A Macrocyclic Chelator that Selectively Binds Ln** over Ln*" by a factor of 10%
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Abstract. A tetravalent cerium macrocyclic complex (CeLK,) was prepared with an octadentate
terephthalamide ligand comprised of hard catecholate donors, and characterized in the solution state by
spectrophotometric titrations and electrochemistry, and in the crystal by X-ray diffraction. The solution
state studies showed that L exhibits a remarkably high affinity towards Ce*, with log B0 = 61(2) and AG
= -348 kJ/mol, compared with log B0 = 32.02(2) for the analogous Pr** complex. In addition, L exhibits
an unusual preference for forming CeL* relative to formation of the analogous actinide complex, ThL*,
which has B0 = 53.7(5). The extreme stabilization of tetravalent cerium relative to its trivalent state is
also evidenced by the shift of 1.91 V in redox potential of the Ce*"/Ce* couple of the complex (measured
at -0.454 V vs. SHE). The unprecedented behavior prompted an electronic structure analysis using L3 and
M;s4-edge X-ray absorption near-edge structure (XANES) spectroscopies and configuration interaction
calculations, which showed that 4f orbital bonding in CeLK, has partial covalent character owing to
ligand-to-metal charge transfer (LMCT) in the ground state. The experimental results are presented in the
context of earlier measurements on tetravalent cerium compounds, indicating that the amount LMCT for
CeLK, is similar to that observed for [EtsN]:[CeCls] and CeO,, and significantly less than that for the
organometallic sandwich compound cerocene, (CgHs).Ce. A simple model to rationalize changes in 4f
orbitals for tri- and tetravalent lanthanide and actinide compounds is also provided.



INTRODUCTION

Cerium is the only lanthanide element that is stable in the 4+ formal oxidation state in aqueous and
organic solutions, molecular compounds, and extended solids.! This enhanced stability derives from the
noble gas [Xe] configuration, which is reflected by cerium’s low fourth ionization potential relative to the
other lanthanides.> Accordingly, bonding with cerium has been regarded primarily as ionic. However,
covalency is increasingly becoming an important component of bonding models used to describe
tetravalent cerium by both chemists and physicists. The juxtaposition between these two models raises
many important questions, such as whether the Ce 4f or the 5d orbitals are the drivers of covalent
interactions in molecules, extended solids, metals and intermetallics. In addition, determining whether
small amounts of covalency significantly impact physical properties or the outcome of chemical processes
continues to be an experimental and computational challenge.

Much of the current understanding of cerium electronic structure comes from in-depth physical
studies of extended solids and intermetallics. Cerium can be found in the +4 formal oxidation state in
some non-molecular, extended solids such as Cs,CeCls and other binary halides,*® CeO,,” Ce(SQ.),,? and
[NH4].[Ce(NO3)s],%® among others.* These materials have been the subject of numerous synchrotron
radiation based spectroscopy experiments, including X-ray photoelectron spectroscopy,’® resonant
inelastic X- -1ay scattering,’® and X-ray absorption spectroscopies at the cerium L3,"%'*** Ms,-,'>'%?**% and
Ns4-edges,”” as well as ligand K-edges.** Some of these studies have presented ev1dence for the
importance of both 4f and 5d orbital contributions to covalency in Ce bonding.">'***® Extended solids
including CeO, have also served as important test cases for evaluating whether accurate theoretical
methodology can treat the 4f-electrons simply as part of the core, or whether a more demanding approach
should be followed that allows the 4f-electrons to delocalize and participate in bonding.*”*® Cerium
intermetallics have been at the forefront of condensed matter phy51cs and development of the Anderson
impurity model for heavy fermion systems and Kondo insulators.* For example, Ce Ls- and Ms-edge
XANES spectroscopic investigations of CeRus, CeRhs, and CePt; have provided evidence for 4f-electron
delocalization,***** and Ls-edge investigations of intermetallics such as CeColns have led to new
understanding of their remarkable magnetic and superconducting properties.**>* The pace of synthetic,
experimental, and theoretical progress has been impeded recently due to sample purity concerns,
uncertainty regarding the interpretation of complex spectral phenomena, and the validity of theoretical
approximations required to model periodic systems.

From the synthetic perspective, many more molecular Ce*" species can be prepared than the handful
of available extended solids.>*® Molecular cerium compounds are usually stabilized in the 4+ formal
oxidation state by halides® and hard, oxygen donor ligands such as alkoxides***” and acetylacetonates.®*%
Many “non-classical” tetravalent cerium molecules have also been prepared, including organometallic
compounds,”™ amide,*’*”*”® porphyrins”® and a variety of other multidentate N—donor ligands.?*
Among these, the lanthanide sandwich molecule cerocene, (CsHs),Ce,*® has played a central role in
development of electronic structure models for tetravalent cerium molecules. Theoretical, magnetic, and
Ls-edge XANES studies of (CsHs).Ce resulted in observation of the Kondo effect in a single molecule — a
phenomenon that is typically reserved for metals.”®*® More recently, an in-depth chlorine K-edge X-ray
absorption spectroscopy (XAS) and DFT study showed that Cl 3p and Ln 4f covalency was significant in
tetravalent CeCls* but virtually nonexistent in the trivalent analog, CeCls*.>

In spite of this and other notable synthetic progress,>”’>#%1%41% mglecular Ce compounds are seldom
the subject of emerging methods for physical and theoretical characterization. Molecular solids are
promising candidates for further study because they can often be prepared as pure, crystalline compounds,
can be designed with high symmetry, and can be modeled as a complete system without requiring
periodic boundary conditions or other approximations. Coordination compounds are also desirable for
spectroscopic studies because ligand environments can be modified in a systematic fashion. Moreover,
recent work has shown that ligand fields can be used to tune lanthanide redox chemistry®'*'® and



ground state electronic configurations.'™ Clearly, efforts to advance understanding of the roles that
covalency and electronic structure play in governing chemical and physical properties would benefit from
broader integration of synthetic, spectroscopic, and theoretical research efforts.

In this study, a macrocyclic Ce* complex was fully characterized in both the solution and solid states
to develop a detailed picture of bonding and electronic structure. We have recently described the physical
properties of a Th* specific complex with a macrocyclic ligand (L) that incorporates terephthalamide
(TAM) binding groups in a macrocycle with pendant arms (Figure 1). ¢ The remarkable thermodynamic
stability with Th* has prompted further study of the electronic structure and bonding of ThLK,, and
comparisons with the Ce analog, CeLK,. Developing the chemistry of these ligands is needed to
understand their possible applications.'”® While lanthanides and actinides can exhibit significantly
different chemical behaviors, the use of lanthanides as actinide analogs has enabled the advancement of
actinide chemistry and continues to be useful.”*** For example, Ce*" and Pu* have nearly identical ionic
radii (0.87 and 0.86 A, respectively)® and similar shifts in the 4+/3+ reduction potentials in aqueous

solutions.!2

Figure 1. Octadentate macrocyclic ligand (LHs) with terephthalamide binding groups. (The free ligand,
with unspecified protonation state and charge, will be denoted as L. When bound to a metal ion, as in the
complex CeLK,, L is fully deprotonated and has a -8 charge.)

The CeLK., compounds were characterized in the solid state using single-crystal X-ray
crystallography (XRD), and with Ms4- and Ls- edge XANES spectroscopic investigations using scanning
transmission X-ray microscopy (STXM). In solution, data were obtained from spectrophotometric
titrations, and from electrochemical studies of the CeL* system in the context of the absolute stabilities of
both the tetravalent and trivalent states of cerium via the measurement of the binding constants between L
and Ce* and Pr*". The comprehensive analysis is generally consistent with established models of bonding
for Ce*" compounds; however, the experimental outcomes also diverge in some notable instances.

EXPERIMENTAL SECTION

Synthesis. All chemicals were used as supplied without further purification, unless otherwise noted.
Characterization data were obtained at facilities at the University of California, Berkeley. NMR spectra
were obtained at room temperature on a Bruker AV-500 spectrometer, with chemical shifts reported in
parts per million (ppm) relative to solvent residual signals. Mass spectra were obtained at the
QB3/Chemistry Mass Spectrometry Facility, on a Finnigan LTQ FT high-resolution electrospray
ionization (ESI) mass spectrometer. Yields indicate the amount of isolated material. L. was synthesized as
previously described.'®

CeLK.. L, as the salt LHg:3HCI (23.65 mg, 0.0197 mmol), was suspended in 4 mL methanol in a 10-
mL round-bottom flask that had been soaked in an EDTA bath overnight. A solution of CeCl;-7H,O
(Sigma-Aldrich, 7.26 mg, 0.0195 mmol) in 1 mL methanol was added dropwise to the ligand solution



while stirring, resulting in a yellow suspension. A stoichiometric amount of 0.2 M KOH in water (0.985
mL, 0.197 mmol) was added to the ligand suspension dropwise, to a pH of 8, and the reaction mixture
immediately became dark purple, indicating the oxidation of Ce®*" to Ce*. The reaction mixture was
refluxed under nitrogen flow for 3 h, and once cooled to room temperature, was dropped into 30 mL
diethyl ether, producing a fine precipitate. The dark purple precipitate was filtered and dried overnight
under vacuum (35.90 mg, 94%). '"H NMR (500 MHz, MeOD) § 2.33 (dd, J = 12.3, 6.6 Hz, 2H, tren CH,),
2.68 — 2.77 (m, 6H, CHs), 2.84 (t, J = 11.8 Hz, 4H, tren CH,), 2.87— 2.96 (m, 4H, tren CH>), 3.24 — 3.51
(m, 14H, tren CH2, methoxyethanamide CH>), 3.65 (br t, 4H , methoxyethanamide CH,), 3.99 (d, J = 14.3
Hz, 2H, tren CH>), 6.87 (dt, J = 17.1, 7.2 Hz, 6H, Ar H), 7.08 (d, J = 8.7 Hz, 2H, Ar H). (-)-HR ESIMS
calcd for CsoHssO1N10Ce (CeLH?*): 407.7589; found m/z 407.7582. Anal. calcd for CsoHs:CeKaNioOis
-5KCI-12H,0: C, 30.51; H, 3.99; N, 7.12. Found: C, 30.76; H, 3.98; N, 7.00.

PrLKs. L, as the salt LHs-3HCI (20.84 mg, 0.01736 mmol), was suspended in 4 mL methanol in a 10-
mL round-bottom flask (that had been soaked in an EDTA bath overnight). A solution of PrCl;-6H,0O
(Ventron Alfa Products, 6.07 mg, 0.0172 mmol) in 1 mL methanol was added dropwise to the ligand
solution while stirring, resulting in a yellow suspension. A stoichiometric amount of 0.4896 M KOH in
methanol (11 equiv.) was added to the ligand suspension dropwise, to a pH of 8, and the reaction mixture
gradually became clear and yellow-green. The reaction mixture was refluxed under nitrogen flow for 5 h.
Upon cooling to room temperature and precipitation with the addition of 2-5 mL diethyl ether, a light
green solid was filtered onto a glass frit. The solid was dried for 6h under vacuum (19.0 mg, 77%). (-)-HR
ESIMS calcd for C50H58018N10Pr (PFLH4_): 12273063, found m/z 1227.3008.

X-Ray Crystallography. A selected crystal of CeLLK, was mounted in Paratone N oil at the end of a
Kaptan loop and frozen in place under a low-temperature nitrogen stream. The data were collected on a
Bruker APEX-II CCD X-ray diffractometer with Mo Ka radiation in the X-Ray Facility in the University
of California, Berkeley College of Chemistry. Intensity data with a maximum 260 range of 51.04° were
extracted from the frames with the program APEX2. The data were corrected for Lorentz and polarization
effects, and an empirical absorption correction was applied using the SADABS program.**® The structure
was solved by direct methods and refined using full-matrix least squares refinements based on F2 in
SHELXL-97.1 Crystallographic analyses were performed using the WinGX system of programs.'* All
non-hydrogen atoms were refined anisotropically, while hydrogen atoms were assigned to idealized
positions. Disordered solvent molecules were treated with the SQUEEZE procedure included in
PLATON. A void of 922 A® containing 287 electrons was found.

Cerium M; -edge Measurements. STXM methodology was similar to that discussed previously.'**
16 Single-energy images and Ce Ms-edge XANES spectra were acquired using both the STXM
instruments at the Canadian Light Source (CLS) spectromicroscopy beamline 10ID-1 and at the
Advanced Light Source-Molecular Environmental Science (ALS-MES) beamline 11.0.2. The CLS
operated in decay mode (250 to 150 mA) while the ALS operated in topoff mode (500 mA). At both
facilities, the beamlines operated with a 0.5 atm He-filled chamber and used elliptically polarizing
undulators that delivered photons to entrance slit-less plane-grating monochromators.**”** This provides a
130 to 2700 eV working energy range at the CLS, and a 90 to 1950 eV working energy range at the ALS.
Energy calibrations were performed at the Ne K-edge for Ne (867.3 eV). The maximum energy resolution
E/AE approaches 7,000 for both beamlines,*”* which is consistent with the observed standard deviation
for spectral transitions of + 0.1 eV determined from comparison of spectral features over multiple
particles and beam runs. For these measurements, the X-ray beam was focused with a zone plate onto the
sample, and images at a single energy were obtained by raster-scanning the sample and collecting
transmitted monochromatic light with a photomultiplier tube as a function of sample position. Spectra at
particular regions of interest on the sample image were extracted from the “stack”, which is a collection
of images recorded at multiple, closely spaced photon energies across the absorption edge. Dwell times
used to acquire an image at a single photon energy were 1 or 2 ms per pixel. To quantify the absorbance
signal, the measured transmitted intensity (I) was converted to optical density using Beer—Lambert’s law:
OD = In(I/Tp) = pupd, where I, is the incident photon flux intensity, d is the sample thickness, and p and p
are the mass absorption coefficient and density of the sample material, respectively. Incident beam




intensity was measured through the sample-free region of the SisN, windows. Regions of particles with an
absorption of >1.5 OD were omitted to ensure the spectra were in the linear regime of the Beer—Lambert
law. During the STXM experiment, sample particles of CeLK, were homogenous on the micron-scale and
did not show signs of radiation damage following data acquisition. Spectra were collected using linearly
polarized radiation, and transition energies and intensities were reproduced from multiple independent
particles, samples, and beam runs.

In a typical data analysis, a line was fit to the pre-edge region, and then subtracted from the
experimental data to eliminate the background of the spectrum. The data were normalized by fitting a
first-order polynomial to a 100 eV region of the spectrum beginning approximately +10 eV after the tail-
end of the last Ms-edge peak. Derivative spectra were used as guides to determine the number and
position of peaks, and edge features were modeled by pseudo-Voigt line shapes and a step function
comprised of a 1:1 ratio of arctangent and error function contributions. The first and second derivatives of
the data suggested that four pseudo-Voigt functions provided the best fit with the fewest functions. The
area under the edge peaks (defined as the intensity) was equal to the fwhm x ph, where fwhm = full width
at half maximum height (eV), ph = peak height (normalized intensity). Using the sample preparation
methodology discussed above, the reported intensities were reproduced with a standard deviation of less
than 10%.

Cerium L;;-edge Measurements. Sample preparation and measurement details are similar to
previous work.2* In particular, air-sensitive samples were prepared in an inert atmosphere glove box,
where they were ground and mixed with dried boron nitride and sealed in an aluminum multislot holder
using aluminized mylar windows and indium seals. The sample holders were then placed in sealed jars for
transport. Once at beamline 11-2 at the Stanford Synchrotron Radiation Lightsource, the jars were opened
and the sample holders were mounted immediately into a liquid helium flow cryostat for the Ce L s;-edge
x-ray absorption measurements. The sample chamber was repeatedly flushed with helium gas and
evacuated, and data were collected between 30 and 300 K. The CeO, sample was simply ground and
brushed onto adhesive tape and measured at room temperature. The incident energy was calibrated such
that the peak in the first derivative of the CeO, spectrum was set to 5723 eV. In all cases, the amount of
sample was chosen such that the change in the absorption at the Ce L; edge was below 1 absorption
length, generally around 0.3 absorption lengths. The collimating slit height was chosen such that the
instrumental resolution was well below the core-hole lifetime-broadened linewidth of about 3.2 eV.
Data were collected in transmission mode. All data displayed here have a linear pre-edge subtracted from
the data, based on a fit to the pre-threshold absorption. These data are also normalized to the step height
as determined by a linear function based on a fit to the data above the edge and then extrapolated back to
the edge.

The Ce L; data were fit using methods very similar to those described above for the M4 edge data. In
particular, three pseudo-Voigt peaks were used to model resonance features to discrete unoccupied states
and an integrated pseudo-Voigt (essentially an arctan function) was used to simulate excitations into the
continuum. The main two pseudo-Voigt peaks correspond to the 4f° and 4f'L states mentioned above, and
a smaller resonance at the foot of the main edge is ascribed to a final state 4f* occupation. The latter
resonance is generally quite small and is ignored in the final analysis. The normalized area of the 4f'L
peak corresponds to the f-occupancy, n = An/(An+Ag). Relative errors in this ratio are generally better
than 5%, and absolute errors are better than 10%.

CTM4XAS Calculations. Multiplet calculations were implemented using CTM4XAS, which is a
program based on the original code by Cowan'* and further developed by de Groot.'** Effects of the
crystal field are typically minimal in f-systems, so they were not included.*** The configurations were
defined by 4f-4f Coulomb repulsion (F) at atomic values, Coulomb 3d-4f repulsion (Fg) reduced to 40%
of atomic values, 3d-4f Coulomb exchange (G) reduced to 80% of atomic values, and SOC reduced to
97% of atomic values. For the 3d°4f' configuration this resulted in values of Fg = 2.622, Gy = 3.621, and
SOC = 7.219 eV. For the 3d°L4f* configuration this resulted in values of Fy = 2.396, Gt = 3.247, and
SOC = 7.223 eV. Additionally, the parameter space was defined by AE4 = 1.0 eV, AEg = -1.0 eV, and T
= Ty = 0.65. A Gaussian broadening of 0.25 eV was applied to account for instrumental broadening and



Lorentzian broadenings of 0.4 and 0.6 eV were applied to the Ms and M, edges, respectively.
Solution Thermodynamics. Thermodynamic stability can be quantitated with the log Bmn value,
where S is the cumulative stability constant for the following equilibrium:

mM + IL +hH & M,,LH;

All spectrophotometric titrations were carried out with constant stirring and a blanket of Ar flow in a
jacketed cell connected to a recirculating water bath to maintain the temperature at 25°C. The ionic
strength of all solutions was maintained at 0.1 M with 0.1 M KCl in titrand solutions and 0.1 M acid and
base titrants. A solution of 0.25 N cerium sulfate (Sigma-Aldrich) was used as purchased. A stock solution
of Pr’* was prepared by the dissolution of PrCl;-6H,O (Ventron Alfa Products) in water. The ligand was
added as a 50 mM DMSO solution, prepared by dissolution of the solid ligand, weighed on an analytical
balance accurate to 0.01 mg. The HCl and KOH solutions were prepared by dilution of Dilut-It (J.T.
Baker, ampoules) concentrated solutions with degassed Millipore water. The 0.1 M HCI solution was
standardized by the potentiometric titration of tris(hydroxymethyl)aminomethane, and the 0.1 M KOH
solution was standardized by potentiometric titration of potassium hydrogen phthalate or the standardized
HCI solution. The KOH solution was stored under a blanket of Ar flow and standardized before every
titration. The glass electrode (Metrohm Microtrode or Orion Pinnacle) used for the pH measurements was
calibrated by the titration of 1.000 mL standardized 0.1 M HCI in 25.0 mL 0.1 M KCI with standardized
0.1 M KOH to pH 11.6. The titration was analyzed using the program GLEE to refine for E° and the
slope.'* This calibration was also performed prior to each titration. The automated titration system was
controlled by a Metrohm Titrando 907 and the program Tiamo® light. 2 mL Dosino 800 burets dosed the
titrant into the titration vessel (5-90 mL). UV-Vis spectra were acquired with an Ocean Optics USB4000-
UV-Vis spectrometer equipped with a dip probe (set to a 10 mm path length) and a DH-2000 light source
(deuterium and tungsten lamps), using the program Spectra Suite. Some titrations were also performed
using Metrohm Brinkmann 665 Dosimat automated burettes, a Fisher Accumet AR 15 pH meter, and a
Hewlett-Packard 8452A UV-Vis spectrometer (orchestrated through the interface of the computer
program Labview). Titrations were performed at least in triplicate.

Ce*" L Competition Titration. 20 mL solutions of 50 pM L, 50 uM Ce(SO.),, 1 mM NTA (Eastman
Organic Chemicals) were titrated forward and backward with between pH 2.9 and 10.0 with 0.1 M KOH
and 0.1 M HCI. 1 mM MES and 1 mM HEPES were used to buffer the system, which was maintained at
an ionic strength of 0.1 M with KCIl. The Ce*" was added to a solution of NTA and buffer, and this clear,
light yellow solution was allowed to equilibrate for at least 24 h prior to the addition of ligand and used as
the blank spectrum. The data points (pH readings and UV-Vis spectra) were collected at approximately
0.4 pH increments, with an equilibration time of 10 min following KOH additions (forward titrations) or
20 min following HClI titrations (backward titrations). 0.1 M HCI was added to the solution prior to the
forward titration to reach the starting pH. All absorbance measurements used in the refinement were no
larger than 1.1 absorbance units. Spectra of 280-800 nm were analyzed (simultaneously) in the program
Hypspec.'***¢ The following values for the log j for the formation of cerium hydroxides were included in
the refinement: [CeOHJ**, -0.56; [Ce,(OH)s]*", -0.44; [Cex(OH),]*, -0.62; [Ces(OH)12]"**.**Z The following
protonation and stability constants for NTA and the Ce(NTA), complex were utilized: log So:;, 9.84; log
Boiz, 12.36; log Bois, 14.17; 1og Pois, 15.17; log Bize, 38.6.1%2 Spectra and protonation constants of the free

ligand, refined from previously determined ligand titrations,® were set constant in the refinement and pM

values were determined using the program Hyss.'*

Pr’* L Titration. 20 mL solutions of 50 pM L and 50 pM PrCl; were titrated forward and backward
with between pH 2.6 and 11.0 with 0.1 M KOH and 0.1 M HCI. 1 mM each of MES, HEPES, and CHES
were used to buffer the system, which was maintained at an ionic strength of 0.1 M with KCI. The data
points (pH readings and UV-Vis spectra) were collected at approximately 0.4 pH increments, with an
equilibration times of 10 min. 0.1 M HCI was added to the solution prior to the forward titration to reach
the starting pH. All absorbance measurements used in the refinement were no more than 1.1 absorbance

units. Spectra of 250-450 nm were analyzed (simultaneously) in the program Hypspec. The following




value for the log f for the formation of praseodymium hydroxide was included in the refinement:
[PrOH]*, -7.1.2% Spectra and protonation constants of the free ligand, refined from the ligand titrations,
were set constant in the refinement.

Electrochemistry. Cyclic voltammograms were obtained using a three-electrode system (hanging
drop mercury working electrode, silver/silver chloride reference electrode, platinum wire auxiliary
electrode) and an EC-Lab SP-200 potentiostat. Nine drops of electrochemical grade mercury (used as
purchased) were grown at the capillary for each measurement. A resistance correction was applied to the
cyclic voltammograms using the resistance measurement of the electrolyte solution. Sample solutions
were prepared by dissolving the solid isolated complex CeLK, into aqueous 1 M KCI, to a concentration
of 1 mM. Solutions were purged with argon flow prior to each scan and kept under a blanket of argon
during scans.

RESULTS AND DISCUSSION

Structural Characterization of CeLK,. The CeLK, complex was synthesized by reaction of the
ligand with a Ce®" source, followed by deprotonation with base and oxidation by atmospheric oxygen.
Single crystals suitable for XRD were grown by the vapor diffusion of diisopropyl ether into a
1:4::DMF:MeOH solution of the isolated potassium salt of the Ce* complex (Figure 2). Other than for the
shorter Ce-O bond lengths (Ce* has an ionic radius of 97 pm, whereas that of Th*" is 105 pm),'#® the
crystal structure of the Ce complex was directly analogous to that of the Th complex*® in space group,
unit cell, and inner coordination environment (Table 1). As with the Th*" ion, the ligand does not maintain
its symmetry when bound to the Ce* center in the solid state. Instead of adopting the Ca-symmetric
conformation of the free ligand, it displayed a pseudo-C, symmetry where the pendant TAMs are adjacent
to one another, and on the same side of the macrocyclic TAMs, which are offset from the metal ion
equator.

Figure 2. ORTEP™ diagram of the CeL* complex. Ellipsoids are shown at 50% probability. Hydrogen
and potassium atoms are omitted for clarity (gray C, red O, blue N, violet Ce).



Table 1. Crystallographic data and structure refinement for CeLKa.

Empirical formula
Mr

Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions
a

v
Z
Dcalcd

I»lcalcd

F (000)

Crystal size

2[] range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to [] = 25.00°

Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters

CsoHs4CeKsN19O1s
1379.05 g/mol
1002) K

0.71073 A
Triclinic

PT
a=11.3510(7) A
b =16.4110(12) A
c=20.1170(14) A
3632.1(4) A3

2

1.261 mg/m3

0.919 mm™

1403

1.00 x 0.03 x 0.01 mm
1.49 to 25.52°

a = 79.136(2)°
[ = 86.923(2)°
[] = 80.584(2)°

-13<=h<=13, -19<=k<=19, -23<=]<=24

25169

12747 [R(int) = 0.0316]

95.3 %

Semi-empirical from equivalents

0.9909 and 0.4601

Full-matrix least-squares on F?

12747 /29 /760
1.134

R1 =10.0815, wR2 = 0.2353

Goodness-of-fit on F?
Final R indices [I > 20(I)]
R indices (all data)
Largest diff. peak and hole

R1 =10.1036, wR2 = 0.2614
5.405and -0.872 e.A*

Solution Thermodynamics. The dark purple color of the CeL* complex renders the measurement of
its stability constant by spectrophotometric titration especially practicable (Figure 3). Due to the
remarkable stability of the ligand with Th*, we predicted that the ligand would also have a high affinity
for the lanthanide analog. This necessitated the use of a competing ligand; nitrilotriacetic acid (NTA) was
used because it forms a colorless and highly stable complex with Ce*". Its log Bi2 of 38.6(8)'*® makes it a
better competitor for Ce*" than the commonly-used DTPA, which has a lower log B0 value.

The formation of the CeL* complex could be monitored by both the shift of the ligand deprotonation
to a lower pH (Figure 4a) and the appearance of the ligand-to-metal charge transfer (LMCT) centered at
522 nm (Figure 3, 4b). As with Th** titrations, the main equivalence point observed corresponds to the
deprotonation of the CeLLH> to the CeL.* species, the refined spectrum (Figure 5) of which correlates well
with that of the isolated synthesized complex. Refinement of the NTA competition titrations gave a log
Bio = 61(2) and a pK, = 5.5(7) (Table 2). The rather large standard deviations of these values are partly
due to the errors in the NTA stability constant and L protonation constants; moreover, the measurement of
such a high affinity is inherently uncertain.

The stability of CeL* is 20 orders of magnitude greater than that of the Ce* complex with the
hydroxypyridinone ligand 3,4,3-LI-1,2-HOPO, whose stability constant of log B:0 = 41.5(2) was among
the highest measured for Ce* . This thermodynamic stability surpasses that of the ThL* complex by
over seven orders of magnitude, which is attributable to the greater charge-to-radius ratio of Ce*" relative



to Th*" (Table 2). The same trend is present with DTPA, which is more stable with Ce*" than Th*" by five
orders of magnitude.

300 400 500 600 700 800
Wavelength (nm)

Figure 3. UV-Vis spectra of spectrophotometric competition titration of CeL* with NTA. Starting
conditions: 50 pM Ce*, 50 uyM L, 1 mM NTA, 1mM MES, 1mM HEPES, and 0.1 M KCI (25°C). A vs.
wavelength plot at varying pH values.

Table 2. Stability Constants and pM Values for Complexes with L. and DTPA.

Charge-to- L° DTPA®
Metal | radius ratio
ion (A, Log B, log Ks pM Log B, log Ks pM
CN=8
Pr’ 2.66 32.02(2), 8.1(2), 7.0(2) 18.0 21.10, 2.38 17.6
Th* 3.81 53.7(5), 5.2(2) 39.1 28.78,2.16 26.8
Ce" 4.1 61(2), 5.5(7) 46 34.04 30.59

“Values for Th* from ref. 30
*Values for Th** and Ce*" from ref. 61, values for Pr’* from ref. 45.
PM = 'log[M]free; [M]lol = 10_6 M; [L]tot = 10_5 M
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Figure 4. Plots of A (absorbance) vs. pH of spectrophotometric competition titration of CeL* with NTA.
Starting conditions: 50 pM Ce*, 50 uM L, 1 mM NTA (nta), ImM MES, 1mM HEPES, and 0.1 M KCI
(25°C). A vs. pH at (a) 370 nm, the Anax of the ligand m — m* transition, and (b) 522 nm, the Am.x of the
LMCT band, (experimental data points are blue diamonds, red crosses are calculated absorbances)
overlaid onto speciation.

11



30000 -

N

o

o

o

o
1

10000

Molar Absorbance (M'cm™)

T T I T T ! T T T T 1
300 400 500 600 700 800
Wavelength (nm)

Figure 5. Molar absorbances of CeL* and CeLLH* and the fully deprotonated L.

The thermodynamic stability of TAM ligands for Ln®* ions has been measured in six-coordinate
complexes—gadolinium complexes for applications in MRI contrast agents—but not for eight-coordinate
complexes. An analog for L is the hexadentate ligand TREN-TAMj;, which has a log B0 > 17 with
Gd*.*2 Even though L has the same TAM binding units, it is difficult to predict its stability with a +3
lanthanide ion given the difference in coordination number and the entirely different topology of the
ligands. To obtain a quantitative assessment of the selectivity of L for +4 over +3 metal ions, its stability
with an Ln*" ion was investigated as a surrogate for Ce*".

The direct verification of a Ce(+4/+3) redox potential shift due to complexation by the independent
measurement of the Ce®" stability constant was not possible due the overwhelming preference of CeL* for
the +4 oxidation state. Even by excluding oxygen from the titration cell as much as possible, titrations
with Ce® resulted in its oxidation to Ce* upon complexation. Based on ionic radii comparisons, Pr*" is a
closer analog to Ce*" than Gd*, and spectrophotometric titrations with Pr’* and L were then performed
(Figure 6a). The shift in the ligand deprotonation to lower pH values, indicative of complexation, was
accompanied by two main equivalence points (Figure 6b). This was refined to a model describing the
formation of two dominant species in solution, the mono- and di-protonated praseodymium complexes
with log B0 = 32.02(2) and pKy = 8.1(2) and pKqy; = 7.0(2) (the refined individual spectra are shown in
Figure 7). The MLH, species is observed with Pr*" but not with Ce* or Th** most likely because of the
greater negative charge of the complex with Pr.

The binding affinity of L for Pr*" is considerably greater than that of DTPA but its pM value is about
the same (Table 2), indicating that it is not an exceptional chelator for the sequestration of cations with
low charge-to-radius ratios like Ln*" and An’" ions. The 29-order magnitude difference in binding
constants between Pr’** and Ce* is indicative of a very strong preference for Ln*" and An** ions, a property
that would be advantageous in selective sequestration applications.

The high affinity of L for Ce*" is attributable to the impact of charge-to-radius ratio on the stability of
complexes with hard catecholate donors. The binding constant of L increases with increasing charge-to-
radius ratios (Ce*, Pr’* and Th*; Table 2). While the relationship between charge-to-radius ratio and
metal ion affinity has previously been observed, such a large difference in stability between analogous
Ce*" and Th*" complexes is extremely unusual, if not unprecedented. '*'>
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Figure 6. Spectrophotometric titration of PrL>. Starting conditions: 50 uM Pr(III), 50 uM L, 1 mM MES,
1mM HEPES, 1 mM CHES and 0.1 M KCI (25°C). a) A vs. wavelength plot at varying pH (data abridged
for clarity; spectra normalized for dilution). b) A vs. pH at 390 nm (experimental data points are blue
diamonds, red crosses are calculated absorbances) overlaid onto speciation.
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Figure 7. Molar absorbances of species of PrL> and the fully deprotonated L.

Ce Liedge and M;s,-edge XANES Spectroscopy. Considering the remarkable affinity of
macrocyclic ligand L towards the Ce* ion, we sought to determine if aspects of the enhancement in
metal-ligand bonding are reflected by Ce L3- and Ms4-edge XANES spectroscopies. Both spectroscopic
approaches probe electric-dipole allowed transitions from Ce core orbitals to valence orbitals that can
participate in ligand bonding, described by

2p°4f"5d° - 2p°4f"5d" (Ls-edge)
and
3d%4f" _, 3d°4f" (Ms.-edge)

where n = the number of 4f electrons in the ground state. Although the excited states probed by L s;-edge
and Ms.-edge XANES have very different electronic configurations, recent studies have proposed that
both are sensitive to 4f orbital occupation.”'>"7"19222426154157 However, the role of final state effects
including core-hole induced changes in 4f occupancy, and other physical phenomena, remains
controversial and is the subject of a persistent debate,'®**3>%

Figure 8 compares the background-subtracted and normalized Ce L3-edge XANES spectra of CeLK,4
and reference compounds CeO,,”*® [Et;N],[CeCls],*” and (CsHs).Ce.” Each of the Ls-edges exhibited a
double-peak structure that is characteristic of published data for formally Ce* compounds such as CeO,,
Ce(S0,),, and CeF,.”"”""® The double-peak structure observed in Ce L;-edge XANES spectra is often taken
to reflect the presence of a configuration interaction of the main, ionic 4f° configuration and a LMCT
configuration, 4f'L, where L represents a ligand hole. Differences in screening of the 2p core hole by the
4f orbitals results in the large splitting between 4f'L5d" and 4°5d" final states that is observed in the Ls-
edge spectra. Within the bounds of this model, the lower energy peak was assigned to transitions
associated with a 4f'L5d" final state and the higher energy peak to transitions involving a 4f°5d" final
state, however, the possibility of a more complex excited state phenomenon cannot be ruled out.
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For the compounds compared in this study, the peak maxima as determined from zero-crossing of the
first derivative of the Ls-edge spectra indicated that there are significant differences in the relative
energies of the low and high energy peaks. The first peak corresponding to the 4f'L5d' final state
configuration shifted to lower energy from 5728.4 to 5727.3 to 5727.2 to 5724.5 eV on moving from
CeO: to [Et4N]o[CeCls] to CeLKy4 to (CgHs),Ce. The energy of the second peak did not change as
significantly, such that splittings between transitions associated with the 4f'L5d' and 4f°5d" final state
configurations of 7.0, 7.7, 7.8, and 11.1 eV were observed for CeO,, [Et;N],[CeCls], CeLK,4, and
(CgHs),Ce. This trend is also supported by examination of the peak intensities. Ce L ;-edge peak structure
for CeLK, was fitted and a value of n = 0.49(3) 4f electrons was determined by evaluating the intensity
ratio of the two peaks together with an arctan-like function to simulate the transitions to the continuum
(see Supporting Information). As described above, the quantity n refers to the number of 4f electrons in
the ground state defined in a configuration interaction model, and is different from mixing coefficients
used in a molecular orbital model. Despite the obvious differences between their spectra, this value of n
was found to be statistically identical for [EtsN];[CeCls]*” and CeO,"", respectively, with the values of
0.51(5) and 0.53(5), which are considerably smaller than the value of 0.89(3) reported for (CgHs),Ce.®

20l 4fo5qr  — [CeLlK

4f1L5d" — CeO,
_— (CeHa)zce

— CeCls*

_L _.
o 3
T T T T T T T T

Normalized Intensity

o
o
L e e

S BN B B B
5710 5720 5730 5740 5750 5760

Energy (eV)

Figure 8. Cerium Ls-edge XANES spectra for CeLK, and references CeQ,, COT-Ce, and [EtsN],[CeCls].
The [EtsN]:[CeClg] data are adapted with permission from ref. 19. Copyright 2015 American Chemical
Society.

XANES spectra at the Ms4-edge were obtained to corroborate the L;,-edge measurements. Transitions
at the M;s-edge probe the 4f orbitals directly via 3d to 4f transitions, and the spectra exhibit characteristic
multiplet splitting patterns that have been used to assign nominal 4f orbital occupancies across the
lanthanide series.'>'®* The background subtracted and normalized Ms4-edge XANES spectrum and curve
fit for CeLK, is provided in Figure 9 and compared with published data for [EtsN],[CeCl¢]."*> The Ms4-
edge XANES spectra are split by approximately 17 eV into Ms (3dsz) and M4 (3ds) due to spin-orbit
coupling with the core hole. For pure 4f° compounds (e.g., La*"), Ms,-edge XANES spectra are comprised
of one peak each for the Ms- and M,-edges.” However, for CeLK, both the Ms and M, edges exhibited
fine structure consisting of intense main peaks and weaker “satellite” features at 4 to 5 eV higher
energies. Previous calculations have attributed the presence of fine structure in the Ms4-edge XANES
spectra of formally tetravalent Ce compounds to interaction of 3d°4f' and 3d°L4f* configurations in the
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final state.”>® In this general sense the Ms,-edge XANES spectrum of CeLK, resembled that of the
molecular compound (EtsN),CeCl in addition to extended solids and intermetallics such as CeO, and
CeRh3.E

[CeL}4K

R wm,
p (3d3z)

Normalized Intensity

Energy (eV)

Figure 9. Cerium M;s4-edge XANES spectra obtained using STXM for CeLLK, and [EtsN],[CeClg]. The
data (black circles) are shown with pseudo-Voigt functions (green, blue) and a step function (gray) used to
generate the total curve fit. The [Et;N],[CeCl¢] data are adapted with permission from ref. 19. Copyright
2015 American Chemical Society.

Table 3. Comparison of the experimental cerium Ms.-edge XANES peak energies and intensities for
CeLK, and standards CeO, and [Et;N],[CeCl¢].

Peak Energies (eV) Peak Intensities (Int) Branching Ratio® Peak Splitting (eV)
M:s-edge M,-edge M:s-edge M.-edge As/(As+As) As/(AutAs) Sat—Main M:s—M, Ref
CeLK,
883.8,887.6  901.8,905.9 27(3),5.3(5)  37(4),7.2(7) 0.42(4) 0.16(2) 3.9 18.0 This work
CEOz
883.7,888.8  901.7,906.3  16(2),4.2(4)  20(2), 5.6(6) 0.44(4) 0.21(2) 48 18.0 30
[EtsN],[CeCl¢]

883.7,888.5  901.6,906.4  18(2),4.5(5)  23(2), 6.5(7) 0.43(4) 0.21(2) 48 17.9 15

¢ Branching ratios are determined from the peak intensities (areas), such the As, A4, As, and Aw are defined
as the area underneath Ms, M,, satellite, and main features, respectively.

To quantify this effect, peaks in the experimental spectra were modeled using pseudo-Voigt functions
and a step function with 1:1 ratio of arctangent and error function contributions (Figure 9 and Table 3).
The first and second derivatives of the data suggested that four pseudo-Voigt functions provided the best
fit with the fewest parameters (or number of peaks). Hence the main peaks were modeled with functions
at 883.6 eV and 901.4 eV, and the satellite peaks were modeled with functions at 887.6 eV and 905.5 eV.
The splitting between main and satellite peaks averaged 4.0 eV, which is significantly smaller than the
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splitting previously observed for [Et;N],[CeCl¢] (4.9 eV) and CeO, (4.8 €V).>”**® In addition, the satellite-
to-main peak intensity ratio was 0.16(2) compared with 0.21(2) for both [Et,N],[CeCl¢] and CeO, (Table
3). Calculations by Kotani and coworkers have previously noted that decreasing interaction of the 3d°4f’
and 3d°L4f* final states resulted in smaller satellite-to-main peak intensity ratios as well as smaller main-
to-satellite peak splittings,™ suggesting that there is less final state interaction in CeLLK, compared with
[EtsN],[CeCl¢]. Thus, the Ms4-edge XANES peak structure is partially a reflection of core-hole induced
charge-transfer in the final state.

12 [Ce L]4K

& M,
1% (3ds)

2-
# M, CeClg
4§ (3ds2)

Normalized Intensity

880 890 900 910
Energy (eV)

Figure 10. Comparison of the experimental (black circles) and the configuration interaction calculation
(red) for the cerium M;s-edge XANES spectra obtained for CeLK, and [Et;N],[CeClg]. The
[EuN],[CeClg] data are adapted with permission from ref. 19. Copyright 2015 American Chemical
Society.

To explore this result further, configuration interaction (CI) calculations were conducted using the
CTM4XAS program, which employs a semiempirical approach developed by de Groot and based on
Cowan’s code (Figure 10).'**'**% This approach has been applied successfully to model and develop
quantitative interpretations of charge transfer and multiplet interactions in other transition metal and
cerium systems.’*1®* In free-ion systems for which a transition from 3d'°4f° to 3d°4f' states does not
accurately model the spectra, both the initial and final states can be described in a charge transfer model.
In the charge transfer model, both the initial and final states are defined by two configurations, one of
which includes a ligand hole (L) resulting from charge transfer. Thus, the initial state is described by
3d"°4f° and 3d'°L4f" and the final state by 3d°4f" and 3d°L4f* These configurations were defined by 4f-4f
and 3d-4f Coulomb repulsion, Coulomb exchange and spin-orbit-coupling (SOC) parameters. The
interactions of these states were described by the energy separation of the initial (AE4) and final states
(AEy) as well as the mixing of each, T, and Ty respectively. As described previously,* the energy of the
lowest LMCT band in the UV/Vis spectrum (2.4 eV) was used to provide bounds for these parameters as
governed by LMCT ~ AEg + 2T In addition, the experimentally observed splitting and intensity ratios
between the main and satellite peaks in the M;s-edge XANES spectra provided limits for the calculations.
The calculations that were in the closest agreement with these experimental data were defined with AE & =
1.0 eV, AEi = -1.0 eV, and Ty = Ts = 0.65, resulting in a ground state that was 62% 3d'°4f° and 38%
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3d"°L4f", and a calculated LMCT of 2.44 eV. For comparison, a ground state composition of 75% 3d'°4f°
and 25% 3d"°L4f' was found previously to model the LMCT energy (3.3 eV) for (Et4N),CeCls as defined
by AEg = 2.5 eV, AEg = -1.5 eV, and Ty = T = 0.70.% Hence, the CTM4XAS calculations suggest that
there is slightly more 4f' character in the ground state of CeLK, (38%) than in (EtsN),CeCls (25%). The
relatively low percentages of 4f' character observed for these two compounds suggested that the LMCT
configuration has a smaller contribution to the ground state than previously reported for (CsHs).Ce, based
on Ls-edge XANES spectroscopy (89%) and multiconfiguration interaction calculations (80%).%>'** To
summarize, the experimental Ce Ls-edge and Mss-edge XANES measurements and CTM4XAS
calculations all provide evidence for some mixing between the Ce 4f and ligand O 2p orbitals, as
evidenced by L — Ce charge transfer contributions in the ground state. Within the bounds of an oxidation
state formalism, CeLK, is best regarded as tetravalent with a degree of covalency that is similar to
compounds such as CeO; and [Et;N],[CeClg], but less than that of (CsHs).Ce. Additional Ls,- and Ms4-
edge measurements and theoretical studies on a wider range of molecular Ce compounds would promote
a further understanding of orbital contributions to cerium bonding.

Electrochemistry. As a complement to the solution thermodynamic studies with Pr*, cyclic
voltammetry was used to access a complexed Ce®" species. The abundance of literature precedent
describing the successful measurement of the redox potential of the Ce*/Ce®" couple of complexes with a
variety of ligands, including catechols,*>'*>'>'% belied the difficulty with which the electrochemical
behavior of this system could be probed with a glassy carbon electrode. Reduction and subsequent
oxidation of the CeL* complex was successfully observed only with a hanging drop mercury electrode
(HDME). Cyclic voltammograms demonstrating nearly reversible behavior at scan rates of 250-2000
mV/s were obtained for the system (as an aqueous solution of the isolated complex) in 1 M KNO; (Figure
11a) and in 1 M KCI. The current intensities at cathodic peaks were linearly proportional to the square
root of the scan rate, suggesting a diffusion-limited process (Figure 11b), as predicted by the Cottrell
equation. The redox behavior of this system was not fully reversible for several reasons (Table 4). The
voltage separation between the current peaks was greater than 59 mV but sufficiently close to the ideal
value to estimate that a one-electron process was occurring at the metal center. Secondly, the positions of
the cathodic and anodic peak voltages changed with increasing scan rates, shifting to more reductive and
oxidative potentials, respectively. This effect has been attributed to the slow equilibrium at the electrode
surface relative to the higher scan rates.'®® Additionally, the ratio of the peak currents was greater than
one, with the cathodic current intensity consistently greater than the anodic current. This was possibly due
to the lower stability of the reduced cerium complex, and thus its greater susceptibility to side reactions.
At 100 mV/s, the oxidation was not even observed.

The reversibility of the system using the HDME working electrode was sufficient to calculate a redox
potential of -0.454 V vs. SHE, a value considerably lower than the potential for uncomplexed Ce*" (1.46
V vs. SHE, in HCI1).*2 This very large Nernstian shift of 1.91 V explains the overwhelming preference of
the +4 oxidation state of cerium when it is complexed by L. Unsurprisingly, the potential of CeL* is close
to that of the Ce(catecholato),* complex (-0.448 V vs. SHE),*® and smaller Nernstian shifts have been
observed with octadentate ligands and Ce*,"*>'”* but this is the first measure of the Ce couple with an
octadentate catecholate-type ligand.

As depicted by a thermodynamic cycle (Figure 12), the electrochemical and solution thermodynamic
data for the Ce* complex can be used to calculate the binding constant between L and Ce®". The
estimated log Bio = 28.6 is reasonably close to the measured log B = 32.02 for Pr*; the discrepancy
perhaps demands the direct measurement of the Ce®* complexation. However, it would be surprising that
the difference in ionic radii of the Ce* and Pr’* (114 and 113 pm, respectively) ' would result in an
increased binding affinity of three orders of magnitude; it is more likely that the quasi-reversible
electrochemical behavior of the CeL* system requires further investigation.

The thermodynamic cycle can nevertheless be useful in estimating the magnitude of stabilization of
the +4 oxidation states of metal ions with similar characteristics as Ce*". For example, the aqueous
reduction potential of the americium +4/+3 couple is estimated to be 2.62 V,”> which means that Am**
oxidizes water or most other ligands. From the data obtained with the CeL* system and the Nernst
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equation (Eq. 1, where E.; and E,.; are the redox couples of the complexed and uncomplexed metal,
respectively):

Ecn/n_l = En/n—l + (RT/F) (ln KMHEIL —In KMn L) (Eq 1)

it can be approximated that complexation by L. would change this potential to 0.95 V. This would make
Am* stable under aqueous conditions, which has not yet been experimentally observed.

a)

b)
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1.5+ R2=0.99
o
2
0.5
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Vv (mV1/2 s-1/2)

Figure 11. CV of CeLK, in 1 M KClI using an HDME working electrode in a three-electrode system. a)
Cyclic voltammograms of 1 mM CeLKj, at scan rates of 100-2000 mV/s, initial scan direction: cathodic.
Background taken at 100 mV/s. (b) Linear dependence of the current intensity at cathodic peak current (-
0.685 V) vs. the square root of the scan rate.

Table 4. CV data for the CeL* complex in 1M KCIl using a HDME working electrode. Values are
averages from scan rates of 250-2000 mV/s.

-0.651(9) vs. Ag/AgCl

Eiz(V) | 0 454 vs. SHE
AE (V) | 0.068
ip/iy | -2.8

Shift from E° (V) | 1.91
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Figure 12. Thermodynamic cycle for the redox activity and L binding of cerium in KCIl. The values for
the complexation of Ce** were calculated from the equations AG,;= - AG; + AG, + AG; and AG = -RTInK.

CONCLUSION.

In summary, the chemical and physical properties of a Ce*" macrocyclic complex, CeLK,, were
quantitatively measured. Solution-state thermodynamic measurements with the octadentate ligand L
revealed a very strong preference for Ln*" and An* ions, with a 29-order of magnitude difference in
binding constants for Ce*" relative to Pr*". These observations, and differences in bond distances from the
solid-state crystal structures, can be rationalized by changes in charge and ionic radius. An exceptionally
large, 7-order of magnitude difference in stability was also observed for CeL* relative to ThL*, which
prompted an in-depth spectroscopic and theoretical analysis using Ce Ls;- and Mss-edge XANES
spectroscopies and configuration interaction calculations. These studies provided evidence for some
covalent mixing between the Ce 4f and O 2p orbitals, and an increased contribution of the 4f'L LMCT
configuration to the ground state. The magnitude of the LMCT was found to be similar to other formally
Ce* compounds such as CeO, and CeClg”, but considerably less than that of cerocene, (CsHs),Ce.

A framework to rationalize these results can be developed using first-order perturbation theory
(Figure 13), where increases in covalency are achieved by increasing overlap and decreasing the energy
separation (Ey’ — E;°) between the parent metal and ligand orbitals.’”*” In this model, the 4f orbitals for

A ﬂ
Decreasing
Zosf
° En’
>
% Ef-E° CsHs?*
e . E’ Cl®
w Increasing —
o*
Charge
RO™
E
Metal M-L Ligand
f-orbitals p-orbitals

Figure 13. Qualitative molecular orbital diagram depicting the interaction between lanthanide 4f or
actinide 5f orbitals and ligand 2p or 3p orbitals to form a metal-ligand bond. The energy gap (Ex’ — E.°)
can be decreased with softer (less electronegative) ligands. Lower energy f orbital potentials are found for
higher oxidation states and metals later in the lanthanide or actinide series.
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Ce*" are lower in energy than the 4f orbitals for Pr** and the 5f orbitals for Th*" because of greater
effective nuclear charge.? Differences observed between CeL*, CeCls”, CeO,, and (CsHs).Ce can thus be
easily explained by differences in energy of the ligand 2p orbitals, which are higher for carbon and lower
for more electronegative chloride and oxygen-based ligands. It is important to note that the energetic
stabilization gained due to 4f covalency is proportional to the overlap between 4f and ligand-based
orbitals.">"”> Hence, because the radial extension of the 4f orbitals is very small,"”*'” increasing 4f
covalency by decreasing the energy separation of the metal and ligand orbitals may act to weaken the
bond overall by decreasing the amount of ionic character in the ground state.

This work also illustrates that thermodynamic, spectroscopic, and theoretical studies of tetravalent
cerium molecules is a fruitful area for research. Configuration interaction calculations on free ions allow
for interpretation of the M;-edge spectra. New improvements in multiplet theory, together and
experimental techniques that increase spectral resolution, will be valuable for future efforts to assign
transitions in the L; and M +-edges.”** From the ligand’s perspective, additional spectroscopic studies at
the carbon, nitrogen, and oxygen K-edges can also provide a direct probe of bonding with both the 4f and
5d orbitals. Given the wide range of ligands that can stabilize tetravalent cerium in solution and the solid
state, this is a unique opportunity to develop a deeper understanding of how subtle tuning of the electronic
structure could lead to desirable physical properties or impact the outcome of chemical processes.

Supporting Information. Ce L;-edge XANES data as well as the crystallographic information file for
CeLK,. This material is available free of charge at http://pubs.acs.org.
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A complex of Ce* with a macrocyclic ligand was characterized by spectrophotometric titrations,
electrochemistry, and X-ray diffraction studies, which demonstrated a remarkable affinity of the ligand
towards Ce*, particularly relative to the analogous trivalent lanthanide and tetravalent actinide. L3 and
M;s4-edge X-ray absorption near-edge structure spectroscopies and configuration interaction calculations
were used to characterize 4f-orbital bonding in the complex.
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