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ABSTRACT: A series of f-block chromates, CsM(CrO,), (M
= La, Pr, Nd, Sm, Eu; Am), were prepared revealing notable
differences between the Am™ derivatives and their lanthanide
analogs. While all compounds form similar layered structures,
the americium compound exhibits polymorphism and adopts
both a structure isomorphous with the early lanthanides as well
as one that possesses lower symmetry. Both polymorphs are
dark red and possess band gaps that are smaller than the Ln™
compounds. In order to probe the origin of these differences,
the electronic structure of a-CsSm(CrQ,),, a-CsEu(CrO,),,
and a-CsAm(CrO,), were studied using both a molecular
cluster approach featuring hybrid density functional theory and QTAIM analysis and by the periodic LDA+GA and LDA+DMFT
methods. Notably, the covalent contributions to bonding by the f orbitals were found to be more than twice as large in the Am™"
chromate than in the Sm™ and Eu™ compounds, and even larger in magnitude than the Am-Sf spin—orbit splitting in this system.
Our analysis indicates also that the Am—O covalency in @-CsAm(CrO,), is driven by the degeneracy of the Sf and 2p orbitals,
and not by orbital overlap.
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H INTRODUCTION Sd transition metals. This situation is often termed the
intermediate coupling regime.'* Taken together, understanding
the chemistry and physics of 5f elements represents the outer
limits of current experimental and theoretical approaches.
These challenges must be undertaken nevertheless for
fundamental reasons that include understanding the evolution

Actinides beyond plutonium often have Sf electrons that are
largely localized as evidenced by the superconducting behavior
of americium metal."* In contrast, earlier actinides from at least
uranium to plutonium display itinerant 5f electron behavior in
their metallic states that extends to molecules where hybrid-

ization of Sf orbitals with ligand orbitals and delocalization of Sf of electronic structure across the periodic table and for practical
electrons can occur.’™” This situation is further complicated by applications, such as mitigating the environmental effects of the
several factors that include the near degeneracy and greater Cold War and improving the utilization of nuclear energy.
radial extension of empty 6d orbitals, additional frontier orbitals There are radiologic and reaction-scale challenges that are
coming into play (6p, 7s, and 7p), and reorganization of all of inherent to working with actinides that lie beyond uranium that
these orbitals upon complexation.””"® Relativistic effects and often force the use of benign analogs for these elements.
spin—orbit coupling (SOC) dominate the electronic structure

in these heavy elements,"*™"” and the magnitude of crystal- and Received: September 8, 2017
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Examples of this include replacing Pu' with Ce" and Am™
with Eu™.>°">" These substitutions are often based on
similarities between ionic radii.”° However, the aforementioned
changes in electronic structure and the increased involvement
of frontier orbitals in the actinides create dissimilarities between
the 4f and Sf series that manifest in unexpected coordination
chemistry, electronic properties, and reactivity. For example,
the reactivity and coordination environments of cerium and
plutonium diverge in phosphonates,””** carboxypyridino-
nates,”””" and hydroxypyridinonates.”**~>* The enthalpy of
complexation of Am" by softer donors ligands is notably
stronger than it is for Eu™ and can be exploited for separatin

Am™ from lanthanides in used nuclear fuel recycling.'**>~*

Contracted M—L bonds have also been measured and
calculated in M[N(EPR,),]; complexes (M = U, Pu; E = S,
Se, Te; R = Ph, iPr, H) that are consistent with enhanced
covalency in An—E bonds versus that found with lanthanides.*'

Variance occurs not only between the 4f and Sf series but
also between early and late actinides.'”**™>° Recent studies on
the reduction of An™ cyclopentadienyl complexes to An" have
shown bifurcation in the ground states of the resultant species
with U" existing in a 5f'6d' (5£°6d") state; whereas Pu" adopts
a 5f16d° (5f°) configuration.”' ~>* Rare examples of studies on
the complexation of Bk"™ and Cf" have shown that the more
negative bond enthalpies are the result of increased covalency
and that part of the origin of this effect is driven by the
degeneracy of actinide Sf orbitals and ligand orbitals.***>>>~>7

While many of the aforementioned examples have been
pursued in order to provide a basic understanding of structure
and bonding in f-element compounds, some of these materials
are of practical importance and play roles in mitigating the
environmental legacy of the Cold War. Among the components
of nuclear waste of particular concern are large amounts of the
mutagen, chromate, that is present in waste tanks because of its
use in antiquated separations methods, such as REDOX,*® and
as a corrosion inhibitor for the tanks themselves. Complicating
matters further, chromates also form undesirable inclusions in
the form of spinels during vitrification of nuclear waste.”” Th'Y
and UY' chromates have been the subject of numerous
investigations and show a vast array of structural top-
ologies.(’o_66 However, both of these actinide cations are 5f°
and therefore lack many of the interesting electronic character-
istics found in later actinide compounds.

In contrast to thorium and uranium compounds, trans-
uranium chromates are largely unexplored, and most examples
that appear in the literature are poorly characterized. Among
the few well-characterized compounds is actually a rare example
of a AmY compound, Cs;AmO,(Cr,0,),-H,0, that was
obtained via ozonation of Am™.*”%® The most stable oxidation
state of americium is III+ and is likely more relevant to
americium speciation in tank waste. However, an Am™
chromate has yet to be reported. In order to address this
issue, we have undertaken the investigation of the synthesis,
structure, and properties of Am'™" chromates. These results are
placed within the context of other trivalent f-element chromates
by completing a comprehensive study of the Ln"" compounds
that form under the same conditions.””””" Here we examine
the CsM(CrO,), (Ln = La, Pr, Nd, Sm, Eu; Am) family of
compounds and show that Am™ can form the same structure
type as found with Ln™ ions that possess similar ionic radii as
well as a structure type not yet observed with lanthanides. We
also show that the band gap for CsAm(CrO,), is smaller than
that observed for the lanthanides, necessitating an examination
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of the electronic structure of these compounds. The bonding is
probed computationally by both excising a cluster that
describes the local coordination environment and via band-
structure calculations.

B EXPERIMENTAL SECTION

Syntheses. Caution! **Am (ti, = 7370 y) is an intense  emitter
and also emits penetrating y-rays up to 142 keV in energy. Of equal
importance, its a-decay product is ***Np, which is both short-lived (t,,, =
2.35 d) and an even more potent y-ray emitter with energies up to 278 keV.
Studies on the bulk synthesis of americium compounds can only be
conducted in an appropriately equipped radiologic facility. In this case, all
studies were performed in a Category II nuclear hazard facility. The
manipulations of solids were carried out using negative-pressure gloveboxes
with a series of filters being used to remove any particulate matter that
could hypothetically exit the glovebox exhaust. The air in the lab is also
heavily filtered through a series of eight filters that include carbon and
HEPA filters. When samples are removed from the gloveboxes, the
researchers wear respirators, and air sampling is performed to ensure that
radioactive particulates have not been aerosolized. Owing to the y emission
from *SAm and its daughters, researchers are also shielded using moveable
lead walls that are placed in front of gloveboxes, lead wells, lead brick
walls, thick lead sheets around furnaces, and long lead vests are worn to
protect researchers. **AmO, (98% purity) was obtained from Oak
Ridge National Laboratory. Ln(NO,;);-6H,0 (La, Pr, Nd, Sm, Gd)
(99.9%; Sigma-Aldrich), Ln,O; (Eu, Dy, Ho, Er, Tm, Yb, Lu) (99.9%;
Sigma-Aldrich), Tb,O, (99.9%; Sigma-Aldrich), Cs,CrO, (99.5%;
Sigma-Aldrich), and Cs,Cr,0; (99.5% Sigma-Aldrich) were used as
received.

CsLn(CrO,), (Ln = La, Pr, Nd, Sm) were prepared by loading 0.2
mmol of Ln(NO;);-6H,0O (Ln = La, Pr, Nd, or Sm), 0.07S mmol of
Cs,CrO,, and 0.075 mmol of Cs,Cr,0,, and 2 mL of H,O into a 23
mL PTFE-lined autoclave. The autoclaves were sealed and heated in a
box furnace at 200 °C for 48 h with a 48 h cooling period following
thereafter. Crystals of all compounds were isolated directly from the
hydrothermal reactions and rinsed with water to remove excess
chromates. Large, well-faceted gold or yellow-orange offset prisms
were isolated for CsLa(CrO,), and CsPr(CrO,),, respectively. The
crystals of CsNd(CrO,), and CsSm(CrO,), form green columns and
gold plates, respectively. These reactions were then scaled down to
appropriate levels for work with **Am. The reactions were carried out
again to ensure that crystal growth still occurs. Once this was verified,
the work with americium was conducted. Reactions were performed
on the exact scale described below for all of the lanthanides described
in this work. It should also be noted that reactions were also carried
out with Eu through Lu. These reactions result in the formation of
Ln(OH)(CrO,) (Ln = Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, or Lu).
Europium represents the crossover in this system, and the europium
reactions appear to contain a mixture of products. Studies on these
compounds will be reported elsewhere. Reactions with Ce™ starting
materials result in an immediate redox reaction prior to heating with a
corresponding color change to black and formation of amorphous
black and green solids. Alternatively, all of these compounds can be
prepared by reactions between Cs,CrO, and Ln(NO;);nH,0 in 2:1
ratio using the same hydrothermal conditions described above. This
results in improvement in crystal quality, purity, and yield. Typical
yields are ~70% based on the lanthanide content. Furthermore, this
latter method allows one to isolate pure f-CsLn(CrO,), (Ln = Nd,
Sm, Eu, Gd, Tb, Dy, and Ho); whereas using the former conditions,
the products are mixtures that also contain the aforementioned
Ln(OH)(CrO,) compound beginning at europium. In all cases except
for Am, SEM-EDS data were obtained that help to confirm the 1:1:2
ratio of Cs:Ln:Cr.

a-CsAm(CrO,), and f-CsAm(CrO,),. Two different polymorphs
of CsAm(CrO,), can be prepared using different synthetic conditions.
a-CsAm(Cr0O,), is prepared by first synthesizing Am(NO;);-nH,O
from AmO,. Am(NO;);-nH,0O forms by reacting multiple 100 uL
aliquots of S M HNO; with 0.02 mmol of AmO, and slowly fuming
the mixture to dryness. A color change from black to light yellow is

DOI: 10.1021/jacs.7b09474
J. Am. Chem. Soc. 2018, 140, 1674—1685


http://dx.doi.org/10.1021/jacs.7b09474

Journal of the American Chemical Society

indicative of reduction to Am'™, and this putative Am™ nitrate along
with 0.01 mmol of Cs,CrO, and 0.01 mmol of Cs,Cr,0,, and 200 uL
of water were loaded into the 10 mL PTFE-lined autoclave. These
reactions were also carried out using the corresponding Ln starting
materials. For Nd and Sm, these reactions result in the formation of f-
CsLn(CrO,),; the a form has not yet been obtained with any
lanthanide. The autoclave was sealed and heated in a box furnace at
200 °C for 48 h with a 48 h cooling period. Very dark-red (nearly
black) rods ~200 ym in length were isolated directly from the mother
liquor. f-CsAm(CrO,), was instead prepared with a hydrous AmCl,
starting material on a larger scale. A 24 h digestion of 0.0358 mmol of
AmO, with 500 uL of 5 M HCI at 150 °C yielded a solution of Am™.
This solution was fumed to dryness with a heat lamp, after which
0.0179 mmol of Cs,CrO, and 0.0179 mmol of Cs,Cr,0O, and 500 uL
of water were loaded into a 10 mL autoclave. The same heating profile
was followed as used in the synthesis of @-CsAm(CrO,),. Large, dark-
red blocks of f-CsAm(CrO,), were isolated and rinsed with water.

Crystallographic Studies. Single crystals of all compounds were
adhered to Mitogen loops with immersion oil and then mounted on a
goniometer under a cold stream set at 100 K. The crystals were then
optically aligned on a Bruker D8 Quest X-ray diffractometer using a
digital camera. Diffraction data were obtained by irradiating the
crystals with an IuS X-ray source (Mo Ka, 1 = 0.71073 A) with high-
brilliance and high-performance focusing multilayered optics. Bruker
software was used for determination of the unit cells, data collection,
and integration of the data. Lorentz, polarization, and absorption
corrections were also applied. A hemisphere of data was collected for
all crystals. The structures were solved by direct methods and refined
on F* by full-matrix least-squares techniques using the program suite
SHELXTL.” Structure factors for americium were not present in the
SHELX software at the time these studies were performed, but were
recently added by G. M. Sheldrick. Thus, a new SFAC command had
to be added to the instructions file that defines the scattering factors
for americium. This procedure no longer has to be done if one uses the
most recent version of SHELX. Some of these compounds crystallize
in less common space groups, and the solutions were checked for
missed symmetry using PLATON.”® The Crystallographic Information
Files (CIF) are available from the Cambridge Crystal Structure
Database Center: 1571937 (a-CsAm(Cr0O,),), 1571730 (B-CsAm-
(Cr0,),), 1571731 (CsLa(Cr0,),), 1571733 (CsNd(CrO,),),
1571732 (CsPr(Cr0Q,),), 1571734 (CsSm(Cr0O,),), and 1589766
(-CsEu(Cr0,),). Selected crystallographic data are provided in Table
S1. We have simplified the formula to CsM(CrO,),. In some cases, the
formulas are more correctly (crystallographically) expressed as
Cs,M,(CrO,),.

UV-vis-NIR Spectroscopy. Single crystals of each compound
were placed on quartz slides under medium-viscosity Krytox oil. A
Craic Technologies microspectrophotometer was used to collect
optical data in the UV—vis-NIR region. Irradiation of the samples was
performed with a mercury light source. Absorption spectra of f-
CsSm(CrO,), and f-CsEu(CrO,), are provide in Figure S1. These
data reveal band gaps from these materials of 2.462 and 2.435 eV for f-
CsSm(CrO,), and B-CsEu(CrO,),, respectively.

Magnetic Susceptibility Measurements. Magnetism measure-
ments were performed on polycrystalline samples of @-CsAm(CrO,),,
p-CsNd(CrO,),, and p-CsEu(CrO,), using a Quantum Design
MPMS under an applied field of 10 kOe for 4 K < 300 K. Plots of
these data for #-CsNd(CrO,), and -CsEu(CrO,), are provided in the
Figure S2. The americium sample was sealed inside two, different,
custom-built Teflon capsules. The first capsule has a piston design and
fits inside of the second capsule that screws closed and is also taped to
ensure that it cannot open during data collection. Data sets were
collected with the capsules both empty and full, and the background
from the sample holder was subtracted from the signal. Appropriate
diamagnetic corrections were also applied. Data for a-CsAm(CrO,),
are not provided because the sample was nonmagnetic over the entire
temperature range studied.

For f-CsSm(Cr0O,),, and B-CsEu(CrO,), temperature-dependent
magnetic susceptibility y = M/H were obtained from randomly
oriented powders loaded in gelatin capsules, where M is the
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magnetization under an applied magnetic field H = 1000 Oe. Figure
Sla—c shows the temperature dependences of y, yT, and y7*,
respectively. As shown in panel a, the curves for both compounds are
weakly temperature dependent on the range 25—300 K. In panel b we
show xT, which will approach the Curie-constant in the high
temperature limit if Curie—Weiss behavior occurs (yT =~ 0.09
cm®K/mol for Sm™ and 0 for Eu™). At 300 K we find (i) that for
the Sm" version T is both nonsaturating and larger than expected
and (i) for the Eu™ version it is positive and nonsaturating.
Furthermore, in panel ¢ we show that for both compounds there is no
region that obviously exhibits Curie—Weiss behavior. This indicates
that for both compounds there is a sizable paramagnetic signal y, that
is only weakly temperature dependent. The case of Sm™ might be
more complex because these ions are expected to carry a small
localized magnetic moment. However, it is likely that the crystal
electric field splitting for the Sm™ Hund’s rule multiplet interrupts a
simple Curie—Weiss behavior on the temperature scale that is
presented. As a result, the ligand field again dominates y.

Cluster Calculations. DFT calculations were performed on a
cluster representation of @-CsAm(CrQ,), and a-CsEu(CrO,), (which
cannot be prepared by the synthetic methods reported herein) as
discussed in the main text. The Gaussian 09 code, revision D.01 was
employed.”* (14s 13p 10d 8f 5g)/[10s 9p 5d 4f 3g] segmented valence
basis sets were used for Am and Eu, with Stuttgart—Bonn variety, 60-
and 28-electron relativistic pseudopotentials, respectively,”>’® and a
(7s 6p)/[Ss 4p] basis set plus the 46-electron relativistic
pseudopotential for Cs.”® Dunnin_;’s cc-pVTZ basis set was used for
Cr and O. The PBEO functional”” was used in conjunction with the
ultrafine integration grid. The SCF convergence criterion was set to
107 and the geometry convergence criterion was relaxed slightly from
the default using iop(1/7 = 667) that produces 10~ au for the
maximum force.

QTAIM analyses were performed using the AIMALL program
package,”® with.wfx files generated in Gaussian 09 used as input. NBO
analyses were performed with the NBO6 code.”

Band-Structure Calculations of a-Csm(CrO,), (M = Sm, Eu,
Am). The electronic structure of a-Csm(CrO,), (M = Sm, Eu, Am)
were investigated utilizing the local density approximation (LDA)*’ in
combination with dynamical mean field theory (LDA+DMFT)®'~%?
and in combination with the Gutzwiller approximation (LDA
+GA).**7% Both of these computational approaches are powerful
tools widely used to study strongly correlated electron systems that
enables us to take into account the strong Am-5f electron correlations
in a-CsAm(CrO,),. We utilize the DFT code WIEN2K* ™ and
employ the standard fully localized limit form for the double-counting
functional. The LAPW interface between LDA and DMFT/GA
employed in our calculations was implemented as described in ref 89.
The LDA+DMFT simulations are performed utilizing the continuous
time quantum Monte Carlo (CTQMC) impurity solver’® at T = 290
K. Consistently with previous work,*® we assumed that the Hund’s
coupling constant is J = 0.7 eV and that the value of the screened
Coulomb interaction strength is U = 6.0 eV. Since our experiments
have all been performed above the Neél temperature of the system, in
our simulations we assume from the onset a paramagnetic wave
function, that is, a solution that does not spontaneously break the
symmetry of the system. SOC is fully taken into account in our
calculations.

B RESULTS AND DISCUSSION

Structure and Topological Analysis. CsLn(CrO,), (Ln
= La, Pr) crystallize in the monoclinic space group P2,/c and
form layered structures. The layers are composed of lanthanide
chromate chains that propagate along the 2, screw parallel to
the b axis. These chains comprise CrO,*” tetrahedra that
corner- and edge-share with Ln™ polyhedra. Ln" cations bridge
between the chains creating layers that extend parallel to the
[bc] plane. Cs* cations fill the interlayer space as illustrated in
Figure 1. RbLa(CrO,),, RbPr(CrO,),, and KLa(CrO,), are
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isotypic with these compounds and have been previously
reported.”’
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Figure 1. Polyhedral representations of CsLn(CrO,), (Ln = La, Pr).
(a) View along the ¢ axis showing stacking of the lanthanum chromate
layers with Cs* cations in the interlayer space. (b) Depiction of part of
a single [Ln(CrO,),]'” layer. Ln™ is represented as blue polyhedra,
CrO,*” as orange tetrahedra, and Cs* as tan spheres.

The Ln™ centers are nine-coordinate with an approximate
muffin geometry in CsLn(CrO,), (Ln = La, Pr).”" The
coordination environment contains nine oxygen atoms donated
from CrO,*” units, as shown in Figure 2a. For CsLa(CrO,),,

b)

Jiis

Figure 2. (a) Nine-coordinate environment of the Ln'' cations in
CsLn(CrO,), (Ln = La, Pr) showing the approximate muffin
geometry. (b) Eight-coordinate environments Ln™ cations in
CsLn(CrO,), (Ln = Nd, Sm, Eu). This geometry is closest to a
trigonal dodecahedron. Oxygen atoms are shown as red spheres.

the La—O bond distances range from 2.474(4) to 2.589(4) A.
The lanthanide contraction is observed in this system with the
Pr—O distances ranging from 2.422(3) to 2.558(3) A. There
are two crystallographically unique Cr"' sites with Cr—O
distances that occur from 1.605(3) to 1.682(3) A. The CrO,*~
tetrahedra are distorted, as evidenced by both these variable
bond distances and nonideal bond angles that range from
100.48(15)° to 112.84(17)°. Ln—0O and Cr—O bond distances
are provided in Table S1.

Gradual symmetry reduction and ultimately collapse of the
layers occurs as the Ln™ ionic radii diminish. Beginning at Nd"*
the crystallographic symmetry is lowered to P2/c. However, the
structures remain quite similar as shown in Figure 3. The
rubidium analogs have been previously reported, but do not
adopt the same structure type as those reported here.”””> As
the ionic radii continue to contract the Ln™ coordination
number decreases from nine to eight, and Nd™ Sm™ and Eu™
cations are found within LnQy trigonal dodecahedra.”" A view
of the local coordination environment around these cations is
shown in Figure 2b. For f-CsNd(CrO,),, the Nd—O bond
distances range from 2.381(2) to 2.573(2) A. In accordance
with the lanthanide contraction, slightly shorter Sm—O bond
distances are observed in CsSm(CrO,), and occur from
2.343(3) to 2.546(3) A. The reason why these contractions
are so obvious even with different data collection temperatures
is that lanthanides are skipped between La™ and Pr'™' and
between Nd™ and Sm™. In the former case, cerium is absent
because in the presence of chromate it oxidizes to Ce', and in
the latter case promethium is radioactive with no long-lived
isotopes. The Nd™ and Sm™ compounds contain only one
crystallographically unique CrO,*” site, and greater variance in
Cr—O bond distances is observed in these structures when
compared to that observed for La' and Pr™.>**~%” The Cr—O
bond distances in $-CsNd(CrO,), and f-CsSm(CrO,), range
from 1.616(2) to 1.692(2) A and 1.609(3) to 1.692(2) A,
respectively. Again the CrO,*” tetrahedra are distorted with
bond angles ranging from 101.42(13) to 112.61(13)°. Bond
distances for -CsNd(CrO,),, f-CsSm(CrO,),, and S-CsSm-
(Cr0,), are provided in Table S2.

Polymorphism in a@-CsAm(CrO,), and f-CsAm(CrO,), is
likely representative of small energetic differences between
different structure types in this system. Similar polymorphism is
also observed in M(10;), (M = La—Lu, Am, Cm, Bk, Cf).”*~'%®

a)

b)

Figure 3. Polyhedral representations of the structure of -CsM(Cr0O,), (Ln = (M = Nd, Sm, Eu; Am). (a) A view along the b axis showing the
stacking of the layers. (b) Depiction of part of a [M(CrO,),]"" layer. M cations are located within the yellow polyhedra, CrO,*~ anions are shown

as orange tetrahedra, and Cs* cations as tan spheres.
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a-CsAm(CrQ,), is triclinic and not isotypic with any of the
other compounds described in this work. In contrast, -
CsAm(CrQ,), is isomorphous with f-CsLn(CrO,), (Ln = Nd,
Sm, Eu). The ionic radius of Am'" most closely matches that of
Nd", and this latter result is expected.” Even though a-
CsAm(CrO,), possesses lower symmetry than [-CsAm-
(CrO,),, both structures contain one crystallographically
unique Am'™ site. However, the reduced symmetry of a-
CsAm(Cr0,), does give rise to two crystallographically unique
chromium centers rather than one, and this alters the topology
of the layers from that observed in f-CsAm(CrO,),.

The layers in -CsAm(CrO,), have already been described
because they are isomorphous with the 5-CsLn(CrO,), (Ln =
Nd, Sm, Eu) compounds. Thus, we will only detail those found
in @-CsAm(CrO,),. The layers in a-CsAm(CrO,), extend
parallel to the [ab] plane and are composed of edge-sharing
chains of Am™ polyhedra connected by alternating corner- and
edge-sharing CrO,>” tetrahedra (Crl) and strictly corner-
sharing CrO,*” tetrahedra (Cr2), as shown in Figure 4.

a) 9 9 9 b)

L.

Figure 4. Polyhedral representations of a-CsAm(CrO,),. (a) A view
along the b axis showing the stacking of the layers. (b) An illustration
of a single chain that the layers are formed from. In both views the
Am™ cations are located within the dark-red polyhedral. CrO,*~
anions are shown as orange tetrahedra and Cs"* cations as tan spheres.

The Am™ cations in both structure types are eight-
coordinate with the americium site in @-CsAm(CrO,), being
found within a polyhedron best approximated by a bicapped
trigonal prism; whereas the site in f-CsAm(CrO,), is closer to
a trigonal dodecahedron. While neither compound has high
enough symmetry to have these idealized geometries around
the metal centers, it should be noted that the former unit has
formal C,, point symmetry, whereas the latter is D,; Thus,
these compounds provide examples of higher crystallographic
symmetry that possibly give rise to higher (approximate) point
symmetry at the metal centers. Further elaboration of the local
coordination reveals seven CrO,*” anions binding the Am™
centers in a@-CsAm(CrQ,), versus six in S-CsAm(CrO,), as
shown in Figure S. In other words, there are two chelating
chromate anions in f-CsAm(CrO,), and only one in a-
CsAm(CrO,),.

Selected bond distances are provided in Table 1, and
additional distances are given in the SI. Of particular
importance are the statistically equivalent, average Am—O
bond lengths of 2.438(4) and 2.439(4) A in a-CsAm(CrO,),
and f-CsAm(CrQ,),, respectively. As previously mentioned,
use of modern structural data has shown that the ionic radius of
Am™ most closely matches with that of Nd";** although it
would be helpful to have high-resolution Pm™ structures to
place greater confidence in this assignment. A number of quests
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Figur
(a) and (b) f-CsAm(Cr0,),. In the former case the Am™ polyhedron
is best approximated by a bicapped trigonal prism (C,,); whereas in
the latter it is closer to a trigonal dodecahedron (D,,). Moreover, in a,
there is only one chelating CrO,>” anion, while in f3, there are two.

e 5. Depictions of the local environment of Am™ cations in a-

have been embarked on to find evidence of covalency via
shortened An—L bonds versus those observed in Ln—L where
the 5f and 4f ions chosen have similar ionic radii.'”>**"*"#+%
In some cases the differences between Ln—L and An—L bond
distances are not statistically significant, whereas in the others a
contraction that could be attributable to covalency is noted.
M[N(EPR,),]; complexes (M = U, Pu; E = S, Se, Te; R = Ph,
iPr, H) provide examples where shorter An—FE bond lengths
were observed than found with lanthanides of similar ionic
radii."' Of equal significance, contraction of An"™-L bond
distances from early actinides to postcurium elements is far
from being monotonic as observed in An(Hdpa); (An = Bk,
Cf) complexes.'”** Based on these observations and the
difficulties involved in clearly identifying statistically significant
differences between Ln—L and An—L bond distances,
considerable time was invested in obtaining Nd" and Am™
chromate structural data under as similar data collection
conditions as possible, with temperature and high resolution
being the most important factors. We first compared data
obtained at 298 K to data collected at 130 K and observed that
the average bond distance change of the Nd—O bonds is on the
order of 0.01 A between these temperatures. A comparison of
the average Nd—O bond distance with the average Am—O
bond distance determined from diffraction data collected at 130
K reveals values of 2.450(2) and 2.439(4), respectively. While it
appears that the average Am—O bond distance is shorter, this
does not hold true at the 3¢ limit.

UV—vis—NIR Spectroscopy. Absorption data were col-
lected for all compounds from single crystals using a
microspectrophotometer. Characteristic f—f transitions for the
trivalent lanthanides are observed where expected for some of
the lanthanide compounds.'” In some compounds, however,
the f—f transitions are buried beneath or simply obscured
because of their low molar absorptivity, by the intense ligand-
to-metal charge-transfer (LMCT) bands/semiconductor edge.
This is the case for a-CsSm(CrO,), and S-CsEu(CrO,),, as
shown in Figure S2. Analysis of the Cs,CrO, starting material
reveals only a charge-transfer band extending to 450 nm. In
contrast, the spectra of a-CsAm(CrO,), and f-CsAm(CrO,),
display an intense absorption feature extending through the
visible spectrum to around 720 nm that explains the dark-red
color of the crystals, as shown in Figure 6a. Characteristic intra-
f transitions for Am"" are also present, such as the "F; — "Fy4
transition centered near 815 nm.''’ Such strong absorption
across the visible range is likely indicative of semiconducting
behavior. The absorbance is displayed also as a function of the
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Table 1. Selected Bond Distances (A) for CsM(CrO,), (M= Nd, Am)

CsNd(CrO,), a-CsAm(Cr0O,), S-CsAm(CrO,),
Nd-0(1) 2.381(2) Am(1)-0(1) 2.441(3) Am(1)-0(2) 2.354(4)
Nd-0(2) 2.425(2) Am(1)-0(1) 2.466(3) Am(1)—0(3) 2.408(4)
Nd-0(3) 2.573(2) Am(1)-0(2) 2.449(3) Am(1)-0(4) 2.554(4)
Am(1)-0(4) 2.430(3)
Am(1)—-0(4) 2.635(3)
Am(1)-0(5) 2.425(4)
Am(1)—0(6) 2.332(4)
Am(1)—-0(8) 2.324(4)
Average Nd—O 2.460(2) Average Am—O 2.438(4) 2.439(4)
0.8 y = 1.4993x - 2.0334
14 , R®=0.9988
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Figure 6. (a) Solid-state UV—vis-NIR absorption spectrum of a-CsAm(CrO,), and f-CsAm(CrOy,),. (b) Absorbance versus optical energy plot of

a-CsAm(CrO,), showing a band gap of ~1.65 eV.

optical energy via the Kubelka—Munk function in Figure 6b.
The bandgaps for both @-CsAm(CrO,), and f-CsAm(CrO,),
are approximately 1.65 eV, whereas the bandgaps for a-
CsSm(CrO,), and -CsEu(CrO,), are ~2.45 eV.

Computational Analysis of Am—O Bonding in a
Molecular Cluster. In order to probe the nature of the
Am—O bonding in a-CsAm(CrO,), we utilize first molecular
quantum chemistry at the hybrid DFT level (PBEO). The
system studied contains a single Am site surrounded by seven
CrO, units; these atoms were fixed at their crystallographically
determined positions. To balance the 11— charge this cluster
carries, 11 Cs* counterions were added, and their positions
optimized. The neutral molecular cluster thus analyzed was
Am(Cr0Q,),Cs;;, Cartesian atomic coordinates of which are
given in the Supporting Information.

Over the past few years there has been much debate about
the nature of covalency in the Sf series. Perturbation theory
holds that, to first order, the mixing of molecular orbitals
(MOs) ¢; and ¢; is governed by the mixing coefficient t,(jl):

(1)

where the off diagonal elements of the Hamiltonian matrix H;
are related to the overlap between the orbitals, and the
denominator is the difference between the corresponding
energies. Thus, large orbital mixings can arise when ¢; and ¢;
are close in energy, without there necessarily being significant
spatial orbital overlap. The actinide community is now
cognisant of the distinction between the more traditional
overlap-driven covalency and energy-driven covalency that arises
from the near degeneracy of metal and ligand orbitals."”"'"’
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The latter is common in the transuranic elements; as the
actinide series is crossed, the Sf orbitals become energetically
stabilized and radially more contracted. Thus, at a certain point
(dependent on the metal and the supporting ligand set) they
become degenerate with the highest lying ligand-based
functions, yet are too contracted for there to be significant
spatial overlap.

The atomic orbital (AO) contributions to the 20 highest
occupied a spin canonical Kohn—Sham MOs are shown in
Table S4. They are composed of Am f and oxygen p character,
and there is extensive mixing of metal and ligand AOs in many
MOs. This is illustrated in Figures 7 and 8 which show,
respectively, MOs 266a and 262a. These images suggest that
Am(Cr0O,),Cs,, is a good example of energy-driven covalency;
there are many AO contributions to the two MOs shown, but
little or no spatial overlap of the individual atom-centered
orbitals. This conclusion is reinforced by natural bond orbital
(NBO) analysis. The NBO approach is an orbital localization
procedure that attempts to recast the canonical Kohn—Sham
orbital structure in terms of more chemically intuitive localized
orbitals, emphasizing the Lewis-like molecular bonding pattern
of electron pairs. Applying the technique to Am(CrO,),Csy;
yields no Am—O NBOs. Furthermore, the NBO calculation
yields six a spin orbitals that are all >99.9% Am Sf in character,
that is, they are the six unpaired 5f electrons expected for an
Am** center at the scalar relativistic level. This picture is very
different from the delocalized nature of the Kohn—Sham
orbitals and suggests highly ionic Am—O bonding. In support
of this, the natural and Mulliken spin densities are 5.93 and
6.02, respectively (very close to the 6 expected for an Am>*
ion). Furthermore, the expectation value of the S* operator is
(S%) = 12.01; a pure heptet state would have (S*) = 12. Hence,
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) QJJ

Figure 7. MO 266a. Isovalue = 0.035. Dark red and green are the
phases of the wave function. Gray spheres = Cr, red spheres = O,
purple spheres = Cs. The Am atom is in the center of the image. See
Table S4 for a detailed breakdown of the AO contributions.

Figure 8. MO 262a. Isovalue = 0.03S. Dark red and green are the
phases of the wave function. Gray spheres = Cr, red spheres = O,
purple spheres = Cs. The Am atom is in the center of the image. See SI
Table 4 for a detailed breakdown of the AO contributions.

these results indicate essentially zero spin contamination in the
wave function.

In principle, there is an infinite number of orbital
representations we could choose to analyze. By contrast, the

quantum theory of atoms in molecules (QTAIM) focuses not
on orbitals but on the topology of the electron density and
allows us to analyze actinide covalency in an alternative way,
ideally distinguishing energy-driven from overlap-driven effects;
the former will not lead to a significant buildup of electron
density in the internuclear region, while the latter should do
s0.! 21718 The QTAIM states that there is a bond critical
point (BCP) between every two atoms bonded to each other,
with the BCP located at the minimum in the electron density
along the bond path, the line of maximum electron density
between the two atoms. The values of the electron and energy
densities p and H, and V?p, at the BCP can be used in
analyzing the nature of the bond. Large p values are associated
with covalent bonds, H is negative for interactions with sharing
of electrons, with its magnitude indicating the covalency of the
interaction, and V?p is also generally significantly less than zero
for covalent bonds. The delocalization index & between two
bonded atoms indicates the bond order between them.

As expected, QTAIM analysis of Am(CrO,),Cs,; finds eight
bond paths terminating at the Am center, one from each of the
nearest-neighbor O atoms. BCP data for these are given in
Table 2, together with the eight 6 values. All of these metrics
indicate very ionic Am—O bonding. The p values are all well
below the 0.1 e/bohr’ value generally taken as the upper limit
for an ionic bond, and the significantly positive Laplacian data
support this picture. The energy densities are all very close to
zero, indicating no covalency, and the 5(Am,0) data average
<0.3.

In the Introduction, we noted that the enthalpy of
complexation of Am™ by softer donors can be larger than for
Eu"™. This is sometimes attributed to marginally larger
covalency in the 5f complexes. To compare directly the Am—
O and Eu—O bonding in our system, we have replaced the Am
center with Eu and recomputed the electronic structure and
QTAIM metrics; the data are given in Table 2. Consistent with
reduced covalency, all of the Eu QTAIM metrics are a little
smaller in an absolute sense than their Am counterparts. We
stress, however, the highly ionic nature of both Am—O and
Eu—O bonding that Table 2 presents; rather than say the
lanthanide system is less covalent than the actinide, a better
description is that the Eu—O bonds are marginally more ionic
than the already highly ionic Am—O analogues.

In summary, the extent or otherwise of Am—O covalency in
our Am(CrO,),Cs,; cluster depends on one’s definition of the
term. The canonical orbitals show extensive mixing between
Am-5f and O-2p orbitals, but there is no significant overlap
between them. There is thus very little buildup of electron
density in the internuclear region, and QTAIM analysis points

Table 2. QTAIM M—O Bond Critical Point Parameters (au) and Delocalization Indices for Am(CrO,),Cs,, and

Eu(Cr0,),Cs,,”
P Vip H 5(M,0)
M-013 0.051 0.044 0.216 0.192 0.003 0.001 0.255 0.206
M-025 0.054 0.048 0.224 0.198 0.004 —0.001 0.289 0.240
M-010 0.054 0.049 0.212 0.186 0.004 —0.002 0.331 0.280
M-035 0.068 0.059 0.290 0.257 0.008 —0.004 0.348 0.283
M-011 0.048 0.043 0.204 0.179 0.002 0.000 0.268 0.212
M-024 0.053 0.047 0.220 0.195 0.003 —0.001 0.303 0.251
M-030 0.067 0.060 0282 0.244 0.008 —0.005 0.370 0.308
M-022 0.035 0.030 0.137 0.119 0.000 0.002 0209 0.178
“Data for Am in roman text, that for Eu in italics.
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Figure 9. LDA+DMFT ARPES spectra computed at T = 290 K for a-CsAm(CrO,),, a-CsEu(CrO,),, and a-CsSm(CrO,),. The 5/2 and 7/2 {
spectral contributions to the local DOS and the 5/2 and 7/2 components of the self-energies, Z(w) are displayed in the right panels.

to a very ionic picture. This view is reinforced by the NBO data,
which find six fully localized 5f electrons and no Am—O
bonding orbitals. We conclude that there is very little overlap-
driven Am—O covalency, though degeneracy-driven covalency
is clearly present in the electronic structure. We will now show
that this degeneracy-driven covalency plays a major role in the
properties of @-CsAm(CrQ,),. Furthermore, the SOC was not
included in the cluster calculations presented above; as we are
going to see in the next section, our band-structure calculations
demonstrate that the SOC substantially influences the
electronic structure of this material.

Band Structure of a-CsM(CrO,), (M= Sm, Eu, Am).
Here we investigate theoretically the electronic structure of a-
CsM(CrO,), (M= Sm, Eu, Am) in their respective lattice
configurations utilizing LDA+GA and LDA+DMFT, taking
fully into account the SOC. This particular selection of f-block
chromates enables us to investigate how the properties of the
M—0 chemical bond are affected (i) as M varies between the 4f
(M = Sm, Eu) and 5f series (M = Am) and (ii) as the nominal
number of M-f valence electrons varies from 5 (M = Sm) to 6
(M = Am, Eu).
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The LDA+DMFT angle-resolved photoemission spectra
(ARPES) and the corresponding f-electron spectral contribu-
tions to the density of states (DOS) are reported in Figure 9.
While bare LDA erroneously predicts that a-CsSm(Cr0O,), is a
metal and that @-CsAm(CrO,), and a-CsEu(CrO,), have small
band gaps <0.7 eV (see Figure S3), LDA+DMFT indicates that
the materials examined are all insulators with large optical gaps
in good agreement with our UV—vis-NIR absorption experi-
ments. The behavior of the components of f spectral weights
with single-particle total angular momentum j = 5/2 and j =
7/2 are significantly different from each other, which indicates
that the M-f SOC is very strong in all systems. In fact, the
atomic spin—orbit splittings of Am, Eu, and Sm are about 1.25
eV, 0.67 eV, and 0.59 eV, respectively. Finally, we observe that
the ARPES spectra display pronounced incoherent features in
all of these materials, as the f-electron spectral weight is spread
over a broad range of energies.

Both the large enhancement of the band gaps with respect to
LDA and the incoherent features of the f-electron spectra
constitute unequivocal evidence of the strong M-f electron
correlations in all of these materials. However, the LDA
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+DMFT electronic structures of these systems are very
different from each other. The most significant differences are
the following: (I) The j = 5/2 component of the self-energy
%5 /2() of a-CsSm(CrO,), displays a sharp pole, see the right
panels of Figure 9, which opens a Mott gap in the LDA spectra.
Instead, in a-CsAm(CrO,), and a-CsEu(CrO,), a gap is
already present in the LDA band structure (because of the
SOC). (II) The M-f degrees of freedom and the O-2p bands
(below the Fermi level) are hybridized in all of the materials
considered, which indicates that the nature of the M—-O
bonding is never purely ionic. However, the hybridization
effects between the M-f and the O-2p bands are considerably
more pronounced in @-CsAm(CrO,),.

In order to characterize in further detail the nature of the
M—O chemical bond and the role of the strong f-electron
correlations, we consider the local reduced density matrix of the
M- electrons pg which is formally obtained from the ground-
state wave function of the solid by tracing out all degrees of
freedom except the f valence shell of one of the Am atoms in
the crystal. For this purpose, we conveniently utilize the LDA
+GA approach. Let us represent p; as

= wi
Z o

where #, = P,/Tt[P)], P, are projectors over the eigenspaces V; of
Pp and the probability weights w; are sorted in descending
order. The eigenspaces V; have well-defined electron
occupation N, Furthermore, since the crystal field splittings
are small in this material, the eigenspaces V; have approximately
also a well-defined total angular momentum J. On the other
hand, the orbital angular momentum L and the spin angular
momentum S are not good quantum numbers, as the SOC of
the M-f electrons is very strong in all systems. The average
number of valence f-electrons per M atom is given by n; =
Tr[pN¢], where N; is the corresponding number operator.
The LDA+GA largest local f-electron configuration proba-
bilities w; of our systems and the corresponding quantum
numbers N; and J; are reported in Tables 3—S5. According to our

Table 3. Parameters of the Am-5f Reduced Density Matrix in
CsAm(CrO,), Computed Employing LDA+GA Assuming U
=6 and J = 0.7 (see eq 2)“

i 1 2 3 4
w, 0.88 0.06 0.04 0.002
N, 6 7 5 6
A 0 35 2.5 6

“Largest probability weights w,, corresponding quantum labels N;
(number of electrons) and J; (total angular momentum).

calculations, ¢ ~ 6.02 in a-CsAm(CrQ,),, while n; ~ 6.06 in a-
CsEu(CrOy,),, and #; ~ 5.07 in a-CsSm(CrO,),. As shown in
Table 3, the Am-5f electronic structure is dominated by a
singlet with N = 6 electrons and total angular momentum ] = 0,
whose probability weight is w, 0.88. We note that Tr[7,8%] =
Tr[#,L]2.25 x (225 + 1). Similarly, as shown in Table 4, also
the Eu-4f electronic structure is dominated by a singlet with N
= 6 and ] = 0, where the corresponding probability weight is wy
= 092, and Tr[#,8?] = Tr[?L?] ~ 2.8 X (2.8 + 1). Finally, as
shown in Table S, the Sm-4f electronic structure is dominated
by a 6-fold degenerate multiplet with N = § and ] = 5/2, whose
probability weight is wy = 093, Tr[7,5%] ~ 242 x (242 + 1)
and Tr[?L*] ~ 491 X (491 + 1).
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Table 4. Parameters of the Eu-4f Reduced Density Matrix in
CsEu(Cr0,), Computed Employing LDA+GA Assuming U =
6 and J = 0.7 (see eq 2)

i 1 2 3 4
w, 0921 0.069 0.007 0.004
N, 6 7 s 6
T 0 35 2.5 6

“Largest probability weights w, corresponding quantum labels N;
(number of electrons) and J; (total angular momentum).

Table 5. Parameters of the Sm-4f Reduced Density Matrix in
CsSm(CrO,), Computed Employing LDA+GA Assuming U
=6 and J = 0.7 (see eq 2)“

i 1 2 3 4
w, 093 0.017 0.015 0.012
N, s 6 6 6
J; 2.5 2 6 3

“Largest probability weights w,, corresponding quantum labels N;
(number of electrons) and J; (total angular momentum).

The reason why the SOC favors a | = 0 atomic state in a-
CsEu(CrO,), and a-CsSm(Cr0Q,), is that the nominal number
of f valence electrons in Am™ and Eu'" is 6, which equals the
dimensionality of the j = 5/2 manifold. The strong SOC creates
significant contamination of the spin and orbital angular
momentum quantum numbers in both systems (as pointed out
above) and substantially lifts the corresponding degeneracy in
favor of a J = 0 singlet, in agreement with the Hund’s third rule.
As a consequence, the strong electron correlations do not lead
to the formation of a local moment in these materials, which
are, in fact, strongly correlated band insulators. The electronic
structure of a-CsSm(CrO,), is qualitatively different from the
other systems examined. In fact, since the nominal number of
valence electrons in Sm'™ is 5, the Sm-4f j = 5/2 manifold is
only partially occupied, which allows the strong electron
correlation to produce the Mott state.

Interestingly, the total probability weight arising from other
multiplets besides w; is non-negligible for all of the materials
examined. The underlying charge fluctuations between the f
degrees of freedom and their environment constitute a clear
signature of the fact that the f electrons’ contribution to the
bonding is never purely ionic. However, charge fluctuations are
particularly pronounced in a-CsAm(CrO,),, where 1 — w, >
10%.

In order to more precisely quantify the importance of the
covalent contribution to the M—O bonds in the materials
considered, it is insightful to compare the physical ground-state
energy of the system with the energy minimum realizable in a
generic trial quantum state such that the M-f valence shell hosts
exactly the nominal value of electrons (6 electrons for M = Am,
Eu, S electrons for M = Sm) entirely disentangled from the rest
of the system, that is, a trial state such that the covalent
contribution to the M—O bond is exactly 0, by construction.
Formally, such a trial state, which can be easily constructed
within the LDA+GA framework, is realized by an electron
many-body wave function of the form [¥,,) = ¥)®IVY,,),
where [Wy) is the tensor product of all isolated M-f atomic states
in the lattice, while [¥,,,) is the most general wave function of
the rest of the system. Because of the variational principle,
minimizing the total energy with respect to the most general

I¥.,,) provides us with an energy higher with respect to the
physical ground state by a value AE_,, > 0 per unit cell, which
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constitutes an unbiased measure of f-electron covalency.
According to our calculations, AE,, ~ 0.76 eV for a-
CsEu(CrO,), and AE_,, ~ 0.67¢V for a-CsSm(CrO,),, while
AE,,, ~ 185¢V for a-CsAm(CrO,),. These large energies
indicate that the f-electron covalency contributions to the
M-O chemical bonds are non-negligible in all of the materials
examined. However, from the numerical values of AE_, it
clearly emerges that the covalency effects are significantly more
important in a-CsAm(CrO,), with respect to the other
systems.

Bl CONCLUSIONS

We have prepared and characterized a series of f-block
chromates, CsM(CrO,), (M = La, Pr, Nd, Sm, Eu; Am), and
noted pronounced differences between the Am™ derivative and
its lanthanide analogs. In order to investigate the origin of these
differences, we have theoretically analyzed the electronic
structure of a-CsM(CrO,), (M = Sm, Eu, Am) utilizing cluster
hybrid DFT and periodic LDA+GA and LDA+DMFT
simulations. This particular selection of f-block chromates
enabled us to investigate how the properties of the M-O
chemical bonds are affected (i) as M varies between the 4f (M
= Sm,Eu) and S5f series (M = Am) and (ii) as the nominal
number of M-4f valence electrons varies from 5 (M = Sm) to 6
(M = Am,Eu). Our analysis demonstrates that the f-electron
correlations are very strong in all of these f-block chromates,
but the electronic structures and the M—O chemical bonds of
these materials are very different from each other: (i) a-
CsSm(CrO,), is a selective Mott insulator in the j = §/2
manifold, and (ii) in a-CsAm(CrQ,), and a-CsEu(CrO,),, the
electron correlations do not lead to the formation of a local
moment, as the SOC favors a singlet atomic ground state with
total angular momentum J = 0, in agreement with Hund’s third
rule. Thus, neither a-CsAm(CrO,), nor a-CsEu(CrO,),
qualify as Mott insulators, but as strongly correlated band
insulators, where the occupied f-electron spectral weight has
mostly j = 5/2 character. All systems display hybridization
between the M-f and O-2p degrees of freedom, as the M—O
chemical bonds always have a non-negligible covalent
component. However, our results indicate that the f-electron
covalency effects are significantly more pronounced in a-
CsAm(CrO,), with respect to the other systems examined.
Interestingly, we also observed that the covalency effects in the
Am™ compounds are not present because of significant orbital
overlap, but rather because of the degeneracy of the Am"™ and
oxygen Sf and 2p orbitals and because the large SOC prevents
the formation of an Am-5f local moment.
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