
SURVEY OF SELECPED HYDRIDES AS DUPING AGENTS FOR A 
HYDR63GEN-ATMOSPHERE FLAME-IQNIZA~ON DETECTQR 

SUMMARY 

The hydrogen-atmosphere frame-ionization detector for gas chromatography 
exhibits a selective and enhanced response for metal containing compounds when its 
atmosphere is doped with small amounts of silane. In this study, response charac- 
teristics of the flame were investigated for a variety of organic compounds when the 
hydrogen atmosphere was doped with small amounts of methane, silane, germane, 
or phosphine. Response of pure hydrocarbons and compounds containing F, Cl, 0, 
S, N, P, As, Sb, Si, or Ge were either unaffected by the addition of doping agents, or 
their variations were not considered analytically sign&ant. As expected, compounds 
of Fe, Sn and Pb exhibited enhanced responses with silane doping. MO and W com- 
pounds showed increased ionization with methane. Several compounds increased 
response with the introduction of germane, but noise also increased such that no gain 
in signal-to-noise ratio was obtained_ 

Phosphine proved to be the doping agent with the most potential. Response 
intensities for compounds containing Fe, Sn, Pb, MO and Sb appeared analytically 
useful, but more signifkant, was the fact that the peaks were negative. Thus, it appears 
that a potential exists for the development of a phosphine-doped detector in which 
compounds not containing elements of interest would produce deminutive positive 
peaks while metal containing compounds would respond with enhanced negative 
peaks. Further studks on this mode of operation are recommended. 

When properly optimized, a hydrogen-atmosphere frame-ionization detector 
(HAFID), constructed from a commercial flame-ionization detector WD), is capable 
of detecting sub-picogram quantities of certain metal compounds with selectivities 
against hydrocarbons gre&er than IO5 (ref. I)_ Direct gas chromatographic (SC) 
determinations of antiknock agents, tetraethyllead and methykyclopentadieneyl- 
manganese, in gasolines have recently been demonstrated2. 

Operation of an HAFID difXers from that of an FID in that the oxident (&r, 
enriched with oxygen) is introduced to the flame with carrier gas while the fuel 
@yd.rogen, doped with small amounts of silane) is brought direct& into the detector 



*fi produce a reducing atmosphere_ While position, potential and polari* of tie 
co&ctor electrode, flow-rates of de&&or gases, and general geometry of the detector 
housing have been shown to affect respor~&~~~, enhancement of metal ior&mtion by 
addition of s&me to the hydrogen atmosphere is the detector% most mech.anisticalJy 
intaresting requisite. 

SiIane may be invoh~~I with charge transfer processes that enable ions pro- 
duced from burning metal compounds to be more eEcientiy collected by the elec- 
.trode’, but its function is not well understood_ Since silane is the only doping agent 
that has ever been investigated, a survey of severai hydrides as dopants for the 
hydrogen atmosphere was undertaken to compare their effect on response_ This 
paper reports the rescks of that survey. 

EXPEEUMENTAL. 

An FJD on a Hewlett-Packard 5830A gas chromatograph was converted to an 
HAFID as described in ref. 2. This detector was maintained at 250°C throughout 
this study with gas flows of 1600 ml/n& for hydrogen, 120 ml/mm for air, 150 m&nin 
for oxy-w and 20 mJ/min for the helium carrier gas. A 6 ft. x 1/4 in. 0-D. (2 mm 
I.D.) borosilicate column packed with SU-IO0 mesh Ultra-bond 20 M (RFR, Hope, 
RJ, U.S.A.) was used with oven temperatures sehcted for individual test compounds 
to achieve practical retention times. Once an operating temperature was established, 
each compound was chromate-saphed at that temperature throughout the study. 
The injection port was maintained at 225°C. 

Proce&res 
Test compounds uss in this study are listed below aIong with their supply 

sources_ Fhrorobenzene, chlorobenzene, dipropyhulfide and amy! ether (Eastman 
Organic Chemicals, San Francisco, CA, USA_); hexacarbonyltungsten, hexacar- 
bcnyimolybdenum and tetrabutylgermane (Alfa Division, Ventron, Danvers, MA, 
USA.); ethy! benzene and pyridine (Fisher ScientiEc, Santa Clara, CA, USA.); 
tetraethyLsiJane (Pfahz & Bauer, Stanford, CT, USA_); dodecane (Alitech, Ariington 
Heights, IL, U.S.A.); tetraethyllead (ICN Pharmace uticals, PIainview, NY, U.S.A.); 
ferrocene, tetrabutyhin, triphenylantimony and triphenylarsine (Aldrich, Milwaukee. 
WI, U.S.A.); nitrobenzene and tributyIphosphate (J. T. Baker, Hayward, CA, 
U.S.A.); and aniline (hfaHi&rodt, St_ Louis, MO, U_S_A.). 

Each compound was selected for its structure or typs of heteroatom it con- 
tamed. Individual solutions in “-istilled” hexane (Burdick & Jackson Labs., 
lMuskegon, MI, USA_) were prepared at concentrations ranging from 1 - IO-lo g/p! 
to 1 - 10m6 gj,uI in decade steps. A OS-~1 vohrme of solution was injected at the con- 
centration required to produce a measurable peak at I- IO-r0 A f.s. These signals, 
which were substantialiy above noise level for all experimental conditions, allowed 
comparison of concentrations with approximateiy equal responses. Reproducibility 
was always better than 10%. 

Methane, silane, germane, and phosphine, obtained from Airco Specialty 
Gaes (Santa Clara, CA, U.S.A.) as 1% CH, in hydrogen, 100 ppm SiH4 in hydro_m, 
1% Ge% in hydrogen and 1% PH, in hydrogen, were investigated as doping agents- 
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Each hydride was added to the hydrogen atmosphere at a mixing ratio of approxi- 
mately 10 or 5Oppm. The condition in which no doping agent was added to the 
hydrogen atmosphere was also investigated. 

Responses of the different test compounds for each doping condition were 
compared by calculating the ionization ratio (E), the number of ions responding/ 
number of molecules of test compound injected. These ratios were calcnlated from 
the relation 

where R is res~nse in Coulombs, M is moles of test compollnd injected and P is 
Faraday’s constant. Results are reported as -log E or, by analogy with p-functions 
as P&. 

To insure against errors from unwarrented contaminations, responses for each 
test compound were established in a non-doped system prior to the addition of 
doping agents. Moreover, responses using the lower mixing ratio (1Oppm) were 
always obtained before those using the higher mixing ratio (50 ppm). Between the 
addition of each doping agent, the detector was cleaned by washing with HCI, 
rinsing with distilled water and acetone, and baking at 300°C overnight. Non-doped 
responses were con&med with ferrocene and dodecane to inslure that effects of 
previous doping agents had been eliminated before experiments with the next doping 
agent were begun. 

RESULTS AND DISCUSSION 

Table I lists resuhs obtained for flame ionization of each of nineteen test com- 
pounds under nine doping conditions. Data are reported as the negative log of the 
ionization ratio (p&j_ A parenthetically enclosed minus sign following a p.5 value 
denotes thaE the chromatographic peak was observed as a deeream in the flame’s 
background current (Le., as a negative peak). 

An arbitrary p& value of 5.04) was chosen as that below which a response for 
a given compound was indicative of analytical utility. The basis for selection of this 
cut-off value was its comparison with normal FID values. Commercial FIDs com- 
monly respond with a sensitivity of 0.015 C/g of carbon, producing approximately 
one ion for each 5QO,WQ carbon atoms introduced into the tlame. For dodecane in 
the RID, a p& value would be on the order of 4.6. Values of 5.00 indicate that test 
compounds have only slightly less sensitivity in the HAFID than a hydrocarbon has 
in an FID. Since in this study only two dopant concentrations were selected, it is 
probable that optimal operating conditions for the HAFID were not achieved and 
ionization e&ziencies can be improved over those reported here. 

Table II ranks test compounds whose responses qualified as analytically 
useN. The lowest pe value observed was 2.04, obtained for ferrocene when hydrogen 
was doped with 50 ppm of s&me. The Grst two peaks in Fig. I demonstrate that the 
ferrocene response is increased aE least loo0 times by the addition of silane since 
50 pg of the compound gave a slightly larger peak when the detector was doped with 
silane than did 5Ong of ferrocene without doping. Both germane- and methane- 
doping edtamed ferrocerte response less than silane-doping. 

As expected from earlier studies, tetrabutyltin andtetraethyllead-also responded 
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3.46 (-1 
3.76 (-) 
3.79 
4.20 
4.88 

Tetrabutyltin 3.65 
3.69 
4.26 (-) 
4.59 
4.82 (-1 

Tcaaabykad 3.80 
4.47 
4.56 (-) 

EEexac2rbmyImolybd~~ 3.80 
4.02 
4.05 
Al0 (-) 
A12 
4.16 
4.30 (-) 
4.88 

-rripbcnyIaltimony 4.62 (-) 
Hexacarbonyltungsten 4.68 

4.54 
4.94 
4.97 

PHI- iso &mj 
PH, (10 PP~) 
Sm4 (10 Ppm) 
GetP+ 00 PP& 
CH, WPpm) 
Gm-4 UoPPm) 
SW WPPN 
PH, WPPd 
ss WPPd 
P& OOPPd 
G-4 WPPM 
SiX-b WPPm) 
PHs (50 ppm) 
cH*, (5oppm) 
Si& (5oppm) 
CH, (1Oppm) 
PEL (Wppm) 
No doping 
SiH4 (10 ppm) 
PHs (10 ppm) 
GeIir (10 ppm) 
l-3 WPPm) 
Sii WPPd 
cw+ WPPm) 
czt UOPPm) 
No doping 

strongly when siIane was introduced as a doping gas, but surprisingly, these com- 
pounds responded best with 10 ppm of germane. Addition of germane, however, 
draxatically imxeaxd noise, as can be seea in Figs. 2 and 3, Thus, signal-to-noise 
raFic.s @he primary criteria for judging analyFical utility) d ecreased when compared 
to the s%ne doped sysFem. Although the origin of this noise is unclear, a heavy 
brown deposit which coated the inside of the detecFor housing and the colkcting 
electrode c&ring germane-doping may indicate that the noise was caused by formation 
of particks such as C&N4 in the flame_ An insulating Iayer of this material on the 
colkcting electrode apparently reduced the eff&cFive ekctrica.J field and when germane- 
dopkg was increased from 10 to 50 ppm, background current and sensitivity decreased 
as is shown in ‘Fables I and III. Doping with germane is not analyFica.liy useful tiess 
these problems can be eliminated. 

Hexacarbonylmolybdenum and hexacarbonyltungsten produced th@r most 
sensitive responses with methane-doping_ They also exhibited the most sensitive 
responses of any of the test compounds when no doping agents were added to the 
detector_ Thus, it may be possible to use the HAFIn for metal carbonyl~ without 
doping the hydrogen-atmosphere. 

Phosphine proved the most interesting of doping agents investigated since, 
when added to Fhe hydrogen-atmosphere at the 5%ppm level, strong negative responses 
for ferrocene, te~rabutykin and tetraethylkad were observed, as is shown in Figs. L-3. 
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F= 3. Sekted cixornatographic peaks of tetraethykd. 

TABLE m 
HAFED BA~GROUND CURRENT 

No doping 0.27 
CL4 @OPPm) 0.35 
ct4 WPP=Q O-40 
SW UOPP@ 0.32 
sIH+ WPPm) 0.36 

;z 
(1Oppm) 0.68 
(= PPrn) 0.82 

=a UOPpm) 0.41 
GeEt WPPm) O-L? 

Pfexacarbonyltig, hexaca&onyLmoybdenum, tetrabutytgerxnane and triphenyl- 
antimony also responcki negatively with phosphine, while ali other compounds 
exhibiti positive pfaks, 

Three other test compounds, tetraethylsilane, tekabutylgermane and tibutyl- 

phosphak, showed interesting results as illeti in Figs. 46. Note that each of 
these coinpounds contains a hetemelemen~ which is confa.in& in one of the doping 

hy&i&s. DeWor responses for tetmethylsikme with silam-cloping, for tetrabutyl- 



gzsmime with germim&optig, and for tributyEphospb&e with phmpbbmdoping 
were not signi&znt.ly diEereot frcm those obtaiaed without doping_ Responses for 
telraethyKlane and te%rabutylgemane, Figs. 4 and 5, were mique in that they 
exhibited pe& tailing with 10 ppm phosphine- Since this phenomenon did not occw 
when thy compounds wxe detet3.4 under other doping cusxditions, tailing cannot 
be attriiumi l & chromatography, but must be due to residual ionization in the 
dekctor after the peak has passed throqh the Ilame. When the higher amount of 
phosphkxe was introduced, the peak for f&rabu@Igermane was nearly symmetrical 
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Fii 6_ S&c& chromatogxaphk peaks of tibrrtyiphosphate. 

but inverted. Peak inversions as a function of doping concentration have been 
observed before’ but their mechanism has not been explained. Other peak inversions 
in this study were also seen: the tributylphosphate peak inverted when silane was 
increased from IO to 50 ppm as is shown in Fig. 6 while the tetraethylsilane peak 
inverted when gemaue was increased from 10 to 50 ppm as is shown in Fig. 4, 

The mce of negative peaks raises f&e intriguing question of how 
responses in the HAFJD are obtained- Negative responses, of course, result from a 
reduction in the background current of the flame. From Table IEli, which compares 
background currents at each operating condition, the background current produced 
with phosphine is seen to be more than three times that of the non-doped system and. 
at least twice that of any of the other doped systems. It may be that formation of 
pH2 in the detector is responsible for this current which can be readily neutraked 
when certain anions are produced during combustion of Gc eluents. This expla- 
nation is, of course, speadative and incomplete. It does not explain why some com- 
pounds produce negative responses while others produce positive ones, nor does it 
explain peak inversions. Currently, work is underway to identify ions in a silane- 
doped, a phosphine-doped and a non-doped HAFID. Until ion identities are known, 
it is diEcult w discuss mechanisms of these detectors. 

In general, the remainder of the test compounds (dadecane, ethyl benzene, 
amyi ether, aniline, nitrobenzne, pyridiue, chlorobenzene, ffuorobenzene, dipsopyl- 
sulfide and triphenykrsine) responded with reduced sensitivity and remarkable 
s%bility regardless of changes in doping conditions. Dodeane had a ps value of 
amud 6.6, indicating that the l3AFED response is about two osders of magnitude 
less than that of the FID for hydrocarbon compounds. This reduction in sensitivity 
can be attributed to oxidation to CO aad CO, in the oxygen rich pre-combustion zone 
oftie JZAFQF and to she relative locationsof @e co&&ng ekctrodes in the HAFID 
and the FED. 
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Fig_ 7 shows typical reqnses for do&cane where all were simiJ.z in magnitude 
except that with 50 ppm PH3 which was enhanced severai times over the non4oping 
and&ion_ This enhancement is not suflicient to reduce M.ility of PH, as a doping 
agent since do&cane response in-4 less than an order of magnitude. 

FG. 7. Sckcted dm~matogapbic pe&s of dad-. 

The detector’s ability to di scriminate against compounds containing C, H, 0, 
N, P, or halides (those that make up the bulk of complex organic matrixes where 
traces of orgztometallics may be contained) under a variety of doping conditions is 
im.lkati\= of its potential as a sekctive analytical tool for the analyses of metal con- 
taining compounds by CX_ Akbougb appkation of a pbospbix-doped HAFID must 
be approached with caution, due to the high toxicity of this doping gas, it appears 
promising since response is not only sensitive and sekctive for metal compounds 
but is also spex%c for them by the virtue of inveti peaks. 
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