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The relative sensitivities of a Bayard-Alpert ionization gauge for various organic molecules have been measured.
There is a good correlation with total ionization cross section at 75 eV. For monofunctional compounds a
correlation with number of electrons is seen with different functional groups on different lines. The best general
correlation is with the polarizability, a, with R,=0.36a+0.30, where R, is the chemical sensitivity relative to
N_=1.00. Alkanes and the noble gases have slightly larger R, values than predicted by this equation.

Introduction

Ionization gauges, such as the Bayard-Alpert gauge!, are widely
used as pressure measuring devices in the 10~3-10"!! torr range,
due to their reliability, linearity over a wide pressure range and
negligible electronic calibration needs. Their principle drawback
is their selective response to different gases: sensitivity may vary
by a factor of 30 for helium compared to large organic molecules.
Most ion gauges are calibrated to read true pressure for nitrogen,
with smaller molecules in general giving readings lower than the
true pressure and larger ones higher than true readings. The chemi-
cal sensitivity of an ion gauge for some compound X, S, is defined
as the ratio of the observed pressure divided by the true pressure.
1t is well established that the absolute chemical sensitivity of an ion
gauge for a given gas can vary by more than 309, depending on
the design and condition of the gauge tube, and its operating
parameters®. Thus, any attempt to compile standard absolute
chemical sensitivities for various gases from a variety of sources
will not provide useful data, unless all values are related to some
common compound. The ratio of chemical sensitivities for two
different compounds, however, appears to be much more
constant®-. Summers has shown that the ratio of the chemical
sensitivities for compound X relative to that for nitrogen,
R,=S5,/Sy,, varies by only 7% for widely different gauges and
operating conditions?. There have been published several tables of
such relative sensitivities, R,, for small inorganic molecules*!!, as
well as for hydrocarbons!? and a limited number of more
complicated organic compounds®13.

Recent advances in the measurement of ion—-molecule reactions
have created a need for such chemical sensitivities for a wide
variety of organic compounds. Absolute chemical sensitivities are
needed for the determination of rate constants in low pressure
devices such as ion cyclotron resonance (ICR) spectrometers,
since it is accurate absolute pressure determination that is the
principal source of uncertainty in such work. Relative ion gauge

chemical sensitivities are used in the measurement of equilibrium
constants, such as for proton, electron and hydride transfer'4. In
ICR spectrometry, common practice is to perform such experi-
ments while measuring the pressure using an ion gauge, then
afterwards to calibrate the ion gauge for each gas used. This is
done by measuring the pressure of each pure gas in the
1073-10"* torr region using both the ion gauge and some
absolute pressure measuring device such as a capacitance
manometer. It would be of considerable use to have some method
for predicting the ion gauge chemical sensitivity for any com-
pound, both to facilitate the proper setting of experimental
pressures and to obtain values for compounds too nonvolatile or
unstable to calibrate against the capacitance manometer in the
normal way. There have been proposed several such correlations
of chemical sensitivities with molecular properties such as with
number of electrons*!#15 number of valence electrons weighted
by orbital radii'®, total ionization cross section at various
energies®!3 and polarizability®. Most of these correlations have
used compilations of ion gauge sensitivity values for different
compounds from a variety of literature sources. Considering the
variation in absolute chemical sensitivities that arise from minor
changes in ion gauge construction and operating conditions and
the general lack of data for most organic functional groups, we
bave undertaken the determination of ion gauge chemical
sensitivities for a wide range of compounds under constant
laboratory conditions.

Experimental

The vacuum system used in this work is that of the ICR
spectrometer at Indiana University. It consists of a 1101s™!
turbomolecular pump joined through a throttle value to a I m
long by 6.2 cm internal diameter manifold. Gases are admitted at
the far end through a leak valve and the pumping speed is
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regulated by the throttle valve to be ca 415! at the ion gauge.
The ion gauge (Huntington Mechanical Labs inverted
Bayard-Alpert IK-150 gauge tube with a Thoria coated iridium
filament using a Granville-Phillips Model 270 Controller) and
the capacitance manometer (MKS Baratron Model 146 head) are
mounted on short 3 cm internal diameter side arms halfway down
the manifold on either side of it. The capacitance manometer is set
on a 90° elbow to remove it from line of sight of the ion gauge
filament, since, when formerly mounted directly opposite each
other, the pressure registered by the capacitance manometer
would drift for 30 min following degassing of the ion gauge. If the
manometer is mounted at the end of a 50 cm by 1 cm dia tube off
the manifold, as is common in many ICR spectrometers'”, the ion
gauge sensitivity factor for all compounds is found to vary with
the numbers of turns that the throttle valve is open. Using
standard formulas?, the pumping speed at the ion gauge in such a
configuration is estimated to be ca 30 times that at the capacitance
manometer. The present symmetrical configuration of the two
devices gives sensitivities independent of the throttle valve
opening.

The organic compounds used in this work were purified by
preparative gas chromatography, distillation or recrystallization.
Careful purification is necessary since small amounts of more
volatile impurities can greatly increase the apparent sensitivity.
The ion gauge was degassed and allowed to cool for at least 15 min
before each run, with the background pressure at less than
5x 1077 torr. The compound to be measured was admitted to the
system and readings of both the ion gauge and capacitance
manometer pressures taken at several stable pressures in the
1-10 x 10~ % torr range. A plot of ion gauge (abscissa) vs capaci-
tance manometer (ordinate) pressures gave a line with slope equal
to the absolute chemical sensitivity and intercept zero. Any run
with correlation coefficient r<0.999 or intercept negative or
greater than 1 x 1075 torr, due to capacitance manometer drift,
was discarded. Since absolute chemical sensitivities were observed
to vary up to 20%; from day to day, either nitrogen or acetone was
also measured each day and the ratio S,/Sy, or §,/S,ccione Was
taken as the relative sensitivity factor. All relative chemical
sensitivities were then scaled to S,,=1.0 or S,..n.=2.5. The
nitrogen value is the nominal true chemical sensitivity of the ion
gauge (the actual values for nitrogen were found to average to it).
The acetone value, relative to nitrogen, was the average of many
runs. We find that relative chemical sensitivities obtained in this
manner vary less than 8%, from day to day, consistent with other
literature reports®. ’

Results and discussion

The experimental R_ factors are given in Table 1, along with other
literature values as well as a variety of molecular properties. The

data of Nakao'?, a compilation of literature R, values for small -

inorganics and hydrocarbons, agree with the present data
reasonably well but have higher values for benzene, toluene and
cyclohexane. The compilation of Summers? also agrees with our
R, values for inorganics and most hydrocarbons. Both of these
references use data from a variety of sources and from several
different types of ion gauges.

As mentioned in the Introduction, one of the goals of this work
is to devise a method for predicting relative sensitivities for any
compound, without having to measure either it or some homolog,.
Many workers have concluded that the best predictor of R, values
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Table 1. Relative sensitivities of ion gauge response, with some physical

properties

Compound R* Zt of 0s§ RJ| R.S
Helium 020 2 0.20 069 019 0.18
Neon 033 10 0.40 175 033 030
Argon 132 18 1.66 1090 137 130
Krypton 192 36 2.54 1740 191 190
Xenon 278 54 4.15 2410 279 290
Water 097 10 1.47 529 125 110
Ammonia 112 10 2.26 684 111 1.23
Oxygen 087 16 1.60 658 087 10
Nitrogen (1.00) 14 1.94 7.68 (1.00) (1.00)
Hydrogen sulfide 182 18 378 1480 220
Carbon dioxide 130 22 265 1074 136 14
Nitrous oxide 1.20 22 300 1097 166
Hydrogen 044 2 0.79 20 044 046
Methane 162 10 2.60 816 149 14
Ethane 2.84 18 444 1432 253 26
Propane 292 26 630 2048 380 42
Butane 446 34 814 2664 437
Pentane 521 42 998 32.80 49
Hexane 590 SO 11.83 3896 66
Heptane 694 58 13.68 4512 176
Isooctane 721 66 1552 51.28

Propene 292 24 6.07 1848 13.16
Hexene 581 48 11.60 3696

Cyclohexane 539 48 11.08 3696 64
Cyclohexene 478 46 1083 3496 6.37
1,3-Cyclohexadiene 431 44 1063 3296

Benzene 429 42 1040 3096 5.18
Toluene 5.56 50 1231  37.12 681
Ethylbenzene 598 58 14.18 43.28

Cumene 644 66 1603 4944

0-Xylene 543 58 1409 43.28

Mesitylene 595 66 1594 4944

Methanol 1.69 18 328 1145

Ethanol 204 26 512 1761

n-Propyl alcohol 260 34 695 2377

i-Propyl alcohol 286 34 699 2377

n-Butyl alcohol 305 42 879 2993

i-Butyl alcohol 313 42 8.79 2993

t-Butyl alcohol 320 42 879 2993

Neopentyl alcohol 396 50 1063 36.09
Trifluoroethanol 227 50 507 2016

Ethylene glycol 240 34 585 2090

Diethyl ether 403 42 892 2993

Dipropy! ether 525 58 12.59 4225
Tetrahydrofuran 329 40 806 2793
1,4-Dioxane 350 48 8.60 31.22

Anisole 430 58 13.04 4041
1,2-Dimethoxyethane 440 50 9.58 1761

Acetonitrile 199 22 442 1429

Propionitrile 261 30 6.27 2045
Isobutyronitrile 333 38 8.11  26.60

Acetaldehyde 195 24 457 1561

Acetone 250 32 641  21.77

Butanone 318 40 820 2793
Hexafluoroacetone 259 80 6.62 26.87

Acetic acid 154 32 526 1890

Methyl formate 202 32 450 1890

Ethyl formate 272 40 707 2506

Methyl acetate 305 40 707 2506

Ethyl acetate 322 48 822 3122
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Table 1—continued

Compound R* Zt o 0os§ RJ RS
Neopentyl acetate 500 72 1542 49.70
Trifluoroethyl acetate 266 72 871 29.60
Methyl isobutyrate 391 56 10.72 3738
Methylene chloride 282 42 740 29.76
Chloroform 334 S8 848 40.56
Carbon tetrachloride 374 74 1049 51.36
1,2-Dichloroethane 340 50 833 3592

1,1,22-Tetrachloroethane 444 82 1212 57.52
Tetrachloroethylene 453 80 1201  55.52

Chlorobenzene 488 58 1235 4276
Methanethiol 236 26 562 2096
Ethanethiol 347 34 747 2712
1-Propanethiol 368 42 932 3328

2-Methyl-2-propanethiol 4.63 50 11:16 39.44

* Relative to N, =1.00.

+ Total number of electrons.

1 Polarizability, A%, from the method of ref 20.

§ The Otvos and Stevenson function, ref 16, being the sum of atomic
valence electrons weighted by the mean square radius.

|| Relative sensitivities, ref 13.

€ Relative sensitivities, ref 3.

is the total ionization cross section, either at 70 eV or at the peak
cross section?3-11-13,

Since ion gauges operate by measuring total ion current at ca
150 volts electron energy?, this is a reasonable correlation.
Unfortunately, total ionization cross sections are not generally
available at any energy for most organic compounds other than
the simplest ones. For 22 of the compounds in Table 1 for which
peak total ionization cross sections are available?*, we find
R,=0.9400,+0.050, r=0.968. The total ionization cross section
at 70eV is available for 27 of the compounds?*, giving
R,=08156;+0.305,r=0.961. Due to the lack of a large data base,
we thus turn to other predictors of R,.

A correlation of R, with the number of electrons, Z, present in a
molecule was proposed by Dushman?'%, quantified by Schutze
and Stork!®, and further elaborated on by others!?:'3. In the
present work, such correlations show good linearity for hydro-
carbons and for the inert gases, although on lines of different slope.
The common inorganic gases follow a general trend with number
of electrons, but with much scatter. Our data are plotted vs
number of electrons in Figure 1. For homologous series for a
given functional group, linear correlations are observed. Different
functional groups fall on different lines, however, with a consistent
trend for smaller slope as the number of lone pairs in the molecule
increases. Thus, for isoelectronic species, an amine appears to
always have a smaller R, value than does the corresponding
alkane, and an alcohol has a smaller R, value than an amine. The
effect is not additive with number of electrons, as shown by the
linear regression coefficients in Table 2 for a variety of functional
groups. Structural isomers with the same number of lone pairs,
such as ethers and alcohols, lie on different lines. Data for other
functional group pairs are not extensive, but it appears that
compounds with a terminal heteroatom have smaller R, values
than do isomers with the heteroatom in an internal position.
Halogenated compounds, both for chloro- and fluoro-
substituents, consistently fall on the low side of the trend. It also
appears that for a given monofunctional compound, the R values
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Figure 1. Relative ion gauge sensitivities vs number of electrons. <, small

inorganics; [J, noble gases; A, alkanes; V7, alkenes, (§, aromatics; ¢,

alcohols; +, ethers; x, carbonyl compounds; #, chlorocarbons; @, thiols.
Data from Table 1.

Table 2. Correlation of relative sensitivities with number of electrons
for monofunctional compounds

Function* Nt Slopet Intercept} r§

Alkanes 8 0.100+0.004 090910.175 09949
Noble gases S 0.047+0.006 040 +028 09759
Aromatics 6 0.050+0031 26 +18 0.6263
Alcohols 9 0.067+0003 0346+0.123 09923
Ethers 6 0071+0.029 0635+145 07720
Carbonyl 9 0.051+0.008 083 +0.38 09152
Chlorocarbons 10 0038+0.007 128240435 09444
Thiols S 0.088+0.015 0.201+0.579 09726
Nitriles 3 0.084+0.002 0.1314+0.041 0.9991

* From Table 1.

+ Number of compounds of that class.

1 R, =Slope * Z + Intercept, where Z =total number of electrons; uncer-
tainties are 1 standard deviation.

§ Correlation coefficient.

can be adequately predicted from the number of electrons, but asa
general correlation for all molecules this method gives too much
scatter to be useful.

Otvos and Stevenson'® have proposed that ionization cross
sections be correlated with the sum of the number of valence
electrons weighted by their mean square radius and have
presented an atom additivity scheme for prediction of ionization
cross sections. In the abstract to their work, they mention that this
scheme should also be useful for relative chemical sensitivities for
ion gauges, but do not further elaborate on that point in the paper.
We find a correlation of our R, values with the scheme they
present, but with considerable scatter. There is some pattern to the
scatter: alkanes (A) exhibit a steeper slope than for other
compounds, while chlorocarbons (*) lie below the general trend in
Figure 2.  Excluding these two classes, we find
R,=0.056 x 0S+0.563 (r=0.853), where OS is the sum of the
atomic cross section factors from the scheme presented in the
Otvos and Stevenson paper'®. Part of the apparent spread of
points in the higher sensitivity region is attributable to the
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Figure 2. Relative ion gauge sensitivities vs the Otvos and Stevenson
function (see text). Data from Table 1. Symbols as in Figure 1.

uncertainty in each value. Each point on the plot represents the
slope of a series of points. For a constant instrumental uncer-
tainty, such as the noise in the capacitance manometer readings,
error propagation predicts a constant percent uncertainty in the
R, value. This results in much larger error bars for those
compounds of higher sensitivity. The observed scatter in Figure 2
is slightly outside of this. Other workers have noted that the
proposed additivity scheme does not correlate well with other
ionization cross section data in the literature!®.

Beran and Kevan'? have shown that ionization cross sections
can be related to a compound’s magnetic susceptibility, y,. As
might be expected for the cases where such data is available, our
R, values do correlate with diamagnetic susceptibility reasonably
well, but the lack of values for y,, prevent general usefulness of this
method.

Lampe, Franklin and Field'® have shown total ionization cross
sections for molecules to be linearly related to polarizability. Since
R, values are known to correlate with the total ionization cross
section, it is not surprising that they parallel the polarizabilities as
well®. Figure 3 shows our relative sensitivities plotted against
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Figure 3. Relative ion gauge sensitivities vs polarizability. Data from
Table. Symbols as in Figure 1.
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polarizability, «. The polarizabilities are in units of cubic
Angstroms and are obtained from the method of Savchik and
Miller?°. As with the correlation with mean electron radius,
hydrocarbons are above the general trend for other functional
groups, with R,=0.50a—0.05, r=0.963. The noble gases are
likewise relatively sensitive, with R, =0.63a+0.22, r=0.995. For
the remaining compounds, R,=0.36a+0.30, r=0.991.

In other attempted correlations, little pattern is seen when the
data are plotted vs thermal collision rate constants or cross
sections?! and ionization potentials?2. There is a weak correlation
(r=0.81) with the 2 power of molecular weight, but the same
scatter pattern is seen when molecular weight is plotted against
ionization cross sections or polarizability.

It is also interesting to note the trends for alkyl substituted
benzene rings. Relative sensitivities increase in the order
benzene < toluene < ethylbenzene < cumene, consistent with all
predictors here, but decrease for increasing number of substitu-
ents: toluene > xylene > mesitylene. We have no explanation for
the latter trend.

Is there any theoretical basis for the correlations of R, with the
various molecular properties seen here? The energy range
involved is considerably higher than thermal, so the various ion-
molecule collision theories pertaining to thermal species would
not be expected to be suitable?!. The Bethe theory for the collision
of fast charged particles with neutral species is well developed?®
but is strictly characterized only for incident ions with velocities
much greater than the orbital electron velocities. While we do not
expect such a theory to exactly describe our results due to the
intermediate energy range in the experiments, nevertheless it
should be instructive to examine it in terms of general trends.
Lampe, Franklin and Field'® propose that the observed relation-
ship of the total ionization cross section to polarizability is
determined by the presence of the dipole moment matrix element
in expressions for both the polarizability and the atomic
ionization cross section. The expression for the total collision
cross section is given in equation (1)*S where M2, is the square of
the dipole matrix elements of the molecule, ¢, is an incoherent
scattering term, E is the incident electron energy, y,, is the
contribution from quadrupole excitations, O denotes other higher
orders terms and A is some constant.

O = (ML ICE)H1/EOWEN). ()

This equation can be reduced to equation (2) using the sum
rules in ref 25, assuming a constant energy range. Z is the number
of electrons in the molecule.

’

A
aw(=—b:[aIZ+a2cx+J1—Jzo+0(1/E2)]. 2)

The other terms in (2) are not necessarily independent of
molecular parameters and the total cross section is only an upper
limit for the ionization cross section, but the nature of the leading
terms does provide a rationalization for the form of the empirical
equations derived in this paper for correlating R, with « and Z.
Fitting the data to a dual substituent parameter equation in @ and
Z results in the best correlation having a negligible contribution
from the Z term. This is mathematically consistent with the fact
that Z and « are not independent functions (r=0.77 for the
compounds in Table 1).

In conclusion, we believe that the best method of estimating R,
values for organic compounds is the correlation with ionization
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cross sections at 70 eV, R,.=0.8150,+0.305, if such data are
available. The next best is the equations in Table 2, based on Z, for
monofunctional organic compounds. For more general cases, the
polarizability correlation R,=0.36x+0.30 is more likely to give
good relative values.
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