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An investigation of valence shell orbital momentum profiles
of difluoromethane by binary  (e,2e) spectroscopy
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The electron binding energy spectra and momentum profiles of the valence orbitals of
difluoromethane, also known as HFC@#C—hydrofluorocarbon(CH,F,), have been studied by

using a high resolutiong(2e) electron momentum spectrometer, at an impact energy of 1200 eV
plus the binding energy, and by using symmetric noncoplanar kinematics. The experimental
momentum profiles of the outer valence orbitals amg #hner valence orbital are compared with

the theoretical momentum distributions calculated using Hartree—Fock and density functional
theory(DFT) methods with various basis sets. In general, the shapes of the experimental momentum
distributions are well described by both the Hartree—Fock and DFT calculations when large and
diffuse basis sets are used. However, the result also shows that it is hard to choose the different
calculations for some orbitals, including the methods and the size of the basis sets employed. The
pole strength of the ionization peak from tha.4inner valence orbital is estimated. @005
American Institute of Physics[DOI: 10.1063/1.1839851

I. INTRODUCTION ciently accurate CI calculations became more difficult to per-
form. However, the recent work by Duffet al*® and
Electron momentum spectroscoffyMS) has been used Casida* shows that the DFT method using the exchange-
extensively for the investigation of molecular electronic correlation functionals provides as close a match to the ex-
structure due to its unique ability to measure the momenturperimental data as Cl calculations do. So DFT will be a
profiles for individual molecular orbitals. Within the plane natural choice for large systems at the present level.
wave impulse approximation(PWIA) and the target On the other hand, it should also be noted that EMS is
Hartree—Fock approximatioffHFA) or target Kohn—Sham  paricularly sensitive to the low momentum part of the fron-
approximationTKSA), the measurede(2e) cross section is  tjer orhital densities that may be important in molecular rec-
proportional to the spherically averaged momentum distribuggnition and the initial processes involved in the early stages

tion of a specific molecular orbital. Therefore, EMS is USU- ¢ o chemical reaction. Coopet al’® have shown that the

ally taken as a poyverful techmqug for evaluating the qual'tyassessment of electron density topographies is much more
of quantum chemical calculations’

EMS has b full lied t . . Ief‘fectively carried out in momentum space than in the more
as been successfully applied to an increasing ﬁommonly used position space.

wide variety of atomic, molecular, and solid-state targets an Difluoromethane, also known as HFC3PHFC—

has long been shown to provide stringent tests for Hartree—- . . : .
Fock (HF) level and correlated configuration interacti@i) hydrofluorocarbo (CHF,), is an important refrigerating

molecular wave functions®-¢ More recently EMS has pro- medium and fire extinguishing agent. Now it is called a

vided an effective test for the evaluation of Kohn—Sham dengreen refrigerating medium because it does not damage the

sity functional theoryDFT) (Ref. 7) for a range of small and ozone layer _and does not havg the potential contribution to
larger molecule&®8-12It has been shown by a large number global warming!® Furthermore, it has become a chlorofluo-

of EMS measurements on various targets that inclusion olfocar':)odn ;eplenlce(:jmentfothFclt n mgiustnal appl'cft('f,)ﬁs'
electron correlation in theoretical calculatiofsg., Cl or ~ Detailed knowledge of the electronic structure of difluo-

DFT methods will reproduce the experimental momentum romethane is of great importance due to their wide usage in
distribution bettef~68-12 |t is interesting to note that re- industry and their large potentials for atmospheric ozone in

cently Neerja, Tripathi, and Smithevaluated experimental the stratospher¥. Difluoromethane has been widely studied
momentum density using wave functions at different levelg0t 012'}’9 by He and Hel photoelectron spectroscopy
of correlation together with density functional methods andPES'®*® and x-ray photoelectron spectroscéfybut also
showed that the momentum distributions are sensitive to thBY the theoretical work&: The measured results of the bind-
correlation effect, especially in the lower-momentum region.iNg energy spectra from 7-32 eV at=1° and 10° angles

As EMS studies progressed to larger molecules, suffiand the momentum distributions of the highest occupied mo-
lecular orbital( HOMO) 2b, of CH,F, have been recently

reportec?? In this paper, the valence binding energy spectra
dAuthor to whom correspondence should be addressed. Department o?p pap 9 9y sp

Physics, Tsinghua University, Beijing 100084, People’s Republic of China.a_~t the sum of all thep angles an_d electron momentum pro-
Electronic mail: djik-dmp@mail.tsinghua.edu.cn files for the outer valence orbitals and4inner valence
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TABLE I. Basis sets and calculated properties for difluoromethane.

Total energy Dipole moment

Methods Basis sdiC,F]/[H] (a.u) (D)
HF/STO-3G Gaussiaf2s1p]/[1s] —234.625 1.298
HF/6-31G Gaussiap3s2p]/[ 2s] —237.823 2.758
HF/6-311++G** Gaussiar] 5s4p1d]/[4slp] —237.904 2.500
HF/aug-cc-pVTZ Gaussian (&®p,2d,1f)/[4s,3p,2d,1f ] —237.999 2.270
B3LYP/6-31G Gaussiaf3s2p]/[2s] —-238.919 2.207
B3LYP/6-3114+ +G** Gaussiarf 5s4p1d]/[4slp] —239.068 2.201
B3LYP/aug-cc-pVTZ Gaussian (§p,2d,1f)/[4s,3p,2d,1f ] —239.091 2.010
Experimentdl 1.970

aReference 23.

orbital of CH,F, have been measured using an energy disstate target Hartree—Fock orbitals. In this approximation Eg.
persive multichanneld,2e) electron momentum spectrom- (2) reduces to

eter at an impact energy of 1200 eV plus binding energy and
in a symmetric noncoplanar geometry. The experimental mo-
mentum profiles are also compared with HF and DFT calcu-
lations using various basis sets.

O'EMSOCijf dQ;(p)?, (©)]

where ;(p) is the one-electron momentum space canonical

Hartree—Fock orbital wave function for tlja electron, cor-
Il. THEORETICAL BACKGROUND responding to the orbital from which the electron was ion-

ized, ij is the spectroscopic factor, the probability of the

In a binary €,2e) experiment, the scattered and the ion-ionization event producing a one-hole configuration of the

ized electrons are detected at the same kinetic energies afidal ion state. The integral in E3) is known as the spheri-
the same polar angles in symmetric noncoplanar scatteringally averaged one-electron momentum distribution. To this
geometry. Under conditions of high impact energy and highextent EMS has the ability to image the electron density in
momentum transfer, the target electron essentially undergodsdividual “orbitals” selected according to their binding en-
a clean “knock-out” collision and the PWIA provides a very ergies.

good description of the collision. In the PWIA, the momen- Equation(2) has recently been reinterprefed the con-
tum p of the electron prior to knockout is related to the text of Kohn—Sham DFT and the TKSA gives a result similar
azimuthal angle by to Eg. (3) but with the canonical Hartree—Fock orbital re-

D—{(2p, COS0:— Po)2+[ 2Py Sin B, Sin b12) 212, ) placed by a momentum space Kohn—Sham orf{&i(p),

wherep,=p,= \2E, is the magnitude of the momentum of kS, 12

each outgoing electron ammh=\2E, is the momentum of UEMSOCJ dQfy(p)I )

the incident electroifboth in atomic units Under these con-

ditions the kinematic factors are effectively constarnhe It should be noted that accounting of electron correlation

EMS cross section for randomly oriented gas-phase targetsffects in the target ground state is included in the TKSA via

ogus Can be given by the exchange-correlation potential. A more detailed descrip-

tion of the TKSA-DFT method may be found elsewhére.

O-EMSochZJ dQ[(pw w2, 2 In the present work, spherically averaged theoretical mo-

mentum profiles have been calculated for the outer valence

where p is the momentum of the target electron prior to orbitals and 4, inner valence orbital of CkF, using the
ionization andS? is pole strengthl ¥}~ 1) and|¥}') are the ~ PWIA. The calculation methods and basis sets are described
total electronic wave functions for the final ion state and thebriefly below and in Table I. The total number of contracted
target molecule groun(@nitial) state, respectively. Thed() Gaussian-type orbital function6CGTO) is also given for
represents the spherical average due to the randomly orientedch calculation below. The total energies and the dipole
gas-phase target. The overlap of the ion and neutral wavemoments of CHF, predicted by these various calculations
functions in Eq.(2) is known as the Dyson orbital while the and the experimental dipole momé&hare also listed in Table
square of this quantity is referred to as an ion-neutral overlap. The Hartree—Fock and DFT calculations were carried out
distribution. Thus, thed,2e) cross section is essentially pro- using theGAUSSIAN 98 program. The Hartree—Fock calcula-
portional to the spherical average of the square of the Dysotions of the momentum profiles were performed by using Eq.
orbital in momentum space. (3) with the basis sets of STO-3G, 6-31G, 6-314G**,

Equation (2) is greatly simplified by using the THFA. and aug-cc-pVTZ. The B3LYP functionals are used for the
Within the THFA, only final(ion) state correlation is allowed DFT calculations, respectively. Three basis sets of 6-31G,
and the many-body wave function®} %) and |¥}) are  6-311++G**, and aug-cc-pVTZ are used for the DFT cal-
approximated as independent particle determinants of grouncllations.
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A. STO-3G ion. The extra polarization functions were optimized in
A minimal basis set, effectively of singlequality, use a SD-CI calculations. Both of carbon and fluorine atoms have

single contraction of three Gaussian functions for each basi (105,ﬁp,2d,1f)/£4s,3p/,zg,1;] cgntraction .and r;]ydrogen
functions. Thus each function consists of G(®)/[ 2s,1p], gtom? caevﬁoa'(ﬁlfélf ) Ejﬂs p.1d] Eontracnon. The num-
F(6s,3p)/[ 2s,1p], and H(3)/[ 1s] contractions. Therefore, ero IS or difluoromethane.

a total of 17 CGTO is employed for difluoromethane. This The optimized geometry of difluoromethane has been
basis set was designed by Pople and co-workers used for all the calculations. In order to compare the calcu-

lated cross sections with the experimental electron momen-
B. 6-31G tum profiles the effects of the finite spectrometer acceptance
' angles in bothd and ¢ (A9==+0.6° andA¢=+1.2° were

The 6-31G basis comprises an inner valence shell of siacluded using the Gaussian-weighted planar ¢BaV-PG
stype Gaussians and an outer valence shell which has begrethod®

split into two parts represented by three and one primitives.

Both of carbon and fluorine atoms have a £4p)/[ 3s,2p]

contraction and hydrogen atoms have &)(A2s] contrac- Ill. EXPERIMENTAL METHODS
tion. A total of 31 CGTO is used for difluoromethane. A

. - . . Details of the electron momentum spectrometer con-
detailed description of this basis set developed by Pople an . . .
. structed at Tsinghua University have been repottéthere-
the co-workers can be found in Ref. 25.

fore only a brief description is given in this paper. Two hemi-
spherical electron energy analyzers, each having a five
element cylindrical retarding lens system, are mounted on
The 6-311+G** is an augmented version by Pople two independent horizontal concentric turntables inside a
et al. The outer valence shell is split into three parts andu-metal shielded vacuum system. In the present work, the
represented by three, one and one primitives. Based on thglar angles of both analyzers are kept fixed at 45°. One
6-311G basis very diffuseg- and p-functions are added to analyzer turntable is kept in a fixed position while the other
both of carbon and fluorine atoms and diffusiinction are  one is rotated to vary the relative azimuth angle. Each energy
added to hydrogen atord%.?’In addition, polarization func- analyzer has a position sensitive detector consisting of two
tions are also included in the basis, a single set ofdigpe  microchannel plates and a resistive anode in the energy dis-
Gaussian functions for F and C atoms and a single set giersive exit plane. The energy range of each analyzer was set
uncontracteg-type Gaussian functions for H atoms. Thus aat 6004 eV with a pass energy of 50 eV. Electron impact
(12s,6p,1d) contracts td 5s,4p,1d] for C and F atoms, and ionization was carried out at an impact energy of 1200 eV
a (6s,1p) to [4s,1p] for H atoms. The number of CGTO is plus the binding energy under the symmetric noncoplanar

C. 6-311++G**

80 for difluoromethane. geometry. The energy resolution obtained in the coincidence
experiment is a convolution of the two analyzer response
D. aug-cc-pVTZ functions and the energy distribution of the incident electron

geam. It also depends on the deceleration ratio of the lens.

The augmented correlation consistent polarized valenc i -
The coincidence energy resolution of the spectrometer

triple ¢ (cc-pVTZ) basis sefaug-cc-pVTZ was taken from : X
the work of Dunninget al22° The basic idea behind the was measured to be 1.15 eV full width at half maximum

correlation consistent basis sets is that functions which conf-rom the experiment on the argomp 3tate. The experimental

tribute approximately the same amount of correlation energy'?“ome”,t”m rgsoluuon is estimated to be about 0..1 a.u. from
should be grouped together when considering what mixtur@ consideration of the argonp3angular correlation. The
of s, p, d, etc. basis functions to use. For hydrogen the poS@mple of difluoromethan9.0% purity was used without
larization exponents were determined by optimizing them a{urthgr purlflcatlon. No evidence of impurities was found in
the singly and doubly excited configuration interacti@D- "€ binding energy spectra.

Cl) level calculation for molecular hydrogen in its ground

state: The ¢,p) exponents fqr B-Ne were optimized in IV RESULTS AND DISCUSSION

atomic Hartree—Fock calculations on the ground state. The

polarization exponents were optimized at the SD-CI level.  Difluoromethane (CkF,) contains 26 electrons and has
The extra diffuse nonpolarization functions were optimizedC,,, symmetry point group. The ground state electronic con-
in Hartree—Fock calculations on the lowest state of the anfiguration can be written as

(core)6(3al)2(2b2)2(4a1)2(5a1)2(3b2)2(lbl)z( 1a2)2(6a1)2(4b2)2(2b1)2.

inner valence outer valence
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TABLE II. lonization energiegeV) for difluoromethane.

1b,+3b,+5a, - -
s (:|-|2|=2 Experimental Theoretical
4|92+6|a1+1a2 Sum of all Orbital EMS? PE® PES MS-Xa Hartree—Fock
4000 2b, 13.3 13.3 13.17 14.92 14.79
4b, 15.4 14.91 17.09 16.99
% 6a, 154 15.4 15.20 17.28 17.22
c la, 15.8 15.61 18.20 18.12
% 1b, 19.1 18.51 20.50 20.37
= 3b, 19. 19.1 19.07 20.97 20.83
2000 1 5a, 19.1 19.76 21.23 21.08
4a, 24.0 24.0 23.86 26.71 26.53
2b, 38.2 38.20 43.62 43.44
3a,; 40.1 40.13 45.17 44.96

#Experimental EMS data in this work.
PReference 19.
Lo ‘Reference 20.
Binding energy (eV) dReference 29.

o ) ®Theoretical calculation of orbital energies with HF/aug-cc-pVTZ in this
FIG. 1. Valence shell binding energy spectra of 1200 eV for difluo- \yqrk.

romethane at sum of alp angles. The dashed and solid lines representtryg peak of &,, 6a,, and a, orbitals.
individual and summed Gaussian fits, respectively. 9The peak of bl, 3b2’ and 5, orbitals.

The valence shell contains ten molecular orbitals and can bgsolve!® The band located at 24.0 eV corresponds to the
divided into two sets of three inner valence and seven outgpnization of the 4, orbital. A comparison of the valence
valence orbitals. The order of these valence orbitals has begjhell binding energies of difluoromethane of this work and
established both by PES and molecular calculatidns. the experimental PES daf£®and the earlier published and
our calculated theoretical values is given in Table Il. It can
be seen that the present measured EMS data are consistent
In order to obtain the experimental momentum profiles,yith the previously published high resolution PES data.
12 binding energy spectra over the energy range of 7-32 e¥ome weak structures above 26 eV are observed which may
which cover seven outer valence orbitals and one inner vaque to correlation effects in the target or in the final state of
lence orbital were collected at the out-of-plane azimuthresidual ion.
anglese=0°, 1°, 2°, 3°, 4°, 6°, 8°, 10° 12°, 14° 16° and  calculated binding energy spectra are compared with the
21° in a series of sequential repetitive scans. The bindingheasured binding energy spectra in Fig. 2. The synthesized
energy spectra of difluoromethane in the range 7-32 eV fofheoretical spectra are obtained by summing the calculated
measurements at the sum of all in@ngles is shown in Fig.  densities over the same momentum range as the experiment,
1 at the incident energy of 1200 eV plus the binding energyand using the calculated energy levels of the different orbit-
The spectra in Fig. 1 are fitted with a set of individual Gaussy|s, Both of the calculated density and energy levels of dif-
ian peaks. The fitted Gaussians for individual peaks are infgrent orbitals come from the HF/aug-cc-pVTZ calculation.
dicated by dashed lines while their sum, i.e., the overall fittedyy, comparing the experimental and theoretical binding en-
spectra, are represented by the solid lines. The widths of the
peaks are combinations of the EMS instrumental energy
resolution and the corresponding Franck—Condon widths de 6000+
rived from high resolution PES datd. CHF
The PES spectrum of the seven outer valence and oni 1 Sumofall o
inner valence region has been reported by Biesprnk, e exp
and von NiesselX In this work, the vertical ionization po- 4000 RHF/aug-cc-PVTZ
tentials of the »,, 4b,, 6a,, la,, 1b,, 3b,, 5a;, and ]
4a, orbitals were determined to be 13.3, 15.4, 15.4, 15.8,
19.1, 19.1, 19.1, and 24.0 eV, respectively.
In the EMS binding energy spectra of Fig. 1, however, 2000 4
only four structures could be clearly identified. The ioniza-
tion peak for the highest occupied molecular orbital
(HOMO), 2b; at 13.3 eV is well resolved. The next three
outer valence orbitals with the 15.4 eV average vertical ion- y: A
ization potential, #,, 6a;, and la,, are not well separated 5 220 25 30
experimentally due to their small energy separatidrishe Binding energy (eV)
same is true of the next three outer valence orbitals with thEIG. 2. Experimental and synthetic binding energy spectra of difluo-

19.1ev average vertical io_nization po;entiahll 3by, and  omethane at sum of atb angles. The solid curve is the Hartree—Fock
5a;, which even the high resolution PES could not calculation with aug-cc-pVTZ basis set. See text for details.

A. Binding energy spectra

ensity

Int
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ergy spectra, it should be noted that the calculated energr 081

levels has been shifted by 1.60 eV so that the energy of the ] 2b,
2b, orbital agrees with the corresponding 13.17 eV peak inb 004 — 6 e EXP

; : £ 0 1—— DFT-B3LYP/ 6-311++G™
the expenmgntal PE§.The measured EMS instrumental en- ‘a i 2— DFT-BILYP/6.51G
ergy resolution function, as well as the widths of the transi- £ 3——RHF/ 6-311++G*
i S . i 4—RHF/ 6-31G
tions as observed in high resolution PES, have been foldecg 003 5 RHE/ STO-3G

into the calculated spectra. The experimental binding energyg
spectra are height normalized to the second peak of the cal@
culated binding energy spectra. & H}
It can be seen that the HF/aug-cc-pVTZ calculation is in 1
reasonably good agreement with the experimental binding 0.1
energy spectra for both relative energy position and intensity
in the outer valence region. However, the calculation pre-
dicted significant splitting of ionization transitions from the 0.0 05 10 15 20 25
4a, orbital due to strong electron correlation effects in the p (a.u)
inner valence region. The predicted ionization energy level
of 4a, orbital is higher than the experiment and the calculaF'G. 3. Experimgntal and calculated momentum distributions for _the
tion also overestimates the intensity of the ionization transis oMo 2b, of difluoromethane. The TMPs are calculated by using
. ; Hartree—Fock methotturve 3, 4, 5, and Bwith the 6-31% +G**, 6-31G,
tion about 24 eV, which suggests that the theory should consTo-3G, and aug-cc-pVTZ basis sets and DFT-B3l¢@ve 1, 2, and )7
tain lower pole strength for thea4 orbital and this is also method with the 6-312+G**, 6-31G, and aug-cc-pVTZ basis sets.
consistent with the comparison of the measured and calcu-
lated momentum profiles of thea4 orbital presented in the
following section.

66— RHF/ aug-cc-pVTZ
7— DFT-B3LYP/ aug-cc-pVTZ

oretical momentum profiles provide a good agreement with
the experimental profile and the DFT-B3LYP with aug-cc-
pVTZ calculation gives the best fit. Whereas, the small re-
sidual experimental intensity is in excess of all the calcula-
tions for the HOMO of difluoromethane in the momentum
Experimental momentum profiléXMPs) have been ex-  region below 0.25 a.u. The discrepancy between experiment
tracted by deconvolution of the sequentially obtainedand theory in the low momentum region is probably due to
angular-correlated binding energy spectra, and therefore thfaccuracies in the Gaussian fitting procedures since the
relative normalization for the different transitions is main- nearby two ionization peaksy i.e., the first peak and the sec-
tained. For all the orbitals, the various theoretical momentunynd peak in the binding energy spectra in Fig. 1 are close and
profiles (TMPs) are obtained with the methods described inthe second peak, i.e., théo4H6a;+ 1a, peak is large and
Sec. Il and the experimental instrumental angular resolutiongould leak into the first peak in the low momentum range.
have been incorporated in the calculations using the UBGnother possible source for the discrepancy in the low mo-

RESFOLD program based on the GW-PG methtcExperi-  mentum range could be because of the distorted wave effects
mental data and theoretical values have been placed on a

common intensity scale by normalizing the experimental to

the DFT-B3LYP/6-31%+G** theoretical momentum pro- 020 e EXP
7 1—— summed DFT-B3LYP/ 6-3114+G™

B. Experimental and theoretical momentum
distributions

flle for t.he 20, orbital (see Fig. 3 and thg relative normal- 018 4b,+6a +1a, 2 summed DFT-B3LYP/6-31G
ization is preserved for all the other orbitals. . 3—— summed RHF/ 6-311++G*
0.16+ 4—— summed RHF/8-31G

The theoretical and experimental momentum profiles of & ]
the outer valence orbitals andad inner valence orbital of § 0.14
difluoromethane are presented in Figs. 3—6. In the following€
discussion the comparisons between the theoretical calcule@
tions and the experimental data are provided for these orbit'g
als. 4

The electron density of the HOMO plays an important ] ‘
role in determining the chemical reactivity as indicated by 04 N
the frontier molecular orbital theory of Fukéiand the work 024 8 0.7
of Woodward and Hoffmar® Therefore it is important to 000 Jasz=zm" i , ) -
obtain a detailed understanding of the electronic structure o 00 05 10 15 :
the HOMO. The currently determined experimental momen- P (a.u)
tum proflle_for the D, HOMO of CH,F is Show.n in Fig. 3, IG. 4. Experimental and calculated spherically averaged momentum dis-
together with the theoretical momentum profiles CalCl*'latecf'ibutions for the summed and individual orbitals of thie,4 6a,, and 1a,
using HF and DFT/B3LYP methods employing the STO-3G,orbitals of difluoromethane. The TMPs are calculated by using Hartree—
6-31G, 6-31% +G**, and aug-cc-pVTZ basis sets. This or- Fock methodcurve 3, 4, 5, and)Bwith the 6-31%+G**, 6-31G, STO-3G,

: . » P : and aug-cc-pVTZ basis sets and DFT-B3LYd&rve 1, 2, and 7 method
bital has a ‘p-type” momentum distribution character as . c's a13 LG, 6.31G, and aug-ce-pvTZ basis Sets. The TMPS of

shown in Fig. 3. In the momentum range above 0.25 a.u., ifydividual orbitals are calculated by using the DFT-B3LYP method with the
can be seen that, except for HF/STO-3G, the calculated the-311++G** basis setcurve 8, 9, and 10

5—— summed RHF/ STO-3G
66— summed DFT-B3LYP/aug-cc-pVTZ
7— summed RHF/aug-cc-pVTZ
2 8 - 4b, DFT-B3LYP/ 6-311++G"
9 -~ 6a DFT-B3LYP/6-311++G**

10 —- 1a, DFT-B3LYP/ 6-311++G**
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0.25 1 o EXP
1b,+3b,+5a, 1—— summed DFT-B3LYP/ 6-311++G"*
2—— summed DFT-B3LYP/ 6-31G
7 3—— summed RHF/ 6-311++G**
4—— summed RHF/ 6-31G
1 55— summed RHF/ STO-3G
6—— summed RHF/aug-cc-pVTZ
7— summed DF-B3LYP/aug-cc-pVTZ
8 — 1b1 DFT-B3LYP/ 8-311++G**

9 —— 3b,DFT-B3LYP/ 6-311++G**
10 - 5a, DFT-B3LYP/ 6-311++G™

0.20 4

0.15 4

0.10

Realtive Intensity

0.05 4

p(a.u)

FIG. 5. Experimental and calculated spherically averaged momentum di

tributions for the summed and individual orbitals of thie, 1 3b,, and 5,

J. Chem. Phys. 122, 054301 (2005)

havior has been seen in the XMPs of transition-metal hexac-
arbonyl HOMOs that are known to be largely metal nd in
charactef’ The corresponding transition-metal atoms show
such behavior and this is found to decrease with increase in
impact energy in the distorted wave impulse approximation
(DWIA) calculations. Unfortunately at present DWIA calcu-
lations are possible only for atoms but not for molecules due
to the multicenter nature of the latter. However, the discrep-
ancy in the low momentum range could be because no cal-
culation could reproduce the experimental momentum pro-
file. Usually, HOMO orbitals are very diffuse in position
space and thus their diffuse outer regions are likely difficult
to be well modeled by the SCF and DFT variational calcu-
lations.

The next three orbitals,B, 6a,, and la, are closely
spaced and cannot be resolved due to the poor energy reso-

Sution of EMS. Only the summed experimental momentum

orbitals of difluoromethane. The TMPs are calculated by using Hartree-profiles for the (4,+6a,+ 1a,) orbitals are shown in Fig.

Fock methodcurve 3, 4, 5, and)@with the 6-311+G**, 6-31G, STO-3G,
and aug-cc-pVTZ basis sets and DFT-B3LYdurve 1, 2, and )’ method

with the 6-31%+G**, 6-31G, and aug-cc-pVTZ basis sets. The TMPs of
individual orbitals are calculated by using the DFT-B3LYP method with the

6-311++G** basis sefcurve 8, 9, and 10

since the »; orbital is a=*-like molecular orbital, which is

4, together with the theoretical momentum profiles calcu-
lated using HF and DFT-B3LYP methods with the STO-3G,
6-31G, 6-31%+G**, and aug-cc-pVTZ basis sets. ThbA
orbital has a h-p” type character and 4, has ap-type
distribution, while the @&, orbital which is dominant in the
summed momentum distribution shows s " type distri-
bution, as indicated in Fig. 4. The summed momentum pro-

in agreement with Brundle, Robin, and Basch's conclusionyjj js therefore ars-p type distribution. It can be seen from

that the orbital contains a large fraction CaFantibonding

characte?” It has been fount®® that such orbitals usually
produce a “turn-up” of the cross section in the low momen-

tum range, and this behavior is similar to the lpveffect

observed in atomia-orbital XMPs. This situation is also
probably the case for theb? orbital of difluoromethane.

Fig. 4 that for the same basis sets HF calculati@sves 3,

4, 6) predict higher momentum intensity than DFT-B3LYP
calculations(curves 1, 2, Yand the HF calculation with the
6-31G basis set is similar with the DFT/B3LYP calculation
with the 6-31H1 +G** basis set. The DFT/B3LYP calculated
theoretical momentum distribution with 6-3%#%G** basis

Such effects in atoms have been attributed to distorted WaVEats and the HE/6-31G calculation reproduce the experimen-

effects that increase the calculated cross sections ap lasv
observed in the experimental measureméhtSimilar be-

0.20 1
4 4a1 ¢ EXP
2 1—— DFT-B3LYP/ 6-311++G**
0154 3 2—— DFT-B3LYP/ 6-31G
> 1 3——RHF/ 6-311++G™
7 6 4——RHF/6-31G
S - 5—— RHF/ STO-3G
< 6—— RHF/aug-cc-pVTZ
o %' 7—— DFT-B3LYP/aug-cc-pVTZ
2 8 ——- curve7x0.78
= ]
© ¥
0.05 -
0.00 . T . T . T - ' v ]
0.0 05 1.0 1.5 20 25

p(a.u)

tal momentum distribution in both shape and magnitude

while the HF calculation with the STO-3G basis set severely

underestimates the densities. It could be seen that it is hard to
choose the different calculations, including the methods and
the size of basis sets employed with the exception of the

minimum level calculation of HF/STO-3G.

The third peak of difluoromethane corresponds g,1
3b,, and 5, ionizations, which are also too close to be
separately resolved. In Fig. 5, the summed experimental mo-
mentum distribution is shown together with the theoretical
momentum distributions calculated using HF and DFT/
B3LYP methods with various basis sets. In the momentum
range above 1.0 a.u., it can be seen that all the calculated
theoretical momentum profiles provide a good agreement
with the experimental profile. It could also be seen that
choosing different theoretical methods and basis sets both
strongly affect the calculated momentum distribution of the
summed momentum densities in the momentum region be-
low 1.0 a.u. Thus, the experimental distribution acts as a
criterion for evaluating the quality of quantum chemical cal-

FIG. 6. Experimental and calculated spherically averaged momentum disCUIat'ons- Usua”y’ a calculated electron momentum densny

tributions for the inner valence orbitala4 of difluoromethane. The TMPs

are calculated by using Hartree—Fock metkoatve 3, 4, 5, and )Bwith the

of the corresponding Kohn—Sham DFT which includes elec-
tron correlation in theoretical calculations gives a better de-

6-311++G™, 6-31G, STO-3G, and aug-cc-pVTZ basis sets and DFT-gntinn of the measured momentum profile than the de-

B3LYP (curve 1, 2, and 7 method with the 6-31%+G**, 6-31G, and

aug-cc-pVTZ basis sets. The curve 8 is due to the curve 7 multiplied by aSCliPtions of canonical Hartree—Fock orbitals. However, the

estimated pole strength of 0.78.

DFT-B3LYP calculations have a worse agreement with the
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experimental profiles than the corresponding Hartree—Focknethods and the size of basis sets employed. The pole
calculations and the HF calculation with the aug-cc-pVTZstrength of the ionization peak from thedinner valence
basis set gives the best fit of the experimental result. Furtheprbital is also estimated.
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