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SUMMARY )

A constant-current electron-capture detector (ECD) with a ©Ni ionization
cell has been used in a study of the effect of oxygen in nitrogen carrier gas on its
response to several compounds. Because of the greatly increased linear dynamic range
and the high temperature capabilities of this instrument, oxygen contamination of
the carrier gas was found io be much less harmful to the chromatogram baseline
than had been previously reported for earlier ECD models. Measurements of the
changes in the molar responses of several compounds caused by the addition of up
to 2000 ppm of oxygen to the nitrogen carrier gas have been made. For the chlorinated
hydrocarbons studied, an effect of oxygen on their molar responses was observed
only with the highest oxygen dopings. Anthracene behaved differently, showing an
increased molar response at very low levels of oxygen doping. These resulis suggest
that constant-current ECD analyses of polynuclear aromatics may be very sensitive
to uncontrolled oxygen contamination of carrier gas, while those of halocarbons will
not. For 1-chlorobutane a greatly enhanced response factor is caused by doping of
the carrier gas with large amounts of oxygen. As this effect is observed at high de-
tector temperatures where the baseline frequency is only moderately impared by
oxygen, oxygen doping is suggested as a means of improving the ECD sepsitivity
to molecules that have only one or a few halogen atoms. Two reaction mechanisms
are proposed to account for the oxygen effects observed. -

INTRODUCTION

The exceptlonal sensmvlty and specificity of the electron-capture detector
(ECD) in gas chromatography.(GC), particularly to polyhalogenated organic mole-
cules, has made it a valuable tool for the analysis of many compounds of environ-
mental interest. As might be expected of analyses obtained with a device possessing
extreme sensitivity of response, however, the reproducibility of measurements ob-
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tained with GC-ECD systems has frequently fallen short of desired limits'. It has
been generally suspected that one of the most serious problems in ECD analyses
has been the presence of uncontrolled amounts of impurities, such as water and
oxygen, in the carrier gas.

The effects of oxygen on ECD performance have been studied or discussed
several times by other workers. Very early in the development of the ECD, Lovelock?
showed that the presence of oxygen in the carrier gas is undesirable owing to a re-
sulting reduction of the standing current. Similarly, Guilbault and Herrin® found,
in their attempis to use air as the carrier gas, the nearly complete loss of standing
" current and a corresponding loss in sensitivity to their sample. In a more recent study
by Van de Wiel and Tommassen®, using a fixed frequency, pulsed ECD with a higher
temperature range, small amounts of oxygen were again found to reduce the standing
current to the point where drastic removal of oxygen from the carrier gas was deemed
essential for satisfactory performance. They also noted, however, that at high detector
temperatures (300° C), the harmful effect of oxygen on the standing current is much
smaller. An additional influence of oxygen was noted in this study; the sensitivity
of their ECD to some compounds such as butyl bromide appeared to increase when
oxygen was intentionally added to the carrier gas. This observation suggests that in
addition to affecting the ECD standing current, the molar response of a sample com-
pound may be altered by the presence of oxygen. Because of the above studies, users
of the ECD have been urged to take great care to eliminate oxygen and also water
from their carrier gas. When the complete elimination of these is difficult or impos-
sible (for example, when water or oxygen are major components of samples to be
repeatedly analysed), one may justifiably be concerned about analytical errors caused
by the presence of uncontrolled amounts of these compounds in the detector as the
sought-for-substance eludes from the GC column.

New insights into the causes of carrier gas impurity effects on the ECD have
been made possible by the development of similar, but more sophisticated, analytical
techniques such as the plasma chromatography and the atmospheric pressure ioniza-
tion mass spectrometry (APIMS). In each, the conditions within their ionization
source can be made identical with those of the ECD, but instead of measuring electron
density as the ECD is thought to do, these devices are capable of monitoring the
ions produced by electron—molecule interactions. Karasek and Kane® have shown
by plasma chromatography that negative ions, presumed to be O, and its water
clusters, are formed by the addition of oxygen to nitrogen carrier gas. They also
noted a synergistic effect of water with oxygen: that is, added water caused increased
negative ion formation only if oxygen was already present. Dzidic ef al.® identified
these ions more precisely by APIMS in air carrier gas, and raised further possibilities
of oxygen dependence by the discovery that chlorinated aromatic compounds can
form negative ions of mass [M — ClI 4+ O] even under ideal ECD conditions where
Very pure nitrogen carrier gas (containing less than 0.5 ppm of oxygen) is used. More
recently, Siegel and Fite” have shown that in addition to O, and its hydrates, O~
is a favored terminal anion in the ionization of air at 1 atm pressure. Clearly, the
formation of these ions and their subsequent ion—-molecule reactions, constitutes a
likely basis for ECD effects caused by oxygen and water.

In the last few years, significant changes and improvements in ECD instru-
mentation have been made. While a few years ago the typical ECD utilized a tritium
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foil for ionization and a continuous d.c. voltage or a fixed-frequency pulsed voltage
for measuring its electron density, more recent instruments offer ionization by **Ni
(ref. 8) and electron sampling by the frequency-modulated pulsed mode® (also known
as the constant-current ECD). Two consequences of these improvements are that
the maximal allowable temperature of the ECD has been increased from 200° to
400°C and the range of linear response to electron-absorbing compounds has been
increased from about 2 to greater than 4 orders of magnitude. Because of these im-
provements, a more detailed study of the effects of oxygen in the carrier gas has
been made possible and is reported here. In order to demonstrate the importance
or unimportance of oxygen and water as carrier gas impurities on the quantitative
response of a modern ECD, we have measured the baseline frequencies and the molar
responses of several selected compounds as a function of the concentrations of oxygen
and water that were intentionally added to nitrogen carrier gas. The sample com-
pounds were chosen to reflect different electron-capture mechanisms and different
types of terminal negative ion products that have been previously reported. The results
are interpreted in terms of kinetic and thermodynamica data available in the liter-
ature for the reactions thought to be of importance.

EXPERIMENTAL

1,4-Dichloro-2-nitrobenzene (Baker grade), l-chlorobutane, 1,4-dichloro-
benzene and 1-bromo-4-chlorobenzene (Eastman grade) and the remaining substrates
(all Aldrich, Milwaukee, Wisc., U.S.A.) were weighed without further purification
into 10-cm?® volumetric flasks, dissolved in thiophene-free benzene (Baker analysed
reagent) and diluted to concentrations that yielded small, but readily measurable peaks
on the GC-ECD.

The gas chromatograph was a Varian Aerograph 3700 with constant-current,
pulse-modulated operation and an 8-mCi 53Ni detector. The detector cell has dis-
placed coaxial cylinder geometry and is polarized with negative voltage pulses of
50 V amplitude and 0.64 usec width. Integration of peak areas was accomplished
with an Autolab Minigrator (Model 2300-010).

A stainless-steel column (20 in. X } in. O.D.) was packed with 59/ OV-101 on
Chromosorb G (100-120 mesh) and pre-conditioned at 325°C for 36 h. Each sub-
strate was run separately and its retention time determined. Three different standards
were then prepared in which a good separation of the substrates in each was achieved.
One standard contained anthracene and anthraquinone and was run at a column
temperature of 130°C; another contained I-chlorobutane, pentachloroaceione,
pentachloroethane, 1,1,1,2-tetrachloroethane and 1,1,2,2-tetrachloroethane, and was
run with the column at 36°C. The remaining compounds comprised the third standard,
which was run at 90°C. Flow-rates were measured directly at the detector outlet with
a bubble flow meter and were adjusted to 50 cm® min .

The carrier gas was ultra-high-purity nitrogen (Matheson, East Rutherford,
N.J., U.S.A)). It was passed first through a Varian inlet filter containing activated
charcoal and molecuiar sieves to remove residual moisture and hydrocarbons, then
through an Oxy-Trap (Alltech, Arlingtcn Heights, H1., U.S.A.) designed to remove
oxygen down to 0.1 ppm, and finally through a 5-1 exponentlal diluter before entering
the column. Before each set of runs the carrier system was purged by flushing the
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diluter several times and then allowing purified nitrogen to flow through the entire
system overnight. Contamination in the diluter was checked by shunting carrier gas
directly to the column, cutting out the diluter. A decrease in standing current indicated
diluter contamination. Under clean conditions, peak areas of standard samples match-
ed those of the same standard run on the previous day prior to oxygen doping and
clean-up. Upon achieving satisfactory conditions, 1-ul samples in benzene were in-
jected and the resulting peak arcas read. Each sample was run at least three times
under conditions of pure nitrogen casrier gas to check precision.

Variation of oxygen concentration was accomplished by passiag zero—grade
air (Matheson) through a copper tube filled with 13X molecular sieve {Alltech) and
injecting into the carrier gas line with a 10-ml gas-tight syringe just upstream of the
diluter. After a diluter mixing time of about 5 min, a stable baseline was established
and samples were quickly analysed. The lowest oxygen concentration was run first,
followed by successively higher oxygen concentrations achieved by additiopal injec-
tions. The oxygen concentrations of Table I are those calculated at the beginning
of a series of determinations, which included measurements at all three detector tem-
peratures. During this time the oxygen concentration typically decreased by about

10%.

In some experimenis a small amount of water was also added to the carrier
gas. This was accomplished by injection of humidified nitrogen into the dilution vol-
ume. High-purity nitrogen was humidified by passing it through a bubbler containing
triply distilled water. After purging for 30 min to allow any volatile substances in
the water to be removed, an aliquot of the saturated nitrogen stream was transferred
to the diluier with a 10-ml gas-tight syringe. The concentrations of water and oxygen
added to the carrier gas were calculated in units of parts per million (v/v), and in-
clude a correction for the pressure difference between the diluter (20 Ib in~2 above
atmospheric) and the transfer syringe (1 atm).

RESULTS AND DISCUSSION

If errors are caused by the presence of impurities in the carrier gas of 2 GC-
ECD, it is reasonable to assume that the source of the error is from one of two
possibilities: either the baseline has been altered beyond the range in which a linear
response of the detector to the substrate can be expected, or a basic change in the
response mechanism is caused by the impurity and an uncontrolled alteration of the
response factor results.

Baseline frequency measurements

The effect on the baseline frequency of adding various amounts of oxygen
to the carrier gas is shown in Table I for 0.4-2000 ppm of oxygen added to purified
nitrogen at different detector temperatures. For a constant-current ECD, the baseline
frequency is analogous to the standing current of the d.c. or the fixed-frequency pulsed
ECD and provides a measure of the cleaniiness of the ECD system. In our applica-
tion an average 3-107° A of cell current is sampled at all times by an automatic
variation in the rate at which a 50-V, 0.6-usec pulse is applied to the cell. When
an electron-capturing compound is passed through the detector, the frequency of
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TABLE 1

BASELINE FREQUENCIES (kiHz) OBSERVED USING CARRIER GAS DOPED WITH
VARIOUS AMOUNTS OF OXYGEN AND WATER

Water content Temperature Oxygen concentrationr added to carrier gas (ppm)

of carrier gas (°C)

(ppm) 00 04 40 I6 150 400 800 2000

0 350 38 3.8 3.8 3.8 53 6.1 84 13

250 31 31 31 33 6.1 11 14 22
150 43 43 45 58 16 40 100

10 350 4.2 43 4.3 4.4 5.0 7.3 11 26
250 39 39 39 47 60 15 24 150

pulsing increases to maintain the pre-selected cell current. The magnitude of frequency
increase is taken as the measure of response to that sample.

Table I shows that at 350°C, oxygen increases the baseline frequency from
3.8 kHz to a high of 13 kHz with 2000 ppm of oxygen added, with no significant
effect up to about 16 ppm of oxygen. Obviously, when small amounts of oxygen
were added to the carrier gas and the baseline frequency was essentially unaffected,
the range of linear response of the instrument to samples will be unimpaired. Using
an instrument identical with ours, Patterson'® has shown that linear response can
be expected up to peak heights of about 100 kHz, after which saturation effects will
begin to cause a diminished response. Therefore, even with 2000 ppm of oxygen in
the carrier nitrogen at 350°C, the bascline frequency of 13 kHz is well below the
point at which non-linear response, due to inherent limitations of the instrument
itself, is to be expected.

At a detector temperature of 250°C, the effect of oxygen on the baseline fre-
quency is noticeably greater. The baseline is now slightly changed upon the addition
of 16 ppm of oxygen and reaches a baseline frequency of 22 kHz at 2000 ppm of
oxygen added. Nevertheless, the baseline frequencies at 250°C are not yet high enough
to predict the loss of linear response.

At 150°C the baseline frequency is slightly affected at 4 ppm of oxygen and
increases much more rapidly than at the higher temperatures with further addition
of oxygen. With 800 ppm of oxygen in the carrier gas, the baseline frequency is 100
kHz. At this point, the 0.6-usec sampling pulse is “on” 69 of the time, and is ap-
proximately where non-linearity of response begins to occur due to instrumental
saturation'®.

Also shown in Table I is the effect of oxygen on baseline frequency where
the carrier gas also contained 10 ppm of added water. Very little or no efiect of the
added water itself is observed when the oxygen concentration is low. Only at high
oxygen levels do the baseline frequencies begin to be significantly affected by water.
Thus, at 2000 ppm of oxygen the addition of 10 ppm of water doubles the bascline
frequency at 350°C and increases it several times at 250°C. This experiment suggests
that our dried carrier gas is at least relatively dry, perhaps containing about 1 ppm
or less of water. As suggested by Karasec and Kane®, the ECD response to oxygen
appears to be significantly greater in carrier gas that is not ultra-dry.
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SampIe response measurements

The molar responses of our ECD to selected compounds under various levels
of carrier gas doping with oxygen are shown in Table II. The subject compounds
are listed roughly in order of the magnitude of their response in clean carrier gas.
The first column, for zero oxygen added, lists molar responses all relative to the
lowest response observed, viz., that of 1-chlorobutane at 250°C. Thus, the first column
of Table II provides a comparison of different compounds with each other under
“ideal” ECD conditions. All other values in Table II, in the columns for various
amounts of oxygen added to the nitrogen carrier gas, are also relative molar responses,
but now with reference to the first value given in each row. In this manner, the effect

TABLE 11
EFFECT OF OXYGEN ADDED TO CARRIER GAS ON THE ECD RESPONSE OF SELECTED COM-
POUNDS
Compound Temperature Oxygen concentration added to carrier gas (ppm) ™
Q) No O, 04 4 16 150 400 800 2000
added
Pentachloroethane 350 50-165 106 1.05 1.04 11 — 1.03 1.03
- 250 42-1° 086 086 082 090 — 1.03 191
1,1,1,2-Tetrachloroethane 350 1.7-10° 104 098 091 1.10 — 111 1.00
250 1.6-16° 090 050 085 089 — 101 128
1,1,2,2-Tetrachloroethane 350 5.5-10° 104 093 1.01 1.00 — 1.02 1.24
250 38-10° 090 090 087 096 — 142 923
Tetrachloroethylene 350 48-10° 100 101 107 097 0899 1.00 1.00
- 250 3.8-105 1.10 093 100 1.05 1.02 1.39 1.29
150 3.5-10° 057 0.74 0.73 064 — 1.57 —
Pentachloroacetone 350 3.2-105 102 111 107 1.19 — 1.09 1.06
- 250 3.0-10° 096 098 092 096 — 1.11 2.16
1,4-Dichloro-2-nitrobenzene 350 8.1-10* 098 1.04 105 0.95 1.00 1.01 1.03
250 7.7-10* 107 098 100 095 0.92 1.05 1.14
150 70-10* 095 103 102 098 217
1,2,3,4-Tetrachlorobenzene 350 5.6-10¢ 099 099 107 096 0.99 1.02 1.05
250 2.1-10* 125 102 1.13 1.14 1.30 1.67 211
150 1.5-10* 0.85 1.04 1.15 135 — 20
1-Bromo-4-chlorobenzene 350 21-10° 099 092 107 0.95 0.90 1.00 0.98
250 89-10° 134 098 1.17 105 096 1.14 1.29
150 27-10° 087 098 1060 0094 246
Anthraquinone 230 1.8-10* 088 101 104 i.24 l 83 4,12 5.23
180 1.6-10° 096 1.03 114 1.27 1.78 5.18
3,5-Dichlorophenol 350 7.0-10° 099 097 1.03 0.99 1.05 1.16 1.22
- 250 33-160 115 102 1.12 1.20 1.55 2.11 2.65
150 1.1-16> 092 1.02 107 1.02 — . 276
1,4-Dichlorobenzene 350 1.5-10° 101 080 115 0.94 0381 1.05 097
250 22-10°0 1.68 148 142 1.30 1.28 1.86 214
150 29-10* 196 0.77 0.84 1.03 101 114
Anthracene 230 3.1-10t 168 290 300 154 217 76 82
180 23-10° 105 168 198 55 83 27
1-Chlorobutane 350 1.1 103 1.12 140 470 — 136 55
250 1.0 092 101 124 452 — 11.1 30

* The responses listed under the first column are all relative to the lowest in that column, i.e., that of 1-

chlorobutane at 250 °C; all other responses listed are relative to the first value in each row.
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of oxygen contamination on the response of each compound at a given temperature
is displayed.

The difference in sensitivities of our group of compounds extends over six orders
of magnitude. The extent of halogenation together with structural considerations and
changes in functional groups all influence the sensitivity in a manner roughly con-
sistent with established trends!!. The sensitivity of all of the halocarbons increases
with increased temperature. This behavior bhas been generally associated with the dis-

sociative electron-capture mechanism®2, symbolised by the reaction
e -AB—-A +B- (¢)]

While the temperature dependence observed for these was generally not large, the
halogenated benzenes 1,2,3,4-tetrachlorobenzene, 1-bromo-4-chlorobenzene, 3,5-di-
chlorophenol and 1,4-dichlorobenzene all showed about an order of magnitude in-
crease in response upon increasing the detector temperature from 150° to 350°C. In
spite of its similarity to the halobenzenes, 1,4-dichloro-2-nitrobenzene showed very
little temperature dependence. The temperature dependence of anthracene is com-
pletely opposite that of the halocarbons. Its response is lowered very markedly with
an increase in detector temperature. This behavior was expected for this compound
and has been atiributed to a resonance clectron-capture mechanism®®, symbolized

by the reaction
e” + AB=AB~ )

One of the most striking features of the data in Table II is the general lack
of significant effect on the molar responses of the halocarbons caused by the addition
of small and moderate amounts of oxygen. At a detector temperature of 350°C, few
compounds showed any efiect of oxygen even up to 2000 ppm. Where large effects
are observed, it is generally with the highest oxygen concentrations present in the
carrier gas, and at the lower detection temperatures, and then the effect is generally
to increase the molar response. For example, the sensitivity towards the two isomers
of tetrachloroethane was increased by a factor of about 10 at 250°C by the addition
of 2000 ppm of oxygen. At 250°C, however, the response of the halobenzenes were
relatively unaffected. Of these at 150°C, only tetrachlorobenzene and dichlorobenzene
showed large increases of response with high oxygen.

The general lack of oxygen dependence for the halobenzenes is particularly
interesting, in view of the APIMS studies of Dzidic ef al5. They found that some
halobenzenes form terminal negative ions which include an oxygen atom even in a
carrier gas of ultra-high-purity nitrogen. Of the compounds examined here, tetra-
chlorobenzene and dichloronitrobenzene might have been expected to be of this type.
Apparently, the reactions that lead to oxygen inclusion in the terminal phenoxide
ions observed in the APIMS study occur after a rate-controlling electron-capture
process and, therefore, the response factor is not sensitive t0 oxygen concentration.

A notable exception to the trends of the balocarbons again occurs with an-
thracene, for which a large oxygen dependence is observed throughout the addition
of oxygen, even at the very lowest levels added. Also, in contrast to most other in-
stances, the oxygen dependence is greatest at bigh temperatures. At 230°C the pres-
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ence of 2000 ppm of oxygen in the carrier increased the molar response of anthracene
to 82 times the response using pure mtrogen carrier gas; this was the largest Tesponse
enhancement observed.

1-Chlorobutane is unique in that at a detector temperature of 350°C its re-
sponse increased 55 times over that in pure nitrogen carrier gas. This is the only
compound for which a response enhancemeni was observed at this temperature. As
for the other halocarbons showing enhanced responses, the largest increase in the
response factor of l-chlorobutane occurs with the final addition-of oxygen to the
carrier gas. With the exception of anthracene, this form of oxygen dependence was
the rule whereever large effects were observed. To emphasize this point, a plot of
the response enhancements versus carrier gas oxygen concentration for four repre-
sentative compounds is shown in Fig. 1.
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Fig. 1. Relative ECD response of several selected compounds as a function of the concentration
of oxygen added to the carrier gas at 250 °C. A = 1,2,34-tetrachlorobenzene; O = 1,1,1,2-tetra-
chioroethane; X = l-chlorobutane; [J = anthracene (at 230 °C).

The effect of oxygen on ECD responses in carrier gas intentionally doped with
10 ppm of water was also measured. The results of these measurements can be sum-
marized by the statement that no significant effect of this amount of added water
on the sample was observed where oxygen itself had cansed no effect on response.
In other words, for all cases in Table II where relative responses near unity were
observed, the addition of 10 ppm of water together with oxygen produced no change
in response. At the very highest oxygen concentrations for the cases where significant
response enhancements were caused by oxygen, the addition of 10 ppm of water may
have had an effect on response. We have not reported these data because of the
extreme sensitivity of response to small variations in oxygen concentration under
the. condition of high oxygen doping. This rendered a reliable determination of the
effect of water alone in this region difficult with the means of controlling oxygen
and water concentration used here.

Proposed mechanisms
In interpreting data obtained with an ECD, one is immediately faced with

a serious problem in that literature accounts of the events occurring within the ioniza-
tion cell are conflicting. Perhaps the most commonly held view states that in the
pulsed mode, all electrons within the cell are removed with each pulse®* and the
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relatively sluggish ions are left behind and, further, the negative ion products of elec-
tron-capture reactions are preferentially removed by fast recombination with positive
ions?®. Recently, however, Siegel and McKeown'® have argued that at the charge
densities present in the ECD, charge balance between positive and negative particles
will be maintained and, also, that the recombination rates of positive ions with neg-
ative ions are not orders of magnitude larger than positive ion—electron recombination
rates, but are very similar in magnitude and probably are even somewhat smaller.
These latter ideas are incompatible with the major points of conventional ECD theory,
and suggest that in the pulsed and d.c. modes of ECD operation, our understanding
of the basis of ECD signals is at present incomplete. In addition to these uncertaintics,
there are other important chemical details of ECD reactions that have not yet been
sufficiently determined, such as the electron-capture reactivity of the neuiral products
formed by dissociative electron capture or by recombination reactions. While these
species and the events that produce them may be important factors in causing an
ECD response, they are difficult to include in reaction madels because little is known
of them. With these fundamental uncertainties in mind, an attempt can be made to
interpret cautiously our results in terms of likely reaction sequences, realizing that
modification may be required as additional fundamental information becomes avail-

able.
Siegel and Fite” have recently shown by APIMS that the principle negative

ions formed in dry air with a 3Ni ionizer similar to ours are O, and O,~, and that
in wetter air the water clusters of these will also be prevalent. Perhaps the most im-
portant reactions leading to these are the following:

e~ + 02 = 02_ (3)
0,” + 0,20, @
0;” + H,O = 0,"(H,0) ©)

Additional hydration reactions leading to larger water clusters of O,~ and O, could
also be included but, as will be shown, these are probably not important under the
conditions of our experiments. As the analytical method under consideration is
thought to respond only to free electron concentration, reaction 3 is the only reac-
tion that will affect directly the ECD response to oxygen. If a condition approaching
the equilibrium of reaction 3 exists, however, reactions 4 and 5 can indirectly affect
an ECD response to oxygen by consuming O, and shifting reaction 3 to the right.

In assessing whether ion—molecule reactions 4 and 5 are important, we may
first consider their thermodynamic feasibility. In Table III are listed the thermochem-
ical values describing equilibria reactions 4 and 5. Using these, we have calculated
(Table IV) the relative concentrations of the ions, O,~, O, (H,0) and O,—, that are
predicted for equilibrium under the conditions listed. The clear results of this con-
sideration is that in dry (1 ppm of water) carrier gas, O,~ is to be considered the
dominant negative ion species at the temperatures studied here. Even with 2000 ppm
of oxygen added at the lowest temperature, 150°C, O, will be only 0.002 as abundant
as O,. Thus, for the oxygen concenirations used here, it appears that reaction 4
and O, ~ are not important and can be ignored. Considering differences in temperature
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TABLE HI
THERMOCHEMICAL VALUES FOR THE CLUSTERING REACTIONS OF O~ WITH O;
AND H,O

Reaction —AH® —Ase Reference
(kcal mole™1) (cal mole—* °K)

0;” + 0, =0, 135 . 318 16

0.~ + H,0 == 0.~ (H,0) 184 20.1 17

and oxygen concentration, this prediction is not inconsistent with the data of Siegel
and Fite’, who observed O, in excess of O,~ by a factor of 3 in air (2-10° ppm of
oxygen) and at 125°C. For their experimental conditions, the thermochemieal values
in Table III predict about equal intensities of O, and O,~. This must be considered
excellent agreement and lends support to the validity of applying thermochemical
data to the ECD and APIMS plasmas.

In relatively dry carrier gas, Table IV indicates that O, (H,O) aiso is expected
to be much less abundant than O,~. Only at 150°C, where a relative abundance of
0.14 for O, (H,0) is predicted, would the hydrated ion concentration become sig-
nificant. If the carrier gas is only moderately dry, thermochemistry allows the hydrated
species to increase proportionately in abundance. Thus, at an assumed 10 ppm of
water, the water cluster of O,~ becomes predominant at 150°C, noticeable (0.02) at
250°C, but is still insignificant (0.001) at 350°C. As previously pointed out, the base-
line data in Table I has suggested that our dried, ulira-high-purity carsrier gas prob-
ably contains closer to 1 ppm than 10 ppm of water.

. As thermodynamic considerations suggest that reaction 5 (and oaly under cer-
tain conditions) together with the eleciron-capture reaction 3 should be important
in accounting for the oxygen ion chemisiry within the ECD, consideration will be
given to the time dependence of these reactions. The rate constant for the forward
reaction 3 is k3 = 1.1-1073! cm® sec~! in nitrogen!® at 25°C and seems to be relatively
independent of temperature'®. As oxygen and water will always be in large excess

TABLE IV

RELATIVE NEGATIVE ION ABUNDANCES PREDICTED " FOR VARIOUS ECD CONDI-
TIONS

Conditions Relative abundance
O, (ppm) H,0 (ppm) T(°C} 0>~ O 0.~ (H>0)
1 1 350 1.00 4-10—2 1.2-10"*
1 1 250 1.00 5-10°8 0.002
1 1 150 1.00 1.0-10-° 0.14
2000 1 350 1.00 1.2-10°% 1.2-10~*
2000 1 250 1.00 1.0-10~* 0.002
2000 1 150 1.00 0.002 0.14
2000 10 350 1.00 1.2-10-% 0.001
2000 10 250 1.00 1.0-107¢ 0.021
2000 10 150 0.71 0.0015 1.00

* Calculated using the thermochemical values listed in Table III.
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over ions and electrons in the ECD, pseudo-first-order decay times of ions and elec-
trons can be calculated from the rate constants. In purified nitrogen, assumed to
contain 1 ppm of oxygen, the half-life of the electron consumption via reaction 3,
7., will be 7 msec. ¥¥ oxygen is added, the rate of the forward reaction 3 increases
to a maximal rate at 2000 ppm of oxygen when t; is 4 usec. The rate constant of
the reverse reaction 3 in pure oxygen is k_3; = 9-10717 cm3 sec™! at 100°C and in-
creases very rapidly with temperature to 1.4-10~* cm? sec™! at 200°C". Assuming
this rate constant will be about the same in nitrogen, we estimate that the half-life
of O, against electron detachment, T_5, is about 50 gsec at 150°C and much less
than 1 gsec at 250° and 350°C. The rate of forward reaction 5 is ks = 1.6-102% cm®
sec™! at 27°C?°. This reaction is probably somewhat slower at higher temperatures.
Assuming it to have a negative activation energy of about 2 kcal mole~?! (ref. 20),
its rate will be about one-sixth as fast at 350°C as the indicated value. Thus, a ;s
of about 10-30 usec is predicted in very dry (1 ppm of water) carrier gas and a cor-
respondingly lower 75 in moister carrier gas. The rate of the reverse reaction 5 can
be calculated from the forward rate and the thermodynamic data in Table II. The
result is that z_s is very fast (<1 gsec) at the temperatures of interest.

The consequences of the above thermodynamic and kinetic considerations of
reactions 3, 4 and 5 can now be summarized. As oxygen is added to the nitrogen
carrier gas, only O, and under certain conditions O, (H,O) can be formed via reac-
tions 3 and 5. The achievement of steady-state electron and ion concentrations that
reflect true chemical equilibrium, however, may be Kinetically hindered. The slowest
reaction of importance in relatively clean nitrogen is the first one, electron-capture
by oxygen (forward reaction 3). In pure nitrogen (1 ppm of oxygen) its rate is about
10® slower than the others and even with 16 ppm of oxygen added it will be much
slower. Thus, if a kinetic bottleneck to equilibrium is present, it will be at the forward
reaction 3. The observable result of this will be to lock the free electrons into a steady-
state concentration greater than that favored by thermodynamics. At high levels of
oxygen, however, forward reaction 3 becomes relatively fast and a steady-state condi-
tion closer to true equilibrium is probably achieved within the ECD. Thus, an im-
portant consequence of oxygen (in addition to the obvious one of moving the favored
equilibrium position of reaction 3 to the right) is to reduce the kinetic bottleneck
of reaction 3. If water is added to the dry carrier gas, the fast reaction 5 will tend
tc move the achievable equilibrium point further to the right, but in the absence
of added oxygen, water may have little or no observable effect on the electron density
because of the slowness of reaction 3. Arguments similar to these’ have been used
to explain the presence of H,O™ in positive ion API mass spectra in spite of its
thermodynamic instability.

The baseline frequencies in Table I have been described and are in reasonable
agreement with the model just discussed. At low levels of added oxygen, the baseline
frequencies are not changed much by variations in temperature, waier or oxygen.
Under these conditions the temperature-independent reaction 3 is slow, and holds
electrons in their free state. Thus, the shifts in the equilibrium positions of reactions
3 and 5 which might be predicted for these changes do not occur, and the pulse
frequencies observed are less sensitive to these variables. With 2000 ppm of added
oxygen, however, the baseline frequency is very sensitive to changes in temperature,
water and oxygen in a manner roughly consistent with the predicted affects of these
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variables under the assumption that a condition nearer true equilibrium reactions
3 and S is attained.

An aspect of the data in Table I which we find difficult to explain, however,
is the magnitude of the baseline frequency increase caused by the addition of 10 ppm
of water to the oxygen-doped carrier gas. For example, at 250°C with 2000 ppm of
added oxygen, this amount of water increased the baseline frequency from 22 to
150 kHz. On the basis of our predictions shown in Table III, only about 29 of the
O, ions would be converted into O,~{H,0), so a much smaller effect might have
been expected.

In extending this model to account for the effect of oxygen on the ECD re-
sponse to sample compounds, it is reasonable to add the following irreversible ion—
molecule reactions as likely additions to the negative reaction sequences:

0, +AB—>O,+ A+ B~ (6)
and, if the carrier gas is not dry,
0,7 (H,0) + AB—-O0, + H,0+ A 4+ B~ @

Reactions 6 and 7 can be envisaged as affecting an ECD response in the same manner
in which reaction 5 has been described as affecting the baseline frequency. Reaction
6 may consume O, while AB passes through the ECD and, thereby, shift the posi-
tion of equilibrium reaction 3 to the right. Again, this perturbation of equilibrium
3 may not occur in a carrier gas containing little oxygen because of the slowness
of forward reaction 3. With relatively large amounts of added oxygen, however, re-
action 3 is fast in both directions, and an additional route for ¢lectron consumption
by the sample is created. The sum of reactions 3 and 6 is identical with direct electron
capture by AB (reaction 1). The difference is that reaction sequence 3 and 6 utilizes
O, ™ as a catalyst. If the rate of this additional O, -catalyzed route of electron attain-
ment by AB is sufficienily fast, an enhanced ECD response will be observed.
Fehsenfeld et al?* found the rate constants for the reactions of O,~ and
0,~(H,0) with CFCl; at 30°C to be 7.6-10~®and < 1- 10~ cm? sec™1, respectively.
For comparison with these, Christophorou?? found the rate constant for electron at-
tachment to CFCl; at 30°C to be about 10-8 cm3 sec~1. Thus, for reaction with highly
chlorinated molecules, one might expect that O,~ will be slower, but possibly com-
petitive with the free electron. For substrate molecules that have very low rates of
electron capture, their reactions with O, may be faster than with the free electron.
This prediction is supported by the general observation that rates of eleciron-captusre
processes are much more substrate dependent than are ion-molecule reaction rates.
For example, at modest detector temperatures, the ECD response to CF;Cl, is at
least two orders of magnitude less than that of CFCl;, suggesting 2 corresponding
difference in rates of electron capture. Fehsenfeld ez al?* found, however, that at
30°C the reaction rates of O, with CF,Cl, and CFCl; differ only by a factor of three.
. The molar response factors of the halocarbons shown in Tables II and Fig.
1 can be rationalized in terms of the model described. The highly chlorinated mol-
ecules experience little response enhancement from the alternative electron attach-
ment route provided by O, because their rate of direct electron capture is much



EFFECTS OF OXYGEN ON A Ni ECD 31

faster. However, at the very highest oxygen -doping and at the lower detector tem-
peratures, the ratio of O,™ to free electron concentration becomes great enough so
that response enhancements are observed for some of the polychlorinated compounds.
At the other extreme of electron-capture reactivity, l-chlorobutane experienced the
greatest response ephancement of the halocarbons caused by oxygen. Iis reaction
with O, is probably much faster than its slow rate of electron capture. As oxygen
is added a new, faster mechanism becomes dominant, which, as the kinetic bottle-
neck of forward reaction 3 is reduced by the increased presence of molecular oxygen,
results in an increased response.

Probably the rate of forward reaction 3, not the rate of reaction 6, limits the
response ephancements observed for 1-chlorobutane. This conclusion follows if one
assumes that the reduction in the eleciron concentration accompanying oxygen doping
causes an equal increase in O, concentration'®. Electron concentration within a
modulated frequency pulsed ECD is thought®»!° to be proportional to 1/F. Thus,
the loss of electrons and the increase in O, will be proportional to 1/F, — 1/F, where
Fy and F are the baseline frequencies before and after doping the carrier gas with
oxygen, respectively. The baseline frequencies at 250°C caused by oxygen doping have
been plotted as 1/F, — 1/F versus oxygen added in Fig. 2. Assuming this function
to be proportional to O, concentration, it can be seen that the concentration of O,~
rises guickly, approaching a maximal value at about 400 ppm, and then increases
slowly. This is not the form of oxygen dependence observed for the response en-
hapncement of the halocarbons and, therefore, O, and reaction 6 are not the limiting
factors in achieving increased responses. The rate of the slow reaction 3, however,
will increase continuously with and in proportion to the addition of oxygen. There-
fore, for the case cited at 250°C, the response of 1-chlorobutane continues to increase
strongly beyond the addition of 400 ppm as the rate of reaction 3 is increased.
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Fig. 2. Change in the reciprocal of the baseline frequency caused by oxygen doping of the carrier gas
at a detector temperature of 250 °C.

As has been previously described and illustrated in Fig. 1, anthracenc does
not follow the pattern of oxygen dependence described for the halocarbons in that
its response factor increases throughout the addition of oxygen, starting immediately
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with ornly 0.4 ppm added. As anthracene is the only compound of those examined
here thought to undergo electron capture via the resonance capture mechanism (re-
action 2), a different type of oxygen dependence may also be a reasonable expecta-
tion. Another mechanism by which response enhancements may occur in the presence
of oxygen seems especially appropriate for anthracene. Instead of oxygen serving as
a catalyst to increase the rate of electron attachment of the substrate, the opposite
situation could also be envisaged, that is, the substrate could be acting as a catalyst
for the attainment of electron-capture equilibrium 3 by facilitating its slow forward
rate. Following the resonance capture reaction 2, which forms the sample molecular
ion, AB—, the following charge-exchange reaction may occur:

AB~ + 0, == AB + O, ®)

The chemical sum of reactions 2 and 8 is equivalent to the slow reaction 3 and. if
it is sufficiently faster than 3, will allow the steady-state condition of electrons and
oxygen to approach a position closer to true equilibrium while AB passes through
the ionization cell. This process would also cause a loss of free electrons and a2 normal
ECD response. A requirement of this mechanism is thai while the rate of electron
attachment to AB must be faster than electron attachment to O,, the electron affinity
of AB must be lower than that of O,, so that reaction 8 will occur. Anthracene is
thought to form a radical anion by the resonance capture process'>. If the anthracene
radical anion is to charge-exchange to oxygen, however, its electron affinity will have
to be less than that of oxygen, which is probably*® about 0.44 eV. This condition
is not satisfied if one accepts the value of 0.55 eV for the electron affinity of anthracene
reported by Wentworth ef al.*>. However, as their method of determining this value
was the pulsed ECD, it is possible that they mistakenly attributed the responses they
observed to the resonance capture process alone, where, as is being suggested here,
the origin of the anthracene response is more complex even in relatively oxygen-
free (1 ppm) carrier gas. Also, the many assumptions made in the method of Went-
worth er al. may have led to significant errors in the determination of eleciron af-
finities. Results obtained by APIMS provide further interesting insight into this prob-
lem. Carroll et al.?* reported that in their search of API negative-ion specira of poly-
nuclear aromatic compounds they were unable to detect any ions characteristic of
the sample. The ECD mechanism proposed here for anthracene predicts that no
terminal ions of the sample are necessarily formed and is, therefore, consistent with
this observation. In the solution phase an analogous catalytic role is played by the
closely related compound naphthalene, in the electrochemical reduction of i-chloro-
butane in dimethylformamide®s, that is, the rate of elecirochemical reduction of 1-
chlorobutane is greatly enhanced by the addition of naphthalene, which readily forms
a radical anion and quickly reverts to molecular naphthalene by reaction with n-
butyl chloride.

CONCLUSION

Because of the greatly increased linear dynamic range of the modulated-pulse
ECD and the high temperature capability of the 5*Ni ionization cell, the increase
in the baseline accompanying the presence of oxygen in the carrier gas is not as serious
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as has previously been described in studies using earlier ECD instruments. In fact,
at detector temperatures of 250° and 350°C, relatively large amounts of oxygen can
be tolerated with modest effects on the baseline. If the carrier gas is not ultra-dry,
however, the effect of oxygen on baseline can be significantly greater. Another pos-
sible source of analytical error presented by the presence of uncontrolled amounts
of oxygen is the variation in the ECD mechanism and the molar response factors
of the sample compounds. The halocarbons studied, however, showed no significant
response variations with the addition of modest amounts of oxygen to the carrier
gas. Therefore, for these, the uncontrolled presence of a few parts per million of
oxygen in a carrier gas is probably not, in itself, a source of analytical error. For
anthracene, however, oxygen does cause a response increase at very low levels.
Therefore, for the analysis of anthracene and perhaps other polynuclear aromatic
compounds by the ECD, far greater control of oxygen contamination of the carrier
gas is recommended.

By adding relatively large amounts of oxygen (2000 ppm), large ECD response
increases can be caused for some compounds which, as for 1-chlorobutane, signifi-
cantly improve the ECD response factors for otherwise poorly responding compounds.
As this effect was observed at the high detection temperatures for 1-chlorobutane,
a minimal sacrifice to baseline noise increase by oxygen is required. Therefore, the
intentional doping of the carrier gas with a definite amount of oxygen may hold
some promise for the improved analysis of monochlorinated organics.

The effect of adding small amounts of water to the carrier gas has been ex-
amined and found to be of importance to baseline frequencies and molar responses
only under conditions when the presence of oxysen has first produced an effect. Thus,
it appears that small amounts of water present in a carrier gas with a low oxygen con-
tent poses no great threat to the ECD analysis of at least the halocarbons examined
here if analyses are performed with a constant-current *Ni high-temperature instru-
ment.

Considering the limitations of earlier ECD instruments which used a fixed
frequency pulse or a d.c. voltage, and/or tritium ionization source of limited tem-
perature range, the contradictory warnings of the past concerning the detrimental
effects that trace amounts of oxygen and water in the carrier gas will have on ECD
analyses are understandable and, in fact, consistent with our findings. The conclusion
and intent of this study is not to recommend more relaxed standards of carrier gas
purity, but to try to identify real sources of error in analyses by the ECD wherever
they might occur.

Two mechanisms have been suggested by which enhanced responses may be
caused by the addition of oxygen. In one of these, O, serves as a catalyst for electron
capture by the sample. This mechanism probably accounts for the response enhance-
ments observed for the halocarbons studied here under the condition of high oxygen
doping. In another mechanism, a radical anion formed from the sample serves as
a catalyst for the achievement of electron-oxygen equilibria within the ECD. This
possibility seems to provide a reasonable explanation for the oxygen dependence ob-
served for anthracene. Studies are presently underway which will explore in more
detail some of the specific suggestions of this survey of oxygen dependence.
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