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Abstract

(PPhy4),[Mn,0;,(0O,CCHCl,);6(H>0)4] (3) has been prepared by the two-electron reduction of [Mn;,01,(0O,CCHCl,);4(H>0)4]
(2) using iodide. Crystallization from CH,Cl,/hexanes yields a mixture of two crystal forms, 3-4CH,Cl,-H,O (3a) and 36CH,Cl,
(3b), which are triclinic and monoclinic, respectively. They are both trapped valence 2Mn(Il), 6Mn(Ill), 4Mn(IV). DC
magnetization data for dried, unsolvated 3 in 1.80-4.00 K and 10—70 kG ranges were fit to give S=10, D= —028 cm~ !, g=
2.00. Frequency-dependent out-of-phase (yy,) signals in AC susceptibility studies on crystalline sample of 3a and 3b combined with
DC relaxation decay data were fit to the Arrhenius equation to give an effective energy barrier of U.r=18.5 and 30.3 K,
respectively. Magnetization vs. DC field sweeps on single crystals of 3a and 3b gave hysteresis loops containing steps due to
quantum tunneling of magnetization (QTM). The step separations yielded |D|/g values of 0.087 and 0.14 cm ~ !, and consequently
U =20 and 39 K (for g =2) for 3a and 3b, respectively, suggesting that the differences in U are primarily caused by changes to D.
This work demonstrates the sensitivity of the magnetic properties of [Mn,]* ~ single-molecule magnets to subtle differences in their

environment.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Single-molecule magnets (SMMs) are molecules that
have a large spin ground state and large negative
magnetic anisotropy due to zero-field splitting in the
ground state. These properties give rise to an energy
barrier for the reversal of the direction of the magneti-
zation. The height of the barrier has an upper limit given
by (S?|D|) for integer spins and ((S*—1/4)|D|) for half-
integer spins. When an external magnetic field is applied
to an SMM, its magnetic moment becomes aligned
parallel to the applied field. When the field is removed
and if the temperature is low enough, the molecule
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retains its magnetization orientation and will only very
slowly reorient.

The family of SMMs has grown considerably during
the last few years. Most of the new examples have been
found in manganese chemistry [1], although examples
have been obtained with other metal ions such as Vg,
Fe4, Feg, Cos and Nij, complexes [2]. Examples in
manganese chemistry include Mny, Mn;,, Mng, Mn,;
and Mnjs, but the first and the most studied example to
date is [Mnlzolz(OZCMe)lﬁ(H20)4]‘4H20"2MCC02H
(1) or Mnysac [3]. It possesses an S =10 ground state
split by axial zero-field splitting (D= —0.50 cm ')
giving an energy barrier for the reversal of the direction
of the magnetization vector. As a result, complex 1
shows slow magnetization relaxation and hysteresis in
magnetization vs. field scans, being a magnet below 3 K.
The observation of quantum tunneling of magnetization
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(QTM) in Mnj,ac [4] was also important because QTM
is a fundamental process predicted theoretically, but not
clearly seen before in nanoscale magnetic particles. Since
the first studies on Mnj,ac, there has been great interest
in trying to understand the phenomenon of single-
molecule magnetism and particularly the magnetic
properties of the family of [Mn;,0;5(O>,CR);¢(H>0)4]
(R = various) complexes, which display single-molecule
magnetism behavior at the highest temperatures [5].

In this paper, we report the study of a two-electron
reduced Mn;, complex, (PPhy),[Mn;,0,,(0O,CCH-
Cly)16(H>0)4] (3). It possesses an S =10 ground state
and retains the single-molecule magnetism properties of
the Mn;, and [Mnj,]” analogues [6]. Crystallization
from CH,Cl,/hexanes yields a mixture of two crystal
forms, 3-4CH,CIl,H,O (3a) and 3-6CH,Cl, (3b), both of
which have been structurally characterized. The two
forms have significantly different barriers to magnetiza-
tion relaxation, emphasizing the influence of subtle
environmental differences resulting from crystal packing
(space group) symmetry and lattice solvent molecules on
the resulting magnetic properties of SMMs.

2. Results and discussion

The treatment of [Mn;,0;,(0O,CCHCIl,);,(H,0)4] (2)
with 2 equiv. of PPhyl in MeCN gives complex 3 and I,;
the latter can be extracted from the solution mixture
into a hexane phase. Subsequent removal of MeCN in
vacuo and recrystallization from CH,Cl,/hexanes gave
black crystals of (PPhy)>[Mn;,0,(O,CCHCI,);¢(H»0)4]
(3) in good yield ( > 60%) and analytical purity (Eq. (1)).

[Mn,,0,,(0,CCHCl,),,(H,0),] + 21~
- [Mn,,0,,(0,CCHCL,) 4(H,0),]"~ +1, (1)

Recrystallization of 3 from a CH,Cly/hexanes layering
gives two kinds of black crystals with different morphol-
ogies, plate-like (PPhy),[Mn;,0;,(O,CCHCI,);¢(H50)4]
-4CH,Cl,-H,0 (3-4CH,Cl,-H»O or 3a) and needle-like
(PPh4):[Mn;,015(0,CCHCL,)6(H,0)4]-6CH,CL,  (3-
6CH,Cl, or 3b), both of which have been structurally
characterized.

2.1. X-ray crystallography for
(PPhy)2[Mn;20:5(O,CCHCL) 15( H20) 4] -4CH,Cl-
H20 (3(1) and (PPh4)2[MI112012(OZCCHCZZ)16-
(H20)4]-6CH>Cl> (3b)

Two types of crystals have been identified from the
recrystallization of complex 3 in CH,Cly/hexanes; the
majority by far is plate-like (3a) and the minority is
needle-like (3b). In some crystallization, only 3a is
apparent. Color PovRay plots of the anions of com-
plexes 3a and 3b are presented in Figs. 1(a) and (b).

Fig. 1. PovRay plot of the anions of (PPh4),[Mn;,0,,(0,CCHCI,)4-
(H,0)4]-4CH,Cl,- H,0 (3a) (top) and (PPhy)o[Mn;,0,5(0,CCHCL,) 6-
(H,0)4]-6CH,Cl, (3b) (bottom) at the 50% probability level. For
clarity, the Cl atoms are omitted.

Complex 3a crystallizes in the triclinic space group
PI, with two [Mnj,]*~ anions in the unit cell, two
PPh, ™" cations, four CH,Cl, molecules of crystallization
and a water molecule. The latter is involved in hydrogen
bonding with a bound H,O ligand on the [Mn;,]*~
anion (019---0100 =2.618 A). The anion consists of a
central [Mn4O4] cubane surrounded by a non-planar
ring of eight Mn atoms that are bridged and connected
to the cubane by eight p;-O>~ ions (Fig. 1(a)).
Peripheral ligation is by 16 bridging CHCL,CO,™ and
four terminal H,O groups. The cluster is trapped
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valence 2Mn(II), 6Mn(III), 4Mn(IV). The assignment of
Mn(IT)/Mn(IIT)/Mn(IV) sites is based on relative Mn—O
bond distances, bond valence sum calculations and the
presence of Jahn-Teller (JT) axial elongation at six
Mn(III) sites. This clearly establishes that Mn(4) and
Mn(8) are Mn(II) ions. There is static disorder between
one carboxylate group and an adjacent water molecule,
giving a mixture of two isomers, the 1:1:2 form (70%)
and the 2:2 form (30%), referring to the distribution of
the four H,O molecules. Form 1:1:2 has the carboxylate
bridging Mn(1) and Mn(8) with the H,O molecule on
Mn(2), and the 2:2 form has the carboxylate bridging
Mn(1) and Mn(2) with the water molecule on Mn(8).
The other three waters are always located on the Mn(II)
ions, two on Mn(4) and the third on Mn(8).

Complex 3b crystallizes in the monoclinic space group
P2,/c, with the asymmetric unit containing half
[Mn;,]*~ anion lying on a C, symmetry axis, a PPhy"
cation and three CH,Cl, molecules of crystallization.
The structure of the [Mn;,]*~ anion (Fig. 1(b)) is overall
very similar to that of 3a. There is a crystallographic C,
axis passing through Mn(2) and Mn(3). Again the
cluster is trapped valence 2Mn(II), 6Mn(III), 4Mn(IV)
with Mn(4) and Mn(4a) being the Mn(II) ions. No
disorder in the H,O positions was seen in this structure;
the four H>O molecules are bound in a 2:2 fashion to the
Mn(II) atoms.

2.2. Magnetochemistry

2.2.1. DC magnetic susceptibility studies

Magnetization data were collected on dried powder of
3in 10-70 kG and 1.80-4.00 K ranges, and are plotted
as M/Nug vs. HIT in Fig. 2. Fitting of these data gave
§=10, D=—027 cm '=—0.39 K, g=2.00 and a
|D|/g ratio of 0.14 +0.01. The ground state spin is thus
similar to S = 10 or 19/2 values for the neutral Mn;, and
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Fig. 2. Plot of M/Nug vs. HIT for dried complex 3 at the indicated
applied fields. The solid lines are fits of the data; see the text for the fit
parameters.

monoanionic [Mn;,]~ complexes, respectively. How-
ever, the anisotropy, as reflected in the absolute value of
D, decreases as the Mn;, complex gets progressively
reduced, which is consistent with a decrease in the
Mn(III) content; JT distortions of the Mn(III) ions are
the main source of the molecular anisotropy. The S (D)
values obtained from reduced magnetization fittings for
the three oxidation levels of the family of Mny,
dichloroacetate derivatives are: [Mnj,], 10 (~ —0.45
em ™ Y); [Mnpo] 7, 192 (~ —0.34 cm ™ '); [Mnp)*—, 10
(~ —0.27 em Y. It is interesting to see that the spin
value does not change on two-electron reduction and
that the two-electron reduced Mn;, complex 3 functions
also as an SMM. The calculated barrier for the
dichloroacetate Mnj, family are: [Mn;,], U ~64 K;
[Mns]~, U ~44 K; [Mnp)*~, U~39 K [7].

2.2.2. AC magnetic susceptibility studies

AC magnetic susceptibility data can be used not only
to determine whether a molecule functions as an SMM
but also to obtain the spin ground state (S) and the
effective energy barrier U.y for the magnetization
relaxation. AC magnetic susceptibility studies at zero
DC field and 3.5 G AC field were carried out to probe
the magnetization relaxation dynamics of complex 3 at
low temperatures (1.8—10 K). Fig. 3 (left) shows the in-
phase (yy, plotted as yy, T vs. T (top)) and the out-of-
phase (yy; vs. T (bottom)) components of the AC
magnetic susceptibility. If it is assumed that only the
ground state of complex 3 is thermally populated in the
1.8—10 K range, the y},T plateau at ~ 48 cm® K mol ~'
indicates an S =10 ground state with g ~ 1.9. In the yy,
vs. T plot, a frequency-dependent peak is observed in
the range 2—4 K at 50-1000 Hz. This also establishes
that complex 3 is an SMM.

If the yy, signal for dried 3 at 1000 Hz in Fig. 3(a) is
inspected carefully, it is apparent that it does not have a
symmetric line shape and may consist of two unresolved
signals. Since we knew that solvent is lost on vacuum
drying, we repeated these studies with a crystalline solid
that had been kept in contact with mother liquor,
hoping for better resolution if more than one peak was
present. Indeed, this now resulted in resolution of two
m signals, shown in Fig. 3(b), and these were readily
assignable to the two crystal forms of 3. Subsequent
studies using hand-picked plates of 3-4CH,Cl,-H,O
(3a) gave only the low-temperature signal, and the high-
temperature signal is thus due to 3-6CH,Cl, (3b). Bulk
samples (not hand-picked) vary in their relative content
of 3a and 3b, and thus give a variation in the relative
ratio of the two yy, signals; in some cases, the high-
temperature signal is barely visible. Resolution of the
two peaks is only seen with crystals kept wet with
mother liquor; removal of the mother liquor initiates
solvent loss, and the peaks get progressively broader
with time and merge into one broad peak.
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Fig. 3. Plots of the in-phase (y3, plotted as y3, 7 vs. T (top)) and out-of-phase (yy; vs. T’ (bottom)) AC magnetic susceptibility for eicosane-restrained
dried complex 3 (left). Out-of-phase (y;;) AC magnetic susceptibility plots for crystalline sample of complex 3 (right).
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Fig. 4. Plots of relaxation time (z) vs. 1/T for complexes 3a and 3b
using AC yy; and DC magnetization decay data. The solid lines are fits
to the Arrhenius equation; see the text for the fitting parameters.

For crystalline samples of 3a and 3b, the frequency
dependence of both sets of yy; peaks was determined at
eight different oscillation frequencies in the 5—1500 Hz
range. For the low-temperature peaks, only at the four
highest frequencies was a peak maximum observed, and
therefore these AC data were supplemented with
relaxation data at lower temperatures from DC relaxa-
tion decay measurements on single crystals of 3a (and 3b
also) using a micro-SQUID apparatus.

The combined AC and DC relaxation data were fit to
Eq. (2). The data and the fits (solid lines) are plotted as ¢
vs. 1/T in Fig. 4. For plate-like complex 3a, Uy =18.5
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Fig. 5. Plots of relaxation time (z) vs. 1/T for dried complexes [Mn;,]
(O), [Mn}5]~ (O) and [Mn;5*~ (3) (a) using AC 7w data. The solid
lines are fits to the Arrhenius equation; see the text for all the fit
parameters.

K and the pre-exponential factor is 1/79 = 1.9 x 10" s~ '
For needle-like complex 3b, Uy = 30.3 K and the pre-
exponential factor is 1/79=3.1 x 10’ s~ !. These corre-
spond to the low- and high-temperature peaks in Fig. 3
(right), respectively. Thus, the two crystalline forms of
complex 3 have significantly different barriers to mag-
netization relaxation, differing by almost a factor of 2.

1 1
ln( ) = ln( ) —

T Ty
The yy vs. T data for dried complex 3 were analyzed
similarly using only the AC data, and compared to dried

Ueff

kT @



M. Soler et al. | Polyhedron 22 (2003) 1777—-1782 1781

0.07 T/s

noH, (T)

Fig. 6. Magnetization hysteresis loop for complex 3a in 0.04—1.5 K temperature range at a 0.07 T s~ ! field sweep rate (top). Magnetization hysteresis
loop for complex 3b in 0.04-2.0 K range at 0.07 T s~ sweep rate (bottom).

samples of neutral and one-electron reduced dichloroa-
cetate Mnj, derivatives. The data are shown in Fig. 5.
The obtained values were: [Mny,], Up=66 K and
1/79=2.0 x 10% s~ !; [Mnys]~, Usr=57 K and /7o =
58 x10% s7 1 [Mnpp)?~, Ugr=32 K and 1/7y=3.1 x
102 s~'. The U,y values decrease on reduction, as
expected from the decreasing Mn(III) content men-
tioned earlier. The trend is monotonic but not linear,
and this is as expected: the U value depends not just on
S and D, but also on the rhombic ZFS parameter F,
fourth-order spin Hamiltonian parameters, the precise
tunneling channel of QTM (i.e. which M, levels are
involved) and other parameters. These depend on many
factors, including the site-symmetry of the complex, and
the [Mn,]°~ complexes do not all crystallize in the same
space group. Thus, there are too many parameters that
contribute to the observed U, to permit a quantitative
comparison between different complexes.

2.2.3. Hysteresis loops

Magnetization vs. DC field scans were performed on
aligned single crystals of 3a and 3b using a micro-
SQUID apparatus and the resulting hysteresis loops at
temperatures <2 K and a 0.07 T s~ ' sweep rate are
shown in Fig. 6. Both 3a and 3b display clear hysteresis
with coercivities that vary with temperature, as expected
for SMMs, becoming temperature-independent only at
very low temperatures (0.3 and 0.4 K for 3a and 3b,
respectively) where crossover occurs to pure ground-
state tunneling, i.e. thermally activated relaxation ceases
and there is tunneling only between the lowest-lying
My = 410 levels. Since this crossover T is proportional
to S and D, this implies that D for 3a is less than that
for 3b. The hysteresis loops are not smooth but instead
comprise plateau-like regions, which are the signature of
QTM. The field separation between steps (AH), which
can best be determined from the first derivative of the
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hysteresis loop, is proportional to D. Measurement of
the step positions in Fig. 6 gave an average AH of 0.186
T (1.86 kG) for complex 3a (top) and 0.300 T (3.00 kG)
for complex 3b (bottom). These correspond to |D|/g
values of 0.087 and 0.14 cm ' for 3a and 3b, respec-
tively, and again indicate that the |D| value for 3a is
smaller than that for 3b, since the g values are expected
to be very similar, if not identical. This is consistent with
a higher energy barrier for complex 3b due to a higher D
value, being U= S?|D| =25 and 40 K for 3a and 3b,
respectively (for g =2). This parallels the difference in
U.¢r values between 3a and 3b, and for each crystal form,
U > Uy, as expected in the presence of QTM.

3. Conclusions

A third oxidation level of the Mn, family of SMMs
has been successfully isolated and studied. Complex 3
has been obtained in two crystal forms, both of which
have been structurally characterized. They both have
normal orientations of their JT axes, but there are
distinct differences in their magnetic properties, which
can be assigned to the environmental differences about
the [Mn;,]*~ anions resulting from the different space
groups of the two forms. AC and DC susceptibility
studies establish that both forms have S=10 but
distinctly different U, values that arise primarily from
different values of the axial anisotropy parameter, D.
This again emphasizes the importance of the environ-
ment and local symmetry about an SMM on the
resulting magnetic properties. Both 3a and 3b display
resonant QTM as do the Mn;, and [Mn;,] analogues,
and the present work thus provides another useful
integer-spin system with which to study this important
quantum behavior, as well as quantum phase interfer-
ence [8].
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