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In an attempt to employ salicylic acid (HOsalH), 2,6-dihydroxy benzoic acid {(HO)2PhCO2H}, and
naphthalene-1,8-dicarboxylic acid {1,8-naph(CO2H)2} in Mn(III) salicylaldoximate chemistry as a
means to alter the structural identity of the hexanucluear clusters usually obtained from this reaction sys-
tem, we have isolated a family of hexanuclear Mn(III) complexes based on salicyladloxime (saoH2) and
2-hydroxy-1-naphthaldehyde oxime (naphthsaoH2). Five hexanuclear clusters, [Mn6O2(sao)6(HO-
sal)2(EtOH)4]·EtOH (1·EtOH), [Mn6O2(sao)6{1,8-naph(CO2Me)(CO2)}2(MeOH)6]·3MeOH
(2·3MeOH), [Mn6O2(naphthsao)6{1,8-naph(CO2Et)(CO2)}2(EtOH)6] (3·2MeOH), [Mn6O2(naph-
thsao)6(MeCO2)2(EtOH)4]·2H2O (4·2H2O), and [Mn6O2(naphthsao)6{(HO)2PhCO2}2(EtOH)4]·4EtOH
(5·4EtOH), have been synthesized and characterized by single-crystal X-ray crystallography. The mag-
netic properties of 3, 4, and 5 are discussed.
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1. Introduction

Since the discovery of the first hexanuclear complexes of general formula [MIII
6O2(-

sao)6(O2CR)2(H2O)2(RCN)2] (M = V, Cr, Mn, and Fe; R = C(Ph)3, C(Me)3, CH2Ph Ph and
CH2CH3); saoH2 = salicylaldoxime) [1], manganese salicylaldoximate chemistry has been
dominated by the chemistry and physics of hexanuclear and trinuclear Mn(III) clusters of
formulae [MnIII6O2(Rsao)6(O2CR)2(L)4–6] [1–29] and [MnIII3O(Rsao)3(O2CR)(L)3] [30–43]
(R = H, Me, Et, etc.; L = solvent), the latter being the analogous “half” molecules of the
former. Several members of the [Mn6] and [Mn3] families have been found to behave as
single-molecule magnets (SMMs), exhibiting slow relaxation of the magnetization. It has
also been found that in each case, it was possible to significantly increase the ground spin
state from S = 4 to S = 12 in the former and from S = 2 to S = 6 in the latter, by utilizing
derivatized versions of the oxime ligand to distort the Mn–O–N–Mn superexchange path-
way, inducing orbital orthogonality, enhancing the effective energy barrier for magnetization
reversal to record levels for transition metal-based SMMs [5–8].

The ease of synthesis of [Mn3] and [Mn6] and their relative solution stability have
enabled them to be utilized as starting materials – building blocks for construction of a host
of discrete and infinite supramolecular architectures [14, 21, 31, 37, 41, 44–57]. The
employment of auxiliary pyridyl-type ligands into the reaction mixtures of [Mn3/6] or in
solutions of preformed [Mn3/6] has yielded several discrete (i.e. polygons and inter-digitated
tripodal assemblies enclathrating anions) and polymeric (i.e. 1-D and 2-D coordination
polymers) species featuring unique types of entanglement [37, 48], while the use of poly-
carboxylate ligands has driven the formation of 1-D and 2-D coordination polymers
(or metal-organic frameworks) based on [Mn6] SMMs [21, 45, 46, 52, 55, 58]. Several sin-
gle-chain magnets (or in some cases chains of non-interacting SMMs) consisting of [Mn3/6]
clusters have also been reported [47, 50, 51, 54, 57].

Table 1. Manganese salicylaldoximate clusters other than the usual [Mn3/6].

Formulaa
[Mn3(μ-O)
(Rsao)3]

+ ST SMM Ueff/K Ref.

[MnIII4(Mesao)4(MesaoH)4] No 8 Yes N/A [59]
[MnIII4(Etsao)4(EtsaoH)4] No 8 Yes N/A [59b]
[MnIII4(Naphthsao)4(NaphthsaoH)4] No 8 Yes N/A [59b]
[MnIII4(sao)4(saoH)4] No – No – [60]
[MnIII3MnIV2O2(Etsao)6(MeO)(Val)] No 2 No – [33, 38]
[NEt4]3[MnIII3MnII2O(sao)3(N3)6Br2] Yes 11 Yes 36.4 [61]
[NEt4]3[MnIII3MnII2O(Mesao)3(N3)6Cl2] Yes 6 Yes 39.4 [61]
[NEt4]3[MnIII3MnII2O(sao)3(OCN)6Cl2] Yes 1 Yes 33.9 [61]
[MnIII4MnIV2O2(Etsao)6(MeO)4(MeOH)2] No 6 ± 1 No – [10]
(NH4)2[MnIII6MnIIO2(Etsao)6(O2CMe)6] Yes 11/2 Yes 32 [62]
[MnIII6MnII2O2(Mesao)6(N3)6(MeOH)8] Yes 7 Yes 40 [36, 63]
[ MnIII6MnII2O2(Naphthsao)6(N3)6(MeOH)8] Yes 1 No – [36, 63]
[MnIII9O4(Mesao)6(MeO)4(O2CMe)3(H2O)2] Yes 6 Yes 30 [64]
[MnIII9O4(Mesao)6(MeO)3(O2CMe)3(OH)(MeOH)2] Yes 6 Yes 35.2 [65]
[MnIII9O4(Menaphthsao)6(MeO)3(O2CMe)4(MeOH)x(H2O)y] Yes 6 Yes 67 [66]
[MnIII12O4(sao)12(N3)4(MeOH)4(H2O)2] Yes 4 Yes 70 [67]
[MnIII12O4(sao)12(N3)4(MeOH)6(H2O)2] Yes 4 Yes 70 [68]
[MnIII4MnII8(sao)12(CH3O)4(CH3OH)12] No 2 No – [69]
[MnIII14MnII18(O)8(OH)6(Mesao)14(O2CMe)18Br8(H2O)10] No 11,12 Yes 44.5 [70]

aVal = dl-Valine; EtsaoH2 = 2-hydroxypropiophenone oxime; MesaoH2 = 2-hydroxyacetophenone oxime; saoH2 = salicyloaldoxime;
NaphthsaoH2 = 2-hydroxy-1-napthaldoxime; MenaphthsaoΗ2 = 1-(1-hydroxynaphthalen-2-yl)ethan-1-one oxime.
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Nevertheless, the increased effort for the exploitation of the manganese salicylaldoximate
reaction system has also yielded several clusters with different nuclearities and metal topol-
ogies than the usual [Mn3/6] systems. These efforts include the addition of “extra” ingredi-
ents/ligands within the manganese salicylaldoximate reaction mixtures, which can act either
as co-ligands or compete/dominate the Rsao2− coordination, or, in some cases, can enforce
changes in the self-assembly process by their mere presence in the reaction mixture without
being incorporated into the structure of the final product. These clusters are summarized in
table 1 where we see that several contain the usual [Mn3(μ3-O)(Rsao)3]

+ moiety, with others
adopting completely different metal topologies. We note that most of these clusters are
SMMs.

Herein, we present results from our efforts to intentionally disturb the [Mn3/6] cores of the
manganese salicylaldoximate clusters by incorporating into the reaction mixtures carboxylate
ligands that could potentially chelate manganese ions, thus disturbing/altering the usual [Mn3/6]
topology. For this purpose, we utilized as “extra” ingredients, 2-hydroxy benzoic acid (HOsalH,
salicylic acid), 2,6-dihydroxy benzoic acid {(HO)2PhCO2H}, and naphthalene-1,8-dicarboxylic
acid anhydride {1,8-naph(C2O3)}, which upon hydrolysis yields naphthalene-1,8-dicarboxylic
acid {1,8-naph(CO2H)2} (scheme 1). Despite our efforts, we isolated a family of [Mn6] clus-
ters, [Mn6O2(sao)6(HOsal)2(EtOH)4]·EtOH (1·EtOH), [Mn6O2(sao)6{1,8-naph(CO2Me)
(CO2)}2(MeOH)6]·3MeOH (2·3MeOH), [Mn6O2(naphthsao)6{1,8-naph(CO2Et)(CO2)}2(E-
tOH)6]·2MeOH (3·2MeOH), [Mn6O2(naphthsao)6(MeCO2)2(EtOH)4]·2H2O (4·2H2O), and
[Mn6O2(naphthsao)6{(HO)2PhCO2}2(EtOH)4]·4EtOH (5·4EtOH), that adopt the usual
[Mn6(μ3-O)2(Rsao)6]

2+ core, stabilized by the monoanion of the salicylic acid (HOsal–), the
monoanion of the 8-(methoxycarbonyl)-1-naphthoic acid {1,8-naph(CO2Me)(CO�

2 )}, the
monoanion of the 8-(ethoxycarbonyl)-1-naphthoic acid {1,8-naph(CO2Et)(CO�

2 )}, acetate
(MeCO�

2 ), and the monoanion of the 2,6-dihydroxy benzoic acid {(HO)2PhCO�
2 }, respectively.

The magnetic properties of 3–5 are discussed; 1 and 2 contain two different [Mn6] molecules in
their asymmetric units and thus were not measured.

Scheme 1. Ligands discussed in the text.

3974 A. Perivolaris et al.

D
ow

nl
oa

de
d 

by
 [

In
st

itu
te

 O
f 

A
tm

os
ph

er
ic

 P
hy

si
cs

] 
at

 1
5:

31
 0

9 
D

ec
em

be
r 

20
14

 



2. Experimental

2.1. General and physical measurements

All manipulations were performed under aerobic conditions using materials as received.
CAUTION! Although no problems were encountered in this work, care should be taken
when using the potentially explosive perchlorate anion. Substituted salicylaldoximes were
synthesized following known procedures [71]. Variable temperature, solid-state direct cur-
rent (DC) down to 5 K and alternating current (AC) in the 2–8 K range, magnetic suscepti-
bility and magnetization data in the ranges 0.5–7 T and 2–7 K were collected on a
Quantum Design MPMS-XL SQUID magnetometer equipped with a 7 T DC magnet.
Diamagnetic corrections were applied to the observed paramagnetic susceptibilities using
Pascal’s constants. Microanalyses (C, H, and N) were performed with an EA 1108 Carlo
Erba analyzer. IR spectra were recorded on a Shimadzu FT/IR IRAffinity-1 spectrometer
with samples prepared as KBr pellets.

2.2. Compound preparation

2.2.1. Synthesis of [Mn6O2(sao)6(HOsal)2(EtOH)4]·EtOH (1·EtOH). Mn(AcO)2·4H2O
(98 mg, 0.4 mM), saoH2 (55 mg, 0.4 mM), and LiOH·H2O (16.5 mg, 0.4 mM) were stirred
in 25 mL of EtOH for 30 min to afford a dark green solution. Solid HOsalH (55 mg,
0.4 mM) was added and the solution was stirred for one more hour. After filtration, the
solution was left to evaporate for 4 days to afford dark green X-ray quality crystals of
1·EtOH. The crystals were isolated by vacuum filtration, washed with Et2O (2 × 5 mL),
and dried under vacuum for several days. Yield 42% (based on Mn). Anal. Calcd for
[Mn6O2(sao)6(HOsal)2(EtOH)4] (C64H64Mn6N6O24): C, 47.13; H, 3.96; N, and 5.15. Found:
C, 47.21; H, 4.01; N, and 5.17. IR (KBr pellets, cm−1): 1693 m, 1616 w, 1591 sh, 1581 sh,
1536 m, 1467 w, 1455 w, 1436 s, 1378 m, 1322 w, 1282 s, 1247 w, 1197 w, 1154 w, 1121
w, 1041 sh, 1025 sh, 915 sh, 859 w, 822 w, 804 w, 755 s, 678 s, 649 m, and 554 wbr.

2.2.2. Synthesis of [Mn6O2(sao)6{1,8-naph(CO2Me)(CO2)}2(MeOH)6]·3MeOH (2·3MeOH).
Mn(ClO4)2·6H2O (144.7 mg, 0.4 mM) and saoH2 (55 mg, 0.4 mM) were stirred in 15 mL of
MeOH for 10 min to afford a colorless solution. To this solution, 10 mL of an orange metha-
nolic solution of 1,8-naph(C2O3) (79 mg, 0.4 mM) and LiOH·H2O (33 mg, 0.8 mM) were
added to afford a dark green solution. This solution was stirred for 30 min, filtered, and left to
stand for 4 days to afford dark green X-ray quality crystals of 2·3MeOH. The crystals were
isolated by vacuum filtration, washed with Et2O (2 × 5 mL), and dried under vacuum for sev-
eral days. Yield 48% (based on Mn). Anal. Calcd for [Mn6O2(sao)6{1,8-naph(CO2Me)
(CO2)}2(MeOH)6] (C74H72Mn6N6O28): C, 48.75; H, 3.98; and N, 4.61. Found: C, 48.82; H,
3.90; and N, 4.58. IR (KBr pellets, cm−1): 1679 m, 1593 s, 1579 m, 1540 m, 1536 m,
1469 m, 1437 s, 1410 w, 1357 w, 1326 w, 1284 sh, 1200 m, 1147 w, 1121 w, 1044 s, 1026 s,
917 sh, 754 w, 749 w, 731 w, 680 s, 650 m, 418 w, and 405 w.

2.2.3. Synthesis of [Mn6O2(naphthsao)6{1,8-naph(CO2Et)(CO2)}2(EtOH)6]·2MeOH
(3·2MeOH). Mn(ClO4)2·6H2O (144.7 mg, 0.4 mM) and naphthsaoH2 (75 mg, 0.4 mM)
were stirred in 20 mL of EtOH for 10 min to form a colorless solution. To this solution,
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15 mL of an orange methanolic solution of 1,8-naph(C2O3) (79 mg, 0.4 mM) and LiOH·H2O
(33 mg, 0.8 mM) were added to afford a dark green solution. This solution was stirred for 30
min, filtered, and left to stand for 4 days to afford dark green X-ray quality crystals of
3·2MeOH. The crystals were isolated by vacuum filtration, washed with Et2O (2 × 5 mL),
and dried under vacuum for several days. Yield 50% (based on Mn). Anal. Calcd for
[Mn6O2(naphthsao)6{1,8-naph(CO2Et)(CO2)}2(EtOH)6] (C106H100Mn6N6O28): C, 56.95; H,
4.51; and N, 3.76. Found: C, 57.00; H, 4.42; and N, 3.78. IR (KBr pellets, cm−1): 1708 w,
1694 wsh, 1689 w, 1647 w, 1610 sh, 1589 sh, 1570 w, 1525 s, 1502 m, 1448 w, 1423 sh,
1397 w, 1377 w, 1350 w, 1325 m, 1289 m, 1242 w, 1187 m, 1160 w, 1142 w, 1089 w, 1047
s, 1027 m, 957 s, 820 m, 789 w, 774 w, 745 w, 663 s, 576 wbr, and 517 w.

2.2.4. Synthesis of [Mn6O2(naphthsao)6(MeCO2)2(EtOH)4]·2H2O (4·2H2O). Mn
(AcO)2

.4H2O (98 mg, 0.4 mM), naphthsaoH2 (75 mg, 0.4 mM), and HOsalH (55 mg,
0.4 mM) were stirred in 25 mL of EtOH for 1 h and the solution became dark green. Et3N
1 M in EtOH (0.4 mL, 0.4 mM) was added and the solution was stirred for one more hour,
filtered, and left to stand for 4 days to afford dark green X-ray quality crystals of 4·2H2O.
The crystals were isolated by vacuum filtration, washed with Et2O (2 × 5 mL), and dried
under vacuum for several days. Yield 47% (based on Mn). Anal. Calcd for [Mn6O2(naph-
thsao)6(MeCO2)2(EtOH)4] (C78H72Mn6N6O22): C, 52.78; H, 4.09; and N, 4.73. Found: C,
52.82; H, 3.99; and N, 4.78. IR (KBr pellets, cm−1): 1613 sh, 1588 sh, 1568 m, 1528 s,
1506 w, 1450 m, 1421 s, 1380 m, 1325 s, 1288 s, 1243 m, 1187 m, 1141 w, 1090 w, 1045
s, 1026 s, 955 s, 818 m, 794 w, 765 w, 739 w, 666 sh, 519 w, 495 w, and 419 w.

2.2.5. Synthesis of [Mn6O2(naphthsao)6{(HO)2PhCO2}2(EtOH)4]·4EtOH (5·4EtOH).
Mn(NO3)2·4H2O (100 mg, 0.4 mM), napthsaoH2 (75 mg, 0.4 mM), and LiOH·H2O
(33 mg, 0.8 mM) were stirred in 25 mL of EtOH for 1 h during which the solution became
dark green. Solid (HO)2PhCO2H was added and the solution was further stirred for 30 min,
filtered and left to stand for 5 days to afford dark green X-ray quality crystals of 5·4EtOH.
The crystals were isolated by vacuum filtration, washed with Et2O (2 × 5 mL), and dried
under vacuum for several days. Yield 50% (based on Mn). Anal. Calcd for [Mn6O2(naph-
thsao)6{(HO)2PhCO2}2(EtOH)4] (C88H76Mn6N6O26): C, 53.84; H, 3.90; and N, 4.28.
Found: C, 53.98; H, 3.81; and N, 4.35. IR (KBr pellets, cm-1): 1690 w, 1635 s, 1611 sh,
1587 s, 1574 s, 1527 s, 1503 m, 1446 m, 1423 sh, 1389 s, 1326 s, 1289 s, 1244 sh,
1219 m, 1188 sh, 1159 w, 1143 w, 1091 w, 1051 s, 1028 sh, 956 s, 884 w, 824 s, 791 w,
765 w, 745 w, 664 s, 598 w, 530 w, 521 w, 499 w, 456 w, and 424 w.

2.3. Single-crystal X-ray crystallography

The data collection for the single crystals of the compounds were carried out at −180 °C
(for 1–3), −100 °C (for 4), and at room temperature (for 5) using Mo Kα radiation
(λ = 0.71073 Å) for 1–3 and 5 and Cu Kα radiation (λ = 1.54187 Å) for 1 on a Rigaku
Saturn70 diffractometer (for 1–4) and on a Bruker SMART Apex-II diffractometer (for 5).
Complete crystal data and parameters for data collection and processing are reported in
table 2. The structures were solved by direct methods using SIR2004 [72] (for 1, 3, and 4),
SIR97 [73] (for 2), and SHELXS-97 [74] (for 5), and refined by full-matrix least-squares
techniques on F2 with SHELXL-97 [75].
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3. Results and discussion

3.1. Brief synthetic comments

Complexes 1–5 were prepared by reaction of an alcoholic solution of saoH2 or naphthsaoH2

with an appropriate Mn(II) salt in the presence of the corresponding auxiliary carboxylic
acid (salicylic acid or 2,6-dihydroxy salicylic acid) or the anhydride of naphthalene-
1,8-dicarboxylic acid. Upon addition of a base (Et3N or LiOH·H2O) the Mn(II) is readily
aerially oxidized to Mn(III) and the corresponding [Mn6] precipitates in the form of well-
shaped dark green single crystals after several days in moderate–good yields. Since we did
not manage to change the identity of the [Mn6] clusters, we attempted to add an excess of
the corresponding base. In some of these experiments, we isolated the known [MnIII4MnI-
V
2O2(Rsao)6(RO)4(ROH)2] [10] as confirmed by IR spectroscopy and, in some cases, by

single-crystal X-ray crystallography.

Figure 1. The [MnIII6(μ3-O)2(μ3-Rsao)2(μ2-Rsao)4(μ2-RCO2)2(ROH)4] core found in 1, 4, and 5. All hydrogens
and several carbons and oxygens have been removed for clarity. Color code: Mn green, O red, N blue, C gray (see
http://dx.doi.org/10.1080/00958972.2014.974583 for color version).
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3.2. Description of structures

Complexes 1, 2, and 4 crystallize in the triclinic space group P-1, 3 in the monoclinic space
group P2/n, and 5 in the rhombohedral space group R-3. Complexes 1–5 display similar
molecular structures, and therefore a general description of all crystal structures will follow,
emphasizing the similarities and differences between them. The unit cells of 1 and 2 com-
prise two crystallographically independent [Mn6] cages ([Mn6]A and [Mn6]B) albeit being
structurally similar in their coordination geometries (i.e. possesses the same coordination
modes of the ligands and the same coordination environments around MnIII). The main
building blocks in all complexes are two oxo-centered [MnIII3(μ3-Ο)]

7+ triangular units
linked via two oximate oxygens from two η1 : η1 : η2 : μ3-Rsao

2− ligands (in 1, 2, 4, and 5)
or two oximate oxygens from two η1 : η1 : η2 : μ3 Rsao2− ligands, and two phenolate oxy-
gens from two η2 : η1 : η1 : μ3-Rsao

2− ligands (in 3). The peripheral ligation around the
[MnIII3(μ3-Ο)]

7+ units is completed by two or one η1 : η1 :η1 : μ2 Rsao
2− ligands in 1, 2, 4,

5, and 3, respectively. Therefore, two distinct cores, [MnIII6(μ3-O)2(μ3-Rsao)2(μ2-Rsao)4]
2+

and [MnIII6(μ3-O)2(μ3-Rsao)4(μ2-Rsao)2]
2+, are found in 1, 2, 4, 5, and 3, respectively.

Complexes 1, 2, 4, and 5 comprise four MnIII ions in axially elongated distorted octahedral
environments and two MnIII ions in axially elongated distorted square-pyramidal environ-
ments, while in 3 all MnIII ions are in axially elongated distorted octahedral environments.
Two capping syn,syn η1 : η1 : μ2 carboxylates and four terminal alcohol molecules (MeOH
or EtOH) complete the coordination spheres around MnIII in 1, 4, and 5, while the coordi-
nation environment around MnIII in 2 and 3 is completed by two terminal carboxylates and

Figure 2. The [MnIII6(μ3-O)2(μ3-Rsao)2(μ2-Rsao)4(RCO2)2(ROH)6] core found in 2. All hydrogens and several
carbons and oxygens have been removed for clarity. Color code: Mn green, O red, N blue, C gray (see http://dx.
doi.org/10.1080/00958972.2014.974583 for color version).
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six alcohol molecules (MeOH or EtOH). As a consequence we recognize three different
metal cores, shown in figure 1 (for 1, 4, and 5), figure 2 (for 2), and figure 3 (for 3). All
MnIII ions display Jahn–Teller (JT) elongation with the carboxylate, the alcoholic, the bridg-
ing oximate, and the bridging phenolate O atoms occupying the axial positions (i.e. being
on the JT axes). In this arrangement, the JT axes are approximately co-parallel, and perpen-
dicular to the [Mn3] plane in each [Mn6]. Each [MnIII3(μ3-Ο)]

7+ triangular unit is essentially
equilateral, with the distances between Mn ions being within the 3.158–3.276 Å range. The
central μ3-O

2− ion deviates from the Mn3 plane by 0.196 Å and 0.225 Å (in 1), 0.082 Å
and 0.093 Å (in 2), 0.076 Å (in 3), 0.226 Å (in 4), and 0.178 Å (in 5). The Mn–N–O–Mn
torsion angles for 1 are 11.81°, 21.41°, and 37.42° (for [Mn6]A), 3.64°, 21.32°, and 28.24°
(for [Mn6]B); for 2 are 19.69°, 20.84°, and 29.53° (for [Mn6]A), 17.38°, 23.43°, and 32.42°

Figure 3. The [MnIII6(μ3-O)2(μ3-Rsao)4(μ2-Rsao)2(RCO2)2(ROH)6] core found in 3. All hydrogens and several
carbons and oxygens have been removed for clarity. Color code: Mn green, O red, N blue, C gray (see http://dx.
doi.org/10.1080/00958972.2014.974583 for color version).
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(for [Mn6]B); for 3 are 31.39°, 31.64°, and 43.36°; for 4 are 3.81°, 18.62°, and 20.49° and
for 5 are 8.18°, 22.57°, and 31.77°.

3.3. Magnetic properties

DC magnetic susceptibility studies were carried out on powdered crystalline samples of 3–5
from 5 to 275 K in a field of 0.1 T. The χMT versus T data for 3, 4, and 5 are plotted in fig-
ure 4. Complexes 1 and 2 were not measured since they comprise two crystallographically
independent [Mn6] moieties in their unit cells. The χMT values for 4 and 5 at 275 K are
14.77 and 16.12 cm3 K mol−1, respectively, and are lower than the expected spin-only
(g = 2) value for six non-interacting MnIII centers of 18 cm3 K mol−1, suggesting the pres-
ence of dominant antiferromagnetic exchange. The χMT value for 3 at 275 K is
18.71 cm3 K mol−1 and is higher than the expected spin-only value for six non-interacting
MnIII centers, suggesting the presence of dominant ferromagnetic exchange. The χMT value
for 3 increases gradually as temperature is decreased until approximately 7.5 K reaching a
value of 42.94 cm3 K mol−1 and then decreases to a value of 41.92 cm3 K mol−1 at 5 K.
The χMT value for 4 decreases gradually as temperature is decreased until approximately
30 K reaching a value of 7.76 cm3 K mol−1 and then increases to a value of
9.98 cm3 K mol−1 at 5 K. The χMT value for 5 decreases gradually as temperature is
decreased reaching a value of 7.81 cm3 K mol−1 at 5 K.

Ĥex ¼ �2J Ŝ1Ŝ2 þ Ŝ1Ŝ3 þ Ŝ2Ŝ3 þ Ŝ2Ŝ5 þ Ŝ2Ŝ6 þ Ŝ3Ŝ5 þ Ŝ4Ŝ5 þ Ŝ4Ŝ6 þ Ŝ5Ŝ6
� �

(1)

Ĥex ¼ �2J1 Ŝ1Ŝ2 þ Ŝ1Ŝ3 þ Ŝ4Ŝ5 þ Ŝ4Ŝ6
� �� 2J2 Ŝ2Ŝ3 þ Ŝ5Ŝ6

� �� 2J3 Ŝ2Ŝ5 þ Ŝ2Ŝ6 þ Ŝ3Ŝ5
� �

(2)

Ĥex ¼ �2J1 Ŝ1Ŝ2 þ Ŝ2Ŝ3 þ Ŝ2Ŝ5 þ Ŝ2Ŝ6 þ Ŝ3Ŝ5 þ Ŝ4Ŝ5 þ Ŝ5Ŝ6
� �� 2J2 Ŝ1Ŝ3 þ Ŝ4Ŝ6

� �
(3)

Figure 4. χMT vs. T plots for 3 (○), 4 (Δ), and 5 (□). The solid lines represent the best fit of the experimental
data – see text for details.
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Considering the structural data and the number of significantly different Mn–N–O–Mn tor-
sion angles within the [Mn3] units of each [Mn6] a 1-J, a 3-J, and a 2-J model (scheme 2)
were utilized to fit the experimental data for 3, 4, and 5, respectively. The experimental data
were satisfactorily fitted using the program PHI [76] and employing the spin Hamiltonian in
equations (1)–(3) for 3, 4, and 5, respectively. The best fits (red lines in figure 4) gave the fol-
lowing parameters for 3 (down to 10 K), 4 and 5 (down to 10 K), respectively: g = 1.98,
J = +0.98 cm−1, and zJ = −0.02 cm−1; g = 2.00 (fixed), J1 = −6.79 cm−1, J2 = −1.41 cm−1,
and J3 = +1.17 cm−1; g = 1.98, J1 = +0.50 cm−1, and J2 = −8.02 cm−1 (where zJ describes
the intermolecular interactions in a mean field approximation), figure 5. For 3 this results in a
spin ground state S = 12, with the first excited state (S = 11) located ~4.7 cm−1 above the
ground state; for 4 and 5 the spin ground state is S = 4, with the first excited state (S = 3)
located ~15 cm−1 and ~4 cm−1, respectively, above the ground state (figure 5).

Figure 5. Plot of energy vs. total spin (S) state for 3–5. The ground state for 3 is an S = 12 state and for 4 and 5,
an S = 4 state. In each case a band of low-lying excited states lies in close proximity to the ground state.

S1

S2 S3

S4

S5S6

JJ

J

J

J

JJ

JJ

Complex 3 

S1

S2 S3

S4

S5S6

J1 J1

J2

J3

J2

J3J3

J1 J1

Complex 4 

S1

S2 S3

S4

S5S6

J1 J2

J1

J1

J1

J1J1

J2 J1

Complex 5 

Scheme 2. Schematic detailing the models employed to fit the experimental data for 3, 4, and 5, respectively.
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Magnetization data were collected from 0.5 to 7 T and 2.0–7.0 K to further determine the
nature of the spin ground state for the complexes. The plots of the magnetization (M/NμB)
versus applied field (H) for 3, 4, and 5 are shown in figures S1–S3 (see online supplemental
material at http://dx.doi.org/10.1080/00958972.2014.974583). The data could not be success-
fully fitted using a simple model that assumes only population of the ground state, as
expected from the analysis of the DC data above. The reason, as with most members of this
family [15], is the presence of multiple low-lying excited states resulting from the weak intra-
molecular exchange. In the weak exchange limit (J ≈ dion), the Giant Spin Approximation

Figure 6. Plots of χM′ (top) and χM″ (bottom) vs. T for 4 at the indicated temperature and frequency ranges. Inset:
Arrhenius plot constructed from the χM″ data to afford τ0 = 3.82 × 10−8 s and Ueff = 30 K.

A family of hexanuclear 3983

D
ow

nl
oa

de
d 

by
 [

In
st

itu
te

 O
f 

A
tm

os
ph

er
ic

 P
hy

si
cs

] 
at

 1
5:

31
 0

9 
D

ec
em

be
r 

20
14

 

http://dx.doi.org/10.1080/00958972.2014.974583


breaks down and a more detailed multi-spin Hamiltonian approach, as reported previously
[15, 77–79], is required. Such an analysis, however, is beyond the scope of the current paper.

AC susceptibility measurements are performed in the 2–8 K range in zero applied DC
field and a 3.5 G AC field oscillating at 50–1000 Hz for 3 (figure S4), 4 (figure 6), and 5
(figure S5). A cusp in the real component χM′ is accompanied by a non-zero imaginary
component χM″ at ~6 K for 3 and ~4 K for 4 and 5. The maxima for all complexes are
strongly frequency dependent, suggesting super-paramagnetic blocking of the magnetiza-
tion. Arrhenius plots (inset in figure 6 for 4) constructed from the χM″ data afforded
τ0 = 2.52 × 10−11 s and Ueff = 74 K (51.40 cm−1) for 3, τ0 = 3.82 × 10−8 s and Ueff = 30 K
(20.77 cm−1) for 4, and τ0 = 1.44 × 10−8 s and Ueff = 28 K (19.19 cm−1) for 5, consistent
with that observed for structurally analogous family members.

4. Conclusion

Our adventures in employing salicylic acid, 2,6-dihydroxy benzoic acid, and naphthalene-
1,8-dicarboxylic acid in Mn(III) salicylaldoximate chemistry have afforded a family of five
hexanuclear clusters that are similar to the many [Mn6]s obtained so far – single-crystal
X-ray crystallography revealing three different metal cores for the five complexes. Magnetic
characterization for 3, 4, and 5 indicated spin ground states of S = 12 for 3 and S = 4 for 4
and 5. Frequency dependent AC susceptibility signals suggest super-paramagnetic blocking
of the magnetization for all complexes with Ueff values of 73.98 K (3), 29.9 K (4), and
27.63 K (5).

Supplementary material

CIF files of complexes 1–5 and figures.
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