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Structural and Magnetic Variations in a Family of Isoskeletal,
Oximate-Bridged {Mn",M"} Complexes (M" =Mn, Gd, Dy)

Alysha A. Alaimo,” Anne Worrell,” Sayak Das Gupta,” Khalil A. Abboud,™
Christos Lampropoulos,’® George Christou,”™ and Theocharis C. Stamatatos*

Abstract: The self-assembly reaction of MnCl,-4H,0, ace-
naphthenequinone dioxime (acndH,) and NEt; has yielded
an unprecedented, linear {(Mn",Mn"} complex with an S=
5 spin ground state and non-SMM behavior. The targeted
replacement of the central Mn" ion with Gd" and Dy" ions
has successfully increased the S and turned on the SMM
dynamics without affecting the core structure and the
nature of the magnetic exchange interactions. )

High-spin molecules and single-molecule magnets (SMMs) are
two of the most attractive areas of research within the field of
molecular magnetism.™ This is mainly due to the applications
that these molecular species could potentially find in spintron-
ics, information storage, quantum computation, as well as mul-
tiferroic materials and magnetic refrigerants.”’ High-spin mole-
cules containing an appreciable number of unpaired electrons
in their spin ground state, S, predominantly result from ferro-
magnetic exchange interactions between the paramagnetic
metal ions. Such type of interactions is rare, especially in poly-
nuclear compounds, due to the unpredictability of the ligands’
behavior and their interactions with metal orbitals. When the
ground state is combined with a large and negative zero-field
splitting parameter, D, these coordination compounds could
exhibit magnetic bistability and superparamagnetic-like prop-
erties attributed to an overall SMM behavior.® Therefore,
SMMs show frequency-dependent, out-of-phase, ¥”\, ac signals
and magnetic hysteresis below a blocking temperature. This is
due to the slow relaxation of magnetization over (thermally as-
sisted) and/or through (quantum tunneling of magnetization)
an anisotropic energy barrier, Uy, that separates opposite ori-
entations of the +ms states.””
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For more than two decades, 1*-row transition-metal ions
have been key elements for the preparation of aesthetically
beautiful complexes, high-spin molecules and SMMs.® Specifi-
cally, it was shown that Jahn-Teller (JT) distorted, high-spin
and anisotropic, Mn" ions can self-assemble into polymetallic
cluster compounds exhibiting diverse nuclearities and SMM
properties, with large U, values and high blocking tempera-
tures. That has been indeed the case for the ubiquitous fami-
lies of Mn,,-carboxylate (U.s=74 K)* and Mng-oximate (U.;=
86 K) SMMs,”® and more recently for a nano-sized {Mns,} com-
plex with U of 60 K.” In all cases, though, there has been lim-
ited predictability on the resulting magnetic properties, be-
cause it is extremely difficult, if not impossible, to simultane-
ously control both the spin ground state and the magnetic ani-
sotropy of these complex systems.®

For many years, the general belief has been that a very large
spin ground state would be vital for the enhancement of SMM
dynamics, which however, is not always the case. Powell and
co-workers reported a {Mn,¢} cluster compound with a record
spin of $=83/2; however, this complex showed no SMM be-
havior.” During almost the same period, lanthanide (Ln) com-
plexes started to evolve as superior candidates for enhanced
SMM properties."” This was in part due to their large single-
ion anisotropies, resulting from the unquenched spin-orbit
coupling. For these homometallic 4f-based complexes, it was
proven that an easy-axis magnetic anisotropy is favored when
the ligand field stabilizes the state with the largest projection
of the total angular momentum.™ These results have prompt-
ed scientists to prepare heterometallic 3d/4f-clusters, and es-
pecially Mn"/Ln ones, as means of combining large S values
with significant magnetic anisotropies, thus achieving a level
of control towards the SMM properties.'? To this end, the
aforementioned {Mn;,} cluster has been successfully trans-
formed to a {DyMn,g} SMM via the deliberate replacement of
an 8-coordinate Mn" ion with Dy"."¥ The only other example
-to our knowledge- where a homometallic Mn-containing non-
SMM was converted to a Mn/Ln SMM s that of the antiferro-
magnetic {Mn",Mn",} to {Dy,Mn",}.0'¥

We herein report (i) the self-assembly synthesis of a rare, fer-
romagnetically coupled but non-SMM {Mn"Mn",} (1) complex,
bearing exclusively the dianion of the acenaphthenequinone
dioxime (acndH,, Figure 1, bottom) bridging/chelating ligand
[ITUPAC name: N,N’-dihydroxy-1,2-acenaphthylenediimine], and
(i) its deliberate conversion to both a larger-spin {GdMn'",} (2)
compound and a {DyMn",} (3) SMM, without affecting the nu-
clearity, topology, metal oxidation state descriptions, and the
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acndH,

Figure 1. Partially labeled representations of the anion of 1 (top) and its
[Mna(u-NO)s]s‘ core (bottom). The structure of the ligand acndH, is also
shown. The Jahn-Teller axial elongations of the central Mn" ion are high-
lighted with yellow thick bonds. H atoms have been omitted for clarity.
Color Scheme: Mn" blue, Mn" olive green, N green, O red, C gray.

nature of predominant magnetic exchange interactions. The
oximate-bridged complexes 1-3 manifest themselves as a rare
opportunity for a comprehensive magneto-structural correla-
tion investigating in depth the Mn--Mn and Mn--Ln magnetic
coupling, since they are nearly isoskeletal and perhaps most
importantly, they are oxido-free bridged."

The one-pot reaction of MnCl,-4H,0, acndH,, and NEt; in a
1:2:2 molar ratio in a solvent mixture comprising MeOH/DMF
led to a dark brown solution, which was allowed to evaporate
slowly at room temperature. After 3 days, dark-brown plate-
like crystals of complex (NHEt;)[Mn"Mn",(acnd),-H,0 (1) were
obtained in 55% yield. The oxidation states of the Mn ions and
the formula of 1 were confirmed by inspection of the metric
parameters, charge balance considerations, and bond valence
sum (BVS) calculations." As a result, the central Mn ion (Mn2)
was assigned to the 3 4 oxidation state while the two extrinsic
Mn ions (Mn1 and Mn3) were 4+. All the Mn—O and Mn—N
bond distances fall into the expected range for similar com-
pounds of high-spin Mn" and Mn" ions with O- and N-donor
atoms.”™ The “open”-like structure of the anion of 1 (Figure 1,
top) can be described as an almost linear array of three Mn
ions (Mn1-Mn2-Mn3 angle=174.8°) linked to each other
through the oximate arms of six doubly deprotonated acnd®"
ligands. The central Mn" ion is octahedrally coordinated to six
oximate O atoms, whereas the two external, distorted octahe-
dral Mn" ions are capped by the “chelating” NO-part of three
acnd®” ligands; the latter are thus acting in an n'm'm':u fash-
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ion. Two axial elongations of the Mn2-02 (2.096(6) A) and
Mn2-0O5 (2.090(6) A) distances confirmed the presence of the
expected, for a d* ion, JT distortion. The six Mn"-N-O-Mn" tor-
sion angles within the [Mn,(u-NO)J** core (Figure 1, bottom)
are significantly twisted and they span the range 46.1-53.2°.
All individual torsion angles are larger than the cutoff torsion
angle of ~31°™ which infers predominant ferromagnetic ex-
change interactions between the Mn ions (vide infra). The in-
tramolecular Mn"--Mn" and Mn"“--Mn" separations are
3.534(2)/3.518(2) A and 7.045(2) A, respectively. The acenaph-
thene moieties of the acnd®*~ ligands are also involved into in-
termolecular -7t stacking interactions, which result in the for-
mation of pseudo-1D chains of weakly interacting {Mn;} clus-
ters (Figure S1). The shortest Mn--Mn separation between
neighboring {Mn;} clusters in the crystal is 10.13(2) A.

It is interesting to note that according to the HSAB principle
it would be expected the harder, oximate O atoms to opt for
coordination to the Mn" rather than the Mn" ions. Even
though this was not the case in 1, this is not totally surprising
as oximate C=N—O" groups are strong a-nucleophiles and very
often their N atoms can satisfy the coordination needs of both
soft and hard acids."” In addition, it is very likely that the six-
membered chelate rings around the external metal ions are
more stable for the smaller in size Mn", rather than the larger
Mn". This, in combination with the pronounced oxophilicity of
4f-metal ions, prompted us to target the replacement of the
central Mn" with Gd" and Dy" ions. To this end, the same reac-
tion that led to 1 was repeated in the presence of excess Gd(a-
cac)yH,0 or Dy(acac);:H,0 salts (acac” =acetylacetonate).
Under the same crystallization conditions, dark-brown crystals
of complexes (NHEt;)[Gd"Mn",(acnd)s(MeOH),]-2L-MeOH (2)
and (NHEt;)[Dy"Mn",(acnd)s(MeOH),]-2L-0.5 MeOH (3) were ob-
tained over a period of two weeks in yields of 50 and 40%, re-
spectively. BVS calculations confirmed the Mn" oxidation state
descriptions for 2 and 3.'® The neutral acenaphthene ketone-
mono-oxime groups (L), found in the crystal lattice of both 2
and 3, were most likely derived from the in situ metal-assisted
hydrolysis of the parent acndH, ligand. These L groups are in-
tramolecularly H-bonded to the coordinated MeOH molecules.

The structures of the isoskeletal, heterometallic complexes 2
(Figure S2) and 3 (Figure 2) are very similar to each other and,
although reminiscent to the overall core topology of 1 (Fig-
ure S3), there are some striking differences that merit further
discussion. Firstly, the structures of 2 and 3 are more ‘bent”
than linear; the Mn1-Gd1-Mn2 and Mn1-Dy1-Mn2 angles are
143.6 and 143.0°, respectively. The intramolecular Mn"--Ln"
and Mn".-Mn" separations are in the range 4.006(1)-4.033(2) A
and 7.603(2)/7.653(3) A, respectively, larger than the corre-
sponding distances found in 1. The Mn"“-N-O-Ln" torsion
angles in 2 and 3 are again very twisted and they range be-
tween 42.7° and 62.3°. Furthermore, both Gd" and Dy" ions
are 8-coordinate, bearing two additional MeOH groups in their
coordination spheres. The coordination geometry of both 4f-
metal ions is distorted triangular dodecahedral, as determined
by the program SHAPE (CShM values of 0.23 (Gd) and 0.19
(Dy); Figure S4 and Table $4)."® Finally, complexes 1-3 are all
unique in their metal core topologies, nuclearities and oxida-
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Figure 2. Structure of the anion of 3. Color Scheme: Dy" yellow, Mn" olive

green, N green, O red, C gray.

tion state descriptions.” This inspired us to undertake a de-

tailed study of their bulk magnetic properties and magnetiza-
tion dynamics.

Variable-temperature direct-current (dc) magnetic suscepti-
bility measurements were performed on freshly prepared and
analytically pure microcrystalline samples of 1-3 in the temper-
ature range 5-300 K in an applied field of 0.1 T. The data are
shown as y\T versus T plots in Figure 3. The values of the y\T
products for all three compounds at 300 K are higher than the
values of 6.75, 11.63, and 17.92 cm®mol 'K, expected for Mn"/
2Mn", Gd"/2Mn", and Dy"/2Mn" non-interacting ions, respec-
tively. The yT of 1 steadily increases with decreasing T, reach-
ing a maximum of 12.73 cm®mol™"K at 26 K, and then slightly
decreases to 9.86 cm>mol™"K at 5K. The low-T decrease is
likely due to Zeeman effects from the applied dc field, weak in-
termolecular antiferromagnetic interactions, low-lying excited
states, and/or zero-field splitting (ZFS). For both complexes 2
and 3, the T product remains essentially constant in the 30—
300 K temperature range, indicating the presence of weak ex-

o {Mn,} (experimental)
{Mn_} (fit)
o {GdMn,} (experimental)

25 4 {GdMn} (fit)
A Ao {DyMn,} (experimental)
A
Q 20 1 iwAAAAAAAAAAAAAAAAAAAAAAA
3
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Figure 3. y\T versus T plots for 1-3 in a 1 kG field. The solid lines are the
fits of the data; see the text for the fit parameters.
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change interactions between the metal centres, and then it in-
creases to 17.78 and 23.00 cm®mol ™K at 5 K, respectively. The
shapes of the curves for the oximate-bridged 1-3 clearly sug-
gest the presence of predominant ferromagnetic exchange in-
teractions between the metal ions, and consequently the stabi-
lization of large spin ground states.

This was confirmed for 1 and 2 by fitting the experimental
xmT versus T data to an isotropic 2-J model that includes both
Mn"--M" (M"=Mn or Gd; as J;) and Mn"--Mn" (as J,) interac-
tions. Good fits of the data (blue and red solid lines in
Figure 3) in the entire temperature range 300-5 K were ob-
tained using the program PHI (H=-2J;5:5; convention).”® The
best-fit parameters were: J;,= +10.9(1) cm ™', /,=—-0.3(1) cm™’,
g=1.98(2) for 1, and J;= +0.15Q2) cm ', /=0 cm ', g=2.01(2)
for 2, thus establishing the ferromagnetic interactions between
the Mn"--M" pairs and the weak to negligible interactions be-
tween the next-nearest Mn"--Mn" pairs. These findings agree
with the type of interactions expected for Mn-containing pairs
that are bridged by significantly “twisted” oximate groups.®'
As a result, complexes 1 and 2 possess the maximum possible
S=5 and 13/2 ground states, respectively. For the isotropic
{GdMn",} system, the S=13/2 ground state was additionally
confirmed by magnetization (M) versus field (H) studies at 2 K,
and the extrapolation of y'yT ac data down to OK. In this
regard, the magnetization of 2 appears to saturate fast to a
value of ~13 Nujg at relatively low fields (Figure S5), and the
¥'mT product is heading to a value of ~24.5 cm*mol 'K (Fig-
ure S6), both in agreement with an $=13/2 ground state. The
x'mT  value expected for an S=13/2 spin state s
24.38 cm®mol ™' K (calculated for g=2).

Ac magnetic susceptibility studies were also performed for
the potentially anisotropic 1 and 3 to assess their magnetiza-
tion dynamics in the absence of an external dc field. The
{Mn"Mn",} complex 1 does not show any out-of-phase signals
but the {Dy"Mn",} analogue exhibits frequency-dependent
tails of y""\; ac signals below 6 K (Figure 4), consistent with the
superparamagnetic slow relaxation of an SMM. The presence
of the anisotropic Dy" ion has apparently contributed to the
onset of slow magnetization relaxation. The absence of well-re-
solved peaks in the y"\; versus T diagram of 3 is indicative of a
fast-relaxing SMM with a relatively small energy barrier.®' The
latter was approximated by using the equation:?" In(y"/y) =
In(wty) + E,/ksT. Considering a single relaxation process, the
least-square-fits of the experimental data (inset of Figure 4)
gave an average energy barrier of ~5.8(1) K and a 7, of 2(1)x
10"®s. The application of a small external dc field of 0.1 T has
not resulted in an appreciable change of the magnetization
dynamics (Figure S7). The energy barrier was again approxi-
mated by using the aforementioned equation (Figure S8). The
fit of the data gave: E,=6.7(2) Kand a 7, of 3(2)x 10 °s.

In summary, we have shown that it is indeed feasible to
both adjust, or tweak, the spin of an already high-spin mole-
cule,”? and turn on the SMM properties by altering the central,
trivalent metal ion in a family of isoskeletal {Mn""M"Mn"}-oxi-
mate complexes. This is done in a way that does not alter the
core structure and the nature of predominant magnetic inter-
actions. Furthermore, this constitutes proof-of-feasibility for
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Figure 4. Temperature dependence of the in-phase (as y'y7, top) and out-of-
phase (x"y, bottom) ac magnetic susceptibilities for 3, measured in a 3.5 G
ac field oscillating at the indicated frequencies, in the absence of an external
dc field. (inset) Plots of In(y"/y’) versus 1/T for 3; the blue solid lines are the
best-fit curves.

spin- and SMM-switching in other Mn"-containing high-spin

and non-SMM complexes by deliberate replacement of some
or all Mn" by 4f-metal ions. In this case, the spin was tweaked
by 13%, from S=5 in {Mn"Mn",} to $=6.5 in the {Gd"Mn",}
analogue. In addition, we are currently trying to synthezise
and characterize new {Ln"Mn",} members of this family of tri-
nuclear compounds with either different ligand fields around
the Ln" ion or different f-orbital electron densities (i.e., oblate
and prolate) as a means of enhancing the overall anisotropy of
the systems and consequently the SMM dynamics. This target-
ed approach to high-spin molecules and SMMs could be fur-
ther developed and expanded to a plethora of other Mn and
Mn-Ln cluster compounds primarily bridged by oximate-based
ligands. With this work we are adding an important new tool
to the arsenal of coordination chemists toward the develop-
ment of molecule-based magnetic materials.

Experimental Section

All manipulations were performed under aerobic conditions using
chemicals and solvents as received. The acndH, and the lantha-
nide(lll) acetylacetonate precursors, Ln(acac);:H,O (Ln=Gd, Dy),
were synthesized as previously reported.”’!
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Synthesis of 1

To a stirred, yellow solution of acndH, (0.04 g, 0.2 mmol) and NEt;
(28 uL, 0.2 mmol) in MeOH/DMF (15 mL, 1:2 v/v) was added solid
MnCl-4H,0 (0.02 g, 0.1 mmol). The resulting orange-red suspen-
sion was stirred for 2 h, during which time all the solids dissolved,
and the color of the solution changed to dark brown. The resulting
solution was left to evaporate slowly at room temperature, and
within 3 days dark brown plate-like crystals of complex 1-H,0
formed. The crystals were collected by filtration, washed with cold
MeOH (2x2 mL) and dried in air. The yield was 55%. Selected IR
data (ATR): 3129 (w), 1585 (m), 1500 (wb), 1420 (m), 1291 (m), 1238
(w), 1165 (m), 1128 (m), 1067 (s), 1021 (s), 996 (s), 953 (m), 898 (vs.),
822 (s), 768 (vs.), 737 (m), 707 (m), 600 (vs.), 549 (m), 518 (m), 462
(m), 439 (m); elemental analysis (%) caled for 1 (My=
1528.18 gmol™): C 61.31, H 3.43, N 11.92; found: C 61.19, H 3.22, N
12.05.

Synthesis of 2 and 3

To a stirred, yellow solution of acndH, (0.04 g, 0.2 mmol) and NEt;
(28 pL, 0.2 mmol) in MeOH/DMF (15 mL, 1:2 v/v) were added to-
gether solids MnCl,-4H,0 (0.02 g, 0.1 mmol) and Gd(acac);-H,0
(0.15 g, 0.3 mmol) or Dy(acac);-H,O (0.15 g, 0.3 mmol). The resulting
red suspensions were stirred for 2 h, during which time all the
solids dissolved, and the color of the solutions changed to dark
brown. The resulting solutions were diffused with hexanes (15 mL),
and within 2 weeks dark brown plate-like crystals of complexes
2:2L:-MeOH and 3:2L:0.5MeOH formed. The crystals were collected
by filtration, washed with cold MeOH (2x2 mL) and dried in air.
The yields were 50 and 40%, respectively. The IR spectra of 2 and
3 are almost identical to each other. Selected IR data (ATR) for rep-
resentive 2: 3130 (w), 1718 (m), 1586 (w), 1510 (w), 1483 (w), 1419
(m), 1292 (m), 1275 (m),1214 (m), 1173 (m), 1130 (m), 1095 (m),
1075 (m), 1021 (m), 996 (m), 959 (m), 900 (s), 863 (m), 823 (s), 771
(vs.), 727 (w), 671 (w), 597 (m), 490 (mb), 440 (m). Elemental analy-
sis (%) caled for 22 L (M,,=2088.97 gmol™'): C 59.80, H 3.57, N
10.06; found: C 59.93, H 3.74, N 9.95; elemental analysis (%) calcd
for 32 L (My,=2094.22 gmol"): C 59.65, H 3.56, N 10.03; found: C
59.87, H 3.73, N 9.93.
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