
~ourmd of Chronuzfogiaphy, 132 (1977) 249-259 
0 Ekevier Scientific Publishing Company, Amsterdam - Printed in The Netherlands 

CHROM. 9613 

. PARALLEL FLAME IONIZATION DETECTION-TOTAL ION CURRENT 
RECORDING IN CAPILLARY GAS CHROMATOGRAPHY-CHEMICAL- 
IONIZATION MASS SPECTROMETRY 

WOLFGANG BLUM and WILHELM J. RICHTER’ 

Ciba-Geigy AC, 4002 Base1 (Switzerland) 

(Received July 9th, 1976) 

SUMMARY 

The need for independent dual detection in the analysis of complex mixtures 
by gas chromatography-chemical-ionization mass spectrometry is illustrated. Moni- 
toring of the gas chromatographic effluent by means of universal detection and un- 
altered uniform response by flame ionization detection is a desirable supplement to 
the customary, highly selective, monitoring of the total ion current, especially in 
consecutive analyses of the same sample, where the chemical-ionization reagent gas 
is varied. Since the gas chromatograms obtained by flame ionization detection are 
unaffected by changes in chemical-ionization conditions, they provide a safer common 
basis for interrelating spectral data from successive runs than do the total ion current 
records. For the special case of reconstructed gas chromatograms generated by 
computers from digitized total ion current values, direct correlations are conveniently 
achieved by calibrating both the flame ionization detection and total ion current 
records in spectrum index numbers through the use of an event marker, triggered by 
the data system. 

JNTRODIJCTION 

The combination of high-efficiency gas chromatography with chemical- 
ionization mass spectrometry (GC-CIMS) appears to offer a promising new approach 
for the determination of the structures of unknown compounds present in complex 
mixtures which resist the isolation of pure materials. The potential of this method 
was realised when it was found that the use of more than one chemical-ionization 
(Cl) reagent could result in new, complementary, structural evidence and thus provide 
a means of selective probing of certain structural features”. Convenient variation of 
the GC-CIMS experiment on the same sample by changing the reagent gas became 
possible- through dual-gas interfacing, gases other than the GC carrier gas being 
employed and freely selected3-‘. By the use of such equipment, the reagent gas is not 

l To whom correspondence should he addressed. 
** For re&nt reviews of the reagent gases in current use see refs. 1 and 2. 
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admixed to the GC effluent before entering the ion source of the mass spectrometer, 
and thus the carrier gas and, consequently, the GC conditions can be kept unchanged 

!h ht t roug ou a series of runs. As a &st benefit, directly comparable GC traces can be 

b 
obtained simply.by total ion current (TIC) monitoring, at least as far as the retention 
times are concerned. In many cases this will secure a sufficiently broad basis for an 
immediate correlation of the results although they are obtained under widely differing 
Cl conditions. 

Difficulties with this mode of single detection may, however, arise when exactly 
analogous data of poorly resolved components have to be compiled from the various 
runs and correlated throughout the series of experiments. Usually, this will involve 
selecting, from a set of spectra in a given run, the most representative scan of the 
component of interest, and locating the latter, as accurately as possible, within a 
GC peak pattern of the TIC chromatogram. This will determine the position of the 
spectrum on the time axis of a two-dimensional mass-time data field. The next step 
will aim at finding exactly corresponding positions within the TIC chromatograms 
df all other CI runs. This will ensure that only those spectra are correlated which 
correspond to identical, or at least very similar, retention indices6 and thus reflect 
comparable concentrations of the constituent in question. This step may also be 
viewed as the retrieval of a time-coherent two-dimensional subset of data along the 
CI reactant axis from a three-dimensional mass-time-reactant array of mass spectral 
data. 

In spite of the fact that the retention times remain largely unchanged during a 
series of CI experiments, locating of the most representative spectra of an unresolved 
component on a purely visual basis, Le., comparing analogous GC peak patterns in 
the TIC traces, is likely to be difficult for several reasons. Under varying CI conditions, 
the intensity profiles of unresolved GC peak dusters can vary considerably from run 
to run, rendering them sometimes past recognition. Marked changes of profile are 
even common when the sample is heterogeneous with respect to the classes of 
compounds of which it is composed. In such cases, the differences in the proton 
affinities between the substrate and reagent gas may become too small to allow 
efficient protonation of some constituents, i.e., CI will discriminate heavily against 
the% especialiy when mildly acidic reagent gasei are employed. Unfortunately, these 
highly selective reactants are the very ones which have to be chosen for attempts at 
a differential analysis of the special structural features that are hard to detect by other 
mass spectroscopic method+*. 

Other problems of single CLTIC recording, posed by instrumentation rather 
by than gas phase ion chemistry, relate to the sharp demarcation of the TIC of the 
sample and reactant, which is not always easily attained. Mildly acidic reagent gases, 
which are frequently quite polar, tend to form oligomeiic cluster ions of the type 
(I-I-X),H’ (n = 2-4), in relative abundances that are not only sensitive towards 
changes in source conditions but which may also ext&nd into mass ranges commonly 
occupied by sample ions to be collected in Tic recording. Since the abundances of 
reactant ions generally exceed those of sample ions by some orders of magnitude, 
they must be rigorously excluded from T&Z recording in order to attain acceptable 
sensitivity. When quadrupoie mass spectrometers are used, this can be conveniently 
achieved by integrating mass-resolved ion currents o_ver pre-set-@@ted mass ranges 
and cutting off lower portions which contain reactan but no samp?e ions (e.g., 
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when using methane or isobutane, the TIC is usually sampled above m/e 60). With 
polar reagents lie methanol or small aliphatic amines, cluster ions will, however, 
extend even beyond m/e 100, thus interfering with the mass range to be taken as rep- 
resentative of the compound to be analyzed. With data systems, the digitized mass- 
resolved TIC can be recorded with deletion of sets of specified m]e values, thus per- 
mitting deliberate exclusion of such contributions provided that no overlaps occur. 
The use of labelled reagent gas (e.g., ~H,]methanol instead of CH,02H) may have 
to be considered if overlap occurs. 

Besides the potentially large disparities in peak shapes of the unresolved com- 
ponents due to discriminatory CI response, small differences in the absolute positions 
along the time coordinate may add to the uncertainty in visual correlation of TIC 
traces of complex mixtures. These minor deviations in retention times naturally arise 
from the lack of exact reproducibility in practical work in the CC part of the experi- 
ment, in spite of the efforts to keep the parameters constant. Ur$ortunately, the feasi- 
bility of correlating spectral data via unaffected retention indices rather than retention 
times is similarly impaired by the pronounced selectivity of the Cl response. With 
most gases of interest, other than methane, the internal standards for index measure- 
ments, usually homologous n-paraffins, are not ionized at all. 

One sisnple way of overcoming these problems of correlation experimentally 
is by splitting the GC effluent and feeding a portion of it into a universal rather than 
a selective independent detector, run in parallel to the TIC-recording mass spectro- 
meter. The flame ionization detector (FID), often used in electron-impact GC-MS 
(GC-EIMS) systems7-9 for various other reasons, is the obvious device pf choice. 
It exhibits a largely uniform response to widely differing organic substrates, and is 
sufficiently sensitive to produce signal amplitudes which are comparable to those 
obtained by TIC recording. FID gas chromatograms, now identical in both dimen- 
sions, i.e., retention time and concentration amplitude, will be produced in successive 
runs irrespective of which reagent gas is used. The details of the design and perfor- 
mance of such a dual-recording GC-CIMS systems are given below. 

EXPERIMENTAL 

Fig. 1 shows a schematic diagram of the capillary GC-CIMS system used in 
our laboratory for GC-EIMS and multiple GC-CIMS analyses of mixtures, and 
which is equipped with provisions for rapid switching of the reagent gases. The 
main components of the system are a Carlo Erba Fractovap 2101 AC capillary gas 
chromatograph (a), a Finnigan 3300 mass spectrometer (i) and a Finn&an 6ooO inter- 
active data system (j). It also incorporates an effluent splitter (d) with CCI. 1:l splitting 
ratio, a conventional hydrogen FID (e), a coaxial dual-gas GC-CIMS interface (g, h)’ 
and a pair of vaporizers (p-r, of which only one is depicted in the scheme) for liquids 
to be used as CI reagent gases. The splitting device (d), manufactured from glass and 
platinum capillaries according to Etzweiler and Neuner-Jehlelo, is placed in the GC 
oven and feed5 a portion of the effluent to the FID (e) as the universal detector. By 
use of a ca. 1 :l splitting ratio, it was not necessary to add a make-up gas in order to 
prevent losses in resolution due to the dead volume of the connecting capillary lines. 

‘Iho two vaporizers for liquid reactants can be operated independently through 
assemblies of regulating and simple shut-off valves (n and o, respectively). The heated 
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Fig_ 1. Schematic diagram of the dual-recording CapiIlary GC-CIMS-icomputer system equipped with 
an effluent splitter, vaporizers for liquid reactants and coaxial dual-gas interface_ Cornpenents: (a) 
Fractovap 2101 AC gas chromatograph with Grob-type injector, (Carlo Erba, Milan, Italy); (b) 
Emulphor-ON 870 glass capillary column (5Om x 0.35 mm) (H. and G. Jaeggi, Trogen, 
Switzerland); (c) polyimide ferrule, Vespel SP-1 (Dupont, Geneve, S$itzerland); (d) splitting device, 
glass and platinum capillaries”‘; (e) hydrogen FID (Car10 Erba); if) platinum restriction; (g, h) 
coaxia1 dual-gas interface; (g) interface capillary, AR-glass (0.9 mm b-D_, 0.3 mm I.D., pre-treated 
according to ref. 11; (h) stainless-steel reactant gas line (3.2 mm O.P., 1.2 mm 1-D.) (cf. ref. 5); (i) 
Firmigap 3300 mass spectrometer; (j) Finnigan 6000 interactive data system; (lc, 1, n) SS4BMG 
bellows metering vaives. (Nupro; Kontron, Ziirich, Switzerland); (nj, o, r) 4172G2Y bellows shut- 
off valves (Hake; Mathemie, Therwil, Switzerland); (p) staintess-steel vessel, 200 ml; (s) silicon 
rubber septum. i 

200-d vessels (p) are charged with liquids (ra. 5 ml) by means of injection by syringe 
via silicon-rubber septa (q), or discharged by applying a reduced pressure to the vent 
valves (r)_ The vessels may also be used as expansion volumes for gases like NHs, 
for which constant flow is hard to maintain when supplying them directly from a 
pressure cylinder through the main reagent gas line (k-m). For measurements, I+1 
samples of a 0.1% solution were injected without stream-$plitting while maintaining 
the column temperatures at co. 50”. The column temperat ’ re 

r 
was programmed after 

an initial period (3 min) from 50 to 200” with a gradient of 2”/min. Helium was 
supplied as carrier gas at a pressure of 1.6 bar. The interface tempe-rature was main- 
tained at 260”. 

For CL operation, reagent gases of the highest available purity were employed: 
methane and isobutane (L’Air Liquide, Geneve, Switzerland, types N 55 and CH 35, 
respectively); ammonia (Fluka, Buchs, Switzerl&d; purissimum); CH,OrH (Ciba- 
Geigy, Basel, Switzerland; > 99.5 atom % deuterium). ~Optimized CI conditions 
were secured by operating the source at pressures of 0.7-I mbar (readings from an 
uncalibrated thermocouple gauge) with reagent: carrier-gas ratios of ca. 10:l. The 
filament -current, electron energy and ion-source temperature were maintained at 
200 PA, 150 eV and 140-1500 respectively. 

Analog recording of the total ion current gas chromatograms (‘TIC-GC) 
required adjusting the electronically integrated mass ranges to the respective reagent 
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gas, e-g-, m/e 60-350 for methane and isobutane, or m/e 103-350 for CH302H, in 
order to exclude reactant-ion contributions. Alternatively, TIC traces were generated 
as reconstructed gas chromatograms (TIC-RGC) by use of the dedicated interactive 
data system (j)> acquiring and storing CI mass spectra (for computing the digital 
TIC values) continuously during the analyses over specified mass ranges at selected 
scan rates. For example, for a CI(NH,) run, a mass range of m/e 72-350 was chosen 
with integration times of 7 msec/a.m.u. In plotting these TIC-RGC records, spectrum 
index numbers rather than time equivalents were used for the calibration of the time 
axis. In order to allow direct correlations, this calibration scale was simultaneously 
transferred as a spectrum number (SN) trace on to the analog FID chromatogram 
(Perk&Elmer Model 56 recorder equipped with an event marker, triggered. by the 
SN generator of the data system), a pulse signal being supplied at suitable intervals, 
e.g., at every fifth spectrum acquired. The complete spectra were inspected after the 
comporients had been located by means of the spectrum numbers from the TIC-RGC 
plots, or, more conveniently, by use of a cathode-ray tube (CRT) display (Hewlett- 
Packard, Type 1311 A) which allows the simultaneous observation of TIC-RGC and 
mass traces. The sequential inspection of a series of spectra, taken across the GC peak, 
permits a rapid search for the most representative scan for unresolved components_ 

RESULTS AND DISCUSSION 

The performance of the system was tested by subjecting a synthetic mixture of 
approximately equal amounts of aliphatic and aromatic compounds, comprising 70 
components, to a series of GC-CIMS experiments with different reagent gases. Besides 
saturated and unsaturated hydrocarbons, the mixture contained alcohols, ethers, 
halides, amines, esters, aldehydes and ketones. Only little deterioration of the GC 
resolution was observed for either mode of recording when compared to single detec- 
tion by means of FID (GC alone) or TIC (GC-MS). 

Some results obtained with this mixture are reproduced to illustrate the 
di&ulties in correlating different CI runs as discussed above. Thus, Figs. 2-4 show the 
markedly differing CL-TIC gas chromatograms of runs with CHJ, (CH,)&H and 
CH,OZH, respectively, i.e., with increasingly milder, and hence more selective, reac- 
tants (upper curves). The figures also display the uniform FID traces (Iower curves) 
which were recorded in order to facilitate identification of the GC fractions in spite 
.of the differing signal amplitudes. The assignments of the various components (cf- 
Table I; the .numbers refer to the GC fractions) were, in the case of overlapping, 
arrived at on this basis, and were verified by analysis of the spectra recorded at 
appropriate instants during these runs. 

Methane (Fig- 2), a strongly acidic and thus a rather universal protonating 
agent (CH, + ions !), ionized and permitted detection of all of the components. Hence 
a record was produced which more closely resembles the FID chromatogram than 
those of the other reactant gases employed. In contrast, isobutane (Fig. 3) displayed, 
as expected on thermodynamic grounds, an essentially compiete suppression of 
aliphatic hydrocarbons (components 1, 3, 10, 20, 26, 33 and 44), and moderate to 
severe discrimination towards aromatic hydrocarbons (e.g., components 2,4, 5, 8, 9, 
etc.). The C&-TIC trace of the analogous CH,OzH run (Fig. 4) showed the expected 
enhancement of this discriminatory effect, as well as its extention to additional com- 



Fig. 2. Comparison of total-ioncukent (upper trace, methane reactant) and flame-ionization d&e- 
tion (lower trace) for a synthetic mixture (cf- Table I): ~1as.s eapikuy Colti (SO m x 0.35 min) 
coated with Ernulphor-ON 870. Mass range of analog TIC integration, m/e GO-350.: .: 
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Fig. 3. C?mparisoq of total-ion-current <upper trace, isobutane reactant) and &me-ionization detec- 
tion flower trace) for+ synthetic mixture (cf. Table I). D&ails as in Fig. 1. 



FIJI 
Fig. 4. Comparison of total-ioncurrent (upper trace, C&oZH reactant) and flame-ionization de&- 
tion (lower traq~) for a synthetic mixture (cf. Table I). Column as in Fig. 1.. Mass range of Hog 
TIC integration. m/e 103-350. ._:’ : : 

716 
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TABLE I 

IDENTITJES OF GC FRACTIONS I-70 (INCREASING RETENTION VALUES) OF A 
SYNTHETIC MIXTURE 

The fraction numbers correspond to those in Figs. 2-S. 

No. Compound No. Con1pound 

1 
2 
3 
4 
5 
6 

: 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 

z 
29 
30 

3: 
35 
34 
3.5 

n-Decane 36 n-Heptylbenzene 
Ethylbenzene 37 Phenylcyclohexane 
n-Undecane 38 2,6-Dichlorostyrene 
Chlorobenzene 39 Dietbyl succinate 
n-Propylbenzene 40 1,5-Dibromopentane 
4Ethyltoluene 41 Naphthalene 
1 ,8-Cineole 42 2-(n-Heptyl)-1-nonene’ 
tert.-Butylhenzene 43 2-Methylacetophenone 
sec.-Butylbenzene 44 n-Hexadecane 
n-Dodecane 4s PMethylacetophenone 
tMethyl-3-phenyl-I-propene 46 4Isopropylbenzaldehyde 
Anisole 47 n-Uctylbenzene 
n-Butylbenzene 48 l$Dibromohexane 
Bromobenzene 49 Nero1 
6-Methyl-5-hepten-2-one 50 2-Bromobenzaldehyde 
terf_-Pentylbenzene 51 2,6-Dimethylaniline 
sec.-Pentylbenzene 52 ZChlorophenol 
Cyclohexyl methyl ketone 53 Ben& alcohol 
l-Phenyl-2-butene 54 1-Methylnaphthalene 
n-Tridecane 55 1-Phenyl-1-heptyne 
1,4Diisopropylbenzene 56 n-Nonylbenzene 
1,4DichIorobenzene 57 ZChloroaniline 
n-Pentylbenzene 58 Diethyl adipate 
Coumarone 59 2-Ethylnaphthalene 
2+-Hexyl)-l-octene’ 60 2-Methoxybenzaldehyde 
n-Tetradecane 61 2,6_Dichloroaniline 
N,N-Dimethylaniline 62 2-Bromophenol 
n-Hexylbenzene 63 1,3-Dimethylnaphtbalene 
1,4Dibromobutane 64 1 +Dimethylnaphthalene 
4Bromocblorobenzene 65 n-Decylbenzene 
Diethyl malonate 66 1,2_Dimethylnaphthalene 
Methyi benzoate 67 1,8-Dimethylnaphthaiene 
n-Pentadecane 68 4Cbloroaniline 
( f )-Pulegone 69 3-Chloroaniline 
Ethyl benzoate 70 ZAminoacetophenone 

l Samples were obtained from Dr. G. Schomburg, MPL fiir Kohlenforschung, D-4330 
Mtilheim/Ruhr, G.F.R. 

ponents (e.g., 13, 14 and 16). This increased selectivity for molecules with functional 
groups can be of distinct advantage in certain applications, e.g., when hydrocarbon 
background or hydrocarbon component suppression is desirable, as may be the case 
in specific probing with this reactant for acidic protons by hydrogen-deuterium 
exchange’9 With CH30ZH (or CH,OH), ionization became so seIective that less than 
half of the 70 components rem-tined, for practical purposes, sufficiently detectable. 
The attempts to recognize and identify components only on the basis of unchanged 
retention times in other runs were ambiguous, if not. futile, without.careful reference 
to the three parallel FID traces. This may be illustrated by components 48-54, which 
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Fig. 5. Comparison of computer-reconstructed total-ion-cunznt (lower trace, NHs reactant) and 
flame-ihization detection (upper trace) for a synthetic mixture (cf. Table I). Column as in Fig. 1. 
Mass range of digital TIC integration, m]e 72-350. 
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represent a tightly adjacent group exhibiting large discrepancies in the CI responses 
to CH, compared with those to isobutane and C&OZH. In such a case it is necessary 
to identify the components by means of their spectra rather than their retention 
behaviour, particularly when overlapping of the components is complete (e.g., 49 and 
50). With the exception of isomers, this will also permit to detect which of the over- 
lapping components are lost if they fail to respond when a new reagent gas is employed 
(e.g., 6, 13 and 14, when substituting methanol for isobutane). In reality, the concen- 
trations of the components are likely to differ over much larger ranges than in the 
present test mixture, and this may constitute another source of ambiguity in correla- 
tion work of this type. 

The near-synchronous analog recording of the FID signal and the electronically 
integrated TIC (time lag CLI. 1 set with this configuration) yields traces having essentially 
superimposable time scales, which permit a careful timing of representative mass scans 
and their exact localization in the complex patterns of the chromatograms without 
tedious interpolation. However, in most cases, spectra will be recorded continuously 
in large numbers during the CI experiments rather than in single scans, and will be 

processed by means of a data system (c$ the Experimental section). This technique 
is illustrated by the TIC-RGC plot of the CI(NH,) run of the same mixture (Fig. 5, 
lower curve). Although the TIC-RGC records differ considerably from analog FID 
records in their format, the calibration of both traces in identical spectrum numbers 
(SN) secures a quick and straightforward reference between the unlike traces. Corre- 
lations of data from different runs, by comparison of indexed spectra, thus become 
a matter of quick extraction of the spectra from corresponding sets or files. In spite 
of some loss in the apparent GC resolution of the TIC-RGC trace, owing to the 
pronounced incremental nature of the TIC sampling in this mode (only one sample 
per complete scan cycle; i.e., 2 set), this type of search for the most representative 
and exactly analogous spectra is preferred for practical work. 

The great wealth of complementary data of independent, yet interrelatable, 
GC-CIMS experiments can be safely and reasonably managed only in this manner 
for more than a very few components of a mixture of some complexity. Only in this 

fashion can this wealth be exploited in an approach that aims to determing the 
structural features, one by one, for many compounds, rather than many features for 
one compound at a time. 
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