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The linear-type heterometallic tetramers, [Mn'"y(5-MeOsaltmen),M",(L),](CFzSQ3),-2H,0 (M" = Cu, 1a; Ni, 2a),
where 5-MeOsaltmen?~ = N,N'-(1,1,2,2-tetramethylethylene) bis(5-methoxysalicylideneiminate), and HoL = 3-{2-
[(2-hydroxy-benzylidene)-amino]-2-methyl-propylimino} -butan-2-one oxime, have been synthesized and characterized
from structural and magnetic points of view. These two compounds are isostructural and crystallize in the same
monoclinic P2;/n space group. The structure has a [M"-NO-Mn"—(0),—Mn""'-ON-M"] skeleton, where —=NO—is a
linking oximato group derived from the non-symmetrical Schiff-base complex [M"(L)] and —(O),— is a biphenolato
bridge in the out-of-plane [Mn,(5-MeOsaltmen),]?* dimer. The solvent-free compounds, 1b and 2b, have also been
prepared by drying of the parent compounds, 1a and 2a, respectively, at 100 °C under dried nitrogen. After this
treatment, the crystallinity is preserved, and 1b and 2b crystallize in a monoclinic P2;/c space group without significant
changes in their structures in comparison to la and 2a. Magnetic measurements on la and 1b revealed
antiferromagnetic Mn"'-+-Cu" interactions via the oximato group and weak ferromagnetic Mn"-+-Mn"" interactions
via the biphenolato bridge leading to an Sy = 3 ground state. On the other hand, the diamagnetic nature of the
square planar Ni'" center generates an Sr = 4 ground state for 2a and 2b. At low temperature, these solvated (a)
and desolvated (b) compounds display single-molecule magnet behavior modulated by their spin ground state.

Introduction The SMM property can be controlled by intrinsic properties

In recent years, the design of molecular superparamagnetsOf |nd|V|.du§1I molgcule, that is, high spin ground sta%)(
called single-molecule magnets (SMNI$)as been an at- and uniaxial anisotropy (large negatii@ and smallE

e il . R
tractive research subject in the field of molecular magnetism. considering the Hamiltonian anisotropy tetn= DSr,” +
E(Sr? — Siy?)), that create a finite energy barrigx)(between
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achieved by chemical modification of the core structure of
a known SMM to control its magnetic behavior and to

evaluate the influence of the different chemical components.
A few noteworthy examples, using this strategy, have been

reported so far. Christou and Hendrickson et al. have been

able to tune the magnetic properties and, especially, the
energy barrier 4) in a redox series of Mp SMMs by
electrochemical modification of a neutral parent ¥n
complex, [Mn0:5(0O2R)16(H20)4] (Sr = 10), to a one-
electron reduced form, [MBO12(O2R)16(H20)4] ~ (Sr = 19/

2), and a two-electron reduced form, [MD1{O:R)16(H20)4]%~

(Sr = 10) (O.R = carboxylato). They found that the energy

barrier of these redox compounds changed dramatically upon

their oxidation state’ Apin,° > Amny > Amnggz-2 They also
characterized two JahiTeller isomers of [MpO12(O,CCH,-
BuY)16(H20)4]+(S) that exhibit different SMM properties
modulated by the interstitial solvents3&nother example
was given by Awaga et al. who succeeded in substituting
one Mrd" center of a Mm, cluster with a CF ion,
[Mn110f012(02CC|‘|3)15(H20)4]'2CH3C()2H'4H20. This new
complex exhibits SMM properties but is clearly different
from the original Mn, SMM cluster?

Recently, our group has reported two Mgealen-type out-
of-plane dimeric complexes decorated by an organic radical,
N,N'-dicyano-1,4-naphthoquinonediiminate (DCNRXQIwith
different interstitial solvents, [Mi{5-MeOsaltmeny
(DCNNQI),]*(S) (with 5-MeOsaltmetr = N,N'-(1,1,2,2-
tetramethylethylene) bis(5-MeOsalicylideneiminate) and S
= MeOH or 2CHCI,*2CH;CN; Chart 1af. The magnetic

properties of these compounds are strongly dependent on

their crystal packing. Indeed, while the complex with=S
MeOH is a SMM with anSy = 3 ground state, the complex
with S= 2CH,Cl,:2CH;CN possesses a diamagnetic ground
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[Mn"5(5-MeOsaltmen);M"5(L)o)(CF3S03)2-2H,0 (M! = Cu, 1; Ni, 2)

a coordination-donor character (coordination-donor building

state because of a strong antiferromagnetic coupling bet\Neer‘b|0Ck) like [Ni(pao)(bpy)]* (pac™ = pyridine-2-aldoximate,

the Mn" centers through space and through the (DCNNQI)
diamagnetic dimers. Thus, an important part of our research
activity has been devoted to the synthesis and chemical
tuning of a SMM series built on the Mhsaltmen out-of-
plane dimeric complexes, [M(b-RsaltmenyL),]"",° where

L is an axially coordinating organic or inorganic ligand like
DCNNQI in the above example (Chart 1a) or a complex with

(2) (a) Eppley, H. J.; Tsai, H.-L.; Vries, N.; Folting, K.; Christou, G.;
Hendrickson, D. NJ. Am. Chem. S0d.995 117, 301. (b) Aubin, S.
M. J.; Sun, Z.; Pardi, L.; Krzystek, J.; Folting, K.; Brunel, L.-C.;
Rheingold, A. L.; Christou, G.; Hendrickson, D. Morg. Chem1999
38, 5329. (c) Soler, M.; Chandra, S. K.; Ruiz, D.; Davidson, E. R.;
Hendrickson, D. N.; Christou, @hem. Commur200Q 2417. (d)
Soler, M.; Chandra, S. K.; Ruiz, D.; Huffman, J. C.; Hendrickson, D.
N.; Christou, G.Polyhedron2001, 20, 1279. (e) Soler, M.; Werns-
dorfer, W.; Abboud, K. A.; Hendrickson, D. N.; Christou, G.
Polyhedron2003 22, 1777. (f) Kuroda-Sowa, T.; Nogami, T.; Konaka,
H.; Maekawa, M.; Munakata, M.; Miyasaka, H.; Yamashita, M.
Polyhedron2003 22, 1795. (g) Soler, M.; Wernsdorfer, W.; Abboud,
K. A.; Huffman, J. C.; Davidson, E. R.; Hendrickson, D. N.; Christou,
G.J. Am. Chem. So@003 125 3576.

(3) Soler, M.; Wernsdorfer, W.; Sun, Z.; Huffman, J. C.; Hendrickson,
D. N.; Christou, G.Chem. Commur2003 21, 2672.

(4) Hachisuka, H.; Awaga, K.; Yokoyama, T.; Kubo, T.; Goto, T.; Nojiri,
H. Phys. Re. B 2004 70, 104427.

(5) Kachi-Terajima, C.; Miyasaka, H.; Sugiura, K.-i.;"@&e, R.; Nojiri,
H. Inorg. Chem.2006 45, 4381.

(6) Miyasaka, H.; Cleac, R.; Wernsdorfer, W.; Lecren, L.; Bonhomme,
C.; Sugiura, K.-i.; Yamashita, MAngew. Chem., Int. EQ004 43,
2801.
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bpy = 2,2-bipyridine) (Chart 1b). In this vein, our research
strategy has been oriented toward the use of monodentate
coordination-donor building blocks (ML) to form linear-type
[Mny(5-Rsaltmen)yML),]"" tetranuclear complexes with a
[M—Mn""—Mn"'—M] metal arrangement. Interestingly, this
approach allows to fine-tune of the magnetic properties
(and the possible SMM behavior) of the resulting complexes,
and in particular, to control the change of their spin ground
state depending on the nature of the ML group. A series of
linear-type tetranuclear compounds, [¥BrRsaltmerny Ni-
(pao)(bpy}}2](ClO4)4 (R = H, CI, Br, MeO), have already
been obtained using [Ni(pao)(bpy) (Chart 1b)” Unfortu-
nately, these compounds, which posses&an 2 ground
state, are not SMMs above 1.8 K.

In the present work, we focus on coordination-donor
building blocks based on {-[(2-hydroxo-benzylidene)-
amino]-2-methyl-propyliminy-butan-2-one oximato ().
Costes et al. was the first to report on this type of complexes
(with M = CU') that act as bidentate units when assembled
with lanthanide metal ions (iru-phenolato- u-oximato
fashion)® We show that this type of building block can also

(7) Miyasaka, H.; Nezu, T.; Sugimoto, K.; Sugiura, K.-i.; Yamashita, M.;
Clérac, R.Inorg. Chem.2004 43, 5486.
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act as a monodentate coordinating unit using only the [Mn(5-MeOsaltmen}Niy(L)2J(CF3SO3), (2b). Compound2b
oximato coordination-donor site when assembled tofMn was obtained with the same experimental procedurébasThe

(5-Rsaltmen)?* cations. With M = Cu' and NI', iso- total mass loss is 1.83% (calcd 1.92%). Anal. Calcd f@HgN1001
structural linear-type tetranuclear compounds, @  NizFeMn2S; C,49.69;H, 4.94; N, 7.62. Found: C, 49.47; H, 4.85;
MeOsaltmen;)\/l2(L)2](CF38Q:,)2-2H20 (M = Cu (1a), Ni N, 7.61. IR (CfTTl) (KBr): »(C=N) 1614, 1601y(CFRSG;7) 1277,

1229, 1032, 638.

Physical Measurementsinfrared spectra were measured on KBr
disks with a Shimadzu FT-IR-8600 spectrophotometer. Thermo-
gravimetric (TG) analysis and differential thermal analysis (DTA)
for preparinglb and2b were carried out using a RIGAKU Thermo

(2d)) (Chart 1c), have been synthesized and their desolvated
compoundsXb and2b) have also been prepared by drying
la and 2a at 100°C. These compounds have a common
[M"—=NO—Mn""—(Op).—Mn"'—ON—M"] bridging skeleton.
Dependlng_on the spin state of thél hon (SC“_: 12,5 = Plus TG-8120 apparatus with a heating/cooling rate t&€Anin in

0) and on different exchange couplings mediated by the M fioying dried N,. The magnetic susceptibility measurements were
NO—Mn"" and M —(Opr).—Mn"" bridges, the ground state  conducted with the use of a Quantum Design SQUID magnetometer
of 1 (laand1b) and2 (2aand2b) areSr = 3 andSr = 4, (MPMS-XL) in the temperature and dc field ranges of 1.8 to 300
respectively. As we will show, all these compounds exhibit K and—7 to 7 T, respectively; ac measurements were performed
SMM properties that are tuned by the choice of théibhs at various frequencies from 1 to 1488 Hz with ac field amplitude
independently of the presence or absence of interstitial of 3 Oe. Experimental data were corrected for the sample holder

solvents. and for the diamagnetic contribution calculated from Pascal
constantd® The polycrystalline samples were also measured by
Experimental Section restraining in n-eicosane matrix and after correction of this

additional diamagnetic contribution, no significant change in the

General Procedures and MaterialsAll chemicals and solvents . . o
. magnetic behavior has been observed. The magnetizations on a
used during the syntheses were reagent grade. Solvents for syntheses

I ) o Single crystal below 1.8 K were measured with a Quantum Design
of 1a and2a were initially used without specific treatments. The SQUID magnetometer MPMS attachingHe refrigerator (IQUAN-
starting material [Mp(5-MeOsaltmen(H,0),](CFsS0s), was pre- 9 g

pared following the reported meth8dihe complex [Cu(L)] was TUM iHelium3) applying up tot1 T external field. The crystal

. . . : lattice orientation of the used single crystal was first determined
prepared ""C‘FO“"T‘Q 0 _th_e method in the literafuemd [Ni(L)] by X-ray crystallography using a RIGAKU four-axis diffractometer
was synthesized in a similar way.

[Mn (5-MeOsaltmen)Cus(L) JJ(CFS0:)»-2H;0 (1a). An etha- (AFC7R) and CCD dn‘fractome@er (Saturn70), anpl the crystal (0.8
. x 1.8 x 2.0 mn¥) was placed in a SQUID gelatin capsule with
nol solution (40 mL) of [Mn(5-MeOsaltmen(H,0),](CF:S0s), . . . :
. N-Apiezon grease. The single-crystal preoriented by X-ray diffrac-
(0.060 g, 0.050 mmol) was added to an ethanol solution (25 mL) tion can still move in the viscous grease even at 300 K when high
of [Cu(L)] (0.032 g, 0.095 mmol). After the mixture was stirred g g

for 10 min, 10 mL of water was added, and then the mixture was Ifrll?serzrtir:prt)::gd;:rT:tZ:e?rrizntgt}i/or?paléiat: dri'uZte-g ?r: t:sls eas
filtered. The resulting filtrate was left undisturbed for 2 weeks to P ' Y ! y

form dark brown block crystals dfa. Yield: 40% (based on Mn magnetization direction. This orientation was then frozen by
ion). Anal. Calcd for GeH KIOOOCuzF Mn Sz C 48.48 H.5.03: decreasing the temperature below the solidification temperature of
. . 94IN10V~2 6! 2 2- 3 . 3 3 I s

N, 7.44. Found: C, 48.47; H, 4.91; N, 7.26. IR (ch(KBr): 1- the grease. , S
(C=N) 1622, 1601,V(CF35Q37) 1279, 1227, 1030, 638. Crystallography. Slngle Crystals with dimensions of 0.250.25
[Mn 2(5-MeOsaItmen)gCu2(L)2](CF3803)2 (1b) Thermogravi- x 0.15 mn# for 1a, 0.25x 0.25x 0.10 mn3 for 1b, 0.25x 0.25

metric (TG) measurements were performed to prepare the solvent-x 0-20 mnf for 23, and 0.20x 0.20 x 0.10 mn# for 2b were
free sample olain a controlled manner. Crystals b&were heated mounted on a glass rod. Data collections were made on a Rigaku

from room temperature to 10 at a heating rate SC/min, then CCD diffractometer (Saturn70) with a graphite-monochromated Mo
kept for 20 min at 100C, and finally cooled to room temperature K@ radiation § = 0.71070 A). The structures were solved by direct
under flowing dried nitrogen to obtain crystals db. The methods (SIR92} and expanded using Fourier techniques
crystallization solvents (two $¥0 molecules) ofla were removed (DIRDIF99)!2 The non-hydrogen atoms were refined anisotropi-
completely when the temperature was increased up t¢@0The cally. Hydrogen atoms were refined using the riding model. The
total mass loss is 1.45% (calcd 1.91%). Anal. Calcd fgHGN 1O final cycle of full-matrix least-squares refinementsFwas based

CWwFMN,Sy: C, 49.43; H, 4.91: N, 7.58. Found: C,49.44: H,5.00; ON observed reflections and variable parameters and converged with
N, 7.49. IR (cnt?) (KBr): »(C=N) 1622, 1601y(CFsS0;") 1279, unweighted and weighted agreement factors ofRYIIF,| — |FdJI/

1227, 1030, 638. 2 IFol (I > 2.000(1)) and WR2= [FW(Fo* — F?) yw(F?)? V2 (all

[Mn »(5-MeOsaltmen}Nix(L) 2J(CF3S0s)2-2H,0 (2a). The syn- data). A Sheldrick weighting scheme was used. Neutral atom

thetic procedure foPa was almost identical foLa An ethanol/ scattering factors were taken from Cromer and Wéhanomalous
methanol (1:1) solution containing [Ni(L)] was used instead of the dispersion effects were included Racs the valuesAf and Af”
ethanol solution of [Cu(L)]. Yield: 71% (based on Mn ion). Anal.
Calcd for GeHgaN1gO20NiosFsMN,S,: C, 48.74; H, 5.06; N, 7.48. (10) Boudreaux, E. A.; Mulay, L. NTheory and Applications of Molecular
Found: C, 48.58; H, 4.99; N, 7.50. IR (cA) (KBr): »(C=N) ParamagnetismJohn Wiley and Sons: New York, 1976; pp 491
1612, 1601(CRS0y), 1281, 1227, 1030, 638. 495,

(11) SIR92: Altomare, A.; Cascarano, G.; Giacovazzo, C.; Guagliardi, A.;
Burla, M.; Polidori, G.; Camalli, MJ. Appl. Crystallogr.1994 27,

(8) (a) Costes, J. P.; Dahan, F.; Dupuis, A.; Laurent, Né®v J. Chem. 435.
1997 21, 1211. (b) Costes, J. P.; Dahan, F.; Dupuis, A.; Laurent, J. (12) DIRDIF99: Beurskens, P. T.; Admiraal, G.; Beurskens, G.; Bosman,
P.J. Chem. Soc., Dalton Tran$998 1307. (c) Costes, J. P.; Dahan, W. P.; de Gelder, R.; Israel, R.; Smits, J. M. Mhe DIRDIF-99
F.; Dupuis, A.; Laurent, J. Rnorg. Chem200Q 39, 169. (d) Costes, Program SystenTechnical Report of the Crystallography Laboratory;
J. P.; Dahan, F.; Dupuis, Anorg. Chem.200Q 39, 5994. University of Nijmegen: Nijmegen, The Netherlands, 1999.

(9) Miyasaka, H.; Cleac, R.; Ishii, T.; Chang, H.-C.; Kitagawa, S.; (13) Cromer, D. T.; Waber, J. Tnternational Tables for Crystallography
Yamashita, M.J. Chem. Soc., Dalton Trang002 1528. The Kynoch Press: Birmingham, England, 1974; Vol IV, Table 2.2A.
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Table 1. Crystallographic Data fota, 1b, 2a, and2b

Kachi-Terajima et al.

compound la 1b 2a 2b

formula GreHoaN10020CLpFsMN,S, C76H9oN10018CloFeMN2S, Cr6H94N10020Ni2FsMN2S, CreHgoN10018Ni2FeMN2S,
fw 1882.71 1846.68 1873.02 1836.99
cryst syst monoclinic monoclinic monoclinic monoclinic
space group P2:/n (No. 14) P2;/c (No. 14) P2:/n (No. 14) P2:/c (No. 14)
A(Mo Ko (A) 0.71070 0.71070 0.71070 0.71070
a(A) 17.078(7) 16.839(7) 16.853(6) 16.645(9)
b (A) 11.888(4) 12.120(5) 11.904(4) 12.098(6)
c(A) 21.335(9) 20.886(9) 21.360(7) 20.738(11)
B (deg) 113.1168(11) 113.4930(15) 113.1311(11) 112.6685(14)
V (A3) 3984(3) 3909(3) 3941(2) 3853(3)

z 2 2 2 2

T (K) 103+ 1 103+ 1 103+ 1 103+ 1
u(Mo Ka) (cm™1) 9.814 9.967 9.303 9.479

Dearca (g cn3) 1.569 1.569 1.578 1.583

Fooo 1948.00 1908.00 1944.00 1904.00
20max (deg) 62.1 62.0 61.9 62.2

reflns measured 35248 33217 34815 34 568
reflns used 6745 8911 8786 8820
params 577 568 577 568

R1[l > 20(1)]2 0.0698 0.0652 0.0443 0.0537
wR?2 [all datap 0.2016 0.1865 0.1367 0.1421
GOF onF? 1.179 1.060 1.090 1.014

Pmat pmin (€ A7) 2.03~1.24 2.15+1.03 0.91+0.81 1.40+-0.77

aR1 = SIIFo| — |[FIUS|Fol (I > 2.005(1)). PWR2 = [SW(Fo2 — FAZSW(F:2)2 Y2 (all data).

Scheme 1

OMH, —| 2+

S 2CF,S05

=N N=
s
MeO 0 (o] OMe 1
+ ANDS
0 OMe M

A

MeO 0, MeO- 0, (o] OMe
N\, .
_om N N0 2a: EIOH-MeOH-H,0 :_ p .
NN )‘ﬁ N | N
N FIS
OH, Q
Pt
[Mny(5-MeOsaltmen),(Hz0)5](CF3SOs), 2Ly SN ON=
(M" = Cu, Ni) $

were those of Creagh and McAulé&yThe values for the mass

g
=
Meo—do/

1a: EtOH-H,0

_.N\M N ]V\
0/ \';I/
o
N=
'1
O OMe

(M" = Cu (1a), Ni (2a))

j2+

2CF3S05™- 2H,0

[Mno(5-MeOsaltmen),M'5 (L), (CFsS03)p2H,0

attenuation coefficients are those of Creagh and HuBbdill
calculations were performed using the CrystalStructure crystal-
lographic software packadé.The detail of crystallographic data

for 1a, 1b, 2a, and2b are listed in Table 1.

Results and Discussion

SynthesesThe assembly reaction of [M{-MeOsaltmeny)
(H20),](CFsSGy), and [M'(L)] (M = Cu, Ni) in an ethanol/
H,O solution for M' = Cu and an ethanol/methanoy®l
solution for M' = Ni yields large crystals 42 mm) of
heterometallic linear complexes @& and2a, respectively
(Scheme 1). Both compoundsa and 2a contain two
interstitial HLO molecules that are gradually eliminated by

(14) Creagh, D. C.; McAuley, W. J. Imternational Tables for Crystal-
lography, Wilson, A. J. C., Ed.; Kluwer Academic Publishers: Boston,

1992; Vol C, Table 4.2.6.8, pp 21222.

(15) Creagh, D. C.; Hubbell, J. H. Imternational Tables for Crystal-
lography, Wilson, A. J. C., Ed.; Kluwer Academic Publishers: Boston,

1992; Vol C, Table 4.2.4.3, pp 26@06.

(16) CrystalStructure 3.15: Crystal Structure Analysis Packageaku
and Rigaku/MSC9009: The Woodlands, TX, 26@&D02.
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heating and completely removed at 100, followed by
decomposition ofla and2a with the abrupt loss of weight

at around 200C as seen in Figure 1. After the elimination
of the interstitial water molecules and before decomposition,
the desolvated compounds, callHiland2b hereatfter, retain
their crystallinity, and single-crystal X-ray diffraction analysis
can still be performed (vide infra). Therefore, the samples
of 1b and 2b for X-ray crystallography and magnetic
measurements were prepared by the following procedures:
heating crystals ofla and 2a, respectively, from room
temperature to 108C at a heating rate of 8/min, holding

for 20 min at 100°C, and finally cooling to room temperature
under dried nitrogen flow.

Structural Description. Compoundsla and2aand their
desolvated compoundb and2b are quasi-isostructural and
crystallize in the monoclinid2,/n (No. 14) for 1a and2a
and P2;/c (No. 14) for 1b and 2b with very similar cell
dimensions. ORTEP drawings of the cationic partatind
2a are depicted in Figure 2 (ORTEPs &b and 2b are
depicted in Figure S1). Relevant bond distances and angles
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Figure 1. Thermogravimetric (TG) curves dfa (a) and2a (b). The heating rate was ®/min in a dried nitrogen stream.

(a)

(b)

Figure 2. ORTEP drawings of the cationic part d& (a) and2a (b) with thermal ellipsoids at 50% probability. Hydrogen atoms are omitted for clarity.

are summarized in Table 2. All compounds have d{M
NO—Mn"'—(Opp),—Mn""—ON—M"] bridging skeleton with
an inversion center in the midpoint of Mi{Op)>—Mn

moiety (where—NO— is an oximato bridge coming from
the [M(L)] moiety and—(Opp).— is a biphenolato bridge in
the [Mny(5-MeOsaltmen)?* dimeric moiety). This bridging
motif is similar to the previously reported compounds, fMn
(5-Rsaltmen) Ni(pao)(bpy}} 1(ClO4)4 (Chart 1b)’ In the

present four compounds, the"Mnetal ion has a slightly

and 1.877 A for2b. One of the MH' apical positions is

occupied by the phenolato oxygen O(1)* from the neighbor-
ing [Mn(5-MeOsaltmen)] moiety with the following dis-

tances and angles in the bridging core: Mn{Oy(1)*
3.081(2) A forla, 2.858(2) A forlb, 3.1132(14) A for2a,
2.842(2) A for2b; O(1)-Mn(1)—O(1)* = 85.11(113 for
1a, 82.58(9) for 1b, 84.04(5) for 2a, 81.48(8} for 2b; Mn-
(1)—O(1)-Mn(1)* = 94.89(12} for 1a, 97.42(10j for 1b,
95.96(6) for 2a, 98.52(9) for 2b [symmetry operation-x

distorted square planar coordination geometry surrounded+ 2, —y, —z+ 2 for laand2a; —x+ 1, -y, —z+ 1 for 1b
by three nitrogen atoms and one oxygen atoms with bondand 2b]. It is interesting to note that the MrO(1)* bond

distances of M-O(6) = 1.876(3) A forla, 1.872(2) A for
1b, 1.8269(18) A fora, and 1.8244(19) A foRb, and<M—
N>, = 1.963 A for 1a, 1.957 A for1b, 1.861 A for2a,
and 1.859 A for2b. As expected, the oxygen atom O(5) of
the oximato function does not chelate to thé &ite but acts
as a bridging group between thé'ind Mr" ions ina M'—
NO—Mn"" fashion (i.e., the [M(L)] moiety is acting as a
monodentate coordination-donor building block). The “heart”
of these tetranuclear complexes is made of the-{p),—
Mn core that is very similar to those observed in Mn
(saltmen)(H20),](ClO4), and its derivative&%7°17 Each
Mn'"" ion is equatorially surrounded by,®, atoms of the
5-MeOsaltmefr quadridentate Schiff-base ligand with aver-
age bond distances afMn—N>,, = 1.995 A forla, 1.993

A for 1b, 1.989 A for2a, and 1.989 A for2b, and <Mn—
0>, = 1.877 A for1a, 1.876 A for1b, 1.872 A for2a,

distance in the desolvated compounds is significantly shorter
than in the solvated compounds (indeed more than 0.22 A
shorter), and furthermore, the O@AYIn(1)-O(1)* and Mn-
(1)-0O(1)-Mn(1)* angles in the desolvated compounds
become, respectively, smaller and bigger than in the solvated
compounds (consequently, with the removal of the solvent
molecules, the out-of-plane Mndinuclear core is squashed

in the axial direction and slipped in the in-plane direction).
The oximato function of the [ML)] moiety coordinates to
each apical position of the [M(b-MeOsaltmen)?* dimeric
moiety with bond distances and angles of MR{D(5) =
2.104(3) A forla, 2.109(2) A forlb, 2.1093(16) A for2a,
2.123(2) A for2b; and Mn(1}-0O(5)-N(3) = 117.6(2) for

1a, 117.45(18) for 1b, 118.55(13) for 2a, 118.69(16) for

2b. The axial bond distances are significantly longer than
the equatorial ones as expected for semicoordinating ligands
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Table 2. Relevant Bond Distances (A) and Angles (deg) Around the
Coordinated Metal lons fota, 2a, 1b, and2b with the Estimated
Standard Deviations in Parentheses

la 1b 2a 2b
Mn1-01 1.879(3) 1.876(2) 1.8715(19) 1.8765(19)
Mn1-03 1.875(2) 1.876(2) 1.8720(14) 1.878(2)
Mn1—-N1 1.999(3) 2.008(2) 1.9953(17) 1.995(2)
Mn1—N2 1.990(4) 1.977(2) 1.982(2) 1.982(2)
Mn1-05 2.104(3) 2.109(2) 2.1093(16) 2.123(2)
Mn1-012 3.081(2) 2.858(2) 3.1132(14) 2.842(2)
Mn1---Mnl1®  3.7436(8) 3.6157(6) 3.7953(5) 3.6305(6)
M1°—N3 2.006(3) 1.996(3) 1.8993(18) 1.895(3)
M1P—N4 1.938(4) 1.934(2) 1.832(2) 1.833(2)
M1P—N5 1.945(4) 1.942(3) 1.853(2) 1.848(3)
M1P—06 1.876(3) 1.872(2) 1.8269(18) 1.8244(19)
01-Mn1-03 90.12(13)  91.03(10)  90.21(7) 91.31(9)
01-Mnl1-N1 91.72(14) 91.47(10) 91.58(7) 91.71(9)
01-Mn1—-N2 166.60(13) 166.74(11) 166.44(7) 166.65(10)
01-Mn1-05 95.84(14)  95.24(9) 95.57(7) 94.66(9)
01-Mnl1-012 85.11(11) 82.58(9) 84.04(5) 81.48(8)
0O3—Mnl1—-N1 164.01(13) 166.22(12) 163.25(7) 166.18(11)
03—Mn1-N2 92.80(14) 93.38(11) 92.29(7) 92.73(10)
03-Mn1-05 95.66(11) 93.57(10)  96.50(6) 93.98(9)
03—-Mn1-012 72.40(10)  75.39(9) 72.05(5) 75.63(8)
N1-Mn1—-N2 81.95(14) 81.38(11) 82.26(8) 81.48(10)
N1-Mn1-05 99.95(12)  99.69(11)  99.90(6) 99.21(10)
N1-Mnl1-012 91.93(10) 91.50(10) 91.57(5) 91.49(9)
N2—Mn1-05 96.87(14) 96.96(10) 97.38(7) 97.74(9)
N2—Mn1-012 83.32(11) 86.43(9) 84.07(6) 87.21(9)
0O5-Mn1-012 168.04(9) 168.66(8) 168.53(5) 168.76(7)
Mn1-01-Mn12  94.89(12) 97.42(10) 95.96(6) 98.52(9)
Mn1—05—N3 117.6(2) 117.45(18) 118.55(13) 118.69(16)
M1P—N3—-05 126.4(2) 126.1(2) 125.77(13) 125.6(2)
N3—M1b—N4 80.72(16) 81.18(12) 82.93(9) 83.14(12)
N3—M1b—N5 164.13(17) 164.64(10) 168.66(9) 169.06(10)
N3—M1P—06 99.27(15) 98.89(11) 94.44(8) 94.04(11)
N4—M1b—N5 83.51(16) 83.49(12)  85.90(9) 85.97(13)
N4—M1b—06 178.23(13) 177.05(11) 177.37(8) 177.11(13)
N5—M1P—06 96.44(15) 96.39(11) 96.73(8) 96.83(11)

a Symmetry operations—x + 2, —y, —z + 2 for laand2a, —x + 1,
—y, —z + 1 for 1b and2b. ® M1 = Cu for 14, 1b; Ni for 23, 2b.

and Jahnr-Teller distortion of MA' ions. While the MH',
core is sensitive to the loss of the interstitial water molecules,
the M'-=NO—Mn'"" bridges stay almost unchanged. Thus,
the dihedral angle between the equatorial-MNyO, plane
and the average MN3O, plane is almost the same through
all the series: 27.650for 1a, 27.732 for 1b, 28.009 for

2a, and 27.769 for 2b. Therefore, the elimination of the
interstitial solvents influenced almost exclusively the'Mn
dinuclear unit geometry of these complexes.
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Figure 3. Packing diagram ofa showing the projection along treeaxis

(top) and b-axis (bottom), where the red line represents the expected
magnetic easy-axis direction for each molecule. The intermolecular shortest
contact is found in O(4)-C(25)*, displayed as a dashed line (see text).

All these tetranuclear complexes possess a very similar
packing arrangement. Therefofeg is shown in Figure 3 as
a representative illustration. The molecules lie in the (1, O,
—1) plane forla (Figure 3a) an®a and the (1, O, 0) plane
for 1b (Figure S2) and2b, forming a pseudolayer that
alternates with the GBS0;~ anion layers along the-axis
(note that forla and 2a, interstitial water molecules are
joining the counteranion layer as shown in Figure 3b, where
the water molecules (O(10)) form a hydrogen bond with one
of the oxygen atoms of GBO;~ at 2.970(7) A forla and
2.940(3) A for2a). Within the cationic layer, two molecular
orientations of the tetranuclear complex are found with an
angle of 68 (Figure 3a). It is worth noting that there is no
significant direct contact between complexes such as hy-
drogen bonding arr—s stacking between the molecules, but
the closest intermolecular distance located between O(4) of
the 5-MeOsaltment ligand and C(25)* of the [M(L)]
moiety positioned in{x + 2, -y + 1, —z + 2) for laand
2aand (x + 1, -y + 1, —z + 1) for 1b and 2b are
relatively short with 3.239(5) A foda, 3.239(4) A forib,
3.209(2) A for2a, and 3.210(4) A fo2b (dashed black lines
in Figure 3a). The intermolecular nearest metaietal
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Figure 4. (a) Plots ofy T vs T for 2aat 1 kOe. The solid red line represents
best-fit curve obtained with a dinuclear Ma-Mn'"" model (see text). (b)
Energy diagram of the two lowest spin states calculated from the fitting
parameters of thgT vs T data. Note that only the dominant spin contribution
for each state was kept to make this figure.

distance is found between Mnand M' in the bc plane:
7.9265(7) A for 1a (Mn---Cu*), 7.8702(5) A for 1b
(Mn---Cu*), 7.9461(4) A for2a (Mn-++Ni*), and 7.8801(5)
A for 2b (Mn---Ni*) (symmetry operations (*-x + 3/2,y
—1/2,—z+ 3/2 forlaand2a, —x+ 1,y — 1/2,—z+ 1/2
for 1b and 2b). The intermolecular nearest MrAMn*
distance is 9.5943(8) A fata, 9.8717(6) A forlb, 9.6105-
(5) A for 2a, and 9.8854(6) A fo2b (symmetry operations
*) x+2,-y+1,—z+ 2forlaand2a —x+ 1, -y +
1, —z+ 1 for 1b and2b), and the nearest MM* distances
are 9.2064(7) A fofla, 9.1917(4) A forlb, 9.3045(3) A for
2a, and 9.2847(5) A fob (symmetry operations (*yx +
3/2,y— 1/2,—z+ 3/2 forlaand2a;, —x + 1,y + 1/2,—z
+ 1/2 for 1b and2b). Thus, the essential packing arrange-
ments of the tetranuclear complexes are only slightly
influenced by the loss of the water molecules.

Magnetic Susceptibility Analysis of 2a and 2b and
Determination of Their Spin Ground State. Above 200
K, the susceptibility obeys the Curi&Veiss law withC =
5.98 cni K mol™?, = +5.5 K for 2aandC = 5.97 cni K
mol~1, 6 = +9.3 K for 2b. The Curie constants correspond
well to the spin-only value of 6.0 chK mol~* with g= 2.0
expected for two MH ions because of the diamagnetic nature
of the square-planar Nicenters (see structural section). The
«T versusT plots for2aand2b are shown in Figure 4a and

magnetic behaviors d?a and 2b are essentially identical.
The T product, 6.11 crhK mol~? for 2a and 6.16 cri K
mol~! for 2b at 300 K, gradually increases with decreasing
temperature to reach a maximum of 8.703dtmol ! for
2a and 9.28 crih K mol* for 2b at 6.50 K. At lower
temperaturesy T decreases to 7.23 éi mol~* for 2a and
7.96 cn? K mol~! for 2b at 1.82 K. As expected from the
diamagnetic nature of the Nions, this magnetic behavior
is typical for [Mny(saltmen)(L)2]?" dinuclear complexes
exhibiting Mn"---Mn"" ferromagnetic interactiond(in—mn)
and anisotropy (ZFS) induced by Mnion (Dwn).8%%
Therefore, the magnetic susceptibility can be interpreted by
taking into account only a Mt dinuclear unit and using
the spin Hamiltonian

H=— 2‘-]Mn—Mn S\/In,lSVIn,Z + 2DMnS\/In,z2 (l)
where Sun; is the z component of theSyn; spin vectors.
Intercomplex magnetic interactiorJ) was introduced in
the frame of the mean-field approximation to simulate
adequately the experimental datalhe best simulation is
given by a red line in Figure 4a f@&a (in Figure S3 for2b)
with corresponding parameters listed in Table 3. The
magnitude of these parameterdy{-mn, g, and Dy,) is
consistent with the values deduced farand1b (vide infra)
and similar to those reported for related Wrdinuclear
complexe$:°1" The reduction of theJ value after solvent-
elimination is caused by the increase of intermolecular
distances as characteristically seen in the intermolecular
nearest Mr-Mn* distance (see structural part). This trend
can also be found in the case2#and2b (vide infra). From
the obtainedyin—mn andDwn, the energy diagram of the two
lowest states has been calculated as shown in Figure 4b for
2aand2b. Hence, as well as [Miisaltmen)(ReQ)),],® these
compounds possess & = 4 ground state and the first
excited-state witts = 3 that is situated for these compounds
at 1.6 K above in energy (considering the shortest energy
difference betweems levels of the two statesns = +1 for
Sr = 4 andmg = 0 for S= 3). It is worth mentioning that
theSr = 4 ground state possesses a honparabolic shape with
spin admixing induced by both isotropic exchange and uni-
axial anisotropic terms that have the same order of magni-
tude. On the basis of the shape of the ground state seen
Figure 4b, the energy to thermally reverse the spin of this
system is here the difference of energy betwggns = +4)
andE(ms = 1) estimated al\/ks = 21.3 K. In the situation
where Jyn-mn > Dwn, the estimation of the ground state
anisotropy Dst—4) can be easily obtained by the well-known
relation: A = |Ds7|S2 with Dst = 3Dun/7.2° In this limit
and takingDun/ks = —3.6 K, Dst and A would be equal to
—1.5 and 24.7 K. Hence fo2a and 2b, the spin mixing
induces a slight reduction of the energy barrier.

(17) LU, Z.; Yuan, M.; Pan, F.; Gao, S.; Zhang, D.; Zhu,IBorg. Chem.
2006 45, 3538.

The susceptibility was simulated using the MAGPACK package
developed by Clemente-Juan et al: Beridmenar, J. J.; Clemente-
Juan, J. M.; Coronado, E.; Tsukerblat, B.JSComput. Chen2001,
22,985

(18)

Figure S3, respectively. As shown by these figures, the global(19) Boca, RCoord. Chem. Re 2004 248 757.
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Table 3. Magnetic Parameters dfa, 1b, 2a, and2b and Related Compounds Containing the Out-of-Plane Mn(lll) Dimeric Core=(h®n-SMM

above 1.8 Kj
JIvn-m JIMn—Mn zJ Dwmin Dst |Ds7|Sr? 70 At
g (K) (K) (K) (K)® (K)© Sr (K) (sy (K)“ ref

| 2.04(1) —23.7(2) +0.90(5) —0.23(2) ~3 2 ~12 ns ns 7

I 2.04(1) —26.1(2) +0.70(5) —0.20(2) ~3 2 ~12 ns ns 7

1] 2.04(1) —25.1(2) +0.80(5) —0.23(2) ~3 2 ~12 ns ns 7

\ 1.96(2) —24.4(2) +0.40(5) —0.18(2) ~3 2 ~12 ns ns 7

la 1.994(2) —16.0(2) +1.7(1) —0.072(2) —3.6(1) —1.96(1) 3 17.6 this work
1b 2.032(2) —14.7(2) +2.8(1) —0.023(2) —3.0(1) —1.92(1) 3 17.3 this work
Y, 1.95(1) —23.0(5) +2.0(1) —0.23(2) -2.1 3 18.9 5
2a 1.995(5) +1.6(1) —0.031(2) —3.6(2) —1.38(1) 4 22.1 2.5¢ 1077 13.0 this work
2b 2.05(2) +1.6(1) —0.024(2) —3.6(1) —1.52(1) 4 24.3 6.% 1077 10.5 this work
\ 2.00(1) +2.57 ~—0.2 —3.6 —-1.63 4 25.5 8 10°° 16 6
VIl 1.98 +1.94 0 —2.73 —1.48 4 23.7 17
Vil 1.98 +0.86 0 —1.44 —1.42 4 22.7 17 17

al, [Mny(saltmen)Ni(pao)(bpy}](ClO4)z; I, [Mny(5-ClsaltmemNi(pao)(bpy}](ClO4)z; Il , [Mny(5-BrsaltmemNi(pao)(bpy}](ClO4)z; IV, [Mny(5-

MeOsaltmernNi(pao)(bpy}](ClO4)z2; V, [Mnz(5-MeOsaltmenDCNNQI);]-MeOH; VI, [Mny(saltmen)(ReQy),]; VII, [Mny(saltmen)(O.CCHg)]; VI,
[Mny(saltmen)(Ns)]. P The value was obtained by thd simulation taking into account zero-field splitting of single Wiion. For the blank, such a
treatment was not performed in the wofKThe value was obtained by the-MH simulation for theSr speciesd The values were obtained from Arrhenius
equation oft(T) = teexpAer/ksT). For the blank, exact experimental values have not been given in the literature. Compeivdidid not exhibit anyy"
signal above 1.8 K (see ref 7).

Magnetic Susceptibility Analysis of 1la and 1b and
Determination of Their Spin Ground State. For laand1b,
the susceptibility obeys the Curi@Veiss law above 200 K
with C = 6.69 cn? K mol™%, 6§ = —9.1 K, for laandC =
6.83 cnf K mol™%, 6 = —1.2 K, for 1b. The obtained Curie

constants are in good agreement with the expected spin-only

value of 6.75 criK mol~* for two Mn'"" ions and two Cl
ions with an averagg value of 2.0. The negative Weiss con-

stant reveals that the dominant exchange coupling between

the spin carriers is antiferromagnetic. It should be first noted
that the magnetic behavior observed is essentially identical
for both solvatedd) and desolvatedd) materials. The plot of

% T versusT for lais shown in Figure 5a (Figure S4a fbi).

For 1a and 1b, the ¥ T value gradually decreases from 300
K (6.51 cn® K mol~! for 1a, 6.80 cn¥ K mol~* for 1b) to a
minimum at about 22 K (4.78 ¢chK mol~1 for 1a, 5.59 cni

K mol~ for 1b) and then increases to reach a maximum at
7.8 K for 1aand 8.0 K forlb (5.09 cn? K mol for 1a,
5.83 cnt K mol~ for 1b), followed by a decrease to 1.82 K
(3.95 cnf K mol~* for 1a, 4.71 cn? K mol~* for 1b). ThisyT
versusT feature is similar to the one observed for the related
compounds with [Ni=NO—Mn""—(Opp),—Mn"" —ON—-Ni"]”

and [Rad-Mn"'—(Opp).—Mn""—RadP cores. Therefore, as
previously observed, the interactions between thé &hd
Mn"" ions via the—NO— linkage and between the Mrions

via the—(Ogp),— linkage should be strongly antiferromagnet-
ic (Jun-cu) and weakly ferromagnetidin—mn), respectively.
Indeed, the latter contribution is well-known in out-of-plane
[Mny(5-RsaltmenyL),]%?" dimers (L= solvent molecules,
monodentate ligand8f.”-°Thus, the magnetic susceptibility
of la and 1b was simulated using the Heisenberg spin
Hamiltonian for a linear tetramer syste®g, 1— Svn.1—Svn2—
SCu,2 with SCu,l = SCu,2 =1/2 ands\/ln,l = Svm,z =2

H=-— 2‘]Mn—MnS\/In,lsl\/In,Z -

2‘]Cuan(S\/In,lsCu,l—l— SMn,ZSCu,Q) + 2DMnS\/In,z2 (2)
where Dy, is the zero-field splitting (ZFS) parameter of
single MA'" ion andSyn ; is thez component of th&y, spin
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Figure 5. (@) Plots ofy T vs T for 1aat 1 kOe. The solid red line represents
best-fit curve with a tetranuclear €&aMn""' —Mn'"' —Cu' model (see text).

(b) Energy diagram of the two lowest spin states calculated from the fitting
parameters of thgT vs T data. Note that only the dominant spin contribution
for each state was kept to make this figure.

vectors. To obtain satisfactory simulations of the experi-
mental data (red lines in Figure 5a fba and Figure S4a
for 1b), the intertetramer interactiongJ) were taken into
account in the frame of the mean-field approximatidmhe
obtained parameterScy-mn, Jvn—mn, Dwvn, 9, @and zJ, are
listed in Table 3. The antiferromagnetic exchange between
the Mn" and CU ions via the—NO— bridge is consistent
with the previously reported compounds possessing the-Cu
NO—Mn" linkage Jcu-mn/ks &~ —100 K in a Cll—(NO);—
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Mn" bridging form)?° Moreover, the values afyn—vn and (a) 6 prrrrr—————
Dwi fall well in the range of those found in related complexes :
like 2a and2b (vide supra) and in the family of [Misalt- > ] s rm———t (A

men)(L)2]¥?" dimers®®79t is worth noting that the loss of
interstitial solvent in this system seems to have slightly
reduced the local anisotropyDst//ks = 3.6 K— 3 K) and

M/ Ny
[#3]
\

—

increasedyvn—-mn (1.7 K— 2.8 K). This trend is probably ; /‘T ]
associated with the geometrical changes in the" Mcore 2 E ]
of the complexes (vide supra). Considering the found i b E
parametersJcu-mn, Jvn—mn, and Dy, the energy diagrams . ]
of the two lowest states can be calculated as shown in Figure L — T

5b for 1a and Figure S4b folb. From these calculations, 0 05 1 15 2 25 3 35 4

1 ral
bothlaandlb possess aBr = 3 ground state with th& = ATITK

2 first excited-state at 4.4 and 15.8 K above in energy for (b) © e
la and 1b, respectively (considering the shortest energy 5 .--':-3_-'::—‘—:} 6T
difference between thas = 0 levels of theSy = 3 andS= S e 4T ]
2 states). As seen in Fi 5b and di d abovesf 4F 3T 1
: gure 5b and discussed aboveafor . ]
and 2b, the spin mixing is less marked fdb than for1a, Zf 3 i ﬂT 1
as expected when the ratiQ,-wi/Dwun increases. From the s ] /ﬂ ]
obtained energy diagram, the thermal barrier to reverse the o f 3
spin of these systems is the difference of energy between i 1
E(ms = +3) andE(ms = 0) estimated an\/kg ~ 16.1 and Tk 1
15.5 K for 1a and 1b, respectively. 0 Eo
Reduced Magnetization and Estimation of the Aniso- 0 05 1 15 2 25 3 35 4

tropy Parameter. The magnetization of the four compounds HTHTK!

was measured in the temperature range of 4.8 K under Figure 6. Plots ofM vsH/T for 1a(a) andlb (b). The solid red lines are
external fields of +7 T. The obtained magnetizations were simulated curves (see text)

plotted as a function ofl/T in Figure 6 forlaand1b and (@) 8
Figure 7 for2a and 2b. In the limit where theSr ground ]
state of a complex is the only thermally populated and in
the absence of anisotropic contribution, the isofield magne-
tization curves should be superimposed and the magnetization
(M) would saturate a¥lsa;= NgugSr. In the same limit, the
non-superimposition of these plots indicates the presence of
magnetic anisotropy, consistent with the susceptibility simu-
lations (vide supra). Using the macro-spin approximation and ; ]
thus the Hamiltoniam = Ds1Sr2 + gusSrH, the data have TE E
been fitted with a magnetization fitting program “axfit” 0 B b
assuming the respective spin ground stateSref 3 for 1a 0 05 1 1}ir’fT K?,‘s 3 35 4
and1b andS; = 4 for 2a and 2b (Figures 6 and 7). The R

M/ Nyg

(AT S B A L =
T T
l
-
Il

obtained parameters age= 1.87,Ds1—3/ks = —1.96 K for (b) 8 frT T T T
la, g = 1.95,Dsr—3’ks = —1.92 K for 1b andg = 1.90, T e

Dsr—s/ke = —1.38 K for2aandg = 2.00,Dsr—s/ks = —1.52 6k ST e T
K for 2b. d o Y ]

It is worth noting that thesBsr parameters lead to energy _jf ] e

barriers (calculated in thi#n—mn > Dwn, limit, A = |Ds1|S?, s 4 3 /‘T ]
Alkg = 17.6 K forla, Alkg = 17.3 K for1b, Alkg = 22.1 3F E
K for 2aandA/ks = 24.3 K for 2b) in good agreement with 2f 3
the values evaluated from the energy diagrams shown in 1 E ]
Figures 4b, S4b, and 5b. Furthermore, g values are Eo ]
also comparable to those obtained for related SMM com- 00 05 1 15 2 25 3 35 4

H-T'/TK!
Figure 7. Plots ofM vs H/T for 2a(a) and2b (b). The solid red lines are
simulated curves (see text).

(20) (a) Birkelbach, F.; Fike, U.; Haupt, H.-J.; Butzlaff, C.; Trautwein,
A. X.; Wieghardt, K.; Chaudhuri, Pnorg. Chem.1998 37, 2000.
(b) Birkelbach, F.; Weyheriilier, T.; Lengen, M.; Gerdan, M.;
Trautwein, A. X.; Wieghardt, K.; Chaudhuri, B. Chem. Soc., Dalton
- ':'(rans;]1937, 4529. A Nak ML Kizvstek. 1 Streih. W. E pounds such aBst—3/ks = —2.1 K for [Mny(5-MeOsaltmen}
00, J.; Yamaguchi, A.; Nakano, M.; Krzystek, J.; Streib, W. E.; : _ _
Brunel, L. C.; Isghimoto, H.; Christou, G.; Hgndrickson, D. INorg. (DCNNQI),]-MeOH with ST__ 3> andDsr-s/ks = _.1'.59 K
Chem.2001, 40, 4604. for [Mny(saltmen)(ReQy),] with Sr = 4.2 Thus, the similarity
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Figure 8. Field dependence of the magnetization on a single crystal of Figure 9. Frequency dependence of the reg) and imaginary(") parts

1a (a) and2a (b) using a commercial SQUID magnetometer attaching a of ac susceptibility ofla measured at several temperatures under zero dc
3He cryostat, where the external field was applied in between the twe-Jahn field @nd 3 Oe ac field (a) and the dc field dependencg'ait 1. 82 K (b).
Teller directions of the two complex orientations. The solid lines are only guide for the eyes.

of the magnetic parameters between the present compoundsypical hysteresis loops with several step anomalies are
and the previously reported SMMs strongly suggests that observed below 1.0 K. The magnetization passes through
these four new compounds should behave as SMMs.zero dc field without coercivity even at 0.45 K. A similar
Therefore, this type of property has been probed using field hysteresis feature has been shown in Se= 4 [Mn,-
dependence of the magnetization below 1.8 K and ac (saltmen)(ReQ,),] SMM.® It is interesting to note that the
susceptibility measurements. central step of the hysteresis (associated with the ground state
Low-Temperature Magnetic Properties: Evidence of QTM) is shifted toward+ 590 Oe, while it should be in
Magnetization Slow Relaxation.Because of the extreme  zero field for isolated SMMs. Thus, this anomaly confirms
similarity of the magnetic properties between the solvated the presence of weak intermolecular antiferromagnetic
and desolvated compounds, the whole set of measurementinteractions already discussed in the above susceptibility
has been done only oha and 2a Nevertheless, selected simulation. An estimation of these interactiond'(z) can
key measurements have been also donellorand 2b to be done at-0.020 K consideringdex = 590 Oe and using
confirm their quasi-identical behavior. Figure 8 shows field a relationship ofjusHexSr cos@/2) = 2|zJ|S? cos@) (where
dependence of the magnetization measured below 1.8 K ona is the angle between the two complex orientatianss
single crystals ofla and 2a using a commercial SQUID  65°).2° It is worth noting that the above estimation is well
magnetometer equipped with #e cryostat. For this  consistent with the value obtained by the susceptibility
measurement, the external field was applied between the twosimulation.

molecular orientations defined by the Jatireller axis of Slow Relaxation of the Magnetization: ac Susceptibility
the complexes. Fota (Figure 8a), a smooth butterfly type  Measurements. The magnetization relaxation has been
hysteresis loop is observed at 0.48 K, albeit small, suggestingstudied using ac susceptibility measurements on polycrys-
SMM behavior or phonon bottleneck efféét>* This talline samples of the four new compounds at several dc
hysteresis is no longer detected at higher temperature as seefields with an oscillating 3 Oe ac field as a function of
on the data at 0.92 K. In contrast, f@a (Figure 8b), more  frequency (+1488 Hz) and temperature (188 K). The

: _ _ in-phase £') and out-of-phasey(’) ac susceptibilities at zero
(22) Egﬁ;ﬁ”ﬂg?&hﬁ,‘]’q,LSﬁyeQbfg%S{,bg"gg'g flh:f boussant, GdeGiH. U dc field are shown in Figure 9a fdra and Figure 10a for

(23) Rumberger, E. M.; Hill, S.; Edwards, R. S.; Wernsdorfer, W.; 2a(the desolvated compoundb (Figure S5) an@b (Figure
Zakharov, L. N.; Rheingold, A. L.; Christou, G.; Hendrickson, D. N.
Polyhedron2003 22, 1865.

(24) Chiorescu, |.; Wernsdorfer, W.; Mer, A.; Bogge, H.; Barbara, B. (25) Herpin, A. THerie du maghtisme. InBibliotheque des Sciences et
Phys. Re. Lett. 200Q 84, 3454. Techniques Nucleairefresses Universite de France: Paris, 1968.
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Figure 10. Frequency dependence of the red) and imaginary ") parts Eigure 11. dc field d(_ependen(_:e of the relaxation tim()e &t 1.82K (blue
of ac susceptibility oRa measured at several temperatures under zero dc i) and energy barrierA) derived from the Arrhenius relation = 7o-
field and 3 Oe ac field (a) and the dc field dependencg’'adt 1. 82 K (b). exp(A/ksT) (red line) forla (a) and2a (b). The solid lines are only guide
The solid lines are only guide for the eyes. for the eyes.

S6) exhibit very similar behavior to that dfa and 2a, field dependence of"" measured at 1.82 K fata and 2a,
respectively). For both series df and 2, ' and " are respectively. In both compounds, the peak shifts to low
frequency dependent, indicating the possibility of SMM frequency with increasing dc field. The characteristic relax-
behavior despite the absence of clgapeaks (i.e., relaxation  ation times {) estimated from out-of phase susceptibility
mode) forla and 1b above 1.8 K. It is interesting to note  peaks and the characteristic energy barrigtst{ave been
that the slow relaxation of the magnetization occurs at higher plotted as a function of dc field in Figure 11 (blue dots and
temperatures foR than for 1, this result being at least line, the relaxation time at 1.82 K; red dots and line, the
partially associated with the respective value of the spin energy barrier). The relaxation time that reaches nearty 10
ground state:Sr = 4 for 2 andSy = 3 for 1. For2aand2b, s at low dc field forlaand of 3x 10™* s at zero field for

the relaxation times deduced from the maximum of the out- 2a, becomes rapidly slower when dc field is applied up to
of-phase ac susceptibility obey a thermally activated Arrhe- 2000 Oe forlaand 500 Oe foRa and then tends to saturate
nius relation withry = 2.5 x 1077 s, Aen/ks = 13 K for 2a at higher fields to~3 x 103s and~3 x 102 s for laand

and 1o = 6.2 x 1077 s, Aelks = 10.5 K for 2b (their 2a, respectively. Therefore, as expected when a fast relax-
Arrhenius plots are shown in Figure S7). This effective ation pathway is suppressed, the relaxation time of the
energy barrier is significantly smaller than the expected systems becomes longer and dominates by the thermal
values estimated by the susceptibility simulation or reduced relaxation. The energy barrier exhibits also a quasisaturation
magnetization fitsA/ks ~ 21—24 K for 2). As observed in under moderated fields: 16.5 and 15.0 K under 4000 Oe
many SMMs, it is likely that the observed¢s take an for laandlb, respectively, and 22.6 and 21.8 K under 500
effective value, resulting from a “short-cut” of the thermal Oe for2a and2b, respectively (Figure S7). As anticipated,
barrier by QTM. This second path of relaxation is indeed these values are in good agreement with the values deduced
clearly dominant at low temperatures as shown by the from the energy diagrama\(kg = 16.1 and 21.3 K forla
hysteresis loops display in Figure 8. At higher temperatures, and2a, respectively, Figures 4, 5, and S3) and are consistent
the QTM pathway is not anymore dominant but can still with the values deduced from the fit of reduced magnetization
influence the thermal relaxation of the magnetization. (A/kg = 17.6 K forlaand 22.1 K for2a, Figures 6 and 7).
Therefore, to confirm the presence of QTM, additional ac Consequently these results indicate that the reduction of the
susceptibility measurements have been performed underenergy barrierAex) under zero dc field is probably induced
small magnetic fields that could remove the degeneracy of QTM. These dynamic behaviors strongly support thahd
thems states and thus possible zero-field quantum tunneling2 are both SMMs with intrinsic characteristics quasi-
between thetms states. Figures 9b and 10b show the dc independent of their solvation.
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Conclusions sionalities based on the same dinuclear™mit should be
obtained by using multidentate coordination-donor building
blocks as already exemplified by the rational design of single-
chain magnet systen3s.

We have shown in this work that it was possible to
chemically tune the SMM properties of targeted hetero-
metallic tetranuclear complexes by modification of the
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