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An investigation of solutions by high-resolution x-ray fluorescence spectroscopy has been performed on
chloride and sulfide solutions. In this study, dramatic Cl KB and Ka spectral changes are observed when
NaCl(s) is dissolved in water. These spectral changes are interpreted on the basis of chemically depen-
dent x-ray shakeoff satellites. Aqueous sulfide measurements were also performed indicating that, in
contrast to Cl, a S-H o bond was observed about 3.5 eV below the S lone pair peak.

PACS numbers: 82.80.Ej, 78.70.En

While there have been numerous high-resolution x-ray
fluorescence spectroscopy (HRXRFS) studies on both
solids and gases [1], there have been only a few studies on
liquids. These studies have focused primarily on liquid
metals [2-4] and liquid Si at elevated temperatures [5].
There has been, up to now, only one HRXRFS study of a
solid dissolved in solution [6]. Unfortunately, no solu-
tion-chemical-bonding-related spectral changes were re-
ported in that study.

In this Letter, we report significant spectral changes as
NaCl(s) and Na,S are dissolved in water. This is the
first time high-resolution x-ray fluorescence spectral
differences have been reported, to the best of our
knowledge, for a solid as it exists in the solid state and as
it exists dissolved in solution. Distinct chemical-bonding
differences have also been observed between the Cl ~ and
S2~ anions and attributed to differences in the anion-to-
hydrogen chemical-bond strength.

Several unique attributes make HRXRFS particularly
suited as a solution-chemical-bonding tool. The first con-
cerns the atomlike character of the core state. This quali-
ty eliminates initial-final-state effects since the core state
is insensitive to valence chemical-bonding effects [7].
Furthermore, x-ray fluorescence spectra provide a mea-
sure of the angular-momentum-selected partial density
of states localized around the core hole. This is of impor-
tance since the atom of interest is most likely a minority
species in solution. Furthermore, since XRF is a bulk
probe, surface contamination effects play a very minor
role, provided the measurement is made at a normal
geometry. Finally, since x-ray fluorescence is a “‘photon
in-photon out” technique, measurement of liquids can be
performed in either He or air (provided the photon ener-
gy is greater than = 600 eV).

In addition to providing a picture of the intrinsic par-
tial density of states, multiple-ionization satellites are also
observed when the incident radiation energy sufficiently
exceeds the core hole binding energy [8-10]. While these
multiple-ionization satellites can complicate spectral in-
terpretation, they provide chemical-bonding information
as well [11].

Liquids and solutions have been investigated at the
molecular level by both structural and chemical-bonding
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probes. Commonly used structural tools include x-ray
and neutron diffraction (XRD, ND) [12] as well as more
localized structural probes such as extended x-ray-
absorption fine-structure spectroscopy (EXAFS) [13] and
anomalous dispersion x-ray diffraction (ADXRD) [14].
While these structural tools have been used with a great
deal of success in studying liquids and solutions, valence
electron chemical-bonding tools have been used far less
frequently and with not as much success. Photoelectron
spectroscopy has been used with great ingenuity to pro-
vide a variety of information on solutions [15]. Yet, this
technique poses rather strict differential pumping require-
ments. Furthermore, information is rather surface sensi-
tive and in the case of valence band spectroscopy, not
very selective. X-ray-absorption near-edge fine structure
(XANES) has the limitation that only the unoccupied
states are probed. Interpretation of bonding changes in
the occupied valence band of UV-visible spectra can be
complicated due to the “initial-final-state” problem.
Thus the motivation of this work is to show that
HRXRFS can be used to provide information on the
valence band partial density of states of a minority
species selectively in an aqueous solution.

The HRXRFS measurements were performed on a
Rigaku double crystal instrument that has been described
elsewhere [16]. A Sc x-ray tube (50 kV, 50 mA) was
used as the excitation source with two Ge(111) crystals in
the +,+ arrangement to disperse the fluorescence radia-
tion. All measurements presented here were made in He
at atmospheric pressure. The spectra presented here are
the result of added individual spectrum to improve the
signal-to-noise ratio and finally numerically smoothed
[17].

In Fig. 1, the Cl KB (Cl 1s ~'-3p ') spectra are plot-
ted for NaCl(s), Cl ~(aq), ClO4~(aq), and NH4CI(s).
The first point to be made is the large spectral differences
between NaCl(s) and C1 ™ (aq). This is, to our belief, the
first time solid-solution HRXRFS spectral changes have
been observed. In particular, large differences are ob-
served on the high-energy side of the main Cl KB, peak.

To understand these spectral differences, it is impor-
tant to note that the high-energy region in the Cl K
spectra has been ascribed to multiple-ionization transi-
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FIG. 1. The CL KB spectra are plotted for NaCl(s),
Cl~(aq), ClO4~(aq), and NH4CI(s), where the relatively nar-
row spectra corresponds to Cl ~(aq). The main peak (Cl KB;)
is assigned to a 1s ~'-(lone pair) ~' one-electron transition. The
two high-energy peaks Cl KB. and Cl KBs are attributed to
multiple-ionization satellites, as discussed in the text. The
Cl04 ~ (aq) Cl KB spectra were shifted by approximately 3.6 eV
to put the spectra in line with the Cl~ spectra.

tions [12,18,19]. In particular, while the Cl KB peak is
assigned to a Cl 1s ~'-(lone pair) ~' one-electron transi-
tion, KB, has been assigned to a Cl 1s ~'3s ~'-35 7 '3p ™!
electron transition and the KBs peak to a Cl 1s ~'3p ~2-
3p ~3 multiply excited electron transition [13,20]. What
is of interest here is not the detailed nature of these x-ray
satellites so much as an understanding behind the x-ray
satellite intensity differences among NaCl(s), Cl ~(aq),
and ClO4 ~(aq) [21). To this end, first consider that the
Cl nearest-neighbor changes from Na* to H as NaCl(s)
is dissolved in water, and that the nature of the Cl
nearest-neighbor bond changes from being very ionic to
one that is somewhat covalent. The multiple-ionization
(shakeofT) probability has been worked out by Aberg [22]
in the sudden approximation and is given by

P=6(1 —yly*)) yly*)?, a)

where y* and y are the relaxed and unrelaxed wave
functions associated with shakeoff, respectively. One
would expect a larger relaxation for an ionic species since
the valence electrons are more localized around the gen-
erated core hole. Thus, for an ionic species, the orbital
overlap term is small and P, the shakeoff probability is
large. This is confirmed by the high intensity in the
high-energy region for the NaCl Cl K spectra and the
low intensity in the high-energy region for the very co-
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valent ClO4 ™ anion. The high-energy satellite intensity
for Cl~(aq) lies somewhere between NaCl(s) and
ClO4 " (aq). Therefore, we interpret the spectral dif-
ferences between NaCl(s) and Cl~(aq) on the high-
energy side of the Cl KB, peak as being due to chemical-
bonding-dependent multiple-ionization satellites.

This interpretation is also confirmed by the electroneg-
ativity differences between Cl and its nearest neighbor as
shown in Table I [23]. Further, increases in the ionicity
of the CI nearest-neighbor bond correlate well with the
high-energy satellite intensity. Discrete-variational (DV)
Xa cluster calculations [24] were also performed in order
to calculate the relative relaxation energies of the valence
lone pair orbital in response to the generation of the Cl s
core hole. This relaxation energy should be related to the
overlap between the relaxed and unrelaxed orbital in-
volved in the shakeoff process and provide an indication
of the shakeoff probability [25-27]. The DV-Xa relaxa-
tion energy calculation results are also shown in Table I.
It is evident in this table that the absolute relaxation en-
ergy is not satisfactory inasmuch as the ClO4 ™ relaxation
energy exceeds the relaxation energy of Cl~(aq). The
high-energy relaxation is in contrast to the small satellite
intensity on the high-energy side of the ClO,~ Cl Kp
main peak relative to Cl ™ (aq). However, if the CI
valence molecular orbital involved in the multiple elec-
tron transition is corrected by subtracting the Cl relaxa-
tion energy of the nearest-neighbor relaxation energy
(nearest-neighbor valence molecular orbital), one ob-
serves a much more physically reasonable correlation in
that the relative Cl ls core-hole-induced relaxation is
greatest for the Cl-Na ionic bond and smallest for the
very covalent CI-O bond.

Finally, a measurement was performed on NH4Ci(s)
since the Cl nearest neighbor for NH4Cl(s) is H, just as
it is for Cl ~(aq). Although solid-state broadening is es-
timated at 1.2 eV, the intensity on the high-energy side of
the Cl KB main peak for NH4CI(s) is quite similar to
Cl ™ (aq) indicating that Cl nearest-neighbor localization
determines to a large degree the shakeoff probability and
hence the high-energy satellite intensity in the Cl Kp
spectra.

TABLE I. A number of useful parameters are listed for the
three Cl nearest-neighbor bonds. Pauling electronegativity
differences (Cl nearest neighbor) are listed in the first column
while the remaining columns concern theoretical relaxation en-
ergies (DV-Xa) following the creation of a Cl 1s core hole.

Relaxation energy (eV)

Cluster Ayt Cl nn Cl—nn (AER)
CINag** 2.23 11.73 5.81 5.92
CI(H20)6 ~ 0.96 7.25 4.67 2.58
ClO4~ 0.28 8.67 8.56 0.11

“Electronegativity values, see Ref. [23].
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Another noteworthy aspect of the Cl~ (aq) spectra is
the absence of any strong CI-H bonding. Gilberg has
measured the Cl KB spectra of HCI [28] and a CI-H ¢
bond orbital was observed at about 4 eV below the main
Cl KB, lone pair peak. However, since HCI is a strong
acid, one would not expect strong CI-H bonding at the
pH range (4-10) in which the Cl ™ (aq) spectrum was
measured. Thus one would not expect to observe a peak
associated with a H-Cl o bond unless measurements were
made on very acidic solutions. The CI-H aqueous bond is
thus very weak with very little CI-H o bonding. This re-
sult is consistent with the relatively large CI-H bond dis-
tance obtained by Narten, Vaslow, and Levy [12]. Nev-
ertheless, the Cl Ka peak asymmetry and DV-Xa calcula-
tions suggest localization of the Cl anion is intermediate,
lying between the ionic NaCl(s) C1~ anion and the co-
valent ClO4 ™ anion. If the Cl1~ anion were free in the
sense that there were no interaction between the anion
and the solvent molecules, one would expect a localization
similar to NaCl(s). The absence of a Cl-H & bond sug-
gests localization changes in solution can take place with
very little covalent bond overlap. Clearly more theoreti-
cal work needs to be done to clarify the detailed nature of
solute-solvent chemical interactions in aqueous solution.
Finally, no significant CI-O bonding through the H atom
was observed. If such bonding were to take place, a peak
at approximately 14 eV below the main Cl KB peak
would be observed [see the Cl04 ~ (aq) Cl KB spectral.

The Cl Ka and B aqueous spectra were obtained under
a range of concentrations [(0.25-0.75) X,, where X; is the
solute saturation concentration in water] and pH values
(4-10) and were obtained by dissolving a number of
different solid containing chlorides (e.g., NaCl, LiCl,
AICls, KClI, etc.) in water. In all cases, with the excep-
tion of ZnCl; and FeCls, systems which are known to ex-
hibit long-range order in solution [9,29], the aqueous Cl
Kp spectra were identical, indicating that Cl ~ (aq) can be
considered “free” in the sense that there is no inter-
mediate- or long-range ordering around the Cl ™ anion in
solution.

The Cl Ka (Cl 1s 7 '-2p~") spectra for NaCl(s),
Cl~ (aq), and ClO4 ~ (aq) are shown in Fig. 2 with the Cl
Ka peak asymmetry increasing as one moves from
ClO, " (aq) to NaCl(s). Again, one can see that the in-
tensity in the high-energy region of the main peak in-
creases with ionicity. Since Cl Ka is an inner core transi-
tion, spectral changes can be attributed to multiple ion-
ization or secondary effects and cannot be directly attrib-
uted to changes in the valence electron structure [15].
This greatly simplifies the spectral interpretation and
confirms the Cl KB spectral observations. Kawaii and
co-workers have studied the Cl Ka high-energy asym-
metry as a function of ionicity [15,25-27]. Their results
are consistent with our results. Furthermore, based on
theoretical DV-Xa calculations, the unresolved Cl Ka"
(“parasitic” satellite) peak was assigned to multiple-
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FIG. 2. The Cl Ka spectra are plotted for NaCl(s), Cl ~(aq),
and ClO4 ™ (aq), where the relatively narrow spectra corre-
sponds to Cl ~(aq). The Cl Ka" region is expanded and plotted
in the upper left of the figure as an aid in visualizing the spec-
tral asymmetry differences between the three Cl species. Cl
Ka) and Ka; are assigned to Cl Is ~'-2p37 and Cl 1s ~'-2p 7
spin-orbit~split transitions, respectively.

ionization transitions similar to those observed for the Cl
KB peak [15]. Thus we can say that the changes in the
Cl Kp spectra are primarily not intrinsic changes in the
valence band, but involve changes in the localization or
ionicity of the Cl ~ nearest-neighbor bond that affects the
Cl1™ valence electron shakeoff probability.

Aqueous sulfide solutions were also investigated as
well. In Fig. 3, S (aq), SH ~(aq), and Na,S(s) spectra
are plotted. The first aspect that deserves attention is
that the SH ~(aq) and S?~(aq) spectra are similar and
probably representative of a SH ™ species since H,S is a
weak acid and appreciable S-H coordination can be ex-
pected at normal pH values [30]. The second point is
that in contrast to the chloride system, a o bonding peak
is observed at approximately 3.5 eV below the S lone pair
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FIG. 3. The S Kp spectra are plotted for S2(aq), SH ~(aq),
and Na;S(s). In contrast to the Cl KB aqueous spectra, a peak
on the low-energy side of the main lone pair peak, which is as-
signed to the S-H o bonding orbital, is observed.
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peak and is another indication of strong S-H coordina-
tion. The presence of a S-H o bond for sulfide solutions
is in contrast to the absence of any CI-H o bond, but is
not surprising based on the relative acid strength of HCI
(complete disassociation) relative to H,S or SH™. An
additional point is that the FWHM of the Cl Kf main
peak and the S KB main peak are nearly the same with
the small differences attributed to instrumental broaden-
ing [31]. Since the SH ~(aq) and S?~(aq) S KB sulfide
spectra were independent of sulfide concentration, the
SH ~(aq) and S?” (aq) S KB spectra are believed to be
representative of a free SH ™ species with no long-range
order. There is also a high-energy asymmetry which is
similar to that observed for Cl ~(aq). Since the nearest
neighbor of the emitting atom is the same (H) for both
Cl (aq) and S?7(aq), one expects a similar multiple-
ionization or shakeoff probability since the ionicity of the
Cl nearest-neighbor bond is nearly the same.

In conclusion, HRXRFS has been introduced as a tool
that can be used to selectively probe the valence density
of states of atoms in solution in a unique way that cannot
be provided by other techniques. In particular, the
chloride investigation shows large spectral changes in the
Cl KB and Cl Ka spectra that can be interpreted as being
due to changes in the localization of the Cl nearest-
neighbor bond as NaCl(s) is dissolved in water. Further,
the Cl KpB spectra reveal very little CI-H o bonding and
essentially no Cl-O bonding, suggesting changes in the lo-
calization of the C1 ™ anion can take place with very little
covalent bonding between Cl~ and H. The sulfide study
shows that in contrast to Cl ~ (aq), S?~ coordinates rath-
er strongly to H in water and as a result a strong S-H co-
valent peak is observed nearly 3.5 eV below the main S
KB, lone pair peak. This observation is also consistent
with the strong acidic nature of HCI relative to H,S.
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