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 ABSTRACT: Lanthanides are found in critical applications from display technology to renewable energy. Often these rare earth 
elements are used as alloys or functional materials, yet the access to them are trough solution processes. In aqueous solution the rare 
earths are found predominantly as trivalent ions and charge balance dictates that coun-
ter ions are present. The fast ligand exchange and lack of directional bonding in lan-
thanides complexes has led to questions regarding the speciation of Ln3+ solvates in 
the presence of various counter ions, and to the distinction between innocent = non-
coordinating, and non-innocent = coordinating counter ions. There is limited agree-
ment as to which counter ions that belong to each group, which lead to this report. By 
using Eu3+ luminescence, it was possible to clearly distinguish between coordinating 
and non-coordinating ions. To interpret the results it was required to bridge the de-
scriptions of ion pairing and coordination. The data—in form of Eu3+ luminescence 
spectra and luminescence lifetimes from solutions with varying concentrations of ac-
etate, chloride, nitrate, fluoride, sulfate, perchlorate and triflate—were contrasted to 
those obtained with ethylenediaminetetraaceticacid (EDTA), which allowed for the 
distinction between three Ln3+-anion interaction types. It was possible to conclude 
which counter ions are truly innocent (e.g. ClO4

- and OTf-), and which clearly coordinate (e.g. NO3
- and AcO-). Finally, the considerate 

amount of data from systems studied under similar conditions allowed the minimum perturbation arising from inner sphere or outer 
sphere coordination in Eu3+ complexes to be identified. 

 

Introduction 

The metal-ligand interactions in trivalent lanthanide com-
plexes are often regarded purely as electrostatic. In spite of this, 
the trivalent lanthanides form strong solvates in e.g. water, 
DMSO, and methanol.1-6 It is not uncommon that these un-
charged solvent ligands outcompete negatively charged anions, 
forming outer-sphere complexes with an inner coordination 
sphere composed purely of coordinating solvent. More strongly 
coordinating ligands can outcompete the solvent and coordinate 
directly to the metal ion. As no bonding occurs, these types of 
interactions would typically be described in terms of ion pairs.7 
In order to understand the solution chemistry of the Ln3+ ions 
we must consider these ion pairing effects. 

Marcus & Hefter7 categorize three different ion pair types– 
solvent separated, solvent shared, and close contact ion pairs. 
This description works well for organic molecules, where the 
solvent acts only as a solvent shell. For metal ions, especially 

those with fast ligand exchange such as the lanthanides,8 this 
description becomes problematic as the distinctions between 
the coordination spheres and solvent shells are inconsistent. For 
example, the water molecules in close contact to a metal ion are 
typically regarded as ligands and not as a solvent shell. Further, 
the solvent separated ion pair used by Marcus & Hefter is iden-
tical to two complex ions in close contact. In order to avoid con-
fusion, we have categorized the metal-anion interactions into 
four Types (see Figure 1). In Type I, there is direct coordination 
of the anion to the metal ion. In this case, the anion acts as a 
ligand in the inner coordination sphere. In Type II, the anion 
resides in the second coordination sphere of the metal ion, with 
the anion and metal ion sharing the solvent ligand from the in-
ner coordination sphere of the metal ion. In Type III, both metal 
ion and anion retains their own inner coordination sphere—de-
scribed as the first solvent shell by Marcus & Hefter—but with 
the coordination spheres in close contact. Type IV denotes the 
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free ions, with no restrictions on the ion mobility nor any appre-
ciable interaction energy.  

With a focus on lanthanide solution chemistry, we can con-
clude that all of metal-anion interaction types will have differ-
ent effects on the symmetry of the ligand field experienced by 
the central metal (Ln3+) ion. As the ligand field is directly linked 
to the electronic structure of the lanthanide ion, we can follow 
these interactions using optical spectroscopy. Of the lanthanide 
ions, the most attractive candidate for this is Eu3+ owing to the 
intense luminescence, easy detectability in the visible range and 
singly degenerate ground and emitting state. We thus chose to 
use Eu3+ luminescence as a reporter to investigate and assign 
metal-anion interaction in solutions containing EDTA, acetate, 
nitrate, chloride, fluoride, carbonate, triflate, sulfate, bisulfate 
and perchlorate. 

The metal-anion interaction types of Eu3+ and common ani-
ons has been widely studied before, (Table 1) but in different 
systems and using a wide array of techniques. This leaves us 
with a muddled picture of the interactions types. The historical 
nomenclature defines coordinating anions (Types I-II) as non-
innocent counter ions, and non-coordinating (Types III-IV) as 
innocent counter ions. Some ions appear as both in the litera-
ture, see Table 1. In this study, we set out to systematically 
study the coordination of the most common anions, and assign 
a distinct metal-anion interaction type using specific experi-
mental conditions. It is important to note, that while we measure 
ionic strength and pH of all samples, we do not attempt to keep 
these constant. Therefore, we are not reporting binding con-
stants, but qualify metal-anion interaction Types and investigate 
when we can with certainty assign an observation to a Ln3+ cen-
tred interaction (Type I, Figure 1).  

 
Type I 

 
Type II 

 
Type III 

 
Type IV 

Figure 1. Illustration of the four different types of metal-anion in-
teractions between metal (Ln3+) ions and anions (A-).  

Experimental 

Sample Preparation. All chemicals were used as received. 
Eu(CF3SO3)3 (98%, STREM Chemicals), KCl (MERCK), NaCl 
(Th. Geyer), MES (SIGMA Chemical Company), Na(CF3SO3) 
(Sigma-Aldrich), NaClO4 (Fluka AG), NaHSO4∙H2O 
(MERCK), Na2SO4 (Chemsolute), NaNO3 (Sigma-Aldrich), 
K(CH3COO) (Sigma-Aldrich), H4EDTA (from our own sup-
ply).  

A Eu3+ stock solution containing KCl was made by adding 
2.01 g (0.0033 mol) Eu(CF3SO3)3, 1.42 g (0.0066 mol) MES 
buffer (solid), and 24.85 g KCl (0.333 mol) to a 250 ml volu-
metric flask and dissolved by adding demineralized water to the 
250 ml mark. The buffer was adjusted with 1M NaOH to pH = 
5.5. The stock solution was used for samples with the ligands: 
chloride, fluoride, nitrate, sulfate and acetate. A Eu3+ stock so-
lution containing NaCl was made by adding 1.99 g (0.0033 mol) 
Eu(CF3SO3)3, 1.42 g (0.0066 mol) MES buffer (solid), and 
19.48 g NaCl (0.333 mol) to a 250 ml volumetric flask and dis-
solved by adding demineralized water to the 250 ml mark. The 
buffer was adjusted with 1M NaOH to pH = 5.5. The NaCl con-
taining buffer was used for samples with the ligands: perchlo-
rate and EDTA, because the use of the KCl containing buffer 
resulted in precipitation. The concentrations in the stock solu-
tions were 0.0132 M Eu(CF3SO3)3, 0.0132 M NaCl/KCl and 
0.0264 M MES. 

Ligand solutions were made by dissolving a sodium or potas-
sium salt of the ligand in demineralized water in a volumetric 
flask: 

Triflate: 3.44 g Na(CF3SO3) was dissolved in a 5 ml volumet-
ric flask to give a concentration of 4 M.  

Chloride: 1.16 g NaCl was dissolved in a 5 ml volumetric 
flask to give a concentration of 4 M.  

Perchlorate: 12.25 g NaClO4 was dissolved in a 25 ml volu-
metric flask to give a concentration of 4 M.  

Nitrate: 16.99 g NaNO3 was dissolved in a 25 ml volumetric 
flask to give a concentration of 8 M.  

Bisulfate: 6.91 g NaHSO4·H2O was dissolved in a 25 ml vol-
umetric flask to give a concentration of 2 M. 

Sulfate: 7.10 g Na2SO4 was dissolved in a 25 ml volumetric 
flask to give a concentration of 2 M.  

Acetate: 19.3g K(CH3COO) was dissolved in a 50 ml volu-
metric flask to give a concentration of 4 M. Additionally, 5.89 
g K(CH3COO) was dissolved in a 10 ml volumetric flask to give 
a concentration of 6 M. 

EDTA: 0.875g H4EDTA was added to a 25 ml volumetric 
flask and 10 ml of water. The compound was dissolved by the 
addition of approx. 1 ml of 2M NaOH. The flask was then filled 
with water up to the 25 ml mark give a concentration of 0.12 M 
with pH = 8.7.  

The solutions were diluted to a range of concentrations. The 
samples where then prepared by mixing in a new vial, 3 ml of 
the Eu3+ stock solution and 1 ml of a diluted ligand solution. The 
final concentration of Eu3+ in the samples was 0.01 M, the con-
centration of NaCl/KCl was 0.01 M, the final concentration of 
MES was 0.02 M, the ligand concentration varies as indicated 
in all data. Sample compositions as well as pH and conductivity 
of the sample can be seen in Table S1. 
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Optical Spectroscopy. All optical measurements were carried 
out in 10 mm quartz cuvettes from Starna Scientific.  

Absorption measurements were performed on a Lambda 
1050 double-beam spectrophotometer from Perkin Elmer using 
a stock solution of 0.020 M MES and 1.0 M KCl or NaCl as 
reference. Slits were kept at 1.5 nm. Absorption was measured 
on an absolute scale from air (100% transmission; Abs = 0) to 
a blocked beam (0% transmission; Abs = ∞).  

Steady State and Time-Resolved Emission spectra were rec-
orded on a PTI QuantaMaster 8075 instrument from Horiba Sci-
entific using a Xenon arc lamp for Steady State excitation and 
a Xenon flash lamp for Time-Resolved excitation. Tempera-
tures were maintained at 20 °C using a Koolance EXT-440 liq-
uid cooling system from Horiba Scientific. Emission/excitation 
slits were kept at 8 nm/1.5 nm for emission spectrum determi-
nation, 1.5 nm/8 nm for excitation spectrum determination and 
8 nm/5 nm when recording emission decay profiles.  In emis-
sion measurements, excitation was done at 394 nm. In excita-
tion measurements, emission was measured at 594 nm. In emis-
sion decay measurements, excitation was done at 394 nm and 
emission was recorded at 594 nm. Wavelength dependence of 
the detector sensibility was corrected using a factory supplied 
correction file. Fluctuations in lamp intensity was corrected us-
ing a reference detector. No signals from other lanthanides were 
detected. All available spectra, luminescence decay traces and 
fit parameters are available in the SI. 

pH and Conductivity. Conductivity was measured on a Met-
tler Toledo SevenCompact Conductivity meter S230, and the 
pH was measured on a Mettler Toledo SevenCompact InLab 
Expert Pro ISM pH meter. 

Results & Discussion 

Starting point. Table 1 shows a curated overview of previ-
ous studies of the coordination between Eu3+ and small inor-
ganic anions as well as the different techniques used to study 
the metal-anion interactions, and an assignment of the interac-
tion types determined in these works. For contrast, we have in-
cluded the strong chelating ligand EDTA with the smaller ani-
ons. EDTA is one of the most studied chelators of f-block ele-
ments and is undoubtedly Type I.9-13 This is reflected in Table 
1, where all studies and all techniques agrees that the ligand co-
ordinates in the inner coordination sphere in direct contact with 
the Ln3+ ion. EDTA is thus a clear example of a direct ion pair, 
or Type I interaction. On the other end of the spectrum, ClO4

- 
shows little to no coordination to Ln3+ ions in any of the stud-
ies.12, 14-20 Even at high concentrations of ClO4

-, there is no op-
tical response. At extremely high concentrations ClO4

- has 
shown interactions with Ln3+ ions but we attribute this to spatial 
constraints (vide infra).21 For this reason ClO4

- is often used as 
an “innocent” ion in Ln3+ studies – either as the Ln3+ source or 
as an electrolyte. More recently, OTf- has been used in a similar 
manner. While OTf- has received far less attention, it has been 
shown to exhibit no coordination to Eu3+. This is also true in 
less coordinating solvents such as MeOH.3 Both ClO4

- and OTf- 
exhibit clear Type III metal-anion interaction.  

 In between EDTA and ClO4
-/OTf- the picture is less clear. 

AcO- is consistently determined as coordinating (Type I), but 
with a much lower binding constant than EDTA. For most small 
ligands, accurate determinations of binding constants are made 

difficult by the possibility of several coordination events. Sim-
ilarly, there has been little debate regarding the coordination of 
F- and CO3

2-.20, 22-26 Both ligands are clearly Type I, binding to 
the aqua ions in aqueous media and binding to free coordination 
sites of Ln3+ complexes such as DOTA and DO3A.27-28, 29.. There 
are few studies regarding the binding constants of carbonate and 
fluoride to lanthanide(III) aqua-ions due to the low solubility of 
the salts in aqueous solution. As part of this study, we confirmed 
this observation, as addition of carbonate, fluoride, phosphate, 
acac and hfac all immediately resulted in precipitation when 
added to our system. 

NO3
- is one of the more controversial anions regarding coor-

dination. Nitrate has been extensively studied due to its high 
relevance in nuclear fuel reprocessing and lanthanide separa-
tions. Earlier studies often characterized the Ln3+-nitrate inter-
action as outer sphere (Type II).20, 22, 30-35 These results were of-
ten based on solvent extraction. Later studies based on optical 
spectroscopy consistently showed Type I interaction.3, 12, 14-19, 36-

41 Similarly, SO4
2- and HSO4

- has given rise to some debate re-
garding the coordination type. Studies using optical spectros-
copy mostly find Type I metal-anion interaction, while other 
studies, mainly based on solvent extraction, find Type II. Cl-, in 
contrast to F-, consistently shows Type II or even Type III 
metal-anion interaction.12, 15-22, 31-33, 41-44 It has often been used as 
an innocent anion background. There are however, some evi-
dence of LnCl2+ forming in solution and a Type III interaction 
is not well established. 

Table 1. Assignment of metal-anion interactions types be-

tween Ln3+ ions and selected anions from the literature. 

Ligand Type Technique Ref 

EDTA 

I Potentiometric/Polygraphic 45  

I Review 10 

I Radiotracer 46 

I Optical 47 

I Calorimetric 13 

AcO- 

I Solvent Extraction 48 

I Review 10 

I Optical 49-50 

NO3
- 

I Optical, Lifetimes 14-16 

I Optical 17-18, 36-40, 

47 

I Ultrasound Absorption 51 

I X-ray (EXAFS) 41 

I Optical, X-ray  3 

I + II Optical, NMR, density 52 

I/II Solvent Extraction 31-33, 35, 53 

II Review 20, 22 

HSO4
-

/SO4
2- 

I Optical Lifetime 16 

I Optical 54-55 

I Ultrasound 56 

I/II Solvent extraction 33, 42, 48, 57-

58 

II Review 20 
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F- 

I Review 20, 22 

I/II Multiple 24 

I/II Potentiometric 25 

I/II Solvent Extraction (not Eu) 26 

II Optical  39 

CO3
2- I/II Solvent extraction 23 

Cl- 

I Optical 18 

I/II Optical Lifetime 15 

II Review 20 

II Solvent Extraction 31-33, 42-43 

II Optical 47 

II Potentiometric  59 

II/III Ultrasound 51 

III Optical Lifetime 16 

III Review 21-22 

III X-ray, EXAFS 41 

III Optical, Lifetimes 17 

ClO4
- 

III Optical 14, 47 

III Optical Lifetime 15-18 

III Ultrasound absorption 19 

III Review 20 

OTf- III Optical, X-ray 3 

Highest Achievable Metal-Anion Distance. In this study, 
as well as many industrial processes, the concentrations of ani-
ons often exceeds 1 M. At these concentrations, the spatial dis-
tribution of the ions in the sample must be considered. Assum-
ing equilibrium with a uniform density of the sample, then a 
0.01 M solution of metal ions will have a maximum distance 
between the centers of neighboring metal ions of 68 Å. The 
value is found by a trivial calculation using equations 1, 2 & 3:  

�� = �
��∙�	     eq 1 


� = ����

∙�
�
�/�

     eq 2 

���� = 2 ∙ (
� − ���)    eq 3 

where V is the volume of the sample, nM is number of M ions in 
the sample in moles, NA is Avogadro’s number, VM is the vol-
ume of the solvent sphere each metal ion resides in, rM is the 
radius of this sphere, IRM is the ionic radii of metal and dM-M is 
the distance between the edge of the metal ions in solution.  

If we assume that there are no interactions between metal ions 
and the anions, we can calculate the highest possible distance 
between the metal ions and the anions at any concentration. 
With anion concentrations lower than the metal ion concentra-
tion, here 0.01 M, the system can be seen as anions in a metal 
ion lattice. In this domain the highest possible distance between 
metal ions and anions lie directly between two metal ions, and 
is thus equal to rM/2 = 34 Å. When the concentration of anions 
exceed that of the metal ions, the system can be seen as metal 

ions in an anion lattice. In this domain the highest possible dis-
tance between metal ions and anion becomes half the anion-an-
ion distance.  

For the systems studied here, we can map the maximum dis-
tances at between Eu3+ and anion at any concentration. This is 
done by exchanging the 0.01 M molar Eu3+ concentration in eq 
1 and 2 with the concentration the anion concentration of the 
anions when both are 0.01 M or higher. The result is shown in 
Figure 2. In the Eu3+ domain (CEu>Canion) the highest possible 
distance is 34 Å. In the anion domain (CEu<Canion) the highest 
possible distance decreases as the concentration of anion in-
creases. The approximate size of the inner and outer coordina-
tion sphere, as well as the ionic radius of Eu3+ are indicated in 
Figure 2. This treatment illustrates that the perturbations of the 
electronic structure, which are dominated by the inner coordi-
nation sphere, at concentrations lower than ~2 M must be due 
to metal-ligand interactions.   

Electrostatic Charge Separation. Assuming ideal point 
charges, the potential energy required for charge separation can 
be calculated using equation 4 

� = ��∙��
�∙�∙� ∙�!∙"      eq. 4 

Where V is the potential energy of charge separation, Q1 and Q2 
are the charges of the two point charges, ε0 is the vacuum per-
mittivity, εr is the relative permittivity of the solvent and r is the 
distance between the two point charges. With a A- anion and a 
M3+ cation in water equation 4 gives the function shown in Fig-
ure 3. As can be seen from Figure 3, any electrostatic interac-
tions between A- and M3+ ions separated by more than 5 Å (such 
as Type III and Type IV, vide supra) will be smaller than the 
thermal energy of 4 kBT at 300 K. This treatment assumes no 
shielding from other ligands. 
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Figure 2. Calculated maximal distance between anion (A-) and 
Eu3+ in a 0.01M Eu3+ solution as a function of anion concentration. 
The colors indicate the Eu3+ ionic radius (grey), the inner coordina-
tion sphere (red) and the outer coordination sphere (blue). A cou-
lombic radius of 1.4 Å was used for water and an ionic radius of 
1.120 Å was used for Eu3+. The distances are measured from the 
center of the atoms (see main text). 
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Figure 3. Illustration of the simple interaction energy between a 
M3+ and a A- point charge in water (black) as a function of distance. 
The horizontal line (yellow) shows the 4kBT energy at 300K. The 
vertical lines show the ionic radii of Eu3+ (grey),60 the first coordi-
nation sphere (red) and the second coordination sphere (blue).   

System Description. It has been shown that the speciation of 
Ln3+ complexes in solution can be affected by pH and ionic 
strength.35, 61-62 To minimize any such effects we perform all ti-
trations in a buffer (0.02 M MES) and with a high background 
electrolyte (1 M NaCl or KCl), see the experimental section for 
details. This ensures that while the ionic strength (conductivity) 
and pH are not constant, the changes between samples are rela-
tively small. In order to verify the innocence of the ion and Eu3+ 
salts used, we performed a series of screening titrations. Figure 
S42-S52 shows emission, excitation and time-resolved emis-
sion decay profiles of Eu(OTf)3 with  and without added OTf-, 
Eu(OTf)3 with  and without added Cl-, EuCl3 with  and without 
added OTf-, and Eu(OTf)3 with  and without added MES. No 
changes in the spectra are seen in any of the experiments, 
clearly showing the innocence of the solvent system.  

Classifying metal-anion interactions. Optical spectroscopy 
directly reveal the electronic structure of Eu3+ ions.3, 63 Thus, we 
are able to distinguish the different metal-anion interactions 
types, with the effects summarized in Figure 4.  

For Type I there is a significant perturbation of the ligand 
field symmetry and donor set. This will give rise to a different 
spectral shape of the luminescence. This is easily identified in 
the 5D0  7F4 and 5D0  7F0 bands of the Eu3+ emission spec-
trum. For the sake of consistency, we will use the 700/690 nm 
and 700/696 nm ratios as a measure of the band shape of 5D0  
7F4 transitions. When forming Type I complexes, the removal of 
O-H oscillators in the inner coordination sphere will remove 
non-radiative energy transfer pathways of the 5D0 electronic 
state. This will result in a longer excited state lifetime and a 
higher emission intensity of the Eu3+ luminescence. The 5D0  
7F2 (defined as 606-637 nm in this study) band is especially sen-
sitive to changes in the coordination environment and thus we 
will use the integrated intensity of this band as the measure for 
changes in intensity.  

 

 

 

 

Figure 4. Overview of the expected experimental changes in Eu3+ 
luminescence for the different metal-anion interaction types. Type 
I: Changes in Emission Intensity, Ligand Field splitting and Ex-
cited State Lifetime (top). Type II: Changes in Intensity, minor 
changes in Ligand Field Splitting and changes in excited state life-
time (center). Type III: No changes in emission intensity, ligand 
field splitting nor lifetime (bottom).  

Type II is harder to recognize. We argue that the anions in the 
second coordination sphere will interact with the inner sphere 
solvent molecules through e.g. hydrogen bonding. This will af-
fect the bond distance to the inner sphere ligands and thus in-
crease the excited state lifetime and emission intensity of the 
Eu3+ ion. Since the donor set still consists exclusively of solvent 
ligands and their position is not significantly affected, the band 
shape caused by the ligand field will remain largely unper-
turbed. While the band shape will remain largely intact as the 
anion is introduced, a change in the hypersensitve 5D0  7F2 
intensity is expected.  

For Type III coordination, the donor set consisting of purely 
solvent ligands will be unperturbed by the introduced anion. 
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Therefore, emission intensity, band shape, and excited state 
lifetime will not be affected by the changes in the anion concen-
tration. The same is true for Type IV. It is not possible to dis-
tinguish Type III and Type IV using optical spectroscopy. In 
theory, these two types can be distinguished using conductivity. 
In this study, we are interested in the coordination of the anions 
and therefore we do not attempt to differentiate between Type 
III and Type IV.  

Type I metal-anion interactions. In this study, we use 
EDTA as the reference point of Type I metal-anion interactions. 
There is no debate over the coordination of EDTA to Ln3+ ions 
in solution (see Table 1). The chelating nature of the ligand re-
sults in a strong entropic driving force for coordination. As ex-
pected, addition of the ligand gives rise to a large change in 
emission intensity, band shape and excited state lifetime (Fig-
ures 5, 9a, and Table 2). The excited state lifetime increases 
from 121 μs to 311 μs, while the intensity of the 5D0  7F2 band 
increases tenfold from 3.06 to 29.42. The changes in band shape 
are also identifiable in the 700/690 nm ratio, which changes 
from 4.6 to 1.9. As such, EDTA is a clear Type I ligand. We 
note that neither intensity nor excited state lifetime converges 
at 1 equivalent, which would be expected for 1:1 coordination 
(see Figure S3). We hypothesize that this is due to either a 2:1 
ligand to metal coordination complex with two EDTA ligands 
forming a sandwich complex, or due to interactions of a second 
EDTA molecule with the solvent shell.  

AcO- falls in the same category as EDTA, see Figures 5, 9b, and 
Table 2. We see clear changes in emission intensity (3.33 to 
49.14 for the 5D0  7F2 band), band shape (4.4 to 1.3 and 1.6 to 
0.9 for the 700/690 nm and 700/696 nm ratios respectively), and 
excited state lifetime (111 μs to 272 μs). These changes are seen 
at much higher concentrations than for EDTA. This is the result 
of a significantly lower binding constant for Eu : AcO- than for 

Eu : EDTA complexes. Additionally, AcO- offers the possibility 
of multiple coordination events. We tentatively assign two 
binding events in the data presented here. 

NO3
- is less obvious in the metal-anion interaction type (Fig-

ure 6a). The lifetime increases from 106 μs to 120 μs at 100+ 
eq of NO3

-. The 5D0  7F2 band shows clear changes in intensity 
as the  NO3

- concentration is increased, going from 2.91 to 6.89. 
In the 5D0  7F4 band we see a shift in the band shape with the 
700/690 nm ratio going from 4.2 to 1.9, and the 700/696 nm 
ratio going from 1.5 to 0.7. The change in ligand field is also 
visible in the 5D0  7F2 band, where the one broad band shifts 
into two distinct peaks. This indicates a Type I metal-anion in-
teraction. However, the changes are much more subtle for NO3

- 
than for AcO- and EDTA. Yet, the changes in band shape and 
lifetime clearly indicates Type I coordination. It is possible that 
NO3

- exhibits both Type I and Type II coordination, and as with 
AcO- the possibility for multiple coordination events exists.  

Type II metal-anion interactions. SO4
2- and HSO4

-

differentiate only in pH of the solution (see Figure 6b-c). In this 
system, the concentrations achievable with SO4

2- and HSO4
- is 

highly limited by the formation of a 10-coordinate Eu3+ com-
plex in K5Na(Eu2(SO4)6] crystals.64 In the concentration range 
we can observe, we see changes in excited state lifetime going 
from 106 to 130 μs for HSO4

-. This is comparable to that ob-
served for NO3

-. In contrast to NO3
-, the band shape is largely 

unaffected by the addition of sulfate/bisulfate (6.2 to 5.6 and 1.7 
to 2.0 for the 700/690 nm and 700/696 nm ratios respectively). 
The 5D0  7F2 band changes somewhat in intensity, but little in 
shape. The largest change is seen in the 5D0  7F0 band which 
grows in as the SO4

2-/HSO4
- is added. The lack of changes in 

band shape suggests that SO4
2- and HSO4

- have Type II interac-
tions.    
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Figure 5. Emission spectra of Eu3+ in NaCl-MES buffer (EDTA) or KCl-MES buffer (AcO-) with various equivalents of EDTA (right) and 
AcO- (left) added. Both anions show clear Type I metal-anion interactions (see main text) 
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Figure 6. Emission spectra of Eu3+ in NaCl-MES buffer with vari-
ous equivalents of NO3

- (top) HSO4
- (middle) and SO4

2- (bottom). 
The transparent grey trace is from Eu3+ with 1 equivalent of EDTA 
(see Figure 5). NO3

- exhibits Type I coordination while HSO4
- and 

SO4
2- are both Type II metal-anion interactions (see main text) 

Type III (Type IV) metal-anion interactions. There is little 
debate regarding the coordination of ClO4

-, vide supra. In ac-
cordance with literature, we observe no changes in excited state 
lifetime, emission intensity or band shape. From this, we can 
conclude that ClO4

- is a clear Type III/IV anion. We observe 

similar results for OTf- and Cl- with all changes for the 3 ions 
being well within experimental uncertainties. 
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Figure 7. Emission spectra of Eu3+ in NaCl-MES buffer (ClO4
-) or 

KCl-MES buffer (Cl-, OTf-) with various equivalents of Cl- (top) 
ClO4

- (middle) and OTf- (bottom). The transparent grey trace is 
from Eu3+ with 1 equivalent of EDTA (see Figure 5). All three ions 
exhibit clear Type III metal-anion interactions . 
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Table 2. Overview of the changes in excited state lifetime, 

emission intensity and band shape of the ligands studied. 

The first point clearly different from the aqua ion is high-

lighted in bold. 

 Equiv-
alents 

Life-
time 
(μs) 

5D0   
7F2 

(a.u.) 

700 nm/ 
690 nm 

700 nm/ 
696 nm 

E
u3+

(a
q)

  

- 113 1.95 8.3 1.9 

E
D

T
A

 –
 T

yp
e 

I 

0.05 121 3.06 4.6 1.6 
0.1 129 4.10 4.2 1.5 
0.2 155 6.64 3.1 1.4 
0.3 178 9.99 2.9 1.3 
0.4 205 13.14 2.6 1.2 
0.5 232 16.41 2.3 1.2 
0.6 247 19.13 2.2 1.1 
0.7 269 23.69 2.0 1.0 
0.8 289 27.04 1.9 1.0 
0.9 302 28.79 2.0 1.0 
1 311 29.42 1.9 1.0 

A
cO

-  –
 T

yp
e 

I 

0.2 111 3.33 4.4 1.6 
0.4 114 3.60 3.7 1.4 

0.6 117 3.99 3.1 1.4 
0.8 120 4.88 2.8 1.3 
1 118 4.74 2.9 1.3 
2 124 6.97 2.4 1.2 
3 129 8.00 1.9 1.0 
4 133 9.74 1.7 0.9 
5 140 10.94 1.5 0.9 
7 144 13.09 1.4 0.9 

10 150 13.29 1.3 0.8 
15 166 19.61 1.2 0.8 
20 176 22.34 1.2 0.8 
25 183 24.87 1.1 0.8 
30 194 27.17 1.1 0.8 
40 204 30.29 1.1 0.8 
50 211 30.80 1.2 0.8 
60 223 35.35 1.1 0.8 
70 225 39.41 1.1 0.8 
80 234 40.95 1.2 0.9 
90 242 41.48 1.2 0.9 

100 242 45.04 1.2 0.9 
130 260 45.26 1.3 0.9 
150 272 49.14 1.3 0.9 

N
O

3- 
– 

T
yp

e 
I 

3 109 2.91 4.2 1.5 
5 107 2.95 4.3 1.6 
7 107 2.79 4.0 1.5 
8 107 2.94 4.3 1.5 

10 108 3.27 3.8 1.4 
25 110 3.62 3.5 1.2 

27 111 3.54 3.7 1.3 
30 110 3.83 3.2 1.2 
35 111 3.95 3.3 1.2 
40 114 4.30 3.0 1.1 
50 111 4.27 3.1 1.1 
60 114 4.71 2.7 1.0 
80 117 5.13 2.5 0.9 

100 115 5.35 2.6 1.0 
133 120 5.91 2.3 0.8 
150 120 6.02 2.1 0.8 
200 119 6.89 1.9 0.7 

H
SO

4- –
 T

yp
e 

II
 

0.5 113 1.98 6.2 1.7 
1 114 1.88 5.4 1.7 
2 118 2.35 6.6 1.9 
3 119 2.38 6.0 1.9 
5 119 3.31 6.8 2.0 
6 120 2.99 6.5 2.0 
7 121 2.86 6.8 1.8 
8 121 3.63 6.3 1.9 
9 122 3.25 6.5 2.0 

10 121 3.21 5.5 2.0 
15 125 4.49 6.1 2.1 
20 125 3.95 5.5 1.9 
25 129 4.64 6.0 2.0 
30 127 4.64 5.7 1.9 
35 128 5.23 5.1 2.1 
40 130 4.99 5.6 2.1 
45 129 5.15 5.6 2.0 

SO
42-

– 
T

yp
e 

II
 

0.5 115 1.57 6.7 1.8 
1 115 2.20 6.1 2.0 
2 117 2.48 5.9 2.0 
3 117 2.99 6.3 1.9 
4 118 3.85 7.1 2.0 
5 120 3.42 5.9 1.9 
6 121 3.63 5.5 1.9 
7 124 3.42 6.5 1.9 
8 124 3.66 5.9 2.1 
9 124 4.06 6.0 1.9 

10 126 4.47 5.9 2.0 
15 128 4.82 6.7 2.0 

C
l-  10 112 1.83 6.8 1.7 

50 112 1.53 5.4 1.7 
100 111 2.38 6.4 1.8 

C
lO

4-  25 112 1.23 6.9 1.8 
50 113 1.42 6.4 1.7 
75 112 1.43 8.5 1.6 

100 112 1.21 6.5 1.7 

O
T

f-  25 112 1.52 6.3 1.8 
50 113 1.51 5.6 1.7 
75 112 1.80 5.8 1.8 

100 112 2.00 5.8 1.8 
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Figure 8. Emission spectra of Eu3+ in NaCl-MES buffer (EDTA, ClO4
-) or KCl-MES buffer (AcO-, NO3

-, HSO4
-, SO4

-, Cl- OTf-) with EDTA 
(1 eq.), AcO- (150 eq.), NO3

- (200 eq.), HSO4
- (45 eq.), SO4

2- (15 eq.), Cl- (100 eq.) ClO4
- (100 eq.) and OTf- (100 eq.) normalized by the 

5D0  7F1 band. The traces are color coded by coordination type with Type I in blue, Type II in red and Type III in black.   The inset shows 
a zoom of the 5D0  7F4 band.

Contrasting & Comparing Coordination Types. Figure 8 
shows the emission spectra of the end-point of all 8 titration se-
ries normalized by the 5D0  7F1 band. Note that the anion con-
centrations are orders of magnitude different. As can be seen in 
the inset of the 5D0  7F4 band the Type I anions (blue) show 
large differences in the spectral shape of this band, indicating a 
break of the ligand field symmetry. The Type II (red) and Type 
III (black) show little to no difference in the 5D0  7F4 band 
shape. The Type II and Type III differentiate in the 5D0  7F2 
band. The Type III ions show no change in the band intensity. 
In contrast the Type II ions exhibit a significant increase in this 
peak, even comparable to some of the Type I ions. As men-
tioned above, we attribute this to perturbations of the solvent 
coordination sphere by the anions in the second coordination 
sphere through e.g. hydrogen bonding.  

Excited State Lifetimes. Figure 9 shows the excited state 
lifetimes of Eu3+ as a function of anion concentration. Cursory 
inspection of Figure 9 reveals that the Type III ions: Cl-, ClO4

- 
and OTf-, shows no change in the luminescence lifetime of Eu3+ 
with increasing anion concentrations. As expected, the obvious 
Type I anions: EDTA and AcO-, show large effect on the ex-
cited state lifetime. NO3

-, which we classify as Type I based on 
the emission spectra (Figure 6a), shows very little change in the 
excited state lifetime, only increasing to 120 μs at 200 eq. (Ta-
ble 2), compared to the 113 μs of the Eu3+ aqua ion. This is sig-
nificantly less than the other Type I ions, as well as the Type II 
ions of HSO4

- and SO4
2-. This can be explained by considering 

the differences in the hydrogen bonding of the two ions as the 
excited state lifetime is highly dependent on O-H oscillators.65 
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Figure 9. Excited state lifetime of Eu3+ in NaCl-MES buffer (EDTA, ClO4
-) or KCl-MES buffer (AcO-, NO3

-, HSO4
-, SO4

-, Cl- OTf-) with 
EDTA (a), AcO- (b), NO3

- (c), HSO4
- (d), SO4

2-(e), Cl- (f), ClO4
- (g) and OTf- (h) as a function of equivalents of ligand. The red points are 

determined from mono-exponential fits of the decay traces. The blue points are the average of the two lifetimes obtained from a bi-exponen-
tial fits of the decay trace. The grey line indicates the excited state lifetime of Eu3+ aqua ion. Error bars for all data points except the first 
Eu3+-EDTA points are smaller than the symbol. 
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Figure 10. Emission spectra of Eu3+ in NaCl-MES buffer (EDTA, ClO4
-) or KCl-MES buffer (AcO-, HSO4

-) with EDTA (a) AcO- (b) HSO4
- 

(c) and ClO4
-(d). The traces shown indicate the starting points of the titration series (black), the limit of distinguishing interactions (yellow) 

and the end-points in the titration series (green). 

Weakest observable interaction. It is interesting to consider 
the threshold of observable changes by means of optical spec-
troscopy. Figure 10 shows the emission spectra of Eu3+ with se-
lect equivalents of EDTA (10a), AcO- (10b), HSO4

- (10c) and 
ClO4

- (10d). From the Eu3+-EDTA spectra we can see that at 0.2 
eq. we have significant changes in intensity in all bands as well 
as small changes in the band shape in the 5D0  7F4 band. The 
Eu3+-ClO4

- system show no changes even at 100 eq. In the Eu3+-
AcO- spectra we are able to clearly observe changes from 4 eq. 
The spectral changes does not converge even at 150 eq., which 
shows the high sensitivity of the technique. For Type II ions 
such as HSO4

- the changes are more subtle and only the 5D0  
7F0 and 5D0  7F2 bands show significant intensity changes. The 
changes in the 5D0  7F2 band are observable from 5 eq. The 
other bands are largely unaffected even after 45 eq.  The spectra 
in Figure 10 can serve as a guide to when the different type of 
metal-anion interactions are observed. Note that only Type I in-
teraction corresponds to a metal centered interaction. 

Conclusions 

In this study we set out to systematically investigate metal-
anion interactions types of a series of common anions. Using 
optical spectroscopy we are able to distinguish between Type I, 
Type II and Type III metal-anion interactions (see Figure 1). 

We find that Type I will induce changes in emission intensity, 
band shape and excited state lifetimes. Type II will induce slight 
changes in emission intensity and excited state lifetime, but no 
effect in the overall band shape of the spectra. Type III will not 
affect emission intensity, band shape nor the excited state life-
time.  

Using the well-studied EDTA as the reference point for clear 
Type I metal-anion interactions we are able to categorize AcO- 
and NO3

- as Type I non-innocent and coordinating anions. AcO- 
shows clear changes in emission intensity, band shape and ex-
cited state lifetime, even at low concentrations. NO3

- induced 
more subtle changes, but we are still able to confidently catego-
rize at least one Type I coordination event. We hypothesize that 
a second coordination event of either Type I or Type II may also 
be present for NO3

-.  

HSO4
- and SO4

2- shows changes in emission intensity and ex-
cited state lifetime but shows insignificant changes in the band 
shape, except for the hypersensitive 5D0  7F2 band. Thus, we 
are able to categorize HSO4

- and SO4
2- as Type II anions.  

ClO4
-, Cl- and OTf- induce no changes in neither emission 

intensity, band shape nor excited state lifetime. From this, 
we can clearly categorize these as Type III innocent and non-
coordinating anions.  
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Finally, we are able to show examples data for when a metal 
centred (Type I) can be identified. We hope the differentia-
tion provided in these data will aid the differentiation be-
tween binding events and media effects in lanthanide based 
supramolecular chemistry.  

Based on the data provided here, we conclude that 
only Cl-, ClO4

- and OTf- should be considered as 
innocent counter ions in solution experiments with 
lanthanide ions. 
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