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Abstract

Appearance energies forions formed via electron impactionizatiopthf @ere determined, some of them at two different gas temperatures,
293 and 693 K. The experimental values obtained at 293K are AR(Q = 1146 + 0.04eV, AE(GHs™) = 12.06 + 0.04eV and
AE(C,H,*) = 11.90+ 0.04 eV, AE(GH3") = 1502+ 0.1 eV, AE(GH,*) = 1502+ 0.1eV, AE(GH*') = 257+ 0.3eV and AE(G*) =
22.6 + 0.3eV. When going to 693 K the appearance energies of the first three ions mentioned exhibit red st#fis09.08, 019+ 0.12
and 030+ 0.08 eV, respectively. In addition, quantum chemical calculations of the appearance energies and of the red shift were carried out
at the G3B3 level of theory supported by various other theoretical methods.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Electron impact ionization of ethane leads to the following
ionization reactions investigated in the present study:

It has been recognized that small hydrocarbons are con- ot

stituents of the plasma edge in fusion reacfaisand there- e+ CoHe — CoHe™" + 2¢ (1)

fore there exists a strong interest in reliable data for elec- e + C,Hg — CoHs™ +H™ + € (2a)

tron impact ionization of small hydrocarbon molecu|2k

In this article, we describe an experimental and theoretical €+ C2Hs — CaHs™ 4 H* + 2e (2b)

study to determine appearance energies (AE) and ionization i

energies (IE). As the thermal conditions in fusion reactors €+ CoHo — CoHa™ + Ha + 2e 3)

are quite different from the normal laboratory conditions, e+ Co,Hg — CoHst +H™ +Ho + e (4a)

we are investigating in the present work the effects of the .

gas temperature on IE and AE for positive ions, i.e. ions €+ C2He — CoHz™ + H® +Hz + 2e (4b)

produced via electron impact ionization (Ell) tolds. This e+ CoHg — CoHo®t + 2Hp + 26 (5)

work is a follow up to our previous study devoted to £H],
where significant temperature effects for the AEs of positive e + C,Hg — CoHT + 2Hp + H® + 2e (6a)

ions have been observed.
e+ CoHg — CzH+ + Hy + 3H°® + 2e (Gb)

e+ CoHpg — Co*t + 3H, + 2e (7)
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Fig. 1. Potential energy curves of a system molecule—-molecular ion. in the case of electron impact ionization at: (a) low temperature, (b) higinetemper
VIE: vertical ionization energy, AIE: adiabatic ionization energy, AE: appearance energy of an ion.

photoionization (PI) studie®—-12]. Nevertheless there still is a fast process and that at least for small molecules (see
exists a large scatter in the experimental values for the mea-references given if]) the experimental AE for the parent
sured AEs, specifically concerning processes (4)—(7). In theion are rather close to the vertical IEi§. 19. However, the
present work, we focus in particular on the effect of the present experiment and the calculations indicate that in the
gas temperature on the appearance energies concerning resase of the gHg molecule, the IEs measured in the electron
actions (1)—(3). So far, no studies have been reported onimpact ionization experiment are close to the theoretical adi-
temperature effects for appearance energies of ethane. abatic IEs. This result is in line with earlier observations for
Fig. 1a and lIshows a potential energy curve of a molecule large molecules (see references givef3).
M along the geometry coordina@. This figure allows to
illustrate the most important concepts for electron impact
ionization, the vertical ionization energy (VIE), the adiabatic 2. Experimental
ionization energy (AIE) and the appearance energy of an ion
(AE). Electron impact ionization is a fast process, i.e., the  The experiment was carried out using a crossed elec-
typical time for the transition from the neutral molecule to tron/molecule beams apparatus shown schematically in
the ionic state occurs in a much shorter time than the vibra- Fig. 2 This apparatus was constructed to study electron
tional period of the molecule (Franck—Condon process). The attachment and electron impact ionization for molecules in
vertical ionization energy is the energy necessary to ionize the gas phase and was described previous[¢3nl4] The
a molecule M in its ground electronic, vibrational and rota- apparatus is equipped with a trochoidal electron monochro-
tional state without changing the geometry of the molecule mator (TEM) [14]. The molecular beam is formed using
(Fig. 19. The adiabatic ionization energy is defined as the a temperature controlled effusive molecular beam source
difference between the ground electronic, vibrational and (EMBS). The temperature of the molecular beam source
rotational states of the ion Mand molecule M. The AEis  can be varied from about 300-800 K and is measured by a
the lowest energy at which a particular ion can be observed pair of thermocouples. Because the molecules in the EMBS
in an experiment. are in thermal equilibrium with the walls, the molecules ef-
In order to elucidate the mechanism of the electron im- fusing from the EMBS have the same internal temperature.
pact ionization reaction (and its temperature dependence) ofThe ions formed at the region where the electron beam in-
C,Hg we have performed detailed quantum chemical calcu- tersects the molecular beam are extracted into a quadrupole
lations for the IE of GHg™/CoHg (vertical and adiabatic)  mass spectrometer (QMS) and monitored for a specific ion
and AEs of fragment ions fromElg. The IEs (vertical and  as a function of the electron energy. The ionization energy
adiabatic) of ethane have been calculated at a high level offor a given fragment ion can be extracted from the mea-
theory and these calculations give us also important infor- sured ion yield as a function of the electron energy using a
mation about the mechanism of the electron impact ioniza- extrapolation and fitting method that was described in detail
tion. It is generally accepted that electron impact ionization in [3]. By varying the temperature of the molecules it is
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Fig. 2. The experimental setup. TEM: trochoidal electron monochromator, QMS: quadrupole mass spectrometer, MBS: molecular beam source.

possible to measure the effects of the gas temperature on theliate products which they combined with the RRKM calcu-
appearance energy for a particular parent or fragment ion. lations of the rate constant of the reaction. To obtain ion-
Using this experimental techniqgue we have been able ization energies for alkanes Jur$i@] tested and analyzed
to measure the ionization energies for the reaction chan-the suitability of the density functional theory (DFT). It was
nels (1)—(5) with an electron energy resolution of 120 meV concluded that best method of the choice, the local spin den-
full width at half maximum (FWHM). This relatively low  sity approximation overestimates the ionization energies for
resolution has been chosen, in order to still allow large ethane.
electron currents and thus large enough signals close to In this study, we present results of high level ab initio
threshold. Nevertheless, the measurements were extremelfMO calculations of the molecular structures occurring in
time-consuming. Using statistical data analysis it was pos- the investigated reaction channels (1)—(7). To obtain more
sible to achieve a high precision for the appearance energiegeliable relative energies for the reactants and products,
extracted from the data (e.g. in the case of the ipHg& of calculations of the Gaussian-3 (GR)9] and G3B3[20]
0.04 eV). The measurements of the appearance energies fowere carried out. These methods are complex energy com-
reaction channels (1)—(3) were performed at two different putations involving several pre-defined calculations on the
temperatures, i.e., at 293 and 693 K. specified molecular system. We combined these calculations
The electron energy scale of the measured ion yield curveswith the various Complete Basis Set (CBS) methods of Pe-
was calibrated using the ionization energy of Ar for reaction tersson and coworkers for computing very accurate energies
Art/Arassuming an |E of 13594+0.001 eV[15]. In order to (CBS-Q[21], CBS-QB3[22]). The vertical ionization en-
achieve an accurate calibration of the electron energy scale ergy of ethane has been also calculated by the method based
we have developed a fitting procedure, which also accountson outer valence Green'’s function (propagator) calcula-
for the electron energy distribution in the electron beam. tion of correlated electron affinities and ionization energies
The fitting function is a convolution of an assumed cross (OVGF) [23] from the MP2 (second-order Mgller—Plesset
section and an electron energy distribution function (8¢e  perturbation) optimized geometry using the 6-311G(d,p)
for more details). basis set. Coupled cluster calculations CCSDf23] of
vertical and adiabatic IE of ethane (6-311G(d,p) basis set)
have been carried out by using the optimized CCSD(T)
structures. All calculations have been performed using the

3. Theor .
y Gaussian 98 prograii25].

Theoretical studies concerning the molecular systems in
reactions (1)—(7) have been devoted to the description of the
potential energy surfaces in connection with the reactivity 4. Results and discussion
of organic radical cations. Weitzf16] carried out ab initio
molecular orbital calculations of thesHoss reaction from The ion yield is measured in an electron impact ionization
the ethane cation but his calculations deviated from the cor- experiments as a function of the kinetic energy of the elec-
rect reaction path, which was found later by Kurosaki and trons. The appearance energy of the particular ion can be
Takayanag[17]. At the same level (UMP2/6-311G(d,p)) of estimated from the measured ion yield. In the case of elec-
theory, they localized two transition states and two interme- tron impact ionization of an atomic target, the appearance
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Table 1 ' _ o in their ground electronic, vibrational and rotational states
Calculated reaction enthalpies, all values are given in eV (rotational and vibrational temperature 0K), the reaction
e+ CoHg — Methods enthalpy is equal to the difference between the energies of
G3B3 G3 CBS-0B3 CBS-0 the neutral molecule and the ion at rotational and v!brat|onal
— temperature of 293 K. Iffable 2 we show a comparison of
CaHe 1155 1163 1155 1164 the calculated enthalpies of reaction with the experimental
CoHst + H™ 12.03 12.05 11.93 12.00 . . .
Cobet + H appearance energies of particular ions.
CoHat + Hy 11.93 11.97 11.93 11.97 _For the ions GHg™, CzH5+_ and GH4™ we have in ad-
CoHz™ + H + Hz 14.83 14.85 14.80 14.80 dition calculated the theoretical appearance energies at 293
CzHi+ + 2Hz 14.61 14.63 14.62 14.62 and 693 K using the G3B3 level of theory. These values are
CoH™ +2H, +H 2165 21.64 2147 21.58 compared with the experimental values of appearance ener-
CeH™ + Mz + 3H 26.12 26.11 25.90 26.01 ies inTable 3 The theoretical appearance energies are de-
Cot + 3Hp 2173 2173 2174 2160 9 PP 9

fined as the difference between the ground state of the ion
and the most populated vibrational and rotational state of
the neutral molecule.

The present experimental studies of the appearance ener-
energy of the ion is identical to the ionization energy of gies for electron impact ionization of,Elg were performed
the target. However, in the case of a molecular target, theat temperatures of 293K and for the major product ions
situation is much more complex. The measured appearancgCyHgt, CoHs™, CoHg™) also at 693K. The appearance
energy does not directly represent the ionization energy of energies of the ions formed by electron impact ionization
the molecule (either VIE or AIE), as the electrons interacts of CoHg at 293 K are summarized in tieble 2 This ta-
with the molecules in an excited (vibrational and rotational) ble also presents a survey of previous experimental studies
state Fig. 19. The energy necessary to ionize a partic- (Ell [5] and PI[9]) and the reaction enthalpies as calculated
ular molecule also depends on the geometrical situationfrom the thermodynamic dafa5] and by present quantum
of the molecule at the moment of the electron interaction chemical calculations.
(Fig. 19. The energyE; necessary to ionize the molecule

CCSD(T) results for ethane: AIE 11.84eV, VIE = 13.05eV, OVGF
results for ethane: VIE= 1270 eV.

at the coordinatey; is lower than the energi, at the co- 4.1. CoHgt/CoHg
ordinateqy and thus the appearance energy corresponds to
the ionization energy at the coordinaje A typical CoHg™ ion yield curve measured at 293K is

Using ab initio calculations we have calculated the re- shown in theFig. 3a The present value of the appearance
action enthalpies for reactions (1)—(7) and the vertical ion- energy of 1146 4+ 0.04 eV (Table 2 is below the value of
ization energy VIE of reaction (1)T@ble ). The reaction 11.5740.02 eV measured by Plessis et[&l. using electron
enthalpies represent the energetical threshold of the partic-impact ionization. Both values are in agreement with the
ular reaction at 293K (it is assumed that the molecules andvalue of 115 4+ 0.1 eV obtained by Mackie et a[9] using
products have rotational and vibrational temperatures of photoionization. Using quantum chemical methods and tak-
293 K). The reaction enthalpies may be also calculated usinging into account vibrational and rotational excitation of the
standard enthalpies of formation as publishefllB]. There neutral ground state we have calculated the appearance en-
exists a close relationship between the reaction enthalpyergy at 293K at the G3B3 level of theory yielding 11.411 eV
and the adiabatic ionization energy. While the adiabatic (seeTable 3. This value agrees well with the present exper-
ionization energy is defined as the difference between theimental appearance energy. The vertical ionization energies
energy of the neutral molecule and the corresponding ion calculated at the CCSD(T) and the OVGF level of theory

Table 2
The appearance energies for Ell ofH as obtained in the present experiment and in previoug®land PI[9] experiments
e+ CoHg — Present experiment E[B] PI[9] Theory

AE (eV) at 293K IE (eV) IE (eV) Thermodynamid45] G3B3 AIE (eV)
CoHe™ 11.46+ 0.04 11.57+ 0.02 11.5+ 0.1 11.55
CoHs* + H™ 12.06 + 0.06 12.08 11.72 12.03
CoHs™ + H 127+ 0.1 12.45 12.4+ 0.1 12.47+ 0.03 12.79
CoHa™ + Hy 11.90+ 0.04 11.81+ 0.05 12.0+ 0.1 11.92+ 0.0006 11.93
CoHs™ +H + Hy 15.02+ 0.1 14.50+ 0.04 148+ 0.1 14.47+ 0.46 14.83
CoHo™ + 2H, 15.02+ 0.1 14.41+ 0.01 149+ 0.1 14.61+ 0.01 14.61
CoHT+2Hy + H 224+ 0.3 20.5+ 0.15 21.65
CoHT + Hz + 3H 257+ 0.3 25.1+ 0.15 26.12
Cot +3H; 226+ 0.3 229+ 0.3 20.95+ >0.3 21.73

Also shown the reaction thresholds as calculated from thermochemicalldgtand results from present ab initio calculations (Saéle J).
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Table 3
The values of the experimental and ab initio appearance energies of the ions fttyn C

e+ CyHg — Appearance energy (eV)

Experiment G3B3
AE(293K) AE(693K) A(AE(693K) — AE(293K))  AE(293K)  AE(693K)  A(AE(693K) — AE(293K))
CoHgt 11.46+ 0.04 11.2+ 0.04 0.26+ 0.08 11.411 11.097 0.314
CoHs™ + H™ 12.06+ 0.06 11.87+ 0.06 0.19+ 0.12 11.853 11.538 0.314
CoHst +H 12.7+ 0.1 12.4+ 0.1 0.30+ 0.2 12.348 12.034 0.314
CoHat + Hp 11.90+ 0.04 11.60+ 0.04 0.30+ 0.1 11.724 11.409 0.314

(13.05 eV respectively 12.7 eV) exceed the experimental ap-4.2. CoHst/CoHg
pearance energy substantially. The appearance energy coin-
cides much better with the reaction enthalpies calculated for  |on yields for the dissociative ionization,8s5*/CoHg
this reaction (seéable J). were measured at 293 and 693 K. Representative ion yield
An ion yield curve measured at the elevated gas temper-curves are shown ifig. 4 The most favorable process in
ature of 693K is presented in tii8g. 3b The appearance terms of the energetics is ion pair formation via the reac-
energy at this temperature has a value aR0H 0.04 eV. tion (2a). The dissociative ionization reaction (2b) is ener-
The red shift of the appearance energy has a value of abougetically less favorable. The adiabatic threshold for reac-
0.26 & 0.08 eV with respect to the appearance energy at tion (2b) is according t¢5] 0.76 eV (electron affinity of H)
293K. We have calculated at the G3B3 level of theory above the threshold for reaction (2a). The results of the data
the appearance energy of theHg™ ion at 693K yielding analysis of the present,8s™ ion yields are shown in the
11.097 eV Table 3. The theoretical red shift of the appear- Table 2 We have identified two thresholds in the ion yield
ance energy between 293 and 693K is 0.314eV and is incurve. The second threshold, which is difficult to identify
reasonable agreement with the experimental red shift. Theby visual inspection of the curve, is consistently predicted
red shift in the appearance energy of th&4g" ion may be by the statistical data analysis. The first threshold, AE
explained in the terms dfig. 1h i.e., the appearance en- 1206+ 0.1eV (293K) is about 0.64 eV below the second
ergy of the molecule at 693K is lowered due to the much threshold AE at 1270+ 0.1eV.
higher vibrational and rotational excitation of the molecule  Plessis et al[5] identified three thresholds in the ion
(as compared to the case at 293 K) and changes in geometryjield (mass to charge ratio (MCR) of the ion 29), at

associated with this excitation. 11.85, 12.08 and 12.45 eV. They attributed the signal below
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Fig. 3. lon yield curves for gHg"/CoHg as measured at: (a) 293K and  Fig. 4. lon yield curves for gHs"/C,Hg as measured at: (a) 293K and
(b) 693 K. Solid lines present fits through the experimental data. Arrows (b) 693 K. Solid lines present fits through the experimental data. Arrows
indicate the estimated appearance energies derived by the fitting procedureindicate the ionization energies derived by the fitting procedure.
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12.45eV (i.e., at 11.85 and 12.08 eV thresholds) to the ap-[5] (11.81(0.05) eV). The ab initio of appearance energy

pearance of thé?C'3CH,+ isotopomer and the 12.45eV  at 293K is 11.724 eV at 293K and the reaction enthalpies

threshold to reaction (2b). The threshold for reaction (2a) range from 11.93 to 11.97 eV. The data analysis of the ion

was according td5] therefore masked by thEC13CH,+ yield measured at elevated gas temperature of 693 K gives

ion. In the present experiment, we are also not able to an appearance energy of 116)04) eV. The red shift of re-

exclude the role of thé2C13CH,* and it is very difficult action (3) between 293 and 693 K amounts t8-00.08 eV.

to assign the estimated threshold to a particular reaction. This value is in excellent agreement with theoretically pre-

Tentatively, the Ak threshold could be assigned to reac- dicted red shift Table 3.

tion (2a) and AR to reaction (2b). This assignment is also

supported by the following fact that AHs about 0.16 eV 4.4. CoHst, CoHot, CoHT, CH3™, CHyt, CoTICoHg

above the threshold for the appearance oHgH via

reaction (3). The appearance energies for these ions were measured
The ion yield for reaction (2a) and (2b) has also been only at room temperature (s@able 2. The cross-sections

measured at the elevated temperature of 693 K. The increasgor the formation of these ions are low and thus the accu-

of the gas temperature resulted in a decrease of the IEsmulation of the signal was very time consuming. Moreover,

The red shift in the AE of reaction (2a) has a value of these ions are also formed by reactions of the electrons with

0.19+0.12eV and of (2b) of B+ 0.2eV (seeTable J in various trace gases present in thgHg sample (e.g., €Ha,

good agreement with our calculated results. CyH> and CH,) and therefore the estimation of the appear-
ance energies is less accurate.
4.3. CoHaT/CoH6 The ion yield for the formation of gHs™* (reactions (4a)

and (4b)) is presented iRig. 6a The present appearance

The dominant ion produced by the electron impactioniza- energy of 1502 + 0.1eV is slightly larger than the pho-
tion of CoHg is the fragment ion gH4* ion. The ionyield  tojonization value of 18 + 0.1eV [9], but in excellent
curves measured at 293 and 693 K are presented Figh®. agreement with an earlier electron impact ionization value
The ionyield curves exhibit a background due to the electron of 15,024+ 0.02 eV[8]. Plessis et a[5] reported for this ion
impact ionization reaction £H4"/CoH4 (Fig. 5). The GHa appearance energy of B4t 0.04 eV. The thermodynamic
is present in the gas sample as a trace gas. We have takethreshold of reaction (4a) of 147 4 0.46 eV as calculated
this reaction into account in our data analysis, by expand- using data fronf15] has a large uncertainty. This is mainly
ing the fitting function with further threshold. The present due to large error bars in ionization energy of thgHg®
value for the appearance energy of reaction (3) at 293K of radical. The present ab-initio calculations indicate the ther-
11.90¢:0.04) eV slightly exceeds the value of Plessis et al. modynamical threshold for this reaction to lie at around

C.H,'/CH !
2 4 2 6 | L +
1 293K f _ C,H,/CH, ;
] N AE I . AE |
AE(C,H,"/C,H,) ] | ;
= l J 1 AECH,ICH) l ¢
. 0 =
o 7 S
s’(a)""\""l""l""l"'l""l "E (a)
e = * S R M ) (TR SR B Lo S |
[ ] CEH4 'IC?HG ; - N 12 13 14 15 16
> =
4 693K o +
S H Z‘ C2H2 /Csz
= 1 s ] 5 ‘Z
] AE(C,H,"IC,H,) i’ . AE I
i \ ] K | AE(CH,ICH,) l K,

T L I L L B | b

100 105 11,0 11,5 120 125 130 7 (b)
(b) E (eV) 1
E (eV)

Fig. 5. lon yield curves for €HsT/CoHg as measured at: (a) 293K and
(b) 693 K. Solid lines present fits through the experimental data. Arrows Fig. 6. lon yield curve for @Hz* and GH,"/C;Hg as measured at 293 K.
indicate the ionization energies derived by the fitting procedure. Note the Solid lines present fits through the experimental data. Arrows indicate the
background due to £H41/CyH,4 reaction. ionization energies derived by the fitting procedure.
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Fig. 7. lon yield curve for @HT and GT/C;Hs as measured at 293 K.
Solid lines present fits through the experimental data. Arrows indicate the
ionization energies derived by the fitting procedure.

14.8eV {Table J. In the light of the experimental data and
the ab-initio calculation we believe that the appearance en-
ergy of the GHz* ion from ethane is around 14.8eV.

The GHy,™ ion from GHg is most probably formed via
reaction (5) which is the energetically most favorable one.
The ion yield Fig. 6b exhibits a background contribution
due to GH,*/CyH, production. This background has been

taken into consideration in the data analysis. The appear-

ance energy for this ion with 15.020.1) eV agrees with the
photoionization value of 14.9 eV of Mackie et []. Plessis
et al.[5] found an appearance energy for this ion of 14.41 eV.
According to the present ab initio calculation, the reaction
enthalpy of the reaction (5) has a value of about 14.62eV
(Table J and the value of the thermodynamic thresHald]
for this reaction is 1461+ 0.01 eV (Table 2.

Reaction (6a) is energetically the most favorable process
yielding GH™ ion. The ion yield GH*/CyH4 (Fig. 79
is contaminated with the ions produced via reaction
CoH™/C,H; due to traces of §H, in the sample. For this
reason, we are not able to estimate the AE of the reaction

161

et al.[5]. These two values are also close to the calculated
adiabatic threshold for the reaction of about 21.7 eV. The ion

yields for the single carbon ions (GH, CHs™, CHxt, ...)

were in the present experiment very weak and were masked
by ions produced by ionization of the trace gasQifesent.

For this reason, we did not study these ions in present ex-
periment.
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