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The application and production of labelled compounds are nowadays ciosely 
related to the use of chromatographic methods. Gas chromatography (GC) and the 
preparation and application of labelled compounds are relatively new fields of research ; 
the first basic paper on GC appeared in 19521s5, while the preparaticn of labelled 





topphic methods phxy a particularly important &Ie in checking purity7zJ60~z62~27~, 
they. are often suitable for the determination of contents by using a convenient mass 
detector and, in connection with degradation methods, they are sometimes appropriate 
for the control of the pattern of Iabelling.~Another major use of RGC is in chromaro- 
graphic methods for the separation of individual species in practical applications of 
labelled compounds, the distribution of radioactivity after chemical, biochemical or 
nuclear reactions being folIowed_ 

The roIe of GC in the analysis of compounds labelled with lJC and 3H has been 
surveyed several years ago72J52~z62. GC is virtually the only convenient method for the 
analysis of radioactive gases and volatile substances such as hydrocarbons, but the 
development of derivatization methods has introduced applications for polar sub- 
stances, including carboxylic acids, steroids, sugars, nucleotides and amino acid 
enantiomers. In connection with chemical reactions and pyrolysis, 6C can also be 
helpful in questions of specificity of Iabel!ing’07~1~o~1g1~~~~g1_ 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 detection, and in many instances also in activity measure- 
ments because of the high counting efficiency of the weak &emitters “K and ‘T in the 
gas phase. 

The application of GC to the analysis of labelled compounds enables several 
types of inform&ion to be obtained at the same time: it is possible to identify the 
compounds and to determine their content, specific activity Bnd radiochemical and 
chemical purity. RGC was often used only for qualitative or semi-quantitative work 
in metabolic studies for tracing pathways via the IabeI, and applications of RGC for 
quantitative purposes in chemical processing and in investigations of chemicai and 
recoil reactions are well known. Suppliers of IabeIIed 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 chemitii problems in RGC. 

The technique of RGC and its range of applications have been reviewed many 
~~~~~~,51,83,90,1~,168,1BL,2OJ,205,205,210,2~6,270,279,292,321,326,337,355,385-357,4@1,414 and appIica- 
tions of RGC for special purposes such as in lipid analysisp0~116~1g2~128~275,556, “hot- 
atom” chemis@P+ and the analysis of pesticides244 and organometallic com- 
pound9 have also been surveyed. 

The methods used to monitor the eBiuent stream from a GC column for radio- 
activity can be divid& into ttio main groups: 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 radiqactivity continuously by means of a fIow- 
through detector. A survey of syste& used ib RGC fs given in Table 2. 

The simplest and probably the most &ommonly used approach to assaying the 
radioactivity of IabeIIed compounds separated by GC is a combination of a trapping 



++ 

fl 

+-I 

-i-l 

-I- I 

i : 8 

+-! 

+I 

4-l 

n 
0; 
V 



I67 

p&edure for the collection of the separated components and srrbsequent coirnting of 
the- coHect& .fractiidns. -In the first appkation of @is discontinrrous method for- Ia- 
belled compounds, described by James ef ai_ IS=1 l%XabeIfed fatty acid methyl esters 
w&e detected with-a .ggdensiry balance detector and then coKe+d In robes filled 
with cotton-woof moistened with metbano2,- but “.oSIine” detection. has also been 
used for non-radioactive substances in connection with other types of detection, such 
as mass specGometZy’“Jo?g5~zo~ and ultraviofet~17, infrared~,“,ss,~~,‘g~,~~~ and nn&ar 

magnetic resonanctig3 spectroscopy ; _ a reviewz40 has also been published. 

: 

There are two principiaE modes of fraction collection: (1) the use of an auto- 
matic fraction collector (e.g.; 2 Packard Model 830) permits trapping at regular in- 
ter&&; (2) when the mass detector indicates the appearance OF a desired snbstance, 
the rrap is inserted and the Iabdied compound collected. Mass detectors include non- 

destructive thermal conductivity detectors (TCD), argon ionization detectors (AID) 
and gas4ensity balances (GDB) and, for the smaller portion of a split e&rent, flame- 
iotition detectors (FID). The use of mdioactivity detectors for the preparative GC 
of “C-labelled compounds has been reported 3Jis_ The often discussed risk of not de- 
tecting of sabstances of high specific activity when using 2 fess sensitive .mass detec- 
t~i.‘~~~‘~J’“~~?~~ see&s to be more of theoretical than of practical value, 2nd the 

problem studied by means of RGC is nsuaILy known to some extent. The reported=’ 
sensitivity of a microthermistor of about IOQ ng is su&ient for “C-labelfed substances 
in many instances, while; 3H-labelled compounds of high specific activity (1-25 
Ci/mmole or higher) can usually be detected only with 2 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 monitoring of radio- 
activity in the effluent. Early approaches involved systems with mass and heated 
radioactivity detectors in series’“*‘8L~3Lz+g; one of these system? is demonstrated in 
Fig. 1. They are used nowadays onIy in exceptional circumstances, when the counting 
efficiency is not itiuenced by the composition of the substance passing through the 
connte~. This factor, applicable to Bow-through proportional countersl”a~““~~, 
ionization chambers”* and liquid scintillation instrnmen@‘, led to the development 

,Hypc4a-mic injection btackr 
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Fig. I. Fiow diagram of RGC spcem using heated ionization chamber. Reproduced from And. 
cfzem., 35 (1963) 1576 (ref. 281). 
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of Enore stiphisticated sysG?ms invo&ing Combustion Y;lrf3.142.1tj7:ia7, .Ls us& pp&+g& 

in non-radioactive GC150*“5? qd hydkcracking; applied by Zlatkis and Ridg&? fOF 

detection with TCD; Combustion. of the efltient &so. petits the gbsorp&n-of ‘*CO2 
in ethanoIamine40~1u~163, -hya&nei70s3W or- sodium. hydroxide ~solution~~yEiq’-for dis- 
co-?tinucus counting. M&t flow-through systems-use the- more -sensitive -FID after 
splitting of the effluent (the larD hak low linearity). The~Ia&r part (u&&y 80_9o”j,) 
is led into the-radioaktive branch. The use of an additive _Fs’for the accurate ftic- 
tioning of the splitter has beeri reported X1; because of-the non-stability of the splitter 
operationX35, the exact solitting achieved was deteknined by comparison of the mass 
responses of the runs with and withotit the splitte?“. Several applications of the FID 
as a cdmbusticn element have been described9z=p~~“5~3’0; in this way, the use of a split- 
ter is avoided. The electron-cap&e de+Jor (ECD) has probably not yet been used 
in RGC. 

Another possible combination in RGC is- absorption of the effluent in a 
flowing liquid scin&llatori36 (Fig_ 21, which permits the co&&ion of,fractions_ Several 
further methods combine fioiv-through and “off-line” detection: interrupted-ktutitin 
GC in conjunction with a static ionization chamber has been repoiEed6’*6jT6s; radio- 
active substances issuing from a column have been collected on 2 molin,o strip of 
papeP for TLC pIateP” for subsequent radioassatizg; and “bufferstorage” (absorp- 
tion of ‘“CO, in a flow of sodium hydroxide solution, which is then ted through PTFE 
tubing, the combusted effluent is divided into sections by ,W bubbles and- these frac- 
tions a&stored for counting) has been usedz0y~z14. AlI of the combined methods in- 
crease the time avail%ble for counting and enhance the precision and sensitivity of the 
radioassay, which are the advantages of discontinuous methods. 

Carrier 
s;? 

0 See fig. 19, 
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Fig. 2. Scheme of RGC system with continuous detection of radi&ctiviti by liquid scintillation. 
1 = oven of gas chromatograph; 2 = splitter; 3 = &me-iontiion detector; 4 = container with 
scintiflator solution; 5 = peristaltic pump; 6 = liquid scintillation spectrometer;-7 1 two-pen re- 
corder; S = fraction c@lector. Reproduced from 1. Chronzaragr., 76 (1973) 14 (ref. 336). 

It is obvious that many methods are possible in RGC. Those given in Table 2 
are selected methods froth existing.combinations, depending on the type of probiem 
to be solved, on the experience of the analyst and on the instr&&tal capabilities. 

3. CHEMICAL PROBLEMS : 

3.1. Prepniation of the sm@e for radio-gris chromatography. 

Only 2 few applications of RGC do noi require prior preparation of& sampte, 



..- 
GC-g!53H-.AND1~c--LkBELLELD COMPOUNDS 169 

wkick can be;directly injected; exampies -are the analysis of radioactive gases (HZ, 
CO,.._CO, (refs. @I4 and HX); Cl&; C&L, C&I, (r&3), etc.j, kydrocarbonP2 and 
other--volatile substances that do not contain non-vofatile components. If the latter 
are present they are retainedon the c&W and can interact with the solutes, thus 
ckanging &retention ckaracteristicsXQ” . Mso.in the preparation of polar substances 
for GC by derivatization is it desirable and advantageous to remove substances that 
do not form volatile derivatives and to prevent the cotumn packing from contamina- 
tion, e.g., by sugars from lipid extracts of algae and their decomposition products 
after metkylation in the case of the analysis of higher fatty acidsz60 (vacuum subhma- 
tion of metkyi esters). The purification step is often accomplished by liquid chromato- 
graphylgJ = or thin-layer chromatography. The sample clean-up prevents unknown 
radioactivity or background enhancement being recorded. .’ 

Many reviews OR derivatization in GC7a-113-311a, silylatiorP, GC of amino 
acids176 and fatty acids2’s*e0, etc., have appeared. The following summarized criteria 
for the derivatization step were giverPg a : (I) the derivative should be formed simpiy, 
without rearrangement or structural changes; (2) the derivatization reaction should 
go 95-100 O/i to completion; (3) the derivative should have a suitaXe volatility, reten- 
tion time and ability for concentration; (4) the derivative must be stable with respect to 
time, temperature and column packing. The yield of the reaction is a critical point, 
depending on the purpose of the analysis, e.g., for checking radiochemical and 
chemical purity a iOO”A yield is desirable and no side-reactions should oc~u~~~. 

Obviously, it is not easy to satisfy ah of tkese requirements in every case. 
Control. of the derivatixation by means of thin-layer chromatography was 

useful in tke RGC of lT-labeUed fatty acid methyl esters and amino acidszs9 (Fig. 
3). The example of the RGC of ‘*C-labelled amino acids demonstrates the problems 
of derivatization. Side-reactions in the formation of tri&xor~acetylated n-butyl 
esters309=, especiaky of carrier-free preparations, were caused by impurities (probably 
aldehydes) at conce&Jations of ca. IV3 % and fed to “radiochemical impurities” of 
20-30 % (Fig. 4) in spite of a good reagent biank, proposed as a control of contamina- 
tion3Wa. The extraneous peaks could be suppressed by using larger amounts of car- 
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Fig. 4. Radio-gas chromatogram of carrier-free pr&ration of [%]glycine after butyIation &d acyla- 
tion-“.’ Ihe main peak corresponds to N-TFA-butyl ester. Programtied-temperature GC on QV- 
225 column. From Matuchaus_ 

riePs. Correct results were obtained after. the choice of an appropriate derivative 
fFig.3). 

Attention slrould be p&d to the choice of solvents and derivatization reagents; 
.their volatility should be markedly higher. than that of the derivatives, as the tailing 
intluences the evaluation of the mass record and could make reagent and solvent 
venting, sparing copper oxide- in the combustion unitX1, impossible. 

HistoricaHy, RGC is closely connected with reaction gas chromatography 
.(loosely defined as a combination of chemical reactions with GC). Kokes et al.‘” 

investigated the hydrokacking 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 columti or in a post-column reactor. Reaction GC involves pyrolysis, 
-hydrogenation, subtraction, esterification, silylation, saponification and other reac- 

I 

Fig. 5. Radio-gas chromato,T of carrier&e prepar&ion of [“C&$ycine inthe f&m of bi$chioroL 
difluoro.methyl)-I ,3_oxazo!idinixA_one. Non-tidioxtive alanine added zs internal standard. pie- 
grammed-temperature GC on OV-225 column. From Matu&@. 
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tions.:This technique can heip in many difficult separations-and identifitations as well 
as in establishing structures. For the GC of labeled compounds, interesting applica- 
tions of the pyrolysis of pH]hexene-l and EW]hexene-I=*, nucleosides and nucieo- 
tides3s*39’,.degradation of fatty acids”6 and investigation of the degree of uniformity 
of-labelhnglgL have beetrreported and the work of Drawert and co-workers”‘7-1’0*‘g’ 
is of interest. 

3.2. Reacfiom in the &QS khromatographic system 

One of the potential errors in RGC and GC in general are losses due to reten- 
tion or decomposition of the solute in the cbromatographrc system, which can be 

‘_ 

divided into three parts: the vaporizer, chromatographic column and detector. The 
breakdown of N-TFA-+butyI .esters of amino acids occurred in a heated metal injec- 
tion port ^JLav-*t. Injection-port reactions in the analysis of dkylstiyl derivatives of 
nuclo&ies have been described305, and some trimethylsiiyd (TMS) derivatives we_re 
decomposed on c~hnnn~~*~~~~~ or by metal parts of the app~atus139b.2*6a~17s~,~3~_ 
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 err~rs~=~~~; .the breakdown of TMS-histidine by moisture in a freshly 
installed septum has been reported354b_ 

Interactions with column packings have been reported many times; the sta- 
tionary 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 
unnoticed. If the reaction is slow, a poorly shaped peak can be obtained. Impurities 
in the sample can also cause reactions of the soiuteB9”. 

Meinertz and Dolez61 estimated the pattern of dispersion of chromatograph- 
ically pure methyl [‘JC]pahnitate; in Apiezon and EGA coIumns 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 cohnnn 153. Chemical reactions may occur during 
passage through a GC system; dehydration of [2-WI-2-methyl-Zundecanol and 
isomerization of [‘“C]me~ylenedyclohexane to [“Cjmethylcyclohexene have been 
reportedrC7. Jansen and B&au Iso foilowed the recovery of silylated lJC-labelled 
glucose,. fructose, sucrose, glycerol, cholesterol and stearyl alcohol, which was con- 
siderably Iess than quantitative_ The recoveries from Carbowax and SF 96-50 col- 
umns of 10--80°/0 were reproducible also after rechromatography, and the retention 
of TMS-glucose was significantly higher at the injection end of the column. On the 
contrary, ‘“C-labelled TMS-pyrimidine bases were found to be more stablejoS; the 
retention on the column was not determined, but the overall recovery of TMS-uracil 
and TMS-thymine was found to be higher than 96 oA when a sufficient excess of silyl- 
ating reagent was used. Errors in the $XZ analysis of polyunsaturated fatty acids’= 
and errors due to trans-esterificat~ons of fatty acid esters on columns with polyester 
stationary phases293, etc., are well known. Oniy chemical inertness of the whole chro- 
matographic system,.particuWy of tie column packing, can lead to sufficiently high 
recoveries, which should be independent of the sample size. 
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Fig. 6. Combustion tube assembly for conversion of columa effiuent- A = Capper oxide powder; 
B = iron fXngs; C = spherical joint; D = furnace. Reproduced from ARQ~. Chenz., 35 (1963) 516 
(ref. I%). 

3.3. Converston of the efluent for counting 

The decrease in sensitivity of a TCD with increasirrg temperature and the pos- 

sibility of condenstition of substances with high boiling points led to a new approach 

in GC, nanieiy conyasion of the GC efauent into carbon diotide by combustion*s~zM 
(used in elemental analyysi~~~~) or by hydrocracking43’. Both methods have been used 
succesfully in RGC; they avoid the diffikrlties caused by changes in the composition 
of the gas being counted in _radioactivity detection. 

The combustion method was applied for the &st time by Cacace and co- 
wo~&~~9.%%~ and subsequently by James and FiperX87*‘88_ They used-copper oxide 
and, in the same tube, converted water of combustion into hydrogkn vVith iron fZings 
or steel-wool. A scheme of the furnace is shown in Fig. 6. Hydrogen is suitable for 
mass detection by TCDlse and also for monitoring tritiumJ7. The combustioh is per- 

formed at 650-800”, but the higher temperatures are not convenient because of reduc- 

I-ABLE 3 

HYDROCRAC.KING CATALYSTS USED FOR EFFLUENT CONVERSION 

Caialyst composition Operating Compound9 converted ReJ 
temperature 
rw 

Ra?ey nickal ’ 420 Esters of lower carboxylic and iO8,112,16L 
linoleic acids, alcohols, CO1 
(“C Iabel!ed) 

Zn-CoO-NiO-Fe-Y&j&t 620-640 Hydruczrbons, titers of carboxylic 347 
(600:40:20:140:10:27) acids, bromo, iodo and nitro 

derivatives, TIMS-cxbohydmtes 

Zn-Co&Ni&ce-VzO,Ch 660 
(49:16:13:!14:8:22) 
Zn-CoO;G69-V,O,St 600 
(30:20:20:5:8) 

CH 2nd .'*C We&d) 
Fatty acid methyi ester!+ 

(‘H and “C labelicd) 
Bellzene, tohxene, bu-&no& methyl 

benzoate. acetone. dioxan 

3.5 

398 

Zn-CoO-G69-VzO&NiCMt 600 
(non-radioactive) _ 

Benzene, tolueire, butanol, methyl 
(25:20:2&5:8:7) 

.398. 
benzoate, a&tone, dioxan 

G69-Ch -. 
(nail-mdioacttiej CT 

5clO-700 Fatty acid methyl esters; .225 : 
(1:3) bexadecane; steroids 

~: (3Hand ‘+C labekd) 

: * Ab&eviationsr St = stercham&; Ch = &romosorb; G69 = ,&xjniti:ativat&~~-g&et 
cataIy%t G69, Girder S~dchernie, Munich, G.F.R; I. -.Y 
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tion_ of CO, and reaction of CuQ with quartz; thus 720” was recommended as the 
optimal tempeE&ure2f2. Oxidation of iron caused ‘cmemory” e&&s with tritium (ad- 
sorption of 3H20)1gp*Zrz, but the addition of hydrogen gas in the iron part of -the 
conversion tube can eliminate this e&ctza. -An auxiIiary column for &-CO, separa- 
tior#~~~ ‘or adsorption bf water or of C0, (refs. 188 and 372) for- distinguishing be- 
tween 3H and lcC was used. The combustion method was used in most instances for 
the RGC of L’C-l&belled compounds with Bow&rough radioactivity detectionzOs*l”~‘l’~ 
21t*U*LF17372; Co&B4 (refs. -iOi and 162) and an FPD as the combustion chambergl~g’*l’S* 
3Lo have also been applied. 

Hydrocrzcking of organic compounds is widely ased in petrochemical pro- 
cesses. Nickel, iron, cobalt and other elements are generz$ly used for hydrogenation, 
and oxides of ahmxinium, siIicon, chromium and other compounds for cracking. This 
approach has often been reported in RGC35~10S~11~~215~“7~3gs; its main advantage is its 
general appli&biMy to both ‘H- and “C-labelled compounds. Exchange of the 
catalyst after 60-80 h-of operation is recommended347, so that the application of the 
cataIytic procedure is not so significant an advantage. The temperature for each cata- 
lyst and class of compounds to be converted must be tested. A survey of catalysts 
used in the RGC of MseIIed compounds is given in Table 3. The hydrocracking reac- 
tion (and dead volumes) influences the peak shape (Fig. 7). Hydrocrack&g is recom- 
mended for smdler molecules, combustion for larger ones398. 

Fig. 7. influence of the conversioo of the efEuent on the peak shape_ Upper curve, FID response of 
the efEuent without conversion; lower curve, FED response of the main part of the eSuent after 
hydrocncking. A = 1.2 id of toluene; B = l.Opl of butanol; C = 1 .O,d of benzene; D = 1.0 ~1 of 
methyl benzoate; E = 1.1 ~cl of acetone; F = L.O,d of dioxan. Reproduced from C’hrornatogruphia, 
2 (1969) 7, by kid permission of R. Tykva3=9. 

Considerable changes -in retention volumes resuiting froir: extensive substitu- 
tion of deuterium and tritium for hydrogen in organic compoundsAL (reported earlier 
for radioactive inert gases by Glilckauf ““) drew attention to isotopic effects in RGC. 
Broadly. defined as any diEe=nce in the chemical or physical behaviour between two 
compounds that differ on!y in isotopic composition, the isotopic effect in GC has the 
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character of a secondary efFe& (ch&n&i bond s are-not brokea or formed- dmring the 

Gc pr~~@;~ThuS‘ttie id~21tificrrti011 of l&dkd;k~p~tii&li~ r+kred mO&df- 

ficult (isotope fractionation must also be distinguished from radioch~inical Znzpuriti@ I 
however,. on- the’dther hand;the differen& in retention- volumes of’isotopic. species 
can b6 utilized-for their .separati~n’~*~, e.g., of-tritiated methanes?, olefins2w or for 
enrichinent.of &tiumz~*z97 and carbon-14=. Particular attention has been paid in GC 
to.smaller molecules labelled with stable isotopes, the the&rodjrnamic properties of 
tihich could e’asily be- mea&red~7. Radioactive substances of high a&iv&y cati- in- 
fluence the chromato,=phic process by evolving heat. t 

Three categories have been considered in the GC of isotopic subS’tances9’: 
separation of isotopic molecuIes, separation of chemical compounds fabelled k&h one 
or more radionuchdes and separation of radioactive materials from other elements, 
compounds or other matrix materials; the first two categories are similar and reiated 
to the GC of labelled compounds. The GC of smaller isotopic molecules -has -been 
reviewed by Cramgo, while isotope. fractionation during anaiyticzd SeparatiOnS Of 

large molecules was discussed by Kiei@O. 
Two examples of the isotopic effect-in the “usual” GC of labelled compounds 

can demonstrate the phenomenon; Sgoutas u9 observed the fractionation of a mixture 
of 3K- and xiC-labeIled fatty acid methyl esters, and found that the %:‘*C ratio de- 
creased -during the appearance of peaks of stearic, ofeic and hnolenic acid on- SE-30 
and OEGS columns. Similar results obtained in the GC of steroids labelled with 3H 
and I%2 can be exptained by tritium enrichment in the first fractions of-the peaks (an 
increase in the vaponr pressure of ‘H molecules was predicted), but .with [4-W]- 
testosterone rH]acetate the 3H:1 ‘C ratio also increased in the tail, which remained 
unexplainedZ1*. VandenHeuvel .er ai.“’ did not observe fractionation of TMS-fz3C]- 
amino acids obtained from algae grown in a r3C0, atmosphere, but a.biosynthetic 
isotope eRect~*287*306 was noted (non-homogeneous distribution of r3C, which can be 
explained, according to our experience, by precursor-product interactions as with W- 
Iabelled fatty acids 1s3s256). Preparations of high specific activity obtained by chemical 
reactions or biosynthesis, as they are nowadays produced, can have shifted retention 
volumes; however. More efficient columns for the fractionation of isotopic mo!ecufes 
have been used ; TMS-s%gars have been separated on packed cofumns of 40,aoO plates2g 
and.open-tubular column chromatography, e.&_ .of methanes6.66, has been reported. 

4. METHODS 6F DETECTION OF RADIOACTIVITY 

Radioactivity detectors offer the advantage of high sensitivity and selectivity 
when used in GC; naturally, the use of radioactive cmnpourids is a_ prerequisite. 
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 appropriate m&hod used for usual radioactivity 
measurements. Liquid scintillation count& is most common@ employ& but Geiger- 
MiiIler (GM) tubesrffi and ioni&tion chambers ‘I* have also -beenus& The-discon- 
tinuous method of analysis has the advantage that coil&&d fractions-can be counted 
with converitional equipment. 

For continuous flowithrough counting-of the ef&ent, pro@&&J -and GM 
counters, ionization chambers and scintiHation:&%hods h&e been used and the ap- 
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TABLE4.. 

SURVEY OF RADUTION DETECTORS USED IN RGC 

ppe of &rector Defector Detection e$iciency (y&l Backgfourd Ref. 
volume (cpm) 
(Id) “H =c 

End-window GM tube 
Internal flow proportional counter 

Window flow proportional counter 
Ionization chamber 

Plastic scintillator (coiled tube) 

Crystalline anthraceile 

Liquid scintibtion flow cell 
(integral) 

Liquid scintibtion flow cell 
(continuous) 

- 
IO 

.lO 
10 
12 
20 
20 
22 
27 
25.5 

275 
275 

0.27 
- 
- 

- 

1.4 

0 
30 
98.4 * 3.5 
- 
64-o * 1.5 
- 

61.5 

0 
75” 
- 
- 
- 
1 l-23 

15-205 
25:: 

27 

5-15 l&l5 182 

88 35 3.5 
102.4 & 3.6 50 225 
95 3’ 368 
945 & 1.0 1’ 349 
78 & 2 50 8 

- 40 233 
92.5 40-50 372 
80 60 251 
20 72 413 
33” CQ. 700”’ 281 

- CQ. 200”‘. 350 
58.3 - 137 
60 - 326 
62-86 30-50 211 

So-50 3 60 300 
8063 60 300 

85 - 33s 

* Gamma shielding and guard counter with the anticoincidence circuit used. 
** Signal is also proportional to average ndiation ener_gy (see eqti. 1). 

w-S Background corresponding to the noise current m+-aured. 
L Simultaneous nnxsurement of both isotopes. 

6S Discriminator settings for measurement of individurrl isotopes. 

plication of a semiconductor detectoF in RGC has also been reported”‘. A survey of 
the detectors used in GC of3H- and ‘T-labelled compounds is given in Table 4. It is 
noteworthy that the sensitivity of the mass spectrometer also permits the detection of 
smaller amounts of radioactively labelled compounds of higher specifid activities (of 
higher isotopic abundances)la6”. 

4. I _ Discontinuous methods 

The approach involving radioassay after fractionation of the effluent from a 
column is especially convenient for low levels of radioactivity. There are similarities 
with the isolation of substances from a stream of carrier gas, and preparative GC has 
also been employed for the preparation of labelled compounds1g~1~7~277~zgS~31g~JoL~403. 
The outlet systems of preparative instrumentss’75 and fraction collectorss5~3q3~“6 have 
been described. 

The principle of the methods involves condensation of the vapor; of the 
substance (efEuent_ fraction) from the stream of carrier gas in an &changeable flow- 
through coIle&oq device. Vapours in the GC efiluent tend to form aerosols as they 
enter a zone of.markedIy lower temperature. Therefore, the s&est method of trapping 
is the combination of condensation with sorption of aerosols on a sorbent or the use 
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of a short sectiou of a. GC colimn containi@ a solid- sup@orE’coated &th_: 8: noti- 
volatile hqui$ stationary phase and mairrtained atroom tem@rat& SO~III&*S tin& 

cooled glass traps have been -used 10,11,~,~,s~,~9,~,~~5,__~_~;1~~;2Sg ok PTFE tu~~&‘~4_?;~~s8~ 
313 Tra@s contai$ng~a cooled solvent (~fhanol’*l,.rnethyten~.c~oride~’br toiuene? . 
or. cotton-wool (@.Sified, occasior@y. wetted)“* ~146,1E6,26L,299, &dges :ie& g&s_ 

wo&v!y=, tubes continhg &t~rc~#~.~~~~~, f&ted fikrs3’8,- $%iElipo~~ Ghe&‘“, 
concave folded. glass-&e papePg, mofecular sieve 5A, gias~ @&s~~~378~ Corning 
porous gla~P%~~~, uncoated .GC supports= or coated SU~pO~S'~*"~3~zm ad 

cartridges with silicone-coated anthracene, cocvenient for scintihation measure- 
ments1;i;~7-7’,213,2151411, have &eti described. Condensation of vapours toge-her with. 
carrier. .gg (CO,) has also been reported”‘. GC .-fractiotis are colieoted in. iessels 
containing a -s&tilk&m ‘c~~~~~~“33~117~177-227*263~265.376 or the C0rteSpOildiIig' COt, 

after combustion, is absorbed in ethanolamine40.““.3s5, hyyamine3go or sodium hy- 
droxide solutiotPg2 for subsequent liquid scintitiation counting (Fig. 8): An example 
of a simple collection device is shown in Fr,. em 9. Various similar traps have been used 
elsewhere L20.127.201.202.2’1.311.320.371 

. 

6 

I 

Fig. 8. Vial used for “CO, trappin g in ethanolamine and subsequent-scintillation counting: 1 = 
Silicone rubber tube connecting reactor outfet with the vial; 2 = stainless-steel capillary; 3 = 
scintillation vial; 4 = glass mixing tube; 5 = trapping solution (3 ml of monoethanolamine in 
methyl cellosolve, 2:l). Reproduced from J. Ciuonzlogr~_, 91 (1974) 507, by kind pen-r&ion of the 
authors’=. 

.Anothek approach, avoiding aerosol formation, invokes cohection- systems or 
devices with a temperature gradient which is useful in breakingdo- krosols. AxiaP6”: 
u53 and radial temperature gradientP’” have been used,’ k%ile- MagnussOn"" used 
combined-radial atid axial gradients in ikestigating the recovej as a funeon of the 
temperature gradient ;and ,of the Mling point for substakes with b-p.. 151~287” at 
760 mmHg. EIectroprezipitatiotP” was -not r&ommended2”“.~ : 

Fo?.some purposes,_.qua&tative trappi&@. and koolatiorz df%$ar%ed~lahekd 
compoutids; are n&t requtid (determination of specific a&its;, isotope dilutioti me& 
od, identi&ations), but. @ntit%tlve -work r&@r+tiuch &or& &d his- &&& or 
impoksibI&Torso&~ ~ofc6m~~urids or-deriti~~v~,‘si~a~~~e TI@g de&at&$ 
p4y&&tir&d lkgchaiti-fatty acids &nd similar -lzbiIeTst&@ces t&t &e se&&iv& 
to oxidation or hydrolysis or are otherwise reactive. A very importar~t~point in every 
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Fig. 9. Unit for co&ction of g2.s c.hromato&phic fractions. Reproduced from J. Lipid Res., 3 (1962) 
141 (ref. 261). 

Fig. lc_ FIow-through proportion21 counter. I = Comector; 3 = FTFE plug; 3 = taper joint; 4 = 
0.002-in. stainkss-steel wire; 5 = brass wall; 6 = Lucite stop (grooved to permit gas flow); 7 = 
spring;’ 8 = sphericA joint. R&produced from Amf_ &hem., 30 (1958) 903. 

discontinuous method is theverif&tion or determination of the recovery of the overall 
procedure. 

The main advantage of the collection method is the possibility of long-term 
counting, permittiog work with low 1eveIs of radioactivity, and the possibility of 
repeating the counting. In some instances the recovery of pure substances for further 
+~a.lysis is possible. 

C-2. I. Proportional and Geiger-MC@er counters 

Counting tubes used in RGC for the continuous monitoring of the e&tent 
can operate in the proportional or GM region and are constructed with or without 
i window. Windowless counters c&r be employed with advantage for both radio- 
mtclides2”, the counting eEciency for carbon-14 being as high as 100 7;; white for tritium 
it is &lo% (Table 4); external counting (with window) can be used orily for c-zrbon-14. 
The applications of GM counters are iimited by the long dead time of the tubes. 

In the first applications of RGC., mostly GM counters were used=, in connec- 
tion with a flow cellZS~3Lz or as a Bow&rough detectoe ‘6~334~333. Condensation of the 
eBIuent.in a flow cell cooled by liquid nitrogen combined with a window GM counter 
was reportedS, and an:inte_& record of the activity was obtained. 

Because of.their high detection ~e&i&cy aad, Jaw background, proportional 
counters w&hinter&l fiow have often been used in the RGC of 3H- and “C-labelled 

66 compounds F s;~~~‘7*~zt~~zf ,9*~~~~~,332_ m& ~ndox&&fiow-tfrrough proportional 
counter was @rapa& by Wolfgang arxd M2cKafzG and Wolf=gg and RowZand”5 ; 
a similar counter had already been used previously for counting carbon-14 during 





Fis- 13. Examination of infiuence of effluent OR corrnting properties of gas-flow proportional counter. 
Injected: 30 pl of tert.-butyl chloride and &butyl chioride (I :1). Carrier and counting gas, methane 
(60 _ml/min). Reproduced from Z_ Anal. C&w., 19X (1962) 110 (ref. 238). 

large amount of substance in the eftfuent lead to an increase in the organic to carrier 
gas ratio, which moves the @a&au to a higher voltage, with a consequent drop in the 
doutiting efficiency. For this, reason, contrary to the case .with coikidence losses, 
operation of the counter at higher voltages makes the drop much less likely. The op- 
posite effect, the shift of-the plateau- to the left due to changes .in gas composition, 
can cause “efevated” activity or “pseudo-activity” (detection of non-radioactive snb- 
stances). This efkct was reported for aromatic compounds containing a halogen or 
a n&r0 group=,=‘. Th e correct f&n&on&g of the counter can be tested by means of 
an external radioactive source and a non-radioactive subsbnce”*P (Fig. 13). 
Counting chGa&eristics have been eskbfished for various gas mixtures, including 
methane-helium?,. propanerheliumS+; m&ant+argo$, methane-hydrogen*” and 
isobutanol-argon3u~335. .n e use of ~&version of the e&e& and of a suitable carrier 
gas, e.g., carbon dioxide or carbon dioxide-argou187~*E*S, avoids the above dif- 



Fig_ 14 Cross-section of window flow-proportional counter. 1 = Active g-& inlet; 2 = O-&g; 3 = 
holes connecting gas inlet with xtive volume bf the counter; 4 r,spring-baded PTFE ix~~ulators; 
5 = hole for insertipn of cziibration source; 6 .= O.OOZ-in. stainless-s&e! wire: 7 = 0.970&x_ diameter 
Mylar tube; 8 = 2 ‘5j&n. 0.0. brass tube (w&l 0.125 in.); 9 = 0.022~in. stain&s-steel capillary 
tube (0.005in. I.D.); 10 = 2.5in. I.D. disk ofpri#ed-circuit board; 11 = O-ring; 12 2nd 16 = count- 
ing gas inlet (or outlet); 13 = stain&s-steel SwagdoE connector; 14 = active gas outfet;.l5- = con- 
nedor; 17 = location pin; 18 = counter insert: 19 = active length .of. the counter; 20 = O.Ol&in. 
U-shaped berylliumxopper tension spring. Repruducd from And. C’fze&., 39 (1967) 276 (ref. 413). 

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

For ‘“C-labelled compounds; window flow-proportional counterP%~?+ 
(Fig. 14), which have ‘he: advantage of stable and reproducible counting charac- 
teristics, have also heen employed.. The .detection. efhciency is-de&e&ed to 20 %a13, 
however, and 3H cannot be counted at ah. . .- ~-. 

Sensitivity due mainly to the background kwel, -tihich increases with tempera-. 
ture, has’be& ieported at the lO-‘l Ci lti~e123s~3gs; Using equiprr,e~“g*~ co.taining 

a plastic s&tihator, an .anti-coincidence guard counter and. a gamma. shield (Fig.. 
is),. thhebackground has been measured Sievels of f’cpms9 and 3 cpm308. The. back- 
ground- is :aIso inguenced by the material &ed -for shiefdinp (by: its age);. atid- the 
quality .and characteristics of a pro@ortional counter depend_ on the geom&y and 
performatice of the:detector; the thiti anode wire is also an~mporta&com~onent~. 



Fig. 15. S&sitive, few-background detect&assembly for R&C tom&sing gas ffow-proportional 
counter, plastic phosphor, anti-coincidence guard and graded gamma shield. P = Plastic scintiilator; 
A = amplifier; R = rate meter; S = scaler; CA. = charge amp!ifier; CR. = chart recorder; 
E.F. =,&titter follower; P.M. = photomultipiier; P-P_ = parallel printer; A.C.G. = anticoixi- 
dence gate circuit; P.C.U. = printer control unit. Reproduced from J. Chronzrrtopr, 38 (1968) 26 
(ref. 349). 

For the detection of low-en&q &-radiation from 3H and f4C, ionization cham- 
bers are cotivenient. The fkst application was reported by Wilzbach and FLiestil*, and 

such c&.&e- are now In common us~~~~~59~61~119~139~309~317~515_ Thky cari be heated, 
so tb& a& app&tion is wide’02,“~,~,~8’,3~;‘Sl-~~,“‘g,“’7. Various &signs have been 
Fepo~ed~i,~~,~.321,3~p,~p, and two examples are illustrated in F&s. 16 and- 17. Gzs- 
phase~counting with ionization chambers may give rise to “ghost peaks” when small 
amounts of m&belied compounds pass throu& the detectoP”~279~“Z1. These peaks 
can be partially or wholly eliminated by maintaining the chamber tzt a higher tempera- 
ture27p, b Y using a relatively large-volume detector in conjunction with a larse flow 
of &futin* ffas2iP*S50*419 or by conversion of the effluent~~60~~0’~‘1~~‘15D’1g_ 

Fig. 16. Low-volume he&able ionktion &am&r. Reproduced from J_ AM, qU Chem. SOC.. 38 
(1961) 635 (r&f: i14). I’ 



-1nstilator 

Fig. 17. High-temperature ionization chamber (volume 275 ml). Reproduced from hal. Chenz., 35 
(1963) 1576 (ref. 281). 

Fig. lg. Liquid scintillator ffow cell with integral record of radioactivity. Solution. of scintillator 
circulates in the circuit consisting of tubes A, B, C and D. Carrier gas with radioactive vapour enters 
thrtiu&_capillaj inlet I, the _a bubbles rise in tube A (the liquid circula&s in tb& direction of the 
arrows) and escape through the chimney E. The dotted circie indicates the position of the photo- 
multiplier. Reproduced from J. L@id Res., 1 (1959) 30 (ref. 303). 

The current (r)-measured from a radioactive source in an ionization chamber 
under steady-state conditions is expressed by 

where I is current in amperes, IV is the number of disintegrations per second from ihe 
sample, S is the average energy per disintegration in electron volts, w is the number 
of eiekron volts required to, produce an ion pair in the ionizable gas being used, e 
is the number of coulombs per electron and B is the chamber efficiency. However, 
the carrier gas containing the active fraction, on entering an ionization chamber, 
mixes compIetely with the gas already present so that, immediately after entry, ex- 
haust of the active fraction begins and the signal E, at any time rafter t = 0 is given. 

by 

wherefmllmin is the flow-rate and v ml is the vohune of the chambeS79. 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 terriperatures; the sensitivity to changes in composi: 
tion of the measured gas is a disadvantage and conversion of the etBuent is to be rec- 
ommended_ 

4.2.X ScinEii/aCion metlrocis : :_ 
For couniing ‘H and.- “C, scintihation .detection- systems. are ex&e&eQ y:useful 
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and have been widely employed, especially in connection with the discontinuous 
method of activity measurement. Continuous scintillation methcds involve either 

I liquid &intihation,- a Bow ce_h from a plastic scintiflator or organic crystahine scintil 
lators. The ‘Use of inorganic scintitfation .&.ss in the XGC of “H- and W-labelfed 
compounds has not been .reported. 

Scintihation methods have been r~ommended’05.‘J6.32j”“.3SS-js’ for & (and 
r-) counting from the viewpoim of the infhrence ofthe chemical composition ofthe col- 
umn efhuent (which must be taken into account in the usual liquid scintillation345p5W) 
and counting etficiency. However, a correction for quenching has not been reported 
in continuous methods ussing liquid scintihation without conversion of the efHuentz43~ 
3oo--foLi~336_- The detection efficiency of plastic, organic and inorganic scintihators and 
@assessz7 - IS doubtless independent of the gas composition; this fact is, however, not 
so important when conversion of the eIBuent is carried out. Presumably because of 
the low counting e&iency, esp&iaily for tritium, chemicahy inert scintillating glass 
has not been used in GC. 

Short sections of tubin& containin g a solid support coated with stationary 
liquid phase have often been used as trapping devices (see Section 4.1). Based on the 
wail? of Steinber$6’, who su&esfed the appfication of anthracene crystals for 
counting rJC in aqueous solutions, Karmen and Tritch”’ used cartridges packed with 
anthracene crystals (blue-violet fluorescence pade, coated witfr 5 ‘A of DC 550 silicone 

oil). In this way, scintillation counting can be accomplished dire&y, without transfer 
to scintihation vials. Because of the absorption of radioactive material in the upper 
layer .of the coated scintillator, the count& efficiency is dependent on the position 
of the cartridge in the photomultiplier compartment. This approach has been reported 
several ~~~~~99,1*1,171,211,t’j and has been combined with combustion methods for 
continuous counting~70~“1~“2. The flow cell was filled with uncoated anthracene, but 
other crystalline scintitlators can be used (e.g., terphenyl’os~212). 

In connection with trapping procedures, conventional liquid scintillation of 
eluted fractions has been employed many times’~~i56~*63~~61~313~3~6. It is advantageous 
so trap fractions directly in the scintiflacion ~01ution~~~‘~~‘~~.j’~ OF in the stream of 
&ntihator, these fractions then being collected 115a376 When condensation of-the radio- _ 
active vapour takes place in a flow cefl containing scinHlation so!ution (Fig. IS), an 
ititegral record of the activity is obtained 2-t3~300--3~3. A differential curve is recorded 
&hen the effluent is dissoived continuously in a stream of scintillator soiutien356. A 

- TO splitter 
and flow cell 

Fig 19. Detachable mixing tube and efluect-!iner extension of the system forxontinuous detection 
of ndiozctivity by liquid scintiihtlon (see Fig. 2). 1 = Glass et%luent liner of gas c&xnan~graph; 
2 = narrow-bore linear extension of KoC%r petal, fu.53 to glass mixing tube and to sthless-steel 
ball-joint; 3 = ghss mixieg tube: .e = aluminiurn heating block; 5 .= heating elements; 6 = 
thermqcoupk; 7 = O-r& -Reproduced froni f. Chmmafogr_, 76 (1973) 14 (ref. 336). 
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Fig. 20. Liquid scintillation flow cell for continuous measurement .of effiuent radioactivity. 1 = 
StainIess-steel pipes; 2 = O-rings; 3 = interchangeable glass ce!l; 4 = semi-cir&lar coltar discs (to 
press the cell against the O-rings). Reproduced from J. Chrunzatogr., 76 (1973) 15 (ref. 336). 

Fig. 21. Plastic scintiltator flow cell. Reproduced from &er 5147 of Proceed&s of Symposium on 
Organic Compounds LabelI& with Radioisotopes, Marizlnski LzGne, May 1976, by kind permission 
of K-H HeiwP. ? _ _ 

major difiiculty of the system constitutes the mixing tube, shown in Fig. 19. Before 
the solution enters the liquid scintillation fiow cell (Fig. 20), t&e major part of the 
carrier gas is split off (Fig. 2). The system is also suitable for distinguishing compounds 
labelled with different isotopes (W and 3H), as in the case of liquid scintillation of 
collected fractions376 or the use of an integ:al Bow cell”oo~‘“L. Another approach using 
liquid scintillation involves absorption of the combusted effluent in sohxtions con- 
taining sodium hydrotide8’~91~92? ethanolamineu2*‘63.31* or hyamineL70~3M in a com- 
mon absorption. vial (Fig. 8). This method can be combined with continuous 
counting122.16”. 

Piastic containing scintillating substances were originally empbyed in. liquid 
chromatography137~3z6~3T and are not applicable at higher op&ting temperaturessz4. 

Several types of flow ceils have been described, such & a plastic scintiflator tubing 
coiled iu a spiral ..]1’3’,16~,31L,32-t,326 F’ ( lg. 21) aud a glass spiral ca$llary packed with 
spheric& particles of scintillato prl- 
ctivette1*y*32” or one -of -its w&s- 

the plastic scintillator may also form simple flow 
J6d The CoUsIting efficiency for $seous ‘JCO; was 

reported to be 60%=‘~~~~.~ 



5. DATA OLSTPuT- AND EVALUA-FION 

5.i. T3pessof record 

In the Gc of ‘E-I- and L’C-labeIIed compounds, elution techniques are 
generally used. Exee&naily, frontal analysis has also been employedrgq. The simul- 
taneous recording of mass and radioactivity is useful 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 
Jabelfed.compounds, only a mass detector is commonly employed). 

The discontinuous method of detection of radioactivitjr usually supplies a rec- 
ord of mass; the activity record, if produced, is received in the form of a histogram1r6 
or has a digital form 36L. Using continuokmethods, the record from the rate meter in 
the form of a differential &ve corresponding to the mass trace is usually 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 obtained~6.2J3~~ao-303 (Fig- 
23). An unusuaf mode of combined record, with a histogram of activiQ superimposed 
on the mass trace, has also been reported 33J*335_ Development of recording techniques 
proceeded from the above-mentioned traditional analogue display, 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 record251~373, 
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 analyzerrzq or the data acquisition system of a 
~&,,ter’73~3’6,“1” have been employed, with subsequent data processing. 

The answer to the most frequent analytical questions, Le., what substances are 
present in a sample and how is the activity distributed among the sample components, 
is based on the record and its evaluation. In RGC usuahy 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 vokme. The volume of the 
How-through activity detector and the flow-rate of the counted gas affect the resoht- 
tion, accuracy, precision and sensitivity of the method, as expressed by eqns. 3 and 4: 

v= v,- v,_, (3) 

c = &..--a f” +b (4) 

where 
c = counts registered during the mean transit through the detector; 
Y- = detector volume;- 
V,, V,-r = retention volumes of successive resolved components; 



Fig. 2.2. RGC separation of ~i-I]dehydroepiandrosterone (peak No. I, 1Opg. and SOOOdpm), 
[3Hlt&dsterone (peak No. 2. 8 .ug 2nd 9ooO dpm) and [jHldi-androstene-3,Ii.dione beak 3. 20 
/rg and &OOdpm) on QF-1 column at 240”. Mass detection. by_ FID (one tenth of the effluent); 
radioactivity detection by gas flow-proportional counter after combustion of the split e%hrent. 
Reproduced from An&_ Biochenr., 16 (1966) 82 (ref. 372). 

Fig. 23. Radio-gas chromatogram of four “C-iabelIed fatty acids separated as methyl e&en on a 
PEGA column at 197”. Sample size: 1.25 rug of esters containing 27 nCi of riC. a, Mass record by 
gas de’nsity balance; b and c, simuhaneous records of radioktivity detected by inte&al liquid 
scintillation flow &I (Fig. 17) at two sensitivities. Reproduced from J. Lipfd Res., I (1959) 36 
(ref. 303). 

& = counting efFiciency : 

I = flow-rctte of counted gas (if quenching and/or purgipg gas is used, 
the detector volume must be correspondingly larger with -respect 
to the resolutioo desired); 

; 
= &tivity passing through the detector; _ .2 
= background. 

The acxurzcy =.d precision of the activity determination, especially .with low 
activities, is also limited by the statistical character. of the nuclear -d&y. It seems 
sometimes to be forgotten that -at least 1CP disintegratio& must bc..Fegis$ered if-a 
reproducibility of 1 oA is i-equired. From eqn. 4, it follows:that.the ac~ivity_measure- 
ment depends strongly on the flow-rate of the counted gas ~eexp&m&-Mly ve&ed 
recently*i7a), h- h w IC an change .during p&k emergence (with large! sample sizes) 

1 
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and can he nieasured by a flow-rneiePs. The variations in the counting eEiciency 
(pstiudo-activity, q&nching) were discussed.in Section 4.2; the possibility of the effect 
-of electronic circ~ti_try has a!& been mentioned z”_ The backmound level is the Iimiting 
factor of Sensitivity;. it can be decreased to I cpm by use of .g2mma-ray shielding, 
griard counter 2nd an anticoincidence circuit uQ_ For low-level activity measurements, 

.-equipment that has not been in contact with subs-tinces of higher activity should be 
use& Tfie _digiit@ OutDut from the Scaler iS mOFe Sensitive than the response from a 
rate.mete?, the sen&ivity of which can be optimized by using 2n appropriate time 
constantly. 

When 2 stream splitter is used, its function must be controileds~‘35~2’1~21~~~s~~72. 
The deviations from linearity of splitting can be explained by changes in the viscosity 
and density .of: the split gas causing the “sucti.on efE=P”. in addition, the changes 
of the hydrodynamic resistance of the branch leading to the radiation detector influence 
the split ~atiofJ5. The explanation of the observed deviation in terms of non-linearity 
of the FID &ed 2s a mass.detecto938 must be incidentally taken into account. For 
nandmolar amounts 6f fatty. acid methyl esters, a too laborious calibration of the 
splicer was sugg&tedZss. Calibration of the radiation detector206-Z0s or of the entire 
RGC systemu8 has been recommended. 

5.3. E~~luafi~t~ zf the radio-gas chronratogrh 

Radio&gas chromatogr2ms. usually contain information on the co& of the 
separation and on the contents and activities of inditiduaI components of the sampIe, 
froth which further data such as the qualitative composition, distribution of radio- 
ac$ivity among the constituents -of the mixture 2nd their specific activities can be 
calculated. 

A specific feature of the radioactivity record is the low sign&to-noise ratio. 
This property influences the evaluation and complicates computation methods 
(which are also used for the evaluation of related activity records, e.g., in flat-bed and 
liquid chromatograph~*~.“s, or records of spectroscopic measurements~‘). The 
measurement of Iow activity levels is critic21 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 injecteda’a’63. Difficulties 
also arise in the resolution of peaks. Methods of quantitative RGC are the same 2s 
those of conventional GC _ 257 The standard presentation of GC results involves a 
strip-chart recorder with interpretation accomplished bjr manual methods, sometimes 
supported by a mechanical analogue disc or electronic integrator_ GC, however, has 
now advanced from the simple c2IcuIation of analogue or digitai results to automatic 
data processing. 

Only_ a few methods concerning the problems invoIved in the evaluation of 
r2dio-gas chromat@ams h2ve appeared. The digiti recorder display of radioactive 
2nd integmted chromato_mms h2s been discussed373, 2nd 2 schematic representation 
of an RGC, data acquisition 2nd data processing system with 2 fl5w diaLm of the 
computer pFogr2nI h&s been- &iven 273- The a*pfication of a muftichannef analyzer in 
the imuItiscaIer-mode l&s &en descr&d 129: the Iength 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 eachchannef-dare sto&iS in 
the memory of the analyzer at the end of.the analysis &nd the ‘resuits .&re ptinted.Out 
(or putiched) for quantitative information or an andog& record using. X-F @titter 
can be obtained (the channel number is converted into time).. Akr oscifloscope d$?hLY 
in connection with similar systems has a!so’been used3”. .. 

6. APPLICATIONS OF RADI&G&G CHROMATOGRA~~ -To THE ANA~&S OF. 3H- 
AND ~%X_AESELi_~D COMPOUNDSi 

6.1; Ap_dicatimzs~ in the production of labelled cd~pG& 

In addition to the prepara&GC of Iabelled co~~onndsfg~66~‘;‘~‘~~~~~7~~~~~s9~~~~ 
‘03~‘oQ, often accomplished with analykal-scaie amounts,, RGC is also employed for 
quality control of the substances prepared71.1Z**3u’. Important applications of ‘RGC 
in the course of the production process also occur, in the control of 

of 
1.2SO~138~3O9, and in biosynthesisIS. (an example is illustrated in Fig: 24). The apph- 
cations are concentrated on volatile substances .or compounds that can beg easiiy 
derivatized, such as hydrocarbons 16,S7.62.66.75.143.162.219.2~2.269.272.318 (see Fig. 25), ako- 
holS162.269.358, f ormaldehyde3S, fqrmic and acetic acids269*357, fatty acids3’~1L’.168~219~256* 
256.2~9.275.~~.3~.~30 and other compounds’7*Jo’; non-volatile and polar substances, 
which can be analyzed by other chromatographk techniques, are assayed omy rarely 
by RGC, e.g., ammo acidszo*~S3s (Fig. 26) and pyrimidine baseP. Biosynthe.tic 
methods @f labelling may sometimes produce non-uniformly labelled compounds, 
and therefore methods for the control ofthe pattern of labeliing with subsequent RGC 

. 
1 I 

20 10 0 

tmin) 

Fig. 24 Rdio-g~ ~XOIIEA~O~GUII of ‘T-k&eked higher fitty aci&. obtainezj by e&&~n of the 
&a &dorei& vuigaris in an +mospheti of’%Q se.par&ed &I a BDS col&: up&r _&.a+& 
record ob+ikd with gas tlo.w-proport&al~ counter dter &x&m&on of the-auent; fow& &e, 
FID respansc of de effhxnt split as follows: 1 =-l&O; 2 =I6:2; 3 G 16:3; 4= IS:Q’~ 2 ~Si2~ 
6 = 18:3. Reproduced Ercm f. Cluomtogr.; 91 (1974) 501 (ref. Us).. ~. .- : : : : 



189 
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Fig. 25 Separation of tritiated metbanes on a 64 m X 0.22 mm I.D. glass capiilary coiumn with a 
layer of active silica. Temperature, 77 “K; flow-rate of helium-nitrogen (3 :7), 0.70 mI/min. Detection 
by IO-mI ffow-through proportional counter after addition of methane 2s quenching gas. Reproduced 
from J. Lobef(ed Cum@., 1 L (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(chlorodiffuoromethyi)-l,3- 
oxazoIidh1on-5-ones~‘~; cohunn. 1 oA OV-225 on Chromosorb G-HP, 1(X%120 mesh, 2 m x 2 mm 
LD.; tempe_mture programme, IO min at 100” then heated to 160” at 3”/min; carrier gas, argon (40 
ml/mm). Upper trace, activity record of gas flow-proportional counter; lower trace, FID response_ 
Splitting ratio, 1 :l. From Matuchaxs. 

adysis have en deveIoped73.1s~.~s.“6. 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 anaiyzed. The application of RGC to the 
analysis of moieccules that contain labile 3H that is exchangeable with a convenient 
carrier gas has been reported-. 

Thedevelopment of RGC is closely connected with invkstigations of the Szilard- 
Chalmers effect3”. Evans and Wiltardl”“” u’rilized GC in the analysis of a mixture of 
pfoducts.&btained by the irradiation of n-pkopyl bromide in a reactor and detected 
more iha& 20 compounds bontaining radioactive bromine, formed by interaction of 
“h&“-atoms with the medium. The recoiI of 3H obtained by the reactions 6Li(n,a)3H 
and sHe(n,p)3H has beenextensivety studied ; “C, produced by the reaction “N(n,p)lCC, 
forms compounds with Iotier specific ac@vities. 

The 3J3 kcuil r&&ions studied by. means of RGC include ieactioas with 
~kanes’~,9’.~~,~~,~.3t~~,~o~3~9.t, ~EkeneSZJ.19J.23L,t,Z~‘.3~~, arenes5”.53.33’ alkyE ha_ 

232.167.286.t91.353.375 logenides. , methylsilanesgd4S, amino acids= and methyl kocyanide 



j@?Jf2. More reneral problems have Aso b&n. i~ve~ti~ted7’~‘fg.L~.i5S.f~.3~.tPz~ The 
possibilities oT utili&g 14C recoil reactions as a Iabelling method, with Gd & a sepa- 
ration technique, have been discussed. t’J6*4z*Jti_ Several. &&ons~ of ‘“C with heter& 
cyclic nitiogencontaining’compounds!8.‘”, so!id benzeires9, magnesiuF.nittide13iand 
gaseous anhydrous-ammonia4* have been repqrted. 

6.3. Applications in organic chemistry und clIen$caJ processing 

RGC has been used successfully for investigations of various organic reactions, 
e.g., the analysis of benzoic acid nitration.-products”, chlorination of benzetile%, 
products of methylene reactions in photolytic systems’s, kinetics of hydrogenolysis 
of mesitylenestdphonic acid and sulphuration of mesityIenesOJ, oxidation of propyI- 
ene1q5~ats, hydrogenation of acetophenoFe17g, propene =‘, the interconversion of cyclo- 
hexane and benzeneiBo and of propenes lJ1_ TechnoZogicaE processes have also been 
studied, e.g., mechanism of the Fischer-Tropsch synthesis37*“3, catalytic &ackingz1;‘6s 
and other catalytic reactions100*i9s**Fd~*@~3’~ and .the sequence Ier@h distribution of 
ethylene-propy!ene copolymers125. A radio-gas chromatogram of the aromatic 
products from the hydrocracking of a light catalytic cyc!e oils (Fig. 27) illustrates tin 
application in chemical processing. 

-dins-C-14- 
FID 
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-MethyL-C-W- 
L 

lD ~~~~~~~~~~~~~~~~ 1 

I .t<2tc> 
SK) 

LlOfc,l &to i 
0 4b SD 

Rete&on time . . minutes 

Fig:. 27. Exustnp!~ of’application of RGC to the determinaeion of petroleum processing p&ducts. 
Comparison of aromatic prodacts from ring- .&d rnethyLlabei&d feeds of a fighi csa~~ytic~cycle oil 
cwntGnir.g %twthylnaphthaiene (labeikd in the ring -tit in the methyl grciup with &ban-f4)). The 
upp& curve demonstires the FID response of one tenth of.the coiumn effIuenr_ Coinnm, Xf&_ x 
118 in. 0-D. s&niess-steel p~M.ed with 10% OV-101 on Chromosorb W, 80-100 mesh; cMier gas, 
hcjium (30 mlfmin); tempcmture programme, 4 min at SW, then heated to 3CW_at 2”imi& Lower 
curve: cmrrsponding radio&it;it~ mrd dbt+ned by ~FZS fl&v-proportia& &n&g witfioiit ef- 
tkcnt wnvesion at a hdium floGmte of 60 mi/min fadditioml h&&n) uj&l-Cp&j~~ (i.wtin) a 
qxnching ~TSL Beak No. 27 includes LmethylnaphthB~ent..Repraduceci fmmJ_.Ciuonratop;. m, 12 
(1974) iw (ref. S). : 
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Compoudds of biechemical interest can-be analyzed by RGC without derivat- 
ization onIy in exceptional circumstances, e.g., fermentation gases94*28z. For investiga- 
tions of biosynthksis, intermediates and-metabolic pathways, appropriate derivatives 
n&it be prepared_-Applications of-RGC in Iipid an&y& are well known, e.g., fatty 
acid methyl esters 7.13.3L.31.3E.~.99.118.~~.~~~.1~1.~~.15~.~56.157.!61.~66.~7i.l~.186.193.199.200.2I6. 

2L7.Li3-tZ6.~.~-261,265.2?3.27~,2~.~5._~4.313.331.340.~5.i67.3~.3iS.3~.4~.416 diglycerides”*“, 
trigiyceridess2*s2. and cho!esteryl esters I” Many appiiications in s&roid analysis have . 
been- cf~~~~~~~~4~z3~26~33~39~41~86~U6~145~21B.225.229~239~~265.2~3.29.316.330.359.372 RGC has also 

been employed in analyses of amino acids 20.43.67.128.233.2~,255.256.336.352.410 , pyrimidines 
290.308, arOma~su~s~nces"0.'ll.391.392, ajcoho@24, pyrazine compoundsZZ2, alkaloids’52, 
carbohydratesXgo and other substancesxs~~~6g~1Cg~127~1~~1~~Jao. The determination of 5. 
hydroxyjndole-3-&c&c acid in cerebrospina1 fluidso investigations of lipid synthesis 
in the ratlo’, the identification of hormone metabolites in tissue’jO, the determination 
of homovanillic &id in cerebrospinal fluid=’ and of short-chain carboxylic acids in 
biofdgical materiaPa, the ef?ect of hormones on fat synthesis in mammary explants 
of pseildo-presant rabbits36g and investigations of the fat metabolism of new-born 
domestic mammals377 have been reported. 

7. CONCLUSLONS 

More than 20 years have passed since the first report on the GC of Iabelled 
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! cool and has already contributed (and may 
contribute stiii further) to the‘methodologicaf development of chromatography itself. 

RGC methods have specific features, e.g., requirements on derivatization, sta- 
bility of the solute, inertness of the &romatographic system 2nd problems with the 
handling of samples, the fractionation of isotopic species activity detection, recording 
and data processing. Some aspects of conventional GC that are applicable to the GC 
of labelled compounds have therefore been mentioned in this review. However, the 
m&in purpose was to point out the methodological problems and to summarize the 
current 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 a method convenient 
for any type of problem is questionabie, and for each new appIic&ion 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., sensitivity, separa- 
tion efficiency, possibility of simultaneous detection of mass and activity and speed 
of analysis, can .be successfully exploited in many fields. 
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9. SUMMARY _-_. ..‘_’ 

GC methods of an@& of 3H- and 14C-k&~~ed, con&oun& $hzst @Me been 
published in the pkriod tick 1955 to midY2gi6, tqg+h~r wjth important ap@atiiops, 
are reviewed. In &ddition.to i@ obvious use for id+&ation pukpos.$s, .RG@-is mos@ 
used for~the deter&a&n of the distribution of radioactivity among the components 
of mixture under analysis and for the determination. of their contents and speci%k 
activities. It can be also combined with chemkii reactions (reaction ,W chromato- 
graphy). Applications that require derivatizatitin have some Iimitations connected 
with the derivatiza&on reaction and the stability of the derivatives. The separation of 
isotopic moIecules by GC is also possible. For the measuremknt-of radioa&vity, 2 

discontinuous method involving the collection of factions cd sybsequent c&Wing 
is often used, while for continuous monitoring of effluent~activity~flow-through radia- 
tion detectors (Geiger-MiiHer and proportional counters, ionization chambers and 
scintillation methods) are used, mainfy after conversion oftheeflkent. The p&sibiIities 
of various recording techniques with respect to quantitative evaluation are surveyed 
and applications of RGC- in the production of labelfed compounds, “hot-atom” 
chemistry, organic chemistry, chemical processing, biochemistry atid clinical chemistry 
are discussed. 
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