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Abstract

The effluent from a gas chromatograph was split and directed to four identical windowless photoionization detectors.
These detectors use pure helium, helium with Ar (0.64%), Ar (4.15%) and Kr (0.58%) as the discharge gas. The relative
ionization cross-sections can be obtained from the ratio of the normalized response using an internal standard. This value is
characteristic of the compound and could be used for qualitative analysis. These ratios for 47 compounds encompassing 13
functional groups have been determined and are reported. The values have an average relative standard deviation of 2% for
the majority of the compounds. The long-term reproducibility of a smaller set of compounds has been determined and was
0.78-2% relative standard deviation for the Ar detector and 5.6-11.3% (worse cases) where the response of the krypton

detector is low.
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1. Introduction

The development of sensitive and selective detec-
tors has played a major role in the establishment of
chromatography as an unrivaled analytical tool.
Chief among the detectors for gas chromatography
are the ionization detectors. Recently a pulsed dis-
charge has been used in a helium ionization detector
(PDHID) and an electron-capture detector (PDECD).
This is accomplished with the same basic hardware
by simply changing the potentials and the detector
scavenging gas [1,2]. The PDHID was originaily
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designed for the analysis of permanent gases. In this
case the column effluent was passed directly through
the discharge. Ionization occurs even for Ne which
has a higher ionization potential than the major
radiation from the He discharge, the so-called Hop-
field emission at (13.5-17.7 eV). This indicates that
the He metastables played a role in ionization. In
order to analyze organic compounds, the effluent was
brought in downstream of the discharge region and
no response was obtained for Ne. This led to the
conclusion that the detector in this configuration was
acting as a windowless photoionization detector
(PDPID) which was virtually universal [3]. This
soon led to the idea of doping the discharge with
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various permanent gases to modify the selectivity of
the detector. In a companion paper [4], the use of
argon and krypton to provide selectivity is intro-
duced and the concept of using different ionization
sources to selectively identify chloroalkenes and
chloroalkanes is demonstrated.

The first part of this paper will review briefly the
background of photoionization detectors and com-
pare the current detector with the commercially
available detectors. Next, the dependence of the
emission spectra of the lamps on the concentration of
the dopant will be presented. The data will be
interpreted in terms of the processes for excitation in
the various lamps. Then the effect of the ionization
potential of the analytes will be considered as a
means of predicting the response of the detectors.
The results of the determinations will then be
presented and a general procedure for using these
results for qualitative identification will be proposed.

The photoionization detector was first described in
the early 1960’s and subsequently characterized in
the following decade [5-7]. In 1971, a windowless
PID using microwave excitation of Ne was described
[8]. Since 1976, a number of detectors based upon
sealed ionization sources have been described and
commercialized. This work has fortunately been
reviewed and summarized [9-11] so that only a brief
comparison of the properties of the commercial
lamps and the current sources will be given in this
paper.

The emission from the sources in the commercial-
ly available photoionization detectors (PID) differs
from the sources in the PDPID in two major
respects: the transparency of the window and the
pressure of the inert gas. The PID sources are sealed
lamps so that the transparency of the window plays a
critical role in the ionizing emission. The upper
limits for the energy available from the Ar and Kr
lamps in the PDPID are comparable to those in the
PID sources. There is no PID lamp comparable to
the He-PDPID detector.

In the He-PDPID, the emission is so far in the
vacuum ultraviolet (70-90 nm) that there are no
windows available that are transparent at this wave-
length, consequently the detector must be window-
less. In the case of argon, the atomic resonance
emissions at 104.8 nm (11.8 V) and 106.8 nm (11.6
eV) are at the cut-off wavelength of a lithium

fluoride window so that such a window can be used
with some attenuation of the intensity. However, in
time, the lithium fluoride windows form colored
centers due to exposure to UV radiation [10] These
color centers will diminish the intensity of the
radiation reaching the ionization region. In addition,
operation of LiF at high temperatures will cause the
cut-off wavelength to shift to longer wavelengths,
again attenuating the argon radiation. Thus the argon
PID has limited utility and the lifetime of the lamp is
significantly less than the Kr or Xe PID lamps [10].
The Kr and Xe lamps used in the PID have mag-
nesium fluoride windows that have sufficient trans-
mission at the corresponding wavelengths to be
effective. Of course, any window can be potentially
contaminated by condensed analyte and that must be
considered in the construction of a PID.

The pressure in the PID sources is low enough so
that mainly atomic emission is observed. There is a
low-intensity emission from Ar¥ at 121.6 nm in the
PID lamp [10]. In contrast, the concentration of the
dopant gas in the PDPID can be varied so that
varying amounts of dimer emission relative to atomic
emissions can be obtained. This could be used to
alter the selective nature of the lamps. Indeed, one of
the most attractive features of the PDPID is the ease
of switching from one mode to the other by simply
changing the discharge gas. This is comparable to
the ability to switch from chemical ionization to
electron impact ionization in GC-MS.

The selectivity of the various detectors can be
predicted by examining a table of ionization po-
tentials for various classes of molecules as shown in
Table 1. The table is arranged in order of decreasing
ionization potentials (IP) and the compounds are
classified according to their functional groups. When
a compound has more than one functional group, the
compound is classified on the basis of the group
having the greatest effect upon the ionization po-
tential. There are fifteen groups of compounds.
Examples from thirteen of those groups have been
included in this study. The advantage of listing the
ionization potentials by groups is that from the
highest ionization potential in that group, the photo-
ionization energy required to detect these compounds
is immediately known. For example, for the alkanes,
the ionization potential for methane is 12.5 eV and
ranges down to about 9.5 eV for the higher molecular
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mass compounds. Since the argon-doped PDPID
emits at a maximum energy of (11.6-11.8 eV), it
will not detect methane and will have a small
response to ethane but should respond to the higher
molecular mass alkanes. The general trend in all
groups is that the ionization potential decreases with
increasing molecular mass, apparently due to the
delocalization of the electrons. By replacing a hydro-
gen by a hydroxyl to create the alcohol, the ioniza-
tion potential of even methanol is only 10.6 €V and
the ionization potential decreases as the chain length
increases. In this case, the argon-doped PDPID will
detect all alcohols but the krypton PDPID will not
detect methanol and will probably have a small
response to ethanol but should respond to the higher
alcohols. The ethers, aldehydes, ketones, acids, es-
ters, and amides all have low enough ionization
potentials to be detected with the Kr-doped detector.
Sulfur compounds and the amines all have low
ionization potentials and should be detected in the
Kr-doped detector. The ionization potentials of the
aromatic and olefinic compounds are all lower than
their saturated analog so they can be detected in the
Kr-doped PDPID. For example, the ionization po-
tential of hexane is 10.1 eV, whereas that of 1-hexene
is 9.45 eV and that of benzene is 9.2 €V. In contrast,
the substitution of fluorine increases the ionization
potential while that of chlorine slightly lowers the
ionization potential and that of iodine significantly
lowers the value. For example the ionization po-
tential of methyl iodide is only 9.5 eV compared to
the value for methane, 12.5 eV.

In this study, the effluent from the gas chromato-
graph has been split to four identical detectors in
order to determine the relative ionization cross-sec-
tions of the different compounds. One of the detec-
tors uses pure He as discharge gas and is therefore a
universal detector which serves to normalize the
responses of the other three detectors that contain Ar
(0.64%), Ar (4.15%) and Kr (0.58%). The different
argon concentrations were used to evaluate the effect
of the diatomic argon emission. Ultimately this
normalized response could be used to identify certain
compounds. In the extreme, one compound would
have no response in the detector with the lower-
energy photons, while the other would give a re-
sponse. However, if it is possible to accurately
measure the relative cross-sections, the magnitude

could be used to identify closely eluting compounds.
To accomplish this, the response of 47 compounds
containing 13 different functional groups has been
measured. The compounds selected had sufficient
volatility that a gas sample could be injected into the
chromatograph. The relative standard deviations for
these compounds are reported and show promise for
developing an automated system that can be used for
qualitative analysis in conjunction with relative
retention times.

2. Experimental

The four detectors used throughout this work (Fig.
1) were designed and built in our laboratories. The
detector end sections are constructed of 99.8%
alumina that has excellent mechanical properties.
The discharge region (1.6 mm I.D.) has a smaller
I.D. than the other parts (3 mm L.D.) in order to
minimize the back diffusion from the column ef-
fluent into the discharge region.

Due to the strong tendency towards adsorption on
alumina, which can produce tailing peaks,
leucosaphire (3 mm I.D.) was used in the ionization
region (middle section). The two end flanges and all
electrodes (bias, collector, and discharge) were made
of stainless steel. The discharge electrodes were
platinum-tipped and cemented into the discharge
section. Both flanges had a 1/16-inch (ca. 1.6 mm)
stainless-steel tubing soldered to them. The tubing on
the discharge side was additionally fitted with the
discharge gas mixture supply. The tubing on the
other side was open to the atmosphere and served as
detector outlet as well as the inlet port from the GC
capillary column. The parts were sealed with gold
O-rings and cemented with high-temperature epoxy
glue (Duralco 4703)

The detectors were housed in cavities of a stain-
less-steel heating block, which was maintained at
322 K to prevent condensation of the samples. This
heating block had drilled-out sections through which
Selectro-type connectors were passed to reach the
bias and collector electrodes. One of the discharge
electrodes was grounded and the other was con-
nected to an ignition coil and its ancillary power
supply and pulse generator as shown in Fig. 2. These
were developed and assembled by the electronics
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Fig. 1. Schematic diagram of the PDPID.

shop at the University of Houston. In the current
experiments, the discharge parameters were chosen
as 28-ms pulse width and 220-ms pulse spacing. A
d.c. potential of 20 V was supplied to the coil during
the 28-ms pulse width. A negative bias potential of
300 V was applied to the cell to direct the photo-
induced current towards the collector. The electric
current in the cell was measured at the collector

PULSE GENERATOR FOR
FOR DISCHARGE CONTROL

electrode with a custom-designed electrometer pro-
viding a fixed gain of 10°. The electrometer collec-
tion circuitry consisted of a DT-2770 (Data Transla-
tion, Marlboro, MA, USA) interfaced to a DT-2802-
4 A/D Intel 486 motherboard. All data were ac-
quired using EZCHROM 5.1 (Scientific Software)
chromatographic acquisition software. The A/D
board was set to a digital resolution of 19 bits.

——
/ 9 \
— o . DT28024
IGNITION b ELECTROMETERS 14 4 CHANNEL
COILS 14 g D BOARD
'\ [, /
\ i
-
pT7IT?
SCREW EZCHAOM 5.1
TERMINAL
PANEL
POWER SUPPLY FOR POWER SUPPLY FOR
DISCHARGE CONTROL BIAS CONTROL COMPUTER J

Fig. 2. Schematic of the computer-interfaced GC.
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All gases for these experiments were 99.999%
purity (five nines) from Trigas (Houston, TX, USA)
and were additionally purified by passing them
through VICI Helium purifiers (Valco Instruments,
Houston, TX, USA) operated on the ‘‘bakeout’
position (673 K). The pressure-regulated helium
flow was split using a VICI four-outlet manifold, and
the flow-rates regulated with VICI zero-grease needle
valves. Dopant gas (argon or krypton) concentrations
were achieved by adding pressure-regulated gases
through fixed restrictors prior to a mixing tee down-
stream of the above described needle valve.

The carrier gas was five-nines helium purified the
same way as the discharge gases. The chromato-
grams were obtained by using a 30 mX0.25 mm
ID., 0.25 um Rtx-5 column from Restek (Belle-
fonte, PA, USA). The column effluent was split using
a four-way VICI manifold. The transfer lines from
this manifold to the individual detectors was made
from 0.27 mX0.05 mmX0.05 um DB-1701 (J&W
Scientific, Folsom, CA, USA). These lines have to be
precisely the same length to provide equal flow
distributions and retention times for all detectors.
The carrier gas flow was 3.9 ml/min. All gases were
passed through the entire set-up using 1/16-inch
stainless-steel tubing (0.03 mm 1.D.). The oven of an
HP 5880 gas chromatograph was used for these

experiments. A schematic diagram of the entire set-
up is shown in Fig. 3.

The chemicals were purchased in 99% purity and
used as received. The samples were prepared by
using a microliter syringe to inject 1-10 compounds
and an internal standard into a 100-ml gas-tight
syringe (SGE, Austin, TX, USA) filled with either
air or helium. The samples were allowed to evapo-
rate completely. Helium was used instead of air
when an early eluting solute was difficult to separate
from the components of air. The loaded syringe was
then fitted to a Valco 6-port valve fitted with a 5-ul
loop (Fig. 3). Sample injections were performed in
the stream of carrier gas before a GC column.
Multiple injections of the same sample were always
performed in order to produce statistical data.

The purity of the samples and the actual con-
centrations in the samples are not critical. In addi-
tion, the actual chromatographic ratios (CR) to the
various detectors can be removed from the determi-
nation by using an internal standard. Thus the only
assumption made in determining the relative cross-
sections is that the response of the detectors is in the
linear region and that the split is not selective so that
the amount of the analyte and the amount of the
internal standard represent the overall sample eluting
from the column and the same split ratio. The use of

1+
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+
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P
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<4—— Restrictors
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Fig. 3. Schematic diagram of the chromatographic system.
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an internal standard will also eliminate variations in
peak width so that peak heights could be used for the
responses. This can be shown from the following
equations.

Riex = ke xCx Rue sta = ke s1aCsta

Ry x = ki, x[CRICK Ry, g = ki, alCRIC 4

where the R values are the responses (areas or
heights), Cy is the concentration of the analyte while
C,,4 is the concentration of the internal standard and
k’s are the linear chromatographic factors and are
equated to the photoionization cross-sections. By
taking the ratio of the absolute responses, the con-
centration terms cancel and by taking the responses
relative to the standard, the response factors are
eliminated. If heights are used, then the changes in
the widths would be reflected in both the widths of
the standard and the analyte so that the experimental
quantity of interest is the relative photoionization
cross-section (RePIX). The same relationship is
applicable to any dopant gas.

(kX /ksld)Kr _ RKr,X /RKr,Std
(kX /ks\d)He RH::,X /RHe,std

RePIX =

This quantity, RePIX, accounts for the concen-
tration dependence and variation in chromatographic
properties such as the split ratio and the instrumental
properties such as change in the sensitivity in the
detectors due to variation in the applied power to the
discharge. Certainly over long periods of time, say
months, there would be changes in absolute detector
sensitivity. Thus we reference the relative responses
to benzene, which is assigned a value of 1.0000.
Benzene acts as an internal standard. Benzene is
used because it has a low ionization potential and is
easily detected by all detectors. Other internal stan-
dards could be used for this scale provided the
relative value to the other standard were known
accurately relative to benzene. These values of
RePIX should be quite accurate and reasonably
reproducible over long periods of time. Since the

effluent from the column is split and analyzed by the
PDPID, this value should be independent of the usual
chromatographic variations such as sample decompo-
sition, leaks and poor chromatographic conditions.
The most susceptible component for variation is the
composition of the discharge gas and its subsequent
emission spectra. A change in gas composition of the
doped gases or the purity of the helium could affect
the emission spectra and thus even the relative
responses.

The emission spectra produced in the discharge
was recorded using an Acton 402 monochromator.
Normally this is a vacuum monochromator capable
of measuring wavelengths as low as 50 nm. A
holographic grating allows the measurement of up to
550 nm. Since air absorbs below 190 nm, the
monochromator must be evacuated in order to make
measurements from 50 to 190 nm. Alternatively, we
have purged the monochromator with helium of
sufficient purity to allow spectra to be recorded down
to 60 nm. Below 60 nm, the helium begins to absorb,
primarily through the resonance line at 58.44 nm.
Since the PDPID spectrum is of high energy, it is
necessary to measure spectra as low as 60 nm. With
a vacuum system, a window must be used which
limits the spectral region by the transparency of the
windows. Lithium fluoride has the greatest trans-
parency at short wavelengths with a cut-off at about
100 nm. As will be seen shortly, the emission
spectrum from helium falls completely below the
100 nm cut-off and the atomic emission in the
Ar-doped helium occurs at about this cut-off.

Since windows cannot be tolerated in order to
record the spectra below 100 nm, the pulsed dis-
charge must be coupled directly to the helium-purged
monochromator. This would require purging the slits
in the normal operation. However, since the dis-
charge consists of such a very narrow line, we use
the discharge as the optical image and eliminate the
entrance slit. The discharge is located at the position
normally occupied by the entrance slit so that the
image is in focus. The Acton 402 monochromator
has a 0.2-m optical path with a dispersion of 4.0
nm/mm. The line-like discharge must have a width
of about 0.15 to 0.20 mm in order to give a band
pass of 0.6-0.8 nm. This resolution is sufficient for
recording the emission spectra from the PDPID.
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3. Results and discussion
3.1. Spectra

The emission spectra from the pulsed-discharge
sources using pure helium and Ar- or Kr-doped
helium in the range 60—180 nm are shown in Fig. 4.
The helium emission consists only of the broad He¥
(A'S)) emission (60-100 nm, 13.5-17.7 €V). The
resonance radiation at 21.2 eV (58.44 nm) from the
atomic transition (2'P—1'S) is self absorbed since
the helium is at 1 atm pressure (101.325 MPa).
Argon- and krypton-doped helium give both the
atomic resonance radiation and the dimer continuum
emission. The atomic resonance radiation actually
consists of two lines. In the case of argon, these lines
are closely spaced, 104.8 and 106.6 nm, and are not
completely resolved with the Acton monochromator.
The resonance lines are broadened which couid be
due to the high pressure and/or the mode of excita-
tion.

In another study, we determined the emission
intensity—time profile arising from various excited
species [12]. Both the argon and krypton emissions
occur later than the He;" triplet emission. Thus, we
think that the excitation of the Ar and Kr atomic
resonance emissions arise from:

Ar+He (2’ )— Ar'(4°P) + 2He(1'S)

Kr + He)(@*Y,, ) —>Kr'(5°P) + 2He(1'S)

The time delay could allow the excited species to
diffuse out of the discharge region that would also
broaden the spectral image. In general, the atomic
emissions from N/N, or H/H,O are more narrow
than the Ar and Kr atomic lines. The diatomic
continnum emissions arise from the subsequent
reactions:

Ar+ Ar'(4°P)— + Ar@Y, )
Kr+ Kr'(5°P) = + Kri(@’>, )

The resulting broad band emission from the excited
diatomic species arises from:

120

148.4
130.5|
1745

Ar 126
106.6
104.8
149.4
174.5

He

1134

S

1236
Kr
8
g 1165
g u‘i‘i
x 200
& Wavelength

Fig. 4. Spectra of pure helium, argon-doped helium and krypton-
doped helium.

* 3 +
Ary@Y, ) > 2Ar +hp(9.28 — 10.24 &V)

* 3 +
Kry@’>,, )—2Kr +hu(8.11 — 8.87 &V)

similar to the Hopfield emission from He¥ (AIE: )
[13). Since the Ar¥ and Kr¥ are formed from a
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Fig. 5. Relative intensities of mono and diatomic emission as a
function of % argon: (@) 104.8 nm, (W) 106.6 nm, (A) 121-133.6
nm.
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Fig. 6. Relative intensities of mono and diatomic emission as a
function of % krypton: (@) 116.5 nm, (®) 123.6 nm, (A) 135 nm.

second-order reaction, the emission intensity of the
dimeric excimer increases with the concentration of
Ar and Kr. The intensity of the atomic emission also
increases at low concentrations of Ar and Kr but then
becomes relatively constant. This is expected since
the excited atomic species are depleted in the
reaction to produce the dimers. By varying the
concentration of the dopant, the atomic and diatomic
emissions can be varied and could be used in
selective ionization.

The emission spectra from the Ar- and Kr-doped
He have been recorded as a function of dopant
concentration. The intensities of the atomic and
diatomic emission as a function of percentage dopant
are shown in Fig. 5 and Fig. 6. The atomic emissions
from argon at 104.8 and 106.6 nm reach a maximum
intensity at about 1% and then remain approximately
constant. The 106.6-nm line decreases slightly when
the concentration of the argon is above 2%. On the
other hand, the diatomic emission in the range 121—
138 nm increases almost linearly with concentration
from 1 to 6% argon. Both the increases in the dimer
emission and the leveling of the atomic emissions are
as expected since the dimer is formed from the
monomer in a second-order process. A similar
situation occurs for the krypton emission except that
the intensity of the atomic emission begins to level
off at about 0.4-0.5%. Because of the cost of
krypton and because our source of krypton was a
mixture of Kr in He, we have not investigated the
emission of Kr above 0.9% Kr. However, in Fig. 6,
the dimer emission at 135 nm increases in intensity
as the krypton concentration is increased.

3.2. Relative photoionization cross-sections
(RePIX)

The relative values of the responses (RePIX, Bz)
(see Section 2 for the details of the calculation) are
given in Tables 2 and 3. In Table 2, the values are
given in the order of the RePIX (4.15% Ar) values.
At least five chromatograms were run for each
compound so that the reported values are the average
of these runs. The standard deviation and relative
standard deviations are given in Table 2. In the cases
where no values are given, the response was too
small to be quantitated but five attempts were made.
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Table 2
Relative photoionization cross-sections (RePIX) sorted by RePIX(4.15% Ar)
Compound LP. RePIX R.S.D. RePIX R.S.D. RePIX R.S.D.
(eV) (4.15% Ar) (%) (0.64% Ar) (%) (0.58% Kr) (%)
CH,CN 12.19+0.005 0.006=0.0005 6.30 0.019+0.001 3.76 0.011+0.0005 4.25
CCLFCF,Cl 11.99+0.02 0.019+0.001 5.54 0.026x0.002 7.26 0.019x0.001 5.15
CCl, 11.47+0.01 0.306=0.001 0.22 0.327+0.001 0.22 0.029+0.003 11.51
3-Pentanone 9.31%0.01 0.355+0.003 0.78 0.3160.006 1.83 0.406+0.016 3.94
CHCl, 11.37+0.02 0.401+0.001 0.36 0.433+0.002 047 0.028+0.003 11.97
Acetone 9.71 0.403+0.007 1.80 0.393+0.013 3.32 0.571+0.009 1.56
2-Propanol 10.12+0.08 0.441+0.002 0.45 0.458+0.005 1.15 0.092+0.008 8.14
Butyraldehyde 9.84+0.02 0.476+0.008 1.70 0.500*+0.009 1.88 0.205+0.023 11.15
Ethyl ether 9.51x0.03 0.480*0.006 1.21 0.535+0.003 0.50 0.309+0.009 2.78
Tetrahydrofuran 9.41+0.02 0.528+0.061 11.58 0.612x0.017 2.84 -
Methyl-tert.-butyl ether 9.24 0.533%+0.003 0.53 0.562+0.004 0.75 0.327+0.003 0.84
Triethylamine 7.50 0.539+0.024 4.52 0.307=0.018 5.84 0.432 -
2-Chloropropane 10.78+0.02 0.543+0.008 1.45 0.620+0.011 1.83 - -
CF,C,H, 9.68+0.004 0.566+0.001 0.18 0.617+0.003 0.51 0.481+0.011 2.24
CH,CCl, 11.00 0.6010.001 0.23 0.679+0.002 0.32 - -
Propyl ether 9.27%+0.05 0.626+0.002 0.32 0.681+0.006 0.84 0.151x0.013 8.76
1-Propanol 10.22+0.03 0.638+0.006 0.88 0.645+0.010 1.53 0.084+0.010 12.34
n-Pentane 10.35£0.01 0.649+0.013 2.01 0.757+0.010 1.31 - -
Propyl formate 10.52+0.02 0.663+0.003 0.48 0.726+0.008 1.09 - -
1-Pentanol 10.00+0.03 0.667+0.011 1.72 0.697+0.008 1.20 - -
n-Heptane 9.92+0.05 0.686+0.006 091 0.789+0.002 0.29 - -
n-Hexane 10.13 0.701=0.006 0.86 0.827+0.001 0.14 0.063+£0.005 -
CH,CICH,CI 11.06 0.725+0.003 047 0.833+0.009 1.14 0.030 8.38
CH,Cl, 11.32+0.01 0.780+0.003 0.35 0.879x0.001 0.17 0.035+0.005 14.48
2-Nitropropane 10.71+£0.05 0.795+0.006 0.77 0.937x0.011 1.15 — -
1-Hexene 9.44+0.04 0.795+0.004 0.55 0.877=0.001 0.16 0.334+0.007 2.15
Nitromethane 11.02+0.04 0.817+0.009 1.09 0.90320.024 2.67 0.187+0.018 9.47
Cyclohexane 9.86+0.03 0.840+0.007 0.81 0.979+0.010 1.05 0.178+0.005 2,71
1-Bromobutane 10.13 0.842+0.001 0.17 0.961+0.003 0.31 0.166+0.007 433
Ethyl benzene 8.77+0.01 0.905+0.013 1.43 0.943+0.017 1.76 0.533+0.019 3.54
Ethyl sulfide 8.43+0.01 0.907+0.003 0.31 0.957+0.006 0.67 0.557*0.011 1.91
0-Xylene 8.56+0.01 0.961+0.012 1.24 1.023+0.012 1.21 0.607x0.019 3.16
p-Xylene 8.44+0.01 1.021£0.015 1.50 1.083*0.017 1.53 0.690+0.018 2.60
Toluene 8.82+0.01 1.0340.005 .50 1.066=0.011 1.02 0.797+0.015 1.82
m-Xylene 8.56+0.01 1.039x0.018 1.70 1.095*0.011 1.02 0.645+0.021 3.27
Propylamine 8.78+0.02 1.046 £0.066 6.29 0.843+0.042 4.99 - -
Cyclohexene 8.94+0.01 1.049+0.007 0.71 1.173x0.009 0.74 0.383+0.009 2.33
CHCICCI, 9.47+0.01 1.103+0.006 0.58 1.162+0.007 0.65 0.685+0.006 0.94
cis-CICHCHCI 9.66+0.01 1.171x0.009 0.79 1.305+0.010 0.75 0.731+0.021 2.82
Allylsulfide No V. 1.194+0.004 0.36 1.235+0.025 1.99 0.826+0.063 7.66
CICF, 9.72+0.02 1.195+0.007 0.56 1.366+0.008 10.58 0.345+0.036 10.49
CF, 9.91 1.209+0.022 1.80 1.282+0.016 1.26 0.229+0.026 11.29
C,Cl, 9.32 1.322+0.006 0.42 1.419+0.014 0.96 0.696+0.005 0.79
C.HCl 9.06+0.02 1.411+0.014 0.96 1.508+0.020 1.32 0.914=0.072 7.91
Ethyl iodide 9.35 1.456+0.007 0.46 1.471+0.007 049 1.430+0.017 1.09
CH,Br, 10.50+0.02 2.110+0.017 0.78 2.372+0.023 0.96 0.181+0.010 5.62
CS, 10.07+0.002 2.402+0.016 0.68 2.612+0.004 0.14 0.521=0.005 1.04
In Table 3, the values are given in the order of From Table 3, when the ionization potential of the
ionization potentials. The ionization potentials are compound is greater than 11.8 eV, the RePIX(Ar) is

also given in Table 2 for convenience. small or negligible. Starting with CCl, with an
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Table 3
Relative photoionization cross-sections (RePIX) sorted by ionization potential
Compound LP. RePIX RePIX RePIX
V) (4.15% Ar) (0.64% Ar) (0.58% Kr)
CH,CN 12.19+0.005 0.006 0.019 0.011
CCl,FCF,Cl1 11.99+0.02 0.019 0.026 0.019
CcCl, 11.47+0.01 0.306 0.327 0.029
CH,Cl, 11.37%0.02 0.401 0.433 0.028
CHCl, 11.32+0.01 0.780 0.879 0.035
CH,CICH,Cl 11.06 0.725 0.833 0.030
Nitromethane 11.02+0.04 0.817 0.903 0.187
CH,CCl, 11.00 0.601 0.679 -
2-Chloropropane 10.78+0.02 0.543 0.620 -
2-Nitropropane 10.71+£0.05 0.795 0.937 -
Propyl formate 10.52+0.02 0.663 0.726 -
CH,Br, 10.50%+0.02 2.110 2372 0.181
n-Pentane 10.35+0.01 0.649 0.757 -
1-Propanol 10.22+0.03 0.638 0.645 0.084
n-Hexane 10.13 0.701 0.827 0.063
1-Bromobutane 10.13 0.842 0.961 0.166
2-Propanol 10.12+0.08 0.441 0.458 0.092
Cs, 10.07+0.002 2.402 2.612 0.521
1-Pentanol 10.00+0.03 0.667 0.697 -
n-Heptane 9.92+0.05 0.686 0.789 -
C.F, 9.91 1.209 1.282 0.229
Cyclohexane 9.86+0.03 0.840 0.979 0.178
Butyraldehyde 9.84+0.02 0.476 0.500 0.205
CICF, 9.72+0.02 1.195 1.366 0.345
Acetone 9.71 0.403 0.393 0.571
CF,C H, 9.68£0.004 0.566 0.617 0.481
cis-CICHCHCI 9.66+0.02 1.171 1.305 0.731
Ethyl ether 9.51+0.03 0.480 0.535 0.309
CHCICCI, 9.47+0.01 1.103 1.162 0.685
1-Hexene 9.44+0.04 0.795 0.877 0.334
Tetrahydrofuran 9.41+0.02 0.528 0.612 -
Ethyl iodide 9.35 1.456 1.471 1.430
c,ql, 9.32 1.322 1.419 0.696
3-Pentanone 9.31%0.01 0.355 0.316 0.406
Propyl ether 9.27+0.05 0.626 0.681 0.151
Methyl-tert.-butyl ether 9.24 0.533 0.562 0.327
C,H,Cl 9.06+0.02 1.411 1.508 0.914
Cyclohexene 8.94+0.01 1.049 1.173 0.383
Toluene 8.82+0.02 1.034 1.066 0.797
Propylamine 8.78+0.01 1.046 0.843 -
Ethylbenzene 8.77+0.01 0.905 0.943 0.533
m-Xylene 8.56+0.01 1.039 1.095 0.645
o-Xylene 8.56+0.01 0.961 1.023 0.607
p-Xylene 8.44+0.01 1.021 1.083 0.690
Ethyl sulfide 8.43+0.01 0.907 0.957 0.557
Triethylamine 7.50 0.539 0.307 0.432
Allylsulfide No V. 1.194 1.235 0.826

ionization potential of 11.47 eV, the RePIX is 0.306
and continues to be high for all compounds with a
lower ionization potential. The values range to 2.40

for CS,.

Similarly for the values of RePIX(Kr), the re-
sponse is small for compounds with ionization
potentials above 10.1 eV and certainly for com-
pounds with ionization potentials above 10.6 V.
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Recall that the atomic emission at 10.1 eV was much
more intense than the emission at 10.6 eV. For most
of the compounds with ionization potentials less than
10.1, the RePIX is significant, ranging to a high of
1.430 for ethyl iodide. For the compounds with
ionization potential above 10.6 €V, there are a few
compounds with a small but measurable RePIX. In
addition, for some compounds with low ionization

th
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Fig. 7. Comparison of responses in pure helium, helivm+0.58%
krypton, helium+0.64% argon, helium+4.15% argon. Peaks: 1=
freon 113, 2=1-propanol, 3=1-hexene, 4=ethyl iodide, 5=
benzene, 6=heptane, 7= 1-bromobutane.

potentials, the responses could not be measured. In
the case of the molecules with higher ionization
potentials, the extra energy could be supplied by
reaction of excited species or could be the result of
bond formation. The low response for the com-
pounds with low ionization potentials could be due
to chromatographic problems. These exceptions are
under investigation.

Tables 1-3 are useful in predicting the selectivity
of the PDPID. One detector will give adequate
response for some compounds and at the same time
possibly eliminate interference from other com-
pounds in the mixture. Particularly noteworthy is the
elimination of a response to water and air by using
the 4.15% Ar-doped PDPID. This is specially im-
portant for environmental analysis of air and water
samples. Also the response of a certain class of
compounds can be enhanced and at the same time
minimize the response to other classes of com-
pounds. For example, the Kr-doped PDPID can be
used to selectively measure aldehydes, ketones, and
aromatics in the presence of aliphatic hydrocarbons
or fluoro compounds. Table 1 is especially useful for
this purpose. This selectivity is illustrated by the
chromatograms shown in Fig. 7.

Tables 2 and 3 can be used to investigate the
objective of using the RePIX for qualitative analyses.
There are three sets of RePIX values for each
compound. The question is simply are these unique
to a given compound so that it can be identified by
this set of numbers within the experimental errors. In
order to see if these three values define or distinguish
each compound, we can first search through Table 3
to see if the RePIX(Ar 4.15%) values are different
enough for each compound. When there is an over-
lap, we then examine the RePIX(Ar 0.64%) and
RePIX(Kr 0.58%) values to see if they are different
based upon some statistical evaluation.

An alternative to this search routine is to examine
a graph of RePIX(Kr 0.58%) and RePIX(Ar 0.64%)
versus RePIX(Ar 4.15%) to see if there is a correla-
tion or non-correlation between the two sets of
results. Such graphs are shown in Fig. 8 and Fig. 9
with the respective error bars. From Fig. 8, the
RePIX(Ar 0.64%) and RePIX(Ar 4.15%) are highly
correlated as indicated by the linear relationship
between these values. Thus a single parameter can be
used to determine the RePIX(Ar 0.64%) from the
measured values of RePIX(Ar 4.15%). In other
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Fig. 8. Relative response for argon (0.64%) versus relative response for argon (4.15%).

words, the two Ar PDPID responses are not in-
dependent and only one set of relative responses can
be used for qualitative identification of a compound.
There are four exceptions where the data points
deviate significantly from the straight line. In Fig. 8,
the two points falling below the line are propylamine
and triethylamine. Since these compounds have
exceptionally low ionization potentials, it is not
surprising that the response to the Ar(4.15%) PDPID
would be greater where a significant portion of the
emission is at a low energy (9.2-10.2 eV). Unless
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other deviations are found, there seems to be little
advantage in using two Ar-doped PDPIDs.

In contrast to the correlation found in Fig. 8, there
appears to be very little correlation between the
RePIX(Kr 0.58%) and the RePIX(Ar 4.15%) values.
Thus these data could be used to contribute to the
identification of a compound. With only two relative
responses available, it would appear that these values
should be combined with relative retention times to
make this qualitative identification practical. This
was not done in this study but will be included in

t
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Fig. 9. Relative response for krypton (0.58%) versus relative response for argon (4.15%).
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future investigations. This is especially important for
those compounds with higher ionization potentials
that have a low response to the Kr-doped PDPID. In
Fig. 9, there are some data points that are not
separated within the error so that relative retention
time would be essential.

The purpose of splitting the effluent into the four
detectors was to obtain a greater precision in the
relative responses from the PDPIDs. From Table 2,
the errors in the RePIX(Ar) average less than
0.9+0.7% The majority of the values are from 0.5 to
2%. There are three outliers (greater than 4% relative
standard deviation) with a significant response: tetra-
hydrofuran, triethylamine, and propylamine. These
did not chromatograph well. The relative errors in
the Kr-doped PDPID vary with the magnitude of the
response. Generally the errors are greater than those
for the Ar-doped detector, the average value is in the
range of 4%. However, there are some values which
are as high as 12%.

The magnitude of the errors in the relative re-
sponses is critical in differentiating between two sets
of values for qualitative identification of the com-
pounds. In principle, no two compounds would be
expected to have precisely the same values of RePIX
in the Ar and Kr PDPID. Certainly, the absorption
spectra and internal conversion to the photoionized
state are different for different compounds, even
those of similar structure. However, the relative
responses can not be differentiated if the difference
between the relative responses is less than the errors
associated with them. As we gain experience with
these detectors, we expect to obtain more precise
relative values.

The errors quoted in Table 2 are those derived
from data taken over a somewhat short period of
time, within a few hours. These would be appropriate
if the detectors were calibrated on a daily basis. To
check the stability of these measurements over a
longer time period (weeks) we carried out a study
using pentane, hexafluorobenzene and dibromome-
thane, and measured the RePIX values. The relative
errors ranged from 0.78% to 2% for the Ar detector
and from 5.6 to 11.3% for the Kr-doped detector and
these are comparable to the short-term reproducibil-
ity.

The use of the RePIX values for qualitative
analysis is illustrated in Fig. 10. The compounds are

divided into two groups based upon their response in
the Kr-doped detector for RePIX(Kr). Values less
than 0.2 are placed in one group, containing 25
compounds. The other 22 compounds can be further
divided into a group with RePIX(Kr) between 0.2
and 0.45 and a group with a value larger than 0.45.
The RePIX(Ar 4.15%) values for these compounds
are used as the x-axis. The y-axis is a gaussian with a
magnitude of 1 and a width equal to experimental
standard deviation. This is analogous to a mass
spectrum where all of the potential masses are shown
with their respective resolution at equal intensities.
The greatest magnitude is 2, indicating one overlap
within the error. The large errors for tetrahydrofuran
and propyl amine are clearly indicated. An improve-
ment in the precision of these values would help in
the identification. In the cases of overlap, the relative
retention times would be very useful. Frequently, the
RePIX values are similar for a class of compounds,
i.e. ketones or alcohols. In these cases, the relative
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Fig. 10. Gaussian error distribution of individual G(RePIX) versus
relative photoionization cross-section {RePIX(Ar 4.15%)] at vari-
ous RePIX(Kr 0.58%) values.



250 G. Gremaud et al. / J. Chromatogr. A 724 (1996) 235-250

retention times would be quite different since the
compounds would contain a different carbon chain
length.

4. Conclusions

The effluent from a gas chromatograph was split
and directed to four identical windowless photoioni-
zation detectors. These detectors use pure helium,
and helium with Ar(0.64%), Ar(4.15%) and
Kr(0.58%) as the discharge gas. The relative photo-
ionization cross-sections (RePIX) have been ob-
tained from the ratios of the normalized response of
a compound in the Ar or Kr detector, to the
normalized response of the same compound in the
pure helium detector. This RePIX value is charac-
teristic of the compound and could be used for
qualitative analysis. The RePIX values for 47 com-
pounds encompassing 13 functional groups have
been determined and are reported. The relative
responses using the two different argon concen-
trations are highly correlated. Consequently, for most
compounds, only the relative responses of one of the
argon concentrations can be used effectively for
qualitative identification. Conversely the relative
responses for the krypton-doped and the argon-doped
helium detectors are uncorrelated and the two rela-
tive values could be used to assist in qualitative
identification of an analyte.

The RePIX values have an average relative stan-
dard deviation of 2% for the majority of the com-
pounds. The long-term reproducibility of a smaller
set of compounds has been determined and was
0.78-2% relative standard deviation for the Ar
detector and 5.6-11.3% (worse cases) where the
response of the krypton detector is low. This is
comparable to the short-term variation. The relative
standard deviations show promise for developing an
automated system that can be used for qualitative
analysis in conjunction with relative retention times.
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