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Laboratory-frame electron angular distributions: Probing the chemical environment through
intramolecular electron scattering
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Carbon 1s photoelectron asymmetry parameters β for the chlorinated and the methyl carbon atom of
CH3CH2Cl, CH3CHCl2, and CH3CCl3 have been measured using synchrotron radiation in the 340–600 eV
energy range. We provide experimental evidence that the intramolecular scattering strongly affects β values,
even far from the ionization threshold. The results are in agreement with B-spline density functional theory
calculations, making it possible to single out the behavior of the various continuum partial waves. We conclude
that the intramolecular scattering makes electron angular distributions sensitive to the chemical environment,
even in isolated gas phase molecules.
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I. INTRODUCTION

Photoelectron diffraction and angularly resolved photoe-
mission have been useful tools to study adsorbates on
surfaces for over 30 years [1–3]. Concerning the essentially
randomly oriented gas phase molecules, multicoincidence
techniques make it possible to select an oriented ensemble
of molecules with respect to the polarization vector of the
light, and measure the molecular frame photoelectron angular
distributions (MFPADs) [4,5]. As suggested by Dill et al.
in 1976 [6], they have a rich structure inherently including
information about the photoionization dynamics. MFPADs
are affected by photoelectron diffraction phenomena, thus
providing a way to access information related to the molecular
potentials and to determine the internuclear distances in gas
phase diatomic molecules, for instance [7–10]. The technique
above relies on the axial recoil approximation, assuming
dissociation processes significantly faster than molecular
rotation. The methodology becomes more challenging for
polyatomic molecules, where a two-body dissociation channel
has to be identified to make it applicable for the selection of
the molecular frame.

Very recently, photoelectron diffraction was experimentally
and theoretically identified in the vibrationally resolved C
1s photoionization cross-section ratios of randomly oriented
gas phase CH4 molecules [11], allowing to extract the C–H
bond length from the modeling of the noncoincident, nonan-
gularly resolved photoelectron spectroscopy measurements.
Furthermore, a study by Söderström et al. [12] revealed
the existence of oscillations in the C 1s photoionization
cross-section ratios of two inequivalent C atoms in gas phase
chloroethane (CH3CH2Cl), 1,1-dichloroethane (CH3CHCl2),
and 1,1,1-trichloroethane (CH3CCl3) as a function of photon
energy. The measured ratios were far from the stoichiometric
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expectations, and the oscillatory behavior was shown to
persist up to several hundred eVs above the photoionization
thresholds. The observed oscillations of the intensity ratios
were enhanced when more H atoms were replaced by Cl
atoms, and they were interpreted as extended x-ray absorption
fine structure (EXAFS) -type modulations mainly due to
the scattering from the Cl atoms. Compared to the EXAFS
oscillations observed in electron energy loss spectra of gas
phase molecules a long time ago [13–15], the photoionization
method benefits from the chemical selectivity associated with
the chemical shifts of the core levels and, as will be shown
in this paper, provides a possibility to study the angular
dependence of the cross sections for each “chemically shifted”
atom of the same element.

A computational study of the nonstoichiometric behavior of
C 1s cross sections in different hydrocarbons has been carried
out by Di Tommaso and Decleva [16]. They predicted a strong
oscillatory behavior in the intensity ratios: (i) sharp structures
close to the ionization thresholds due to shape resonances,
and (ii) smoother, nonvanishing oscillations at higher energies
due to the scattering from neighboring atoms. Even earlier,
Natalense et al. [17] compared the angular dependence of
the C 1s photoionization cross sections in CH4, CF4, and
CCl4, close to threshold. They pointed out that the complete
replacement of H by F and Cl remarkably modifies the C
1s cross sections and asymmetry parameters. While shape
resonances [18] were known to affect the angular distributions
of photoelectrons [19], more recently vibrationally specific
cross sections and photoelectron angular distributions have
been shown to strongly deviate from the Franck-Condon
behavior close to the photoionization thresholds (see, e.g.,
[20,21] and references therein).

In this paper, the angularly resolved C 1s photoelectron
spectra and asymmetry parameters β for two inequivalent
carbon atoms in CH3CH2Cl, CH3CHCl2, and CH3CCl3 are
discussed. The measurements were performed with photon
energies 340, 360, 400, and 600 eV to avoid the vicinity
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of shape resonances. We observe a strong x-ray polarization
dependence in intensity ratios of the chlorinated (CHxCl3−x ,
x = 0,1,2) versus the methyl group (CH3) C 1s lines, reflected
in the β parameters, which exhibit a high sensitivity to the
chemical environment of the emitter.

II. EXPERIMENT

The experiment was carried out at the PLEIADES beamline
[22–25] at the SOLEIL national synchrotron radiation facility
in Saint-Aubin, France. The Apple II permanent magnet
HU80 (80 mm period) undulator was used to provide linearly
polarized light with 0◦, 90◦, and 54.7◦ between the polarization
vector and the electron detection axis. The C 1s photolines
were recorded using a 30◦ wide angle lens VG-Scienta R4000
electron energy analyzer installed on the C-branch of the
beamline [23].

CH3CCl3 and CH3CHCl2 are liquids (99.998% purity from
Sigma Aldrich) at room temperature, and before introducing
their vapors into a differentially pumped gas cell, the dissolved
air was removed using freeze-pump-thaw cycles. CH3CH2Cl,
99.7% pure gas from Sigma Aldrich was used without further
purification. The gas cell is equipped with a series of electrodes
used to minimize the local effect of plasma potentials caused by
the ion density gradient created along the synchrotron radiation
propagation axis. The gas pressure was about 4 × 10−6 mbar
in the spectrometer chamber, and approximately two to three
orders of magnitude higher in the interaction region inside the
gas cell. At these pressures, the mean free path of the molecules
is 0.1–1 m, making the effect of the pressure negligible.

For the measurements of the CH3CCl3 and CH3CHCl2
spectra, a monochromator exit slit of 115 μm and a varied
groove depth (VGD) plane grating with 1600 grooves/mm
were used. A pass energy of 100 eV and a curved entrance slit
of 0.8 mm were used for the electron energy analyzer. These
settings provide approximate electron energy resolutions of
206, 208, 210, and 232 meV for the photolines measured at the
photon energies 340, 360, 400, and 600 eV, respectively. For
CH3CH2Cl, a VGD grating with 2400 grooves/mm was used
with an exit slit of 125 μm. The pass energy of the electron
analyzer was 50 eV and the same 0.8 mm curved entrance
slit was used. Thus, the estimated electron energy resolution
was 110, 112, 116, and 145 meV for the photolines measured
at the same photon energies as above. In the estimation of
the resolution, the only Doppler effect taken into account
was the translational Doppler broadening, being easier to
estimate, even though under the present conditions it is very
small compared to the instrumental broadening caused by the
electron analyzer itself, and approximately the same for all
samples (7–27 meV). Spectra were normalized with respect to
sample pressure, acquisition duration, and photon flux, which
was continuously monitored by a photodiode, in order to obtain
comparable intensities between different measurements.

III. DATA ANALYSIS

C 1s photolines were fitted using Igor Pro software by
WaveMetrics, Inc. and the SPANCF fitting macros by Kukk [26].
To be able to properly account for the complex vibrational
structure of the two C 1s photoionization peaks presented for

FIG. 1. (Color online) High-resolution C 1s photoelectron spec-
tra of CH3CH2Cl (green), CH3CHCl2 (red), and CH3CCl3 (blue)
measured with 340 eV photons at 54.7◦ with respect to the light
polarization vector, with approximately 38 meV of instrumental
broadening. Experimental data points are presented as diamonds,
thick solid lines present the fitted calculated line profiles, and thin
solid lines show the residual of the fit.

each molecule in Fig. 1, the vibrational transitions calculated
within the Franck-Condon approximation (see Sec. IV A for a
detailed discussion of the line-shape calculations) were fitted
to the experimental data as described below. Post-collisional
interaction (PCI) line shapes were used in the fitting process.
A recent study by Zahl et al. [27] showed that chemical
substitution has a strong effect on the lifetimes of core-ionized
states, as suggested earlier by Thomas et al. [28] for a different
series of compounds. Therefore, the Lorentzian widths were
optimized separately for the two inequivalent carbons in
the compound, whereas they were constrained to be the
same for all spectra measured with different photon energies
and polarizations. The Gaussian width accounting for the
instrumental and translational Doppler broadening was forced
to have the same value for all peaks for a given photon energy.

The experimental asymmetry parameters β were extracted
for both chlorinated and methyl group carbons using data
from the 0◦ and 90◦ measurements. This method requires a
careful normalization of the experimental spectra in order to
obtain the intensities I0◦ and I90◦ (areas of the C 1s photolines)
independent of photon flux, gas pressure, or data collection
time. To obtain β, the following formula was used:

β = 2[I0◦/I90◦ − 1]/[I0◦/I90◦ + 2], (1)

where Iθ is the intensity measured at the indicated angle. An
alternate method described by Kivimäki et al. [29] uses 0◦ and
90◦ together with measurements performed at the so-called
“magic angle,” 54.7◦, where the photoionization cross section
is independent of β. With this method there is no need for
normalization to account for the experimental conditions. We
have also used this method to calculate the values of β,
which are in agreement with those obtained by the method
described above. However, the uncertainties obtained by the
latter method are large if βCH and βCCl are nearly equal (as in
our case at high photon energies). Therefore, these results are
not shown.
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The error bars for β were defined using the differential

�β = ∂β

∂R′ �R′ = 6

(R′ + 2)2
�R′,

R′ = I0◦

I90◦
, (2)

�R′ =
√[

�I0◦

I90◦

]2

+
[
I0◦�I90◦

I 2
90◦

]2

.

�I90◦ and �I0◦ were estimated using the error analysis tools
available in the SPANCF fitting package [26]. It can be shown
that the error in β can be evaluated using the error in the ratios
R′ calculated as an intermediate result, giving the same result
as when taking the differential with respect to I0◦ and I90◦

directly.
In the error analysis, the possible error in the computed

line shapes was not taken into account. When trying different
fitting schemes with different sets of free parameters (e.g.,
Lorentzian broadenings fixed, Gaussian broadening free), it
was noticed that the changes in the actual β parameters were
small, since the calculated line shapes describe the area of the
photolines very well in all schemes.

IV. CALCULATIONS

A. Calculations of the C 1s photoionization line shapes

Geometries for the ground and ionized states, normal
modes, and harmonic frequencies of the studied chloroethanes
were calculated at the MP4SDQ level of theory using the GAUS-
SIAN09 (G09) package of programs [30]. Cl was represented
using the basis set of McLean and Chandler [31] augmented
with a double polarization set prepared from the original
single d exponent α = 0.75 by replacing it by 2α = 1.50
and α/2 = 0.375 [32,33]. C and H where represented using
a Dunning triple-ζ basis plus polarization functions [34,35].
For the ionized C, the corresponding N basis was used, with
all exponents scaled by a factor 0.9293 [36]. The core of the
ionized C was represented using the effective core potential of
Stevens et al. [37] scaled to account for only one electron in
the 1s shell [38]. The ASYM program [39] was used to express
normal coordinates in internal coordinates. Franck-Condon
factors were computed by the algorithm of Ansbacher [40]
and by using the parallel-modes approach, i.e., mode-mixing is
neglected while differences in vibrational frequencies between
the neutral and ionized states are accounted for. (For more
information, see the Appendix in Ref. [41].) The harmonic
approximation was applied for all modes except for the
symmetric C–H stretching mode of the ionized C, which was
described by a Morse potential. The contraction of the C–H
bond of the ionized C was reduced by 0.30 pm to account for
core-valence correlation and basis-set incompleteness errors
[38]. Correspondingly, the contraction of the C–Cl bond of
the ionized C was reduced by 0.40 pm [27]. Frequencies were
scaled by a general scaling factor of 0.99. In addition, the
symmetric C–H stretching frequency of the ionized C was
scaled by 0.97 [36].

Line-shape calculations omitted the effect of the vibrational
intensity redistribution caused by intramolecular scattering
[11], so the same line shape was used for all the photon

energies and light polarizations. Recoil effects were not taken
into account [42,43]. Due to the moderate resolution used in the
90◦ and 0◦ measurements, no visible effect was seen in the fits
that would have indicated significant distortion of the modeled
line shape. In the present case, only the relative intensities of
the full photoelectron peaks are of interest, and thus as far
as the modeled line shape fits the whole photoelectron peak
structure well, small intensity changes between vibrational
modes within a peak are less important. The studied samples
have eight atoms in a molecule, so these effects are very
difficult to resolve experimentally due to the large number
of degrees of freedom and thus the large amount of vibrational
levels excited.

B. Calculations of the C 1s cross sections

To model the role of the intramolecular scattering on the
laboratory-frame electron angular distribution, the photoion-
ization observables (cross sections and asymmetry parameters)
have been computed employing a density functional theory
(DFT) approach. The one-particle Kohn-Sham Hamiltonian
hKS is completely defined by the ground-state density. Bound
and continuum eigenvectors have been obtained in a basis of
multicentric B-spline functions, which effectively takes into
account the Coulomb singularities at the nuclei and affords a
convergent solution also for complex polyatomic molecules
and deep core holes [44,45]. Fixed nuclei calculations have
been performed at the equilibrium geometries previously
obtained. The initial ground-state densities have been obtained
by a conventional DFT calculation employing the ADF program
[46], with a double-zeta polarized (DZP) basis from the ADF

database, and the LB94 exchange-correlation potential [47],
which has also been employed in the following continuum
calculations. Cross sections and asymmetry parameters have
been obtained from standard angular momentum analysis [48].
The maximum angular momentum in the one-center part of the
B-spline calculation is lmax = 20, which ensures convergence
up to about 570 eV electron kinetic energy. Convergence has
been also verified for CH3CCl3 by employing lmax = 24.

V. RESULTS AND DISCUSSION

Figure 2 presents the C 1s photoelectron spectra recorded
with 340 eV photon energy with 0◦ and 90◦ polarizations. The
K-shell ionization of the chlorinated C leads to a photoline
of higher binding energy as compared to the methyl C
1s photoline. As already reported in Ref. [12] for 54.7◦
polarization, the intensity ratios of chlorinated and methyl
C 1s photolines vary as a function of photon energy due
to intramolecular scattering. Now the effect of scattering
is clearly evidenced at a given photon energy but between
two different polarizations. For example, if we compare the
CH3CCl3 spectra measured at 340 eV [Fig. 2(c)], it is seen
that the photoline of chlorinated C is obviously enhanced at
90◦ as compared to the methyl C photoline. The same holds
for CH3CHCl2 and CH3CH2Cl, as well as for different photon
energies, the enhancement being gradually less pronounced
when the degree of Cl substitution decreases.

Let us introduce a simple physical picture describing the
effect of scattering on the electron angular distributions for
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FIG. 2. (Color online) C 1s photoelectron spectra of (a)
CH3CH2Cl, (b) CH3CHCl2, and (c) CH3CCl3 measured with 0◦

(light) and 90◦ (dark) polarizations and 340 eV photon energy. The
spectra are normalized with respect to acquisition duration, photon
flux, and gas pressure. All spectra acquired at 90◦ are multiplied by a
factor of 3 for easier visual comparison.

different polarizations and ionization continua. CH3CCl3 is
discussed as an example, but the discussion is also applicable
to CH3CH2Cl and CH3CHCl2. The C 1s orbitals in CH3CCl3
(C3v symmetry) are 2a1 (chlorinated C) and 3a1 (methyl C)
(the corresponding orbitals are 2a′ and 3a′ in CH3CH2Cl and
CH3CHCl2, both of Cs symmetry). The ionization of an a1

orbital leads to a continuum wave of A1 or E symmetry.
In the dipole approximation, the E continuum will pref-

erentially “select” the molecules with their molecular axis
perpendicular to the polarization vector e, and thus parallel
(perpendicular) to the electron detection axis for the 90◦ (0◦)
scheme. The crude central potential model approximation
leads for C 1s photoionization to the ideal energy-independent
β = 2 parameter [49], the electrons being emitted with a cos2 θ

distribution, θ being the angle between the photoelectron
momentum and the e vector. When e is perpendicular to the
detection axis, no signal should be detected, and when e and
the detection axis are parallel, the maximum signal should
be detected. However, this is not the case experimentally.
In addition to the well-known relativistic or nonrelativistic
(anisotropic) electron-ion or configuration interactions exten-
sively discussed for atoms [49,50], the origin of the present
observation is a molecular effect. The emitted electrons are
scattered by the surrounding atoms, which affects their angular
distribution and allows some of them to reach the detector in
a 90◦ scheme, lowering the signal at 0◦. In the present case,
since the scattering cross section is smaller for H than for Cl,
the relative signal from the chlorinated C is larger than from
the methyl C at 90◦ (Fig. 2). Correspondingly, a decrease of the
electron signal in the 0◦ detection scheme is observed. In the

FIG. 3. (Color online) Theoretical C 1s photoionization cross
sections corresponding to the ionization of the chlorinated (solid
lines) and the methyl carbon (dashed lines) of CH3CH2Cl (green),
CH3CHCl2 (red), and CH3CCl3 (blue). The pink and black solid and
dotted lines in the inset show the contributions of A1 and E continuum
channels in the case of CH3CCl3 (see text for details).

case of the A1 continuum, the molecules with the molecular
axis parallel to the e will be preferentially “selected” and a
discussion analogous to the above leads to similar conclusions.

Figure 3 illustrates the photoionization cross sections of the
chlorinated C 1s (2a1 and 2a′) and methyl C 1s (3a1 and 3a′)
orbitals for CH3CH2Cl, CH3CHCl2, and CH3CCl3. All cross
sections show similar oscillatory behavior, but the amplitude
of the oscillations is the largest for CH3CCl3 and the smallest
for CH3CH2Cl. A surprisingly sharp first peak, seen in the
2a1 and 2a′ cross sections, is assigned to a shape resonance,
whereas in the 3a1 and 3a′ cross sections a smooth oscillatory
behavior is observed already at the lowest photon energies. The
second clear peak observed in the 2a1 and 2a′ cross sections
is located too high in energy (∼ 60 eV above threshold)
to be assigned to a shape resonance, and it is interpreted
to be the first unambiguous fingerprint of intramolecular
scattering. Contrary to the cross-section oscillations typical
of the coherent emission from equivalent centers [51], the
oscillatory structures of the chlorinated and methyl C 1s

cross sections are not in phase opposition. In the 2a1 and
2a′ channels, the oscillations have significantly longer periods
and larger amplitudes compared to the 3a1 and 3a′ channels,
which exhibit more regular and less damped structures.

The inset in Fig. 3 shows the partial E and A1 continua
contributions to the 2a1 and 3a1 photoionization cross sections
of CH3CCl3. For 2a1, the largest contribution comes from
the E channel due to its twofold degeneracy; the A1 channel
shows a modest contribution to the sharp peak around 350 eV,
and then it is mostly flat. Interestingly, it also shows a lower
energy structure before 350 eV, which is, however, hidden by
background in the total cross section. For 3a1, both A1 and E

channels show important oscillations, generally not in phase,
and therefore the oscillations in the total cross section come
from the superposition of the two different contributions. The
lowest energy oscillations are associated with the E channel.
Oscillations in the A1 channel persist even at high energies,
whereas in the E channel they are more strongly damped.
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FIG. 4. (Color online) Photoelectron asymmetry parameters in CH3CH2Cl, CH3CHCl2, and CH3CCl3 of (a) chlorinated and
(b) methyl C 1s.

Based on the above analysis, we assign the features
observed in the A1 channel mostly to electron diffraction by
the neighboring C atom, as it corresponds to photoelectrons
essentially ejected along the C–C bond. The E component
is mostly sensitive to the surrounding Cl atoms (the H
atoms having a minor effect), since the photoelectron escapes
mainly in the perpendicular direction. This explains the larger
amplitude of the oscillations and the longer period in the
2a1 − E channel as compared to 3a1 (shorter C-Cl distance).
A much smaller effect is seen in the A1 component of the 2a1

cross section. However, the lowest energy feature could be a
signature of the diffraction by the other C atom. In contrast, the
electron ejected from the 3a1 orbital is diffracted with similar
intensity by both the other C and the Cl atoms (note that the Cl
group has also an a1 component, contributing to the scattering
of the a1 continuum wave), so both A1 and E components have
similar oscillation amplitudes.

Figure 4 presents the theoretical and the experimental β

values for C 1s photoionization in CH3CH2Cl, CH3CHCl2,
and CH3CCl3. In addition, the theoretical β parameter for C
1s photoionization of ethane C2H6, an average β from the 1a1g

and 1a2u ionization cross sections, has been plotted together
with the methyl group β, offering a “Cl-free” reference. The
asymmetry parameters for the chlorinated carbon show a clear
trend, with CH3CCl3 showing the largest β-variation in the
considered energy range. The changes in the methyl C β

values are much smaller. A similar trend can be seen in
the computational study by Di Tommaso and Decleva [16]
in the C 1s β parameters of fluoroacetylene (FCCH) and
1,1-difluoroethene (F2CCH2). The asymmetry parameter is
lower for the fluorinated C and, in FCCH, approaches faster
the β value for the nonfluorinated C than in F2CCH2. In
our case, the effect of the substitution is particularly marked
in the low-energy region, where a large, steep decrease
toward threshold is observed for the C 1s β parameter of
the substituted carbon. A somewhat weaker but consistent
effect is also observed for the C 1s β of the methyl group,
which gradually approaches the β of ethane when the degree
of Cl substitution is decreased. Theoretical and experimental
data are in generally good agreement, although the calculated
values are systematically lower than the experimental ones.

At higher energies, the methyl C β shows a monotonic
increase, while the β parameters of the substituted carbon
show noticeable oscillations in the calculated profiles, which
become increasingly marked with increasing substitution. The
oscillation period is close to that observed in the cross sections,
so one can assign it to the same origin, the photoelectron
diffraction. Unfortunately, the experimental values are too
sparse to reproduce this oscillatory effect. Even at the highest
energy considered, the β parameters of the substituted carbon
remain lower than those of the methyl carbon, and the β values
follow the order CCl3 < CHCl2 < CH2Cl < CH3, as can be
seen in Fig. 4.

VI. CONCLUSIONS

In conclusion, using experimental and theoretical analysis,
we have pointed out a pure molecular effect by demon-
strating the importance of intramolecular scattering on the
photoelectrons’ angular distributions. We have shown that
chemical substitution has a large effect on the β parameters.
In particular, at the low photon energies the photoelectrons
emitted from the substituted carbon are efficiently redirected
from their trajectories by the scattering from the surrounding
Cl atoms. The scattering effect is also observed in the β

parameters of the methyl group carbon, showing smaller but
consistent modulations: the more halogenated the molecule
is, the more β parameters deviate from their asymptotic
values. The observations are supported by theoretical cal-
culations, making it possible to single out the various
continuum channel contributions. The angularly resolved
photoelectron spectroscopy in the laboratory frame is found
to be sensitive to the chemical environment, depending on
intramolecular scattering effects even in randomly oriented
molecules.
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