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lonization Surfaces for Small Molecules
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An ab initio molecular orbital method is used to calculate total ionization cross sections for small molecules
as a function of the projectile electremolecule orientation. Calculations over many angles are used to
construct three-dimensional ionization surfaces for molecules, such that, if an electron penetrates the surface,
ionization follows. Total ionization cross sections deduced by averaging over the positive and negative
Cartesian coordinates and from the volume enclosed by the ionization surface are compared to experimental
values and those calculated from the binary-encounter-Bethe method and the additivity method of Deutsch
and Mak. Good agreement between the orientation-averaged cross section, experiment, and other theories,

and between the calculated and experimental steric factor for the total ionizatiors©f &kpports the concept
of orientation dependence for the electron impact ionization probability.

Introduction orientations allows an ionization surface to be constructed,
effectively showing the “shape” of the electron impact ionization

In a recent paper we described ab initio quantum cross section.

mechanical method for the calculation of maximum ionization Calculations were carried out usi@aussian 9%at the HF/

cross sections for atoms and small molecéle&n extensive 6-31G* level, unless otherwise specified. Earlier work on CO,

comparison (.)f the cross sectio_ns_calculat_ed using this approac'kzo, and the inert gases showed that the method is relatively
was made with the more sophisticated bln"J"y'encounter'BEtheinsensitive to the level of theory or the basis set used in the

3 b .
(EEB)QGX;%G ar;]dt';]he add|t|tV|ty met{;}o%o{; Deutscth an?jmtath molecular orbital calculations. The molecular geometry is

( . )'. ougnh the quantum metnod does not predict the optimized and the vertical ionization potential calculated. This
variation of cross section with electron Impact energy avallab!e is taken as the difference in energy of the positive ion at the
with the BEB and DM methods, the cross section can be readily geometry of the neutral and the zero-point energy of the neutral

molecule orentation. A recent ofoss.parile beam experiment TOCCUIE: A ‘crtical energy”, the energy of the electron

has shown that the (;ross section for electron impact ionization molecule system at which ionization oceurs, is thgn determined

of several symmetric top molecules is dependent on the from the neutral energy plus the Coulomb po_tentlal due to the
electron at the critical impact parameter or, since the Coulomb

electroprm_olecule or!entatloﬁ.+ For exa_lmple, the ratio of potential at ionization is equal to the ionization potential of the
molecular ion formation, CkCI*, for collisions of electrons molecule

on the CH-end of the CHCI molecule was 2.6 times higher
than that for collisions on the Cl-end of the molecule, while E.=E,—IP 1)
for total ionization this ratio is close to 1.6. This suggests that
molecules exhibit a shape with respect to electron impact
ionization. In this communication we have used the quantum
method to calculate these shapes for the total ionization of
several small molecules, including @El. The three-dimen-
sional shapes which emerge from the computations represent
molecular ionization volume, ionization occurring when the
projectile electron penetrates the surface.

whereE; is the critical energyk, is the neutral energy, and IP

is the ionization potential. A series of single-point energy

calculations are carried out on the neutral molecule in the
resence of a charge distribution consisting of a single electron.

nitially, the electror-molecule separation at which ionization

occurs is estimated. The radial distamagf the electron from

the center of mass of the molecule is then varied to obtain an

energy equal to the critical energy defined above. When the

critical separatiom has been determined by this procedure, the
The guantum method is based on a simple Coulomb model electron impact ionization cross section for the orientation under

which assumes that ionization occurs when the increasing consideration is given by

Coulomb potential experienced by a molecule due to the electric

Method and Results

field of an approaching electron matches the ionization potential o= ar? (2)
of the molecul€:® Standard quantum mechanical packages such
as Gaussian 92 allow the calculation of the energy of a In general, measurements of electron impact ionization cross

molecule in the presence of a point-charge electric field. The sections are carried out on randomly oriented molecules in the
position of the point-charge can be varied with respect to the gas phase, so that the total ionization cross section is given by
molecular orientation in the geometry input. In order to treat the average over all possible relative orientations of the molecule
the ionization process, the relative orientation of the projectile with respect to the electron. The input for tBaussian 94
electron with respect to the target molecule is specified, leading calculations requires that the charge distribution be entered in
to the maximum cross section as a function of the direction of Cartesian coordinates. A convenient approximate total cross
approach. Repeating the calculation over a wide range of section can therefore be found using the present method by
averaging the cross sections for approach along each of the
® Abstract published irAdvance ACS Abstract@\pril 15, 1997. positive and negative Cartesian axes.
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Figure 1. lonization surfaces for CO, GOH.0, N,, NO, and NQ. Scales are critical distances in angstrom units calculated from the center-
of-mass.

o=1U6lo,+to to,to ,to,+to ] (3 If the critical separation is determined for a large number of
relative geometries of the electron and molecule, it is possible

The cross section can be calculated assuming the energy of thd® obtain a three-dimensional picture of the probability of
projectile electron is equal to the HartreBock ionization ionization as a function c_>f t_he orientation of the molecule.
potential. Although the calculated ionization potentials are Effectively, the idea of an ionization cross section, the area the
usually within 10% of the “best” experimental values, experi- target molecule presents to the electron, is extended to a three-
mental ionization potentials may be used in place of the dimensional object defined by the critical distances, with
calculated values in order to determine the critical energy. An ionization occurring when the electron penetrates the surface
experimental ionization potential that is higher than the calcu- enclosing this volume. lonization surfaces have been calculated
lated value leads to a decrease in the calculated cross sectiofior several of the molecules previously considered and are
and, vice versa, for the case where the experimental ionizationshown in Figure 1. The graphs were produced usingtiméer
potential is smaller. This is intuitively correct, since according graphics packag¥. Becausesurfercan only plot single-valued
to the model the molecule requires a closer approach of thefunctions, the complete closed ionization surfaces had to be
electron (larger Coulomb potential) in order to overcome the constructed from two separate plots. In the case of molecules
larger barrier to ionization. The Cartesian-averaged crosssuch as ChF, CHCI, and NH;, the total surfaces are time
section is in good accord with experimental measurements for consuming to generate in this way and this has been done only

molecules such as diatomics, nonlinear triatomics g NEH,, for CHsF in Figure 2. The relative cross sections presented to
and substituted methanes, which can all be regarded as roughlyan electron attacking from either end of the dipole are readily
spherical. For rod-shaped molecules, such as @@ NO, plotted and this is illustrated for G&I in Figure 2. The

the cross section averaged in this way is overestimated as todonization surfaces shown in Figures 1 and 2 will be energy
much weight is afforded the larger cross section componentsdependent. Experiments have shown that the ratio of the
for end-on approach. ionization cross section for the positive end to the negative end
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Figure 2. lonization surface for CEF and for CHCI: (a) from the Cl-end of the molecule and (b) from the £#hd of the molecule.

for CH3Cl decreases by14% over the electron energy range TABLE 1: Experimental and Theoretical Maximum Total
from 240 to 100 e\.! The shapes shown in the figures lonization Cross Sections for Small Molecules

represent the maximum ionization cross section, corresponding maximum total ionization cross sectiof/A
to electron energies in the range-8000 eV for most molecules. volume cartesian
As the electron energy decreases toward the ionization thresholdmolecule averaged averaged exptl BEB DM
and the electron wavelength increases to molecular dimensions; , 582 240 253 252 290
the ionization surfaces would smoothly lose their shapes, co 313 291  2.05-2.66316 253 331
transforming to spherical symmetry and shrinking toward the co, 4.00 5.61  2.084c3.27153553 357 451
threshold. Conversely, as the electron energy increases above NO 3.62 342 315 254 2.64
the maximum in the ionization efficiency curve, the shapes NO: 4.23 5.30 e 3.69 4.02
shown in the figures would sharpen up slightly, as the electron H20 2.09 242 2.08] 4'43_21 225 2.38
h . . NHs 3.47 3.58 2.4-3.071 296 3.31
wavelength decreases below the dimensions of the atomic CHsF 413 341 372 364 499
orbitals. CH4Cl 5.57 576  6.9% 5.06 7.53

The volume enclosed by the electron impact ionization surface
may be used to obtain an estimate for the cross section which
assumes that the molecule is spherical.

aWhere a range of literature values is available, only the extreme

values are shown in the tableFor CO, it is likely that the true cross
section lies close to the maximum value in the range. The dipole
moment of CO is small and the polarizability of the CO molecule is
o= ar?— ”(3_\/)2/3 (4) slightly higher than that for isoelectronic,N Values of 2.05 & for

CO; and the lower end of the range for Nidre not consistent with

the values for other molecules of similar physical propertiagalue
Volumes were determined using the Trapezoidal Rule, Sim- of 4.40 A for H,O is unlikely, the cross section for,Gs less than 3
psons’s rule, and Simpsorts.12 The difference between the A2 and HO would be expected to exhibit a lower cross section than
values determined by these methods was negligible. The crosghat of Q.
sections determined in this way are compared with those obtained for NH, and for HO if the lower experimental value
deduced from averaging over Cartesian coordinates, BEB andis correct, which seems likely since the cross section pisO
DM calculations, and literature experimental measurements in less than 3 Aand HO would be expected to have a smaller
Table 1. The volume-averaging method gives a marked cross section than that of,0 In most cases, the difference in
improvement in the calculated cross section fonL3®nsistent the cross sections calculated by the two methods was small,
with the idea that the poor performance of Cartesian averagingindicating that averaging the values obtained for approach along
is due to the large departure from a spherical shape for this each of the positive and negative Cartesian axes does give a
molecule. Improved agreement with experiment was also reasonable estimate of the cross section.
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Conclusion < 4) leirgnlejiter, D.; E;%lgscféH.iSS;hmidt, M.;'MaT. D.Int. J. Mass
ectromlon Processe .

The experimental study of the effect of orientation on electron P (5) Margreiter, D.; Deuich,QH,; Mk, T. D. Int. J. Mass Spectrom
impact ionization showed that for dipolar molecules electron lon Processed994 139, 127.
impact ionization is more probable at the positive end of the (6) Aitken, C. G.; Blunt, D. A; Harland, P. WI. Chem Phys 1994
dipole. This follows from simple electrostatics, since this end 101, 11074. _ _
of the dipole presents a small positive charge to the projectile |, g?ocAétsksee';’_ggsGi"lglfga %9" Harland, P. Wnt. J. Mass Spectrom
electron. These calculations qualitatively reproduce this ob- (g) Brooks, P. R.; Harland, P. W. Effect of Spatial Orientation on
servation, with the plots clearly showing a larger volume of Electron Transfer and Electron Impact lonization in the Gas Phase. In
ionization at the positive ends of dipolar molecules such as CO, Advances in Gas Phase lon ChemistAdams, N. G., Babcock, L. M.,
NO, CHsF, and CHCI. The ionization surfaces also show that Eds';g‘m":' .Priss,v'lncj':. "Tondlfn' égg\f\}/; ,Vgl'hzl' M B Gl P M. We
cross sections are strongly dependent on molecular orientationdohgs)on,”é_cé_; Robb, ,[,lf_CAi’ Cﬁees"emgme?_ep’z_; Keith, T' 'A.: Petersson,
with distinct “spheres of ionization” centered on each atom. The G. A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
additivity rules, which reproduce the energy dependence of the V- G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
ionization cross section with a fair degree of success, represen %T%ya,\l,l(k?,\r,af /ﬁh’d?eh:"j‘cff”ggbrgdlg’ egg,sgb\gﬁqﬁ)é?tlg S '.Y,\,'lé(r:tir:]erg’ Y_V
the molecular cross section as the sum of the cross sections ofox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
the constituent atoms. According to the quantum calculations, Gordon, M.; Gonzalez, C.; Pople, J. &aussian 94 (Revision A.1;
represented graphically in Figures 1 and 2, this is very close to Gaussian, Inc.. Pitisburgh, PA, 1995.
the true case, supporting one of the fundamental assumptions (10) Surfer for WindowsGolden Software Inc.. Golden, CO, 1995,

implicit in many current theories for the calculation of molecular (11) Aitken, C. G.; Blunt, D. A; Harland, P. W., unpublished results.
P y (12) Press, W. H.; Flannery, B. P.; Teukolsky, S. A.; Vetterling, W. T.

electron impact ionization cross sections. Numerical RecipesCambridge University Press: Cambridge, U.K., 1986.
) (13) Rapp, D.; Englander-Golden, B.Chem Phys 1965 43, 1464.
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