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ABSTRACT: The synthesis, X-ray crystallography, magnetic properties, and high-field electron paramagnetic resonance
(HFEPR) of a new heptanuclear manganese complex [Mn,(heamp),](ClO,),-4CH,Cl,-H,O (complex 2), in which heampHj is
2-[N,N-di(2-hydroxyethyl)aminomethyl]phenol (compound 1), is reported. Complex 2 has a hexagonal, disk-shaped topology
and contains six Mn(III) ions and a central Mn(II) ion. It crystallizes in the monoclinic space group P2,/c with two molecular
orientations. Consideration of the cluster topology, together with variable-temperature and variable-field DC magnetic
susceptibility data, suggest that complex 2 exists in a half-integer, S = '°/, + 1 spin ground state, with appreciable uniaxial zero-
field splitting (D = —0.16 cm™). AC magnetic susceptibility measurements clearly show out-of-phase signals, which are
frequency- and temperature-dependent, indicating slow magnetization relaxation behavior. An analysis of the relaxation data
employing the Arrhenius formula yielded an effective relaxation barrier of 12.9 cm™". Simulations of HFEPR studies agree with
the assignment of an S ~ '/, spin ground state, with g = 1.96, D = —4.71 GHz (—0.16 cm™'), and a longitudinal fourth-order
zero-field splitting parameter B = —2.7 X 10™* GHz (—9.0 X 107 cm™).

B INTRODUCTION

Manganese-based metal clusters that incorporate phenol groups
are attractive, not only because they can be functionalized, thus
leading to new and interesting topologies, but also because they
can function as important reactive sites in nature." An excellent
example of this is the tetranuclear manganese cluster that drives
the catalytic activity in photosystem II. In addition, manganese
can exist in many oxidation states; this imparts synthetic
flexibility, which can lead to new molecular topologies and
interesting magnetic properties. Single-molecule magnets
(SMMs)? are an extremely interesting class of exchange
coupled transition-metal clusters that exhibit slow magnet-
ization relaxation behavior and, because of their unique size,
shape, and anisotropy, SMMs provide a unique platform for the
study of molecular systems that possess both classic magnetic
properties and quantum properties. In addition, SMMs have
attracted considerable attention in the fields of molecular
spintronics® and quantum computation and quantum informa-
tion storage.* In the past two decades, extensive investigations
of SMMs have yielded some benchmark findings including:
quantum tunneling of magnetization (QTM),® quantum phase
interference (QPI),® exchange bias,” spin-parity effects,” and
quantum coherence/decoherence.”

Disk-shaped heptanuclear manganese clusters are a very
interesting subset of SMMs, because they are synthetically
flexible.'”~"® The topologies of the exchange coupled cores
of these complexes are almost identical. However, by
strategically changing peripheral organic ligands, e.g., diketonates,
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functionalized pyridyls, diethanolamines, etc., the oxidation states
and the nature of the magnetic exchange interactions can be
manipulated to produce complexes with both integer- and half-
integer spin ground states that fall into three general groups:
MnLMn, ' MnL" and MnH3Mnm4.16_1 Few systems
offer such diverse synthetic options, which makes the studies of
Mn; complexes interesting from a fundamental viewpoint.

In previous studies, we reported on the synthesis of
pyridyl-containing and phenol-containing ligands for use in
forming metal clusters that show slow magnetization relaxa-
tion (SMM-like) phenomena.'"” In the present study, a new
phenol-containing diethanolamine ligand, 2-[N,N-di(2-
hydroxyethyl)aminomethyl]phenol (heampH,, see Scheme 1),

Scheme 1. Synthesis of heampH; (Compound 1)
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was synthesized and was used in combination with [Mn;O-
(OZCMe)6(py)3](CIO4)ZO to produce a new hepatanuclear
manganese SMM, [Mn,(heamp)¢](ClO,),-4CH,Cl,-H,0
(complex 2), with a unique electronic arrangement Mn"Mn"".
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Crystallography, magnetometry, and electron paramagnetic
resonance were used to study this interesting half-integer spin
SMM.

B EXPERIMENTAL SECTION

Synthesis. All chemicals and solvents were used as received
without any additional purification. The synthesis of [Mn;O-
(0,CMe)4(py);](ClO,) has been reported previously.20

2-[N,N-di(2-hydroxyethyl)aminomethyl]phenol (heampH;)
(Compound 1). A solution of diethanolamine (4.2 g 40 mmol) in
1S mL of methanol and a solution of salicylaldehyde (4.88 g, 40
mmol) in 15 mL of methanol were combined and stirred under a
nitrogen atmosphere for 2 h. To the resulting solution, a mixture of
NaBH, (1.51 g, 40 mmol) in 10 mL of methanol was added dropwise
while in an ice bath, after which the solution was stirred for another
hour. The methanol was removed by decantation and replaced by
water. The resulting solution was neutralized with glacial acetic acid,
the solution extracted by CH,Cl, (30 mL X 3), and dried on MgSO,.
Analytically pure heampH; was obtained by elution from a silica-gel
column with EA/hexane = 1/3 solution. Yield: 14.3%. ("H NMR in
CDCl,, 300 MHz) &: 2.78 (t, 4H, NCH,CH,), 3.76 (t, 4H, CH,0OH),
3.86 (s, 2H, CCH,N), 6.77, 6.81, 7.00, 7.15 (dd, td, dd, td, 4H,
phenyl-H). °C (75 MHz) &: 56.2, 59.4, 60.1, 116.4, 119.5, 122.3,
128.9, 129.1, 157.4. Selected IR data (ATR-IR, cm™): 3369 (vs), 2952
(s), 2884 (s), 1613 (m), 1590 (s), 1490 (s), 1456 (s), 1408 (m), 1366
(m), 1256 (s), 1151 (m), 1138 (m), 1076 (m), 1033 (s) 758 (s). Anal.
Calcd. for (C;1H;NO;): C, 62.54; H, 8.11; N, 6.63%. Found: C,
62.50; H, 8.10; N, 6.47%. HRESIMS [M+H]": 212.1269 (calc.:
212.1287).

[Mn,(heamp)¢](ClO,),-4CH,Cl,'H,0 (Complex 2). To [Mn;O-
(0,CMe)4(py);](ClO,) (2.63 g, 3.02 mmol) in 30 mL of CH,Cl, was
added heampH; (1.64 g, 7.76 mmol) in 30 mL of CH,Cl,. The
mixture was stirred under aerobic conditions for 24 h and a dark
brown solid was obtained. The solids were washed with CH,Cl, and
then dissolved in acetonitrile. Crystals were obtained after one week
via diethylether diffusion. The crystals were collected and redissolved
in CH,Cl, and layered with hexanes, yielding X-ray diffraction (XRD)-
quality crystals. Yield: 2.0%. Selected IR data (ATR-IR, cm™): 2878
(m), 1595 (m), 1476 (m), 1452 (m), 1199 (vs), 1126 (m), 1042 (m),
970 (vs), 902 (s), 761 (m). Anal. Calcd. for (CgHgyCL,Mn,N4O,): C,
4325; H, 4.62; N, 4.59%. Found: C, 43.55; H, 4.70; N, 4.21%.

X-ray Structure Determination. A dark-brown crystal of
complex 2, with dimensions of 0.28 mm X 0.25 mm X 0.06 mm,
was selected for X-ray analysis, which was carried out on a Bruker
SMART CCD diffractometer, using Mo Ka radiation (4 = 0.71073 A).
The temperature of the crystal was controlled by means of an Oxford
Cryosystems Cryostream Cooler. The detector was 5.00 cm from the
crystal. The crystallographic data were collected over a hemisphere of
reciprocal space, via a combination of three sets of exposures. Each set
had a different ¢ angle, and each exposure of 5 s covered 0.30° in ®.
An empirical absorption was made, based on the symmetry-equivalent
reflections and the data were integrated using the SADABS program.”!
The structure was analyzed using the SHELXTL program on a
personal computer (PC). The structure was solved using the Shelxs-97
program® and refined by the Shelxl-97 program® with full-matrix
least-squares on F* values. The non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were fixed at the calculated positions
and refined using a riding mode. Detailed crystallographic parameters
are listed in Table 1.

Physical Measurements. The DC magnetic susceptibility data
were collected with a Quantum Design MPMS?7 system. Samples of 2
were finely ground and restrained with eicosane to prevent torquing of
the crystallites. The variable-field and variable-temperature magnetic
susceptibility data were also corrected for the gel capsule, sample rod,
and eicosane backgrounds. Diamagnetic contributions to the
susceptibility were estimated from Pascal’s constants. DC susceptibility
measurements and elemental analysis experiments were carried out at
the Instrumentation Centre, National Taiwan University.
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Table 1. Crystallographic Data for Complex 2

value
C7oHo,Cl1Mn;N¢O,;
2190.59 g mol™"
150(2) K
P2,/c
14.9810(8) A

parameter

formula

formula weight, Fw
temperature, T
space group

a

b 22.1533(12) A

¢ 13.1267(7) A

a 90°

B 100.9372(13)°

4 90°

volume, V' 4277.3(4) A3

7,7 05,2

F(000) 2234

density (caled) mg m™ 1.701

absorption coefficient 1.392 mm™'

absorption correction semiempirical from equivalents
reflns, measured 32721

reflns, independent 9819 [R(int) = 0.0700]
data/restraints/parameters 9819/6/544
goodness-of-fit on F* 1.049

R indices [I > 20(I)]
R indices (all data)

RI = 0.0648, wR2 = 0.1374
RI = 0.0926, wR2 = 0.1499

High-field powder EPR data were collected at the U.S. National
High Magnetic Field Laboratory Electron Magnetic Resonance facility,
using a transmission probe in which microwaves are propagated through
cylindrical lightpipes. High-frequency microwaves were generated by a
phase-locked Virginia Diodes solid-state source operating at 13 + 1 GHz,
followed by a chain of multipliers and amplifiers. High magnetic fields
were provided by a 17 T superconducting magnet.**

B RESULTS AND DISCUSSION

Structure Description. Single-crystal X-ray data and
refinement parameters for complex 2 are listed in Table 1.
Complex 2 crystallizes in the monoclinic space group P2,/c with
Z' = 0.5 and Z = 2. The asymmetric unit consists of one-half of a
molecule with the other half generated by the symmetry
equivalent transformations: —x, —y, —z, and the second molecule
in the unit cell is related by a c-glide (x, '/, — 3, '/, + z), yielding
two independent molecular orientations in the unit cell An
ORTEP drawing of complex 2 is shown in Figure la.

The metal framework of compound 2 consists of a central
Mn" ion that is encircled by six Mn'" ions that form a roughly
hexagonal disk. Oxidation-state determinations were based on
charge considerations, bond-valence sum analysis (BVS)*® (see
the Supporting Information) and crystallographic evidence for
Jahn—Teller elongated axes on six of the Mn ions. All seven of
the metal ions are six-coordinated and exhibit distorted
octahedral geometries. Mn—O bond lengths for the central
Mn ion range between 2.173 A and 2.199 A and are consistent
with a high-spin d* Mn" ion. The other six Mn ions have four
Mn—O bond lengths that range between 1.840—2.018 A with
two axially oriented Mn—O, Mn—N bonds that range between
2.180 A and 2.300 A, which is indicative of tetragonally
elongated, high-spin d* Mn™ centers. The orientations of the
six Jahn—Teller axes, shown in black, are presented in Figure 1b,
and selected bond lengths are listed in Table 2. The Jahn—
Teller axes lie along O—Mn—N bonds and are highly distorted.
The central Mn" ion and four of the Mn™ ions lie in the same
molecular plane, while the remaining two Mn"™ ions (Mn(4 and
4a)) lie 7.84° above and below the molecular plane, respectively
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Figure 1. (a) ORTEP plot of [Mn,(heamp)s]** (2) at the 50%
probability level. Color scheme: Mn, purple; O, red; N, blue; C, gray.
(b) Skeleton of 2: Mn®*, green; Mn®", yellow; O, red; N, blue. The
Jahn—Teller axes of Mn®* ions are represented by black sticks.

Table 2. Selected Metal—Ligand Bond Lengths in Complex 2

metal—ligand bond length metal—ligand bond length
pair (A) pair (A)
Mn(1)-0(2)#1 2.173(3) Mn(3)-0(4) 1.850(3)
Mn(1)-0(2) 2.173(3) Mn(3)-0(9) 1.919(3)
Mn(1)—O(5)#1 2.185(3) Mn(3)-0(S) 1.966(3)
Mn(1)-0(S) 2.185(3) Mn(3)-0(6) 1.983(3)
Mn(1)-0(8)#1 2.199(3) Mn(3)-N(2) 2.202(3)
Mn(1)-0(8) 2.199(3) Mn(3)-0(2) 2.280(3)
Mn(2)-0(1) 1.840(3) Mn(4)—0(7) 1.841(3)
Mn(2)—0(6) 1.917(3) Mn(4)—-0(3)#1 1.938(3)
Mn(2)-0(2) 1.966(3) Mn(4)-0(8) 1.961(3)
Mn(2)-0(3) 1.987(3) Mn(4)-0(9) 2.018(3)
Mn(2)-N(1) 2.199(4) Mn(4)-N(3) 2.180(3)
Mn(2)-0(8)#1 2.285(3) Mn(4)-0(5) 2.300(3)

“Symmetry transformations used to generate equivalent atoms: #1:
—x+1,—y+1, —z+3#u —x+ 1, —y+ 1, —z+2.

(see Figure 1b). Intercluster Mn"—Mn™ and Mn™-Mn"
distances are 3.212—3.236 A and 3.215—3.263 A, respectively.

Six trianionic heamp®~ tetradentate ligands act as bridges between
neighboring metal centers and complete the coordination sphere of
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each molecule. The two ethoxy-oxygens and the phenolic-oxygen of
each heamp™ ligand function as magnetic exchange pathways and
are arranged in p3-O7, 41,-O7, and p-O~ coordination modes,
respectively. Each of the six 4,-O~ atoms bridge two neighboring
Mn™ ions with bond angles of 111.00°, 111.91°, and 110.24°, with
three inversion symmetry equivalents. The six j4;-O~ atoms bridge
two adjacent Mn™ ions and the central Mn" ion forms a triangle
with the oxo-atom out of the plane formed by the three Mn ions.
Mn"—4;-O—Mn" bond angles range between 91.47° and 101.96°
and Mn"—;-O—Mn" angles range between 98.13° and 99.46°.
The phenolic-oxygen and the nitrogen center of each of the
heamp®~ ligands complete the coordination sphere and cap the six
peripheral Mn"™ ions of the [Mn"Mn"40,,]** magnetic core.

DC Magnetic Susceptibility Studies. Variable-temper-
ature DC magnetic susceptibility measurements were collected
on a polycrystalline sample of 2 with an applied magnetic field
of 1 kG in the temperature range of 5—300 K; these are
presented in Figure 2 in the form of a plot of y\T vs T. The
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Figure 2. Plot of yyT versus T of complex 2 measured in a 1 kG
magnetic field. The solid red line represents a theoretical simulation of
the experimental data.

value of the yyuT product is 27.7 cm® mol™" K at 300 K,
which is slightly higher than the spin-only value of 22.4 cm?
mol™" K expected for six noninteracting Mn"" ions and one Mn"
ion. This suggests that intracluster magnetic exchange interactions,
presumably with ferrimagnetic arrangements, are active, even at
room temperature. As the temperature is reduced to 90 K, the y,T
product steadily increases to 33.6 cm® mol™ K and then rapidly
increases to 58.0 cm® mol™' K at temperatures down to 5 K.

In order to gain insight into the nature of the magnetic exchange
interactions within the molecule, simulations of the yT versus T
data were performed. A precise parametrization of the magnetic
coupling in 2 requires six independent exchange constants: three
Mn"Mn™ and three Mn™—Mn™. However, it is well-established
that such an approach involves way too many parameters, not to
mention the fact that it neglects anisotropic zero-field splitting
interactions that are known to influence the analysis at lower
temperatures. In essence, the information content within the y T
versus T curve simply does not adequately constrain a model
with six adjustable parameters.”® Nevertheless, it is instructive to
employ a simplified two-J model, which treats the molecule as an
approximately regular hexagon, where ] and J, represent Mn''—O—
Mn"™ and Mn™—O—Mn" exchange pathways, respectively (see
Figure 3). It should be stressed that, although this represents a
major oversimplification, it can provide us with useful insights.
Moreover, as we shall see later, such a simplification is reasonably
consistent with expectations in terms of the type of (ferromagnetic
or antiferromagnetic) exchange interactions within the molecule.
The simplified exchange model leads to the following Heisenberg

dx.doi.org/10.1021/ic2019154 | Inorg. Chem. 2012, 51, 4448—4457
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Szr
Figure 3. Plot showing a simplified magnetic exchange coupling
scheme for complex 2, where ], = Mn"—~O—Mn"" exchange pathways,
and J, = Mn™—O—Mn" exchange pathways.

spin Hamiltonian, where J; and ], are exchange constants and S; are
spin operators:

H = —2J,(S:Sy + S1-S3 + S1:S4 + S-Sa7 + S1-S37 + $1°Sy)
- 2]2(52'83 + S3'S4 + S4'52/ + Sz/'S3’ + 53/'84/ + S4/'52)

(1)

Simulations of the variable-temperature DC magnetic
susceptibility were performed using the program MAGPACK.*®
The best simulation, shown as a red solid line in Figure 2, yielded
the parameters J; = —026 cm™', ], = 3.0 cm™, and g = 2.1. This
result makes reasonable sense, in terms of the structure of the core,
as we now outline. The ferromagnetic coupling among the six Mn™
ions (J, > 0) on the ring is analogous to that reported for the
complex [NaMn"s(OMe);,(dbm)s]BPh,, where the six Mn"" ions
are ferromagnetically coupled to give an S = 12 ground state”™ A
search of the literature further indicates that this ferromagnetic
coupling can be attributed to e,—e, orbital interactions. Assuming the
Jahn—Teller elongation axes are along the z-directions of each Mn'™
ion, the d,2_; orbitals would be empty and the d magnetic orbital
would have a nonzero overlap with an empty d,2_ orbital on the
neighboring Mn™ ion through an alkoxide ligand (see Figure 2 in ref
29a). It is this d.2_2/ d.* overlap that provides an effective pathway for
ferromagnetic coupling between Mn™ ions.” Therefore, the signs of
the coupling constants result in an outer ring of ferromagnetically
coupled Mn™ ions (S, = **/,) that are antiferromagnetically
coupled to the central Sy, = °/, Mn" ion yielding an S = /,
ground state. It is thus the stronger ferromagnetic interactions that
stabilize the sizable spin ground state in 2. However, the weaker
antiferromagnetic coupling, J;, between the outer Mn™ spins and
the central Mn" suggests that there could be low-lying excited spin
states. Indeed, our very simple simulation procedure suggests that
the first such excited state with S = 2!/ , lies only ~5—6 cm™! above
the S = "%/, ground state. However, we wish to emphasize that this
represents a rather crude estimate given the approximations
employed in the simulations and further discussion with regard
to the magnitude of the spin ground state will be discussed in
the EPR section. As we shall see below, the AC susceptibility and
EPR data presented suggest that the ground state is reasonably well
isolated, ie, it is unlikely that there are low-lying states within
~10 cm™" of the ground state. Finally, we note that the obtained
g-value is unphysical, in that it is larger than 2.00. Again, we shall see
below that the EPR data provide a far more rigorous determination
of g and the spin value associated with the ground state. The

unphysical g-value can have many explanations, including torqueing
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of the microcrystallites in the powder sample and incorporation of
impurities or solvent loss from the sample.

To further gauge the ground-state spin value and the
magnitude of the zero-field splitting parameter (D), variable-
field magnetization data were collected on a polycrystalline
sample of 2 (suspended in eicosane) at 2—4 K with applied
magnetic fields of 3—60 kG A plot of M/Nf versus H/T
(reduced magnetization) for complex 2 is given in Figure 4, where
M is the magnetization, N is Avogadro’s number, f is the Bohr
magneton, and H/T is the ratio of the magnetic field to the
absolute temperature. The experimental data were fit (solid red
lines in Figure 4) via full-matrix diagonalization employing eq 2,
with fit parameters of S = 19/2, g=219,and D = —0.16 cm L
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Figure 4. Reduced magnetization of complex 2 measured with a
magnetic field of 0.3—6 T in the temperature range of 2—4 K. Red
lines represent a best theoretical fit to the experimental data, with
fitting parameters of S = ?/,, g = 2.19, and D = —0.16 cm ™.

v > (0E;/oH) exp[—E;/(KT)]
Z}S:_s eXP[_Ei/(kT)]
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As we shall see below, the obtained D value agrees remarkably
well with the more-precise EPR measurements. The obtained g-value
is again rather high, which likely signifies torqueing of the sample,
given that the effect is more extreme in the higher-field magnetiza-
tion measurements. The relatively small value of the zero-field
splitting parameter (D) can be rationalized by careful examination of
the crystal structure. The single-ion zfs tensors of the Mn ions project
onto the molecular anisotropy axis and combine to give the
molecular zfs*' The source of the molecular zfs for complex 2
originates from the Jahn—Teller axes of the six Mn™ cations (one
would expect only a very minor contribution from d* Mn" ions).
The six Jahn—Teller elongation axes lie along N(1)—Mn(2)—O(8)
#1, N(2)—Mn(3)—0(2), N(3)—Mn(4)—O(5) bonds, and their
inversion-symmetry-related pairs; they are topologically arranged in a
propeller-like fashion and are tilted quite close to the Mn;, molecular
plane (see Figure 1b). Symmetry considerations would suggest that
the molecular z-axis is orthogonal to the molecular plane. Given that
the Jahn—Teller axes are tilted rather close to this plane, one would
not expect a very significant projection of the zfs associated with the
Mn" ions onto the molecular z-axis. This likely explains the rather
small molecular D value determined from these investigations.

AC Magnetic Susceptibility. To study magnetization
relaxation behavior in complex 2, frequency-dependent AC
magnetic susceptibility measurements were performed in a 3.5 G
oscillating magnetic field with frequencies of 10—10000 Hz at
temperatures ranging from 19—2.6 K** Figure 5 shows the in-
phase (top) and out-of-phase (bottom) signals plotted as magnetic
susceptibility (yy;) versus the logarithm of the frequency.

dx.doi.org/10.1021/ic2019154 | Inorg. Chem. 2012, 51, 4448—4457



Inorganic Chemistry

| Article

Temperature- and frequency-dependent AC signals are evidence for
slow magnetization relaxation and single-molecule magnet behavior,
ie, a significant thermodynamic barrier leading to magnetic bistability.

The out-of-phase component of the AC susceptibility can be used
to deduce the magnitude of the kinetic barrier and the magnetization
relaxation rate. The inset in Figure S shows a plot of the peak
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Figure 5. AC magnetic susceptibility data for complex 2 collected in a 3.5 G
oscillating field with frequencies of 10—10 000 Hz in the temperature range
of 19—2.6 K. The in-phase signals (y,) are presented in the top panel, and
the out-of-phase signals (yy") are in the bottom panel. Inset shows the
Arrhenius plot; the red solid line in the inset represents the least-squares fit.

positions of the frequency-dependent out-of-phase signals plotted as
In 7 vs 1/T. The solid red line represents least-squares fitting of the
experimental data to the Arrhenius formula, In 7 = Ug/(kT) +
In 7,, and yields an effective barrier of U,g = 12.9 cm™. This value
is only slightly less than the theoretical barrier, (S,> — '/,)IDI =
144 cm™', determined on the basis of the magnetization fits. The
difference is most likely a reflection of the uncertainty in the values
determined from rather approximate methods, ie., the magnetization
fits involve approximation. However, we note that a reduction of the
kinetic barrier could be caused by magnetic quantum tunneling,
which would short-circuit the states near the top of the barrier. The 7,
value obtained from the above fit is 6.97 X 10™* s, which is quite close
to two other disklike Mn, complexes: [Mn",Mn"";(teaH),(tea),]-
(ClO,)," and [Mn",Mn™,(5-NO,-hbide),]."”

A Cole—Cole analysis was performed to further probe the
magnetization behavior of complex 2. Figure 6 shows the y" vs
v plot at 2.1 K, where the red solid line is the theoretical fit
obtained by employing eqs 3 and 4:

(r = 21 + (@)~ sin(1/2)ax ]

XM (Cl)) = XS + 1+ 2(0)1:)1—(1 sin(l/Z)OLTC + (mr)z(l—(x) (3)
(XT - Xs)[(mT)l_aCOS(l/Z)(xn]
XM”((D) = — ~
1+ 2((,31;)1 asin(l/Z)(th + (0)17)2(1 o) )
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Figure 6. Cole—Cole plot at 2.1 K for complex 2. The red solid line is
the least-squares fit of the data to eqs 3 and 4.

where yr is the isothermal susceptibility, ys is the adiabatic
susceptibility, and 7 is the magnetization relaxation time.*> The
data and analysis suggest that the magnetization relaxation
exhibited by complex 2 is not governed by a single activation
process, i.e., the data in Figure 6 deviate from a perfect semicircle.
A fit revealed a nonzero a-value (0.16), which indicates that there
are significant distributions in the magnetization relaxation times
in complex 2. As we shall see in the following section, EPR data
indicate significant disorder, which could account for a
distribution of activation processes.

High-Frequency Electron Paramagnetic Resonance
(HFEPR). High-frequency electron paramagnetic resonance
(HFEPR) data were collected for a finely ground sample of 2
that was incorporated into a KBr pellet with frequencies of 56—
216 GHz in the temperature range of 3.5—20 K. Temperature-
dependent EPR spectra (collected at 216 GHz) are presented in
Figure 7 (top). The two very sharp features at 3.1 and 5.6 T have
been well-characterized and are attributed to paramagnetic oxygen
impurities trapped in the KBr pellet. The sharp features observed
around the g = 2.00 position (7.7 T) at elevated temperatures (15 K
and above) arise because of the population of relatively isotropic
excited spin (S < '/,) states. This observation may be indicative of
weak coupling within the cluster and consistent with the rather
small J; value determined from the T vs T analysis. These sharp
features were ignored in our interpretation of the EPR data, and we
focused instead on the broader features well away from the g = 2.00
position, which can be attributed to the ground spin state. We note
that the temperature-dependent studies do not provide any strong
indications that there are low-lying states with significant spin
values (ie, no additional peaks emerge upon raising the
temperature that cannot be accounted for via simulations that
assume an isolated S = %/, ground state) (see Figure 7).

The remaining spectral features can be divided into two
components: a single strong, broad feature to the high field side
of g = 2.00; and a series of multiple features on the low field side of
g = 2.00 that display a strong temperature dependence. For an axial
system, the parallel (H//z) component of the powder spectrum
typically extends about twice as far from the g = 2.00 position,
compared to the perpendicular (H1z) component, with the extent
of the spread being directly proportional to the magnitude of the
axial D parameter. On this basis, the multiple low-field features can
be attributed to resolved parallel excitations. Careful inspection of the
20 K spectrum reveals nine such peaks on the low field side of g =
2.00. These correspond to the following fine-structure transitions
within the ground S = '°/, spin multiplet: mg = 7/, — 77/,
mg=""/y = 5/, ..and mg = 7/, > 7'/, in order of increasing
field (the ™'/, to *'/, transition is buried in the g = 2.00 feature, and
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Figure 7. Temperature-dependent HFEPR spectra of complex 2
(experimental (top) and simulated (bottom)), recorded at 216 GHz in
the temperature range of 3.5-20 K collected on a microcrystalline
sample restrained in KBr.

the remaining ones overlap with the perpendicular portion of the
spectrum). The fact that the spectral weight associated with the
parallel spectrum shifts to the low field mg = ~'°/, — ~'7/, transition
upon cooling provides confirmation of the negative sign of D, i.e., the
mg = "'/, state is lowest in energy when H//z.

In contrast to the parallel spectrum, the fine structure transitions
within the perpendicular spectrum were not resolved. There are
several possible reasons for this. First, the relevant peaks should
have been much more closely spaced (ie., two perpendicular
components, each with half the separation of the parallel
spectrum) and, therefore, more difficult to resolve. Nevertheless,
this alone cannot fully account for the observed spectrum. A
likely explanation is molecular disorder and/or strains in the
sample that affect the transverse zero-field splitting parameters
(e.g, E) more than the axial parameter (D). This type of disorder
is known to occur in the extensively studied Mn,,-acetate
SMM,** where such strains have been shown to wash out the
perpendicular spectrum without affecting the parallel spectrum
significantly. It is also well-known that the crystallites in
powdered SMM samples are subject to substantial torques that
can cause minor reorientations of individual particles, even in
well-constrained samples. Again, this effect can lead to a
substantial broadening of the perpendicular spectrum and almost
no effect on the parallel component. All of these influences can
be taken into consideration when simulating spectra using a
program such as EasySpin.*® Figure 7 (bottom) displays such a
simulation, obtained by employing the following Hamiltonian:

B = pgig-§ + DS + B0, s)
where S and S, are spin operators, His the applied magnetic field
vector, § is the Landé g tensor, i is the Bohr magneton, D is the
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second-order axial zero-field splitting parameter, and the final term
represents axial fourth-order zero-field splitting> The parameters
used for the simulation were S = */,, D = —0.157 cm™, B, = —9 X
107% em™, and gy = & = 2.00. As can be seen, the relevant parallel
and perpendicular portions of the simulations agree with the
experiments in every respect, and the obtained D value is fully
consistent with that deduced from reduced magnetization studies.
The unresolved perpendicular part of the spectrum can be
reproduced by introducing a Gaussian distribution of the second-
order transverse zero-field anisotropies (E-strain), centered at E = 0,
and with a full width at half maximum (fwhm) of ~0.025 cm™". This
is very similar to the situation reported for Mnj,acetate,” suggesting
that disorder is responsible for the unresolved perpendicular fine
structures. We note also that a Gaussian distribution (strain) of the
D parameter (fwhm of 0.007 cm™) was also employed in these
simulations. It should be noted that no transverse rhombic
parameter (E) was included in our simulations even though this
term is certainly allowed according to symmetry considerations.
However, since no perpendicular fine structures could be resolved
above the g = 2 position, we could not determine a value for E, even
though we cannot rule out such molecular anisotropy.

In order to obtain tighter constraints on the spin Hamiltonian
parameters for complex 2, frequency-dependent powder EPR
experiments were carried out with frequencies in the range of 56—
216 GHz. The positions of the parallel component absorption
peaks were then plotted versus frequency, as seen in Figure 8, and
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Figure 8. Easy-axis (z-axis) frequency-dependent EPR data for
complex 2. The solid lines are a simulation of the data employing
the parameters: S = '?/,, g = 1.96, D = —4.71 GHz (—0.16 cm™") and
BY = —2.7 X 107* GHz (9.0 X 107® cm™).

the data simulated with the Hamiltonian of eq 5. The solid lines in
Figure 8 represent the best simulation of the frequency-dependent
data using the following parameter: S = '°/,, g, = 1.96, D = —0.16
cm™ and BY = —9.0 X 107 cm™". We note that the fourth-order
term is absolutely essential to the simulations, accounting for the
uneven spacing of the resonances. The obtained parameters agree
well with those used in the simulation shown in Figure 7, and
those extracted from fits of reduced magnetization data. In addi-
tion, it is possible to estimate a kinetic barrier to magnetization
relaxation (U,g) of 144 cm™ from these parameters (see the
Supporting Information). Again, this value is slightly larger than
that deduced from AC magnetic susceptibility studies, with the
difference attributable to the aforementioned tunneling near the
top of the barrier. Though the EPR simulation parameters agree
well with those obtained through magnetic reduced magnetization
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simulations, we note that one can also achieve reasonable
simulations with other spin values (eg, '/, or ?'/,), together
with correspondingly adjusted ZFS parameters. We would like to
point out, however, that no simple exchange scheme can be
envisioned that would yield a ground state spin value different from
1%/,, while simultaneously accounting for all of the experimental
observations. A ferromagnetic coupled outer ring of Mn™ ions (S, =
#/,) coupled antiferromagnetically to the central Mn" (S=*/,) ion
yields an S = '/, ground state. To obtain a different ground state
spin value for this cluster topology would require the introduction of
competing/frustrating interactions, likely resulting in many low-lying
spin states that are not observed in the EPR spectra.

We conclude this section by returning to the issue of the
perpendicular EPR spectrum and the suggestion that this may
be due to disorder. Such an explanation is actually rather
plausible given the propeller-like arrangements of the Mn™
Jahn—Teller axes. The approximate hexagonal/axial symmetry
of the cluster ensures that any projection of the Mn™ aniso-
tropies perpendicular to the plane of the molecule will add.
In contrast, the projections within the plane will cancel. If one
then introduces disorder, its effect will be far more severe in
terms of the projections within the plane. This is easy to see if
one considers a perfect hexagonal symmetry where the transverse
second-order anisotropy would exactly cancel. Introduction of
disorder would thus generate a distribution of transverse
anisotropies, which is clearly a rather dramatic deviation from
zero transverse anisotropy. Moreover, because the Jahn—Teller
axes are tilted rather close to the molecular plane in the case of 2,
this effect could be rather severe. In contrast, disorder would
merely generate a small distribution of longitudinal anisotropies
around the undistorted value. It should be emphasized that this
phenomenology is not at all new and has been studied and
discussed in considerable detail in the context of the high-
symmetry Mn;, SMMs.>® Even more important is the fact that
the transverse anisotropy provides a rather efficient mechanism
for short-circuiting states close to the top of the barrier via
tunneling, thus reducing the kinetic magnetization relaxation
barrier. Hence, a distribution of transverse anisotropies also
provides a natural explanation for the distribution of relaxation
times deduced from the Cole—Cole analysis of the AC
susceptibility data. Indeed, the value of @ (0.16) obtained from
analysis of the complex AC susceptibility data is very similar to
the value found for Mn,,BrAc (a = 0.15).>” This variant of Mn,,
contains a highly volatile solvent of crystallization and is, thus,
highly susceptible to being disordered as a result of loss of solvent
molecules. Recent studies have shown that this can give rise to a
distribution of relaxation barriers due to below barrier tunneling,
exactly as proposed here.*

Comparisons of Disklike Mn, Complexes. There are
many reports of disklike heptanuclear clusters with different
first-row transition metals in the literature.® In part, this
structure arises because of the packing of the metal/oxygen
cores, which are nearly structurally identical to layered metal
oxides such as the mineral litiophorite. In our literature
survey, we found 13 compounds with nearly structurally
identical hepta-manganese cores that differ mainly in the
oxidation states and distribution of the Mn ions. All of these
compounds and their ligands are listed in Table 3, top and
bottom, respectively. These compounds can be easily
classified into three categories, according to their oxidation
states, i.e, Mn",Mn"";, Mn",, and Mn";Mn",. The arrange-
ments of the metal/oxygen cores of these three categories are
illustrated in Figures 9a—c.
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Table 3. Comparisons of Disklike Mn, Complexes

D Uegr
complex ref S (em™) (K)
[Mn",Mn";(OH);(hmp),CL;](C)(ClO,) 10 11 —0.11
[1\/3[11\1/’;415/[;:11113(teaH)3(tea)3](C104)z' 11 11 —008 195
(<
[NEt,]{Mn"[Mn";Mn",Cl¢(mda)s]} 12
{[g\zg‘\‘ﬁfi?i]l\h)ﬁ(mda)d}n B e
(NHEt;) [Mn",Mn"",Cls(mda),] 14 11 —-0.13
(NHEt;) [Mn",Mn";(N,)4(mda),] 14 11
{Na[Mn",Mn";(N;)¢(teaH)4]},, 13 16  —0.02
(NHEt;) [Mn",Mn" (N, )4(teaH )] 14 16
[l\glr\ljll7g’lglpsc)f(i-(lt%l)(OH)3] [BE,],- 1N */s
€ : 2Ly
[Mn";(paa)s(OMe)][NO,],-6MeOH 15 3%/,
[Mn";Mn™, (OMe),,(dbm)¢]-CHCl,- 6 Y/, -027
14MeOH
[Mn";Mn"™,(5-NO,-hbide),]-5C,H,Cl, 17 Y/, —020 181
{Mn"[Mn",Mn™,Cl4(L?)4]}-2CHCI, 8 ¥/, —005 10

ligand chemical name
Hhmp 2-hydroxymethylpyridine
teaH, triethanolaminate
mdaH, N-methyldiethanolamine
pppdH 1-phenyl-3-(2-pyridyl)propane-1,3-dione
paaH N-(2-pyridinyl)acetoacetamide
Hdbm dibenzoylmethane
H,(5-NO,-hbide) N-(2-hydroxy-S-nitrobenzyl)iminodiethanol
H,L3 N-n-butyldiethanolamine

In the first class, Mn",Mn"";, the structure contains an outer
ring of alternating Mn" and Mn"" ions that encircle the central
Mn" ion (see Figure 9a). All but two of these compounds
possess spin ground states of S = 11, with two compounds
possessing an S = 16 spin ground state. In the S = 11 case, the
spins that form the peripheral ring are ferromagnetically
coupled leading to parallel arrangements, but they are
antiferromagnetically coupled to the central Mn" ion. Small
structural distortions lead to ferromagnetic interactions
between the spins on the peripheral ring and the central Mn"
ion leading to an S = 16 ground state. Only one compound
([Mn",Mn'",(teaH )4 (tea),](ClO,),-3MeOH)"" in this series
was reported to show relaxation behavior, with a molecular zfs
of D &~ —0.08 cm ™" and a kinetic energy barrier (U.q) of 19.5 K.

In the second category, all seven of the Mn ions are S = °/,
high-spin d* Mn" ions (see Figure 9b). This series of complexes is
dominated by strong antiferromagnetic interactions between
neighboring Mn" ions that, because of an odd number of magnetic
ions, leads to an S = 3/, ground state. Not surprisingly, no
complexes of the series were shown to exhibit SMM behavior. This
is not unexpected when one considers the relatively isotropic
nature of Mn" ions.

The third series in this topology are shown in Figure 9c.
Structurally, they have a linear arrangement of three Mn" ions that
pass through the center of the complex, with two Mn™ ions located
on either side (see Figure 9c). These complexes possess Mn";Mn'™,
configurations and, therefore, an odd number of valence electrons,
which leads to half-integer spin systems with S = '7/,, *°/,, and ¥/,
ground states, respectively.16_18 Moreover, in contrast to the first
two series of molecules with similar molecular topologies, no simple
model can be constructed with regard to the type (antiferromag-
netic or ferromagnetic) of intramolecular magnetic exchange
interactions that will simply yield the observed spin ground states
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Figure 9. Illustrations of Mn/O cores in all disklike Mn, complexes:

(c) Mn";Mn™,, and (d) Mn"Mn"™ (current paper).
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Mn", yellow; Mn™, purple; O, red: (a) Mn",Mn';, (b) Mn',

of these complexes. As a result of the spacial arrangement of the
magnetic jons, these complexes possess appreciably spin-frustrated
magnetic cores that lead to complicated spin ground states, as
extensively studied in exchange-coupled trinuclear compounds.®
The S = '/, and S = ¥/, complexes were both shown to exhibit
slow magnetization relaxation behavior consistent with SMMs with
significant barriers toward magnetization reversal (U,g) of 18.1 and
10 K, respectively.

In the present study, a new ligand system was developed
(heampHs) that, because of charge considerations and constraints
imposed by the structure of the peripheral heamp®~ ligand, leads to
an unprecedented oxidation state configuration of Mn"Mn'"; (see
Figure 9d) that has previously not been seen for this topo-
logy. It is clear that very subtle changes in structural parameters and
oxidation state arrangements can have a significant influence on
exhibited magnetic properties. As a case in point, only a select few
of these complexes have been shown to exhibit magnetic bistability.

B CONCLUSION

A new heptanuclear manganese cluster with half-integer spin
(S = Y/, + 1) was synthesized and studied employing
crystallographic, magnetic susceptibility, and high-frequency
electron paramagnetic resonance (HFEPR) techniques. In our
survey, we identified 13 previously reported disklike Mn, metal
clusters; however, only three of these complexes exhibit slow
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magnetic relaxation behavior.""'”'® The hexagonal disklike
topology is interesting, because synthetic versatility yields both
integer and half-integer spin ground states, and the different
arrangements of manganese oxidation states lead to extremely
different magnetic properties. The previously reported
complexes have electron configurations of Mn",Mn";, Mn',,
and Mn";Mn'",. However, complex 2 has a Mn"Mn"
arrangement that has not been reported previously. AC
susceptibility studies show that this complex exhibits slow
magnetization relaxation, and HFEPR studies indicate that
complex 2 possesses an S = '/, + 1 ground state and exhibits
negative axial-type magnetoanisotropy (D = —0.16 cm™"), clearly
showing that complex 2 is a single-molecule magnet (SMM). AC
and HFEPR studies also reveal that complex 2 possesses a
significant relaxation barrier (U= 12.9 cm™") that is smaller than
the theoretical barrier ((S,> — '/,)IDl = 144 cm™), and that the
smaller effective barrier is probably the result of quantum tunnel-
ing near the top of the barrier.
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The Bond-Valence-Sum calculations, the CIF file, and the
tables for crystallographic data are available free of charge via
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