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Abstract   The first measurement of the complete valence 
shell binding energy spectra of chlorobromomethane (CH2 
BrCl) is reported by (e, 2e) electron momentum spectrome-
ter using symmetric non-coplanar geometry at an impact 
energy of 1200 eV plus binding energy. The experimental 
electron momentum profiles of the highest occupied mo-
lecular orbitals (HOMOs) are extracted and compared with 
Hartree-Fock (HF) and density functional theory (DFT) cal-
culations. DFT calculation employing B3LYP hybrid func-
tional and the large-sized basis sets provides the best agree-
ment with the experiment. 

Keywords  (e, 2e) electron momentum spectroscopy, sym-
metric non-coplanar geometry, Hartree-Fock method, den-
sity functional theory 
 
PACS numbers  34.80.Gs 
 
 

1 Introduction 
Chlorobromomethane (CH2BrCl), one of biogenic halo-
carbons, is a component of microalgae emission in the At-
lantic Ocean [1]. Like other halocarbons, it plays an impor-
tant role in the atmosphere and contributes to powerful 
ozone-depletion potentials. Therefore, it has received con-
siderable attention and has been investigated extensively by 
photoelectron spectra (PES) [2―4] using He I, He II and 
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synchrotron radiation light sources, Penning ionization elec-
tron spectra (PIES) [3] using He*(23S) metastable atoms and 
photodissociation dynamics [5] using laser pulses. To our 
best knowledge, no electron momentum spectroscopy meas-
urement on CH2BrCl has been reported so far. Therefore, it 
is necessary and significant to carry out EMS study at the 
level of orbital wave function for further understanding 
chemical properties, reaction activity and the ozone- deple-
tion mechanism of the CH2BrCl molecule. 

Electron momentum spectroscopy (EMS) has a unique 
advantage in exploring the electronic structure of matter [6]. 
It can not only obtain the ionization energy spectra of atoms 
and molecules, but also the energy-selected orbital electron 
density distribution in momentum space, which is the 
modulus square of orbital wave function. By the comparison 
of experimental and theoretical momentum distributions, 
EMS offers a powerful proof for evaluating the quality of 
various quantum chemical calculations. 

 

2  Experimental background  
EMS is based on kinematically complete electron collision 
single-ionization process in which an electron from target 
atoms or molecules is clearly knocked out by a high- energy 
incident electron and the residual ion acts as a spectator. 
Usually, the plane wave impulse approximation (PWIA) can 
describe the experiment well. 

Within the PWIA, as well as target Hartree-Fock (HF) 
approximation, the (e, 2e) differential cross-section can be 
described as [6―9]: 

2HF
EMS constant d ( )p iσ Ω= × ∫ pϕ  (1) 

or in Kohn-Sham (KS) approximation, the (e, 2e) differen-
tial cross-section is given by [10―13]: 
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2

EMS
KSconstant d ( )p iσ Ω= × ∫ pϕ

o

 (2) 

where   is the momentum space one-electron HF ( ),iϕ p KS ( )iϕ p
canonical HF or KS wave function for the ith orbital from  
which the electron ejected.  

In this work, the symmetric non-coplanar kinematics is  
employed in the experiment. Gas phase target molecule is  
ionized by an impact with a high-energy electron beam (E0  
= 1200 eV + binding energy, I0 ≈ 10 µA). The scattered and  
ejected electrons have essentially equal energy and enter  
into their respective hemispherical energy analyzer along the  
same polar angles (θ1 = θ 2 = 45°). Their relative azimuthal  
angle φ is variable over a wide range (0° ~ ± 30°) by rotating  
one analyzer around the incident electron beam and keeping  
the other one fixed. By detecting two outgoing electrons in  
coincidence, the ionization energy spectra are measured at a  
series of different azimuthal angles, and the electron mo- 
mentum distributions for individual orbitals are extracted by 
the deconvolving of a series of ionization energy spectra.  
The detailed description of the present (e, 2e) spectrometer 
has been given elsewhere [14]. In this work, the instrumental  
energy resolution is about 1.3 eV (FWHM) and angular 
resolution is determined by measur- o1.3 , 1.5θ φ∆ = ± ∆ = ±
ing Ar 3p ionization.  

The CH2BrCl sample with 99.6 % purity was degassed by 
repeated freeze-pump-thaw cycles, and was used for the 
present work. No impurities were observed in any of the 
spectra.

 

 

3  Results and discussions 

CH2BrCl molecule contains 60 electrons and has CS point  
group symmetry. Its ground electronic configuration can be  
written as: 

40 2 2

2 2 2 2 2 2 2 2

(core) (1a ') (2a ')
inner  valence

(3a') (1a'') (4a') (5a') (2a'') (6a') (7a') (3a'')  
outer  valence

 

The ordering of valence orbitals is adopted from the PES of 

 

Tian et al. [3]. Figure 1 shows one of the ionization energy 
spectra of CH2BrCl over the energy range from 5 eV to 30 
eV measured at azimuthal angles φ = 7°by EMS. Gaussian 
peaks fitted to the individual transitions are shown by dotted  
curves while their sum is shown by a solid curve. The posi- 
tions of each Gaussian peak are estimated according to the 
ionization potentials from high-resolution PES [2, 4], and 
the widths are the combinations of EMS instrumental energy 
resolution (1.3 eV in this work) and Frank-Condon width of 
the corresponding bands determined by high-resolution PES 
[2, 4]. Small adjustments in the deconvolution process have 
been applied to compensate the asymmetries of the shapes of  
the Franck-Condon profiles. As shown in Fig.1, Gaussian  
peaks labeled by vertical bars 1―8 are corresponding to the  
ionizations from 3a"+7a', 6a'+2a", 5a', 4a', 1a", 3a', 2a' and  
1a' orbitals, respectively. Table 1 lists the ionization poten- 
tials of the HOMOs from the present EMS and outer valence  
Green function (OVGF) calculation, together with the pre- 
vious results from high-resolution PES [2, 3] and OVGF  
calculation of Tian et al. [3]. 

 

Fig.1  Binding energy spectra of CH2BrCl at an azimuthal angle of φ = 7°. 

 Figure 2 shows the experimental momentum profiles 
(XMPs) of 3a"+7a', 6a'+2a" and the summed 4 together with  
the corresponding calculated results. The theoretical mo- 
mentum profiles (TMPs) are calculated in the GUASSIAN  
98W program [15] using HF and DFT methods with 6-31G, 
6-311++G** and Aug-cc-pVTZ basis sets. For the sake of 

Table 1  Ionization potentials for the HOMOs of CH2BrCla. 

Experimental                                 Theoreticalb

He I/He II[2,4] He I[3] present EMS OVGF[3]c present OVGFd

7a' (10.77) 3a" (10.75) 3a" (10.87) 3a" (10.62)[0.94] 3a" (10.73)[0.92] 

3a" (11.06) 7a' (11.08) 7a' (10.87) 7a' (10.65)[0.94] 7a' (10.73)[0.92] 

2a" (11.81) 6a' (11.79) 6a' (11.78) 6a' (11.43)[0.92] 2a" (11.49)[0.92] 

6a' (11.81) 2a" (11.79) 2a" (11.78) 2a" (11.50)[0.92] 6a' (11.59)[0.92] 

a Ionization potentials are listed in parentheses (in eV); b Pole strengths in square brackets; c Basis set: 6-311+G (d, p); d Basis set: 6-311 ++G**. 
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Fig. 2  Experimental and theoretical momentum profiles for (a) 3a"+7a', (b) 6a'+2a", (c) 3a"+7a'+6a'+2a" of CH2BrCl. 

comparison, the instrumental angular resolution was folded  
into the TMPs using the Gaussian-weighted planar grid  
method [16]. Moreover, the XMPs and the TMPs are placed  
on a common intensity scale by normalizing the XMPs of  
the summed 4 HOMOs (3a"+7a'+6a'+2a") to the corre- 
sponding TMPs calculated using B3LYP/Aug-cc-pVTZ. 

The HOMOs 3a", 7a' and 6a', 2a" of CH2BrCl belong to 
the contributions of Br and Cl lone-pair electrons, respec-
tively. It can be seen from Fig.2 that the XMPs and TMPs of 
3a"+7a' and 6a'+2a" all display the expected p-type character. 
For 3a"+7a', as shown in Fig.2 (a), whether HF or DFT 
methods, the calculations using 6-31G basis set underesti-
mate the experiment but those using 6-311++G** and 
AUG-cc-pVTZ basis sets reproduce the experiment well and 
almost give the same results. It indicates that 6-311++G** 
basis set has approached  saturation and a larger basis set 
will not be needed. On the other hand, for the same basis 
sets, HF and DFT calculations show little difference. This 
suggests that the improvement of calculated results for 
3a"+7a' is not dependent on the theoretical method, but de-
pends on the level of the chosen basis set. 

 For 6a'+2a", as shown in Fig.2 (b), for the same basis 
sets, DFT-B3LYP calculation is better than HF in accordance 

with the experiment, indicating that electron correlation ef-
fect needs to be considered in the calculation. Generally, the 
calculations using DFT-B3LYP with larger basis sets 
6-311++G** and AUG-cc-pVTZ are in good agreement with 
the experiment. Figure 2 (c) shows the XMPs of 3a"+7a'+ 
6a'+2a" and compared with the TMPs calculated using DFT- 
B3LYP with 6-311++G** basis set, a good agreement be-
tween the XMPs and TMPs has been achieved. 
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