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Abstract: The preparation and properties of [Mn;O3(0O.CPh-R)4(dbm)s] (R = H, p-Me, p-OMe, and o-Cl;
dbm~ is the anion of dibenzoylmethane) single-molecule magnets (SMMs) with virtual Cs symmetry are
reported. They were prepared by controlled potential electrolysis in 26—80% yields. The structures comprise
a distorted-cubane core of virtual Cs symmetry, in contrast to the other, more common complexes of this
type with virtual Csy symmetry. Solid-state magnetic susceptibility data establish the complexes have S =
9/2 ground-state spins, and ac susceptibility studies indicate they are single-molecule magnets (SMMs).
Magnetization vs dc field sweeps below 1.00 K reveal hysteresis loops confirming a SMM, with a very
large step at zero applied field diagnostic of fast quantum tunneling of magnetization (QTM) through the
anisotropy barrier. The fast QTM rate suggested a significant rhombic ZFS parameter E, as expected from
the low (virtual Cs) symmetry. This was confirmed by high-frequency electron paramagnetic resonance
spectroscopy on polycrystalline and single-crystal studies. The results confirm the importance of symmetry
on the QTM rates.

Introduction proposed for several potential applications, such as in high-
density information storage, where each bit of information would
be stored on a single molecule, and in quantum computing,
where each molecule would function as a quantum bit (qubit).
The latter application would take advantage of the fact that
SMMs straddle the classical/quantum interface and thus exhibit
both the classical properties of the macroscale and the quantum
properties of the microscale. In particular, they show quantum
tunneling of the magnetization (QTM), also called magnetic
guantum tunneling (MQT), whereby the magnetization tunnels
through the relaxation barrier rather than going overThe

There has been great interest during the past few years in
polynuclear oxide-bridged metal complexes as a result of some
of them having the ability to function as single-molecule
magnets (SMMs). This behavior is due to the intrinsic, intramo-
lecular properties of these species, and is the result of the
combination of a large ground-state spif) (value and a
significant magnetic anisotropy of the easy-axis (or Ising) type,
as reflected in a negative value of the axial zero-field splitting
(ZFS) paramete. As a result, SMMs possess a significant
barrier to reversal (relaxation) of their magnetization vector, and
the upper limit to this barrierl) is given by &D| and (S—
1/,)|D| for integer and half-intege® values, respectively. The
slow relaxation results in imaginary (out-of-phase) magnetic
susceptibility u'") signals in ac studies, and in hysteresis loops
in magnetization versus applied dc field sweéps.

SMMs thus represent a molecular (or bottom-up) approach
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to nanoscale magnets, and thus differ significantly from classical
(or top-down) nanoscale magnets of metals, metal alloys, metal
oxides, etc. These differences include monodispersity, crystal-
linity, true solubility (rather than colloid formation), and a shell

of organic groups that prevents close contact of the magnetic
cores with those of neighboring molecules, and which can be
varied using standard chemical methods. SMMs have been
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QTM thus potentially allows the molecule to exist as a quantum (NBu"3)[Mn4O2(0,CPh-0-Cl)o(H20)] (4), [Mn4O(0-CPh)(dbm)] and
superposition of states, a necessary property of a qubit. This is[Mn4Os(O.CMe)(dbm)] were prepared according to the literature
manifested in magnetization vs dc field sweeps where the methods®

resulting hysteresis loop, the classical property of a magnet,

(NBU",)[Mn 40(O.CPh)(dbm);] (5). Solid Na(dbm)¥;H,0 (1.23

displays steplike features due to QTM. Such QTM steps, first g, 5.00 mmol) was added to a stirred red solution of comflé%.02

reported in 1996 for [MpO1(O.CMe)g(H20)4]-2MeCQ:H-

4H,0, correspond to field positions where states on either side

g, 2.50 mmol) in CHCI, (145 mL). Over the course of several hours,
the color of the solution changed from red-brown to dark brown. A
precipitate (Na@CPh) was removed by filtration, and the filtrate was

of the double-well potential energy surfgce arein resonance andtreated with a mixture of EO/hexanes (200 mL, 1:1 v/v). A reddish-
therefore QTM can occur, leading to increases in the rate of prown precipitate was produced, which was collected by filtration,

magnetization relaxation.

A group of SMMs that we have been studying in great detail
over the past few years is the [MDsX(O2CMe);(dbm)] family
of clusters, where X= MeCGQ;,™, ClI~, Br~, N3—, NCO-, OH",
MeO™, etc., and dbmis the anion of dibenzoylmethane. These
contain the [Mn(us-O)s(us-X)]®" distorted-cubane core of
virtual C3, symmetry, are mixed-valence (3MpMn'V), possess
a well-isolated ground-state spin & = 9/23 and display

hysteresis loops containing QTM steps. Further, a second type,

of these complexes, of formula [M@3Cl4(O2CR)s(py)s] (R =
Me, Et; py= pyridine), crystallize as head-to-head dimers and
have allowed for the first time the identification of exchange-
biased QTM and quantum coherence in SMNIs.

washed with EO, and dried in air; the yield was75%. Anal. Calcd
(Found) for G5.3H95.5N020C|2_d\ﬂn4 (5'13CH2C|2, 1898.96 g m011):
C, 60.67 (60.91): H, 5.44 (5.07); N, 0.69 (0.74).

(NBU”4)[MI’] 402(02CPh-p-Me)7(dbm)2] (6) Solid Na(dbm)lszZO
(0.92 g, 3.74 mmol) was added to a solution of come{3.12 g,
1.85 mmol), in CHCI, (120 mL). After several hours, NaOPhp-
Me was removed by filtration, and the filtrate was treated witfOEt
hexanes (200 mL, 1:1 v/v) to produce a reddish-brown precipitate. This
was collected by filtration, washed with £, and dried in air; the
yield was ~75%. Anal. Calcd (Found) for fgH10dNO2CIMn,
(6+0.5CHCl,, 1929.20 g mai'): C, 63.62 (63.82); H, 5.82 (5.64); N,
1.01 (0.73).

(NBU"4)[MI"I 402(02CPh-p-OMe)7(dbm)2] (7) Solid Na(dbm)lszZO
(1.18 g, 4.79 mmol) was added to a stirred solution of complgk40

In the present work, we have extended our study of the g, 2.37 mmol) in CHCI, (165 mL). After several hours, NaOPhp-
monomeric M complexes to a subclass possessing a much Me was removed by filtration, and the brown filtrate was treated with

more distorted [Mi(uz-O)s(us-X)]&" core of only virtualCs
symmetry. We report the synthesis by controlled potential

electrolysis and the characterization by a variety of techniques

of [Mn403(0,CPh-R)(dbm)] complexes, where R= H (9),

p-Me (10), p-OMe (11) ando-Cl (12). These contain the low
symmetry [Mmy(uz-O)3(12,us—O-,CPh-R)f* core. These com-
plexes all still possesS = 9/2 ground states but their lower

hexanes (200 mL) to produce a light brown precipitate. This was

collected by filtration, washed with gD, and dried in air; the yield

was ~63%. Anal. Calcd (Found) for {gsH11NO27Mn, (7-hexane,

2084.92 g motY): C, 62.26 (62.31); H, 5.85 (6.13); N, 0.67 (0.83).
(NBu"4)[Mn 40,(O,CPh-o-Cl)7(dbm),] (8). Solid Na(dbm)¥,H,0O

(0.51 g, 2.10 mmol) was added to a stirred solution of com@léx00

g, 1.04 mmol) in CHCI, (100 mL). After several hours, NaOPho-

Cl was removed by filtration, and the brown filtrate was treated with

structural symmetry has been found to have an important effect Et,0/hexanes (200 mL, 1:1 v/v) to give a light brown precipitate. This

on their resulting magnetic properties, particularly on their

was collected by filtration, washed copiously with@&t and dried in

hysteresis loops and QTM rates. These properties will be air; the yield was~75%. Anal. Calcd (Found) for oHg7NCl702:Mny4

described in detail.

Experimental Section

SynthesesAll chemicals were used as received unless otherwise
stated. Abbreviations: {&Ph= benzoate; @CPhp-Me = 4-methyl-
benzoate; @CPhp-OMe = 4-methoxybenzoate; dom# dibenzoyl-
methane. The sodium salt of dibenzoylmethane (Na(du)O), and
the complexes (NBUY)[Mn4O2(O,CPh}(H20)] (1), (NBu")[Mn4Ox(O2-
CPhp-Me)s(H20)] (2), (NBU'4)[Mn40x(O-,CPhp-OMe)(H:0)] (3),

(2) Friedman, J. R.; Sarachik, M. P.; Tejada, J.; Ziolo,ARys. Re. Lett.
1996 76, 3830. (b) Thomas, L.; Lionti, L.; Ballou, R.; Gatteschi, D.; Sessoli,
R.; Barbara, BNature 1996 383 145. (c) Wernsdorfer, W.; Sessoli, R.
Sciencel999 284, 133. (d) Soler, M.; Wernsdorfer, W.; Folting, K.; Pink,
M.; Christou, G.J. Am. Chem. SoQ004 126 (7), 2156. (e) Soler, M.;
Wernsdorfer, W.; Abboud, K. A.; Hendrickson, D. N.; Christou, G.
Polyhedron2003 22, 1777. (f) Sanudo, E. C.; Brechin, E. K.; Boskovic,
C.; Wernsdorfer, W.; Yoo, J.; Yamaguchi, A.; Concolino, T. R.; Abboud,
K. A.; Rheingold, A. L.; Ishimoto, H.; Hendrickson, D. N.; Christou, G.
Polyhedror2003 22, 2267. (g) Canneschi, A.; Ohm, T.; Paulsen, C.; Rovali,
D.; Sangregorio, C.; Sessoli, B. Magn. Magn. Mater1998 177, 1330.
(h) Zhang, X. X.; Tejada, J.; Hernandez, J. M.; Ziolo, R.Nanostruct.
Mater. 1997 9, 301. (i) Barbara. B.; Wernsdorfer, W.; Sampaio, L. C.;
Park, J. G.; Paulsen, C.; Novak, M. A.; Ferrer, R.; Mailly, D.; Sessoli, R.;
Caneschi, A.; Hasselbach, K.; Benoit, A.; Thomas,JLMagn. Magn.
Mater. 1995 140, 1825.

(3) (a) Bashkin, J. S.; Chang, H.-R.; Streib, W. E.; Huffman, J. C.; Hendrickson,
D. N.; Christou, GJ. Am. Chem. S0&987, 109, 6502. (b) Li, Q.; Vincent,
J. B.; Libby, E.; Chang, H.-R.; Huffman, J. C.; Boyd, P. D. W.; Christou,
G.; Hendrickson, D. NAngew. Chem., Int. Ed. Engl988 27, 1721. (c)
Wang, S.; Tsai, H.-L.; Folting, K.; Streib, W. E.; Hendrickson, D. N.;
Christou, G.Inorg. Chem.1996 35, 7578-7589.
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302 1015.
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(8-2hexane, 2202.01 g md): C, 58.36 (58.65): H, 5.22 (4.34); N,
0.64 (0.62).

[Mn 403(02,CPh)4(dbm)3] (9). Method A. A slurry of complex5
(1.48 g, 0.81 mol) in a 1.0 M solution of NBi#PF; in MeCN (60.0
mL) was electrolyzed at 0.65 V vs Fc/Fander aerobic conditions at
room temperature. While the current was flowing, domH (0.20 g, 0.89
mmol) in a 1.0 M solution of NB4PF; (12.0 mL) was added dropwise.
Approximately midway through the electrolysis, a brown solid began
to precipitate from the solution. When the electrolysis was complete
(45—60 min), the precipitate was collected by filtration, washed with
MeCN and E4O, and dried in air. The yield was 7#B0%. Recrystal-
lization from CHCI/Et,O gave well-formed, dark red-brown crystals.
Anal. Calcd (Found) for &HssMn4Os7 (9, 1421.99 g molt): C, 61.66
(61.23); H, 3.76 (3.71).

Method B. To a stirred solution of [MgO2(O.CPh}(dbm)] (0.20
g, 0.14 mmol) and NBuMnO, (0.041 g, 0.11 mmol) in MeCN (35
mL) was added dropwise a solution of domH (0.037 g, 0.16 mmol) in
MeCN (2.0 mL). After 1 h, addition of hexanes (15 mL) produced a
red-brown precipitate, and this was collected by filtration, washed with
Et,O, and dried in air; the yield was 8%. The IR and NMR spectra
were identical to that of material prepared by Method 1.

Method C. Solid benzoic acid (0.21 g, 1.72 mmol) was dissolved
in a solution of [MnO3(O.CMe),(dbm)] (0.50 g, 0.28 mmol) in Ckt
Cly/toluene (30 mL, 2:1 v/v). After 30 minutes, the solvent was removed
by rotary evaporation to give a brown precipitate. This was dissolved
in CH.Cly/toluene (30 mL, 2:1 v/v), the solvent again removed, and
the cycle repeated one more time. The solid was then dissolved in
MeCN (30 mL), and the solution left undisturbed. Dark crystals began
to form after 1 h, and when crystallization was judged complete, they
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were collected by filtration, washed with &%, and dried in air; the
yield was~13%. The product was identified as compky IR and
H NMR spectroscopic comparison with material from Method A.

[Mn 403(O2CPh-p-Me)4(dbm)s] (10). Compound6 (1.13 g, 0.60
mmol) was dissolved in a 1.0 M solution of NBRFs; in MeCN (60

used as reference. Chemical shifts are quoted od twale (downfield
shifts are positive). IR spectra were recorded as KBr disks on a Nicolet
model 510P spectrophotometer. Cyclic voltammograms and differential
pulse voltammograms were recorded with a BAS CV-50 voltammetric
analyzer; studies were performed on MeCN solutions contairihg
mL) and electrolyzed as described for comp@XMethod A). The mM analyte and 0.1 M NBUPF; as supporting electrolyte. The cyclic
applied potential was 0.63 V vs Fc/Fand a solution of domH (0.16 voltammograms were recorded at a scan rate of 100 mV/s. The
g, 0.71 mmol) in the same solvent was added dropwise during the electrodes were a glassy carbon working electrode, a platinum wire
electrolysis. The precipitate that formed was collected by filtration, auxiliary electrode, and a reference electrode of Ag/AgNCOMeCN
washed with MeCN and ED, and dried in air; the yield was 65 or Ag/Agl/NBu"Agsl4 in CH,Cl,. The ferrocene/ferricinium (Fc/FEy
75%. Recrystallization from C¥I,/Et,O gave well-formed, dark red- couple was used as an internal reference. Elemental analyses were
brown crystals, crystallographically identified 48-2CH,Cl,, which performed at Indiana University using a Perkin-Elmer Series 1| CHNS/O
were collected and dried in air. Anal. Calcd (Found) fogH:Clo- Analyzer 2000. Magnetic data (ac and dc) were recorded on a Quantum
Mn4Os7 (10-CH,Cl, 1563.02 g molY): C, 59.94 (59.63); H, 4.06 (4.08). Design MPMS-XL SQUID magnetometer equippedédt 7 Tmagnet

[Mn 403(0.CPh-p-MeQ),(dbm)s] (11). Compound7 (0.89 g, 0.45 and capable of operating in the 1800 K temperature range. Dc
mmol) was dissolved in a 1.0 M solution of NBRFs; in MeCN (60 magnetic susceptibility data were collected on microcrystalline samples
mL) and electrolyzed as described for comp@xXMethod A). The restrained in eicosane to prevent torquing. Ac magnetic susceptibility
applied potential was 0.63 V vs Fc/Fand a solution of domH (0.16 measurements were performed in an oscillating ac field of 3.5 G and
g, 0.71 mmol) in the same solvent was added dropwise during the a zero dc field. The oscillation frequencies were in the-5888 Hz
electrolysis. The precipitate that formed was collected by filtration, range. Diamagnetic corrections to the observed susceptibilities were
washed with MeCN and ED, and dried in air. The yield was 45%. applied using Pascal’'s constant. Magnetic studies below 1.8 K were
Anal. Calcd (Found) for @Hs28Nos02:Mn, (11.1/2MeCN, 1563.13 g carried out on single crystals using a micro-SQUID apparatus operating
mol1): C, 59.93 (59.05); H, 4.03 (4.28); N, 0.45 (0.37). down to 0.04 KI High-frequency electron paramagnetic resonance

[Mn 403(0,CPh-0-Cl)4(dbm)z] (12). Compound8 (1.00 g, 0.50 (HFEPR) studies on both powders and single crystals were performed
mmol) was dissolved in a 1.0 M solution of NBRF; in MeCN (90 in the 59-269 GHz frequency range using a Millimeter-wave Vector
mL) and electrolyzed as described for comp@XMethod A). The Network Analyzer (MVNA) described elsewhet®ata were obtained
applied potential was 0.65 V vs Fc/Fand a solution of domH (0.11 by sweeping the magnetic field at a constant frequency and temperature.
g, 0.50 mmol) in the same solvent was added dropwise during the In addition, some of the fixed frequency measurements were repeated
electrolysis. The precipitate that formed was collected by filtration, at different temperatures. Crushed crystal samples were mixed with

washed with MeCN and ED, and dried in air. The yield was 26%.
Anal. Calcd (Found) for @H4g0:7ClsMny (12, 1559.76 g moiY): C,
56.21 (55.68); H, 3.17 (3.08).

X-ray Crystallography and Structure Solution. A crystal of

eicosane immediately after removal from the mother liquor in order to
avoid solvent loss from the microcrystallites. Likewise, single crystals
were protected with vacuum grease upon removal from the mother
liquor. The samples were cooled at 10 K/min under 1 atm of helium

complex10-2CH,CI; of suitable size was selected from the bulk sample gas. Temperature control was achieved within the variable-flow cryostat
(maintained in mother liquor to avoid solvent loss) and mounted in a belonging to a Quantum Design PPMS system.

filament loop surrounded with a small amount of the liquid. The crystal
was transferred to the goniostat, where it was coole¢ 168 °C for
characterization and data collection. Details of the diffractometry, low-
temperatures facilities, and computational procedures employed by the
Molecular Structure Center are available elsewliere.

A preliminary search for peaks and analysis using the programs : - "
DIRAX and TRACER revealed a triclinic unit cela(= 15.950(4) A, chelate, represent excellent starting materials for a variety of
b = 16.757(4) A.c = 15.491(1) A, = 96.60(1}, 8 = 99.82(1}, y reaction® A large number of such complexes have been
= 64.93(1}, Z = 2), and the choice of centrosymmetric space group prepared by this research group over the past few years with a
P1was confirmed by the subsequent solution and refinement of the variety of carboxylate (RC®) groups, and bidentate chelates
structure. Data processing gave a set of 13 029 unique intensities and_—L such as the anion of dibenzoylmethar& 2 -bipyridine 10
Rey = 0.018 for the averaging of 344 of these that had been measured4-imidazole-acetat, picolinate? and 8-hydroxyquinolinat&®
more than once. _Fpur standard intens_itigs measured every 300 reflectiongyf particular relevance to the present work are those containing
showed no significant trends. The limits foy k, and| were —18 to the anion of dibenzoylmethane (dbjrand aromatic carboxylate
+19,-19 to_—l—lg, and—lg to 0, respectively. The structure was sol\{ed ligands, such as benzoate and its para- and instituted
by a combination of direct methods (MULTAN-78) and Fourier L . ..

derivatives. Among other benefits, the many aromatic rings lead

techniques. In addition to the Mrncomplex, the asymmetric unit . - . . . .
contains two molecules of Gi8l,. Many of the hydrogen atoms were to high solubility of these Mn starting materials in organic

located in a difference Fourier map at the later stages of the refinement,Solvents, and this is important in the studies to be described.
with at least one on each of the terminal methyl groups. In the final
cycles of full-matrix least-squares refinement Bpall of the non-
hydrogen atoms were refined using anisotropic thermal parameters,
while all hydrogen atoms were introduced in fixed, idealized positions
with isotropic thermal parameters equivalent to 1.0 plus the isotropic (10)
equivalent of the parent atom. The fir(F) andR,(F) were 0.0577
and 0.0544, respectively, for 938 variables. The full unique data set
was used; however, reflections with< 2.0 sigma () were given zero
weight.

Physical Measurements!H NMR spectra were collected on a 300

Results and Discussion

Syntheses of (NBQy)[Mn 40,(0,CPh-R);(dbm),] Com-
plexes. Previous work had established that [MI3(O.CR)-
(L—L),]" butterfly-like complexes, where-tL is a bidentate

(7) Wernsdorfer, WAdv. Chem. Phys2001, 118 99.

(8) Mola, M. M.; Hill, S.; Goy, P.; Gross, MRev. Sci. Instrumen200Q 71,
186.

(9) Libby, E.; Folting, K.; Huffman, J. C.; Christou, G. Am. Chem. Soc.

199Q 112 5354.

(a) Vincent, J. B.; Christmas, C.; Huffman, J. C.; Christou, G.; Chang H.-

R.; Hendrickson, D. NChem. Commun1987 236. (b) Vincent, J. B.;

Christmas, C.; Chang, H.-R.; Li, Q.; Boyd, P. D.; W. Huffman, J. C.;

Hendrickson, D. N.; Christou, Gl. Am. Chem. S0d.989 111, 2086.

(11) Boskovic, C.; Folting K.; Christou, QRolyhedron200Q 19, 2111.

(12) (a) Libby, E.; McCusker, J. K.; Schmitt, E. A.; Folting, K.; Hendrickson,
D. N.; Christou, G.Inorg. Chem.1991, 30, 3486. (b) Libby, E.; Folting,
K.; Huffman, C. J.; Huffman, J. C.; Christou, Giorg. Chem.1993 32,

MHz Varian Gemini 2000 spectrometer with the protio-solvent signal 2549.
(13) Bouwman, E.; Christou, G.; Lobkovsky, E.; Huffman, J. @ndrg. Bichem
(6) http://www.chem.indiana.edu/facilities/msc_front.htm. 1991, 43, 377.
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Table 1. Oxidation Potentials for Complexes 5—8 in MeCN
Obtained by Cyclic Voltammety (Ei2) and Differential Pulse
Voltammetry (Eppyv)

15 oxidation? 2 oxidation?
R Eyp Eppy Eyp Eppy
H (5) 0.44 0.41 1.10 1.10
p-Me (6) 0.37 0.37 1.05 1.04

p-MeO (7) 0.33 0.33 1.00 1.00
1210 0-Cl (8) 0.54 0.51 1.22 1.19

Intensity (A)

a\olts vs ferrocene/ferriciniumz= 0.02 V.

1160 735 310 0
Potential (mV) a chemically reversible process. The conclusion that the oxidized

complex undergoes a structural transformation had already been
established in previous work for complB®>-1®and the present
results demonstrate that this is also true for compléxesand
identifies the corresponding potentials. With this behavior
established, the bulk oxidation of compleXes8 by controlled
potential electrolysis was carried out.
] Controlled Potential Electrolysis of Complexes 58. The

-2x10°8

Intensity (A)

utility of controlled potential electrolysis (CPE) of [M©,]8"
(4Mn'") complexes as a synthetic route to new/Momplexes

had previously been established when the butterfly complexes
[Mn402(0O,CMe)(py)2(dbm)] and complexs were oxidized by
one electron and found to convert to the corresponding

Foure 1. Cvolic volt (top) and differential pul " [Mn403(0O.CR)y(dbm)] (R = Me, Ph) complexes containing
lgure 1. YCIIC voltammogram (top) an Irrerential puise voltammaogram 6 . 16
(bottom) of (NBU2)[Mn.0x(0,CPhp-Me)s(dbmp] (6) in MeCN containing 1€ [MnuOs(O-CR)IP™ (3Mnf!, Mn") distorted-cubane coré:!

1210 810 410 10
Potential (mV)

0.1 M NBUYPFs. This synthetic methodology was now applied to all the present
complexes. MeCN was chosen as the solvent for several
The four complexes (NBW)[Mn4O,(O-CPh-R}(H20)] (1 reasons: high solubility of the starting materials, a usable

4), differing only in the benzoate substituent and all available potential range, a suitably high dielectric constant and low
in high yield using the published procedure for the PRCO  viscosity, and poor solubility of the products, leading to their
derivative, are excellent starting points to access the corre-precipitation from the electrolysis solutions and consequent
sponding dbm species by reaction with 2 equiv of Na(dbm) facile separation from the supporting electrolyte, B

in CHxCl, (eq 1)M This is a published procedure to the Thus, complexe§-8 were dissolved in MeCN containing 1.0
B B M NBuU"4PF; as supporting electrolyte, and electrolyzed with
[Mn,O,(O,CPh-R}(H,O)] + 2 dbm — an applied potential of 0.640.70 V vs Fc/F¢, depending on

[Mn,0,(0,CPh-R)(dbm),]+ 2 R-PhCQ™ + H,0 (1) the compound. The potential was chosen so as toe-® V
araTe z greater than the DPV peak value for the first oxidation. On the
benzoate complex (NBy)[Mn4Ox(O-.CPhy(dbm)] (5), and it basis of our previous experience of optimizing the yields of

has now been successfully employed for the correspondingSUch CPE reaction$;'®the MeCN was not dried before use
complexess (R = p-Me), 7 (R = p-MeO) and8 (R = o-Cl). and 1 equiv of dbmH in the same solvent was added dropwise

Electrochemical Studies on (NBt,)[Mn 405(0>CPh-R);- to the solution during the electrolysis. Brown precipitates slowly
(dbm),] Complexes.The electrochemical properties of com- formed over the course of the electrolyses<(45 min), as the
plexes5—8 were investigated by cyclic voltammetry (CV) and insoluble produc_t9—12 slowly formed fr9m5—8, respectively.
differential pulse voltammetry (DPV) in MeCN. Complex®s8 The transformations are summarized in eq 2.
display two one-electron oxidation processes at potentials in e
the 0.33-0.54 and 1.061.22 V ranges vs Fc/Fc The scans ~ [Mn,O,(0,CPh-R)(dbm),]” + dbmH+ H,O0 —

for representative comple& are shown in Figure 1, and the [Mn,04(0,CPh-R)(dbm);] + 3 R-PhCQH (2)
oxidation potentials for all four compounds are listed in Table

1. As expected, the oxidation potentials reflect the electron s¢ yiscussed in detail previousty,the overall conversion
withdrawing or donating ability of the substituents on the phenyl ;. o es an oxidation-induced incorporation of aHmolecule
ring, with the Me and MeO groups giving lower oxidation ;.- the complex, converting its core from [Mas-O),]®" to
potentials than benzoate, whereas the Cl substituent gives highe[Mn4Qu3-O)3]7+, with carboxylate groups acting as the"H
ones. The profile of the CV traces is consistent with a chemical acceptors. This is the reason the electrolysis solvent was not

change occurring after electron transfer. Thus, the ratio of y.aq pefore use. Product complex@s12 were identified by

forward to reverse currentk,/l; is significantly less than one, |r 4nd1H NMR spectroscopy, and elemental analysis, and in
and the DPV features are broader than would be expected for

(15) Wang, S.; Wemple, M. S.; Tsai, H.-L.; Folting, K.; Huffman, J. C.; Hagen,

(14) Wemple, M. W.; Tsai, H.-L.; Wang, S.; Claude, J.-P.; Streib, W. E.; K. S.; Hendrickson, D. N.; Christou, Gnorg. Chem.200Q 39, 1501.
Huffman, J. C.; Hendrickson, D. N.; Christou, {Borg. Chem.1996 35, (16) Wang, S.; Tsai, H.-L.; Hagen, K. S.; Hendrickson, D. N.; Christou).G.
6437. Am. Chem. Socl994 116, 8376.
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Figure 2. ORTEP plot at the 50% probability level of [M@3(O,CPhp-
Me)s(dbm)] (10). For clarity, carbon atoms are represented as idealized
spheres and only one phenyl carbon atom of the dignoup is shown.
Color code: Mn violet; O red; C gray.

the case of complexesand10 by X-ray crystallography. The
yields were in the 6575% range.
An obvious additional objective, given the success of the CP

method for the oxidation of manganese butterfly complexes,

was a second oxidation to achieve ajydnoduct at the [2MH -
2Mn'"V] oxidation level. Thus, the CPE was carried out on
(NBuU"9)[Mn40,(O,CPh)(dbm)] with an applied potential of
1.2 V vs Fc/F¢ under an inert () atmosphere in a mixture of
CH,CI,/MeCN; the chosen potential was 0.1 V more anodic

than the second oxidation potential for this compound in Table

1, but otherwise the same procedure that yiéldss employed.
However, the only product that could isolated in a pure form
from the electrolysis solution was known [IVi0;2(O,CPh) ¢
(H20)4]*" in a low yield of ~5%. It was identified by IR and
IH NMR spectroscopic comparison with authentic material. This
complex contains 8Mt and 4MrdY and no dbm ligands. Our

Figure 3. Structural comparison of the [M@®3X] 6" cores with complexes
with virtual Cg, (solid bonds) and virtuaCs (empty bonds) symmetries.

shorter average bond distances at théYNiton, and the presence

of Jahn-Teller (JT) elongation axes at Mn2, Mn3, and Mn4,
as expected for high-spin Mnin near-octahedral geometry.
The JT elongation axes are those on which lie atoms O8 and
010 of the unique carboxylate group. The peripheral ligation
is provided by a chelating domon each MH' ion, and asyn,-
synu-carboxylate group bridging each MiMn'V pair. Exclud-

ing the unique, centraj?us-carboxylate ligand gives virtual
Cs, symmetry for the molecule, but the unique carboxylate
lowers the virtual symmetry t6s, with the virtual mirror plane
passing through Mnl, Mn4, and O5, among others. Conse-

E quently, there are three types of Mn...Mn separations: The

Mn1...Mn(2,3,4) distances (average 2.794 A) are the shortest
in the molecule, consistent with the bis-oxide-bridged nature
of these MH'Mn"V pairs. In contrast, the Mh..Mn'"' separations
are significantly longer and fall into two types, Mn4...Mn(2,3)
(average 3.385 A) and Mn2...Mn3 (3.1464(11) A). The shorter
latter distance is consistent with the extra mono-atomic bridge
between these two Mn atoms provided by atom O8. The
structures of complexe$l and 12 are concluded to be very
similar to that of10, on the basis of their empirical formulas
and very similar IR andH NMR spectra.

The low (virtualCs) symmetry cores of complex&-12 are
distinctly different from those for the much more common types
of [Mn40sX(0,CR)s(dbm)] (X = CI-, Br-, F-, N3~, NCO",

suspicion is that a second oxidation generates species with dom MeCO;", etc) complexes, which contain a singlgX ™ ligand

groups attached to Mhions, and this causes oxidation and
loss of the former, leading to aggregation of the /Nhagment
to the Mny product. However, the low yield implies a

mono-atomically %) bridging the three M# ions and thus have
virtual Cay symmetry!® The single X ligand lies at the
intersection of the three MhJT elongation axes. The two cores

complicated reaction system, likely with several different species '€ compared in Figure 3, where it can be seen thattje-

in solution, and it was not studied further.
Description of the Structure of 10.The molecular structure
of [Mn403(0O,CPhp-Me)s(dbm)] (10) is shown in Figure 2;

carboxylate ligand irO—12 has the effect of opening up the
[Mn"3(us-O,CR)] portion of the core, and consequently the JT
axes no longer intersect. We have discussed elsewtibia

full listings of bond distances and angles are available as € unusual?us-binding mode of the carboxylate ligands is

Supporting Information. Compourid possesses a central [Mn
(us-03)(2,uz-O.CPhp-Me)]®t core that can be described as a
Mny trigonal pyramid with the MF ion (Mn1) at the apex, a
13-0O% ion bridging each vertical face andj,us-carboxylate

due to the bulkiness of their benzoate group (and its substituted
versions) that would cause severe steric problems with the dom
groups should the central carboxylate group bridge in the same
ntusz-mode as the X groups in theCay symmetry complexes.

group bridging the basal plane. One carboxylate O atom (O8) "€ more open structure 612 has an important effect on
of the latter bridges Mn2 and Mn3, whereas the other (010) is the magnetic properties &-12, as will be discussed later.

bound terminally to Mn4. All of the manganese atoms are hexa-

IH NMR Spectroscopic Studies.NMR spectroscopy is a

coordinated. The metal oxidation states are supported by thevery useful way of probing the structures of manganese

(17) Sessoli, R.; Tsai, H.-L.; Schake, A. R.; Wang, S.; Vincent, J. B.; Folting,
K.; Gatteschi, D.; Christou, G.; Hendrickson, D. Bl. Am. Chem. Soc.
1993 115 1804.

(18) (a) Aromj G.; Wemple, M. W.; Aubin, S. J.; Folting, K.; Hendrickson, D.
N.; Christou, GJ. Am. Chem. So&998 120, 5850. (b) Arony G.; Bhaduri,
S.; Artus, P.; Folting, K.; Christou, Gnorg. Chem.2002 41, 805.
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m-dbm p-dbm
m-y,BzO MeO-p—paBk o-dbm
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Figure 4. H NMR spectrum of [MaO3(O.CPhp-OMe)(dbm)] (11) in

CD.Cl, at ~23 °C. Solvent impurity peaks are marked with an asterisk.

Table 2. 'H NMR Spectral Data? for Complexes 9—12
R-PhCO,~ dbm=
R 0 m p 0 m p -CH-
H (9)° 8.5 13.4 7.4 2.0 53 —-0.2 65.5
n.o. 18.7 —2.8
p-Me (10) 8.2 131 26 21 53 -01 640
n.o. 18.3 155
p-MeO (11> 8.4 12.5 4.1 2.1 5.3 0.1 63.6
n.o. 17.2 6.0
o-Cl (12)P 9.2 13.6 35 20 48 -08 720
n.o. 178 —-2.4

a|n CD,Cl; at ~23 °C; n.0.= not observed, or assignment precluded
by poor resolution® The first and second rows for each complex give
carboxylate data for the-(0O,CPh—R) andus-(0O,CPh—R) groups, respec-
tively.

complexes in solutiol and establishing, for example, whether

The virtual symmetry of the molecules (assuming fast rotation
of phenyl rings) isCs. However, examination of spectra such
as that in Figure 4 indicates that the effective solution symmetry
is C3,. Thus, the dbm groups are all equivalent, and the
carboxylate groups fall into only two types, the three that are
doubly bridging on the periphery of the molecule, and the unique
triply bridging one in the core. A fluxional process is clearly
operative that serves to increase the effective solution symmetry,
and this is almost certainly a fast rotation of the unique
carboxylate group about its local, symmetry axis (ap-
proximately collinear with the virtuaCs axis of the rest of the
molecule). Such a process would have to occur rapidly on the
IH NMR time scale, and this is reasonable, given that the
necessary breaking and forming of M@ bonds involving this
carboxylate group can occur in a concerted fashion, and that
all these Mr-O bonds are JT elongated and weakened; a
relatively low activation energy is thus likely. The proposed
process is depicted in the Scheme, showing thé' Mace and
an edge-on view of the triply bridging carboxylate, with all
atoms except its O atoms omitted for clarity.

Mn Mn Mn

| L \
f - /O/O\Mn

"Mn MA

Since the remainder of the molecule has virbal symmetry,

a fast rotation of the unique carboxylate would resuliCisy
effective solution symmetry for these molecules, and thus the
NMR spectra observed.

We also carried out variable-temperature studies on all
complexes to probe whether the fluxional process could be
slowed to the point of seeing decoalescence of peaks corre-
sponding taCs symmetry. The low solubility 08—12in organic
solvents required the use of @Cl,, and the lowest temperature
employed was thus-90 °C. However, even at this lowest
temperature, théH NMR spectra did not show any decoales-
cence, only some slight broadening from viscosity effects. This
shows that the dynamic process involving thebenzoate

Mn

the solid-state structure is retained on dissolution. We have groups is still fast on théH NMR time scale even at90 °C,

therefore carried out such studies on complexes2in CD,-
Cl, by variable temperatutel NMR spectroscopy.

The spectrum obtained for complét at ~23 °C is shown
in Figure 4. The resonances span a wide range @ ppm as

indicating the activation energy barrier to be very small, as
expected from the nature of the process.

Direct Current Magnetic Susceptibility Studies. Variable-
temperature magnetic susceptibility measurements were per-

a result of the paramagnetic nature of the molecule. The peakformed on powdered polycrystalline samples of complexes
assignments were made on the basis of comparisons with thed—12, restrained in eicosane to prevent torquing, in a 10 kG

spectra of related Mncomplexes containing acetate and
deuterated acetate ligands studied previoisty peak broad-

field and in the 2.6-300 K range. The data are shown,agl
vs T plots in Figure 5.

nesses and relative integrations, differences between the spectra The value ofyuT for complex9 increases from 8.16 cin

of 9—12, and spin-lattice (T;) relaxation time measurements.
All four complexes9—12 display very similar spectral profiles,

mol~1 K at 300 K to a maximum of 11.61 crA mol~1 K at 25
K and then decreases to 5.25 chmol~1 K at 2.0 K. Complex

subject to the variations in the substituents on the phenyl ring; 10 exhibits similar behavior, withyyT increasing from 9.09
in particular, the o-Cl substituent complicates the assignment cm=3 mol~1 K at 300 K to a maximum of 11.91 crd mol~1 K

of the phenyl resonances for complé® Table 2 lists the

at 30 K, and then decreasing to 5.30%amol~* K at 2.0 K. For

measured chemical shifts for these complexes; a figure showingcomplex11, ymT increases from 8.28 chmol~1 K at 300 K to
their spectra at the same temperature is provided as Supportingx maximum of 11.03 cdmol~1 K at 30 K, and then decreases

Information.

(19) Hendrickson, D. N.; Christou, G.; Schmitt, E. A.; Libby, E.; Bashkin, J.
S.; Wang, S.; Tsai, H.-L.; Vincent, J. B.; Boyd, P. D. W.; Huffman, J. C;
Folting, K.; Li, Q. Streib, W. EJ. Am. Chem. S0d.992 114, 2455.

12508 J. AM. CHEM. SOC. = VOL. 126, NO. 39, 2004

to 5.05 cnt mol™! K at 2.0 K. Finally, complexl2 shows an
increase inwT from 8.72 cni mol~1 K at 300 K to a maximum
at 11.89 crdAmol~1 K at 30 K, followed by a decrease to 5.38
cm® mol~1 K at 2.0 K. The maximunymT for each of the four
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Figure 5. Plots ofymT vs T for polycrystalline samples of complex8s
(@), 10(m), 11 (a), and12 (#®) in a 10 kG field. The solid lines are the fits

300

of the data to the theoretical expression; see the text for details and the fit

parameters.

complexes is slightly below the spin-only € 2) value expected
for a complex with aS = 9, ground state (12.38 chmol~?!
K), and this is consistent witly < 2.0, as expected for Mn.
The decrease in thgyT value at the lowest temperatures is
likely due to zero-field splitting (ZFS), Zeeman effects from
the applied field, and any weak antiferromagnetic exchange
interactions. At higher temperatures, the decreagg inis due
to the thermal population of excited states w@h< °/,.

To determine the Mnpairwise exchange interactions within
the molecule, thguT vs T data for complexe8—12 were fit
to the appropriate theoretical expression. The virthabym-
metry in the solid state of these compounds requires four
exchange parameterd)(The isotropic Heisenberg spin Hamil-
tonian for thisCs symmetry is given in eq 3, whet®/J;" and

ZJl(él'éz + ASlA%) - 231'A51'§4 - 2:]2%'33. T
255+ 5S) (3)

Jo/J3 refer to the exchange interactions for Mvin' and M-
Mn"" pairs, respectively. There are thus two symmetry non-
equivalent MH'Mn'V parametersJ and J;'), and two non-
equivalent MA'Mn'"" parameters % and Jz). A full matrix
diagonalization approach for obtaining the eigenvalues of this
spin Hamiltonian would require diagonalization of a 50%00
matrix. Unfortunately, the convenient equivalent operator ap-
proach, based on the Kambe vector coupling mefasl not
possible for thisCs symmetry. However, a very reasonable
simplifying approximation is possible by takin = J;' as
described elsewhefé?'these interactions are likely very similar
since both pathways involve very similar [Mpn-02"),]%"
rhombs. The spin Hamiltonian now becomes that given by eq
4, for which the Kambe approach is applicable.

H=-23(5'5+55+5'5) -2355 _2‘33{%534 +
S$S8) (4)

Using the substitution§y =S + S, S = S + §,, andS; =
S + S, whereSy is the spin of the complete molecule, allows

T=—

(20) Kambe, K.J. Phys. Soc. Jprl950Q 5, 48.
(21) Aliaga, N.; Folting, K.; Hendrickson, D. N.; Christou, Bolyhedron2001,
20, 1273.

Table 3. Exchange Parameters and g-values for Complexes
9-12

R Jpab Jpae Jynd g E(712)%¢
H (9) —27.4 3.2 0.5 1.94 88.2
-23.8 3.6 - 2.03
p-Me (10) -22.9 438 49 1.96 126.7
—23.1° 5.0 - 2.07
p-MeO (11) -25.3 3.3 8.1 1.89 134.7
0-Cl (12) —24.7 35 3.4 1.96 114.9

acm L Pesd= 1.0.¢esd= 2.2.9esd= 2.5.¢Energy of theSr = 7/2
first excited state above the ground stat€it parameters using a twb-
model, with = J; andJa = J» = Ja.

the spin Hamiltonian of eq 4 to be converted to the equivalent

form

H==34E" - -8 - WG -5 - 8) -
5&°-5°-58) 6

of eq 5. The eigenvalues of this Hamiltonian are then given by
eq 6, where constant terms contributing to all states have been
omitted.

ES) = —d[S(S+ 1)~ (S + D]~ LSS+ ] -
J[S(Ss + 1) — Su(Sy + 1) (6)

For complexe®9—12, S, = 3/2 andS, = S = & = 2, and the
overall multiplicity of the spin system is 500, made up of 70
individual spin states ranging fro®r = 1/2 to 15/2.

A theoreticalyyT vs T expression was derived using tBe
values, their energie&(S;), and the Van Vleck equation, and
this expression was used to fit the experimental data. Data below
30 K were omitted because the low-temperature decrease is
caused by factors not included in the above model. The fit
parameters werd;, Jp, J3 andg. A temperature-independent
paramagnetism (TIP) term was included, held fixed at 600
10°% cm® mol~%. Good fits were obtained for all four com-
pounds, and these are shown as the solid lines in Figure 5. The
fit parameters are collected in Table 3. SincethendJ; values
are similar, we also fit the data f@rand10to the twod model
appropriate forCzy symmetry i.e.,.J; = JandJ, = J3 = J,
Good fits were again obtained (Table 3) although ghealue
was slightly greater than 2.0, no doubt reflecting the only
approximate appropriateness of 1@g, model.

Comparison of the obtained results shows that the exchange
interactions are very similar in the four complexes, as expected
given the only small differences in the carboxylate ligands; the
primary pathways for the superexchange interactions between
Mn ions are via the bridging oxide ions. The MKkIn'V and
Mn""Mn"" interactions are antiferromagnetic and ferromagnetic,
respectively, and fall within (or very near to) the ranges
previously observed for the structurally related [MaX-
(O.CR)(dbm)] (X =CI—, Br—, F, N3, NCO, MeCO,, etc)
complexes of-30 4+ 3 cnt ! and+5 =+ 3 cnT', respectivelyt®
As already mentioned, these Wiomplexes have a single
uz-X~ ligand mono-atomicallyy(?) bridging the three M# ions
(Figure 3), and a higher virtual symmetry 6%,. Thus, the
structural distortions imparted by thg-bridging carboxylate
groups in 9—12 have little consequence to the magnetic
properties. Note that the ferromagnetic coupling between two
Mn'"" ions bridged by on@s-oxide and oneis-X~ (X = Cl or

J. AM. CHEM. SOC. = VOL. 126, NO. 39, 2004 12509
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versus field plot follows the Brillouin function and the isofield
8 1 lines all superimpose and saturate at a valug®fHowever,
the experimental data of compléx in Figure 6 clearly do not
7 1 superimpose, indicating significant magnetic anisotropy (zero-
field splitting) in the ground state. Identical behavior was found
L 6 for all four complexe®9—12.
£ The data were fit to a model that assumes only the ground
= state is populated, includes axial zero-field splittiBgs@) and
5] the Zeeman interaction, and incorporates a full powder-average.
To calculate the magnetization for a polycrystalline powder
41 sample, a suitable averaging of the magnetization must be
carried out. In the case of low magnetic fields and high
3 temperatures, wheid is a linear function of fieldH, this entails
0 10 20 30 40 simply numerically averaging the three principal valivgs My,

H/T (T/K) and M,,. In the region of high fields and low temperatures, a
Figure 6. Plot of reduced magnetizatioM(Nug) vs H/T for complex11 true powder-average fl for all orientations must be matfe

at the indicated applied dc field strengths. The solid lines are the fit of the USINg eq 7. In this equatior, and
data by the method described in the text; see the text for the fit parameters.

_ =N . o OF;
Br) has also been found in the [M@yX4(dbm)] (X = CI or M= —j;:o ¢/;>:0 z — | expE/KT)/
Br) complexeg? 4 ™ \0H
The obtained values establish that all four complexes have CEJK

anSr = 9/2 ground state, thgSr, Sa, 8> = |9/2, 4, 6> state, Z exp(-E/kT)
which is very isolated from the nearest excited state. This ground '

state corresponds to the three=S2 Mn'"! spins being aligned ¢ are the polar angle orientations of the field with respect to
parallel to give a resultars = 6, which is aligned antiparallel  the molecular principal axis system,is Avogadro’s number,

to the S= 3/2 Mn" spin to give anSy = 9/2 total spin. The  anddE/dH is the change in the energy of thitlével in response
first excited state i$r = 7/2, resulting from args = S resultant  to a change in a magnetic field. The energies of the various

sind dodg (7)

aligned antiparallel to th& = 3/2 Mn" spin. spin sublevels of the ground steBeare obtained by diagonal-
For 10 and 12, there is insignificant difference betwedn ization of the (&r+1)(2Sr+1) spin Hamiltonian matrix, includ-

andJsz (Table 3), whereas f@ and11, there is a slightly bigger  ing the Zeeman terms, and the derivatives of the energy with

difference. This is likely due to a combination of (i) trdgJs respect to the magnetic field are calculated from the corre-

differences arising from different structural distortions in the sponding eigenvectors by using the Hellmaiieynman theo-
cores of these complexes as a result of differing solid-sate rem24

packing forces, and (ii) a greater experimental uncertainty (i.e., The program MAGNE? was employed to fit the experi-

a fitting ‘softness’) in the fit values af, andJ; compared with mental data to those calculated using the above procedure for
the much stronged;, which dominates the spin state energies. different values ofS, D andg. The best fit forl1is shown as
This is clearly apparent in the esd’s of Table 3, and also in the the solid lines in Figure 6; the fits for the other compounds
fitting error surface vsl; andJ, (= J, = J3) (see Supporting were of comparable quality. The fit parameters w8re 9/2
Information), which shows a steep-sided (i.e., well-defined) for all compounds, an®/g values of—0.60 cnT/1.95 for9,

fitting minimum vs J;, but a much shallower minimum \d —0.62 cntY/ 1.92 for10, —0.62 cn1%/1.89 for11, and—0.65

corresponding to a greater uncertainty. Note alsohanhdJs cm1/1.96 for12.

values cause the calculated energy gap toShe= 7/2 first To ensure that the global fitting minimum had been obtained,

excited state foP to be significantly smaller than those fbd— root-mean-square fitting error surfaces were generated as a

12, and this is consistent with the faster decrease iryfevs function of g andD, and that for representative complék is

T plot for 9 as the first excited state gets progressively more provided in Supporting Information as a 2-D contour plot. As

populated at a faster rate with increasing temperature. is usually the case, good fits could be found for both positive
Magnetization versus dc Magnetic Field Studies.To and negativé values, and this is the case also fdr However,

confirm the S = 9/2 ground-state spin and to determine the the fit with negativeD was nevertheless clearly superior. Further,
magnitude of the zero-field splitting paramelsrmagnetization only one fitting minimum was observed in this parameter space
vs dc field measurements were made for restrained samples ofwith negative D), and we conclude that we have indeed
9—12 at applied magnetic fields and temperatures in the 10 identified the global minimum. In addition, the fit has a hard
70 kG and 1.8-2.5 K ranges, respectively. The data for complex minimum i.e., it is well defined, in contrast to the shallower
11 are shown in Figure 6 as reduced magnetizathdfiNig) vs minimum with positiveD. However, it should be noted that
H/T plots, whereM is the magnetizationN is Avogadro’s the fitting model only incorporates axial anisotropy (ZFS) and
number ug is the Bohr magneton, artd is the magnetic field. ~ thus assumes the rhombic or transverse anisotropy (i.e., the
For complexes populating only the ground state and possessinghombic ZFS parameteE) is zero. While this is a good

no axial zero-field splitting (ZFS), i.eD = 0, the magnetization

(23) Boyd, P. D. W.; Martin, R. LJ. Chem. Soc., Dalton Tran$979 92. (b)
Gerloch, M.; McMeeking, R. FJ. Chem. Soc., Dalton Tran$975 2443.
(22) Aromi, G.; Knapp, M. J.; Claude, J.-P.; Huffman, J. C.; Hendrickson, D.  (24) Bader, R. F. W.; Jones, G. &an. J. Chem1963 41, 255.
N.; Christou, G.J. Am. Chem. S0d.999 121, 5489. (25) MAGNET, Davidson, E. R., Indiana University, Bloomington, IN.
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approximation for most of the [My©3X(O2CR)3(dbm)] family

of compounds with virtuaCsy (i.e., axial) symmetry, it is clearly
less appropriate for the more distorted virt@ symmetry
complexes9—12 in this work. These are likely to have a
significantE parameter. The fits of magnetization Msand T
data, as above, are not very sensitiveEtoand we therefore
held E fixed at zero. Thus, we estimate that tBevalues
obtained from the above fits are less reliable than those for the
virtual Cay complexes, with a likely uncertainty ef0.05 cnt?.

For more reliable determinations Bf(andE), a more sensitive
technique such as EPR spectroscopy is required (vide infra).

Even given the above greater uncertainty in healues, it Figure 7. Double-well potential energy plot for &= 9/2 molecule with

is clear that the latter for complexés-12 are sigpificz_antly axial symmetry and easy-axis type anisotropy. The bartlptq magnetiza-
greater than those for the analogous complexes with vi@gial tion relaxation between thiels = + 9/2 states is given by—1/4)|D|.

symmetry, whose values are typically in the 08853 cnt?
range. This is qualitatively as expected, given that the molecular 12
D value in this family of Mn complexes results from the
projections onto the molecular anisotropy axis of the single-
ion anisotropies of the three Jahmeller distorted MH' ions;
these are the main source of the molecular anisotropy, since
Mn' is a fairly isotropic ion. In theCzy symmetry [MnOsX(O,-
CR);(dbm)] molecules, the three JT elongation axes, which are
the single-ion anisotropy axes, meet at the mono-atomically
bridging atom of the X group (Figure 3). As a result, the
average anglef) between the three JT elongation axes and the 9 -
molecular anisotropy axis (i.e., the virtua axis) is~54° for

small atoms (O, F), 45%%or CI, and 42.8 for Br, the difference 0.60 1
reflecting the longer MaX bonds and thus a slight opening
up of the [Mrl" 3(us-X)] face of the molecul&:*> The decreasing

0 thus represents an increasing projection of the single-ion
anisotropy onto the molecular anisotropy axis (because the
projection is a function of c@d, and this rationalizes the greater

D value for the Ct and Br complexes £0.529 and—0.502 0.15 1
cmt, respectively) compared with the Fand MeCQ~
complexes £0.379 and—0.469 cntl, respectively). Other 0.00 7
differences between the complexes in their transverse anisotropy , , " - ,
parameteE and fourth order anisotropy terms rule out a simple, 2 4 6 8 10
linear correlation betweefl and D. For the lower symmetry Temperature (K)

complexes9—12, the much greater opening up of the [Ma Figure 8. Ac susceptibility of complext0in a 3.5 G field oscillating at
(uz-X)] face of the molecule (Figure 3) will lead to a 99.7 @), 250 #), 497 @), 999 (&), and 1488 @) Hz: (top) in-phase
significantly greater projection of the single-ion anisotropies onto ?lgnal faw) plotted agu T vsT; and (bottom) out-of-phase signak” vs
the molecular anisotropy axis, and thus a larBevalue, as
seen.

The [MnOsX(O2CR)(dbm)] family of complexes with
mono-atomically bridging X ligands and virtuaCsy symmetry
have been found to be single-molecule magnets (SMMs) as a
result of theirSy = 9/2 ground states and significaDivalues2®
Since the lower symmetry Mncomplexes9—12 retain both
these properties, it was considered likely that they might
consequently also have a significant barrier to magnetization
relaxation ) and be SMMs. This is the barrier for relaxation
between theMs = +9/2 levels, and is shown in the potential
energy double-well plot of Figure 7. As mentioned in the
Introduction, the upper limit to this barrier is given ky =
($—%,)|D| for a half-integer spin system, or @) for S= 9/2,
although the actual or effective barriéid) is significantly less

energy

magnetization orientation

-
-

%' T (em® K mol™)
b

0.45 1

A (cm® mol™)

due to quantum tunneling of the magnetization (QTM) through
the barrier via higher energWs levels. We thus decided to
investigate the magnetization dynamics of these complexes using
ac magnetic susceptibility studies.
Alternating Current Magnetic Susceptibility Studies. Ac
studies were performed in the &0 K range using a 3.5 G
ac field oscillating at frequencies in the 99.7488 Hz range.
The results for representative complEare shown in Figure
8. If the magnetization vector can relax fast enough to keep up
with the oscillating field, then there is no imaginary (out-of-
phase) susceptibility signalyy'), and the real (in-phase)
susceptibility ¢u") is equal to the dc susceptibility. However,
if the barrier to magnetization relaxation is significant compared
to thermal energyKT), then there is a nonzepg," signal and
the in-phase signal decreases. In addition,he signal will
(26) (a) Aubin, S. M. J.; dilley, N. R.; Pardi, L.; Krzystek, J.; Wemple, M. W.; be frequency-dependept. Such frequency—deper;gslé’rﬁ@nal; .
Brunel, L.-C.; Maple, M. B.; Christou, G.; Hendrickson, D. NAm. Chem. are a characteristic signature of the superparamagnetic-like
Soc.1998 120, 4991. (b) Aubin, S. M. J.; Wemple, M. W.; Adams, D. properties of a SMM (but by themselves do not prove the

M.; Tsai, H.-L.; Christou, G.; Hendrickson, D. N. Am. Chem. So04996 .
118 7746. presence of a SMM). For all the complex@s12, there is a
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plateau at>6 K in the in-phaseyy’ signal, when plotted as 1F T T
ym'T, at a value in the 1212 cn? K mol~! range (consistent
with a well-isolatedS = 9/2 ground state and < 2) and no

0.028 T/s

out-of-phaseyy’ signal. At lower temperatures, the in-phase 0.5 ]
signal decreases and a frequency-depenggrgignal appears, . 0.04 K
suggestive of the slow relaxation of a single-molecule magnet. = ” j:
However, the peak maxima clearly lie at temperatures below S 0 04K
1.8 K, the operating limit of our instrument. ::;:
Similar frequency-dependent ac signals have been previously 05 7K

observed for the [M§O3X(O.CR)(dbm)] complexes with

virtual Cay symmetry, but in those cases thg"' signals occur

at higher temperatures and their peaks are observable-at 1.8 -1
2.5 K for the higher oscillation frequencies. This might at first -1 -0.5 0 0.5 1
glance appear to be counter-intuitive, becauseytiiesignals HoH (T)
being at lower temperatures for the lower symmetry complexes 1F T T
would ostensibly suggest smaller relaxation barriers for these
complexes, and yet they have the lar@evalues and thus the
larger values of relaxation barrier (= (£ — 1/4)|D|). However, 0.5 -
as stated earliet) merely represents the upper limit to the
relaxation barrier. The actual or effective bartigg: will often

be considerably less thdn due to quantum tunneling of the
magnetization (QTM) through the anisotropy barrier via higher- :‘_’-‘?25 s
lying Ms levels of theS = 9/2 spin manifold. Thus, it is not 05k _gg‘lf i: |
accurate to conclude that the magnitude of the effective barriers ' ——0.007 T/s
Uett Will be determined merely by the value. We shall return —0.004 T/s
to this point later. -1 I I

Regardless of the exact position of thg' signals in Figure 1 05 0 0.5 1
8, it is clear that their presence suggests (but _does not prove) poH (T)
that these low-symmetry variants of the Miam'_ly are also Figure 9. Magnetization ) vs dc field hysteresis loops for a single crystal
single-molecule magnets (SMMs), as are the higher symmetry of 9 at the indicated temperatures and a fixed field sweep rate of 0.028 T/s
ones with virtualCsy symmetry. To confirm this, however,  (top), and at the indicated field sweep rates and a fixed temperature 0.04 K
studies at temperatures1.8 K were necessary, and these were (bottom). The magnetization is normalized to its saturation valie,

carried out on single_crystals of rgpresentative compldrwn the small sub-group of Mycomplexes that crystallize as [Ma

to 0.04 K using a micro-SQUID instrumet. dimers ofSs symmetry, where the intra-dimer exchange inter-
Magnetization versus dc Field Hysteresis LoopsShown action represents a bias-field that shifts the first QTM step away

in Figure 9 are the results of magnetization) (vs applied dc from zero fields

field scans of complex 9, at (i) a 0.028 T/s field sweep rate and At such low temperatures, there is not enough thermal energy

temperatures in the 0.64L.0 K range (Figure 9, top); and (i)  to overcome the potential energy barrier, and essentially all

at 0.04 K and field sweep rates in the 0.6®1056 T/s range  magnetization relaxation is by QTM involving a two-phonon

(Figure 9, bottom). Hysteresis loops were observed, establishingorbach process via higher-lyigs levels where the tunneling

that these virtualCs symmetry Mn complexes are SMMs.  rates are faster. However, Figure 9 shows that the hysteresis

However, the Clearly dominating feature of the hyStereSiS |00pS loops become essentially temperature-independent below ap-

in Figure 9 is the Iarge Step at zero field, which indicates that proximateiy 0.4 K, indicating Oniy ground_state QTM from the

quantum tunneling in zero field is so fast (corresponding to |owest-lyingMs = —9/2 level to theMs = +9/2 is occurring

~75% reversal of the magnetization) that there appears to bepelow this temperature.

no coercivity atM/Ms = 0. However, at other positions, the  The spin Hamiltonian describing this system to second order

coercivity can be seen to be temperature and time (sweep rate)s given by eq 8, wher® is the uniaxial anisotropy (ZFS)

dependent, increasing with decreasing temperature and increasparameterE is the rhombic anisotropy paramet&ris the spin

ing sweep rate, as expected for the superparamagnet-likeprojection operator along the(= x, y, 2) axis, ug is the Bohr

behavior of a SMM. magnetong is the Landefactor

Steps at periodic values of applied field are a diagnostic
signature of resonant QTM, and have been seen for several H=DS2+E®S2- éyz) +ﬂogﬂB§H (8)
distinct classes of SMMs, such as the Mifiamily in three
oxidation states (i.e., the [MgD12(O.CR)16(H20)4]% (z= 0, 1—, and uoH is the applied field; the third term is the Zeeman
2—) complexe¥?), Fe,28 and the M complexes withCay interaction. The rhombic teri(S2 — §?2), which vanishes in

virtual symmetry25-19 |n all cases, the first step in sweeping axial symmetry, represents the major origin of the mixing of
the field from one saturating value to the other occurs at zero states on either side of the energy barrier on which depends the
field where the potential energy double-well is symmetric and occurrence of QTM. In effect, the larger & the larger is the
Mslevels on one side of the barrier are degenerate (in resonancejunneling matrix element mixing two states, and the larger are
with those on the other side. The only exception to this is in the resulting tunnel splitting\ and the tunneling probability,
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P. The latter also depends inversely on the field sweep rate, asin energy of excited spin states relative to the ground %tate
expected from standard Landadener theory® Of course, the and, most importantly, information concerning transverse spin
E term makes QTM feasible, but it is still necessary to have Hamiltonian parameters that are responsible for the magnetic
transverse fields before QTM can actually occur, and even in quantum tunneling, e.g. the rhomliteterm3435>However, the
the absence of external applied fields, these are provided by(2S+1)-fold energy level structure associated with a large
the transverse components of dipolar and exchange fields frommolecular spinS necessitates EPR spectroscopies spanning a
neighboring molecules and hyperfine fields fréin (I = 5/2) wide frequency rang®:3” Furthermore, large zero-field splittings
nuclei. Note that the presence of transverse fields is essentialdue to the significant crystalline anisotropy and lagyealues
for QTM in half-integer spins, where parity effects are operative demand the use of frequencies and magnetic fields considerably
and crystal-field terms alone cannot cause tunneling to o€cur. higher (40 GHz to several 100 GHz, and up to 10 T) than those
The observed hysteresis loops in Figure 9 can now be typically used by the majority of EPR spectroscopf8t¥.38
rationalized. The lowering of the symmetry of these Mn All [Mn 40:X]¢* complexes studied to date (% CI~, Br-,
complexes from the virtualzy of the majority of the familyto ~ F~, and “O.,CMe)*® possess virtualCs, symmetry, which
the only virtualCs of 9—12 will lead to a significant increase  provides these molecules with a dominant uniaxial magneto-
in the rhombic anisotropy parametdt, and in the resulting  crystalline anisotropy. However, in the solid state, the JOWO,-
tunneling rates. As a result, a very large QTM step is seen at CPh-R)F" complexes9—12 have only virtualCs symmetry,
zero field, even at the lowest temperatures (and fastest swee@nd HFEPR measurements were carried out to complement the
rates) when tunneling occurs only by thk = 4+ 9/2 channel magnetic studies. The complete Hamiltoni&t) that describes
for which the tunnel rates should be the slowest. The large stepthese compounds is shown in eq 9.
at zero field and the fast tunneling rates that it indicates also
rationalize the ac data showing a faster relaxation rate for the H=DS?+ E(57 — Q/z) + 19 ugS*H+B,O,+H (9)
lower-symmetry complexe®—12 compared with the virtuaCsy
symmetry Mn complexes, even though the former have the Thjs is the same equation as eq 8, except that it also includes
largerD value. In effect, although the largBrvalues 0f9—12  he gperatod,, which characterizes fourth order crystal-field
Ieagl to a larger barridd, their fastgr QTM. rates resulting from  jnieractions (e.g., the axigloO,0 term), andH’, which includes
their largerE values short-cut this barrier and lead to a net g other effects such as weak intermolecular couplings and/or
smaller effective barrier Uer) for 9—12. This explanation  glectron-nuclear hyperfine interactiorf8;the other symbols
qualitatively rationalizes all the ac and hysteresis data on the yaye the meanings defined earlier. The second term parametrizes
basis of the low symmetry and the resulting incredSe@lue, the rhombic distortion of the crystal field, i.e., the dominant
but it was felt essential to obtain independent and quantitative {y53nsverse term due to the crystal field, and represents the main
support for it, and for this we turned to high-frequency electron t5cus of these HFEPR studies; (< |D/3|) parametrizes the
paramagnetic resonance spectroscopy, a technique capable Qfirength of this interaction, arf, and§, are thex- andy-axis
providing a reliable indication of the magnitude of the rhombic gy projection operators. Within the appropriate zero-fld
anisotropy. basis, S and §, do not commute withS,. Consequently, as
Single-Crystal, High-Frequency Cavity-Based EPR Spec-  mentioned earlier, the rhombic term in eq 9 represents a major
troscopy of 9 and 10.High-frequency electron paramagnetic  source of mixing of states on opposite sides of the energy barrier
resonance (HFEPR) spectroscopy is a powerful technique fortg magnetization reversal, thereby making possible the QTM.
the magnetic characterization of molecular species with large However, as again mentioned already, transverse fields play a
anisotropy. Absorption peaks observed in HFEPR spectra resultcrycial role in driving QTM in these half-integer spin systems,
from transitions between sublevels of the ground and low-energy a5 originally pointed out by Wernsdorfer et&The most likely
spin states. At low temperatures, only a few of these sublevels soyrce of such fields (contained withktf) are intermolecular
are populated and, therefore, only a few peaks should be seemipolar or exchange interactions, and nuclear spins.
in the EPR spectrum. As the temperature is increased, more e have investigated th® and E crystal field parameters
states become populated, and more peaks are observed. Thgf 9—12 using both powder-average and single-crystal HFEPR

analysis of spectra for different high-spin complexes can provide techniques. Numerous recent studies of high-symmetry SMMs,
extremely precise information such as the exact value of the

ground-state spif the magnitude and sign @f,32 the location (33) Zipse, D.; North, J. M,; Dalal, N. S;; Hill, S.; Edwards, R.ys. Re.
B 2003 68, 184408.

(34) Hill, S.; Edwards, R. S.; Jones, S. |.; North, J. M.; Dalal, NPBys. Re.

(27) (a) Tsai, H.-L.; Hendrickson, D. N.; Eppley, J. J.; de Vries, N.; Folting, Lett 2003 90, 217204.
K.; Christou, G.J. Chem. Soc., Chem. Commui®894 1745. (b) Eppley, (35) Hill, S.; Takahashi, S.; Edwards, R. S.; North, J. M.; Dalal, N. S. http://
H. J.; Tsai, H.-L.; de Vries, N.; Folting, K.; Christou, G.; Hendrickson, D. xxx.lanl.gov/abs/cond-mat/0401515 (Jan. 27, 2004).
N. J. Am. Chem. S0d.995 117, 301. (c) Aubin, S. M. J.; Sun, Z.; Guzei, (36) Hill, S.; Perenboom, A. J.; Dalal, N. S.; Hathaway, T.; Stalcup, T.; Brooks,
I. A.; Rheingold, A. L.; Christou, G.; Hendrickson, D. N. Chem. Soc., J. S.Phys. Re. Lett. 1998 80, 2453.
Chem. Commurll997, 2239. (d) Kuroda-Sowa, T.; Nakno, M.; Christou, (37) Hill, S.; Edwards, R. S.; Jones, S. |.; Maccagnano, S.; North, J. M.; Aliaga,
G.; Hendrickson, D. N.Polyhedron 2001 20, 1537. (e) Soler, M.; N.; Yang, E.-C.; Dalal, N. S.; Christou, G.; Hendrickson, D. Mater.
Wernsdorfer, W.; Abboud, K. A.; Huffman, J. C.; Davidson, E. R, Res. Soc. Symp. Pro2003 746, 253 (Materials Research Society).
Hendrickson, D. N.; Christou, Gl. Am. Chem. So2003 125, 3576. (38) (a) Hill, S.; Dalal, N. S.; Brooks, J. &ppl. Magn. Resorll999 16, 237.
(28) Caneschi, A.; Ohm, T.; Paulsen, C.; Rovai, D.; Sangregorio, C.; Sessoli, (b) Mola, M.; Hill, S.; Goy, P.; Gross, MRev. Sci. Inst.200Q 71, 186.
R. J. Magn. Magn. Mater1998 177, 1330. (39) (a) Aubin, S. M. J.; Wemple, M. W.; Adams, D. M.; Tsai, H.-L.; Christou,
(29) Olson, R. EPhys. Re. A 197Q 2, 121. G.; Hendrickson, D. NJ. Am. Chem. Sod 996 118 7746. (b) Li, Q.;
(30) Wernsdorfer, W.; Bhaduri, S.; Boskovic, C.; Christou, G.; Hendrickson, Vincent, J. B.; Libby, E.; Chang, H. R.; Huffman, J. C.; Boyd, P. D. W.;
D. N. Phys. Re. B 2003 65, 180403. Christou, G.; Hendrickson, D. NAngew. Chem1988 100, 1799.
(31) Edwards, R. S.; Maccagnano, S.; Yang, E.-C.; Hill, S.; Wernsdorfer, W.; (40) (a) Park, K.; Novotny, M. A.; Dalal, N. S.; Hill, S.; Rikvold, P. Rhys.
Hendrickson, D. N.; Christou, Gl. Appl. Phys2003 93, 7807. Rev. B 2002 65, 14426. (b) Park, K.; Novotny, M. A,; Dalal, N. S.; Hill,
(32) Rumberger, E.; Hill, S.; Edwards, R. S.; Wernsdorfer, W.; Zakharov, L. S.; Rikvold, P. APhys. Re. B 2002 66, 144409. (c) Hill, S.; Maccagnano,
N.; Rheingold, A. L.; Christou, G.; Hendrickson, D. Rolyhedron2003 S.; Park, K.; Achey, R. M.; North, J. M.; Dalal, N. 8hys. Re. B 2002
22, 1865. 65, 224410.
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Figure 10. Experimental data (top) and simulations (bottom) of the
microwave transmission through the cavity containing a powder sample of
[Mn405(0.CPh-Me)(dbm)] (10) at the indicated temperatures vs applied
magnetic field strength; the frequency was 249 GHz. See the text for an
explanation of the labeling of the resonances.

including several Mpsystems;** have demonstrated the power
of single-crystal HFEPR capabilities. However, in the case of
the present complexes, such an approach is greatly complicate
due to the intrinsically low-symmetry of the structure, and the
resulting difficulties in locating the principal magnetic axes of
a single-crystal. In principle, this could be achieved using a
goniometer, but this is incompatible with the HFEPR technique
which, at present, allows only for sample rotation in a single
plane343538For this reason, the simplest way to obtain e
andE parameters is to perform measurements on a fine powder
of randomly oriented microcrystals. Thus, most of the data

presented below were obtained, as described in the Experimenta

Section, on a microcrystalline powder sample of [J@s(O.-
CPhp-Me)y(dbm)] (10) in a solid pellet of eicosane wax. We
also carried out single-crystal studies on [[@s(O.CPh)-
(dbm)] (9), but we cannot evaluate the term using this
method.

Figure 10 (top) depicts several experimental plots of the
microwave transmission through the cavity containing a powder
sample of10, as a function of the applied magnetic field
strength; the frequency was 249 GHz and the various temper-
atures are indicated in the figure. The spectra reveal several
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sharp features labelegly, z, or M. These correspond to resonant
absorptions of microwaves due to the EPR response of crys-
tallites that are oriented such that the applied field is along one
of their principal magnetic axesitherx, y, or z. The sharpest
feature is labeled;. Since this resonance persists to the lowest
temperatures investigated, we infer that it corresponds to an
excitation from the ground state of ti&= 9, multiplet. The
same is true for resonancgsy and M. The three peaks y
andz; may be explained very well using the Hamiltonian of eq

9 with the following parametersD = —0.646 cnTl, E = 0.140
cm i BLS=-35x 10°cm, g, = 1.85 andy, = g, = 2.00

(see below). To illustrate this agreement, we have simulated
the powder spectra in Figure 10 (top) using the software program
SIM,*? assuming a completely random distribution of orienta-
tions of the crystallites; these simulations are shown in Figure
10 (bottom). Again, three singular features are apparent at the
lowest temperatures, which occur at exactly the same fields as
the resonances labeledy, andz in Figure 10 (top). As noted
above, these resonances are related tg,theandz axes spectra

of the individual crystallites.

While the positions of the sharp features in the experimental
data and the simulations are in agreement, the overall shapes
of the curves differ slightly. We suspect that this is due to field
alignment of a significant number of the crystallites in the
eicosane pellet, which was fairly loosely packed. Such an
alignment of a fraction of the crystallites can lead to a significant
enhancement of the easyr)(axis components of the spectrum
relative to the hardxy) plane response. Consequently, the
resonances become stronger, sharper and more symmetric
relative to thex andy components. The field alignment results
from the significant torque on th& = °, SMMs at low
temperatures, in combination with the negative magnetocrys-
talline anisotropy D). Indeed, this method is often used to align
polycrystalline samples in order to mimic single crystal mea-
surements. However, the alignment is only affective along one
axis, and the orientations remain random within the plane
transverse to the applied field. Thus, although the reorientation
of some fraction of the sample influences the shapes of the
HFEPR spectra, this does not influence the locations of the
features in the spectra. Therefore, one may reliably estimate

é:rystal-field parameters from data such as those in Figure 10.

Further comparisons in Figure 10 between the experimental
data and the simulations reveal additional resonances as the
temperature is increased. These features correspond to transitions
from excited states within th&= %, ground-state spin manifold.

We have labeled some of the peaks %, z5) corresponding to
the easy £-) axis components of the spectra, since these are
clearly visible in the experimental plots (presumably due to the
field alignment effect discussed above). However, itfandy
Fomponents of the excited state spectra are not clearly discern-
Ible in the data. In addition to the resonances labeled and

7, arelatively strong peak M is seen just abayevhich persists

to the lowest temperatures investigated. Its position just to the
high field side of thez resonance suggests an excitation of
similar origin, perhaps resulting from a minority ¥Bpecies
with an approximately 1620% smalleD-value. While great

(41) Edwards, R. S.; Hill, S.; Bhaduri, S.; Aliaga-Alcade, N.; Bolin, E.;
Maccagnano, S.; Christou, G.; Hendrickson, D.Rélyhedron2003 22,
1911.

) Jacobsen, C. J. H.; Pedersen, E.; Villadsen, J.; Weihénddg. Chem.
1993 32, 1216.
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300 (9). As mentioned above, the single crystal measurements are
complicated due to the problem of locating the high-symmetry
= B0r directions of the crystal. Furthermore, the unit cell contains pairs
5 200} of molecules with their z-axes tilted relative to each other, i.e.,
= there are two easy magnetization directions for this crystal.
% 150F Nevertheless, by extrapolating the positions of resonances to
% 1ol zero magnetic field, one may accurately obtain the zero-field
= — n level splittings, and thus tHe andB,° Hamiltonian parameters.

g

z
— ey The scatter in the data is likely due to sample misalignment.
— A x However, the zero-field extrapolations, obtained by superimpos-
0 2 1 6 é 0 12 14 ing fits to eq 9 on to the data, are extremely reliable. These
Mugnetic field (tesla) extrapolations yield the following crystal field parametei3:
. . . o = —0.567 cntt andB,? = —1.73 x 10* cm™. We speculate
Figure 11. Plot of the experimental field positions of the y, and z . .
resonances (solid points) as a function of frequemgyz§, andz, are only that the smalleD value c.)bta”?ed for this complex may pe
available from the 249 GHz measurements, which were taken at higher related to the reduced distortion of the cube, resulting in a

temperatures). The solid lines are the fits of the data, from which the gmaller projection of the single-ion anisotropy onto thaxis
Hamiltonian parameters given in the text were obtained. for the molecule

=

Conclusions

The controlled potential electrolysis of [M@2(O.CPh-R})-
(dbm)]~ complexes has proved to be a useful method for the
synthesis of the corresponding [WDs(O.CPh-R)(dbm)]
complexes. The procedure is facilitated by the insolubility of
the products in the electrolysis solvent, providing a ready means
to their isolation in pure form, uncontaminated by the supporting
electrolyte. Although the preparations are relatively small scale,
they are nevertheless a convenient means of accessing these

Frequency (GHz)

1 2 3 4 complexes, whose synthesis is not available by an alternative
Magnetic field (tesla) route. A crystal structure has confirmed the identity of complex
Figure 12. Plot of the experimental field positions of resonances obtained 10 and its low symmetry as a result of thébinding mode of

at 15 K for a single-crystal of [MyO3(O.CPh)(dbm)] (9). Superimposed ' . . .

are fits to the data (solid lines), from which theandB,0 parameters given  th€ unique, central carboxylate ligand, with consequently only
in the text were obtained. virtual Cs symmetry for these complexe®d NMR spectral

K . | | ing th ) fstudies in CRCI, have established that the complexes retain
care was taken to avoid solvent loss during the preparation of o girctural integrity in this solvent, but that they exhibit

the powo!gr samplfa, itis known that thege gqmplexes are rathereffectiveC;.;v symmetry in solution, which we have assigned to
air sensitive, which could result a significant fraction of

. . . rapid (on thelH NMR time scale) rotation of the central
molecules having a different compliment of solvent molecules.
- ; . . carboxylate group.
Despite this unexplained aspect of the spectra, the main features

of the EPR spectra are extremely robust, and are in good Detailed magnetic susc_ept|b|l|ty studies haV(_a e;tabllshed that
agreement with simulation. the lower symmetry has little effect on the pairwise exchange

As a final constraint on the Hamiltonian parameters for parameters in these molecules, and as a result the ground state

[Mn4Os(O,CPhp-Me)s(dbm)], we repeated the low temperature of complexe®—12is S= 9/2, the same as the higher symmetry

(2 K) measurements at many different frequencies from 49 to complexes. However, thB value is significantly greater, and
269 GHz. In Figure 11, we plot the locations of they, andz we can qualitatively correlate this with the greater projection

resonances as a function of frequengy ¢, andz are only of the Mn" single-ion anisotropies onto the molecular anisotropy
available from the 249 GHz measurements which were taken @Xis as a result of thg>-binding mode of the unique, central
at higher temperatures). Superimposed on the data are fits toc@rboxylate ligand and the consequent opening up of one face
the data points from which the Hamiltonian parameters quoted ©f the M, distorted-cubane structure. As a result of tti
above were obtained. From the spacings ofzhesonances,  9/2 ground state and the significabtvalue, complexe§—12
one can deduce the value of the fourth order paranifert have a significant barrier to magnetization relaxation and thus
is also clear from this plot which peaks correspond to the easy function as single-molecule magnets (SMMs). However, they
(z) axis and hard Xy-) responses of the sample, i.e., the exhibit fast QTM in zero field, as reflected in a very large QTM
resonances have positive zero-field offsets, whilexramdy step at zero field in the hysteresis loops. In fact, this fast QTM
resonances have negative zero-field offsets. These assignmentgd)as precluded detailed magnetization vs time decays studies to
together with the temperature-dependent data in Figure 10,0btain relaxation kinetic data that would allow an Arrhenius
enable us to verify that the sign &f is negative, as expected plot to be constructed from which could be determined the
for a SMM. Of course, this was already confirmed from effective barrier to magnetization relaxatidyy. Nevertheless,
hysteresis measurements. it is clear from the combined dc and ac data that the magnetiza-
Finally, in Figure 12, we plot the positions of resonances tion relaxation rates for these low-symmetry complexes are
obtained at 15 K for a single-crystal of [M@3(O,CPh)(dbm)] greater than for the higher symmetry Moomplexes, even

J. AM. CHEM. SOC. = VOL. 126, NO. 39, 2004 12515



ARTICLES Aliaga-Alcalde et al.

though theirD values are higher. This apparent paradox is insights on the influence of symmetry on the magnetic properties
assigned to the greater transverse anisotropy paranketer of molecular nanomagnets, information that will be crucial as
resulting from the lower symmetry, and consequently the greaterthis still relatively young field continues to be developed.
QTM rates in9—12 that short-cut what would otherwise be the
larger barriers to relaxation. In fact, this provides an important  Acknowledgment. This work was supported by NSF grants
take-home message from this work, namely that in trying to CHE-0123603, CHE-0414155, DMR-0103290, and DMR-
increase the relaxation barriers so that SMMs that function at 0239481.
higher temperatures may be obtained, it is important to not just
increaseS and/orD, but to also keefit as small as possible to
minimize the QTM rates through the barrier.

In any event, complexe8—12 described in this work are
unusual, low symmetry versions of the MBMMs and represent
important new additions that continue to provide invaluable JA047527M
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