Jeurnal of Chromatography, 98 (1974) 157-176

Chromarographic Reviews
& Elsevier Scientific Publishing Company, Amsterdam — Printed in The Netheriands

CHREV. 73

USE OF CHEMICAL METHODS FOR THE PREPARATION OF STANDARD
MIXTURES FOR QUALITATIVE ANALYSIS BY GAS CHROMATOGRAPHY

V. G. BEREZKIN

Institure of Petrochemical Synthesis, U.S.S.R. Academy of Sciences, Moscow (U.S.S.R.)

L. SOJAK

Institute of Chemistry, Komensky's University, Bratislava ( Czechoslovakia)

and

3. UHDEOVA

Institute of Instrumental Analvtical Chemistry, Czechoslovak Academy of Sciences, Brino ( Czechoslo-
vaiia)

(Received November 2nd. 1973)

CONTENTS
LoIntroduction . . _ © . . . L L L L oL L Ll i e el e e e e e e e e e e e e e e 137
2. Useof standard mixtures in gaschromatography. . . . . . . . . . . . . . . . . . . . 158
3. Preparation of standard mixtures by methods involving chemical reactions . . . . . . . . . 159
~ 4. Use of some chemical methods in the preparation of standard mixwures - . . _ . . . . . . 160
A. Pre-chromatographicmethods © . . o0 -0 o0 0 0 00 0 000 oL . ... 160
a. Introductionofa methylenegroup . . . . . 0 . . . . . . L oo . . o ... 160
b. Isomerizationreactions . . . . . . . . . L. L L L L L L Ll ... 162
c.Radiolysis . . . . . . . . .00 o000 L L Lo o000 o163
d. Disproportionion . . . . . . . . . L v 4 v e e e e e e e e ee e e e o . . 166
e. Catalyticdehydrogenationotnw-alkanes © . o . . . . . . . . . . . ... . ... 167
f. Dehydration . . . - 0 0 0 L L L L L L Lo s e e e e e e s e .o TT0
B. Reactions in the chromatographicsystem. . . . . . . - . . . . . . . .. .. .. 171
a. Pyrolysis . . 0 L L L L L L L L L L L o et e e e e e e e oot
b. Hydrogenation . . . . . . . . . . . L 0 L L L0 L e e e e L2
S.Acknowledgement . . . L L0 L L 0 0L 0L L 0L L L L L L Lo 2174
6. Summary . . . L . L L L L L oo Lo o s e e e el e e e s e e s
References . . . . . . . . . ..o Ll sl oo a7

1. INTRODUCTION

The most simple and reliable method for the identification of peaks of unknown
substances by gas chromatography is that involving the use of retention data'—3.
Hewever. the use of this direct method is often complicated as there may be a short-
age of the required chemically pure substances (standards). their synthesis may be
very difficult or they may be too expensive. These difficulties occur particularly in the
gas chromatographic analysis of hydrocarbons and natural substances.

However. this problem may be solved by the careful utilization of chemical
reaction methods. These methods are based on the fact that one or several available
substances will react under known conditions to yield one compound or a mixture of
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compounds the composition of which is described in the literature or can be precise-
v predicted. The mixture obtained then serves as a standard mixture for comparison
in the measurement of the retention data of individual components on a suitable
column. '

The present survey concerns only one aspect of the use of standard mixtures.
riz. their use in the qualitative calibration of the chromatograph for practical work.
without reference to the problems of quantitative calibration of the instrument with
the use of standard mixtures.

The use of reaction methods in order to prepare standard mixtures was first
siudied by Simmons er ol * in 19€0. Although other efficient methods for the prepara-
tion of standard mixtures were suggested later and use of chemical methods has been
described in a number of papers. the extent of their utilization has not. in our opinion.
made full use of the pessibilities available.

Therefore, one of the aims of this review is to increase the interest of research-
ers working in the field of chromatography in these possibilities.

2. USE OF STANDARID MIXTURES IN GAS CHROMATOGRAPHY

Standard conmipounds are employved in gas chromatography for solving many
problems. the most important of which are:

(1) the identification of unknown components in mixtures being analyzed:

(2) physico-chemical measurements:

(3} the preparation of new sorbents and the development of improved ana-
Ivtical methods. -

Owing to the tact that the basie characteristics of the chromatographic process
{retention data and broadening of the chromatographic zone) are independent of the
preserce of other substances®® with a sufficiently small sample. the precision and
reliability of the results obtained are independent of whether one substance or o mix-
ture of substances is employed. There are pot many exceptions to this rule. and those
that do occur cun usually be accounted for by a non-linear adsorption isotherm of
the chromatographed substances on the surfice of the adsorbent or solid support®-*-"-~
or by the use of too Lirge a sample charge. when the column functions in a “state of
oversaturation™™s.’ :

If the sample being chromatographed contains one known compound rather
than a mixture of standards, it takes a longer time to measure the retention data of
one component and the gas chromatographic instrument must function for a longer
time. Alsol the price of a mixtere 15 usually lower than the sum of the prices of the
pure components that constitute it. A drawbuck of the method of standard mixtures.
however.isits lower versatility - when the retention data of a single component are to ke
measured, it is necessary to aralyze the whole mixture in order to obtain its chromato-
eraphic characteristics. However. this drawback can hardly be considered as a serious
objection to employing mixtures of known composition in chromatography, as the
substantial lengthening of the time of the experiment when this method is used can be
avoided or reduced by connecting the columns in series and, after the separation on

“the hirst column has been completed. by isolating the uninteresting compounds by
backflushing or by using temperature programming®. Further, standard mixtures can
‘be added to the sumple being analyzed in order to aid in the identification of unknown
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components. The identification is then performed by comparing the chromatogram
of the initial sample with that of the new sample containing both the initial and the
standard mixtures. This method has proved especially suitable in analysis with tem-
perature programming. This method is the reverse of that of subtraction. which is
widely used in reaction chromatography (see, for example. refs. 2 and 10). In this
instance, the peak areas are calculated by the method described by Berezkin er af''.
In the analysis of the chromatogram. the characteristic of the compound to be iden-
tified is then not only its retention time. but also its content in the mixture. Therefore,
the contents of the individual components in the mixture must be significantly differ-
ent. Although only the application of standard mixtures in qualitative analysis is
considered in this review. the use of these mixtures in the quantitative calibration of
the chromatogram is also possible. so that the application of standard mixtures in gas
chromatography can be very extensive.

3. PREPARATION OF STANDARD MIXTURES BY METHODS INVOLVING CHEMICAL
REACTIONS

Standard mixtures for qualitative analvsis can be prepared by any chemical
reactions which meet the tollowing requirements:

(1) a mixture of products of known composition is produced reproducibly:

(2) the mixture of the products prepared is stable.

In addition. it is desirable that the initial substances should be easily accessible.
that the reaction does not take much time. and that non-volatile reaction products,
it castly produced. can readily be separated from the volatile products. These con-
ditions are met by a number of reactions!>~™. and it is the task of the researcher
to choose the optimum method for a particular synthesis. In order to solve this
problem. it is useful to consult an organic synthesis expert.

In order to prepare reaction mixtures of known composition. one can employ:

(1) reactions that proceed almost quantitatively in one direction:

(2) equilibrium reactions, in which the composition of the reaction products
cuan castly be “frozen™:

(3) combined reactions with a low degree of conversion:

{4) destructive reactions.

It is expedient that the synthesis be carried out on a micro-scale. as the sensi-
tive detectors that are used in gas chromatography make it possible to analyze samples
containing 107°-197" g of the components. The pure intiial substances for the synthe-
sis of standard compounds can be isolated by high-efficiency preparative gas chromato-
graphv'®. The reactions emploved for preparing standard mixtures can take place
cither outside the gas chromatograph or in a special reactor that is part of the gas
chromatographic instrument. In the latter instance. one can use techniques of analyti-
cal reaction gas chromatography!®, especially reactions on the chromategraphic col-
umn and in the syringe.

In conclusion. we would like to point out that although reaction methods of
preparation of standard mixtures are of general importance. they are particularly use-
tul in the preparation of mixtures of hyvdrocarbons of known composition.
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4. USE OF SOME CHEMICAL METHODS IN THE PREPARATION OF STANDARD
MIXTURES

A. Pre-chromatographic methods

(a} Introduction of a methylene group

At present. the introduction of a methylene group is the most commonly used
method in the preparation of standard mixtures in gas chromatography. The intro-
duction of a -methylene group was described by Doering er a/*¢, and the use of this
reaction in the preparation of mixtures of hydrocarbons of known structure was
suggested by Simmons er al* and Dvoreizky er ¢l.*?. The methylene group is attached
to a C-H bond. thus producing the next highest member of the homologous series:

SC-H + ~CHa — -C-CH, (n
The addition of a methyvlene group to a double bond results in cyclopropane
derivatives:
‘\\ » /‘/ \\ e
C=C -+ -CH.~—~ C-C (2)
= R~ .

.

\\ - \
¢ H.
while the reaction of a methylene group with aromatic compounds leads to derivatives
of tropylidene:

—cuym —> ) (3

© + 2 : J\/M : (3)

As far as the preparation of standard mixtures is concu'ned the first reaction
has the greatest significance.

Simmons er al? used the following procedure for introducing a methvlene
group A mixture of 2 ml of pure hyvdrocarbon and 1 ml of 40/, potassium hydroxide
solution was cooled in a flask placed in an ice~water bath, 37 mg (0.40 mmole) of N-
nitroso-N-methylurea were added to the flask. which should produce 0.25 mmole of
diazomethane, and the mixture was stirred until the complete dissolution of the nitro-
somethylurea. The diazomethane. which originated in the aqueous phase, passed into
the hydrocarbon phase. The hydrocarbon phase was decanted off and dried over solid
potassium hydroxide, then this hydrocarbon solution of diazomethane was placed in
a flask provided with a drying tube containing calcium sulphate and irradiated with a
sun-lamp at a distance of 6 in. The flask was cooled with water during irradiation. As
soon as the vellow tint of diazomethane disappeared (in about 1-2 h), the irradiation
was stopped and a sample of the reaction mixture was analyzed by gas chromatogra-
phy. The reaction is of a random. statistical character and its course does not depend
on the type of bond (vinyl. alkyl) or the tvpe or carbon atom (primary. secondary)
present. The course of the reaction and the origination of the products with isooctane
(2,2.4-trimethylpentane) can be considered as an example.

Isooctane has a total of 18 C—-H bonds, but some of them are equivalent. which
results in the formation of the same products, so that it is possible to group several
reactions that give the same products. The products of these reactions together with
a statistical estimation of the concentrations and the actual yields of the products are
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TABLE 1

COMPARISON OF THE THEORETICAL AND ACTUAL RECOVERIES OF THE INDIVID-
UAL PRODUCTS OF INSERTION OF METHYLENE GROUPS INTO 2,24-TRIMETHYL-
PENTANE

Structure of the C. Imraclensttcs of the C-H bomls in the uutza[ Iu(lrotarbon Actual recovery

isomeric products T T oo o T T - of the product (%)
Tl pe of mzber of Content of the given bond in Ilze

bond Imml.s initial hydrocarbon (",
{ Ilu’oreucal recovery; )

C—C—(‘:—C~C—C Primary 9 50.0

L
o
(%]

C -
C-C-C-C-C Secondary 2 1.t 104

Cc C

}
C-C-C-C-C Tertiary i 5.6 38
1 +
H i
CcC C

Cc C
i1
C-C-C-C-C-C Primary 6

|
C

|77}
v
v
[7]
[¥]]
L

quoted® in Table 1. [t is apparent that the statistical estimations are close to the actual
yields, which permits the identification of these products by gas chromatography, by
virtue of their contents in the reaction mixture.

Makarova er al.'® studied the application of the introduction of a methylene
group. which was emploved in the preparation of open-chain alkanes and the svn-
thesis of derivatives of cyclic hydrocarbons in order to prepare standard mixtures for
gas chromatography. It was found that the methylation of C.-C, cycloalkanes with
diazomethane follows the usual course of the methylation of saturated hydrocarbons,
i.e.. the replacement of hydrogen atoms by methylene groups takes place evenly at
carbon-hydrogen bonds of any type.

As an example, let us consider the products resulting from the methylation of
ethylcyclopentane and methylcyclopentane. Seven isomeric Cg hydrocarbons should
be produced in the following proportionS' 3 parts of n-propylcyclopentane, 2 parts of
isopropylcyclopentane, 1 part of i,l-methylethylcyclopentane, 2 parts of cis-1-
methyl-2-ethylcyclopentane, 2 parts of rrans-1-methyl-2-ethyleyclopentane, 2 parts of
cis-1-methyl-3-ethylcyclopentane and 2 parts of rrans-1-methyl-3-ethylcyclopentane.
The experimental results of the determination of the products of the methylation of
methylcyclohexane! are quoted in Table 2. It is evident that the methylation of cyclic
hydrocarbons obeys the same regularities as the methylation of open-chain hydro-
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TABLE2
METHYLENE INSERTION REACTIONS OF EI'HYLCYCLOPE\TA\E AND METHYL-
CYCLOHEXANE

lm'tial hydrocarbon’ Methylene insertion products Concentration Concentration
expected Sound
oy, win} (%4, wiw}
Ethylcyclopentane Propvylevclopentane . 2142 249
Isopropvylcyclopentane 14.28 15.8
R [-Methyl-1-ethvicyvclopentane 7.14 ) 7.1
cis-1-Methyvl-2-ethyleyclopentane 14.28 | 55 3
trans-1-NMethvl-2-ethvicyvelopentane”™ 14.28 11.2
cis-1-Methyl-3-ethyvleyvelopentane [-128 15.3
rrans-1-Methyl-3-ethyvicycelopentane” 1428 112
Alethvlcyvelohexane Ethvicvclohexane 2142 I8.8
i,1-Dimethylcyclohexane 714 : 7.2
cis-1.2-Dimethyvicvclohexane 14.28 15.3
rrans-1,2-Dimethyleyvclohexane 14.28 16.0
cis-1 3-Dimethvleyclohexane [4.28 13.3
trans-1_3-Dimethylcvciohexane 11.28] 19.8°"
cis-1,4-Dimethylcyclohexane 714}
rrans-1 4-Dimethylcyvclohexane 714 7.6

° Separation Ld!‘l‘lcd ottt with the use of a capillary column with dibutyl tur.uhlorunhtlml.uc as
the st.mon.ln phase.
" Determined as a sum.

carbons, f.e.. it proceeds strictly statistically. and the composition of the products
prepared agrees well with expectation. The significance of this methed lies in the fact
that it can be used to prepare a large number of stereoisomers. the synthesis of which
1s usually very difficult and not always possible by other methods. '

At present, the introduction of a methylene group is widely used for the prepa-
ration of standard mixtures. Examples are the preparation of the C,, hydrocarbons of
the bisbicyclo[3.3.0Joctane * series'®. methylbicyclo[3.3.1lnonane®. 1.2.3.4.5-pen-
tamethylcyclohexane and 1.2,3,4.5.6-hexamethylcyclohexane®. zllk\'ludamumnm.ZZ
trialkyl-substituted cyclohe\dms-s 1.2.3-tri- and 1.2.34- -tetraalkylcyclopentanes
monomethylbicyclo[4.3.Clnonane® and methylbicyclo[4.4.0]decane®.

The studies performed prove the universality of the methylene-introduction
method in the preparation of mixtures of hydrocartons that are to ke used as stan-
dard mixtures.

(hj Isonierization reaciions

Petrov and co-workers® suggested a reaction method for the preparation of
Co~C, alkanes. based on the isomerization of individual, readily available hydro-
carbons in the presence of aluminium bromide as follows. A 10-15-ml volume of
octane (isooctane or another hydrocarbon) was isomerized in the presence of alumin-
ivm bromide (15-209%, w/w) at ambient temperature for 3-12 h in a closed flask
with shaking. After the reaction was completed. the reaction mixture was neutralized
with 40 % sodium hvdroxide solution and the supernatant layer was washed. dried and
distilled. The mixture of the products prepared was analyzed on a capillary column.
emploving a flame ionization detector. The chromatographic column was 70 m long
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and 0.25 mm I.D. and coated with squalane. The preparation was carried out at
temperatures of 30, 50 and 80°.

Starting from the generally accepted scheme of the isomerization of octancs.
one can assume that the isomerization proceeds in a stepwise manner:

monosubstituted  disubstituted disubstituted isomers trisubstituted
octane &= isomers == isomers = with a quaternary |== isomers
carbon atom

When identifying the products, it is necessary to bear in mind that reactions
that involve a change in the number of tertiary carbon atoms proceed considerably
more slowly than other types of isomerization reactions (e.g.. transfer of a radical
along the chain). For instance. in the isomerization of octane. orc would expect the
formation mainly of trisubstituted isomers. As for monosubstituted and disubstituted
hydrocarbons (regardless of the degree of conversion of the initial hydrocarbon). an
equilibrium can usually be set up. As a result of the stepwise character of isomeriza-
tion. it is expedient to employ 22 4-trimethvlpentane for the preparation of trisub-
stituted hyvdrocarbons.

As destructive alkylation accompantes the isomerization by aluminium bro-
mide. the octane isomerates contatn all of the theoretically possible isomers of heptane.
hexane and pentane in amounts sufficient for analysis. Hence, calibration mixtures
prepared from octane and isooctane represent a group of all of the possible C—Cy
alkanes and can be used in the evaluation of chromatograms of gasoline fractions.
Table 3 contains the relative retention data on squalane for 30 alkanes prepared in
the above manner®. ' '

More receatly. tiie method of isomerization has been used in the preparation
of standard hydrocarbon mixtures 273!,

(¢} Radiolysis

The use of the products of the radiolysis of organic compounds as standard
mixtures was suggested by Berezkin and - Polak*:. It was proved earlier that the di-
meric product formed in the radiolysis of hexane in the liquid phase is the result of the
recombination of two hexyl radicals™:

CeHyy - CH,;; + H (4)
CoHyz + CoHy5 —- Cl:Hzo )]

Thus. the dimeric product is composcd of compounds originating from the combina-
tien of two of the three possible hexyl radicals (¢f. Table 4). Experimental results con-
firmed the radical mechanism of the formation of the dimeric product®. the composi-
tion of which was completely in accordance with expectation: Therefore. mixtures of
dimeric products trom the radiolysis of pentane. hexane, heptane and other hydro-
carbons can be used as standard mixtures in the determination. of retention data of
hydrocarbons. .

A detailed study of the possibilities of the use of hydrocarbons produced by
the radiolysis of #-alkanes, as standard substances in qualitative gas chromatography,
was made by Armenante ¢t «/>. The radiolysis was carried out in the following way.
Samples of n-heptane and #-octane were degassed before irradiation by repeating



162 V.G.BEREZKIN, L. SOJAK. I. UHDEOVA

TABLE 3 ,
RELATIVE RETENTION DATA OF Ce-Cs ALKANES ON SQUALANE AS THE STATION-
ARY PHASE

Hy drurarhan B.p. Column temperature
(°C) (°C)
30 30 S0

2.2-Dimethyibutane” 49,741 047 0. 5.) 0.55
2.3-Dimethylbutane” " 37988 0.65 0.75 0.76
2-Methylpentane” 60.272. 0.70 Q73 0.76
3-Methvipentane”™ 3.252 082 086 0389
Hexane” 68.740 1.00 1.00 1.00
2.2-Dimethylpentane” 79.198 1.25 1.25 1.27

2 4-Dimethyvlpentane” 80.500 1.39 1.31 1.29
2.2 3-Trimethylbutane® 80.883 1.50 1.46 1.45
3.3-Dimethylpentane 86.064 1.80 1.77 1.66
2-Methylhexane” 90.052 209 . 190 1.85
2 3-Dimethvipentane” 89.784 218 210 2.00
3-Methylhexane”™ 91.851 230 217 204
3-EthyIpentane” 93475 2.57 231 224
2.2 4-Trimethvipentane” 99.238 2.64 240 234
Heptane™ 98.428 3.18 2.67 256
2.2.3.3-Tetramethylbutane 106.300 —_ - —
2.2-Dimethylhexane” 106.8410 3.62 3.20 297
2.5-Dimethylhexane™ 109.103 413 350 317
2 4-Dimetbylhexanc” 109.429 1.30 3.61 3.29
2.2 3-Trimethvipentane” i09.841 143 3.82 3.52
J.J—Dlmclh}lhc\am. 111.968 4.45 4.05 3.71

3 4-TrimethyIpentane” 113467 495 445 390
2.3, 3-Trimethyilpentane” 114.760 5.22 1.82 1.22
2 3-Dimethylhexane” 15607 542 482 422
2-Methyl-3-cthyipentane 115.650 542 1.82 4.22
2-Methylheptane” . 117616 5.73 5.0 4.33
4-Methylheptane 117.709 592 513 4.34
3.4-Dimethylhexane 117.725 5.97 532 440
3-Methylheptane” 118925 6.16 540 4140
3-Ethylhexane 118534 6411 5.62 1.79
Octane’ 125665 817 7.5 582

" The individual hydrocarbons used in the analyvsis of the composition of the standard mixtures.

cycle of freezing. evacuation and melting in a small glass capillary. 43 mm long and 1.5
mm 1.D. The ampoules were then sealed under vacuum and irradiated with charges
of up to 22 Mrad of jy-radiation from a “Co source at room temperature. The glass
capillary with the radiolysis products was placed in a small bulb-crusher. which re-

TABLE 4

COMPOSITION OF THE DIMERIC PRODUCTS OF THE RADIOLYSIS OF HEXANE
RESULTING FROM THE RECOMBINATION OF HEXYL RADICALS

Reacring r(;dict;l CH(CH,}.CH- CH;(CH.}CHCH, CH;(CH.): CIICH CH;
CH,(CH,):CH. Dodecane 5-Methylundecane q- Ethvldec.m;
CH,(CH.);CHCH; - 5,6-Dimethyldecane 4-Ethvl-5-methyinonane

CH(CH,),CHCH,CH; — — ) 4.5-Diethyloctane
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placed the usual gas chromatographic inlet port, and crushed in the carrier gas stream.
This method of sample introduction prevents the fractionation of the reaction mix-
ture and affords a precise quantitative analysis of a wide range of reaction products.
Some of the conditions of the radiolysis, such as the shape of the ampoule. nature of
the 1onizing radiation and temperature, can be altered without causing a significant
change in the composition of the reaction products. It 1s therefore possible to prepare
a wide range of standard hydrocarbons in almost any laboratory by the radiolysis of
a suitable n-alkane. ' ,

Armenante er al > presented a general discussion of the radiolytic spectra of
n-alkanes and, by virtue of extensive experimental experience, formulated regularities
that permitted the complete spectrum of the radiolytical products of any n-alkane to
be predicted and the individu:al hvdrocarbon components of these spectra to be quick-
ly and easily identified.

The radiolysis of a C, alkane, containing 7 carbon atoms. yields a number of
saturated and unsaturated hydrocarbons C.. the carbon numbers (v) of the individual
reaction products varying from 1 up to 2n. The complete spectrum of the radiolysis
products can be divided into four parts. as follows.

(1) The zone of the ~“fragmentation products™” contains saturated and unsatu-
rated straight-chain C,—-C,_, hydrocarbons. The alkanes are contained in approximate-
Iv equal molar concentrations. except for methane and the C,,_,; alkane, the contents
of which are lower. The molar content of 1-alkenes is about 30%;, of that of the cor-
responding alkanes. 2-Alkencs and acctvlene are produced in negligible amounts.
Although the “fragmentation pyoducts™ are commercially available hydrocarbons.
the possibility of the rapid and <asy preparation of such a wide range’ of standard
hyvdrocarbons is important. ' '

{2) The zone of ““dehvdrogenation products™ contains all the possible C,, al-
kenes with one double bond and the same carbon skeleton as that of the parent n-
alkane. However. these alkenes are not suitable as standard substances for qualita-
tive gas chromatography because they always give two peaks. corresponding to the
ciy and rrans forms of the alkene. on separation. the relative positions of which are
very sensitive to the conditions of separation.

(3) The zone of the “products of synthesis™ contains isomeric unsaturated
C,o1-Cs,. . hyvdrocarbons. These hyvdrocarbons arise from the substitution of some
of the hydrogen atoms in the molecule of the initial n-alkane by alkyl radicals pro-
duced by the radiolytical cleavage of C-C bonds.

(4). The zone of ““dimerization products™ contains isomeric C,,, alkanes. which
originate from combination of the radicals produced by the radiolytic cleavage of
C-H bonds in the molecule of the initial n-alkane. If # is an even number, n(nn — 2);8
isomers are obtained from the C,, alkane. and (i -~ 1) (& -— 3)/8 isomers if 77 is an odd
number. Also. the relative proportions of the isomers are characteristic of the indi-
vidual types of dimer and facilitate their identification. On a non-polar stationary
phase. isomeric hydrocarbons are eluted in a sequence according to their boiling
points. Armenante ¢t ¢l. quoted simple formulae for the simple and rapid calculation
of the boiling point of any heavy product of radiolysis. Thus. the ““synthesis products™
and ““dimerization products” form a rarely obtained complete serics of isomeric
saturated hvdrocarbons, which can be employed very well as standard substances in
the qualitative gas chromatography ot hydrocarbons.
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When calibrating chromatographic columns, it is also possible to use products

- obtained by the action of other types of radiation (e.g., ultraviolet light**-*" and laser
radiation35-3%). g

(d} Disproportionation

In addition to alkylation and isomerization reactions for the preparation of
mixtures of alkylbenzene isomers, an especially useful technique is that based on dis-
proportionation. Baumann and Csicsery*® prepared mixtures of selected C, and C,,
alkylbenzene isomers in this way and used them for identification purposes.

The isomeric alkylbenzenes were prepared by the disproportionation of I-
methyl-2-ethylbenzene in a steel tube of 6 mm 1.D. packed with 0.5 ml of silica-
alumina cracking catalyst under atmospheric pressure. at a temperature of 4007 and
with hydrogen as diluent. the reaction peried being 65 min. Methyl transfer (eqn. 6)
produced ethvlbenzene and dimethyvibenzenes. and ethyl transfer (eqn. 7) vielded
methyldiethyibenzenes and toluene.

- U Wl U™
CoHg CHy CoHg :
A N-CHy . '
: O il * |
25 2°'5

Retention data of the mixtures of Cpp and C,, alkyl aromatics obtained by the dis-
proportionation of l1-methyl-2-cthylbenzene. scparated with temperature program-
ming from €0 to 130 at the rate of 1 “/min on a capillary column coated with Ucon LB

)

550 X, are given in Table 5.

TABLE 5

AROMATIC C,..-C;;, HYDROCARBONS RESULTING FROM THE DISPROPORTIONA-
TION OF I-METHYL-2-ETHYLBENZENE

r = Relative retentions of the aromatic h\dro«.arbons relative to I-methyl-3-isopropylbenzene: 7 =
retention indices of the aromatic hydrocarbons. The retention data were measured on Ucon LB 550 X
as the stationary phase with temperature programming from 60 to 130" at I ;min.

Aromatic hyvdrocarbon r I

1.3-Dimethyl-5-ethyibenzene 1.246 1147
1,3-Dimethyl-2-ethyvlbenzene 1.333 1163
I,3-Dimethyl-3-ethyibenzene 1.360 1168
1.2-Dimethyl-4-ethyibenzene 1390 1174
1,3-Dimethyl-2-cthylbenzene 1.422 1180

1.2-Dimethyl-3-ethvlbenzene 1.330 1202

I-Methyl-3,3-diethyvlbenzene 1.662 1225
" 1-Methyl-3,2-diethyIbenzene 1.740 1239
1-Methyl-2 4-diethylbenzene 1.773 1245
I-Methyl-2.5-dicthylbenzene [.83 1256
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(e) Catalytic delvdrogenation of n-alkanes

The thermal cleavage of C-C bonds (cracking. dealkylation and depolymeriza-
tion) takes place in the absence of catalysts. in the presence of catalysts, C~H bonds
are also cleaved and dehydrogenation will occur?!:

R-CuHh = R_Ca!_ib-lc N (.Hl (8)

Thus, alkenes (¢ = 1), alkadienes (¢ = 2) and aromatics (¢ = 3). or possibly substances
that contain even less hydrogen (carboids is the limiting case) arise from alkanes.

On contact catalysts. dehydrogenation takes place rather than cracking even
at high temperatures. e.g. at 600°. Alkanes are adsorbed on the active sites of a cata-
lyst X, and the dehvdrogenation proceeds according to the scheme:

X---H-CHR X~-H---CHR XH CHR

; - = i (9)

X --- H-CH, X~H --- CH., XH CH,

Alkenes are the primary products. The reaction is utilized in case of C;-Cs alkanes.

C, and higher alkanes are dehydrogenated. via alkenes. usually to aromatics
(dehydrocyclization). The cyclization probably starts from a double bond. for in-
stance, I-heptene and 2-heptene are aromatized. with the same casc. o form toluene:

I-heptene - C=C-C-C-C-C~C - toluene
i :

2-heptene —- C-C=C-C-C-C-C -- toluene (o

The catalytic dehyvdrogenation of #-alkanes is a suitable source of n-alkenes as mix-
tures of standards for the analysis of straight-ciiain alkenes and aromatic hydrocar-
bons. which can also be used as standard mixtures in the analysis of complex mixtures
of hydrocarbons.

The initial substances tor the preparation of mixed si-alkenes zre pure indi-
vidual n-alkanes. As for the catalysts, use can be made of various kinds of dehvdroge-
nation catalyst of the oxidation type such as, for example. catalvsts with the main de-
hydrogenation component of the oxides of chromium. molybdenum, ctc.. deposited
on alumina or some other support®*~**. The dehydrogenation is carried out in an
isothermal reactor at temperatures of 460-500°. Deactivation of the catalyst due 10
coking®, or by cyclopentadiene or furfural*”. results in the poisoning of its dehy-
drocychization ability while preserving its dehvdrogenation activity. Hence. the de-
hydrogenation over a deactivated molybdenum-—alumina catalyst at a temperature of
4707 with a vapour: n-dodecane ratio of 4.0 and a contact time over the catalyst bed
of 2.3 sec, Roth er al*? achieved a 63 % selectivity in the conversion to monooletins at
a 1279, overall conversion of paraffin.

The composition of the dehvdrogenation products is determined primarily by
catalytic statistics. The dehydrogenation of an #-alkane results in o mixture of all of the
theoretically possible straight-chain alkenes, particularly n-alkenes with internal dou-
ble bonds**-*¥ with a carbon number corresponding to that of the n-alkane. The pro-
portions of the individual positional isomers of the alkenes are dependent on the car-
bon number of the n-alkane dehydrogenated. With an even carbon number. there are
about-half as many isomers with the innermost double bond as those with the double
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bond in other inner positions. With n-alkenes with an odd carbon number, the pro-
portions of the individual inner positional isomers are about the same {(decreasing
slightly as the double bond shifts towards the centre of the molecule). The ratio of
the amounts of the positional (I- and 2-) isomers is approximately 1:4. and of the
ceometrical {rrans- and cis-) isomers about 2:1.

Further, the dehvdrogenation mixture contains aromatic hvdrocarbons, iso-
alkanes, cracking products. diolefins and triolefins®2. In order to separate n-alkenes
from this mixture, it is possible to employ column chromatography on silica gel and
to isolate aromatics at the same time. The n-alkenes are obtained considerably more
rapidly and less laboriously in this manner in comparison with chemical syntheses of
individual n-alkenes®-.

The proportions of the individual stmluht chain alkenes are very similar. so
that they can be separated only by the use of high-efficiency capillary columns. In
the chromatohraphy of i-alkenes from the dehydrogenation produets of C.~C,, -
alkanes. the separation was achieved of all the theoretically possible C,-C,, #-alkencs
on a 200-m capillary column coated with squalane. the only exception being the pair
of I-decenc and rrans-4-decenc™-**, The retention indices of the n-alkenes. as measured
on this column. are summarized in Table 6.

The aromatic hydrocarbons from the dehydrogenation products of n-dll\.mu
are mostly further dehvdrogenated n-alkenes. The composition of the aromatic hy-
drocarbons from the dehydrogenation of s-alkanes is also given mainly by catalvtic
statistics according to the above cvclization scheme. For example. the dehvdrocycliza-
tion of the individual positional #-undecenes proceeds as follows:

I-undecene —- C =C—C—C—C—C—C—C—C -C-C - - pent_i*lbcnzcne

2-undecene --- C—-C = C-C-C-C-C-C-C-C-C - - I-methyl-2-butylbenzene

3-undecene - - C—C—C C—C—C~C—C—C—C— -~ l-ethvl-2-propvlbenzene

4-undecene - C-C-C-C=C-C-C-C-C-C-C - - l-ethyl-2-propylbenzene

S-undecene -+~ C—C—C—C—F:C—C—C—C—C—C -~ l-methyi-2-butyvlbenzene

Thus. the following substances were found as the major aromatic components in the
dehydrogenation products of n-octane. #-nonane. n-decane. and n-undecane, respec-
tively: ethylbenzene and o-xyiene: l-methvl-2-ethylbenzene and propylbenzene: 1-
methyl-2-propvibenzene. 1.2-diethylbenzene and butylbenzene: and [-methyi-2-
butylbenzene, Il-ethyl-2-propylbenzene and pentylbenzene®3-3!. These mixtures of
aromatic hydrocarhons can also be uvtilized as standard mixtures.

The retention indices of aromatic hydrocarbons from the dehvdrogenation.of
Ce—C,, n-alkanes. measured on a 200-m squalane capillary column at temperatures
of 86, 100 and 115°. are listed in Table 7.

Other cleavage reactions can also be utihized for the preparation of standard
mixtures of alkanes and aromatic hydrocarbons. The thermal cracking of higher



STANDARD MIXTURES FOR QUALITATIVE GC ANALYSIS 169

TABLE 6
STRAIGHT-CHAIN C,-C,; ALKENES FROM THE CATALYTIC DEHYDROGENATION
OF C,.-C;,; i-ALKANES

I np == Retention indices of the alkenes on squalane as the stationary phase at the given column
temperature.

Alkene 3 IS, I
1-Hexene 583.1 583.6 584.0
trans-3-Hexene 3914 591.1 590.6
cis-3-Hexene 5930 5933 593.7
rrans-2-Hexene 596.7 596.5 596.4
cis-2-Hexene 601.6 6019 6054
I-Heptene 6328 683.1 683.5
rrans-3-Hepiene 687.5 687.4 687.4
cis-3-Heptene 691.7 692.0 6923 -
rrans-2-Heptene 698.7 698.7 698.7
cis-2-Heptene 7043 704.7 705.1
1-Octene 7823 782.6 7829
rans-3-Octene 7812 7831 - 7841
cis-1-Octene 7879 788.2 788.6
rrans-3-Octene 7884 758.2 788.0
cix-3-Octene 789.5 789.8 790.2
rrans-2-Qctene 7.7 797.5 797.3
cis-2-Octene 8028 803.2 §03.6
i-Nonene 8822 3825 8828
rrans-3-Nopene 8842 8839 854.4
cix-3-Nonenc §84.8 8854 886.0
trans-3-Noaene 886.6 886.1 3$86.5
cis-3-Nonene 887.0 887.5 888.1
rrans-2-Nonene 896.6 896.4 896.6
cis-2-Nonene 901.5 9019 9026
cis-3-Decenc 9810 9sl1.6 982.1
1-Decene Y82.2 9825 982.7
trany-4-Decene 9822 982.5 982.7
cix-3-Decene 9822 93828 983 4
rrans-5-Decene g84.0 983 1 9s1.7
rans-3-Decene 9854 9858 985.5
cis-3-Decene 9854 9838 986.1
rrans-2-Decene 996.7 996.7 996.6
civ-2-Decene 1001.2  1001.7 10022
cis-3-Undecene 1077.6 1078.2 10789
cis-1-Undecene 10799 1080.5 108I.1

rrans-3-Undecene 1081.0 10811 10812
rrans-3-Undecene 10816 10818 10820
1-Undecene 1082.2 10824 10826
cix-3-Undecene 1084.7 10853 10858
rraans-3-Undecene 10855 10854 10853
trans-2-Undecene 1096.6 1096.6 1096.5
cis-2-Undecene 1101.1 11615 11019
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TABLE 7

Co-Ci: AROMATIC HYDROCARBONS l‘RO\I THE CATALYTIC DEHYDROGE\ATIO‘\
OF Co-Cy; -ALKANES

I} .o = Retention indices of the aromatic hydrocarbons on squalane as the stationary phase at the
- given colunmn temperiture.

Aramuatic hvdrocarbon 3, 135, B,
Benzene 616.6 650.4 653.
Tolucne 7542 7574 760.7
Ethyibenzene 8443 S47.3 . 8513
o-Xvlene 8801 8839 888.1
Propvlbenzene 326 Y33y 9102
I-Methyi-2-ethylbenzene u6i.2 9617 968.8
Buixvibenzene 1033.0 1036.0 10100
1.2-Dicthylbenzene 10360 10305 10136
I-Nethyl-2-propyibenzene 103120 1036.1 10505
I-Ethy-2-propylbenzene 11139 BHIS.T 11223
Pentyvilbenzene 11295 113353 11376

I-Niethyvl-2-butylbenzene 11391 11437 11480

n-alkanes vields mainly [-alkenes®. Through the isomerization of I-alkenes. it is also
possible to prepare mixtures of nr-alkenes®. The product of the  catalvtic
reforming of heavy petrols is a suitable material for obtaining a standard mixture of
all C,—C,, aromatic hydrocarbons®. Similarly. other products from the processing of
crude oil fractions can also serve. after their modification. as usetul mixed standards
in connection-with high-etficiency chromatography and the precise measurement of
retention data.

if} Delivdrarion . .

Kugucheva and Alekseeva® studied the conditions of the rapid catalytic
microsynthesis of some C;-C, hyvdrocarbons from alcohols. They found conditions
under which not more than three components with constant quantitative proportions
were obtained. The dehydration was carried out in the vapour phase in a flow-through
systen. the concentration of the initial alcohols being 10-°-10-3%;, by volume in ni-
trogen. Amounts of 0.2-1.0 u! of the initial liquid product were charged into a 100-
ml syringe provided with a PTFE disk for mixing. The micro-reactor was a V-shaped
elass tube 10 cm long and 0.2-0.4 cm in diameter. The precision of the thermostatic
control was -~ 3". The mixture was expelled from the syringe through the reactor at
the rate of 10 mljsec. At the end of the reactor, the gas was taken into another syringe
from which it was injected into the chromatograph. The synthesis, including the prep-
aration operations. took 3 min. For the preparation of pentanes, a modified potas-
sium triphosphate and alumina were used as the catalysts. There were significant dif-
ferences in the concentrations of the isomeric pentanes, as can be seen from Table 8.
The reproducibility was -= 109,



STANDARD MIXTURES FOR QUALITATIVE GC ANALYSIS 171

TABLE S8
DEHYDRATION OF AMYL ALCOHOLS
Initial alcoliol Reuaction Reaction products (%, winw)”

remperature R .

) I-Pentene trans- cis- 3-AMethyl- 2-Methyl- 2-Methyl-

2-Pentene d-Pentene  I-butene  I-butene 2-butene

I-Pentanol 350 70 12 I8 — — —
2-Pentanol 250 31 21 48 e - -
3-Methyl-1-butanol 390 - - 61 25 i1
2-Nlethyl-2-butanol 380 - — — — 61 36

° The amount of unchanged pentanol was not accounted for.

B. Reacrions in the chromarographic sysiem

This method of preparing substances is usually applicable only when rapid
reactions are used. kecause (1) slow reactions give low vields and (2) the course of the
reaction in a moving chromatographic zonre tends to spread the peaks of the com-
pounds!. The above requirements are met by reactions such as pyrolysis. catalytic
cracking. hvdrogenation and dehyvdrogenation. These reactions are usually performed
in special reactors under conditions different from those of the chromatographic
separation. but the two procedures can be carried out simultancously. In such a case.
it is necessary that the second reagent be injected a precise time atter the injection of
the first reagent. and tiis time has to be taken into accountin calculating the retention
time of the product. It 1s necessary that the retention data of both reagents be sub-
stantially ditferent from cach other and that the reaction be sutfliciently rapid. An ex-
ample is the preparation of acid esters from alcohols. phenols and primary and
secondary anmines by injecting acetic or propionic anhydride after the injection of a
saumple containing some of the alcohols ete. The successful application of this method
in the identification of various compounds™ ™ demontsrates the possibility of using it
for the preparation of standard mixtures. . i

(a) Pyrolvsis

The application of the pyrolvsis of non-volatile compounds as a method of
preparition of standard mixtures of known composition has a number of advantages:
the pyrolysis of polymers usually results in a wide range of products. the method is
very simple and rapid. and the experiment is carried out with the use of a conventional
chromatograph. The usc of volatile products tfrom the pyrolysis of polymers as stan-
dard mixtures in the determination of the retention data of organic compounds on gas
chromatographic columns was suggested by Berezkin er ¢/, They studied the compo-
sition of the volatile products of the pyrolysis of polyvethylene and polypropylene. the
pyrolysis of which had carlier been studied by Voigt®, in order to estimate the repro-
ducibility of the method and the possibility of its utilization for the above purposes.

The measurements were carried out on a CVET-I chromatograph equipped
with a quartz pyrolytic chamber®?. The samples of the polymers were pyrolvzed in a
mica boat placed inside a nickel-chromium helix heated rapidly by an electric current.
The subjects of the study were a polvethvlene of the Hostalen GD tvpe and a Soviet
polypropylene with a4 molecular weight of 200,000. The pyrolysis was conducted at a
temperature of 3507 for a period of 15 sec using a polymer charge of 2 mg. The pyrol-
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Fig. 1. Products of the pyrolysis of polyvpropylene (A) and polyvethyvlene (B). /; i, - Relative peak
height of product { of the pyrolysis of the given polvmer, relitive to the heigiit of peak S tA)or 11 (B)
as a standard. v. Log (£:7,) = logarithm of the relative retention time of the peak of product 7 of the
pyrolysis of the polvmer. Broken line. results of Voigt® - solid line. results of Berezkin er af =,
ysis products were separiated on a 200 - 0.4 cm LD, column packed with 8¢ dinonyl
phthalate on Spherochrom at 757, The results obtained are illustrated in Fig. 1. which
shows the logarithms of the relative retention data of the basic products of pyrolysis
plotted against the relative heights of the respective peaks. In addition to our results.
those for Hostalen GC polyethylene and Hostalen PPN polypropylene. taken from
Voigt’s paper® . have been incorporated into the plots. The results are virtually iden-
tical. The slight difference in the retention data of the compounds may be due to a
difference in the stationary phases employed ( Voigt used didecyl phthalate). There are
very few variations in the quantitative data except for peak number 18, the difference
in which can be explained as being due to losses on the column.

Hence, the mixtures of volatile products produced by the pyrolysis of the
polymers are sufliciently reproducible and can be used in the qualitative calibration
of gas chromatozraphic columns. In principle. there are no objections against em-
ploying the products of the pyrolysis of volatile substances as standard mixtures®-®.

(b} Hydrogenarion
This reaction is of very great importance in the preparation of” hvdrocurbons
from various derivatives. Beroza and Coad®, who developed a method for carbon
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skeleton determinations, help to widen the applicability of this reaction in gas chro-
matography. The method can be utilized in the preparation of either individual hydro-
carbons or their mixtures. Table 9 shows some complicated reactions in which a
reacting substance vields several products.

TABLE 9
PRODUCTS OF THE HYDROGENATION OF SOME DERIVATIVES OF HYDROC-\RBOL\S
Cdtdl\sl 1% Pd; t‘.mp;rlture, .sOO h\ droﬂen ﬂo“-mtc, 20 ml/min.

Rem‘tum Suhst(mrc Recction

Aldeh\dL RCHO - - RH. RCH;"

Carboxylic acid RCOOH - RH, RCH;"

Anhyvdride (RCORO- - RH. RCH;”

Alcohol (primary) RCH.OH -- RH, RCH;~

Ester R'COOCH:R --- RH. RCH;: RH, RCH,~
Ether RCH.OCH:R - - RH, RCH;"

Anude R- CO\HCH R - -RH, RCH,, R'H, RCH

° These compounds occur in small amounts or not at all.

Unsaturated compounds, halogen-containing compounds. alcohols (second-
ary or tertiary). ethers (secondary or tertiary)., esters (secondary or tertiary alcohol
moicty). and amides (NH group bound to a secondary or tertiary carbon atom) vield
the parent hydrocarbon upon hydrogenation.

Uhdeovi and Janidk® studied the possibility of utilizing hydrogenation reuac-
tions of hydrociarbons, conducted in a reaction gas chromatography apparatus. for
the direct preparation of standard hydrocarbons for qualitative gas chromatography.
The study was particularly concerned with the qualitative course of the reactions of
hydrocarbons of the following basic structural types: aliphatic hydrocarbons (pen-
tane. hexane. heptane. octane). aromatic hvdrocarbons (benzene. toluene, ethyvl-
benzene. o-xylene, styrene) and alicyclic hyvdrocarbons (cyclopentane. cyclopentene.
cvclohexane. cyclohexene).- Hvdrogen was used as the carrier gas and Raney nickel
(109 wiw. of nickel and 29, wiw, of Apiezon M on glass beads) as the hvdrogena-
tion catalvst.

The properties ot Raney nickel depend on the reaction bed temperature. while
the hyvdrogenation, isomerization and hydrogenolvtic activity of the hyvdrogenation
packing increase when the temperature of the reaction bed 1s increased. The condi-
tions of the reaction can be chosen such that the carbon skeleton of the hydrocarbons
hydrogenated remain unaltered and do not undergo hydrogenolytic cleavage (at
temperatures of 60 and 140°. the hydrogenation of only aromatic and unsaturated
alicvelic hydrocarbons. respectively, occurs. while the hydrogenation of styrene and
o-xylene yields isomeric 1.2-dimethylcyclohexanes), or such that the hyvdrogenolytic
activity of the hydrogenation packing applies (at a temperature of 180°. the hydrogena-
tion packing shows a marked hydrogenolytic activity. a gradual splitting off of meth-
ane from the basic aliphatic and aromatic hydrocarbons as well as their reaction
products occurs. the alicyelic and aromatic rings are cleaved, and the hydrogenolytic
activity of the hydrogenation packing is accompanied by hydrogenation, dehydroge-
nation and isomerization activity: ¢f. Table 10).

In both instances. the reactions of hydrocarbons over Riney nickel proceed re-
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YDROCARBONS

walvst, 1090 (wiw) of nickel, 29 (wiw) of Apiezon M and 889 (w/w) of glass beads: reaction temperature, 180°:
-drogen flow-rate. 60 ml'min. The retention data were measured on squalane as the stationary phase at 707,
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producibly and vield the expected range of hydrocarbon products. The retention data
of the products were compared by means of the Student 7-test with those of standard
hydrocarbons (the expected reaction products) analyzed on the same analytical col-
umn, and no signiticant differences were found. Thus. it was proved that the reactions
of hyvdrocarbons over Raney nickel in the experimental arrangement described proceed
instantaneously from the analytical viewpoint and that no signiticant sorption of the
hvdrocarbons in the reaction bed occurs. Hence. hydrogenation, hvdrogenolysis and
isomerization reactions of selected hydrocarbons or their mixtures. conducted in a
reaction gas chromatography apparatus, are suitable for the direct preparation of
standard hvdrocarbons for qualitative gas chromatography.
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6. SUMMIARY

Chemical reaction methods can be used to prepare standard compounds or
their mixtures which can serve as standards for the identification of peaks of unknown
_substances by gas chromutography by means of retention data. The requirements for
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the character and course of the chemical reaction chosen for this purpose are specified.

In

practice, either reactions conducted outside the chromatographic system cian be

used. or use can be made of techniques of analytical reaction gas chromatography.
A survey of the possibilities of utilizing standard mixtures prepared in this way in
qualitative gas chromatography and of the basic chemical reaction methods for the
preparation of standard hydrocarbon mixtures is presented.
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