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The sensitivity of the ls X-ray emission and high-energy-resolution fluorescence-detected X-ray absorption spectroscopies
(XES and HERFD-XAS) to resolve the variations of the chemical state (electronic structure and local coordination) of Br has
been investigated for a selected set of compounds including NaBrOs, NH4Br and C,H4Br, (1,2-dibromoethane). For the
Br K-edge XAS, employing the HERFD mode significantly increases the energy resolution, which demonstrates that with
a crystal spectrometer used as detector the absorption technique becomes a more powerful analytical tool. In the case of
XES, the experimental results as well as the density functional theory (DFT) modeling both show that the chemical sensitivity
of the main ls diagram emission lines (Koy» and Kf; 3) is rather limited. However, the valence-to-core (Kf3;) region of
XES displays significant shape and intensity variations, as expected for transitions having the same final states as those of
photoemission spectroscopy. The spectra are in good agreement with the molecular orbital description delivered by DFT
calculations. Calculations for an extended series of Br compounds confirm that valence-to-core XES can serve as a probe for
chemical analysis, and, being a hard X-ray photon-in/photon-out technique, it is particularly well-suited for in situ investigations

of molecular transformations, even on the ultrafast time scales down to femtosecond time resolution.

1 Introduction

Hard X-ray spectroscopies possess several attributes, includ-
ing element and orbital selectivity, bulk sensitivity, flexibil-
ity of the sample environment due to the high penetration
depth, that make them attractive for materials science, chem-
ical, physical, geological and biological research. Among
them, X-ray absorption spectroscopy (XAS) is widely used to
characterize the structure and the chemical state (local sym-
metry, coordination number, oxidation state, etc.) of a chosen
element in the system of interest. While XAS probes only the
empty electron states of the absorbing atom, X-ray emission
spectroscopy (XES) complements this by probing the occu-
pied states. Accordingly, XES can bring detailed information
on the electronic structure, and can be utilized to solve ques-
tions concerning molecular orbitals, the nature of the bonding,
the nature of the neighboring atoms and the valence and spin
state of the absorbing atom '3,

The interpretation of XAS and XES spectra is often done
with the fingerprint approach: information is deduced from

¢ Wigner Research Centre for Physics, Hungarian Academy Sciences, H-1525
Budapest, PO.B. 49., Hungary. Fax: 0036 1 395 91 51 ; Tel: 0036 1 392 222
- 1736 ; E-mail: vanko.gyorgy@wigner.mta.hu

b Paul Scherrer Institute, Swiss Light Source, 5232 Villigen, Switzerland.

¢ Jan Kochanowski University, Kielce, Poland.

1 Present address: Institut Néel, CNRS et Université Joseph Fourier, BP 166,
F-38042 Grenoble Cedex 9, France.

the comparison between the spectrum of the compound of in-
terest and reference systems. However, this approach obvi-
ously limits the interpretation and the fine details of the local
and electronic structure remains out of reach. This restriction
can nevertheless be overcome by coupling the experiments
with a theoretical determination of the spectrum, based either
on first-principles calculations based on the density functional
theory (DFT) or on multiplet calculations® based on the ligand
field multiplet (LFM) theory, which enable us to achieve a reli-
able theoretical modeling of the spectrum. In the case of XAS,
the combination of experiment and theory has almost become
a routine for both the main K edge and pre-edge (see e.g.
Refs.?2%), and more and more XES investigations are also
done using the support from theory (see e.g.>7332). From
an experimental point of view, XES requires a wavelength-
dispersive spectrometer based on analyzer crystals. Such an
instrument can also open up the application of high-resolution
XAS when installed on a conventional absorption beamline:
a fluorescence-yield XAS spectra can be recorded through
the crystal spectrometer with an energy bandwidth smaller
than the core-hole lifetime broadening®3. This so-called
high-energy-resolution fluorescence detected XAS (HERFD-
XAS)>!73* not only enables us to get better resolved fea-
tures >335 and better signal-to-noise ratio, but it can also filter
off unwanted signals from other elements >3, HERFD-XAS
has been thus successfully used for instance in studies at the K



pre-edge of 3d elements?!213-19:2037 ‘o at the Dy L edge >3,
S K edge?®, and the L edge of Pb3?, Pt404! and Ce*?.

Bromine-containing compounds have been intensively in-
vestigated by XAS during the last 40 years*>**, in order
to learn more about their fundamental properties*=!, their
multi-electron excitations>>33, or to address geological and
environmental problems>*3°. They represent an important
family of natural and synthetic compounds. In nature, they
are often found in the marine environment’®; for instance,
bromoform CHBr3 (which is also used for water treatment) is
produced by edible algae and phytoplankton>’. The industrial
use of bromine-containing compounds ranges from additive
in leaded petrol (antiknock agent)>® through pesticides and
fumigants for agriculture to radiopaque acrylic bone cement
for surgery>®. They also used to be widely employed as fire-
retardants . As many of these Br-compounds are now con-
sidered as persistent organic pollutants, they became a major
environmental and health issue® "%, In chemistry laborato-
ries and chemical industry, bromine is a significant and wildly
present element, used as a component of Grignard reagents
(alkyl- or aryl-Mg bromides)®, pH indicators (bromothymol
blue), etc. Despite this lengthy list, to our knowledge, no
systematic study of Br-compounds has yet been done to ex-
ploit the opportunities offered by the use of a high-resolution
crystal spectrometer to characterize the Br chemical state, in
particular with XES. While such measurements might not be
of utmost importance in static experiments because of the
availability of other and simpler techniques, studying ultra-
fast processes, for instance, photodissociation or photolysis
of Br-bearing systems®® 8, could benefit from a novel time-
resolved tool. Such processes have already been investigated
by time-resolved XAS and X-ray scattering®’-%%, however, re-
cent works on other systems have demonstrated that XES, es-
pecially when combined with these other tools, can lead to
a better understanding of the molecular transformations and
the nature of the intermediates in ultrafast pump-probe experi-
ments ®~73. Our main motivation was to find out which of the
Ls emission lines offer sufficient chemical sensitivity for such
studies.

In the present work three Br-compounds (C,H4Br;,
NH4Br and NaBrOs) were studied with the two simplest
techniques accessible with a crystal spectrometer at an X-ray
beamline, HERFD-XAS and XES, to obtain benchmarks on
the sensitivity of these techniques to the chemical state of Br.
The XES experiments were complemented by first-principles
calculations based on DFT, which is shown to give insights
into the molecular orbital (MO) diagram of the investigated
compounds. The agreement obtained between experiments
and theory for the three compounds motivated us to extend
the calculations to predict the spectra for an additional series
of Br-compounds. Finally, the good correspondence of the
calculations to the electronic structure is further demonstrated

by the excellent agreement between the DFT-predicted transi-
tions involved in the valence-to-core spectrum and the exper-
imental photoemission spectrum (PES) using the example of
Br,.

2 Experimental

2.1 Measurements and samples

Room-temperature Br K-edge measurements were carried out
at the SuperXAS beamline of the Swiss Light Source (SLS,
Villigen, Switzerland). The energy of the incident beam was
selected using a pair of water-cooled Si(111) crystals, with a
measured resolution of 1.90 eV at the Br K edge (13474 eV),
and calibrated with an Au foil. The photon flux on the sam-
ple was ca. 10'? photons/s. Total fluorescence yield (TFY)
spectra were recorded using a 13-element Ge detector. High-
energy-resolution fluorescence-detected XAS (HERFD-XAS)
and XES spectra were recorded using the multi-crystal X-
ray spectrometer of the beamline: the sample, the Si(110)
analyzer crystals and a PILATUS 100K 2D detector were
placed on 1m diameter Rowland circles’*”>. In the case of
the Ka lines (Ko =~ 11925 eV), the analyzer crystal was
used in an asymmetric mode with the (771) reflection (with
an 5.7682° offset form the (110) direction), and the (880) re-
flection was chosen for the Br K lines (K3 ~ 13291 eV).
The total energy bandwidth of the setup (including spectrom-
eter and the monochromator for the incident beam) was 2.64
eV at the Kor lines and 2.9 eV at the KB lines. The HERFD-
XANES spectra were acquired setting the spectrometer crystal
to the maximum of the Kot or the K fluorescence line; the
scans were recorded in a step-by-step mode in the range of
13450-13660 eV with a counting time of 3s for each mea-
sured point. The incident energy for XES measurements were
setto 13650 eV, i.e. well above the K edge; the Ko (resp. Kf3)
emission lines were recorded in the range of 11850-11950 eV
(resp. 13260-13480 eV), with a counting time of 3s (resp.
1s). For a better signal-to-noise ratio in the region of the Kf3,
valence-to-core emission lines (13450—13480 e¢V), additional
scans were recorded with a counting time of 30s. No self-
absorption and radiation damages were observed during the
experiments. The XAS spectra were background corrected
and normalized to the edge jump, and the area of the core-
to-core XES scans were normalized to unity.

The time allotted for this experiment permitted us to study
only three samples (Table 1) with the above techniques. The
investigated compounds include 1,2-C,HyBr, (supplied by
Fluka), NH4Br (supplied by Gyogyszer Alapanyag Készitd
Vallalat), and NaBrO3 (supplied by AlfaAesar). Due to a light
pigmentation of the CoH4Br, liquid, it was distilled under
vacuum before the measurements. Their structures are given
in table 1, along with the oxidation state and coordination




number of Br in the investigated samples. They were chosen
to represent the different types of Br-compounds (respectively
covalent, ionic and molecular ion). For NH4Br and NaBrOs,
measurements were performed on 5 mm—pellets of the solid
compound, which crystallizes respectively in the Pm3m’® and
P21377 space groups. The liquid C;H4Br, sample was en-
closed in a Imm diameter Kapton tube, with a wall thick-
ness of 25um. TFY-XAS and HERFD-XAS measurements
were performed on pellets for NH4Br and NaBrO; (diluted
with cellulose), except for the case of KB-XES measurements
where pure compounds were used.

2.2 Computational details

The calculations of the XES spectra were carried out with the
ORCA program package 8. The detailed theory of the calcu-
lation will not be discussed here, as it was already described
by Neese and co-workers>. Structures of the studied com-
pounds were optimized using the B3LYP hybrid density func-
tional method ’*%? in combination with the TZVP basis set®!.
The method of the direct inversion of the iterative subspace
(DIIS)®? was applied to the self-consistent field (SCF) part of
the calculation. The X-ray emission spectra were computed in
a one-electron approach; this includes the calculation of tran-
sition energies as the differences of core- or valence orbital
energies. Spin-orbit coupling was included for the calculation
of the Koo and K emission spectra. Electric and magnetic
dipole as well as electric quadrupole transitions were consid-
ered in the calculations. The integral accuracy was set to 7.0
for bromine atoms in order to achieve a more accurate descrip-
tion. A broadening was applied to the calculated transitions
through a pseudo-Voigt function, with a 1 eV FWHM contri-
bution from the Lorentzian function and 2.5 eV FWHM from
the Gaussian one. (For the Ko and K 3 core-to-core XES
lines 2 eV and 4 eV were used to better match the experimental
spectra.) The molecular orbital (MO) diagram was also con-
structed from the Kohn-Sham one-electron orbital energies,

and it was visualized using the MOanalyzer program 3.

3 Results and discussion

3.1 X-ray absorption spectroscopy

The Br K-edge spectra recorded for C;Hy4Brp, NH4Br and
NaBrO; in three different detection modes are displayed
in figure 1. Prior to the variations of the spectral features
between the three compounds, the first obvious observation
is that the resolution at the conventional total fluorescence
yield (TFY) and the high-energy resolution fluorescence de-
tection (HERFD) detection is very different. Spectral features
barely visible in the TFY-XAS scans appear very clearly in
the HERFD-XAS ones, for both Koz or K detections. This

improved resolution stems from the narrow bandwidth of the
XES spectrometer, which filters off many final state interac-
tions, as it has been already extensively described?33-3%-84,
The relevant lifetimes should illuminate this: In TFY-XAS,
the final state has a 1s core-hole with a lifetime broadening of
2.52 eV3. However, in the case of HERFD-XAS, the fluo-
rescence line corresponding to the filling of the 1s core-hole
created during the absorption process by a 2p (Ka-HERFD-
XAS) or 3p (KB-HERFD-XAS) electron is recorded. There-
fore, in the case of Ka-HERFD-XAS (resp. Kp-HERFD-
XAS), the final core-hole lifetime broadening is of 1.14 eV 3
(resp. 1.4 eV 39) because the final core hole is a 2p (resp. 3p)
one. The HERFD detection mode allows obtaining an inter-
mediate value for the broadening, which is manifested in the
improved resolution.

The careful comparison of the XAS spectra obtained
through different detection modes can be very instructive®’; in
this study we show spectra recorded with three fluorescence-
based detection modes. This enables us to compare the vari-
ation of the resolution and the relative intensities of the spec-
tral features. The lifetime broadenings of Br are close for
2p and 3p core holes and, consequently, the Ko- and Kf3-
HERFD-XAS spectra are comparable. Nevertheless, in the
case of transition metal atoms, the core-hole lifetime broaden-
ing of the Ko line is usually much smaller than those of the
KB ones®8 . Because of this and possibly different final-
state interactions, relevant discrepancies may arise even be-
tween Ko- and KB-HERFD-XAS.

The variations of the edge spectral features are usually ex-
plained with differences in the oxidation state and coordina-
tion number of the absorbing atom. Here, for instance, the
maximum of the white line of the TFY-XAS spectra is at
13483.33 eV for NH4Br, whereas the one of CoHyBr, is lower
by 3.92 eV and the one of NaBrO3 higher by 0.73 eV. The in-
crease of the edge position between NH4Br and NaBrOs; is
thus consistent with the increasing oxidation state of Br in
these two compounds (—1 and +5). However, the white line
of the CoH4Bry is found 3.9 eV lower to that of NHyBr,
which shows that this expectation can seriously fail, and thus
the edge position may not always reveal the former oxida-
tion state®. Nevertheless, another important aspect of the
HERFD-XAS measurements arises here: due to the improved
resolution, the edge rises steeper in the case of HERFD-XAS
than in that of TFY-XAS (Fig. 1). Consequently, the max-
imum of the first derivative of the spectrum, which is often
used to characterize the edge position, is shifted between the
TFY-XAS and HERFD-XAS scans, while the positions of the
white line maxima are identical (Table 1).

More detailed structural and electronic information cannot
be obtained unless a theoretical determination of the spectrum
is done. This is beyond the scope of this paper and we will not
interpret further the XAS spectra. To conclude this XAS part




of the study, we wish to point out again that the HERFD mode
enables us to obtain better resolved near-edge or extended-
range spectra. Also, the above examples illustrate that when-
ever a fingerprint analysis is performed in order to deduce the
oxidation state or coordination number from the position of
the edge or the relative intensities of the spectral features, the
same detection mode must be used for both reference and un-
known compounds. The edge positions in the presented spec-
tra do not vary proportionally to reflect the formal oxidation
state of Br.
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Fig. 1 Normalized Br K-edge XAS spectra of C;HyBry,
NH4Br and NaBrOj recorded in the TFY and HERFD (both
Ko and Kf ) modes.

3.2 X-ray emission spectroscopy

The core hole created during the 1s absorption process is sub-
sequently filled by an electron from higher energy orbitals
during an intra-atomic relaxation accompanied by simulta-
neous X-ray emission; consequently, this process gives ac-
cess to the occupied electronic states, similarly to photoe-
mission. Besides to the chemically most sensitive valence-
to-core*>7328992 " core-to-core transitions have also proved
useful in physical and chemical characterization?3-30-38.93.94,
Using a crystal spectrometer, one can record the correspond-
ing X-ray emission spectrum with a good resolution, as illus-
trated in figure 2 for the case of NaBrOj3 (the also displayed
theoretical spectrum will be discussed later). The Koty and
Kp13 lines (Fig. 2) arise from electric dipole 2p — ls and
3p — Ls transitions, respectively. Because of the spin-orbit
coupling, the K lines are split into two, corresponding to final

states in the p3 /5 and py, levels. The K5 fluorescence lines
arise from electric quadrupole (3d — 1s) transitions, and, as
a result, their intensity is much smaller compared to the other
(electric dipole) fluorescence lines. The Kf; lines result from
the filling of the core-hole by a 4p valence electron; therefore,
they are referred as valence-to-core transitions. For all the
dipolar transitions, the higher the energy of the orbital from
which an electron fills the 1s core-hole, the smaller the overlap
with the 1s orbital, and, consequently, the smaller the intensity
of the corresponding peak.

The peak positions of the XES spectra recorded for the
three studied Br-compounds are summarized in table 1. The
Ko spectra, displayed in figure 3, show very little variations:
the Kot peak position of NH4Br is at 11924.90 eV, that of
CyH4Bry is 0.28 eV higher, and the one of NaBrO3 is 0.22
eV higher. The Kf3 3 lines fall also very close, as seen in
figure 4: the KB line of NH4Br is at 13290.98 ¢V, the one
of CoHy4Bry is at 0.33 eV lower and the one of NaBrO; at
0.22 eV higher. (The energy values for the corresponding Koty
and K33 features follow a very similar trend, as it is obvious
from the figures and table 1.) Considering also the large life-
time broadening, we can conclude that these two sets of flu-
orescence lines (Kot and K3 3) do not seem particularly
sensitive to the variations in the chemical state of Br. The
quadrupolar (3d — 1s) Kf35 features (around 13404 eV ) have
very low fluorescence yield, and show no relevant chemical
shifts; consequently, no valuable information about the chem-
ical state of Br can be deduced from this part of the spectra.

Nevertheless, the (dipolar) valence-to-core (Kf,) XES
spectra display different features in both energy and inten-
sity. This energy shifts of their maxima are again small,
but it is accompanied by variations in the intensity and line
shape. The peak intensity is the highest for NH4Br, smaller
for C;Hy4Br, and even smaller for NaBrOs. The spectrum
of CoHyBr; is broader, while in the case of NaBrOs, an ad-
ditional feature is present at around 13457 eV, and a high-
energy shoulder is visible at about 13471 eV. To explore it
in more detail, we fitted these spectra with a minimum num-
ber of pseudo-Voigt functions (pVf) on a linear background,
to obtain a reasonable description of the spectral envelop in
the 13452 — 13480 eV energy region. The spectra and the fits
are shown in Fig. 5, where the error bars denote the mea-
sured data points and the solid line is the fitted curve. For
each spectra, a dashed line shows the main component, and
smaller lines, if present, are filled with colour to be more vis-
ible. (The FWHM of the Gaussian of the pVfs are between
2.7 and 3 eV, while the FWHM of Lorentzian are between 3.8
and 4.1 eV.) The spectrum of NH4Br looks fairly symmetri-
cal, and indeed it can be fitted with a single pV{f at 13469.46
+ 0.02 eV; attempts to fit a second line resulted in unphysi-
cal parameters. On the contrary, the spectrum of CoHyBr, is
asymmetric. A low energy shoulder is indeed revealed by the




Table 1 Position of the K-edge XAS and XES main spectral features of CoHyBrp, NH4Br and NaBrO3. The maximum of the white line of
the XAS spectrum was taken as a reference for the energy position. The XES line positions were obtained by fitting the spectrum with

pseudo-Voigt functions.

C2H4Br2 NH4BI’ NaBrO3

liquid solid solid
Oxidation state -1 -1 +5
Coordination number 1 6 6/3"
Nature Covalent Tonic Molecular ion
Energy positions (eV) :
TFY XAS, white line 13479.41+0.05 13483.334+0.10 13484.06+0.05
KoHERFD-XAS, white line 13479.4440.05 13483.284+0.10 13484.0240.05
KBHERFD-XAS, white line 13479.434+0.05 13483.3940.10 13484.06+0.05

Koy
Ko
KB3
KB,
Kfs

K, valence-to-core maximum

11878.56+0.01
11925.184+0.01
13283.88+0.02
13290.65+0.01
13404.05+0.08
13469.63+0.03

11878.314+0.01
11924.904-0.01
13284.18+0.02
13290.984+0.01
13404.314+0.07
13469.46+0.02

11878.58+0.01
11925.1240.01
13284.44+0.02
13291.2040.01
13404.4940.07
13469.50+0.02

* Coordination number of Br in the BrO3 ™~ ion
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Fig. 2 Experimental (thin line with dots) and calculated (thick line) emission spectrum of NaBrOs3 .




fit: two pVfs were needed, the line positions being 13466.30
4+ 0.14, and 13469.63 + 0.03, with an intensity distribution of
14% : 86%. The main line of NaBrO; is also asymmetric but
on the high-energy side. Since a small low-energy feature is
present too, this spectrum required fitting with 3 pVfs at posi-
tions 13456.3 £+ 0.8 eV, 13469.50 & 0.02 eV, and 13473.6 +
0.4 eV, with intensities as 3% : 88% : 9%. Based on the above
we can conclude that among the hard X-ray emission lines of
Br, the valence-to-core emission features seem to show suffi-
cient sensitivity to follow the variations of the chemical state
of Br.
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Fig. 5 Fitted Kf3; spectra of (a) NH4Br, (b) CoHy4Br, and (c)
NaBrOj. The data points with error bars represent the experimental
spectrum. The solid line is the fitted curve, the dashed line
representing its main component and the filled colored lines the
smaller contributions.
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Fig. 6 Calculated relative energy positions of the Br Ko; emission
line for a series of Br-compounds.

3.3 Theoretical modelling of the XES spectra

To better understand the chemical shifts and splitting of the
fluorescence features, we performed first-principles calcula-
tions based on density functional theory (DFT). This ap-
proach is more and more often used to interpret the valence-
to-core XES spectra of transition metal ions. In the absence
of an open valence shell, this is expected to work also for the
core-to-core transitions in Br. Indeed, a good agreement was
obtained between experiment and theory, as it is illustrated in
figure 2 for the case of NaBrOs. The energy positions and rel-
ative intensities are well reproduced for the main Kotj > and
K13 diagram lines, although the 2p spin-orbit splitting is
somewhat underestimated by the calculation, as seen in the
splitting of the Ko lines. Also, the absolute energy of the cal-
culated spectra were shifted by 338 eV (303.5 eV) to match
the experimental K3 (Ko ) values. This systematic error of
the absolute energy is a well-known effect of DFT and has al-
ready been described 2939 The relative energy shifts of the
calculated Kor; and KB lines are presented in figures 6 and 7,
respectively, together with a larger set of compounds that will
be discussed later. As seen in the figures, the theoretical line
positions are in qualitative agreement with the experimental
ones, only the Koy line of C;HyBr, appears too low when
compared to the measured value. However, for this spectrum,
we cannot exclude a small systematic shift in the experiment,
because of the different sample environments, beamline stabil-
ity issues and limited time. The comparison of the theoretical
relative energy of the Kor; and Kf3; lines confirm the exper-
imental observation that the Kot (resp. K1) peaks of the
three compounds are very close in energy. The variations of
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Fig. 7 Calculated relative energy positions of the Br K3 emission
line for a series of Br-compounds.

these fluorescence lines, therefore, apparently cannot provide
us with unambiguous spectral signatures on the Br chemical
state, not even with an improved experimental resolution.

We have extended the calculations to a large set of Br-
bearing compounds to further test the above observation. The
additional Br compounds have diverse characteristics, and
they are of chemical or environmental relevance. The sys-
tems include organic bromides: PhBr (Ph: C¢Hs), CHBr3,
BrCCls, and NBS (N-Bromosuccinimide); a charge-transfer
complex DABCO-NBS; (1,4-diazabicyclo[2.2.2]octane—N-
Bromosuccinimide) with a rather short Br—N bond length®7,
and the Grignard reagent EtMgBr (Et: C,Hs), to conclude the
organic compounds. The compounds BrF3, BrO, , BrO were
selected to test the effect of the oxidation state. Finally, HBr,
Br;,, the isolated Br atom and Br~ are common forms of Br
in chemical laboratories, and they can also appear in photo-
chemical experiments, thus they are also important for time-
resolved spectroscopic studies. The relative positions of Koy
and K| main peaks are displayed in figures 6 and 7, together
with the three compounds discussed before (C,H4Br,, NH4Br,
NaBrOs; ). The calculated positions of these peaks show an
obvious correlation with the oxidation state of Br; however,
they remain in a window of 0.4 eV in both cases (Kor; and
Kf1), thus confirming again our previous conclusion that the
Ko and KB lines are not sensitive enough to resolve the
variations in the Br chemical state. The required experimental
resolution is indeed not achievable to discriminate these fea-
tures, mainly because of the large lifetime broadening. Never-
theless, we can also conclude that the present level of theory
seems to have the potential to predict core-to-core XES spec-
tra for cases where the electronic structure can be described




with the single-electron approximation.

The experimental (Fig. 5) and calculated (Fig. 8) valence-
to-core emission features demonstrate the great interest of this
part of the XES spectrum to characterize the chemical state
of Br. By comparing the stick diagram from the fit of the ex-
periment in Fig. 8b with the theoretical one in Fig. 8c, the
similarity of the observed and calculated transitions is obvi-
ous. For the Br™, two very close transitions (AE < 0.4 eV)
are predicted by the theory; the splitting of these two lines
remain unresolved in the experiment, and the spectra has ap-
parently a single line, which is expected for such a very small
splitting and an order of magnitude larger line broadening. In
the case of C;H4Br,, a low-intensity satellite is expected from
the theory at 2 eV below the main line, and indeed, a lower-
energy (-3.3 £0.2 eV) small-intensity shoulder to the main
line is present in the measured spectrum. Finally, the calcula-
tions for the BrO; predict two low-intensity satellites, both at
low and high energy, at -13 eV and at 5.5 eV from the main
line. The experiment reveals such satellite lines at -13.2 +0.3
eV and 4.1 0.2 eV. The main lines of CoH4Brand BrO5 are
approximately at the same energy in both experiment and the-
ory. The description is not perfect though: the relative line in-
tensities within a spectrum are not perfectly reproduced; also,
the lines of the Br™ are shifted lower from the main lines of
the other two in the theory, which is not observed in the exper-
iment. Nevertheless, the relevant features can be recognised in
each pair of spectra, and their energy spacings compare fairly
good. Consequently, the calculated spectra, although cannot
serve as fingerprints, can be taken as very useful patterns that
can help in the identification of a species.

This good agreement between experiment and theory sug-
gests that, similar to the case of transition metal com-
pounds*>7-32:90.92 reliable information can be obtained from
the DFT calculations on the valence electron structure of Br.
In particular, the molecular orbital (MO) diagram can be di-
rectly compared to the experimental spectrum, and this pro-
vides insights for the interpretation of the experimental fea-
tures. We demonstrate this on the example of BrO;, whose
MO diagram for the highest occupied orbitals is displayed in
figure 9. The MOs that give rise to the relevant valence-to-
core XES peaks are shown separately in figure 10. Five transi-
tions make up the calculated dipolar valence-to-core spectrum.
The most intense feature at 13469 eV arise from a bonding
MO denoted as B, which are made up by the combination of
Br(p) and O(p) atomic orbitals; another Br(p)-O(p) combina-
tion (A) appears as a high energy shoulder to the main peak at
13474.7 eV. The second most intense line at 13457 eV arise
from MO D, a bonding combination of Br(p) and O(s). The
two weak features at 13452 eV and 13461 eV, visible in the
calculations but too small to be observed in the experimental
spectrum, arise from MOs C and E, which both result from
the combinations of O(s) and Br(s) atomic orbitals. Finally, F
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Fig. 8 Calculated valence-to-core emission spectra (panel a) and
corresponding transitions (panel b) of Br~, C;HyBr,, and BrO; .
The fitted line positions and intensities of the corresponding
experimental spectra are represented as sticks in panel c.
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Fig. 9 Complete MO diagram of BrOj for the highest occupied
orbitals, extracted from DFT calculations.

represents the non-bonding d orbitals of Br, which give rise to
the weak quadrupole transitions at 13404 eV.

We have mentioned above that the final states in the
valence-to-core XES and PES are identical, and therefore
these techniques probe the same chemistry and physics, only
the line shapes (intensities and broadenings) should differ, and
for the XES the dipole selection rules apply. We compare the
PES spectrum of Br; to the calculated valence-to-core XES,
to illustrate this point. The spectra, displayed in figure 11,
are in excellent agreement with each other, justifying the very
good correspondence between the two techniques. However,
despite the experimental advantages of working with a hard
X-ray photon-in/photon-out spectroscopy technique, the core-
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Fig. 11 Calculated valence-to-core spectrum of Br (dashed line)
with the position of the corresponding transitions (sticks) and the
photoemission spectrum (continuous line), adapted from Cornford
and co-workers 3.

hole lifetime broadenings are rather large for the Br 1s XES,
which makes resolving the individual features difficult. The
spectrum in the figure was created using a Lorentzian broad-
ening of 2.5 eV (for the 1s core-hole lifetime), and a Gaus-
sian with a FWHM of 0.5 eV (for instrumental broadening).
Therefore, it reflects a spectra that is close to the best resolved
in a real experiment. Nevertheless, despite the broad lines,
in many investigations this technique can be used advanta-
geously to get chemically relevant information, which we fur-
ther explore in what follows.




The valence-to-core XES for the extended series of Br-
bearing compounds is presented in figure 12. The first
group comprises organic covalent compounds of Br, including
aliphatic and aromatic bromides. Despite the clear differences
in the calculated spectra (Fig. 12a), it might not be straight-
forward to experimentally distinguish the relatively low vari-
ations in energy and intensity of the spectral features. The
overall shape of the spectra is indeed very broad for the differ-
ent compounds, and, except for EtMgBr, the energy position
of the most intense peak are rather close. The second group
includes inorganic compounds with various oxidation states of
Br. In the case of Br™ ion (oxidation state —1), the spectrum is
characterized by a single peak. HBr displays a feature similar
to the peak of Br™ in intensity, but it is shifted in energy, and
a second peak at lower energy can also be seen, due to effects
of the bonding to the hydrogen. If in the diatomic molecule
we replace H with F, which has much higher electronegativity,
the spectral shape remains very similar, but it is shifted reflect-
ing the decreased electron density on the Br. For the rest, we
observe that the shifts or splittings increase with the oxidation
state of Br: a splitting is barely visible for the Br atom (oxida-
tion state 0), one broad feature characterized by two separated
humps is found for BrO (oxidation state +2), two features split
by 7 eV is seen for BrF3 (oxidation state +3) and two features
split by more than 10 eV for BrO, (oxidation state +7) (Fig.
12b). It would of course be easy to plot the MO diagram for
each of these compounds, and relate all spectral features to
the MOs, similar to the case of the BrO;'; however, to dis-
cuss the applicability of the technique the phenomenological
description of the variations of the spectral shapes should suf-
fice. Such variations suggest that these features will be easily
resolved during experiments, and that they will enable a direct
analysis of the chemical state of inorganic Br compounds.

Due to the recent developments of highly efficient crystal
spectrometers 297103 these low-fluorescence-yield features
can be collected with acceptable count rates. With the combi-
nation of experiment and theory, the valence-to-core emission
spectroscopy thus appears as a powerful X-ray technique to
probe the chemical state of an element. It is used more and
more often to investigate transition metals and their ligands in
molecular complexes 7329092 with the help of theoretical
calculations that enable us to extract the MO diagram, and thus
the experimental features can be interpreted in terms of chem-
ical bonding. The advantages of using hard X-rays will allow
us to use this technique to study materials in situ under ex-
treme conditions, or during chemical transformations, even on
the ultrafast time scale (fs or ps). The application of (core-to-
core) XES as a probe in ultrafast pump-and-probe experiments
has commenced %7273, however, the chemical sensitivity of
valence-to-core emission spectroscopy is expected to lead to
milestones in the deeper understanding of the elementary steps
of ultrafast processes. This includes photochemical transitions
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Fig. 12 Calculated valence-to-core spectra of the extended series of
organic (a) and inorganic (b) Br-compounds. The spectrum of Br™
is shown on both figures as a reference.

of Br-bearing compounds, for which time-resolved XAS and
X-ray scattering investigations have already started ®7-68.

4 Conclusions

A combined experimental and theoretical study was per-
formed to evaluate the sensitivity of hard X-ray spectroscopies
at the K edge, HERFD-XAS and XES, to the chemical state
of Br. Concerning XAS, we demonstrated that the use of
a high-resolution crystal spectrometer allows us to obtain
significantly better resolved Br K-edge spectra by recording
HERFD-XAS scans. For the case of Br, the Ko- and Kf3-
HERFD spectra are fairly similar, and thus using any of these
detection channels can be equally advantageous. With XES,
the experimental data, and the DFT calculations both show
that the Ko and KB 3 emission lines present little varia-
tions for the different chemical states of Br. In contrast, the
valence-to-core spectra display significant variations in the
number of observed features, energy positions and intensities,
as expected from a technique that gives access to the occupied
molecular orbitals similar to photoemission spectroscopy. Al-
though the large lifetime broadening smears some of the de-
tails, this part of the spectrum offers the means to characterize




the electronic structure of Br with hard X-rays, similarly to
recent examples on transition metal compounds.

With the combination of experiment and DFT calcula-
tions, the valence-to-core emission spectroscopy appears very
promising for chemical analysis at modern synchrotron radi-
ation and X-ray free electron laser facilities. The advantages
of using hard X-rays will allow the in situ study of materials
under extreme conditions or during chemical transformations,
even on the ultrafast time scales.
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