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X-ray absorption and emission measurements in the vicinity of the chlorine K edge of the three
chloroAuoromethanes have been made using monochromatic synchrotron radiation as the source of
excitation. By selectively tuning the incident radiation to just above the Cl 1s single-electron ioniza-
tion threshold for each molecule, less complex x-ray-emission spectra are obtained. This reduction
in complexity is attributed to the elimination of multielectron transitions in the Cl K shell, which
commonly produce satellite features in x-ray emission. The resulting "satellite-free" x-ray-emission
spectra exhibit peaks due only to electrons in valence molecular orbitals fi11ing a single Cl 1s vacan-
cy. These simplified emission spectra and the associated x-ray absorption spectra are modeled using
straightforward procedures and compared with semiempirical ground-state molecular-orbital calcu-
lations. Good agreement is observed between the present experimental and theoretical results for
valence-orbital energies and those obtained from ultraviolet photoemission, and between relative ra-
diative yields determined both experimentally and theoretically in this work.

I. INTRODUCTION

The general quantitative application of x-ray spectros-
copy to structural and dynamical studies of atoms and
molecules has proved problematical because of the
obscuring effect of multivacancy processes, which are
usually present in addition to single-vacancy transitions
in conventional x-ray spectra. ' These multivacancy pro-
cesses, in which two or more electrons are excited or ion-
ized, result in extra features, termed satellites, in x-ray-
absorption and emission spectra. With the availability
of tunable monochromatic x rays at synchrotron-
radiation sources, it is now possible to selectively ionize
core electrons near enough to the core-level threshold en-
ergy that multielectron transitions in the subshell of in-
terest are energetically forbidden. Under these condi-
tions, x-ray emission (Iluorescence) is observed only from
singly ionizied atoms or molecules, without contribu-
tions from multivacancy satellites: hence the term
"satellite-free x-ray emission. " Selective excitation, how-
ever, does not preclude the occurrence of multielectron
transitions in the x-ray-emission process. But such tran-
sitions are expected to be very weak, in x-ray emission,
unlike in the initial photoabsorption process, there is no
change in charge state to cause "shake-up" or "shake-
off" phenomena.

In this work, we present a study of the valence elec-
tronic structure of the chloroAuoromethanes by chlorine
K x-ray emission under satellite-free conditions. We
demonstrate how this technique, based on the use of syn-
chrotron radiation, can eliminate multivacancy effects

that are inherent in conventional x-ray spectroscopy. '

For this report, Cl K absorption spectra and Cl K- V emis-
sion spectra (K —valence-level, historically denoted as Cl
KP) of gas-vapor phase CF3C1, CF2Clz, and CFC13 were
measured using monochromatic synchrotron radiation
from the National Institute of Standards and Technology
(NIST) beamline X-24A at the National Synchrotron
Light Source (NSLS) as the source of excitation. In order
to estimate contributions from satellite features in the x-
ray-emission spectra, ' Cl K- V fluorescence spectra were
recorded for several incident x-ray energies in the vicinity
of the single- and multiple-vacancy Cl K ionization
thresholds. Appropriate photon energies for producing
satellite-free spectra were selected, and single-vacancy Cl
K emission spectra were recorded for all three samples.
Comparison to previous core-level ' and valence-shell
studies is made to assist in determining peak assignments.
To further guide the interpretation of the satellite-free
spectra, semiempirical ground-state modified neglect of
diatomic-overlap (MNDO) calculations were performed
for the valence molecular orbitals (MO's). In these calcu-
lations, the molecular geometry was varied to minimize
the orbital energies, while retaining the proper ground-
state molecular symmetry. ' Thus, the Cl K-V emission
spectra have been analyzed by a method first described by
Manne, " based upon atomic-orbital compositions of
MO's.

We find that production of satellite-free x-ray-emission
spectra is feasible, and that simplified spectra are indeed
obained using selective photon excitation. Comparison of
the K-V emission data with MO binding energies from ul-
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traviolet photoelectron spectroscopy (UPS) and with cal-
culated relative yields provides adequate explanations of
the observed spectra. %'ith this demonstration it is sug-
gested that satellite-free x-ray-emission measurements
can be helpful in the assignment of MO's in more com-
plex molecules. This latter possibility exists in part be-
cause x-ray emission involves only a subset of valence
MO's with appreciable electron density at the site of the
initially produced core hole.

II. EXPERIMENT

Detailed descriptions of the soft-x-ray beamline' and
double-crystal monochromator' are given elsewhere.
Chlorine K absorption spectra are obtained by measuring
incident and transmitted x-ray Auxes with ion chambers
filled with a He-N2 mixture at 1 atm. The Cl K-VAuores-
cence radiation is analyzed by a variable-radius curved-
crystal' spectrometer consisting of a silicon (111)crystal
of 2d =6.271 A and a linear position-sensitive gas pro-
portional counter' filled with a Xe (90% vol) —CH4 (10%
vol) mixture at a pressure of =1 atm. The sample gas,
contained in a 7-mm-long sample cell by 25-pm-thick
beryllium windows, is located inside the Rowland circle
of the secondary spectrometer. Further details of the
spectrometer and its performance are given elsewhere. '

Energy calibration for the absorption spectra and the
primary monochromator in this energy region was ob-
tained using Cl K absorption spectra of the
chlorofluoromethanes measured with a previously de-
scribed' laboratory spectrometer. Energy calibration of
the emission spectra was obtained using positions of x-
ray-emission features and elastically scattered x rays.
The elastic peaks were observed with excitation at ener-
gies below all Cl E absorption features to avoid self-
absorption effects. The x-ray emission data presented in
this work were measured for emission polarized perpen-
dicular to the incident radiation polarization. ' Observa-
tions to date indicate that

fluorescence-polarization

efFects are generally small ((20%) for above-threshold
excitation.

All samples were obtained commercially with stated
purities greater than 99% and used without further
purification. Sample gas pressures are selected empirical-
ly to correspond to approximately one absorption length
(i.e., I =Iole) at the peak of absorption. For spectra
presented in this work, the sample pressures for CF3C1,
CF2C12, and CFC13 were 150, 100, and 60 Torr, respec-
tively.

III. RESULTS AND DISCUSSION

One reason for studying the chloroAuormethanes is the
extensive body of results from previous studies employing
a variety of techniques. For example, x-ray-absorption
measurements of CF2C14 were made by Hanus and Gil-
berg. ' X-ray-excited Cl K-V emission spectra of CF3C1,
CF2C12, and CFC13 were reported previously by LaVilla
and Deslattes, " while Ehlert and Mattson measured F K,
C K, and Cl L„», emission spectra. Ultraviolet photo-
electron spectra of the chloroAuoromethanes have been
measured by Doucet, Sauvag eau, and Sandorfy and

Jadrny et al. using Hei (21.2 eV) excitation. Cvitas,
Gusten, and Klasinc confirmed and extended the UPS
measurements with Her and He?I (40.8-eV) radiation.
All of the experimental photoelectron spectra are in good
agreement.

For analyzing the present absorption spectra, a
theoretical model suggested by Wainstein, Barinskij, and
Narbutt was used. The shape of an absorption spec-
trum is assumed to be determined mainly by the
positive-charge core hole, with molecular effects refiected
in the first one or two discrete (below-threshold) absorp-
tion features. An atomiclike Rydberg series is used to ac-
count for the absorption just below the E-shell threshold.
Finally, the absorption continuum is described by an
arctangent function such that the point of inAection coin-
cides with the ionization threshold of the Cl 1s core level.
Based upon these assumptions, the absorption spectra
were decomposed into Voigt spectra components to ac-
count for single-electron transitions to unoccupied
valence MO's, a Rydberg series leading to the Cl K
threshold, and an absorption continuum described by an
arctangent function. The quantum defects for the com-
ponents of the Rdyberg series were assumed to be the
same, and the area encompassed by the entitle Rydberg
series depends upon the absorption coe%cient in the con-
tinuum (i.e., the maximum height of the arctangent
function). For the modeling procedures in this work„
Rydberg series of n =5 to 25 were used. No attempt was
made to model any of the above-threshold features in the
chloroAuoromethane absorption spectra. Previously,
Hanus and Gilberg ' successfully used a similar pro-
cedure to describe Cl K core-level absorption measur-
ments.

To facilitate interpretation of the experimental features
in the present x-ray-emission spectra, the spectra were
modeled empirically using a SIMPLEX minimization
technique. For the modeling, the instrumental
broadening was assumed to Gaussian and the natural
linewidth Lorentzian, resulting in Voigt spectral profiles.
The Gaussian instrumental broadening was estimated to
be 1.0 eV by analyzing a series of x-ray-emission spectra
in this region. This value is consistent with direct mea-
surements of the secondary-spectrometer resolution.

Modeling of the x-ray-emission spectra permitted ex-
traction of energies and relative intensities of the emis-
sion peaks. Assignments were then determined by com-
parison with known valence MO orderings from UPS
measurements. MNDO calculations also were com-
pared to the observed spectra and their assignments, in
particular to identify those valence MO s with apprecia-
ble Cl 3p atomic-orbital character. " Only MO's with
some Cl 3p character will contribute to the x-ray-
emission spectra. Finally, the MNDO calculations pro-
vided relative intensities in good agreement with observa-
tion, leading further confidence to the present assign-
ments.

A. Trifluorochtoromethane (CF3C1)

Trifiuorochloromthane (C3, symmetry point group)
has 32 valence electrons in the ground-state electronic
configuration
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TABLE I. Energies, relative radiation yields, and assignments for the major components in the Cl K absorption and Cl K-V emis-
sion spectra of CF3Cl, CF2C12, and CFC13.

CF3Cl
Peak Energy Relative

(eV) Intensity
Assignment

CF2Cl
Energy Relative Assignment

(eV) Intensity

CFC13
Energy Relative Assignment

(eV) Intensity

A 2810.1(3)
B' 2813.6(3)
B 2815.1(3)
C'
C 2817.1(3)

5
2

27

100

9a
&
+4e

Se
10a)

7e

2810.4(3)

2813.1(5)
2815.8(3)
2817.0(3)

17
48

100

2a2 + 11a&

12a& +8b2
9b2+5b, +3a,

2814.4(5)
2816.3(3)
2817.4(3)

Emission
13 3b ) + 10a ) +7b2 2811.5(4) 19

22
88

100

7e

8e
9e+ 11a

&

2a, +10,

D 2823.5'
E 2827.4(3)
F 2827.8(3)
IP 2830.2 (3)

2830.13'

Cl 1s11a& 2823.0'
Cl 1$~12a&+8e 2826.4(3)

Cl 1s —+4p 2827.2(3)
Cl 1$~ ao 2829.6 (6)

2829.60'

Absorption
Cl 1$~13a]+10b2
Cl 1$~14a&+6b&

Cl 1$~4p
Cl 1$—woo

2822.8'
2825.7(5)
2827. 1(3)
2829.3 (5)
2829.30'

Cl 1$~12a&
Cl 1s~ 11e + 13a

&

Cl 1s —+4p
Cl 1s —+~

'Peaks used in calibration of absorption spectra.
From UPS and Cl E-V.

'From Rydberg peaks (this work) ~

TABLE II. Results from ground-state semiempirical MNDO calculations for CF3Cl.

Carbon
Orbital composition

Fluorine Chlorine
Assignment

7e
10a&
6e
la&
5e
4e

9a)
8a)
7a)
3e

6a,

0.006

0.001
0.203
0.092

0.269

0.066
0.018

0.002
0.419
0.259
0.001
0.049
0.255
0.020

2$

0.008

0.001
0.194
0.022
0.199
0.066
1.698
0.650

2p

0.047
0.587
1.974
1.000
1.984
1.366
0.549
0.294
0.051
0.045
0.054

3$

0.006

0.040
0.254
0.695

0.001

3p

1.953
0.335

0.013
0.022
0.129
0.050
0.046
0.002
0.007

TABLE III. Comparison of experimental and calculated orbital energies and Cl K-V relative intensi-
ties for CF3Cl.

Peak Orbital
Energy (eV)

UPS' Calculated
Relative intensity

Experimental Calculated

C
B

A

'References 6—8.

7e
10a)
la2
6e
5e

9a)
4e
8a)
7Q)
3e

6a(

13.08
15.20
15.80
16.72
17.71
20.20
21.2
23.8

14.1

15.2
17.0
16.8
17.3
20.9
20.8
24.6
27.4
45.4
52.3

100
27

100
17
0
0
1

7
1

3
2
0
0
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TABLE IV. Results from ground-sts rom ground-state semiempirical MNDO calculations for CF Cl2 2

Carbon
Orbital Composition

Fluorine Chlorine

Assignment

9b2
3Q2

5b|
12ai
8b2

llama

4b,
2Q2

7b2
3bi
10a)
9a,
6b2
Sa,
2b,
7Q(

2s

0.002

0.004

0.002
0.152

0.215

0.223

2p

0.016

0.005
0.084
0.038
0.005

0.262
0.209
0.243

0.035
0.054
0.127
0.042

2s

0.002
0.002

0.095
0.040
0.109

0.113
0.851
0.675

2p

0.010
0.010
0.039
0.043
0.410
0.782
0.992
0.990
0.517
0.669
0.540
0.156
0.006
0.056
0.021
0.045

3s

0.001

0.005
0.004

0.040

0.030
0.507
0.948
0.451

0.001

3p

0.973
0.990
0.961
0.950
0.500
0.171
0.001
0.010
0.180
0.026
0.144
0.076
0.010
0.112
0.002
0.014
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TABBLE V. Comparison of experimental and calcula
ties for CF2C12.

o experimental and calculated orbital energies and Cl K-V- V relative intensi-

Peak Orbital
Energy (eV)

Calculated
Relative intensity

Experimental C 1a culated

C'

9b2
5b)

Q2

12a)

8b2
4b)
2Q2

llama

3b)
10Q)
7b2
9Q)
6b2
8a)
2b)
7Q)

12.25
12.53
13.11
13.45

14.36
15.9
16.3
16.9
19.5
19.5
20.4
22.5

13.4
14.2
13.9
14.3

14.8
16.9
17.2
16.5
20.4
20.5
20.4
24.7
26.6
28.4
45.4
50.7

100

13

33
33
34
33

17
0

&1
6
1

1

6
3

&1
4
0

&1

'References 6—8.
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The owest unoccupied valence MO's f CF Cl,
NDO calculations, are 13a„10bz, 14a„and 6b, in or-

der of increasing energy.
The
d 2880 V h t

he E-V emission spectra from CF Cl u i
n e p oton-energy excitation are presented in

Fig. 3 for comparison. As in CF Cl , increased intensity
contributions for 2880-eV excitatio

' 'bl ' F'
a ion visi e 1n Fig. 3 are

attributed to multiple-vacancy transitions. The satellite-
ree I K-V x-ray-emission spectrum of CFzClz also is

presented in Fig. 4, along with the derived Voi t s ec
p s. he energies and relative intensities of the

prominent spectral features are listed in Table I.
The Cl K absorption spectrum of CFzClz is shown in

ig. along with the model components. The component
eir assignments areenergies, relative intensities, and their

iste in Table I. The fir
f

st discrete absorption maximum
( eature D) and feature E are assigned to dipole-allowed
transitions of the rns o e ground-state chlorine 1s electron to the
unoccupied 13a& and 10bz, and the 14a& and 6b& valence

's, respectively. As seen from the derived com-
ponents in Fig. 4, features I'" and G 1 fresu t rom overlap-
ping of transitions to 4p, 5p, and higher R dbig er y erg states
ea ing to the chlorine 1s ionization threshold. The

res o is tentatively attri-broad structure above the 1s thr h ld
uted to a shape-resonance structur The. ese results for

a sorption of CFzClz are consistent with previous
lower-resolution measurements. '

For the Cl K-V emission spectrum of CFzClz, the cal-
culated orbital compositions and 1 tre a ive ra iative yields
are presented in Table IV. The results in Table IV sug-

overla in di
gest that the strongest feature C in Fi . 4 rin ig. results from
over apping, dipole-allowed, transitions from the 9b
5b „and 3az valence MO's, whereas feature C' is as-
signed to transitions from the 12a and 8b

s. e broad feature 8, (corresponding to two de-
rived components) is assigned to transitions from the 2az

is assigne toand 11a, orbitals, whereas the feature 3 '

1 Q 1 an 2 valence MO's.transitions from the 3b 10a d 7b 1

Ver weak feat rures resulting from transitions that origi-
nate from inner-valence Sa and 9 MO'
present near 2806 eV. These assignments are summa-
rized in Table I.

Th e calc~ilated and experimental valence MO energies
and Cl K-V relative radiative yields for CFzC1, are com-
pare in able V. The ordering of valence MO'
ed b the MN

nce s suggest-

ment
y e DO method does not agree with th

of the UPS spectra. However, the relative intensi-
ies are in good agreement, after putting the MNDO re-

sults in the correct order.

C. Trichlorofiuoromethane (CFC1 )3

TrichloroAuoromethane (C3v symmetry has a
ground-state valence configuration of
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TABLE VI. Results from ground-state semiempirical MNDO calculations for CFCl3.

Carbon
Orbital composition

Fluorine Chlorine
Assignment

2Q2

10e
9e

11a)
8e
7e

10a)
9a)
6e

8al
7a&

2s

0.002

0.002
0.109

0.350
0.155

0.049
0.032
0.002
0.149
0.507
0.243

0.070
0.045
0.071

2s

0.067
0.044

0.110
0.721

2p

0.012
0.079
0.052
0.926
0.920
0.512
0.062
0.007
0.028
0.034

3s

0.002
0.002

0.011
0.072
0.019
0.694
1.902
0.278
0.002

1.000
1.938
1.888
0.943
0.915
0.501
0.157
0.090
0.021
0.189
0.018

(7a&) (8a&) (6e) (9a& ) (10a& )'(7e) (8e) (1 la& ) (9e) (10e) (2az)

From the MNDO calculations, the lowest unoccupied
valence MO's are 12a &, 11e, and 13a, in order of increas-
ing energy. Chlorine K- V x-ray-emission spectra of
CFC13 in the vapor phase were measured using 2835- and
2880-eV excitation, and are presented in Fig. 5 for com-
parison. Note the increase in intensity resulting from
multiple-vacancy transitions. However, their contribu-
tions appear less prominent than in CF3C1 or CF2C12.

A satellite-free Cl K- V x-ray-emission spectrum of
CFC13 is presented in Fig. 6 along with the modeled
Voigt spectral components. The component energies and
relative intensities of the spectral features are listed in
Table I. The orbital compositions and Cl K-V radiative
yields suggested by the ground-state MNDO MO calcula-
tions are presented in Table VI.

The Cl K absorption spectrum of CFC13 also is shown
in Fig. 6 along with its modeled components. The ener-
gies, relative intensities, and their assignments are
presented in Table I. Feature D, the first discrete max-

imum in the absorption spectrum, is assigned to the
dipole-allowed transition of a chlorine 1s electron to the
unoccupied valence 12a

&
MO whereas feature E is attri-

buted to transitions to the 11e and 13a& unoccupied
valence MO's. Again, feature F results from 4p and
higher Rydberg states, and it is suggested that the broad
feature H might be a shape resonance.

For the Cl K-V emission spectrum, the main features,
C and C', are assigned to dipole-allowed overlapping
transitions from the 2az and 10e, and the 9e and 11a&
valence MO's, respectively, whereas the weak feature 8 is
assigned to a transition from the 8e valence MO. The
prominent peak 2 is assigned to a transition from the 7e
valence MO. These assignments are listed in Table I.
As seen from Table VII the calculated and experimental
valence MO energies and Cl K-V relative radiative yields
for CFC13 are in fair agreement. Also the ordering of
valence MO's suggested by the MNDO method is the
same as the assignment of the UPS spectra.

TABLE VII. Comparison of experimental and calculated orbital energies and Cl K- V relative inten-
sities for CFCL3.

Peak Orbital
Energy (eV)

Ups' Calculated
Relative intensity

Experimental Calculated

C'

2Q2

10e
9e

llal
8e
7e

10a)
9Q)
6e

8a)
7al

11.73
12.13
12.97
13.45
15.05
18.2
18.2
21.5

13.3
13.4
14.1
14.3
15~ 8
19.7
19.9
24.7
26.5
30.2
48.7

100

22
19

34
66
64
32
31
17

3
1

7
1

'References 6—8.
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IV. CONCLUSION

We have demonstrated the feasibility of producing
gas-phase molecular x-ray-emission spectra free of the
complicating influences of multielectron (multivacancy
satellite) effects. These so-called "satellite-free" spectra
can be interpreted adequately using relatively simple
theoretical models, giving insight into the assignments
and relative yields for the observed valence-molecular-
orbital x-ray transitions. Such simplified x-ray-emission
spectra may be particularly useful for more complex mol-
ecules, where the advantages of the propensity to follow
atomic dipole selection rules (e.g., Cl 3p —mls) will be
most profound.
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