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Three-Dimensional Americium(lll) Formate Coordination

Polymer
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and Robert G. Surbella, 1lI*%!

Abstract: We report the structural, vibrational, and optical
properties of americium formate (Am(CHO,),) crystals synthe-
sized via the in situ hydrolysis of dimethylformamide (DMF).
The coordination polymer features Am** ions linked by
formate ligands into a three-dimensional network that is
isomorphous to several lanthanide analogs, (e.g., Eu**, Nd*¥,
Tb*). Structure determination revealed a nine-coordinate
Am3** metal center that features a unique local C;, symmetry.
The metal-ligand bonding interactions were investigated by
vibrational spectroscopy, natural localized molecular orbital

\

calculations, and the quantum theory of atoms in molecules.
The results paint a predominantly ionic bond picture and
suggest the metal-oxygen bonds increase in strength from
Nd—O < Eu—O < Am—0. The optical properties were probed
using diffuse reflectance and photoluminescence spectros-
copies. Notably, the rarely reported °D;, —’F, emission band is
observed and dominates the emission spectrum. This behav-
ior is unusual and is attributed to the C;, coordination
environment of the metal center.

J

Introduction

A fundamental understanding of the transuranium elements,
such as their electronic configuration and role of 5f orbitals in
bonding, continues to be hampered by the lack of available
compounds from which to establish periodic trends and
quantify behavior. Scarcity of material and isotopes, as well as
the radiological hazards associated with handling highly radio-
active materials are the primary culprits. Chemical exploration
of the element americium (Z=95) in particular, suffers from this
problem. This is highlighted by a recent search of the Cam-
bridge Crystallographic Database, which contains over a million
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known crystal structures but only resulted in 55 known
americium bearing compounds (Table S1, CSD version
2022.2.0)."*" For comparison, a search of uranium and
plutonium resulted in 8,376 and 232 compounds, respectively.
This problem is not unique to americium but in fact also exists
for the other transuranium elements such as,
curium—californium. Broadly, the lack of available data from
which to extract trends across the actinide series limits our
ability to predict chemical behavior and utilize these elements
in future technologies. The obvious solution to this problem is
to broaden and diversify the known examples of transuranium,
and in particular of transplutonium, compounds.

Metal-organic frameworks (MOFs) consist of metal ions or
clusters connected into two-dimensional (2-D) or three-dimen-
sional (3-D) networks through organic ligands, and are an
emerging viable route to probe the fundamental properties of
actinides.?**® Such materials can be defined as a specialized
subclass of coordination polymers that potentially contain
solvent-accessible void spaces. Examples of transuranium
metal-organic frameworks (TRU-MOFs) have recently begun to
appear in the literature and in only the last four years are the
actinides plutonium,*? neptunium,®**® and americium"” repre-
sented. For example, properties such as unusual local coordina-
tion and thermal stability, have been studied using these
framework solids as hosts to immobilize actinides and study
their behavior.

The first 3-D porous americium containing MOF was
recently reported by Ridenour etal. utilizing the synthetic
protocol for the rare earth containing GW-MOF6 series based
upon adipic acid linkers."” The synthesis of Am-GW-MOF6 was
accomplished by substituting the rare earth metal salt in favor
of the actinide during preparation. The result was an isomor-
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phous framework to the known lanthanide based MOF.l'’*738

This resulting Am-MOF displayed evidence for weak guest-
enhanced americium sensitization by organic molecules resid-
ing in the void spaces.

Carboxylic linkers such as adipic acid are particularly utilized
in the formation of 3-D networks as the hard oxygen atoms
readily coordinate with actinide metal ions, which typically exist
in oxidation states greater than 3. The wide array of available
organic linkers — and indeed known lanthanide MOFs - from
which to rapidly synthesize families of TRU-MOFs is particularly
attractive. Underlying this prospect, however, is the need for
simple model compounds that can be used to interpret future
findings within structurally and electronically complex TRU-
MOFs.

Formate is the simplest form of a carboxylic acid. Formate
ligands are capable of coordinating to metal ions in several
motifs (Scheme 1) that are common to more complex carboxylic
acids and may support assembly in one, two, and three
dimensions. Because of the number of possible coordination
modes, MOFs and coordination polymers experience significant
differences in framework structure, void spacing, and metal-
ligand bond strength. All of these factors are known to
influence the resulting material properties.*>**! The small size of
the formate ion, however, prevents the formation of solvent
accessible void spaces, reducing the complexity of the structure
and properties associated with host-guest interactions. As such,
compounds that utilize formate linkers represent the simplest
type of a 3-D framework and may serve as a baseline model to
interpret periodic trends and properties such as spectroscopic
signatures.

Only a single instance of americium formate has been
reported to date, by Weigel and Meer in 1967, which was
synthesized via the dissolution of americium hydroxide in
concentrated formic acid. The initial report is limited to powder
X-ray diffraction data which revealed that the structure was
isomorphous with several analogous lanthanide formates as
well as one uranium formate complex.***> No optical or other
spectroscopic properties were reported, and no further work
has been published for this foundational complex. Therefore,
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Scheme 1. Selected possible coordination modes of formate ions with metal
centers.
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we recognize the importance of completing the record with
respect to the synthesis and interpretation of spectroscopic
signatures.

Herein, we report the synthesis, structure, and optical
properties of americium formate (Am1, Am(CHO,);). This
compound features Am®" metal centers linked into a 3-D
framework via formate ligands which are formed in situ by the
hydrolysis of dimethylformamide solvent molecules. The nine-
coordinate Am** assumes a C;, symmetry and is isomorphous
to its Nd** and Eu®" analogs,”**** which have both been
synthesized here using the same in situ method to aid in the
interpretation of the structural and optical properties of the title
compound. Monitoring the formate IR vibrational modes, we
have been able to determine that the relative metal-oxygen
bond strength proceeds as Am>Eu>Nd. The UV-vis-NIR
absorption spectrum of Am1 was determined via diffuse
reflectance spectroscopy measurements, displaying sharp f-f
transition bands. Most notably, luminescence measurements
reveal that americium formate is an active emitter when
irradiated with UV-vis light, primarily through direct excitation
from the 5f shell. This compound displays atypical Am**
emission behavior where the rarely observed °D,-'F, transition
is the dominant emission band. The vibrational and spectro-
scopic measurements were extended to the known lanthanide
analogs to unravel differences in the metal-ligand bonding and
distinct spectroscopic signatures.

Experimental Section

General: CAUTION: **Am (t,;,_7,370 years) is an a-particle and y-
radiation (142 keV) emitting radionuclide with high specific-activity
(0.2 Ci g') and hazardous o, B, and y emitting daughters, (e.g.,
Np with a t,_2.35days and a 278 keV y-ray). **Am poses a
serious health risk if not handled properly. All experiments with this
isotope were performed within a specialized facility designed and
designated for the handling of transuranium radionuclides. Syn-
thesis and bulk crystal growth were conducted in a negative
pressure radiological glovebox while individual samples were
prepared for analysis in a radiological fume hood. Nitric acid (65 %
w/w HNO,), benzene-1,3,5-tricarboxylic acid (BTC), EuCl;-6H,0, and
Nd,O; were purchased from Millipore Sigma. Dimethylformamide
(DMF) was purchased from ACROS Organics.

Synthesis: Am(CHO,);, (Am1). 100 pL of a 66.3 mM Am(NO;);-xH,0
(1.61 mg Am**) stock solution in concentrated HNO; was trans-
ferred to a 3 mL PFA Savillex vial containing 180 pL di H,O, 650 pL
DMF, 5 uL concentrated HNO;. The Savillex vial was sealed and
placed into a furnace and heated to 75 °C for 72 h. The solution was
allowed to cool to room temperature where large, pale orange, rod
crystals formed. The crystals were washed three times with fresh
DMF and prepared for diffuse reflectance and vibrational spectro-
scopy measurements. Microcrystalline powders of Am1 were
synthesized using a similar method. Here, 0.70 uL of Am(NO;);-xH,0
(0.340mg Am*") was transferred to a 3mL PFA Savillex vial
containing 100 pL of 15.5 mM BTC in DMF (0.00155 mmol), 180 pL
of H,0, 650 uL of DMF and 5 uL of HNO; (0.073 mmol, 65% w/w).
The Savillex vial was sealed and placed into a furnace and heated
at 75°C for 72 h. The solution was cooled, and a white microcrystal-
line product formed. Phase identification of the microcrystalline
sample was confirmed by PXRD, and this material was used for
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scattering electron microscopy (SEM) and luminescence measure-
ments.

Eu(CHO,);, (Eul). A total of 178.6 uL of 0.06 M Eu(NOs);-6H,0 in
concentrated HNO; (70.5 mg Eu®*) solution was transferred to a
3 mL PFA Savillex vial containing 180 pL di H,O, 650 pL DMF, 5 uL
concentrated HNO,. The Savillex vial was placed in a furnace and
heated at 75°C for 72 h. Small, colorless, square crystals formed.
Crystals were washed three times with fresh DMF.

Nd(CHO,);, (Nd1). A total of 1786 puL of 160 MM Nd,O; in
concentrated HNO; (99 mg Nd*") solution was transferred to a
3 mL PFA Savillex vial containing 180 uL di H,0, 650 uL DMF, 5 uL
concentrated HNO,. The Savillex vial was placed in a furnace and
heated at 75°C for 72 h. Large, pale blue, tubular rod crystals
formed. Crystals were washed three times with fresh DMF.

X-ray crystallography: Single crystals of Am1, Eu1, and Nd1 were
harvested from the mother liquor and mounted on 20 um
MiTeGen™ micromounts. Data were collected using monochro-
mated Ag Ko (=0.56087) radiation on a Bruker D8 Venture,
equipped with a Photon |l CMOS detector. All reflection data were
collected at 100(2) K or 298(2) K using 0.5° ¢ and o scans. The data
were reduced using SAINT®® and an empirical absorption correc-
tion applied using SADABS,*” all within the APEX3 software suite.*®
Structure solution was performed using direct methods (ShelXS)
while subsequent refinements were performed using WinGX.*” The
heteroatoms were refined anisotropically while the aromatic hydro-
gen atoms were placed in idealized positions (AFIX43) and allowed
to ride on the coordinates of the parent atom with isotropic
thermal parameters (U, fixed at 1.2 U, Details of the X-ray
diffraction experiments, and crystallographic data are summarized
in Table 1. Thermal ellipsoidal plots were rendered using ORTEP®”
and select bond lengths and bond angles can be found in the
Supporting Information, Figures S1-S4. Details of crystallographic
refinement can also be found in the Supporting Information.

Photophysical Measurements: Diffuse reflectance spectra were
collected on bulk solid samples of Am1, Eu1, and Nd1 at 298 K. The
light source was a Mikropack DH-2000-BAL deuterium and halogen
light source coupled with an Ocean Optics Flame detector.
Scattered light was collected with a fiber-optic cable. Spectra were
referenced with barium sulfate (BaSO,). Data were processed using

Table 1. Crystal and structure refinement data.”

Am1 Am1
Formula Am(CHO,); Am(CHO,);
Formula weight 376.11 376.11
Temp., K 298(2) 100(2)
Crystal System Trigonal Trigonal
Space group R3m R3m
Z 3 3
a/b, A 10.614(2) 10.572(2)
¢ A 4.058(2) 4.045(2)
a/p,® 90 920
v, ° 120 120
Volume, A? 395.9(2) 391.5(2)
ocalc, gem™ 4.757 4.786
W mm™' 14.497 14.661
Radiation Ag Ka Ag Ka
(0.56087 A) (0.56087 A)
Residuals:® R,; wR, 0.0064; 0.0145 0.0095; 0.0228
Goodness of fit 1.203 1.137
CCDC no. 2161095 2161094

[al R,=2|F,| —|F.| |/Z|F,| for observed data only. wR,={Z[w(F,2—F 2?2/
Zlw(F,)*)'" for all data.
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OceanView spectroscopy software. Steady-state luminescence scans
were collected at 298 K. Spectra were collected with a Nano-log®-3
photoluminescence spectrophotometer from Horiba using a 450 W
xenon arc lamp combined with a double excitation monochromator
and double emission monochromator. A photomultiplier tube at
950 V was used as the emission detector. Samples were mounted
on a black mount using non-emitting high vacuum grease and
sealed under a quartz plate.

Powder X-ray Diffraction: Dried microcrystalline powders of Am1
were placed on a zero-background plate within a Bruker PXRD
material holder (C79298A3244D97). Radiological samples were
covered with Kapton film as primary containment. The bulk
material was characterized using a Rigaku Ultima IV diffractometer
(Cu-Ka radiation). The scans were collected using 5 mm divergence
slit, 0.5 mm incident slit, receiving 5° side solar slits, and a Ni foil
filter (to reduce contributions from Kf). The data were collected in
0.02° count binning steps at a scan rate of 0.5°min~', from 5-90°
20, Figure S5. PXRD data indicates a common unknown impurity
(unexpected peak at 18.1° 20) in Am1 samples prepared via both
synthetic routes.

Scanning Electron Microscopy and Energy Dispersion Spectro-
scopy (SEM-EDS): Images of Am1 were collected on a FEl (Thermo-
Fisher Hillsboro, OR) Quanta 250FEG Scanning Electron Microscope
between 5 and 25 keV under low vacuum using a backscattered
electron detector. Compositional analysis was determined using an
Octane Elect silicon drift detector from EDAX (EDAX Inc., Mahwah,
NJ) X-ray energy dispersive spectroscopy (EDS) system using
GENESIS acquisition software. The spectra were modeled using
DTSA Il (Microscopium), Figure $6.°"

Vibrational Spectroscopy: “Spectroscopic measurements were
performed on single crystals of Am1, Eu1, and Nd1 at 298 K using a
Bruker Lumos Fourier-transform infrared spectrometer (FTIR) with
an attenuated total reflection accessory. This instrument is
equipped with a digital charge coupled device camera. Sixty-four
individual measurements were collected on three to five individual
crystals from each sample. Data were collected between 600 cm’
and 4,000 cm™ with a resolution of 4 cm™ and analyzed using the
OPUS V.7.2 software.”

Computational Details: Inner sphere bonding was investigated
using the QTAIM and Natural Bond Orbital (NBO) based Natural
Localized Molecular Orbital (NLMO) methods to understand and
rationalize covalency as well as atomic orbital hybridization and
involvement. Models, monomeric and dimeric, were built from
crystallographic subunits in their experimental structures and used
without optimization. Rendered models can be found in the
Supporting Information (Figure S10-S11). Calculations were per-
formed within the Amsterdam Density Functional (ADF) program®?
using the scalar relativistic zeroth-order regular approximation
Hamiltonian, the MO06-2X DFT-KS functional, and an all-electron
triple-zeta doubly polarized Slater-type basis set. Calculations were
performed with a single spin multiplicity (Nd=f3, quartet; Eu/Am =
f6, septet). The NLMO analysis was obtained with the NBO program
v6.0 included in the ADF package.®™ Only data for the alpha spin
NLMOs are reported herein. QTAIM utilized the corresponding
module implemented in ADF. NLMO and QTAIM parameter values
for the monomeric models were consistent with those of the
dimeric models. As such, we have opted to report just the dimeric
values in the following discussion. Monomeric values can be found
in the Supporting Information.
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500 um

Figure 1. Photoimages of Am1, Eu1, and Nd1 under microscope magnification (x5).

Table 2. Selected metal-oxygen distances of Am1 in comparison with Nd1
and Eu1 at 298 K.

Bond lengths [A]

Bond Am Nd Eu

M-01 (n‘) 2.464(5) 2.4683(18) 2.416(5)
M-02 (1]2) 2.555(5) 2.5513(18) 2.505(6)
M-02’ (nz) 2.561(5) 2.5690(18) 2.536(6)

Results and Discussion
Synthesis

The compound Am1 was synthesized from an acidic solution of
americium nitrate in a mixture of DMF and deionized water. In
situ hydrolysis of DMF in the presence of acid and heat resulted
in the formation of formic acid and dimethylamine products,
the former coordinating to the actinide ions.®™ The result was
the formation of small pale orange rod-like crystals that were
suitable for single crystal X-ray diffraction, Figure 1. Alterna-
tively, microcrystalline powders can also be prepared from a
similar solution that contains solvated BTC ligands (Figure S6) in
which the formate ions outcompete the larger carboxylic acid
for coordination. The BTC free in situ preparation was used
successfully to produce large single crystals of the previously
reported lanthanide analogs Nd1 and Eu1.%**¥ The Nd** and
Eu®" containing compounds were used to rationalize the
structural and spectroscopic data of the title compound. The
Nd** ion in a nine-coordinate geometry has a radius of 1.163 A,
similar to Am** at 1.162 A, and as such provides a suitable
structural comparison.®**® Similarly, Eu®* as a 4f° ion shares a
closely related electronic configuration to Am®* (5f%), and as
such, serves as an spectroscopic surrogate for the heavier
actinide.

Structure

The isomorphs Am1, Eul, and Nd1 crystallize in the trigonal
space group R3 m and have nearly identical unit cell parameters
(Table S2). As a representative structure, Am1 features an
asymmetric unit that contains a single crystallographically
unique metal center and formate ligand. The Am®* ion is

Chem. Eur. J. 2023, 29, e202300077 (4 of 10)

Figure 2. Local coordination geometry about the metal center in Am1 with
inset polyhedral representation of the inner coordination sphere. Color
scheme: Am, pink; O, red; and C, black.

coordinated by nine formate ligands to form a tricapped
trigonal prismatic geometry, Figure 2. The formate ion assumes
a bridging ’-n'm’ coordination mode between three metal
centers (Figure S7). The measured Am—O distances are 2.464(5)
A (Am1-01 ("), 2.555(5) A (Am1-02 (%), and 2.561(5) A (Am1-
02" (n?). The metal center adapts a local C;, symmetry due to
the asymmetry of the Am—O contacts, Figure S8 and S9, which
is unique among known Am®" bearing compounds. This
symmetry is preserved in Nd1 and Eul with a comparison of
M-O distances in Table 2. Given the similarity in ionic radii, the
compounds unsurprisingly show similar metal-ligand distances.
Notably, however, the 1> Am—0 distances are slightly shortened
(up to 0.23% in the case of 02') compared to the analogous
Nd—O distances whereas the ' bonds are essentially the same.
The Eu—O distances are significantly shorter.

The global connectivity of Am1 features bridging n? formate
oxygens (02/02) that link adjacent metal centers together,
forming chains along the crystallographic c-axis. The chains are

© 2023 Battelle Memorial Institute and The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

95U90|7 SUOWIWOD dA T8I 3|t [dde L) Aq peuienob afe sajoile YO ‘SN JO Sa|nJ 4oy Aeiq i aulUO AS]I UO (SUONIPUOI-PUe-SWLB)/W0d" A3 1M AReiq 1put|uoy/:Sdny) SUONIPUOD pue S 1 3y} 89S " [€202/TT/22] Uo ARiqiTauliuo (1M ‘[1Zeig - oned 0es Jo AluN AQ 22000£202 WeUd/Z00T OT/I0p/wod Aa 1M Aleig i jpuljuo ado.ne-Ans iweyd//sdny woij papeojumod ‘Ti ‘€40z ‘S9LETZST



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202300077

in turn linked into a 3-D framework via the n' formate oxygen
(O1), Figure 3. The 1’ coordination mode at the 02/02’ atoms
provides an explanation to the distance elongation for these
atoms in comparison to the n' O1 atoms. The small size of the
formate ion prevents formation of solvent accessible void
spaces along the c-axis. The lack of solvent accessibility is
important considering sensitization of Am*>* luminescence by
light-harvesting guest molecules has been demonstrated in the
other example of an Am MOF."” As such, the absence of guest
molecules makes Am1 an attractive control model in which to

Figure 3. Left: A ball-and-stick representation of Am1 (left) shows the chains
that form along the c-axis by n* coordination of the formate ligands. Right: A
polyhedral representation of Am-1 highlights the 3.37(1) A x 4.105(9) A
channels that propagate along the c-axis.

V3 Vg Va5 Va

compare future TRU-MOF chemical behaviors as complex
electronic pathways between linkers and/or guest molecules is
limited.

Vibrational Spectroscopy

The vibrational spectrum of Am1 was collected alongside the
Eu1 and Nd1 analogs to explore the involvement of the 5f shell
in bonding. Results are shown in Figure 4 and summarized in
Table 3. Formate has several IR active vibrational modes that
may be influenced by coordination at either (or both) oxygen
atoms.”” The C—O stretch is particularly sensitive to changes in
coordination mode and electron donation by the terminal O,
marking it as an important spectroscopic probe for metal-O
(M—0O) bond analysis. For example, in aqueous solutions the
symmetric C—O stretch occurs at 1,585 cm™" whereas for solid
Na,CHO, this mode is shifted to 1,567 cm™'. The asymmetric
C-O stretch also shifts from 1,351 cm™ in solution to 1,366 in
Na,CHO,.*” For Am1 the symmetric and asymmetric C—O
stretches are observed at 1,560 cm™' and 1,309 cm™, respec-
tively. The C—O stretch modes are progressively shifted to
higher frequency for the Eu1l and Nd1 analogs to 1,312cm™
and 1,317ecm™" for the symmetric and 1,562cm™' and
1,566 cm™' for the asymmetric stretch, respectively. Plotting the
frequencies versus the van der Waals (vdW) radii of Am, Eu, and
Nd at 2.83 A, 2.87 A, and 2.95 A, respectively, as suggested by
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Figure 4. Left-to-Right: The FTIR spectra of Am1, Eu1, and Nd1 and the plots of v,,, C—O stretch frequencies versus metal van der Waals radii. The IR active

formate bands are highlighted in gray and normal modes labeled.
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Table 3. Summary of the vibrational (IR) spectroscopy results for Am1, Eu1, and Nd1.”

Ami1 Eul Nd1
v, C—O stretching (asymm) [cm™'] 1309 1312 1317
v; COO deformation [cm™'] 781 781 779
v, C—O stretching (symm.) [cm™] 1560 1562 1566
vs COO rocking [cm™']
(C—H bending, in-plane) [cm™] 1352 1354 1352
vg COO rocking 1024 1026 1022
(C—H bending, out-of-plane) [cm™]

Alvarez®¥ and generally with ionic radii by Shannon (CN=8)"*

reveals a linear relationship where the larger radii trend towards
higher frequencies, and thus stronger C—O bonding. For
formate, the highest occupied molecular orbital is a delocalized
O—C-O m involving the unhybridized p, C and O atomic
orbitals.*” As such, we expect increases in M—O bonding and
accompanying backbonding to cause a decrease in the C—O
vibrational frequency analogous to the metal-carbonyl inter-
actions in organometallic complexes.”®’" Based on the C-O
frequencies in our formate series the M—O interaction strength
is in the order Am1 > Eu1 > Nd1.

Computational Modelling

Experimental results and their implication on inner sphere
bonding were substantiated by QTAIM and NBO calculations.
Herein, our goal was to (1) evaluate the bond of the
coordinated formate ligand (i.e., relative strengths, covalency,
etc.) and (2) deduce the hybridization and identity of atomic
orbitals involved as a function of metal. The QTAIM results for
dimeric models are summarized in Table 4 for which the bond
critical point (BCP) parameters around the metal atom are
reported. For the formate compounds and the metal-oxygen
interactions, the calculated electron density (o) is <0.05 au,
ranging between 0.047 au (Am1) and 0.036 (Nd1) and the
Laplacian (V%) is >0 au. Typically, for a clear-cut covalent
bond, 0>0.2 and Vg <0. Therefore, both values indicate that
the metal-ligand bonding in the present systems is dominated
by non-covalent (ionic) interactions.”? However, it has been
noted repeatedly (e.g., recently in Ref. [73]), that QTAIM does

not readily identify minor but important covalent components
in actinide-ligand bonding. For example, the electron density is
marginally largest in Am1, viz. 6-9% larger compared to the
lanthanide analogs. Here, @ is largest for the n' O1 bond and
smallest for the 1> 02 bond, representing the strongest and
weakest bonds, respectively. Overall, ¢ decreases in the order of
Am1>Eul>Nd1 and is therefore consistent with the FTIR
analysis. The mostly ionic nature of the metal-formate bond is
further indicated by the generally positive values of the total
energy densities (H). Both Am1 and Nd1 feature negative H
values, yet the magnitude is nearly zero in each case. Despite
the clear indication that the metal-formate bond is strongly
ionic, according to the QTAIM metrics, we bring attention to
the bond ellipticity parameters (€) of Am1. These values are
significantly smaller in Am1 compared to analogous lanthanide
BCP values. At a fundamental level the ellipticity describes the
bond cylindrical symmetry where for formal single and triple
bonds € =0 and double bonds € >0, (e.g., 0.000 for ethane vs.
0.330 for ethene).” The small € values of Am1 thus indicate the
Am—O bond is single with a bond order of one ."

Evaluating formate hybridization and orbital involvement is
the next step in understanding inner sphere coordination. For a
free formate anion, the electronic structure according to an
NBO/NLMO analysis is as follows: The C—H o bond orbital and
the two equivalent C—O ¢ bond orbitals involve the expected
sp? hybrid atomic orbitals on the carbon. For each oxygen, one
of the two lone pairs (LPs) is generated as an in-plane s-rich
(62%) o LP. The other one is generated as an in-plane 2p
atomic orbital. The two in-plane 2p LPs of formate show
considerable delocalization within the o framework of orbitals,
as indicated by the parent NBO occupations of only 1.86. For

Table 4. QTAIM topology parameters (atomic units) for the M—O and M—M bond critical points in Am1, Eu1, and Nd1 dimeric models. Electron density, o;
Laplacian of the electron density, Vg; ellipticity, &; total energy density, H; potential energy density, V; kinetic energy density, G.

Bond 0 Vo € H % G |v|/G
Am-01 0.04717 0.22231 0.00927 0.00085 —0.05388 0.05473 0.98452
Am1 Am-02 0.03814 0.18595 0.00026 0.00309 —0.04031 0.04340 0.92888
Am-02’ 0.03987 0.17591 0.01851 0.00130 —0.04138 0.04268 0.96951
Am-Am 0.00975 0.04553 -0.84174 0.00252 —0.00635 0.00887 0.71613
Eu-0O1 0.04674 0.20912 0.03037 0.00001 —0.05225 0.05227 0.99975
Eul Eu—02 0.03667 0.17042 0.01819 0.00258 —0.03745 0.04003 0.93556
Eu—-02' 0.03729 0.15298 0.02227 0.00080 —0.03665 0.03745 0.97871
Eu-Eu 0.00987 0.04916 —0.85726 0.00279 —0.00670 0.00950 0.70582
Nd—O1 0.04576 0.18958 0.01959 —0.00101 —0.04942 0.04841 1.02092
Nd1 Nd—-02 0.03588 0.16097 0.02837 0.07513 —0.03582 0.03803 0.94190
Nd—02 0.03766 0.14645 0.00894 0.00006 —0.03650 0.03656 0.99847
Nd-Nd 0.00895 0.04388 -0.00862 0.00255 —0.00587 0.00842 0.69731

Chem. Eur. J. 2023, 29, e202300077 (6 of 10)

© 2023 Battelle Memorial Institute and The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

95U90|7 SUOWIWOD dA T8I 3|t [dde L) Aq peuienob afe sajoile YO ‘SN JO Sa|nJ 4oy Aeiq i aulUO AS]I UO (SUONIPUOI-PUe-SWLB)/W0d" A3 1M AReiq 1put|uoy/:Sdny) SUONIPUOD pue S 1 3y} 89S " [€202/TT/22] Uo ARiqiTauliuo (1M ‘[1Zeig - oned 0es Jo AluN AQ 22000£202 WeUd/Z00T OT/I0p/wod Aa 1M Aleig i jpuljuo ado.ne-Ans iweyd//sdny woij papeojumod ‘Ti ‘€40z ‘S9LETZST



Chemistry

Research Article Europe
doi.org/10.1002/chem.202300077

European Chemical
Societies Publishing

Chemistry—A European Journal

comparison, the two oxygen ¢ LPs have parent NBO occupa-
tions of 1.99, close to the idealized 2.00 for a perfectly localized
Lewis-type orbital. The delocalized mt system of free formate is
in the NBO/NLMO analysis represented by one C—O & bond on
one side, accompanied by a strongly delocalized oxygen 2p &
lone pair on the other side with a parent NBO occupation of
only 1.61. Together, the m bond and the delocalized w LP
represent the 3-center-4-electron m bond of carboxylate.
Donation (dative bonding) from the formate ligand to the metal
may then take place via o donation from the o and in-plane 2p
LPs, and via  donation from the occupied formate t frame-
work. Given that the ligand has empty low-energy mt* orbitals,
there is also a possibility for t back-donation.

The metal-ligand bonding in Am1 involves primarily the s-
rich o LPs of the oxygens. Representative examples are shown
in Figure 5. In keeping with the mostly ionic bonding in the
complex, the donation bonds in the system are strongly
polarized toward the oxygens and indicate only minor involve-
ment of the Am 5f and 6d shells, with at most a few weight-%
of the orbital densities on Am (see Supporting Information).
Representative atomic orbital renderings are shown in Figure 5.

In Am1 the Am—Am distance of 4.058(2) A represents 71.7%
of the sum of the vdW (ZvdW). While far outside the distance
(3.451 A-3.468 A) for Am metal,”® the short Am—Am distances
in Am1 give rise to the possibility of orbital interactions
between actinide metal centers. Actinide-actinide bonding has

Am-01 (n') Bonding

Figure 5. Representative NLMOs (4-/-0.03 isosurfaces) calculated for Am1
and representing inner sphere Am—0 bonding.

Chem. Eur. J. 2023, 29, e202300077 (7 of 10)

so far largely been restricted to gas phase molecules or
computationally predicted structures.””* Two notable exam-
ples are a {Th(ng-CgHs)(1s-Cl),}; cluster complex by Liddle et al.®”
and a U,@Cy, cage by Chen etal®™ For {Th(ng-CgHg)(us-Cl),}
Th—Th bonding occurs between the Th 6d orbitals whereas in
the U,@C¢, cage, the U-U bonds occur primarily between the U
5f orbitals.®™ The metal-metal bonding in these systems follows
computational predictions where 5f orbital participation be-
comes more prevalent in the actinides following Th. With this in
mind, we set out to determine the presence and nature of
Am—Am bonding (if any).

Interestingly, both the QTAIM analysis and the NLMO
analysis indicate the possibility of Am—Am orbital interactions.
In QTAIM, there is a BCP identified between the Am** centers
in Am1 revealing electron density values similar to those found
in the systems of Eu1 and Nd1. These metal-metal BCPs, unlike
those for the coordinated O atoms, are cage critical points and
thus represent a local electron density minimum which
increases in all three directions. The QTAIM parameters indicate
the presence of electron density between each metal center (in
Am1, Eul, and Nd1), which trends with the short crystallo-
graphically oberseved metal-metal distances.® QTAIM values
alone, however, are unable to determine whether the electron
density arises from metal-metal bonding, (with accompanying
orbital overlap), or simply owing to close metal centers due to
crystal packing. To evaluate this, we turned to NLMO calcu-
lations (Table S10). No orbital interactions between the metal
centers are observed for the Eul and Nd1 models as expected
for lanthanide systems. In Am1; however, the NLMO analysis
predicts an orbitalinteraction between the 5f shells of neigh-
boring Am** metal centers (Figure 6), with mutual delocaliza-
tion of unpaired electrons among the neighboring Am center.
The NBO calculation classifies the interaction as an Am—Am
bond. Although details about this interaction will need to be
teased out by additional calculations, it seems noteworthy that
the present density functional calculations identify a form of
metal-metal covalency in Am1, but not the 4f analogs, which
warrants further evaluation given the potential importance of
these bonds in directing structural and spectroscopic proper-
ties.

Figure 6. Representative Am—Am 2-center NLMO (+/- 0.03 isosurfaces) with
5f character calculated for Am1.
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Optical Properties
UV-vis-NIR spectrum

Solid-state UV-vis-NIR diffuse reflectance spectroscopy was col-
lected at room temperature on bulk microcrystalline material,
Figure 7. The Am1 spectra display Laporte forbidden f-f transitions
typical of Am*®* bearing compounds. Two dominant bands are
observed at 509 nm and 808 nm corresponding to transitions
from the ’F; ground state to the Ly and ’F¢ excited states,
respectively.®*®”)  Weaker, less intense absorption bands are
observed at wavelengths less than 475 nm and are attributed to a
number of transitions from the ’F, ground state to the higher
energy states, such as °D, and °G,.*”®® Overall, the Am1 UV-vis-
NIR absorption spectrum is rather unremarkable and similar to
those of other Am** bearing materials as well as those obtained
from solutions."#***87%4 Extension of absorption measurements
to Eul and Nd1 also reveal forbidden f-f transition typical for these
lanthanide metals as reported elsewhere.”**"

Luminescence properties

To date only a few reported emissive Am’" containing
compounds are known from single crystals."'>"7%% The

Nd1
WL_,TVA\/
H *
H
Am1
350 450 550 650 750 850
Wavelength (nm)

Absorption (AU)

Figure 7. Solid-state diffuse reflectance spectra of Am1, Eu1, and Nd1col-
lected at room temperature. Observed Eu** emission bands are denoted by

).

Fizo e
Jrem = 867

7o = 583 N~

Nd1

en= 617nm

Do 7F
. U:*v'H\ DR
\ Ao = 395 Ny
et ¥ o

D~ TFg

Normalized Intensity (AU)

| Dio TF

7= 5100

200 300 400 500 600 700 800 900 1000
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Figure 8. Luminescence spectra collected at 298 K on microcrystalline
samples of Am1, Eu1, and Nd1. The excitation (dashed) and emission (solid)
profiles and excitation wavelengths are provided. The break in the Am1
spectra is due to the presence of a Rayleigh scattering peak.
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compound Am1 is an emissive material and as such. we have
measured the luminescence spectrum, Figure 8. The excitation
spectrum, when measured by monitoring at 703 nm, shows
sharp bands at 510 nm, 423 nm, and 378 nm, all of which are
characteristic of f-f transitions. When excited at 510 nm, Am1
displays two narrow emission peaks at 596 nm and 703 nm.
These bands result from direct excitation of the metal center
and are f-f in origin and assigned to radiative decay from the
°D, excited state to the 'F, and ’F, states, respectively."® In
Am’" materials the dominant emissive bands are observed at
~700 nm ('F,) and ~825 nm (’F,), however, in Am1 the 596 nm
('Fy) emissive band is the most intense band.”'*'”" Of the 12
known nine-coordinate Am*" materials, this inversion of band
intensity has never been observed.!'%?'#¢12131517.20 Thjs behay-
ior was confirmed by collecting subsequent measurements on a
second sample prepared via in situ routes (Figure S15).

Interpretation and rationalization of the Am®" emission
behavior was accomplished via comparison to Eul and Nd1
whose spectra are also shown in Figure 8. Primarily we are
interested in the influence on optical properties from (1) the
formate ligand and (2) metal site symmetry. Notably, a ligand-to-
metal charge transfer band was not observed in the excitation
spectrum of Eu1l and Nd1. These bands are typically found in the
high energy UV region (200 nm - 350 nm) and would be indicative
of resonant energy transfer from the ligand to the metal. The
absence of this excitation band demonstrates that for the
compounds reported here, the ligands play a strictly structural role
and do not electronically contribute to the optical behavior. Our
early investigation into the structure of Am1 led to two possible
site symmetries (D, or C,) and is dependent on the extent of the
difference between the Am—02 and Am—02’ bond lengths. These
bond lengths, as described above, differ by only 0.23% making it
unclear whether the difference is sufficient to reduce the overall
symmetry from Dy, to Gs,. Analysis of the ’F; emission splitting in
Eu1 is particularly useful in differentiating symmetry. As has been
well documented, splitting of Eu®* emission bands are highly
dependent on the metal site symmetry."”'"'® For those of Dj,
symmetry, the *Dy—’F, transitions (J=0-4) give rise to a splitting
pattern of 0, 2, 1, 2, and 3 while for G, this pattern is 1, 2, 3, 3, and
51319 Close investigation of the Eul emission profile, Figure S16,
shows splitting of the ’F, emission consistent with C;,, supporting
our final symmetry assignment. This assignment separates Am1 as
the only nine coordinate Am*™ with C;, symmetry for which
emission is reported. Emission of seven-coordinate!” (C,), eight-
coordinate”'?* (C, and C,,), and nine-coordinate®® (C,) are known
and do not display a dominant *D,—’F, emission band. As such,
we postulate that the peculiar optical behavior is a direct result of
the unique symmetry of the metal site.

Conclusions

The synthesis, structure, and optical properties of americium
formate has been investigated to provide a baseline of
comparison for future complex transuranium metal-organic
frameworks and coordination polymers. Using the most basic of
carboxylate linkers, the formate ions bridge Am** centers into a
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3-D coordination polymer via n)'- and 1> metal-oxygen bonding.
The complex features a nine-coordinate metal center residing in
a G, symmetry site, which is confirmed via the study of the
Eu’" and Nd*" analogs. Infrared measurements with supporting
QTAIM and NLMO calculations reveal that the Am—O bond is
mostly ionic, but a secondary and important covalent compo-
nent is present. The presence of orbital interactions between
Am>T centers is supported by theoretical findings and indicates
participation of the 5f atomic orbitals. Luminescence spectra of
the actinide compound collected at room temperature reveal
two emission bands in the UV-vis region, which are assigned to
decay from the °D, excited state to the ’F, and ’F, ground
states. Notably, the F, emission band is more intense than the
’F, band and is an unreported behavior for americium-bearing
compounds. With so few examples of complexes available, we
postulate that the unusual behavior is a result of the unique
symmetry environment. We are currently perusing the synthesis
of new transuranium families that feature broad arrays of local
symmetries and linker ligands to explore how these differences
influence the actinide spectroscopic signatures.

Deposition Numbers 2161095, 2161094 contain the supple-
mentary crystallographic data for this paper. These data are
provided free of charge by the joint Cambridge Crystallographic
Data Centre and Fachinformationszentrum Karlsruhe Access
Structures service.
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