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Abstract. The fragmentation of core-excited BF3 has been studied by means of
partial cation and anion yield measurements around the B and F K edges. All
detectable ionic fragments are reported, and differences among fragments are discussed.
The observations confirm earlier findings on the dynamics of molecular fragmentation
studied by partial ion yields, notably on the influence of Rydberg excitations on
fragmentation, the behavior of anion production near threshold, and the importance
of intramolecular rearrangement in the formation of F+

2 ions.
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1. Introduction

The electronic structure and core excitation and decay dynamics of the highly symmetric
planar molecule BF3 have been studied extensively with several spectroscopies. These
studies include B 1s absorption [1, 2, 3], F 1s absorption [1, 4], and electronic decay after
resonant B 1s → 2a′′

2 excitation to the lowest unoccupied molecular orbital [1, 5, 6, 7, 8].
Ionic fragmentation following B 1s → 2a′′

2 excitation has been investigated by means of
various coincidence techniques, such as resonant-Auger-electron–photoion coincidence
[9, 10] and photoelectron-photoion-photoion coincidence [11]. Of particular interest in
many of these studies, both experimentally [1, 8, 9, 11, 12] and theoretically [13], have
been the effects of nuclear motion in this core-excited state.

Subthreshold resonant excitation of a core electron into an empty molecular orbital
may result in rearrangement of the entire electronic structure of the molecule. The
combined effect of an additional electron in the valence shell, usually in an antibonding
orbital, and an additional positive charge in the core may induce geometrical changes
depending on several parameters: the character of the resonant state, the core-hole life
time of the inner-shell vacancy, and the mass of the involved atoms. In that regard,
an interesting situation occurs when the excited state is bound and the final state has
a different equilibrium geometry as compared to the ground state. Significant vibra-
tional excitation is then expected to occur in the final ionic state as a consequence of
conformational changes between the ground, intermediate, and final states [15, 16]. In
BF3, such a dynamical effect induces strong out-of-plane vibrational excitation in the
ion due to the initial excitation from a planar conformation (D3h point group) in the
ground state to a pyramidal one (C3v point group) in the 2a′′

2 excited state upon boron
1s core excitation. This conformational change induces a new effect directly related to
the nuclear dynamics in the core-excited state: so-called ‘dynamical Auger emission’
[5]. The molecular deformation from D3h to C3v in the core-excited state of BF3 has
been confirmed experimentally by electron-ion coincidence experiments [9, 11, 12]. For
excitation of BF3 above the ionization threshold, the most energetic ion is F+, and it is
ejected in the plane of the molecule. In contrast, for B 1s → 2a′′

2 resonant excitation,
the most energetic fragment ion is B+, and it is ejected out of the molecular plane. This
latter result clearly indicates an out-of-plane displacement of the B atom in the core-
excited state, which is caused by quasi-Jahn-Teller coupling between the B 1s → 2a′′

2

and the B 1s → 3a1 core-excited states through the a′′
2 symmetry vibration [13].

Furthermore, the photoabsorption spectra around both the B and F K edges
are good examples of a system possessing pronounced shape resonances. The B 1s
absorption spectrum shows only two prominent resonances, B 1s → 2a′′

2 below threshold
and the B 1s → 4e′ shape resonance above threshold, while the Rydberg series are
very weak. Similar features are observed at the F K edge. This peculiar intensity
distribution can be explained using the usual potential-barrier concept in which the cage
of electronegative F atoms forms a potential barrier, and the strong resonance structures
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are regarded as excitations of a core electron into unoccupied orbitals localized inside
the potential barrier. In this picture, the 4e′ resonance above threshold is regarded as
a shape resonance trapped by this potential barrier [14].

The present work is part of a systematic study we have conducted on about 20
molecules, from small diatomics such as carbon monoxide [17, 18] to larger systems such
as formic acid [19]. Here, we complement the work cited above on core photoexcitation
of BF3 with total and partial ion-yield experiments at both the B and F K edges. We
use the information provided by single-channel measurements such as partial cation and
anion yields to clarify certain aspects of the fragmentation dynamics. In general, we
find that below the B 1s threshold the relative intensities of spectral features related to
core-to-Rydberg excitations increase as the fragmentation process is more extended; for
the smallest fragments, Rydberg states are much more prominent than for the parent
molecular ions. We attribute this result to spectator decay being much more probable
following excitation to a diffuse Rydberg orbital, and the fact that most of the final
two-hole/one-particle states are expected to be dissociative [20, 21, 22]. In addition,
the experimental resolution available allowed us to determine accurately the vibrational
spacing related to the B 1s → 3p Rydberg transition.

In the vicinity of the shape resonance above threshold, unusually high yields of
singly charged cations are observed, at variance with the usual finding that doubly
charged cations, resulting from normal Auger decay, show the most intense shape-
resonant enhancement. This is attributed to a fast fragmentation of the BF++

2 fragment,
yielding BF+ + F+, possibly due to a distorted geometry in the doubly charged species.
We also observe a slight enhancement due to the shape resonance in the anion yields,
and we conclude that the BF3 molecule can undergo extended fragmentation leading to
anions after normal Auger decay occurs, at variance with the behavior of most small
molecules, where anions are not produced in the shape-resonance region. We also observe
an exponential decay in the anion yield across the F 1s ionization threshold, with
a characteristic shape due to post-collision interaction (PCI) and electron recapture
effects. Furthermore, we observe formation of the F+

2 recombination fragment at the F
K edge and explain it as related to the previously observed out-of-plane nuclear motion
of the B atom.

2. Experimental details

The present ion-yield measurements were performed using undulator beamline 8.0.1.3
at the Advanced Light Source (Lawrence Berkeley National Laboratory, Berkeley, CA).
The beamline is equipped with three interchangeable spherical gratings with respectively
150, 380, and 925 lines/mm for high resolution and high flux. It provides 1011 to 6×1015

photons/s in the 80–1400 eV photon-energy range with a maximum resolving power of
E/ΔE < 8000. Grating and slit sizes were chosen to achieve 60 meV resolution at
200 eV photon energy (B K edge), and 0.3 eV at 600 eV photon energy (F K edge),
providing sufficient resolution and photon flux (approximately 5× 1012 photons/s) for a
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reasonable anion signal. Contamination by third-order light from the undulator passing
through the monochromator accounts for less than 1% of the total photon flux.

Partial cation and anion yields were obtained with a magnetic mass spectrometer
described previously [23]. The instrument consists of a 180◦ magnetic mass spectrometer
with a resolution of 1 mass in 50, an electrostatic lens to focus the ions created in the
interaction region onto the entrance slit of the spectrometer, and an effusive-jet gas cell
containing push and extraction plates to move the ions from the interaction region into
the lens. Ions are detected with a channel electron multiplier (CEM) at the exit slit of
the spectrometer. The polarities of the lens, magnetic field, and CEM may be switched,
allowing measurement of either cations or anions produced by photofragmentation. The
working pressure in the target chamber was set to 1× 10−5 Torr. An analog signal from
a capacitance manometer is recorded simultaneously with the ion signal and incident
photon flux to monitor target gas pressure for a point-by-point normalization of the
recorded spectra. In order to obtain reasonable statistics, most of the spectra presented
in this study are the sum of several recordings, separately normalized. BF3 was obtained
commercially from Airgas specialty gases and equipment, with a stated chemically purity
of 99.9%.

3. Results and discussion

The BF3 molecule has a D3h planar geometry in the ground state, and in an independent-
particle model its electronic configuration is:
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The inner-valence orbital character is mostly F 2s. The next six occupied orbitals
are outer valence: 4a′

1, 3e′ and 1a′′
2 are bonding; 4e′ and 1e′′ are slightly bonding, having

mostly F 2p character; whereas 1a′
2 is nonbonding, having pure F 2p character. The

lowest unoccupied molecular orbital is 2a′′
2, having B 2pz character, and is nonbonding.

The 4e′ unoccupied orbital has antibonding character and corresponds to the shape
resonance. In the following, we will discuss the two K edges separately.

3.1. B K edge

Figure 1 shows the total-ion-yield spectrum obtained as a sum of all detected ions
(equivalent to absorption) in the photon-energy range 290-330 eV, in the region of the
B 1s ionization threshold at 202.8 eV. The photon-energy calibration is based on the
literature assignment [2, 3]. The intense broad band at 195.5 eV corresponds to promo-
tion of the B 1s electron to the lowest unoccupied molecular orbital 2a′′

2. The width of
this band (FWHM) is ∼250 meV, much larger than the expected natural lifetime width
of ∼60 meV. Therefore, this band consists of unresolved vibrational components with
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energy spacings smaller than the natural lifetime width of the inner-shell-hole state.
The weak band at 198.2 eV corresponds to the B 1s → 3sa′

1 dipole-forbidden transition,
which gains intensity from the B 1s → 2a′′

2 transition by coupling through the out-of-
plane vibrational displacement of a′′ symmetry. Vibrational structure is observable in
this band. The energy spacing of the two prominent vibrational components is ∼100
meV and corresponds to the frequency of the breathing mode ν2. The two prominent
components are assigned to (ν1, 1) with ν1 = 0, 1 [3]. The following peak at 200.35 eV
is assigned to the B1s → 3p transition, again with resolved vibrational structure. The
weaker structure at 201.6 eV corresponds to the B1s → 4p excitation. The insert in
figure 1 shows an expanded view of the photon-energy region around the B 1s → 3p, 4p
transitions, where the spectral intensity and instrumental resolution allowed us to per-
form a fit to derive an accurate value of the vibrational spacing, which is found to be
130 meV, in very good agreement with the value 128.1 meV found by Thomas et al. for
the harmonic symmetric stretching measured in the boron 1s photoelectron spectrum
[24]. Therefore, we can assign this vibrational progression to the symmetric stretching
mode ν1.

In this photon-energy range, we detected

• 5 singly charged cations, BF+
3 , BF+

2 , BF+, B+, F+;

• 4 doubly charged cations, BF++
2 , BF++, B++, F++;

• 1 anion, F−.

No triply charged ions were detected. In figure 2, we show ion yields for the series BF+
2 ,

BF+, B+, F+. The yield of the parent ion, BF+
3 , is very low and shows only a monotonic

decrease in this energy range, and thus it is not shown. We observe two main effects for
the other singly charged cations. First, the relative intensities of the spectral features
related to the Rydberg series increase compared to the B 1s → 2a′′

2 transition. This
is a trend we have observed in many systems (see for example [20, 21, 22]), and we
attribute it to the fact that a core-to-Rydberg excited molecule is more likely to relax
via spectator-Auger decay: the excited Rydberg electron is far from the nucleus and the
system relaxes preferentially by emitting an electron from an orbital having stronger
overlap with the core hole, i.e., a valence orbital, while the initially excited electron
remains as a ‘spectator.’ The resulting parent ion is still in an excited state and is
energetically more likely to dissociate.

The second observation is that the intensity of the continuum shape resonance varies
significantly for the singly charged cations. In particular, it is rather high for the BF+

and F+ species. Such intensity enhancement is usually observed instead in the yield
curves of doubly charged cations, because the shape resonance leads to core-electron
photoionization with subsequent Auger decay, primarily enhancing production of ions
with two valence holes. We show the partial yields of the doubly charged cations in figure
3. As expected after normal Auger decay, the doubly charged fragments, except for
BF++

2 , show increased yield above threshold and enhancement at the shape resonance.



Photofragmentation of BF3 upon B and F K-shell excitation by partial ion yield spectroscopy6

We interpret the lower intensity in the BF++
2 fragment as due to fast fragmentation

yielding BF+ and F+, resulting in the enhanced production of these singly charged
fragments at the shape resonance seen in figure 2.

In figure 4, we show the yield curve for the anion F−, along with the F+ yield for
comparison. The main characteristic of the anion yield is that the shape resonance has
much less intensity compared to the corresponding cation, but it is observed nonetheless.
For small systems, diatomic and triatomic molecules (CO [17], CO2 [25], NO [26],
OCS, [27], N2O [28]), production of anions at a shape resonance is almost completely
suppressed, while for larger systems (SF6 [29, 30], SiF4 [31], SiCl4 [32]), only a decrease
compared to the positive ion counterpart has been observed. The difference between
smaller and larger molecular systems is the possibility for large systems to dissipate
multiple positive charges over several channels. BF3 is the first tetra-atomic molecule
we have investigated with anion-yield spectroscopy, and the signature of the shape
resonance is visible in the anion yield, so we can conclude that four atoms is enough
to disperse three positive charges in a fragmentation process and produce anions from
normal-Auger final states. Furthermore, neutral doubly excited states have not been
observed in BF3, but those could exist and overlap with the shape resonance, providing
some of the anion intensity.

3.2. F K edge

In figure 5 we show the total ion yield in the photon-energy range 681-715 eV, including
the F 1s ionization threshold at 694.8 eV. The photon-energy calibration is based on
[1]. The literature assignment [1, 4] indicates the peak at 689.7 eV is the F 1s1a′

1 → 2a′′
2

transition, while the peak at 692.55 eV corresponds to the F 1s(a′
1, 1e

′) → 3p transition.
Above threshold, a broad continuum structure corresponds to two shape resonances of
a1′ and e′ symmetry [1]. We detect all the same cations and anions at the F K edge as
seen at the B K edge, plus F+

2 .
In figure 6 we show yields for the singly charged cations BF+

2 , BF+, B+, and
F+. We observe similar trends to those described for the B K edge. A significant
exception is the behavior of the B+ yield: it does not show relative enhancement of
the Rydberg transitions compared to the larger fragments, but rather a high intensity
at the F 1s(a′

1) → 2a′′
2 transition. This is notably in contrast to the yield of the F+

fragment. The 2a′′
2 orbital has mainly B 2pz character and is nonbonding in nature. Hus,

the enhancement in the B+ yield could be an indication that B+ is produced by direct
fragmentation of singly charged BF+

3 into B+ and three neutral F atoms rather than by
Coulomb explosion of a multiply charged species. Why the charge would localize on the
B atom following F 1s excitation remains to be explained.

In figure 7 we show partial ion yields for the doubly charged cations. Any trend
is difficult to identify, apart from the common characteristics of a high intensity in the
region of the shape resonance, which can be explained by the enhanced intensity of the
normal Auger decay leading to doubly charged cations.
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In figure 8 we show the yield of the anion F−, together with the total ion yield
(TIY) for comparison. We notice some residual intensity above threshold in the shape-
resonance region, which was explained in the previous section for the B 1s threshold
region. There also are pronounced differences for these yields in the Rydberg region
and across the ionization threshold. We note that the Rydberg region is much more
prominent in the anion yield. We have reported this effect in other systems [33] and
attributed it to unstable final states reached after spectator decay which fragment easily
and produce anions as well as cations. The other major difference is the behavior at
threshold. In the F+ and all cation yields we notice an increase just above threshold,
while in the F− yield there is an exponential decrease. Such an effect has been observed
in CO [18], CO2 [25], and formic acid [19] and is explained as a post-collision interaction
(PCI) effect: above the ionization threshold, the possibility of Auger decay opens up, and
formation of anions from the doubly charged final-state ion after Auger decay is unlikely.
Just above the edge, there is a possibility the slow photoelectron can be recaptured by
the ion after being passed by the fast Auger electron. In a semi-classical description
of PCI, the probability for recapture will fall off in a quasi-exponential fashion as the
photoelectron kinetic energy increases [34, 35]. Our anion-yield spectrum shows an
exponential decrease in anion production above the F 1s edge, consistent with a picture
where Auger decay makes anion production impossible, but recapture allows it.

3.3. Formation of F+
2

We show in figure 9 the yield for F+
2 compared to the yield for B+. Formation of F+

2

requires rearrangement of the molecular structure and involves breaking of two B–F
bonds and formation of a new bond between the two fluorine atoms. Examples of
intramolecular atomic rearrangement following core excitation are numerous in cases
where a hydrogen atom is involved. Breaking of an H–X bond and formation of another
bond during photofragmentation is likely due to the high mobility of the proton, and
such processes have been observed in several systems: formation of H+

2 from H2O
[36]; H+

2 , H+
3 and HCl+ from CH3Cl [21]; and H+

2 , H2O+, and CH+
2 from formic acid

[19]. Rearrangements involving heavier atoms are more surprising, although we have
reported recently the formation of O+

2 after C 1s core excitation in formic acid [19],
and N+

2 after C1s core excitation in cyanogen [33]. In all these examples, intramolecular
rearrangement was shown to be helped by vibrational excitation and resonant processes.
The same trend is present here, and enhancement at the resonant features is observed in
the F+

2 partial ion yield, although F+
2 is still observed above threshold, especially at the

shape resonance. The experimental resolution combined to the lifetime width of the F
1s core-excited state (∼200 meV) does not allow us to observe any evidence of the role
of vibrational excitation in this process, unlike in the case of F+

2 formation after core
excitation in CF4 as observed at both the C and F K edges [37]. Nonetheless, we can
speculate that such a structural change in the molecule is helped by reconfiguration of
the electronic structure and subsequent geometrical deformation of the molecule induced
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by core excitation. Shimizu et al. have shown that at the F 1a′
1 → 2a′′

2 excitation,
energetic B+ ions are ejected in an out-of-place direction [38]. It was explained by out-
of-plane nuclear motion of the B atom, with ion ejection along the remaining B–F bond
while two F atoms are released with zero kinetic energy. These two F atoms can then
recombine to form F+

2 . This is supported by the observation that the relative intensity
distribution in the F+

2 partial yield follows closely the B+ yield (superimposed, the
two curves are indistinguishable). We further speculate that formation of F+

2 is made
possible through the same molecular conformational change that leads to the ejection
of B+. Finally, we note F+

2 was not detected at the B K edge of BF3.

4. Conclusion

Adding to systematic studies of partial cation and anion yields for about 20 molecules,
we have recorded partial-ion-yield spectra following core photoexcitation of the BF3

molecule around the B and F K edges. High detection efficiency measurements for
11 different fragment ions, including singly charged and doubly charged cations and
one anion, were presented. No triply charged ions were observed. We also observed
the formation of F+

2 at the fluorine edge. Such ion formation is surprising because
it involves intramolecular atomic rearrangement involving heavy atoms, contrary to
well-documented cases of hydrogen bond rearrangement in molecules following core
excitation.
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[20] Piancastelli M N, Stolte W C, Öhrwall G, Yu S -W, Bull D, Lantz K, Schlachter A S and Lindle

D W 2002 J. Chem. Phys. 117 8264
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FIGURE CAPTIONS

• Fig. 1: Total ion yield in the photon-energy range 193-212 eV, including the B
1s ionization threshold at 202.8 eV. Calibration and spectral assignments from [2].
The insert shows a fit of the 199.5–202.5 eV region around the 3p and 4p Rydberg
states (see text).

• Fig. 2: Partial ion yields for the singly charged cations BF+
2 , BF+, B+, F+ in the

photon-energy range 190-212 eV.

• Fig. 3: Partial ion yields for the doubly charged cations BF++
2 , BF++, B++, F++

in the photon-energy range 190-212 eV.

• Fig. 4: Partial ion yields for F+ and F− in the photon-energy range 190-212 eV.

• Fig. 5: Total ion yield in the photon-energy range 683-713 eV, including the F 1s
ionization threshold at 694.8 eV. Calibration and spectral assignments from [1].

• Fig. 6: Partial ion yields for the singly charged cations BF+
2 , BF+, B+, and F+ in

the photon-energy range 683-713 eV around the F 1s ionization threshold.

• Fig. 7: Partial ion yields for the doubly charged cations BF++
2 , BF++, B++, and

F++ in the photon-energy range 683-713 eV around the F 1s ionization threshold.

• Fig. 8: Total ion yield (TIY) and F− partial ion yield in the photon-energy range
681-716 eV around the F 1s ionization threshold, indicated by the vertical line.

• Fig. 9: Partial yield for F+
2 compared to the partial yield for B+ in the photon-

energy range 681-716 eV around the F 1s ionization threshold.
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