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The application and production of labelled compounds are nowadays closely
related to the use of chromatographic methods. Gas chromatography (GC) and the
preparation and application oflabelled compounds are relatively new fields of research ;
the first basic paper on GC appeared in 195285, while the preparaticn of labelled
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compounds becan s\.nously after the second worki war, a!though tntmm and ca:bon—
 14:were discovered in the 1930s and their convenience: for biochemical mvestigatzons :
. -was recognized at that time'>*1%7. GC has contributed to modern research as a‘result
- ofits separatlon efficiency and high sensitivity, while the ; use'of Iabelied organic com-
* pounds has made possible investigations of transformations of substances dm:mg such,
complicated biochemical processes as ‘photosynthesis, GC was used for the first time-
- in the analysis of labelled compounds (*C-] Jabelled hydrocarbons) in 1955 by Kokes er.
al 2%, but soon afterwards many papers appeared on “hot-atom’ chemlstry and on bio-
E chemxcal research, accompanied by many others on methodologlcal developments.
- The advantages of “radio-gas chromatoc_rraphy’ (RGC), the GC of ‘radioactive
substances combined with a radioassay, have been described in more ‘than 1080
papers on applications in the fields of biochemistry, clinical biochemistry, organic
chemistry, chemical processing, “hot-atom” chemistry and the production of Iabelled
 compounds. This review attempts to give a complete survey of RGC methods used
for analysis of 3H- and ¥C-labelled compounds; special attention ‘is paid to the
chemical problems involved in RGC. Methods of detection of radmacthty form the
main part of the review, and tvpes of records and their evaluatlon and a survey of
lmportant applications of RGC are mciuded. -

2. GENERAL
2.1. Labelled compounds and their andlysis

Orgamc molecules in whlch one of the atoms, Iaroer structural units or aJ of
the atoms are substituted partially or wholly by radioactive isotopes are cailed
Iabelled compounds (the use of stable isotopes, because other types of detection are
involved, will not be considered here). The methods used for their preparation124130,
the incorporation of radioactive isotopes by chemical synthesis, biosynthesis’:-35?,
chemical exchange or by physical methods, determine the type of labelling: specific,
general (non-specific, random) or uniform. The physical properties of 1*C and 3H are
similar: their long half-lives are more advantageous than the low energy of the beta-
radiation (Table 1). The low energy of the beta-particles emitted by *C and >H has
Ied to the same or a similar manner of detectlon of the radxonuchdes them<elves and :
also in the GC of their compounds. A

- In recent years, increasing attention has been pa.ld to the analysxs of labelled
compounds?~73,124,160,262,3%  including the determination of total activity, radio-
nuclidic, radiochemical and chemical purity, specific activity (from the content of the
labelled compound) and in certain instances, the pattem of labellmg73 345, Ch.roma—

TABLE 1
} BAS{C RADIOCHEVIICAL CHARACTERISTICS OF CARBON-14 AND TRI'E'EUM
. Isotope - -Main nuclear - - ,Half “life Max. /?-energy Max attainable -~
. - - production process (vears) .- {keV) ... -Specifié activity - - .
S : R AT Do P t.‘(t&Ci/miIIiatam)
SMC L UN@p)HC sT300 L 15’_9” 626

H -7 CLiGeyH - mss o8 : %291.0
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tographxc methods play a partxcula:!y important role in checking purity’?.160,262,27%
they are often suitable for the determination of contents by using a convenient mass
.detector and, in connectzon with degradation methods, they are sometimes appropriate
- for the control of the pattern of labelling. Another major use of RGC is in chromato-
gx:aphzc methods for the separation of individual species in practical applications of
Iabelled compounds, the distribution of ramoactlvxty after chemical, biochemical or
nucleat reactions being followed. -

2.2. Gas chrématogréphy of labelled compounds

The role of GC in the analysis of compounds labelled with *C and 3H has been
surveyed several years ago’?152-262, GC is virtually the only convenient method for the
analysis of radioactive gases and volatile substances such as hydrocarbons, but the
development of derivatization meithods has introduced applications for polar sub-
stances, including carboxylic acids, steroids, sugars, nucleotides and amino acid
enantiomers. In connection with chemical reactions and pyrolysis, GC can also be
helpful in questions of specificity of labelling?07-110-191.346.391  The recently developed
liquid chromatography and isotachophoresis have overlapped the applications of
some GC methods, but there is one property of GC that can hardly be matched,
namely its sensitivity in mass deiection, and in many instances also in activity measure-
ments because of the high counting efficiency of the weak f-emitters H and “C in the
gas phase.

The application of GC to the analysis of labelled compounds enables several
types of information to be obtained at the same time: it is possible to identify the
compounds and to determine their content, specific activity and radiochemical and
chemical purity. RGC was often used only for qualitative or semi-quantitative work
in metabolic studies for tracing pathways via the label, and applications of RGC for
quantitative purposes in chemical processing and in investigations of chemical and
recoil reactions are well known. Suppliers of labelled compounds use RGC during
production processes and in the final quantitative analysis of preparations. Relatively
few papers have described all aspects of quantitative work and little attention has
been paid to chemical problems in RGC.

The technique of RGC and its range of applications have been reviewed many
times3,51,83,90,108, 168, 182,204,205, 208,210, 246,270,279, 292,321,326,337,345,385-387,401,412 apnd  applica-
tions of RGC for special purposes such as in lipid analysis®%.116,192,228,275,35  <chqt_
atom” chemisiry®*! and the analysis of pestncxdesz‘“ and oroanometalhc com-
_pounds®* have aiso been surveyed.

2.3. Methods used in radio-gas chromatography '

The methads used to moritor the efluent stream from a GC column for radio-
activity can be divided into two main sroups: those which use the intermittent trap-
ping of the effluent and subsequent separate measurement of the radioactivity of the
fractions and those which measure the radloactmty continuously by means of a flow-
through detector. A survey of systems used in RGC is given in Table 2.

. The simplest and probably the most commonly used approach to assaying the
radioactivity of labelled compounds separated by GC is a combination of a trapping
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. pracedure for the collection of the separated components and subsequent counting of
. the collected fractions. In the first application. of this discontinuous method for la-
belled compounds, described by James er al.'®¢, **C-labelled fatty acid methy! esters
_ were detected’ with.a gas-density balance detector and then coliected in tubes-filled
with cotton-wool moisfened with methanol, but “off-line” detection has also been
used for non-radioactive substances in connection with other types of detection, such
as mass specirometry'?:7%%5:2% and ultraviolet®’; infrared*®,57.8%,72,393,%17 and nuclear
magnetic resonance® spectroscopy; a review?*® has also been pubhshed

There are two principial ‘modes of fraction collection: (1) the use of an zuto-
matic fraction collector {e.g., a Packard Moadel 830) permits trapping at regular in-
tervals; (2) when the mass detector indicates the appearance of a desired substance,
the trap is inserted and the Iabelled compound collected. Mass detectors inciude non-
destructive thermal conductivity detectors (TCD), argon ionization detectors (AID)

. and gas-density balances (GDB) and, for the smaller porticn of a split efluent, flame-
ionization detectors (FID). The use of radioactivity detectors for the preparative GC
of ¥*C-labelled compounds has been reported®”. The often discussed risk of not de-
tecting of substances of high specific activity when using a less sensitive mass detec-
£0r39%.295,215,301 geems t0 be more of theoretical than of practical value, and the
problem studied by means of RGC is usually known to some extent. The reported®!
sensitivity of a microthermistor of about 10C ng is sufficient for **C-labelied substances
in: ‘many instances, while *H-labelled compounds of high specific activity (1-25
Ci/minole or higher} can usually be detected only with a radioactivity detector (sub-
nanogram sample sizes). The convenience of the discontinuous method for low total
and low specific activities is apparent.

Many systems have been described for the continuous momtormg of radio-
activity in the efliuent. Early approaches involved systems with mass and heated
radioactivity detectors in series®*>%1,3!2,*18; gpe of these systems™* is demonstrated in
Fig. 1. They are used nowadays only in exceptional circumstances, when the counting
efficiency is not influenced by the composition of the substance passing through the
counter®™®. This factor, applicable to flow-through proportional counters!?s.233,238,
ionization chambers®'? and liquid scintillation instruments>*, led to the development
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Fig. 1. ' Flow dizgram -of RGC system usmg heated tomzatxon chamber. Reproduced from Anal,
Chem., 35 (1963) 1576 (ref. _.81)., :
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-of more sophxstlcated systems mvolvma <:ombusi:mrz54 133,142,167.187, 5 used prevmuaiy
in non-radioactive GC15%:252 and hydrocracking; applied by Zlatk:s and Ridgway*! for -
detection with TCD. Combusuon of the effiuent also’ permlts the absorption of 1*CO;,
in ethanolamine®®.122.183 hyamine!™®3% or sodium hydroxide sclution®?%%2 for dis-
continucus counting. Most ﬁow—throuch systems use the more seasitive -FID after
splitting of the effluent (the AID has low. lmeanty) The larger part (usually 80-90 %)
is led into the radioactive branch. Thé use of an additive gas for the accurate func<
tioning of the splitter has been reported?!!; because of the non-stability of the splitter
operation', the exact splitting achieved was determined by comparison of the mass
responses of the runs with and without the splitter>”2. Several applications of the FID
as a combustion element have been described®:92.135.310 iy this way, the use of a spfit-
ter is avoided. The electron—capture detector (ECD) has probably not ye; been used
in RGC.

* Another possible combmatzon in RGC is absorpt;on of the eﬁiuent in a
flowing liquid scintillator®® (Fig. 2), which permits the collection of fractions. Several
further methods combine fiow-through and “ofi-line” detection: interrupted-elution
"GC in conjunction with a static ionization chamber has been reported®*-*%; radio-
active substances issuing from a column have been collected on a moving strip of
paper*® for TLC platesi®®> for subsequent radioassay*®; and “buffer storage” {absorp-
tion of *CO, in a flow of sodium hydroxide solution, which is then led through PTFE
tubing, the combusted effiuent is divided into sections by gas bubbles and these frac-
tions are stored for counting) has been used®®®-2'*; All of the combined methods in-
crease the time available for counting and enhance the precision and sen51t1v1ty of the
radioassay, whxch are the advantages of dlscontmuous methods.

- Carrier - -
gas.

.. i - L
| ___Seefig.io- o2 Seefig. 20 L
2\ = 9 U aigy LR '.*‘ ‘
V4 i
e 6 1 ] 1 E ‘

Cargg; 1 S . : I ‘—T 78
- ¥ ' 8l
| .

Injecticn — 4 | L ?ﬂ‘@ |

Fig. 2. Scheme of RGC system with continuous detection of radxoacnvxty by hquxd scintillation.
1 = oven of gas chromatograph; 2 = splitier; 3 = flame-ionization detector; 4 = container with
scintillator solution; 3 = peristaltic pump; 6 = liquid.scintillation spectrometer; 7 = two-pen re-
corder; 8 = fraction collector Reprodr.ced from J. Chromatogr 76 (197:») 14 (ref. 336)

It is obvmus that many methods are poss:ble in RGC. Those given in Table 2
are selected methods from existing combinations, depending on the type of problem
to be solved, on the experience of the analyst and on the instrumental capabilities.

3. CHEMICAL PROBLEMS T
. 3.1. Preparation of the sample for radio-gds chromatography;’

- Only a few applicétidns of RGC do nof require pribr{i’rep"aration of the éamp!e;
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‘which can be directly injected; examples are the- analysis of radioactive gases (Ha,
- CO, CO, (refs. 104 and 105), CH,, C;H., CH; (ref. 3), etc.), hydrocarbons'$? and
~ other volatile substances that do not contain non-volatile components. If the latter
are present they are retained on the columin and can interact with the solutes, thus
changing the retention characteristics®*®*. Also in the preparation of polar substances
for GC by derivatization is it desirable and advaniageous to remove substances that
- do not form volatile derivatives and to prevent the column packing from contamina-
tion, e.g., by sugars from lipid extracts of algae and their decomposition products
after methylation in the case of the analysis of higher fatty acids?® (vacuum sublima-
tion of methyl esters). The purification step is often accomplished by liguid chromato-
graphy'?*? or thin-layer chromatography. The sample cIean-up prevents unknown
radioactivity or background enhancement being recorded.

Many reviews on derivatization in GC#72.113.3112 sxlylatzonzsé GC of amino
acxds‘"6 and fatty acids?**-%?, eic., have appeared. The fol!owmg summarized criteria
for the derivatization step were mven‘”‘" (1) the derivative should be formed simply,
without rearrangement or structural changes; (2) the derivatization reaction should
g0 95-100 % to completion; (3) the derivative should have a suitable volatility, reten-
tion time and ability for concentration ; (4) the derivative must be stable with respect to
time, temperature and column packing. Fhe vield of the reaction is a critical point,
depending - on -the purpose of the analysis, e.g., for checking radiochemical and
chemical purity a 1009 yield is desirable and no side-reactions should occur?ss.
Obviously, it is-not easy to satisfy all of these requirements in every case.

Control. of the derivatization by means of thin-layer chromatography was
useful in the RGC of “*C-labelled fatty acid methyl esters and amino acids?® (Fig.
'3). The example of the RGC of *C-labelled amino acids demonstrates the problems
of ‘derivatization. Side-reactions in the formation of trifluorcacetylated n-butyl
esters’®2, especially of carrier-free preparations, were caused by impurities {probably
aldehydes) at concentrations of ca. 10739 and led to “radiochemical impurities” of
20-30 9, (Fig. 4) in spite of a good reagent blank, proposed as a control of contamina-
tion*®>. The extraneous peaks could be suppressed by using larger amounts of car-

\ s

_ . i

Fig. 3. Thin-layer cb.i:omaiogram. cf {“C}é.lanine as bis(chlarodiﬁuorémethyl)—l,3-oxazo!idinon-5-one.
Solvent, chloroform; plate, Silufol; scanner sensitivities, 300 and 3000 c.p.s. From Matucha?ss,
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Fig. 4. Radio-gas chromatogram of carrier-free preparation of [*Clglycine after butylation and acyla-
tion*®¥2, The main peak corresponds to N—TFA-butyl ester. Progmmmed-temperature GC on OV-
2238 column. From Matucha?ss, - . - .

1‘1&:1"’5 Correct results were obta.med after the choice of an appropnate denvatlve
{Fig. 5).

Attention should be paxd to the choice of solvents and denvat;zatzon reagents
their volatility should be markedly higher than that of the derivatives, as the tailing
influences the evaluation of the mass record and could make reagent and solvent
‘venting, sparing copper oxide in the combustion unit?!, impossible.

. Historically, RGC is closely connected with reaction gas chromatography
(loosely defined as a combination of chemical reaciions with - GC). Kokes et al.**
investigated the hydrocracking of hydrocarbons mixed with [!Clethylene-on a pre-
column with various catalysts. The chemical reaction can be carried out at any of
"four positions: ahead of the injection port, in a pre-column reactor, within the chro-
-matographic column or in a post-column reactor. Reaction GC involves pyrolysis,
-hydrogenation, subtraction, esterification, silylation, saponification and other reac-

GLY {LALA

. '3 3 I 2 :
130 120 10 .100 100 . .
=C)

Fig. 5. Radio-gas chromatogram of carrier-fres preparation of [“Clgiycine in the form of bis(chloro-
difluoromethyl)-1,3-oxazolidinon-5-one. Non-radicactive alanine added as mtemal standard Pro-
gramm°d~temperature GC on 0\’-2.5 column. From Matucha®®. : :
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tions.. This technique can help in many difficult separations and identifications as well
as in establishing structures. For the GC of labelled compouuds, interesting applica-
‘tions of the pyrolysis of PHlhexene:l and [**Clhexene-I**2, nucleosides and nucleo-
tides®3%3%%, . degradation of fatty acids®’® and investigation of the degree of uniformity
. of- labelhngm have been reported and the work of Drawert and co-workers™®7-119-3%
‘is of interest. .. :

3.2 Reactions in the gkzs ‘chromaz‘dgraphie system

One of the potenttal errors in RGC and GC in general are losses due fo reten-
tion or decomposition of the solute in the chromatographic system, whick can be
divided into three parts: the vaporizer, chromatographic column and detector. The
breakdown of N-TFA-r-butyl esters of amino acids occurred in a heated metal injec-
tion port®!12:392_ Injection-port reactions in the analysis of alkylsilyl derivatives of
nucleosides have been described’®, and some trimethylsilyl (TMS) derivatives were
decomposed on column!?35¢2 or by metal parts of the apparatus!¥b.2162,278a.3433
Therefore, on-column injections and all-glass systems can be recommended. Atten-
tion must be paid to the carrier gas, as trace amounts of oxygen and moisture can be
sources of errors??$-%°2; the breakdown of TMS-histidine by moisture in a freshly
installed septum has been reported334b.

Interactions with column packings have been reported many times; the sta-
tionaty,phase selected should not be capable of reacting with the compounds being
analyzed, and impurities and breakdown products must be also considered. Reactions
with solutes, if complete, result in the disappearance of peaks, which may remain
unaoticed. If the reaction is slow, a poorly shaped peak can be obtained. Impurities
in the sample can also cause reactions of the solute®92.

Meinertz and Dole®*! estimated the pattern of dispersion of chromatograph-
ically pure methyl [Y*Clpalmitate; in Apiezon and EGA columns the distribution
of activity was not Gaussian and the background remained elevated for several days.
The results indicated that a pure substance emerges from a column over a wider
interval than is shown from the record of the mass output. Tailing of fatty acid methyl
esters was also observed on an SE-30 column'3. Chemical reactions may occur during
passage through a GC system; dehydration of [2-'*C]-2-methyl-2-undecanol and
isomerization of [“*C]methylenecyclohexane to [**Clmethylcyclohexene have been
reported’’. Jansen and Baglan'® followed the recovery of silylated “C-labelled
glucose, fructose, sucrose, glycerol, cholesterol and stearyl alcohol, which was con-
siderably less than quantitative. The recoveries from Carbowax and SF 96-50 col-
umns of 10-80 9, were reproducible also after re-chromatography, and the retention
of TMS-glucose was szgmﬁcantly higher at the injection end of the column. On the
contrary, *C-labelled TMS-pyrimidine bases were found to be more stable’®®; the
reiention on the column was not determined, but the overall recovery of TMS-uracil
and TMS-thymine was found to be higher than 96 ¢/ when a sufficient excess of silyl-
ating reagent was used. Errors in the GC analysis of polyunsaturated fatty acids®*®
and errors due to trans-esterifications of fatty acid esters on columns with polyester
stationary phases?®, etc., are well known. Caly chemical inertness of the whole chro-
matographic system, particularly of the column packing, can lead to sufﬁcxently high
recoveries, whxch should be independent of the sample size.
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side elevatzon IR " Front elevation

Fig. 6 Combustion tube assembly for conversion of columa effiuent. A = Copper ox1de powder;
B = iron fillings; C = spherical joint; D= fumace Reproduced from Anal Chem., :5 (1963) 516
(ref. 18R).

3.3. Conversion of the'ejﬁuent for counting

“The decrease in sensitivity of a TCD with increasing temperature and the pos-
sibility of condensation of substances with high boiling points led to 2 new approach
in GC, namiely conversion of the GC effluent into carbon dioxide by combustion>°:>%
(used in elemental analysis?®S) or by hydrocracking®!. Both methods have been used
succesfully in RGC; they avoid the difficulties caused by changes in the composmon
of the gas being counted in radioactivity detection.

The combustion method was applied for the first time by Cacace and co-
workers*®-9:6%:6* and subsequently by James and Piper'®’+'8. They used copper oxide
and, in the same tube, converted water of combustion into hydrogén with iron filings
or steel-wool. A scheme of the furnace is shown in Fig. 6. Hydrogen is suitable for
mass detection by TCD!® and also for monitoring tritium?’. The ¢combustion is per-
formed at 650—800" but the higher tamperatures are not convement becauce of reduc—

TABLE 3
HYDROCRACKING CATALYSTS USED FORV EEFLUENT CONYERSION
Catalyst-composition™ Operating Compounds-converted - Ref.
. ‘ remperature : o
, o eC) L __ .
Raney nickel " 420 - Esters of lower mrboxylié and - 108, 112,161
linoleic acids, alcohols, CO: .
- (1*C labelled) ,
Zn-CoO-NiQO-Fe-V.G—St 620-640 . Hydrocarbons, esters of carboxylic 347

(60:40:20:140:10:27) : . acids, bromo, iodo and nitro .

L : derivatives, TMS-carbohydrates
v R v CH and *C labelled) - S
Zn-CoO-NiO-Fe-V.0s-Ch 660 Fatty acid methyl esters ) 35

(49:16:13:114:8:22) - ‘ CH and *C latelled) _ .
Zn-Co0-G69-V,0-St C 600 Benzene, toluene, butanol, methyl - 398
(30‘20"70'5 :8) - : benzoate, acetone, dioxan - s

: e (non-radioactive) : . -
Zn—CoO-G69—V.05—N10—St 600 ‘Benzene, toluene, butanol, mcthyl -.398° .
(25:20: 20 5 8: 7) . . " benzoate, acetone, dzoxan o '

_ C " . (non-radipactive) S et

Ge9-Ch 7. i .0 . 500-700 - Fatty acid methyl estess,’ | - 225 ¢

(1-3) o e : - »,hexadecaae,' steroids .
A L ) (H and *C labelled)

'Abb—evxanons St = sterchamol; Ch Chromosorb (369 = zxrcomum-actxvawd mckel
catalyst G69 Glrdler Sudchemxe, Munich, GFR : Do
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tion of CQ; and reaction of CuQ with gquartz; thus 720° was recommended as the

- optimal temperature?!?. Oxidation of iron caused “memory” effects with tritium (ad- .

_sorption of 3H,0)'%.212, but the addition of hydrogen gas in the iron part of the
conversion tube can ehmmate this effect®™®. An auxiliary column for H,~-CO, separa-
tion%%.55 or adsorption of water or of CO; (refs. 188 and 372) for distinguishing be-
tween 3H and #C was used. The combustion method was used in most instances for
the RGC of *C-labelled compounds with fiowthrough radioactivity detection®-12,211,
212,225,251,372 (o030, (refs. 101 and 162) and an FID as the combustlon chamber?!.92.135,
310 have also been applied.

Hydrocracking of organic compounds is widely used in petrcchemlcal pro-
cesses. Nickel, iron, cobalt and other elements are generglly used for hydrogenation,
and oxides of aluminium, silicon, chromium and other compounds for cracking. This
approach has often been reported in RGC35,108,112,225,341,398 {5 main advantage is its
general applicability to both *H- and **C-labelled compounds. Exchange of the
catalyst after 60-80 h of operation is recommended®*’, so that the application of the
catalytic procedure is not so significant an advantage. The temperature for each cata-

“lvst and class of compounds to be converted must be tested. A survey of catalysts
used in the RGC of labelled compounds is given in Table 3. The hydrocracking reac-
tion (and dead volumes) influences the peak shape (Fig. 7). Hydrocracking is recom-
mended for smaller molecules, combustion for larger ones3%8.
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Fig. 7. Influence of the conversion of the effiuent on the peak shape. Upper curve, FID response of
the effiuent without conversion; lower curve, FID response of the main part of the effluent after
hydrocracking. A = 1.2 ul of toluene; B = 1.0 gl of buianol; C = 1.0 ! of benzene; D = 1.0 ¢l of
methy! benzoate; E = 1.1 gl of acetone; F = 1.0 ¢l of dioxan. Reproduced from Chromatographia,
2 (1969)_ 7, by kind permission of R. Tykva-‘gs.

3. 4 Isotopic eﬂ”ects in tfze gas c]zramatogmpizy of H- and **C-labelled compozzmis

Consxderable chances in retentlon volm:res resultmg fro;_ -extensive substitu-
tion of deuterium and tritium for hydrogen in organic compounds*!® (reported earlier
for radioactive inert gases by Gliickauf**?) drew attention to isotopic effects in RGC.
Broadly defined as any difference in the chemical or physical behaviour between two
compounds that differ only in isotopic composition, the isotopic effect in GC has the
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‘character of 2 secondary effect (chexmcax bonds are not. broken or formed durmg the.
GC process). Thus the identification of Iabelied ‘compounds is rendered more ‘dif- -
ficult (1sotop‘. fractionation must also be distinguishéd from radiochemical impurities);
however, on-the other hand, the. differences in retention-volumes of isotopic species
can be utilized for their separation’ ", e.g.; of tritiated methanes®s, olefins®>* or for
_enrichment of tritium?®$-*? and carbon-14%>. Particular attention has been paid in GC
to:smaller molecules labelled with stable isotopes, the thermodynarmc properties of
which could easily be measured®?, Radioactive substances of hzah acﬂwty can in-
ﬁuence the chromatographic process by evelving heat.

Three categories have béen considered in the GC of lsotopzc substances
separation of isotopic molecules, separation of chemical compounds labelled with one
or more radionuclides and separation of radioactive materials from other elements,
compounds or other matrix materials; the first two categories are similar and related
to the GC of labelled compounds. The GC of smaller isotopic molecules -has been
reviewed by Cram?®, while isotope. ﬂactlonatmn dunng anaiytxcal separatmns of
large molecules was discussed by Klein®?. =

Two examples of the isotopic effect-in the "usual” GC of Iabelled compounds
can demonstrate the phenomenon. Sgoutas®® observed the fractionation of a mixture
of 3H- and “*C-labelled fatty acid methyl esters, and found that the SH:*C ratio de-
creased during the appearance of peaks of stearic, oleic and linolenic acid on SE-30
and DEGS columns. Similar results obtained in the GC of stercids labelled with 3H
and C can be explained by tritium enrichment in the first fractions of the peaks (an
increase in the vapour pressure of SH molecules was predicted), but with [4-4C]-
testosterone [PH]acetate the 3H:1*C ratio also increased in the tail, which remained
unexplained??®. VandenHeuvel 27 @/ did not observe fractionation of TMS-{*3C}-
amino acids obtained from algae grown in a '*CO, atmosphere, but 2 biosynthetic

~ isotope effect?54287:308 was poted (non-homogeneous distribution of *C, which can be
explained, according to our experience, by precursor-product interactions as with 1*C-
labelled fatty acids'®***), Preparations of high specific activity obtained by chemical
reactions or biosynthesis, as they are ncwadays produced, can have shifted retention
volumes, however. More efficient columns for the fractionation of isotopic molecules
have been used ; TMS-sugars have been separated on packed columns of 40,000 plates?®
and open-tubular column chromatography, e.g. of methanes®-%, has been reported.

90-

4. METHODS OF DETECT ION OF RADIOACTIVITY

Radmactmty detectors offer the advantage of high sensitivity and selecuv:ty
when used in GC; naturally, the use of radioactive compounds is 2 prerequxsﬁe
Exceptionally, a radioactivity detector can be used for detection of some kinds of
non-radioactive compounds**. If the effluent fractions emerging from GC column are
trapped, they can.be counted by any appmpnate method used for usuzal radioactivity
measurements. Liquid scintillation counting is most commonly employed, but Geiger—
Miiller (GM) tubes' and ionization chambers®S have also-been:uséd. The discon-
tinuous method of analysis has the adv:mtage that collected fractxons can be couuted _
with conventional equipiment.

For continuous flow-through count_ng of the eﬁ’iuent prepomonal and GM'
counters, ionization chambers and scintillation: methods have been used and the ap-
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: TABLE 4 .
SURVEY OF RADIATION DETECTORS USED IN'RGC
Type of detector 7 Detector Detection efficiency (%,) Backegrourd Ref.
: R R volfame - - —— (cpm)
(ml} - 3H (o
End-window GM tube — 0 5-15 10-15 182
Internal flow proportional counter 10 30 88 35 35
-10 984 3.5 102436 50 225
10 — 95 3" 3
12 640+ 1.5 945110 1" 349
20 — 78 2 80 8
26 — 40 233
22 61.5 92.5 40-506 372
’ . 27 — 80 60 251
Window flow proportional counter  25.5 0 20 72 413
Ionization chamber 275 75" 33°* ca. 700" 281
. 275 — — ca. 200" 350
Plastic scintillator (coiled tube) 0.27 — 58.3 — 137
: — — 60 — 326
Crystalline anthracene — 1t-23 62-86 30-50 211
Liquid scintillation flow cell
(integral) — 15-20% 40-30°¢ 60 300
2588 80:¢ 60 300
Liquid scintillation fiow cell
~ (continuous) 14 27 85 — 336

* Gamma shielding and guard counter with the anticoincidence _circuit used.
** Signal is also proportional to average radiation energy (see eqn. 1}.
- """ Background corresponding to the noise current measured.

'$ Simultaneous measurement of both isotopes.
¥5 Discriminator settings for measurement of individual isotopes.

plication of a semiconductor detector™®® in RGC has also been reported®’. A survey of
the detectors used in GC of >H- and *C-labelled compounds is given in Table 4. It is
noteworthy that the sensitivity of the mass specirometer also permits the detection of
smaller amounts of radioactively labelled compounds of higher specific activities (of
higher isotopic abundances)'#¢2,

4.1. Discontinuous methods

The approach involving radioassay after fractionation of the efiluent from a
column is especially convenient for low levels of radioactivity. There are similaritieg
with the-isolation of substances from a stream of carrier gas, and preparative GC has
also been employed for the preparation of labelled compounds!®.147,277,295,319,401,403
The outlet systems of preparative instruments'™ and fraction collectorss®:3%5,%2¢ have
been described. '

The -principle of the methods involves condensatnon of the vapour of the
substance (efBuent fraction) from the stream of carrier gas in an exchangeable flow-
through coilection device. Vapours in the GC cffiuent tend to form aerosols as they
enter a zone of markedly lower temperature. Therefore, the safest method of trapping
is the combination of condensation with sorption of acrosols on a sorbent or the use



of a short secuou of a.GC column contammc a sohd suppost coated wn‘_h a non-
volatxle hqmd stationary phase and mamtamed atroom temperzture. Sometimes only
cooled glass traps have been used!0:11,23,56,89,99,126,145,154,169,288 p PTFE tubmg” 43,288,
313 Traps containinga cooled solvent (<=.th:a-.uc>!’81 metbyiene chloride®? or toluenem) '
or- cotton-wool (purified, oceasxonaﬁy ‘wetted)32:1%,186,261,299 . cartndges ‘with glass-
wool?.:8,15, tubes containing charcoal®s-158.159, fritied ﬁiters*”*s Millipore filters!S3, .
‘concave’ folded glass-fibre paper59 mofecular sieve 5A, glass beads’t3™, Cormng'.r
porous glass!%8:2%  uncoated GC supports™ or -coated ‘supportsi®s: 173,200 and

cartridg'es‘ with silicone-coated anthracene, convenient for scintillation measure-
ments#1:171,213,215,410 "have peen described. Conderisation. of vapours together with.
carrier” gas (COZ) nas also been reported'?. GC ‘fractions are collected in: vessels
containing a scintillation ‘“‘cocktail’*33-117.177.227.263.265.376 op the corresponding’ CO,,"
after combustion, is absorbed in cthanolamine®-122-355, hyamine®® or sodium hy-
droxide solution®*2 for subsequent liquid : scmtxllatlon countmc (Fig. 8).'An example

of a simple collection device is shown in Fig. 9 Various similar traps have been used
elsewherelz() 127,201.2.0" 241,311,320, 37l .

Fig. 8. Viat used -for *CO, trapping in ethanolamine and subsequent scintillation counting: 1 =
Silicone rubber tube connecting reactor 0utlet with the vial; 2 = stainless-steel capillary; 3 =
scintillation vial; 4 = glass mixing tube; 5 = trapping solution (3 mi of monoethanclamine in
methy! Cellosolve, 2:1). Reprodz..ced froml Chromatogr., 91 (1974) 507, by kind pertmssmn of the
authors's.

-Another aoproach avoiding aerosol formation, involves collection- systenh ‘or
dev1ces with a temperature gradient which is useful in breaking down aérosols. Axial?292,
2352 and radial temperature gradients®’®* have been used, while Magnusson*® used
combined’ radial and axial gradients in 1nvest1ga&na the recovery as a function ‘of the .
temperature gradient ‘and ‘of the boiling point for substances with b. p 131—287" at’
760 mmHg Electroprecipitation®®* was not recommended?'s2, :

' For some purposes, qLantltatxv= trapping and isolation of™ separate&i labellea
compounds are not required (determmauon of specnﬁc activity, isotope’ éﬁuuon meth-
od, mentxﬁcatmns), But guantitative work réquirds minch. effort and is difficult - or
impossiblé for some types of compounds or derivatives, such as some TMS denvatwes,l
polyunsaturated long-chain-fatty acids and similar tabile’ s&bsta.nces that'are seasitive
to ondatzon or hydrolysxs or are otherwnae reactlve A verv mportant pomt m every
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Fxg. 9 Umt for collection of gas chromatographxc fractions. Reproduced from J. Lipid Res., 3 (1962)
141 (ref. 261).

Fig. 16. F "'Iow-through propottional counter. | = Connector; 2 = PTFE plug; 3 = taper joint; 4 =
0. 007-11'1 stainl&ss—steel wire; 5 = brass wall; 6 = Lucite stop (grooved to permit gas flow); 7 =
sprmg, = spherical joint. Reproduced from Anal. Them., 30 (1958) 903.

discontinuous method is the venﬁcat;on or deterrmnatlon of the recovery of the overall
procedure.

: The main advantage of the collection method is the possibility of long-term
counting, permitting work with low levels of radioactivity, and the possibility of
repeating the counting. In some instances the recovery of pure substances for further
ana.l)}'sis is possible. h

4.2, Contmuous metlzods

4.2.1. Proportional anzz’ Geiger—Miiller counters

Counting tubes vsed in RGC for the continuous monitoring of the effiuent
can ‘operate in the proportional or GM region and are constructed with or without
a window. Windowless counters can be employed with advantace for both radio-
m.tclu:ieez"'I the cotmtmceﬁicmncy for carbon-14 being as high as 100 ¢4, while for tritium
itis 607 (Table 4); external counting (with window) can be used oaly for carbon-14.
The applications of GM counters are limited by the long dead time of the tubes.

In the first applications of RGC; mostly GM counters were used®?, in connec-
tion with 2 flow cell?$:312 or as a flow-through detector?®%,33%335, Condensation of the
effluent in a flow cell cooled by liguid nitrogen combmed with a window GM counter
was reported®, and an integral record of the activity was obtained.

Because of. theu‘ high détection efficiency and low background, proportional
counters with internal fiow have often been used in the RGC of 3H- and *C-labelled
compounds‘ﬁ 193,94,101,178,225,251,344,255,363,372_ The windowless flow-through proportional
counter was proposed by Woifga.ng and MacKay** and Wolfeang and Rowland**s;

'a snmlar counter had a.Iready been used previously for counting carbon-14 during
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.- Fig. 11. Counting characteristics of gas-flow propomonal counter for various- hydregen to meth:me
ratios obtained with external source of radiation. Counting rate (ordinate) in cpm, voltage (abscxssa)
in kV. Reproducsd from Angew. Chem.., 75 (1963) 720 (ref. lOS) : -

dis’tillation423 A large number of original' designs have been reported?s7-188.251.349.422,
they differ mostly in geometry, volume and hydtodynamlc properties. An example is
-shown in Fig. 10. A small-volume proportional counter for open-tubular column
chromatography has also been reported®. The sens:tlvzty of a ﬂow—through propor— -
tional counter changes appreciably during the passage ‘of the effluent through the de-
tector as a result of change in the composition of the gas bemo counted, i.e., counting
charac‘enstzcs‘“s 233,238 This effect is demonstrated in Fig. 11. The influence of tem- -
_perature was established by Lieser er al®®; as the temperature of the counter is in-
creased, the length of the plateau decreases and moves to higher voltages (Fig. 12)
~and even at 200° it is 50 V long. Coincidence losses at higher counting rates®3 can ke
minimized by operating the counter near the beginning of the plateau in the region
of short resolutlon times. Composition changes in the counter with the passage of a
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'Fzg. 1 Inﬁuence of tempez-ature on. countzng charactenstr&s of eas-ﬁow prcgozucnal oounter
Ccununc gas, - methane (100 -n[/mm) Reproduced from Z. Anal. Cizem EQF»(IQGZ) 'iﬁS_(:jcf . 238).
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Fig. 13. Examination of Iﬁﬂuence of effluent on counting properties of gas-ﬁoxv proportional counter.
Injected: 30 gl of terr.-butyl chloride and 7-butyl chioride (z 1). Carrier and counting gas, methane
(68 mi/min). Reproduced from Z. Anal. Chem 191 (1962) 119 {(ref. 238).

large amount of substance in the effluent lead to an increase in the organic to carrier
gas ratio, which moves the piateau to a higher voltage, with a consequent drop in the
counting efficiency. For this reason, contrary to the case with coincidence losses,

operation of the counter at hzgher voltages makes the drop much less likely. The op-
posite effect, the sh:ft of the piateau to the left due to changes in gas composition,
can cause “‘elevated™ activity or “‘pseudo-activity” (detection of non-radioactive sub-
stances). This effect was reporied for aromatic compounds containing a halogen or
a nitro group®®:**7. The correct functioning of the counter can be tested by means of
an external radioactive source and 2 non-radiocactive substance?s.256 . (Fig. 13).

Counting characteristics have been established for various gas mixtures, including
methane-helium*?s, propane—hekumm methane-argon®, methane-hydrogen®'® and
isobutanol-argon3¥335. The use of conversion of the effluent and of a suitable carrier
gas, e.g., carban dioxide or carbon dioxide-argon®®7-1%8.38  ayoids the above dif-
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Fig. 14, Cross-section of window flow-proportional counter. 1 = Active gas inlet; 2 = O-ring; 3 =
holes connecting gas inlet with active volume of the counter; 4 ;;spring—loa_ded PTEE insulators;
5 = hole for insemon of calibration source; 6 = 0.002-in. stainless-steel wire; 7 = 0.970-in. diameter
Mylar tube; 8 = 215/, in. O.D. brass tube (wall 0.125 in.); 9 = 0.022-in. stainless-steel capillary
tube (0.005-in. 1.D.); 10 = 2.5-in. 1.D. disk of printed-circuit board; 11 = "Q-ring: 12 and 16 = count-
ing gas inlet (or outlet); 13 = stainiess-steel Swagelok connector; 14 = active gas outlet; 15 = con-
necior; 17 = location pin; 18 = counter insert; 19 = active length of the counter; 20 .= OOIO—m

U-shaped beryl!mm—copper tension spring. Reproduced from Anal. Chem., 39 (1967) 276 (ref. 413).

ﬁcultles due to changes in the counting characteristics. Also, a suﬁczenﬂy high content
of quenching gas should be added after the conversion for the same reason. -

For 1*C—labelle{i compounds, window. flow-proportional counters?%,363,4:3 s
{Fig. 14), which have the advantage of stable and reprodumble counting charac-

_ teristics, have also been employed. The detection. e:fﬁmency is deczeased l.o 20 ‘7 43
however, and *H cannot be counted at all. -

Sensitivity due mainly to the background Ievel whlch mcreases wzth tempera-’
ture, has ‘been reported at the 10~ Ci level?. 398, - Using equipment**9.3% containing
a plastic scintiliator, an_ anti-coincidence. guard ‘counter .and 2 gamma shield (Fig..
i5), the background has been measured at'levels of 1'cpm®® and 3 cpm®®, The back-
ground. is ‘also influenced by the material used: for shxeidmg (by its:age}, and the
quality and charactenstlcs of a proportional counter depend on the geometry and
performance of the detector; the thm anode wire is also an xmpoztant compcnent- :
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Fig. 13 Qenqmve_ Iow—backm-ound (_lggegtor assembly for. RGC comprising gas ﬁow-nrouortlonal
counter, plastic phosphor anti-coincidence guard and graded gamma shield. P = Plastic scmtlﬂator
A = amplifier;. R = rate meter; S = scaler; C.A. = charge amplifier; ‘C.R. = chart recorder;
E.F. = emitter follower; P.M. = photomultiplier; P.P. = parallel printer; A.C.G. = anticoinci-
dence gate circuit; P.C.U. = p'mter control unit. Reproduced from J. Chromatogr., 38 (1968) 26

(ref 349)
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422, Iorz_atzorz chambers

" For the detection of low-energy g-radiation from 3H and *C, ionization cham-
bers are convenient. The first application was reported by Wilzbach and Riesz*$, and
such chambers are now in common use’,58,59,51,119,139,369,317,415 They can be heated,
so that their application is wide?©2,11%,259,251,350, 381-384,418,427 Various designs have been
reported!*?¥,280,321,329,3% and two examples are illusirated in Figs. 16 and 17. Gas-
phase counting with ionization chambers may give rise to “ghost peaks’ when small
amounts of unlabelled compounds pass through the detector?!?:27%:°?!, These peaks
can be partially or wholly eliminated by maintaining the chamber at a higher tempera-
ture?™, by using a relatively large-volume detector in conjunction with a large flow
of dﬂutmg gas?® 279,350,419 or by conversion of the effluent®:50,205.212,415,415

Fig. 16. Low-volume heata.b{e xomzat.on cbamber Reproduced from J:. Am:er Ozl Chent. Sac., 38
(1961) 635 (ref! 114) e . .
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Fig. 17. H}gh—temperature 1omzatmn chamber (volume 275 ml). Reproduced from Anal. Chem. . 35
(1963) 1576 (ref. 281). .

Fig. 18. Liquid scintillator flow cell with integral record of radloactlvnty Solution . of scintillator
circulates in the circuit consisting of tubes A, B, C and D. Carrier gas with radioactive vapour enters
through capillary inlet I, the gas bubbles rise in tube A (the liquid circolates in the direction of the
arrows) and escape through the chimney E. The dotted circie indicates the posxtlon of the rhoto-
multiplier.- Reproduced from J. szxd Res., 1 (1959) 30 (ref. 303). .

The current (1) m°asured from a radxoactlve source in an ionization chamber
under steady-state conditions is expressed by

BNeS . : v .
W ' ‘ t

I =

where 7 is current in amperes, N is the number of disintegrations per second from the
sample, S is the average energy per disintegration in electron volts, w is the number
of electron volts required to, produce an ion pair in the ionizable gas being used, e
is the number of coulombs per electron and 2 is the cnamb°r eﬁiczency However,
the carrier gas containing the active fraction, on en*erma an ionization chamber,
mixes completely with the gas already present so that, immediately after entry, ex-
haust of the active fraction begins and the signal E, at any time 7 after r = 0 is gtven
by

where f mi/min is the flow-rate and vmlis the vo‘ume of the chambe 279 The chamber
response -is usually measured with a vibrating reed electrometer.

Although a slightly higher sensitivity can be attained by using proportional
counters, the ion chamber technique offers the advantages of being<simple, stable,
reproducible and usable at higher temperatures; the sensitivity to changes in composi-
tion of the measured gas is a disadvantage and conversion of the eﬁiuent is to be rec-
ommended - : :

42, 3. Scmttl!atzon methods _ ; .
For coummg 3H and #C, scmt:llatxon detectxon systems are extremelv Lseful
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-apd’ have been widely empioyed especzaliy in connection with the disconunuo:_s
'_rmethod of activity measurement. Continuous scintillation methods ‘involve either
- liquid scintillation, a flow cell from a plastic scintillator or organic crystalline scintil
. lators. The ‘use of inorganic scintiliation glass in the RGC of 3H- and “'C—Iabeiied
compounds has not been reported.

- :Scintillation methods have been recommended’“s 246.325-326.385-387 for 2_ (and
- counting from the viewpoint of the influence of the chemical composition of the col-
umn efffuent (which must be taken into account in the usual liquid scintillation®¥5,3%)
and counting efficiency. However, a correction for quenching has not been reported
in continuous methods using liquid scintillation without conversion of the efiluent?¥:
300-303,335 . The detection efficiency of plastic, organic and inorganic scintillators and
glasses®¥7.is doubtless independent of the gas composition; this fact is, however, not
so important when conversion of the effluent is carried out. Presumably because of
the low counting eﬁiczency, espec:ally for tritium, chemically inert scintillating glass
has not been used in GC.

.. Short sections of tubing containing 2 solid support coated thh stationary
hquzd phase have often been used as trapping devices (see Section 4.1). Based on the
work of Steinberg®?, who suggesfeci the application of anthracene crystals for
counting *C in aqueous solutions, Karmen and Tritch®*® used cartridges packed with
anthracene crystals {blue-violet fluorescence grade, coated with 5% of DC 550 silicone
oil). In this way, scintillation counting can be accomplished directly, without transfer
to scintillation vials. Because of the absorption of radioactive material in the upper
Iayer of the coated scintillator, the counting efficiency is dependent on the position
of the cartridge in the photomultiplier compartment. This approach has been reported
several . times®%141,17L,212.213 gnd has been combined with combustion methods for
continuous counting!®71%212, The flow cell was filled with uncoated anthracene, but
other crystalline scintillators can be used (e.g., terphenyl295:212),

In connection with trapping procedures, conventional liquid scintiliation of
eluted fractions has been employed many times?®3,156,163,261,313,3236_ 1y j5 advantageous
so trap fractions directly in the scintiflation solution'””:2¢3%%5% or in the stream of
scidtillator, these fractions then being collected!'5.3%, When condensation of the radio-
active vapour takes place in a flow cell containing scintillation solution (Fig. 18), an
integral record of the activity is obtained?¥3.3%0—393 A differential curve is recorded
when the effiuent is dissolved continuously in a stream of scintillator solution3®, A

. = 10 Splitter
= and flow cefl

Effluent

w o Scintitizator

7 D sotution
Fig. 19 Detachab!e mixing tube and effluent-liner extension of the system for-continuous detectlon
of radioactivity by liquid scintillation (see Fig. 2). 1 = Glass effluent liner of gas chromatograph;
2 = narrow-bore linear exiension of Kovar wmetal, fused to glass mixing tube and to stainless-steel
ball-joint; 3 = glass mixing tube; 4 = aluminium heating black; 5 = heating elements; 6 =
thermocouple; 7 = O-ring. ‘Reproduced from J. Chromatogr., 76 (1973) 14 (ref. 336).
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Fig. 20. Liquid scintillation flow cell for continuous measurement of effiuent radioactivity. 1 =
Stainless-steel pipes; 2 = O-rings; 3 = interchangeable glass cell; 4 = semi-circular collar discs (to
press the cell against the O-rings). Reproduced from J. Chromatogr., 76 (1973) 15 (ref. 336).

Fig. 21. Plastic scintillator flow cell. Reproduced from paper 5i-47 of Proceedings of Symposium on
Organic Compounds Labelled with Radtoxsotopes Maridnské Lazne, May 1976, by kind permlssmn
of K.-H. Heise!®. . -

major difficuity of the system constitutes the mixing tube, showa in Fig. 19. Before
the solution enters the liquid scintillation fiow cell (Fig. 20), the major part of the
carrier gas is split off (Fig. 2). The system is also suitable for distinguishing compounds
labelied with different isotopes (**C and *H), as in the case of liquid scintillation of
collected fractions®™ or the use of an integral flow cell*®.3%2, Another approach using
liquid scintillation involves absorption of the combusted effiuent in solutions con-
zaining sodium hydroxide®*-°1:92:2% ethanolamine!?2:163,31% or hyamine!®-3% in 2 com-
mon absorption. vial (Fig. 8). Thls method can be cornbmed w1th continuous
counting!??:163, : :

Plastic containing scintillating substances were orxgma.[ly emplpyed in liquid
chromatography?¥”-32.3¢ and are not applicable at higher operating temperatures®?.
Several types of flow cells have been described, such as a plastic scintillator tubing
coiled in a spiral celll37,162.320,324.3% (Ejo_ 31} and a glass spiral capillary packed with
spherical particles of scintillator’*!; the plastic scintillator may also form simple flow
cuvette!¥.322 or one of its w:a.lls"“j The counting eﬁicxency for .aseous 14C()z was
reported to be 60 / 337,326
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5. DATA OUTPUT AND EVALUATION

3. I T) mes: of recard

In thc GC of 3H- and **C-labelled compounds, elution techniques are
generally used. Except:onally, frontal analysis has also been employed!®. The simul-
taneous recording of mass and radxoactxvxty is usefu! but is required or even possible
not in every instance (at high specific activities and small sample sizes, some types of
analysis follow only the distribution of radioactivity; in the preparative GC of
[Iabelled .compounds, only a mass detector is commonly employed).

The discontinuous method of detection of radioactivity usually supplies a rec-
ord of mass; the activity record, if produced, is received in the form of a histogram!®
or has a digital form®*. Using continuous methads, the record from the rate meter in
the form of 2 differential curve corresponding to the mass trace is vsually obtained:
sometimes in addition the integral curve is drawn (an example is shown in Fig. 22)
or, for methodological reasons, only the integral record is obtained35,243,300-303 (Fig,
23). An unusual mode of combined record, with a histogram of activity superimposed
on the mass trace, has also been reported*:335, Development of recording technigues
proceeded from the above-mentioned traditional analogue dispiay, i.e., the simul-
taneous recording of mass and activity curves on the chart of a two-channel recorder
or by means of two single-channel recorders, to the digital mode of record?'-57,
which is natural in the application of a scaler—timer, electronic integrator or micro-
computer-based chromatograph. More sophisticated systems have been used: for the
storage of activity data a multichannel analyzer'?® or the data acquisition system of a
computer?.375,412 have been employed, with subsequent data processing.

3.2, Factors influencing the data ouiput

The answer to the most frequent analytical questions, i.e., what substances are
present in a sample and how is the activity distributed among the sample components,
is based on the record and its evaiuation. In RGC usually both mass and radioactivity
records are obtained, the latter depending on the RGC system used. There is a time
difference between the mass and activity response given by the volume of the activity-
detecting part of the system that varies from fractions of a second to a minute.
The activity peak is influenced by the dead volumes and also the effluent conversion
(Fig. 7) and the “memory effect” (adsorption, condensation, etc.) can contribute to
the distortion of the peak shape. This effect can be described by eqn. 2, which gives
the perfect mixing of a “sample plug” in the detector volume. The volume of the
How-through activity detector and the flow-rate of the counted gas affect the resolu-
tion, accuracy, precision and sensitivity of the method, as expressed by eqns. 3 and 4:

V="V,— Vory ' 3)

oy A
c=¢g—a+b o _ 4

where "

— counts regxstered durmg the mean transit through the detector'

Vo = detegtor volume;:
V,, V._; = retention volumes of successive resolved components;
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Fig. 22. RGC separation of PH]dehydroeplandrosterone (peak No. 1, 104g: and 8000 dpm),
[*Hltzstosterone (peak No. 2, 8 ug and 9000 dpm) and [PH]-A%androstene-3,17-dione (peak 3, 20
pg and 8000 dpm) on QF-1 column at 240°, Mass detection. by FID (one tenth of the effluent);
radioactivity detection by gas flow-proporticnal couater after combustxon of the split effluent.
Reproduced from Anal. Biockem., 16 {1966) 82 (xef. 372). :

Fig. 23. Radio-gas chromatogram of four H“C.iabelled i'atty acids separated as methyl esters on a
PEGA column at 197°. Sample size: 1.25 mg of esters containing 27 nCi of C. a, Mass record by
gas density balance; b and ¢, simultaneous records of radioactivity detected by integral- liquid
scintillation flow cell (Fxg 17) at two sensitivities. Reproduced from J. Lipid Res., 1 (1959) 36
(ref. 303). : -

"

£ = countmo eﬁicxency,_ . :
r = flow-rate of counted gas (xf quencmng and/or purgmg gas is used
- the detector volume must be correspondmgly larcer wzth respect
to the resolution desired); :
a = activity passing through the detector,
b = background
. The accuracy and precision of the activity determmatlon, espec:ally with low
activities, is also limited by the statistical character of the aucléar decay. It seems
sometimes to be forgotten that-at least 10* disintegrations must be’ registered if a
reproducibility of 1% is requxred From eqgn. 4, it follows that the activity measure-
ment depends strongly on the flow-rate of the counted gas (expenmentaliy ‘verified
recentlyma) which can change. durmg peak emerfrence (mth larger sample szzes)'

<
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-and can be measured by a flow-meter™>. The variations in the counting efficiency
{pseudo-activity, quenching) were discussed-in Section 4.2; the possibility of the effect
- of electronic circuitry has also been mentioned?*. The background level is the limiting
factor of semsitivity; it can be decreased to I cpm by use of gamma-ray shielding,
 guard counter and an anticoincidence circuit®?. For low-level activity measurements,
equipment that has not been in contact with substances of higher activity should be
used. The digital output from the scaler is more sensitive than the response from a
rate meter™®, the sensitivity of which can be optimized by usmg an appropriate time
constant™9,
When a stream splitter is used, its function must be controlled-135:211.213.288.372
The deviations from linearity of splitting can be explained by changes in the viscosity
and density of the split gas causing the “‘suction effect”?*. In addition, the changes
of the hydrodynamic resistance of the branch leading to the radiation detectorinfluence
the split ratio®*®. The explanation of the observed deviation in terms of non-linearity
of the FID used as a mass detector?®® must be incidentally taken into account. For
nanomolar amounts of fatty acid methyl esters, a too laborious calibration of the
splitter was suggested®®®. Calibration of the radiation detector?®—2% or of the entire
RGC system>*® has been recommended. -

5.3. Evaluation of the radio-gas chromatogram

. Radio-gas chromatograms usually contain information on the course of the
separation and on the contents and activities of individual components of the sample,
from which further data such as the qualitative composition, distribution of radio-

~activity among the constituents ‘of the mixture and their specific activities can be
‘calculated.

A specific feature of the radioactivity record is the low smnal-to-nonse ratio.
This property infiuences the evaluation and complicates computaiion methods
(which are also used for the evaluation of related activity records, e.g., in flat-bed and
liquid chromatograpbhy*3.**5, or records of spectroscopic measurements®>®). The
measurement- of low activity levels is critical owing to the poor counting statistics
associated with small peak count rates, the estimation of background and its level.
The reproducibility of the results increases with the activity injected*®?:'%3, Difficulties
also arise in the resolution of peaks. -Methods of quantitative RGC are the same as
those of conventional GC?*7. The standard preseniation of GC resuits involves a
strip-chart recorder with interpretation accomplished by manual methods, sometimes
supporied by 2 mechanical analogue disc or electronic integrator. GC, however, has
now advanced from the simple calcalation of analogue or digital results to automatic
data processing.

Only a few methods concerning the problems involved in the evaluation of
radio-gas chromatograms have appeared. The digital recorder display of radicactive
and integrated chromatograms has been discussed®”3, and a schematic representation

- of an RGC, data acquisition and data processing system with a flow diagram of the
compuier program has been given®”. The application of a multichannel analyzer in
the multiscaler mode has been describeéd!?®: the fength of the time during which the
response of the counter is recorded in a single channel is set by the variable time
controller unit; at the end of a pre-set length of time, the contoller unit advances the
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computer response to the next channel, the counts from each chzmnel are stoz‘ed m‘
- the memory of the analyzer at the end of the anaiys;c and the ):esulta are printed. out
(or punched) for quantitative’ information or an analogue record using XY plotter
can be obtained (the channel number is convertcd intc ame) An oscdloscope dlspiay
in connectmn w1th sumlar systems ha.s a.so been used?3- - :

6. APPLICATIONS OF RADIO-GAS CHROMATOGRAPHY TO THE A\IALYSIS OF 3{{-
“AND B¢ LABELLED COMPOUNDS

6.1 Appltcatzons in the producttan of labelled compowids

~ In addmon fo the preparatlve GC of fabelled compotmclsm 166,121,124,147,260, 269,295,
403,409 often accomplished with analytical-scale amounts, RGC is also employed for
quahty control of the substances prepared" +124,343 Important applications- of RGC
in the course of the productlon process also occur, in the control of synthesis or the
analysis of intermediates and reaction mixtures, e.g., the Wilzbach method of labelling
1.2.50,138.30_and in biosynthesis'**->*® (an example is illusirated in Fig. 24). The appli-
cations are concentrated on volatile substances or compounds that can be easily
derivatized, such as hydrocarbons!6:57:62.66,75.143.162,215,22,269,272.318 (gae Fig. 25), alco-
hols!62.269:35%8 formaldehyde®®, formic and acetic acids?-357 fatty acids32-117-168.249,256,
258,259,275, 341,364, %30 and other compounds” 405 non—volatlle and polar substances,
which can be analyzed by other chromatocraphxc techniques, are assayed only rarely
by RGC, e.g., amino acids**>%**5 (Fig. 26) and pyrimidine bases*°. Biosynthetic
methods of labelling may sometimes produce non-uniformly labelled compounds,
and therefore methods for the conirol of the pattern of labelling with subsequent RGC

- . R . - " -
e A S
lmlx‘) ' o

an. 24, Radm-gas chromatogram of “C-Iabelted h:gher fatty acids. obtamed by cultwatmn of the °
alza Chlorella valgaris i inan atmosphere of **CO; separated on a2 BDS column. Upper curve, a:txv:ty
record obtained with gas flow-proportional counter after combustion of the effiuent; lower curve,
FH)responseoftheeﬁiuentsplrtasfol.ows 1 =16:0; 2 =16:2; 3 = 16:3 4—18 1 5——}.8 2'
6 = 18:3. Reproduced from J. Chromarogr.; 91 (1974) 501 (ref. 256).. o )
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F ig. 25. Separatxon of tritiated methanes on 2 64 m X (.22 mm LD. glass capillary column with a
Iayer of active silica. Temperature, 77 °K; flow-rate of helium-nitrogen (3:7), 0.70 ml/min. Detection
by 10-ml flow-through proportional counter after addition of methane as quenching gas. Reproduced
from J. Labelled Compd., 11 (1975) 319 (ref. 66).

Fig. 26. Determination of the specific radioactivity of carrier-free amino acids labelled with carbon-14
using non-radioactive valine as internal standard. Derivatives used, bis(chlorodifluoromethyi)-1,3-
oxazolidinon-S-ones'’®; column, 134 OV-225 on Chromosorb G-HP, 100-120 mesh, 2m X 2 mm
1.D.; temperature programme, 10 min at 100° then heated to 160° at 3°/min; carrier gas, argon (40
ml/mm) Upper trace, activity record of gas ﬂow—propomonal counter; lower trace, FID response.
Spllttmg ratio; 1:1. From Matuc!ﬂa-:”s

analysis have been developed?-18+.2%.345_ A high specific activity of the preparations
requires an appropriate sensitivity of the mass detector, which also gives information
on the chemical purity of the sample being analyzed. The application of RGC to the
analysis of molecules that contain labile 3H that is exchangeable with a convenient
carrier gas has been reported*®.

6.2. Applications in “hot-atom” chemi.éiry

The development of RGCisclosely connected with investigations of the Szilard—
- Chalmers effect®™*. Evans and Willard'**® utilized GC in the analysis of a mixture of
products obtained by the :rradlat:on of n-propyl bromide in a reactor and detected
more than 20 compounds containing radioactive bromine, formed by interaction of
“hot’ atoms with the medium. The recoil of 3H obtained by the reactions SLi(n,clPH
and SHe(n,p)*H has been extensively studied ; 1*C, produced by the reactzon 1“¥N(n, p)“C
forms compounds with lower specific activities.

The 3H recoil reactions studted by means of RGC include reactions with
alkanes‘lQ 97 123, 129.31..4 314.354 370 319.-23 aikenesz-t 194...31 23: 247, 31- HenesS’ 53,332 alkyl ha_

logemdes*?"'2 267 286.291,355.375 methyls_zlanes“‘gs, amino acxds348 and methyl lsocyamde
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38,412 More general problems have also. been mvest:;,:atet.i"'‘*"“"‘8 155.164,315,412 'E'he

possibilities of utlhzmg 14¢ recoil reactions as a labelling | method with GC asa. <epa- .
ration technique, have been discussed$%s-429-421, Several reactions of “C with hetero-

cyclic nitrogen-containing compounds®®-1* sofzd benzene®, magnesmm nitride’ and

‘gaseous anhydrous ammonia*?® have been reported :

6.3. Applications in organic chemistry dnd chemical processing

RGC has been used successfully for investigations of various organic reactions,
e.g., the analysis of benzoic acid nitration products!!, chlorination of benzene®,
products of methylene reactions in photolytic systems’, kinetics of hydrogenolysis
of mesitylenesulphonic acid and sulphuration of mesitylene®®, oxidation of propyl-
ene!?-#415, hydrogenation of acetophenone!”, propene’, the interconversion of cyclo-
hexane and benzene'® and of propenes®>!. Technoiogical processes have also been
studied, e.g., mechanism of the Fischer-Tropsch synthesis®’-%, catalytic cracking?!-16%
and other catalytic reactions!00:195.156.268.312 apd the sequeénce length distribution of
ethylene-propylene copolymers'?*, A radio-gas chromatogram of the aromatic
products from the hydrocrackmg of a Ileht catalyt:c cycle oxlfs (Fig. 27) 1ilustrates an
application in chemical processing.

--Ring-C-14-

< )
2% i G : |
) ) 40 90
: Retei\tion time , minutes. R ) :

Fig. 27. E‘xsmp‘e of application of RGC to the determination of petroleum processmg products.
Compamon of aromatic products from ring- and methyl-!ab»!led feeds of a light catalytic cycle oil
containing 2-methylnaphthalene (labelled in the ring or in the methyl group with carbon-14). The
um:cr curve demonsteates the FID response of one tenth of the column effldent. Column, 20 . x

1/8 in. Q.D; stainless-steal packed with 10% OV-101 on Chromosorb W, 80-100 mesh; carrier gas,
helium (30 mi/ min); temperature programme, 4 min at 89°, then heated to 300° at 2°/min. Lower
curve: cormpoadmg radioactivity record obtained by g2s ﬂow-propomonal cauntmg without ef-
fiuent conversion at a helium How-rate of 60 mijmin (additional helium) with® propane {5 mijmin) as
gquenching gas, Peaf\ No. 27 mc!ud& -methylnaphthaleue Repmduoed from J._Clxm.rratagr Scz_, 12
(1979) 130 (n:f 8)." : o . 2 L ;
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6,4 Applzcanons in btoclzemtstry amf c!mzcat biochemistry

Compounds of bicchemical interest can be analyzed by RGC without derivat-
ization only in exceptional circumstances, e.g., fermentation gases®*?*2, For investiga-
tions of biosynthesis, intermediates and metabolic pathways, appropriate derivatives

must be prepared. Applications of RGC in lipid analysis are well known, e.g., fatty
acid methyl - esters’+13:3L,34,38. 44,59, 118,122, 140,141, 146.151.156,157. 161, 166. 171, 163.186,193.199.200,216,

zi?.zzéf-zis'.zss.zss—z§1,265.273,;78.234.235.294.313,331.340.355.357.377.373.399.408.@16’ diglycerides""s,
triglycerides*?-%2.and cholesteryl esters'®3. Many applications in steroid analysis have
beeﬂ desc'ribed4.23.26.33.39.41,36.125.145.218.225.229.2392:.264.283.299.316.330.359.372- RGC has also
been empioyed in analyses of amino acids??:13.57.128.233.245,255.256.336.352.410 pyrimidines
290,308 aroma substances!!0-111-391.392 ajcohols??*, pyrazine conpoundszu, atkaloids?2,
carbohydrates“m and other substances‘s ©8,69.169,127,136,144,400_ The determination of 5-'
hydroxyindole-3-acetic acid in cerebrospinal fiuid®°, investigations of lipid synthesis
_ in the rat!®, the identification of hormone metabolites in tissue®, the determination
of homovanillic acid in cerebrospinal fluid®! and of short-chain carboxylic acids in
biofogical material®®, the effect of hormones on fat synthesis in mammary cxplants
of pseado-pregnant rabbits®® and investigations of the fat metabolism of new-born
domestic mammals®”? have been reported.

7. CONCLUSIONS

More than 20 years have passed since the first report on tie GC of labelled
compounds. During this period, RGC and labelled compounds have found valuable
applications in various fields of chemical research. Investigations of many complicated
problems became possible and new aspects of known processes were revealed. More-
over, the tracer technique is a powerfu! tool and has already contributed (and may
contribute still further) to the methodological development of chromatography itself.

"RGC methods have specific features, e.g., requirements on derivatization, sta-
bility of the solute, inertness of the chromatographic system and problems with the
handling of samples, the fractionation of isotopic species activity detection, recording
and data processing. Some aspects of conventional GC that arc applicable to the GC
of labelled compounds have therefore been mentioned in this review. However, the
main purpose was to point out the methodological problems and to summarize the
curfent state of the art. Many problems can be solved by RGC in several different
ways, but any recommendation of a universal RGC system or of 2 method convenient
for any type of problem is questionable, and for each new apphcatlon appropriate
efforts must be made to work out a suitable method.

. RGC plays an important role in the analysis of labelled compounds produced
or transformed during various processes and its advantages, viz., seasitivity, separa-
tion efficiency, possibility of simultaneous detection of mass and activity and speed
of analysis, can be successfully exploited in many ficlds.
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9. SUMMARY . . T s

. GC methods of analysis of *H- ‘and 14C-lablizlled compounds that have been
pubhshed in the period from 1955 to Imd-19 76, together with important apphcatlons,
are reviewed. In addition to its obvious use for identification purposes, RGC is mostly

~used for the determination of the dbmbut:on of radxoactwlty among the components
of mixture under analysis and for the determination of their contents and specific
activities. It can be also combined with chemical reactions (reaction gas chromato-
graphy). Applications that require derivatization kave some limitations connected
with the derivatization reaction and the stability of the derivatives. The. separatzon of
isotopic molecules by GC is also possible. For the measurement of radioactivity, a
discontinuous method involving the collection of fractions and subsequent counting
is often used, while for continuous moritoring of efiluent activity flow-through radia-
tion detectors (Geiger—Miilier and proportional counters, ionization chambers and
scintillation methods) are used, mainly after conversion of the efuent. The possibilities
of various recording techniques with respect to quantitative evaluation are surveyed
and applications of RGC in the production of labelled compounds, “hot-atom’’
chemistry, organic chemistry, chemical processmg, bwchemxstry and clinical chemistry
are discussed. : . .
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