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Several single-molecule magnets with the composition;Pm(O,CR)6(H20),] (x = 3 or 4) exhibit two out-
of-phase ac magnetic susceptibility signals, one in th& & region and the other in the-3 K region. New
Mn, complexes were prepared and structurally characterized, and the origin of the two magnetization relaxation
processes was systematically examined. Different crystallographic forms ofiaddmplex with a given R
substituent exist where the two forms have different compositions of solvent molecules of crystallization and this
results in two different arrangements of boungOHand carboxylate ligands for the two crystallographically
different forms with the same R substituent. The X-ray structure of cubic crystals QbMiO.CEt)16(H20)z]-
4H,0 (space groupPl) (complex 2a) has been reported previously. The more prevalent needle-form of
[Mn120;2(O,CEt)6(H20)3] (complex2b) crystallizes in the monoclinic space groBg/c, which at—170°C has
a=16.462(7) Ab = 22.401(9) Ac = 20.766(9) A8 = 103.85(2}, andZ = 4. The arrangements of,B® and
carboxylate ligands on the Ms molecule are different in the two crystal forms. The complex [Mn,-
(O2CCsH4-p-Cl)16(H20)4] -8CH,CI; (5) crystallizes in the monoclinic space groGg/c, which at—172°C hasa

= 29.697(9) A,b = 17.708(4) A,c = 30.204(8) A, = 102.12(2}, andZ = 4. The ac susceptibility data for
complex5 show that it has out-of-phase signals in both the8XK and the 47 K ranges. X-ray structures are
also reported for two isomeric forms of themethylbenzoate complex. [MgD12(O2CCsH4-p-Me)1g(H20)4]
(HO,CCsHa-p-Me) (6) crystallizes in the monoclinic space groGg/c, which at 193 K hasi = 40.4589(5) A,

b= 18.2288(2) Ac = 26.5882(4) A = 125.8359(2), andZ = 4. [Mn;20;2(0,CCeHs-p-Me)16(H20)4] -3(H.0)

(7) crystallizes in the monoclinic space grol®fa, which at 223 K has = 29.2794(4) Ab = 32.2371(4) Ac

= 29.8738(6) A, = 99.2650(10%, andZ = 8. The Mn, molecules in complexe6 and 7 differ in their
arrangements of the four bound®l ligands. Comple¥ exhibits an out-of-phase ac pegfu(’) in the 2-3 K
region, whereas the hydrate complékas ayv' signal in the 47 K region. In addition, however, in complex

6, one M ion has an abnormal Jakieller distortion axis oriented at an oxide ion, and tieuand 7 are
Jahn-Teller isomers. This reduces the symmetry of the core of compleempared with complex. Thus,
complex6 likely has a larger tunneling matrix element and this explains why this complex shgws$ signal

in the 2-3 K region, whereas complex has itsyy' peak in the 47 K region, i.e., the rate of tunneling of
magnetization is greater in compléxhan complex’. Detailed'H NMR experiments (2-D COSY and TOCSY)
lead to the assignment of all proton resonances for the benzoatp-rmwethyl-benzoate M complexes and
confirm the structural integrity of the (MgO12) complexes upon dissolution. In solution there is rapid ligand
exchange and no evidence for the different isomeric forms of;Momplexes seen in the solid state.

Introduction be an effective vehicle for the synthesis and study of such
nanomagnets. Very recently molecules have been found that
function as nanomagnets, and they have thus been termed single-
molecule magnets (SMM'$54! The magnetic “response”

Nanomagnets on the scale of 1 to 100 nm are expected to
exhibit unusual properties and are therefore the subject of much
current interest: The most common preparative method for
nanomagnets involves fragmenting bulk ferro- or ferri-magnetic
materials, although the protein ferritin has also been féuod
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comes not from domains in crystals where the spins on a large studied SMM is [MR0:O.CMe) ¢(H20)4]-2(HO,CMe) 4(H.0)
number of metal sites are correlated, as in normal magnets, but(1), commonly called “Mny-acetate” or even simply “Mn".

from individual noninteracting molecules, where each SMM has There are at least two major reasons for Studying nanomagnets
a large enough magnetic moment and magnetic anisotropy tocomposed of single molecules. One goal is to construct the
function as a magnet. In response to an external magnetic field,yltimate high-density memory device; such a molecular meffory
the magnetic moment of the SSM can be magnetized with its gevice could conceivably store two or more bits per molecule.
spin either “up” or “down” along the axial magnetic anisotropy A second goal is the elucidation of how quantum-mechanical
axis. After the magnetic moment of this molecular species is pehavior at the macroscopic scale underlies classical behavior
oriented in an external field and the external field is then gzt the macroscopic scaféln a large sample of nanomagnets
removed, the moment (spin) of the molecule will only very (i e a classical system) itis possible to see quantum mechanical
slowly reorient if the temperature is low. The most thoroughly tunneling of the magnetization underlying the classical mag-
netization hysteresis response. Friedman ét@reported for

(9) Sessoli, R.; Tsai, H.-L.; Schake, A. R.; Wang, S.; Vincent, J. B; ; ; i i ati ;
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W. E.; Hendrickson, D. N.; Christou, ®/ol. Cryst. Lig. Cryst1995 axial ZFS parameter). The “Mpacetate” complex has &=
18) ?é‘;ila?_'l___ Eppley, H. J.: de Vries, N.: Folting, K.: Christou, G. 10 ground state that experiences axial zero-field splitting with
Hendrickson, D. NMol. Cryst. Liq. Cryst 1995 274, 167. "7 D=-0.50cntl The barrier height for magnetization reversal
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QTM ‘94; Gunther, L., Barbara, B., Eds.; Kluwer Academic Publish- At ; it
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agn. Mater L . P « s .
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(25) Friedman, J. R.; Sarachik, M. P.; Tejada, J.; ZioloPRys. Re. Lett eld response; and ( )t ere bea eque cy-dependent out
1996 76, 3830. of-phase ac magnetic susceptibility signal because at low
(26) Thomas, L.; Lionti, F.; Ballou, R.; Gatteschi, D.; Sessoli, R.; Barbara, temperatures the magnetization of a single-molecule magnet will
B. Nature1996 383 145. not be able to keep in phase with an oscillating magnetic field.
(27) Tejada, J.; Ziolo, R. F.; Zhang, X. XChem. Mater1996 8, 1784. .
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(31) Gatteschi, DCurr. Opin. Solid State Mater. Sc1996 1, 192. systematically examine the origin of the two out-of-phase ac
(32) Burin, A L.; Prokofs, N. V.; Stamp, P. C. EPhys. Re. Lett 199 signals. The characterizations of new single-molecule;Mn
(33) Politi, P.. Rettori, A.: Harmann-Boutron, F.: Villain, Phys. Re. magnets are also reported. It has been determined that isomeric
Lett 1996 76, 3041. forms of a given complex can be obtained that differ in the
(34) Schwarzschild, BPhys. Todayl997, 17. placement of the four O ligands and/or exhibit the recently
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(36) Friedman, J. R.; Sarachik, M. P.; Hernandez, J. M.; Zhang, X. X.; cluded that these isomeric differences are the origin of the
Tejada, J.; Molins, E.; Ziolo, RJ. Appl. Phys1997 81, 3978. differing magnetic behaviors.
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Experimental Section Table 1. Crystallographic Data for
[Mn 1201(02,CCsHs-p-Cl)16(H20)4] -:8CH,Cl, (Complex5) and
Compound Preparation. All chemicals and solvents were used as  [Mn;,0;5(O02CEt)6(H20)3] (Complex2b)
received. All preparations and manipulations were performed under

aerobic conditions. (NBE)[MnO,] was prepared as described in ref parameter complex complex2b
44, WARNING organic permanganates should be handled with extreme formula Gi1H72Cl1eMN1204g"8CHCly  CagHgeMN12047
caution. Detonation of some organic permanganates have been reporteéiv, g/moF 4091.73 2074.44
while drying at high temperatures. [Ni®;2(O.CEt)e(H20)3] (2) and cryst syst monoclinic monoclinic
[Mn1,01(0,CPh)¢(H:0)4] (3) were prepared as previously describgd. ~ SPace group Cilc P2i/c
[Mn 12012(02CC6H4-F)-C|)16(H20)4]'80H2C|2 (Complex 5) Mn- &, 29697(9) 16462(7)
. : b, A 17.708(4) 22.401(9)
(ClO4)2 (4.00 g, 11.0 mol) was dissolved in ethanol (40 mL) followed
" S S \ 30.204(8) 20.766(9)
by the addition of-chlorobenzoic acid (8.65 g, 55.2 mmol). Additional B.deg 102.12(2) 103.85(2)
ethanol (290 mL) was added in order to dissolve the a(_:id. _Solid ('I‘)IB_u V', A3 15529.05 7435.13
[MNnQO4] (1.55 g, 4.28 mmol) was slowly added resulting in a reddish- z 4 4
brown solution that was filtered and left uncapped and undisturbed for cryst dimens, mm 0.016 0.022x 0.034 0.30x 0.05x% 0.04
2 weeks. The resulting brown microcrystals of [M12(O,CCsHa-p- T,°C —-172 —170
Cl)16(H20)4]-8CH.Cl, (5) (9% yield based on total available Mn) were  radiationi, AP 0.71069 0.71069
collected on a frit and washed with ethanol. These microcrystals were pcaic, 9/CI® 1.750 1.853
recrystallized by slow evaporation of a @El, solution resulting in u, et 15.684 20.641
black cubic crystals that are suitable for structural analysis by X-ray octants +h, +k, +l +h, +k, +l
crystallography. Selected IR data (KBr, chi 3400 (w, b), 1593 (s),  Scan speed, 6.0 6.0

deg/min
1542 (s, b), 1412 (vs), 1174 (s), 1091 (s), 1010 (s), 859 (s), 771 (s), . . .
739 (m), 661 (m), 610 (m), 551 (m). Anal. Calcd (Found) for Scanwidth,deg 1.5 14 dispersion

CirH720sChiMnys: C, 39.42 (39.49): H, 2.12 (1.89). data collected 61%&5‘;5 67275040
[Mn 1201(02CCeH s-p-Me)16(H20)4]-HO2CCoH4-p-Me (Complex unique data 10080 6963
6). Mn(ClO,)2 (4.00 g, 11.0 mmol) was dissolved in 100% ethanol (20 R e 0.051 0.104
mL) followed by the addition op-methylbenzoic acid (19.13 g, 140.5  obsd data 6257 3951
mmol) and additional ethanol (180 mL). Solid (NBYMnO,] (1.55 R(Ry)%€ 0.109(0.109) 0.0902(0.0811)
g, 4.28 mmol) was slowly added followed by filtration. The reddish- goodness of fit  2.035 1.225

brown filtrate was left uncapped and undisturbed for 2 weeks. The . . -
resulting brown solid [MpO12(02CCeHa-p-Me)1s(H20)4] (7% vyield 3 a(FI;]. C;qu ngaloll\:‘eit Fjg';f;:f f‘%ﬂ’?;‘jv([gjnfﬁii‘l’)rgj‘vﬁgiﬁ]1,2
based on Mn) was collected on a frit, washed with 100% ethanol, and ;parew = Lo%(|Fol). T gof = [SW(Fo| — [Fd)2/(n — p)I¥Z nis thé
recrystallized from CBLl; hexanes, yielding black needles. Later it mper of observed reflectionsis the number of refined parameters.
was discovered that higher yields (20%) were obtained if the synthesis
was done in 2% kD/98% ethanol. The resulting microcrystals were
washed with 100% ethanol and dried under vacuum. Recrystalization
from anhydrous CkCl/hexanes lead to black microcrystals. Anal.
Calcd (Found) for GgH124050Mn32: C, 50.70 (50.78); H, 4.00 (3.94).
[Mn 1201/02CCgHs-p-Me)16(H20)4]:3H-0 (Complex 7). This com-
plex was prepared in an fashion analagous to that for confpdeccept
instead of 100% ethanol, a 20%®/80% ethanol solution (260 mL)

For complex5, an automated search for peaks followed by analysis
using the programs DIRA%® and TRACER’ led to a C-centered
monoclinic unit cell. After complete data collection, the systematic
extinction ofh01 for| = 2n + 1 limited the choice of possible space
groups toCc or C2/c. The choice of the centrosymmetric space group
C2/c was confirmed by the solution and refinement of the structure.

. 8 After correction for absorption, data processing produced a set of 10 080
was used. The yield based on total available Mn was 9%. Anal. Calcd unique reflections anBs, = 0.051 for the averaging of 3469 reflections
(Found) for GsdH13:0sMny2: C, 49.0 (48.9); H, 4.04 (4.12). measured more than once. Four standard reflections measured every

[Mn 15015(0,CCeHa-p-BU)16(H20)4]-CHCl> (Complex 8). Mn- 300 reflections showed no significant trends. Unit cell dimensions were
(CIOy)2 (2.15 g, 5.53 mmol) was dissolved in ethanol (20 mL) followed  ghtained by an unrestrained least-squares fit of the setting angle for 58
by the addition ofp-tert-butylbenzoic acid (12.52 g, 70.2 mmol) and  ¢arefully centered reflections hag® A values between 22and 30.
enough ethanol (100 mL) to result in a solution. Solid (WBnO,] The structure was solved by using a combination of direct methods
(1.55 g, 4.28 mmol) was slowly added to the clear solution. The (SHE|XS-86) and Fourier techniques. The positions of the seven Mn
resulting reddish-brown solution was filtered and hexane (125 mL) was atoms, Mn(1) through Mn(7), in the asymmetric unit were obtained
stirred into the filtrate. The solution was left uncapped and undisturbed fom the initial solution. The remaining non-hydrogen atoms were

for 2 weeks. The resulting brown microcrystals of [M21(O,CCeHa- obtained from iteration of least-squares refinement and difference
p-Bu)16(H20)4]-CH:Cl (8) (8% yield based on Mn) were collected on  Eqyrier calculations. In addition to one-half of the Moomplex, the
a frit, washed with ethanol, and recrystallized from {Ci/hexane asymmetric unit was found to contain eight partially occupied molecules

resulting in small black cubic crystals. Anal. Caled (Found) for f gichloromethane which had been used as solvent. Two of the
Mn1204C177H216Clo: C, 55.3 (85.2); H, 5.72 (5.69); Mn, 17.15 (16.7).  p_chiorobenzoate ligands were disordered (50%). In the final cycles of
X-ray Crystallography. Complexes 2b and 5Data were collected  refinement, the positions of the non-hydrogen atoms in the molecule
for [Mn12012(02CEthe(H20)s] (2b) and [Mniz0:2(0,CCeHa-p-Cl)16- were refined using anisotropic thermal parameters, except for the
(H20)4]-8(CHCI) (complex 5) with a modified four-circle Picker  disordered atoms in the benzoate ligands, which were kept isotropic.
diffractometer; details of the diffractometer, low-temperature facilities, Atoms CI(96), C(97), CI(98), CI(99), and CI(101) in the solvent
and computation procedures employed by the Molecular Structure molecules were refined with anisotropic thermal parameters, and the
Center are available elsewhéferor each complex, a suitable single  remainder of the solvent atoms were refined using isotropic thermal
Crystal was selected and the crystal was affixed to a glass fiber with parametersl The Mp Comp|ex is located on a Crysta"ographic 2-fold
silicone grease and transferred to the goniostat where it was cooled foraxis (0,y, 0.25) in the space group2/c, position e. Mn(3) and Mn(7)
characterization and data collection. Crystallographic data are shown gre |ocated on the 2-fold axis.
in Table 1. For both complexes, the X-ray structures were solved using  For complex2b, a preliminary search for peaks and analysis with
a combination of direct methods (MULTAN 78) and Fourier methods  the programs DIRAX and TRACER revealed a primitive monoclinic

and refined by a full-matrix least squares. unit cell. Unit cell dimensions were determined by an unrestrained least-
(44) Sala, T.; Sargent, M. \d. Chem. Soc., Chem. Commuad978 253. (46) Duissenberg, A. J. Ml. Appl. Crystallogr 1992 25, 92.
(45) Chisholm, M. F.; Folting, K.; Huffman, J. C.; Kirkpatrick, C. Dorg. (47) Lawton, S. L.; Jacobson, R. AAmes Laboratory Research and

Chem 1994 23, 1021. Development ReportU.S.A.E.C. 15-1141; 1965.
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Table 2. Crystallographic Data for Complexé&sand 7

parameter complex complex6
formula Gi2dH126MN 12051 Ci3eH12dMN12050
fw, g/mok 3139.46 3221.66
space group 12/a C2lc
a A 29.2794(4) 40.4589(5)
b, A 32.3271(4) 18.2288(2)
c, A 29.8738(6) 26.5882(4)
p.deg 99.2650(10) 125.8359(2)
V, A3 27907.2(8) 15897.1(4)
VA 8 4
cryst color, habit black block black block
D(calc), g cnd 1.488 1.346
u(Mo Koy, cmt 11.31 9.94
temp, K 223(2) 193(2)
abs correction empirical empirical
T(max)/T(min) 1.000/0.390 1.000/0.382
diffractometer Siemens P4/CCD
radiation Moka (A = 0.71071 A)
R(F), % 8.80 10.21
RWP?), %? 21.58 24.88

@ Quantity minimized= RWF?) = Y [W(|Fo|? — |FP¥ Y [(WFA?% R
= Z(IlFol - |FC||)/Z|F0|-

squares fit of the setting angles for 74 reflections located betwe®en 10
and 27 in 26. The upper limit for data collection was set at 40E because
weak diffraction was present as high angles. When data collection
was complete, an attempt was made to collect data betweeantd
45°, but the crystal was lost due to ice accumulation. Systematic
extinction ofhO1for 1 = 2n + 1 and ofOkOfor k = 2n + 1 uniquely
identified the space group &2i./c. The Mn atoms were refined with

Aubin et al.

susceptibility contribution for each complex and were subtracted from
the experimental molar susceptibility data to give the paramagnetic
molar susceptibility data. Ac magnetic susceptibility data were collected
on microcrystalline and frozen solution samples in an ac field of 1 G,
oscillating at frequencies of 50, 250, or 1000 Hz, and a dc field of O
G. The frozen solution ac magnetic susceptibility experiments were
performed on a sample of 2.4 mg2ib dissolved in 0.5 mL of CBCl,

and 0.5 mL of toluenels in a sealed quartz tube. The diamagnetism of
just the solvent and quartz were measured and subtracted from the above
data to determine the paramagnetism due to complextH NMR
spectra were collected on a 300 MHz Varian Gemini 2000 NMR
spectrometer or a 500 MHz VarigM™ Inova NMR spectrometer.

Results and Discussion

Synthesis and Strategy The main goal of this research was
to determine the origin of the two different out-of-phase ac
magnetic susceptibility signals seen for Mieomplexes. This
involved preparing new Mn complexes, particularly complexes
that exhibit only the 23 K range out-of-phase ac signal or
only the 4-7 K range signal. The key to the puzzle was found
in the content of solvate of crystallization. Several Mn
complexes crystallize with extra acid molecules or solvent
molecules in the crystal in addition to the Mrtomplexes. This
leads to Mn, complexes that are geometrical isomers and/or
possess unusual Jakmeller distortions at certain Mhions.

There are basically two different synthetic procedures avail-
able for making new [MpO12(O2CR)Y6(H20)y] (x = 3 or 4)
complexes. In one case, the acetate groups on the GH;
(complex1) molecule can be substituted in a toluene solution

anisotropic thermal parameters, and the remaining atoms were refinedby other carboxylates. This substitution process is driven by

isotropically. Analysis of these data resulted in a fiR@F)[R,(F)] of

the greater acidity of the incoming carboxylic acid and/or the

0.09 (0.08). No hydrogen atoms were located, but they were introducedremoval by distillation of the azeotrope of acetic acid and
in fluxed calculated positions with isotropic thermal parameters. Data tgluene. Several treatments with the new carboxylate are

havingF < 3.00 were given zero weight. The final difference map
was essentially featureless, several peaks of 1.8wéhe located near
Mn or O atoms and a hole 6f1.4 e/& was observed.

Complexes 6 and 7 Data were collected on a Siemens P4/CCD

diffractometer. The systematic absences in the diffraction data were

consistent for the reported space groups. In both cases [co®pT
either of the monoclinic space grou@x (la) or C2/c (12/a) was
indicated, but only the latter centrosymmetric space gi©2fo (12/a)

sometimes needed to replace all of the acetate groups.

The second synthetic approach involves the direct reaction
of Mn(ClQy), in ethanol with (NBy"[MnQ,] in the presence
of the desired carboxylic acid. Yields of product are generally
less than those obtained with the ligand substitution method.
The new Mn, complexes reported in this pape&—8) were
prepared with the second approach. The complexes to be

was preferred based on the chemically reasonable and computationallydiscussed ardaand2b, 5, 6, 7, and8, and they are listed below:
stable results of the refinement. Crystallographic data are given in Table
2. The structures of complexes and 7 were solved using direct
methods, completed by subsequent difference Fourier synthesis and
refined by block-matrix least-squares procedures in the cageantl
by full-matrix least-squares procedures in the casé.oEmpirical
absorption corrections fd& and 7 were applied by using the program
DIFABS described by N. Walker and D. StuartActa Cryst 1983
A39, 158. The non-hydrogen atoms in the complexes were refined with [MN1,0,(0,CCH4-p-Cl)16(H,0)a]-8(CH,Cl,) (complex 5)
anisotropic displacement coefficients. The non-hydrogen atoms in the
solvate molecules were refined isotropically. Except as noted, all
hydrogen atoms were treated as idealized contributions. In corplex
three solvate molecules of water were located and were modeled and
refined as oxygen atoms. Hydrogen atoms on these water molecules [Mn,,0,,(0,CCH,-p-Me),4(H,0),]-3(H,0) (complex 7)
as well as on the four aqua ligands in the complex were ignored. In
the case of comple&, the molecule of the complex resides on a 2-fold
axis. The hydrogen atoms on the aqua ligands were ignored. There is
one solvate molecule gi-toulic acid present in the asymmetric unit. . =
Owing to severe disorder, this solvate molecule was modeled as carbon The X-ray structure of the Cu.b Ic crystal§ (space g.r@d,t‘pl
atoms and refined isotropically. All software and sources of the of complex2awas reported earli€f. It was discovered in this
scattering factors are contained in the SHELXTL (version 5.03) program WOrk that the needle crystals of compl@b are the most
library (G. Sheldrick, Siemens XRD, Madison, WI). prevalent form of the propionate Mincomplex. The needle form
Physical MeasurementsAlternating current (ac) magnetic suscep- ~ crystallizes in theP2i/c space group (vide infra). Obviously,
tibility measurements were collected on an MPMS2 Quantum Design the change in solvation betwe@a and 2b correlates with a
SQUID magnetometer equipped tvia 1 Tmagnet and were capable change in space groups.
of achieving temperatures of :400 K. The ac field range is k
104to 5 G, oscillating in a frequency range of61074to 1512 Hz.
Pascal’s constarffswere used to approximate the diamagnetic molar

[Mn;,0,(O,CEt),(H,0)4] '4(H20)'1/ 2(CeHsCHy)
(complex 2a)

[Mn;;,0,(O,CEt)¢(H,0)s]  (complex 2b)

[Mn;,0,,(0,CCsH,-p-Me), 4(H,0),] - (HO,CCsH,-p-Me)
(complex 6)

[Mn;,0,(0,CC;H,-p-BU) 14(H,0),]-CH,Cl, (complex 8)

(48) Theory and Applications of Molecular ParamagnetisBoudreaux,
E. A., Mulay, L. N., Eds.; John Wiley and Sons: New York, 1976.
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Figure 1. Plot of potential-energy versus magnetization direction for
a single Mn; molecule in zero applied field with & = 10 ground-
state experiencing a zero-field splitting ldf= Dﬁ, whereD < 0.
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It was found that the solvation composition of Mrcom-

plexes can be controlled by changes in the solvent used in the T IK]
direct reaction approach. Brown microcrystalline samples of
complexes, 6, and8 were obtained by adding solid (NB)- Figure 2. Plots of ym'T versus temperature (upper) apd’ versus

[MnO4] to a 100% ethanol solution of Mn(Cl}» and the temperature (lower) for the-tert-butylbenzoate comple® in an ac
appropriate carboxylic acid. These microcrystalline products field of 1 G oscillating at 50 Hz®), 250 Hz (), and 1000 Hz ).
were recrystallized from CHl, or from CH.Cly/hexane ] )
mixtures to give black crystals. A change in the reaction solvent the potential-energy barrier |®[[(10)> — (0y] = 50 cnm. In
from anhydrous ethanol to an 80% EtOH/20%CHmedium order for the magnetic moment of a Mmmolecule to flip from
gives complex7. Compoundss and 7 have the same Ma "up"_to ‘_‘down" it must eith_er climb over the potential-energy
complex but differ in solvate molecule compositions. The two Parrier in a thermally activated process or pass through the
forms of the Mn, propionate, complexezaand2b, also differ ~ Darrier by quantum tunneling. Whéd < |D|m¢, the rate at
in their solvate molecule compositions. which the magnetic moment of a molecule flips becomes
In the following sections of this paper, single-crystal X-ray Sluggish and this relaxation phenomenon appears as an out-of-
structures are presented for complegésand5 and6 and 7. phase ac susceptibility peak within a certain range of frequen-
The X-ray structures d?a (previously reportet) and2b show cies. This leads to one out-of-phase ac signal perMmlecule
that there are two crystallographically different forms of this Or for a collection of identical My molecules. However, it does
Mny, propionate complex. Single-crystal X-ray structures are Not explain why a given complex would exhibit two out-of-
also reported to show that complexésand 7 are crystallo- phase ac signals.
graphically different forms of thep-methylbenzoate Mp Eppley et al3 reported in 1995 that compleXexhibits two
complex. The structurally different crystal forms of a givens¥in ~ frequency-dependent out-of-phase ac magnetic susceptibility
complex are shown in this paper to have different magnetization peaks in the temperature regions 6f2K and 4-7 K. The
relaxation properties. lower temperature peak was found to bé&/; the intensity of
Alternating Current Magnetic Susceptibility . In the ac ~ the higher temperature peak. To further investigate the origin
susceptibility experiment, the magnetic field is oscillated at a of the twoyn" peaks, new Mip molecules were prepared. We
particular frequency. An out-of-phase ac magnetic susceptibility have found that not only is it possible to prepare samples that
signal is observed when the rate at which the magnetic momentshow only one peak in the-4 K region, but samples of Mp
of a molecule (or a collection of molecules) flips is close to the complexes can also be prepared that show two peaRs 8 K
operating frequency of the ac magnetic field. The maximum in and 4-7 K) and still other samples have been prepared that
the out-of-phase ac signal occurs when the rate at which theonly exhibit one peak in the-23 K region.
magnetic moment flips is equal to the frequency of the Plotted in the upper part of Figure 2 igy'T versus
oscillating field. The magnetic moment of paramagnetic mol- temperature for the-tert-butylbenzoate comple® measured
ecules typically flips at a rate of10° Hz and, therefore, no  at frequencies of 50, 250, and 1000 Hz. The quaniityis the
out-of-phase component of ac magnetic susceptibility is seenin-phase component of the ac magnetic susceptibility. At 50
in the frequency range of 5QL000 Hz. The origin of the out-  Hz, ym'T remains relatively constant at a value of 443ckn
of-phase peak observed for the Mhacetate complek has been mol~! between 10 and 3.2 K. Below 3.2 K, the valuey@f T
the focus of considerable reseafc®ne frequency-dependent decreases abruptly to 7.82 K mol~1 at 2 K. At higher
peak is observed for the acetate compléx the 4-7 K region. frequencies the decreaseyin' T occurs at higher temperatures.
Detailed magnetic susceptibility and EPR studies on complex If all of the Mn;, molecules in a sample were populating only
1 have shown that it has & 10 ground state that experiences a S= 9 ground state witlyg = 1.98, the value ofm'T would
a large negative axial zero-field splittingl, = DS?, whereD plateau at 44 cfm K mol™t, which agrees well with the
= —0.5 cnm. Thus, in zero dc field there are two equivalent experimentayy'T plateau value of 44 ciK mol~2. In the lower
lowest energy states correspondingrto= +10, and the highest  part of Figure 2 is a plot ofu' versusT at 50, 250, and 1000
energy state correspondsii@ = O (Figure 1). The height of  Hz for complex8, whereyy' is the out-of-phase component
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Figure 3. Plots ofy'T versus temperature (Upper) apd'” versus complexes (upper) and (lower) in an ac field 61 G oscillating at

temperature (lower) for thp-chlorobenzoate compleéxin an ac field
of 1 G oscillating at 50 Hz@), 250 Hz (v), and 1000 Hz ). 50 Hz (@), 250 Hz 7). or 1000 Hz W).

45 T T v
of the ac magnetic susceptibility. The maximum in the out-of-
phase ac peak occurs at 2.4 K withy@' value of 4.95 cri a6l j

mol~! at 50 Hz. On closer inspection, a small out-of-phase peak - ove

is also found at 4.2 K with a maximupu' value of 0.112 crh TE> o7l .'_' |
mol~1. The low-temperature peak has an intensity 44 times « v

larger than the higher temperature peak. Compléxthe first e 18}" ]
Mni, complex to show predominantly an out-of-phase ac S u

susceptibility peak in the-23 K region. All of the previously ~ 9_’v_

reported Mn, complexes have predominantly an out-of-phase 3

ac magnetic susceptibility peak in the-4 K region. -
Several experiments were carried out in order to determine
the origin of the two out-of-phase ac peaks. In the upper part

of Figure 3,ym'T is plotted as a function of temperature in the - .' v - 1
range of 2-10 K for the p-chlorobenzoate compleX Two 5 v=©

plateau regions in the plot gf,'T versusT are seen, one in the g B *, "

6—10 K region with ayu'T value of 44 crd K mol~! and > ., "

another in the 2.63.6 K region with ayu'T value of 23 crAK § 221 o v

mol~1. The lower part of Figure 3 shows that two out-of-phase = o .'

ac magnetic susceptibility peaks are observed in the same "3 " . V"

temperature regions that steps occur in k€l versusT plot.
At 50 Hz, the maxima in the peaks are found at 4.4 K with a 0'2 3 5 8 10
m'" value of 1.29 crhmol~ and at 2.0 K with g¢v'’ value of T [K]
o : . . ,

fa{rzggerc tnfTarr?(t)rllat. f;)r:] tehtlan;eg ﬂtgejkthﬁigﬁgrﬁggggr:; flrégqlzltrennecsies Figure 5. Plot of yy'T versus temperature for themethylbenzoate

; ! : . complexes (upper) and? (lower) in an ac field &1 G oscillating at
shift the ym" peaks to higher temperatures. Small differences 59 1z @), 250 Hz ), or 1000 Hz m).
in the ratio of the twgym" peaks were observed for different
samples of comple¥ synthesized with the direct synthesis preparation of thg-methylbenzoate complex result in changes
approach. For another sample of comptexXor example, the in the number and types of solvate molecules in theMrystal
ratio of the intensities of #h2 K peak ¢ 5 K peak was found lattice and also lead to changes in the intensity ratio of the two
to be 1.2 (plot not shown). Factors such as reaction conditions out-of-phase ac peaks. In Figures 4 and 5 are plgg€dversus
and solvate molecules in the crystal lattice were probed as theT andyu'T versusT, respectively, for comple® (upper) and
origin(s) of the two ac signals. Unfortunately, compexvas for complex7 (lower) in the temperature range of-20 K at
not an ideal candidate for these studies because recrystallizatiorfrequencies of 50, 250, or 1000 Hz. Both samples of these forms
leads to poor yields, and the crystals of comeeadily lose of the p-methylbenzoate Miz complex have two frequency-
solvate molecules. However, tipemethylbenzoate M com- dependent out-of-phase ac peaks, one in th& K region and
plex was found to be a better candidate for a systematic study.the other in the 47 K region. However, compleX has

Slight modifications (see Experimental Section) in the predominantly a peak in the-B K region (17 times more
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Figure 6. Plots ofym" versus temperature for a microcrystalline sample
of the propionate complex (upper) and a frozen solution of the same
complex dissolved in 0.5 mL CITI,/0.5 tolueneds (lower) ina 1 G

ac field oscillating at 50 Hz@), 250 Hz {r), or 1000 Hz ).

intense), whereas compl&lower trace) has predominantly a
peak in the 47 K region (25 times more intense). Several
crystalline samples of [MiO1(0O.CCsHa-p-Me)16(H20)4]+
X(HO,CCgH4-p-Me)-y(H20) were prepared and characterized.
As x andy were varied, so did the intensity ratio of the two
out-of-phaseyy'’ peaks. Powder X-ray data collected for com-
plex 6 and complex7 indicate that these samples are crystal-
lographically different. It appears that one crystallographically
different form exhibits the lower temperature out-of-phase ac
signal, whereas the higher temperature peak is attributable to
the other crystallographic form. Single-crystal structures were
solved for crystals picked from each sampea6d7), and the
results of these X-ray structures indicate the origins of the two
acym'' peaks (vide infra).

Ac magnetic susceptibility data were also collected for a
frozen solution of [MA015(02CEt)6(H20)3] in CDCly/
CsDsCD3 (1:1) to further examine the origin of the two out-
of-phase ac signals. As can be seen in Figure 6 (lower trace),
two ym'' peaks are seen in the temperature regions- and
4—7 K. For comparison purposes the data are also shown for a
polycrystalline sample. There is a shift in peak temperatures
and a change in the ratio of intensities of the two peaks when
the state of this complex is changed from polycrystalline to a
frozen solution. In the frozen solution the intensity ratio of the
4—7 K peak to the 23 K peak is 3.7, while this ratio is 12 for
the microcrystalline sample. Clearly, the species responsible for
the 2-3 K and 4-7 K responses are capable of existence in
solution as well as in the solid state.

X-ray Structure of [Mn 1201(02CCgH4-p-Cl)16(H20)4]
8CH,ClI, (Complex 5). At —172°C, this complex crystallizes
in the monoclinicC2/c space group. An ORTEP plot of complex
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crystallographic 2-fold axis passing through Mn(3), Mn(7), and
the midpoints of the Mn(XyMn(la) and Mn(2>Mn(2a)
vectors. The complex possesses a {¥is-O)12] core compris-
ing a central [MH 404]8" cubane held within a nonplanar ring
of eight Mr" ions by eightus-O?~ ions. Distances and angles
within the core are very similar to those in previously
reported®1? [Mn1,0;5] complexes. The Mg molecule of
complex5 has virtualD, symmetry. Overall, the structure of
complex5 is very similar to [Mn:012(O0.CPh)g(H20)4] (com-
plex 3).°

Peripheral ligation of compleX is provided by sixteen? u-
carboxylate groups and four,B ligands. X-ray structures are
now available for six molecules with the composition [MD; -
(O2CR)16(H20)4]" (N 0 or 17). Different forms of this
molecule have been characterized based on different positionings
of the HO ligands. For all of the complexes, the eight 'Mn
ions fall into two groups of 4 MH ions. In group |, each Mh
ion is bonded to aingle Mn'V via two oxo bridges while in
group Il each MH' is bonded tdwo Mn'V via two oxo bridges.
The four HO ligands coordinate only to the four Mrions in
group Il. For thep-chlorobenzoate complexthere are two LD
ligands on Mn(5) and two on Mn(5a). This same “trans”
combination of two HO/two H,O ligand positioning was also
found® for the benzoate compleX The Mny, acetate complex
1 has one HO ligand on each of the four Mh ions.
Furthermore, the four 0 ligands of compleX are arranged
in an alternating up, down, up, down arrangement, giving each
molecule in complexXl a 222 site symmetry. Thus, the Mn
acetate complek has a much higher crystal site symmetry than
does any other My molecule. Finally, the anion in (PBR
[Mn 1501 2(O,CEthe(H20)4] (complex4) has a two, one, one pat-
tern of HO ligation. Thus, one manganese atom has two H
ligands and two manganese atoms have og@ lijand each.

If one considers carefully the structure of [M01,(O,CR)¢
(H20)4]", it is possible to identify 11 different isomeric forms
of a complex based on different arrangements of the fo@ H
ligands. This assumes that water coordination occurs only at
the manganese ions in group Il and only coordinates at the axial
positions (up/down) on the Mh ions. Of the 11 possible
isomeric arrangements of four,@ ligands, X-ray structures
have revealed only three of them. From one isomeric form to
another there could be changes in pairwise MiMn magnetic
exchange interactions. This could lead to changes in the spin
of the ground state or, at least, to changes in the distribution of
excited spin states.

As shown in Figure 3, a polycrystalline sample of complex
5 exhibits two out-of-phase ac peaks. There may be two or more
structurally different forms of comples. Unfortunately, it is
not possible from this single structure to identify whigh'
peak arises from the structurally characteripezhlorobenzoate
complex. However, two crystallographic forms of the
methylbenzoate and propionate derivative [ (O,CEt) 6
(H20)3] have been structurally characterized and differences in
the M2 molecules were found.

X-ray Structure of [Mn 150120, CEt)16(H20)3] (Complex
2b). Two crystal forms of MaO1(OCEt)s(H20)s (23, 2b)
have been identified. The two different crystals are readily
distinguished since one has a cube morphology, while the other

5is shown in Figure 7, and selected bond distances and angleshas a needle morphology. As characterized previotistiie

are given in Tables 3 and 4, respectively. In addition to one-
half of the Mn; complex, the asymmetric unit was found to
contain eight partially occupied GBI, solvate molecules. Two

of the p-chlorobenzoate ligands were found to be disordered
(50% in two positions). The Mn complex is located on a

crystal with a cube morphology (complea) crystallizes in
the triclinic space grou@l. The newly characterized crystal
with needle morphology (compleb) crystallizes in the
monoclinicP2;/c space group, with four Mia molecules in the
unit cell and no observable lattice solvent molecules. Data



2134 Inorganic Chemistry, Vol. 40, No. 9, 2001

Q

Aubin et al.

Figure 7. ORTEP representation of the lyhrcomplex in [Mn20:1(0,CCsH4-p-Cl)16(H20)4] -8CH,Cl, (Complex5). Only the [Mn;017] core atoms

are labeled to avoid congestion.

Table 3. Selected Bond Distances (A) for
[Mn12012(02CC6H4-p-CI)16(H20)4]~8€H2CI2 (ComplexS)

A B distance (&) A B distance (&)
Mn(l) Mn(l)a 2.836(5) Mn(4) O(10) 1.885(13)
Mn(l) Mn(2)  2.816(4) Mn(4) O(11) 1.9082(15)
Mn(l) Mn(2a 2.971(3) Mn(4) O(18) 2.211(18)
Mn(l) Mn(4)  2.790(3) Mn(4) O(38) 1.931(3)
Mn(l) O(8) 1.9357(14) Mn(4) O(48) 2.181(16)
Mn(l) O(@a  1.889(15) Mn(4) O(56) 1.932(13)
Mn(1)  O(9) 1.933(12) Mn(5) O(11) 1.878(13)
Mn(l) O(10)  1.8619(13) Mn(5) O(12) 1.873(9)
Mn(l) O(11)  1.883(14) Mn(5) O(14) 2.189(18)
Mn(l) O(16)  1.917(16)  Mn(5) O(15) 2.186(14)
Mn(2) Mn(2a 2.819(8) Mn(5) O(58)  1.950(9)
Mn(2) Mn(6)  2.790(3) Mn(5) O(66) 1.957(14)
Mn(2) O(8) 1.898(17) Mn(6) O(12) 1.9020(17)
Mn(2) O(B)A  1.926(13) Mn(6) O(13) 1.907(13)
Mn(2) O(9A  1.9231(13) Mn(6) O(28) 2.221(17)
Mn(2) O(12)  1.869(12) Mn(6) O(68) 1.966(14)
Mn(2) O(13)  1.8576(10) Mn(6) O(76) 2.194(17)
Mn(2) O(26)  1.892(17) Mn(6) O(86) 1.9125(28)
Mn(3) O(10)  1.925(7) Mn(7) O(13) 1.898(13)
Mn(3) O(10)A  1.925(7) Mn(7) O(78)  2.134(12)
Mn(3) O(36)  1.989(7) Mn(7) O(88) 1.974(12)
Mn(3) O(46)  2.068(20)

aFor the [Mn;014 core and HO molecules only; a full listing is
available in the Supporting Information.

found in the previously characterized structure (comgex

As indicated above, the placement of water ligands has been
found to vary among the various structurally characterized
Mn12012; however, this is the first instance of structural isomers
among [Mn20;7] complexes with thesameigand set. Like the
previously characterized [MpO12(O2CEt)16(H20)s] complex
(2a), some disorder was observed for comp®ix The atom
C(92) refined as two positions at 50% occupancy each and an
additional less well-defined 40/60% disorder between O(25) of
a coordinated KD and the oxygen atoms O(75) of a propionate
ligand was found. The cores of compl@b and previously
characterized comple®a are not superimposable and a best
molecular fit is shown in Figure 9, emphasizing the nonsuper-
imposability of the axial water molecules. Also, the positions
of some of the propionate ligands are nonsuperimposable. These
structural differences on the M#D;, core could lead to changes

in the electronic environments of the Mrions and thereby
change the exchange interactions and the resulting magnetic
properties. At this time, it is not known whether the low
temperature (23 K) signal is due to the cube or needle form
of crystals, or a third form in the sample that was not identified.
Less uncertainty was achieved with themethylbenzoate
complexess and 7.

X-ray Structures of the p-Methylbenzoate Complexes 6
and 7. Considerable effort was invested to obtain the X-ray

collection parameters are shown in Table 1. Selected bondstructures of complexe§ and 7. This was important for we
distances and angles are given in Tables 5 and 6, respectivelyhave established which crystal form gives the32K region
An ORTEP representation with the methyl groups and hydrogen yy'' ac peak and which gives the-Z K regionyy' ac peak.

atoms omitted for clarity is shown in Figure 8, and the unit cell
is shown at the bottom of Figure 8. This newly characterized
form of the propionate complex is a structural isomer of the
previously characterized complex, differing in the positions of
axial HbLO molecules and the position of some propionate
ligands. No lattice solvent was found in the new structure
(complex2b), whereas four KD molecules and/, toluene were

As is clear from Table 2, complexes and 7 are crystallo-
graphically different. Comple® crystallizes in theC2/c space
group and has one moleculepmethylbenzoic acid as a solvate
molecule. This solvate molecule was found to be disordered in
the refinement of the X-ray data. Compléxrystallizes in the
I2/a space group. In the refinement firthree HO solvate
molecules were located.
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Table 4. Selected Bond Angles (deg) for
[Mn12012(OZCC<5H4—p—CI)16(H20)4]-8CHZCI2 (CompIeXS)
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Table 5. Selected Bond Distances (A) for
[Mn12012(02CEt)16(H20)3] (Complex2b)

angle

angle

A B C (deg) A B C (deg)
O(8) Mn(1) O(9) 79.1(4) O(36) Mn(3) O(46) 91.1(6)
O(8) Mn(1) O(Qa 84.0(5) O(36) Mn(3) O(46)a 84.4(5)
O(8) Mn(1) O(10) 174.8(5) O(46) Mn(3) O(46)a 174.0(5)
O(8) Mn(1) O(11) 98.9(4) O(10) Mn(4) O(11) 83.1(4)
O(8) Mn(1) O(16) 91.3(5) O(10) Mn(4) O(18) 85.4(6)
O(@Qa Mn(1) 0O(9) 83.2(7) O(10) Mn(4) O(38) 96.9(4)
09 Mn(1) O(10) 97.1(4) O(10) Mn(4) O(48) 91.9(6)
O(a Mn(1) O(10) 92.1(5) O(10) Mn(4) O(56) 178.8(3)
09 Mn(1) O(11) 171.4(7) O(11) Mn(4) O(18) 85.6(5)
O(9a Mn(1) O(11) 88.3(6) O(11) Mn(4) O(38) 175.5(7)
O(9) Mn(1) O(16) 95.5(6) O(11) Mn(4) O(48) 91.5(5)
O(9a Mn(l) O(16) 175.2(13) O(11) Mn(4) O(56) 96.0(4)
O(10) Mn(1) O(11) 84.4(4) O(18) Mn(4) O(38) 89.9(5)
O(10) Mn(1) O(16) 92.6(4) O(18) Mn(4) O(48) 176.2(3)
O(11) Mn(1) O(16) 92.9(6) O(18) Mn(4) O(56) 93.8(6)
O(8) Mn(2) O(B)a 84.1(5) O(38) Mn(4) O(48) 93.0(5)
O(8)a Mn(2) O(Qa 79.6(4) O(38) Mn(4) O(56) 84.0(4)
O(8) Mn(2) O(9a 84.1(5) 0O(48) Mn(4) O(56) 88.8(6)
O(8)a Mn(2) O(12) 172.8(7) O(11) Mn(5) O(12) 92.0(5)
O(8) Mn(2) O(12) 88.8(6) O(11) Mn(5) O(14) 93.2(5)
O(8)a Mn(2) O(13) 96.2(4) O(11) Mn(5) O(15) 92.1(6)
O(8) Mn(2) O(13) 91.8(5) O(11) Mn(5) O(58) 92.7(5)
O(8)a Mn(2) O(26) 95.1(6) O(11) Mn(5) O(66) 174.3(3)
O(8) Mn(2) O(26) 176.1(6) O(12) Mn(5) O(14) 89.9(5)
O(Qa Mn(2) O(12) 98.7(3) 0O(12) Mn(5) O(15) 94.5(5)
O(Qa Mn(2) O(13) 174.4(7) 0O(12) Mn(5) O(58) 175.2(6)
O@Qa Mn(2) O(26) 92.0(5) O(12) Mn(5) O(66) 93.2(5)
0O(12) Mn(2) O(13) 85.0(4) O(14) Mn(5) O(15) 173.0(5)
O(12) Mn(2) O(26) 91.9(6) O(14) Mn(5) O(58) 89.6(5)
O(13) Mn(2) O(26) 92.1(5) O(14) Mn(5) O(66) 84.8(6)
O(10)a Mn(3) O(10) 92.6(4) O(15) Mn(5) O(58) 85.5(5)
O(10) Mn(3) O(36) 92.5(3) O(15) Mn(5) O(66) 89.6(5)
O(10) Mn(3) O(36)a 174.6(4) O(58) Mn(5) O(66) 82.0(5)
O(10)a Mn(3) O(36)a 92.5(3) O(12) Mn(6) O(13) 82.8(4)
O(10) Mn(3) O(46)a 90.3(6) O(12) Mn(6) O(28) 85.0(5)
O(10) Mn(3) O(46) 93.8(6) O(12) Mn(6) O(68) 96.1(4)
O(10)a Mn(3) O(46) 90.3(6) O(12) Mn(6) O(76) 90.6(5)
O(36)a Mn(3) O(36) 82.4(4) O(12) Mn(6) O(86) 176.0(7)
O(36) Mn(3) O(46)a 84.4(6) O(13) Mn(6) O(28) 84.9(6)

aFor the [Mn;0:12(H20)4] core only; a full listing is available in
the Supporting Information.

The Mm, complexes ir6 and7 have the same composition
of [Mn12012(02CCsHa-p-Me)16(H20)4], and in Figure 10 are

given ORTEP representations of their cores (i.e., without
p-methylbenzoate ligands). The cores are quite similar to those

Mn(1)---Mn(2) 2.854(5)  Mn(1)-Mn(3) 2.897(5)
Mn(1)---Mn(4) 2.814(2)  Mn(13-Mn(5) 2.766(5)
Mn(1)---Mn(6) 3.433(5)  Mn(1¥-Mn(12)  3.452(5)
Mn(2)---Mn(3) 2.813(5)  Mn(2-Mn(4) 2.889(5)
Mn(2)---Mn(6) 3.412(5)  Mn(2+-Mn(7) 2.740(5)
Mn(2)---Mn(8) 3.448(5)  Mn(3)-Mn(4) 2.814(4)
Mn(3)-+-Mn(8) 3.419(5)  Mn(3)-Mn(9) 2.748(5)
Mn(3)---Mn(10)  3.459(5)  Mn(4y-Mn(10)  3.405(5)
Mn(4)---Mn(11)  2.773(4)  Mn(4y-Mn(12)  3.437(5)
Mn(5)---Mn(6) 3.333(5)  Mn(5-Mn(12)  3.310(5)
Mn(6)-+-Mn(7) 3.400(5)  Mn(73--Mn(8) 3.371(5)
Mn(8)-+-Mn(9) 3.451(5)  Mn(9-Mn(10)  3.352(5)
Mn(10)}--Mn(11)  3.459(5)  Mn(11}-Mn(12) 3.323(5)

Mn(1)—O(13) 1.904(17) Mn(B0(14) 1.903(9)
Mn(1)—O(16) 1.884(10)  Mn(1-O(17) 1.876(17)
Mn(1)—O(18) 1.868(11)  Mn(10O(28) 1.900(8)
Mn(2)—0(13) 1.921(11)  Mn(2yO(14) 1.933(17)
Mn(2)—O(15) 1.909(11)  Mn(2y0(19) 1.834(11)
Mn(2)—0(20) 1.899(18)  Mn(2}O(33) 1.928(10)
Mn(3)—0(13) 1.891(11)  Mn(3yO(15) 1.876(9)
Mn(3)—O(16) 1.921(16)  Mn(3}0(21) 1.860(17)
Mn(3)—0(22) 1.894(10)  Mn(3Y0O(38) 1.907(7)
Mn(4)—0(14) 1.920(11)  Mn(4YO(15) 1.905(17)
Mn(4)—O(16) 1.929(7)  Mn(4y0(23) 1.860(10)
Mn(4)—0(24) 1.835(17)  Mn(4y0O(43) 1.907(9)
Mn(5)—0(17) 1.937(10)  Mn(5y0(18) 1.895(17)
Mn(5)—0(30) 2.204(10)  Mn(5y0(48) 1.941(11)
Mn(5)—O(53) 2.112(10)  Mn(5)0(58) 1.939(18)
Mn(6)—0(18) 1.915(15)  Mn(6}O(19) 1.866(14)
Mn(6)—0(25) 2.286(18)  Mn(6)O(50) 1.919(15)
Mn(6)—O(55) 2.068(11)  Mn(6y0(63) 1.916(17)
Mn(7)—0(19) 1.912(18)  Mn(70(20) 1.904(12)
Mn(7)—0O(35) 2.158(8)  Mn(7%0(65) 1.932(15)
Mn(7)—0(68) 1.926(19)  Mn(70O(73) 2.135(10)
Mn(8)—0(20) 1.874(15) Mn(8}0(21) 1.884(15)
Mn(8)—0(21) 1.884(15)  Mn(8YO(26) 2.272(7)
Mn(8)—0(70) 1.976(16)  Mn(8YO(75) 2.162(7)
Mn(8)—0(78) 1.969(15)  Mn(9y0(21) 1.880(11)
Mn(9)—0(22) 1.884(17)  Mn(9)0O(40) 2.251(7)
Mn(9)—0(80) 1.966(18)  Mn(9yO(83) 1.933(12)
Mn(9)—0(88) 2.134(8)  Mn(10)0(22) 1.890(9)

Mn(10)-0(23) 1.870(13)  Mn(10Y0(27) 2.200(14)
Mn(10)—O(85) 1.952(13)  Mn(16)0(90) 2.141(14)
Mn(10)—0(93) 1.960(8)  Mn(11y0(23) 1.930(15)
Mn(11)-0(24) 1.885(9)  Mn(11-0(45) 2.167(14)
Mn(11)-0(95) 1.957(9)  Mn(11y0(98) 1.990(16)
Mn(11)-0(103)  2.127(13)  Mn(12)0(17) 1.892(9)

Mn(12)—0(24) 1.888(14)  Mn(12Y0(60) 1.932(16)
Mn(12)-0(100)  1.943(9)  Mn(12)O(105)  2.086(14)

of other Mn, complexes; tables of bond distances and angles @nd strongest bonds around the Mn atom. For comfléx
are given in Tables 710. From Figure 10 it can be seen that Figure 11 (bottom), however, it can be seen that one JT axis is
the Mm, complexes in complexe$ and 7 differ in the
positioning of the four HO ligands. Complex has two HO
ligands on the Mn(5) atom and one® each on the Mn(7)
and Mn(7A) atoms. Thus, it has a [1(dowf—1(up)] pattern
for the four HO ligands. Complex has two HO ligands on
the Mn(11) atom and one® each on the Mn(12) and Mn(9)
atoms. Thus, compleX has a [1(down)-1(up)—2] pattern for
the four HO ligands.

Complexes and7 have one other very important difference

in their structures. Each Mhion in a given [MAY ,Mn''gO; >
(O2CR)6(H20)4] complex experiences a Jahmeller (JT) . =
elongation where the Mnligand distances to two trans-located evident on considering the MO bonds at the unusual Mn(6)

ligands are appreciably longer than those for the other four
ligands. As shown in Figure 11 (top), all of the JT elongation

axes in the hydrate compléxare all very roughly parallel and
perpendicular to the plane of the disklike M@, core. This

is as generally expected from bonding considerations, since JT

elongation axes avoid the MrO?~ bonds, usually the shortest

abnormally oriented; the situation is slightly complicated by the
fact that the molecule has a crystallograpBicaxis disordering
the JT axis about two positions (shown with dashed lines in
Figure 11) but, nevertheless, the JT axis is clearly not in its
normal position but in an abnormal position containing a core
0% ion.

Complexes6 and 7 thus display the new phenomenon of
Jahn-Teller isomerism, as recently identift€cand defined for
[Mn120:5(0,CCHBW)16(H20)4], i.€., nonequivalent molecules
differing in the relative orientation of one or more JT distortion
axes. The change in the orientation of the JT axis becomes

atom in complex6. The elongated MrO bonds at Mn(9) in
complex7 [2.115(6) and 2.199(7) A] are instead normal lengths
in complex6 [1.991(8)) A]. Similarly, although complicated

(49) Sun, Z.; Ruiz, D.; Dilley, N. R.; Soler, M.; Ribas, J.; Guzei, |. A;;
Rhiengold, A. L.; Folting, K.; Maple, M. B.; Christou, G.; Hendrick-
son, D. N.Chem. Commuril999 1973.
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Table 6. Selected Bond Angles (deg) for [Mi®12(O-CEthe(H20)s] (Complex2b)

O(13-Mn(1)-O(14) 83.7(6) O(13YMn(1)-O(16) 80.9(6) O(20yMn(8)—0O(21)  93.4(7) O(20)Mn(8)—0O(26) 91.9(4)
O(13-Mn(1)-0(17) 174.4(2)  O(13)Mn(1)-O(18) 97.9(6) O(20}Mn(8)—O(70)  93.1(6) O(20¥Mn(8)—O(75) 91.5(5)
O(13-Mn(1)-0(28) 90.2(5) O(14¥Mn(1)-O(16) 85.2(4) O(20¥Mn(8)—O(78)  175.2(7) O(2EMn(8)—0(26) 90.9(4)
O(14-Mn(1)-O(18) 90.1(4)  O(14yMn(1)—0(28) 173.8(7) O(BMn(8)—O(70)  173.3(6) O(2EMn(8)-O(75) 89.6(5)
O(16)-Mn(1)-0(17) 94.2(6) O(16YMn(1)-O(18) 175.3(5) O(2BMn(8)—O(78)  90.9(6) O(26)Mn(8)—0(70) 87.1(4)
O(16)-Mn(1)-0(28) 92.5(4) O(17YMn(1)-O(18) 86.8(6) O(26YMn(8)—0O(75)  176.5(6) O(26YMn(8)—0O(78) 85.6(4)
O(17-Mn(1)-0(28) 92.9(6) O(18YMn(1)-0O(28) 92.1(4) O(70yMn(8)—O(75)  92.0(5) O(70}Mn(8)—O(78) 82.6(6)
O(18)-Mn(1)-0(28) 92.1(4)  O(13YMn(2)-O(14) 82.5(6) O(75YMn(8)—0O(78)  90.9(5) O(21)yMn(9)—0(22) 85.2(6)
O(13-Mn(2)-0(15) 82.8(4) O(13yMn(2)-O(19) 91.5(4) O(2LyMn(9)—0(40)  84.8(4) O(21)yMn(9)—0O(80) 92.5(6)
O(13)-Mn(2)-0(20) 90.2(6)  O(13YMn(2)-0O(33) 175.8(6) O(2HMn(9)—0O(83)  174.6(4) O(2EMn(9)—0O(88) 89.3(4)
O(14-Mn(2)-0(15) 81.8(6) O(14YMn(2)-O(19) 92.3(7) O(22YMn(9)—0(40)  86.1(5) O(22YMn(9)—O(80)  174.4(2)
O(14-Mn(2)-0(20) 172.7(4)  O(14)Mn(2)-O(33) 94.7(6) O(22YMn(9)-0O(83)  93.7(6) O(22)Mn(9)—0O(88) 93.2(5)
O(15-Mn(2)-0(19) 172.2(7)  O(15}Mn(2)-0(20) 97.8(6) O(40¥Mn(9)—O(80)  88.6(5) O(40)Mn(9)—O(83) 89.8(4)
O(15-Mn(2)-0(33) 93.8(4) O(19YMn(2)-O(20) 87.4(6) O(40yMn(9)—O(88)  174.0(4) O(8CYMn(9)—0O(83) 88.1(6)
O(19-Mn(2)-0(33) 91.8(5) O(20¥Mn(2)-0(33) 92.6(6) O(80YMn(9)—O(88)  91.8(5) O(83)yMn(9)—O(88) 96.1(4)

O(20)-Mn(2)-0(33) 92.6(6) O(13yMn(3)-O(15) 84.4(4) O(22yMn(10)-0(23)  95.8(5) O(22YMn(10)-0(27)  93.1(5)
O(13)-Mn(3)-0(16) 80.3(6)  O(13YMn(3)-0(21) 98.8(6) O(22yMn(10)-O(85)  89.4(5) O(22)Mn(10)-O(90)  92.5(5)
O(13)-Mn(3)-0(22) 173.9(6) O(13)Mn(3)-0(38) 87.6(4) O(22yMn(10)-0(93) 173.6(7) O(23yMn(10)-0O(27)  90.8(5)
O(15)-Mn(3)-0(16) 84.8(6) O(15yMn(3)-0(21) 87.0(6) O(23yMn(10)-0O(85) 172.4(7) O(23)Mn(10)-0O(90)  93.1(5)
O(15-Mn(3)-0(22) 91.5(4)  O(15yMn(3)-0(38) 171.2(5) O(23}Mn(10)-0(93)  90.1(5) O(27yMn(10)-O(85)  83.4(5)
O(16)-Mn(3)-0(21) 171.8(4) O(16YMn(3)-0(22) 94.8(6) O(27Mn(10)-O(90) 172.8(4) O(AMn(10)-0(93)  89.4(5)
O(16)-Mn(3)-0(38) 97.7(5) O(2BMn(3)-0(22) 85.5(6) O(85yMn(10)-O(90)  92.2(5) O(85yMn(10)-O(93)  84.9(5)
0O(21)-Mn(3)-0(38) 90.4(5) O(22)Mn(3)-0(38) 96.7(4) O(90YMn(10)-0O(93)  84.6(5) O(23YMn(11)-0(24)  81.6(5)
O(14-Mn(4)-0(15) 82.2(6) O(14YMn(4)—O(16) 83.6(4) O(23yMn(11)-O(45)  89.6(6) O(23YMn(11)-O(95)  93.0(6)
O(14)-Mn(4)-0(23) 173.3(4)  O(14YMn(4)—0(24) 93.6(6) O(23}Mn(11)-0(98) 171.1(6) O(23}Mn(11)-O(103)  97.1(5)
O(14-Mn(4)-0(43) 91.7(4)  O(15yMn(4)—O(16) 83.8(5) O(24¥Mn(11)-O(45)  87.2(4) O(24¥Mn(11)-0(95)  172.7(8)
O(15-Mn(4)-0(23) 98.9(6)  O(15)Mn(4)—0(24) 175.0(2) O(24yMn(11)-0(98)  92.4(5) O(24YMn(11)-O(103)  94.2(4)
O(15-Mn(4)-0(43) 89.5(6)  O(16YMn(4)—0(23) 90.0(4) O(45yMn(11)-O(95)  87.8(5) O(45YMn(11)-O(98)  83.5(6)
O(16)-Mn(4)-0(23) 90.0(4)  O(16YMn(4)—0O(24) 93.0(6) O(45yMn(11)-0O(103) 173.2(6) O(95)Mn(11)-0O(98)  92.3(6)
O(16)-Mn(4)-0(43) 172.2(6)  O(23)Mn(4)—0(24) 84.9(6) O(95yMn(11)-0O(103) 91.4(5) O(98}Mn(11)-O(103)  89.8(6)
O(23)-Mn(4)-0(43) 94.9(4)  O(24YMn(4)-0(43) 93.5(6) O(17yMn(12)-0(24)  93.6(5) O(17YMn(12)-O(60)  94.6(5)
O(17-Mn(5)-0(18) 84.3(6) O(17Mn(5)—0O(30) 87.0(4) O(17yMn(12)-O(100) 162.7(6) O(1AMN(12)-O(105) 102.9(5)
O(17)-Mn(5)-0(48) 177.4(4) O(1AMn(5)-0O(53) 84.5(4) O(24YMn(12)-0(60) 169.9(4) O(24yMn(12)-O(100)  87.1(5)
O(17-Mn(5)-0(58) 95.6(6)  O(18YMn(5)—0O(30) 84.4(5) O(24¥Mn(12)-O(105) 97.4(6) O(60}Mn(12)-O(100)  83.3(5)
O(18)-Mn(5)-0(48) 95.3(6)  O(18YMn(5)—0O(53) 93.5(6) O(60YMn(12)-O(105) 86.4(6) O(10G)Mn(12)—O(105) 94.1(5)
O(18)-Mn(5)-0(58) 174.9(4)  O(30YMn(5)-0(48) 90.4(4) Mn(1}O(13)-Mn(2) = 96.5(5) Mn(1)}-O(13)-Mn(3) 99.5(7)
O(30)-Mn(5)-0(48) 90.4(4)  O(30¥Mn(5)—0O(53) 171.4(5) Mn(2yO(13)-Mn(3)  95.1(3) Mn(1}-O(14)-Mn(2) 96.1(5)
O(30)-Mn(5)-0(58) 90.5(5) O(48YMn(5)—0O(53) 98.0(5) Mn(1}O(14)-Mn(4)  94.8(6) Mn(2}-O(14)-Mn(4) 97.2(6)
O(48)-Mn(5)-0(58) 84.6(6) O(53yMn(5)—0(58) 91.6(6) Mn(2FO(15-Mn(3)  96.0(1) Mn(2-O(15)-Mn(4) 98.5(7)
O(18)-Mn(6)-0(19) 94.4(6)  O(18YMn(6)—0O(25) 90.1(9) Mn(3yO(15)-Mn(4)  96.2(7) Mn(1}-O(16)-Mn(3) 99.1(6)
O(18)-Mn(6)-0(50) 91.6(7)  O(18YMn(6)—0O(55) 92.6(6) Mn(1}O(16)-Mn(4)  95.1(6) Mn(3}-O(16)-Mn(4) 93.9(6)
O(18)-Mn(6)-0(63) 172.8(2)  O(1Mn(6)—0(25) 91.9(8) Mn(LyO(17)-Mn(5)  93.0(6) Mn(1}O(17)-Mn(12)  132.7(5)
O(19)-Mn(6)-0(63) 90.6(7)  O(25yMn(6)—0O(50) 77.1(8) Mn(5FO(17)-Mn(12) 119.7(8) Mn(1}O(18)-Mn(5) 94.6(6)
O(25)-Mn(6)-0(55) 172.6(8)  O(25)Mn(6)—0(63) 84.6(9) Mn(1}O(18)-Mn(6)  130.4(7) Mn(5-O(18)-Mn(6)  122.0(7)
O(50)-Mn(6)-0(55) 95.8(6)  O(50yMn(6)—0(63) 82.5(7) Mn(2FO(19-Mn(6)  134.5(1) Mn(2}-O(19)-Mn(7) 94.0(7)
O(55-Mn(6)-0(63) 92.1(6)  O(19Mn(7)—0(20) 85.1(7) Mn(6YO(19-Mn(7)  128.3(5) Mn(2}-O(20)-Mn(7) 92.2(7)
O(19-Mn(7)-0(35) 85.8(6)  O(19YMn(7)—0(65) 94.0(7) Mn(2}O(20)-Mn(8)  132.1(9) Mn(7>-O(20)-Mn(8)  126.4(6)
O(19)-Mn(7)-0(68) 178.50(19) O(19)Mn(7)—0O(73) 90.6(6) Mn(3}O(21)-Mn(8)  131.9(7) Mn(3}-O(21)-Mn(9) 94.6(7)
O(20)-Mn(7)-0(35) 88.2(4) ~ O(20yMn(7)—0(65) 173.6(3) Mn(8YO(21)-Mn(9)  133.0(9) Mn(3}-0(22)-Mn(9) 93.3(6)
O(20)-Mn(7)-0(68) 93.9(7)  O(20YMn(7)—0O(73) 90.9(5) Mn(3}O(22)-Mn(10) 132.2(8) Mn(9-0(22)-Mn(10)  125.3(5)
O(35-Mn(7)-0(65) 85.4(4)  O(35yMn(7)—0(68) 93.0(6) Mn(4}O(23)-Mn(10) 131.8(6) Mn(4}-O(23-Mn(11)  94.0(6)
O(35)-Mn(7)-0(73) 176.4(8)  O(65yMn(7)—0(68) 86.9(8) Mn(4yO(24)-Mn(12) 134.8(3) Mn(11)}O(24)-Mn(12) 123.5(9)
O(65-Mn(7)-0(73) 95.4(5)  O(68YMn(7)—0O(73)  90.5(6)

by the C, axis, the elongated MnO?~ [1.985(5) A] and isomers. The positions of the axial,® and some of the
Mn—0 [2.036(7) A] bonds in comple8 are noticeably longer ~ carboxylate ligands are the main differences between the
than in complex7 [1.898(5)/1.899(5) A and 1.939(6)/1.956(7) isomers. In frozen solution ac magnetic studies of the propionate
A, respectively]. As described below, this difference in struc- complex, twoyy' ac peaks are seen, just as observed for a
ture involving the JT axes is believed to be the origin of the solid sample. However, the ratios of the tyu@"’ peaks are not
markedly different magnetic properties between complékes the same. To try to rationalize these differences, solutidn
and7. NMR studies were carried out to probe the structure ofiMn
The two other complexes structurally characterized in this complexes in solution. Proton peak assignments were made
paper, complexedb and5, show the more usual JT elongation using a combination of 1-D and 2-EH NMR spectroscopy.
axis orientation seen for compl&x Polycrystalline samples of ExtensiveH NMR studies and peak assignment for the
these compounds show both the2K and the 47 K range propionate compleg are published elsewhefeA total of seven
' ac susceptibility signals. However, these polycrystalline carboxylate proton peaks were seen in soluttdmNMR studies
samples are likely mixtures of different geometrical and JT on complex2, and this indicates that the effective solution
distortion isomers. In the case of the propionate molecules, two symmetry is higher than the solid-state symmetry)(Chese
different isomers, complexe®a and 2b, have already been results suggesintramolecular ligand exchange processes in-
structurally characterized. volving especially the axial ¥ and carboxylate ligands in
NMR Spectroscopy In the solid state, the propionate and solution. Such exchange of ligands would result in one isomeric
p-methylbenzoate Mp complexes each have two structural form of the propionate My complex converting to another,



Single Molecule Magnets Inorganic Chemistry, Vol. 40, No. 9, 2002137

from a complex with all protons significantly removed (5 bonds)
from the paramagnetic center. The broadness of these peaks
varies greatly, and it is expected that the ortho-protons, which

Q are closer to the paramagnetic metal center should be broadest.
( ,\O/o On the basis of comparison withi NMR data for other Mgy,
¥ complexes substituted in various positions on the aromatic ring,
and integration and T values measured by the inversion
b n7 recovery [(180—t—90°)] method, initial assignments of thee,
- ¥ m-, and p- protons were made. The meta-proton peaks were
(¥ C/O assigned as those at ca. 13(A), 10(C), and 5(F) ppm, with the
r’/®/ last peak as a doubly intense resonance. The signals due to the

para-protons are only half as intense as those from the meta-
positions, because there is only one para-position on each ring,
and thus the peaks at ca. 7.3(E), 4.2(G), aid8(l) ppm were
assigned as due to the para-proton resonances. The ortho-proton
resonances were significantly broader than the other peaks and
were easily assigned as the peaks at ca. 11(B), (D), and 1.2(H)
ppm. Unfortunately, due to the overlap of the ortho-proton peaks
with other peaks, it was difficult to get an accurate integration
of these extremely broad peaks.

After these tentative assignments were made, a 2-D COSY
spectrum of comple®d was run. Although 2-D paramagnetic
NMR was not a very useful diagnostic tool in the case of
[Mn12015(O,CEt)6(H20)3] (2), it was hoped that the signifi-
cantly longer T (and T,) values of the benzoate complex would
facilitate the observation of cross-peaks. As can be seen in
Figure 12, the COSY spectrum of [MiD;2(O-CPh)¢(H20)4]

(3) shows a number of cross-peaks between the proton
resonances. Coupling can be seen between the meta- and para-
protons using this method, but no cross-peaks to the ortho-proton

plex 2b) with thermal ellipsoids shown at the 50% level. Hydrogen can be seen. Because peaks F and | are doubly intense, they

and the methyl carbon atoms of the propionate ligands are omitted and®a" be ass@ne(_j as due to the overlap of the”lmeta- an_d para-

the outer atoms are de-emphasized for clarity (upper). Plotted at the Protons, respectively, of the two types of Mn-Mn'! equatorial

bottom is an ORTEP representation of a unit cell of [ (O.CEthe carboxylated? This observation is consistent with the previously

(H20)3] (2b) with all atoms de-emphasized for clarity. characterized NMR spectra of Mincomplexes. Also, because

. . . ) o peaks C and E are the narrowest, have longevalues, and

and the amounts of.d|fferent isomeric forms in solution is not, are located closest to shift values of benzoic acid, these are

therefore, necessarily the same as for the ?0"0' state. assigned as due to the axial Mn-Mn'V bridging carboxylates.
Although many examples of paramagnetic NMR spectra of |, ihe acetate and propionate complexes, #HeNMR reso-

metal acetate complexes exist in the literature, definitive ances of the axial Mi---Mn"V carboxylates also experience
assignments of resonances due to benzoate protons are mUCBmaller isotropic shifts relative to their Mn--Mn'! counter-

less common. A series of experiments was performed in order ;<13
to correctly assign the proton resonances in the complex spectra TOCSY (total correlation spectroscopy) has been used

?; the doc}icleg('::arlllul\jlsa(; ':49 fbenzoate dtt)ar![\.{[a'f[lvgst.) In thet pa?]t, successfully to detect cross-peaks of paramagnetic species that
euseo . ala for para-substituled benzoa _es. a5 are not visible using the COSY technigifeds shown in Figure
supported_ th_e_ integrity of the .ME‘ complex in_solution; 13, the TOCSY spectrum of complékshows an additional
hovyeve;, individual resonances in the proton spectra were nOtcross-peak between peaks A and D and allows the assignment
assignead. of D as the axial Mt ---Mn"" ortho-proton. No cross-peaks are

NI\I/TF(;Cr?m u”se of dathcombl_nann (t)fl ;ﬁ:rr]easuremepts ?Egég seen to the other ortho-protons, probably due to their weakness
as atiowed the assignment of these spectra. ) and broadness, but their assignments can be made on the basis

NMR Spef”“r.” of [MEZO”(OZhCPh)LG.(HIZ:Q)“] (3123hov(\1’3 4P~ of the size of the peak (see Table 6). The observed distribution
proximately nine peaks as shown in Figure 12 and as sum- ¢ oo siedo-, m-, andp-protons for the M «+-Mn'! carboxy-

marized in Table 6, as well as peaks from the protio,Cl lates (both axial and equatorial) shows isotropic shift patterns

solvent and BO. Assuming virtualD, symmetry in soIL_mon, consistent with ar-delocalization mechanism through the ring
complex3 should have four types of carboxylates (with four of the carboxylated- andp- in a direction opposite to that of

carboxylates in each): two types of equatorial carboxylates the m-proton). However, for the equatorial carboxylates, this

bridging Mr"---Mn'! - pairs, axial carboxylates bridging pattern is imposed on top of an overall upfield shift of all three

Ma.. i i i 1 i . v
Mn™---Mn™ pairs, and axial carboxylates bridging Nin-Mn resonances. The protons of the WMr-Mn'v carboxylates show
pairs. For each of these four types of carboxylates there should

be three resonances due to them,_ andp- pmtons’. 9""”9 a (50) (a) Bren, K. L.; Gray, H. B.; Banchi, L.; Bertini, I.; Turano, R.Am.
total of 12 peaks. There are only nine signals, so it is expected Chem. Soc1995 117, 9042. (b) Ming, L.-J.; Jang, H. G.; Que, L.
that three of the nine peaks are doubly intense signals, and this  Inorg. ghem-1992 31, 35?]- (c) Lisowski, J.; Sessler(,di. L.; Lynch,
; i ; V.; Mody, T. D.J. Am. Chem. Sod 995 117, 2273. Basu, P.;
is borne out by integrations of the pe.aks. All of the peaks from Shokhirev, N. \/.: Enemark. ). H.: Walker, F. & Am. Chem. Soc
the complex are found within the relatively narrow paramagnetic 1995 117, 9042. () Banci, L.. Piccioli, M.: Scozzalava, &oord.

chemical shift window of 14 te-2 ppm, as might be expected Chem. Re. 1992 120, 1.

Figure 8. ORTEP representation of [MgD12(OCEt)e(H20)3] (Com-
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Figure 9. Stereoview of the best molecular fit of the Mn atoms of MDy(O.CEthe(H20)3] (2b) with those of [Mn01(0,CEt)e(H20)s]-4H,0-
1,CsHsCH;s (2d), showing the relative positions of coordinategCHmolecules on the two cores. Atoms from [M@:(O,CEt)s(H-0)s] (2b) are
shown as shaded ellipsoids.

Table 7. Selected Bond Distances (A) for
[Mn12012(02CC6H4-p-Me)le(H20)4] . (HOZCC5H4-p-Me) (Complex
6)

A B distance (&) A B distance (A)
Mn(l) O(101) 1.867(5) Mn(l) O(102) 1.895(6)
Mn(l) O(62) 1.9256) Mn(l) O(52) 1.950(6)
Mn(1) O(71) 2.233(5) Mn(l) O(42) 2.236(6)
Mn(l) Mn(2) 2.792(2) Mn(2) O(101) 1.842(6)

Mn(2) 0(102) 1.897(5) Mn(2) O(104)#1  1.911(5)
Mn(2) O(104) 1.940(6) Mn(2) O(103) 1.942(5)

Mn(2) O(72) 1.945(5) Mn(2) Mn(2#l  2.823(3)
Mn(2) Mn@B)#L  2.850(2) Mn(2) Mn(3) 2.951(2)

Mn(3) O(105) 1.857(5) Mn(3) O(106) 1.861(6)
Mn(3) O(103) 1.911(6) Mn(3) O(11) 1.912(6)
Mn(3) O(104) 1.941(5) Mn(3) O(103)#1  1.942(5)
Mn(3) Mn(4) 2.786(2) Mn(3) Mn(Q#l  2.850(2)

Mn(3) Mn(3)#1  2.855(3) Mn(4) O(105) 1.857(6)
Mn(4) O(31) 1.930(7) Mn(4) O(106) 1.940(5)
Mn(4) O(22) 1.965(6) Mn(4) O(1)#1 2.196(6)
Mn(4) O(12) 2.227(6) Mn(5) O(102) 1.899(6)
Mn(5) O(102)#1 1.899(6) Mn(5) OGBL#L  1.969(6)
Mn(5) O(51) 1.969(6) Mn(5) O(108) 2.275(6)

Mn(5) O(108)#1 2.276(6) Mn(6) O(105)#1  1.985(6)
Mn(6) O(105) 1.985(6) Mn(6) O(2)#1 1.991(8)

Mn(6) O(2) 1.991(8) Mn(6) OQL#1  2.036(7)
Mn(6) O(21) 2.036(7) Mn(7) O(106)#1  1.898(6)
Mn(7) O(101) 1.934(5) Mn(7) O(32)#1  1.966(7)
Mn(7) O(61) 1.970(7) Mn(7) O(41) 2.125(6)
Mn(10) Mn(7) O(107) 2.343(9) O(103) Mn(3)#1  1.942(5)

O(1) Mn@)#L  2.196(6) O(106) Mn(7)#1  1.898(6)
Figure 10. ORTEP representations of the cores (i.e., withput 0(32) Mn(7)#1 1.966(7)
methylbenzoate ligands) of the incomplexes in (top) [MpO1- 0(104) Mn(2)#1 1.911(5)
(OLCCeH4-p-Me)16(H20)4] + (HO,CCsH4-p-Me) (complexé) and (bot-

tom) [Mny201(0,CCeHa-p-Me)is(H20)4] + 3(H20) (complex?). aFor the [Mn;017] core and HO molecules only; a full listing is

available in the supporting information.

a markedly different pattern. It is probable that, in these highly benzoate para-proton with a para-Me group results in some

anisotropic molecules, dipolar contributions to the isotropic shift marked changes in the 1-BH NMR spectrum. Theo- and

of these resonances play a significant role. m-proton resonances have similar chemical shifts to those of
Unfortunately, théH NMR spectrum of the-methylbenzoate complex3 and hence were assigned by comparison as shown

complex shows a much broader and less well-resolved NMR in Table 7. For the doubly intense upfield para-Me peak | in

spectrum as shown in Figure 14. The 2-D TOCSY was not Figure 13, replacement of the proton with a methyl group results

particularly useful because the prominent cross-peaks in thein a striking paramagnetic shift in the opposite direction: the

benzoate derivative are those due to the meta/para-proton pairscorresponding Me proton resonance is peak B of Figure 14.

The protons of thep-methyl group are further removed from  The p-Me resonance F was assigned as the axial' MiMn'V

the meta-proton position and hence result in no cross-peaks.bridging carboxylate because of its proximity to the diamagnetic

Some assignments of this spectrum are possible though, basedegion, and peak H was assigned as the axial'MiMn"

on comparison with the benzoate complex. Replacement of thebridging carboxylate. It appears that the additional peaks at ca.
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Table 8. Selecteédl Bond Angles (deg) for [MpO12(02CCeHa-p-Me)16(H20)4] - (Ho.CCsHa-p-Me) (Complex6)

A B C angle (deg) A B C angle (deg)
0O(101) Mn(1) 0(102) 83.0(2) 0O(101) Mn(1) 0(62) 96.8(2)
0(102) Mn(1) 0(62) 172.9(2) 0O(101) Mn(1) 0(52) 177.3(3)
0(102) Mn(1) 0(52) 94.3(2) 0(62) Mn(1) 0(52) 85.9(3)
0(102) Mn(1) O(71) 86.3(2) 0(102) Mn(1) O(71) 84.1(2)
0(62) Mn(1) O(71) 88.8(2) 0(52) Mn(1) 0O(71) 93.3(2)
0O(101) Mn(1) 0(42) 91.2(2) 0(102) Mn(1) 0(42) 93.4(2)
0(62) Mn(1) 0(42) 93.7(2) 0(52) Mn(1) 0(42) 89.1(2)
O(71) Mn(1) 0(42) 176.6(2) 0(102) Mn(1) Mn(2) 42.692)
0(101) Mn(2) 0(102) 83.6(2) 0(101) Mn(2) O(104)#1 90.9(2)
0(102) Mn(2) O(104)#1 87.9(2) 0O(101) Mn(2) 0O(104) 174.4(2)
0(102) Mn(2) 0(104) 99.9(2) 0(104)#1 Mn(2) 0(104) 84.9(2)
0O(101) Mn(2) 0O(103) 95.9(2) 0(102) Mn(2) 0O(103) 172.5(2)
0(104)#1 Mn(2) 0(103) 84.7(2) 0(104) Mn(2) 0(103) 80.1(2)
0O(101) Mn(2) 0(72) 93.4(3) 0(102) Mn(2) 0(72) 89.5(2)
O(104)#1 Mn(2) 0(72) 174.7(2) 0(104) Mn(2) 0(72) 91.0(2)
0O(103) Mn(2) 0(72) 97.9(2) O(105) Mn(3) 0O(106) 84.0(3)
0O(105) Mn(3) O(11) 96.8(3) 0O(106) Mn(3) 0(103) 174.3(2)
0(103) Mn(3) 0O(11) 92.3(2) 0O(106) Mn(3) O(11) 94.8(3)
0O(03) Mn(3) O(11) 90.8(3) O(105) Mn(3) 0O(104) 176.9(2)
0O(106) Mn(3) 0O(104) 98.2(2) 0O(103) Mn(3) 0O(104) 80.9(2)
O(11) Mn(3) 0O(104) 89.8(2) O(105) Mn(3) O(103)#1 93.8(2)
0O(106) Mn(3) O(103)#1 90.8(2) 0O(103) Mn(3) O(103)#1 83.6(30
0O(11) Mn(3) O(103)#1 172.2(2) 0O(104) Mn(3) O(103)#1 83.9(2)
O(105) Mn(4) 0O(31) 176.2(2) O(105) Mn(4) 0O(106) 81.8(2)
0O(31) Mn(4) 0O(106) 96.4(3) O(105) Mn(4) 0(22) 95.9(3)
0(31) Mn(4) 0(22) 86.3(3) 0(106) Mn(4) 0(22) 172.3(3)
O(105) Mn(4) Oo(1)#1 90.7(3) 0O(31) Mn(4) o(1)#1 86.193)
0(106) Mn(4) o(1)#1 95.0(2) 0(22) Mn(4) Oo(1)#1 92.4(3)
0O(105) Mn(4) 0(12) 89.8(2) O(31) Mn(4) 0(12) 93.493)
0(106) Mn(4) 0(12) 85.9(2) 0(22) Mn(4) 0(12) 86.8(3)
Oo(1)#1 Mn(4) 0(12) 179.0(2) 0(102) Mn(5) O(102)#1 95.7(3)
0(102) Mn(5) O(51)#1 172.593) 0(102)#1 Mn(5) O(51)#1 90.9(3)
0(102) Mn(5) O(51) 90.9(3) O(102)#1 Mn(5) O(5) 172.5(2)
O(51)#1 Mn(5) 0(51) 82.4(4) 0(102) Mn(5) 0(108) 91.292)
O(102)#1 Mn(5) 0O(108) 86.4(2) O(51)#1 Mn(5) 0(108) 92.8(2)
O(51) Mn(5) 0(108) 89.9(3) 0(102) Mn(5) O(108)#1 86.4(2)
0(102)#1 Mn(5) 0(108)#1 91.2(2) O(51)#1 Mn(5) 0(108)#1 89.9(3)
O(51) Mn(5) O(108)#1 92.8(2) 0(108) Mn(5) 0O(108)#1 176.4(3)
O(105)#1 Mn(6) O(105) 94.0(3) O(105)#1 Mn(6) O(2)#1 89.2(3)
O(105) Mn(6) O(2)#1 94.0(3) O(105)#1 Mn(6) 0(2) 94.0(3)
O(105) Mn(6) 0(2) 89.2(3) O(2)#1 Mn(6) O(21)#1 175.5(3)
O(105)#1 Mn(6) O(21)#1 90.5(3) O(105) Mn(6) O(21)#1 175.5(3)
Oo(2)#1 Mn(6) O(21)#1 85.9(4) 0(2) Mn(6) O(2)#1 175.3(5)
O(105)#1 Mn(6) 0(21) 175.5(3) 0(2) Mn(6) 0(21) 90.6(4)
Oo(2)#1 Mn(6) 0(21) 90.6(4) 0(2) Mn(6) 0(21) 85.9(4)
O(21)#1 Mn(6) 0O(21) 85.0(4) O(106)#1 Mn(7) 0O(101) 93.6(2)
O(106)#1 Mn(7) 0(32)#1 93.4(3) 0(101) Mn(7) 0O(32)#1 164.9(3)
O(106)#1 Mn(7) 0O(61) 174.8(2) 0O(101) Mn(7) O(61) 90.7(3)
0(32)#1 Mn(7) 0(61) 81.7(3) O(106)#1 Mn(7) 0(41) 89.7(2)
0O(101) Mn(7) 0(41) 94.2(2) O(32)#1 Mn(7) 0(41) 99.2(3)
0(61) Mn(7) 0(41) 93.0(3) 0(106)#1 Mn(7) 0(107) 94.0(3)
O(61) Mn(7) 0(41) 93.0(3) O(32)#1 Mn(7) 0(107) 86.3(4)
0(101) Mn(7) 0(107) 80.0(3) 0(41) Mn(7) 0(107) 173.3(3)
O(61) Mn(7) 0(107) 83.9(3) Mn(2) 0O(101) Mn(1) 97.7(2)
Mn(1) 0(102) Mn(5) 131.4(3) Mn(1) 0(102) Mn(2) 94.8(3)
Mn(3) 0(103) Mn(3)#1 95.6(3) Mn(2) 0(102) Mn(5) 130.7(3)
Mn(3)#1 0(103) Mn(2) 94.4(2) Mn(3) 0(103) Mn(2) 100.0(2)
Mn(2)#1 0O(104) Mn(3) 95.4(2) Mn(2)#1 0O(104) Mn(2) 94.3(2)
Mn(4) 0(105) Mn(3) 97.2(3) Mn(2) 0(104) Mn(3) 99.0(2)
Mn(3) 0O(105) Mn(6) 132.2(3) Mn(4) O(105) Mn(6) 123.6(3)
Mn(3) 0O(106) Mn(4) 94.2(3) Mn(3) 0O(106) Mn(7)#1 133.1(3)
Mn(1) 0O(101) Mn(7) 122.8(3) Mn(7)#1 0O(106) Mn(4) 127.8(3)
Mn(2) 0O(101) Mn(7) 133.8(3)

aFor the [Mn2012(H20) 4] core only; a full listing is available in the Supporting Information. Atoms labeled with a #1 suffix are the symmetry
partners related by th€, axis.

7.9, 7.3, and 2.5 ppm are present from a small amount of toluic changed. For an oriented sample of a SMM, steps can be seen

acid in solution. at regular intervals of magnetic field in the magnetization
Magnetization Hysteresis Loops Since complexe§ and7 hysteresis loop. These steps result from a quantum mechanical

have barriers for changing their magnetic moments from “spin tunneling of the magnetization.

up” to “spin down” (Figure 1), it is informative to examine the Oriented samples of complex&sand 7 were prepared by

change in the magnetization of a sample as an external field issuspending a few small crystals of either complex in fluid
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Table 9. Selected Bond Distances (A) for Mn, molecules do not have enough thermal energy to go over
[MNn1201(02CCeHa-p-Me)16(H20)4] -3H,0 (Complex?) the barrier. Reversal of the direction of the external field,
A B distance (A) A B distance (A) followed by increasing the field te-4.0 T, again leads to
Mn(1) O() 1.870(5) Mn(1) O(12) 1.871(5) magnetization saturation. In this case the= +10 “spin down”
Mn(l)  O(1) 1.908(5) Mn(l) O(3) 1.931(5) state is stabilized in energy and all molecules are innthe=
Mn(l) O(43) 1.935(5) Mn(l)  O(2) 1.945(5) +10 state. The field is then cycled from4.0 T to zero,
Mn(1)  Mn(5)  2.802(2) Mn(1)  Mn(2)  2.818(2) reversed, and then cycled backi4.0 T. At 1.72 K the coercive

Mn(l) Mn(3) 2.850(2) Mn(l)  Mn(4)  2.966(2)

Mn(2) O(10) 1.869(5) Mn(Z) O(1) 1887(%) magnetic field for complex is ca. 2 T.

Mn2) O(3) 1.902(5) Mn2)  O(4) 1.907(5) Close examination of the magnetization hysteresis loops
Mn(2)  O(1) 1.922(5) Mn(2)  O(36) 1.923(5) shown in Figure 15 for compleX shows that each hysteresis
ma% mggg gggg% ngg 3?7()4) i-gjg(é)) loop is not smooth; steps are seen at regular intervals of the
Mn(3)  O(®6) 1868(5) Mn(3) O(@) 1914(5) e_xte_rnal field. _These steps are du_e to tu“nngllng 91‘ the magne-
Mn(3)  O(1) 1.929(5) Mn(3)  O(20) 1.932(5) tization. That is, a M_r[_b molecule in the Spin up” state can
Mn(3)  O(4) 1.946(5) Mn(3)  Mn(6) 2.796(2) either be thermally activated over the barrier to the “spin down”
Mn(3) Mn(4) 2.8513(14) Mn(4) O(8) 1.874(5) state or it reverses its direction of magnetization by tunneling
mgg 8% 1-831&3 mgg 88 1-318% through the barrier. The steps are clear evidence of tunneling
Mn(4) O(9) 1.959(5) Mnd)  Mn(7)  2.806(2) of magnetizatior®? 27w_h|ch can be understood in the following
Mn(5)  O(5) 1.900(5) Mn(5)  O(12) 1.923(4) manner. After sat'uratlon in &4.0.T field, the external f|eld
Mn(5) O(15)  1.945(5) Mn(5)  O(42) 1.966(5) about the crystallites of complekis reduced to zero (Figure
Mn(5) O(13) 2.178(5) Mn(5)  O(44) 2.217(5) 1) and at this instant all of the molecules are in the= —10
Mn(6)  O(7) 1.900(5) Mn(6)  O(6) 1.920(5) state. Depending on the rate of sweep of the external field, some
Mn(6)  O(23)  1.948(6) Mn(6)  O(18) 1.950(5) of the molecules may tunnel from thm, = —10 to thems =

Mn(6 O(21 2.163(5 Mn(6 O(19 2.179(5
MEE?% Ogs)) 1.912((45 qu((7)) O((9)) 1.922((5)) +10 state or, more generally, from the = -n to themg =

Mn(7) O(31)  1.956(5) Mn(7)  O(26) 1.962(6) +n state 6 = 10, 9, 8, ..., 1). Thus, at zero field we see the
Mn(7)  O(28)  2.154(6) Mn(7)  O(30) 2.182(5) first step. Reversal of the external field, followed by changing

Mn(g) 8(%0) 1-80g(6) Mn(g) 8(%3) 1-800(2) the field from zero to approximately-0.48 T leads to the
mgB; o%s% % 1‘716% mggg 02353 %'2%8 appearance of a second stefHat —0.48 T. At this external
Mn(©)  O(6) 1:898(5) Mn(©) O(5) 1.'899(5) field thems = —10 state has the same energy asrthe= +9
Mn(9) O(16)  1.939(6) Mn(9)  O(17) 1.956(7) state. This alignment of energy levels leads to resonant
Mn(9) O(14) 2.115(6) Mn(9)  O(45) 2.199(7) magnetization tunneling. In this way as the field is swept from

Mn(10) O(8)  1.873(5) Mn(10)  O(7) 1.923(5) zero to—4.0 T steps are seen at regular intervals-6f48 T.
mggg 8%‘2‘; %-2%% mgg; 8%% %2‘%% No steps are seen as the field is swept fre#h.0 T toward
Mn(11) O(10) 1:891(5) Mn(11) O(33) 1:906(5) zero. Only when the field is zero do we see the first step on the
Mn(11) O(32) 1.936(6) Mn(11) O(33) 1.977(6) reverse sweep. The second field reversal leads to regular steps
Mn(11) O(47) 2.202(6) Mn(11) O(46) 2.229(7) as the field is swept from zero t64.0 T.

mg%g 8&% i:gzgggg mgg 8&8 i:ggg% .Magnet@zation hysteresis loops were also measured for an
Mn(12) O(38) 2.143(6) Mn(12) O(48) 2.252(6) oriented eicosane cube of comp@at the temperatures of _1.72,
2.20, 2.00, 1.90, and 1.80 K (Figure 16). The hysteresis loops
for complex6 look quite different than those for complé&x

When the external field is reduced fro#d.4 T to zero, the

eicosane in the 312318 K range. In the presence of a 5.5 T magnetiz_ation falls off dramatically, and the coercive fields
magnetic field, each crystallite orients with its principal axis of &€ considerably less for compléxhan for complexs. Thus,
magnetization parallel to the direction of the external field. The these twop-methylbenzoate Mp complexes experience quite
eicosane is then cooled to room temperature, and this gives adlfferent kinetic .barrlers for reversal of magnetization. It
wax cube with the few crystallites magnetically oriented inside. MuSt be emphasized that the sweep rate for all the loops was
Figure 15 shows the magnetization hysteresis data measured> O€/s:
for Comp|ex7_ Magnetiza[ion hysteresis |00ps are seen in the First derivative plOtS were calculated for each of the hyStETESiS
1.72-2.50 K range. The coercive magnetic field and conse- 100ps (lower plots in Figures 15 and 16). For compfesn the
quently the area enclosed within a hysteresis loop increase asweep from+4.0 to—4.0 T the first step is seen at zero field,
the temperature is decreased. It is instructive to examine thefollowed by steps at-0.467,—-0.910,—1.42, and-1.85 T. On
features seen in one of these loops. At 1.72 K the eicosane cubdhe sweep from—4.0 T to +4.0 T the first step is seen at
with oriented crystallites is first exposed to a magnetic field of zero field, followed by steps at0.467,+0.910,+1.42, and
+4.0 T. In this field there is a saturation of the magnetization. +1.85 T. On the sweep from4.0 T to +4.0 T for complex
In reference to Figure 1 which shows the energetics in zero 6, steps are seen at zero fielé0.501, +0.992, +1.42, and
external field, a field of+4.0 T leads to then, = —10 level +1.87 T.

aFor the [Mn;014 core and HO molecules only; a full listing is
available in the Supporting Information.

being considerably stabilized in energy relative tortige= +10 A careful analysis of the hysteresis data for comeshows
level. All molecules have their moments aligned parallel (“spin that the external field value at each step does shift slightly with
up”) to the external magnetic field and are in tiog = —10 temperature. Friedman et#I2°confirmed that the small shift

state at 1.72 K. The magnetic field is then swept from 4.0 T to is due to the fact that each Mnmolecule does not just
zero. If there was no barrier for converting from “spin up” to experience the applied fieldHj but rather it experiences a
“spin down”, then at zero external field there would be equal magnetic induction&) due to combination of the external field
numbers of molecules with “spin up” and “spin down”, i.e., and dipolar fields from neighboring molecules in the crystal.
the magnetization would go to zero at zero field. This is not The magnetic inductioB is given asB = H + 4zM and is
the case, however, because there is a barrier and at 1.72 K thénvariant for each step. Figure 17 gives a plot of magnetic
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Table 10. Selectedl Bond Angles (deg) for [MipO12(O,CCsHa-p-Me)is(H20)4]-3H.0 (Complex7)

angle angle angle angle
A B C (deg) A B C (deg) A B C (deg) A B C (deg)

O() Mn(l) 0912) 84.9(2) O() Mn(@l) O(1) 92.1(2) O(10) Mn(8) O(39) 171.6(2) O(11l) Mn(8) OB9)  95.0(2)
O(12) Mn(1) O(1) 885(2) O(B) Mn(l) O(3) 1749(2) O(34) Mn(8) O(39) 87.0(2) O(10) Mn(8) O(37)  93.9(2)
0O(12) Mn(1) O(3) 985(2) O(1) Mn(l) O@3) 842(2) O(11) Mn(8) O(37) 93.9(2) O(34) Mn(8) O(37) 88.7(2)
O() Mn(l) O@43) 932(2) O(12) Mn(l) O@43) 92.4(2) O(B9) Mn(8) O(37) 94.4(2) O(10) Mn(8) O35) 84.7(2)
O(1) Mn(l) O@43) 1747(2) O(3) Mn(l) O(43) 90.5(2) O(11) Mn(8) O(35) 88.6(2) O(34) Mn(8) O(35)  88.8(2)
O(B) Mn(l) O() 958(2) O(12) Mn(l) O(2) 172.0(2) O(39) Mn(8) O(35) 87.02) O(37) Mn(8) O(35) 177.0(2)
O(1) Mn(l) O(R) 8352 O(3) Mn(1) O@2) 80.3(2 O®B) Mn@®) O(6) 173.8(2) O®E) Mn©®) O() 95.7(2)
0(43) Mn(1) O@) 956(2) O(10) Mn(2) O(11) 84.1(2) OB) Mn() O(17) 90.6(2) O(B) Mn(®) O(6)  90.3(2)
O(10) Mn(2) O(3)  89.4(2) O(11) Mn(2) O(3) 93.3(2) O(16) Mn(9) O(L7) 83.3(3) O(B) Mn(Q) O(17) 172.2(3)
O(1) Mn(2 O@) 98.9(2) O(11) Mn(2) O@) 176.1(2) O(B) Mn(9 O(14) 93.8(2) O() Mn(O) O(14)  91.5(2)
O(3) Mn(2) O@4) 84.1(2) O(10) Mn(2) O(1) 174.1(2) O(17) Mn(9) O(14) 90.7(3) O(16) Mn(9) O(14)  89.6(3)
O(11) Mn(2) O(1) 96.4(2) O@B) Mn(2) O(l) 846(2) O() Mn(@O) O@45)  883(3) O®B) Mn©O) 0@45)  92.7(2)
O(4) Mn(2 O(1) 805(2) O(10) Mn(2) O(36) 91.5(2) O(17) Mn(9) O@5)  86.7(4) O(16) Mn(9) O@45)  85.9(3)
O(11) Mn(2) O(36) 93.8(2) O(3) Mn(2) O(36) 172.8(2) O()  Mn(10) O(7) 94.0(2) O(14) Mn(®) O(@45) 175.1(3)
O(4) Mn(2) O(36) 88.7(2) O@1) Mn(2) O(36) 94.3(2) O(7) Mn(10) O(24) 92.0(2) O() Mn(10) O(24) 173.0(2)
O(7) Mn(3) O(B) 845(2) O(7) Mn(3) O@2) 93.4(2) O(7) Mn(10) O(25) 173.8(2) O(8) Mn(10) O(25)  91.8(2)
0(6) Mn(3) O(2) 88.9(2) O(7) Mn(3) O(1) 174.6(2) O(8) Mn(10) O(22) 925(2) O(24) Mn(10) O(25)  82.4(2)
0(6) Mn(3) O(1) 99.9(2) O(R2) Mn(3) O(1) 83.7(2) O(24) Mn(10) O(2) 90.7(3) O(7) Mn(10) O(22)  94.8(2)
O(7) Mn(3) O(20) 93.8(2) O®6) Mn(3) O(20) 92.3(2) O(B) Mn(10) O(27) 92.0(2) O(25) Mn(10) O(22)  82.9(2)
0(2) Mn(3) O(20) 172.8(2) O(1) Mn(3) O(20) 89.1(2) O(24) Mn(10) O(27)  84.0(3) O(7) Mn(10) O(27)  93.6(2)
O(7) Mn(3) O@) 959(2) O®B) Mn(3) O(4) 1721(2) O(2) Mn(10) O(27) 170.2(3) O(5) Mn(10) O(27)  88.3(3)
0(2) Mn(3) O@4) 832(2) O(1) Mn(@B) O@) 79.3(2) O(10) Mn(l1) O(32) 172.2(3) O(10) Mn(11) O(99)  95.6(2)
0(2) Mn(3) O@4) 955(2) O(8) Mn(4) O(9) 84.8(2) O(10) Mn(1l) O(33) 90.5(2) O  Mn(1ll) O(32)  91.8(2)
O(8) Mn(4) O@4) 90.8(2) O(9) Mn(4) O(4) 90.3(2) O(32) Mn(11) O(33) 822(3) O(9  Mn(1ll) O(33) 173.8(2)
O(8) Mn(@) O(2) 975(2) OO Mn(d) O@2) 1736(2) OO  Mn(ll) O@47) 90.9(2) O(10) Mn(1l) O@47)  92.6(2)
O(4) Mn(4) O(2) 837(2) O() Mn(4) O@B) 173.4(2) O(33) Mn(ll) O@7) 87.2(3) 0O(32) Mn(l1) O(47)  89.8(3)

0(9) Mn(4) O(3) 96.8(2) O(4) Mn(4) O(B) 82.8(2) O  Mn(ll) O@46)  95.6(3) O(10) Mn(ll) O(@46)  87.7(30
O(2) Mn(@) O(3) 80.2(2) O(B) Mn(4) 09 90.1(2) O(33) Mn(ll) 0946) 86.1(3) O(32) Mn(ll) O@46)  89.0(3)
0(9) Mn(4) O(29) 96.4(2) O@) Mn{d) O(29) 173.3(2) 0912) Mn(12) O(11)  94.6(2) O(47) Mn(1l) O(@46) 173.4(2)
0(2) Mn(@) O(29) 89.7(2) O(B) Mn(4) O(29) 96.1(2) O(11) Mn(12) O(41) 173.8(3) O((12) Mn(12) O(41)  90.7(2)
O() Mn(5) O(12) 826(2) O(B) Mn(B) O(L5) 95.3(2) O(11) Mn(12) O@40)  922(2) O(12) Mn(l2) O(40) 172.2(2)
0O(12) Mn(5) O(15) 174.6(2) O(B) Mn(5) O(42) 176.8(2) O(12) Mn(12) O(38)  93.4(2) O@4l) Mn(12) O@40)  82.3(3)
0O(12) Mn(5) O(42) 95.3(2) O(15) Mn(5) O(42) 86.6(2) O(4l) Mn(12) O(38)  88.4(2) O(11) Mn(12) O(38)  94.6(2)
O() Mn(5) O(42) 922(2) O(12) Mn(5) O(13) 93.7(2) O(12) Mn(12) O(48)  90.8(2) O(40) Mn(12) O(38)  89.7(3)
O(15) Mn(5) O(13) 91.4(2) O(42) Mn(5) O(13) 90.4(2) O(4l) Mn(12) O@48) 886(3) O(11) Mn(l2) O@48)  88.0(2)
O() Mn(5) O(44) 87.1(2) O(12) Mn(5) O(44) 82.6(2) O(38) Mn(12) O(48) 174.9(3) O(40) Mn(l2) O@48)  85.7(3)
O(15) Mn(5) O(44) 92.4(2) O(42) Mn(5) O(44) 90.1(2) Mn(l) O(1) Mn@3) 95.9(2) Mn(l) O@) Mn2) 94.7(2)
O(13) Mn(5) O(44) 176.3(2) O(7) Mn(5) O() 81.6(2) Mn@3) O@) Mn@) 957(2) Mn(2) O(1) Mn(3) 100.1(2)
O(7) Mn(5) O(23) 953(2) O() Mn(6) O(23) 169.2(2) Mn(4) O(2) Mn(l) 99.8(2) Mn(3) O(2) Mn(l) 95.2(2)
O(7) Mn(6) O(18) 177.7(2) O() Mn(6) O(18) 96.3(2) Mn(2) O(3) Mn(d) 953(2) Mn(2) O@3) Mn(l) 94.6(2)
0(23) Mn(6) O(18) 86.6(2) O(7) Mn(6) O(21) 954(2) Mn(2) O@) Mn(4) 96.4(2) Mn(l) O@3) Mn{) 99.7(2)
O(6) Mn(6) O(21) 959(2) O(23) Mn(6) O(21) 94.7(2) Mn(4) O(@) Mn@B) 954(2) Mn(2) O() Mn(3) 100.1(2)
0O(18) Mn(6) O(21) 85.6(2) O(7) Mn(6) O(19) 885(>2) Mn(l) O(B) Mn() 96.02) Mn(l) O(B) Mn(O) 132.3(3)
0O(6) Mn(6) O(19) 84.7(2) O(23) Mn(6) O(19) 84.9(2) Mn(3) O®B) Mn@©) 131.83) Mn(® O() Mn(5) 125.5(2)
O(18) Mn(6) O(19) 90.4(2) O(21) Mn(6) O(19) 176.1(2) Mn(9) O() Mn(6) 129.3(3) Mn(3) O®B) Mn(6)  95.1(2)
O(8) Mn(7) 09  831(2) O(B) Mn(7) OB1) 1739(2) Mn(3) O(7)  Mn(10) 133.6(3) Mn@B) O(7) Mn(6)  96.6(2)
0(9) Mn(7) O(31) 94.7(2) O(®B) Mn(7) O(26) 95.8(2) Mn(4) O(8)  Mn(10) 134.1(2) Mn(6) O(7)  Mn(10) 121.6(3)
0(9) Mn(7) O(26) 173.1(2) O(31) Mn(7) O(26) 85.8(2) Mn(10) 098) Mn(7) 125.3(3) Mn(4) O(8) Mn(7)  95.6(2)
O(8) Mn(7) O(28) 95.1(2) O(26) Mn(7) 1(28) 94.0(2) Mn(d) O@©)  Mn(7) 945(2) Mn@) O@©)  Mn(ll) 131.9(3)
O(31) Mn(7) O(28) 90.7(2) O(26) Mn(7) O(28) 92.9(2) Mn(2) O(10) Mn(il) 131.33) Mn(ll) O@©) Mn(7) 126.2(2)
0O(8) Mn(7) O(39) 84.6(2) O Mn(7) O(30) 87.9(2) Mn(1l) O(10) Mn(8) 131.4(3) Mn(2) O(10) Mn(8)  95.8(2)
O(31) Mn(7) O(30) 89.7(2) O(26) Mn(7) O(30) 85.2(2) Mn(12) O(1l) Mn(8) 123.6(3) Mn(12) O(11) Mn(2) 131.8(3)
0(28) Mn(7) O(30) 178.1(2) O(10) Mn(8) O(11) 82.9(2) Mn(l) O(12) Mn(12) 133.1(3) Mn(2) O(11) Mn(8)  95.2(2)
O(10) Mn(8) O(34) 94.7(2) O(11) Mn(8) O(34) 176.6(2) Mn(12) O(12) Mn(5) 129.4(3) Mn(l) O(12) Mn(5)  95.2(2)

aFor the [Mn2012(H20)4] core only; a full listing is available in the Supporting Information.
induction versus the temperature for the five hysteresis loops Arrhenius plot of In(1¢) versus the inverse absolute temperature

measured for comple It can be seen that the steps determined (1/T) for complex 7. The data were least-squares fit to the
at different temperatures have essentially the same magnitudeArrhenius eq 1 to give the values af = 7.7 x 109 s andUe

of increment in magnetic induction. In this way the incre- = 64 K.
ment was found to be 0.47 T for compléxand 0.48 T for
complex7. T = 7o eXPU/KT) Q)

From the hysteresis loop data it is clear that the
methylbenzoate comple& has an appreciably greater rate of A similar analysis of the frequency dependence of the dominant
magnetization relaxation than does isomeric compleXhis low temperatureyy’ peak in the ac data for compléxgives
can be quantified by analyzing the frequency dependencies ofryp = 2.0 x 10719 s andUe = 38 K. The activation energy
the ym" signals for the two complexes shown in Figure 4. Ac (Uer) for reversal of the direction of the magnetization for
susceptibility data were collected at 8 different frequencies from complex6 (Ues = 38 K) is considerably less than thalds =
1.0 to 1512 Hz for compleX. From the peaks in thay" versus 64 K) for the isomeric compleX. The Mn-acetate compleg
temperature plots, values of the magnetization relaxation time has been reporté®i!*to have aUes value of 62 K, very close
7 were determined at each temperature. Figure 18 gives anto the value for compleX.
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Table 11. Assignment offH NMR Spectra of
[MN12012(0,CPh)¢(H20)4] (3)

Table 12. Assignment offH NMR Spectra of

[Mn 12012(0,CCsHa-p-Me)16(H20)4] (6)

Aubin et al.

o-ppm o-ppm peak J0-ppm CDCl, T:2 (ms) assignment
(integralp  (integralp

peak CDClz CDCl, Tia(ms) assignment g ﬁg 51.7 n;aagl‘leq(lllkll.)‘m)

A 13.1(2) 13.0 (2) 10.9 max(ll-+-111) Cc 10.7 1.6 o ax(lll+=-1V)

B 11.0 11.0 4.0 o ax(lll==-1V) D 9.3 16.0 max(lll---1V)

C 9.7 (2) 9.6 (2) 16.6 max(lll+--1V) E 7.6 26.9 o ax(ll-=-11)

D 7. 7.7 8.4 0 ax(IH--111) F 7.0 28.6 Me ax(IH-+1V)

E 7.3(1) 7.3(1) 24.0 p ax(lll++-1V) G 5.0 18.0 Meq(lll---111)

F 5.0 (4) 5.1 (4) 175 @ eq(lll---111) H 2.9 43.7 Me ax(Ili-+11l)

G 4.2 (1) 4.3(1) 19.8 p ax(ll-=-111) I 1.4 20 eq(ll1---111)

H 1.2 1.4 20 eq(1l1-++111) .

| —0.8(2) ~0.6(2) 26.2 20 eq(Il1-+-111) 2T, values measured in GDl,.

aT, values measured in GDl,. ® Integrals not measured for ortho-
protons because of broadness.

for complex1 can be simply calculated to h¢ = 50 cnt =

70 K, whereas the activation energy for reversal of magnetiza-
tion for complex1 was experimentally determin&d! to the

Uert = 62 K. In a simple sensBes is less tharlJ for complex

1 because this Mi complex reverses its direction of magne-
tization not only by going over the barrier in Figure 1 but also
by tunneling through the barrier.

Chudnovsky et all have discussed the mechanism of
resonant magnetization tunneling for a SMM such as complex
1. It was assumed that the magnetization tunneling occurs as a
result of a transverse magnetic field and the rates of tunneling
between pairs oftrms and —mg states were calculated. It was
concluded that the rate of tunneling for the= —10 toms =
+10 conversion of & = 10 molecule occurs with a lifetime
longer than the universe when the transverse magnetic field is
small. The rate calculated for tine = —3 to ms= +3 tunneling
(see Figure 1) was found to be close to the experimental value.
It was suggested that at low temperatures where steps are
seen on hysteresis loops that an individual molecule is ex-
cited by a phonon in an Orbach process from tine= —10
level successively to thes = —9, —8, —7, —6, —5, —4, and
finally the ms = —3 level. After it is excited to thems =
—3 level, the M, molecule then tunnels to thres = +3 level
and then it quickly relaxes to thes = +10 level. A single
tunneling channelns = —3 to ms = +3) would be opened up
and this gives the first step at zero external field in the hysteresis
loop.

In addition to a transverse magnetic field, it has now been
showr¥? that other interactions, such as a transverse quartic zero-
field interaction, are probably also important in influencing the
rate of magnetization tunneling. For each iMmolecule the
spin Hamiltonian given in eq 2 applies:

H=H,+H,+Hg,+H; )

Figure 11. ORTEP representations of the side views of the cores of
(top) [Mn120:(O0CCsHa-p-Me)16(H20)4]-3(H20) (complex 7) and
(bottom) [Mn20:12(O2CCeH4-p-Me)16(H20)4] - (HO,CCsH4-p-Me) (com-

plex 6). The coordination geometries about each Mn atom are shown.
Each of the eight M#i ions show a tetragonally elongated Jafireller
distortion. In the case of complék(top) these JT elongation axes are
indicated as solid lines. For compl&the JT elongation axis dashed
line is pointed at an & ion and is unusual. There are two dashed
lines because the molecule has a crystallogra@hiaxis disorder.

The first term Ha is for the axial (longitudinal) zero-field
interactions, the leading terms of which are given as

H,=DS —BS 3)

The parameteD is considerably larger thalh and gauges the
second-order axial zero-field splitting. The second term in eq
2, Hz, is just the Zeeman term, which in its simplest form is
Origin of Two Out-of-Phase AC Susceptibility PeaksThe given in eq 4.
presence of two different crystallographic forms of the ij¥n
p-methylbenzoate complex is the key to the origin of two out-
of-phase ac peaks. This is a kinetic phenomenon, not just based
on thermodynamics summarized in the potential-energy double (51) Chudnovsky, E. M.; Tejada, Macroscopic Quantum Tunneling of
well given in Figure 1. The Mp-acetate compleg has anS the Magnetic MomenCambridge University Press: Cambridge, 1998.
= 10 ground state that experiences an axial zero-field splitting 2 Saneschi. A; Gatteschi, D.; Sangregorio, C.; Sessoli, R ; Sorace, L.

- - Cornia, A.; Novak, M. A.; Paulsen, C.; Wernsdorfer, \W.Magn.
(DSE) whereD = —0.50 cntl. The potential-energy barriés Magn. Mater.1999 200, 182.

A

|:|z = g:uBHz'Sz (4)
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F1 (ppm)
Figure 12. COSY and 1-D'H NMR spectra of [Ma;012(0CPh)(H,0)4] (3) obtained at 499.81 MHz. The solvent was referenced to the residual
protic solvent signal at 5.33 ppm. This spectrum was obtained with an acquisition time of 88 ms and 2048 data points were collected in F1 and
1024 were collected in F2. Unshifted sine-bell weighting and line broadening functions were applied prior to the Fourier transform. Zero filling of
F2 to 2048 was applied and the data were symmetrized.

The term|3|g,p represents the spiphonon coupling, where a tibility signals and magnetization hysteresis loops below 0.90
given Mn; complex interacts with phonons in the crystal. The K, this complex is a SMM. Steps are seen on each hysteresis
last termHr, representing transverse interactions, is the most loop. An Arrhenius plot of the magnetization relaxation data
important in terms of the rate of magnetization tunneling. Some for complex9 indicates a thermally activated region between
of the larger terms iHt are given in eq 5: 2.0 and 0.70 K and a temperature-independent region at
) o o ) R temperatures below 0.70 K. A fit of the data in the temperature-
Hr=qugHS+ES -S) - B, +S) (5 dependent region givese = 11.8 K andro = 3.6 x 1077 s.
With the D-value obtained from high-frequency EPR (HFEPR)

The raising and lowering operators are giverBas= S, + iS,. data for thisS= %, complex9, U can be calculated as 15.2 K
The transverse magnetic fieltt}, the rhombic zero-field operator  (=10.6 cntl). It was concludet that the temperature-
(§ - §), and the quartic zero-field operatchi(Jr §') mix independent magnetization relaxation must correspond to mag-

together thens wave functions and this facilitates tunneling of netization tunneling between the lowest degenerate levels, the

the magnetization. There is still considerable research neededns = 9, and —9%, levels for theS = 9%, complex 9. A

to understand this tunneling phenomeridn. temperature-independent magnetization relaxation below 0.35
The M -acetate compleg is excited by phonons to ans K has also been reported for an'"kecomplex (0) that has an

= —3 tunneling channel. Tunneling of the magnetization in the S= 10 ground staté> Complex10 has been found to have a

ground-state levelsng = +£10) has not been observed for Ues = 24.5 K and zero-field interaction parametersf=

complex1. Tunneling from the lowest energy level has been —0.27 K andE = —0.046 K. Tunneling in the lowest energy

observed for two other single-molecule magnets. The complex ms = 410 levels is seen for this Bg complex.

[Mn4O5CI(O-CMe)(dbm)] (9), where dbm is the monoanion It is important to note that Mncomplex9 and Fg complex

of dibenzoylmethane, has & = %, ground staté! Since 10 show larger rates of tunneling in the lowest-energy level

complex9 shows frequency-dependent out-of-phase ac suscep-than does the Mp-acetate compled because they possess

relatively large transverse interactions, ildy, terms in eq 5.

(53) Kent, A. D.; Zhong, Y.; Bokacheva, L.; Ruiz, D.; Hendrickson, D. i i
N Sarachik. M. PEurophys. Lett2000 49, 521. Due to its crystal site symmetry the Mracetate compled
(54) Aubin, S. M. J.; Dilley, N. R.; Pardi, L.; Krzystek, J.; Wemple, M.
W.; Brunel, L.-C.; Maple, M. B.; Christou, G.; Hendrickson, D. . (55) Sangregorio, C.; Ohm, T.; Paulsen, C.; Sessoli, R.; GattescRhy3.
Am. Chem. Sod 998 120, 4991. Rev. Lett. 1997, 78, 4645.
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F1(ppm)

Figure 13. TOCSY and 1-D'H NMR spectra of [Ma;012(0.CPh)e(H20)4] (3) obtained at 499.81 MHz. The solvent was referenced to the
residual protic solvent signal at 5.33 ppm. This spectrum was obtained with an acquisition time of 88 ms and a mixing time of 20 ms; 2048 data
points were collected in F1 and 1024 were collected in F2. Unshifted sine-bell weighting and line broadening functions were applied prior to the
Fourier transform. Zero filling of F2 to 2048 was applied and the data were symmetrized. Only the positive contours are shown.
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Figure 14. 1-D 'H NMR spectra of [Ma012(O,CPhp-Me)16(H20)4] % 0.0

obtained at 499.81 MHz. The solvent was referenced to the residual . . . . . .

protic solvent signal at 5.33 ppm. -30 -20 -10 0 10 20 30
H [ kOe

has no rhombic zero-field splittings(= 0). Complexe® and [ ]

10 probably show tunneling in the lowest-energy levels because Figure 15. Plots of magnetization versus external magngtic field for
[Mn120:(02,CCsHs-p-Me)16(H20)4]+ 3(H20) (complex?) at five tem-

each of these Complexe_s IS. of lower symmetry and th!s gives aperatures in the 1.722.50 K range. Five small crystals (1.2 mg) were
rllonz.eroE Vqlue. Tunnellng is not totally due to rhombic zero- . oriented in a frozen eicosane matrix so that the magnetic field is parallel
field interactions for it has been shown that transverse magneticto the principal axis of magnetization.

fields are also important. The magnetic field can result from an

external magnetic field or there could be an internal field in ~ The question at hand is why is the magnetization relaxation
the crystal from neighboring molecules. In fact, a transverse in p-methylbenzoate Mz complex6 so much different than
component of the magnetic field created by the nuclear spinsthat for the isomeric compleX. There are two separate parts
within the molecule is also importapft:56.57 to this question: (i) What is (are) the structural difference(s)

(56) Aubin, S. M. J.; Spagna, S.; Eppley, H. J.; Sager, R. E.; Christou, G.; (57) Wernsdorfer, W.; Caneschi, A.; Sessoli, R.; Gatteschi, D.; Cornia, A.;
Hendrickson, D. NChem. Commuril998 803. Villar, V.; Paulsen, CPhys. Re. Lett. 2000 84, 2965.
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Figure 16. Plots of magnetization versus external magnetic field for
[Mn12015(O2CCeHa-p-Me)16(H20)4] - (HOCCsHa-p-Me) (complex6) at
five temperatures in the 1.72.20 K range. Six small crystals (2.2
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state structures @ and7, the relative dispositions of the,B

and RCQ ligands, and the JahtTeller isomerism involving
relative orientation of the JT axes. For the forms varying in
H>O/RCQ,~ disposition, there could be resulting small changes
in the Mn"---Mn'" pairwise exchange interactions, but these
are, in our opinion, unlikely to have a major influence on the
properties of the complexes. In fact, preliminary work has
identified My, complexes that show the same geometric
isomers but different ac susceptibility characteristics. In contrast,
the reorientation of one JT axis could have a more significant
effect. The JT axis defines the locakxis at each M# ion,

and thus the reorientation of a JT axis reorients the singly
occupied ¢k orbital. This will affect the pairwise Mh---Mn'!

and Md"---Mn'V exchange interactions involving the unique
Mn'" jon. Thus, it is reasonable that, even if the ground-state
spin S is not changed, the distribution of excited spin states
may differ between the two complexésind7. Also, since the
molecularD value is a vector projection of the single-ion values,
a reorientation of one Mh anisotropy could lead to a small

mg) were oriented in a frozen eicosane matrix so that the magnetic change to th® value betweel and7 and thus affect the barrier

field is parallel to the principal axis of magnetization.
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Figure 17. Plot of magnetic inductiorB versus temperature for

[MN1201(O,CCeHa-p-Me)16(H20)4] - (HO.CCsH4-p-Me) (complex 6).

Two magnetic inductionR) values were calculated fro = H +

47M, with the external fieldK) values obtained from the peak positions

determined in the first-derivative magnetization plots.
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Figure 18. Arrhenius plot of the natural logarithm of the relaxation
rate versus the inverse absolute temperature for JOR(O,CCsH4-
p-Me);6(H20)4]-3(H20) (complex7). The straight line represents a least-
squares fit of the data to eq 1.

between complexe8 and7 that represent(s) the origin of the

difference in their magnetic properties? and (ii) What property
or factor contributing to the observed magnetic behavior is
affected by the structural difference(s)? The answer to part (i)
is that there are two types of structural differences in the solid-

U. Finally, the molecular symmetry of the molecule is decreased
when one of the JT axes is reoriented into an equatorial position.
All the described differences betweérand 7 resulting from

the JT isomerism could be contributing to some extent to the
observed magnetic differences.

Complex6 shows its out-of-phase ac susceptibility signals
at essentially one-half the temperature for the peaks for complex
7. For complex6 it is found thatUe = 38 K, whereas complex
7 has been evaluated to haMg = 64 K. Complex7 behaves
similarly to the high-symmetry Mn-acetate compleX. As
described above, complekhas all of its M#' JT distortion
axes oriented nearly parallel, as in complexn contrast, the
JT distortion axis at one Mhion in complex6 is found to be
tipped ca. 90 from the other axes and complé&xthus has a
lower symmetry than compleX. It is likely that the rhombic
zero-field interactions in complexare significantly larger than
those in complex’, and this means that the tunneling matrix
elements for comple& are larger than those for compl@&xAs
a consequence, compléxmay well have a different tunneling
channel than complex. Complex 7 behaves similarly to
complexl and therefore has ans = —3 to mg = +3 tunneling
channel. It could be suggested that comilésas a lower energy
tunneling channel, such as ey = —5 toms = +5 channel, or
at least a much faster rate of magnetization tunneling.

It is unlikely that the difference in magnetization relaxation
rates between complexes and 7 is due to very different
potential-energy barriers, i.e., valuesléf The axial zero-field
splitting parametersX values) are similar for the two com-
plexes, as indicated by the steps in the hysteresis loops; the
increments between steps are essentially the same for the two
isomers. The analysis of variable-field dc magnetization data
for complex6 indicates that it might have a8 = 9 ground
state, whereas compl&has arS= 10 ground state. This would
have to be confirmed by HFEPR data. A change in ground state
spin fromS = 10 to S= 9 without a change D would only
lead to a decrease of 19% in the height of the potential-energy
barrier shown in Figure 1. It is suspected that the rate of
magnetization tunneling in compl@éxs appreciably greater than
in complex7 primarily because the rhombic zero-field interac-
tions are much greater in compléxVery detailed HFEPR or
inelastic neutron scattering experiments are now required to
evaluate the precise magnitude of the rhombic zero-field
interactions in these complexes.
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Concluding Comments metry of the molecule as well as the anisotropy and spin state
energy distribution. It is believed that complékas appreciably

molecule magnets. The structures of two different isomeric [arger rhombic zero-field interaction&(S; — §)] than com-
forms of thep-methylbenzoate Mn complex were reported: plex 7, i.e., the lower structural symmetry of compléxeads
[MN1,01(0,CCsHa-p-Me)o(H20)] -(HO,CCsHa-p-Me) (6) and to the enhanced rhombicity of zero-field interactions, and this
[MN 1201(0:CCeHa-p-Me)igHz O)a]-3(H,0) (7). The Mni. will lead to a relatively fast rate of quantum mechanical tun-
molecules in complexed and7 were found to d.iffer not only neling of magnetization. Thus, it is concluded that the faster
as geometric isomers involving different positioning of theH magnetization re_Iaxation rate 6fs primarily the result of larger
and carboxylate ligands but also in the orientations of N quantum tunneling rates compared with

elongation axes; compleshas one MH ion with an unusually Acknowledgment. This work was supported by the National
oriented JT axis. Comple& is also unusual in having its out-  Science Foundation (G.C. and D.N.H.). The ac magnetic suscep-
of-phase ac susceptibility signal at relatively low temperatures tipjlity measurements were performed with a MPMS2 SQUID
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X-ray structures have been reported for four news pamgle-



