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Abstract: The reaction of 1/3 equiva-
lent of CuCl,2H,0 with MnCl,-4H,O
and 5-bromo-2-salicylideneamino-1-
propanol (H,5-Br-sap) in methanol
gave dark brown crystals of [Mn™-
Cu""CI(5-Br-sap),(MeOH)] (1). Com-
plex 1 has an alkoxo-bridged dinuclear
core of Mn™ and Cu" ions, which have
elongated octahedral and square-
planar coordination geometries, respec-
tively. In dc magnetic susceptibility
measurements, y,,7" values increased as
the temperature was lowered, followed
by a sudden decrease below 20 K. This
behavior is indicative of the occurrence
of intramolecular ferromagnetic inter-
actions, and fitting gave an S=5/2 spin

ground state with an exchange coupling
constant Jy;,c, of +78 cm . Magnetiza-
tion data collected as a function of
temperature and applied magnetic field
were analyzed by using a spin Hamilto-
nian with isotropic Zeeman and axial
zero-field splitting (ZFS) terms, and a
negative Ds, value (—1.86cm™) was
obtained. A high-field EPR (HFEPR)
spectrum (342.0 GHz) at 42K was
composed of four peaks, and two addi-
tional peaks at higher magnetic field
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appeared as the temperature was in-
creased. The temperature dependences
in the HFEPR spectra are indicative of
a negative Ds, value, and fitting of the
data gave Ds;,=—1.81cm™'. In the ac
magnetic susceptibility measurements,
frequency dependent in-phase (y.')
and out-of-phase (y,"’) signals with
peak maxima at 0.7-1.5K were ob-
served and small peaks below 0.7 K ap-
peared. The ac susceptibility data sup-
ports that 1 is a single-molecule
magnet (SMM). Arrhenius plots for
the y,” peaks from 0.7-1.5 K gave the
re-orientation energy barrier (AE) of
10.5 K with a pre-exponential factor of
82x107%s.

Introduction

Magnetic relaxation through spin flipping (from up to down

spins) along the magnetic anisotropy axis occurs slowly in

high-spin molecules with easy axis magnetic anisotropy, and
at very low temperature the spin does not thermally flip but
flips through quantum processes. Such molecules have a
double minimum potential for the reversal direction of the
magnetic moment and are called single-molecule magnets
(SMMs). SMMs,!'! which have possible applications as very
small memory devices, are fundamentally interesting due to
quantum phenomena.”) HFEPR and solid-state NMR spec-
troscopy have become important tools for studying quantum
phenomena in SMMs,®! and the quantum spin tunnelling
and magnetic structures of [Mn;,0;,(0,CMe);((H,0),]""
(n=0, 1, and 2)" and [FezO,(OH),,(tacn)¢]** (tacn=1,4,7-
triazacyclononane)P! have been extensively studied. To be

an SMM, a molecule should have a high-spin ground state

with a negative uniaxial zero-field splitting (ZFS) parameter
(D). A molecule with the high-spin ground state can be pre-
pared by arranging metal ions orthogonally with respect to
their magnetic orbitals.”! Mn™ and Cu" ions, with a do hole
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and a do unpaired electron, respectively, might be a suitable
combination to cause ferromagnetic interactions through
strict orthogonality. In the present work, we have prepared
a new dinuclear Mn™-Cu" complex using a tridentate Schiff
base ligand in which fairly strong ferromagnetic interactions
are present. We describe the synthesis, crystal structure, and
magnetic properties of the Mn™-Cu" complex, which is a
new SMM.

Results and Discussion

Descriptions of structure: The reaction of 1/3 equivalent of
CuCl,-2H,0 with MnCl,-4H,0 and Schiff base ligand 5-
bromo-2-salicylideneamino-1-propanol ~ (H,5-Br-sap) in
methanol gave dark brown crystals of [Mn™Cu"CI(5-Br-
sap),(MeOH)] (1). Complex 1 crystallizes in the monoclinic
space group P2,/c. An ORTEP diagram and projection view
on the bc plane are shown in Figure 1 and selected bond
lengths and angles are listed in Table 1.

™,

Figure 1. ORTEP diagram (top) and projection view on the bc plane
(bottom) of 1 with 30% probability. Manganese and copper sites are po-
sitionally disordered.

Table 1. Selected interatomic distances [A] and bond angles [°] for 1.1

M-O1 1.880(4) M-02 1.913(3)
M-02# 1.944(4) M-N1 1.964(4)
Mn-01S 2.550(8) Mn—Cl1 2.661(3)
Mn-02-Cut 102.1(2) Mn--Cu# 2.9986(15)

[a] Key to symmetry operation (#): —x+1, —y+1, —z. [b] Metal sites are
positionally disordered with octahedral Mn™' and square-planar Cu" ions,
and M represents either Mn or Cu ion.

Complex 1 has a dinuclear structure composed of an Mn™

and Cu" core doubly-bridged by two alkoxo groups. The dc
magnetic susceptibility data and valence sum considerations
support a mixed-metal system and not a 1:1 mixture of ho-

844 —— © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

mometal system. The dinuclear unit has a crystallographic
inversion, and, therefore, the Mn™ and Cu" sites are posi-
tionally disordered.”’ Each metal ion in the molecule stays
on an N,;O; coordination plane with a deviation of
0.031(3) A from the least-squares N,O; plane, and the Mn™"
and Cu" ions are presumed to have distorted octahedral and
square-planar coordination geometry, respectively. It is
noted that the possibility of square-pyramidal coordination
geometry about the metal ions is ruled out, because metal
ions with square-pyramidal coordination geometry are dis-
placed from the equatorial coordination plane. The equato-
rial positions of the Mn™ ion are occupied by three oxygen
atoms and one nitrogen atom from the Schiff base ligand
with bond lengths in the range of 1.880(4)-1.964(4) A. The
axial positions of the Mn" ion are occupied by a chloride
ion and an oxygen atom of the coordinated MeOH and
these positions exhibit Jahn-Teller elongation with bond
lengths of 2.661(3) (Mn—Cl) and 2.550(8) A (Mn—0). Coor-
dination bond lengths involving the Cu" ion and the equato-
rial atoms are the same as those for the corresponding bond
lengths of the Mn™ ion due to the crystallographic inversion
center. The metal ion separation is 3.000(2) A and the Mn''-
O-Cu" angle is 102.1(2)°.

Magnetic properties: The dc magnetic susceptibility mea-
surements for 1 were performed in the temperature range
of 1.8-300K (Figure?2 left). The y,7 value at 300K
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Figure 2. Plots of yy7T versus temperature (left) and M/Nuy versus B/T

(right) for a powder sample of 1. The solid curves on both plots were
fitted using the parameters described in the text.

is 3.92emumol' K, which is larger than the value
(3.375emumol ' K with g=2) expected for uncorrelated
Mn™ and Cu" ions. The y,,T values gradually increased as
the temperature was lowered and reached a plateau value
(4.20 emumol ' K) at 100 K, followed by a decrease below
20 K. The plateau value is somewhat smaller than the value
of the Curie constant (4.375 emumol ' K with g=2) for an
S=5/2 state, which is due to the Mn™ ion with d* configura-
tion, leading to the smaller g value of 2.0. Based on temper-
ature-dependent susceptibility data there is substantial fer-
romagnetic interaction between the Mn™ (§=2) and Cu"
(S=1/2) ions. Therefore, the spin ground state S equals 5/2.
The decrease in the y, T values below 20 K is due to zero-
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field splitting and/or intermolecular antiferromagnetic inter-
actions.

Magnetization data for 1 were collected as a function of
the temperature and applied magnetic field (Figure 2, right).
The M/Nuy values did not show saturation up to 5T, and
the magnetic field dependences of the magnetization did not
follow the Brillouin function for $=5/2. The magnetic sus-
ceptibility and low-temperature magnetization data for the
powder sample were simultaneously analyzed by using a
Heisenberg-Dirac—Van Vleck spin Hamiltonian with inter-
molecular interactions (zJ') based on a mean field approxi-
mation [Egs. (1)-(5)], in which Jy,c, is the intramolecular
exchange interaction parameter, Dy, is the uniaxial zero-
field splitting parameter for the Mn™ ion, gc, and gy, are
isotropic g factors for Cu' and Mn™ ions, respectively, uy is
the Bohr magneton, and B is the external magnetic field.

H= Hex + Hzfs + HZeeman (1)
Hex = _Z‘IMnCuSMn : SCu (2)
H i = Dy, [SZ(Mn)z_SMn(SMn +1)/3] 3)

Hchmzm = (gCuluBB_ZZ‘I/ < S >) : SCu+
(gMn/’{BBizzJ/ <S >) ’ SMn

< S >= (gCu < SCu > +gMn < SMn >)/gav (5)

Conventional projection procedures give the relation be-
tween the molecular and atomic anisotropy parameters as
Ds;,=(16/25)Dy,.**! The spin Hamiltonian was solved by
iterative diagonalization of a 10x10 matrix followed by a
powder average procedure, in which the ground state (S=5/
2) and the first excited state (S=3/2) were included.”,!!%
By using nonlinear least-squares calculations, the best fit pa-
rameters Jypmcw, Dsns 8cus &vims and zJ” were determined to be
+78cm™!, —1.86 cm™', 2.095, 1.967, and —0.01 cm ™', respec-
tively. It is noted that a more reliable Ds, value
(—1.81 cm™) was estimated from HFEPR experiments. Sim-
ulation curves calculated using these spin Hamiltonian pa-
rameters were in good agreement with experimental values
(Figure 2).

Under tetragonally elongated octahedral coordination ge-
ometry, d orbitals split into e, (d,, and d,.), by, (d,,), ay,
(d.»), and by, (d,»_,2) orbitals in the order of lower energy.
With the square-planar Cu" ion (d’), an unpaired electron
resides in the d,._ (b,,) orbital, and the Mn"" ion (d*) in the
tetragonally elongated octahedral coordination geometry
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Figure 3. Single-crystal HFEPR spectra (342 GHz) at various tempera-
tures for 1. The magnetic field was applied along the ¢ axis. The solid
curve at the bottom was calculated with Ds,=—1.81cm™" and external
magnetic field tilted 21.8° away from the magnetic easy axis.

4.97,5.49, 9.10, and 12.48 T. Two signals with the peak sepa-
ration of 0.5 T appeared around 5 T. These signals were con-
sidered to result from the same origin of the M,=-5/2—
—3/2 transition, because the peak separation is about ten
times larger than the value expected from intermolecular
magnetic interactions. The origin of the splitting is not clear,
but it might be due to inhomogeneity of the crystal. The res-
onance at 9.10 T corresponds to M,=—3/2——1/2 transition
and that at 12.48 T corresponds to the M;=—1/2—1/2 tran-
sition. When the temperature was increased from 20 to
60 K, two new peaks, assigned to the M,=1/2—3/2 and 3/
2—5/2 transitions, appeared at 15.03 and 16.59 T, respective-
ly. When a molecule has a negative D value, the transition
at the lowest field becomes the most intense at lower tem-
perature, and more EPR fine structure at higher tempera-
tures is observed at higher magnetic fields. This is due to the
appreciable thermal energy required to populate higher
energy M, levels. The temperature dependence of HFEPR
measurements indicates that 1 has a negative D5, value.

The HFEPR spectrum at 342.0 GHz and 60 K was ana-
lyzed to obtain a more reliable value of Ds,. The spin Ham-
iltonian used for the HFEPR simulation has the same form
as the one used for the powder magnetization analyses
except for the Zeeman term, which includes anisotropic g
factors and no mean-field contribution [Egs. (6)—(8)].

has four spins in the €,, by, and a,, orbitals, which are or- Hzeeman = §cuttsB - Scu + Guntts B - Sy (6)

thogonal to the b;, orbital of the Cu" ion. This orthogonality

of the magnetic orbitals leads to ferromagnetic interactions g 0 0

between the Mn™ and Cu" ions. o=l 0 g& O Q)
HFEPR spectra for orientated single crystals, in which the 0 0 gl

magnetic field was applied along the ¢ axis, were collected

at several frequencies (381.5-208.4 GHz) and temperatures. N

Selected spectra are shown in Figure 3 along with simulated - & O 0

spectra that were generated using estimated parameters.!'!] B = O & ? ®

The spectrum at 42K and 342.0 GHz has four peaks at 0 0 8w
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It should be noted that an angle between the principal
axis of the magnetic anisotropy tensor and the applied mag-
netic field was taken into account in the calculation. In a
unit cell two molecules are related by a twofold screw axis
and each molecule is canted relative to the crystallographic
¢ axis (Figure 1, bottom). The external magnetic field for
single-crystal HFEPR measurements was applied along with
the ¢ axis. The angle between the ¢ axis and the Mn—Cl
bond (Jahn-Teller elongation axis) is 14.28°; however, the
principal axis of the magnetic anisotropy tensor on a mole-
cule may slightly differ from the molecular Jahn-Teller axis.
Thus the angle 6 between the external magnetic field and
the anisotropy axis of the molecule was treated as a variable
in the fit. Simulation was done by using conventional meth-
ods in the references.®,["! Simulation curves were evaluated
by successive exact diagonalization procedures at every
0.004 T from 0 to 20 T, which was followed by a convolution
of Lorentzian shape function. We used well-formed crystals
for HFEPR measurements and we obtained excellent quali-
ty spectra. The simultaneous optimization of the adjustable
parameters (gym, &cuws Dsp, 0, and line width) was, therefore,
carried out without overparametrization. A least-squares
calculation on the HFEPR spectrum recorded at 342.0 GHz
and 60.0 K gave the best fit parameters of gy, &cu, Dspn, and
0 values of 1.994, 2.179, —1.81 cm™' and 21.8°, respective-
1y.'”l This value of @ is a little larger than the crystallograph-
ic tipping angle of 14.28°, but the discrepancy is not signifi-
cant. The resulting simulation curve is depicted in Figure 3.
Figure 4 (top) shows plots of HFEPR frequencies versus ob-
served resonance magnetic fields in the HFEPR spectra.
Resonance fields for transitions from an M, to M;+1 state
can be approximated by the conventional perturbative for-
mula B,=hv/gug—(2M;+1)(3cos’0—1)Ds/(2 gug) ;** howev-
er, this expression was not sufficient to reproduce the exper-
imental data. Therefore, we used the resonance magnetic
fields in 20 simulated EPR spectra with varying frequencies
from 200 to 400 GHz and the fixed values of Ds,
(—=1.81cm™) and 0 (21.8°). We plotted the resonance mag-
netic fields versus HFEPR frequencies (solid curves in
Figure 4, top). The values were in good agreement with the
experimental magnetic resonance fields from the HFEPR
spectra over a wide frequency range (381.5-208.4 GHz). The
calculated Zeeman splitting of the §=5/2 spin ground state
under magnetic field tilted 21.8° with respect to the molecu-
lar easy axis is shown in Figure 4 (bottom), in which vertical
lines correspond to the calculated transitions from M, to
M +1 state with v=342.0 GHz. A small peak at 8T ob-
served in the spectra of 40 and 60 K was assigned to the
AM =2 transition from M;=1/2—5/2 state.

Complex 1 possesses the S=5/2 spin ground state with a
negative value of Ds,, and, therefore, it can be concluded
that 1 is an SMM. Thus in complex 1, magnetic relaxation
via spin flipping along the magnetic anisotropy axis should
be slow at very low temperature. The ac magnetic suscepti-
bility measurements for aligned single crystals were per-
formed down to 26 mK with a 0.1 mT ac field oscillating at
18.5-618.5 Hz (Figure 5). Both in-phase (x,) and out-of-
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Figure 4. Plots of frequency dependence of resonance field in HFEPR
spectra at 60 K (top) and Zeeman splitting of the S=5/2 state calculated
with D=-1.81cm™, g¢,=2.179, gy,=1.994, and 6=21.8° (bottom).
Solid curves in the upper diagram were drawn by using resonance mag-
netic fields in simulating 20 EPR spectra varying frequencies from 200 to
400 GHz and using the above parameters. The vertical lines in lower dia-
gram represent EPR transitions from M, to M +1 state with v=
342.0 GHz.
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Figure 5. Plots of in-phase (yy/, left) and out-of-phase (y\’, right) ac
magnetic susceptibility versus temperature (7) in a 0.1 mT ac field oscil-
lating at the indicated frequencies and with a zero dc field for 1.

phase (y.,”) signals were found to be frequency dependent.
%m and x,” values increased as the temperature was low-
ered, reaching the maximum value at 0.7-1.5 K, which was
followed by a decrease and the peak maxima shifted to
lower temperature region as the ac frequency decreased
from 618.5 to 18.5 Hz. The ac susceptibility data supports
the conclusion that 1 is an SMM. Small bumps observed
below 0.7 K are possibly due to a species with a faster relax-
ation rate. The analysis of the ac magnetic susceptibility
data gives the values of the energy barrier AE to reorienta-
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tion between two possible directions of magnetization (M,=
5/2 and —5/2). Assuming the relaxation time (z) at the peak-
top temperature is well approximated by the inverse of the
ac frequency, the Arrhenius plot for the peaks at 0.7-1.5 K
gave the AE value of 10.5 K with pre-exponential factor of
82x10%s and blocking temperature (73) of 05K
(Figure 6).

In(z/s)

8+

-9 L | . . ) |

07 08 09 10 11 12
' K!

Figure 6. The natural logarithm of the relaxation time (7) versus the in-
verse of temperature (7') plot for 1.

Magnetization experiments for oriented single crystals of
1 were performed down to 0.1 K with applying the magnetic
field tilted 21.5° with respect to the easy axis (Figure 7).

10

.”-'.U!_ 00 =

10 mk
200 mk

00 mk

Figure 7. Plots of magnetization (normalized to the saturation magnetiza-
tion) versus applied magnetic field for 1 at sweep rate of 1.4 mTs".

SMMs usually exhibit steplike features in a magnetic hyste-
resis loop, which are due to a sudden increase in the quan-
tum tunnelling rate at a specific magnetic field. The ac mag-
netic susceptibility measurements indicated that 1 is an
SMM with the Ty of 0.5 K, and preliminary solid-state NMR
experiments revealed that no magnetic ordering occurs
down to 0.4 K. Hence, complex 1 is expected to show step-
like features in the magnetic hysteresis loop below Ty The
plots of magnetization versus external field showed very
small coercive fields below 0.2 K. However, the coercivity of
the loops did not increase remarkably as the temperature
decreased and no steplike features were observed; the
reason for this remains unlcear.

Chem. Eur. J. 2005, 11, 843848 www.chemeurj.org
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Conclusion

A dinuclear Mn™-Cu" SMM containing a bridging triden-
tate Schiff base ligand was successfully prepared and stud-
ied. From dc susceptibility measurements, complex 1 has an
§=15/2 spin ground state, which is due to substantial ferro-
magnetic interactions between Mn'™ and Cu" ions. The ac
susceptibility measurements support that 1 is an SMM, and
AE and Ty values were calculated to be 10.5 K and 0.5 K,
respectively. From analysis of both the magnetization and
HFEPR data, SMM 1 was shown to have a negative Dy,
value (—1.81 cm ™). Tridentate Schiff base ligands are excel-
lent bridging ligands to assemble heterometal ions. Ligand
modifications, such as introduction of another alcohol
group, and combinations of different metal ions allow for
preparation of polynuclear molecules with higher spin
ground states.

Experimental Section

Synthesis of [Mn"™Cu"CI(5-Br-sap),(MeOH)] (1): A solution of
MnCl,-4H,0 (198 mg, 1.0 mmol) in methanol (10 mL) was added to a
mixture of 5-bromosalicylaldehyde (152 mg, 1.0 mmol), 2-amino-1-etha-
nol (61 mg, 1.0 mmol), and Et;N (101 mg, 1.0 mmol), resulting in a dark
brown solution, due to air oxidation to Mn" species. CuCl,-2H,0 (56 mg,
0.33 mmol) in methanol (10 mL) was then added and the mixture was
stored for one week. The microcrystalline solid was collected by filtration
and recrystallized from methanol to give dark brown crystals of [Mn'"
Cu"CI(5-Br-sap),(MeOH)] (1) in high yield (40%). Elemental analysis
caled (%) for CyH,Br,Cl,CuMn;N,O5: C 36.13, H 3.64, N 4.07, Mn
7.87, Cu 9.10; found: C 36.25, H 3.54, N 3.95, Mn 7.52, Cu 8.94.

Physical measurements: Magnetic susceptibility data were collected over
a temperature range of 1.8 to 300 K and in an applied field of 500 mT of
a Quantum Design model MPMS SQUID magnetometer. Pascal’s con-
stants were used to determine the diamagnetic corrections.'¥ The ac
magnetic susceptibility measurements were performed by using a self-
built SQUID magnetometer equipped with a *He—*He dilution refrigera-
tor. Magnetization measurements below 1.7 K were carried out using a
home-made Faraday Force Magnetometer (FFM) installed on a *He—*He
dilution refrigerator. The FFM detects the Faraday force as a change of
capacitance between rigid electrode and movable plate on which the
sample is mounted. The details of the ac and dc magnetometer are de-
scribed elsewhere.””’ HFEPR spectra were measured by using a simple
transmission method with three types of radiation sources: Gunn oscilla-
tors, backward wave oscillators, and a far-infrared laser. An InSb bolome-
ter was used as a detector. A single-shot pulsed field up to 20 T was gen-
erated with a capacitor bank of 90 kJ. Details are described elsewhere.¥

Crystallography: A dark brown crystal (0.2x0.2x0.3 mm®) was mounted
with epoxy resin on the tip of a glass fiber. Diffraction data were collect-
ed at 203K on a Bruker SMART APEX diffractometer fitted with a
CCD-type area detector and a full sphere of data was collected using
graphite-monochromated Moy, radiation (1=0.71073 A). The first
50 frames of data were recollected to establish that the crystal had not
deteriorated during data collection.

Data: M,: 685.54; space group: P2,/c; a=10.869(2), b=17.733(4), c=
7.3442(15) A; f=97.080(4)°, V=1404.8(5) A%, Z=2, T=—70°C; peea=
1.621 gem™>; u=43.958 cm™!; observed data: 6243; R1: 0.0495 wR2=
0.1529; R1=3||F,|—|F.||/Z|F,|. wR2=[S[w(F>—F2)*/S[w(F2)]]".
Caled w=1/[¢°(F2)+(0.1273)*40.0000P], where P=(F2+2F2)/3.

Data frames were integrated by using the SAINT program and were
merged to give a unique data set for structure determination. Absorption
correction by integration was applied on the basis of measured indexed
crystal faces using XPREP, and maximum and minimum transmissions
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were 0.76 and 0.44, respectively. A total of 6243 reflections (2.2°<6<
23.3°) were collected which contained 2021 (R;,,=0.0294) independent
reflections. The structures were solved by direct methods and refined by
the full-matrix least-squares method on all F* data using the
SHELXTL 5.1 package (BRUKER Analytical X-ray Systems). Non-hy-
drogen atoms were refined with anisotropic thermal parameters. Hydro-
gen atoms were included in calculated positions and refined with isotrop-
ic thermal parameters riding on those of the parent atoms. Full matrix
least-squares refinements on F* converged to R1/wR2 [I>20(I)] of 0.050/
0.15. CCDC-219721 contains the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_re-
quest/cif.
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