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PERFORM 'XNCE GF A SILICON-DOPED HYBROGEN ATMOSPHERE‘
- FLANEE IONIZATION DE’IECTOR FOR GAS CHROMATOGR.APHY

‘HEBBER‘E H. HILL, S:. and WALTER A. AHE ) .
) 5637 Effe Sctences- C’cn:re, DPaliousic University Haly fax, NS. (Canad'aj

“The response of an earlier descnbed detector U Ci'romatogr., 74 (1972) 319]
for certam organometallics has been shown to depend on the presence of volatile
silicon compounds in its hydrogen atmosphere.. Trace levels of silane were therefore
introduced continunously and the response for selected test compounds measured. The
detector responded well to compounds of A, Fe, Sa, Cr and Pb; showing approxi-
mately three decades of linear range and the capability for temperature program-
ming. The best responding compound, aleminum hexafluoroacetylacetonate, could
be detected in as small an amount as 6 X 10~ g. Since the minimum detectable
amount of a typical hydrocarbon standard, tetradecane, is only 4 X 1077 g, and
oxygen or nifrogen containing compounds have se far responded similarly, if is pos-
siblé to use this detector for determining certain trace metalorganics contained in
complex organic matrices.

INTRODUCTION - . .-

_- In 1972 we published a short paper entitled “A hydrogen-rich flame ionization
detector. sensitive to metals™, It described the surprising responses of a lab-made
flame ionization detecter (FID) to certain metalorganics. Besides using a H,/O, flame
burning mn a hydrogen atmosphere, and a negatively polarized collector electrode
situated high above the flame, we attributed the very sensitive-and selectlve perfor-
mance of this new detector to “the bappenstance of its construction’

- ..~ This remark was prompfed in part by the behaviour of hydrogen—rxch flame
detectors of different construction. For instance, the commerciaily available Brody—
Chaney unit? showed mmch lower responses in its conductivity mode. Most of the
time that followed the initial experiments was therefore taken up by the search for
ihe elusive. happenstance proper.

" Flow conditions, geometric factors, and other detector parameters such as
temperatu:e and voftage were quickly optimized, but response still varied somewhat

. OVEE . ee&ger penods of : time. Such’ variations are not unusual-for various types of
detecters, ci they are eﬁen attnbuted tg detector contarmnatxon. - 3
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Cleamnc a detector thus has'a good ,ance of zestormg pe ofm anc :
ever, in ourcase cIeanmg made matters worse: ‘Response defenorated_ana was furtherj I
depressed by the use of a low—bleed column: packmg ‘based on: Carbowax ZONE‘ In -
_contrast, re-use of somz old, discarded detector parts.appedred fo restore; at leastto.
‘Sorae degree the desn‘ed quaht;es I ‘seemed hkely, therefore,- ‘that the detector was :
 -dependent on some’ unkrnown contammant for optmum performance '
: Our first guess (tin) was' wrong; our second guess (silicon) was: nght The xm-' ”
‘portant happenstance in the construction of our first detector was apparently the use
. of silicone rubber zaskets kept at hzaher temperatuse m contact w:th the hydro
atmosphere. : .
The effect could be easﬁy proven Bleed from a pciysﬂoxane column, or a’
chunk of silicon rubber. thrown into the detecter, or the addition of volatile sﬁxcon ’
compounds such as silane or tetramethylsilane (TMS) to the ‘hydrogen stream all -
improved response. Low bleed from a non-silicone column, scrubbing of the detector
ot injection of fluorine-containing. compounds in large amounts, all decreased it.
- The following experiments were set up to demonstrate and capitalize on thls ,
“effect, and to conduct a survey of inexpensive and. commercxally available organo-.
metallics. Some experiments were also desxgned o prov:de clues hov«.ever vague of
the modus ope randi of the detector :

EXPERIMENT AL

Addition of tetramemylsxlane ' :

A T-fitting was swaged intc a 1 /S-m. mtrogen Ime and screwed into the l/4-1n.
opening of a 0.5-1 stainless-steel samplmg tank, such that the 1/8-in. tubing protruded
about two-third inio the cylinder and forced the nitrogen down close to the liquid
level of TMS. Nitrogen plus TMS vapor then ﬂowed upward and entered the 1609

‘ml/min hydrogen stream supplying the detector The valving allowed the TMS tank
to be shut off completely; this was necessary to obtam a true value for zero mtrooen :
flow (i.e., no TMS added) 7

Thc tank, charged with a suitable amo{mt of TM S ‘was cooled in an acetone—
dry ice bath and the nitrogen flow varied. When the détector had ‘stabilized with the -
chosen ﬁow—rate, test compounds were mjected mto the gas. chromatograph (Fig 1).-

Tests of opnmzzatton under TM’ S—dopea‘ condzt;ons S : R :
Tetraméthyisilane frcm the dry ice bath was mtrocuced to the hydronen supply .

~ by 2.10 ml/min flow of nitrogen as described above. Under these conditions, the'two -
important parameters of electrode hexghf and voltage on the collector electrode v«ere'

" checked (Figs. 2 and 3). The former was adjusted by inserting or removing * ‘spacers™,
i.e. sections of the detector wall that separate the co!lector electrode assembly from )
the detectorbase (an 5) R v o : LT s

: 'Aa’dmon ofsxlane P - - o ' e

' A SiH, tank was cautlously connected :.o the hydrogen supply Ime vxa I /8-m
copper tubing and 2 valve. The tubmg had beén’ squeezed such that it allowed- the.
_ introduction oﬁ,u!/mm levels of SiH.. Thxs ﬁow could be convemently vaned betWeen .
-0 and 25 p‘/mm by ad_mstmg the silane pressure. When ‘the detecto: had stabthzed
_ 'thh a parttcular settmo t%t compounds were: mjected,(Fig. 4} : SR




PERFORMANCEGE AHYDROCEN ATMOSPHERE FID - LSty

e -‘_'Ipetf‘rmncetests , CUa A Do PO :
S Calibration curveswere estaol.shed for a vanety of organometalhcs, using the- ‘
B optumzed hydrogen atmosphere { ﬁzme ionization detéctor (HAPID) shown in Fig. 5.
. ;'The collector e_Iectrode, situated Si}mm above the quartz jet tip; was at =90V po-
* tential. 'I'he gas flow-rates were. as follows: hydrogen, 1600 ml/min pius 7 plfmin
: 'SxI-L, oxygen, 125 ml[m.m, nitrogen, 100 mifmin; mtrogen (through GC column) 40
ml[imn. ‘Care.was taken fo vent the large, unburned amounts of hydrogen via a
specxally constructed duct through the roof to the atmosphere. o
' The GC column was a 1-m, U-shaped’ borosnhmte glass tube packed with 6 ‘7
0V-17 on 60-80 mesh Chrqmosorb W. The injection port and: detector temperatures
were held at 225° and 235°, reapectwely, for compounds eluting under 200°; for com-
» pounds eluting above 200° they were set at 255° and 260°, respectiveiy. Column-
temperatures. for isothermal chromatography are given in Table I, which lists the
compounds used for estabhshmg calibration curves (Figs. 6-8), minimum detectable
amounts ,and selectlvxty as measured against tetradecane.

RESULTS AND DISCUSSION

: Fig. 1 shows the mcrease in response of three selected organometalhcs with an
- increase in TMS vapor entering the detector. These measurements had to be started
~with a scrupulously clean detector, otherwise the magnitude of this éffect (over two
decades for ferrocene) would have been diminished. Measurements were taken in a
frandom fashion indicated by numbers above the arrows. Note that the response of
tetradecane is influenced very little by TMS and that, here as in all other experi-
-ments, the baseline current is larger than the (additional) peak height current.
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. Usmg ’I‘MS—dopmg, electrode hezght and \'eItage proﬁles Were. checked.ffhe <
’ cou'elatlon of electrade helghf with' response duplicated ea\:her resufts‘. From* ﬁns
* correlation, shown i in Fig.2;a comen_ent exeetrode hexght cf St}mm w‘zs adopted far

ati further expcnmenta. : s }
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Fig. 2. Response and baseline cuirent mmsured at different heights abo‘e the de‘ector jet tip. Col- _
lec:or e!ectrode at —"40 V. ,

3
W

Peak Height Response, Arbitrary Units,

Thke vo!tage proﬁIes for selected organometalhcs, tetradmne, and the baselme
current, are shown in Fig. 3. The negatively polarized collector electrode, as has been
shown before, represents the far better choice: Organometallics respond stroncer, -
hydrocarbons weaker, and the baselme current is lower. A potential of —240V had .
been used so far; on account of this graph it was reduced to —90 V for all subsequent
expenments Note that negative responses (inverted peaks below baseline} can be ob--
tained at zero or low positive potential. Such peaks can ceccur - under a variety of cir--
cumstances, dependm° on voltage, a possible bias voltage, concentration of analyte
or dopant and, of course; the nature of the organometallic. compound ftself.-

Doping the hydrogen atmosphere of the detector with TMS represented a first
approach to the problem, however, there were drawbacks: The TMS level entering
the detector could only be e estimated and, together with smcon, carbon was being
introduced continuously into the flame. The gas silane offered a suitable aitematxve.

- Its flow could be easier calibrated, it contained no carbon, and ‘was mter&etmg ta test™
because silane(s) had been suspected anyway to'be the active species in the hyd. ogen
atmosphere above the flame. SiH, had to be treated with caution, howeve‘, snce it
. will spontaneously ignite on contact with air. - .

Fig. 4 shows the pronounced correlation of fespomnse wzth the addmon of SIH4
to the hydrogen supply of the detectgr. The grapk is self-explanatory, and-on its ac-

- count, a stream of 7 ul SLH‘jmm (corwspandmg to a concentration of 4.3 ng S:H.,imi j’
in: the detector) was added to the hydrogen supply i in-subsequent experiments. - ..~
. “These involved a survey of 2 wider vatiety of organometaﬁws plus other com-
- po unds wzth hetero—atoms Table I hsts the comgatmds, the column ‘cmperatues, the
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RESPONS&S GF MODEL COB&POUI\‘DS :
A mxm.s sign pmedmg a selectxvzty vaxue mdmtas 'a negaﬁve res

Compoaim‘ o Colwms
hcxaﬂuoroaoetylacetonate, AI(hfa); "50',1 e
_ Ferrosene - 145
CTetravinyltin . o : i o 5’_*110;__ SIS
’Tctrapropylim' T RERS £ 11 e
. Tetraethyltin R Lesoe s
Chromium(Il) o SR
lmxaﬁueroaoetyiaoetonate, Cr(hfa); .60 . o oL g X 10T
. Chromium bexacarbonyl; Cr(CO)g : 3. ':—'l 5 X 104 23.x 10°%
CEromium(LID - SRS ¥/} B % l X 10", 1’7» Xilﬂf,’",- R
) tnﬂuoroacetylaoetonate, Cr(tfa); ' Coran T
- Tetraethyllead - ) 160 - T A 1 X 10“' 5.1 X 10‘ PO
Tetrabutyllead . . 190 LU 60X 108 7.5 X 1071
: Tnphény!annmony' T o250 - . L2 x16° 13 x 10719
. Tungsten hexacazbcayl - T 50 : S 8.6 107 5.3 %100 -
. Molybdenum hexacarbonyl . 30 - S SOXIE 35 X100 L
. Teteabutylgermane - . 140 B 35 X103 55 x 107 T
- Tri-n-butyl phosphate . v 190 32 X167 L1 X107
Chlorobenzene - ’ 70 - =32 %108 14X10"
' Bremobenzene ' ' 80 . —32X10° . 14 X 167°
" ~Triphenylarsine o250 T =32 x 102 23 x 1070 .
Triphenylbismuth . - 250 - .- I3 X P 63:x107% - . o
" Piaselencle L f6s o 82x 10t 5T x 1055 .
¢ Iren(ID : ' e S
" tnﬁuoroacetyacetonate ’ RS ¥ - T R 80 X 10- LALX 10T
Di-n-butyl disulfide CI40. 0 L 20X 1023 X 1678
.Fluorobenzene ST 30 T 7K 1I0P 6Tk 1078
-Nitrobenzéne S M0 s 30 %10 1Rk 17T
- Diethylmercury : 70 = 29 X 16°°° .13 x 1077 .
Tetracthylsilane o 50 T 19 X100 4 x 1677

Tetradecane . M0 10 x_10°:~-3.7‘x-1,o‘-;?$7

minimum detectable amounts (sxgnal—to—noxse ratxo. 2: 1) and the selectwﬂ.xes acamst».

tet ‘radecane (taken as the ratio of m;ected amounts of tetradecane and the organo-.

* metallic that produce the same peak area of 1x 10-1.C). “This choice of units for .
sensitivity and selectivity is the -most" dxrect way of descnbmg the expenmental .
" results, and was therefore preferred ‘to, say; using gfsec for” minimum detectable
“amount, or basing selectivity on weight or moles of the metal itself. Had. such w.lg:uld{

~ tion been emploved, minimom detectable amounts would abvmusly hav tumed-.' ’ut-- .
'lowet and selectivity values higher. - .~ . 3 , o

The measurements were macfe on’ the detector shown
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Fig. 7. Calibration curves for tetrapropyltin, tetracthyltin, tetrasthyilead, tetrabutyllead, triphenyl-
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Fig. 8. Calibratzon .curves for aluminum hexaﬂuomacety@etunate, chromium hexaﬁuomaeetyl—
acetopate, chromium hexacarbonyl, chromium trifioroacetylacetonate, tungsten hexacarbonyl,
- molybdenum bexamrbony!, i;on triﬁuomacetylaoetonate, diethy!niermry; énd tetradm o

emphaqzmg. The slopes have all- been drawn at precxsely 45° angles i e., the angle

of a linear plot. The linear range for all well-responding compounds is ‘three - décadgs:
" The calibration carves for a.variety of compounds contaiging As, P, 'Cl, Br, -

Se, and S are not shown: Response was qmte low and thus of né, apparent anaiytxcaL

" interest, and peaks were mostly. xnverted (\fegatlve resposnse is de&anated by a minus

sign-in the se!ccﬁv:ty column of Tabte I.} Chlorobenzene, bromobenzene and tn—‘
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butgtghosg&ate cﬁanged n'om negat:we fo posmve x:esgonse as their concentrauons
; weremfﬁ&seé

The anafyumf mte:est rsfs oﬁvxousfy thﬁ ihe typxcaf metaf compounas Hereit
agnears that it is indeed the metaf that dominates response. For example, the organc-
- tin compounds produced very closefy spaced cafibration curves, tetrabutyffead
behaved very similar to tetraethylfead, and the responses from the fwo chromium
chelates clustered around that of chromium hexacarbonyl. (Apparerntly, the presence
of fluorine in small amounts is not particularly detrimental.) The only notable excep-
_ tiom is found in the disparate behavior of the two iron compounds; however, it may
be well to remember that iren trifluoroacetylacetonate is notorious for decomposing
during gas chromatography.

“The danger of solute decomposition prior to detection is of course always
present, both inside and outside the chromatographic system. Experimentally, it is
difficuit to remedy, or.even to define precisely, in the pertinent range between 10~
and-10~° g. Some of the reported minimum detectable amounts may therefore be too
high, and comparisons of response should be approached with caution.

THe sensitivity of the silane-doped HAFID for the well-responding metal-
organics is quite good. The response of Al(hfa)s, for instance, reaches saturation in
the HAFID at a level which would barely start to show up in 2 regular FID. A few
chromatograms taken at high sensitivity are shown in Fig. 9.
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Fzg9 Typml chromatograms of model compounds at high sensitivity (I X 10~ a.f.s.), at column
B tem_peratqmas indicated. (@) 5 pg-Al(hfa)s, 50°; (b) 10 pg ferrocene, 145°; (c) 50 pg Cr(tfa)s, 170°.

. Morc mgortant than sensitivity, however, may be sefecﬂwty A great varietfy
“of metalorganics occur and often play important roles in our animate and marimate
environment. Some of " them are volatile, and it seems reasonable to assume that we
' may not even be aware .of their presence in many cases. The extfent to whicii an
anaiytxcai method discriminates against the organic bacf{gmlmd 1s ofien the decisive
iactor in tEe anafvs:s of onl‘omcaf or envxronmenfa.f samni&s. A demonstration of



- 52'4.’-’" S

y sexectvnty is provzded in Fxg 10 It was made 'possmle by the fact-that the HAFID' o
“is but little disturbed by changes in column ‘bleed, nitrogen. ﬁow, etc., that come;—‘ :
“about by temperature programming:. The chromatogram reproduced m,Flg. 10 in=
cludes some of the better-responding organometaikcs, some hydrocarbon standards., -
and piaseclenol as an example of a weakly and negatlvely respondmg compomd The
-injected amounts do vary (by six orders of ma@nude 1f we mclude the solvem mthxs L
companson) for proper peak dlsplay : S - S .
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Fxg. 10. Temperature-programmed chromatography of model compounds.

Thxs chromatogram mav well prompt the questxon why a pattlcular com
‘pound responds as it does, and what distinguishes one metal from the other in this
“regard. It is fortunate that knowledge of the. -response mechanism ofa c‘etectot is not-

‘ “_raqmred for its effective analytlcal apphcatlon, because there is no amwer avaxlabie .

‘to this question at present.

- One of us:-(H.H.H.) has attempted to formulate poss:ble mecha.msms m hls
*thesxs however, without mass spectrometrzc samplmg of various detector regions
. _little can be securely established. All that is possitle to do at this time. is to pomt out :

- some relevant facts and offer some ‘highly speculdtive ccmments. e
o - One of the predommant features of the HAFID is its: large base]me' cm'rent
: ’(BLC) At the customary electrode hexght of 50 mm above the jet tipitis 2.2-10"%A; "
at 10 mm hezght itis 5.7- 10'9 A (values taken from the expenment shown i in'Fig:2).
. The highest peak height ever recorded at 50 mm [from Al(hfa);] was 2.6-1072 A —less

than the BLC drop between 10 and 56 mm. It would therefore be possxble fo assume .

) thatthe (combustion producta of the) organometalhc may s:mply act incharge transfer

~reactions, converting the charge carriers of the BLC to specres less prone to neutrzmze' ,

“before re:achmt7 the collecter eIectrode. R :
. As can be scen from Fig. 2, response for: fen:ecezxe
: -,helght, z.e., he fetrocene does not form appreaable amounte

=t ,addmona! mns , of
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~“close to the flame. Thus, straightforward thermal ionization can be pretty well ex-
clude;d This is corroborated by the following consideration:

. The HAFID flame is capable of melting 2 0.25-mm -diameter rhodium wire

{m.p. 2239.°K) and its temperature is probably not far from 2373 °K (the temperature

" of a premixed H,jair flame®). For comparison, thermal ionization in an air/propane

" flame of 2200 °K. was estimated from the Saha equation to convert one out of every

- 16€0 free atoms of aluminum to an ion®. The HAFID, however, collects one ion for
every ten molecules of Alﬁtfa)s "Clearly, thermal ionization could not alone be

- responsible for this large response.

’ Chemi-ionization of tin has been proposed to follow the following reactions’:

Sn + OH — SnOH* + ¢
SnO + H —->SaOH* + e
SnOH*' —l— H-—»Sa* 4 H,O

Generally, chemi-ionization of metals in H,/Q, flames is thought to occur by the reac-
tion

A+HO"-A* 1L H,O+H

with the ionization at maximum when the ionization potential of the metal A is ca.
7.5 eV8. The elements responding best in the HAFID do have ionization potentials
between 6 and 8 eV, but there appears little correlation between response and ioniza-
tion potential otherwise.
' Furthermore, any reasonable explanation of the mechanism of the HAFID
. will have to account for the fact that response peaks at some 5 cm above a flame only
a few millimeters tall; not to speak of the fact that silane (or a similar species) has
- to be present to obtain maximum response.
- 7 The BLC of the HAFID is very large, but the species which carry the charges
and their distribution have not been established. The FID (which has a very small
BLC) has been closer scrutinized®. Its predominant charge carriers, besides electrons,
are H,Ot and OH~. When the FID responds to hydrocarbon, the predominant
cation is H;O¥, formed by charge transfer from the primary ion CHO (ref. 10). Not
alt of the questions concerning the mechanism of the FID, however, have yet been
settled either®. _

If the same species that are found in the F1D are also assumed to dominate
ion dlstnbutgon in the HAFID, H;O% (or larger clusters) should be the major BLC
carrier. That may change when SiH, and combustion products from the metalorganic
are introduced. Though done in a different context and system, it is interesting to

. note that Cheng and Lampe, in a study ‘of positive ion reactions in SiH,/H.O, found
_ that the most rapid reaction was hydride abstraction leading to the SiH;™ ion
. It would be interesting to see what happens to the silane and metal species
above the flame; whether a chemi-ionization reaction between them produces the
response; whether they are part of a chain leading to more stable ion carriers; and
what that final charge-carrying species is. However, such a study is beyond our instru-
‘mental capability. It would appear, though, that similar silane-doped systems should
also be of substantial interest to other areas of chemistry, well outside the analytical
centext. o
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