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Abstract

The isolation and characterization of a new pair of Jahn-Teller isomers of [Mn;,0;,(0,CCH,Bu");,(H>0)4] (3) are reported:
complex 3-CH,Cl,-MeNO, (3a) and 3-CH,Cl,-MeCN (3b). These Jahn-Teller isomers have been crystallized in the same triclinic
space group, and differ only in one abnormally oriented Jahn-Teller axis in 3a and in the identity of one solvent molecule of
crystallization. Magnetic data show much faster magnetization relaxation for 3a (the low-temperature, LT, form) compared with 3b
(the high-temperature, HT, form), exhibiting a peak in the out-of-phase magnetic susceptibility in the 2—4 and 5-7 K ranges,
respectively. Magnetization vs. DC field scans on aligned crystals of 3a and 3b display hysteresis with coercivities that vary with
temperature, as expected for single-molecule magnets. The hysteresis loops also exhibit the step features that are the signature of

quantum tunneling of magnetization.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In 1993, it was discovered that [Mn;,0,,(0O,CMe)s-
(H,0)4]-4H,0-2MeCO,H (1), abbreviated as Mn,ac,
functions as a nanoscale magnet at temperatures below
its blocking temperature (7g) [1]. Such single-molecule
magnets (SMMs) have since attracted considerable
attention. There are two main reasons for this recent
interest. First, SMMs offer the possibility of future
technological applications, such as for very high-density
information storage, where each molecule would store
one bit of information. Second, owing to their sub-
nanoscale dimensions, as well as monodisperse particles,
they can help to bridge the gap between the quantum
and classical understanding of magnetism. In 1996,
quantum tunneling of magnetization (QTM) was ob-
served in a sample of complex 1 [2]. Since then, small
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variations of the [Mn,0,,(0,CR)4(H,0)4] core and
environment have been shown to significantly affect the
hysteresis plots and the quantum tunneling behaviour.
For example, there are both slower- and faster-relaxing
forms of the Mn;, complexes, and these have been
shown to be due to two isomeric forms of the
[Mn;, 2012]16+ core, involving different relative orienta-
tions of the Mn"" Jahn-Teller elongation axes. We have
called this “Jahn-Teller isomerism” [3]. In 2001, two
Jahn-Teller isomers for the same Mn;, complex were
isolated and characterized, [Mn;,0,,(0O,CCgHy-p-
Me)16(H20)4]-3H,0 (2a) and [Mn;2042(0,CCeHy-p-
Me);6(H,0)4]- HO,CCgHy-p-Me (2b) [4]. In this case,
the two forms crystallized in different space groups with
consequently significantly different environments
around the molecules. We now report the isolation
and characterization of a second pair of Jahn-Teller
isomers for the [Mn;>0;,(0>,CCH,Bu")4(H,0)4] (3)
complex. In this case, both structures are in the same
space group, with almost identical environments, em-
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phasizing the small energy difference between JT
isomers. The preparation, structures and magnetic
properties of the two forms are described.

2. Results and discussion

[Mn]2012(02CCHzBu’)16(H20)4] (3) was obtained by
carboxylate substitution of [Mn,0,(0,CMe);5(H>0)4]
(1) with Bu’CH,CO,H in toluene [5]. Several cycles of
treatment with Bu’CH,CO,H were needed to ensure
replacement of all the acetate ligands. The final crystal-
lization was from CH,Cl,/MeNO,. AC magnetic sus-
ceptibility studies on crystals maintained in mother
liquor show one frequency-dependent peak in the out-
of-phase (y'ym) plot in the 2—4 K region for oscillation
frequencies up to 1500 Hz, characteristic of a faster-
relaxing species. Normal, slower-relaxing Mn;, com-
plexes exhibit y 'y peaks in the 5-7 K range. In Fig. 1 is
presented a time dependence study of the out-of-phase
(x'wm) AC susceptibility peaks showing conversion from
a pure sample of the low-temperature (LT) form to
essentially only the high-temperature (HT) form. In this
study, crystals of 3a were removed from mother liquor
and their y3; responses were monitored with time as
they slowly lost the lattice solvent. These two forms have
been crystallographically characterized as
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Fig. 1. Time-dependent out-of-phase (7 'y;) AC magnetic susceptibility
signal; conversion from the fast-relaxation process (seen in complex
3a) to the slow-relaxation process (seen in complex 3b).

[Mn,,0,,(0,CCH,Bu");6(H,0)4]- CH>Cl,-MeNO, (3a)
and [Mn 1 2012(02CCH2But)16(H20)4] . CH2C12 -MeCN
(3b), for the LT and HT form, respectively.

2.1. X-ray structures

Single crystals of [Mn;,0,(0,CCH,Bu’);s(H>0)4]-
CH,Cl,-MeNO, (3a) were obtained from CH,Cl/
MeNO,. A PovRay plot of 3a is presented in Fig. 2.
Complex 3a crystallizes in the triclinic space group P1
with two Mn;, molecules in the unit cell, as well as two
CH,Cl, and two MeNO, molecules. The complex has
the same structure as previously characterized
[Mn,01,(0,CR)4(H,0)4] complexes. It consists of a
central [Mn4YO4®" cubane moiety, surrounded by an
outer non-planar ring of eight Mn'" ions. The Jahn-
Teller elongation axes on the Mn'! ions of complex 3a
are not all approximately perpendicular to the plane of
the molecule (Mn;, core) as seen in other Mny,
complexes. The elongation axis on Mn6 is contained
in the plane of the molecule. Fig. 3 (top) shows an
ORTEP representation of complex 3a emphasizing in
black the Jahn-Teller elongation axes of the Mn"" jons.

Single crystals of [Mn;>0;>(0,CCH,Bu");¢(H,0).]-
CH,Cl,-MeCN (3b) were obtained by recrystallizing
from CH,Cl,/MeCN, the dried sample of 3a that had
converted to the HT form upon solvent loss over a
period of several days. The purity of the HT form was
checked by AC magnetic susceptibility measurements.
Complex 3b also crystallizes in the triclinic space group

Flg 2. PovRay plOt of [Mn]2012(02CCH2BUI)16(H20)4]'CH2C12'
MeNO, (3a) at the 50% probability level, except for the C atoms.
For clarity, only the o-C atom of the carboxylate tert-butylacetate
groups are shown.
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Fig. 3. orTEP representation of [Mn;>01,(0,CCH,Bu’);6(H>0)4]
CH2C12'MCN02 (33) (tOp) and [Mn12012(02CCH2Bu[)16(H20)4]-
CH,Cl,-MeCN (3b) (bottom) at the 50% probability level, except for
the C atoms. For clarity, only the o-C atom of the carboxylate zert-
butylacetate groups are shown. Jahn-Teller elongation axes are in
bold.

Pl and is isomorphous with 3a. However, the
[Mn12012(02CCH2But)16(H20)4] molecule (Flg 4) dif-
fers from that in complex 3a in that all the JT elongation
axes are approximately perpendicular to the plane of the
molecule. The unit cell again contains two Mn,
molecules and two CH,Cl, molecules, but in place of
the two MeNO, molecules of 3a there are two MeCN
molecules in 3b.

Apart from the difference in the orientation of one JT
elongation axis (at Mn6 of 3a), the two molecules are
superimposable, as seen by comparing the cores of the
molecules shown in Figs. 2 and 4. Fig. 5 shows the
packing diagram of complexes 3a and 3b, respectively.
In summary, the two JT isomers 3a (LT) and 3b (HT)
crystallize in the same triclinic space group with
analogous positions of their Mn;, and CH,Cl, mole-
cules, and differ only in that in 3a where there is an
MeNO, molecule, whereas in 3b there is an MeCN at
the same position.

Flg 4. PovRay plOt of [Mn12012(02CCH2Bu’)16(H20)4]-CHZCIZ-
MeCN (3b) at the 50% probability level, except for the C atoms. For
clarity, only the o-C atom of the carboxylate zert-butylacetate groups
are shown.

2.2. Magnetochemistry

Out-of-phase AC magnetic susceptibility signals (1)
are seen for both complexes 3a and 3b. Fig. 6 shows a
plot of y 'y vs. T for complex 3a (upper) and 3b (lower)
in the 2—10 K temperature range, measured at frequen-
cies of 50, 250 and 997 Hz. Frequency-dependent y 'y
signals are a signature of an SMM. These complexes
exhibit frequency-dependent y "y peaks, at 5—7 K for 3b
and at 2—4 K for 3a.

The energy barriers for the reversal of the magnetiza-
tion vector for the two forms of [Mn;,0,(O,CCH,»-
Bu’);4(H>0)4] can be determined by analyzing the
temperature of their y’y peak maxima at different
frequencies. At the temperature of the y’y; vs. T peak
maximum, the relaxation rate equals the AC frequency
(v), and thus the relaxation rate (1/7) can be obtained
from the relationship wr=1, where w=2nv. AC
magnetic susceptibility data were collected at eight
frequencies from 4.0 to 1488 Hz, plotted as In(1/7) vs.
1/T, and fit to the Arrhenius equation. Relaxation data
at even lower temperatures were obtained from DC
relaxation decay measurements on single crystals of 3a
and 3b using a micro-SQUID apparatus. The combined
AC and DC data for complexes 3a and 3b and the fits to
the Arrhenius equation (solid lines) are shown in Fig. 7.
The HT form (complex 3b) has an effective energy
barrier (Usg) of 62 K with 1/7,=4.2 x 10" s~ !, whereas
the LT form (complex 3a) has a smaller Uy of 42 K
with 1/7, =4.5 x 10° s~ !. These parameters are similar
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Fig. 5. Molecular packing of 3a-CH,Cl,-MeNO, (top) and 3b-CH,Cl,-MeCN (bottom). Hydrogen atoms are omitted for clarity.

to the ones obtained for the other pair of Jahn-Teller
isomers, complexes 2a and 2b. In that case, the HT form
had Ugr=64 K and 1/t,=12x10* s~ and the LT
form had Ues =38 K with 1/7,=5.0 x 10’ s~ ",
Magnetization vs. DC field scans were performed on
aligned crystals of 3a and 3b using a micro-SQUID
apparatus, and the resulting hysteresis loops at low
temperatures are shown in Fig. 8. Complex 3a was

measured at temperatures < 1.8 K and a 0.008 T s~!

sweep rate, and complex 3b at temperatures <4.4 K
and a 0.14 T s~ ! sweep rate. Both 3a and 3b display
clear hysteresis with coercivities that vary with tempera-
ture, as expected for SMMs. The hysteresis loops are not
smooth, but instead show the steps those are the
signature of QTM. The field separation between steps
(AH), which can best be determined from the first
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Fig. 6. Out-of-phase AC magnetic susceptibility plots for
[Mn;,0,,(0,CCH,Bu");s(H,0)4] molecule; 3a-CH,Cl,-MeNO,-(top)
and 3b-CH,Cl,-MeCN (bottom), at the indicated frequencies.
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Fig. 7. Plots of relaxation time (7) vs. 1/T for complexes 3a (LT form)
and 3b (HT form) using AC y 'y data and DC magnetization decay
data. The solid lines are fits to the Arrhenius equation. See text for the
fitting parameters.

derivative of the hysteresis loop, is proportional to D.
Measurement of the step positions for complex 3b in
Fig. 8 gave an average AH of 0.45 T (4.5 kG). This gives
a |D|/g value of 0.21 cm ' for 3band D= —0.42 cm !
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Fig. 8. Magnetization hysteresis loop for complex 3a in the 1.8-0.04
K temperature range at a 0.008 T s~ ' field sweep rate (top).
Magnetization hysteresis loop for complex 3b in the 4.4-1.4 K range
at 0.14 T s~ ! sweep rate (bottom).

for g=2. This gives U= S*|D|=61 K, as expected for
neutral Mn;, complexes. In the case of complex 3a, the
value of |D|/g is not so straightforward to calculate, and
further studies are in progress.

3. Conclusions

Two crystal structures of [Mn,O0;,(0O,CCH,-
Bu’);6(H>0)s] (3) have been obtained, 3-CH,Cl,-
MeNO, (3a) and 3-CH,Cl,-MeCN (3b). The two
complexes exhibit two different relaxation rates of the
magnetization, with out-of-phase (y 'y1) peaks in the 2—4
K region for complex 3a (LT form) and out-of-phase
(x'm) peaks in the 5-7 K range for complex 3b (HT
form). The LT form has smaller U, than the HT form.
This is consistent with the fact that complex 3a has one
Jahn-Teller elongation axis oriented perpendicular to
the easy axis of the molecule, rather than having, as in
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complex 3b, all the Jahn-Teller elongation axis approxi-
mately parallel to each other and approximately parallel
to the easy axis of the molecule. Apart from this
difference, both crystal structures are very similar, and
only differ in the identity of one solvent of crystal-
lization. Thus the two JT isomers are stabilized by
relatively small differences in the environment, suggest-
ing very small energy differences between them.
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