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ABSTRACT 

During the course of stuily of reversen phase ion partition 

chromatography, it was observed that non-ionic suhstances sllch as 

alcohols, ester, ann ketones under~o chromatographic separation j~ 

SOme as yet undefineil associati.on with cationic ilyes (methylene hl11e 

chloride or brilliant green). 

Detection of non-chromophore trace level compounils has heen a 

major problem in liquid chromatography due to the lack of a univer~al 

iletector. Refractive index iletector, although a universal iletector 

lacks sensitivity. The n.v. ahsorhance detector is the work hor~~ of 

liquid chromatography. Its ma~or drawhack is its lack of univer

sality. It is often ilesirahle to extenil the uti.li.ty of this r1etector 

to compounds toward which they are normally insensitive. This 

research was directeil to neveloping the 1l.V.-Visihle .qhsorhance 

netector into a 'universal rletector'. 

Using a mixture of methanol/water or dioxane/water solvo?nt COIl

tajnin~ 1 x 10-4 H cati.onic rlye sucl, as the mohile phase it was Sl'CWTl 

to separate on Partisil ODS or on Zorhax ODS a series of \.2-\.5 

alcohols and other neutrals at sllhmicrogram levels witl, good hi1s(' 1 ~.,,, 

separation. 

The alcohols carry wi th them some nye wh·i ch must come fr;l!'1 t',E' 

presaturateil dye ODS column. The dye peaks are rletecterl spectrnr~n~~

metrically at A maximuM of dye ann hecomes <l meaSllH' of the L'llltin.IT 

)( 
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alcohol concentration. Normally, these aliphatic alcohols have a poor 

sensitivity either with refractive index or V.V. ahsorhance detector. 

This novel mode of detection ann separation of trace quantities of 

alcohols and other neutral species represents a significant increaRe 

in sensitivity and should he widely applicahle. 

The experimental data on which these separations are hasr:r1, 

poses very interestin~ Questions. For example, is there a specific 

kind of interaction hetween the alcohol and the dye or ~o the alcnhols 

distribute between the Partisil ODS and mohile phase in their custo

mary fashion and rlissolve sOfTIe of the immohilizeil dye heCi'lilSe of t1'ei r 

local excess concentration? Furthermore why ~o the slopes of the 

linear calihration curves ohtained for each of the alcnhols var," \,T1th 

the parti.cular Alcnhol? Retenti.on T'lo.-1el has(?~l on c1ye alc()hol C()f"1"~l>)-: 

f()rmation and equilihrium partitioning of these species is a~vance,~. 



CHAPTER 1 

INTRODUCTION 

Martin and Synge [1] (1941) suggested the use of small par

ticles and high pressure to improve chromatographic performance. 

In lq67 Kirkland (2) using 30 ~m particles separated substituted ureas 

with a thousand-fold decrease in time over that achieved by conven

tional gravity-fed columns. Today, however, parti~le sizes of 5 ~m 

and 10 ~m are commonly used and yield high resolving power - hence the 

name High Performance Liquid Chromatography. 

Normal and Reverse Phase Chromatography 

The early chromatography known as normal phase chromatography 

was carried out on a bare silica stationary phase with eluents such 

as hexane. The elution of polar compounds from such syste:n-: ;.; .. ,.~,./ 

difficult because of the specific interaction hetween the 8ilanol 

groups on the silica surface and the polar groups of the suhstances 

being eluted. 

This difficulty was solved by reverse phase chromatography i~ 

which the polarity of the eluent is higher than that of the surport fn" 

surface. In the early stages of this type of chromatography, the 

stationary phase was coated on the support material. Retention i;1 tIlls 

I 
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system was thus dependent upon partitioning of the solute between the 

two immiscible liquid phases. Because of the difficulties encountered 

in bleeding of the stationary phase from support material, covalent 

bonded reverse phases were introduced in late 1960's. 

Chemically Bonded Reverse Phase 

The covalent bonded reverse phase was formed by exhaustive 

reaction of silica particles with an octadecyl silane such as 

dimethylchlorooctadecyl silane. In such a reaction about 50~ of the 

original silanol groups can be reacted. The remainder of the groups 

are usually inaccessible to potential adsorbable solute molecules. 

Thus, even if dry hexane is used as eluent a small solute like nitro-

benzene is essentially unretained. Other groups which are used 

although less widely than octadecyl are CaH17 and C3H6~~. Their 

preparation and applications have recently been reviewed by Pryde [3J. 

Over aO% of all HPLC applications employ this system. This can he 

attributed to the stability of the reverse phase and to the variety 

of factors that can be adjusted in the polar mobile phase, e.g. pH, 

ionic strength and polarity. 

Theoretical Models 

Despite the popularity and wide applicability of RP-HPLC, R 

complete description of the solute retention mechanism has not heen 

formulated. Many models [4,5] have been proposed but Rlmost all of 
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them introduce a number of physicochemical constants which are often 

not known and are difficult to determine. These do not provide the 

data for a rapid prediction of the capacity factors. We have proposed 

a thermodynamic equation that relates the chromato-graphic equilthrim 

constant to measurable interfacial forces (see Appendix A) for a rapid 

determination of distribution constants. 

Limitations of HPLC 

The recent introduction of microprocessor technology into the 

fie lei of HPLC has catalyzed the :\evelopment of inst rumentat ion ancl a 

variety of excellent instruments are commercially available today. 

Nevertheless the analyst is faced with many difficult problems in the 

separation of complex mixtures of trace level compounds by HPLe. T~e 

difficult problems of HPLC are clearly in the areas of detection ano 

sample preparation. Solutions to the problems are being actively 

sought by many research groups. 

Derivatization of the compounds either before or after tl,ey 

pass through the column has been the usual proc~.l·'1 r·,·' q".~d to ove rCOl~e 

the lack of universally sensitive detectors in HPLC. DetprJ 11"S oaserl 

on refractive index changes are insensitive and there seems to he no 

way to increase the response if such detectors. Ultraviolet detectnrs 

coupled to HPLC systems are the most common used today. The main 

function of derivatization is to increase the UV ahsorption of the 

compound under inv~~tlgation. 



Many problems however are still encountered in the deriva

tization step. The ideal derivatizing agent should react rapidly 

and quantitatively. There should be no side products and the 

unreacted derivatizing agent should be easily removed. In practice 

these requirements are seldom met by any reagent. 

Novel Distribution Equilibria 

4 

Although a difference in partition ratio is a necessary 

requirement to separate any two compounds, to obtain well resolved 

peaks with high selectivity in a reasonable time, fast equilibration 

of the compounds within and between the zones must be maintaineo. 

Equilibration is generally limited by the rate of diffusion of solute 

within the particles. To minimize this band broadenin~ process porous 

particles around 5 ~m are used [6). The pores of the packing material 

must also be uniform and open. Typically they are about 10 ~m across 

in a good quality silica that is used in chromatography. Classical 

ion exchange resins with pore diameters of 10-20A restrict the rate of 

diffusion and hence relatively poor separations result especially with 

large solute such as nucleotides. 

The primary distribution equilibrium responsihle for differ

ential migration rates in chromoatographic systems is liquid-liqujrl 

partitioning. It possible to add a secondary equilibrium process to 

the primary distribution and in this way introouce an additional 

mechanism for retention and resolution. It is necessary to note 
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chemical equilibria that are slow cannot be used because poor be used 

because poor distribution would result. Some of the fast reactions 

that have been exploited are protonation, outer shell complexation ann 

ion pair formation. Some very specific separations can be accomplished 

in this manner and analytical research in this area is very active. 

In Appendix B a general tre~tment of how such secondary 

equilibria can effect retention volume is shown. The formulation is 

based on the assumption that complexation reactions occur in the 

mobile phase, but this is not necessarily correct. 

Deming [7] et a1. using mobile phase containing huffers of low 

pH separated carboxylic acids on an ODS column. Similarly Wu ann 

Wi11ick [8] separated morphine alkaloids using huffers of pH between 

2 and 7 as eluents. The authors claimed that because of the secondary 

protanation reactions, separation was feasible. 

Karger [9] et ale separated sulfa drugs on a Lichrosorh C8 

column using a mobile phase acetonitrile/water containing In-3 ~1 

ZnS04, 1% ammonium acetate and 0.025% amine. The reason for separa

tion was attributed to outer shell complexation. The authors claime~ 

amine formed a strong complex with the 2n+2 ions, and the resultinr 

complex attached itself to the bOlhlt:!d hj::lroearhon stationary phas,' 

through the hydrocarbon tail of the amine. The Zn+2 ion heln in this 

manner can form ion pairs with various anions. The anions displace the 

outer shell ligands surrounding the ZW2 and cause a dramat ie chan)", 

in selectivity. 



6 

The development of ion pair chromatography (IPC) is generally 

attributed to G. Schill and his co-workers [10]. In this technique, 

solute ions react with hydrophobic counter ions in the mobile phase to 

form lipophilic ion pairs that affect retention. For example, if it 

is desired to separate amines (B+), an anion (P-), whose hydrophohi

city is such that the ion pair (B+P-) will have an adequate affinity 

for the ODS column, is added to the eluent. 

The unique feature about paired ion chromatography is that the 

ion pairing agent can acts as a UV absorbing or as a fluorescent probe 

for compounds without any detector response. The technique was first 

used in liquid liquid systems with organic mobile phase. DiNunzio and 

Freiser [11] used coated hrilliant green on silica particles and 

separated carboxylic acids using dich10romethane as the eluent. 

The principle can also be applied in the reverse phase mode. 

In this mode a UV absorbing ion is included in the aqueuous Mobile 

phase and equilibrated with the stationary phase. In~ected ionic 

samples will give rise to a detector response even if the sa~rle is 1~ 

transparent. 

Parris [12,13] used diisobuty1ethoxyethy1dimethy1benzyl

ammonium and aromatic sulfonate ions as IN absorbing counter ions in 

the aqueous mobile phase in chromatographic separations of hile acirls 

and ionic surfactants. Schill [14] et ale conducted separation stu

dies on sulfonates, sulfates, carboxylates, amino acids etc. usinr 1~' 

absorbinp, counter ions. 
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During the course of this investigation of reverse phase ion 

pair chromatography we observed the unusual association of a cationic 

dye with a neutral molecule that resulted in an chromatographic 

separation. The role of the dye not only enhanced the sensitivity hut 

also regulated the retention of the analytes. Schill [15] et a1. suh

sequent1y conducted similar experiments on a che~ica11y honderl phenyl 

column, using naptha1ene-2-su1fonate as the UV probe molecule in the 

mobile phase. The results were similar to those we obtained. 

In order to fully exploit this novel method of separation ann 

detection of uncharged organic neutral species, it is necessary to 

study the characteristics of the process involved and to elucidate the 

underlying principles. This dissertation descrihes the investigation 

of these phenomena. 



CHAPTER 2 

STATEMENT OF PROBLEM 

Although advances in column design, data reduction and other 

factors have played an important role in the development of HPLC, one 

area in which progress lags, despite much effort, is in the develop

ment of a universal sensitive detection system. 

The common detectors in use with LC are the flow through 

refractIve index detector and the ultraviolet visible flow through 

spectrophoto~eter. Detection by refractive index is universal hut not 

sufficiently senstive; ultraviolet visible detection is more sensitive 

but certainly not universal. 

In the course of a study on reverse phase paired ion chruma

tography, we observed that when a dye was part of the mohile phase 

it was possible to detect alcohols at submicrogram levels. This work 

led us to investigate the nature of the phenomenon, its scope and its 

possible application to trac~ , .. ",.1, ,i.;!termination of various ne\ltral 

nonchromophoric organic species. 

8 



CHAPTER 3 

EXPERIMENTAL 

Materials 

Dyes: Methylene blue (M.W. 373.9) was obtained from Baker 

Analyzed and used without further purification. 

Methylene Blue 

Brilliant green (M.W. 482.~) was obtained from Eastman an~ 

was used as received. 

Brilliant Green 

Dye Modifications 

Except for methylene blue (sulf:",·,') ·",hlch was prepared hy 

ion-exchange the rest of the various anionic forms were prepared 

by ion pair extraction. The followin~ descrihes a typical exppri~ent. 

9 
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Preparation of Methylene Blue p-Tolueneslllfonate 

About 0.1 g of p-toluenesllifonic acid was dissolved in SO ml of 

water. The pH of this solution was adjusten to n.O-6.S with sodiu~ 

hydroxide. To this solution was added 0.03 g of methylene hlue (as 

chloride). The volume was then adjusted to Ion mL. T~e resulting 

solution was extracted with 3 x ISO mL of chloroform. The chlorofon 

extracts were combined and evaporated to dryness in a rotary evapora

tor and the blue residue was dissolved in 1 L of mohile phase. The 

yield of methylene blue p-toluenesulfonate was determined to be ahout 

90% based Oil spectrophotometric assay. 

Analytes 

Alcohols: (ethanol, isopropanol, n-propanol, t-butanol, 2-butanol, 

n-butanol and t amyl alcohol) 

Ketones: (acetone, methyl ethyl ketone, methyl propyl ketone and 

methyl isobutyl ketone) 

Esters: (ethyl acetate) 

Nitro compounds: (nitromethane, nitroethane, and nitropropane) 

Nitriles: (acetonitrile, acrylonitrile, isohutyrolLi'dle, 

cyclobutane-carbonitrlle and benzonitrile) 

Acids: (propionic acid, butyric acid, isovaleric acid and hexa

noic acid) 

Sugars: (glucose, xylose, ribose and fructose) were obtained 

f rom various sources (Baker 1I11,tl;, ~~d, Eastman, Aldrich, Fisher 

Scientific and others) and used without further purification. 



Organophosphates: (diethyl phosphite, diethyl ethyl phosphonate, 

hexamethyl phosphoramide, tributyl phosphate, dibutyl phosphite, 

2,2 dichloro~inyl dimethyl phosphate (DDVP), and methyl 

3-hydroxy-a-crotonate, dimethyl phosphate) were obtained from 

various sources (~obil, E.P.A. Aldrich, Eastman and others. The 

phosphonates were washed with 0.1 M sodium carbonate solution to 

remo~e any hydrolysis products. 
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Reagents: Degassed and deionized water was used in all the experi

ments. Dioxane (Fisher Scientific) was distilled o~er sodium and 

degassed before use. Methanol (Ashland) reagent grade, boric acid 

(Merck) reagent grade, octanoic acid (East~an), p-toluenesulfonic 

acid (Eastman) were used as receive:! for the indicated purposes. 

Preparation of Borate Buffer 

Boric acid (6.0 g) was dissolved in ahout 900 mL of water. 

This solution was titrated with sodium hydroxide (0.1 M) to pH 

7.5 using a (Orion Model 701) pH meter. This solution was finally 

made up to 1.00 L with deionized water. 

Apparatus 

A modular, high performance liquid chromatograph consi.-;j·: 1,' 

(If an Altex pump (Model 110A), a variable wavelength UV visible 

detector (Schoeffel Model SP 770 Spectroflow), and a refractive 

index detector (Showa Denko K.K. Shodex RI Model SE-ll) were used. 

Alternatively, a SP-3500B Spectra Physics liquid chromatograph, R 
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SP-8200 detector equipped wtih a 254 or 438 nm filter, and a Houston 

Ominicribe Recorder were used. The sample injector was a 10 ~L 

injector (Spectra Physics rotary value injector SP-419-0310). 

For column packing a slurry packer (stirred slurry column 

packer Micromeritics Model 705) and a pump (Haskell Eng. & Supply 

Corp.) amplification pump Model DST-150A were used. 

Spectrophotometric measurement~ were carried out with a TN 

visible spectrophotometer (Cary 219 Varian Assoc.) using 1 cm 

quartz cells. 

Columns 

Essentially two types of columns were used. Some were ohtainerl 

prepacked by the manufacturers and the others were packed in the 

laboratory. The prepacked columns used were Partisil-5 ODS (Whatman) 

and Zorbax: ODS (duPont). 'Both these columns were analytical cnl\l.'l -

IF '3i.ze 25 cm x fi.26 mm. 

For the columns packed in the laboratory, the packing materials 

were obtained principally from 2 manufactllrers: Spheriosorb and 

Whatman. The columns were found to have eff iciencies between 1nnn a:l,~ 

5000 plates. Before the packing procedure was perfected, columns 

below lOn') pl.:J::es were used. 

Experimental Conditions and Procedures 

Column Packing Procedure 

In a 50 mL heaker about 3.5 g of actl.vated (by heating at 1'"'\''\",' 

for 15 mins.) packing material and 20 mL of octanoic acirl ",'('r,-, mi.xp,i 

throughly and then degassed with ultrasonic vihrat ion (Rransonic 2;(1) 
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for 5 mins. The slurry was placed in the reservoir of the slurry 

packer which was filled with methanol. The Haskel pump connecten to 

the packing device and operated at approximately 6000 psi was usen to 

force the slurry into the analytical column. Approximately 3 tImes 

the volume of organic compol1':' ,j-;I!,i tn making the slurry was collectecl 

from the analytical column outlet before the pump was stopped. The 

preSS'lre in the column was allowed to equilibrate to atmospr.eric 

pressure and then the column was removed from the packing device. An 

end fitting with a frit was connected to the inlet of the analytical 

column. The column was then ready for use. 

Conditioning of the column 

Before injecting the analytes the column was equilibrated with 

the mobile phase containing either methylene blue or brillant green by 

passing mobile phase through the column until the absorbance of the 

eluent rose to that of the mobile phase. This adds background absor

bance to the detector signal which is electronically offset. Samples 

were introduced when this plateau or the background level absorbance 

was achieved. 

To remove the dye from the column a solution of 50 volume per

cent chloroform in methanol was passed through the column until the 

absorbance fell to that of the dye-free mobile phase. In some experi

ments 10 volume percent dimethylsulfoxide in methanol was used. ~·~t1, 

of these solvent systems eff iciently removed the sorbed methylene j-,iql'. 
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For the separation of monosaccharides the column was first 

equilibrated as above. Just before injection of monosaccharides the 

column was again equilibrated with the mobile phase - borate 

buffer/methanol containing methylene blue. 

Analysis Conditions 

Samples were injected via the 10 ~L loop sample valve as 1.'1 

volume percent solutions of the samples in the dye-free mohile rhas~ 

were injected. For the study with the dye-free column the sample 

solutions were of 10.0 volume percent in the mobile phase as requir~d 

by the lower sensitivity of the refractive index detector. Mobile 

phase composition varied from experiment to experiment and is ind1-

cated in the data. The eluent flow rates were either O.S mL or I.n mL 

per minute as indicated. 

Capacity Factor Deterination 

The capacity factor k' was calculated as Vr-Vo 
VA 

where Vr is the apparent retention volume (flow rate x time) of the 

solute and Vo is the dead volume of the column, taken as the retention 

volume of water. In the case of the dye-free experiments the reten-

tion time of sodium nitrate was taken for the calculation of dead 

volumes. The dead vo 1um'!" of b!Jth the dye-containing column al10 t1le 

dye free column were found to be essentially the same. 
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Column Efficiency Dete~mination 

Column efficiency was calculated in te~ms of the numbe~ of 

theo~etical plates, N, by using the fo~mula N = 5.54(Tr/W*)2 

where Tr is the retention time of the solute and w* i!;l i·~'.~ ;".111 width 

of the band at half height. The solutes chosen for the purpose were 

p-xylene and naphthalene in a mobile phase of 80/20 volu~e ratio of 

methanol/water. Usually the study was conducted on the dye free 

column. The theoretical plates before and after use remained 

unaltered within experimental error (±10%). 

Resolution Calculations 

The process of resolution optimization is based upon the 

following equation R = __ 2_( T_2_-_T_1_)_ 

where R is the ~esolution, T and Ware the retention times, and base 

widths of the respective peak. R could also be described more 

all-tl)·:.l.(~ally by the following equation 

wher,.~ 'j :" the efficiency of the column, k' is the capacity factor 

and a is relative retention k'1/k'2. R can only be chang~d by al~erinf 

either N, k' or a. 



Results and Discussion 

Sepa~ation of Alcohols with Methylene Blue 
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A typical chromatog~am as shown in Figure 1 is obtained when 

a mixtu~e of alcohols at mic~ogram levels is injected onto the 

column. T~e mixtu~e, as can be seen, is ch~omatog~aphically well 

sepa~ated with base line ~esolution. The o~der of elution was similar 

to that obtained with a dye free column. F~om this it would seem that 

the reverse phase-mode of separation was maintained even though the 

column was satu~ated with methylene blue. This is fu~ther substan

tiated by the linear ~elationship exhibited by a plot of log k' 

against carbon number N, where N is the numh~r of carbon atoms in a 

homologous series (Fig. 2). 

Injections of alcohols in systems of this kind give ~ise to two 

kinds of migrating zones: A positive abso~bance zone for each of the 

analyte components in the sample and a negative absorbance zone that 

is typical of the chromatographic system. This is 5h,').oJ11 in Fig • ., i'1 

a chromatogram obtained in the separation of ketones. The nef-3tive 

peak is usually shallow and broad. The retention volume of thIs peak 

is dependent, as are the regular analyte peaks, on the polarity of 

the mobile phase the longer the retention time. 

Although the column efficiency as ci11(~,,1;~f:~d from Fig. 1 shows 

only 550 plates, this lowe~ed efficiency was not caused by the dye. 
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In a study to examine the effect of dye, samples were run in both the 

presence and absence of dye. We observed very little change (within 

experimental error) in column efficiency. 

Each of the alcohols studied exhibits a fairly linear calihra

tion curve (Fig. 4) in the submicrogram range. As the lipophilicity 

of the alcohols increases, the sensitivity increases. This allows 

one to exploit the composition of the mobile phase to maximize 

sensitivity for a particular sample. For example the peak height 

for n-butanol 85:15 v/v water/methanol was 26 (arb units) compared 

to 40 which was obtained using 95:5 v/v water/methanol as mobile 

phase. 

Equilibria Formulation 

One of the major questions to be answered in order to 

understand the nature of these separations is the manner in which the 

nonionic species are associated with the dye both in the mobile and 

immobile phases. For example it is not clear whether (a) a dye alco

hol complex is formed (b) the dye is just being dissolved by the 

local high concentration of alcohol in the chromatographic zone or 

(c) the dye is just being displaced. 

Taking into account the slope of the calihration curve together 

with the value of the molar absorptivity of the methylene hlue, one 

can estimate a stoichiometric relationship for the alcohol dye 

"complex". Values obtained in this matter are unusual (Tahle 1). 

The ratio of dye to alcohol molecules vary more than one would expect 

from a homologous series of alcohols. 
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TABLE 1: Alcohol: Dye Ratios in Chromatographic Peaks on Partisil ODS-2 

ROH ROH/DYE Mole Ratio k' 

Ethanol 15 .R 

i-Propanol 5.0 1 • R 

n-Propanol 3.0 2.2 

t-Butanol 2.0 3.R 

2-Butanol 1.5 5.1 

n-Butanol 1.0 5.R 

t-Amyl alcohol 0.5 lO.R 
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The shapes of the chromatographic peaks indicate reasonable 

column efficiency and the absence of slow kinetic effects. Therefore, 

it is reasonable to assume that the dye alcohol equilibrium is rapidly 

established. 

The following equations serve to represent the phenomena on the 

basis of the equilibrium a~sumption 

n+, Cl- * n+, Cl- * n+ + Cl-

where n represents the methylene blue cation, and 

n+, Cl- (i) + A * DA+ + Cl

where A represents the alcohol. 

(1) 

(2 ) 

In the absence of alcohol, the equilibrium described in equation 2 

is far to the left. In fact, no appreciable amount of dye remai ns h 

the mobile phase until the column is "saturated" with the dye. The 

distribution of the dye between the immobile and mobile phase repre

sents a partitioning equilibrium almost completely in favor of the 

immobile phase. The ratio of the dye concentrAtton in the two phases 

is virtually constant over the range from 10-6 M to 10-4 M (mobile 

phase molar concentration, Table 2). 

It is interesting that the immobilized dye at a higher con

centration would represent a thickness of approximately ~.n5 mono

layers, if the distribution were interpreted as adsorption (see 

Appendix 3). Thus our results would indicate that the distribution 

is more akin to liquid-liquid partition chromatography. It shoulrl 

be note that in a polar mobile phase, at the low dye concentration 



TABLE 2: Concentration of Dye in the Moble Phase Against 
Concentration of Dye in the Column 

Column Partisil ODS 10 ~M (25 ern x 4 rnrn) 

Mobile Phase 40:60 v/v methanol/water with dye as indicated 

Concentration of Dye Concentration of Dye in 
in Mobile phase Column 

moles/liter moles/coluMn 

1 x 10-4 2.50 ± 0.1 x 10-5 

1 x 10-5 2.49 ± 0.1 x 10-5 

1 x 10-6 2.49 ± 0.1 x 10-5 

0 2.4R t 0.1 x 10-5 

24 
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employed, it may assume that virtually total dissociation of the ion 

pair occurs. 

As indicated by equation (2) the alcohol will react with im~o-

bilized dye to form a complex species, and an equilibrium is 

established rapidly; the equilibrium constant can be expressed by 

K = (D,Cl A)i 
(D,Cl) (A) (3) 

In equation (3) inasmuch as the concentration of the dye in the rnohile 

phase remains essentially constant, the value of the capacity factor 

k' is seen to be proportional to the reciprocal of the mole ratio of 

alcohol:dye summarized in Table 1. Another measure of k is incor-

porated in the value of a composite of the formation Kf of the complex 

and its true distribution ratio. The plausibiity of this relationship 

may be seen from Fi~. 5 where the values of (DA/(A) (the reciprocal 

mole ratio) for the various alcohols are seen to vary linearly with 

the corresponding values of the capacity factor. 

Further a comparision of the capacity factor for alcohols was 

made both in the presence and absence of dye (Fig. 6). The order of 

elution was identical in both studies. A linear relationship between 

the capacity factors indicates that the chromatographic processes arp 

similar. The observed differences in the capacity factors and the 

slope, other than unity, suggest that the analytes have a different 

chemical character. These observations again tend to suggest that the 

dye is interacting in some fashion with the analyte, perhaps to for~ 

an adduct complex. 
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These results resemble those observed by Schill in paired ion 

solvent extraction, [16,27] in which auxilliary solvent components 

were found to enhance extractability of the ion pairs. Schill 

attributed this phenomenon to adduct formation in a formulation quite 

similar to our equations (2) and (3). Of course in those instances 

the neutral adduct-forming agents were used in macro concentrations. 

Role of Methanol in the Mobile Phase on Retention 

Obviously the methanol in the mobile phase plays a role in the 

overall equilibrium, aside from its effect on the polarity of the 

mobile phase. In fact this can also be described by equation (2) 

since this alcohol competes with the analyte alcohols. Since the 

methanol is present in much higher concentration, the K value charac

terizing the dye:methanol complex is far smaller than that for other 

system, of the phenomenon would not be observed. Also, as expected 

from this interaction, the methanol level in the mobile phase 

dramat.ically affed h:)th the amount of dye immobilized on the column 

(Fig. 7) and the chromatographic characteristics of the other alcohols. 

As the level of the methanol increases, both k' values (Table 3) anrl 

and sensitivity of the detection decrease. 

It is important to regulate the composition of the mohlle rhas~ 

in reverse phase chromatography to attain optimum selectivity. It is 

equally important to keep the amount of dye on the column constant to 

achieve maximum sensitivity and he independent of the composition of 

the mobile phase. 
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TABLE 3: Variation of Capacity Factors on Comparision of Mobile 
Phase Zorbax ODS Column 

Mobile 
Phase Alcohols - Analytes 

H20/MEOH ETOH ISOPROP NPROP T BUT 2 BUT N BllT 

90/10 1 1.71 2.1 3.8 5.0 6.4 

80/20 .9 l.n l.q 3.5 4.4 5.R 

70/30 1.4 2.0 2.2 

60/40 .9 1.n 2.0 
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Role of Coanion of Dye on Retention 

If equation 2 (page 23) were to describe the equilibria as pro

posed then is should also predict the expected resulted if one were to 

add a common ion or change the coanion of the dye. Addition of a 

COmmon ion or changing the size of the coanion should enhance the 

adsorption of dye in the immobile phase. Tahle 4 clearly indicates 

the predicted effect: the bigger the coanion, the greater the immobil

ization of methylene hlue. 

Table 4 also shows that the behavior of the column has also 

changed. The alcohols were retained longer on the 'column that had 

the greater lipophilic dye. This agrees well with the hypothesis 

proposed: that the dye is forming a stronger complex with the 

lipophilic dye. The greater the lipophilic complex the greater the 

retention. If the dye does not form a complex the retention charac

teristics should reamin unchanged. 

In Table 5 the effect of the presence of a common ion is 51)01070. 

Methylene blue p-toluenesulfonate was prepared by means of solvent 

extraction. Along with the dye in the p-toluenesulfonate was adden. 

The data confirmed the prediced results of increased immohilization 

of the dye on the column. However, the retention characteristics of 

the alcohols remained the same within experimental error. This pro

vides further evidence that the chromatographic behavior waS due tn 

the dye-alcoh,j 1 i~'llnplex and not because of the concent ration of the oye 

on the column. Extra dye on the column should have altered the physi

cal properties of the column hy increasing the carbon content of the 
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TABLE 4: Effect of Coanion of Methylene Blue on Capacity Factors 

Mobile Phase: 30/70 MeOH/H20 Dye Cone. I x 10-4 M 

Flow Rate: 0.5 mls per min. 

Column: 10 ParisH 005-2 (25 em x 4.6 mm) 

CI- 504- N03- CI04- Benzoate-

k' k' k' k' k' 

Ethanol 

Isopropanol 

n-propanol O.S 0.6 0.11 O.S 

t-butanol 1.0 1.2 0.7 O.R 

2-butanol 1.2 1.11 1.5 1.2 

n-butanol 0.5 1.(, 2.0 1.~ I . ~ 

t-amyl 
alcohol 1.() 2.4 2.3 2.11 2.3 

isoamyl 
alcohol 3.8 3.11 3.7 

n-amyl 
alcohol 4.3 4.1 

negative peak 4.n 3.0 4.n s.n 

Amount of 
Dye on 

4.() x 1O- S 1O-S 1O-S 1O-S 10- 5 Column 5.S x 4.2 x 6.0 x 6.5 x 
(Moles/ 
Column) 



TARLE 5: Effect of Addition of p-Toluene Sulfonate to Mobile Phase 
Containing Methylene Blue p-Toluene Sulfonate 

------------

Column: Zorhox ODS 25 cm x 4.11 mm 

Flo-w Rate: ml per min. 

Mobile Phase: As inc1ic,qten helow. rdye conc. 10-4 ~q 

33 

---------~-.----- --- --------------------
Mohile Phase 
Composition 

Amount of Dye 

~n Col/mn moles column) 

isopropanol 

n-propanol 

t-hutanol 

2-butanol 

n-hutanol 

t-amyl 
alcnhol 

isoamyl 
alcohol 

n-amyl 
alcohol 

n-hexanol 

negative 
peak 

25/7 5 v/v 
MeOH/H20 

25/75 
~feOH/H2() 

-----------------------------

8.5 x 

k' 

2.0 

2.2 

3.7 

4.7 

6.1 

9.4 

15.5 

18.4 

10-5 

with n.oP 
p-toll.lne slIl"-S'Jnate 

21.n x 1(1-

k' 

2.~ 

3.') 

4.h 

9.? 

15.11 

1R.4 

2R.2 

2 f, • 1 
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bonded phase. The characteristics of the column were not changed hy 

greater immobilization as indicated by the relative constancy of the 

k'values. 

There is a unique advantage of having greater im~ohilization of 

the dye on column, and it is in relation to the degradation of the 

negative peak. All the experiments that had a mobile phase containinr. 

greater than 10 volume percent of methanol showed a negative p~ak 

after the separation of the alcohols. The retention time of the ner-a

tive peak was a function of the composition of the mobile phase 

(Fig 8). As the organic modifier of the mohile phase is decrease~, 

the retention of the negative peak is increased. This function is 

similar to the plot obtained when the amount of dye sorbed on the colt1~n 

was compared to the composition of the mobile phase (Figs. 7 & ~). 

Schill [14] et al., conducting a similar experiment (although 

with a different type of column; uBondapak phenyl), observed negative 

peaks. One of the negative peaks was termed the system peak. He has 

not provided an explanation for its appearance. According to Fig. 7 

a negative peak occurs when the percentage of methanol in the mohile 

phase is greater than 5%. This relates to a concentration of dye in 

the column which is approximately 16 x 10-5 moles/column. 

A negative peak indicates depletion of dye from the column as 

the mobile phase travels through the column. The sum of areas of the 

positive peaks is not equal to the area of the negative peak: the 

negative peak area is about half the su~ of the areas of the positlvp 

peaks. 
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These observations imply that the dye has not completely 

saturated the ,column or "the breakthrough volume" has not been 

completely achieved. When the mobile phase contains a high percentage 

(V/V) of organic modifier (~10%) methanol, equilibrium is reachen 

slo~ly. This leads to negative peaks. 

Role of Dioxane in the Mobile Phase and Indifferent Electrolyte 
on Retention 

To separate large molecular weight alcohols, it becomes 

necessary to greatly increase the amount of methanol in the mobile 

phase. Unfortunately this leads to an accelerated removal of the 

dye from the column. In addition the excess methanol competes for the 

dye better than other alcohols. This lowers the sensitivity of the 

technique to these alcohols. Dioxane is a better organic modifier for 

the mobile phase because of its low dipole moment and its inability to 

dissolve the dye to an appreciable extent. 

If dioxane were to have less affinity for the dye than the 

methanol, the equilibria between dye and alcohols should be more 

favored, giving better sensitivity. When dioxane was usen as a 

modifier, Table 6 shows the opposite effect. The dioxane in the 

mobile phase seems to compete for the dye. 

Table 7 shows tha capacity factors obtained for the variolls 

alcohols at various moble phase compositions. As expected, the capA-

city factors increased as the concentration of dioxane in the mohile 

phase was decreased. The amount of the dye on the column was als~ 
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TABLF: 6: Comparison of Areas - Dioxane/H20 verSllS Methanol/H20 as 
Mohi le Phase 

Flow Rate: l.n ml per min. 

Column: Z::>rhax ODS (25 crn x 4.11 rnm) 

Dye Concentration: I x 10-4 ~1 

Sample C (I! alcohol solution in rnohile phaRe) 

Anal::~_ 6.5'r MeOH/H20 ..:..:. ') or. _D1 oX,::,e l~ 2(1 _ 

MeOH 19 57 

EtOH 31 17() 

t PrOH 75 14 

n PrClH 9R 3(1, 

t BuOH IRA L~) 

2 BuOH 26'3 1 g '3 

n BuOH 360 2h~ 

t arnylOH 930 RIQ 

Note: MeOH or EtOH is larger in Dioxane/H20 syste~. 
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TABLE 7: Variation of Capacity Factors on Co~parison of ~ohile Ph aS2 

Dioxane/H20 

-----------------

~ Dioxane/ 
H2O 9~ R.m: S.oer. 2.5er. lO{ 

Analyte k' k' k' k' l' ' 

HeOH 0.1 0.7 1', .., . ' 
EtOH O.n 1.0 1., 
iso-PrOH 1.2 2. 1 2.0 

n-PrOH 1.7 2.7 ,.f, 
t-Ru04 3.n 4., n., 

2-BuOH 4.0 S.q R., 

n-BuOH ~.3 11.7 

t-PeOH 11).0 

iso-PeOH 34.q 

n-PeOH 43.1 

Neg. Peak 3.5 R.7 



affected by the concentration of dioxane in the mobile phase. This 

is similar to what is observed with methanol/water as mobile phase. 

(Fig. 9). 
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The dioxane/water system as shown in Table R separated the 

alcohols more efficiently than the methanol/water system. Equilihrium 

is achieved faster in the dioxane/water system. 

Even in the dioxane/water system a negative peak appears as the 

concentration of the dye on the column is decreased (Table 7). An 

attempt was made to suppress the negative peak by using an indifferent 

electrolyte to immobilize the dye on the column instead of using 

methylene blue p-toluenesulfonate. Methylene blue in the chloride 

form was added to the mobile phase containing varying concentrations 

of sodium sulfate as the hetero salt. 

The results shown in Table 9 are as expected. The sodium 

sulfate not only increased the adsorption of dye on to the column but 

also clearly indicated the concentration of the dye on the column 

necessary to suppress the negative peak (Fig. 10). 

Table 9 also indicates that, as the concentration of sodium 

sulfate in the mobile phase is increased, the capacity factors tend to 

decrease by a small amount but sensitivity increases (Table 10). 

Instead of sodium sulfate other salts such as sodium nitrate 

p-toluenesulfonate were used. Table 11 shows the results obtained. The 

results are puzzling on two counts: (1) the capacity factors are 

smaller than expected and (2) the sensitivity is also smaller. The 
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TABLE 8: Comparison of Efficiency Between Dioxane/Water ann 
Methanol/H20 as Mohile Phase System (Theoertical Plates) 

---------------------
Column Zorhax ODS - 25 cm x 4.~ mm 

Flow Rate - 1 ml per min. 

Methylene hlue - 1 x 10-4 M 

Solute - n-hutanol 

A 174n 

R 164R 

C 1632 

Ave. 11173 

A 6411 

B 554 

C f178 

Ave. 1123 



TABLE 9: Capacity Factors at Various Cone. of Na2S04 

-------------

Mohile phase: 2.5~ v/v Dioxane in water 

F low Rate: 1 ml per min. 

Dye Concentration: 1 x In-4 ~1 

Column: Z~rha~ nos (25 c~ x 4.~ mm) 

Sample 

Cone. of 
Na2S04 

Capacity Factors 

() 

Water .7 1.1 1.1 1.1 1.1 1.1 

~1eOH 1.0 

EtOH 2.1 

Iso 
PrOH 2.7 

n-PrOH 4.'3 

t-BuO!-l 5.q 

n-BuOH 8.3 

t-AmOH 

iso 
a~ylOH 

n amyl 
OH 

-ve 

Amount 
of Dye 
on 

11.4 

'2 • 1 

2.5 

4.1 

5.9 

8.3 

11.R 

Column 4.0 14.1 
(moles x 10-5/column) 

2. 1 2. 1 'Z.O 2.0 

2.'1 2.5 2.n 2.4 

4.5 4.'3 4.1 3.R 

6.0 5.7 5.3 

R.4 R.l 7.3 

In.2 

lli.4 14.7 24.7 
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l.R 1.7 

2.2 2. 1 

3.7 3.<; 

5. 1 4.R 

7. 1 h.R 

In. 1 

2n.n 18.4 

24.~ ?') , ........... 

32.1 



TABLE 10: Peak Hei.ght at Variolls Cone. nf Na2S04 

--------

Mohile Phase: 2.5% v/v Dioxane in Water 

Flow Rate: ml per min. 

Dye Coneent rat ion: 1 x 1()-4 H 

Column: 7.orhax ODS (25 ern x 4.h mm) 

Cone. of 
Na2S04 l()-n}l 

-ve peak 

'leOH 

EtOH 

iso-
PrOH 9.0 10. () 

n-PrOf-! 27.0 2R.O 

t-BuOH 61.0 60.0 

2-BuOH 72. () 94.0 

n-BuOH 77 .0 103.0 

t-amyl 
OH 

iso-afTlyl 
OH 

n-amyl 
OH 

-ve 49.0 st.o 

Peak Heights 

+ve pe;lks 

9.0 l().() 

2R.0 34.n 

lis.n 77 • n 

R3.o 142.0 

olen 

l2.n 

36 .n 

64.n 

72 • n 

R7.n 
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l2.n l3.n 

33.0 33.:1 

1i2.11 111.'1 

01.:1 nil.:I 

Rl.O 75.0 



TABLE 11: Comparsion of Capacity Factors ann Areas with Various 
Innifferent Electrolytes 

Mohile Phase: 2. 5'Y, dioxane/water v/v 

x 1O-4~1 methylene h lue 

Flo·", Rate: ml per min. 

C0lUl'ln : Z0rhax ODS 

Sample: Soluti.on r. 
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2.5% Dioxane NaN03 NazS04 p toluene~1l1f')nate 
OnlY 1 x 1O-3~1 1 x lr)-3~1 1 x I n- 3 ----------------------------------------

Sample k' Area k' Area k' AreA. Jr.' Area 

MeOH 0.54 37 0.54 !~ /~ n.'37 50 O.1n 33 

Et()H 1. nf) offscale n.Rl 1 q 2 n.fi9 off scalf>. n.54 1(,,8 

i-PrOH 2. 18 In 2.09 12 1.')6 2n 1.11 14 

n-P{"OH 2.72 40 2.54 36 1. 93 6fl 1.A9 32 

t-BuOH 4.fi4 llR 4.09 125 3. 1 '3 15'3 2.Al Rf' 

2-BuOH 6.27 1112 5.54 lRO 4.11 2n1 '3.fiQ 12 !) 

n-BuOH R.54 1130 7.A4 23R 11.12 2R3 5.11 1'):; 

t-PeOH -ve 11. 7 2 54n 9.113 474 7.R') :2 0 :2 

i-PeOH 25.90 552 22.R2 302 lR.5n 552 15.77 41(-, 

n-PeOH .... 31.1R %3 27.54 nf1 22.75 7H:1 19.11 5fin 

-ve 11.4 

Break 
through 
volume 200 mls .... 90n mls .... R5n mls l.1i mls 
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most likely explanation for this is that sulfate ion, being doubly 

charged, caused spurious results. These experiments the clearly show 

that the negative peak is a function of the composition of the mobile 

phase and the amount of adsorbed dye on the column. The exact mecha

nism of the sodium sulfate (indifferent electrolyte) in this process 

is as yet unclear. 



CHAPTER 5 

PHASE VOLUME RATIO CALCULATION 

The capacity factor k' Is defined as 

k' = amount of solute in stationary phase 
amount of solute in the mobile phase 

The capacity factor is normally calculated from a chromatogram hy the 

following equation: 
k' Vr - Vo 

Vo 

where Vr = retention volume of the retained component. 

Vo = volume of the mobile phase required to elute a nonretaining 

species. 

The thermodynamic constant K is proporational to the capacity factor 

by the phase ratio (Vs/Vm) as follows; 

K = k' (Vm/Vs) 

To calculate the thermodymanic constant K, the phase volume ratio has 

to be known accurately. Direct determination of this ratio is dif-

ficult. Many indirect methods have been suggest to calculate the 

phase volume ratio [18,19]. All these procedures give reasonable 

values. 

In earlier treatment the mole ratio of a alcohol:dye ratio was 

plotted against the capacity factor (Fig. 5). A linear relationship 
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was obtained. We accounted for this on the basis of the following 

equation, 

K (DA)s 
(D)m (A)t 

where (D)m is the concentration of the dye in the mobile phase 

(A)t is total concentration of the analyte alcohol 

(DA)s s dye alcohol complex in the stationary phase. 

We can assume (D)m to be constant because it is in excess and (A)~ 

is small compared to (A)t, so the equation can be written as 

D (DA)s 
(A) t 

If we make the assumption K D then D should be related to the capa-

city factor as follows: 

D = k'(Vm/Vs) 

The plot of the mole ratio versus the capacity factor is the plot of 

the above equation. If our assumption is right, the slope sho\llrl 

provide a value for the phase volume ratio. 

The table below compares the values obtained from various 

research groups in this Department for ODS columns. 

M. F. Burke [21] 0.2-1.8 

D. W. Armstrong [20] 0.9 

The value obtained (0.8) fits reasonably well with the values 

obatined by the other groups. This is a further evidence that the 

dye is in equilibrium with the alcohol in the chromatographic zone. 



CHAPTER 6 

SEPARATION OF MONOSACCHARIDES 

As the technique worked for alcohols, we attempted to use it 

for the determination of sugars. Separation of sugars and their 

determination at trace levels are difficult by conventional 

techniques. 

Several chromatographic methods [22-25] have been reported for 

the separation of sugars. The packings which have been most success

fuly used in separating sugars are those with amine groups bonded to 

inert silica or synthetic supports such as "ubondapak carbohydrates". 

These methods involve elution with water/acetonitrile systems at 

80-85°C and employ refractive index detectors. 

When the dye-assisted technique was applied to the separation 

of sugars, there was no retention and the monosaccharides appeared 

at void volume as "dye complexes". This behavior is reasonable 

because the column used was nonpolar. Sugar, being polar, will not be 

retained on a nonpolar column. 

In the course of this study it was realized tha~ certain sugars 

can be ionized on the column and paired with a chromophore to effect 

improved separation and detection. Generally, the analyte is subject 

to chemical pretreatment before separation. 
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Before chromatographic separations were undertaken, the column 

was conditioned with 1 x 10-4 M methylene blue to saturate it with 

the dye. After saturating, the mobile phase composition was changed 

to methanol/a.l M borate buffer (pH 7.5) in 2:98 v/v ratio containing 

1 x 10-4 M methylene blue. These were done in sequence because we 

foun,' t1l'ti: '~1uilibrating with the buffer solution gave poor column 

efficiency. 

As may be seen from the data and the chromatogram, Fig. 11, 

reasonable separation of these three sugars was obtained at sub

micorgram detection limit8. 

Th~ use of borate complex formation to produce anionic sugar 

species resulted in a dramatic improvement in selectivity. The 

formation constant for the glucose-borate complex is far smaller 

(10 2) than for the corresponding fructose complex (10 4). As a result 

glucose does not give any detectable response under the experimental 

conditions employed here, making the determination of fructose 

entirely free from glucose interference. Changing these conditions to 

accomodate the lower stability of the glucose complex, e.~. by 

increasing borate ion concentration, would very likely permit deter

mination of glucose also. 

Although further work is required to clearly establish the 

optimum conditions necessary to separate all sugars, it would 

appear that reactions occur on the column to give suitable products 

for effective separation and detection. 
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2 

o TIME(minJ 

Fig. 11 Separation of Monosaccharides 

Column Zorbas ODS 

~obile Phase 2:98 v/v Hethanol/Bufft:!r with In-4 H methvlene hlllP 

(0.1 borate bufer pH 7.5) 

FLoy] Rate 1.0 mL per mi.n 

Sar.1?le 0.1% wt./v in water 

Detector set at 658nM 

Sar.1ple Capacity Factor (k') 

xylose 1.2 

ribose 

fructose 1. <; 



CHAPTER 7 

SEPARATION OF CARBOXYLIC ACIDS 

Carboxylic acids can be seperated as free acid or anions on 

ODS columns through the proper choice of mobile phase [26]. Most of 

the determinations were done on aromatic acids. Very lIttle work was 

done on aliphatic acids due to their transparency to UV detectors at 

254 nm. 

One of the first reports in overcoming this barrier was by 

Denunzio and Freiser [11]. Using normal phase paired ion chroma

tography aliphatic carboxylic acids were paired with brillant green 

to effect separation and detection. Subsequently, Schill and 

coworkers [14] using UV absorbing ions in a buffered aqueous mobile 

phase, separated acids with 2-6 carbons on a "Bondapak phenyl" coluMn. 

In all these separations an ion pair mechanism was proposed. 

Fig. 12 shows the separation of a mixture of carboxylic acids. 

As can be seen the acids were well separated with base line resolu

tions. The separation was done on a "saturated" methylene blue 

column using a mobile phase methanol/water containing 10-4 M methylene 

blue. The difference between this experiment and others is that no 

buffer was used to ensure that the acids were completely ionized. 
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Fig. 12 Separation of Carboxylic Acids 

Experimental Conditions: 

~obile Phase. 65: 35 v/v \.,Tatel:'/methanol \.,Tith 10-4 Methylene hlile 

ColUMn Partisil ODS 5 

Detectol:' set at 658 nM 

SaMple mixture .01% v/v acins in mobile phase 

Injection volume 10 uL 

Sample Capacity FactoI:' (~') 

propionic aeio 

butyric acid 1.6 

iso-vale ric acin 3.3 

hexanoic aein 

SJ 



Although this experiment cannot completely rule out that the 

retention was due to ion pair formation, it demonstrates that acids 
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in molecular form can be separated in association with methylene blue. 

The calibration curve for propionic acid showed a linearity in the 

nanomole region and a detection limit in submicrogram levels. 



CHAPTEf{ R 

BRILLIANT GREEN STUDIES 

The sturlies on the changes of cORnion of methylene hlue 

indicated that the more lipophilic the coanion the greRter the 

immohili~ation of the dye on to the coluMn. This had two effects 

on the retention of the solute: (a) the retention of the analyte was 

increased and (b) the appearance of the negattve peak was retarrled or 

sometimes even suppressed completely (Tahles 4 and 5). 

Instead of changing the coanion of the dye, it was preferrlhle 

that another dye that is more lipophilic Rnd stahle should he use~ to 

suppress the appearance of the negative peal:. Brilliant gr~en wa~ 

chosen as the alternative, as ~lis dye was More lipophilic. The 

molecular weight of this rlye was 4R3 comparen to 3R3 of methylene 

hlue. The molar absorbtivity was cOMparahle to that of methylene hille 

(around ROOOO). This COfllpound was also cOfTImercially avai tahle an~ i~l 

pure forTI'. 

As expecterl, hrilliant gr~en showed desirahle characteri~t(cq. 

Mohile phases containing 0-50 volume percent organic modifier showe~ 

no negative peaks. The retention and sensitivity of detection of 

solutes were as expecterl. McGrath [27] also showed that many families 

of compounds cOllld he separaterl and eluterl as "hri lli.ant green 

analytes" complexes. 
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The following resu Its show the use of hri lliant green in the 

separation of organophosphorus compounds. 

Separation of Organophosphates 

Organophosphates are a group of compouncls possessi.ng a variety 

of applicati.ons ranging from pesticides, to chemical agents. All ~ave 

the general formula (R'R"X)P=O where R' and R" are short chains ann 

X is a group specii'lily selecten for a specific purpose. SOfT1eti.rnes 

this group is built to allow faster degradation in the environment; 

for example, in phosdrin, the O-C=CHCnnCH3 group is easily 

hiodegrHclahle. CH3 

Due to their toxicity anrl usefulness, this family of suhstancPR 

demand accurate analytical methods of analysis at tracp levels. 

Most of these compounns are usualLy analyzen hy gas [2R) 

chromatography wi th flame photomet ric detectors in the phosphorus 

mode. Even though these organophosphorus esters COllIn he netectecl at 

nanogri'lm levels, all these compounds cannot he separatecl on a single 

column ancl some of these compounds neen prior derivatizatlon for volA

tili7.ation. Earlier efforts to develor i'ln HPLC [291 analyti.cRl metl),'}d 

for these compounns were futile hec;:l.IIse of the lack of sensitivitlT of 

detecti.on. Recent'ly ion chromatogri-lphy (30) was IIsecl to separate ;tnri 

detect the anionic forms of these compounds. The esters were hydro

lyzed to form the desired anions prior to analysis. Although this 

technique proved to he feasiahle, separi'ltion of compounds of similar 

pKa values was difficult to achieve. 
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Even though many workers have investigated various chroma

tographic processes for the separation, this method offers a unique 

and simple process for separation and detection. The families chosen 

were phosphonates, phosphites, and others. Although this is not an 

exhaustive list it is adequate to show the range of phosphate com

pounds that could be separated. 

The first set of experiments was done on Lichrosorb ODS, with 

a solution of dioxane in water (10% v/v) as mobile phase. Previous 

studies indicated that with this mixture a more efficient separation 

could be obtained. Higher concentrations of dioxane could not be used 

in mobile phase to elute the more lipophilic analytes because of its 

higher viscosity. Again methanol/water mixtures were chosen for the 

higher molecular weight compounds. 

Table 12 shows the capacity factors obtained for these 

compounds. The chromatogram (Fig. 13) also showed a good base line 

separation. With 10% v/v dioxane/water as the mobile phase, the 

capacity factors obtained with and without the_ dye show that the "dye 

column" caused greater retention and better separation. 

The calibration curve for these compounds shows a good 

linearity at submicrogram levels (Fig. 14). These curves also show 

that the greater the retention the better the sensitivity. In all 

these studies the standard solutions had to be prepared daily as these 

compounds were known to undergo hydrolysis or decomposition. In fact, 

multiple peaks were observed for the samples that were left at room 

temperature for three days. 
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TARLE 12: Capacity Factors of Organorhospl1orus Compollnrls with 
Variolls Mohile Phase Systems 

--------------

Column Lichrosorh ODS In ~m (25 cm x 0.04 cm) 

Flow Rate 1 ml per min 

D:-fHP 

DE? 

O"fNP 

DEEP 

Phosrlrin 

Dichlorous 

30'1: MeOH/H2() 
1 x 10-4 

hr i ~2-~~~~_ 

k' 

.(-, 

1.(-' 

3. 1 

4.4 

6.3 

2.R 

Mohi Ie Phasp. 

In1 niOXR~8!Water 

1M Dioxane/Hater ~-4i'~_~ri)_1 ia~~.!...~ 

k' k' 

. ') .R 

1.~ 2.'1 

3.0 3.'1 

5.R n.q 

ND NO 

ND ~m 
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Fig. 13. Separation of Organophosphates. 

1) Diethy1phosphite 
2) Mexamethy1phosphoramide 
3) Diethy1ethy1phosphonate 

Sample size 10 W1 contains about 80 wg 
Experimental conditions: Column Spherisorb 

ODS 5)J 25 cm x 4.0 mm 
F1owrate: 1 mL/min. Detector wavelength: 436 nm 
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Fig. 14. Calibration of curve for organophosphates 

Experimental conditions: Column Partisil ODS-2-10~ :1 

(25 em x 0.04) 

Mobile phase 75:25 V/V% MeOH/H20 with 10-4M Brilliant 
Green. Flow rate 1 mL/min. Detection at 620 nm 
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As we go to more lipophilic compounds in order to obtain 

reasonable capacity factors, one would use an increased concentration 

of organic modifier. In separating tributyl phosphate, dibutyl 

phosphite and other related phosphates at 75% v/v methanol/water 

mobile phase was used. Table 13 shows the values of capacity fact()rs 

obtained. One of the disadvantages of this method is that as we 

increase the organic modifier in the mobile phase the dye immobilized 

on the column gets desorbed. Due to this peculiar characteristic, 

the sensitivity falls. It should also be noted that this low dye 

content negative peaks will appear. These were aK~tn observed in this 

experiment. The calibration curves (Fig. 15) for those higher molecll-

lar weight compounds show good linearity for submicrogram levels. 

Temperature Studies 

Using Lichrosorb OLOS 10uM as packing material in a column of 

25 cm x 4.0 mm (lod.) and a mobile phase 10:90 v/v dioxane/water con-

taining 10-4 M brilliant green the role of temperature on the reten-

tion of alcohols was studied in the range between 25-40°C. 

In conventional reverse phase liquid chromatorgraphy, increase 

in temperature of the column generally results in the decrease in the 

retention of the analytes. It follows from Van't Hoff's equation 

.en K = llH + liS 
RT R 

that the slope of a plot of .en K against l/T should give the enthalpy 

of distribution of the solute beteen the two phases. 
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Fig. 15. Calibration curves of organophosphate 

Experimental conditions: Column Lichrosorb 
10~ ODS 25 em x 4.0 mm 

Mobile phase dioxane/water 10:90 V/V% with 10-4M 
Brilliant Green. Flow rate 1 mL/min. 
Detection wavelength 436 nm 
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Tahle 13: Capacity of Factors of Organophosphates (11) 

Column Partisil ODS 2-10 uN 25 em x 4.0 mm 

Flow Rate 1 ml per min. 

Mohile Phase 75'7. MeOH/H20 v/v with 10-4 hri 11 iA.nt green 

Sal'1ple_ k' 

(OPB) Oibutyl Phosphite 1.3 

(DBBP) Dibutylhutyl Phosphonate 3.2 

(TBP) Tributyl Phosphate 3.2 

(TTP) Tritoyl Phosphate S.n 
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Surprisingly the temperature had no effect on the retention of 

the ana1ytes (Table 14). The change in enthalpy is extremely small. 

The second feature is the increase in sensitivity with increase 

in temperature. Table 15 shows an increase of almost 50% in the sen-

sitivity. This is conceivable because temperature would alter the 

equilibrium between the dye and alcohol. 

Rt1\l~ I.~" !)n a dye free column would be ideal for comparison. 

Such a study has been done by Burke et a1. [31] on a column using 

Lichrosorb ODS 10 uM and using a mobile phase of 30% methanol/water 

vivo A liH of 0.6 Kcal/mole for n-butanol was obtainerl. 

The very small changes in enthalpy in our experiment imply that 

the equilibrium is controlled by changes in entropy. 

This experiment showed that as temperature was raised, the dye 

in the column was desorbed. The precision for this experiment is 

highly dependent on the experimental conditions. Careful 

thermostating and equilibrium are prerequistes for a stable system. 

A constant and pulseness flow gives a considerable improvement in the 

precision. The results are in 10% error. 

Calibration Curves and the Relationships between 
k' Dye vs. k' No Dye 

As with the methylene blue system, calibration curves were 

carried out for alcohols, ketones, nitriles, and nitro compounds 

using brilliant green. McGrath [27] had separated about nine families 



65 

TABLE 14 : Effect of Temperature on Retenti.on of Analytes 

----------

Capaci ty Factor. 

Alcohols 2()OC 25"C 30°C 35"C 40°C ~H --------- ---------------------
tr k' tr k' tr k' tr k' tr k' 

Isopro-
panol 18 lor) 1R 1.f) 18 1.n 18 lor) 1R.'1 1.1 

n prl)p-
panol 20.') 1.'3 2n.') 1 • '3 21.') 1.4 21 1 • '3 21.9 1 • , 

t HuOH 24.() 1.7 2n./) 1 .7 25.2 loR 25 1.R 25.') 1.'1 

2 HuOH 30.n 3.'3 3n.n 2.3 3Ion 2.4 30 2.4 31.(') 2.4 

n BuOH 39.5 3.4 3q.4 3.4 40 3.4 4n 3.4 4n 3.4 

tr = Retenti.on t 1.:ne 

k' Capacity Factor 
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TARL~ IS: Effect of Temperature on PeRk Heights 

--- --------------

Peak Heights 

40°C ,---------------------

Isopro-
panol 12.5 14 15 17 20 

n prop-
panol 24.5 28 32 35 3fi 

t RuOR 49 50 53 6:) 60 

2 RuOH 52 62 I1g 75 75 

n RuOH Al 73 79 H7 H5 
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of compounds using brillant green system and showed well-resolved 

peaks. He did not, however, show calibration curves. This work was 

an extension of his study. The calibration curves are shown in 

Fig. 16 for alcohols, Fig. 17 for ketones, and Fig. lR for nitriles 

and nitro compounds. The slopes of these lines are in the same order 

as those for the methylene blue column. The larger the molecular 

weight the better the sensitivity. The curves also exhibited 

linearity n the range of submicrogram levels. 

Earlier, with methylene blue, we reported that there was a 

linear relationship between capacity factors obtained in the presence 

and absence of methylene blue. The plot showed a slope of 1.74 with 

a corr. coeff. of .99. The latter fact was attributed to the for

mation of a complex between the dye and the alcohol. 

If the slope were to be explained on the basis of complex for

mation then the magnitude of the slope should change for different 

families of compounds. To test this, experiments were done with a 

large variety of compounds. The results are shown in Table 1(, ano 

Fig. 16. 

The results were surprising, as th2 ~lUferences in slope f')r 

different families were extremely small. The slopes however varied 

with the composition of the mobile phase, from 0.5-1.4. This infor

mation suggests that because the complexation constants are smalt dif

ferences cannot be measured with these experiments. The experimental 

error is larger than the differences in the formation constants. 
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Column partisil ODS-2 10 wrn 
Mobile phase 10% rnethanol/H20 V/V (lo-4 M Brilliant 
Green) 
Flowrate 1 rnl per min. 
Detector 625 nrn 
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Fig. 17. Calibration curves for ketones 

Column Partisil ODS-2 10 ~m 
Mobile phase 10% methanol/water V/V (10-4 M BG) 
Detector at 625 nm 
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The changes in slopes with the increase in dioxane are rather 

surprising. More experiments are necessary to explain the changes in 

slope. 



TARLE in: Slopes of lines of k' dye free ann k' dye at various 
dioxane/water compositions 

Equati.on of 
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Dioxane/Hater /I of Compoun(is line Corr. r,oe~f. ----
1:99 26 Y=.52X + .I)R .979 

2.5:97.5 24 Y=.1)5X + .70 .gR4 

5:95 2() Y=l. 1 X + .52 .Q95 

In: 90 lR y= 1.4 X + .1) 7 .995 

Experimental Connitions 

Column Licrosorh ODS li1ul"1 25crn x: 4 mm 

Flow Rate 1 mL per min 

Detection at 435 nM for dye cnlu~n 

refractive innex for nye free colu~n 

Compounns: Alcohols, ketones, nitriles, ethers, ann esters. 



CHAPTER 9 

SPECTROPHOTOMETRIC STUDIES 

The analytes that were eluted from the dye-column were assuMed 

to be their dye-alcohol complexes and were detected at the A rna>: fl" 

the dye. Although we suggested that the analytes interact with the 

dye to forp! (~')'nplexes, we have not shown experimentally the nature of 

the interactions. 

UV visible spectrophotometry in the region from 700-190 nm is 

usually used to obtain experimental evidence for H-bonding, charge 

transfer complexation and other interactions. Electronic spectra 

have also been used to study solvent effects. Generally a change in 

the intensity of a transition resulting from a solvent effect is 

accompanied by a wavelength shift in the peak maximum {32j. 

Spectra (400-700 nM) of a dilute solution of brilliant green 

(10-5 M) containing varying amounts of ethanol were obtained. Similar 

spectra were obtained for other analytes, like ketones and nitriles. 

The presence of these alcohols or other analytes in these solutions 

had no effect on the A max. of brilliant green. However, the molar 

absorptivity changed significantly. 

Table 12 shows the reading obtained for ethanol and propanol. 

Tl\1' r"'!-)'Jlts could be explained by the formation of alcohol-dye 

complex. On the assumption that all dye is complexed in B.O Methanol 
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then the extent of the complex formatIon can be obtained from the 

simple relationship. 

A = 0.23R (1 - X) + (0.742)X 

where X = (A - 0.440) / 0.342 

where X represents the fraction of brilliant green reacting with 

ethanol to form a "complex" 
The equilibrium expression corresponding to the complex 

formation 

DYE + m(ALCOHOL) * DYE(ALCOHOL)rn 

can be written 

K = 

= 

(DA)m 
D.(A)m-

a log-log plot of X(1-X) versus alcohol was linear with a slope of 
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2.0. The formation constant calculated for the 2:1 complex was 10. 2n • 

A similar calculation for propanol yielded 10. 15 • 

When the experiment was conduct~,l '"In 11'1 ')~.) '!cted obserllat ion was 

made. Three aqueous solutions of brillant green 00-4 H, In-5 H anl1 

10-6 M) studied showed increase in absorbance with time. Howeller A 

max remained unchanged (Fig. 19). 

Another experiment was performed. The stock solution (10-3 r1) 

prepared two weeks earlier was diluted to 10-5 M with water and the 

absorbance read at 10 min. intervals. The results are gillen in Tah18 17. 

The plot of log (aba-abo) Ilersus time is linear with a slope of -0.15. 
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Fig. 19 Absorbance of dye versus time 
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TABLE 17: Absorbance of Dye with Time 

Time Abs. Absa-Abso log(abs) 

0 0.92 .22 -.66 

10 .150 .160 -.RO 

20 .180 .08 -.92 

30 .226 .06 -1.10 

40 .250 .04 -1.22 

SO .272 .02 -1.40 

60 .292 .004 -1.74 

inf .310 

The intercept = -.65 

Slope = -0.15 

Corr. Coef. = 0.99 

T 1/2 = 20 mins. 
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This shows that the dimer molecules of the dye undergo monomerization 

in aqueous solution. Although it is not unlikely that the dye was 

undergoing monomerization at such a low rate, it is conceivable that 

in aqueous medium such a process was occurring. 

To ascertain that the dimer did indeed exist in the aqueous 

medium, a plot of absorbance versus concentration of the dye (In-n M -

10-4 M) was made. For many classes of dyes in dilute aqueous solution 

the molar absorptivity at A max decreased as the concentration is 

increased. These spectral changes have been attributed to aggregation 

of dye molecules in water to form dimers and higher polymers [33]. 

The results as shown in Fig. 20 show a deviation from Beer's 

law, starting at 10-5 M concentration. In the linear region of the 

curve, the molar absorptivity was found to be 80,000 + 5,000. The 

preliminary study also suggested that the s value of the dimer was 

less than 8,000 assuming that only the monomers and dimers are pre

sent. These experiments suggest two possibilities: (a) the alcohols 

or the ana1ytes shift the equilibrium from dimer to higher absorbing 

monomer, (b) ana1ytes form adduct complexes with the dye. 

If it is a solvent effect, a change in A max should have been 

observed. Since there is no change in A max, but an increase in s 

value, an adduct formation is more probah1e. The formation constant 

calculated is shown to be 10. 20 • The value is only an approximate 

value, for the error in the analysis is large. 

Therefore, further studies are needed to draw any positive 

conclusions. 
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TABLE 18: Increase of Absorbance Versus Concentration of Alcohol 

Concentration of brilliant green 1 x 1O-5M 

Ethanol (cone.) Absorbance log K 

0.0 .238 

.5 .400 .274 

.8 .496 .212 

1. 73 .632 

2.60 .710 

3.47 .742 

4.34 .784 

Ave. log k = .20 

ProEonal (cone.) Absorbance log K 

0.0 .238 

.33 .330 .20 

.66 .481 .18 

1.33 .632 .04 

1.99 .756 .15 

.26 .846 

Ave. log k = .15 



CHAPTER In 

CONCLUSIONS 

Reversed phase dye assisted partitLon chromatography employin~ 

a highly absorbing dye as one of the ions not only offers obvious 

advantages for the determination of aliphatic anions but has provided a 

novel, highly sensitive method for uncharged organics. Calibration 

curves for samples in the submicrogram range are linear (rel. std. 

dev. (2%). Values of capacity factors are found to be reproducihle to 

better than 1%. The technique is simple, reliable, and rapid. The 

column, once conJitio l 18d, can be used continously for several weeks. 

Moreover, the regenerated column retains its original characteristics. 

In addition to column efficiency, the observed k' values and sen

sitivities remain quantitatively the same. 

The technique has worked for a variety of uncharged and ioni

zable compounds, such as carboxylic acids, alcohols, ketoneA, esters, 

ethers and many others. Moveover other dyes also could be used. 

Preliminary work has shown it to work for methyl orange and 

4-(2-pyridylazo)resorcinol. The mechanism of retention of unchar~ed 

compounds does not depend on the type of charge on the dye. 

The sensitivity of detection is shown to be dependent on the 

amount of dye on the column. We have also shown that the chan~i~g tIle 

coanion of the dye or the additlon of hetero ion the immobilization of 
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dye on the column. We have also shown that by changing the coanion 

of the dye or the addition of hetero ion the immobilization of dye 

could be increased and thus the sensitivity. This adds to the rich 

variety of factors that could be adjusted to obtain optimum conditions 

for a particular separation. 

The obvious limitation to this technique is the high backgroun~ 

absorbance of the mobile phase. The observed changes are often only a 

few parts per thousand. It is clear that the precision is highly 

dependent on the quality of the equipment and the stability of the 

experimental conditions. For quantitative work, a high quality pump 

with pu1seless flow and careful themostating of the whole system is a 

necessity. 

This system also does not permit gradient elution. As the 

organic modifer is increased more dye gets desorbed. This causes the 

background absorption to increase which ultimately masks the eluted 

peaks. 

We have thus far alluded to th~ possibility that the dye forms 

an adduct complex to effect detection and separation. Although preli

minary studies, such as the equilibria studies, and spectrophotometric 

studies have suggested the formation of a complex, no study has 

clearly proved that complex formation occurred. The universal appli

cability of the phenomenon strangely suggests an alternative model 

rather than adduct formation. There were two models suggested. One 

is that the analyte shifts the equilibria from the dimer to monomer 



in the mobile phase to increase the absorption. The other is that 

the dye is distributed between the local excess of the analyte in 

82 

the chromatographic zone and the stationary phase. All these models, 

however, do not explain all the data observed. The phenomena of 

increase in retention on changing from one coanion of the dye to 

another and the greater sensitivity for the higher lipophilic com

pounds disprove the latter models. More wor~ is clearly necessary to 

propose a comprehensive model. 

This technique as presented here shows only a cursory list of 

useful applications. There are many non-volatile and non-chromophoric 

compounds such as steroids, peptides and others that need to be 

studied. 

We have used thus far only ODS columns in our work. This wor~ 

should be extended to other more polar types of columns. We were not 

able to retain sugars on ODS columns because of their polarity. Many 

compounds such as sugars and glycols could be easily determined if we 

know the behavior of these dyes in columns. 

We have indicated that an equilibrium is estahlished hetween 

the analyte and the dye. The plot of k' (dye) against k' (dye free) 

showed little change in slope for different families of compounds and 

indicated little difference in adduct complex formation. Preliminary 

observations indicate that certain compounds have wider peaks than 

others. These observations should be extended to include the study of 

the kinetics of formation via efficiency measurements. 



APPENDIX A 

ROLE OF INTERFACIAL TENSION IN REVERSE PHASE LIOUID CHROMATOGRAPHY 

G.K. Vemulapalli and T. Gnanasambandan, Department of Chemistry, 
University of Arizona, Tucson, Arizona R5721 

ABSTRACT 

A thermodynamic equation relating chromatographic equilibrium 
constant to the interfacial forces between the stationary phase and 
the mobile phase is derived from the first principles. Advantages of 
using this equation in the analysis of bonded phase chromatographic 
data are discussed. 

INTRODUCTION 

During the last decade chromatography with chemically bonded 
phases has evolved into an indispensable technique for chemic~l 
separation. It has been widely recognized that both kinetics and 
equilibrium thermodynamics control chromatographic separation process 
(1,2). Many attempts have been made to correlate equilibrium 
constants derived from liquid chromatography with the known solvent
solute interactions (3,4,5). Theoretical attempts have also been made 
to formulate the equilibrium constant expressions in terms of solvent 
and solute parameters (6,7,8). 

In most of these studies it has been tacitly assumed that the 
therm:),lY'I':l.nic equilibria involved in chromatographic separation are 
the same as those involved in liquid-liquid partition. However, we 
should expect interfacial forces to playa crucial role; yet there 
have been only sketchy discussions on this point in liquid chromato
graphic literature and only empirical correlations between interfacial 
forces and retention times have been made with ad hoc theoretical 
machinery. The interfacial forces considered i~previous investiga
tions are between two solvents (9) or between solute and a solvent 
cavity (10). These are not as directly related to chromatographic 
equilibrium as the interfacial forces between thl~ :fl')hl.lt:~ and the sta
tionary phases considered here. 
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In the following article we will show how interfacial tension 
directly enters into the liquid chromatographic equilibrium. We 
derive a general expression for the equilibrium constant for the 
distribution of solute between bulk phase, where surface forces may 
be safely ignored, and an interfacial phase, where surface forceR 
dominate. 
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Even though the derivation given below is based on familiar 
theoretical procedures, it is not described in the literature. In 
tracing the expression for the equilibrium constant back to first 
principles, we have found that theory gives valuable insights into (a) 
the role of interfacial tension in the separation process, (b) the 
composition of the stationary phase and (c) the dependence of selec
tivity on length of carbon chains in the stationary phase. These are 
discussed in the last section of the article. 

THEORY 

Let the subscripts ~ and ~ represent bulk and surface phases 
respectively. The chemical potential of a solute at constant tem
perature and pressure in the bulk phase is given by 

(1) 

where ~ represents the activity of the solute. The chemical poten
tial of the solute in the surface phase is given by (11) 

du s = RT d ~n as + ydA, 
since the interfacial tension, y, is given by 

_ aU 
y - aA 

T,P,a 

(2) 

(3) 

where A is the area of the interface. In the chromatographic experi
ments A is usually constant and y varies with composition of the solu
tion. Hence we need u as an explicit function of y. This is 
accomplished by the following Legendre transformation 

A = U - yA (4) 

T,P,a 

From the above expression it follows that 

(5) 

Since surface forces are negligible in the hulk phase, 

b b 
dO = du • (Il) 
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The condition for distribution of solute between the two phases is 

(7) 

from which we have 

RT d~n ab = RT d~n as - A dye (8 ) 

So far no approximations have been made in the derivation. 
Eq. 8 is valid for any solute distributed between any pair of bulk and 
surface phases regardless of the nature of intermolecular forces in 
these phases. To proceed further, we need to know how interfacial 
tension varies with composition. Prigogine and Defay (13) showed that 
surface tension (liquid-vapor interface) for a binary solution is 
accurately given by 

(9) 

where the subscripts denote the two components, X, the mole fractions 
and p, a small constant. In order to avoid unnecessary confusion we 
shall denote surface tension by a and interfacial tension by y. The 
third term on the right hand side of Eq. 9 is usually small and may be 
safely ignored when one of the mole fractions is small. Eq. 9 should 
also apply for interfacial tensions of binary solutions. 

vention 
Law are 
phases. 

In order to be able to integrate Eq. 8 we have to follow a con
regarding standard states. Standard states based on Henry's 
commonly used for studies of solute distribution between two 
Integration of Eq. 8 with this convention gives, 

_1_ 2n 
s 

X2 

X2 s 

b 
X2 

A 
RT 

on) 

where Eq. 9 (with y in place of a) is used for the evaluation of the 
term involving interfacial tension. Subscripts I and 2 denote solvent 
and solute respectively. Note that we have substituted mole fractions 
for activities. Since 

(l/Xs ) '" (l-Xs ) = ~n XS (11 ) 

and XS is very nearly equal to unity Eq. 10 takes the form: 

s 
~n X2 R.n K = A (Y2-Y1) -

b RT (12 ) 
X2 
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It should be noted that a simple expression for equilibrium 
constant, such as the one given in Eq. 12, does not follow from theory 
unless the solution is dilute. 

DISCUSSION 

Eqs. 8 and 12 relate equilibrium constant to other measurahle 
quantities, A and y. Reliable methods have been devised for estima
tion of solid-liquid and liquid-liquid interfacial tensions (14,15) 
since these quantities are significant in the studies of wetting, sur
face energies of solids and many industrial processes. Thus Eqs. R 
and 12 provide a bridge between liquid chromatography and interfacial 
studies. 

We will now show that Eq. 12 is consistent with experimental 
observations. According to this equation, ~nK for a series of com
pounds (solutes) should vary linearly with their interfacial tensions 
(Y2) provided Yl and A remain constant (i.e., same solvent and 
column). Note that Y2 refers to interfacial tension between the 
solute and the stationary phase and hence depends on both these pha
ses. (Similarly, Yl depends on both the solvent and the stationary 
phase.) Y2 values for systems involving the stationary phases of 
chromatography are not available at present. In order to demonstrate 
the quantitative validity of Eq. 12, we will use reasonahle estimates 
for Y2' According to Fowkes (15) interfacial tension between tHO pha
ses (say a a~d b) may be estimated from the surface tension of each 
phase against its own vapor. Fowkes theory has been remarkably suc
cessful in predicting interfacial tensions (16). For systems of 
interest in the present study, his equation has the form: 

(13) 

where 0, and Os are the surface tensions of solute and stationary pha
ses. SInce the stationary phase is the same for all solutes in an 
experiment, we should expect interfacial tensions of solute-stationary 
phase systems to be proportional to the surface tensions of the solu
tes. Hence, ~nK and ~nk, where k is the capacity factor, should 
increase with surface tension. Fig. 1 shows that this is indeed the 
case. 

Experimental points (17) in Fig. 1 follow a straight line graph 
closely indicating that as is relatively small. From the experimental 
values of capacity factors in Fig. 1, we conclude that Y2>Y l ' Even 
though Eq. 12 relates K, and not k, to interfacial tension, this sta
tement is still correct since k = K~ where the constant ~ is the 
volume ratio (stationary phase to mobile phase) which has been esti
mated to be less than unity (18). Small interfacial tension between 
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the solvent and the stationary phase results if the stationary phase 
has solvent rnolecules incorporaten into it. (The rnore the stati.onary 
phase approaches the solvent phase in cornposition the less wouln he 
their interfacial tension.) This conclusion also agrees with the 
results of previous investigations (19). 

It is known experimentally that retention and separation are 
influenced hy chain length of the stati.onary phase. Practicing chro
rnatographers use this phenomenon in nesigning appropriate colu~ns fJr 
R given systern. Attempts have heen rnarie to explain the variation of 
selectivity with chain length by such factors as the surface strllctllre 
of the stat ionary phase or sterlc effects. It should he noten that 
the mechanisms suggesteri previously (3,5,6,7,8,9,10) no not explicitly 
consider the effect of chain length on separation. The theory rieve
loped here, however, gives a hanrile on ths prohlem through the quan
tity A in Eq. 12. 

Eq. R follows from first principles of equilihrium ther
mor1y~amics aori Eq. 12 has no serious approxirnations. However, inter
facial tensions for materials of chrmoatogr~phic interest are not 
readily availahle. Otherwise application of Eq. 12 would he simple 
Rnn straightforward. We have dernonstraten here, with the rti.-1 of the 
availahle nata, the vailinity of Eq. 12. Work in progress is aime~ at 
(i) evaluation of interfacial tensions frorn experiment and theor.v and 
(ii) nUl'lerical estimation, with the ain of Eq. 12, I)f parafTIeters slle1, 

as the volume ratio ann areas of stationary phases. 
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FIGURE 1: 
Logarithm of capacity factors (k) as a function of surface 

tension of solutes. k values are taken from H. Colin and G. 
Guiochon (Reference 17) solutes 1: n-heptane; 2: n-octane; 1: 
n-nonane; 4: n-decane. Surface tensions are obtained from CRC 
Handbook of Physics and Chemistry, 1982. 
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APPENDIX R 

THE ROLE OF SECONDARY EQUILIBRIUM IN RETENTION VOLUME 

Suppose solute A is chromatographed on a R.P. -HPLC we know 

that the retention volume Vr = Vm + KVs and where K = AS/Am. No\-] let 

us add to the mobile phase a solute R, that forms a product AB hy 

reaction with A, this substance AB also being able to partition into 

the stationary phase. The chemical and partition equilihria are 

giving a net process 

(A)m + (B)m * (AB)m 

(AR)M * (AB) 

(A)rn + (B)rn * (AR)s 

we define an extraction constant 

E = (AB)s 
(A)rn (B)rn 

The apparent partition coefficient can be definerl 

Kapp = (tot. A)s 
(tot. A)rn 

= (A)s + (AR)s 
(A)rn 

combining the defination of K, E, and Kapp gives 

Kapp = K + E (B)rn 

the retention volume in the present of B can he expressed as 

Vr' = Vm + Karp Vs 

Vr' = Vr + E(B)rn VS 
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Thus the retention volume Vr' is a function of the concentration of B 

in the mobile phase and the extraction constant E. The net resolution 

of a pair of solutes is a consequence of primary chromatographic reso

lution plus the secondary equilibria (described by E). 



APPENDIX C 

CALCULATION OF MONOLAYER OF DYE IN SILICA PARTICLES 

<. ---- _____ 0 16.0 A 0 

J. J. Kipling and R. B. Wilson: J. App. Chern. 1960 109 

Amount of dye on column 10 x 10-5 moles 

Weight of silica particles 3.5 g 

Surface area of particle 400 mig 

T 

, 
I > V 

# of monolayers = (moles of dye) x (avagd. #) x (area of dye) 
(wt. of sIlica) x (area of silica part.) 

= 10 x 10-5 x 6.02 x 10 23 x 134 x 10-23 m2 
3.5 x 400 M2/g 

= 0.05 monolayers 
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