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Single-Molecule Magnets

A Nonanuclear Iron(i1) Single-Molecule
Magnet**

Athanassios K. Boudalis, Bruno Donnadieu,
Vassilios Nastopoulos, Juan Modesto Clemente-Juan,
Alain Mari, Yiannis Sanakis, Jean-Pierre Tuchagues,*
and Spyros P. Perlepes*

Single-molecule magnets (SMMs) have attracted consider-
able interest in recent times.!" Although molecular, these
species display superparamagnetic properties normally seen
in mesoscale magnetic particles and thus can function as
magnetizable entities below their blocking temperature. As a
consequence, they represent the ultimate limit of miniatur-
ization for data-storage domains in magnetic media.’! Quan-
tum tunneling of magnetization (QTM) effects™ have led to
the proposal that SMMs could be exploited as qubits in
quantum computing.®! The existence of SMM behavior was
first noted ten years ago in the complex [Mn;,0;,(0,C-
Me),s(H,0),] (=10, D=-0.50cm™'=—-0.72K),”¥! which
represents the most extensively studied SMM.!! Another
compound that has been investigated for its SMM behavior is
[{FesO,(OH),,(tacn)s}Br;H,O]Br-8 H,O (tacn=1,4,7-triaza-
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cyclononane), characterized by an § = 10 ground state."! Since
the first discovery, other oxidation levels® in the Mn,, family
and other Mn,"® and M, (M =V Fe!' ¥ Co! I Nil'%)
SMMs, including mixed-metal systems,"'! have been prepared
with S values ranging from 3 to 13. Recently Cornia et al."?
presented a method to deposit suitably derivatized Mn,-type
SMMs on a gold film and observed them directly at the single-
molecule level using STM.

Because a SMM derives its unusual properties from a
combination of large ground-state spin (S) and large, easy-
axis-type anisotropy due to a negative axial zero-field splitting
(ZFS), D, a primary goal in this area is to maximize S and
| D|. Large S values arise from ferromagnetic or competing
antiferromagnetic exchange, and there are many competing
contributions to D such as single-ion ZFS, anisotropic and
dipolar exchange, and relative orientations of the single ions
and the cluster magnetic axes.[']

Herein we report the first member of a new class of
iron(in)-based SMMs obtained by a rational synthetic route:
[Feo(N3),(0,CMe)s{(2-py),CO,)u], where [(2-py),CO,J* is
the doubly deprotonated gem-diol form of di-2-pyridyl
ketone. This Fe complex is the second example of SMMs
in iron(i1) chemistry, after the cubane complex [Fe,(sae),
(MeOH),] (sae*” =the dianion of 2-salicylidene-amino-1-
ethanol)." Iron SMMs are of considerable interest, because
it is known™ that the nuclear spin of the transition metal in a
polynuclear SMM affects the rate of QTM (Mn has a nuclear
spin of I =>5/2, whereas *°Fe has I = 0). Moreover, Fe" centers
are known to exhibit moderate-to-large single-ion anisotropy
in high-spin ferrous complexes.!"*!

We had previously reported the synthesis of the non-
anuclear  cobalt(ty complex [Co,(OH),(O,CMe)4f(2-
pY).CO,}] (1), which comprises two p,-OH™ ions, and the
replacement of these two bridges by two p,:m' (that is, end-on)
N, ions to yield the related azido complex"®! [Coy(Ns;),-
(0,CMe)s{(2-py),CO,}4](2). The latter retains all the struc-
tural features of the former, but exhibits a ground-state spin
seven times that of 1, due to dominant ferromagnetic
interactions introduced by the end-on azido ligands.
Later,'! we extended the above reactivity pattern to nickel(11)
chemistry by synthesizing [Niy(N;),(O,CMe)gf(2-py),CO,}]
(3); magnetic studies revealed that the ground-state spin
value for 3 (§=9) is nine times that of its precursor
[Nig(OH),(O,CMe)s{(2-py),CO,},] (4). No SMM behavior
above 2 K has been observed in 2 and 3. Synthesis of the
iron(11) analogue of 1 and 4 and incorporation of the end-on
azido bridge into the Fe, cage skeleton in place of the hydroxo
anion were designed to introduce ferromagnetic superex-
change interactions aimed at generating a ground state of the
Fe, core characterized by a total spin S of either (8 x2)—-2=
14 or 9x2 =18 (for high-spin Fe", §=2), as a result of the
topology of the cluster.'®!! In addition, we attempted to
introduce significant magnetic anisotropy of the Fe, core
through single-ion anisotropy of Fe" (if D <0, it would be
possible to prepare an iron(1i1) SMM).

Anaerobic reaction of di-2-pyridyl ketone ((2-py),CO)
with 2 equiv of iron(ir) acetate® in boiling MeCN resulted in
a dark-red solution from which [Fe,(OH),(O,CMe){(2-
py)-CO,},] (5) formed as a precipitate in 30% yield [Eq.
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(1)]. The double deprotonation of the gem-diol form of the
ligand (formed in situ in the presence of the metal ion) is a
consequence of the high MeCO,™ to (2-py),C(OH), ratio
(4:1) used in the reaction. Anaerobic treatment of 5 with a
slight excess of NaNj; in boiling MeCN produced orange
[Feo(N3),(0,CMe)s{(2-py),CO,L] (6) in 40 % yield [Eq. (2)].

9Fe(0,CMe), - 1.75 H,0-+4 (2-py),CO

MeCN

——[Fey(OH),(0,CMe)s{(2-py),CO; }4]+10MeCO,H+9.75 H,O
1)

[Feo(OH),(0,CMe)s{(py).CO, }4]+2 NaN,

M‘ZCE’[Fes(Ns)z(OzCMe)g{(PY)2C02}4]+2 NaOH ?

The molecular structure®! of 6 is shown in Figure 1. The
asymmetric unit contains two almost identical nonanuclear
molecules. The nine Fe' ions adopt the topology of two

Figure 1. ORTEP plot of one of the two independent nonanuclear
molecules of 6 (thermal ellipsoids set at the 30% probability level). All
H atoms and all noncoordinated atoms of the [(2-py),CO,]*" ligands
are omitted for clarity. Interatomic distance ranges [A]: Fe-N([(2-
Py)2CO,J) 2.123-2.160, Fe—N (azido) 2.342-2.449, Fel-O 2.258-2.317,
Fe2(Fe3)-O([(2-py),CO,*) 2.032-2.249, Fe2(Fe3)-O(acetate) 1.983—
2.179. Average esd values: 0.004 A.

square pyramids sharing a common apex at the central metal
ion (Fel in Figure1) and are held together by four
usm'm®’m' (2-py),CO,*~ ligands (Scheme 1). Each Fe:-Fe

IO

Fe—C O—Fe
F / \Fe/ \
e Fe

Scheme 1. Bridging characteristics observed in 6.
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basal edge of the pyramids is further bridged by one syn,syn
t:m'm' acetate ligand. The four acetate ligands create a cavity
at the base of each pyramid, into which an extremely rare
usm' azido ligand is trapped, thus capping the square base.
This bridging mode has only been observed in the parent Co
and Ni nonanuclear complexes.">') The two square bases
have a slightly staggered conformation, thus endowing Fel
with a tetragonal antiprismatic coordination environment
(Fe"O4 chromophore). Octacoordination is an extremely rare
feature in iron(i) chemistry, having only been observed in
four structurally characterized iron() complexes.”” The
packing of the molecules in 6 (see Supporting Information)
shows large intermetallic separations between iron ions of
neighboring molecules, with the closest intermolecular Fe---Fe
distance (7.933(1) A) being between Fe3b and Fe5b (symme-
try operation: x, y, z-1). Complex 6 is the first structurally
characterized nonanuclear iron(11) cluster.

Preliminary *’Fe Moessbauer studies of 6 revealed two
well-resolved quadrupole-split doublets (Figure 2), with
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Figure 2. Moessbauer spectrum of 6 at 80 K. The data was least-
squares fitted to two quadrupole-split doublets (Lorentzian lines, see
text for parameter values).

parameters typical of HS iron(i1) ions, and with an area ratio
very close to the theoretically expected 1:8 value. For
example, at 80 K, fitting of the data yielded parameters o, =
1.369(6) mms ™, AEy, =3.12(1) mms™", I, =0.12(1) mms™*
(13.4%) and 8,=1.203(2) mms ', AEqy,=2.433(3) mms*,
I, =0.166(3) mms™' (86.6%) attributed to the central and
external high-spin iron(in) sites, respectively.
Variable-temperature (2-300 K) dc magnetic susceptibil-
ity data (Quantum Design MPMS SQUID magnetometer)
were collected on polycrystalline samples of 5 (10 kG) and 6
(1,5, 10, 25, and 50 kG), molded into a 3 mm diameter pellet
inside a glove box. The magnetic study of 5 revealed an
overall antiferromagnetic behavior with an S=2 ground
state™ The y,T product of 6 increases from the room-
temperature value of 31.84 cm’mol ™' K reaching a field-
dependent maximum of 59.00 cm’mol ™ K at 19K (H=
1 kG), followed by a sudden drop due to zero-field splitting
effects. Considering that the magnetic-field dependence of
the T product of 6 is effective between 10 and 50 kG, but
negligible between 10 and 1 kG (1.5% on average between
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300 and 19 K; Figure 3), and that spin—orbit coupling effects
increase with decreasing applied magnetic field, the fitting
was carried out on the 10 kG data using an isotropic model
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Figure 3. Magnetic susceptibility data of 6 collected at various mag-
netic fields (1, 5, 10, 25, 50 kG), and shown as T versus T plots in
the inset. The 10-kG data (300-25 K) have been fitted to the isotropic
model described in the text.

based on the spin Hamiltonian [Eq. (3)] that corresponds to
exchange pathways shown in Scheme 2.

H = —27,(8,8;+8:8,+8,85+858, 488,48, 85+ 880 +-8,85 )
—27,(8,8,48,8;+8,8,+8,85+8,85+8,8,+8,85+5,8,) (3)
—203(8,8,+8;85+848545,85)

Scheme 2. Exchange pathways for 6.

Owing to the symmetry of the system, the Kambe vector-
coupling approach® yielded the analytical expression
[Eq. (4)] for the energy levels:

Es,. sy, 5c. S0, Sk. Sk, Sc. 51
=Se(Se+1)=Sp(Sp+1)]+[86(S+1)—Sr(Sr+1)]
—J3[SA(S4+1)+Ss(Sp+1)+Sc(Sc+1)+Sp (Sp+1)]

(4

=

where §,=38,48,, Sp=38:+8;, Sc=8+8 Sp=5+8,.5,=
S, 485 Sp=Sc+Sp S =8,+8, and §;= S, +S.
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Fitting of the 10 kG data down to 25 K (J;=7.0cm™ ', J,=
—039cm™, J;=-34cm™!, g=2.015, R=7.310"") yielded
an S =14 ground state (see Supporting Information) with low-
lying excited states, as expected for a system in which the
anisotropic high-spin Fe centers are weakly coupled. This
result is qualitatively corroborated by magnetization meas-
urements: Plots of M versus HT ' at various field strengths
(see Supporting Information) show that the magnetization
extrapolates to 28 N,ug above 5T, suggesting an S=14
ground state. However, models considering population of the
only S =14 ground state did not allow us to satisfactorily fit
the magnetization data, which indicates an admixture of the
ground state of this nonanuclear complex with low-lying
excited states (the lowest level of the S=14 state may be
slightly above levels of the S=13 and/or §=15 states). The
size of the matrix needed to consider the whole system is too
large to fit these magnetization data at this time.

To probe the dynamics of the magnetization relaxation in
complex 6, variable-temperature ac SQUID experiments
were performed over the 2.0-5.0 K temperature range at
frequencies of 1-1000 Hz, with zero applied dc field, on the
polycrystalline sample used for the dc studies. The compound
exhibits in-phase (/) and out-of-phase magnetic susceptibil-
ity (yr) signals below 3.5 K (Figure 4), due to the inability of 6
to relax sufficiently rapidly to keep up with the oscillating
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Figure 4. Frequency dependence of the in-phase ¥/, T product and out-
of-phase . magnetic susceptibility versus T for 6. Solid lines are fits
of the out-of-phase experimental data by Lorentzian lines. An Arrhenius
plot of Int versus T~' for the values derived from the peak maxima at
various frequencies is shown in the inset. The solid line is a least-
squares linear fit of the data. Where the y/, versus T maxima are not
observable, the experimental data have not been fitted.
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field at these temperatures. The frequency dependence of the
¥ signal clearly indicates SMM behavior.! As determined by
fits to Lorentzian lines, the ¥ peak shifts from 2.34(1) to
2.00(1) K upon decreasing the frequency of the ac field from
1000 to 50 Hz; at lower frequency, the , peak is shifted below
19K and, thus, is no longer visible. The magnetization
relaxation rate data obtained from the ac data were fitted to
the Arrhenius equation 7=71,exp(AE/kT), where 7 is the
relaxation time, AE is the energy barrier for the relaxation of
the magnetization, k is the Boltzmann constant and 7, is the
preexponential factor. From the fit, AE was found to be
29(1) cm™! (41(1) K) with 7,=3.4x 10?5, Further studies™
at lower temperatures and frequencies are planned, as well as
investigation of possible hysteresis and quantum tunneling of
the magnetization.

The azido compound is important to the field of SMMs, as
it is a very rare example of iron(if) molecule exhibiting this
behavior. The role of the anisotropic Fe" ions in the double
square-pyramidal molecular topology appears to be crucial
for promoting this magnetic phenomenon. Complex 6 is a
totally new type of SMM, being not based on a previously
discovered relative. Its structure was designed and the spin of
its ground state was modulated. However, the SMM behavior
of 6 probably relies on both the single-ion magnetic aniso-
tropy of Fe', and the favorable size and sign of D for the Fe,
core. This latter aspect remains the point at which there was
least “operator control” and the area in which future
advances should be made. In conclusion, we believe that the
work reported here illustrates a new approach to the synthesis
of SMMs, based on detailed analysis of already acquired
knowledge, and its use for the rational design of appropriate
synthetic schemes.

Experimental Section

5: Treatment of a white slurry of Fe(O,CMe),-1.75H,0 (0.411 g,
2.00 mmol) in MeCN (50 mL) with (2-py)CO (0.184 g, 1.00 mmol)
resulted in a dark blue-green solution. The solution was boiled for
5 min, during which time a noticeable color change to dark red was
observed. The red solution was filtered and allowed to stand
undisturbed in a capped flask in a glove box. After 2-3 days, red
cubes of the product were deposited from the mother liquor, which
were then collected by filtration, washed with MeCN, and dried
in vacuo (yield ~30%). The dried solid analyzed as solvent-free.
Elemental analysis (%) calcd for CyHsgFesNgO,6: C 39.82, H 3.23, N
6.19; found: C 39.74, H 2.93, N 5.96.

6: Treatment of a red slurry of 5 (0.651 g, 0.36 mmol) in boiling
MeCN (60 mL) with NaNj; (0.066 g, 1.02 mmol) resulted in a dark-red
solution. The solution was cooled and filtered, and the filtrate was left
to stand undisturbed for one week. Orange crystals of
6:1.36H,0-2.16 MeCN suitable for X-ray analysis were obtained,
collected by filtration, washed with MeCN, and dried in vacuo (yield
~40 % ). The dried solid analyzed as solvent-free. Elemental analysis
(%) caled for CgHseFeyN,,0,,: C 38.75, H 3.04, N 10.54; found: C
38.50, H 3.01, N 10.42.
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