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A recently introduced pressure calibration scheme with CoArg* as pressure probe agent was reinves-
tigated with di- and trifluorobenzenes using Fourier transform ion cyclotron resonance (FT-ICR) mass
spectrometry. For all reactants ligand exchange was observed as primary reaction. As secondary reac-
tions, ligand exchange and radiative association took place. The results show that pressure calibration for
sticky substances is difficult in ultra-high vacuum (UHV), and that ion-molecule reactions which proceed
with collision rate are ideal in situ pressure probes. A finite-elements simulation of the UHV pressure
as a function of time reproduces the experimental findings. The simulation also shows that the actual
reactant gas pressure may exhibit significant drift, which is not visible at the pressure gauge.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

In gas phase ion chemistry, an exact measurement of the
absolute pressure of reactant gases in ultra-high vacuum (UHV)
is required for the determination of absolute rate coefficients,
ideally in the location where the reaction takes place, at a
pressure of 10719-10-7 mbar. Elaborate schemes for pres-
sure calibration have been developed over the years [1-5].
For Fourier transform ion cyclotron resonance (FT-ICR) mass
spectrometry, the empirical correction of the sensitivity of the
gauge by Bartmess and Georgiadis [6] in combination with an
instrument-specific geometry factor [7,8] is used routinely. This
approach is very successful, but problems are encountered for
substances with high sticking coefficients [9] at pressures below
10-8 mbar. Classic examples of sticky substances with long res-
idence time in vacuum apparatuses are multiply fluorinated
benzenes.

For these substances, the pressure calibration factor seems to
be pressure dependent, probably because the reactant molecules
have a long residence time on the surfaces of the vacuum chamber
and the ICR cell: when the needle valve is closed, it takes several
minutes before the ion gauge shows a drop in reaction gas pressure,
and the base pressure cannot be reached without a thorough bake-
out. We therefore apply the recently suggested pressure calibration
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method [9], using ion molecule reactions that occur with collision
rate.

We utilized CoArg* as a pressure probe reactant. Because of the
low binding energy of the fifth and sixth argon atom, CoArg* may be
expected to react with collision rate with reactants that are signifi-
cantly more polarizable than argon. Due to its octahedral geometry
[10,11], higher-order electric multipole moments are expected to
be small. Therefore, its collision rate with polar molecules can be
approximated by average dipole orientation (ADO) theory [12-17],
in which the ion is described as a point charge. By measuring
the rate coefficients of ion-molecule reactions as a function of the
nominal pressure shown by the ion gauge, it should be possible
to obtain a pressure calibration curve for the reactant of inter-
est.

In our previous work [9], pressure calibration failed for the NO
and NO, radical, while it worked well with N,O. Even though NO
and NO, obviously do not react at collision rate with CoArg*, we can
still expect the benzene derivatives to do so. Due to their higher
mass, higher polarizabilty, larger radius and a long-range cation-
T interaction, the binding energy of the collision complex will be
higher than the binding energy of an argon atom. Evaporation of
argon atoms should therefore be favored over back-dissociation of
the collision complex. As soon as vacant coordination sites are avail-
able, the di- or trifluorobenzene molecule will coordinate to the Co*
ion, and the additional energy release will initiate the evaporation
of further argon atoms. Also the problem of spin change is elimi-
nated with closed-shell reactants. As a non-sticky test substance,
sulfur hexafluoride was chosen for comparison, due to its inert
character comparable with molecular nitrogen [18], while shar-
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ing the high mass and a relatively high polarizability with di- and
trifluorobenzenes.

2. Experimental

All mass spectra were taken on a modified Bruker Spectrospin
CMS47X mass spectrometer [19-21], equipped with an unshielded
4.7 T superconducting magnet, a Bruker infinity cell, an APEXIIl data
station, TOPPS ion optics power supply, and an ICC2 Infinity Cell
Controller with a BCH preamplifier. The UHV pressure is measured
by a radiation shielded IKR020 cold cathode gauge, which is placed
above the turbo molecular pump of the cell region.

The ions were produced by laser vaporization of a solid rotat-
ing Co disk in an external laser vaporization source [22-24] with
a frequency doubled Nd:YAG laser (532nm, 10Hz, 5m] pulse
energy). The metal plasma was entrained in a 50 s argon gas pulse
(22 bar backing pressure, 99.996%) and supersonically expanded
into high vacuum, resulting in the formation of CoAr,* clus-
ters. The ions were guided by a system of electrostatic lenses
into the high field region of the magnet and stored in the ICR
cell. CoArg* was mass selected by resonant ejection of unwanted
ions. The liquid reactants, all purchased from Sigma-Aldrich,
1,2- (98%), 1,3- (99+%), 1,4-difluorobenzene (>99%), 1,2,3- (99%),
1,2,4- (98%), 1,3,5-trifluorobenzene (97%) were degassed by three
pump-freeze-thaw cycles. The reactant gas SFg (Sigma-Aldrich,
99.75+%) was used without further purification. The reaction gases
were introduced to the cell region by a needle valve at constant
pressure. The temperature of the vacuum chamber was 298 +5K.

The vacuum system of the instrument was optimized for ion-
molecule reactions, which require extremely low partial pressures
of background gas. In Kiel, the volume of the second chamber was
increased, and the turbo molecular pump changed from 150 to
360Ls~!, to reduce gas leakage from the source region to the ultra-
high vacuum. The use of laser vaporization with 50 s gas pulses
minimizes the overall gas load in the system, with the pressure
in the source chamber going hardly above 10~4 mbar during ion
generation. Background pressures below 10~ mbar are now rou-
tinely reached after bake-out. This low pressure was verified in
the experiment with CoArg*, where after 10 s no exchange product
with background gas, like Co(H,0)Arn*, is visible [9].

To monitor the reactions, mass spectra were taken at different
reaction delays and relative reaction rates k., were obtained by
fitting the experimental data assuming pseudo-first-order kinet-
ics. For the kinetic analysis a genetic algorithm [25] implemented
in Analyzze 3.5 [26] was utilized. ADO rates [12-16] were calculated
with the HSA collision rates program [27,28]. Density functional cal-
culations were performed with the Gaussian 03 [29] program at the
B3LYP/6-311++G(3df,3pd) level of theory to obtain polarizabilities
o and dipole moments up of the studied species, while the dipole
locking constant ¢ was taken from literature [12]. The exact values
used for calculating ADO rates are given in supporting information,
Table SI-1.

3. Results and discussion

3.1. Ion-molecule reactions of CoArg* with di- and
trifluorobenzenes

It has already been shown that CoArg* does not fragment
due to absorption of black-body infrared radiation [30-38] on
the timescale of the present experiment [9]. Since the binding
energy of the sixth argon atom is only 10k] mol~1, the complexes
must be internally colder than room temperature. According to
the calculations on the B3LYP/SDD level of theory [9], infrared
absorption is inefficient. The major infrared absorbing mode is a
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Fig. 1. Mass spectra of the reaction of CoArg* with XFB=135 at a pressure of
1.6 x 10-8 mbar after (a) 0s and (b) 5 s reaction delay.

triple-degenerate vibration at 118 cm~!, with a calculated intensity
of 12 km mol~!. Experimentally, no fragment was observed after
storing the mass selected CoArg* for 10s [9]. Since in the present
work, reactions are followed up to 5 s, interference from black-body
infrared radiative dissociation can be ruled out.

To avoid repetitions, di- and trifluorobenzene isomers are
denoted by their substitution pattern only, e.g., 13 stands for 1,3-
difluorobenzene, and 124 for 1,2,4-trifluorobenzene. Mass spectra
of CoArg* with 135 at 0s and 5 s reaction delay are shown in Fig. 1.

Ligand exchange in which all six argon atoms are replaced by
one XFB molecule, resulting in CoXFB®, is the primary reaction
(1) observed for all XFB studied. The mechanism of this reaction
is quite straightforward: in the collision complex, the interaction
energy of XFB and CoArg* is present largely as vibrational exci-
tation. At a distance of 5 A, the charge-induced dipole interaction
energy already matches the binding energy of the most weakly
bound Argon atom, see Fig. SI-1. This causes the evaporation of
one or two argon atoms. Now XFB moves to a vacant coordination
site, releasing additional energy. This causes the evaporation of the
remaining argon atoms. The reaction proceeds close to collision
rate, since the first evaporation event of an argon atom will be fast
compared to back-dissociation of XFB.

CoArg* + XFB — CoXFB* + 6Ar (1)

As secondary reaction, radiative association [39,40] of a second
XFB to CoXFB* forming CoXFB,™* takes place, reaction (2).

CoXFB + XFB — CO(XFB)y* + hv (2)

A second primary reaction was only observed for 12, 123 and
124, the loss of five argon atoms forming the CoArXFB*, reaction
(3). Kinetic analysis reveals that the fragmentation of CoOArXFB* to
CoXFB* is pressure dependent, i.e., collision induced, reaction (4).
Alternatively, COArXFB* may undergo ligand exchange, reaction (5).

CoArg* +XFB — CoArXFB™ + 5Ar,
CoArXFB* + XFB — CoXFB™ + Ar + XFB,
CoATXFB* + XFB — Co(XFB),* +Ar,

XFB = 12,123,124  (3)
XFB=12,123,124 (4)
XFB = 12,123,124 (5)

The collision-induced loss of one argon atom from CoArg* was
seen for 123 and 135, yielding the CoArs* ion, see reaction (6).In a
second collision the remaining argon atoms are exchanged against
the reactant, reaction (7).

CoArg™ +XFB — CoArs™ +Ar + XFB, XFB = 123,135 (6)
CoArs* +XFB — CoXFB' + 5Ar, XFB = 123,135 (7)
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Fig. 2. Kinetics of the reaction of CoArg* with XFB=123 at a pressure of
3.6 x 108 mbar. Ao CoArg*, B CoXFB*, ¢ Co(XFB),*, ® CoArXFB*, O CoAr,XFB*, A
CoArs*, — noise. Thin solid lines denote pseudo-first-order fit, dashed lines are
hot and cold fractions of CoXFB*.

Only for 123, a ligand exchange of only four argon atoms result-
ing in the CoAr,XFB* complex was observed, reaction (8). This
primary product undergoes further fragmentation and/or ligand
exchange. Due to the overall low intensity of the intermediates,
however, the exact branching ratios of the different pathways could
not be determined. Nevertheless, they were included in the fit to
account for the observed intensity loss.

CoArg™ +XFB — CoAr,XFB™ +4Ar, XFB = 123 (8)

While the primary reactions are unambiguously extracted from
the reaction kinetics, the secondary reactions especially for the tri-
fluorobenzene isomers are not always definitive, due to the large
number of possibilities and low product intensities especially in the
case of 123.In Figs. 2 and 3 pseudo-first-order kinetic fits are shown
for 123 and 135 in semi-logarithmic plots. The dashed lines in the
kinetics symbolize that the freshly formed CoTFB* has to cool down
by infrared radiative cooling [39] or collision before it can take up
a second TFB, reaction (2). The CoTFB* intensity is therefore repre-
sented by a hot and a cold fraction. The hot fraction converts to the
cold fraction with a first-order rate law. The cold fraction undergoes
radiative association of a second TFB.

These experiments also indicate that no significant background
of air or water is present in the ultra-high vacuum region, since no
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Fig. 3. Kinetics of the reaction of CoArs* with XFB=135 at a pressure of
1.6 x 108 mbar. The black lines are corresponding to the pseudo-first-order fit.
A CoArg*, B CoXFB*, ¢ Co(XFB),*, A CoArs*, — noise. Thin solid lines denote
pseudo-first-order fit, dashed lines are hot and cold fractions of CoXFB*.

Table 1
Branching ratios for the primary reactions of CoArg* with the studied fluorobenzene
isomers, XFB.

Reaction 12 13 14 123 124 135
1) 0.35 1.00 1.00 0.05 0.51 0.57
(3) 0.65 - - 0.54 0.49 -
(6) - - - 0.21 - 0.43
(8) - - - 0.20 - _

exchange products of CoArg* with O,, H,0, CO, or N, are observed.

To complete the documentation of the experimental results,
branching ratios for the primary reactions of CoArg* are given in
Table 1. Obviously, 123 is the most weakly interacting species, with
up to two argon atoms remaining after ligand exchange. The abil-
ity to knock off an argon atom is correlated with the mass of XFB,
which increases the available energy in the collision complex. It
would certainly be nice to obtain detailed structural information
of CoXFB* complexes from high-level quantum chemical calcula-
tions or spectroscopy. Both tasks are, however, not trivial, and are
outside the focus of the present work.

3.2. Pressure calibration

The pressure calibration approach is straightforward and was
already described in detail elsewhere [9]. If an ion reacts with col-
lision rate, the calculated collision rate kapo is equal to the sum of
the absolute rate coefficients Xk, of the observed primary reac-
tions, which in turn depends on the sum of the pseudo-first-order
rate coefficients Tk and the pressure pSell, With this assumption a
pressure correction factor K, for the individual gas at a certain pres-
sure is obtained, Eq. (9). This correction factor replaces the classic
calibration factor G/Ry, the geometry factor G [7,8] divided by the
ion gauge sensitivity Ry after Bartmess and Georgiadis [6].

peel > ke x kp x T

Ky, =~ =
p ex ex
X P kapo x px P

9)

Here, pSell is the actual pressure in the ICR cell, p§*® is the value
read from the sensor, Xk [s~1]is the sum of the primary relative
rate coefficients, kapg [cm3 mol~'s~1] is the calculated collision
rate, T=298 + 5 K the temperature and kg the Boltzmann constant.
The resulting pressure calibration factor can only be as accurate as
the calculated collision rate. Since we could not find a statement
on the error limits of kapo in the literature, we use a conservative
upper limit of +10%, based on the experience that efficient reactions
of small ions have a rate coefficient close to kapo.

In Table 2, the pressure correction factors are listed together
with the results used to calculate them. For comparison, also the old
pressure correction factor, the ratio between the empirical geom-
etry factor G and the sensitivity of the gauge Ry [6,8,9,41] is listed.
The experimental results indicate that a pressure calibration curve
is needed, since the correction factors K}, listed in Table 2 are pres-
sure dependent. The pressure dependence is most prominent for
14 and 124. For high pressures the classical pressure calibration is
applicable, but it fails for lower pressures. The agreement of both
calibration methods in the higher pressure regime indicates that
the assumptions are justified.

In our previous study of CoArg* with N,O and NO, a discrepancy
became obvious, since CoArs* reacted 38-91% faster than CoArg*.
This is a clear sign that CoArg* did not react with collision rate in
this case. In the present work, CoArs* is a primary product of the
reaction of CoArg* with 123 and 135. Kinetic analysis shows that the
reactivity of CoArs* and CoArg* is the same, within an error limit of
10%, see Table SI-2. This self-consistency of our results indicates
that ion-molecule reactions with CoArg* are indeed suitable for
pressure calibration of the studied di- and trifluorbenzene isomers.
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Table 2

Calculated collision rate coefficients kapo [107°cm?s~1], sum of the relative
rate coefficients Xk [s~'] for the primary reactions, measured pressure pg®
[10-8 mbar] and calibrated pressure p$"' [10-8 mbar], newly derived pressure cor-

rection factor Kj, and old pressure correction factor G/Ry.

XFB kapo Skeel PP peell K, G/Rx
12 13.50 0.53 2.00 1.61 0.81 + 0.13 0.8
0.24 0.80 0.73 091 + 0.12
0.19 0.60 0.58 0.96 + 0.12
0.15 0.40 0.46 1.14 £ 0.15
13 10.80 0.44 2.00 1.68 0.84 + 0.13 0.8
0.18 0.80 0.69 0.86 + 0.10
0.14 0.60 0.53 0.89 + 0.10
0.10 0.40 0.38 0.95 + 0.12
0.05 0.20 0.19 0.95 + 0.14
14 8.20 0.45 2.00 226 1.13 £ 0.17 0.8
0.19 0.80 0.95 1.19 £ 0.14
0.16 0.60 0.80 134 +0.16
0.11 0.40 0.55 138 £ 0.17
0.06 0.20 0.30 1.50 + 0.23
123 13.80 121 5.50 3.61 0.66 + 0.10 0.8
0.86 4.00 2.56 0.64 + 0.10
0.44 2.00 131 0.66 + 0.11
0.20 0.80 0.60 0.75 + 0.11
124 10.00 0.65 2.70 2.67 0.99 + 0.14 0.8
0.23 0.80 0.95 1.18 £ 0.15
0.17 0.60 0.70 1.17 £ 0.15
0.13 0.40 0.53 134 +0.18
0.08 0.20 0.33 1.64 £ 0.26
135 7.90 0.60 4.00 3.12 0.78 + 0.10 0.8
0.31 2.00 1.61 0.81 +0.13
0.14 0.80 0.73 091 + 0.11
0.11 0.60 0.57 0.95 + 0.12
SFg 5.80 0.42 2.00 2.98 1.49 + 0.25 14
0.18 0.80 1.28 1.60 + 0.22
0.11 0.50 0.78 1.56 + 0.22

As a further consistency check, we repeated the pressure cali-
bration for SFg, which does not stick to the cell walls. By evaporating
three to five argon atoms, one SFg molecule is added to the cluster,
reaction (10).

CoArg* +SFg — CoArg_,SFgT+nAr n = 3,4,5 (10)

As secondary reactions, the fragmentation to the bare CoSFg*
or the exchange against a second SFg molecule, forming Co(SFg),",
was observed.

For sulfur hexafluoride a pressure independent pressure cor-
rection factor was obtained, Table 2. The correction factor achieved
with the new method K}, and the routinely used method G/Rx agree
within experimental error. Since sulfur hexafluoride pumps well,
this meets our expectations and completes the picture.

3.3. Pressure dependence of the calibration factor K

The pressure dependence of K} is interesting and disturbing.
First of all, possible artifacts have to be ruled out. A potential prob-
lemisbackground gas, especially H,0, N5, 02, and CO,. No exchange
products of these molecules are observed with CoArg*, indicat-
ing that their concentration is indeed negligible compared to the
reactant.

A second argument against a contribution from the background
is that its effect would go into the wrong direction: a constant back-
ground pressure would become more important with decreasing
pressure. At the lowest pressures studied, its contribution would be
highest. Consequently, the actual partial pressure of XFB would be
lower than the apparent value from the pressure gauge. Background
would cause a decreasing K}, with decreasing pressure. Experimen-
tally observed is an increasing K, with decreasing pressure.

It is quite astonishing to see that the pressure dependence of the
calibration factor and its magnitude are very sensitive to the sub-
stitution patterns of di- and trifluorobenzene. This is seems to be
connected to the binding energy of the molecules on the surfaces
of the ultra-high vacuum region, especially the ICR cell itself. The
Bruker infinity cell is made from gold-plated oxygen free copper,
held together by glass ceramics. Close to the ICR cell is a copper
seal from the cell flange, and the stainless steel vacuum tubing.
Given the wide range of possible adsorption sites, it is impossible
to give a detailed, quantitative explanation of the observed effects.
There seem to exist particular adsorption properties for fluoroben-
zenes with two fluorine atoms in para position, since the pressure
dependence of K, is most pronounced for 14 and 124.

3.4. Qualitative numerical simulation of the temporal evolution
of UHV pressure

In order to understand these experimental observations, we
undertook a numerical simulation of the pressure as a function
of time in a one-dimensional model of the vacuum system that
captures the essential features, illustrated in Fig. 4. The vacuum
system is a tube of Ltype =2 m length, divided into nsegments =100
segments, the finite volume elements for numerical pressure mod-
eling. The pump is defined as x=0m, the pressure sensor is located
at Xsensor =0.3m, the valve at x,,e=1.0m, and the ICR cell at
Xcen = 1.9 m. Gas is leaked into the volume segment at X,,,1y.. TO get
the order of magnitude right, we assume a uniform velocity of the
gas molecules of 100ms~1, in positive or negative x direction. We
define a probability q4if that in the finite time increment dt of the
simulation, a molecule drifts to the neighboring segment:

n t
Qarift = %Tensvxdf (11)

ube

The pump is simulated by treating the first segment at x=0m as
asink, i.e., molecules can only drift into it, but not back out. The end
wall is simulated by allowing drift from the last segment at x=2m
only to the preceding segment.

If we run a simulation with starting conditions of an empty vol-
ume and constant leakage of gas through the valve, the pressure at
the sensor and the pressure in the cell quickly become stable, with
a pressure-independent geometry factor of Xy jye/Xsensor =3.33. As
expected, change in the leakage through the valve does not affect
the geometry factor.

In the next step, we included a high sticking probability in the
region of the ICR cell. We defined the number of adsorption sites per
segment, and assigned a high number for the segments from X
to the end of the tube. We assume that adsorption and desorption

x= 00m 0.3m 1.0m 19 m 20m
1 / L 1 / L 1 / L 1 / L 1
7/ - 7 7/ 7/ —_ 7 7/
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i= 0 1 14 15 16 49 50 51 94 95 96 100

Fig. 4. One-dimensional finite elements model of the vacuum system.
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are in equilibrium:
Niadkirelease _ (Nisites _ ngd )Nl_kftick (]2)

Here, N; is the number of molecules in segment i in the
gas phase, leld is the number of adsorbed molecules, Nf”es is
the number of adsorption sites, and kIel®se, kstick are the rate
coefficients for release of adsorbed molecules and adsorption of
molecules from the gas phase, respectively. We calculated the
adsorption-desorption equilibrium for each segment following the
drift cycle of the simulation. We also simulated the user operating
the leak valve to try to keep the pressure constant. Details of this
procedure can be found in the source code of the simulation, which
is available as supporting information.

Now the behavior becomes quite complex: as experimentally
observed, equilibration of the UHV pressure is delayed. Typical
results are shown in Fig. 5. Starting conditions with 25% adsorption
sites covered, Fig. 5a, simulate the typical overshoot of the pressure
after opening the valve with a sticky substance. After the sensor
shows that gas is leaking in, the valve is closed again a little bit, and
the user waits for the pressure to equilibrate to the desired value. In
order to keep the pressure constant, the user has to increase the gas
flow from time to time, shown by the steps in the sensor curve. This
is quite reasonable, since the cell region serves as a source of gas,
and is slowly evacuated by the pressure gradient. Stable conditions
are reached when the geometry factor reaches its default value of
3.33, coming from an initial value of 4.06. In Fig. 5b, the simulation
starts with a clean UHV. The user slowly opens the valve, until the
desired pressure is reached. Here the cell region acts as a sink for
the sticky gas. Once the surfaces are significantly covered, an ever
smaller gas flow is sufficient to maintain the desired pressure at the
sensor. The pressure reading suggests a very satisfactory stability
of the pressure. In the cell region, however, the pressure increases,
and the geometry factor changes from close to 0 to 3.33.
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Fig. 5. Numerical simulation of the pressure in the vacuum system as a function of
time for the pressure in the ICR cell (long dash line), the sensor pressure (straight
line) and the resulting geometry factor (short dash line. (a) starting with 25% cov-
erage of adsorption. (b) Starting with 0% coverage.

3.5. Consequences for ion-molecule reaction studies with sticky
substances

The simulations clearly show that for any sticky gas, the actual
pressure in the ICR cell may drift significantly during an exper-
iment, even though the user manages to keep the sensor reading
constant. The frequency of user interference is directly correlated to
the stability of the actual pressure: The longer the periods between
adjustments at the needle valve, the more stable the pressure in the
ICR cell. The simulation also suggests that pressure drift is smaller
if the desired pressure is approached from higher values, like in
Fig. 5a, while a very careful opening of the leak valve may lead to
the more severe drift problems shown in Fig. 5b.

The obvious recommendation is to be patient and wait for the
pressure to reach a stable value. This becomes, however, more and
more difficult going to lower pressures. In experiments where low
pressures are desirable, like nanocalorimetry [42,43], it may sim-
ply take too long to reach stationary conditions. Depending on the
adsorption/desorption kinetics, reaching ideal conditions may take
minutes, hours, or days. However, as long as the pressure drift is
small on the time scale of the complete kinetics experiment, it does
not adversely affect the results. This is the regime in which the
current experiments have been done.

A hidden drift of actual pressure in the ICR cell, as evidenced in
the simulation, may also account for the puzzling isomer effects
observed with sticky substances. In recent experiments of gold
anions with trifluoroacetic acid [44], an increase of reactivity with
time was observed, interpreted as a collisional cooling effect of the
reactant. A pressure drift like in the simulation of Fig. 5b, however,
would have a similar effect.

4. Conclusions

In line with previous studies of argon solvated metal clusters
[9,45-47], ligand exchange was the primary reaction with CoArg*
for all studied reactants, in part accompanied by collision induced
loss of one argon atom. The experimental results combined with the
numerical simulation show that for sticky substances like di- and
trifluorobenzene isomers, the classical calibration method may fail
at very low pressures, because the stationary state described with
the substance-independent geometry factor may not be reached on
the timescale of the experiment. Especially in the pressure regime
below 10-8 mbar, the calibration factor may become strongly
pressure-dependent for sticky substances, and significant drift of
the actual reactant gas pressure may occur.
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