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SUMMARY 

Glass capillary chromatography combined with mass spectrometry has been 
used for the qualitative analysis of high-temperature coal tar. A simpie method for 
making thermally stable wail-coated open tubular (WCOT) columns coated with the 
stationary phase SE-54 is described. More than 140 components with boiling points 
up to 870 “K could be separated and identified or characterized. A typical pattern for 
polynuclear aromatics (PNAs) was found on columns having polarities ranging from 
the polar poiyphenyi ether suiphone Poiy S 179 to the less polar silicone liquids 
OV-6i,OV-7 and SE-54. Comparison of the retention times of more than 40 standard 
compounds contained in a single test mixture enabled most of the major constituents 
to be assigned. A number of compounds that had not hitherto been reported to be 
constituents of coal tar were characterized by their mass spectra. These included two 
unknown compounds in the benzpyrene fraction_ 

Coal tar may now serve as an inexpensive but very complete mixture for the 
gas chromatographic analysis of PNAs. because the retentions and/or orders of 
elution of a large variety of PNAs obtained on WCOT columns coated with various 
stationary liquids of different polarity have now been established. 

INTRODUCTION 

In 1933, Cook er al.’ isolated the poiynuciear aromatics (PNAs) benzo[a]- 
pyrene, benzo [elpyrene and benzo [alanthracene from coal tar and demonstrated that 
the first compound is highly carcinogenic when applied to the skin of mice. Since 
then a large number of tests have been developed to study the deleterious effects of 
chemical substances’. Major efforts have also been made in analytical chemistry and 
especially in chromatography to improve the determination of PNAs at various 
concentrations and in various matrices. Considerable improvements in gas cliromato- 
graphy were achieved by Lijinski er af.3 in 1963. This group succeeded in eiuting coal 
tar constituents and synthetic PNA mixtures with a wide range of volatiiities (up to 
benzo [alpyrene, boiling point 760 “IQ on packed columns containing small amounts 
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of stationary liquids and exhibiting high permeabilities. They used as the support 

glass beads coated with SE-30 as the stationary phase. 

In recent years great efforts have been made to improve the performance of 
gas-liquid chromatographic separations by (1) increasing the separation efficiencies 
in terms of theoretical plate numbers, II (it must be realized, however, that the reso- 
lution of two closely eluted compounds is governed by the square root of 11 in both 
the isothermal’ and the temperature-programmed modes) and (2) developing more 
seIective, thermally stable stationary phases. 

(1) The greater permeabilities of wall-coated open tubular (WCOT) columns 
compared with packed columns enable longer columns with very small amounts of 
stationary liquid to be used and, as a result. the greatest possible overall plate numbers 
are obtained. In recent years glass WCOT columns have proved successful in the 
separation of isomers of low volatility. Various methods for preparing glass capillary 
columns have been published with a view to meeting the following requirements: 
high separation efficiency, minimal tailing behaviour. in particular for polar solutes. 
and the utilization of stationary phases with a wide range of polarities. 

WCOT glass columns usually contain v&y small amounts of stationary liquid 
and exhibit high phase ratios. Therefore, the result is relatively low capacity ratios 
(k’) for the eluted components at moderate retention temperatures at the expense. 
however, of very small sample capacities_ Thus. in practical analysis wide ranges of 
PNAs can in general be eluted within l-2 h. Columns packed with glass beads 
exhibit permeabilities and phase ratios between those of WCOT columns and columns 
packed with conventional supports. 

As early as 19665 Liberti and co-worker@,’ introduced glass capillary 

columns (up to 40,000 theoretical plates) coated with the silicones E-30, SE-52 and 
XE-60 for the determinations of PNAs in atmospheric dusts. They concluded that 
SE-52 is the most effective of these stationary liquids with respect to selectivity and 
temperature stability. in recent years. Lee et al. demonstrated the possibility of using 
glass capillary columns in gas chromatography-mass spectrometry (GC-MS) in 
PNA analysis and examined air particulatesS and tobacco and marijuana smokeg. 
There have been few attemptslO-lZ, however, to use glass capillary columns of hish 
efficiencies in the determination of PNAs in coal tar, particularly in combination 
with mass spcctrometry. 

In parallel with the improvement of glass WCOT columns. Grimmer and 
co-vvorkersr3,r4 developed packed columns of maximal length 20 m, yielding 50,000 
theoretical plates. These were able to achieve about the same resolution as glass 
capillary columns of the same length but had the disadvantages of very long retention 
times. higher column temperatures and large pressure drops. For example, the 
retention time of the benzpyrene fraction was about 90 min at 553 “K, compared 
with 15 min at 523 “K for a 30-m WCOT glass column. Owing to the large amounts 
of stationary phase used, these packed columns have much greater sample capacities 
and show considerable bleeding rates in temperature programming at the necessarily 
higher temperatures than do capillary columns. Therefore, they can be used for tl-e 
isolation of microgram amounts of unknown PNAs for UV analysis. Owing to the 
high bleeding rates at high temperatures only stationary liquids without any chrome - 
phore (e.g., phenyl groups) can be used to avoid errors in the UV spectra of tb2 
isolated compounds. 
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Blomberg and Wannman” recently applied differently pre-treated WCOT 
glass columns in the GC of coal tat. They used SP 2100 and thin layers of non- 
extractable Carbowax as the stationary phase, according to the procedures of Aue 
and Younker” and Croninr6. They observed different bleeding rates of the same 
stationary liquid depending on the kind of pre-treatment and type of glass drawn 
into capillaries. Similar experiences were reported by us recentlyl’~‘*. 

(2) Many workers have tried to improve the separations of PNA isomers by 
using more selective stationary phases in packed columns. Optimal selectivities permit 
much lower separation efficiencies in terms of theoretical plate numbers. Stationary 
liquids with special selectivities must have sufficient thermal stability, which is not 
the case for most polar stationary phases. 

In 1972, Sauerland and Zanderrg tested poly-nz-phenoxylene (synthesized by 
Beeson and Pescar”) in coal tar analysis. Two years later, Mathews et al.” developed 
two polyphenylether sulphones as the stationary liquid. One compound (Poly S 179) 
proved to be temperature stable up to 673 “K. They chromatographed a mixture of 
PNAs up to phenanthrene on a lo-ft. packed column that had been coated with this 
stationary liquid by programming from 473 to 623 “K at 10 “K/min. These retention 
temperatures indicate a strong retardation of the PNAs on this stationary liquid. 
Sauerland et af.” succeeded in eluting the PNAs in coal tar up to benzo[a]coronene 
on even longer packed columns, containing small amounts of Poly S 179. By using 
very low heating rates in temperature programming, retention times of several hours 
had to be taken into account. In 1975, Lao et al.” examined coal tar on 12-ft. Dexsil 
300 and OV-1 packed columns by GC-MS and identified or characterized about 
50 components in a single run. Janini er ~1.‘~ developed several nematic stationary 
liquids of increasing thermal stability. In this series the application’5 of N,N’-bis- 
(p-phenylbenzylidene)-cr,a’-bi-p-toluidine was demonstrated for coal tar analysis. 
This compound, however, is limited in its use to the narrow temperature range 
between 528 and 563 “K, which severely restricts temperature programming. 

In view of these results. our main objectives in this investigation were as 
follows : 

(i) to elute coal tar constituents on long capillaries with high separation 
efficiencies coated with selective stationary liquids: 

(ii) to check th e use of Poly S 179 as the most temperature-stable polar 
stationary liquid in WCOT glass column GC-MS at temperatures above 573 “K; 

(iii) to identify and characterize as many compounds as possible in coal tar 
using the summary of coal tar constituents by Lang and Eigen’“; 

(iv) to investigate the applicability of coal tar as a test mixture containing 
most of the important carcinogenic PNAs in a non-artificial matrix; 

(v) to compare the separation of compounds of low volatility in glass capillary 
GC and in high-performance liquid chromatography (HPLC). 

EXPERIMENTAL 

:~lanufacture and performame of glass capillary colram~s for high-temperature work 
In general, the same method was used to prepare the columns as described 

previously9. Glass capillaries were drawn from soda-glass (Schott AR) and bore- 
jilicate glass (Schott Duran 50) tubing (Q.D. 8 mm, I.D. 3 mm in both instances). 
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resultin_g in capillaries of 0.27 mm I.D. and up to 150 m in length. The alkali-glass 
capillaries were etched with a continous Aow of hydrogen chloride for 24 h at 730 OK, 
followed by a stream of hydrogen fluoride diluted with nitrogen for 40 min at the 
same temperature. The borosilicate- glass capillaries were not etched for the appli- 
cations in this work. 

In continuation of our recent experiments” on the influence of different glass 
surfaces on the temperature stability of methylsilicones, we removed the sodium 
chloride crystals that had been formed on the inner surface of the alkali-glass capil- 
laries by the hydrogen-chloride treatment by forcing water (5 x 5 ml) through the 
etched capillaries followed by subsequent rinsings with acetone and diethyl ether, 
These capillaries were then dried overnight in a flow of nitrogen at 670 “K, followed 
by the same hydrogen fluoride treatment as described above. Three of these columns 
were then statically coatedzs with OV-101 and SE-54 as stationary phases to yield 
coating efficiencies of 67-90 “/: (2800-3500 theoretical plates/m at k’ := 15-18). With- 
out any prior deactivation with an organic material, the polar test compounds 
n-butanol and cyclopentanone showed no tailing on these columns. 

The columns made for the PNA analysis described here are listed in Table I. 
These columns were coated without any prior deactivation. Most of the 

substances used for this purpose tend to decompose at temperatures above 550 “K, 
whereas in the GC of PNAs higher column temperatures are usually required. For the 
dynamic coatins procedure the concentrations of the stationary liquids in dichloro- 
methane were 20 7; (w/w) for Poly S 179 and OV-61, 15 “/: (w/w) for OV-7 and 5 “/‘A 
(w/w) for SE-54. Ail columns (except for the Poly S 179 column, which can only be 
used above 463 ‘K) were tested by the above-mentioned polarity mixture. Tailing was 
observed with Jr-bUtan and cyclopentanone on each of these columns, but not for 
dibutyl ether and hydrocarbons_ With alkali-glass treated columns we explain this 
behaviour as the result of a deactivating effect caused by additional treatment with 
hydrogen fluoride33. Very recent experiments have revealed the possibility of deacti- 
vating borosilicate-glass (Duran 50) to a certain degree with gaseous mixtures of 
hydrogen fluoride and nitrogen in the dynamic mode3’. 

i%erJJlal treatment of dwamically coated SE-54 co~utms 

When testing the first of these SE-54 columns all peaks showed severe tailing. 
The performances were considerably improved by flushinS the capillary columns with 
nitrogen, sealing their ends in a micro-flame and keeping them at 600 “K for 1 h. 
In contrast to the procedures described by Aue and Younker’s for the deactivation 
of WCOT glass columns, no rinsings with solvents were attempted for iemovin_p any 
of the stationary liquid. Three columns were made without any prior etching by simply 
coating the bare surface of borosilicate capillaries followed by the thermal treatment. 
The improved column behavior observed can be explained by better spreading of the 
gum phase on the glass surface at the applied temperature and/or by cross-linking of 
the vinyl groups incorporated in the silicone polymer. The Kovats retention indices 
of the test compounds measured on the SE-54 columns are given in Table II. 

The retention indices of methyl butyrate show that alkali-glass columns treated 
with hydrogenfluoride are considerably less active than untreated borosilicate columns. 

This method of preparin, = thin-film glass capillary columns of high thermal 
stability for the elution of compounds of low volatility and polarity is simple and 
relatively rapid. However, the highest coating eficiencies for silicone-gum phases can 
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TABLE II 

KOVliTS RETENTION INDICES OF TEST COMPOUNDS ON SE-54 COLUMNS, 
MEASURED AT 353 “K 

The column numbers serve for the distinction of the SE-54 columns from each other and do not 
correspond to the numbers in Table I. 

__._. -___ .~~..__ -~ _ _~~ ._~...__. _~~._-___..~ ~~~ 
Test compo~~nd c01un1n I : CokInltl 2 colullln 3 Column 4 Colrrn~n 5 Colunm 6 

~__ - -__.-. -_- -____ 
Aikuli-,ohs.~, HCI. Alkali-gIass. HCI, H,O, HF Borosilicate-glass. mercury 
HF etched, treated, static coating plug. thermal treatment at 
dynamic coating 600 “K 

_._ ~._____ _~ 
Brnzene t n-butanol 673.59 662.92 464.32 676.43 674.86 675.28 
Methyl butyrate 726.89 722.88 724.03 753J39 753.76 740.51 
Toluene 777.79 775.5 1 777.37 777.13 776.59 775.55 
Octene-1 792.03 790.99 791.73 791.86 791.65 791.99 
Dibutyl ether 854.05 853.61 883.22 884.56 883.57 884.06 

~_ 

be obtained by the static coating procedurezs. No tailing was observed for the PNAs. 
except for quinoline and isoquinoline, both of which have approximately the same 
basicity as unsubstituted aniline. 

Separation efficiencies in terms of theoretical plate numbers determined for 
components of the benzpyrene fraction for coal tar chromatograks are 

Table III. 

TABLE III 

SEPARATION EFFICIENCIES OF THIN-FILM GLASS WCOT COLUMNS COATED 
FERENT STATIONARY PHASES 

_ _. ~. _ ~._~ _ __~~ .__ 
CoIun1n Type of glass Etching Coating Theoret- k Compound 

ical 
ptatesjm 

35-m SE-54 Alkali HCI-HF Dynamic thermal lSJ0 10.5 Perylene 
treatment 

45-m SE-54 Borosilicate None Dynamic thermal 1860 11 .O Perylene 
treatment 

given in 

WXTH Dl 

Colunc 
temper, 
ture ! ‘1 

453 

453 

48-m SE-51 Borosilicate None Dynamic thermal 2150 12.0 Benzo[a]pyrene 483 
treatment 

45-m SE-54 Borosilicate None Dynamic thermal 1750 8.2 Perylene 473 
treatment 

45-m SE-54 Alkali HCl-H,O-HF Static 2500 16.8 Benzo[ee]pyrene 483 
35-m SE-54 Alkali HCl-H:O-HF Static 2850 17.3 Benzo[e]pyrene 4883 
30-m OV-7 Alkali HCl-H F Dynamic 2860 10.2 Perylene 523 
30-m OV-61 Alkali HCl-HF Dynamic 2000 16.1 Benzo[a]pyrene 52: 
-. ~___. ._ 

Column oparation 

All columns coated with silicone phases were used under both isothermal and 
temperature-programmed conditions. The Poly S 179 column was used in temperature 
programming only. Hydrogen was used as the carrier gas, because it exhibits the lea--t 

dependence of HETP on carrier gas velocities, U, (fiat HETP rersus/u graphs) owirg 
to the relatively large diffusion coefficients, D, (ref. 35), of organic compounds i? 
hydrogen. In addition, this _gas has the lowest viscosity, which again exhibits tl e 
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weakest dependence on temperature of all carrier gases”. Allowing for these facts, 
the carrier gas inlet pressure was adjusted in such a way that at the final temperature 
the gas velocity reached the HETP minimum for isothermal conditions (ca. 0.35 
m/set for hydrogen and 0.24 mjsec for helium used in GC-MS). Maximal efficiencies 
in terms of plate numbers are thus obtained when compounds of high molecular 
weight are eluted, which enables more possible isomers to be separated than for low- 
molecular-weight compounds. 

Peaks were assigned by comparing their retention times with more than 40 test 
compounds in a single artificial mixture on OV-7 and Poly S 179 columns. The 
GC-MS measurements were carried out using the latter column. The non-polar 
SE-54 column was chosen to cover a wider range of PNAs, whereas the OV-61 column 
was selected mainly for an improved separation of the benzofluoranthenes. These 
CzoHlz isomers also exhibit different carcinogenic activities, but are much ,more 
difficult to separate than benzo [a]pyrene from benzo[e]pyrene and perylene (see 
Fig. 4). 

Temperature-programmed and isothermal runs on the Poly S 179 column and 
part of a computer-reconstructed total ion chromatogram are shown in Fig_ 1. The 

peaks are arbitrarily assigned as in all other chromatograms according to Table IV. 
Alternative structures for isomers that cannot be distinguished from each other on the 
basis of their mass spectra have been suggested in those instances where no com- 
parison of retention data with test compounds was possible. 

It can be seen from Fig. la-c that the range of application for PNA analysis 
begins with acenaphthene for the Poly S 179 column, which has a very thin film of 
stationary liquid. 

Therefore, we chromatographed compounds of greater volatility than ace- 
naphthene on capillaries coated with silicone phases (see Fig. 3a). In this range, the 
separation of naphthalene and benzo[b]thiophene is of practical importance, It also 
proved to be possible to separate azulene (the first non-benzenoid aromatic compound 
reported in coal tar) from both methylnaphthalenes on the SE-54 and other apolar 
columns (see Fig. 3a). Inspection of the retedtion behaviour of PNAs and heterocycles 
with the same carbon skeleton shows that the order of elution is generally as follows: 
(1) 0-PNA, (2) S-PNA, (3) PNA, (4) N-PNA. This sequence seems to be independent 
of the polarity of the stationary phase. A previously unidentified dinaphthofuran 
(compound 105b; characterized by MS), which is eluted shortly before the benzofluor- 
anthenes, obeys this rule. The only exception is benzo[b]thiophene, which is eluted 
shortly after naphthalene (see Fig. 3a). 

On Poly S 179 some anomalous orders of elution were observed in ctimparison 
with the less polar silicone phases SE-54, OV-7 and OV-61 (see Table V). 

In comparison with the non-polar silicone stationary liquids the much higher 
thermal stability of the polar Poly S 179 phase is essential, because on the latter phase 
the retention temperatures are about 90 “K higher than on the former. In general, 
polar phases are thermally less stable than non-polar phases. The separations of the 
three benzofluorenes (peaks 67-69) and of benzo[a]anthracene, chrysene and tri- 
phenylene (peaks 86, 88, 89; Fig. la and b), and the strong re’ardation of the :.:idic 
carbazole and its homologues are remarkable features associated with Poly S 179. The 
latter observation may be explained by the formation of hydrogen bonds between the 
solute and the oxygen atoms of the stationary phase. Plotting the boiling points 
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Fig. 1. Gas chromatography of PNAs and coal tar on Poly S 179. Peak numbers as in Table IV. (a) 
PNA test mixture. Column, 92-m Poly S 179, I.D. O-27 mm alkali-glass, HCl-etched. Column 
temperature. programmed from 473 to 663 ‘K at 1 ‘K/min. Carrier gas. hydrogen. 0.35 m/set at 
663 ‘K. 34 = Phenanthrene; 35 = anthracene; 53 = fluoranthene; 60 = pyrene: 56 = benzo[a] 
anthracene: 58 = chrysene: 112 = benzo[e]pyrene: 113a = benzo[oJpyrene; 116 = pevlene; 
130 = indeno[l,2,3_cd]pyrene: 134 = benzoC&]perylene: 135 = anthanthrene; 130a = coronene. 
(b) Coal tar. Column, 92-m Poly S 179. I.D. 0.27 mm. Column temperature, programmed from 473 to 
663 “K at 1.’ K/min. Carrier gas. hydrogen, 0.35 misec at 663 ‘K. Peaks listed as in (a). (c) Coal tar 
(low-boiling fraction). Column, 92-m Poly S 179, I.D. 0.27 mm. Column temperature. programmed 
from M3 to 495 ‘K at 1 ‘K/min. Carrier gas, helium. 0.20 m/set at 463 ‘K. 1 = Indene; 2 = naph- 

thalene: 3 = benzo[b]thiophene; 4a = Zmethylnaphthalene: 4b = azulene: 5 = I-methylnaphtha- 
lene; 7 = biphenyl; 11 = acenaphthene; 12 = acenaphthylene: 13 = dibenzofuran; 16 = fluorenr. 
(d) Coal tar. Instrument, Finnigan 4000. Column, 92-m Poly S 179, I.D. 0.27 mm. Column tempera- 
ture, 6-10 ‘K. Interface, Pt capillary, I.D. 0.1 mm. Interface temperature, 540 ‘K. Ion source 
temperature, 573 ‘K. Elenzpyrene fraction of the computer-reconstructed total ion chromatogram. 
107 = Benzo[b]fiuoranthene; IOSa = benzo[j]fIuoranthene; 1086 = benzo[k]fluoranthene; 112 = 
benzo[elpyrene; 113a = benzo[a]pyrene; 116 = perylene. 

(according to Lang and Eige@) of a number of PNAs against their retention tem- 
peratures leads to graphs in which all compounds containing an NH group or a sinsIr 
nitrogen atom are located on lines parallel to that for the unsubstituted PNAs. On 
the basis of this plot (Fig. 2), peak 77 was assigned as an azabenzofluorene and nc,t 

as a benzocarbazole, and compound 82 as pyrrolo[&f]phenanthrene, whereas con>- 
pounds 103, 104a, 105a and 106 are characterized as benzocarbazoles and naphthc - 
indole, respectively. In each instance the presence of these isomers was confirmed t Y 
mass spectrometry. 



No. weigh 
-- 

1 116 
2 128 
3 134 
4a 142 
4b 128 
5 142 

6 1’9 

7 154 

S 1’9 

9 156 
10 168 
11 154 
12 152 
13 165 
14 131 
15a 165 
15b 180 
16 166 
17 153 
IS 182 
19 1sz 
2Oa 166 
20b 183 
21 166 
22 153 
23 1so 
‘-la 180 
24b 196 
7% 180 
2.5b 196 
26 180 
27 196 

ZS 167 
29 IS0 
30 167 
31 144 
32 184 
33 IS4 
34 17s 
35 17s 
36 19s 
37 179 
3S 184 
39 192 
40 179 
41 192 
42 192 
43 192 
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TABLE IV 

ASSIGNMENT OF PEAKS BASED ON GC-MS AND COMPARlSON OF RETENTION 
TlMES ON POLY S 179 AND OV-7 

_ -__. ._ __ ~_~ 

Peak Molecular Assigrirnent Remarks 

lndene 
Namhthalene 
Benzo[b]thiophene 
2-Methylnaphthalene 
Azulene 
I-Methylnaphthalene 
Quinoline 
Biphenyl 
lsoquinoline 
Dimethylnaphthalene 
Methylbiphenyl 
Acenaphthene 
Acenaphthylene 
Dihenzofuran 
Methylindole 
Methylbiphenyl 
? 
Fhtorene 
Azaacenaphthylene 
Methyldibenzofuran 
Methyldibenzofuran 
Methylacenaphthylene 
? 

Methylacenaphthylene 
Azaacenaphthylene 
l,l’-Diphenylethene? 
Methylfluorene 
? 
Methylfluorene 
? 
9(?)-Methyllluorene 
3 

Azafluorene 
Methylfluorene 
Azalluorene 
I(?!-Naphthol 
Dibenzothiophene 
Naphthothiophene 
Phenanthrene 
Anthracene 
Methyldibenzothiophene 
Benzo[/zjquinoline 
Naphthothiophene 
Methylphenanthrene, -anthracene 
Acridine 
Methylphenanthrene, -anthracene 
Methylphenanthrene, -anthracene 
Methylphenanthrene, -anthracene 

____- -- __._ ~~. 

Or methyhndolizine 

Xo diphenylethene 

Or naphthonitrile 

Or naphthocyclopentadiene 

Or naphthocyclopentadiene 
Or naphthonitrile 

Or methylcyanonaphthalene 

Or methylcyanonaphthalene 

(Continued on p - 110) 
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Remarks 

_._~~___~._ __. ._ _ 

44 190 
45 179 
46 204 
47 179 

f; f;; 
50 206 
51 167 
52 181 
53 202 
54 218 
55 206 
56 20-J 
57 20s 
5s 202 

59a 218 
59b 167 

60 202 
61 216 

62 216 
63 21s 
6-1 20-l 
65 216 
66 216 
67 216 
65 216 
69 216 
70 216 
71 232 

72 216 

73 203 

74 230 

4If-Cyclopenta[drflphenanthrene 
Benzolf]quinoline 
2-Phenylnaphthalene 
Azaphenanthrene, -anthracene 
Dimethylphenanthrene. -anthracrne 
Phenylindole 
Dimethylphenanthrene. -anthracene 
Carbazole 
Methylcarbazoie 
Fiuoranthene 
Benzonaphthofuran 
9.10-Dimethylanthracene 
Dihydropyrene? 
Thiopheno[deflphenanthrene 
Acephenanthrylene-. anthrylene 
Benzonaphthofuran 
Naphthopyrrole 
Pyrene 
Methylfluoranthenr, -pyrene 
Methylfluoranthene, -pyrene 
Benzonaphthofuran 
4WCycIopenta[dejJphenanthren3_one 
Methylfluoranthene. -pyrene 
Methylfiuoranthene, -pyrene 
Benzo[o]fiuorene 
Benzo[h]fluorene 
Benzofclfluorene 
Methylfluoranthene, -pyrene 
Tetrahydro derivative of benzo[c]phenanthrene. 

benzo[a]anthracene, chrysene, triphenylene 
Methylfluoranthene. -pyrene 
Azafluoranthene, -pyrene 

Dimethylfluoranthenc, -pgrene 

75 203 Azafluoranthene, -pyrene 
76 230 As peak 74 
77 217 Azabenzoflcorene 
78 230 As peak 7-F 
79 203 Azafluoranthene, -pyrenr 

80 328 Bmzo[c]phenanthrene 
81 254 1,2’-Binaphthyl 

82 191 
83a 226 
83b 231 
84 229 

Pyrrolo[deflphenanthrene 
Benzo[mpro]fluoranthene 
Benzonaphthothiophene 

Aza derivative of benzo[c]phenanthrene 
(presumably) 

Or methylbenzoquinoline 

No I-phenvlnaphthalene 
Lee and H&es” 

According to Gold” 

Or phenanthrene or 
anthracene nitrile 

Dihydro derivatives of 
benzo[c]phenanthrene. 
benzo[a]anthracene, 
chrysene, triphenylene 
possible 

No benzocarbazole 

Or phenanthrene or 
anthracene nitrile 

Or phenylphenanthrene, 
-anthracene 

Or cyclopenta[cdJpyrene 
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TABLE IV (continued) 

S5 234 
86 228 
87 228 
85 228 
s9 228 
90 229 

91 242 

92 242 

93 242 

94 242 

95 234 
96 232 

97 242 

9Sa 242 

9Sb 254 
99 1-u) 

100 240 

101 240 
102 230 
103 217 
10-t 217 
105i.i 217 
105b 268 
106 217 
107 2x? 
iO8a 252 
lO8b 252 
109 2.53 

110 252 
111 266 
112 252 
113a 252 
113b 252 
114 266 
115 266 
116 252 
117a 266 

117b 278 

Benzonaphthothiophene 
Benzo[a]anthrzcene 
? 
Chrysene 
Triphenylene 
Aza derivative of benzo[c]phenanthrene, 

benzo[a]anthracenr. chrysene. triphenylene 
Methyl derivative of benLo[c]anthracene or 

isomers 
Methyl derivative of benzo[c]anthracene or 

isomers 
Methyl derivative of benzo[c]anthracene or 

isomers 
Methyl derivative of benzo[c]anthracene or 

isomers 
Phenylphenanthrene, -anthracene, no binaphthyl 
Methyl derivative of benzo[a]anthracene or 

isomers 
Methyl derivative of benzo[a]anthmcene or 

isomers 
Methyl derivative of benzo[a]anthracrne or 

isomers 
X2’-Binaphthyl 
4H-Cyclopenta[def] chrysene or 

IH-cyclopenta[ck~]triphenylene 
4HBenzoLf;elpyrene or 

dibenzo[~/ej;i]fluorene 
As peak 100 
Benzanthrone 
Benzocarbazole 
Benzocarbazole 
Benzocarbazole 
Dinaphthofuran 
Naphthoindoie 
Benzo[h]fiuoranthene 
Benzo[k]fluoranthene 
Benzo~]fluoranthene 
Azabenzofluoranthene or benzo[c]phenanthrene, 

benzola]anthracene, chrysene, 
triphenylene nitrile 

Isomer of benzofluoranthene, -pyrene 
Methylbenzofluotanthene 
Benzo[e]pyrene 
Benzo[n]pyrene 
3 

Methylbenzofluoranthene, -pyrene 
Methylhenzofluoranthene, -pyrene 
Perylene 
Methylbenzofluoranthene, -pyrene, 

methylperylene 
Dihenzophenanthrene. -anthracene 
-. _ _. .___ 

(Continued on p_ I 12) 
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TABLE IV fconrinue~ij 

Peak Molecular Assignmenr Remarks 
NO weight 

118 266 

119a 264 

119b ‘53 

120 254 
1Zla 254 
12lb 26-X 

122 279 
123 278 
124 284 
l2Sa 27s 
125b 284 
126 279 
1’7’ 278 
128 276 
1’9 27s 
130 276 
131 278 
131 267 
133 278 
134 276 
135 276 
136 290 

137 302 
138 302 
I39 302 
14Oa 300 
140b 300 
141 301 

Mrthylbenzofuoranthene, -pyrene. 
methylperyiene 

Methylenebenzofluoranthene. -pyrene. 
methyleneperylene 

Aza derivative of C20HLZ PNA or nitriie of 
ClaH12 PNA 

6%Benzo[cd]pq.rene&-one or isomer 
Dinaphthothiophene 
Methylene derivative of benzofluoIanthenes_ 

-benzpyrenes. peryIene 
Dibenzoacridine or isomer 
Dibenzophenanthrene. -anthracene 
Dinaphthothiophene 
Dikrkophenanthrene, -anthracene 
Dinaphthothiophene 
Dibenzoacridine or isomer 
Dibenzophenanthrene. -anthracene 
lndenofluoranthene 
Dibenzo[a,/z]- and/or dibenzo[a,c]anthracene 
Indeno[ 1.2.3-crllpyrenc 
Benzo[b]chrysene 
Dibenzocarbazole 
Picene 
Benzo[ghi]peIyIene 
Anthanthrene 
Methyl derivative of indenotluoranthene, 

-pyrene, benzo[gizi]perylene. anthanthrene 

Dibrnzofluoranthene. -pyrene 
Dibenzofluoranthene, -pyrene 
Dibenzofluoranthene, -p_vrene 
Coronene 
3 

Gold38 

Methylene derivative of di- 
benzophenanthrenes or 
-anthracenes possible 

Dibenzofiuoranthenc. -pyrene 
- _. 

The PNAs are, in general. more strongly retarded than partially hydrogenated 
compounds, more or less independent of the polarity of the stationary phase. With the 
polar Poly S 179 this behaviour is so marked that benzo[a]pyrene (molecular weight 

252) exhibits almost the same retention time as 3-methylcholanthrene (molecular weight 
265; Fig. la). Allowance should be made for this effect if both carcinogenic com- 

pounds need to be separated from each other. 

In temperature-programmed runs the major groups of PNAs (phenanthrent 
anthracene: fluoranthene/pyrene; benzo[a]anthracene/chrysene; benzofluoranthene, 
benzpyrenes; indeno [1.2,3-cdlpyrenejbenzo [,olzi]perylenejanthanthrene; coronene aI d 
dibenzopyrenes are eluted at approximately equal time intervals, representing : n 
increase of 24 (-C=C-) and 26 (-CH=CH-) daltons for each group. By extra I- 

elation, \se assume molecular weights of 324-328 daltons for the group of compoun !S 

eked beyond coronene (Fig. 3a). This group has not, ho\vever, been examined 1)’ 
GC-MS up to now. 
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TABLE V 

ORDER OF ELUTION OF SOME PNAs ON SLIGHTLY POLAR METHYL-/PHENYL- 
SILOXANES AND POLY S 179 

~~~___~ 
C#tllpolInn Structure Order of ebtion 

SE-%. PoI_v 
ov-61, s 179 
ov-7 

.~ ~_~ 

1 2 

2 1 

Acenaphthylenr 

Acenaphthene 

Cal bazole 

4H-Cyclopenta[c/rf]phenanthrene 

Benzo[e]pyrene 

Benzo[a]pyrene 

Prrylene 

3-Merhylcholanrhrene 

I’ ?F :I I> 
\’ 

H H 

.H H 

: I’ 
\ CH3 

@ 

/ 
‘1 

1 2 

2 1 

2 3 

3’ 1 

4 ‘7 
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t 673 - 
I I 

623 I 

523 

PNAS 

:2 

473’ 
- Elutlon temperature, (‘K) 

473 486 518 532 548 580 596 612 5q2 , 

2’8 $0 

: 564 

12 44 76 92 108 124 140 156 
- Retention time (m!n) 

Fig. 2. Plot of boiling points of PNAs. N-PNAs and carbazole homologues (containing an NH group) 
I’erstls etution temperature (retention time). Numbers indicate peaks according to Table IV. Column. 
93-m Poly S 179. I.D. 0.27 mm. Column temperature, programmed from 473 to 663 ;K atl’K/min. 
Carrier gas. hydrogen. 0.35 mlsec at 663 ‘K. 

In PNA analysis, separations of isomers with different carcinogenic activities 
are of special interest and therefore we attempted to optimize the separation of the 
PNAs containing four, five and six rings. Owing to the very small film thickness of 
the SE-54 capillaries, we succeeded in eluting the components of coal tar up to 
anthanthrene at 473 ‘K. i.e.. ca. 320 ‘K below its boiling point (see Fig. 3b). Two 
compounds hitherto unreported in coal tar (peaks 110 and 113b could be separated 
within the benzpyrene fraction. Peak 110 was confirmed as a further CL,,H12 isomer. 
in agreement with two isomers found in tobacco and marijuana smoke condensates 
by Lee et ~1.~. Another previously unreported component (113b) was separated from 
benzo[a]pyrene. Owing to the importance of quantitative benzo[u]pyrene determi- 
nations from various sources we eluted the benzpyrene fraction at different tempcr- 
atures (Fig. 3b-f) to demonstrate the difficulty in separating this compound from 
both benzopyrenes and to obtain correct quantitative data. Benzo[b]-, -u]- and -[/<I- 
fluoranthene are only slightly separated on the SE-54 column but better on the OV-61 
column (Fig. 4). 

Having shown by CC-MS that dibenzo-, benzonaphtho- and dinaphthothro- 
phenes are present in coal tar. it seems doubtful that they could be used as indicators 
for oil spill contaminations as proposed by Warner’9 and Overton et aI.4o. It should ‘OS 
noted that a number of these S-PNAs were identified many years ago in coal tar 3)’ 
Kruber’“+‘. 
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(Continued on p_ 116) 
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Fig. 3. Gas chromatography of coal tar on SE-.% Peak numbers according to Table IV. Figutes in 
parentheses after names of compounds are wet retention times. Column. 48-m SE-54, LD. 0.2’7 mm, 
borosilicate-glass. Column temperature, programmed from 342 to 563 “K at 3 “K/min. Car&X gas, 
hydrogen, 0.35 m/xc at 563 “K-: 1 = Indene; 2 = naphthalene; 3 = benzofblthiophene; 4a = 2- 
rnethylnaphthalene: 4b = azutene: 5 = I-methylnaphthalene; 7 = biphenyi; ii zacenaphthene; 
12 = acenaphthyIene: 13 = dibenzofuran: 26 = Buorene; 34 = phenanthrene; 35 = anthmixne; 
53 = Ruoranthene; 60 = pyrene; g6 = benzofn]anthracene: 88 = chrysene; I It = benzoI.elpytene; 
2 23a = benzo[u]pyrene; 1 I6 = peryiene; 135 = indeno[l,2,3_c&yrene; 234 I benzof&@rY2~et 
I35 = anthanthrene; 140a = coronene. (b) Coal tar (fraction of 4--6-ring PNW. CQ~U~, 4S-m-SE- 
34, I.D. 0.27 mm, borosilicate-glass. Column temperature, 473 “K. Carrier gas, hydrogen, O-35 n@+c. 
86 = Benzo[uJanthracene; 88 = chrysene; 107 = henzo[b]fluoranthene (O-733); 108a = henzoW- 
Buotanchene (0.749); 108b = benzo[k]ffuoranrhene (0.758); 110 = undetermined isomer of bent 
fluomnthenes, -pyrenes (0.7~5); I 2~ = henzo[e~pyrene (0.898); 2 23a = henzolalpyrene (0.935); 21% 
= uncharacterized compound (0.981): 116 = perytene (1.W); 130 = indenOft,%3-&dlprreue; 
133 = benzotg,CI&etylene; 135 = anthanthrene. (c) Coal tar (fractio? of 4- and S-ring PNAs)- 
Column, 45-m SE-54, I.D. 0.27 mm, horosihcate-gfass.. Cohtnm temperature, 483 OK- Carrier Bas, 
hydrogen, 0.35 m/see. 53 = tluorarrthene: 60 = pyrene: 86 = fxmoCuNMhracene; 107 = be=@& 
fluoranthene (0.755); lOBa = henzoljjfluoranthene 10.764); 208b = benzolklfluomntfieoe (0.773; 
110 = undetermined isomer of benzofluoranthcnes, pyrenes (0.816); 112 = benZo[&yrene @-9OL!); 
2 23a = benzo[a&yrene (0.939); 113b = unidentified (0.967): 116 = perytene II-f@@. (d) coa2 tar 
(fraction of 4- and S-ring FNAs). Column, 45-m SE-54, I.D. 0.27 mm, alkali-&ss. co2um temPem- 
rure 493 “K. Carrier gas, hydrogen, 0.35 m&c. 60 = pyrene; 86 = henzo[a]anthracene; 88 = ChrY- 
sene; 107 = benzo[6]fluoranthene (0.753); 108a = fxnzo~jftuoranthene (0.762); IOSb_= bento]@ 
ffuoranthene(0.771): 110 = unknown isomer of benzofluotanthenes~ -pYrenes @.glt): 112 = &xz~- 
[ejpyrene 0_909]: 113&-b = benzo~ajpyrene and unknown compound (0.945): f16 = peryfene. 
(e2 Coal tar (4- and ii-ring PNAs). Column, 45-m SE-54, LD. 0.27 mm, alkali-glass. CrJun% temper- 
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ature, 503 ‘K. Carrier gas. hydrogen. 0.35 m/see. 86 = Eknzo[a]anthracene; 85 = chrysene: 107 = 
beczo[b]fluoranthene (0.757); IOSa = benzoG]tiuoranthene; IOSb = benzo[k]fluoranthene: 110 = 
unknown isomer of benzofluoranthenes, -pyrenes (0.517); 112 == benzo[e]pyrene (0.904); 113b = 
unknown (0.922): 113a = benzo[n]pyrene (0.943): 116 = perylene (1.000). (f) Coal tar (5- and 6-rin_g 
PNAs). Column, 45-m SE-%, I.D. 0.27 mm. alkali-glass. Column temperature, 523 ‘K. Carrier gas. 
hydrogen, 0.35 misec. 107 = benzo[b]fluoranthene: 108a = benzoQ]fluoranthene: 1OSb = benzoik] 
fluoranthene;. 110 = unknown isomer of benzofluoranthenes, -pyrenes (0.875): i 13b = unknown 
compounh (0.924); 112 = benzo[e]pyrene (0.935); 113a = benzo[a]pyrene (0.9351; 116 = perykns 
(l.OOQ): 130 = indeno[l,2,3-ctllpyrene; 134 L= benzo[p/ri]peryiene; 135 = anthanthrene. 

A Finnigan 4000 instrument coupled to an Incas data system was used. The 
92-m Poly S 179 capillary column was connected to the mass spectrometer by a 

platinum capi!lary (I.D. 0-i mm), thermostated at 535 “K. The ion source was kept 

at 573 ‘K. Scans wzre taken from 111/e 34 to 420, starting with 2 set per scan and 
changing to 4 and 6 set per scan for slower peaks. After an isothermal period of 
1.5 min, the temperature was increased at 1 ‘KImin. A splitter with a septum pu:_ee 
was used, the splitting ratio being 180:1, with a velocity of helium of 0.49 mjsec at 
363 ‘Ii. The background of the stationary phase measured at 519 “K is shown in 

Fig. 5, suggesting an upper temperature limit of approximately 620 “K for this ph 1s~ 
in GC-IMS. Howeve;, this limit will be lower if ions of low intensity have to be u ed 
for the interpretation of mass spectra. 
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minutes 40 35 30 25 20 15 5 .O 

Fig. 4. Gas chromatography of coal tar (;I- and 5-ring PNAs) on OV-61. Column, 30-m OV-61, alkali- 
:iass. Column temperature, 523 =K. Carrier gas, hydrogen, 0.35 misec. Peak numbers according to 
Table IV. 53 = Fluoranthene; 60 = pyrene: 107 = benzo[b]fluoranthene: IOSa = benzo~]Ruoran- 
:hene: 1OSb = benzo[rC-]fluoranthene; 110 = unknown isomer of benzofluoranthenes, -pyrenes; 
I1 3a = benzo[a]pyrene; 113b = unknown: 116 = perylene. 

100 153 200 250 300 350 430 

gig. 5. Background pattern of stationary liquid Poly S 179 at 625 ‘K. Column length 91 m, I-D- 0.27 
inm. Carrier gas, helium, 0.24 misec. 
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hterpretation of mass spectra of PNAs 
Unsubstituted PNAs, their monomethyl derivatives and hetero-atom substi- 

tuted PNAs can be easily detected by their very intense molecular ions, which in 
general are the base peaks. A distinction of isomers is not possible in general. 

The unsubstituted PNAs show hydrogen cleavage of the molecular ion leading 
to M - 1 < M -2 in intensity. In addition. M -26 and the doubly charged ions 

M/2e and (M - 26)/2e are observed. A detailed discussion of PNAs containing four 
rings and their derivatives was given by Grimmer and Glasera5. 

Monomethylated PNAs generally exhibit the molecular ions as the base peak. 
followed by IM - 1, which is of greater intensity than M - 2 and M - 3. The intensity 

of the important M - I ion often increases if the methyl group is located at such a 
position that cleavage of hydrogen from a methyl group enables ring closure to a 
five- or six-membered ring to occur. This enables the positive charge to be stabilized 
by the surrounding r-electron system. 

In addition to unsubstituted PNAs, the ions M - 14, M - 15 and M - 16, with 
weak intensities, are often observed. Because oftheir molecular masses and these charac- 
teristics. monomethyl derivatives of five- and six-ring PNAs could be detected that 
have not yet been reported in coal tar. According to the “8 Index of Mass Spectra”ti. 
only ivith monomethyl derivatives of the strained acenaphthylene is the M - 1 ion 
the base peak instead of the molecular ion. 

PNAs carrying CHI bridges, e.g.. fluorene, also exhibit the molecular ion as 
base peaks. followed by M - 1. M - 2. M - 3 and M -4 due to hydrogen cleavage. 
M - 26 and the doubly charged ions M/2e and (M - 26)/2e are also observed. In 
many instances the partially hydrogenated PNAs can be distinguished from mono- 
methylated PNAs by their molecular mass. However, with increasing molecular 
weights, isomers derived from both groups are possible. The intensity of the M -1 
ion of PNAs carrying methylene bridges is often greater than that of monometh$ 
derivatives. Thus. peaks 99-101 were assigned to three of the four possible C,,H,, 
isomers dibenzo[def.i]fIuorene (I). 4H-cyclopenta[r/ef]chrysene (II). 4Wcyclopenta- 
[&f]triphenylene (III) and 4Wbenzo&]pyrene (IV). 

The possibility of the isomeric methyl derivatives of C,,H,? PNAs (benzo[g/li]fluor- 
anthene, benzo[t?rtzo]tluoranthene, cyclopenta[cd]pyrene) was excluded, becaust, oi 
the intensity of the M - 1 ion (7070 of the base peak) and the absence of CH3 cleav::ge. 
Moreover, methyl derivatives in coal tar always occur in lower concentrations t’lan 
their parent PNAs. whereas these three compounds. which have not yet been repo- ted 
in coal tar, appear in higher concentration than the only observed C,,H,? P \JA 
(peak 83a). 
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Unsubstituted PNAs containing hetero-atoms have the molecular ion as the base 
peak. Characteristic fragmentations are M - 1, M - 2, M - 3, M - CHX (X = 0, 

S, N), M/2e and (M - CHX)/ 2e. Here again, distinction between the various isomers by 
interpretation of the mass spectra is in general not possible. Nevertheless, in com- 
bination with retention data, peak 105b could be assigned as a dinaphthofuran, peak 
132 as a dibenzocarbazole and peaks 122 and 126 as dibenzoacridines. These com- 

pounds have not been previously reported to be constituents of coal tar. 
With sulphur-containing PNAs, the ions M - 32, M -33 and M-+2 (due to 

3% relative abundance 4%) are additionally observed. In addition to the dibenzo-, 
naphtha- and benzonaphthothiophenes first described by Kruber’l- -I’) we detected 
three dinaphthothiophenes (peaks 121a, 124 and 125b) and the pericondensed thio- 

pheno [cieflphenanthrene . I1 These compounds are also reported for the first time in 
coal tar. 

Nitrogen-containing PNAs of molecular weight 253 (peaks 109 and 119b) may 
be, in addition to azabenzofluoranthenes, -pyrenes or -perylenes, nitriles of the 
C,,Hr, PNAs. The same difficulty arises for the assignment of peaks 17, 22,28 and 30 
as azaacenaphthylenes and azafluorenes cannot be distinguished from the isomeric 
nitriles of naphthalene and methylnaphthalene. Isonitriles can probably be excluded 
as coal tar constituents owing to their thermal sensitivity_ 

Carbm_yi derisatires of PNAs 
Peaks 102 and 120 were characterized as benzanthrone and 6H-benzo[cd]- 

pyrene-6-one by comparison of the mass spectra with those in the “Registry of Mass 
Spectral Data-‘*’ and Gold’s resuhs38. Characteristic fragmentations from the molec- 
ular ion (base peak) are M - 1, M -28, M -29 and their doubly charged ions. 
(M -28)/2e and (M -29),/2e are of greater intensity than M/2c_ These carbcmyl 
compounds can be distinguished from the above-mentioned benzo- and naphthoanel- 
ated furans by their masses and missing M-2 ions. Here again, isomers cannot be 
excluded. 

CONCLUSIONS 

By using the static coating procedureZY preferably for silicone-gum phases we 
obtained up to 300/” higher theoretical plate numbers than with the dynamic mercury 

.plug method”. The use of glass capillary chromatography in combination with mass 
spectrometry proved to be valuable for the characterization of previously unknown 
,PNAs and PNA derivatives in coal tar. The distinction of isomers by interpretation 
‘of mass spectra alone is in general not possible. We suggest that a collection of the 
GC data for available test compounds be compiled in order to ensure the GC deter- 
mination of known compounds from different matrices_ These should be obtained from 
:WCOT glass columns of high performance measured isothermally within close inter- 
ipolation limits (if possible, in between consecutive rz-alkanes) under carefully controlled 

conditions, as started by Cantuti and co-workers 7.J8 a long time ago. In view of the com- 
.plexity of PNA mixtures, stationary liquids of different polarity should be used for 
reliable determinations. Owing to the wide volatility range of the PNAs and necessarily 

larger sample capacities in GC-MS than in GC, temperature programming and the use 
bf linear indicesa seem to be appropriate to suppart the interpretation of mass spectra. 
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Most of the carcinogenic four- to six-ringed compounds (fluoranthene- 
anthanthrene) to be determined routinely can be handled in a single isothermal run. 
In these instances less volatile compounds (e.g.. coronene) should be removed from 
the chromatographic column by back-flushing. Further, the selectivity of the station- 
ary liquid for the separation of certain isomers is more effective in the isothermal than 
in the temperature-programmed mode. The isothermally measured Kovats retention 
indices” calculated by interpolation between consecutive rz-alkanes at carefully con- 
trolled temperatures are much more accurate than any other chromatographic data 
and should therefore be used for the identification of compounds_ 

An important part of this work was the temperature-programmed survey runs. 
separating various groups of isomers in the volatility range from indene beyond 
coronene. Recognizing the great complexity of natural PNA mixtures, which often 
contain more than 100 PNAs and their derivatives. we consider that gradient elution 
HPLC is inferior to temperature-programming in GC (polydimensional techniques 
are not discussed here), if thin-film capillary columns of high efficiencies are used. 
The main reasons are as follows: 

(1) The relatively poor separation efficiency in terms of theoretical plats 
numbers in HPLC compared with capillary-column GC. HPLC systems normally do 
not exhibit more than 9000 theoretical plates in isocratic runs, compared with our : 
average capillary columns of 90,000 theoreticai plates (measured at X-’ values 3 10). 
These columns can be used at temperatures up to 300 ‘C. which is necessary in PNA 
analysis. Realizing that resolution increases only with the square root of the theoretical 
plate numbers, one achieves a more than three-fold increase in resolution by using 
capillary columns. 

(-2) The range of available chromatographic selectivities is far greater in 
HPLC than in GC. This advantage cannot be fully used in PNA analysis, however. 
owing to the poor solubilities of condensed PNAs. Further, the choice of mobile phases 
is restricted with regard to optimal detection. On the other hand. it must be pointed 
out that in GC progress has been made in applying more PNA-selective stationar! 
liquids by some workers1’~‘J~25~” recently and by ourselves in this work. The separation 
of triphenyiene from chrysene can nowadays be accomplished by GC, for example. 

In view of these results and our own experiences with reversed-phase HPLC. 
we think that HPLC should be advantageously used for the following tasks in PNA 
analysis : 

(1) Separation of PNAs of lower volatility than coronene. 
(2) Isolation of unknown PNAs on a micro-preparative scale for identification 

by UV or fluorescense spectroscopy. 
(3) Cuantitative routine analysis of a known and limited number of PNAs such 

as the benzpyrene fraction at optimized selectivities of both the chromatographic :tnd 
the detection system. In this instance non-UV-absorbing or non-fluorescing com- 
ponents do not have to be removed in a previous separation step. 

(4) Fast group separations. 

ACKNOWLEDGEMENTS 

We are indebted to Dr. P. Christiansen, Finnigan, Munich, G.F.R., for ?er- 
forming ihe GC-MS runs. to Dr. D. Henneberg and co-workers for assisting ~iith 



CAPILLARY CC AND GC-MS OF PNAs 123 

the interpretation of mass spectra and to Mr. H. Husmann for his aid in the manu- 
facture of glass capillaries (ail Max-Plan&-Institut fiir Kohlenforschung, Miilheim/ 

Ruhr). We thank Prof. M. Zandet-, Riitgerswerke, Castrop-Rauxel, G.F.R. for a 

large number of test compounds and for valuable discussions and hints concerning 

the constituents of coal tar. 

REFERENCES 

1 J. W. Cook, C. L. Hewett and I. Hicger, J. C/ren:. Sue., 135 (1933) 395. 
2 Tracer and Jitco. Surw_v of Contpoands Which base been Tested for Carcinogenic =Ictirities, 

U.S. Public Health Publication No. 149. J. F. Thomson Sr Company, Rockwell, Md., 1961-1967. 
3 W. Lijinski, I. Domsky, G. Mason, H. Y. Ramaki and I. Safari, Anal. Chen~., 35 (1963) 952. 
4 J. H. Pumell. J. Chem. Sm.. (1960) 1265. 
5 J. F. Fryer and H. W. Habgood. Anal. Chem., 33 (1961) 1515. 
6 A. Liberti, G. P. Cartoni and V. Cantuti, J. Chromatogr., 15 (1964) 141. 
7 V. Cantuti, G. P. Cartoni, A. Liberti and A. G. Torri, J. Chronzaro_qr., 17 (1965) 60. 
S M. L. Lee, M. Novorny and K. D. Banle. Anal. Chew, 48 (1976) 1566. 
9 M. L. Lee, M. Novotny and K. D. Bartle, .&a/. Chrm, 48 (1976) 405. 

IO G. Schomburg, H. Husmann and F. Weeke, J. Chronratogr., 99 (1974) 63. 
If. H. Borwitzks. D. Henneberg, G. Schomburg, H. D. Sauerland and hl. Zander. Erdtif, Kohle. Erd- 

112 
13 
14 

gas, Petrochtk, 30 (1977), 570. 
-. 

L. Blomberg and Th. Wlnnman, J. Chronlatogr., 148 (1978) 379. 
G. Grimmer, H. Biihnke and A. Hildebrandt, Z. r(nuI. C/le,w. 279 (1976) 139. 
G. Grimmer. H. Biihnke and A. Glaser, Zentratbl. Bakterioi. Parasitenkd. Infektionskr. Hyg.. 
Abt. I, Orig. B., 164 (1967) 215. 

15 
16 
17 

W. A. Aue and D. R. Younker. f. Chronmtogr.. 58 (1974) 7. 
D. A. Cronin J. Chrumatogr., 101 (1974) 271. 
G. Schomburg, =lbstrsrracts 29th Pittsburgh Cotlference, Cfe~elund, Ohio, U.S.A.. 1978. Lecture No 
127, p_ 127. 
G. Schomburg, R. Dielmann, H. Borwitzky and H. Husmann, J. Clrromarogr.. 167 (1975) 337. 
H. D. Sauerland and M. Zander, Erdcl, Kohle. Erdgas. Petrochem, 25 (1972) 526. 
J. H. Beeson and R. E. Pescar, Anal. Chem., 41 (1969) 1675. 
R. G. Mathews, R. D. Schwartz, C. D. Pfaffenberger. S.-N.Lin and E. C. Homing, J. Chronlatogr., 
99 (1972) 51. 
H. D. Sauerland, J. Stadelhofer, R. Thorns and M. Zander, Erd5L Kohle. Erdgas. Petrochem., 30 
(1977) 215. 
R. C. Lao, R. S. Thomas and J. L. Monkman, J. Chrornarogr.. 112 (1975) 681. 

G. M. Janini, G. M. Muschik, J. A. Schroer and W. L. Zielinski, Jr., Am!. C/~~IL 48 (1976) 1579. _ 
25 SupeIco, Inc., Bellefonte, Pa., U.S.A., Bulletin, 1977. p_ 773. 
16 K. F. Lang and 1. Eigen, Forrschr. C/rem. Forsch., 8 (1967) 91. 
27 L. BIomberg, J. Buijten, J. Gawdzik and T. Wznnmann, Chroruatographia. 11 (1978) 526. 
PS J. Bouche and M. Verzele, J. Gas Chromatogr., 6 (1965) 501. 
29 K. Grob, K. Grob and G. Grob, J. Chromatogr., 106 (1975) 299. 
?O D. A. Lane, H. K. Moe and M. Katz. Anal. Chetn., 45 (1973) 1776. 
31 F. I. Onuska, M. E. Comba. I. Bistricki and R. J. Wilkinson. J. Chronlafogr., 142 (1977) 117. 
h? E. Winkler, A. Bfichele, and 0. Mcller, J. C/zronratogr.. 135 (1977) 151. 
33 G. Schomburg, H. Husmann and F. Weeke, Chromatugraphia. IO (1977) 330. 
?4 G. Schomburg and H. Husmann. in preparation. 
$55 R. P. W. Scott and G. S. F. Hazeldan. in R. P. W. Scott (Editor). Gus Cizro~~rato~rup~~~ 1960. But- 
,$ terworths, London. 1960, pp_ 144161. 
96 J. Hilsenrath and Y. S. Touloukian, 7i-am. ASME, 76 (li)64) 967. 

$7 M. Lee and R. A. Hites, Anal. CXem.. 4S (1976) 1890. 
88 A. Gold, Anal. Chenr., 47 (1975) 1469. 
29 J. S. Warner. Anal. Chem., 48 (1976) 575. 
I#@ E. B. Overton, J. Bracken and J. L. Lasetter, J. Chronzatogr. Sci., 15 (1977) 169. 



124 H. BORWITZKY, G. SCHOlMBURG 

41 0. Kruber, Cfzem. Ber., 53 (1920) 1566. 
32 0. Kruber, Cizenz. Ber., 56 (1953) 366. 
43 0. Kruber, Ft.-l T Rewe of Gernzon Science (1939-1946), Vol. 36, Preparative Organic Chemistry. 

Part I, p. 291. 
-M 0. Kruber, C/zeNz. Ber.. 73 (1940) 1184. 
45 G. Grimmer and A. Glaser, Forschmgsberichte der Deutschen Gesellschafi fiir Mineraldwissen- 

schufr zrtzci h’ohiecizenzie. Projrkt No. 4579, Hamburg, 1975. 
16 8th I&es- of Muss Spectra. Mass Spectroscopic Data Centre, AWRE, Aldermaston, Reading. 

Great Britain. 
47 E. Stenhagen. S. Abrahamsson and F. W. McLafferty (Editors). Regis?rv of Mass Spectral Daza. 

Wiley, New York. London, Sydney, Toronto. 
-48 G. Alberini, V. Cantutti and G. P. Cartoni, in A. B. Littlewood (Editor), 6rh fnternational Syni- 

posizmz on Gas Chronzarograph_v, Institute of Petroleum, London, 1966, Paper 17. 
-I9 H. Van den Dool and P. Dec. Kratz. J. Clrronzato,or.. 11 (1963) 463. 
50 E. KovBts. Hefr. Chinz. Arm. 41 (1958) 1915. 


