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PART ONE 

AN INVESTIGATION OF BERGA~WT OIL 

It was felt that with the instrumental methods: gas

liquid-chromatography, mass spectrometry, nuclear mag

netic resonance, infrared speetrometry and ultraviolet 

spectrometry, if combined properly, it is to 

solve quite complex problems in the field of organic 

analysis of natural products, like mineral oil, fatty 

acids and essential oils. The components of essential 

oils are sufficiently volatile for gaschromatographic 

and mass spectrometric analysis. The field is wide and 

the development of instrumental methods has been fast, 

the tools appear to be ready, but most oils have not 

yet been thoroughly investigated. After careful consid

eration, oil of bergamot was chosen for the present in-

This investigation was intended as a test for our views 

on the method of analysis of volatile complex organic 

mixtures. 

Our tenet is that a selective separation scheme has to 

the multistage chromatographic analysis and 

that structural elucidation should be based on spectra 

of the isolated compounds. 

The aim is, to present the principles of a separation 

scheme, the identification of any compound 

downtoa predetermined level of concentration,and to 

test such a scheme experimentally by isolating and i

dentifying a number of compounds from bergamot oil. 
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CHAPTER I 

REVIEW OF THE LITERA TURE 

1. Origin of bergamot oil. 

Oil of bergamot is derived by cold expression from the 

fruitpeel of the bergamot orange (Citrus bergamia Risso 

et Poiteau). It has an agreeable odour and a bitter 

taste. The main constituants are limonene, linalol and 

linalylacetate. 

Planting and cultivation started some 250 years ago in 

Calabria, Italy. By 1725 the oil was well-known in Flo

rence. (Günther 1961). 

2. The composition of bergamot oil. 

The first investigations of the chemistry of bergamot 

oil date back nearly 130 years to the time when Ohme 

(1839) published the first elementary analysis of ber

gamot oil (from Wöhler's laboratory) and Soubeiran and 

Capitaine (1840) showed that the oil contains various 

terpenes: "Wir bedienen uns des Worts Camphen als gene

rischen Ausdrucks für die aus ätherischen Oelen beste

henden Gruppe, welche Kohlenstoff und Wasserstoff in 

dem Atomverhältniss von 5 : 8 enthalten ••.. Aus der 

nachstehenden Beobachtung ergiebt sich, dasz das Berga

motöl aus mehreren verschiedenen flüchtigen Oelen be

steht, die sich ungleich in den Produkten verteilen. 

Durch Auspressen der Schale erhaltenes Bergamotöl wurde 

mit Wasser destilliert und über Chlorcalcium getrock

net: es hatte ein spec. Gewicht von 0,869." Soubeiran 

et al.,(1840). 

Campare 0.880 - 0.887 for undistilled oil according to: 

La Face (1926), Gildemeister and Hoffmann {1959), Guen

ther (1961). 

"Es sind indessen von Ohme Analysen dieses Oeles pu-
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blicirt worden, nach welchen es 7,098 pCt Sauerstoff 

enthält, was ihn bewogen hat, es als ein Hydrat des Ci

tronöls zu betrachten 3(C1oH1 6 ) + 2H20• Wir glauben 

dasz das Bergamotöl ein oder zwei Oele aus der Klasse 

der Camphene (c10H1 6 ) plus einem Hydrate enthält, des

sen Zusammensetzung uns noch unbekannt ist und wahr

scheinlich auch eine kleine Quantität eines sauerstoff

haltigen Oels, das durch absorbtien von atmosphärischem 

Sauerstoff entstanden ist. Ohme fand das Bergapten 

welches 67,9 Kohlenstoff, 3,65 Wasserstoffund 24,25 

Sauerstoff enthält." (Soubeiran et al.1840). 

According to the presently known structure the substan

ce bergaptene, methoxy-5-furano-3',2'-6,7-coumarine, 

C12H904, has a carbon-hydragen composition of 66.7, 

3.73% respectively, agreeing fairly closely to the 

above figures. Only the oxygen content 29.6% does not 

agree. If the 4 in 24.25 could be due toa printing 

error, we would come to the conclusion that this is a 

remarkably accurate analysis. The paper by Ohme (1839) 

gives indeed 29.0% oxygen. 

It is interesting to read about these first attempts 

to analyse the oil. They were done in the time when 

Berzelius enjoyed great fame and when Liebig stated 

that Berzelius needed eighteen months for the exact 

analysis of seven substances! Many years later Wallach 

was to become famous for his fundamental work on ter

penes. We quote: 

"Wallach was awarded the Nobel Prize in 1910 for his 

work on terpenes. He described in 1909 the immediate 

cause of his original interest in these substances. In 

a cupboard in Kekulé's private laboratory there had 

stood for fifteen years several unopened flasks con

taining ethereal oils, which Kekulé had procured for 

research purposes but had not used. Kekulé granted Wal

lach's request for permission to carry out a research 

on the mysterieus contents of the flasks with the words: 

"Yes, if you can make anything out of them!" accompan-

13 



ied by the ironical laugh that he only gave when he be

lieved someone tobeon the wrong track." (Farber, 1961). 

To illustrate the enormous gap in experimental possibi

lities between those days and the present time, we 

quote from a paper by Wallach (1885): 

Bergamottöl. 

Dies Oel scheint in sehr verschiedener Qualität im Han

del vorzukommen. Während ein früher von mir verarbeite

tes Material kaum unter 180° siedende Bestandtheile ent

hielt, begann ein neuerdings bezogenes Präparat viel 

niedriger zu sieden und die zuerst übergehenden Antheile 

liessen einen sehr steehenden Essigsäuregeruch wahrneh

men. Es konnte sodann eine zwischen 175 und 180° sieden

de Parthie isoliert werden, die das bei 104 bis 105° 

schmelzende Tetrabromid gab, also aus Hesperiden bestand. 

Sehr bedeutende Antheile des Oels beider Bezugsquellen 

siedeten aber zwischen 180° und 190°. Diese absorbirten 

beim Bromiren lebhaft Brom, gaben aber kein festes Bro

mid. Beim Erhitzen des bei 180 - 190° siedenden Antheils 

für sich, entstanden sehr viel hochsiedende Condensa

tionsproducte.Die nach dem Erhitzen bis 190° übergehen

de Fraction lieferte beim Bromiren das bei 124 bis 125° 

schmelzende Cinentetrabromid." 

" ••• Vonder in meiner neulichen Abhandlung (Diese An

nalen 225, 318) mitgetheilten, bisher vollkommen liber

sehenen Thatsache, dass gewisse Terpene sich mit Brom 

zu sehr schön krystallisirenden Tetrabromiden vereini

gen, liess sich erwarten, dass sie sich zu einer näher

en Charakterisirung und Unterscheidung einzelner Glieder 

dieser noch so unzureichend bekannten Körpergruppe wür

de verwerten lassen. Es hat sich das in vollem Masse be

stätigt und ich möchte heute einige nach dieser Richtung 

erhaltene Resultate mittheilen, mit dem Vorbehalt, die

selben demnächst durch weitere Versuche zu vervollstän

digen. 
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Ich habe bereits angegeben, dass man aus den als 

riden" und als "Cinen" bezeichneten Terpenen zwei ver

scbiedene ausgezeichnet krystallisirende Bromide erhal

ten kann, vondenen das eine bei 104 bis 105°, das an

dere bei 125 bis 126° schmilzt .•.. dass ihnen die For

mel C10H16Br4 zukommt, dass sie also durch directe Ad

dition von vier Bromatomen zu dem Kohlenwasserstoff 

C1oH16 entstehen ...• " 

We shall not follow the bistorical development (Tieman, 

Semmler (1892), Tilden, Simonson (1952) and others) in

teresting as this might be, but would rather turn to the 

time that gas chromatography became available and thus 

opened up quite new possibilities. 

An important artiele appeared in 1963 by Maria Calvara-

no in which gas chromatography was directly to 

a number of bergamot oil 

tions are reported for the hydrocarbons as a percent

age of the total oil. See Table 1. 

Table 1. Composition of bergamot oil, hydrocarbons as a 

percentage of total oil. 

Hydracarbon by Ikeda 
( 1962) 

by Calvarano ( 1963) 

(l-pinene 0.61 0.84 ... 0.87 

a-thujene 0.06 0.28 ... 0.40 

a-pinene 3.5 4.90 ... 5.29 

sabinene 0.48 

myrcene 0.39 0.65 ... 0.85 

d-limonene 22.3 20.63 ... 30.63 

y-terpinene 4 .1 4. 20 ... 5.18 

p-cymene 0.71 

ocimene 0.13 -

Total hydrocarbons 32.28 31.50 ... 43.22 
I 
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When considering these figures, it should be borne in 

mind, that the natural oil shows considerable varia

tion in composition during the progress of the season, 

even from the same orchard, The linalylacetate content 

for instanee is known to increase from 35 to about 45% 

during harvesting time alone. 

Farnow, Porsch and Raupp (1g6S) made a gaschromato

graphic identification on capillary columns (polypro

pylene glycol 150°c). They found the compounds represent

ed in Fig. 1. These are listed in order of elution. 

The probable, but not confirmed, presence of a-thujene, 

B-phellandrene, n-aldehyde Cg, n-aldehyde c 12 , was in

dicated and the absence of ocimene, dihydrocumin alco

hol, cis- and trans-jasmon, dihydrojasmon, cis- and 

trans-5-octene-2-one and terpinylacetate definitely 

shown. The presence of hergaptene (Pomeranz, 1ag1, 

18g3) is mentioned by Guenther (1g61) and by Sundt et al. 

(1g64). 

According to Theile et al.(1g62) hergaptene accounts 

for the bulk of the residue on evaporation of bergamot 

oil. 

Sundt et a1.(1g64) mention, as known compounds,. bergap

tol, bergaptene and limettin (dimethoxy-5,7-coumarine) 

and have i•olated' tran•- and ci•-ja•mon,~ 

dihydroja•mon, ~~ 
0 

cis- and trans-octene-5-one-2 (not previously found in 

nature), the saturated monocarboxylic acids Ca, Cg, 

c1 0 , c11• c16• c24 in smaller amount Czz, Cz3, c 25 and 

Cz6, cis-geranylic acid, a dihydrogeranylic acid. Prob

ably present are: hexadecatrienic-acid, octadecane-acid, 

69-octadecene-acid, 6g,12-octadecadiene-acid and eico

sane-acid. Dixon et al., (1g68) report linalol oxide. 

16 



I I I 

222 
2 3 4 5 6 7 

HO 

8 

HO 
10 9 

OH 

OH 

11 12 13 14 15 

OAc 

17 
19 20 

1. a-pinene 8. n-nonanal es. geraniol + 

r· B-pinene 9. linalol 16. nerylacetate 

3. myrcene 1 0. n-decanal { 17. bergamotene + 

4. limanene 1 8. caryophyllene 
11. terpinenol-4 1 9. geranylacetate 5. terpinene 
12. a-terpineol 20. S-bisabolene 6. p-cymene 13. geranial 

7. terpinolene14 • nerol 

Fïg. I Compounds in bergamot oil in gaschromatographic dution order. Stationary phase 
polypropylene glycol. (fàrnow, et al .• 1965). 
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3. Analytical methods. 

The analytical methods for the quality control of ber

gamot oil (and most other essential oils) are extensiv

ely described in the well-known handbooks by GUnther 

(1960) and by Gildemeister and Hoffmann (1959). 

These consist of a determination of density, optical 

rotation, refractive index, saponification number ex

pressed as linalylacetate content, acid number, evapora

tien residue, acid number of the evaporation residue 

and solubility in 90% alcohol. 

By setting intervals for these constants, one arrives 

at specifications by which it is hoped to screen valu

able oils from less valuable ones. The column of fig

ures obtained in this way, serves as a fingerprint for 

a good quality natural bergamot oil. 

In the following Table a number of specifications are 

quoted from various authors. 

Table 2. Specificatiens for bergamot oil, according to 

various authors. 

1.4675 1.464 .. 

36 ••• 42 J4 .•. .;o 

4.S 6' 4.5 .. 6 4. s ... 6 

û, 5 vol. 0. S vol. 1 vol. 

It is apparent that the fairly wide limits shown above, 

reduce the value of these tests considerably. It should 

not be too difficult to prepare a mixture of compounds 

to these specifications having little in common with 

bergamot oil. Two chromatograms on different stationary 

phases (capillary columns), an infrared spectrum and an 

ultraviolet spectrum should constitute a screen through 

which only bergamot oil will pass. This obvious trend 

in the analytical methods is borne out by modern publica 
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tions. The handhooks are not yet up to date in this 

respect. 

Cultrera (1955) describes the spectrophotometric 

analysis of citrus oils including bergamot oil. 

D'Amore and Corigliano (1966) describe the spectro

fluorimetric characterisation of mandarin-, lemon- and 

bergamot-oils. 

D. La Face (1959) considers the ultraviolet and in

frared spectra of bergamot oil. 

Franchi et al.(1962) discuss the density and prop

ionyl number of bergamot oil. 

Gjerstad (1961) describes the spectrophotometric 

identification of essential oils including bergamot oil. 

Hayashi (1957) (et al.1959) describe the detection 

of essential oil components by paper electrophoresis, 

the spot test of essential oil components by SbCl5 and 

the analysis of bergamot oil by gas chromatography. 

Kingston (1961) discusses the evaluation of citrus 

oils and bergamot adulteration. 

Libertiet al.(1957) describe the analysis of essen

tial oils by gas chromatography, a. o. bergamot oil and lem

on oil. Relative retentien times for 11 monoterpenes on 

tricresylphosphate and silicone oil D.C. 550 are given. 

A scheme for the preliminary separation of essential 

oils into a series of fractions of different structural 

types prior to the chromatographic separation is given. 

In another paper (1958) the application of G.L.C. to the 

study of essential oils is described including two chro

matograms for bergamot oil. 

Mesnard et al., (1961) discuss bergamot oil analysis 

and the fact that acetylation cannot, be used. 

Presnell (1953) deals with the infrared spectros

copy of essential oils. 

Rotondaro deals with the spectrophotometric char

acterisation of bergamot oil and related oils (1964). 

Schautz et al.(1962) describe the separation and 

identification of some essential oils by thin layer chro

matography. 
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Sorm (1953) discusses the infrared spectra of berg

amot oil and some sesquiterpenes. 

Thiele et al.(1960) describe the evaluation of berg

amot oil through the interpretation of the ultraviolet 

and infrared spectra. 

In another paper (1960) spectrophotometric and chromato

graphic data are correlated in the evaluation of the 

oil. 

Vonesch et al. (1957) describe the application of 

formyl numbers to the characterisation of essential oils. 

4. Miscellaneous. 

Migliardi reports on physical constants of bergamot oil 

during the seasons of (1953) to (1957) e.g. ester content 

39.2%, free alcohols 24.0%, [a]+ 17°, in the '54- '55 

season. In 1953- 1954: [a] 15 + 9.6 .•• + 23.80, esters 

as linalylacetate 36 ••• 47%, free alcoholsas linalol 

16 ••. 28%, aldehydes 0.81 •.• 0.89%. 

Cocchini (1956) describes bactericide properties 

of bergamot oil. 

La Face (1956) reports on the extraction of berg

amot oil. 

Frijklöf (1954) (1955) discusses auto-oxydation and 

antioxydants in bergamot oil. 

Gori (1958) reports on cytological action of berg

amot oil on onions. 

Ranalli (1955) investigates the permeability of poly

thene to bergamot oil. 

Rovesti (1960) describes aroma therapy with bergamot 

oil. 
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CHAPTERIJ 

THE SEPARATION SCHEME 

1. Introduction. 

Certain principles for the analysis of complex organic 

mixturescan be formulated and defended. E.g.: 

1. Group separations should preeede multistage separa

tions. 

2. A mixture should be separated into groups of similar 

polarity prior to rectification. 

3. If a concentration and extraction can be achieved by 

a simple reversible chemical reaction, this step 

should preeede a physical multistage process. 

4. Preparative gas chromatography should be carried out 

with narrow boiling-range fractions. 

5. Isothermal gaschromatographic analysis is to be pre

ferred to programmed temperature work. 

6. Direct coupling of gaschromatographic separation and 

spectrometric methods is to be preferred to trapping 

procedures. 

7. Spectrometric methods demanding "large" samples (1-

10 mg) constitute a heavy strain on the elucidation 

of trace cornponents and should be avoided in these 

cases. 

B. Gaschromatographic analysis on at least two station

ary phases and/or at different temperatures should 

be the rule. 

If for example a complex mixture contains, say 1% acid 

substances, it is highly advantageous to remove this 

group of acids from the mixture by means of dilute al

kali. The advantages are threefold. The most important 

is that the isolated group is already characterised by 

its acid function this helping in the identification; 

secondly a considerable concentration has been effected. 
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A third advantage is that this type of group separation 

can be carried out on a large scale, whereas the chroma

tographic processes require small samples by their very 

nature. 

Distillation is so useful a method of separation that 

it must be found a place in the scheme. The mineral oil 

industry shows us that it can be carried out on a very 

large scale. The plate-number is not high compared to 

chromatographic methods and it is also a slow process. 

The main reason that distillation cannot be employed 

directly after the simple group separations, is the 

formation of azeotropes. Azeotropes are not formed in 

mixtures of isofunctionals (different substances, con

taining the same functional groups). 

A mixture of unsaturated hydrocarbons will approximately 

obey Raoult's law and similarly a mixture of esters and 

a mixture of alcohols. 

It is therefore highly desirable to effect a group sep

aration in the case of bergamot oil along these lines. 

Kugler and Kovats (1963) used a separation scheme in the 

investigation of 2 kg of mandarinpeel oil (Citrus retic

ulata Blanco) . The sequence of operations was remaval of 

water by distillation, extraction with alkali and acid, 

group separation into hydrocarbons (94%), esters and 

carbonyl compounds (2%) and alcohols (4%) by means of 

displacement chromatography on silicagel, fractional 

distillation of each of these groups and finally prep

arative gas chromatography. A similar scheme was used 

by Kovats (1963) for the analysis of 4 kg of the distil

led oil of Citrus medica, L., var. acida Brandis. The 

ester-group constituted 1%, the alcohol-group 13% and 

the hydrocarbon-group 85%. The displacers used in both 

investigations were pentane for hydrocarbons, 1-chloro

propane for carbonyl compounds and methanol for the al

cohols. The oil to adsorbent ratio was 400 g oil to 575 

g Si02 in the case of Citrus medica,and 600 g oil to 

365 g silicagel in the case ofCitrus reticulata. 
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These ratio's are interesting because this type of sep

aration will be more difficult in the case of bergamot 

oil where the oxygen compounds are predominant. This re

sults in a much lower ratio of oil to silicagel and it 

also requires different displacers. 

The separation scheme that we finally adopted after num

erous experiments with various types of silica gel and 

several displacers, showed the following sequence: 

1. molecular distillation, 

2. extraction with alkali and acid, 

3. displacement chromatography on silicagel, 

4. fractional distillation, 

5. preparative gas chromatography, 

6. identification. 

ad 1. The molecular distillation was introduced to re

move solid substances. This has two advantages: firstly, 

losses due to charring of residues in fractional distilla

tien are avoided, secondly, emulsifiers that badly inter

fere in the liquid-liquid extractions are removed. This 

proved to be highly successful. A third, unexpected, ad

vantage was the interesting fragrance of the residue. It 

surpasses that of bergamot oil. 

ad 2. The acid and alkaline fractions were quantitative

ly unimportant. A few chromatograms were run, showing 

scores of peaks. No attempt at identification was made 

in view of the investigation of Sundt et al.(1964), see 

Ch. 1, p. 16. 

ad 3. The displacement chromatography was carried out 

on the 5 kg scale by repeated percolations on 6 meter, 

0.05 m diameter, silicagel columns. The oil to silica 

gel ratio was 659 g oil to 6 kg silica gel. The dis

placers were hexene-1, 6 1; benzene, 30 1; ethyl acetate, 

4 1. For the recovery of the oil, it was necessary to 

build a special film-evaparator with a capacity of 30 1 

per 8 hours. Concentratien of the oil from 1 to about 

50% was achieved without measurable loss. The evaporator 

was topped by an efficient sectien of a refluxing packed 

fractionating column. 
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ad 4. The fractional distillation was carried out in 4-

m Vigreux type columns under vacuum. The vacuum vlas ad

justed so that the boiling-point would not exceed 100°C. 

The pressure was thereby reduced during distillation. 

The final fractions were distilled at about 1 mm pres

sure.50 g fractions were collected. Gaschromatographic 

analysis served to fellow the distillation and it allow

ed recombination of fractions of very similar composi

tion.Finally 10 to 14 fractions for each group were ob

tained. 

ad 5. For the preparative gas chromatography, we made 

use of a self-constructed apparatus with a column 1 cm 

I.D. and 10 m in length. Fractions were collected in U 

tubes. The automatic preparative Aerograph gas chromato

graph was also used. It was generally necessary to iso

late and purify using at least two stationary phases. 

ad 6. The identification followed in a number of cases 

from an infrared spectrum by comparison with a standard 

spectrum. In a few cases like sabinenehydrate, a struc

tural elucidation was achieved by combining the four 

spectrometric methods, viz. U.V., I.R., N.M.R. and H.S. 

Identification by means of retentien data was of value 

in the case where reference substances were available. 

This investigation has brought home the practical, rath

er than the theoretical difficulties of identification. 

In this instanee 10 mg pure substance was required for 

an independent (that is independent of reference spec

tra) identification. N.H.R. is the most demanding in 

this respect. We wanted to be able to isolate concen

trations of 1 o- 6 
in vievl of the fact that at this level 

contributions to the total fragrance might still be sig

nificant. It follows that the starting sample must be 

10 6 . 10 mg = 10 kg. This was the amount taken and pro

cessed through the molecular distillation and extrac

tion staqes.The displacement chromatography proved to 

be so time-consuming that only 5 kg v/ere processed. 
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Coding. This was considered to be an essential part of 

the complicated scheme of operations. A code should not 

only serve to identify a fraction, it should also carry 

informa~ion about the history of a fraction and give 

rise to a natural classification of the fractions. Equal

ly important, this classification pertains to a filing 

systern of spectra and chrornatograms of these fractions 

as well. 

The basis for our coding is the flow-sheet of operations. 

Each eperation is given a letter, e.g. distillation D, 

extraction E, gas chrornatography G, etc. If an eperation 

results in more than one product (fraction), these are 

given a sequential nurnber which is added to the operatien 

letter. E.g.: distillation results in a distillate and 

a residue. The distillate is given the code D1 and the 

residue D2. If the distillate D1 is subjected to extrac

tion,this gives rise to an extract o1E1 and a mother li

quor D1E2. See Fig. 11a. 

In this way a unique code is obtained for each isolated 
I 

fraction. This systern proved to be very practical and 

has been adopted by ethers. 

2. Considerations on the Separation Scherne. 

A brief outline with some considerations will be given. 

Details are to be found in the next paragraph. The actu

al separation scheme as it was carried out experimental

ly, is depicted in Fig.11b as far as the molecular distil

late is concerned. Starting in the left central posi

tien there is a circle marked OIL. 9733 g of this oil 

were taken and distilled in a high vaçuum (<1 N/m2) at 

about roorn-temperature. The clear distillate was easily 

extracted with alkali and acid respectively whereupon 

one of the most difficult and tirne-consuming operations 

could start, viz. the percolatien through silica gel. 5 

kg of the extracted oil were percolated in 8 batches of 

625 g each. Por each batch a new silica gel column con

taining 6 kg dry gel had to be used. The columns had a 
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HYDROCARBONS 

ALCOHOLS 

Fig. 11 a Simplified flow· sheet of the operations per[ormed on a batch of bergamot oil. The 
starting point is imlicated b y 0/L. The three main branches origino.te at the operation 
imlicated by V. The symbol V stamis [or perco/ation through silicagel. The three 
branches are indicated respectively by HYDROCARBONS (top), CARBONYL 
COMPOUNDS ( across) aml ALCOHOLS {down). 
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height of 6 m and a diameter of 0.05 m. The hydrocarbon-, 

ester-, and alcohol-fractions were eluted respectively 

with the solvents hexene, benzene and ethyl acetate. 

This was a highly successful operation, considering the 

sealing-up factor we had to employ from 0.06 kg gel to 

6 kg gel. The oil was added to the dry silica gel which 

caused considerable liberation of heat of adsorption 

and a rise in temperature. This was offset by cooling 

the upper part of the column with a water-jacket and 

by starting with oil of -10°C. During the elution the 

solvent front was clearly visible and the progress could 

be timed being of the order of 2 m per hour. The sol

vent front waslukewarm, the rest of the column was cold, 

except for the second and third fronts caused by the 

change of eluants. These were not visible but could be 

detected by hand. A yellow band travelled with the eth

yl acetate fraction and was eluted. The distance be-

tween the could be controlled by the volumes of 

eluant. 

The question may be raised whether we are dealing with 

elution- or with displacement chromatography. Our ob

servations point to a mixed character. In true displace

ment fashion, we should have introduced the oil and af

ter it a displacer like isopropanol. This methad works 

well in the case of the F.I.A. method of mineral oil 

analysis. The separated sections remain in the column 

and the boundaries are marked by fluorescent dyes. In 

our case a clean separation was highly essential and 

therefore the mixed displacement-elution chromatography 

was chosen. This method can also be considered as a lim

iting case of gradient elution. 

The next step, fractional distillation, was thought to 

be routine. It proved exceedingly time-consuming to 

distil off the soivents. A special film-evaparator had 

to be designed. The construction presented no difficul

ties and the efficiency of separation and speed were sur

prising. An important advantage here is the shorter re~-
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idence time of the oil. A concentration of the oil from 

1% toabout 50% could be achieved. After this, distilling 

off the residual solvent presented no difficulties. This 

formed part of the next operation, fractional distilla

tion (D) • 

Here start in Fig.11a three main branches of the separa

tion scheme.The upper branch are the hydrocarbons, the 

middle branch are the carbonyl compounds and the lower 

branch are the alcohols and substances of similar polar

ity. All distillation fractions in these branches are 

recombination fractions on the basis of gaschromatograph

ic analysis. The boiling-point constituted no guide dur

ing the fractionation. The point where the solvent 

removal was complete, was clearly indicated by a sudden 

rise in temperature. This was immediately checked by 

lowering the pressure. 

The main components of the oil, limonene, linalylacetate 

and linalol, constituted the bulk of the fractions and 

were obtained in a surprisingly pure state, 99%. General

ly speaking, we found that the relatively small amounts 

of higher-boiling fractions contained many interesting 

compounds. 

The preparative gaschromatographic separation of the dis

tillation fractions can be considered in various ways. 

The most systematic approach would be to process the tc

tal quantity ofoil taken, through all the steps of the 

separation scheme, including the preparative gaschromato

graphic separation, and to make up the mass balance. The 

oil would then have been separated quantitatively into 

the individual components. 

This may constitute an ideal, but it was not feasible in 

our case where preparative gas chromatography constitut

ed the weak link in the separation scheme. When we start

ed this investigation, a reliable preparative gas chroma

tograph was not available. We had to build our own in

struments and the first isolations in the hydracarbon 
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branch were done by trapping from an analytical gas chro

matograph manually at the expense of numerous manhours! 

(Boost, 1965). 
Only in the course of the work have commercial. instruments 

become available. The "autoprep 705" performed reason

ably well in this work. Only the trapping system with a 

rotating fraction collector was not ideal. The idea of 

bringing the colleetien vessel to the exit tip is sound 

in principle, and in this way dead space and contamina

tion are reduced to a minimum. However, the mechanical 

conneetion by means of piercing a rubber cap and the 

time taken between connections, gave rise to losses. 

The alternative approach to the preparative gaschromato

graphic separation, viz. of processing only such frac

tions and as much of those fractions as was necessary to 

obtain a sufficient quantity of certain peaks, was adopt

ed by us. 

Identification. Some 25 compounds were isolated, as il

lustrated by Fig. 11b, and thereafter identified. These 

compounds are specially indicated. The first effort at 

identification was always made by means of gaschromato

graphic retentien data. Reliable literature data were, 

and still are, lacking. One of the results of this in

vestigation is the demonstratien of a weak point in the 

gaschromatographic method in this field. Data are not 

recorded on well defined stationary phases and it has 

been shown by Perry and by our measurements that the re

tention index in packed columns is also a function of 

the solid support. In the secend part of this thesis, 

it will be shown that reliable gaschromatographic data 

may yield a wealth of structural information, if one 

stationary phase at two temperatures is used or two 

stationary phases are used. Also for this type of work 

one should use capillary columns where the influence of 

the solid support is at a minimum and much better separa

tions can be achieved. 

Infrared. It was found that an infrared spectrum was the 

least demanding as regards sample size (1 mg). Also it gave 
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the quickest confirmatien of identity. An infrared spec

trum alone, however, takes a long time searching through 

the files. The conclusions to be drawn from the posi

tions of absorption bands,however valuable in combina

tion withother data,were insufficient for structural 

elucidation. 

Mass spectrometry. This method gave highly desired in

forrnation, in the form of a molecular weight. In the 

case of the terpene hydrocarbons we could irnrnediate-

ly search in the infrared file of the sesqui terpene hy

drocarbons once the molecular weight was established. 

The fragrnentation pattern, apart from identification, 

was of little use in structural elucidation. 

Nuclear magnetic resonance was of great value in those 

cases where sufficient material was available (> 10 mg). 

Its potentialities need not be emphasised here. It was 

essential in the structural elucidation of sabinene

hydrate. In many cases, however, insufficient material 

was available and this constitutes a serious limitation. 

As soon as N.M.R. spectra on 1 mg quantities become 

feasible, the applications will multiply. Unfortunately 

from this point of view, gas chromatography operates on 

a scale many orders lower. It is difficult to see at the 

moment how this can be reconciled. 

Ultraviolet spectra played a minor part in this investi

gation, their main use being in recognising conjugated 

double bonds and aromatic rings. 

Conclusion. From experience gained with the spectrometric 

identification in this investigation, we conclude that 

the direct coupling of G.L.C. and speetrometry is highly 

desirable. For mass speetrometry this has already been 

realised. For I.R. and U.V. more research should be done 

in the direction of recordings in the vapour phase. The 

effluent of the gas chromatograph directly measured in 

a gas cell, would be ideal from this point of view. 

Copier (1968) deals in detail with the infrared anal

ysis of chromatographic microgram fractions. 
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3. Experimental Part. 

Molecular distillation, D. 

9833 g of bergamot oil were taken in kg batches and mol

ecularly distilled in a simple apparatus, see Fig. 1. 

The initial vacuum is established after freezing the oil 

with liquid nitrogen. 

/ 

/ 
/ 
/ C025 +ACETONE. 

Fig. 1 Apparatus used {ar "ma/ecu/ar" distil/ation of bergamot ai/. The oil first distils at 
room temperafure and later is moderately heated in awater bath. Stirring is essentitll. 

The distillate 01, 9123g,was a clear liquid having no 

perceptable different fragrance from the original oil, 
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The residue Dz, 673 g, was a vaseline-like substance of 

lightgreen colour and a very fine fragrance. The loss of 

the operatien was 36 g only. 

Extraction, E. 

The distillate 01 was extracted at room-temperature with 

0.1 M sodiumhydroxyde and washed with water. 

The extract D1E2, 2.42 g containing any acidic compounds, 

was acidified, extracted with ether, methylated with 

diazomethane and concentrated. (-E2Ml. Chromatographic 

retentien values were measured, but are not discussed 

here. 

The extracted oil D1E1 was further extracted with 0.1 M 

hydrochloric acid to remove any basic compounds, say 

amines. 1.94 g of "amines" were thus isolated. 

Group separation by means of silicagel, V. 

As per experiment we used 2 columns N and Z, length 6 m, 

diameter 0.05 m. The glass columns consistedof 2 parts, 

the top part being cooled by water to remove the heat of 

adsorption. Each column was filled with 6 kg silica gel 

(0.2 0.5 mm), r.ierck 7733. The columns were filled un

der argon and packing was done by a weight and by vibra

tion.1550 g of oil were separated, using 15 1 hexene, 

80 1 benzene and 18 1 ethyl acetate. Dautzenberg(1964). 

The solvents were distilled, prior to percolation, by 

means of the film-evaparator and tested for purity by 

means of gas chromatography. The flow was effected by 

gravity only. Passage of a front raised the temperature 

to an estimated 40°C. After the passage, the column 

cooled dovm to room-temperature. The same effect was noted 

when a new solvent was introduced. The eluate was 

collected in litre-bottles and analysed by gas chromato

graphy for the main components limonene, linalyl acetate 

and linalol. 
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The results as a function of fraction-number are repre

sented in Fig. 2 for one of the experiments. 

Fig. 2 

LIMONENE LINALOL 

B E 

l ! 
10 20 30 40 

Result ofgroup separation by means of perco/ation through si/ica gel. Tlze vertical 
axis represents concenrration in an elution fraction. Tlze horizontal axis represents 
fraction number. The fraction volume was 1 titre. Limanene stands for all 
hydrocarbons. Linalyl acetate stands for all esters and carbonyl compounds. 
Linalol stands for all alcolzols and compoundsof simi/ar "polarity ". Bis point of 
break-tlzrough of benzene. Eis point of break-througil of ethyl acctate. 

The experiment was well reproducible. Note the clean cut 

between the fractions. The distance between the peaks 

could be controlled by the volume of eluant. We noted 

that the displacers, benzene and ethyl acetate, broke 

through befare the linalyl acetate and befare the linal

ol. Thus it follows that we are not dealing purely with 
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displacement, but with elution as well. The different 

widths of the peaks indicate that it is not true elu

tion either. It is suggested that in the case of linalyl 

acetate the elution effect is greatest.Ideally a solvent 

of somewhat higher "displacement power" should have been 

used. The choice is, however, limited. A large number of 

experiments were conducted befare we arrived at this 

combination. Pentane and hexane are not suitable as 

first displacers on account of tailing of the limanene 

peak. Chloropropane used by Kovats, was not suitable in 

our case. The introduetion of hexene-1 or 4-methylpente

ne-1 (both now available on a commercial scale),in other 

words an alefin of "displacement power" between an alka

ne and benzene, proved to be the key to success. Dichlo

romethane in the place of benzene has proven to be an 

alternative. However, i t a lso' gi ves rise to tailing of 

the linalyl acetate peak. 

The large-scale chromatography process takes about 24 

hours for one run. A total of eight runs were made. It 

was found that the column would feed automatically by 

syphoning from a solvent container placed near the top. 

Concentratien of the eluates was first attempted in 

standard fractionating equipment. This proved too time

consuming (weeks), and it was also felt that the oil 

should be exposed to heat and light for as short a time 

as possible. A film-evaparator with a small residence 

time was thought to be the answer. A stream of dilute 

oil is led to the top of a stainless steel pipe and 

flows along its outer surface downward. The pipe is 

internally heated by steam. Solvent evaporates and is 

stripped in a 1 m packed column. A reflux condensor at 

the top with a reflux divider, provides the liquid for 

stripping and the take-off of pure solvent. Concentrat

ed oil is withdrawn at the bottorn of the evaporator. A 

diagram, showing essential parts· of the set-up, is given 

in Fig. 3. The concentrate of the hexene fractions was 

estimated at 85.5% in hexene-1, that of the benzene 
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fractions 49.4% in benzene and that of the ethyl aceta

te fractions 41 • 0% in ethyl acetate. 

The concentrates of four runs were combined and subject

ed to fractional distillation. 

Fractional distillation, D. 

The concentrate of the hydrocarbons D1E1E1V1 was distil

led in a Vigreux column, length 4 m, diameter 25 mm, 

with an estimated 15 - 25 theoretical plates depending 

on reflux ratio. Heating by infra-red lamps, time + 140 

hours. Intake 4042.5 g. Products 1551.5 g hexene-1, 

3798.6 g oil, loss 6%, largely hexene. Reflux ratio 

25 for the remaval of hexene, max. bottorn temp. 87°. 

The distillation was finished at a pressure of 3 mm Hg 

and a top temp. 48°C, reflux 1.5 10. 

The concentrate of the ester group D1E1E1V2 was distil

led similarly. Intake: 4033.5 g. 

Yield: 1989.3 g benzene 

1325.4 g oil as distilled fractions 

321 g oil as residue 

280.8 g substance in cold traps 

Total yield 3916.5 g , loss 11 7 g or 3%. 

Reflux ratio's: solvent remaval : 25, distillation of 

esters from 1 : 25 to 1.5 : 10, maximum bottorn tempera

ture 98.5°,maximum top temperature 61°c. 

The concentrate of the ester group D1E1E1V3 was distil

led by taking 2323 g. 

The yield was: ethyl acetate 1330.6 g 

oil 742.8 g 

oil residue from column 1 2. 5 g 

mol. distillate 53.3 g 

mol. residue 23.0 g 

loss 33.5 g ( 1 . 5%) 

ethyl acetate in cold trap 127.3 g 

2323 g 
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Reflux ratio's from 1 : 30 for solvent remaval to 1 

for the final part of the oil distillation. 

The three distillations yielded the following fractions. 

-V1D1 1551.5 g -V2D1 1960.5 g -V3D1 1330.6 g 

2 36.5 .. 
2 40.5 " 2 82.0 " 

3 73.4 " 3 64.5 " 3 167.9 " 
4 86.0 11 

4 169.7 " 4 160.9 " 
5 93.7 " 5 166.3 " 5 250.3 " 
6 168.9 " 6 447.0 11 

6 65.9 11 

7 229.7 " 7 279.6 " 7 15.8 11 

8 1020.5 " 8 331.7 11 

8 12.5 11 

9 79.3 " 9 68.2 11 

9 53.3 11 

10 33.6 11 

10 9 .1 11 23.0 11 

10 

11 6.2 " 11 26.5 " 
1 2 3.5 " 12 17.5 " 

13 45.8 11 

14 19.9 " 

These fractions were obtained by recombination of the 

original distillation fractions according to similarity 

of cornposition. The fractions were analysed by gas chro

rnatography. The results of this analysis are graphically 

represented in Fig. 4, 5 and 6. 

The mass balance for the combined group separation over 

Si02, film evaporation and fractional distillation is: 

Intake 4834.5 g, Yield 4485.0 g, Loss 349.5 g = 7.3%. 

This loss is attributed to inexperience with the sequen

ce of rather complicated operations. With the experience 

now gained, it could perhaps be reduced to only 2%. In 

the group separation over silicagel, a small loss is to 

be expected, due to irreversible adsorption. This loss, 

if any, could be studied in a small-scale experiment, 

but it is a problem, due to the difficulty of a 100% 

separation between oil and eluants, the oil being also 

volatile. In the fractional distillation some losses 

were due to mechanical failures. In the future, a dis 
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tillation of this type should be carried out in a com

pletely closed apparatus. As it was, with the classical 

set up, constant pumping, a very low vacuum and an inlet 

of nitrogen bubbles to avoid humping and ordinary cold 

water as a coolant, losses were unavoidable, as the 

amounts in the cold traps indicate. A distillation of 

this type in a completely closed apparatus is envisaged 

as follows: the distillation unit is charged, a stirrer 

in the boiling flask is used, instead of a flow of ni

trogen; the contents of the boiling flask are now deep

ly caoled with liquid nitrogen, the system evacuated to 

10 3 N/m2, and tested for leaks. It should now be pos

sible to carry out the distillation without pumping. 

Detailed analysis of the distillate fractions. Hydro

carbons. 

From the previous analysis of the distillate fractions, 

it was apparent that several contained mostly the main 

components of bergamot oil, whereas the minor constitu

ents were concentrated in the higher-boiling fractions. 

The first fractions chosen for a more detailed analysis 

were -v1o11 and -V1D13· Peaks encountered in -V1D13 have 

been characterised by their retentien indices on poly

ethylene glycol stearate (PEGS) at 150°c.: 1256, 1273, 

1586, 1606, 1630, 1710. In -v1o 11 we found 1098, 1152, 

1167, 1197, 1275, 1370, 1443, 1454, 1494, 1537, 1579, 

1616. The separation scheme for this fraction is given 

in Fig. 7. 

The chromatagram of -v,o11 indicated that preparative 

G.L.C. runs could best be collected in six fractions, in

dicated by -v1o11G1 through -V1D11G6. The stationary 

phase was PEGS,column length 12.5 m, diameter 10 mm. 80-

microliter samples were injected 15 times, temperature 

150°C., carrier gas H2. We have found that hydragen is 

to be preferred for preparative purposes. There is less 

tendency for labile substances to decompose in the column 

and the pressure drop is less. 
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Detailed analysis of a fraction from the alcohol group 

-V3D7• 

This fraction gave a reasonable separation into 5 main 

groups at a sample size of 100 ~1 and a temperature of 

173°c. Injection was manually 9900 ~1 in total, and col

lection was done automatically (Aerograph Autoprep 705). 

The yield was estimated at 60%. {This is rather low. In 

other cases {limonene) yields of 95% were obtained). The 

formation of fog is sametimes responsible for low yields. 

The system of a rotating fraction collector is nat ideal. 

The conneetion of the collection vessel to the exit of 

the gas chromatograph is a weak link. Five fractions, G1 

through G5 , were collected and tested for purity on cap

illary PEGS and Apiezon columns. The results were: 

-G1 1 main component 5% 

1 main component 8% 

-G3 2 main components 5% 
-G4 ~20 components 5 main components 

-G5 ~20 components 6 main components. 

Retentien indices measured in various fractions in order 

of decreasing peak area: at 150°c.: 

-G2 1510, 1481, 1489, 1539, 1578, 1485 on PEGS 

1614, 1579, 1565, 1525, 1675, 1631 on PEGS 

1200/1566; -G3G2 : 1211/1644 on Apiez.L/PEGS 

-G5 1522, 1541, 1569, 1647, 1679 and 1419 on PEGS 

-G2 1067, 1110 on Apiezon 150°. 1110 corresponds to 

1510 on PEGS 

-G4 1132, 1147, 1120, 1200, 1188, 1102, 1168, 1210, 

1075, 1067, 1060, 1044, 1036 on Apiezon 

-G3 1211/1644, 1200/1566, 1189/- on Apiezon/PEGS 

at 150°. For the scheme of operations see Fig. 8. 

The fraction -V3D9. Retentien indices measured on Apie

zon at 150° were: 1039, 1059, 1068, 1104, 1122, 1134, 

1150, 1187, 1202, 1211, 1229, 1242. 

On PEGS at 150°: 1493, 1552, 1597, 1628, 1656, 1666, 

1677. 
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The fraction -v3o9. Retention indices measured on Apie

zon at 150°: 1066, 1135, 1146, 1183, 1202, 1214, 1234. 

On PEGS at 150°: 1299, 1386, 1398, 1430, 1451, 1499, 

1598, 1627, 1666, 1724, 1739, 1745, 1768. 

Theester group -v2o1 •• 12 · 

After it was shown that both in the hydrocarbon group 

and in the alcohol group, compounds could be identified 

by means of preparative G.L.C. followed by spectrometric 

measurements, we turned to the last group, containing 

the most sensitive compounds viz. esters, aldehydes and 

ketones. The fraction -V2D9 was chosen for this purpose. 

Retention indices on PEGS at 150°: 1521, 1681, 1666, 

1708; 

on Apiezon Lat 150°: 1185, 1291, 1322, 1310. 

Prep. GLC.was carried out manually on the self-made equip

ment. 8 times 200 .,1 were injected on PEGS(H2), 2 at. Four 

fractions -G1 through -G4 were collècted. -G3 was there

after separated over Apiezon into ~G3G1 and -G3G2• The 

fraction -G3G1 was rechromatographed on PEGS and was 

found to be 99.7% pure. 

The retention indices of the fractions were on Apiezon 

L/PEGS at 150°, G1: 1195/1521; G3G2: 1322/1666; 

G3G1 : 1291/1681; G4 : 1310/1708. The scheme of opera

tions is illustratedin Fig. 9. 

The fraction -V2D3. An analytical chromatagram on PEGS 

at 150° showed one main component and a dozen smaller 

peaks. Five fractions were collected after injectlng 9 

cm3 in 400 11l fractions. Myrcene and tetrahydrogeranyl 

acetate were isolated from it. 

Isolation and identification of a substance for which 

no reference data were available. 

Sabinene hydrate B. 

It was our aim from the beginning of this investigation, 

to show that the system is capable of structural determina-
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tion.We leave here the classical field of analytical 

chemistry and establish an overlap with the scope of or

ganic chemistry. The classical Analytical Chemist has 

mostly restricted himself in finding the composition of 

unknowns by reference to known substances or known prop

erties of substances. With the advent of the instrumen

tal techniques ofi.R., U.V., N.l-1.R. and M.S. as routine 

tools, the scope of analysis will include structural de

termination of the organic compounds. It is prob

able that in a number of cases, rather simple structures, 

direct identification through structure will become more 

efficient than identification through reference to known 

substances. We show in the secend part of this thesis 

that gas chromatography will contribute considerably to 

the elucidation of structure. 

The fraction -V3D7 yielded fraction -D7G2 by chromato

graphy on silicon oil. This fraction was in turn 

ed to a separation on polyethyleneglycol stearate at 

150°, 30% on Gaschrom S, carrier gas H2 , column dimen

sions7.64 m x 0.01 m, pressure 1.8 at., heat conductiv

ity cell, 4500 theoretical plates. This separation 

ed four fractions, the secend one having the code 

D1E1E1V3D7G2G2. Measured retentien indices I~~O 1110, 
PEGS 1 150 = 1510. The purity was checked on an analytical 

column and indication of 99% purity was obtained. 

I.R. No "fingerprint" of this substance was to be found 

in the Sadtler- or the DMS collection. The information 

from the spectrum is: 

it is a alcohol, 3400 and 1125 cm-1 ; 

- it has an isopropyl group 855 cm- 1 , 1180-1190 

doublet at 1365-1375 cm-1 ; 

-1 cm 

:...1 
- it has a cyclopropane ring, 890 cm 1025-1060 -1 cm 

See Fig. 10. 

N.M.R.: tertiary alcohol ö = 2.1 ppm; 

methyl group attached to C atom, carrying ter

tiary OH group cS = 1 • 28 ppm; 

cyclopropane ring, multiplet at a 0.45 0. 01. 
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U.S.: parent peak at m/e 154. 

Fig. 10 

m/e 136, points to alcohol (154-136 1 8) • 

4 

$ABI"''ENE HYDRA TE 

6 10 

lnfra-red spectrum of sa binene hydrate isolated from the 7th distil/ation fraction of 
the alcohol group. 

A structure that satisfies the above requirements is: 

H 

de Haan ( 1 9 6 7 ) . 

Kugler and Kovats (1963) have reported two forms of sa

binenehydrate, an A ferm melting at 62°C and a B form 

m.p. 38°. This has also been reported by Daly et. al. 

in an investigation of American peppermint oil. In this 

case we deal with the B form, as the melting-point was 

+ 37°c. The I.R. spectrum agrees with a spectrum receiv

ed from "Chemische Fabriek Naarden" for sabinenehydrate 

B. 
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Olfactory value of bergamot fractions. 

Throughout this investigation we have kept in mind the 

possible value of the substances from the perfumer'spoint 

of view. Also for this reason all fractions were star

ed protected from heat, light and oxygen. A deep-freezer 

containing a Dewar with solid carbondioxide proved 

very useful. A blanket of C02 is maintained very effec

tively. 

Dr. Provatoroff and Mr. Kos determined the olfactory va

lue of 45 fractions independently. 

One fraction -V2D3G5G had a very interesting soil-like 

odour. 

Same results are in Table 1. 

An alternative group separation. 

During the experiments with several types of silica gel 

and various eluants, the results were at first so dis

couraging that as an alternative a countercurrent pro-

cess was considered, for example a distribution. 

For this purpose the distribution coefficients of linal

ol, linalyl acetate and limanene were measured in the 

system hexane-methanol-water. Equal parts of hexane and 

methanol were taken and the influence of different 

amounts of water (2-10%) upon the partition ratio's was 

investigated. It wàs found that the partition coeffi

cients became larger with increasing water content(k = 

C ;c
1 

)which agrees with the expectation that upper ower 
the water will drive the organic substances into the 

apolar phase. The ratio's of the partition coefficients 

became also more favourable with increasing water con

tent.The most promising mixture investigated contained 

about 10% water. The results are represented in Fig. 12. 

At 11% water content, the ratio's of the partition coef

ficients are about 10 which promises easy separations 

in a countercurrent process. 
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Table 1. Olfactory value of some fractions derived from 

bergamot oil. 

Fr action 

-V2D3G1G1 

-V2D3G5G 

-V3D9G4 

-V3D9G9 

-V3D9 

-V3D9G2 

02 

Remarks 

linalol 

unidentified 

99% linalylacetate 

99% 

5 components 

90% linalol 

sabinenehydrate 

4 components 

Olfactory value 

good linalol. 

very interesting,soil-like 

very strong odour,dusty. 

very good linalylacetate. 

very good linalylacetate. 

weak fragrance of anise, 

methylchavicol. 

anise odour. 

geranylacetate. 

lavender-like, anise-like. 

sweet, musk-like, strong 

odour, very interesting. 

citral, honeysweet. 

verbenen, sweeter than-. 

verbenen, pineapple jam. 

citral. 

residue of molecular mimosa, interesting. 

distillate coumarine-like remaining 

odour. 

An actual separation in a Craig battery was carried out 

with limonene and linalol. A colour reaction was used 

for the colorimetrie determination {vanilline + HCl 

above room-temperature) . The clean separation is appar

ent from Fig. 13. There is room for linalyl acetate in 

between. 
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"Craig"-separation of /inalol and linalyl acelate to demolistra te thc feasibility of til is 
type ofoperation for thc group separation of bergamot oi/. 

A Craig distribution is usually carried out with a few 

grams of material. To separate larger amounts, a contin

uous countercurrent process is feasible. E.g. a Scheibel 

column was considered. A laborious but sure alternative 
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to a Scheibel column, would be an O'Keeffe countercur

rent distribution with separating funnels. (Hecker 

1955). A drawback of the Scheibeland O'Keeffe processes 

would be that the processes have to be . The 

first separation has to aim at isolating one group of 

substances and a second separation is necessary to re

solve the remaining mixture. 

(A + B + C) + (A + B) + C first step 

(A + B) + A + B second step 

The mathematical treatment of the O'Keeffe separation 

was,at our request,worked out by Pennings (1965) com

plete with computer program. 
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CHAPTER III 

GASCHROMATOGRAPHIC DATA ON BERGAMOT OIL 

1. Qualitative Analysis. 

The analytical gaschromatographic determinations were 

carried out on two stationary phases, Apiezon-L and 

polyethylene glycol stearate. The choice depended on two 

considerations. An apolar phase and a polar phase were 

desired for the different patterns these usually give, 

and secondly stability at elevated temperatures of the 

stationary phases was essential. The boiling-points of 

the substances to be investigated range from 140° (san

tene) to 275° (cadinene). Most of the determinations 

were therefore carried out at 150°C, this temperaturebe

ing chosen after some experience. For the monoterpenes 

it gives a reasonably quick analysis and thermal de

composition of the compounds to be investigateddoes not 

usually occur. The retention index according to Kovats 

(1965) was chosen for the representation of results 

(Ch. IV,1). This methad has the advantage of high repro

ducibility. The results of measurements done in the 

course of this work, are represented alphabetically in 

Table 1 and graphically in Fig. 1. In this figure the 

y-axis has been chosen for the index on the apolar phase 

and the x-axis for the index on the polar phase. The 

primary function of this graph was to serve as a numer

ical entry. It further shows at one glance which sub

stances are not separated on one phase but are very well 

separated on the other phase and vice versa. The last 

but not least advantage is the establishment of struc

ture-retention correlations.A homologous series gives 

an almast straight line of about arctan 1; e.g. toluene 

through pentylbenzene. The n-alkanes do so by definition. 

Compounds are classified both according to boiling-point 

(y-axis) and polarity (x-axis). Kovats' AI values can be 

read directly from the graph (x-y). Isomers are found 
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Table 1. 

Retentien indices of some important substances 

in conneetion with essential oils. 

Substance 

Alloocimene (trans-cis} 

(trans-trans} 

Amyl isovaleriate 

Benzyl propionate 

Bergamottene 

13-Bisabolene 

Bornyl acetate 

d-Camphene 

Carophylene 

Citronellal 

Citronellol 

Citronellyl acetate 

Cycloheptanone 

Cyclohexanone 

Cyclononanone 

Cyclooctanone 

Cyclopentanone 

p-Cymene 

Decanol 

Dihydrogeraniol 

Dihydrolinalol 

Geranial 

Geraniol 

Geranyl fermate 
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Apiezon Temp. 

1141 

1158 

1049 

1 50 141 0 

1 219 

1432 

1515 

1253 

1006 

1436 

1109 

1177 

1280 

1025 

900 

1236 

1130 

8oo 

1047 

1238 

1181 

1106 

1220 

1186 

1233 

150 

150 

150 

150 

150 

150 

150 

150 

150 

150 

150 

150 

150 

150 

150 

150 

190 

150 

150 

150 

150 

150 

1586 

1710 

1105 

1606 

1441 

1702 

1624 

1442 

1321 

1642 

1550 

1207 

1275 

1697 

1493 

1665 

1772 

1643 

150 

150 

150 

150 

150 

160 

150 

150 

150 

150 

150 

150 

150 

150 

150 

150 

160 

150 

160 



Substance Apiezon Temp. ~ Temp. 

Heptanol 930 190 1271 150 

Hydroxycitronellal 1862 150 

Isobornyl acetate 1 331 150 1575 150 

Isopulegel 1156 150 1654 150 

Limonene 1047 100 1191 100 

Linalol 1064 150 1493 150 

Linalyl acetate 1180 100 1523.3 100 

Myrcene 977 150 1144.9 150 

Ne ral 11 91 150 1628 150 

Ne rol 1169 120 1520 120 

Neryl acetate 1680 150 

actanol 1033 150 1502 150 

Oxylinalyl acetate 1202 150 1574 150 

Phellandrene-a 1029 100 1160 100 

Phellandrene-6 1062 1 20 1225 150 

Pinene-a· 954 120 1032 120 

Pinene-S 1006 120 1113 120 

Pulegon 1229 150 

Sabinene hydra te A 1067 150 

" B 111 0 150 1510 150 

Terpinene-a 1040 1 30 

-y 1085 150 1252 150 

Terpinenol-4 1200 150 1566 150 

Terpineol-a 1211 150 1644 150 

Te rpinolene 1115 150 1291 150 

Tetrahydrogeraniol 1588 160 

Undecanol 1330 150 1806 150 
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scattered around straight lines of a slope <1, 

see for example the line of the mono-terpenes (santene

terpinolene). 

2. Quantitative analysis. 

If one wishes to prepare a mixture of known compounds 

in such a way that it resembles natural bergamot oil as 

regards fragrance, one could try to reach this goal in 

steps. By establishing first which are the main compo

nents of bergamot oil, one should then obtain these com

pounds in as pure a form as from ~~~==~~~~ 

than bergamot oil. It would prove little to separate 

natural bergamot oil into any number of fractions and 

next to combine these in the proper ratio. Assuming that 

a satisfactory mixture is obtained in this way, it only 

proves that no essential components have been lost. It 

would be ·possible that certain of these fractions con

tain undetected trace components that contribute marked-

ly to the total fragrance. A difficulty is 

that the terpenes and their derivatives are not obtain

able in a sufficiently pure form for the purpose out

lined above. It would be of great practical value to 

prepare a colleetien of " on a basis similar 

to that of the A.P.I. colleetien for hydrocarbons. 

Lacking such a colleetien we have made a first small 

step in the direction of a bergamot oil. We 

have purified the main components of bergamot oil, viz. 

a-pinene, B-pinene, limonene, y-terpinene, linalol and 

linalylacetate by preparative gas chromatography start-

ing from commercial 

the A.P.I. collection. 

The next problem is to establish the relative amounts 

of these compounds in oil, in our case in the 

distillate D1. We feel that the following approach in 

a case like this is the most convenient and accurate. 

An unknown amount of the distillate is injected into an 

analytical gas chromatograph, (packed column P.E.G.S. 
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150°c.). The percentage area's of the peaks are now 

measured. This gave the following results: 

% area grams of 

in oil standards 

et-pinene 1.5 0.0280 

S-pinene 7.6 0.1412 

limanene 37.3 0.6893 

y-terpinene 4.8 

p-cymene 2.4 0.0431 

linalol 15.7 0.3278 

linalylacetate 30.8 0.6824 

A mixture was now prepared containing the amounts indica

ted in column 2 in about the same proportion as the 

area's of the peaks in the oil indicate. By injecting 

an unknown amount of this standard mixture and measur

ing the area's of the peaks, we are in a position to 

determine the ratio of the components in the oil 

on a weight basis. This is done by eliminating the pro

portionality factors for the individual components from 

the following equations: 

,s ( 1 ) 

,M (2) 

A areR of 

f proportionality factor. 

g aliquot of the total standard mixture injected. 

i refers to compound number i. 

s 
M 
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mi,S is the mass of compound i weighed in. 

mi,M is the mass of compound i of the unknown mixture 

injected into the gas chromatograph. 

We now have 

If we designate the fraction on a weight basis of com

pound i in the mixture (oil) of considered compounds by 

x i,M we find: 

and therefore: 

mi,M 
n 
l: m. M 

i=1 ~, 

n 

l: mi,S · 
i=1 

( 3) 

Only measurable quantities remain in the right-hand side 

of the equation, viz. weighed amounts of standard sub

stances and area's of peaks. Calculation of the results 

is shown to be independent of the injected quantities. 

It should be observed that only the relative amounts of 

the substances considered are determined in this way. 

Non-volatiles would go undetected! (One internal stand

ard solves this problem). With this methad the camposi

tien of the oil was measured with thefollowing results: 

a-pinene 2.7 % • 
8-pinene 9.7 % 

limanene 32.3 % 

p-cymene 1.9 % 

linalol 12.1 % 

linalylacetate 41.2 % 

99.9 % 

* Expressed as % on a weight basis of the six compounds 

considered. 
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By comparison with the % area of the peaks, it is appar

ent that the proportionality factors are not equal for 

these compounds and that a determination of the rela

tive surface area of the peaks cannot be used, even ap

proximately, as a measure of composition. 

The standard mixture mentioned above, may be regarded as 

a first step toward the synthesis of a mixture resem

bling bergamot oil. 

3. Discussion. 

The work described in the preceding chapters was aimed 

at the separation scheme rather than at a complete anal-

ysis and of the oil. It shows that a complete 

analysis can now be carried out along the lines given, 

simply by putting in more man hours. The improvements 

introduced, compared with the existing methods described 

at the time when the work was begun, are molecular dis

tillation of the crude oil, group separation over the 

right type of silica gel with a new set of eluants, 

suitable for oils of high ester- and alcohol content, 

the introduetion of a film-evaparator to concentrate 

eluates, the construction of a preparative gas chromato

graph with two columns attached to one katharometer 

and the design of a coding system, a corresponding fil

ing system and a flow-sheet to keep track of the frac

tions obtained, the chromatograms, the spectra and the 

actual 

The methods used for identification did not include py

rolysis. This method has to-day been developed into a 

useful tool for distinguishing between closely related 

compounds. Very small samples, 10-6 g, may be used to 

be cracked in the gas phase on line with a gas chromato

graph. (Cramers, 1967, Ref. Part Two). When reference 

pyrograms are available, the method may be used direct

ly for identification. Structural elucidation may prove 

to be more difficult although the classical methods of 
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organic chemistry also frequently depend on degradation 

of the molecule and identification of the degradation 

products. 

The identification of compounds by gaschromatographic 

means alone, proved to be rather disappointing for three 

reasons. The first was lack of reproducibility of the 

retentien index on packed columns. This phenomenon is 

due to the influence of the solid support. (Perry 1966, 

Ref. Part Two). Aging of the stationary phase also plays 

a role. The second reason is a lack of reference data 

and the third is the difficulty of relating peaks of 

chromatograms on different stationary phases. This dif

ficulty can be overcome by equipment that allows the on

line transfer of peaks from one phase to another, the 

heartcutting technique (Deans,196B). A diagram corres

ponding to Fig. 1 of this chapter, could then be con

structed for all the peaks found in bergamot oil. The 

place in the diagram will characterise the peak in most 

cases in the light of what is described in Chapter V. 

Compounds found in this investigation and not reported 

as occurring in bergamot oil are: sabinene hydrate, 

linalyl oxide acetate, citronellyl acetate and tetrahy

dra geranyl acetate. In the residue D2: methyl palmitate, 

octadecane, eicosane and docosane. Voogt(1965). 

As regards the observed but unidentified compounds, in 

the residue D2 these number about a hundred and in the 

distillate D1 more than one hundred. It is obvious there

fore that a complete analysis is impossible and that 

somewhere the line has to be drawn. This depends very 

much on what the aim of the analysis is. 

A chromatagram of bergamot oil is shown in Fig. 2. 
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PARTTWO 

GASCHROMATOGRAPHIC IDENTIFICATION 

CHAPTERIV 

SURVEY OF THE LITERATURE ON THE RETENTION INDEX 

1. The concept, its origin, pro and contra. 

Logarithmic representation of chromatographic retention 

data was introduced by Martin (1949) in conneetion with 

homologous series. It was shown, that if the logarithm 

of the retention time is plotted against the carbon num

ber1 a straight line is obtained. (Examples 'are given in 

Chapter V 11 ). 

If this is generally valid for homologous series, it 

will also apply to the most simple homologous series, 

that of the normal alkanes. Heilbronner has advocated 

the use of this series as a set of reference points for 

the measurement of other substances. Kovats (1958), 

(1965) 1 has worked this out into a system and has def

ined the retention index Ix 1 as 

0. 01 I x 
log r xlz 

log rz+11z 
+ z 

log t'x-log t'z 

log t'z+1-log t'z + z 

where rx
1
z is the relative retention time of substance 

x versus a n-alkane with z carbon atoms 1 and rz+1,z is 

the relative retention time of the bracketing n-alkanes. 

(The notation given here 1 agrees with the latest recom

mendations of the A.S.T.I:-1. (1968). 

Also the form of the equations has been simplified.) 

Relative retention is defined as the ratio of two ad

justed retention times t', n-alkanes always being used 

in conneetion with the retention index. (Adjusted reten

tion time)= (retention time) - (retention time of un

sorbed gas) or t'x = tx- tM • 
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Although the definition does not allow it, the algebraic 

form itself allows the substitution of values of 

t' x > t' z+1 and t'x < t'z· 

If the "log plot" is a straight line, then the results 

of these extrapolations will be correct. In most cases 

they will be approximations, as the log plot is not 

always a straight line. 

Hydrogen is considered to be the first merober of the se

ries and is given the value 0. The retentien indices of 

the most volatile compounds on n-heptane as the station

ary phase at -78°C are: 

N2 19, CO= 32, 02 49, Kr = 116, C2H4 = 170. 

Chovin (1961) gives an introduetion to the reten

tien index. 

Evans (1961} discusses the relation between rela

tive retention, index and~ structure. 

Evans and Smith (1961) discuss the use of rx,9 in 

conneetion with reproducibility, where 9 stands for n

nonane. The relation with the retentien index is ment

ioned: 0.01 Ix log rx,9/b + 9 where b the slope of 

the "log plot" log rz+1 ,z 

Van den Dool and Kratz (1963) generalised the retentien 

index system to include linear temperature programmed 

gas chromatography. In this case the interpolation is 

not logarithmic but linear: 

It was shown by ~experiment that IpT agrees with Ix. E.g. 

for ethylfermate at 125°C on Carbowax 20 H Ix=822; IpT= 

822. 

As a secondary reference set the ethylesters of the n

fatty acids are advocated. 
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Evans (1963) advocates the rx, 9 unit for relative reten

tion rx, 9 = rx,z x rz, 9 • The retention index is also used. 

As far as possible, consecutive n-alkanes were used. 

The dynamic column dead volume was· computed by linearis

ation of the loq plot. ·rhe use of secondary standards 

like the methylesters of the fatty acids is advocated. 

Dhont (1963) shows that the Kovats index is superior 

to the relative retention time in the case of alkanes 

on squalane. 

Guiochon (1964) defends the retention index against "a 

very short and drastic rebuttal" by Merritt and Walsh 

(1962). Eleven papers are cited in which the index is 

used." It may be measured with great reproducibility on 

a given column, the absolute error being of some units. 

For data obtained in different laboratories on the same 

phase, differences may be of 10 units or less if the 

analyses are made on columns using the same solid sup

port and not too different liquid/solid ratios." The 

statement" ••• apolar indices are always less than po

lar ones" is subject to severe criticism. It is not true 

for example in the case of the branched alkanes. 

Guiochon (1964 b) shows, that there is a fair corres

pondance between programmed temperature retention indi

ces and isothermal indices at a temperature of 20°C be

low the programmed elution temperature. According to 

Giddings a programmed temperature separation is very 

alike to an isothermal one at a temperature T 0.92 

Guiochon (1965) defines the retention temperature in 

programmed work as the temperature of the column at the 

moment that the maximum of the pe'ak appears. This is not 

sufficient to identify a substance. The IpT (v.d. Dool 

ànd Kratz) can be used, provided that the retèntion in

dex of the substance does not vary with temperature. 

Otherwise IpT f Ix· The best results are in that case 

obtained if T 0.92 TpTwhere T is the temperature of 
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an equivalent isothermal determination. The following 

is recommended: 

1. Low temperature of injection compared with the Tof 

the first alkane used. 

2. No inter- or extrapolation for missing paraffins. 

3. Internal standards. 

4. Even so the programmed indices will not be accurate. 

Cremer (1965) still uses the even alkanes as basis for 

the index. 

Palm (1965) opposes the use of the retentien index on 

the following grounds: 

1. That a series of fixed points is used insteadof one 

or two. 

2. That the zero point is at the air peak. 

He prefers the use of the "normalised retentien energy", 

a thermadynamie quantity having properties analogous to 

the retentien index and without its drawbacks. H RT · 

ln (tRitl'!) kcal/molel, tR and t~1 being the transport times 

for the peak and the air peak, and II being the deerca

se in enthalpy per mole of substance entering the column. 

If normalised, it is independent of all parameters of 

the eguipment, except the stationary phase. The rela

tion vli th the index is as follmvs: 

H = Hz + (0.01 I - z) (Hz+1 - Hz). This guantity is 

given for some substances on squalane. 

Hupe (1965) published a nomogram for the graphical solu

tion of the index eguation. It is essentially a log re

tention - carbon number plot on semilogarithmic paper. 

If the latter is available, there is no need for this 

nomogram. 

Anvaer, nerezkin and Sakharov (1966) made a comparison 

betvJeen the retentien index and the relative retentien 

volume. The conclusion is that r.etention indices give no 

advantages as compared with the use of relative reten

tien volumes,and thatin many cases relative retentien is 

preferable. 
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It is suggested that the " of the log plot, b", is 

determined from several, at least three, alkanes. 

(0.01 I = z + log rx,z/b). The authors show that the rel

ativa error is more sensitive to a change in the absolute 

values than the retentien index. Their conclusion that 

for that reasen the relativa retentien system is prefer

able, is not correct. 

2. Ratention data and structure. 

Gray (1961) has plotted the log of relativa retention 

volumes of saturated straight- and branched-chain methyl 

esters on Apiezon L versus Reoplex 400. He has drawn one 

straight line through all points of isoroers and homolo

gues. 

Baron and Maume (1962) used the difference in index öi 

on Apiazon L and Reoplex for the analysis of terpenes. 

They found öi of alcohols greater than that of corres

ponding ketones; öi of camphane derivatives greater than 

that of menthane derivatives ; öi for the equatorial OH

group greater than for the axial OH-group; etc. The ad

ditivity rules were used to calculate the öi of isomen

thol at 426; measured 424. 

Matsukuma et al.,(1963) found that the indices of mono

methyl alkanes on a squalane column were higher than 

those determined with Apiezon grease and polypropylene 

glycol columns. This agrees with the Chapters V and VI. 

Landault and Guiochon (1964) give 8I values for Apiezon 

and polyglycol 1500. Alcohols 531-600; prim. amines 305-

339; sec. amines 150-294; tert. amines 24-53. 

Janak (1965) makes a study of öi for CH2, Cl, branching 

in the side chain, hydroxyl group and other structural 

elements in conneetion with tetrahydrofurane derivatives 

on silicone oil. From our experience, branching leads 

to a lower value of the index on any phase. This is al

sa borne out by Table I in Janak's paper. In Janak's 
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Table II, however, -the branching increments are given 

the wrong sign! 

Kovats (1965) gives a number of rules about relation be

tween retention indices·and molecular structure: 

"Rule 1. In any homologous series the retentien index 

of the higher members increases by 100 units per CH2-

group introduced." 

"Rule 2. If the difference in the boiling-points of two 

isoroers is ótb, then the difference in their retentien 

indices ói, on a "non polar" stationary phase, is given 

by o I " 5 · o tb" • 

"Rule 3. If the retention indices of tvm symmetrically 

substituted substances i and iii are I(R,R) and I(R' ,R'), 

then the retention index of the asymmetrically substit

uted compound ii, is given by I(R,R') = ~(I(R,R) + I(R', 

RI))". 

"Rule 4. Siroilar substitution in similarly constituted 

compounds increases the retention indices by the same 

amount fora given stationary phase." 

"Rule 5 (a) • The retention indices of "non polar" sub

stances remain almost constant for any kind of station

ary phase. 

(b). The retentien index of any substance is a

bout the same for all "non polar" stationary phases." 

Rule 5 (a) corresponds to our finding that alkanes are 

found scattered around the line IA Ip. index on 

apolar phase, Ip index on polar phase). 

Rule 5 (b) is open to criticism in view of what is dis

cussed in Chapter VI on the classification of station

ary phases. We prefer the statement: If the retention 

index of all substances is the same for any two station

ary phases, the two phases are identical. 

"Rule 6. If a substance contains more than one adhering 

zone, then the I value of this substance, can be calcu

lated by adding upthe individual increments for each ad

hering zone." 

Haken, McKay and Souter (1965) describe the retentien of 
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~-alkyl acrylic esters on the basis of log (rel. ret. 

vol.) vs. carbon number. The accent is on homologous 

series on one stationary , SE 30, only. 

Steinmuller (1966) gives rules to predict retentien in

dices of related compounds and also to determine change 

in I with temperature. 

Cabal and Mrazova (1966) studied the determination of 

components in a complicated mixture of paraffinic 

hydrocarbons. "It has been ascertained that for certain 

groups of homologous series of isoparaffins, the reten

tien index of each compound is a function of the number 

of C atoms. It is possible to separate isoparaffins ac

cording to their branching characteristics, i.e. accord

ing to the position of branching in the molecule and to 

the relative position of two or more branches. In the 

case of monomethyl isomers, the retentien indices can 

be used directly for identification." (C.A.). 

Jonas, Janak and Kratochvill (1966) carried out config

urational investigations by following the changes of in

termolecular disp'ersion forces caused by the introdue

tion of functional·groups in the original molecular skel

eton. The results are obtained in the investigation of 

some ~-halo ethers, tetrahydrofurane, etc. Kovats' re

tention indicescan be calculated with a precision which 

is sufficient for identification. 

Bonastre and Grenier (1967) calculated 444 indices of 

aromatic hydrocarbons on ten phases. The dif-

ferences with the experimental values are expressed on 

a relative basis. This is misleading in the case of re

tention indices.In 75% of the cases the difference is 

<1%. 

Tourres (1967)' studied the temperature coefficient of 

the retentien index of alkanes Cs-9 in close relation 

with structure. An important contribution akin to the 

work described in Chapter V, where further reference to 

this artiele will be made. 
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Kwa, Korver and Boelhouwer (1967) use energy parameters 

to obtain a relation between gaschromatographic behav

iour and chemical structure, as already formulated by 

Wehrli and Kovats (1959). The sensitivity of the ener

gy function to variations of chemical structure and the 

precision of the additivity rules are demonstrated with 

a number of model compounds, composed of component groups 

that are constant in the sense of quanturn theory. 

Holik, Janak and Perles (1967) have for several struc

tural roodels calculated electron densities by the Hück

el method. The results obtained serve the discussion of 

steric and inductive effects of methyl groups that play 

a role in gas chromatography of N,C-dimethylpiperidines. 

Garzo et al.,(1967) calculate 61 values of sulpher organ

ic compounds and derive some rules and connections of 

general character concerning the investigated substances. 

This renders a possibility for the most suitable choice 

of columns in cases where the sample composition is 

known, or for identification of peaks, when the sample 

composition is unknown. 

R.R. Golovnya et al.,(1967) discuss the homologous de

pendence of the retentien indices of primary n-aliphatic 

amines. 

3. Resolution and retentien index. 

Strickler and Kovats (1962) discussed in detail the res

olution of peaks in conneetion with plate number and 

other experimental conditions. A fairly simple method 

is given for the estimation of the difference, 61, be

tween the retentien indices of two substances which is 

necessary to achieve a resolution Ri,j (= distance of 

peak maxima in o units.) 
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A table for i!> is gi ven for various stationary phases. 

i!> = 100 RTc/S, where S is the free enthalpy of vapor

isation from the stationary phase for one CH2-group in 

cal/mole. Tc = absolute temperature of the column. Ex-

ample: for an Apiezon column of 50,000 ,k = 0.5 

and a 6o resolution, ói = 15. Compare the following: 
k 

Ri,j = (ri,j-1) k+1 In where Ri,j is resolution in o 

units, ri,j 

If 0.01 Ii 

0.01 óii,j 

0.01 

example cited 

relative retention. 

log ri,z/log rz+1,z + z 

log ri,j/log rz+1 ,z 

(
R .. (k+1) \ 

log lkJ~n +1)/log rz+1,z 

and rz+1,z = 1.68 we also find êi 

An approximate formula is derived as fellows: 

If (k+1) R. . 
l,] 

then 

and 

For the 

15. 

0. 01 OI 
kIn ln rz+1 ,z 

Prévot (1962) considers as an unsolved difficulty the 

lower separation factor at higher temperatures. He cites 

the following example from James and Martin (1956) for 

methyl esters of fatty acids. 

23°C 3.40 

78° 2.38 

137° 1. 90 

197° 1. 56 

4. Temperature dependenee of the retentien index. 

Matsukuma et al.,(1963), found that the index of lower 

paraffins decreased with temperature, while these of the 

higher paraffins increased. The 2- and 3-methyl deriva

ti ves gave different trends in the change in the reten

tien index. 

Evans and Higgins (1964) remark: "For non-polar systems 

in which dispersion farces are primarily responsible for 
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retention, there is a close parallel between the varia

tions of log rx, z and log rz+1 , z and hence a virtual con

stancy in the value of I". 

Habgood and Harris (1964) discuss two possible situa

tions in programmed temperature gas chromatography: an 

isothermal retention index, invariable with temperature, 

and one .that changes with it. The IpT values, being aver

ages over the temperature range of the program, have a 

smaller variation with temperature than the It values, 

consistent with Giddings' "significant temperature" con

cept. The variability of retention index with tempera

ture should be of positive value in identification. The 

values of IpT agree with values at a temperature 25-

600C lower than the retention temperature. 

Chovin and Lebbe (1966) deal with the claim of Lazarre 

and Reumazeilles that the product of relative retention 

of n-alkanes and absolute temperature, should be con

stant for one stationary phase. This is experimentally 

disproved. The relationship log rz+1,z a+ b.T is in

vestigated and the constants a and b for 13 stationary 

phases are given. 

For squalane this relationship is confirmed by Ettre 

and Billeb (1967). These authors give for n-paraffins 

on squalane the following equation: 

log r -0.2853 + 231.4/T. 

This would give at the temperature of the experiments 

of Knights (1966) viz. 225°C the value 0.181 compare 

0.14 found. 

Hively and Hinton (1968) have measured relative reten

tions and retention indices of 250 compounds on squalane 

at four temperatures. The retention index varied linear

ly with the column temperature over the range of 27 to 

86°C. The magnitude of the variation increased with an 

increase in the minimum cross sectional area of the mol

ecule. 
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5. Boiling-point and retention index. 

Kovats (1959) gave in his first artiele on the retention 

index a relation with boiling-point. He found that on 

Apiezon (Ap.) the relation is not linear for n-paraffins 

but linear for other compounds. For saturated, unsatu

rated and aromatichydrocarbons including Cl and Br deriv

atives the equation is: 

For n-aldehydes: 

For aromatic and aliphatic alcohols: 

5.30 T where T is boiling-point in °c. 

Matsukuma and Takigawa (1963) introduce the boiling-point 

index of normal paraffins. "Boiling-points of normal par

affins were graduated to hundredfold of their C numbers: 

e.g. IB of hexane .was 600. Equations which express IB of 

n-paraffins were derived by modifying Egloff's equation: 

r 8 exp(0.003 09666 T + 5.992 121) - 440.5 in which 

T (°K) is b.p. Errors were + 0.5 for C2-15 

Another equation: 

exp (0.003 17274 + 4.60517 x 10-7 (T - 629.65)2 

- 5.840 402 - 440.5) for c15-29 11
• 

A relation between retentien index and boiling-poin.t in

dex was determined for c14-17 monomethyl paraffins. 

Dhont (1963) gives a correlation between boiling-point 

and retentien index, which is almost linear for alkanes 

on squalane. 

Evans and Higgins {1964) point out: 

"An implication in Dhont's {1963) communiea-

tion is the correlation between ratention index and 
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boiling-point. It is a popular misconception that these 

retentien data versus boiling-point plots are substan

tially linear and that they can be confidently used for 

identification purposes. As the boiling-points of n

alkanes are not a linear function of carbon numbers, the 

plot of retentien index versus boiling-point cannot be 

linear." 

Putnam and Pu (1965) report a smooth but non-linear eer

relation of boiling-point on Apiezon for tetraalkyl tin 

compounds. 

Matukuma (196S) discusses the relation between the re

tention indices of alkanes through C10 and alkanes 

through Cs and their boiling-points. He uses the con

cept of the boiling-point index to correct the boiling

point of several alkanes and to calculate the boiling

points of Cs alkenes. The cis-trans contiguration of 

tri-substituted heptenes is corrected. This is very in

teresting in conneetion with the newly found cis-trans 

effect in the diagrams of the alkenes (Ch. V,6). 

6. Relation to thermadynamie quantities. 

Kovats discussed the relation between retentien index 

and chemical potential in detail (1958). 

Martin stated that the logarithm of retentien volume is 

proportional to the variatien of free energy which oc

curs when a mole of solute vaporizes from the fixed to 

the mobile phase (Porter,et al.,1956). This AF is equal 

to the sum of different terros corresponding to each po

lar group andto the chain of the molecule, when the mol

ecule is big enough so that these groups do not inter

fere too much. 

Evans and Smith (1961) use the retentien index to derive 

a condition for zero temperature coefficient. 
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Cremer (1965) points out that: 

RT ln 
t' 1 
t.""' 2 

and 

where 

t' 2 

t1 and t2 are total retentien times and tM is the time 

for unsorbed gas. 

-~ G is the change in chemical potential for the solutes. 

For the solution in the stationary phase the following 

model is suggested: 

1, The formation of a hole of the right dimensions in 

the solvent. 

2. The transfer of the molecule from the gas phase in 

the prepared hole. 

The change in chemical potential is the sum of the two 

steps. The first step depends only on the size of the 

solute molecule and the properties of the solvent. In 

step two the forces of interaction become operative. For 

this reason the alkanes are defined as apolar substances. 

The relation of indices and chemical potential is dis

cussed, The correlation of dipalemoment and I for a sub

stitution of Cl by Br in a molecule is almost linear. 

The increment for a cH 2 group on all stationary phases 

~G150o in k cal/mole ranges from -0.47 to -0.58. 

7. Colleetiens of index values. 

Widmer and Gaumann (1963) determined indices for 

some alkenes and alkanes on various phases. 

Van den Dool and Kratz (1963) give retentien indi

ces for 170 esters, aldehydes and ketones on SE 30 and 

carbowax 20 M. 

Kuhn and Egge (1963) give indices of methyl hexo

sides on polyesters. Values up to 2865. 
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Evans (1963) records retentien indices of 22 alco

hols, esters, etc. on polyethylene glycol 400. 

Matsukumaet al.,(1963) determined the retentien in

dex of C14- 17 monomethyl paraffins at various tempera

tures with stationary phases of varied polarity. 

Landault and Guiochon (1964) give a short table of 

retentien indices of alcohols and amines on Apiezon L 

and polyglycol 1500. 

Guiochon (1964b) gives isothermal and programmed 

retentien indices of various substances between 95° and 

240°c. 

Janak (1965) reports indices of tetrahydrofurane 

on silicone oil packed columns. 

The recording of retentien indices and their pro

cessing on IBM cards, have been discussed in detail by 

Loewenguth (Kovats, 1965). 

Caroff and V~ron (1965) give retentien indices of 

34 compounds of various type on dinonyl phthalate at 

70°c. 

Putnam and Pu (1965) reported about retentien indi

ces of tetraalkyl tin compounds on Apiezon, Carbowax 

1500 and neopentyl glycol succinate. 

Juvet and Turner (1965) give retentien indices of 

aliphatic alcohols on Carbowax 20 M. 

Ziclinski and Fishbein (1966) tabulated retentien 

indices a.o. the insecticide synergists sulfoxide and 

piperonyl butoxide. 

Knights (1966) used the retentien index in the ster

oid field with n-C26 to n-C35 as primary standards on 

1% SE 30. The relative retentions at 225° of alkanes 

correspond to log rz+1,z = 0.14 which is in reasonable 

agreement with 0.18 found by extrapolating data by Ettre 

and Billeb (1967). The highest retentien index recorded 

is 3980 for 64pregnene - 3,20-dione on FS~1265. I values 

and 6I values are given for 16 steroids. 

The Data Subcornmittee (1966) provides retentien in

dices of hydrocarbons (38) on squalane at 8 temperatures 

between 22 and 100°c, 48 compounds of different clas

ses on polyethylene glycol 400 at 60-100°C. 
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Reymond et al. (1966) give the indices of a few 

dozen compounds occurring in coffee and tea aroma in 

the range 500-1600 on Ucon LB-550-X. 
J.N. Caroff, et al. (1966) give a table of indices 

of some 85 compounds (hydrocarbons, aldehydes, esters, 

alcohols and ethers) at 80°C on Carbowax 1540. 

Rusche et al. (1966) reported a small nurnber of in

dices of acetals, halogen acetals and halogen ethers on 

silicone high vacuurn grease. 

Kudryavtseva, Rang and Eisen (1966) give retentien 

indices of various ketones, esters, ethers, alcohols and 

alkyl halides at 100, 150 and 180° on Tween 80 and 20. 
Ter Heide (1966) studied the retentien indices of 

homologous cyclic ketones on Apiezon and Carbowax mono

stearate at 150°.Prograrnrned indices were consistently 

lower corresponding to 25-60° temperature difference. 

Golovnya, Mirinov and Zhuravleva (1967) give indices 

for C1-7 primary aliphatic arnines. 

Golovnya and Uralets (1967) study the C10-14 n-al

kanes on hydroxydipropionitrile. Asyrnrnetry of peaks di

minishes with sample size. Index reproducible to + 2 
units. 

Knapman (ed.) .(1967). Retentien indices are given 

of different solvents on squalane, dinonyl phthalate and 

polyethylene glycol at 22°, 30°, 40°, 55°, 60°, 70°, 80° 
and 100°C. 

Holik, Janak and Ferles (1967) have determined re

tentionindices on Kemolin and Tridox for piperidine de

rivatives. Further, retentien data have been measured of 

methylenecyclohexane and of all isomerie methylcyclohex

enes on Kemolin. 

Garzo, Fakete and Blaszo (1967) determined reten

tien indices of 68 Si-organic and of some Ge- and Sn-or

ganic compounds on Apiazon L, SE 30, QF-1 fluorosilicone, 
etc. as stationary phases. 

Hively and Hinten (1968) obtained relativa reten

tions and retentien indices for approximately 250 com-
a pounds at four temperatures in the range of 27 to 86 c. 

Matukurna (1968) has obtained the retentien indices 

of 166 alkanes through c10 and of 158 alkenes through Ca. 
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CHAPTER V 

GASCHROMATOGRAPHIC RETENTION AND STRUCTURE 

1. Homology, Martin's Rule. 

The practical problems of gaschromatographic identifica

tion that we encountered in the essential oil analysis, 

led us to the more general aspects of identification in 

gas chr'omatography. 

By a careful study of the relationship between struc

ture and gaschromatographic retention, it is possible to 

derive information from the position of unknown peaks 

in the chromatogram, even if the corresponding standard 

substance is not available. This is especially the case 

if the position of the unknown is determined on at least 

two different stationary phases. Highly accurate meas

urements are essential to bring out sufficient struc

tural detail.Martin (1949) pointed out that if the log

arithrn of retention data is plotted against the carbon 

nurnber in homologous series, a straight line is obtain

ed. 

Logarithmic plots of retention data on two stationary 

phases have been used by many authors after Pierrotti 

(1956) as an aid to identification. To illustrate this 

point we have constructed a diagram based on retention 

data from McReynolds (1966). The "apolar" phase squal

ane at 100°C and the highly polar phase Hyprose at 120° 

were chosen to show the straight and parallel lines 

formed by various homologous series, like ethers, es

ters and alcohols (Fig. 1) • (The pos i tion of the normal 

alkanes in a retention index plot is fixed by the def

inition of the retention index and by the choice of the 

coordinates). 
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l S.QU,t..J..,t..NE 100•c. 

1000 

800 

600 

ethylacetata 

800 800 1000 

pantylacotllto 

n-propanol 
1200 

n-butanol 

HYPROSE 120•C. 
--+ 

1400 

Fig. I Homology lines fora/kanes. ethers. esters and alcoholsin a diagram of re tention 

indices on squalane arid Hyprose. 

The homology lines may be represented by the equation 

y ax + b or 

( 1 ) 

where IA is the index on the apolar phase, Ip is the in

dex on the polar phase and 6I is the difference in re

tentionindex of the individual compounds on the two 

phases. 6! was introduced by Kovats (1958) as an aid in 

recognising the type of compound. 6I depends both on the 

polarity of the compound and on the difference in polar

ity of the stationary phases. The position of an homol.

ogy line is characteristic of an homologous series. 

2. Analogy, Roofing tile effect. 

It is apparent that if no relationship were known be

tween the position of various substances, the plane 

would represe~t the locus of points, whereas with Mar

tin's rule we deal with a colleetien of parallel lines, 

thus reducing the order of infinity. If a secend group 
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of lines could be found intersecting the first, we then 

would deal with a system of points with again a reduc

tion in the order of infini ty. We have found that isoroers 

differing only in degree of branching, thus containing 

the same functional groups, are scattered around paral

lel straight lines of slope <1, forming imbricated se

ries. See Figs. 2, 4 and 5. 

I RET. INDEX 
SOUALANE 
AT 12o•c. 

1100 

1200 

-130 •C. RET. t'IMW 
fi'OlVP'ttOPYlEWIE IDACATI[ 

Fig. 2 Plot of re tention index data, showing roofing file series. (Data taken from Schomburg, 
1964). 

]APIEZON 200 'C 

Fig. 4 

84 

~00 

PlENYlAlKANl:$ AMD CYCLOHEXYLAUtAJrtES 

POL'IPHEttYLETHEA 200 •c 

Plot of re tention index data, showing roofing file series. (Data taken from Schomburg, 
1966). 



I OCTAOICIOI .... 

------+ 
o.t:THYLSULFOLANf tS •c 

Fig. 5 Plot of.retention index data, showing roofing tile series and scattering nat due to 
measurement errors. 

Insofar as the volatile substances fit into homologous 

series and branching isomers, we now have a network of 

points. This should facilitate the identification of un

charted compounds. 

In Fig. 2 we have plotted the retentien indices measured 

by Schomburg (1964) of straight chain and branched iso

mers of the methyl esters of carboxylic acids. The apo

lar phase is squalane at 120°, the polar phase polypropy

lene sebacate at 130°. Consider heptane-carboxylic-acid-

1-methyl-ester. The isomers with the methoxy-carboxyl 

group at positions 2,3 and 4, 3-methylhexane-carboxylic 

methyl-ester-3 and 2-methylhexane-carboxylic methyl-es

ter-2, fit a straight line of slope 0.702. For the C6-, 

C7-, Cg-, C1o- and c11-esters the situation is similar 

and the imbricated series consists of lines 

with the usual deviation for the lower members. The pat-

tern of the isomers on a line is also Th is 

should be so, because the esters with the methoxy-car-
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boxyl group, at say carbon atom 3, form a homologous 

series. The graph suggests that we can calculate the 

coordinates of the points from a set of 2 equations, 

viz.: 

(2) 

IA = a. + b + c.z (3) 

where ~Ii belongs to the homologous series of a certain 

isomer, a is the slope of the imbricated series, b + 

c.z is the intercept of each line as a function of the 

number of carbon atoms, z. 

From the experimental values plotted on graphpaper, the 

average slope a= 0.7085 was obtained. The constants b 

and c were established by substituting only the indices 

of n-hexane-carboxylic methyl-ester and n-octane-car

boxylic methyl-ester into equation (3). Thus b = -129, 

c = 29. The ~r 1 values were taken from the tables of 

Schomburg (1964) and averaged per isomer class (see Ta

ble 1) • 

Table 1 

i (isomer t:':(pe) 

1 (straight chain) 247.6 

2 (2-carboxyl-) 222.0 

3 (3-carboxyl-) 215.6 

4 ( 4 -carboxy 1-) 208.7 

3-3 (3-Me-3-carboxyl-) 202.5 

2-2 (2-Me-2-carboxyl-) 198.6 

4-4 (4-Me-4-carboxyl-) 195.5 
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The points calculated on this basis are represented in 

Fig. 3. The similarity of the calculated and experiment

al graphs is striking. The position of the C12-isomers 

SOUALANE 
1to•c .. 

-JtOl. Vt'AOPYLI:NI: 
&UACATI IIO'C. 

·Fig. 3 · Pfot of retention index data, calculated on the basis of a network. Compare with Fig.2. 

is predicted and drawn in the graph. The degree of agree

ment between calculated and experimental results is given 

in Table 2. 

Substance 
(chosen at random) 

pentanecarboxylic Me-ester-(1) 

nonane -(1) 

heptane -(2} 

hexane -(3) 

nonane -(3} 

3-Me-hexane-carb. " (3) 

"sq squalane 

Table 2 

experimental(2) 
sq-t• ; pps}': 

1 200 1 30° 

849 1097 

1254 1504 

996 1 21 7 

884 11 00 

1169 1382 

948 1151 

*pps • polypropyleneglycol sebacate 

Ratention index 

calculated difference 
sq ' pps sq : pps 

855 1103 -6 -6 

1;25.4 1502 0 +2 

990 1 212 +6 .. +5 

887 1093 -3 -6 

1176 1392 -7 ;-10 

945 1148 +3 ; +3 
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Having considered this example of the methyl esters of 

some straight and branched carboxylic acids, the ques
tionarises whether this is a general rule. In Fig. 4 the 

ratention index values publishad by Schomburg (1966) of 

phenyl alkanes and cyclohexyl alkanes are plotted on 
Apiazon at 200° and polyphenyl ether os 138 at 200°C. 
It is apparent that the same principle holds for these 
two groups of compounds, viz. an imbricated series for 
each. Note the greater polarisability of the phenyl group 
compared with the cyclohexyl group. Also the two classes 
of compounds are completely separated in this diagram. 
An unexpected feature is the great difference in spac
ing along the line of the phenyl compounds, compared 
with the eerreeponding cyclohexyl compounds for the low
er carbon numbers. An explanation for this phenomenon 
is not apparent. 

Another example of the roofing tile effect is given in 
Fig. 5. Alkanes and alkenes can again be grouped on the 
basis of no. of carbon atoms, that is of isoroer groups. 
The measurements were carried out in this laboratory by 
Cramers (1967) on octadecene-1 and dimethylsulpholane at 
25°C. Capillary columns 0.25 mm ~, 50 m length were used. 
The samples of hydrocarbons were taken from the A.P.I. 
collection. From the relative ratention times given by 
Diederen, we calculated the indices by means of a com

puter program. Note that all saturated paraffine are 
scattered around the line IA = Ip. This is a special 
case where the slope of the imbricated series= 1. The 
alkenes farm groups of branching isoroers on imbricated 
parallel lines. The cyclo alkanes find a place between 

alkanes and alkenes (not given in this figure). The or
der of polarity is represented by: alkanes < cyclo-al
kanes < alkenes < cyclo-alkenes < alkadienes < aromatics. 
It is interesting to note that in the lower part of the 

graph, say .for IA < 650, the collection of isoroers is 
sufficiently complete to conclude that, the chart con
tains open spaceswhere no hydrocarbons exist. Even if we 
consider all volatile compounds, the plane would not be 
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saturated with points (more accurately: would not be 

completely covered by uncertainty areas) • Thus def

inite identification for that group is possible based 

only on two chromatograms. It is also obvious, that in 

the region of decane with 75 isomers, total separation 

at the moment is just becoming feasible (Matukuma 1968). 

The area where unambiguous identification is possible, 

will be larger as the accuracy of retentiop indices in

creases. 

3. Further imbrication in plots of the alkanes on two 

phases. 

It has been suggested in the previous paragraph that 

scattering of points around isomer lines (lines that 

ferm imbricated series) is real. This paragraph demon

strates a simple correlation between more detailed struc

ture and retention. 

We have plotted both retentien indices and logarithms 

of relative retentien times of the c6-, c 7-, ca- and 

some Cg- alkanes. Independent data were taken from Die

deren (1965) and Cramers (1967) on capillary columns 

coated respectively with octadecene-1 and dimethylsul

pholane at 25°c.The internai standards for the relative 

retentien times were n-hexane on OD-1 and n-hexene-1 on 

DMS. (See Figs. 6 and 7). 

Alkanes can bé divided into groups that have equal num

bers of primary, secondary, tertiary and quaternary car

bon atoms. If we take 2,2-dimethylbutane, we note 4 pri

mary c atoms, 1 secondary c atom, no tertiary c atoms 

and 1 quaternary C atom. This is represented by the code 

number 4 1 0 1. The code numbers, the logarithms of rel

ative retention times and the retention indices are giv

en in columns 1, 2 and 3 of Table 3 respectively. From 

this table Figures 6 and 7 were constructed, firstly by 

platting the points as determined by the retention data 
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3210 

4020 

2!500 

3310 

5011 
Cr 
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Fig. 7 
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4220 
4301 

o.o 0.!5 

Log plot of relative re tention times of hexanes, heptanes, octanes and some nonanes on 
octadecene-1 and dimethylsulfolane at 25 °C A/kanes betonging to the same sub-group 
of isomers are scattered around straight parallel /ines. Numbers in reetangles represent 
code. Numbers in dotted lines refer toa/kanes in Table 3. No te that there is no essential 
difference with Fig. 6. 



~ 
Log ar i tlune of relative ratention times and retention 

indices of hexanes, heptanes, actanee and some nona-

nes determined on OD-1 and DMS at 2s0c. 

2 

1at order LOgaritluna of 2nd Ratention 

No. Name of al,kane Code rel, ret. (3) order indices ( 2) 
Code OD-1 DMS no.of OD-1 DMS 

250C 2soc 1 1 2soc 2S0C 

1 2 

HEXANES 

2,2-Dimethylbutane 0 -0.3439 -0.4921 532.9 531 

2,3-Dimethylbutane -0,1878 -0.3382 563.4 567 

3 2-Methylpentane 3 0 -0.1612 -0.3382 12 568.6 567 
4 3-Methylpentane 3 0 -0.0947 -0.2588 21 581.5 585 

n-Hexane o.oooo -0.1979 600,0 600 

HEPTANES 

6 2,2,3-Trimethyl~tane 5 0 0.164"9 -0.0362 632.7 640 

7 2,2-Dimethylpentane 0 0.1156 -0,1215 13 622.9 620 
a 3,3-Dimethylpentane 0 0,2643 0. 0445 22 652.3 660 

9 2,4-Dimethylpentane 0.1414 -0.1068 04 628.0 624 
10 2,3-Dimethylpentane 0. 3381 0.1092 13 666.9 675 

11 2-Methylt>exane 0 0.3310 0.0603 12 665.5 664 
12 3-Metllllhexane 0 0,3731 0.1139 21 673,9 677 
13 3-Ethy pentane 0 0.4133 0.1761 30 684.6 691 

14 n-Heptane 2 0.5051 0. 2117 700.0 700 

OCTANES 

15 2,2,3,3-Tetramethylbutane 0 

16 2,2,4-Trimethylpentane 5 0.4314 0.1219 02 685.4 681 
17 2,2,3-Trimethylpentane 5 0. 6551 0. 3720 11 729.9 741 
18 2,3,3-Trimethylpentane 5 o. 7551 0.4814 12 749.8 768 

19 2,3,4~rLmethylpentane 0 0,7332 0.4428 749 ? 758 

20 2,2-Dimethylhexane 3 0 0. 5866 0.2586 13 716.2 714 
21 3,3,-Dimethylhexane 3 0 0. 6972 0. 3844 22 738.3 744 
22 3-Methyl-3-ethylpentane 3 0 0.8338 0.5411 31 765.3 782 

23 2,5-Dimethylhexane 2 2 0 0.6365 0.2956 04 726.2 723 
24 2,4-Dimethylhexane 2 2 0 0.6493 0,3214 13 728.7 729 
25 2,3-Dimethylhexane 2 2 0 0.7853 0.4670 13 755.8 764 
26 2-Methyl-3-ethylpentane 2 2 0 0. 7 818 0.4804 22 755.1 767 
27 3,4-Dimethylhexane 2 2 0 0.8338 0.5236 22 765.5 778 

28 2-Methylheptane 0 0. 9254 0. 4591 12 763.8 763 
29 4-Methylheptane 0 0.8331 0.4823 21 765.3 769 
30 3-Methylheptane 0 0.8555 0.5038 21 769,9 774 
31 3-Ethylhexane 0 0.9525 0.5194 30 769.2 777 

32 n-Octane 2 6 0 1 .0073 0.6284 800 800 

NONANES 

33 2,2,5-Trimethylhexane 5 0.8663 0,4693 771.9 768 
34 2,2,4-Trimethylhexane 5 0. 9222 0.5490 783.0 
35 2,4,4-Trimethylllexane 5 1.0116 0.6385 800.9 
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and, secondly by connecting the points that show identi

cal codes by straight lines. For instanee 2-methylpentane 

and 3-methylpentane. Similarly 2-methylhexane, 3-methyl

hexane and 3-ethylpentane, etc. 

The striking thing is, that this can be done in the case 

of 3 and more points and that these lines are parallel. 

Thus lines may be drawn through 

n-hexane). 

points (for exam-

A second fact emerges now, viz. that the code numbers 

within each isomer group (C4, Cs, c 6 , C7 ... )are in 

numerical order if attached to the position of the lines. 

Remaining scatter of points around the sub-isomer lines 

suggests a higher order of imbrication. The value of 

these lines for identification problems is obvious. 

4. Further imbrication in plots of alkanes at two dif

ferent temperatures of the same stationary phase~ 

In a recent artiele by Tourres (1967) we recognised a 

certain similarity between the graphical representation 

of isoroers on one stationary phase and at two tempera

turas, and the one discussed above. 

Tourres classified the isoroers of the alkanes on the 

principle of chain length. He states that points eerre

sponding to alkanes of the same structure, lie on straight 

lines and that lines corresponding to different struc

tures, are parallel. 

If our classification is applied to the data of Tourres, 

the regularities are more apparent. E.g. the compounds 

like 2-Me-hexane, 3-Me-hexane and 3-Et-pentane are in 

different groups according to Tourres. In our classi-

f ication1 they belong to the same group. It can be seen in 

• 9 that a straight line can be drawn through these 

points. 
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Fig. 8 Further imbrication in plot of hexanes at two temperatures of the same stationary phase, 
squalane. (Data, Tourres 1967). 
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Also the temperature dependenee of the index of isoroers 

shows more regularity with our elassifieation. 

Referring to the workof Tourres (1967) we note that 

for the isomerie hexanes the elassifieation aeeording 

to ehain length gives rise to the sub-groups G1 and 

G2 • In group G2 a sub-sub-division is made indieated by 

a white and by a blaek square. See the following table 

where our numerical classification is ineluded. 

HEXANES 

Our 

Tourres classification 

Group Strueture Name Fig. Code 

G1 M Cs 2-M cs + 3 2 1 0 

3-M Cs + 3 2 1 0 

G2 DiM c 4 2,2-DiM c4 [J 4 1 0 

2,3-DiM c4 • 4 0 2 0 

( 2 4 0 0 n-hexane) 

In this case the isoroer sub-groups are the same in both 

classifications. In Fig. S our elassification applied 

to Tourres data (a), is eompared with Tourres classi

fication(b), and our elassifieation on two stationary 

phases (e). It is interesting to note that topological

ly the two-temperatures diagram (a) and the two-phases 

diagram (c) are identical. If Figures Sb, and Sc are com

pared, it is clear that the resolution is greater on 

two phases. 

If we now compare the heptanes we find: 
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HEPTANES 

Our 

Tourres classification 

Group Structure Name Fig. Code 

G1 M c 6 2-M c6 + 3 3 0 

3 + 3 3 0 

G2 DiM Cs 2,2-DiM cs 0 4 2 0 

3,3 0 4 2 0 

2,4 • 4 1 2 0 

2,3 • 4 2 0 

ET cs 3-ET cs e 3 3 0 

G3 TriM c4 2,2,3-TriM c4 0 s 0 

( n-heptane ) 2 5 0 0) 

According to Tourres 2-methylhexane, 3-methylhexane and 

3-ethylpentane, are in quite different groups. According 

to our classification, they are in one group. In Fig. 9b 

the three points can indeed be joined by one line. By 

comparison with two-phase diagram (Fig. 9c), we con-

clude that both results are very similar and that the 

numerical classification is superior. 

Although not represented here in the form of diagrams, 

we have also compared the two classifications for the 

actanes and the nonanes. For the actanes we find 7 sub

groups against Tourres: 9 sub-groups. The position of 

the points in the numerical classification again resem

bles those of the two-phase diagram in Fig. S. So much 

so that the position of 2,2,3,3-tetra-methylbutane, that 

is known in Tourres diagram, is predicted in our diagram 

to be IA = 718 , = 727. 

In the case of the nonanes, Tourres uses 14 sub-groups, 

we find a set of eight sub-groups and parallel lines in 

numerical order of the code, viz.: 
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2 7 0 0 

3 5 1 0 

4 3 2 0 

4 4 0 1 

5 1 3 0 

5 2 1 

6 0 2 

6 1 0 2 

A comparison of the two-temperature method and the two

phase method, reveals that the two-temperature method 

can take the place of the two-phase method if we are 

dealing with one class of compounds only. If more clas

ses of compounds are present simultaneously, the two

phase method spreads the compounds across the plane. In 

the two-temperature method all classes would be super

imposed and little resolution would be achieved. In the 

latter case a group separation prior to the gaschromato

graphic analysis may be a solution. 

5. Further imbrication in plots of cycloalkanes. 

As a souree of retention data Cramers' (1967) table on 

hydrocarbons at 25° was used to calculate the log ri,s 

values of cycloalkanes in the Cs - Ca region. As an ex

periment the alkane code was used to establish sub

groups of isomers. This means that the ring is not con

sidered as a separate structural element. A plot of the 

log ri,s values reveals that with few exceptions the 

points of identical code can be joined by straight lines, 

that these lines are parallel and that the code if at

tached to the lines shows numerical order. 

An exception is the reversal of the 2 5 0 1 and 3 2 1 0 

lines in the cyclooctanes. 

With Konz and Lavrijsen (1968) and Ladon (1968) an at

tempt was made to devise a code that differentiates be

tween five-rings, six-rinqs and seven-rings. This is 
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done first counting quaternary~ tertiary and seconda-

ry carbon atoms in thc ring and then counting thc rest 

of the molecule according to the alkane code. 

E.g. ethyl-cyclohexane : 0 1 5 0 0 

propyl-cyclopentane: 0 1 4 2 0 0 

It was found that the five-rings and the six-rings are 

on separate line systems. The lines are parallel and 

within each isomer group the lines are in numerical or

der of the code. The distances between thc lines, how

ever, are small and some overlap between five-rings and 

six-rings occurs in the octanes. An improved combination 

of stationary phases might, perhaps,be found. Within the 

scope of the substances measured, a definite distinc

tion betweenfive-rings, six-rings and seven-rings may 

become possible! The results are represented in Fig. 10. 

6. Further imbrication in alkene plots. 

The scatter of the alkenes around the isomer lines can 

be largely resolved applying a code. 

The following is a simple system. First the alkenes are 

coded according to total number of primary, secondary, 

tertiary and quaternary carbon atoms without regard to 

the double bond; that is the alkane code. This gives for 

the hexenes the following sub-groups: 2400, 3210, 4020 

and 4101. If the points belonging to one group are con-

sidered, e.g.2400, these can be joined two parallel 

lines, one connecting the trans-compounds, the other con

necting the cis-compounds. This is applicable to the eth

er sub-groups as well. The alkene-1 compounds are found 

on the cis-line and the 2-methyl-alkene-2 compounds are 

found on the trans-line. 

In other words, isomar sub-groups according to the four

digit code, split into two lines, a trans-line above a 

cis-line. The sub-groups do nat overlap and are in num-
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erical order for the butenes, pentenes and hexenes. See 

Fig.11a,b. In the heptenes a few exceptions were noted. 

E.g. cis-3-me-hexene-2 (b.p. 97.26) and trans-3-me-hex

ene-2 (b.p. 95.18) are bath on the wrong line. The same 

applies to cis-3-me-hexene-3 and trans-3-me-hexene-3. 

Could it be that the cis-trans configurations are wrong

ly applied? Fig. 11c. 

After writing these lines, a confirmatien was found in 

Matukuma's work (1968) on retentien indices of alkanes 

and alkenes: " ••• Thus it is possible to conclude that 

A.P.I. Uncertified Sample "3-Methyl-trans-2-hexene" is 

3-methyl-cis-2-hexene, b.p. 95.18°c, 

A.P.I. Standard Sample No. 1074 "3-Methyl-cis-2-hexene" 

is 3-methyl-trans-2-hexene, b.p. 97.26°C, 

A.P.I. Standard Sample No. 1035 "3-Methyl-trans-3-hex

ene" is 3-methyl-cis-3-hexene, b.p. 93.452°c, 

A.P.I. Standard Sample No. 1032 "3-I>1ethyl-cis-3-hexene" 

is 3-methyl-trans-3-hexene, b.p. 95.401°C". 

The evidence is based on relative amounts of products 

formed in the methylene insertion reaction, on boiling

points and on proton magnetic resonance. 

Hively and Hinton (1968) remark about these same com

pounds: "This is the nomenclature assigned by the Amer

ican Petroleum Institute. However, evidence that the 

cis-trans assignments should be reversed is becoming 

stronger".In Fig.llc the assignments have been reversed. 

A topic for further study could be the following ques

tion:Why are substances like 2,3-di-me-butene-1 and 2,3-

di-me-butene-2, differing only in a shift of the double 

bond, so widely separated? (oiA " 65., 6Ip " 85 !) • 

The similarity is stressed by the following formulae: 

0 
b .p. 56 

resp. 

b.p. 73° 
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7. Further imbrication in plots of alcohols. 

The retentien indices of isomerie pentanols and isomer

ie hexanols wer.e taken from HcReynolds' colleetien of 

retentien data (1966). As stationary phases we chose 

Apiezon Jat 120°c and sucrose octa acetate at 120°. A 

plot reveals the existence of isoroer lines for the al

cohols with considerable scatter. This scatter is large

ly resolved by the following code. Firstly, the aleo

hels are divided into primary, secondary and tertiary 

alcohols, indicated by I, II and III. The groups are de

fined as fellows: 

I primary c-c-o-H 

c 
II secondary C-0-H c 

c 
III tertiary c-c-o-H c 
The rest of the molecule attached to these groups, is 

counted according to number of primary, secondary, ter

tiary and quaternary carbon atoms. E.g. 2,3-di-me-butan

ol-2 is represented by III-2000. Alcohols bearing the 

same code, can now be joined by lines. The lines are par

allel and in numerical order. The alcohols along one is

omer line are thus separated into primary, secondary and 

tertiary alcohols and within each group the position is 

determined by the rest of the molecule. Fig. 1 2. (With 

Konzand Lavrijsen (1968), and Ladon (1968)). 

8. 

In the previous paragraphs we have considered primary, 

secondary, tertiary and quaternary carbon atoms. These 

contribute differently to the retentien time. It means 

that the properties of a carbon atom are influenced by 
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the number of neighbouring carbon atoms. We have seen 

that by taking these differences into account, a better 

fit of the experimental results is obtained than with

out allowing for differences between carbon atoms (iso

roer lines have a scatter because only the number 

of carbon atoms is counted) . It can be observed that some 

scatter remains. This scatter may be due wholly or in 

part to measurement errors. To decide this point, very 

accurate measurements are necessary. We expect that devi

ations will persist in the system even if the accuracy 

is increased. If this is so, we expect that again a bet

ter fit will be obtained by taking more structural ele

ments into account. 

This can be done by Tatevskii's method (1961} of count

ing types of bond rather than types of carbon atoms. 

There are nine types of bonds, namely: between C1 - C2, 

C1 - C3, C1 - C4, C2 - C2, C2 - C3, C2 - C4, C3 - C3, 

C3 - C4, C4 - C4, where C1, C2, C3, C4 represent pri

mary, secondary, tertiary and quaternary carbon atoms. 

By counting the number of these honds in a molecule and 

recording the result in the order C1 - C2, C1 - C3, etc., 

we obtain a nine-digit code. 

E.g. compound no. 22 in . 13 

2,4-dimethylheptane will be c c 
described by c - c c - c - c - c - c 

1 3 2 3 2 2 1 

2 2 2 3 3 4 
type of bond 

2 3 4 2 3 4 3 4 4 

3 0 3 0 0 0 0 no. of honds 

Compound 23, 2,5-dimethylheptane, gets the same code. 

The 4-digit code will be 4320 for both compounds. In the 

it is seen that the one line for all 4320-compounds 

has into two parallel lines, one for the above men-

tioned compounds and one for 2-methyl-4-ethylhexane (no. 

25) 3,5-dimethylheptane (no. 26). The nine-digit 
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:S0 •c SQUALANE 

875 

850 

825 

SQUALANE 70 •c 

825 850 875 

Fig. 13 Application of nine-element code in plot o[nonanes at two temperatures. (Data from 
Tourres, 1967). 

code is 220040000 for the latter compounds. (Table 4.) 
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9 2,3,3-Trimethylhexane 5211 122101010 836,3 843.7 

10 2,2-Dimethyl-3-Ethylpentace 5211 203020010 81 8. 0 826.4 

11 3 1 3,4-Trimethylhexane 5211 212011010 848.7 857,5 

1 2 2,3-Cimethyl-3-Ethylpentane 5211 321001010 366.9 877.7 

1 3 2,3,5-Trimethylhexane 5130 050020100 810. 7 814. 1 

14 2,4-Dimethyl-3-Ethylpentane 5130 140010200 832.8 840.0 

2,3,4-Trimethylhexane 5130 140010200 834.4 849.8 

2,3,4-Trimcthylhexane 5130 140010200 846.6 852.6 

16 2,2-Dimethylheptane 4401 103301800 814.9 816.7 

17 4,4-Dimethylheptane 4401 202202000 825.3 829.9 

18 , :.-.:::hmethylheptane 4401 202202000 833.8 838.4 

1 9 3-~1cthy 1-3-Cthyll:exane 4 401 301103000 850.0 857.0 

20 3,3-Diethylpe~tane 4401 400004000 8 71 . 8 .4 

21 2,4-Di.methylheptane 4320 130130000 826.7 827.7 

22 2,4-Dimethylheptane 4320 130130000 8 21 . 1 8 21 . 9 

23 2 1 5-Di~ethylheptane 4320 130130000 832.3 833.5 

24 2, 3-Dimet-hy lhepta!"le 4320 130210100 853.5 8 56 ~ 1 

25 2-Mctl:yl-4-Ethylhexane 4320 220040000 823.2 825.4 

3,5-Dimethylllept<J.ne 4320 220040000 8 .6 8 34.8 

27 2-~cthyl-3-Et.hylhexana 4320 220120100 841 . 6 845.8 

28 3,4-Dimethylhcptar:c 4320 220130000 8 56.3 860.0 

3,4-Dimethylheptar.e 4320 220130000 856.8 860.0 

29 3-~-tcthy l-4 -Ethylhexane 4320 310030100 8 51 . 7 857.9 

30 2-Methyloctane 3510 120410000 864.4 865.0 

31 3-Mcti1yloctane 3510 210320000 869.6 871 . 0 

32 4-Mcthyloctane 3510 210320000 862.3 863.5 

33 4-Ethylhept.ane 3510 300230000 856.6 858.4 

34 3-Ethylhcptanc 3510 300230000 866.0 867.8 

35 n-Nonane 2700 200600000 900.0 900.0 

A similar example is illustrated by the compounds 

31 3-methyloctane 3510 210320000 

32 4-methyloctane 3510 210320000 

33 4-ethylheptane 3510 300230000 

34 3-ethylheptane 3510 300230000 

a lso in Fig. 1 3. Data from Tourres (1967) 

We expect that the next approximation may be obtained 

by considering even more structural elements. This can 
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be done by consirlering the number of first neighbours 

and the number of second neighbours. An example will 

clarify this. Take for instanee 2-methylpentane 

f 
c 

c-c-c-c-c 
a b c d e 

The carbon atoms are marked a,b,c,d,e, and f; a is a 

primary carbon atom with two second-order neighbours, f 

is a primary carbon atom with two second-order neighbours, 

but e is a primary carbon atom with only one second-or

der neighbour. The number of different structural ele

ments rises now to 33. For 2-methyl-pentane we find: 

120 0101000 0100000000 0000000000000 and: 

210 0021000 0010000000 0000000000000 as code for 3-me

thylpentane. 

It seems likely that the primary carbon atoms are most 

important. If we attach the first two digits of this code 

to the first-order sub-groups in Table 3 of the oc

tanes, we find that, almost without exception, this code 

determines elution order within the sub-qroup ! 

Ladon (1968) has introduced this classification of car

bon atoms. 

9. Correlations on three stationary phases. 

If we plot several combinations of an apolar and a polar 

phase, we often get rather similar results. Only an ex

pansion in the direction of the polar axis is noted if 

the "polarity" of the stationary phase increases. For 

this reason one would expect little extra information 

by the use of a third stationary phase. Martin (1967) 

pointed out, however, that a proper choice of a third 

phase with quite different composition might change the 

picture. 
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We used data from Kovats and Weisz (1965), of a col

leetien of compounds on the phases hexadecane, hexadeca

nol and hexadecanonitrile. If we make a two-dimensional 

plot on hexadecane and hexadecanol, we find that alkanes 

are scattered around IA = , alkenes near the line IA 

Ip - 12, formates near IA Ip - 72, aldehydes near IA 

Ip - 84, n-cyanides near IA= lp- 140 and n-alcohols 

IA Ip - 240. If now as a third phase hexadecanonitrile 

is chosen, the index can be plotted in the same plane 

and indicated by a vector to define the shift. At the 

origin of the vector we read the index on hexadecane and 

hexadecanol; at the point of the vector we read the in

dices on hexadecane and hexadecanonitrile. See Fig. 14. 

000 

500 

400 

!500 600 1'00 000 

Fig. 14 Correlation ofretention indices on three stàtionary phases. 

It is very interesting to note that alcohols display a 

shift of 70 index units, nitriles on the other 

shift of 80 units. The largest positive 

shift is observed for nitroethane, viz. 140 units: Al

kenes, aromatics, chlorides, bromides, esters and alde

hydes have a FOsitive shift. Alkanes have a small nega

tive shift. 

Note that Fig. 14 contains the same information as a 

three-dimensional plot, but in a convenient form. The 

index on all three phases can be read off at once. 
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There is every reason to advocate the use of three or 

more stationary phases in identification problems: 

10. Other correlations. 

Ladon (1968) pointed out that the relationships describ

ed so far, e.g. the existence of isoroer lines, are not 

restricted to retention data. Many physical properties, 

like vapour pressure, surface tension, molecular volume 

etc., if plotted logarithrnically, show isoroer lines. 

The logarithms of the surface tension of c6 , c 7 and c8 
alkanes at two temperatures, 0°C and 50°C, are plotted 

in 15. The roofing tile effect is clearly evident. 

0 r 50 c. 

I log a 

1. 25 

1 • 

1.30 1.35 

Fig. 15 Roofing tile effect in a surface fension plot of a/kanes, at two temperatures. 
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There is some scatter around the Cg line. It will he 

worth-while to investigate whether the application of 

the four-digit code will give a better fit. 

That vapour pressure, related as it is to retention on 

apolar phases, will show imbricated series, is perhaps 

not surprising. An example is given in Fig. 16 where the 

logarithms of the vapour pressures at two different tem

peratures 100°F and 20°F are plotted for the pentenes and 

the hexenes. Data were taken from the A.P.I. collection. 

log p 

1 . 20 

0.70 

0.0 0.50 

Fig. 16 Roofing file cf/eet in a vapour pressure plot of al kanes. 

The introduetion of a boiling-point index as done by 

Matsukuma (1963) possesses merit. A boiling-point in

dex is only a new temperature scale with as fixed points 

the boiling-points of the n-alkanes. The boiling-point 

of butane is by definition 400, of pentane 500 and so on. 

Intermediate points are defined on the basis of a modi

fied Egloff's equation. There is a difficulty in the 

choice of a good definition. 
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We suggestthe following definition of boiling-point in

dex. A plot is made of the boiling-points of the n-alka

nes against carbon number. A smooth curve is drawn (or 

better calculated) through the fixed points. The rela

tion betweenboiling-point and boiling-point index is now 

defined by this curve. The weakness, if any, in this def

inition rests with the degree of accuracy with which a 

smooth curve is defined. This is a purely mathematical 

problem. No doubt various smooth curves are possible 

through a limited number of points, although the differ

ences might be negligible. 

Any doubt would be removed by another definition in which 

the fixed points are connected by straight lines. This 

would be easy to apply. The correlation with retentien 

data might show slightly more deviation from linearity. 

In conclusion we feel that the introduetion of isomer 

lines and sub-isomer lines, extends the known correla

tions between many physico-chemical properties of organ

ic compounds. 
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CHAPTER VI 

THE CHARACTERISATION OF STATIONARY PHASES 

Introduction. 

If one consults a list of stationary phases, one is 

struck both by the wide choice and the unintelligibility 

of many of the names. McReynolds (1966) gives a collec

tion of retention data on 78 stationary phases. The corn

pilation of literature values of retention data by the 

American Society for Testing and Materials (1967) lists 

234 stationary phases. Applied Science Laboratories Inc. 

in a newsletter (1967) list 249 commercially available 

stationary • If it had been customary to record 

boiling-points at 250 different pressures, boiling-point 

lists might not have corne into use! Yet a worse situa

tion facesthe gas chrornatographer, because the 250 sta

tionary phases are each used at various ternperatures. If 

anything can be done to standardise the use of station

ary phases, the published retention data will become 

more generally useful. It is with this object in mind 

that this part of the study has been undertaken. 

Several authors have already contributed in this field. 

Kovats (1965) advocates the use of "retention 

sion" to characterise a stationary phase. It is essen-

a list of lii values for various molecules each 

containing a different functional group. lii is the dif

ference in retention index for a particular substance on 

two stationary phases. As an Kovats cites: "the 

retention index of octanol-(1) on the (non-polar) sta-
o Ap-L tionary phase,Apiezon-L, at 190 is r 190 = 1038, the re-

tention index of the same substance on Emulphor-0, at the 
Em-o same temperature is E190 = 13901 the lii value for oc-

tanol-(1) is now: 

Ern-0/Ap-L 
lii190 

Em-0 Ap-L 
1 190 - 1 190 352." 
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"The separating character can be expressed in more detail 

by cernparing a given stationary phase with a non-polar 

stationary phase by rneans of lli values." Kovats' workis 

lirnited, however, to only a few stationary phases. 

Rohrschneider (1965) rneasured and calculated more than 

600 retentien indices (at 100°C) by rneans of the forrnula 

I = I 0 + ax + by + cz with a rnean error of six units. 

For the calculation it is necessary to rneasure the po

larity factors of the stationary phases (x, y, z), the 

retention index on squalane I 0 and the polarity factors 

of the solutes a, b and c. The polarity factors were de-

terrnined on 20 different stationary for 42 sub-

stances of various classes viz. alcohols, ketones, alde

hydes, chlorinated hydrocarbons, etc. Fifty-four reten

tion indices of 18 substances on 17 stationary phases 

were calculated and rneasured. The rnean difference arnount

ed to 12.6 units. This is too large to be useful. 

Rohrschneider (1966) has extended this rnethod in a later 

paper to five parameters for the solutes and five para

meters for the stationary phases. For 5 substances on 

one stationary he defines 5 equations of the fol-

lowing form : 

I= ax + by + cz + du +es where a, b, c ••• beleng to 

the solute and x, y, z ••• to the solvent. The substan

ces chosen to characterise the stationary phases are: 

benzene, ethanol, methyl ethyl ketone, nitro methane, 

pyridine. 

The values of x, y, z may in principle serve to charac

terise the stationary phases. A drawback is, however, 

that their meaning is not eas understood and 

that they are not directly measured. The object of Rohr

schneider's work was in the first place to calculate in

dex values. 

Chovin and Lebbe {1966) proposed a classification of 

stationary phases based on the relative retentions of 

n-alkanes. Squalane and s, B'-oxydipropionitrile are 
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taken as reference points in the polarity scale. The 

drawback of this system is that it is one-dimensional. 

Bonastre and Grenier (1967) use retention indices of 

aromatic substances to classify stationary phases. The 

order of polarity these authors find is squalane, Apie

zon-L, Silicone SE 30, Carbowax 400, polypropylene gly

col, Ucon 50 HB-2000, Ucon HB-5100, polyethylene glycol 

4000, Reoplex 400, e,e'-oxydipropionitrile. 

A. de Bruyn (1968) gives a table of about fifty current 

stationary phases, with structural formulas, maximum 

temperatures and other relevant data. The classification 

is only in terros of apolar, weakly polar, polar and 

strongly polar. 

Rohrschneider (1968) discusses a very practical way of 

characterising stationary phases by means of the reten

tion index of suitably ohosen substances in about the 

same manner as shall be described in this chapter. 

Kovats (1968) discussas very generally the "polarity" in 

gas chromatography, the various types of interaction be

tween molecules that play a role and a formal system of 

repreeenting these interactions. Whether his discussion 

will lead to practical results is not yet clear. 

Kwa (1968) discusses new points of view and calculations 

related to intermolécular farces that have a bearing al

so on the understanding of the properties of stationary 

phases. 

Generally speaking, it would be of great value to get a 

clear insight into the various forces that play a role 

in the interaction of neutral organic molecules of the 

same and of different species of low and high molecular 

weight, This would have a bearing on solid, liquid and 

gaseaus organic substances and mixtures of these, on 

boiling-point, solubility, partition coefficients and 

adsorption characteristics, and certainly also on the 
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characterisation and classification of stationary phases. 

It is generally agreed that the theory of the liquid 

state is not well developed. It is not the subject of 

this chapter to deal with the theory of molecular inter

action but rather to present and order facts in such a 

way that the presentation can be a basis for the selec

tion of stationary phases and related problems. Therefore, 

for a discussion on dipole-dipole interaction, induction 

forces, dispersion forces, hydragen bonding etc., the 

reader is referred to the literature {Kovats, 1968) ,(Kwa, 

1967, 1968), (Keulemans, Kwantes and Zaal, 1955). 

In the following paragraphs we shall study the behaviour 

of a fair number of stationary phases tmvards a few se

lected compounds. It will be shown that the phases can be 

placed in numerical order on the basis of measured reten

tien indices and that this order conveys practical chro

matographic properties. 

1. Behaviour of stationary phases towards primary 

alcohols. 

McReynolds' colleetien of retentien indices (1966) of

fers an excellent opportunity for the study of station

ary phases. So many types of compounds are measured on 

so many stationary phases, that it must be possible by 

the judicieus selection of types of solute to find cor

relations that vlill enable a more reasoned approach to 

the selection of a stationary phase for a particular 

problem. We believe that "polarity" is not a property 

that can be expressed by a single number. The present 

vagueness of the polarity concept allows us to select 

a certain type of polar compound, e.g. the normal prim

ary alcohols, if necessary one particular alcohol like 

n-hexanol, and to arrange the sta.tionary phases in in

creasing order of "polarity". The retentien index is 

very suitable here because it relates the retentien time 

of the alcohol to that of a n-paraffin. If on stationary 
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phase B an alcohol has a higher relative retentien than 

on stationary phase A, compared with the same paraffin 

solute, phase B is the more polar one. If by choosing 

another type of "pilot-compound",e.g. an aromatic sub

stance, another order of the stationary phases is found, 

we are forced to the conclusion that polarity has at 

least two dimensions. According to the literature (a.o. 

Rohrschneider (1966), Kovats (1968)), five to eight num

bers are necessary to describe all interaction proper

ties. 

We now wish to proceed empirically and simply investi

gate what regularities, if any, are to be observed in 

the retentien by various stationary phases of normal 

primary alcohols. If a useful order of stationary phases 

is found, this aspect of polarity might be indicated by 

"hydroxyl index". 

In Table 1,p. 1 30,stationary phases are arranged in order 

of the retentien index of hexanol at 120°C. The interest

ing feature of this order is, that phases known as apo

lar like Apiezon and methyl silicone oils, are found at 

one end of the scale and that phases generally regarded 

as "polar" like Carbowax, are at the other end of the 

scale. Esters (of intermediate polarity) are found some

where in the middle of the scale. The advantage is now 

that the "hydroxyl index" is expressed as a number and 

that small differences can be measured. The question is 

whether the order so obtained, has any predictive value 

for the behaviour of other alcohols. It certainly has 

for other alcohols in the homologous series if Kovats' 

rule no. 1 (Ch. IV,2) of 100 index units difference for 

one -CH2- group is obeyed. For the difference heptanol

hexanol we inspeet Table 1. The mean difference (digly

cerol and sorbitol, excluded) is 104 index units, some

what higher than the rule predicts. It is interesting 

to note, that the difference becomes smaller, when the 

"hydroxyl index" of the phases decreases; it approaches 

the ideal of 100 units. This difference between neigh

bouring alcohols in the homoloqous series is fairly re-
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presentative for other terms. There are two notable ex

ceptions viz. sorbitol and diglycerol on which even the 

elution order is reversed. This phenomenon is discussed 

by Keulemans, Kwantes and Zaal (1955) who remarked that 

••• " the order of elution of the primary alcohols deviates 

from that of the boiling-points, ethanol being more 

volatile than methanol. This is due to the strongly hy

drophyllic character of diglycerol. The Keesom farces 

decrease in the order methanol, ethanol, propanol, where

as the Debye farces increase. A minimum is obtained for 

ethanol." 

If we wish to be independent of the particular primary 

alcohol chosen, we may subtract from the alcohol index 

the index of the corresponding alkane. Because apolar 

substances exhibit approximately the same index on all 

phases, the value so obtained may be interpreted as re

ferring to the primary hydroxyl group. 

It is therefore suggested to use the normal primary al

cohols as standards for the hydroxyl polarity of sta

tionaryphases. Only those alcohols should be used that 

show a linear plot for log (retention time) versus car-

bon number under the conditions of the experiment. 

Hydroxyl index liiOH = CzH2z+10H 
- 100 z t 

In this way a number is obtained largely independent of 

the particular alcohol chosen. 

E.g. on SE 30: 

1 ) OH 
1

hexanol 600 890 600 290 l'li 1 20 120 

2) OH 1
heptanol _ 700 991 700 291 lli 1 20 120 

3) OH 
1
octanol 

lli 120 120 800 1093 800 293 

4) OH 
1

nonanol 900 1192 900 292 lii120 120 

- OH 
l\I120 291.5 on SE 30 
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The existence of this value is in accordance with Kovats' 

dispersion index of a stationary phase. Only, Kovats res

tricted the discussion to Apiezon and Emulphor o. 

2. Behaviour of the stationary phases towards alkyl ben

zenes. 

The fact that benzene is more retarded than cyclohexane 

on a polar column, is attributed to the polarisability 

of benzene. It will be interesting to arrange the sta

tionary phases in the order of their power to induce a 

dipole moment in benzene or in the homologous alkyl ben

zenes. On account of the available material in McReynolds' 

book, we have selected ethyl benzene. To check Kovats' 

rule no. 1 toluene is also recorded in Table 1. The mean 

difference is 89.5, (less than expected). 

It is also apparent that the order of the solvents is 

not the same as in the case of the alcohols. However, 

phases known as apolar like squalane are at one end of 

the scale and the phases known as polar at the other end 

of the scale. If we are not interested in small differ

ences, the index of an alkyl benzene also serves as a 

general polarity scale. Expressed in numbers, it is a 

less sensitive scale. 

With the of the behaviour towards an al-

cohol and towards an aromatic, the characterisation of 

the stationary phases will by no means be complete. 

Along the previous lines the nitrile-, the nitro-, the 

ether-, the aldehyde-, the ketone- and the 

dices must be considered. 

For a first approach,however, of cataloguing the sta

tionary in a convenient and meaningful way, the 

two types of polarity discussed above, may serve as a 

good illustration. Plotting the hydroxyl index and the 

aromatic index, similar to plotting log retentien values 

on two 

tive. 

phases,will appear to be very descrip-
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3. Graphical representation and correlation of the prop

erties of stationary phases. 

In analogy to the successful two-dimensional approach 

described in Chapter V for solutes, we now construct a 

diagram for solvents, in which for each solvent on the 

vertical axis the ethyl benzene index is plotted and on 

the horizontal axis the hexanol index. Every stationary 

phase is represented by a point in this diagram. Fig. 1. 

The "apolar" phases are found in the lower left-hand cor

ner and the "polar" phases in the upper right-hand cor

ner. 

Certain relations between the structure of the station

ary phases and the position in the diagram are apparent. 

Take the case of the Carbowaxes of various molecular 

weights. They are scattered around a straight line of 

small slope in order of decreasing molecular weight (in

creasing hydroxyl polarity due to higher hydroxyl con

tent). (The scatter could be due to impurities in the 

stationary phases and to measuring errors). We have here 

an example of a relation between structure and position 

in the diagram. The only difference between the various 

Carbowaxes is the degree of polymerisation. It can be 

looked upon as a type of homology, the increment being 

the -cH2CH20- unit. In Fig. 2 the relationship between 

molecular weight and hexanol index is illustrated. 

The whole range of the Pluronic phases is found upon a 

straight line. The linear relationship suggests a common 

structural element and perhaps different molecular weight 

decreasing upwards along the line. 
HO{C 2H40)a(C3H60)b(C 2H40) 

The diesters forma separate class, also the aliphatic 

silicone oils, the Apiezons and the polyphenyl ethers. 

The fluorinated compounds Zonyl E 7 and FS 1265 are in 

a somewhat conspicuous position, their hydroxyl polar-
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Fig. 2 The relationship between average molecular weight of Carbowax and the hexano/ index. 
An a/most /inear plot is obtained by using the log log { molecular weight). 

ity being small in comparison to their aromatic polarity. 

(Zonyl E 7 1,2,4,5(-COOCH2(CF2lnHl4C6H2l. 

Dibutyl tetrachloro phthalate is "apolar" versus aroma

tics, but polar versus alcohols. 

4. The measurement of small differences in polarity by 

means of 1-hydroxy-2-methyl-3-butanone. 

The total set of compounds used by M.cReynolds was plot

ted on two stationary phases, squalane and Hyprose. The 

most polar compounds recorded were 4-hydroxy-2-butanone 

and 1-hydroxy-2-methyl-3-butanone. The latter one with 

ói = 1025 is obviously very suited to detect small dif

ferences in the "polarity" of stationary phases. In this 

case we deal with a "mixed" polarity, viz. the combina

tion of hydroxy 1- and keto-polari ty. Th ere is every re a

son to expect that these polarities are not additive in 

this molecule. Through intra-molecular hydrogen bonding, 

the molecule may obtain a high dipole moment. 
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If the 65 stationary phases (Mc

Reynolds, 1966) are arranged in 

order of decreasing index of 

1-hydroxy-2-methyl-3-butanone, 

we note that the difference on 

this scale for diglycerol and 

Apiezon amounts to : 

2001 - 826 

1534 - 831 

1175 index units and for hexanol only: 

703 index units, thus demonstrating the 

greater sensitivity to differences between the station

ary phases. An illustration of the greater sensitivity 

is obtained by platting the 1-hydroxy-2-methyl-3-butano

ne index of the Carbowaxes against the ethylbenzene in

dex (Fig. 3). A greater spread along the homology line 

is obtained. The corresponding part of Fig. 1 is includ-
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3-butanone is uscd in tlw place of lzexanol to charactcrise the statio1zm:r phases. 
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ed for comparison. By connecting corresponding points, 

we find that the lines so obtained, have a common point 

of intersection. This is an indication that the change 

from hexanol to 1-hydroxy-2-methyl-3-butanone, is equiv

alent to a scale expansion of the "polarity" scale. 

5. The choice of a stationary phase. 

"Il est dommage qu'un auteur donne toute une série de 

volumes de rétention ou d'indices de rétention sur une 

phase qui reste mal définie, car persenne ne pourra uti

liser ses résultats, persenne ne pouvant se procurer la 

même phase que lui." (Prévot, 196 2) • 

We quite agree with this complaint. Also, from an in

spection of the available stationary phases as exempli

fied in Fig.1, we conclude that the use of about 250 

stationary phases is quite unnecessary, considering the 

sametimes great similarity in chromatographic behaviour. 

E.g. Pluronic F 68 and - F 88 give almast the same index 

values for three different types of compound. Inspeetion 

of the tables for these two phases in McReynolds' hook, 

confirms that chromatographically these two phases are 

indistinguishable. Another such pair is formed by Car

bowax 6000 and - 20 M. Another trio by Apiezon-N, -J and 

-M. 

We note 17 stationary phases in the hexanol index range 

1143 1192 (compare the total range of 820 - 1540). 

From the point of view of separating characteristics, 2 

or 3 would be ample. 

We recommend therefore that for identification the num

ber of stationary phases be reduced from 250 to say 10 

by international agreement. 

Chemically well defined pure substances or mixtures are 

to be preferred above mixtures like Apiezon. 

Polymers like Carbowax should be of homogeneaus and known 
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molecular weight. If this cannot be realised, Carbowax of 

high molecular weight is to be preferred, where the de

pendence of the retention index on molecular weight is 

srnall. The careful selection of the best stationary phases 

requires a fair arnount of work, but above all agree

ment, and this rnight best be achieved by an I.P. or 

A.S.T.M. cornrnittee. A tentative selection is given in 

Table 2. 

Stationary phase 

Squalane, C30H62 

Oioetyl phthalate 

Table 2 

Poly phenyl ether- six rings 

Dow Corning FS-1265; fluorine 
substituted silicone oil 

Bis-{2-ethoxyethyl) phthalate 

Carbowax 20 !1; polyethylene 
glycol, mol. weight 20000 

Sucrose octaacetate 

Quadrol; N, N, N', N' tetrakis 
(2-hydroxypropyl) ethylene 
diamine 

Hyprose SP 80; Octakis 
{2-hydroxypropyl) Sucrose 

OV-1 

8,8'-oxydipropionitrile 

Hexanol 
index 

at 120° 

829 

995 

1033 

1042 

1171 

1331 

1 3 71 

1445 

1542 

Ethyl
benzene 

index 
at 120° 

867 

947 

1031 

1007 

1054 

1152 

1189 

1116 

1178 

max. 
temp. 
oe. 

The maximurn ternperature indicated in column 3 of this 

Table is of lirnited value. It would be better to speci

fy two ternperatures. The first would be the maximurn 

ternperature where the bleed rate will be hardly percepti

bie with the flarne ionisation detector, and the second 
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ternperature would indicate the maximurn allowable bleed 

rate. 

6. for the identification of non volatile 

Fig. 1 strongly suggests that by rneasuring the hexanol 

index and the ethylbenzene index, the stationary phase 

in the column can be identified or sufficiently charac

terised. Specialequiprnent rnay be devised that allows 

easy interchange of packed columns, or, rnuch better, an 

easy change of coating on a capillary column. All types 

of high-boiling liquids could find a place in such a 

diagram and it rnay be that structure retentien 

correlations will be found cornplirnentary to those de

scribed in Chapter V. An exarnple is the line of the Car

bowaxes. This is a type of hornology line, because the 

of the chain increases by a number of the sarne 

structural elernents. 

This two-dirnensional approach can easily be extended to 

a rnulti-dirnensional analysis, by injecting a mixture of 

four to six, perhaps ten cornpounds, each a dif

ferent functional group, thus enhancing the probability 

of characterisation. 

The rnethod could be taken further, to include the anal-

of mixtures. A practical exarnple be the char-

acterisation of lubricating oils. This would be parallel 

to the well-known n-D-M rnethod with the advantage that 

in one experiment 5 to 10 parameters can be rneasured 

with high precision. The basis for this rnethod is sirnple, 

because the log retentien data for a mixture are a lin

ear function of the cornposition. This is illustrated in 

a paper by Beekham and Libers (1968). It is shown that 

the properties of a mixture of two stationary phases can 

be predicted frorn a logarithrnic plot of retentien data 

for the two phases. 
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7. Discussion and conclusion. 

In the preceding paragraphs we have shown that the over

whelming number of stationary that are available , 

can be ordered in a simple way by considering the reten

tien index of a few well chosen substances on these phases. 

The choice of these substances is arbitrary to a 

certain extent as the choice of normal alkanes for re

tention indices is arbitrary. The latter have been wide-

ly accepted and it is hoped that the retentien indices 

of the normal primary alcohols and of the normal primary 

phenylalkanes will be similarly accepted to characterise 

stationary phases. The author believes that, if two sta

tionary phases showidentical retentien indicesforthese 

two classes of substances, they may be interchanged for 

many separation problems. There will be cases where a 

third and even a fourth parameter will be desirable. It 

is suggested that the nitrile-group, the nitro-group and 

the halogen-group be investigated for this purpose. 

The two-dimensional presentation (Fig. 2) is thought to 

be especially useful in the selection of a stationary 

phase for a particular problem. E.g. dibutyl tetrachlo

ro phthalate is equally apolar to aromatics as the Apie

zon phases and various silicone oils. Versus primary al

cohols, however, dibutyl tetrachlorophthalate is 150 

units more polar than Apiezon-L. 

Relationships between structure of the stationary phase 

and the position in the diagram will become apparent. 

Examples are the fact that the Carbowax-phases of dif

ferent molecular weight are on a straight line, that 

similarly the diesters (dioctyl phthalate, etc.) are on 

a straight line, that Apiezon L,-M,-N, -J plus squalane 

are very close and similarly some chemically cognate sil

icone oils. 

An implication is that stationary phases may be identi

fied or characterised in this way. For this method to be

come widely accepted,equipment has to be developed, that 
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allows easy interchange of stationary phases. Generally 

speaking, any liquid of sufficiently low vapour pressure 

may be analysed in the role of a stationary phase. This 

could be extended to the characterisation of, say, lu

bricating oils where the method will give information 

additional to the classical n-D-M method, and may be ex

pected to replace it partially. 

Finally, it is hoped that the foregoing description of 

the properties of stationary phases will lead to a se

lected list of about 10 phases, to be used for identifica

tion purposes with a view of making published retention 

data more generally useful. 

Table 1 

(Data, HcReynolds, 1966). 

I I ETHYL-
STATIO~ARY PHASE HEXANOL HEPTANCL 6I TOLUEölE BENZENE ói 

SQUALANE "829" "9 34" ''1 05" "771" 867 "96" 

APIEZON L 8 31 932 101 796 884 88 

APIEZOt; N 839 940 101 800 888 88 

APIEZON H 841 941 100 797 885 88 

APIEZON J 841 942 101 797 887 90 

VERSILUBE F-50 862 963 101 778 873 

SE 31 862 964 102 773 867 94 

SE 52 883 985 102 790 885 95 

SE 30 890 991 101 784 878 94 

DOW CORNING 550 F'LUID 929 1031 102 8 39 933 94 

DIOCTYL SEBACATE 963 "1067" "1 04" 827 916 89 

DI-2-El'HYLHEXYL SEBACATE 965 "1 069" "1 04" 828 91 5 87 

ISOOCTYL DECYL ADIPATE 970 "1074" "1 04" 829 917 88 

Dl-2-ETliYLIIEXYL ADIPATE 978 "1081" "103" 829 918 89 

DIDUTYL TETRACHLORO PHTHALATE 979 1083 104 894 976 82 

T~P TRIPELARGONA~E 982 1084 102 840 933 93 

D!ISODECYL PUTt-IALATE 984 1087 1 03 848 941 93 

DIOC~YL PflTHALATE 995 1099 104 860 947 87 

POLY PflENYL E1'HER RINGS 1028 1133 105 928 1026 98 
1033 1137 104 935 1031 96 

DOCOSANOL "1004" "11 08" "1 04 .. "814" 906 "92" 

CASTORWAX 1035 1139 104 84 2 927 85 

DOW CORNING FS 1265 FLUID 1042 1149 107 91C 1007 97 

FLEXOL 8>;8 1061 1165 104 855 946 91 

HALLCOJHD H 1 8 1069 1171 102 834 924 90 

C I TROF ::.EX A 4 "1075" "1178" "103" "886" "981" "95" 

UCON LB-171 5 1086 1189 103 877 968 91 

IIALLCOHID M 18 OL 1088 1191 103 850 938 88 
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I I I 
ETHYL-STATIONARY PIJASE HEXANOL HEPTANOL 61 TOLUEKE DENZLNJ: ói 

-···---···---···-~- -···----··----·---~-··----··----·----··-

PLURONIC L 81 1099 1205 106 888 970 82 

TRICRESYL PHOSPHATE 1126 1232 106 933 1 023 90 

PLURONIC L 72 1143 1 24 7 104 918 1005 87 

SUCROSE ACETATE ISOBUTYRATE 1149 1254 105 929 1 026 97 

POLYTERGENT J-300 1151 1257 106 914 996 82 

PLUROKIC L 42 1154 1 260 1 06 915 1004 89 
p 84 1160 1267 107 931 1017 86 

ZONYL E 7 1160 1268 1 OB 981 1070 89 

PLURONIC P 85 1167 1272 1 05 938 1022 84 

ORONITE NIW 1170 1 276 106 937 1028 91 

BIS { 2- ETHOXYE'II!Y:..) PHTHALATE 1171 1280 109 960 1054 94 

PLURONIC L 61 1172 1279 1 07 938 1039 101 

ETHOPAT 60-25 117 3 1274 101 938 1024 86 

PLURON IC L 63 1175 1281 106 935 1 024 89 
TERGTTOL NPX 1182 1287 105 945 1 036 91 

PLURONIC L 44 1188 1292 104 946 1031 85 

UCON 50 HB-2000 1190 1293 103 953 1045 92 

PLURONIC 65 1192 1296 104 950 1039 89 

p 46 1219 1323 104 969 1059 90 

F 77 1235 1339 104 984 1075 91 

F 68 1246 1351 1 os 998 1083 85 

F 88 1247 1351 104 1001 1085 84 

SORBITOL 1247 1287 .1Q 921 997 7.2. 
IGEPAL Co 880 1256 1360 104 1004 1091 87 

TRITON X 305 1263 1369 106 1 006 1099 93 

CARDOWAX 20 M 1 331 1435 '04 1061 1152 91 

6000 1332 1436 104 1076 1153 77 

4000 1341 1446 105 1073 1158 85 

1 540 1 361 1465 104 1 070 1154 84 

SUCROSE OCTAACETATE 1371 1478 107 1096 1189 93 

CARBOWAX 1 000 1378 1483 105 .1 075 1159 84 

600 141 1 520 105 1075 1165 90 

QUADROL 1445 1555 110 1023 1116 93 

CARBOWAX 400 1453 1556 103 1097 11 81 84 

300 1477 1581 1 C4 1099 1 1 85 86 

DIGLYCEROL 1534 1 579 i?. 1113 1158 45 

HYPROSE SP 80 154 2 1646 104 1092 1178 86 

" indicates extrapolated value~ 

1 31 



References. (Part Two.) 

ANVAER, B.I., V.G. BEREZKIN, and V.M. SAKHAROV, Zavodsk. 

Lab. 32 (1966) No. 6, 669-75, C.A. 65, 19337 g), 

Ind. Lab. 32 (1966) No. 6, 814-20. 

APPLIED SCIENCE LABORATORIES, INC. CATAL. No 11 (1967). 

A.S.T.M. Special Teehuical Publication No. DS 25 A 

(1967). 

BARON, C. et B. MAUME, Bull. Soc. Chim., France, (1962}, 

1113-7. 

BECKAM, R.D. and R. LIBERS, J. of Gaschromatog., 

6 (1968) 1f:l8. 

BONASTRE, J., and P. GRENIER, Bull. Soc. Chim. Fr. 

(1967), No. 4, 1395-405. 

BRUYN, A. de, Belg. Chem. Industrie 33 (1968) 155. 

CABAL, J., and C. MRAZOVA, Sb.pr.vyzk.chem.vyuziti uhli, 

dehtu ropy, 6 (1966) 265-78 · (Czech.), (C.A. 67, 

45721). 

CAROFF, J.N., and J. VERON, J. of Gaschrom. (1965) 109. 

CAROFF, J.N., V. BAHUREL, and J. VERON, J. Gaschromatog., 

4 (1966) No. 6, 234. 

CHOVIN, P., Bull. Soc. Chim. France, (1961} No. 5, 875-

881. 

CHOVIN, P., and J. LEBBE, J. of Gaschromatog., (1966} 

38. 

CRAMERS, C,A., Thesis, Eindhoven University, 

Netherlands (1967). 

CREMER, E., Ber. Bunsenges. Phys. Chemie, 69 (1965) 802-

11 . 

DATA SUBCOHMITTEE of the Gas Chromatography Discussion 

Group of the Institute of Petroleum, J. of Gas

chromatog. (1966) 1. 

DIEDEREN, J.M., Graduation report, Eindhoven 

University, Netherlands (1965), 

DHONT, J.H., Nature 198 (1963) 990. 

DOOL, H. van den, and P.D. KRATZ, J. Chromatog. 11 (1963} 

463-71. 

ETTRE, L.S., Report for Anal. Chem., Anal. Chem., 36 

(1964} 31 A. 

132 



ETTRE, L.S. and K. BILLEB, J. Chromatag., 30 (1967) 1. 

ETTRE, L.S. and K. BILLEB, J. Chromatag., 30 (1967) 12. 

EVANS, M.B. I J. Chromatag. , 11 (1963) 401-3. 

EVANS, M.B. I J. Chroma tog. , 12 (1963) 2-7. 

EVANS, M.B., J. Gaschromatog., 4 (1966) 36-8, Gas Chrom. 

Abstr. (1966) 233. 

EVANS, M.B., and J.F. SMITH, J. Chromatog., 6 (1961) 

293-311. 

EVANS, M.B., and G.M.C. HIGGINS, Nature 202 (1964) 83. 

GARZO, G., J. FEKETO, and M. BLASZO, Acta Chim. Acad. 

Sci. Hung. 51 (1967) No. 4. 359-69. 

GOLOVIA, R.V. et al.,Abh. Deut. Akad. Wiss. Berlin, Kl. 

Chem. Geol. Biol. (1966) no. 2, 555-60, C.A. 67, 

87522. 

GOLOVIA, R.v. et al., Bull. acad. se. u.s.s.R. Riv. Chem. 

Science (1967) No. 3, 477. 

GOLOVNYA, R.V. 1 G.A. MIRONOV, and I.L. ZHURAVLEVA, Izv. 

akad. nauk. SSSR. Ser. Khim. (1967)
1 

No. 3. 492-5. 

(C.A. 67, 29.108). 

GOLOVNYA, R.V., and V.P. URALETS, Izv. akad. nauk. SSSR., 

Ser. Khim. (1967) No. 1, Ü5-6. (C.A. 66, 101.425). 

GRAY, G.M., J. Chromatog., 6 (1961) 236. 

GRÖBLER, A., J. Chromatog., 27 (1967) 63. 

GUIOCHON, G., Anal. Chem., 36 (1964) No. 8, 1672-4, ibid. 

p. 661-3. 

GUIOCHON, G., Bull. Soc. Chim. France (1965) No. 11, 

3420-3. 

HABGOOD, H.W., and W.E. HARRIS, Anal. Chem., 36 (1964) 

663-5. 

HAKEN, J.K., T.R. McKAY and P. SOUTER, J. of Gaschroma

tog. (1965) 61. 

HEIDE, R. ter., Z. Anal. Chem. 216 (1966) No. 4, 412-6. 

HIVELY, R.A. and R.E. BINTON (1968). J. of Gaschrom

atog. 6 (1968) 203. 

HOLIK, M., J. JANAK and M. FERLES, Coll. of Czech. Chem. 

Comm. 32 (1967), No. 10, 3546-52. 

HIRSCHFELDER, J.O., Ch.F. CURTISS, R.B. BIRD, Molecular 

Theory of Gases and Liquids, J.Wiley and Sons, Inc., 

New York, (1954). 

1 33 



HUPE, K.P., J. Gaschromatog., 3 (1965) 12-4. 

JAMES, A.T. and A.J.P. HARTIN, Biochem. J., 50 (1952) 

679. 

JAHES, A.T. and A.J.P. HARTIN, Biochem. J. 63 (1956) 

144. 

JANAK, J., J. JONAS and M. KRATOCHVIL, Collect. Czecho

slov. Chem. Commun. 30 (1965) 265-76. 

JONAS, J., J. JANAK and M. KRATOCHVIL, J. Gaschromatog. 

4 (1966) No. 9, 332-5. 

JUVET, R.S., and L.P. TURNER, Anal, Chem. 37 (1965) 

1464-70. 

KAISER, R., Chromatographie in der 

Hannheim, (1962) 78-115. 

, Band III, 

KEULEMANS, A.I.M., and J.J. WALRAVEN, J. de Pharm. de 

Belgique, 20 (1965), 450-62. 

KEULEMANS, A.I.M., KWANTES, A. and ZAAL, P., Anal. Chim. 

Acta _1i, 357-72 (1955). C.A. 50:3943e. 

KEULEHANS, A.I.M. (1968) Private Communication. 

KNAPHAN, C.E.H. (ed), Gas chromatography abstracts 1966 

(Amsterdam, Elsevier, 1967, 233-7). 

KNIGHTS, B.A., J. of Gaschromatog., 4 (1966) No. 9, 329-

31. 
KONZ, W.J.M, and LAVRIJSEN, T.M. (1968) Private Communic

ation. 

KOVATS, E •, Helv. Chim. Acta, 41 (1958) 1915. 

KOVATS, E., z. Anal. Chem., 181 (1961) 351. 

KOVATS, E.' Helv. Chim. Acta, 46 (1963) 2705-31. 

KOVATS, E., Ad vances in Chromatography, Vol. I, New York, 

Marcel Dekker, (1965) 229-247. 

KOVATS, E., and P.B. WEISZ, Ber. Bunsenges. Phys. Chemie, 

69 (1965) 812-20. 

KOVATS, E.Sz., Gas-chromatographie (1968) Deutsche Aka

demie der Wissenschaften zu Berlin p. 363. 

KUDRYAVTSEVA, L., S. RANG, and 0, EISEN, Eesti NSV Fea

duste Akad. Toimetised, Fuusik.-Mat.-ja Tehnikate

aduste seer. (1966) No. 1, 113-20 (Russ.). (C.A. 65, 

6277b). 

KUHN, R. und H. EGGE, Chem. Ber., 96 (1963) 3338-48, 

134 



KWA, T.L., 0. KORVER and C. BOELHOUWER, J. of Chromatog. 

30 (1967) 17-23. 

KWA, T.L. Private Communication (1968). 

LADON, A.W., Private Communication (1968). 

LANDAULT, C. et G. GUIOCHON, J. Chromatog., 9 (1962) 

133-46. 

LANDAULT, C., and G. GUIOCHON, J. Chromatog., 13 (1964) 

327-36. 

LITTLEWOOD, A.B., Gas Chromatography 1962, Washington 

(1962) 315-20. 

MARTIN, A.J.P., Bioch. Soc. Symposia, 8 (1949) 4. 

MARTIN, A.J.P., and R.L.M. SYNGE, Biochem. J., 35 (1941) 

1358. 

r~RTIN, A.J.P.(1967), Private communication. 

MATSUKUMA, A., Nippon Kagaku Zasshi, 84 (1963) No. 10, 

774-9. C.A. 60, 6672. 

t~TSUKUMA, A., and Y. TAKIGAWA, Nippon Kagaku Zasshi, 

84 (1963) 770-4. C.A. 60, 6673. 

McREYNOLDS, w.o., Gas Chromatographic Retentien Data, 

Preston, Evanston, (1966), Illinois. 

MERRITT, C., J.T. WALSH, Anal. Chem., 34 (1962) 903, 

Ibid., p. 908. 

OHLOFF, G., J. SEIBL and E. KOVATS, Liebigs Ann. Chemie, 

675 (1964) 83-101. 

PA~1, E., Berichte der Bunsengesellschaft für Phys. 

Chemie, 69 (1965) No. 9/10, 821. 

PALM, E., Glas- Instr. - Technik. 10 (1966) No. 8, 

691-4. 

PERRY, S.G., lecture delivered at Gas Chromatography 

Discussion Group, April 1966. 

PERRY, S.G. and R.A.HURRELL, J. of G~schromatog., (1965) 

2. 
PIEROTTI, G.J., C.H. DEAL, E.L. DERR, P.E. PORTER, 

J. Am. Chem. Soc., 78 (1956) 2989. 

PORTER, P.E., C.H. FEAL, F.H. STROSS, J. Am. Chem. Soc., 

78 (1956) 2999. 

POURCHEZ, A., C. PAQUOT and D. LEFORT, Rev. Franc. Corps 

Gras, 9 (1962) 681-3. 

1 35 



PRELOG, V. und H.E. SMITH, Helv. Chim. Acta, 42 (1959) 

2624-36. 

PREVOT, A., Bull. Chim. de la Soc. Chim. de France, 

(1962) 667-71. 

PRIMAVESI, G.R., Informal Symposium of the Gas Chroma

tography Discussion Group of the Hydracarbon Re

search Group of the Institute of Petroleum, Liver

pool, 1960. 

PUTNAM, R.C., and H. PU, J. Gaschromatog., 3 (1965) 160-

4. 

PUTNAM-, R.C., and H. PU, J. Gaschromatog., 3 (1965) 289-

93. 

REYMOND et al., J. of Gaschromatog. (1966) 28. 

ROHRSCHNEIDER, L., J. Chromatog., 17 (1965) 1-12. 

ROHRSCHNEIDER, L., J. Chromatog., 22 (1966) 6. 

ROHRSCHNEIDER, L., J. Gaschromatographie p. 481 Deutsche 

Akademie der Wissenschaften, Berlin (1968). 

RUSCHE, J., J. JANAK, M. KRATOCHVIL, u.a., Chem. Ber. 

99 (1966) No. 4, 1211-7. 

SCHOMBURG, 

SCHOMBURG, 

SCHOMBURG, 

SCHOMBURG, 

SCHOMBURG, 

G. I z. Anal. Chemie, 200 (1964) 360-77. 

G. I J. Chromatog., 1 4 ( 1964) 157-77. 

G. I J. Chromatog., 23 (1966) 1-17. 

G. I J. Chromatog., 23 ( 1966) 1 [J-41 • 

G. I Separ. Sc i. 1 (1966) No. 2-3, 339-70. 

(C.A. 66,52.019). 

SCHOMBURG, G., Anal. Chim. Acta, 38 (1967) No. 1-2, 45-

64. 

SCOTT, C.G., Nature, 189 (1961) 280-1. 

SEIDEL, C.F., D. FELIX, A. ESCHENMOSER, u.a., Helv. 

Chim. Acta, 44 (1961) 598-606. 

STADLER, P.A. und P. OBERHANSLI, Helv. Chim. Acta, 42 

(1959) 2597-2603. 

STEINMULLER, R., Method. Phys. Anal., (1966) April-June, 

181-5. (C.A. 67 1 60715). 

STRICKLER, H., and E. KOVATS, J. Chromatog., 8 (1962) 

289-302. 

1 36 



TATEVSKII, V.M., V.A. BENDERSKII and S.S. YAROVOI, Rules 

and Methods for Calculating the Physico-chemical 

Properties of Paraffinic Hydrocarbons. Pergamon 

Press, Oxford 1961. 

TOTH, P., E. KUGLER und E. KOVATS, Helv. Chim. Acta, 42 

(1959) 2519-30. 

TOURRES, D.A., J. Gaschromatog., 5 (1967) No. 1, 35-40. 

TOURRES, D.A., J. of Chromatog., 30 (1967)' 357-377. 

WALRAVEN, J.J., A.W. LADON, A.I.M. KEULEMANS, Chromato-

graphia 1 (1968) 195. 

WEHRLI, A., und E. KOVATS, Helv. Chim. Acta, 24 (1959) 

2709. 

WIDMER, H., J. Gaschromatog., 5 (1967) No. 10, 506-10. 

WIDt1ER, H., und T. GÄUMANN, Helv. Chim. Acta, 46 (1963) 

944-54. 

WIDMER, H., und T. GAUMANN, Helv. Chim. Acta, 46 (1963) 

2766-80. 

ZICLINSKI, W.L.Jr., and L. FISHBEIN, Anal. Chem. 38 

(1966) No. 1, 41-3. 

1 37 



Summary. 

Bergamot oil was chosen to se~ve as a practical example 

to study the integration of various methods of instru

mental analysis. The separation of a complex organic 

mixture into more homogeneous mixtures of reduced com

plexity, is the subject of Chapter II. It is shown that 

by the application of molecular distillation, extraction, 

group separation on silica gel and fractional distilla

tion, many fractions are obtained suitable for prepara

ti ve gas chromatography. Several of these fractions are 

then subjected to preparative gas chromatography on at 

least two stationary phases. This resulted in a great 

number of pure substances, twenty five of which could 

be identified by means of spectrometric methods. The 

existence of more than a hundred compounds in bergamot 

oil is indicated. The identification by gas chromato

alone proved to be impractical at this stage of 

the investigation, due to both a lack of reproducibil-

of data on packed columns and a lack of standards. 

This weakness in the state of the art leads to a thor

ough reconsideration of gaschromatographic identifica

tion in general. 

It is shown that gaschromatographic methods can contri

bute to structural elucidation by a systematic study of 

structure-retention relationships on two stationary 

of different "polarity". Logarithmic retention 

functions are used throughout with a preferenee for the 

retention index. A new relationship found in "two-phase 

diagrams" is that isomers are upon, or slightly scatter

ed around, straight lines. These lines form an imbricat

ed pattern when a class of compounds is studied, like 

alkanes, methyl esters of alkane carboxylic acids, sat

urated alcohols, saturated aldehydes, saturated ketones, 
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etc. This allows us to determine the molecular weight 

and the class of the compound with a limited number of 

reference compounds. A more detailed relationship between 

structure and the position of the compounds relative to 

the "isomer lines" was found and worked out with Ladon. 

Isomerie alkanes can be divided into sub-groups of 

numbers of primary, secondary, tertiary and quaternary 

carbon atoms. The isomer line now splits into a corre

sponding number of parallel lines. The fit of the points 

is now an order better. Moreover the "sub-isomer lines" 

are arranged in numerical order of the number of primary, 

secondary, etc. carbon atoms present in the molecule. 

This close relation between structure and position in 

the diagram is also demonstrated in the case of cyclo 

alkanes, alkenes and saturated alcohols. The relation-

are so general that they also apply to the 

temperature coefficient of the retention index, to va

pour pressure and to surface tension, thus extending the 

rules of physical chemistry. 

The two-phase diagrams also suggest the existence of a 
periodic classification for the volatile organic com

pounds. Another feature is the existence of empty spaces 

in the diagrams, thus showing the possibility of absolu

te identification by gaschromatographic means alone for 

compounds of limited molecular weight. 

To facilitate the choice of a stationary phase, an at

tempt at characterisation on the basis of gaschromato

graphic properties is made. 

It is shown that polarity has several dimensions and 

that by the use of at least two of these dimensions, re

lationships are established between the structure of the 

stationary phase andretention characteristics. 

The method is so sensitive that analysis of non volatile 

liquids in general will become feasible as soon as equip

ment allowing quick interchange of stationary phases be

comes available. 
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Samenvatting. 

Het onderwerp van dit proefschrift is allereerst de ana

lyse van een etherische olie, waarvoor in dit geval de 

voor de industrie belangrijke en klassieke bergamot-olie 

is gekozen. Het accent valt op de techniek van de analyse, 

n.l. het scheidingsschema en de integratie van moderne 

instrumentele technieken, zoals gaschromatografie en 

spectrometrie. Een vijf en twintigtal verbindingen werd 

geisoleerd en geidentificeerd. 

Bij de experimenten bleek, dat de gaschromatografie, hoe

wel een belangrijk en zelfs onmisbaar hulpmiddel, toch 

nog wensen open liet, speciaal op het gebied van de 

identificatie. Dit leidde tot een grondige bestudering 

van de identificatie mogelijkheden in de gaschromato

grafie, hetgeen het object van het tweede gedeelte vormt. 

Hierin worden enkele nieuw gevonden wetmatigheden be

schreven, zoals het bestaan van isomerenlijnen in twee

fasen diagrammen en het "dakpaneffect". Dit is van grote 

betekenis voor de qualitatieve analyse, daar het zowel 

de bepaling van de klasse waartoe de verbinding behoort, 

als het molecuul gewicht, mogelijk maakt. Een verfij

ning van de methode met behulp van subisomerengroepen 

en een numerieke codering wordt eveneens beschreven. 

Tenslotte wordt een practische methode aangegeven voor 

de classificatie en identificatie van stationaire fasen 

voor de gaschromatografie. 

141 



Levensbericht. 

Op aanbeveling van de Senaat volgt hier een kort levens

bericht van de schrijver. 

Hij werd op 27 november 1921 te Rotterdam geboren alwaar 

hij lager en middelbaar onderwijs genoot. 

Aan de Technische Hogeschool te Delft begon hij in 1940 

de opleiding tot scheikundig ingenieur. Gedurende deze 

studieperiode was hij enkele jaren ondergedoken in ver

band met passief en actief verzet. 

Na de bevrijding diende hij bij de Binnenlandse Strijd

krachten en was verbonden aan het Militair Gezag als in

structeur bij de mijnopruimingsdienst en als "liaison

officer" bij de "Royal Engineers". 

Na hervatting van de studie vervulde hij enige jaren een 

assistentschap bij de Analytische Scheikunde van de 

Technische Hogeschool te Delft. 

In 1952 trad hij in dienst van de N.V. Organen als schei

kundig ingenieur belast met de analytische research. 

In 1958 volgde zijn benoeming tot "Lecturer in Chemistry" 

aan de "University of the Witwatersrand" te Johannesburg, 

belast met het geven van onderwijs in de analytische en 

anorganische chemie. 

In 1962 werd hij verbonden aan de Technische Hogeschool 

te Eindhoven als wetenschappelijk medewerker bij de Groep 

Instrumentele Analyse. 

In 1966 volgde zijn benoeming tot wetenschappelijk hoofd

medewerker. 

143 



STELLINGEN 

1. In de volumetrie kunnen de begrippen normaliteit en 
equivalentgewicht, die slecht gedefinieerd zijn en 

daardoor in de praktijk tot moeilijkheden aanleiding 

geven, met groot voordeel vervangen worden door de 
begrippen molariteit en molecuulgewicht. De titratie

vergelijking wordt dan M1V1/n1 = M2V2/n2, waarin n1 
en n2 de betreffende coëfficienten uit de reactie

vergelijking voorstellen. 

(M = molecuulgewicht, V = volume, 1 en 2 zijn de 
reagerende stoffen). 

Kolthoff and Sandell, Textbook of Quantitative 

Inorganic Analysis, New York, The Macmillan 

Company, Third Ed. p. 418. 

L.J. Sacks, J. of Chem. Ed. 45 (1968) 183. 

2. Het gebruik van stationaire fasen van onbekende zui

verheid is voor identificatiedoeleinden even onjuist 

als het gebruik van reagentia van onbekende zuiver

heid. Het eerste is echter algemeen gebruikelijk. 
A. Prévot, Bull. Chim. de la Soc. Chim. de France, 

(1962) 667. 

3. De identificatie c.q. karakterisering van vloeistof

fen en beneden 300°C smeltende stoffen met een te 

lage dampspanning om gaschromatografisch analyseer

baar te zijn, kan met voordeel geschieden door deze 

vloeistoffen als stationaire fase in een gaschromato

graaf aan te brengen en meting van de retentie index 

van enkele standaardstoffen, zoals een aromaat, een 

ester, een alcohol, een nitril. 

4a. In het systeem van symbolen en eenheden voorgesteld 

door "Committee E-19 on Gas chromatography" van de 
American Society for Testing and Materials, worden 
voor druk, lengte, tijd, gewicht, dichtheid, volume 

en snelheid eenheden gebruikt die niet overeenkomen 

met die van het Systême Internationale. Het verdient 

aanbeveling het S.I. juist in een dergelijke poging 

tot normalisatie te volgen. 



b. Aan de grootheden Gas hold up volume, Retention 
volume, Adjusted retention volume, Corrected reten

tion volume en Specific retention volume, bestaat 

weinig behoefte en deze kunnen beter weggelaten 

worden. 
A.S.T.M., J. of Gas Chrom. 6 (1968) 1. 

5. Het gebruik van de termen "strongly polar", "slightly 

polar", "very polar", "polar", "polar to strongly 
polar", zonder nadere aanduiding, dient vermeden te 

worden. 
A. de Bruyn, Belg. Chem. Industrie, 33 (1968) no. 

2, 155-163. 

6. De door Beekham en Libers als onbekend opgegeven piek 

in hun chromatagrammen van een koolwaterstofkraak

produkt , kan met behulp van een twee-fasen diagram 

van de door henzelf verstrekte gegevens met zeker
heid geidentificeerd worden. 

De door Beekham en Libers als relatieve retentie op

gegeven grootheid is gelijk aan de retentietijd ge
deeld door de gasverblijftijd en dus geen relatieve 

retentie. 

a) R.D. Beekham and R. Libers, J. of Gas Chromat. 
6 (1968) 188. 

b) J.J. Walraven, A.W. Ladon and A.I.M. Keule
mans, Chromatographia, 1 (1968) no. 5/6 p.195. 

c) American Society for Testing and Materials, 

J. of Gas Chromat. 6 (1968) 1. 

7. Het is van veel belang apparatuur te ontwikkelen 

waarbij in een capillaire kolom snel van stationaire 

fase gewisseld kan worden. 
Dit proefschrift, Hoofdstuk VI. 

B. De klassieke methode van het omkristalliseren uit 

een oplosmiddel kan met voordeel vervangen worden 

door percolatie van de fijngepoederde stof met de

zelfde hoeveelheid oplosmiddel. 

Eindhoven, 8 oktober 1968 J. J. Walraven 


