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Abstract 

The lanthanide (Ln) elements are critical materials that are typically extracted/mined 

together. Their separation by use of solvent extraction from acidic media is well known; however, 

there are few studies in basic media with carbonate anions. We investigated the complexation of 

Eu(III) and Tb(III) carbonates as solids and solutions in alkaline K2CO3, wherein we sought to 

access a Tb(IV) carbonate complex through ozonolysis. L3-edge XANES of Eu and Tb carbonate 

solids, colorless solutions, and a red-hued Tb solution (obtained by ozonolysis) all showed Ln(III) 

cations. The absence of evidence for a Tb(IV) complex was confirmed through XAS and EPR 

analyses, despite the solution exhibiting a deep red color. For solids and solutions, EXAFS results 

indicate molecular Ln(III)-carbonato anions. In terms of the Eu(III) carbonate coordination 

number, the coordination does not change upon dissolution of the solid sample. Furthermore, 

EXAFS for the solutions revealed evidence for the association of potassium cations with the 

Ln(III)-carbonato anions. This direct observation of contact ion pairing by EXAFS at room 

temperature is rare. The insights into Ln(III) carbonate complexation and solution speciation 

afforded by XANES-EXAFS, FT-IR, and EPR provides perspectives that serve as benchmarks for 

future computational and experimental efforts focused on caustic-side solvent extraction of Ln(III) 

ions.  
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Introduction 

The lanthanide (Ln) elements exhibit a range of uses, including luminescent materials, 

magnets, catalysts, MRI contrast agents, and radiopharmaceuticals.[1–3] For these (and other) 

applications, the extraction and separation of individual lanthanides is vital to the global energy 

economy as well as life and medical sciences alike. The chemical, physical, and structural 

properties of the lanthanides are very similar across the period and, moreover, the 4f electrons do 

not participate in ligand bonding, making the Ln elements difficult to separate using typical 

chemical separations, such as liquid-liquid extraction or fractional crystallization.[4] The 

dissolution of ore minerals and their treatment in hydrometallurgical processes using aqueous 

solutions of acidic and alkaline nature are vast commercial enterprises with environmental 

implications. For example, although solvent extraction from acidic media is common,[5] the mineral 

industry is facing regulatory pressures to reduce liquid acid wastes.[6] Alternative approaches that 

have not been studied extensively but that show promise include the use of basic carbonate media 

instead of acidic media. The unique feature of carbonate media is that—while Ln (III) ions 

typically precipitate out of alkaline solutions—some Ln (III) ions remain in alkaline carbonate 

solutions as anionic carbonate complexes, which allows liquid-liquid separations processes to be 

explored.[7] One such approach involves the isolation of Ln elements in waste streams that are 

produced as a byproduct of phosphogypsum manufacturing, involving high concentrations of 

ammonium carbonate. Litvinova et al. focused their thermodynamic studies on Nd, Sm, Gd, and 

Ho carbonate-alkali containing systems concluding that a REE bicarbonate complex was most 

favored over other investigated complexes,[8] while De Vasconcellos et al. studied the separation 

of Y2O3 from a wide range of Ln carbonates, including La, Ce, Pr, Nd, Sm, Gd, and Dy.[9] They 

were able to achieve a separation for Y2O3 of 81% with two steps. Additionally, Bruckner and 

colleagues were able to achieve an 80% recovery of the Ln elements in gypsum using carbonate 

media which was abundant in three lanthanides (i.e., La, Ce, and Nd).[10] Another Ln separation 

approach involved the dissolution of basic rare earth carbonates in potassium carbonate solutions 

that were processed through an anion exchange resin, Dowex 1.[11,12] The success of the method 

hinges upon the formation of anionic carbanoto complexes in alkaline solutions of concentrated 

K2CO3.[13] Moreover, it turns out that concentrated alkaline carbonate solutions facilitate the 

oxidation of trivalent Ce[14,15] and, possibly even Pr (III) and Tb (III).[15–19] In fact, the ozonolysis 

of Tb (III) periodate in an aqueous alkaline solution appears to provide an entry to the solvent 

extraction of an anionic Tb (IV) periodate complex with quaternary amines, like Aliquat 336.[20] 

Such a manipulation of the oxidation state presents an opportunity to devise high performance 

separation techniques for neighboring lanthanides. 

Tetravalent Ln oxidation states are of interest to chemical separations because there are 

just three lanthanides that are known to exist in that state, which would be readily extracted from 

all trivalent ions. Cerium (IV) is renowned and well established.[21–24] The other lanthanides that 

can have a tetravalent oxidation state, most exclusively in the solid state, are praseodymium and 

terbium.[25] The stabilization of transient solution species of Pr (IV) and Tb (IV) in aqueous media 
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is a challenge for the conventional liquid-liquid extraction processes. Nonetheless, the ozonolysis 

and electrolysis of Tb (III) solutions in alkaline electrolytes with high carbonate concentrations 

appear to provide an entry to what may well be Tb (IV) carbanoto complex anions. There is 

agreement in the literature about the dark red- and red-brown-hued colors that result upon the 

ozonolysis and electrolysis of clear and colorless Tb (III) carbonate solutions.[14,15,17–19] Despite the 

generally broad and nondescript nature of the optical spectra of these solutions as well as bulk 

measurements of currents and voltages, many articles suggest that this color change is proof of the 

presence of Tb (IV).[14,16] There is little direct information about the redox speciation of the Tb ions 

in these red-hued carbonate solutions, such as is available by use of electron paramagnetic 

resonance (EPR) and Tb L3-edge X-ray absorption spectroscopy (XAS). XAS—including XANES 

and EXAFS—can also provide direct element specific insights into the nature of the limiting 

solution speciation in highly alkaline-carbonate complexes. 

Although, the structures of solid-state lanthanide (III) carbonates have been studied 

definitively,[26–30] the nature of the limiting speciation of Ln (III) carbonate complexes in solution 

is less definitive, despite extensive experimental and computational research.[8,31–33] For example, 

Taravel et al. suggested a general formula of [Ln(CO3)x(H2O)y]
z- for di-, tri- and tetracarbonates 

(x = 2, 3, 4; z = 1, 3, 5, respectively).[34] Subsequent experimental studies by Philippini et al. have 

focused on determining the stabilization for tri- and tetra-carbonates with heavier lanthanides and 

lighter lanthanides, respectively.[35,36] Furthermore, quantum chemical modeling results[15,32] reveal 

the tetracarbonate anion in agreement with the speciation deduced from experimental studies.[37,38] 

Despite these efforts, and in view of the sixteen different carbonate bonding modes (mono-dentate, 

bi-dentate, bridging, etc.[39]) and varying extents of hydration,[32] the issue of limiting speciation is 

still relevant today.   

We report new knowledge obtained through XAS, EPR, and FT-IR about the carbonate 

speciation of two elements near the center of the 4f period, Eu and Tb. We interrogated the white 

solids and colorless solutions for both Eu and Tb as well as the red-hued solution of Tb that was 

obtained following ozonolysis. The L3-edge XANES studies revealed Eu (III) and Tb (III) ions for 

all samples. Remarkably, following ozonolysis of the alkaline Tb (III)-K2CO3 solution system, we 

found no indication for Tb (IV) in the red-hued solution. Only Tb (III) was detected by XANES 

and EPR spectroscopy, and the FT-IR data indicated a hydroxo-carbonato-complex. Being 

separated by just one element (Gd), the Eu and Tb L3-edge EXAFS studies revealed subtle, yet 

unanticipated, differences in speciation in solution, involving the formation of anionic 

coordination complexes with trivalent Eu and Tb. Additionally, we found evidence that the anionic 

carbonate complexes in the colorless Eu (III) and Tb (III) solutions are associated with potassium 

ions, most likely in the form of cation contact ion-pairs.[40,41]  
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Results 

XANES 

Solid versus solution structures. The Ln L3-edge XANES for the Eu and Tb carbonate 

complexes as solid salts and as salts dissolved in aqueous, alkaline 5.5 M K2CO3 solutions are 

shown in Figures 3a and 4a, respectively. The intense edge peaks at approximately +3.0 eV with 

Lorentzian line-shapes having full widths at half-maximum (fwhm) of 5-7 eV are typical for the 

trivalent lanthanide ions (Table S1 and S2).[42] These peaks are due to electronic transitions from 

the Ln 2p3/2 initial states to the empty 5d orbitals, which are affected by the O ligand field about 

the Ln ions.[43–45] To aid in the observation of unresolved edge features in the primary XANES, the 

second derivative XANES data is often calculated to minimize the contribution of the steplike 

arctangent response that contributes to the asymmetry of the edge peak on the high-energy side.[46] 

The second derivative Eu and Tb XANES data for the solid salts and their solutions are shown in 

Figures 3b and 4b, respectively. In these—with one exception—the response appears as 

symmetrical, concave peaks with the same relative intensities and positions as the original 

Lorentzians.[42] The fwhm for both solutions are equivalent (5.3 eV) and narrower than the fwhm 

for both solids (6.3 eV), which are also equivalent (Table S1). Such information signifies a change 

in speciation upon dissolution of the solid salts in 5.5 M K2CO3. This speciation change will be 

discussed further in the EXAFS analyses.  
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Figure 3: (a) Normalized Eu and Tb L3-edge XANES for the white solid carbonate salts showing 

the data rescaled to the inflection point energies (Table S3) and offset for clarity. The edge peak 

maximums and Lorentzian fwhm are reported in the SI (Tables S1 and S2). (b) The second 

derivative data of the XANES in part (a). 

  

a) 

b) 
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Figure 4: (a) Normalized Eu and Tb L3-edge XANES for the two colorless carbonate solutions and 

the one red-hued Tb carbonate solution showing the data rescaled to the inflection point energies 

(Eu offset for clarity, Table S3). The edge peak maximums and Lorentzian fwhm are listed in the 

SI (Tables S1 and S2) (b) The second derivative data of the XANES in part (a). 

 

Terbium-K2CO3-O3 solution system. The data for the red-hued Tb solution in 5.5 M K2CO3 

following ozonolysis is the exception (Figure 4a). The fwhm is the broadest (7.0 eV). The peak 

breadth arises from a combination of two unresolved Lorenztian edge peaks. The 2nd derivative 

XANES resolves the two peaks (Figure 4b)—and so does the edge peak fitting (Figure S8, Table 

S2, and Table S16)—revealing a peak-to-peak separation of 3.0 eV. This value of 10 Dq (3 eV) is 

typical of that seen for Ln (III) ions in an octahedral field of 6 O atoms.[43,46] This doublet in the 

second derivative XANES arises from the dipole allowed electronic transitions from the Tb (III) 

2p initial state to the empty 5d t2g state (7517 eV) and to the empty 5d eg state (7520 eV).[44,45] The 

3-eV difference between these t2g and eg electronic states corresponds to 413 nm. This wavelength 

contributes to the broad absorption maxima of UV-Vis spectra obtained for Tb (III) solutions 

following ozonolysis and electrolysis reported in the literature[15–17] as well as for the optical 

spectrum obtained in this study (Figure 1). No such ligand field splitting is resolved in the second 

derivative XANES for the four other specimens, indicating that the O coordination environments 

are not octahedral. This is consistent with the EXAFS analysis described in the next section. 

b) 

a) 
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Unlike Tb L3-edge XANES, which is a direct, element-specific probe of Tb valence and 

coordination, the largely nondescript UV-vis response of the red-hued terbium solution complex 

(Figure 1) may arise from electronic transitions not directly associated with Tb. In contrast to all 

previous reports suggesting the production of Tb (IV) by the action of ozone in alkaline carbonate 

containing electrolytes, our Tb XANES evidence reveals only Tb (III). The absence of a response 

typical of Tb (IV) may be due to the low OH- concentration (0.1 M). Previous research suggests 

that approximately 0.2 M hydroxide concentration is necessary to oxidize Tb (III) with ozone.[19] 

Nonetheless, the color of the ozonized Tb (III) solution still presents a quandary because the 

observed color is frequently associated with the presence of Tb (IV), which isn’t found in the 

solution. Specifically, our XANES data do not exhibit the Tb (IV) response as seen in the TbO2
[47]

, 

BaTbO3
[48], and SrTbO3

[48–50] literature standards. Figure 5 shows representative XANES for 

valence pure compounds of Tb (III) and Tb (IV) and a mixed valence (Tb (III)-Tb (IV)) oxide.  

Coincidentally, electrolysis experiments also produce red-hued Tb solutions and optical spectra 

essentially identical to our response of Figure 1.[14–16,19]  

 

Figure 5: (a) Normalized Tb L3-edge XANES for the solid materials of valence-pure Tb(III)Cl3 

and mixed valence Tb(III/IV)4O7 of Staub et al.[50], the tetrahedral Tb (IV) complex [Tb(NP(1,2-

bis-tBu-diamidoethane)(NEt2))4] of Rice et al.[51], and for Tb(IV)O2 of Minasian et al.[47] The data 

have been rescaled using the inflection point energies (Table S3). The edge peak maxima in Table 

S2. (b) The second derivative data of the XANES in part (a). The Tb(III)Cl3 data is plotted on the 

left y-axis and all three other data sets are scaled using the right y-axis for comparison.  

  

b) 

a) 
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To further investigate the oxidation state of Tb in the red-hued solutions, EPR spectra for both 

colorless and red-hued solutions were recorded (Figure S6). Tb (IV), with its 4f7 electronic 

configuration, forms an S=7/2 Kramers ion. This configuration results in substantial zero field 

splitting (ZFS), which distinctly separates the energy levels across the spin projection (ms) levels, 

leading to complex EPR spectra characterized by highly anisotropic g values.[51–54] Notably, a 

strong spectral feature at approximately g≈5 has been identified and attributed to transition within 

the ms = ±3/2 doublet.[51] In contrast, Tb (III), with its 4f8 electronic configuration, does not exhibit 

the intense EPR features, as expected for the S=3 non-Kramers ion. Although integer spin systems 

usually produce stronger signals in parallel mode EPR, Tb (III) complexes can still be detected in 

the more conventional perpendicular mode, displaying features at low magnetic fields 

corresponding to very large g// values (17.8-10.44).[55] As shown in Figure S6, the observed EPR 

spectra for both the colorless and red-hued solutions demonstrate signals only below 700 G. 

EasySpin simulations of these spectra indicate a g// of approximately 17.0, consistent with 

previously reported Tb (III) species.[55,56] This suggests that the red-hued solution predominantly 

contains Tb (III), aligning with the findings from the XANES studies. The feature around 2000 G 

is hard to determine amongst the resolution of the EPR spectrum; therefore, speculation of the 

possible origin of this feature can be found in the SI. 

 

EXAFS 

The Eu and Tb k3χ(k) EXAFS and the corresponding Fourier transform (FT) data for the 

solid salts and their solutions in 5.5 M K2CO3 are shown in Figures 6 and 7 as solid lines.  The 

one-shell (Ln-O) fits to the Tb and Eu solid and liquid k3χ(k) EXAFS and their corresponding FT 

data are shown in the SI (Figures S2-S3 and Table S9). The stepwise addition of coordination 

shells beyond the innermost Ln-O shell provides statistically significant improvements in the fits, 

indicating that—even though the nearest O backscattering dominates the experimental EXAFS as 

illustrated by the intense Ln-O peaks in the FT data—the scattering from the C and distal O atoms 

of the carbonate anions in bidentate and monodentate coordination as well as backscattering by 

outer sphere metal cations has a significant effect on the response, see Tables 1 and 2.[27,31,57] 

Structure complexation diagrams for all 5 samples are illustrated in Figure 8. 

Europium-O9 versus terbium-O8 coordination.  

Solids. The numerical results of Table 1 for the Eu (III) solid salt reveal a total nearest O 

CN = 9 as well as approximately 2 distant Cb and Odis atoms and 4 distant Cm atoms. These results 

indicate that the Eu solid exhibits two bidentate carbonates and four monodentate carbonates, 

accounting for 8 of the 9 O atoms. The other inner sphere O atom must arise from either hydroxide 

or water coordination as, for example, [Eu(CO3)6(H2O)]9- or [Eu(CO3)6(OH)]10-. Because the 

backscattering by O from OH- and H2O is indistinguishable within the resolution of our EXAFS, 

the most accurate description of the complex stoichiometry can only be provided in general terms 

as [Eu(CO3)6(OHn)]
(y-9) for n = 1,2, y = n-2. In the alkaline carbonate solutions employed for 
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synthesis, the OH- anion could be more competitive compared to water coordination. The EXAFS 

data also revealed the association of approximately 4 Na+ ions in the outer sphere of the 

heteroleptic molecular anion. 

The numerical results for the Tb (III) solid salt (Table 1) reveals a total innermost O CN of 

8. Four of these are attributed to the bonding of two bidentate and three monodentate carbonates, 

based on the Cb and Odis CN of approximately 2 and Cm of 3. The remaining O atom is accounted 

for by either hydroxide and/or water coordination as, [Tb(CO3)5(OHn)]
(y-7) for n = 1,2, y = n-2. We 

found evidence that this heteroleptic molecular anion associates with approximately 2 distant Na+ 

ions. In each solid, we found evidence for contact ion pairing with 4 and 2 Na+ ions in the outer 

spheres of the Eu and Tb molecular anions, respectively. For the innermost O sphere, there is a 

0.066 Å difference between the 2.438 Å Eu-O9 and 2.372 Å Tb-O8 distances (Table 1). Table 1 

also shows that the bidentate Eu-Cb and Tb-Cb distance difference is 0.05 Å, monodentate Eu-Cm 

and Tb-Cm distance difference is 0.09 Å, the Eu-Odis and Tb-Odis distance difference is 0.025 Å, 

and the Eu-Na and Tb-Na distance difference is 0.10 Å. 

Solutions. According to the mixed bidentate and monodentate model fit (Figure 2 and 

Table 2) of the Tb k3χ(k) EXAFS (Figure 7) for the colorless solution, the results suggest a 

homoleptic [Tb(CO3)4]
5- anion with approximately 6 outer sphere potassium cations. All 8 of the 

innermost O atoms are accounted for by four bidentate carbonate anions, confirming the result of 

Janicki et al,[26] that terbium forms an eight coordinate [Tb(CO3)4]
5- complex in solution. 

Dissimilarly, the Eu k3χ(k) EXAFS (Figure 7) were fit to reveal a homoleptic complex in which 

all 9 innermost O are accounted for by a mixed 3 bidentate and 3 monodentate carbonate anions 

as [Eu(CO3)6]
9-. We found evidence that approximately 5 distant K+ ions are associated with this 

anion complex. For the innermost O sphere, there is a 0.038 Å difference between the 2.431 Å Eu-

O9 and 2.393 Å Tb-O8 distances (Table 2). Table 2 also shows that the bidentate Eu-Cb and Tb-Cb 

distance difference is 0.041 Å, the Eu-Odis and Tb-Odis distance difference is 0.170 Å, and the Eu-

K and Tb-K distance difference is 0.050 Å.  
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Table 1: Multi-shell Ln (III) EXAFS fit summary of solid sodium salts of the Tb (III) and Eu (III) 

carbonate complexes given a mixed bidentate and monodentate carbonate coordination model with 

SS and MS paths. Errors are reported in parentheses at the 95% confidence level. 

Sample Scattering Path 

Number of 

Coordinating 

Atoms 

Distance of 

Coordinating 

Atoms, r (Å) 

Debye-Waller 

Factor, σ2 

(Å2) 

E0 (eV) R, % 

Eu3+ 

Solid 

Eu-O 9.2 (5) 2.438 (4) 0.0116 (1) 2.8 (1) 

2.6 

Eu-Cb 1.8 (1) 2.92 (1) / / 

Eu-Cm 4.2 (4) 3.6 (1) / / 

Eu-Odis 1.8 (1)* 4.075 (9) / / 

Eu-Na 4.0 (3) 4.28 (1) / / 

Eu-Cb-Odis 1.8 (1)* 4.075 (9)* / / 

Eu-Cb-Odis-Cb 1.8 (1)* 4.075 (9)* / / 

Tb3+ 

Solid 

Tb-O 8.4 (7) 2.372 (6) 0.0110 (1) 2.7 (4) 

4.3 

Tb-Cb 2.4 (2) 2.87 (2) / / 

Tb-Cm 2.9 (7) 3.51 (2) / / 

Tb-Odis 2.4 (2)* 4.10 (1) / / 

Tb-Na 2.1 (6) 4.18 (3) / / 

Tb-Cb-Odis 2.4 (2)* 4.10 (1)* / / 

Tb-Cb-Odis-Cb 2.4 (2)* 4.10 (1)* / / 

*Linked with corresponding Ln-Cb coordination value or Ln-Odis distance value. 

/ Linked with previous value. 

Fit residual according to WinXAS output.[58,59]  
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Table 2: Multi-shell Ln (III) EXAFS fit summary with SS and MS paths for the potassium salts of 

the Ln carbonate solution complexes dissolved in 5.5 M K2CO3. Errors are reported in parentheses 

at the 95% confidence level.  

Sample Scattering Path 

Number of 

Coordinating 

Atoms 

Distance of 

Coordinating 

Atoms, r (Å) 

Debye-Waller 

Factor, σ2 

(Å2) 

E0 (eV) R, % 

Eu3+ 

Colorless 

Solution 
 

Eu-O 8.7 (4) 2.431 (3) 0.0075 (1) 1.5 (1) 

3.7 

Eu-Cb 3.2 (1) 2.911 (7) / / 

Eu-Cm 3 3.63 (3) / / 

Eu-Odis 3.2 (1)* 4.04 (1) / / 

Eu-K 5.1 (4) 4.01 (1) / / 

Eu-Cb-Odis 3.2 (1)* 4.04 (1)* / / 

Eu-Cb-Odis-Cb 3.2 (1)* 4.04 (1)* / / 

Tb3+ 

Colorless 

Solution 
 

Tb-O 7.6 (8) 2.393 (6) 0.0071 (2) 2.7 (3) 

5.7 

Tb-Cb 4.2 (6) 2.87 (1) / / 

Tb-Odis 4.2 (6)* 3.87 (2) / / 

Tb-K 4.4 (9) 3.96 (2) / / 

Tb-Cb-Odis 4.2 (6)* 3.87 (2)* / / 

Tb-Cb-Odis-Cb 4.2 (6)* 3.87 (2)* / / 

Tb3+ 

Red-

Hued 

Solution 

Tb-O 6.3 (4) 2.274 (3) 0.0061 (1) 0.7 (2) 

5.2 
Tb-Cm 2.7 (3) 3.29 (1) / / 

Tb-K 0.6 (1) 3.8 (1) / / 

Tb-Om2 2.5 (5) 4.18 (2) / / 

*Linked with corresponding Ln-Cb coordination value or Ln-Odis distance value. 

/ Linked with previous value. 

Underlined; Value was fixed to satisfy the condition where Eu-O= 2 Cb + 1 Cm. 

Fit residual according to WinXAS output.[58,59]   
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Figure 6: The k3χ(k) EXAFS and the corresponding FT data for the white Eu (III) and Tb (III) 

carbonate solid samples as sodium salts. The Eu data sets are arbitrarily offset for clarity.  

 

Figure 7: The k3χ(k) EXAFS and the corresponding FT data for the colorless solutions of the Eu 

(III) and Tb (III) carbonate complexes as well as the red-hued Tb (III) complex in potassium salts 

dissolved in 5.5 M K2CO3. EXAFS data for both Eu and Tb colorless data sets are arbitrarily offset 

for clarity. 

Solid versus solution structures. The results (Tables 1 and 2) for the inner-sphere Eu-O 

coordination indicate 9 O atoms at an average of 2.43–2.44 Å for both the white sodium salt and 

the colorless solution obtained by dissolution. The inner-sphere Tb-O coordination for both the 

white sodium salt (2.37 Å) and the colorless solution (2.39 Å) is shown to involve 8 O atoms at an 

average distance of approximately 2.38 Å. The 0.05–0.06 Å distance difference is readily 

accounted for by the effects of the Ln contraction and different O CNs. If the Eu and Tb O CNs 

were the same (either 8 or 9), then, based upon ionic radii arguments alone, the distance difference 

would amount to only 0.026 Å.[60] As amplified in the Discussion section, by accounting for the 1 



13 
 

O difference in the CNs, the ionic radii predict that a larger distance difference, 0.08 Å, is obtained, 

which is in accordance with the EXAFS-determined results. 

Although weak, the peaks beyond the intense Ln-O peaks observed in the FT data for the 

Eu and Tb solids (Figure 6) are of physical significance in terms of carbonate anion and sodium 

cation backscattering. Upon the dissolution of the solid salts in 5.5 M K2CO3, the most distant 

peaks in the FT data become more pronounced (Figure 6). Whether this intensification is structural 

in origin or simply reflects the fact that K has a stronger backscatter than Na (Figure S5), is open 

to discussion. To address this issue regarding the prominent distant peaks (at approximately 3.9 Å 

before phase shift correction) in the solution FTs, multi-shell, and best-Z fitting were performed 

for the solid materials and solution samples. The results of Tables 1 (solids) and 2 (solutions) are 

based upon the mixed bidentate and monodentate coordination model for carbonate, wherein the 

number of Cb atoms and the number of Odis atoms are equivalent. The coordination numbers 

indicate that there is more bidentate carbonate complexation (1-2 anions) to the Eu and Tb ions in 

solution compared with that (2 bidentate anions) for the solid materials. Moreover, the 

complexation response includes contributions from Ln-Na (Na2CO3 solids) and Ln-K (K2CO3 

solutions) correlations.  
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(a) Eu (III) Solid 

 

 
(b) Eu (III) Colorless Solution 

 

                 
(c) Tb (III) Solid 

 

 
(d) Tb (III) Colorless Solution 

 
 

(e) Tb (III) Red-Hued Solution 

Figure 8: Structures created from the results in Tables 1 and 2, where the cation positions are 

estimated using information from Table S10. 
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Terbium-K2CO3-O3 solution system. For the red-hued Tb (III) solution, there is a reduced 

O coordination number of approximately 6, which is consistent with the XANES response and 

unlike the 8 O-coordinate Tb (III) ions in the colorless solution. In agreement with the lower O 

CN, the Tb (III)-O bond length is much shorter at 2.27 Å, Table 2, which amounts to a 0.12 Å 

contraction of the Tb (III)-O bond length for the colorless solution. We further note that visual and 

spectroscopic examination of the red-hued terbium solution before and after XAS data acquisition 

revealed no change in the color. We have no evidence for photoreduction of Tb (IV) to Tb (III), 

which would result in a bleached-out color following the 3-hour X-ray exposure on the bending 

magnet beamline during data acquisition. Furthermore, during the time between the completion of 

ozonolysis at Mines to data acquisition at the APS, the solution color did not fade or change, and 

no precipitation or turbidity was observed.  The XAS results indicate that the red color of the Tb 

solution produced in our experiments by exhaustive ozonolysis of a Tb (III) carbonate solution is 

not diagnostic of Tb (IV). Rather, the XANES, EPR, and EXAFS reveal that the solution contains 

Tb (III) in a unique coordination environment, an observation which will be expanded upon further 

in the Discussion section. 

In the FT data for the red-hued Tb solution, weak features are found beyond the intense Tb 

(III)-O6 peak. The multishell fitting analysis, Table 2, reveals 6 inner-sphere O atoms and 

approximately three monodentate carbonate anions, with their associated Cm atoms, accounting 

for 3 of the 6 nearest O atoms. The core structure of the heteroleptic molecular anion is consistent 

with the general stoichiometry of [Tb(CO3)3(OHn)]
(y-3) for n = 1,2, y = n-2. This anionic complex 

has approximately one distant K ion correlation at 3.8 Å consistent with contact ion pairing. 

To further investigate what is responsible for the color in the red-hued Tb (III) solution, 

infrared (FT-IR) spectroscopy was measured for both colorless and red-hued Tb (III) solution 

samples. In figure 9, all features for the red-hued Tb (III) solution have identical peaks to that of 

the colorless solution, except for the two features at 696 cm-1 and 672 cm-1. According to Mu et 

al., these features are representative of the Tb-O-H stretch indicative of direct Tb-OH 

coordination.[61] With this data, the general structure predicted by EXAFS can be refined to 

[Tb(CO3)3(OH)3]
6-, as illustrated in Figure 8e. Compared to the Tb (III) solid sample, both Tb (III) 

red-hued and colorless solution samples exhibit a blue shift by 30 cm-1 to the band around 850 cm-

1 indicative of a change in carbonate coordination. This blue shift corresponds to increasing bond 

strength, which may be supporting evidence for a shift from monodentate to bidentate carbonate 

complexation. 
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Figure 9: FT-IR data collected for Tb (III) solid (light blue), Tb (III) colorless solution (dark 

blue), and Tb (III) red-hued solution (red). 

 

Discussion 

Europium-O9 versus terbium-O8 coordination. The change in speciation between the colorless 

Eu (III) and Tb (III) solution samples can be rationalized based upon the Ln-X distance differences 

for each shell. The distance differences between Eu-O9 and Tb-O8 (as well as for Ln-X, where X= 

Cb, Odis, K) are all larger than 0.026 Å, which is the tabulated ionic radii difference between Eu 

and Tb (for CN = 8),[60] which are separated by only one element, gadolinium. Coincidentally, the 

majority of the distance differences in the solid samples, Eu-O9 and Tb-O8, are also above this 

tabulated value, despite only differing by one coordinated O atom and two distant Na ions. If both 

Eu and Tb had the same homleptic/heteroleptic coordination spheres, then the Ln-X distance 

differences would be equal to 0.026 Å (for X = O, Cb, Cm, Odis, K/Na).[60] Since the majority of the 

experimentally observed distance differences are greater than 0.026 Å, this suggests that the 

speciation of the Eu (III) and Tb (III) carbonate complexes—despite being separated by Gd only—

is not identical in the solids and solutions.  

 According to the model fits in Table 1, the basic structural unit for the Eu (III) and Tb (III) 

solid phases could be building blocks of coordination polymers in the solid state, a scenario that is 

seen in some structural and spectroscopic studies[62,63] of lanthanide carbonates across the 4f 

period. In each complex (solid and solution alike), we assume that any extra Ln-O not occupied 

by carbonate are a number of OH- anions and H2O molecules to complete the inner O coordination 

sphere. However, this is an assumption made, and our EXAFS results cannot detect protons (from 
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coordinated OH- or H2O) and therefore, we are unable to decipher the exact water and hydroxide 

stoichiometries in the coordination complexes. The instrumental capability that would be useful 

and able to distinguish these two directly coordinated molecules is single crystal XRD, which we 

were not able to capture due to the inability to obtain suitable crystals.  

Moreover, we must bear in mind the implications of the ± 1 atom statistical uncertainties 

(at the three-sigma level) for the coordination numbers of the distant cations on the stoichiometries 

of the coordination complexes. As such, we cannot definitively zero in on a single, charge-

balanced anionic entity but, rather, the results lead to a few plausible molecular anions. Since the 

number of carbonates between the Tb and Eu solution complexes differ by 2 carbonates (equation 

1, for Ln = Eu, Tb), it is more likely that the differing speciation is unique. The terbium solution 

system appears as strictly monodisperse as [Tb(CO3)4]
5-—in agreement with the speciation of 

Janicki et al.[26]. However, the solid complexes only differ by one carbonate ion complex which 

may exhibit a dynamical equilibrium reaction, such as equation 2. This equilibrium is shifted to 

the left for terbium and to the right for europium. The speciation for the Eu solution complex 

matched directly with the Mercier et al.[63] crystal structure with the substitution of K cations, and 

the Tb solid complex carbonate coordination matched directly with the Lin et al.[62] crystal 

structure with the substitution of Na cations. 

[𝐿𝑛(𝐶𝑂3)4]5− + 2 [𝐶𝑂3]2− ↔  [𝐿𝑛(𝐶𝑂3)6]9−                [eq 1] 

[𝐿𝑛(𝐶𝑂3)5(𝐻2𝑂)]7− + 1 [𝐶𝑂3]2− ↔  [𝐿𝑛(𝐶𝑂3)6(𝐻2𝑂)]9−               [eq 2] 

Research published by Philippini et al.[35] studied the Dy (III) carbonate solution system, and they 

found no change in speciation between the Eu and Dy solutions. If the speciation of Eu (Z = 63) 

and Dy (Z = 66) are identical, then one would reasonably assume that the speciation for Tb (Z = 

65) would also be the same and follow the trends outlined.[35] However, the EXAFS results reported 

here as well as the spectroscopic data of Janicki et al.[26] indicate that the Eu and Tb speciation are 

not identical, suggesting an equilibrium in solution proposed in equation 2. In support of 

equilibrium species, Vercouter et al. studied Ce (III) carbonate solutions and reported the tetra-

carbonato 5- anion.[31] 

Solid versus solution structures. The variations between the FT data for the solids and solutions 

(Figures 6 and 7) are significant, indicating changes in speciation upon dissolution of both Ln (III) 

salts. As reported by Janicki et al.,[26] their spectroscopic data for lanthanide carbonate complexes 

in solid and solution phases were “remarkably different”.  Notably, the increase of the most distant 

peak intensities in the FT are consistent with two phenomena: (1) an increase in the numbers of 

bidentate carbonate anions bound to the Ln (III) cations in the 5.5 M K2CO3 solutions, and (2) the 

presence of potassium ions in the outer spheres of the anionic carbonate complexes in the 5.5 M 

K2CO3 solutions. The Na+ backscattering amplitude (in the solid salts) are weaker than that for the 

K+ ions (in the solutions) (Figure S5). Therefore, distant Ln-Na correlations are weaker than the 

corresponding Ln-K ones. The anionic structural unit for the Eu (III) and Tb (III) solids are 

suggested as [Eu(CO3)6(OHn)]
(y-9) and [Tb(CO3)5(OHn)]

(y-7), respectively (for n = 1,2, y = n-2). 



18 
 

The Eu (III) solution speciation involves the homoleptic anion, e.g., [Eu(CO3)6]
9-. In 

alignment, the EXAFS results for the colorless Tb (III) solution is best described as the homoleptic 

anion [Tb(CO3)4]
5-.  Compared with the corresponding solid phase complexes, the solution species 

have more bonded bidentate carbonate anions for Eu and Tb.  This is also seen in the FT-IR spectra 

when Tb solid is compared to both Tb solution samples due to a blue shift in the carbonate band 

around 850 cm-1. In each solution, we found evidence for either 4 or 5 K ions in the outer spheres 

of the Eu and Tb molecular anions, respectively, consistent with ion pairing. This difference in the 

distal peak between Figures 6 and 7 is most likely a combination of structural differences (through 

preferring bidentate coordination) and increased ion pairing interactions (1-2 additional cations). 

Although the exact nature of the associations of the potassium ions with the anionic Ln 

(III) carbonate complexes in 5.5 M K2CO3 electrolytes is unknown, some insights can be drawn 

from the relatively shorter, 3.8-4.0 Å Ln (III)-K correlations. These are consistent with electrostatic 

contact ion pairing interactions, such as observed by small-angle X-ray scattering for Lindqvist 

hexaniobate salts, A8[Nb6O19] (A = Rb, Cs), dissolved in 3 M AOH solutions (as well as the ranges 

found in Table S10).[41,62,63] Another example, is that for lanthanum ferricyanide, La[Fe(CN)6], 

which upon dissolution in water forms strong contact ion-pairs between the Fe(CN)6
3- molecular 

anion and the La (III) cation at a nearly diffusion controlled rate.[64] More recently, D’Angelo et al. 

observed contact ion-pair formation with La (III) and nitrate anions in methanol solutions by use 

of XAS and MD simulations.[65] The remarkably strong amplitude of the La (III)−O−NNO3- 

correlation at 3.76 Å is comparable to the amplitude (and distance) of the Ln (III)-O-C(CO3)
2- 

interactions in our FT data of Figure 7. 

Terbium-K2CO3-O3 solution system. The colorless Tb (III) carbonate solution in 5.5 M K2CO3 

darkened to a clear, red-hued color (see photograph, Figure 1) following the sparging of ozone gas 

through it. As stated in the results, when comparing the colorless Tb (III) solution to the red-hued 

Tb (III) solution, there is a decrease in the O CN from 8 to 6. The CN change correlates with a 

reduced Tb-O bond length, and the distance difference (0.12 Å) can be rationalized without 

resorting to a change of Tb valence. According to the ionic radii (IR) of Shannon,[60] the IR for Tb 

(III) with CN = 6 is 0.923 Å, whereas the IR for Tb (III) with CN = 8 is longer, 1.040 Å. The 

difference between these is 0.117 Å. That is, the Tb (III)-O6 distance in the red-hued solution of 

Tb (III) should be 0.117 Å shorter than the Tb (III)-O8 distance in the colorless solution of Tb (III). 

The EXAFS-determined bond length difference is essentially identical at 0.12 Å. This provides 

further proof that the valence of Tb in the red-hued solution is III. If Tb (IV) were present, based 

upon ionic radius arguments, the Tb (IV)-O6 distance system is expected to be 0.28 Å shorter than 

the Tb (III)-O8. Therefore, the XANES and EXAFS results independently indicate that—despite 

the color of the solution—there is no Tb (IV) observed in the red-hued solution obtained by 

ozonolysis. Furthermore, EPR results validated that only Tb (III) was present in the red-hued 

solution. 

Given the rare nature of the formation and stabilization of Tb (IV), the achievements made 

in solid state materials are remarkable.[51,52,66] Several solids have been rigorously probed by others 
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using Tb L3-edge XANES.[47,48,50,51] Whereas the XANES for Tb (III) is composed of one intense 

peak around +2.5 eV (Figures 3 and 4, Table S2), the XANES for Tb (IV) in the valence pure 

TbO2 solid[47] is composed of one peak—with an unresolved shoulder on the leading edge—that is 

much weaker and at higher energy (with a maximum at +11.53 eV), than the peak for Tb (III) 

(Figure 5, Table S2). The Tb L3-edge XANES for other valence-pure Tb (IV) solids, including 

BaTbO3
[48] and SrTbO3,[48,49] are essentially equivalent to that for TbO2. In contrast, the Tb L3-edge 

XANES for the mixed valence (Tb (III)/(IV)) Tb4O7 solid[49,50] has two peaks centered at +3.53 and 

+11.53 eV (Figure 5, Table S2). The first peak corresponds to the Tb (III) response and the second 

to that for Tb (IV). The differences apparent in the Tb XANES shown in Figure 5 are typical of 

those expected for trivalent, mixed-valent, and tetravalent Tb. Curiously, in a recent report about 

a four-coordinate tetravalent terbium complex, Rice et al.[51] reported Tb L3-edge XANES that 

suggest a mixed valent Tb (III/IV) system rather than a valence-pure tetravalent one. The reasons 

for the deviation from a typical Tb (IV) response, such as in Figure 5, are not known.  

By comparison with the reference data for Tb (IV) solids, the Tb L3-edge XANES for our 

solid salt as well as the two solutions (colorless and red-hued), see Figures 3 and 4, respectively, 

are diagnostic of Tb (III). Because the Tb XANES data is electronic in origin, the response is 

conclusive about the Tb (III) valence, even after ozonolysis. During ozonolysis, the function of 

ozone in this system is as an oxidant and, hence, it must be reduced, initially to the ozonide radical 

anion, O3
-* (* denotes radical ion), which subsequently decomposes to hydroxide through a 

cascade of reactions involving partially reduced oxygen species. The conundrum is the 

identification of the substrate that ozone acts upon to produce a color center. Unfortunately, the 

nature of the color center reported across many Tb literature sources could not be determined 

through XANES, EXAFS, EPR, and FT-IR. Conjecture on the nature of this color center is added 

to the SI, but future experimental work could be done to directly probe this phenomenon.  

A second piece of information gained from the Tb XANES is insights into the identification 

of the coordination environment of Tb (III) in the red-hued solution. That is, the increased width 

of the edge peak was shown to arise from the overlap of 2p-5d transitions due to the ligand field 

splitting of the 5d orbitals in the presence of an octahedral coordination environment around the 

Tb (III) center. The second derivative of the XANES data, Figure 4b, confirms this by the two 

valleys seen in the red-hued solution and only a single valley seen for the colorless Tb (III) 

solution. If Tb (IV) were present in any of our materials, there would be changes in the edge peak 

shapes and positions as described elsewhere for the XANES of Tb (IV) (Figure 5). [47,48,50]  

In further support of these findings, the analyses of the EXAFS reveal that the Tb (III)-O 

bond distance in the red-hued solution is significantly shorter than that in the colorless system. 

Although, this could be due to a difference in valence, wherein the higher oxidation state (IV) 

reveals a shorter distance than the lower (III) one, we demonstrated that the contraction is precisely 

accounted for the by change in coordination between the six-coordinate complex (red-hued 

solution) and the eight coordinate one (colorless solution). In line with the direct correlation 

between ionic radii and coordination numbers,[60] a complex with a CN = 6 will have a shorter bond 
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length than one with a CN = 8. These structure results provide further proof for the Tb (III) valence 

state in the red-hued sample following exhaustive ozonolysis. 

Conclusions 

 Through use of Eu and Tb L3-edge XAS, we interrogated the Ln valences and coordination 

environments of solid carbonate complexes and their corresponding solution speciation. The 

XANES data demonstrated that all systems contained trivalent Ln ions, even the red-hued solution 

obtained by ozonolysis of the Tb (III)-K2CO3 electrolyte. Thus, contrary to many sources that 

reported colored Tb complexes as Tb (IV), indicating that not all colored Tb complexes are Tb 

(IV). The EXAFS data demonstrate that each of the Ln (III) cations formed molecular anions with 

inner-sphere carbonate and/or water (or hydroxide) coordination. The total carbonate complex 

speciation of the anionic Ln (III) carbonato complexes exhibits subtle variations between Eu and 

Tb solid samples. Moreover, the speciation of the solid Eu and Tb salts changes upon their 

dissolution in 5.5 M K2CO3. The solution samples exhibit features that have been interpreted as 

resulting from ion-pairing between the molecular carbonate complex anions and the potassium 

cations. This study also demonstrated through low temperature EPR analysis that the red color of 

the terbium carbonate solution obtained through the introduction of ozone gas is not due to the Tb 

(IV) valence state. Through XAS and FT-IR we were also able to observe a coordination shift in 

the different Tb (III) solution samples from eight-coordinate [Tb(CO3)4]
5- (in the colorless 

solution) to an octahedral six-coordinate complex [Tb(CO3)3(OH)3]
6- (in the red-hued solution). 

Further spectroscopic and structure studies, both experimental and computational, are required to 

pinpoint the source of the color in the Tb-K2CO3-O3 system. We hope that these results inform 

alkaline extraction and separation-based approaches by providing context in the form of carbonate 

speciation with Eu and Tb. 

 

Experiments 

Materials. Europium oxide (99.99%) was purchased from Treibacher Industrie AG. Terbium 

nitrate pentahydrate (99.9% trace metals basis), potassium hydroxide (90%), and potassium 

carbonate (99%) were purchased from Sigma Aldrich and used without purification. Sodium 

carbonate (ACS grade) was purchased from Fisher Scientific without purification. Ozone (35.2 

g/m3) was produced from an ozone generator (Oxidation Technologies, LLC, #VMUS-4) using 

high-purity oxygen gas at a flow rate of 6 liters per minute (purchased from General Air Supply).  

Synthesis. Eu(NO3)3 was synthesized from europium oxide by dissolving in concentrated nitric 

acid and evaporated to dryness. For the colorless Eu (III) and Tb (III) samples, concentrated 

solutions of sodium carbonate or potassium carbonate were added dropwise to the solutions of Ln 

(III) nitrate in excess nitric acid until no more precipitate formed. A vacuum filtration system was 

used to filter and thoroughly wash the white precipitates before drying in a vacuum oven. The solid 

Eu and Tb samples were measured by ICP-OES analysis (Perkin Elmer Avio 220 Max). The Eu 
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(III) solid sample had 6.12 wt% Na and 0.25 wt% K. The Tb (III) solid sample had 7.27 wt% Na 

and 0.10 wt% K.  

We subjected colorless solutions of terbium (III) nitrate (43 mg, 0.098 mmol) dissolved in 7 mL 

of 5.5 M of K2CO3 with 0.1 M KOH to ozonolysis in efforts to oxidize Tb (III), providing access 

to Tb (IV). The colorless Tb (III) carbonate solution (7 mL) was placed in a glass vial with a 

bubbler hooked up to the ozone generator. Then, ozone was bubbled through the solution (12.67 

g/hr) for 3 hours leading to a color change from colorless to red-orange depending upon the 

pathlength of the vial it is contained in. It is referred to as the ‘red-hued Tb solution’ throughout 

this paper. The UV-visible spectrum (CARY 500) of the freshly ozonized red-hued solution at 

equilibrium—as determined from the steady-state optical response—is shown as Figure 1 along 

with a photograph of the solution itself.  

  

Figure 1: UV-Vis spectrum for red-hued Tb solution in 5.5 M K2CO3 following exhaustive 

ozonolysis. Spectrum obtained in a 1 cm pathlength cell. 

 

XAS measurements. All L3-edge data were acquired at the Advanced Photon Source beam line 

(12-BM-B) at Argonne National Laboratory using conventional transmission and fluorescence 

detection as described elsewhere.[67] The incident X-ray energy was calibrated against the inflection 

point energy of an Eu2O3 film from EXAFS Materials Co. Each solution sample was contained in 

1 mm diam. Kapton tubes that were sealed with epoxy. Each solid sample was prepared in an inert 

atmosphere glovebox and pressed into 0.015-inch-thick plastic washers sealed with Kapton tape-

circles on both sides (purchased from McMaster-Carr, #95606A410). Transmission data was 

acquired for all solid samples (1.1 ≤ k ≤ 10.9 Å-1) and fluorescence data was collected with a 

Vortex ME7 seven-element silicon drift detector for all liquid samples (1.1 ≤ k ≤ 10.5 Å-1). Three 

1 h scans were averaged for each specimen. All XANES data were normalized to unit edge jumps 
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and fitted in identical fashion using Athena,[68] see Supporting Information Tables S1-3. The 

EXAFS data were extracted from the primary experimental data by background subtraction using 

EXAFSPAK.[69] Analysis of the Ln k3χ(k) EXAFS was performed with a fixed scale factor (S0
2) 

of 0.9 for all solid and liquid samples.  Single- and multi-shell curve fitting analyses were 

performed with EXAFSPAK (in k-space) and the recent release of WinXAS (version 4.02)–in r-

space–using theoretical amplitude and phase function obtained from FEFF 8-Lite.[69,70] The 

available crystallographic structure information for sodium, potassium, and quaternary ammonium 

salts of lanthanide carbonates,[62,63,71] exhibit a number of bonding motifs. As shown in Figure S1 

and Tables S4-S8, Ln (III) carbonate complexes can be either mononuclear molecular anions or 

extended polynuclear structures. In both, the carbonate bonding modes are either symmetric 

bidentate or monodendate, with or without additional water coordination, and with or without outer 

sphere alkali metal cations. All EXAFS data were fit using single-scattering (SS) and multiple-

scattering (MS) pathways, with a conservative constraint, based upon the cluster fragment in 

illustrated Figure 2. All EXAFS datasets were fit with either 10–11 fitted variables (using one 

Debye-Waller term), which is less than the total number (17) of independent data points (Nidp) as 

estimated by (2 × Δk × Δr)/π.[72] The first O shell describes the inner sphere bonding (in terms of 

coordination number (CN), distance (r, Å) and Debye-Waller factor (σ2, Å2)) by all O ligands, 

which include contributions from monodentate and bidentate carbonate anions as well as possible 

contributions from bound hydroxide anions and water molecules (Table S9 and Figures S2-S3).[73] 

The second and third shells describe the C atoms in bidentate and monodentate coordination (Cb 

and Cm, respectively). The last two shells are the distal (dis) O atoms and alkali metal cations (A 

≡ Na, K), respectively. Based upon structure precedent (see Table S10), the A+ ions can be sited 

at various positions (as illustrated in Figure S4), with Ln-A distances that are both shorter and 

longer than the Ln-Odis correlations. As required for bidentate coordination, the Odis CN was fixed 

to equal the Cb CN; the corresponding Ln-Cb and Ln-Odis distances were refined independently. 

The most distant shells in the coordination model of Figure 2 are necessary to account for the 

physically significant interactions visible in the FT data, particularly for the solution systems. Best 

Z fits were used to determine the atom origins of the outermost correlations, which were found to 

arise from the Odis atoms in combination with the K+ ions for solutions and Na+ ions for solids. 

Being separated by the 3rd period, the backscattering amplitude and phase functions for K (at the 

start of the 4th period) are quite distinct from those for the O and C atoms (near the end of the 2nd), 

see Figure S5(a). Also shown (Figure S5(c)) are the phase shift differences for the Ln-O and Ln-

A as well as the Ln-Na and Ln-K scattering paths, the latter of which are approximately pi radians 

out of phase for 3 ≤ k ≤ 10 Å-1. Differences are also evident between the corresponding FEFF 

functions for Na, O, and C. Further information about the EXAFS analyses is provided in the 

Supplementary Information (SI) (Tables S11-S15). The FEFF input files for this analysis are also 

provided in the SI (File S1-S4). 
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Figure 2: Structural motif based upon the crystallographic data in Table S10 showing monodentate 

and bidentate carbonate coordination and distant A atoms (with atom labels) as used to generate 

FEFF paths for the WinXAS fitting model. Full coordination complex model is illustrated in Figure 

S4. 

Electron Paramagnetic Resonance (EPR) Characterization. All EPR spectra were recorded on a 

Bruker EMXplus EPR equipped with a ColdEdge Stinger closed-cycle flow system to allow for 

low temperature measurements (Figure S6). The colorless Tb (III) carbonate and the red-hued Tb 

solutions were frozen directly in EPR tubes and each sample contained approximately 10 mM of 

Tb. The samples were preserved in liquid nitrogen until analyzed. To determine the oxidation 

states of Tb in both solutions, EPR spectra were recorded under the following conditions: 

temperature 5.6 K, modulation amplitude 8 G, microwave power 1.0 mW, and microwave 

frequency ~ 9.47 GHz. The spectra were simulated using EasySpin.[74] 

FT-IR measurements. All FT-IR spectra were recorded on a Thermo Scientific Nicolet iS50-FT-

IR using the iS50 ATR. FT-IR was primarily used to determine the presence of Ln (III)-O-H 

coordination for the red-hued Tb (III) solution complex (Figure 9 and Figure S7).[61] For solution 

measurements, all samples were dried on the surface of the crystal prior to a measurement taken. 

The spectral resolution of the instrument was set to 2 cm-1, and the ATR data were collected from 

400 to 4000 cm-1. 
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TOC Graphic: 

 

TOC caption: XAS revealed the formation of Eu(III) and Tb(III) molecular anions with inner-

sphere, bidentate and monodentate carbonate and/or water (or hydroxide) coordination 

environments with outer-sphere contact ion-pairing that exhibit period variations and significant 

differences between the solid and solution speciation. After ozonolysis of a Tb(III)-

K2CO3 solution, the UV-Vis, XAS, FT-IR, and EPR reveal a unique red-hued Tb(III) complex.  
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