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Abstract 

In the project processes related to the fate of radionuclides at high ionic strength I           

(0 mol·L-1 < I < 4 mol·L-1)c in clay and salt host rock formations, which are typical for the north-

ern part of Germany, were investigated for temperatures T < 353 K using optical spectroscopic 

methods. The fundamental process understanding, which is necessary for the full exploitation 

of the analytical data, and the improvement as well as the development of analytical (spec-

troscopic) "tools" were key aspects of the work performed. In the experiments Lanthanide(III) 

(Ln(III)) ions were used as natural analogs and were investigated using laser-based spectro-

scopic techniques, especially time-resolved laser fluorescence spectroscopy (TRLFS) and Ra-

man spectroscopy complemented with sum frequency generation (SFG) spectroscopy. Espe-

cially Raman and SFG spectroscopy were used to characterize clay mineral surfaces and inter-

layers of such for structural effects of Ln(III) ions and low molecular weight organic compounds. 

Potential organic ligands originating for the clay minerals were investigated. Here, naturally 

occurring polymers such as humic substances (HS) and low molecular weight organics (LMWO) 

were investigated. In order to bridge the gap between HS and LMWO also synthetic polymers 

of a known composition were included in order to consider effects that are related to the 

macromolecular character of HS. In this context in order to mimic certain properties, a novel 

polymer (polyvinyl benzoic acid) at two different molar weights was synthesized. In the exper-

iments the influence of the temperature and of the overall background concentration (ionic 

strength) as well as chemical properties (Na vs. Ca, Mg) were elucidated. In addition to organic 

ligands also borate as a potential inorganic component in the repository was investigated. For 

the organic ligands on the one hand side the intrinsic fluorescence was evaluated to determine 

the complexation of different Ln(III) ions and on the other hand side the luminescence of the 

Ln(III) was analyzed. The sorption on clay mineral surfaces and the complexation with low 

molecular weight organic ligands and borate as well as model and natural polymers (e.g., HS) 

were investigated using different Ln(III) ions as luminescence probes. Especially Europium(III) 

(Eu(III)) was applied as a luminescence probe due to its outstanding sensing capabilities. The 

analysis of the spectral luminescence intensity distribution revealed difference in the binding 

by HS and was used in combination with site-selective excitation to identify the presence of 

different complexes in the sample. Here, especially measurements at ultra low temperatures 

proofed to be very valuable due to the outstanding spectral resolving power in the identifica-

tion of different polyborate complexes. From the luminescence data conditional binding con-

stants and their variation with temperature and ionic strength were determined. Moreover, 

using different excitation schemes for starting the luminescence mechanistic details on the 

complexation of Ln(III) by organic ligands and effects of different ions used as background 

electrolytes were evaluated. While under direct excitation conditions an overall luminescence 

signal was obtained containing possible contributions from non-complexed Ln(III) ions, a sen-

sitized excitation using the ligand as "light collector" yielded only information on the bound 

                                                           
c 0 mol·L-1 means no additional ion were added, ionic strength is determined by the concentration of the Ln(III) 



4 
 

part. The data were further evaluated for differences in binding sites using competition exper-

iments with other ions such as Ca(II) and Mg(II) in combination with the NICA Donnan model. 

For the determination of the average distance between bound Ln(III) ions the inter-lanthanide 

energy transfer (ILET) was applied as a method of choice for distance determinations in the 

intermediate range of several nanometers. The ILET was applied to different organic polymer 

as well as to clay mineral samples. For the ILET a couple of Ln(III) ions, one acting as energy 

donor and the other as the acceptor, are bound in/on the sample. From the distance (= degree 

of loading) dependence of the donor luminescence, the average distance of bound metal ions 

was calculated. The interplay between different lanthanide- and ligand-related radiationless 

deactivation pathways was investigated using different combinations of Ln(III) ions and low 

molecular weight organic ligands. In the combinations the Lanthanide specific parameters of 

energy gap between ground and electronically excited states as well as the redox potential 

were considered. For the ligands the energy of the ligand's triplet state and the redox potential 

were taken into account. In a systematic evaluation the contribution of the different parame-

ters was determined. The results underline that a thorough understanding of the complex 

interplay between the ligand- and lanthanide-related electronic (molecular) properties is in-

dispensible for a correct determination of macroscopic parameters such as binding constants. 

The effect of low molecular organic compounds on the surface and interfacial properties of 

clay minerals was investigated using Raman- and SFG spectroscopy. The intercalation of small 

organics in the interlayer could be clearly identified. The intercalation was determined from 

the alteration in the vibrational frequencies of different hydroxyl groups. Here, the special 

sensitivity of SFG spectroscopy and Raman microscopy were used to investigate these effects. 
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1. Introduction 

According to a recent study of the BGR1 clay layers of the Early Cretaceous in Northern Ger-

many are potentially suited to host a deep underground repository for high level nuclear 

waste. Compared to clay layers so far investigated in other countries the geochemical bound-

ary conditions are special with respect to the ionic strength and the salt concentration of the 

pore waters present. In contrast to clays investigated in Switzerland, Belgium or France the 

intrinsic ionic strength I of pore waters in Northern Germany is distintly higher (up to 

I = 4 mol·L-1). A similar situation would also be found in the near field of salt rock formations, 

which is an alternative option for an underground repository in Germany, in case of water 

intrusion. This could start corrosion processes of the metal containers and the specific redox 

chemistry at high ionic strength conditions need to be understood in order to perform reliable 

model calculations. So high ionic strength is a key parameter to be taken into account in the 

risk assessment of potential nuclear waste repositories in Germany. However, the speciation 

of radionuclides under such high ionic strength conditions is hampered by the fact that the 

data base is lacking respective thermodynamic core data. Moreover, in the early stages of a 

repository the temperature in the near field may be distinctly elevated by the heat production 

of the waste materials (depending on the host rock formation the initial temperatures present 

can be as high as   200°C for salt and  100°C for clay).1 In contrast to this particular condition 

the majority of the investigations were performed and the subsequent thermodynamic data 

were collected for room temperature conditions.  

Therefore, the collaborative project was focused on fundamental process understanding re-

lated to the fate of radionuclides at high ionic strength I (0 mol·L-1 < I < 4 mol·L-1)c in clay and 

salt host rock formations, which are typical for the northern part of Germany. The sorption to 

clay minerals at high ionic strength and at elevated temperature (T < 353 K) as well as the 

influence of different components present is the system was of interest. The complexation of 

Actinides (and Lanthanides as natural analogs) with borate and low molecular weight organic 

compounds in the presence high salt concentrations (NaCl, KCl, MgCl2, CaCl2) and at elevated 

temperatures was monitored. In the experiments complementary analytical techniques were 

used to tackle the challenge related to investigations of diffusion of Actinides, the redox chem-

istry under high ionic strength conditions and the influence of elevated temperature. 

The work carried out at the University of Potsdam focused on the interactions between Ln(III) 

ions (e.g., Eu(III)) as chemical homologue for trivalent actinide ions – like Americium(III) or 

Curium(III)) with repository relevant inorganic (Borate) and organic ligands. As organic ligands 

small molecules such as formiate, acetate, or lactate as well as aromatic carboxylic acids, oli-

gomers, and polymers as models for naturally occurring organics in clay minerals were taken 

into account. In the project Ln(III) ions were used as natural analogs and were investigated 

using laser-based spectroscopic techniques, especially time-resolved laser fluorescence spec-

troscopy (TRLFS) and Raman spectroscopy (complemented with sum frequency generation 
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spectroscopy). Ln(III) were applied as a luminescence probes due to their outstanding sensing 

capabilities. The sorption on clay mineral surfaces and the complexation with low molecular 

weight organic ligands and borate as well as model and natural polymers (e.g., humic sub-

stances) was investigated. In addition also the interaction of organic compounds and clay min-

erals was monitored by Raman microscopy and SFG spectroscopy to monitor the interactions 

between both from the ligand’s point of view. 
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2. Experimental details 

2.1 General experimental details 

Lanthanide(III) complexes with model ligands 

As model compounds for binding sites in HS, different (hydroxy)benzoic acids were investi-

gated. The relative positions of the hydroxyl- and/or carboxyl group were systematically var-

ied, in order to study the effect of complex formation and of the ligand structure on the lumi-

nescence spectra of different Ln(III) ions (Eu(III), Terbium (Tb(III)), Samarium (Sm(III)) and Dys-

prosium(Dy(III)). All reagents were of analytical grade. All chemicals were ordered from Sigma-

Aldrich with the highest purity available.  

Ln(III)-complexes with salicylic acid or phthalic acid (see Figure 1S)were prepared from aque-

ous (using Milli-Q water (Milli-Q Advantage A10, Merck)) stock solution of Ln(III)-salts 

(TbCl3·xH2O, SmNO3·6H2O, DyNO3·5H2O, EuCl3·6H2O) and model ligands with a concentration 

of c = 10-2 mol·L-1. The concentrations as well as the molar ratio of Ln(III) ions and model lig-

ands investigated are summarized in Table 1. 

Table 1: Concentrations and molar ratio of Tb(III) /Sm(III) / Dy(III) and ligands. 

 Molar ratio c (Ln(III)) / mol·L-1 c (ligand) / mol·L-1 

Tb(III) salicylic acid 1:99 1.0·10-4 9.9·10-3 

Tb(III) phthalic acid 1:5 1.0·10-4 5.0·10-4 

Sm(III) salicylic acid 1:45 1.0·10-4 4.5·10-3 

Sm(III) phthalic acid 1:3 1.0·10-4 3.0·10-4 

Dy(III) salicylic acid 1:45 1.0·10-4 4.5·10-3 

Dy(III) phthalic acid 1:6 1.0·10-4 6.0·10-4 

 

From speciation analysis (based on stability constants taken from literature (see Table 1S)) the 

molar ratios of the prepared solutions were calculated to the point where the solution con-

tains the highest possible amount of Ln(III) complexes with one ligand (see Figure 2S). In Table 

2S the calculated species distributions are shown. 

The pH value was adjusted to a point at which the model ligand was in the single deprotonated 

form to ensure complexation with the Ln(III) ion. Furthermore, acid conditions were chosen 

to avoid the formation of Ln(III) hydroxyl complexes as well as carbonates. Speciation dia-

grams of the model ligands were calculated from pKa values taken from literature (see Table 

2S and Figure 3S). The pH of salicylic acid containing solutions was adjusted to 5.0 and of 

phthalic acid containing solutions to 4.2 with sodium hydroxide and hydrochloric acid. All so-

lutions were stored in the fridge and soonest measured after five days to ensure an adjusted 

complex equilibrium. 
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For the Eu(III) solutions containing salicylic acid or phthalic acid as background electrolyte 

0.1 mol·L-1 sodium perchlorate solution was applied. The concentration of Eu(III) was in both 

cases cEu(III) = 5.7·10-3 mol·L-1 and of the model ligands 3.4·10-2 mol·L-1. From speciation analysis 

based on stability constants taken from literature (see Table 1S) it was calculated that only a 

very minor concentration of the “free” Eu(III) aquo complex was present (see Table 2S and 

Figure 4S). To avoid formation of hydroxyl and carbonate complexes the pH was adjusted to 

five with sodium hydroxide and hydrochloric acid. Each solution was equilibrated for approx-

imately five days prior to the luminescence measurements. The samples were stored in the 

dark at room temperature (RT). 

Influence of ionic strength 

Aqueous Ln(III) samples were prepared by solving Ln(III) salts in Milli-Q water. The variation 

of the ionic strength I (0.1 mol·L-1, 1 mol·L-1 and 4 mol·L-1) was realised by the addition of 

sodium chloride. Sodium chloride purchased from Aldrich with the highest purity available. 

Synthesis of polyvinyl benzoic acid 

In a three-necked flask equipped with reflux condenser 1 g (6.7 mmol) 4-vinylbenzoic acid, 

10 mL dimethylformamide, 0.189 g (0.67 mmol, short-chain) or 1.89 mg (0.067 mmol, long-

chain) of the initiator 4,4’-Azobis(4-cyano pentanoic acid) was mixed together under nitrogen 

atmosphere. Afterwards the mixture was heated to 65 °C and stirred for 24 hours. The reac-

tion solution was transferred over a syringe filter into 200 mL of diethyl ether. In the next step, 

the diethyl ether was decanted. The polymer was washed with 200 mL of Diethyl ether, sucked 

off via Glass frit and dried over three days under high vacuum. 

Clay samples 

Kaolinite samples were received from Clay Mineral Society. As samples kaolinite Kaolin KGa-

1b (low-defect) and Kaolin KGa-2 (high-defect) were used in this study. KGa-2 is a less crystal-

lized, whereas KGa-1b is a well crystallized kaolinite.2 

Synthesis of intercalation compounds 

The synthesis of intercalation compounds of potassium acetate and kaolinite followed a 

slightly modified instruction of Frost et al.3 To acetic acid potassium hydroxide was added and 

subsequently diluted with deionized water to give a 60 % (for some experiments also 30 %) 

potassium acetate solution. For the intercalation to 1 mL of this solution 0.3 g kaolinite was 

added and for 72 hours put on an orbital shaker (compact shaker KS 15, Edmund Bühler GmbH, 

Hechingen, Germany) with a shaking speed of 350 rpm. The resulting suspension was centri-

fuged (Centrifuge 5804, Eppendorf Vertrieb Deutschland GmbH, Wesseling-Berzdorf, Ger-

many) for 30 minutes at 8000 rpm. The supernatant was decanted and the remaining solid 

material dried in a desiccator for at least 48 hours over Sicapent®.  

For the intercalation of potassium hexanoate, hexanoic acid and potassium hydroxide were 

neutralized. Afterwards the solution was evaporated to dryness, which gives potassium hexa-
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noate. For the intercalation a dimethyl sulfoxide (DMSO) kaolinite (KGa-1b) intercalation com-

pound (rate of intercalation around 71 % from XRD measurements) was used as starting ma-

terial. From this precursor 0.5 g were added to a solution of 13.5 g potassium hexanoate in 

12.5 mL of water. The suspension was stirred for two hours at 50 °C and sucked off through a 

glass frit. The solid was washed three times with water. Afterwards it was vacuum dried over-

night. 

The synthesis of the DMSO-KGA-1b intercalation compound followed a synthesis publicized 

by Li et al., but without any precondition of the kaolinite.4 In a 100 mL round bottom flask, 4 g 

KGa-1b, 64 mL DMSO and 15 mL Methanol were mixed. This suspension was heated to reflux 

at 85 °C for 96 hours. After cooling down to room temperature, the suspension was filtered 

through a glass frit. The solid material was washed three times with ethanol and dried over-

night under vacuum. 

Eu(III) LMWC complexes with Kaolin KGa-2 

To a Eu(III) solution (cEu(III)
 = 4·10-4 mol·L-1, background electrolyte 0.01 mol·L-1 NaClO4)) a low 

molecular weight compounds (LMWC) (e. g., formic, acetic, propionic, or glycolic acid) with a 

concentrations between 0 mol·L-1 ≤ cLMWO ≤ 10-1 mol·L-1 was added. Kaolin KGa-2 was added 

and the pH was adjusted to five. After stirring for one hour, the suspension was centrifuged 

for 30 minutes at 7000 rpm. Solid and supernatant were separated and the solid fraction was 

dried overnight at 35 °C. With the dried solids, time-resolved luminescence measurements 

were carried out. 

2.2 Methods 

Luminescence measurements of Lanthanide(III) complexes with model ligands 

The luminescence decay times of Tb(III) complexes in the temperature range between 

278 K < T < 353 K were recorded by using a Fluoromax 4 spectrofluorometer (HoribaJobin-

Yvon) coupled to a single photon counting controller (HORIBA Scientific) in the multichannel 

scaling mode. Tb(III) was directly excited with ex = 378 nm and the detected emission wave-

length was em = 542 nm. Luminescence decay time curves of Tb(III) complexes were also 

measured by indirect excitation of Tb(III) (Tb(III) salicylate: ex = 325 nm, Tb(III) phthalate: 

ex = 330 nm). In order to maintain the desired temperature, a thermostat system was used 

(LAUDA, Proline RP 845 C). 

Time-resolved laser luminescence spectroscopy measurements of Sm(III), Dy(III) and Eu(III) 

complexes were performed using a pulsed Nd-YAG Laser (Spectra Physics) combined with an 

optical parametric oscillator (GWU Lasertechnik) for excitation. The luminescence was de-

tected using an iCCD-camera coupled spectrograph (Andor Technology). For the Sm(III) and 

Dy(III) complexes the emission spectra were recorded in the spectral range of 

457 nm ≤ em ≤ 741 nm, the emission spectra of the Eu(III) complexes were recorded in the 

range of  575 nm < em < 636 nm. For the measurements in the hole temperature range 

(77 K ≤ T ≤ 353 K) an excitation wavelength ex = 477 nm was applied to excite the Sm(III) ion 
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directly (4I11/2←6H5/2-transition). For Dy(III) complexes ex = 450 nm (4I15/2←6H15/2-transition) and 

for Eu(III) complexes ex = 394 nm was chosen (5L6←7F0-transition). One complete lumines-

cence decay was measured by collecting 100 to 130 luminescence spectra at increasing t 

using a step width between 6 s < t < 10 s for Sm(III) or Dy(III) and of t = 50 s for Eu(III). 

For one luminescence spectra five laser pulses were accumulated. For the Eu(III) measure-

ments in the time-gated detection scheme, the initial delay time after the laser flash (t) was 

varied between 0.4 µs < t < 30.4 µs (depending on the temperature) in order to discriminate 

luminescence originating from the luminescence of the 5D1→7F0 transition. In the case of 

Sm(III) and Dy(III) an initial delay time of t = 152 s was used. The time dependence of the 

Sm(III), Dy(III) and Eu(III) luminescence was analysed based on a box car technique. To adjust 

the temperature in the range 278 K < T < 353 K a thermostat was used (Lauda). 

An Oxford Dewar was used for the luminescence decay time measurements of Sm(III), Dy(III) 

and Eu(III) as well as Tb(III) complexes in the lower temperature range (77 K ≤ T ≤ 275 K). 

The time-resolved measurements of Tb(III) complexes in the lower temperature range 

(77 K ≤ T ≤ 275 K) were recorded as well with a pulsed Nd-YAG Laser (Spectra Physics) com-

bined with an optical parametric oscillator (GWU Lasertechnik). The luminescence was de-

tected with an iCCD-camera coupled spectrograph (Andor Technology). The excitation wave-

length ex = 378 nm (according to 5G5←7F6-transition) was used to excite the Tb(III) ion directly 

and the emission spectra were recorded in the spectral range of 400 nm ≤ em ≤ 739 nm. By 

collecting 120 luminescence spectra (100 accumulations for one luminescence spectra) at in-

creasing twhileusing a step width of t = 500 s a complete luminescence decay was meas-

ured. The initial delay time after the laser flash was t = 1 s. The time dependence of the 

Tb(III) luminescence was analyzed by using the boxcar technique. 

For luminescence spectroscopy at ultra low temperatures, sample solutions were transferred 

to quartz tubes (40 mm length x 4 mm o. d. x 2 mm i.d.; volume ca. 100 μL), and sealed with 

rubber septums. Samples were cooled to  5 K in a lab-built sample holder, mounted on a 

closed-cycle helium refrigerator (SRDK-205 cryostat; Janis Research Company). The samples 

were excited using a dye laser (LPD 3002; Lambda Physics, Göttingen, Germany) pumped by a 

Nd:YAG laser (QuantaRay, Spectra Physics). Coumarin 153 (Radiant Laser Dyes & Accessories 

GmbH) was used as laser dye. The laser was operated at 20 Hz with a pulse width of 10 ns. 

The Eu(III) emission was collected at a 90 o angle relative to the excitation light by two 10 cm 

F/4 quartz lenses and focused on the entrance slit of a triple monochromator (Spex 1877). For 

detection an intensified charged-coupled device (iCCD) camera (iStar DH720-25U-03; Andor 

Technologies) was used in the gated mode. In order to obtain adequate stray light suppres-

sion, delay and gate width of the iCCD were set to 1 µs and 10 ms, respectively.  The achieved 

spectral resolution in the emission dimension was 0.1 nm (3 cm-1) in a total spectral detection 

window of 37 nm. Each emission spectrum was accumulated for 1 s to 5 s, comprising 20 to 

100 laser pulses. The excitation wavelength was varied with a scan rate ranging from 
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0.001 nm/s to 0.05 nm/s, yielding a resolution in the excitation dimension between 0.03 cm-1 

and 1.5 cm-1. The decay curves were extracted from time series of emission spectra (delay 

1 µs, gate width 10 ms) of 200 spectra. For each sample several decay series were recorded, 

at each excitation wavelength exc corresponding to a separate species in the TLS.  

Data analysis 

Luminescence decays: In case the luminescence decay curves were monoexponential, they 

were evaluated according to eq. (1) 

𝑦 = 𝑦0 + 𝐵 · 𝑒𝑥𝑝 (−
𝑡

𝜏
)                                             (1) 

 

y is the measured luminescence intensity at time t after the laser flash, B is the luminescence 

intensity at t = 0, is the luminescence decay time, and y0 accounts for residual background 

signal. 

From the in-depth analysis of the Eu(III) luminescence, especially when recorded at cryogenic 

conditions, a wealth of information can be obtained: 

5D07F0 transition energy: The 5D07F0 transition is extremely weak because of parity forbid-

dance. It gains intensity in cases in which the symmetry of the Eu(III) complex is lowered, for 

instance due to the formation of non-centrosymmetric complexes or due to vibrational mo-

tion of the ligands. For being non-degenerate the 5D07F0 transition is a powerful indicator 

for the presence of different coexisting complexes in a sample. Moreover, its energy is very 

sensitive to specific parameters characterizing the complex. Two partly contradicting effects 

determine the energy of the 5D07F0 transition: i) the nephelauxetic effect and ii) the splitting 

of the 7F1 transition, which is dependent on the crystal field exerted by the ligands.  

Point symmetry group and asymmetry ratio r: Under site-selective excitation conditions the 

number of STARK levels in the 5D07F1 and 5D07F2 transitions can be used to determine the 

point symmetry group of the coordination polyhedron.  

The integrated intensity of the 5D07F2 transition is especially sensitive to the complex sym-

metry. The more the local complex symmetry deviates from inversion symmetry the more the 

parity forbiddance is relaxed. In contrast, the integrated 5D07F1 emission is not affected and 

can therefore be used as an internal reference. A change of the “asymmetry ratio r” (Equation 

2) indicates an alteration of the complex symmetry. In general, an increasing deformation of 

the coordination polyhedron following the exchange of water molecules by other ligands re-

sults in a larger r value according to: 

 𝑟 =
𝐼( 𝐷0→ 𝐹2

7 )5

𝐼( 𝐷0
5 → 𝐹1

7 )
         (2) 

 

The asymmetry ratio r depends on several other parameters, such as i) the polarizability of 

the ligands, ii) the complex-related concentration of the ligands, and iii) the dielectric constant 
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of the solvent. Nonetheless, for samples containing the same or very similar ligands, investi-

gated under identical experimental conditions, r may be used as a discriminator for different 

species present in the sample. 

Number of water molecules in the first coordination sphere: A major radiationless deactivation 

pathway of Eu(III) is related to the OH groups present in the first, but also (to a minor extent) 

in the second coordination sphere of the complex. It has been established that the number of 

water molecules nH2O in the first coordination sphere of Eu(III) can be determined from lumi-

nescence decay time measurements obs. The well-known empirical equations of HORROCKS et 

al. and KIMURA et al. have been extended to account for additional quenching contributions 

from other ligands and from OH groups in the second coordination sphere with the terms 0.25 

and 0.4 nOH, respectively. 

 𝑛𝐻2𝑂 = 1.2 (
1𝑚𝑠

𝜏𝑜𝑏𝑠
− 0.58 − 0.25 − 𝑛𝑂𝐻 · 0.4)     (3) 

 

This formula was derived at room temperature conditions. Since no influence of temperature 

on the fluorescence decay time was observed (𝜏𝐸𝑢(𝐻2𝑂)8−9
3+ = 100 µs ± 10 µs at 298.15 K and 

106 µs ± 10 µs at 4.7 K) it is concluded that the quenching efficiency of OH vibrations is not 

altered with temperature and thus eq. (3) can also be used at 4.7 K.  

The equation takes only the effect of X-H vibrations as possible acceptors for a radiationless 

energy transfer into account. The presence of (organic) ligands can add additional options for 

a radiationless deactivation. Especially the triplet state and the redox properties of the ligand 

may have to be taken into account. In general, the experimental observed luminescence decay 

time is determined by the rate constants of the different deactivation processes. Here, the 

fastest process rules the observed decay kinetics. The nature of this process is strongly de-

pending on the particular ligand. The general expression for the luminescence decay time of 

a Ln(III) complex is: 

𝜏𝐿𝑛(𝐼𝐼𝐼) 𝑐𝑜𝑚𝑝𝑙𝑒𝑥𝑒𝑠 =
1

𝑘𝑟+𝑘𝑝𝑒𝑡+𝑘𝑒𝑏𝑡+(𝑛−𝑥)·𝑘𝑂𝐻+∑ 𝑘𝑗
´𝑛𝑟

𝑗
     (4) 

 

Here, the rate constants kx are related to the respective processes (r = radiative, pet = photo-

induced (charge) electron transfer, ebt = energy back transfer, OH = OH quenching, nr = other 

non-radiative deactivation processes). 

The contribution of the different ligand-related processes can extracted from luminescence 

decay time data of the respective Ln(III) complex and the Ln(III) aquo complex ([Ln(H2O)n]3+): 

 
1

𝜏𝐿𝑛(𝐼𝐼𝐼) 𝑐𝑜𝑚𝑝𝑙𝑒𝑥𝑒𝑠
−

1

𝜏[𝐿𝑛(𝐻2𝑂)𝑛]3+
= 𝑘𝑝𝑒𝑡 + 𝑘𝑒𝑏𝑡 − 𝑥 · 𝑘𝑂𝐻     (5) 
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In aqueous solution only Sm(III), Dy (III), Tb(III) and Eu(III) show luminescence. Some photo-

physical parameters of these ions are listed in Table 2.  

 

Temperature dependence of  - Arrhenius data evaluation 

The luminescence decay times  of the Ln(III) complexes were measured in the temperature 

range of 77 K < T < 353 K. The experimental rate constants k = 1/ were evaluated by the 

Arrhenius equation to determine the activation energy Ea of the overall rate determining pro-

cess: 

ln 𝑘 = ln 𝐴 −
𝐸𝑎

𝑅·𝑇
         (6) 

 

In case of Ln(III) in complexes with organic ligands k was determined according to eq. (6) in 

order to analyse the temperature dependence of the ligand-related deactivation processes. 

Energy transfer  

The occurrence of the non-radiative transfer of energy is a well-known photophysical phe-

nomenon. Depended on the mechanism it is differentiated between an exchange of electrons 

and a resonant energy transfer. The exchange (or Coulomb) interaction requires an overlap of 

the involved orbitals and happens on short distances, whereas the resonant mechanism is 

based on a dipole-dipole interaction between an electronically excited donor and acceptor in 

its ground state. The efficiency of the energy transfer  depends on the distance R between 

donor and acceptor 

 𝜂 =
𝑅0

6

𝑅6 +𝑅0
6. (7) 

 

The distance R0 is called the Förster distance, where the efficiency of the energy transfer is 

0.50. The R0 value is determined by the luminescence quantum efficiency of the donor, the 

overlap integral of donor’s emission spectrum and acceptor’s absorption spectrum as well as 

the refractive index of the surrounding medium, and by the orientation factor 2. Horrocks 

and coworkers calculated Förster distances for different donor/acceptor pairs.7 They found a 

Förster distance of 8.53 Å (9.12 Å) for the pair Eu(III)/Nd(III) (Tb(III)/Nd(III)) in solution. The 

Table 2: Luminescence deacy times  of the Ln(III) ions in water (taken from 5) and life time of the radiative 

deactivation rad (taken from 6) and the emitting state of selected Ln(III) ions. 

Lanthanide(III) ion  / µs rad / µs emitting state 

Dy3+ 2.5 1850 4F9/2 

Tb3+ 430 9020 5D4 

Sm3+ 2.7 6260 4G5/2 

Eu3+ 110 9670 5D0 
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energy transfer efficiency can be calculated from luminescence decay time  or luminescence 

intensity I.  

 𝜂 = 1 −
𝐼DA

𝐼D
= 1 −

𝜏DA

𝜏D
 (8) 

Here, the index “DA” means donor’s luminescence intensity I or luminescence decay time  in 

presence of an acceptor and “D” reflects I or  in absence of an acceptor. By knowing the 

Förster distance R0 distances of suitable Ln(III) ions can be deduced from stationary or time-

resolved luminescence measurements. 

Complexation of Lanthanide(III) ions by humic substances  

The complexation of Ln(III) ions by HS can be described by a simple 1:1 complex formation 

 Ln3+ + HS𝑦− ⇋ [LnHS]3−𝑦. 

For a reaction like this, a mass action law can be formulated 

 𝛽 =
𝑐([LnHS]3−𝑦)

𝑐(Ln3+)·𝑐(HS𝑦−)
. (9) 

In the equation above c([LnHS3-y]), c(Ln3+) and c(HSy-) are the concentrations of the complex 

formed, the concentration of the Ln(III) ions in solution and the concentration of free binding 

sites in the HS, respectively. Due to the formation of a complex between Ln(III) ions and HS, 

the intrinsic fluorescence of HS is quenched. The quenching of the intrinsic fluorescence can 

be used to derive conditional complexation constants  from titration experiments following 

an approach of Ryan and Weber.8,9 In these experiments the concentration of the Ln(III) ion is 

subsequently increased and the fluorescence intensity is measured. The intrinsic fluorescence 

intensities at a certain Ln(III) concentration is given relative to the intrinsic HS fluorescence, 

when no Ln(III) ions are present. From these Irel the conditional complexation constants  can 

be derived using applying following equation. 

 𝐼rel = 1 +
𝐼ML,rel−1

2𝛽𝑐L
(𝛽𝑐L + 𝛽𝑐M + 1 − √(𝛽𝑐L + 𝛽𝑐M + 1)2 − 4𝛽2 𝑐L𝑐M) (10) 

In this equation IML,rel is the relative remaining intrinsic HS fluorescence at high Ln(III) ion con-

centrations, cM is the total Ln(III) ion concentration and cL the total number of binding sites, 

which is given by the third of the number of chargesd in the HS at a given pH value. The charge 

density was calculated from a modified Henderson-Hasselbalch equation.10 

 𝑸tot =
𝑸𝟏

𝟏+(𝑲𝟏[𝑯+ ])
𝟏

𝒏𝟏⁄
+

𝑸𝟐

𝟏+(𝑲𝟐[𝑯+ ])
𝟏

𝒏𝟐⁄
  (11) 

                                                           
d Due to coordination of one Ln(III) ion, its three positive charges have to be compensated. 
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The parameters K1, K2, n1, n2, Q1 and Q2 are available from the International Humic Substance 

Society (IHSS) and are listed in Table 3.  

 

Refractive index 

The refractive index was measured using a multi-wavelength refractometer (DSR-λ, 

Schmidt+Haensch) in the wavelength range of 400 nm < < 1000 nm. The measurements 

were carried out at 20 °C as well as 35 °C and data points were taken at seven wavelength 

(403,3 nm; 495,9 nm; 598,7 nm; 669,9 nm; 742,3 nm; 842,8 nm; 945 nm). The experimental 

data were interpolated with the help of a Cauchy equation and evaluated by a self-written 

program in LabViewe. 

Vibrational spectroscopy measurements 

Theoretical background 

Due to the interaction of an electromagnetic wave with matter, the electric field E can induce 

a dipole momentum µ in the matter.11  

 𝝁 = 𝝁𝟎 + 𝜶𝑬 + 𝜷𝐒𝐅𝐆𝑬𝟐 + 𝜸𝑬𝟑 + ⋯  (12) 

The strength of the induced dipole moment depends on the polarizability , and the first and 

second order hyperpolarizabilities SFG and , respectively. A static dipole momentum is re-

flected by µ0. In a bulk phase, the single induced dipole momenta give a macroscopic property, 

the polarization P, which can be expressed by 

 𝑷 = 𝜺𝟎(𝝌(𝟏)𝑬 + 𝝌(𝟐)𝑬𝟐 + 𝝌(𝟑)𝑬𝟑 + ⋯ ).  (13) 

 𝑷 = 𝑷(1) + 𝑷(2) + 𝑷(3) + ⋯ 

Here, 0 is the vacuum permittivity, (1) are the first order (linear) susceptibility as well as (2) 

and (3) the non-linear second and third order susceptibilities, respectively. Non-linear effects 

can only be observed, when strong electric fields are applied. For a sum-frequency generation 

(SFG) experiment, two electric fields resulting from visible and IR laser radiation have to over-

lap in space and time on the desired sample. The electric field felt by the matter is 

                                                           
e The programm in LabView was written by Marvin Münzberg 

Table 3: pH titration and elemental composition parameters of some HS under investigation given by the      

IHSS 10. Abbreviations: SR – Suwannee River, PP – Pahokee Peat, HA – humic acid, FA – fulvic acid.  

 C content / % Q1 / meq/g·C lg(K1) n1 Q2 / meq/g·C lg(K2) n2 

SRHA 52.63 9.74 4.35 3.3 4.48 10.44 1.73 

PPHA 56.37 9.64 4.22 3.2 0.94   9.86 1 

SRFA 52.44 11.66 3.76 3.24 2.05   9.84 1.45 

PPFA 50.45 14.22 3.99 3.33 0.76   9.57 1 
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 𝑬 = 𝑬IR cos(𝜔IR𝑡) + 𝑬vis cos(𝜔vis𝑡)  (14) 

 

with EIR and Evis being the electric field of the IR light with a frequency IR and the electric field 

of the vis light vis, respectively. For SFG only the second term in eq. (13) has to be considered. 

By inserting the expression for E given in eq. (14) into P(2) and solving the quadratic depend-

ence of E, gives four different electric fields. One of them is a static one, a second gives the 

doubled frequency, a third the difference frequency and the fourth the sum of both incident 

electric fields. For SFG, the fourth term is of importance. 

The second order susceptibility (2) is the macromolecular average of the molecular hyperpo-

larizability SFG, which is given by11 

 𝜒(2) ∝ 𝛽SFG ∝
𝐴K𝑀IJ

𝜔𝑣−𝜔IR−iΓ
.  (15) 

In the above equation, AK is the IR and MIJ the Raman transition momentum, respectively. The 

molecular vibration frequency is denoted with v and the IR frequency with IR. The value 

-1 is the relaxation time of the involved vibrational excited state. As closer IR is to v the 

higher is the value of SFG and hence the SFG signal intensity ISFG for a single transition 

 𝐼SFG ∝ 𝐼IR𝐼vis|𝜒(2)|
2
  (16) 

as it is proportional to the square of (2) and direct to the intensities of the laser beams in the 

visible Ivis and infrared IIR region of the spectrum.12 For media with a center of inversion (2) 

will vanish.13 A disordered (bulk) phase has inversion symmetry and gives thereby no SFG sig-

nal. Only at surfaces and interfaces the symmetry is broken and SFG signals will appear. For 

that reason SFG spectroscopy is extremely interface sensitive. Another prerequisite arises 

from eq. (15). Only vibrational transitions, which are Raman and IR allowed, will give rise to a 

SFG signal. 

Raman spectroscopy 

Raman spectra were recorded using a confocal Raman microscope (alpha 300RA, WITec 

GmbH, Ulm, Germany). The excitation was achieved by fiber-coupled single mode laser oper-

ating at 532 nm. The excitation light was focused on the sample by a 100x objective. The scat-

tered light was collected through the same objective, guided through an optical fiber to the 

spectrograph and was measured with a CCD camera. The integration time was adjusted de-

pendent on the signal level and lies typically between 0.5 s and 180 s. To increase the signal-

to-noise ratio, the final spectrum results from the accumulation of 3 to 15 single spectra. The 
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received spectra were processed (baseline correction, cosmic ray removal) with an instrument 

specific software, WITec Control. 

SFG spectrometer 

The SFG measurements were carried out on a commercial available SFG spectrometer (EK-

SPLA, Vilnius, Lithuania). The setup is based on the 1064 nm output of a Nd:YAG laser with a 

pulse duration ≤ 30 ps and a repetition rate of 10 Hz, which is directed into a harmonic unit. 

Here, part of the incident light is frequency doubled (second harmonic, 532 nm) and partly 

coupled out. The other part of the second harmonic and the remaining fundamental is guided 

into an optic-parametric oscillator and an optic-parametric amplifier, which convert the fun-

damental and second harmonic by non-linear processes to tunable infrared light 

(2.3 µm ≤  ≤ 10.0 µm). 

In a typical experiment, the vibration of the OH region of the kaolinite was scanned from 

3550 cm-1 to 3750 cm-1 with an increment of 1 cm-1. To increase the signal-to-noise ratio of 

the SFG signal at each step, the signal was accumulated ten times. 

XRD measurements 

X-ray diffraction measurements (XRD) of the kaolinite samples were carried out at an X-Ray 

Powder Diffractometer D5005 with a Copper anode (Siemens/Bruker) by Dr. C. Günther, Insti-

tute of Earth- and Environmental Sciences at the University of Potsdam.   
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3. Results and discussion 

3.1 Influence of temperature and ionic strength on the luminescence of Lanthanide(III) com-

plexes 

Due to the outstanding selectivity and sensitivity, luminescence techniques are powerful an-

alytical tools in speciation analysis of Actinides (or Lanthanides as natural analogous). Based 

on spectroscopic data, especially kinetic data, complexation constants and stoichiometric in-

formation are determined. However, in the data evaluation care has to be taken that the fun-

damental photophysics underlying the observed luminescence signals is fully understood be-

fore conclusions on the complexes are drawn. Especially the interplay between the electronic 

systems of the Ln(III) and the ligands is important. Although the f-electrons of the Lanthanides 

do not (or only to a very small extend) contribute to the binding of ligands, the luminescence 

of the Lanthanides, which originated from transitions within the f-electron multiplet, can be 

distinctly influenced. In water the Ln(III) form aquo complexes (depending on the pH of the 

solutions other complexes may also be formed). Upon complexation of an organic (or inor-

ganic) ligand, water is released from the first coordination sphere. Depending on the ligand 

and its complexation properties, one or two water molecules may be release. Because of the 

effective luminescence quenching by water molecules in the first (but also to a lesser extent 

by water molecules in higher) coordination spheres, it is expected that the Ln(III) luminescence 

quenching is decreased upon binding of an organic ligand resulting in higher luminescence 

efficiency and increased luminescence decay times. In addition to the reduced luminescence 

quenching the exchange of water molecules with organic ligand(s) is also altering the sym-

metry of the complexes which subsequently affects the spectral intensity distribution ob-

served for Eu(III). Here, alteration of the ligand field is reflected in the intensity and spectral 

positions of the Stark levels. For a qualitative and especially for a quantitative evaluation of 

spectroscopic parameters in speciation analysis the electronic interplay between Ln(III) ion 

and ligand(s) needs to be taken into account.  

Low molecular organic compounds such as glycolic acid and salicylic acid (see Figure 1S) were 

used as model compounds for i) low molecular organics found (released) in (from) clays and 

ii) building block of natural organic matter (e.g., HS). In the experiment the electronic (and 

redox) properties were varied by the change of the ligands as well as of the Ln(III) ion. The 

organic ligands investigated varied in their triplet energies and in their overall photochemistry. 

The Ln(III) ions were selected for the differences in the energy gap between the highest energy 

level of the electronic ground state and the lowest energy level of the first excited state (see 

Table 4).  

Table 4: Energy values of the first excited electronic level and energy gap values for Ln(III) ions.14–17 

 Sm(III) Eu(III) Tb(III) Dy(III) 

Energy of first excited electronic level / cm-1 17924 17200 20500 21200 

energy gap E / cm-1   7400 12300 14800 7850 
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Based on reported binding constants the speciation distributions for the different ligand-Ln(III) 

combinations were calculated. Based on the calculation the sample composition was adjusted. 

In order to minimize the complexity of the samples, compositions in which mainly the Ln(III) 

aquo complex and the 1:1 complex with the ligand was present were chosen. Ionic strength 

(0 mol·L-1 < I < 4 mol·L-1)c and temperatures (77 K < T < 353 K) were varied and the effect on 

the luminescence decay kinetic was monitored for Ln(III) = Eu(III), Tb(III), Sm(III) and Dy(III). 

 

 

Figure 1: Summary of the possible intra-complex deactivation (quenching) processes for Ln(III) ions. Shown is 

the complex interplay between relative energy difference and quenching process determining the overall lu-

minescence of the Ln(III) complex. Considered are the energy difference between i) Ln(III)-related energy lev-

els, ii) ligand and Ln(III) levels, including water, and iii) the redox properties of the partners (A – absorption, 

L – luminescence, P – phosphorescence, F – fluorescence, S – singulet state, T – triplet state, ir – inner relaxa-

tion, isc – intersystem crossing, k – rate constant of: OH – quenching by OH-vibrations, ebt – energy back 

transfer and pet –  photo induced electron transfer). 

In Figure 1 an overview of the different intra-complex radiationless deactivation processes to 

be considered for Ln(III) complexes with organic ligands is shown. Three major additional path-

ways for radiationless deactivation need to be taken into account: i) deactivation by OH-vibra-

tions (but also to other functional groups such as NH with suitable vibrational energies may 

be considered), ii) energy (back) transfer to the ligand (e.g., to ligand triplet state), and iii) 

photoinduced redox reaction between Ln(III) and ligand (e.g., photoinduced electron or 
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charge transfer between ligand and Ln(III)). Case i) and ii) are both radiationless energy trans-

fer processes. The contribution of the different intra-Ln(III) and complex-related radiationless 

deactivation processes is determined by the corresponding rate constants and here the fastest 

process(es) will dictate the observed overall deactivation. Hence, the specific combination of 

Ln(III) and ligand each having specific intrinsic electronic properties has to be considered in 

the interpretation of the spectroscopic data during speciation analysis. In order to evaluate 

the different radiationless deactivation pathways and to show the consequences on the data 

interpretation, Ln(III) and ligands were combined to foreground specific deactivation pro-

cesses. 

Direct excitation conditions 

Case i) deactivation via OH-vibrations in aqueous solution 

Figure 2: (left) Luminescence decay kinetics of [Tb(H2O)8]3+ at different temperatures (ex = 378 nm, 

em = 542 nm). (right) Luminescence decay time of [Tb(H2O)8]3+ at different temperature for low and high ionic 

strength conditions. 

The influence of temperature and ionic strength on the luminescence decay time was investi-

gate for Ln(III) = Eu(III), Tb(III), Dy(III), and Sm(III) aquo complexes. In Figure 2 the influence of 

temperature and of ionic strength on the luminescence decay kinetics (and decay time) of the 

Tb(III) aquo complex is shown. The luminescence decay time was determined for a tempera-

ture interval of around T = 300 K and no systematic influence was found. The experiments 

was also carried out with samples at different ionic strength (0 mol·L-1 < I < 4 mol·L-1)c. From 

the results (see Figure 2 (right)) no temperature influence could be deduced. Moreover, the 

comparison between the luminescence decay times at the different ionic strength shows that 

it has also no influence on . Same results were obtained for the other Ln(III) ions investigated. 

From the luminescence measurements of the Ln(III) aquo complexes it can be concluded that 

the luminescence quenching efficiency of the water molecules in the first (and second) coor-

dination sphere of the Ln(III) ions is not altered by the ionic strength. So additional Coulomb 

effects due to high concentration of ions in the water phase (e.g., change in the vibrational 

frequencies due to water cluster formation etc.) are not reflected in an altered luminescence 

behavior of the Ln(III) ions here. For the different Ln(III) the experimentally determined lumi-

nescence decay times of the corresponding aquo complexes are summarized in Table 5. 
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Table 5: Luminescence decay times of the different Ln(III) aquo complexes. Shown are the average values cal-

culated based on the results obtained for measurements in the temperature range of 77 K < T < 353 K and for 

ionic strengths of 0 mol·L-1 c < I < 4 mol·L-1. 

Ln(III) aquo complex Luminescence decay time  / µs 

Tb(III) 425 ± 5 

Eu(III) 110 ± 3 

Sm(III) 2.9 ± 0.3 

Dy(III) 2.9 ± 0.3 

 

The comparison of the luminescence decay times determined for the different Ln(III) aquo 

complexes showed that the fastest luminescence decay kinetics are observed for Sm(III) and 

Dy(III). Both Ln(III) are characterized by a small energy difference E between the lowest en-

ergy level of the first excited state and the highest energy level of the ground state (see also 

Figure 8). For both Ln(III) E is in the range around 7500 cm-1. On the other hand Tb(III) is 

characterized by a E ~ 14800 cm-1 and Eu(III) by a E ~ 12300 cm-1. As a consequence the 

related rate constants for the radiationless energy transfer to the OH-vibrations of water is 

very high in case of Sm(III) and Dy(III) compared to Tb(III) or Eu(III). Using Fermi`s golden rule 

for the estimation of the rate constants the Franck Condon factor and the density of states in 

the accepting electronic system are of relevance. For the system of Ln(III) (donor) and H2O 

(acceptor) the decreasing Franck Condon factor may be considered as the major factor ruling 

the rate constant.  

Case ii) deactivation via energy (back) transfer (ebt) to ligand 

In the next step the luminescence kinetics of Ln(III) in complexes with different organic ligands 

were investigated. A spectrum of different low molecular weight carboxylic acid was applied 

in the experiments. Here, the electronic properties of the ligands were varied with respect to 

the presence of additional hydroxylic (or comparable functional groups like NH and SH) and of 

aromatic structure. Especially the latter parameter defines the relative position of the ligand-

related triplet states, which may serve as a "sink" in case of an energy back transfer (ebt) for 

the Ln(III) to the ligand. In order to become effective the rate constant for the ebt has to com-

pete with the other deactivation processes such as quenching by OH-vibrations (vide supra). 

In the experiments low molecular weight organic ligands with different triplet energies were 

selected to probe the contribution of this deactivation process. 
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Figure 3: Luminescence decay times of Tb(III) (left, ex = 378 nm , em = 542 nm), Sm(III) (middle, ex = 477 nm, 

em = 592 nm), and Dy(III) (right, ex = 450 nm, em = 570 nm) in the temperature range 77 K < T < 353 K (orange 

circles: phthalate (pH = 4.2); green triangles: salicylate (pH = 5.0); blue squares: H2O). 

 

 

Figure 3a: Luminescence decay times of Tb(III) (left, ex = 378 nm , em = 542 nm), Sm(III) (middle, ex = 477 nm, 

em = 592 nm), and Dy(III) (right, ex = 450 nm, em = 570 nm) in the liquid phase (orange circles: phthalate 

(pH = 4.2); green triangles: salicylate (pH = 5.0); blue squares: H2O) at temperatures between 276 K < T < 353 K. 

In Figure 3 the luminescence decay times of the Ln(III) = Tb(III), Sm(III), and Dy(III) in complexes 

with salicylate and phthalate are shown determined in the temperature range of 

77 K < T < 353 K. Depicted are also the  values found for the respective Ln(III) aquo complexes. 

In contrast to the Ln(III) aquo complexes the phthalate and salicylate ligands have a distinct 
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influence on the overall temperature dependence of  and moreover, depending on the com-

bination of Ln(III) and ligand the differential change with temperature is different. The most 

pronounced change was observed for salicylate in combination with Tb(III). 

For Sm(III) and Dy(III) two clearly separated region can be identified in Figure 3. For tempera-

tures below the freezing temperature of the solutions (around T = 270 K) the luminescence 

decay times were i) longer compared to the Ln(III) aquo complex and ii) for complexes with 

phthalate compared to salicylate longer  were determined (Figure 3 (middle and right)). In 

the solid phase the luminescence decay times of the complexes were increased because water 

molecules are removed from the first coordination sphere and substituted by the coordinating 

group (e.g., carboxylic group) of the ligands. It can be assumed that one carboxylic group will 

replace two water molecules. Therefore, phthalate is potentially more effective because four 

water molecules are removed from the Ln(III) coordination, in case of salicylate only two water 

molecules (three if the hydroxylic group also contributes). This is reflected in the overall larger 

 found for the Ln(III) complexes with phthalate (see Figure 3). For the liquid phase samples 

of Sm(III) and Dy(III) no differences to the corresponding Ln(III) aquo complexes were found 

(see Figure 3a). Here, the kinetic lability of Ln(III) complexes may determine the overall 

quenching. Due to a fast ligand exchange in combination with a very efficient OH-quenching 

(large Franck Condon factors, vide supra) the observable luminescence decay time is signifi-

cantly reduced. Since Sm(III) as well as Dy(III) have an energy gap of                                            

7000 cm-1 < E < 8000 cm-1, the energy difference to the ligand-related triplet state is large 

(several thousand cm-1, see Figure 8 and Table 6) and subsequently a (thermally activated) 

energy transfer from the electronically excited Ln(III) (= Sm(III), Dy(III)) to the ligand triplet 

state is not operative. 

Table 6: triplet energies ET of the ligands.18,19 

 ET /cm-1 

salicylic acid 23800 

phthalic acid 27400 

 

Complexes of phthalate and salicylate with Tb(III) show divergent trends. For the solid phase 

i) only a weak temperature dependence at T < 270 K and ii) only minor differences between 

both ligands are found for the luminescence decay times. The quenching by water molecules 

is due to its unfavorable Franck Condon factor (vide supra) less efficient (compared to Dy(III) 

or Sm(III)). For the higher temperatures the differences between salicylic and phthalic acid 

again become evident (see Figure 3a). Since the triplet energy of the salicylic acid is smaller 

compared to phthalic acid, also the energy difference between Tb(III) excited states and triplet 

states in salicylic acid is smaller. This leads to a more efficient energy transfer and subse-

quently to a higher quenching influence. Because of the unfavorable coupling to OH-vibra-

tions, the energy transfer to ligand triplet states comes into play for Tb(III) complexes. 
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For the temperature range of 278 K < T < 353 K the influence of the ionic strength             

(0 mol·L-1 < I < 4 mol·L-1)c on the observed luminescence decay kinetics was investigated. In 

Figure 4 the luminescence decay times of Tb(III) and Dy(III) salicylate complexes are shown. 

 

 

Figure 4: Luminescence decay times of salicylate complexes with Tb(III) (left) and Dy(III) (right) for the temper-

ature range of 278 K < T < 353 K at different ionic strength (0 mol·L-1  < I < 4 mol·L-1)c.  

While for Dy(III) no further influence of the ionic strength was found, for the Tb(III) salicylate 

an increase in the luminescence decay time with increasing ionic strength was found. This 

increase could be caused by a shift of the Tb(III) complex equilibrium to a higher amount of 

Tb(III) aquo complexes, for what interactions between sodium ions and salicylate ligands are 

responsible and as a result less salicylate was coordinated by Tb(III). Because of the missing 

influence of salicylate on the luminescence decay time of Dy(III) in comparison to the Dy(III) 

aquo complexes this shift could not be observed. 

An Arrhenius analysis of the luminescence decay times further underlines the differences in 

contributions of the radiationless energy transfer processes for Ln(III) aquo complexes and for 

Ln(III) complexed by organic ligands, respectively. While for Ln(III) aquo complexes the general 

high efficiency of the OH-quenching is reflected by a very low activation barrier, for Ln(III) 

complexed by organic ligands the contribution of an energy back transfer to the ligand may 

have to be considered (see Figure 5 (left)). In case of Tb(III) this deactivation process can com-

pete with the OH related quenching. In this case the quenching is characterized by a different 

activation barrier. For Dy(III) and Sm(III) still the OH-related quenching is the major deactiva-

tion pathway and subsequently the determined activation energy is low (see Figure 5 (right)).  
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Figure 5: Arrhenius data evaluation for Tb(III) (left) as well as Sm(III) and Dy(III) (right) in aquo complexes as  

well as in complexes with organic ligands 

Indirect excitation conditions 

The experiments were performed under direct excitation of the Tb(III). In order to support the 

conclusions drawn with respect to the thermally activated energy back transfer via the ligands 

tiplet state (vide supra), additional experiments under indirect excitation conditions were car-

ried out.  

 

Figure 6: Dependence of the luminescence decay time of Tb(III) in complexes with salicylic acid in the temper-

ture range 278 K < T < 353 K for different ionic strength I. The decay times were determined from luminescence 

kinetics measured under sensitized excitation conditions (ex = 325 nm) (For comparison with direct excitation 

of Tb(III) at ex = 378 nm see also Figure 4). 

In Figure 6 luminescence decay times for Tb(III) in complexes with salicylic acid determined 

for indirect excitation (ex = 325 nm) are summarized. Like in the case of direct excitation (see 

Figure 4)  decreased with increasing temperature. Due to the reduced formation of com-

plexes at higher ionic strength this effect was decreased and almost diminished at       

I = 4 mol∙L-1. 

In Figure 7 (left) the luminescence decay times for Tb(III) in complexes with salicylate and 

phthalate under indirect excitation conditions are shown. In the experiment the ligands were 
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used as sensitizers which transfer the energy in a subsequent step effectively to Tb(III). Be-

cause the absorption coefficients of the organic ligands are significantly higher compared to 

the intrinsic Tb(III) absorption coefficients, the sensitization in general is an excellent approach 

for sensitive luminescence detection of such complexes.  

 

Figure 7: (left) Luminescence decay times of Tb(III) in complexes with salicylate (green triangles) and phthalate 

(orange circles)  (em = 545 nm). The decay kinetics were measured for direct (light symbols, ex = 378 nm) and 

indirect (dark symbols, excitation of salicylate with ex = 325 nm and of phthalate with ex = 330 nm) excitation 
via the respective ligand for the temperature range of 276 K < T < 353 K. (right) Results of the Arrhenius data 
evaluation for indirect excitation conditions for salicylate and phthalate as ligands for Tb(III).  

In Figure 7 the results obtained for direct and indirect excitation condition are compared and 

it can clearly be seen that there is no difference in the luminescence decay time. Conse-

quently, also the respective Arrhenius data evaluation (Figure 7 (right)) yielded activation en-

ergies which were in excellent agreement with data obtained for direct excitation conditions 

(vide supra). This finding excludes an effective involvement of radiationless deactivation via a 

charge-transfer (metal-to-ligand or ligand-to-metal charge transfer) reaction, since in this case 

the direct excitation of the ligand would alter the respective ligand-related redox properties 

drastically and a different luminescence decay time could be expected. The fact that no dif-

ference is observe between both excitation schemes is a supporting evidence that the pro-

cesses contributing to the depopulation of the Tb(III)-5D4 state are identical. 

In Figure 8 the different radiationless energy transfer pathways (case i) and ii)) contributing to 

the observed overall reduction of the luminescence decay time of Ln(III) complexes are sum-

marized. The interplay between the different deactivation processes is responsible for the ef-

fective overall luminescence decay kinetics and determined by the fastest of such (vide supra). 
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Figure 8: Schematic overview of the Ln(III) energy levels in relation to (overtone) water vibrations or the energy 

of triplet states of ligands used in the project (energy values taken from 16,17). 

Case iii) deactivation via an intra-complex photoinduced electron transfer (pet) reaction 

In addition to radiationless energy transfer processes also the option of an electron transfer 

(or charge transfer) from ligand to the Ln(III) ion or vice versa should be taken into account. 

Among the investigated Lanthanides Europium can be found in the oxidation state +II and +III, 

although under normal conditions for the complexes investigated in aqueous solution only the 

+III form is observed. This is true for complexes formed and analysed in the electronic ground 

state. The situation if one of the components (Eu(III) or organic ligand) is in an electronically 

excited state could be different. 

 

Figure 9: Arrhenius data evaluation of the corrected luminescence decay constants for Eu(III) complexed by 

salicylate (violett squares) and phthalate (blue squares) (ex = 394 nm, em = 618 nm). 

In Figure 9 the Arrhenius data evaluation of the corrected luminescence decay times for Eu(III) 

in complexes with salicylate and phthalate is shown. It can be seen that for the two organic 

ligands a distinctly different temperature dependence was observed. While for the phthalate 

complexes (almost) a very small activation energy is calculated (resembling the case, in which 

the remaining water is involved like in the case of Sm(III) or Dy(III), vide supra), for salicylate a 
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much larger activation energy was determined. Based on transient absorption spectroscopy 

data for Eu(III) salicylate complexes it was shown that the solvate electron, which can be 

observed in aquous salicylate solutions upon pulsed laser excitation, is fully quenched.20 In 

addition, the Eu(III) luminescence decay time of Eu(III) complexed by salicylate is reduced 

compared to the Eu(III) aquo complex.21 Therefore, it is attractive to attribute the observed 

luminescence quenching by salicylate to an photoinduced electron transfer, in which the 

Eu(III) is reduced by the photoexcited salicylate to Eu(II). The obtained Eu(II) complex is not 

stable in aquous solution and decays radiationless further to the starting conditions (Eu(III) 

salicylate complex). 

In summary, the luminescenece decay time is deterimined by a sum of different radiationless 

deactivaiton processes, of which the fastest determines the overall observed luminescence 

decay (see eq. (4)). 

In order to evaluate luminescecence decay time data properly, the rate determining process 

needs to be identified. The rate-determining process is a consequence of the interplay 

between different factors defined by the ligand and the Ln(III) ion. In Figure 10 a summary of 

the rate-determining processes for the different Ln(III)-complexes investigated is given. In the 

evaluation of luminescence decay data the presence of rate determining processes has to be 

introduced. As an example, for Eu(III) the calculation of water molecules based on the empir-

ical Horrocks equation should be modified according to: 

𝑛𝐻2𝑂 = 𝐴 · (
1

𝜏𝐻2𝑂
# −

1

𝜏𝐷2𝑂
− 𝑋)   (17) with 

1

𝜏𝐻2𝑂
# =

1

𝜏𝐷2𝑂
− 𝑘𝑝𝑒𝑡     (18) 

The parameter X contains additional contributions, e.g., of ligands in the second coordination 

sphere (see also eq. (4)). 
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Figure 10: Summary of the contributions of the different radiationless deactivation processes operative in the 

investigated Ln(III) complexes. 
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3.2 Refactive index of salt solutions up to I = 4 mol∙L-1  

The refractive index of water containing i) NaCl, ii) NaClO4, and iii) CaCl2 was determined for 

different ionic strength, different pH, and two different temperatures in the wavelength range 

of 400 nm <  < 1000 nm (see Figure 11). 

 

 
Figure 11: Refractive index of water containing different salts. (Bottom, right) Influence of temperature on 

the refractive index of solutions containing high concentrations of CaCl2 or NaCl. 

 

The comparison of the salts showed only minor differences in the absolute value for the same 

ionic strength. On the other hand, the overall ionic strength of the solution had a distinct in-

fluence on the refractive index. Especially for high ionic strength solutions the refractive index 

significantly increased in the monitored spectral range. Moreover, also the temperature of the 

solution is effecting the refractive index n of the solution, however only to a smaller extend 

comparing the influence of the ionic strength. 

These findings have implications on luminescence parameters and subsequently on the quan-

titative evaluation of such when data of different ionic strength (or salt concentration) are 

compared quantitatively. 

Two frequently used luminescence parameters in speciation analysis are luminescence quan-

tum yield L (or for simplification often the luminescence intensity) and the luminescence 

decay time . Both parameters are connected by 
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  Φ𝐿 =
𝜏

𝜏0
         (19) 

 

0 (and ) are defined by the Einstein coefficients A21 and B12, respectively. Taking the theory 

into account the rate constant for the luminescence kL can be written as 
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Depending on the difference between excitation and emission wavelength the dispersion may 

be neglected. In that case a rough approximation according to Strickler and Berg for the lumi-

nescence decay time can be performed: 

  
 

  





dn c
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3

29 2
1088.2

1
     (21) 

 

From eq. (21) a quadratic dependence of the reversed luminescence decay time on the refac-

tive index n is predicted. By looking at the extreme values for I = 0.1 mol∙L-1and 4 mol∙L-1, 

respectively, a change in  of 5 - 10% can be expected due to the variation in the refractive 

index. So, for decay time based speciation this needs to be taken into account when results of 

different ionic strength samples are compared. Sine  is correlated with the luminescence 

quantum efficiency (and therefore, also with intensity) via eq. (19) this affects also this lumi-

nescence parameter.  

Based on the data acquired (see Figure 11) this correction can be easily carried out, which will 

help to further improve the precision of luminescence based speciation. 
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3.3 Complexation of Lanthanides by borate 

Borates have been identified as a potential ligand in nuclear waste repositories. Especially in 

salt formations, which are one of the major geological formations evaluated. In addition to 

mineral as natural sources, boron is also a constituent of materials used in the nuclear tech-

nology process (e.g., borosilicate glass coquilles; boron as part of the cooling water becomes 

part of the spent nuclear fuel inventory to be stored). Therefore, the formation of boron com-

plexes with Lanthanide complexes was investigated. In aqueous systems B(OH)3 and poly-

borates are potential interaction partners for metal ions such as Ln(III). The aqueous chemistry 

of B(OH)3 is complex, while at concentrations c < 0.025 mol·L-1 only boric acid and its different 

anions is found, at higher concentrations (and depending on the pH of the solution) a number 

of different polyborates are formed and dominantly found in the system (see Figure 12).  

 

Figure 12: (left) speciation of borate for c = 0.8 mol·L-1 and (right) for c = 0.02 M based on data taken from 22 

and calculated using ChemEQL 3.023. 

In Figure 13 the luminescence spectra of Eu(III) at increasing borate concentrations        

(0 mol·L-1 < c(BS) < 0.02 mol·L-1) are shown. In this concentration range (and pH) no formation 

of polyborate species is expected (s. also Figure 12 (left)). In the left part of Figure 13 the Eu(III) 

luminescence spectra are depicted. It can be seen that the spectral intensity distribution is not 

change by the presence of borate up to concentrations of 0.02 mol·L-1. This was found for all 

samples investigated at pH < 7.   

   

Figure 13: Luminescence spectra of Eu(III) (ex = 394 nm, c(Eu(III) = 0.4 mmol·L-1) in the presence of increasing 

borate (BS) concentration at two pH values. 
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At pH = 7 at the highest borate concentration investigated an alteration in the spectral inten-

sity distribution was observed (see Figure 13 (right)), which indicates that the coordination 

sphere of Eu(III) is changed by the complexation of borate. Based on measurements of the 

luminescence decay kinetics the corresponding decay times were determined for different 

borate concentrations and pH. 

 

Figure 14: Luminescence decay time  of Eu(III) (ex = 394 nm, em = 613 nm) in the presence of borate at three 

different pH (after three days of equilibration). 

From Figure 14 can be concluded that also the luminescence decay kinetics of Eu(III) is not 

altered due the presence of borate in the investigated concentration range for pH < 7. Only at 

pH = 7 and high borate concentration a distinct alteration of  was found, which perfectly 

corroborates the results of the spectra analysis. Based on the empirical relationship (see e.g., 

eq. (17)) the number of water molecules substituted by the borate in the first coordination 

sphere of Eu(III) was estimated to 2 - 3. However, the possible influence of the borate itself on 

the Eu(III) luminescence decay kinetics has to be kept in mind (vide supra for the detailed 

discussion of ligand-related radiationless deactivation). Here, further research is necessary. 

For pH = 7 also the aging of the samples was investigated. In Figure 15 (left) the alterations 

observed in the spectral intensity distribution after five days are shown. Compared to Fig-

ure 13 (right) additional spectral features are observed. In addition the spectral intensity dis-

tribution changes also the luminescence decay kinetics were altered. Here, a further increase 

with longer contact time was found, e.g., for the sample containing 20 mmol·L-1 boric acid 

(pH = 7) the luminescence decay time increased to  = 380 µs after one week equilibration 

time. These samples were stored under ambient conditions. In order to test the influence of 

CO2 experiments with samples prepared with and without CO2 were investigated.  
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Figure 15: (left) Eu(III) luminescence spectra (ex = 394 nm, pH = 7, RT) of Eu(III) borate solutions after five days 

of contact time under ambient conditions are shown. (right) Influence of CO2 on the Eu(III) luminescence spec-

tra in the presence of borate (c = 0.02 mol·L-1, pH = 7). 

In Figure 15 (right) the effect of CO2 after six days of contact is shown. The comparison with 

the spectra on the left shows a strong resemblance and makes it tempting to attribute the 

observed spectral changes to the formation of mixed complexes between Eu(III), borate, and 

CO2, respectively. For the aged samples also a slow precipitation of a white solid over weeks 

was observed indicating that a water insoluble complex is formed. At pH =7 (and below) at 

concentrations c < 0.02 mol·L-1 borate is a weak ligand and cannot compete with other ligands 

like low molecular weight organic acids. This has been shown in competition experiments with 

glycolic acid as a model ligand. 

In collaboration with the Technical University of Dresden and the Helmholtz Center Dresden 

Rossendorf also the interaction of Eu(III) with polyborates at pH < 6 was investigated. Here, 

site-selective luminescence spectra recorded at T = 5 K proved to be especially valuable in the 

identification of different Eu(III) polyborate complexes formed in the investigated system. For 

a detailed description of experiments performed please referrer to the report of the Technical 

University of Dresden.24 As an example in Figure 16 the different luminescence spectra (at 

room temperature and under site-selective excitation conditions at T = 5 K) of solid Eu(III) 

borate samples obtained from the solutions are shown. 
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Figure 16: Solid-state luminescence spectra of the solid Eu(III) borate: (a) emission spectrum recorded at RT 

(ex = 394 nm), (b) excitation spectrum at T = 5 K, (c) emission spectra (ex = 578.0 nm, 578.50 nm and 

579.45 nm, respectively, T = 5 K), (d) emission spectra determined from the PARAFAC analysis of the time-

resolved spectra at T = 5 K (ex = 578.50 nm and 579.45 nm, respectively). 

In summary, the possible impact of borate on the mobilization of Actinide(III) ions in a nuclear 

waste repository is expected to be small. Based on the results, borates have only a minor mo-

bilization potential for trivalent Actinides in the slight acidic to neutral pH range since the 

complexation is very weak - especially in comparison to other ligands, e.g., carbonate, hydrox-

ide and other organic compounds present in the system. Moreover, due to the formation of 

solid (poly)borate phases already at slight acidic pH the immobilization of trivalent Actinides 

will be supported. Future research is required to investigate the actinide-borate interactions 

in the alkaline pH range in detail. 
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3.4 Interactions of Europium(III) with natural occurring polymers 

Organic material, especially polymeric organic material is an important complexing agent as 

natural organic polymers, like humic substances (HS), are ubiquitous in the environment. The 

ground and pore waters in North Germany lower cretaceous clays have relatively high salt 

concentrations.25 In the following the complexation of Eu(III) as Ln(III) ion by different HS in 

solutions with different background electrolytes and different electrolyte concentration was 

investigated.  

Figure 17 shows a typical fluorescence spectrum of HS. By increasing the Eu(III) concentration 

from 0 mol·L-1 to 40 mol·L-1 the intrinsic HS fluorescence intensity is quenched. Around 

600 nm two peaks (located around 592 nm and 615 nm) show increasing intensity with in-

creasing Eu(III) concentration. These two peaks arises from the luminescence of the Eu(III) 

ions, which is excited via HS molecules. From this measurement, the conditional complexation 

constant can be derived using eq. (10). 

To calculate conditional binding constants by the use of eq. (10), the measured fluorescence 

intensity at every Eu(III) concentration is added up from 425 nm to 475 nm and divided by the 

integrated fluorescence intensity in absence of Eu(III). This approach gives plots as shown in 

Figure 18. By non-linear least square fitting of eq. (10) to the data, values for the conditional 

complexation constant and the remaining fluorescence IML,rel could be derived. In Figure 18 

experimental data (points) and the result of the fitting procedure (straight lines) for the com-

plexation of Eu(III) ions by Pahokee Peat Fulvic Acid are shown. 

These measurements were conducted for the humic acid (HA) and fulvic acid (FA) fraction of 

Pahokee Peat (PP) and Suwannee River (SR) humic substances. In the investigation mainly two 

different ionic strengths (0.5 mol·L-1 and 3.0 mol·L-1 NaCl) at different temperatures (room 

temperature, 35 °C and 50 °C) were considered.  

 

 

Figure 17: Typical fluorescence of a humic substance. Shown is a fluorescence spectrum of Pahokee Peat Fulvic 

Acid with a concentration of 10 mg·L-1 in 0.5 mol·L-1 NaCl solution at pH = 5. Excitation was at ex = 325 nm. 
The arrows indicates the changes upon increasing Eu (III) concentration from 0 µmol·L-1 to 40 µmol·L-1.  
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The complexation of Eu(III) ions by SRFA and SRHA as well as PPFA and PPHA was investigated 

by stationary fluorescence measurements in dependence of ionic strength and temperature. 

From Figure 19 it clearly can be seen, that the complexation is stronger for PP than for SR as 

the lg  values are one unit higher for PP. For the effect of temperature and ionic strength no 

clear trends were found. Neither an increase of ionic strength from 0.5 mol·L-1 to 3.0 mol·L-1 

nor of temperature from 22 °C to 50 °C gave a pronounced effect on the conditional complex-

ation constants. 

A crucial parameter is – besides the very fundamental assumption of a 1:1 complexation – the 

concentration of the ligand / binding sites in the HS. The approach was to calculate this con-

centration from the charge density of the HS at the given pH. But this charge density is known 

only at room temperature. The calculation of complexation constants requires in principle 

knowledge about the activities of ligands and metal ions. In this approach, concentration are 

used instead. Theories, like SITf or Pitzer, allow to calculate activity coefficients for ions in so-

lution. But these attempt will fail for HS as HS are complex mixtures of an unknown number 

of pieces. 

In the following, the interaction of HS with Ln(III) ions will be investigated on a more mecha-

nistic level. In addition to Eu(III) also Lanthanum(III) (La(III)) and Neodymium(III) (Nd(III)) were 

included in the study. The aim was to derive average distances between complexed Ln(III). 

Hereby, a more intrinsic parameter is at hand, which will help to describe the interaction on a 

molecular level. 

                                                           
f Specific Interacion Theory 

 

Figure 18: Plot of the relative intrinsic fluorescence intensity of Pahokee Peat Fulvic Acid at pH = 5 as function 
of the Eu(III) concentration and different concentrations of NaCl as background electrolyte as given in the leg-
end. The straight lines are the results of a non-linear least square fitting of eq. (10) to the data. 
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As representative, HA from the Gorleben site – Gohy573 FA and Gohy573 HA – were chosen. 

The question was, how the composition of the background electrolyte influences the interac-

tion of the Ln(III) ions with Gohy573 HA and Gohy573 FA, respectively. As background electro-

lyte NaCl and MgCl2 were used. At the beginning of the investigations it was recognized, that 

the MgCl2 influences the intrinsic fluorescence of the humic material. This also showed up by 

addition of Eu(III) ions to solutions containing Gohy573 FA or HA and MgCl2 as background 

electrolyte. Contrary to the comparable measurements, as shown in Figure 17 and Figure 18, 

with NaCl as background electrolyte no pronounced decrease of the intrinsic fluorescence in-

tensity could be observed upon addition of Eu(III) ions. As the intrinsic fluorescence of HS is 

very broad and featureless – a result of their complex and heterogeneous structure – it is not 

the best observable to study interactions between Ln(III) ions and HS in detail. In contrast, 

some Ln(III) ions have a distinct luminescence emission, which is altered due to changes in 

their chemical environment, for example due to complexation reactions. 

Eu(III) was used as luminescence probe in the experiments and was excited indirectly via HS 

molecules. Consequently, only Eu(III) complexed to chromophors of the HS are monitored. 

Here, the humic substance molecules act as a so called antennae, which collect the excitation 

light and transfer it to the Eu(III) ion. The excitation of the Eu(III) via HS is more efficient than 

a direct excitation of the Eu(III) ions as the extinction coefficients of the latter are very low 

(< 3 L·mol-1·cm-1)6. 

   

Figure 19. Conditional constants for the complexation of Eu(III) ions by the FA and HA fractions of PP (left) and 
SR (right). The concentration of the humic substance was 10 mg·L-1 at pH = 5. 

   

Figure 20: Luminescence spectra of Eu(III) at different Eu(III) concentrations in solution with 12.5 mg·L-1 HS and 

0.1 mol·L-1 MgCl2 at pH = 5, ex = 356 nm. 
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In Figure 20 luminescence spectra of Eu(III) in solutions with Gohy573 HA and Gohy573 FA are 

shown after indirect (sensitized) excitation via HS at ex = 356 nm. By increasing the Eu(III) 

concentration also the intensity of the Eu(III) luminescence increases. Due to the excitation 

scheme, only Eu(III) ions, which are complexed to humic substance molecules, will show lumi-

nescence. Therefore, an increase in luminescence intensity means also that more Eu(III) ions 

are complexed to the humic substance. 

The Eu(III) luminescence spectra show differences for the complexation of Eu(III) by 

Gohy573 FA and Gohy573 HA. What clearly can be seen is that the intensity of the 5D07F2 

transition (around 615 nm) is higher relative to the intensity of the 5D07F1 transition (around 

592 nm) for Eu(III) complexed to Gohy573 HA. For the highest Eu(III) concentrations, the rela-

tive intensity of the 5D07F2 transition increases up to four for Gohy573 HA and only to 2.6 

for Gohy573 FA. Also the coordination geometry of the complexes formed must be different 

as the luminescence spectra looks different. In Eu(III) Gohy573 HA complexes, the 5D07F0 

transition has nearly the same intensity as the 5D07F1 transition, whereas for Eu(III) Gohy573 

FA complexes the 5D07F0 transition has only half of the relative intensity compared to the 
5D07F1 transition. In addition, the splitting of the 5D07F1 and 5D07F2 transition show 

slightly differences for FA and HA as complexing ligands. For comparison both luminescence 

spectra at the highest Eu(III) concentration (20 µmol·L-1) are plotted in one diagram (cf. Fig-

ure 21). 

Each 7FJ states split in a ligand field in up to 2J+1 energetically different sublevels, known as 

Stark levels. Depending on the energy differences of these Stark levels and the symmetry, in 

which the Eu(III) ion is embedded, the splitting can also be seen in the luminescence spectra. 

Görller-Wallrand and Binnemans summarized, how luminescence excitation or emission spec-

tra can be used to derive the symmetry of the Eu(III)’s ligand field in single crystals.26 

However, this approach to deduce the symmetry of Eu(III) species in the presence of HS will 

fail, as it cannot be expected that only one specific Eu(III) complex will be formed. Neverthe-

less, from the luminescence emission spectra shown in Figure 21 differences in the splitting of 

 

Figure 21: Comparison of the normalized luminescence spectra of Eu(III) complexed by Gohy573HA and 
Gohy573 FA, respectively,  c(Eu(III) = 20 µmol·L-1. 

580 590 600 610 620

0

1

2

3

4

n
o

rm
. 

in
te

n
s

it
y

wavelength / nm

 Gohy573 HA

 Gohy573 FA



40 
 

the 5D07F1 and 5D07F2 transitions depicted. Interestingly enough, in the luminescence 

spectrum of Eu(III) Gohy573 HA complexes the splitting of the 5D07F1 transition is better 

resolved (two local maxima) compared to Eu(III) complexes with Gohy573 FA (one maximum 

and a shoulder). The opposite trend is found for the luminescence transition 5D07F2. Here, 

for Eu(III) Gohy573 HA complexes a maximum with two shoulders is found, whereas for Eu(III) 

Gohy573 FA complexes two local maxima can be seen and a shoulder on the bathochromic 

side of the peak can be anticipated. 

A parameter easier accessible is the asymmetry ratio r (cf. eq. (2)), which is more straight 

forward to compare different Eu(III) luminescence spectra. For the luminescence spectra 

shown in Figure 20 this parameter was calculated and plotted in Figure 22. For both, complex-

ation by Gohy573 HA or Gohy573 FA, the asymmetry ratio decreases slightly by background 

electrolyte (MgCl2) concentration of 0.10 mol·L-1 with increasing Eu(III) concentration. When 

increasing the concentration of MgCl2 to 0.85 mol·L-1, the decrease of asymmetry ratio r is 

stronger. 

By increasing the Eu(III) concentration, more and more binding sites of the HS are occupied. 

One approach to describe the interactions of HS with protons or metal ions is the NICA Donnan 

model.27,28 In this model two kinds of binding sites – a stronger and a weaker one – are as-

sumed, which allow specific interactions between humic substance molecules and metal ions. 

Non-specific interactions are also taken into account by including a Donnan sub-model in this 

approach. The decreasing trend of the asymmetry ratio can be interpreted in these terms. At 

low Eu(III) concentrations, most of the Ln(III) ions are expected to be coordinated by strong 

binding sites, which produce a stronger ligand field and hence a more intense 5D07F2 transi-

tion – due to its hypersensitive character – will show up in the luminescence spectrum. With 

increasing Eu(III) concentration also weaker binding sites are involved in the complexation. 

This reduces the intensity of the hypersensitive transition and hence the value of the asym-

metry ratio r. 

 

Figure 22: Asymmetry ratio r calculated with eq. (2) extracted from luminescence spectra of Eu(II) complexed 
to Gohy573 FA or Gohy573 HA at different concentration of MgCl2 as background electrolyte. Excitation of the 
Eu(III) luminescence at 356 nm, pH = 5, c(HS) = 12.5 mg·L-1. 
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An increase of the background electrolyte concentration has at least two effects. On one hand, 

the number of competing metal ions for binding sites is increased. On the other hand, HS can 

also be understood as polyelectrolytes and consequently the increase in ionic strength will 

also affect the humic substance conformation. As can be seen in Figure 22 the increase of the 

background electrolyte concentration leads to a decrease of the asymmetry ratio r. At lower 

MgCl2 concentrations (less than 10 mmol·L-1) no influence on the asymmetry ratio r was ob-

served. Both findings are in accordance with the general trends discusses so far. A similar be-

havior for the complexation of Eu(III) ions by Gohy573 HA in solutions containing Ca(II) was 

found.29,30 In these experiments, KNO3 was used to control the ionic strength and Ca(NO3)2 

was added. At Ca(II) concentration below 1 mmol·L-1 the asymmetry ratio r remains constant 

as the amount of bound Eu(III) is not affected. At higher Ca(II) concentrations a decrease of r 

was observed and accounted to a replacement of Eu(III) ions by Ca(II). The changes in r was 

led back to changes in the humic substance conformation. 

The background electrolyte acts not only due to the number of ions in solution. In Figure 23 

the effect of CaCl2 and NaCl as background electrolytes on the luminescence asymmetry ratio 

r is compared. The ionic strength was chosen to lie within I = 0.1 mol·L-1 and I = 3.0 mol·L-1. 

The increase of the NaCl concentration leads to a shift of r to greater values, whereas increas-

ing of the CaCl2 concentration showed the opposite trend. In this case r decreases. At compa-

rable ionic strength for CaCl2 and NaCl (I = 1.0 mol·L-1) the value of the asymmetry ratio r was 

distinctly lower in Eu(III) luminescence spectra arising from complexes with SRFA in CaCl2 con-

taining solutions. The main difference in both electrolyte systems is the charge of the cation. 

A single positive charged ion like Na(I) has only one valency for interaction with opposite 

charged ions, whereas Ca(II) can interact with more than one opposite charge. It is conceivable 

that this opens the possibility to link humic substance molecules together, which will have 

significant effects on further interactions with metal ions like Ln(III) ions. As already discussed, 

above a certain concentration the cations from the background electrolyte itself become 

strong competitors for binding sites, which leads to a displacement of the Eu(III) ions.  

 

Figure 23: Asymmetry ratio r (left) of Eu(II) complexes with SRFA in aqueous solution containing different con-
centrations of background electrolyte (NaCl or CaCl2) . The ionic strength of I =  0.1 mol·L-1 (1.0 mol·L-1) for CaCl2 

corresponds to c(CaCl2) = 0.033 mol·L-1 (0.33 mol·L-1). ex = 325 nm, pH = 5. 
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To account for macromolecular effects, such as changes in conformation, the measurement 

of distances between binding sites might be a good indicator. But these distances are hardly 

to measure. A way out is to measure them indirectly by the distances between bound Ln(III) 

ions. This can be achieved by applying the ILTE. 

To solutions containing Eu(III) and Gohy573 HA or Gohy573 FA, respectively, La(III) or Nd(III) 

ions were added. It is known, that Nd(III) can quench the Eu(III) luminescence by an ILET based 

on an Förster resonance energy transfer mechanism depending on the distance between both 

ions.7 La(III) itself will not quench Eu(III)’s luminescence as it is no suitable acceptor for such a 

transfer of energy. In the experiments 5 µmol·L-1 of Eu(III) and 12.5 mg·L-1 HS were mixed and 

allowed to form complexes. Subsequently, in two sets of experiments La(III) and Nd(III) ions, 

respectively, were added. In both cases, the Eu(III) luminescence intensity changes. In case of 

adding La(III) ions, the changes are due to effects of competition for binding sites and of alter-

ation in the HS conformation, which could have an influence on the sensitization process as 

well as on the binding site of Eu(III). It is assumed, that the addition of Nd(III) ions has the same 

impact on the humic substance and on the bound Eu(III). But, additionally Nd(III) can quench 

the luminescence of Eu(III) due to an operative energy transfer between both ions. To evaluate 

the efficiency of the energy transfer carefully, measurements with La(III) and Nd(III) are nec-

essary. The changes in luminescence intensity, when adding La(III) reflects the behavior of the 

Eu(III) luminescence without contribution of an acceptor and is in eq. (8) denoted as ID. The 

experiment with adding Nd(III) to the solutions gives the values for IDA. Based on these pre-

requisites the calculated energy transfer efficiency is shown in Figure 24 (left). With a Förster 

distance R0 taken from the literature7, the energy transfer efficiency could be transformed 

into distances between bound Eu(III) and Nd(III) as shown in Figure 24 (right). Independent of 

the HS or of the ionic strength, the addition of Ln(III) ions to the Eu(III) HS complexes results 

in a decrease of the inter-lanthanide distances. This is reasonable as more binding sites are 

occupied. Therefore, the mean distance between them has to decrease. An increase in ionic 

strength yields to an overall decrease of the distances. This could be a result from alterations 

in the conformation of the HS due to processes like coagulation or folding, both known mac-

romolecular effects.  

   

Figure 24: Energy transfer efficiencies (left) as calculated from steady state measurements according eq. (8) 
and resulting distances using eq. (7) with R0 = 8.53 Å as published by Horrocks et al.7. See text for details of 
experimental procedure. 
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3.5 Interactions of Europium(III) with natural occurring polymers  

One of the main challenge one has to deal with when working with HS is their chemical heter-

ogeneity. A way to overcome this circumstance is to use model substances, which represents 

substructures of HS and address certain properties. One kind of model substances are low 

molecular weight compounds, such as substituted benzoic acids or substituted phenyl moie-

ties, which are known as basic structures in HS (cf. Scheffer/Schachtschabel, page 57).31 It is 

attractive to assume, that these type of substructures accounts for the photophysical behavior 

and primary complexation moieties in HS. By investigating complexes of Ln(III) ions with these 

compounds basic photophysics of Ln(III) HS complexes can be mimicked and studied. But low 

molecular weight compounds cannot model macromolecular effects involved in the complex 

formation. For this purpose, another type of model compounds has to be considered. In a first 

attempt, poly(acrylic acid) (PAA) was chosen.32(Appendix B-7) The complexation of Ln(III) ions by 

PAA was of interest. By making use of the ILET, distances between coordinated Ln(III) ions 

could be calculated. The calculated distances showed a dependence on pH as well as ionic 

strength. From this an influence due to conformation alterations upon Ln(III) complexation 

and hence macromolecular effects could be concluded. Although with PAA macromolecular 

effects could be addressed, effects like sensitization of Ln(III) luminescence could not be mim-

icked. 

Therefore, an attempt to investigate both parameteres, a novel model polymer was utilized, 

in which macromolecular behavior and a substructure, which accounts for the photophysical 

behavior of HS, were combined. As monomer 4-vinylbenzoic acid was chosen. In a radical 

polymerizationg with 4,4’-azobis(4-cyano-pentanoic acid) as initiator two polymers with dif-

ferent chain length were synthesized. Gel permeation chromatography gave peak molecular 

weights Mp of 5 200 g·mol-1 and 17 000 g·mol-1 for the short-chain (PVBA 52 00) and the long-

chain (PVBA 17 000) polymer, respectively.  

                                                           
g see experimental part 

 

Figure 25: Stationary luminescence spectrum of PVBA 5200 upon addition of Eu(III). c(PVBA 5200) = 50 mg·L-1
, ex = 288 nm, 

pH = 6.5, 1 mol·L-1 NaCl as background electrolyte. Eu(III) concentration was increased from 0 µmol·L-1 to 20 µmol·L-1. 
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The fluorescence emission of the synthesized polymer – plotted in Figure 25 – shows similari-

ties to the fluorescence emission of a humic substance upon addition of Eu(III) ions. A rela-

tively broad fluorescence emitted between 330 nm <  < 500 nm could be observed after ex-

citation at 288 nm. Compared to HS (cf. Figure 17) the emitted fluorescence is higher in energy 

and not as broad compared the humic substance fluorescence. Interestingly, a sensitization of 

the Eu(III) luminescence was observed. Both, the broad fluorescence and sensitization abilities 

makes PVBA to an interesting polymeric model compound for HS. 

In Figure 26 the absorption spectra between 275 nm <  < 310 nm of Ln(III) ions used in this 

study are compared. As the extinction coefficients are very small at 288 nm, a direct excitation 

even at the highest used Ln(III) concentrations c(Ln(III)) = 20 µmol·L-1 is very unlikely.  

The sensitization experiments were also carried out with Sm(III) and Dy(III). Both Ln(III) ions 

have much shorter decay times (cf.  Table 2) due to a more effective quenching of their lumi-

nescence in aqueous solution. Comparable to the measurements with Eu(III) the luminescence 

 

Figure 26: Part of the absorption spectra of Eu(III), Sm(III) and Dy(III) ions in aqueous solution. Data points 
were extracted from absorption spectra given in literature6. The straight lines are the result of a linear inter-
polation of these data points. 

 

Figure 27: Stationary luminescence spectrum of PVBA 5 200 without and upon addition of Dy(III) ions. Dy(III) 

concentration was increased up to 20 µmol·L-1. ex = 288 nm, pH = 6.5, c(PVBA 5 200) = 50 mg·L-1. 
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of Sm(III) or Dy(III) could be sensitized via the PVBA as well. As an example, this is depicted for 

Dy(III) and PVBA 5 200 in Figure 27. The intrinsic PVBA fluorescence is quenched upon addition 

of Dy(III) ions. The excitation energy is transferred to the complexed Dy(III) ions, which there-

upon show luminescence. In the shown spectral region, Dy(III) has two transitions from 
4F9/26H15/2 and 4F9/26H13/2. The intrinsic PVBA fluorescence overlaps with the luminescence 

resulting from the higher energy transmission in Dy(III). For further evaluation the lumines-

cence intensity arising from the 4F9/26H13/2 transition was used. 

The dependence of the luminescence sensitization on the Ln(III) ion concentration was similar 

for the different Ln(III) ions used in this study as shown in Figure 28. Up to a concentration of 

11 µmol·L-1 the luminescence intensity increases and at higher concentrations the lumines-

cence intensity stays constant (in case of Dy(III)) or slightly decreases (Eu(III) and Sm(III)). 

The measurements shown in Figure 28 were needed to define the Ln(III) ion concentrations 

for the measurements making use of the ILET to evaluate distances of coordinated Ln(III) ions. 

To find a compromise between sufficient luminescence intensity and metal loading, which 

allows the coordination of further Ln(III) ions (e.g., acting a acceptor) 5 µmol·L-1 was chosen. 

The highest total Ln(III) ions concentration was 20 µmol·L-1. 

 

In Figure 29 the effect of the addition of La(III) ions to solutions containing PVBA 5 200 and 

Eu(III) on the luminescence asymmetry ratio r – calculated according to eq. (2) – is compared 

for different ionic strengths (NaCl: 0.1 mol·L-1, 1.0 mol·L-1 and 3 mol·L-1). For the lowest con-

centration of background electrolyte, no effect on r can be concluded. Obviously, the coordi-

nated Eu(III) is not affected by the addition of further metal ions. For the higher ionic 

strengths, the values of the asymmetry ratio scatter a little, but in principle, it remains con-

stant. Comparable results (0.1 mol·L-1 and 1.0 mol·L-1 NaCl, respectively) were found for the 

higher molecular weight polymer PBVA 17 000.  

 

Figure 28: Normalized luminescence intensity of Ln(III) added to a solution containing 50 mg·L-1 upon excitation 

at ex = 288 nm (sensitized excitation conditions). The intensities are normalized to their specific maximum 

intensity. The intensities of the 5D07F1 (Eu(III)),  
4F9/26H13/2 (Dy(III) and 4G5/26H7/2 (Sm(III)), respectively, 

transition were evaluated. Ionic strength of the solutions was 0.1 mol·L-1 NaCl. 
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If coordinated Eu(III) ions will be expelled from binding site due to competition, it will have no 

effect on the asymmetry ratio as only complexed Eu(III) ions can be excited via sensitization 

by the polymer. But to account for that, measurements with La(III) are indispensible, as they 

reflect influences only resulting from the increased Ln(III) ions concentration, which is shown 

in Figure 30. For the short-chain polymer PVBA 5 200 the Eu(III) luminescence intensity in-

creases for ionic strength 1.0 mol·L-1 and 3.0 mol·L-1, when La (III) ions are added. At lower 

ionic strength, an opposite trend was observable. For the long-chain polymer PVBA 17 000, 

the general dependency of the Eu(III) luminescence intensity upon addition of La(III) was the 

same for an ionic strength of 0.1 mol·L-1 and 1.0 mol·L-1, respectively. The addition of Nd(III) 

quenches the Eu(III) luminescence intensity as a result of the aforementioned ILET. The lumi-

nescence intensities plotted in Figure 30 can be used, to calculate the energy transfer effi-

ciency according to eq. (8) with IDA as the luminescence intensity in presence of Nd(III) and ID 

as the corresponding luminescence intensity in presence of La(III). 

Besides Eu(III) also Dy(III) and Sm(III) were used as donors. In these experiments Nd(III) was 

used as an acceptor. For all chosen donor-acceptor-pairs a luminescence quenching of the 

 

Figure 29: Asymmetry ratio r of the Eu(III) luminescence in complexes with PVBA 5 200 upon addition of La(III) 

ions. The Eu(III) concentration was 5 µmol·L-1. Given is the total luminescence concentration. ex = 288 nm, 
pH = 6.5.  

   

Figure 30: Change of Eu(III) intensity upon addition of La(III) and Nd(III), respectively. To a PVBA 5 200 (left) or 
a PVBA 17 000 (right) solution containing 5 µmol·L-1 of Eu(III). The concentration of the polymer was 50 mg·L-1 
and pH = 6.5. 
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donor was found. The measurements were carried out for PVBA 5 200 and PVBA 17 000 as 

polymers in 0.1 mol·L-1 NaCl solution. For the measurements with Eu(III) as donor, the ID values 

results from titration with La(III) ions as shown in Figure 30. For measurements with Sm(III) or 

Dy(III) as donor, the ID values were taken from their resulting luminescence intensity upon 

their increasing concentration. 

Figure 31 gives the energy transfer efficiencies calculated according to eq. (8) for relevant do-

nor-acceptor-pairs are shown. The highest transfer efficiencies from the above mentioned ex-

periments can be found for Eu(III) as donor. Dy(III) shows smaller and Sm(III) the smallest  

values. Eq. (7) tells, that the energy transfer efficiency depends on the distance between the 

involved donor and acceptor ion as well as on the Förster distance R0. The distances of the 

complexed Ln(III) ions should be very similar independent from the donor ion. Therefore, the 

differences in energy transfer efficiency have to result from different Förster radii. This is the 

key issue of this analysis. If no Förster distances are available from literature, they have to be 

calculated for each donor-acceptor-pair from photophysical parameters 

 𝑹𝟎 = √
𝟗ln(𝟏𝟎)𝜿𝟐𝜱D𝑱

𝟏𝟐𝟖𝝅𝟓𝑵A𝒏𝟒

𝟔
.  (22) 

Necessary parameters are the luminescence quantum yield D, the overlap integral of donor 

emission and acceptor absorption J, refractive index n and the orientation factor 2. Whereas 

J can be derived from absorption and stationary luminescence measurements, the determi-

nation of D is crucial.  

Dependent on how exact the energy transfer efficiency can be determined, a distance interval 

from 0.6·R0 < R < 1.6·R0 corresponding to 0.95 <  < 0.05 is accessible. By choosing a donor-

acceptor-pair determinations of distances within a specific distance interval (governed by R0) 

becomes possible. 

So far, only results from stationary luminescence measurements were shown. The investiga-

tions dealing with the ILET were also performed by time-resolved measurements. Hereby, a 

   

Figure 31: Energy transfer efficiencies  calculated according eq. (8) from stationary luminescence measure-
ments for Ln(III)ions complexed to PVBA 5 200 (left) and PVBA 17 000 (right), respectively. The ionic strength 
was set to 0.1 mol·L-1 using NaCl. c(polymer) = 50 mg·L-1, pH = 6.5. Details of the calculation are given in the 
text. 
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second photophysical parameter – the luminescence decay time – is at hand, which is sensitive 

to energy transfer processes. In these experiments Eu(III) was mainly used as donor as changes 

in its luminescence decay time are easier to measure with a required accuracy compared to 

Dy(III) or Sm(III). 

For both, the short-chain and the long-chain polymer, the addition of La(III) ions results in an 

increase of Eu(III) luminescence decay time. Upon addition of Nd(III) ions the luminescence 

decay time of Eu(III) decreases. In Figure 32 (a) – (c) the luminescence decays of Eu(III) in com-

plexes with PVBA are shown. Figure 32 (d) summarizes the derived luminescence decay times 

of Eu(III). The luminescence decays were fitted to a stretched exponential equation to account 

for the restricted dimension of the energy transfer.33 

 𝑰 = 𝑰𝟎 + 𝑨𝟏exp (−
𝒕

𝝉
− 𝑪 (

𝒕

𝝉
)

𝜸

) + 𝑨𝟐exp (−
𝒕

𝝉
)  (23) 

In this equation, I is the measured luminescence intensity and  the decay time of the donor 

(Eu(III)). The time after laser flash is given by t. Background intensity resulting from noise of 

the detection system is reflected by I0. The parameter C is proportional to the acceptor con-

centration and  accounts for the local geometry. The third term was included to account for 

donor ions, which were not quenched by an acceptor. During the fitting procedure of the de-

cays given in Figure 32 (a) – (c) comparable  value arised (cf. Table 7). Independent of the 

   

 (a)  PVBA 5 200, 1.0 mol·L-1 NaCl (b)  PVBA 17 000, 1.0 mol·L-1 NaCl 

   

 (c)  PVBA 17 000, 0.1 mol·L-1 NaCl (d)  Decay times. 

Figure 32: Luminescence decay kinetics and luminescence decay time of Eu(III) luminescence complexed to 

PVBA in presence of La(II) and Nd(III), respectively. c(Polymer) = 50 mg·L-1, pH = 6.5, ex = 288 nm, 

em = 615 nm. 
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molecular weight of the polymer and the ionic strength, the measure of the local geometry  

is comparable. 

By comparing Figure 32 (d) with Figure 30 the same trend can be concluded. For the short-

chain polymer PVBA 5 200 and an ionic strength of 1.0 mol·L-1 NaCl, for the luminescence de-

cay time as well as for the luminescence intensity of Eu(III) a pronounced increase by increas-

ing La(III) concentration can be found. An increase of Eu(III)’s luminescence intensity and lu-

minescence decay time, respectively, can also be found for the long-chain polymer 

PVBA 17 000 at ionic strength of 0.1 mol·L-1 or 1.0 mol·L-1 NaCl, but only to a lesser extent. The 

effect to the Eu(III) complexed to the lower molecular weight polymer is stronger. 

Up to now, for the donor-acceptor pairs the results of stationary and time-resolved experi-

ments were presented. In all cases a quenching of the donor luminescence either decay time 

or intensity, when increasing the acceptor concentration was found. For the donor-acceptor-

pair Eu(III)-Nd(III) is a Förster distance known from literature.7 The first step is to calculate the 

energy transfer efficiency  from the luminescence intensities plotted in Figure 30 or the lu-

minescence decay time given in Figure 32. With eq. (7) and a Förster distance of R0 = 8.53 Å 

from literature distances between the Ln(III) ions complexed to the polymer were derived. 

In Figure 33 for both polymers (PVBA 5 200 and PVBA 17 000) distances R between coordi-

nated Ln(III) ions are plotted. For the short-chain polymer (PVBA 5 200) no clear trend can be 

concluded. Independent on the ionic strength the distances decrease from (8.4 ± 0.3) Å down 

to (6.3 ± 0.3) Å. For PVBA 17 000, stationary and time-resolved luminescence measurements 

give different results. Whereas from stationary measurements, almost no effect from the ionic 

strength can be found, the time-resolved measurements show an effect of the ionic strength. 

Table 7: Measure of local geometry parameter  resulting from the fitting of the decay curves given in Figure 

32 (a) – (c) to eq. (23). 

c(NaCl) / mol·L-1 PVBA 5 200 PVBA 17 000 

0.1 — 0.85 

1.0 0.83 0.88 

   

Figure 33: Derived distances R between Ln(III) ions coordinated by the short-chain polymer (left) and the long-
chain polymer (right), respectively (c(Polymer) = 50 mg·L-1, pH = 6.5). 
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Here, the distances decreases by increasing ionic strength. This can be explained, if the poly-

mer is understood as a polyelectrolyte. An increase in ionic strength lead to a charge compen-

sation along the polymer chain, what subsequently alters the confirmation of the polymer. A 

possible alteration can be the folding of the polymer, which is connected to a reduction in size 

and hence decrease of distances between coordinated Ln(III) ions.  

3.6 Vibrational spectroscopy on mineral surfaces 

Kaolin and intercalation of LMWC 

Before the vibrational spectra of intercalation compounds can be discussed, the vibrational 

spectra of the source clays Kaolin KGa-1b and Kaolin KGa-2 have to be analysed. In this study 

Raman microscopy and SFG spectroscopy were combined to obtain complementary infor-

mation for a chemical speciation at mineral interfaces. 

From each Kaolin sample Raman spectra at three different points of the sample were meas-

ured. The spectra were background corrected. Averaging of the three spectra gave a mean 

Raman spectrum. The averaged Raman spectra for KGa-1b and KGa-2 are depicted in Fig-

ure 34. 

For both Kaolin samples five peaks could be observed. Fitting of the data to Lorentzian func-

tions gave the peak positions and areas of the single vibrational transitions. The results are 

summarized in Table 8. For both samples the vibrational frequencies are slightly different, but 

an assignment to expected OH vibrations in kaolinite was possible.34,35 The inner hydroxyl 

group originates the vibration around 3625 cm-1. The inner surface hydroxyl groups have vi-

brations around 3650 cm-1, 3665 cm-1, 3689 cm-1 and 3698 cm-1. The values found are in good 

agreement with the values reported by Frost et al.34 The fitting of the peaks around        

3650 cm-1 and 3665 cm-1, especially for KGa-2, was challenging as the intensities of these vi-

brational transitions are rather low. 

   

Figure 34: Averaged Raman spectra (black) of Kaolin KGa-1b (left) and KGa-2 (right). To each underlying vibra-

tion a Lorentzian function was fitted. Five vibration could be resolved: 1 (red), 2 (green), 3 (blue), 4 (cyan) 

and 5 (magenta). The sum of all single Lorentzian functions gives the cumulated fit (orange). 
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The next step was to use SFG spectroscopy to monitor the OH vibration region of the same 

kaolinite samples. Following eq. (15) the intensity of a SFG signal depends as well on the prob-

ability for a Raman as for an IR transition. Additionally, SFG spectra stems from interfaces in 

the material, whereas Raman spectroscopy gives signals from a bulk phase. Therefore, some 

differences between Raman and SFG spectra are to be expected. 

Comparable to the Raman spectra, also the SFG spectra (cf. Figure 35) show two strong peaks, 

one around 3620 cm-1 and the other one around 3700 cm-1. These transitions can be assigned 

to the 1 and 5 transition, respectively. The exact values of the vibration frequencies, given 

by the peak positions resulting from fitting with a sum of Lorentzian functions, are listed in 

Table 9. In both kaolinites KGa-1b and KGa-2, the transitions 1 and 5 are slightly shifted 

< 5 cm-1 in the SFG compared to Raman spectra. Also at a frequency around 3688 cm-1 a tran-

sition, denoted with 4, was present, which is almost not shifted compared to the Raman spec-

tra. At 3642 cm-1 a vibrational transition shows up, but its origin is not that clear. Possibly, this 

signal could be i) the vibration2 shifted about 10 cm-1 or ii) a signal arising from surface ad-

sorbed water, condensed from air. 

The intensity of SFG signals is direct proportional to the intensity of the IR light reaching the 

sample. The shown SFG spectra are corrected for both, Ivis and IIR. For technical reasons, the 

intensity of the laser beams are measured in a given distance from the sample surface, what 

Table 8: Results of fitting the Raman spectra of both Kaolin samples to a sum of Lorentzian functions. Given 
are the peak positions and the relative peak areas (rel. area). 

Vibration 
KGa-1b KGa-2 

Peak position / cm-1 rel. area / % Peak position / cm-1 rel. area / % 

1 3625 ± 1 30.1 ± 0.6 3623 ± 1 35.5 ± 0.8 

2 3653 ± 1   4.0 ± 1.7 3650 ± 3 11.7 ± 5.4 

3 3664 ± 1   8.5 ± 2.8 3666 ± 3 10.3 ± 5.9 

4 3689 ± 1 32.3 ± 5.8 3689 ± 1 14.9 ± 4.8 

5 3698 ± 1 25.2 ± 7.1 3697 ± 1 27.6 ± 4.3 

   

Figure 35: SFG spectra of Kaolin KGa-1b (left) and KGa-2 (right) corrected for intensity of vis (Ivis) and IR (IIR) 
laser beam. The measured spectrum (black) was fitted to a sum of Lorentzian functions. As fitting result, the 
peak position and peak area of the vibrational transitions could be obtained. In the fitting five vibrational 

transitions were assumed, giving vibrations 1 (red), 4 (blue) and 5 (cyan). Deviating from the Raman spectra 

shown in Figure 35, vibrations at x (magenta) and z (green) were found. 
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is no problem for the visible light as it does not interact with the air. In contrast, the IR light, 

needed to probe the range of OH vibrations, can be absorbed by present water vapor. This 

makes a correction for the intensity of the IR light challenging. Here, the SFG setup has to be 

improved. Therefore, the apparent transition at 3642 cm-1 could be an artefact, resulting from 

a dip in the higher energetic edge of the 1 transition due to an absorption of the correspond-

ing IR light by ambient water vapor. 

In the SFG spectra also a transition around 3665 cm-1 can be observed, but it was not possible 

to include it in the fitting procedure. This weak transition can be related to the vibration 3 

known from Raman spectra. In the SFG spectra an additional peak around 3723 cm-1 could be 

observed. The origin of this vibration is yet not clear. A quantitative analysis of SFG spectra is 

difficult, because of the aforementioned uncertainties in the determination of the actual IR 

intensity reaching the sample. The weak intensity of the vibration 4 is clear by comparing IR 

and Raman spectra. In IR spectra of kaolinites the transition at 3688 cm-1 is only weak.36 As 

the probability of a SFG process is directly proportional to the IR transition momentum, also 

the intensity of this transition in a SFG spectrum is expected to be low.  

 

Under some conditions, small organic material can intercalate into kaolinite lattice layers. The 

intercalation happens at the inner surface hydroxyl groups, which affects the vibrational spec-

trum.37,38 Additionally, also the distance between layers in the kaolinite structure will increase 

upon intercalation.37 

In Figure 36 the Raman spectra received at three different points of an intercalated Kaolin 

KGa-1b sample are plotted. For the intercalation potassium acetate was used. As can be seen, 

the spectra are different. Using the spatial resolution of the Raman microscope, a chemical 

imaging of the clay surfaces becomes possible. From the three spectra plotted in Figure 36 

differences in the intercalation at the probed spots of the sample can be extracted. 

The Raman spectrum plotted in green reflects the highest degree of intercalation. Due to the 

intercalation an additional band at Ac = 3607 cm-1 in the Raman spectrum can be observed. 

This band arises from the interactions of the inner surface hydroxyl groups with acetate. Dur-

ing intercalation hydrogen bonds between layers of the kaolinite were broken and new hy-

drogen bonds to the acetate were formed.37 As only the inner surface hydroxyl groups are 

affected by this interaction, the vibration frequency 1 of the inner hydroxyl group remained 

Table 9: Results of fitting the SFG spectra of both Kaolin samples to a sum of Lorentzian functions. Given are 
the peak positions and the relative peak areas (rel. area). 

Vibration 
KGa-1b KGa-2 

Peak position / cm-1 rel. area / % Peak position / cm-1 rel. area / % 

1 3621 ± 1 45.1 ± 3.2 3622 ± 1 30.4 ± 2.7 

z 3642 ± 1   2.2 ± 1.0 3643 ± 1   2.3 ± 1.0 

4 3687 ± 1   2.3 ± 0.9 3688 ± 1   3.7 ± 1.3 

5 3703 ± 1 24.9 ± 3.6 3702 ± 1 43.1 ± 3.8 

x 3724 ± 1 25.6 ± 4.4 3723 ± 1 20.6 ± 3.4 
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unchanged. From Figure 36 it is obvious, that with increasing intensity of Ac the intensities of 

2 to 5 decreased. For a complete intercalation, the intensities of these vibrations can be-

come zero.38 

The intercalation could also be shown with SFG spectroscopy. In Figure 37 a SFG spectrum of 

an intercalation formed between KGa-1b and potassium acetate is shown. The intensity of the 

vibrational transition at 3620 cm-1 is reduced compared to the SFG spectrum received for a 

pure KGa-1b sample (plotted in gray). Nonetheless, in the intercalated sample a transition 

around 3606 cm-1 can be seen. Compared to the pure KGa-1b samples, the intensity of the 3 

vibration as well as the vibrations around 3700 cm-1 were almost not changed, which is a clear 

difference to the Raman measurements. After intercalation of potassium acetate a decrease 

in the intensities of these vibrations is expected. Contrary to Raman measurements, for the 

formation of a SFG signal, the probability for an IR transition plays a role, too. When water is 

adsorbed at the surface of the Kaolinite, this will influence the SFG signal, as the water itself 

has a strong IR absorption. Hence, the unchanged SFG signal at wavenumbers above     

3650 cm-1 may be a result of adsorbed water. 

 

Figure 36: Raman microscopy spectra of three different spots (blue, red and green) of an intercalated KGa-1b 
sample. For comparison, also the Raman spectrum of an untreated KGa-1b sample (black) is plotted. 

 

Figure 37: SFG spectra (black) of an intercalation complex of KGa-1b and potassium acetate. In addition to the 

vibrational bands 1 (red), z (green), 5 (magenta) and x (violet) fitting to a sum of Lorentzian functions gave 

3 (blue) and Ac (dark cyan). For comparison, the SFG spectrum of the pure KGa-1b (gray) is plotted. 
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A complementary approach to study the intercalation is the use of X-ray powder diffraction 

(XRD) measurements. An intercalation changes the distances of the lattice layers of the Kao-

linite, which subsequently alters the positions of the reflexes in an XRD spectrum. 

In the pure Kaolinite KGa-1b, the reflex of the (001) plane is at 2 = 12.4 °, shown in Figure 38. 

Applying the Bragg equationh and a wavelength of the copper anode of Cu = 1.5405 Å gives a 

distance of 7.13 Å, which is very near to a literature known value of 7.14 Å.3 The (001) basal 

reflex shifts to a lower value (2 = 6.4 °) upon intercalation (cf. Figure 38). This translates in a 

distance of 13.8  Å, which is a little bit shorter than reported values.40 Intercalation happens 

within the kaolinite layers, which changes the position of the reflexes originated by (00l) 

planes. The lattice in a and b direction are not influenced by intercalation. In the XRD spectrum 

of the intercalated KGa-1b sample the reflex from the (001) plane of the non-intercalated KGa-

1b can be observed. This shows that no completed intercalation occurred. 

To figure out, how fast potassium acetate intercalates into kaolinite, the contact time of the 

potassium acetate solution and the kaolinite was varied. As parameter for the evaluation the 

degree of intercalation dI was chosen, which can be calculated by the relative appearance of 

the reflex originating from intercalated I(001), intercalated and non-intercalated I(001), non-intercalated 

kaolinite, respectively.3  

 

 d𝐼 =
𝐼(001), non-intercalated

𝐼(001), non-intercalated+𝐼(001), intercalated
  (24) 

 

                                                           
h 2𝑑hklsin𝜃 = 𝑛𝜆 

 

Figure 38: XRD spectra of potassium acetate intercalated KGa-1b (black) and pure KGa-1b (orange). For clarity, 
the XRD of the pure Kaolinite was shifted about one unity to higher intensities. The assignment of the reflexes 
to the lattice planes followed data from literature.39 
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In Figure 39 the degrees of intercalation for impact time between 30 minutes and 8 hours are 

compared. It turned out, that the degree of intercalation was almost independent of the con-

tact time. Only for the 30 weight percent potassium acetate solution, an increase from 

dI = 55 % to dI = (67 ± 1) % was found. For the potassium acetate solution the degree of inter-

calation is (93 ± 2) % independent on contact time. Due to the sample preparation, contact 

times smaller than half an hour were hardly accessible as after stirring, the suspensions were 

centrifuged for 30 minutes. During the centrifugation process, ongoing intercalation might be 

possible. In additional experiments with 30 weight percent potassium acetate solutions and 

shorter contact times, with 10 minutes (20 minutes) of stirring and subsequently, 30 minutes 

centrifugation a dI of around 42 % (41 %) was found. That there is no difference in dI for both 

contact times, supported the mentioned imitation in time resolution. Above contact times of 

40 minutes dI approaches a plateau. Obviously, the formation of the intercalation compound 

reaches an equilibrium. 

Besides XRD also Raman microscopy and SFG spectroscopy were used to evaluate the time 

dependence of the intercalation process. The attempt was made to derive degrees of interca-

lation dI also from Raman and SFG measurements. In analogy to the XRD measurements 

(eq. (24)) also from vibrational spectroscopy a discrimination between intercalated and pure 

kaolinite is possible. As discussed earlier, the vibrations 2, 3, 4 and 5 can be assigned to the 

pure kaolinite, whereas Ac reflects a vibration of the intercalated KGa-1b. The degree of in-

tercalation dI can be calculated with 

 d𝐼 =
𝐼(υAc)

𝐼(υAc)+𝐼(υ2)+𝐼(υ3)+𝐼(υ4)+𝐼(υ5)
 ,  (25) 

where I(i) is the intensity of the ith vibration. As can be seen in Figure 40 (left) for an impact 

time of 50 minutes between potassium acetate solution and kaolinite KGa-1b, Raman micros-

copy gives for certain sample spots different vibrational spectra. The high spatial resolution is 

an advantage for chemical imaging, but is an obstacle for comparing dI values deduced from 

 

Figure 39: Degree of intercalation after certain impact times between potassium acetate and Kaolin KGa-1b. 
For analyzing the time dependence, a 60 weight percent (bullets) and a 30 weight percent (squares) potassium 
acetate solution was used. 
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XRD with them derived from Raman microscopy measurements. XRD reflects bulk information 

and Raman microscopy information from a very specific point at the sample surface. There-

fore, Raman spectra were recorded at five different positions of the sample and the degree of 

intercalation was calculated from every measurement. Finally, from all five dI values a mean 

value and a standard deviation were computed. This approach was applied for all samples 

with different impact times. The results are plotted in Figure 40 (right). The values for dI are 

smaller than for the degree of intercalation calculated from XRD measurements (cf. Figure 39). 

Possibly, the differences originate from the measuring arrangement. It is known, that the crys-

tallinity of kaolinite decreases upon intercalation.3 For Raman microscopy, the scattered light 

is measured in reflection. The lower the crystallinity the higher the amount of diffuse reflec-

tion. Light, which is diffusely scattered from the surface will not be collected from the objec-

tive and will not contribute to the measured Raman spectrum. Therefore, in the Raman spec-

trum scattered light originating from crystalline regions will predominate. But, this might be 

regions, in which intercalation will take place to a lesser extent.  

A direct intercalation of longer-chain molecule is not possible. A way out, is an indirect inter-

calation.41,42 Here, an already intercalated kaolinite is necessary. During the indirect interca-

lation the guest molecule is expelled and replaced by the longer-chain molecule. A possible 

precursor for an indirect intercalation is a DMSO kaolinite intercalation complex. 

An intercalation of KGa-1b with potassium hexanoate was studied as well. A DMSO KGa-1b 

intercalation compound was used as precursor. In Figure 41 and Table 10 the vibrational spec-

tra and vibrational frequencies for both, Raman and SFG, of this compound are shown. In both 

spectra, the main OH vibration expected for kaolinite samples can be observed. The peak po-

sition of certain vibrations differ slightly in SFG and Raman spectra. For comparison, also the 

vibrational spectrum of the pure KGa-1b is plotted in Figure 41. In the SFG spectrum a pro-

nounced vibration at DMSO = 3667 cm-1 can be observed, which is also observable in the Ra-

man spectrum at DMSO = 3664 cm-1. These vibration can be assigned in accordance with liter-

ature to the vibration of the intercalated DMSO.43 In the Raman spectrum, the assignment is 

not as straightforward as DMSO overlaps with the 3 vibration of the pure kaolinite, which is 

only weak present in the SFG spectrum. In accordance with the published Raman spectra, the 

intensity of the vibration 4 and 5 also decreases upon intercalation of DMSO.43 

   

Figure 40: (left) Raman spectra of a sample with an impact time for intercalation of 50 minutes taken at differ-
ent positions of the sample. (right) Degree of intercalation dI calculated from Raman measurements. 
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The intercalation could also be monitored by XRD measurements (cf. Figure 42). Here, the 

reflex from the (001) plane shifts to 2 = 8.0 °, which corresponds to a layer distance of 11.04 Å 

– a value consistent with a published value of 11.21 Å.42 

 

With the DMSO intercalated kaolinite precursor compound an indirect intercalation should be 

possible. In Figure 42 the XRD spectrum of the potassium hexanoate intercalated KGa-1b ka-

olinite and for comparison also the XRD spectrum of pure and DMSO intercalated KGa-1b are 

shown. The indirect intercalation results in the formation of the (001) reflex at 2 = 4.8 °, 

which correlates with a layer distance of 18.4 Å. But, also the intensity of the reflex at 

2 = 12.4 ° increases. Obviously, a de-intercalation competes with the desired indirect inter-

calation. The reflex at 12.4 ° not only increases in intensity, but also is broadened to smaller 

reflection angles. This behavior is known from de-intercalation, when some layers do not 

shrink to their original distance.44 As can be seen from Figure 42, the intensity of reflexes orig-

inated from de-intercalated KGa-1b are higher than the reflex from the potassium hexanoate 

intercalated KGa-1b, which indicates a low degree of intercalation. Applying eq. (24), the de-

gree of intercalation is about dI = 10 %. The low degree of intercalation is also reflected by SFG 

and Raman measurements as the received spectra looks like the vibrational spectra of the 

pure Kaolin KGa-1b. 

   

Figure 41: Vibrational spectra of the DMSO KGa-1b intercalation compound. The vibrational spectrum of pure 
KGa-1b is plotted with a dashed-dotted line. Due to intercalation a vibration (dark green) around 3664 cm-1 
(Raman, left) and 3667 cm-1 (SFG, right) arising from the intercalated DMSO was detectable. To the measure 
data a sum of Lorentzian functions was fitted. The single Lorentzian as well as their sum are plotted with gray 
lines. 

Table 10: Peak positions and relative peak intensities (rel. intensity) of the DMSO KGa-1b intercalation com-
pound. The peak maxima and relative intensities were derived by fitting the measured data to a sum of Lo-
rentzian functions.  

 Raman SFG 

 peak position / cm-1 rel. Intensity / % peak position / cm-1 rel. intensity / % 

1 3622 ± 1 25.2 ± 2.0 3624 ± 1 28.3 ± 1.7 

2 — —  3642 ± 1   8.8 ± 1.5 

DMSO 3664 ± 1 39.5 ± 6.2 3667 ± 1   8.4 ± 0.9 

4 3686 ± 3 11.3 ± 7.8 3687 ± 1   4.9 ± 1.1 

5 3704 ± 1 24.0 ± 4.2 3702 ± 1 21.0 ± 2.9 

X — — 3723 ± 1 28.6 ± 3.2 
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Lanthanide(III) complexes with LMWC 

In addition to luminescence measurements also Raman spectroscopy was used to study the 

interaction between Ln(III) and LMWC. For these investigations glycolic acid was chosen. Be-

cause the luminescent Ln(III) ions interfered with the Raman measurements they were substi-

tuted by the (under the experimental conditions applied) non-luminescence Gadolinium(III) 

(Gd(III)). Due to the low Raman intensity, glycolic acid was used in a concentration of 

0.5 mol .L-1 to receive a decent Raman signal. To achieve a considerable complexation (cf. Ta-

ble 11) Gd(III) concentrations from 0.01 mol.L-1 to 1.0 mol.L-1 were chosen. 

With the literature values for the complexation constants given in Table 11 a speciation calcu-

lation was carried out. The result of this calculation is shown in Figure 43 left. At pH = 5 and a 

Gd(III) concentration of 0.01 mol.L-1 most of the glycolic acid is in its deprotonated form and 

the Gd(III) is almost completely complexed as [Gd(glycolate)3]. With higher the Gd(III) concen-

tration the amount of 1:3 Gd(III) glycolate complexes decreases and a 1:1 complex is favorable 

at c(Gd(III) = 1 mol.L-1. Under this experimental conditions almost no free glycolate is ex-

pected.  

This shift in the equilibrium concentrations can be monitored by Raman spectroscopy. Corre-

sponding Raman spectra are plotted in Figure 43 right. At low Gd(III) concentration a peak 

around 915 cm-1 can be observed. This peak can be assigned to the C-C vibration.45 With in-

 

Figure 42: XRD spectra of the pure KGa-1b, DMSO intercalated and potassium hexanoate intercalated KGa-1b. 
For clarity, the XRD spectra are vertically shifted. 

Table 11: Complexation constants for Eu(III) LMWC complexes at an ionic strength of I = 0.1 mol∙L-1. Values are 
taken from literature.22 

Ln(III):acid 
lg K 

formic acid acetic acid propionic acid# glycolic acid 

1:1 1.44 2.13 2.23 2.93 2.54## 

1:2 1.94 3.64 3.75 5.07 4.48## 

1:3 ̶ 4.24  6.52 5.85## 
  # I = 0.1 

## I = 1, Ln(III) = Gd(III) 
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creasing Gd(III) concentration, a distinct shift of this vibration to higher wavenumbers is ob-

served. Quantum mechanical calculationsi showed, that the differences in the position of the 

C-C stretching vibration in the different Gd(III) glycolate complexes are relatively small and 

therefore hardly to resolve with Raman spectroscopy. The changes in the Raman spectrum 

are in good agreement with the speciation diagram. 

                                                           
i Calculations performed by Dr. Thomas Ritschel, now Gonotech GmbH. Calculations were carried out using 

Gaussian 09 program suite48. The geometries were fully optimized at the B3LYP level of theory using the polarized 
triple zeta split valence 6-311+G(d,p) basis set for the light atoms (C, O and H). For Gd(III) the MWB53 basis 
together with an effective core potential (ECP) for the inner shells (up to and including 4f) was utilized. The effect 
of the solvent was taken into account by the use of polarizable continuum model (PCM). 

j An actual version of this software package can be found at http://www.eawag.ch/en/department/surf/pro-
jects/chemeql/. 

   

Figure 43: Left: Speciation diagram for the expected concentrations of the different Gd(III) glycolate com-
plexes. The calculation of the speciation was done with the ChemEQL packagej and based on the stability con-
stants given in Table XX1.23 Right: Raman spectra at different concentrations of Gd(III). c(glycolic 

acid) = 0.5 mol.L-1, pH = 5. 
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3. 7  Europium(III) complexes with LMWC and Kaolinit 

The interaction of Eu(III) with kaolinite Kaolin KGa-2 in the presence of different LMWC was 

investigated. LMWC used were formic, acetic, propionic, and glycolic acid, respectively. When 

taking a 4.10-4 mol.L-1 Eu(III) solution with increasing concentration of LMWC at pH = 5 the lu-

minescence decay time increases as can be seen in Figure 44 (left). Only at LMWC concentra-

tions above 10-4 mol.L-1 a change of the luminescence decay time compared to Eu(III) in water 

can be noticed. This is due to the weak complexes, which are generally formed between Ln(III) 

and LMWC. In Table 11 the stability constants for Eu(III) (and Gd(III)) complexes with LMWC 

investigated are listed. By comparing the stability constants for the 1:1 complexes, the trend 

of the luminescence decay time upon increasing LMWC concentration can be understood. 

Formic acid has the lowest stability constant and therefore forms the weakest complexes. By 

direct excitation of Eu(III) at ex = 394 nm (5L67F0-transition), both, the complexed and the 

aqueous Eu(III) are excited and contribute to the observed luminescence. Therefore, the lu-

minescence decay time is measured as a mean value of free and bound Eu(III). For acetic and 

propionic acid, the stability constants are nearly the same. A similar value for Eu(III) lumines-

cence decay is found. The strongest complexes are formed with glycolic acid, which give raise 

to the highest luminescence decay time, reaching a value of  = 218 s ± 2 µs. The same con-

clusions can be drawn from the asymmetry ratios r, which are plotted in Figure 45. For the 

ligands investigated the complex formation will mainly occur via the carboxylic group. There-

fore, a similar influence on the Eu(III) luminescence is expected. 

For the dried Eu(III) LMWC complexes with Kaolin KGa-2 samples the kinetic of the Eu(III) lu-

minescence was more complex compared to aqueous solutions (vide supra). The lumines-

cence decays could be reasonably well fitted by a biexponential rate law and the extracted 

(operationally defined) luminescence decay times are shown in Figure 44 (right). Formic acid 

as well as glycolic acid has apparently no or only a minor impact on the luminescence decay 

times, whereas acetic and propionic acid have a distinct influence on the luminescence decay 

time. 

 

   

Figure 44: Decay time of Eu(III) derived from time-resolved measurements. Left: Resulting decay times of the 

Eu(III) in solutions with LMWC before mixing with Kaolin KGa-2, c(Eu(III)) = 4.10-4 mol.L-1, pH = 5, ex = 394 nm. 
Right: Decay-times of Eu(III) in solutions with LMWC after sorption onto Kaolin KGa-2. Experimental details: 
pH = 5, background electrolyte 0.01 mol.L-1 NaClO4. 
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A second parameter is the asymmetry ratio r. In Figure 45 left, the luminescence spectra for 

an adsorbed Eu(III) species after mixing of Kaolin KGa-2 and acetic acid at different concentra-

tions is shown. At acetic acid concentration above 10-3 mol.L-1 the Eu(III) luminescence spec-

trum is altered and subsequently also the asymmetry ratio. These changes are a consequence 

of sorption of Eu(III) to the clay phase and are also observed for the other solids received from 

ternary solutions as can be seen in Figure 45. For all LMWC the asymmetry ratio increases 

from around r = 1.3 up to r = 5, depending on the LMWC. Comparable to the trends found with 

the binary mixtures, formic acid has the weakest effect on r. For the solids, separated from 

ternary mixture with one of the other three acids, respectively, the alteration of the asym-

metry ratio with LMWC concentration is roughly the same. 

Both, the multi-exponential luminescence decay as well as the changes in the asymmetry ratio 

point to a sorption of Eu(III) on the kaolinite. Due to adsorption the Eu(III) asymmetry ratio 

increases to about r = 1.3 compared to r = 0.6 for the Eu(III) aqueous species (cf. Figure 45 

(right)). Also in the presence of LMWC Eu(III) is adsorbed to the mineral surface. Here, the 

asymmetry ratio points to adsorbed Eu(III) LMWC complexes. From both, luminescence decay 

times and asymmetry ratio, the adsorbed Eu(III) species in presence of acetic acid and propi-

onic acid, respectively, is subjected to the strongest alteration. 

  

   

Figure 45: Left: Luminescence spectra of sorbed Eu(III) species after mixing with acetic acid at given concentra-
tion and Kaolin KGa-2. From these luminescence spectra the asymmetry ratio can be calculated from the in-

tensities of the transitions around 592 nm (5D07F1) and around 615 nm (5D07F2) (cf. eq. (2)). Right: Asym-
metry ratio r of the Eu(III) in presence of LMWC in solution (lines) and adsorbed to Kaolin KGa-2. 

c(Eu(III)) = 4.10-4 mol.L-1, pH = 5, ex = 394 nm, background electrolyte 0.01 mol.L-1 NaClO4. 
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4.  Research achievements during the project period 
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Taut, V. Brendler, Th. Stumpf, "Formation of a Eu(III) borate solid species from a weak 
Eu(III) borate complex in aqueous solution", Dalton Transactions 43(30), 11516-11528 
(2014).  

 A. Demetriou , I. Pashalidis , A.V. Nicolaides, M.U. Kumke, "Surface mechanism of the 
boron adsorption on alumina in aqueous solutions", Desalination and Water 
Treatment 51(31-33), 6130-6136 (2013).  

 H. Lippold, S. Eidner, M.U. Kumke, J. Lippmann-Pipke, "Diffusion, degradation or on-
site stabilisation – Identifying causes of kinetic processes involved in metal-humate 
complexation", Applied Geochemistry 27, 250-256 (2012). 

 P.-A. Primus, M.U. Kumke, "Flash Photolysis Study of Complexes between Salicylic Acid 
and Lanthanide Ions in Water", Journal of Physical Chemistry A 116(4), 1176-1182 
(2012). 

 Th. Schäfer, F. Huber, H. Seher, T. Missana, U. Alonso, M.U. Kumke, S. Eidner, F. Claret, 
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Radiochimica Acta 99(4), 217-223 (2011). 

 S. Antoniou, I. Pashalidis, A. Gessner, M.U. Kumke, "Spectroscopic investigations on the 

effect of humic acid on the formation and solubility of secondary solid phases of 

Ln2(CO3)3", Journal of Rare Earth 29, 516-521 (2011). 

 

PhD Thesis 

 Bettina Marmodée, "Fluorescence Line-Narrowing-Spektroskopie zur 
Charakterisierung von Eu(III) in Komplexen mit kleinen organischen Liganden", 
Dissertation, Universität Potsdam (2012). 

 Stefanie Kuke, "Lanthanoide(III) in Komplexen mit niedermolekularen Säuren – 
Spektroskopische Betrachtung komplex-spezifischer Löschmechanismen in Eu(III)- und 
Tb(III)-Komplexen", Dissertation, Universität Potsdam (2013). 

 

Bachelor, Diploma and Master Thesis 

 Christina Schimmeck (2011, Bachelorarbeit) "Lumineszenzspektroskopische 
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Europium. 

 Marian Süßmann (2012, Bachelorarbeit) "Einfluss von Temperatur und Ionenstärke 
auf die Komplexierung von Europium(III) mit Huminstoffen." 
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 Max L. Schütte (2014, Bachelorarbeit) "Lumineszenzspektroskopische Untersuchung 
der Europium-Huminstoff-Wechselwirkung in Abhängigkeit der 
Elektrolytzusammensetzung." 

 Michel Wehrhold (2014, Bachelorarbeit) "Lumineszenzuntersuchungen an Uranyl-
Acetat-Proben." 

 Manuela Haupt (2012, Diplomarbeit) "Speziation niedermolekularer Säuren in 
Gegenwart von Eu(III) und Mineralphasen mittels Raman-Spektroskopie." 
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Supporting Information 
 
Table 1S: Stability constants for Ln(III)-complexes with salicylic acid and Phthalic acid (RT, I = 0 mol·L-1).46,47 

Ligand ML1 ML2 

Tb(III) salicylic acid 2.38 4.75 
Tb(III) phthalic acid 4.83 6.96 
Sm(III) salicylic acid 2.49 4.71 
Sm(III) phthalic acid 5.16 7.39 
Dy(III) salicylic acid 2.13 4.65 
Dy(III) phthalic acid 4.97 6.75 
Eu(III) salicylic acid 2.45 4.73 
Eu(III) phthalic acid 3.45 5.17 

 
Table 2S: With ChemEQL 3.123 calculated species distribution (RT, I = 0 mol·L-1). 

 Ln(III) aquo complex / % Ln(III)-L1 / % Ln(III)-L2 / % 

Tb(III) salicylic acid 36 41 23 
Tb(III) phthalic acid 4 92 4 
Sm(II) salicylic acid 30 41 29 
Sm(II) phthalic acid 3 94 3 
Dy(III) salicylic acid 41 24 35 
Dy(III) phthalic acid 2 95 3 
Eu(III) salicylic acid 3 17 80 
Eu(III) phthalic acid 1 43 56 

 
Table 3S: pKa values of model ligands.47 

Model ligand pKa (1) pKa (2) 

Salicylic acid 2.97 13.74 
Phthalic acid 2.89   4.68 

 

 

Figure 1S: structure of model ligands investigated. 
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Figure 2S: speciation diagrams of Tb(III), Sm(III) and Dy(III) (cLn(III) = 10-4 mol·L-1) in complexes with a) salicylic 

acid (pH = 5.0) and b) phthalic acid (pH = 4.2) (RT, I = 0 mol·L-1) (calculated with ChemEQL 3.123, stabilitiy con-

stants taken from47). 

 

 

Figure 3S: speciation diagrams of a) salicylic acid and b) phthalic acid (calculaterd with ChemEQL 3.123, pKa 

values taken from47). 

 

Figure 4S: speciation diagram of Eu(III) in complexes phthalic acid (pH = 5.0) (RT, I = 0 mol·L-1) (calculated with 

ChemEGL 3.123, stability constants taken from47). 
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