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1. INTRODUCTION

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 ofresearch ;
the first basic paper on GC appeared in 1952185, while the preparation of labelled
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tographic methods playa particularly important role in checking purity72 ,'60,262,274,
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 labelling. Another major use of RGC is in chromato
graphic methods for the separat ion of individual species in practical applications of
labelled compounds, the distribution of radioactivity after chemical, biochemical or
nuclear reactions being followed.

2.2. Gas chromatography of labelled compounds

The role of GC in the analysis of compounds labelled with 14C and 3H has been
surveyed several years agon. 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 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, GC can also be
helpful in que stions of specificity of labellingI07.110.191 .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 ma ss detection, and in many instances also in activity measure
ments because of the high counting efficiency of the weak fi-emitters 3H and 1

4C 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
times5,51 ,83,90,108,168,182,204,205 ,208 ,210,246,270 ,279,292 ,321 ,326,337,345,385-387,401,414, and applica-

tions of RGC for special purposes such as in lipid analysis80,1I6,192 ,228 ,275,356, "hot
atom" chemistry'v"! and the analysis of pesticidesv" and organometallic com
pounds'" have also been surveyed.

2.3. Methods used ill radio-gas chromatography

The methods used to monitor the effluent stream from a GC column for radio
activity can be divided into two main groups: those which use the intermittent trap
ping of the effluent and subsequent separate measurement of the radioactivity of the
fractions and tho se which measure the radioactivity 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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procedure for the collection of the separa ted components and subseq uent counting of
the collected fra ct ion s. In the first application of this di scontinuous method for la
belled compounds, described by James et ai.186

, 14C-labelled fatty acid methyl esters
were detected with a gas-density balance detector and then collected in -tubes filled
with cotto n-wool moistened with methanol , but "off-line" detection has also been
used for non-radioactive substances in connection with other types of detection , such
as mass spectrometryl2,70,95,203 and ultravioler'" , infrared48,87,88,221,393,417 and nuclear
magnetic resonance-" spectros copy ; a review>" has also been publ ished.

There are two principial modes of fraction collection: (1) the use of an auto
matic fraction colle ctor (e.g ., a Packard Model 830) permits trapping a t regular in
tervals; (2) when the mass detector indicates the appearance of a desired substance,
the trap is inserted and the labelled compound collected . Mass detectors include non
destruct ive thermal co nd uctivity detectors (T C D), argo n ion ization detectors (AID)
and gas-den sity balances (G O B) and, for th e smaller portion of a split effluent, f1 ame
ionization det ectors (F l O). Th e use of radioactivity detectors for the preparative G C
of 14e-Iabelled compounds has been repon ed'?'. The often di scu ssed ri sk of not de
tecting of substances of high spec ific activi ty when using a less sensitive mass detec
tor205,208,213 ,401 seems to be more of the oreti cal th an of practical value, and the
problem studied by means of RGC is usu ally known to some extent. The reported>"
sensitivity of a microthermistor of abo ut 100 ng is sufficient for 14C-Iabelled substa nces
in many instances, while 3H-labelled com pounds of high specific act ivity (1-25
Cijmmole or higher) can usually be detected only with a radioactivit y detector (sub
nanogram sample sizes) . Th e con venience of the di scontinuous method for low total
and low specific activ ities is apparent.

Many systems have been described for the continuou s monitoring of radio
activity in the effluent. Earl y approache s involved systems with mass and heated
radioact ivity detectors in series223,281,312,418 ; one of these systems"! is demonstrated in
Fig. I . The y are used now ad ays only in exceptional circumstances, when the counting
efficiency is not influenced by the composit ion of the substance passing through the
counter". Th is factor, applicable to flow- through proportional counters I08,233 ,238,
ionization cha mbers- '? and liqu id scint illation instruments?" , led to the development
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which can be di rectly injected ; examples a re the an al ysis of radioactive gas es (H2,
CO, CO2 (refs. 104 and 105), CH 4, C2Hz, CZH4 (ref. 3), et c.), hydrocarbons' < and
other volatile substances th at do not contain non-volatile components. If the latter
are present they a re ret a ined on the co lum n a nd can interact with the solutes, thus
changing the retention charac ter istics'"?". A lso in the prep arat ion of polar substances
for GC by derivatization is it desir able and advantageous to remove substances that
do not form vo latile derivat ives a nd to prevent the column pack ing fro m co nta mina
tion, e.g., by sugars from lip id extract s o f algae an d their de composit ion products
after methylat ion in the case of the a na lysis of higher fatty acids"? (vacuu m sublima
tion of methyl est er s). The purification step is often acco m plished by liquid chromato
graphy'?" or thin-layer chromatography. The sample clean-up p revents un known
radioact ivity or background enhan cement be ing rec orded.

Many reviews on deri vat izat ion in G C47 a . Il3 .3Il a, silyla tio n-"; GC of amino
acids!" a nd fatty ac ids 228.8o, etc ., have appeared. The following summarized criteria
for the derivat ization ste p were given':'?" : (I ) the derivati ve sho uld be formed simp ly,
without rearran gement or st ruc tural changes; (2) th e derivatization reaction should
go 95-10 0 % to co mpletio n ; (3) th e derivat ive should have a suita ble vola t ility, ret en
tion time and a bility fo r co ncentration; (4) the derivative mu st be sta ble with respect to
time, temperature and column packing. The yield of the reacti on is a critical point,
depending on th e purpose of th e an alysis, e.g. , for check ing radiochemical and
chemical purity a 100 % yie ld is de sirable and no side-reactions sho uld occur!".
Obviously, it is not easy to satisfy a ll of these requirements in every case.

Control of the derivati zation by means of th in-layer chromatography was
useful in the RGC of I

4C-la belled fatty acid methyl esters and am ino acids"? (Fig.
3). The example of the RGC of '4C-labelled a mino ac ids demonstrates the problems
of derivat ization. Side-reacti on s in the format ion of trifluoroacetylated n-butyl
esters'?", especially of ca rrier-free preparations, were caused by imp uri ties (proba bly
aldehydes) at co ncentrations of ca. 10-3 %and led t o " radiochemical impuriti es" of
20-30 % (Fig . 4) in spite of a good reagent blank, proposed as a control of contamina
tion306 a

• The ext ra neo us peak s co u ld be suppressed by usin g larger amounts of ca r-

s

Fig. 3. Thin-layer chro matogram of ['4C]alan ine as bis(chlor od ifluor omethyl)-I ,3-oxazolidinon-5-one.
Solvent, chloroform ; plate, Silufol ; scanner sensitivities, 300 and 3000 C.p.s. Fro m Ma tucha!" .
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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 compounds, interesting applica
tions of the pyrolysis of [3H]hexene-1 and [l4C]hexene-P42, nueleosides and nucleo
tides394.395, degradation of fatty acids-" and investigation of the degree of uniformity
of labelling'?' have been reported and the work of Drawert and co_workers107.110 .391
is of interest.

3.2. Reactions in the gas chromatographic 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 chromatographic system, which can be
divided into three parts: the vaporizer, chromatographic column and detector. The
breakdown of N-TFA-n-butyl esters of amino acids occurred in a heated metal injec
tion port-" ",360". Injection-port reactions in the analysis of alkylsilyl derivatives of
nucleosides have been described-?", and some trimethylsilyl (TMS) derivatives were
decomposed on columnI70.354" or by metal parts of the apparatusI39b.216",278" ,343a.
Therefore, on-column injections and all-glass systems can be recommended. Atten
tionmust be paid to the carrier gas, as trace amounts of oxygen and moisture can be
sources of errors228.389a ; the breakdown of TMS-histidine by moisture in a freshly
installed septum has been reported''" b.

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 solute"?",

Meinertz and Dole261 estimated the pattern of dispersion of chromatograph
ically pure methyl [14C]palmitate; in Apiezon and EGA columns the distribution
ofactivity 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'P, Chemical reactions may occur during
passage through a GC system ; dehydration of [2-14C]-2-methyl-2-undecanol and
isomerization of p4C]methylenecyclohexane to p4C]methylcyelohexene have been
reported!". Jansen and Baglan190 followed the recovery of silylated 14C-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 % were reproducible also after re-chromatography, and the retention
of TMS-glucose was significantly higher at the injection end of the column. On the
contrary, )4C-labelled TMS-pyrimidine bases were found to be more stable' ?": the
retention on the column was not determined, but the overall recovery of TMS-uracil
andTMS-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 acids228

and errors due to trans-esterifications of fatty acid esters on columns with polyester
stationary phases>", etc., are well known. Only chemical inertness of the whole chro
matographic system, particularly of the column packing, can lead to sufficiently high
recoveries, which should be independent of the sample size.
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tion of COz and reacti on of CuO with qu artz ; thus 720 ° was recommended as the
optimal temperature2l2

. Oxidation of iron caused " memory" effects with tritium (ad
sorpt ion of 3HzO)188,212, but the addit ion of hydrogen gas in the iron part of the
conversion tube can eliminate thi s effecr'". An auxil iary column for Hz-C02 separa
tion5~ , 55 or adso rption of water or of COz (refs. 188 and 372) for d ist inguishing be
tween 3H and J4C was used. The combust ion method was used in most in stan ces for
the RG C of J~C- I abelled compounds with flowthrough radi oacti vity detect ion J08,11Z,ZII ,
21Z, 225 ,Z51,372; C0304(refs. 101 and 162) and an FlO as the combusti on chamber91,9Z,135,
31 0 have a lso been applied.

Hydrocracking of organic compounds is widely used in petrochemical pro
cesses. Nickel, iron, cobalt and other elements are generall y used for hydrogenation ,
and ox ides of aluminium, silicon, chromium and othe r compo unds for cracking. This
approach has often been rep orted in RGC35,108,112,225 ,347,398; its main adv antage is its
genera l appl icability to both 3H _ and 14C-labelled compounds. Exchange of th e
catalyst after 60- 80 h of operat ion is recommended ' :", so that th e applicati on of th e
catal ytic pro cedure is not so significant an advantage. The temperature for each cata
lyst and class of compo unds to be converted mu st be tested. A survey of catalysts
used in the RGC of labelled co mpo unds is given in Table 3. The hydrocrack ing reac
tion (and dead volumes) influences th e peak shape (Fig. 7). Hydrocracking is recom 
mended for sma ller molecule s, combusti on fo r larger ones398.
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Fig. 7. Influence of the conversion of the effluent on the peak sha pe. Upp er curve, FI D response of
the effluent witho ut conversion ; lower curve, FI D respon se of the main part of the effluent afte r
hydrocracking. A C~_ 1.2 /11 of tolu ene ; B c 1.0 III of butanol ; C = 1.0 ttl of benzene ; D = 1.0 III of
methyl benzoate ; E ' 0 1.1 Iii of aceto ne ; F - - 1.0, /11 of dioxan. Repro duced from Chro ma tog raphia,
2 (1 969) 7, by kind permission of R. T ykva ? ",

3.4. Isotopic effects in the gas chromatography of?H- and He-labelled compounds

Considera ble changes in ret ention volumes resulti ng from extensive substitu
tion of deuterium and tritium for hydrogen in organic cornpounds'! " (reported earlier
for rad ioactive inert gases by Gluckauf-"?') dr ew att ention to isotopic effects in RGC.
Broadly defined as any difference in the chemical or physical behaviour between two
compounds that differ onl y in iso to pic composit ion , the isotopic effect in GC has the
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TABLE 4

SURVEY OF RADIATION DETECTORS USED IN RGC

175

--- -~-- --
- -. _.- - - _ . - -- - - - -- --~ - -- -----

Type of detector Detector Detection efficiency ( %) Background Ref
volume - --- - - - - -- "- .- - - (cpm)
(ml) 3H 14C

.--- ----- - -._-- ---- - _ 0 ' - - "------ - " ----._--
End-window GM tube 0 5-15 1Q.-15 182
Internal flow proportional counter 10 30 88 35 35

10 98.4 ± 3.5 102.4 ± 3.6 50 225
10 95 3' 368
12 64.0 ± 1.5 94.5 ± 1.0 I' 349
20 78 ± 2 80 8
20 40 233
22 61.5 92.5 4Q.-50 372
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 11 -23 62-86 30-50 211
Liquid scintillat ion flow cell

(integral) 15-20 1 40-50 1 60 300
2511 80!! 60 300

Liquid scintillat ion flow cell
(continuous) 1.4 27 85 336

- - - .._- - - - - - . - -_._ -----
• Gamma shielding and guard counter with the anticoincidence circuit used.

" Signal is also proportional to average rad iation energy (see eqn. I) .
• ,. Background corresponding to the noise current measured.

! Simultaneous measurement of both isotopes.
II 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 oPH- and 14C-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 specific activities (of
higher isotopic abundancesj'?".

4.1. 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 compounds19,147,277,298,319,401 ,403.
The outlet system s of preparative instruments' J" and fraction collectors85,393 ,426 have
been described.

The principle of the methods involves condensation of the vapour of the
substance (effluent fraction) from the stream of carrier gas in an exchangeable f1ow
through collection device. Vapours in the GC effluent 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 aerosols on a sorbent or the use
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· -- He
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Fig. 9. Unit for collect ion of gas chromatographic frac t ions. Reprodu ced from J. Lipid Res., 3 (1962)
141 (ref. 261).

Fig. 10. Flow-through proportional counter. I Connecto r; 2 ~ PTF E plug; 3 = tap er joint ; 4 =
0.OO2-in. sta inless-steel wire ; 5 c~ brass wall ; 6 ~ Lucite sto p (groove d to permit gas flow) ; 7 =
spring ; 8 = spherical jo int. Reproduced from Anal. Chem., 30 (1958) 903.

discont inuous method is the verification or determinati on of the recovery of the overall
procedure.

The main advantage of the collect ion method is the possibility of lon g-term
counting, permitting work with low levels of rad ioactivity, and the possibility of
repeat ing the counting. In some instances the recovery of pure substances for further
analysis is possible .

4.2. Continuous methods

4.2./. Proportional and Geiger- M Ulier counters
Counting tubes used in RGC for the continuous monitor ing of the effluent

can operate in the proportional or GM region and are constructed with or with out
a window. Wind owless counters can be employed with advantage for both rad io
nuclides!", the counting efficiency for carbon-14 being as high as 100%,whil e for tr itium
it is 60% (Table 4) ; extern al counting (with windo w) can be used only for carbon-14.
The appl ications of GM counters are lim ited by the long dead time of the tubes.

In the first applicati on s of RGC, mostly GM counters were used-" , in connec
tion with a flow ceIF5,31 2 or as a flow-through detector 236,334,335. Condensation of the
effluent in a flow cell cooled by liqu id nitrogen combined with a windo w GM counter
was reported" , and an integra l record of the activity was obtained .

Because of their high detection efficien cy and low background, proportional
counters with internal flow ha ve often been used in the RGC of 3H_ and 14C-Iabelled
compound s66,93,94 ,101 ,178,225,251,344,359,363,372 . The windowless flow-through proportional
counter was proposed by Wolfgang and MacKay424 and Wolfgang and Rowland'S";
a similar co unter had a lready been used previou sly for counting carbon-14 during
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(60 mljmin). Reproduced from Z. Anal. Chem. , 191 (1962) 110 (ref. 238).

large amount of substance in the effluent lead to an increase in the organic to carrier
gas ratio , which moves the plateau 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 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 "elevated" activity or "pseudo-activity" (detection of non-radioactive sub
stances). This effect was reported for aromatic compounds containing a halogen or
a nitro group238,347. The correct functioning of the counter can be tested by means of
an external radioactive source and a non-radioactive substance238,256 (Fig. 13).
Counting characteristics have been established for various gas mixtures, including
methane-heliurn -" , propane-heliurn-", methane-argon", methane-hydrogen"? and
isobutanol -argorr'v-t", The use of conversion of the effluent and of a suitable carrier
gas, e.g., carbon dioxide or carbon dioxide_argon187,1 88,368, avoids the above dif-
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and have been widely employed, especi ally in connection with the di scontinue us
meth od of act ivity measurement. Continuou s scint illa tio n method s invo lve either
liquid scintillation , a flow cell from a plast ic scint illa to r or organ ic crys talline scint il
lat or s. The use of ino rga nic scint illa t ion glass in the ROC of 3H _ and 14C-labelled
compounds ha s not been rep orted.

Scintillation method s have been recommended205.Z46,323- 325.385- 387 for fl- (and
y-) counting fro m the viewpo int of the influence of the chemical co mposi tio n of the col
umn effluent (which mu st be taken into account in the usual liqu id scintillatiorr'v -r'")
and co unt ing efficiency. However , a co rrect ion for qu enching ha s not been rep orted
in con tinuous meth od s using liqu id scinti llatio n witho ut co nversion of the effiuen t243,
300-303,336. The detection efficiency of pla sti c, o rganic and inorganic scintilla tors and
glasses-" is doubtless ind epend ent of the gas com pos itio n; this fact is, however, not
so impo rta nt when con ver sion of the effluent is ca rried out. Presumabl y because of
the low counting efficiency, especially fo r tritium , chemica lly ine rt scint illating glass
has no t been used in O c.

Short sectio ns of tubing contain ing a so lid sup po rt coated with stationa ry
liquid ph ase have often been used as trapping devices (see Section 4.1). Based on the
work of Steinberg-" , who suggested the applica t ion of anthracene crystals for
counting 14C in aq ueo us solutions, Karmen and Tritch-" used ca rtridges pac ked with
anthracene crystals (blue-violet fluorescence grade, coated with 5 %of DC 550 silico ne
oil). In th is way , scintillat ion counting can be accomplished directl y, witho ut tr an sfer
to scinti llation vials. Becau se of th e absorption of radioacti ve mater ial in the upper
layer of the coated scintillato r, the co unting efficiency is dependent on the positi on
of the cartridge in th e ph ot omultiplier compartment. Th is approach has been rep orted
severa l times99 ,1 41 ,1 71,212,213 and has been co mbined with combust ion method s for
continuo us countingl70,211 ,212. Th e flow cell was filled with uncoated anthracene, but
other crystall ine scintillators can be used (e.g., terphen yj205,212).

In connect ion with tr apping procedures, conve ntio na l liqu id scinti lla tio n of
eluted frac t ions has been em ployed man y times153,1 56,163,261,313,326. It is adva ntageous
to trap fra cti on s d irectly in th e scint illa t ion sol ut ion I77,263 ,265 ,376 or in the strea m of
scintillato r, th ese fra cti on s then being co llected115,376. When condensati on of the rad io
active vapour tak es place in a flow cell contai ning scint illa tion solutio n (Fig . 18), an
integra l record of the acti vity is obta ined243,3oo-303. A differential curve is reco rded
when the effluent is d isso lved continuou sly in a strea m of scinti llator so lution-". A

_ To splitter
and flow cell

'--- ~ "'>;; ~ScintiLLator
solution

Fig. 19. Detacha ble mixing tu be a nd effluent-liner extensio n of the system for co ntin uou s detect ion
of radioactivity by liquid scintillation (see Fig. 2). I = G lass effluen t liner of gas chro matogra ph ;
2 = narr ow-bore linea r extens io n of Kovar metal , fused to glass mixing tube and to sta inless-steel
ball-jo int ; 3 = glass mixing tu be; 4 ~· a luminium heat ing bloc k; 5 = heat ing elements ; 6 =

thermocouple ; 7 = O-r ing. Rep rod uced from J . Chromatogr. , 76 (1973) 14 (ref. 336).
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5. DATA OUTPUT AN D EVA LUAT IO N

5.1. Types of record

185

In the GC of 3H_ and 14C-labelled compounds, elution techniques are
generally used . Exceptionally, frontal analysis has also been employedr". The simul
taneou s recording of ma ss 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
labelled compounds, only a mass detector is commonly employed).

The discontinuous method of detection of radioact ivity usually supplies a rec
ord of mass ; the activity record, if produced, is received in the form ofa histogram"?
or has a digital form?". Using continuou s methods, the record fr om the rate meter in
the form of a differential curve 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 obtained36,243 ,30o-303 (Fig.
23). An unu sual mode of combined record, with a histogram of activity superimposed
on the mass trace, has also been reported334,335. Development of recording techniques
proceeded from the above-mentioned traditional analogue display, i.e., the simul
taneous recording of mass and acti vit y curves on the chart of a two-channel recorder
or by mean s of two single-channel recorders, to the digital mode of record251,373,
which is natural in the application of a scaler- t imer, 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
computer273,376,412 have been employed, with subsequent data processing.

5.2. Factors influencing the data output

The answer to the mo st frequent analytical quest ion s, i.e., what substances are
present in a sample and how is the activity di stributed among the sample components,
is based on the record and its evaluation. In RGC usually both mass and rad ioacti vity
records are obtained, the latter depending on the RGC system used. There is a time
difference between the mass and activity res ponse 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 vo lumes and al so th e effluent con version
(Fig. 7) and the "memor y effect " (ad sorption , condensation, etc.) can contribute to
the distortion of the peak sha pe. This effect can be described by eqn. 2, which give s
the perfect mixing of a " sample plug" in the detector volume. The volume of the
flow-through acti vity dete ctor and the flow-rate of the counted gas affect the resolu
tion, accuracy, preci sion and sens it ivity of the method, as expressed by eqns. 3 and 4 :

. V
c = C'- ' a -\- b

f
' where

(3)

(4)

c = counts registered d uri ng the mean transit through the detector ;
V = detector volume:
Vn, Vn _ 1 = retention volumes of succe ssive resolved components;
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6.4. Applications in biochemistry and clinical biochemistry

191

Compounds of biochemical interest can be analyzed by RGC witho ut deri vat 
ization only in exceptional circumsta nces, e.g., fermentation gases94.282• For investiga
tions of biosynthesis, intermediates and metabolic pathways, appropriate derivati ves
must be prepared. Applicatio ns of RGC in lipid anal ysis are well known, e.g. , fatt y
acid methyl esters7.13.31.34.38.44.99.118.122,140.141, 146,151.1 56 .157.161.166.171.183.186.193.199.200.216.
217.224-226.256,258-261.265.273.278.284.285.294.313.331.340.365.367 .377,378.399.408 .416, diglyceride s17.45,

triglyceridesv -" and cholesteryl esters' :". Many applications in steroid anal ysis have
been described4.23.26.33.39.41.86.1 26 .145.218.225 ,229.239a.264.283.299 .3 16.330.359,372 . RGC has also
been employed in analyses of amino acids20.43.67 .128.233.248 .255 .256.336.352.410, pyrimidines
290.308, aroma substancesl lO.l ll.391 .392, alcohols>', pyrazine cornpou nds-" , alkaloids!",
carbohydrates" and other substancesI5.68 .69, 109,127, 136.144.400. The determination of 5-

o hydroxyindole-3-acetic acid in cereb rospinal fluid"; investigations of lipid synthesis
inthe rat103, the ident ificati on of hormone metabolites in tissue-" , the determination
ofhomovanillic acid in cerebrospinal f1uid351 and of short-chain carboxylic acids in
biological material -?", the effect of hormones on fat synthesis in mammary explants
of pseudo-pregnant rabbits"? and investigations of the fat metab olism of new-born
domestic marnmals-" have been reported.

7. CONCLUSIONS

More than 20 years have passed since the first report on the GC of labelled
compounds. During this period, RGC and labelled compounds have found valuable
applications in various fields of chemica l research. Investigat ions of man y complicated
problems became possible and new aspects of known processes were revealed. More
over, the tracer techn ique is a powerful tool and has already contributed (and may
contribute still furth er) to the meth odological development of chromatography itself.

RGC methods have specific features, e.g., requirements on deri vatization, sta
bility of the solute, inertness of the chromatograph ic system and problems with the
handling of samples, the fractionation of isotopic species activity detection, record ing
anddata processing. Some aspects of conventional GC that are applicable to the GC
of labelled compounds have therefore been ment ioned in this review. Ho wever, the
main purpose was to po int out the methodological problems and to summarize the
current state of the art. Many problems can be solved by RG C in several different
ways, but any recommendation of a un iversal RGC system or of a meth od convenient
for any type of problem is questionable, and for each new application appropriate
efforts must be made to work out a suitable meth od .

RGC plays an important role in the anal ysis of labelled compounds pr oduced
or transformed during vario us processes and its advantages, viz., sensitivi ty, separa
tion efficiency, possibility of simulta neous detecti on of mass and activ ity and speed
of analysis, can be successfully exploited in many fields.
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Laurent', in 1833, observed that wax-like materials result from the reaction of
chlorine with naphthalene in the presence of certain catalysts. Almost 50 years later,
these chlorination products were further studied by Fischer! and , shortly after 1900,
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Manufactu rers of PCN s produce series of materi als appropriate to the various
uses to which the substances are to be put. In thi s sectio n, the commercially available
produ cts are exemplified by reference to four such series.

(a) Halowaxes
Koppers Co. (Pitt sburg h, Pa., U.S.A .) markets!' a la rge series of light

coloured PCN mixtures under the trade-name Halowax. These products ran ge from
a liquid with a melt ing poin t of --33° to a mixture containing ca. 90 %of octachloro
naphthalene and melt ing at 185°. Information regard ing the composition of the
Halowaxes is presented in Table I ; their main physical and chemical pr opert ies are
summarized in Table 2.

TABLE I

APPROX IMATE COM POS IT IO NS (WT. - ~:') O F HALOWAX ES
- - - - - - --- - - - - _ .. --- .._ - ---- -
Halo wax Type oI PCN

10 90

Mono - Di-

103 1 95 5
1000 60 40
1001 10
1099 10
1013
1014
1051

Tri-

40
40
10

Tetra-

40
40
50
20

Penta-

10
10
40
40

Hexa-

40

Hepta- Octa-

Halowaxes 2141 and 2148, not mentioned in the se tables, are special-purpose
blends for use in the electrical ind ustry.

(b) Nibren waxes
These materials, produced!" by Bayer (Leverkusen, G.F.R.) and formerly by

LG. Farbenindustri e, a re crystall ine solids with a chlorine content of ca. 50-60 %;
they are mark eted as powders or flakes. Important physical characteristics of the
vacuum-d istilled Nibren D88, DI1 6N and DI30 waxes are recorded in Table 3.

Severa l further types of Nibren waxes have been reported' <!", such as Nibren
RN88 and RN130, and Nibren DI30CM and DI30CM jlO. The RN-type products
are dark-coloured non- vacuum-distilled ana logues of Nibren D88 and D 130. The
other two products are mod ified PCN mixtures whose crysta l structures oppose the
penetrat ion of water vapour very effecti vely.

(c) Seekay waxes
These waxes have been pr oduced in G reat Brit ain by rCI (Runcorn, Great

Britain) and one of its forerunners since 1919. They are described" as wax-like solids
with a light odour, and range in colour fro m pale yellow to black. Approximate
melting points are from 67-73 to 120-1 25°. Two grade s, produced in order to conform
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TABLE 3

CHEMICAL AND PHYSI CAL PROPERTIES O F NIBREN WAXES

207

- - - - - -- - -- -
Property

Approx, melting point C'C )
Specific gravity (at 20 GC )

Shrinkage fro m 150 0 to 20 "C ( %)
Viscosity (0E) a t 150 °C
Acid number
CI- co ntent ( %)
Dielectric constant at 800 Hz, 20 "C
Power facto r (tg b) a t 800 Hz, 20 "C
Resistivity (D 'cm) at 100 V, I min
Disrupt ive strength (kV. cm -I)

Nibren

D88

90
1.57

11
0.96
0.0 1
3-10-'
5.0
1.1 0- 3

1-1014

150--200

DI/6N

113
1.66

10
0.98
0.02
3· 10- '
4.7
1.10- 3

1.1014

150-200

D130

135
1.77

10
I.l
0.03
5 · 10- '
4.5
1.10- 3

1· 10"
200

to special electri cal specificat ions, are known. Data'" on the chlorine contents of the
Seekay waxes, pr oduct ion of which was ceased abo ut a decade ago, are summarized
in Table 4.

(d) Clonacire waxes
Small amounts of three Clonaci re waxes (90, 11 5 and 130) are produced by

Prodelec (Paris, France). They d iffer in the ir degree of chlorina tio n; the numbers
correspond to the melting points.

Further information on the propert ies and uses of the PCN mixtures is pre 
sented below, while their spectra l characteristic s and beh aviour in chro ma tog raphy
are discussed in the pertinent sectio ns on ana lysis.

2. lndividual res»
Theoretically, 75 d ifferent PCNs exist, as demo nstra ted in Fig. I. However ,

on mechani st ic and sta tist ica l gro unds it is unl ikely th at all of them are formed in
technical chlorinat ion processes. Mor e importa nt , physically, the di ffi culty of isolating
isomers from the mixtures produced by chlorinatio n of naphthalene is such that
indirect ro utes mu st be empl oyed for a ll ind ividual PCN s except I-monoch loro- and
octachlor onaphthalcne . So far, the synthesis of 55 indi vidual PCNs has been re
ported.

TABLE 4

CHLORIN E CO NT ENTS O F SEEKAY WAX ES

Grade

R (refined or white wax )

RC (electrical grades)

S eekay wax

68
93

123
700

93
123

CI content

46.5 ± 1

50 == I
56.5 ± I
43 ± 1
50 ± I
56.5 ± 1
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TABLE 5

PHYSICAL PROPERTIES A ND METHODS OF SY NTHESIS OF IN DI VID UAL PCNs

Methods of synthesis (see te xt) : 1, SO,CI, I PC I, ; 2, sulphonic acid +. CI-containing reagent; 3,
hydrolysis of sulphon yl chl oride ; 4, see Ta ble 6.

--_.,,, --- ,-----.. _ -. -- - _ .'--~--- -_.. _ . --- - - ----
peN Me lting Boiling Density 111> Dipole Rout e

point ( OC) ' point ( " C) ( dl ) mom ent
( DJ' No. Ref

- -- - -.. ,. _ .- . _ - --"- - - _ .-- -- - --- --_. _ .._-- -
1 - 4 to - 2.3 259.3 760 1. 193820 1.632620 1.50-1 .59 2 20
2 58-60 256 1.137770 .7 1.6079 70

.7 1.57-1.72 2 2 1
1,2 34- 37 295-298 1.3 147" ·' J.63 384 8

. ' 2.47 I 22
1,3 6 1.5-62 291'75 1.78 1 22
1,4 68-72 286- 28774 0 1.2997 75. 9 1.622875.9 0 -0.48 1 23
1,5 106.5-107 sub!. 0 1 24
1,6 48.5-49 subl. 1.44 1 25
1,7 6 1.5-64 285-286 1.26119 9

. ' 1.6092 9 9
. ' 2.55 I 26

1,8 88-89.5 dec ornp. 1.2924 9 9 .
8 1.62369 9 .

8 2.82 3 27
2,3 119.5-120.5 2.55 3 28
2,6 135- 141 285 0- 0 .60 1 23
2,7 114-116 1.53 I 29
1,2,3 81-84 4 19
1,2,4 92 3 28
1,2,5 74-79 1 19
1,2,6 90-92 .5 1 29
1,2,7 88 I 29
1,1,8 83 2 27
1,3,5 102-103 I 28
1,3,6 80.5-81 1 19
1,3,7 112.5-113 I 30
1,3,8 89.5 1 30
1,4,5 130-131 1 19
1,4,6 65-68 1 28
1,6,7 109- 109.5 1 28
2,3,6 90--91 1 19
1,2,3,4 196-198 4 19
1,2,3,5 141 1 19
1,2,3,7 115 1 19
1,2,4,6" II I 1 19, 31
1,2,4,7" 140-144 I 19,32
1,2,5,6" 164 1 19,33
1,2,5,7" 114 1 19, 31
1,2,6,8 125-1 27 4 34
1,3,5,7 178- 181 I 19
1,3,5,8 131 1 19
1,3,6,7 119- 120 I 19
1,4,5,8 183 4 35-37
1,4,6,7 139 1 19
2,3,6,7 135 4 38
1,2,8,x 135 1 19
1,4,5,x

(x=3?) 144 1 19
, 2,3,6,x 218 I 19

x,x,x,x 176 4 38
1,2,3,4,5 168.5 4 39,40

( Continued on p. 210)
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TA BLE 6

DETAILS OF THE SYNTHESIS O F PCN s NOT PREPARED ACCO RDING TO RE ACTION
SC HEMES 1- 3 IN T ABL E 5

peN Start ing product Method Reference
---- - ----- - --- - - - - ---- --- -- - --- --- - ---- -

1,2,3
1,2,3,4

Tetralin
I, I ,2,3,4-Pcntachlorotetra lin
1,I ,2,3,4A-Hexachlorotetr al in

Boiling with c,H,ONa
Boiling with C, H,ONa

19
19

PCI,
Co ne. HCI at 240 0

( I) Zn- acetic acid ;
(2) NaNO, ;
(3) H, PO,

1,2,6,8
1,4,5,8
1,2,3,5,x

1,3,5,8,x
1,2.3,4,5,6

Nitro derivativ e
1,2,6,8-Tetran itrona phth alene PCl, and some POCl, at 1800

4,8. Dichloro-I ,5-d initron a phthalene PCI,
1,2,3,5-Tet rachloro-x-nit ro
na phthalene
1,3,5,8-Tetranit rona phthalene
1,2,3,4,5,6-Hexachlo ro-7-n itro
na phthalene

34
35-3 7

37, 41
42

43

1,2,3,4,5

x ,x ,x ,x

2,3,6,7

1,2,4,5,6,8

l l-l-hep ta
2H-hepta
Octa

Quinone
2,3-Dic hloro-1A-naphthoquino ne

A1iscellaneous
Dichlorona phthalene

2,3,6,7-Tet rachl orona phthalene
tetraca rbo xylic acid
1,3,5,7-Tetr achloro-4,8-bistosyl
ami no nap hthale ne

Octachloro naphtha lene
Ha lowax 1051
See text and ref. 46 fo r deta ils

PCI, and some POCl, at
180- 200° or PC I, o nly at
200-250°

(I) Chlorination;
(2) KOH
Basic co pper carbon ate
in quinoline a t 240"

( I) H 2S0 4 ; (2) NaN02 ;

(3) HCl + CuCl,
LiAIH 4

Fractio nal crystalli zat ion

39, 40

38

38

38
44, 45
44, 45

tical with I,2,5,6-tetrachloro naphthalene. Hard y et al.32 have confirmed th at the 1,2,7,x 
tet rachloronaphthalene synthesized by Turner and Wynne indeed has x = 4, as al
ready suggested by Wynne". Lastly, the x,x,x,x-tetrasubstit uted PCN mentioned in
Table 6 has been isolated:" fro m the oily by-product obtai ned in the synthesis of
I,2,3,4,5,8-hexachlorotetra lin by chlorinatio n of crud e dichloronaphthalene, followed
by treatment with alcoholi c potassium hydr oxide. The unknown structures of the
various pentachloronaphthalenes recorded in Tables 5 and 6 have not yet been
elucidated .

( d) Hepta- and acta·PeNs
Recentl y, Clark and co-work ersr'<" described the preparation of a pure hepta

chloro naphthalene (pro bably 1H-hept achloronaphthalene) by reduct ion of octa
chloronaphthalene with aluminium lithium hydride. The other, still impu re, hepta
chloro isomer has been obtain ed by frac tio na l crysta llizatio n of Halowax 1051 fro m
toluene and carbon tetrachlorid e. The assignment of structures to the heptachloro
naphthalenes is discussed in Section III.
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Octachloronaphthalene is prepared by exhaustive chlorination of naphthalene
with, for example, chlorine and phosphorus(V) chloride", or chlorine, iron and iodine
at 100-150°16

, 54 . Nearly quantitative yields are reali zed" in vapour -phase chlorinatio~
using e.g. charcoal or rhodium(lll) chloride-alumina at 300°. A shor t survey of the
literature on perchlorination was given by Suschitzky", while a discussion on the use
of perchlorination for PCN analysis is pre sented in Section 111 .2.

Lastly, it should be noted that decachloro-l ,4-dihydronaphthalene is obt ained
in good yield from Halowax 101446 or a I-phenylmethylnaphthalene der ivati ve" and
a mixture of disulphur dichl oride, sulphuryl chloride and aluminium trichl oride.
When decachl oro-I ,4-dihydronaphthalene is heated above its melting point (208°),
octachloronaphthalene is formed:

CI CI CI CI CI

CI~C1 >208~ Cl~C1
CIYXCI CI~CI

CI CI CI CI Cl

(2)

It has been suggested'" that such a thermal reacti on may account for the fact that
both compounds give an identical mass spectru m (cor respond ing to that of octa
chloronaphthalene) and di spla y identical retention time s in gas- liquid chromatogra
phy (GLC).

(e ) Deuterated compounds
The synthesis of partly deuterated naphthalenes and octadeuterona phthalene",

their main phy sical properties" and IR59 and Ramarr" spectra ha ve been reported.

U) Melting points
The melting point data of the disubstituted PCNs have been analyzed by De

Laszlo '". The a ,p-dichloronaphthalenes, which exh ibit no degree of symmetry, have
lower melting points than have the (3,(3- and a, a-dichloronaphthalene s, all of which
possess a plane of symmetry. The di-(3-sub stituted isomers melt at higher temperatures
than do the di- e-substituted isomers, and 2,6-dichloronaphthalene, which has its
substituents in positions analogous to those in para-substituted benzenes, has the
highe st melting point. The same sequence is observed for the corresponding dib romo
naphthalenes.

3. General properties and uses

Most information is available on the Halowaxes and Nibren waxes and these
particular types will therefore serve for further d iscussion 6 , I3 , 14 , 17 of PCN s in general.

(a) Properties
As is evident from the data in Section 11.1,except for Halowaxes 1031 and 1000,

the commercially available PCN mixtures can be described as having chlorine con
tents from 40 to 70 wt.- %, melting points in the range 80-185 °, specific gravities (at
ambient temperature) from 1.5 to 2.0, dielectric constants of 4.5 ± I , and direct
current resistivities of about 1014 Q. em at room temperature and 1011 Q .em at their
melting points.





214 U. A. Th. BRI NKMAN, H. G . M. REYM ER

fungicidal and insecticidal properties. Some grades of PCN mixtures, and I-m ono-
chloronaphthalene, have been applied as insecticides. .

When compounded with materials such as resins, rubber, plastics, talc, kaolin
and PCBs , the PCNs form a wide range of mouldable masse s of appropria te hardness,
plasticity, etc. Further, PCN s are used to dissolve sludge and varnish formed by pe
troleum oils and as ingredients in motor tune-up compounds and photoelastic im
mer sion fluids. They are employed as plasticizers, as additi ves in automo bile and
industrial gear oils and cutt ing oils, and in protective coatings, lacquers and und erwater
paints. Hal owax 1051 is used in organic fillers when flame retardancy is required , and
Hal owax 1031 has been suggested as a raw material for dyes. The PCN waxes are
easily coloured, e.g., with Cere s dyes.

III. AN A LYS IS

J. Chromatography

Armour and Bur ke'" were among the first workers to study the behavi our of
PCNs in view of their possible interference in the an alysis of organochlor ine
pest icides and/or PCBs. They demonstrated that under the GLC cond it ion s used for
the ana lysis of organochlorine pesticide residu es?' , Hal owa x 1099 and 1014 exhibit
peak s throughout the retention-time region of the pesticides (retention time relati ve
to a ldrin, 0.5-6) ; the highly chlorinated Halowax 1051 is eluted beyond the retent ion
times of the common pest icides (retentio n time relative to aldrin, I I). A study of
Flo risil column-chromatographic clean-up?' show ed that Halowax 1014, 1099 and
part of Halowax 1051 are eluted by 200 ml of 6 % diethyl eth er in light petroleum ,
which also elutes pest icides such as DDT and its analogue s. Recovery studies with
Hal c wax 1014 (50,ug added to 100-g samples of fish. mil k and spinac h) using the
FDA method'" revealed reco ver ies of 67, 68 and 90 %, respecti vely. Acco rding to the
a uthors, the low reco veries from fish and milk resulted from unfavourabl e part ition ing
between light petroleum and aceto nitrile.

As an alternative, Armour and Burke carried out chromatography on a silica
gel (+3 % added water)-Celite (4:1 , wjw) column, using the procedure reported in
ref. 64. All Halowaxes tested were completely eluted by the 250 ml of light pet roleum
used as eluent, in whic h fract ion PCB s were also recovered. No Hal owax was found
in the subsequent 200-ml acet onitrile-n-hexane-dichlorometh ane (I :19 :80, vjv) mix
ture, which co nta ined most of the common organoc hlorine pesticides (Fig. 2). The
recovery of Halowax IOJ 4 added to a tr out sample (50,ug to 109 of fish) was over
90 %. The procedure, which has also been recommended by Goerlitz and Law65

,

suffer s from the disadvantage that large volumes of solvents (ca. 0.5 I per sample) are
required .

Separat ion of PCNs plus PCBs from organoc hlori ne pestic ides also occurs in
the alumina- silica gel column-chromatographic procedure developed by Holden and
Marsden '" and modified by Z itk067

• . A summa ry is given in Table 7. Both PCN s and
PCBs are eluted in fract ion s I and II ; p,p'-DDE is a lso partly eluted in the n-hexane
fractions, but separat ion from most other common pestic ides is successful. Zitko
emphasized that in order to achi eve reproducible chromatographic conditions, the
act ivity of the adsorbents must be carefully controlled, the act ivati on procedures de
scribed in detail, and the quality of the solvents used for elution specified.
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Fig, 2. GL C of brown-tro ut Florisil column eluat e fortified with 2.5 ppm of Halowa x 10 14, 0.3 ppm
of p,I"-DDT and 0.2 ppm of p,p '-TDE and co nta ining 0.19 ppm of p,p'-DDE residu e. (a) Before
separation. (b) Light pet roleum elu ate from silica gel co lumn. (c) Polar elu ate from silica gel column
containing (I) p,p'-DDE, (2)p,p'-TDE and (3) p,p'-DDT. A lO-mg sample was injected for each curve.
For GLC conditions, see ref. 62.

As an alternative method for the discrim ination between peNs and other
types of organochlorine compounds, Gulan et al.68 trapped the components of a mix
ture as they were eluted from the gas chro mato gra ph (2 % SE-30-2 % QF- I on 70
80-mesh Anakrom ABS at 180°), added a small am ount of n-hexane , exposed the
solution to the light from a 100-W, medium-pressure UV lamp and re-chrornato
graphed the irradiated products on a 4 %SE-30-4 %QF-I on 70-80-mesh Anakrom
ABS column , the temperature being programmed from 170° to 190°. As an illustra-

TABLE 7

PROCED URE FOR SEPARAT ION O F PCNs AND PCBs FROM ORGANOCHLORINE
PESTICIDES66 ,67

- -- , - -- _..----- - - --- - -
Step Procedure

1
2

Sample (5 g) ground with anhydro us Na2S0.
Ground sample extracted with pesticide-grade n-hexane , Soxhlet , 1 h, final volume of

extract 100 ml
Chromatography on alumina (F isher No. A-540) , a liq uot of extract (1-50 ml) in 1.5 ml

of II-hexane , a lumina act ivated at 800" (4 h) , 5 % water added . Co lumn 45 x 0.7 ern,
2 g of alumina , 20 rnl of eflluent collected

Chromatogra phy on Silicar silica gel. EfIluent from alumina in 1.5 ml of II-hexane,
Silicar activated overnig ht a t 130", 3 % water added , column 45 Y 0.7 em , 2 g of Silicar

EfIluent: II-hexane, 10 ml : fraction I ; 20 rnl : fract ion II; 10% diethyl ether in II-hexane,
10 ml : fraction III

- - -------- -- - - - -- - - -- - - - -
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tion, data on the so-called optimal irradiation time (i.e., the minimal time that yields
about equal areas for the main degradation peak and for the parent peak ) of the 13
peaks obtained on GLC of Halowax 1014, and the fingerprint degradat ion patterns
ob served after re-chromatography, are sho wn in Fig. 3. The insecticides heptachlor,
aldrin, heptachlor epoxide, o,p' - and p,p'-DDE, dieldrin and o.p': and p,p '-DDT,
which interfere in GLC, can easily be distinguished from the Halowax peak s 3, 4,

®

o

©

9

30

13

40

Pea k no Opt im um
irradiat ion
t ime ( se c)

GL C degr ad at io n
pa ttern

p

1 -

2 300 liP

3 145 r
4 142 I I

P

5 160 II ,P

6 6 0 II l iP

7 90
I " r

8 150 ,11111 J
9 2 10 1.1 ,1.11 r

10 5 I I
P

11 240 11 ,1111 , I I I
P

12 35 I IP

13 10 I I, , I
I I I

o 8 16
Time (mi n )

2 4

Fig. 3. G LC (ref. 68) of (A) Hal owax 1014 and ( 8) a mixture of insect icides : (I ) hept achlor, (2) aldrin,
(3) hept achlor epoxide, (4) o,p '-DDE, (5) p,p'-DDE, (6) dieldrin and o,p '-DDD, (7) p,p'-DDT. (C)
Irradiation procedure an d degradation patterns of peaks 1-13 of Halowax 1014 presented as peak
a rea versus (,e l. . P = parent peak . Trapping GL C on 2 %SE-30--2%QF-I on 7Q-80-mesh Anakrom
ABS. Temperatu res : inject ion and detector (' H), 200"; oven, 180°. Gas flow-rate , Ar- CH. (19:1), 60
ml /min, Re-chromatograph y on 4 %SE-30- 4 %QF-I on 70-80-mesh Anakrom ABS. Temp eratures :
injection, 240°; detector, 210°; programmed from 170° to 190° a t 2°Jmin. Ga s flow-rate, N2, 30
rnl/rnin,
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7-9 and 1J, as their degradation products are largely resolved from those of the PCN
degradation products. The authors claim that the same holds true for the PCB mixture
Aroclor 1254 for all but one pair of corresponding G LC peaks.

Goerlitz and Law65
, who a lso studied the extent to which PCNs may interfere

in the an alysis of pesticides, presented chromatograms of Halowax 1013 and 1014,
analyzed by electron-capture GLC on 3 %QY-IOI (on Gas-Chrom Q) and 3 %QY
101 -5 %QY-2 10 (on Gas-Chrom Q) columns at 180 0 and 175°, respectively. Identifica
tion of the ch lorine content of the peaks was achieved with the aid of a computer
controlled GLC-mass spectrometry (MS) system. Fig. 4 shows representative chro
matograms and the chlorine-number ass ignments of each peak . Accord ing to the
authors, the pattern of compounds a nd isomers of a particular PCN preparation, as
it appears on the chromatogram , is not as characteristic or distinctive as that of PCB
formulations. In other words, one cannot readily assess the occurrence of PCNs in
previously analyzed samples simply by reviewing the chromatographic records.

The combined use of thin-layer chromatography (T LC) and G LC for th e anal
ysis of PCNs has been proposed by Stalling and Huckins'", The components of
Halowax 1099, 1013 and 1014 were resol ved by reversed-phase TLC on Kieselguhr
coated glass plates impregnated with paraffin oil. Three successive developments were
carried out in a saturated atmosphere, using methanol-acetonitrile-acetone-water

H10 13

3
1. C I)

2 C I3
3C1~

4 . C It;

5. 0.4
5 6 CI.

7 0 5

8. CIs
9 CI,

10 C I6
11. 0 6

11

"6c
2' H10 14
III 3

1 0 )

8
2 CI)
3 CIt;

9 4 , Cit;

5 . Ci s

7 6 0 5

7. C I5
8 . Cl 6 10
9 Cl.

10 CI7

14

Tim e (m in)

Fig. 4. GLC of Halowax 1013 and 10[ 4 on a 3 %OV-101 on Gas-Chrom Q column"; Temperatures :
injection, 205°; co lumn, 180°; detector (3H), 200°. Gas flow-rate, N z, 37 mlfmin; He used instead
of N, in GLC-MS.
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Fig. 5. TLC of Halowax 1000-1051 on (a) Kieselguhr impregnated with paraffin oil /aceton-trile
methanol-w ater (8 :9 :3) ; (b) Kieselguhr impregnated with paraffin o il/acetonitrile-methanol- acetone
water (20:20 :9 :1)"°. Detecti on : spray ing with a solut ion of 0.3 % tol idine in 80 % eth anol contain ing
OJ%glacial acetic acid and subsequent UV irradiation.

impregnated with paraffin oil is superior to TLC with the system silica gel-dry ll-hexane
(ef ref. 176). With the former technique (Fi g. 5), about twice as many spots are ob served .
Acetonitrile-methan ol-water (8:9 :3, vJv) is recommended for the separation of the
low-chlorinated Halowaxes; improved resolution of the more highly chlorinated mix
tures is obtained with acetonitrile-methanol-acetone-water (20 :20:9: I, vJv) as the
mobile phase. The data compare favourably with those of Stalling and Huckins?",
who reported the presence of 5-7 spots in the rever sed-phase TLC of various Halo
waxes (Table 8). The excellent sepa ra tion obtained with Halowax 1051 is discussed
below.

Challen and Kucera?' studied the detection of PCNs and other commercial
wood preservatives using TLC and GLC. With chloroform extracts of wood (46
species), the several preservatives were separated best on silica gel with n-hexane-ethyl
acetate (17:3 , vJv) as the mobile phase. Spraying with a 0.1 % solution of diiodo
fluorescein in alcohol, and sub sequent exposure to bromine vapour, allowed the de
tection of 50-100 pg of PCNs. In GLC, the large number of peaks ob served with
samples containing PCNs allows the ir detection; however, it renders imp ossible their
identification in mixtures with other preservatives.

An extensive study on the identi ty of the PCNs present in Halowax 1031 , 1000,
1001 and 1099 was reported by Beland and Geer". Chromatograms were run on two
different columns, viz., a 10% Carbowax 20M on 60-80-mesh Chromosorb Wand a
mixed 5 % Bentone 34-10 % OY-IOI on 100-120-mesh Supelcoport column, using an
oven temperature of 180 0 (Fig. 6). From the data collected in Table 9, it can be seen
that both monochloronaphthalenes were found to be pre sent, together with all of th e
disubslituted isomers (except 2,6-dichloronaphthalene) and several of the possible tri
and tetra substituted naphthalenes. In addition , at least three components appear to
be present that do not seem to be PCNs. Four PCNs identified in Halowax 1001 have
also been shown." to be present in Nibren 088, which has a comparable chlorine
content. A sample of Nibren D88 was sepa rated into 22 fractions on a column of
activated alumina, using Iight petroleum as solvent and light petroleum-benzene (99: I,
v/v) as the mobile phase. Detection by means of IR absorption measurement indicated
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TABLE 9

RETENTION TIMES AND IDENT IFICATION OF CO MPO N ENTS OF HALOWAX 1031,
1000,1001 AND 1099

For GLC deta ils, see text and Fig . 6.

Retention time ( mill) all PCN Halo wax

Bell/aile Carbo wax 1031 1000 100/ 1099
~ ~ ~-_. - - - - --_ . _ ---~

58.0 32.0 2 1- - J f- +
66.5 32.0 I -,
94.0 62.0 1,4 -j - I -j

99.0 62.0 1,5 -j ~ i
110.0 57.0 1.3 ~ +

112.0 69.0 1,6 "1
131.0 77.0 2,7 -, 1~

163.5 84.0 2,3 + -1 - 1~

163.5 108.5 1,4,6 -I . 1 -+
175.0 77.0 1,2
181.0 69.0 1,7
186.5 94.5 1,3,5 -j -+
215.0 108.5 1,2,4 -j t .f- t
226.0 127.0 1,3, 5,7 ., t f-
240.0 154.5 1,2,6 ..j i + ' j-

276.0 199.0 1,4,5 + i -\- --\ -
299.0 177.0 1,2 ,4 ,6 -, I --\ ~ ,
316.0 127.0 1,8 I -l -l-
390.0 254.0 1,3,5,8 ! -I -l
555.0 526.0 1,4 ,5,8 f- -\. -I -+
642.0 272.0 1,2 ,3 ,4 1- -l -+

-- ----~-

12,4.6

f

1,46 ",
V·,6
12 ,3,/.
13,5,e

"e \
I , - - , \3 5 8

: f H 1051 " §I: \2 7~nm J 230 nm

" '- " _ / ",II

"
r-c»

" J 5'~4 ,6.' I .•

II
1,/' 'C<8

14.61\
1.7 \61.3 '<;.IF; ~~.'_6 1.~ '2,1:I '.2

1,15,1
~8

I 2
, , , I

4 0/4 2 0 /4 0

1')..

r:

~
~1000 , \. ~2::;

.<5.' \
1;' 4 ,6

, , , I ,
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l im a (m in)

Fig.7. HPLC (ref. 70) of Hal owa x 1031- 1051 (ca . 300 ppm in »-hexane). Column, 25 em x 3 mm
I.D. filled with 5-/1m LiChrosorb Sf 60 ; mobile phase, dry zr-hexane ; flow-rate, 1.4 ml/min ; UV
detection at the wavelengths indic ated in the figures; full sca le, 1.28 (Halowax 1031,1000,1001 and
1099), 0.64 (Halowax 1013 and 1014), 2.56 (H alowax 1051) absorbance units; temperature, 27 ± 1°.
Tentative assignment s are ind icated by parentheses.
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--~- ' - --- -- ~ - - - --- --
Reduction potentials, E2d vs. S.C. E. ( V) Ref 0 11 IR

-- - .- - -_.

- 2.326 - 2.197
- 2.326 - 1.940 76
-2.326 - 1.975 76
- 2.326 - 1.957 -· 1.726 72
- 2.326 - 1.965 - 1.752 72
- 2.326 - 1.944 - 1.751 72,77
- 2.326 -- 1.933 -- 1.765 72,77

. -2.326 ·- 1.948 - 1.802 72
-2.326 -- 1.944 - 1.793 72
-2.326 - 1.938 - 1.704 72
-2.326 - 1.960 -- 1.769 72
-2.326 - 1.957 - 1.844 72,77
-2.326 - 1.959 -- 1.838 72
-2.326 - 1.975 - 1.761 - 1.554 72
-2.326 - 1.939 - 1.752 - · 1.565 72
-2.326 - 1.942 - 1.783 -- 1.58 1 72
-2.326 - 1.955 -- 1.827 - 1.620 72
-2.326 - 1.955 - 1.898 - 1.613 72
-2.326 - 1.941 - 1.785 - 1.512 72
-2.3 26 - 1.938 - 1.78 1 - 1.578 72
-2.326 - 1.958 - 1.824 -- 1.634 72
-2.326 - 1.974 - 1.853 -· 1.635 72
-2.326 - 1.960 - 1.806 -- 1.541 72
-2.326 - 1.932 - 1.758 - 1.540 72
-2.326 - 1.941 - 1.776 - 1.618 72
-2.326 - 1.938 - 1.778 - 1.599 72
-2.326 - 1.956 - 1.820 - 1.657 72
-2.326 - 1.946 - 1.751 - 1.563 - 1.393 72
-2.326 -- 1.948 - 1.784 - 1.591 - 1.411 72
-2.3 26 - 1.959 - 1.832 - 1.627 - 1.445 72

- 2.326 - 1.954 - 1.783 - 1.609 - 1.445 72

-2.326 · ·1.960 - 1.836 - 1.615 - 1.444 72

- 2.326 - 1.946 - 1.783 - 1.616 - 1.373 72

-2.326 - 1.955 - 1.782 - 1.607 - 1.490 72

-2.326 - 1.929 - 1.755 - 1.535 - 1.345 72, 77
- 2.326 - 1.957 - 1.729 ·- 1.576 - 1.431 72

- 2.326 -- 1.985 - 1.833 - 1.639 - 1.506 - 1.340

77
- 2.326 - 2.028 - 1.840 -- 1.706 -- 1.600 - 1.411 - 1.298 - 1.081 - 0.940 59, 72, 77

- . "- - ' - "
- -- - -_. - - - _ . --_.- - - - -~- -- ~ - - _ .~ - -_._--- --- - - --
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Fig. II . Mass spectra of (a) a hexachl oronaphthalen e'", (b) Halowax 101490 and (c) octachloro
naphthalene" . The last spect rum was recorded at 8 kV, 70 cY on an AEI MS 902S spectrometer.

naphthalenes. With the former compound, the molecular ion can be seen (Fig. IIc)
to be the base peak and the only important mode of fragmentation is by successive
loss of chlorine atoms. To a large extent, the atoms are lost singly, but some simul
taneou s loss of two chlorine at om s may also occur. Moreover, all eight chlorine atoms
may be shed successively with out loss of a carbon atom, as indicated by the peaks for
the series of C, oCI 8 +- CIO+ ions. In addition to the series of singly charged ions, a
corresponding series of doubl y charged ions occurs. The general abundance of odd
electron ions such as MT and [M ..- CI 2 ]T has already been noted above. Interpreta
tion of the spectra of the heptachloronaphthalenes, which are indistinguishable except
for minor differences in the relative intensities of some of the peaks, is in accord with
that of the mass spectrum of octachloronaphthalene. Again, the major mode of frag
mentation is by successive loss of (all seven) chlorine atoms, the odd-electron ions are
most abundant and doubly charged versions of all of the ions are apparent. Loss of
chlorine is strongly preferred to loss of the hydrogen atom, which doe s not occur to
an appreciable extent until at least four chlorine atoms have been shed.

Lastly, it is interesting to note the presence of a group of low-intensity peaks
due to CIQHCI 7 ~ ions in the mass spectrum recorded in Fig. II c. Clark et al." produced
evidence that suggests that these ions are due mainly to slow incorporation of
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Fig. 12. Volta mmograrns of 1,2,3,4-tcl rachloronaphthalene7
; . Volt age range : - -0.700 to - 2.60J V

I·S . S.C.E . (a ) Norm al sca n; (b), second-derivat ive sca n ; (c), interru pted-sweep fingerpri nt.

voltammog rams of 1,2,3,4-tetrachloronaphthalene are shown in Fig. 12. The most
cathodic peak corresponds to the redu ction of naphthalene and the remain ing peak s
represent the stepwise removal of the chlorine at oms.

Characteri stic reduction-potential data for 37 PCNs are given in Table 10. The
first zero-crossing of the second der ivat ive of the cell current has been cho sen as the
interrupt potential E2d on the reduction wave, as it is readily determined experi
mentall y and is sufficiently anodic relati ve to the peak potential to pr ovide good reso
lution between waves. Fairly large day-to-day var iati ons in the reproducibility of the
E2d data have occasionally been observed. However, each redu ction peak varies by
the same magnitude ; i.e., the / 1E2d values are constant. Further, all of the voltammo
grams contain the reduction peak for naphthalene (E2d = - 2.326 V vs. S.C. E.),
which can be used as an internal standard .

Using the equipment described, the fingerprint technique requires at least 9 f-lg
of relati vely pure compound in order to obtain positive identification. That is, the
compon ent s of a complex mixture must be separated by a chromatographic technique
before they can be identified.

o.Photochemistry

In recent years, increasing attention has been paid to the photochemistry of
chlorinated compounds such as organochlorine pestic ides, PCBs and, to a lesser extent,
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PCNs. In view of the high chemical stability of the se compounds, environmental
breakdown initiated by the photochemically active part of the solar spectrum is of
particular interest ", Photodegradation of the pollutants may lead to their remo~al
from the environment, e.g., through con version into insoluble polymeric material, or
to the formati on of much less or , alternati vely, more highly toxic products. It is
known that halogenoaromatic compounds ch iefly undergo reductive dechl orination,
dimerization and substit ution by the solvent; however, chlorinatio n and , possibly,
isomerization may also occur. In thi s section, the limited am ount of information
available on the photodegradation of PCN s is discussed in more detail.

In the photolysis of l-monochloronaphthalene in a mixture of n-hexane and
ethanol , Szychlinski'" ob served CI- formation , which increased when the proporti on
of ethanol in the mixture was increased. Robin son and Vernon'" reported that in
ethanol , I-monochloronaphthalene (concentrat ion ca. 0.1 %) is reduced to naphtha
lene noticeably faster than it gives I-phenylnaphthalene under simila r conditions but
in benzene. This difference is probably due to predominant absorption and inefficient
sensitization by benzene at the low concentrations of substrate employed, whereas in
ethanol the halogen-containing compound itself absorbs the incident light. The photol
ysis of I-monochloronaphthalene (8.5,10 - 2 mM) in degas sed solutions of 50 %
aqueous methanol containing potassium hydr oxide has been carried out"? using light
with a wavelength of 280 ± 10 nm. Naphthalene was formed, its quantum yield in
creasing with increasing concentration of the base ; however, the react ion also took
place in neutral medium. Under the conditions employed, no formation of naphthol
(quantum yield < 10- 4

) was observed. Replacement of a halogen by a hydr ogen atom
probably takes place by electron tr ansfer from the nucleophile (OH-) to an excited
PCN molecule, and subsequent dissociation of the resulting chloroaromatic rad ical
anion into a chlorine atom and an aromatic radical , which splits off a hydrogen atom
from one of the components of the medium (howe ver, also see below).

Ruzo et al.98 carried out irradiation s of 1- and 2-mono- and 1,2-dichloronaph
thalene at 300 nm using methanol , cyclohexane and acetonitrile-water (4 :I, v/v) as
solvents. The results are summarized in Table 15. In a subsequent paper?", the results
of the photodegradation of a large series of mono- to tetrachloronaphthalenes were
presented. In cyclohexane, naphthalene and binaphthyl were the major products: in
methanol, however, methoxylated and more highly chlorinated naphthalenes and bi
naphthyls were also formed . However, no evidence was found for the isomerization
of 1- to 2-monochloro naphtha lene, previously claimed by Mamedov and Nasibov'"?
to occur next to dechlorination. Ru zo and co-workers reported a wide ran ge of de
chlorination: dimerization ratios th at indicated marked substituent effects, which are
probably both electronic and steric in nature. Dechlorination is favoured with PCNs
that have adjacent (vicinal and peri) chlorine atoms, while unh indered PCNs give
mostly dimers ; moreover, the former type of PCNs show large relat ive reaction rates.

The major organic products found suggest that free radical intermediates are
involved ; sensit ization experiments in the presence of benzophenone and experiments
with atmospheric oxygen indicated the occurrence of an intermediate triplet excited

• For a general discussion of the choice of conditi ons of irradiation, laboratory models for natu 
ral conditions, general theoretical aspects of phot ochemistry, etc., the reader should consult, e.g.,
ref. 94 and ref. 9, Ch , 6.
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TABL E 15

DISTRIB UTION O F PHOTOPRODUCTS AND QUANTUM Y IE LDS FOR R EA CT ION O F
SIMPLE H ALON APHTH ALENES· R

pe N Solvent ( / 1 • Dehalogcnation " Binaphrhyls Subst itution Chlorination
---_._ .- _.

I C H 3O /-l'" 0.005 74 25 <: \
I ( H 3O H- O , 0.002 76 23 <: 1
I C.H. , 88 12
1 C H lCN- H,O I 94 5 <: 1
2 C H 3O H '" 0.007 58 38 4
2 CH 3OH-hen zo ph enone 0.007 2 97 I
2 C. H

"
72 28

2 CH .1C N- H,O 2 94 4
1,2 C H ,O /-l 0.012 32 66 2
1.2 C /-I .,O H- benzo pheno ne 0.0 14 28 68 4

• Dega ssed so lut io ns . 20 -6 0-h irr adiat ions.
• • Yield s wcre est imat ed as pe rcentage o f tot al prod uct fo rm at ion by co m pa ris o n wit h sta nda rd

concentrat ions o f naphtha lene a nd bin aphthyl .
". The ma teria l ba lance o n naphthyl residues was .·95 / ;, in th e early sta ges of the rea ction (6 h) .

state as the princ ipal precursor of both free radical a nd methoxylated products. At
tempts98.IOI to determine the trip let lifetimes of the PCN s by q uenching experiments
led to abnorma l behaviour , in that en hanced quantum yie lds for reaction (PCN dis 
appe arance and naphthalene formation) were found with potential triplet quenchers
such as 1,3-cyclohexadiene, biacetyl and trans-stilbene.

On the ba sis of the evidence, Ru zo a nd co -workers concluded that the major
products in their stud ies clearly resulted fr om C-CI bond fission , which, however, is
more likely to involve electron tran sfer :

hv X
ArCI -- ? ArCI* - :-- Ar · I- Cl -

rather than direct ho molyt ic fission:

hv
ArCl- :-- ArCI * - - ". Ar - I- C I·

(3)

(4)

This postulate is supported by the fact that the quantum yield for the disappearance
of l-m on ochloronaphthalene increases 8-fold in the pre sence of triethylamine , a
known electro n donor. Subsequentl y, the aryl radical either ab stracts a hydrogen
atom from a solvent molecule or attacks a molecu le of starting material to form a
dechlo rinated pr oduct and a binaphthyl, respectively. Recently, it has been sug
gested94,98 that in d imerization and substitution reactions, an aryl radical cation rather
than an ar yl radical reacts with a subst ra te or so lvent molecule .

In aqueo us aceton itri le?", which can be considered to be a go od model system
for environmental ph ot ochemistry, the main photoproducts from monochloro
naphthalene are chl orobinaphthyl, I-naphthol and a hydroxylated dimer. In the pres
ence of oxygen, the dimers are largely sup pressed and I-naphthol is the major prod
uct. A typ ical reacti on scheme?' for the photolysis of a po lychloronaphthalene in an
aqueou s system is shown in Fig. 13.
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F ig. 13. Photolysis (at 300 nm ) of 1,2,6-tr ichloronaphth alene in an aq ueous med ium". Dechlorina
tion, substitutio n and dimerizat ion reactions are seen to occ ur.

Lastly, irradiatio n with sun light"? of Hal owax 1014 and 2-mo no- a nd 1,5-di
chloron aphthalene as solid films on quartz produces only insoluble polymeric material.
In view of th e fac ile genera tio n of rad ica ls in so lutio n phot och emi str y, this result is
not surprisi ng.

IV. TOX IC ITY AN D META BOLISM

1. Tox icity

PCNs (a nd man y other types of chl o roar om ati c co mpo unds) have been impli
cated in va rious diseases, such as chloracne, X-disease in catt le a nd chic ken oedema.
Therefore, in stud ies on the toxicit y ofsuch compo unds, e.g., chl ori nated naphthalenes,
one sho uld always be aware of the ro le possibly played by small a mounts of highly
toxic co nta minan ts, such as chlor ina ted d iben zod ioxins a nd diben zofur an s, for exa m
ple.

(a) Chloracne'i -v"
The symptoms of thi s disease, which derives its name from the fact that early

workers blamed nascen t chl orine fo r its occ urrence, a re the fo rma tion of comedo nes
with or witho ut cysts a nd pustul es". Th e follicular orifices ar e filled with sebaceo us
a nd kerat ino us materi al , and mela nosis and a seco ndary inflammator y react ion may
exis t. In some cases ae theroma, pigment at ion and ph otodermatit is have been ob
served'I" . Chl oracne is one of the most frequent form s of occupatio nal dermatiti s, and
ma ny cas es du e to PCN s ha ve been reported (e.g ., refs. 103-1 26). T he use of chlori nat
ed naphthalenes as subst itutes for natural waxes a nd rubber in Germany dur ing World
Wa r 1 led to the first lar ge outbrea ks of chloracne. Massive outbreaks also occur red in
the late 1930s a nd I940s, chiefly in th e manufacture and use of electrica l ca bles whose
covering was a fabr ic imp regnated with penta- a nd hexachloron aphthalenes.
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There is little doubt'?' that most cases in industry were due to external contact
with PCNs alone, especially when oniy o ne side of the body was involved. However ,
it ha s been proved conclusively th at chloracne can al so result from systemic intoxica
tion of the human subject with no external contact. Fumes of PCNs are by far the
most potent, solutions less so, and contact with the solid substance is of little impor
tance except under specia l condition s, such as when fr icti on al so occurs!". Even more
important is the degree of chl orination of the PCNs. Contrary to the ideas of early
workers th at as the degree of chl orination increases so do the sys tem ic toxicity and
acneigenic properties, stud ies by Shelley and Kl igm an! ", Hambrick 'P and Crow'l"
(and the large o utbrea ks of acne around 1940) have shown unequivocally that whereas
mono-, di- , tri-, tetra-, hepta- and octachloronaphthalenes are entirely non-acneigenic,
the penta- and hexachloro derivatives (Halowax 1014) produce very severe chloracne.
In refs. 123 and 128, and al so in a paper by Plewi g!" , details can be found concerning
the experimental production of acne in male adults, the PCNs being acneigenic in
man in every a rea of the body tested.

(b) Li ver damag e
The di sease occurs independently from chl oracne'!", and usually manifest s

itself after an exposure of 4-6 months, but may occur in as short a time as 7 weeks.
Occasionally los s of appetite, nausea and oedema of the face and hands are the first
symptoms. Abdominal pain and vomiting follow, and then jaundice develops'<' ?",
Flinn and Jarvik!" reported nine ca ses with a fatal outcome following exposure to
peNs; at autopsy, yellow atrophy of the liver was found . F urther reports of liver
damage in human subjects are given in refs . 112-114 and 131-136. In rats, guinea
pigs and other test animals, acute yellow atrophy a nd other liver changes have been
observed122 ,130-132 ,137 -141 in feeding and inhalation experiments. F or example, upon
feeding hexachloronaphthalene to rats, Sch oettle et al.14 1 observed mild to moderate
fatty degeneration of the liver with centrilobular vacuolation of the hepatic cells .
Oral administration of pentachloron aphthalene to gu inea-p igs caused fat degeneration
of the liver, loss of weight , conjunctiviti s and death! ", Lastly, degenerati ve lesions of
the liver and kidneys occurred':" in yo ung swine fed with hexachloronaphthalenes,
while necrosis and cirrhosis of the liver ha ve been observed in sheep after ingestion
of feed containing highly chl orinated naphthalenes 'V, Fr om the above results, one
can conclude that PCNs with high chlorine contents pr oduce liver damage in severa l
species. In man, effects such as leucopenia, lymphopenia, reduced amounts of
haemoglob in and glucose in the blood a nd hyperacidic ga striti s ha ve a lso been ob
served!".

(c) X-disease
In the U.S.A. in 1941, th e term X-disease was app lied to a cattle disease of

unkno wn etiology. After further outbreaks in 1942-1946, Olafson de scribed':" the
disease in 1947 and, a few years later, produced evidence'v -!" to show that it is caused
by highly chlorinated naphthalenes':",

The symptoms of pois oning include complete weakness, draggy loop, excessive
lacrimation , night-blindness, diarrhoea, polyuria , marked salivation and discharge
from the nostrits'<!" . Catt le sho w a rapid decl ine in vit amin A pla sma levelsI48,149. A
chronic cough, poor appet ite and numerous red maculae in the buccal mucosa develop
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The interference of Halowaxes and other chloroaromatics in the TLCjGLC
detection of chicken oedema factor has been studied by Huang et al.169

•

(e) Miscellaneous
Craigie and Hutzinger'"" compared the effects of several type s of chioro

aromatic compounds on marine phytoplankton. Halowax 1099, a t the 100 ppm level,
kills Olisthodiscus and strongly depresses the growth of Thalassiosira fluviatilis. How
ever, it is not tox ic to Dunaliella tertiolecta.

2. Metabolism

Cleary et al.'?' fed a mixture of PCNs (mainly penta- and hexachloronaph
thalenes) to rat s and dogs and found no significant storage of material in the lungs,
skin or kidneys, nor was any significant amount excreted in the urine. Apparently,
the animals are able to remove the chlorinated compounds promptly. In the dog, an
increase in the urinary ethereal sulphate fraction, but no significant change in the
neutral sulphur excretion , was noted after PCN feed ing. Drinker!" reported a high
percentage of chloride in the urine of a dog after administration of hexachloronaph
thalene.

An extensive study on the metabolism of PCNs was made by Cornish and
Block172, who administered naphthalene, I-monochloronaphthalene and di- , tetra-,
penta-, hepta- and octachloronaphthalenes to rabbits. Analysis of the urine samples
for a large number of excretory products during 4 day s indicated that naphthalene
and mono- and dichloronaphthalene are metabolized readily. Tetrachloronaphthalene
is metabolized to a lesser extent in the 4-day period , while the more highly chlorinated
product s do not yield ur inary metabolites that could be detected by the procedure
used by Cornish and Block. Possibly these compounds are metabolized by pathways
that yield excretory products not included in the study, or the y may be deposited in
tissues and metabolized or excreted unchanged over longer periods of time. Cornish
and Block suggested that a high degree of chlorination interferes with the form ation
of a I,2-dihydro-1 ,2-diol type of compound, which has been proposedv" as an
intermediate in naphthalene metabolism.

Ruzo and co_workers43 , 174 , 17s also studied the metabolism of PCNs. When
frogs and pigs were given Halowax 1031, whose main con stituents are monochloro
naphthalenes (Table 1), or one of several mono-, di- and tetrachloronaphthalenes, the

TABLE 16

SURVEY OF peN METABOLITES

peN

1
2
1,2
1,1+
1,2,3,4
1,2,3,4,5,6

Metabolite

4-Chloro-l-naphthol
3-Chloro-2-naphthol
3,4-Dichloro- l-naphtho l
2,4-Dichloro-I-naphthol
5,6,7,8-Tetrachloro-l - and -2-naphthol

Animal

Frog, pig
Pig
Pig
Pig, frog
Pig, frog
Pig

Reference

174, 175
175
43
43, 174
43,174
43

• No isolatable metab olite tran sform ation products ob ta ined.
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