 

1.0 
5.1 
2.7 

9.38 
6.64 

10.56 
0.60 
0.58 
7.49 

1.60 

0.67 
' 2.46 

k'2 

1.8 
6.1 
3.6 

10.70 
7.43 

11.84 
0.74 
0.58 
9.48 

1.68 

0.67 
2.50 

1.80 
1.20 
1.33 

1.14 
1.16 

1,12 
1.23 
1.00 
1.27 

1.05 

1.00 
1.02 

Resolution 
(R3) 

2.6 
2.0 
2.4 

1.51 
1.60 

1.20 
0.83 
d 
0.58 

d 

d 
d 

Mobile 
Phasê  

50:50*̂  

50:50^ 

t ^ 

15:85^ 
20:80^ 

48:52^ 
50:50^ 
50:50^ 
50:50^ 

50:50^ 

50:50^ 
40:60^ 

^Numbers represent the volume percent of methanol to water. The 
f low rate was 0.50 mL/min and the temperature 22 "C. 

^Data obtained using a 10-cm p-CD column. 

^Data obtained using a 25-cm p-CD column, flow rate 1.00 mL/min. 

^Enantiomers not resolved. 
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p-naphthylamide, and p-naphthyl ester derivatives of amino acids, it is 

possible to detect as little as 0.50% of one isomer in the presence of the 

other (45). Judging from the literature, this appears to be one of the 

more sensitive means by which to detect the enantiomeric purity of 

amino acids (54, 55). 

1n addition to the amino acids and some of their derivatives, the 

resolving power of the p-cyclodextrin column for a series of racemic 

barbiturates, 1,3-dioxolanes, and phenylacetic acids was also examined 

(Table 3). 1t was found that the p-CD CSP successfully resolved the 

enantiomers of the barbiturates Evipan and Prominal (Table 3, entries 4 

and 5). The resolution obtained for the separation of the optical isomers 

of hexobarbital using 15% methanol-85% water mobile phase was 

comparable to that reported for its separation on microcrystalline 

cellulose triacetate (55). The separation was confirmed by collecting 

fractions from the f irst and second eluting isomers and recording the 

respective CD spectra. 

The enantiomers of the substituted 1,3-dioxolanes, DIOP and DDDD, 

both of which possess four phenyl groups, were also partially separated 

on the p-CD stationary phase. By contrast, 2,2-dimethyl-l,3-dioxolane-

4-methano1 (DDM) could not be resolved at all. Presumably, the DDM is 

too small to adequately bind to the CD cavity. The same thing can be said 

of the phenylacetic acid derivatives studied (Table 3). Only for the 

enantiomers of a-methoxy-a-(trifluoromethy1)pheny1acetic acid (MTPA) 

was any resolution noted. 

Although the enantiomers of a-methylbenzylamine could not be 

resolved, some separation was observed for a-( 1-naphthy1)ethylamine. 
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This again demonstrates the strict size requirements for tight binding to 

the CD cavity. The behavior of a-(1-naphthyl)ethy1amine was unusual in 

that individual injections of the pure enantiomers indicated that a good 

separation was possible while injection of the mixture gave poor reso-

lution. However, the trapped halves of the eluate fractions resulted in 

negative and positive optical rotations which indicate that partial 

separation had occurred. 

Crown Ethers 

Differential interactions of enantiomers with p-cyclodextrin can 

be evaluated in a number of ways including measuring binding constants 

using spectroscopic changes (e.g., the Benesi-Hildebrand approach (56)) 

or by using differences in chromatographic retention. Chromatographic 

techniques can use cyclodextrin as a mobile phase modifier (34, 57-60) 

or as a bonded stationary phase (36, 44, 45, 52, 61-64). It was found 

that ultraviolet and fluorescence spectroscopic methods were not 

sufficiently sensitive to detect differences in the binding of enan-

tiomers to p-CD in this case. Differential binding and separation of 

enantiomeric 2,2'-binaphthyldiyl derivatives were easily detected by LC, 

however. Most of the relevant data in this study was produced with p-CD 

bonded phases. 

Several racemic and diastereomeric 2,2'-binaphthy1diyl crown 

ethers and analogues were synthesized for this study (65). The 

structures of the various crown ethers are shown in Figure 9. Table 4 

summarizes the separation data for 13 racemic 2,2'-binaphthyldiy1 

derivatives. A typical enantiomeric separation of several of these 
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Figure 9. Structures of 2,2'-Binaphthyldiyl Crown 
Ethers and Analogues. 
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Table 4. Separation Data for Several Racemic 2,2'-Binaphthol 
Derivatives on p-CD Stationary Phase. 

Compound 

1 
2 
1 
á 
S 

Ê 
1 
SL 

i l 
12 

iS 
iÊ 
12 
13. 
2A 

k' of (+)-(R)-

Enantiomer^ 

488 
2.46 
1.83 
2.44 
2.31 

1.85 
29.00 

2.12 
8.30 

12.18 

7.20 
4.88 
3.17 
3.76 
9.15 

a 

1.10 
1.17 
1.28 
1.11 
1.10 

1.08 
1.10 
1.11 
1.05 
1.19 

1.10 
1.10 
1.09 
1.02 
1.15 

Rs 

1.00 
1.51 
1.78 
1.12 
0.83 

0.70 
0.63 
1.00 
0.82 
0.95 

1.21 
1.04 
1.00 
0.30 
1.05 

Column 

c 
d 
d 
c 
c 

c 
e 
c 
c 
e 

c 
c 
c 
c 
c 

Mobile 

Phase^ 

40:60 
40:60 
40:60 
40:60 
40:60 

40:60 
30:70 
40:60 
40:60 
30:70 

40:60 
40:60 
45:55 
45:55 
40:60 

Flow 

Rate, mL/min 

1.0 
1.0 
1.0 
0.75 
0.75 

0.75 
1.50 
1.0 
1.0 
1.50 

1.0 
1.0 
1.0 
1.0 
1.0 

^The (+)-(R)-enantiomer was the first peak eluted in each case 
(based on the negative Cotton effect at 230 nm). 

'̂ Numbers represent the ratio of methanol-water. 

^A 25-cm + 10-cm p-CD column in series. 

^A25-cmp-CDcolumn. 

^A 10-cmp-CDcolumn. 
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compounds is shown in Figure 10. Compounds not listed in Table 4 

showed no enantiomeric resolution (Rg = 0). One can make a number of 

interesting observations from this data. No enantiomeric separation was 

observed for compounds 20-23. It seems that chiral recognition by p-CD 

requires the cyclization of the 2- and 2'-hydroxy1 groups of the binaph-

thyl moiety. For cyclized derivatives, both the size and composition of 

the ring affected chiral recognition by p-CD. For the chiral crown ethers 

(compounds 1-6), enantiomeric resolution increases with the size of 

crown moiety up to crown-4 (compound 3) and then decreases. In the 

case of the hydrocarbon analogues of the crown ethers (compounds 

15-19). chiral recognition decreases with ring size. In fact no enan-

tiomeric resolution is observed for 19 while the analogous crown ether 

(compound 5) is resolved. 

A number of synthetic variations of the 2,2'-binaphthyldiyl-

crown-5, 4, were made so as to observe their effect on chiral 

recognition by p-CD. It was found that replacing one of the crown 

oxygens with sulfur or sulfoxide affected the chromatographic retention 

to a greater extent than the resolution (R )̂ or separation factor (a). 

Surprisingly, however, the azacrown 10 showed no enantiomeric 

resolution while the related amide H was easily separated. Changes in 

the binaphthyl ring system affected enantiomeric resolution as well as 

retention. For example, enantiomers of compound 12 are retained five 

times as long and are more poorly resolved than those of its unsaturated 

analogue, 4. It is apparent that chiral recognition by p-CD is dependent 
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Figure 10. LC Separation of Enantiomers of Crown Ether 
Compounds S, i 2 . 1 , and l ^ . A Gradient From 
40% Methanol (Aqueous) to 45% Methanol 
(Aqueous) Over 15 min Was Used. The Flow Rate 
was 1.0 mL/m1n, and the Wavelength of Detection 
was 254 nm. 
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on both the nature and size of the "crown" substituent and the binaphthyl 

ring system. 

Chiral stationary phases are potentially useful in organic 

synthesis for a number of reasons including the evaluation of enantiomer 

excess, preparative separation of enantiomers, and the determination of 

absolute conf iguration. The (+)-(R)-enantiomer of compound 4 was 

synthesized in order to evaluate the potential of p-CD bonded phases in 

the latter of these. Circular dichroism (CD) spectra were taken of all 

separated enantiomers (Table 4) and of (+)-(R)-4, which was synthesized 

from (+)-(R)-1,1 '-bi-2-naphtho1. CD spectra of (+)-(R)-d and (-)-(5)-4 

are shown in Figure I1 . l t was found that the f irst eluting peak of any 

enantiomeric pair (Table 4) had a negative Cotton effect at 230 nm which 

was analogous to that of the (+)-(R)-4 standard (Figure 11). This 

indicates that chromatographic retention might be used to evaluate the 

specific conf iguration for related compounds with this system. 

Previous work has shown that inclusion complex formation is 

usually necessary for chiral recognition by p-CD (52). However, it is 

apparent from the data in Table 4 that longer retention of a compound 

does not automatically produce better enantiomeric resolution. Thus, in 

addition to inclusion complex formation, there may also be more 

traditional reversed-phase retention mechanisms at work. This can be 

demonstrated by independent measurement of the binding constants of 

2,2'-binaphthyldiyl derivatives with free cyclodextrin. Typical results 

are shown in Table 5. If chromatographic retention is strictly a function 

of inclusion complexation, then the order of the capacity factors (Table 

4) will mimic that of the binding constants (Table 5). It is clear from 

http://I1.lt
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Figure 11. CD Spectra of (-)-(5)-4 and (+)-(R)-4. 
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Table 5. Binding Constants of Four 2,2'-Binaphthol Derivatives with 
p-CD .̂ 

Compound 

1 

2 

3 

15 

ex, nm 

284 

284 

284 

284 

em, nm 

375 

375 

365 

365 

h 

206 

407 

195 

100 

^K^ values were determined with free p-CD in 10% methanol 

(aqueous) using fluorescence changes and Benesi-Hildebrand plots. 
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the data that this is not always the case, Thus, while inclusion 

complexation may be necessary for chiral recognition, it is not the only 

factor involved in retention. 

Drug Stereoisomers 

Chiral discrimination has been a long-standing problem in the 

development, use, and action of pharmaceutical agents. Numerous 

examples exist where the undesired effects of one isomer limit the 

overall effectiveness of the active species because of host toxicities, 

biodistribution problems, altered metabolism, and unwanted drug 

interactions. This situation occurs with synthetic opiates such as 

methadone, for which there may be three to five stereoselective opiate 

receptors, each of which trigger a different physiological response (66). 

The use of specific isomers could allow one to elicit more exact 

therapeutic effects. Unfortunately, as is true for approximately 25 

percent of pharmaceutical products, only racemic mixtures of methadone 

are available for clinical use. This is a direct result of the difficult (and 

thus expensive) traditional methods for resolving enantiomers or for 

completing stereoselective syntheses. 

The two types of separations investigated included that of 

enantiomeric drugs (Table 6) and of diastereomeric drugs (Table 7). 

Although no chiral stationary phase could be universally effective for the 

resolution of enantiomers, the variety of compounds resolved by 

inclusion-complex formation was encouraging. Resolution values (R )̂ 

greater than 1.0 were obtained for the drugs propranolol, chlorthalídone. 
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Table 6. 5eparation of Enantiomeric Drugs. The Chromatographic Data in 
this Table are the Mean of Three Identical Runs. The 
Coefficient of Variation for the Retention Times is 2%. 
Definitions: k', Capacity Factor of the First Eluted Isomer; a, 
5eparation Factor; R̂ , Resolution Value. Mobile Phase Ratios 

5how the Relative Volume of Methanol to 1% Aqueous 
Triethylammonium Acetate (pH 41) Unless Otherwise Indicated. 
Flow Rates Were 1.0 mL/min. 

Drug 

p-Adrenergic Blockers 
Propranolol 
Metoprolol 

Antihistimine 
Chlorpheniramine 

k' 

2.78 
3.51 

5.86 

Calcium channel blockers 
Verapamil 2.94 
Nisolidipene 4.13 
Nimodipene 5.09 

Diuretic 
Chlorthalidone 0.50 

5edative-anticonvulsants 
Hexobarbital 9.39 
Mephobarbital 1480 
Mephenytoin 0.48 
Triazoline 5.00 
Phensuximide 1.97 

a 

1.04 
1.03 

1.07 

1.03 
1.04 
1.05 

1.44 

1.14 
1.14 
1.33 
1.15 
1.15 

Rs 

1.40 
0.90 

1.51 

0.71 
0.87 
1.10 

1.95 

1.51 
1.60 
1.83 
1.50 
1.54 

Mobile 

Phase 

25:75 
32:68 

15:85"̂  

d 
30:70 
30:70 

30:70 

15:85 
20:80 
40:60 
40:60 
10:90^ 

Column 

a 
a 

c 

c 
a 
a 

c 

e 
e 
c 
c 
c 
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Tab1e6. Continued. 

Drug k' a R3 Mobile Column 

Phase 

Anticorticosteroid 
Aminoglutethimide 7.49 1.03 0.91 d 

Nonsteroidal 
anti-inflammatory agent 

Ketoprofen 7.67 1.06 1.24 27:73 

Narcotic-analgesic 
Methadone 2.38 1.04 0.81 d 

Central nervous system 
stimulant 

Methylphenidate 1.17 1.14 1.57 10:90*̂  

^Two 25-cm (3-CD columns were used in series. 

'^Acetonitrile was used as the organic modifier in place of methanol. 

^One 25-cm p-CD column was used. 

^eparation was done with a gradient of acetonitrile and 1% aqueous 
triethylammonium acetate that changed from 10:90 to 20:80 in 20 
minutes. 

^One 10-cm p-CD column was used. 
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Table 7. 5eparation of Diastereomeric Drugs. The Chromatographic Data 
in this Table are the Mean of Three Identical Runs. The 
Coefficient of Variation for the Retention Times is 2%. 
Definitions: k', Capacity Factor of Isomer; a, 5eparation 
Factor; R ,̂ Resolution Value. Mobile PhaseRatiosShow the 

Relative Volume of Acetonitrile to 1% Aqueous 
Triethylammonium Acetate (pH 4.1) Unless Otherwise Indicated. 
Flow Rates Were 1.0 mL/min. 

Drug 

Cinchona alkaloids 

k' a R< Mobile 

Phase 

Column 

Quinidine 

Quinine 

Cinchonidine 

Cinchonine 

Antiestrogens 

Tamoxifen 

Clomiphene 

2.16 

1.78 

1.62 

2.12 

0.41 

1.21 

1.31 

2.73 

1.76 

1.86 

2.60 

10:90 

10:90 

25:75 

3.60^ 1.50 2.00 65:35^ 

a 

a 

^One 25-cm p-CD column was used. 

^Capacity factor of the first eluted isomer. 

^Methanol was used as the organic modif ier in place of acetonitrile. 
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mephenytoin, phensuximide, nimodipene, triazoline, ketoprofen, 

chlorpheniramine, methylphenidate, and the barbiturates hexobarbital 

and mephobarbital. 5lightly lower, but satisfactory, resolution was 

obtained for methadone, verapamil, metoprolol, aminoglutethamide, and 

nisolidipene. These compounds were resolved by hydro-organic isocratic 

separations or gradients; however, more exotic mobile phases could have 

been used. The separation profiles were reproducible during the 6 

months that the columns were used. Analogous preparative- and 

semipreparative-scale separations are feasible (67). 

The proficiency of this technique is even more pronounced when it 

is applied to the separation of diastereomers (Table 7). Diastereomeric 

pairs of cardioactive and antimalarial cinchona alkaloids (quinidine, 

quinine and cinchonidine, cinchonine) were easily separated, and 

separation of the geometric (cis and trans) isomers of the antiestrogens 

tamoxifen and clomiphene was equally facile. 

Tamoxifen (Tam) is synthesized as both the cis and the trans 

isomer, although it is the trans isomer that acts as an estrogen 

antagonist (68). 5evera1 analytical methods, including HPLC, have been 

described to separated trans-tamoxifen and its major metabolites that 

are formed invivo (69-71). However, a facile HPLC procedure that can 

resolve both isomers along with the major plasma metabolites has not 

been previously reported. 

Human plasma was spiked with varying amounts of cis-Tam, 

trans-Tam, 4-hydroxy-Tam and desmethyl-Tam, and then extracted as 

described in the Materials and Methods. FoHowing solubilization in 50% 

methanol-50% water, a 100 |iL sample was injected onto two 25-cm 
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p-cyclodextrin columns connected in series. Elution was carried out at 1 

mL/min using a 20 minute gradient from 10 to 25% acetonitrile 

containing 1% triethylammonium acetate (pH = 4). Under these 

conditions, the retention times were: cis-Tam, 31.6 min; trans-Tam, 

38.5 min; desmethyl-Tam, 40.0 min; and 4-hydroxy-Tam, 43.5 min. The 

metabolites had resolution values of 6.8 for cis-TAM and trans-TAM, 1.0 

for trans-TAM and desmethyl-TAM, and 2.0 for desmethyl-TAM and 

4-hydroxy-TAM. 

Routine Seoarations 

The effectiveness of the CD bonded phases in HPLC is not merely 

restricted to the separation of enantiomers or diastereomers. 

Cyclodextrin bonded phases can also function as non-conventional 

reversed-phases for more routine separations. The selectivity of 

cyclodextrin usually differs from that of traditional reversed-phase 

columns. For example, the arene tricarbonyl-chromium complex of 

benzene is retained much longer on p-CD than on octadecylsilane (C^^) at 

all solvent compositions measured, while the benzene free ligand is 

retained longer on C|Q than p-CD at all solvent compositions (35, 72). 

An example of a routine analysis performed on p-CD is the 

separation of a series of heterocyclic aromatic compounds (Figure 12). 

It is interesting to note that fluorene, carbazole, dibenzothiophene, 

dibenzofuran and biphenyl differ only in the type or presence of a 

heteroatom between two aromatic rings. Table 8 lists the chromato-

graphic data for the separation of a series of quinones. Except 
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Figure 12. Chromatogram Showing the Near Baseline 
Separation of a Series of Heterocyclic Aromatic 
Compounds; Quinoline (Q), Isoquinoline (I), 
Carbazole (C), Fluorene (F), Dibenzothiofuran 
(DBT), and Dibenzofuran (DBF); on a 25-cm 
p-Cyclodextrin Column Using a 50% Aqueous 
Methanol Mobile Phase with Flow Rate Equal to 
1.00 mL/min. The Wavelength of Detection for 
the Quinolines was 223 nm While that for the 
Other Bridged Heterocycles was 250 nm. 



61 

DBT 

o 
.û 
o 
M 

.01 A.U. 

M«OH 

i 

u 
I I ) 

0 10 

'U 
30 

T i m e , min. 



62 

Table 8. Retention, Separation, and Resolution Parameters for the LC 
Separation of Routine Substances on the p-CD Column .̂ 

Compounds k' a R3 MobilePhase^ 

1. p-Benzoquinone 0.28 [0.25] 40%MeOH 
1.4 [1.3] 1.3 [0.8] [45%MeOH] 

2,5-Dimethyl- 0.42 [0.33] 
benzoquinone 

2.2 [2.0] 3.6 [2.2] 
Duroquinone 0.94 [0.67] 

1.0 — 
1,2-Naphtha- 0.94 [0.72] 
quinone 

1.2 [1.2] 1.5 [1.0] 
1,4-Naphtha- 1.16 [0.90] 
quinone 

44 [3.7] 8.9 [7.2] 
Anthraquinone 5.09 [3.20] 

— [2.9] — [48] 
Anthraquinone- — [9.4] 
1,5-disulfonic 
acid 

2. VitaminB^ 0.40 [0.80] 50%MeOH 

1.5 [3.2] [30%MeOH] 
Vitamin Kc: 0.60 [2.6] 
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Table 8. Continued. 

Compounds k' a R3 MobilePhase^ 

3. Chlorideion 0.6 [0.3] 75%MeOH 
42 [7.3] [50%MeOH] 

Bromide ion 2.5 [2.2] 
1.4 [1.5] 

lodide ion 3.5 [3.4] 

^All data obtained using a 25-cm column and a flow rate of 1.00 
mL/min at 24 'C. 

^Refers to the volume percent of methanol to water in the mobile 
phase. 
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for duroquinone and 1,2-naphthaquinone all the compounds are baseline 

resolved. Other routine separations include vitamin B^ and vitamin K5 

which were separated with a 30% methanol-70% water mobile phase on a 

25-cm p-CD column, Preliminary data also suggest that cyclodextrin 

bonded phases may be employed to separate different inorganic ions. The 

data in Table 8 (entry 3) indicate that the baseline separation of halide 

ions is achievable on the p-CD column as well. 

One particularly interesting set of separations involve a series of 

structurally related alkaloid compounds (Table 9). Nornicotine. 

4-isonornicotine, and 2-isonornicotine differ only in the location of a 

nitrogen atom in the pyridine ring; however, good resolution was 

obtained between the compounds, This demonstrates the sensitivity of 

the cyclodextrin bonded phase to slight changes in the solute's structure. 

As mentioned previously, separation is thought to occur by inclusion 

complex formation (35. 45, 67). Thus one would expect to see an 

increase in retention as the ring size for a given set of structurally 

related compounds is increased. In fact, this behavior was observed for 

the series azetidine nicotine. nicotine. and methylanabasine as the ring 

system attached to the pyridine ring increased from a four-membered 

ring to a six-membered ring, Azetidine nicotine has a capacity factor of 

0.51 while nicotine and methylanabasine have capacity factors of 0.70 

and 0.98, respectively. 

The effect of adding an ethyl slde chain to the pyridine system is 

shown in the retention behavior of nicotine and 6-ethylnicotine. The 

capacity factor increased from 0.41 to 0.78 upon the addition of an ethyl 
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Table 9. Structures and Chromatographic Data for a Sehes of Nicotine 
Alkaloids. 

Compounds 

^ N ^ H 
NornicoCine 

n 
4 - l 6 o n o r n l c o t l n e 

O T 
2- l8onornicoCine 

N ^ CHj 
Azec id inc nicoCine 

^ N * ^ CHj 
NicoCine 

o^< 
MeChylanabasine 

tTT^ 
NicoCinc 

jHrV 
S A ' ' * ' CH, 

6-EchylnicoCine 

N H 
Nocnicoc ine 

^ N * ^ CH5 
NicoCine 

N' -Benzy lnorn lcoc ine 

k* 

0.279 

0.367 

0.5 M 

0.513 

0.706 

0.981 

0.406 

0.775 

0.241 

0.451 

1.24 

a 

1.32 

1.40 

1.38 

1.40 

!.9l 

1.87 

2.75 

Rs 

1.42 

1.66 

2.53 

2.68 

4.80 

3.15 

7.67 

nobile Phase^ 

0/100 

0/100 

5/95 

5/95 

Cûlumn^ 

II 

» 

II 

II 

II 
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Table 9. Continued. 

^Numbers reíer lo Ihe perænt volume of acetonitrile 1n aqueous triethylammonium acetate 
{]%) buffered to pH 4.1. The flow rate was 1.0 mL/min. 

'̂ ll = two 25-cm p-CD columns. 
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group at the number six position of the pyridine ring. This may be due to 

the fact that the ethyl side chain allows 6-ethylnicotine to f i t "tighter" 

into the cyclodextrin cavity and therefore be retained longer. The effect 

of derivatizing the N' position ÍQ the pyrrolidine is apparent from the 

last three entries in Table 9. The capacity factor nearly doubles in going 

from a hydrogen atom to a methyl group, then almost triples in going 

from a methyl group to a benzyl substituent. This may be due to the 

increased ability of N'-benzylnornicotine to form a stronger inclusion 

complex than nicotine or nornicotine, but the effects of increased 

hydrophobicity for benzyl versus methyl and hydrogen must be considered 

as well. 

Mechanism of 5eDaration 

There are several requirements which are necessary for chiral 

recognition to occur. First, an inclusion complex should be formed 

between the solute and the cyclodextrin cavity (35, 36, 52). This has 

been demonstrated by performing a normal phase separation (e.g., using 

hexane-isopropanol mobile phase) on a p-CD column. The enantiomeric 

solute is restricted to the outside surface of the cyclodextrin cavity 

since the hydrophobic solvent occupies the interior of the cyclodextrin. 

There have been no reports of any enantiomeric separations in this 

manner to date. Not only must an inclusion complex be formed but there 

should be a relatively "tight fit" between the hydrophobic species and the 

cyclodextrin cavity (35, 36, 45, 52, 64, 67). Inclusion complexes were 

thought to occur in the manner depicted in Figure 13 with the molecule 

going lengthwise into the cyclodextrin cavity. in addition, the chiral 
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Figure 13. Schematic of a Cyclodextrin Molecule, 
Represented as a Truncated Cone, Which Forms a 
Reversible Inclusion Complex with Mephobarbital. 
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center or a substituent attached to the chiral center must be near and 

interact with the mouth of the cyclodextrin cavity. When these 

requirements have been fulfilled the possibility of chiral recognition is 

favorable. 

While most C5Ps seem to be limited in the structural type of 

compound that may be separated (e.g., helicenes on the charge transfer 

stationary phase or 3,5-dinitrobenzoyl derivatives on Pirkle's columns), 

it is interesting to note the wide variety of structurally unrelated 

enantiomers that can be separated on p-cyclodextrin (Figure 14). The 

results suggest that for chiral recognition with p-cyclodextrin, a 

compound needs to contain at least one aromatic ring, although two 

appeared to be of greater benefit. Propranolol, for example, which 

contains a naphthalene substituent, was resolved on the p-cyclodextrin 

stationary phase (Figure 15). In addition, the proximity of the ring 

moieties to the chiral center of the compound appeared to improve chiral 

resolution, perhaps as a result of less bond rotation than could occur 

with aliphatic side groups. Heterocyclic drugs such as mephenytoin and 

the barbituates, which had chiral centers within ring groups, were 

optimal candidates for chiral separation (Figure 14). While single ring 

compounds are not usually good candidates for chiral separation, 

metoprolol was successfully resolved. The aliphatic side chains on the 

ring apparently allow a sufficiently strong inclusion complex to be 

formed for chiral recognition to occur, Ketoprofen, verapamil, and 

chlorpheniramine, which have very different structures, showed 

enantioselectivity on the p-CD stationary phase. 
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Figure 14. structures of Different Drugs Separated on 
p-Cyclodextrin Bonded Phase. 
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Figure 15. Chromatogram 5howing the LC 5eparation of d-
and l-Proprano1ol on Two 25-cm p-Cyclodextrin 
Columns. The Flow Rate was 0.5 mL/min and the 
5olvent Composition was 25% Methanol and 75% 
Aqueous Triethylammonium Acetate (1%) 
Adjusted with Glacial Acetic Acid to pH 4.1. 
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1t has already been noted that interaction with the rim of the 

cyclodextrin cavity is necessary for chiral recognition. The 

unidirectional 2- and 3-hydroxy1 groups located at the mouth of the 

cavity appear to be of particular importance in chiral recognition. This 

is seen in Figure 16, which shows computer-generated projections of the 

lowest free energy inclusion complexes of d- and 1-propranolo1 with 

p-CD (67). This inclusion complex shows the naphthalene structure is 

not placed lengthwise in the p-CD cavity as was previously thought, but 

actually is positioned with its width across the p-CD cavity. 1n Figure 

16, the d- and l-proprano1ol are placed identically within the 

cyclodextrin cavity and the structures overlaid exactly to the point of 

the chiral carbon. The hydroxyl group attached to the chiral carbon is in 

the same position for the d- and 1-compounds, placed for optimal 

hydrogen bonding to a 3-hydroxy1 group of the cyclodextrin. 5ome 

important differences between the complexes of the d- and l-isomers 

may be noted with respect to their secondary amine group. In the 

d-propranolol complex, the respective bond distances are 3.3 and 2.8 Â 

between this nitrogen and the 2- and 3-hydroxy1 groups of the 

cyclodextrin. This allows for two reasonable hydrogen bond interactions. 

This same amine group in the l-proprano1o1 complex is positioned less 

favorably for hydrogen bonding, The closest bond distances to the 2- and 

3-hydroxy1s of the cyclodextrin are 3.8 and 4.5 Â, respectively. This 

suggests that d-propranolol can preferentially interact with p-cyclo-

dextrin in a way that the 1-isomer cannot. Regardless of the bond 

rotations of this aliphatic chain the studies indicate that this difference 

is maintained and sometimes increased. Thus the end result is chiral 
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Figure 16. Computer Projections of Inclusion Complexes of 
(A) d-Propranolol and (B) l-Propranolol in 
p-Cyclodextrin, From X-Ray Crystallographic 
Data. Dotted Lines Represent Potential Hydrogen 
Bonds (Distances Noted in Text). The 
Conf igurations 5hown Represent the Optimal 
Orientation of Each Isomer on the Basis of the 
Highest Degree of Hydrogen Bonding and 
Complexation. 
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recognition between the cyclodextrin and the optical isomers of d- and 

l-propranolo1. These findings are in harmony with the popular 

three-point attachment concept initially introduced by Dalgliesh (9). 

However, a number of other enantiomers were tested and failed to 

be resolved in spite of their apparent structural similarity to the 

resolved compounds listed in Table 6. Drugs that were not effectively 

resolved by the formation of p-cyclodextrin inclusion complexes 

included: doxylamine, ketamine, warfarin, chlorcyclizine, bupivacaine, 

glycopyrrolate, and leucovorin. 

Evaluation of enantiomers that show no chiral recognition, such as 

(5)-(-)- and (R)-(+)-warfarin, also can be useful in understanding this 

system. The chemical structure of warfarin is shown below. 

•0-^0 

A computer model of the superimposed d and 1 isomers of warfarin in 

p-cyclodextrin was also constructed to study its interaction with p-CD. 

Even under conditions of optimal complex formation, the phenyl group 

was sufficiently far from the cyclodextrin to preclude any significant 

interactions. Thus, it is difficult for p-cyclodextrin to discríminate 

between the enantiomers even though there may be a difference in 

orientation. This is in contrast to the d-propranolol complex in 
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Figure 16, where the side group is positioned favorably for hydrogen 

bonding with p-cyclodextrin. The results suggest that the absence of 

differential interaction at the mouth of the cyclodextrin cavity may 

preclude chiral recognition in some cases. 

While a compound may be tightly held in the cyclodextrin cavity, 

some interaction with the mouth is imperative for differentiation 

between enantiomers to occur. Norgestrel meets the size requirements 

for inclusion complex formation, but no selectivity is observed (63). The 

substituents of the chiral carbon are spatially too far from the mouth of 

the cyclodextrin cavity to interact sufficiently. By replacing the 

2-hydroxyl group with an acetyl group, the cavity becomes more 

hydrophobic and the entrance is extended to a point where chiral 

recognition is feasible. In this case, the selectivity of the stationary 

phase was changed to promote chiral recognitions. Conversely, the 

substituents of the solute's chiral center could be altered to improve 

enantioselectivity as well. This was nicely demonstrated with a series 

of metallocene compounds (52). In the case of (±)-a-ferrocenyl-

benzylalcohol, resolution was not achieved since the hydroxyl 

substituent attached to the chiral atom was apparently hidden between 

the bulky ferrocene and phenyl groups. When the hydroxyl group was 

replaced with thioethanol, the length of the hydroxy-substituent on the 

chiral carbon was extended sufficiently past the bulky groups that it 

could interact with the cyclodextrin and good resolution could be 

observed. 5ma11 changes in a solute's structure can tremendously affect 

selectivity. Binaphthyl crown-5 was fully resolved on a 25 cm p-CD 

column, but when one of the crown oxygen atoms was replaced with a 
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nitrogen, resolution was no longer observed (65). It is apparent that 

small changes in the structure of either the cyclodextrin or the chiral 

molecule of interest can have significant effects on enantioselectivity. 

Consequently, structural modif ication of the solute and/or the 

cyclodextrin is likely to be utilized as a tool in future separations. 

Inclusion complexes usually are thought to form in the presence of 

water or water with certain organic modifiers such as dimethyl 

sulfoxide, dimethyl formamide, acetonitrile, and alcohols. Resolutions 

greater than 1.5 have been obtained for some compounds in pure 

acetonitrile indicating another mechanism may be occurring (73). Indeed 

this may be more closely related to normal phase separations where 

retention is due to adsorption to the external hydroxyl groups of the 

cyclodextrin. However, the exact mechanism is unknown at the present 

time. 

Parameters Which Affect Seoaration 

In most cyclodextrin stationary phase applications, the eluent is a 

mixture of water or buffer and a water-soluble organic solvent, usually 

methanol, ethanol, or acetonitrile. For separations involving hydrophobic 

organic species, increases in the concentration of the organic component 

in the aqueous mobile phase result in decreases in the capacity factor 

and resolution. This general behavior is shown by the data in Table 8 

(entry ^ 1) and also in Figure 17, which shows a plot of k' vs. the percent 

methanol in the mobile phase for the separation of the enantiomers of 

DDDD (64). Data in Table 8 (entry ^3) also show that for ionic species, 

such as the halide ions, increases in the percent methanol in the mobile 
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Figure 17. Graph 5howing the Influence of Percentage 
Methanol in the Aqueous Mobile Phase on the 
Capacity Factor, k', for the (+) and (-) 
Enantiomers of DDDD on a 25-cm p-Cyclodextrin 
Column. 
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phase result in increased capacity factors, probably due to solvation 

requirements. This approach for altering capacity factors and separation 

when using the CD columns is similar to that employed in reverse phase 

LC (e.g., controHing the concentration of an organic modifier). 1t should 

be emphasized however, that the primary mechanism of separation with 

CD columns (i.e., inclusion complex formation) is very different from 

that in reversed phase LC. 

Mobile phase composition also significantly affects resolution and 

retention times. The effect of mobile phase compositions on resolution 

is shown in Figure 18. As the percent methanol is increased from 35% to 

65%, Rg decreases from a value of 1.2 to 0. Figure 19 shows the 

chromatograms for the separation of (±)-hexobarbita1 using different 

methanol-water mobile phase compositions (62). Resolution and 

retention time are both increased as the methanol concentration is 

decreased. 

As mentioned earlier, ethanol or acetonitrile can be used instead 

of methanol as the organic modifier, Acetonitrile and ethanol have a 

greater affinity for the cyclodextrin cavity than methanol, consequently 

lower concentrations of these modif iers are needed to obtain similar 

retention times, The selectivities of many compounds can vary with the 

particular organic modifier that is used (62). This is seen in Table 10. 

which shows the effect of different organic modifiers on retentlon 

characteristics, 

Effects of flow rate on the chromatographic separation and 

resolution on cyclodextrin stationary phases are shown in Table 11. The 
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Figure 18. Plot 5howing the Influence of the Percent 
Methanol on the Resolution of the Enantiomers of 
DDDD on a 25-cm p-Cyclodextrin Column. 
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Figure 19. Enantiomeric 5eparation and Resolution of 
Hexobarbital on the p-Cyclodextrin Chiral 
5tationary Phase as a Function of the Percentage 
of Methanol in the Mobile Phase. Conditions: 
10-cm p-Cyclodextrin Column, Flow Rate 1.0 
mL/min, Mobile Phase was Methanol-Water at the 
Indicated Percent Composition. 
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Table 10. Comparison of Enantiomeric 5eparations Using Different 
Mobile-Phase Components with the p-CD Column. 

Compound 

Dns Thr 
Dns Phe 

Dns Leu 

DDDD 

k'l 

2.39 
1.37 

3.89 
6.12 

0.93 
2.94 
3.97 

0.10 
0.35 
5.8 

k'2 

2.77 
1.58 
445 
6,61 

1.39 
3.63 
473 

0.10 
0.35 
6.9 

a 

1.16 
1.16 
1.14 
1.08 

1.50 
1.23 
1.19 

1.00 
1.00 
1.19 

Rs 

0.96 
0.74 
0.68 
c 

1.00 
0.93 
0.69 

c 
c 
0.51 

Mobile Phase 

30% AN^ 
40% AN^ 
30% AN^ 
30% Eton'̂  

40% AN^ 
30% AN^ 
30% Eton'̂  

40% AN^ 
30% AN^ 
25% EtOH'̂  

^Refers to percent (v/v) of acetonitrile in water as mobile phase. 

'̂ Refers to percent (v/v) of ethanol in water as mobile phase, 

^Not resolved. 
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Table 11. Effect of Flow Rate on the Chromatographic Separation 
Factor and Resolution of the (+) and (-) Enantiomers of DDDD̂  

Flow Rate, 

mL/min 

1.00 

0.80 

0.60 

0.40 

0.30 

0.20 

k 

(0 

0.58 

0.57 

0.56 

0.55 

0.56 

0.53 

r ' 

( - ) 

0.71 

0.71 

0.70 

0.69 

0.70 

0.66 

a 

1.22 

1.24 

1.24 

1.25 

1.26 

1.24 

Rs 

0.85 

0.92 

0.97 

1.12 

1.22 

1.20 

^Data was obtained using a 25-cm p-CD column, and a 50:50 (v/v) 
methanol-water mobile phase. 
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enantiomeric separation of (+) and (-)-DDDD demonstrates the effect of 

f low rates on the resolution when using cyclodextrin stationary phases 

(62). This behavior is typical of that observed for other enantiomers. As 

can be seen in Table 11 there was no appreciable change in the capacity 

factor or the separation factor as a function of flow rate. However, 

there was significant improvement in resolution as the flow rate was 

reduced. In general, the improvement was greatest when going from 1.00 

to 0.40 mL/min, after which a further reduction in flow rate caused only 

a small gain in resolution. 

Compounds with ionizable groups are strongly affected by the pH 

employed during separation. When pH values below the pK^ value of some 

alkaloids were used, no enantiomeric resolution was observed. Upon 

raising the pH above the pK^ of the alkaloids, baseline resolutions were 

achieved (73). Addition of certain salts such as lithium perchlorate and 

sodium chloride may also affect separations. Specifically the addition 

of small amounts of salt (0.01-0.1%) to hydro-organic mobile phases can 

reduce retention times and increase the efficiency in many LC 

separations (74). Broad peaks and tailing also can be minimized by the 

use of buffers. For example, buffers such as 0.1 to 1.0% aqueous 

triethylammonium acetate (TEAA), pH = 41 , sharpens eluting peaks and 

increases resolution and efficiency. As much as four fold increases in 

efficiency have been reported for the derivatives of amino acids and 

peptides when TEAA buffer is used instead of water. Other buffers that 

may be used in conjunction with p-cyclodextrin bonded phases are 

ammonium acetate and phosphate buffers. 
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Cyclodextrin columns are stable to pH in the range of 3.5 to 7.5. 

Strong acids will hydrolyze the cyclodextrin molecules, while strong 

alkaline conditions will attack the silica gel support. 

Since the binding constant (K|̂ ) of a solute to cyclodextrin is 

significantly affected by temperature, solute retention generally shows 

a greater temperature dependence on p-CD bonded phases than on other 

conventional bonded phases, The binding of a solute to cyclodextrin 

decreases rapidly as temperature is increased, approaching zero between 

60 °C and 80 "C for most compounds (35, 63), 

Sometimes during analysis, samples may contain trace impurities 

which are retained in the cyclodextrin and can eventually decrease their 

effectiveness. The column can be regenerated by eluting with several 

column volumes of pure acetonitrile or ethanol. 



CHAPTERIV 

CONCLUSIONS 

Cyclodextrin stationary phases offer many advantages over other 

CSP's in terms of stability, flexibility, and versatility. In particular, 

cyclodextrin bonded phases may be used in the reversed phase mode, 

whereas most other CSP's are typically not very stable when used with 

comparable mobile phase combinations. Consequently, their use is 

limited to operation in the normal phase mode. 

While cyclodextrin bonded phases are adept at separating a wide 

variety of enantiomers, they are also useful in the separation of 

diastereomers and routine compounds. They may also be used in the 

normal phase mode where they function much like a conventional diol 

column. The growing number of publications on cyclodextrin bonded 

phases indicates their increasing acceptance as a chiral stationary phase 

and as an alternative to traditional reversed-phase columns. 

An inclusion complex should be formed between the solute and the 

cyclodextrin cavity for chiral recognition to occur. In addition, the 

chiral center or a substituent attached to the chiral center must be near 

and interact with the mouth of the cyclodextrin cavity. When these 

requirements have been fulfilled the possibility for chiral recognition is 

good. 

The effects of changing the solute structure was shown to have 

considerable impact on the formation of inclusion complexes. Further-

more, the possibility exists for incorporating various functional 
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groups onto the rim of the cyclodextrin cavity to affect its 

enantioselectivity. This allows one to extend the mouth of the 

cyclodextrin molecule and increase chances for chiral recognition. 

Different types of interactions may be introduced such as electrostatic 

effects by adding charged substituents or increasing steric hindrance by 

the incorporation of a bulky substituent, 
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APPENDIX 

Aminoglut^thimide: 3-(4-Aminopheny1)-3-ethyl-2,6-piperidinedione 

BuplV9Ca)ne: l-Butyl-2',6'-pipecoloxy1idide 

ChlQrpheniramine: y-(4-Chlorophenyl)-N,N-dimethyl-2-pyridine-
propanamine 

ChlQrthalidonfi: 2-Ch1oro-5-(1-hydroxy-3-oxo-1-isoindo1inyl)benzene-
sulfonamide 

Hexobarbital: 5-( 1 -Cyclohexen-1 -y1)-1,5-dimethyl-2,4,6-( 1 H,3H,5H)-
pyrimidinetrione 

Ketamine: 2-(2-Chlorophenyl)-2-(methy1amino)cyclohexanone 

Mephenytoin: 5-Ethyl-3-methy1-5-phenyl-2,4-imidazo1idinedione 

Mephobarbital; 5-Ethyl-1 -methyl-5-pheny1-2,4,6-( 1 H,3H,5H)-
pyrimidinetrione 

Methadone: 6-Dimethy1amino-4,4-diphenyl-3-heptanone hydrochloride 

MethylDhenidate: a-Phenyl-2-piperidineacetic acid methyl ester 

Phensuximide: 1 -Methy1-3-phenyl-2,5-pyrro1idinedione 

ProDranolol: 1 -[(1 -methylethy1)amino]-3-( 1 -naphthalenyloxy)-
2-proprano1 

Veraoamil: a-[3-[[2-(3,4-Dimethoxyphenyl)ethy1]methylamino]propyl]-
3,4-dimethoxy-a-(1-methy1ethyl)benzeneacetonitri1e 

Warfarin: 4-Hydroxy-3-(3-oxo-1 -phenyIbuty 1 )-2H-1 -benzopyran-2-one 
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MICELLES1N5EPARAT10N5 



CHAPTER V 

M1CELLES1N5EPARATI0NS 

Introduction 

Micelle Structure and ProDerties 

Micelles are dynamic species consisting of aggregated surfactants 

in an aqueous continuum (1 -9). Surfactants are amphiphilic molecules 

that contain both hydrophilic (water-loving) and hydrophobic (water-

hating) parts (10, 11). They are generally classified by the nature of 

their hydrophilic "head-groups" as cationic, anionic, nonionic or 

zwitterionic surfactants. The hydrophobic "tail" of the surfactant is 

generally a linear or branched hydrocarbon containing between seven and 

twenty-one carbons. Occasionally aromatic ring systems will be present 

as well. Surfactants usually exist as discrete monomers in very dilute 

aqueous solution (generally less than 10"^ M). If one increases the 

concentration of surfactant in solution, a point will eventually be 

reached where extensive aggregation occurs and many of the bulk 

physical solution properties change. The aggregate is called a micelle 

and its shape varies from that of a prolate ellipsoid to a rough sphere 

depending on the surfactant and environment. The point at which 

aggregation occurs is referred to as the critical micelle concentration 

(i.e., CMC, c.m.c, or Cm) and can be detected by a variety of physico-

chemical techniques. Aggregation actually occurs over a narrow range of 

concentrations and seems to be a highly cooperative process (7). It is 
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not unusual to obtain slightly different CMC values depending on one's 

method of measurement. 

A cross-sectional representation of the classical micelle is given 

in Figure 20. This is often referred to as the Hartley, oil-drop, reef 

and/or radial model (9, 12-14). This model assumes the micellehas 

approximately spherical geometry, a somewhat rough surface with all 

hydrocarbon chains in extended antl configurations, and little or no 

water penetration into the core. Indeed, it resembles a small hydro-

carbon "pool" or oil droplet surrounded by polar headgroups, counterions, 

and water. 

Micelles in ChromatograDhy 

The increasing importance of micelles in separations and chemical 

analysis necessitates a thorough knowledge of this area in order to 

properly optimize and understand these systems. Micellar or pseudo-

phase liquid chromatography is a case in point. Since its inception 

(15-18), the technique of micellar or pseudophase liquid chromatography 

has greatly increased in sophistication and usefulness. Kirkman has 

suggested that micellar LC could be used for separations that are 

commonly accomplished by ion exchange, normal phase, and/or reversed 

phase LC, by simply selecting an appropriate combination of surfactant 

type and bonded packing (19-21). Advantages in selectivity and 

detection have also been noted (22-27). The theory and use of micelles 

in chromatography have recently been reviewed (28). 

One of the shortcomings of micellar LC is that it tends to be less 

efficient than traditional reversed-phase LC, which utilizes 
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Figure 20. Typical Cross-Sectional Schematic Representing 
the Classical View of an Aqueous Micelle. 
Counterions are Not Shown. 
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aqueous-organic mobile phase mixtures. Dorsey et al. considered the 

causes and remedies of lower efficiency in micellar mediated 

separations (29). 1t was thought that poor mass transfer from the 

micelle to the stationary phase was a major factor in band broadening 

and that addition of low concentrations of organic modifiers and higher 

temperatures resulted in improved efficiencies and peak shapes. 

Yarmchuk et a1. also considered the effects of restricted mass transfer 

on the efficiency of micellar LC (30). It was thought that the mass 

transfer problem not only resulted from slow micellar exit rates but 

also from slow desorption from the stationary phase. They concluded 

that mass transfer could be improved by increasing temperature, 

decreasing linear velocities, and reducing micelle concentrations. 1t was 

further concluded that the use of organic modifiers have minimal utility 

since their main effect was to minimize the role of the micelle as 

compared to the aqueous-organic bulk solvent. Borgerding and Hinze 

evaluated a nonionic micellar LC mobile phase (31). In contrast to what 

was reported for ionic surfactants, they found that there was further 

signif icant adsorption of surfactant onto the stationary phase from 

mobile phases above the critical micelle concentration. More 

importantly, it was found that the decrease in efficiency in micellar LC 

was related to the amount of surfactant adsorbed on the stationary 

phase. They thought that the decrease in efficiency in micellar LC 

resulted from poor stationary phase mass transfer. They also found that 

the addition of small amounts of ethanol to the mobile phase tended to 

increase viscosity and decrease efficiency. 



CHAPTER VI 

MATER1ALSANDMETH0D5 

Electrophoresis purity sodium dodecyl sulfate was obtained from 

Bio-Rad Laboratories. p-Naphthol, p-nitroaniline, p-nitrophenol, 

2,6-naphthalenedisulfonic acid (disodium salt), 4,5-dihydroxy-

naphthalene- 2,7-disulfonic acid (disodium salt), and1,3,6-naphthalene-

trisulfonic acid (trisodium salt) were obtained from Aldrich. Sodium 

methyl sulfate, from Fisher, and HPLC grade water, from Burdick and 

Jackson, were also used as received. A 300 x 4 mm propylnitrile column 

(10 jim packing) was obtained from Varian. 

A1I diffusion coefficients were determined by the Taylor 

dispersion technique (32, 35). A 61.0-m length of a stainless steel tube 

(0.50 mm i.d., 1.6 mm o.d.) was made into 21 cm diameter coils and 

placed in a constant temperature bath (20 °C). A small amount of dilute 

sample (10 |iL of a 0.1 % solution) was injected into the capillary tube 

using a standard LC loop injector. The flow rate was maintained at 0.10 

mL/min with a Shimadzu LC5A microbore pump. The effluent peak was 

detected with a Shimadzu SPD 2A5 UV detector at 254 nm. If the flow is 

laminar, one obtains a Gaussian peak in which the square of the peak 

width is inversely proportional to the diffusion coefficient of the solute. 

The diffusion coefficient can be determined from (32, 33) 

D = (0 2310r2tp)/(W|/2)^ ^̂ ^ 

where D is the diffusion coefficient, r is the radius of the capillary tube, 
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tp 1s the residence time of the solute in the tube, and W|/2 is the peak 

width at half peak height. To avoid secondary flow effects. as discussed 

by Evans et al (36) and Tijssen (37). one must have a sufficiently long 

column of the proper diameter. low flow rates, and sufficiently wide 

diameter coils, The accuracy and performance of this method were 

checked by measuring the diffusion coefficients of several solutes and 

comparing them to previously determined values (36, 38), The lack of 

any peak abnormalities. such as tailing, also indicated proper conditions 

were used, 

All LC separations were done at 20 'C using a Shimadzu LC-4A 

liquid chromatoqraph with a variable wavelength detector containing a 

13-|iL flow cell, A11 solutes were dissolved in 0,05 M SDS prior to 

injection and detected at 254 nm, The flow rate was 1.0 mL/min 



CHAPTER VII 

RESULT5ANDD1SCUS5I0N 

Table 12 gives the diffusion coefficients of six solutes in pure 

water and in different concentration micellar solutions. The partition 

coefficient of the solute between the micelle and bulk water is also 

given. Note that the first three solutes bind to the micelle while the 

last three solutes are repelled or excluded from the micelle. Several 

things are apparent from these data. First, the diffusion coefficients of 

all solutes decrease with increasing surfactant concentration. The 

diffusion coefficients of the three binding solutes were affected to a 

much greater extent (i.e., decreased by almost 11-fo1d). The more a 

solute binds to the micelle, the greater the micellar effect on the 

diffusion coefficient seems to be. The lower limit for a solute's 

diffusion coefficient is about 5.7 x 10"^ cm^/s. This corresponds to the 

diffusion coefficient of the micelle (or to that of a solute completely 

associated with a micelle). It is important to note that the diffusion 

coefficient of a micelle is smaller than the diffusion coefficient of the 

surfactant. This is because surfactant exists in aggregates and as 

monomers in micellar solution. Therefore the value of the surfactant 

diffusion coefficient in a micellar solution will be somewhere between 

that of the monomer and that of the micelle. 

It might be argued that the observed effects (Table 12) are not 

specifically due to the micelles present but are characteristic of any 

added extraneous salt. Consequently diffusion coefficients were 
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Table 12. Variations in Solute Diffusion Coefficients^ in the Absence 
and Presence of 5D5 Micelles. 

[SDS], M 
Compound P^J^ 0.0 0.03 0.1 0.3 0.5 

1. p-naphthol 23,000 6.10 1.51 0.90 0.64 0.57 

2. p-nitroaniline 5,400 7.46 425 2.28 1.22 0.90 

3. p-nitrophenol 3,000 6.92 435 2.70 1.69 1.11 

4 2,6-naphthalene- "-600"^ 6.71 479 400 3.52 3.06 
disulfonic acid, 
disodium salt 

5. 4,5-dihydroxy- "-930"^ 6.14 3.65 3.49 2.96 2.52 
naphthalene-2,7-
disulfonic acid, 
disodium salt 

6. 1,3,6-naphthalene "-1,230"^ 6.48 3.51 3.19 2.85 2.36 
trisulfonic 
acid, trisodium salt 

^Diffusion Coefficients (X 10^ cm^/sec). 

^Pmw ís the partition coefficient of a solute between the micellar 

bulk aqueous phase. 
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Table 12. Continued. 

^Negative partition coefficients are theoretically impossible and 
these values are an artifact of the method used to measure them. They 
are obtained when a solute tends to be excluded or repelled from a 
micelle and may, in some cases, indicate the degree to which a solute is 
excluded from amicelle. 
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measured in the presence of analogous concentrations of sodium methyl 

sulfate (which does not form micelles). The results are shown in 

Table 13. A very slight decrease is observed for the f irst three "binding" 

solutes (»10-15%). A slightly larger decrease was observed for the last 

three "excluded" solutes. At least two things are noteworthy about these 

results. First, the diffusion coefficients of all solutes are affected to a 

greater extent by an aggregating solute (SDS). Second, "binding" solutes 

are appreciably more affected by the presence of micelles than are 

repelled or excluded solutes, while the opposite is true when a 

nonaggregating salt is added. 

Theory 

It is apparent that a model relating diffusion behavior to micelle 

concentration would be beneficial for the proper understanding of 

micelle mediated separations as well as a number of other micelle-based 

studies. Such a model can be derived and experimentally tested for 

compounds that bind to micelles. 

The observed diffusion coefficient of a solute in micellar solution 

(DQbscj) ís given by 

t̂ obsd = PDm*^1-p)D3q (2) 

where Dr^ is the diffusion coefficient of the micelle, Dgg is the diffusion 

coefficient of a solute in aqueous surfactant solution just below the 

critical micelle concentration (e.g,, no micelles present). p is the mole 
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Table 13. Variations in Solute Diffusion Coefficients^ in the Presence of 
Sodium Methylsulfate. 

[Nâ  CH3SO4"], M 

Compound 0.0047 0.1 0.3 0.5 

1. p-naphthol 5.67 5.67 5.53 5.51 

2. p-nitroaniline 7.51 7.25 6.85 6.33 

3. p-nitrophenol 7.04 6.77 6.34 6.10 

4. 1,6-naphthalene- 487 473 456 438 
disulfonic acid, 
disodium salt 

5. 4,5-dihudroxy- - — 3.42 3.62 3.67 
naphthalene-2,7-
disulfonic acid, 
disodium salt 

6. 1,3.6-naphtha1ene- 465 406 3.75 3.50 
trlsulfonic acid, 
trisodium salt 

^Diffusion Coefficients (X 10^ cm^/sec). 
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percent of solute in the micelle, and (1 - p) is the fraction located in the 

nonmicellar solution (which also contains surfactant monomers, etc). 

The partition coefficient of a solute between the micelle and bulk 

aqueous solution (P^^) is given by 

P^w = [NpC|./CV] / [(1 - p)C|./( 1 - CV)] (3) 

where C|- is the total solute concentration, V is the molar volume of the 

micellar surfactant, and C is the concentration of micellized surfactant, 

which is obtained from 

C = Cg - cmc (4) 

where Ĉ  is the total surfactant concentration, cmc is the critical 

micelle concentration, and N is the aggregation number. It is apparent 

that CV is the volume percent of the micellar phase and (1 - CV) is the 

volume percent of the bulk aqueous phase. Simplifying and rearranging 

eq. 3, one obtains a relationship independent of C^ 

1/p= 1 MN(1 -CV)/P^^CV] . (5) 

Equation 5 can be solved for p or (1 - p) and substituted into eq. 2 to give 
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^obsd = t^m/l^ " N(1 - CV)/P^^CV] - DV[1 * P^^CV/(1 - CV)/N] . (6) mw^^J '^aq'i' " ^mw' 

If one lets 

v | / = n ( l - C V ) / P ^ ^ (7) 

then one obtains 

^ o b s d ^ l V ^ l ^^^)lMD3q/[1 Ml /^ ) ] ) . (8) 

With this relationship one can calculate D^^^^ and compare these to the 

measured values in Table 12. One can further rearrange eq. 8 to 

í̂ m = t̂ obsd - V ^ ^ " l /^) ] [ l -v^] (9) 

from which one can calculate the diffusion coefficient of the micelle. 

Table 14 lists the values of D^^^^ calculated with eq. 8. 1t is 

apparent that there is relatively good agreement between the calculated 

and measured values of D^^^^. One should note, however, that several 

necessary assumptions have been made in deriving this theory. For 

example, it is assumed that the cmc, aggregation number, and geometry 

of the micelle are not significantly altered by the presence of the 

diffusing solute. 1t is further assumed that the aggregation number and 
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Table 14 Calculated Values of the Observed Solute Diffusion^ 
Coefficients for Compounds Which Bind to SDS Mícelles^. 

[SDS]intheMicelle,M<^ 
Compound 0.022 0.092 0.292 0.492 

1. p-naphthol 1.53 0.87 0.68 0.62 

2. p-nitroaniline 418 2.32 1.25 0.97 

3. p-nitrophenol 435 2.79 1.56 1.18 

^Diffusion Coefficients (x lO^ cm^/sec). 

*̂ The following values were used in equation (7) to obtain the 
calculated D^^^: D^ = 5.7 x 10""̂  cm^/sec, CMC = 8.2 x 10"^ M, V = 0.248 

L/mole, N = 62, P^^ = the values given in Table 12, and Dgq = 3.5 x 10"^, 

5.9 X 10"^, and 5.35 x 10"^ cm^/sec for compounds 1-3, respectively. 
The Dgq values cannot be directly measured and must be interpreted from 

diffusion data obtained at surfactant concentrations below the CMC 
Obviously this value must be between DQ^^ in pure water and that in 0.03 

M5DS(Tab1e 12). 

^Note that these concentrations are for the surfactant in the 
micelle, while those in Table 12 are total surfactant concentrations. 
Consequently 0.022 M in this table corresponds to 0.03 M in Table 12 and 
soon. 
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geometry of the micelle do not change with increasing surfactant 

concentration. For some surfactant systems near the cmc and at low 

solute concentrations these assumptions are not unreasonable. Other 

systems, such as those containing hexadecyltrimethylammonium 

bromide, are not as ideal in that their aggregation numbers are more 

concentration dependent (28). An accurate aggregation number is 

essential for the calculation of \|/ in eq. 8 and 9. Obviously, one could 

calculate D^^^^ or D̂^ with greater accuracy by using N's obtained at 

appropriate surfactant concentrations. Another source of error is in the 

estimation of Dgq, The diffusion coefficient of a solute in the 

extramicellar solution (which contains monomers, etc) will be 

somewhere between that in pure water and that in dilute micellar 

solution. Dgq can be estimated as indicated in Table 14 Despite all of 

the possible sources of error, the agreement between the calculated and 

experimentally determined values of DQ^^^ was remarkably good in this 

study. 

Chromatographic Considerations 

If mobile phase mass transfer is an important factor in micellar 

LC, one should find distinct differences in the efficiencies of 

chromatographed solutes that bind strongly to micelles (and have 

appreciably smaller diffusion coefficients) and those that do not. 

Furthermore, one should find that the separation efficiency decreases 

with increasing micelle content in the mobile phase. Table 15 gives the 
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Table 15. Variations in the Number of Theoretical Plates (n) for Varíous 
Solutes as a Function of SDS Micelle Concentratíon in the 
MobilePhase^. 

[SDS], M 
Compound o,05 0,1 0.25 0,35 0.5 Mean 

1. p-naphthol 531 539 447 476 544 507 

2. p-nitroaniline 762 693 645 519 661 656 

3. p-nitrophenol 459 460 457 564 506 479 

4 2,6-naphthalene- 564 564 711 625 563 606 
disulfonic acid, 
disodium salt 

5. 4,5-dihydroxy- 472 509 490 519 447 487 
naphthalene-2,7-
disulfonic acid, 
disodium salt 

6. 1,3,6-naphthalene-551 545 598 514 529 547 
trisulfonic acid, 
trisodium salt 

Mean 557 552 558 536 542 

^A 30-cm propylnitrile column (10 | i , Varian) was used at a flow 
rate of 1.0 mL/min and a temperature of 20 "C Efficiencies were 
calculated using n = 5.54 (tp/Wj/^) and n = [417(tp/Wo |o^l ^ t^^/A) 
1.25] (25). 
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Table 15. Continued. 

Although there were small differences in the absolute values of n, 
depending on the equation used, the relative differences and trends were 
the same. Efficiencies of n = 3000 were obtained for p-nitroaniline with 
methanol-water mobile phases after all possible SDS was flushed from 
the column. 
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theoretical plates (per column) of six solutes at five different 

surfactant concentrations. The average number of plates for each solute 

and at each surfactant concentration is given as well. 1t is interesting 

to note that under these conditions there is no significant difference in 

the efficiency of the slow diffusing "binding" solutes (compounds 1-3) 

and the faster diffusing "excluded" solutes (compounds 4-6). 

Furthermore, there is no significant difference in efficiency at different 

surfactant concentrations (Table 15). This indicates that mobile phase 

mass transfer effects can be overshadowed by other factors, most likely 

stationary phase mass transfer. Also, the notion that efficiency can be 

improved by decreasing the micelle concentration in the mobile phase 

(30) does not seem to be universally correct. The fact that efficiency in 

micellar LC is very dependent on flow rate further implicates mass 

transfer in the stationary phase. For example, the efficiency of 

p-nitroaniline chromatographed on a column containing 10-iim 

propylnitrile bonded media with 0.1 M SDS increased from n = 400 to n = 

1300 when the flow was decreased from 1.5 to 0.25 mL/min. 1t should 

also be noted that specific solutes consistently gave higher efficiencies 

regardless of the conditions (p-nitroaniline and 2,6-naphthalene-

disulfonic acid (disodium salt), for example). 

Borgerding and Hinze noted that there seemed to be a direct 

correlation between the amount of surfactant on the stationary phase 

and decreased efficiency in micellar LC (31). It is believed that mass 

transfer from a surfactant-coated stationary phase and from a 

traditional bilayer membrane are analogous to a first approximation. One 

can consider the bonded phase of the packing as one layer and the 



120 

adsorbed surfactants as the other (see Figure 21). While this analogy 

should not be pushed too far for obvious reasons (e.g., transfer can only 

take place from one side, the "bilayer" is asymmetric, etc, in the 

chromatographic case), it is apparent that there is a hydrophobic layer 

bounded by a very polar layer of surfactant head groups, ions and 

associated waters of hydration. A hydrophobic solute would have to 

traverse the polar boundary to gain access to or leave the stationary 

phase. An amphiphilic solute would tend to f it into the stationary phase 

"layer" so that both its hydrophilic and hydrophobic requirements are 

fulfilled. The thickness of the "active layer" of the stationary phase can 

also be increased by the adsorbed surfactant as can the viscosity. A1I of 

these factors can contribute to poor stationary phase mass transfer. One 

must consider this as the simplest-case-model. 

Both the bonded phase and surfactant type can significantly affect 

the properties and behavior of the stationary phase. It may even be 

possible for a liquid-crystal-like environment to exist when appreciable 

concentration of surfactant are concentrated at the stationary phase 

surface. Mobile phase mass transfer effects might also be observed if a 

system is devised that minimizes these stationary phase effects. 
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Figure21. SimplifiedModel Showing a "Membrane" or 
"Bilayer-Like" Area When Surfactant Adsorbs on 
LC Bonded Media. Adsorbed Surfactant can 
Significantly Alter the Thickness and Micro-
viscosity of the "Bonded-Phase" as well as 
Provide a Hydrophilic Boundary Layer. 
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CHAPTER VIII 

CONCLUSIONS 

It is apparent that there is no consensus on the causes and cures 

for low efficiency in micellar LC It should be noted that some of the 

differences may be due to dissimilarities in the systems studied (e.g., 

stationary phase and surfactant types). Furthermore, few pertinent 

physicochemical studies have been done on micellar mobile phases in 

relation to their role in LC In this work, the effect of micelles on the 

molecular diffusion of several solutes, each of which interacts 

differently with micelles, was examined. Equations were derived that 

allow one to predict micellar effects on diffusion. The factors that 

limit efficiency in micellar LC were discussed and a model was 

presented, which may account for some of the observed effects. Many of 

the diffusional effects noted in this study may be highly pertinent to 

other separation techniques that utilize micelles. Specifically, the 

micellar manipulation of diffusion coefficients may be of use in 

techniques such as hydrodynamic chromatography and field flow 

fractionation, which have not extensively considered such additives. 
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