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Measurement of x-ray multielectron photoexcitations at the I” K edge
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We report the direct measurement by x-ray-absorption spectroscopy of the complete spectrum of multielec-
tron excitations at the I” K edge. The photoabsorption cross section of crystalline tetramethylammonium iodide
was measured at 28, 50, and 150 K, and room temperature. The latter spectrum has been found to be largely
dominated by the opening of multielectron excitation channels, thus providing a very good model of the I~
atomic background which can be used in the analysis of ionic iodine compounds. Features due to the simul-
taneous excitations 1s5p, 1s5s, 1s4d, 1s4p, 1s4s, 1s3d, and 1s3p have been recognized, and their identification
is supported by previous experimental and theoretical determinations on Xe and HI.
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I. INTRODUCTION

X-ray photoabsorption spectra have generally been inter-
preted in the framework of the one-electron approximation.
However, the existence of the multielectron excitation pro-
cess, where the removal of a core electron by photoabsorp-
tion causes excitation or ionization of additional electrons
from shallower orbitals of the same atom, has been known in
x-ray-absorption spectroscopy (XAS) for a long time.! The
experimental determination of the complete spectrum of
multielectron photoexcitations can be performed only for
monoatomic gases> 4 and vapors of metals.!>!¢ In solid, lig-
uids, and even molecular gases, the weak multielectron fea-
tures are usually masked by the much larger x-ray-absorption
near-edge structure (XANES) and extended x-ray-absorption
fine structure (EXAFS) dominating the spectrum in this en-
ergy range.'”?° While the structural contribution to the ab-
sorption cross section can be properly calculated for a known
arrangement of atoms, the multielectron excitation signal is
not predictable with comparable precision. Therefore, the
presence of double-electron excitations can hamper a proper
extraction of the structural parameters from the XAS spectra
even if their intensity is usually only a few percent of the
single-electron transition. This is especially true for disor-
dered systems, such as solutions, were the structural oscilla-
tions are usually weak.?%?! There is a high interest in the
study of solvated atomic ions as a means of understanding
the details of solvation dynamics and hydration
processes,”?2* and it is important, for this purpose, to disen-
tangle the multielectronic contributions from the structural
ones.

While detailed investigations on the multielectronic exci-
tations at the K shell of the bromide ion have been carried
out,'82326 there exists to our knowledge no such study on the
iodide ion. On the other hand, several investigations have
been devoted to the study of multielectron transition pro-
cesses in the x-ray-absorption spectra of the Xe atom (which
is isoelectronic with I7) both at the K and L edges.”*1>"14
Also, Buontempo et al.?’ carried out the analysis of the
double-electron excitation channels above the I K edge using
the absorption spectrum of the HI and I, molecules in the gas
phase. Several anomalies were identified and assigned to the
additional excitations of fourth shell electrons, in particular
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4d, 4ps., and 4p;,. In addition, clear slope changes were
detected in the EXAFS region around 640 and 960 eV asso-
ciated with additional excitations of 3d and 3p electrons,
respectively. A model accounting for this complex back-
ground was developed for HI and was transferred to the ab-
sorption spectra of I, molecules either isolated or embedded
in a condensed medium.?” The correctness of this procedure
was investigated in a study on bromine®® in which it was
shown that the transferability of the atomic background of an
element is limited to a very narrow class of compounds,
where the photoabsorber atom has the same oxidation state
and a similar chemical environment. This applies especially
for the valence excitations occurring in the XANES region
that are strongly affected by the bonding of the element to its
neighbors and its oxidation state. Conversely, for deep
double-electron excitations which do not change appreciably
with the environment, it is possible to define a transferable
atomic background that can be used to extract, with im-
proved accuracy, the EXAFS signal of systems containing a
given photoabsorber.

A model atomic background for iodine was also deter-
mined by Gomil3ek et al.?® using silica-based nanocomposite
redox I7/13~ electrolytes, and the 1s4d, 1s4p, and 1s3d mul-
tielectron photoexcitations were extracted from the raw data
by subtracting the EXAFS structural oscillation.

In the present paper we report the direct measurement of
the complete spectrum of multielectron excitations at the
I” K edge. In order to obtain the pure atomic spectrum, we
have selected a compound, crystalline tetramethylammonium
iodide (TMAI), where the I~ ions are only weakly bound to
the surrounding species. Indeed, in this compound the I~ ions
are surrounded only by hydrogen atoms in the first coordina-
tion shell, presenting an almost negligible structural contri-
bution at room temperature. With this study we intend to
perform a direct experimental determination of the atomic
background of 17, which can be used in the analysis of its
XANES and EXAFS spectra in water or organic solvents.

II. EXPERIMENTAL SECTION

The experiment has been performed at the BM29
beamline at the European Synchrotron Radiation Facility
(ESRF).3° The monochromator was equipped with two flat
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FIG. 1. (Color online) Perspective view of the TMALI crystalline
structure.

Si(511) crystals for high-energy operation with an energy
resolution of about 2 eV at 33.0 keV. In order to reduce
harmonic contamination, which is weak in any case at the
I K edge, the crystals were kept slightly detuned with a feed-
back system. The incident and transmitted fluxes were moni-
tored by ionization chambers filled with Kr gas. The storage
ring was operating in 2/3 fill mode with a typical current of
200 mA after refill. Measurements of crystalline TMAI were
carried out at 28, 50, and 150 K, and room temperature;
TMAI was milled and desiccated, and a pellet of 13 mm in
diameter and 1 mm in thickness containing about 50 mg of
TMALI and 200 mg of boron nitride was used to collect the
x-ray-absorption spectra. Three spectra were recorded and
averaged for each temperature. A 0.1 M I” aqueous solution
was prepared by dissolving the appropriate amount of TMAI
in deionized water. The solution was kept in a cell with Kap-
ton windows and a 1.5 cm Teflon spacer. Also in this case
three spectra were recorded and averaged.

III. RESULTS AND DISCUSSION

In order to understand the effect of double-electron exci-
tations on the I” K edge, we have collected the XAS spec-
trum of crystalline TMAI at different temperatures. TMAI
has been chosen since the first coordination shells around the
iodine ion, up to about 3.82 A, consist only of hydrogen
atoms of the methyl groups.>' In particular, the I~ ion has
close contact with four H atoms at 3.21 A while the next
coordination shells are composed of eight H atoms at
3.43 A, eight H atoms at 3.59 10\, and four H atoms at
3.79 A. The first C atoms of the methyl groups lie at a
distance of 3.82 A from the I” ion while six I-I contacts are
present at 5.74 A. The crystallographic structure of the
TMAI compound is shown in Fig. 1.3!

Crystals of highly symmetrical molecules often undergo
solid-solid phase transitions, which are associated with
changes in molecular rotational freedom. Using nuclear mag-
netic resonance (NMR) it was observed that rotation of me-
thyl groups about their C; axes, a more complex internal
motion, isotropic rotation of the whole tetramethylammo-
nium ion, and finally lattice diffusion could occur with in-
creasing temperature.’?> For TMAI, ’H NMR experiments
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FIG. 2. (Color online) Upper panel: EXAFS signals of TMAI at
28, 50, and 150 K, and room temperature. Lower panel: Non-phase-
shift corrected FTs of the 28, 50, and 150 K, and room temperature.
TMAI EXAFS spectra extracted with a three-segmented cubic
spline.

have shown the presence of a rigid lattice up to 150 K; after
this temperature a pseudoisotropic line shape begins to ap-
pear and finally becomes the only line shape at 220 K, thus
indicating the onset of a n-body rotation motion.*?

The K-edge EXAFS spectra of TMAI at 28, 50, and 150
K, and room temperature are compared in the upper panel of
Fig. 2. At 28 K the EXAFS signal is dominated by the
single- and multiple-scattering structural contributions asso-
ciated with the methyl groups in the first shells and with the
iodine atoms at 5.74 A. When the temperature is raised at 50
K, a clear thermal effect is visible as the frequency of the
EXAFS oscillation is identical to that of the 28 K spectrum
while the amplitude is slightly smaller. At 150 K, due to the
onset of the rotational motions, the structural contribution
becomes much smaller and the high-frequency components
are washed out from the spectrum. This is quite evident for &
values higher than 8 A~! where the frequency of the 28 and
150 K spectra are quite different. At RT, due to the increased
molecular rotational freedom, the structural contribution to
the EXAFS becomes negligible and the spectrum is largely
dominated by the opening of double-electron excitation
channels. Note that the structural oscillations of the 28 K
spectrum are quite different from the features of the room-
temperature data and the diversity of the two spectra is not a
pure thermal damping effect. In particular, the two spectra
show the presence of features which vary both in intensity
and frequency in the energy region below 8 A~!. To be sure
that the hydrogen atoms provide a negligible structural con-
tribution to the low-energy region of the room-temperature
TMALI spectrum, it is useful to compare the Fourier trans-
form (FT) moduli of the 28, 50, and 150 K, and room-
temperature TMAI EXAFS spectra extracted with a conven-
tional three-segmented cubic spline. The FTs have been
calculated with a k> weight in the interval k=2.3-13.5 A~
with no phase-shift correction applied. The results are shown
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FIG. 3. Raw I” K-edge x-ray-absorption spectrum of TMAI at
room temperature. The onsets of several double-electron excitation
channels are indicated by the vertical arrows.

in the lower panel of Fig. 2. In the 28 K FT spectrum there
are several peaks in the region between 3.3 and 8.0 A which
are associated with the different coordination shells around
the I” ion. In addition, a prominent peak is visible around
1 A which cannot be assigned to any structural origin. When
the temperature is increased, all of the structural peaks be-
come less intense due to the thermal effect while the ampli-
tude of the peak at 1 A remains equal, thus demonstrating
that this low-frequency peak is due to the existence of mul-
tielectron excitation channels and therefore it is not influ-
enced by the temperature. Note that the low-distance peak is
by far the most intense in the room-temperature FT while all
of the other peaks in the distance range of possible structural
contributions are below the experimental noise. This is a
strong indication that at room temperature the structural con-
tribution is almost negligible and the x-ray-absorption spec-
trum of TMAI could provide a direct experimental determi-
nation of the I~ atomic background.

The raw K-edge x-ray-absorption data of TMAI at room
temperature are shown in Fig. 3. Background anomalies are
quite evident in the magnified spectrum that reports the ab-
sorption excess calculated by subtracting, from the absorp-
tion spectrum, an average decay fitted in the EXAFS region.
As already observed in the XAS spectrum of gaseous HI,”’
the increase in the absorption coefficient in the region from
50 to 250 eV above the edge is associated with the openings
of additional excitations of 4d and 4p electrons. Moreover,
clear slope changes are visible in the EXAFS region around
33 800 and 34 000 eV which are associated with the open-
ing of the 1s3d and 1s3p double-electron excitations. This
spectrum can be compared with the x-ray-absorption cross
section of the HI gas, shown in Fig. 1 of Ref. 27. The feature
at about 33 230 eV, which is associated with the opening of
the 1s4d channel, is present in both spectra and shows a
similar trend, apart from details of multiplet structures.
Moreover, the energy position and the intensity of the fea-
tures associated with the double-electron excitations (1s3d
and 1s3p) are almost identical in the TMAI and HI spectra
because they involve deep core orbitals that are little affected
by chemical bonding. Conversely, the low-energy region of
the room-temperature TMAI spectrum (from the edge up to
about 50 eV, see upper panel of Fig. 4) reveals the presence
of structured features which are not present in the HI absorp-
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FIG. 4. (Color online) Upper panel: Normalized K-edge absorp-
tion spectra of crystalline TMAI at 28 K [red line (dark gray)] and
at room temperature (blue dotted line). Arrows refer to the energy
position of multielectron excitations. The last curve [green line
(light gray)] is the 28 K TMAI EXAFS spectrum obtained using the
room-temperature spectrum as atomic background. Lower panel:
Non-phase-shift corrected FTs of the room temperature (blue dotted
line) and 28 K [red line (dark gray)] TMAI EXAFS spectra ex-
tracted with a three-segmented cubic spline. The green (light gray)
line is the FT of the 28 K TMAI EXAFS spectrum obtained using
the room-temperature data as atomic background.

tion cross section. These additional structures are due to the
onset of the 1s5p and 1s5s double-electron channels, and a
more precise assignment of these excitations will be given
below. These findings demonstrate that the shape and the
onset of the valence multielectron excitations which occur in
the low-energy region strongly depend on the oxidation state
and the atomic bond of the photoabsorber atom. As a conse-
quence the HI spectrum, in which the iodine atom forms a
covalent bond with the hydrogen atom, does not provide a
reliable description of the atomic background of the I” ion in
the XANES region. On the other hand, due to their similarity
in the high-energy region (above 50 eV from the edge) either
the HI or the TMAI spectrum can be used as an indicative
background model to extract the EXAFS spectra of iodine
compounds.

The upper panel of Fig. 4 shows the comparison between
the x-ray-absorption spectra of TMAI at room temperature
and 28 K. As previously observed, the former spectrum is
largely dominated by the opening of double-electron excita-
tion channels while in the latter case, due to the low thermal
disorder, the structural contributions show up and are over-
imposed on the atomic background. A very clear picture
emerges when the room-temperature spectrum is used as
atomic background in the extraction of the EXAFS from the
28 K data. The resulting EXAFS spectrum is the last curve of
the upper panel of Fig. 4. Note that the low-frequency con-
tribution is completely eliminated and a well defined oscilla-
tion can be detected both in the low- and high-energy re-
gions. The lower panel of Fig. 4 shows the comparison of the
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TABLE I. Energy levels obtained from HF calculations and determined from the experimental K-edge
absorption spectra of Xe, gaseous HI, and TMAI at RT. The experimental energy onsets of TMAI are
measured from the K-edge energy defined as the first inflection point of the spectrum (33 158 eV). Hole
states are enclosed in square brackets. All energies are in electron volts.

Config. Xe HF?* Xe HF" Xe exp?® HI exp® I exp! TMAI®
[1s5p] 10.0 12
[1s5s] 25.4 28
[1s4d] 80.6-82.3 80.4 77.6 ~60 ~58 60
[1s4p] 180.1 170.4 159.6 130-160 100-160
[1s4s] 238.9-241.1 221.6 226.6 160

[1s3d] 725.5 748.1 729.6 640 ~670 652
[1s3p] 996.9 960 930
“From Ref. 13.

"From Ref. 9.

‘From Ref. 27.
dFrom Ref. 29.
“This work.

FT spectrum of the 28 K EXAFS signal extracted either with
a conventional spline or using the room-temperature cross
section as an effective atomic background. While the low-
distance peak is present in the FT of the 28 K spectrum when
a conventional spline function is used to extract the EXAFS,
it completely disappears when the room-temperature spec-
trum is used as atomic background. On the other hand the
structural peaks above 3 A in the FT of the 28 K EXAFS
extracted either with a polynomial spline or using the room-
temperature spectrum as atomic background are identical.
This definitely demonstrates that at room temperature the
structural contribution vanishes completely and the TMAI
absorption cross section provides a reliable description of the
I” atomic background.

In order to make a precise assignment of the multielec-
tronic excitations at the I™ K edge, it is useful to make a
comparison between the experimental energy onsets esti-
mated from the room-temperature TMAI spectrum with ex-
citation energies of the isoelectronic Xe atom and with the
HI molecule. The experimental energy distance between the
K edge and the double-electron channel edge is the addi-
tional energy needed to perform the shake up of a shallow
core electron. These values have been calculated from the
difference between the onsets of the double-electron channel,
defined as the zero values of the cross-section second deriva-
tive, and the K-edge threshold defined as the first inflexion
point of the spectrum (at 33 158 eV). Table I compares the
experimental and calculated [obtained from SCF calcula-
tions, i.e., nonrelativistic Hartree-Fock (HF)_methods®'3]
energies of the double-electron excitations in Xe and those
experimentally observed in HI with our results for the K
edge. The 1s5p and 1s5s edges are located in a very incon-
venient region of the K-edge spectrum. Indeed, the fast in-
creasing slope at the position of these excitations makes their
precise identification quite difficult. However, the energies of
these channels can be determined from the experimental data
with an accuracy of ~3 eV. It is worth noting that in this
case the onset of these excitation channels is clearly visible
in the experimental data, at variance with the Xe data.'* As

already observed by GomilSek et al.'* the theoretical deter-
mination of the amplitude of the 5p and 5s shake of 12% and
1.7%, respectively, is fully compatible with our experimental
data. The 1s4d excitation channel is clearly visible in the raw
K-edge data (see Figs. 3 and 4) and its position is in good
agreement with previous determinations (see Table I). The
onset of the 1s4p excitations is much less visible than the
1s4d one, and due to configuration-interaction phenomena,
the spectral features must be interpreted as a superposition of
a number of individual absorption edges. Therefore, even if
it is difficult to make a precise assignment of this double-
electron channel, the group of 4p excitations is found in the
range of 100-160 eV from the main threshold. The contribu-
tion from the 1s4s double-electron excitation is expected to
be negligible on the ground of comparison with Xe and Cs.'*
Finally, at about 652 and 930 eV, the opening of the 1s3d
and 1s3p excitation channels, respectively, is clear (see Fig.
3). The agreement between the calculated and experimental
values is reasonable, and it allows an unambiguous identifi-
cation of the observed structures, as reported in Figs. 3 and
4.

In the last step of this investigation we checked the trans-
ferability of the I” atomic background obtained from the
room-temperature TMAI absorption cross section using this
spectrum as atomic background in the extraction of the EX-
AFS signal of I” in aqueous solution. Figure 5 shows the
K-edge data of TMAI at room temperature and I” in aqueous
solution. As evident from the inset, the XAS spectrum of
aqueous iodide solution is dominated by the structural modu-
lations due to the solvent cage, and the multielectron excita-
tion channels are masked. We considered two different EX-
AFS signals for aqueous iodide: the former using a
conventional smooth polynomial spline and the latter using
the room-temperature TMAI data as atomic background. Fig-
ure 6 shows the FT moduli of the aqueous iodide EXAFS
spectra extracted with a conventional smooth atomic back-
ground calculated in the k range 2—-9.3 A~!. Also in this
case, when a smooth polynomial spline is used as atomic
background, a prominent peak appears at about 0.8 A,
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FIG. 5. (Color online) Normalized I~ K-edge x-ray-absorption
spectrum of TMALI at room-temperature [blue line (dark gray)] and
I” in aqueous solution [green line (light gray)]. A magnified region
of the spectra is shown in the inset.

which evidently has no structural origin. On the other hand,
the FT moduli of aqueous iodide show an additional peak at
about 2.7 A, which corresponds to the average distance of
the first hydration shell. Figure 6 also shows the FT of aque-
ous iodide after subtracting the TMAI spectrum as atomic
background. It can be seen that the only dominant contribu-
tion remaining after subtraction is the structural one, thus
demonstrating that the nonstructural contribution has been
properly removed from the spectrum.

A last remark we would like to make concerns the use of
XANES spectra in the structural investigation of disordered
systems. Recently, it has been shown that the quantitative
analysis of XANES can provide unique information on the
structural and dynamical properties of ionic solutions.33-3¢
However, all of the available computational codes have been
developed in the framework of the one-electron approxima-
tion and multielectron excitation effects are not accounted
for in the theoretical calculations. In this contest a careful
evaluation of the atomic background is an essential step to
isolate correctly the structural signal component and to per-
form a reliable quantitative analysis of the XANES region. A
successful attempt to use the TMAI XAS spectrum as atomic
background for the XANES analysis of I” in aqueous solu-
tion has been carried out and the results will be presented in
a forthcoming paper.
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FIG. 6. (Color online) Non-phase-shift corrected FTs of I~ aque-
ous solution EXAFS spectra at the K edge extracted with a conven-
tional smooth spline [blue line (dark gray)] and using the room-
temperature TMAI spectrum as atomic background [green line

(light gray)].
IV. CONCLUSIONS

In conclusion a system has been singled out which pro-
vides direct measurements of the I~ atomic background, and
can be used as a reliable model in the XANES and EXAFS
analysis of ionic iodide compounds. The complete sequence
of multielectron excitations has been identified and the ex-
perimental energy onsets have been found to be in agreement
with multielectron transitions detected at the Xe and HI K
edge. It has been shown that the oxidation state and the
chemical environment affect the shape of valence double-
electron excitations, and the background transferability is a
valid approximation only in the high-energy region of XAS
spectra.
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