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In ultra-low-temperature experiments at 4.7 K the luminescence of Eu(IIl) bound to different
hydroxy- and methoxybenzoic acids and to humic substances (HS) was investigated. The benzoic
acid derivatives were used as simple model compounds for common metal-binding structures in HS.
The Eu(IIl) luminescence was directly excited by means of a pulsed dye laser, scanning through the
5Dy « "Fy transition of Eu(IIl) and subsequently high-resolution total luminescence spectra (TLS)
were recorded. Based on the thorough analysis of the high-resolution TLS conclusions were drawn
with respect to the number of different complexes formed and to the symmetry of the complexes.
The crystal-field strength parameter Ny(Byq) was dependent on the electrostatic forces induced by
the ligands as well as on the symmetry of the complexes. The formation of thermodynamically sta-
ble complexes was found to be slow even for small model ligands such as 2-hydroxybenzoic acid.
Comparison between the model compounds and HS clearly revealed that the carboxylate group is the
dominant binding site in HS. Indices for the formation of chelates, e. g. similar to 2-hydroxybenzoic

acid, were not found for HS.
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1. Introduction

The bioavailability and subsequently the toxicity
and fate of metal ions is, to a large extent, determined
by their speciation [1 —5]. Transport and distribution of
heavy metals in the environment depend on the speci-
ation. Consequently speciation is a key issue and has
to be examined thoroughly, for instance in order to
evaluate the suitability of waste disposal sites or the
danger emanating from accidents involving heavy met-
als or radionuclides. Knowledge regarding the trans-
port and immobilization processes of radionuclides in
the near and far field of nuclear waste repository sites
is a central issue in long-term safety assessments of
such sites [6]. For the speciation of metal ions in the
environment, especially in soil and water, humic sub-
stances (HS) play a key role [7, 8]. Due to the presence
of ionic or highly dipolar functional groups (mainly
carboxylic and phenolic groups, but also N-containing
moieties), HS form strong complexes with metal ions
and hence HS subsequently determine the speciation of
the metal ions in the environment [7,9, 10]. For these

reasons, the characterization of the HS-metal com-
plexes and the understanding of processes involved in
the complexation by HS is of utmost importance for a
reliable modelling of the ecological risks of metal ions.

For in-situ sensing applications based on spec-
troscopy the understanding of the basic photophysi-
cal parameters is indispensable. The complexation of
metal ions can be monitored using spectroscopic meth-
ods, e.g., measuring the quenching of the intrinsic
HS fluorescence to describe qualitatively and quan-
titatively the metal binding by HS [11]. However,
the fluorescence properties of HS are very complex
and interpretation is hampered by the extremely in-
homogeneous nature of HS, e.g., even under cryo-
genic conditions (7 < 10 K) only broadbanded spec-
tra are observed [12]. Therefore, the use of external
luminescence probes such as europium [Eu(IIl)] or
terbium [Tb(III)] ions is a promising alternative for
the in-depth investigation of metal complexation by
HS. Moreover, Eu(Ill) is a natural analogue of acti-
noides [An(II)], which makes it very attractive as
a surrogate in the investigation of actinoide migra-
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Fig. 1. Energy scheme of the free Eu(Ill) ion (according to [14]) and Stark splitting of the 2S+1L; levels, if Eu(Ill) is
surrounded by a crystal-field. Only the 3Dy — ’F; emission is shown.

tion in the environment (e.g., in geological barriers
of nuclear waste repository sites). Because of its out-
standing luminescence properties, it can be used to
probe the molecular environment in metal-HS com-
plexes [13, 14]. The observed spectral features as well
as the luminescence decay time of Eu(Ill) are di-
rectly correlated with the complex formed. Depend-
ing on the experimental set up, information about the
stoichiometry, geometry and stability of the complex
can be obtained [13]. In room-temperature measure-
ments complexation constants have been derived from
the sensitized Eu(IIl) emission and from changes in
the ratio of the Eu(III) luminescence bands (°Dy —
7F, and 5D0 — 7F2) [15-17]. Because of the very
low extinction coefficients of Eu(IIl) at most wave-
lengths, excitation is often carried out at Aexy = 395 nm,
which corresponds to the strongest transition in the
UV/Vis spectral range, with an extinction coefficient
€395nm of about 3 M~! cm™! [18], or indirectly via
energy transfer from the ligands (making use of the
so-called antenna effect). Yoon et al. [19] used direct
D, « 'Fy excitation (see Fig. 1) to gain information
on the number of different Eu(IIl) complexes formed
with HS. Since this transition is non-degenerate and

thus not split by the crystal-field (Stark splitting), its
energy is characteristic for a specific complex [20].
In the present study this transition was probed using
an alternative approach: fluorescence line-narrowing
(FLN) spectroscopy [21]. High-resolution lumines-
cence spectra were recorded at ultra-low temperatures
(4.7 K), making use of energy-selective excitation by
a narrow-banded, tuneable dye laser. It has been re-
ported that under such conditions additional informa-
tion on the interaction of HS with xenobiotics becomes
accessible [22]. In the present paper FLN spectroscopy
is used to study Eu(III)/(model ligands) and Eu(III)-
HS complexes. A major difference to FLN studies
of molecular systems is, that rather than probing vi-
bronic bands of the same electronic transition, now
different electronic transitions are used for excitation
and emission. Nevertheless, the energies of these in-
homogeneously broadened transitions were found to
be correlated, and line-narrowing was observed. As
will be shown below, the reduction of the inhomoge-
neous band width enables a rather precise determina-
tion of energy splittings of the ’F; multiplet and thus
the crystal-field strength parameter can be derived. On
this basis, information about the number of different
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Fig. 2. Chemical structures of the model ligands investigated.

species in a sample as well as the stoichiometry and
geometry of the complexes can be obtained. The use-
fulness of this approach was demonstrated in a recent
paper where the FLN technique was applied to Eu(II)-
doped glasses [23].

First, spectra of Eu(IIT) with hydroxy- and methoxy-
benzoic acids (see Fig. 2) as model ligands for HS
are investigated. The obtained ultra-low-temperature
luminescence spectra are subsequently compared with
those of Eu(Ill)-HS complexes, and conclusions are
drawn regarding binding substructures in HS.

2. Experimental

2.1. Chemicals

Europium(III) chloride (EuCl; - 6H,O) was used
as luminescence probe. As model compounds for
binding sites in HS different aromatic hydroxy- and
methoxybenzoic acids were investigated: 2-hydroxy-
benzoic acid (salicylic acid, 2HB), 3-hydroxybenzoic
acid (3HB), 4-hydroxybenzoic acid (4HB), 3,5-dihy-
droxybenzoic acid (35DHB), 3-methoxybenzoic acid
(3MB), 4-methoxybenzoic acid (4MB). The chemicals
were purchased from Aldrich with the highest purity
available and used as received. HS were isolated ac-
cording to the THSS standard procedure from the Gor-
leben aquifer and separated into fulvic acid (FA) and
humic acid (HA) fractions. The basic data on the FA
and HA samples can be found in [24]. The FA sam-
ple, denoted as GoHy 573 FA, was analyzed in this
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work. The proton exchange capacity of FA was deter-
mined to be (6.8 & 0.04) meq/g [24]. Stock solutions
were prepared in deionized water and the pH value
was adjusted to 5+ 0.5 using HCI or NaOH, as re-
quired. The concentration of the stock solutions was
107! M in case of Eu(III) and the aromatic benzoic acid
derivatives. In the case of HS, an 88 g/L. stock solu-
tion of GoHy 573 FA was prepared. Certain amounts
of Eu(Ill) and ligand stock solutions were mixed to
give the required molar ratios. After mixing, the sam-
ples were allowed to equilibrate for a minimum time
of 3 h at 20 °C based on results obtained from HS flu-
orescence quenching experiments. Between the mea-
surements the samples were stored in the dark at room-
temperature.

2.2. Instruments

For FLN spectroscopy, up to four sample so-
lutions were transferred to quartz tubes (40 mm
length X 4 mm o.d. X 2 mm i.d.; volume ca. 100 uL),
sealed with rubber septums and cooled simultaneously
to 4.7 K in a lab-built sample holder, mounted on a
closed-cycle helium refrigerator (SRDK-205 cryostat;
Janis Research Company, Wilmington, MA, USA).
The samples were excited using a dye laser (LPD 3002;
Lambda Physik, Gottingen, Germany) pumped by a
XeCl excimer laser (LPX 110i; Lambda Physik). The
excitation wavelength was varied between 577 nm
and 581 nm using Coumarin 153 (Radiant Laser Dyes
& Accessories GmbH, Wermelskirchen, Germany) as
laser dye. The laser was operated at 20 Hz with a
pulse width of 10 ns. The Eu(Ill) emission was col-
lected at an angle of 90° angle to the excitation light
by two 10 cm F/4 quartz lenses and focused on the
entrance slit of a triple monochromator (Spex 1877;
Edison, NJ, USA). For detection an intensified iCCD
camera (iStar DH720-25U-03; Andor Technologies,
Belfast, Northern Ireland) was used in the gated mode.
The achieved spectral resolution in the emission di-
mension was 0.1 nm in a total spectral detection win-
dow of 36 nm. The Eu(III) emissions of the "Dy — ’F,
and Dy — "F, transitions were measured simultane-
ously. For wavelength calibration a neon arc lamp was
used. In order to obtain adequate stray light suppres-
sion, delay (8¢) and gate (Ar) width of the iCCD cam-
era were set to 6f = 1.5 us and Ar = 10 ms, respec-
tively.

High-resolution total luminescence spectra (TLS)
[25] were constructed by combining the emission
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spectra recorded at different excitation wavelengths,
using Origin 7.0 software (OriginLab, Northhamp-
ton, USA). Each emission spectrum was accumulated
over 20 pulses within an 1 s period. The excita-
tion wavelength was varied with a scan rate ranging
from 0.001 nm/s to 0.05 nm/s thus defining the resolu-
tion in the excitation dimension. All spectra were cor-
rected for the dark current signal of the iCCD camera.
The excitation spectra were reconstructed from cross
sections of a time series of emission spectra.

3. Results and Discussion

In Fig. 3, a part of the total luminescence spec-
trum (TLS) of an Eu(IIl) complex with 3MB is shown.
In general, the excitation wavelength was scanned
over the spectral range 577 nm < Aex < 581 nm and
the luminescence was recorded in the spectral range
585 nm < Aepy < 621 nm, covering the emission of the
D — 'F; and the Dy — ’F, transitions. An enlarged
view of the Dy — ’F; transition (588 nm < Aem <
596 nm, with 579.23 nm < Aex < 579.57 nm) is shown
here. For these experiments a major challenge was the
extremely low extinction coefficient of the Dy < ’Fy
transition, due to parity forbiddance of the f-f transi-
tions. This forbiddance is relaxed partially in case the
symmetry of the Eu(II) complex is lowered, e. g., due
to the formation of non-centrosymmetric complexes
or due to vibrational motion of the ligands. In Fig. 3
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also regular 2-D spectra, emission as well as excita-
tion spectra (right and top, respectively), are shown
which can be obtained as cross sections through the
TLS (vertical and horizontal lines, respectively). Com-
pared to room-temperature emission spectra, in which
the "Dy — ’F, transition appears as a single broad
band of ca. 10 nm FWHM (spectra not shown), the
FLN spectra recorded at 4.7 K show greatly improved
spectral resolution of the luminescence peaks, in which
the Stark levels of the ”F; transitions are resolved (see
Fig. 3, right, and the illustration below). The Stark lev-
els are a result of the crystal-field, which removes the
degeneracy of the 251 [ levels.

As reference systems the TLS of EuCls - 6H,O crys-
tals and of an aqueous EuCls sample were also mea-
sured at 4.7 K. For the EuCl; - 6H,O crystals a sin-
gle °Dg « ’F transition was observed with a very low
FWHM of only 0.2 cm™'. For the complexes with or-
ganic ligands the Dy « 7F transition was found to
be broader: in the range 2 cm~! < FWHM < 23 cm ™!
depending on the particular ligand. The width of the
excitation spectrum of the Eu:3MB sample in Fig. 3
is ca. 6 cm~!. From the experimental data it can be
concluded that in the reference system EuCl; - 6H,O
only a single, well-defined Eu(III) complex is present.
On the other hand, for the Eu(IIl) samples with the or-
ganic ligands, the broader peaks in excitation and emis-
sion already point to the presence of more than one
type of complex (= “species”). This is supported by
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the asymmetric shape of the 3Dy < "Fy transition (see
Fig. 3, top). In addition, for the second (x = 2) and third
(x = 3) peak of the Dy — ’F;_, transition, “islands”
in the TLS clearly indicate the presence of more than
one species.

Furthermore an interdependence of the Stark level
energies of the Dy — "F;_, (x = 1,2,3) (see Fig. 3) as
well as of the Dy — "F,_, (y = 1 -5, data not shown)
transitions and the excitation wavelength is observed.
Especially the shift in the position of the Dy — "F;_;
transition upon scanning the excitation wavelength is
most evident. The relatively narrow, sloping lines (in-
stead of broad, oval-shaped peaks) indicate, that the
energies of the 3Dy «— Fy and the "Dy — F;_, tran-
sitions in the inhomogeneously broadened sample are
correlated [26]. From the different slopes it can clearly
be seen that the observed shifts are different for the
three Stark levels of the Dy — ’F; transition.

In order to visualize the dependence on the exci-
tation wavelength, the energy difference AE between
the Dy « ’F, excitation and the maxima of the
Dy — "Fi_, (x = 1,2,3) emission bands was calcu-
lated. It should be noted that in contrast to conven-
tional molecular FLN spectroscopy, in which vibronic
excitation/emission takes place within the same elec-
tronic transition and AE is constant for a specific vi-
bration, for these systems AE was found to be inter-
correlated with E.x and to be different for the various

1
17262

lowest and the highest excitation
energy of a species) according
to (1).

1
17264

"F,_, levels; the variation in slopes is clearly shown in
Figure 4a. A similar dependence has been reported for
the luminescence of Eu(IIl) in glassy matrices [23,27].
The slight, continuous changes in AE can be attributed
to slight differences in the further environment of the
complexes, e. g., to slight difference in (i) bond lengths,
(i1) angles between ligands, or (iii) in the second coor-
dination sphere, whereas abrupt discontinuities in the
slope point towards larger differences in the first co-
ordination sphere, in particular different coordination
numbers of organic ligands and/or of water molecules
are observed. Consequently, this may involve larger
differences in the symmetry. Therefore, the latter phe-
nomena were attributed to different “species” [20, 28].
In Fig. 3 the different Eu(IIl) : 3MB species can be seen
as “islands” in the emission range 592 nm < Aey <
596 nm. Depending on the sample, different numbers
of such species were found (see Figs. 5 and 6).

For weak crystal-fields (1) connects AEpax, the
energy difference between ’F;_; and ’F;_3 for the
lowest and the highest excitation energy of a species
(see Fig. 4a), to the crystal-field strength parame-
ter Ny (Bag) [29,30]:

(2 + a?
Ny(Bag) = %AEMAX,
' )
Ey,—E
with o = —>——€

AEnax /2’
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where Ep is the energy of the barycentre of the
7F; multiplet (mean energy) and Ec is the energy
of the central level. Calculating Ny (qu) for the low-
est and highest AEpax of each species and plot-
ting it versus the excitation energy, a graph such as
in Fig. 4b is obtained, which allows the compari-
son of the complexes formed in different Eu(III)-
ligand systems based on their different crystal-field
strengths.

In Fig. 5 the crystal-field strength parameter
Ny(Baq) vs. excitation energy is shown for salicylic
acid (2HB) at different Eu(IIl):2HB ratios. Com-

the latter being representative for non-
chelating hydroxybenzoates.

pared to other hydroxybenzoic acid complexes inves-
tigated, 2HB shows a larger Ny(Byq) value, which
was found to be in the range 500 cm ™! < Ny (Byq) <
1000 cm~!, and also a slightly higher excitation en-
ergy, which was found to be in the range 17250 cm™!
(579.7 nm) < Eex < 17285 cm™! (578.5 nm). For the
Eu(IIl) complexes with meta- and para-hydroxybenz-
oic acids smaller crystal-field strength parameters of
200 cm ™! < Ny (Bog) < 500 cm™~! were observed, as
shown in Fig. 6 for 3HB. The large Ny (Byq) value
was attributed to the formation of chelates between
2HB and Eu(IIl) in which the concentration of nega-
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tive charges close to the Eu(Ill) ion is suggested to be
higher. Meta- and para-hydroxybenzoic acids are not
capable of forming chelate complexes due to structural
constraints.

As a reference, also the data obtained for EuClj -
6H,0 crystals and for an aqueous sample of EuClj
(both measured at 4.7 K) are shown. For both sam-
ples the observed Ny (Byq) dependence on the excita-
tion energy was significantly different from the Eu-
ligand systems, providing an important confirmation of
the actual complex formation between Eu(Ill) and the
organic ligands.

For the first time also TLS of Eu(IIl) complexed to
HS were recorded and evaluated according to the meth-
ods described before (vide supra). In Fig. 6 the depen-
dence of the crystal-field strength parameter Ny (Bag)
on the excitation energy is shown for Eu(IIl) com-
plexed to HS (GoHy 573 FA, bold lines) and compared
to the data found for the model compounds and ref-
erence systems investigated. Two conclusions may be
drawn from the observed tendencies: 1) In HS the ten-
dency of formation of chelates — if any — seems to be
very small, i.e. the major binding is achieved via in-
teraction comparable to complexes formed with car-
boxylic acids that are not capable of chelate forma-
tion, e. g., meta- and para-substituted benzoic acids.
Complexes of the GoHy 573 FA seem to be similar
to 3- or 4-hydroxybenzoic acid or 3,5-dihydroxybenz-
oic acid, but not to salicylate complexes as often pre-
sumed [19]. In other words, the binding sites in the
fulvate do not seem to form chelates as major bind-
ing form but nevertheless the binding is accomplished
via deprotonated carboxylate groups. 2) A large frac-
tion of the Eu(IIl) ions doesn’t seem to be complexed
since the observed Ny (Byq) value is very similar to
that of the aqueous reference sample. This could be ex-
plained by the excess of Eu(III) in this sample. The as-
sumption, that upon binding to HS outer-sphere com-
plexes are formed initially and a possible formation of
inner-sphere complexes needs more time, could also
be important here. In room-temperature experiments,
in which the quenching of the intrinsic HS fluores-
cence upon addition of lanthanoide ions was mea-
sured in a stopped-flow set up, the complexation re-
action (measured as effective HS fluorescence quench-
ing) occurred on a millisecond to second time scale.
The HS samples used in the low-temperature measure-
ments were equilibrated with Eu(IIl) for one day. It
was expected that this time span is sufficient to reach
equilibrium.
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On the other hand in storage experiments with
model ligands, e. g., 2HB, a significant influence of the
equilibration time was observed. In Fig. 5 the observed
influence of the equilibration time between 2HB and
Eu(IIT) on Ny (Byq) is shown. Initially, for 2HB a larger
number of species was identified, but upon storage of
the samples for nine days at 20 °C the different species
merged into a single one. This indicates that the ini-
tially formed complexes are subject to relatively slow
reorganization processes until only the thermodynami-
cally stable form remains. For 2HB a maximum change
in the Ny (Byq) value of ~ 500 cm™~! was observed (see
Fig. 5). A similar observation, but to a much smaller
extent, has been made concerning 3MB-complexes.
Small changes in the Ny (Bog) value of about 50 cm ™!
to 60 cm~! after 20 h of storage at room-temperature
were found here. Although 2HB and 3MB are only
small ligands, some time is apparently needed for the
formation of the thermodynamically stable complexes.
It is attractive to assume that for larger ligands like in
the case of HS even longer equilibration times might be
necessary to reach equilibrium, which would be con-
trary to the results of the room-temperature fluores-
cence quenching experiments. Work is in progress to
further investigate this effect.

The number of Stark levels that can be observed
in the luminescence spectra is dependent on the point
symmetry group of the coordination polyhedron that
is formed between Eu(Ill) and the ligands. Depend-
ing on the symmetry, different patterns of Stark levels
can be observed for the Dy — ’F, and the Dy — 'F,
transitions. In Fig. 7 the luminescence spectra recorded
at 4.7 K for Eu(III) with different benzoic acids and of
solid EuCls - 6H,O are compared. It can be seen that
the number of observed Stark levels is dependent on
the specific ligand and species, indicating the forma-
tion of complexes with different symmetries. In case
the 5D0 — TF, transition is split into three lines, the
possible point groups are D;, Cy, (orthorhombic), Cy,
Cs (monoclinic) or Cj (triclinic). Further discrimina-
tion is carried out based to the splitting of the Dy —
F, transition: three lines — Dy; four lines — C,,; five
lines — Cs, C; or C,. The latter case can only be further
distinguished by polarization measurements [31].

The luminescence spectra of the 5Dy — "F; and the
>Dy — ’F, transitions of the different species for each
model ligand and for HS were evaluated with respect
to the number of Stark levels visible in the spectrum.
For a particular ligand different complex symmetries
were found depending on the species at hand, e. g., for
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2HB a (,, symmetry was attributed to the species a
and b while a C;, symmetry (u = s, 1 or 2) was as-
signed to the species c, d, and e, respectively (see also
Fig. 5). In general, for the model ligands and for HS
all complexes showed a C; symmetry (z = 2v, s, 1
or 2), while the reference samples showed a higher
symmetry, D;.

4. Summary

FLN spectra of Eu(IIT) complexes with different hy-
droxybenzoic acids and HS were recorded in frozen
aqueous solutions at 4.7 K. The complexes were ex-
cited directly in the 3D « ’F transition, and the non-
degeneracy of this transition was used for the selec-
tive excitation and subsequent identification of the dif-
ferent complexes formed between Eu(Ill) and the lig-
ands investigated. In the jackstraws plots of the vari-
ous species, an interdependency of excitation energy
and crystal-field strength was observed, which cannot
be fully explained by only considering Coulomb forces
of the crystal-field or the symmetry of the complexes
(e.g., see Fig. 5 and 6).

The comparison of Eu(IIl) spectra recorded in the
presence of HS and model compounds indicates that in

810

1 ment of point groups depending
620 on the number of transitions in
the emission spectrum (see text).

615

HS under the experimental conditions applied the dom-
inant binding is achieved via the carboxylate groups of
HS [32]. A contribution from hydroxy groups like in
salicylic acid, which forms complexes of the chelate
type, could not be detected. For HS the experiments
further showed that the preferred complex symmetry
seems to be C,,. Based on the observations with sal-
icylic acid and 3MB, the formation of the thermody-
namically stable complexes of Eu(Ill) is rather slow
and thus may take several days, which has also been
reported for other organic ligands [33]. It can be ex-
pected that for larger molecules like HS the formation
of the thermodynamically stable complexes is even
slower, most likely due to structural reorientations of
the HS. Work is in progress to further investigate this
phenomenon.
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