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1. INTRODUCTION 

1.1. General 

Gas-chromatographic (GC) steroid analysis has grown rapidly since the early 
investigations reported by Eglinton et al. in 1959 1

-
1
). Although the retention 

times in this work were very long, gas chromatography had proved its usefulness 
in the separation of compounds of low volatility and since that time steroid 
analysis in the vapour phase has become common practice. Today, the number 
of publications on the analysis of steroids, steroid hormones and sterols, both 
as pure compounds and in fairly complex mixtures, is quite considerable. One 
of the most interesting applications is steroid analysis in body fluids, which is 
extremely important for clinical purposes. Although steroids in body fluids 
constitute mixtures of fair complexity, in which steroids are present in a scale 
of concentrations together with numerous other compounds of biological 
origin, only packed columns have been used up till now. The lack of interest 
in the high resolving power of capillary columns as compared to packed columns 
may be due basically to some practical problems inherent in operating capillary 
columns at "high" temperatures. These practical problems chiefly concern the: 

Preparation of efficient columns 

The preparation of efficient columns appeared to constitute a considerable 
problem. It is very difficult to prepare columns that possess sufficient efficiency 
at the elevated temperatures required for gas-chromatographic steroid analysis. 
In particular, the preparation of columns with selective phases appeared to be 
cumbersome and once a good column was obtained, it degraded fairly quickly, 
resulting in a short column lifetime. This is mainly due to the lack of surface 
active agents stable at these high temperatures. 

Sample requirements 

The sample requirements of open-hole capillary columns present another 
practical problem. Apart from the limitation imposed on the construction of 
an injection device, the small amounts of material involved in GC analysis on 
capillary columns exclude the possibility of an additional identification. 
Samples can hardly be collected from the effluents of a capillary column. More
over, established techniques such as u.v. and i.r. analysis of column effluents 
are not accessible to capillary columns. The only additional identification tool 
capable of handling the small sample sizes eluting from a capillary column is a 
gas-chromatograph- mass-spectrometer combination. Apart from practical 
problems involving the coupling between the gas chromatograph aud the mass 
spectrometer, the latter instrument is still fairly expensive. It will thus be ap
preciated that the combination of the two instruments is not extensively used 
as an identification tool. 
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Sample introduction 

The introduction of samples into open-hole capillary columns requires 
further consideration. Most injection devices described in literature either fail 
or are not accurate enough. They do not meet the specifications required for 
the sampling of highly diluted complex mixtures (e.g. steroids in body fluids) 
in which compounds of low volatility with a large variety of boiling points and 
in many different concentrations are present. Most sampling devices for open
hole capillary columns make use of indirect injection systems, of which the 
"'sample inlet splitter" is most commonly used. However, as Cramers 1 - 2 ) has 
pointed out, this system cannot properly be used with compounds of low 
volatility. 

It is probably due to these practical problems column preparation, the 
lack of additional identification possibilities and the introduction of the sample 
into capillary columns that many workers in the field of GC steroid analysis 
have shied away from the use of open-hole capillary columns. 

This thesis is meant to be a contribution to the solution of these problems. 
The main purpose ofthe investigation described in it is to develop the technique 
of steroid analysis on open-hole capillary columns, which, as may be concluded 
from the discussion above, can be reduced almost entirely to the development 
of a proper injection device for introducing samples into open-hole capillary 
columns. 

In this chapter an introduction will be given to the field of gas chromatog
raphy (sec. 1.2). The steroids, their classes, stereoisomerism and nomenclature 
will also be discussed (sec. 1.3). 

Chromatographic steroid analysis is dealt with in chapter 2. In addition to 
the conventional methods of steroid analysis, gas-chromatographic analysis on 
packed columns and the sample pretreatments which precede it are discussed. 
The sample pretreatment adopted in this investigation is also described. 

Chapter 3 deals with gas-chromatographic analysis of steroids on open-hole 
capillary columns. The gas-chromatographic system in general and GC columns 
in particular are described. This chapter also includes a survey of the stationary 
phases most commonly used for steroid analysis. In this chapter a start is made 
to solving the problems referred to above. 

A new coating procedure for selective phases is described. The performance 
of open-hole capillary and packed columns is also compared. The chapter ends 
with the application of open-hole capillary columns to the analysis of natural 
samples. 

In chapter 4 methods are investigated which facilitate identification by purely 
gas-chromatographic means. At the same time the rapid development of com
puter-aided data processing is kept in mind. This results in a few practical con-
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cepts for the carbon number and the definition of a new quantity, the carbon 
index (CI). A computer program for the calculation of carbon indices is also 
given, which makes the procedure accessible to other workers in the field. 

Other systems for the identification of steroids by purely gas-chromatographic 
means are reviewed in chapter 5. All of these systems are based on adjusted 
retention quantities. The relation between steroid structure and retention behav
iour is investigated in this chapter because structure-retention relationships 
provide another good basis for identification by purely gas-chromatographic 
means. Finally, a computer program for the identification of steroids, based 
on the use of different stationary phases or different temperatures, is described. 
This computer program uses the carbon index (CI), referred to above, as the 
characteristic identification parameter. 

The development of injection systems capable of handling standard steroid 
samples as well as complex natural samples is described in chapter 6. The use 
of a cold zone opens up the possibility of introducing the steroids as a narrow 
band on the top of the column. Peak-broadening caused by evaporation in the 
injection device is forestalled by the cold zone. The cold zone enables lower 
injection temperatures to be used and if the zone is rapidly heated, the trapped 
compounds start taking part in the normal GC process almost instantaneously 
and without decomposing. 

1.2. Gas chromatography 

Since the first public~tion dealing with gas chromatography in 1952 1- 3) 

numerous papers and books have appeared on the subject .These include several 
excellent manuals dealing with GC theory in detail 1 - 4 -10). Although the 
reader is referred to these manuals, the present section will contain some brief 
notes on the theory. 

1.2.1. Basic concepts 

The heart of the gas-chromatographic system is the column. We may roughly 
classify columns into three types: packed columns, open-hole tubular columns 
and capillary columns. A point common to them all is that the substances to 
be analysed are distributed between two phases, one stationary, the other mobile. 
In the case of packed columns, the stationary phase is distributed over an inert 
granular material of large surface area, called the support. In both open-hole 
tubular and capillary columns, the column wall serves as a support. The only 
difference between open-hole tubular and capillary columns is the smaller 
internal diameter of the latter. Packed capillary and support-coated capillary 
columns will not be considered here. 

Separation is achieved by differential partition of the sample over the station
ary phase, which is an involatile liquid, and the mobile phase or carrier gas. 
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The quantity describing the distribution of a solute between the two phases 
is the partition coefficient, K, defined by 

Cs 
K c-· g 

where c. is the weight of solute per ml of stationary phase (g/ml) and 
C9 the weight of solute per ml of mobile phase (gfml). 

(1.1) 

The mobile phase is a gas that is not retained by the stationary phase 
(K = 0) *). Separation of sample components takes place on the basis of the 
different affinities of the individual sample components for the stationary phase 
as expressed by their respective K values. 

Another quantity can be derived from the partition coefficient K by multi
plying the latter by the volumetric ratio of the stationary phase and the mobile 
phase. This is the partition or capacity ratio k. Expressed as a formula, 

k (1.2) 

where VL is the volume of liquid phase in column (ml) and 
VG the volume of mobile phase in column (ml). 

The volumetric phase ratio {J, which equals VGfVL, is of the order of 10-20 
for packed columns. For open-hole tubular columns considerably larger values 
are common, viz. 100-200. 

1.2.2. Retention time 

The basic retention parameters are the retention time and the retention 
volume. Of these two quantities it is preferable to use the retention time, since, 
owing to the compressibility of the carrier gas, complicated corrections often 
have to be made to obtain a precise value for the retention volume. If the inlet 
pressure during sampling does not remain constant, the correction is even more 
complicated. Moreover, the gas-chromatographic processes are purely time
dependent, so that the choice of time as the retention parameter is more ap
propriate. 

The retention time t R of a particular substance in a GC column is determined 
by the sum of the times tM and ktM spent in the mobile phase and stationary 
phase respectively: 

L 
(1 + k), 

u 

where tR is the retention time measured from the start (s), 

*) Nomenclature according to ASTM 1- 11). 

(1.3) 
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tM the retention time of an unretained substance (e.g. air of the carrier 
gas itself) (s), 

L the length of the column (em), and 
u the average linear carrier-gas velocity (cmjs). 

Equation (1.3) can also be written as 

(1.4) 

where t R t M equals the adjusted retention time t' R· This is shown in fig. 1.1. 
It can be concluded from ~-substaiiceffwith different k values will 
have different retention times in a column, but the degree of separation may 
be largely determined by the effect of peak-broadening. 

Signal 

t 
h 

Air 
i Injection 
I 

i 

I 
I 
I 

0·607h 

~t~=~0--------~t~~~t-M----------~~t!~~~~~---------------J 

I 
I I 

• 1 Adjusted retention tfme:(tRI) 

• Retention time (tRI) .1 
-Time 

J 

Fig. 1.1. Chromatogram showing some characteristic chromatographic quantities. 

1.2.3. Relative retention 

It is advantageous to express retention quantities relative to another (stand
ard) compound, chromatographed under identical conditions and, preferably, 
simultaneously. 

The ratio of the partition coefficients of two arbitrary compounds is called 
the relative retention, r;1 : 

(l.Sa) 

or expressed in terms of a certain standard: 

Kt 
(l.Sb) 

Ks 

Since the volumetric phase ratio fJ = VGfVL is the same for both components 
in a given column, riJ can also be expressed by 

kt 
r11 =- (1.6) 

kj 
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and, since the same is valid for tM according to eq. (1.4), 

(1. 7) 

An advantage of this qnantity is its independence of the amount of stationary 
phase and the carrier-gas velocity (see also fig. 1.1). It is important to observe 
that whereas retention times are highly temperature-dependent, relative reten
tion times are only slightly so. Relative retention data are more reproducible 
according as the peaks of the substance and its reference approach each other 
and according as more reference compounds (standards) are used. 

1.2.4. Plate theory 

Although gas chromatography is a continuous process, it is convenient to 
introduce the concept of the theoretical plate. The column may be regarded as 
being divided into a number of isolated "plates". The height equivalent to a 

\\l theoretical plate (HETP) may then be defined as the smallest length of column 
\\ in which the partitioning process can attain equilibrium. The number of plates 

n is a measure of the peak-broadening during the GC process. In mathematical 
form: 

n= 
2 ' a 

where n is the number of theoretical plates and 
a2 the variance of the eluted peak (s2) (fig. 1.1). 

(1.8) 

The number of plates is related to the length of the column, L, by the quantity 
H(ETP): 

1.2.5. Rate theory 

L 
H=-. 

n 
(1.9) 

In the concept of theoretical plates, the assumptions are made that each 
plate is discrete and that equilibrium is obtained in each plate. However, gas 
chromatography is a continuous process in which the solute vapour is capable 
of diffusing in all directions. The partition process never attains equilibrium. 
Both factors, diffusion and non-equilibrium, contribute to band-broadening 
and have to be taken into account if we want to describe the effect of experi
mental variables upon column performance. 

These contributions to band-broadening in packed columns were first ex
pressed in mathematical form by Van Deemter et al. 1 - 12) in the following 
relation: 

H (l.lO) 
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For open-hole capillary columns the relation was derived by Golay 1- 13): 

H 
Da 1 + 6 k + 11 k2 r2 it 

2-+------
it 24 (1 

k 3 r2 u 
6 (1 + k)2 K 2 DL ' 

(1.11) 

in which D 6 , DL are the diffusion coefficients of the solute molecules in the 
mobile and stationary phase, respectively ( cm2 js ), 

dP the average particle diameter of the support (em), 
d1 the average liquid-film thickness (em), 
r the radius of open-hole (capillary) column (em), 
A. the packing non-uniformity factor, and 
r the tortuosity factor. 

For general discussion of the influence of linear carrier-gas velocity on column 
performance, the above equations can be simplified to 

B 
H A+-+Cu. 

u 
(1.12) 

For open-hole capillary columns we distinguish two C terms and can write: 

c CL CG, 

In these equations A represents the eddy diffusion or multiple-path term, 
B the molecular diffusion in the gas phase and 
CL, C6 the resistance to mass transfer (non-equilibrium) in 

the liquid and gas phase, respectively. 
The effect of these quantities on column efficiency can be readily seen from fig. 
1.2. 

In another recent approach, described by Tak<ks 1 - 14), the plate and rate 
theories approximating the gas-chromatographic process are amalgated into an 

H(ETP) 
(mm) 

t 

a opt. 

A 

- u(cm/s) 

Fig. 1.2. Contribution to band-broadening according to the Van Deemter equation. 
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harmonic unity. This new approximation is of general validity and permits 
numerical computation of the coefficients 1- 15•16•17). 

In mathematical form: 
B 

H=A+
u 

(1.13) 

This equation, shown graphically in fig. 1.3, gives a more realistic account of 
the resistance to mass transfer. The optimum conditions can be found from 
an experimental determination of the H-u curve. 

H(ETP) 
(mm) 

I 
I 
I 
I I 
I I 
I I 
I I 
I / 
I / 
\ / 
\ / 
\ H=A+fl. +Cu+8+Eu 2 

/ 
\ u u _,"' 
\ .,.-' A+Cii ' ........ '--,--..... 

I 
I 
I 
I 

A 

- i1 (cm/s) 

Fig.l.3. General curve for the contribution to band-broadening according to Takacs. 

1.2.6. Resolution 

After proper injection, i.e. when the input curve approximates a lJ function, 
this () function spreads out owing to the GC process. This results in an output 
curve which is approximately of the Gaussian type. The curve represents the 
retention-time distribution of the molecules, in which a, the standard deviation, 
is a measure of the band-broadening. The degree of separation between two 
components can be expressed by the resolution R 11• This quantity is defined 
by (fig. 1.4): 

tRj- tRi 

2 (O'j + O't) 

2 (tRj- fRt) 

ytj + yli 

Assuming that Yti ~ YtJ, eq. (1.14a) can be simplified to 

tRJ- tRi L1tR 
Ril= -, 

ytj YrJ 
where RIJ is the resolution and 

Yu the width at the base of the peak j in seconds. 

(1.14a) 

(1.14b) 



Signal 

l 

!Injection 
I 
I • t=O 
I 
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Air 

(}507h 

t=tM 
Retention time ( i) = tRI 

Retention time (j) = fRJ 

Fig. 1.4. Definition of resolution. 

If eqs (1.8), (1.3) and (1.6) are substituted in eq. (1.14b), the resolution can be 
expressed in the following form: 

r11 -l k1 -----Vn, 
r11 (kj + l) 4 

(1.15) 

where rj1 = IX = kj/k1 is the relative volatility of two consecutive compounds. 
When IX equals 1, no separation is possible. If R11 = 1 the separation is con
sidered to be only just acceptable, while when Ru 1·5 we speak of com
plete separation. If we solve n from eq. (1.15), we obtain a formula which 
enables us to calculate the number of theoretical plates required to achieve a 
given separation: 

(1.16) 

Packed columns usually operate with large values of k. Open-hole tubular 
columns operate with lower k values, which is understandable as the volumetric 
phase ratio fJ is much larger for these columns. 

1.2. 7. Effect of temperature on retention time 

The temperature dependence of the partition coefficient can be derived from 
the activity coefficient of a solute, defined, as is customary for solutions of 
non-electrolytes 1- 18), by 

yP = yxP0
, (1.17) 

so that 

(1.18) 
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Substitution of the ideal-gas law in this equation results in 

K 
MLRT 

yPo 

where x is the molar fraction of solute in the liquid phase, 
y the molar fraction of solute in the gas phase, 
P the pressure of the substantially ideal-gas phase, 
M 6 the moles of mobile phase per unit volume, 
M L the moles of stationary phase per unit volume, 

(1.19) 

y the activity coefficient of the solute in the solvent phase, taking the 
pure liquid solute as a standard state and the gas phase as ideal, 
and 

po the vapour pressure of the solute. 
With eqs (1.2), (1.4) and (1.19) we can derive a relation between the adjusted 
retention time and the temperature: 

fR-fM = (M 

VG yP0 

For the relative retention time rji this becomes: 

rj;=--

tR;- tM 

(1.20) 

(1.21) 

In eq. (1.20) the factors tM, VL, ML, V6 and R can be considered either constant 
or almost independent of temperature. Hence, for general consideration of the 
temperature effect, eq. (1.20) can be rewritten: 

and 
1 

tM) = In A -In--ln y In P0
, 

T 

VL 
A =tM-MLR. 

VG 

(1.22) 

With the known relations of In y and In po to temperature this becomes: 

I tJHsE AHv 
InA-In----+ + C, 

T RT RT 
(1.23) 

where tJHs E is the excess partial heat of solution of the solute in the solvent 
and AHv the heat of vaporization of the solute. 
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Differentation of eq. (1.23) to 1/T results in 

b [In (tR- tM)] fJH/ LJH. 
-----=-T---+ 

() [1/T] R R 
(1.24) 

and plots of the logarithm of the adjusted retention time versus reciprocal 
absolute temperature are expected to be substantially linear over a range of 
temperatures such that RT is small with respect to the heat terms. The heat 
terms can be considered to be almost independent of temperature. 

A similar equation can be derived for the logarithm of relative retention 
times, In rii. In these cases the RT terms cancel out and the resulting term 
consists of the differences between the above-mentioned heat terms: 

b In riJ 

b [1/T] 
---

fJHvJ)- (Ilis/ -:tiTl./) 
R 

(1.25) 

Relative retention times are not affected as markedly by temperature changes 
as absolute retention times are because changes in the heat terms are roughly 
comparable. For general consideration of the temperature dependence of the 
adjusted retention times and relative retention times we can write: 

log (/RI 

or 

BtJ 
log riJ = Au + - . 

T 

1.2.8. Selectivity of stationary phases 

(1.26a) 

( 1.26b) 

Separation of a mixture can only be achieved if the components of the mix
ture have different partition coefficients. According to eq. (1.19) this means 
that the quantity ljy1Pt must have a different value for each component. 

We will now consider three types of stationary phases: 
(I) a hypothetical solvent which forms ideal solutions with all components; 
(2) a .. non-selective" solvent; 
(3) a "selective" solvent. 
In the case of the ideal solvent (y = 1 ), differences in K values arise purely 
from differences in the vapour pressures of the solutes. Separations using such 
a solvent may be considered to be based purely on solute po or boiling point. 
In the case of the "non-selective" solvent it is apparent that, so far as inter
actions with non-polar (hydrocarbon) solutes are concerned, po effects pre
dominate and separations are substantially according to boiling point. So far 
as separations between solutes of different polarities are concerned, however, 
the po effects are substantially dominated by yo effects. In the last case the y0 

effects of the "selective" solvent have become quite significant with respect to 
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po effects and result in a considerable change in the basis of separations pos
sible. The solvent may be said to be "type"-selective. In conclusion, we may say 
that for a given set of solutes to be separated, the relative volatilities are fixed 
in so far as po effects on different solvents are concerned. It is only by changes 
in y values, brought about by different solvents, that large changes in relative 
volatilities of the solutes can be achieved. 

In general, it can be said that in solute-solvent systems in which there are 
large differences in polarity, the values of the partition coefficients involved are 
low as a result of the large values of the activity coefficients (eq. (1.19)). 

1.3. Steroids 

The name steroids covers a large group of compounds which are extremely 
important in biochemistry. They can be considered as derivatives of perhydro-
1 ,2-cyclopentano phenanthrene, a molecule with four fused rings, three of cyclo
hexane and one of cyclopentane. The four fused rings are identified by the 
letters A, B, C and D, respectively. The carbon atoms of the ring system are 
identified by the numbers 1 to 17. The saturated parent molecule, known as 
gonane, is shown in fig. 1.5. Although most steroids of great biochemical 
importance do not exhibit large side chains, members of the sterol class (sec. 
1.3.1) possess a fairly long side chain, attached to the C(l7) skeleton carbon 
atom. An example is the compound cholestane with a side chain containing 
8 carbon atoms. The structure and arrangement of the side-chain carbon atoms 
is shown in fig. 1.6. This structure also includes two angular methyl groups at 
carbon atoms C(IO) and C(13); these are classified as C(19) and C(l8), re
spectively. 

All steroids can be considered to be derived from gonane (fig. 1.5) by substi
tution, oxidation and dehydrogenation. Although the introduction of functional 
groups and the corresponding enlargement of the number of stereoisomers make 
the total number of conceivable steroids considerable, it can be seen from the 
naturally occurring steroids that certain structural rules have to be obeyed. 
Consequently, the number of natural steroids is considerably smaller than the 
number of conceivable configurations. 

12 17 

2 

3 

4 6 
Fig. 1.5. Gonane. 
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Fig. 1.6. Cholestane. 

1.3.1. Steroid classes 

The chemistry of steroids is very complex. Because of the diversity of natural 
steroids, several classifications have been developed. One of the simplest con
sists in splitting the steroids into two major groups. The first group consists of 
steroids with not more than 21 carbon atoms. We will refer to members of this 
group simply as steroids. The second group consists of steroids with more than 
21 carbon atoms; they include the sterols, bile acids, vitamins D, cardiac gly
cosides, sapogenins and the steroid alkaloids. In this group we will deal only 
with the sterols. With one exception, namely the compound cholesterol (and 
its derivatives), the sterols are not detected in the human body; they mainly 
occur in vegetable fats and oils. A survey of the most important parent mole
cules, from which the most interesting steroid and sterol classes can be derived, 
is given in fig. 1.7, together with a typical member of each dass. 

1.3.2. Stereoisomerism 

Each six-membered ring can exhibit one of two forms, namely the chair 
form, which is usual, and the boat form, which is rare and thermodynamically 
less stable 1 - 19) (fig. 1.8). 

The occurrence of stereoisomerism depends on the spatial orientation of one 
ring in relation to another. The two most common structures in natural steroids 
are shown in fig. 1.9. 

The two structures differ only in the way in which rings A and B are joined 
at C(S). In fig. 1.9a, rings A and B have the trans configuration (Set). In fig. 1.9b 
both rings exhibit the cis configuration (5/J). In both cases rings B/C and C/D 
have trans configurations. The conformation of ring Dis less certain; ring clo
sure of D produces a somewhat puckered ring, as is shown in experiments with 
models. Stereoisomerism can also be caused by groups attached to the ring 
carbon atoms since these may be oriented below or above the corresponding 
ring (ct- and {J-configuration, respectively). Conventionally, the oc bonds are 
indicated by broken lines and the fJ bonds by solid lines, as shown in fig. 1.9. 



-14-

The methyl groups at C(lO) and C(13) have been arbitrarily given the p con~ 
figuration. 

A distinction may also be made between equatorial bonds, which lie close to 
the plane of the ring to which they are attached, and axial bonds, which lie 
more or less perpendicular to the main plane of the ring. For both structures 
shown in fig. 1.9, the IZ and p bonds are labelled axial (a} and equatorial (e), 
where such designation is applicable. Because of the strained cyclopentane ring, 
the axial-equatorial concept is not applicable to the bonds at C(l6) and the 
et and p bonds at C(15) and C(17) are, respectively, equatorial and axial only 
with respect to ring C. 

Parent molecule 

£strane 

Androstane 

Pregnane 

Cholestane 

£rgostane 

Stigmas tone 

15 

Example 
Class 0 

C(18)Steroids ccY? 
e.g. estrogens 

estrone-

C(19)Steroids HO~• 
e.g. androgens ,CH3 

androsterone --;;6~· H-C··-OH 

C(21)Steroids -
e.g. progestogins and 

cortfco steroids _ 
HO .- H 

5[J-Pregnane,3a,20a-diol 

C(27)Sterols 
cholesterol --::a 

C(28)Sterols 
ergosterol ~ 

HO 

C(29)Sterols 
stigmasterol____.,.. 

Fig. 1.7. Some classes of steroids and sterols. 

Chair Boat 

Fig. 1.8. Conformations of six-membered rings. 
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a) Trans or 5o:- configuration (5o:- androstane) 

CH1 

b) Cis or 5/]- configuration 
(5/1- androstane) 

Fig. 1.9. Most-common structures in natural steroids. 

In Stf-androstane, the Stf-hydrogen is axial with respect to ring A and equa
torial with respect to ring B; for the methyl group at C(lO) the situation is 
exactly reversed: the group is equatorial with respect to ring A and axial with 
respect to ring B. The indices are summarized in table 1-I. 

1.3.3. Nomenclature 

The names and formulae of the parent hydrocarbons are given in fig. 1.7. 
It should be noted that while androstane, estrane, cholestane, ergostane and 
stigmastane refer to the Sa-isomers, pregnane refers to the Stf-isomer. 

When compounds differ from the natural steroids with respect to configura
tion at C(S), they take the prefix allo; Sa-pregnane becomes allopregnane. When 
the configuration differs at any other carbon atom, the prefix epi is used, e.g.: 
androsterone (3a-hydroxy) and epiandrosterone (3tf-hydroxy). The suffix ane 
indicates a fully saturated nucleus, ene the presence of one double bond, diene the 
presence of two double bonds, etc. The position of a double bond is indicated 
by the number of the carbon atom from which it originates and it is understood 
to terminate at the next-higher carbon atom unless an alternative is possible, 
in which case this is explicitly indicated. Thus a double bond originating at 
C(S) and terminating at C(6) or C(IO) is indicated as 5-ene or 5(10)-ene, re-
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TABLE 1-I 

Indices of hydrogen atoms attached to the carbon atoms of the steroid nucleus 

A/B trans A/Bcis 

positions ct {3 0( f:J 

1 a e e a 
2 e a a e 
3 a e e a 
4 e a a e 
5 a - a(A); e(B) 

10 - a - e(A); a(B) 
6 e a e a 
7 a e a e 
8 - a - a 
9 a a 

11 e a e a 
12 a e a e 
13 - a - a 

14 a a -
15 e(C) a( C) e(C) a( C) 
17 a( C) e(C) a( C) e(C) 

spectively. For convenience the symbol A is used to indicate a double bond. 
The designations of the two compounds then become A5 and A5 U 0 >, respec
tively. Alcohols are indicated by the suffixes -ol, -diol, etc., or by the prefixes 
hydroxy-, dihydroxy-, etc. Ketones take the suffixes -one, -dione, etc., or the 
prefixes oxo-, etc. The prefix de hydro- is used to indicate the elimination of two 
hydrogen atoms and the prefix di(tetra) hydro- to indicate the addition of two 
(four) hydrogen atoms. The prefix anhydro-indicates the dehydratation of an 
OH group, resulting in a double bond. Desoxo- indicates the elimination of a 
keto group, while desoxy- indicates the removal of an hydroxyl group. The prefix 
homo- indicates the enlargement of a ring, e.g. D-homo- is ring D expanded 
to a six-membered ring. The term nor- indicates the elimination of a methyl 
group, e.g. A-nor- means the contraction of ring A to a five-membered ring, 
and 19-nor- means the absence of the methyl group at C(10). For a more 
exhaustive survey of the nomenclature of organic compounds in general and 
steroids in particular, the reader is referred to the following sources: refs 
1-19, 20, 21, 22. 
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2. CHROMATOGRAPHIC ANALYSIS OF STEROIDS 

2.1. Introduction 

Because of the crystallinity of most steroids much additional knowledge has 
been acquired about their structure and properties since the early days of steroid 
chemistry. The analysis of steroids, however, in particular those obtained 
from natural sources, presents many problems of isolation, separation, iden
tification and quantitative determination. To overcome these problems, a 
wide range of chromatographic processes covering all stages of analysis has 
been developed. An excellent and detailed survey of these well-known processes, 
including thin-layer chromatography (TLC), paper chromatography and 
column chromatography was given by Oertel in 1964 2 - 1 ). The introduction 
of gas-liquid chromatography (GLC) to the field of chromatographic steroid 
analysis permitted a new and better approach to the solution of the above
mentioned problems. 

The first article dealing with gas-chromatographic separation of steroids 
was published in 1959 2- 2). The separation was carried out on an Apiezon 
column and took many hours. Soon afterwards Beerthuis and Recourt re
ported the separation of several steroids using a thermally stripped siloxane 
polymer phase 2 - 3). The -problem of long retention times was solved by 
VandenHeuvel et al. 2 -

4
), who demonstrated the separation of a number of 

steroids with thin-film packed columns (ratio liquid phase/support 1-5% by 
weight), prepared with a thermally stable liquid phase (SE-30, a methyl silox
ane polymer). This technique enabled steroids to be analysed without structural 
alteration at moderate temperatures (210-230 oq and with fairly short reten
tion times (15-60 minutes). From this work it became evident that thin-film 
columns prepared with deactivated supports were entirely suitable for the 
GLC separation of steroids and many other organic compounds of low vola
tility. Moreover, the fact that non-volatile steroids could be separated indicated 
that the range of organic compounds that could be analysed with GLC methods 
was far wider than had been imagined. Further progress was made possible by 
the recent introduction of other types of silicone polymer phases, e.g. the 
keto-selective phase QF-1 2

- 5). Lipsky and Landowne used polyester phases 
rather than the silicone elastomers 2

-
6
). 

Another improvement of the technique was brought about by the intro
duction of steroid derivatives. Of these, the trimethylsilyl ether derivatives, 
described by Langer et al. 2- 7) and applied to steroids by Luukkainen et al. 2 - 8), 

are very efficient. Today, these compounds are the steroid derivatives most 
generally used in gas chromatography. 

The development of very sensitive gas-chromatographic effluent detectors 
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also assisted the rapid growth of GLC analysis of steroids. After the ther
mal-conductivity systems 2

-
9

•
10

•
11

) and the argon-ionization detector 2 -
12

•
13

) 

the hydrogen flame-ionization detector (FID) was introduced 2
- 14). At 

the moment this is the detector most widely used in GLC. For special appli
cations in the field of steroid and pesticide analysis, a special and extremely 
sensitive detector has been developed known as the electron-capture detec
tor 2-ls). 

Other ancillary techniques have likewise been helpful in extending the field 
of steroid analysis. In this connection, the mass-spectrometer-gas-chromato
graph (MS-GC) combination 2- 16) and the application of isotope-labelling 
techniques to quantitative analysis 2 - 17) promise most. 

In practice, GLC is used mainly in three different ways: 

(1) GLC for quantitative determination of a single component 

Extensive preliminary purifications and separations are carried out in accord
ance with conventional methods and the final step of quantification is done 
by GLC 2

-
18

• 19• 
20

). In other words, this method does not employ GLC as a 
separation method. This procedure can be used for the extremely sensitive 
detection required for the analysis, using electron-capture detectors, of com
pounds only available in low concentrations. As already stated, this procedure 
requires extensive prepurification and it is not certain that during this pretreat
ment the steroids will be isolated quantitatively or even reproducibly. To 
improve on this, techniques must be developed which permit good quantifi
cation and simultaneously, require less prepurification. These requirements can 
be met by the introduction of open-hole capillary columns. 

(2) GLC as a separation technique 

In this procedure some preliminary separation is generally necessary, 
usually employing thin-layer or column chromatography, after which the 
final GLC determination takes place. This is the most common procedure in 
practice: it allows the separation and quantification of a number of compounds 
simultaneously in the final step. The amount of prepurification is slight and 
little information is lost. Numerous examples of this procedure for the most 
important natural steroids will be found in the literature of which surveys 
are given in the following books: 2

•
21

•
22

•
23

). 

(3) GLC as a method of achieving multicomponent analysis 

In this procedure the amount of prepurification is kept as small as possible. 
Incidentally, crude urine extracts are directly introduced into the column and a 
characteristic chromatogram or "finger print" is obtained 2

-
24

• 
25

• 26). The 
objective of a multicomponent analysis is to provide significant information 
about a number of biochemically or biologically related substances. Other 
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specific examples, known as "urinary steroid profile" and "urinary acid 
profile", are described by Gardiner et al. 2 - 27) and Horning et al. 2 - 28), re
spectively. An important characteristic of these methods is that changes resulting 
from environmental alterations, pathological conditions or drug effects can 
really be seen; patterns or relationships can be noted at the same time that 
individual values are determined. Detailed examination of complex natural 
samples will obviously require the more specific methods described in connec
tion with points (1) and (2). Nevertheless, the speed of analysis means that 
much provisional diagnostic information may be available immediately on 
inspection of the chromatograms if major peaks, although numerous, form a 
pattern characteristic of a particular condition. This procedure is also called 
"pattern recognition". 

In the procedures described in (2) and (3) above, the efficiency of the column 
plays an important role. The highest efficiencies are needed for multicompo
nent analysis. Where extensive prepurification of the sample has been carried 
out by other methods, a low-resolution column may be satisfactory. Broadly 
speaking, little attention is paid to the efficiency pf columns used: often they 
are very poor. Moreover, the capillary column, known for its high efficiency, 
is not used in the steroid field. Because of its high resolving power, the capil
lary column is extremely suitable for the determination of steroids in natural 
samples. In "finger-print" chromatograms, also, more inf01mation will be 
gained by the use of these columns. Other methods of improving a certain 
separation, based upon alteration of the separation characteristics rather than 
upon improvement of column efficiencies, can be arrived at by steroid-deriv
ative formation and the use of other stationary phases. 

In conclusion, we may say that the development of basic gas chromatography 
has resulted in many new applications of this technique in the biological and 
medical sciences as well as in the physical sciences. The excellent resolving 
power, the possibility of using micro-samples and ability to obtain qualitative 
and quantitative data at the same time, combined with the use of extremely 
sensitive detectors, application of derivatives and the introduction of ancillary 
methods, upgrades this method to a very important and widely applicable 
analytical tool. Furthermore, the introduction of capillary columns, the high 
resolving power of which is often required in biochemical analysis, will enhance 
the possibilities of the GLC procedure. 

2.2. Biological significance 

The steroid hormones are very important for the maintenance of life and 
much effort has therefore been put into investigating them. Steroids in body 
fluids occur in a variety of compounds and concentrations which does not 
facilitate their investigation. Another problem is that the secretion rates of 
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steroid hormones are more valuable clinically than their concentrations in 
plasma or urine. Determination of secretion rates can be carried out by the use 
of labelled steroids. Furthermore, steroids occurring in blood do not always 
occur in urine and different plants may show different steroid spectra. A striking 
example is the presence of a single product, cholesterol, in animal fats and the 
complete absence of this compound in vegetable fats 2

-
29

). 

Administration of radioactive labelled steroids to living specimens has 
yielded much information about the site and nature of the action, as well as 
of the metabolism, of these products. Functioning human organisms appear to 
determine the rates of secretion of the primary biosynthetic products, which in 
turn, are correlated with the rates of excretion of the corresponding metabolic 
products in, for instance, urine. It is evident that a disorder in the organism 
results in changes in the nature and concentration of the metabolic products 
as expressed by the results of analysis of these compounds. Another important 
factor is the relation between the stereochemical arrangements of substituents 
and the biological activity of the steroids. Several examples of steroids pos
sessing a high biological activity while their optical isomers or epimers are only 
weakly active or even completely inactive, are reported in literature 2

- 30•31 ). 

With respect to cis-trans isomerism, the trans-configuration appears to be 
essential for the possession of full biological activity. Since optical isomers and 
epimers exhibit almost identical retention behaviour in GLC systems, it is 
important to use highly efficient packed or preferably open-hole capillary 
columns in order to separate these compounds. 

2.3. Conventional methods of steroid analysis 

Conventional methods of steroid analysis are predominantly based on group 
separations. The most important separation techniques used are selective 
extraction (for example, aromatic hydroxy steroids can be selectively extracted 
because of their phenolic ring) and thin-layer chromatography (for example 
sterols with a different number of double bonds can be separated by silver-nitrate 
thin-layer chromatography). The application of conventional analysis methods 
generally requires further fractionation prior to the quantitative determination 
of the separate compounds by means of colorimetric, :fiuorimetric or double
isotope derivative methods. Although these methods are widely accepted, 
there appear to be several disadvantages: colorimetric reactions are often not 
specific enough and the sensitivity is too limited; fiuorimetric measurements are 
more sensitive, but it is not always possible to obtain extracts of sufficient 
purity; double-isotope techniques are even more time-consuming than the 
other methods mentioned. Another disadvantage is the requirement of exten
sive prepurification, which is time-consuming and affects the quantitative 
reliability of the determination. All these problems can be overcome by the 
introduction of GLC: specificity results from the increased resolution; greater 
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sensitivity is obtained by the use of suitable detectors, which include the 
hydrogen-ionization detector (FID) and the electron-capture detector; high 
speed of analysis is inherent in the GLC system. Furthermore, the pretreat
ment required can be decreased; the less that is necessary, the greater the effi
ciency of the column used. Here again the capillary column can play an im
portant role, as exemplified by the multi component analysis described in sec. 2.1. 

In practice, conventional methods will not be totally replaced by GLC 
methods but will be used in combination with GLC techniques. This combi
nation is a valuable tool in steroid analysis, conventional methods such as TLC 
catering for group separation, while GLC can be used for the separation and 
quantification of the compounds within each particular group. 

2.4. Pretreatment for gas-chromatographic steroid analysis 

Before introduction into the column, the steroid samples have undergone 
some pretreatment, e.g. hydrolysis, extraction and sample preparation, in that 
order. A hydrolysis step is necessary because steroids in body fluids are present 
mainly in conjugate form. These conjugates can hardly be chromatographed 
without decomposition under the conditions required for their separation. 
Sometimes it may be desirable to submit the samples to a gel-filtration proce
dure prior to hydrolysis, a procedure introduced by Beling 2 - 32). The function 
of this gel-filtration procedure is twofold: 
-It permits the steroid conjugates to be separated from other material inter

fering in the determination. For instance, glucose and certain drugs decrease 
the recovery of the free steroids when acid hydrolysis is employed 2 - 33- 37). 

-It can be used to achieve a certain fractionation within a group of steroids 
or steroid conjugates, as well as to achieve a separation between steroid 
conjugates and free steroids 2 - 33 •

38
•
39

). In this case, too, the amount of 
interfering material is considerably decreased. 
Hydrolysis is followed by one or more extraction procedures. The resulting 

extracts can be submitted to GLC directly or via conventional methods. 
For both methods, conventional as well as GLC, the hydrolysis is a necessary 

step and gel filtration can be recommended. 

2.4.1. Steroid conjugates 

As already mentioned above, steroids in body fluids mainly occur as steroid 
conjugates, usually conjugated at the C(3) position but sometimes at other 
positions. The most important derivatives are the conjugates with glucuronic 
and sulphuric acid, namely the glucosiduronates and sulphates respectively. 
The structures of these conjugates are shown in fig. 2.1. There is good evidence 
that other conjugates such as phosphates occur in urine and blood but their 
biological significance is not clear. Steroids occurring in vegetable and animal 
fats are not present in conjugated form. 
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Fig. 2.1. Steroid conjugates. 

Because of the difficulties in isolating water-soluble conjugates, standard 
methods for the analysis of urinary steroids are usually indirect and involve 
preliminary hydrolysis. The systematic analysis of steroid conjugates as such 
has been studied as an alternative procedure. The main problem concerns the 
segregation of steroid conjugates from water-soluble non-steroidal com
pounds and the separation of the conjugates from each other. Preliminary 
purification has been carried out by ion-exchange chromatography 2 - 36) 

and by Sephadex gel filtration 2 -
33

•38). Because of the marked differences in 
properties between glucuronide and sulphate conjugates, separation of these 
main groups presents no great difficulty, although characterization of the 
conjugates is difficult 2 - 39). 

Gas-chromatographic analysis of the steroid conjugates as such is still 
difficult, due to thermal decomposition under the conditions required for their 
separation. Considerable improvement has been made since the introduction 
of derivatives. The methyl ester trimethylsilyl ether (Me-TMSi) and trimethyl
silyl ester trimethylsilyl ether (TMSi) derivatives of glucuronic acids are formed 
without undue difficulty. VandenHeuvel 2 -

40
) has reported the separation of 

the thermostable Me-TMSi derivatives of two steroid {J-D-glucosiduronic acids. 
However, not all steroid glucosiduronates e.g. the adrenocortical steroid 
conjugates, can be submitted to GLC analysis. 

GLC studies of steroid sulphates are even more difficult, since thermal 
elimination of the sulphate group occurs relatively easily. A similar effect 
has been reported by VandenHeuvel et al. with regard to the sulphonate 
esters 2-41, 42). 

A comprehensive literature survey on steroid conjugates has been published 
by Bernstein et al. 2 - 43). 
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2.4.2. Hydrolysis 

As described in sec. 2.4.1, the steroids present in a water-soluble conjugated 
form have to be liberated from these conjugates for reasons of analytical 
accessibility. In general three different hydrolysis techniques can be distin
guished: (hot) acid hydrolysis, enzymatic hydrolysis and solvolysis. A short 
survey of these methods will be given below; for more detailed information 
the reader is referred to the extensive literature cited. 

Acid hydrolysis 

This method is still one of the most commonly used hydrolysis techniques. 
Optimal conditions for acid hydrolysis depend on the sample under investi
gation, but generally 15-20 volumes of hydrochloric acid (cone.) are boiled 
under reflux with 100 volumes of urine for 15-60 minutes. Under these con
ditions the steroid conjugates, glucosiduronates as well as sulphates, are almost 
completely hydrolysed 2 -

44
•45). Modifications of this method employing acid 

hydrolysis combined with simultaneous benzene or toluene extraction are 
described by Vestergaard and Claussen 2- 46), Klopper et al. 2 - 47) and Ruchel
man and Cole 2 -48). However, in addition to important advantages such as 
the high speed of hydrolysis and low cost, there appear to be some major 
disadvantages. Among these, the formation of artifacts 2 -

48
•
49

•
50

), the 
decomposition of certain steroids 2 - 25 •44• 51), in particular of pregnanetriol 
and pregnanetriolone 2 -

5 1.52), and the interference of several compounds 
such as glucose and certain drugs with the recovery of the free steroids to be 
estimated 2-

25
•35 •

44
•
53

•
54

) are the most outstanding. The destructive effect 
of acid hydrolysis can sometimes be avoided by dilution of the sample with 
water 2

-44•53) but the resulting large sample size is often inconvenient, 
especially if only small amounts of steroids are available in the original sample. 
The substances interfering with the recovery of steroids can be removed by gel 
filtration 2 -·33 -37). 

Enzymatic hydrolysis 

The problems encountered in acid hydrolysis can be solved by the use of 
enzymatic hydrolysis, which is mild. The steroid glucosiduronates are hydrolys
ed by fJ-glucuronidase, the steroid sulphates by sulphatase 2 - 21 •

22
•
23

). Although 
this method provides good results, it is time-consuming and costly. Incubation 
times ranging from 8 to 120 hours have been reported. The use of this procedure 
can be justified only if very high accuracy is required and if small samples or 
samples free of enzyme inhibitors are to be treated. The presence of enzyme 
inhibitors may lead to partial hydrolysis of the sample with corresponding loss 
of steroids. In this case too, gel filtration offers a solution 2 - 32 • 37). An alterna
tive possibility is the addition of more enzyme solution, which is costly 2 - 55). 

Another difficulty arises with the sulphate-specific enzyme sulphatase 2 - 51 •5 5 •56). 
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This enzyme is only active for the hydrolysis of the 5/1-isomers of steroid 
sulphates. Besides that, these enzymes are not very active in urine, for example, 
and for that reason enzymatic hydrolysis is sometimes followed by solvolysis 
if steroid sulphates have to be hydrolysed. 

Solvolysis 

The solvolysis technique is capable of hydrolysing most of the steroid conju
gates as described by De Paoli et al. 2 - 57). This work is based on an early report 
by Burstein and Lieberman 2

-
58

). In this procedure the steroid conjugates are 
treated with sulphuric or perchloric acid in the presence of ethylacetate or 
tetrahydrofuran. The solvolysis technique is of relatively short duration 
(approx. three hours) and particularly suited to the group of androgens and 
related compounds. 

Several combinations and modifications of these three hydrolysis techniques 
are also possible. The most important are acid hydrolysis with continuous 
toluene or benzene extraction 2

-
46

•
47

•
48

•
51

) and enzymatic hydrolysis fol
lowed by a solvolysis procedure 2 -

51
•59). Most of the hydrolysis methods 

described in literature have been investigated and reviewed by Curtius and 
Muller 2 -

51
), who compared 10 hydrolysis procedures and concluded that 

hydrolysis with tJ-glucuronidase, followed by continuous ether extraction, was 
superior to all other procedures tested. However, this method is very time
consuming. The next best, but faster, method was that employing the enzyme 
preparation helicase (tJ-glucuronidasefsulphatase) obtained from Helix 
pomatia 2 - 60). Other authors in this field have also compared the different 
methods of hydrolysis 2

-
25

•
47

•
52

•
56

•
61

•
62

) and they too advocate the use of 
enzymatic hydrolysis, especially if high accuracy is required. 

The only natural steroid samples dealt with in this thesis concern the anal
ysis of steroids in urine, particularly the estrogens. Since the determination of 
estrogens is of major importance in high-risk pregnancies, we adopted enzy
matic hydrolysis using the digestive juice of Helix pomatia. The activity of 
enzymatic preparations is very sensitive to the reaction conditions applied. 
The parameters influencing the speed and quantitative behaviour of enzymatic 
hydrolysis are: temperature, pH, incubation time, the nature and concen
tration of the enzyme preparation, the enzyme/substrate ratio and the presence 
of inhibitors. The pH is kept constant by the addition of buffer solution. Because 
very rapid analysis for estrogen determinations is imperative in high-risk 
pregnancies, the fast enzymatic hydrolysis at elevated temperatures as described 
by Scholler was adopted 2 - 61 ). Using this method the hydrolysis can be carried 
out in 25-30 minutes at 62 oc. The pH is fixed at 4·5-4·6 and the helicase con
centration in the sample is 4000 units of /]-glucuronidase and 2500 units of aryl 
sulphatase per ml. 
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Since the employment of capillary colwnns involves very small sample sizes, 
the use of expensive enzyme preparations is fully justified, even if relatively 
large amounts are required for samples possessing high inhibitor concentra
tions. The sample size usually submitted to hydrolysis is one twentieth of a 
24-hour urine collection (50-100 ml). For capillary columns the starting sample 
size is only 200 !J.l of "pregnancy" urine, of which only aliquots equivalent 
to 10 !J.l are supplied to the column. For these small volumes it is important 
that the recovery of steroids from urine does not depend on the starting volume 
of urine, as reported by Wotiz and Martin 2 - 25) and Brown 2- 63). 

2.4.3. Extraction 

Following hydrolysis of the conjugated steroids and neutralization of the 
sample, the liberated steroids are usually extracted with an organic solvent. 
The choice of the extracting solvent is determined by the solubility of the ster
oids in this solvent and by the distribution coefficients of the corresponding 
steroids in the solvent-body-fluid system. Some figures for the solubility of 
steroids in organic solvents are given by Ruchelman and Haines 2 - 64). Engel et 
al. reported distribution coefficients for several steroids over different phase 
systems 2- 65 ). 

For the present investigation diethyl ether was selected as the extraction 
solvent since the distribution coefficients for estrogens in the diethyl-ether
saturated NaHC03-solution system are very favourable. Another reason for 
the selection of ether was the sample preparation by evaporation of the solvent 
according to a method described in sec. 2.4.4. Diethyl ether is known to 
form peroxides very quickly. It is therefore necessary to purify it thoroughly 
and to redistil it prior to use. Another difficulty arises from the formation 
of emulsions during extraction. This can be avoided by the use of cold solvents, 
the addition of de-emulsifiers 2 - 66) or the use of a cold diethyl-ether-ethanol 
mixture (4:1) 2 - 67). Apart from peroxides present in diethyl ether 2 - 66), 

several authors have also reported considerable amounts of impurities in other 
commercially available solvents. A remarkable exception appeared to be 
methylene chloride 2 -

68
). In conclusion, we may say that the amount of 

extraction solvent must be kept as small as possible. 

2.4.4. Sample preparation 

After extraction, the sample is prepared for introduction into a GLC system. 
The methods employed for this purpose vary from direct injection of the crude 
extracts into the GLC column to very tedious prepurifications and presep
arations by conventional methods, if necessary after derivative formation. In 
general the formation of derivatives takes place after prepurification. Because 
the low concentrations of steroids in body fluids require small final sample 
sizes, the extraction solvent is mostly evaporated to dryness. The steroids are 
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then taken up in a suitable solvent, sometimes containing an internal 
standard. The solvent can also be the reaction mixture for the derivative 
formation as is the case with the preparation of the trimethylsilyl ethers of 
steroids (see sec. 2.6.). In order to obtain the steroids in small volume, Kup
pens 2 - 66) developed a practical method for the quick evaporation of the extrac
tion solvent. This method employs a glass capillary incorporating a tiny "watch 
glass" on which evaporation takes place under reduced pressure. A typical glass 
capillary, showing the dimensions and the "watch glass", is illustrated in fig. 2.2. 
As already mentioned in the previous section, the extraction solvent selected for 
the extraction procedure was diethyl ether. This is also the solvent which best 
satisfies the requirements of the evaporation procedure. After evaporation of 
the solvent the steroids are collected on the "watch glass". The dimensions of 
this "watch glass" are very small, enabling us to collect the steroids in only 
a few microlitres of solvent or reaction mixture for derivative formation. This 
solution can be introduced into a GLC column in its entirety in the case of a 
packed column and in aliquots at, say, 0·1 fl.l in the case of a capillary column. 

2.4.5. The sample pretreatment adopted 

A 24-hour urine collection is boiled under reflux for ten minutes. After 
cooling the urine is filtrated and an aliquot (200 fl.l for packed columns and 
10-20 11-I for capillary columns) transferred to a test tube (Kimax tubes, 
Kimble Products, Owens, Illinois). The urine is buffered to pH 4·6 with 2 ml of 
an acetate buffer, and 0·1 ml of an enzyme preparation (Helix pomatia 2 - 60)) 

containing 10 000 units of fJ-glucuronidase and 5000 units of arylsulphatase is 
added. The test tube is kept at 62 oc in a water-bath thermostat for 26 minutes. 
After cooling and subsequent neutralization of the mixture by adding solid 
NaHC03 until saturation, two ml of peroxide-free diethyl ether, containing 
tetradecane as an internal standard, is added. After the test tube has been 
shaken vigorously and the layers separated by centrifugation, anhydrous 
sodium sulphate is added in small amounts until the water layer is completely 
taken up by the sodium sulphate. The dry ether is decanted into a small glass 
cup and the solvent is evaporated under reduced pressure by means of a glass 
capillary (fig. 2.2). In this way the steroids are collected in the conical part 
of the glass capillary. After evaporation the thick end of the glass capillary 
is sealed and this part is gently heated in order to expel a part of the air. Then 
the thin end is immersed in a suitable solvent or reaction mixture for derivative 
formation and 2-3 microlitres of the liquid are sucked up into the capillary by 
cooling. The thin end is then also sealed. Except for a possible reaction time, 
the sample is ready for introduction into a GLC column. 

In the carrying-out of this procedure several pitfalls may be encountered; 
certain things must be avoided because they interfere with the GC procedure: 
-The diethyl ether should be thoroughly "clean". The presence of peroxides 
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50mm 

50 microns 
Fig. 2.2. Glass capillary showing dimensions and "watch glass". 

gives rise to interfering peaks in the chromatogram. The ether must be 
redistilled prior to use. 

-The preceding observation, although particularly important for ether, is 
applicable to all other solvents used in the pretreatment procedure. 

-Rubber sealing caps, often used in this field of analysis, must be avoided. 
We inserted a Teflon foil in the caps of the Kimax test tubes. Failure to do 
so led in the chromatogram to interfering peaks originating from the rubber 
in the caps. As a rule, glass-stoppered vessels should be used. 

-In quantitative determinations of steroids a reference compound possessing 
more identical chemical and physical properties should be used instead of 
the normal hydrocarbon tetracosane. 
GC steroid analysis is described in more detail in the sections which follow. 

2.5. Gas-chromatographic steroid analysis 

As described in previous sections, gas-chromatographic analysis is making 
progress in the steroid field. Gas-chromatographic steroid analysis is superior 
to other more conventional methods of steroid estimation because of its speed, 
sensitivity and specificity. The excellent resolving power permits the separation 
and quantification of several compounds simultaneously. The enormous 
progress in this field has been made possible by the development of suitable 
supports and adequate deactivation procedures for these supports, by the 
development of thermally stable liquid phases (polysiloxanes) and also by 
the discovery that these thermally stable stationary phases can be used for 
the analysis of steroids when employed in thin-film packings. Another inter
esting phenomenon is the introduction of derivatives in the steroid field. 
Steroid derivatives have a very favourable effect on steroid analysis with 
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respect to volatility, stability, separation, identification, accuracy and specific 
detection. The development of highly sensitive detectors has been another 
stimulant to the GC analysis of steroids. The sensitivity of the GLC procedure 
is determined by the detector employed. In particular the highly specific and 
sensitive electron-capture (EC) detector is capable of detecting very small 
samples. The most widely used detector, the flame-ionization detector, is hardly 
specific by itself; it will respond to all organic materials. The specificity of the 
GLC technique is owed to the high resolving power of a GLC column, which 
permits separation of the compounds under study. The resolving power, and 
therefore the specificity, is a function of the column. We may therefore say 
that a column which is more efficient is also more specific. Viewed in this light, 
the capillary column is the most specific type of column in gas chromatography; 
if complex mixtures have to be analysed, the separation between the compo
nents of the mixture, and therefore the specificity of the entire method, is much 
better when capillary columns are employed. Nevertheless, these columns have 
not been used up till now. Speed of analysis is inherent in the GLC system and 
compares favourably with conventional techniques of steroid analysis. 

2.5.l. Type of column 

For the sake of convenience we will distinguish between only three column 
types: 

the packed column, 
- the open-hole tubular column, 
-the (open-hole) capillary column. 
The inner diameter of the packed column may vary between 2 and 10 mm, 
the latter being typical of preparative columns. The optimum length of packed 
columns suitable for steroid analysis generally varies from 1·5 to 4 metres. 
The column configuration most commonly used is the U or W tube, depending 
on the length of the column, although coiled columns are also used. In packed 
columns the liquid or stationary phase is distributed over an inert, granular 
material of large surface area, called the support. Glass and stainless steel are 
the materials most generally used for the construction of high-temperature 
columns. The use of glass columns is especially advocated as an essential part 
of the technique of GC steroid analysis because it is said to avoid decompo
sition of the steroids. The extent to which this statement is true has been the 
subject of considerable controversy. In our opinion metal columns can also be 
used for the steroids involved in the present investigation, since no decompo
sition is evident in the chromatograms. Wotiz et al. 2

-
25

) use metal columns 
regularly for steroid analysis and even stainless-steel injection blocks are 
reported to be employed for quantitative analysis, if properly designed 2- 69• 70). 

It is not unlikely that the decomposition of steroids is a result of "hot spots'' 
caused by non-uniform heating of the injection block 2 - 71). These hot spots 
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can be avoided by proper design or by the insertion of a glass liner in the in
jection block. Finally, some steroids appear to be unstable, even in all glass 
systems 2 - 72). 

For open-hole tubular and capillary columns the wall of the column serves 
as a support. These columns are generally longer than packed columns and 
always coiled. The column material usually employed is the same as for packed 
columns although glass capillary columns can hardly be handled because of 
their extreme fragility. The only difference between the open-hole tubular 
and the capillary column is the smaller inner diameter of the latter. Capillary 
columns may have inner diameters down to 0·10 mm and come in a variety of 
lengths. The use of a capillary column with a length of one mile has been report
ed 2 - 73). In steroid analysis using capillary columns, as described in this 
investigation, columns up to 50 m long can be used without difficulty, a very 
convenient length being 20 metres. 

2.5.2. Column support 

Although the support is only of importance in packed columns, it will be 
discussed here for the sake of completeness. In addition to a large surface area, 
the support particles should have a uniform pore size and the support material 
should be completely inert. In GC, diatomaceous-earth-type support materials 
are generally used, although some applications of Teflon and glass beads are 
known. The support material should be size-graded in order to remove the 
fines and ensure material of a narrow, specified mesh range. This size-grading 
is mostly done by sieving. 

If the support is not inert, interactions with the sample components will take 
place and asymmetric peaks or even partial loss of the injected sample due to 
irreversible sorption or to decomposition will result. The importance of deac
tivation of the support is evident in the GC analysis of steroids, since thin
film packings are employed in this field which may result in very strong in
teractions between solute and support. 

Two types of active groups are found on the surface of the support, a silicate, 
namely: 

I I 
a silanol group -Si Si- and 

I I 
OH OH 

I I 
a siloxy group -Si 0-- Si-

I I 

The deactivation procedure generally consists of an acid wash, followed by a 
silanization treatment. The silanizing agent may be hexamethyldisilazane 
(HMDS) 2 - 74), dichlorodimethylsilane (DMCS) 2 - 75) or bistrimethylsilyl-
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acetamide (BSA) 2 - 26). In all procedures the hydroxyl groups become chemically 
bound 2 - 76). The effect of this treatment is to convert the hydrophilic surface 
of the support into a hydrophobic surface which will accept and retain a 
thin-film coating of an organic liquid phase and which, at the same time, blocks 
the active sites. The silanization of supports has been recently discussed by 
Supina et al. 2 - 77) and Ottenstein 2 - 76). 

Another procedure for deactivating the support prior to coating with a 
liquid phase has been reported by VandenHeuvel et al. 2 - 78) and Knights 2 - 79), 

who used polyvinyl pyrrolidone (PVP) to deactivate the support when em
ploying polyester phases. Lipsky and Landowne have described the use of a 
polar polyester phase mixed with a non-polar silicone gum material to mask 
the remaining activity 2

-
6
). The polyester phase will then be permanently 

attached to the active groups by hydrogen bonding so that these groups show 
no activity with respect to sample components. 

Although the deactivation procedure is an integral part of column prepar
ation, the nature of the support treatment may give rise to differences in reten
tion behaviour. It has been shown for example, that polyester packings prepar
ed with PVP-coated supports retain the hydroxy-substituted steroids to a 
greater extent than the same packings prepared with silanized supports 2 - 7 8). 

Using the double-coating procedure results in a stationary phase of a 
slightly "polar" character, the polarity of which can be adjusted by the addition 
of more or less of the "polar" liquid phase. This might be advantageous for 
some purposes, but must be avoided in problems concerning identification of 
compounds and in interlaboratory exchange of identification data based on 
retention characteristics obtained with a certain stationary phase. The problem 
here is that the number of groups masked will vary with the liquid loading, 
which is difficult to reproduce. 

A comprehensive survey of support materials and deactivation procedures 
has been published by Ottenstein 2

-
76

). 

2.5.3. Liquid (stationary) phase 

The proper choice of a liquid phase capable of solving a particular separation 
problem is probably the most important parameter in GLC. The correct 
selection of the solvent is based mainly on experience and/or trial and error. 

In the ideal case the stationary phase selected should possess the following 
characteristics: 
(1) Sample components should exhibit different partition coefficients. 
(2) Sample components should have a reasonable solubility in the liquid phase. 
(3) The vapour pressure of the solvent at operating temperature should be 

negligible. 
(4) The liquid phase should be thermally stable. 
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(5) The liquid phase should be chemically inert towards the sample compo-
nents at the separation conditions. 

It will be evident that the sample components have to have different partition 
coefficients in order to achieve separation. If, on the other hand, the solubility 
of the sample components in the liquid phase is too small, the sample compo
nents will be eluted rapidly and the separation will be poor. The other points 
are self-explanatory. 

However, a wide range of stationary phases remains available and this 
explains the versatility and selectivity of the GLC technique. The analysis of 
steroids, which are compounds of low volatility, takes place at elevated temper
atures (200-250 oq, so that the choice of the liquid phase is primarily deter
mined by its temperature stability. This requirement considerably limits the 
number of possible stationary phases: only the thermostable polysiloxane 
polymers and the less thermostable polyester polymers can be considered. 

For convenience the liquid phases may be classified into two categories: 
selective and non-selective. For steroid work the best non-selective phases 
are the methyl-substituted polysiloxanes known as SE-30, JXR and OV-1. 
The phase SE-52, which also contains a small number of phenyl groups, can 
be considered to belong to this class. These non-selective phases predominantly 
separate according to "boiling point" or molecular size, whereas for the selec
tive phases the activity coefficients play an important role (see also sees 1.2.8, 
3.5.1. and 3.5.2). Two chemically different compounds with the same vapour 
pressure can often be separated on selective columns because the different 
activity coefficients of the two compounds result in different partition coeffi
cients (eq. 1.19)). The latter phases are said to be "type"-selective: the selec
tivity of such phases can be specified with reference to sample type only, since 
a particular phase may function in both categories depending on the type of 
sample. 

It should, however, be realized that liquid phases which are selective with 
respect to a particular class of compounds will function within such a class as 
"boiling-point" or "molecular-size" separators. 

The selective phases most generally used are the following polysiloxane 
polymers: QF-1, a fluoro-alkyl silicone polymer; OV-17, a methyl phenyl 
silicone polymer; XE-60, a methyl cyanoethyl silicone polymer, and the fol
lowing polyester phases: neopentyl glycol succinate (NGS), ethylene glycol 
isopthalate (EGIP) and ethylene glycol succinate (EGS). Of the liquid phases 
referred to above, the non-selective solvents exhibit the best thermal stability, 
OV-1 being somewhat more thermostable than SE-30 and JXR. The selective 
solvents are less thermostable, with one exception, OV-17, the thermal sta
bility of which is comparable with that of OV-1. 

In the next chapter we will discuss some parameters of the above-mentioned 
stationary phases in more detail. 
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2.5.4. Preparation of columns 

The preparation of packed columns consists of the following three steps: 
(1) deactivation and coating of the supports; 
(2) packing of the coated support in the empty tubing; 
(3) conditioning of the packed column. 
After removal of the fines, acid washing and silanization, the support can be 
coated in several ways. The techniques most generally used are careful evapor~ 
ation of the solvent from a slurry of the support in a solution of the liquid phase, 
often done with a rotating film evaporator, and the filtration~oating technique 

,described by Horning et al. 2 - 75). As has already been pointed out, the coating 
can be done with a single liquid phase or by a combination of two phases in 
the double-coat technique 2

-
6

). The double-coat technique can also be used 
to alter certain separation characteristics of a particular phase by adding 
suitable amounts of a second liquid phase. The combination columns obtained 
with this technique have been employed by, among others, Touchstone and 
co~workers to solve certain separation problems 2 -

80
-
84

). 

For steroid work the percentage of liquid coating may vary between 0·5 
and 3·0, 1-2 per cent being the liquid loading most commonly used. 

Packing of the column is effected by inserting a small plug of glass wool at 
one end of the tube and introducing the coated support at the other end by 
means of a funnel. After a small amount of packing material has been added, 
the column is gently tapped. The process is repeated until the column is full. 
The column is then also plugged at the other end. The tapping should be done 
very carefully in order to avoid crushing the support, which gives rise to fines 
and results in a fresh, active surface of support particles. 

If coiled columns are used, one end of the column is connected to a vacuum 
pump and the same procedure is carried out as described above. 

The last point, the conditionip.g of the column, is a very important factor in 
column preparation, especially for work at high temperatures such as are 
required for the analysis of steroids. Freshly prepared columns invariably 
exhibit high bleed rates owing to traces of solvent and material oflow molecular 
weight present in the liquid-phase polymer. It is therefore necessary to maintain 
the column for some time at a temperature of at least 20 oc above the operating 
temperature and, of course, below the maximum temperature allowed. A 
generally adopted procedure is to maintain the column just below its maximum 
temperature limit, without carrier-gas flow, for a few hours. Then the temper~ 
ature is decreased to about 20 oc above the operating temperature, carrier 
gas is supplied to the column and the column is left to stabilize for 24-48 hours. 
Columns conditioned in this way exhibit a very low bleed rate 2- 85). 

One general observation: the exit of the column should be left disconnected 
from the detector to avoid contamination of the latter device. 

Several procedures for preparing column packings for steroid separations 
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are reviewed by Horning et al. 2 - 86). 

The preparation of capillary columns will be described in the next chapter. 

2.6. Steroid derivatives 

The conversion of steroids to derivatives prior to GLC separation may be 
desirable for a variety of reasons. We will give a short survey of the parameters 
which account for the extensive use of derivatives in steroid work. 

Volatility: although some compounds of low volatility are not amenable to 
')' direct separation by GLC techniques, many volatile derivatives of these com-
~ pounds which enable them to be analysed by GLC can be prepared. A remarkable 
''/ example is reported by VandenHeuvel 2 - 40), who analysed two steroid glucu
.[2' ronides as their methyl ester trimethylsilyl ether (Me-TMSi) derivatives. 
·~ It is also possible to separate these compounds as their trimethylsilyl ester 
"~ trimethylsilyl ether (TMSi) derivatives. It is remarkable that the formation of 
~~MSi ethers results in much smaller retention times than does the formation 
~ of butyryl esters, although the changes in molecular weight are almost the 

":;: same 2 -
87

). Even acetate derivatives may exhibit higher retention times than the 
...f corresponding TMSi derivatives. It may be concluded that the TMSi group 
~-possesses somewhat anomalous volatility properties. In order to impart 

, • -.,;; volatility to bile acids, esterification of the carboxylic-acid groups and ether-
•· 
:~ ification of the hydroxyl groups are often carried out 2

-
88

). The increase in 
<~ volatility by reduction of polar properties of the compounds to be separated 

">: { is of special importance when using selective liquid phases. For instance, 
$ 1 Luukkainen et al. reported the retention time of estradiol di-TMSi as only one 

.~ twentieth of that of the free compound 2 -
89

). Another demonstration of increas
:.~ }: ing volatility is given by the separation of the mono- and di-dimethylhydrazones 
~ ~ of androstane-3,17-dione on a QF-1 liquid pha&e 2

-
90

). 
·.;,;_ 

Stability: it is known that some steroids, e.g. the adrenocorticosteroids, cannot 
be chromatographed intact. Cleavage of the side chain at C(17) results in the 
corresponding 17-keto steroids. Although the corticosteroids can be deter
mined in this way, a lot of effort has been put into the problem of chromato
graphing these steroids without decomposition. W otiz et at. showed that the 
use of acetate derivatives was convenient for this purpose 2

-
91

). Kirschner and 
Fales prepared the bismethylenedioxy (BMD) derivatives of a number of 17-
hydroxy corticosteroids possessing the dihydroxy-acetone side chain, but only 
mediocre results were obtained 2 - 92). Another procedure is the preparation of 
the 17 {1-carboxylic acids of some corticosteroids by periodic acid oxidation as 
described by Merits 2 - 93). The compounds obtained are chromatographed after 
esterification of the carboxy lie-acid group with diazo methane. Other ways of 
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estimating the corticosteroids are via their thermal degradation products 2 - 92 • 94) 

and via their direct oxidation products 2
-

94
). 

Improvement in separation: the conversion of steroids into their derivatives 
is often used to improve a given separation. This improvement results from the 
alteration in the separation characteristics caused by the derivative formation. 
The method is particularly suitable for application to the separation of epimers. 
As a first approximation we may say: the greater the steric requirements of the 
substituent groups, the better the separation 2

-
87

•95 •
96

). This is of special 
interest for the steroid epimers derivatized at the C(3) position, as has been 
shown for the dimethylsilyl (DMSi), trimethylsilyl (TMSi) and chlorome
thyldimethylsilyl (CMDMSi) ethers 2 - 95). Another excellent example of the 
influence of steric effects is given by a few steroid glucuronides, substituted at 
the C(3) position 2 - 40). 

Epimeric hydroxysteroids, even those separable by selective phases, are often 
much better separated after conversion into derivatives 2

-
96). 

Identification: steroid derivatives are also used for identification purposes. 
Apart from the chromatography of free steroids, GC separation of the steroid 
derivatives will give additional information about the compounds under study. 
The effect of derivative formation upon retention behaviour of closely related 
steroids depends not only upon the nature of the derivative and stationary 
phase employed, but also upon the position of the substituent group on the 
steroid skeleton. Other possibilities of improving the certainty of identification 
are offered by the preparation and separation of "mixed" derivatives 2 - 88 •95 •96) 

and of "reactive" derivatives 2 - 41 -"2 •88). The "reactive" derivatives meth
anesulphonates and p-toluenesulphonates of steroids - decompose during 
GLC, giving rise to characteristic degradation products. 

Accuracy: free steroids, especially when chromatographed in very small amounts, 
are often subject to loss on the column caused by irreversible sorption on the 
support material. It is known that hydroxy steroids are particulary subject to 
loss in this way. One way to solve this problem is to deactivate the support 
material; another possibility is deactivation of the solutes, i.e. the formation 
of derivatives. The TMSi ethers in particular are very useful for improving 
the quantitative aspects of steroid GLC 2 -

87
•
96

). Steroids possessing keto 
groups may be taken through GLC procedures without substantial loss. Never· 
theless, it is often advantageous to use volatile derivatives for steroid ketones 
and aldehydes. The most widely used derivatives for this purpose are the N,N
dimethylhydrazone 2 - 90) and the methoxime (MO) derivatives 2 - 97). 

Specific detection: with the specific electron-capture detector, derivatives are 
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employed which can impart specific detection properties to the steroid molecule. 
The most widely used derivatives of this kind are: 
chloromethyldimethylsilyl ethers (CMDMSi) 2 - 95 ,98), 

monochloro-acetates 2 - 99), 

trifluoro-acetates (TFAc) 2~100), 
heptafluoro-butyrates (HFB) 2

-
101

•
102

). 

The structure of several derivatives employed in steroid work is shown in 
fig. 2.3. 

As follows from the review above, the derivatives most widely employed are 
the silyl derivatives and, of these, TMSi ethers are preferred to DMSi and 
CMDMSi ethers. The formation of TMSi ethers has been described by Langer 
et al. 2 - 7 ) and introduced for steroid work by Luukkainen et al. 2 - 8). Various 
silylating agents can be used for the formation of trimethylsilyl derivatives, e.g. 
hexamethyldisilazane (HMDS) and bis-trimethylsilylacetamide (BSA). The 
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Fig. 2.3. Steroid derivatives employed in GLC. 
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reactions with these agents can be considered as non-catalyzed exchange reac
tions between an active hydrogen atom and a trimethylsilyl group. HMDS is a 
weak silylation agent for the secondary steroid hydroxyl groups 2- 95). The 
reaction can be catalyzed by the addition of trimethylchlorosilane (TMCS). 
VandenHeuvel 2- 95) pointed out that the TMCS functions not only as a cata
lyst, but also as a sily1ation agent in its own right. Langer et al. proposed the 
following reaction for an alcohol with equal amounts of HMDS and TMCS 
2-7): 

Combination of the two equations results in 

(CH3)JSi-NH-Si(CH3h 
NH4 Cl. 

(2.1) 

(2.2) 

3 ROH -~ 3 R0Si(CH3) 3 + 
(2.3) 

BSA is a more effective silylation agent, but even in this case the TMCS may 
be used as a catalyst enabling us to perform both non-catalyzed and catalyzed 
reactions. BSA is also a good solvent for the derivatives to be prepared and, 
used alone, is an effective method for converting reactive hydroxyl groups to 
trimethylsilyl ethers. This method, although fast, is limited at room temperature 
to groups which show little steric hindrance. This means that hydroxyl groups 
located elsewhere than at lliJ and tert. 17cx positions are readily converted to 
their corresponding TMSi derivatives. 

In spite of this drawback, the non-catalyzed reaction is often used if adreno
cortical steroids containing a 17 ex-hydroxyl group are involved. For these 
compounds it has been shown that the presence of TMCS invariably leads to 
partial decomposition of the derivatives obtained. Horning et al. used this 
reaction to prepare the MO-TMSi derivatives of the compounds mentioned 
above 2 - 26). 

The following exchange reaction (non-catalyzed) occurs when a hydroxyl
substituted steroid is treated with BSA: 

0-TMSi 0 
I II 

CH3C = NTMSi + ROH----+ CH3C-NHTMSi + ROTMSi. (2.4) 

If, for compounds other than adrenocorticosteroids, silylation of, say, an liP
hydroxyl group is required, TMCS should be added to the BSA. Under these 
conditions the steric-hindered lltJ-hydroxyl group is readily silylated 2

-
26

). 

The mechanism of the catalyzed silylation reaction is not known but it is 
possible that the first step involves the formation of an imonium ion from 
BSA z-103). 
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A thorough study of parameters affecting the formation of TMSi deriva
tives of steroids has been reported by Lau 2

-
104

). The reaction times for cata
lyzed reactions are, in most cases, less than three hours. Ratios for BSA and 
TMCS ranging from 25:1 to 5:1 may be employed. The influence of water from 
atmospheric moisture appears to be small 2- 104

). In this investigation the 
steroids collected on the conical part of the glass capillary (fig. 2.2) are con
verted to their TMSi ethers by a mixture of BSA and TMCS in a ratio of 10:1. 
The reaction mixture in the sealed capillaries is allowed to stand overnight. 

2. 7. Detection systems 

The progress in steroid analysis with GLC techniques is due to a large extent 
to the advent of high-sensitivity ionization detectors. In steroid work the less 
sensitive thermal-conductivity detector 2 - 10

•
11 ) and the gas-density balance 

of Martin 2 -
105

) are used rarely or not at all. 
The most widely used ionization detector is the flame-ionization detector 

(FID) 2
-

14
). This detector is sensitive and exhibits excellent stability. The 

temperature limit is 400 oc, due to the insulation material used. The detector 
is sensitive to organic compounds, not to permanent gases and water. Because 
of its sensitivity to almost all organic components it is referred to as a non
selective detector. Its non-specificity requires the column bleed to be very 
small, so that thermally stable stationary phases should be used in combi
nation with this detector. Although the FID is not specific, it forms an ideal 
combination with a gas chromatograph, an instrument which is highly specific 
by itself. Another non-selective system, the Lovelock argon-ionization detec
tor 2 - 12 •13) is not widely used for routine purposes because of its insufficient 
reliability and relatively small linear range. 

A selective detector of increasing importance in steroid work is the electron
capture (EC) detector 2 - 15

). This detector is extremely sensitive to molecules 
capable of capturing electrons, e.g. alkylhalides, conjugated carbonyls, ni
triles, nitrates and organometallic compounds, but is virtually insensitive to 
hydrocarbons, alcohols, etc. Because of its specificity with respect to halides, 
this detector is of special interest for the analysis of pesticides and halogenated 
steroid derivatives. Since the detection limit of this detector is estimated to be 
on a subpicogramme scale ( < 10-12 g) as compared with~ IQ-11 g for the FID, 
this detector is particularly suitable for the analysis of steroids present in very 
small amounts in body fluids such as blood, but only, of course, after proper 
derivative formation. 

Although very sensitive by itself, this detector is also very sensitive to changes 
in operating conditions and great care is required for successful operation. 
Because of its selective sensitivity, column bleed originating from halogenated 
stationary phases, such as QF-1 should be avoided. 

The temperature limit of the original EC detectors employing a tritium foil 
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is at most 225 oc and contamination of the detector is a major problem. 
However, new developments make use of a Ni63 foil, which increases the temp
erature limit to 350 oc. Although some sensitivity is lost, the signal-to-noise 
ratio is comparable to that when tritium is used. 

Selective detection systems for phosphorous and sulphur are also available 
but up till now no reference to their use in steroid studies has been discovered. 

In general, the re~;ponse of the detectors is not the same for all compounds. 
Response factors relative to a certain standard should therefore be determined 
if quantitative analyses are involved. 

2-1) 

2-2) 
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3. OPEN-HOLE CAPILLARY COLUMNS IN THE GAS
CHROMATOGRAPHIC STEROID ANALYSIS 

3.1. Introduction 

The possibility of employing narrow-bore tubes in GC column technology 
was first mentioned by A. J. P. Martin at the first international symposium on 
gas chromatography in London as early as 1956 3 - 1). The first experimental 
results obtained with open-hole tubular columns were described by Golay in 
a paper which also discussed theoretical aspects of their use 3 - 2). Very soon 
afterwards other authors, Dijkstra and De Goey 3 - 3) and Desty 3 - 4), reported 
on their use of open-hole capillary columns. The outstanding advantage of 
open-hole columns according to Golay, is the low resistance to gas flow and the 
consequent low pressure drop. The resulting high permeability of such columns 
permits the use of very long columns which may have a large number of theo
retical plates, compared to the packed columns usually employed. However, 
the number of theoretical plates required for a certain separation is often much 
higher for the former. The influence of both factors is evaluated in sec. 3.7, 
where the open-hole capillary column is shown to be more efficient as a result 
of its high intrinsic number of theoretical plates. The higher resolving power 
can be used either to achieve better separation of sample components or for 
faster analysis at the cost of column efficiency. In other words, analysis time and 
column efficiency can be "traded" against one another. A quantity relating 
these primary column characteristics is the performance index (PI), derived by 
Golay 3- 5): 

( 
W11 

)

4[(tR-tM)4( 
PI= tR- tM tR tR 

(3.1) 

where W11 is the width of the peak at half height and Llp is the pressure drop 
across the column (dyne cm-2 ). In this formula, the reciprocal form of the 
first term is a measure of the resolving power of the column, while the third 
term, the product of retention time and pressure drop, is "the price paid for a 
certain column performance". The possibility of "trading in", together with 
the high column efficiency, suggests the principal applications of the capillary 
column, namely: 

the separation of closely related isomers, 
the analysis of complex mixtures. 

The open-hole capillary column has some advantages in addition to those 
mentioned above. One of the most outstanding of these is its low detection 
limit, which will be discussed in sec. 3.2. Furthermore, open-hole capillary 
columns can often be used at lower temperatures (see sec. 3.7), so that altera
tion of sensitive and thermolabile compounds, which might occur on packed 
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columns, can in most cases be avoided with open-hole capillary columns. Other 
points of practical importance are the low sample capacity of open-hole capil
lary columns and the special requirements they impose on the detection and 
recording systems (see sec. 3.2). Also index systems which can be applied to the 
identification of compounds by purely GC means, are much more reliable when 
open-hole capillary columns are used, because of the high resolving power of 
the latter. 

As a result of the development of more sensitive and more specific detectors, 
together with a variety of stationary phases exhibiting better temperature stabil
ity, nearly all organic groups of substances have become accessible to GLC 
analysis with the aid of capillary columns. At the moment there is virtually only 
one significant organic group of substances that has not been analysed on open
hole capillary columns with satisfactory results. This group consists of the 
various steroids, whose GC analysis with packed columns was one of the most 
important achievements of recent times in biochemistry. Only Chen and 
Lantz 3 - 6 ) and Lipsky and Landowne 3 - 7 ) have reported the analysis of some 
steroids on open-hole capillary columns, and that was as long ago as 1960 
and 1961, respectively. However, the column performance was disappointing 
and comparable to those of poor packed columns, the only advantage being a 
reduction in analysis time. At the moment these papers appear to be the only 
references on this subject. The principal reasons for the poor column perform
ance were probably the use of unsuitable injection devices and very poor col
umns. Better injection devices must therefore be developed and better columns 
prepared (sec. 3.6). Another reason for the poor column performance may have 
been that at the high analysis temperatures required (200-260 oq, the active 
sites of the column could not be blocked, since, to my knowledge, no surfactant 
resistant to high temperatures has been described in the literature up till now. 

Furthermore, it must be borne in mind that GC is purely a separation method 
and identification is often done by means other than GC. In that case, however, 
the sample requirements imposed by the identification method are generally 
much higher than the sample capacity of the column. This is another difficulty 
which may have deterred many workers in the field. The methods of identifica
tion by purely GC means are discussed in chapter 5. 

In conclusion, it can be said that the introduction of capillary columns into 
GC analysis of steroids demands not only the care in design normally required 
for all open-hole capillary columns but also special consideration with respect 
to the injection system and column preparation. 

3.2. The gas-chromatographic system 

The introduction of capillary columns requires special consideration to be 
given to the proper incorporation of the column in the GC system. The small 
dimensions of the open-hole capillary column are responsible for the possibly 
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poor performance often obtained with this kind of column if dead space in the 
GC system is not carefully avoided. It should be noted in this connection that 
for the explanation of apparent column performance, the column can no longer 
be considered as a separate unit; the apparent column performance depends 
on whether auxiliary devices in the system function in such a way as to permit 

. full utilization of the original column performance. 
One of the most critical devices is the sample-introduction system. Amounts 

of 1 o- 3 g can be handled easily with the aid of commercially available injection 
syringes, but amounts of the order of w- 7 g, the sample capacity of open-hole 
capillary columns of the type used in this investigation, cannot properly be 
introduced directly. We therefore have to employ indirect methods of sample 
introduction by using inlet splitting systems. Disadvantages of these systems 
are (a) the non-linear stream splitting 3 -

8
) of the sample components and 

(b) the sample requirements; the latter are much higher than actually needed 
for the analysis proper. This can give rise to problems if only a small amount 
of material is available, as is often the case with biochemical samples. Further 
disadvantages, of special interest for steroid applications, are the high tempera
tures required for these injection devices. According to Cramers 3- 9), the tem
perature of the injection device should be higher than the boiling point of the 
highest-boiling component of the sample, a condition which cannot be satisfied 
in practice because of thermal degradation of the steroids under study. The 
detection and recording systems also play an important role. The open-hole 
capillary column requires the difficult combination of high sensitivity, low dead 
volume and fast response. Fortunately, the introduction of capillary columns 
paralleled the development of ionization detectors exhibiting the above-men
tioned characteristics. As pointed out by Schmauch 3- 10), who calculated the 
influence of RC time on the peak form, the time constant should be smaller 
than one tenth of the standard deviation of a given peak (RC ~ 0·1 a) in 
order to obtain a true recording. Moreover, the proper operation of the injec
tion and detection system itself, and also the connections with the open-hole 
capillary column, had to be considered. Peaks obtained with capillary columns 
are usually very sharp, i.e. their width is small. Since peak area is proportional 
to the amount of sample, the peaks will also be correspondingly taller compared 
with peaks obtained with packed columns for the same sample size. That is why 
the detection limit is lower for capillary columns. Any unnecessary large volume 
or "mixing" volume in the carrier-gas line between injector and detector will 
result in spreading of the travelling sample plug, thus widening the peak width, 
lowering the column performance and increasing the detection limit. Dead 
volumes are particularly critical in the case of open-hole capillary columns since 
the sample volumes and carrier-gas-flow rates are considerably smaller than 
those for packed columns. Carrier-gas-flow rates for the former column type 
are usually of the order of 0·5-5 ml/minute. Regulation of these small flows 
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with flow regulators is practically impossible, so that with open-hole capillary 
columns regulation is usually restricted to the carrier-gas inlet pressure. In con
clusion it can be said that the volume and length of the connecting tubes must 
be kept as small as possible. Dead space in the injection system is minimized 
by proper design of this system (chapter 6). Dead space in the F.LD. detector 
is avoided by pushing the capillary column into the tip of the flame to a distance 
a few rnillimetres from the top of the jet. If this cannot be achieved, as is the 
case with most commercially available gas chromatographs, an additional gas 
flow should be supplied to the system, entering the carrier-gas line between 
the column and the detector (scavenger gas). Furthermore, the column tem
perature must be kept as constant as possible and must be uniform over the 
entire length. The temperature should therefore be measured and controlled 
accurately. 

3.3. Column material 

Material for the preparation of open-hole capillary columns should possess 
certain characteristics: it must be easy to deform, should possess sufficient 
mechanical strength and, once the capillary tubing is formed, should keep a 
constant inner diameter, even under the temperature and pressure conditions 
normally required in GC steroid analysis. Furthermore, the tubing should be 
obtainable in a variety oflengths and inner diameters, while the inside diameter 
should be constant over the entire column length. The inside surface should be 
smooth and uniform and permit the formation of a stable thin layer of the 
stationary phase. The tubing material should be inert to the carrier gas and 
sample components. 

In general three groups of column materials can be distinguished, viz. plastic 
tubing, glass tubing and metal tubing. Of these three groups, the metal tubing 
satisfies the above requirements best. Although glass tubing can be manu
factured with a high degree of uniformity 3 - 11), its fragility militates against 
more general utilization of glass columns. So far as the high temperatures 
required for GLC steroid analysis are concerned, stainless-steel columns offer 
the best possibilities. Stainless-steel tubing can be manufactured in all lengths 
and diameters, is relatively easy to clean and coat, generally provides durable 
coatings and is relatively inert. Stainless·steel tubing was obtained from Handy 
and Harman Tube Company Inc., Norristown, Pennsylvania, U.S.A. 

3.4. Factors determining the choice of column diameter and Jeugth 

The most important parameters which influence the choice of column geom· 
etry are briefly discussed. 

3.4.1. Column efficiency 

Column efficiency is usually expressed as the number of theoretical plates 
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or the height equivalent to one theoretical plate 3 - 12). According to Golay 3 - 5), 

the column efficiency of open-hole capillary columns can be expressed by (1.12): 

B 
H= A+ + C0 ii 

ii 

A, H, C0 and CLare given by 

A 0, 
B =2D0 , 

1 + 6 k + 11 k2 r2 

Co-----
- 24(1 

(1.12) 

(3.2) 

(3.3) 

(3.4) 

If His plotted versus ii, characteristic hyperbolic curves, known as Van Deemter 
plots, are obtained. One of these hyperbolic curves is shown in fig. 1.2. In cases 
where the hyperbolic curve shows a minimum, Hopt can be expressed by 

(3.5) 

Neglecting the resistance to mass transfer in the liquid phase, substituting (3.2) 
and (3.3) and assuming a large k value, this equation can be converted to 

(
1 + 6k + 11 k

2
)

112 

R =2(BC)1
'

2 =r =rF::-::l·9r. (3.6) opt 0 3 (1 + k)2 

Hence, Hopt is proportional to the radius of the tubing. 
For very high carrier-gas velocities, the B term can be neglected and it can 

be shown from (3.3) and (3.4) that H in this case is proportional to the square 
of the column radius (k = constant). 

3.4.2. Analysis time 

According to eq. (1.3) the analysis time can be represented by 

With eq. (1.9) this becomes: 
nH 

tRj = -- (1 + kj)• 
ii 

Assuming optimal conditions and again neglecting the CL term, 

Hopt rF 

(1.3) 

(3.7) 
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B 
Uopt = v CG 

4Da 

rF 
(3.8) 

Substitution of eqs (3.6), (3.8) and (1.16) finally yields an expression for the 
analysis time : 

4 r
2 

( r )2 2 ij -R11 -- G, 
3 DG rll-1 

(3.9) 

where 
1 + 7 kj + 17 kl + 11 k/ 

G=--------------------
k/ 

Hence, if we consider the analysis of two components for which the resolution 
must be just acceptable (Ril = 1), the analysis time is proportional to the 
square of the column radius. A similar relation is described by Purnell 3 - 13). 

According to eq. (1.3), the retention time is proportional to the column 
length. 

3.4.3. Pressure drop 

According to Ettre 3 - 14), the pressure drop (Lip) necessary to maintain a 
certain average linear carrier-gas velocity (ii) in a column of given length (L) 
and permeability (B0 ) can be expressed by the following equation: 

Lip= 'fJ L u; 
Bo 

(3.10) 

rJ is the viscosity of the carrier gas at column temperature. Values of B0 can be 
calculated for open-hole capillary columns with smooth inner surfaces from 
the following relationship: 

(3.11) 

In other words, the pressure drop is proportional to the column length and to 
the reciprocal of the square of the column radius. 

3.4.4. Sample capacity 

Theoretically, the maximum permissible sample size (vk) should be equal to 
the effective volume of one theoretical plate, Verr: 

(3.12) 

where v0 is the volume of the gas phase in one theoretical plate, 
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v1 the volume of the liquid phase in one theoretical plate, 
VG the volume of the gas phase in the column, and 
VL the volume of the liquid phase in the column. 

Substitution of eq. (1.2) and replacement of V9 by V, the geometric column 
volum~, result in 

v 
Vk = Verr - (1 + k) 

n 

n r 2 L 
--(1 

n 
k) n r 2 H (1 + k). (3.13) 

Again with eq. (3.6), i.e. for high values of k, this becomes 

(3.14) 

Hence, the maximum permissible sample size is proportional to the cube of 
the column radius. 

According to Keulemans 3 - 15) 

(3.15) 

where ak is a constant. Substitution in eq. (3.15) of eq. (3.13), eq. (1.9) for n 

and eq. (3.6) for H eventually results in 

(3.16) 

3.4.5. Linear carrier-gas velocity 

According to eq. (3.8), the optimal linear carrier-gas velocity is proportional 
to the reciprocal of the column radius. 

3.4.6. Resolution 

Generally speaking, the efficiency (eq. (3.6)) and hence also the resolution 
improves with decreasing column diameter and increasing column length. This 
can easily be seen from eq. (1.15) after substitution of eq. (1.9). 

3.4.7. Detection limit 

Narrower-bore tubes give more efficient columns (eq. (3.6)) and have to be 
employed at higher optimal flow rates (eq. (3.8)). Both factors reduce the stand
ard deviations of the peaks, resulting in smaller and hence taller peaks. In 
other words, the use of narrower-bore tubes reduces the detection limit. 

3.4.8. Conclusion 

As can be concluded from the discussions in this section, the column efficiency, 
analysis time, linear carrier-gas velocity, resolution and detection limit favour 
the use of narrow-bore tubes. In fact, the use of narrower-bore tubes together 
with a decrease in the liquid-film thickness is the only effective way to decrease 
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the HETP and hence to increase the column efficiency. The increasing pressure 
drop and decreasing sample capacity are limiting factors, however. 

Increasing column length is advantageous for the resolution, but the price 
paid is longer analysis times, increasing pressure drop and higher detection 
limit. The increasing pressure drop, proportional to the column length and to 
I fr 2 , is the reason why only short columns of very small inner diameter can be 
used. Another practical problem with these narrow-bore tubes is sample intro
duction. A compromise must obviously be struck between these contradicting 
factors. In practice, therefore, the capillary columns most frequently utilized 
have inside diameters of about 0·25 rom and lengths varying from 20 to 100m. 
Columns of this kind were employed in the investigation reported here. 

3.5. Stationary phases 

The characteristics an ideal stationary phase should possess have already been 
pointed out in sec. 2.5.3. Of the points listed there, negligible vapour pressure 
at operating conditions and thermal stability are of the greatest importance in 
steroid analysis by GLC, which necessitates fairly high temperatures. These 
requirements severely limit the number of usable liquid phases: only the thermo
stable polysiloxane polymers and some of the less stable polyester polymers 
satisfy the requirements imposed by the analysis conditions. 

As already mentioned in sec. 2.5.3, we can distinguish between two types . 
of stationary phases, viz. non-selective and selective phases. The concept of 
selectivity refers to sample type, since a particular phase may function in both 
categories, depending on the type of sample. We will give now a survey of the 
stationary phases most commonly used in GC steroid analysis with respect to 
their selectivity, volatility and stability. The structures of the most widely used 
stationary phases are shown in fig. 3.1. The temperature limits and suitable 
solvents for these liquid phases are listed in table 3-I. 

3.5.1. Non-selective phases 

The non-selective stationary phases most generally known are the dimethyl 
polysiloxane polymers SE-30, JXR and OV-1. The liquid phase SE-52, also 
containing a small number of phenyl groups, can be considered as a non
selective phase. In GC steroid analysis with capillary columns, where submicro
gram samples are involved, we are dealing with a highly dilute solution, which 
means that interactions between solute molecules can be neglected and only 
those between solute and solvent molecules need be considered. The retention 
time of a solute obtained with a non-selective phase therefore largely depends 
on the molecular shape and size of the compound. This is illustrated in figs 3.2 
and 3.3. Figure 3.2 shows the GC separation of the TMSi derivatives of the 
sterols. cholesterol, campesterol and f1-sitosterol, differing in molecular size 
only, by substitutions in the side chain at the C(24) carbon atom, as indicated 
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OV-1 

£.,~~ 
HO (1) (2) HO 

(3) 

Fig. 3.2. Analysis of a mixture of the TMSi derivatives of cholesterol (1), carnpesterol (2) 
and P-sitosterol (3) on an open-hole capillary column. 
Experimental: column, 20 mx0·25 rom stainless steel (s.s.); stat. phase (s.p.}, OV-1; linear 
carrier-gas (N2) velocity (l.c.g.v.), 13·9 cm/s; column and FID temperature, 250 °C; injector 
temperature, 260 °C. 
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Fig. 3.3. Analysis of a standard mixture of the steroid hydrocarbons 5P-androstane (1), SiX
androstane (2), 5{1-pregnane (3), 5Gt-pregnane (4), 5P-cholestane (5) and 5Gt-cholestane (6) 
on an open-hole capiUary column. 
Experimental: column, 18 mx0·25 rom s.s.; s.p., SE-30; J.c.g.v. (N2 ), 12·5 cmfs; column 
and FID temp., 250 °C; inj. temp., 260 °C. 



-52-

TABLE 3-I 

Maximum temperatures and suitable solvents for some liquid phases employed 
for steroid analysis 

phase max. temp. CCC) solvent 

NGS 225 chloroform 
EGS 225 chloroform 
EGIP 225 chloroform 
SE-30 300 benzene/methylene chloride 
JXR 325 benzene/methylene chloride 
OV-1 350 benzene/methylene chloride 
SE-52 300 benzene/methylene chloride 
OV-17 350 benzene/hexane 
XE-60 250 acetone 
QF-1 250 acetone/methylene chloride 

The difference in molecular shape is reflected by the differences in retention 
for the 5cx and 5{3 isomers of each group (fig. 3.3). The 5cx isomer, possessing 
the ring A(B trans structure, is eluted after the cor,responding 5{3 compound 
(ring A/B cis structure). This observation can be i~terpreted as an indication 
that the A/B trans configuration has a more planar structure than the A/B cis 
configuration. In general, it can be said that a higher degree of planarity for a 
fused ring system leads to an increase in retention time. This effect is also clearly 
demonstrated by the TMSi ethers of estrone, androsterone and epiandrosterone 
(fig. 3.4). Estrone, possessing an aromatic A ring, is eluted later than the com
pounds of higher molecular weight, androsterone and epiandrosterone. This is 
due not to functional-group properties of the aromatic A ring, but rather to a 
difference in molecular shape of this compound. Epimers are rarely separated 
on a non-selective phase, apparently because the difference in shape of the 
molecule is relatively small. However, steric effects can be accentuated by the 
formation of derivatives, among which the TMSi and acetyl derivatives are the 
most commonly employed. Increasing the bulk of a derivative results in a more 
marked separation of epimeric substances. For each pair of epimers the axial 
structures are eluted before the equatorial isomers. This is also illustrated in 
fig. 3.4, where the TMSi derivative of androsterone (axial) is eluted before the 
TMSi derivative of epiandrosterone (equatorial). 

It is usually possible to predict the effect of a structural change on retention 
time, although unexpected steric factors sometimes have a relatively great in
fluence on retention behaviour, particularly if the retention behaviour on selec
tive phases is considered. 
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Fig. 3.4. Analysis of a standard mixture of the TMSi derivatives of androsterone (1), epiandro
sterone (2) and estrone (3) on an open-hole capillary column. 
Experimental: column, 20 mx0·25 mm s.s.; s.p., SE-30; l.c.g.v. (N2), 10·7 cm/s; column 
and FID temp., 230 °C; inj. temp., 260 °C. 

3.5.2. Selective phases 

The most commonly used selective phases are: the polysiloxane polymers 
QF-1, a fluoroalkyl silicone polymer; OV-17, a methyl phenyl silicone polymer; 
XE-60, a cyanoethyl methyl silicone polymer; and the polyester phases neo
pentyl glycol succinate (NGS), ethylene glycol isopthalate (EGIP) and ethylene 
glycol succinate (EGS). However, the use of stationary phases in the investiga
tion reported here was restricted to the polysiloxanes because of their better 
temperature stability compared to the polyester phases. 

I 
With selective phases the separation depends more on the nature of the func

tional groups than on the molecular size and shape of the compounds under 
study. Here the activity coefficients influence the possible degree of separation 
between two particular compounds. The magnitude of the differences in the 
activity coefficients depends on the number, nature and stereochemical arrange-
ments of the functional groups, as well as on the structure of the stationary 
phase employed. In interactions of ~!J:Q.,_J.l}~L-h~J!<!()~ Q.LY.a:_tt.Q.tlr.,W~liJ~-
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/ ~drogen-bondin~, Keesom (dipole-dipo_l~) and Debye (dipol~-induced
. dipole) interactions between tne·soruteana the stationary phase. 

In conclusion we may say that changes in structure which do not result in 
changes in functional-group character have the same influence on the retention 
behaviour for both non-selective and selective phases. For th,at reason the ring 
A/B cis and trans structures of the androstanes, pregnanes and cholestanes will 
show the same separation pattern on both kinds of phases, as illustratedin
"fig.'is. As can also be seen from this figure, the selective phases separate accord
ing to molecular size and shape within a certain class of compounds. If the 
functional-group character is altered by changes in structure, the resultant 
differences vary with the type of liquid phase considered. An example of this 
retention behaviour is shown in fig. 3.6 for the JMSi derivatives of 11-keto 

(1 .) etiocholanolone and 11,8-hydroxy etiocholanolon~~)It is remarkable that with 
both, phase SE-30 (fig. 3.6a) and phase XE-60 (fig. 3.6c), the compound pos-

J 
sessing the 11-keto group is eluted before the compound containing the 11.8-
0TMSi group, while for the other phases, QF-1 (fig. 3.6b) and OV-17 (fig. 3.6d), 

;: the order of elution is reversed. This example shows the selective retention of 
carbonyl (CO) groups with phase OV-17 and, to a greater extent, with phase 
QF-1. Another example illustrating the selective retention of carbonyl groups 
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Fig. 3.5. Analysis of a standard mixture of the steroid hydrocarbons 5fJ-androstane (1), 5a· 
androstane (2), 5J:I-pregnane (3), Sa-pregnane (4), 5fJ-cholestane (5) and 5a-cholestane (6) 
on open-hole capillary columns. 
Experimental: 
(a) Column, 18 mx0·25 mm s.s.; s.p., SE-30; l.c.g.v. (N2), 12·5 cm/s; column and FID 
temp., 240 °C; inj. temp., 260 °C. 
(b) Column, 20 mx0·25 mm s.s.; s.p., QF-1; l.c.g.v. (N2), 15·2 cm/s; colunm and FID temp., 
225 °C; inj. temp., 260 °C. 
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Fig. 3.6. Analysis of a standard mixture of the TMSi derivatives of 11-keto etiocholanolone 
(I) and ll{J-hydioxy etiocholanolone (2) on open-hole capillary columns. 
Experimental: 
(a) Column, 20 mx0·25 mm s.s.; s.p., SE-30; l.c.g.v. (N2 ), 10·4 cm/s; column and FID 
temp., 230 °C; inj. temp., 260 °C. 
(b) Column, 20 mx0·25 mm s.s.; s.p., QF-1; l.c.g.v. (N2), 19·0 cm/s; column and FID 
temp., 225 °C; inj. temp., 260 °C. 
(c) Column, 20 mx0·25 mm s.s.; s.p., XE-60; l.c.g.v. (N2), 19·0 cmfs; column and FID 
temp., 220 °C; inj. temp., 260 °C. 
(d) Column, 50 mx0·25 mm s.s.; s.p., OV-17; I.c.g.v. (N2), 8·1 cmfs; column and FID 
temp., 250 °C; inj. temp., 260 °C. 

with phases OV-17 and QF-1 is given in fig. 3.7. In this example the separation 
of the TMSi derivatives of the estrogens, estrone, estradiol and estriol, is con
sidered. Since the oxygen atoms of the hydroxyl groups are shielded by the 
TMSi groups, the only effective functional group available is the carbonyl group 
in estrone. It is clearly demonstrated in fig. 3.7 that the selective retention for 
carbonyl groups increases from SE-30 (fig. 3.7a) via OV-17 (fig. 3.7c) to QF-1 /( 
(fig. 3.7b). Separation according to molecular size, within a certain class of/ 1 
compounds, is also included in this figure. 

Carbon-carbon unsaturation may lead to selective retention with selective 
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Fig. 3.7. Analysis of standard mixture of the TMSi derivatives of estrone (1), estradiol (2) 
and estriol (3) on open-hole capillary columns. 
Experimental: 
(a) Column, 20 mx0·25 mm s.s.; s.p., SE-30; l.c.g.v. (N2), 8·9 cm/s; column and FID temp., 
240 °C; inj. temp., 260 °C. 
(b) Column, 20 mx0·25 mm s.s.; s.p., QF-1; l.c.g.v. (N2), 19·8 cm/s; column and FID 
temp., 225 °C; inj. temp., 260 °C. 
(c) Column, 50 mx0·25 mm s.s.; s.p., OV-17; l.c.g.v. (N2), 8·0 cmjs; column and FID 
temp., 250 °C; inj. temp., 260 °C. 

II phases, especially polyestet phases. Sometimes the separation of geometrical 
( / isomers, which is not possible with non-selective phases, can be easily achieved 
·
1 with selective phases. This is illustrated in fig. 3.8 where the TMSi derivatives 

of 11-keto androsterone and 11-keto etiocholanolone coincide on a non-selective 
phase (fig. 3.8a) while they are clearly distinguished on a selective phase (fig. 

'\3.8b). Figure 3.8b also shows the enhanced separation of the epimers andro-
sterone and epiandrosterone which can often be obtained with selective phases 
\ 
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Fig. 3.8. Analysis of standard mixtures of the TMSi derivatives of 11-keto androsterone (1), 
11-keto etiocholanolone (2), androsterone (3; ax.) and epiandrosterone (4; eq.). 
Experimental: 
(a) Column, 20 m x 0·25 mm s.s.; s.p., SE-30; l.c.g. v. (N 2), 9·9 cm/s; column and FID temp., 
230 °C; inj. temp. ,260 °C. 
(b) Column, 20 mx0·25 mm s.s.; s.p., XE-60; l.c.g.v. (N2), 19·0 cm/s; column and FID 
temp., 220 °C; inj. temp., 260 °C. 

as compared to non-selective phases (see also fig. 3.4). In this case too, the axial 
structure is eluted before the equatorial isomer. 

The rule that derivative formation may emphasize the existing structural 
differences and may improve separation holds also for selective phases. The 
improvement in column performance is shown in fig. 3.9, where the separation 
of sterols from the /15 fraction *) of an Israeli soya oil as free compounds 
(fig. 3.9a) and as their TMSi derivatives (fig. 3.9b) is compared. Another ad
vantage of derivative formation, of special interest with selective phases, is the 
decrease in retention time obtained, especially for the =unctional hydroxx 
steroids, based on shielding of the polar groups of the compounds under study. 
An;~;~ple of this effect is presented in fig. 3.1 0. In this case the sterols chole
sterol, dihydrolanosterol (?)and lanosterol are analysed as free compounds and 
as their corresponding TMSi derivatives on an OV -17 stationary phase simul
taneously. 

3.5.3. Volatility 

One of the most serious limiting factors affecting the usability of stationary 

*) Sterol fractions were kindly provided by the Unilever Research Laboratories, Vlaardin
gen, The Netherlands. 
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Fig. 3.9. (a) Analysis of a mixture of the free sterols cholesterol (1), campesterol (2), stigma
sterol (3) and ,8-sitosterol (4) on an open-hole capillary column. 
(b) Analysis of the corresponding TMSi derivatives. 
Experimental: column, 20 mx0·25 mm s.s.; s.p., OV-1; l.c.g.v. (N 2), 10·4 cmfs; column 
and FID temp., 250 °C; inj. temp., 260 °C. 
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Fig. 3.10. Analysis of a standard mixture of the free sterols cholesterol (4), dihydrolanosterol 
(5; ?) and lanosterol (6) together with the corresponding TMSi derivatives of the same sterols, 
assigned the numbers (1), (2) and (3), respectively. 
Experimental: column, 20 mx0·25 mm s.s.; s.p., OV-17; l.c.g.v. (N2), 20·8 cmfs; column 
and FID temp., 250 °C; inj. temp., 260 °C. 
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phases for steroid analysis is temperature. The maximum permissible tempera
ture appears to be limited by either the decomposition temperature or the 
volatility of the stationary phase. Since the maximum permissible volatility is 
largely determined by the apparatus used, an absolute limitation can hardly be 
defined. At the moment, the detection system has become the determining factor 
and the maximum allowable temperature of the liquid phase has to be chosen 
according to the characteristics ofthe detector used. Above all, saturation of the 
detector by organic vapours has to be avoided. Other factors concerning the 
detector are temperature and flow sensitivity. Small fluctuations in column 
temperature and carrier-gas flow must not alter the amount of column bleed 
to such an extent that the detector signal changes by more than 0·2% of full
scale deflection. This is of primary importance when working with very high 
detector sensitivities, in which case small fluctuations in the analysis conditions 
described above result in a complete deterioration of the baseline. In these cases, 
therefore, the temperature has to be chosen such that a low absolute level of 
column volatility is obtained. Another disadvantage of high volatility may be 
deterioration of the column. Column deterioration will mainly take place if the 
stationary phases employed consist of polymer molecules exhibiting a distribu
tion of molecular weights. Column deterioration may give rise to serious iden
tification problems, so that polymeric organic material of uni-molecular com
position should be used. 

Proper column conditioning can significantly decrease the usual stationary
phase volatility, ensuring columns which are resistant to fairly high tempera
tures without excessive column bleed. 

3.5.4. Stability 

In addition to volatility, the stability of stationary phases is also important. 
If the stationary phase starts to decompose, the same problems discussed in the 
previous section arise, particularly with polysiloxane phases, when the column 
volatility is fairly low and allows the phases to be used at temperatures near the 

.decomposition temperature. To obtain a rough idea of volatility and stability, 
some of the polysiloxane polymers were submitted to thermogravimetric anal
ysis. The results are shown in fig. 3.11. Two series of analyses were carried out, 
one in an air atmosphere (fig. 3.11a) and the other in a nitrogen atmosphere 
(fig. 3.1lb). The loss in weight of the samples is recorded as a function of tem
perature, a heating rate of 1·8 oC/minute being emp)oyed. 

It can be concluded from fig. 3.11 that an air atmosphere accelerates decom~ 
position, which is not surprising. Another observation is that the influence of 
air on decomposition is not the same for all phases: while the selective phases 
XE-60, QF-1, OV-210 and OV~225 behave in roughly the same way, the decom
position temperatures of the other phases are markedly lowered. Another 
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XE-60 {•) methyl cyanoethyl 
polyslloxane (ASL) 
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polyslloxane (ASL) 
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Fig. 3.11. Thermogravimetric analysis of a restricted group of stationary phases. (a) In air; 
(b) in nitrogen. F+M: F+M Scientific Corp.; ASL: Applied Science Lab. 
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remarkable fact is that while the QF-1 phase shows a fairly low decomposition 
temperature, its recently developed substituent, OV-210, shows a significant 
increase in the decomposition temperature; this effect is even more pronounced 
for XE-60 and its substituent, OV-225. The suppliers of the phases used are 
indicated in the figure. In an additional experiment, a sample of each phase 
(approx. 400 mg) used in this investigation was maintained at a temperature 
as shown in fig. 3.12 in a thermogravimetric balance (Santos) and the loss in 
weight was recorded as a function of time. This will give a rough idea of the 
volatility of the stationary phase at temperatures normally employed for steroid 
analysis with these stationary phases. It is clear once more that the XE-60 phase 
shows enormous volatility, probably due to the presence of a considerable 
amount of material of low molecular weight. 

The products resulting from the above experiments were found to be rubber
like materials, so that it is plausible that thermal condensation had occurred. 
Further polymerization (cross-linking) probably occurs by condensation of two 
or more polysiloxane radicals. 

c:-
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~ 
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~ 
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Fig. 3.12. Thermogravimetric analysis of some stationary phases at a selected temperature 
in nitrogen atmosphere. 
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3.6. Column preparation 

Prior to coating, the column tubing must be cleaned thoroughly in order to 
eliminate any material that may have been left inside as a result of the manu
facturing process. The clean tubing is then coated with a thin film of the sta
tionary phase. Averill 3 - 16) proposed the addition of surface active agents to 
the stationary phase in order to eliminate secondary adsorption and tailing effects. 
However, because of the poor temperature stability of these compounds (max. 
170 oq they cannot be used for the analysis of steroids, which mostly require 
temperatures above 200 oc. The coating procedures reported in literature can 
be divided into two groups: dynamic methods and static methods. After coating 
the tubing is submitted to a conditioning procedure, which is necessary to 
ensure a stable column. 

3.6.1. Column cleaning 

In this investigation the stainless-steel tubing was cleaned by washing with 
organic solvents. 50 ml portions of chloroform, acetone, benzene and hexane 
were forced through the column, followed by the same amount of the solvent 
used to prepare the coating solution. After washing, the column was dried in 
a stream of nitrogen. Capillary tubing treated in this way was found to be clean 
(khexane < 0·02). 

3.6.2. Static coating method 

The static coating method, developed by Golay 3
-

5
), requires relatively com

plicated equipment and has the disadvantage that the column can be formed 
into its final shape only after coating. This method is also tedious and con
sequently not generally used. 

In this investigation we used the dynamic coating method and a variation of 
the static coating method which will be described in the next two sections. 

3.6.3. Dynamic coating method 

This coating method, originally used in the early work of Golay, was first 
described by Dijkstra and De Goey 3

-
3
). With this method, the solution of the 

stationary phase is forced through the tubing with the aid of an inert gas, in 
this case nitrogen. Thus the inside wall of the tubing is wetted by the solution. 
After the solution has left the column, the flow is maintained for a few hours 
in order to evaporate the solvent. The advantages of this coating method are 
that it does not require special equipment, that it can be carried out very quickly 
and easily and that the tubing can be coiled prior to coating. Factors influencing 
the preparation of a stable column and factors influencing the liquid-film thick
ness have been discussed by Kaiser 3-

17
). 

In practice this method gave rise to serious problems ifpolysiloxane polymers 
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were employed. Since fairly viscous solutions are involved with these phases, 
the column can easily be blocked with solid particles. For that reason filtration 
of the solution prior to coating is necessary. Another problem concerns the 
quality of the column after coating and conditioning. The performance of the 
columns in general proved to be very poor after the first coating procedure. It 
was also found that the problem could be solved by recoating the column, i.e. 
without the usual cleaning procedure. This has to be continued until an efficient 
column is obtained. In this connection it is remarkable that a column obtained 
with a multiple coating procedure gives a much better performance than a 
column obtained after a single coating, both having approximately the same 
liquid~film thickness. This method is particularly useful for non·selective phases 
such as SE-30 and OV-1. The method is less promising with selective phases 
and for these another procedure was followed. 

3.6.4. Modified static coating method 

With this method the column is filled, after the usual cleaning procedure, 
with a 2% solution of a liquid phase. The column is then closed at one end and 
placed in a thermostatic oven the temperature of which is subsequently pro
grammed with an arbitrary rate of 10 °C/rninute to 20 oc above the boiling 
point of the solvent used for the preparation of the coating solution. In this 
way a part of the coating solution is expelled from the column, and the solvent 
in the remaining solution is evaporated. After evaporation is completed, the 
sealed end of the column is opened and a nitrogen-gas flow is applied to this 
end of the column in order to dry it thoroughly. Mter drying, the usual condi
tioning procedure is followed. The advantages of this coating procedure over 
the original method are the same as for the dynamic method (sec. 3.6.3). The 
modified static method yielded good results with the selective phases XE-60, 
QF-1 and OV-17. For coating with polysiloxane polymers, this method is only 
recommended for relatively short capillary columns ( ~ 20 m). 

3.6.5. Column conditioning 

Mter the freshly prepared column is dried, it has to be conditioned. To 
achieve this, the column is placed in a:Q. oven (or-the gas chromatograph itself), 
and the temperature is slowly raised (2 °Cfminute) to about 20 oc above the 
boiling point of the solvent employed. During this procedure a small carrier
gas flow (N2) is maintained through the column. After the column has been 
kept in these conditions for one hour, the carrier-gas supply is shut off and the 
temperature is again raised, at the same rate, to a level about 20 oc below the 
recommended maximum permissible temperature. The column is kept at this 
temperature for at least two hours. Then the temperature is decreased to about 
20 oc above the normal working temperature and a small carrier-gas flow is 
supplied to the column again. This flow is periodically increased for one hour 
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until the normal working flow is reached. The column is maintained in these 
conditions for at least 24 hours, after which the column will be ready for use. 
As a result of this conditioning, the remaining solvent will evaporate, and vola
tile or thermally unstable compounds which are possibly present in the station
ary phase will leave the column. It i~ also not unlikely that, with the polysiloxane 
phases employed, thermal condensation occurs, resulting in cross-links between 
the polymer molecules as described by Gerrard et al. 3

-
18

). Conditioning of the 
column improves its stability and results in a much lower background signal as 
compared with a freshly prepared column 3

-
18

). 

Some final remarks: If the performance of columns prepared with non-selective 
phases declines, the situation can be easily remedied with a recoating procedure 
(without cleaning), which restores the original column performance. This, to
gether with the long lifetime of columns of this type (> 1 year), makes them 
very reliable for identification purposes. Columns prepared with selective phases 
have to be cleaned prior to recoating. The lifetime of XE-60 and QF-1 columns 
is very short (a few weeks), which is not surprising if we consider figs 3.11 and 
3.12. The preparation of selective columns is difficult. Probably the film thick
ness is often not homogeneous and the stationary phase is deposited in the form 
of islets. The formation of these islets gives rise to uncovered adsorptive areas 
on the column wall, which results in decreasing column efficiency and additional 
contributions to the retention times of the components to be analysed, as de
scribed by Berezkin 3

-
19

•
20

). In the present investigation this effect is avoided 
by preparing columns with fairly thick liquid films. OV-17 phases show altering 
separation characteristics (as a function of time) and are therefore not very 
suitable for identification problems. 

3. 7. Comparison of packed and open-hole tubular columns 

3.7.1. The volumetric phase ratio 

The most pronounced differences between packed columns and open-hole 
capillary columns can be reduced to differences in the volumetric phase ratio 
(/J) and permeability of the columns concerned. The (3 term, defined as (3 = 
VG/VL (eq. (1.2)), influences the number of theoretical plates necessary to 
achieve a given separation (sec. 3.7.4). (3 is much larger for open-hole capillary 
columns (50-1500) than for packed columns (6-35). 

Since the K value at a given temperature is independent of the column used, 
the k value should, according to eq. (1.2), become smaller if the (3 value in
creases (if capillary columns are used). However, for lower k values, more theo
retical plates are required to achieve a certain separation (eq. (1.16)). Capillary 
columns are therefore often operated at lower temperatures, which results in 
higher K and corresponding k values. 
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3.7.2. Column permeability 

The permeability of the columns controls the time of analysis and limits the 
usable column length owing to excessive inlet pressures required to maintain 
a certain flow. According to Ettre 3

-
14

), the permeability for packed and 
capillary columns can be expressed by the equations 

d2 
Bov 

p 
(3.17) 

1012 
and ,z 

Bo =-
c 8 ' 

(3.11) 

where dv is the effective particle diameter and the subscripts p and c refer to 
packed and capillary columns, respectively. The permeability for packed col
umns may vary between 2.10- 7 and 10-6 cm2 while for capillary columns with 
an inner diameter of 0·25 mm it is about 2.10-s cm2

• From these figures and 
with the aid of eq. (3.10) it can be readily established that in order to maintain 
a given average linear carrier-gas velocity packed columns require inlet pres
sures which are 20-100 times higher than open-hole tubular columns (~ = 

0·25 mm) of the same length. This fact impedes the utilization of long packed 
columns. 

Since u values are approximately the same for packed and capillary columns, 
the analysis time should be considerably longer for the longer capillary columns, 
according to eq. (1.3). However, since the k values are considerably smaller and 
higher flow rates can be used with these columns, the actual analysis times can 
be significantly shorter than those for the corresponding, much shorter, packed 
columns. 

3.7.3. Resolution 

The relative retention ri 1 or relative volatility IX does not express the true 
separation of two consecutive peaks because they do not take into account the 
sharpness of the peaks. This is schematically illustrated in fig. 3.13. Since the 
values of K are independent of the type of column for a given temperature and 
stationary phase, the IX values are also independent of the column type according 
to eqs (1.15) and (1.2). A quantity taking into account the sharpness of the 
peaks, and thus expressing the true separation between two compounds, is the 
resolution, which is defined in eq. (1.15). Substitution of IX rj1 in this equa
tion results in 

(3.18) 

Comparing the resolution of the two types of column by dividing the corre-
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Fig. 3.13. Schematic representation of the difference in resolution for two compounds, with 
the same relative retention (a) as can be obtained with open-hole capillary columns (a) and 
packed columns (b), respectively. 

sponding terms as given in eq. (3.18) results, since the rx terms cancel out, in 

where 

klc) [kip) 1] vnlc) = ~ vnlc)' 

kip) [kic) + 1] nj(p) M nJ(p) 

M =kip) [klc) + 1] 

klc) [kip)+ 1] 

(3.19) 

and the characters in brackets, c and p, refer to capillary and packed columns, 
respectively. If kip) and kic) are large compared to unity, M approximates 
unity and eq. (3.19) can be rewritten as 

nJ(c) 
Rll(c) = RtiP) y-. (3.20) 

nip) 

Because capillary columns possess a much higher intrinsic number of theoretical 
plates, the resolution is much better for this type of column, particularly if high 
k values are involved. If the k values decrease, the differences between the two 
column types will become less pronounced. 
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The performance of packed columns is often related to the separation of a 
pair of isomers. In the analysis of fatty-acid methyl esters, the column efficiency 
is indicated by the separation of the methyl-stearate-methyl-oleate pair; in the 
analysis of steroids the separation of the coprostane (5/)-cholestane)-cholestane 
(5a-cholestane) pair is advocated. According to Eik-Nes and Horning 3- 21) a 
packed column can be classified as very efficient if it is capable of achieving a . 
separation of R 1· 5 for the coprostane-cholestane pair. The separation of 
these geometrical isomers with an open-hole capillary column was illustrated 
in fig. 3.3. The numerical values characterizing the column's performance are 

TABLE 3-II 

Numerical values for the separation of the coprostane-cholestane pair as 
illustrated in fig. 3.3 

coprostane cholestane 

tR (min) 27·3 29·7 
t'R (min) 24·9 27·3 
a 1·10 
k 10·4 11·4 
n 19750 20520 
L(m) 18 18 
u (cm/s) 12·5 12·5 
R 3·0 

listed in table 3-II. The resolution calculated according to eq. (3.18) has a 
value of 3, i.e. twice the resolution achieved with a very good packed column. 
If a resolution of R = 1·5 is sufficient for this capillary column, then, according 
to eq. (3.18), only 5150 theoretical plates would be required (a and k1 constant) 
for the second compound and, if we assume that the HETP is the same, a 
column length of 4·5 m would be sufficient. On the other hand, with this 
particular column (18m), two compounds with a relative volatility (a:) of 1·048 
can still be separated (k1 and n constant) with a resolution of R 1·5. 

3. 7 .4. Number of theoretical plates required 

Equation (3.18) can also be solved for n: 

nreq = 16 R1/ (IX 0! ly (kJ: 1 Y· (3.21) 

Equation (3.21) determines the number of theoretical plates required to obtain 
a desired resolution (R 11) between two compounds with a given relative vola-
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tility (a:) and a given value of the capacity ratio (k1). It is evident that a decrease 
in k1 or, from k = K(fJ, an increase in fJ, as is the case when capillary columns 
are introduced, results in an increase of the number of theoretical plates required 
if a: and R 11 are kept constant. In order to compare the number of theoretical 
plates required to achieve a desired resolution between two compounds charac
terized by a given a: for the two types of column, the following equation can 
be derived: 

n(c) 

n(p) [
R(c)J

2 
[kip) {kic) + 1}]

2 

R(p) k1(c){k1(p) + 1} [
R(c)J2 M2. 
R(p) 

(3.22) 

The factor [R(c)/R(p)F relates the resolutions achieved on the two columns. 
If they are identical, this factor is unity and eq. (3.22) can be rewritten as 

n(c) n(p) M 2 • (3.23) 

The factor M 2 specifies how many times more theoretical plates are required 
with an open-hole capillary column than with a packed column in order to 
achieve the same resolution. For kic) and k1(p) values much larger than unity, 
eq. (3.23) simplifies to 

n(c) = n(p), (3.24) 

while with decreasing capacity ratios the number of theoretical plates required 
for capillary columns becomes significantly larger compared to the number 
required for packed columns. From a graphical plot of M 2 versus kic) it can 
be seen that the multiplication factor M 2 is only important for very low kic) 
values and even then only if the fJ(c)ffJ(p) ratio is large 3 - 14). 

Since open-hole tubular columns usually have a much higher intrinsic number 
of theoretical plates than packed columns, the factor R(c)fR(p) in eq. (3.22) 
can be considerably higher than unity (R(c) > R(p)). In other words, the 
higher efficiency can be used to obtain better resolutions or to separate more 
components. 

Figure 3.14 compares the column performance of a packed column (fig. 3.14a) 
and an open-hole capillary column (fig. 3.14b) with a standard mixture of the 
TMSi derivatives of the clinically important steroids, estrone, estradiol, 
pregnanediol and estriol. The numerical values for estrone-TMSi and estra
diol-TMSi on both columns are listed in table 3-III. The separations are 
achieved on the same stationary phase and at approximately the same tem
perature with both columns. According to this table the resolution for the 
capillary column is 4·30 whereas for the packed column it is only 1·48. The 
retention times for estradiol are much alike, viz. 20·2 and 21·1, respectively. 

We will now consider the requirements for the packed column if the resolu
tion of the capillary column is to be obtained and vice versa. Simultaneously, 
the influence of these on the analysis time will be considered. According to eq. 
(3.21) the number of theoretical plates required to achieve a resolution 
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Fig. 3.14. Analysis of a standard mixture of the TMSi derivatives of estrone (1), estradiol (2), 
5,8-pregnane-31X,20a-diol (3) and estriol (4) on a packed column (a) and capillary column (b). 
Experimental: 
(a) Column, 1·8x2 mm s.s.; s.p., SE-30; support, Gas Chrom P (80-100 mesh); Lc.g.v. 
(N2), 4·5 cm/s; column and FID temp., 235 °C; inj. temp., 260 °C. 
(b) Column, 20 mx0·25 mm s.s.; s.p., SE-30; l.c.g.v. (N2), 9·4 cm/s; column and FID temp., 
240 °C; inj. temp., 260 °C. 

of R = 4·30 on the packed column, with IX = 1·21 and k1 = 30·9, is 10 470. 
This requires a column length of 8·4 times the original length, namely 15·1 m. 



70 

TABLE 3-III 

Numerical values for the TMSi derivatives of estrone and estradiol (fig. 3.14) 

open-hole tubular packed 

estrone estradiol estrone estradiol 

tR (min) 17·7 20·2 17·5 21·1 
t'R (min) 14·2 16·7 16·8 20·4 
a 1-18 1·21 
k 3·9 4·6 25·5 30·9 
n 15850 18830 1170 1247 
L(m) 20·0 1·8 
ii (cmfs) 9·4 4·5 
M 1·209 1·183 1·209 1-183 
k(y)/k(c) 6·6 6·7 6·6 6·7 
R 4·30 1·48 

This column length is highly unpractical for packed columns owing to the 
increased pressure drop necessary to maintain the same linear carrier-gas veloc
ity, as follows from sec. 3.7.2. The analysis time with this packed column will 
be 178·0 minutes compared to 20·2 with the capillary column (for estradiol), 
assuming that ii is kept constant and thus a higher pressure drop is employed. 
If a resolution of R 1·48 is sufficient for a capillary column, 1830 theoretical 
plates are required according to eq. (3.21). This means that a column length of 
1·94 m is sufficient. The analysis time for estradiol with this column (ii is con
stant) is only 2·0 minutes compared to 21·1 with the packed column. Another 
way of expressing the efficiency of a column is to calculate the minimum relative 
volatility of two compounds, required to separate the latter with a desired reso
lution. In this example the minimum relative volatility (a) of estrone and 
estradiol required to obtain a resolution of R 1·48 on the capillary column 
is a = 1·055, assuming that kic) and n(c) are constant. This is significantly 
lower than the value for the packed column (a: 1·21). 

The higher column efficiency of the capillary column can be used to improve 
the separation of more complex mixtures. Examples on different stationary 
phases are given in the next few figures. Figure 3.15 shows the analysis of the 
TMSi derivatives of a restricted group of steroids with a packed column (fig. 
3.15a) and with an open-hole capillary column (fig. 3.15b). For both columns 
SE-30 was employed as the stationary phase. Composition of the mixtures and 
experimental conditions are given in the legends to the figures. An improve
ment in resolution is also shown in fig. 3.16 for the analysis of a standard mix-
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Fig. 3.15. Analysis of a standard mixture of the TMSi derivatives of dehydroandrosterone (1}, 
androsterone (2), etiocholanolone (3), dehydroepiandrosterone (4), epiandrosterone (5), 
11-keto androsterone (6), 11-keto etiocholanolone (7), estrone (8), estradiol (9), 11/1-hydroxy 
androsterone (10), 11/1-hydroxy etiocholanolone (ll), 5f1-pregnane-3oc,20a-diol (12) and estriol 
(13), on a packed column (a) and an open-hole capillary column (b). 
Experimental: 
(a) Column, 1·8 mx2 mm s.s.; s.p., SE-30; l.c.g.v. (N2), 4·5 cm{s; column+ FID temp., 
230 °C; inj. temp., 250 °C. 
(b) Column, 20 mx0·25 mm s.s.; s.p., SE-30; l.c.g.v. (N2), 10·7 cm/s; column and FID 
teml?·· 230 °C; inj. temp., 260 °C. 

ture of the TMSi derivatives of a restricted group of steroids, mainly 17-keto 
steroids, with a capillary column (fig. 3.16b). The separation of the same 
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Fig. 3.16. Analysis of a standard mixture of the TMSi derivatives of 5o:-pregnane-3a,20rx-diol 
(1), 5/1-pregnane-3a,20rx-diol (2), androsterone (3), etiocholanolone (4), dehydroepiandro
sterone (5), pregnanolone (6), pregnane-trio] (7), 11-keto androsterone (8), 11-keto etio
cholanolone (9), 11,8-hydroxy androsterone (10), 11/J-hydroxy etiocholanolone (11) and 
pregnanetriolone (12) on a packed column (a) and an open-hole capillary column (b). 
Experimental: 
(a) See ref. 3-2. 
(b) Column, 20 mx0·25 mm s.s.; s.p., XE-60; l.c.g.v. (N2), 19·1 cmjs; column and FID 

temp., 225 °C; inj. temp., 260 °C. 
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Fig. 3.17. Analysis of a standard mixture cf the TMSi derivatives of androsterone (1) and 
etiocholano1one (2) on a packed column (a) and an open-hole capillary column (b). 
Experimental: 
(a) See ref. 3-23. 
(b) Colunm, 20 mx0·25 mm s.s.; s.p., QF-1; l.c.g.v. (N2), 16·7 cm/s; colunm and FID 
temp., 220 °C; inj. temp., 260 °C. 
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steroids on a packed column (fig. 3.16a) employing the same XE-60 stationary 
phase was described by Curtius and MUller 3

-
22

). 

In fig. 3.17 the separation of the TMSi derivatives of androsterone and etio
cholanolone with the selective phase QF-1 on both column types is compared. 
The packed column is described by Roversi and Ferrari 3

-
23

). 

3.7.5. Detection limit 

As already discussed in previous sections (3.2 and 3.4.7), the detection limit 
of open-hole capillary columns is superior to that of packed columns. 

3.8. Natural samples 

All chromatograms shown so far in this chapter represent standard steroid 
mixtures, except the chromatograms sho'Wn in fig. 3.9 and illustrating the 
influence of derivative formation on column performance. In this section we 
will give some examples of GC analysis of a few samples obtained by extraction 
from natmally occurring substances. Where possible, the sample components 
are identified with the aid of reference compounds, using different stationary 
phases. The first example, a GC analysis of a "pregnancy" urine, is illustrated 
in fig. 3.18. The sample is prepared according to the procedure described in 
sec. 2.4.5, starting with 200 [Ll of the urine. The collected steroids, together with 
the internal standard (n-tetracosane), are taken up in 3 [Ll of the silylating 

5.70-12A (1) (J) 

4 B ~ m m x ~ ~ ~ ~ 
----;o- Time(min) 

Fig. 3.18. Analysis of a "pregnancy" urine with an open-hole capillary column. Identified 
compounds (TMSi derivatives): tetracosane (1), pregnanolone (2), 5,8-pregnane-3a,20<X-diol 
(3) and estriol (4). 
Experimental: column, 18 mx0·25 mm s.s.; s.p., SE-30; l.c.g.v. (N 2), 13·7 cm/s; column 
and FID temp., 240 °C; inj. temp., 260 °C. 
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agents BSA and TMCS (9 : I). A 0·1-[J.l aliquot of this mixture is injected. The 
experimental GC conditions and the TMSi derivatives identified are given in 
the caption to the figure. The lack of reference compounds and also the presence 
of non-steroidal impurities interfering in the GC analysis of natural samples 
meant that not all peaks could be identified. In the next sample, shown in fig. 
3.19, the urine of a woman after habitual abortion is analysed. The pretreatment 
is the same as indicated in the previous example. This sample is more complex 
and here too, and for the same reasons, not all the compounds could be iden
tified. 

The next few examples deal with sterols occurring in vegetable oils. These 
sterols were obtained in three fractions containing the A5,4cx-methyl and 4,4-
dimethyl sterols respectively. The analysis of the A 5 sterol fraction has already 
been shown in fig. 3.9 and we will now illustrate the analysis of the other frac
tions of the same oil. Unfortunately, no reference compounds were available 
so that no identification could be carried out. Figure 3.20 ( 4cx-methyl) and 
3.21 (4,4-dimethyl) only demonstrate the usefulness and possibility of perform
ing sterol separations with open-hole capillary columns. At last the GC analysis 

(10)(11) 

{3) 
(!) 

§ 
~ 
~ {2) 

.£3 (9) u. 
~ (1) 
~ (5) 

(4) 

(6) 

40 44 48 52 
-Time(min) 

Fig. 3.19. Analysis on an open-hole capillary column of a woman's urine after habitual abor
tion. Identified compounds (TMSi derivatives): dehydroandrosterone (I), androsterone (2), 
etiocholanolone (3), dehydroepiandrosterone (4), epiandrosterone-11-keto androsterone-11-
keto etiocholanolone (5), pregnanolone (6), 11{1-hydroxy androsterone (7), 11{1-hydroxy 
etiocholanolone (8), 5{1-pregnane-3a;,20P-diol (9), 5{1-pregnane-3a:,20a;-diol (10) and pregnane
diol and/or i-androstanolone (?) (11). 
Experimental: column, 20m x0·25 mm s.s.; s.p., SE-30; l.c.g.v. (N2), 10·7 cmfs; column and 
FID temp., 230 °C; inj. temp., 260 °C. 
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0 

Fig 3.20. Analysis of the 4:x-methyl sterol fraction (TMSi derivatives) of an Israeli soya oil 
on an open-hole capillary column. 
Experimental: column, 20 m x0·25 mm s.s.; s.p., SE-30; l.c.g.v. (N2), 10·7 cm/s; column 
and FID temp., 250 °C; inj. temp., 280 °C. 

I 
• 
0 

Fig. 3.21. Analysis of the corresponding 4,4-dimethyl sterol fraction (TMSi derivatives). 
Experimental: see fig. 3.20. 
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of the total sterol content of an olive oil is shown in fig. 3.22. After an initial 
heating rate of 10 °C/minute from 100 to 250 oc in order to acWeve a better 
separation in the first part of the chromatogram, the column was kept at the 
latter temperature. All sterols are analysed as their TMSi derivatives. 

These examples clearly demonstrate the usefulness of open-hole capillary 
columns in the analysis of natural samples. A remarkable fact is that the 
improvement in column performance with derivative formation is more pro
nounced when applied to sterols than to the lower-molecular-weight com
pounds such as the 17-keto steroids. 

Furthermore, the use of non-selective phases must be preferred to that of 
· . selective phases because of their longer lifetime and Wgher stability. Lifetimes 
i ; of only two weeks for columns prepared with selective phases are not unusual. 
'\•. In addition, columns with non-selective phases can be prepared more easily. 
•! In conclusion, we can say that for steroid analysis on open-hole capillary 
t; columns, requiring fairly Wgh temperatures, the non-selective phases are the 
'\· most promising. The introduction of new selective phases, whlch should possess 

better temperature stability, might stimulate the use of selective phases. In this 
connection we once more emphasize the recent introduction of the selective 
phases OV-210 and OV-225 (fig. 3.11). 

I 

0 4 

~a i2 is 8o (')8 92 9o 100 104 108 ~ 
---- Time{min} 

Fig. 3.22. Analysis of the total sterols of an olive oil (TMSi derivatives) on an open-hole 
capillary column. 
Experimental: column, 20 mx0·25 mm s.s.; s.p., SE-30; l.c.g.v. (N2), 7·7 cmfs; column and 
FID temp., 250 °C; inj. temp., 280 °C. 
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4. CARBON NUMBER, A NEW DEFINITION 

4.1. Introduction 

It follows from the previous chapter that the introduction of capillary columns 
enables more complex mixtures to be analysed. This results in a corresponding 
increase of information in the form of retention quantities, leading to improved 
characterization and more reliable identification of the compounds concerned. 
It will be evident that the abundance of information resulting from the intro
duction of capillary columns, while making identification more reliable, will 
also raise certain problems of data handling. 

The basic retention quantities are retention volume and retention time and 
of these the latter is to be preferred (sec. 1.2.2). Retention quantities depend 
closely on the operational parameters and are seldom expressed in absolute 
units. In practice, retention ratios or relative retentions are used almost exclu
sively. Unfortunately, early attempts to standardize on the basis of a limited 
number of standard compounds failed. This is one of the reasons why relative 
retention data are seldom of use for information exchange between laboratories. 
A favourable exception is the Rx, 9 value introduced by Evans and Smith 4 - 1). 

This quantity has met with a fair degree of acceptance. It seems, however, that 
the calculation of retention data in relation to more than one standard is gaining 
ground rapidly. These data are more reproducible as already pointed out by 
the above-mentioned authors. 

The retention index (RI) system defined by Kovats 4 - 2 •3) is based on these 
important points. In this concept the retention times of an inert gas and of 
two internal standards are used (the use of external standards is not excluded). 
The internal standards are chosen so as to bracket the substance to be identified. 
The most important feature of the Kovats index is that it is independent of the 
linearity of the log plot (the plot of the logarithm of adjusted retention times of 
members of a homologous series versus carbon number). It is therefore un
ambiguous and should lead to the same results in different laboratories. How
ever, as measurements become more accurate, discrepancies may be found in 
indices to be calculated with this system. These differences can be explained 
by the fact that the Kovats index depends on the nature of the inert gas and, 
therefore, on the gross retention time of that particular gas. In practice, methane 
is often used as an inert gas, but when accurate measurements are carried out, 
significant differences are obtained between the retention times of methane and, 
say, helium or hydrogen. The differences lead to different Kovats indices, in 
particular for compounds with short retention times. 

The following equation represents the Kovats formula in mathematical form: 
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where tRz < tRI < tRz+l• 

t R is the retention time, 
z the number of carbon atoms of a normal paraffin, and 
tM the measured column hold-up time. 

(4.1) 

From eq. (4.1) it can be seen that the retention behaviour of the compound to 
be identified (i) is expressed relative to that of two members of the homologous 
series of then-alkanes with carbon numbers z and z + 1, respectively. The 
indices of the members of this homologous series are multiples of 100, as can 
easily be found from the same equation. Furthermore, the index of an arbitrary 
compound (i) is 100 times the carbon number of a hypothetical n-paraffin 
eluted between the standard paraffins with carbon numbers of z and z + I, 
respectively. According to the definition, the choice of the standards for a given 
compound, is fixed. However, in gas-chromatographic analysis of complex 
mixtures it is often inconvenient to add a number of n-alkanes in order to be 
able to bracket all compounds present in the mixture and simultaneously avoid 
overlap on or interference with the components of the mixture by the standards. 
It was therefore considered worthwhile to look for a more flexible identification 
system. In how far this will be possible depends, among other things, on the 
linearity or non-linearity of the log plot. For the "linear" part of this plot it 
will be possible to use a more flexible definition of the retention index, as will 
be seen in sec. 4.4.2. For the curved part of the plot, fixed standards have to 
be used, since here, in contradistinction to the linear part of the log plot, the 
retention indices depend on the choice of then-alkane standards. An unambig
uous definition of the 'index in this range of the log plot is therefore essential 
if we are to be able to compare the resultant retention data for inter-laboratory 
use. Another fact which is often overlooked is that only retention values that ~ 
have been calculated on the basis of .E.djusted retention times are characteristic ..b -· 

of the retention behaviour on a particular stationary phase. Extensive tables r . 
of retention data are available, but they are not equally useful, owing to the ·· vfi'J 
above-mentioned restriction. All data based on improper retention quantities 
should be converted into correct quantities; a step in this direction was taken 
by Kaiser 4- 4). Other sources of discrepancies in inter-laboratory comparison 
of retention data are the influence of temperature, support effects and the use 
of chemically ill-defined stationary phases, to mention only a few of the more 
important. 

The fact that only adjusted retention times are valid means that, according 
to eq. (1.4), the column hold-up time, tM, has to be determined. The determina
tion of a suitable hold-up time appears to present a big problem in gas chroma
tography, in particular if ionization detectors are used. Determination and cal
culation of the hold-up time are discussed in detail in sec. 4.2. 
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The adjusted retention times are also important in connection with the rapidly 
developing technique of computer-aided data processing, since the computer, 
too, requires adjusted retention times or the quantities derived from them. In 
most cases, therefore, the column hold-up time has to be determined prior to 
submission of the data to the computer. This is a time-consuming step in the 
procedure but, as will be shown in sees. 4.4.2 and 4.4.3, it can be avoided. In 
these sections three equivalent definitions for a new carbon-number concept are 
discussed. In one of them the column hold-up time is calculated from three 
equidistant n-alkanes. The other two definitions do not use the hold-up time 
as such, but quantities derived from it. These quantities and therefore also the 
indices of compounds to be identified can be calculated by starting from the 
gross retention times of three equidistant normal paraffins and the gross reten
tion times of the compounds to be examined. In this way all gross retention 
data can be fed into the computer, which may be on-line, and the tM values, 
adjusted retention times, differences in retention times and carbon indices can 
be calculated. This procedure considerably simplifies the handling of data by 
the computer. In sec. 4.4.2 the extension of this concept to the linear part of 
the log plot is discussed. In sec. 4.3 the linearity of the log plot, methods for 
testing the linearity and the influence of several measured and calculated column 
hold-up times on the linearity of the log plot are considered. In sec. 4.5 a com
puter program developed for the calculation of these indices is given. We believe 
that if the above concept and this program are used by other workers in the 
field of gas chromatography, a better standardization of retention indices can 
be obtained. That is why the program is included and discussed in more detail. 

4.2. Determination of column hold-up time 

In gas chromatography the first value which can be measured is the retention 
time (tR)· As formulated in eq. (1.4), this retention time is composed of two 
factors: one, tM, that depends on the dimensions and conditions in the separa
tion system and one, t' R• that is charaq:eristic of the separation process. Stated 
asaformula: '· .·.·. · ··~·· 

1 , ; '' ; ''l ·, · ... , tR ={f:)+ tM. .I ! ·1 '.[ 'i '\ (4.2) 
"' . •' . - / I 

uth.\ c~olrirnn h~ld-up time, tM, is system-depend;t and consists of two parts. 
One part is the time, tMa• the mobile phase needs to pass all connecting lines, 
detector and sampling-system volumes. The other is the time the mobile phase 
has available for equilibrium with the stationary phase and is designated tMc· 

Stated as a formula: 

(4.3) 

Only the latter is of chromatographic importance and can be used to determine 
the capacity ratio k: 
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k (4.4) 

For the calculation of thermodynamic data it is of utmost importance to mini
mize the factor tMa by keeping the volumes in the detector, sampling system 
and connection lines small. We may then write: 

and eq. (4.3) simplifies to 

(4.5) 

In the preceding section the importance of using adjusted retention times was 
emphasized and therefore the column hold-up time has to be known. Unequiv
ocal determination of tM is necessary if we want to define a proper identifica
tion system. In particular, the use of capillary columns and the introduction 
of computer-aided data processing have intensified the search for an unambig
uous identification system and corresponding determination of tM. Several 
methods for the measurement and calculation of tM are reported in the litera
ture; these methods will be discussed briefly. 

4.2.1. Direct measurement of tM 

If a thermal-conductivity cell is used as a detector, the retention time of a 
non-retained (K = 0) inert gas can be measured. In general, air is used to 
produce this inert-gas peak. Although in most cases the air-peak time is a real 
equivalent of tM, it may lead to considerable errors in some. When flame
ionization detectors are used which do not respond to inert gases, methane is 
used as a substitute for the inert gas. In this case the conceivable errors may be 
much larger due to a definite value of K for methane (KcH4 > 0). According 
to Kaiser 4 - 5), the retention time of helium is the best approach for the column 
hold-up time, 

(4.6) 

4.2.2. Indirect measurement of tM 

For an indirect measurement of tM, the total gas volume of the gas-chromato
graphic system, including all hold-up volumes in the sampling system, detector, 
and connecting lines, is determined. The column hold-up volume is then cal
culated from a known carrier-gas flow as described by Kaiser 4 - 5). Although 
this method yields the proper column hold-up volume, the procedure is time
consuming and subject to error and requires much experience. 

Variations of these procedures are also known in literature. Of these the 
most interesting are the: 
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Hively method 4 - 6 ) 

Hively measured the retention times of air and a few normal paraffins on 
a packed column with a TC detector. The relationship between the n-alkane 
peaks was established and transferred to a capillary column equipped with an 
ionization detector. With the known relationships from the packed column and 
the gross retention times of the same compounds on the capillary column, the 
retention time of the air peak on the capillary column can be calculated. The 
temperature and stationary phase should, of course, be the same, while surface 
and support effects are neglected. This procedure is very time-consuming. 

Evans and Smith method 4 - 1) 

A value for the column interstitial volume was calculated, converted into a 
chart distance and subtracted from the gross retention distances. The logarithms 
of the adjusted retention distances obtained were then plotted versus the carbon 
number. If some curvature in the plotted curve was apparent, the calculated 
interstitial column volume was assumed to be in error and submitted to further 
correction. This correction was easily computed from the following expression: 

~ [R (c5log R) 2
] 

c5a = 2·303 -----
~(c5log R) 

I 

(4.7) 

These authors as long ago as 1961 used he concept of linearity of the log plot: 

log t' Rz = A + B z, (4.8) 

which is assumed to be valid for the higher members of the homologous series 
of the n-alkanes. This procedure, too, is very time-consuming. 

4.2.3. Calculation of tM 

Since, when flame-ionization detectors are used, direct measurement of t M 

is not possible and the other methods described above are somewhat inaccurate 
and subject to error, procedures were developed for calculating the column 
hold-up time. Especially in the field of steroid analysis, which takes place at 
elevated temperatures, it is very impractical to measure the column hold-up 
time. Nor can the usual approximation, the methane time, be used. Another 
approximation, the retention time of the front of the volatile-solvent peak, 
cannot be used because of the large deviations in this parameter caused by, 
for instance, overloading effects. 

The following procedures for calculating the column hold-up time, often 
referred to as "air-peak" time, are known: 
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Peterson and Hirsch method 4 -
7

) 

Peterson and Hirsch have published a method for calculation of the retention 
time of the "air peak" utilizing the known straight-line relationship (eq. (4.8)) 
between the logarithm of the adjusted retention times and the number of carbon 
atoms of the members of a homologous series. They used three n-alkanes, which 
have to be equally spaced with respect to carbon numbers. Even in parts of the 
log plot where linearity cannot be expected, eq. (4.8) may be used to calculate 
a tM value. In other words, by measuring the retention times of three consecu
tive n-alkanes (or three equidistant n-alkanes) it is always possible to calculate 
a value ct M such that if this is used to compute the adjusted retention times, 
the log plot of the three n-alkanes will be linear. This we call "linearization of 
the log plot". It will be evident that if the log plot is not linear, the value of 
ctM depends on the choice of the standards, as will be discussed in detail in 
sec. 4.3.3. This linearization is shown graphically in fig. 4.1. The Peterson and 
Hirsch method does not give the "air"-peak time directly but the difference 
between this peak and a line drawn arbitrarily in the chromatogram. 

lfJlogtRz(•) 
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- Carbon number 
Fig. 4.1. Linearization of the log plot. 

Gold's method 4 - 8) 

Gold's method is similar to that of Peterson and Hirsch without the restric
tion with regard to the equally spaced carbon numbers. However, his equations 
can only be solved by successive approximation. 

Hansen and Andresen method 4 - 9) 

These authors described a procedure similar to that of Peterson and Hirsch, 
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utilizing the fact that a linear relationship exists between the logarithm of the 
adjusted retention time and the Kovats index of the members of the homologous 
series of the n-alkanes. If the retention times are measured from the start, the 
position of the "air peak" is obtained directly, although the same is true of the 
Peterson and Hirsch method if we draw the arbitrary line through the starting 
point. 

In each of the three above methods the calculated column hold-up time, ctM 

depends on the choice of the standards, at least in the range of the log plot 
where curvature is present. In connection with the new concept of the carbon 
number, based on the etM, this means that the standards used for the identi
fication of a certain substance have to be established unambiguously. 

elM by regression 

In an attempt to solve the above problem, we tried to linearize the log plot 
over a definite range of carbon atoms, also taking into account the intermediate 
n-alkane standards. The result of this procedure is only one value for ,,tM, called 
elM regr. This elM regr. value corresponds to a straight line obtained by the 
method of least squares. The procedure followed is described hereafter. Sup
pose we want a regression of the log plot between methane and nonane. The 
elM value is calculated for every three consecutive n-alkanes by linearizing the 
log plot for these three standards as described above. This results in 7 elM 

values. We will call the lowest elM value cfM min. and the highest one etM max. 
A new quantity A is now defined as the difference between et M max. and et M min. 
divided by 100: 

cfM maX. efM min. 
A=-------

100 
(4.9) 

Next, the adjusted retention times and the corresponding straight line are cal
cu1ated for each etM regr. =elM min. n A (n is zero or a positive whole 
number in the range from 1 to 100). The best line in each case is determined 
by the method of least squares. The sum of the least squares is also determined 
for each line thus obtained. The value of elM regr. ctM min. + n A for which 
the sum of the least squares is smallest is adopted as the appropriate ct.'<~ regr. 
for this regression range because the best straight line is obtained with this 
elM regr. In this case, however, the value of etM regr. also depends on the range 
of regression; in other words, regressionover C6-C9 andregressionoverCcC9 

will yield different elM regr. values. In addition to the fact that this method is 
more complicated, the problem of how to define the linearization range still 
remains unsolved. 
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Method adopted for calculating elM 

In defining a new carbon number, we choose the Peterson and Hirsch 
method 4 - 7 ), but without the arbitrary line, for calculating elM; preferring the 
more accurate direct time measurement, we measured from the start of the 
analysis; see also Groenendijk and Van Kemenade 4 - 10). 

For a linear or linearized part of the log plot, eq. (4.8) applies, as shown 
in fig. 4.1, and we may say: 

log (lRz-n- elM) =A + B (z- n), 

log (lRz -elM) =A + B (z), 

log (lRz+n- elM) =A + B (z + n). 

(4.8a) 

(4.8b) 

(4.8c) 

Subtracting (4.8a) from (4.8b) and (4.8b) from (4.8c), we finally obtain: 

elM can be solved from the equation 

lRz-n lRz+n- lR/ 
elM= ' 

lRz-n + lRz+n- 2 lRz 

where lRz is the retention time of an n-alkane with z carbon atoms, 
elM the calculated column hold-up time, 
A and B are constants, and 
n is a positive whole number. 

(4.10) 

(4.11) 

In the linear part of the log plot it is not important which standards we select, 
as long as they are equidistant. In other words, the values of z and n are not 
critical. However, the opposite is true for the starting region of the log plot, 
which will be curved (see also sec. 4.3.3). In this range elM will depend on the 
particular choice of the standards and for a generally useful carbon-number 
concept we must fix the value of n and also, as will be seen later, that of z. 
The definition of elM for an arbitrary set of consecutive standards will then 
become 

(4.12) 

As can be see from eq. (4.12), only one value of elM is possible for each set 
of standards and this value can easily be computed from the gross retention 
times of these standards. Of course, eq. (4.8) is not valid in the lower range of 
the log plot, but linearization yields a linear part of the log plot with one cor
responding elM. This elM has no physical meaning, but can be used to define an 
unambiguous retention-index system. The indices obtained with this system 
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can be compared, on an interlaboratory scale, with indices calculated in the 
same way. 

4.3. Linearity of the log plot 

As mentioned in the previous sections, the value of ctM and therefore the 
values of the adjusted retention times and quantities derived from them are 
dependent on the linearity of the log plot. In this section methods for testing 
the linearity of the log plot are described. Then these criteria are applied to 
two regions of the log plot, namely the range between C18 and C32, which is 
important for steroid analysis, and the range between cl and c9, where con
siderable curvature can be expected. 

4.3.1. Testing the linearity of the log plot 

In general, three methods for testing the linearity of the log plot can be 
considered: 

Graphical method 

The logarithms of the adjusted retention times ( t' Rz) obtained with a measured 
or calculated tM are plotted versus the corresponding carbon number. An 
apparent straight-line relationship indicates that eq. (4.8) is applicable. It will 
be evident that this method is not very accurate. 

Slope method 

For every two consecutive or equidistant n-alkanes, the quantity B (slope) 
from eq. (4.8) is calculated by subtraction of eq. (4.8b) from eq. (4.8c) and 
application of eq. (4.2). This results in 

log t' Rz+n -log t' Rz 
---~----- = B. (4.13) 

n 

If different B values are obtained for several pairs of n-alkane standards, eq. 
( 4.8) is not valid. The slope method is far more sensitive than the graphical 
procedure. 

Index method 4 - 10) 

Another way of investigating the linearity of the log plot is to linearize it in 
a certain region and then to study its behaviour outside this region. If this is 
done for, say, the "Kovats" indices, then, if eq. (4.8) is valid, the indices of the 
n-alkanes inside and outside this region should be multiples of 100. If they are 
not, the log plot is not linear. This methOd, too, is very sensitive. 

4.3.2. Linearity of the C18-C32 region 

The range of carbon numbers between octadecane and dotriacontane is very 
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important in steroid analysis. The indices of most steroids examined in this 
investigation are within this range. The linearity of the range was tested by the 
index method. The indices were calculated on the basis of the definition in 
sec. 4.4. An ALGOL-60 computer program was written to compute these 
"Carbon Indices" (CI). This Carbon-Index computer program is discussed in 
more detail in sec. 4.5. 

To test the linearity of the log plot ann-alkane blend consisting of alkanes 
n-C18 to n-C32 was injected into the column. n-C24, n-C28 and n-C32 were 
added in excess to act as markers. A typical chromatogram of this blend is 
shown in fig. 4.2. Experimental conditions are reported in ref. 4-10. The log 
plot of the marker compounds was linearized. Mean values of carbon indices 
and standard deviations using 12 different chromatograms are given in table 
4-1. The standard deviation a is calculated from: 

(4.14) 

where Cl is the carbon index and i the number of measurements. According 
to the definition in sec. 4.4.2, the CI should be numerically equal to the cor
responding carbon number. As table 4-I shows, no significant deviation and 
no trend can be observed. 

TABLE 4-1 

Carbon indices for the C18-C32 region 

carbon number CI;i_~·g 

18 18·01 
19 19·00 
20 20·00 
21 21·00 
22 22·01 
23 23·01 
24 24·00 
25 25·01 
26 26·00 
27 27·00 
28 28·00 
29 29·00 
30 30·00 
31 31·00 
32 32·00 

(J 

0·019 
0·012 
0·013 
0·010 
0·011 
0·008 
0 (standard) 
0·002 
0·006 
0·004 
0 (standard) 
0·004 
0·005 
0·007 
0 (standard) 
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Fig. 4.2. Normal-alkane mixture. 

1 \_.._._ 
758·5 

In table 4-11 the same quantities are listed but now the indices for each com
ponent in one chromatogram are successively calculated with 7 sets of 3 equi
distant standards viz., C18-C22-C26, C19-C23-C27, etc., up to C24-C28-C32 • 

TABLE 4-11 

Carbon indices with changing standards 

carbon number CI~i-~og (j 

18 17·99 0·015 
19 18·99 . 0·014 
20 19·99 0·012 
21 21·00 0·010 
22 21·99 0·010 
23 23·00 0·010 
24 24·01 0·008 
25 25·00 0·008 
26 26·00 0·006 
27 27·00 0·009 
28 28·00 0·009 
29 29·00 0·011 
30 30·00 0·013 
31 31·01 0·016 
32 32·01 0·020 
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From tables 4-I and 4-II we may conclude that there is no reason to assume 
any curvature in this part of the log plot in view of the close agreement between 
the carbon indices obtained and the corresponding carbon numbers for the 
n-alkanes, and in view of the absence of a systematic deviation. This is, of 
course, within the accuracy of the measurements. The reason why the value 
of4isselectedforthe quantity n in eq. (4.11) is a practical one; this value of 
n results in a linearization range that is very convenient for the gas-chromato
graphic analysis of steroids. 

4.3.3. Linearity of the CcC9 region 

In practice, when FID detectors are employed, methane is often used to 
determine the colwnn hold-up time. However, if we define methane as not being 
retarded, then we automatically define the log (adjusted retention time) as 
minus infinity. When it is considered that, from a theoretical point of view, 
every non-ideal molecule is retarded in a gas-chromatographic colwnn, it will 
be clear that we are thus introducing into the beginning of the log plot an error 
which causes curvature in this part of the plot. This is exemplified in fig. 4.3. 
If, for instance, the gross retention time of hydrogen is used as a tM, a more 
linear log plot results, as can be seen from the same figure. The CI of hydrogen 
is taken equal to zero 4 - 3), although, according to eq. (4.1), the index of hy-

1
3·2 

2·8 

-- tM=teH2 

--- tM"tRCH4 

2·4 

2·0 

1·5 

1·2 

0·8 

0·4 

2 3 5 5 
-Carbon number 

Fig. 4.3. Linearity of the log plot for tM tR H
2 

and tM = tR cH
4

• 
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drogen is not defined in this case (tM = tR Hz). Because the difference between 
tR H 2 and tR cH4 is small, the effect of this upon the carbon index will become 
negligible with increasing carbon number, resulting in an asymptotic approach 
to a straight line. A mixture of CcC6 n-alkanes and hydrogen, as shown in 
fig. 4.3, was analysed with a thermal-conductivity cell at 25 oc on a squalane 
column. For further experimental conditions see also ref. 4-11. To test the 
linearity of the log plot in the CcC9 region a mixture of the C1 to C9 n-alkanes 
was analysed with a FID detector at 50 oc on a squalane column. Parts of 
the log plot were linearized with different sets of consecutive or equidistant 
n-alkanes and the carbon indices of all n-paraffines present were calculated. 
The same was done with a number of regression procedures. The results are 
listed in table 4-III. For comparison the indices obtained with tM = tR cH4 

are also included. In this case and in those of the regression procedures, the 
indices are calculated relative to n-C7 and n-C8 • We observe that the standard 
deviation of these measurements is only 0·0003 of a carbon index point. Com
pare also Van Kemenade and Groenendijk 4 - 11). It can be concluded from 
table 4-III that for each set of standards or regression range a different elM 

value is obtained. This fact and also the deviations of the carbon indices from 
their corresponding carbon number is an indication that the log plot is not 
linear in this area. It can also be seen that linearization or regression over a 
wider range of carbon numbers results in a more linear log plot, as is exempli
fied by the above-mentioned deviation of the carbon indices from their corre
sponding carbon numbers. 

Some parts of the log plot are fairly linear, as can be seen from the lineariza
tion over n-C6 , n-C7 and n-C8 • The deviation in the carbon index from C5 

to C9 is only 0·005 of a carbon index point, but this is 20 times the standard 
deviation of the measurements! ! We may say that, as the precision improves, 
the range over which the log plot is not linear will extend. However, when reading 
articles on this subject, we have to bear in mind that the reverse is also true. 

The same test can be performed using the slope method. The B values from eq. 
(4.13) for n = 1 are listed in table 4-IV. The index of B refers to the lowest 
carbon atom of the standards, e.g. 

The values obtained for tM tR cH4 are once more included for comparison. 
Ideally Qinear log plot), all B values should be equal. Table 4-IV leads to the 
same conclusion as was reached before (table 4-III). 

Nevertheless a fairly linear log plot can be obtained in some cases, e.g. for 
regression in the range CcC9 • This is shown in fig. 4.4. However, excessively 
small ctM values can also be obtained by linearization. Excessively small ctM 

values, ctM6- 9 regr. and ctM 789
, result in an upward deviation of the log plot, as 

is also seen in fig. 4.4. This phenomenon, in contradistinction to the effects 



TABLE 4-III 

Carbon indices on squalane at 50·2 oc 
I ctM123 I ctM234 I ctM345 t 456 I t 567 eM eM : ctM678 ctM789 ! ctM159 [ ctM369 I ctM6-9 regr. cf.r,/-9 regr. tM=tRcH 4 

ctM (s) : 1068·49 1071·02 1064·37 to6o·99lto56·8sl1o53·5211o22·3o 1067-68 !1061·051 1046·03 I 1068·10 1073-9 

carbon 
i 

tRz I number (s) 

I 1073·9 1·0000 0·7166 1·4947 1·7285 1·9723 2·1436 3·0504 1·0000 1·6827 2·4526 0·8838 -
2 1083·0 2·0000 2·0000 2·1641 2·2711 2·4114 2·5230 3·2188 1-9183 2·2326 2·7435 1·8494 1·3565 
3 1107·4 3·0000 3·0000 3·0000 3·0297 3·0877 3·1427 3·5690 2·8888 3·0000 3·2654 2·8420 2·6882 
4 1181·5 4·0810 4·0000 4·0000 4·0000 4·0133 4·0317 4·2182 3·9613 3·9804 4·0808 3·9265 3·8804 
5 1383·2 5-1194 4·9351 5·0000 5·0000 5·0000 5·0041 5·0666 5·0000 4·9903 5·0197 4·9724 4·9593 
6 1922·5 6·1315 5·8384 5-9887 6·0000 6·0000 6·0000 6·0139 6·0153 6·0000 6·0034 5·9932 5-9905 
7 3353·i 7·1292 6·7259 6·9684 6·9950 7·0000 7·0000 7·0000 7·0171 7-0045 7·0000 7·0000 7·0000 
8 7138·9 8-1200 7·6062 7·9432 7·9865 7·9985 8·0000 8·0000 8·0124 8·0056 8·0000 

I 

8·0000 8·0000 
9 17073·8 9·1029 8-4792 8·9109 8·9715 8·9910 8·9947 9·0000 9·0000 9·0000 8·9959 8·9922 8·9911 



cfM123 . ctM234 

cfM (s) 11068-4911071·02 • 

carbo~ fRz ! Bi 
numbe (s) I 

1 1073·91B1 0·4283 0·6192 
2 1083·0 Bz 0·4283 0·4824 
3 1107·4 B

3 0·4630 0·4824 
4 1181·5 B

4 0·4448 0·4511 
5 1383·2 Bs 0·4336 0·4358 
6 1922·5 B

6 0·4273 0·4282 
7 3353·1 B

7 0·4244 0·4247 
8 7138·9 Bs 0·4210 0·4212 
9 17073·8 

TABLE 4-IV 

B values on squalane according to eq. (4.13) 

ctM34S I cfM456 t 567 I 1 678 I 1 789 
eM eM eM 

t 159 
eM 

t 369 
eM 

1064·37 i 1060·99 to56·8811o53·5211022-3o 11067-68 1o61·os 1 

0·2911 0·2317 0·1861 0·1603 0·0705 0·3915 0·2326 
0·3635 0·3240 0·2865 0·2619 0·1468 0·4138 0·3247 
0·4349 0·4144 0·3922 0·3757 0·2720 0·4572 0·4148 
0·4349 0·4271 0·4181 0·4110 0·3555 0·4428 0·4273 
0·4300 0·4271 0·4237 0·4209 0·3970 0·4328 0·4272 
0·4260 0·4250 0·4237 0·4226 0·4132 0·4271 0·4250 
0·4239 0·4235 0·4230 0·4226 0·4190 0·4243 0·4235 
0·4209 0·4207 0·4205 0·4204 0·4190 0·4210 0·4207 

cfM6 - 9 regr. ctM1- 9regr. 

1046·03 1068·10 

0·1227 0·4098 
0·2201 0·4242 
0·3439 0·4602 
0·3960 0·4438 
0·4149 0·4332 
0·4203 0·4272 
0·4218 0·4244 
0·4201 0·4210 

tM = tR CH4 

I 1073·9 

00 

0·5660 
0·5068 
0·4586 
0·4383 
0·4291 
0·4250 
0·4213 

\0 
N 
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-0·6 
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-1·8 

-2·2 

-2·6 
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1·5 

-93-

o = tR CH
4 

(1073·90 s) 

• =ct//regr. (1068·10s) 

c =r:tl/regr. (1046·03s) 

• = ct;89 
(1022·30 s) 

3 4 5 6 7 8 9 
- Carbon number 

Fig. 4.4. Effect of ctM on linearization of the log plot. 

o = cttt58 

o =tR CH4 

0·2 

-0·2 

-0·6 

-1·0 

-M 

-1·8 

-2·2 

-2·6 

0 = r:t~58 
0 =tR CH4 

'I 
I 

'I 
I 
I 
I 

2345678 
- Carbon number 

1t 2 3 4 5 6 7 8 

a) 

1 - Carbon number 

I 
I b) 

Fig. 4.5. Linearization of the log plot with octadecene-l (a) and with dimethyl sulpholane (b). 
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observed for tM = tR cH4 , might be explained by the anomalous behaviour 
of the vapour-pressure curve, as will be shown in table 4-VIII. With suitable 
choice of the standards, fairly good linearization of the log plot can be achieved. 
Applied to Cramers' data 4-12), and linearized with the C2 , C 5 and C8 normal 
alkanes (ctM258 ), a log plot is obtained which is an improvement on the curve 
obtained by taking tM tR cH4 • The results for two stationary phases, octa
decene-1 and dimethylsulpholane at 25 oc, are listed in table 4-V and shown 
in fig. 4.5a for octadecene-1 and in fig. 4.5b for dimethylsulpholane. 

TABLE 4-V 

Linearization of the log plot 

with octadecene-1 (relative ton-hexane) 

car- fM = tR CH4 fM = cfM258 

bon 
num-

lOlog Yt,6 Ll 101ogr;,6 B 10log rt,6 Ll 10logr1, 6 =B 
ber r1,6 rt,6 

1 0·0000 -00 0·0030 0·4829-3 
0·4912 

2 0·0064 0·8062-3 
00 

0·0094 0·9741-3 
0·5776 0·4599 

3 0·0242 0·3838-2 
0·5704 

0·0272 0·4340-2 
0·5334 

4 0·0900 0·9542-2 
0·5329 

0·0928 0·9674-2 
0·5227 

5 0·3070 0·4871-1 
0·5129 

0·3091 0·4901-1 
0·5099 

6 1·0000 0·0000 
0·5051 

1·0000 0 
0·5042 

7 3·2000 0·5051 
0·5022 

3·19 0·5042 
0·5019 

8 10·17 1·0073 10·14 1·0061 

with dimethylsulpholane (relative to hexene-1) 

1 0·000 -00 0·0054 0·7285-3 
0·4269 

2 0·009 0·9542-4 
00 

0·0143 0·1555-2 
3 0·029 0·4624-2 

0·5082 
0·0341 0·5340-2 

0·3785 

4 0·089 0·9494-2 
0·4870 

0·094 0·9726-2 
0·4386 

5 0·242 0·3838-1 
0·4344 

0·246 0·3910-1 
0·4185 

0·4183 0·4124 
6 0·634 0·8021-1 

0·4101 
0·636 0·8034-1 

0·4073 
7 1·628 0·2122 

0·4162 
1·625 0·2108 

0·4159 
8 4·25 0·6284 4·23 0·6266 



TABLE 4-VI 

LIB values from table 4-IV 

t 123 
eM 

t 234 
eM 

t 345 
eM 

t 456 
eM 

t 567 
eM I t 678 

eM 
t 789 

eM 
t 159 

eM ctM369 I ctM6-9iegr. t 1-9 ltM' c M regr. tRCH4 

L1B1 I 0·0000 0·1368 -0·0724 -0·0923 -0·1004 -0-1o16 1 -a·o763 -0·0223 
-Q0921 I -0·0974 -0·0114 00 

L1B2 -0·0347 0·0000 -0·0714 -0·0904 -0·1057 -0·1138 I -0·1252 -0·0434 -0·0901 -0·1238 -0·0390 0·0592 
L1B3 0·0182 0·0313 0·0000 -0·0127 -0·0259 -0·0353 -0·0835 0·0144 -0·0125 -0·0521 0·0165 0·0482 
L1B4 0·0112 0·0153 0·0049 0·0000 -0·0056 -0·0099 : -0·0415 0·0100 0·0001 -0·0189 0·0106 0·0203 
L1Bs 0·0063 0·0076 0·0040 0·0021 0·0000 . -..0·0017 -0·0162 0·0057 0·00221 -0·0054 0·0060 0·0092 
L1B6 0·0029 ' 0·0035 0·0021 ' 0·0015 0·00071 0·0000 -0·0058 0·0028 0·0015 -0·0015 0·0028 0·0071 
L1B1 0·0034 • 0·0035 0·0030 • 0·0028 0·0025 0·0022 0·0000 0·0033 0·0028 0·0017 0·0034 0·0037 
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Examining the B values in tables 4-IV and 4-V we may conclude that the 
Unearization is not preferential. A smooth trend in the log plot would also be 
acceptable but, as shown in tables 4-VI and 4-VII, this is not the case, suggesting 
that the measurements are, to some extent, erratic. The B 1 B2 values ob
tained from table 4-IV are listed in table 4-VI while the same quantities ob
tained from table 4-V are presented in table 4-VII (LIB1 = B1 - B2 etc.). 

TABLE 4-VII 

LIB values from table 4-V 

LIB octadecene-1 dimethylsulpholane 

tM = tR CH4 tM = cfM25S tM = tR CH4 tM 
t 258 

eM 

LIB1 00 0·0313 00 0·0484 
LIB2 0·0072 -0·0735 0·0212 -0·0601 
LIB3 0·0375 0·0107 0·0526 0·0201 
LIB4 0·0200 0·0128 0·0161 0·0061 
LIB5 0·0078 0·0057 0·0082 0·0051 
LIB6 0·0029 0·0023 -0·0061 -0·0086 

Ideally, the LIB values should equal zero but, as can be seen, this is generally 
not the case. Another phenomenon can also be observed from these tables: 
behaviour in the Cr-C3 region appears to be anomalous. This is not explicitly 
caused by the linearization procedure, since it is also observed in table 4-VII 
(Cramers 4

-
12

)) for those cases where a measured tM is used. The same effect, 
but less pronounced, is observable in the c9 region. 

This phenomenon was observed for different carrier gases, different tem
peratures, different average carrier-gas pressures and different stationary phases. 

The same anomalous behaviour in the vapour pressure as a function of the 
carbon number is reported in a paper by Rohrschneider 4

-
13

) who lists the 
vapour pressures of several n-alkanes. The logarithms of the vapour pressure 
Qog Pz), the differences in the vapour pressure (log Pz -log Pz+ 1) Bv and 
the LIBv values are listed in table 4-VIJI; B" is the slope of the vapour-pressure 
plot (logPz versus carbon number). 

The anomalous behaviour in the C2-C3 region is likewise apparent in the 
vapour-pressure plot, which suggests that it might also occur in the boiling
point curve. The slopes of the boiling-point curve, Tz+ 1 - Tz = Bb, and the 
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TABLE 4-Vlii 

Vapour-pressure data at 25 oc 

logPz B., logPz+l 

4·4667 
0·616 

3·8509 
3·2608 

0·590 

2·7097 
0·551 

2·1798 
0·530 
0·519 

1·6610 
0·514 

l-1472 
0·509 

0·6386 

TABLE 4-IX 

Boiling-point data 

boiling point CCC) Bb 

(-252·8) 
(91·31) 

-161·49 
72·86 

88·63 
46·56 

42·07 
41·57 

0·50 
36·574 

36·074 
32·666 

68·740 
29·687 

98·427 
27·238 

125·665 
25·133 

150·798 

0·026 
0·039 
0·021 
0·011 
0·005 
0·005 

iJBb 

(18·45) 
26·30 

4·99 
4·996 
3·908 
2·979 
2·449 
2·105 

differences in the slope, iJBb, are listed in table 4-IX. The boiling points are 
taken from API research project 44 4

-
14

). 

Anomalous behaviour can also be noted in the boiling-point curv{ fhe 
irregularities in the vapour-pressure curve may account for the fact that anom
alous behaviour is encountered when linearizing the log plot. It may also 
explain why the linearization of the log plot is not preferential but seems to 
some extent to be erratic. 

From tables 4-III to 4-IX may it be concluded that: 
- the log plot in the range from cl to c9 is not linear; 
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- linearization can be obtained, but is not preferential; 
- the deviations in the most linear parts of the log plot are still of the order 

of 20 times the standard deviation of the measurements; 
- the standard deviation is only 0·0003 of one carbon index point; 
- in the region beyond C7 the Kovats index divided by 100 and the carbon 

index approach each other (difference only twice the standard deviation); 
- the anomalous behaviour of the vapour-pressure curve is probably the 

reason for the erratic linearization, which even may cause an upward devia
tion of the log plot. 

The facts covered by these conclusions make it impossible to define an un
ambiguous retention-index system over a range of more than two carbon atoms 
in the region from cl to c9. 

4.4. Carbon Index, a new concept 

In view of the impossibility, demonstrated in the preceding section, of de
fining a retention index over a range of more than two carbon atoms, we ad
vocate definition of a new retention index, the "carbon index" (CI), based on 
logarithmic interpolation between the normal alkanes (as in Kovats indices) 
and also on a tM obtained by linearization of three consecutive normal alkanes. 
Thus this retention index is independent of a measured t M· By proper definition 
of the standards to be used for a certain identification, an unambiguous index 
system can be obtained. This system will permit comparison on an inter-lab
oratory scale and is based purely on real reference points, the numerical data 
for which can be fed directly into the computer, which may be on-line. 

4.4.1. Definition of the standards 

Linearization is obtained with three consecutive n-alkanes. The problem now 
is which three alkanes to choose for a particular substance. It seems convenient 
to bracket the substance by the two higher n-alkanes. This is represented by 
the condition: 

The alternative condition (tRz- 1 < tRi < tRz < tRz+ 1) is less convenient: more 
time is required for analysis. 

4.4.2. Definition of the carbon index 

The carbon index will now bo defined in terms similar to the Kovats index 
(eq. (4.1)) but on the basis of a calculated, unambiguous tM. In principle there
fore, it is not numerically equal to the Kovats index. Only in the higher regions 
of the log plot (> C10), where the mutual differences between the ctM values 
and the tM tR cH4 values are negligible in relation to the actual retention 
times, will the carbon index be numerically equal (apart from a factor 100) to 
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the Kovats index. This, of course, depends closely on the precision of the 
measurements. When precision improves, the range where the CI and the Kovats 
index divided by 100 will become numerically equal appears at higher carbon 
numbers. 

The factor 100 which figures in the Kovats index is somewhat arbitrary. It 
was perhaps introduced to avoid a decimal point in the index. The precision 
obtainable has meanwhile improved so greatly that two decimal places in the 
Kovats index are necessary to represent it. Compare, for instance, Van Keme
nade and Groenendijk 4 - 11). If the factor 100 is dropped from the equation 
a number is obtained that is identical to the carbon number in the case of the 
n-alkanes. We therefore propose to introduce the carbon index in the following 
manner: 

CI (4.15a) 

where 

This can also be written as 

CI = Z +log cri,zflog crz+ l,z· (4.15b) 

ctM is the gas hold-up time calculated on the basis of then-alkanes with z- 1, 
z and z + 1 carbon atoms. The calculated gas hold-up time can be obtained 
from 

elM = --------
lRz-1 + fRz+l 2tRz 

(4.12) 

The index thus obtained is independent of the curvature in the log plot and 
independent of a measured tM. 

This CI is based on real, directly measurable reference points. For those 
ranges where the log plot appears to be linear (within the accuracy of the 
measurements) we propose a more flexible definition, namely 

CI = Z + n log cri,zflog cfz+n,z· (4.16) 

The calculated gas hold-up time for this definition can be obtained from 

ctM = ---~----
tRz-n + fRz+n 2tRz 

(4.11) 

with 

The flexibility of this definition comes from the fact that it permits interpolation 
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over a wider range of carbon atoms, which is often convenient for analysis of 
complex mixtures. That is the case, for instance, with the C18-C32 region of 
the log plot, as may be concluded from the data in sec. 4.3.2. The data listed 
in tables 4-I and 4-II are based on a value of 4 for n, resulting in an inter
polation range convenient for steroid analysis. The retention quantities in
volved in this definition are illustrated in fig. 4.6A. 
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Fig. 4.6. Illustration of the distances used in the three equivalent versions A, B and C of 
the carbon index. 

4.4.3. Equivalent definitions of the carbon index 

On the basis of our results Walraven 4 - 15) proposed a shift of the origin of 
the measurements to the "air" peak, as illustrated in fig. '4.6B. To enable this 
to be done a quantity x tRz-l- ctM must be calculated such that a lineari
zation of the log plot for the three n-alkanes involved is obtained. For con
venience let the distance between z - 1 and z be designated a, and the dis
tance between z and z + 1, b. The distances a, b and x are represented in fig. 
4.6B. 

Equation (4.10) applies to a linear or linearized part of the log plot; for n = 1 
it becomes: 

(4.17) 
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Substituting combinations of the distances a, b and x for the values in eq. 
(4.17), we obtain 

a x X 
(4.18) 

X 

Hence 

x = a2/(b- a). (4.19) 

Thus the distance x can be expressed in terms of the differences in retention 
time of the n-alkane standards. 

If the distance between a substance (i) and the preceding n-alkane is designated 
i, an equivalent definition of the carbon index can be obtained by substituting 
the distances a, b, x and i for the quantities present in eq. (4.15a): 

log (x + a i)-log (x a) 
CI = z (4.20) 

log (x + a+ b) -log (x + a) ' 

x may be calculated from eq. (4.19). According to the same author 4 - 15) a 
further modification is possible by substituting a2 j(b- a) for x in eq. (4.20). 
This is equivalent to shifting the origin to the first alkane used. The corre
sponding formula for the carbon index is 

CI =z 
log (l + if a- if b) 

log (bfa) 

The relevant illustration of the distances a, b and i is given in fig. 4.6C. 

(4.21) 

In conclusion we may say that in this section three equivalent definitions for 
the carbon index are proposed, each of which is based on a calculated t M or 
quantity derived from it (x). A feature common to the three definitions is that 
they are based on the real reference points in the chromatogram, then-alkanes. 
The sole difference is the fact that in eq. (4.21) only differences in directly 
measurable quantities are involved. 

4.5. Computer program 

For the processing of data, an ALGOL 60 computer program, based on the 
carbon index, was developed. The program is reproduced in fig. 4.7. With this 
program, based on linearization of the log plot, both consecutive n-alkanes and 
equidistant n-alkanes may be used, according to eqs (4.15b) and (4.16). The 
computer program can be used for series of identical chromatograms, for single, 
independent chromatograms and for combinations of both types. In the case 
of identical chromatograms, the mean value, the variance and the standard 
deviation of each index can also be computed. Short descriptions of the input 
for identical and non-identical chromatograms are included in the program. 
The ALGOL 60 program is written according to the revised report on the 
Algorithmic Language ALGOL 60 by Backus et al. 4 - 16). 
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Fig. 4.7. Computer program Carbon Index. 

The data listed in tables 4-I and 4-II have been calculated with this program. 
As already mentioned, the value selected for the quantity n is four. It might 
be concluded that the definition according to eq. ( 4.16) is not applied in this 
case, but that extrapolation is introduced. In other words, the restriction that 
tRz-n < tRz < tR1 < tRz+n is dropped. In view of the fact that the results pre
sented in these tables indicate a linear relationship within the accuracy of the 
measurements, this extrapolation is fully justified. 
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Such an extrapolation is not justified in the C1-C9 region, as can be con
cluded from table 4-III. In this table the results are listed for the calculation 
of carbon indices according to eq. (4.15a) without the restriction that 
tRz- 1 < tRz < tRi < tRz+l· For this range the definition according to eq. 
(4.15a) should be strictly maintained. The results for some arbitrary hydro
carbons, together with the corresponding ctM values, are listed in table 4-X. 
For comparison the Kovats indices for tM = tR c84 and tM = cl.¥1 1- 9 regr. are 
also included. It can also be seen from table 4-X that at higher carbon num
bers the Kovats indices divided by 100 and the carbon index approach each 
other. In the range from C7 to C9 is the average difference 0·0005 of a carbon 
index point, which is still twice the standard deviation of these indices. 

TABLE 4-X 

Carbon indices 

carbon indices Kovats indices 

I elM 456 t 567 
eM 

t 618 
eM 

t 189 
eM tM = tRCH4 tM=,;IM

1
-

9regr. 

ctM(tM) (s) 1060·6 1056·6 1053·4 1023·7 1073·1 1067·4 

compound 

n-C4 4·0000 
n-C 5 5·0000 5·0000 500·00 500·00 
2.2 diMeC4 5·3647 536·76 536·62 
2MeC5 5·6947 569·71 569·60 
n-C6 6·0000 6·0000 6·0000 600·00 600·00 
2.4 diMeC 5 6·2964 629·77 629·72 
3.3 diMeC 5 6·5868 658·82 658·77 
3 MeC6 6·7611 676·21 676·18 
n-C7 7·0000 7·0000 7·0000 700·00 700·00 
2.5 diMeC6 7·2837 728·43 728·41 
2.3 diMeC6 7·6003 760·09 760·07 
3 EtC6 7·7258 772·63 772·62 
n-C8 8·0000 8·0000 800·00 800·00 
2.2 diMeC7 8·1544 815·48 815·47 
2.3.3 triMeC6 8·2158 821·63 821·62 
3.3 diEtC 5 8·7711 877·15 877·15 
n-C9 9·0000 900·00 900·00 
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5. IDENTIFICATION 

5.1. Introduction 

At the moment several methods for the characterization or identification of 
organic substances are known. However, hardly any of them can be used in 
combination with GLC techniques because of their sample requirements. In 
most cases, collection of column effluents is not possible, and this has limited 
the use of subsequent instrumental analyses for identification purposes. Func
tional-group analysis is limited for the same reason. The only instrument which 
can be used in conjunction with GLC on, for example, capillary columns is the 
mass spectrometer (MS). It is mainly due to the lack of complementary identi
fication methods that, in spite of their excellent separating power and high 
sensitivity, capillary columns equipped with ionization detectors have found very 
limited application in the analysis of multicomponent, heterofunctional mix
tures. 

On the basis of the above remarks we may conclude that it is highly desirable 
to have means available for identifying and characterizing the functionality of 
eluted components from GLC retention data alone. Several identification sys
tems, based on a variety of retention parameters, are described in literature. 
The question of which parameter possesses the most ideal properties for iden
tification purposes is still a subject of considerable controversy. One of the most 
widely used retention parameters, the relative retention time, cannot properly 
be used for inter-laboratory comparison of retention data. The discrepancies 
between different laboratories arise from the expected large differences in tem
perature-partition-coefficient relationships for compounds of widely differing 
constitution. This situation has given rise to the belief that GLC methods are 
fundamentally unsuited for identification and structural studies. 

It is mainly due to these differences of opinion concerning the validity of 
structural conclusions based on GLC data that GLC techniques are not widely 
used. Nevertheless, it must be borne in mind that these techniques should pro
vide a powerful method for the identification and structural study of organic 
compounds. In addition to this, most identifications and structural studies have 
been based on retention data obtained with a single column. In many cases, 
however, retention data obtained with a single column lack sufficient specificity 
to permit unambiguous identification. It will be evident that identification by 
GLC is only possible if the origin or manner of preparation of the sample is 
known. If little or no foreknowledge is available, identification by means of 
GLC can be ruled out. 

In order to obtain retention parameters which can be standardized and which 
are reproducible as a result of their virtual independence of the experimental 
conditions, the following rules should be observed: 



', 4 
-106 ~, ··v\' 

/ \ 

(1) The retention parameter must be based &~ ad.j;9:ttJd retention quantities. 

( 

' l 

(2) Relative retention parameters should be measured on a single chromato
gram. 

\ 

(3) The retention times of the unknown and the internal standard should ap
proach each other as this improves the accuracy of the relative retention 
parameter. 

\ 

(4) The use of two internal standards bracketing the unknown is highly recom
mended as this improves the reproducibility of the retention parameter. 

\ (5) The internal standards should be chosen so that, amongst other similar 
j chemical and physical properties, their temperature-partition-coefficient 

relationships approximate those of the unknown as this improves the repro
ducibility of the retention parameter. 

Retention parameters for which these rules are satisfied are highly reprodu
cible; they are virtually independent of normal variations in experimental con
ditions. The carbon indices (CI) for hydrocarbons and the steroid numbers (SN) 
for steroid hydrocarbons, for example, are based on the above rules. These 
retention parameters are discussed in more detail in sees 5.2 an 5.3, respec
tively. The retention behaviour of the reference sets, namely n-hydrocarbons and 
steroid hydrocarbons, respectively, is also compared. 

Another approximation which may be used is quite the opposite: it does not 
use retention parameters independent of the experimental conditions, but does 
utilize the relationship between a retention quantity and a certain experimental 
parameter. The most suitable experimental parameter will be the temperature. 
This procedure will be described in sec. 5.4. 

In addition to identification based on direct comparison with reference com
pounds, it is also possible to identify on the basis of structure-retention rela
tionships. These will be considered in sec. 5.5. 

It will be evident that the process of identification on the basis of GC reten
tion parameters will gain in efficiency and reliability if highly discriminating 
columns and, in addition, different stationary phases are used. Mainly the use 
of capillary columns permits reduction of the number of possible configurations 
corresponding to a certain unknown compound, especially if only minor 
structural variations have to be distinguished. The retention parameters should 
be determined under well defined conditions. It is therefore desirable that the 
number of stationary phases and temperatures employed in the GC identifica
tion of compounds be limited in order to promote and simplify the general 
application of identification by purely GC means. 

The computer program IDENTIFICATION, in which the CI is the param
eter adopted, is based on the high discriminating power of identification with 
different stationary phases or other experimental quantities (temperature). This 
program, which can be easily adapted to other retention parameters, is described 
in sec. 5.6. 
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5.2. General identification parameters 

As pointed out in chapter 4, each identification system should be based upon 
adjusted retention times. In practice absolute retention data are hardly used; 
retention data relative to one or more standard components are preferred. The 
most widely used set of reference compounds is the homologous series of the 
normal alkanes. 

The possibility to standardize and reproduce a retention parameter is deter
mined by the extent to which this parameter satisfies the rules postulated in the 
introduction. This is of special importance in view of progressive mechanization, 
retention data being increasingly calculated, tabulated and compared by com
puter. With the acceptance of an unambiguous retention parameter, tabulated 
data will become more reliable and more meaningful, while the comparison of 
these data between different laboratories will also improve. In this connection, 
the retention parameters described in literature will be discussed briefly. 

5.2.1. Isothermal relative retention parameters 

The most simply relative retention quantity, based on one reference com
pound only, is the relative retention time, r1J. A major disadvantage of this 
parameter is that reference compounds are arbitrarily chosen. This gives rise 
to several r11 values, which complicates the comparison of data and in many 
cases results in a markedly temperature-dependent quantity because the tem
perature-partition-coefficient relationships may differ considerably. An attempt 
to standardize this parameter is described by Evans and Smith 5 - 1), who intro
duce the theoretical nonane value, r19 , hereby fixing the reference compound. 
The principal disadvantage of this parameter is that the reference compound 
is determined by graphical extrapolation and not by direct observation, result
ing in important deviations for small and large relative retention times s-1.2). 
Retention ratios for one compound on two phases can be used to characterize 
functional groups 5

- 3). These particular retention ratios appear to be constant 
within a homologous series of compounds. 

With respect to the rules postulated in the introduction, retention parameters 
based upon two standards should be more reproducible. The Kovats index 
(I) S-4.5), already mentioned in sec. 4.1, and the carbon index (CI), defined in 
sec. 4.4, are based on this criterion. The carbon index in particular, being based 
upon three consecutive n-alkanes, is an excellent parameter for the identifica
tion of hydrocarbons because of its unambiguous definition. This definition 
permits tabulation of carbon indices which can be compared on an inter
laboratory scale. This is illustrated by the data given by Tourres 5 - 6) and by 
Van Kemenade and Groenendijk 5

-
7
). In both papers the (carbon) indices are 

calculated in the same way. The results are in good agreement. It should be 
noted that the greatest deviations occur for components showing the most 
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pronounced temperature dependence 5 - 8). Similar parameters are the carbon 
number (CN) 5- 9 ) and the methylene unit (MU) 5 - 10). In principle they are 
Kovats indices divided by 100. Another retention parameter is the effective 
molecular weight (Me), introduced by Evans and Smith 5

-
11

•
12

•
13

). The dif
ference between Me and the real molecular weight (M), LIMe =Me- M, 
can be used to study molecular-structure-retention-time relationships. 

5.2.2. Programmed-temperature retention parameters 

In programmed-temperature GC (PTGC) time cannot be adequately used 
as the primary retention criterion and is therefore frequently replaced by the 
temperature. The corresponding retention parameter is the retention tempera
ture (Tr). Tr in PTGC is defined as the temperature of the column at the 
moment the peak maximum appears at the outlet of the column 5- 14). Tr is 
dependent on the starting temperature of the program, the heating rate and 
the gas flow and is, for those reasons, difficult to standardize. In linear PTGC 
the Tr values may rise virtually linearly with increasing carbon number for 
certain homologous series (e.g. n-alkanes). This is comparable with the linear 
relationship between the logarithm of the adjusted retention times and the 
carbon numbers for n-alkanes in isothermal GC. On this analogy Van den Dool 
and Kratz 5 - 15) generalized the retention-index system as defined by Kovats 
in order to include the linear PTGC. This resulted in 

isothermal GC: 

I = 100 z + 100 X- Mz 
Mz+1-Mz 

X= log t'Rx; 
M:z; Mz+1 =log t'Rz; log t'Rz+1 

X= Tr(x) or t'Rx; 
Mz; Mz+1 = Tr(z) or t'Rz; Tr(z+l) or t'Rz+1· 

(5.1) 

The main disadvantages of this system are that the relationship between Tr and 
carbon number is not as linear as the above-mentioned relationship in isothermal 
GC and that in most cases the real column temperature is lower than the tem
perature calculated from the current heating program. I PT values should be 
equal to I values if the latter are temperature-independent. Since this is in 
general not the case, IPT should be equal to the I obtained at an "equivalent" 
temperature. According to Giddings 5 - 16), this temperature, T', is approxi
mately equal to 0·92 times the programmed elution temperature (T' = 0·92 Tr). 
The same is affirmed by Guiochon 5 - 1 7), who also reports fairly good agree
ment at a temperature T' = Tr- 20. Habgood and Harris reported the equiv-
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alence of I PT and I at temperatures 25-60 oc lower than the retention tem
perature 5

-
18

). The same authors recently published an excellent survey on 
PTGC 5 - 19). 

5.2.3. Boiling-point index 

Matukuma and Takigawa 5-
20

) introduced a retention system based on the 
boiling points of then-alkanes namely the boiling-point index (IBP). In another 
paper 5 -

21
) Matukuma also discusses the relation between retention index (I) 

and IBP• The first correlations between retention index and boiling point were 
described by Kovats 5 -

4
) and expressed in a number of empirical rules. Other 

authors, e.g. Dhont 5 - 22), Evans and Higgins 5- 23) and Bondivenne 5- 24), 

have contributed to this field. 

5.2.4. Other identification parameters 

Identification can be assisted by the use of several other parameters based on 
GC retention characteristics. We have already mentioned the use of two sta
tionary phases. These can be used to obtain differences or ratios of retention 
data for one compound which are characteristic of the functionality of that 
particular compound. The discriminating power of this method can be increased 
if the two phases differ considerably in selectivity. It is, however, also possible 
to consider the data obtained with two or more different phases as completely 
independent quantities. These procedures can also be applied to data obtained 
at different temperatures, because in general all compounds possess different 
temperature dependences. This will be discussed in more detail in sees 5.4 and 
5.6. 

Another important aid to identification is the formation of derivatives. Deriv
atives can be obtained by many chemical reactions, e.g. oxidation, hydrogena
tion, hydroboration, esterification, etherification or exchange reactions, and 
also by thermal degradation. Derivatives supply additional GC information 
about the compounds under study and are often indicative of a certain molecular 
structure of the parent compound, as is clearly illustrated by the "mixed" and 
"reactive" derivatives mentioned in sec. 2.6. Different functional groups can 
sometimes be distinguished by peak shape if a particular group causes peak 
asymmetry on a certain column. However, we have to be sure that the asym
metry is not caused by overlap of peaks. 

5.3. Parameters used for the identification of steroids 

Of the general identification parameters, the relative retention time (in most 
cases relative to a steroid hydrocarbon) and the Kovats or carbon indices are 
the most frequently used. A parameter based on n-alkanes, the methylene unit, 
is also often used in steroid work. These parameters are not optimal in the sense 
of the rules postulated in the introduction, and therefore other quantities were 
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introduced by VandenHeuvel and Horning 5
-

25
) (steroid number, SN) and 

Haahti et al. 5 -
26

) (T value). T values reflect the number, nature, position and 
stereochemical relationships of the functional groups. The temperature depend
ence of the above parameters can likewise be used for identification purposes 
as also can differences in these parameters obtained with two different stationary 
phases (not applicable to T values). 

5.3.1. Definition of steroid-identification parameters 

The Kovats index (I) and the carbon index (CI) are defined in eq. (4.1) and 
eq. (4.15a), respectively. They are based on the relationship, assumed linear, 
between the logarithm of the adjusted retention times of the members of the 
homologous series of the n-alkanes and the carbon numbers of these com
pounds, as illustrated in fig. 5.la. 

r~ 
2000 2200 2400 2600 2800 I 
20 22 24 26 28 z,CIJ,1U 

- z,I,CI,MU 

T~ 
~ ~ m ~ n 

t'l ~N) 
~~~~ 

20 22 24 26 28 
- MU::IPT/100 

'!~ 
19 21 23 25 27 

-sN 

·r~ 
19 21 23 25 27 

-sN 
e) 

Fig. 5.1. Graphical representation of the determination of several retention parameters. 
(a) z, I, CI and MU values (isothermal GC); (b) CN values according to Woodford and Van 
Gent; (c) MU value (linear PTGC); (d) SN value (linear PTGC); (e) SN value (isothermal 
GC). 
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The methylene unit (MU) 5 - 10) was introduced to express the relation be
tween molecular structure and retention behaviour and is based on the "carbon
number" concept of Woodford and Van Gent 5 - 9). This is shown in fig. 5.lb. 
The MU value can be determined in two ways. The original proposition involved 
a linear programmed-temperature procedure in which the retention time was 
plotted versus the carbon number of the corresponding n-alkane (fig. 5.lc). The 
MU value was then determined by linear interpolation between two bracketing 
n-alkanes according to the formula 

MU 
t' Rx t'Rz 

z+-----
t'Rz+t-t'Rz 

(5.2) 

As is clear from eq. (5.1), the MU value defined in this way equals IPT/100. 
The alternative MU definition is equivalent to that of Kovats, except for a 
factor of 100, and can be exemplified by fig. 5.la. This parameter can be most 
effectively used to characterize long-chain substances 5 - 27). 

The steroid number (SN) is based on the same principles as the MU value. 
The SN can be defined as a value based on carbon-content relationships for 
steroid skeletons and found by comparing the retention time of a steroid with 
those of the steroid hydrocarbons 5a:-androstane, S:x-pregnane and 5a:-chole
stane under the same conditions. These hydrocarbons are assigned SN values 
of 19, 21 and 27, respectively. The SN can be determined in the same manner 
as described for the MU value, viz. by a linear programmed-temperature proce
dure with linear interpolation between the steroid skeletons (fig. 5.ld) and by 
an isothermal procedure with logarithmic interpolation between the steroid 
hydrocarbons (fig. 5.1e). The relevant formulae are 

and 

SN 

respectively. 

SN = 19 
t'Rx t'R andr. 

8-----
t'R chol.- t'R andr. 

log t' Rx -log t' R andr. 
19 + 8--------

log t' R chol. log t' R andr. 

(5.3) 

(5.4) 

The definitions can also be expressed in terms of all other combinations of two 
steroid hydrocarbons. The use of MU and SN values involved graphical deter
mination starting from the corresponding retention parameters, but it will be 
clear that calculation of former values, with the aid of the equations (5.1) 
to (5.4), is more accurate. In contradistinction to the MU value, the SN value 
is mostly determined by means of the isothermal procedure. 

The T value, introduced by Haahti ct al. 5 -
26

) is based on the retention times 
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of a certain steroid obtained with two different stationary phases. The definition 
is: 

r- -r1 
T - •·• .n - , (5.5) 

ri,n 

where r1,s is the relative retention time observed with a selective phase and 
r1,n the relative retention time observed with a non·selective phase. 

Unlike MU and SN values, T values are fairly closely temperature-dependent. 
However, in certain circumstances 5 - 25) they are a useful aid in the study of 
molecular-structure-retention-time relationships. 

5.3.2. Comparison of reference sets 

For identification of steroids the most reliable parameters are the CI and 
SN values. Like CI values 5- 6), SN values 5 -

25
) are relatively independent of 

temperature over a moderate range of temperatures. Rule (5} postulated in the 
introduction would lead us to expect better reproducibility of the SN value for 
steroids and of the CI value for aliphatic hydrocarbons. In this section we will 
compare the chromatographic behaviour of the two reference sets on two phases 
and the chromatographic data obtained for some compounds with these refer
ence sets. 

In the ideal case only one set of reference compounds should be used for 
identification purposes. It might be best to employ the straight-chain hydro
carbons as the primary reference set because of their generality and because 
they are readily available with high purity. All other retention data (such as 
SN values) should be related to CI values. For a satisfactory approach however 
the steroid hydrocarbons and other reference sets to be used for the determina
tion of secondary retention values should behave in the same way as the ali
phatic hydrocarbons under a variety of GLC conditions. To investigate this 
point we derived a relation between the CI and SN values. We will start with 
the equations relating the logarithm of the adjusted retention time of a certain 
compound with the CI and SN values at a given temperature: 

log t'Rx =A 
log t'Rx = C 

where A and C are constants, 

BCix, 
DSNx, 

B is the slope of the n-alkane plot and 
D is the slope of the steroid-hydrocarbon plot. 

(5.6) 
(5.7) 

Since one given compound is considered, the right-hand sides of the two equa
tions are equal eventually resulting in 
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C-A 
CI = 

X B (5.8) 

At a given temperature we can say that only when D equals B does a simple 
arithmetic relationship exist which enables the straight-chain hydrocarbons to 
be used as the primary reference compounds. We will now show that in general 
the .two slopes are not equal, that the values of the slopes depend on the sta
tionary phase employed and, moreover, that D and B change with temperature 
in dissimilar w~ In fig. 5.2 the two reference plots are shown at 224 oc on 
SE-30 (fig. 5.2a) and on QF-1 (fig. 5.2b). From this figure it is clear that D 
and B are in general not equal, indicating that the effect of extension of the side 
chain of the steroid nucleus is not the same as the effect observed when methyl
ene groups are added to long-chain compounds. The same conclusion was 
reached by VandenHeuvel et al. 5-

28
). 

To illustrate the effect of different stationary phases on the retention behav
iour of the steroid hydrocarbons relative to that of the straight-chain hydro
carbons, we plotted the relative retention times of the steroid hydrocarbons 
versus their corresponding CI and SN values at 180 oc for phases SE-30 (fig. 
5.3a) and QF-1 (fig. 5.3b). These plots clearly disclose that the relative reten
tion behaviour is affected by the nature of the stationary phase employed. We 
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Fig. 5.3. Influence of stationary phase on the retention behaviour of the steroid hydrocar
bons Sac-androstane (SaA), Soc-pregnane (SaP) and 5oc-cholestane (5acC) for phases SE-30 (a) 
and QF-1 (b) at 180 °C. 

also observe that the difference between SN and Cl values for a certain steroid 
hydrocarbon increases considerably when the selective phase QF-1 is used. This 
is also illustrated in the schematic chromatogram in fig. 5.4a and in the plot 
of the carbon indices of the steroid hydrocarbons obtained with one phase 
versus the same data obtained with the second phase (fig. 5.4b). It may be noted 
that with the non-selective phase SE-30 the steroids are eluted at a rate which 
parallels their molecular weight as compared with the size of closely related 
long-chain compounds (the CI value for 5a:-cholestane is 27·2). With the more 
selective phase QF-1, selective retention exists for the steroid hydrocarbons, 
leading to longer retention times than would be expected on the basis of molec
u1ar size and shape alone (the CI value for 5a:-cholestane is 29·5). It may be 
concluded that the fused ring systems of these compounds appear to show a 
functional-group character. These retention-behaviour comparisons may be 
expressed in both SN and CI values (as detetmined from the observed times). 
The relationships between these parameters are recorded in table 5-I. The same 
relations are shown graphically in fig. 5.5a for the steroid hydrocarbons at 
180 oc on both stationary phases. Here, too, the functional-group character of 
the steroid hydrocarbons emerges clearly. In addition to the influence of the 
chemical nature of the stationary phase on the retention behaviour of the 
steroid hydrocarbons relative to that of the straight-chain hydrocarbons, there 
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Fig. 5.4. Comparison of the chromatographic behaviour at 180 °C of the steroid hydrocar
bons of fig. 5.3, expressed in CI units, on phases SE-30 and QF-1, in schematic chromato
grams (a) and in graphical representation (b). 

TABLES-I 

Relation between CI and SN values at 180 "'C 

SE-30 (180 "'C) QF-1 (180 "'C) 

compound rei. ret. CI SN rei. ret. CI SN 

Sa-androstane 0·09 20·4 19·0 0·11 22·0 19·0 
S/1-androstane 0·08 20·2 18·7 0·11 21·7 18·7 
Sex-pregnane O·lS 21·9 20·7 0·19 23·8 20·9 
5/1-pregnane 0·13 21·7 20·5 0·18 23·S 20·6 
5cx-cholestane 1·00 27·2 27·0 1·00 29·5 27·0 
S/1-cholestane 0·90 26·9 26·7 0·88 29·2 26·5 

is also a temperature effect which affects this behaviour. This can be clearly 
seen if we compare the data at 180 oc in fig. 5.3 with the corresponding data 
at 230 oc as plotted in fig. S.6. It is evident that the functional-group character 
of the steroid hydrocarbons is emphasized at the higher temperature on both 
phases. Moreover, the slopes of the plots are decreased at 230 oc, but not in 
the same way for both retention parameters, also indicating the dissimilar 
behaviour of the two reference sets. The same can be concluded from fig. 5.5, 
where the CI-SN relationships for the two phases are plotted at 180 oc (fig. 
S.Sa) and 230 oc (fig. 5.5b). From this figure it can be seen that the factor D/B 
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Fig. 5.5. Relation between SN and CI values of the steroids of fig. 5.3 for two phases at 
180 °C (a) and 230 °C (b). 
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Fig. 5.6. Influence of the stationary phase on the retention behaviour of the steroid hydro
carbons of fig. 5.3 at 230 °C on SE-30 (a) and QF-1 (b). 

in eq. (5.8) is in general not the same for each phase and also changes with 
temperature. The effect of the temperature on the change in D/B depends on 
the nature of the stationary phase. The corresponding data at 230 oc are listed 
in table 5-II. As already mentioned, the SN values for steroids and the CI values 
for long-chain compounds are relatively temperature-independent. This, how
ever, is not the case for SN values obtained for straight-chain hydrocarbons 
and CI values obtained for steroids, as can be seen from tables 5-I and 5-II. 
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TABLE 5-II 

Relation between CI and SN values at 230 oc 

SE-30 (230 oq QF-1 (230 °C) 

compound rel. ret. CI SN rei. ret. CI SN 

So:-androstane 0·15 21·2 19·0 0·15 23·4 19·0 
5f1-androstane 0·14 20·9 18·7 0·14 23·0 18·6 
5o:-pregnane 0·23 22·8 20·8 0·25 25·3 21·0 
sp-pregnane 0·22 22·5 20·5 0·22 24·7 20·5 
5a-cholestane 1·00 28·2 27·0 1·00 30·8 27·0 
5f1-cholestane 0·91 27·8 26·6 0·90 30·3 26·5 

The various observations reported in this chapter may lead to the conclusion 
that for identification of a restricted group of compounds and study of their 
GLC behaviour it is desirable to use reference substances which are of the same 
structural type as the compounds under investigation. 

5.4. Temperature dependence of retention parameters 

In this section we describe the temperature dependence of several retention 
parameters. The temperature dependence of retention parameters is of utmost 
importance since it is this parameter which mainly hampers the comparison of 
retention data between laboratories, giving rise to the belief that GLC methods 
are fundamentally unsuited for identification purposes and structural studies. 
The discrepancies arise from the expected large differences in the tempera
ture-partition-coefficient relationships for compounds of widely differing con
stitution. In the next few sections we will describe the magnitude of this effect 
for different retention parameters and discuss the definition of a retention param
eter based on these temperature-retention-behaviour relationships. 

5.4.1. Temperature-retention-time relationships 

As already explained in sec. 1.2.7, where the temperature dependence of 
adjusted retention time and relative retention time was discussed in general 
terms, the following equations can be postulated: 

(1.26a) 

and 

log ru = A 11 (1.26b) 



where Ail = A 1 - A1, and 
Bij =B1 -B1• 
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Relative retention times are less temperature-dependent since in this case dif
ferences in the associated heat terms (eq. (1.25)) are involved. 

Retention times are also dependent on other experimental conditions such 
as the amount of stationary phase, carrier-gas flow, etc. The relation between 
temperature and relative retention time for some steroids is shown in fig. 5.7. 

The temperature dependence of the retention parameters I, Cl, MU and SN 
can be represented by the quotient of the relations for two relative retention 
times: 

I, Cl, MU, SN (5.9) 

The magnitude of the effect is determined by the values of the constants A, B 
C and D 5 -

29
). In principle the relation is hyperbolic, but in general a fairly 

linear relation is found for the index as a function of temperature (over a fairly 
short range of temperatures). This is illustrated in fig. 5.8. Plots like those in 
figs 5.7 and 5.8 can be employed to select the optimal temperature to achieve 
a certain separation. The value of the constants A, B, C and D depends on, 
among other things, the nature of the compounds under study and the nature 
of the reference substances. If the temperature-partition-coefficient relation-
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Fig. 5.7. Retention times of some steroids, relative to 5cx-cholestane, as a function of tem
perature obtained with an SE-30 stationary phase. 



q 

. 29·4 
CI 

1

28·8 

28·2 

27·6 

27·0 

26·4 

25·8 

25·2 

24·6 

1-' 

~ 

!-"' 

I-' 

- f..--' 

f.---- ..-

o androsterone 
c 77-keto etiocholanolone 
A 71/]-hydroxy androsterone-
• estriol 

....---f,---

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

-f.---"' 
,....---v-

___. 
v !--"" ---v--

119-

..-

,--

1--

1-

28·8 
SN 

t 
28·2 

27·6 

27·0 

26·4 

25·8 

25·2 

24·6 

24·0 

23·4 

'-..__ 
r-- [---... 

~ - .._ 

........ 

r-

24·01180 200 220 240 180 200 220 240 
- T(°C) 
a) 

-·T(°C). 
b) 

Fig. 5.8. CI (a) and SN (b) values for some steroids as a function of temperature obtained 
with an SE-30 stationary phase. 

ships are the same for both kinds of compounds, there will be only a slight tem
perature dependence 5 -

4
•
14

). This is evident if SN values are obtained for 
steroids 5- 10) and if CI, I or MU values are obtained for straight-chain com
pounds 5 - 6 •7 •14). The magnitude of the temperature effect increases with 
increasing deviation of the temperature-partition-coefficient relationships for 
both kind of compounds, as is shown for the CI values with branched alkanes 
by, for example, Tourres 5- 6), Ettre and Billeb 5 - 29) and Matukuma 5 - 21). 

Ji The temperature effect is even more pronounced for cycloparaffins 5 - 30) and 
ij aromatic compounds 5 - 6). The same conclusion was reached by Hively and 

Hinton 5 - 8), who stated that the magnitude of the temperature effect for hydro-

( 

carbons on a squalane phase can be related to the minimum cross-sectional 
area of the molecule. The statement of these authors that plots of I versus 
reciprocal temperature should be linear in all cases is not correct. 

The correction applied by Vandenheuvel and Court 5 - 31) in order to obtain 
standardized retention times is also incorrect. The procedure followed assumed 
the same temperature-retention-time relationship for both the unknown and 
the reference compound. That, however, is generally not the case. 

The last parameter of interest is the T value 5 - 26), defined by eq. (5.5) as 

ri s- r; n T= , . or T+l=~. 
r;,n r;,n 
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Taking the logarithm of both sides of this equation and substituting eq. (1.26b) 
results in 

log (T + 1) = A B/T, (5.10) 

where A A1,s- At,n and 
B Bt,s - Bt,n· 

This is not identical with the result of VandenHeuvel and Horning 5 - 25), who 
obtained a substantially linear relationship between log T and temperature. 

From tables 5-I and 5-11 it can be concluded that the relative retention time 
is more sensitive to temperature changes. Furthermore, the magnitude of the 
temperature effect depends on the nature of the stationary phase: this effect is 
in general more pronounced with selective phases than with non-selective 
phases. For this reason CI and SN values should be preferred to relative reten
tion times for identification purposes. These tables also emphasize the advantage 
of using reference compounds with the same chemical and physical properties. 

5.4.2. Plea for a new identification parameter 

Instead of employing retention parameters which are almost independent of 
experimental conditions, we can also start with a concept which is quite the 
opposite: it utilizes the dependence of a certain retention quantity on a specific 
experimental parameter. As will be shown, this function can be expressed in a 
few constants which are highly specific for the compound concerned. The most 
suitable experimental parameter appears to be temperature, since two important 
factors must be kept in mind: (1) it must be possible to keep all the other ex
perimental conditions constant or to neglect the influence of fluctuations of these 
conditions on the identification parameter and (2) the discriminating power 
obtained must be as high as possible. With respect to the first point only relative 
retention data can be used; with respect to the second, the temperature-parti
tion-coefficient relationships between the unknown and the standard compound 
should be as large as possible. In this connection it is clear that relative reten
tion times are preferable, being independent of other experimental conditions 
and showing a considerable temperature effect as compared to CI and SN 
values, as we have already seen in tables 5-I and 5-II. 

The general formula for the temperature dependence of the relative retention 
time was presented in eq. (1.26a): 

T 
(1.26a) 

We now advocate the identification parameter consisting of the two constants 

Au A1 A1 and B11 = B1 - B1• 
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Both constants are highly specific for a particular compound and can be used 
to identify unknown steroids with considerable certainty. The principal ad
vantage of these constants is that they are indepe~dent of temperature over a 
relatively wide range, which eliminates much of.the trouble encountered with 
other identification parameters. The values, of the constants depend on the 
reference compound, so that this substaqce should t;>e carefully selected. For 
steroid work it may prove convenient .to 'select 5a:-cholestane as the reference 
compound, although a straight-chl:l-ili hydroc~rbon can be expected to show 
greater discriminating power. This is confirmed in table 5-III, where the reten
tion times of some steroid hy.drocarbons relative to 5a:-cholestane and octa
cosane are listed for vario11s 'temperatures. 

If the primary reference comp6u}.ld (j) cannot be used, a more convenient 
; f• !• 

reference compqu;nd (k)· can be -hSiea and relative retentions can be expressed 
in relation to thls secondaty standard. It then follows from -~q.,--(r.26a) that 
constants A1k and B1k can simply be added to const9-nts[A;1 and Bk1, r~spec-
tively, since · / .. . -· · -· 

To obtain these parameters all we have to do is to measure the retention time 
f. I 

relative to the chosen standard at two temperatures and solve eq. (1.26a) for 
A 11 and;Bii. The selected temperatures should be accurately known. 

Some Au and B 11 values are listed in table 5-IV fora restricted group of com
pounds on an SE-30 phase; CI and SN values at an arbitrary temperature are 
added for comparison. A more.~xtensive list is published by Vandenheuvel 5

-
31 

), 

who employed a JXR phase. It. should be noted, however, that in Vanden
heuvel's table several signs have to be reversed!! It is clear from this table that 
the discrimimi.ting power of constants All and BIJ is significantly larger, since 
with CI and SN values only small differences are involved. 

5.5. Molecular-structure-retention-behaviour relationships 

In addition to absolute values of retention parameters and temperature de
pendences of retention parameters, molecular-structure-retention-behaviour 
relationships can also be employed for the identification of unknown com
pounds. Molecular-structure-retention-behaviour relationships are based on 
additivity principles as first postulated by Martin 5 - 32) for the chemical po
tential in an attempt to establish these relationships. Relationships based on 
additivity principles presuppose the absence of intramolecular interactions be-



TABLE 5-III 

Relative retention times on SE-30 

relative to 5a-cholestane relative to octacosane 

compound temperature CCC) temperature CC) 

180 190 200 210 230 180 190 200 210 230 

Sa-androstane 0·09 0·09 0·10 0·11 0·15 0·06 0·07 0·08 0·10 0·13 
5,8-androstane 0·08 0·09 0·09 0·11 0·14 0·05 0·06 0·07 0·09 0·12 
Sa-pregnane 0·15 0·16 0·17 0·19 0·23 0·10 0·12 0·14 0·16 0·22 
5,8-pregnane 0·13 0·14 0·15 0·17 0·22 0·09 0·11 0·13 0·15 0·20 
5a-cholestane 1·00 1·00 1·00 1·00 1·00 0·74 0·82 0·87 0·94 1·05 
5,8-cholestane 0·90 0·91 0·91 0·91 0·91 0·67 0·73 0·78 0·85 0·95 
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TABLE 5-IV 
Retention constants and SN and CI values for some steroids on an SE-30 
stationary phase 

relative to relative to 
at 180 oc 

5a:-cholestane octadecane 
compound 

AiJ X 103 B,J A,1 xl03 Bu CI ·sN 

5a:-androstane 1189 -1011 2155 -1530 20·4 19·0 
5/J-androstane 1157 -1011 2524 -1732 20·2 18·7 
5a:-pregnane 1315 -983 2445 -1560 21·9 20·7 
5/J-pregnane 1413 -1041 2443 -1580 21·7 20·5 
5a:-cholestane 0 0 1398 693 27·2 27·0 
5/J-cholestane 3 22 1351 -691 26·9 26·7 
androsterone 414 -406 1707 -1049 24·3 23·7 
11-keto etio-
cholanolone 189 -238 1417 847 25·2 24·8 
11/J-hydroxy 
androsterone -155 0 1102 622 26·3 26·0 
estriol -875 488 419 - 151 28·5 28·4 

tween functional groups. Several structure-retention effects have already been 
discussed and illustrated in sec. 3.5.3 in connection with the use of non-selective 
and selective phases. 

5.5.1. Survey of the literature 

In 1949 Martin 5
-

32
) reported a first attempt to correlate structural features 

with retention behaviour on the assumption that the chemical potential of a 
substance is an additive function of those of the constituent parts of its mole
cules, or, stated as a formula: 

(5.11) 

Hence, if .d,uA is equal to the free energy required to transport one molecule A 
from one phase to another, then, as a first approximation, .d ,u A may be regarded 
as equal to the sum of the potential differences (.d,ua, .d,ub) of the functional 
groups which make up molecule A. For proper application of this additivity 
principle, the energy required to transport a given group should be independent 
of the rest of the molecule, i.e. intramolecular interactions between the func
tional groups should be negligible. Martin also pointed out that stereochemical 
factors llliih.t limit th€1 applicability of this theory, since, owing to steric factors, 
functional groups mat be hindered in the interaction with the stationary phase. 
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Several workers have applied Martin's concept to the investigation of additive 
effects with a variety of compounds. Bate-Smith and Westall 5- 33) used the 
principle in the following form: 

where r is the retention quantity of the compound, 
rN the retention quantity of the nucleus, and 

(5.12) 

RM9 the contribution of each functional group (g) to the retention quantity. 
:-....-These authors, using compounds with constituents which show little steric 

...... : hindrance, reported excellent agreement with Martin's theory. Martin's con ... 
cept, applied to steroids, was discussed by Bush 5 - 34), who employed paper
chromatography systems. Bush dealt with deviations from Martin's rule with 
respect to steroids and proposed that a functional group be defined not only 
by its chemical nature but also by its position and orientation on the nucleus. 

;_ Martin's concept is also extensively used in GLC analysis of steroids. 
Clayton 5

-
35

) expressed the relative retention time of a given compound 
'<s+xH> as the product of the retention time of the saturated nucleus (r,) and 
the group retention constants (kx, ky, etc.) which are characteristic of each 
functional group at a certain position on the nucleus: 

(5.13) 

This formula was derived to characterize the position of double bonds in sterol · 
methyl ethers. For the interpretation of his data Clayton distinguished three 
parameters, viz. molecular weight, polarity and conformational restriction. In 
a later paper 5

- 36) Clayton described the general applicability of the above
mentioned relationship. He observed that k values are characteristic of a given 
functional group and independent of molecular weight or of the influence of 
other functional groups with which there is no interaction. 

Knights and Thomas 5 - 37 •38) used Clayton's equation in its logarithmic 
form: 

log r<s+x+y) = log r8 log kx + log k,, (5.14) 

in which the log k values correspond to the L1RM9 values of Bate-Smith and 
Westall (eq. (5.12)). The same authors also noticed that log k values are con
stant and independent of other functional groups if no vicinal effects are pres
ent. They also reported some deviations from the additivity principle for inter
actions in which the 11-keto and 11/1-hydroxyl groups are involved 5 -

39
). 

Knights 5
-

40
) studied the characterization of sterol double bonds by means 

of the L1RM function. 
Several other authors have also used the above-mentioned additive quan

tities in their investigations 5 - 41 -48). 

All the quantities discussed above are based on retention times or relative 
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retention times and will therefore, as discussed in sec. 5.4, show a fairly marked 
temperature dependence. It is also possible to apply the aditivity principle to 

-~~~-~-parameters which are less temperature-dependent, like those detived from the 
work of Woodford and Van Gent 5 - 9) (fig. 5.lb). The most important retention 
parameters based on this concept are the MU and SN quantities. For structural 
determinations, the MU value can be expressed as the summation of terms 
dependent on the nature of the carbon skeleton and the functional groups on 
the steroid nucleus 5 - 10): 

.:t"· )D) 
f '1. 

(5.14) 

where MU is the methylene-unit value, MUN is the number of methylene units 
for the carbon skeleton and MUF 1 ••• MUFn are values characteristic of the 
functional groups present. The determination of MU is carried out according 
to fig. 5.la,c, eq. (5.1) or eq. (5.2). MU values for several functional groups 
are reported in literature 5- 10 •

28
•
4

9). 

The expression used for the steroid number is represented as 5 - 25 •
50

): 

(5.15) 

where SN is the steroid number observed, SN the carbon content of the steroid 
nucleus and F 1 ••• F n values characteristic of the functional groups of the 
steroid. SN and F values have been determined by VandenHeuvel and Horning, 
together with T and LIT values for several steroids and functional 
groups 5

- 25 •28 •50). Nambara et al. have also contributed to this field 5- 51). 

The steroid-number concept, originally defined for non-selective phases, was 
extended to include selective phases by Hamilton et al. 5 - 52). Interesting con
tributions to the molecular-structure-retention-behaviour relationships were 
recently published by Kwa et al. 5 - 53) and Walraven 5- 54•55). Kwa et al. 
described the application of energy parameters. They introduced the partition 
functions of statistical mechanics to investigate the structure-retention rela
tionships of a restricted group of model compounds. Correlations of change 
of retention parameter with chemical structure due to a change in stationary 
phase or change in temperature were reported by Walraven. Merritt and Walsh 
had previously used the same principle to distinguish between functional 
groups 5- 3). The most important feature of Walraven's work is that he found 
a relationship between the numbers of primary, secondary, tertiary and ternary 
carbon atoms in a molecule and the logarithmic retention data on two stationary 
phases. The pattern obtained, indicating a "roofing-tile" effect, followed a 
numerical code based on the number of primary, secondary, tertiary and 
ternary atoms. In addition to retention times retention indices could also be 
used to obtain the same roofing-tile effect s-56). Indices on two phases had 
already been used by Kovats 5 -

4
) and were later used by Schomburg 5- 57 •58) 

to distinguish between functional groups. 
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S.S.2. Structure-retention relationships for the carbon index 

The carbon index can be represented by an equation analogous to those for 
the MU and SN values, namely 

(5.16) 

where CI is the carbon-index value, CIN is the value, expressed in carbon-index 
units, for the steroid nucleus and CIF1 ••• CIFn are the values characteristic 
of the functional groups present. 

Several structure-retention relationships have already been discussed qual
itatively in sec. 3.S in relation to the use of selective and non-selective phases. 
We will now investigate more quantitatively some of the phenomena discussed 

I 
in that section. One of the principal conclusions was that changes in structure 

: ~hifl'ch do nothresult i~ chanb hges. in funcbtionalh -group
1 

c~aractedr ha
1 
v~ thehasame 

m uence on t e retentton e avtour on ot non-se ective an se ecttve p ses. 
The Sa and 5{1 structures of the steroid hydrocarbons androstane, pregnane 
and cholestane should therefore exhibit the same separation pattern on both 
phases. In order to obtain a more quantitative idea of the situation and to 
investigate the validity of eq. (5.16), this retention behaviour is expressed in 
CI and CIF values (Sa__.,. 5{1) for two stationary phases and presented in 
table S-V. For comparison the corresponding SN and F values are included. 

It can be concluded from table S-V that the differences in Cl and SN values 
for the Sa and 5{1 isomers are constant and independent of the molecular weight. 
Hence, in this instance, eq. (5.16) may be considered to be valid. 

Another observation concerned separation apcording to molecular size and 
shape within a certain class of compounds. In this connection it is interesting 
to investigate to what extent the Sa and 5{1 isomers of the steroid hydrocarbons 
behave similarly. This is shown in table 5-VI. From this table it is clear that 
the addition of a certain chain length to a steroid hydrocarbon molecule 
influences the Sa and 5{1 isomers in the same way. It is interesting to note that. 
while F values are approximately the same on both phases, CIF values are ·. 

I •. 

significantly different. The reason for this effect is inherent in the definition)· 
of Cl and SN values. QF-1 shows selective retention for steroid hydrocarbons 
(fig. 5.4a) and this results in increased CIF values. 

Mention has been also made of the fact that if functional-group character is 
altered by~hanges·in ·structure, the differences achieved vary with the type of 
liquid phase considered. Some specific examples will be discussed, starting from 
the data listed in table 5-VII. In this table CI increments for certain functional 
groups, obtained with two phases, are listed. It can be seen from this table that 
changes in functional-group character are in general more pronounced with 
selective phases, resulting in increased Clp values. For the keto-selective phase 
QF-1 this is particularly clear if keto groups are involved, as can be seen in 
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TABLE S-V 

CIF and F values for some steroid hydrocarbons (SiX--+- 5{J) 

SE-30 (210 oq QF-1 (210 °C) 

compound CI CIF SN F CI CIF SN F 
SiX--+- Sa--+- Sa--+- Set--+-

S{J 5{J 5{J S{J 

Sa-( A )ndrostane 20·8 19·0 22·8 19·0 
0·3 0·3 0·4 0·4 

S{J-(A)ndrostane 20·5 18·7 22·4 18·6 
S1X-(P)regnane 22·4 20·8 24·7 21·0 

0·3 0·3 0·4 0·5 
S{J-(P)regnane 22·1 20·5 24·3 20·5 
Sa-( C)holestane 27·8 27·0 30·4 27·0 

0·3 0·3 0·4 0·5 
S{J-( C)holestane 27·5 26·7 30·0 26·6 

'··~ 

TABLE 5-VI 

CIF and F values for some functional groups 

SE-30 (210 oq QF-1 (210 °C) 
compound 

CIF F CIF F 

SIX-P--+- SIX-A 1·6 1·8 1·9 2·0 
S{J-P -+ S{J-A 1·6 1·8 1·9 1·9 
Sa-C--+- SIX-A 7·0 8·0 7·6 8·0 
S{J-C --+- 5{1-A 7·0 8·0 7·6 8·0 
Sa-C--+- SIX-P 5·4 6·2 5·8 6·0 
S{J-C --+- 5{1-P 5·4 6·2 S·7 6·1 
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TABLE 5-VII 

CIF values on two phases. Abbreviations used in this table are explained in 
sec. 5.6. All steroids are analysed as their TMSi derivatives 

I SE-30 (250 aq QF-1 (224 °C) 

CI Cl CIF CI CI CIF 

I 5oc-+L15 
An-+DHA 25·2 25·0 0·2 31·1 30·8 0·3 
EA-+DHEA 26·1 25·9· 0·2 32·4 31·7 0·7 

II 5oc-+ 5(3 
5oc-A-+ 5(3-A 20·8 20·5 0·3 22·8 22·4 0·4 
5oc-P-+ 5(3-P 22·4 22·1 0·3 24·7 24·3 0·4 
5oc-C -+ 5(3-C 27·8 27·5 0·3 30·4 30·0 0·4 
5oc-DHT-+ 5(3 DHT - - - 32·7 32·3 0·4 
An-+ETIO 25·2 25·3 -0·1 31·1 31·5 -0·4 
11f3"HA-+ 11(3 HETIO 27·1 27·2 -0·1 32·8 33·3 -0·5 
llkA-+ llkETIO 26·1 26·1 0·0 33·3 33·6 -0·3 
5ocPD3oc,20oc -+ 5(3PD3oc,20oc 28·0 28·0 0·0 29·7 29·9 -0·2 
5ocPD3(3,20oc -+ 5(3PD3(3,20oc - - - 31·0 29·8 1·2 

III 3oc-OTMSi -+ 3(3-0TMSi 
An-+EA 25·2 26·1 -0·9 31·1 32·4 -1·3 
DHA-+DHEA 25·0 25·9 -0·9 30·8 31·7 -0·9 
5ocPD3oc,20oc -+ 5ocPD3(3,20oc - - - 29·7 31·0 -1·3 
5(3PD3oc,20oc -+ 5(3PD3(3,20oc - - - 29·9 29·8 0·1 

IV 17 keto -+ 17 (3-0TMSi 
EA-+ 5ocAD3(3,17(3 26·1 26·7 -0·6 32·4 28·4 4·0 
Estrone -+ Estradiol 26·3 27·0 -0·7 33·2 29·8 3·4 

V 20oc-OTMSi-+ 20(3-0TMSi 
5ocPD3(3,20oc -+ 5ocPD3(3,20(3 - - - 31·0 30·7 0·3 
5(3PD3oc,20oc -+ 5(3PD3oc,20(3 28·0 27·8 0·2 29·9 29·6 0·3 

VI 11(3-0TMSi 
An-+ 11(3 HA 25·2 27·1 -1·9 31·1 32·8 -1·7 
ETIO-+ 11(3 HETIO 25·3 27·2 -1·9 31·5 33·3 -1·8 

VII 11 keto 
An-+ 11 kA 25·2 26·1 -0·9 31·1 33·3 -2·2 
ETIO -+ 11 kETIO 25·3 26·1 -0·8 31·5 33·6 -2·1 
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section IV and section VII of this table. With selective phases the confirmation 
of Martin's theory is also less pronounced, as is illustrated in sections I, II ,III 
and IV of table 5-VII. A remarkable effect is noted in section II: the 5{3 isomers 
of the steroid hydrocarbons are eluted before the corresponding Sex isomers, 
whereas with the substituted hydrocarbons the order of elution is reversed. 
Again this effect is more pronouncedfortheselectivephase. Anomalous behav
iour of the C( 11) keto and hydroxyl groups has been reported by Knights and 
Thomas 5 -

38
), Hartman and Wotiz discussed the anomalous behaviour of the 

C(17) oxygen functions 5 - 47). The differences are attributed to the influence of 
neighbouring groups. In the same section anomalous behaviour is also shown 
in the conversion of 5cxPD3fJ,20cx into 5fJPD3fJ,20a. The same is noticed in 
section III. It seems that the 3{3-0TMSi group in combination with the 5~ 
structure gives rise to selective retention, whereas for the 5{3 isomers the orien- · 
tation of the substituent at the C(3) position does not seem to influence the 
retention behaviour significantly. This behaviour is confirmed in section V 
where both structures possessing the 5a,3f3 combination have higher CI values. 
Another point in the latter section which can also be considered is that the axial 
structures (5(.1(,3cx and 5{3,3{3) are eluted before the equatorial structures (5cx,3fJ 
and 5fJ,3cx). 

From the data listed in table 5-VII it is clear that not only the chemical 
nature of the group must be considered, but also its position and orientation. 
It can be further concluded from the results described in this chapter that both 
CI values and SN values can be used in structural determinations. 

It is likewise evident that it is not always possible to predict the effect of a 
structural change on the retention parameter since steric factors sometimes 
have a relatively great influence on retention behaviour, in particular if the 
retention behaviour on selective phases is considered. For this reason, studies 
relating molecular structure to retention behaviour should be carried out on a 
fairly large group of analogous compounds in order to anticipate anomalous 
substituent effects. This is necessary because ignorance of their existence may 
result in ambiguous structural assignments. In this report it should be noted 
that the data listed in table 5-VII have been derived from a relatively small 
number of compounds so that these conclusions must be qualified as prelim
inary. Further investigations are in progress. 

5.6. Computer program IDENTIFICATION 

It can be concluded from data in literature 5- 25 •
28

•50•51) and from this 
chaP,ter that the incremental factors obtained for a variety of functional groups 
with one stationary phase are much alike. For that reason, the discriminating 
power of these parameters is in most cases small. It is better to use the change 
in retention behaviour as a result of changing the stationary phase (e.g. T 
values) or to determine retention data for given compounds on one phase and 
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carry out additional analyses on other stationary phases in order to be able to 
discriminate between possible structures. The latter principle is invoked in the 
computer program IDENTIFICATION. This program is based on the com
puter program CARBON INDEX as can be seen in fig. 5.9, so that the ex
perimental identification parameter is the carbon index. 

~ relst1 tilrle, reltime_. A, B, tol, index., s.lope, ctMJ !!!!l ~ c[1 : 4ol; 

, until max do 
1 un:til 20 d'ONAM!!:[n, s.J := RESYM; 
1 un:m: phase do 
l' until max do"'"'PRAsE[n, a.J :"" rea.d; 
t until phase do 
l until max gg, -MARK[n, a.] :"" ~; 

a. < phase do 

:=r~~;h~~n2tXC?Rsp 
st :"' il; e[e-t] := read; c[st + c[st + s] != read; W.....cR; 
.!.:?:!:. n ~= RESYM -while n"" 119 ~ 
''LCR; PJUN'ITEXT\l"ctM • i); 
ctM :=-(c[st) x dst + S]- c[st + :R] X c[st + R1)/(dst] + c[st + S)- 2 X e(st + RJ); 
:".:R:irlXT(h ... 2, ctM); NLCR; 

for n :"' st ~ "R until st + S dO ef:n] t= c[n] - ctM; 
-re1st !"' e(stJfc(st+'RJ; 1'R~{.frelst "":f.j,; A3SFIXT{2 1 51 
A!= ln(~lst); slope := A/(2.303 X R); PRTirn'El<l'(falope: :f); 
PR!NTrEXT( {: tme adJ. time rel time index 
for time :-= read Wile time ~ 0 do 
~ NLCR; ABSFIXT'f'5; 1, time};"'time !=time- -ctM; Sl'ACE(5}; ABSF!XT(5, 2 1 time); SPACE(5); 

reltime := t:!.me/efat • R); ABSFIXT(21 51 reltime); SPACE{5); 
index::::. {st + R ... R x (ln(reltime))/A); AESFDcr(2, 5, index); SEEK{ index, a, tol); 

~~IAGE(4); 

max do 
until :phase do 
nrthen e2L; 
1, 'iiTi\ MARK:[ a, n] 

g '"'iM/I..."'U<[a, n] then ~ L; 

Fig. 5.9. Computer program IDENTIFICATION. 

5.6.1. Reliability of identification 

The procedure followed in this program is to compare carbon indices ob
tained in a certain analysis procedure with a set of reference indices determined 
on the same phase and at the same temperature. This means that the indices of 
all conceivable compounds for that particular phase and under the same con
ditions must be available. To enhance the reliability ofidentification, the indices 
obtained on more than one phase can be compared with the corresponding 
series of reference indices. The application of more than one phase enhances 
the reliability of the identification. Compounds coinciding on one stationary 
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phase may be separated on a second stationary phase. This is schematically 
represented in fig. 5.10. Compounds A and C coincide on phase l (fig. 5.10a). 
On phase two compound Cis separated from the others (fig. 5.l0b) while on 
phase three compound A is separated from Band C (fig. 5.10c). The result is 
that compounds A, B and C are clearly distinguished with the three phases 
(fig. 5.10d). In the last figure the three-dimensional phase plot is represented 
two-dimensionally as suggested by Walraven 5 - 54), using a vector to indicate 
the shift with the third phase. It will be clear that one stationary phase at two 
or more different temperatures can also be used instead of a number of different 
stationary phases. The discriminating power of this system depends on the 
difference in temperature-retention-behaviour relationships for the compounds 
under investigation. Walraven 5- 54) has pointed out that in the case of the 
lower-molecular-weight hydrocarbons the resolution is smaller with this system 
than with a system of well chosen stationary phases, although it still could be 
used effectively for identification purposes. In this connection it is also obvious 
that we must increase the resolution and the accuracy of the CI measurements 
as much as possible. Better separation results in smaller tolerance in the refer
ence indices and improves the reliability of identification. The introduction of 
capillary columns in the analysis of complex mixtures, such as steroid analysis 
of body fluids, is an important step in this direction. Although the capillary
column technique for steroid work is still very difficult and requires special 
skill and care, the aspect of increased reliability in the identification of complex 
mixtures also justifies the use of these columns. 

logti?2 

t 

t A B 
----.o a-----• 

A B 

-cr' 
-ci3 

d) 

Fig. 5.1 0. Schematic representation of identification using three phases. 
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This identification system and computer program are also applicable to all 
other fields of GC identification. We have used it successfully for the identi
fication of hydrocarbons with a squalane phase at three different temperatures. 
In addition to phases and temperatures this system can also be applied to other 
parameters giving rise to different series of reference indices, e.g. by the use of 
different derivatives. 

5.6.2. Reference carbon indices 

For use with the computer program IDENTIFICATION we determined 
several series of reference carbon indices for the TMSi derivatives of a restricted 
group of steroids. These reference series are listed in table 5-VIII. It must be 
added that the presence of a given compound in the mixture to be analysed can 
only be demonstrated if the compound occurs in the list of reference compounds. 
For a complete analysis it is therefore necessary that as many reference com
pounds as possible be available. The series mentioned above are far from com
plete. The work of determining further carbon indices is still in progress. One 
difficulty is the problem that in literature indices are reported on a variety of 
stationary phases and at all suitable temperatures. We would therefore once 
more emphasize the necessity of limiting the number of stationary phases as 
many virtually identical phases are employed. In addition to that, indices should 
be calculated only at a limited set of temperatures. The application of computer 
programs, together with the use of a limited number of stationary phases and 
temperatures, should facilitate inter-laboratory comparison of retention indices 
and simplify the exchange of reference indices. Implementation of these sug
gestions would bring considerable light into the labyrinth of retention data. 

5.6.3. Procedure 

In the course of the program, the calculated carbon index obtained on phase 1 
is compared with the set of corresponding reference indices. If the calculated 
index coincides with one or more of the reference indices within a given toler
ance, the names of the relevant reference compounds are printed out. Then the 
same procedure is followed for the next calculated index obtained with phase 1. 
After all calculated indices obtained on phase 1 are compared in this way the 
procedure is repeated with the other phases. The output for each phase consists 
of a list of names indicating the possible compounds present. In a final proce
dure the names obtained with these phases are compared. A compound whose 
name is obtained with all phases, is assumed to be identified. The names of the 
identified compounds are printed at the end of the output. From the procedure 
followed it will be clear that the more phases that are used, the more reliable 
identification will be. In this section the term "phases" can also be replaced 
by "temperatures" and "derivatives". 



TABLE 5-VIII 

Reference carbon indices 

systematic name trivial name SE-30 OV-1 QF-1 OV-17 
250°C 240°C 224°C 265 °C 

Sex-Androstane Androstane (5exA) 21·5 - 22·8 
5/J-Androstane Etiocholane (5{JA) 21·2 - 22·6 -
Soc-Pregnane Allopregnane (5ocP) 23·1 - 24·7 -
5/J-Pregnane Pregnane (SfJP) 22·8 24·3 -
5 oc-Cholestane Cholestane (SaC) 28·5 30·4 -
5{J-Cholestane Coprostane (5/JC) 28·2 - 30·0 -
Androst-5-en-3ex-ol-17-one Dehydroandrosterone (DHA) 25·0 25·0 30·8 -
5ex-Androstan-3 oc-ol-17-one Androsterone (An) 25·2 25·2 31-1 27·8 
5J'l-Androstan-3 oc-ol-17-one Etiocholanolone (ETIO) 25·3 25·3 31·5 28·2 
5oc-Androstan-3oc,l7{J-diol 25·9 25·8 - 26·9 
51'1-Androstan-17 fJ-ol-3-one 5{1-Dihydrotestosterone 25·9 25·9 32·3 26·5 
Androst-5-en-3{1-ol-17-one Dehydroepiandrosterone (DHEA) 25·9 25·9 31·7 29·1 
5oc-Androstan-3{J-ot-17-one Epiandrosterone (EA) 26·1 26·1 32-4 29·1 
5oc-Androstan-3ex-ol-11 ,17-dione 11-keto Androsterone (llkA) 26·1 26·1 33-3 29·7 
5{J-Androstan-3oc-ol-ll ,17-dione 11-keto Etiocholanolone (llkETIO) 26·1 26·1 33·6 29·7 
50(-Androstan-17 fJ-ol-3-one 5oc-Dihydrotestosterone 26·3 26·3 32·7 28·4 

-w 
w 

Estratrien-3-ol-17-one Estrone 26·3 26·4 33·2 30·7 
19-nor-Androst-4-en-17 {J-ol-3-one 19-Nortestosterone 26·5 26·4 -
5G(·Androstan-3{J,17{J-diol (5ocAD3{1,17 fJ) 26·7 26·6 28·4 27-9 
5{J-Pregnan-3oc-ol-20-one Pregnanolone 26·9 26·9 32·3 30·0 
Androst-4-en-17 fJ-ol-3-one Testosterone 27·0 26·9 -
Estratrien-3,17{1-diol (17 {J)-Estradiol 27·0 27·0 29·8 29·3 
5ex-Androstan-3();,1l{J-diol-17-one 11{J-hydroxy Androsterone (llfl HA) 27-1 27·1 32-8 -
5{J-Androstan-3oc,11fl-diol-17-one 11 {]-hydroxy Etiocholanolone (11 f1 HETI 0) 27·2 27·3 33·3 29·4 
Pregn-4-en-3{]-ol-20-one Pregnenolone 27-6 27·5 33·0 30·8 
17 oc-methyl-Androst-4-en-17 {J-ol-3-one 17 ()(-methyl Testosterone 27·9 27-8 - -
5{J-Pregnan-3<X,20{J-diol (5f1PD3a,20{J) 27-8 - 29·6 
5fJ-Pregnan-3a,20.x-diol Pregnanediol (5{JPD30(,200() 28·0 28·0 29·9 29·1 
5o:-Pregnan-3 ex,20a-diol Allopregnanediol (5exPD3ex,20a) 28·0 29·7 30·0 
5 :x-Pregnan-3 fJ ,20/J-diol (5exPD3{J,20{J) 28·5 28·5 30·7 -
5 ex-Pregnan-3 fJ ,20.x-diol (5ocPD3fJ,20a) - 31·0 -
5{J-Pregnan-3{J,20ex-diol (5{JPD3/J,20a) - 29·8 -
Estratrien-3,16ex,17 fJ-triol Estriol 28·9 29·1 31·8 30·9 
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6. DffiECT INJECTION INTO CAPILLARY COLUMNS 

6.1. Introduction 

Another reason for the failure of steroid analysis with capillary columns is 
the method of sample introduction. Since the maximum permissible sample size 
for capillary columns is orders of magnitude smaller than the smallest amount 
which can be reproducibly handled by a microlitre syringe, introduction into 
capillary columns is achieved indirectly. The device most commonly used to this 
end is the stream splitter via which only a fraction of the injected amount of 
sample is sent to the column. However, this stream-splitting device gives rise 
to several problems, especially in the GC analysis of low-volatility compounds 
such as steroids. The following are some of these problems: 
(a) sample splitting may easily cause errors in quantitative results; 
(b) sophisticated equipment is needed for proper splitting and entails larger 

adsorptive surfaces and poor cleanability; 
(c) sample losses due to splitting are troublesome in the case of expensive or 

toxic samples; 
(d) splitting does not permit the proper introduction of low-volatility com

pounds such as steroids 6 - 1); 

(e) for the minute amount of steroids obtained from body fluids, sample waste 
is not tolerable. 

For steroid work, point (d) is of particular importance since, as Cramers 6 -
1

) 

has already pointed out, the temperature of the stream-splitting device must be 
higher than the boiling point of the highest-boiling sample component in order 
to achieve proper injection. This condition, being very impractical, cannot be 
met in steroid work. Probably this is also the main reason why Chen-Lantz 6 -

2
) 

and Lipsky-Landowne 6 - 3) obtained such poor column efficiencies in their 
steroid analyses. 

The above problems appeared to be soluble by the introduction of direct
injection techniques. To be able to investigate this point, we evaluated the 
direct-injection device as described and used by Cramers 6 - 1) for use at higher 
temperatures (350 oq. However, with this injection system, described in sec. 
6.2, only the introduction of small, fairly highly concentrated samples can be 
properly achieved. For larger amounts of solutions the column is overloaded 
by the solvent, which may result in decreasing column efficiency, poor quali
tative and quantitative results, and even damage to the column. 

Most of these problems can be solved by the introduction of a cold zone at 
the top of the column (sec. 6.2.2). The cold zone is a further development of the 
concept introduced by Hornstein-Crowe 6 - 4) and Morgan-Day 6 - 5) for 
packed columns and adapted to capillary columns by Willis 6 - 6) and Bartel-Van 
der Walt 6- 7). All these applications concern the analysis of low-molecular-
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weight compounds. The cold zone enables us to separate the low-volatility 
sample components from the volatile solvent. This opens up the possibility of 
introducing larger sample volumes because column overloading by the matrix 
components does not influence the separation of the components of interest. 
When the cold zone is used, the critical factor is not the injection itself, but the 
release of the sample from the cold trap. The result is that the familiar pre
cautions needed for sample introduction into capillary columns can be entirely 
neglected. 

One important problem, however, still remains unsolved: the damage caused 
to the column by the large amount of volatile solvent 6 -

8
). The problem is 

inherent in this mode of sample introduction and can therefore only be solved 
by removing the volatile solvent from the less volatile components to be ana
lysed. This can be achieved in two ways: either by bypassing the volatile solvent 
prior to introduction of the sample into the column or by introducing solid 
samples. Both methods, also employing the cold-zone concept, will be described 
in sees 6.3 and 6.4, respectively. An additional problem may arise if liquid 
injection is combined with the cold zone, viz. the possibility of fog formation 
resulting in sample loss. This can be solved by an appropriate choice of the 
temperature of the cold zone. More quantitative aspects of the above-mentioned 
injection devices are reported in sec. 6.5. 

Instead of a cold zone a relatively cold column can also be used, but this 
method of operation is restricted to programmed-temperature GC 6 - 9 •

10
). 

6.2. Direct injection of liquid samples 

The direct injection of liquid samples into capillary columns was investigated 
in order to solve the problem of the poor performance of such columns when 
compounds possessing low volatility were introduced. For the sake of con
venience we distinguish the introduction of liquid samples with and without a 
cold zone. 

6.2.1. Direct injection without a cold zone 

This method of injection is directly comparable to the method normally 
employed with packed columns. For use in steroid work we started with the 
injection device described by Cramers and modified it for use at higher tem
peratures. In this connection it should be mentioned that the design of a modern 
injection system is based on the following principles: 
(a) the carrier gas is preheated to injection-block temperature; 
(b) the septum is kept cooler than the block itself and the sample is preferably 

injected into the hot zone with longer needles; 
(c) the flow pattern of the carrier gas is designed to minimize back-diffusion 

to the colder septum area; 
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(d) provision is made for the rapid expansion and transfer ofthe sample vapour 
to the column; 

(e) the volume of the evaporation zone is kept to a minimum (extremely impor
tant for capillary columns, see also sec. 3.2); 

(f) an injection block, the temperature of which is uniformly controlled, is 
provided outside the oven; 

(g) reactive surfaces and hot spots should be avoided (thermolabile com-
pounds); 

(h) the injection device should be easy to clean. 
The eventual design of the direct-sampling device is shown in fig. 6.1 6 - 11 ). 

It consists of two main parts, the evaporation chamber and, on top of it, the 
injection part. The latter is cooled with tap water to protect the silicone-rubber 

Sleeve for syringe 

Silicone-rubber seal 

It--------- Carrier-gas inlet 

Fig. 6.1. Device for direct sampling of liquid samples on capillary columns. 
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seals. The hot part is heated by insulation wire or by a cartridge heater; the 
nominal temperature required for analysis is 260 ac. To avoid reactive surfaces 
and hot spots, the heart of the device consists of a glass liner. The inside volume 
of this glass insert is kept as small as possible (approx. 25 [.tl) to minimize back
flush and condensation of the sample in the cool area around the septum. The 
sample is injected in the middle of the glass liner with a syringe. Since the inner 
diameter of the glass insert is only slightly larger than the diameter of the 
syringe needle, this provides a very high carrier-gas velocity around the 
needle, which minimizes the possibility of back-diffusion of the sample va
pour. The capillary column (I.D. = 0·25 mm, O.D. 0·55 mm) is placed 
in the glass insert and sealed with the aid of a Teflon disc. The glass insert 
can be easily removed and cleaned or replaced. The inside diameter of the 
glass insert is approximately equal to the outside diameter of the capillary 
column. 

Besides this device for use with self-made gas chromatographs we also modi
fied the injection port of an F M model 5750 gas chromatograph in order 
to adapt this injection port for direct injection into capillary columns. For this 
purpose the stainless-steel liner (fig. 6.2a) was replaced by a stainless-steel tube 
fitted with a glass liner (fig. 6.2b ). The purpose of this glass insert is the same 
as that of the device shown in fig. 6.1. 

As mentioned in the introduction, the use of these devices is limited to small, 
fairly highly concentrated samples, a requirement which can be easily met with 
standard samples of pure compounds. Examples of chromatograms obtained 

a) 

b) 

\ 
i Nut 

Septum 

Packed column 
Column fitting 
(Swagelok, 1/8 ") 

Heated metal block Swagelok fitting (1/4 ") 
Stainless-steel liner 

Carrier-gas inlet 

Glass insert 
Stainless-steel tube 

Brass tube 
Capillary column 

Fig. 6.2. Modified injection port of an F + M 5750 gas chromatograph. 
(a) Original device (for packed columns); (b) modified device (for capillary columns). 
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with the device shown in fig. 6.1 are presented in figs 3.4; 3.6a,d; 3.7a; 3.8a; 
3.10; 3.14b; 3.15b; 3.18 and 3.19. Figures 3.2; 3.5b; 3.6b,c; 3.7b,c; 3.8b; 3.9a,b; 
3.16b; 3.17b; 3.20; 3.21 and 3.22 are examples of chromatograms obtained with 
the device shown in fig. 6.2b. 

6.2.2. Direct injection with a cold zone 

To overcome the above-mentioned limitations we used the concept of the 
cold zone in combination with the devices described. This combination is a 
powerful tool in the direct injection of liquid and, as we shall see, solid samples. 
As already pointed out by Desty 6

-
12

), it is difficult to evaporate the sample 
quickly enough at high partial pressure without decomposing it. Desty stated 
that the only solution appears to be to inject the small amount required directly 
into the column, where it can dissolve in the top few plates and thus be subjected 
to the lowest possible temperature, that of the column itself. This feature, 
although hypothetical till now, has become possible by the cold-zone con
cept. 

A simple arrangement for the cold zone 6 - 11) is shown in fig. 6.3. We may 
distinguish three main parts: 
(a) the injection device, which is the same as that shown in fig. 6.1; 
(b) the cold zone, a narrow section at the top of the column which can be cooled 

by air, nitrogen, carbon dioxide, etc.; 
(c) an aluminium heat sink with sufficient heat capacity to desorb the trapped 

material almost instantaneously. 

Sampling device 
~-of flg.6.1 

Air(open) Air (closed) 

r--rzzzz~~~~~ZZI--T--rzzzz~a:~~za-
1 Syndaniol 
1 cover 1 

1 -Cartridgel 
1 heater 

1 

I Aluminium 
t heat sink 1 

: ·-Air-bath the~mostat~ 

I 
I 
I 
I 
I 
I 
I 
I I Capillary column L_______ -----~--

________ j 

a) b) 

Fig. 6.3. Injection device of fig. 6.1 combined with a cold zone. 
(a) Device in "cooling" condition; (b) device in "injection" condition. 
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Fig. 6.3a shows the device in the "cooling" condition. In this condition a 
narrow section of the column is cooled with air and the sample is injected. The 
volatile solvent elutes from the column while the "heavy" constituents are 
trapped on the cold spot. It will be evident that the difference in volatility 
between the solvent and the sample components must be as large as possible. 
A difference of at least 100 oc between the temperature of the cold zone and 
the boiling point of the most volatile sample components, is also recommended. 
Furthermore, it is important to prevent supersaturation and condensation of 
the solvent vapour. The phenomena may give rise to undesired effects, viz. 
column damage or fog formation. This can be avoided by gradual cooling and 
proper choice of the temperature of the cold zone. Thus, although temperatures 
as low as 20 oc can be obtained 6 - 13), we prefer a temperature above the 
boiling point of the volatile solvent, in most cases 80 °C. This temperature is 
low enough to maintain almost complete immobility of the steroids to be 
investigated. 

The injection position of the device is shown in fig. 6.3b. In this position the 
air supply is shut off and the injector part is pushed down. The cold zone con
tacts the aluminium heat sink and the trapped components are released almost 
instantaneously. It is clear that the small mass of the cold zone allows very rapid 
desorption of the trapped components. For the desorption process it is essential 
that the cold zone be part of the column itself. The temperature of the alumin
ium heat sink is kept 10 oc above the column temperature by a cartridge 
heater. The heat sink is placed inside the thermostat oven, this being essential 
to prevent heat losses during cooling. Another modification of this concept is 
described by Cramers and Van Kessel 6 - 14). Application of this device to 
steroid analysis resulted in fractionated desorption and a considerable contri
bution to peak-broadening. 

The most outstanding advantages of the cold-zone technique, under well 
adjusted conditions, are summarized in the following points: 
(a) elimination of quantitative errors possibly caused by splitting; 
(b) complete elimination of sample losses; 
(c) no need for rapid evaporation, thus simpler devices, lower injection tem

peratures and longer injection times are permissible, which may lead to less 
sample breakdown and septum bleed; 

(d) no loss of resolution due to adsorption-desorption effects in the vaporizer 
or finite sampling time; mode of sampling does not affect the retention time 
or resolution as in the case that no cold zone is employed 6 - 15); 

(e) the possibility of working isothermally, not present with a cold column 6 - 16); 

(f) analysis of trace components hardly possible without the cold zone since 
in general the aim of analysing trace components is not compatible with 
selection of the proper sample size; also, repeated sampling while main
taining the cold zone is possible. 
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In conclusion we may say that the cold zone can be used in all cases where 
sample concentration is necessary as a result of the broad sample-input plug. 

The effect of the cold zone is illustrated in figs 6.4 and 6.5. Figme 6.4 shows 
a specific chromatogram of a natural steroid sample (0·4 !J.l) obtained with the 
device shown in fig. 6.1. This sample was obtained by hydrolysing and extract-

Inj. 

0 10 

Fig. 6.4. Analysis of a "pregnancy" urine. 

5(3 -Pregnane, 3a, 20a- diol 

Pregnanolone 

20 

Estriol 

30 40 
----Time (min) 

Experimental: column 20m x0·25 mm s.s.; s.p .• SE-30; l.c.g.v. (N2), 10 cm/s; column and 
FID temp., 250 °C; inj. temp., 260 °C. 

5{3 -Pregnane, 3a,20rx-diol 

Push-down 

p~"'j 

40 

Fig. 6.5. Analysis of the same "pregnancy "urine using a cold trap. 
Experimental: same conditions as in fig. 6.4. 
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ing the urine of a pregnant woman 6 - 17). The main constituents are the TMSi 
ethers of pregnanolone, 5J)-pregnane-3a,20c.:-diol and estriol. Tetracosane is 
added as an internal standard. It is obvious that in this case the volatile-solvent 
peak disturbs the chromatogram. That this problem can be solved is shown in 
fig. 6.5 where the same sample is analysed. In this case the "heavy" constituents 
are trapped on the cold column section and the volatile solvent is eluted from 
the column. As can be seen, the volatile-solvent peak does not interfere in any 
way since the cold zone is pushed down after elution of the volatile solvent has 
been completed. 

Disadvantages of the cold zone are the longer analysis times required, 
especially for larger samples (compare figs 6.4 and 6.5) and the fact that for 
more volatile samples, a lower cold-zone temperature is required, which may 
lead to condensation and damage to the column 6 - 16). As will be seen, these 
problems can be solved by the introduction of devices capable of bypassing 
the volatile solvent prior to sampling on the column or capable of injecting 
solid samples. This will be discussed in the sections that follow. 

6.3. Direct injection of liquid samples with solvent elimination 

The need for removing the volatile solvent has been discussed in the previous 
sections. The successful efforts by Kuppens et al. 6 -

18
) made it possible to 

design a device capable of meeting the requirements. It will be evident that the 
use of a cold zone in order to concentrate the sample components present in a 
broad sample-input plug is imperative. The eventual design is represented in 
fig. 6.6 together with the flow system. The injection device consists of three 
main parts. The top part is a stainless-steel column (length 80 rom; J.D. 2·5 mm; 
O.D. 3·0 rom) packed over a length of 50 rom with Gas Chrom Q coated with 
4% SE-30 stationary phase (W/W). This column, provided with a carriet-gas 
inlet, is welded to the stainless-steel middle part. The column is surrounded by 
a concentric flash heater to ensure rapid heating-up during the injection proce
dure. The packed column serves as a trap for the low-volatility components and 
provides an expansion volume for the solvent; this is necessary to prevent trans
port of the sample vapour to the column. The time the low-volatile components 
spend on the packed column can be adjusted by changing the temperature or 
liquid-phase loading of this column. 

The middle part contains the vent system for the solvent. A perspective view 
of this section is shown in fig. 6. 7. All bores in this block have a diameter equal 
to the outside diameter of the capillary column used (0·6 mm). The column fits 
closely into this middle section and is sealed with the aid of a gold washer. 
The middle part and the brass bottom part are held together with a bolt and 
are heated by a single heating element to, for example, 270 ac. 

The bottom part consists of two half-cylinders, one of which can be removed 
to allow the capillary columns to be connected and disconnected. This part 



-144-

~~~~~--c Silicone-rubber seals 

Flash heater 

Packed column--
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Stainless
steel filter 

Carrier- gas inlet 
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Capillary-column connection 
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Syndanio cover 
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Fig. 6.6. Device for liquid sampling with solvent elimination. 

F 

A: Vent 

B: Counter-flow inlet 

C: Restrictor inlet 

D: Restrictor inlet 

E : Packed-column connection 

F: Capillary-column connection 

Fig. 6. 7. Perspective view of the middle part of the sampling system shown in fig. 6.6. 
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contains the means for providing a cold zone. In this device it is a "Dewar 
tube" (O.D. 10 mm; I.D. 5 mm; vacuum IQ- 6 Torr). Air is blown through 
this Dewar tube to cool a small section of the column. In this way temperatures 
as low as 25 oc may be obtained. The Dewar tube, provided with a silver mirror, 
ensures good heat insulation with an inherent sharp temperature change as a 
result of the double-walled evacuated glass tube. The silver mirror minimizes 
heat transfer by radiation from the block to the capillary column. Heating of 
the cool zone is mainly obtained by conduction from the hot block and very 
little by convection of the hot carrier gas. 

A typical injection procedure will now be described (fig. 6.6). The packed 
column is heated to 120 °C, partly by conduction from the heated block and 
adjusted by the flash heater. The small-volume valves (1) and (2) are opened. 
Tap (3) is actuated to supply air in order to create a cold zone at the top of 
the capillary column. A liquid sample (up to 1 microlitre) is injected at the top 
of the packed column by means of a syringe. The low-volatility material is 
retained on the column, while the volatile solvent is evaporated and vented via 
point A through valve (1). A counter-flow of carrier gas is supplied through 
valve (2) to prevent the solvent vapour from entering the capillary column. The 
counter-flow also leaves the system via valve (1). For a solvent with a boiling 
point of about 100 °C, the solvent-elimination step takes about 30 seconds. 
Valves (1) and (2) are subsequently closed and the packed column is quickly 
heated to 270 oc. During the heating selective evaporation may occur and the 
sample moves slowly and as a broad plug to the capillary column where it is 
gathered and concentrated on the cool zone. To avoid diffusion of the sample 
molecules into the "vent line" or "counter-flow line" (see fig. 6.7), a small 
percentage of the total carrier-gas flow is supplied at the points A and B via 
two capillary restrictors (length 4 m; I.D. 0·25 rom) (fig. 6.6). The time neces
sary to transfer the sample mixture from the packed column to the cool zone 
depends, among other things, on the nature and amount of the stationary 
phase, the flow rate, the nature of the sample and the time required to heat the 
column to the desired temperature. For a mixture of the normal paraffins from 
C20 to C30, the transfer takes approximately 8 minutes in this particular system. 
After this period the sample collected in the capillary column is released by 
simply closing valve (3). The cold section is heated to column temperature 
(260 oq in approximately 1 second. 

A typical result of this injection procedure is illustrated in fig. 6.8. This figure 
shows the analysis of a standard mixture of the TMSi ethers of some steroids. 
The steroids are introduced as a solution in the silylating agents bis-trimethyl 
silylacetamide (90 %) and trimethyl chlorosilane (10 %). In this case 0· 3 fl.l, 
containing about 50 ng of dehydroandrosterone (peak 1), is injected. The sol
vent-elimination step will now obviously take more than 30 seconds because 
the reagent mixture used as a solvent is less volatile. In this example it took 
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(1) 

(2) 

(3) 
(4) 

(5) 

(7) 

(11) 

(12) (13) 

Fig. 6.8. Analysis of a standard mixture of the TMSi derivatives of the steroids dehydro
androsterone (1), androsterone (2), etiocholanolone (3), dehydroepiandrosterone (4), 11-keto 
etiocholanolone (5), estrone (6), 17{1-estradiol (7), 11/1-bydroxy androsterone (8), pregnenol
one (9), 17.x-metbyl testosterone (10), 5{1-pregnane-3.x,20.x-diol (11), 5:x-pregnane-3/1,20{1-diol 
(12) and estriol (13) with the device shown in fig. 6.6. 
Experimental: column, 25m X 0·25 mm s.s.; s.p., SE-30; l.c.g.v. (N2), 13·0 cm/s; column and 
FID temp., 250 °C; inj. temp., 270 °C. 

3 minutes to remove the solvent completely. The peaks at the start of the chro
matogram are caused by impurities, reaction products, etc., which are also 
collected in the cool zone. 

6.4. Direct ~ection o( solid samples 

Another way to avoid the bulk of volatile solvent is the injection of solid 
samples. The introduction of solid samples has been extensively treated in the 
literature, where many manual and sophisticated automatic techniques are 
described. The most important injection methods are 
(a) encapsulation techniques, which can be used with several materials like 

glass 6 - 19), indium 6 - 20) and tin 6 - 21); 

(b) syringe injections 6 -
22

•23); 

(c) injection of samples coated on a support. The support material may be of 
glass, stainless steel or gold 6-24 •2 s). 

The techniques (a) and (b) can be used for manual and automatic injection, 
technique (c) is mainly used for automatic sampling. 

All these methods have one point in common; they are designed for packed 
columns. All devices described in these references employ large evaporation 
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chambers possessing a large dead volume, while in several cases the accumula
tion of sample substrates (e.g. metal gauzes) gives rise to a variable contribution 
to band-broadening, an undesired effect. The only device for solid sampling 
on capillary columns is described by Kuppens et al. 6 -

18
). This device can 

only be used for manual sample introduction. For the capillary column, too, 
however, automatic sample introduction is preferable since manual sample 
introduction imposes a serious limitation on the effective routine analysis of a 
large number of samples. As will be seen, it is the use of a cold zone which 
makes it possible to fulfil this wish. 

In order to investigate the behaviour of a solid-sample injector for capillary 
columns, we constructed the device shown in fig. 6.9. This device was not 
equipped with a cold zone, so the design considerations were the same as those 

1..'-t---·~--~--- Plunger 

.;J--1-H>J--~-- Silicone
rubber seal 

=="'~--Glass tube 

-Carrier-gas 
inlet 

---J?t----··Heating coil 

- Syndanio cover 
------Teflon disc 

r----- Capillary column 
-~--Air-bath thermostat 

a) b) 

Fig. 6.9. Device for manual introduction of solid samples into capillary columns. 
(a) Device in "stabilizing" condition; (b) device in "injection" condition. 
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for the device illustrated in fig. 6.1. The sample is coated on a small glass or 
stainless-steel rod ( 5 mm X 0· 3 mm) which is then placed in a glass tube (length 
8 em; O.D. 4 mm; I.D. 0·6 mm). The glass tube is inserted in a plunger (fig. 
6.9a) in such a way that when the plunger is pushed down, the glass tube moves 
into the heating chamber and the carrier gas is allowed to flow via a part of 
the plunger through the glass tube to the capillary column (fig. 6.9b). This glass 
tube fits closely into the heating chamber, which has to have sufficient heating 
capacity. The evaporated sample is directly transported to the column. A typical 
chromatogram obtained with this device is shown in fig. 6.10. It is clear that 
the device functions properly with respect to heat capacity and dead volume 
and the corresponding contributions to peak-broadening. However, an un
desired pressure effect is created by the plunger moving downwards. This effect 
results in a temporary deterioration of the baseline. From the performance of 
this device it was concluded that it should be possible to construct a device for 
automatic sample introduction into capillary columns employing a heating 
chamber with a glass insert, the sample taking the form of a coating on glass 
or metal rods. A pressure effect or interrupted gas flow would have to be avoided. 
The rods are collected in the glass insert, so enough space had to be provided 
for a large collection of rods. Since this implied a large dead volume, a cool 
zone was added to the design to compensate for the varying contribution that 
the accumulation of rods made to peak-broadening. The eventual design is 
shown in fig. 6.11. 

The device can be subdivided into: 
(1) a sample holder; 
(2) a device for rotating the sample holder through a fixed angle; 
(3) a cooler; 
(4) a heating chamber; 
(5) a cold zone. 
The sample holder consists of a stainless-steel cylinder in which 24 holes are 
drilled as shown in fig. 6.12a. In these holes the glass or metal rods are placed. 

12 15 
-Time(min) 

Fig. 6.10. Chromatogram of some n-paraffins obtained with the device shown in fig. 6.9. 
Experimental: column, 20 mx0·25 mm s.s.; s.p., SE-30; l.c.g.v. (N2), 26 cm/s; column and 
FID temp., 250 °C; inj. temp., 260 °C. 
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Fig. 6.1l. Device for automatic introduction of solid samples into capillary columns. 

The sample holder is placed in a brass housing with a brass lid. The lid can be 
removed to fill the sample holder. Sealing is ensured by 0-rings. The sample 
holder is provided with a toothed wheel as shown in fig. 6.12b. This 15° toothed 
wheel is turned periodically by means of a pneumatic system, a time clock and 
an electromagnetic valve. The lid of the housing is cooled with a water cooler 
to maintain a low temperature in the sample holder. One of the holes in the 
sample holder corresponds with a hole in the housing, which, in turn, is con· 
nected to the heating chamber. The heating chamber is provided with a glass 
insert in which the rods are collected. The heating chamber is heated by means 
of insulation wire. The capillary column is pushed into the glass insert and 
sealed with the aid of a Teflon disc. A cold column section is again obtained 
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a) 

b) 

Fig. 6.12. Some parts of the device shown in fig. 6.11 in cross-section and as seen from above. 
(a) Sample holder; (b) toothed wheel. 

with a Dewar tube. The air supply is also regulated by the same pneumatic 
system and time clock and a second electromagnetic valve. 

A typical procedure will now be described (see fig. 6.11). The lid is unscrewed 
and 23 rods coated with sample are placed in the sample holder, then the 
housing is closed again. The carrier gas enters the housing and flows through 
the heating chamber to the column. At a certain moment the electromagnetic 
valve (1) of the cooling system is actuated (fig. 6.13) and air is supplied to the 
Dewar tube. After five minutes the second valve (2) is actuated and the toothed 
wheel is rotated through 15° by means of a plunger. A rod drops through the 
house into the heating chamber. The sample evaporates and is collected and 
concentrated in the cold section of the column. After two minutes valve (2) is 
actuated again and the plunger resumes its original position. Another 8 minutes 
later valve (1) is actuated again and the air supply is shut off. The cold zone is 
now heated by conduction from the remainder of the column. This procedure 
is repeated at a fixed time interval set on the time clock. In this case the time 
interval was I hour since the development of the chromatograms took about 
40 minutes. Thus after 23 hours the sample holder is empty and has to be refilled. 
Mter a sufficient number of rods has been collected in the glass insert, the latter 
is removed and emptied. The practical capacity of the glass insert is about 200 
rods. 

It is clear that the cool zone eliminates all contributions made to peak-
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Fig. 6.13. Block diagram of the injection procedure for the automatic solid-sample injector. 

broadening by the position of the rod in the glass insert and the volume of the 
glass insert. Typical chromatograms obtained with this device in combination 
with the cool zone have already been shown in figs 3.3 and 3.5a. 

As already mentioned, another possibility of the cool zone is injection at lower 
temperature. This is of special interest for solid sampling and in particular if 
thermolabile compounds have to be analysed. In the next few chromatograms 
we will show theeffectoftheposition of the rod in the glass insert and the effect of 
the temperature. In fig. 6.14 the chromatogram obtained at 200 °C from the first 
rod coated with a mixture of the even n-paraffins between C20 and C32 (fig. 
6.14a) is compared with that obtained from the sixtieth rod dropped in the 
glass insert (fig. 6.14b). In neither case was cooling employed. The difference 
is striking. It will be noticed that the compounds n-C30 and C32 are missing 
from the second chromatogram. These did not reach the column entrance 
owing to the low temperature and large dead volume. The same is true for fig. 
6.14c, which shows the chromatogram of the sixty-first rod using the cold zone. 
In this case, however, the peaks are even narrower than the corresponding ones 
in fig. 6.14a. The influence of the temperature is shown in fig. 6.15. Here an 
injection at 240 oc without a cool zone (fig. 6.15a) is compared with a similar 
injection at 180 oc (fig. 6.15b). In the last chromatogram the compound n-C32 

is missing. For the next injection, also at 180 °C, the cold zone was employed; 
n-C32 was again missing, while the n-C30 peak had an elongated tail (fig. 6.15c). 
From these two examples it will be clear that the use of a cool zone is impera
tive for automatic solid-sampling. The only restriction is that the temperature 
of the injection part must be high enough to enable a complete transfer of the 
sample vapour to the cool zone within a reasonable time ( < 10 minutes). 
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Fig. 6.14. Effect of the position of the rod in the evaporation chamber on peak-broadening. 
(a) First rod, without cold zone; (b) sixtieth rod, without cold zone; (c) sixty-first rod, with 
cold zone. 
Experimental: column, 20 mx 0·25 mm s.s.; s.p., SE-30; I.c.g.v. (N2), 25·0 cm/s; column and 
FID temp., 250 °C; inj. temp., 200 °C. 
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Fig. 6.15. Effect of the temperature of the heatiug chamber on peak-broadening. 
(a) Heating chamber 240 °C, without cold zone; (b) heating chamber 180 °C, without cold 
zone; (c) heating chamber 180 °C, with cold zone. 
Experimental: column, 20 mx0·25 mm s.s.; s.p., SE-30; l.c.g.v. (N2), 23·9 cm/s; column and 
FID temp., 250 °C; inj. temp., 240 °C and 180 °C, respectively. 

6.5. Quantitative evaluation of the injection devices 

Since the suitability of the injection devices discussed above is largely deter
mined by the behaviour of a cold zone, we will discuss some quantitative aspects 
of these devices in relation to the conditions a cold zone should fulfil. The most 
important requirements are: 
(a) the separation between solvent and solute molecules should be as complete 

as possible; in any case, the retained solvent should not disturb the chro
matogram; 

(b) the sample molecules should be trapped completely and remain in the cool 
zon$} during elution of the solvent from the column or during the sampling 
period; 

(c) retention quantities should not be affected; 
(d) the heating time and hence the corresponding contribution made to peak

broadening by injection should be smalL 

6.5.1. Removal of the solvent 

As illustrated in figs 6.4 and 6.5, the removal of the solvent is complete in the 
case of steroid analysis. The chromatogram shown in fig. 6.5 is not disturbed by 
the solvent as is the case with the chromatogram shown in fig. 6.4. 
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6.5.2. Trap efficiency 

The trapping behaviour of the cold zone can be subdivided into two ele
ments: 
(a) complete collection of the components of interest; 
(b) retention of the collected compounds in the cold zone during elution of the 

solvent from the column or during the sampling time. 
Since the temperature difference between the cold zone and the lowest-boiling 
steroid derivative is sufficient, the only problem in connection with point (a) 
is that of fog formation. This has already been mentioned in sec. 6.2.2. If the 
temperature difference is too small, in other words, if the boiling points of the 
lowest-boiling sample components are too low, then either the solvent cannot 
be completely removed or the sample components cannot be quantitatively 
collected 6 - 16). Since sampling times and solvent-elution times, even for diluted 
solutions, of more than 1 hour are not likely, we measured and calculated the 
approximate leakage of some n-paraffins at nominal temperature out of the 
cold zone during the first hour. To achieve this, measurements of sample loss 
after 20 hours were made and the loss during the first hour was calculated, 
assuming a Gaussian distribution of the sample components in the cool zone. 
The leakage was found to be 0·30% for n-C20, 0·12% for n-C24 and not de
tectable for n-C28 and n-C32. Thus very high trapping efficiency for steroids, 
for example, can be anticipated. We will now give some examples of the quan
titative analysis of a few standard mixtures of n-paraffins. 

Analyses of a mixture of some n-paraffins with a packed column and the 
devices illustrated in figs 6.1 and 6.3 are compared in table 6-I. The average 
values of ten measurements and the standard deviations are given. The com
positions are calculated as peak-area percentages, i.e. assuming the same flame 
factor (unity) for all components. It will be clearly seen that the use of a cold 

TABLE 6-1 

Analysis of a standard n-paraffin mixture with and without a cool zone 

composition packed device of device of 
compound by weight column fig. 6.1 fig. 6.3 

(% W/W) (hot) (cold zone) 

aver. (j aver. (j aver. (j 

n-Cz4 27·4 26·6 1·8 30·9 1·5 27·8 1·2 
n-C2s 31-1 32·0 0·5 31·5 0·7 31·8 0·5 
n-C32 41·5 41·4 1·6 37·6 1·2 40·4 1·3 
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zone can be favourably compared with the case in which no cold zone is 
employed. It should be noted that in the latter analysis the composition is shifted 
towards the more volatile compounds. The same is true if the analyses are con
ducted for a mixture of steroid derivatives. In this case, however, the peak-area 
percentages do not correspond to those of a mixture composed by weight 
because the flame factors differ for each steroid. Another analysis was con
ducted for the device shown in fig. 6.6. The results are presented in table 6-II. 

TABLE 6-II 

Analysis of a standard n-paraffin mixture with solvent elimination 

composition average 
compound by weight of 4 runs (/ 

(%W/W) 

n-C2o 17·26 17·4 0·8 
n-Cz2 18·68 18·5 0·2 
n-Cz4 27·40 27·8 0·9 
n-Czs 36·65 36·3 0·8 

The quantitative aspects of this device are also satisfactory. For the solid
sampling device no quantitative results can be presented since it was not pos
sible to reproduce the absolute amount of sample to be injected. Probably this 
is due to the dip-coating technique employed. A solution might be found in 
the deposition technique described by Menini 6- 24). 

6.5.3. Influence on retention quantities 

As already stated by Porter et al. 6- 26), the introduction of a large sample 
or a high concentration of solute may give rise to initial band spread (charging 
over a significant time) and/or to variable partition coefficients. If the manner 
of sampling can be characterized, the effects of the charging technique on the 
development of the solute through the column can be estimated. The influence 
of several sampling techniques on column efficiency is extensively discussed by 
Sternberg 6 - 15). It is evident that for the reasons given above the smallest pos
sible sample sizes are always selected, particularly if high efficiency and accu
racy are required, as is emphasized by several authors 6

-
12·27

•
28). If we con

sider constant charging over a significant time (Lit), it will be clear that the rela
tion between the measured retention time (tRm) and the ideal retention time (tR1) 
can be represented by 

(6.1) 
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and we see that the measured retention time is affected by the mode of sampling. 
However, since adjusted retention times or differences in retention times are 
used in practice, this does not affect the retention quantities commonly used. 
The same is true if a cold zone is employed: with this device the manner of 
sampling does not affect the elution time. As will be seen in sec. 6.5.4, the 
manner of sampling does affect the resolution between two peaks unless a cool 
zone is used. The problem is different if a high concentration of solute is con
sidered and the partition coefficients become concentration-dependent. In this 
case, theretention times become concentration-dependent in accordance with 
eq. (1.3) and so, via these times, do the derived quantities such as relative 
retention times and retention indices. An example of this case is given in fig. 
6.16. In this figure the carbon index of the TMSi ether of dehydroepiandros
terone is given as a function of concentration. Increasing amounts of DHEA 
were added to a solution of some n-paraffins in the silylating agents BSAfTM CS 
(9 : 1); 0·1 !Ll aliquots were injected into a 20 m x 0·25 mm, SE-30 coated 
column at 253 oc. It can also be concluded from this figure that for accurate, 
reliable measurements only small amounts of material should be used ( < 5.1 o- 7 

g). In the latter case even the cold zone offers no solution. 
To investigate the influence of the cold zone on the carbon index, we con

ducted two series of ten measurements on a capillary column with an SE-30 
stationary phase at 250 oc with and without a cold zone. The sample consisted 
of the TMSi ether of dehydroepiandrosterone. The results are presented in 
table 6-III. No significant difference can be noticed, which indicates that the 
use of a cold zone does not affect the retention quantities. 

crsE-30 
25JOC 

126·20 

2 3 4 5 6 7 B .9 to x105 
-cone. in arbitrary units 

(I nfotronlcs} 

Fig. 6.16. Concentration dependence of the CI of dehydroandrosterone-TMSi. 
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TABLE 6-III 

Influence of the cool zone on the carbon index of DHEA-TMSi 

CI (aver.) 
a 

without cool zone 

25·924 
0·008 

6.5.4 Contribution to peak-broadening 

with cool zone 

25·924 
0·011 

As we saw in the previous section, the measured retention time is affected 
by the sample size. Column efficiency is also affected, however, as can be seen 
from the resolution, R (eq. (1.14a)): 

fRJ tRh 
R111=----

2 (G11 + a1) 

The difference in retention time is not affected by the sample size, but the peak 
has broadened since the chromatogram started from several positions in the 
column and the standard deviations (a) will increase correspondingly. The total 
variance of a peak of the Gaussian form ( a1 

2
) consists of the sum of variances 

of all parts of the system: 
n 

(6.2) 

so that in any case the observed variance is larger than the variance caused by 
the column process alone: 

(6.3) 

As we saw in sec. 3.2, most of the extra contributions to peak-broadening can 
be avoided by a proper design of the system. For the steroid analysis described 
in this thesis the only factor contributing to peak-broadening, apart from the 
contribution from the column, is the injection factor: 

(6.4) 

We may therefore conclude that, in the system used, decreased resolution can 
only be the result of peak-broadening due to injection. 

Furthermore, it is widely believed that the sample must be introduced as a 
very narrow plug in order to achieve high column efficiency. That this is not 
necessary can be worked out from the influence of the feed width on the reso
lution. For the sake of convenience we rewrite eq. (1.14a), assuming that 
ah ~ a1: 
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(6.5) 

Substitution of eq. (6.4) results in 

IRJ (Rh 

RhJ = _4_(_a_?_+_a_c_2-)1-/2- (6.6) 

If a1 approaches zero, RhJ tends to a maximum while a1 ~ ac. Hence 

Rh1 max. 
(6.7) 

The decrease in resolving power of the column as a percentage of RhJ max. 
for increasing values of a1 is shown in table 6-IV. For a good injection system, 
a decrease of 10% in resolution is acceptable; this means that a1 has to be 
smaller than 0·48 a c. In the same table the decrease of the number of theoretical 
plates obtained (n) is shown as a percentage of nmax· The effect on (n) is more 
pronounced since a quadratic relationship is involved (eq. (l.16)). The quality 

TABLE 6-IV 

Efficiency as a function of increasing feed width 

a 1 expressed decrease in resolution decrease in number of 
in <Ic as % of RhJ max. theor. plates in % of 

nmax 

(Ji 0·14 f1c 1 2 
fJ; 0·20 <1c 2 4 
<11 = 0·33 <1c 5 10 
<11 = 0·48 <1c 10 19 
<11 = 0·88 <1c 25 44 
(JI 1·73 (]c 50 75 

of the injection devices described in this chapter was now tested by measuring 
the resolution between two peaks or finding the a1 with a short capillary column. 
The same was done for the cool zone; in this case the feed width was determined 
by the heating-up time of the cold trap. 

Theoretically, the contribution made to peak-broadening by injection can be 
measured by means of eq. (6.4). Since ac2 is proportional to the column length 
([), this equation can be rewritten as 

C = constant. (6.8) 
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In this way the al value can be determined graphically from a plot of a? 
versus column length. In practice, however, it is not possible to prepare capillary 
columns with uniform properties over their entire length, a condition which 
must be fulfilled for eq. (6.8) to be valid. Measurements on very short capillary 
columns showed that the values of at2 for these short columns were small 
enough to be negligible compared to the ac2 values for longer columns (20m). 
Several at( c)*) values for a 60-cm capillary column (LD. 0·25 mm) with an 
SE-30 phase and equipped with a cold zone are listed in table 6-V. Other con
ditions: temperature as indicated in the table; linear carrier-gas velocity (N2) 

45 cmfs; device as presented in fig. 6.3; peaks traced by a u.v. recorder. These 
figures become significant if they are compared with the at(c) values of a 
normal 20-m capillary column under the same conditions except that the linear 
carrier-gas velocity is 20·0 cmfs. The latter values are listed in table 6-VI. From 
this table and table 6-IV it can be concluded that the decrease in resolution is 
less than 1% of Rmax for all n-paraffins. Since, as the table shows, the real a1 

TABLE 6-V 

at(c) values for a 60-cm capillary column 

temp. CCC) at(c) (s) 

heat sink column n-C2o n-C24 n-C28 n-GJz 

230 222 0·21 0·36 1·18 4·2 
244 236 0·15 0·22 0·68 2·6 
258 250 0·14 0·19 0·47 ,1·5 
273 265 0·13 0·17 0·30 0·7 

TABLE 6-VI 

a values for some n-paraffins on an SE-30 phase at 250 oc 

compound ut(c), ac(c), R/Rmax at(h), a 1(h) R/Rmax 
60cm 20m (%) 20m (%) 

n-C2o 0·14 1·9 > 99 2·3 1·3 86 
n-Cz4 0·19 4·2 >99 4·6 1·8 92 
n-Czs 0·47 12·3 >99 12·9 3·8 96 
n-C32 1·5 34 > 99 37 14 92 

*) (c) indicates use of a cold zone, (h) indicates that no cold zone was used (hot injection). 
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values for the short column are still smaller than the (11 values obtained with 
this column, it must be concluded that sample introduction with this device 
(fig. 6.3) is almost ideal. 

The fact that sampling by means of a cool zone is almost ideal enables us 
to estimate the contribution made to peak-broadening by the device shown in 
fig. 6.1, the only difference being the cold zone. Since the column is the same 
in both cases, we may state 

(1/(c) (1c 
2(c) (jc 2(h) (6.9) 

and 
(jt 2(h) (jt 2(h) (jc 2(h). (6.10) 

Combination of these equations results in 

a/(h)- (11
2(c) (j?(h), (6.11) 

and a value for (j1(h) can be calculated. Values for a1(h) and ar(h) are also listed 
in table 6-VI, together with the corresponding value of R as a percentage of 
Rmax· It is clear that, although the loss in resolution is more pronounced, it is 
still less than lO% in most cases; this can be considered as acceptable. 

If we examine the cool-zone system of the device represented in fig. 6.6 we 
find that the quality is intermediate between those of the two devices mentioned 
above. For this device the value of R/Rmax is 97% 6

-
18

). 

As already described for the solid-sampling device, the same cold-zone system 
is used as for the device shown in fig. 6.6, so that the system as a whole can be 
expected to be of the same quality. 

For the solid-sampling system it is more important to investigate the influence 
of the temperature of the evaporation chamber on peak-broadening during 
normal (hot) injection and the role the cool zone can play in injection at low 
temperature. To illustrate this the peak width at half-height (W112) for some 
n-paraffins is plotted versus the temperature of the evaporation chamber. The 
column used in this investigation was a 20 m x 0· 25 mm stainless-steel column, 
coated with SE-30, and the linear carrier-gas velocity (N 2) was 24 cmfs. During 
the investigation the column temperature was kept constant at 250 °C. The 
results are shown in fig. 6.17. It can be concluded from the figure that for each 
n-paraffin W112 is a function of the temperature if no cold zone is used. If the 
cold zone is used, the value of W112 is independent of the temperature of the 
evaporation chamber. This enables us to inject samples at a very low tempera
ture, permitting a broad input plug, after which the sample is collected and 
concentrated on the cold zone, a part of the column. This technique approaches 
the ideal in gas chromatography, viz. the injection of a sample at a low tem
perature and in the "first" theoretical plate of the column 6

-
12

). We have only 
to ensure that the temperature of the evaporation chamber is high enough to 
allow complete transport of the sample molecules from the evaporation chamber 
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Fig. 6.17. Peak widths of some n-paraffins as a function of the temperature of the heating 
chamber for "hot" and "cold" injection. 

to the cool zone within a reasonable time. In this connection it should be noted 
that at a temperature of 180 oc the n-C32 peak is partly missing, while at 
160 oc the n-C30 and n-C32 peaks do not reach the zool cone. Another con
clusion is that for each n-paraffin the peak widths obtained with the cold zone 
are significantly smaller than those for hot injection. For higher temperatures 
of the evaporation chamber, these differences become less pronounced. It fol
lows directly from fig. 6.17 and eq. (6.5) that a similar effect results if the 
resolution is considered. 

From the results in this chapter it can be concluded that the sampling devices 
developed for direct sampling into capillary columns function effectively. In 
particular the use of a cold zone is very efficient since it allows almost ideal 
injection. A cool zone is obviously indispensable if a device for solvent elimina
tion or solid sampling, especially at lower temperatures, is used. 
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Summary 

Although gas-chromatographic steroid analysis has grown rapidly over the 
last ten years, little or no use has been made of the high resolving power of 
the open-hole capillary column. The reasons for this ignorance have been 
investigated; they can be reduced essentially to several practical problems, 
of which the preparation of efficient columns and the introduction of steroid 
samples, in combination with the sample capacity of capillary columns, are 
the most important. Another factor which will certainly play a role in all 
applications of capillary columns is the lack of additional identification pos
sibilities since the minute amount of sample eluting from the column cannot be 
used for established techniques such as u.v. or i.r. identification. 

This investigation deals with the problems referred to above. It resulted in 
two new methods for the preparation of capillary columns: the multicoat 
technique and the modified static-coating method, for non-selective and se
lective phases, respectively. In contradistinction to capillary columns prepared 
with non-selective phases, however, those prepared with selective phases 
proved to be unstable. 

Another practical problem concerned the sampling of minute amounts of 
steroids often available only in large dilutions. The common sample-intro
duction technique for capillary columns, employing an inlet splitter, cannot 
properly be used for compounds of low volatility. In this connection it was 
found that the direct-injection technique is imperative for the sampling of 
steroids (and other compounds of low volatility) into capillary columns. 
A device for direct injection into capillary columns has been developed. A 
disadvantage of this device is the low sample capacity: it can only be used for 
the introduction of fairly concentrated samples, such as can be obtained for 
mixtures of commercially available steroids. With the steroid samples usually 
available the column becomes overloaded by the matrix components, resulting 
in poor column performance. A solution was found by incorporating a cold 
zone which enables the volatile solvent to pass from the column, while trapping 
the low-volatility sample components. Once the volatile solvent is eluted from 
the column, the cold zone is rapidly heated, allowing the trapped components 
to take part in the GC process almost instantaneously. Variations of this 
procedure involve removing the solvent prior to transfer of the sample to the 
capillary column. Two devices based on this concept are also described. One 
eliminates the volatile solvent after injection on a packed pre-column, while 
the other is based on the removal of the solvent prior to injection, which makes 
it a solid-sample injector. The latter device is designed for the automatic 
introduction of a number of samples. 

Quantitative evaluation of the injection devices referred to above 
revealed that the contribution to peak-broadening of the cold trap is negligible. 
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Thus injections by these means may be considered to be almost ideal. 
To improve the possibility and reliability of identification by purely GC 

means, a new retention parameter, the carbon index, is proposed. The use of 
this parameter permits the on-line data processing by computer. A parameter 
which uses the temperature dependence of the relative retention time is also 
advocated. This parameter possesses a high discriminating power. The molec
ular,structure - retention-behaviour relationship has shown to be helpful in 
enhancing the reliability of identification. The same is true for identification 
with the aid of different stationary phases. This concept forms a basis for the 
computer program "IDENTIFICATION". 

In conclusion, we may say that ignorance concerning the use of capillary 
columns in the GC analysis of steroids is not due to theoretical limitations, 
but rather to practical difficulties. These difficulties can be overcome by the 
use of proper injection techniques and well-prepared columns. At the same 
time the objection that capillary columns lack additional identification pos
sibilities can be substantially overcome with the aid of unambiguously de
fined and highly discriminating retention parameters, by employing molecular
structure - retention-behaviour relationships and by the use of more than one 
stationary phase for identification. 
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Samenvatting 

Ondanks de enorme groei van de gaschromatografische steroidanalyse ge
durende de afgelopen 10 jaar heeft men vrijwel geen gebruik gemaakt van het 
hoog-oplossend vermogen van de capillaire kolom. Dit onderzoek heeft uitge
wezen dat de voornaamste oorzaken voor dit gebrek aan interesse gezocht 
dienen te worden in de diverse praktische problemen die hierbij een rol spelen. 
De meest belangrijke zijn wei het vervaardigen van geschikte kolommen en het 
bemonsteren van deze kolommen in combinatie met hun !age monstercapaci
teit. Een andere factor, van belang bij aile toepassingen van capillaire kolom
men, is het gebrek aan extra mogelijkheden tot identificatie omdat de geringe 
hoeveelheid monster die van een dergelijke kolom elueert onvoldoende is voor 
gerenommeerde technieken als u.v. of i.r. identificatie. 

Het onderzoek naar het vervaardigen van geschikte kolommen voor de 
analyse van steroiden heeft geresulteerd in twee nieuwe methoden voor bet 
"coaten" van deze kolommen, n.l. de "multi-coat" methode en de gemodifi
ceerde statische methode, respectievelijk voor niet-selectieve en selectieve sta
tionaire fasen. 

Het bemonsteren van capillaire kolommen heeft gewoonlijk plaats op een 
indirecte manier n.I. door gebruik te maken van een verdeelsysteem waardoor 
slechts een fractie van het monster op de kolom gebracht wordt. Dit systeem is 
bovendien minder geschikt voor weinig vluchtige stoffen. Aangezien steroiden 
een lage vluchtigheid bezitten, en bovendien vaak in kleine hoeveelheden in 
meestal verdunde oplossingen beschikbaar zijn, is het verdeelsysteem onbruik
baar. Een oplossing voor dit probleem werd gevonden in een methode van 
directe injectie. Een nadeel van het apparaat, gebaseerd op dit principe, is 
echter de !age monstercapaciteit; het kan slechts optimaal gebruikt worden 
voor tamelijk geconcentreerde oplossingen zoals verkregen kunnen worden met 
mengsels van standaardsteroiden. Dit nadeel kan verholpen worden door het 
toevoegen van een koude zone die ons in staat stelt het oplosmiddel van de 
kolom te elueren terwijl de minder vluchtige stoffen worden achtergehouden 
in deze koude zone van de kolom. Vervolgens wordt de koude zone snel opge
warmd waardoor de achtergebleven stoffen in staat zijn zeer snel aan het 
G.C. proces deel te nemen. Om de kolom te ontlasten van de grote hoeveel
heden oplosmiddel die op deze manier gelntroduceerd kunnen worden zijn ook 
nog enige varianten ontwikkeld die gebaseerd zijn op het verwijderen van het 
oplosmiddel voordat het monster op de capillaire kolom wordt gebracht. 
Twee apparaten die hieraan voldoen worden tevens beschreven. Het ene elimi
neert het oplosmiddel na injectie op een gepakte voorkolom, het andere ver
wijdert het oplosmiddel voor de injectie, resulterend in een vastestof-injector. 
Het laatste apparaat is geautomatiseerd. 

Uit de quantitatieve uitwerking van bovengenoemde injectoren is o.a. 
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gebleken dat de bijdrage tot piekverbreding verwaarloosbaar is zodat injecties 
met deze apparaten als vrijwel ideaal beschouwd kunnen worden. 

Om de mogelijkheid en betrouwbaarheid van een identificatie, uitsluitend 
uitgevoerd met behulp van G.C.-middelen (retentie-grootheden) te verbeteren 
werd o.a. een nieuwe retentieparameter, de "carbon index", geintroduceerd. 
Toepassing van deze parameter maakt het on-line gebruik van een computer 
mogelijk bij de verwerking van retentiegegevens. Ook werd het gebruik van 
een parameter, gebaseerd op de temperatuurafhankelijkheid van de relatieve 
retentietijd, verdedigd. Deze parameter bezit een sterk discriminerend vermogen. 
Verdere verbeteringen kunnen worden gevonden in het verband tussen de 
structuur van een molecuul en zijn retentiegedrag en het gebruik van meerdere 
stationaire fasen. Op het laatste concept is het computer programma "IDENTI
FICATION" gebaseerd. 

Concluderend kunnen we zeggen dat het gebrek aan belangstelling wat 
betreft het gebruik van capillaire kolommen niet te wijten is aan theoretische 
beperkingen maar aan een aantal praktische moeilijkheden. Deze moeilijk
heden kunnen opgelost worden door het gebruik van aangepaste injectie
technieken en goed geprepareerde kolommen. Ook het bezwaar dat additio
nele identificaties nauwelijks mogelijk zijn kan grotendeels worden onder
vangen door uitgebreider gebruik te maken van de G.C.-mogelijkheden. 
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I 

De bewering van Ladon en Sandler, dat hun methode voor de calculatie van 
de verblijftijd van een onvertraagde komponent in een gaschromatografische 
kolom, gebaseerd op de retentietijden van isomere 2,4 hexadienen, beter is dan 
andere methoden om deze verblijftijd te berekenen, is onjuist. 

A. W. Ladon en S. Sandler, in E. Kovatz (ed.), Chromatographie 
sur Colonne, Association Suisse des Chemistes, Lausanne, 1969, p. 160. 
Dit proefschrift, hoofdstuk 4. 

II 

Ret door Grob en Grob gerapporteerde concentratie effect, waargenomen na 
injectle op een capillaire kolom onder isotherme omstandigheden, is in strijd 
met de theorie over gaschromatografie. 

K. Grob en G. Grob, J. Chrom. Sci. 7, (10), 587, 1969. 

III 

Electronenmicroscopisch onderzoek van glasachtige systemen heeft duidelijk 
gemaakt dat de interpretatie van metingen, die het doel hebben eigenschappen 
van genoemde systemen te doorgronden, met grote voorzich1igheid dient te 
geschieden. 

W. Vogel, Struktur und Kristallisation der Glaser, VEB Deutscher 
Verlag filr Grundstotfindustrie, Leipzig, 1965. 

IV 

De reactiesnelheidsbepaling van de reductie door waterstof van loodhoudende 
glasachtige systemen door meting van de afgestane hoeveelheid water, als ge
geven door Haertling en Cook, is aanvechtbaar. 

G. H. Haertling en R. L. Cook, J. Am. cer. Soc. 48, (1), 35, 1965. 

v 
De bewijsvoering van Rundle, ter rechtvaardiging van het door hem gebruikte 
model betreffende de epitaxiale groei van silicium in een horizontale reactor, 
is onvoldoende. 

P. C. Rundle, Int. J. Electronics, 24, (5), 405, 1968. 



VI 

De gegevens, waarop Sladek zijn model voor de groei van silicium nitride 
(Si 3N4 ) als functie van de temperatuur baseert, kunnen ook anderszins ge
interpreteerd worden. 

K. J. Sladek, lezing gepresenteerd tijdens de 137e bijeenkomst van 
"The Electrochemical Society'", gehouden mei 1970 te Los Angeles, 
U.S.A. 

VII 

Het gebruik van aluminium oxide (Al 20 3) als modelstof voor bet onderzoek 
naar bet sintergedrag van oxidiscbe keramiscbe materialen onder invloed van 
oxidiscbe toevoegingen met een afwijkende kationfanion verbouding is niet 
aan te bevelen vanwege de geringe oplosbaarbeid van deze toevoegingen in 
aluminium oxide. 

VIII 

De door Konstantinov en Osburkova verkregen resultaten voor de microbepa
ling van aminozuren, gebaseerd op de beweeglijkheid van ionen, zijn boogst 
onwaarschij n lij k. 

B. P. Konstantinov en 0. V. Oshurkova, Dokl. Akad. Nauk SSSR 
175, (I), 113, 1967. 

IX 

Ret verdient aanbeveling om bij het basis en voortgezet onderwijs meer aan
dacht te besteden aan de ontwikkeling van handvaardigheid. 

X 

Ret optreden van figuren als Kluk Kluk e.d. in programma's voor kinderen 
is niet bevorderlijk voor de taalkundige vorming van deze bevolkingsgroep. 


