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Absolute generalized oscillator strengths~GOSs! of valence-shell electronic transitions of CHF3 and CHCl3
as functions of energy loss~0–150 eV! and momentum transfer~i.e., the Bethe surfaces! have been determined
using angle-resolved electron energy-loss spectroscopy at an impact energy of 2.5 keV. The assignments for the
prominent low-lying preionization-edge energy-loss features of CHF3 and CHCl3 were inferred from the term
values reported previously and from their characteristic experimental GOS profiles. In particular, the GOS
profiles of the low-lying Rydberg transitions~which originated from the nonbonding highest occupied molecu-
lar orbitals! below the ionization edge at 11.1, 11.9, 12.7, and 13.7 eV in CHF3 and at 8.5, 9.6, and 10.6 eV in
CHCl3 were determined. These GOS profiles were found to be dominated by a strong maximum at zero-
momentum transfer, which is characteristic of dipole interaction. Weak secondary maxima~and minima! were
also observed and could be interpreted qualitatively in terms of the spatial overlaps between the initial-state
and final-state orbital wave functions. In addition, the low-lying feature at 7.2 eV in CHCl3 could be attributed
predominantly to electronic excitations from the Cl 3p nonbonding (n) orbitals ~2a2, 9e, 9a1, and 8e! to a
C-Cl s* antibonding orbital~10a1!, according to a single-excitation configuration-interaction~CI! excited-state
calculation. The experimental GOS profile of this low-lying feature was found to have a shape that is charac-
teristic of a mixture of dipole-allowed and nondipole interactions, with maxima at momentum transfers of 0
and;0.9 a.u., respectively. Furthermore, the CI calculation indicated that some of thesen~Cl 3p!→s* ~C-Cl!
excitations in CHCl3, like other Cl-containing freons@CFnCl42n ~n50–3! and CHFmCl32m ~m51,2!#, could
also lead to dissociation of the C-Cl bond.

PACS number~s!: 34.80.Gs

I. INTRODUCTION

The large-scale consumption of chlorofluorocarbons
~CFCs! or freons ~as refrigerants, aerosol propellants, and
semiconductor etchants, etc.! in many industrial applications
@1,2# is of particular environmental concern because of their
destructive effect on ozone in the stratosphere. Many of the
popular CFCs, such as CFnCl42n ~n50–4!, are being re-
placed with ‘‘temporary’’ substitutes, which usually contain a
hydrogen replacement of a chlorine atom, i.e., chlorofluoro-
hydrocarbons~CFHCs! such as CHFmCl32m ~m50–3! and
their derivatives. Unlike CFnCl42n ~n50–4! @3,4#, however,
the electronic structure and photochemistry of CHFmCl32m

~m50–3! are less well understood. For instance, there is no
information on the important excitation cross sections@or
generalized oscillator strengths~GOSs!# of low-lying or any
other electronic transitions, which may play a key role in the
relevant atmospheric and industrial processes. It was only
recently that we reported a GOS study of low-lying
preionization-edge electronic transitions of CF4 and CCl4 @5#,
and of CF3Cl, CF2Cl2, and CFCl3 @6# by using angle-
resolved electron energy-loss spectroscopy~EELS!. In par-
ticular, absolute GOS measurements of low-lying electronic
transitions from the Cl 3p nonbonding orbitals@n~Cl 3p!# to

a s* ~C-Cl! antibonding orbital in CFnCl42n ~n50–3! @5–7#
~and in CHF2Cl @8#! showed that thesen~Cl 3p!→s* ~C-Cl!
transitions are predominantly due to a quadrupole interaction
that resembles that of an atomicp→p transition in a Cl
atom, and that some of these transitions may subsequently
lead to dissociation of the C-Cl bond. A few of thesen→s*
transitions in the 6–9-eV region for some of the more com-
mon CFC and CFHC molecules have also been reported as
‘‘weak’’ features in the early vacuum ultraviolet~VUV ! pho-
toabsorption@9# and small-angle high-resolution EELS stud-
ies @10#. We now present GOS data on similar low-lying
preionization-edge features for the monohydrogen deriva-
tives of CF4 and CCl4, i.e., fluoroform~CHF3! and chloro-
form ~CHCl3!, in an attempt to gain further insights into their
electronic excitation structures. This type of comparative
study is of particular interest to elucidating the effects of
halogen content and symmetry change fromTd ~as in CF4
and CCl4! to C3v ~as in CHF3 and CHCl3! on the GOS pro-
files and the nature of this type ofn→s* and other electronic
excitations.

Absolute GOS measurement by using angle-resolved
EELS provides quantitative information on both dipole-
allowed and nondipole transitions and gives insights into the
nature of the underlying interactions. In particular, nondipole
transitions that are not easily accessible to optical techniques
have been discovered using angle-resolved EELS in the
valence-shell regions of N2 @11#, O2, CO, NO, CO2, N2O
@12#, C2H2 @13#, benzene@14#, andp-difluorobenzene@15#,
as well as more recently in the inner-shell regions of N2, NO,
N2O @16#, CO2 @17#, and SF6 @18#. The GOS is defined as
@19#:
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whereC0 andCn are the~N-electron! electronic wave func-
tions of the initial~ground! and final states, respectively, and
r j is the position of thej th electron with respect to the center
of mass of the target. The GOS profile~over an extended
range of momentum transferK! of an individual transition is
directly related to the initial-state and excited-state wave
functions and hence the nature of the underlying interaction.
For instance, it is possible to infer the qualitative nature of
the transition of interest and to facilitate its spectral assign-
ment by examining the GOS profile. In favorable cases
whereab initio GOS calculations are available, more rigor-
ous verification of the assignment can be achieved by com-
paring both the shape and absolute magnitude of the GOS
profile between experiment and theory. The usefulness of the
GOS technique has been clearly demonstrated in the studies
of the Lyman-Birge-Hopfield band in N2 @11# and, more re-
cently, of then→s* transitions in CFCs and CFHCs, includ-
ing the 7e→11a1 transition at 7.7 eV in CF3Cl @7#, the
(7a9,14a8)→15a8 transitions at 8.0 eV in CHF2Cl @8#, the
(8b2,3a2)→13a1 transitions at 6.9 eV and
(6b1,12a1)→13a1 transitions at 8.1 eV in CF2Cl2, as well
as the (2a2,10e)→12a1 transitions at 6.8 eV and
(9e,11a1)→12a1 transitions at 7.7 eV in CFCl3 @6#. Further-
more, absolute measurement of the GOS profile of a particu-
lar transition can also be used for modeling the wave func-
tion, particularly that of the excited state if the ground-state
wave function is known.

In addition to the study of nondipole phenomena, the
GOS profiles of discrete electronic excitations, particularly
Rydberg transitions, exhibit interesting secondary extrema
~minima and maxima!. Possible spectroscopic applications of
the trends in theK positions of the minima have been sug-
gested by Miller@20# in a systematic survey of the extrema
in the GOS profiles of atomic transitions@21#. Minima in the
GOS profiles of low-lying discrete molecular transitions with
Rydberg character have been reported in H2O @22,23#, C2H4
@24#, and NH3 @25#. Only a very limited number of theoreti-
cal studies on the GOS minima of molecular transitions are
available@22,26#. The origin of the extrema in the GOS pro-
files of molecular transitions is clearly more complicated,
because the minima~and maxima! could come from not only
the nodal structures of the initial-state and final-state wave
functions~as in the case of atoms@27,28#! but also diffrac-
tion effects @29#. Systematic experimental and theoretical
GOS studies of both valence and Rydberg transitions are
obviously needed in order to further understand the signifi-
cance of these GOS extrema and to explore their possible
spectroscopic applications for specific types of transitions.
Although various semiempirical trends involving the ex-
trema may exist for a related set of molecular transitions, the
assignment of a particular transition can be more reliably
made by using GOS calculations with accurate wave func-
tions. In the present work, we compare the secondary ex-
trema in the GOS profiles of low-lying preionization-edge
Rydberg transitions in CHF3 and CHCl3 with those of the
corresponding transitions in CF4 and CCl4 @5#.

II. EXPERIMENTAL DETAILS

The angle-resolved electron energy-loss spectrometer and
experimental procedure used in the present work have been
given in detail elsewhere@30#. Briefly, a collimated electron
beam was accelerated to an impact energy of 2.5 keV and
crossed with a gas jet expanded from a nozzle~0.5 mm di-
ameter! positioned 1 cm above the collision center. Electrons
scattered with an energy lossE at a scattering angleu ~from
the forward direction! were energy analyzed using a hemi-
spherical energy analyzer equipped with a seven-element in-
put lens. Our spectrometer was capable of an overall energy
resolution of 0.8 eV full width at half maximum~FWHM!
and an angular resolution of 0.5° half angle. Valence-shell
EELS spectra were collected at a series ofu angles from 1°
to 10° in steps of 0.5°~corresponding to differentK values!
sequentially in repetitive scans. EELS spectra of the back-
ground gas~i.e., without the sample! were also recorded in
the same energy loss and angular ranges after each measure-
ment of the sample. These ‘‘background’’ spectra corre-
sponding to the residual ambient gas were then removed
from the corresponding sample spectra. The experimental
relative cross section in the background-subtracted EELS
spectra was converted to relative GOS using the Bethe-Born
formula, which in Rydberg atomic units can be written as
@19#
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wheredV is the detection solid angle,E is the energy loss;
k0 andk are the momenta of the incident and scattered elec-
trons, respectively, andK ~5k02k! is the momentum trans-
fer. Because the EELS spectra were collected in a relatively
normalized fashion, the entire relative GOS data could be put
on an absolute scale by applying the Bethe-sum-rule normal-
ization to a Bethe-Born-corrected EELS spectrum collected
at a singleK value @31#:

E d f~K,E!

dE
dE5N, ~3!

whereN is the total number of electrons in the target. In the
Bethe-sum-rule normalization procedure, the intensity of the
relative GOS obtained at the lowestK value for the valence
shell was numerically integrated over the sampling range of
energy loss, i.e., up toE5150 eV for both CHF3 and CHCl3.
The remaining intensity for the valence shell above 150 eV
was estimated by integrating a fitted functionB(E) ~5A/En!
from 150 eV to ‘‘infinity’’, with the empirical constantsA
andn obtained by fittingB(E) to the experimental GOS in
the range 80–150 eV@32,33#. The sum of these two inte-
grated intensities was then normalized to a total oscillator
strength of 26.9, which corresponds to 26 valence-shell elec-
trons plus a correction of 0.9 to account for the contribution
due to Pauli-excluded transitions from the inner shells@34#,
for CHF3 and CHCl3.

Fluoroform ~98% minimum purity! and chloroform
~99.9% minimum purity! were purchased from Aldrich
Chemical and Fisher Chemical, respectively, and were used
without further purification. In the case of CHCl3, the liquid
sample was degassed before use by repeated freeze-pump-
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thaw cycles. The ambient pressure of the chamber was main-
tained at~1–2!31025 Torr during the experiment, and the
pressure at the collision region was estimated to be at least
an order of magnitude higher. EELS spectra were also col-
lected at different pressures to assure that multiple scattering
effects were unimportant. Energy calibration was obtained
by comparing the energy positions of the dominant dipole
features in our near-zero-angle EELS spectra with, wherever
available, literature optical data~see below!.

III. RESULTS AND DISCUSSION

A. Ground-state electronic configurations and Bethe surfaces
of CHF3 and CHCl3

The ground-state electronic configurations for the valence
shells of CHF3 and CHCl3, obtained with a 6-31G basis set
and internally optimized geometries by self-consistent-field
~SCF! calculations using a commercial programGAUSSIAN 90

@35#, are

CHF3: X 1A1–~3a1!
2~2e!4~4a1!

2~5a1!
2~3e!4@~4e!4~5e!4~1a2!

2~6a1!
2#n~F 2p!@~7a1!

0#s* ~C-F!@~6e!0#p* ~C-F!•••,

CHCl3: X 1A1–~6a1!
2~6e!4~7a1!

2~8a1!
2~7e!4@~8e!4~9a1!

2~9e!4~2a2!
2#n~Cl 3p![ ~10a1!

0] s* ~C-Cl![ ~10e!0]p* ~C-Cl!••• .

The configurations are consistent with the corresponding
photoelectron results for CHF3 @36# and CHCl3 @37#. It
should be noted that although the four highest occupied mo-
lecular orbitals~HOMOs! are predominated by nonbonding
p orbitals from the halogen atoms, there are minor contribu-
tions from, e.g.,s bonding between C and H in the 6a1
orbital of CHF3 and in the 9a1 orbital of CHCl3. Further-
more, the lowest unoccupied molecular orbitals~LUMOs! of
CHF3 and CHCl3 are both ofa1 symmetry and mainly com-
posed ofs* antibonding between C and the halogen.

The dependence of the absolute GOSs of individual elec-
tronic transitions on the energy loss and momentum transfer
can be best summarized in a Bethe surface plot. The Bethe
surface contains important information about the inelastic
electron scattering process within the first Born approxima-
tion, and is particularly useful for analyzing such quantities
as stopping power, total inelastic scattering cross section, and
polarizability @19#. Figure 1 shows the Bethe surfaces of
CHF3 and CHCl3 in two different perspectives of the
electron-molecule scattering process. In particular, Fig. 1~a!
@1~c!# focuses on ‘‘close’’ collisions, which correspond to the
impact-scattering region of large momentum transfer~and
energy loss! @19#. In this region, a broad ridge~correspond-
ing to the Bethe ridge under the conditions of the Born ap-
proximation! arises as a result of momentum conservation in
the inelastic electron-molecule scattering process, and is
found to disperse to a higher energy loss with increasing
momentum transfer. On the other hand, Fig. 1~b! @1~d!# em-
phasizes ‘‘distant’’ collisions, which correspond to the
dipole-scattering~‘‘pseudo-optical’’! region of small momen-
tum transfer~and energy loss! @19#. The Bethe surface of
CHCl3 @Fig. 1~d!# is evidently more concentrated in the
dipole-scattering region than that of CHF3 @Fig. 1~b!#, giving
rise to a more rapid dropoff in theK direction of the Bethe
surface. A similar trend in the Bethe surfaces of CFnCl42n
~n50–4! has been observed in our previous studies@5,6#.
The higher GOS concentration at the lower energy loss and
lower momentum transfer region~as in CHCl3 relative to that
of CHF3! can be qualitatively correlated with, respectively,
the increasingly lower ionization potentials and more diffuse
orbitals due to increased chlorination. The rapid dropoff in
the oscillator strength with energy from F to Cl has also been

illustrated by Mansonet al. in their theoretical study of the
photoionization cross sections of halogen atoms@38#.

B. Angle-resolved EELS spectra of CHF3 and CHCl3

Figures 2 and 3 show a selected set of EELS spectra mea-
sured at 1°, 3°, 5°, 7°, and 9° for CHF3 and CHCl3, respec-
tively. The vertical ionization potentials~IPs! obtained by
photoelectron spectroscopy@36,37# for the valence-shell
(X,A–H) ionic states, along with the term values for the

FIG. 1. Bethe surfaces of the valence shells of CHF3 @~a! and
~b!# and CHCl3 @~c! and ~d!# determined at 2.5-keV impact energy.
EELS spectra are collected in steps of 0.5° from 1.0° to 9.5° for
both CHF3 and CHCl3. The spectra have been smoothed for clarity.
The impact-scattering~large momentum transfer! region is empha-
sized in ~a! and ~c! while the dipole-scattering~small momentum
transfer! region is emphasized in~b! and ~d!.
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unoccupied orbitals obtained from valence-shell EELS@39#
and CK-shell photoabsorption measurements for CHF3 @40#
and from C 1s and Cl 2p EELS study@41# for CHCl3, are
also given in Tables I and II, respectively. It is well known
that under the conditions of vanishingly small scattering
angle and high impact energy~i.e., the dipole-scattering con-
dition!, the GOS converges to the dipole oscillator strength
~DOS! @19#, which has been traditionally obtained by photo-
absorption spectroscopy. Unlike CF4 and CCl4, for which a
considerable amount of photoabsorption and EELS data are
available ~see, e.g., Ref.@5#!, only limited information on
CHF3 and CHCl3 can be found in the literature. In the case of
CHF3, Stokes and Duncan@42# and Sauvageauet al. @43#
reported VUV photoabsorption spectra from 10 to 18 eV,
while Harshbarger, Robin, and Lassettre gave a correspond-
ing EELS spectrum~8–22 eV! obtained at 400-eV impact
energy and 0° scattering angle@39#. Although none of these
higher-resolution spectra provides absolute oscillator
strengths, these spectra give useful information on the energy
positions of the observed lines, which are found to be in
good accord with our ‘‘absolute’’ EELS spectrum measured
at 1° @Fig. 2~a!#. Furthermore, the absolute photoabsorption
cross section of CHF3 from 10.5 to 25 eV obtained by Lee
et al. using synchrotron radiation@44# is also found to be in
excellent agreement with our 1° spectrum, after differences
in the energy resolutions and small variations in the absolute
intensity due to the small scattering angle are taken into ac-
count. To the best of our knowledge, even less information

on the electronic excitation of CHCl3 is available in the lit-
erature. In particular, only the line positions for the VUV
photoabsorption features in the 7–11-eV region were re-
ported by Zobel and Duncan@45#. Figure 3~a! therefore rep-
resents, to our knowledge, the first detailed~absolute! ‘‘pho-
toabsorption’’ spectrum reported to date.

Some of the more prominent preionization-edge features
have been identified based on the previous VUV photoab-

TABLE I. Experimental vertical ionization potentials~IPs! of
the occupied valence orbitals and term values of the unoccupied
virtual orbitals of CHF3.

Occupied
orbital

IP ~eV!
Ref. @36#

Virtual
orbital

Term value~eV!
Ref. @39# Ref. @40#a

6a1 ~HOMO! 14.8 4s 1.48–1.70 1.9
1a2 15.5 3p 2.55–3.44 3.8
5e 16.2 3s 3.59–4.42 4.3
4e 17.2 6e
3e 20.7 7a1 ~LUMO!

5a1 20.7
4a1 24.4
2e 39.2
3a1 42.0

aThe C K-shell photoabsorption data given by Brownet al. @40#
have been reinterpreted.

FIG. 2. Valence-shell absolute angle-resolved electron energy-
loss spectra of CHF3 measured at~a! 1.0°, ~b! 3.0°, ~c! 5.0°, ~d!
7.0°, and~e! 9.0°. The vertical ionization potentials~IPs! corre-
sponding to the ionic statesX: ~6a1!

21, A: ~1a2!
21, B: (5e)21, C:

(4e)21, D: (3e)21, E: ~5a1!
21, F: ~4a1!

21, G: (2e)21, andH:
~3a1!

21 are taken from Ref.@36#. Plausible assignments for the
numbered features are given in Table III.

FIG. 3. Valence-shell absolute angle-resolved electron energy-
loss spectra of CHCl3 measured at~a! 1.0°, ~b! 3.0°, ~c! 5.0°, ~d!
7.0°, and~e! 9.0°. The vertical ionization potentials~IPs! corre-
sponding to the ionic statesX: ~2a2!

21, A: (9e)21, B: ~9a1!
21, C:

(8e)21, D: (7e)21, E: ~8a1!
21, F: ~7a1!

21, andG: (6e)21 are
taken from Ref.@37#. Plausible assignments for the numbered fea-
tures are given in Table IV.
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sorption @42,45# and EELS@39# studies and are labeled as
Features 1–4 in Figs. 2 and 3. The transition energies and
assignments of the preionization-edge features for CHF3 and
CHCl3 are given in Tables III and IV, respectively. In par-
ticular, both Stokes and Duncan@42# and Harshbarger,
Robin, and Lassettre@39# assigned all of the observed fea-
tures in CHF3 entirely to Rydberg transitions. However,
since, as noted by Sauvageauet al. @43#, the assignments by
Stokes and Duncan were made at the time when the IPs were
not known precisely, we therefore favor the assignments
made by Harshbarger, Robin, and Lassettre~Table III!.
Given the lack of any notable angular variations that are
characteristic of nondipole behavior in the observed features
in our angle-resolved EELS spectra of CHF3 ~Fig. 2!, it is
difficult to infer additional assignments. The prominent fea-
tures observed above the ionization limit are consistent with
the expected Rydberg transitions converging to the reported
ionization edges of the ionic states. In the case of CHCl3, we
are able to supplement the qualitative assignment made by
Zobel and Duncan@45# with the tentative assignments shown
in Table IV, by using the IPs and term values given in Table
II. Because there is no notable nondipole behavior except for
feature 1~see below!, we favor assignments that involve di-
pole transitions, although nondipole transitions cannot be

ruled out. The corresponding term values derived from the
proposed assignments are found to be in good accord with
those obtained from an earlier inner-shell EELS study@41#. It
should be noted that the term values of the Rydberg orbitals
are transferable from the inner-shell transitions to the
valence-shell transitions, while the term values of the virtual
orbitals derived from the inner-shell transitions are always
larger than those obtained from the valence-shell transitions
due to a bigger relaxation effect in the inner shells@46#.

The nature of the transitions associated with the low-lying
preionization-edge features in Figs. 2 and 3 can be inferred
by examining their GOS profiles. In particular, four Gaussian
peaks were used to deconvolute the intensities of features
1–4 at the energy positions determined previously from
high-resolution VUV photoabsorption studies~Tables III and
IV !, with the fifth Gaussian line shape used to simulate the
onset of the first ionization edge~the X ionic state! and its
nearby structure. The widths of the Gaussian peaks were
obtained from the linewidths in the photoabsorption spectra,
after taking the instrumental energy resolution into account.
Typical Gaussian fits to the EELS spectra obtained at 5° for
the preionization-edge features of CHF3 and CHCl3 are
shown in Fig. 4. The GOSs of these preionization-edge fea-
tures at a particularK value could be obtained by computing
the areas under the corresponding Gaussian peaks. The re-
sulting experimental GOS profiles have been fitted semiem-
pirically using the Lassettre series@14,15,47#:

f ~K,E!5
1

~11x!6 (
n50

5

f nS x

11xD
n

, ~4!

wherex5K2/[(2I )1/21(2uI2Wu)1/2] 2, andW and I are the
excitation energy of the discrete transition and the IP of the
nearest ionic state, respectively. The parametersf n in the
Lassettre series are related to linear combinations of the re-
spective multipole matrix elements, withf 0 corresponding to
the DOS @47#. Since the general angular variations of the
EELS spectra of CHF3 ~Fig. 2! and CHCl3 ~Fig. 3! are found
to be notably similar to those of CF4 and CCl4, respectively
~Figs. 4 and 5 in Ref.@5#!, we expect similar behavior in the
GOS profiles for the corresponding transitions. We shall first
discuss the similarities in the GOS profiles of the low-lying
Rydberg features between CHX3 and CX4 ~X5F and Cl!, and

TABLE II. Experimental vertical ionization potentials~IPs! of
the occupied valence orbitals and term values of the unoccupied
virtual orbitals of CHCl3.

Occupied
orbital

IP ~eV!
Ref. @37#

Virtual
orbital

Term value~eV!
Ref. @41#a

2a2 ~HOMO! 11.5 5s 1.8
9e 12.0 4p 2.4 ~3.5, 3.1!
9a1 12.0 4s ~4.4, 5.1!
8e 12.9 10e 5.0
7e 16.0 10a1 ~LUMO! 3.9, 5.8~6.2!
8a1 17.0
7a1 20.8
6e 25
6a1

aThe term values are derived from the excitation features in the C
1s and Cl 2p shells~in parentheses! obtained by small-angle EELS.

TABLE III. Plausible assignments of the observed features in the angle-resolved EELS spectra of CHF3.

Feature

Energy loss~eV! Assignment

Ref. @42# Ref. @39# This work Ref.@42#a Ref. @39#a

1 11.04 10.92 11.1 6a1→3s @2.80# 6a1→3s @3.88#
2 11.84 11.95 11.9 5e→3s @1.22# 6a1→3p @2.85#
3 12.63 12.58 12.7 6a1→4s @4.50# 5e→3s @3.62#
4 13.79 13.65 13.7 ~6a1!

21 5e→3p @2.55#
4e→3s @3.59#

5 14.51 14.49 5e → 4s @1.83# 4e→3p @2.75#
6 15.76 4e→3d @1.48#
7 16.42 (3e,5a1)→3s @4.42#
8 17.40 (3e,5a1)→3p @3.44#
9 19.14 (3e,5a1)→3d @1.70#

aThe term values~in units of eV! for the final-state orbitals are given in square brackets.
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then compare the GOS profiles of the low-lyingn~Cl
3p!→s* ~C-Cl! excitation features in CHCl3 and CCl4.

C. GOS profiles of preionization-edge Rydberg transitions
in CHF3 and CHCl3

The GOS profiles of the low-lying preionization-edge fea-
tures in CHF3 at 11.1~feature 1! and 11.9 eV~feature 2!, and
at 12.7~feature 3! and 13.7 eV~feature 4! are shown in Figs.
5 and 6, respectively, and those of CHCl3 at 8.5~feature 2!,
9.6 ~feature 3!, and 10.6 eV~feature 4! are shown in Fig. 7.
Apparently, Rydberg transitions are believed to play a promi-
nent role in the low-lying features below the first IPs in
CHF3 ~Table III! and CHCl3 ~Table IV!. In particular, the

features at 11.1~feature 1! and 11.9 eV~feature 2! in CHF3
~Fig. 5! have been assigned to the 6a1→3s and 6a1→3p
Rydberg transitions, respectively, by Harshbarger, Robin, and
Lassettre@39#. The minor difference between the widths of
these two features is likely caused by the different dipole
components in the 6a1 orbital projected by the final-state
orbitals. In addition, the more intense dipole peaks at 12.7
~feature 3! and 13.7 eV~feature 4! in CHF3 have been as-
signed to 5e→3s and to 5e→3p and 4e→3s Rydberg tran-
sitions, respectively@39#. In the case of CHCl3, the features
at 8.5 ~feature 2!, 9.6 ~feature 3!, and 10.6 eV~feature 4!
have all been designated as Rydberg transitions by Zobel and
Duncan@45#. By considering the term values and the appro-

FIG. 4. Absolute angle-resolved electron energy-loss spectra il-
lustrating the deconvolution procedure for determining the GOSs of
~a! the preionization-edge features at 11.1~feature 1!, 11.9~feature
2!, 12.7~feature 3!, and 13.7 eV~feature 4! in CHF3, and~b! those
at 7.2 ~feature 1!, 8.5 ~feature 2!, 9.6 ~feature 3!, and 10.6 eV
~feature 4! in CHCl3.

FIG. 5. Absolute generalized oscillator strength (f ) as a func-
tion of momentum transfer (K) squared for the features at~a! 11.1
and ~b! 11.9 eV in CHF3. The dashed lines correspond to semi-
empirical fits using the Lassettre series.

TABLE IV. Plausible assignments of the observed features in the angle-resolved EELS spectra of CHCl3.

Feature

Energy loss~eV! Assignment

Ref. @45# This work Ref.@45# This worka

1 7.08 7.2 n→s* ~C—Cl! 2a2→10a1 @4.3#
(9a1,9e)→10a1 @4.8#

8e→10a1 @5.7#
2 8.70 8.5 Rydberg 8e→4s @4.4#
3 9.33 Rydberg~with possible (9a1,9e)→4p @2.4#

9.63 9.6 vibrational states! 2a2→5s @1.9#
9.86

4 10.62 10.6 Rydberg 7e→4s @5.4#
8e→4p @2.3#

aTentative assignments obtained from our angle-resolved energy-loss spectra are given here. The term values
~in units of eV! for the final-state orbitals are given in square brackets.
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priate IPs, we may assign the features at 8.5@Fig. 7~a!#, 9.6
@Fig. 7~b!#, and 10.6 eV@Fig. 7~c!# tentatively to the 8e→4s,
to (9a1,9e)→4p and 2a2→5s, and to 7e→4s and 8e→4p
Rydberg transitions, respectively.

All of these profiles are dominated by a strong maximum
at K50, which is characteristic of the predominant dipole
nature of the underlying transitions. Furthermore, weak sec-
ondary maxima atK2;3.8 and 4.0 a.u. and atK2;3.2, 3.2,
and 3.5 a.u. are also evident in the GOS profiles of the CHF3
features at 12.7 and 13.7 eV~Fig. 6! and in those of the
CHCl3 features at 8.5, 9.6, and 10.6 eV~Fig. 7!, respectively.
The secondary GOS maxima for the features at 12.7 and 13.7
eV in CHF3 occur at essentially the sameK position ~given
the large uncertainty in determining the maxima of these
weak broad features!. These secondary maxima are also
found to be similar to those of the low-lying preionization-
edge Rydberg features in CF4 @5#. Similar observations can
also be made for the secondary GOS maxima of the corre-
sponding features in CHCl3 and for their close resemblance
to those in CCl4 @5#. In the present work, care has been taken
in performing the experiment at a sufficiently low ambient
pressure to ensure that multiple scattering effects are unim-
portant in causing the observed secondary extrema. As in the
case of CFnCl42n ~n50–4! @5,6#, the observed GOS second-
ary maxima~and minima! of the low-lying Rydberg features
in CHF3 and CHCl3 may be qualitatively interpreted as
manifestations of the spatial distributions~in Fourier space!
of the overlap function between the relatively localized
initial-state orbitals~corresponding usually to the nonbond-
ing F 2p or Cl 3p orbitals! and the diffuse final-state Ryd-
berg orbitals. Furthermore, the observed GOS secondary
maxima for these low-lying Rydberg transitions in CHCl3

~and in CF3Cl, CF2Cl2, CFCl3, and CCl4! are found to be
located at a lowerK2 value ~;3.2–3.5 a.u.! than those of
similar transitions in CHF3 ~and CF4! ~at K2;3.8–4.0 a.u.!,
which may be attributed to the more diffuse nature of the
nonbonding Cl 3p orbitals relative to F 2p.

D. GOS profile of the low-lying n˜s* feature at 7.2 eV
in CHCl 3

Figure 8~a! shows the GOS profile of the preionization-
edge excitation feature of CHCl3 at 7.2 eV~feature 1 in Fig.
3!. From a single-excitation CI excited-state calculation us-
ing a 6-31G basis set and an internally optimized geometry
for CHCl3 @35#, we obtain the DOS values for transitions
from the ground state~1A1! to the four lowest-lying excited
states:1A2,

1E, 1A1, and
1E, all with transition energies well

within the experimental energy resolution of the observed
peak maximum at 7.2 eV~Table V!. It should be noted that
only singlet-to-singlet electronic transitions are considered
because the contributions from the spin-forbidden singlet-to-
triplet transitions are expected to be small due to the high
impact energy~2.5 keV! employed in the present experiment
@48#. The major one-electron transitions for the1A2,

1E, 1A1,
and 1E excited states are, respectively, 2a2→10a1 ,
9e→10a1 , 9a1→10a1 , and 8e→10a1 , all of which corre-
spond to electronic transitions from the predominantly Cl 3p
nonbonding orbitals to the C-Cls* antibonding orbital
~LUMO!. Such a type ofn→s* assignment is consistent
with the assignment suggested by Zobel and Duncan@45#
~Table IV! and with the previous assignments for the low-
lying preionization-edge electronic excitation transitions in

FIG. 7. Absolute generalized oscillator strength (f ) as a func-
tion of momentum transfer (K) squared for the features at~a! 8.5,
~b! 9.6, and~c! 10.6 eV in CHCl3. The dashed lines correspond to
semiempirical fits using the Lassettre series.

FIG. 6. Absolute generalized oscillator strength (f ) as a func-
tion of momentum transfer (K) squared for the features at~a! 12.7
and ~b! 13.7 eV in CHF3. The dashed lines correspond to semi-
empirical fits using the Lassettre series.
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CFC @5–7# and other CFHC molecules@8#. In addition to
these major one-electron transitions, there are also small con-
tributions from other configurations in these excited states
that may introduce other orbital signatures to the GOS pro-
files. The good agreement between the calculated transition
energies and the experiment has already provided some sup-
port for the above assignment. The term values of the 10a1
orbital derived from the present assignment~4.3–5.7 eV! are
also in good accord with the term values of 3.9–6.2 eV ob-
tained from a C 1s and Cl 2p inner-shell EELS study@41#.
Furthermore, the sum of the calculated DOS values for the

transitions to the1A2 ~0.0000!, 1E ~230.0152!, 1A1 ~0.0013!,
and 1E ~230.0070! excited states gives a total oscillator
strength of 0.0457, which is in fair agreement with thef 0
value of;0.0575 derived by fitting the GOS data to a Las-
settre series~Table V!. The discrepancy in the DOS between
the single-excitation CI excited-state calculation and the ex-
periment reflects the need for better quality wave functions
especially for the excited states.

Like the n~Cl 3p!→s* ~C-Cl! transitions in CFCl3 @6#
@Fig. 8~b!# and CCl4 @5# @Fig. 8~c!#, the GOS profile of the
feature at 7.2 eV in CHCl3 @Fig. 8~a!# contains both a strong
maximum atK;0, characteristic of dipole-allowed transi-
tions, and a secondary maximum atK2;0.9 a.u., which is
indicative of nondipole transitions. Based on symmetry con-
sideration forC3v molecules@49#, the maximum atK;0
may be attributed to the dipole-allowed 9e→10a1 ,
9a1→10a1 and 8e→10a1 transitions. On the other hand, the
maximum atK2;0.9 a.u. may be due to the 2a2→10a1
transition, which is dipole forbidden but magnetic-dipole al-
lowed. Figure 9 shows the wave-function densities of the
relevant initial-state and final-state orbitals involved in the
above transitions in a H-C-Cl~sv symmetry! plane ~or,
where appropriate, its perpendicular plane!. The contour
maps were generated fromab initio SCF wave functions
obtained byGAUSSIAN 90 @35# with a 6-31G basis set and an
internally optimized geometry. Evidently, the 10a1 orbital
~LUMO! consists mainly ofs* antibonding overlaps be-
tween the C 2s and Cl 3p orbitals @Fig. 9~b!#. The 2a2 or-
bital ~HOMO! is mainly composed of Cl 3p nonbonding
orbitals oriented perpendicularly to the C-Cl bond out of the
sv plane @Fig. 9~c!#. The transition overlap for the
2a2→10a1 transition therefore occurs at the Cl sites and
resembles that of an atomicp→p quadrupole transition in a
Cl atom. In addition to the dominant Cl 3p orbitals perpen-
dicular to the C-Cl bond in thesv plane, the 9e @Fig. 9~d!#,
9a1 @Fig. 9~e!#, and 8e orbitals @Fig. 9~f!# also consist of
minor C 2p components. The overlaps between the minor C
2p components in these~initial-state! orbitals and the C 2s
component in the 10a1 ~final-state! orbital therefore contrib-
ute to the observed dipole components in the GOS profiles of
the corresponding transitions, while thep→p overlaps at the

FIG. 8. Absolute generalized oscillator strength (f ) as a func-
tion of momentum transfer (K) squared for the features at~a! 7.2
eV in CHCl3, ~b! 6.8 and 7.7 eV in CFCl3 @6#, and ~c! 7.2 eV in
CCl4 @5#. The dashed lines correspond to semiempirical fits using
the Lassettre series.

TABLE V. Comparison of the experimental and calculated values for the transition energy and dipole
oscillator strength~f 0! of the 7.2-eV feature in CHCl3.

Experiment

Excited state obtained by a single-excitation CI excited-
state calculation with a 6-31G basis setc

1A2
(2a2→10a1)

1E
(9e→10a1)

1A1
(9a1→10a1)

1E
(8e→10a1)

Transition
energy~eV!

7.260.2a 7.219 7.516 7.592 7.953

f 0 0.057567%b 0.0000 0.0152~23!d 0.0013 0.0070~23!d

Sum50.0457

aPeak maximum of the experimentally observed feature.
bThis value is obtained semiempirically by fitting the GOS profile with a Lassettre series. The quoted error is
derived from the fitting procedure only.
cThe dominant configuration of the excited state is given in parentheses.
dThe f 0 value corresponds to a single degenerate state and should be multiplied by the degeneracy shown in
parentheses.
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Cl sites again give rise to the nondipole components. This
simple orbital picture is in qualitative accord with the DOS
values given by the single-excitation CI excited-state calcu-
lation, which shows that the ‘‘purely’’ nondipole 2a2→10a1
transition has zero DOS and the other three dipole-allowed
transitions have nonzero DOS values~Table V!. Although the
simple one-electron description is sufficient to qualitatively
explain the nature of the transitions involved,ab initio GOS
calculations involving accurate ground-state and excited-
state wave functions are necessary in order to obtain a more
quantitative understanding of the GOS profiles themselves.

Except for the differences in the contributions from the H
and F atoms, the LUMO and the four HOMOs in CHCl3
~Fig. 9! closely resemble the corresponding orbitals in CFCl3
~Fig. 9 of Ref.@6#!. Furthermore, the highly atomiclike na-
ture of the electronic transitions involving these low-lying
orbitals in CHCl3 is found to be very similar to that of the
previously reportedn~Cl 3p!→s* ~C-Cl! transitions in

CFCl3 @6#. This similarity is also manifested in their corre-
sponding GOS profiles~Fig. 8!, particularly in terms of the
ratio of the secondary maximum atK2;0.9 a.u.~the nondi-
pole component! to the maximum atK;0 ~the dipole com-
ponent!. However, the ‘‘nondipole-to-dipole’’ ratios for these
transitions in CHCl3 and CFCl3 are found to be notably dif-
ferent from that of the corresponding low-lying feature in
CCl4 @5# @Fig. 8~c!#, which suggests that molecular symmetry
plays a key role in defining the contributions from different
types of transitions to the GOS profile. In particular, the ex-
cited states of a more cagelike molecule such as CCl4 may be
more susceptible to distortion due to Jahn-Teller effects,
which in turn give rise to the more intenseK;0 ~dipole!
peak in the corresponding GOS profile.

Our recent angle-resolved EELS studies show that the
n→s* transitions in CFC and CFHC molecules studied to
date contain significant nondipole contributions. Further-
more, simple potential-energy curve calculations suggest that
most of thesen~Cl 3p!→s* ~C-Cl! transitions, including in
particular the 7e→11a1 transition at 7.7 eV in CF3Cl @7#,
(7a9,14a8)→15a8 transitions at 8.0 eV in CHF2Cl @8#,
(3a2,8b2)→13a1 transition at 6.9 eV in CF2Cl2, 10e→12a1
transition at 6.8 eV in CFCl3 @6#, and 2t1→7a1 transition at
7.2 eV in CCl4 @5#, could lead to dissociation of the C-Cl
bond. The possible predissociative nature of the 7.2-eV fea-
ture in CHCl3 is also investigated by examining the
potential-energy curves, obtained by performing a similar
single-excitation CI excited-state calculation as discussed
above, along one of the C-Cl bond directions for the lowest-
lying 1A2,

1E, 1A1, and
1E excited states. In particular, ex-

cept for the single C-Cl bond length of interest, all other
structural parameters obtained from the internally optimized
geometries were held constant in the potential-energy curve
calculation. The calculated potential-energy curves shown in
Fig. 10 clearly indicate that a vertical transition originated
from the ground vibrational state of theX 1A1 state termi-
nates at the repulsive part of the potential-energy curve of the
lowest-lying 1E state ~the 9e→10a1 transition!. Although
this simple potential-energy curve calculation only gives a
qualitative one-dimensional view of the multidimensional
potential-energy surfaces, it suggests that some of then~Cl
3p!→s* ~C-Cl! transitions in CHCl3, like the aforemen-
tioned n→s* transitions in CFnCl42n ~n50–3!, may also
lead to the breakage of the C-Cl bond.

IV. CONCLUDING REMARKS

In summary, we provide a detailed electron energy-loss
study of the valence-shell electronic structure of CHF3 and
CHCl3. The EELS spectra measured at 1° are in good agree-
ment with the limited VUV photoabsorption data available in
the literature. Using the term values obtained in an earlier
inner-shell small-angle EELS study@41#, we provide tenta-
tive assignments for some of the observed spectral features
in CHCl3. The present work also gives comprehensive angle-
resolved EELS measurements, which show that the Bethe
surfaces of theseC3v molecules are remarkably similar to
those of their correspondingTd homologs, CF4 and CCl4 @5#.
Moreover, we determine the absolute GOS profiles for some
of the more prominent low-lying preionization-edge elec-
tronic excitation and Rydberg features in CHF3 and CHCl3.

FIG. 9. Two-dimensional density contour maps for~b! the 10a1,
~c! 2a2, ~d! 9e, ~e! 9a1, and~f! 8e orbitals of CHCl3. The contour
maps are calculated usingab initio SCF wave functions of 6-31G
quality @35# with an internally optimized geometry shown schemati-
cally in ~a!. Thexz plane corresponds to asv symmetry plane that
contains one of the H-C-Cl groups with the carbon atom located at
the origin. The contour values are 0.1%, 0.3%, 0.5%, 0.7%~dashed
lines!, 1%, 3%, 5%, 7%~dotted lines!, 10%, 30%, 50%, 70%, and
90% ~solid lines! of the maximum density. The calculated orbital
energies are given in parentheses.
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In particular, the GOS profiles of the lowest-lying
preionization-edge Rydberg features in CHF3 and CHCl3 are
evidently dominated by dipole interactions. Weak GOS sec-

ondary maxima~and minima! are found at a similarK posi-
tion for these Rydberg features within the same molecule.
Furthermore, these GOS secondary maxima~and minima! in
CHCl3 are observed at a lowerK value than the respective
extrema~of the corresponding Rydberg transitions! in CHF3.
The trend in these secondary extrema can be qualitatively
understood by considering the spatial distributions of the
overlap function between the predominantly nonbonding F
2p or Cl 3p initial-state orbitals and the diffuse final-state
Rydberg orbitals. In addition, the GOS profile of the low-
lying excitation feature at 7.2 eV in CHCl3 is found to have
a shape similar to then→s* features in CCl4 ~and CFCl3!,
which is also characteristic of a mixture of dipole-allowed
and nondipole transitions. Based on the result of a single-
excitation CI excited-state calculation, this low-lying feature
can be attributed predominantly to the dipole-allowed
9e→10a1 , 9a1→10a1 , and 8e→10a1 transitions~contrib-
uting to the GOS maximum atK;0!, and to a dipole-
forbidden but magnetic-dipole-allowed 2a2→10a1 transition
~corresponding to the secondary maximum atK2;0.9 a.u.!.
In particular, the nondipole interactions of these transitions
generally resemble that of an atomicp→p transition in a
chlorine atom. Based on an orbital density analysis of the
nonbonding HOMOs~2a2, 9e, 9a1, and 8e! and thes*
LUMO ~10a1!, generated by usingab initio SCF wave func-
tions, then~Cl 3p!→s* ~C-Cl! nature of this low-lying fea-
ture is demonstrated. In the case of the 9e→10a1 transition,
a simple potential-energy curve calculation further suggests
the ‘‘predissociative’’ nature of the lowest-lying1E excited
state. Despite the usefulness of this kind of qualitative analy-
sis, more detailed understanding of the nature of the excited
states clearly requires more sophisticated~GOS! calcula-
tions.
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