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The binding energy spectra (BES) of valence shells of CH2BrCl and CF2BrCl have been measured at a series
of different azimuthal angles by an (e, 2e) electron momentum spectrometer employing noncoplanar symmetric
geometry at an impact energy of 1200 eV plus binding energy. The experimental momentum profiles (XMPs)
are extracted from the sequential BES and compared with the theoretical ones calculated by using Hartree-
Fock (HF) and density functional theory (DFT-B3LYP) calculations with 6-311G, 6-311++G**, and aug-
cc-pVTZ basis sets. In general, the DFT-B3LYP calculations using the larger basis sets 6-311++G** and
aug-cc-pVTZ describe the XMPs well for both molecules. Moreover, the pole strengths of main ionizations
from the inner valence orbitals 2a′, 3a′, and 1a′ of CH2BrCl are determined, and the controversial ordering
of two outer valence orbitals 3a′′ and 6a′ of CF2BrCl has also been assigned unambiguously.

I. Introduction

CH2BrCl and CF2BrCl, two important halogenated molecules,
are widely used in fire protection and refrigeration. They can
be decomposed by solar ultraviolet radiation in the upper
atmosphere to release atomic chlorine, bromine, and fluorine,
which can react with stratosphere ozone layer and destroy it.1-4

Therefore, the electronic structures of CH2BrCl and CF2BrCl
have been the subject of many experimental and theoretical
studies.5-6,8-14

The photoelectron spectra (PES) for the valence orbitals of
CH2BrCl had been studied by Novak et al.5 using He I and He
II radiation source. The assignments for the PES were presented
by referring to the correlation with energy levels of either CH2-
Cl2 or CH2Br2 as well as the intensity variation of He I and He
II PES. The first two bands at 10.77 and 11.06 eV in the PES
were assigned to the ionizations from the bromine lone-pair
orbitals, while the next one at 11.81 eV corresponded to the
double-degenerate chlorine lone-pair orbitals. The other bands
at 14.64, 15.39, 16.34, and 21.3 eV were assigned to the C-Br,
C-Cl, and C-H bonding orbitals and C 2s orbital, respectively.
Five years later, Novak and co-workers6 extended the PES
measurements over the inner valence region by using synchro-
tron radiation source. On the basis of their earlier studies
mentioned above, the PES were assigned again by the molecular
point group symmetry. In addition, the measuredâ spectra for
3a′′ + 7a′ and 6a′ + 2a′′ indicated that there were slight mixed
characters of the different halogen lone pairs. Recently, He*-
(23S) Penning ionization electron spectra (PIES) and He I
ultraviolet PES as well as the outer valence Green function
(OVGF) calculations7 had been achieved by Tian et al.8 Besides
the assignments of six bands in the PIES, the first two bands
were ascribed to the spin-orbit splitting components of bromine
lone pairs on the basis of their experiments and OVGF
calculations.

For CF2BrCl, the PES of the outer valence orbitals had been
measured by Doucet et al.13 using He I radiation source and by

Cvitašet al.14 using He I and He II radiation source. The simple
assignments for the PES were presented by Doucet et al.
according to the bonding characters of molecular orbitals.
Subsequently, Cvitasˇ et al. reassigned the PES on the basis of
the similarity to the PES of CF2Cl2 and CF2Br2. The bands at
11.51, 11.81, 12.89, 13.84, 15.94, 16.55, 19.07, 20.0, and 22.5
eV in the PES were assigned to the ionizations from 10a′, 6a′′,
5a′′ + 9a′, 8a′, 4a′′ + 7a′, 6a′, 3a′′ + 5a′, 2a′′, and 4a′ orbitals,
respectively. It is noted here that the ordering of 6a′ and 3a′′ is
in disagreement with our present theoretical calculations, and
this will be discussed in this article.

To our best knowledge, no electron momentum spectroscopy
(EMS) studies on CH2BrCl and CF2BrCl have ever been
reported. EMS, also known as binary (e, 2e) spectroscopy, has
been proven to be a powerful technique for exploring the
electronic structures of atoms and molecules due to its unique
ability to directly obtain not only the binding energy spectra
but also the spherically averaged electron density distributions
in momentum space for individual orbitals. EMS measurements,
combined with the corresponding theoretical calculations, have
offered a large amount of information and can be directly applied
to evaluate the quality of wave functions obtained from quantum
chemistry calculations,15-21 analyze the bonding characters,22

and assign the ordering of molecular orbitals21,23-25 as well as
explore the electron correlation effect in atoms and mol-
ecules.21,23,26

In this article, we report the first measurements on the binding
energy spectra and the electron momentum distributions of CH2-
BrCl and CF2BrCl. The experimental momentum distributions
are compared with the theoretical ones calculated by using
different methods with different basis sets. The controversial
ordering of 6a′ and 3a′′ of CF2BrCl is determined, and the
ionization pole strengths for the inner valence orbitals of CH2-
BrCl are estimated. Furthermore, the fluorine-substituted effects
on the energy levels and the electron density distributions are
discussed by comparing the results of CH2BrCl and CF2BrCl.* Corresponding author. E-mail: xjun@ustc.edu.cn.
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II. Experimental and Theoretical Background

EMS is based on a kinematically complete (e, 2e) collision
experiment in which an electron from target atoms or molecules
is cleanly knocked out by a high-energy incident electron and
the residual ion acts as a spectator. Conservation of energy and
momentum requires that

whereε and p are the binding energy and the momentum of
the target electron, andEi andpi (i ) 0, 1, 2) are the energies
and the momenta of the incident and two outgoing electrons,
respectively. Thus, by detecting the two outgoing electrons in
coincidence, the binding energy and the momentum of the target
electron can be determined.

The details of the present EMS spectrometer employing
symmetric noncoplanar geometry have been described else-
where,27 and hence only a brief description will be given here.
The gas-phase target molecules are ionized by an impact with
a high-energy electron beam (E0 ) 1200 eV+ binding energy).
The scattered and ionized electrons having essentially equal
energy, and the same polar angles (θ1 ) θ2 ) θ ) 45°) are
received by two hemispherical electron energy analyzers with
a five-element cylindrical retarding lens and are detected in
coincidence by one-dimensional position-sensitive detectors. The
relative azimuthal angleφ between the two outgoing electrons
is variable over a wide range (0° ∼ (30°) by rotating one energy
analyzer around the direction of the incident electron beam and
keeping the other fixed. In this kinematic arrangement, the
quantityp of target electron momentum is related to the relative
azimuthal angleφ by

In EMS experiment, the completely observable quantity is
the triple differential cross section (TDCS). With the plane wave
impulse approximation (PWIA), the TDCS (σEMS) for randomly
oriented gas-phase molecules is formulated by15-18,28

whereΨf
N-1 andΨi

N are the total electronic wave functions for
the final ion state and the target molecule ground (initial) state,
and p is the momentum of target electron prior to knockout.
The overlap of the ion and neutral wave functions in eq 4 is
known as the Dyson integral.

Further, by using the target Hartree-Fock approximation
(THFA)28-33 or the target Kohn-Sham approximation
(TKSA)34-36 in which the Dyson integral is approximated to
be a neutral state canonical HF or KS orbital, the TDCS can be
simplified by

whereSq
f is called spectroscopic factor or pole strength which

is the possibility of finding a one-hole configuration in the final
statef, andæq(p) is the one-electron canonical HF or KS wave
function in momentum space for theqth orbital from which
the electron is ionized. The integral in eq 5 is known as the
spherically averaged electron momentum distributions.

In the present work, the theoretical spherically averaged
momentum distributions, i.e., the theoretical momentum profiles
(TMPs), for the valence orbitals of CH2BrCl and CF2BrCl are

obtained according to eq 5 within the target HF or KS
approximation. The corresponding position-space canonical HF
or KS orbital wave functions are calculated using HF and DFT-
B3LYP methods with 6-311G, 6-311++G**, and aug-cc-pVTZ
basis sets under the Gaussian 98 program.37 The keyword
B3LYP refers to Becke’s three-parameter hybrid functional
combined with Lee-Yang-Parr correlation functional.38,39 It
should be noted that the HF calculation only contains the
exchange effect resulting from the electronic fermion nature,
while in the DFT-B3LYP calculation, not only the exchange
effect but also the correlation interaction is included. In addition,
the second-order Møllet-Plesset perturbation (MP2) method
with aug-cc-pVTZ basis sets is employed to optimize the
molecular geometric parameters, and the OVGF method7 with
aug-cc-pVTZ is performed to obtain the ionization potentials
and pole strengths of valence orbitals for both molecules.

Before the normal experiments, the energy and momentum
resolution of the present EMS spectrometer was determined to
be ∼1.1 eV [full width at half-maximum (fwhm)] and∼0.15
au, respectively, by measuring Ar 3p ionization. The CH2BrCl
and CF2BrCl samples, with about 99.6% stated purity, were
degassed by several freeze-pump-thaw cycles,40 and no
impurities were observed in any of the binding energy spectra.

III. Results and Discussion

A. Binding Energy Spectra. CH2BrCl and CF2BrCl both
belong to theCs point group symmetry, and their ground state
electronic configurations are as follows:

The orderings of the valence orbitals for CH2BrCl and CF2-
BrCl listed above are adopted from the HF calculations using
aug-cc-pVTZ basis sets.

The binding energy spectra (BES) of CH2BrCl and CF2BrCl
have been measured at 16 different azimuthal anglesφ. Figure
1 and Figure 2 show their individual BES at (a)φ ) 0°, (b) φ

) 8°, and (c) the summed spectra for all angles. It can be seen
from the figures that the data for CH2BrCl has larger statistical
error bars than the data for CF2BrCl although the accumulation
time is about the same order. The reason lies in two aspects:
much lower vapor pressure and lower cross section for CH2-
BrCl than those for CF2BrCl. Because of the poor energy
resolution of our spectrometer, only five resolved bands for both
molecules have been observed in the BES. Gaussian peaks are
used to fit these resolved bands, the positions of Gaussian peaks
are referred to the ionization potentials from the PES studies,6,14

and the widths of them are the convolutions of the present
instrumental energy resolution and Franck-Condon width of
the corresponding ionization bands estimated by the PES.5,6,14

Small adjustments have been applied to compensate for the
asymmetry of the Franck-Condon profiles. The deviations of
the peak positions from the PES values of the ionization
potentials due to this asymmetry are determined by convoluting
the Franck-Condon profiles with the present instrumental
function. For example, the determined deviation for the ioniza-
tion band at about 16.8 eV for CF2BrCl is 0.2 eV, as shown in
Table 2.

ε ) E0 - E1 - E2 (1)

p ) p1 - p2 - p0 (2)

p ) {(2p1 cosθ - p0)
2 + [2p1 sin θ sin(φ/2)]2}1/2 (3)

σEMS ∝ ∫dΩ |〈pΨf
N-1|Ψi

N〉|2 (4)

σEMS ∝ Sq
f∫dΩ |æq(p)|2 (5)
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For CH2BrCl the five resolved bands correspond to the
ionizations from seven outer valence and three inner valence
orbitals. As shown in Figure 1, the first band is fitted to two
Gaussian peaks which are contributed from the bromine and
chlorine lone-pair orbitals and assigned to 7a′ + 3a′′ and 6a′ +
2a′′ orbitals, respectively. The second one is fitted to three
Gaussian peaks which are assigned to the C-Br (5a′), C-Cl
(4a′), and C-H (1a′′) bonding orbitals, respectively. The last
three are fitted to three individual Gaussian peaks which
correspond to the three inner valence orbitals 3a′, 2a′, and 1a′.
The positions of above eight Gaussian peaks are at 10.87, 11.78,
14.62, 15.50, 16.50, 21.23, 23.67, and 26.40 eV.6

Like CH2BrCl, five resolved bands are observed in the BES
of CF2BrCl, and these are also fitted to eight Gaussian peaks,
as presented in Figure 2. However, the components of each band
are different from CH2BrCl due to the fluorine substitution. The
first band is contributed from the bromine lone-pair orbitals (10a′
and 6a′′) and is fitted to one Gaussian peak. The second one is
fitted to two Gaussian peaks which are corresponding to the
ionization from the chlorine lone pairs (5a′′ + 9a′) and the C-Br
bonding orbitals (8a′). The third one is ascribed to the transitions
from the three fluorine lone-pair orbitals and is fitted to two
Gaussian peaks (4a′′ + 7a′ and 3a′′). The fourth one is fitted to
two Gaussian peaks which are contributed from the fluorine
lone-pair, C-Cl and C-F bonding orbitals (6a′ + 5a′ and 2a′′),
respectively. The last one corresponds to the ionization from

the inner valence orbital of 4a′ and is fitted to an individual
Gaussian peak. The positions of Gaussian peaks are at 11.65,
12.9, 13.9, 16.0, 16.8, 19.0, 20.2, and 22.65 eV.14

Tables 1 and 2 summarize the present and the previous
theoretical and experimental ionization potentials of the valence
orbitals for CH2BrCl and CF2BrCl.5-6,8,13,14It can be seen from
the tables that our calculated ionization potentials using OVGF/
aug-cc-pVTZ for both molecules are consistent with those of
the previous experimental results. But for some molecular
orbitals, the different studies offer the discrepant orbital order-
ings. For CH2BrCl the first two bands in the PES were assigned
to 7a′ and 3a′′ orbitals by Novak et al.,5,6 while the recent PIES
study of Tian et al.8 given the reverse results (3a′′ and 7a′). For
CF2BrCl the discrepancy of orbital orderings lied in 3a′′ and
6a′. Doucet et al.13 and Cvitasˇ et al.14 both gave the ordering of
6a′ and 3a′′ in the order of increasing ionization energy, which
disagrees with our present OVGF calculations. The reassignment
of 6a′ and 3a′′ ordering has been made by comparing their TMPs
with the experiment in section B. However, for 7a′ and 3a′′ of
CH2BrCl, due to their very close energy space, the reassignment
is beyond our present EMS spectrometer.

In order to explore the fluorine-substituted effect on orbital
ionization potentials, the correlation diagram for the occupied
valence orbitals of CH2BrCl and CF2BrCl is given in Figure 3,
in which the ionization potentials are referred to the measured
results of Novak et al.5 and Cvitasˇ et al.,14 respectively. It is

Figure 1. Binding energy spectra of CH2BrCl at (a)φ ) 0°, (b) φ ) 8°, and (c) the sum of all 16 differentφ angles. The dotted lines indicate the
Gaussian peaks, and the solid line is the summed fit. Vertical bars 1-8 correspond to the ionizations from 7a′ + 3a′′, 2a′′ + 6a′, 5a′, 4a′, 1a′′,3a′,
2a′, and 1a′ valence orbitals.
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clear that the orbital ionization potentials of CF2BrCl become
higher than those of the correlated orbitals of CH2BrCl except
for 8a′ orbital. The lower ionization potential of 8a′ orbital may
be ascribed to the out-of-phase combination of the C-Br group
and the fluorine lone pairs. Moreover, two split bands with an
interval of about 0.3 eV have been observed in PES6,14 for the
bromine lone-pair ionizations of both molecules. For CH2BrCl,
Tian et al.8 assigned the split to the spin-orbit coupling effect
of bromine according to the band shape of PES and PIES, the
slope of the collision energy dependence of partial ionization
cross sections, and the split energy from the OVGF calculation.
But for CF2BrCl, as observed in PES,13 the first split band is
weaker in intensity than the second one, which suggests that a
strong intramolcular interaction is expected to occur in this
molecule. Our OVGF calculations predict the split energy of
bromine lone pairs in CF2BrCl is 0.23 eV, larger than that in
CH2BrCl (0.03 eV).8 Because the OVGF calculations do not
consider the spin-orbit coupling effect, our calculated results
indicate that the intramolcular interactions in CF2BrCl become
more remarkable than in CH2BrCl. This may be attributed to
the fluorine-substituted effect.41

B. Electron Momentum Distributions. As mentioned above,
five resolved bands in BES for CH2BrCl and CF2BrCl are fitted
by eight Gaussian peaks, and hence only the experimental
momentum profiles (XMPs) for these Gaussian peaks have been
obtained by deconvoluting the same Gaussian peak from the
sequentially measured BES at different azimuthal anglesφ and
plotting area under the corresponding fitted peak as a function
of momentump (i.e., φ angles). In order to compare the XMP
with the TMPs, the instrumental momentum resolution of 0.15
au has been convoluted into the TMPs utilizing the Gaussian-
weighted planar grid method (GWPG).42 On the other hand,

the XMP and the TMPs are placed on a common intensity scale
by normalizing the XMPs of the outermost orbital to the
corresponding TMPs since its ionization pole strength is close
to unity. In this work, the normalization factors for both
molecules are obtained by comparing the XMP of the first band
with their TMPs obtained using B3LYP method with aug-cc-
pVTZ basis set.

Figures 4 and 5 present the XMPs of the valence orbitals for
CH2BrCl and CF2BrCl, together with the corresponding TMPs
calculated using HF and B3LYP methods with 6-311G,
6-311++G** and aug-cc-pVTZ basis sets. In addition, the
electron density images for the individual orbitals in position
space calculated using B3LYP method with aug-cc-pVTZ basis
set are also shown in top right corner of each graph. The detailed
discussion about the electron momentum profiles for both
molecules will be introduced according to the category of the
molecular orbital character.

1. Bromine and Chlorine Lone-Pair MOs for CH2BrCl and
CF2BrCl. As shown in Figure 4a, the summed XMP of the first
two orbitals 7a′ and 3a′′ for CH2BrCl displays a p-type character
having a maximum at p∼ 0.52 au. The TMPs calculated by
HF and B3LYP methods with aug-cc-pVTZ and 6-311++G**
basis sets are in good agreement with the XMP. But the TMPs
obtained using the small basis set 6-311G cannot predict the
XMP well both in shape and magnitude. Moreover, the XMP
of 7a′ + 3a′′ is obviously more diffuse than that of atomic
bromine 4p (denoted by shot dash-dotted curve in Figure 4a).
This indicates that 7a′ and 3a′′ may not be pure bromine lone-
pair character. Our calculated orbital electron density images
also show these two orbitals are contributed from not only the
bromine lone-pair systems but also some chlorine ones, which
agree with the prediction of Novak et al.5,6

Similar to the case of CH2BrCl, the summed XMP of the
first two orbitals 10a′ and 6a′′ for CF2BrCl in Figure 5a exhibits
a p-type character with a maximum atp ∼ 0.61 au, and all the
TMPs describe the XMP well except for underestimating the
magnitude of the XMP at the origin of momenta. Compared
with the component of atomic bromine 4p (having a maximum
at p ∼ 0.53 au), the XMP of 10a′ + 6a′′ is more diffuse, and
its maximum position obviously moves toward the larger
momentum (p ∼ 0.61 au). This is understandable because these
two orbitals are also the contribution of the bromine lone pairs
with some mixture of chlorine as the orbital electron density
images exhibit.

For the second two orbitals of 2a′′ and 6a′ of CH2BrCl and
5a′′ and 9a′ of CF2BrCl, the XMPs both exhibit p-type
characters, as shown in Figures 4b and 5b. The former has a
maximum atp ∼ 0.65 au and the latter atp ∼ 0.46 au. They
are both obviously different from those of atomic chlorine 3p
with a maximum atp ∼ 0.59 au, which should be ascribed to
the contribution of chlorine and bromine lone-pair systems in
these molecular orbitals. On the other hand, the TMPs of 2a′′
+ 6a′ for CH2BrCl calculated using B3LYP method with the
large basis sets aug-cc-pVTZ and 6-311++G** is consistent
with the experiments, but other TMPs underestimate the
magnitude of the XMP in the regionp < 0.8 au. For CF2BrCl,
all the TMPs of 5a′′ + 9a′, especially the TMPs calculated using
the B3LYP method with aug-cc-pVTZ and 6-311++G** basis
sets, give a good description of the XMP.

As mentioned above, the first four orbitals of CH2BrCl and
CF2BrCl have similar orbital components, i.e., the mixture of
bromine and chlorine lone pairs, and their XMPs all exhibit
p-type distributions. But due to the fluorine-substituted effect,
there are some distinct differences observed in the XMPs of

Figure 2. Binding energy spectra of CF2BrCl at (a)φ ) 0°, (b) φ )
8°, and (c) the sum of all 16 differentφ angles. The dotted lines indicate
the Gaussian peaks, and the solid line is the summed fit. Vertical bars
1-8 correspond to the ionizations from 10a′ + 6a′′, 5a′′ + 9a′, 8a′,
4a′′ + 7a′, 3a′′, 6a′ + 5a′, 2a′′, and 4a′ valence orbitals.
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the corresponding orbitals. For the first two orbitals, the
maximum of the XMP for CF2BrCl locates at larger momentum
(p ∼ 0.61 au) than that for CH2BrCl (p ∼ 0.52 au). While for
the next two orbitals, the maximum of the XMP for CF2BrCl
positions at smaller momentum (p ∼ 0.46 au) than that for CH2-
BrCl (p ∼ 0.65 au).

2. Fluorine Lone-Pair Orbitals for CF2BrCl. The calculated
electron density images presented in Figure 5d-f suggest that
the orbitals 7a′, 4a′′, 3a′′, and 6a′ of CF2BrCl are mainly ascribed
to the fluorine lone-pair orbitals, which do not exist in CH2-
BrCl. As shown in Figure 5d, the summed XMP of 4a′′ and 7a′
orbitals displays two maxima atp ∼ 0.55 au andp ∼ 1.3 au

and a minimum atp ∼ 1.0 au. All the calculated TMPs predict
the shape of the XMPs well but largely underestimate the
magnitude in the low momentum region, and a similar under-
estimation has been observed in the fluorine lone-pair orbitals
of other fluomethanes.23,43

The XMP for the fifth band at 16.8 eV in BES is shown in
Figure 5e. The PES works of Doucet et al.13 Cvitašet al.14 both
assigned this band to 6a′, but our theoretical calculations assign
it to 3a′′. Therefore, the TMPs of 3a′′ and 6a′ are both presented
and compared with the XMP in Figure 5e. It is clear in the
figure that the TMPs of 3a′′ is of good agreement with the
experiment, and hence this band should be assigned to 3a′′. For
6a′ orbital, the last fluorine lone pairs, due to the close energy
space with other orbitals, the summed XMP of 6a′ + 5a′ +
2a′′ will be discussed in the next section.

3. Bonding Orbitals for CH2BrCl and CF2BrCl. Besides the
halogen lone-pair orbitals, the remainder outer valence orbitals
for CH2BrCl and CF2BrCl are the bonding orbitals. As shown
in Figures 4c and 5c, the electron density images show 5a′ of
CH2BrCl and 8a′ of CF2BrCl are both mainlyσC-Br bonding
orbitals with a small chlorine components while 8a′ also includes
a small fluorine lone pairs. The XMP of 5a′ of CH2BrCl has a
maximum atp ∼ 0.75 au, and the TMP calculated by B3LYP
method with aug-cc-pVTZ and 6-311++G** basis sets gives
a good description of the XMP while the other TMPs under-
estimate the intensity of the XMP in the low momentum region.
The XMP of 8a′ of CF2BrCl displays a p-type character with
two maxima atp ∼ 0.4 au andp ∼ 1.2 au, obviously different
from that of 5a′ of CH2BrCl. The occurrence of the second
maximum should be ascribed to the contribution of the fluorine
lone pairs to 8a′ orbital of CF2BrCl. In addition, all the TMPs
of 8a′ largely underestimate the magnitude of XMP in the low
momentum region.

The orbital electron density images in Figure 4d,e show the
nature of 4a′ and 1a′′ of CH2BrCl areσC-Cl andσC-H bonding

TABLE 1: Ionization Potentials for the Valence Orbitals of CH2BrCl are Listed in Parentheses (in eV) and Pole Strengths in
Square Brackets

experiments theoretical calculations

HeIIPES5 SRPES6 PIES8 present EMS OVGF/6-311+G(d,p)8 present OVGF/aug-cc-pVTZ

7a′ (10.77) 7a′(10.77) 3a′′(10.75) 3a′′(10.87) 3a′′(10.62) [0.94] 3a′′(10.73) [0.92]
3a′′ (11.06) 3a′′ (11.06) 7a′ (11.08) 7a′ (10.87) 7a′ (10.65) [0.94] 7a′ (10.73) [0.92]
6a′ (11.81) 6a′ (11.81) 6a′ (11.79) 6a′ (11.78) 6a′ (11.43) [0.92] 2a′′ (11.49) [0.92]
2a′′ (11.81) 2a′′ (11.81) 2a′′ (11.79) 2a′′ (11.78) 2a′′ (11.50) [0.92] 6a′ (11.59) [0.92]
5a′ (14.54) 5a′ (14.54) 5a′ (14.63) 5a′ (14.62) 5a′ (14.40) [0.92] 5a′ (14.31) [0.91]
4a′ (15.39) 4a′ (15.39) 4a′ (15.40) 4a′ (15.50) 4a′ (15.28) [0.91] 4a′ (15.14) [0.91]
1a′′ (16.34) 1a′′ (16.34) 1a′′ (16.32) 1a′′ (16.50) 1a′′ (16.59) [0.90] 1a′′ (16.6) [0.91]
3a′ (21.30) 3a′ (21.30) 3a′ (21.23) [0.74] 3a′ (21.63) [0.83]

2a′ (23.50) 2a′ (23.67) [0.39]
1a′ (26.60) 1a′ (26.40) [0.30]

TABLE 2: Ionization Potentials for the Valence Orbitals of CF2BrCl are Listed in Parentheses (in eV) and Pole Strengths in
Square Brackets

experiments present calculations

He I PES13 He II PES14 present EMS HF/aug-cc-pVTZ OVGF/aug-cc-pVTZ

10a′ (11.83) 10a′ (11.51) 10a′ (11.65) 10a′ (12.36) 10a′ (11.45) [0.92]
6a′′ (11.83) 6a′′ (11.81) 6a′′ (11.65) 6a′′ (12.59) 6a′′ (11.68) [0.92]
5a′′ (12.90) 5a′′ (12.89) 5a′′ (12.9) 5a′′ (13.76) 5a′′ (12.49) [0.91]
9a′ (12.90) 9a′ (12.89) 9a′ (12.9) 9a′ (13.78) 9a′ (12.61) [0.91]
8a′ (13.83) 8a′ (13.84) 8a′ (13.9) 8a′ (14.94) 8a′ (13.66) [0.92]
7a′ (16.0) 7a′ (15.94) 7a′ (16.0) 7a′ (17.46) 7a′ (15.77) [0.91]
4a′′ (16.0) 4a′′ (15.94) 4a′′ (16.0) 4a′′ (18.51) 4a′′ (16.12) [0.92]
6a′ (16.60) 6a′ (16.55) 3a′′ (16.8) 3a′′ (19.42) 3a′′ (16.81) [0.92]
3a′′ (18.8) 3a′′ (19.00) 6a′ (19.0) 6a′ (21.14) 6a′ (18.68) [0.91]
5a′ (18.8) 5a′ (19.00) 5a′ (19.0) 5a′ (21.26) 5a′ (18.81) [0.91]
2a′′ (19.8) 2a′′ (20.00) 2a′′ (20.2) 2a′′ (21.92) 2a′′ (19.81) [0.91]

4a′ (22.50) 4a′ (22.65) 4a′ (25.26) 4a′ (22.74) [0.86]

Figure 3. Correlation diagram for the occupied valence orbitals of
CH2BrCl and CF2BrCl.
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orbitals, respectively. The XMP of 4a′ displays an sp-type
character with a minimum atp ∼ 0.5 au and a second maximum
at p ∼ 0.8 au. The XMP of 1a′′ exhibits a p-type character
having a maximum atp ∼ 0.55 au. For this two orbitals, all the
TMPs well reproduce the shape and magnitude of the XMP,
especially the TMPs obtained using B3LYP method with aug-
cc-pVTZ and 6-311++G** basis sets.

For CF2BrCl, 5a′ and 2a′′ are essentiallyσC-Cl and σC-F

bonding orbitals, respectively. Because of the low resolution
of the present spectrometer, they are not resolved from the

fluorine lone-pair orbital 6a′. Hence, the summed XMP of 6a′
+ 5a′ + 2a′′ is presented in Figure 5f. It exhibits a p-type
character with a maximum atp ∼ 0.85 au, and all the TMPs
give a similar shape but underestimate the magnitude at the
regionp < 0.55 au.

4. Inner Valence MOs for CH2BrCl and CF2BrCl. As shown
in Figure 4f-h, the inner valence orbitals 3a′, 2a′, and 1a′ of
CH2BrCl are mainly from the C 2s, Br 4s, and Cl 3s
contributions. The XMPs of 3a′ and 2a′ are both p-type in nature,
while the XMP of 1a′ is of s-type. For these orbitals, the

Figure 4. Measured and calculated spherically averaged momentum profiles for (a) 3a′′ + 7a′, (b) 6a′ + 2a′′, (c) 5a′, (d) 4a′, (e) 1a′′, (f) 3a′, (g)
2a′, and (h) 1a′ orbitals of CH2BrCl. The individual orbital electron density images in position space calculated using B3LYP/aug-cc-pVTZ are
shown in the top right corner of each graphs, and the TMPs of atomic Br 4p and Cl 3p calculated using B3LYP/aug-cc-pVTZ are presented in (a)
and (b). The TMPs calculated using B3LYP/aug-cc-pVTZ multiplied by the pole strengths are represented in (f), (g), and (h) by the shot dash-
dotted curves.
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intensities of the TMPs are much higher than the experimental
ones. When the TMPs are multiplied by a factor, they are in
good agreement with the XMP, as shown by the shot dash-
dotted curves in the figures. The factor is approximately
equivalent to the pole strength of the transition. For the
transitions from 3a′ and 2a′ orbitals, the factors are 0.74 and
0.39, respectively. Such small pole strengths indicate there are
significant many-body effects in the ionization processes, and
the one-electron orbital ionization picture well describing the
ionizations of outer valence orbitals is not adequate to describe
the ionizations of inner valence orbitals. But for the 1a′ orbital,
no matter how to change the value of the scaling factor, the
TMPs of 1a′ orbital still disagrees with the XMP. In view of
the strong many-body effects of the 3a′ and 2a′ ionizations, the
summed TMPs contributed from 1a′, 2a′, and 3a′ orbitals is in

accordance with the experiments. These suggest that the
correlative satellite lines of the 3a′ and 2a′ ionizations maybe
contribute to the main peak of 1a′ ionization. Although we list
the calculated pole strength, 0.83 (OVGF/aug-cc-pVTZ) in Table
1 for 3a′ ionization, the result is unreliable for such a pole
strength calculated with OVGF method which is less than 0.85.
The quantitative calculations of the pole strengths are thus
expected for these transitions.

For CF2BrCl, the last band at 22.65 eV in BES is from the
ionization of the inner valence orbital 4a′, and its XMP in Figure
5g shows an sp-type character. This is understandable because
4a′ orbital is mainly contributed from the C 2s orbital and a
small fluorine lone pair as shown in its electron density images.
All the theoretical calculations predict the shape of the XMP
well, and some differences appear nearp ∼ 0.5 au.

Figure 5. Measured and calculated spherically averaged momentum profiles for (a) 10a′ + 6a′′, (b) 5a′′ + 9a′, (c) 8a′, (d) 4a′′ + 7a′, (e) 3a′′, (f)
6a′ + 5a′ + 2a′′, and (g) 4a′ orbitals of CF2BrCl. The individual orbital electron density images in position space calculated using B3LYP/aug-
cc-pVTZ are shown in the top right corner of each graphs. The TMPs of atomic Br 4p and Cl 3p calculated using B3LYP/6 aug-cc-pVTZ are also
presented in (a) and (b).
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IV. Summary

In this article, we have reported the first EMS measurements
on the binding energy spectra and the electron momentum
distributions of the valence orbitals for CH2BrCl and CF2BrCl.
The experimental momentum profiles are compared with the
theoretical ones calculated by using HF and B3LYP methods
with 6-311G, 6-311++G**, and aug-cc-pVTZ basis sets.
Generally, the calculations using B3LYP method with larger
basis sets aug-cc-pVTZ and 6-311++G** are in good agree-
ment with the experiments. Furthermore, the pole strengths of
ionizations from the inner valence orbitals 3a′, 2a′, and 1a′ of
CH2BrCl have been obtained, and the small pole strengths
indicate that significant many-body effects occur in the ioniza-
tions of inner valence orbitals. The controversial ordering
between 3a′′ and 6a′ of CF2BrCl has also been determined by
comparing their TMPs with the XMP; i.e., the fifth peak at 16.8
eV in BES should be assigned to 3a′′, rather than 6a′. In addition,
the fluorine-substituted effects on the energy levels and the
electron density distributions have been analyzed by comparing
the results of CH2BrCl and CF2BrCl.
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