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Electronic states of CF2Cl2 (dichlorodiuoromethane, Freon 12) have been studied using a new type of electron

momentum spectrometer with a very high eÆciency at an impact energy of 1200 eV plus binding energy. The exper-

imental electron momentum pro�les are compared with the density functional theory (DFT) and Hartree{Fock (HF)

calculations. The relationship between orbital assignments in di�erent coordinate systems is discussed. A new method

of di�erence analysis based on the new type of electron momentum spectrometer is used to clarify the ambiguities

regarding the orbital ordering.
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1. Introduction

CF2Cl2 (dichlorodiuoromethane, Freon 12) has

a variety of applications, such as refrigerant, foam-

blowing agent, aerosol propellant, plasma-processing

agent and additive in gaseous dielectric mixtures.[1;2]

It also plays an important role in stratospheric ozone

depletion.[3] Electronic states of CF2Cl2 have been ex-

tensively studied by various experimental and theo-

retical methods: He I and He II photoelectron spec-

troscopy (PES),[4;5] x-ray PES,[6] electron momentum

spectroscopy (EMS),[7] Multireference Double Con�g-

uration Interaction (MRD-CI)[8;9] and outer valence

Green function (OVGF) calculation.[1] However, the

orbital assignments proposed by these experimental

and theoretical methods have been controversial as

shown in Table 1. EMS can provide a unique way

to unambiguously assign the irreducible representa-

tions to molecular orbitals experimentally by simply

comparing the experimental momentum pro�les with

theoretical calculations.[6;10;11]

In this work, we report a new type of electron

momentum spectrometer and EMS study of CF2Cl2

at an impact energy of 1200eV plus binding energy.

Experimental momentum pro�les of valence orbitals

are obtained and compared with various theoretical

calculations. The relationship between the orbital as-

signments in di�erent coordinate systems is discussed

to clarify the ambiguities regarding the orbital order-

ing.
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Table 1a. Outer valence ionization potentials (eV) and orbital ordering of

CF2Cl2.

He I/He II[4] EMS[7] MRD-CI[7;8]

OVGF[1]

B3LYPb)
HFb) OVGFb)

6-311+G
AUG-cc-pVTZ

6-311++G 6-311++G

(d,p) (3df,3pd) (3df,3pd)

4b1 (12.26) 4b1 4b1 (13.36) 4b1 (11.96) 4b1 (9.23) 4b1 (12.97) 4b1 (12.18)

4b2 (12.53) 2a2 2a2 (13.92) 2a2 (12.33) 2a2 (9.55) 2a2 (13.45) 2a2 (12.59)

2a2 (13.11) 4b2 4b2 (14.44) 4b2 (12.84) 4b2 (9.99) 4b2 (13.95) 4b2 (13.07)

6a1 (13.45) 6a1 6a1 (14.72) 6a1 (13.15) 6a1 (10.35) 6a1 (14.28) 6a1 (13.39)

3b1 (14.36) 3b1 3b1 (15.63) 3b1 (14.18) 3b1 (11.29) 3b1 (15.41) 3b1 (14.33)

3b2 (15.9)

(3b2, 1a2, 5a1)c)

( 5a1 (18.20) 5a1 (16.29) 3b2 (12.71) 5a1 (17.93) 5a1 (16.39)

1a2 (16.30) 3b2 (19.12) 3b2 (16.41) 5a1 (12.99) 3b2 (18.72) 3b2 (16.46)

5a1 (16.9) 1a2 (20.11) 1a2 (17.21) 1a2 (13.38) 1a2 (19.70) 1a2 (17.27)

2b2 (19.3)
(2b2, 4a2)c)

n 4a1 (22.25) 2b1 (19.44) 2b1 (15.84) 2b1 (21.75) 2b1 (21.75)d)

4a1 (19.3) 2b1(22.27) 4a1 (19.51) 4a1 (15.95) 4a1 (21.79) 4a1 (21.79)d)

2b1 (20.4) 2b1 2b2 (22.85) 4b2 (20.62) 2b2 (16.96) 2b2 (22.64) 2b2 (22.64)d)

3a1 (22.4) 3a1 3a1 (25.98) 3a1 (23.35) 3a1 (19.23) 3a1 (25.70) 3a1 (25.70)d)

a) The irreducible representations used in Refs.[1, 7, 8] are in the Z-Matrix 1 coordinate system, thus they

are di�erent from those in this work in form. They are transformed into being of a uni�ed description. The

order numbers before the irreducible representation in Refs.[1, 7] include the core states. Although it does not

mention which one is employed, Table II in Ref.[7] indicates that the coordinate system used is the same as

that chosen in Ref.[9]. See text for details.
b) this works, implemented in GAUSSIAN 98 program.
c) Ref.[7] did not give their ordering.
d) HF-eigenvalues, OVGF calculation in GAUSSIAN 98 program did not list the corresponding optimized

values.

2.Methods

Recently we have developed a new type of EMS

spectrometer with an eÆciency two orders higher than

our previous one.[12] The basic principle of EMS is

based on an impact ionization reaction, where the

gas-phase target molecules are ionized by the high

energy electron beam.[13�16] The outgoing electrons

scattered and ionized are angle- and energy-selected

by a toroidal energy analyser and then detected in co-

incidence. The experimental geometry is symmetric

and non-coplanar, i.e. the two outgoing electrons are

selected to have the same polar angles (�1 = �2 = 45Æ,

the angles included between the outgoing electron di-

rection and the incoming electron beam direction).

The azimuthal angles �, which are the angles included

between the outgoing electron direction in the plane

normal to the beam direction and the scattering plane

in which �=0, ranging from {38Æ to 38Æ are simul-

taneously measured, so the detect eÆciency is much

higher. The measurement typically takes only sev-

eral hours, while with the previous spectrometer it

takes about a month. Moreover, all binding energy

spectra (BES) at di�erent angles are collected at the

same time, so the e�ects of instabilities of the elec-

tron beam and gas sample intensity are greatly re-

duced. A pro�le of di�erential cross section versus

recoil momentum for each energy-resolved state of the

target molecules can be obtained from these binding

energy spectra at di�erent angles �. Under the bi-

nary encounter requirements of high impact energy

and high momentum transfer the initial momentum p

of a knocked-out electron is given by

p =
�
(2p1cos�1 � p0)

2 + [2p1sin�1sin(�=2)]
2
	1=2

;

(1)

where p1 and p2(p1 = p2) are the momenta respec-

tively for the two outgoing electrons and p0 is the mo-

mentum of an incident electron.

In the planar wave impulse approximation

(PWIA), the EMS binary (e, 2e) di�erential cross

section for randomly oriented gas-phase molecules is

given by[15]

�EMS / Sfj

Z
d
 j j(p)j2; (2)

where  j(p) is the independent-particle momentum

space wavefunction for the jth electron that comes

from ionization. Sfj is called spectroscopic factor or
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pole strength. The integral in Eq.(2) is known as

the spherically averaged one-electron momentum dis-

tribution. Therefore EMS has the ability to image the

electron density distributions in individual orbitals se-

lected according to their binding energies.

In EMS, the individual orbitals are selected by

binding (or ionization) energies. With the multichan-

nel energy dispersive spectrometer used in the present

work, binding energy spectra are collected at various

azimuthal angles �. Distributions as a function of an-

gle � are obtained by use of deconvolution of these

BES using Gaussian functions located at each ioniza-

tion energy. The widths of the Gaussian functions

can be determined in consideration of published PES

vibronic manifolds and the instrumental energy res-

olution. For each ionization process, set of areas of

�tted peaks are plotted as a function of momentum

calculated from � using Eq.(1). To compare the ex-

perimental momentum distributions with the relative

cross sections calculated as a function of momentum

using Eq.(2) above, the e�ects of the �nite spectrom-

eter acceptance angles � and � (�� � �0.7Æ and ��

� �1.9Æ) must be included. This was achieved in the

present work with the Gaussian method.[17]

The gaseous sample of CF2Cl2 measured in this

work is 99% purity, and was used directly without fur-

ther puri�cation. No impurities are observed in the

binding energy spectra.

3.Results and discussion

CF2Cl2 has C2v point group symmetry in its

ground state, and its orbitals' irreducible represen-

tations are B1, B2, A1 and A2. In some theoretical

and experimental studies on CF2Cl2, such a coordi-

nate system is chosen that the b2 orbitals have a nodal

surface in the F-C-F plane (Z-matrix 1, see footnote

of Table 1 in Ref.[9]). In principle, it is possible to

employ another coordinate system in which the irre-

ducible representation of the molecular orbitals, which

have a nodal surface in the F{C{F plane, becomes b1

(Z-matrix 2). It should be noted that the b1 and b2

orbitals in the former coordinate system correspond

to the b2 and b1 orbitals in the latter one, respec-

tively. The two coordinate systems are given in the

appendix, and the coordinate system used in this work

is Z-matrix 2. For the convenience of description, the

assignments of orbitals throughout this paper are the

same as those obtained �nally in this paper except

some cases with special statements.

The outer valence BES of CF2Cl2 is measured in

a range from 10 to 33 eV. Figure 1 shows the angle-

resolved binding spectra map as well as the summed

one over all � angles. Since EMS spectrometer cannot

identify each orbital from BES, only nine Gaussian

peaks are �tted to BES for the 12 outer valence or-

bitals and two inner valence orbitals, which are shown

as the dotted lines in Fig.1. The averaged ionization

potentials for 4b1+ 2a2, 4b2+ 6a1, 3b1, 5a1+3b2+

1a2, 2b1+ 4a1, 2b2 and 3a1 are determined to be

12.40, 13.28, 14.26, 16.30 19.30, 20.40 and 22.40 eV

respectively, and their widths are combinations of the

EMS instrumental energy resolution (FWHM=1.2 eV)

with the corresponding Franck{Condon widths de-

rived from high-resolution PES data. Some spectro-

scopic strength over 25 eV is contributed from inner

valence orbitals and satellite lines. The solid line rep-

resents the sum of these peaks.

Fig.1. Angle-resolved binding energy map and sum of

all � angles of CF2Cl2. The dashed and solid lines rep-

resent individual and summed Gaussian �ts, respec-

tively.

To obtain the experimental momentum pro�les,

the binding energy spectra are grouped according to

di�erent angles � in steps of 1Æ. The experimental

momentum pro�les are extracted by deconvoluting the

same peak from the binding energy spectra at di�erent

� angles. As shown in Fig.2, the experimental momen-

tum distributions of CF2Cl2 are compared with var-

ious theoretical momentum pro�les. Except for 5a1

+ 3b2+ 1a2, the density functional theory (B3LYP

with AUG-cc-pVTZ and 6-311++G(3df, 3pd) basis

sets) and Hartree-Fock (HF with AUG-cc-pVTZ, 6-

311++G(3df, 3pd) and 6-31G basis sets) calculations

can well reproduce the experimental momentum dis-

tributions in general, so the PWIA is reasonable in

calculations for these orbitals. This is the theoretical
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foundation for the orbital assignments in this work.

The fail in theoretical descriptions of 5a1+3b2+ 1a2

may be due to the distorted wave e�ects because

the uorine lone pairs in 1a2 orbital have some d-

like symmetry.[18�23] Our recent work about the 1b3g

orbital of ethylene presents more details about this

e�ect.[24]

Fig.2. Measured and calculated spherically averaged momentum pro�les for 4b1+2a2+4b2
+6a1+3b1, 3b2+5a1 + 1a2, 2b1+4a1, 2b2 and 3a1 orbitals of CF2Cl2.

High-resolution PES shows that there are �ve or-

bitals located at 12.26, 12.53, 13.11, 13.45 and 14.36

eV. As Table I shows, Ref.[5] proposed the following

ordering for the �ve highest-occupied orbitals:

I: 4b1 < 4b2 < 2a2 < 6a1 < 3b1,

while Refs.[1, 6{8] and the calculations in this work

suggest

II: 4b1 < 2a2 < 4b2 < 6a1 < 3b1.
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Fig.3. Theoretical spherically averaged momentum pro�les of 4b1, 2a2, 4b2, 6a1, 3b1 and 3b2
orbitals of CF2Cl2, which are folded with the instrumental momentum resolution.

The theoretical momentum pro�les of the �ve

highest-occupied orbitals are highly characteristic as

shown in Fig.3, so it should be easy to assign them if

individual momentum pro�les are observed. Unfortu-

nately, it is impossible for the present EMS spectrom-

eter due to the small energy-spacing between these

orbitals. An alternative approach must be taken to

resolve this problem. If we cut the energy region into

two energy slices at 11.9{12.8eV (de�ned as Left) and

12.8{13.7eV (Right) in the map of Fig.1, it is expected

that there is a di�erence between the theoretical mo-

mentum pro�les in the two energy slices due to the

di�erent ordering. To elucidate this clearly, the fol-

lowing variables are de�ned:

I(p)Left =

12:8Z
11:9

X
i

�i(p)
1p
2�ai

exp

�
� (E � "i)

2

2a2i

�
dE;

I(p)Right =

13:7Z
12:8

X
i

�i(p)
1p
2�ai

exp

�
� (E � "i)

2

2a2i

�
dE;

�I(p)Th =I(p)Right � I(p)Left; (3)

where �i(p) is the theoretical momentum pro�le (in-

corporated with experimental momentum resolution)

of the ith orbital. Since the main contributions in this

energy region are from orbitals 4b1, 2a2, 4b2, 6a1, and

3b1, other orbitals' contributions are not included in

calculations. "i is the ionization potential of the ith

orbital obtained from PES, and ai =
FWHMi

2
p
ln 4

(in this

case, all FWHMi=1.4 eV).

Correspondingly, the experimental data are given

by

�Exp(p) =

13:7X
E=12:8

IExp(E; p)�
12:8X

E=11:9

IExp(E; p); (4)

where IExp(E; p) is the experimental intensity as

shown in the map (see Fig.1), and the momentum

p is related to � by Eq.(1). As illustrated in Fig.4,

it is obvious that the ordering of II describes the ex-

perimental data better than the ordering of I, so the

correct order should be 4b1 < 2a2 < 4b2 < 6a1 <

3b1. Generally, DFT with larger basis sets describes

the experimental momentum distributions better than

HF in a lower momentum region, so the calculation

is at B3LYP/AUG-cc-pVTZ level. The discrepancy

between calculations and measurements in a 0.5 a.u.

< p <1.5 a.u. momentum region may result from the

small discrepancy between calculations and measure

in Fig.2(a). It should be noted that the normalized

factor for the experimental data in Fig.4 must be the

same as those in Fig.2(a). The errors mainly come

from the experimental statistic errors, deconvolution

uncertainty, and experimental condition uctuations

that are almost negligible.



2472 Ning Chuan-Gang et al Vol. 14

Fig.4. Di�erences of measured and calculated momen-

tum distributions between energy regions 11.9 eV < E <

12:8eV and 12.8eV < E <13.7eV. The calculation is at

the B3LYP/AUG-cc-pVTZ level folded with the experi-

mental momentum resolution. See text for details.

Since the theoretical calculation fails to reproduce

the experimental momentum distribution of 3b2+5a1

+1a2, the ordering of these orbitals cannot be deter-

mined by the above mentioned method. As for the or-

derings 2b1, 4a1 and 2b2, Ref.[7] concluded that (2b2,

4a1) < 2b1, i.e. the orbital with an ionization poten-

tial of 20.4eV was 2b1. However, all other calculations

Fig.5. Measured spherically averaged momentum

pro�les for orbitals with an ionization potential of 20.4

eV of CF2Cl2 and calculated ones with di�erent or-

bital assignments. The calculation is at B3LYP/AUG-

cc-pVTZ level folded with the experimental momen-

tum resolution.

and measurements in Table 1 assign it to 2b2, and,

as Fig.5 shows, our experimental momentum distri-

bution also supports that it is 2b2 orbital. Due to the

small energy gap between 2b1 and 4a1, it is impos-

sible to determine their ordering by the present EMS

spectrometer because a PES spectrometer with an en-

ergy resolution of 30 meV still cannot resolve them[5]

and even indicate any discernable shoulder. So, it is

safe to conclude that the ordering in the Z-matrix 2

coordinate system is

4b1 < 2a2 < 4b2 < 6a1 < 3b1 < (5a1, 3b2, 1a2) <

(2b1, 4a1) < 2b2 < 3a1.

The orderings in parentheses need further con�r-

mation with a more accurate experiment.

4.Summary

In summary, the outer valence orbitals of CF2Cl2

have been studied using the electron momentum spec-

troscopy at an impact energy of 1200 eV plus binding

energy. The experimental electron momentum pro�les

are compared with DFT and HF calculations, and the

calculations well describe the experimental momen-

tum distribution generally. The relationship between

the orbital assignments in di�erent coordinate systems

is discussed. A new method of di�erence analysis is

used to clarify the ambiguities regarding the orbital

ordering. The ordering in the Z-matrix 2 coordinate

system is obtained.

Appendix

Z-matrix of CF2Cl2.

Z-matrix 1 Z-matrix 2

C C

X 1 R0 X 1 R0

F 1 R1 2 A1 CL 1 R1 2 A1

F 1 R1 2 A1 3 A2 CL 1 R1 2 A1 3 A2

CL 1 R2 2 A3 3 A4 F 1 R2 2 A3 3 A4

CL 1 R2 2 A3 3 A5 F 1 R2 2 A3 3 A5

R0 10.0 R0 10.0

R1 1.340 R1 1.780

R2 1.780 R2 1.340

A1 54.5 A1 54.5

A2 180.0 A2 180.0

A3 125.5 A3 125.5

A4 90.0 A4 90.0

A5 {90.0 A5 {90.0
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