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I. INTRODUCTION

With the introduction of gas-chromatographic methods
appreciable changes have occurred inrecent years in methods
for functional group analysis, particularly for the functional
group analysis of volatile organic compounds. The applica-
tion of combined methods in conjunction with gas chroma-
tography has revealed anumber of new possibilities. These
include the following: (1) an improvement of the resolving
power of methods for functional group analysis which have
been transformed from methods for groupidentification into
methods for the identification of individual compounds: this
has permitted the successful solution of problems which
could hardly be solved by earlier methods’ 2. (2) an improve-
ment in the reliability of the method, in particular adecrease
of the errors associated with the stage involving the inter-
mediate isolation of the pure substance; (3) reduction of
the time required for analysis; (4) decrease in the amount
of substance necessary for functional group analysis.

The application of gas chromatography is useful and jus-
tified also in combination with any traditional methods for
functional group analysis. For example, the employment
of physical {spectroscopic and electroanalytical) methods,
which are used at the outlet from the chromatographic col-
umn for the analysis of the eluate, makes it possible to pro-
ceed from group identification to the identification of indi-
vidual compounds; the employment of chemical methods in
combination with chromatographic procedures makes it
possible to increase greatly the range of reactions studied,
whose products may be not only coloured or gaseous sub-
stance but in general any volatile compounds; this of course
greatly extends the scope of the method. In combination
with chemical methods for functional group analysis, gas-
chromatographic procedures can be used also as kinetic
techniques, since the reactivities of isomers are frequently
different.

II. RETENTION PARAMETERS

The retention parameter of a compound is its chromato-
graphic constant, which is directly proportional to its dis-
tribution constant between the gzs and stationary phases (the
determination of this constant taking into account adsorption
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interactions has been discussed, for example, by Berezkir’)
The retention parameters depend on the structure of the
molecule of the compound, in particular on the size and num-
ber of functional groups present in the molecule. Various
workers have successfully used additive schemes to calcu-
late the retention parameters*~®. The possibility, inprin-
ciple, of detecting certain functional groups on the basis of
retention indices should be noted’; however, this is possi-
ble only provided that the structure of the carbon skeleton
of the compound being analysed is first established and the
procedure is not very reliable'®. We may note that, in
order to improve the accuracy, the relative rather than
absolute retention characteristics (relative retention time,
relative retention index, etc.) are usually employed in such
cases.

The properties of retention parameters can be used for
functional group analysis. For example, the linear varia-~
tion of the logarithm of the retention parameter with the
number of methylene groulgs in a molecule is generally known
for homologous series''’*2. This permits a relatively sim-
ple solution of one of the complex problems of functional
group analysis —the determination of the number of carbon
atoms in the hydrocarbon group. The solution of thisprob-
lem by other methods is much more difficult. Sakharovand
coworkers'*’!* have shown that fractional-linear functions
can be usefully employed to characterise the variation of
the retention parameters.

In assigning the components of the mixture under analy-
sis to a particular class of organic compounds, the varia-
tion of the retention volumes on two>'*¢ or more! "8 stationary
phases of different polarity can be of significantassistance:
lg Vii = A 1g V2i + B, where V1j and V:j are the retention
volumes of the ith compound in a particular homologous
series on the first and second phases and 4 and B are con-
stants.

It has been suggested that organic compounds of differ-
ent types can be characterised by graphical relationsfor
differences between logarithmic functions of relative reten-
tion parameters, for exampie relations of the type Al =
= f(Al:4), where Al» and Alzs are the differences between
the retention indices of the given compound on phases 1and
2 and phases 3 and 4 respectively. The points correspond-
ing to compounds of a given class are located on the above
graphs in specific characteristic regions, which can be
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usefully employed to identify the functional groupsin organ-
ic compounds

The method of identification based on the variation of the
retention time with the reciprocal of the absolute tempera-
ture in one chromatographic column, proposedby Arakelyan
et al.®® is fairly laborious but relatively reliable.

All the methods indicated above have been used success-
fully in analytical practice and have been described indetail
in monographs on chromatography® =24,

III. INVERSE GAS CHROMATOGRAPHY

Inverse gas chromatography (IGC) is based on the use of
a direct interaction between standard compounds and the test
substance and the establishment of definite relations between
the chromatographic characteristics of the standard com-
pounds and the structure of the compounds used as the sta-
tionary phase. IGC is particularly useful in the study of
involatile compounds (high-molecular-weight compounds
and compounds unstable at elevated temperatures ).

The IGC method permits the group identification of com-
pounds used as the stationary phase. When the relative
retention times of substances of different polarity (metha-
nol, heptane, and toluene) are plotted in a triangular coor-
dinate system using straight-chain paraffins, aliphatic
alcohols, and acids as the stationary liquid phase, each of
the above homologous series is characterised by a distinct
range of values of the retention times for the standard com-
pounds. We may note that certain isomeric compounds
can also be distinguished with the aid of this method. Thus
the spectra of the volatile standard compounds 1, 3-butyl-
ene glycol and 1, 4-butylene glycol and those of primary and
secondary octyl alcohols are different. The above data
indicate a fairly high sensitivity of the IGC method with
respect to the nature and structure of the compounds. Sim-
ilar results can be obtained also for polymeric systems.

The extensive factual-data accumulated in gas chroma-
tography on the application of polymers as stationary liquid
phases for the separation of mixtures of volatile compounds
lead to the conclusion that polymers can also be identified
by the IGC method. Thus the retentlon volumes of phos-
phine are 1.75, 1.58, and 2.52 cm® on columns with silicone
oils 702, VKZh-94 v and PFMS-4 respectively?®. In
another example two polymeric compounds of the same type
—poly(propylene glycol) with M = 1760 and poly(ethylene
glycol) with M = 1540 — are, characterlsed by markedly dif -
ferent retention para.meters , which permits their identi-
fication by the IGC method.

The IGC method has been developed in greatest detail to
characterise (identify) asphaltenes (M = 500-1000)%".

Dorrence and Peterson®® demonstrated the usefulness of
employing in IGC chemical reactions with the stationary
liquid phase investigated. In order to study the functional
groups in asphaltenes, the asphaltene test specimen in the
column was silylated, as a result of which the active hydro-
gen atoms in the hydroxy- and carboxy-groups were replaced
by trimethylsilyl groups. Treatment of asphaltene with
NN-bis(trimethylsilyl)acetamide at 160°C led to a sharp

decrease in the specific coefficients for the interaction with .

the chosen volatile standards (phenol and propionic acid).
This method can be used to characterise various polymeric
compounds with functional groups.

We may note that, whereas the amount of test substance
required for the IGC method on a packed column is about

0.4 g, it decreases to 3~4 mg when a capillary column is
used®”. The microversion of IGC is particularly important
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for polymers which are difficult to synthesize and ingenerai
for compounds which are difficult to obtain.

Since the problem of identifying polymers in may cases
reduces to the determination of their molecular weights, we
may mention the possibility of employing the relation between
the retention parameters of volatile standard compounds
and the molecular weight of the stationary liquid phase®®,

IV. SELECTIVE DE TECTORS

One of the major requirements which must be met by
detecting systems in gas chromatography, namely their uni-
versality, i.e. equal sensitivity to all the mixture compon-
ents emerging from the chromatographic column, is a dis-
advantage in the identification of organic compounds. In
functional analysis the main requirement which must be met
by the detector is its selectivity and an ideal system would
be one having specific sensitivity only to compounds of spec-
ified classes, whose signal would be proportional to the
content of the corresponding functional group.

The automatic titrator*! and the spectrofluorimetric detec-
tor®® meet this requirement most closely. The first is
designed for the selective determination of acids and bases
in the eluate and is based, as its name suggests, on the
automatic maintenance of a specified pH in the titration cell.
The operation of the spectrofluorimetric detector, which is
designed for the detection of aromatic groups, is based on
the employment of the fluorescence® or ultraviolet light
absorption® characteristic of aromatic compounds.

The detector with selective sensitivity to compounds hav-
ing multiple bonds is of undoubted interest®*. The detec-
tion principle involves passing the mixture of saturated and
unsaturated compounds to be analysed through an ionisation
chamber together with krypton, which is excited to a meta-
stable state by radioactive emission. The metastable
krypton atoms are capable of ionising the molecules of the
unsaturated compound and in the presence of the latter an
ionisation current is generated.

The electron capture detector, proposed for the first
time by Lovelock and Lipsky®, exhibits an enhanced sensi-
tivity to alkyl halides, sulphides, carbonyl compounds with
conjugated double bonds, organometallic compounds, nitriles,
and nitro-compounds. The sensitivity of the detector to
many types of compound reduces its value for the purpose
of identification, but makes it irreplaceable in the deter~
mination of certain compounds present in nanogram amounts.

Other selective detectors, which canbe divided into three
main groups, exhibit a much higher specificity. Therm-
ionic detectors, based on the increased conductivity of the
flame in a flame-ionisation detector on combustion of
organic compounds containing heteroatoms in the presence
of alkali metal or alkaline earth metal salts, were used in
early investigations mainly for the selective detection of
halogen- and phosphorus-containing compounds®***®*, When
rubidium and potassium salts are used®®, the sensitivity for
nitrogen-containing compounds increases, but the greatest
sensitivity is achieved when caesium bromide is employed®”
In the presence of caesium the thermionic detector may be
used for the highly sensmve determination of sulcon tin,
and lead compounds®. It has also been shown®® that the
signal of the therrmomc detector with rubidium sulphate is
proportional to the content of heteroatoms in the molecules
of the substances being analysed and a formula has been
proposed whereby it is possible to calculate the content of
the heteroatoms (halogens, sulphur, phosphorus, andnitro-
gen),
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The coulometric detector®’, which exhibits selective sen-
sitivity to compounds containing halogens, sulphur, nitro-
gen and phosphorus, may prove tobe of significant assistance
in the identification of organic compounds. The detector
design was developed further in studies by Stepanenko and
Krichmar®™ The ion-selective electrodes, which have
recently come to be widely used in analytical chemistiry,
have also found applications in coulometric detectors for
the determination of fluorine*®, sulphur, and chlorine®,
Among other electrochemical detecting systems,, mention
should be made of a selective galvanic detector®’, which is
sensitive to alcohols and aromatic and unsaturated hydro-
carbons.

The group of spectroscopic detectors, a major advan-
tage of which is (apart from a fairly high sensitivity in the
determination of heteroatoms) a very high selectivity, has
been developed vigorously in recent years. The simplest
example of this group is the halogen detector based on the
Beilstein effect, i.e. on the green light emission arising
when halogen-containing comgounds are introduced into the
flame through a copper mesh®, The flame-photometric
detector, whichwas initially proposed for the selective deter-
mination of phosphorus and sulphur®®, has been modified to
determine many other elements. The operation of the
detector is based on the measurement of the intensity of the
characteristic emission lines of the flame in the presence
of heteroatoms using a photo~multiplier. In the determin-
ation of sulphur- and phosphorus-containing compounds, 394
and 526 nm light filters are usually employed, butit has also
been stated that the gositions of these maxima have been deter-
mined inaccurately®®. When the flame-photometric detector
is sensitised by indium salts, its sensitivity to halogen atoms
is increased selectively with a maximum in the region of
360 nm*"* or at 409.9 nm, which corresponds to the maxi-
mum in the emission spectrum of indium iodide®. The
photometric recording of the flame emission from analkali
metal thermionic detector made it possible to distinguish
chlorine, bromine, and iodine atoms® and the employment
of metallic calcium ensures a selective determination of
fluorine in the region of the spectrum near 529.9 nm, *
Organomercury®®®” and boron®® compounds can also be analy-
sed. Ithasbeen suggested that the disadvantage of the flame
photometric detector, due to the mutual interference of the
heteroatoms present (and also of their concentrations) on
the observed emission, be eliminated®® by measuring the
ratios of the spectral line intensities for the elementsbeing
determined (at 256 nmfor chlorine, 206.2 nm for iodine,

253.3 nm for phosphorus, 182.04 nm for sulphur, and 292 nm
for bromine) to the intensity of the spectral line of the car-
bon atom at 247.9 nm, which is almost independent of the

structure of the compound and the elements present in it*,

Many other detectors are used for identification pur-
poses (the mass-spectrometric detector has been particu-
larly successful); selective detectors were surveyed in
detail in an earlier review®.

One should note that almost all specific detectors (with
the exception of those mentioned at the beginning of this
section) have only an indirect bearing on functional analy-
sis, since they cannot show unambiguously within which
functional group the given heteroatom is located. There-
fore their application is more effective in elemental analy-
sis of organic compounds, particularlywhenitisnecessary
todetermine substances present in microamounts. However,
there is no doubt that the detecting systems developed so

far have assisted in the identification of unknown compounds.

The preliminary introduction into the test compounds of a
specific heteroelement using reactions characteristic of the
given functional group (for example the introduction of bro-
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mine at the site of a double bond) with subsequent employ-
ment of a detector selective for the element introduced can
probably be of some interest. When the given heteroatom
is detected in the compound being identified, the presence
of the expected functional group may be postulated with con-
siderable certainty.

V. CHEMICAL-CHROMATOGRAPHIC METHODS

The combination of chemical and gas-chromatographic
methods appears tobe the most effective and flexible proce-
dure in functional group analysis. There hasbeen a steady
increase in the proportion of studies involving chemical-
chromatographic methods among all the investigations on
gas chromatography. Fig.1 shows that the contribution of
these methods increased in 1972 almost by a factor of 1.5
compared with 1966 (data quoted in the bibliographic sec-
tion o§ the Journal of Chromatography were used to plotthis
graph).

/]

no. of studies, %
e

1969

years

1966 1972

Figure 1. The number of studies on chemical-chromato-
graphic analytical methods in relation to the total number
of publications on gas chromatography.

Various methods are used tocarry out the chemical reac-
tions: reactions carried out outside the chromatographic
system, reactions before the column, reactions in the col-
umn, and reactions after the chromatographic column. The
choice of the reactions and of the conditions governing their
occurrence is governed by the problem to be solved.

The effect of the reaction of the analytical mixture before
the chromatographic process, involving a selective removal
of components, makes it possible to assign the latter to
specific classes by comparing the chromatograms obtained
with and without the treatment of the sample by the selected
reagents. This method has been called the substraction
method,

The substraction process is carried out in a small col-
umn (reaction loop)filled with the selected chemical reagent,
usually deposited on an inert carrier, like the stationary liquid
phase. Under these conditions, it is even possible inmany
cases to use volatile reagents when the latter are deposited
on a strongly adsorbing carrier®®,
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If the sample analysed is introduced simultaneously in-
to two columns connected in parallel having detector cells
operated in a differential mode (the reaction loop is used in
series with only one of the columns), then the chromato-
graph will show only the components eliminated®. The
system suffers from the disadvantage that it is necessary
to achieve an absolutely exact reproducibility in all the
working parameters of both chromatographic columns; this
can be obviated bg including the reaction loop between the
twodetector cells®® and by employing one column, The main
requirement which the system must meet in this case is a
small volume, which shouldbe comparable to the peak width.

Itis quite unnecessary that the compounds removed should
be fully retained in the reactor in the form of involatile com-
pounds. Even if reactions result in volatile products, the
latter will have different elution times from those of the
initial compounds, which can be clearly shown by subsequent
chromatography. Moreover, the incomplete adsorption in
the reaction column may be used to secure additional infor-
mation about the structure of the compounds analysed. Thus
the incomplete removal of cis-dienes in a reactor with
maleic acid chloride makes it possible to distinguish them
from the frans-isomers, which react faster and are com-
pletely eliminated in the reactor®; the employment of a
reactor with boric acid ensures the separation of primary
and secondary alcohols from their tertiary isomers®”®,

The fillers in the reaction loops, used for the selective
removal of awide variety of different classes of compounds,
have been described in detail in the literature®®™,

Tricyclohexyl borate has been suggested for the selec-
tive absorption of alcohols™; metal hydrides can be used
for the same purpose™~" and it has been noted™ that alu-
minium hydride and lithium tetrahydroborate remove all
compounds with oxygen-containing functional groups, except
ethers. The complete elimination of aldehydes from the
mixture analysed is achieved when o-dianisidine™, sodium
tetrahydroborate™, or hydroxylamine hydrochloride™ are
used. The difference in the reactivity of boric acid
towards various alcohols has been used to separatetertiary
alcohols from primary and secondary alcohols™™ and the
employment of sodium tetrahydroborate, which reacts
slowly with ketones, makes it possible to distinguish the
latter from aldehydes™. Prokopenko et al.” showed that
the selectivity in the elimination of different oxygen-con-
taining substances in reactors containing boric acid and
lithium tetrahydroaluminate depends on the amount of the
reagent. Thustertiary alcohols canbe completely removed
in a reactor with a high boric acid content.

The method for the preliminary absorption of alcohols
and carbonyl compounds in a reactor filled with 40% of
3-nitrophthalic anhydride and semicarbazide on Celite-545,
placed directly before the separating chromatographic col-
umn’, is also of interest.

The formation of adducts with urea is a characteristic
reaction for the removal of n-alkanes™"® and methyl esters
of aliphatic acids™. Ohtaki et al.”” showed that all hydro-
carbons with a straight-chain structure can be removed by
the reaction with urea. In the subsequent treatment (reac-
‘tions with hydroborates and oxidation) the olefins can be
‘igolated in the form of the corresponding alcohols and can
be determined gas-chromatographically. The overall ole-
fin content in the initial mixture can probably be foundalso
by determining the amount of hydroborate which has reacted.

Columns with NN-di- (2- cyanoethyl)formamide®, mercury
perchloratesz, and alumina®™ have been used for the selective
retention of aromatic hydrocarbons. Mercury perchlorate
is also an effective absorber for unsaturated compounds®”®,
It has been suggested that the group isolation of organomer-
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cury compcunds be carried out either by including in the
chromatographic system a short reactor with a powdered
metal or by removing them by reaction with various sulphur-
containing compounds®?,

A novel method has been proposed for the determination
of the overall admixture of involatile organic substances®.

In many instances itis useful to employ a reaction column
with phosphoric acid, whichpermits the selective removal of
nitrogen-containing organic bases from complex mixtures®.

Examples of the determination of alcohols, ketones, alde-
hydes, esters, and aromatic hégdrocarbons by reactions in
a syringe have been described”’.

Qualitative chemical tests after chromatographic sepa-
ration censtitute a less common way of identifying the com~
ponents of cimplex mixtures. One of the reasons for this
is thelow sensitivity of colour reactions, sothat considerable
amounts of the substance analysed, not less than 20-100ug,
have to be used®. It is possible to specify the two most
interesting procedures for rapid qualitative tests. The
first consists of the subdivision of the eluate from the chro-
matographic column into several approximately equal streams
which are directed to test-tubes with group reagents for a
specific class of compounds®®. A colour change in one of
the test tubes at the instant of the emergence of the peak is
evidence that the substance belongs to the given class. The
second method provides for the employment of a sorbent
layer impregnated with the reagent for the given functional
group and moving continuously relative to the stream of elu-
ate from the column®, If the eluate contains a compound
of the given class, then a coloured spot appears on the sor-
bent layer. By changing the reagent impregnating the sor-
bent and by comparing the results of the chemical study with
the separation chromatograph, it is easy to determine the
class of the compound corresponding to each peak. The
advantages of the first method are the possibility of testing
each peak for several functional groups and also the possi~
bility of determining the nature of the components present
at microconcentrations insufficient for the appearance of an
appreciable colour by the successive introduction of several
samples (provided that the colour of the solution remains
stable for a sufficiently long time). The sensitivity of the
method based on the subdivision of the eluate stream can be
improved significantly by concentrating the substances in
short porous glass traps filled with alumina®, When the
flow rate through the trap is of the order of 5 ml min™', the
majority of compounds investigated (aldehydes, ketones,
alcohols, ethers, and aromatic and sulphur-containing sub-
stances) are trapped by the layer of packing 2-3 mm thick
in the form of a concentrated band, which makes it possi-
ble to reduce the detection limit to the level of 0.1-1pug.
The specific reagents used for qualitative tests after chro-
matographic separation have been discussed®®™.

All the methods for group analysis described above are
applicable only to mixtures of volatile compounds which can
be subjected to gas-chromatographic separation. In order
to separate the components of mixtures of involatile or
high-boiling compounds and assign them to specific groups,
special procedures are used, many of whichare alsocarried
out in non-chromatographic reactors. Thus a number of
procedures (esterification, decarboxylation, silylation,
etc. ) have been developed or applied in the gas chromatog-
raphy of involatile compounds and also of highly polar sub-
stances whose separation is difficult. In particular, acet-
ylation®, siiviation®’®?, and methylation® are used in the
gas-chromatographic analysis of hydroxy-compounds; car-
boxylic acids are converted into the more volatile methyl
esters or decarboxylated, etc. Withoutgoing into the details
of these procevumres (reactions of this kindfor many classes
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of compounds have been described in the literature®), we
may say that the chemical reactions themselves can be
regarded as one of the methods for group identification. In
fact, the reagents employed are usually highly selective,
for instance, when aldehydes or ketones are identified
among the reaction products on treatment of the solid mix-
ture thhg, for example, iodic acid and subsequent chroma-
tography®”®, it is possible to conclude with a high degree
of certainty that the initial mixture contains a-hydroxy-
carboxylic acids.

Yet another useful feature of the above procedures should
be indicated, namely the possibility of securing additional
information about the qualitative composition of the mixture
analysed on the basis of gaseous side products which areat
present disregarded. Thus, in the conversion of phenols
into methyl ethers by the reactlon with diazomethane®’
nitrogen is evolved, ammonia is a side product in the sily-
lation of involatile hydrc:)xy--compouncls9 , and in the decom-
position (described above) of @-hydroxycarboxylic acids by
iodic acid toyield the corresponding ketones or aldehydes®**°
(which are not always convenient for chromatography) an
equivalent amount of carbon dioxide is formed, etc.

Pyrolytic methods give rise to extensive possibilities
for the identification of unknown compounds. Compounds
which permit qualitative and quantitative inferences con-
cerning the presence of specific functional groups in the spec-
imen are as a rule formed in the pyrolytic decomposition
of the substance analysed.

The thermal decomposition of organic compounds in the
presence of sulphur vapour at 850-880°C gives products
which yield information for the identification of many func-
tionalgroups®. Thus the products formedin the pyrolysis of
aldehydes, ketones, ethers, esters, alcohols, sulphonic
acids, amino-compounds, and acids have been investigated
in this way. The nature and ratios of the volatile pyroly-
sis products (nitrogen, hydrogen sulphide, carbon monoxide,
carbon dioxide, carbon disulphide, and sulphur dioxide)are
largely determined both by the structure of the initial com-
pounds and by the presence of functional groups in the mole-
cules.

The pyrolysis products (hydrogen, carbon monoxide and
dioxide, methane, water, etc.) of substances in an inert
gas atmosphere and the1r ratios also characterise the func-
tional groups in the initial specimen'®~'%,  Thus ketones
and aldehydes give rise to CO, alcohols to CO, and H,0,
esters to COz, H20, and CO, acids to COz, mercaptans to
hydrogen sulphide, halogen-containing compounds to the
corresponding hydrogen halides, and the decomposmon of
amines results in the evolution of ammonia®™ However,
since the quantitative aspects of the formation of character—
istic products were not determined in the published investi-
gations, the methods based on pyrolytic decomposition are
at present applicable mainly to qualitative analysis only.

On thermal decomposition in the presence of a catalyst
[copper(II) oxide], hydrazine derivatives evolve methane;
this made it possible to devise a method for their quantita-
tive chromatographic determination'®

The possibility of employing the effects of electronimpact
and of electric discharges in functional analysis has been
studied'®®'%, It has been shown that, by decomposing the
spemmen analysed in an electric dlscharge itis poss1b1e
to assign the substance to a particular homologous series'®
The study of the products formed in the decomposition of alco-
hols, aliphatic and aromatic hydrocarbons, ethers, esters,
ketones, and aldehydes in ai eleciiac discharge established
that methane is formed from all the test compounds and
acetylene is generated by compounds with an ethyl group.
The decomposition products of ali aromatic compounds con-
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tain benzene and carbon monoxide and dioxide are present
in those of oxygen-containing compounds.

Examples of the employment of thermal decomposition
methods for the analysis of certain other groups will bedis-
cussed below.

It is necessary to consider especially methods for the
guantitative determination of functional groups. In princi-
ple any classical gas-volumetric analytical method can be
modified for chromatography but it would be very wrong to
assume that the only problem is to replace one method by
another, even if the latter is more up todate and more auto-
mated (although these advantages are important, particularly
in routine determinations). Chemical-chromatographic
methods give rise to distinctly new possibilities. These
include simultaneous qualitative (from the retention time) and
quantitative (from the signal intensity) determination of the
desired reaction product in the complex reaction mixture,
the possibility of the simultaneous determination of several
reaction products with similar chemical properties, which
in chemical methods can be determined only as a single
group, the separation of thedesired reaction productfrom
side products, whichisfrequently apotential source of errors
in classical methods, the possibility, inprinciple, of employ-
ing reversible reactions, since one of the products is con-
tinually removed from the reaction system by the carrier
gas, a high sensitivity of the determination, which makes
it possible to carry out a complete analysis of microspeci-
mens, rapidity of the determinations, and finally the possi-
bility of complete automation of the entire analytical process.

The use of chemical reactions (or specific thermal decom-
position), leading to reaction systems of two types, hasnow
been described for the quantitative analysis of functional
groups in organic compounds. If the reaction products are
compounds with physicochemical properties similar to those
of the other ingredients of the reaction mixture, then an ali~
guot part of the latter is chromatographed. Thisprocedure
involves a decrease of the sensitivity of the determination
(only part of the mixture is analysed), the possibility of loss
of the required product and hence of a decrease in the accu-
racy of the analysis, and also additional difficulties in the
automation of the analytical process. It is more conven-
ient although not always possible to employ reactions which
lead to the formation of either a gaseous or a volatile prod-
uct, which characterises specifically the functional group
being determined. The final product (or products) are in
this case directed to chromatographic analysis either imme-
diately from the reactor or after intermediate concentration.

The employment of chemical-chromatographic methods
for the quantitative determination of specific functional groups
is discussed below.

1. Determination of Active Hydrogen

The quantitative determination of active hydrogen is based
on the known reactions of the compounds analysed with a
Grignard reagent or with lithium tetrahydroaluminate. In
the first case the reaction resultsin the evolution of methane,
the gas-chromatographic determination of which is fairly
simple. It is noteworthy that all the errors of the classi-
cal method'®, associated with additional gas evolution (for
example, the evolutfion of ethane appearing as a result of the
decomposiﬁon of the Grignard reagent) can be readily elim-
inated in the final chromatographic step'®’-°

The employmeni of lithium tetrahydroalummatem'”",
which reacts with actlive hydrogen atoms in several seconds
even atroom temperature, is of considerableinterest. Meth-
yl, ethyl, n-propyl, and n-butyl ethers, tetrahydrofuran
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(THF), dioxane, and ethylmorpholine''® canbe used as sol-
vents, which greatly extends the range of applications of
the method compared with the classical chemical determina-
tion, THF is a particularly satisfactory solvent for many
organic compounds?it;1is,

The method for determining active hydrogen was largely
the same in all the studies mentioned. A solution of lithi-
um tetrahydroaluminate in a suitable solvent is poured into
the reaction cell, a sample of the substance analysed is
positioned without coming into contact with the solution (for
example the specimen can be put in a dish resting on the
reactor stopper''?), the reaction cell is flushed with the car-
rier gas and then disconnected from the chromatographic
system, and the sample is plunged into the solution. After
the completion of the reaction, the cell is reconnected to
the chromatograph and the hydrogen evolved is determined
in a column with activated charcoal or molecular sieves.

A cell designed as a standard attachment of a chromotograph''’
which we believe to be the most convenient for the analysis
of liquid substances, has been described for reactions with
lithium tetrahydroaluminate.

However, we may note that the high reactivity of lithium
tetrahydroaluminate can in many cases constitute a disad-

vantage, since certain compounds which donot contain active -

hydrogen are converted into substances containing such hydro-
gen as a result of the reduction by the reagent.

In this connection we may mention the methods for the
determination of active hydrogen linked to a silicon atom,
based on the hydrolysis of the organosilicon compound in
the presence of potassium hydroxide for 15s and accom-
panied by the evolution of an equivalent amount of hydro-

gen, which is determined gas- chromatographicallym.

2. Determination of Amino-groups

Various modifications of the gas-chromatographic meth-
odfor the determination of primary amino-groupsin organic
compounds, based on the well-known deamination reaction
first used for the quantitative determination of amines by
Van-Slyke'?, havenow been proposed**®~'?. The nitrogen
evolved as a result of the reaction can be readily separated
from the accompanying gases in a column with 5 A molecu-
lar sieve for routine analyses, reaction systems'?"% are
preferable in which provision is made for the stirring of the
solution during the deamination reaction, a bubbler-type
reactor is used (whichguaranteesfreedom from errorsasso-
ciated with the solubility of nitrogen in the reaction mixture),
and provision is also made for the absorption of nitrogen
oxides which corrode the metallic components of the chro-
matograph. The duration of analysis does not usually
exceed 15 min, the error is not more than +0.3-0.4%, and
the sensitivity of the determination reaches 0.07 mg of amino-
nitrogen.

A modification of the method'**, in which solid sodium
nitrite deposited on Celite C-22 is suggested instead of the
nitrite solution normally employed, is of interest. Inaddi-
tion an internal standard (THF) is introduced into the reac-
tion solution, which obviates the necessity of daily calibra-
tion of the apparatus.

The reaction with acrylonitrile has been suggested for
the determination of amino-groups'?®; the excess of acry-
lonitrile which has failed to react is determined gas-chro-
matographically on a column with poly(ethylene glycol)-300
at 100°C. A similar method, also based on determination
of an excess of the reagent which has failed to react, has
been proposed for the analysis of relatively involatile pri-
mary amines by reaction with benzaldehyde'®”.  All the
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characteristics of the method for the determination of amino-
groups with a final gas-chromatographic step are superior
to those of the classical Van-Slyke method. An important
advantage of the former is also that it fully eliminates
errors associated with the presence in the gas mixture of
nitrogen oxides and other gaseous substances'**~'*° which
are not absorbed by an alkaline potassium permanganate
solution and which constitute a potential cause of unduly high
results.

3. Determination of Alkoxy-groups

The determination of alkoxy-groups in the form of the
corresponding alkyl iodides, which are formedby the Zeisel
reaction'® when the compound analysedis refluxed in hydri-
odic acid, constitutes the basis of almost all gas-chroma-
tographic methods. The classical chemical analysis of
alkoxy-compounds is one of the most time-consuming and
laborious methods in functional group analysis and yields
only the overall content of alkoxy-groups. The ease of
gas-chromatographic separation and quantitative determin-
ation of alkyliodides (for examplei the separation of 24 C1—Cio
alkyl iodides has been described™?) from the very beginning
indicated the likely usefulness of chromatography in analy-
sis, which has been reflected also in the number of publi-
cations on this problem™*~'*", In early investigations the
alkyl iodides were usually subjected to intermediate con-
centration in cooled traps with the liquid solvent (n-heptane)
and as early as 1961 the contents of Ci~Ca alkoxy-groups
were determined by this procedure'®’, Silica gel'>*'%!
kieselguhr'*®, and Apiezon L on silica gel'*® were employed
to concentrate the mixture using hiﬁh-temperature desorp-
tion at 150-170°C. Ehrenberger'® was able to determine
as many as five C1—C4 alkoxy-groupspresent simultaneously.
To improve the accuracy of the analysis, the gas-chroma-
tographic separation was employed together with gravimet-
ric*®? and iodometric'*® determination of the amount of alkyl
iodide, the accuracy of determination improving to +0.05
abs.%. The overall duration of analysis is determined by
the duration of the reaction with hydriodic acid and ranges
from 1 to 3 h.

In 1968 Chumachenko and Kolesnik'*® showed that, in the
reaction of organic substances with hydriodic acid in a her-
metically sealed tube at 130°C, alkyl iodides are quantita-
tively split off in the course of 5-10 min, which made it
possible to develop methods for the rapid determination of
methoxy- **° and ethoxy-groups'*® in organic compounds.
The apparatus is illustrated schematically in Fig.2. The
sample of the substance (1-2 mg) was placed in a10 x 0.8
cm test tube, 0.3 ml of hydriodic acid (or a mixture of
50 mg of potassium iodide and 0.05 ml of orthophosphoric
acid) was poured in, the tube was closed, and kept at130°C
for 10-15 min in the determination of ethoxy-groups or 5
to 12 min in the case of methoxy-groups. The stream of
nitrogen was then switched to flush the reactor and the
alkyl iodides split off were transferred by the carrier gas
to a column with Polysorb-1, where they were separated.
Absorption tubes with potassium carbonate and calcium
chloride were used to absorb moisture and the acid vapour.
The entire apparatus was made of glass and Teflon. The
overall duration of the analysis was 15~20 min or 25-30
min in the determination of methoxy- and ethoxy-groups
respectively and the accuracy was atleast towithin 0.2 abs.%.
The determination of the relatively volatile methyl and ethyl
iodides was possible when these were transferred directly
by the carrive gas from the reactor to the chromatographic
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column, but in the analysis of Cs—Cs alkoxy-groups inter-
mediate concentration will probably be a necessary step.

The method for the determination of alkoxy-groups in car-
boxylic acid esters which are difficultto hydrolysed, based
on their alkaline fusion at 240—360°C in the presence of sodi-
um alkoxide, merits consideration'*®, Thealcohols evolved
in this process are trapped in a cooled trap and then analy-
sed gas-chromatographically. Fig. 3 presents a chroma-
togram for the separation of the alcohols formed in the
analysis of a mixture of polychloroacrylates. Calculation
showed that the reaction proceeds with quantitative libera-
tion of the alcohols from the corresponding esters. The
alkaline fusion method has been used also to determine the
alkoxy-groups in polysiloxane'®
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Figure 2 Apparatus for the determination of alkoxy-
groups'®®: 1) diaphragm valve; 2) reactor; 3) heater;
4) outlet to chromatographic column,
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Figure 3. Chromatogram of the products of the alkaline
fusion of poly(methyl @-chloroacrylate), poly(ethyl a-chlo-
roacrylate), and poly(isopropyl a-chloracrylate)'*

1) water; Z2) methanol; 3) ethanol; <) isopropyl alcohol.

A method has been described for the determination of
ethoxy-groups by oxidising the specimen with CrOs and -
subsequent analys1s of an aliquot part of the reaction solu-
tion for acetic acid'®

Among other methods, mention should be made of the
determination of hydroxy-ethyl groups in the form of ace-
tanilide, formed quantitatively from the initial specimenon
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pyrolysis carried out at 400°C for 10 min'® , and also the
determination of alkoxy-groups by a hydrogenation meth-
od'*!, The latter procedure isparticularly attractive, since
the alkoxy-groups are eliminated in a flow reactor, which
significantly reduces the duration of the determination and
the saturated hydrocarbons formed on hydrogenation can
be extremely conveniently separated and detected. The
substance analysed enter a hydrogenation tube containing
2.0-2.5 ml of the catalyst (5% of platinum on kieselguhr or
1.5% of platinum on porous glass) and heated to 325°C. On
hydrogenation, the alkoxy-groups are split off in the form
of hydrocarbons, which either enter a 5 cm column with
activated charcoal at 20°C (determination of C:—C:z alkoxy-
groups) or a 50 cm column with silica gel (determination
of Cs-Cs alkoxy-groups).

It is noteworthy that, despite their inadequate repro-
ducibility, the gas-chromatographic methods for the deter-
mination of alkoxy-groups are fairly widely used nowadays
and in the immediate future may completely replace clas-
sical chemical analytical methods.

4. Determination of S-, N-, and $-Alkyl Groups

The rupture of C~N, C-S, and C-Sibondsis manytimes
more difficult than the rupture of the C-Obond. Therefore
much more severe conditions than those described above
are used for the determination of the corresponding alkyls.
At the same time the different reactivities of the alkyls
bound to S, N, and Si atoms can be used for their separate
determination. Thus a method has been proposed for the
quantitative determmatlon of alkoxy- and N-alkyl groups
present together'®®, In the first stage the alkoxy-groups
are split off and determined under conditions analogous to
those already described, after which the reactor is heated
to 300°C (20 min) and then to 350°C (10 min). Under these
conditions, the N-C bonds are broken and the resulting
alkyl iodides are determined gas-chromatographically with
intermediate concentration at a low-temperature.

The dissociation of C-S bonds in organic sulphides can
be achieved with the aid of a suspensmn of Raney nickel in
ethyl, n-butyl, or cyclohexyl alcohol'®*., The reaction is
carried out in a simple microreactor (Flg. 4) consisting of
a test-tube with two syringes for the injection of the reac-
tants and for the removal of the gaseous reaction products.
The corresponding hydrocarbons formed from the alkyl
groups are separated and identified in a gas chromatograph
connected to the reaction cell.

A similar reaction system was used also to determine
alkyl groups linked to a silicon atom'**'%®, In this case
the reaction with concentrated sulphuric acid in the pres-
ence of a vanadium catalyst was employed. Heating of the
organosilicon compound being analysed to 175°C for 15 to
20 min in the above medium leads to the elimination of alkyl
groups linked to silicon in the form of the corresponding
hydrocarbons (methane from methyl groups, benzene from
phenyl groups, etc. ), the gas-chromatographic separation
and identification of which presents no difficulty. Ethyl
and phenyl groups can also be determined quantitatively by
their thermal dissociation from the silicon atom with for-
mation of ethane and benzene'*”. The reaction is carried
out in the presence of phosphorus pentoxide in water, with
the temperature raised from 20° to 500~580°C (depending
on the group being determined).

A method has also been described for the determination
of alkyl groups in aromatic compounds by their catalytic
abstractlscgn in a stream of hydrogen toyield saturated hydro-
carbons’
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It was shown recently'® that the alkoxy-groups in organo-
silicon compounds can be identified by determining the prod-
ucts of the reaction of the substances analysed with boron
tribromide. The alkoxy-groups are split off in the form
of alcohols (which are then converted into unidentified com-
pounds).

Figure 4. Schematic illustration of the microreactor®:
1) heated block; 2) glass reactor; 3) rubber stopper;
4) syringes; 5) shut-off tap; 6) needle for injection into
the column; 7) upper part of chromatographic column.

5. Determination of Acyl Groups

Virtually all the methods developed so far are based on
the transesterification of the initial specimen with sulphu-
ric acid, a mixture of methanol with hydrochloric or tolu-
ene-p-sulphonic acid, and a mixture of toluene-p-sulphonic
acid and its methyl ester'®®~'®*, In the first gas-chroma-
tographic method described'® the simultaneous qualitative
and quantitative determination of formyl and acetyl groups
on a single sample was already achieved. The sample of
the test substance, toluene-p-sulphonic acid, and methanol
were introduced into the reactor and the reaction was car-
ried out at 70-80°C for 30 min, The reaction products
were then collected in a cooled trap and an aliquot part of
the distillate was analysed. Methyl formate and methyl
acetate were separated from one another and from methanol
in a column with Carbowax~1500.

The gas-chromatographic separation of acyl groups u
to butyryl and isobutyryl groups was described later 64,165
The transesterification was carried out in a mixture of tol-
uene-p-sulphonic acid and its methyl ester at 225-230°C
for 20 min and the substances evolved were chromatographed
on compound columns with poly(ethylene glycol adipate) and
a T-1 emulsifier by passing the carrier gas through the
reactor. In this analytical method the accuracy, repro-
ducibility, and sensitivity are naturally higher than in the
analysis of only part of the solution. It was noted*®* that
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the yield of methyl acetate in the transesterification reac-
tion is 90% and therefore an appropriate correction factor
must be appliedin the calculation.

Alkaline hydrolysis'® with subsequent gas-chromato-
graphic determination of acetic acid can also be used to identi-
fy the acetyl group.

6. Determination of Hydroxy-, Carboxy-, and Carbonyl
Groups.

The quantitative determination of hydroxg-groups can be
achieved by estimating the active hydrogen'®®, The meth-
ane evolved in the reaction between a hydroxyl-containing
polymer and a Grignard reagent is determined with the aid
of a column containing a 5 A molecular sieve connected
directly to a column filled with 10% of N-methylpyrrolidi-
none onalumina, in which methane is separated from the sol-
vent. The authors showed that the gas-chromatographic
method permits the determination of hydroxy-groups at con-
centrations so low that chemical methods are inapplicable.

A more specific method for the determination of primary
and secondary alcohols is based on the reaction of the spec-
imen being analysed with acrylonitrile and the determina-
tion of the excess of the latter by chromatography on a 3 m
column filled with Chromosorb containing 10% of poly(eth-
ylene glycol)-3000. ¢

The microdetermination of carboxy-groups can be
achieved by decarboxylating organic acids by pyrolysis in
helium in the presence of copper carbonate and quinoline
the specimen being heated for 45 min in a reactor at 225°C. L
The carbon dioxide evolved is determined gas-chromato-
graphically. Toincrease the productivity of the method, it
isrecommended that a system of three reactors, connected in
parallel, be used.

Thereaction of a-aminoacids withninhydrin serves as the
basis of amethod for the determination of carboxy-groups in
aminoacids from the amount of carbon dioxide evolved'®®,
The reaction is carried out in a system consisting of an
attachment to a standard chromatograph. The sample of
the substance (3—-5 mg), a buffer mixture at pH 4.7, and
about 50 mg of ninhydrin are placed in the cooled reaction ves-
sel, which is flushed with the carrier gas, whereupon the
latter is disconnected and the system is heated to 100°C.
When the reaction is complete (after 3 min), the reaction
system is again connected to the chromatograph and the
carbon dioxide evolved is determined on a column with AG-3
activated charcoal. The duration of analysis is 10-15 min
and the standard deviation of the determination is +0.39%.

The method for the determination of carboxy-groups by
the pyrolysis of the specimen at 1000-1100°C in sulphur
vapour is very interesting'™. The carboxy-groups are then
quantitatively split off in the form of carbon disulphide,
which is determined using silica gel.

The pyrolytic method has been successfully applied also
in the determination of carbonyl groups'™. The analysis
is based on the fact that in the pyrolysis of differentketones
and methyl esters of aromatic acids dissolved in carbon
tetrachloride in an atmosphere of argon, carbon monoxide
isformedin an amount equivalent to the content of the group
being determined. The pyrolysis is carried out in areac-
tor filled with crushed quartz at 800-860°C.

7. Determination of Sulphur-containing Groups

It is recommended that alkane- and arene-thiols be
determined quantitatively by reaction with acrylonitrile and



Russian Chemical Reviews, 43 (11), 1974

subsequent determination of the excess of the latter which
failed to react'®”. The reaction is carried out in a pykno-
meter for 1-2 min and the solution is analysed gas-chro-
matographically.

In the determination of sulphate and sulphite groups in
organic substances, reductive hydrolysis in phosphoric
acid in the presence of a tin(II) salt for 15 min at 300°C can
be used'™. A column with silica gel is employed to sepa-
rate the hydrogen sulphide evolved from other gases.

It has been suggested that arenesulphonic acids and their
salts be determined by alkaline fusion'™ and pyrolysis'™.
In the first case the process is carried out in apparatus
(Fig. 5) consisting of a quartz tube part of whichis inserted
in a cylindrical furnace. Several milligrams of potassium
hydroxide and sodium alkoxide are added to the test sample
in a platinum boat. The fusion is carried out for 20 min,
after which the boatis removedfrom the hot zone and placed
under an outletwith a rubber membrane through which a satu-
rated aqueous solution of maleic acid is injected into the
boat from a syringe. The maleic acid displaced phenols
from the melt. The boat is then again moved to the heated
space and the volatile products are determined chromato-
graphically.

0 s view from above
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Figure 5. Attachment of alkaline fusion'™: 1) inlet for
carrier gas; 2) retraction device; 3) pocket for the ejec-
tion of boats after analysis; 4) furnace; 5) heated connec-
tion to the chromatograph; 6) gas chromatograph;

7) device limiting the travel of boats; &) outlet with rub-
ber membrane; 9) outlet for boats with samples; 10) plat-
inum boat; 11) device for moving boats.

Sulphur dioxide in an amount equivalent to the content of
the sulpho-groups is evolved by the pyrolysis of arenesul-
phonic acids and their salts at 710-790°C in the presence
of added silicic acid'™. The pyrolysis products are sepa-
rated on a column with Porapak Q, which also permits the
simultaneous determination of theinitial hydrocarbon formed
in an amount up to 50% (Fig. 6). The method is particular-
ly interesting, because in certain cases the addition of a
hydrogenating agent (for example, a carbohydrazide) to the
specimen undergoing pyrolysis increases the yield of the
initial hydrocarbon to the theoretical value (thus the yield
of benzene from benzenesulphonic acid was 98%), which in
principle makes it possible to identify the specimen fully on
the basis of a single sample.
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8. Determination of Vinyl and Alkyl Groups

The vinyl groups in organosilicon polymers can bedeter-
mined by the pyrolysis of the initial specimen and subse-
quent gas-chromatographic determination of the relative
amounts of ethylene and methane in the volatile pyrolysis
products'™.
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Chromatogram of the pyrolysis products of tol-

Figure 6.
" 1) water; 2) sulphur dioxide;

uene-p-sulphonic acid
3) benzene; 4) toluene.

The elimination of terminal vinyl groups in the form of
ethylene when the specimen of the organosilicon polymeris
treated with concentrated sulphuric acid also served as the
basis for the development of an analytical method'™. The
sample is placed in a reactor, 450 pl of 90% sulphuric acid
is poured in, the solution is heated in a stream of helium
from 65° to 250°C (atarate of 10 deg min-*), and the decompo-
sition products are trapped at low temperatures. When the
reaction is complete (after approximately 1.5 h), the trapped
volatile products are determined chromatographically. It
was shown that vinyl groups are quantitatively converted
into ethylene, ethyl groups into ethane, and methyl groups
into methane.

Methods have been described for the identification of vinyl
groups in the form of ethylene after alkaline hydrolysis!®®
and alkaline fusion*,

It has been suggested that alkyl groups be determined by
the degradative decomposition of the test substance in a
stream of hydrogen, which serves at the same time as the
carrier gas, inthepresence of a catalyst: amixture of alu-
minium oxide silicate with quartz impregnated by tungsten
and molybdenum oxides'”.

9. Determination of Unsaturated Bonds

Before the start of any determination of functional groups,
itisimportant that the investigator knows about the presence
and positions of unsaturated bonds for a correct choice of
reaction conditions in order to avoid sideprocesses, which
frequently involve unsaturated bonds. We therefore feel
it useful to consider, if only briefly, the main advances
achieved in chromatographic methods in this field,

It is well known ihat the oxidation of substances contain-
ing multiple bonds by oxidising agents such as potassium per-
manganate and periodate, etc. results in the cleavage of the
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molecule at the site of thebond with formation of two or more
fragments (depending on the number of unsaturated bonds).
Chromatography in all its versions is the most promising
procedure for solving the problem of separation and identi-
fication of fragments which then arises and this has been
reflected in a large number of published studies on chro-
matographic methods for the determination of the number
and location of unsaturated bonds. It is noteworthy that in
certain cases involving the formation of complex mixtures
of oxidation products identification for the determination of
the structure is frequently altogether impossible without a
final chromatographic step.

The widely used methods involving oxidation with potas-
sium permanganate in acetic acid'™, frequently resulting
in too far reaching oxidation, and with the milder potas-
sium permanganate—potassium periodate mixture'”® have
been rapidly giving way recently to the ozonolysis method
first proposed by Bon'™. It is based on the formation of
ozonides, their decomposition, and gas-chromatographic
identification of the products.

Several types of apparatus, mainly of similar design
ensuring an ozone concentration of about 2.5-3.0%, have been
developed. The usual sequence of stepsisasfollows"®*~¢,
The test substance (10-100 pg) in ethyl acetate or carbon
disulphide (the use of a solventfor solids isnot obligatory*®)
is placed in the reaction tube, the mixture is cooled to a
temperature from -70° to 10-15°C (depending on thenature
of the substance being analysed), and a stream of oxygen
enriched with ozone is passed through the reactor until the
initial concentration of ozone is restored at the outletfrom
the tube. The ozone is detected at the outlet with the aid
of a solution of potassium iodide and starch in sulphuric
acid. When the reaction is complete (after 0.5~-5.0 min),
nitrogen is bubbled through the solution and, after thedecom-
position of the resulting ozonides, the products are analy-
sed gas-chromatographically. Depending on the structure
and number of unsaturated bonds, the main products are
formaldehyde, acetaldehyde, acetone (in the presence of
isopropylidene groups), glyoxal (particularly from com-
pounds with conjugated double bonds), carbon dioxide ( in
the presence of cumulative bonds), and other aldehydes and
aldoesters.

The ozonides are decomposed either with the aid of a
triphenylphosphine powder'®*'® or thermally'*»'??, A
microreactor in which the specimen with a volume up to
5 pl may be ozonised, decomposed, and injected into the
gas chromatograph without any transfer of the test substance
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and associated losses has been described for the latter case 126,

---000---

In this review the authors deliberately did not consider
the methods for the determination of the carbon skeleton
of organic compounds, which constitute one of the branches
of functional group analysis and significantly facilitate
identification. The possibilities and achievements of gas
chromatography in this field are very great and require
special consideration. The determination of the carbon
skeleton by hydroggenation has been described in detail in
Beroza's review ™.

The survey of the principal achievements of gas chro-
matography in the qualitative identification of organic com-
pounds and quantitative determination of functional groups
leads to the conclusion that, by virtue of the sum total of
its advantages, the application of gas chromatography has
now resulted in radical changes in one of the most impor-
tant branches of organic chemistry~functional group anal-
ysis, particularly in the study of multicomponent mixtures.
We may note that the traditional chemical methods have
notlosttheir value. Onthe contary, thegreatestadvances
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have been achieved precisely in those cases where gas chro-
matography is used in combination with traditional chemi-
cal methods.

It is noteworthy that the growth in the use of gas-chro-
matographic methods in analytical practice is now heldback
by the lack of a universal chromatographic apparatus with
different reactors designed for functional group analysis
with simultaneous employment of chemical and chromato-
graphic procedures.
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