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Investigation of orbital momentum profiles of methylpropane (isobutane )
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Momentum profiles of the valence orbitals of methylpropane, also known as isobutane
(CH;CH(CH3)CH,;), have been studied by using a high resolution binaey?d) electron
momentum spectrometéEMS), at an impact energy of 1200 eV plus the binding energy, and using
symmetric noncoplanar kinematics. The coincidence energy resolution of the EMS spectrometer is
0.95 eV full width at half-maximum. The experimental momentum profiles of the valence orbitals
are compared with the theoretical momentum distributions calculated using HartreeHF@nd
density functional theoryDFT) methods with the two basis sets of 6-31G and 6-8#1G** . The
B3LYP functionals are used for the DFT calculations. In general, the experimental momentum
distributions are well described by the HF and DFT calculations. The pole strengths of the main
ionization peaks from the orbitals in the inner valence are estimated20@L American Institute

of Physics. [DOI: 10.1063/1.1321313

I. INTRODUCTION propané’ and n-butané® and this has been achieved at
Tsinghua University by obtaining a coincidence energy reso-
Electron momentum spectroscofgMS) has been rap- |ution of 0.95 eV FWHM with a multichannel EMS
idly developed following the pioneer research of Amaldi spectrometet?
etal! and Weigoldet al? It has now become a powerful As part of a series study of saturated hydrocarbon mol-
experimental tool for investigating the electronic structure ofecules using the high energy resolution EMS spectrometer at
atoms, molecules, biomolecules, and condensed niafter. Tsinghua University, we now report the measurements of
The technique can access the complete valence shell bindirgbital momentum profiles for the complete valence shell of
energy range, though with lower energy resolution than inmethylpropane (CKCH(CH3)CH;), also known as isobu-
most photoelectron spectroscof®ES studies. In particular, tane. The experiment was performed at impact energy of
EMS measurements of the momentum profiles for individuali200 eV plus the binding energy and using symmetric non-
orbitals in atoms and molecules have been shown to provideoplanar kinematicd. The measured results of the binding
a sensitive method for the evaluation and design of accuratenergy spectra from 8 to 32 eV and the momentum distribu-
self-consistent field as well as highly correlated moleculations of the highest occupied molecular orbitdlOMO) and
wave functions and also density functional thedBFT) NHOMO summed orbitals (&, +5e) of methylpropane
methods. The details of EMS experimental techniques antlave been recently report84A sufficiently high impact en-
the associated theoretical analysis for atoms, molecules, argtgy (>1200 eV} and momentum transfer were used to en-
condensed matter have been reviewed in detail elsevihgre. sure the validity of the plane wave impulse approximation.
Up to now, the studies of the electronic structure ofThe relatively large number of electrons in methylpropane
small-saturated hydrocarbon molecules have received muainders accurate quantum chemical calculations quite diffi-
interest. This is because not only are these molecules proteult, thus the availability of good EMS experimental data is
types of larger hydrocarbons, but they are also importanan important aid for developing satisfactory theoretical de-
species for fuels where reforming of straight chain hydrocarscriptions of both binding energies and the valence orbital
bons into branched chain species is of importance. Saturateglectron densities in hydrocarbons.
hydrocarbon molecules have been widely studied by
PESI3 but until recently only the methane and ethane; 11EORETICAL BACKGROUND
molecules had been studied by EMS!®due mainly to the
limited coincidence energy resolution of binary,Ze) spec- In a binary ,2e) experiment, the scattered and the ion-
trometers, which has been typically 1.2—1.5 eV full width atized electrons are detected at the same kinetic energies and
half-maximum (FWHM) at an impact energy of 1200 eV the same polar angles in symmetric noncoplanar scattering
plus the binding energy. It has only recently become possiblgeometry. Under conditions of high impact energy and high
to investigate larger hydrocarbon molecules such agnomentum transfer, the target electron essentially undergoes
a clean “knock-out” collision and the plane wave impulse
SElectronic mail: dik-dmp@mail tsinghua.edu.cn approxi'm'ation(PWIA) provides a very good description of
bAlso at: Department of Chemistry, University of British Columbia, 2036 the collision. In the PWIA, the momentumof the electron
Main Mall, Vancouver, British Columbia V6T 1Z1, Canada. prior to knock-out is related to the azimuthal anglé by
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p=[(2p; cosh,—po)?+(2p; sindy sin($/2))?]*% (1)  with two basis sets of 6-31G and 6-3&% G** . The DFT
calculations were carried out using tBaUSSIAN94 program
with the B3LYP functional®®~2° and the two basis sets for
the Hartree—FockHF) calculations.

wherep; = p,= \2E; is the magnitude of the momentum of
each outgoing electron anmh=v2E, is the momentum of
the incident electroiboth in atomic units Under these con- The 6-31G basis of Pople and the co-worRéis a split-
ditions the kinematic factors are effectively constatbe \qjence basis comprised of an inner valence shell of six
EMS cross section for randomly oriented gas-phase target§.ne Gaussians and an outer valence shell that has been

Tewms, €an be given by split into two parts represented by three and one primitives,
respectively. Thus carbon atoms have as(40)/[ 3s,2p]
O'EMSOCszf dQ|(pPN=why?, (2)  contraction and hydrogen atoms have &)(#2s] contrac-
tion. A total of 56 CGTO is for methylpropane.

where p is the momentum of the target electron prior to The 6-311 +G** is an augmented version by Pople

ionization andS? is pole strength and defined in Ref. 21. et al. The outer valence shell is split into three parts and

|w~1) and| ¥} are the total electronic wave functions for represented by three, one, and one primitives. Very diffused

the final ion state and the target molecule grouimitial) sandp functions, and sphericakttype polarization functions

state, respectively. Thé d() represents the spherical aver- are added for corban atoms, and a diffusggshell and

age due to the randomly oriented gas phase target. The over-type polarization functions are added hydrogen at&in.

lap of the ion and neutral wave functions in Eg) is known  Thus a (18,6p,1d) contracts to[ 5s,4p,1d] for C, and a

as the Dyson orbital while the square of this quantity is re{6s,1p) to [4s,1p] for H. The number of CGTO is 158 for

ferred to as an ion-neutral overlap distributi@dVvD). Thus, = methylpropane.

the (e,2e) cross section is essentially proportional to the  The optimized geometry of methylpropane has been

spherical average of the square of the Dyson orbital in moused for all the calculations. In order to compare the calcu-

mentum space. lated cross-sections with the experimental electron momen-
Equation (2) is greatly simplified by using the target tum profiles the effects of the finite spectrometer acceptance

Hartree—Fock approximatiofTHFA). Within the THFA, angles in both¥ and¢ (A#==*=0.6° andA ¢=*=1.2°) were

only final (ion) state correlation is allowed and the many- included using the Gaussian-weighted planar grid meffiod.

body wave function$¥ ) and|¥}) are approximated as

independent particle determinants of ground state target

Hartree—Fock orbitals. In this approximation Eg) reduces . EXPERIMENTAL METHODS

to An energy-dispersive multichannel electron momentum

spectrometer with a symmetric noncoplanar geometry is used
aEMSocSJff dQ|y;(p)|?, (3)  in the experiment of this work. The details of the spectrom-
eter constructed at Tsinghua University have been reported
where;(p) is the one-electron momentum space canonicapreviously'® An electron beam, produced from a Lafila-
Hartree—Fock orbital wave function for thih electron, cor- ment of the vertically mounted electron gun, is accelerated
responding to the orbital from which the electron was ion-and focused into the interaction region through a series of
ized, ij is the spectroscopic factor, the probability of the electron optical lenses and beam deflection systems. Two
ionization event producing a one-hole configuration of thehemispherical electron energy analyzers, mounted on two in-
final ion state. The integral in E4B) is known as the spheri- dependent horizontal concentric turntables, each having a
cally averaged one-electron momentum distribution. To thidive-element cylindrical retarding lens system, are used for
extent EMS has the ability to image the electron density irenergetically selecting the scattered and ejected electrons in
individual “orbitals” selected according to their binding en- the experiment. In the present work, the polar angles of both
ergies. analyzers are kept fixed at 45°. One analyzer turntable is kept
Equation(2) has recently been reinterpretéih the con-  in a fixed position while the other is rotated by a computer
text of Kohn—Sham DFT and the target Kohn—Sham Ap-controlled stepping motor to vary the relative azimuthal
proximation(TKSA) gives a result similar to Eq3) but with ~ angle ¢ over a range of+30°. The electrons are linearly
the canonical Hartree—Fock orbital replaced by a momenturflispersed by each hemispherical analyzer along the radius
space Kohn—Sham orbitaJJKS(p), direction at the exit focal plane according to their input en-
ergies. Each energy analyzer has a position sensitive detector
consisting of two microchannel plates in a double chevron
O'EMSOCJ dQ|z,//}<S(p)|2. (4) configuration and a resistive anode. All components of the
spectrometer are placed in a mu-metal shielded vacuum sys-
It should be noted that an accounting of electron corretem. A typical base pressure of the system is on the order of
lation effects in the target ground state is included in thel0™’ Torr.
TKSA via the exchange correlation potential. A more de-  The associated electronics and software of the spectrom-
tailed description of the TKSA-DFT method may be found eter were used for data acquisition, fast timing logic, opera-
elsewheré? tion control such as the incident energy and the movable
In the present work, the Hartree—Fock calculations ofdetector rotation, and computer interfacing. The fast timing
the momentum profiles were performed by using Ef). pulses coupled from the back of the resistive anode of each
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detector are amplified, discriminated, and fed to a time-to-
amplitude converter to produce a coincidence time spectrum ca ta 3 1a % 3 M
B , a, h h ethylpropane

True and random coincidences are then separated by tw 3000 IR \ | sum of all §
single channel analyzefSCAS set in appropriate windows. et B
The slow energy(position signals from resistive anode of ]
each detector are amplified and digitized by a home-built_ 5o
multichannel analog-to-digital converter. The accumulated’§
energy signals are then selected by output pulses from th2
SCAs to determine coincidence and random background. £~
true coincidence energy spectrum is derived by subtractior
of the random background from the coincidence position
spectrum.

In the present experiment, the pass energy of each ane 0
lyzer was set at 50 eV with an energy range of 8.0 eV(600
+4 eV) covered by each detector. Electron impact ionization
was carried out at impact energy of 1200 eV plus the binding g, 1. valence shell binding energy spectra at an impact energy of 1200
energy under the symmetric noncoplanar geometry. ThevV plus the binding energg8—32 eVj for methylpropane at sum of ath
summed energy range is then from 1192 to 1208 eV for tha@ngles. The_ dashed Iineg repres_ent the fitted Ga_ussians for individuall peaks
two outgoing electrons. The energy resolution obtained in a@md the solid line for their sum, i.e., the overall fitted spectra, respectively.
coincidence experiment is the convolution of the two ana-

lyzer response functions and the energy spread of the inClgg 994 purity was used without further purification. No evi-

dent electron beam. The energy resolution depends on thgsnce of impurities was found in the binding energy spectra.
deceleration ratio of the retarding lens system. The coinci-

dence energy resolution of the spectrometer was measured
be 0.95 eV FWHM from the experiment on the heliurm 1
state. The experimental momentum resolution is estimated to The point group symmetry of methylpropane G5, .

be about 0.1 a.u. from a consideration of the argpraBgu-  According to molecular orbital theory, the ground state elec-
lar correlation. The sample of methylpropane from Mathesorironic configuration can be written as

1000 —

35

Binding Energy (eV)

IR?. RESULTS AND DISCUSSIONS

|

(101)2( 16)4(2611)2(3611)2(26)4(4611)2(5611)2(36)4(46)4( 102)2(56)4(601)2-

inner-valence outer-valence

In the ground state, the 34 electrons are arranged in 1ielative energy values are given by the relative ionization
doubly occupied orbitals in the independent particle descripenergies determined by high resolution PES.
tion. The valence electrons in methylpropane are distributed The PES spectra of the six orbitals of the outer valence
in 13 molecular orbitals and 4 of the orbitals are degenerataegion have been reported by Kimueaal® using a He
All the canonical molecular orbitals are eithartype ore  radiation source. In this wor¥ the vertical ionization poten-
type. The foure-type orbitals are each double degeneratetials of the @,, 5e, 1a,, 4e, 3e, and 4, orbitals were
The assignment of the order of occupation for these valencdetermined to be 11.13, 11(a2.1), 12.85, 13.52(13.9),
orbitals, both by PES experiments and by molecular orbitall4.86 (15.3), and 15.95 eV, respectively. Since methylpro-
calculations, has been discussed in detail in Refs. 10—13. pane is a nonlinear molecule, the PES spectra are compli-

To obtain the experimental momentum profiles, 11 bind-cated by the Jahn—Teller effect. The energy splitting posi-
ing energy spectra over the energy range of 8—-32 eV wertons, due to the Jahn—Teller effect, of the degenerate 5
collected at the out-of-plane azimuthal anges 0°, 2°, 4°,  4e, and 3 orbitals are indicated in the corresponding brack-
6°, 8°, 10°, 12°, 14°, 16°, 20°, and 24° in a series of sequenets(see the previous textThese PES studies were extended
tial repetitive scans. Figure 1 shows the valence shell bindingy Pottset al'® using a Hel radiation source which also
energy spectra of methylpropane in the range of 8—32 e\¢tovered some of the inner valence region of methylpropane
summed over all theb angles at the impact energy of 1200 and structures at 18.37, 21.9, and 24.8 eV were assigned to
eV plus the binding energy. The spectra in Fig. 1 were fittedhe 4a,, 2e, and 3, orbitals, respectively.
with a set of individual Gaussian peaks whose widths are In the present EMS measurements, average vertical ion-
combinations of the EMS instrumental energy resolution andzation potentials of the &,;, 5e, la,, 4e, 3e, and &,
the corresponding Franck—Condon widths derived from highouter orbitals are determined to be 11.13, 11.75, 12.85,
resolution PES data.The fitted Gaussians for individual 13.71, 15.03, and 15.91 eV, and the three inner orbitals of
peaks are indicated by dashed lines while their sum, i.e., ththe 4a;, 2e, and 3, are 18.58, 21.83, and 24.83 eV, re-
overall fitted spectra, are represented by the solid lines. Thepectively. The measured EMS binding energies shown in
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TABLE I. lonization energy for methylpropaneV). 0.4
- - Methylpropane 6a,+5e
Experimental results Theoretical orbital 14
energies of 0.3 1 bl d RHF/6-31G
. .34 ——summe: -
Orbital EMS® PES PES PES HF/6-311+ +G** i E 2——summed DFT-B3LYP/6-31G
2 3——summed RHF/6-311++G*
6a; 11.13 11.13 114 12.46 2 ] 4——summed DFT-B3LYP/6-311++G*
5e 11.75  11.712.) 121 12.58 e 5----5¢ DFT-BILYP/6-311++G™
c 024 6----6a, DFT-B3LYP/6-311++G™*

la, 1285 12.85 12.8 13.77 ° 8

4de 13.71  13.52”13.9 13.4 14.45 2 N

3e 15.03  14.8615.3 14.9 16.05 2

5a; 1591  15.95 16.0 17.16 © 14 N

4a; 18.58 18.37 20.77 5

2e 21.83 21.9 25.18 1

3a, 24.83 24.81 29.48 T

0.0 T T T T T T T T T T T

aThis work 0.0 0.5 1.0 1.5 2.0 2.5 3.0
PFrom Ref. 10. Momentum(a.u.)
‘From Ref. 13. ) ) )
dFrom Ref. 12. FIG. 2. Experimental and calculated spherically averaged momentum dis-

tributions for the summed and individual orbitals of the, Gind e orbitals

of methylpropane. The summed TMPs are calculated by using Hartree—
Fock (curves 1 and Band DFT-B3LYP(curves 2 and ¥methods with the
6-31G and 6-31% + G** basis sets. The TMPs of individual orbitals are
alculated by using the DFT-B3LYP method with the 6-31£G** basis
et(curves 5 and 6

Fig. 1 are consistent with the PES valtfe's for the outer
and inner valence orbitals. A comparison of the valence sheﬁ
binding energies of methylpropane of this work and the ex-
perimental PES dat&d!® and the Hartree—Fock values is
given in Table I. It can been seen that the present measuredomentum distribution curves in Fig. 2. The summed theo-
EMS data are consistent with the previously published highretical momentum distribution of these two orbitals therefore
resolution PES data and also the calculations. In additiorhas a double-peak distribution, consistent with the XMPs.
some rather weak structure due mainly to correlation effect§he comparison of the summed XMPs with various calcula-
in the target or in the residual ion final states is also observetions in Fig. 2 shows that the four TMPs reproduce the ex-
above 26 eV. perimental data reasonably well, particularly in the momen-
Experimental momentum profiléXMPs) have been ex- tum range above 0.5 a.u., and the two lower level
tracted by deconvolution of the sequentially obtainedcalculationgcurves 1 and Pwith the 6-31G basis set under-
angular-correlated binding energy spectra, and therefore thestimate experimental intensity in the low momentum
relative normalization for the different transitions are main-range from 0.0 to 0.5 a.u. The result of DFT-B3LYP with
tained. For all the orbitals, the various theoretical momentun6-311+ + G** provides the best fit to the XMPs.
profiles (TMPs) are obtained with the methods described in ~ The momentum distributions of theal and 4e orbitals,
Sec. Il and the experimental instrumental angular resolutionpeaked at 12.85 and 13.71 eV in Fig. 1, are summed and they
have been incorporated in the calculations using the UBGave “p-type” momentum distributions as indicated by the
RESFOLD program based on the GW-PG metHSdExperi-  DFT-B3LYP calculations(curves 5 and Bin Fig. 3. The
mental data and theoretical values have been placed onfaur summed TMPs are very similar and fit to the summed
common intensity scale by normalizing the summed experiXMPs very well in the momentum region above 0.5 a.u.
mental to the DFT-B3LYP/6-31L + G** theoretical mo- However, there is a significant discrepancy between theoret-
mentum profiles for the &, + 5e orbitals(see Fig. 2and the ical calculation and experimental data below the momentum
relative normalization is preserved for other orbitals. of 0.5 a.u. and the TMPs underestimate the experimental
The six outer-valence orbitals,ag, 5e, la,, 4e, 3e, intensity. The discrepancy between experiment and theory in
and &,, are not well separated experimentally due to theirthe low momentum region is probably due to inaccuracies in
small energy separations although individual Gaussian peakbe Gaussian fitting procedures since the nearby two ioniza-
were fitted into the binding energy spectrum of Fig. 1. Theretion peaks, i.e., the first peak and the second peak in the
fore, summed momentum distributions of the,6-5e, binding energy spectra in Fig. 1, are very close, and some
la,+4e, and 3+5a, orbitals are, respectively, discussed intensity of the &,+5e peak could leak into thed,+4e
for comparison between experiment and theory. peak in the low momentum rangsee XMPs in Figs. 2 and
The first peak and the second peak, positioned at 11.13). Another possible source for the discrepancy in the low
and 11.75 eV, respectively, in the EMS binding energy specmomentum range could be because of the distorted wave
trum in Fig. 1, are due to thea and % orbitals, i.e., effects since the @ orbital of methylpropane is ar*-like
HOMO and NHOMO. Figure 2 shows that the summedmolecular orbital. It has been fouifd®? that such orbitals
XMPs have a double-peak distribution peaked-&25 and usually produce a “turn-up” of the cross section in the low
~1.2 a.u., respectively. The intensity of the first peak ismomentum range, and this behavior is similar to the pw-
greater than the second one in the momentum distributioreffect observed in atomid-orbital XMPs. This situation is
According to the HF and DFT-B3LYP calculations, tha;6 also probably the case for thes4rbital of methylpropane.
orbital has an ‘$—p type” distribution while the ® orbital ~ Such effects in atoms have been attributed to distorted wave
has a ‘p—p type” distribution, as shown under the summed effects that increase the calculated cross sections ap lasv
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4 0.4
3 Methylpropane 1a,+4e Methylpropane 3e+5a,
0.3
2 ® Exp ® Exp
’ 1——Summed RHF/6-31G I——Summed RHF/6-31G
2 Summed DFT-B3LYP/6-31G 0.3 1 4 2 Summed DFT-B3LYP/6-3,1* G
2 3 Summed RHF/6-311++G* 2 3——Summed RHF/6-311++G .
7 e OFT.ROLYPIE.a1 145G o Is 4——Summed DFT-B3LYP/6-311++G
& %27 5-- - -4 DFT-B3LYP/6-311++G* Qo : - :3536 E'FFTBEI?t:’ZSS?:::éG
£ 6- - - -1a, DFT-B3LYP/6-311++G** £ 42 e DEI- -
2 2
s I
© ©
0.1 x
x 0.1
(3]
0.0 : — , . . - — 0.0 — . — ; ; , ; —
0.0 0.5 1.0 15 2.0 25 3.0 0.0 0.5 1.0 15 20 25 3.0
Momentum (a.u.) E ) Momentum (a.u.)

FIG. 3. Experimental and calculated spherically averaged momentum dis=IG. 4. Experimental and calculated spherically averaged momentum dis-
tributions for the summed and individual orbitals of the,land 4e orbitals tributions for the summed and individual orbitals of the &d 5, orbitals

of methylpropane. The summed TMPs are calculated by using Hartree-ef methylpropane. The summed TMPs are calculated by using Hartree—
Fock (curves 1 and Band DFT-B3LYP(curves 2 and $methods with the  Fock (curves 1 and Band DFT-B3LYP(curves 2 and ¥methods with the
6-31G and 6-31% + G** basis sets. The TMPs of individual orbitals are 6-31G and 6-31% +G** basis sets. The TMPs of individual orbitals are
calculated by using the DFT-B3LYP method with the 6-31& G** basis calculated by using the DFT-B3LYP method with the 6-31% G** basis
set(curves 5 and B set(curves 5 and 6

observed in the experimental measureméhiSimilar be-  overestimate the observed intensity in the low momentum
havior has been seen in the XMPs of transition-metal hexaaange near the zero momentum.
arbonyl HOMOs that are known to be largely metal in The next inner-valence orbital is22ocated at 21.83 eV
character® The corresponding transition-metal atoms showof the EMS binding energy spectrum in Fig. 1. The orbital
such behavior and this is found to decrease with increase ihas a ‘p-type” momentum distribution character shown in
impact energy’ in the distorted wave impulse approximation Fig. 6. The comparison between the experimental data and
(DWIA) calculations. Unfortunately at present DWIA calcu- theoretical calculations in Fig. 6 shows that all four calcula-
lations are possible only for atoms but not for molecules dugions significantly overestimate the experimental intensity.
to the multicenter nature of the latter. This indicates that some of the transition intensity from this
The fifth and sixth ionization peaks at 15.03 and 15.91orbital is located in the higher binding energy range due to
eV in the binding energy spectrum in Fig. 1 contain contri-the final state electron correlation effects. In order to com-
butions from the 8 and 4, orbitals. The & orbital has a pare the shape of the momentum distribution the
“ p-type” character while the &, orbital shows an $type” DFT-B3LYP/6-311+ + G** calculation is multiplied by an
distribution, as indicated in Fig. 4. The summed momentunestimated pole strength of 0.76 and the reproduced momen-
profile is therefore a mixed $—p” type distribution. It can  tum profile is represented by curve 5 in Fig. 6. A very good
be seen from the comparison in Fig. 4 that the summed
TMPs well reproduce the XMP except for the two lower
level calculations(curves 1 and Rin the low momentum 03
region. A better fit to the XMP by the higher level DFT
calculation with 6-31% + G** (curve 9 indicates that elec-

Methylpropane 4a,

tron correlation effects are very important for momentum * a1
profiles in the low momentum region for thee3and 5, > 02- 2 brTesLYpesIC
orbitals since the DFT-B3LYP method includes electron cor- 2 4—DFT-B3LYP/E-311++G™
relation effects in the target ground state through the ex- £
change correlation potenti&. §

Unlike these outer valence orbitals, the three innef,4 5§ 4
2e, and 3, orbitals are clearly separated in the EMS bind- &

ing energy spectrunsee Fig. L The first inner-valence or-

bital is the 41, orbital peaked at 18.58 eV in energy spec-

trum. Figure 5 shows a comparison between the ‘ =

experimental data and the theoretical calculations, which in- 00 05 10 15 2.0 25

dicates this orbital has mixeds*-p type” momentum dis- Momentum (a.U.)

tributions. It can be seen that all the four calculations usin o _ ! and caleul o

the HF and DFT methods well reproduce the XMP in high. IG. 5. The expgrlmenta and calculated momentum distributions for the
. . .inner-valence orbital 4, of methylpropane. The TMPs are calculated by

momentum region _above 0.5 a.u., but the_ calculqtlons, IMising Hartree—Fockcurves 1 and Band DFT-B3LYP (curves 2 and ¥

particular the two with the 6-311+G** basis set, slightly methods with the 6-31G and 6-3t1 G** basis sets.
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0.6 and 0.1 are used to multiply the DFT-B3LYP/6-311

06
: Methylpropane 2e TL+G** calculations for the 8; and 2 orbitals, respec-
2 tively, and the summed theoretical curve, represented by
1 S e aic curve 5 in Fig. 7, is then compared with the XMP. With the
o 2——DFT-B3LYP/6-31G above shape matching scaling factors it can be seen in Fig. 7
= 3—RHF/6-311++G** . . . .
) 4—DFT-BLYP/6-311++G™ that a good fit to experimental data is obtained.
Q 5 - - -curvedx0.76
€ 0.3
: V. SUMMARY
e In summary, the first measurements of the complete va-
lence shell binding energy spectra and the momentum distri-
butions of methylpropane by the electron momentum spec-
00 ' : , : , . . , troscopy are reported. The experimental momentum
0.0 0.5 1.0 1.5 20 25 distributions are compared with the associated calculations.
Momentum (a.u.) The binding energies are in excellent agreement with previ-

FIG. 6. The experimental and calculated momentum distributions for theqUSIy pUb“Shed PE.S data. The EXpenmental mom*fntum pro-
inner-valence orbital & of methylpropane. The TMPs are calculated by €S are well described by qutree—F_ock 6-311tG C?‘l'
using Hartree—FocKcurves 1 and Band DFT-B3LYP(curves 2 and ¥ culations. The DFT calculations using B3LYP functionals

methods with the 6-31G and 6-3t1+ G** basis sets. The curve 5is due to with the 6-31H + G** basis set also give a good agreement
the curve 4 multiplied by an estimated pole strength of 0.76. with the experiments

shape agreement between experiment and theory is th&"CKNOWLEDGMENTS
achieved.

The last peak, located at 24.83 eV, in the inner valenc?ion
region of the EMS binding energy spectrum in Fig. 1 is
mainly due to the ionization of thea3 orbital which has an
“stype” symmetry, as shown in Fig. 7. The calculated mo-
mentum distributions for the& orbital are compared with
the experimental data in Fig. 7. It is obvious that all four 1y amaldi, A. Egidi, R. Marconero, and G. Pizzella, Rev. Sci. Instrum.
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