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Abstract

Electron impact ionization near threshold was studied for the two isotopomey® @htl CD, 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 proce
based on a modified Wannier type threshold power law. The present results are compared with the ionization threshqldaiftie@Hreviously
with the same experimental setup. The deuterated molecules have always higher AEs than undeutgratedeGtkr, for both molecules a
downward shift in the AE was observed when the temperature was increased from 293K to 693 K. The temperature effect measured on the
increases from Clto CH;D to CD,.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction etry[2,3]. Lossing et al[2] carried out measurements for all five
hydrogen/deuterium isotopomers of methane and observed that

The most recent high-resolution study on isotope effect<CHsD has an AE of about50 meV higher than £iMoreover, in

of appearance energies (AES) using electron impact ionizatiotheir article[3] they reported that the appearance energy of CD

was carried out by Hanel et 4l1]. They investigated the iso- is about 190 meV higher than the AE of GHBesides electron

topomers H/D», H,O/D,0O and GHg/CgDg and compared the impact experiments the isotope system4&ED,4 has been also

experimental results with standard quantum chemical calculastudied with other experimental techniques such as photoioniza-

tions. They observed for all isotopomers upward shifts in thdion mass spectrometry (H8—6] or photoelectron spectroscopy

AE when going to the deuterated samples in the range of feyPE)[7]. The most recent Pl work by Berkowitz et @] gave the

tens of meV for the parent cation (of 40 meV fop®/H,O  value of the ionization energy for Gabout 40 meV higher than

and DO*/D,0) and up to a few hundred meV for the fragment that of CH,. They also reported quantum chemical calculations

cations (of 190 meV for BH,0 and D'/D,0). Such a shiftin  of the vibrational frequencies for GHand CD; (und thus their

the appearance energy for molecular isotopomers system caero point energies) and their respective cations. Based on these

be expected due to the different molecular constants and morealculations a shift of 50 meV was predicted between the adia-

over, due to different molecular potential energy curves for théatic ionization energies of GHand CD, respectively. Thus,

different isotopomers. they assigned their experimentally observed shift exclusively to
The isotope effect on the appearance energy of methartbe difference in the zero point energies. PrevioufsH] and

was investigated for the first time around 1950 using electrofPE studie$7] reported, however, higher increases in the ioniza-

impact ionization in combination with standard mass spectromtion energy between CHand CD,, i.e., between 80 meV and

180 meV.
All of these studies on methane concentrated mainly on the
* Corresponding author. isotope effect for the parent cation. The threshold behavior of
E-mail address: matejcik@fmph.uniba.sk (S. Mati). fragment cations of methane was much less investigated. Values
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for fragment cations were only reported by Dibeler et[d].  were carried out with an energy resolution of 120 meV leading
(CH3* and CH*) using photoionization and Locht et 48] to a higher detection sensitivity, i.e., the corresponding electron
(H*) using electron impact ionization. current at this energy resolution is about 50 nA.

We have carried out here high-resolution electronimpaction- The ions formed in the collision region by the electron
ization experiments investigating the isotope effect for appeanmpact process are extracted into a quadrupole mass spectrom-
ance energies of (partially) deuterated methaness[CHNd  eter (QMS) by a weak electric field and detected by a secondary
CD4) and in addition we have investigated a possible temperaelectron multiplier (SEM) which is mounted off-axis. The SEM
ture effect on the AEs with a temperature controlled moleculapulses are processed employing a pulse counting technique
beam source. The threshold behavior of the electron impact iorwith computer. With this setup the ion efficiency curve for a
ization cross-section near the threshold for simple hydrocarbonsass-selected cation was measured as a function of the electron
was investigated at different gas temperatures and shifts in ttenergy by repeatedly scanning the ramp voltage over a prede-
AEs of up to 400 meV were observgbl-13] fined energy interval near threshold. The electron energy scale

In the presentwork we use the expression ‘appearance energythe monochromator was calibrated with the well known spec-
(AE)' instead of IE (see exact definition [d3]) which is fre-  troscopic ionization energy of AfAr (IE=15.75940.001 eV)
quently used in previous literature, because we determine in tH&6] by measuring the ionization efficiency curve of Arunder the
present experiment the minimum energy which is required tsame experimental conditions like those of the studied cations
form the (fragment) cation from a neutral molecule in a verticalof CH3D and CD.
transition within the Franck Condon region (see also discussion For the exact determination of the appearance energy (AE)
in [12]). from the measured data a fitting method based on a modified
Wannier threshold lal 7] 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-

The apparatus used for the present measurements consistg?6flity of the used fitting method is discussed in detail in Ref.
a crossed electron/molecule beams setup in conjunction witit1] @nd[18]. In short, the measured ion efficiency curve is fit-
a quadrupole mass spectrometer (§ég 1 for a schematic ted with the following functiorf{E) over the energy range that

2. Experimental setup

view). A more detailed description can be found in Ha#].  includes the threshold region:

The neutral molecular beam_ is formed in an effus_ivg molecu-f(E) —p if E < AE; (1a)
lar beam source (EMBS) which can be heated resistively up to

800 K. The gas samples of GB and CD); were obtained from  f(E) = b+ ¢(E — AE1)? ifAE1E < AE> (1b)

Sigma-Aldrich and have an isotope purity of 98% and 99%,

respectively. For achieving a thermal equilibrium between thef(E) = b + ¢(E — AE1)P1 + d(E — AEp)P2  if E > AE,
neutral gas and the heated walls of the beam source a deflector

in the entrance of the beam source is mounted. This ensures that (1c)

the molecules undergo a sufficient number of collisions beforerhe fit using(1a)and(1b) involves four parameters: the back-
they effuse from the EMBS through a hole of 0.5mm diameterground Signab, the unknown appearance energylAE]e scal-

The neutral beam interacts in the collision region of atrochoidajng constant which represents the slope of the cross-section
electron monochromator (TEN5] with the monochromatized ahove the AR and the exponential factpr(“Wannier” factor).
electron beam. The maximum electron energy resolution of theor a second threshold (designated as)AR an ion efficiency

used TEM is about 30 meV, however the present measuremenggrve where an energetically higher ionic state of the cation
becomes accessible or another ion is present at this mass, the
fitting function (1c) has to be used instead (dh).

3. Results and discussion
Inthis work we present appearance energies (AEs) for cations

formed by electron impact ionization of neutral glHand CDy
via the following reactions:

e + CH3D — CH3D' +2e (2)
e + CHsD — CHo,D™ +H™ +2e (33)
e + CH3sD — CHoDT +H + 2e (3b)
Fig. 1. Schematic view of the experimental setup. In the trochoidal electrore + CH3D — CH:.;+ +D + 2e (4)
monchromator (TEM) the monochromatized electron beam is formed. The elec-
tron beam interacts in the collision chamber with the neutral beam formed i® + CHgD — CHD™ 4 H, + 2e (5)

the effusive molecular beam source (MBS). The ions formed are mass analyzed +
using a quadrupole mass spectrometer (QMS). e + CDs— CDs" +2e (6)
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Fig. 2. lon efficiency curves (open circles) of the parent ionsg@H/(CHzD) (left) and (CDy)*/(CD4) (right) measured at the gas temperatures of 293 K (bottom)
and 693K (top), respectively. The fit curves are shown as solid lines. The AEs indicated by arrows are the thresholds for these individual datfiesefteend d
the AEs given in the text and in the tables which are derived by averaging several AE values from individual data sets.

e + CDs— CD3" +D + 2e (7)  the largest and smallest value of the AE determined from these
different measurements. Also included Tables 1 and &re
e+ CDs— CD;" +D2+2e (8)  previously reported AE values (where available) using elec-

L . tron impact ionization2,3] or photoionization4,5]. Table 3
Examples for the measured ionization efficiency curves of alghows the isotope shift of the present AEs to the AEs of cor-

.cation.s studied are _shown fFigs. 2—4 All cations have been responding Chj cations which were reported previously by
investigated at two different gas temperatures, 293 K and 693 Kstano et al[11] using the same apparatus and same fitting
respectively. The ion yields have been measured from abo ocedure.

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 deuters-/- CH3;D*/CH3D and CD4*/CDy4
ated methane (C4D) measured at the gas temperature of

293K are summarized iffable % those for fully deuterated Tt]e present ion efficiency curves of @BI/CH3D and
methane (CB) are shown inTable 2 The present AE val- CD4"/CD4 have a first weak onset at 12.7%9.03eV and

ues in the tables and in the text were derived by averaginé2-84i o..oz'ev, respectively, which is followed atgbout0.23 eV
the results of several individually measured data sets and ttfePove this first onset by a second threshold (Sige 1). We

uncertainties given were calculated as the difference betweddtribute 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 CHmolecule. The only previous AE

Table 1 :
AEs of cations formed via electron impact of neutral partially deuterated methan\e/alue for the pgrent cation .QJEDJr/CH?’D was reported by Loss-
(CHsD) at the gas temperature of 293 K ing et al.[2] using electron impact. They reported AE values for
, two different ion sources (where the differences of the sources
e+ChD— AE (in ev) consisted in the lens geometry and the extraction potentials), i.e.,
Present B for CH3D*/CH3D AEs of 13.12£ 0.02 eV and 13.2% 0.02 eV,
(CHaD)* 12 754 0.03 1312t002 respectively. The lower value included irable 1is 0.37 eV
12.99+ 0.03 higher than the present AE. They also determined the AE
(CHoD)* + H- 13.6640.07 3 of CD4+/CD4_1 (i.e., 13.26+0.02eV gnd 13.35:0.02€eV), the
(CHoD)* +H 14.42+ 0.05 lower value is more than 0.42 eV higher than the present value.
(CHg)* +D 14.54+0.05 - Another value of the appearance energy for,CRalso 0.37 eV
(CHD)" +H, 15.22+£0.1 - higher than the present AE, was obtained by HdBigusing
The present values for the parent cation is compared with the value obtained RI€Ctron impact ionization. This difference in the AE between
Ref.[2] using electron impact (EI). the present work and the previous electron impact styaiés

& Ref.[2]. could be due to the fact that the previous electron impact mea-
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Table 2

AEs of cations formed via electron impact of neutral deuterated methang é€he gas temperature of 293 K

e+Chy— AE (in eV)
Present =) EI° PIc pid

(CDa)* 12.84+0.02 13.26+0.02 13.2H1-0.02 12.65£0.015 12.8#0.02
13.07+0.03

(CD3)*+D - - - - 14.38+0.03
14.54+0.03

(CDp)* +D3 15.41+0.05 - - - 15.25-0.04

The present values are compared with values obtained in electron impact workd 3E&nd photoionization (PI[4,5] studies, where available.
a Ref.[2].
b Ref.[3].
¢ Ref.[4].
d Ref.[5].

surements were performed with standard ion sources withowdiabatic ionization energy reported in previous works is caused
an electron monochromator. In this case one can expect thay smaller Franck Condon factors for gEhan for CH,, i.e.,
the accuracy of these earlier measurements suffered from loivis more difficult to measure the adiabatic value and this leads
energy resolution (> 0.5eV). to the higher reported adiabatic values of the IE5A7]. The
For both parent cations, GB*/CHsD and CD}*/CD4, the  present isotope shift is also much higher than the difference in
two thresholds in the ion efficiency curve show a different iso-zero point energy of Cidand CD, reported byf4]. The value of
tope shift with respect to CH i.e., the second onset exhibits the AE for CHy* by Stano et al[11] lies close (40 meV higher)
a significantly smaller isotope shift than the first threshold (se¢o the adiabatic value reported by Berkowitz et al. This is sim-
Table 2for the exact values). Moreover, for both thresholds ofilar to previous observations for other simple molecuile} 1]
CH3D*/CH3D a weaker isotope effect (increase) is observedike N,O or H, where the AE determined in electron impact
as compared to CHthan for CD;*/CD4. The present isotope ionization measurements is close to the adiabatic value.
effects for the first thresholds are similar to the shift observed in For both parent cations a noteworthy temperature effect on
two previous electron impact workg,3]. Moreover, agreement the AE is observed, i.e., for GI»*/CH3D both onsets are about
is also found with the isotope effect reported by Dibeler g64l. 180 meV lower at the higher gas temperature than at ambient
using photoionization. The most recent PI study by Berkowitzemperature and for Cf3/CD,4 a decrease of about 230 meV is
et al.[4] yielded an increase of 40 meV for the adiabatic ion-observed when going from 293 K to 693 K. The present temper-
ization threshold when going from GHto CD4* much lower  ature effects are higher than those reported fo CH40 meV)
than observed in previous Pl and photoelectron w@bks]. [11]. In general the temperature effect can be explained by the
The authors irj4] claimed that the stronger isotope effect in theincrease of internal energy, i.e., higher vibrational and rotational
states are populated at higher gas temperatures. Staniléfal.
Table 3 also calculated the increase of the average internal energy of
Present shifts on the AEs of cations for §and CD; to the AEs of the  the CHy molecule within the harmonic oscillator approximation
corresponding cations for undeuterated methaneJCH] compared withpre- ~ and predicted a shift of 120 meV for GHh good accordance
viously determined shifté’—10] using different experimental techniques like with the measured value of 140 meV. For the present (partially)
electron impact (EI) and photoionization (P) deuterated methanes the temperature effect is enhanced because
Isotope shift (in meV) the rotational-vibrational levels of G and CD, are energet-
ically lower than in the case of CH20], i.e., higher rotational

Present B EIP PIc pd . ’
and vibrational levels are more populated at elevated gas temper-
(CH3D)"/CHsD 100 50 ature leading to larger shifts of the AEs. The harmonic oscillator
40 approximation gives the internal energy increase between 293 K
(CHzD)*/CH3D 80 and 693 K of 130 meV in the case of GBIl and 160 meV in the
80 case of CIa.
(CHg)*/CH3D 200
(CHD)*/CH3D 110
(CD4)*/CD4 190 170 170 50 160 3.2. CH;D*/CH3D and CD3*/CDy
120
(CD3)*/CD4 200 130 The ion efficiency curve of CkD*/CH3D reveals two onsets
(CDp)*/CDy 310 90 (seeFig. 2). The first onset is about 0.75 eV lower than the sec-
2 Ref.[2]. ond one. This value corresponds to the electron affinity of H
b Ref.[3]. (EA=0.75419 e\[16]), i.e., the first threshold can be ascribed
¢ Ref.[4]. to reaction(3a)involving H~ formation. Unfortunately, the ion

9 Ref.[5]. yield CH,D*/CH3D (mass 16 amu) is contaminated by a weak
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Fig. 3. lon efficiency curves (open circles) of the fragments ionsy@K/(CHzD) (left) and (C)*/(CDy) (right) measured at the gas temperatures of 293K
(bottom) and 693 K (top), respectively. The fit curves are shown as solid lines. The AEs indicated by arrows are the thresholds for these indséthiahdatdfer
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 CH*/CHg. CHy is present in small amounts as an shift with respect to the AE of Cit/CH,4 [11] of about 80 meV
impurity in the gas sample, and thus itis impossible to avoid thiss observed for both thresholds. Also the ion efficiency curve of
contamination. Nevertheless, it was possible to derive the firsED3*/CD,4 (mass 18 amu) was affected by the presence@fH
threshold of CHD*/CH3D using a special fitting procedure, in due to ionization of water present as background in the chamber.
which the CH*/CH,4 background has been subtracted from theln this case it was not possible to derive an onset using a special
CH,D*/CH3D ion yield. For CHD*/CHzD an upward isotope fit procedure which can be ascribed to £B- D~ formation,

AE(CHD)'/(CH,D)=15.18 (CD,KCD,)
* ' 693K |
1 693 K /
1 AE(CH)'/CH.D)=14.44
693(K D) AE = 15.15
w
£ |
z -
‘é T T T T T T T T
&
T
= CD,)'CD
® AE(CHD)'/(CH,D)=15.28 (CD,) KCD,) |
5 293 K 293K
1 AE(CH,)(CH,D)=14.57
203K
135 140 145 150 155 160 145 15,0 15,5 16,0
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Fig. 4. lon efficiency curves (open circles) of the fragments ions (CHOH3D), (CHz)*/(CHsD) (left) and (C»)*/(CDy) (right) measured at the gas temperatures
of 293K (bottom) and 693 K (top), respectively. The fit curves are shown as solid lines. The AEs indicated by arrows are the thresholds for thedeatdisets
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.
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Table 4
AEs for cations of CHD and CD, determined at different gas temperatures (290 K and 690 K)

Present AEs at different gas temperatures (in eV)

AE(293K) AE(693K) AE(693 K)- AE(293 K)
(CH3D)*/CH3D 12.754 0.03 12.58+ 0.05 0.17+ 0.07
12.994 0.03 12.80+ 0.07 0.19+ 0.08
(CH2D)*/CH3D 13.66+ 0.07 13.49+ 0.07 0.174+ 0.1
14.424 0.05 14.25+ 0.05 0.17+ 0.06
(CH3)*/CH3D 14.544 0.05 14.42+ 0.05 0.12+ 0.05
(CHD)*/CH3D 15.224+ 0.1 15.11+ 0.1 0.114 0.08
(CD4)*/CDy4 12.844 0.02 12.60+ 0.04 0.24+ 0.06
13.07+ 0.03 12.844 0.04 0.23+ 0.06
(CD3)*/CDy, 14.544 0.03 14.31+ 0.05 0.23+ 0.04
(CD)*/CDy4 15.414 0.05 15.21+ 0.05 0.2+ 0.08

i.e., also after subtraction of thesB background ion signal no reported by Dibeler et a[5]. The large value of the isotopic
first threshold appears (sEg. 3). Thus, it can be concluded that shift in the case of the CE3/CD4 results from the fact that two
this reaction pathway is considerably weaker for,Gban for  C—D bonds had to be broken in the course of this reaction. The
CH3D and CH,. For CD3*/CD4 an isotope effect of 200 meV value of the isotopic shift is then represented by the sum of two
is observed which is 70 meV larger than the only previouslyisotopic shifts for one bond break. The temperature effects for
value reported by Dibeler et al. using photoionizatjph The ~ CHD*/CH3zD, CH3*/CH3D and CQx*/CD, is smaller than for
decrease in the AE at the higher gas temperatures of 170 meV the two other ions discussed above. The difference to the corre-
the case of ChD*/CH3D and 230 meV for CR*/CDsis nearly  sponding parent cations is about 50 meV, 60 meV and 40 meV,
the same as for the corresponding parent cationsTgele 4). respectively. The lower values of the temperature shift may result
A similar situation was also observed for undeuterated metharfeom the fact that the cross-sections for these reaction channels
previously where the decrease of the AE for££iCH, and the  are very low and thus also the precision of the threshold estima-
parent cation were reported (140 mg¥}]. tionis lower. Stano et a]11] did not investigate the temperature
effect on the AE of CH"/CHj.

3.3. CHD*/CH;D, CH3*/CH;3D and CD>*/CD4
4. Conclusions

The ion efficiency curve of CHDICH3D (mass 15 amu) is
shown inFig. 4 Moreover, at this mass also the fragment cation We have determined the AEs of cations formed via electron
CHz*/CH3D may be present. Two thresholds have been found inmpact of (partially) deuterated methane. For the determination
the ion yield Table 1), i.e., the first threshold (14.540.05eV)  of isotope effects the present values are compared with the AEs
was tentatively ascribed to the latter cation because in thifor CH, [11] determined previously with the same apparatus and
case only one €D bond has to be broken. For CHITHsD  the same fitting procedure. For all measured cations an isotope
two C—H bonds have to be broken and thus a higher AE careffect on the AE is observed. The isotope effect is larger fof CD
be expected. The binding energy between a singlel Gond  than for CHD. From the present results several trends concern-
and a GD bond differ only by 32.19me\21]. Also for  ing the isotope effect on the AE can be deduced: (i) a smallest
CH3*/CH3D (like for CD3*/CD4) no corresponding D for- isotope effect is observed for the parent cations; whereas (ii)
mation can be observed which would result in a second weatfor fragment cations stronger isotope shifts are observed which
onset 0.75eV below the main onset. However, the intensitypecome larger for smaller fragment cations. For fragment cations
for this fragment cation is generally already very low com-Dibeler et al. (photoionization) observed the reverse tendency,
pared to the dehydrogenated methane cation and the ion paie., the AE isotope effect became weaker for smaller fragment
formation may be below the detection limit of the apparatuscations[5]. The previous electron impact studi@s3] reported
used. a similar isotope shift for Cpf/CD,4 as in the present case.

Noteworthy is the difference in the observed isotope effectHowever, the previous AE values determined in electron impact
The ion yield CHDO/CH3sD shows an upward shift of the appear- experiments are much higher than the present AEs which can
ance energy of 110 meV compared to the corresponding catidme explained by the different experimental conditions (energy
of undeuterated methane whereas fors&8@HsD a shift of  resolution, etc.).
200meV is observed. The latter shift can be also derived for Using the temperature controlled neutral beam source the
CD3*/CD4 where also one €D bond has to be broken for the ionization efficiency curves were measured at two different
formation of this fragment cation. For GIYCD, the largest gas temperatures, 293K and 693 K. We observe a noteworthy
isotope effect of all presently studied cations is observed, i.etemperature effect on the AE (decrease in AE with increasing
310 meV which is 220 meV larger than the only previously valuetemperature) for both molecules. For g£fbe shift is larger than
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