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SUMMARY --
The objects of this thesis have been threefold. In 

the first place it has been an investigation of the factors which 

influence retention time in an attempt to predict the retentions 

of new compounds. Secondly it has been an investigation into 

the conditions for the best separation of diastereoisomers, and 

thirdly it has been an application of gas chromatography in the 

study of the forces of intermolecular interaction in solution. 

To carry out these investigations, the retention times 

of twenty five monofunctional and bifunctional compounds have 

been determined on four stationary liquids at 1'3o0 c. 

It was found that by dividing the retention time of a 

solute by that of a hypothetical normal hydrocarbon of the same 

molar volume of the solute, a functional group constant was obtained. 

By means of this constant, termed the Group Retention Factor, it 

was found that it is possible to predict the retention of bifunctional 

compounds .. 

The separation of diastereoisomeric pairs is disoussed 

in terms of the Group Retention Factors of the functional groups 

on the diastereomers. 

The molar volume is also utilized in order to develop 

an equation by means of which the ratio of retention times on 

two solvents can be related to the forces of interaction between 

solute and solvent. 
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SECTION 1 

INTRODUCTION AND THEORY 

1.1 · INTRODUCTION 

In the comparatively short time since its inception, 

Gas Liquid Chromatography (GLC) has proved to be a technique of 

great versatility and application. 

It is used in the analysis of complex volatile mixtures, 

in the separation of very closely related substances, in the 

preparation of ultra pure samples, and in the investigation of 

thermodynamics at infinite dilution. 

In this study it is hoped to extend ths application in 

three of these areas. 

(i) Retention times 

In the analysis of a complex mixture, the components 

present are usually identified according to the time they 

spend in the column. Analysis is simplified if this 

retention time is known beforehand. In this thesis a method · 

is presented for the estimation of the retention times of 

various chemical types from a knowledge of their basic 

molecular features. 

(ii) Diastereoisomers 

Gas chromatography is a powerful tool for the 

separation/ •••• 
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separation of close boiling liquids. A number of pairs 

of diastereoisomers have been chosen to investigate the ' 

way upon which the resolution of these very similar chemical 

species may be improved. 

(iii) .~.Ql.ution theory 

As a technique of simplicity and accura~y, GLC 

is pre-eminent in the study of thermodynamic properties at 

infinite dilution. Gas chromatographic retentions lead 

to values of enthalpies, entropies and free energies of 

solution. Equations are developed below which lead to 

values of the intermolecular forces of interaction between 

the liquid in the column and the vapour being chromatographed. 

SECTION 1,2 

OUTLINE OF THEORY 

Gas chromatography is a technique for separation in 

which the component, a vapour, is partitioned between a gas (the 

mobile phase), and a solid or a liquid (the stationary phase). 

The first case is known as gas-solid chromatography, and 

the second, the only type dealt with here, as gas liquid chromatography. 

In the procedure the components to be chromatographed, which 

are also known as solutes, are injected as a liquid mixture into a 

heated inert gas stream. Instantly vaporised, they pass through a 

oolumn/ •••• 
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column containing the stationary phase. 

The liquid phaset or solvent, is present as a thin 

layer coated either on an inert packing. material (the support), 

or on the wall of the column. The first case is known as 

packed column chromatography, which is the technique used 

exclusively in this study. The second case is capillary 

chromatography. In capiilary chromatography column diameters 

of the order of 0.1 mm are usedt while in packed column 
' 

chromatography the column diameter is usually of the order of 

4 to 6 mm. 

The solutes, eluted from the column1by the continuous 
I , 

passage of the carrier gas, are detected by a physical method at 

the column outlet. The detection signal after having been 

amplified, is recorded on chart paper. 

The parameter which is measured, and which may be 

related to the physico-chemical properties of the system is the 
\ 

retention volume. The retention volume is defined as the volume 

of carrier gas in cubic centimeters required to elute the solute, 

This quantity is independent of the flow rate of the carrier gas. 

This must however be known to enable the calculation of retention 

volume from the retention time, which is the time the solute spends 

in the column. This latter quantity is the parameter most 

conveniently measured and utilized. The retention time is 

always measured from the point on the chart where air injected 

with the solutes emerges, or would emerge. This position is 

termed/ •••• 
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termed the air peak, and the reason for its importance will be 

understood when the basic gas chromatographic equations are 

derived below. 

There are now two approaches to the derivation of equations 

relating retention volume to physical constants. Littlewood (1) 

relates them from a basic consideration of the partition coefficients 

of the solutes between the mobile and stationary phases, while Purnell 

(2), with.most other authors presents a more readily understood 

derivation of the equation from a consideration of the vapour 

pressures of the pure solutes. Both pathways lead to identical 

relationships, and the derivation given by Purnell is presented below. 

The retention volume per gram of solvent at the column 

T 
temperature T1~g 1 is given by 

V T = 
g 

RT 
··················•·!·•············ 1.1 

where R is the gas constant, T the temperat~in degrees Kelvin, 

1° the activity coefficient at infinite dilution, P0 the vapour 

pressure of the pure solute and N
1 

the molecular weight of the solvent. 

By eliminating T from the equation, the retention volume 

per gram of solvent at 0°C, known as the specific retention volume, 

V , is obtained 
g 

v 
g = 273 V T 

T g 

m. 
= T 

..................................... 1.2 

RT 
• • • • • • • • • • • • • • • • • • • • • • • • • • • • .• • • 1 • 3 
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= •••• 1' •••••••••••••••••••••••••••• 1.4 

From a knowledge of the molecular weight of the solvent and the 

vapour pressure of the pure solute at that temperature, it is then 

possible to determine the activity coefficient of the solute in 

the solvent at infinite dilution. 

Since the excess partial molar free energy of 

mixing at infinite dilution is related to the activity coefficient 

by 

= RT 0 
ln ·~ 1. 5 

it is seen that the retention volume may be related to various 

other thermodynamic quantities. This has in fact been verified, 

and utilized, by a number of authors (3 - 9). 

The/.~·· 
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The accurate determination of the specific retention 

volume is, however, not always a simple procedure. IIi addition 

to a precise knowledge of the flow rate and the weight of solvent 

on the column, it is necessary to apply a carrier gas compressibility 

correction factor (see 2, eqn. 5.21). More often than not 

specific retentions are not measured, and published data are 

presented in the form of relative retention times, or volumes. 

To do this~ some solute is arbitrarily chosen as having unit 

retention time, and those of all others are measured relative to 

this •. Provided that all measurements are made under identical 

column pressure conditions, it is unnecessary to apply the 

compressibility equation, or to know the weight of the solvent in 

the column. FUrthermore, retention may be measured in any units, 

such as centimeters of chart. 

For these reasons, and also for the reason that in gas 

chromatography one is primarily concerned with the separation of 

components, relative retentions are used throughout this work. 

The relative retention time is obtained by dividing the 

specific retention of the solute, 1, by that of a reference solute, 

2. ' 

It may be written 

= •••••••••••••.•••••• ·• • • • 1 • 6 

Equation/ •••• 
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Equation 1.6 illustrates that the relative retention of two 

solutes depends both on the ratio of their vapour pressures, and 

upon the ratio of their activity coefficients at infinite dilution. 

The phenomenon which enables GLC to effect separations far more 

efficiently than distillation, is the ability of gas chromatoGraphic 

liquids to change the activity coefficient ratio. 

It is felt, however, that for theoretical treatment, the 

relative retention of two solutes is better described in terms of 

the beats of soluti~n. Retention volume equations in these 

terms have been developed for this thesis to help understand the 

forces which operate in solution, and are derived below. 

If we consider solutes 1 and 2 to have vapour pressures 

P1° and P
2
° in mm of Hg at temperature T

1 
in degrees Kelvin, thenfrom 

the Clapeyron - Clausius equation, 

tHV 
(....L 1) :::: 

__l -R Tb T 
1 

tJ.Hv 
(-1- 1) = _2 -R -T T 

b2 

where Tbx is the boiling point of the solute, 

heat of evaporation of the pure solute. 

Then 

---------- -----···-·-· 

............... 1. 7 

•••••• i •••••••• 1 .8 

x, and t:.HV the molar 
X 
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....................... 

i'f 1 and 2 have similar Trouton constants. 

Since 

and 

From 1.5 we see that 

OJ 0 ln y 2! y 1 

iG,O 
E = 

6~ = 

6~ Tt;so 
E 

6Hv 6~ 

........................... 

........................... 

where 6~ is the partial molar enthalpy and 6~ the partial molar 

entropy of solution, and 6~ is the molar heat of evaporation of 

solute from solution (see 9), 

+ 
-o 

. T6SE( 1 ) 

1.9 

1 • 11 

1. 12 

1. 13 

(t:so ··. . - 6S0 
) · · 

E(1) E(2) •••••••• 1.14 
R • 

The entropy term is small and may be represented * by 

1.15 

where r 1 is the molecular volume ratio of the solute and solvent molecules. 

* See discussion on activity coefficients below. 

If/ ••.• 
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If solutes 1 and 2 are of gimilar size, and in a common solventr 

= • 

= 0 ••••••••••••••••••••·•••••••••••·••••••••• 1.16 

where v
8 

represents the molar .volume of the solvent molecules, 

VX the molar volume of solute x. 

Relative retentions are seen to be determined only by 

the difference between the heats of evaporation from solution of 

the two solutes, and by.the absolute temperature. 

..................... 1 .. 17 

This is considered a particularly lucid presentation of the relative 

retention time as· a function of thermodynamic variables, and this 

equation will be used in preference to others, such as 1.6. 

One of the earliest relationships established in gas 

chromatography is that there is a linear relationship between the 

logarithm of the retention volume of members of an homologous 

series and their carbon number¢ 

This may be explained in a number of ways. 

From equation 1.4 it is seen that 

log V = g 
0 0 constant - l~g y P ............. ·• ............ . 1.18 

and the increase in log V with carbon number cen be thought ot as being 
g 

caused / •••• 
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caused by the linear decrease in the logarithms of vapour 

pressure as carbon number increases. Since log P0 is directly 

proportional to the boiling point, log V is also linearly 
' g 

related to the boiling point of members of an homologous 

series. This is a relationship of very wide application. 

Equation 1.17 explains the logarithmic increases in 

retention volume with chain length in terms of the linear 

increase of ~ with chain length. 

The heat of evaporation of the solute from solution 

increases with carbon number for the same reason that the heats 

of vaporisation of the pure liquids increase. Increasing 

molecular complexity makes it more difficult for molecules to 

break free from the liquid. 

A different aspect of the relative retention is brought 

out when it is written in the form 1.6 

= ............................... 1.6 

In this equation, r
12 

is seen to be determined by the vapour 

pressure ratio and by the activity coefficient ratio of solutes 

· 1 and 2. 

The activity coefficient is a measure of the non-

ideality of solution. In a solution which is ideal, the 

activity coefficient is unity, and partition between two solutes 

is determined solely by the vapour pressure ratio of the solute~. 

Gas/ •••• 
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Gas chromatographic solvents very seldom give rise to ideal solutions. 

The feW' that do are the hydrocarbon solvents, such as squalane, and 

separations on these liquids are determined only by the vapour 

pressu-es of the solutes. In most solvents the activity coefficient 

is not equal to unity, and it is this property which enables gas 

chromatographic resolution of compounds of very similar boiling 

point, yet different chemical character, which cannot be separated 

by distillation. 

Because of the importance of the activity coefficient, a 

considerable body of work has been carried out to relate the activity 

coefficient to molecular parameters. Purnell (2, pp25ff) has 

treated this in some detail, giving an expression for the activi~y 

coefficient which may be developed fro~ the Flory~Huggins treatment. 

A,, summary of Purnell's derivation of the expression will now be 

presented. 

From equations 1.5 and 1.11, we may write 

0 
lny = ·········~~~~--~~····~· .. ~~·~~··!···· 
and the activity coefficient may be considered as the product of 

a thermal and of an athermal factor, 

0 0 0 
lny = ln YtYa ···················~·'!:~~-····~············ 

1.19 

1. 20 

· By development of the Flory-Huggins theory, these factors 

can be evaluated individually in terms of molecular parameters, 

(2, p. 29). In the gas chromatographic column, the solutes, 

because/ ••.•.• 
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because of the small quantities injected, may be considered to be 

at infinite dilution. The activity coefficient at infinite dilution 

of solute in solvent S is then written 

~ 
= 2RT 

z1 is the co-ordination number of 1 in the solvent. 

It is a function of the number of nearest neighbour sites to a given 

segment of solvent molecule, but is difficult to define precisely. 

U11 , USS and U18 are the forces of interaction between 

molecules of solute, molecules of solvent, and between solute and 

solvent, respectively. 

1 
r is the molecular volume ratio of solute to solvent 

molecules, as before. 

The relation made between entropy and molecular size in 

equation 1.15 will now be understood •. 

As in the case of retention volumes, it is more convenient 

to work with relative activity coefficients. 

If the two solute molecules 1 and 2 are of similar size, 

then the athermal factor can be eliminated, and the co-ordination 

numbers equated, 

z 1 = = z ...................... · ........... · ... ·. 1. 22 

Then the relative activity coefficient. of solute 2 to solute 1, a 

quantity/. • •• 
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quantity which is obtained by eliminating the vapour pressure from 

the relative retention of 1 to 2 (equation 1.6), pecomes 

It will Pe noticed that the solvent - solvent interaction factor has 

been removed. (u22 - u11 ) Is often equated with the difference in 

the heat of vaporisation of solutes 2 and 1, while (u25 - u13) is 

the difference in interaction energies of solutes 2 and 1 with the 

solvent. It is thus apparent that even in a solvent which shows 

no preferential interaction with either of the solutes,_the 

activity coefficient ratio will still have a value, dependant on 

the heats of vaporisation of the solutes and their size. 

SECTION 1.3 

OUTLINE OF WORK 

The fundamental objects of this thesis have been 

presented in the introduction. 

These are presented again below. 

1) To investigate the factors which influence retention time in 

an attempt to predict the retentions of new •ompounds. 

2) To investigate .the resolution of diastereoisomers, solute pairs 
I 

which are particularly difficult to separate. 

3) To apply gas -chromatography to study the forces of intermolecular 

interaction in solution. 

To/ •••• 
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To carry out these investigations, the retention times of 

twenty-five monofunctional and bifunctional solutes have been 

measured relative to normal heptane on four stationary liquids at 

130°C. 

The compounds studied include five chemical classes and 

four structural types. The monofunctional compounds were normal 

butyl bromide, n-butyl methyl ether and n-butyl cyanide. The 

bifunctional compounds chosen were 1,2 disubstituted ethanes, 2;3 and 

1,4 disubstituted butanes. . Both substituents on the disubstituted 

butanes were in each case the same, while 1,2 disubstituted ethanes 

with different functional groups have also been studied. 

The four gas chromatographic liquids chosen are all 

well-known solvents of general applicability. They are squalane 

(SQ), dinonyl phthalate (DNP), tricresyl phosphate ( TCP) and 

polyethylene glycol 600 (PEG). 

The temperature employed throughout was 130°C, and in 

addition the acetates and bromides were chromatographed at 100°C. 

The retention times so obtained are manipulated to obtain 

functional group constants, and values for the forces of interaction, 

in the discussions which follow. From the retention times of the 

monofunctional compounds it has been found that it is possible to 

predict the retentions of. the bifunctional compounds. The 

diastereoisomeric pairs have all been separated, and the ease 

with/ •••• 
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with which the various pairs separate is discussed. Finally, an 

equation is derived which relat~s the activity coefficient to the 

forc~s of interaction between solute and solvent. 

Section/ •••• 
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APPARATUS AND EXPERIMENTAL TECHNIQUE., 

The gas chromatograph was purchased from the Department 

of Physical Chemistry, University of Pretoria. 

The oven cons is ted of a 12" x 14 '' x 8" hollow- walled 

container fitted with a 1/2" asbestos top, and heated by means of 

resistances wound :close to the walls inside the container .. 

The ·chromat'ographic columns were 1 metre in lerigth) and 

made from 1/411 , 18 gauge copper tubing. Coiled, they were secured 

:Within ·.the oven by rre ans of flange nuts. 

The oven temperature was measured by means of a ·thermometer 

guaranteed ·to within·± 1°C, arid immersed in the oven top to within a 

few inches of. the mercury level. The ove·n temperature· was kept constant 
0 .... · 0 .. . 0 

at 130 ,c·or 100 C to within 0~5 Ce The column preheater temperature, 

at the injection.port was maintained at 180°C, the temperature being 

measured:.by a thermocouple built into the apparatus. 

A Hamilton 10 ~1 syringe was used to inject the solute 

mixture into the gas stream through a silicone injection cap. 

The carrier gas used, nitrogen, was not treated in any way before 

entering the column, except when it was pretreated for one particular 

experiment. 

The /ooooe 
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thiocyanate), then with 5% sodium hydroxide., followed by repeated 

washing with water until neutral. Thoroughly dried, it waa 

thereafter treated with 51& diehlorodimethyl silane in redistilled 

toluene for seven days, followed by washing with anhydrous methanol 

and then repeatedly with ether. Finally it was dried at 120°C for 

1two hours. 

Various authors (see for example 2 and 58) have described 
I 

this treatment to inaGtivate ~ su.pport. . The dichlorodimethyl silane 

acts by silizing the hydroxyl g.coups on the support. The support 

after this treatment produces fm .. • less tailing due, it is believed, 

to the silization of these groups~ 

The slurry technique was used to coat the support. The 

stationary liquids weighed accurately to 0.001g, were dissolved in a 

suitable volatile solvent, and added to a slurry of the support w·ith 

the same solvent. ~he support was weighed to an accuracy of 0.1g 

beforehand. The solvent used for squalene was chloroform, and the 

solvent used for the other three liquids was acetone. The solvents 

were evaporated over a water bath, and in a draught, with constant 
I 

stirring of the slurry until dry. The coated support was finally 

heated at 120°C for two to three hours. 

Loadings prepared were: squalene 20% w/w~ and the others 

The reasons for the particular choice of these figures are 

given in the last section. 

The columns were not usually matured in the chromatograph 

for any length of time, though the carrier gas was passed through the 

columns while they were being heated. 

was observed over any length of time. 

No variation in column behaviour 

The reference solute used in 

all / •••• 
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all cases has been normal heptane, this hydrooarbon being chosen 

because of its suitable boiling point (98°C), and availability. 

In each case it was mixed with the component to be chromatographed 

prior to injection. 

Since it is well established (10, 11) that the sa~ple 

volume injected does influence the retention.tioe, particularly if 

the samples are large, volumes were injected such that the quantity 

of each component injected was of the order of 0.05 pl per % liquid 

loading. Thus 0.25 pl of each component could be tolerated on 

the 5% column. Retentions were not found to change with volume 

injected within these limits. Comparisons with pure samples 

chronatographed were also made, and it was confirmed·· that the injection 

of a mixture does not alter the retention times of any of the components. 

The flame ionisation detector does not respond to air, and 

hence with this detector, the "dead volume" must be determilied by 

alternative methods. Two techniques have been used here: 

(1) A saturated solution of coal gas in a relatively high boiling 

solvent (heptane to decane) was chromatographed. The first 

peak appearing was assumed to be methane which can be considered 

as having a retention time identical to air at these temperatures. 

(2) The dead volume was estimated by the method described by · 

Peterson and Hirsh (12), and extended by Gold (13). Since a 

plot of the logarithmic retention time, corrected by subtracting 

the column dead volume, of normal alkanes against carbon number 

is linear, the dead volume may be estimated from uncorrected 

retentions by the relationship vn I ...... 
3 
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(> n 2 

•.•.••••• , •••• 2.1 

where vd is the dead volume of the apparatus, and v , v and vn_ 
n1 n2 :> 

the uncorrected retention times of normal hydrocarbons, or any 

members of an homologous series, n1, n2 and n
3

• In practice the 

hydrocarbons normal hexane, octane and decane were used, and 

equation 2.1 reduces to 

+ v •••••••••••••••••••••••••••••••••••• 2.2 
n -3 

The first method suggested for determining the air peak is a new 

technique, and it was verified by comparison with the second, 

established method. The coal gas technique was however employed 

only in a few measurements during the early part of the work. 

These appear in the last section of the thesis. 

It was frequently necessary to alter the flow rate of the 

carrier gas. It was either increased to elute high boiling 

components within a reasonable time, or it was decreased to allow an 

accurate measurement of the retentions of low boiling components. 

When this was done new determinations of the dead volume by Peterson's 

method were not usually made, but the retention of n-heptane was used as 

a measure of the flow rate. The new dead volume, Vd{ 2), was 

calculated from the dead volume at the first rate, Vd{ 1 )~ by direct 

proportion using the retentions of n-heptane Vnc1(2) and Vnc1(1); 

vd(2) = / •••• 
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··············-···-················ 2.3 

The validity of this relationship was established by making direct 

comparison with dead volumes calculated from 2.2 at different flow 

rates. Corrected retention times were then established for the 

various compounds by measuring the distance from the point of injection 

to the height of the peak, and subtracting the calculated dead volume. 

Retentions of less than 10 em were measured to 0.1 mm, those greater 

than 10 ern to 1 mm. 

Injection Procedure; 

1. The column was allowed to equilibrate at 130°C with the carrier 

gas flowing through the packing to remove arw volatile impurities 

or products of decomposition which might be present. 

2. 1111 of a blend of n- hexane, n- heptane, n- octane and n- decane 

was injected from seven to ten times at a suitable flow rate. The 

retention times recorded on chart paper were measured later, the 

mean values being used to calculate the dead volume. 

3. The component to be chromatographed was dissolved in, or mixed 

with n- heptane and injected between five.and ten times. 

Sometimes the other hydrocarbons were added to the mix if a 

simultaneous estimation of the dead volume was required. In 

the case of very high boiling compounds, n- decane was used as 

reference solute. The retention rel~;.tive to n- heptane can be 

calculated / •.•• 
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calculated from a knowledge of the retention of decane relative to 

heptane, r 10 , 7 

r x,7 

SECTION 2,3 

= r x, 10 X r10. 7 ··--····························· , . . . 

ERRORS 

2.4 

There are three main causes of errors in gas chromatographic 

measurements: 

(1) Variation in retention time produced by irregularities in evaporation 

and mixing in the preheater; ~hese vary from one injection to 

another and account for the fact that two retentions seldom agree 

to better than 0.2 mm~ a q_uantity which can be highly significant, 

particularly when the retention time of the reference solute is 

very much smaller than the compound being eluted. This problem 

is overcome by taking the average of multiple retentions. 

(2) Variation in the retentions of ·asymetric peaks with peak height; 

it is found that if a particular peak is asymetrical, by virtue 

of tail~ng caused by interaction with the support, there is a 

shift in the position of the peak depending on its height. 

Sharp peaks have smaller retentions while low peaks usually take 

longer to emerge. The differences involved, which may be large 

(of the order of a centimeter). do not, however, ·introduce 

significant/ •••• 
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significant errors since this-phenomenon is only observed in 

peaks which· have relatively long retention timest and the retention. 

time is always the numerator in the ratio taken • Any variation 

. due to this effect in the retention of the reference solute, which 

is usually a small figure in the denominator of the ratio, would 

be of significance, but fortunately alkanes were not found to 

give assymetric peaks. 

(3) Errors introduced in the calculation of Vd; this is the most 

serious source of faulty results. The relationship used to 

calculute vd'. equati~n 2.2, frequently involves the difference and 

ratio of small numbers, which can only b~ measured to ·0. 1 mm. 

A small error in the dead volume can introduce a large percentage 

error in the·retention of the reference solute when the subtraction 

is made to obtain its corrected retention volume.. 

For these reasons the greatest care has been taken in the 

injection and measurement of the retentions of the normal hydrocarbons, 

and the flow has been kept as lov1 as possible, since the longer the 

retention time the smaller is the percentage error introduced by 

fluctuation.in·retentions. 

SECTION ·2.4 

PREPARATION AND IDENTIFICATION OF CHEHICALS 

Of the four stationary liquids used in the study, squalane, 

dinony1 phthalate ai).d tricresyl phosphate were all supplied as gas 

chromatographic solvents t and were used directly without purification .• 

The/ ••.• 
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Th~ polyethylene glycol was however treated for the removal of volatile 

impurities by heating at 100°C and 0~5 mm pressure for 8 hours. 

Table 2.1 gives a list of the chemicals chromatographed. 

Postscripts indicate whether the chemical was bought (b) or prepared 

in the laboratory (p). The chemicals bought were all obtained from 

British Drug Housese 

TABLE 2,1 

Chemicals obtained fQr chromatography 

Substituted Substituents 

Hydrocarbon Bromide 
t 

Acetate t Alcohol 

n-butyl b 

1, 2-disubsti tu- b1 
ted ethane 

1, 4-disubsti tu- p 
ted butane 

2,3-disubstitu- p 
ted butane 

1-bromo-2-cyanoethane 

2-bromo ethyl alcohol 

2-methoxy ethyl alcohol 

2-methoxy ethyl acetate 

ethylene glycol monoacetate 

Alternative names: 

b 

b 

p 

p 

1, ethylene bromide; 2, ethylene glycol; 

3, )l{• butylene glycol; 4, valeronitrile; 

5, succinonitrile; 6, adiponitrile; 

b 

b2 

b 

b3 

' 

Methyl 
ether 

b 

p 

p 

p 

7, 2,3-dimethyl succinonitrile; 8, ~-bromopropionitrile; 

9, ethylene bromohydrin; 10, methyl cellosolve. 

I 

I Cyanide 

p4 
I 

p5 

6 p 

p7 

' 

( 

l 

For/ •••• 
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For convenience, the following abbreviations are used for 

the different solute types: 

n-butyl is abbreviated to Bu 

1,2-disubstituted ethane is abbreviated to (CH2 -)2 

1,4~disubstituted butane is ab;breviated to (CH2 CH2 -) 2 

2;3-disubstituted butane is abbreviated to (C~ CH -)2 

Preparation. Identity and Purity of Chemicals 

One of the most useful features of GLC is the fact that the 

retention volume of a solute is independent of the impurities which 

might be injected i~th it (2, 10). Thus an impure solution of 

a particular chemical may be used for accurate studies of the 

thermodynamic constants at infinite dilution of that chemical in 

the chromatographic solvent, provided that the correct peak can be 

identified. For this reason none of the chemicals procured was 

purified in any way, unless ambiguity arose from the presence of an 

unidentified peak in the chromatogram. 

In only one case did this problem arise. Ethylene 

glycol monoacetate, technical grade, was found to give two peaks of 

equal size. Fortunately the second peak was readily identified 

from its retention time as being ethylene glycol diacetate. 

Production of the di-ester in the monoacetate is very difficult to 

prevent, and the two esters having very similar boiling points are 

extremely difficult to separate by distillation. 

One./, ••• 
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One important chemical which did give more than one peak, but 

is not listed in the table, was n-heptane. On chromatography it was 

found to give three peaks, presumably due to close boiling isomers 

present in the original petroleum distillate. The hexane was also 

seen to be contaminated, but in this case the accompanying peak was 

very much smaller. Fortunately n-pentane, octane and decane each 

gave only one peak, and the true n-heptane and hexane peaks were 

identified from a plot of the log retention volume against carbon 

number. Redistillation of the heptane increased the relative size 

of the normal isomer peak. 

2,3-Butanediol 

All the 2,3 disubstituted butane derivatives, with the 

exception of 2,3-dimethyl succinonitrile, were prepared from commercial 

2,3-butanediol. The relative proportions of the diastereoisomers in 

these samples therefore were determined by the ·original composition 

of the butanediol. For these reasons some time has been spent 

ascertaining the purity and chemical composition of this compound. 

From a knowledge of the composition of the butanediol it is possible 

to identify the diastereomeric peaks of the daughter ccmpounds. 

The following procedure was adopted to analyse the 2,3-butane-

diol: 

Four samples of the diol obtained were chromatographed on 

polyethylene glycol, the chromatographic solvent known to have the 

best/ •••• 
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best selectivity for alcoholse In each case two peaks -w·ere 

observed, but only in one case were they of equal size. In the· 

other cases one large peak appeared accompanied by a much smaller 

peak., After distillation (b 180--2<ch50 mm), the latter samples 

were observed to crystallize after stru1ding for some weeks. 

Wilson and Lucas ( 14) have published the melting point curve fa.r 

the meso-dl 2,3-··buta...'lediol system, and the melting point, 26°C of 

the crystals obtained here corresponds to a sample composition of 

95% of the meso form~ 

This agrees with the measurement of the gas chromatographic 

peak areas_. Since the diastereo:tsomers are compounds of almost 

identical nature, it seems likely that the response of the detector 

wfll be very similar for each of them 1 and hence the relative peak 

areas a measure of the relative amounts of each j.11 the mixtureo ~'his 

assumption is justified by compariaon of the percentage meso form in 

the various samples as deduced from chromatographic data and from 

the melting point: 

l}§W2le ~§Q~_fr..Q..m_Q:LC P.f1Jk.. ~.1!!~.9 •. frc•ill.....!!!.=.J2...., 

1 50 
0 

<-17 c 

2 80 20--22°C 74 

4 87 
0 25-·26 c 92 

The first sample did not crystallise even en seeding at 

.... 17°C 1 and it was tentatively suggested that the large peal::: in th'3 

other samples be the meso isomero 

This / •• oe o 
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This was finally confirmed by recrystallisation of the 

high melting samples from isopropanol to obtain crystals melting 

. 0 
at 30 - 32 C, (lit. m.p. pure meso form 34°C), and by the 

preparation of a mixture of the isomers by the reduction of 

dimethyl glyoxal. The product so obtained showed an absorption 

-1 peak due to the hydroxyl band in the infra-red spectrum at 3380 em , 

as did the other samples, and gave two peaks when chromatographed on ·' 

PEG. These peaks corresponded exactly to those obtained from 

the "50%" sample of 2,3-butanediol. Since the dimethyl glyoxal 

was pure before starting, and since it has a retention time quite 

different from butanediol, it may be accepted that the two peaks 

observed in the commercial sample are indeed the diastereoisomers 

of 2,3-butanediol, and not due to some impurity. 

The relative proportions of isomers in the butanediol 

now known, the amount of meso and dl forms in any compound 

prepared from the diol will also be known, providing that the 

mechanism of the preparation is understood. 

Preparation of chemicals 

1,4-Dibromobutane. 

This was prepared from 1,4-butanediol, procured from 

British Drug Houses (BDH), and tested for purity by GLC. The 

preparation was that given by Vogel (15). The product boiling 

at 107-8°/47-49mm (lit. 110°/58mm), gave ,only one peak on 

chromatography/ •••• 
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chromatography. The infra-red spectrum was free of peaks in the 

region of hydroxyl absorption (3500- 3600 cm-1
). Analysis 

figures are: 

theoretical C 22.2% H 3.73% 

found C 21. 9fo H 3.60% 

Br 74.0% 

Br 73.6% 

2,3-Dibromobutane. 

A sample of this was bought from BDH, but was found to 

give only one peak. Two samples of 2,3-dibromobutane1 50% meso 

and 5% meso were then prepared from 50% meso and 95% meso 

2,3-butanediol diacetate (preparation below), according to the 

method of Wilson and Lucas (14). Bromination of meso 2,3-butanediol 

diacetate gives rise only to dl-2,3-dibromobutene as these authors 

show. 

1,4-Butanediol diacetate. 

This was prepared from 1,4~butanediol and acetic acid. 

The reaction was conducted in benzene solution, catalysed by p-toluene 

sulphonic acid, the water being azeotropically removed. The product 

boiling at 126-8°/26mm (lit. 130°/40 mm) gave only one peak on 

chromatography, an infra-red spectrum with a peak at 1750 em-1 

(ester position), 'and no absorption in the hydroxyl region. 

2,3•Butanediol diacetate. 

This was prepared in a similar way from the different 

samples of 2,3-butanediol. Since acetylation does not involve inversion 

at the / •••• 



- 30 -

the asymetric carbons, a knowledge of the composition of the diol 

samples allows identification of the acetate peaks. The diester 

distilled at 93-4°/23mm (lit. 100°/25mm) and showed an infra~red 

-1 peak at 1746 em , with no absorption in the hydroxyl region. The 

"50% meso" sample gave two peaks of equal size on chromatography and 

the "95;'-b meso" sample only one. 
J(· < 

Saponification furnisheq further 

proof that the sample was pure 2,3-butanediol diacetate. 

Hethoxybutane. 

:tvlethoxybutane was prepared from n-butanol by treatment 

with sodium and methyl iodide (vlilliamson synthesis). The product 

boiling at 70-71 °C (lit. 70°C) was distilled oVo..:r sodium and was found 

to be pure by chromatography. 

1,2-Dimethoxyethane. 

This was prepared from methyl cellosolve by a Williamson 

synthesis··· in the same way. The product distilled over"·sodium boiled 

at 80-82° (l;t. 82-3°) and t t d f ·t b hr t h • was es e or pur~ y y gas c oma ograp y. 

1,4-Dimethoxybutane. 

This was prepared from 1,4 dibromobutane and sodium 

methoxid~, after direct synthesis from 1,4-butanediol had been 

found to be cumbersome and lengthy due to incomplete methylation 

of the dial. The product distilled qversodium at 130-132° 

(lit. 132-3°) and on chromatography gave only one peak. 

2,3-dimethoxy butane/ •.•• 
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2, 3-D imethoxybu tane. 

Some difficulty was experienced in the preparation of 

this compound due to the instability of the sodium salt of 2,3-

butanediol. At temperatures above 90°, the solution of sodium in 

the glycol darkened appreciably, and after treatment with methyl iodide 

gave.products which distilled over a wide range of temperatures, giving 

multiple peaks on chromatography. The pure diether was finally 

prepared from a dilute solution of the sodium salt of butanediol in 

butanediol at a temperature below 80°C. The monomethylether, the 

product of the first treatment with sodium and methyl iodide, was 

separated by repeated distillation until a constant boiling liquid 

was obtained (b. 41-46°/22mm; lit. 40°/20mm) and was then dissolved 

in anhydrous ether and treated with sodium and methyl iodide. The 

final product after two distillations boiled at 110°C (lit. 108-111°C), 

distilled oversodium, and gave only one peak on chromatography. 

5~; Meso and 75% meso samples were prepared but each sample showed 

only one peak:. 

n-Butyl cyanide. 

This was prepared from n-butyl bromide and sodium 

cyanide according to the method outlined in Vogel ( 15 p.408). The 

product boiling at 140-1°C (lit. 141°C) showed only one peak on 

chromatography. 

1,2-Dicyanoethane. 

1,2-Dicyanoethane was prepared in a similar way from 

ethylene r ]_bromide. The waxy, deliquescent crystals obtained melted 

at / ••••. 
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The infra-red spectrum showed a strong 

band in the nitrile position (2250 cm-1), and the sample gave a 

single peak on chromatography. The sample was analysed for C, 

H and N. 

Theoretical C 60.0% H 5.0% N 35.0% 

found C 60. o;,~ H 5. 0% N 34. 2% 

1 , 4- Dicyanobu tane. 

This was prepared from 1,4-dibromobutane and sodium 

cyanide. The product boiled at 180-2°/30 mm (lit. 180-2°/20 mm). 

On chromatographing the nitrile, a tiny leading peak was observed in 

addition to the main peak. This was identified by comparison of 

retention times as 1,4 dibromobutane. 

-1 absorption at 2260 em 

2,3-D.icyanobutane. 

The cyanide showed infra-red 

This compound was prepared according to the method of 

Beech and Piggott (16). The product boiled at 120-137°/17 mm 

(lit. 120-135°/15 mm) forming white crystals in the condenser. 

These melted at 43 - 44°C (lit. 44 - 45°C). The infra-red 

-1 spectrum shoived a peak in the nitrile position at 2280 em • 

Linstead and Whalley ( 17) describe the separation of 

the racemic isomer by crystallisation from light petrole~ethanol. 

The/ •••• 
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The diastereomer so obtained should melt at 58°C. A number of 

carefully controlled crystallisations were performed from these 

solvents, but in all cases crystals melting between 40 and 42°C 

were obtained. On chromatography two peaks well separated and 

of equal size appeared. This indicates that the crystals are 

50% meso and 50% racemic, and since they could not be resolved by 

crystallisation, it is assumed that the later peak is of the 

high melting racemic isomer. 

2-Methoxy ethyl acetate. 

This was prepared from methyl ceilosolve and acetic 

anhydride~ the reaction being cntalysed by cone. sulphuric acid• 

The product was distilled twice b"i40-142°(lit.143°) and tested 

for purity by GLC. 

Amines. 

It was intended to study the gas chromatographic behaviour 

of some amines, and the diastereomeric pair of 2,3 diaminobutanes 

were prepared by hydrogenation of dimethyl glyoxime. The 

diastereomers were resolved by crystallisation of the dihydro

chlorides, and obtained free by treatment with sodium hydroxide. 

It was, however, not possible to elute the free amines from any of 

the gas chromatographic columns. Even low boiling n-butylamine 

could be eluted only with difficulty, producing peaks with severe 

tailing. For this reason the study of amine behaviour was abandoned. 

Section 2.5/ •••• 
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SECTION 2 .. 5 

PHYSICAL PROPERTIES OF THE SOLUTES 

The boiling points, vapour pressures at 130°C (and 

100°C in the case of bromides and acetates, molar volumes, dipole 

moments, refractive indices and "volume reduced boiling points" of 

the twenty five solutes studied are presented in Table 2.2. The 

molar volumes are calculated from the densities at 20°C relative 

0 to water at 4 c. 0 The refractive indices, also at 20 c, are 

the values for the sodium-D lineo 

'J1he 11volume reduced boiling pointn, 6*Tb, is the 
·. , I 

difference in boiling point between the solute in question 

and a hypothetical hydrocarbon of the same molar volume. 

The significance of such a quantity will be explained in the 

text below& 

Table 2.2/. ••• 
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TABLE 2.2 

--· 

I l I I 20 
Solute I T °C P~ 30°(mm) 1 P~ ooo(mm) 

v4 20 
6*Tb ~ ].1 

I b c.li•' 
I mo'le 

I 
BuBr 100 1626 745 107 1.4398 2.15 73 

(CH2Br) 2 132 727.8 296 86 1.5379 147 

(CH2CH2Br) 2 198 103.3 33 119 1.5190 150 

Meso-(CH
3

CHBr) 2 157 ~ .12! ___ 121 ' 1.5,147 117 

di-(cH
3
CHBr) 2 160 347. ill 122 1.5147 -

BuOAc 124 862.2 347 132 1. 3943 1.84 52 

(CH20Ac) 2 187 _1 07.2 24 132 1.415 I 115 

(CH2CH20Ac) 2 230 39.8, 5.9 166 1.4229 96 

Meso-(CH
3

CHOAc) 2 
~ !"\ ~ 1.4134 50 
' )o 190 ).. 90 ,. 26 170 

dl-(CH
3

CHOAc) 2 l) II 
1 .4121 -

~ 
' 

BuOH 117 11S4;, 1C2 1.3993 1 ~63 98 

(CH20H) 2 1'97' 61~'8 • 64 1.4.318 229 
........_.._.~···· .. 

(CR2CH20R) 2 235 16 104 1 .4:467 215 

Meso-(CH3CHOH) 2 182 117.5. 
1.4_3083 155 

·•···· 

107 
dl-(-CH3CHOH) 2 

181 ' 113 ..... -

I I 
.. - ---· ·-· . ·--- -······· ...... - ·-· .. --- ······-···-····· --

Table 2.4 continued /o·•~ 
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Table 2.2 continued 

I .20 ' 
n20 I tr. oc p~30o(mm) P~ooo(mm) 

v 
Solute cJtl 11 L'.\*Tb b mole D 

. 
BuOCH

3 71 4000 118 1.374 - 24 

(CH200E;
3

)2 82 1780 96 I 1. p 3722 74 
. I 

(CH2CH20CH
3

)2 130 760 136 . 1.4031 
4 

51 

Meso-(CH3CHOCH3 ~.1 08 h 139 \ 26 

dl-(CH
3

CHOCH
3

) 2 l111 
)'1073 }1.3935 

I~ -

I 
I 
I 

BuCN 1141 545 104 1. 3949 4.09 119 

(CH2CN)
2 266 ~ 81 1 1.41731 

284 

(CH2CH2CN) 2 295 4o40 111 1.4597 261 

Meso-(CH
3

CHCN) 2 }15 }1132 - 229 
~65 

dl-(CH
3

CHCN) 2 - -

BrCH2CH2CN 180 135 . 81 1.4 750 198 

BrCH2CH20H 149 389 71 1.4969 185 

OH
3
0.CH2oH20H 124 910 79 1.4024 144 

OH
3

0CH20Ac 143 511 118 - 97 

. BOOH20H20Ac 188 100 

I 
94 - 184 

at 60°0 

2 estjmated; see below 

3 at 25°0 

4 at 15°0 
Origin/ ••• ., 
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Origin of the data in Table 2.2 

All the data tabulate-d above.,. with the .exception of the 

density of (CH;CHCN) 2, were obtained from the literature~ usually 

from Chemical Abstracts or from Beilstein. Because of the 

~rge amOunt of literature covered, only the most important 

references are quoted •. 

Vapour pressures 

0 0 The vapour pressures at 130 C and 100 C are given in 

millimeters of mercury in the table. Those which are underlined 

have been derived either from an Antoine equation or from accurate 

data of vapour pressures at a range of temperatures~ The 

remainder were either determined from boiling point data at 

reduced pressures from various sources, or by other methods. 

Estimation of the vapour pressure at 130°0 from boiling 

point data is obtained by extrapolation of the linear plot of the 

logarithms of ~ against I/T, where T is the boiling point of 

the solute, in degrees Kelvin, at pressure P. When insufficient 

data could be found in the literature to make such a plot, other 

methods of estimation had to be used. Fortunately, such cases 

were few. The vapour pressures of 1,4-dimethoxybutane and 

methoxybutane were estimated using the Trouton constant of 1,2-

dimeth6xyethane. This constant gives the slope of the log P veraus 

I/T plot from which, knowing the boiling point, the vapour pressure 

at another temperature can be determined. 

The/ •••• 
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The vapOtlr pressure .of 2-m.ethoxy .atb:y1 acetate was 

determined from the evaporation rate (23). A relationship 

between the evaporation rate and the vapour pressure at 20°C is 

given in the abstract quoted. Using the boiling point, the 

logarithms of pressure may be plotted against the reciprocal of 

0 temperature, and the vapour pressure at 130 C estimated. 

The sources of the vapour pressure data used for the 

different solutes are given in T~ble 2.3 below. 

TA13LE 2,3 

Origins of vapour pressure data 

1. lmtbine equation 

Source 

Othmer ( 18) 

vloodman ( 19) 

Schiopu (20) 

Piek (21) 

Jordan (22) 

Solutes 

BuBr, (CH2Br)2, (CH2CH2Br)2, (CR20Ac) 2, 

BuOH, (CH20H)2 

(CH2CN) 2, (CH2CH2CN) 2 

BuOAc 

CH
3

.c.cH2CH2 .. oH, 

( CH
3

CHBr) , ( CH
3

CHOH) 21 ( CH20cH
3
) 2·, BuGif 

2. From boiling pointa in the literature 

(cH2CH20H)2, (cH2CH20Ac)2, (cH3CHOAc) 2, (cn
3

cHCN) 2_, Br CH2CH2CN 

HO CH2CH20Ac, Br CH2 CH2 OH, (CH2CH2ocH
3

)2 

From/ •••• 
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3. From Trouton constants 

4. From evaporation rate 

The vapour pressures determined via the Trouton constants 

~annot be expected to be very accurate, but fortunately this is not 

of great significance since the vapour pressures are required for 

only a small section of the work, in the verification of one equation, 

and it is felt that the values so obtained are acceptable~ 

Densities 

With the exception of the alcohols, molar volumes have 

been obtained by dividing the molecular weight of the compound by 

the density. For convenience, the density at 20°C relative to 

water at 4°C has been used in all cases but succinonitrile. The 

density at 60°C is given for this compound which is solid at 20°C,. 

Molar volUmes cannot be estimated from densities in 

the case of alcohols since high association in the liquid state 

gives alcohols abnormally high densities. The increment in 

molar volume with carbon number in an homologous series is 17, 

and the molar volumes of the alcohols have been estimated by 

subtracting a value of 17 from the related methyl ether where the 

alcoholic hydrogen is replaced by a methyl group. 

Density/ •••• 
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Density values, ¥hera used, have been dbtained from the 

literature• 

In some cases, more than one value for the density appears. 

In these cases the choice of a particular value has not been arbitrary, 

but has been determined by the nature of the paper concerned, the 

accuracy to which the density.was given, and from a knowledge of 

the purity of the material handled. 

The density of 2,3-dimethyl succinonitrile was not available, 

but it was observed that in all the other cases the molar volumes 

of the 2,3 disubstituted butanes are two or three units larger than 

the isomeric 1,4 disubstituted butanes. From the molar volume 

of 1,4-dicyanobutane, therefore, which is 111, the approximate volume 

of the 2, 3-dicyano butane isomers is estimated as betng 113 .. 

Dipole moments 

The dipole moments of the n-butyl derivatives have been 

tabulated above. These are all taken from Smith's "Electric 

Dipole Moments"(24). 

Refractive indices 

These have been obtained, as were the densities, from the 

literature. In all cases, except those indicated, the refractive 

index at 20°C using the sodiu:m-D line, is given. The same criteria 

as were used to govgmthe choice of density were used to choose the 

best value of refractive index when there was ambiguity in the 

literature. 

Section / ..... 
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SECTION 3 

THE BEIU~VIOUR OF GAS CHROIIJATOGRAPHIC STATIOnARY LIQUIDS 

The retention time of any compound, and hence the separation 

achieved between any two compounds in a gas chromatograph is 

determined by the stationary liquid in the column. The choice 

of column liquid for a particular separation must therefore ~e based 

on a knowledge of the way in which different liquids retain particular 

solutes,. To this end a number of methods have been presented of 

"classifying11 gas chro11atographic liquids, and a review on this 

subject will now be given. 

3.1 REVIEW THE CLASSIFICATIOn OF STATIONARY LIQUIDS 

From the point of view of gas chromatography, any 

pair of volatile compounds may be placed into one of four 

categories. 

These are~ 

(1) Solutes of different vapour pressures and different 

chemical character,;. 

(2) Solutes of different vapour pressures but similar chen:1ical 

character .. 

(3) Solutes of the same vapour pressure and different chemical · 

character, 

(4) Solutes / .... 
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(4) Solutes of the same vapour pressure and the same chemical 

character. 

G~s c~omat9graphic solvents are classified according to 

· the way they separate different solutes. Solutes in classes .( 1) 

and (2) present no difficulty for resolution because retentions 

are always determined-primarily-by the vapour pressure of the solute, 

and separations due to differences in chemical character are only a 

modifying effect. It is in the separation of solutes in classes 

(3) and (4) that the classificatio!J. of liquids becomes of importance 

since an understanding of the way in which a particular column liquid 

retains a particular solute can lead to a choice of the best possible 

column. 

The classification is generally approached from one of two 

points of view. 

Either a study is made of the l'lay in which solutes of 

different chemical type and different vapour pressure are separated, 

and the separation is directly related to their molecular characteristics, 

or the vapour pressures of the solutes are eliminated from equation 1.6, 

and a more fundamental understanding of the forces operating is sought 

by considering these hypothetical solutes of the same vapour pressure. 

The first method is termed 'classification according to retention 

volume' and the second, 'classification according to activity 

coefficients'. 

1. Classification/ •••• 
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1. Classification according to retention volume 

The first classification of GC solvents to be presented 

was that of Rohrschneider, and in some modified form the graphical 

procedure which he used has been employed by a number of authors 

subsequently. 

Rohrschneider (25) compared a number of liquids on the 

basis of one parameter 11 polarity". By assuming that a more 

polar liquid will have greater retention for a polarisable solute 

than for a solute which is not polarisable, he assigned values 

of polarity to the different liquids on the basis of the separation 

of polaris~ble butadiene and non-polarisable normal butane on 

the different liquids. Squalane was arbitrarily given a 

polarity of 0, and the solvent ~,~'- oxydipropionitrile, which 

produced the largest relative retention of butadiene, was given 

a polarity of 100. The logarithms of the relative retentions 

on these liquids were then plotted on the ordinate of the diagram 

as shown in figure 1. The log r values on squalane and 

oxydipropionitrile were then connected by straight lines, and 

all other liquids were positioned between 0 and 100 according to 

their relative retention of butadiene to n-butane. It was 

found that the liquids kept the same position whatever hydrocarbon 

retentions ratio was used. This classification facilitates the 

choice of a stationary phase for the separation of hydrocarbonso 

Figure 1 / •.•.•• 
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FIGURE. 1 

100~----------------~-----------------0 

Oxydipropionitrile Squalane 

More recently Chovin (26, 27) has used a similar approach 

to classify stationary liquids. A polnr liquid, which in 

Rohrschneider's treatment is defined as a liquid which gives the 

greatest separation of a polarisable and a non-polarisable solute, 

has the additional property of producing a small relative retention of 

consecutive members of an homologous series. A non-polar liquid, on 

the other hand, provides a greater separation of homologues. Ghovin 

uses this phenomenon to'define polarity. Polarity, P, is defined 

as being proportional to the negative slope of the plot of the logarithm 

of Vg against carbon nUmber in an homologous series 

log r + 1 = n-mP z ,z ••.•••••••.• ~ •.••.••• ~~········· 3.1 

Where/ ... ·• 
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! 
1 where z and z + 1 are consecutive members of the series and n and m 

are constants. 

This slope is cbnstant far all homologous series, and depends only 

on the stationary liquid. 

Little,-;ood (28) has published the most comprehensive 

I !treatment to date on the comparison of gas chromatographic solvents. 

'This author points out that in systems with the complexity of 

linterac~ion 

, the basis of 

found in GLC columns, a comparison of all columns on 

one parameter, such as 'polarity' is bound to be 
I 

!inadequate. In point of fact, the term 'polarity' is misleading, 

! for the polarity value !Siven to a liquid by Rohrschn~,ider' s treatment 

has little, if any, relationship to its dipole moment or dielectric 

constant (see 10). It is felt here that a better term for the column 

· behaviour described by Rohrschneider and Chovin would be 'alkane 

affinity'. The more 'polar' a liquid, the lower the alkane 

· affinity. 

Littlewood discusses the merits of classification methods 

such as those of Rohrschneider and Chovin, and presents a new method 

of cottlparison. Once again squal2ne is arbitrarily assigned 

value of zerof and bther licuWs are classified according to the 

specific retentions bf normal hexane. He shows that by this 

method the retentions of various hydrocarbons on particular liquids 

can be predicted from knowledge of the retentions of n-hexane. 

Such methods cannot, however, be used for predicting the retentions 

of / •••• 
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of polar compounds. The only possibility of predicting the 

behaviour of polar solutes on different columns is to elassify the 

columns according to the behaviour of the individual types on these 

colum.t'ls. This he does, showing that the retentions of aleohols 

and palides can be predicted when the columns are classified according 

to the specific retention of n-propyl acetate, or n-propyl bromide 

respectively. He concludes that every stationary liquid requires 

several par~eters to predict the way in which it will retain any 

particular solute. The classification according to the retention 

of n-hexane is of the most general application, however, and gives 

a good idea of the way in "I'Thich a liquid will retain different hydrocarbons. 

By giving, as Littlewood does, a value of zero to squalane, 

the comparison of the retention of a solute on two liquids is in 

fact virtually a comparison of the activity coefficient ratio of 

this solute in the two liquids • On squalane 

vg(s) = ........... ············-················ 1.4 

where M is the molecular weight of squalane, y0 the activity s s 

coefficient at infinite dilution of the solute in squalane ~d P0 is 

as before the vapour pressure of the pure solute at that temperature, 

while on the polar liquid, 

RT = • 

Then/ •••• 
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Then 

= ..... ·- ................. ·• ......... •· .... .. 

By classifying liquids relative to squalane, a ~alue is given to the 

liquid which is the activity coefficient ratio of the reference 

solute in those liquids modified by the molecular weight ratio of 

the liquids. 

,2. Classification according to activity coefficient 
I 

A number of authors have attempted to predict activity 

coefficients theoretically from molecular parameters in order 

to enable to calculate retention times by using equation 1.6. 

Pierotti and others (29, 30) have developed an empiri9al equation 

for the activity coefficient in a non-ideal hydrocarbon system, 

and have correlated ··/ for a wide range of solutes and solvents. 

Their treatment, which is summarised in most of the standard texts 

(see for example (2) p.25 ff) is useful for the prediction of the 

behaviour of nan-polar gas chromatographic solutes on non-polar 

solvents •. McNair (31) attempted to correlate Hildebrand 1 s 

solubility parameter and retention volume, but found such a 

correlation to be limited to a system of non-polar solutes and 

solvents. The only theoretical approach which has been 

extended to polar compounds, is that of Martire {32) •. This. 

author derived an expression relating activity coefficient and 

molecular/ •••• 

3.2 
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molecular structure via the Hildebrand - Scatchard treatment of 

solubility. From a knowledge of the physical constants of liquid 

and vapour, he demonstrates a method for choosing the best solvent 

for a particular separation. While he illustrates the validity 

of his equation convincingly, its application is difficult. A 

detailed knowledge of the physical constants of the components must 

be known before the calculation can be carried out. More over, the 

calculation is itself a lengthy procedure. 

For obvious reasons, the fundamental approaches have never 
/ 

proved popular. In practice it is far easier to try one or two 

likely columns than to solve complicated equations which require 

detailed information about the components, and which are often of 

doubtful value. 

An activity coefficient classification must, it is 

decided, be empirical to be useful. 

Tenney (33) and Bayer (34) have independently presented 

a method of comparison which, if developed, could lead to a general 

classification by activity coefficient. 

A plot of the logarithm of V against boiling point is 
g 

linear for an homologous series (see p.1o). The slope of this plot 

is constant for all series on one particular liquid. Bayer compares 

the behaviour of various solute types on different solvents by taking 

the relative retention of hypothetical members of different homologous 

series/ •••• 
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series which have a constant boiling point. Such ratios at different 

temperatures are almost constant, since the lines are parallel. 

This ratio between two compounds is very nearly equal to the 

activity coefficient ratio of these compounds in the solvent, which 

will be a measure of the way in which the functional groups of the 

series interact with the liquid. In a later paper (35), Bayer 
I 

incorrectly equates this ratio with the activity coefficient ratio~ 

In fact this is not so, unless the heats of vaporisation of the 

solutes are the same, as the following treatment shows. 

From equation 1.6 

• • • • • • • • • •. • .. • • . • • • • • • • • • . . • • • • • • • • • • • • • • • 1 • 6 

and for each of the components at temperature T, 

f:.Hv 
(..J_ 1) ln Pt760 = 

_g -R Tb T 

6Hv 2 

and ln P~/760 = -· _1 (..J_ - 1) 
R Tb T 

1 

Now the criterion is that the solutes have equal boiling points 

= 

• • •••.•••••••••.•.••••••• 3.3 

The relative retention of these compounds will be equal to the activity 

coefficient ratio only if the vapour pressure ratio is unity. 

This occurs only if the temperature T is close to the common boiling 

point / •••• 
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· t f J..f Hv pOJ.n ; 0 6 1 = 

It is seen from the discussion that classification according 

to activity coefficient is merely a special case of classification 

according to retention volume. It is the case when two solutes 

have similar vapour pressures. It is felt that the special case 

must be inferior to any general treatment which will enable direct 

prediction of the retention times directly and not via its activity 

coefficient. 

3.2 The prediction of retention times 

Littlewood criticises Rohrschneider's concept of polarity 

and his conclusion is that no ubiquitous classification can ever be 

made. The best that can be hoped for is to compare the behaviour 

of solutes of similar chemical type. 

In this thesis his thoughts are taken a step further. 

Gas chromatographic solvents are not classified according to any 

general characteristics, but the retention behaviour of particular 

groups on the liquid are compared. From a knowledge of the way in 

which a particular functional group is retained on the liquid the 

retention of other molecules containing the same functional group 

can be predicted. . The older idea of trying to predict how one type 

of compound will be retained, from a knowledge of the retention of 

another type of compound, is abandoned. To enable the prediction 

of retention times of new compounds, some characteristics of the 

retentions of the particular functional groups in the 

chromatographic/ •• ~. 
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chromatographic liquid had to be found. The problem of finding 

some characteristics of functional groups, and hence predicting the 

retentions of new compounds which contain those functional groups 

has been approached on a number of previous occasions. Borer (36) 

investigated the increment made to the retention volume of 

aromatic hydrocarbons on the addition of functional groups to the 

nucleus, but found no general trend to emerge; Clayton (37) 

however, shewed that by direct multiplication of 'Group Retention 

Factors', with the retention time of the hydrocarbon skeleton, the 

retention times of substituted steroids may be estimated. Later 

this technique was employed by Knights and Thomas (38, 39) with 

success. Kovats, in an approach which is discussed in detail 

below, has used the difference in a function called the Retention 

Index on a polar and a non-polar phase to predict the retentions of 

polyfunctional compounds. 

Evans and Smith (40) point out that direct predictions 

(such as Clayton's) are limited to a few favourable cases, and 

these authors propose a method for the estimation of the retentions 

of large numbers of different compounds from a knowledge of the 

retention times of structurally related molecules. To estimate 

the retention of a structurally complex solute, Evans and Smith 

require to know only the retentions of two different molecules each 

of which contains components of the original solute molecules. 

The / •••• 
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The relationship 

+ log R
22

) ••••••••••• # •••••••• 3.4 

is used, 

where R12 , R11 and R22 are the retention times of solutes R- X- R1, 
. 1 1 
R-X-R and R -X-R respectively. 

They state that agreement between observed and calculated 

values may be expected to be good provided that 

( 1 ) there is no conjugation across X, 

( 2) none of the molecules is structurally hindered, 

(3) neither R nor R 1 
is strongly polar, 

(4) the bonds linking R c:nd X, and R 1 and X are symmetrical in 

polar character, or that these bonds are separated by a 

number of non-conjugated atoms in group X 

(5) the retention times of the two symmetrical compounds can be 

measured accurately. 

Kovat's Retention Index, I, is defined (41) by 

log r
12 

200 1 
og rz + 2, z 

I = + 100Z . . . . . • • • . . • . • . . . • • 3. 5 

"\'rhere Z and Z + 2 are normal hyd~. ocarbons of carbon number Z and 

Z + 2 respectively. By making use of the difference in retention 

index on a polar and a non-polar solvent, Kovats (42) developed an 

intricate method of predicting retentions. 

The/ •••• 
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The retention index has gained general acceptance in gas 

chromatography as a method of presentation of retention data, 

since it is a retention function related to two standards. 

Kovats method, requiring as it does retention data on 

two columns will not be discussed here. It is more desirable to 

be able to predict the retentions of compounds from a knowledge of 

the behaviour of their functional groups on only one column. 

In this chapter a method of doing this is developed 

which uses lines of thought similar to those of Clayton. 

It will be remembered f.rom equation 1.17 that the 

logarithm of the relative retention of two solutes can be expressed 

in terms of the difference of their heats of evaporation from 

solution: 

::= _1 
RT .................... 

In terms of this equation, the linear increase in the logarithm of 

retention time with carbon number in an homologous series can be 

described as being produced by the linear increase of 6~( 1 ) with 

chain length, where 1 is an homologue member, and 2 a constant 

reference solute. 

A prediction can be made of the retention times of 

polyfunctional compounds if it is found that each functional group 

makes a specific contribution to the retention. The contribution 

made by the functional group can be found be eliminating the 

part/ •••• 

1.17 
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part played by the carbon chain in the retention of an homologous 

series. 

If we consider the heat of evaporation from solution as . 

the sum of a polar and an apolar contribution: 

s 
6HEi(1) + ................. 

and then if the reference solute is a non-polar hydrocarbon, 

= .......................... 

then the polar contribution of 1 to the retention is obtained by 

choosing 2 such that 

3.6 

3.7 

!:!~( 1) (A) = !:!~( 2 ) (A) ............................ 3.8 

If 1.w call the reference solute so chosen, *, equation 1.17 becomes 
s . 

6HEJ( 1) (p) 
RT •••••••••••••••••••••••••••••. 3. 9 = 

A p:ce!diction of the retentions of polyfunctional compounds 

will be based upon the assumption that interaction with the stationary 

phase is proportional to the number of functional groups. Or, 

since the energy of interaction determines the heat of evaporation 

from solution, 

!:!~ (polyfunctional)(P) = nt.~ _(monofunctional)(P) •.• 3.10 

where n is the number of functional groups. 

By/ ...• 
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By eliminating ~(A) fi'om the. rete:lticns. of members of 

an homologous series, a constant will be obtained for that series. 

Different constants for homologous series have already been found 

by a number of authors. Evans and Smith (43) proposed the 

"Effective Molecular Weight", while Littlewood (1_, p.103) has shown 

that retentions taken relative to a constant homologue number are 

constant in a series. But it is obvious that the apolar 

contribution to the retention has not been eliminated by either of 

these methods, since the constants for monofunctional compounds are 

j not Simpl~ related to the retentions of polyfunctional compounds. 

i 
:D.3 The vol:umelteduged retention time 
! 

In this thesis a new series constant with this property 

has been sought. Molar volume is known to be an important 

parameter determining vapour pressure and other physical constants 

and it was considered that by eliminating the relative volumes of 

members of an homologous series, the part played by the carbon chain, 

that which has been ealled the '"~olar contribution'~ might be 

eliminated. 

The way of doing this appeared to be by taking retentions 

of different solutes relative not to any particular hydrocarbon, but 

to a hypothetical hydrocarbon of the same size as the solute molecule. 

This is readily accomplished since both the logarithmic retention 

volume, and molecular volume are linearly related to carbon number, and 

the retention of any solute relative to a hypothetical hydrocarbon 
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of the same size as that solute can oo determined by rending tbG 

retention of such a hydrocarbon off a plot of the logarithmic~ 

retention volumes of hydrocarbons against their molecular volumes. 

From the data of Littlewood (44) such a plot was made of the 

logarithmic retentions of the normal alkanes against the molar 

volumes. 

This is illustrated in Figure 2~ 

FIGURE 2 

Log V 

./ 

Molar volume 

Retention volumes of homologue members were taken from this same 

paper to ascertain whether such a ratio is constant in a series. 

The results are presented in Table 3.1. The retentions are given 

at 80°C, on two liquids: squalane (SQ) and polyethylene glycol 

400 (PEG 400) for homologous series of bromides, formates and 

alcohols. These ratios are for convenience called the nvolume 

Reduced Retentions". 

Table 3.1/ .... 
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TABLE 3:1 

Volume reduced retentions of some homologous series 

20. 

Solute v 4 SQ. PEG 400 
c. c./mole 

EtBr 75.5 1.01 1 .• 67 

PrBr 91.,5 0.99 1.61 

BuBr 107.5 0.97 1.57 

IlleOOCR 63.2 0.73 1.92 

EtOOCR 80.2 0.68 1. 77 

PrOOCH 97.5 0.68 1. 72 

BuOOCH 114.5 0.66 1.66 

!·ieOH 46 0.88 2.74 . 
EtOH 63 0.77 2.48 

PrOH 80 o.eo 2.45 

BuOH 97 0.77 2.46 

.AmOH 117 0.74 2.39 

The molar volumes of the bromides and formates have been 

calculated as before from the densities of the compounds and those 

of the alcohols by subtracting 17 from the volumes of the related 

methyl ethers. With due allowance for error introduced in the 

estimation, the volume reduced retention may be accepted as a constant 

in a series after the first two members. In fact this is not 

unexpected since molar volume and carbon number are linearly 

related/ •••• 
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relatedt and since Littlewood (1, p.163) has shown that retentions 

relative to a constant homologue are constant in a series. Whether 

the volume reduced retention does give a better measure of the 

contribution made by the polar factor to the retention can only 

be ascertained by considering the retentions of bifunctional compounds. 

Section/ •••• 
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SECTION.4 

RESULTS 

4.1 Retentions of hydrocarbons 

In Table 4.1 the molar volumes and retentions relative 

to n--heptane (r
7

) of the five hydrocarbons used in this study 

are presented on the four stationary liquids. These retentions 

were of course obtained when determining the dead volume or the 

apparatus. 

In addition, since they were not included in Table 2.2 

with the other solutes, the vapour pressures of the hydrocarbons 

at 100° and 130°0 ure tabulated. 

Solute 

T@LE 4 4 1 

Retentions of hydrocarbons relative to heptane 

20 
~4 

c.c./ SQ 
mole DNP TCP PEG SQ DNP TCP 

n-c~12 114 0.276 0.294 0.315 0.377 -0.56 -0.532 -0.502 -0.424 7580 4519 

n-c6n14 130 0.530 0.544, 0.56a~0.562 -0.276 -0.265 -0.250 -0.250 3760 1288 
I . 

n-Cf16 146 1.-oo 1.00 1.00 1.00 o.ooo o.ooo o.ooo o.ooo 1780 794 

n-C8H18 162 1.87 1.83 1.77 1.60 0.272 0.262 0.248 0.204 850 352 

n-C1cJI22 195 6.59 6.24 5.61 4.95 0.819 o. 749 0. 749 0.695 195 74.3 

The / •••• 
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TABLE 4.2 

-
log rx7 log r*7 log rx* 

SQ DNP TCP PEG SQ DNP TCP PEG SQ DNP TCP l PEG 
I 
I 
I 

BuBr 0.085 0.270 0.448 0.568 -0.70 -0.67 -0.63 -0.58 0.785 0.94 LOB 1.14 

(CH2Br) 2 0.351 0.613 0.900 1.238 -1.06 -1.02 -0.96. -0.90 1.41 1.63 1.86 2.14 

( CH2CH2Br) 2 1.092 1.374 1.682 1.878 -0.49 -0.47 -0.45.-0.41 1.58 1.84 2.13 2.29 
I 

Meso-(CH2CHBr) 2 0.688 0.894 1.124 1.301 -0.46 -0.44 -0.411-0.38 1.15 1.33 1.53r .68 

l 1 I ' i . ' 

TABLE 4.3 

) log rx7 log r*7 log rx* 

' I 
SQ. DNP TCP PEG SQ DNP TCP PEG SQ DNP TCP PEG 

-

BuOAc 0.226 0.436 0.650 o. 781 -0.26 -0.25 -0.24 -0.22 0.49 0 .. 69 0.89l1.01 

(CH20Ac)2 0.663 1.069 1.456 1 .801 -0.26 -0.25 -0.241-0.22 0.92 1.32 1. 70 2.02 
I 

1. 7312.04 : (CH2CH20Ac)2 1.312 1. 665 2.026 2.314 0.321 0.31 0.301 0.27 0.99 ~ .36 

Meso-(CH2CHOAc~ 1.668 
I I 

0.?47 1.137 1 •. 446 0.39 0.38 0.371 0.33 0.46 0.76 1,0811.341 

I I I I I I 

Table 4.4/ •• •• 
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TABLE 4.4 

log rx? log r*? log rx* 
·--- ' 

SQ DNP TCP PEG SQ DNP TCP PEG SQ DNP TCP PEG I 
' 

1-0.108 I ' I BuOH 0.192 0.542 0.887 -0.97 ~0.95 -0.88 -0.81 0.86 1.14 1.42r. 70 

(CH20H) 2 I 0.322 0.600 1.293 2.000 -1.57 -1.52 -1.43 -1.~31 1.89 2.12 2.72,3.31 
I 

(CH
2

CH20H) 2 0.955 1. 336 1.948 2.603 -1.19 -1.15 -1.07 -0.99 2.15 2.49 3.02 3.59 
t 

I 
Meso-(CH2CHOH) 2 0.448 0.818 1.327 1.890 -1.16 -1.13 -1.06 -0.97 1.61 1.95 2.39 2.86 I 

l I I I l I . l I 

TABLE 4.5 

log rr7 log r*7 log rv* 

SQ DNP TCP PEG SQ DNP TCP PEG SQ DNP TCP PEG 

BuOCH
3 ~0.245 -0.156 -0.037 0.068 -0.51. -0.50 -0.46 -0.42 ~0.26' 0.34 0.42 0.49 

i 
(CH20C~)2 ~.44 -0.24 -0.04. 0.06 -0.89 -0.86 -0.81 -b. 74 0.45 0.6210.76 0.80 

0.7510.95 ( CH2-CH2 OCH
3

) 2 0.351 0.558 0.783 0.868' -0.20 -0.19 -0.17 -0.16 0.55 1. 03 

Mes~H3CHOCH3 )~ 0.094 0.282 0.454 0.546 -0.14 -0.13 -o. 12 · -0.12 0.23 0.41 0.57 0.67 
l 

! I I 

Table 4.6/ •••• 
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TABLE 4,6 

log rx7 log r*7 log rx* 

SQ DNP TCP PEG SQ DNP TCP PEG SQ DNP TCP PEG 

BuCN . 0,162 0,626 0.916 1,063 -0.77 -0.72 -0.68 -0.62 0.93 1.35. 1,60 1.68 

(CH2CN) 2 1.005 1,816 2.394 3.030 -1.15 -1 • 11 -1.04 -0.96 2.15 2.93 3.43 3.99 

(CH2CH2CN) 2 1.458 2.24 2.80 2.72 -0.63 -0.60 -0.57 -0.52 2.09 2.84 3.'57 3.24 

!Meso-(CH2CHCN) 2 0.816 1.488 1,892 2.301 -0.61 -0.59 -0.55 -0.51 1.43 2,08 2.44 2,81 

I 1 I 

TABLE 4.7 

log rx7 log r*7 log rx* I 
SQ DNP TCP PEG SQ DNP TCP PEG SQ DNP TCP PEG ; 

\ 

BrCH2CH2CN 0.613 (0.636) 1,660 2.068 -1.15 -1. 11 -1.04 -0.96 1. 76 (1.65) 2,70 3.03 

BrCH2CH20H 0,288 0.740 1,220 1 ,661 -1.32 -1.28 -1.20 -1,10 1. 61 2,02 2,42 2.76 

CH
3
o.cH2CH20H -0.103 0.301 0.630 1.038 -1.18 -1.15 -1.07 -0.99 1.08 1.45 1. 70 2.03 

CH
3

0CH20Ac 0,281 0.655 0,906 1.124 -0.51 -0.50 -0.46 -0.42 0.79 1,16 1.37 1.54 

HOCH2CH20Ac 0.486 1 • 114 1.502 1. 748 -0.92 -0.90 -0.85 -0.77 1.41 2,01 2,35; 2.52 

l 
I 

I i I .. ~· 

In/ •••• 
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In the case of the diastereoisomers, only the meso form 

is given. 

4.3 Discussion - Group Retention Factors 

Examination of the tables immediately shows that on all 

four liquids the volume reduced retentions of the linear compounds 

are very nearly twice those of the monofunctional compounds. 

This suggests that the volume reduced retention has eliminated the 

non-polar contribution to the retention, and ha~ provided a factor 

which increases proportionally with the number of functional groups 

in the molecule. Similar in nature to Cli:.yton' s fuctor, this 

too may be called a Group Retention Factor. The choice of 

butyl derivatives for the study of the monofunctional compounds 

has been a happy one since the volume reduced retention is not 

a constant for lower members of a series. 

In table 4.8 the ratios of the volume reduced retentions 

of the bifunctional compo?nds lfor molecules containing similar 

functional groups) to the group retention factors of the functional 

groups are given. The nearer tJ,is ratio approximates to 2, the 

more perfect the technique. The volume reduced retentions 

of the bifunctional compounds are represented as log r *. xx, 

It is observed that the volumed reduced retentions of the 

linear bifunctional compounds are readily calculable from the group 

retention/ •••• 



TABLE 4.8 

COMPJ~ISON OF VOLUME REDUCED RETENTIONS OF BIFUNCTIONAL 

COMPOUNDS vliTH THE GROUP RETENTION FACTOR 

log r ~log r * 
XX, X 

Solvent SQ DNP TCP 
. 

Solute 

(CH2Br) 2 1.80 1. 74 1.72 

(CH2CH2Br) 2 2.01 1. 96 1. 97 

Meso-(CH
3
CHBr) 2 1.47 1.42 1.~2 

(CH20Ac) 2 1.88 1.92 1. 91 

(CH2CH20Ac) 2 2.02 1. 97 1. 95 

Illeso-( CH2CH0Ac) 2 0.94 1.10 1. 22 

(CH
2
0H)

2 2.20 1.86 1. 92 

(CH2CH20H) 2 2.50 2.18 2.12 

Neso-(CH2CHOH) 2 1 .87 1. 71 1.68 

(cH2ocB:
3

)2 1. 73 1.83 1 .81 

(CR2CH20CH
3

)2 2.12 2.21 2.26 

Meso-(CH
3

CROCR
3

)2 0.89 1 • 21 1.36 

(CR2CN) 2 2.32 2.17 2.14 

( CR2CH2CN) 2 . 2.25 2.10 2.10 

Meso-(CH2CH CN)
2 1.54 1.54 1. 53 

PEG 

1.88 

2.01 

1.48 

2.00 

2.03 

1.33 

1. 95 

2.11 

1.68 

1.63 

2.40 

1.37 

2.38 

1. 94 

1.68 
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retention factors of the functional groups contained. This is 

particularly striking in the case of the solutes substituted with 

different functional groups. In these cases predicted retentions 

compare remarkably well with the retentions obtained. (At this 

point comment may be made about the retention of ~-bromopropionitrile 

on dinonylphthalate. At no time could this solute be chromatographed 

on the DNP colunm. A sharp, tailing peak, such as is often 

associated with decompositions, was observed close to the air 

peak. Its volume reduced retention is very different from that 

predicted and it is not believed to be that of the nitrile). 

The obvious advantage of this technique is the ability 

to predict the retentions of unknown compounds. The retention of 

any solute relative to any normal hydrocarbon is readily accomplished 

by rearranging equation 4.2 

log rx7 ~ log rx* + log r*7 •..•••••••••••••••••••• 4.2 

and using Graph 1. 

The advantage of such a procedure over that of Evans and 

Smith (40) (p.51 above) is that two special solutes do not have to 

be chromatographed to calculate the retention of a new solute, 

rather, group retention factors can be tabulated in the literature, 

and the retentions of new solutes can be calculated from these. 

Consideration of the non-linear 2,3-disubstituted butanes, 

however/ •••• 
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however, shows that simple prediction of the retentions of all 

solutes is not possible. Moreover examination of table 4.8 

reveals that there are quite large deviations from 2 in the case 

of some solute types. In particular the ethers, alcohols and 

cyanides show a number of examples with values rather larger 

than 2. 

In general it is found that the 1,4-disubstituted butane 

derivatives show higher values in table 4.8 than do the 1,2-

disubstituted ethanes. This may be understood by considering 

again the nature of the volume reduced retention. It is believed, 

as illustrated in equation 3.9, to be a measure of the polnr 

contribution to the force of interaction between the solute and 

the solvent. 

A higher value for the 1 ,4--derivatives suggests that, 

being separated, the two functional groups are more capable of 

individually interacting with the stationary liquid. 

Tables / ••• o 
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In Table 4.9, the volume reduced retentions of the bifunctional 

compounds containing different functional groups are compared with the 

retentions predicted by addition of group retention factors. 

' The volume reduced retentions are represented by r *' and xy, 

the calculated values are obtained using the relationship 

log rxy,* = log rx* + log ry* ............ ·• ............. . 
wnere r * and r are the group retention factors of functional groups 

X y* 
x and y. 

TABLE 4,9 

PREDICTION OF VOLUME REDUCED RETENTIONS OF SOLUTES 

CONTL .. INING DIFFERENT FUNCTIONAL GROUPS 

I I 

Solvent SQ DNP TCP 

Solute Pre d. Found Fred. Found Pre d. Found 

BrCH2CH2CN 1. 71 1. 76 2.29 I< 1. 65) 2.68 2.70 

BrCH2CH20H 1.64 1.61 2.04 1.02 2.50 2.42 

C~O.CH2CH20H 1.12 1. 08 1.48 1.45 1.84 1. 70 

CH
3

0.CH2CR20Ac 0.75 0.79 1.,03 1.16 1.31 1.37 

HO.CH2CH20Ac 1. 35 1.41 1.83 2.01 2.31 2.35 
I 

PEG 

Pred. Found 

2.82 3.03 

2.84 2.76 

2.19 2.03 

1.50 1.54 

2.71 2.52 

These two tables bring out clearly the successes, and failures 

of the treatment. Regrettably, the errors involved in determining 

molar volumes, and the reading of points off the graph make it 

impossible to make a precise comparison of the results. 

Nevertheless/ •••• 
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NGvertheless it appears that some trends certainly do exist. 

The 1,2 disubstituted compounds apparently hinder each other and are not 

capable of interacting as efficiently as do the 1,4 derivatives. The 

data on table 4.9, however, show that even if this be the case, the 

retentions of the 1,2 derivatives are still accurately predictable 

from the group retention factors. 

The pr~diction of the retentions of the 2,3 disubstituted 

butanes presents a problem which has ye't to be overcome. In all 

cases the volume reduced retentions of these compounds are well 

below those predicted by simple addition. The reason is not 

difficult to understand. The functional groups are pushed by the 

methyl groups into close proximity producing interference (hydrogen 

bonding in the case of the alcohol~), thereby reducing the affinity 

of the groups for the solvent. Furthermore the functional groups 

are sterically hindered. Both these points are mentioned by Evans 

and Smith (p.52 above) as being deleterious to the predictability of 

retentions. A method for the prediction of the retentions of 

non-linear compounds is not immediately apparent. A possible answer 

might be the use of an empirical factor, or it might be possible to 

use a method similar to that of Evans and ~mith. ~'lith more 

data available, it should be possible to tabulate group retention 

factors not only of functional groups, but of segments such as the 

substituted isopropyl radical. These could then be added in a 

similar way. 

In/ •••• 
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In spite of the shortcomings of this technique at the 

moment, it is remarkable that such a correlation does exist, 

particularly when the wide variations in retention relative to 

heptane of the different solutes, (tabulated in the first columns 

of table 4.2 to 4.7) are considered. 

A comparison of the work of Clayton, and of E"uans and 

Smith, can now be made. 

The validity of Clayton's multiplicative group retention 

factor when applied to steroids, and its failure when applied to 

smaller molecules is understood. The large steroid nucleus does 

not change appreciably in size on substitution, but in·small 

molecules the introduction of a substituent can change the volume, 

and hence affect the volume reduced retention. Evans and Smith's 

technique involves the addition of molecular fragments; a process 

which itself includes size factors. 

In the case of linear compounds, the group retention 

factor approach appears to be superior to the treatment of Evans 

and Smith, since in the former case, group retention factors can be 

tabulated. It is inferior to the work of these authors in the 

prediction of the retention of branched molecules, however. 

The prediction of the retention of any solute should be 

possible from a knowledge of the molecular formula and structure of 

the molecule. Although inadequate at the moment, the group 

retention / •.•• 
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retention factor is perhaps a start in the right direction. It 

remains for further study to prove whether this approach will in 

the future be one of any general applicability. 

4.4 The prediction of boiling points 

The observations made in the above section are also of 

interest from a theoretical point of view. 

The retention volume, it will be remembered from equation 

1.6 can be thought of as determined largely by the vapour pressure of 

the pure solute. By combining equations 1.12 and 1.17~ it may 

also be written, 

= _1 )( V _ v) ( -o -o )J. ln r 12 RT l 6H1 - 6H2 - 6HE( 1)- 6H];( 2) • ••••. 4.4 

Let us now, as in the case of evaporation of solute from solution 

(equation 3. 6) 1'll'ite the enthalpy of vaporisation of pure solute 

as the sum of polar and apolar contributions, 

6H~ = 6H~(P) + 6H~(A) ••.•.••..••••.• ; ••.•.•..••••• " 4.5 

The heat of vaporisation, and hence the boiling point of a bifuntional 
, I 

compound (xy) should be given by 

= + 6. HV* (P) •••••••••••••.•.•••••• 4.7 y • . 

where / ••.. 
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where, as in the case of retention volumes, 6H!*(P) and 6H~(P) are 

functional group constants of x and y for molecules of that 

particular size. 

Then from 4.5, 4.7 becomes 

= 

= ................. 
tho letters x and y being dropped from the athermal contributions, 

since in these cases the enthalpy is that of an hypothetical 

hydrocarbon of the same size as x, y and xy, all of which are the 

same size. 

4.8 

6H!v(A) = 6H~(A) = ~~y*{A) = 6H! ·······•••••••••••• 4.9 

• . . 

Since boiling point and heat of vaporisation are related by 

Trouton's constant, the boiling point of xy is given by 

Tb(xy) = Tb(x*) + Tb(y*)- Tb(*) .•••••••••••••••••••• 4.10 

In words, the boiling point of a bifunctional compound should be 

expected to be equal to the sum of the boiling points of hYPothetical 

members of homologous series of that molar volume, containing those 

functional groups, minus the boiling point of a hypothetical hydrocarbon 

of the same molar volume. 

Such/ •••• 
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Such a relationship is tested by means of a plot of boiling point 

against molar volume for as many homologous series as there 

are functional groups. This is shown in Graph 2, the data for 

the graph all being obtained from Vogel (15). 

In Table 4.10, the boiling points of the same liquids as 

wGre studied before are compared with values calculated by equation -

4. 1 o. An example of one of these calculations is presented: 

Thu molar volume of ~-bromcpropioni trile is 81. From the graph 

the boiling points of a hypothetical bromide and a hypothetical 

cyanide of this volume are read off. 

respectively. The boiling point of a normal hydrocarbon of the 

same size would be -189c. Tho predicted boiling point is therefore 

110 + 64 + 18 = 192°. This is exactly the true boiling point. 

T.tillLE 4. 1 0 

THE PREDICTION OF BOILING POINT~ 

! 

Boiling point 

Compound Calculated True Difference 

(CH2Br) 2 154 132 +22 

( CH2CH2Br) 2 208 198 +10 

Meso (cH
3

CHBr) 2 210 169 +41 

(CH20Ac) 2 177 187 -11 

(CH2CH20Ac) 2 208 230 -22 

Meso (CH2CH0Ac) 2 212 190 +22 

Table 4.10 contd./ •••• 
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Table 4.10 continued 

Boiling point 
Compound Difference 

Calcu1atea··- True 

(CH20H) 2 186 197 -11 

(CH2CH20H) 2 
'218 235 -17 

Meso (CH
3

CHOH) 2 220 182 +38 
~ 

I 

(CH20CH)
3 

80 82 - 2 

(CH2CH20CH
3

)2 131 130 + 1 

Meso (cH;CHOCH
3

) 2 136 108 +28 

(CH2CN) 2 240 266 -26 

( CH2CH2CN) 2 264 295 -31 

Meso (CH
3

CHCN)
2 264 265 - 1 

BrCH2CH2CN 192 192 0 

BrCH2CH20H 151 I 149 + 2 

CH
3
0.CH2CH20H 120 124 - 4 

CH
3

0CH2CH20Ac 137 143 - 6 

HOCH2CH20Ac 176 

I 
188 ..,.12 

I -

The validity of the relationship is adequately demonstrated 

· in the table .• 

As expected the boiling points of the 2,3-disubstituted 

butanes are higher than predicted ... The reason for this is the 

Sterically hindered, the two functional groups in 

these molecules are not as free to interact with surrounding molecules 

as / .• ., o. 
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as arc the other types. 

The relationship between the boiling point and retention 

time is brought out ·again by .reference to equation 4.4. The relative 

retention time is determined largely by the difference of heats of 

vaporisation of the two soh:tes. 

of mixing, ~~' is a lesser term. 

The excess partial molar enthalpy 

This, it will be remembered, is equal to the activity 

coefficient ratio: 

ln r 12 = 1 ( v 
RT ~H1 •••••••••••••• 4.4 

Po 

r12 = 2 
Po • 

1 0 

and since ln 
'p2 

Po 
1 

, ........................................ 1.6 

.J.. = RT (~H~ - ~H~) • . . • • • • • • • • • • • • • • • • • • • • • .. 1 • 9 

0 

ln 
'¥2 

= 
_1 

(~~(2) - ~~( 1 )) . . 
0 RT •••••••••••••••••••••••• 4.11 

'¥1 

when 1 an,d 2 are of similar size. 

4.5 The Activity Coefficient - Intermolecular Interaction in Solution 

The excess partial molar enthalpy of mixing, and hence the 

activity coefficient, is a measure of the forces of interaction between 

solute and solvent. 

An expression has already been derived for the relative 

activity / •••• 
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activity coefficient of two solutes of similar size in a common 

solvent, in terms of such interaction forces. It is written 

= ~ 
2RT •·····••·•·• 1.23 

To study the forces of interaction between solute and 

solvent it is necessary to isolate the latter term, (u2s- u15). 

The term ~22 - u11 ) is often equated with the difference in 

heats of vaporisation of pure liquids 2 and 1 (see 2, p.29), but it is 

difficult to estimate and eliminate this term directly due to the 

presence of the imprecise z factor. It was then realized that if 

the ratio of relative activity coefficients on two liquids is taken, 

the solute - solute interaction term is eliminated. 

If the two liquids are called (P) and (A), from 1.23 we 

obtain 

ln 
(y~/y~)p 

<1t'r~)A 
= .L 

RT 

provided that the molar volumes of P and ll are similar, and z remains 

constant. 

By doing this, not only have the solute - solute terms been 

removed, but a function has been derived which is dependent directly 

on the energy of interaction between solute and solvent, 'and which is 

easily obtained from gas chromatographic retentions. Moreover, it·is 

not necessary to know the vapour pressure.s of the solutes, and then ,to 

calculate/ •••• 
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calculate activity coefficients since by taking this ratio, vapour 

pressures are eliminated 

It should now be possible to use similar reasoning to that used in the 

prediction of retention times to study the interaction of particular 

functional groups with the stationary liquid. If, as before, 

solute z is non-polar reference solute, and liquid A is apolar, while 

1 and P are polar solute and solvent respectively, then in the same 

way as before we can write 

••••••••• ; •••••••• - ••••••••••••••••• 4.14 

i.e. that the energy of interaction of 1 with P is cade up of a polar 

and an apolar contribution, while 

u2P .•......•......••••...........•...•..••.••• 4.15 

On the non-polar liquid only dispersion forces are operative 

U1A = U1A(A) • • • • • • • • • • • • .. • • • • • • • • • • .. • • • e • • • • • • • • • • • • • • • • • • • • 4.16 

and u2A = u2A (A) ........................ ·• ................... . 4.17 

Then by substituting 4.14 to 4.17 into 4.12, and-using 4.13, the 

relative retention ratio on two solvents can be written 

••••••••••••••••• 4. 18 

I:f/ •..• 
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If 2 is chosen so that the apolar forces of both solutes on the two 

solvents are equal, i.e. that 

4.19 

and 4.20 

these terms will cancel, and 4.18 will become 

= .L 
RT (U1P(P)) .. · .. ~ .•.... • •......•.....•...•• • •. 4.21 

·• 
The ratio of the relative retention of 1 and 2 on polar solvent P to 

the relative retention on apolar solvent A will be directly 

proportional to the polar interaction of solute 1 with P. 

It will be remembered that Littlewood has used the ratio 

of retentions on two liquids, but the theoretical aspects were not 

given consideration. Consequently it is not clear that his 

treatment gives a direct measure of the forces of interaction in 

solution since he has used the ratio of specific retention volumes. 

For equation 4.21, relative retentions must be used, with the 

reference solute being specifically chosen to satisfy equations 4.19 

and 4.20. 

4.6 Relative Activity Coefficient on a Single Liquid 

The proof that such a reference solute has been found can 

be made by reference to equation 1.23, by considering the relative 

activity/ ...• 
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activity coefficients of a variety of polar solutes on a non-polar 

liquido 

In all cases the polar interactions with this solvent 

will be zero; equation 4.14 reduces to 

' u1p = u1P(A) only ................................. 4.22 

The relative activity coefficients will be determined only by the 
' 

difference in solute - solute interaction between the polar and the 

reference solutes. A plot of the logarithmic relative activity 

coefficient of 1 and 2 in a non-polar liquid, such as squalane; against 

the difference in heats of vaporisation of the two solutes should show 

a trend. It will not be linear, since z itself is not constant 

but a function of the size of the molecules. 

From,previous experience, it appeared likely that by 

choosing 2 so that it is of the same size as 1, the dispersion 

forces might cancel out. 

The logarithms of the relative activity coefficients of 

polar solutes to non-polar hydrocarbons of the same molar volume 

should therefore be plotted against the difference in heats.a~ 

vaporisation of these components to test this assumption. 

The / •••• 
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The method of obtaining activity coefficients relative 

to hydrocarbons of the same size (nVolume Reduced Activity Coefficients") 

is similar to that used for retention times, but is more lengthy. 

By means a graph of the logarithmic relative activity coefficients 

of the normal hydrocarbons plotted against molar volume, and the 

relationship, 

0 • • • • •• " f') '"' ., • • • ••••• ., • • 4 (f. 23 

this quantity can be determined. Activity coefficients relative 

to heptane are obtained from gas chromatographic retentions 

relative to heptane by elimination of vapour pressure. 

In this case the graph is simplar than Graph 1, since 

only the values on squalane are required. Activity ratios on 

polyethylene glycol will be included, however, to ascertain that 

equation 4.22 does not hold on this polar liquid. 

The data required to p~ot Graph 3 are presented in 

Table 4. 11. They are calculated from the retentions and vapour 

·pressures of the hydrocarbons in Table 4.10 above. 

Table 4.11/ ••• ., 
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TABLE 4.11 

RELATIVE ACTIVITY COEFFICIENTS OF THE HYDROCARBONS 

! ! I Solvent SQ PEG 

Hydrocarbon, x "'hl'tx log y7/yx ''h/Yx log y7/yx 
I 

n-C5H12 1.175 0.069 1.606 0.205 

n-C6H14 1.120 0.048 1.189 0.074 

n-C7H16 1. 000 o.ooo 1.000 0.000 

n-C8H18 0.,894 -0.048 0.765 -0.115 

n-C10H22 0.722 -:-0.140 0.542 -0.265 

To test equation 4. 22, the energies of solute interaction 

are equated with the heats of vaporisation. It is more convenient,/ 

however, to use the boiling point which is related to the heat of 

vapo:dsation by Trouton' s constant. Although this n,:!onstant" 

varies from about 22 to 28, it will be sufficiently precise for the 

verification of the equation. The term (u11 - u22) is therefore 

replaced by the difference in boiling point between the polar solute, 

and a hypothetical hydrocarbon of the same molar volume. This 

function is calculated by means of the hydrocarbon curve on Graph 2, 

and is termed the volume reduced boiling point, 6*Tb. The volume 

reduced boiling points of the twenty solutes studied are prese~ted in 

Table 2.2. 

Table 4. 12/ •••• 
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Table 4o12 contains the volume reduced activity ratios, in 

0 the logarit~ form, of these same solutes on squalane at 130 c. 
~, I ., . 

TABLE 4" 12 

LOG VOLUME REDUCED ACTIVITY RATIOS ON SQUALANE AT 130°C 

Solute log Y/Y* Solute log r/Y* 

BuBr Oo074 Bu0CH
3 

-0.023 

(CH2Br) 2 0 .. 220 (CH20CH
3

)2 Oe376 

(CH2CH2Br) 2 Oo228 ( CH2CH2ocHj 2 0.050 

Meso(CH
3

CHBr) 2 0.107 Meso(CH
3

CHOCH
3

)2 0.059 

BuOAc 0.132 BuCN 0.481 

(CH20Ac) 2 0?598 (CH2CN) 2 1. 692 

(CH2CH20Ac) 2 0.280 (CH2CH2CN) 2 1.260 

Meso(CH
3

CHOAc) 2 0.375 Meso(CH
3

CHCN) 2 1. 357 

BuOH 0.316 Br.CH2CH2CN 0.698 

(CH20H) 2 1o368 Br.CH2CH20H 0.595 

(CH2CH20H) 2 10 222 AcO.CH2CH20H 0.979 

. Meso(CH
3

CHOH) 2 0.844 AcOoCH2CH20CH
3 0.474 

HOCH2CH20CH
3 0.412 

! ·-

These are plotted against n*Tb on graph 4~ 

Graph / ••• c 
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Graph 4 demonstrates that there is a real trend when the 

activity coefficients are treated in this way. In examining the 

results it must be remembered that errors can be introduced in the 

calculation of vapour pressures, in the estiDation of molar vol~es 

and in the use of boilitig point instead of heat of vaporisation. It 

must also be taken into account that an extremely diverse gr.oup of 

chemicals have been compared. In view of these facts, it is 

extremely significant that such a trend should emerge. 

The trend is not linear, and it will be remembered that 

the z factor is itself size dependent. 

as the solute's volume increases. 

It increases in size 

The _bromides, it will be noticed, all lie below the 

general trend. Littlewood (28) has made a comment about the 

behaviour of halogenated compounds in non-polar chromatographic 

solvents. Having high ionisation constants, the interaction with 

non-polar liquids is not negligible. 

liquid accounts for their low values. 

This interaction with the 

Indeed the fact that chloro-

form was used in this study to dissolve squalane for coating on the 

support further illustrates the affinity of halogenated derivatives 

for hydrocarbons. The points have not been connected by a line 

since this makes it more difficult to compare the position of 

the different functional types, but in Graph 5, ~he bromides have 

been omitted, and a line more clearly demonstrates the trend. 

The / •••• 
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In table 4.13, the retentions and activity coefficients of 

some of the solutes at 100°C are given 

TABLE 4.13 

RETENTION DATA AT 100°C 

-
I 

log Y/"•h log y.Jy7 log y.jy* Solute logrx7 log r*7 log rx* 

BuBr 0.06 -0.79 0.85 +0.030 -0.066 0.036 

(CH2Br) 2 0.31 -1.20 1 • 51 +0.116 -0.077 0.193 
' 

(CH2CH2~r) 1 0 11 -0,55 1.66 +0. 271 -0.055 0.326 

Meso( CH
3
CHBr) 2 0.72 ,...Q,50 1.22 +0~074 -0.052 0.126 

BuOAc 0.20 ,-0.30 0.50 +0. 164 -0.013 0.177 
-1 

(CH20Ac) 2 0.65 -0.30 I, o. 95 +0.874 --:0.013 0.987 .. 
' 

( CH2CH20Ac) 2 1. 37 0!'40 0,97 +0.756 +0.044 0.712 

Meso(CH2CH20Ac) 2 

i, 
+0.662 0.,612 0.82 0.49 0.33 +0.050 

' 

BuOH -0.25 -0.90 0.65 +0.560 -0.070 0.536 

(CH20H) 2 0,36 -1 .. 62 1. 98 1.374 -0.085 1.459 

(CH2CH20H) 2 - - - - - -
J.'l1eso (CH

3
CHOH) 2 0.29 -0.79 1.08 1.107 -0,066 1.173 

Volume reduced retention times and activity coeffici.ents are 

calculated from graphs similar to.1 and 3 from hydrocarbon retentions 

These are not included, but the graphs may be reconstructed 

if required from the log r*? and log y.Jy*? data tabulated above. 

. The /, •• o 

'-
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The volume reduced activity coefficients at 100°C are 

plotted against 6*Tb in the same way on graph 6. 

Although the trend is less obvious due to the paucity of 

results, it is again observed that the bromides lie well below the 

others, and that the alcohols and acetates can approximately be 

related by a straight line. In this case the slope is 6.5 x 10-3/ 

°C, from which Z, is calculated to be 0.96 at that temperature. 

It seems likely therefore, if the assumptions employed have been 

valid, that the value of z is about unity. 

Volume reduced activity coefficients of all twenty f.ive 

solutes on polyethylene glycol at 130°C are plotted against A*Tb 

on graph 7., This is to illustrate that the trends observed in 

the previous graphs do not occur when a polar solvent is used. 

This is a further verification that equation 4.22 does hold when 

the reference solutes are chosen according to the molecular 

volumes. 

Another interesting relationship is brought out by 

expanding equation 1.17 and combining it with 1.23. This 

treatment leads to 

( Auv - Auv) - _z_ (u 
L.UJ-1 uu2 2RT 11 

·········•···••• 4.24 

for the retention of 1 relative to 2 on solvent P. 

It/ •••• 
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4.7 Relative activity coefficients on two different liquids 

From the treatment in the foregoing section, it can be 

accepted that the ratio of volume reduced retentions on a polar and 

a non-polar liquid is a measure of the forces of interaction 

between the polar portion of the solute and the polar solvent 

(equation 4.21). 

In Tables 4.14- 4.16, the volume reduced retentions of 

.the twenty five solutes on dinonyl phthalate, tricresyl phosphate 

and polyethylene glycol relative to the volume reduced retentions 

0 on squalane, at 130 C are presented. 

In Table 4.15, the ratios of the retentions relative 

to squalane of the bifunctional to monofunctional compounds are 

compared, while in Table 4.16 volume reduced retentions relative 

to squalane of the derivative with different functional groups 

are compared with the retentions calculated by addition of 

monofunctional constants by means of equation 4.25: 

•...•......•.•....•...••.•••••.... 4.25 

Table 4.14/.~~. 



TABLE 4.14 

VOLUME REDUCED ACTIVITY COEFFICIENTS RELATIVE TO SQUALANE 

Solvent DNP TCP PEG Solute 

BuBr 0.15 0.29 0.35 

(CH2Br) 2 0.22 0.45 0.73 

(CH2CH2Br) 2 0.26 0.55 0.71 

Meso(CH
3
CHBr) 2 0.18 0.38 0.53 

. 
BuOAc 0.20 0.40 0.52 

(CH20Ac) 2 0.40 0.78 1.10 

(CH2CH20Ac) 2 0.40 0.74 1.05 

Meso(CH2CHOAc) 2 0.30 0.62 0.88 

BuOH o.28 0.56 0.84 

(CH20H) 2 0.23 0.83 1.42 

(CH2CH20H) 2 0.34 0.87 1.44 
Meso(CH

3
CHOH) 2 0.34 . 0.78 1. 25 

BuOCH
3 

o.os 0.16 0.23 

(CH20CH3) 2 0.17 0.32 0.35 
(CH2CH20CH

3
)2 0.20 0.40 0.48 

Meso(CH
3

CHOCH3)2 0.18 0.24 0.44 

BuCN 0.42 0.67 0.75 
(CH2CN) 2 0.78 1.28 1.84 

(CH2CH2CN) 2 0.75 1. 28 1.15 

Meso(CH
3

CHCN) 2 0.65 1 • 01 1.38 

Table 4.15/ •••• 
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TABLE 4.15 

VOLUME REDUCED RETENTIONS RELATIVE TO SQUALANE: 

THE RATIO OF BIFUNCTIONAL TO MONOFUNCTIONAL DERIVATIVES 

Solvent DNP TCP PEG Solute 

(CH2Br) 2 1 .. 47 1.55 2.09 

( CH2CH2Br) 2 1. 73 1.90 2.03 

Meso(CH
3

CHBr)2 1.28 1. 31 1.52 . 

(CH20Ac) 2. 2.00 1. 95 2.12 

(CH2CH20Ac) 2 2.00 1.85 2.02 

Meso (CH
3

CHOAc) 2 1.50 1.55 1.69 

(CH20H) 2 0.81 1.48 1.69 

(CH2CH20H) 2 1. 21 1.55 1. 71 

Meso (CH3CHOH) 2 1. 21 1.40 1.49 

(CH20CH3)2 2.12 2.00 1.52 

(CH2CH20CH
3

)2 2.50 2 .• 50 2.08 

Meso(CH
3

CHOCH
3

)2 2.25 1.50 1.83 

(CH2CN) 2 1.86 1. 91 2.46 
(CH2CH2CN) 2 1. 79 1. 91 1.53 
Meso(CH

3
CHCN) 2 1.55 1 • 51 1.84 

I 
I 

Table 4.16/ •••• 
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TABLE 4.16 

VOLUME REDUCED RETENTIONS RELATIVE TO SQUALANE 

OF SOLUTESCONTAINING DIFFERENT FUNCTIONAL 

GROUPS COHPliRED ~liTH CALCUIJ•TED VALUES 

DNP TCP 
Solvent l 

PEG 

I 
Found 1 Calcd: Found Calcd. Found 'Calcd. 

Solute 

Br.CH2CH2CN - - 0.94 0.96 1.27 1.10 
' 

Br.CH
2

CH20H 0.41 0.43 . 0.81 0.85 1.15 1.19 

CH
3
0.CH2CH20H 0.37 0.36 0.62 0.72 0.95 1.07 

li.GOCH
2

CH20cH
3 

0.37 0.28 0.58 0.56 0.75 0.75 

ACOCH2CH20H 0.60 0.48 0.94 0.96 1. 11 1. 37 

Since it is now believed that the above treatment gives an understanding 

of the forces of interaction between solute and solvent, the tables can 

be examined in this light. 

/ ' 
Table 4.15 shows that usually forces of interaction between 

solute and solvent increase with the number of funo.ti.onal groups in the 

linear compounds, in the srune way as solute - solute forces increase, 

as is discussed in the section on volume reduced retentions. 

The most striking exceptions are the alcohols. In this case, 

' the retentions of the dial are much less than the monosubstituted 

derivatives. The argument to explain thi~ is that once again 

intramolecular hydrogen bonding reduces the ability of the diol to 

interact/ •••• 
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interact with the solvent. 

Again the predicted values of the compounds substituted 

with different functional groups compare well with the values actually 

found. 

It is also observed again, that the 2,3-disubstituted 

butanes have much lower retentions than predicted. This may be due 

to the proximity of the groups, or to shielding by methyl groups. 

The question of steric effects in solution is a highly complex one, 

which may be illustrated by the fact that it is not yet possible 

to relate the boiling points of hydrocarbon isomers to their 

structure (see 1 p.62). 

At this stage, mention must be made of Kovats (42) who 

has used his retention index (~quation 3.5) to predict retentions. 

By taking the difference between the retention index on a polar and 

a non-polar solvent, he too has obtained a function which shows 

proportional increase with functional groups. Predictions of the 

retentions of structurally complex solutes were attained by means 

of additive functional increments termed 'haftzones', and the use 

of complicated rules for steric addition. 

The retention index has gained wide acceptance in gas 

chromatography. Kaiser (45) gives tables of retention indices 

of large numbers of compounds, and Dhont (46) shows it to be a function 

of greater dependability than log r by virtue of the use of two 

reference/ .••• 
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reference solutes. ·This method of prediction may yet prove popular. 

Although Kovats• technique has the disadvantage of requiring retention 

data on two columns, this is not difficult to obtain. The use of 

retention data on two columns has been employed by other authors too 

in the identification of solutes. Merritt and Watson (47) and 

Coru1ell (48) discuss the use of the ratio of retentions of unknown 

solutes on different column liquids for identification. 

1i 

It will be clear that if the method of predicting 

retentions from data on a single column can be developed, however, 

this technique will be superior to any method which requires retentions 

on two columns. 

A second disadvantage of Kovats retention index is that 

it contains complicating factors which make it a difficult approach 

to use in the study of solute - solvent interactions. 

Furthermore.~ it is not altogether clear whether Kovats' 

theoretical treatment is valid: 

It will be realised from equation 3.5, that the retention 

index on column P may be written 

= + 100 z ••·•·•·•·•·•·•••·•••·••••• 3.5 

where bp is the slope of the plot ~f retention of any homologous 

series against carbon number on P. In any one solvent this slope 

is/ •••• 
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is constant, but it varies from one solvent to another (see equation 

3.1). In the justification of his use of the difference in 

retention index between n polar and a non-polar liquid, what he 

terms _6I, Kovats reasons that for a solute i in polar solvent ?, 

RT ln (P/x)i = ~ + ~ + p~ •••• e: ••••••••••••••••••••••• 4.26 

., .......... ~ .............. . 4.27 

where i i i 
~' Pp and ~p are the contributions made by dispersion, polar 

and structural factors to the chemical potential of solute i. 

The relative retention of solute 1 (polar) to solute 2 

(non-polar) on solvent P can be written 

0 0 
12 p2 

RT ln r 12(P) = RT ln •••••••••··················~··•• 4.28 o Po 
1'1 1 

= Pn2 + Pp2 + ~p2- ~1 - Pp1 - ~p1 ··········~·· 4.29 

which,_ if 1 and 2 are assumed to be the same size, Pp
2 

zero and 

reduces to 

RT ln r 12x(P) = Pn2(P)- ~1 (P)- Pp1(A). ······•·•·••••··•·•••• 4.30 

By similar reasoning, on a non-polar phase where now Pp1 = 0, 

....... • ..... ~ ............. ~ . 4.31 

(cf equation 1.17) 

Since / •••• 
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Since 

RT ln r
12 

I = b + 100z ........................................ 3.5 

where z is the carbon number of 2, I is proportional to the chemical 

potential of the liquid phase. Kovats now subtracts 4.31 from 

4.30 to yield 

....•.•.......... ·• • . . . • . . . . . . . . . . . . . • . • 4. '32 

a statement that 6I is proportional to the forces of interaction between 

the polar component of the solute and the stationary phase. 

Whether this indeed is so is in doubt, ho\-vever, since 

(1) he cssumes the molecules have similar molar volumes in deriving 4.301 

without taking special precaution. The work of this thesis 

on the other hand suggests that molar volume is an important factor 

(2) he makes the subtraction 

to obtain equation 4.32. 

The validity of this may also be questioned since bp and bA are not 

equal, being the slopes of the logarithms of Vg plotted against carbon 

number on different liquids. 

In spite of these criticisms, however, it is obvious from his 

results that his treatment has validity in the prediction of retentions. 

4.8/ •••• 
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4.8 Correlation of forces of interaction with functional type 

The interaction energies of the different functional 

groups with the polar liquids, u1P(P), are summarised in,Table 4.17. 

Included are other properties of the functional types which might 

be important: the dipole moment of the butyl derivatives, 
\ 

~' and an energy function which Littlewood (28) has developed, 

M(n2 - 1)/(n2 
+ 2). 

TABLE 4.17 

ENERGIES OF INTERACTION BETWEEN SOLUTE !~D SOLVENT 

~ Solvent Functional ' 
I 

DNP r l' llJ3uX M(n2 - 1)/(n2 + 2) ty-pe TCP PEG 

Br 0.15 0.29 0.35 2.15 36 

OAc 0.20 0.40 0.52 1.84 28 

OH 0.28 0.56 0.84 1. 63 18 

CN 0.42 0.67 0.75 4.09 17 

OCH
3 

0.08 0.16 0.23 20 

The dipole moment of methoxybutane has not been found, but ethers 

all have fairly low polarity and so its dipole moment may be 

expected to be in the region of 1.00- 1.10. 

The last function is stated by Littlewood to be a measure 

of the force of interaction between a polar solute and a non-polar 

solvent/ •••• 
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solvent. In the expression, M is the molecular weight of the solute, 

and n its refractive index. The data above have been calculated 

from the refractive indices tabulated in Table 2.2. 

A plot of the energy of inter~ction of the various 

groups with dinonyl phthalate against dipole moment is presented 

on Graph 10. It is observed that, with the alcohol excluded, the 

dipole moment is related to the energy of interaction. 

There is no correlation, on the other band, between 

Littlewood's factor and interaction energy, as comparison of 
' 

the columns readily shows. 

Beyond the observation that dipole moment is a factor in 

determining the interaction forces, it is difficult, if not 

impossible, to make any contribution to an understanding of 

the forces in solution. The alcohols give abnormally high 

values due to the formation of hydrogen bonds. 

An interesting comparison of behaviours is shown in 

Graph 11, where the behaviour of the different solute types are 

compared on the stationary liquids classified according to 

hydrocarb~n retention. It will be remembered that the classification 

of solvents according to the retention of hexane has been made by 

Littlewood (28), and has been called here classification according 

to alkane affinity. 

In Graph 9 the liquids are classified according to 

retentions taken from Littlewood, the only difference being the 

polyethylene/. • .... 
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polyethylene glycol which has a molecular weight of 400. As 

expected, as the alkane affinity of the solvent increases, the 

force of interaction with a polar solute decreases. 

The values of the logarithmic retentions of normal 

hexane on the liquids are 

'PEG 400, 0.71; TCP, 1.23; DNP, 1.57.; SQ., ·1.80. 

These values determine the abscissae of the graph, the data in 

Table 4.17 ~he ordinates. 

This graph illustrates that the general behaviour pattern 

of hydrocarbons on the solvents holds for polar substances. 

One interesting reversal in behaviour is the retention of the 

cyanide and alcohol on PEG. The high retention of the alcohol 

on PEG is known to be due to hydrogen bonding between the alcohol 

and ether linkage in the polyethylene glycol. 

4.9 The behaviour of diastereoisomers 

The work for this thesis began with a study of the 

separation of diastereoisomers. 'These are solute pairs in 

which the members are very similar in chemical and physical 

properties. Their separation by chemical methods, e.g. 

distillation, has proved extremely difficult, but GLC is no;.1 known 

as a technique capable of resolving these pairs fairly readily. 

The work on the separation of diastereoisomers, in particular the 

diastereomeric pairs of 2,3 disubstituted butanes, was commenced 

because/ •••• 
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because the separation of different 2,3 disubstituted butanes is 

being studied by ~~. D. Nurok in the same department. The other 

solutes studied in this thesis were chosen because of their 

similarity with the 2,3 butanediol derivatives, in the hope 

that information obtained from their behaviour might facilitate an 

understanding of the best conditions for the separation of a 

diastereomeric pair. With the concept of group retention 

factor now developed it can be hoped to obtain a better understanding 
I 

of the processes at this stage. A large number of reports on 

the separation of diastereomeric pairs has already appeared 

(49 - 52) while Stern et al (53) describe a gas chromatographic 

method for the preparation of the pure diastereomers of 2,3-dichloro-

butane. 

In this work, five diastereomeric pairs have been studied 

and it will be attempted to relate their separation, presented 

as the separation factor, with their functional types. The five 

diastereomeric pairs have already been presented in Table 2.2. 

They are all 2,3-disubstituted butanes with the functional 

groupings bromide, acetate, alcohol, methyl ether and cyanide. 

The separation factor, a, is defined as the retention of the 

racemic or dl, isomer relative to that of the meso.isomer. 

RESULTS 

Of the solute pairs chosen, the only ones which could 

be separated with ease were the bromides, acetates and cyanides. 

Meso-/ •••• 
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Meso ... and dl- 2,3-dimethoxybutane were partially resolved on the 

1 1 t 7ooc. squa ane co umns a The retentions relative to n-heptane 

at that temperature are: 

meso 1 ~43 

dl 1. 53 a: = 1. 07 

The two diastereoisomers of 2,3-butanediol, however, 

could be separated only on polyethylene glycol. 

retentions of these isomers relative to heptane are 

meso 77.6 

dl 68.6 a: = 0.88(5) 

The other diastereomeric pairs were all resolved without difficulty. 

The isomers of 2,3-dimethyl succinonitrile in particular were always 

well sepro.·atedo ·As mentioned in Section 2.4, identification of 

the peaks could not be· made with absolute certainty, but in view 

of the large difference in melting points (meso 45 - 46°, dl 57 - 59°) 

it may reasonably be supposed that the first isomer eluted is the 

meso form. 

On this assunption, the retentions of the three pairs 

of diastereomers which could be resolved are presented, relative 

to heptane, in Table 4.18. 

Table 4. 18/ •••• 
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TABLE 4.18 

RETENTIONS OF DIASTEREOISOI-'lli.:RS RELATIVE TO HEPTi'..NE 

,. I ; 

" Solvent SQ DNP TCP PEG 

Solute 

Meso (cH
3

CHBr) 4.88 7.84 13.3 20.0 

dl(CH
3

CHBr) 2 5.25 8.50 14.3 21.5 

a 1. 07(5) 1.08(5) 1.07(5) 1 .. 07(5) 

l.\1eso ( CH
3

CH01ic) 2 7.02 13.7 27.8 46.5 

dl(CH
3

CHO.Ac) 2 7.80 15.6 32.2 55.0 

a 1 • 11 1.14 1.16 1.18(5) 

Meso(CH
3

CHCN) 2 6.55 30.8 78.0 200 

dl(CH
3

CHCN) 2 9.09 47.2 128 340 

a 1. 39 1. 53(5) 1.64 1. 70 

From the data in Table 4.18, two graphs can be constructed 

which illustrate the way in which the different stationary liquids 

separate diastereoisomers. In Graph 12, the logarithm of the 

separation factor of the diastereoimeric pairs is plotted against 

the alkane affinity of the stationary liquids. This graph 

demonstrates that the separation of diastereoisomers increases as 

the "polarity" of the stationary liquids increases, although in 

the case of dibromobutane, the separation factor remains constant. 

In Graph 13, a plot of log a against the group retention 

factors/ •••• 
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factors is constructed. In this case it is interesting to 

observe that in the cases of the acetates and cyanides the 

logarithmic 1separation factor increases linearly with the group 

retention factor of the functional groups concerned. The group 

retention factor thus appears clearly to be the best parameter to 

consider when choosing a liquid for the separation of diastereoisomers. 

The liquid with the highest group retention factor for the particular 

functional groups may be expected to give the best resolution. 

Once again the bromides are the exceptions and the fact that the 

separation remains constant in this case suggests t}v:;,t there is 

no inte·raction of the functional groups with the liquids; 

separation being achieved entirely by difference in physical· 

properties,' s~ch as molecular structure and vapour pressure. 

It is unfortunate that the diol and the diether isomers are so 

similar as to preclude a quantitative comparison of the same sort. 

4.10 Variation of group retention factors with temperature 

The group retention factor, and volume reduced retentions, 

it will be remembered from equation 3.9, are inversely proportional 

to the absolute temperature 

ln r 1* = ~T t!ni( 1)(P) ............................ 3.9 

The difference in heats of evaporation from solution of 

the bromides and the acetates ha~e been caluulated from the retention 

data at 100 and 130°0 by eliminating R and T, and are presented as 

Kilo/ •••• 
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Kila::alories per mole in table 4.19. 

TABLE 4 •. 19 

HEATS OF EVAPORATION FROM SOLUTION AT 100°C 

AND 130°C. Kcal/mole 

Solvent SQ DNP TCP 

100° 130° 100°-1130° 10Q0 130° 

Solute 

BuBr 1.45 1.46 1. 71 1. 73 1.93 1. 99 

(CH2Br) 2 2.58 2.61 3.00 3.02 3.42 3.44 

(CH2CH2Br) 2 2.84 2.92 3.46 3.40 3.98 3.94 

Meso(CH
3
CHBr) 2 2.08 2.13 2.48 2.46 2.87 2.83 

BuOAc· 0.85 o. 91 1.40 1.27 1. 75 1.64 

(CH20Ac) 2 1.62 1 .69 2.64 2.43 3.32 3.13 

(CH2cH20Ac) 2 1~66 1.82 2.70 2.50 - -
Meso(cH

3
CHOAc) 2 0.55 0.85 - - - -

. 

PEG 

100° 130° 

2.04 2.11 

3.88 3.96 
" 

4. 21 4. 23 ·~= 

3.08 3.11 

1.85 1 .so 

3.44 3.72 

3.94 3.76 

2.12 2.47 

It was hoped from such a manipulation to detect differences 

in energies of interaction with the solvent at the different 

temperatures. Unfortunately, however, the scatter in results is 

too high to allow this. The use of a temperature-independent 

term might however be useful in the prediction of retentions at 

different teoperatures. From published energy constants such as 

those / •••• 

' 
I 

' ~ 
I 
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those in table 4.J 9, group retention factors at any desired 

temperature could be calculated by introducing the RT term. 

With more precise measurements it might also be possible 

to detect the variation of .6~(P) with temperature which would lead to 

a better understanding of the processes of solution. 
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SECTION 5 

THE SUPPORT 

5. 1 PART. PLAYED BY THE SUPPORT IN GAS LIQUID CHROI>Il:..TOGRAPHY 

It is well known that the support in the gas chromatograph 

is not inactive, but very often acts as a solvent modifier 

producing tailing in chromatographic peaks and altering retention 

times. 

A number of authors (11, 54- 57) have given considerable 

attention to this problem. Sawyer and Barr (54) have advocated 

the use of lightly loaded columns. It will be remembered 

(equation 1.1) that the retention volume is proportional to the 

volume of stationary liquid on the column, and the main advantage 

in using a small loading of liquid is that high boiling solutes 
) 

can be eluted within a reasonable time. For the elution of 

such high boiling compounds as were used in this study, for 

example 1,4-butanediol and 1,4-dicyanobutane, on polar liquids it 

was decided to employ lightly loaded columns in this work. 

From the work of Ottenstein (56) who has published a very comprehensive 

review on gas chromatographic supports, it was realised that even 

after acid-alkali washing and treatment with dichlorodimethyl 

silane, chromasorb P is still capable of influencing the retention 

times of polar solutes. 

That the support was not inactive was apparent from the 

severe / ••• , • 
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severe taiiing shown by some of the chromatographic peaks obtained_ 

Polar solvents, such as polyethylene glycol, are known to be capable 

of inactivating the support to some extent. The explanation is 

that a polar liquid of this type interacts with the active sites 

on the soliC. which consequently loses the ability of absorbing the 

solute. PEG 400 has in fact often been used in the past in very 

small quantities as a subcoating for this purpose. 

Non-polar liquids, such as squa1ane, do not have this 

property, however, and it is ~ecessary to use heavy loadings in 

these cases. With more liquid on the support, the active sites 

are supposed to be effectively covered, and interaction reduced. 

To ensure that interaction of the support was not 

producing incorrect retentions, it was necessary for this work to 

ensure that the su-pport was inactivated. 

5.2 Variation in liquid loading 

To determine the smallest percentage of liquid which 

could safely be used, the variation of retention of a number of small 

polar molecules with percentage loading of two liquids was studied. 

The liquids chosen were polar polyethylene glycol 6000, 

and slightly polar dinonyl phtha:ate. The retentions were all 

obtained relative ton-pentane at 110°C. The use of a normal hydro-

carbon as reference solute in such a study is valid, since it is known 

from the above mentioned references, that nori-polar hydrocarbons are not 

affected/ •••• 



- 107 -

affected by the chromatographic support. 

The solutes$udied were n-butyl bromide, ethyl acetate, 

ethyl alcohol and acetop.;itrile, and their retentions on different 

percentage loadings of dinonyl phthalate are recorded in . 

table 5.1. 

TABLE 5.1 

RETENTIONS OF POLf~ SOLUTES RELATIVE TO N-PENTANE bS 

. A FUNCTION OF PERCENTAGE LOADING AT 110°C ON 

.DINONYL PHTHALATE 

%loading. 0 0.58 4.75 10.0 20.0 

Solute 

BuBr 6.55 7.06 8.03 8.43 -

EtOAc 29.9 . 7. 70 3.86 3.73 3.28 

* EtOH - 12.00 3.34 2.73 1. 75 

CH
3

CN 25.4 9.60 3.49 3.12 2.66 

* not eluted 

35.0 

7.80 

3.35 

1. 77 

2.78 

In table 5.2, retentions are studied as a function of 

percentage loading of PEG 6000. 

Table 5. 2/ •• n 
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TABLE 5.2 

RETENTIONS OF POLAR SOLUTES RELl.TIVE TO N-PENTANE AS A 

FUNCTION OF ~~RC~~AGE LOADING AT 110°C ON PEG 6000 • 

. ...., ·~ 

% loading 0 2 B 
····-

20 .. 
-. 

:' : : ~ ~i 

Solute 

BuBr 6.55 5.08 7.23- 7.72 

EtOAo 29.9 5.33 4.63 5.06 

* EtOH - 9.98 5.50 5.84 

CH
3

CN 25.4 9.20 8.53 9.87 

: 

* not eluted 

The same procedure was employed to obtain these retentions as 

previously, except that the column dead volume was estimated by 

the 11 co~l gas" technique. 

These retentions are plotted in the logarithmicform 

against percentage loading in graphs 14 and 15. 

With the exception of butyl bromide, which exhibits 

slightly snaller retention times on the nore lightly loaded 

columns, a sharp increase in the retentions of polar compounds 

is observed as the percentage loading approaches zero. The 

increase appears to begin at about 5% on the DNP Column, and 

at/ •••• 
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at about 2 - 3% on PEG• 

These curves have been the basis of the choice of loading 

used for the columns in this work. A 5% w/w loading was 

considered a safe weight for the liquids DNP, TCP and PEG. For 

less polar squalane, a 20% loading was employed. Fortunately 

the use of a lightly loaded column is not required in this latter 

case, since on a non-polar column polar liquids have small 

retentions and no difficulty is experienced in eluting even high 

boilers. 

5.3 Inactivation of the support 

(i) Precoating with polyethylene glycol 

As has been mentioned, PEG 400 in small amounts has been 

used in the past to inactivate the support, and reduce tailing. 

The possibility of using this technique was considered, and a 

column containing 0.5% PEG 400 and. 5% DNP was prepared. Although 

tailing was reduced, this method could not be used since the PEG 

altered the retentions of the solutes, as comparison with a pure 

DNP column in table 5.3 shows. 

Table 5.3/ •••• 
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TABLE 5,3 

EFFECT ON RETENTION TIMES OF PRECOATING WITH PEG 400 

(retentions relative to hepta~e at 130°C) 

Column 
5% DNP 5% DNP + 0.5% PEG Solute 

BuBr 1.86 1. 90 
' 

(CH2Br) 2 4.10 4.53 

(CH2CH2Br) 2 23.6 21.2 

Meso(CH
3
CHbr) 2 7.84 8.64 

BuOAc 2.60 2.60 

(CH20Ac) 2 11.7 12.4 

(CH2CH20Ac)2 46.2 48.3 

Meso(CH
3

CH0Ac) 2 13.6 13.9 

BuOH 1.56 1.60 

(CH20H) 2 3.98 33.1 

( CH2CH20H) 2 21.6 36.6 

Meso(CH
3

CHOH) 2 6.57 11 • 1 

The effect is particularly pronounced in the case of the alcohols. 

(ii) Prior injection of water 

Some authors (see 56) have advocated saturation of the 

carrier gas with &aines or water to reduce tailing effects. To 

test / ..... 
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test these suggestions, 50vl water samples were injected into the 

carrier stream immediately prior to injection of a compound which 

normally gives tailing, on the TCP column. Since a flame 

ionisation detector was employed, no interference with the solute 

peak occurred. This method was not successful, however, and no 

reduction in tailing 1'iU.S obtained. 

5.4 Tailing chart 

Table 5.4 is a semi-quantitative representation of the 

peak shapes of the various solutes when chromatographed on the 

different columns at 130°C. This is presented here only as 

a guide to anyone who may wish to chromatograph the same solutes 

on the same or similar columns, and also as an indication of the 

cases in which the column was inactive, and when the column 

itself may have influenced the retentions recorded in the 

preceding tables. 

The numbers assigned to each case describe the peak 

shape. 

1 1m asymmetric peak with a leading slope, a "tail" coming 

before rather than after the peak. 

2 A symmetrical peak. This is the desired case. Hydro-

carbons, which are not included on the chart all give 

symmetrical peaks on all the columns. 

3/ •••• 
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3 A symmetrical peck with a very slight tailo 

4 . . In this case the tailing is quite pronounced, but the 

peak is still sharp and well defined. 

5 Very severe tailing, the peak position is uncertain. 

TABLE 5,4 

~ING CHART 

i I l I 
i 

i C\J 
I C\1 ..--... 

~C\1 
C\J C\1 .....-.. fii' (\. ~ .....-.. C\J ...--.. ........... C\Jl:I:l 

Solute _... () '....-.. lil tJ:l t<'\ .,...... 0 0 ,,...... 
~ ~· ....-.. ~ () C\J 0 0 tJ:l t<'\0 0 

~ ~ ~ 
() () 0 c3 ....,.._ C\J tJ:l 0 tJ:l C\J ~· columns r.t:l.P=l ~ ~ C\J tJ:l lil tJ:l 0 0 0 tJ:l ::s C\J tJ:l tJ:l 0 ON tJ:l tJ:l 0 0 

~ ;r ::s 0 0 t<'\ 
P=l tJ:l 0 ~ & 0 ·o & C\J P=l C\J C\1 tJ:l 

0 C\J tJ:l C\J tr\ ::q ::q 0 lil lil 0 .._,. tJ:l ::q 0 tJ:l ::q 0 0 .._,. 0 0 .._,. 
0 0 ....._, 0 0 ..._., ..._., .-.- ....._, 

..._., ......... ....._, "-" 
1;: ~ 

20}6 SQ 3 3 2 2 1 1 2 2 2 4 4 3 2 3 2 2 

5% DNP 2 3 2 2 3 2 3 4 4 5 4 4 

5% DNP + 0.5% 
PEG 2 3 2 2 2 1 1 2 3 5 4 4 2 2 2 2 

5% TCP 3 2 2 2 3 2 2 2 4 5 3 4 2 3 3 3 

5% PEG 2 2 2 2 2 1 1 1 3 3 4 3 3 3 3 3 

' 

The table shows that most tailing is observed with the 

alcohol peaks, while with the others there is little or no tailing 

on the columns employede 

References/ •••• 
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