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Abstract: Early actinide ions have large spin-orbit couplings
and crystal field interactions, leading to large anisotropies.
The success in using actinides as single-molecule magnets
has so far been modest, underlining the need for rational
strategies. Indeed, the electronic structure of actinide single-
molecule magnets and its relation to their magnetic proper-

ties remains largely unexplored. A uranium(lll) single-mole-
cule magnet, [U"{SiMe,NPh};-tacn)(OPPh,)] (tacn=1,4,7-tria-
zacyclononane), has been investigated by means of a combi-
nation of magnetic, spectroscopic and theoretical methods
to elucidate the origin of its static and dynamic magnetic
properties.

Introduction

The slow magnetic relaxation in f-element complexes, especial-
ly those of the lanthanides, has been the subject of intense in-
vestigation over the past 15 years."™ This research was partly
driven by the vision that such complexes, with single-molecule
magnet (SMM) behaviour, might one day be used to store in-
formation at a molecular level. Since the original publication
on the first single-ion magnet (NBu,)[Tb(Pc),] (H,Pc=phthalo-
cyanine),” the reported effective energy barriers have in-
creased from 330 to about 1800 K.*® Importantly, these last
two years have seen the increase in the hysteresis blocking
temperature achieving values close to the boiling point of ni-
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trogen (60 K) and even above at 80 K. These successes were
achieved by following strategies of careful tailoring of the crys-
tal field®™® or by the use of radical bridging ligands resulting in
strongly coupled polynuclear species.'®™' The former ap-
proach may not be very robust against small structural
changes such as those experienced upon molecular surface
deposition, as required for device development. The realization
of the latter approach is challenging and often results in highly
reactive species.

Actinides are in this respect a valuable alternative because
they possess stronger spin-orbit coupling and ligand field in-
teractions and thus potentially larger magnetic anisotropies
compared to those of lanthanides. Also, their comparative
study with lanthanides may provide important clues to under-
stand the relaxation mechanisms. Moreover, actinides allow for
much stronger exchange interactions with neighbouring spin
centres, especially those of transition metals,"*"”" which may
suppress under barrier tunnelling processes. These stronger
metal-ligand interactions arise because 5f orbitals have larger
radial extensions than those of the 4f orbitals, increasing the
covalency of metal-ligand interactions.*'®'® On the one hand,
these predictions were borne out by several U'-Mn" systems
that feature substantial coercivities in their magnetic hysteresis
curves.” % On the other hand, the single-ion properties of
pure 5f-based single-molecule magnets have been somewhat
disappointing, with effective energy barriers not surpassing
50 K.*! Clearly, under barrier relaxation, by direct and Raman
processes, effectively short-cuts the energy barrier created by
crystal field splitting of the lowest multiplet. Presently, it is un-
clear why the Orbach process of magnetization relaxation ap-
pears to be less effective in 5f complexes,” and detailed ex-
perimental and theoretical investigations of the electronic
structure and magnetic properties of 5f complexes are thus es-
sential. Such a comprehensive study on a series of uranium(V)
complexes has been recently reported,”” which combined
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electronic absorption and EPR measurements with ab initio cal-
culations. However, the majority of actinide-based single-mole-
cule magnets are based on uranium(lll), a Kramers ion with a
large total angular momentum ground state (5f, ground J=9/
2). Detailed studies of similar scope of molecular U" com-
pounds are unknown to us, with the exception of an optical
study of the single-ion magnet U(Tp); (Tp=trispyrazolylbo-
rate).”

In 2015, some of us reported the study of a trivalent urani-
um compound, [U"({SiMe,NPh};-tacn)] (tacn = 1,4,7-triazacyclo-
nonane) (1), that has an equatorial charge distribution around
the uranium ion.”® This system was found to be a rare exam-
ple of a mononuclear U" compound that does not exhibit slow
relaxation of the magnetization down to 1.7 K, contrary to pre-
vious expectations.””” To achieve slow relaxation and taking
into consideration that in U" the largest values of the total an-
gular momentum quantum number, m, values can be stabi-
lized when the magnetic centre is placed in an axially elongat-
ed ligand field,”*>” we decided to study a related compound,
[U"({SiMe,NPh};-tacn)(OPPh,)] (2), in which the coordination
environment of 1 was modified by adding an axial OPPh,
ligand while maintaining its oxidation state. The protection of
the axial coordination position by the phenyl groups prevents
the approach of the OPPh; ligand to the U atom. This was in-
tended to promote the SMM characteristics to the new com-
plex 2.

Here we report the synthesis and a detailed study of 2,
which indeed shows SMM properties and for which one of us
previously presented preliminary results.®" We present a de-
tailed experimental and theoretical study of its electronic struc-
ture employing a range of spectroscopic studies, including
high-frequency electron paramagnetic resonance (HFEPR)
spectroscopy, far-infrared (FIR) spectroscopy and magnetic cir-
cular dichroism (MCD) spectroscopy, complemented by theo-
retical ab initio calculations and crystal field modelling using
the full Hamiltonian.

Results and Discussion
Synthesis and structural characterization

Compound 2 (see the Experimental Section) crystallizes in the
orthorhombic space group P2,2,2,, with two molecules of tolu-
ene incorporated into the crystal lattice.’" The U" ion is in a
capped trigonal prismatic coordination environment (Figure 1).
The two triangular faces are individually defined by the three
amido (N4, N5 and N6) and the three amino (N1, N2 and N3)
nitrogen atoms of the ancillary ligand. The OPPh, ligand is lo-
cated axially and caps the triangular face defined by the amido
atoms (the angle between the U-O axis and the normal to the
plane defined by N4, N5 and N6 is 1°) (see also Figure S1 and
Table S1 in Supporting Information).

Compared to its precursor [U"({SiMe,NPh};-tacn)] (1),2%
which also displays a trigonal prismatic geometry, the coordi-
nation of an axial ligand in compound 2 results in a shorter
distance of the uranium ion to the amido plane (the metal
centre is lying just below the amido plane at 0.52 and 0.27 A
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Figure 1. Molecular structure and coordination geometry of [U"({SiMe,NPh},-
tacn)(OPPh,)]-2 C,Hg. Ellipsoids are displayed at a probability level of 50 %.
Hydrogen atoms and solvent molecules are omitted for clarity. Selected
bond lengths [A] and angles [*]: U-N1 2.750(3), U-N2 2.785(3), U-N3
2.762(3), U-N4 2.454(3), U-N5 2.436(3), U-N6 2.468(3), U-O 2.483(2), N4-U-
N5 117.35(9), N4-U-N6 120.56(9), N5-U-N6 118.43(9), U-O-P 176.96(14).

in 1 and 2, respectively) and in a more distorted coordination
geometry, as seen by the twist angle between the trigonal
faces that increases from 0.8° in 1 to 12.4° in 2. The bond
lengths U—N(amido) [2.436(2), 2.454(3) and 2.468(3) A] and U—
N(amino) [2.750(3), 2.762(3) and 2.785(3) A] in 2 are longer by
about 0.1 A than those in 1 (2.35(2) and 2.66(2) A on average,
respectively), as expected for a compound with a higher coor-
dination number. The bond length U—O [2.483(2) A] is longer
than the ones found for reported trivalent uranium complexes
bearing the OPPh, ligand.**>® This may be due to geometric
constraints imposed by the three phenyl groups of the tacn
ligand; the orientation around the axial position of which does
not allow the OPPh; ligand to be closer to the metal centre. As
expected, the U-O-P angle is almost linear [176.96(14)]. The O—
P bond length is 1.508(2) A, which is comparable to those ob-
served in free OPPh, (an average value of 1.494 A from 256
crystal structures of the Cambridge Structural Database (CSD;
version 5.36, Nov 2014) that contain free OPPh,) and in the re-
lated U" compounds mentioned above, for which the O—P dis-
tances range from 1.491 to 1.520 A9

Magnetic properties

The temperature dependence of the magnetic susceptibility
temperature product (¥T) of 2 measured between 4 and 300 K,
under a static magnetic field of 2 kOe, reveals a gradual de-
crease of T from 1.13 cm®*Kmol ™" at 300 K to 0.53 cm*Kmol™'
at 4 K (Figure 2). This decrease results from a progressive de-
population of the low-lying crystal field states of the uranium
ion.®” The 4T value at room temperature is lower than the ex-
pected value of 1.64 cm®*Kmol™' for a non-interacting U*" ion
(5f%, *ly,) but well within the range observed for U" coordina-
tion compounds, which indicates that not all levels are popu-
lated at 300 K.B%*Y The magnetic hysteresis curve recorded on
the same sample with a field sweep rate of 20 Oes ' shows no
appreciable coercivity down to a temperature of 1.7 K (inset of
Figure 2), as regularly observed for uranium compounds, for
which the opening of hysteresis is typically observed only
below 1.5 K264V
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Figure 2. Experimental (symbols), fitted (red line) and ab initio calculated
(grey line) temperature dependence of the magnetic susceptibility tempera-
ture product (y7) of 2 at 2 kOe. The inset shows the magnetic hysteresis
curve recorded on the same sample at 1.7 K and a field sweep rate of

20 Oes™, as well as the ab initio calculated curve.

Information on the magnetization dynamics was obtained
by measurement of the ac susceptibility at low temperatures
(1.6-10 K) and different frequencies, with an ac field of 5 Oe
and in 0 and 2 kOe static fields (Figure S2, Supporting Informa-
tion). In contrast to the magnetic behaviour of compound 1
(for which no evidence for slow magnetic relaxation was ob-
served),”® compound 2 showed evidence for slow relaxation
of magnetization below 5K, with frequency-dependent
maxima in both real, ¥',, and imaginary, x”,, components of
susceptibility, even in zero static field. Application of a static
field slows down the relaxation rate, and at 1.7 K, the maxi-
mum relaxation time is observed at 2 kOe (Figure S3, Support-
ing Information). For a quantitative analysis, the frequency de-
pendence of the ac susceptibility at different temperatures
was measured in the range of 10 Hz to 10 kHz under this opti-
mum external field of Hy.=2 kOe (Figure 3). The Argand plots
derived from these data (Figure S4, Supporting Information)
were fitted by using a generalized Debye model (see Support-
ing Information). The nearly semicircular and symmetrical
shape of these plots, which are well-fitted considering a
narrow distribution of relaxation times (0.077 <a <0.028)
(Table S2, Supporting Information), are consistent with a single
magnetization relaxation process occurring, as previously ob-
served for other uranium SMMs.?*#"%? The product of the tem-
perature and the difference between adiabatic (ys), and iso-
thermal (y;) susceptibilities (ys—y7)T is about half of 4T, in
which yq. is the susceptibility determined from the dc suscepti-
bility measurement. This suggests that the slow relaxation pro-
cess is relevant for about half the sample.

Fits of the temperature dependence of the relaxation time 7
to a Arrhenius law, T=1,Xexp(U./ksT), yielded pre-exponential
factors () of 1.7(1)x107"s and 7.8(3)x10%s and effective
energy barriers (U.) of 21.9(7) K and 25.1(3.8) K under 0 and
2 kOe static fields, respectively (Figure 4a). Although deter-
mined for a very limited range of temperatures, these values
are in agreement with previously reported effective barriers for
mononuclear U" complexes."®*'~* However, the curved nature
of the Arrhenius plot implies that a single Orbach process
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Figure 3. Frequency dependence of the in-phase (a) and out-of-phase (b)
components of the ac susceptibility of 2 in the 1.6-4.8 K temperature range
in a static field on Hy =2 kOe.
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Figure 4. Relaxation time () of 2 as a function of T in 0 kOe (red circles) and
2 kOe (black squares) external fields. Panel (a) shows the best-fit of the high-
temperature region to the Arrhenius equation, that is, assuming exclusive
operation of the Orbach relaxation process. Panel (b) shows the best-fit of
all data points using a combination of quantum tunnelling and Raman pro-
cesses.

cannot explain the relaxation behaviour. This hypothesis is also
supported by the frequent observation that the experimental
U is significantly lower than the energy gap between the
ground and first excited states.*'® One reason for the non-lin-
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earity of the Arrhenius plot is the contribution of other relaxa-
tion mechanisms, such as quantum tunnelling, direct relaxation
and Raman processes. In fact, in many lanthanide and actinide
complexes, it has been observed that the Orbach process via a
real intermediate state is just a small contribution to the relax-
ation.1*

These possible relevant contributions to the relaxation in 2
can be described by Equation (1):1%3 33840

Ue
T =10y + AT + CT" + 7, exp(— k[}) (1)

in which TC}:’M' A, C and 1, terms describe the quantum tunnel-

ling, direct relaxation, Raman process and Orbach process, re-
spectively. For the Raman process in Kramers ions, an expo-
nent of n=9 is predicted, although different values have been
found in practice as a result of the inadequacy of the Debye
model for the description of phonons in molecular solids.”
The simplest model that led to an acceptable fit of all data
points was a combination of the Raman and quantum tunnel-
ling of the magnetization (QTM), processes (Figure 4b, i.e., A=
7,=0). Table 1 lists the obtained parameters.

Table 1. Magnetic relaxation fit parameters for 2.

Parameter Hy.=0 kOe Hy.=2 kOe
T [10°s7] 0.7(5) 6.2(6)
ClsT'K™M 4(3) 20(8)
n 6.2(6) 5.13)

These parameters are in good agreement with those found
for other actinide- and lanthanide-based single ion magnets
(SIMs) 18454849 However, the occurrence of any of these pro-
cesses cannot be conclusively demonstrated. Also, the Debye
model of phonon densities has been shown to be inapplicable
to molecular complexes, and a dominant role of molecular vi-
brations in the relaxation process has been reported.”*"
Thus, both the vibrational spectrum and the electronic struc-
ture must be studied in detail.

Theoretical calculations

For a first insight into the electronic structure of 2, multi-refer-
ence ab initio calculations based on the experimental crystal
structure were performed. A configuration-averaged Hartree—
Fock (CAHF) calculation was employed to obtain averaged or-
bitals (Table S3, Supporting Information),®? where local density
fitting approximation was exploited to speed up the calcula-
tion process.”**¥ Subsequently, the electronic Hamiltonian and
spin-orbit operator were diagonalized in this basis, yielding the
energy spectrum and eigenstates shown in Figure5 and
Table S4 (Supporting Information). The energy-level diagram
clearly reveals groups of states that can be assigned to the
Russell-Saunders multiplets I, (J=9/2 to 15/2 in order of in-
creasing energy). In view of the large spin-orbit coupling and
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Figure 5. Experimental and calculated energy-level diagrams (expanded
scale) for 2, up to 12000 cm™' (CF =crystal field).

substantial covalency, J is not necessarily a good quantum
number. For aiding the crystal field fit of the experimental exci-
tation energies, the compound was also symmetrized to G.
Analogous calculations starting from this idealized structure
were performed. The results are qualitatively very similar, and
are discussed below. Projection of the two lowest states calcu-
lated for the real structure onto a pseudo-spin 1/2 yields the
following principal g-tensor components for this Kramers dou-
blet (KD): g,=3.546, g,=2.638 and g;=0.802. This suggests a
considerably mixed ground doublet of the lowest multiplet.
Indeed, projection of the lowest 10 states onto a 9/2 pseudo-
spin by means of the SINGLE ANISO program allows express-
ing the composition of the Kramers doublets in terms of m,
functions. The ab initio results for the symmetrized complex
suggest that the ground Kramers doublet is largely composed
of the | £1/2> m, wave function, with smaller contributions
of | £7/2> and | £5/2> (Table S5, Supporting Information).
The first excited Kramers doublet was calculated to lie at
147 cm™' above the ground doublet and essentially consist of
a 50/50 mixture of | £9/2> and | £3/2> m,. The fact that the
first excited Kramers doublet was calculated to be at much
higher energies than that of the U, found by the analysis of
ac susceptibility is a clear indication that an energy-barrier pic-
ture for the relaxation of the magnetic moment may not be
applicable here, as already suggested by the fits of the relaxa-
tion time. Figure 2 shows the calculated susceptibility and
magnetization curves based on the ab initio calculations; the
calculated values are larger than the experimental values.
Projection of the lowest energy levels on a 15/2 pseudo-spin
allowed the extraction of crystal field parameters (Table S6,
Supporting Information), which are used as initial guesses in
the crystal field analysis (see below). To assess the influence of
the size of the active space, it was expanded in a subsequent
calculation to include 3 electrons in 19 orbitals, in which the
latter were selected to include a further set of f-orbitals
(double shell) and d orbitals.”™ The ensuing CASSCF (complete
active space self-consistent field) calculation resulted in a slight
decrease in the gap between the third and fourth multiplets
(below and above 10000 cm™', respectively, Figure S6, Sup-
porting Information). It also gave slightly different g-tensor
values for the ground KD (Table S7, Supporting Information)

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

:@"* ChemPubSoc
N Europe

and slightly different simulations of the susceptibility and mag-
netization curves (Figure S7, Supporting Information). Interest-
ingly, the first two excited KDs of the ground multiplets were
calculated at much lower energies than those in the original
calculation (Table S3, Supporting Information), but the total
crystal field splitting of the ground multiplet remains essential-
ly constant. These results indicate that the ab initio calculations
are not yet at their optimum and that other effects should be
taken into account. These include even larger active spaces or
dynamical correlations at the complete active space perturba-
tion theory of second order (CASPT2) or multi-reference config-
uration interaction (MRCI) level. However, such calculations
rapidly exceed current capabilities and indeed proved not to
be feasible with the hardware available to us. This motivated
us to probe the electronic structure in more detail by using a
variety of spectroscopic techniques.

Spectroscopic analyses

Low-temperature high-frequency EPR (HFEPR) spectroscopy is
a sensitive probe for the properties of the ground KD of f-ele-
ment complexes.*® HFEPR spectra recorded at frequencies be-
tween 180 and 370 GHz (Figure 6) display three sharp peaks in
addition to a number of less defined features. We attribute the
sharp features to the three principal components of the rhom-
bic g-tensor of the ground KD of 2. The additional features are
ascribed to incomplete powder averaging in an imperfectly
ground sample. In fact, these EPR lines are much sharper than
those typically observed in HFEPR spectra of trivalent lantha-
nide complexes. We are not aware of any existing HFEPR spec-
troscopic studies of uranium(lll), and reports of measurements
at conventional frequencies are also scarce.*®°¢=8 A [inear fit
of the resonance fields as a function of frequency for each of

450 -

400 o

350 4

N

v(GHz)

B, (T}

Figure 6. HFEPR spectra recorded on a pressed-powder sample of 2, record-
ed at T=5 K using several microwave frequencies (180-370 GHz). Grey lines
indicate the three resonances due to the principal components of the g-
tensor of the ground Kramers doublet.
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the sharp peaks (Figure S8, Supporting Information) yielded
the g-values of g,=3.54(5), g,=2.042(4) and g;=1.66(5), in
which the g, value exactly matches that found in the ab initio
calculations, whereas the other two values deviate significantly.
Not too dissimilar values were found for [U"(N**);] [N** = N-(Si-
Me,tBu), ] (ger= 3.55, 2.97 and 0.553).5%

In case transitions to the ground multiplet are observed, lu-
minescence spectroscopy is an excellent technique for the ex-
perimental determination of the energy-level structure of this
multiplet.®** However, no luminescence spectrum could be
obtained for 2. Alternatively, far-infrared (FIR) spectroscopy can
be used to precisely determine the energies of the first CF
states of the ground multiplet.*®%%¥ The low-temperature FIR
spectra (Figure 7 and S9, Supporting Information) are surpris-
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Figure 7. Normalized transmission spectra recorded on a pressed-powder
pellet of 2 dispersed in eicosane (1:20) at T=4.2 K and different fields as in-
dicated. The grey spectrum is the absolute transmission spectrum at 0 T and
4.2 K. The inset expands the 60-140 cm™' region, with the same axis units as
in the main figure.

ingly rich. These spectra have been normalized by dividing
them by the 0T spectrum. Peaks pointing downward corre-
spond to spectral density that appears upon application of a
magnetic field, whereas those pointing upward correspond to
spectral density that disappears. In the region up to 350 cm™,
one distinct band at about 175cm™' and groups of bands
around 100 and 130 cm™' can be observed. Such rich spectra
are typically not observed for lanthanides."** % Similar fea-
tures have been observed in four-coordinate cobalt complexes,
and they were attributed to strong spin-phonon coupling.”®”
As a consequence, excitations obtain mixed spin-phonon or vi-
bronic character. Tentatively, the features around 100 cm™' are
assigned to an excitation with predominant spin character be-
cause the transmission spectrum (grey line in Figure 7) has no
pronounced peak at that frequency (phonon transitions are
much more intense than crystal field transitions on account of
them being electric-dipole transitions). The features at approxi-
mately 130 cm™' are attributed to excitations with mostly
phonon/vibrational character. These spin excitation energies of
100 and 175 cm™' are similar but not identical to the CF excita-
tion energies of 147 and 224 cm™', calculated by ab initio

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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methods. Because of the tentative nature of these assign-
ments, we decided to explore the energy spectrum in a broad-
er range by means of optical spectroscopy. A subsequent fit of
all the found energy levels may shed further light on the ener-
getic structure of the ground multiplet.*

MCD spectroscopy in the UV/Vis/NIR spectral regions is a
very powerful electronic spectroscopic technique for the f-ele-
ments.“? Its power stems from the fact that the MCD is a
signed quantity, which often allows the resolution of partially
overlapping bands. In addition, the MCD effect increases with
the magnetic moment, which leads to a relative intensity in-
crease for (weak) f-f transitions compared to f-d transitions
and charge-transfer transitions. The MCD spectra (Figure 8 and

400 4
300 -

2004

100-J

MCD (mdeg)

[=]
N

-100+

200 (U1 |
8000

I
10000 12000 14000

Wavenumber (cm™)

10—
16000

Figure 8. MCD spectrum of 2 in a silicone-grease mull recorded at T=1.5 K
and B=5T.

S10, Supporting Information) recorded at 1.5 K and 5 T display
a set of sharp peaks between 7000 and 11000 cm™', three
broad bands at 15000, 18000 and 21000 cm™' (all with sharper
peaks superimposed), as well as a weaker featureless band at
about 34000 cm™". The sharp peaks are attributed to 5f-5f
transitions, whereas the broad bands are assigned to 5f —
5f%6d’ transitions.*® Gaussian deconvolution allowed the ex-
traction of 17 distinct excitation energies. Interestingly, in the
experiment, peaks are observed well-spread in the region from
7000 to 11000 cm™', whereas the ab initio calculations predict
a distinct gap between groups of levels centred around 8000
and 11000 cm™'. The larger deviation of the energies of the
higher-lying crystal field levels may be attributed to covalence
effects of the more extended 5f orbitals with the ligand orbi-
tals.®

Given this discrepancy between the ab initio and experimen-
tal energies, we sought to fit the experimental energies to a
suitable Hamiltonian by using the semi-empirical CONDON
program.”® A suitable Hamiltonian for this purpose is
H= ﬁp, + I:ICF, where Fl denotes the free ion, and CF denotes
the effect of the crystal field generated by the ligands. The
free-ion Hamiltonian consists of terms describing the effects of
spin-orbit coupling and f-inter-electronic repulsion.”” Here we
have used the following starting values for the parameters in-
cluded in the fit procedure: &;=1516 cm™', F*=36305cm™’,
F*=26462 cm™' and F*=23130 cm~". The CF-Hamiltonian can
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be expressed as Equation (2), in which CJ are tensor operators
related to the spherical harmonics and B} the crystal field pa-
rameters (CFPs).

Her =

S {Bkocg i Xk:[skq (cﬁq i (f1)ch) +iByg (cﬁq - (4)%5)}

k=246 q=1
)

In view of the limited number of experimental energies, we
were constricted to idealize the symmetry of 2 to G;. Ab initio
calculations on a symmetrized structure revealed that the es-
sential features of the CF splitting are not affected by symme-
try idealization. This approximation implies that the only non-
vanishing CFPs are B,y B, Bss, Bisy Beor Bes Bssy Bes and Bgg.
Then the calculated C;-symmetrized set of CFPs was intro-
duced into the CONDON package as an initial guess. The free-
ion parameters were also varied with a few iterations in a
second step. Once a satisfactory goodness-of-fit, SQX'”

] 2
(SQX = \/[Z,.”:O(}i <1 —;‘“pﬂ) ]/n, Where Yineo and Zepq are the

calculated and measured magnetic susceptibility, respectively,
o; is a weighting factor, which as standard is 1, and n is the
number of points included in the fit) of the MCD energy levels
and HFEPR spectral data was achieved (collective SQX < 1%),
the CFP set was refined, taking into account the magnetic sus-
ceptibility and magnetization data. The resulting full set of pa-
rameters and energy levels are given in Tables S4 and S6 (Sup-
porting Information). The fitted magnetic susceptibility, which
corresponds very well to the experimental data in all of the
temperature range when corrected by a —3x10"* emumol™’
temperature-independent paramagnetism, is plotted in
Figure 2 (red line), together with the magnetization curve at
1.7 K (see Experimental Section for further details). The ob-
tained SQX for the MCD energies is 1.16%, with a collective
SQX of 0.65%. This notably improved our starting point, which
had a deviation of 2.94% for the energies when using the full
Hamiltonian.

According to this phenomenological description, the ground
state is determined mainly by | £7/2> (62%) and |F5/2>
(35%), with a very small contribution of | £1/2> (3%). This
description is compatible with the observed SMM behaviour.
Compared with the ab initio results for the ground state, they
coincide with the m, components that are involved, but the
composition is remarkably different. This is not surprising be-
cause in the fit we included the g; value determined by EPR
(1.66(5)), which is almost twice the value of the one predicted
by ab initio calculations (0.802), evidencing the presence of
larger contributions of higher m, microstates in the ground
state. The mixed nature of the ground-state wave function
may be attributed to the competition between both the equa-
torial (amino and amido) groups with the apical oxygen atom
of the OPPh; group. According to the wave-function composi-
tion extracted from the phenomenological description
(CONDON fit), the inclusion of the apical group may be the
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key to stabilizing a ground state composed mainly of higher
m, microstates but not necessarily sufficient to achieve easy
axis instead of easy plane anisotropy. The effect of this apical
group appears to be underestimated by the ab initio calcula-
tions, yielding a dominant effect of the equatorial amino and
amido groups. To treat the apical ligand field generated by the
OPPh; group properly, dynamical correlation must be included
in the calculation, for example, by means of CASPT2 or MRCI.
However, such calculations exceed current capacities. Regard-
ing the crystal field parameters, all three diagonal CFPs are
larger in magnitude than the ab initio calculated values, which
results in an overall ligand field splitting of the ground multip-
let J=9/2 of about 1246 cm~'. Consequently, this is about
40% larger than the total ligand field splitting determined by
ab initio calculations (865 and 872 cm™' for the real and G;-
symmetrized structures, respectively). In contrast, the first ex-
cited Kramers doublet is located at about 142 cm™', which is
very close to the value predicted using the real structure
(147 cm™) and is compatible with the experimental data. Also,
the first excited multiplet (J=11/2) is calculated at 3847 cm™',
which is in good agreement with the ab initio results. Howev-
er, this picture clearly differs for the upper part of the energy-
level diagram: from the CF fit, a large number of energy levels
are obtained (Figure 5, and Figure S5) that are not all observed
in the MCD experiment. Interestingly, the CF fit also suggests a
continuous series of energy levels, in agreement with the MCD
results but in contrast to the ab initio calculations.

Conclusion

We have successfully prepared and characterized a uranium
complex, [U"({SiMe,NPh},-tacn)(OPPh,)] (2), that shows single-
ion magnetic behaviour, in contrast to its closely related pre-
cursor 1, which is a rare example of a uranium(lll) compound
with no evidence for slow relaxation at low temperatures. The
intuitive explanation for this difference is that the axial OPPh,
ligand stabilizes large m, states. However, the present multi-
technique experimental and theoretical investigation shows
that the observed different behaviour cannot be related to the
different crystal fields in a straightforward manner. These re-
sults, which illustrate the challenges of crystal field engineering
in actinides, constitute a solid first step toward the rational de-
velopment of actinide single-molecule magnets.

Experimental Section

Synthesis: U"[({SiMe,NPh};-tacn)(OPPh,)] (2) was prepared by re-
acting the precursor (1) with an equimolar amount of triphenyl-
phosphine oxide in toluene by an adduct-formation reaction, fol-
lowing a route mentioned in the Supporting Information
(Scheme S1) of a previous publication of one of us.*" Dark-red
crystals of 2 were obtained from a concentrated solution of com-
pound 2 in toluene. Yield: 61 mg (58%); elemental analysis calcd
(%) for Cg,H,N;OPSi,U (1274.57): C 58.42, H 6.01, N 6.59; found: C
58.09, H 6.11, N 6.66.

Magnetometric measurements: Magnetometric measurements of
2 were carried out on crystalline powder samples embedded in n-

Chem. Eur. J. 2019, 25, 1758 - 1766 www.chemeurj.org

1764

CHEMISTRY

A European Journal

Full Paper

hexane. Due to their pronounced air sensitivity, the samples were
sealed under vacuum inside a quartz tube. Magnetization was
measured with a 65T S700X SQUID magnetometer (Cryogenic
Ltd.) in the temperature range 1.8-300 K at several magnetic fields.
The paramagnetic susceptibility was obtained after correction for
the core diamagnetism estimated from Pascal's constants as
—5.58x10"*emumol™. At low temperatures (1.7-10K), ac sus-
ceptibility measurements were obtained with a MaglLab 2000
system (Oxford Instruments) with an ac field of 5Oe in the fre-
quency range 10 Hz-10kHz, in 0 and 2000 G fields. Isothermal
measurements, between 1.6 and 5K, were performed in the
10 Hz-10 kHz frequency range. At the lowest temperature (1.8 K),
additional y,.=f(w) measurements were also performed, in several
static (dc) fields up to 5 kOe

FIR spectroscopy: FIR spectra were recorded on a Bruker IFS 66v/s
FTIR spectrometer with a globar source and a composite bolome-
ter detector element located inside an 11 T magnet directly below
the sample. Samples consisted of 10 mm pressed powder pellets.

MCD spectroscopy: MCD spectra were recorded on mulls of the
solid compounds in transparent vacuum grease with an Aviv 42
CD spectrometer equipped with an Oxford Instruments Spectro-
mag 10 T optical cryomagnet and photomultiplier and InGaAs de-
tectors.

HFEPR spectroscopy: HFEPR powder spectra were recorded with a
home-built spectrometer.”” The radiation source (0-20 GHz signal
generator, Anritsu) was combined with an amplifier-multiplier
chain (VDI) to obtain the desired frequencies. It featured a quasi-
optical bridge (Thomas Keating) and induction-mode detection.
The detector was a QMC magnetically tuned InSb hot-electron bol-
ometer. The magnet was an Oxford cryomagnet (15/17T)
equipped with a variable-temperature inset (1.5-300 K).
Multi-reference ab initio calculations: The ab initio calculations
were performed with the Molpro suite of programs.”>”¥ The calcu-
lations followed the published LDF-CAHF -+ CASCI/SI-SO (local-den-
sity-fitted configuration-averaged Hartree-Fock + complete active
space configuration interaction followed by state-interaction
through spin-orbit coupling).?**¥ The active space consisted of
three electrons in the seven 5f-like orbitals.

Crystal field modelling: The results of the ab initio calculations
were used as a starting point to phenomenologically describe the
spectroscopic and static magnetic properties of the complex using
the full basis of microstates in the latest version of the CONCORD
code, which is part of the CONDON package.”” The non-negligible
crystal field parameters of the C;-symmetrized ab initio calculations
(Byor Bags Bazy Bz Beos Bess Bss» Besr Bss) Were used as initial input. The
MCD spectra and the magnetic data were fitted simultaneously in
a two-step procedure, also taking into account the high-frequency
EPR data. The yT product was simulated using the CONDON pack-
age, and the magnetization curve at low temperature was simulat-
ed by projecting the CF parameters on the ground multiplet.
Crystallographic data: CCDC 299439 (2) contains the supplemen-
tary crystallographic data for this paper. These data are provided
free of charge by The Cambridge Crystallographic Data Centre.
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