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The first ligand-exchange rate measurements of lanthanide ions in an ionic liquid are 

reported here. The trend of water-exchange rates in the ionic liquid is the opposite of the 

trend in water.

Room temperature ionic liquids have the potential to impact catalysis,1 energy storage,2 

organic synthesis,3 separation science,4 and chemical sensing.5 These liquids influence 

the properties of solutes, and the lanthanides are an important set of solutes because of 

their luminescence,6 catalytic,7 and magnetic properties.8 These properties are influenced 

by coordination chemistry that is often unique in ionic liquids relative to molecular 

solvents.6a,b,7h,8a Consequently, it is important to study the coordination chemistry of 

lanthanide ions in ionic liquids, including ligand-exchange rates that are crucial to catalysis.9 

The coordination environments of lanthanide ions in ionic liquids have been reported;10 

however, the ligand-exchange rates of lanthanide ions in ionic liquids, to the best of our 

knowledge, have not been reported. We expected that 17O-NMR spectroscopy could be used 

to study the ligand- exchange rates of lanthanide ions in ionic liquids, because this technique 

has been used to determine water-exchange rates of metal ions in aqueous and organic 

solvents.11

To test our hypothesis, we chose 1-ethyl-3-methylimidazolium ethyl sulfate (EMIES) as the 

room temperature ionic liquid because of its well-studied properties and the high solubility 

of lanthanide ions in this solvent.12 Water is known to bind to lanthanide ions and is a 

common impurity in room temperature ionic liquids;10b,13 therefore, water was selected as a 

candidate ligand for this study.

Before determining the water-exchange rates of lanthanide ions, it is necessary to know 

the number of water molecules coordinated to the lanthanide ions in EMIES. Europium 

triflate [Eu(OTf)3] was used for this purpose because the binding of water to Eu3+ causes 

changes in the luminescence emission of the ion: the electric dipole-governed emission 

(5D0→7F2, λ = 615 nm) is sensitive to changes to the inner-sphere of Eu3+, but the 
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magnetic dipole-dominated emission (5D0→7F1, λ = 591 nm) is relatively insensitive to 

its surroundings.14 Consequently, the ratio of these emission intensities (I615/I591) has been 

used to study the inner-sphere change of Eu3+.15 We studied the luminescence of Eu3+ in 

EMIES to investigate the inner-sphere change of Eu3+ in the absence and presence of water 

(Fig. 1). The I615/I591 ratio decreased from 1.69 to 1.27 when water was added, suggesting 

that the coordination environment of Eu3+ changed upon the addition of water. This change 

was attributed to the replacement of inner-sphere ligand, either triflate or ethyl sulfate, 

by water. Further, luminescence-decay measurements of Eu(OTf)3 and Tb(OTf)3 in water–

EMIES (1 : 19, v/v) indicated that the average water-coordination number increased from 0 

to 1.6 upon the addition of water. Because all lanthanide ions in the same solvent tend to 

differ in coordination number by at most one, with smaller differences for lanthanides that 

are adjacent to each other in atomic number, we expect the trivalent ions in this study to have 

the same water-coordination numbers in water–EMIES (1 : 19, v/v) as Eu3+ and Tb3+.

Because water coordinates to lanthanide ions in EMIES, we used variable-temperature 17O-

NMR spectroscopy to determine the water-exchange rates in EMIES. The water-exchange 

rate (kex) between bound and bulk water in EMIES was determined from the residency 

lifetime of the bound water (kex = life-time−1). The residency lifetime of water was probed 

by measuring the transverse relaxation rates of water in the presence of lanthanide ions 

as a function of temperature (see ESI† for Experimental details). We measured the water-

exchange rates of Gd(OTf)3, Tb(OTf)3, Dy(OTf)3, Ho(OTf)3, and Er(OTf)3 in water–EMIES 

(1 : 19, v/v). Attempts to measure the water-exchange rates for other lanthanide ions were 

not successful because of small and irregular differences between the line widths of the bulk 

water peaks at half height for the other lanthanide ions and the diamagnetic reference. The 

inability to measure the other ions is consistent with measurements in water.16a The mean 

water-exchange rates of the studied lanthanide ions in water–EMIES (1 : 19, v/v) at 298.15 

K were plotted versus the charge density of lanthanide ions (Fig. 2a). The water-exchange 

rates of the ions increased as a function of charge density with exception of the terbium ion. 

Interestingly, the trend of water-exchange rates in EMIES is the opposite of lanthanide ions 

in water (Fig. 2b).16

For lanthanide aquo ions, the decreasing water-exchange rates with respect to increasing 

charge density can be accounted for by two possible explanations (electrostatic or steric) or 

a combination of these explanations:17 first, because the water exchange of lanthanide aquo 

ions is associative, association of water to the lanthanide ions is the rate limiting step. As 

the charge densities increase from Gd3+ to Er3+, the attractions between water molecules 

and lanthanide ions increase, resulting in fast water-exchange. Second, the steric crowding 

of the smaller lanthanide aquo ions tends to hinder the water molecules from coordinating 

to the lanthanide ions, resulting in slower exchange rates. The steric effects outweigh the 

electrostatic effects in water.

In contrast to aqueous solution, the water-exchange rates of lanthanide ions in EMIES 

increase as a function of increasing charge density. This trend is likely caused by increased 

steric crowding in EMIES of lanthanide complexes that have higher charge densities 

compared to lanthanide complexes with lower charge densities. The increasing steric 

crowding from Gd3+ to Er3+ in EMIES is illustrated in Fig. 3. Based on luminescence-decay 
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measurements, the average water-coordination number of lanthanide ions in water–EMIES 

(1 : 19, v/v) is 1.6; therefore, the remaining coordination sites were assigned to ethyl sulfate 

or triflate. Because the charge density of Gd3+ is smaller than that of Er3+, ethyl sulfate 

tends to bind less tightly to Gd3+ than Er3+. As a consequence, ethyl sulfate likely forms 

less compact structures with Gd3+ than Er3+, with the other lanthanide ions falling between 

these two extremes. This hypothesis is consistent with the report of lanthanide ions with 

high charge densities forming compact structures in imidazolium-based ionic liquids.18 For 

the relatively compact Er3+ complex, the steric crowding of the complex could hinder water 

binding and cause a fast water-exchange rate. These observations suggest a dissociative 

exchange mechanism, but variable pressure experiments would be needed in the future to 

confirm an exact mechanism of exchange. An alternative explanation for our observations 

is that the smaller cations have more well-ordered water in their second sphere than the 

larger cations, leading to faster exchange as observed in aqueous solution with variations in 

anions.19

Notably, the water-exchange rate of Tb(OTf)3 in water–EMIES (1 : 19, v/v) was 

unexpectedly higher than the other lanthanide triflates and did not follow the trend based on 

the charge density of Tb3+. This observation motivated us to consider the presence of Tb4+, 

which is smaller than any Ln3+ ion and relatively stable.21 We measured the L3-edge using 

X-ray absorption near-edge structure (XANES) spectroscopy of Tb(OTf)3 in water–EMIES 

(1 : 19, v/v) (Fig. 4). In the normalized L3-edge XANES spectra the small peak around 7533 

eV, which is associated with the Tb4+ oxidation state, indicated the presence of Tb4+ in all 

three samples. The Tb4+ in water–EMIES was likely from the original Tb(OTf)3 starting 

material, for which the presence of this XANES feature also indicates the presence of Tb4+. 

The percentage of Tb4+ in Tb(OTf)3 in the water–EMIES (1 : 19, v/v) is estimated to be 

less than 33% based on the linear fitting of water-exchange rate versus charge density (the 

average charge density of Tb was estimated to be the intersection of the solid and dashed 

line in Fig. 2). The stability of a small amount of Tb4+ in ionic liquids relative to aqueous 

solution, where Tb4+ is relatively unstable, can be rationalized by the presence of a large 

excess of imidazolium cations in the ionic liquid that have a strong electron-withdrawing 

ability to stabilize Tb4+. However, the amount of Tb4+ is likely overestimated in Tb(OTf)3 

because the water-exchange rate of Tb4+ is out of the linear range of the other measured tri- 

valent lanthanide ions. Furthermore, because Tb4+ might follow a non-linear trend with the 

trivalent ions, a small amount of this ion (suggested by XANES) could be responsible for a 

large increase in average exchange rate.

We have measured the water-exchange rates of lanthanide ions in water–EMIES (1 : 19, v/v) 

using 17O-NMR spectroscopy. The water-exchange rates of the studied lanthanide ions show 

an inverse trend relative to lanthanide aquo ions and the unexpectedly high water-exchange 

rate of Tb(OTf)3 in water–EMIES was likely caused by the presence of Tb4+, which was 

confirmed by L3-edge XANES spectra. Our study suggests that water-exchange rates of 

lanthanide ions can be manipulated by the solvent to the point of reversing trends in 

exchange rate. We suspect that this tunability of ligand-exchange rates with respect to 

solvent will be useful in the selection of ionic liquids for catalysis, separation of lanthanide 

ions, and other applications.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Normalized emission spectra (λex = 395 nm) of Eu(OTf)3 (5 mM) in EMIES (–) and H2O–

EMIES (1 : 19, v/v) (⋯). The emission intensities of Eu3+ at 591 nm are normalized to 1.
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Fig. 2. 
(a) Water-exchange rates of lanthanide ions in H2O–EMIES (1 : 19, v/v) at 298.15 K as a 

function of charge density. Solid dots represent the means of three or four independently 

prepared measurements. Error bars represent standard errors of the means (error bars for 

Gd3+ are smaller than the dot). The solid line is the linear fitting of the water-exchange rates 

of Gd3+, Dy3+, Ho3+, and Er3+. The dashed line is a guide for the eyes to connect the points 

for Tb3+ and Tb4+. The intersection of the solid and dashed line is the estimated average 

charge density of the Tb species in EMIES based on fitting. (b) Water-exchange rate of 

lanthanide ions in water at 298.15 K as a function of charge density.16
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Fig. 3. 
Cartoon representation of the proposed inner-sphere environments of Gd3+ and Er3+ in 

H2O–EMIES, where n represents for the number of anions (ethyl sulfate or triflate) minus 

three in the inner-sphere of LnIII. These are simplified depictions for illustration: for 

example, ethyl sulfate can also bind to lanthanide ions in a monodentate fashion,20 and 

other species (such as triflate) might be bound.

Lin et al. Page 8

Dalton Trans. Author manuscript; available in PMC 2024 April 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. 
Normalized (edge step set to 1) L3-edge XANES spectra of solid Tb(OTf)3 (—), solid 

Tb4O7 (– –), and Tb(OTf)3 in water–EMIES (1 : 19, v/v) (⋯). The features at approximately 

7533 and 7524 eV are associated with Tb4+ and Tb3+, respectively.
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