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The preparation and physical characterization are reported for three Mnj, single-molecule magnets (SMMs) having
naphthalenecarboxylate bridges, [Mnj;012(2-nc)16(H>0)4] (1, 2-ncH = 2-naphthalenecarboxylic acid), its PhyP* salt
(2) and [Mn,01,(1-nc)16(H20)4] (3, 1-ncH = 1-naphthalenecarboxylic acid). Complex 1.2CH,Cl,-4.5H,0 crystal-
lizes in the monoclinic space group C2/c, with cell dimensions at —160 °C of a =28.524 A, b =17.819 A,
¢ =36.058 A, B =92.399°, and Z = 4. The X-ray structure analysis of 1.2CH,Cl,-4.5H,0 reveals that each [Mn,]
molecule is connected to the neighboring molecules through eight 77--77 interactions to form a two-dimensional structure
within the bc-plane. This is the first SMM that self-assembles two-dimensionally via 77 interaction. From
Arrhenius plots of the frequency dependence of the temperatures of the x”); peaks, the effective energy barriers Uest
for the reversal of the magnetization spin were estimated to be 61 K, 53 K, and 61 K for high-temperature phases of
1-3, respectively, and 31 K and 33 K for the low-temperature (LT) phases of 1 and 3, respectively. The analysis of
the reduced magnetization data suggests that the LT phase of 1 has an § =9 ground state with g = 1.998 and
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D = —-0.61 K.

In the ten years since the first discovery of the superpara-
magnetic behavior of [Mn;,01,(0Ac)6(H20)4] (Mnj;-ac)
with a relatively high blocking temperature in 1993,
there has been great interest in trying to understand this new
magnetic phenomena of so-called single-molecule magnet
(SMM). Although there are many efforts to find new
SMM’s,>* the [Mn;;012(02CR)16(H20)s] (R = Me, Et,
CH,Cl, CF;3, Ph et al.) family still possesses the best structural
and electronic properties for showing single-molecular mag-
netic behavior at the highest temperature, and the materials
have received a great deal of attention.

It is well-known that the bridging CH3CO,~ ligands of
Mn,-ac can be replaced by other carboxylates, such as substi-
tuted acetates or substituted benzoate, to afford various [Mn,]
derivatives.>” However, those carboxylates have no functional
groups to coordinate to other metal ions except for the bridging
CO,~ group. If the carboxylate ligands have additional func-
tional groups either to coordinate to other metal ions or to
self-assemble via molecular interaction, we can assemble them
through the coordination bonds or interactions to form dimers,
oligomers, and/or supramolecules of [Mnj,] complexes. Re-
cently, Christou et al. reported a dimer of SMM, [Mn,O5Cly-
(O,CEt)3(py)sl2, where each [Mns] SMM is weakly connected
via both six C—H--Cl hydrogen bonds and a Cl.-Cl approach.?
(PPh4)[Mn;,01,(0,CC4H;3S)16(H,0),] was reported recently

by our group, which shows some S--C or S--S contacts.>!°

On the basis of our knowledge to date, there are no reports
about [Mnj,] that show 777 interaction and self-assembled
one or two-dimensional structure. If molecules can self-assem-
ble to supramolecular compounds through various kinds of
molecular interactions, for example hydrogen bonds, short
contacts and 7777 interactions, we can employ supermolecular
chemistry to modulate the quantum physics of SMMs, and can
provide a realistic method for fine-tuning the properties of
these molecular nanoscale materials.® We chose naphthalene-
carboxylic acid for this purpose, since it possesses an extended
mr-conjugated system. Here, we report the syntheses and mag-
netic susceptibilities of three [Mn;,] complexes 1-3 that have
naphthalenecarboxylate bridges. 1 has been structurally char-
acterized, and it demonstrates an unusual structure, which
self-assembles a two-dimensional supramolecule via 7777
interactions of aromatic rings.

Experimental

All chemicals and solvents were used as received. All prepara-
tions and manipulations were performed under argon atmosphere
using Schlenk techniques. The Mnj,-ac was prepared by the liter-
ature method.'!

[Mn12012(2-nc)16(H20)4]-2CH2C12-4.5H20 (1 °2CH2C]2'
4.5H,0). To a slurry of Mnj-ac (200 mg, 0.097 mmol) in
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CH,Cl, (80 mL) was added a large excess of 2-naphthalenecar-
boxylic acid (2-ncH, 0.55 g, 3.19 mmol). The mixture was stirred
overnight in a closed flask and then the solution was evaporated to
dryness. To the residue was added CH,Cl, (80 mL). This solution
was stirred for 4 hours and filtered to remove any undissolved
solid. Hexane was added to the filtrate until precipitation
of a dark brown solid was observed. The resulting solid was col-
lected by filtration and the above treatment was repeated twice
to ensure the substitution reaction. Brown plate crystals of
1.2CH,Cl,-4.5H,0 suitable for X-ray analysis were obtained
from CH,Cl,/hexane. The yield was 320 mg (90%). Anal. Calcd
for 1 after dry (C176H120043Mn12): C, 57.72; H, 3.30%. Found: C,
57.69; H, 3.98%. Selected IR data (KBr pellet, cm™): 3421(w),
3057(w), 1599(m), 1556(m), 1467(m), 1413(s), 1337(m),
783(m), 639(m), 604(m), 550(m).

(PPhy)[Mn1,012(2-n¢)16(H20)4] (2). To a stirred dark brown
solution of complex 1 (300 mg, 0.082 mmol) in CH,Cl, (20 mL)
was added solid PPhyI (38.5 mg, 0.082 mmol). This solution was
stirred for 45 min. The resultant solution was filtered to remove
any undissolved solid. To the filtrate a mixture of CH,Cl, /hexane
and pure hexane were successively added slowly. After three
days, black microcrystals were collected by filtration and dried
in vacuo. The yield was 290 mg (88%). Anal. Calcd for 2
(Cz()()H14()O4gPMn12)Z C, 60.03; H, 3.53%. Found: C, 59.95; H,
3.83%. Selected IR data (KBr pellet, em™): 3421(w), 3057(w),
1599(m), 1556(m), 1467(m), 1413(s), 1344(m), 785(m), 638(m),
603(m), 552(m).

[Mn;01(1-n¢)16(H20)4] (3). A method similar to that used
for the synthesis of 1 was employed but using 1-naphthalenecar-
boxylic acid (1-ncH). Recrystallization from CH,Cl, /hexane gave
black block microcrystals. The yield was 97%. Anal. Calcd for 3
(C|76H120043MH12)Z C, 5772, H, 3.30%. Found: C, 5753, H,
3.63%.

Physicochemical Measurements. Direct current (dc) and al-
ternating current (ac) magnetic susceptibility data were collected
on microcrystalline or a single-crystal sample restrained in eico-
sane to prevent torquing on a Quantum Design MPMS2 or
MPMS7 SQUID magnetometer equipped with a 1 T or 7 T magnet
and capable of achieving temperatures of 1.7 to 400 K. A diamag-
netic correction to the observed susceptibilities was applied using
Pascal’s constants. The magnitude of a.c. field was fixed to 0.3
mT, oscillating at a frequency in the range of 5-997 Hz. Electro-
chemical studies were performed under argon using an ALS Elec-
trochemical Analyzer (Model 612A) and a standard three-elec-
trodes method (glassy carbon working, Pt wire counter, and Ag/
Ag™ /CH,Cl,/TBAP reference) with 0.1 M "BuyNPFg as support-
ing electrolyte. Quoted potentials are vs the ferrocene/ferroceni-
um couple, used as an external standard. The scan rate for cyclic
voltammetry (CV) and the sensitivity were 100 mV/s and 5 x
107° A/V, respectively. Distilled solvents were employed; the
concentrations of complexes were approximately 1 mM. Infrared
spectra were recorded on KBr pellets using a JASCO FT/IR-430
spectrophotometer.

X-ray Structure Analysis. Diffraction data for 1.2CH,Cl, .
4.5H,0 was collected at —160.1 °C on a Rigaku/MSC Saturn
CCD area detector with Rigaku AFC10 diffractometer equipped
with graphite monochromated Mo Ko radiation. Crystal data
and details of measurements for 1.2CH,Cl,-4.5H,0O are summa-
rized in Table 1. The structure was solved by a direct method and
expanded using Fourier techniques. The non-hydrogen atoms were
refined either anisotropically or isotropically by full-matrix least-
squares calculations. Hydrogen atoms were not included. Reliabil-
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Table 1. Crystallographic Data for 1.2CH,Cl,-4.5H,0

1.2CH,Cl,-4.5H,0
Formula C178H133C14Mn12052‘5
Formula Weight 3913.00

Crystal Color, Habit
Crystal Size

brown, plate
0.20 x 0.10 x 0.10 mm?

Crystal System Monoclinic

Space Group C2/c

T (K) 113.1

Unit cell dimensions

a (A) 28.524 (4)

b (A) 17.819 (2)

c (A) 36.058 (5)

B ) 92.399 (5)

vV (A% 18311.4 (44)

Z 4

Dea (g cm™) 1.412

Diffractometer Rigaku Saturn/Rigaku
AFC10

M (cm™h) 9.34

Radiation, A (A) 0.71070

RY, wR® 0.092, 0.236

Goodness of Fit Indicator 1.014

a) Ri = Z[|Fo| = [F|l/ZIFo| b) wRy = [Sw(|F,| — |Fc])*/
EWFOZ]UZ

ity factors are defined as R; = Z||F,| — |F¢||/Z|F,| and wR, =
[Zw(|Fo| — |Fc])*/EwF2]Y2. The final R, and wR, values are
0.092 and 0.236, respectively. Selected bond lengths and
angles are listed in Table 2. Microcrystals of complexes 2 and 3
were not single crystals but aggregates of them, and we could
not obtain the diffraction data for them. Crystallographic data
for 1.2CH,Cl,-4.5H,0 have been deposited with the Cambridge
Crystallographic Data Centre, CCDC No. 241873. Copies of the
data can be obtained free of charge via www:http://www.ccde.
cam.ac.uk (or from the Cambridge Crystallographic Data Centre,
12 Union Road, Cambridge, CB2 1EZ, UK; fax: +44-1233-
336033; e-mail: deposit@ccdc.cam.ac.uk).

Results and Discussion

Crystal Structure of [Mn;2012(2-n¢)16(H,0)4]
2CH,(Cl,-4.5H,0 (1.2CH;Cl,-4.5H,0). The complex crys-
tallizes in the monoclinic space group C2/c, with four formula
units in the unit cell. A molecular core structure of 1 is shown
in Fig. 1 together with the numbering scheme for some select-
ed atoms. The [Mn;,01,]'*" moiety is similar to the usual
[Mn;,] complex except that the four water oxygen atoms bond
to Mnl and Mn7 in 2:2 form. The central cubane structure
consists of four Mn'" ions and four jt4-bridging O?~ ions, sur-
rounded by a nonplanar ring of the eight Mn™ ions that are
bridged by and connected to the cube via eight 11;-O*~ ions.
The other coordination sites of manganese ions are occupied
by eight axial and eight equatorial w,-bridging 2-nc anions
and by four water molecules. The structure of 1 has a C, axis,
which goes through Mn1 and Mn7. Eight peripheral Mn™ ions
are subjected to Jahn-Teller distortions, which is clearly indi-
cated by the differences in Mn—O bond lengths. Six Mn-O
bonds on each Mn™ ions are divided into two groups: two long
(axial; 2.107-2.240 A) and four short (equatorial; 1.905-1.985
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Table 2. Selected Bond Lengths (A) and Angles (°) for 1.2CH,Cl,-4.5H,0

A B Distance (A) A B Distance (A)
Mn(1) O(1) 2.191(8) Mn(4) 0O(13) 1.970(8)
Mn(1) 0(2) 1.891(6) Mn(4) o(17) 2.112(7)
Mn(1) 09) 1.981(7) Mn(4) 0O21) 2.128(8)
Mn(2) Mn(3) 2.783(2) Mn(5) Mn(6) 2.775(2)
Mn(2) 0(2) 1.881(6) Mn(5) 0(6) 1.886(7)
Mn(2) 0@3) 1.883(7) Mn(5) Oo(7) 1.877(7)
Mn(2) O(10) 1.932(7) Mn(5) 0O(14) 1.927(7)
Mn(2) O(11) 1.927(7) Mn(5) O(15) 1.935(7)
Mn(2) 0(22) 2.184(7) Mn(5) O(18) 2.203(7)
Mn(2) 0(24) 2.190(7) Mn(5) 0O(19) 2.203(7)
Mn(3) 0(2) 1.883(7) Mn(6) O4) 1.895(6)
Mn(3) 0(3) 1.875(6) Mn(6) 0O(5) 1.925(7)
Mn(3) 04) 1.916(6) Mn(6) 0O(6) 1.839(6)
Mn(3) O(5) 1.894(6) Mn(6) O(7) 1.897(7)
Mn(3) 0(23) 1.921(7) Mn(6) 0(20) 1.903(7)
Mn(4) 003) 1.891(7) Mn(7) Oo(7) 1.875(7)
Mn(4) 0O(6) 1.923(6) Mn(7) O(8) 2.225(8)
Mn(4) 0O(12) 1.997(7) Mn(7) O(16) 1.962(8)
A-B-C Angle (deg) A-B-C Angle (deg)

O(1)-Mn(1)-0O(2) 92.9(3) 0(6)-Mn(4)-O(13) 93.5(3)
O(1)-Mn(1)-0(9) 90.1(3) 0(6)-Mn(4)-O(17) 93.7(3)
O(2)-Mn(1)-0(9) 92.6(3) 0O(6)-Mn(4)-0(21) 89.3(3)
0(2)-Mn(2)-0(3) 83.8(3) O(12)-Mn(4)-0O(13) 79.8(3)
0(2)-Mn(2)-O(10) 94.6(3) O(12)-Mn(4)-0(17) 87.1(3)
0O(2)-Mn(2)-O(11) 176.5(3) O(12)-Mn(4)-0O(21) 89.6(3)
0(2)-Mn(2)-0(22) 93.8(3) O(13)-Mn(4)-0O(17) 90.9(3)
0(2)-Mn(2)-0(24) 83.2(3) O(13)-Mn(4)-0(21) 85.8(3)
0O(3)-Mn(2)-0O(10) 176.3(3) O(17)-Mn(4)-O(21) 175.6(3)
0(3)-Mn(2)-O(11) 97.8(3) 0(6)-Mn(5)-0(7) 83.6(3)
0(3)-Mn(2)-0(22) 93.9(3) O(6)-Mn(5)-0(14) 97.8(3)
0O(3)-Mn(2)-0(24) 86.2(3) O(6)-Mn(5)-0(15) 179.0(3)
O(10)-Mn(2)-O(11) 83.6(3) 0(6)-Mn(5)-O(18) 91.9(3)
O(10)-Mn(2)-0(22) 90.6(3) 0O(6)-Mn(5)-0(19) 85.5(3)
0O(10)-Mn(2)-0(24) 90.2(3) 0O(7)-Mn(5)-O(14) 174.6(3)
O(11)-Mn(2)-0(22) 89.1(3) 0O(7)-Mn(5)-O(18) 91.7(3)
O(11)-Mn(2)-0(24) 93.9(3) O(7)-Mn(5)-0(19) 84.3(3)
0(22)-Mn(2)-0(24) 176.9(3) 0O(7)-Mn(5)-O(15) 95.4(3)
0(2)-Mn(3)-0(3) 84.003) O(14)-Mn(5)-0(15) 83.3(3)
0O(2)-Mn(3)-04) 172.7(3) O(14)-Mn(5)-0(18) 93.4(3)
0O(2)-Mn(3)-0(5) 89.2(3) O(14)-Mn(5)-0(19) 90.6(3)
0(2)-Mn(3)-0(23) 91.1(3) O(15)-Mn(5)-0O(18) 88.0(3)
0O(3)-Mn(3)-04) 97.3(3) O(15)-Mn(5)-0(19) 94.4(3)
O(3)-Mn(3)-0(5) 90.8(3) O(18)-Mn(5)-0(19) 175.5(3)
0(3)-Mn(3)-0(23) 93.8(3) 0(4)-Mn(6)-0(5) 83.2(3)
O(4)-Mn(3)-0(5) 83.5(3) O(4)-Mn(6)-0(6) 91.7(3)
0(4)-Mn(3)-0(23) 96.0(3) O(4)-Mn(6)-O(7) 88.3(3)
0(5)-Mn(3)-0(23) 174.9(3) 0(4)-Mn(6)-0(20) 175.5(3)
0O(3)-Mn(4)-0(6) 91.7(3) O(5)-Mn(6)-0(6) 96.6(3)
0(3)-Mn(4)-0O(12) 95.1(3) 0(5)-Mn(6)-O(7) 171.5(3)
0(3)-Mn(4)-0(13) 174.8(3) 0(5)-Mn(6)-0(20) 96.8(3)
O(3)-Mn(4)-0O(17) 89.2(3) O(6)-Mn(6)-0(7) 84.3(3)
0(3)-Mn(4)-0(21) 89.3(3) 0(6)-Mn(6)-0(20) 92.8(3)
0(6)-Mn(4)-0(12) 173.2(3) 0O(7)-Mn(6)-0(20) 91.6(3)
A) bonds. The axial directions of all Mn'"! ions are roughly The interesting feature of 1.2CH,Cl,-4.5H,0 is the exis-

parallel to the molecular z axis defined by the pseudo S, axis tence of the 7777 interaction between equatorial naphthalene
of the Mn,Oy, core structure. rings residing on the neighboring molecules. As can be seen
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Fig. 1. An ORTEP drawing of a molecular structure of
complex 1.2CH,Cl;-4.5H,0. Since the molecule has a
two-fold axis passing through Mnl and Mn7, the half of
the atoms are numbered. Axial naphthalene rings, hydro-
gen atoms and solvent molecules are omitted for clarity.

from Fig. 2a, each [Mn;,] molecule of 1 connects to neighbor-
ing four molecules through eight 77--77 interactions to form a
two-dimensional sheet structure spreading in the bc plane.
Figures 2b and 2c show side views of 7--7T interactions
viewed from the b- and the c-axis, respectively. Naphthalene
rings extending to the c-axis direction, i.e., those defined by
carbon atoms of C13 to C22 and by those of C24 to C33, to-
gether with their symmetry-related ones, are almost parallel to
each other, with dihedral angles of 0° to 1.4(2)° (Figure 2b).
The shortest C--C distance within these naphthalene rings is
3.25(2) A for C12--C28, although the CI2 atom belongs to
the carboxylate group connected to the C13 atom. These
planes are also parallel to the molecular xy plane defined by
Mnl, Mn4, Mn7, and Mn4’ (dihedral angles of 7.1(2)-
7.8(2)°). On the other hand, among naphthalene rings extend-
ing to the b-axis direction, the one defined by carbon atoms of
C2 to C11 has a large dihedral angle of 31.3(2)° with the mo-
lecular xy plane, although the other defined by those of C35 to
C44 is almost parallel to the molecular xy plane (dihedral angle
of 7.0(3)°). The shortest C--C distance within these naphtha-
lene rings is 3.34(2) A for C11--C43 and the dihedral angle
between these planes is 24.9(3)° (Figure 2c). As for the in-
ter-layer interaction between two-dimensional sheets, there is
no 7777 interaction between inter-molecular axial naphthalene
rings.

Recently, weak interactions between SMMs were reported,
such as C—H--Cl hydrogen bonds and Cl--Cl approach® in
[Mn;03Cl4(0,CEt3(py)sl,, S+C or S-S contacts!® in
(PPh4)[Mn;,02(0,CC4H3S)16(H20),]. But no reports are
available so far about [Mnj;] complexes showing 77--7T inter-
action. Complex 1-2CH,Cl,-4.5H,0 is the first example that
molecules self-assemble to a two-dimensional structure
through the 77--7 interactions. The presence of the -7
interaction between peripheral naphthalene rings enables each
[Mn,] molecule to align in the same direction. Although the
influence of these 7777 interactions on the SMM behavior is
not clear now, the discovery of the two-dimensional SMMs
via 77T interaction between molecules is important for as-
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Fig. 2. Two-dimensional strucutre of 1 assembled through
7T-7T interactions between equatorial naphthalene rings.
(a): a top view from the g-axis, (b) and (c): sideviews from
the b- and the c-axis, respectively. Only Mnl and Mn7
atoms are labeled for (a) and (c).

sembling SMMs to nanoscale magnets. '

Electrochemistry. The Mn;, complexes show a rich redox
chemistry involving both multiple oxidation and reductions.®
The cyclic voltammogram (CV) for complex 1 and 2 are
shown in Fig. 3. One reversible one-electron oxidation process
(0.87/0.73 V vs Fc/Fct) and two quasi-reversible one-elec-
tron reduction processes (0.21/—0.01 V and —0.11/—-0.38 V
vs Fc/Fct) together with one irreversible reduction process
(—0.84 V vs Fc/Fc™) are observed for complex 1. The peak
separations of these reversible or quasi-reversible processes
are 140 mV, 220 mV, and 270 mV, respectively. The relation
of each state for 1 is given in Eq. 1, where the voltages indi-
cated are Ej; vs Fc/Fct for the first three processes and a re-
duction peak potential for the last process. Complex 2, which
contains one-electron reduced [Mn;] compound 17, shows
almost identical redox potentials to those of 1, except for the
zero-bias position. The peak separations of these reversible
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Fig. 3. Cyclic voltammogram of a 1 mM CH,Cl, solution of complex 1 (a) and complex 2 (b) containing 0.1 M (=("BuyN)(PFg))
as supporting electrolyte. The indicated potentials are vs Fc/Fc™.

or quasi-reversible processes are 160 mV, 200 mV, and 220
mV, respectively.
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Fig. 4. Plots of x\7T vs T for polycrystalline samples of
1.2CH,Cl,-4.5H,0, 2, and 3 fixed with eicosane wax.
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(b)

Dc Magnetic Susceptibility. Solid-state, variable temper-
ature magnetic susceptibility measurements were performed
on a freshly prepared polycrystalline sample of complexes
1-3, suspended in eicosane to prevent torquing. Dc magnetic
susceptibility (),;) data were collected from 2 K to 280 K
at 1.0 T magnetic field; the results are shown in Fig. 4. As
temperature increased, the y,,7 value of 1.2CH,Cl,-4.5H,0
showed a maximum of 50.0 cm® Kmol~! at 10 K and a broad
minimum of 17.2 cm® Kmol ™! at around 180 K and again in-
creases slightly to 18.8 cm? Kmol~! at 280 K. Similar behav-
iors were observed for complexes 2 and 3: a maximum of 39.6
cm® Kmol™! at around 8 K and a broad minimum of 15.6
cm® Kmol~! at around 160 K for complex 2 and a maximum
of 43.3 cm® Kmol~! at around 10 K and a broad minimum
of 15.7 cm®Kmol~! at around 200 K for complex 3 were
observed.

Ac Magnetic Susceptibility. In order to investigate the dy-
namic behavior of the magnetic moment, the ac magnetic sus-
ceptibility of a freshly prepared microcrystalline sample of
1.2CH,Cl,-4.5H,0 was measured. Figure 5a shows plots of

50 T T T T

]

2T/ cm’kmol ™

(a) Plots of x'T vs T (top) and x”); vs T (bottom) for a polycrystalline sample of complex 1.2CH,Cl,-4.5H,0 in a 0.3

mT ac field oscillating at the indicated frequencies, where x’y; and x”\; are the in-phase and the out-of-phase magnetic suscep-
tibilities, respectively. (b) Same as (a) but powder sample of 1 after being dried under reduced pressure for 4 hours was used.
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Fig. 6. Plots of x'y7T vs T (top) and x”7T vs T (bottom)
for a polycrystalline sample of complex 2 in a 0.3 mT
ac field oscillating at the indicated frequencies.
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Fig. 7. Plots of x'y7T vs T (top) and x”y7T vs T (bottom)
for a polycrystalline sample of complex 3 in a 0.3 mT
ac field oscillating at the indicated frequencies.

X'mT vs T (top) and x”\; vs T (bottom), respectively, where
X'm and x” are in-phase and out-of-phase ac susceptibility,
respectively. The values for complexes 2 and 3 are also shown
in Figs. 6 and 7, respectively. The x’\,T values of 1-3 at 10 K
are 47.0, 43.0, and 44.0 cm?® K mol ™!, respectively. As temper-
ature decreases, these values start to decrease at a certain tem-
perature depending on frequency. The decrease of x’yT value
corresponds to the appearance of an out-of-phase signal ().
The x”, values of 1.2CH,Cl,-4.5H,0 showed two peaks for
each ac frequency, one in 4-7 K range and the other in 2-3 K
range; these are corresponding to the high-temperature (HT)
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and the low-temperature (LT) phases, respectively, with the
former being dominant. Those of 2, on the other hand, showed
only one peak between 2—6 K, which can be assigned to the
HT phase of anionic Mnj, complex 2. Those of 3, just like
1.2CH,Cl,-4.5H,0, showed two peaks for each ac frequency,
which correspond to the HT and the LT phases, respectively.

In order to investigate the effect of a removal of crystalline
solvent on the magnetic properties, the ac magnetic suscepti-
bility of a powder sample of 1, after being dried in a reduced
pressure for 4 hours, was also measured. Figure 5b shows plots
of x'mT vs T (top) and x”; vs T (bottom), respectively. One
clear difference between Fig. 5a and Fig. 5b is the relative
intensity of HT and LT phases. The intensity of LT phase
increased at the sacrifice of that of HT phase. Since the origin
of two phases in the x”\—7 plot is ascribed to the presence of
two Jahn-Teller isomers,'>'* it is reasonable to think that
the removal of solvent molecules affects the coordination
geometry around Mn™ ions. A similar phenomenon was
also reported in [Mn,01,(0,CCgHy-p-Me)6(H20)4],'> where
the intensities of the LT phase were drastically increased
by changing the crystalline solvent from H,O to p-
M€C6H4COOH.

The frequency dependence of the x”,; peak temperature can
be analyzed by the Arrhenius law. On the basis of the plots of
the natural logarithm of the relaxation time T evaluated from
1/(2mv), where v is the ac frequency, versus the inverse of
the x”yu peak temperature 7, the effective energy barrier
Ui and pre-exponential factor T, can be estimated by the

following equation:'6
U,

T="7 exp(k e;{) 2
B

where kg is the Boltzmann constant. The Arrhenius plots for
1-3 are shown in Fig. 8. The solid lines show the results of
least-squares fits of the ac susceptibility relaxation data to
Eq. 2. The effective energy barrier Uy and pre-exponential
factor 7, are determined as shown in Table 3. The effective en-
ergy barriers U.g for HT phases of 1 to 3 were evaluated to be
61, 53, and 61 K, respectively. These values are somewhat

1 1
0.20 0.30 0.40 0.50
TYKk?

Fig. 8. Plots of the natural logarithm of the inverse of the
magnetization relaxation time In(1/7) vs the inverse of
the absolute temperature of x”,, peaks for the
1.2CH,Cl1,-4.5H,0 (¢,0), 2 (@,0), and 3 (A). High-
temperature and low-temperature phases are indicated by
filled and open symbols, respectively. Solid lines represent
least-squares fits of the data to the Arrhenius equation (see
the text).
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Table 3. Pre-exponential Factor 7y and the Effective Energy
Barrier U from Arrhenius Plots for Complexes
1.2CH,Cl,-4.5H,0, 2, and 3

Complex Phase To/S Uer/K
1.2CH,Cl, -4.5H,0 HT 6.0 x 107° 61
LT 1.7 x 107° 33
2 HT 1.2 x 107° 53
3 HT 49 x107° 61
LT 1.3x107° 33
17 I I I
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Fig. 9. Reduced magnetization data for 1 with different
external field. Lines show the best-fit assuming S =9,
g=1.998, and D = —0.61 K.

smaller than those obtained for neutral [Mn,,] complexes, such
as [Mn1,012(0,CC4H;3S)16(H,0)4] (69.1 K'%) and [Mn;,05-
(NO3)4(02CCH2BUI)12(H20)4] (72 K17). The Ueff value
of the HT phase of 2 was estimated to be 53 K, which is
also smaller than the values for anionic [Mnj;]~ SMMs,
such as (PPh4)[Mn;,0;,(0,CEt),5(H,0)4] (60.2 K'®), (PPhy)-
[Mn;,012(0,CC4H38)16(H,0),]  (57.1 K'%) or (PPhy)-
[Mn,012(0>CPh);6(H20)4] (55 K,' 57.5 K*°). At 997 Hz
ac frequency, the anionic complex 2 shows x”,; peak at 4.5
K, while the parent neutral complex 1 shows a x”\; peak at
6.0 K. The lower temperature shift of the x”,; peak on one
electron reduction has been also observed for other [Mn;]
complexes.’

Reduced Magnetization. In order to estimate the ground
spin state (S) and the magnitude of the zero-field splitting (D)
of 1, the dc magnetization values were determined in the tem-
perature range of 1.9-4.5 K and at external fields of 2.0-7.0 T
for finely ground powder sample of complex 1. The sample
was restrained in an eicosane matrix to prevent torquing at
high fields. The observed magnetization data M/(Ng) were
plotted vs H/T in Fig. 9, which were fitted with a magnetiza-
tion fitting program “axfit”?! assuming an S = 9 ground state.
The lines in Fig. 9 show the fitting with parameters of g =
1.998 and D = —0.61 K. If we assume an S = 10 ground state,
a similar fit can be obtained but a g-value of 1.80 is too small
compared to typical g-values of 1.95-1.9936222.23.24 for some
[Mnj,] SMM’s. Since the removal of crystalline solvents of 1
increases a LT/HT ratio, as described in the ac magnetization
analyses section, the above-mentioned S = 9 ground state can

Naphthalenecarboxylate-bridged Mn;; SMMs

M / arb. units

201 -

dM/dH / arb. units

-3 -2 -1 0 1 2 3
H/T

Fig. 10. A magnetization hysteresis loop for oriented crys-
tals of 1.2CH,Cl,-4.5H,0 in eicosane matrix measured at
1.9 K (top) and the corresponding first derivatives dM /dH
(bottom).

be assigned to the LT phase of 1. The theoretical energy bar-
rier U (=S?|DJ) for a spin flip can be estimated to be 49 K.
This value is larger than the U of 33 K for the LT phase
and is smaller than that for the HT phase (61 K). Since the
presence of quantum tunneling of the magnetization leads to
a smaller value of Uy than that of U,>%0?7 the assignment
to the LT phase is more reasonable than that to the HT phase.
However, HFEPR measurements are needed for a definitive
ground-state assignment.

Magnetization Hysteresis Loop. It has been established
that Mn;, SMMs exhibit magnetization hysteresis loops. Espe-
cially for SMM, step-like sudden decreases of magnetization
can be also seen, which are attributed to the quantum tunneling
of magnetization. In order to observe hysteresis loop of 1, a
4.62 mg of microcrystalline sample placed in a capsule with
eicosane was subjected to a 7.0 T external magnetic field at
325 K, then cooled to fix it in space. Thus, magnetization easy
axes of microcrystals should be all aligned to the direction of
the external field. The field dependence of the dc magnetiza-
tion measured at 1.9 K is shown in the top portion of Fig. 10.
Although a clear hysteresis loop was observed, the magnetiza-
tion did not saturate even at 3 T. Since all [Mn;,] molecules of
1 have a uniform orientation in a crystal, the reason for this
non-saturation behavior is probably the presence of the LT
phase whose magnetization easy axis is not parallel to the mo-
lecular z-axis. The tilting of the magnetization easy axis about
12° away from the molecular z-axis has been reported for the
LT phase of Mn;,-benzoate.'> Since the magnetization relax-
ation time for the LT and the HT phases of 1 at 1.9 K estimated
by using Eq. 2 and 7y and U, in Table 3 are 0.06 s and 5 x
10° s, respectively, it is clear that the hysteresis loop with steps
in Fig. 10 is due to the HT phase of 1. As the field is decreased
from 43 T, five steps can be seen between 0 to —1.93 T, with
about 0.5 T intervals. They are clearly seen in the first deriv-
ative of the magnetization, shown in the bottom portion of
Fig. 10. These steps correspond to the quantum tunneling of
magnetization between two sublevels of m; =S and m, =
—S +n, where n =0, 1, 2, 3, and 4. Since the condition that
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the quantum tunneling occurs can be expressed as Eq. 3, we
can estimate |D| = 0.67 K for the HT phase by using AH =
0.5 T and assuming g = 2.00.

Hs_s1n = nD/(gup). 3)

Conclusion

We have synthesized three [Mn),] derivatives with naphtha-
lenecarboxylate bridges, 1-3, which showed SMM behavior in
their ac susceptibility. The crystal structure determination of 1
revealed that each molecule is connected to neighbors through
four 77--77 interactions. Although no direct effect of these 777
interactions on the magnetic properties of 1 is found, complex
1 is the first two-dimensional [Mn,] complex self-assembled
via 7777 interaction between naphthalene rings, which repre-
sents not only a useful expansion of this family of SMMs
but also the molecular design for potential applications of
SMMs.
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ence Research from the Ministry of Education, Science and
Culture, Japan. The authors are grateful to Kinki University
for its financial support.
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