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The reaction of [Mn;,012(0,CCHg)16(H20)4)-4H,0-2CH;COOH with n-methyldiethanol amine (H,mdea), n-ethyldiethanol
amine (H.edea), or n-butyldiethanol amine (H,bdea) leads to the formation of wheel-shaped Mn"¢Mn"s complexes
with the general formula [Mny»(R)(O,CCHa)14] (1, R = mdea; 2, R = edea; and 3, R = bdea). Complex 1 crystallizes
in the triclinic space group P1, whereas complex 3 crystallizes in the monoclinic space group Cy.. Complex 1a has
the same molecular structure as complex 1 but crystallizes in the monoclinic space group P2y, Complex 3a has
the same molecular structure as complex 3 but crystallizes in the triclinic space group P1. Variable-temperature
magnetic susceptibility data collected for complexes 1, 2, and 3 indicate that antiferromagnetic exchange interactions
are present. The spin ground states of complexes 1, 2, and 3 were determined by fitting variable-field magnetization
data collected in the 2-5 K temperature range. Fitting of these data yielded the spin ground-state parameters of
S=28,9g=20,and D= -0.47 cm~* for complex 1; S =8, g = 2.0, and D = -0.49 cm~* for complex 2; and
S=28,9g=2 and D= -037 cm™* for complex 3. The ac magnetic susceptibility data were measured for
complexes 1, 2, and 3 at temperatures between 1.8 and 10 K with a 3 G ac field oscillating in the range 50—1000
Hz. Slow kinetics of magnetization reversal relative to the frequency of the oscillating ac field were observed as
frequency-dependent out-of-phase peaks for complexes 1, 2, and 3, and it can be concluded that these three
complexes are single-molecule magnets.

Introduction not the least of which are the pleasing structural aesthétics.
The discovery of single-molecule nanomaghetsas led Several recent theoretical studies have indicated that transi-
to a renewed interest in polynuclear transition metal com- 0N metal wheel complexes could be the basis for quantum

iorp—12 ; ; _
plexes. Polynuclear manganese single-molecule magnet£oMputatiort™2 The study and synthesis of antiferromag
(SMMs) are by far the most numerous. On the other hand, netic rings has been pointed out as a significant area of

wheel-shaped clusters of Mn are rare with very few reported f€S€arch for nanomagnetism in a recent review péper.
examples7 Wheel-shaped structures occupy a special Quantum effects associated with these antiferromagnetic

position among polynuclear complexes for many reasons,ring_s are expected to l_)e important. Quantu_m coherence is
achieved when a material can tunnel (or “oscillate”) between
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Single-Molecule Magnets

Scheme 1 Table 1. Crystallographic Data for
T [Mn 12(mdeay(0,CCHs)14]-2(CHCN) (1) and [Mniz(mdea}(0.CCHg)14]
(18)
J/N\L 1 la
HO OH formula CGroH13eN100244MN 12 CegH13dNgOMnN12
fw 2505.18 2423.08
R = CHj (H,mdea) space group P1 P2:/n
a(h) 13.1038(17) 10.1919(5)
CH,CH, (Hyedea) b (&) 13.2726(18) 15.8827(8)
CH,CH,CH,CH;  (Hzbdea) c(A) 17.265(2) 31.3229(16)
o (deg) 107.290(2) -
. _ _ ) o B (deg) 109.195(2) 98.096(1)
magnets interact with their environment which includes 1 (deg) 99.309(2) -
interactions with nuclear spins, lattice vibrations, and other \Z/(§3) %58?;3-1(6) 25032-9(4)
magnetic molecgles in the crystal. These interactions tend cryst color, habit  red, block red. block
to destroy tunneling coherence and, for example, reduce thecryst size (mm)  0.3% 0.20x 0.15 0.19x 0.18x 0.15
expected quantum oscillations between up and down spin Dearc(g cnr?) 1.604 1.603
. . " (MoKo) (cml) 14.95 15.41
states to an incoherent tunneling transition between these';‘emlo ®) 100(2) 100(2)
states. The quantum tunneling in an antiferromagnetic ring diffractometer Bruker Smart Apex CCD  Bruker Smart Apex CCD
is predicted to occur coherentllf there is an odd number faﬁ'aﬂon § M201 gl‘g éfl =0.71073 A) soeal
. . . : . . retins measure
of antlferromz_;\gnencally coupled spin carriers in a ring, the cfins independent  1146@&} = 0.0228] 7890 Ry = 0.0251]
compound will have an uncompensated spin ground state.R(F)2 RwF??® 0.0365, 0.0547,
For example, a compound with 13 antiferromagnetically _ (1 > 20(1)) 10%-8908 . 36%213
coupledS = 1/2 spin carriers will have a spin ground state : :
of S= 1/2. If the remaining uncompensated sp8= 1/2 aR=J||Fol — IFll/ZIFol. ° RlwF?) = { 3 [w(Fo® — FAY/ S [w(FoAHT} 2

in this case) is forced to change orientations from a spin up @ = YIo°(Fe") + (P + bP), P = [2Fe* + maxEo, 0))3.

to a spin downifs = —1/2 toms = 1/2) then all the other  cooH (MnAC) and [MnOAO,CCHy)(bipy):l(CIO.) were pre-
spin carriers in the ring must also reverse their spin in order pared by standard metho#0

to maintain the antiferromagnetic exchange interaction. At [Mn ;{mdea}(O,CCHa)14 (complexes [Mn{mdea}(O,CCHz)14-
sufficiently low temperatures, this is expected to occur CH5CN (1) and [Mni(mdea)(O,CCH3)14] (1a)). Method (a).
coherently by a tunneling mechanism. It is also possible to A CHCl; (25 mL) solution of Hmdea (0.462 g, 3.88 mmol) was
observe quantum effects in even numbered antiferromagneticedded dropwise to a GRI, (100 mL) slurry of MnzAc (2.0 g,
rings26 If there is a low-lying excited spin state not far in 0.971 mmol). The slurry was stirred overnight, during which time
energy from theS = 0 ground state, this excited state can the Mn,Ac slowly dissolved forming a black/brown solution. The
be populated by applying a strong magnetic field. At a undissolved MpAc was re_m(_)ve(_j byf_iltra_tion,and the fiI_trate was_
sufficiently high magnetic field, the excited state will cross evaporated by vacuum d'St'"a.t'on yielding a brown oil. The oil
over and become lower in energy than the origiBak 0 was washed with 30 mL of diethyl ether to remove the excess

o : ligand. The oil was then dissolved in 30 mL of acetonitrile and
ground state. At sufficiently low temperatures, this Crossover o undisturbed. After 30 min, crystals of compléxstarted to

can occur via quantum tunneling. Gatteschi and Lippard et precipitate. Yield: 0.160 g (7%, based on Mn). Anal. Calcd (found)
al. have examined this for an fpéferric wheel” !’ At certain for CegH13dMIN1aNgOus: C, 33.70 (33.96); H, 5.40 (5.00); N, 4.62
intervals of applied magnetic field, crossovers were observed(4.64). Selected IR data (KBr): 3440 (m,br), 3143 (m,br), 2848
from the ground state to low-lying excited states. (m), 1581 (s), 1400 (s), 1334 (m), 1079 (m), 663 (w), 522°Em
We recently communicatét>a new wheel-shaped [Ms) (w). Crystals of complext were grown by allowing diethyl ether
SMM. In the present study, the syntheses and magneticVapors to slowly diffuse into an acetonitrile solution of complex
properties of several [Ma complexes are described adding Red rod-shaped crystals of the second form, complgxwere -
to this family of wheel-shaped Mn-based SMMs. A ligand grown by very slowly adding 30 mL of acetonitrile to the oil

system (Scheme 1) has been identified that gives wheel—COIIeCteOI from the vacuum distiliation step.
. . . Method (b). Solid [MnsO,(0,CC b ClOy4) (0.5g,0.442
shaped complexes of Mn from different starting materials. - n = (b). Solid [M.OAO:CCH)(bpYRI(CIO,) (0.5 g

mmol) was added to Ci&l, (30 mL). After being stirred for 1 h,
the brown/red solution was filtered to remove undissolved,DAD--
CMe)(bpy)](ClIO4). Homdea (0.239 g, 1.77 mmol) dissolved in
Synthesis. All manipulations were performed under aerobic CH,Cl, (10 mL) was added dropwise ava 5 min period to the

Experimental Section

conditions. The ligands-ethyldiethanol amine (k&dea)n-meth- filtrate. The resulting red solution was stirred for 30 min. The
yldiethanol amine (kindea), anah-butyldiethanol amine (bbdea) solution was allowed to stand undisturbed for 3 days, after which
were purchased from Aldrich and used without further purification. a brown/red precipitate formed (compley. Complex 1 was
Crystals of the compounds [MiD1(O.CCHg)16(H20)4] :4H,0-2CHs- collected via vacuum filtration and washed with three successive
30 mL treatments of diethyl ether. Crystals bivere grown by
(16) Waldmann, OEurophys. Lett2002 60, 302. layering a 50 mL CHCN solution with a 50 mL 1:1 mixture of

(17) Taft, K. L.; Delfs, C. D.; Papaefthymiou, G. C.; Foner, S.; Gatteschi,
D.; Lippard, S. JJ. Am. Chem. S0d.994 116 823.

. . ; . : (19) Lis, T.Acta Crystallogr., Sect. B: Struct. Sdi98Q 36, 2042.
(18 g-umblirgrzr.,gr.lé\/ln.].zzo%lzh?l?\gf)lgll?l., Rheingold, A. L.; Hendrickson, (20) Vincent, J. B.; Christmas, C.; Chang, H. R.; Li, Q. Y.; Boyd, P. D.

W.; Huffman, J. C.; Hendrickson, D. N.; Christou, G.Am. Chem.
Soc.1989 111, 2086.
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Table 2. Crystallographic Data for [Mp(bdeay(O,CCHsz)14]-3CH;CN
(3) and [Mnix(bdeay(O,CCHs)14] (3a)

3 3a
formula GogH187MN12N11044 CooH17éMIN15NgO4s
fw 2882.87 2759.70
space group C2/c P1
a(A) 26.0196(17) 14.5942(13)

b (A) 20.6862(14) 15.7162(14)
c(A) 24.1927(16) 16.5559(15)
o (deg) 90 117.582(1)
B (deg) 91.064(1) 96.440(1)
y (deg) 90 108.629(1)
V (A3) 13019.4(15) 3032.7(5)
2,7 4,05 1,05
cryst color, habit ~ brown, plate brown, needle
cryst size (mm) 0.1% 0.14x 0.03 0.32x 0.08 x 0.03
Dcaic (Mg m’3) 1.471 1.511
u(Mo Ka) (cm™l)  12.02 12.86
temp (K) 100(2) 100(2)
diffractometer Bruker Smart Apex CCD Bruker Smart Apex CCD
radiation Mo Ko (A = 0.71073 A)
reflns measured 56454 26100
reflns independent 1479R[; = 0.0438] 13114 R = 0.0401]
R(F),2 R(wF?)P 0.0428, 0.0475,
(I > 20(1)) 0.0989 0.1000

AR= 3 |IFo| — [Fell/3|Fol. ° RwF?) = {3 [w(Fe? — FA/ S [w(FAT}H
o = U[oXFA + (aP)2 + bP], P = [2Fc2 + max(Fo, 0))/3.

Table 3. Selected Interatomic Distances (A) for
[Mn1x(mdeay(O,CCHs)14]-2CHCN (1)

Mn(1)-O(16)#1  2.1107(18)  Mn(3Mn(4)  3.1695(7)
Mn(1)-O(18)#1  2.1430(18)  Mn(4)O(8) 1.8819(17)
Mn(1)-0(3) 2.1719(18)  Mn(4yO(11) 1.9066(17)
Mn(1)-O(20)#1  2.1990(18)  Mn(4)O(12) 1.9170(17)
Mn(1)-0(1) 2.2008(18)  Mn(4yO(13) 1.9498(18)
Mn(1)—0(5) 2.2225(17)  Mn(4yO(10)  2.2545(18)
Mn(1)—Mn(2) 3.1980(7) Mn(4)-N(3) 2.302(2)
Mn(2)—0(7) 1.8890(17)  Mn(4yMn(5)  3.1499(6)
Mn(2)-0(4) 1.9015(17)  Mn(5y0(12)  2.0972(18)
Mn(2)-0(3) 1.9290(17)  Mn(5y0(21)  2.1199(19)
Mn(2)-0(2) 1.9848(17)  Mn(5y0(14)  2.1593(18)
Mn(2)—0(5) 2.1989(17)  Mn(5y0(17)  2.1827(17)
Mn(2)—N(1) 2.311(2) Mn(5-0(10)  2.1942(17)
Mn(2)—Mn(3) 3.1824(6) Mn(5r0(15)  2.2502(18)
Mn(3)-0(4) 2.2040(18)  Mn(5yMn(6)  3.2065(6)
Mn(3)—0(8) 2.2106(18)  Mn(6yO(17) 1.9006(18)
Mn(3)—0(6) 2.2335(18)  Mn(6y0(18) 1.9137(18)
Mn(3)—0(11) 2.2346(17)  Mn(6yO(19) 1.9389(18)
Mn(3)—0(9) 2.2459(18)  Mn(6y0(22) 1.9761(18)
Mn(3)-0(7) 2.2878(17)  Mn(6yO(15)  2.1768(17)
Mn(3)—N(2) 2.419(2) Mn(6}-N(4) 2.334(2)

diethyl ether and hexanes. Elemental analysis and FT-IR spectral
data agree with the data collected for crystals prepared via method
(a) for complexd. Crystals prepared by method (b) have the same
X-ray structure as complek Yield: 0.0384 g (3% based on Mn).

[Mn 1x(edea}(O,CCH3)14] (complex 2). Method (a).Complex
2 was prepared in a fashion analogous to that used for coniplex
(method (a)) except thatJddea (0.516 g, 3.88 mmol) was used
instead of Hmdea. Yield: 0.202 g (8%, based on Mn). Anal. Calcd
(found) for GeH14eMN1oNgO44: C, 36.00 (3665), H, 5.80 (535),
N, 4.41 (4.35). Selected IR data (KBr): 3421 (s,br), 1560 (s), 1403
(s), 1342 (w), 1078 (m), 661 (w), 458 cr(w).

Method (b). Complex2 was prepared in a procedure analogous
to that used to prepare compléx(method (b)) except that the
precipitation of2 immediately followed the addition of jddea
(0.233 g, 1.77 mmol) to the Gi&l, solution (30 mL). The FT-IR
spectra of crystals prepared by method (b) agree with the data
collected for crystals prepared using method (a) for comglex
The yield of complex2 formed by method (b) was very small.
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Figure 1. ORTEP diagrams of complexek (upper) and3 (lower)
displayed at the 50% probability level. Hydrogen atoms and solvate
molecules have been omitted for clarity.

[Mn ;(bdea)(O,CCH3)14 (complexes [Mn{mdeal(O,CCHz)14
3CH3CN (3) and [Mnix(bdeal(O2CCHa)14] (3a)). Complex3a
was prepared in a manner analogous to that used for complex
except that bbdea was used (0.626 g, 3.88 mmol) instead gf H
mdea. Fifty milliliters of acetonitrile was added to the oil obtained
after the vacuum distillation step. This solution was filtered, and
the filtrate was allowed to slowly evaporate. After 2 days, 20 mL
of the acetonitrile had evaporated and a crystal had formed on the
side of the flask. The yield was exceptionally low; only one crystal
was obtained after evaporating the filtrate. This crystal was found
to be suitable for X-ray crystallography studies.

In light of the exceptionally low yield, alternate synthetic methods
were sought. The yield was improved by doubling the molar
equivalents of the ligand fddea relative to the MpAc. A CHy-

Cl, (25 mL) solution of Hbdea (1.252 g, 7.76 mmol) was added
dropwise to a CKCI; (100 mL) slurry of MnAc (2.0 g, 0.971
mmol). The slurry was allowed to stir for 2 days during which the
Mn1,Ac dissolved and formed a brown solution. The undissolved
MniAc was removed by filtration. A greenish-brown insoluble
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Table 4. Selected Interatomic Angles (deg) for [Mmdeay(O,CCHz)14]:2CHsCN (1)

O(16)#1-Mn(1)—O(18)#1 92.96(7) O(8)Mn(4)—0(11) 83.01(7) O(18YMn(6)—N(4) 81.45(7)
O(16)#1-Mn(1)—0(3) 97.25(7) O(8yMn(4)—0(12) 178.39(8) O(19YMn(6)—N(4) 93.40(8)
O(18)#1-Mn(1)—0(3) 96.90(7) O(1BMn(4)—0(12) 95.80(8) 0(22YMn(6)—N(4) 92.92(8)
O(16)#1-Mn(1)—O(20)#1 93.87(7) O(8YMn(4)—0(13) 89.26(8) O(15¥Mn(6)—N(4) 161.22(7)
O(18)#1-Mn(1)—O(20)#1 87.58(7) O(1BMn(4)-0(13) 171.61(8) C(BO(1)-Mn(1) 130.15(16)
O(3)-Mn(1)-0(20)#1 167.77(7) O(12Mn(4)—0(13) 91.99(7) C(1O(2)-Mn(2) 128.70(16)
O(16)#1-Mn(1)—0O(1) 172.41(7) O(8YMn(4)—0(10) 99.81(7) C(3Y0(3)-Mn(2) 113.49(14)
O(18)#1-Mn(1)—0(1) 94.54(7) O(11Mn(4)—0(10) 87.27(7) C(3y0(3)-Mn(1) 126.54(14)
0(3)-Mn(1)-0(1) 83.02(6) O(12yMn(4)—0(10) 79.02(7) Mn(2)O(3)-Mn(1) 102.33(8)
0(20)#1-Mn(1)—0(1) 85.29(7) O(13¥Mn(4)—0(10) 97.29(7) C(6)0(4)-Mn(2) 115.86(15)
O(16)#1-Mn(1)—0(5) 86.13(7) O(8y Mn(4)—N(3) 102.29(8) C(6)0(4)-Mn(3) 121.08(15)
O(18)#1-Mn(1)—0(5) 173.86(7) O(1BMn(4)-N(3) 82.08(8) Mn(2)-O(4)-Mn(3) 101.38(7)
0(3)-Mn(1)—0O(5) 77.21(6) O(12yMn(4)—N(3) 78.59(8) C(8Y-0(5)-Mn(2) 123.44(15)
O(20)#1-Mn(1)—O(5) 98.54(7) O(13¥Mn(4)—N(3) 96.47(8) C(8Y-0(5)-Mn(1) 134.07(15)
O(1)~-Mn(1)—O(5) 86.54(6) O(10¥Mn(4)—N(3) 154.03(8) Mn(2)-O(5)~Mn(1) 92.65(7)
O(7)-Mn(2)-0(4) 82.67(7) C(4yN(1)-Mn(2) 105.37(15) C(8y0(6)~Mn(3) 134.85(17)
O(7)-Mn(2)-0(3) 175.29(8) CABNE@)-Mn(3) 104.68(15) C(16Y0(7)-Mn(2) 128.89(15)
O(4)-Mn(2)—0(3) 94.60(7) C(12¥N(2)-Mn(3) 106.30(15) C(16)0(7)-Mn(3) 119.97(15)
O(7)-Mn(2)-0(2) 91.58(7) C(14yN(2)-Mn(3) 111.99(16) Mn(2)O(7)-Mn(3) 98.82(7)
O(4)-Mn(2)-0(2) 172.75(7) CHN(3)—-Mn(4) 113.34(18) C(13y0(8)~Mn(4) 127.15(15)
0(3)-Mn(2)-0(2) 90.82(7) C(18YN(3)~Mn(4) 100.20(15) C(13Y0(8)-Mn(3) 120.58(15)
O(7)-Mn(2)—0(5) 100.93(7) C(19)N(3)—~Mn(4) 105.80(16) Mn(4) O(8)-Mn(3) 101.21(8)
O(4)-Mn(2)—0(5) 92.53(7) C(30)N(4)—Mn(6) 113.50(17) C(15y0(9)-Mn(3) 132.49(16)
0(3)-Mn(2)—0(5) 82.99(7) C(28YN(4)-Mn(6) 100.43(15) C(15)0(10)-Mn(5) 139.76(16)
0(2)-Mn(2)-0(5) 92.90(7) C(27N(4)-Mn(6) 104.80(15) C(15)0(10)-Mn(4) 125.43(15)
O(7)-Mn(2)-N(1) 96.26(8) O(12)Mn(5)—0(21) 173.86(7) Mn(5)O(10)-Mn(4) 90.14(6)
O(4)-Mn(2)-N(1) 81.89(7) O(12)Mn(5)—0(14) 91.50(7) C(1A0(11)-Mn(4) 116.58(16)
O(3)-Mn(2)-N(1) 79.52(7) O(213Mn(5)—0(14) 94.23(7) C(1A0(11)-Mn(3) 121.47(15)
0(2)-Mn(2)~N(1) 94.40(7) O(12)Mn(5)—0(17) 94.01(7) Mn(4) O(11)-Mn(3) 99.57(7)
O(5)-Mn(2)-N(1) 161.11(7) 0(2BMn(5)—0(17) 88.31(7) C(20}0(12)-Mn(4) 114.68(16)
O(4)-Mn(3)—0(8) 148.68(6) O(14¥Mn(5)—0(17) 88.83(7) C(26}0(12)-Mn(5) 123.79(15)
O(4)-Mn(3)—0(6) 85.27(7) 0(12Mn(5)—0(10) 76.80(6) Mn(4)-O(12)-Mn(5) 103.29(8)
0(8)-Mn(3)—0(6) 88.16(6) 0(21Mn(5)—0(10) 101.19(7) C(22)0(13)-Mn(4) 130.71(17)
O(4)-Mn(3)-0(11) 80.90(6) O(14¥Mn(5)—0(10) 87.85(7) C(22)0(14)-Mn(5) 127.77(17)
0(8)-Mn(3)—0(11) 68.77(6) O(1AMn(5)—0(10) 170.14(7) C(24)0(15)-Mn(6) 128.33(16)
0(6)-Mn(3)-0(11) 92.21(7) O(12)Mn(5)—0(15) 89.21(7) C(24y0(15)-Mn(5) 128.46(16)
O(4)-Mn(3)—0(9) 93.17(7) O(21Mn(5)—0(15) 85.89(7) Mn(6) O(15)-Mn(5) 92.81(7)
0(8)-Mn(3)—0(9) 91.18(6) O(14¥Mn(5)—0(15) 163.89(7) C(24)0(16)-Mn(1)#1 137.71(17)
0(6)-Mn(3)—0(9) 175.79(7) O(1AMn(5)-0(15) 75.07(6) C(26)0(17)-Mn(6) 114.68(15)
0(11)-Mn(3)-0(9) 83.69(6) O(10¥Mn(5)—0(15) 107.96(6) C(26)0(17)-Mn(5) 120.76(15)
O(4)-Mn(3)=0(7) 67.72(6) O(17Mn(6)—0(18) 94.24(8) Mn(6}O(17)-Mn(5) 103.27(8)
0(8)-Mn(3)—0(7) 142.55(6) O(1AMn(6)-0(19) 169.69(8) C(29)0(18)-Mn(6) 116.12(15)
0(6)-Mn(3)-0(7) 87.41(6) 0(18¥Mn(6)—0(19) 91.38(8) C(29)0(18)-Mn(L)#1 122.68(15)
0(11)-Mn(3)-0(7) 148.55(6) O(1AMn(6)—0(22) 90.02(8) Mn(6)-O(18)-Mn(1)#1 117.63(8)
0(9)-Mn(3)-0(7) 95.62(6) 0(18¥Mn(6)—0(22) 172.14(7) C(350(19)-Mn(6) 138.15(17)
O(4)-Mn(3)-N(2) 138.36(7) O(19yMn(6)—0(22) 83.45(7) C(350(20)-Mn(L)#1 128.87(17)
0(8)-Mn(3)-N(2) 72.38(7) O(17yMn(6)—0(15) 82.68(7) C(33)0(21)-Mn(5) 128.04(17)
0(6)-Mn(3)-N(2) 92.06(7) 0(18¥Mn(6)—0(15) 96.22(7) C(33)0(22)-Mn(6) 131.54(17)
O(11)-Mn(3)-N(2) 140.73(7) O(19y Mn(6)—0(15) 105.31(7) C(AN(L)-Mn(2) 111.84(16)
0(9)-Mn(3)-N(2) 91.70(7) 0(22)Mn(6)—0(15) 90.87(7) C(5yN(1)~Mn(2) 100.53(15)
O(7)-Mn(3)-N(2) 70.65(7) O(17¥Mn(6)—N(4) 78.93(7)

precipitate was also removed by filtration and discarded. The filtrate ~ X-ray Crystallography. Diffraction intensity data were collected
was evaporated by vacuum distillation te-50 mL. Then 50 mL at 100 K with a Bruker Smart Apex CCD diffractometer. Crystal
of acetonitrile was added to this solution. After a final filtration, data, data collection, and refinement parameters for complexes
crystals immediately precipitated in the filtration flask. Yield: 0.966 and 1a and complexes3 and 3a are given in Tables 1 and 2,
g (48.3% based on Mn). Anal. Calcd (found) fors,B;7¢ respectively. The space groups were chosen on the basis of intensity
Mni.NgO44: C, 40.00 (38.77); H, 6.50 (5.09); N, 4.06 (4.09). statistics L and 3a), systematic absencedd), and systematic
Selected IR data (KBr): 3434 (s,br), 1582 (s), 1401 (s), 1338 (w), absences and intensity statisti@®. (The structures were solved
1087 (m), 661 (w), 577 (w), 498 cmh (w). employing direct methods, completed by subsequent difference
Physical MeasurementsFT-IR spectra were collected using a  Fourier syntheses, and refined by full matrix least-squares proce-
Thermo-Nicolet Avatar series spectrometer. Elemental analysesdures onF2. SADABS absorption corrections were applied to all
were performed by Prevalere Life Sciences (Whitesboro, NY). The data {min/Tmax= 0.774 @), 0.729 (&), 0.896 @), and 0.599 3a)).
ac and dc magnetic susceptibility data were collected with Quantum Complexesl and3 cocrystallize with acetonitrile solvate molecules.
Design MPMS magnetometers equipped with 1.0 and 5.5 T There are two ChECN solvate molecules per [Ms] wheel in
magnets, respectively. Microcrystalline samples were restrained with complex1 and three CHCN per [Mny ;] wheel in complex3. One
eicosane to prevent torquing of the crystallites. Pascal's constantsCH3;CN solvate molecule i is highly disordered around a center
were employed to adjust the observed magnetic susceptibilities with of symmetry and was treated by the SQUEEZE progfaifhe

a diamagnetic correction. All NMR spectra were recorded at room 21) Sheldrick o .
; _ ; : _ 21) Sheldrick, G. MSADABSBruker/Siemens Area Detector Absorption
temperature (26C) in dy-chloroform solutions on Varian spec Correction Programyersion 2.01; Bruker AXS: Madison, WI, 1998.

trometers operating at 300 MHZH NMR) and referenced to (22) Van der Sluis, P.; Spek, A. lActa Crystallogr., Sect. A99Q 46,
residual solvent peaks unless otherwise noted. 194.
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Table 5. Selected Interatomic Distances (A) for
[Mn(bdea)(O,CCHy)1a]-3CHCN (3)

Rumberger et al.

Table 6. Selected Interatomic Angles (deg) for
[Mn12(bdeaj(O,CCHz)14]-3CH;CN (3)

Mn(1)—0(3) 2.1112(19)  Mn(3FN(2) 2.463(2)
Mn(1)-O(20)#1  2.1445(19)  Mn(3)Mn(4)  3.1678(6)
Mn(1)—0(1) 2.1570(18)  Mn(4yO(8) 1.8890(18)
Mn(1)-O(18)#1  2.1919(19)  Mn(4)O(11) 1.8893(18)
Mn(1)-O(16)#1  2.1976(17)  Mn(4)O(12) 1.9141(17)
Mn(1)—0(5) 2.2079(18)  Mn(4}O(13) 1.9681(18)
Mn(1)—Mn(2) 3.1802(6) Mn(4-0(10)  2.2093(18)
Mn(1)-Mn(6)#1  3.2025(6) Mn(4)N(3) 2.384(2)
Mn(2)—0(7) 1.8761(18)  Mn(4yMn(5)  3.1847(6)
Mn(2)—0(4) 1.8954(17)  Mn(5y0(15)  2.1388(19)
Mn(2)—0(3) 1.9237(18)  Mn(5y0(12)  2.1433(18)
Mn(2)—0(2) 1.9464(17)  Mn(5%0(17)  2.1520(17)
Mn(2)—O(5) 2.2618(18)  Mn(5y0(21)  2.1616(18)
Mn(2)—N(1) 2.331(2) Mn(5-0(14)  2.2117(18)
Mn(2)—Mn(3) 3.1565(6) Mn(53-0(10)  2.2306(17)
Mn(3)—0(7) 2.2046(18)  Mn(6YO(17) 1.9014(17)
Mn(3)—0(6) 2.2064(18)  Mn(6YO(18) 1.9031(18)
Mn(3)—0(11) 2.2102(17)  Mn(6)0(22) 1.9438(18)
Mn(3)—0(8) 2.2291(18)  Mn(6YO(19) 1.9675(18)
Mn(3)—0(9) 2.2347(18)  Mn(6yO(16)  2.2071(18)
Mn(3)—0(4) 2.2583(18)  Mn(6)N(4) 2.375(2)

correction of the X-ray data by SQUEEZE is 116 e/cell, and the
required value is 88 e/cell. Non-hydrogen atoms in all structures
were refined with anisotropic displacement coefficients except for
the two CH and Me groups belonging to the amine ligand
coordinated to the divalent Mn(3) atom in complex These groups
are disordered over two positions in a ratio of 41:59 and were
refined with isotropic thermal parameters. The hydrogen atoms in
all of the complexes were treated as idealized contributions. All

software and sources of scattering factors are contained in the©(6)~Mn(3)~O(11)

SHELXTL (5.10) program package (G. Sheldrick, Bruker XRD,
Madison, WI).

Results and Discussion

Description of the Structures.Figure 1 shows an ORTEP
illustration of complexed and 3. Selected bond distances
and angles are given in Tables 3 and 4 for comgdlexd in
Tables 5 and 6 for compleX Complexl crystallizes in the
P1 space group. The crystal structure bfconsists of
centrosymmetrical [Mp] structural units each possessing a
wheel-shaped topology. Figure 2 shows a simplified view
of the wheel MR-O—Mn connectivity. The Mn atoms are

ligated by acetate and the deprotonated alcohol amine ligand

mde& . These acetate and alkoxide moieties act as bridges ) _ .
I.There are, however, two orientations of the [iMrunits for

between Mn atoms and are the backbone of the whee
Complexl is mixed valent possessing six Mand six Md!
ions that alternate around the wheel. Atoms Mn(2), Mn(4),
and Mn(6) (and symmetry-related Mn(2a), Mn(4a), and Mn-
(6a)) have been determined to be trivalent from their Jahn
Teller distorted geometries. These atoms exhibit Jaredler
elongation axes with two bond lengths that are significantly
longer (e.g., 2.1989(172.311(2) A for Mn(2)) than the
other four bonds (1.8890(17) and 1.9015(17) A for Mn(2)).
As shown in Figure 3, four of these Jahfeller elongation
axes (Mn(2), Mn(2a), Mn(4), and Mn(4a)) are oriented

O(3)-Mn(1)-0(20)#1  174.28(7) O(1BMn(3)-0(9)  84.38(7)
O(3)-Mn(1)-0(1) 90.44(7) O(8YMn(3)-0(9)  87.98(7)
O(20)#1-Mn(1)—0O(1) 89.01(7) O(7Mn(3)-O(4)  67.77(6)
O(3)-Mn(1)-O(18)#1 94.76(7) O(BYMn(3)-0(4)  84.02(7)
O(20)#1-Mn(1)-O(18)#1 90.93(7) O(1BMn(3)-0(4)  81.36(6)
O(1)~-Mn(1)-O(18)#1 89.89(7) O(8YMn(3)-0(4)  149.51(7)
O(3)-Mn(1)-O(16)#1 93.76(7) O(BHIMn(3)-0(4)  92.22(7)
O(20)#1-Mn(1)-O(16)#1 88.31(7) O(AMN(3)-N(2)  71.62(7)
O(1)-Mn(1)-O(16)#1  163.99(7) O(BIMN(3)-N(2)  91.24(7)
O(18#1-Mn(1)~O(16)#1 74.38(6) O(1BHMN(3)-N(2) 139.96(7)
0(3)-Mn(1)—0O(5) 76.35(7) O(BYMn(3)-N(2)  71.66(7)
0(20)#1-Mn(1)—O(5) 97.93(7) O(9YMn(3)-N(2)  93.47(7)
O(1)-Mn(1)-0(5) 87.56(7) O(4y¥Mn(3)-N(2)  138.65(7)
O(18#1-Mn(1)-O(5)  170.73(7) O(8yMn(4)-O(11)  82.56(8)
O(16)#1-Mn(1)-O(5)  108.44(7) O(8yMn(4)-O(12) 174.54(8)
O(7)~Mn(2)-0(4) 82.57(8) O(1BMn(4)-O(12) 93.56(8)
O(7)-Mn(2)-0(3) 178.15(8) O(8YMn(4)~0O(13)  91.77(7)
O(4)-Mn(2)-0(3) 95.65(8) O(11Mn(4)—0(13) 174.02(7)
O(7)-Mn(2)-0(2) 90.02(8) O(12Mn(4)—O(13) 92.23(7)
O(4)-Mn(2)-0(2) 171.52(8) O(8yMn(4)—0O(10)  100.59(7)
0(3)-Mn(2)-0(2) 91.72(8) O(1BMn(4)-O(10) 90.08(7)
O(7)-Mn(2)—0(5) 101.61(7) O(12Mn(4)—O(10) 83.20(7)
O(4)-Mn(2)-0(5) 89.23(7) O(13}Mn(4)—O(10) 89.10(7)
O(3)-Mn(2)—0(5) 78.84(7) O(BYMn(4)-N(3)  97.93(8)
0(2)-Mn(2)—0(5) 96.32(7) O(1BMn(4)-N@3)  81.84(8)
O(7)-Mn(2)-N(1) 99.97(8) O(1rMn(4)-N(3)  77.65(7)
O(4)-Mn(2)-N(1) 82.56(8) O(13}Mn(4)—N(3) 100.90(8)
O(3)-Mn(2)-N(1) 79.24(8) O(10yMn(4)-N(3) 158.65(7)
0(2)-Mn(2)-N(1) 94.74(8) O(17Mn(6)—O(18) 95.78(8)
O(5)-Mn(2)-N(1) 155.68(8) O(1AMn(6)-0(22) 91.08(7)
O(7)~Mn(3)—0(6) 93.70(7) O(18)Mn(6)-0(22) 173.01(8)
O(7)-Mn(3)-0(11) 147.71(7) O(1AMn(6)-0(19) 166.48(8)

92.21(7) O(18}Mn(6)—0O(19) 90.26(8)
O(7)-Mn(3)-0(8) 142.62(7) O(22}Mn(6)—0(19) 83.33(7)
0(6)-Mn(3)—0(8) 93.81(7) O(1AMn(6)-0O(16) 99.00(7)
0(11)-Mn(3)-0(8) 68.31(6) O(18yMn(6)—O(16) 80.04(7)
O(7)~Mn(3)=0(9) 87.48(7) O(22yMn(6)-O(16) 97.56(7)

0(6)-Mn(3)—0(9) 175.28(7)

lengths spanning a much more restricted range (e.g., 2.0972-
(18)—2.2502(18) A for Mn(5)). Divalent atoms Mn(3) and
Mn(3a) are seven coordinate. Compl&a is chemically
equivalent to compleX except for the manner of crystal-
lization. Complexla crystallizes in theP2,,, space group.
Also, complex la does not crystallize with any solvate
molecules. Figure 4 gives packing diagrams for both complex
1 (upper plot) and compleka (lower plot). Complexl packs

with each of its [Mn] units oriented in the same direction.

complexla The plane of the M3 wheel for each of these
two orientations is tipped ca. 3@rom each other. Stacks of
the [Mny] units propagate in the crystallograpkidirection

for complexla The [Mng] units are in close proximity to
each other for complexla. The nearest intermolecular
distance of 6.717 A is between Mn(6) of one [Mnunit

and the Mn(1) atom of a neighboring [Ishunit. The [Mny]
units in complex1 are more separated having a nearest
intermolecular distance of 7.013 A for an analogous pathway
(Mn(5)—Mn(4)). Complexe8 and3aare structurally similar

virtually parallel to one another and orthogonal to the average to complexed andlawith one notable exception. As shown

plane of the [Mng] ring. The Jahr-Teller elongation axes
of Mn(6) and Mn(6a) orient virtually in the plane of the ring.
The same situation is observed for complekas3, and3a.
Atoms Mn(1), Mn(3), and Mn(5) and the symmetry equiva-
lent Mn(1a), Mn(3a), and Mn(5a) are divalent having bond
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in Figure 2, complex3 differs from complex1 in the
connectivity of twous-O carboxylate ligands bridging the
manganese atoms. In complexO(15) of the acetate ligand
hasus coordination and bridges the two manganese atoms,
Mn(5) and Mn(6). In complex8, O(16) bridges the manga-



Single-Molecule Magnets

Figure 2. ORTEP diagrams of complexdqgleft) and3 (right) emphasizing the MAO—Mn connectivity. The lower plots show a side view of the wheel.

For clarity, all amine ligands have been omitted.

Figure 3. lllustration of complext viewed orthogonal to the plane of the
ring (upper plot) and a side view of the ring (lower plot). The directions of
the Jahr-Teller elongation axes at Mhsites are colored black.

nese atoms Mn(6) and Mn(1). Complex@and3a differ in
the conformation of théN-butyl alkyl chain of the bdea
ligands.

Figure 5 shows the packing diagrams of compleXasd
3a. The packing of comple8 differs from that of complex

Figure 4. Packing diagrams for compléx(top) and complexa (bottom).

3a Complex3acrystallizes in thé®1 space group and packs
with one [Mn;2] molecule in the unit cell. The complex does
not crystallize with any solvate molecules. The [Mn
molecules are oriented in the same direction. Comj3ex
crystallizes in &, space group and packs with four [Mh
molecules in each unit cell. There are three acetonitrile
solvate molecules per each [Mhmolecule. The nearest
intermolecular distance between the methyl group of the
n-butyl ligand and the methyl group of a neighboring acetate

Inorganic Chemistry, Vol. 44, No. 8, 2005 2747
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Table 7. Solution’H NMR Spectral Data for Complexes
[Mnlg(mdeag(OZCCI-lg)M]-CH3CN (l) and [Mnlg(edeag(OZCCI-lg)M] (2)

complex peakd) integration assignment label

1 4.18 4.0 CH f
2.74 4.0 CH g
243 3.0 CH h
1.17-0.82 5.2 CHacetate i
1.94 CHCN S

2 4.12 4.0 CH a
271 3.9 CH b
2.16 2.0 CH c
1.18 3.0 CH d
0.98 5.3 CHacetate e
1.94 CHCN S

IH NMR Spectroscopy.'H NMR data were collected for
complexesl and2 to examine their structure and stability
in solution (Table 7). Figure 7 gives the room-temperature
spectra collected at 300 MHz in CDZbr complexesl and
2. Peak assignments were made on the basis of the integra-
tions. Strong broad peaks associated with the methylene and
methyl groups of théN-methyldiethoxide 1) or N-ethyldi-
ethoxide g) amine ligands are observed. The strong peak at
1.94 ppm is from the acetonitrile with which complexes
and2 cocrystallize. The X-ray structures show that there are
three pairs of equivalent Mhions and three pairs of
equivalent M atoms. Four of the diethoxide amine ligands
are coordinated to Mhatoms, while the other two are
coordinated to M atoms. Only one grouping of resonances
belonging to the diethoxide amine ligand is observed. A
series of weak broad peaks in the8ppm region are present
for complexesl and 2.

DC Magnetic Susceptibility Studies.Figure 8 illustrates
ligand was found to be 3.9 A along the direction. In the variable-temperature magnetic susceptibility data mea-
complex 3, there are two orientations of the [lvbh mol- sured from 300d 2 K with an applied field 61 T for
ecules. The nearest intermolecular distance of 7.459 A iscomplexesl, 2, and 3. Upon cooling, the value ofuT
between Mn(6) of one [Mp] unit and the Mn(6) atom ofa  decreases from 39.7 éi{ mol~! at 300 K to a plateau value
neighboring [Mny] unit for complex3. The [Mnyg] units in of ~39 cn? K mol* at 160 K for complexi, below which
complex 3 are slightly more separated, having a nearest it slowly decreases to a value of 22.8tkimol~* at 20 K.
intermolecular distance of 7.660 A for an analogous pathway Below 20 K,u T sharply decreases to a value of 9.73d¢n
(Mn(6)—Mn(6)) between wheels. mol™! at 2 K. This sharp decrease is caused by the zero-

Despite being rings, complexes—3 do not have a  field splitting of the spin ground state. ThgT value of
sufficiently large enough pore size to encapsulate a guest.39.7 cn? K mol™ at 300 K is smaller than the theoretical
In Figure 6, the space filling diagrams for complexesnd spin only value of 44.26 c#K mol* for six Mn'" and six

Figure 5. Packing diagrams for complé(top) and comple8a (bottom).

3 are shown. In complexek and 3, the methyl om-butyl Mn"" noninteracting ions. The value of the prodygiT
“arm” of the diethoxide amine ligand covers the pore slowly decreases with decreasing temperature, indicating
preventing a potential guest from entering. weak antiferromagnetic magnetic exchange interactions. As

Figure 6. Space filling illustration of complexes (left) and3. The solvate molecules have been omitted for clarity.
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Flgure 7. Solution (CDC#) 'H NMR (300 MHz) spectra of complexés
(top trace) andL (bottom trace).
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Figure 8. Plot of ymT versus temperature for complexgég0), 2 (M),
and3 (A). xm is the molar susceptibility. The data were collected with an
applied field of 1 T.
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Figure 9. Plot of the reduced magnetizatiod/\N3), whereM is the molar
magnetizationN is Avogadro’s number, anflis the Bohr magneton, versus
H/T for complex1. Data were collected at {, 4 (a), 3 (®),and 2 T ®)

in the temperature range of 2:3 K. The solid line represents the least-
squares fit of the data with the paramet8rs 8,g = 2.0, andD = —0.47
cm~1. See the text for the details of this analysis.

can be seen in Figure 8, compl2rxhibits a response similar
to that of complexl. Since the yield of comple8a was
very low, magnetic susceptibility studies were carried out
on complex3 only. For complex3, as the temperature
decreases, the value pf T decreases from 42.3 éd mol—?*

at 300 K to 14.3 cthK mol™* at 5 K . TheyuT value of
42.3 cn? K mol~tis slightly lower than the spin only value
of 44.26 cni K mol™ for six spin only noninteracting
Mn" and six MA' atoms.
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Figure 10. Plot of the reduced magnetizatioM{Ng), whereM is the
molar magnetizatiorl\l is Avogadro’s number, anglis the Bohr magneton,
versusH/T for complex2. Data were collected at 5, 4 (a), 3 (®), and

2 T (m) in the temperature range of 2:80.0 K. The solid line represents
the least-squares fit of the data with the parame®ers8, g = 2.0, andD

= —0.49 cnTl. See the text for the details of this analysis.
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Figure 11. Plot of the reduced magnetizatioM{Ng), whereM is the
molar magnetizatiorl\ is Avogadro’s number, anflis the Bohr magneton,
versusH/T for complex3. Data were collected at 5, 4 (a), 3 (®), and

2 T (m) in the temperature range of 2.80.0 K. The solid line represents
the least-squares fit of the data with the parame®ers8, g = 2.0, andD
—0.37 cnl. See the text for the details of this analysis.

To determine the spin ground states of complekeg,
and3 variable-field magnetization data were collected over
several fields down to the lowest temperature of 1.8 K and
are depicted in Figure 9 for compléxFigure 10 for complex
2, and Figure 11 for complex Nonsuperimposable isofields
were observed and suggest that complekasd2 possess
significant zero-field splitting in their ground states. Theo-
retical magnetizations were calculated by means of a full
matrix diagonalization (employing a powder average of
Gaussian quadrature) of eq 1. The spin Hamiltonian used
for an S = 8 ground state which included the Zeeman
interaction and axial second-order zero-field splittiBgs,
is represented in eq 1.

H = usgHS+ D[§§ - %S(SJF 1)] 1)

The calculated magnetizations were least-squares fit to the
experimental data collected in the temperature range-32
K for complex 1 and 2-5 K for complexes2 and 3.
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solid lines shown in Figures-911 represent the theoretical

least-squares fits. It is not clear why a fit of comparable 0.24 —=—997Hz | |
quality to those acquired for complexésand2 could not = I E
be obtained for the data collected for comp8{Figure 11). g . —¥— 250 Hz

AC Magnetic Susceptibility Studies. The ac magnetic e o 'k T
susceptibility data were collected in zero-applied dc field. E- ‘\:\
Figure 12 (upper) depicts the temperature dependence of the afo.o- '\vi&"‘
in-phase ac susceptibilityy, T, collected wih a 3 G ac . éiifiliIiﬁifiiiﬂiﬁilililiiiyiﬂiliﬂ
field oscillating at frequencies in the range of 16D Hz 15 20 25 30 35 40 45
for complex1 in the temperature range of 80 K. The TIK]

prOdUCtX'MT collected at 1000 Hz slowly d_iminiSheS from a Figure 14. Plot (upper) ofy, T versus temperature wheyf is the molar
value of 21.2 criK mol™* at 10 K to a minimum of 20.7  in-phase ac susceptibility for complek The lower plot shows the’,
cm® K mol™! at 7 K. Below 7 K, the value of,T for versus temperature wheyg is the molar out-of-phase ac susceptibility.

| dilv i ’ . n M 3 The data were collected wita 3 G acfield oscillating at frequencies of
complex1 steadily increases to a maximum of 23.31°d¢n 1000 @), 500 @), and 50 W) Hz.
mol~! at 2.2 K. The value of¢,T at the lowest tempera-
tures, 1.8, 2.0, and 2.2 K, exhibits a small frequency value decreases from 14.4 &id mol~* at 4.5 K to 10.7
dependence. Figure 13 depicts the temperature dependence™ K mol~* at 1.8 K.
of both the in-phasey;, T, and out-of-phase ac susceptibil- ~ Each of the [Mn,] wheel-shaped complexes, 2, and3,
ity, x, collected with seveta G oscillating ac fields for ~ exhibits a frequency-dependent out-of-phase component to
complex 2. The in-phase ac susceptibility data for both their ac susceptibility response below 2.6 K, as seen in the
complexesl and2 are consistent with the dc susceptibilities lower portions of Figures ¥214. This frequency-dependent
(€.9., 7T (1000 Hz)= 26.57 cmd K mol~ and yyT = response indicates that there are slow kinetics of magnetiza-
22.21 cmd K mol~* at 5 K for complex2 and y},T (1000 tion reversal relative to the frequency of the oscillating ac
Hz) = 20.71 cnd K mol-? andyuT = 18.81 crd K mol - at field and is often associated with the phenomenon of single-
molecule magnetisi®. The out-of-phase peak for complex
3 grows in at a lower temperature than the peaks observed
for complexesl andlaand is a consequence of the smaller

5 K for complexl). Figure 14 shows the ac data for complex
3 in zero-applied dc field. The upper plots depicts the
temperature dependence of the in-phase ac susceptibility a
frequenCies ranging from 997 to 250 Hz within a temperature (23) Christou, G.; Gatteschi, D.; Hendrickson, D. N.; SessolMRS Bull.
range of 4.5-1.8 K collected m a 3 G acfield. The y,T 200Q 25, 66.
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Figure 15. Structures and nanoscale dimensions of compléxpper plot), [Mn] (middle plot), and [Mr4] (lower plot). For clarity, the relative sizes of
the complexes are not drawn to scale.

D value of complex3 relative to that of complexesand?2. wheel for a MA'-O—Mn" pair, the magnetic exchange
A full peak is not observable in the accessible temperature interactions between Mn atoms are not uniformly the same.
ranges; the lowest obtainable temperature is 1.8 K. Givenlt is likely that the magnetic exchange interactions between
that complexeq, 2, and3 have the high-spin ground states three Mn atoms (e.g., Mn(5a), Mn(1), and Mn(6a) for
of S= 8 as well amegatve magnetic anisotropy, indicated complex1 (Figure 1)) create a spin-frustrated subunit for
by a zero-field splittindd value of—0.47 cm® for complex the [Mny] wheels. These competing antiferromagnetic

1, D = —0.49 cn! for complex2, andD = —0.37 cm'? exchange interactions between the'Mand Mr' atoms yield
for complex3, it is likely that all of the complexes studied a ground state that is larger than the fully spin-cougdesd
are single-molecule magnets. 3 state that would be expected for an antiferromagnetic

system comprised of six Mhand six MA' atoms.

Loss et aP'? outlined several requirements to observe

Although all three complexes have an even number of coherent magnetization tunneling in antiferromagnetic rings.
antiferromagnetically coupled spin carriers, each complex, The first requirement is that the wheel has a non-zero-spin
1, 2, and3, has a non-zero-spin ground stateSof 8. The ground state. A second requirement is that each wheel should
magnetic exchange interactions between thd' M®—Mn'" be spatially or chemically separated from its neighbor to
units are not the same for each WtaMn'" pair going around prevent it from interacting with dipolar magnetic fields. A
the wheel structure. Complexés 2, and 3 are not circles third requirement calls for the minimization of internal
and can be described as ellipses. Since the bond distancesources of magnetic fields within the molecule, such as the
and angles are different for any given position within the hyperfine fields of the nuclear spins of the atoms making

Conclusions
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up the wheel. Complexeg, 2, and 3 satisfy the first shaped complexes. Figure 15 shows the {jirwheel
requirement since each has@s 8 ground state. However, complex along with the two other Mn-based wheel SMM
complexedl, 1a, 3, and3ahave close intermolecular contact complexes, [Mg]?* and [Mns4].” The nanoscale dimensions
(nearest Mr-Mn distance between wheels: 6.717 A fia; of these three complexes are shown. The {}land [Mny]
7.013 A for1, 7.459 A for3, and 7.660 A for3a) with their complexes are roughly the same size. The {J)lBMM is
neighbor [Mn] wheels within a crystal. The Mn nuclei in  the largest wheel but has the smallest spin ground ste (
complexesl, 2, and3 also have a nuclear spin bf= 7/2. = 6) of the wheel complexes.

In conclusion, the syntheses and crystal structures of new
[Mn17] complexes with a wheel-shaped topology are reported.
These new [Miy] wheel complexesl, 2, and3, are single-
molecule magnets. Complexdsx and 3a represent two . Supporting Informati_on Available: X-ray crystallographic fil_es
different crystallographic phases that have been isolated forin CIF format are available for complexds 1a, 3, and3a This
complexes and3. Magnetometery experiments confirm that matferlal is available free of charge via the Internet at
these complexes have a high-spin ground stat®-ef8. A hitp://pubs.acs.org.
frequency-dependent out-of-phase response in ac susceptibillC048316L
ity data is .Obs.erved |nd|cat|ng. that there are slow kinetics (24) Murugesu, M.; Raftery, J.; Wernsdorfer, W.; Christou, G.; Brechin,
of magnetization reversal. A ligand system has also been E. K. Inorg. Chem2004 43, 4203.

identified that gives [Miy] wheel structures from different  (25) FNote aidlgd :n [F)’rocgi BCQmplghAaS (/evcentl}é b$en rvevpor'\t/led Iby OthBerS-
: : oguet- 101, o ! rien, |I. A, ernsaorter, . oulton, B.;
starting materials. These [M# complexes are a welcome Zaworotko, M.: Abboud, K. A.; Christou, GAngew. Chem., Int. Ed.

addition to a small but growing series of Mn-based wheel- 2005 44, 897.
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