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ABSTRACT: The tetravalent uranium compound with a radical azobenzene ligand [{(SiMezNPh)3-tacn}UIV(nZ-NZth')] (2) was

111

obtained from a one-electron reduction of azobenzene by the trivalent uranium compound [U ™ {(SiMe,NPh);-tacn}] (1). The new
compound 2 was characterized by single crystal X-ray diffraction and '"H NMR spectroscopy. The magnetic properties of this com-
pound as well as those of the precursor 1 were studied by static magnetization and AC-susceptibility measurements. These meas-
urements reveal for the first time in a mononuclear U(IV) compound single-molecule-magnet behavior, while 1 is a rare example of
a U(III) compound that does not exhibit slow relaxation of the magnetization at low temperatures. A first approximation to the
magnetic behaviors of these compounds was attempted by combining an effective electrostatic model with a phenomenological

approach using the full single-ion hamiltonian.

INTRODUCTION

Driven by the new physics and remarkable potential appli-
cations in data storage and quantum computing, single-
molecule magnets (SMMs) became an important topic of
research in the field of molecular magnetism."” Firstly ob-
served in polynuclear aggregates of paramagnetic transition-
metal ions, it was initially believed that high-spin clusters
were required to generate such behavior."” However, in 2003 a
seminal work made by Ishikawa and co-workers revealed that
bis-phthalocyanine lanthanide(Ill) compounds containing one
single paramagnetic ion, Tb or Dy, exhibited SMM behavior
as well.'® Since then, an increasing number of SMMs based on
mononuclear lanthanide compounds™'"* and, more recently,
mononuclear actinide™“'” and transition-metal complexes™"
*? have been reported. These compounds are generally known
as single-ion magnets (SIMs).

In spite of some important advances,”®'>'**?* the SMM
phenomenon in these mononuclear complexes is far from
being well understood. The development of new SIMs with
improved magnetic properties is thus still dependent on a more
detailed understanding of the parameters underlying slow
magnetic relaxation and its mechanism. In this respect it is
important to compare related compounds to clearly probe
selected effects such as coordination geometry, nature of lig-
ands and crystal field strength, oxidation state of the metal, as
well as the effects of magnetic dilution and magnetic exchange
coupling. In this context, the study of actinide-based complex-
es is considered an emerging topic. In fact, due to the proper-
ties of the 5f electrons, actinides exhibit stronger spin-orbit
coupling interactions, larger magnetic anisotropy and en-
hanced exchange interactions. Thus, they can be considered as
better candidates to provide SIMs than lanthanides, as the J-

ground state splitting cause by the ligand field is expected to
be higher.'*"” Although some examples have been reported
during the last few years, SIMs based on actinides are still
scarce and mainly restricted to U(III) species; aside from a few
distinct compounds,'”"®**** most studies have focused on
. 35-43 .
poly(pyrazolyl)borate uranium complexes. These studies
on wisely selected compounds could put clearly into evidence
the effects of axial®******"* and non-axial ligand environ-
17,18,34,38.42 . 37
ments, magnetic dilution,”” charge of the co-
ligand,”®* different ligand donor strength in the same trigonal
. . 41 17 S .
prismatic” and tetrahedral * coordination geometries, and also
the first comparative studies with isostructural lanthanide
complexes.”*!

The effect of the oxidation state of uranium, which is known
to exist in the range +2 to +6, has remained less explored.
U(VI) is a diamagnetic ion and on the other extreme molecular
U(II) species only very recently have been isolated in the solid
state.**** Considering the range +3 to +5, besides the U(III)
complexes mentioned above, only one example based on a
mononuclear uranium(V) system has been identified*® and so
far no examples of SMMs based on uranium(IV) have been
reported. The U(IV) ion, an £ system with a 3H4 ground state,
is a non-Kramers ion, which generally presents an orbital
singlet ground state at low temperatures.”’ Lacking the mag-
netic bistability of the ground state required for slow magnetic
relaxation,” U(IV) is thus believed not to be a suitable candi-
date for generating SIMs,” and, in fact, SMM behavior was
explicitly reported as absent in some U(IV) compounds.”™'
However, an appropriate choice of the coordination environ-
ment and the presence of a radical may circumvent this con-
straint. In fact, the possibility of coupling a magnetic ion to an
organic radical can have dramatic effects on magnetic relaxa-
tion. It has been shown that a radical can slow down quantum
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tunneling relaxation pathways.'* In fact, concerning uranium
ions, the presence of a radical ligand in the compound
[U"(Tp"**)(bipy®)] (bipy’=radical bipyridine) that induces
the appearance of slow magnetic relaxation under zero static
magnetic field was recently demonstrated.*” With lanthanides,
a seminal work in this context was reported by J. R. Long and
co-workers®>>* who linked two Dy(III) or two Tb(III) ions via
a [N2]” radical, demonstrating that the system can enhance the
exchange coupling between their spins and produce record
high blocking temperatures. Nevertheless, while exchange
coupling mediated by a radical can block tunnelling when the
anisotropy axes of the connected SIMs are parallel, it can
enhance tunnelling if they are not.>* At this point, it is im-
portant to remark that the effect of the radical in this kind of
complexes is not limited to an enhanced exchange between
two metal ions. In a single rare earth ion coupled to a radical
ligand dramatic effects are also expected. For example, de-
pending on the symmetry of the system, diagonal or off-
diagonal terms will act, blocking or enhancing tunnelling
respectively. Additionaly, the presence of an extra electron
switches the magnetic system from half- to integer-spin or
vice-versa. An illustrative situation is that of a Kramers ion,
e.g. Er(Ill) or U(III), for which tunnelling is strictly forbidden
when isolated, but which can be enabled to flip if coupled to a
half-integer spin (a radical). In fact, the main effect in this case
of the extra electron spin is to switch the parity from Kramers
to non-Kramers. Thus, the goal in this work is to apply the
same principle to a non-Kramers ion (U(IV)) to produce a
Kramers magnetic molecule capable of slow relaxation of the
magnetization.

In this paper we report the magnetic properties of a U(IV)
complex  containing a  radical-azobenzene  ligand,
[{(SiMe,NPh);-tacn} U"(n*-N,Ph,")] (2). This compound is
obtained from a one-electron reduction of azobenzene by the
previously  described  trivalent  uranium  compound
[UHI{(SiMezNPh)3-tacn}] (1).55 The magnetic properties of 1
were also studied and interestingly it is found to be a rare
example of a U" compound which does not exhibits slow
relaxation of the magnetization. These results are understood
within an effective electrostatic model based on the crystal
field theory and the full single-ion hamiltonian.

RESULTS AND DISCUSSION

Synthesis and Structural Characterization. The synthetic
strategy used to prepare the compound [{(SiMe,NPh);-
tacn} U"(1n°-N,Ph,")] (2), known to exist since 2005,”*" was
based on our work with the trivalent uranium system
[UHI{(SiMezNPh)3-tacn}] (1), which has proven to engage in
one-electron reduction of halogenated and chalcogenide sub-
strates to afford U(IV) derivatives,”**® as well as in two-
electron reduction of elemental sulfur leading to the formation
of a terminal U(V) persulphide.”® Thus, the addition of one
equivalent of azobenzene to a toluene solution of compound 1
leads to an immediate color change from brown to dark green.
The reaction mixture was left stirring for approximately two
hours at room temperature, and after appropriate work-up a
dark-green powder was isolated in 59% yield. Characterization
by "H NMR spectroscopy and single- crystal X-ray diffraction
analysis proved this product to be the uranium(IV) compound
with an azobenzene radical anion [{ (SiMeZNPh)3-tacn}Ulv(n2-
N,Ph,)] (2) (Scheme 1).

Scheme 1. Synthesis of Compound 2.
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The reduction of azobenzene with formation of a radical an-
ion or even a dianionic ligand has been performed by different
lanthanide systems,”® but it was not previously described in
uranium chemistry. Actually, the examples reported in the
literature concerning the reaction of uranium compounds with
azobenzene have always resulted in the reductive cleavage of
the N=N bond to form bis(phenylimido) derivatives. These
reactions occur by a multi-electron redox process involving
the metal center and the ligands in case of U(III) and U(IV)**
7" or just the metal center in case of U(II).”””” The absence of a
redox-active ligand in the coordination environment of the
U(III) compound (1) favors a single-electron reduction process
with the concomitant formation of 2 as shown in Scheme 1.

1

The 'H NMR spectrum of 2, performed in a benzene-dg so-
lution at room temperature, exhibits six broad proton reso-
nances between 22 ppm and -41 ppm for the {(SiMe,NPh);-
tacn} ligand (Figure 1). The eighteen protons of the three
SiMe, groups give rise to a single peak at low field, the twelve
methylene protons of the aza-macrocyclic ring to two peaks
and the fifteen protons of the aromatic rings to three peaks.
This pattern suggests that a fluxional process occurs in solu-
tion on the NMR time-scale. The resonances accounting for
the ortho-, meta- and para- protons of the two phenyl rings of
the azobenzene appear as three strongly shifted signals at low
field (61.94 ppm) and high field (-146.7 ppm and -189.9 ppm).
Chemical shifts of this magnitude are a strong evidence for the
presence of a coordinated radical ligand as observed for some

lanthanide compounds bearing a {N,Ph,""} radical.®**
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Figure 1. '"H NMR spectrum (300 MHz) of compound 2 in ben-
zene-dg at room temperature.

Low-temperature NMR studies were performed on a tolu-
ene-dg solution of compound 2. A gradual cooling of the sam-
ple resulted in the progressive shifting and broadening of the
proton resonances, indicating a slowing of the dynamic pro-
cess observed at room temperature. At —40 °C all the proton
NMR shifts were coalesced in the baseline but by —60 °C the
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resonances started to emerge again. At —80 °C, very broad
peaks assigned to the {(SiMe,NPh);-tacn} ligand were ob-
served (Figure 2). At this temperature, the 'H NMR spectrum
presents three signals for the SiMe, protons, six signals for the
CHj, protons of the tacn fragment and three more signals that
could be ascribed to the aromatic protons of the NPh groups.
The number of resonances for the methyl protons and the
macrocyclic amine indicates that in solution the molecule
possesses a pseudo-C; symmetry. The existence of only three
peaks for the phenylamido groups shows that the fluxional
process that makes the protons of these three groups equiva-
lent is still fast at this temperature on the NMR time scale.
This fluxional process could be related to changes in the rela-
tive position of the phenylamido groups in the coordination
sphere around uranium. Considering that the geometry in
solution approaches the one found in the solid state (see Figure
3 and discussion below), this process would correspond to the
exchange of the nitrogen atoms N4, N5 and N6 between equa-
torial and capping sites, maintaining the phenyl groups in the
symmetry plane. A similar low-temperature spectrum was
found for the iodide derivative [ {(SiMe,NPh);-tacn}U"1].>

s S
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Figure 2. '"H NMR spectrum (300 MHz) of compound 2 in tolu-
ene-dg at —80 °C.

Compound 2 crystallizes readily as dark green crystals in
common solvents such as THF or toluene, however single
crystals suitable for X-ray diffraction studies could be ob-
tained only from a benzene-d; solution of 2 kept at room tem-
perature. This compound crystallizes in the triclinic P—1 space
group, with two crystallographically independent molecules in
the asymmetric unit. In each molecule, the uranium atom is
octacoordinated by the three nitrogen atoms of the macrocy-
cle, the three nitrogen atoms of the pendant arms and the two
nitrogen atoms of the azobenzene (Figure 3(a)), but due to the
small bite angle of the azobenzene (N7-U-N8=32.96(9)° in
both molecules) it can be considered as if this ligand occupies
one single coordination position. The coordinating atoms
describe a distorted bicapped trigonal bipyramid around the
uranium centers, with the atoms N3/N3A and the midpoint of
N7-N8/N7A-N8A bond occupying the axial positions (angles
N3-Ul-midpoint(N7-N8)= 173.13(9)° and
N3A-U2-midpoint(N7A-N8A)=172.41(8)°), the atoms
N1/N1A, N2/N2A, N6/N6A located in the equatorial sites and
the atoms N5/N5A and N4/N4A capping two of the triangular
faces of the bipyramid (Figure 3(b)). This coordination ge-
ometry is quite different from the precursor compound 1
which presented an almost perfect trigonal prismatic coordina-
tion geometry (Figure 3(c), (d)).”
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Figure 3. Molecular structures and coordination geometries of (a,
b) [{(SiMe;NPh)s-tacn}U"V(>-N,Ph,)]  (2) and (¢, d)
[U™{(SiMe,NPh);-tacn}] (1) (thermal ellipsoids set at a 40% and
20% probability level respectively). Hydrogen atoms, the second
independent molecule for 2 and solvent molecule for 1 were
omitted for clarity. Bond distances (A) for 1:
U—Nomiae=2-326(19)-2.367(15); U-N,mine=2.640(18)-2.677(19).%

Relevant bond distances and angles and a summary of the
crystal data and refinement parameters are given in Table 1
and Table S1, respectively. The two molecules, I and II, fea-
ture similar metric parameters but different conformations
forming an enantiomeric pair (Figure S1). The bond lengths
observed are consistent with the presence of a U(IV) center
coordinated to a monoanionic azobenzene ligand, further
confirming the evidences shown by the proton NMR spec-
trum. One clear indication of the radical nature of the azoben-
zene ligand is the N7-N8/N7A-N8A bond distances (1.353(4)
and 1.350(4) A in molecule I and II), which present a value
between the N=N double bond of azobenzene (1.251 A)’® and
the N-N single bond of hydrazine (1.45 A in average)’’ com-
paring well with the ones reported for the related lanthanide
complexes [Cp*,Sm(n’-N,Ph,)(THF)] (1.32(1) and 1.39(2)
A)” [(Tp™*),Sm(n’-N,Ph,)] (1.332(12) A)* and [Ln(n’-
C,Me,R,P),(>-N,Ph,)] (R="Bu, Ln=Tm; R=SiMe3, Ln=Sm)
(1.351(5) and 1.351(4) A).” Furthermore, the U-(>-N,Ph,)
bond distances (2.353(3) and 2.413(3) A in molecule I and
2.357(2) and 2.400(3) A in molecule II) are comparable to,
although slightly shorter than, the ones found in the complex
[{(SiMe,NPh);-tacn} U" {n*~(NHC(Me)),CC=N}] (2.433(15)
and 2.47(2) A) which bears a bidentante monoanionic N-donor
ligand.

The azobenzene is nonsymmetrically bound to the metal
center, with distances U-N8/NSA 0.060 and 0.043 A longer
than the U-N7/N7A, as observed in analogous lanthanide
complexes.””*** However, at variance with lanthanide sys-
tems, this dissymmetry is not reflected in the bond length
between the nitrogen atoms and the ipso-carbons of the phenyl
rings which present similar values (1.409(4) and 1.408(4) A
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for molecule I and 1.404(4) and 1.409(4) A for molecule II).
The phenyl rings of the azobenzene maintain the same relative
orientation as in free cis-azobenzene'® with slightly less acute
dihedral angles (70.37° and 72.15° vs 64.26°), but are signifi-
cantly more twisted around the N—Ci bonds as attested by the
Ci—-N-N-Ci torsion angles, which increase from 8° in free
azobenzene to 40° in compound 2. The U-N(amido) and
U-N(amine) bond distances range from 2.322(3) to 2.374 A
and 2.625(3) to 2.753(3) A, respectively, and are in agreement
with those reported for the other tetravalent uranium complex-
es within this family.”>**"®

Table 1. Bond distances (A) and angles (°) for compound 2.

Molecule I Molecule I

UI-N1 2.6803) | U2-NIA 2.726(3)
Ul-N2 2.743(3) U2-N2A 2.753(3)
U1-N3 2.625(3) | U2-N3A 2.645(3)
Ul-N4 2.359(2) U2-N4A 2.374(2)
UI-N5 2.322(3) U2-NSA 2.334(3)
Ul-N6 2.345(3) U2-N6A 2.337(3)
UI-N7 2.353(3) U2-N7A 2.357(2)
Ul-N8 2.413(3) U2-N8A 2.400(3)
N7-N8 1.353(4) | N7A-NS 1.350(4)
N7-C31 1.409(4) N7A-C31A 1.404(4)
N8-C37 1.408(4) N8A-C37A 1.409(4)
NI1-U1-N2 62.23(9) N1A-U2-N2A 61.71(8)
NI-UI-N3 66.76(9) NI1A-U2-N3A 65.34(8)
N2-U1-N3 68.78(9) N2A-U2-N3A 67.58(8)
N4-UI-N5 170.57(9) | N4A-U2-N5A 167.04(9)
N4-U1-N6 94.09(9) N4A-U2-N6A 96.14(9)
N5-U1-N6 88.69(10) | NSA-U2-N6A 92.76(9)
N7-U1-N8 32.96(9) N7A-U2-N8A 32.96(9)
(NT-N8)migpoint- | 173-13(9) | (N7TA-NBA),igpoin— 172.41(8)
-U1-N3 U2-N3A

Magnetic Properties. The temperature dependence of the
magnetic susceptibility of complexes 1 and 2 was measured in
the range 3 to 300 K under a static field of 1000 Oe (Figure 4),
revealing a paramagnetic behavior for both compounds. The
xT product at room temperature for 1, 0.94 emu-K-mol™, is
lower than the reported value for the 5f U* free-ion but with-
in the observed values for U(III) compounds.” For compound
2 the %T product drops monotonically from 1.32 emu-K-mol
at 300 K to 0.68 emu-K-mol™ at 3 K. The %7 value at 300 K is
lower than the expected free-ion value for the 5f° U(IV),
1.60 emu-K-mol™, but slightly higher than the average values
(0.78-1.19 emu'K'mol")  found in most of U(IV)
compounds.””® This is certainly due to the additional contri-
bution of the extra spin from the radical azobenzene which
seems to be ferromagnetically coupled to the U(IV) center. A
similar increase of the magnetic moment due to the radical
ligand contribution was already observed in the U(III) com-
plex [U(Tp"**),(bipye)]* although in this case the extra mag-
netic moment of the bipyridine radical ligand was coupled
antiferromagnetically to the central ion. At 3 K a magnetiza-
tion of 2.33 pug was measured. This significant high value at

low temperatures is not unusual, being found in charge-
separated uranium(IV) species with centered radical lig-
ands.*"™ High magnetic moment values at low temperatures
were also found in uranium(IV) compounds presenting a trig-
onal bipyramidal geometry of [Li(DME);][U(CH,SiMe;);] and
[Li(THF),]J[U(CH2'Bu)5] leading to changes in the crystal
field splitting patterns.”

-1

xT | emu-K-mol

1
300

Figure 4. (a) Experimental (symbols) and calculated (solid line)
temperature-dependence of the magnetic susceptibility as yT
product for compound 1 (black) and 2 (blue), from 2 to 300 K
using the CONDON package (see text). The behavior of 2 without
the radical contribution (assumed to be equal to 0.375
emu-K-mol™) is reported as open circles.

The magnetic field dependence of magnetization of 1 (Fig-
ure S2) and 2 (Figure S3) was measured at several tempera-
tures under fields up to 5 T using a SQUID magnetometer at
temperatures down to 0.3 K (sweep rate 0f 20 Oes™) and under
fields up to 10 T using a MagLab 2000 system (Oxford In-
struments) at temperatures down to 1.7 K (sweep rate of
90 Oes™). For compound 1 no hysteresis was observed down
to 1.7 K even with a sweeping rate of 90 Oe s .

For compound 2, as shown in the inset of Figure S3, an
opening of the hysteresis curves could be clearly observed at
1.7 K, with a butterfly shape emerging although without zero
field coercivity, as typically observed in other mononuclear
Uy’ and U(V)* complexes with SMM behavior. This
hysteresis becomes more evidenced at even lower tempera-
tures (Figure 5). The absence of coercivity is probably due to
an efficient quantum tunneling of the magnetization at zero
field caused by low-symmetry components of the crystal field.
Despite this, at 0.33 K it is observable the onset of a plateau at
half value of the magnetization between 0.15 and 0.5 T. A
more clear evidence for this intermediate magnetization state
should wait for a complementary study of magnetization under
different magnetic field sweeping rates and at even lower
temperatures.
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Figure 5. Field dependence of the magnetization at low tempera-

tures at 0.8 and 0.33 K for 2. The inset shows the curve details up
tol5T

An effective charge electrostatic model can be used to un-
derstand the magnetic behavior of both compounds. In a first
step the Radial Effective Charge (REC) model® was applied
to the idealized structure (Cj,) of 1, introducing the coordi-
nates of the donor atoms in the SIMPRE computational pack-
age.” As these ligands have not been parameterized before,
for an initial guess of crystal field parameters (CFPs), the
effective distances were calculated using the following formu-
la for D, :

(N 1
v, ) E, &, -E,)

where Ny is the coordination number of the complex, Vy is
the valence of the metal, and Ey; and E; are the Pauling elec-
tronegativities of the metal and the donor atom, respectively.
Such relation was obtained by fitting the phenomenological
crystal field parameters of the families CsNaYClgLn®" and
CsNaYFgLn, LiYF,;Ln'" and LaCly:Ln’* using the crystal
structures and the REC model.*® Subsequently, the effective
charge of the donor atoms was calculated assuming a similar
relation Z./D, to the observed between the REC parameters of
differerzlst84rgtrogen-coordinated compounds studied by this
model.™™

D =

This strategy allowed us to obtain a set of starting CFPs for
fitting the temperature-dependent susceptibility of 1 using a
full model approach. As Kogerler et al. recently pointed out,
the challenge in modeling actinide complexes arrives from the
fact that interelectronic repulsion (= 10*cm™), spin-orbit
coupling (= 10’ cm™") and ligand field potential (= 10° cm™")
are roughly of the same order of magnitude.88 Thus, we intro-
duced this initial trial of calculated CFPs in the package
CONDON,"¥ which is suitable to model these systems due to
the numerical approach that takes into account all the energet-
ic effects of the free ion and the ligand field. The temperature-
dependent magnetic susceptibility data was fitted using the full
single-ion Hamiltonian approach with the assumptions: Cs¢ =
1516cm”, F'= 36130cm”, F'= 26000cm’, F°=
21000 cm™,” and a Cj, ligand field symmetry. This symmetry
approximation implies that the only non-vanishing ligand field
parameters are B,y B4y, Bis, Bgo, Bes and Bg. The least-
squares fit (SQ = 0.31%) yields By, = -4900 cm™, By, =
1788 cm™, Bys = 2144 cm™, B = 4363 em™, Bg; = -7055 om’'
and By = 8166 cm™.

The overall ligand field splitting of the ground multiplet J =
9/2 is about 1800 cm™. This highest state of the ground multi-
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plet is separated from the lowest state of the following first
excited multiplet J = 11/2 only by 1750 cm™, which is located
at 3550 cm™. This evidences the need of using a full approach
instead of an effective one (assuming Russell-Saunders cou-
pling) for a proper description of the system. All 182 doublets
covered by the application of the full basis span an energy
interval of ca. 65970 cm™. The ground doublet is mainly com-
posed of M; = 42% [£5/2> + 36% [£1/2> + 22% |£7/2> states.
The presence of an important contribution of +1/2 in the
ground doublet explains the inability of 1 to display SMM
behavior. This is also denoted by the crystallographic structure
of the compound, where the three nitrogen atoms of the
SiMe,NPh group are placed at 77° in average from the polar
coordinate in 0, i.e. complex 1 illustrates a situation where the
electron density is distributed near the plane xy. Since U(III) is
an oblate ion with the f-electron density equatorially distribut-
ed, the repulsive contacts between ligand and f~electron charge
cloud do not favor the stabilization of a high M, value in the
ground doublet. Thus, contrary to the conclusions of ref. 33,
compound 1 evidences that specific symmetries or ligand
surroundings may have crucial effects in the magnetic proper-
ties of uranium complexes.

Regarding the simulation of the magnetic properties, the fit-
ted %7 product and the predicted magnetizations using the full
single-ion hamiltonian in the CONDON computational pack-
age (Figure 4, solid black line) are in excellent agreement with
experimental data. The magnetization predicted by this model
at 2 K (Figure S3) is essentially exact at low field/temperature
ratios (H/T < 1 T/K). There are some deviations at higher
fields or lower temperatures, where the predicted magnetiza-
tion rises above the experimental data which can be related to
small dipolar interactions between the U(III) centers becoming
relevant at lower temperatures.

In a second step, the REC model was used again to obtain
an estimation of D, and Z; of the groups tacn (D, = 1.52 A and
Z; = 0.04) and SiMe,NPh (D, = 0.18 A and Z; = 2.64) by a
direct fitting of the phenomenological CFPs determined by
CONDON using the idealized structure. These results, com-
bined with an analogous study with pyrazolyl ligands in
[U"Tps] (D, = 1.48 A and Z; = 0.023),” allowed us to obtain
an estimation of the CFPs of compound 2. For that, we intro-
duced the crystal structure of compound 2 in the SIMPRE
package, corrected by the determined D, values, just to obtain
a set of CFPs.

Finally, we moved again to CONDON in order to calculate
the spectroscopic and magnetic properties arising from these
CFPs after diagonalizing the full single-ion hamiltonian. It is
important to note that in this case the presence of a radical and
the lack of symmetry elements in the coordination environ-
ment impede the usual strategy of a direct fitting of the data.
This is especially due to the overparametrization nightmare
that arises from the geometry of the system. In this sense,
combining first-principles calculations with model hamiltoni-
ans in order to determine the exchange interaction between the
fand the p spins would be a reasonable mid-term goal for the
study of this system. Nevertheless, the predicted CFPs using
the REC model and the subsequent diagonalization employing
the full single-ion hamiltonian allows a reasonable prediction
of the ¥T curve (Figure 4, solid blue line).
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Figure 6. Energy level scheme of the ground multiplet for the
magnetic metal ion in compounds 1 and 2.

The agreement at high temperatures is remarkable, consider-
ing that the whole theoretical analysis up to this point has been
done in the absence of any experimental magnetic data for 2
and is thus a structurally-guided effective charge electrostatic
prediction. Assuming that this theoretical calculation is essen-
tially correct for the U(IV) ion, the observed deviation from
experimental data, which starts below 150 K, can be under-
stood as a ferromagnetic exchange coupling between the spin
of the radical, and the moment of the U(IV) ion. This coupling
is not unexpected since the sp” and the 5f orbitals of the radical
and uranium ion present a strong interaction. In this respect it
is worth recalling that actinide 5f orbitals are considerably
more diffuse than lanthanide 4f orbitals making strong interac-
tion. The analysis of the orientations of the fand p orbitals that
would be necessary to fully explain this postulated ferromag-
netic exchange is well beyond the scope of this work. The end
result is that the experimental ¥T product at the low tempera-
ture limit is of the order of 0.7 emu.K.mol'l, while the calcu-
lated value for the U(IV) ion in the absence of the radical
would be practically zero. The calculations were performed
using the full single-ion Hamiltonian approach with the default
assumptions for U(IV): (s = 1926 cm™, F* = 76557 cm’, F* =
50078 em™, F® = 36429 cm™, and C; ligand field. The energy
level scheme of the ground multiplet for U(IV) in compound 2
is reported in Figure 6. According to our calculations, the
ground state shows an important contribution of M, = +4
(74%) but also there is a presence of M;= 0 (17%) in the easy
axis. Thus, the interaction with the radical seems to play a key
role in the slow relaxation of the magnetization in complex 2,
while the mere presence of this axial ligand would not be
enough. In other words, an equivalent ligand field produced by
a diamagnetic but otherwise similar coordination sphere would
produce a magnetic behavior similar to that observed in 1.

Regarding the radical contribution, the main effect of the
extra electron spin is to switch the parity from non-Kramers to
Kramers. A moderate magnetic exchange suffices to alter the
quantum-mechanical character of the ground state doublet.
Thus, from a tunnel-splitted doublet that is mainly a mixture
of M=+4, M=-4 and M=0 one expects to obtain two doublets
that are dominated by M~=t9/2 and M~=%7/2, respectively.

Solving a complete model considering the U(IV) ion, includ-
ing its excited states, together with the radical, was impractical
at this point. Nevertheless, a toy model consisting of an aniso-
tropic effective S=1 (non-Kramers) exchange-coupled with a
S=1/2 suffices to evidence this (details in the SI). Seen from
the point of view of the radical, the coupling to the anisotropic
magnetic momentum produces an extremely anisotropic radi-
cal. Indeed, it has not been possible to observe an EPR signal
of 2 in a commercial setup, and this is attributed to an intrinsi-
cally broadness of the signal. Experiments concerning this
point are ongoing with specialized EPR equipment.

Further information on the magnetization dynamics was ob-
tained by AC susceptibility measurements at low tempera-
tures, 1.6-10 K, with an AC field of 5 Oe in the frequency
range 10 Hz — 10 kHz, and under several static magnetic DC
fields. For compound 1 no evidence for slow magnetic relaxa-
tion was observed with both the in-phase, %', and out-of-phase,
x’’, components of susceptibility being frequency independent,
even under different static magnetic fields. This is not the
situation of complex 2 which although at zero field presents ¥’
and '~ components frequency independent (Figure S5) it
starts to show a strong frequency dependence upon the appli-
cation of a small static (DC) field. By studying the AC suscep-
tibility at different applied static magnetic fields the slowest
relaxation time was observed close to 1000 Oe (Figure S6).
With temperature variation a well resolved local maximum
appears in " shifting to higher temperatures as the frequency
increases, as shown in Figure 7(b). Above 1000 Oe the mag-
netic field only slightly enhances the frequency and tempera-
ture dependence of the peaks, with y" showing broad maxima
(Figure 7(c)), and the maxima of y"” becoming better resolved
for low frequencies (Figure 7(d)) with no significant increase
in the magnitude of the peaks (see also Figure S6 in the Sup-
porting Information).
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—A—995Hz 00144 7 —A—995 Hz
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Figure 7. In-phase and out-of-phase components of AC suscepti-
bility at different frequencies from 1.7 to 10K for 2 at Hyc=5 Oe
and Hpc =1000 Oe ((a), (b)), and 2500 Oe ((c), (d)).
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Figure 8. (a) In-phase and (b) out-of-phase components of AC
susceptibility at different frequencies in the 1.7 to 10K tempera-
ture range for 2 at Hyc=5 Oe and Hpc =2500 Oe. (c) Cole-Cole
plots with best Debye model fits.

At fixed temperatures, between 1.6 and 6 K, the frequency
dependence of the AC susceptibility also shows slow magnetic
relaxation under applied static DC fields, (Figure 8(a) and (b))
and Supporting Information Figures S7, S8 and S9) clearly
denoting SMM behavior with reduction of the Quantum Tun-
neling of Magnetization (QTM) through spin-reversal barrier
via degenerate =M levels. Using the y(w) data for three dif-
ferent values of static fields, Cole—Cole diagrams in the tem-
perature range 1.6—6 K were obtained exhibiting semi-circular
shapes (Figure 8(c) and Figures S7-S9) fitted using the gener-
alized Debye model,” affording a values less than 0.1 (see
Tables S2-S4), which support the existence of a single relaxa-
tion process.

Magnetization relaxation times could also be extracted con-
sidering that compound 2 is relaxing via a thermally activated
Orbach process. As seen in Figure 9(a) the Arrhenius law fits,
essayed using the equation, t = 1, exp(U/kgT) where U is the
effective energy barrier and kg is the Boltzmann constant,
yielded barriers of U = 14.1, 16.9 and 17.6 K at 1000, 2000,
and 2500 Oe, respectively, of the same order of magnitude as
those observed for mononuclear U(III) complexes.'”'*%##
Below 3.5 K it is approached a temperature independent re-
gime of the relaxation time that is similar for all different
static fields. This linear relationship of In(1/t) with 1/T, in-
dicative of an Orbach process, does not cover the whole range
of temperature-dependent data. Thus, in order to find some
other contributions to the relaxation pathway a Raman process
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was then fitted to these experimental data assuming 1/ \/_ =

atb-T, i.e. a linear slope in 1/\9/?vs T. These results can be
seen in Figure 9(b) where coefficients a = 2.2, 2.22, and 2.17
and b = 0.21, 0.23, and 0.25 were obtained for static fields of
1000, 2000 and 2500 Oe, respectively. By comparison to the
Orbach process these fits clearly show that Raman process
covers a wider range of temperatures, in particular at 1000 Oe
where only below 2 K an independent temperature regime due
to quantum tunnelling effects dominates.

(a)

-9 [e} 5 8
o 1000G o A NN
A 20006 Og 2 r o o
% 2500G /| 4
*
-10 3
= ©=1.23x10%s
5 . U,=14.1K
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=4.52x10" s
12 B
U,=176K
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Figure 9. (a) Plot of In(t) vs. T with fittings to the Arrhenius
law. (b) Plot of 9" root of the relaxation frequency vs temperature
with fittings assuming a Raman process. Hpc= 1000 Oe (red),
Hpc=2000 Oe (blue), and Hpc = 2500 Oe (black); Hyc=5 Oe.

EXPERIMENTAL SECTION

General Considerations. All manipulations were carried
out under a nitrogen atmosphere in a glovebox or using stand-
ard Schlenk and vacuum-line techniques. Toluene and n-
hexane were pre-dried using 4 A molecular sieves, freshly
distilled from sodium/benzophenone under nitrogen atmos-
phere and degassed with freeze pump-thaw cycles. Benzene-dg
and toluene-dy were vacuum distilled from sodi-
um/benzophenone and stored in PTFE-valve-glass ampoules
under nitrogen. Azobenzene was purchased from Aldrich and
dried under vacuum prior to use. [U{(SiMe,NPh);-tacn}] (1)
was prepared according to a previously reported procedure.”
'H NMR spectra were recorded at 296 K on Varian INOVA-
300 and Bruker Avancell 300 spectrometers. Chemical shifts
were referenced to resonances of the residual protonated sol-
vents relative to tetramethylsilane (benzene-dgs, & 7.16 ppm;
toluene-dg, & 2.09 ppm). CHN elemental analyses were per-
formed in-house using a EA1110 CE Instruments automatic
analyzer.
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Synthesis and Characterization of Compound 2. A tolu-
ene solution of azobenzene (33 mg, 0.18 mmol) was added
dropwise, at room temperature, to a solution of
[U{(SiMe,NPh);-tacn}] (1) (145 mg, 0.18 mmol) in the same
solvent. A color change from dark brown to dark green was
immediately observed. The reaction mixture was left stirring
for two hours. After this time, the solvent was evaporated
under reduced pressure yielding a dark green solid, which was
washed with n-hexane and vacuum dried (Yield: 106 mg,
59%). Elemental analysis for Cy,,HssNgSi;U: Calculated — C
50.74, H 5.58, N 11.27; Found - C 49.79, H 5.91, N 11.15. 1H
NMR (C¢Ds, 300.1 MHz, 296 K): & (ppm) 61.94 (s, 4H,
N,Ph,), 22 (vbr, 6H), 13.23 (s, 18H, SiMe,), 11.67 (s, 6H),
5.36 (s, 3H, H,-NPh), —17 (vbr, 6H), -40.81 (s, 6H), —146.7 (s,
2H, Hp-N,Ph,), —189.9 (s, 4H, N,Ph,). 1H NMR (toluene-ds,
300.1 MHz, 193 K): é (ppm) 57.08 (s, 6H, SiMe,), 28.75 (s,
6H, SiMe,), 26 (vbr, 6H, NPh), 18.1 (br, 2H, CH,), 13.1 (br,
2H, CH,), —11.27 (s, 6H, SiMe,), —13.18 (s, 6H, NPh), —17.24
(s, 3H, Hp-NPh), —39.69 (br, 2H, CH,), —60 (vbr, 2H, CH,),
—-69.8 (br, 2H, CH;), -91 (vbr, 2H, CH,). No resonances for
N,Ph, were observed at this temperature.

Single-Crystal X-ray Diffraction Analysis. A single crys-
tal of compound 2 was selected and coated with FOMBLIN
Y60 LVAC 25/6 oil (Aldrich) in a glove box and rapidly
mounted on a Bruker AXS-KAPPA APEX II CCD area-
detector diffractometer using graphite-monochromated Mo Ka
radiation (, = 0.71073 A). Cell parameters were retrieved
using Bruker SMART S5 software and refined using Bruker
SAINT on all observed reflections.” Absorption corrections
were applied using SADABS.” The structure was solved by
direct methods using program SIR97** and refined by full-
matrix least squares refinement on F2 using program
SHELXL-97,” both included in the package of software pro-
grams WINGX.” All non-hydrogen atoms were refined with
anisotropic thermal motion parameters. All hydrogen atoms
were inserted at calculated positions based on the geometries
of their attached carbon atoms. The illustration of the molecu-
lar structure was made with Mercury 3.3.”” CCDC reference
number: 1054616.

Magnetic Properties. To study the magnetic properties of
[U{(SiMe,NPh);-tacn}] (1) and [{(SiMe,NPh);-tacn}U" (n*-
N,Ph,)] (2) two different batches were measured as crystalline
powder imbedded in n-hexane with identical results within
experimental uncertainty. Due to their high air sensitivity, the
samples were sealed under vacuum inside a quartz tube. Mag-
netization was measured using a 6.5 T S700X SQUID magne-
tometer (Cryogenic Ltd.) in the temperature range 2 — 300 K at
several magnetic fields and with a *He insert for measurements
down to 0.3 K. Additional field dependent magnetization up to
10 T (and 10 T at 1.7 K) and AC susceptibility measurements
were taken using a MaglLab 2000 system (Oxford Inst.) at
temperatures down to 1.7 K. The paramagnetic data was ob-
tained after the correction for the core diamagnetism estimated
from Pascal’s constants, as XD:-397.3XIO'6 emu/mol and yp=-
501.3x10"® emu/mol for compounds 1 and 2, respectively.

CONCLUSION

In this work we have prepared and characterized a new
mononuclear U(IV) complex with a radical azobenzene ligand
[{(SiMe,NPh);-tacn}U"(n*-N,Ph,)] (2) which is the first
example of a compound generated by one-electron reduction
of azobenzene performed by a uranium species,

[{(SiMezNPh)3-tacn}Um] (1). At variance with several triva-
lent uranium compounds recently studied, the magnetic prop-
erties of 1 do not present any sign of slow relaxation of the
magnetization at low temperatures, evidencing the crucial role
of the coordination environment. In contrast, compound 2
presents at low temperatures a clear indication of slow relaxa-
tion of the magnetization under applied static DC fields in the
range 1-2.5 kOe, and a large hysteresis in the magnetization
curves, being the first uranium(IV) compound with SMM
behavior. The relaxation barrier associated with the thermally
activated regime of the relaxation, 17.6 K for 2500 Oe, is of
the same order of magnitude as those observed for mononu-
clear U(III) complexes with SMM behavior. This unprece-
dented behavior among uranium(IV) seems to result from the
interaction of the metal ion with the paramagnetic ligand,
which switches the parity from non-Kramers to Kramers. This
may provide a new strategy to design SIMs in non-Kramers
ions. When considering the use of this strategy to extend re-
laxation times in rare earth complexes, it is important to con-
sider that tunnelling can only be blocked for temperatures
much smaller than the coupling energy. Therefore, in order to
achieve a significant success in enhancing the blocking tem-
perature, the exchange coupling to and via the radical must be
significant, which is exceptional for lanthanides but more
common in actinoids.
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