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ABSTRACT: Despite the potential for their application, the
magnetic behavior of complexes containing 4d and 5d metal ions is
underexplored, evidencing the need for benchmark multi-
technique studies on simple molecules. We report here a structural
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and magnetic study on osmium(III) acetylacetonate [Os(acac);]. l B
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X-ray single crystal diffraction did not allow us to determine the \\;fx G

structure of the f-polymorph of [Os(acac);]. The combined Magnetometry ~_CIM
magnetic (dc magnetic measurements on powder and cantilever . y b
torque magnetometry on single crystal) and spectroscopic Vel 7 ? ‘

(electron paramagnetic resonance, EPR) characterization is here
used to provide further evidence that its structure is indeed the one
of the orthorhombic “missing polymorph”, analogous to the
ruthenium(I1I) derivative. Our study shows that all acetylacetonate
complexes of the eighth group of the periodic table show dimorphism and are isomorphic. The EPR characterization allowed the
experimental assessment of the easy axis nature of the ground doublet and the determination of the first hyperfine coupling in an
osmium complex. Torque magnetometry, applied here for the first time on an osmium-based molecule, determined the orientation
of the easy axis along the pseudo Cj axis of the complex. Ac magnetometric measurements revealed in-field slow relaxation of the
magnetization further slowed by the suppression of dipolar fields via magnetic dilution in the isostructural gallium(III) analogue.

1. INTRODUCTION attention on a surprisingly poorly studied complex of a 5d ion:
osmium(III) acetylacetonate, [Os(acac);].

The first structure of a transition metal complex with
acetylacetone as a sole ligand in the general formula [M(acac),]
(Hacac = acetylacetone; n = 1, 2, 3 or 4) archived in the
Cambridge Structural Database (CSD) '* dates back to 1926 and
it refers to [Sc(acac);]."® Since then, the chemistry of these
simple molecules has been heavily explored for a number of
applications.'®"” Acetylacetones are chemically simple and
tunable ligands, prone to structural modifications by replacing
their a-hydrogen atoms or the methyl groups with other
fragments. Such chemical flexibility allows the fine-tuning of

orbit constant constitute in principle an ideal resource to several properties such as solubility, volatility, color, and melting

. 18—20
promote strong magnetic interactions and/or to create highly point of the r.esultant n?etal complexes. ] At present, tbey are
anisotropic building blocks.” ™" used as starting materials for the synthesis of nanoparticles,

However, the stabilization of specific oxidation states poses they 23‘73 . a relevant role in polymeric production pro-

significant synthetic challenges. Moreover, the large spin-orbit cessis, zs;aglgd;;e used as }clatalysts' pr;cur:lors 1(r11.n(1iany or%amc
coupling imposes taking into account the (partially) un- syntheses. e most characterized and studied complexes

quenched orbital angular momentum, rendering the standard

Since their first discovery, transition metal complexes have been
studied for their fascinating magnetic behavior. Careful
engineering of the ligand field and the magnetic anisotropy of
the metal complex has also given momentum to the research on
single molecule magnets (SMM) based on single metal centers."
Complexes containing light transition metals are nowadays
vastly investigated as molecular qubits with remarkable
performances.” ™ Moving toward heavy atoms, the metal
complexes tend to exhibit low spin configurations, often leading
to diamagnetic molecules. At the same time, the enhanced radial
extension of the valence orbitals and the large values of the spin—

spin Hamiltonian treatment inadequate. This makes the Received:  April 24, 2024
magnetic behavior of heavy transition metal complexes Revised:  June 22, 2024
underexplored, resulting in a poor exploitation of the properties Accepted:  July 29, 2024

of species containing 4d and 5d metals. Therefore, benchmark Published: August 2, 2024

multi-technique studies on simple complexes bearing heavy
transition metals are much needed. We decided to focus our

© 2024 American Chemical Society https://doi.org/10.1021/acs.inorgchem.4c01672

v ACS PUblicationS 17198 Inorg. Chem. 2024, 63, 1719817207


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Arsen+Raza"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Laura+Chelazzi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Samuele+Ciattini"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lorenzo+Sorace"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mauro+Perfetti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.inorgchem.4c01672&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c01672?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c01672?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c01672?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c01672?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c01672?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/inocaj/63/37?ref=pdf
https://pubs.acs.org/toc/inocaj/63/37?ref=pdf
https://pubs.acs.org/toc/inocaj/63/37?ref=pdf
https://pubs.acs.org/toc/inocaj/63/37?ref=pdf
pubs.acs.org/IC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.inorgchem.4c01672?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/IC?ref=pdf
https://pubs.acs.org/IC?ref=pdf

Inorganic Chemistry

pubs.acs.org/IC

. 30-37
contain 3d metals, even though some examples are

reported also for the second transition series.””*” For 5d

elements there are only a few examples in the literature.**™*
Figure 1 shows the crystal system in which the various

transition metal complexes crystallize. The monoclinic system

Sc M 0
Y [ Zr | Nb Ll Ag | Cd
La f[Hf| Ta | W | Re 43 Au | Hg

Figure 1. Pictographic representation of the different structures
reported for generic homoleptic complexes of the formula [M(acac),,],
where M = transition metal. Color code of background: Red =
monoclinic, Blue = orthorhombic, Violet = triclinic. Color code of
oxidation state of the metal: pink = +2, black = +3, green = +4, orange =
+2 and +3, and gray = N/A.

predominates with a space group number of 14 (P2,/n or P2,/
c). However, neutral species with the generic formula [M-
(acac),] often exhibit polymorphism. Indeed, several complexes
reported as monoclinic also crystallize in the Pbca orthorhombic
space group. Examples are the complexes of titanium(III),"***
vanadium (IIT), =%’ manganese(IH),l6’48’49 and iron(111).'*°
Following the recent literature,'® we will hereafter label the
monoclinic form as a@-polymorph and the orthorhombic form as
P-polymorph. For the second and third transition periods, the
only reported polymorphic species is [Ru(acac);].”">* There-
fore, Group 8 of the periodic table is the only one where two
elements present bimorphism, with the “missing polymorph”
being the Pbca orthorhombic form of the [Os(acac);] complex.

[Os(acac);] is an excellent starting material for synthetic
pathways requiring osmium in the +3 oxidation state, such as the
synthesis of nanoparticles®® and SMM.>* Recently, [Os(acac);]
has also aroused interest because it has been predicted to be an
excellent candidate to observe molecular parity violation
phenomena.”

In this study, we demonstrate that the polymorphism
observed for [Fe(acac);] and [Ru(acac),] is also occurring for
[Os(acac);]. A detailed single-crystal cantilever torque magne-
tometry (CTM) study delivered the main magnetic anisotropy
axes and provided unequivocal evidence that the second
polymorph is isostructural with the Ruthenium analogue.
Moreover, we used electron paramagnetic resonance (EPR)
spectroscopy, dc and ac magnetometry to characterize the
electronic structure, and the static and dynamic magnetic
behavior of the complex, rationalizing all the experimental
observations by using a simple ligand-field based model.

2. EXPERIMENTAL SECTION

2.1. General Methods and Materials. 2.1.1. General Proce-
dures. The synthesis was performed by excluding oxygen by using
normal Schlenk procedures. Once the complex is formed, the exclusion
of air is no longer necessary. All the solvents, the precursor, and the
compounds used in the synthesis are commercially available and were
used without further purification. IR spectra were recorded with a
PerkinElmer FT-IR 100 instrument. UV—vis spectra were recorded on
aJasco V-670 double-beam spectrophotometer by using quartz cuvettes
of 1 cm length.

2.1.2. Synthesis of Osmium Acetylacetonate(lll) - [Os(acac)s]. In a
double-neck flask with a stir bar, under N,, Ag0 flakes (400.7 mg, 3.714
mmol) and (NH,),0sClg (204.0 mg, 0.4647 mmol) are placed. In
another single-neck flask, deionized water (10 mL) and 1 mL of
concentrated HBr are added, and then N, is bubbled for 30 min. The

acidic solution is cannulated in the double-neck flask, and N, is bubbled
for 12 h. The suspension became orange yellow; 1.50 g of KHCO; and 2
mL of acetylacetone were added. The suspension is refluxed for 20 min,
and then 1.2 g of KHCO; and 5 mL of acetylacetone are added again.
The suspension, after being refluxed for 2 h, becomes brown-purple.
The suspension is left to cool and subsequently extracted with CHCI;
(10 mL X 6) and all the fractions are collected together in a single
brown solution which is washed with 2% NaOH solution. The solvent is
removed under vacuum, and 108.5 mg (47.89% yield) of brown powder
is obtained. ATTENTION: elemental analysis of osmium complexes
cannot be performed for safety reasons since the combustion produces
0s0,, a volatile and extremely toxic compound. IR-ATR (em™"): 1531
(s), 1512 (s), 1506 (s) 1418 (m), 1372 (s), 1353 (s), 1274 (s), 1198
(m), 1023 (m), 1009(m), 938 (m), 809 (w), 777 (m), 688 (w), 659 (1),
632 (s), 458 (s), 429 (m). UV—Vis—NIR (acetonitrile, ¢ = 5.0 X 1075
M): Amax (&) =203 nm (9.9 X 10° M ecm™); 235 nm (9.8 x 10° M ™!
em™); 266 nm (22.5 X 10> M™' cm™), ~ 311 nm (~4.1 X 10* M}
cm™); 368 nm (10.2 X 10* M™' cm™') ~ 419 nm (~4.7 X 10° M~!
ecm™!). Crystallization from H,O/EtOH (1:1) provided both
polymorphs based on PXRD. Crystallization by slow evaporation of
CHCI, selectively produced the f form.

2.1.3. Synthesis of 2% [Os(acac);] in [Ga(acac);] (Os@[Ga-
(acac)s]). An amount of 4.0 mg of [Os(acac);] and 196.0 mg of
[Ga(acac);] are solubilized in 70 mL of CHC,. The solution is left to
evaporate and a microcrystalline solid is obtained (Figure S2
Supporting Information).

2.1.4. X-ray Crystallography. Single-crystal X-ray diffraction data
were collected at 100 K using a Bruker D8 Venture diffractometer
equipped witha PHOTON II detector and a microfocus source (Cu Ka
radiation, A = 1.54184 A). Data were corrected for absorption effects
using the multiscan method (SADABS). The crystal structure was
solved and refined using the Bruker SHELXTL. For the Single-crystal
X-ray diffraction measurement at 15 K, an Oxford Diffraction Xcalibur3
CCD four-circle diffractometer with a graphite monochromator and
Mo-Ka radiation, equipped with an Helijet cryostat, was used. The data
set was corrected for Lorentz and polarization effects, and absorption
corrections were performed by the ABSPACK multiscan procedure of
the CrysAlis (CrysAlis RED, n.d., version 171.37.35) data reduction
package. The structure was solved using the direct method with the
SIR-2019 software, and refinement was performed using the SHELXL-
2013°¢ included in the Wingx software package.”’

Powder X-ray diffraction (PXRD) patterns were recorded on a
Bruker New D8 Advance DAVINCI diffractometer in a theta—theta
configuration equipped with a linear detector. Crystalline powders were
mounted on a zero-background diffraction plate. The scans were
collected within the range 5°—50° (26), using Cu Ka radiation. For the
Pawley fit with the software TOPAS, a shifted Chebyshev polynomial
with S coeflicients and a pseudo-Voigt function were used to fit the
background and peak shape, respectively (see Figures S1 and S2 in the
Supporting Information). The unit-cell parameters and the Rwp factor
for the powder pattern are calculated and reported in Tables S1 and S2
of the Supporting Information.

2.1.5. Magnetic Measurements. A Quantum Design Magnetic
Properties Measurement magnetometer equipped with a Super-
conducting Quantum Interference Device Direct was used to perform
the dc and ac magnetic characterization. Temperature- and field-
dependent dc magnetization measurements were performed in the
2.0—300 K temperature range on a f8-[Os(acac);] sample (26.22 mg)
wrapped in Teflon and pressed in pellet, with an applied magnetic field
0f 0.1 T and at temperatures between 2 and 10 K with applied field up to
S T. The measured magnetic moment has been corrected for a
diamagnetic contribution of —2.7 X 107® emu to account for the
diamagnetism of Teflon and straw; the molar paramagnetic
susceptibility of the complex has been obtained by further considering
the intrinsic diamagnetic contribution of the molecule (—192 X 107
emu/mol, evaluated by Pascal’s constants®). No correction was
applied for temperature independent paramagnetism (TIP). Exper-
imental results were modeled using the curry function of Easyspin.> Ac
susceptibility measurements were performed on pellets of both j-
[Os(acac);] and on Os@[Ga(acac),], with a frequency range from 1 to
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1000 Hz at 2 K. Ac susceptibility data were fitted using a home
developed program.®

2.1.6. EPR Spectroscopy. X-band (v = 9.40 GHz) CW-EPR spectra
were recorded on a Bruker Elexsys ES00 spectrometer equipped with an
ER4122SHQE resonator. Low temperature measurements (S K) were
obtained using an Oxford Instruments ESR900 continuous flow helium
cryostat and temperature controlled by an Oxford Instruments ITCS03.
The spectrum of Os@[Ga(acac);] was simulated with Easyspin®” (see
the Supporting Information for further details).

2.1.7. Torque Magnetometry. The cantilever torque measurements
were performed using a homemade two-leg CuBe cantilever separated
by 0.1 mm from a gold plate. The cantilever was inserted in an Oxford
Instruments MAGLAB2000 platform with automated rotation of the
cantilever chip into a vertical magnet. The capacitance of the cantilever
was detected with an Andeen-Hegerling 2500A Ultra Precision
Capacitance Bridge. The torque measurements were simulated using
a home-written program partially based on EasySpin.>

3. RESULTS AND DISCUSSION

3.1. Synthesis and Structural Characterization. The
first synthesis of [Os(acac);] was reported in 1955.°" In this
procedure, Dwyer and Sangerson used silver wool in the
presence of HBr to reduce the level of ligand in OsBrs®~ and
subsequently a great excess of ligand was added. The product
was extracted in organic solvents and recrystallized even though
no structural information was provided. In 1998 Dallmann and
Preetz'’ reported the first structure of [Os(acac);]. In their
paper an Osmium (IV) salt was used as the starting material, but
the absence of a reducing agent resulted in a negligible yield
(5%). Our attempts to repeat this reaction did not show any
trace of product formation; therefore, we attribute the nonzero
yield of their synthesis to the presence of reducing impurities.

We have reproduced the procedure used by Dwyer and
Sangerson with a slight modification,i.e., by using silver flakes
instead of silver wool. This procedure significantly reduces the
costs and provides comparable yield (48%). We isolated two
morphologically different crystalline forms of [Os(acac)s],
rectangular and elongated prisms (see Figure S3 in the
Supporting Information), both intensely red colored. Single-
crystal X-ray diffractometry measurements at 100 K on the
elongated prism shaped crystals demonstrated that they belong
to the P2,/c monoclinic form reported by Dallmann and Preetz,
isostructural with the a-polymorph of [Ru(acac);]. On the
contrary, the structure of the rectangular prisms could not be
solved. Indeed, the indexing of cell parameters with several
crystalline systems gave reasonable starting points for the
solution but inevitably ended with the same problem in
resolution: namely, the position of the heavy metal center and
of the coordinating oxygen atoms could be easily identified, but
it was impossible to reliably define the ligand structure. In order
to reduce the thermal disorder of the ligands, we performed a
single crystal X-ray measurement at very low temperature (15
K), but also in this case, the assignment of the position of the
light atoms that constitute the structure of the ligand failed.

The difficulties in resolving the structure of small molecules
containing heavy atoms are well-known in the literature.’”
Giacovazzo introduced the empirical parameter
P=Y_Z;/X" Z' (where Z, and Z are the atomic
numbers of heavy and light atoms, respectively, and summations
run over the n and m heavy and light atoms, respectively) to
estimate the difficulty of structural refinement. P values higher
than 2 correspond to an easy solution but a bad accuracy in
defining the position of lights atoms in the structure.”” The P
value for [Os(acac);] is 6.11, suggesting a possible difficulty in

determining the positions of the light atoms in this structure.
However, since the same value for this parameter is obtained for
the first polymorph, we speculate that other factors may
contribute in making the structural solution impossible. Among
these, the difficulty in obtaining an effective absorption
correction due to the fairly anisotropic crystal morphology
(see Supporting Information), and the possible presence of
pseudo symmetry effects.

To partially overcome this issue, we collected a powder X-ray
diffractogram on a sample constituted by crushed rectangular
prismatic crystals (Figure SI in the Supporting Information).
Interestingly, this could be fitted usinsg the Pawley method as
implemented in the Topas software®”® by using cell parameters
close to the ones of the f-polymorphs of [Ru(acac);] and
[Fe(acac);] (Table S1 of the Supporting Information),
suggesting isomorphism with these two derivatives.

3.2. CW-EPR. Since crystallography did not give conclusive
results on the structure and symmetry of the rectangular
prismatic crystals, we decided to combine two powerful
techniques that can relate the magnetic properties of metal
complexes with their structure, namely, EPR and CTM. EPR is
very sensitive to the principal values of the g factor of the metal
ion, while CTM allows a precise determination of the direction
of the magnetic anisotropy axes of the molecule.

Examples of CW-EPR investigation on osmium(III) com-
plexes are rare,"~* but they clearly identify these molecules as
low spin d° complexes (S = 1/2) with residual orbital angular
momentum, due to the *T,, nature of its ground state in
octahedral symmetry. X-Band CW-EPR on a microcrystalline
powder of prismatic rectangular [Os(acac);] crystals did not
show any signal down to S K, probably due to fast relaxation
induced by spin—spin interactions. We were also unable to
observe any EPR spectrum of [ Os(acac),] in toluene solution as
low as 5 K. Therefore, we prepared a solid solution of 2%
[Os(acac);] in the diamagnetic [Ga(acac);] (Os@[Ga-
(acac);]). The resultant powder is a mixture of a- and f-
polymorphs (ca. 75:25, as obtained by PXRD, See Figure S2 in
Supporting Information) but at low temperature (Figure 2)
provides an EPR spectrum which can be assigned to a single
species, as expected from the chemical similarity (same angles
and distances) observed for the structure of the two polymorphs
of [Ru(acac);]. The observed spectrum can be qualitatively
interpreted as arising from a spin doublet with g > 2.00 > g, and
a fraction of the electronic spins being hyperfine coupled to an
active nuclear spin, as expected for Osmium (***Os, n.ab.=
16.15%, I = 3/2; '¥0Os, n.ab.= 1.96%, I = 1/2, the remaining
isotopes are nuclear spin free). Following this interpretation, we
attempted a simulation of the spectrum by using a Hamiltonian
containing an anisotropic Zeeman term and hyperfine coupling
term for the fraction of molecules containing a nonzero nuclear
spin:

—~ ~

A, = u,B-gS + §-A1 (1)

We could obtain a reasonable simulation by using g, = 0.925 +
0.002, g, =0.905 + 0.002, g, =2.2271 + 0.002, |Ax,y [=1170+ 10
MHz and |A,| = 18 + 2 MHz, where the small rhombicity of the g
tensor is needed to reproduce the partial split of the
perpendicular line of the I = 0 isotope close to 720 mT. It is
worth noting that by using this set of parameters, and assuming a
narrower parallel line width for the contribution of ['*Os-
(acac);] than for the I = 0 ones, we were able to obtain the
peculiar unequally spaced four lines pattern observed around
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Figure 2. Experimental (black) and simulated (red, blue, and green) X-
band (9.397 GHz) CW-EPR spectra of Os@[Ga(acac);] at T = S K
The best simulation parameters are reported in the main text.
Simulation of the two main contributions to the spectra of [Os(acac);]
and their combination according to natural abundance is given. Blue:
spectrum of "¥Os (I = 3/2, nat. ab.= 16.15%); Green: spectrum of the
= 0 isotopes of osmium (total nat. ab. = 81.89%). The contribution of
¥70s (I = 1/2, nat. ab. = 1.96%) is not visible in the experimental
spectrum and is not reported here. Red: sum of blue and green traces.
The inset reports a zoomed-in view of the experimental g, region to
evidence the superimposed “doublet of doublets” structure with the
simulation of the '*°Os contribution only (blue trace).

290 mT (see inset of Figure 2). The origin of this specific pattern
lies in the large and very anisotropic hyperfine coupling of this
complex, for which the perpendicular component is much larger
than the parallel component (Figure S4). As discussed by
Chicco and co-workers, this results in an “effective” quadrupolar
coupling,”® which measurably splits the parallel lines even when
A, = 0 (see Figures SS and S6 in the Supporting Information).
Interestingly, the effect of this second-order effect on the parallel
resonant fields is much stronger than that produced by any
reasonable assumption on the magnitude of the real quadrupolar
term expected for the I = 3/2 of '®Os (see Figure S7 in the
Supporting Information), which we then leave undetermined.
While still providing a simulated spectrum which is not perfect
in terms of the relative intensity of different regions, our
simulation captures the main features of the experimental
spectrum: (i) the presence of 4 narrow and unequally spaced
lines in the parallel region, superimposed on the broader

transition due to the molecules with nonmagnetic transition
metal nuclei; (ii) the presence of 4 almost equally spaced lines in
the perpendicular region, centered around the line attributed to
the I = 0 molecule (See Figure 2); (iii) a split of the lines in the
perpendicular region which is consistent with the value of the
perpendicular component of the hyperfine coupling providing
the correct observed splitting in the parallel region.

To the best of our knowledge, this is the first hyperfine
coupling resolved in an EPR spectrum of an osmium complex.
We further notice that the obtained Spin Hamiltonian
parameters are in good agreement with the few ones reported
in the literature for osmium(III) complexes.“*ég’71 The close to
axial g tensor reflects the dominant trigonal distortion from the
perfect octahedral symmetry, typical of the tris-chelate structure
around the metal center.’”’*”> Moreover, the obtained
anisotropy mirrors the conformational degrees of freedom of
the ligand and the nature of the donor atoms. Indeed, the
anisotropy that we recorded (Ag = g — g, = 1.3121) is
intermediate between the one imposed by the loose
monodentate ligands such as carbon monoxide, pyridine,
cyanide, and the halide anions (0.3 < Ag < 1)°*”* and the
rigid bidentate ligands such as phenanthroline and bipyridine
(Iagl = 2),°"" but it is much larger than the one reported for
Sulfur-based similar ligands such as [Os(sacsac);] (sacsac™
dithioacetylacetonate, Ag = 0.313).””

3.3. CTM. CTM is an extremely powerful technique for
extracting information about magnetic anisotropy and can be
performed on different type of samples’ but is mostly utilized
on single crystals.””"*

In the low-field, high-temperature limit the magnetic torque
of a paramagnet can be expressed as follows:

7=M X B = Ay-B*-cos sin ¢ ()
where M is the magnetization of the sample, B is the magnetic
field, Ay is the anisotropy of the magnetic susceptibility in the
scanned plane and @ is the angle between M and B. Therefore,
when an anisotropic paramagnet is rotated in a homogeneous
magnetic field, the torque usually vanishes every 90° (i,
whenever the projection of the main magnetic axis of the sample
in the scanned plane is parallel or perpendicular to the applied
field). In the high-field, low-temperature limit, the shape of the
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Figure 3. (a) Rot 1 (red) and Rot 2 (blue) for the a-polymorph. (b) Rot 1 (red), Rot 2 (blue), and Rot 3 (green) for the f-polymorph. The lines

represent the best fit or simulation discussed in the main text.
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Figure 4. (a) Temperature dependence of the yT product of [Os(acac);] recorded at H = 1 kOe; (b) Field dependent magnetization measured at
different temperatures; For both panels, continuous lines were obtained using the model and best fit parameters reported in the text.

curve becomes more complicated, but the zero-torque angles
maintain their significance.

To obtain some information about the magnetic anisotropy of
the [Os(acac),] molecule, we first studied the a-polymorph, for
which we determined the crystal structure. Due to the presence
of an inversion center and a C, axis in the unit cell, two
magnetically inequivalent molecules are present. In the first
rotation (Rot 1), performed around —a starting with the field
along —¢, the zero torque signals observed at @ = 0° and @ = 90°
are consistent with the C, axis along b. The second rotation (Rot
2) was performed around —b and the magnetic field was
positioned along ¢ at 6 = 0° (Figure S8 in the Supporting
Information). Given the crystal symmetry, the projections of the
easy axis of the two molecules in the scanned plane are now
identical, producing zeros at 6 = 48° (projection perpendicular
to B) and 6 = 48° + 90° = 138° (projection parallel to B).

The experimental torque curves (Figure 3) were fitted by
using Hamiltonian (1) without including hyperfine interactions
and by fixing the principal values of the substantially axial g
tensor to the ones determined by CW-EPR (for g, the average
(8 +g,)/2 = 0.915 was used), leaving the orientation of the easy
axis as the only free parameter. Given the monoclinic nature of
the investigated crystal, the best fit produced two equally good
solutions (Figure S9 in the Supporting Information).”” In the
first one, the easy axis is lying almost along the ideal axis
connecting two oxygen atoms of two different ligands; in the
second one, it is almost parallel to the ideal C; axis of the
molecule. This last solution is the one expected from symmetry
considerations and coincides with the one previously reported
for other [M(acac);] complexes.”””*

Having rationalized the observed results for the a-polymorph,
we moved to a CTM study of the rectangular crystals. Following
the X-ray powder diffractogram, we indexed the crystal faces
assuming the Pbca space group and we used as a reference the
structure of the f-polymorph of [Ru(acac);], the cell of which
contains 4 magnetically inequivalent molecules. We performed
three orthogonal rotations along the principal symmetry axes of
the crystal (Rot 1, Rot 2 and Rot 3 along b, —c and —g,
respectively). The magnetic field at @ = 0° was along —c, —b, and
—b, respectively. First, we notice that the torque always vanished
at @ = 0° and 0 = 90°, i.e,, when the magnetic field is along a
principal axis of the orthorhombic crystal. This is a direct
experimental proof that the crystal structure has indeed
orthorhombic symmetry. Moreover, we can observe that the
torque signal is of comparable magnitude for Rot 1 and Rot 2,
while it is significantly weaker for Rot 3 (1:40 compared to the
other rotations). This immediately indicates that the easy axis
orientation of the f-polymorph of [Os(acac);] has a very small
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projection in the plane scanned in Rot 3 and should then lie
close to the crystallographic a axis (i.e., the rotation axis of Rot
3). Interestingly, an inspection of the structure of the
[Ru(acac);] f-polymorph shows that the pseudo-C; axis of
the molecules (corresponding to one of the two solutions
identified in the & polymorph) is quite close to the a axis. We
thus simulated the torque of the rectangular crystals by using the
principal g values experimentally determined from EPR and the
easy axis orientation obtained from CTM (i.e., along the pseudo-
C; axis). The simulation, with no adjustable parameters,
reproduces the data perfectly (Figure 3b), demonstrating that
we indeed isolated the orthorhombic Pbca polymorph of
[Os(acac);), isostructural with the [Ru(acac);], and [Fe-
(acac);] analogues.

3.4. Magnetometry. To complete the characterization, we
performed a bulk magnetic characterization on the powder of
the f-polymorph.

The value of yT of [Os(acac),] at room temperature reaches
0.348 cm® K mol ™ (Figure 4a), confirming the low spin nature of
the complex.*” Upon lowering the temperature, ¥ T drops almost
linearly to 0.289 cm® K mol™" and then rises again below 12 K,
reaching 0.321 cm® K mol™" at 2 K. This shape is typical of
systems with high spin—orbit coupling constants and low
symmetry distortions in the presence of an overall ferromagnetic
mean field. The magnetization curves do not saturate evenat T =
2 K and B = S T, with the highest value (0.73 yz) being lower
than the expected value for a spin of § = 1/2 with quenched
orbital angular momentum. This indicates the presence of
residual orbital angular momentum opposing the spin, as
expected for heavy transition metals, even though this point is
often misunderstood in the literature, generating confusion.*

In ideal octahedral symmetry the ground state of [Os(acac),]
is Zng.gl This six-fold degenerate state is split by first-order
spin—orbit coupling in a low-lying doublet (formally J = 1/2)
and a quadrugplet (formally J = 3/2) by exploiting the T—P
isomorphism.”’ The axial distortion from purely octahedral
symmetry further separates the upper multiplet into two
doublets (see Figure S). The magnetic data were then fitted
by using the following ligand field Hamiltonian:

H = —3/26L-8 + 9/4x*CJ0; + g u,B-S
- 3/2KgL/‘BB‘f‘ (3)

where the first term represents the spin—orbit coupling between
the S = 1/2 and the L4 = 1 angular momenta, the second term
describes the axial component of the ligand field acting on the
orbital angular momentum L= 1 (with 09 = 3L2 — L(L + 1))
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Figure 5. Schematic representation of the electronic energy structure of
[Os(acac);] as obtained by the analysis of EPR and magnetic
measurements. The energy differences between the states are reported
in green and red. On the right, composition of the states in the IM; M)
basis is reported.

and third and fourth terms describe the Zeeman effect on the
spin and on the orbital angular momentum (g, = 2.0023,g; = 1)
Finally, x is the orbital-reduction factor, which takes into
account the covalency, whereas —3/2 is a constant introduced
by T—P isomorphism. The best simulation was obtained by
fixing the spin orbit constant to A= —3100 cm ™" and by adjusting
the orbital reduction factor (k = 0.498 + 0.05) and the axial
second order crystal field parameter (C5 = —920 cm™). The
mean field was introduced as'>**

_ X
Qg NG

(4)

The best obtained value was zJ' = 0.39 cm™!, confirming the
ferromagnetic nature of the intermolecular interactions.

Hamiltonian (3) with the best fit parameters obtained for
rationalizing the dc magnetic data can be used to calculate the g
values of the ground doublet. These are in excellent agreement
(gcale = 2-50, g cac = 1.18) with the ones obtained from EPR,
emphasizing the robustness of the model.

Given the interest of largely anisotropic magnetic centers in
the search for new SMM, the magnetization dynamics of
[Os(acac);] was studied by ac measurements. The compound
did not show slow relaxation in zero applied field at the lowest
temperature (2 K). When an external magnetic field was applied,
a peak in the out-of-phase susceptibility appeared (Figure 6a).
While for low fields (<0.5 T), the peak is too broad to be fitted,
between 0.5 and 1.0 T, the curves could be fitted with a Debye
model.** At higher fields the peak broadens again and moves
toward lower frequencies. The relatively low value of ¥ at low
frequency (ca. 0.08 cm® mol™', Figure S10 in Supporting
Information) compared to the y obtained with the dc
measurements (ca. 0.16 cm® mol™") suggests the presence of
another relaxation process at lower frequency. The large values
of the parameter accounting for the distribution of the relaxation
times ¢ (a parameter reported in Table S3 of the Supporting
Information) indicate that the main active process is related to
dipolar fields. Furthermore, t increases monotonously with the
field (red symbols in Figure 6¢) and no trace of contribution
from a direct relaxation process (for which ¢ would decrease as
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Figure 6. Frequency dependence of the imaginary component of susceptibility at 2 K from 0 to 2.0 T for pure (a) and diluted (b) [Os(acac);].
Relaxation at higher frequency region did not give appreciable signal. (c) Relaxation time of # (red) and diluted (blue) [Os(acac);]. The continuous

line represents the best fit obtained with the parameters reported in the text.
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B™ n=2or4)* could be detected. To reduce the effect of the
dipolar fields on the relaxation dynamics, we measured the same
Ga-diluted compound investigated using EPR measurements.
The application of an external field causes the appearance of
peaks in y” at lower frequencies compared to the pure
[Os(acac);], demonstrating that magnetic dilution is effective
in slowing down the relaxation (Figures 6b and S10 in
Supporting Information). As expected, the a values (Table S4
of the Supporting Information) are now significantly lower than
in the pure complex. The fitted relaxation time does not
monotonously vary with the field (blue symbols in Figure 6¢), in
close resemblance with other S = 1/2 systems, suggesting a
competition between a direct process and a field-dependent
Raman process.’ Therefore, we have fitted the experimental data
using the Brons-van Vleck equation:

1 + ¢B?

t'=cB*+4d 5
1+fB Q)
where the first term describes the field-dependence of the direct
mechanism, and the second term takes into account the effect of
the internal magnetic field in promoting Raman relaxation. The
best fit values obtained from the fit are ¢ = 363(17) s™". T, d =
141(17) s7', f= 106(32) T~* and e = 29(6) T~
Slowly relaxing complexes where the magnetization dynamics
stems from the Osmium center are exceedingly rare in the
literature; therefore, a meaningful comparison between
measured relaxation times is somewhat difficult. Recently, Su
et al. reported a study on osmium(V) and osmium(III)
complexes.”® While their osmium(III) complex did not show
any slow relaxation, the osmium (V) complex showed an in-field
relaxation with a relaxation time at T = 2 K ca. 2 orders of
magnitude faster than the one reported here for Os@|[Ga-

(acac),].

4. CONCLUSIONS

In this study, we reported a detailed magnetic study on a
polymorph of the [Os(acac);] metal complex. In the absence of
a clear X-ray structural resolution, the combination of EPR and
CTM (never used on an osmium complex) was used to prove
that the studied system belongs to the orthorhombic space
group, therefore demonstrating full isomorphism along the
group 8 of the periodic table. This is the first dimorphic
acetylacetonate complex of a 5d metal. Our study evidenced a
pronounced uniaxial magnetic anisotropy of the ground doublet,
enforced by the structural rigidity of the bidentate ligands, with
the easy axis pointing along the pseudo-Cj axis of the molecule.
Notably, we also reported the first hyperfine splitting of an
osmium complex. A magnetometric analysis evidenced the
presence of a ferromagnetic mean field. The complex exhibited
in-field slow relaxation of magnetization that could be further
slowed by suppressing dipolar fields via magnetic dilution. Our
work provides an excellent rationalization of the electronic
structure of a 5d complex, which was absent in the recent
literature, and we believe that this can be a trigger for developing
new systems where the properties of heavy metals can be
exploited.
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