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ABSTRACT 

The use of a new styrene-divinylbenzene copolymer bead, Showdex 

Polymerpak D-8l4, as a stationary phase in high-performance liquid 

chromatography is investigated. Unlike conventional silica-based sta

tionary phases, copolymer beads may be used with both aqueous and organic 

mobile phases. The effect of the mobile phase on solute retention with 

the copolymer beads is described. Although the copolymer beads exhibit 

characteristics of both solid and liquid stationary phases, it is shown 

that the beads act primarily as a liquid when used with the mobile phases 

chosen for this work. It is further shown that solute retention on the 

beads results from dispersion interactions between the solute and the 

stationary phase. Batch extraction distribution constants are determined 

to confirm the validity of the distribution model proposed. 

The chromatographic behavior of a variety of aromatic compounds 

is described. These range from polycyclic aromatic hydrocarbons to 

substituted benzenes to phthalate esters. A quantitative measure of the 

effect of a substituent group on retention is developed from an analysis 

of the experimental results. This measure is then used to successfully 

predict the retention behavior of some disubstituted benzene compounds. 

Some model separations are developed to illustrate the usefulness of this 

measure. Finally, the implications of this work for gradient elution 

chromatography are discussed. 

xiii 



CHAPTER 1 

INTRODUCTION 

The extraction of a solute from one liquid phase into another 

liquid phase is one of the most simple and rapid separation techniques 

in analytical chemistry. When two immiscible solvents, typically an 

aqueous and organic phase, are placed in contact with each other, a 

substance which is soluble in both of them distributes, or partitions 

itself between the two phases. Solvent extraction has been widely used 

in analytical chemistry, particularly in the area of metal ion separa

tions. A number of factors affect the distribution of a solute between 

the two phases; however, the nature of the organic solvent often has a 

considerable effect on the course of the extraction [lJ. 

Schweitzer and Honaker [2J found that the extent of extraction 

of zinc dithizonate varied with the organic solvent used. Sedivec and 

Flek [3J found that the identity of the solvent was a major factor in 

the extraction of Co(II), Ni(ll) and Cu(ll) diethyldithiocarbamates. 

Mottola and Freiser [4J studied the distribution of 8-hydroxyquinoline 

between water and various hydrocarbon solvents. It was found that the 

distribution of 8-hydroxyquinoline followed a parabolic relationship 

with the solubility parameter of the pure solvent, in keeping with expec

tations based on H{ldebrand's ~~eory of regular solutions [5J. Of the 

solvents studied, only chloroform exhibited somewhat anomalous behavior 
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due to its high hydrogen bonding interactions. The effect of the sol

vent composition on the extraction behavior of the copper chelate of 

8-hydroxyquinoline was found to roughly parallel the distribution 

behavior of the reagent itself [6J. The distribution of the copper 

chelate with solvent solubility parameter followed a roughly parabolic 

curve. Although an attempt was made to quantitatively interpret these 

results, the presence of so many adjustable parameters made it difficult 

to obtain any meaningful expressions. Suzuki and co-workers [7-11J have 

found among other solvent effects, a good correlation between the distri

bution of S-diketone chelating agents and the solvent solubility para

meter. 

Liquid-liquid partition chromatography is based on the equilib

rium distribution of a sample component i between a mobile phase and a 

stationary phase [12J. In a fundamental sense, liquid chromatography is 

a multi-stage extraction, and, as such, many of the principles of solvent 

extraction should be applicable to chromatography. Chromatographic 

separations, however, are not simply dependent upon the relative solu

bility of a solute in two phases, but can also be affected by interac

tions between the solute and the stationary phase [13J. 

One of the goals of any chromatographer is to be able to predict 

the retention volume of a solute for any particular mobile phase/packing 

combination. Although many advances in the theory of chromatography 

have been made, there still has not been any definitive method developed 

for predicting retention volumes. Much progress has been made toward 

this goal in various areas of chromatography. In the field of gas 
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chromatography, Purnell and co-workers [14-20] have been able to success-

fully separate a 40-component mixture by choosing a suitable stationary 

phase through the use of so-called window diagrams. Soczewinski and 

co-workers [21, 22] studied the distribution of monofunctional organic 

solutes in thin-layer chromatography. They used mobile phases that were 

mixt~res of chloroform and an electron-donor solvent. They then devel

oped expressions for the distribution ratio that included terms for the 

formation of proton-donor and electron-donor complexes between the solute 

and solvent. Although their model qualitatively predicted their experi

mental results, it could not quantitatively predict the actual solute 

retention. 

Retention Mechanisms in Reverse-Phase 
Liquid Chromatography 

In the field of liquid chromatography, the retention mechanism 

in reverse-phase liquid chromatography (RPLC) has come under the most 

scrutiny. Locke [23] first proposed that selectivity in RPLC was deter-

mined primarily by the mobile phase. A number of models have been 

proposed in the years since Locke's paper. Horvath, Melander and Molnar 

[24] extensively treated the retention mechanism in RPLC, and proposed a 

rigorous model based on solvophobic theory [25]. The fundamental prin-

ciple behind solvophobic theory is that retention is determined primarily 

by the mobile phase composition. This approach assumes that the solute 

is repelled from the mobile phase, and in a sense is forced onto the 

stationary phase. The stationary phase is not directly involved in 

retention, but merely acts as a passive receptor for the solute. 



Solvophobic theory has the disadvantage as a tool for chromatography of 

not accounting for any mobile phase-stationary phase interactions. 

Horvath's model is very complicated, and is not very convenient to use 

in routine work. Less theoretical models have been proposed by Baker 

[26J and Karger et al. [27J. Recently, Jandera, Colin and Guiochon 

4 

[28J proposed a purely empirical model for retention in RPLC based on a 

so-called interaction index scale. They define the interaction index as 

a measure of the polar interactions that occur between solute molecules 

and the aqueous mobile phase used in RPLC. Values for the interaction 

index of a solute were taken from Snyder's polarity index [29J for that 

solute. Using benzene and four benzene derivatives, they found a linear 

relationship between the logarithm of the capacity factor and the index 

scale. They also proposed that, based on their model, the stationary 

phase has a greater influence on retention than previously believed. 

Wahlund and Beijersten [30J studied the adsorption of l-pentanol on a 

C8 alkyl modified silica column. They found that at low loadings of 

l-pentanol, a monolayer of the alcohol coated the silica support, and 

that the chromatographic behavior of this monolayer was essentially the 

same as that of the sil ica support. Only at very hi gh load'ings of 

l-pcntanol was a bulk layer of alcohol formed. Wahlund and Beijersten 

concluded from these results that true liquid-liquid partition chroma

tography occurs only when the support is coated with maximum amounts of 

the stationary phase. At low liquid phase loadings, the applicable 

retention mechanism is not pure partitioning, but rather involves inter

actions with silica. Nelis and De Leenheer [31J were able to separate 
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three derivatives of the antibiotic tetracycline on a C8 reverse-phase 

column. Knox and Pryde [32J performed a similar separation using a 

perchloric acid-mobile phase, and proposed that the separation mechanism 

was one of ion-pair formation between the antibiotic and the perchlorate 

anions. Nelis and De Leenheer, however, used both organic and inorganic 

acids in the mobile phase, and obtained comparable separations regardless 

of the acid component present. They suggest that this indicates that 

several complex ionic interactions govern the separation. 

A dual retention mechanism has been proposed [33, 34] to explain 

retention in RPLC. In this mechanism, the solute interacts not only with 

the derivatized surface of the support, but also with residual silanol 

groups on the support. This mechanism has been successful in explaining 

the retention of crown ethers in RPLC. Other mechanisms that have been 

proposed are traditional partition [35] and adsorption [36, 37J chroma

tography. Karch and co-workers [38J proposed that isomeric hydrocarbons 

were retained on non-polar stationary phases by interaction of the 

solute with the stationary phase through dispersion forces. 

Berendsen and De Galan [39J examined the influence of the chain 

length of the bonded phase on retention. They found that chain lengths 

above 14 carbon atoms did not affect the column selectivity, but at the 

same time, concluded that changes in the mobile phase have a much 

greater influence on selectivity than changes in the chain length of 

the bonded group in the stationary phase. Majors and Hopper [40J 

obtained similar results, with chain lengths greater t!lan 12 carbon 

atoms having no further effect on selectivity. On the other hand, 
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Hemetsberger and co-workers [~l, 42J and Unger and co-workers [43, 44J 

found no selectivity differences with chain length. Berendsen and De 

Galan [39J have also extensively studied the effect of chain length on 

retention in RPLC. They found that for short chain lengths « 12 carbon 

atoms), retention increased slightly with increasing chain length. When 

the chain length reaches what they call the "critical chain length" 

(between 6 and 10 carbon atoms), retention remains fairly constant with 

further increases in chain length. They interpret this as indicating 

that a solute interacts with only a portion of the bonded chain. They 

further propose that the stationary phase consists of the bonded chains 

solvated with a layer of the mobile phase organic modifier. Solute 

retention occurs only when the solute can displace the organic modifier 

from the bonded phase. As a result, according to this model, the mobile 

phase plays a much larger role in retention than does the stationary 

phase. 

Retention mechanisms in other types of chromatography have also 

come under investigation. Snyder and Poppe [45J have reviewed the 

various theories of retention in liquid-solid adsorption chromatography. 

Jaroniec and co-workers [46-49] developed a theoretical model for separ

ations in thin-layer chromatography based on Snyder's model used for 

liquid-solid chromatography. They proposed that in thin-layer chromato

graphy, as in liquid-solid chromatography, both the solute and solvent 

compete for adsorption sites on the stationary phase. They then success

fully applied this model to explain the separation of four quinolines 

via TLC. 



Applications of_eolystyrene Resins 
in Chromatography 

Porous styrene-divinylbenzene copolymer (SVB) resins have been 

widely used for a number of years as supports in both liquid-liquid 

(LLC) and liquid-solid (LSC) chromatography. Macroporous polymers have 

two major advantages over silica-based materials which make them excit-

ing stationary phases in liquid chromatography. They are suitable for 

use in both normal phase and reverse phase modes, depending upon the 
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particuiar mobile phase used. In other words. the chemical character of 

the SVB resins does not change as the mobile phase is altered. This is 

in direct contrast to the case with chemically bonded surfaces. Scott 

and Kucera [50] and Stetzenbach [51] have shown that for these surfaces, 

the stationary phase is itself modified by the organic component of the 

mobile phase. The overall retention mechanism on these stationary 

phases is therefore a function of the type and number of molecules bonded 

to the surface as well as the organic modifier used in the mobile phase. 

Polymer-based materials are also stable over the entire pH range, allow-

ing the chromatographer to employ a much wider spectrum of mobile phases 

than can be used with various silicas. Polymer materials have the dis-

advantage of tending to swell and shrink slightly with different mobile 

phases, but for most applications this is not a problem [52]. The 

synthesis and applicability in chromatography of polymer gels has been 

discussed by Flodin and Lagerkvist [53]. 

The XAD family of resins, manufactured by Rohm and Haas, Inc., 

has probably been the most widely used group of resins. Using the resin 



XAD-2 in the batch mode, Grieser and Pietrzyk [54J determined KD values 

for various phenols as a function of pH. Using these KD values, they 

successfully predicted the elution volumes of a group of phenols from a 

column of XAD-2. The retention on XAD-2 of organic acids, esters, and 

aldehydes likely to be found in pharmaceuticals has been studied using 

methanol-water mobile phases [55J. A linear equation was used to 

express the logarithm of the distribution constant as a function of the 

number of methylene groups in the n-alkyl chain of the ester. It has 

been known for over a decade that polyaromatic hydrocarbons will sorb 
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on SVB resins, and a number of polyaromatics have been separated on 

XAD-2, including benzene, naphthalene, and anthracene [56J. Cantwell 

and Puon [57J proposed that organic ions sorbed onto XAD-2 resins due to 

the formation of an electrical double layer [58J on the surface of the 

resin. Pietrzyk and co-workers [59, 60J studied the retention of 

organic acid anions on XAD-2 resin using acetonitrile-water mobile 

phases. They found that retention was significantly affected by the 

ionic strength of the mobile phase, and by the addition of certain 

tetraalkylammonium salts. The retention mechanism proposed in these 

studies also was a double-layer model, in which the tetraalkylammonium 

salt and its aniom sorb in a double layer onto the XAD-2 surface. An 

equilibrium is then established between the salt anion and the acid 

anion, accounting for the acid anion retention. 

Other SVB resins have also been used in a ~umber of npplica

tions. Aramaki, Hanai and Walton [61J separated six alkaloids on Hitachi 

gel 3010, a macroporous styrene-divinylbenzene copolymer. They used 



alkaline acetonitrile-water mobile phases, and simply noted that pH has 

an effect on the retention of the alkaloids. Jahangir and Samuelson 

[62J compared the abilities of XAD-2 and Hitachi gel 3011 to adsorb 

aromatic compounds from aqueous solutions. The retention capabilities 

of both resins were essentially identical, and, interestingly, were 

found to deteriorate on prolonged use. This was ascribed to shrinkage 

of the resin due to continued exposure to water. The beads could be 

readily reconditioned by slurrying the packing material for 24 hours in 

ethanol. Hanai et al. [63J used both SVB gels and ion-exchange resins 
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as stationary phases for the liquid chromatographic separation of twelve 

polar aromatic compounds. They found neither resin superior to the 

other, but rather concluded that the resins complemented one another 

for separations. Jahangir and Samuelson [64, 65J performed similar 

experiments using both aliphatic and aromatic polar solutes, and also 

concluded that the resins had complementary analytical applications. 

Mori [66J separated four phthalate esters in river water on Showdex 

HP-225 polymer beads. He used both n-hexane and methanol as eluents, 

and observed a reversal of the elution order of the phthalates when 

switching from n-hexane to methanol. Takahagi and Seno [67J determined 

the variation in capacity factor k' for substituted anilines and phenols 

with pH on Hitachi gel 3010. Plots of k' vs. pH showed distinct breaks 

in the vicinity of the pK values for each compound. Takahagi and Seno a 

were able to derive an equation relating k' to solute concentration, 

mobile phase pH, solute pKa , and Vs and Vm. Their calculated curves of 

k' vs. pH showed excellent agreement with their experimental results, 
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allowing them to accurately predict k' values for a number of solute

solvent combinations. Mori [68J studied the retention of phthalate 

esters, aliphatic ketones, and eight neutral aromatic compounds on Shodex 

HP-225 gel using methanol, ethanol, chloroform, cyclohexane and n-hexane 

as eluents. He derived an equation that attempted to relate the distri

butioll constant to the solubility parameter of the gel, solute, and 

solvent, and suggested that SVB sorbents function in one of three modes 

(adsorption, partition, or size exclusion) depending upon the mobile 

phase used. Mori and Yamakawa [69J later suggested that these sorbents 

separate via a combination of size exclusion and normal phase partition 

chromatography. Robinson et al. [70J studied the retention and distri

bution of a number of polycyclic aromatic hydrocarbons on three differ

ent types of SVB sorbents. From their results, they developed an 

eluotropic series for XAD-2 similar to the one developed by Snyder for 

liquid-solid adsorption chromatography. 

Iskandarani and Pietrzyk [71J recently examined the chromato

graphic behavior of a new polystyrene-divinylbenzene copolymer packing, 

PRP-l, manufactured by Hamilton Company. They separated amino acids, 

amino acid derivatives, and peptides on the column using aqueous buffer

organic mobile phases. Not surprisingly, they found that pH, solvent 

strength, and ionic strength were the major eluting variables. They 

also studied the effect of side-chain position of the amino acid deriva

tives on retention. The position of the side-chain was found to have a 

small, but measurable, influence on retention. The chromatographic 

properties of styrene-divinylbenzene copolymer beads were recently 
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compared with those of styrene-divinylbenzene-acrylonitrile terpolymer 

beads [72J. The retention of phenol, p-nitrophenol, and p-nitroaniline 

was studied on both types of beads, and no difference was found between 

the two stationary phases. It was concluded that for porous polymer 

sorbents, separations are independent of the chemical structure of the 

support, and dependent upon the structure of the solute. 

An interesting development in column technology was reported 

when styrene-divinylbenzene copolymer was formed in situ on the walls 

of a glass capillary tube [73J. These capillary columns did not exhibit 

any bleeding of the stationary phase, and they were found to be suitable 

for use in the reverse-phase separation of aromatic hydrocarbons and 

phthalate esters. It should be possible to introduce ion-exchange 

groups into this polymer, opening a new field of column research in 

liquid, chromatography. Ishii and Takeuchi [74J later prepared such 

microcapillary cation-exchange columns, and were able to successfully 

separate a mixture of four nucleosides using these columns. 

Advantages of Polymerpak Resin 

As described above, porous SVB resins have been widely used for 

a number of years as supports in both liquid-iiquid (LLC) and liquid

solid (LSC) chromatography. Most of the resins used have had relatively 

large particle diameters, typically in the range of 50-200 mesh or 300-75 

mi crons, and have been suited more for gravity-flow col umn chromatography 

than high-pressure liquid chromatography. In recent years, manufacturers, 

particularly in Japan, have made porous polymer packings especially 

des i gned for use in hi gh-performance 1 i qui d chromatography. 
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Showdex Polymerpak SP 500 is the trade name for a column packed 

with small-particle-size SVB beads suitable for high-pressure liquid 

chromatography manufactured by Showa Oenko K. K., Tokyo, Japan. The 

packing in this column has a solubility parameter of 9.1 [75J, and a 

particle diameter of 10-20 microns [76J. This column can act in both 

the reverse phase and normal phase modes, depending upon the solubility 

parameter of the mobile phase [77J. With solvents such as carbon tetra

chloride and chloroform, the packing material swells slightly, and the 

column acts like a gel permeation chromatography (GPC) column. The 

packing material, however, is not designed as a GPC packing, and the 

column is not really suited for use as a GPC column. In addition to the 

pre-packed column, some bulk packing material, designated 0814, was 

obtained. The 0814 beads are identical to the packing in the pre-packed 

column, except that the 0814 beads have a larger diameter, 20-50 microns, 

in contrast to the 10-20 micron diameter of the material in the pre

packed column [76J. The main advantage then to using the Polymerpak 

material instead of earlier types of resins lies in its small particle 

size. The significance of this can be seen by a consideration of effi

ciency in chromatography. 

Efficiency refers to the extent of band spreading of a chroma

tographic peak; the higher the efficiency of a column, the narrower the 

peaks. Efficiency is described by two terms: (1) N, the number of 

theoretical plates in a column, found from the formula N = 16 (tR/w b)2, 

where tR is the retention time for a peak, and Wb is the baseline width 

of the peak; and (2) H, the height equivalent of a theoretical plate, 
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found from the formula H = LIN, where L is the length of the column, 

and N is the number of theoretical plates defined above. The overall 

plate height for a column is described by the van Deempter equation 

[78J, which is composed of several factors which are reasonably well 

understood on a theol~tical basis [79J. The important point here is 

simply that, from a theoretical viewpoint, efficiency increases as the 

particle size decreases. The Polymerpak material thus has all of the 

advantages of SVB resins discussed earlier, plus the advantage of small 

size. Use of the Polymerpak materials should therefore result in better 

and more rapid separations than are currently available with traditional 

SVB resins. 

Chromatographic Parameters 

The relative distribution of a sample component i between two 

phases is determined by the intermolecular interactions of a molecule 

of i with the molecules uf the mobile and stationary phases. The phase 

that interacts more strongly with component i will contain a propor

tionately higher concentration of i. In a fundamental sense, the rela

tive strengths of these solute-solvent interactions are determined by 

the kinds and magnitude of the different intermolecular forces. The 

polarities of both the sample and solvent can be used as a general guide 

to the strengths of these interactions. 

In separation processes, two terms are used to describe the 

distribution of a solute between two immiscible phases: (1) the distri

bution constant K; and (2) the capacity factor k'. The distribution 
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constant K is defined as the ratio of the concentration of the solute 

in the stationary phase to the concentration of the solute in the mobile 

phase: 

C£ 
K = C

m 
(1-1) 

where sand m represent the stationary and mobile phases, respectively. 

The capacity factor k' is defined as the ratio of the total amount of 

the solute in the stationary phase to the total amount in the mobile 

phase: 

k' =~= CsVs 
n C V (1-2 ) 
m m m 

where nand n represent the number of moles of solute in the station-s m 

ary and mobile phases respectively, and where Vs and Vm represent the 

volumes of the stationary and mobile phase respectively. Substituting 

Equation (1-1) into (1-2) gives the relationship between k' and K: 

Vs 
k' = K

Vm 
(1-3 ) 

In chromatographic systems, the fundamental retention parameter 

is the retention volume VR, defined as (tR)(F), where tR is the time 

required for the elution of a solute from the column, and F is the 

volumetric flow rate of the mobile phase. Another useful parameter is 

the mobile phase volume Vm, which is the total volume of mobile phase 

within the column. Vm can be determined from Vm = (to)(F), where to is 

the time for elution of a nonretained solute. 



A useful measure of retention is R, the fraction of solute in 

the mobile phase: 

nm 
R =---:.;.:...

n + n m s 
(1-4 ) 
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where nm and ns are the total moles of solute in the mobile and station

ary phase, respectively. Since k' = (ns/nm), 

1 
R = 1 + k' (1-5) 

The average migration velocity Vs of a solute is equal to the mobile 

phase velocity v times the fraction R of solute in the mobile phase at 

any given time: 

v = vR s (1-6 ) 

The average migration velocity Vs can also be expressed as Vs = L/tR, 

where L is the column length, and the mobile phase velocity can be 

expressed as v = LIto. Since tR = VR/F, and to = Vm/F, substituting 

these expressions into the forms of Vs and v, and then substituting into 

Equation (1-6) gives: 

LF _ (LF)(R) 
VR - Vm (l-7a) 

or 

(l-7b) 

Substituting Equation (1-5) into (1-7b) gives: 

(1-8a) 

or 
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Equation (1-8b) holds for liquid-liquid chromatography. For liquid

solid chromatography, Vs would be replaced by the weight of the sta

tionary phase (Ws ) or the surface area of the stationary phase (As)' 

depending upon how K was defined. Equations (1-8a) and (1-8b) describe 

the fundamental relationship between migration and equilibrium of a 

solute within a column. It should be possible to apply Equation (1-8b) 

to predict the retention volume VR of a solute, knowing Vm, K, and Vs' 

Values for Vm can easily be determined experimentally by meas

uring the elution volume of a non-retained solute. Difficulties in 

using Equation (1-8b) arise, however, in attempting to measure Vs and 

K. Since the beads themselves are the stationary phase, rather than a 

liquid coating the beads, the actual volume of the stationary phase is 

open to question. In addition, it is not possible to experimentally 

measure K in a column; rather, k' is calculated for a solute by 

rearranging Equation (1-8a): 

k' 
v - V R m 

Vm 
(1- 9) 

K is then related to k' through Equation (1-3). In order to predict 

solute retention volumes ~ priori, therefore, it is necessary to either 

calculate or detenliine independently values for K. The capacity factor 

k' is thus the only parameter that can be measured experimentally that 

is related to the distribution of a solute between the stationary and 

mobile phases. 
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Numerous studies have focused on the relationship between kl 

and retention in an attempt to better understand the distribution pro

cess. For a homologous series of compounds, kl was found to depend upon 

the number of carbon atoms in the compound [80]. Smith [81] found that 

alkylaryketones on a reverse-phase column showed a linear relationship 

between log kl and the number of carbon atoms in the compound when using 

methanol-water mobile phases. Log kl has also been found to vary 

linearly with mobile phase composition when using binary mobile phases 

[82, 83]. Jandera and Churacek [84, 85] derived equations to show that 

in gradient elution chromatography log kl should vary linearly with 

binary solvent composition. Vigh et al. [86] found that bovine and 

porcine insulins have a linear relationship between log kl and the 

percentage methanol in methanol-water mobile phases run on reverse-phase 

columns. A linear relationship in thin-layer chromatography between the 

retardation factor and the percentage methanol in the developing solvent 

was also found [87]. The retention behavior of 13 indole alkaloids on 

silica gel was studied using various binary solvent mixtures [88]. A 

linear relationship between the logarithm of the capacity factor and the 

logarithm of the mole fraction of the organic component in the mobile 

phase was found. Hara and Miyamoto [89J found a similar relationship 

when they studied the retention behavior of a series of mono- and 

disubstituted steroids. Other studies have also shown a linear rela

tionship between log kl and the solvent composition [90, 91J. On the 

other hand, Wells and Clark [92] found that Cl - C5 N-alkylbenzamides 

gave non-linear log kl vs. mobile phase composition curves using 



acetonitrile-water and methanol-water mobile phases on Cl8 reverse

phase columns. Wells, Clark and Patterson [93] then explained these 

results in terms of solvophobic theory. 
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When a solute distributes between a stationary and mobile phase, 

the enthalpy change (~H) may be considered as a measure of the envi-

ronmental changes the solute undergoes. There will also be a change in 

entropy (~S) if the phase transfer process requires a specific solute 

orientation. The overall change in free energy for the process (~G) can 

be related to the enthalpy and entropy change by: 

(1-10) 

The equilibrium constant K for the process is related to the free energy 

change by: 

~GO = -RT 1 n K (1-11) 

where R is the gas law constant, and T is the absolute temperature. 

Substituting Equation (1-11) into (1-10) and rearranging gives: 

~w ~So lnK=--+-RT R 
(1-12) 

Thus retention, as measured by K, is proportional to the temperature. 

More atcention has recently been focused on the influence of temperature 

on retention in RPLC systems [94-97]. It is hoped that a better under-

standing of the infl uence of temperature will lead to a better understanding 

of the retention process i tsel f [98]. Gil pin and Si sco [99, 100] conducted a 

systematic study of the effect of temperature on retention in liquid 

chromatography. They found that reverse-phase systems were only slightly 
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affected by fluctuations in temperature. On the other hand, normal-

phase systems were found to be significantly affected by changes in 

temperature, and as a result, the authors recommend careful temperature 

control when operating in the normal phase mode. 

Uses of Solubility Parameter 
Theory in Chromatography 

The Hildebrand solubility parameter [lOlJ which is defined as 

the square root of the cohesive energy density in a liquid, is a quan-

titative measure of the dispersion interactions occurring between two 

liquids. Since non-polar compounds have relatively weak dispersion 

interactions, while polar compounds have relatively strong interactions, 

the solubility parameter is generally referred to as a measure of the 

polarity of organic compounds. Values of ° range from 7.0 for isooctane 

(non-polar) to 21.0 for water (polar). In liquid-liquid partition 

chromatography, the solubility parameter can be related to the distri

bution constant K by the following formula [102J. 

where 

1 n K; = (1-13) 

0i,om'os = the solubility parameters of solute i, mobile 

phase m, and stationary phase s, respectively 

Vi = molar volume of solute i 

R = gas constant (1.987 cal/oK/mole) 

T = absolute temperature 

K. = distribution constant for solute 
1 
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Since the distribution constant K can be related to the retention volume 

by: 

where 

VR = retention volume 

Vm = mobile phase or void volume 

Vs = stationary phase volume 

(1-14) 

Equation (1-13) can be used to relate the solubility parameter with 

retention volume. Ideally, by knowing the solubility parameters of the 

two phases and the solute, one could predict the retention volume of the 

solute. By extension, the identification of experimental conditions 

necessary for the successful separation of mixtures would also become 

much more simplified, allowing the chromatographer to develop complex 

separations easily and routinely. 

Solubility parameter theory, as originally developed by Hilde

brand, assumed that only dispersion forces were important in describing 

the intermolecular interactions in a liquid. Several refinements of 

this basic approach have been proposed, although the most useful approach 

appears to be the so-called "three-dimensional" solubility parameter 

system of Hansen [103J. The basis of the three-dimensional system is 

the assumption that the total cohesive energy of the liquid, E, can be 

divided into contributions from dispersion forces, Ed' permanent dipole

permanent dipole forces, Ep' and hydrogen-bonding forces, Eh [104J. 

Thus, 



(1-15) 

Dividing this equation by the molar volume of (' solvent, V, gives 

(1-16) 

or 

(1-17) 

where 

° = (E/V)1/2, (1-18) 

the equal equation for the Hildebrand solubility parameter. 

Each component of the overall solubility parameter measures a 

different kind of molecular interaction. Although the overall solu-
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bility parameter for a variety of solvent mixtures may remain constant, 

the values for cd' 0p' or 0h may vary widely. Changes in the values of 

os' 0p' or 0h could therefore have a drastic effect on the chromato

graphic behavior of a solute. 

There have been some attempts to use solubility parameter theory 

to help optimize chromatographic separations. Solubility parameter 

theory has been used to explain the retention behavior of organic sol

vents in gas chromatography [105, 106J. Snyder and co-workers [107-

109J have attempted to use the expanded solubility parameter theory of 

Hansen to develop a conceptually unified classification scheme for 

solvents and adsorbents used in liquid chromatography. They have 

successfully applied their model to explain the effect of the solvent 

on retention in gas chromatography and liquid-solid chromatography. 



22 

Their model does have several limitations, and does not adequately 

explain retention in liquid-liquid chromatography. As the solvents used 

in LLC become more polar, the approximations made in solubility para

meter theory begin to break down. This results in significant errors 

arising in the prediction of solute distribution. Snyder and co-workers 

found this to be the case, especially when water and ethanol were used 

as mobile phases. They attribute the failure of their model under these 

conditions to the fact that solubility parameter theory does not account 

for solvophobic effects in polar solvents. Tijssen, Billiet and Schoen

makers [llOJ examined literature retention data for both gas chromato

graphy and liquid chromatography systems, and attempted to explain the 

results obtained in terms of the expanded solubility parameter theory. 

They concluded that retention in gas chromatography could be reliably 

predicted using solubility parameter theory, but that retention in 

high-pressure liquid-liquid partition systems could not yet be satis

factorily explained. The values for the solubility parameter which they 

used were all calculated at room temperature and pressure. As the 

pressure increases, the actual value for the solubility parameter 

decreases compared to the value calculated at atmospheric pressure. In 

modern HPLC, therefore, as the pressure in a system rises, the relia

bility of the solubility parameter decreases correspondingly, and the 

calculated retention is thrown off from the actual retention. 

Optimization in Liquid Chromatography 

Two approaches have been taken in attempting to optimize chroma

tographic separations. One approach has involved optimizing conditions 
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through an understanding of the fundamental relationships involved in 

chromatographic processes, as discussed in the previous two sections. 

The second approach has been one of an empirical nature; that is, 

chromatographic parameters are varied on a trial-and-error basis until 

a combination of conditions is found that results in a suitable separa

tion. 

Optimization of a separation in chromatography is best described 

in reference to the resolution equation (Equation (4-11)). The capacity 

factor, k', of a solute is the parameter that has the greatest influence 

on the resolution of a given separation. With a particular stationary 

phase, solute k' values, in turn, can be varied by changing the composi

tion of the mobile phase. The mobile phase is thus the single most 

important variable in optimizing a separation. 

As described earlier, the relative distribution of a solute i 

between the mobile and stationary phases depends upon the interactions 

of i with the molecules of the two phases. In a general way, the polari

ties of the solute and the mobile and stationary phases can be used as a 

guide to the tendency of these components to interact. A solute will, 

of course, interact to a greater extent with the phase whose polarity 

more closely matches that of the solute. Numerous classification schemes 

have been developed to describe the polarity of a solvent. The Hilde

brand solubility parameter, as described in the previous section, is one 

example of a quantitative scale for describing solvent polarities. 

In the field of liquid chromatography, a widely used classifica

tion scheme for solvents is that of Snyder [lllJ. In describing the 
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polarity of various organic solvents, Snyder has found it useful to 

divide "polarity" into three areas: proton acceptor, proton donor, and 

dipole interaction. He then classifies solvents according to their 

ability to undergo these three types of interactions. Snyder describes 

his scheme pictorially in the form of a triangle, with each vertex cor

responding to solvents that exhibit primarily one of the three types of 

interactions. Mixtures of solvents from each of the three categories 

are then sufficient to cover a wide range of polarities, and hence to 

adequately describe solvent selectivity in liquid chromatography. 

In reverse-phase liquid chromatography, water is considered to 

be the carrier solvent. The high polarity of water means that the 

hydrocarbon parts of organic solutes will not interact with it, result

ing in very high k' values, and hence long retention times. Organic 

modifiers are therefore added to water to reduce its polarity, and allow 

for greater interaction between the solute and mobile phase. There are 

some practical limitations on the choice of soivents that can be used 

in RPLC. Solvents used as mobile phases in RPLC must be UV-transparent, 

water-miscible, and preferably inexpensive and easy to purify. Guided 

by these limitations, methanol, acetonitrile, and tetrahydrofuran are 

typically used as organic modifiers, and are also chosen for their 

abilities to act as proton acceptor, proton donor, and dipole solvents, 

respectively, according to Snyder's classification scheme. 

With the mobile phase system defined in this way, i.e., various 

mixtures of water, methanol, acetonitrile, and tetrahydrofuran, the 

problem becomes one of finding the mixture that gives the optimum 
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resolution for a given sample. This !lroblem has been addressed in a 

very elegant manner by Glajch and Kirkland [112]. Their method is based 

on using a simplex optimization process, as described by Snee [113], to 

find the optimum mix of solvents. For a given sample, solute k' values 

are measured in each of seven solvent mixtures. Using the resolution 

equation, resolution maps for each pair of solutes under study are drawn. 

The resolution maps for each solute pair are then combined into one 

overlapping resolution map (aRM), a procedure first described by Deming 

[114]. The aRM is then used to identify the solvent mixtures that will 

result in the optimal resolution of all the solutes in a mixture. 

Glajch and Kirkland have successfully applied their technique to the 

isocratic separation of 20 common phenylthiohydantoin (PTH) derivatives 

of amino acids. They note that the separation time is comparable to 

that obtained for the same separation using gradient elution, but that 

the resolution obtained in their isocratic separation is superior. Use 

of their optimization method, therefore, can result in superior separa

tions combined with the inherent experimental simplicity of using iso

cratic mobile phases. 

Other attempts have been made to classify and optimize solvent 

systems in liquid chromatography. Starting with the equation that 

relates the retardation factor (Rf ) to the capacity factor, Nurok and 

Richard [115] derived a simple equation relating Rf to optimum binary 

solvent composition in thin-layer chromatography. Snyder and co-workers 

[116-120] have been largely responsible for describing optimum solvent 

selection in liquid-solid adsorption chromatography. Popl, Vit and 
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Smejkal [121J studied the retention behavior of some phenolic antioxi

dants on Separon SE gel using methanol-water mobile phases. From their 

chromatographic data on a series of standards, they were able to identify 

the contribution of a side-chain to the overall capacity factor. Using 

an arbitrarily defined retention index, the retention index value for 

an antioxidant run in pure methanol could be accurately predicted. They 

also predicted retention index values for binary mobile phases, although 

they were not able to experimentally verify these values. Toon and 

Rowland [122J observed a linear relationship between the retention of 

barbituric acid derivatives and the concentration of acetonitrile in 

the mobile phase. From plots of retention versus percentage aceto

nitrile they were able to determine the mobile phase composition that 

gave the best separation of mixtures. Meek [123J studied the retention 

of 10 compounds on an octadecylsilane column using acetonitrile-water 

mobile phases. He then developed a graphical technique for adjusting 

the mobile phase composition to give the desired capacity factor. His 

method, unfortunately, is specific only for the compou~ds and mobile 

phases tested, and cannot be used for ~ priori calculations. 

Along with optimizing the mobile phase composition, considerable 

effort has been devoted to studying the effect of compound structure on 

retention. Martin [124J first suggested that a substituent changes the 

distribution of a solute by a factor that depends upon the nature of the 

substituent and the two phases employed, but is independent of the 

molecule. Several attempts have been made to quantitate substituent 

effects in chromatography. Perhaps the most successful attempt has 
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been the multiple regression analysis method of Chen and Horvath [125J. 

Some success has been made in correlating solute structure with reten

tion [126, 127J. Shaw, Rivetha and Elliott [128J were able to quanti

tatively predict the effect of certain substituent groups on the 

retention of bile acids in RPLC. They were not able, however, to obtain 

reproducible capacity factor values, and their method appears to have 

little applicability beyond the systems studied. Brown and Grushka 

[129J examined the relationship between the structure and RPLC retention 

behavior of selected purine and pyrimidine compounds. Based upon their 

examination of literature data, they developed some empirical rules on 

how structural changes in these compounds would affect retention. Some 

studies have been performed to examine the effect of various substituent 

groups on retention in RPLC. It is known that hydrocatbons elute in the 

order of increasing carbon numbers. Halogen sUbstituents have been found 

to increase the retention of a compound, regardless of the sorbent and 

mobile phase used [130-132J. Other polar functional groups decrease the 

retention volume. The effect of the nitro group has not been easy to 

classify. Smejkal et al. [133J proposed that this complex behavior was 

due to charge transfer interactions between the solute and the mobile 

and stationary phases. In an attempt to eliminate the effect of the 

stationary phase, they studied the chromatographic behavior of aromatic 

nitro compounds on Separon SE, a macroporous polystyrene gel. They also 

found, however, that the behavior of the nitro compounds was difficult 

to predict, and that specific interactions between the solute and mobile 

phase must account for the retention of the solute. Meek [134J has 
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described an empirical approach for predicting the retention times of 

peptides in RPLC based on their ami~o acid composition. He began by 

arbitrarily assigning a "retention coefficient" value to each amino acid 

in a peptide. The initial values were then adjusted via repetitive 

regression analysis until the predicted retention time of a peptide 

matched its actual retention time. This process was repeated on a total 

of 25 peptides, and a set of retention coefficients was then calculated 

for a series of amino acid residues. Peptide retention times could then 

be accurately predicted by simply adding together the retention coeffi

cients for the amino acids and end groups present in the peptide. Meek 

found that this simple approach was valid for peptides of up to 20 

residues. Meek and Rossetti [135J later extended and confirmed these 

results for another set of 100 peptides. 

The goal of this research is to undertake a thorough investiga

tion of the chromatographic properties of the Polymerpak material. 

Although much work has been done involving applications of SVB resins, 

little work has been done in an attempt to understand the fundamental 

chromatographic nature of the beads. This study will attempt to deline

ate the retention mechanism occurring on the beads, be it adsorption, 

partition, or some combination of the two. Since the beads may act as 

liquids, some of the principles that govern solvent extraction may also 

apply to chromatography on the beads. This possibility will be explored. 

The relationship between structure and retention on the beads will be 

investigated. Finally, the suitability of the Polymerpak material for 
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concentrating and separating organic compounds of environmental interest 

will be explored. 



CHAPTER 2 

STATEMENT OF PROBLEM 

There has been a renewed interest in the field of liquid-liquid 

chromatography over the past ten years. In addition to the development 

of new instrumentation, this interest has also sparked the development 

of a variety of new stationary phases. One type of new stationary phase 

that has potentially broad application is composed of cross-linked 

polystyrene. The exact mechanism of solute distribution on polystyrene 

stationary phases is unknown. One widely held theory, however, proposes 

that the polystyrene forms a liquid phase consisting of swollen polymer 

interdispersed with mobile phase. If this is indeed the case, the 

distribution behavior of a solute should be predictable from considera

tion of those parameters of importance which describe the distribution 

of a solute in solvent extraction. Non-specific interactions between 

the solute, solvent and stationary phase should be described through the 

use of the Hildebrand theory of regular solutions. Specific interac

tions, such as hydrogen-bonding, dipole-dipole forces, and complex 

formation. must also be considered when appropriate. Even if the poly

styrene is not acting as a liquid phase, but rather as a solid stationary 

phase, these same parameters will be useful in describing the retention 

mechanism of a solute on polystyrene. 
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The object of this research is to develop a means of reliably 

predicting the liquid chromatographic behavior of a solute from a 

consideration of the several modes of interaction with the stationary 
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and mobile phases. The chromatographic parameters for a wide range of 

solutes on polystyrene will be obtained. The types of solutes used will 

be representative of a variety of classes, and will include both aromatic 

and aliphatic compounds. Pure solvents as well as solvent mixtures will 

be used as mobile phases. The mobile phases chosen to elute these 

solutes will be selected to demonstrate a number of modes of interaction. 

The chromatographic parameters obtained with each system will be analyzed 

with an eye toward better understanding and describing the retention 

mechanism. From such an analysis, a general predictive approach to 

solute behavior will be tested and applied to developing improved separ

ations. 



CHAPTER 3 

EXPERIMENTAL 

Reagents 

Chloroform, methanol, ethanol, acetonitrile, water, and 

2,2,4-trimethylpentane (isooctane), along with various mixtures of these 

solvents, were used as mobile phases. Methanol was AR grade from J. T. 

Baker, isooctane and acetonitrile were spectrophotometric grade from 

Scientific Products, ethanol was absolute from U.S. Industries, and all 

were used as received. Distilled, deionized water was used throughout. 

Chloroform, AR grade from Mallinckrodt, is known to be unstable, and was 

purified before using by a modified version of the procedure given by 

Riddick [136]. The procedure used was as follows: chloroform was washed 

three times with equal volumes of water, dried over calcium chloride, 

and distilled. The fraction that boiled from 59°-61°C was collected 

and stored over calcium chloride. 

The following chemicals were used as solutes. All of them, 

except as noted, were AR grade: benzene, chlorobenzene, nitrobenzene, 

toluene, ethyl benzene, m-xylene, and p-xylene, from J. T. Baker; 

dibutylphthalate 99%, dioctylphthalate 99%, dimethyl phthalate 99%, 

n-butylbenzene 99+%, cumene 99% {isopropyl benzene), n-propylbenzene 98%, 

2-chloroaniline 98+%, 4-chloroaniline 98%, aniline 99.9+%, o-nitroaniline 

98%, and anthranilic acid 98+% (o-aminobenzoic acid), from Aldrich 
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Chemical; benzoic acid primary standard, cinnamic acid, phthalic acid, 

and salicylic acid, from Mallinckrodt; phenol, catechol, resorcinol, and 

hydroquinone from Eastman Kodak; and naphthalene, phenanthrene and 

pyrene, all Eastman technical grade from Eastman Kodak. Naphthalene, 

phenanthrene, and pyrene were each twice recrystallized from ethanol

water; the remaining solutes were used without further purification. 

Liquid Chromatographs and Columns 

Chromatograms for this study were obtained using one of two 

chromatographs. One chromatograph consisted of a Spectra-Physics 3500B 

Gradient Liquid Chromatograph equipped with a Valco injector valve and 

a Spectra-Physics SP8200 UV/Visible Detector operated at 254 nm. The 

Spectra-Physics 3500B instrument~j~_a ~ual-pump chromatograph equipped 

with a gradient controller. This chromatograph was used whenever the 

mobile phase consisted of a mixture of two solvents. The composition of 

the desired mobile phase mixture was entered into the gradient control

ler, and the chromatograph automatically prepared the mobile phase in 

its mixing chamber before it passed to the column. The second chromato

graph was assembled in the laboratory using an Altex Model llOA pump, 

a Valco injector valve, and a Schoeffel SF 700 Spectroflow detector also 

operated at 254 nm. This chromatograph was used whenever the mobile 

phase was a pure solvent. For both chromatographs, a Houston Instrument 

Omniscribe A-52ll recorder was used to record the chromatograms, and a 

Spectra-Physics System 1 Integrator was used to determine peak retention 

times. 
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A pre-packed Showa-Denko Polymerpak SP500 column and a second 

column packed in the laboratory were used in this study. The SP500 

column is packed with porous styrene-divinylbenzene polymer beads, 

nominally 10-20 microns in diameter. The second column was packed with 

the bulk beads, designated 0-814, using a Micromeritics Model 705A 

slurry packing apparatus. The mobile phase used to pack the column was 

50:50 methanol :water. 

Mobile Phases 

Pure isooctane, ethanol, methanol, acetonitrile, and chloroform 

were used as mobile phases. Isooctane-chloroform, isooctane-ethanol, 

chloroform-methanol, chloroform-acetonitrile, and acetonitrile-water 

mixtures were also used as mobile phases. Prior to use, organic mobile 

phases \'iere filtered through a 0.5 micron pore size Schleicher and 

Schuell TE 36 Teflon filter, while water was filtered using a 0.45 micron 

pore size Schleicher and Schuell OE 67 cellulose acetate filter. All 

mobile phases were degassed by stirring for a few minutes under reduced 

pressure. 

Table 3-1 lists the mobile phases used, and their corresponding 

overall and dispersion solubility parameters [137J. Values for the 

solubility parameters for mixtures were calculated by taking the arith

metic average of each component in the mixture, weighted according to 

its volume fraction [138J. Thus, for 85:15 isooctane-chloroform, the 

overall solubility parameter is calculated to be (0.85 x 7.0) + 

(0.15 x 9.2) = 7.3. Convenient ratios for the isooctane-chloroform 



Table 3-1. Overall solubility parameter values (0) and 
dispersion solubility parameter values (od) 
for mobile phases used in this study. 

Isooctane-CHC1 3 Ratio 0 °d 

100:0 7.0 7.0 
85:15 7.3 7.2 
75:25 7.5 7.4 
50:50 8.1 7.8 
25:75 8.6 8.2 
0:100 9.2 8.6 

Isooctane-Ethanol 
Ratio 

91: 9 7.5 7.1 
82 :18 8.1 7.1 
72:28 8.6 7.2 
63:37 9.2 7.3 
0:100 12.7 7.8 

Chloroform-Methanol 
Ratio 

90:10 9.7 8.5 
75:25 10.5 8.3 
50:50 11.8 8.0 
25:75 13.2 7.7 

Chloroform-Acetonitrile 
Ratio 

82 :18 9.7 8.4 
52:48 10.5 8.1 
0:100 11.9 7.5 

Acetonitrile-Water 
Ratio 

90:10 13.0 7.4 
85:15 13.6 7.4 
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mixtures were chosen, and the overall solubility parameter for each 

mixture was calculated. The proportions of isooctane and ethanol neces

sary to give the same overall solubility parameters as tho£~ calculated 

for equivalent isooctane-chloroform mixtures were then determined. The 

desired isooctane-ethanol mobile phase was then prepared according to 

these ratios. A similar procedure was used for the chloroform-methanol 

and chloroform-acetonitrile mobile phases. Convenient ratios of 

chloroform-methanol mixtures were chosen, and the proportions of 

chloroform-acetonitrile necessary to give equal overall solubility para

met.ers were then calculated. Isooctane-chlofoform and isooctane-ethanol 

mixtures were considered to be IInormal-phase ll mobile phases, since their 

overall solubility parameters were less than that of the stationary 

phase. Chloroform-methanol and chloroform-acetonitrile mixtures had 

solubility parameters greater than that of the stationary phase, and 

they were therefore consi dered to be IIreverse-phasell mobil e phases. 

Determination of Solute Retention Volumes 

0.001-0.1% w/v solutions, in the case of solid solutes, or v/v 

solutions in the case of liquid solutes, were prepared for injection. 

The solutes were dissolved in one of the components of the mobile phase 

to be used, and the particular solute concentrations were chosen to 

obtain the desired detector response. After the column was equilibrated 

with the desired mobile phase, a 10 microliter sample of each of the 

solutes was injected, and its chromatogram and retention time were 

recorded on the recorder and integrator, respectively. The retention 



volume was then calculated by taking the product of the retention time 

and the mobile phase flow rate. Each solute for each mobile phase was 

injected in triplicate; the retention volume reported was the average 

of the three injections. The mobile phase volume was likewise deter-

mined from triplicate injections on one component of the mobile phase; 

for pure mobile phases, either chloroform or air was injected. The 

capacity factor k' for each solute was calculated using the following 

equation: 

k' (3-1 ) 

where VR and Vm are the solute retention volume and the mobile phase 

volume, respectively. After a series of solutes had been chromato-

graphed using a particular mobile phase, a new mobile phase was selec-

ted, the column equilibrated, and the entire procedure repeated. 

Determination of Batch Distribution Constants 

The distribution constant K is generally defined as the ratio 

of the concentration of the solute in the organic phase to the concen-

tration of the solute in the aqueous phase, assuming that there are no 

chemical interactions other than solvation occurring in either phase. 

In the case of chromatographic measurements, the organic and aqueous 

phases are replaced by the stationary and mobile phases, respectively. 

Distribution constants must be determined outside the column. 

These can be determined by allowing a known amount of a solute to 

equilibrate with Q known amount of the polystyrene beads. The concen-
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tration of the solute in the liquid phase after equilibration is meas

ured, and the difference between the initial and final solute concen-

trations is a measure of the amount of the solute sorbed onto the 
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beads. The distribution constant is then calculated by taking the ratio 

of the concentration of the solute on the beads to the equilibrium 

concentration of the solute in the liquid phase. 

o-Nitroaniline is highly colored, and was chosen as a suitable 

solute for determining batch distribution constants. (For a further 

discussion on the choice of o-nitroaniline, see section in Chapter 4, 

Distribution Constants for o-Nitroaniline.) The equilibrium concentra

tion of the solute in the liquid phase was determined spectrophotomet-

rically from suitable calibration curves. The Beer's law curves were 

prepared as follows. A 0.002% w/v solution of o-nitroaniline was 

prepared by dissolving 2 mg of o-nitroaniline in isooctane in a 100 ml 

volumetric flask. The visible spectrum of this solution was run on a 

Cary 15 recording spectrophotometer, using isooctane as the blank. The 

spectrum showed a peak between 370-380 nm. The peak maximum was then 

identified as 377 nm using a Gilford Model 24 single-beam spectrophoto-

meter. All subsequent measurements of the absorbance of o-nitroaniline 

solutions were run at 377 nm using the Gilford spectrophotometer. To 

prepare the actual calibration curves, an approximately 2 x 10-3M stock 

solution of o-nitroaniline in each of the pure solvents was prepared by 

weighing out approximately 0.03 gm of o-nitroaniline (m.w. 138.13 

gm/mole) on an analytical balance and dissolving it with the desired 

solvent in a 100 ml volumetric flask. A series of standards was prepared 
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by diluting the stock solution. The exact concentrations of the stan

dards were calculated, and their absorbance values were measured. A plot 

of absorbance vs. concentration was prepared, and the molar absorptivity 

(slope) for o-nitroaniline in each solvent was calculated from a linear 

least-squares analysis of the line. The equilibrium concentration of 

o-nitroaniline in a sample was calculated from its absorbance through 

the use of Beer's law. 

Values for the distribution constant K were determined as 

follows. For each solvent used, a set of vials was prepared, each con

taining a weighed amount of polystyrene beads (approximately 0.5 gm). 

A set of standard solutions of o-nitroaniline in the desired solvent 

was prepared, covering the concentration range of 1 x 10-4 to 1 x 10-3M. 

5.0 ml of each standard solution was pipetted into an individual vial. 

The vials were then stoppered and shaken on a wrist-action shaker for 

30 minutes. An equilibrium shaking time study found that equilibrium 

was reached in 10 minutes in all the solvents. A blank containing only 

the beads and 5.0 ml of the desired solvent was prepared similarly. 

After shaking, the absorbance of the organic phase was measured, and its 

concentration was calculated from the appropriate calibration curve as 

described above. The change in concentration of the organic phase before 

and after shaking was calculated, and the number of moles of o-nitroani

line sorbed on the beads was calculated by multiplying the change in 

concentration (in moles/liter) times 0.005 liters (the volume of the 

organic phase). Plots of moles of o-nitroaniline sorbed per gram of 

beads vs. the equilibrium concentration of o-nitroaniline in the organic 



phase were prepared for each solvent used. The value of K in each 

solvent can then be determined from the slope of the proper graph. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

Distribution Constants for o-Nitroaniline 

In order to begin to describe the retention mechanism occurring 

on the polystyrene stationary phase, it is necessary to gain a better 

understanding of the chromatographic behavior of the polystyrene. If 

the polystyrene behaves as a liquid, liquid-liquid partition chromato

graphy should occur in the column. In this case, the parameters which 

describe the partitioning of a solute in solvent extraction should be 

directly applicable to the column processes. If, on the other hand, the 

ploystyrene behaves as a solid, then the chromatographic processes could 

be better described in terms of adsorption chromatography. 

The distribution constant K describes how a solute distributes 

itself between the stationary and mobile phases. As described in the 

Introduction, K can be related to the retention volume VR for either 

liquid-liquid or liquid-solid chromatography: 

for LLC: v = V + KV R m s (4-la) 

for LSC: (4-lb) 

K cannot be directly measured on a column, but can be determined in a 

batch mode. Once values for K have been determined, they can be substi

tuted, along with values for VR and Vm, back into Equations (4-la) and 
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(4-lb), and values for Vs and Ws can be determined. If the calculated 

values for Vs agree with the experimental values, liquid-liquid 

partitioning may be assumed. Likewise, liquid-solid adsorption may be 

assumed if good agreement results between the calculated and experi

mental values of Ws' 

All of the solutes used in this study absorb at 254 nm, and it 

should therefore be possible to measure the equilibrium concentrations 
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of the solutes spectrophotometrically. A preliminary trial was performed 

.by shaking a small quantity of beads with a chloroform solution of chlo

robenzene. After shaking, instead of decreasing as expected, the absor

bance of the chlorobenzene solution was actually ten times greater than 

it was before shaking. A second test was performed without using 

chlorobenzene, and the absorbance of the chloroform solution increased 

from 0.281 A.U. before shaking to 0.520 A.U. after shaking. This indi

cated that the chloroform was either dissolving the beads themselves or 

perhaps dissolving some unreacted monomel' remaining from the manufacturing 

process. One other test was performed in an attempt to i.solate the 

problem. A column was packed with some beads and was washed with chloro

form. The absorbance of the chloroform leaving the column was monitored 

at 254 nm. The absorbance was initially high, as expected, but after 

approximately 500 mls of chloroform were passed through the column, 

the absorbance of the effluent matched the absorbance of the chloroform 

entering the column. Any unreacted monomer should have been removed 

from the beads at this point. The column was then unpacked, and the 

beads l'.Jere allowed to air-dry overnight. A 0.500 gm sample of the washed 
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beads was then shaken with some chloroform, and again, the absorbance 

increased from 0.281 to 0.480. This would indicate that the chloroform . 
was actually dissolving a small amount of the beads. Similar results 

were obtained with methanol. 

Since the material in the beads that is being dissolved by the 

solvents is UV active, spectrophotometric measurements of the distribu-

tion constant had to be performed in the visible region. o-Nitroaniline 

was the only solute studied that exhibited a suitable spectrum in the 

visible region. This compound was thus the only solute whose distribu-

tion constants could be measured. In order to determine the equilibrium 

solute concentration in the organic phase, calibration curves for 

o-nitroaniline in each of the pure mobile phases were prepared. Each 

calibration curve showed good linearity over the range studied. The 

molar absorptivities and correlation coefficients for each calibration 

curve are shown in Table 4-1. 

Table 4-1. o-Nitroaniline calibration curves. 

Molar Correlation 
Solvent Absorptivity V-Intercept Coefficient 

Isooctane 4.228 x 103 0.1370 0.999 

Chloroform 4.197 x 103 0.0422 0.999 

Methanol 3.672 x 103 0.0499 0.999 

Ethanol 3.528 x 103 0.0923 0.999 

Acetonitril e 3.691 x 103 0.0701 0.999 
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After equilibrating a known amount of solute with a known weight 

of the polystyrene beads, the number of moles of solute sorbed on the 

beads is calculated, along with the equilibrium concentration of solute 

in the organic phase. A plot of moles of o-nitroaniline sorbed per gram 

of beads vs. equilibrium concentration of o-nitroaniline in the organic 

phase is made, and the slope of the resulting line is equal to K. 

Figure 4-1 is such a plot, and is typical of the results obtained for 

the other organic solvents. 

The thermodynamic distribution constant, as described by Freiser 

and Fernando [139J, is a unitless quantity. The thermodynamic distribu-

tion constant can be related to the chromatographic distribution constant 

by defining suitable standard states [140J. In the distribution experi-

ments described here, the standard state for the solute is an infinitely 

dilute solution. For the polystyrene beads, the standard state is an 

infinitely dilute solution of solute sorbed onto the beads. Defined in 

this way, the chromatographic distribution constant may be described in 

terms of (moles solute/gm beads)/(moles solute/ml solvent) = (mls solvent/ 

gm beads). Table 4-2 lists the values for the chromatographic distri

bution constants thus obtained. Since the chromatographic distribution 

constant has been defined in terms of liquid-solid chromatography, 

Equation (4-1) should be written as 

VR = V + KW m s (4-2) 

where W equals the weight of the stationary phase. Equation (4-2) can s 

be used to check the applicability of the batch K values to the chromato-
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Figure 4-1. Distribution of o-nitroaniline between methanol and 
0814 beads. 



Table 4-2. Distribution constant (K) values for o-nitroaniline. 

Correlation 
Solvent K (ml s solvent/gms beads) Coeffi ci ent 

Isooctane 84.85 0.991 

Chloroform 0.6088 0.992 

r·1ethanol 2.479 0.994 

Ethanol 2.194 0.984 

Acetonitrile 0.6405 0.995 

graphic data for o-nitroaniline. Equation (4-2) can be rearranged to 

solve for Hs: 

v - V R m 
K 

(4-3) 

Substituting the chromatographic values for VR and Vm, and the batch K 

values into Equation (4-3) should give the value for the weight of the 

stationary phase in the column. These results are summarized in Table 

4-3. The actual weight of the column packing was 0.41 gms, so the 
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results in Table 4-3 show reasonably good internal agreement. The excep

tion to this is chloroform, which showed a much lower calculated station-

ary phase weight than was actually present. Nearly all of the solutes 

had exceptionally small retention volumes when chloroform was used as 

the mobile phase, so the behavior of o-nitroaniline as described in 

Table 4-3 is not anomalous. The predicted value for the net retention 

volume for o-nitroaniline when using chloroform as the mobile phase 



Table 4-3. Predicted stationary phase weights from chromatographic 
data. 
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VR - Vm (mls) ~J 
VR - Vm 

Solvent = (gms) s K 

Isooctane > 20 >0.20 

Chloroform 0.02 0.033 

Methanol 0.98 0.40 

Ethanol 1.08 0.50 

Acetonitrile 0.37 0.58 

(found by multiplying the batch distribution constant times the station

ary phase weight) is 0.24. This value is ten times the actual value of 

0.02, indicating that the batch distribution constant is larger than the 

value for the column itself. One possibility for the difference may lie 

in the respective equilibria. The solubility parameter of chloroform 

(9.2) is nearly identical to that of the beads (9.1), which indicates 

that chloroform has a strong affinity for the beads. Due to the simi

larity between the chloroform mobile phase and the polystyrene stationary 

phase, there is little tendency for a solute molecule to distribute into 

the stationary phase. As a result, solute retention volumes are very 

small. In the batch experiments, however, the shaking times were suffi-

ciently long to allow for some partitioning of the o-nitroaniline to 

occur, resulting in the somewhat-larger-than-expected distribution 

constant. 
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The results shown in Table 4-3 illustrate an important point. 

For solvents that do not appreciably wet the stationary phase, the 

polystyrene retains a more "solid-like" character. For solvents that 

do wet the polystyrene, it behaves much more like a liquid. The chroma-

tographic distribution processes, nevertheless, may accurately be 

described in terms of liquid-liquid chromatography. This phenomenon will 

be discussed in more detail with the chromatographic results. 

Chromatographic Behavior of Polycyclic 
Aromatic Hydrocarbons 

The first class of compounds chosen for study was the polycyclic 

aromatic hydrocarbons (PAH). There were several reasons why these com-

pounds were chosen initially. The PAH solutes absorb light in the UV 

region, making their detection possible with the use of a UV detector. 

The Polymerpak material may be suitable for separating and identifying 

compounds of environmental interest. The PAH compounds are representa-

tive of that category, and the successful use of the Polymerpak material 

on these compounds would indicate the potential applicability of this 

stationary phase for envi~onmental analysis. Most importantly, the PAH 

compounds should undergo mostly non-specific interactions with the 

stationary and mobile phases. In order to develop a general picture of 

retention on the polystyrene packing, it is first necessary to under-

stand how the retention of a solute changes as the composition of the 

mobile phase is altered. The chromatographic behavior of the PAH com

pounds will be studied using various mobile phases. The composition of 

the mobile phases will be varied in order to systematically alter the 



various modes of interaction. Since the solutes will be undergoing 

primarily non-specific interactions, it may be easier to elucidate the 

retention mechanism occurring in the solute-mobile phase-stationary 

phase system. 
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Figure 4-2 is a plot of log k' for each solute vs. mobile phase 

solubility parameter for the isooctane:chloroform mobile phases. Each 

solute exhibits a linear relationship between log k' and solubility 

parameter. A comparison between Figure 4-2 and Table 3-1 shows that the 

elution order of the solutes is not the same as would be predicted based 

upon their solubility parameters, viz., phenanthrene would be predicted 

to elute before naphthalene. This indicates that some mechanism other 

than strictly solubility parameter is at play in determining the distri

bution, and hence the elution, of these solutes. 

In size exclusion chromatography (SEC) using polystyrene packings, 

the packing material is often considered to be a gel. SEC packings have 

a low percentage cross-linking [141J, which results in a gel-like 

material. Shodex D814 packing has a much higher percentage cross-linking 

[76J, and hence should probably be considered as a solid rather than as 

a gel or liquid. 

Karger, Snyder and Horvath [142J indicate that in LSC the 

adsorbent surface is covered by a monolayer of mobile phase molecules. 

In order for a solute molecule to be adsorbed onto the stationary phase, 

it must first displace a certain number of mobile phase molecules. In 

a sense, then, the solute and solvent molecules are in competition for 

the stationary phase. The forces involved in the competition can be 
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Figure 4-2. Log (capacity factor)-solubility parameter relation
ship for aromatics using isooctane-chloroform. -
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divided into two broad categories: (l) dispersive or non-specific forces, 

and (2) specific forces, such as induction, electrostatic interactions, 

and hydrogen bonding [143J. 

Karger's description of LSC assumes that the support upon which 

the monolayer of stationary phase is adsorbed is a solid, uniform sphere. 

It is likely, however, that in the case of porous polystyrene beads the 

situation is somewhat different. Pietrzyk [144J has shown that XAD resin 

and a polystyrene resin with 8% divinylbenzene cross-linking (P-8D) have 

large and selective sorption of organic solvents. For the P-8D resin, 

for example, he found that 0.050 grams of methanol per gram of resin 

were sorbed,. while the sorption of chloroform was 1.40 grams per gram of 

resin. The table below summarizes Pietrzyk's results. As Table 4-4 

Table 4-4. Sorption of solvents by P-8D resin (from Pietrzyk [144J). 

Solvent Uptake (gm solvent/gm resin) Solubility Parameter 

Hater 0.054 21 
Methanol 0.050 14.5 

Ethanol 0.062 12.7 
Acetonitrile 0.171 11.9 

Chloroform 1.400 9.1 

Benzene 0.724 9.2 

Hexane 0.015 7.3 

Cyclohexane 0.005 8.2 

P-8D Resin 9.2 

shows, the resin preferentially sorbs solvents that are chemically 

similar to it. Of all the solvents studied, chloroform was sorbed to 
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the greatest extent. This indicates that chloroform has a much greater 

affinity for the resin than the other solvents studied. This fact may 

help to explain the chromatographic results obtained when chloroform 

was present in the mobile phase. Since chloroform has such a high 

affinity for the resin, it effectively prevents other solutes from inter

acting with the resin, resulting in shorter retention times. This is 

likely to be the case even when chloroform is present in the mobile 

phase as part of a mixture. Although Pietrzyk did not measure the 

sorption from solvent mixtures, others have shown that one component in 

the mobile phase can be selectively sorbed Dy the stationary phase. 

Tilly-Melin et al. [145] found that C1S-coated silica would selectively 

sorb acetonitrile from acetonitrile-water mobile phases. McCormick and 

Karger [146] also found a similar effect on C1S when using methanol

tetrahydrofuran and acetonitrile-tetrahydrofuran mobile phase mixtures. 

Figure 4-3 is also a plot of log k' for benzene and naphthalene 

vs. mobile phase solubility parameter for the isooctane:ethanol mobile 

phases (phenanthrene and pyrene did not elute with these mobile phases). 

For both solutes there is a linear relationship between log k' and solu

bility parameter; however, as the graph and Table 4-5 (below) show, the 

value for log k' remains essentially constant for each mobile phase. 

The k' values for each of the four solutes using isooctane-ethanol mobile 

phases are larger than the corresponding values for the isooctane

chloroform mobile phases. This indicates that the solutes have a lower 

affinity for the stationary phase when chloroform is in the mobile phase. 

In other words, the stationary phase preferentially sorbs chloroform, 



.50 

.. 3D 

~ ,,10 
g, 
o 

....IJ 

-.01 

-.30 

2 

• 
------------!1 

• 

7.5 B.O 8.5 9.0 9.5 
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Table 4-5. Log k' for benzene and naphthalene as a function of 
isooctane:ethanol ratio. 

Isooctane:Ethanol Log k' 
Ratio Benzene Naphthalene 

100:0 -0.28 0.70 

91: 9 -0.29 0.40 

82 :18 -0.23 0.40 

72:28 -0.32 0.40 

63:37 -0.26 0.39 

0:100 -0.25 0.59 
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forming a layer which prevents the solutes from interacting with the 

surface of the beads. This is consistent with the results obtained when 

measuring the batch distribution constants. 

The elution order of the solutes is a function of their molecular 

areas (As). As values for unsubstituted aromatic hydrocarbons of the 

formula CcHh can be calculated using the formula [147J: 

As = 6 + 0.8 (h-6) + 0.25 (c-h) (4-4) 

As is an arbitrary scale to conveniently measure the relative areas of 

molecules, and is related to their actual areas by the factor 8.5 a2 per 

unit of As [148J. 

The relative retention volumes for the four solutes were benzene 

< naphthalene < phenanthrene < pyrene. Table 4-6 below lists the molec

ular areas for the four solutes. As Table 4-6 shows, the retention 
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Table 4-6. Solute molecular areas. 

Solute A s 
02 
A 

Benzene (C6H6) 6 51 

Naphthalene (C'OHS) 8.1 69 

Phenanthrene (C14H10 ) 10.2 87 

Pyrene (C16H10 ) 10.7 91 

volume increases as the molecular size increases. Based on the size of 

the molecules. the chromatographic behavior of benzene. naphthalene. and 

phenanthrene would be predicted to differ significantly. while the 

behavior of phenanthrene and pyrene would be predicted to be very simi-

lar. Figures 4-2 and 4-3 show this to be the case. In all of the mobile 

phases used, phenanthrene and pyrene exhibited essentially the same 

behavior, which in turn differed from that of benzene and naphthalene. 

Since the elution order correlates with size, the forces involved in the 

interaction between the stationary phase and the solutes are non-specific 

forces. These non-specific forces are likely to be n-electron system 

interactions between the solutes and the styrene-divinylbenzene matrix 

[149J. If this is indeed the case, it would be of interest to calculate 

the n-electron densities in each of these compounds. The n-electron 

densities for the polycyclic aromatic hydrocarbons studied here were 

calculated according to Pullman and Pullman [150J, using the data com

piled by Coulson and Streitwieser [151J. In each case, the n-electron 
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density was found to be unity, in agreement with the predictions of 

Pullman and Pullman. These results indicate that for the polycyclic 

aromatic hydrocarbons, the TI-electrons are uniformly distributed through

out the molecule, and that the retention of these solutes is a function 

of the non-specific TI-interactions occurring between the solute and 

stationary phase. This pOint is illustrated more dramatically by exami

ning the dispersion solubility parameter values for the mobile phases 

listed in Table 3-1. 

As the value of the dispersion component approaches that of the 

beads (assumed to be 9.1), the mobile phase should interact to a greater 

extent with the beads. As a result, the interaction between the beads 

and any solute injected onto the column will decrease, resulting in a 

shorter retention volume. Table 3-1 and Figure 4-2 show this to be the 

case for the isooctane-chloroform mobile phases. As the amount of 

chloroform in the mobile phase is increased, there is a greater interac

tion with the beads, and the retention volumes of the various solutes 

are reduced. On the other hand, as Table 3-1 shows, the dispersion 

component for each isooctane-ethanol mobile phase remains essentially 

constant, despite the fact that the composition of the mobile phase has 

been changed from one pure component to another. As a result, the 

retention volumes of the solutes remain essentially constant as the 

mobile phase composition is changed (Figure 4-3). Table 3-1 also indi

cates why the retention volumes are greater for the isooctane-ethanol 

mobile phases. For mobile phases that have the same overall solubility 

parameter, the isooctane-chloroform mobile phases have higher cd values 
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than the corresponding isooctane-ethanol mobile phases. This means, of 

course, that the solutes cannot interact as well with the beads when the 

isooctane-chloroform mobile phases are being used, and their retention 

volumes are therefore reduced. 

Similar results were obtained when using the column in the 

reverse phase mode. Figures 4-4 and 4-5 are plots of log k' vs. mobile 

phase solubility parameter for the mobile phases used in the reverse

phase mode. The elution order for these solutes is again identical to 

that found for the normal phase mode, viz., benzene, naphthalene, phenan

threne, and pyrene. If the separatiol mechanism were a true reverse 

phase mechanism, the elution order should be the reverse of what was 

observed. This supports the conclusion that the interactions involved 

in the separation are non-specific, and that the elution order is a 

function of the size of the molecule. 

Mori [68J. using a similar polystyrene support, found that the 

polycyclic aromatic hydrocarbons had the same elution order in both 

normal and reverse phase modes. If the primary factor affecting the 

retention behavior of the four solutes is dispersion interactions, it 

would be interesting to look at the dispersion component of the various 

mobile phases used. 

Figures 4-6 and 4-7 are plots of log k' vs. the mobile phase 

dispersion solubility parameter. Figures 4-6 and 4-7 are remarkably 

similar to Figure 4-2. The slopes of the lines increase when going from 

benzene to pyrene, with phenanthrene and pyrene showing nearly identical 

chromatographic benavior. This is identical to Figure 4-2, in which the 
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solutes were run using a normal phase mobile phase. Table 4-7 lists the 

linear least squares correlation coefficient for each of the lines in 

Figures 4-6 and 4-7. As Table 4-7 shows, all of the solutes show very 

Table 4-7. Log k' vs. dispersion solubility parameter correlation 
coefficients for chloroform-methanol and chloroform
acetonitrile mobile phases. 

Mobile Phase 

CHC1 3:MeOH 

CHC1 3:CH3CN 

Benzene 

0.98 

0.98 

Correlation Coefficient 

Naphthalene 

0.98 

0.99 

Phenanthrene 

0.94 

0.96 

good correlation with the dispersion solubility parameter. 

Pyrene 

0.99 

0.99 

Although the overall mobile phase would be considered to be 

reverse phase, it is apparent that dispersion interactions determine the 

relative elution order and retention volumes of the solutes. Thus, for 

the polycyclic aromatic hydrocarbons, the larger the molecule the greater 

its retention volume, regardless of the particular mobile phase being used. 

The relationship between the retention volume and molecular size 

is further illustrated in Figure 4-8 and Table 4-8. Figure 4-8 is a 

plot of log k' vs. the number of carbon atoms in the four PAH compounds 

studied, using acetonitrile as the mobile phase. Table 4-8 summarizes 

the data and gives the correlation coefficient for the line in Figure 

4-8. 

As the data show, there is a linear relationship between log k' 

and the number of carbon atoms. When pure ethanol, methanol, and 
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Tabl e 4-8. Log k' for benzene, naphthalene, phenanthrene, and pyrene 
with acetonitrile mobile phase. 

Log k I 
Correlation 

Benzene Naphthalene Phenanthrene Pyrene Coefficient 

-0.49 -0.05 0.36 0.60 0.999 

acetonitrile were used as mobile phases, phenanthrene and pyrene did not 
, 

elute from the column. Presumably, however, a similar linear relation-

ship would also exist when these mobile phases were used instead of 

acetonitrile. The nature of this relationship may be described by 

log k' = a + bNc (4-5) 

where Nc represents the number of carbon atoms in the molecule, and 

where a and b are experimentally determined constants. Equation (4-5) 

in a sense describes the effect on retention of adding an aromatic 

carbon to a compound. If it were possible to build an aromatic compound 

carbon by carbon, the b term in Equation (4-5) indicates the contribution 

to log k' from that additional carbon atom. For acetonitrile, the value 

of b is 0.108 log units. In a more general way, the a term, which has 

a value of -1.14 for acetonitrile,is a function of the stationary 

phase, while b is a function of both the mobile phase and the solute. 

Since a is a function of the stationary phase, its value would be 

expected to remain relatively constant regardless of the mobile phase 

used. This indeed is the case, as will be seen later. On the other 

hand, the value of b should vary with the mobile phase. This term 



represents the ability of the solute to compete with the mobile phase 

for sites on the stationary phase; the smaller the value of b, the 

less tightly bound is the solute. 

When pure chloroform was used as the mobile phase, all of the 
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solutes studied had very small retention volumes, indicating that chloro-

form has a very high affinity for the stationary phase. Curve 1 in 

Figure 4-9 is a plot of log k' vs. the number of carbon atoms when using 

chloroform as the mobile phase. As curve 1 shows, there is very little 

correlation between log k' and the number of carbon atoms when chloro-

form is used as the mobile phase. The slope of the curve is nearly 

zero, indicating that chloroform itself has a very strong affinity for 

the stationary phase. Curves 2-5 show the data obtained as the percent 

chloroform in the mobile phase is decreased from 75% to 15%. Table 4-9 

summarizes the data shown in Figure 4-9. The values for a and b were 

obtained from linear least-squares regression analysis. 

Tabl e 4-9. Val ues for a and b in Equation (4-5) for isooctane-
chloroform mobil e phases. 

Isooctane:CHC1 3 Correlation 
Ratio a b Coefficient 

85:15 -1.667 0.130 0.987 

75:25 -1 .562 0.102 0.992 

50:50 -1 .354 0.0553 0.996 

25:75 ,-1 .330 0.0311 0.990 

0:100 -1 .71 9 0.00559 ( No Correlation) 
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Similar results were obtained when using chloroform-methanol 

mobile phases. Figure 4-10 is a plot of log k' vs. number of carbon 

atoms for the PAH compounds when using chloroform-methanol phases. Once 

again, as the percentage of chloroform in the mobile phase is decreased, 

the slope of the curve increases, indicating that the solute has a 

greater and greater affinity for the stationary phase. Table 4-10 sum-

marizes the data shown in Figure 4-10. 

Table 4-10. Values for a and b in Equation (4-5) for chloroform
methanol mobile phases. 

Chloroform:MeOH Correl ation 
Ratio a b Coefficient 

90: 10 -1 .214 0.0181 0.998 

75:25 -1.324 0.0386 0.996 

50:50 -1 .424 0.0814 0.997 

25:75 -1.279 0.1200 0.999 

The values of a for both sets of mobile phases remained relatively 

constant. This indicates that the term a represents some property of 

the stationary phase that is reasonably independent of the mobile phase 

used. The actual distribution of a solute between the mobile and 

stationary phases is not independent of the mobile phase used. The 

curves in Figures 4-9 and 4-10 that correspond to the same percentage 

chloroform in the mobile phase are not quite superimposable. This indi

cates that the second component in the mobile phase plays a part in the 
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distribution process, since k' is not dependent solely upon the per

centage chloroform in the mobile phase. This is further shown in 
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Figure 4-11. Figure 4-11 is a plot of the slope (i.e., term b in Tables 

4-9 and 4-10) of each curve in Figures 4-10 and 4-11 vs. the percentage 

chloroform in the mobile phase. If the distribution of a solute depen

ded only upon the percentage chloroform in the mobile phase, the two 

curves in Figure 4-11 should be superimposed. Although the two curves 

are very similar, the difference between them is due to the fact that 

isooctane and methanol do not interact to the same extent with the 

stationary phase. Thus, the distribution of a solute depends not only 

upon the amount of chloroform in the mobile phase, but also upon the 

nature of the second component in the mobile phase. 

These results indicate that the distribution processes involved 

in the 0-814 beads cannot simply be described as purely liquid-liquid 

or liquid-solid chromatography. When pure solvents such as isooctane, 

ethanol, methanol, or acetonitrile, which do not have strong affinities 

for the beads, are used as mobile phases, the beads act more as a solid. 

The chromatographic behavior of solutes using these mobile phases may be 

further described in terms of liquid-solid chromatography. When chloro

form is used as the mobile phase, the chloroform has such a strong 

affinity for the beads that it essentially excludes solutes from inter

acting with the beads. When solvent mixtures containing chloroform are 

used as mobile phases, the effect of the chloroform is related to its 

proportion in the mobile phase. The presence of chloroform results in 
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a separation mechanism that is some type of combination of both liquid-

liquid and liquid-solid chromatography. 

Chromatographic Behavior of Aliphatic 
Substituted Benzenes 

It was shown in the previous section that the polycyclic aromatic 

hydrocarbon compounds interact with and are retained by the stationary 

phase due to a combination of two effects: n-electron interactions, and 

the size of the solute. In the case of the PAH compounds, these two 

effects may be one in the same. As the size of a PAH compound increases, 

the number of n-electrons also increases. In order to separate the 

effects of the~e two factors, it is therefore necessary to increase the 

size of the molecule, while at the same time leaving the n-electron 

system of the molecule unchanged. The easiest way to accomplish this 

is by adding aliphatic side-chain substituents to benzene. The series 

of molecules, benzene, toluene, ethyl benzene, n-propylbenzene, 

n-butylbenzene, and isopropyl benzene, was chosen to study the effect 

of increasing molecular size on retention. In this series of compounds, 

of course, the size of each molecule is different, while the parent 

benzene ring is left with its n-electron system unchanged. Any differ-

ences in retention within this group of compounds can therefore be 

ascribed to size effects. 

The size of a molecule has been found in some cases to influence 

its retention volume. This is particularly true when working with a 

homologous seri es. A strai ght-1 i ne rel ationshi p was found to exi st in gas 

chromatography between the log of the retention volume and the carbon 
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number in a homologous series [124, 152]. This same effect has also 

been observed in some liquid chromatographic systems [130, 153]. 

Increasing the size of an aromatic compound by adding aliphatic substi

tuents, however, does not seem to have as great an effect on retention 

as in the case with a homologous series. Mourey et al. [154] studied 

the separation of polyaromatic hydrocarbons on microparticulate pyrroli

done in both the normal and reverse phase modes. They found very little 

change in retention upon the addition of alkyl sUbstituents to the parent 

ring. They attributed this to the fact that adding alkyl substituents 

should change the electronic character of the aromatic system only 

slightly. Popl and co-workers have studied the adsorptivity of aromatic 

hydrocarbons on both alumina [155] and silica gel [156]. For both 

stationary phases, they found an increase in retention only when methyl 

or ethyl substituents were added to the parent aromatic compound. When 

propyl or large alkyl groups were added, the retention of the substi

tuted compound was found to be identical to that of the parent compound. 

The results obtained for the six solutes studied here are consistent 

with the results reported immediately above. 

Table 4-11 and Figures 4-12 and 4-13 show the results obtained for 

the six solutes when operating the column in the normal phase mode. 

(n-propylbenzene, n-butylbenzene and cumene exhibited essentially iden

tical chromatographic behavior; therefore, only the results for 

n-propylbenzene were plotted.) An examination of Figure 4-12 would 

indicate that a good separation of benzene, toluene, and ethyl benzene 

should be possible. However, since Figures 4-12 and 4-13 are plots of 
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Table 4-11. LO) k' values for benzene (B), toluene (T), ethyl benzene 
(E , n-propyl benzene (n-PB), n-butyl benzene (n-BB), 
and cumene (C) with isooctane-chloroform and isooctane-
ethanol mobil e phases. 

Log k I 

Mobil e Phase B T E n-PB n-BB C 

Iso:CHC1 3 -
100: 0 -0.28 0.08 -0.07 -0.22 -0.21 -0.47 
85: 15 -0.96 -0.88 -0.99 -0.89 -0.89 -0.92 
75:25 -1.00 -1.10 -1 .15 -0.82 -0.85 -0.89 
50:50 -1.04 -1.15 -1.30 -2.00 -1.70 -2.00 
25:75 -1 .15 -1.40 -2.00 -1.70 -1.70 -2.00 
0: 100 -1.70 * * -1.50 -1.70 -1 .50 

Iso:EtOH 

100: 0 -0.28 0.08 -0.07 -0.22 -0.21 -0.47 
91 : 9 -0.29 -0.16 -0.30 -0.48 -0.48 -0.54 
82: 18 -0.23 -0.16 -0.29 -0.43 -0.42 -0.51 
72:28 -0.32 -0.16 -0.26 -0.43 -0.43 -0.51 

63:37 -0.26 -0.21 -0.30 -0.42 -0.41 -0.49 

0:100 -0.25 0.04 0.08 0.049 0.11 0.017 

* Eluted with void volume. 
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log k' rather than k', any differences in k' values for the various 

solutes tend to become exaggerated. In fact, the actual differences in 

k' for the solutes are very small, and within experimental error for 

this data. This is shown more clearly in Table 4-12, which lists the 

actual k' values for the solutes. As noted previously, n-propylbenzene, 

n-butylbenzene, and cumene have essentially the same retention on the 

column. With a few exceptions, the retention of these three solutes is 

essentially identical within experimental error, to that of benzene, 

toluen~, and ethyl benzene. Each of the six solutes, therefore, inter-

acts with the column in the same manner, despite the fact that the size 

of the aliphatic side-chain is increasing. 

The addition of a methyl group to the benzene ring to form toluene 

should increase the area of the molecule from 51 A2 to 57.5 A2 [147]. 

Since it has been shown that retention on 0814 beads is a function of 

size, the substituted aromatics would be expected to have longer reten-

tion times than benzene. The fact that the substituted compounds have 

essentially the same retention as benzene indicates that the major mode 

of interaction for these compounds must be through the benzene ring. 

Figure 4-14 illustrates two possible orientations for the substituted 

solutes on the surface of the stationary phase. In both Figure 4-14a 

and 4-14b, the aliphatic side-chain is shown extending away from the 

surface. This is not to suggest, however, that the side-chain does not 

interact with the stationary phase, bu~ only to emphasize that whatever 

its effect might be, its contribution to the overall retention process 

is small. The preferred configuration for the aromatic solutes is 
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Table 4-12. kl Values for benzene (B), toluene (T), ethy1benzene (E), 
n-propy1 benzene (n-PB), n-buty1 benzene (n-BB) and cumene 
(C) with isooctane-ch1oroform and isooctane-ethano1 mobile 
phases. 

kl 

Mobil e Phase B T E n-PB n-BB C 

Iso:CHC1 3 

100 :0 0.52 1.21 0.85 0.60 0.62 0.34 

85: 15 0.11 0.13 0.10 0.13 0.13 0.12 

75:25 0.10 0.08 0.07 0.15 0.14 0.13 

50:50 0.09 0.07 0.05 0.01 0.02 0.01 

25:75 0.07 0.04 0.01 0.02 0.02 0.01 

0: 100 0.02 0 0 0.03 0.02 0.03 

Iso:EtOH 

100:0 0.52 l.21 0.85 0.60 0.62 0.34 

91 : 9 0.51 0.69 0.50 0.33 0.33 0.29 

82: 18 0.58 0.69 0.52 0.37 0.38 0.31 

72 :28 0.47 0.69 0.55 0.37 0.37 0.31 

63:37 0.54 0.61 0.51 0.38 0.39 0.32 

0:100 0.56 l.09 l.20 1.12 1.29 l.04 
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probably that of Figure 4-14b; that is, with the benzene ring lying flat 

on the stationary phase. The observation that the aromatic group sorbs 

in a flat configuration is consistent with what is observed when other 

stationary phases are used [157J. This observation also supports the 

idea that the interaction between the solute and stationary phase occurs 

through the n-electron system. 

Since the chromatographic behavior of these solutes is identical 

to that of benzene, the comments made in the previous section also apply 

to these solutes. 

Table 4-13 and Figures 4-15 and 4-16 summarize the results 

obtained when the column was operated in the reverse phase mode. Once 

again, as the results show, all of the solutes exhibited behavior that 

was nearly identical to that of benzene. The comments made earlier for 

the polycyclic aromatic hydrocarbons also apply here. 

The results obtained with the aliphatic-substituted aromatics 

suggest that the D814 packing would be suitable for separating classes 

of compounds, but would not be suitable for separating individual com

pounds within classes. Figure 4-17 is a plot of retention volume vs. 

mobile phase solubility parameter for benzene, naphthalene, phenanthrene, 

and pyrene. The graph shows that mobile phases with solubility para

meters of either approximately 8 or 12 should be suitable for separating 

these four compounds. A 50:50 CHC1 3:MeOH mobile phase (0 = 11.8) was 

chosen, and Figure 4-18 is the chromatogram obtained when a mixture of 

the four solutes was injected. Baseline separation of the four solutes 
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Table 4-13. LO) k' values for benzene (8), toluene (T), ethyl benzene 
(E , n-propy1 benzene (n-PB), n-buty1 benzene (n-BB) and 
cumene (C) with chloroform-methanol and chloroform-
acetonitrile mobile phases. 

Log k I 

Mobil e Phase B T E n-PB n-BB C 

CHCl 3 : ~leOH 

100:0 -1.70 * * -1.50 -1 .70 -1.50 

90:10 -1 .10 -1 .00 -1.04 -1.70 -2.00 -1.70 

75:25 -1.10 -0.93 -0.92 -1.20 -1.20 -1 .20 

50:50 -0.96 -0.70 -0.84 -0.80 -0.80 -0.80 

25:75 -0.57 -0.55 -0.50 -0.49 -0.43 -0.58 

0:100 -0.06 -.003 0.06 0.10 0.22 0.040 

CHC1 3:CH3CN 

100:0 -1.70 * * -1 .50 -1.70 -1 .50 

82 :18 -1.30 -1.30 -1.40 -1.20 -1.20 -1.20 

52:48 -0.97 -0.89 -0.84 -0.74 -0.74 -0.74 

0:100 -0.49 -0.42 -0.34 -0.31 -0.24 -0.35 

* Eluted with void volume 
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Figure 4-15. Log (capacity factor)-solubility parameter relation
ship for aliphatic substituted benzenes using 
chloroform-methanol. -- (1) Benzene; (2) Toluene; 
(3) Ethylbenzene; and (4) n-Propylbenzene. 
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Figure 4-16. Log (capacity factor)-solubility parameter relation
ship for aliphatic sUbstituted benzenes using 
chloroform-acetonitrile. -- (l) Benzene; (2) Toluene; 
(3) Ethylbenzene; and (4) n-Propylbenzene. 
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Figure 4-17. Net retention volume-solubility parameter relation
ship for aromatics. -- (1) Benzene; (2) Naphthalene; 
(3) Phenanthrene; and (4) Pyrene. 
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Figure 4-18. Separation of polyaromatic hydrocarbons. -- Column: 
Polymerpak SP 500. Sample: 0.25% benzene; 0.01% 
naphthalene; 0.004% phenanthrene; and 0.003% pyrene 
in methanol. Mobile Phase: 50:50 CHC13:MeOH. Flow 
Rate: 1.0 ml/min. Detector: UV 254 nm 0.08 AUFS. 
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was obtained. On the other hand, a mixture of benzene, toluene, ethyl-

benzene, and n-propylbenzene did not separate, but instead gave one 

broad peak. 

Effect of Electron-Withdrawing Groups on 
the Chromatographic Behavior of Benzene 

It was shown previously that the addition of an aliphatic side

chain to the benzene molecule did not change the chromatographic behavior 

of the substituted compound relative to the parent compound. Since 

aliphatic side-chains would not be expected to modify the electronic 

configuration of benzene, it is not surprising that the chromatographic 

behavior of the substituted compollnds was identicRl to that of benzene. 

It was desired to see what effect, if any, other sUbstituent groups 

might have on the behavior of benzene. 

Electron-withdrawing groups are known to deactivate the benzene 

ring; that is, they slow down the rate of reaction of benzene by disrupt

ing its electronic configuration [158]. Compounds with electron

withdrawi~g substituents would there~re be expected to exhibit chromato

graphic behavior different from that of benzene. Chlorobenzene and 

nitrobenzene were chosen as representative compounds having electron-

withdrawing substituents. 

Figure 4-19 is a plot of net retention volume vs. mobile phase 

solubility parameter for the solutes benzene, chlorobenzene, and nitro-

benzene. It has been proposed that benzene interacts with the stationary 

phase through its n-electron system. If that is the case, these results 

are initially somewhat surprising, since the addition of an electron-
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Figure 4-19. Net retention volume-solubility parameter relation
ship for substituted benzenes. -- (1) Benzene; 
(2) Ch1orobenzene; and (3) Nitrobenzene. 
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withdrawing sUbstituent would be expected to disrupt the TI system, 

resulting in shorter retention times. Since the addition of the nitro 

and chloro groups, however, involves an electron system spread over the 

entire molecule, and not just the benzene ring itself, these results 

support the idea that the solutes distribute themselves because of an 

electronic interaction between the stationary phase and the solute. 

Coupled with this may be a small size component, since the molecular 

areas increase from benzene (51 ~2) to chlorobenzene (57 ~2) to nitro
Q2 benzene (62 A ) [147]. 

As the graph indicates, a mobile phase with solubility parameter 

equal to 7.3 should give the best separation. Figure 4-20 is the chro

matogram that was obtained using 85:15 isooctane-chloroform (8 = 7.3) as 

the mobile phase. Baseline separation of the three components was 

obtained in a reasonably short period of time. Extrapolation of the 

three curves in Figure 4-19 indicates that longer retention times would 

be expected as the mobile phase solubility parameter is decreased. 

Figure 4-21 shows that this is indeed the case. Pure pentane (8 = 7.0) 

was used as the mobile phase, and all of the retention volumes increased 

as expected. Figure 4-22 illustrates the effect of increasing the mobile 

phase solubility parameter; that is, shorter retention volumes would be 

expected, as was the case. If the separation obtained in Figure 4-20 is 

a function of mobile phase solubility parameter, changing the mobile phase 

components, while leaving the solubility parameter constant, should give 

a similar separation. Pentane, which is chemically similar to isooctane, 

but which has a different solubility parameter, was substituted for 
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Figure 4-20. Separation of benzene, chlorobenzene, and nitrobenzene 
using 85:15 isooctane:chloroform mobile phase. Column: 
polymerpak SP 500. Sample: Each 0.33% v/v in methanol. 
Mobile Phase: 85:15 isooctane:chloroform. Flow Rate: 
1.0 ml/min. Detector: UV 254 nm 0.32 AUFS. 



Figure 4-21. Separation of benzene, ch1orobenzene, nitrobenzene using 
pentane mobile phase. Column: Polymerpak SP 500. Sample: 
Each 0.33% v/v in methanol. Mobile Phase: 100:0 pentane: 
chloroform. Flow Rate: 1.0 ml/min. Detector: UV 254 nm 
0.32 AUFS. 
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Figure 4-22. Separation of benzene, chlorobenzene, and nitrobenzene 
using 85:15 pentane:chloroform mobile phase. Column: 
Polymerpak SP 500. Sample: Each 0.33% v/v in methanol. 
Mobile Phase: 85:15 pentane:chloroform. Flow Rate: 
1.0 ml/min. Detector: UV 254 nm 0.32 AUFS. 
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isooctane in Figure 4-23. The overall solubility parameter for the 

mobil e phase wa's hel d constant for both chromatograms, and as Fi gure 

91 

4-23 shows, the retention volumes for the three solutes are essentially 

unchanged when going from one mobile phase to the other. Figures 4-20 

to 4-23 as a group also illustrate the importance of the mobile phase 

composition on obtaining suitable separations--a small change in the 

mobile phase can have a large effect on the separation obtained. Table 

4-14 lists the net retention volumes obtained for the chromatograms 

shown in Figures 4-20 to 4-23. It was shown previously that log k' for 

Table 4-14. Mobile phase - net retention volume data for benzene, 
chlorobenzene, and nitrobenzene. -- I = Isooctane; C 
Chloroform; P = Pentane. 

Net Retention Volume (mls) 

t10bil e Phase °d Benzene Chlorobenzene Nitrobenzene 

85:15 I :C 7.3 2.2 3.6 10.0 

100 :0 P:C 7.1 l.8 4.2 22.0 

85:15 P:C 7.4 l.6 2.8 8.0 

89 :11 P:C 7.3 l.8 3.2 10.0 

benzene varied linearly with the mobile phase dispersion solubility para-

meter in both the normal and reverse phase modes. The same relationship 

was observed for chlorobenzene and nitrobenzene. Tables 4-15 to 4-18 

list the log k'-mobile phase dispersion solubility parameter data for 

benzene, chlorobenzene, and nitrobenzene obtained in both the normal and 
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Figure 4-23. Separation of benzene. chlorobenzene. and nitrobenzene 
using 89:11 pentane:chloroform mobile phase. Column: 
Polymerpak SP 500. Sample: Each 0.33% v/v in methanol. 
Mobile Phase: 89:11 pentane:chloroform. Flow Rate: 
1.0 ml/min. Detector: UV 254 nm 0.32 AUFS. 
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Table 4-15. Log k'-dispersion solubility parameter (Od) data for 
substituted benzenes using isooctane-chloroform mobile 
phases. 

Isooctane:CHC1 3 
Log k I 

Ratio °d Benzene Chlorobenzene Nitrobenzene 

85 :15 7.2 -0.96 -0.73 -0.34 
75:25 7.4 -1.00 -0.77 -0.52 
50:50 7.8 -1.04 -0.92 -0.89 
25:75 8.2 -1 .15 -1 .15 -1.32 

Correlation Coefficient 0.98 0.99 0.99 
y-Intercept 0.34 2.34 6.71 
Slope -0.18 -0.42 -0.98 

Table 4-16. Log k'-dispersion solubility parameter data for substi-
tuted benzenes using isooctane-ethanol mobile phases. 

Isooctane:EtOH Log k I 
<5 Ratio d Benzene Chlorobenzene Nitrobenzene 

100:0 7.0 -0.28 0.78 

91: 9 7.07 -0.29 -0.05 0.39 

82: 18 7.15 -0.23 -0.08 0.29 

72:28 7.2 -0.32 -0.05 0.22 

63:37 7.3 -0.26 -0.10 0.11 

0:100 7.8 -0.25 

Correl at; on Coeff"i ci ent 0.35 0.72 0.93 

Slope 0.039 -0.' 8 -2.05 

y-Intercept -0.56 1.25 '4.98 
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Table 4-17. Log k'-dispersion solubility parameter data for 
substituted benzenes using chloroform-methanol 
mobile phases. 

CHC1 3:MeOH Log k' 

Ratio °d Benzene Chlorobenzene Nitrobenzene 

100:0 8.6 -1.70 -1.70 
90:10 8.5 -1 .10 -0.92 -1 .10 
75:25 8.3 -1 .10 -0.90 -1 .10 
50:50 8.0 -0.96 -0.63 -0.87 
25:75 7.7 -0.57 -0.51 -0.63 

Correl ation Coefficient 0.89 0.83 0.97 

y-Intercept 6.93 7.64 4.12 

Slope -0.98 -1.04 -0.62 

Table 4-18. Log k'-dispersion solubility parameter data for 
substituted benzenes using chloroform-acetonitrile 
and acetonitrile-water mobile phases. 

CHC1 3:CH3CN Log k' 

Ratio °d Benzene Chlorobenzene Ni tro benzene 

100:0 8.6 -1.70 -1.70 
82:18 8.4 -'j .30 -1.15 -1.52 
52:48 8.1 -0.97 -0.84 -1 .10 
0:100 7.5 -0.49 -0.33 -0.62 

CH3CN:H2O Log k' 
Ratio °d Benzene Chlorobenzene Nitrobenzene 

90:10 7.4 -0.14 
85:15 7.3 -0.02 

89:11 7.3 -0.02 -0.33 
77:23 7.2 0.32 0.02 

Correlation Coeffi ci ent 0.98 0.98 0.98 

y-Intercept 8.56 9.10 8.10 
Slope -1 .18 -1.23 -1 .14 
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reverse-phase modes. The tables also include the correlation coeffi

cients, slopes, and y-intercepts of the corresponding plots of the data. 

Figure 4-24 is a plot of the data using isooctane-chloroform mobile 

phases, and is an exampl e of the shape of the graphs for the rest of the 

data. With the exception of benzene with the isooctane-ethanol mobile 

phases, all the solutes showed reasonably good linearity with the disper

sion solubility parameter. Thus, the behavior of each solute can be 

described by the equation 

log k' = (n) (od) + log k~ (4-6) 

where 

n = the slope of the line 

0d = the mobile phase dispersion solubility parameter 

k' = the value of log k' when the mobile phase dispersion o 

solubility parameter is zero. 

For benzene, log k' may be represented by: 

(4-7) 

where the subscript B represents the benzene molecule. 

For a substituted compound, log k' may be represented in an 

identical fashion: 

(4-8) 

where the subscript s represents the substituted molecule. 

Subtracting Equation (4-7) from (4-8) gives 
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Figure 4-24. Log (capacity factor)-dispersion solubility para
meter relationship for substituted benzenes using 
isooctane-chlorofol'nl. -- (1) Benzene; (2) Chloro
benzene; and (3) Nitrobenzene. 
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log k I - log kS (nsod - nBod) + log k' 1 og k~B s os 

(4-9a) 
or 

~log k' = (n s - nB)od + ~log k~ (4-9b) 

For a given dispersion solubility parameter, Equation (4-9b) can 

be used to calculate the change in the value of the capacity factor when 

going from benzene to a substituted compound. The change in log k' 

represents the effect of adding a sUbstituent group to benzene. The 

relevant data needed in Equation (4-9b) can be obtained from either the 

data tables or the figures. The following values for the dispersion 

solubility parameter will be used in Equation (4-9b): isooctane-

chloroform, 7.5; isooctane-ethanol, 7.2; chloroform-methanol, 8.2; 

chloroform-acetonitrile, 8.0. These values represent the approximate 

mean dispersion solubility parameter for the particular mobile phase 

used. Tables 4-19 and 4-20 show the ~log k' values calculated using 

Equation (4-9b). Tables 4-19 and 4-20 thus indicate the effect on log k' 

of adding a substituent to benzene. For example, when using an 

isooctane-chloroform mobile phase at the given dispersion solubility 

parameter, adding a chloro group to benzene increases the value of log k' 

by 0.20 units. Similar relationships can be drawn when using the other 

mobil e phases. 

These results again point out the complexity of the system. If 

the column were operating, in the strictest sense, in a normal phase 

mode, changing the mobile phase, but not its dispersion solubility 

parameter, should not drastically change the retention behavior 
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Table 4-19. blog k' data for chlorobenzene and nitrobenzene using 
normal phase mode mobile phases. 

Mobile Phase 
Components 

Isooctane-Chloroform 

Isooctane-Ethanol 

blog k I 

Chlorobenzene-Benzene Nitrobenzene-Benzene 

0.20 0.37 

0.20 0.49 

Table 4-20. blog k' data for chlorobenzene and nitrobenzene using 
reverse phase mode mobile phases. 

Nobile Phase 
Components 

Chloroform-Methanol 

Chloroform-Acetonitrile 

blog k I 

Chlorobenzene-Benzene Nitrobenzene-Benzene 

0.22 0.14 

0.14 -0.14 

98 
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of the indivicual solutes. The same is true for the reverse phase mode. 

Of the two solutes, chlorobenzene is the better behaved. Its log k' 

values remained fairly constant when changing mobile phases, while those 

of nitrobenzene differed dramatically. The results for nitrobenzene 

also follow what might be predicted intuitively. In the normal phase 

mode, nitrobenzene has relatively high values of log k'. In the reverse 

phase mode, it would be expected that these values would be much smaller, 

as is indeed the case. At the same time, however, the complexity of the 

system makes quantitative predictions very difficult. As the mobile 

phase is changed, the characteristics of the stationory phase must be 

changing simultaneously, resulting in a system that cannot be described 

in terms of strictly liquid-liquid or liquid-solid chromatography. 

Effect of Electron-Donating Groups on the 
Chromatographic Behavior of Benzene 

When an electron-withdrawing substituent is added to benzene, 

the chromatographic behavior of the new compound is altered relative to 

the behavior of benzene alone. The change in chromatographic behavior 

that results is ascribed to changes in the TI-electron system in the 

benzene ring. In order to study the generality of this effect, the 

chromatographic behavior of compounds containing electron-donating groups 

will be studied. Electron-donating groups should also affect the 

TI-electron system in benzene, resulting in altered chromatographic beha

vior. Compounds containing the hydroxyl group and the amine group were 

chosen as suitable classes of compounds containing electron-donating 

substituents. The effects of polysubstitution on chl~matographic 



behavior can also be conveniently studied using these classes of com

pounds. The data obtained with electron-donating groups will then be 

100 

used with that obtained with electron-withdrawing groups in an atte~pt 

to quantitatively predict the retention behavior of substituted benzene 

compounds. 

The hydroxyl group, OH, is considered to be an electron-donating 

group [159J. Phenol, C6H50H, was chosen as the model compound to study. 

In addition to phenol, three substituted phenols, catechol (1,2-

dihydroxybenzene), resorcinol (1 ,3-dihydroxybenzene), and hydroquinone 

(1 ,4-dihydroxybenzene), were studied to determine the effect of a second 

substituent group on the benzene ring. The results for these four com

pounds are presented in Tables 4-21 to 4-23; Figure 4-25 is typical of 

the plots of this data. Hydroquinone was not soluble in the mobile 

phases used in the normal phase mode, so data were obtained in this mode 

only for the other three compounds. 

Table 4-21. Log k'-dispersion solubility parameter data for phenols 
using isooctane-chloroform mobile phases. 

°d Phenol 

Log k I 

Catechol Resorcinol 

7.2 0.18 0.46 > 0.7 

7.4 -0.05 0.15 > 0.7 
7.8 -0.41 -0.36 0.16 

8.2 -0.75 -0.85 ··U.27 

Correlation Coefficient 0.99 0.99 (0.99) 

Slope -0.92 -1.30 (-1 .21) 

y-Intercept 6.78 9.78 (9.65) 



Table 4-22. Log k'-dispersion solubility parameter data for phenols 
using isooctane-ethanol mobile phases. 

cd Phenol 

7.0 -0.17 

7.07 -0.30 
7.15 -0.52 
7.2 -0.88 
7.3 -1.15 

Correlation Coefficient 0.98 

Slope -3.36 
y-Intercept 23.41 

* Not retained by column. 

Log 

Catechol 

-0.17 

-0.47 

-1.40 
-0.96 

-1.04 

0.97 

-2.99 
20.72 

k' 

Resorcinol 

-0.57 
-0.77 

-1.52 

* 
0.90 

-6.86 
48.03 

Table 4-23. Log k'-dispersion solubility parameter data for phenols 
using chloroform-acetonitrile and acetonitrile-water 
mobil e phases. 

Log k I 

101 

Cd Phenol Catechol Resorcinol Hydroquinone 

8.6 * * * * 
8.4 -1.52 -1.70 -1 .70 * 
8.1 -0.93 -1 .10 -1.20 * 
7.5 -0.71 -0.85 -0.89 -1.30 

7.4 -0.48 -0.37 * -0.89 

Correlation Coefficient 0.94 0.94 0.98 

Slope -0.88 -1.08 -0.87 

y-Intercept 5.96 7.48 5.65 

* Not retained by column. 
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Figure 4-25. Log (capacity factod-dispersion solubility para
meter relationship for phenols using isooctane
chloroform. -- (1) Phenol; (2) Catechol; and 
(3) Resorcinol. 



103 

The phenols exhibited interesting chromatographic behavior. 

The largest differences in retention volumes occurred when using 

isooctane-chloroform mobile phases. In these mobile phases, retention 

increased when going from phenol to catechol to resorcinol, Resorcinol 

is only slightly soluble in chloroform [160J, while phenol and catechol 

are soluble in this solvent. Solutes, such as resorcinol, that are 

slightly soluble in a given mobile phase would be strongly retained by 

the column. The experimentally observed order of retention, therefore, 

follows the degree of solubility of the solutes in the isooctane

chloroform mobile phases. 

Ethanol and methanol are strongly hydrogen-bonding solvents, 

with hydrogen-bonding solubility parameters of 6.9 and 8.3, respectively 

[109]. Phenol itself has a hydrogen-bonding solubility parameter of 

9.3 [109], and the disubstituted phenols would be expected to have similar 

values. It is not surprising then that the phenolic compounds were only 

slightly retained by the column when either ethanol or methanol was 

used in the mobile phase. When isooctane-ethanol mobile phases were 

used, each solute had a lower retention volume compared to that for the 

corresponding isooctane-chloroform mobile phase. In addition, the 

retention order was reversed, suggesting that the hydrogen-bonding solu

bility parameters for catechol and resorcinol, although unknown, begin 

to approach that of ethanol. When methanol was used in the mobile 

phase, all of the phenols were eluted with the column void volume. 

Methanol has a hydrogen-bonding solubility parameter that more nearly 

matches that of phenol, so the phenolic compounds would be expected to 
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have high solubilities in methanol containing mobile phases. The 

experimental results show this to indeed be the case. Equation (4-9b) 

can again be used to calculate the effect of the OH substituent group. 

These results are presented in Tables 4-24 and 4-25. 

Tables 4-24 and 4-25 present some interesting results. The addi

tion of one hydroxyl group to benzene when using isooctane-chloroform 

increased log k' by 0.89 log units. Martin [124J has indicated that 

for liquid-liquid partition chromatography, the addition of a substituent 

group to the parent molecule will increase the value of k' by a constant 

amount. Sporer [161J and Snyder [162] have shown that this also holds 

true in adsorption chromatography. 

The addition of a second hydroxyl group, as when going from 

phenol to catechol, would be expected to increase log k' by another 0.89 

log units, for a total increase of approximately 1.8 log units. As 

Table 4-24 shows, however, the actual increase was only 0.15 log units. 

When going from phenol to resorcinol, the increase was approximately 0.7 

log units, much closer to what was expected. The difference between 

catechol and resorcinol, of course, is in the position of the second 

hydroxyl group--ortho in catechol and meta in resorcinol. This fact 

should begin to allow for a quantitative description of the effect of 

substituent position on sample adsorption. Likewise, when using 

isooctane-ethanol mobile phases, the addition of one hydroxyl group to 

the benzene molecule caused a decrease in the change in log k' of 0.66 

units. No change in log k' was observed when going from phenol to 

catechol, while the change in log k' decreased by approximately 0.6 log 



Table 4-24. ilLog k' data for phenois using normal phase mode mobile 
phases. -- B = Benzene; P = Phenol; C = Catechol; and 
R = Resorcinol. 

Mobile Phase Components 

Isooctane-chloroform 

Isooctane-ethanol 

P-B 

0.89 

-0.66 

ilLog k I 

C-B 

l.04 

-0.68 

R-B 

l.58 

-1 .24 

Table 4-25. ilLog k' data for phenols using reverse phase mode mobile 
phases. -- B = Benzene; P = Phenol; C = Catechol; R = 
Resorcinol; and H = Hydroquinone. 

ilLog k' 

Mobile Phase Components P-B C-B R-B H-B 

Chloroform-Acetonitrile -0.20 -0.28 -0.43 (-0.48) 
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units when goi ng from pheno 1 to resorci no 1. Once aga in, the effect of ortho 

vs. meta substitution is apparent. Qualitatively similar results were 

obtained when using the reverse phase mode. When using chloroform

acetonitrile mobile phases, one hydroxyl group (phenol) caused a 

decrease in log k' of 0.2 log units. The second hydroxyl group in the 

ortho position caused a further slight decrease in log k', while the 

decrease in log k' for the meta position was an additional 0.2 log units, 

as expected. As noted previously, none of the phenols was retained on 

the column when using chloroform-methanol mobile phase. As a result, no 

quantitative information is available for these mobile phases. 

Table 4-26 summarizes the results, using phenol as the reference 

compound. This table indicates the change in log k' that was observed 

upon the addition of a second hydroxyl group to phenol. When the second 

hydroxyl group was added in the meta position, log k' changed by approxi

mately the same amount as when the first hydroxyl group was added to the 

ring. Essentially no change occurred in log k' when the second hydroxyl 

was added in the ortho position. These results show that substituent 

position can have a dramatic effect on the chromatographic behavior of 

a solute. Popl and co-workers [155, 156J, in their studies on the 

adsorption of substituted aromatics on silica gel, also observed that the 

position of attachment had an effect on retention. They found that, in 

general, the individual positions in the molecule were not equivalent, 

and that substituents in the 2- or 4- position increased retention more 

than attachment in the 1- position. Their results are consistent with 

what has been observed here. 
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Table 4-26. Approximate effect on log k' in phenols upon the addition 
of a second hydroxyl group (in log k' units). 

Change in Log k' 
Mobil e Phase Ortho Meta 

Isooctane-chloroform +0.1 +0.7 

Isooctane-ethano1 0 -0.6 

Chloroform-acetonitrile -0.1 -0.2 

The effects observed with the phenols may be specific for this 

class of compounds, or they may be general effects applicable to other 

compounds. In order to begin to study this question, another class of 

compounds, the ani1ines, was chosen. The NH2 group is also considered 

to be an electron-donating group [159J. Aniline, C6H5NH2' was chosen in 

order to compare its chromatographic behavior with that of phenol, a 

compound that also contains an electron-donating substituent. Three 

disubstituted ani1ines, o-ch10roani1ine, p-chloroani1ine, and o-nitroani-

line, were chosen to.stu9y the effect of a second sUbstituent group on 

the chromatographic behavior of the parent molecule. The results are 

given in Tables 4-27 to 4-30. Figure 4-26 illustrates typical results 

for the anilines. With the exception of the chloroform-methanol mobile 

phases, the aniline compounds all exhibited linear relationships between 

log k' and the mobile phase dispersion solubility parameter. All of the 

compounds studied, except for the polycyclic aromatic hydrocarbons, 

showed the greatest scatter in log k' when either methanol or ethanol 



108 

Table 4-27. Log k'-dispersion solubility parameter data for anilines 
using isooctane-chloroform mobile phases. 

Log k' 
ad Aniline o-Cl Anil i ne p-Cl Aniline o-N02 Anil i ne 

7.2 -0.09 -0.15 0.10 0.41 

7.4 -0.49 -0.43 -0.14 -0.10 

7.8 -1.15 -0.96 -0.70 -0.70 

8.2 -1.70 -1.40 -1 .15 -1.40 

8.6 -2.00 -1.70 -1.52 -2.00 

Corr. coefficient 0.99 0.99 0.99 0.99 

Slope -1.38 -1 .12 -1 .18 -1.69 

y-Intercept 9.75 7.87 8.54 12.47 

Table 4-28. Log k'-dispersion solubility parameter data for anilines 
using isooctane-ethanol mobile phases. 

Log k' 
ad Aniline o-Cl Anil i ne p-Cl Aniline o-N02 Aniline 

7.0 >0.7 >0.7 >0.7 >0.7 

7.07 0.36 0.34 0.58 0.57 

7.15 0.17 0.16 0.27 0.28 

7.2 -0.004 0.041 0.068 -0.004 

7.3 -0.12 -0.076 -0.076 -0.15 

7.8 -0.40 -0.15 -0.33 -0.25 

Corr. coefficient 0.98 0.98 0.97 0.97 

Slope -2.13 -1.82 -2.86 -3.21 

y-Intercept 15.39 13.16 20.78 23.21 
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Table 4-29. Log k'-dispersion solubility parameter data for ani 1 i nes 
using chloroform-methanol mobil e phases. 

Log k' 

°d Anil i ne o-Cl Anil i ne p-Cl Anil i ne o-N02 Aniline 

8.6 -2.00 -1.70 -1.52 -2.00 

8.5 -1 .30 -1.20 -1 .15 -1.20 

8.3 -0.85 -O.RO -0.72 -0.85 

8.0 -0.96 -0.74 -0.80 -0.96 

7.7 -0.89 -0.66 -0.80 -0.80 

7.4 -0.66 -0.30 -0.58 -0.37 

Corr. coefficient 0.78 0.90 0.80 0.84 

Slope -0.80 -0.93 -0.59 -0.97 

y-Intercept 5.36 6.63 3.82 6.83 

Table 4-30. Log k'-dispersion solubility parameter data for anilines 
using chloroform-acetonitrile and acetonitrile-water 
mobil e phases. 

Log k I 

°d Aniline o-Cl Anil i ne p-Cl Aniline o-N02 Aniline 

8.6 -2.00 -1.70 -1.52 -2.00 

8.4 -1.70 -1.70 

8.1 -1 .1 ° -0.96 -1.20 -1 .20 

7.5 -0.74 -0.55 -0.62 -0.70 

7.4 -0.47 -0.28 -0.38 -0.42 

Corr. coeffi ci ent 0.97 0.97 0.97 0.99 

Slope -1 .16 -1.19 -1.03 -1.22 

y-Intercept 8.07 8.46 7.15 8.58 
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Figure 4-26. Log (capacity factor)-dispersion solubility para
meter relationship for anilines usinq isooctane
chloroform. -- (1) Aniline; (2) o-Chioroaniline; 
(3) p-Chloroaniline; and (4) o-Nitroaniline. 
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was present in the mobile phase. In this regard, then, the anilines 

were not exceptional. This effect, however, was most pronounced with 

the anilines. Over the small range of dispersion solubility parameter 

values used, nevertheless, a linear approximation for these mobile 

phases is still valid [163J. Equation (4-9b) can again be used to 

calculate the change in log k' relative to benzene upon the addition of 

the amino group. These results are presented in Tables 4-31 and 4-32. 

Using Tables 4-31 and 4-32, along with the previous results for phenol, 

chlorobenzene, and nitrobenzene, will allow us to test the generality of 

the results obtained with the substituted phenols. Assuming that the 

addition of a substituent group to benzene causes an additive increase 

in log k' (shovm to be the case in references [124, 161, 162J), predicted 

values for ~log k' for the substituted anilines can be calculated using 

the equation: 

~log k+ = ~log k' + position factor (4-10) 

where 

~ log kf the total change in log k I relative to benzene after 

the addition of all the substituent groups 

~log k' = the change in log k I expected upon the addition of the 

first sUbstituent group 

position factor = the change in log k' expected upon the addition of a 

second substituent group. 

As shown with the phenols, the value of the position factor is negligible 

with ortho substitution, and equal to ~log k' for meta (and presumably 

para) substitution. 
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Table 4-31. ~Log k' data for anilines using normal phase mode mobile 
phases. -- B = Benzene; A = Aniline; OCA = o-Chloroaniline; 
PCA = p-Chloroani1ine; and NA = o-Nitroani1ine. 

Mobile Phase Components 

Isooctane-ch1oroform 

Isooctane-ethanol 

A-B 

0.41 

0.33 

~Log k' 

OCA-B PCA-B 

0.48 

0.34 

0.70 

0.47 

NA-B 

·0.80 

0.38 

Table 4-32. ~Log k' data for anilines using reverse phase mode mobile 
phases. -- B = Benzene; A = Aniline; OCA = o-Chloroaniline; 
PCA = p-Chloroaniline; and NA = o-Nitroaniline. 

~Log k' 

Mobile Phase Components A-B OCA-B PCA-B N.A.-B 

Chloroform-methanol -0.094 0.11 0.088 -0.018 

Chloroform-acetonitrile -0.33 -0.18 -0.21 -0.30 
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WL .~ a substituent group is added to benzene, the retention of 

the new molecule, as measured by log k', is generally different from that 

of the parent benzene molecule. This difference has been ascribed to 

the presence of the sUbstituent group. Equation (4-10) cail now be used 

to predict the total change in log k' when more than one substituent has 

been added to benzene. Before that can be done, however, values for 

~log k' for each individual substituent must first be assigned. Table 

4-33 summarizes the ~log k' values previously determined for each substi

tuent group. These ~log k' values, along with the appropriate position 

factor, were substituted into Equation (4-10) in order to calculate 

values for ~log k+ for o-chloroan·iline, p-chloroaniline, and o-nitroani

line. The results of these calculations, along with the experimental 

values for ~log kt, are presented in Table 4-34. 

For example, for o-chloroaniline and p-chloroaniline, the values 

for ~log k+ in Table 4-34 were calculated as follows using Equation 

(4-10): 

o-chloroaniline: ~log k+ = 0.41 + 

0.1 (ortho position factor) 

p-chloroaniline: ~log k+ = 0.41 + 

0.41 (para position factor) 

The experimental and calculated changes in log k' values, as 

seen from Table 4-34, show remarkably good agreement. These results 

thus form the basis of a system for calculating and predicting solute 

retention ~ priori. 
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Tabl e 4-33. liLog k' values for various substituent groups. 

Substituent Grou~ 
Mobile Phase Components NH2 Cl N02 OH 

Isooctane-chloroform 0.41 0.20 0.37 0.89 

Isooctane-ethanol 0.33 0.20 0.49 -0.66 

Chloroform-methanol -0.094 0.22 0.14 

Chloroform-acetonitrile -0.33 0.14 -0.14 -0.20 

Table 4-34. Calculated and experimental lilog kr values for substituted 
anilines. -- I = Isooctane; C = Chloroform; E = Ethanol; 

Mobil e 
Phase 

Components 

I-C 

I-E 

C-M 

C-A 

M = Methanol; A = Acetonitrile; OCA = o-chloroaniline; 
PCA = p-Chloroaniline; and NA = o-Nitroaniline. 

OCA 

Calc. Exp. 

0.51 

0.33 

-0.09 

-0.26 

0.48 

0.34 

0.11 

-0.18 

liLog k+ 
PCA 

Calc. Exp. 

0.82 

0.53 

0.13 

-0.19 

0.70 

0.47 

0.09 

-0.21 

NA 
Calc. Exp. 

0.51 

0.33 

0.05 

-0.47 

0.80 

0.38 

-0.02 

-0.30 
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For a given set of mobil e phases, the retenti on of the parellt 

compound (in this case benzene), as measured by log k', can be determined 

from a plot of log k' vs. dispersion solubility parameter. The retention 

of the benzene molecule then serves as the reference against which the 

retention of substituted molecules will be compared. When a substituted 

benzene molecule is chromatographed, its behavior generally differs from 

that of benzene itself. The effect of the substituent on the chromato

graphic behavior of benzene can be quantitated through the use of plots 

of log k' vs. dispersion solubility parameter and Equation (4-9b). In 

other words, a value for the change in log k' due to a particular sub

stituent can be assigned to that substituent. Table 4-33 lists such 

values for the amine, chloro, and nitro groups. 

The effect of a second substituent group can be quantitated in 

an identical fashion. If the second substituent is added to the parent 

compound in either the meta or para position, the effect of the two 

substituents on retention is approximately additive, as measured by 

log k'. If the second substituent is added in the ortho position, there 

is little or no change in retention relative to the parent compound con

taining only one sUbstituent. Thus, there are two effects that account 

for retention and separation on Polymerpak D-814 beads: a direct effect 

due to the particular substituent added to benzene, and a position effect 

when a second substituent is added to the molecule. 

Resolution is defined in chromatography to be the degree of 

separation between peaks, particularly adjacent peaks. It is calculated 

by taking the distance between band centers and dividing this by the 
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average peak width. Resolution can also be related to common chromato-

graphic parameters by the equation [164J: 

k' - k' 
Rs = (IN)( 2 1 ) 

4 1 + k2 
where 

Rs resolution 

N number of theoretical plates in the 

k2 ' ki = capacity factors for the longer and 

peaks, respectively. 

An Rs value of 1.5 indicates baseline separati on 

[165J. Using 1.5 for Rs ' Equation (4-11) can be 

k' 2 

6 IN + k, 
( 6) 
1 - -

iN 

(4-11 ) 

column 

shorter retained 

of two adjacent peaks 

solved for k2: 

(4-12 ) 

For a particular set of chromatographic conditions, that is, 

given values for Nand k" Equation (4-12) can be used to calculate the 

value of k2 necessary to achieve baseline separation of two components. 

For example, using an SP500 column and 85:15 isooctane-chloroform as the 

mobile phase, benzene is the least retained peak compared with chloro

benzene and nitrobenzene. The column has N = 8612 and k, for benzene 

0.11. These values can be substituted into Equation (4-12), and the 

resulting value for k2 is 0.18. The corresponding change in log k' ;s 

given by: 

log k2 - log k, 
k' 

= 1 2 1 0 . 18 0 21 og k' = og o.Tf = • • 
1 
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In other words, any solute whose log k' value is greater than or equal 

to that of benzene by 0.21 log units should give baseline separation. 

For 85:15 isooctane-chloroform, the differences in log k' values for 

ch10robenzene and nitrobenzene relative to benzene were 0.23 and 0.62 log 

units respectively, calculated using Equation (4-9b) and the data in 

Table 4-15. Thus, using this mobile phase should give baseline separa

tion of all three components, as was indeed the case (see Figure 4-20). 

For 50:50 isooctane-chloroform, the differences were only 0.12 and 0.15, 

respectively, and no separation of the components was observed. Thus, 

with some basic chromatographic data and through the use of Equations 

(4-9b) and (4-12), the retention and separation of various solutes can be 

successfully predicted. 

The approach taken here is similar to that of G1ajch and Kirkland 

described in the Introduction. They have expanded upon this basic 

approach and formulated it as a general method for mobile phase optimi

zation in liquid chromatography. Their method is particularly suited for 

that small percentage of samples where the composition is very complex, 

and a complete separation of all the components is desired. Their method 

has the disadvantage of requiring sophisticated computer facilities in 

order to utilize the method to its fullest. The approach described here 

is also an empirical one, but is more straightforward, and requires 

about the same number of experiments to be performed as does G1ajch and 

Kirkland's method. 



Chromatographic Properties of Carboxylic Acids 
and Phthalic Acid Esters 
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Showa-Denko has indicated that the Po1ymerpak material is a 

suitable stationary phase for the separation of high-mo1ecu1ar-weight 

carboxylic acids. Since carboxylic acids will presumably interact with 

the stationary phase.~and since the carboxylic acid group is also an 

electron-withdrawing group [159J. it was desired to study the effect of 

the carboxylic acid group on retention. The simplest aromatic carboxylic 

acid. benzoic acid (C6H5COOH). was chosen for this purpose. Would the 

chromatographic behavior of benzoic acid be similar to that of the other 

compounds with electron-withdrawing substituents. and would it be pos

sible to assign a value for ~log k' to the carboxylic acid group? The 

simple carboxylic acids also make it possible to study the effects on 

retention of some of the substituent groups studied previously. Phthalic 

acid (1.2-benzene dicarboxy1ic acid. C6H4(COOH)2) was chosen to study 

the effect of disubstitution on the retention of carboxylic acids. 

Salicylic acid (2-hydroxybenzoic acid. C6H4(OH)COOH) was chosen to 

study the effect of the hydroxyl group on retention, and to see if its 

effect could be quantitated in the same manner as it was for the phenols. 

For the same reasons, anthranilic acid (2-aminobenzoic acid, C6H4(NH 2) 

COOH) was chosen to study the effect of the amine group on retention. 

Cinnamic acid (C6H5CHCHCOOH) finally was chosen to see what effect iso

lating the carboxylic acid group from the benzene ring might have on its 

retention. There may be little effect compared to benzoic acid. or the 

effect may be similar to that observed with the aliphatic-substituted 
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benzenes, viz. retention behavior nearly identical to that of benzene. 

In addition, the retention behavior of the carboxylic acids as a class 

will again be examined with an eye toward elucidating the retention 

mechanism of these compounds on the polystyrene stationary phase. The 

retention data for these acids are shown in Tables 4-35 to 4-38, and 

in Figure 4-27. 

The carboxylic acids studied showed chromatographic behavior 

that was generally unlike any of the other compounds studied. The 

chromatographic behavior of the carboxylic acids seemed to depend, more 

than any of the other compounds studied, upon the solubilities of the 

acids in the mobile phases [166J. The carboxylic acids are insoluble 

in isooctane, and would therefore be expected to show a strong affinity 

for the column when isooctane is present in the mobile phase. Tables 

4-35 and 4-36 show this to be the case. Only benzoic acid was eluted 

when isooctane-chloroform mobile phases were used. With a high percent

age of isooctane in the mobile phase, however, even benzoic acid was 

retained on the column. This suggests that carboxylic acids, as a 

class, could be separated from other classes of compounds by using 

isooctane as the mobile phase. With isooctane-ethanol mobile phases, 

anthranilic and cinnamic acids were eluted, although the other acids 

were again retained. 

When chloroform-acetonitrile and acetonitrile-water mobile phases 

were used, the carboxylic acids showed a high degree of scatter in their 

retention (Table 4-38). 
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Table 4-35. Log k'-dispersion solubility parameter data for carboxylic 
acids using isooctane-chloroform mobile phases. -- B = 
Benzoic acid; P = Phthalic acid; A = Anthranilic acid; 
C = Cinnamic acid; and S = Salicylic acid. 

Log k' 
ad B P A C S 

7.2 >0.7 >0.7 >0.7 >0.7 >0.7 

7.4 >0.7 >0.7 >0.7 >0.7 >0.7 

7.8 -0.040 >0.7 >0.7 >0.7 >0.7 

8.2 -0.070 >0.7 >0.7 >0.7 >0.7 

Table 4-36. Log k'-dispersion solubility parameter data for carboxylic 
acids using isooctane-ethanol mobile phases. -- B = 
Benzoic acid; P = Phthalic acid; A = Anthranilic acid; 
C = Cinnamic acid; and S = Salicylic acid. 

Log k' 
ad B P A C S 

7.07 >0.7 >0.7 0.18 -0.018 >0.7 

7.15 >0.7 >0.7 -0.081 -0.20 >0.7 

7.2 >0.7 >0.7 -0.20 -0.77 >0.7 

7.3 -0.55 >0.7 -0.57 -0.74 >0.7 
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Table 4-37. Log k'-dispersion solubility parameter data for carboxylic 
acids using chloroform-methanol mobile phases. -- B = 
Benzoic acid; P = Phthalic acid; A = Anthranilic acid; 
C = Cinnamic acid; and S = Salicylic acid. 

Log k' 
ad B P A C S 

8.6 -0.39 >0.7 >0.7 -0.22 0.064 
8.5 -0.70 >0.7 0.29 -0.15 -0.25 
8.3 -0.72 -0.16 -0.43 -0.77 -0.80 
8.0 -0.62 -0.24 -0.62 * -0.62 
7.7 -1 .22 -0.74 -1 .00 * -1 .70 
7.4 -1 .30 * -1 .22 * -2.00 

Corr. coefficient 0.90 0.92 0.95 0.91 0.96 
Slope 0.70 0.97 1.25 2.01 1.65 
y-Intercept -6.46 -8.11 -10.60 -17.43 -14.20 

* Not retained by column. 

Table 4-38. Log k'-dispersion solubility parameter data for carboxylic 
acids using chloroform-acetonitrile and acetonitrile-water 
mobile phases. -- B = Benzoic acid; P = Phthalic acid; 

cd 

8.6 
8.4 

8.1 

7.5 

7.4 

* Not 

A = Anthranilic acid; C = Cinnamic acid; and S = Salicylic 
acid. 

Log k' 
B P A C S 

-0.39 >0.7 >0.7 0.22 0.064 

-0.72 >0.7 0.19 0.18 -0.21 

-0.27 0.40 0.079 0.025 -0.24 

-0.70 * -0.32 -0.36 -0.92 

-1.40 * -1 .10 -0.96 * 

retained by column. 
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Figure 4-27. Log (capacity factor)-dispersion solubility para
meter relationship for carboxylic acids using 
chloroform-methanol mobile phases. -- (1) Benzoic 
acid; (2) Phthalic acid; (3) Anthranilic acid; 
and (4) Salicylic acid. 
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Table 4-39. Acid strengths of carboxylic acids. 

Phthalic Salicylic Cinnamic Benzoic Anthranilic 

pK a 2.89* 2.97 3.89 4.19 6.97 

Table 4-39 lists the carboxylic acids in order of decreasing 

acid strength according to their pK values [166]. a 

In an unbuffered aqueous solution, the strongest acid would have 

the highest solubility. The elution order, therefore, of the five 

carboxylic acids, when using mobile phases with high percentages of 

water, should follow the acid strength, i.e., phthalic> salicylic> 

cinnamic > benzoic> anthranilic. This was the observed elution order 

when using 85:15 acetonitrile-water as the mobile phase, with the exr.ep

tion of benzoic and anthranilic acids being reversed. In order to be 

able to make comparisons between carboxylic acids when using aqueous 

mobile phases, the mobile phase should be buffered to a suitable value. 

For the data shown in Table 4-39, unbuffered mobile phases were used, 

and as a result, no meaningful conclusions can be drawn from this set 

of data. 

The carboxylic acids exhibited the most regular behavior when 

chloroform-methanol mobile phases were used (Table 4-37 and Figure 4-27). 

The data show more scatter than the other classes of compounds studied; 

nevertheless, some interesting conclusions can still be drawn. 
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The retention behavior of the carboxylic acids was exactly 

opposite that of the other compounds studied. The acids were retained 

most strongly when high percentages of chloroform were present in the 

mobile phases, and were eluted most rapidly when high concentrations of 

methanol were used. Despite this different behavior, Equation (4-9b) 

can be used to compare the results obtained for the carboxylic acids 

with other compounds. Table 4-40 lists the changes in log k' calculated 

using Equation (4-9b) for the carboxylic acids relative to benzene. 

Table 4-40. ~Log k' data for carboxylic acids using 
chloroform-methanol mobile phases. -- B = Benzene; 
BA = Benzoic acid; PA = Phthalic acid; and AA = 
Anthranilic acid. 

BA-B PA-B AA-B SA-B 

~Log k' 0.39 0.95 0.76 0.44 

CA-B 

0.16 

As noted previously, the phenols were not retained when using 

chloroform-methanol mobile phases. As a result, the behavior of the 

carboxylic acids cannot strictly be compared with the behavior of the 

other compounds studied. It is possible, however. to develop some rela-

tionships within the carboxylic acids themselves. 

When the carboxylic acid group is added to benzene to form 

benzoic acid, Table 4-40 shows that the value of log k' increases by 

0.39 log units. The addition of a second carboxylic acid group should, 

at most, double the increase in log k', depending upon the position in 

which the second group is added. As Table 4-40 shows, however, the 
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increase in log k' was more than double,"to 0.95 log units for phthalic 

acid. Since no information is availab"le on the effect on log k' of the 

position of the second substituent in chloroform-methanol mobile phases, 

the difference (0.95 - 2 x 0.39 = 0.17 log units) may tentatively be 

assigned as the effect of ortho substitution in chloroform-methanol 

mobile phases. Based upon the results for phthalic acid, the expected 

increase in log k' for anthranilic acid would be 0.39 (carboxylic acid 

group) + 0.17 (ortho position factor) = 0.56. The experimental value 

was 0.76 log units, somewhat higher than the calculated value. 

Phenols and anilines were the least well-behaved when using 

chloroform-methanol mobile phases, while the carboxylic acids were the 

best behaved with these mobile phases. As a result, any comparisons 

between these classes of compounds must be somewhat tentative in nature. 

The contribution to log k' from the carboxylic group may nevertheless 

be assigned a value of approximately 0.4 log units, with an ortho posi

tion factor of approximately 0.2 log units, when using chloroform

methanol mobile phases. 

Salicylic and cinnamic acids showed more predictable behavior 

than did phthalic and anthranilic acids. The addition of a hydroxyl 

group in the ortho position as in the case of salicylic acid, would not 

be expected to change the value of log k'. As Table 4-40 shows, this 

was indeed the case, with log k' for salicylic acid only 0.05 log units 

greater than the value for benzoic acid itself. For cinnamic acid, its 

log k' value was actually 0.23 log units smaller than the value for 

benzoic acid, and was only 0.16 log units greater than that of benzene 
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alone. In cinnamic acid, the carboxylic acid group is not attached 

directly to the ring, but is attached through a -CH = CH- group. Com

pounds with aliphatic side-chains were ~und to have chromatographic 

behavior identical to that of benzene. The -CH = CH- group in effect 

isolates the carboxylic acid group from the benzene ring, and minimizes 

its effect on retention. 

When the carboxylic acid group is attached directly to the ben-

zene ring, the retention of the new compound increases over that of 

benzene. If the carboxylic acid group is separated from the ring by an 

aliphatic group, the retention of this compound is more similar to that 

of benzene alone. These results again demonstrate that retention on 0-814 

beads results primarily from dispersion interaction between the benzene 

ring and the beads themselves. 

Phthalic acid esters are known environmental contaminants [167J. 

Approximately one billion pounds of dibutylphthalate alone are produced 

each year [167J. Phthalic acid esters are encountered in water and 

other fluids which have contacted plastics, and aquatic organisms are 

known to concentrate these compounds by factors of up to several thou

sand. Because of their widespread environmental impact, it was desired 

to see if D-814 beads could serve as a medium for concentrating and 

separating phthalate esters. Three compounds were chosen as model 

compounds for the entire class: dimethyl phthalate (C6H4-1,2-(C02CH3)2); 

dibutyl phthalate (C6H4-1 ,2-[C02(CH2)3CH3J2); and dioctyl phthalate 

(C6H4-1,2-[C02CH2CH(C2HS)(CH2)3CH3J2)' The results for these compounds 

are shown in Tables 4-41 to 4-44 and Figure 4-28. 



Table 4-41. Log k'-dispersion solubility parameter data for 
phthalate esters using isooctane-chloroform mobile 
phases. -- DMP = Dimethyl phthalate;DBP = Dibutyl 
phthalate; and DOP = Dioctyl phthalate. 

Log k' 
ad DMP DBP DOP 

7.2 -0.49 -0.96 * 
7.4 -1.04 -1.20 * 
7.8 -1.22 -1.50 * 
8.2 * * * 
8.6 * * * 

* Not retained by col umn. 

Table 4-42. Log k'-dispersion solubility parameter data for 
phthalate esters using isooctane-ethanol mobile 
phases. -- DMP = Dimethyl phthalate; DBP = Dibutyl 
phthalate; and DOP = Dioctyl phthalate. 

Log k I 

ad DMP DBP DOP 

7.0 0.81 0.42 -0.19 

7.07 0.23 -0.17 -0.51 

7.15 0.083 -0.28 -0.58 

7.2 -0.056 -0.33 -0.52 

7.3 -0.12 -0.36 -0.49 

Corr. coefficient 0.90 0.83 0.17 
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Table 4-43. Log k'-dispersion solubility parameter data for 
phthalate esters using chloroform-methanol 
mobile phases. -- DMP = Dimethyl phthalate; 

cd 

8.6 
8.5 

8.3 
8.0 

7.7 
7.4 

* Not 

DBP = Dibuty1 phthalate; and DOP = Dioctyl 
phthalate. 

Log k' 

DMP DBP 

* * 
-k * 
* * 
* * 

-1.70 -0.77 
-0.38 0.16 

retained by column. 

DOP 

* 
* 
* 
* 

-0.40 

0.67 

Table 4-44. Log k'-dispersion solubility parameter data for 
phthalate esters using chloroform-acetonitrile 
and acetonitrile-water mobile phases. -- DMP 
Dimethyl phthalate; DBP = Dibuty1 phthalate; 
and DOP = Diocty1 phthalate. 

Log k' 
cd DMP DBP DOP 

8.6 * * * 
8.4 * * * 
8.1 * * * 
7.5 -0.82 -0.77 -0.046 

7.4 -0.58 -0.081 0.60 

* Not retai ned by column. 
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Figure 4-28. Log (capacity factor)-dispersion solubility para
meter relationship for phthalate esters using 
isooctane-ethanol mobile phases. -- (1) Dimethyl 
phthalate; (2) Dibutyl phthalate; and (3) [)ioctyl 
phthalate. 
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Since the phthalate esters are derivatives of phthalic acid, it 

was expected that their behavior would be similar to that of the parent 

acid. This was not the case, and in fact, the phthalate esters exhibited 

chromatographic behavior unlike that of any other compound studied. As 

Tabl es 4-41 to 4-44 show, the presence of chloroform in the mobil e ph1:'.sE! 

resulted in either very little or no retention at all. The esters were 

retained when isooctane, isooctane-ethanol mixtures, methanol, and 

acetonitrile-water mixtures were used as mobile phases. The esters were 

retained to the greatest extent when isooctane-ethanol mobile phases were 

used, but as Table 4-42 and Figure 4-28 show, there was a non-linear 

relationship between log k' and the dispersion solubility parameter. 

In addition, the elution order of the esters was reversed when going 

from the normal phase mode to the reverse phase mode; i.e., when going 

from isooctane to methanol as the mobile phase. This suggests that a 

distribution mechanism as well as dispersion interactions of the benzene 

ring with the stationary phase must be at play with these compounds. 

The solubility parameters for dimethyl-, dibutyl-, and dioctyl

phthalates are 10.7, 9.3, and 7.9, respectively [168]. In the normal 

phase mode, the predicted retention volumes, based upon these solubility 

parameters, would be dioctyl < dibutyl < dimethyl. In the reverse phase 

mode, the predicted retention volumes would be dimethyl < dibutyl < 

dioctyl. These predicted retention volumes, in fact, agree with the 

experimentally observed elution orders in the two modes. This again 

indicates that, unlike the other compounds studied, both partitioning 

and sorption mechanisms are at play with these compounds. A combination 



131 

of two mechanisms occurring simultaneously on a single column is unu

sual, although not unheard of. Bio-Rad [169J separated a mixture of 

amino acids and carbohydrates on an ion-exchange column. They proposed 

that both ion-exchange and partitioning mechanisms were at play in the 

separation. 

It should be noted that Mori [68J studied the retention of 

dimethyl-, diethyl-, dibutyl-, and dioctyl phthalates on Shodex HP-255 

polystyrene beads, a packing used for adsorption chromatography. He 

also observed a reversal of the elution order when going from the normal 

to reverse phase modes. Mori did not, however, offer an explanation for 

these results. 

Using ~log k' values ~ 0.21 log units as the criterion for base

line separation, the results shown in Tables 4-42 and 4-43 indicate that 

isooctane and methanol mobile phases should give separations of the 

three esters. Figures 4-29 and 4-30 are chromatograms of the three 

esters using methanol and isooctane, respectively, as the mobile phase, 

and show that a good separation can be obtained using either of these 

mobile phases. 

Implications for Gradient Elution 

All of the chromatographic data reported here was obtained iso

craticall y; that is, the composition of the mobil e phase was hel d constant. 

Each mobile phase used was a mixture of two components; for example, 

isooctane and chloroform. After a solute was chromatographed with a 

particular mobile phase, the ratio of the two mobile phase components 



~-----------Inject 

3 

4 

Figure 4-29. Separation of phthalate esters using methanol mobile 
phase. Column: Po1ymerpak D-814. Sample: Each 0.1% 
in chloroform. Mobile Phase: methanol. Flow Rate: 
0.48 ml/min. Detector: UV 254 nm 0.32 AUFS. --
(1) Chloroform; (2) Dimethyl phthalate; (3) Dibutyl
phthalate; and (4) Dioctylphtn1late. 
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Figure 4-30. Separation of phthalate esters using isooctane mobile 
phase. Column: Polymerpak 0-814. Sample: Each 0.1% 
v/v in isooctane. Mobile Phase: isooctane. Flow 
Rate: 0.48 ~l/min. Detector: UV 254 nm 0.32 AUFS. 
(1) Dioctylphthalate; (2) Dibutylphthalate; and 
(3) Dimethylphthalate. 
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was changed, and the solute chromatographed again. This was repeated 

until a range of compositions had been covered. In a sense, step-wise 

"gradient elution" was performed, and the results reported here may have 

some implications for gradient elution work. In gradient elution, the 

composition of the mobile phase is constantly being changed, typically 

in a linear fashion from pure component A to pure component B. 

The purpose of running a gradient is to improve the separation 

in mixtures by bringing the k' value of each solute into the ideal range 

of 2 to 5. Snyder and co-workers [170, 171] have shown that this can be 

accomplished in gradient elution chromatography when the gradient steep-

ness parameter b, defined as: 

(4-13) 

is kept constant. In Equation (4-13), ¢ represents the volume fraction 

of component A, S represents the slope of the plot of log k' vs. ¢, and 

t represents the time for a non-retained solute to pass through the 
m 

column. In this work, cd would replace ¢ in Equation (4-13), and S would 

then represent the slope of the plot of log k' vs. cd. 

For a linear gradient, the value of d¢/dt is kept constant. This 

means that in order to have a constant value for b, the value of S for 

each solute in a mixture must be equal. On the other hand, if the values 

of the slope S are not equal, a constant value for b can only be obtained 
d¢ by varying the value of dt' which results in a non-linear gradient. 

As discussed in previous sections, essentially all of the com-

pounds studied had linear log k' vs. mobile phase dispersion solubility 
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parameter relationships. The slope of the log k' vs. cd graphs, how

ever, were different for each solute studied. Although the y-intercept 

(i .e., log k~) has no physical significance, the fact that each solute 

has a different slope implies that the slope may be a function of log k'. 
o 

This relationship may be represented by: 

S = q log k' + P (4-14) o 

where p and q are experimentally determined parameters. If q is equal 

to zero, the slope S is not a function of log k'; i.e., the slopes of o 

the log k~ vs. 0d lines for each solute are equal, and a linear gradient 

would be optimal for separation. Conversely, if q is non-zero, the 

values of S are different, and a non-linear" gradient would be optimal 

for separation. Figure 4-31 is a plot of slope S vs. log k~ for the 

solutes studied in the isooctane-chloroform mobile phase system. Table 

4-45 lists the values of p and q for Equation (4-14) and the correlation 

coefficient determined for each mobile phase system studied. 

Figure 4-31 illustrates the results obtained for each mobile 

phase system used, and as the figure and Table 4-46 show, a linear 

correlation exists between the slope S and log k'. According to Schoeno 
makers [172J, a convex gradient is best for q > 0 and a concave gradient 

for q < O. All of the values for q were less than zero, indicating that 

a concave gradient from pure component B to pure component A would give 

superior separations. Suitable separations were obtained isocratically 

for some solutes. These results suggest, however, that gradient elution 

chromatography could successfully be used to separate more complex 

mixtures. 
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Figure 4-31. Slope-log ko relationship for isooctane-chloroform mobile phases. -- (1) Benzene; 
(2) Naphthalene; (3) Phenanthrene; (4) Pyrene; (5) Chlorobenzene; (6) Nitrobenzene; 
(7) Phenol; (8) Catechol; (9) Aniline; (10) o-Chloroaniline; (11) p-Chloroaniline; 
and (12) o-Nitroaniline. 
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Table 4-45. Values of p and q from Equation (4-14) determined for each 
mobile phase. 

r10bile Phase p q Correlation Coefficient 

Isooctane-chloroform -0.123 -:·0.124 0.998 

Isooctane-ethanol 0.037 -0.143 0.999 

Chloroform-methanol -0.094 -0.123 0.999 

Chloroform-acetonitrile -0.249 -0.110 0.998 



CHAPTER 5 

CONCLUSIONS 

The properties of a new polystyrene stationary phase for chro

matography, Showa-Denko Polymerpak, have been investigated with a variety 

of organic compounds. The Hildebrand solubility parameter theory, which 

has been used to predict the distribution of a solute in liquid-liquid 

extraction, was successfully applied to describe the distribution beha

vior of a solute between the polystyrene stationary phase and a given 

mobile phase. The chromatographic retention mechanism of polystyrene 

may therefore be considered to be liquid-liquid partitioning. The 

carboxylic acids and phthalate esters, of all the compounds studied, 

exhibited behavior that was most like that of liquid-liquid partition 

chromatography. The elution of the carboxylic acids followed their 

solubilities in the mobile phase, while the elution of the phthalate 

esters followed the order of their solubility parameters. These results 

are consistent with a partitioning model of the distribution process. 

Suitable separations of the phthalate esters could be accomplished iso

cratically, although these separations should be achieved more rapidly 

through the use of gradient elution chromatography. 

The primary mode of retention for the compounds studied here was 

shown to be due to dispersion interactions between the polystyrene and 

the n-electron system in the solute. This effect was best illustrated 

138 
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with the polycyclic aromatic hydrocarbons. As the size of the n-system 

in these molecules increased, their retention times likewise increased. 

This behavior was found to correlate with the dispersion solubility 

parameter of the mobile phase. 

Adding an aliphatic side-chain to benzene, which should not 

significantly alter its n-electron system, did not change the chromato

graphic behavior of the new molecule relative to that of benzene. This 

confirms that solute-stationary phase interactions occur through 

n-electron dispersion forces. This further suggests that compounds with 

different-sized n-electron systems could be separated. This was indeed 

the case, as demonstrated by the successful separation of benzene, 

naphthalene, phenanthrene, and pyrene. Groups that alter the n-electron 

system in benzene should give compounds with chromatographic behavior 

different from that of benzene. Adding both electron-donating and 

electron-withdrawing groups to benzene resulted in compounds whose 

chromatographic behavior was indeed different from that of benzene. 

The retention of these compounds was still a function of dispersion 

interactions, however, supporting the partitioning retention mechanism. 

For both electron-withdrawing and electron-donating groups, it 

is possible to quantitate the effect of individual substituents on 

retention. This effect is a function of both the substituent and its 

position of attachment to the benzene ring. Knowing both the substi

tuents and their position of attachment, the retention of several 

disubstituted benzenes was accurately predicted. In addition, it was 

also possible to predict the mobile phase composition that would give 



suitable separations of a series of compounns. This was demonstrated 

for the separation of benzene, chlorobenzene, and nitrobenzene. 
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Retention on conventional silica-based bonded phases is a func

tion of several parameters. Such things as the chain length, the 

surface area covered, and the mobile phase composition all affect reten

tion on bonded phases. It has been shown for the polystyrene material 

examined in this study that dispersion interactions alone govern reten

tion. This singularity of interaction demonstrates that this polystyrene 

material makes a unique stationary phase for liquid chromatography. 
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LIST OF SYMBOLS 
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Symbols used more than once in this work are listed below. The 

page reference in parentheses indicates the first appearance of the 

symbo 1 . 

. \ Stationary phase sUTface area (p. 16) 

E Cohe~ive ener~y density of a liquid (Equation 1-15) (p. 20) 

F Volumetric mobile phase flow rate (p. 14) 

H Height equivalent to a theoretical plate (p. 12) 

K Solute distribution constant (Equation 1-1) (p. 14) 

k I Capacity factor (Equation 1-2) (p. 14) 

N Number of theoreti ca 1 pl ates (p. 12) 

nm Moles of solute in the mobile phase (p. 14) 

ns Moles of solute in the stationary phase (p. 14) 

R Fraction of solute in the mobile phase (Equation 1-4) (p. 15) 

Rs Chromatographic resolution (Equation (4-11) (p. 116) 

to Retention time of a non-retained solute (p. 14) 

tR Retention time of a solute (p. 12) 

Vm Volume of mobile phase in column (p. 14) 

VR Retention volume of a solute (p. 14) 

V Volume of the stationary phase (p. 14) 
s 

V Molar volume (Equation 1-13) (p. 19) 

v Average migration velocity of a solute (Equation 1-6) (p. 15) 
s 

W ~'!eight of stationary phase (p. 16) 
s 

o Hildebrand solubility parameter (Equation 1-18) (p. 21) 

0d Dispersion solubility parameter (Equation 1-17) (p. 21) 
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