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Abstract: The isostructural compounds of the trivalent acti-
nides uranium, neptunium, plutonium, americium, and
curium with the hydridotris(1-pyrazolyl)borato (Tp) ligand
An[n*-HB(N,C;Hs);]; (AnTps) have been obtained through
several synthetic routes. Structural, spectroscopic (absorp-
tion, infrared, laser fluorescence) and magnetic characterisa-

tion of the compounds were performed in combination with
crystal field, density functional theory (DFT) and relativistic
multiconfigurational calculations. The covalent bonding in-
teractions were analysed in terms of the natural bond orbital
(NBO) and quantum theory of atoms in molecules (QTAIM)
models.

Introduction

In the past few years, the bonding nature of actinides to the
surrounding ligands has attracted increasing attention. Differ-
ences owing to covalency effects are frequently discussed,
thus contributing to our understanding of the nature of bond-
ing."? Several reviews have summarised the progress in this
field including the annual survey on organometallic chemistry
of lanthanides and actinides®™ and the book “Organometallic
and Coordination Chemistry of the Actinides”."™ US colleagues

recently reported on the solid-state structure of an Am cyclo-
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pentadienyl (AmCps) derivative!"’ whereas Evans summarised
the lanthanide(ll) and actinide(ll) chemistry.'” The experimental
work has been understood more and more by comprehensive
theoretical work. Thus, Kaltsoyannis reviewed the theoretical
approach to transuranic computational chemistry.”® Ephriti-
khine highlighted the rich uranium and thorium Cp chemis-
try" whereas the organometallic neptunium chemistry was re-
viewed by Arnold et al."® followed by a review from Walter on
the organometallic chemistry of the actinides.'® Recently,
Abergel and Kozimor summarised innovative f-element chelat-
ing strategies in a special issue of Inorganic Chemistry."”

Investigations over a row of isostructural compounds or
compounds exhibiting comparable structural features together
with computational methods help us in understanding the
changes in the bond behaviour of the actinides. Recently, Kozi-
mor et al. showed this with the example of the nitrato actinide
complexes and their equilibria in solution, extending the exist-
ing investigation towards Am and Cm.'® The importance of
extending our experimental data based knowledge towards
the trans-plutonium elements was also demonstrated by Al-
brecht-Schmitt with the example of the dithiocarbamates of
Am, Cm, and Cf." Our present work follows the same idea,
dealing with homologous lanthanide and actinide complexes
with the hydridotris(1-pyrazolyl)borato (Tp) ligand; this work
thus represents another stone in the mosaic of understanding
the differences and the commonalities of the lanthanides and
actinides.

The coordination chemistry of the Tp ligand has been stud-
ied extensively since its introduction in 1966.*” This ligand and
its derivatives form an abundant variety of complexes with
most metals and metalloids in a tridentate fashion. Trofimenko
has termed this ligand and its derivatives “scorpionates”,”" be-
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cause the two equatorial pyrazole rings look like the claws of a
scorpion and the pseudo-axial pyrazole ring looks like its sting-
er. Within the past two and a half decades, the Tp molecule
has developed from a rather exotic species to a popular ligand
in the chemistry of transition metals.”’*" The hydridotris(1-pyr-
azolyl)borates of the trivalent lanthanides (LnTps;, Ln=La to Lu,
with the exception of Pm) have been previously investigated
by some of us.”? These complexes have been synthesised
by reaction of the lanthanide trichlorides with K[HB(N,C;H,);]
(KTp). The LnTp; compounds from La to Tb are nine-coordinat-
ed, whilst the compounds of the heavier ions, Dy to Lu, are
eight-coordinated.” From them, LaTp,, PrTp;, NdTps;, SmTp;,
EuTp; and YbTp; have been subjected to detailed structural
and spectroscopic investigations.?*>" The thermal behaviour
of several LnTp; compounds has also been investigated by
thermogravimetric/differential thermal analysis (TG/DTG) and
differential scanning calorimetry (DSC) techniques.??

Some compounds of tetravalent thorium and uranium with
the unsubstituted Tp ligand have been reported in the litera-
ture,*** but only little information on compounds of trans-
uranic elements is available.*"*? The absorption spectrum of
UTp,*’ and the magnetic behaviour of UTp,***! and
PuTp,“** prepared with the unsubstituted Tp ligand have
been reported more recently. The magnetic properties of the
latter two compounds have also been analysed by relativistic
multireference quantum chemical calculations.*>** Com-
pounds of the trivalent actinides Np, Am and Cm with the un-
substituted Tp ligand have not been described so far.

For the pure Tp ligand, sometimes it is difficult to control
the ligand-to-metal ratio in the final complexes, but the Tp
ligand allows us to introduce functionalisation at the 3,5-posi-
tion of the pyrazole ring. Introducing two methyl substituents
at these positions leads to the formation of the Tp* ligand
(Tp*: hydridotris(3,5-dimethyl-1-pyrazolyl)borate), which is steri-
cally more demanding than its unsubstituted Tp derivative.
This larger space demand causes a reduction of the coordina-
tion number from three Tp to a maximum of two Tp* ligands
in the coordination sphere of the actinide (Th, U), creating a
free coordination site. Accordingly, quite a few An complexes
involving one or two functionalised Tp ligands or their bis-pyr-
azolylborate derivatives have been described.*®7?

Taking advantage of the free metal coordination site created
as a consequence of using the Tp* ligand, a rich and manifold
chemistry for the system [UTp*,] has been established includ-
ing, for example, the synthesis of highly reactive U alkyl com-
plexes.”*”"! Reactive species might enable activation of small
molecules such as CO, or the formation of new structural mo-
tives even under C—C bond formation or electron trans-
fer.[40,63,78—80]

However, the focus of this report lies on the synthesis of the
homologous AnTp; compounds of trivalent 5f-elements (An=
U, Np, Pu, Am, Cm) together with the results of spectroscopic,
magnetic and theoretical investigations, enabling a systematic
assessment of their properties.

Chem. Eur. J. 2020, 26, 11293 - 11306 www.chemeurj.org

Experimental Section and Computational
Details

Materials

All chemicals were reagent grade. Tetrachlorides (UCl,, NpCl,) were
prepared by chlorination of the dioxides with a Cl,/CCl,/argon
stream as previously described.®"” UCl, was prepared by chlorina-
tion of uranium metal or uranium hydride with HCL®? NpCl; was
prepared by reduction of the tetrachloride with pure H,.*2 PuCl,
was directly obtained by chlorination of PuO,®® as PuCl, is not
stable under normal conditions.®®¥ Solvents were dried and fresh-
ly distilled under argon before use. Water was degassed prior to
use. Actinide triflates An(OTf), (OTf=CF;SO;") were prepared as re-
ported.®

For the preparation of neptunium compounds, the isotope Np-237
(T,,=2.1%x10°%y) was used. For curium, the isotope Cm-248 (T,,,=
3.4x10%y) was isolated from a Cf-252 source by using the chroma-
tographic procedure and apparatus described in ref. [87]. The pro-
cedure involves the elution of Cf with a-hydroxy-a-methylisobuty-
ric acid (a-HMBA, pH4.0) from a Cf/Cm(NO); stock solution
(gained from an old (Cf-252),0; neutron source) in a cation ex-
change column [DOWEX 50WX8 (mesh 100-200)] in a hot cell and
followed by elution of Cm with a-hydroxy-a-isobutyric acid (o-
HIBA, pH 4.8). From the gained highly pure Cm-248, 3 mg was
used for the preparation and characterisation of CmTp;,. For pluto-
nium compounds, we used the isotopes Pu-238 (T,,,=87.7 y), Pu-
239 (T,,=2.4x10"y) or Pu-242 (T,,=3.8x10y); for americium,
the isotopes Am-241 (T,,,=432y) or Am-243 (T,,,=7370y). All ele-
ments had an isotopic purity exceeding 98%. The possibility of
using different isotopes of the same element allows for the com-
parison of chemical and physical properties of otherwise identical
compounds. These differences can be caused by the varying half-
lives and the consequently varying extent of radiolysis effects.

Synthesis and isolation of the compounds

The complexes AnTp; (An=U, Np, Pu, Am and Cm) were prepared
by the reaction of AnCl; or An(OTf),® with a slight molar excess
(3.05 to 3.1 equiv) of KTp in water at room temperature or in tetra-
hydrofuran (at reflux) according to the reaction in Scheme 1.

Although the actinide trichlorides are unstable towards oxidation
and hydrolysis, the reaction of the chloride with KTp can be carried
out in oxygen-free water and even in normal distilled water, if long
contact of the trichloride with water is avoided before reaction
with KTp. Similarly to the homologous LnTp; complexes of the
light lanthanides, the actinide complexes are insoluble in water
and can be easily purified from the excess of the well-soluble KTp
and KCl by several washes with distilled water, ethyl alcohol and
diethyl ether under stirring, followed by centrifugation or filtration
and drying in a desiccator over P,Os. Further purification is possible
by sublimation or by extraction with benzene or toluene. Thus, in
the case of AnTp; (An=U, Np, Pu), a microcrystalline product was
isolated by extraction with toluene for 6 weeks with a yield of
more than 90 %.

Alternatively, the actinide complexes AnTp; (An=U, Np, Pu) were
synthesised by the reaction of AnCp,- THF®* with KTp in tetrahy-
drofuran at room temperature (Scheme 2). The driving force of this
reaction, similar to the previous one in water, lies in the difference
of the solubility of the reactants and KCp in THF (soluble) com-
pared to the reaction product (AnTp;, insoluble), resulting in con-
tinuous removal of the product from the reaction equilibrium. Fil-
tration and washing with THF yield products of high purity.
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Scheme 1. Formation of AnTps. In the following formulas the hydridotris(1-pyrazolyl)borato ligand will be abbreviated as Tp.

-3KCp

3KTp + AnCp,(thf) AnTp,
in thf

Scheme 2. Alternative synthesis of AnTps.

The neptunium compound was also obtained by the reaction of
Tp,NpCL*" with cyclooctatetraenylpotassium (1:1 molar ratio) in
tetrahydrofuran for two weeks. Obviously, the tetravalent neptuni-
um is reduced to Np** by the cyclooctatetradienide anion. Instead
of the intended compound [Tp,Np(cot)] we have isolated NpTp;
(60% yield) and Np(cot),*"*? (28 % yield) [Eq. (1)]:

3NpTp,Cl, + 3K, (cot) =4S, > NpTp, + [Np(cot),] (1)

After extraction of [Np(cot),] from the dried mixture by n-pen-
tane,®"*? NpTp, was isolated by extraction with toluene or by
drying after removal of KCI (by washing with cold oxygen-free
water). The standard reduction potential for the transition An*"—
An*t is —0.52V in the case of uranium and +0.15V for neptuni-
um, that is, Np*" is more stable than U*" under these condi-
tions. 848!

Another method used for the synthesis of UTp; and NpTp; was the
reaction of the tetrachloride with KTp and an equimolar quantity
of sodium naphthalinate in tetrahydrofuran [Eq. (2)]:

AnCl, + 3KTp + Na(CyoH,) —2eC—Coth, AnTp, (2)

The reaction of An"Tp,CL,“" with KTp (1:1 molar ratio) in the pres-
ence of 1 equivalent sodium naphthalinate in tetrahydrofuran also
leads to the successful formation of AnTp; (An=U, Np) [Eq. (3)]:

ANTp,Cl, + KTp + Na(CyoHg) &S —Cofe, AnTp, (3)

The reduction of a mixture of Pu®* and Pu** to Pu®" in dilute hy-
drochloric acid using an excess of [NH;Cl]Cl/ascorbic acid followed
by reaction with KTp also yields PuTps.

As americium and curium are most stable in the trivalent oxidation
state, the precipitation from dilute acid solutions of chlorides or tri-
flates by using KTp is possible without prior reduction according
to Scheme 1. The amount of KTp can be adjusted either stoichio-
metrically or by stepwise addition of KTp to given amounts of
AnCl, in water or An*" in dilute acid while controlling the pH of
the reaction mixture. Precipitation of the actinide complex AnTp,
starts at pH 2 and is quantitative at pH 5-6. The compound is fil-
tered by using a small frit, washed until chloride-free with water,

followed by washing with ethanol and ether and drying under
vacuum.

An overview of the above described preparations of the AnTp,
complexes is given in Table 1.

Table 1. Summary of the preparation of AnTp; compounds.

An®* Preparation Yield Colour Metal [%)
method® [%] calc. exp.
U a, b,cd e(h,i 60-88 green-black 27.1 27.0
Np ¢, degilhi 65-92 moss green 27.1 27.1
Pu a,bcfglh,li 48-96 green-blue 27.2 27.5
Am g 98 beige 27.4 27.6
Cm o] 93 colourless 28.0 27.8

[a] The methods: a) from AnCl; in water; b) from AnCl, in THF; c) from
AnCp;-THF in THF; d) from AnCl, in THF; e) from Tp,AnCl, in THF; f) An**
reduction to An** in dil. acid; g) An*" in diluted acid (AnTf;); h) extrac-
tion with toluene; i) sublimation.

Physical and analytical methods

Single-crystal XRD measurements were performed with a Bruker
APEX Il Quazar diffractometer with monochromated Moy, irradia-
tion collecting four full spheres of data built by 2844 frames.
Frames were collected by using a combined w- and ¢-scan tech-
nique with Aw=A¢$=0.5° and irradiation times of 3 s per frame
(U, Pu) and 8 s per frame (Np) appropriate to the size and diffract-
ing abilities of the crystals. Data were integrated with SAINT
[SAINT-Plus], corrected for Lorentz and polarisation effects and an
adsorption correction with SADABS®® was applied. The structures
were solved by direct methods and refined to an optimum R,
value with SHELX-2013.* Visualisation for evaluation was per-
formed with xpma®® and figures were created with winray-32."

IR spectra were obtained by using PerkinElmer 283 and 2000 FTIR
spectrometers. Solid-state UV/NIR spectra of the compounds em-
bedded in KBr or a Teflon matrix were taken with a PerkinElmer
Lambda 9 spectrometer. A solution spectrum was recorded only
for UTp, after extraction for 4 months with benzene. In these
measurements, no extinction coefficients were obtained. Back-
ground corrections were made in the range 500-2000 nm. Metal
analysis was made by gravimetric measurements of the actinide
oxides (U;0q NpO, and PuO,) obtained after oxidation of the com-
plexes and/or a- or y-spectrometry for Np, Pu, Am and Cm.

The ac magnetic susceptibility of polycrystalline samples was mea-
sured by using a Quantum Design PPMS-14T device, spanning the
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frequency range f=10-10* Hz and affording a base temperature of
2 K. Complementary dc measurements were performed with a
Quantum Design SQUID magnetometer.

Time-resolved laser fluorescence spectroscopy (TRLFS) measure-
ments were performed by using a pulsed Nd:YAG pumped dye
laser system (Continuum, Powerlite 9030, ND 6000). Measurements
of the fluorescence emission of solid-state CmTp; were performed
in a newly designed, custom-build sample holder shown in
Figure 1 at room temperature and inside a cryostat at approxi-
mately 9 K. The white CmTp; powder (1 mg) was placed in the
cavity of the copper sample holder and covered with a spherical
quartz window. The quartz disc together with a thin plastic seal
was fixed with a copper ring on the sample holder by four screws.
The solid CmTp; was excited by the laser beam by using an excita-
tion wavelength of 396.6 nm. The resulting fluorescence emission
was measured in the spectral range of 580-620 nm within a con-
stant time window of 1 ms. The orange visible fluorescence light
(shown in Figure 1) was collected at a 40° angle to the laser beam
and transferred to the detection system via a quartz fibre. To sup-
press reflections from laser excitation, an edge filter was mounted
on the optical fibre. The detection was performed by using an op-
tical multichannel analyser consisting of a polychromator with a
1200 linesmm ™" grating and a CCD camera (Chromex 250). To sup-
press short-lived organic fluorescence and light scattering, the
measurements were started after a delay time of 1 us. The sample
placed in the copper sample holder was cooled down to approxi-
mately 9 K at the cold head of a continuous closed-cycle refrigera-
tion system (Cryodyne Cryocooler Model 22C, compressor 8200, He
refrigerant, CTI-Cryogenics, USA) in a two-stage decompression
step.

Figure 1. Fluorescence emission of solid CmTps.

Crystallographic data

Deposition numbers 1966292 and 1986838 contain the supplemen-
tary 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.

The data for PuTp, (CCDC 994710) were published previously in
ref. [46].

Chem. Eur. J. 2020, 26, 11293 - 11306 www.chemeurj.org

Computational details

The geometry optimisations and bonding analyses were performed
with the Amsterdam Density Functional (ADF) code.”®” Scalar (SF)
relativistic effects were accounted for by utilising the zeroth-order
regular approximation (ZORA).'* The theoretical level of the calcu-
lations consisted of the B3LYP exchange-correlation function-
al"""% in conjunction with an uncontracted set of Slater-type or-
bitals (STOs) of triple-zeta-plus-polarisation quality optimised for
use with ZORA."® The small-core frozen-core option and an auxili-
ary set of s, p, d, f and g STOs was used to fit the molecular density
and to represent the Coulomb and exchange potentials accurately
in each SCF cycle. For the sake of consistency, both the closed- (La,
Lu) and open-shell systems were treated by using the spin-unre-
stricted formalism. The minimum characters of the obtained struc-
tures were confirmed by frequency analyses.

The topological analysis of the electron density distribution was
based on Quantum Theory of Atoms in Molecules (QTAIM)™"* utilis-
ing the ADF code. The natural atomic charges, valence orbital pop-
ulations and second-order perturbation energies were evaluated
on the basis of the Natural Bond Orbital (NBO) model"® by using
the NBO 6.0 code.'™'™! Owing to the deficiency of the NBO 6.0
code for g functions, in these model calculations the g polarisation
functions were omitted from the basis sets.

Single-point relativistic (including spin-orbit coupling, SO) com-
plete active space self-consistent field (CASSCF)"*® calculations
were performed on the complexes by using the B3LYP optimised
geometries with the main goal to model the electronic transitions
for comparison with the recorded absorption spectra. As these re-
sults are presented in the Supporting Information, the technical
details of the CASSCF calculations (being similar to those in recent
works on UTp,"® and PuTp,“") are given there also.

Results and Discussion
General chemical and physical properties

The dark-green UTps;, the moss-green NpTp,, the green-blue
PuTp;, the beige AmTp; and the colourless CmTp; remain
stable in air for a long time (several weeks or months, except
the short-lived #*PuTp; and **'AmTp;) in crystalline or powder
form. As the coordination of the metal ion is saturated, the
compounds exhibit very low solubility in both non-polar and
polar solvents. Nevertheless, they can be extracted with tolu-
ene or benzene by using an extremely long extraction time,
from several weeks up to months, with yields up to 90% de-
pending on the extraction time. They can be sublimed in
vacuo (107'-1072torr) at 250-300°C with yields higher than
50% (Table 1). Similarly to the experimental observations for
the behaviour of the homologous light LnTp;?*?** and of the
Tp“e,LnCL*"*>>% compounds, during the sublimation of AnTp;,
the white dimeric pyrazabole together with pyrazole crystalli-
ses in 3-5% yield in the cold zone of the sublimation tube. In
the case of PuTp,, the amount of pyrazabole and pyrazol was
more than 12 %, probably from the decomposition of PuTp; by
a-radiolysis.

The stability of the trivalent oxidation state of the complexes
AnTp; (An=U, Np, Pu) is an indication of the strong shielding
of the trivalent metal ion resulting in a high stability against
the attack of oxygen (oxidation) or other donor-like solvent
molecules. The latter is the reason for the low solubility as ob-
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served also for the light lanthanide LnTp;, a preliminary indica-
tion of the isostructural character of AnTp; and LnTps.

Considering that we were dealing with radioactive materials,
we paid attention to the possible decomposition by radiolysis.
The AnTp; compounds prepared with relatively long-lived iso-
topes, Z'NpTps;, *°PuTps;, **PuTp;, **AmTp; and **CmTp;
showed excellent long-term stability without significant
changes in colour and in the spectroscopic characteristics
within a six-month observation period. In contrast, the Z*PuTp;
and **'AmTp; samples decomposed quickly.

Single crystals of the U and Pu complexes were obtained by
sublimation. In the case of UTp; and NpTp; single crystals of
good quality (suitable for X-ray diffraction examination) could
be grown by long-term extraction with benzene.

Crystal and molecular structures

The crystal and molecular structures of UTp;, NpTp; and PuTp;
were determined by single-crystal X-ray diffraction. The com-
pounds are isostructural (Table 2) and crystallise in the hexago-
nal space group P6;/m (No. 176) showing very little differences
in the cell parameters, not really reflecting the smaller ionic
radius of Pu** (1.000 A) compared with the ionic radius of U3"
(1.025 A).'%1 On the contrary, the difference in atomic radius
can be seen in the An-N distances, which are found to be very
similar for U and Np, but slightly shorter for Pu (Table 3).

The central An*" ion is nine-coordinated to the nine N atoms
of three Tp ligands in a tri-capped trigonal prismatic geometry,
as reported in Figure 2. As the (g crystallographic axis passes
through the An ion, the complexes exhibit high symmetry. In

the solid state, only one sixth of the entire molecule is found in
the crystallographically independent unit of the elementary cell.
This leads to only two distinct An-N distances, of which the
shorter one (ca. 2.61 A) represents the six N atoms forming the
edge of the trigonal prism (apical positions). The longer distance
(ca. 2.76 R) stands for the three capping N atoms in the equato-
rial position in the plane with the central metal ion (Figure 2).

A huge number of uranium complexes containing N-donor
ligands have been described so far, covering a broad range of
U—N bond lengths depending on the ligand, the oxidation
state of the U, the nature of existing co-ligands and the coordi-
nation number.""® However, the complexes AnTp, are best
compared to each other and to the data of their isostructural
complexes LnTps.

Although the An-N distances (Table 3) are very similar in
UTp,; and NpTp; with 2.617(1) and 2.774(2) for U and 2.616(1)
and 2.773(2) A for Np, they are slightly shorter in PuTp;
(2.588(1) and 2.762(2) A) owing to the radial contraction of the
trivalent actinide. The distances between the central An and
the equatorial N atoms are comparable with the LnTp; ana-
logues of the lanthanides with comparable Shannon
radii>*?** Based on the characteristics in the FTIR spectra
(see below), the same nine-coordinate structure was found for
AmTp; and CmTp; too.

Our DFT calculations support the nine-fold coordination in
the An complexes in agreement with the experimental results
for the early lanthanides® and actinides presented here. The
computed molecular structures of the studied AnTp; com-
pounds (An=U-Cm) agree well with the X-ray diffraction re-
sults for UTp,, NpTp; and PuTp;.

Table 2. Crystallographic data for UTps;, NpTp; and PuTps.

Parameter u Np Pu

formula Cas0HsBosoNsUos7 Cas50HsBo.soNsNpo.17 C450HsBo.soNsPug7

formula weight 146.19 146.02 146.85

temperature [K] 100(2)

wavelength [A] 0.71073

crystal system hexagonal

space group P6s/m

unit cell dimensions [A] a=11.7271(5) a=11.7280(3) a=11.7036(5)
c=13.5528(8) c=13.5565(5) c=13.5561(8)

volume [A’] 1614.14(17) 1614.83(10) 1608.07(17)

V4 12 12 12

density (calc.) [mgm™3] 1.805 1.802 1.820

abs. coefficient [mm '] 5.080 19.458 2.102

F(000) 850 852 854

crystal size [mm?] 0.118x0.068 x 0.064 0.112x0.064x0.058 0.118x0.068 x 0.064

6 range 2.005 to 28.508° 2.005 to 28.505° 2.009 to 28.452°

index ranges —15<h<14, —15<h<15, —15<h<15,
—15<k<14, —15<k<15, —15<k<15,
—17<1<17 —-17<1<17 -17<1<17

reflections collected 29791 29742 28954

independent reflections 1392 [R(int) =0.0334] 1402 [R(int) =0.0222] 1381 [R(int) =0.0502]

reflections observed [/ > 20(/)] 1317 1342 1269

coverage (6 =25°) [%] 100.0 100.0 100.0

data/restraints/parameters 1392/0/108 1402/0/108 1381/0/108

goof on F? 1.094 1.158 1.066

R indices [I>20(/)] R1=0.0128 R1=0.0121 R1=0.0149

R indices (all data) wR2=0.0295 wR2=0.0287 wR2=0.0318

largest peak/hole [e A~] 0.607/—0.338 0.681/—0.685 0.593/—0.661
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Table 3. Bond lengths (A) and angles (°).”

Parameter U Np Pu
U(1)-N(1) 2.6171(13) 2.6165(13) 2.5883(15)
U(1)-N(3) 2.7738(18) 2.7725(18) 2.762(2)
N(1)—C(1) 1.336(2) 1.339(2) 1.336(2)
N(1)-N(2) 1.3717(17) 1.3690(18) 1.373(2)
N(2)—C(3) 1.354(2) 1.3547(19) 1.351(2)
N(2)-B(1) 1.5449(19) 1.5474(19) 1.544(2)
N(3)—C(4) 1.340(3) 1.338(3) 1.338(3)
N(3)-N(4) 1.367(2) 1.366(3) 1.369(3)
N(4)—C(6) 1.345(3) 1.344(3) 1.342(3)
N(4)-B(1) 1.528(3) 1.532(3) 1.530(4)
C(m—-C(2) 1.395(2) 1.396(2) 1.389(3)
C(2-C(3) 1.371(2) 1.375(2) 1.372(3)
C(4)—C(5) 1.400(3) 1.402(3) 1.400(4)
C(5)—C(6) 1.375(3) 1.371(3) 1.370(4)
N(1)-U(T)-N(1)#1 84.33(4) 84.36(4) 84.13(5)
N(1)-U(1)-N(1)#2 134.39(2) 134.38(2) 134.49(2)
N(T)-U(1)-N(1)#3 78.37(6) 78.33(6) 78.64(7)
N(1)-U(1)-N(3)#1 66.71(4) 66.73(4) 66.96(4)
N(1)-U(1)-N(3)#2 67.69(4) 67.65(4) 67.53(4)
N(T)-U(1)-N(3)#3 140.81(3) 140.83(3) 140.68(3)
N(3)-U(1)-N(3)#1 120.0 120.001(1) 120.0

[a] Possible symmetry transformations used to generate equivalent
atoms: —y+1, x—y+1, z—y+1, x=y+1, —z+3/2x, ¥, —z+3/2—x+y,
—X+1,z—x+Yy, —x+1, —z+3/2.

Figure 2. View of the tri-capped trigonal prism as the coordination poly-
hedron with the An*" ion in the centre of the nine N atoms of three coordi-
nated Tp ligands. C (and their H) atoms are omitted for clarity. An—N bond
in black, dashed line to the capping N atom. Trigonal prism in yellow. N:
blue; B: yellow; H: white.

The average of the computed apical and equatorial An-N
distances is compared with those of LaTp; and LuTp; as well
as with the present X-ray diffraction data of UTp;, NpTp; and
PuTp; in Figure 3. The results of the calculations agree very
well with the experiments in the main features:
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Figure 3. Comparison of computed and available experimental Ln—N (La, Lu)
and An—N (U, Np, Pu) bond length. The error bars correspond to the report-
ed experimental uncertainties.

() significantly larger M—N,, equatorial bonds with respect to
the apical ones;

(i) significantly larger An—N,, apical bonds with respect to the
Lu—N,, (late Ln) ones;

(i) decrease in the M—N bond length (especially the equatori-
al) with increasing atomic number of Ln and An.

The calculated values of the presented bond length are in
good agreement with the experimental ones. The An—N,
bond lengths of the AnTp; complexes are notably overestimat-
ed by the used DFT level (cf. Figure 3).

Infrared spectroscopic data

The five investigated AnTp; compounds have almost identical
IR spectra. As an example, that of PuTp; is shown in Figure S1
(in the Supporting Information), whereas the significant ab-
sorption bands and suggested assignments are given in
Table S2 (in the Supporting Information).

Three areas in the IR spectrum are sensitive to structural
changes of such compounds:®' 2440-2460 cm ™' (vg,), 600-
805 cm™' () and the far-IR range below 400 cm™.

The main BH stretching bands occur at 2441.1 cm™" (UTp;),
24413 cm™' (NpTps), 2442.0 cm ™' (PuTp;), 2442.9 cm™' (AmTp;)
and 2444.0cm™ (CmTps), in the same IR region (2441-
2444 cm™") as the corresponding frequencies of the nine-coor-
dinate (hexagonal) LnTp; compounds from La to Dy.*”' This
confirms the nine-coordinate character of AmTp; and CmTp;,
for which no crystal structure data are available. The BH
stretching of the eight-coordinate (orthorhombic) LnTp; com-
pounds (Ln=Ho-Lu) is shifted to slightly higher wavenumbers
with bands in the IR spectrum at 2457-2458 cm "%

Further IR spectroscopic evidence for the nine-coordinate
character of the five AnTp; compounds is provided by compar-
ing the out-of-plane CH vibrations in the range 600-805 cm™".
The nine-coordinate compounds exhibit nine absorption
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bands in this region whereas the eight-coordinate compounds
show only six absorption bands.”’ Accordingly, in the spectra
of all the five AnTp; compounds we could observe nine ab-
sorptions. The far-IR region below 400 cm ™', where the charac-
teristic skeleton vibrations of the molecule appear, has also
been shown to be typical for the two structure classes of
LnTps.*' Here, the eight-coordinate structures present ten ab-
sorption bands between 130-350 cm™', whereas the higher
symmetry nine-coordinate ones show seven (missing bands at
ca. 280, 270 and 210 cm "), in agreement with the IR spectra
of the five AnTp; complexes.

Absorption spectra

The electronic absorption spectra of the UTp,;, NpTp;, PuTp,,
AmTp; and CmTp; complexes are quite similar to the corre-
sponding spectra of the trivalent lanthanides in dilute acids.”
This behaviour can be explained by the tricapped trigonal pris-
matic ligand field with nine-fold coordination around the An®"
cations being very similar to the arrangement of nine water
molecules in the first coordination sphere of the Ln** cations
in dilute aqueous solutions. However, the spectra of the lighter
actinides (U, Np, Pu) are more susceptible to changes in the
coordination sphere than the spectra of Am and Cm or of the
lighter lanthanides. Furthermore, there are considerable simi-
larities with the spectra of the respective An*" ions in LaCl,
matrix""""” and neat AnCl, films,"'®"® which are well docu-
mented and provide the basis for the electronic energy level
assignments of An*" ions utilising crystal field (CF) analysis."*"

The f—f transitions in the absorption spectrum of solid UTp,
(obtained from Halowax mulls at ca. 5 K) have been fully as-
signed by means of CF analysis.*®! Recently, Spivak et al. per-
formed SO-CASSCF calculations on UTp; covering the first 12
spin-orbit states.*®! They include the transitions corresponding
to the first two experimental peaks only, the measured (270
and 4354 cm )™ and calculated wavenumbers (257.9 and
4665.4 cm )" showing good agreement.

We extended here the experimental information on UTp; by
recording the room-temperature absorption spectra in the
solid state (KBr pellet) and in solution (data given in the Sup-
porting Information). Comparing these room-temperature
spectra, we found the f—f transition bands appearing almost at
the same position, an indication that in both cases the com-
plex has the same coordination. However, a distinct change
can be observed in the position of the charge transfer (CT)
band with a maximum at 380 nm in the solid state and at 331
and 436 nm in solution.

The absorption spectra of the NpTp,;, PuTp;, AmTp; and
CmTp; complexes have not been reported hitherto. We plotted
the spectra recorded from KBr pellets in Figure 4. The positions
of the significant bands are given in Table 4. Our suggested as-
signments are based on the data of the respective An*" ions
in LaCl; matrix and neat AnCl; films interpreted by means of
CF analysis."?"'?? Considering the same nine-fold coordination
of An*" in the three chemical systems, demonstrated also by
the similarity of the absorption spectra, these assignments are
expected to be reliable. The absorption spectra predicted by
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Figure 4. Absorption spectra of AnTp; compounds recorded from KBr pel-
lets.

our SO-CASSCF calculations and the relevant calculated elec-
tronic transitions are given in the Supporting Information. Gen-
erally, the calculated and experimental transition energies are
in good agreement for the low-energy bands (below
10000 cm™) but failed for the higher energy ones. The latter
deficiency can primarily be attributed to the lack of dynamic
electron correlation, limited basis set and active space in the
applied theoretical level.

In the absorption spectrum of NpTp;, 22 bands were as-
signed on the basis of the literature Np**/LaCl; and NpCl; film
spectral’>"18121.122] taking into account both the band positions
and intensities (cf. Table 4, more detailed in the Supporting In-
formation). The correlation of the present spectra (Figure 4)
with the literature data on Pu**/LaCl; and PuCl,
film, 131191211220 o Am3*/LaCl; and AmCl; film!''®'2%722 and on
Cm3**/LaCl,"7 12122 facilitated the assignment of 20, 18 and 14
bands in our PuTp;, AmTp; and CmTp; spectra, respectively.
Because of the large deviation for the 27397 cm™ band, the
assignment to the °D,,, state of CmTp;, is tentative (cf. Table 4).
We note the very good agreement recognised in the average
relative deviations between the AnTp, versus An**/LaCl; and
neat AnCl; spectral wavenumbers, being 109 and 99 (Np), 106
and 110 (Pu), 160 and 144 (Am), 107 cm™" (Cm), respectively.

Time-resolved laser fluorescence spectroscopy of CmTp;

Figure 5 shows the broad fluorescence band of the Cm" aquo
ion in acidic solution located at 593.7 nm.'*'4 As the emis-
sion peak corresponds to the °D’,,—®S’,,, transition, it is sensi-
tive to the coordination environment and can be used as a ref-
erence. The complexation with three Tp ligands increases the
ligand field splitting of the °D’,, state, resulting in a huge
bathochromic shift of the emission band of Cm" of about
10 nm. As expected, the half width of the solid-state spectrum
of CmTp; (FWHM=2.2 nm) is significantly lower compared
with the spectrum of Cm" in solution (FWHM=7.7 nm) and
points to the well-structured near-field environment of Cm"
with a very small variation of distances to its neighbouring
atoms. Besides the main emission band at 603.8 nm (in good
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Table 4. Assignment of the significant bands (cm™') in the experimental (KBr) absorption spectra on the basis of experimental information?" on An**
ions in a LaCl; matrix.

NpTp; Np* @ State PuTp; Pyl State AmTp; Am? e State CmTp, Cm* @ State
7022 7138 %l 6427 6369 ®Hy), 9200 9282 ’F, 16556 16861 °D,,
7168 7177 %l 7077 6787 °F,,, 9381 9545 ’F, 21505 21705 ®,,

7215 7264 %l 8410 8602 H,1/0 9662 9867 ’F, 21692 21722 %,

8177 8139 5F, 8718 8721 *H,1/0 11038 110719 7F, 21882 21810 %,

9662 9615 SF, 9091 8889 H,1/0 12255 12307 7F, 22624 22315 °p,,

9794 9879 3, 9533 9543 °F,, 12407 12446 7F, 22883 22885 ¥/

9881 9939 5, 9775 9630 °F,, 19305 19448 5L 23041 22953 %o/
10537 10567 3H, 10776 10899 Hysn 19569 19630 SLe 24907 25018 =17
10638 10667 3H, 10965 10964 Hys 21413 21624 D, 25253 25211 %1
11534 11498 5F, 12165 12128 ®Fg) 22272 21916 5G, 25840 25927 Dg/s="l13/
11574 11563 SF, 12285 12230 ®Fo) 22989 23222 SH, 26110 26095 Dg/s="l13/
11628 11631 SF, 12422 12380 Hys 23697 23579 SH, 26247 26344 %15
12063 12098 *lg 12563 12537 ®Hisa 23923 24012 °H, 26525 26563 %l
12407 12409 5G, 12920 12808 Hys 26042 26344 5G, 27397 28068 D,,
12658 12559 °G, 14948 14847 Fip 27397 27520 °Gs 333330

12804 12816 °Gs 16529 16432 M5/ 29155 29315 %l 36232"

14793 15016 5F, 17699 17757 L1z 29499 29601 SH,

15152 15386 SF, 21008 20793 My 34843 35115 He

15873 16446 3L, 21692 21644 5Gy), 37037" -

15949 16462 3L, 24390 24088 *Liss

17452 17408 5G, 29851"!

18215 18364 °D,

23641%

[a] Original experimental data: Np** from ref. [112], Pu®>" from ref. [113], Am*" from ref. [116], Cm>" from ref. [117]. [b] Charge transfer bands. [c] From the
spectrum of net AmCl,."?% [d] Tentative.

T ¥ T ¥ T B T i T
—— CmTp, (298 K)
—— CmTp, (9 K)
“ = Cm(lll) in 0.01 M HCI
603.3 |1 603.8
"hot bands"
1 Y 1 . T E T J T %
580 590 600 610 620

Wavelength / nm

Figure 5. Fluorescence spectra of the Cm" aquo ion in 0.01 M HCI (reference)
and of solid CmTp; at 298 (blue line) and 9 K.

agreement with the absorption spectrum, cf. Table 4), the spec-
trum at room temperature exhibits four less intense emission
bands at 579.1, 593.5, 597.3 and 609.7 nm. To identify the
origin of these emission bands, the sample was cooled down
to 9 K. The low-temperature spectrum shows a slight hypso-
chromic shift of the emission band to 603.3 nm, whereas the
half width decreases to 1.0 nm. Furthermore, the three weak
bands located at the high-energy side of the room-tempera-
ture spectrum disappear. Therefore, these bands are identified

Chem. Eur. J. 2020, 26, 11293 - 11306 www.chemeurj.org

as “hot bands” caused by transitions from thermally populated
higher electronic energy levels. Contrarily, the intensity of the
tiny emission band at 609.7 nm remains constant, hence it can
be attributed to an impurity.

Magnetic measurements on UTp; NpTp;, PuTp; and AmTp;

The magnetic behaviour of all the complexes except CmTp,
has been investigated by using dc magnetometry. Magnetic
susceptibility (y) measurements of UTp; between 1.34 and
294.4 K have been reported by Apostolidis et al.** The temper-
ature dependence of y has been previously modelled on the
basis of SO-CASSCF calculations.*® Experimental data for PuTp;
were reported in a previous publication by some of us,*
whereas theoretical data from SO-CASSCF calculations are
given in ref. [49]. The product of the magnetic susceptibility
times the temperature of the AnTp; complexes is reported in
Figure 6. The T values at room temperature of both UTp; and
NpTp; (1.28 and 0.82 emu Kmol™, respectively) are significantly
lower than the Curie constants for a free f and f* ion (1.64 and
0.90 emuKmol™, respectively). This phenomenon, common in
actinide molecular compounds,™’ suggests an unbalanced
population of the CF levels, thus a large CF splitting. The de-
crease of the yT product at low temperature reflects the pro-
gressive depopulation of the CF levels.

On the contrary, the room-temperature yT values of PuTp,
and AmTp; (0.22 and 0.15 emuKmol™', respectively) are larger
than the expected ones for an f° and f® free ion (0.09 and
0 emuKmol™, respectively). As both Pu®** and Am*" are char-
acterised by a poorly magnetic ground state (°Hs/, and F, Rus-
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Figure 6. xT vs. T plot for UTp; (black squares), NpTp; (red circles), PuTp,
(green triangles) and AmTp; (blue diamonds). The solid lines are the best fit
(see text).

sell-Saunders ground multiplet, respectively), a non-negligible
fraction of the magnetic moment at room temperature and
below is due to the (relatively low) mixing of the excited mul-
tiplets. This gives rise, in both cases, to the higher room-tem-
perature values of T and to the characteristic quasi-linear de-
crease of the xT product when the temperature is lowered. As
expected, the magnetic moment of Am** drops to zero at the
lowest temperature (non-magnetic ground state).

Contrary to the corresponding isostructural trichlorides of
uranium and plutonium, which at low temperatures exhibit an-
tiferromagnetic transitions, the AnTp,; compounds do not
show any significant long-range ordering. This is expected, as
the An-An distance in AnTp; is approximately twice as long as
in the corresponding AnCl; (e.g., 9.58 A vs. 4.83 A for the U™
derivatives). We have prepared the trichlorides of uranium and
plutonium and we reinvestigated their magnetic behaviour. In
both compounds, we found antiferromagnetic transitions with
Néel temperatures of 22.0(+0.5) and 4.7(£0.3) K, respectively.
These values are consistent with the values 22(+1) K for UCI,,
and 4.5(%0.3) K for PuCl, reported previously.!'212%

To gain quantitative information on the crystal field splitting
exhibited by the various An*" ions, we fitted the experimental
data considering the full |S, L, J, mJ) space (41, 107, 198 and
295 multiplets for UTps, NpTps, PuTp; and AmTp;, respective-
ly), obtained considering all the permutations of n f electrons
(n=3, 4, 5 and 6 for UTp;, NpTp;, PuTp; and AmTp,, respec-
tively) in seven 5f orbitals. We utilised the program
CONDON,™%3Y ysing the following Hamiltonian [Eq. (4)]:

N
H= Z Fk?k—i—ZC(KT,‘?,)—F
i=1

k=2,4,6

XN: (BC30) + BIC,() + BCo() + B (T + €)) ) (4)

i=1
WA
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The Hamiltonian contains four terms: the interelectronic re-
pulsion, the spin-orbit interaction, the ligand field and the
Zeeman term. F* are the interelectronic Slater-Condon parame-
ters, ¢ is the spin-orbit coupling constant, k is the orbital re-
duction factor, B,®, B,°, B, Bs are the four non-zero CF param-
eters in Dy, symmetry, ug is the Bohr magneton and g, is the
free-electron g-factor.

To avoid over-parameterisation, the Slater CONDON parame-
ters and the spin-orbit coupling constant were fixed to the
values extracted for the An*": LaCl; series."* These values are
expected not to vary more than 10% between compounds
with the same ion in the same coordination environment. The
orbital reduction factor was slightly different from 1 only for
UTp; and PuTp; (k=0.99 for both). The fits are reported as
solid lines in Figure 6. A simulation of the magnetisation
versus field dependence for UTp, is reported in Figure S2 (in
the Supporting Information). The overall trend of the curve is
well-reproduced by our model, although the value of M at sat-
uration is slightly overestimated by the fit (1.03 pg vs. 0.96 Lg).

The sign and magnitude of the obtained CF parameters is
remarkably similar along the series (Figure 7 a), with the largest
deviation observed for B,°. In Table S7 (in the Supporting Infor-
mation), we report the detailed values.

The resultant CF splitting is reported in Figure 7b. The
ground state for all the derivatives is mainly composed by sub-
levels of the ground Russell-Saunders term (‘ly,, *l,, °Hs, and
F, for U™, Np>*, Pu®>" and Am*", respectively). The energy
and composition of the levels are given in Tables S8-511 (in
the Supporting Information) where the results are compared
with those obtained by the SO-CASSCF calculations reported
here and by the SO-CASPT2 calculations from ref. [49].

To have a quantitative idea of the effect of the ligands on
the metal ion, we can calculate the CF strength parame-
ter21331 () defined as [Eq. (5)]:

st—;(z M%szzwmz) 5

k=2,4,6 q#0

We obtain S,=636, 958, 980 and 843 cm™' for UTps;, NpTp;,
PuTp; and AmTp,, respectively. These numbers are remarkably
similar along the series, and no clear trend can be observed.
This is also the case for the isoelectronic trichlorides. However,
the S, of AnTp; is about twice that reported for AnCl; (367,
292, 301, 329 cm "), indicating that the CF effect is much
stronger in AnTps. A simple electrostatic picture would suggest
a stronger CF in AnCl; because the Cl™ ions bear a full-negative
charge whereas the negative charge in Tp is delocalised over
the three rings. Thus, we argue that the stronger CF could be
due to enhanced covalency and/or to the compression of the
trigonal tricapped prismatic geometry forced by the biting
angle of the polydentate Tp ligand. Indeed, recent studies
have highlighted that covalency might play an important role
in defining magnetic anisotropy.”> 13413

The presence of slow relaxation of the magnetisation was in-
vestigated by using ac magnetometry. The literature contains
several examples of single-molecule magnets (SMM) contain-
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Figure 7. a) Crystal field parameters extracted from the fit of the magnetic susceptibility. The solid lines are a guide to the eye. b) Energy level pattern and
main composition of the ground multiplets. For Am, owing to the lack of splitting in the ground ('F,) singlet, the first excited multiplet is also reported.

ing a U*" ion coordinated by substituted Tp ligands. The first
actinide-based SMM reported by Long in 2009 was the
U(Ph,BPz,); complex.*® Other similar SMMs are: U(H,BPz,),,"*”
U(HZBPZMGZZ)B’[GO] [U(TpMez)z(bipy)]+,[138] U(TpMEZ)ZI’[139]
U(Tp™?),(bipy)™® and U(Bc"),*? Moreover, UTp,"** *! and
PuTp,"“® were reported to exhibit SMM behaviour. A common
feature in the relaxation dynamics of all these complexes is the
lack of correspondence between the effective barrier Uy (ex-
tracted from a simple Arrhenius plot typically between 4 and
35cm™") and the gap between the ground and the first excit-
ed state (typically 200-300 cm™).

We have thus checked the presence of slow relaxation in a
freshly synthesised sample of UTp;. The real and imaginary
components of the ac magnetic susceptibility are reported in
Figure S3 (in the Supporting Information), and the extracted
relaxation time in Figure S4 (in the Supporting Information). Al-
though the linear fit provides a result significantly higher than
the previously reported one (185cm™ vs. 3.81cm™), the
value of Uy is still unphysically small compared with the gap
spectroscopically measured (AE=270cm™"). An insight into
the possible relaxation mechanisms can be obtained from the
ab initio calculations.***'* (We note here that because of
the large size of the molecule, the active space in our CASSCF
calculations contained only the seven 5f orbitals, whereas in
ref. [135] an improvement upon the addition of 6d,. orbital
was found.) The ground state Kramers doublet (KD) is a mix-
ture of different | mJ) functions owing to the éiﬁ CF operators
(see Figure S5 in the Supporting Information for a detailed
composition), thus the calculated g values are g,, =291 and
g,=0.45. The easy plane nature of magnetic anisotropy makes
the system prone to quantum tunnelling if fluctuating dipolar
fields are introduced (their origin could be dipolar, hyperfine,
etc.), as previously observed and computed for methylpyrazo-
lylborate and methylimidazolylborate complexes of U".[*
Moreover, the computed transition probabilities for Orbach
processes are also quite high (see Figure S5 in the Supporting
Information). However, in this system, the absence of a linear
region in the Inz versus T' plot (Figure S4 in the Supporting
Information) and the mismatch between U, and the comput-
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ed energy of the first KD suggest that the most effective relax-
ation pathway is probably Raman.

Bonding analysis

The bonding properties of the compounds were analysed in
terms of the quantum theory of atoms in molecules
(QTAIM)™* and natural bond orbital (NBO)"® models. These
theoretical models are widely used for the assessment of
bonding trends in  organometallic  actinide  com-
plexes 3134135141152 Gimjlarly to the analysis of the characteris-
tic bond distances (see above), the LaTp; and LuTp; complexes
are also included in the comparison. The property in focus is
the covalent character of the bonding, manifested in the
charge transfer (CT) between the Ln*"/An** and Tp~ ions. The
main interaction is the Tp~—Ln**/An®*" CT in which the N
lone pairs donate electrons to the empty valence orbitals of
the metals. In considerably smaller magnitude, the back-dona-
tion from the metal valence to antibonding orbitals of Tp may
also be possible.5*1*4

Another significant piece of information characterising the
covalent interaction is the number of electrons localised in the
space between the two interacting atoms. This is estimated by
the delocalisation index from the QTAIM approach. It is a
very sensitive parameter, and with its help, weak trends in the
bonding of various lanthanide- and actinide-containing mole-
cules could be successfully elucidated.[' 4% 146:147.150.155-159]

The delocalisation indices of selected compounds are com-
pared in Figure 8. The three values reported are the average of
indices between the metal and apical N atoms, that between
the metal and equatorial N atoms and the sum of delocalisa-
tion indices between the metal and all bonding N atoms.

The delocalisation indices show interesting features. First of
all, the markedly larger covalent character of the An—N bond-
ing with respect to Ln—N. The number of bonding electrons in
UTp; is approximately 25% larger than in the lanthanide com-
plexes. It decreases gradually from U to Cm, resulting in only
approximately 10% excess in CmTp; with respect to LnTp;.
Within the lanthanides, characteristic is the decrease of the co-
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Figure 8. Average delocalisation indices (e) for the apical and equatorial M—
N bonds as well as the sum of indices for all M—N bonds obtained from
QTAIM analysis.

valent character from La to Lu, driven by the equatorial Ln-N
interaction. The average values of the apical and equatorial in-
teractions reflect the larger importance of the former, in agree-
ment with the slightly shorter M—N,, bond lengths (cf.
Figure 3). The difference between Ln and An is more pro-
nounced in the M-N,, interactions.

Selected data from the NBO analysis are shown in Table 5.
They are in qualitative agreement with the QTAIM delocalisa-
tion indices discussed above, keeping in mind that the smaller
the charge, the larger the number of covalently bonding elec-
trons. The atomic charges are smaller than + 3, confirming a
considerable CT from the Tp ligands to the metals. The small-
est positive charge appears in U, in agreement with the largest
number of electrons between M and Tp (see above). The trend
in the atomic charges agrees with the curve in Figure 8.

The metal valence orbital populations correlate well with
the metal natural charges. The 6d orbitals are the classical ac-
ceptors in CT interactions of f elements. Accordingly, in both
Ln and An, their population is around 0.85 e. The population
of the 7s orbitals is proportional. The smaller populations of

Table 5. Selected data® from the natural bond orbital analyses.

the 5f orbitals refer to a minor role of these orbitals in the CT
interactions. They decrease from U to Cm in agreement with
the known stabilisation of the 5f orbitals.

The amount of transferred electrons can be estimated from
the population of natural bond orbitals of the metals (Table 5).
Some, in M*" ion unoccupied, valence orbitals (designated as
LV in the NBO scheme) have small partial populations in the
complex owing to the donation of electrons from Tp. In the
case of M—Tp back-donation, the occupied 5f orbitals of An
(designated as LP in the NBO scheme) have populations slight-
ly below 1e. The energetic consequences of the CT interac-
tions are estimated by the second-order perturbation energies
in the NBO model. They correlate well with the amount of
transferred electrons (Table 5).

The major interaction is the Tp—M donation, this being the
exclusive interaction in the Ln complexes. An example in NBO
representation for the donation from a pyrazole N lone pair to
a hybrid acceptor orbital of M is shown in Figure 9. A slight
M—Tp back-donation appears in the actinides, which is not
larger than a few percent of the total CT. The largest back-don-
ation appears in PuTp;, owing probably to the balance of the
larger (with respect to U and Np) number of 5f electrons and
less stabilised (with respect to Am, Cm) 5f subshell. In agree-
ment with the largest covalent interactions in UTp; suggested
by the above discussed bonding parameters, this complex has
also the largest CT energy. The CT energies decrease from U to
Cm, the ones in PuTp;, AmTp; and CmTp; being comparable
to those of LaTp; and LuTps.

L .
\\ y oo . |
o N
— "\ ! /H’ R
: : ' -
i e g b
o \\\‘--‘_
\,"n.‘\.

Property La Lu U Np Pu Am Cm

Am +185 +186 +157 +162 +177 +179 +1.82
pop(s) 0.22 0.25 0.24 0.25 0.21 0.25 0.26
pop(d) 0.82 0.88 0.85 0.85 0.85 0.85 0.84
pop(A® 0.09 0.00 0.21 0.19 0.13 0.07 0.05
CT(Tp—M) 1.13 1.09 1.42 1.34 1.24 1.20 117
CT(M—Tp) 0 0 0.037 0.042 0.045 0.027 0.014
E4«(Tp—M) 3140 3191 4249 3867 3054 3012 2963
Eq(M—Tp) 0 0 66 123 164 52 23
Ectrotal 3140 3191 4315 3990 3218 3064 2986

Figure 9. Donation from a pyrazole N lone pair to a hybrid acceptor orbital
of U, as demonstrated by the respective NBO orbitals with an isodensity
value of 0.08 eB 3.

[a] Natural atomic charges (g), valence orbital populations (pop) of M and
transferred electrons (CT) are given in a.u., the second-order perturbation
energies (E), estimating the charge transfer interaction energies, are
given in kimol™". [b] Number of excess electrons with respect to the
atomic ground state.
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Conclusion

Our studies have shown that the homoscorpionate complexes
(AnTp,) of the trivalent actinides U, Np, Pu, Am and Cm have
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hexagonal, nine-fold coordinated structure comparable to the
respective compounds of the analogous (same number of f
electrons) lanthanides. A change of structure into the ortho-
rhombic eight-fold coordination (characteristic of late lantha-
nide LnTp; complexes) has been observed neither among the
experimental nor among the computed structures. Considering
the An>" ionic radii, eight-fold coordination might be expected
to appear at EsTp; (and heavier An). Unfortunately, preparation
of sufficient amounts of these AnTp; complexes for an XRD
analysis is currently not feasible.

The An—N bond lengths follow the trend in the ionic radii
and are comparable to related LnTp; complexes.

The five AnTp; compounds have almost identical IR spectra.
In the case of AmTp; and CmTp; (with no crystal structure
data), the characteristic BH stretching and far-IR regions con-
firmed the nine-coordinate structure. The characteristic elec-
tronic transitions in the absorption spectra have been assigned
on the basis of similarity aspects observed for An** in LaCl,
matrix and neat AnCl; films. The SO-CASSCF electronic transi-
tion data suffer from the approximations required in the
model for such large complexes (neglect of dynamic electron
correlation and limited basis sets), particularly for the high-
energy range.

The dc magnetic susceptibility of the AnTp; complexes has
been measured in the temperature range 2-300 K and mod-
elled by a phenomenological Hamiltonian including all the |S,
L, J, mJ> states. The ligand field parameters obtained by the
best fit of the experimental curves are similar along the series
and provide a splitting of the ground state in relatively good
agreement with first-principles quantum chemical calculations.
Slow relaxation of the magnetisation has been observed only
for the U and Pu complexes. In the case of the U complex,
measurements over an extended frequency range provide a
value of the effective relaxation barrier of 18.5 cm™, signifi-
cantly higher than previously reported, but still one order of
magnitude smaller than the gap between the ground and the
first excited state, suggesting the presence of Raman relaxation
mechanisms.

The analysis of donor-acceptor interactions by using the
QTAIM and NBO models revealed considerable covalency in
the An—N bonding, significantly larger than in the related lan-
thanide complexes. The interactions decrease from U to Cm in
accordance with the known increase of ionic character of
these trivalent actinides. From the two structurally different
(equatorial, apical) interactions, the latter ones are larger in
magnitude in agreement with the shorter apical An—N bond
lengths, both properties supporting the stronger character of
the apical An—N bonds compared with the equatorial ones.
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