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Abstract

Electron impact ionization near threshold was studied for the two isotopomers CH3D and CD4 using a high-resolution electron impact mass
spectrometer. The appearance energies (AEs) of the parent and two fragment cations were determined for both molecules using a fitting procedure
based on a modified Wannier type threshold power law. The present results are compared with the ionization thresholds for CH4 studied previously
with the same experimental setup. The deuterated molecules have always higher AEs than undeuterated CH4. Moreover, for both molecules a
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ownward shift in the AE was observed when the temperature was increased from 293 K to 693 K. The temperature effect measured
ncreases from CH4 to CH3D to CD4.

2005 Elsevier B.V. All rights reserved.
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. Introduction

The most recent high-resolution study on isotope effects
f appearance energies (AEs) using electron impact ionization
as carried out by Hanel et al.[1]. They investigated the iso-

opomers H2/D2, H2O/D2O and C6H6/C6D6 and compared the
xperimental results with standard quantum chemical calcula-
ions. They observed for all isotopomers upward shifts in the
E when going to the deuterated samples in the range of few

ens of meV for the parent cation (of 40 meV for H2O+/H2O
nd D2O+/D2O) and up to a few hundred meV for the fragment
ations (of 190 meV for H+/H2O and D+/D2O). Such a shift in
he appearance energy for molecular isotopomers system can
e expected due to the different molecular constants and more-
ver, due to different molecular potential energy curves for the
ifferent isotopomers.

The isotope effect on the appearance energy of methane
as investigated for the first time around 1950 using electron

mpact ionization in combination with standard mass spectrom-

etry[2,3]. Lossing et al.[2] carried out measurements for all fi
hydrogen/deuterium isotopomers of methane and observe
CH3D has an AE of about 50 meV higher than CH4. Moreover, in
their article[3] they reported that the appearance energy of4
is about 190 meV higher than the AE of CH4. Besides electro
impact experiments the isotope system CH4/CD4 has been als
studied with other experimental techniques such as photoio
tion mass spectrometry (PI)[4–6]or photoelectron spectrosco
(PE)[7]. The most recent PI work by Berkowitz et al.[4] gave the
value of the ionization energy for CD4 about 40 meV higher tha
that of CH4. They also reported quantum chemical calculat
of the vibrational frequencies for CH4 and CD4 (und thus thei
zero point energies) and their respective cations. Based on
calculations a shift of 50 meV was predicted between the
batic ionization energies of CH4 and CD4, respectively. Thus
they assigned their experimentally observed shift exclusive
the difference in the zero point energies. Previous PI[5,6] and
PE studies[7] reported, however, higher increases in the ion
tion energy between CH4 and CD4, i.e., between 80 meV an
180 meV.

All of these studies on methane concentrated mainly o
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isotope effect for the parent cation. The threshold behavior of
fragment cations of methane was much less investigated. Values
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for fragment cations were only reported by Dibeler et al.[5]
(CH3

+ and CH2
+) using photoionization and Locht et al.[8]

(H+) using electron impact ionization.
We have carried out here high-resolution electron impact ion-

ization experiments investigating the isotope effect for appear-
ance energies of (partially) deuterated methanes (CH3D and
CD4) and in addition we have investigated a possible tempera-
ture effect on the AEs with a temperature controlled molecular
beam source. The threshold behavior of the electron impact ion-
ization cross-section near the threshold for simple hydrocarbons
was investigated at different gas temperatures and shifts in the
AEs of up to 400 meV were observed[11–13].

In the present work we use the expression ‘appearance energy
(AE)’ instead of IE (see exact definition in[13]) which is fre-
quently used in previous literature, because we determine in the
present experiment the minimum energy which is required to
form the (fragment) cation from a neutral molecule in a vertical
transition within the Franck Condon region (see also discussion
in [12]).

2. Experimental setup

The apparatus used for the present measurements consists of
a crossed electron/molecule beams setup in conjunction with
a quadrupole mass spectrometer (seeFig. 1 for a schematic
v
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were carried out with an energy resolution of 120 meV leading
to a higher detection sensitivity, i.e., the corresponding electron
current at this energy resolution is about 50 nA.

The ions formed in the collision region by the electron
impact process are extracted into a quadrupole mass spectrom-
eter (QMS) by a weak electric field and detected by a secondary
electron multiplier (SEM) which is mounted off-axis. The SEM
pulses are processed employing a pulse counting technique
with computer. With this setup the ion efficiency curve for a
mass-selected cation was measured as a function of the electron
energy by repeatedly scanning the ramp voltage over a prede-
fined energy interval near threshold. The electron energy scale
of the monochromator was calibrated with the well known spec-
troscopic ionization energy of Ar+/Ar (IE = 15.759± 0.001 eV)
[16] by measuring the ionization efficiency curve of Ar under the
same experimental conditions like those of the studied cations
of CH3D and CD4.

For the exact determination of the appearance energy (AE)
from the measured data a fitting method based on a modified
Wannier threshold law[17] is used. Moreover, the fit function is
constructed as a convolution of the electron energy distribution
with the real cross-section. A detailed description and the reli-
ability of the used fitting method is discussed in detail in Ref.
[11] and[18]. In short, the measured ion efficiency curve is fit-
ted with the following functionf(E) over the energy range that
includes the threshold region:
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iew). A more detailed description can be found in Ref.[14].
he neutral molecular beam is formed in an effusive mol

ar beam source (EMBS) which can be heated resistively
00 K. The gas samples of CH3D and CD4 were obtained from
igma-Aldrich and have an isotope purity of 98% and 9

espectively. For achieving a thermal equilibrium between
eutral gas and the heated walls of the beam source a de

n the entrance of the beam source is mounted. This ensure
he molecules undergo a sufficient number of collisions be
hey effuse from the EMBS through a hole of 0.5 mm diam
he neutral beam interacts in the collision region of a trocho
lectron monochromator (TEM)[15] with the monochromatize
lectron beam. The maximum electron energy resolution o
sed TEM is about 30 meV, however the present measure

ig. 1. Schematic view of the experimental setup. In the trochoidal ele
onchromator (TEM) the monochromatized electron beam is formed. The

ron beam interacts in the collision chamber with the neutral beam form
he effusive molecular beam source (MBS). The ions formed are mass an
sing a quadrupole mass spectrometer (QMS).
or
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(E) = b if E < AE1 (1a)

(E) = b + c(E − AE1)p if AE1E < AE2 (1b)

(E) = b + c(E − AE1)p1 + d(E − AE2)p2 if E > AE2

(1c)

he fit using(1a)and(1b) involves four parameters: the bac
round signalb, the unknown appearance energy AE1, the scal

ng constantc which represents the slope of the cross-sec
bove the AE1 and the exponential factorp (“Wannier” factor).
or a second threshold (designated as AE2) in an ion efficiency
urve where an energetically higher ionic state of the ca
ecomes accessible or another ion is present at this mas
tting function(1c)has to be used instead of(1b).

. Results and discussion

In this work we present appearance energies (AEs) for ca
ormed by electron impact ionization of neutral CH3D and CD4
ia the following reactions:

+ CH3D → CH3D+ + 2e (2)

+ CH3D → CH2D+ + H− + 2e (3a)

+ CH3D → CH2D+ + H + 2e (3b)

+ CH3D → CH3
+ + D + 2e (4)

+ CH3D → CHD+ + H2 + 2e (5)

+ CD4 → CD4
+ + 2e (6)
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Fig. 2. Ion efficiency curves (open circles) of the parent ions (CH3D)+/(CH3D) (left) and (CD4)+/(CD4) (right) measured at the gas temperatures of 293 K (bottom)
and 693 K (top), respectively. The fit curves are shown as solid lines. The AEs indicated by arrows are the thresholds for these individual data sets and differ from
the AEs given in the text and in the tables which are derived by averaging several AE values from individual data sets.

e + CD4 → CD3
+ + D + 2e (7)

e + CD4 → CD2
+ + D2 + 2e (8)

Examples for the measured ionization efficiency curves of all
cations studied are shown inFigs. 2–4. All cations have been
investigated at two different gas temperatures, 293 K and 693 K,
respectively. The ion yields have been measured from about
1 eV below the threshold up to 1 eV above the onset. Employ-
ing the fitting method mentioned above the corresponding AEs
have been derived. The results for cations of partially deuter-
ated methane (CH3D) measured at the gas temperature of
293 K are summarized inTable 1; those for fully deuterated
methane (CD4) are shown inTable 2. The present AE val-
ues in the tables and in the text were derived by averaging
the results of several individually measured data sets and the
uncertainties given were calculated as the difference between

Table 1
AEs of cations formed via electron impact of neutral partially deuterated methane
(CH3D) at the gas temperature of 293 K

e + CH3D→ AE (in eV)

Present EIa

(CH3D)+ 12.75± 0.03 13.12± 0.02
12.99± 0.03

(
(
(
(

T ined i
R

the largest and smallest value of the AE determined from these
different measurements. Also included inTables 1 and 2are
previously reported AE values (where available) using elec-
tron impact ionization[2,3] or photoionization[4,5]. Table 3
shows the isotope shift of the present AEs to the AEs of cor-
responding CH4 cations which were reported previously by
Stano et al.[11] using the same apparatus and same fitting
procedure.

3.1. CH3D+/CH3D and CD4
+/CD4

The present ion efficiency curves of CH3D+/CH3D and
CD4

+/CD4 have a first weak onset at 12.75± 0.03 eV and
12.84± 0.02 eV, respectively, which is followed at about 0.23 eV
above this first onset by a second threshold (seeFig. 1). We
attribute these two thresholds in the ion efficiency curves to two
different electronic states of the ion and have been observed
already in the case of CH4 molecule. The only previous AE
value for the parent cation CH3D+/CH3D was reported by Loss-
ing et al.[2] using electron impact. They reported AE values for
two different ion sources (where the differences of the sources
consisted in the lens geometry and the extraction potentials), i.e.,
for CH3D+/CH3D AEs of 13.12± 0.02 eV and 13.21± 0.02 eV,
respectively. The lower value included inTable 1 is 0.37 eV
higher than the present AE. They also determined the AE
o +

l alue.
A
h
e een
t
c mea-
CH2D)+ + H− 13.66± 0.07 –
CH2D)+ + H 14.42± 0.05
CH3)+ + D 14.54± 0.05 –
CHD)+ + H2 15.22± 0.1 –

he present values for the parent cation is compared with the value obta
ef. [2] using electron impact (EI).
a Ref. [2].
n

f CD4 /CD4 (i.e., 13.26± 0.02 eV and 13.35± 0.02 eV), the
ower value is more than 0.42 eV higher than the present v
nother value of the appearance energy for CD4

+, also 0.37 eV
igher than the present AE, was obtained by Honig[3] using
lectron impact ionization. This difference in the AE betw

he present work and the previous electron impact studies[2,3]
ould be due to the fact that the previous electron impact
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Table 2
AEs of cations formed via electron impact of neutral deuterated methane (CD4) at the gas temperature of 293 K

e + CD4→ AE (in eV)

Present EIa EIb PIc PId

(CD4)+ 12.84± 0.02 13.26± 0.02 13.21± 0.02 12.65± 0.015 12.87± 0.02
13.07± 0.03

(CD3)+ + D – – – – 14.38± 0.03
14.54± 0.03

(CD2)+ + D2 15.41± 0.05 – – – 15.25± 0.04

The present values are compared with values obtained in electron impact works (EI)[2,3] and photoionization (PI)[4,5] studies, where available.
a Ref. [2].
b Ref. [3].
c Ref. [4].
d Ref. [5].

surements were performed with standard ion sources without
an electron monochromator. In this case one can expect that
the accuracy of these earlier measurements suffered from low
energy resolution (> 0.5 eV).

For both parent cations, CH3D+/CH3D and CD4
+/CD4, the

two thresholds in the ion efficiency curve show a different iso-
tope shift with respect to CH4, i.e., the second onset exhibits
a significantly smaller isotope shift than the first threshold (see
Table 2for the exact values). Moreover, for both thresholds of
CH3D+/CH3D a weaker isotope effect (increase) is observed
as compared to CH4 than for CD4

+/CD4. The present isotope
effects for the first thresholds are similar to the shift observed in
two previous electron impact works[2,3]. Moreover, agreement
is also found with the isotope effect reported by Dibeler et al.[5]
using photoionization. The most recent PI study by Berkowitz
et al. [4] yielded an increase of 40 meV for the adiabatic ion-
ization threshold when going from CH4

+ to CD4
+ much lower

than observed in previous PI and photoelectron works[5–7].
The authors in[4] claimed that the stronger isotope effect in the

Table 3
Present shifts on the AEs of cations for CH3D and CD4 to the AEs of the
corresponding cations for undeuterated methane (CH4) [11] compared with pre-
viously determined shifts[7–10] using different experimental techniques like
electron impact (EI) and photoionization (PI)

Isotope shift (in meV)

(

(

(
(
(

(
(

adiabatic ionization energy reported in previous works is caused
by smaller Franck Condon factors for CD4 than for CH4, i.e.,
it is more difficult to measure the adiabatic value and this leads
to the higher reported adiabatic values of the IE in[5–7]. The
present isotope shift is also much higher than the difference in
zero point energy of CH4 and CD4 reported by[4]. The value of
the AE for CH4

+ by Stano et al.[11] lies close (40 meV higher)
to the adiabatic value reported by Berkowitz et al. This is sim-
ilar to previous observations for other simple molecules[19,1]
like N2O or H2 where the AE determined in electron impact
ionization measurements is close to the adiabatic value.

For both parent cations a noteworthy temperature effect on
the AE is observed, i.e., for CH3D+/CH3D both onsets are about
180 meV lower at the higher gas temperature than at ambient
temperature and for CD4+/CD4 a decrease of about 230 meV is
observed when going from 293 K to 693 K. The present temper-
ature effects are higher than those reported for CH4 (140 meV)
[11]. In general the temperature effect can be explained by the
increase of internal energy, i.e., higher vibrational and rotational
states are populated at higher gas temperatures. Stano et al.[11]
also calculated the increase of the average internal energy of
the CH4 molecule within the harmonic oscillator approximation
and predicted a shift of 120 meV for CH4 in good accordance
with the measured value of 140 meV. For the present (partially)
deuterated methanes the temperature effect is enhanced because
the rotational-vibrational levels of CHD and CD are energet-
i l
a mper-
a lator
a 93 K
a e
c

3

ts
( sec-
o of H
( ed
t n
y eak
Present EIa EIb PIc PId

CH3D)+/CH3D 100 50
40

CH2D)+/CH3D 80
80

CH3)+/CH3D 200
CHD)+/CH3D 110
CD4)+/CD4 190 170 170 50 160

120

CD3)+/CD4 200 130
CD2)+/CD4 310 90

a Ref. [2].
b Ref. [3].
c Ref. [4].
d Ref. [5].
3 4
cally lower than in the case of CH4 [20], i.e., higher rotationa
nd vibrational levels are more populated at elevated gas te
ture leading to larger shifts of the AEs. The harmonic oscil
pproximation gives the internal energy increase between 2
nd 693 K of 130 meV in the case of CH3D and 160 meV in th
ase of CD4.

.2. CH2D+/CH3D and CD3
+/CD4

The ion efficiency curve of CH2D+/CH3D reveals two onse
seeFig. 2). The first onset is about 0.75 eV lower than the
nd one. This value corresponds to the electron affinity
EA = 0.75419 eV[16]), i.e., the first threshold can be ascrib
o reaction(3a)involving H− formation. Unfortunately, the io
ield CH2D+/CH3D (mass 16 amu) is contaminated by a w
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Fig. 3. Ion efficiency curves (open circles) of the fragments ions (CH2D)+/(CH3D) (left) and (CD3)+/(CD4) (right) measured at the gas temperatures of 293 K
(bottom) and 693 K (top), respectively. The fit curves are shown as solid lines. The AEs indicated by arrows are the thresholds for these individual datasets and differ
from the AEs given in the text and in the tables which are derived by averaging several AE values from individual data sets.

ion signal of CH4
+/CH4. CH4 is present in small amounts as an

impurity in the gas sample, and thus it is impossible to avoid this
contamination. Nevertheless, it was possible to derive the first
threshold of CH2D+/CH3D using a special fitting procedure, in
which the CH4

+/CH4 background has been subtracted from the
CH2D+/CH3D ion yield. For CH2D+/CH3D an upward isotope

shift with respect to the AE of CH3+/CH4 [11] of about 80 meV
is observed for both thresholds. Also the ion efficiency curve of
CD3

+/CD4 (mass 18 amu) was affected by the presence of H2O+

due to ionization of water present as background in the chamber.
In this case it was not possible to derive an onset using a special
fit procedure which can be ascribed to CD3

+ + D− formation,

F ), (C res
o s so us
a ed by
ig. 4. Ion efficiency curves (open circles) of the fragments ions (CHD)+/(CH3D
f 293 K (bottom) and 693 K (top), respectively. The fit curves are shown a
nd differ from the AEs given in the text and in the tables which are deriv
H3)+/(CH3D) (left) and (CD2)+/(CD4) (right) measured at the gas temperatu
lid lines. The AEs indicated by arrows are the thresholds for these individal data set
averaging several AE values from individual data sets.
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Table 4
AEs for cations of CH3D and CD4 determined at different gas temperatures (290 K and 690 K)

Present AEs at different gas temperatures (in eV)

AE(293 K) AE(693 K) AE(693 K)− AE(293 K)

(CH3D)+/CH3D 12.75± 0.03 12.58± 0.05 0.17± 0.07
12.99± 0.03 12.80± 0.07 0.19± 0.08

(CH2D)+/CH3D 13.66± 0.07 13.49± 0.07 0.17± 0.1
14.42± 0.05 14.25± 0.05 0.17± 0.06

(CH3)+/CH3D 14.54± 0.05 14.42± 0.05 0.12± 0.05
(CHD)+/CH3D 15.22± 0.1 15.11± 0.1 0.11± 0.08

(CD4)+/CD4 12.84± 0.02 12.60± 0.04 0.24± 0.06
13.07± 0.03 12.84± 0.04 0.23± 0.06

(CD3)+/CD4 14.54± 0.03 14.31± 0.05 0.23± 0.04
(CD2)+/CD4 15.41± 0.05 15.21± 0.05 0.2± 0.08

i.e., also after subtraction of the H2O background ion signal no
first threshold appears (seeFig. 3). Thus, it can be concluded that
this reaction pathway is considerably weaker for CD4 than for
CH3D and CH4. For CD3

+/CD4 an isotope effect of 200 meV
is observed which is 70 meV larger than the only previously
value reported by Dibeler et al. using photoionization[5]. The
decrease in the AE at the higher gas temperatures of 170 meV in
the case of CH2D+/CH3D and 230 meV for CD3+/CD4 is nearly
the same as for the corresponding parent cations (seeTable 4.).
A similar situation was also observed for undeuterated methane
previously where the decrease of the AE for CH3

+/CH4 and the
parent cation were reported (140 meV)[11].

3.3. CHD+/CH3D, CH3
+/CH3D and CD2

+/CD4

The ion efficiency curve of CHD+/CH3D (mass 15 amu) is
shown inFig. 4. Moreover, at this mass also the fragment cation
CH3

+/CH3D may be present. Two thresholds have been found in
the ion yield (Table 1), i.e., the first threshold (14.54± 0.05 eV)
was tentatively ascribed to the latter cation because in this
case only one CD bond has to be broken. For CHD+/CH3D
two C H bonds have to be broken and thus a higher AE can
be expected. The binding energy between a single CH bond
and a C D bond differ only by 32.19 meV[21]. Also for
CH3

+/CH3D (like for CD3
+/CD4) no corresponding D− for-

m wea
o nsity
f m-
p n pa
f atus
u

fect.
T ar-
a atio
o
2 d fo
C he
f t
i , i.e.
3 alue

reported by Dibeler et al.[5]. The large value of the isotopic
shift in the case of the CD2+/CD4 results from the fact that two
C D bonds had to be broken in the course of this reaction. The
value of the isotopic shift is then represented by the sum of two
isotopic shifts for one bond break. The temperature effects for
CHD+/CH3D, CH3

+/CH3D and CD2
+/CD4 is smaller than for

the two other ions discussed above. The difference to the corre-
sponding parent cations is about 50 meV, 60 meV and 40 meV,
respectively. The lower values of the temperature shift may result
from the fact that the cross-sections for these reaction channels
are very low and thus also the precision of the threshold estima-
tion is lower. Stano et al.[11] did not investigate the temperature
effect on the AE of CH2+/CH4.

4. Conclusions

We have determined the AEs of cations formed via electron
impact of (partially) deuterated methane. For the determination
of isotope effects the present values are compared with the AEs
for CH4 [11] determined previously with the same apparatus and
the same fitting procedure. For all measured cations an isotope
effect on the AE is observed. The isotope effect is larger for CD4
than for CH3D. From the present results several trends concern-
ing the isotope effect on the AE can be deduced: (i) a smallest
isotope effect is observed for the parent cations; whereas (ii)
f hich
b tions
D ency,
i ment
c
a e.
H pact
e h can
b ergy
r

e the
i rent
g orthy
t sing
t n
ation can be observed which would result in a second
nset 0.75 eV below the main onset. However, the inte

or this fragment cation is generally already very low co
ared to the dehydrogenated methane cation and the io

ormation may be below the detection limit of the appar
sed.

Noteworthy is the difference in the observed isotope ef
he ion yield CHD+/CH3D shows an upward shift of the appe
nce energy of 110 meV compared to the corresponding c
f undeuterated methane whereas for CH3

+/CH3D a shift of
00 meV is observed. The latter shift can be also derive
D3

+/CD4 where also one CD bond has to be broken for t
ormation of this fragment cation. For CD2

+/CD4 the larges
sotope effect of all presently studied cations is observed
10 meV which is 220 meV larger than the only previously v
k

ir

n

r

,

or fragment cations stronger isotope shifts are observed w
ecome larger for smaller fragment cations. For fragment ca
ibeler et al. (photoionization) observed the reverse tend

.e., the AE isotope effect became weaker for smaller frag
ations[5]. The previous electron impact studies[2,3] reported
similar isotope shift for CD4+/CD4 as in the present cas
owever, the previous AE values determined in electron im
xperiments are much higher than the present AEs whic
e explained by the different experimental conditions (en
esolution, etc.).

Using the temperature controlled neutral beam sourc
onization efficiency curves were measured at two diffe
as temperatures, 293 K and 693 K. We observe a notew

emperature effect on the AE (decrease in AE with increa
emperature) for both molecules. For CD4 the shift is larger tha
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for CH3D and in addition for both molecules the temperature
effect is more pronounced than for CH4.
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