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Reaction of lithium tetrachloromanganate(ll) with N-n-butyldiethanolamine H,L® (3) in the presence of LiH leads to
the formation of wheel-shaped, mixed-valent heptanuclear, neutral complex {Mn"c[Mn",Mn",Clg(L%)e]} (4). The
manganese wheel crystallizes in the triclinic space group P1 as 4-2CHCl; or 4-3THF when either diethyl ether or
n-pentane was allowed to diffuse into solutions of 4 in chloroform or tetrahydrofuran. The oxidation states of each
manganese ion in 4-2CHCl; or 4-3THF were assigned on the basis of detailed symmetry, bond length, and charge
considerations, as well as by the Jahn—Teller axial elongation observed for the manganese(lll) ions, and were
further supported by cyclic voltammetry. The analysis of the SQUID magnetic susceptibility data for complex 4-
2CHCl; showed that the intramolecular magnetic coupling of the manganese(ll,lll) ions is dominated by ferromagnetic
exchange interactions. This results in an S = 27/2 ground-state multiplet at low magnetic field. At fields higher
than 0.68 T, the energetically lowest state is given by the ms = 31/2 component of the S = 31/2 multiplet due to
the Zeeman effect. The ligand-field-splitting parameters were determined by anisotropy SQUID measurements on
single crystalline samples along the crystallographic X, y, and z axes (D = —0.055 K, E = 6.6 mK) and by
high-frequency electron spin resonance measurements on a polycrystalline powder of 4:2CHCl; (D = —0.068 K,
E = 9.7 mK). The resulting barrier height for magnetization reversal amounts to U ~ 10 K. Finally, 2DEG Hall
magnetization measurements revealed that 4-2CHCl; shows single-molecule magnet behavior up to the blocking
temperature of about 0.6 K with closely spaced steps in the hysteresis because of the quantum tunneling of the
magnetization.

Introduction is the anisotropy barried ~ |D|S between the high-spin
Single-molecule magnets (SMMs) function as single- 9round states-Sof one single molecule because of the zero-
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Neutral, Mixed-Valent Heptanuclear Manganese Wheel

2: (Nac[Fe" s(L%)eh*

1: (Fe'[Fe"'(L"),15)
Figure 1. Ferric starl (H,L® = N-methyldiethanolamine; left) and cationic
ferric wheel2 (HsL2 = triethanolamine; right).

simplify the theoretical description of these spin systems.
By changing the nature of the metallic cations and the

temperature of about 0.6 K. Furthermore, complexhibits
SMM behavior as well as quantum tunneling of the
magnetization (QTMY. There are also reports on similar
{Mn7} compounds like theneutral species [MACMn",-
Mn'',(OMe)(dbm)] (Hdbm = dibenzoylmethané)and
[Mn"cMn",;Mn"4(L4)¢] (HsL* = N-(2-hydroxy-5-nitroben-
zyl)iminodiethanolf the dicationic complexes{Mn'"c
[Mn"sMn"3(HL?)3(L?)3]} 2t (Hal? = triethanolaminé) and
{Mn"c[Mn"sMn" 3(OH);Cla(hmp)]} 2t (Hhmp = 2-hydroxy-
methylpyridine)!® and the anionic manganese wheels
{Mn"C[Mn"sMn"5Clg(L1-596]} ~ (HoL 156 = N-methyl-, N-
ethyl-, andN-benzyl-diethanolaminé}.However, these com-
plexes differ in the type of coupling from compou#dvhich
represents one of the largest totally ferromagnetically coupled
spin systems.

ligands, we aim to tune and control the ground-state spin of Results and Discussion

SMMs and attempt to optimize their magnetic properties.
An example is the ferric stdfFe" [Fe' (LY)2]s} (1),3*which
shows SMM behavior. The correlated ferric whigdbcCFée'¢-
(L?e]}™ (2)° with ground stateS = 0 shows butterfly

hysteresis because of a phonon bottleneck effect, that is jusﬁ

of partly molecular origin (Figure 1).

In this manuscript we report on tineutral metal-centered,
heptanuclear, mixed-valefivin;} wheel{ Mn"c[Mn",Mn"',-
Cls(L%)g]} (4). We show that the intramolecular coupling in
this complex is dominated by ferromagnetic interactions
resulting in anS = 27/2 ground state with a blocking
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Synthesis Neutralcomplex{ Mn"c[Mn',Mn" ,Clg(L3)q]}
(4) was generated in good yield under nitrogen in a one-pot
reaction via self-assemBRin tetrahydrofuran (THF), starting
from N-n-butyldiethanolamine K2 (3), lithium hydride, and
ithium tetrachloromanganate(ll) (Scheme 1). Workup on air
and crystallization from chloroform or THF afforded the
solvent containing black parallelepipeds2CHCL or 4-
3THF, respectively.
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Scheme 1.
Wheel4

Synthesis of Heptanuclear Mixed-Valent Manganese

® 1.LH

N 2 LiMnCly]

HO o THF

. 3
3 HyL

®

3. 4| nBu

4: vn"cpmn" Mmn" ,Cls(L3)g])

. =Mn' O =mMn" o =Cl~

carried out at low temperaturés’® According to these
analyses, th¢ Mn7} core of these complexes is principally
isostructural with idealizedss symmetry (Figure 2, top).
Therefore, only the structure @2CHCk is discussed in
detail. The manganese wheeRCHCE crystallizes in the
triclinic space grougPl1, and the unit cell consists of one
independent molecule with two molecules of chloroform. The
wheels are packed in the crystal, most simply, with all of
the molecules piled in parallel forming columnar strands
(Figure 2, bottom). In the crystal, tmeutralmetalla-coronate

(13) Crystal datafo{'Mn”C[Mn"gMn”'4CI6(L3)5]} (4): 4-2CHChk: CygHioz
ClgMn7NgO1222CHCEL, M = 1791.37 g mol?; crystal dimensions

0.30 x 0.30 x 0.20 mn#, triclinic, space groupPl, a = 11.8080(2) Figure 2. Top: PLUTON presentations of the molecular structure of

A, b = 13.3640(3) A,c = 13.7280(3) A,a = 70.2460(10), p =
67.2800(10), y = 71.3640(10), V = 1835.50(7) &; Z = 1; F(000)
= 921, pcaica = 1.621 g cm3; Nonius KappaCCD diffractometer,
Mo Ka radiation ¢ = 0.71073 A); T = 173(2) K; graphite
monochromator® range [deg] 2.24< ©® < 27.52; section of the
reciprocal lattice~15< h < 15,-17 < k< 17,-17 < | < 17; of
16 000 measured reflns, 8428 were independent and 69971 with
20(1); linear absorption coefficient 1.658 mm The structure was

solved by direct methods using SHELXS-97 and refined with all data

(426 parameters) by full-matrix least-square$émnising SHELXL97,
all non-hydrogen atoms were refined anisotropically; R1.0367
for | > 20(l) and wR2= 0.1033 (all data); largest peak (0.862 &3\
and hole £0.821 e A3).14ab15Djsorder: C18/C18= 66:33, CHC}
50:50.4-3THF: C4gH10CleMn7NgO1223THF, M = 1768.95 g mol?;
crystal dimensions 0.2& 0.19 x 0.12 mn#; triclinic, space group
P1,a=11.531(1) Ab=13.297(2) Ac = 13.464(2) A o. = 70.160-
(7)°, B = 81.607(43, y = 89.674(6), V = 1918.9(4) &R, Zz = 1,
F(000) = 925, pcaica = 1.531 g cn3; Nonius KappaCCD diffracto-
meter, Mo Ko radiation ¢ = 0.710 73 A);T = 100(2) K; graphite
monochromator® range [deg] 3.03< ® < 28.00; section of the
reciprocal lattice:—15< h < 15,-17 < k < 17,—-17 < | < 17; of
52 554 measured reflns, 9252 were independent and 6780l with
20(1); linear absorption coefficient 1.385 m The structure was

solved by direct methods and refined with all data (508 parameters)

by full-matrix least-squares df? using SHELXTL NT 6.12; all non-
hydrogen atoms were refined anisotropically; R10.0301 forl >
20(1) and wR2= 0.0818 (all data); largest peak (0.467 e3fand
hole (—0.415 e A?3)14c15Djsorder: C6/C6= 48:52 and C8/C8=
52:48; all of the solvent molecules (three THF) are disordered.

(14) (a) Sheldrick, G. M.; Kiger, C.; Goddard, PCrystallographic

Computing 3;O0xford University Press: Oxford, 1985; p 175. (b)
Sheldrick, G. M.SHELXIL-97: Program for Crystal Structure Refine-
ment; University of Gdtingen: Gdtingen, Germany, 1997. (c)
SHELXTL NT 6.12Bruker AXS, Inc.: Madison, WI, U.S.A., 2002.

(15) CCDC 271730 )-2CHCl] and CCDC 271408 #)-3THF] contain

complex4-2CHCk with the numbering of the Mn centers and coordinating
atoms. View along the idealized molecut&raxis, neglecting the valency

of the manganese centers. Bottom: Stereo presentation of the crystal packing
of complex4-2CHCk. Disorder of then-butyl chain on Mn1/1and of
solvent molecules as well as the hydrogen atoms was omitted for clarity.
C, shaded; N, net; O, diagonal; Cl, segment;"Mempty; Md", cross.

is present as a MAcentered, six-membered ring of four Mn

and two M ions. Viewed along th&s axis, the peripheral
manganese ions of centrosymmetficare located in the
corners of a regular hexagon. The distorted octahedral
coordination sphere of the manganese ions is composed of
one N and one Cldonor as well as twai,-O~ and two
us-O~ donors. The doubly deprotonatddn-butyldiethano-
lamine acts as a tetratopic tridentate ligand which links four
manganese ions via oxygen bridges.

Detailed symmetry, bond length, and charge considerations
of 4 require for the periphery a 2Mn4Mn'" oxidation state
description and a Mhion in the center (mixed-valent
complex). The oxidation states of Mn3/8re assigned on
the basis of the longer average M®, Mn—N, and
Mn—CI bond lengths as Mhions compared with the bond
lengths at Mn1/1and Mn2/2 (Table 1). The mean distance
dy at the M centers is equal to 2.110 A, whereas at the
peripheral Mfi center, a mean distanaly = 2.262 A is
found. In addition, the presence of a Jafireller (JT) axial

the supplementary crystallographic data for this paper. These data canelongation at Mnl1/1land Mn2/2, as expected for a high-

be obtained free of charge from the Cambridge Crystallographic Data

Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Neutral, Mixed-Valent Heptanuclear Manganese Wheel

Table 1. Selected Interatomic Distances for the Oxidation State Determination of the Peripheral Manganese Céraeid@k?

d[A] d[A] d[A]
Mn(1)—0(12) 1.880(2) Mn(2)O(14) 2.179(2) Mn(3)—O(12)#1 2.141(2)
Mn(1)—0(14) 2.234(2) Mn(2)—0(22) 2.061(2) Mn(3)}0(22) 2.264(2)
Mn(1)—0(24) 1.950(2) Mn(2)-0(24) 1.955(2) Mn(3)}0(32) 2.320(2)
Mn(1)—0(32)#1 1.994(2) Mn(2)O(34) 1.872(2) Mn(3)-O(34) 2.167(2)
Mn(1)—N(10) 2.135(2) Mn(2)N(20) 2.337(2) Mn(3)—N(30) 2.274(2)
Mn(1)—CI(1) 2.4273(7) Mn(2)—Cl(2) 2.2905(7) Mn(3)-CI(3) 2.4083(6)
dg 2.103 dy 2.116 ] 2.262

Mn(1) = Mn'! Mn(2) = Mn'! Mn(3) = Mn'!

aMn—heteroatom distances, indicating a JT axial elongation, are highlighted in bold.

18 100
12 B 80
6 ol
é‘ E 60
0 ]
E
- E- 40
=
] eiiieeis
0 200 400 600 800 1000 _'_1:001. - r;t
E /ImV vs NHE 0 ) , , s
Figure 3. CV of 4; scan rater = 100 mV s'1, 0 50 100 150 200 250
T[K]
the axially elongated positions. These data confirm for . . . . . .
4-2CHCk and4-3THF a ring of alternating one Mhand 12010° | K ggg n; 1
two Mn'" ions, each, with a Mhion in the center. i o 2366Hz
Cyclic Voltammetry. The cyclic voltammogram (CV) of .
4 exhibits two quasi-reversible redox wavesEap, = 286 5 0 ]
and 516 mV, which are assigned to the successive one- & : 1
electron oxidations of the two Mnions located at the 3 so10® b ]
periphery of the ring (Figure 3):*® As usual, oxidation of '
the central MHA ion is not observed within the applied - ]
potential'11929n this context, the CV oft is compared with 0.0 | )
the analogous neutral indiuamanganese whegMn"c[Mn'" - : . : : . :

In",Clg(L®)¢]} that has an identical core structuredagut 04 08 T[K]m 16

with four In" ions at the periphers? The CV of the latter Fiaure 4. Too: DG ibilty 0f-2CHCh in the & .

. . s S igure 4. op: susceptuplility orn- In the temperature range
complex measured under |denF|caI Cond!t'_ons also ?Xh'b'ted above and below 2 K, respectively. We obtained an excellent fit of the
two one-electron redox waves in the positive potential range experimental data with the following parameters:= 2.06,J; = 14.3 K,

(E12 = 330 and 531mV), but with a slightly more positive J2 = —0.9 K, Js = —2.6 K, Js = 6.2 K. Bottom: AC susceptibility of
4-2CHCE, temperature dependence of the real (full symbols) and imaginary

Ey» compared tod. In su'ccesswe-scan experiments, both components (empty symbols) of the magnetic susceptibility measured at
redox processes dfare diffusion-controlled (peak currents three frequencies of the alternating magnetic field.

linearly proportional to the square root of the scan speeds) d t with it i . f INind
and revealed complete reversibility over several successiveg,so Ma%r_eemen_thm a'\r;l Ha' err_lamg rlngt ot one db
cycles. The large potential displacement (several hundred 0 MIn™ 1ons with one lon 1n the center proposed by

millivolts) between the individual oxidations indicates that bol\r;ld Iengt;_thsand ‘]Tt_g_llc_)tng;t'%r_] st_;xgle;_. ¢ t(DC
a strong electronic coupling exists in solution between the agnetic Susceptibility Studies.The direct current (DC)

ihili Il I 1} 3 .
crystallographically equivalent manganese ions, whereas inSusceptibility of Mn"c[Mn",Mn™Cle(L“)e]} 4-2CHCE was

a non-coupled system, a simultaneous one potential twofoldmeas‘ured at different magnetic fields on polycrystalline

oxidation would have been expected. These findings are insamples in the range of 2:300 K using a MPMS_? SQUID
magnetometer. In order to analyze the intramolecular cou-

pling between the Mn ions, the five DC susceptibility curves
of the temperature dependenceydrf at different magnetic
(18) Bard, A. J.; Faulkner, L. RElectrochemical Methods, Fundamentals ﬂe!ds n the_ range of 0'015'5 T We_re fltte_d simultaneously
and Applications Wiley: New York, 1980. using a Heisenberg Hamiltonian including a Zeeman term
(19) See also: (a) Ruben, M.; Rojo, J.; Romero-Saluero, F. J.; Uppadine, (Ej i
L H.: Lehn. J-M.Angew. Chem2004 116, 3728 3747: Angew. (Figure 4, top). At least a set of three coupling parameters
Chem., Int. Ed2004 43, 3644-3662. (b) Zhao, L.; Matthews, C. J.; (JMn(II).—Mn(II)y Jvnin ~mnqn and_JMn(n)—Mnuu)) are necessary to
20 Tshor;?pscl)(n, L. K Heé:(th,hs. L(;herr)(i CommurQO?Q 265-266. describe the different couplings of the spins of the mixed-
(20) Saalfrank, R. W.; Prakash, R.; Maid, H.; Hampel, F.; Heinemann, F. o1t manganese centers. However, this set was insufficient
to reproduce the experimental data. Therefore, a set of four

(17) (a) GagheR. R.; Koval, C. A.; Lisinsky, G. Clnorg. Chem.198Q
19, 2854-2855. (b) Gritzner, G.; Kuta, Pure Appl. Chem1984
56, 461—-466.

W.; Trautwein, A. X.; Bittger, L. H.Chem—Eur. J.2006 12, 2428~
2433.
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coupling parameters, distinguishing between the central and
the peripheral coupling (Figure 4, top inset), were used (eq

1). This parameter set is also justified because of the observed
differences in distances and angles of the peripheral and
central coupling paths.

30

25 D =-0.055 K

E= 66mK

20

E — B — x-axis
7 = 15 —m— y-axis
Hug = ) QugioSH + 3,.5,S, + 35,5+ J;S,5, + 10 :Zﬁms
=
35885+ 3588 + 1SS, + LSS + LSS, + I,S,S, + 5
1,88+ 4SS +3,8S, (1) . .
0 1 2 3 4 5
We obtained an excellent fit of the experimental data with HoH [T]
the following parametersg = 2.06,J; = 14.3 K,J, = —0.9 g
K, Js=—2.6 K, andJ, = 6.2 K. Complex4-2CHCl; shows 26 24 22 20 18 18
an interplay between dominating ferromagnetic and weak —— T T T T
antiferromagnetic intramolecular interactions resulting in an T=5K
v =230 GHz

S = 27/2 ground state closely neighbored by excited spin
states. In case of an applied magnetic field higher than 0.27
T, the ms = 29/2 component of the first excitesl= 29/2
multiplet gives the energetically lowest state because of the
Zeeman effect. Finally, for applied magnetic fields larger
than 0.68 T, thens = 31/2 component of the second excited
S= 31/2 multiplet yields the energetically lowest state. The
complex4-2CHCk shows different magnetic coupling than
previously investigated similar complex&s? in which
antiferromagnetic intramolecular interactions played a more oM [T]
decisive r(_)le‘ o ~ Figure 5. Top: SQUID measurements df2CHCk (dotted line) at 1.8
Alternating current (AC) susceptibility measurements in K and the two parameter fit (solid black lines) of the three magnetization
the low-temperature range, 043.0 K, reveal super- curves along the, y, andz directions. Bottom: Measured (solid line) and
paramagnetism (Figure 4, bottom). Assuming one relaxation $a'=°”5'aéegn(gfsiezds'(')”g)HEzs(?of%thgilfsmsgg""tgft‘;‘_'der Samp2aHCh at
time 7 of the magnetization, we can determine the temper-

10

ature dependence affrom the maxima of the imaginary
susceptibility by the conditiomz = 1. From the maxima of
%" (w) (Figure 4, bottom) one finds a thermally activated
relaxation (eq 2)

T =7, eXp(AE/KST) 2

with 7o = (10 &+ 8) x 1071* s andAE/ks = 10.0+ 0.5 K.
SQUID and High-Frequency Electron Spin Resonance
(ESR) Measurements.The magnetic moment of single
crystals along the crystallographic y, and z axes was
measured in the range of 6:6.5 T at 1.8 K. The

magnetization curves confirm that the energetically lowest

state is given by thens = 31/2 component of th& = 31/2
multiplet for fields larger than 0.68 T (Figure 5, top). Thus,
we used the giant spin model & = 31/2 in order to

approximate the zero-field-splitting parameters. The corre-
sponding Hamiltonian incorporating the Zeeman term and
the second-order zero-field-splitting terms is given by eq 3,

H = gugueSH+ DS + E(S? - §)) 3)

whereg is the Landdactor, ug is the Bohr magnetor is

the applied magnetic field) is the axial anisotropy constant,
E is the transverse anisotropy constant, &dS,, and S,
are the components of the spin oper&@oA two parameter

fit of the three magnetization curves along the crystal-
lographicx, y, andz axes givedD = —0.055 K andE =

1590 Inorganic Chemistry, Vol. 46, No. 5, 2007

6.6 mK. Although this is only a rough approximation due
to the closely neighbored excited multiplets, we obtained
an excellent fit. For low magnetic fields<Q.27 T), the
resulting barrier height for magnetization reversallis=
ID|S = 10.02 K. This corresponds exactly to the value we
obtained from AC susceptibility measurements. The crossing
fields due to the zero-field splitting are given Iby, =
+nD/gus forn=10, 1, 2, .22 Thus, the separation between
adjacent anti-level crossings @2CHCL is only about
Digug = 41 mT.

High-frequency ESR measurements have been performed
on a polycrystalline powder pellet @2CHCk at 95 and
230 GHz. The spectra have been recorded at several
temperatures ranging from 5 to 20 K. The separation between
the spectral lines is the same at 95 and 230 GHz. This
indicates that the zero-field splitting is so small that the
spectrum is dominated by the Zeeman effect, when the
applied fieldB is larger than~2 T. Figure 5 (bottom) shows
the spectrum recorded & K and 230 GHz. The large peak
at the low-field side of the spectrum indicates a negalive
parameter. The simulation of the experimental spectra has
been performed using a program that calculates the matrix
of the Hamiltonian (eq 3), for each sampled value and
orientation of the magnetic field, and then diagonalizes this
matrix. The spinS = 31/2 determined for the saturation
magnetization and = 2.0 has been used for the calculation.
In agreement with the static magnetization measurements,
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Figure 6. Hysteresis loops for single crystals&RCHC at the indicated
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temperatures (top) and the indicated sweep rates (bottom). Inset: the

avoided-level crossings],, strongly decreases the width of
the hysteresis. It was shown by Wernsdorfer et al. that,
despite the spin-parity effect, a half-integer spin system will
also undergo tunneling at zero external field as a result of
environmental degrees of freedom, such as hyperfine and
dipolar couplings or a small intermolecular superexchange
interaction?? Additional level crossings caused by the
neighbored excited multiplets and very weak intermolecular
interactions might result in additional tunneling transitions
between the field$,.

Conclusions

In summary, starting from manganese(ll) salt axa-
butyldiethanolamine, we formed a mixed-valent, neutral
wheel of {Mn"c[Mn",Mn",Cls(L3)g]} (4). The molecular
structures o#-2CHCkL and4-3THF were solved by single
crystal X-ray structure determination. #y four Mn'" ions
in the periphery are arranged in pairs alternating with one
Mn' ion, each, with a Mh ion encapsulated in the center.
The multistep one-electron redox reactiong efere studied
by cyclic voltammetry. Magnetic studies of-2CHCk
revealed a dominating ferromagnetic intramolecular coupling
between the Mn ions resulting in a high-spin ground state
of S= 27/2. At fields larger than 0.68 T, the energetically
lowest state is given by thes = 31/2 component of th&
= 31/2 multiplet because of the Zeeman effect. All previ-

enlarged part of magnetization curve shows weakly pronounced steps slightlyously investigatedMn;} complexes with a similar coupling

above the measurement resolution, which are caused by QTM at the
numerous closely spaced avoided-level crossings.

it is not possible to simulate the spectrum with a pure axial
zero-field splitting. The calculated curve in Figure 5b was
obtained with the parameteBs= —0.068 K,E = 9.7 mK,
andT = 5 K. TheD andE values are somewhat larger than
those obtained from the fit of the magnetization measure-
ments. This might indicate that the and E parameters

determined by the magnetization measurements are average
over the lowest spin states. The simulation cannot reproduce

all of the observed peaks of the spectrum. This might indicate

scheme showed only a ground stateSaf 22/2 because of

the dominating antiferromagnetic coupling. Thus, the specific
ligand environment of théMn;} systemd-2CHCE must be
responsible for the dominating ferromagnetic coupling.
Complex 4:-2CHCkE exhibits SMM behavior up to the
blocking temperature of about 0.6 K. Characteristic steps in
the hysteresis due to QTM have been observed. Unlike other
SMMs, the avoided level crossings in this case are closely
apaced because of the relative small easy axis anisotropy,
which results in the observed small width of the hysteresis.

Experimental Section

that the powder pellet used for the measurements does not

provide an isotropic powder average. Some of the charac-

teristic features of the measured spectrum can be reproduce
simply by restricting the averaging of the field orientations
in the simulation routine.

Hall-Sensor Magnetization MeasurementsMagnetiza-
tion measurements were performed on single crystats of
2CHCh, using a 2DEG GaAs/GaAlAs Hall sensdrA
weakly pronounced hysteresis of the magnetization was
observed below a blocking temperature of about 0.6 K
(Figure 6, top). The width of the hysteresis decreases with

General Remarks. Unless stated otherwise, all reactions and

Hnanipulations were carried out under nitrogen using standard

Schlenk techniques. Metal salts angl Fi(3) were used as obtained
from Aldrich or Fluka. All solvents were purified and dried
according to standard procedures. CVs were recorded with EG&G
potentiostat PAR model 264A and a conventional three-electrode
assembly consisting of a glassy carbon working electrode and Pt
reference and counter electrodes. Solutions,@H[10~3 M];
supporting electrolyte, [tBu);N][PF¢] [L0~! M]; internal standard,
ferrocene. E(F/F:") +410 mV versus a normal hydrogen
electrodet” scan speeds, 2200 mV s, T = 20 °C. The

increasing temperature and decreasing sweep rate as expectéﬂverSibi”ty of the voltammograms and the number of electrons

for a SMM (Figure 6, top and bottom). The shape of the

hysteresis looks different compared to other SMMs because

of the weak, easy axis anisotropy. Enhanced magnetic
relaxation due to QTM at the numerous closely spaced

(21) Geim, A. K.; Dubonos, S. V.; Lok, J. G. S.; Grigorieva, |. V.; Maan,
J. C.; Hansen, L. T.; Lindelof, P. Bppl. Phys. Lett1997 71, 2379~
2381.

involved in the redox processes were determined as described in
the literature!®

Synthesis. Preparation off Mn" c[Mn",Mn'" ,Clg(L3)¢]} (4).
N-n-Butyldiethanolamine kL3 (3) (0.274 g, 1.7 mmol) was added

(22) (a) Wernsdorfer, W.; Bhaduri, S.; Boskovic, C.; Christou, G;
Hendrickson, D. N.Phys. Re. B 2002 65, 180403/t4. (b)
Wernsdorfer, W.; Chakov, N. E.; Christou, Bhys. Re. Lett.2005
95, 037203/1-4.
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to a suspension of LiH (0.032 g, 4 mmol) in anhydrous THF (75
mL). After stirring this suspension fol h atroom temperature
(rt), a solution of Ly[MnCl,] (4.00 mL, 2 mmol, 0.5 m) in THF
was added dropwise, and the reaction mixture was stirred for 4 d
at rt. The inhomogeneous reaction mixture was filtered on air, the
THF solution was evaporated to dryness, and the resulting black
precipitate was extracted with CHC(100 mL). Concentration,
filtration, and vapor diffusion of EO into the CHC} solution
afforded black crystals o#-2CHCkL. However, in this case,
n-pentane was allowed to directly diffuse into the THF mother
liquor, and black crystals suitable for X-ray structure analysis of
4-3THF were obtained. Yield: 240 mg (47%) black crystals from
chloroform/E$O. Mp: >220°C dec. IR (KBr): ¥ = 2961, 2910,
2864, 1455, 1378, 1247, 1073, 1052, 1034, 984, 919, 892, 749 cm
FAB-MS (3-NBA): mVz (%) = 1552 (5) [Mn,Clg(L3)g] ", 1517 (9)
[Mn-Cls(L3)¢] *, 1482 (8) [MRCly(L3)g] ", 1357 (12) [MRCls(L3)s] ",
1198 (27) [MRCls(L3)4]", 928 (74) [MnCls(L3)3]T, 732 (100)
[Mn5CI4(L3)2]+. Anal. Calcd for G1H105C|15MH7N6012 (m0| wt =
1910.78): C, 32.06; H, 5.54; N, 4.40. Found: C, 32.02; H, 5.75;
N, 4.39.

1592 Inorganic Chemistry, Vol. 46, No. 5, 2007

Saalfrank et al.

Acknowledgment. This work was supported by the
Deutsche Forschungsgemeinschaft Sa 276/2Z 8FB 583,
GK 312, SPP 1137, the Bayerisches Langzeitprogrammm
Neue Werkstoffe, and the Fonds der Chemischen Industrie.
T.N. thanks theAlexandervon HumboldtStiftung for a
postdoctoral fellowship. The generous allocation of premises
and cyclic voltammetric facilities by Prof. Dr. K. Meyer and
Dr. M. Moll, respectively, at the Institut" fuAnorganische
Chemie (Universita Erlangen-Nunberg) is gratefully ac-
knowledged.

Supporting Information Available: X-ray crystallographic files
in CIF format for complexes4-2CHCk and 4-3THF and the
molecular structure, crystal packing, and table containing the
selected interatomic distances for the oxidation state determination
of the manganese centers #83THF. This material is available
free of charge via the Internet at http://pubs.acs.org.

1C0614059



