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Effects of Paramagnetic Ferrocenium Cations on the Magnetic Properties of the Anionic
Single-Molecule Magnet [Mn2012(02CCeF5)16(H20)4]
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The preparation and physical characterization are reported for the single-molecule magnet salt$JiM(Cp
[MN12012(02CCsFs)16(H20)4] (M = Fe,n =1, Cp = CsMes (28), CsHs (2b); M = Co,n =1, Cp = CsMes (20),

CsHs (2d); M = Fe,n = 2, Cp = CsMes (26), CsHs (2f)) to investigate the effects of paramagnetic cations on
the magnetization relaxation behavior of [MjT anionic single-molecule magnets. CompBa«2H,0 crystallizes

in the orthorhombic space grouba2, with cell dimensions at 173 K af = 25.6292(2) Ab = 25.4201(3) A,
c=29.1915(2) A, an@ = 4. Complex2c-2CH,Cl,-CgHi4 crystallizes in the monoclinic space groBgi/c, with

cell dimensions at 173 K ai = 17.8332(6) Ab = 26.2661(9) Ac = 36.0781(11) A = 92.8907(3), andZ

= 4. These two salts consist of either paramagnetic [dég),] " cations or diamagnetic [Co&®les);]t cations,

and [Mm2012(0,CCsFs)16(H20)4] ~ anions. The structures of the anions in the two salts are similar, consisting of
a central MRO,4 cubane moiety, surrounded by a nonplanar ring of eight Mn atoms that are bridged by and
connected to the cube vig-O?~ ions. The oxidation states of four Mn sites out of eight outer Mn ions in complex
2awere assigned to b&2.75 from the valence bond sum analysis although the disordering of bridging carboxylates
prevents more precise determination. On the other hand in cor2plene Mn site out of eight outer Mn ions

was identified as a Mhion, accommodating the “extra” electron; this was deduced by a valence bond sum
analysis. Thus, the anion in compléc has a MH;Mn"";Mn'V, oxidation state description. The Jahheller

axes of the MH ions in both anions are roughly aligned in one direction. All complexes studied exhibit a single
out-of-phase ac magnetic susceptibilify'y;) signal in the 4.6-4.8 K range for complexe®a—2d and in the
2.8—2.9 K range for complexe®e and2f at 1 kHz ac frequency. The temperature of #fig peaks is frequency
dependent, as expected for single-molecule magnets. From Arrhenius plots of the frequency dependence of the
temperature of thg''yy maxima, the effective energy barridtss for changing spin from “up” to spin “down”

were estimated to be 54 K for complexea—2d and 2728 K for complexe2e and 2f. The least-squares

fits of the reduced magnetization data indicate that both compl2xesd 2d have ground states & = 2%,.
High-frequency EPR spectra were recorded for com@aat frequencies of 217, 327, and 434 GHz in the
4.5-30 K range. The observed transition fields were least-squares fit taygivé.91,D = —0.35 cnt?, andB,°

= —3.6 x 107 cm! for the S = 2Y, ground state. The effective energy barrigy; is slightly lower thanU
estimated fronD, which is consistent with the thermally assisted tunneling model. Magnetization hysteresis loops
were observed for complex@s and2c. Although 2a was oriented in a different manner as expected by strong
magnetic field, both complexes show clear hysteresis loops with some steps on them, indicating that the effect of
the magnetic cation on the magnetization relaxation of the anionigjMaomplex is rather small. An 11%¢Fe
enriched complefb was studied by means of Msbauer spectroscopy down to as low as 1.7 K. Slow paramagnetic
relaxation broadening and magnetic hyperfine splitting were evident in the low-temperature spectra, indicating
that the iron atoms feel a growing magnetic field owing to slow magnetization reversal in the] {Mimions.

its derivatives'~® Due to their large-spin ground sta®= 10)
together with a uniaxial magnetic anisotropy (due to zero-field

There is continuing interest in single-molecule magnets splitting D$2), each molecule has a potential barrier|Df<?

(SMMs) 23 The most extensively studied SMMs are the dode-
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for reversal of the direction of its magnetization vector. This Table 1. X-ray Diffraction Data for2a-2H,O and
barrier leads to a magnetization hysteresis loop and the 2¢2CHClyCeHig

appearance of an out-of-phase signal in the ac susceptibility at 2a:2H,0 2C2CH,Cl,+CeH14
low _tempe_ratures, whelgT is cor_lsid_erably sma_lller than the formula GaHaoFedFeMmy0s0  CoadHseClaCORsMn1204s
barrier height. The slow magnetization relaxation of a SMM ¢, 4662.79 4885.86
may lead to them being used as the ultimate high-density cryst dimens 0.4 0.30x 0.21  0.30x 0.15x 0.02
memory device. From an entirely different point of view, SMMs (mm)
are also attractive because they exhibit resonant quantumgﬁ;‘z%‘” f?g'?gown gg‘(’g)‘
tunnelln_g o_f magnetization (QTM) observed as steps in the cryst syst orthorhombic monoclinic
magnetization hysteresis loops. space group Aba2 P2,/c

Although it has been shown that these interesting properties a (&) 25.6292(2) 17.8332(6)
arise from isolated molecules, it is also important to investigate b (A) 25.4201(3) 26.2661(9)
how the environment around a [\Mh SMM affects them and C('g) 29.1915(2) g’g'ggg%%l)
vice versa. Recently, the magnetic properties of the salt égA%)g) 19018.2(3) 16.877.7((1)5)
[M-MPYNN][Mn 120:20,CPh)g(H20)4] have been reported by 7 4
Awaga et ak® where n-MPYNN]™ is an organic cation radical,  Dcacq(g/cn) 1.628 1.923
m-N-methylpyridinium nitronylnitroxide. On the basis of the diffractometer CCD area detector CCD area detector
X-band EPR measurements and the observation of ac magne+ (mm) 9.89 11.92
tization relaxation, they concluded that the organic radical with gzﬂzmzﬂi’ ‘g?z 0'03%22 obsiggg
S =1/, enhances the magnetization relaxation of the {}{in GOF onE2 | 2753 1.828

complex and reduces the blocking temperature of the anion.
However, it is well-known that two relaxation processes are
observed in the ac susceptibility response of several;jMn
s e oo s e Moo, P2 (1000, 0023 vl v dscohed G (5 ).

. . o L equivalent amount of bis(pentamethylcyclopentadienyl)iron (7.6 mg,
effects of the organic cation radical on the magnetization ;5,3 mmol) dissolved in CiTl, (3 mL) was added to the above
relaxation process of [Ma]~ were interprete by suggesting  solution and stirred for 10 min. To the resultant solution was added 10
that the magnetic field from the organic cation increased the mL of hexanes slowly. Several days later, brown-black plate crystals

SWR2 = [SW(Fe2 — FAYIW(F2] 2

[Fe(CsMes)2][Mn 1201/(02CCgFs)16(H20)4]:2H.0 (2a-2H,0). Com-

magnetization relaxation for the [M#~ SMM. were obtained. The yield was 83%. Anal. Calcd forsHaoFso
In order to investigate this point more thoroughly, salts of FeMn:0so: C, 34.00; H, 0.91. Found: C, 33.71; H, 0.67.
the singly reduced form of [MiO1(02CCsFs)16(H20)4] (2) [Fe(CsHs)2][Mn 12012(02CCeFs)16(H20)4] (2b). Brown powder ob-

were prepared employing certain metallocenes. By comparing tained by the method described above showed a weak ac susceptibility
two high-temperature forms of [Mgl~, we can determine the signal, possibly indicating sample instability in solution. The following

. . R - method was found to obtain a sample whose ac susceptibility signal is
effect of a magnetic cation on the magnetization relaxation of similar to those of the other one-electron-reduced {}incomplexes.

[Mn1z]~ complexes. We report the magnetic properties of the compiex2 (100 mg, 0.023 mmol) was dissolved irHG (5 mL). An
[Mnlzli Complexes with a paramagnetic [Felis)z] * cation equivalent amount of bis(cyclopentadienyl)iron (4.3 mg, 0.023 mmol)
and with similar nonmagnetic cation¥Fe Massbauer spec-  dissolved in GHs (3 mL) was added to the above solution and stirred
troscopy is used to study the magnetization relaxation experi- for 10 min. The solution was evaporated by vacuum to dryness, and
enced by the ferrocenium cation as it is influenced by the the resultant brown powder was collected. The yield was ca. 90%. The

oscillating magnetic field of the [Ma]~ SMM. 11% 5"Fe-enriched sample for Msbauer spectroscopy experiments
was also obtained by the same method. Anal. Calcd fasHgeFso-

Experimental Section FeMn 2045 (as 2b-3CsHe): C, 35.62; H, 0.77. Found: C, 36.20; H,
1.09.

Compound Preparation. All chemicals and solvents were used as [Co(CsMes)2][Mn 12015(02CCeFs)16(H20)4] - 2CH,Cl2*CsH1a (2¢
received; all preparations and manipulations were performed under an2CH,Cl,-CgsH14). A method similar to that employed for the synthesis
argon atmosphere using Schlenk techniques. Bis(cyclopentadienyl)iron,of 2a was used. After standing for several days, brown-black needle
bis(pentamethylcyclopentadienyl)iron, and bis(cyclopentadienyl)cobalt crystals were obtained. The yield was 40%. Anal. Calcd foptGe-
were purchased from Aldrich Chemical Co. Bis(pentamethylcyclopen- Cl,CoRoMn12:0.4s C, 34.42: H, 1.16. Found: C, 34.01; H, 0.86.
tadienyl)cobaltocenium hexafluorophosphate was purchased from Strem  [Co(CsHs)][Mn 12012(02CCeFs)16(H20)4] (2d). The method used

Chemicals and converted to Ca(@es); by a literature procedurg. in the synthesis a?awas used. After standing for several days, brown-
The Mn;; acetatel was prepared by the literature methiiddNeutral black plate crystals were obtained. The yield was 65%. Anal. Calcd
[Mn120:(O2CCsFs)16(H20)4] (2) was prepared using the ligand substitu-  for CypH:6CoRsMn12048 C, 32.64; H, 0.40. Found: C, 33.10; H, 0.35.
tion method described elsewhéfe. [Fe(CsMes)2]J[Mn 1201(02CCeFs)16(H20)4] (2€). For the same

reason as for complegb, a similar method was used for the preparation
(5) Sessoli, R.; Tsai, H.-L.; Schake, A. R.; Wang, S.; Vincent, J. B.; Of complex2e except that 2 equiv of bis(pentamethylcyclopentadien-

Folting, K.; Gatteschi, D.; Christou, G.; Hendrickson, D. N.Am. yl)iron was used. Anal. Calcd for,&HogFsoFesMn12045 (as2e Fe(G-
6 ghem- ?190%993 115 }180;{.1'381%_ | Sessoli SRIencAL994 26 Mes)z); C, 39.13; H, 1.87. Found: C, 40.52; H, 1.92.
(6) 10a5tzle_sc i, D.; Caneschi, A.; Pardi, L.; SessoliSRiencel994 265, [Fe(CsHs)2]IMn 12012(02CCeFs)16(Hz0)d] (2f). The same method
(7) Friedman, J. R.; Sarachik, M. P.; Tejada, J.; ZioloPRys. Re. Lett. used for the preparation of compl&b was employed. Anal. Calcd
1996 76, 3830. for CisaHagFsoFesMni:045 (as 2f-2Fe(GHs)z): C, 36.19; H, 0.96.
(8) Friedman, J. R.; Sarachik, M. P.; Hernandez, J. M.; Zhang, X. X.; Found: C, 36.77; H, 1.08.
Tejada, J.; Molins, E.; Ziolo, R1. Appl. Phys1997, 81, 3978-3980. X-ray Crystal Structure Analyses. Crystal data collection and

©) g:rrggr“gei/’l JPMZEP:ngPﬁyg(RZUISB fé;g-;eé%d%g‘ééféﬁénan' J-R. refinement parameters for complex@es2H,0 and2c-2CH,ClyCeH1a

(10) Takeda, K.; Awaga, KPhys. Re. B 1997 56, 14560- 14565 are given in Table 1. Suitable crystals for data collection were selected
(11) Robbins, J. L.; Edelstein, M.; Spencer, B.; Smart, J.@m. Chem.
S0c.1982 104, 1882-1893. (13) Eppley, H. J.; Tsai, H.-L.; Vries, N. D.; Folting, K.; Christou, G.;

(12) Lis, T.Acta Crystallogr., Sect. B98Q B36, 2042-2046. Hendrickson, D. NJ. Am. Chem. Sod.995 117, 301-317.



The Magnetic Properties of [MpO12(O2CCsFs)16(H20)4] ~ Inorganic Chemistry, Vol. 40, No. 25, 2006471

and mounted in nitrogen-flushed, thin-walled capillaries. Data were
collected on a Siemens P4 diffractometer equipped with a SMART/
CCD detector using Mo K radiation ¢ = 0.71073 A). The systematic
absences in the diffraction data were uniquely consistent with the &
reported space groups. The structures were solved using direct methods,
completed by subsequent difference Fourier syntheses, and refined by
full-matrix least-squares procedures. Empirical absorption corrections
were applied to the data for compl@g-2CH,Cl,:CgH14 using SAD-
ABS. All non-hydrogen atoms were refined with anisotropic displace-
ment coefficients. For comple2c2CH,Cl,*CsHi4, a part of the
hydrogen atoms of a hexane molecule were determined from difference
Fourier analyses. All other hydrogen atoms in both structures were
treated as idealized contributions. All software and sources of the 1:1:1:1 form 2:2 form
scattering factors are contained in the SHELXTL (version 5.10) program e
library (G. Sheldrick, Siemens XRD, Madison, WI). Figure 1. [Mn1,0:2(0,CChe0O4] core structures o_f two water isomers,
Physical Measurements.Dc magnetic susceptibility data were the 1:_1:1:1 f(_)rm and the 2:2 form, Be-2H,O. The isomers result from
collected on microcrystalline or a single-crystal sample restrained in € disordering of two carboxylates out of 16. Oxygen atoms of water

eicosane to prevent torquing on a Quantum Design MPMS5 SQUID molecules are indicated by filled circles.
magnetometer equipped with a 5.5 T magnet. A diamagnetic correction
to the observed susceptibilities was applied using Pascal’s constants.
Alternating current (ac) susceptibility measurements were carried out
on a Quantum Design MPMS2 SQUID magnetometer equipped with
a 1 T magnet and capable of achieving temperatures 6f400 K.

The magnitude of the ac field is fixed to 0.1 mT, oscillating at a
frequency in the range-51000 Hz. Magnetization hysteresis loops were
collected on a Quantum Design MPMS5 SQUID magnetometer
employing oriented single crystals. The alignment of single crystals
was carried out with eicosane while the samples were keptina 5.0 T
field at a temperature above the melting point (3882 K) of eicosane n~%
for 15 min, after which the temperature was gradually decreased below %‘c g
the melting point to solidify the eicosane in order to constrain the
sample. In this manner, one can measure hysteresis loops with the
external magnetic field applied parallel to the easy axis of magnetization. ."
For the case of a measurement with a magnetic field applied ©
perpendicularly to the easy axis of magnetization, a sample prepared
as described above was rotated @tanually in the sample holder and
fixed using a nonmagnetic tape. Applied magnetic fields were varied
from 2.5 T to—2.5 T to generate hysteresis loops.

High-frequency EPR measurements were performed at the National
High-Magnetic Field Laboratory in Tallahassee, Florida. An Oxford
superconducting magnet system (14.5 T) capable of high sweep rates
(0.5 T/min) was used. The microwave source was a Gunn diode of
110 GHz nominal frequency. Harmonic generators permitted experi-
ments at frequencies of 1A@Hz, wheren is an integer between 1
and roughly 4 as the power falls off rapidly at the higher harmonics.
High-pass filters were used to cut out lower harmonics; however, higher
harmonics frequencies were evident in the experimental spectra. A . . . .
helium-cooled bolometer was used as the detector. similar in many respects to the previously characterizedipMn

Zero-field 5'Fe Missbauer spectra were determined using a con- complexes:'2131519 There is a central MiD, cubane moiety,
ventional constant acceleration spectrometer with a source of 50 MCi surrounded by a nonplanar ring of eight Mn atoms that are
57Co electroplated onto the surface and annealed into the body of abridged by and connected to the cubeag0?~ ions. It should
6-um-thick foil of high-purity rhodium in a hydrogen atmosphere. The be noted that the structure of the [MJr anion in 2a is
details of cryogenics, temperature control, etc. have been describeddescribed as a mixture of two different geometrical isomers
previously:* involving different arrangements where the fougQHligands
bond to different M#' ions, the 1:1:1:1 form and the 2:2 form,
as shown in Figure 1. The difference between them is only one

Structure of 2a-2H,0. This complex salt crystallizes in the ~ carboxylic ligand out of eight. In the 1:1:1:1 form, the
orthorhombicAba2 space group with four formula units in the  carboxylate ligand bridges between the Mn(5) and Mn(6) ions,
unit cell. Figures 1 and 2 show the core structure of the;gn o A S M S 7 e L A Rreroo A L cm .

i i . i ubin, S. M. J.; Sun, Z.; Guzei, |. A.; Rheingold, A. L.; Christou, G.;
g@ggmzrt‘ﬁ l;he molecular packing @&2H;0, respectively. (19 Hendrickson. D. NChem. Commuri997 2239-2240.

ylferrocenium cations and [Mj anions are arranged  (16) Ruiz, D.: Sun, Z.; Albela, B.; Folting, K. Ribas, J.. Christou, G.;
in the quasi-NaCl-type structure as shown in Figure 2. Each Hendrickson, D. NAngew. Chem., Int. EA.998 37, 300-302.

component molecule has the 2-fold symmetry axis parallel to (17) Aubin, S. M. J.; Z, S.; Pardi, L. A.; Krzystek, J.; Folting, K.; Brunel,
L.-C.; Rheingold, A. L.; Christou, G.; Hendrickson, D. Morg. Chem.

Figure 2. Molecular packing of2a:2H,O viewed from thec-axis.
Hydrogen and fluorine atoms and water oxygen atoms incorporated
into the crystal were omitted for clarity.

Results and Discussion

the crystallographic-axis. While the easy axis of magnetization 1999 38, 5329-5340
of the [Mniz]~ anion aligns with the crystallographizaxis, (18) Sun, Z.; Ruiz, D.; Dilley, N. R.; Soler, M.; Ribas, J.; Folting, K.;
the g, axis of a decamethylferrocenium cation lies in Heb Maple, M. B.; Christou, G.; Hendrickson, D. Bhem. Commuri999

1973-1974.
(19) Aubin, S. M. J.; Sun, Z.; Eppley, H. J.; Rumberger, E. M.; Gunzei, I.
A.; Folting, K.; Gantzel, P. K.; Rheingold, A. L.; Christou, G.;
(14) Cheng, C.; Reiff, W. Mlnorg. Chem.1977, 16, 2097. Hendrickson, D. NInorg. Chem.2001, 40, 2127-2146.

plane. The structure of the [Mg~ anion in2a:2H,0 is quite




6472 Inorganic Chemistry, Vol. 40, No. 25, 2001

Table 2. Average Mr-O Bond Lengths (A) irRa-2H,0 and
20‘2CH2C|2’C6H14

Kuroda-Sowa et al.

Table 3. Bond Valence Sums for Each Mn Atom in Complexes
2a:2H,0 and2c2CH,Cly*CsH14 Assuming Various Charges

methods of average 2a:2H,0 2¢2CH,Cl2*CeHa1a
Mn atom 6 Mn-02 4 Mn—0P 2 Mn—0¢ atom Mr#t Mn3t  Mn*t Mn?t Mnd¥t  Mn*t
2a-2H,0 Mn(1) 4.395 4,053 3.977 4.519 4.167 4.089

Mn(1) 1.91(4) Mn(2)  4.393 4051 3.975 4573 4217 4.138
Mn(2) 1.91(4) Mn(3) 3411 3.146 3.087 4.398 4.055 3.979
Mn(3) 1.94(4) 2.18(3) Mn(4)  3.126 2.882 2.828 4.458 4.111 4.034
Mn(4) 1.98(3) 2.17(1) Mn(5)  3.402 3.137 3.078 3435 3.168 3.108
Mn(5) 1.93(3) 2.21(1) Mn(6) 2979 2.747 2.696 3.455 3.185 3.126
Mn(6) 1.99(2) 2.20(1) Mn(7) 3549 3273 3211

202CH,ClyCaHee Mn(8) 3392 3128 3.069
MN(D) 1.90() Mn(9) 3506 3233 3.172
Mn(2) 1.89(2) Mn(10) 3.464 3.194 3.134
MN(3) 101 Mn(11) 2304 2125 2085
Mn(4) 1.90(4) Mn(12) 3.711 3.422 3.358
Mn(5) 1.92(4) 2.22(1) aThe italicized value is the one closest to the actual charge for which
Mn(6) 1.93(5) 2.20(1) it was calculated. The oxidation state of a particular atom can be taken
Mn(7) 1.92(5) 2.20(2) as the nearest whole number to the italicized value.
Mn(8) 1.93(3) 2.21(5)
Mn(9 1.93(7 2.16(5 . e .
Mﬂglé) 1.94%6)) 2.15&)) verify oxidation states in metalloenzymes and superconduc-
Mn(11) 2.12(2) 2.21(1) tors21-22and in [Mn 30s(OEt)s(OCPh)],2 a compound having
Mn(12) 1.91(5) 2.13(6) Mn atoms in three different oxidation states [six 'Msix Mn!",

a Average of six MrR-O bond lengths? Average of four shorter
(equatorial) MR-O bond lengths¢ Average of two longer (axial)
Mn—0O bond lengths.

while in the 2:2 form, it bridges between the Mn(5) and Mn(4)
ions. Table 2 lists the average M@ bond lengths around each
Mn ion. The average of the six MO bond lengths for the
Mn(1) and Mn(2) ions is quite short (1.91 A). On the other
hand, the six MA-O bonds of the other Mn ions are divided
into two categories: four shorter (1.93.99 A, equatorial) and
two longer (2.172.21 A, axial) ones. These MO bond
lengths are strongly influenced by the oxidation states of each
Mn ion, which will be discussed (vide infra) on the basis of the
valence bond sum analysis. The elongation of axiaH@rbond
lengths compared to the equatorial ones is caused by the-Jahn
Teller distortion in @ Mn"" ions. Although theR value is
relatively high due to disordering of the carboxylate group, we
can identify the JahnTeller axes. Four water oxygen atoms
are involved in the elongated MO bonds. The eight Jahn
Teller axes are roughly parallel to the crystallograptyiexis
with angles of 15-40°. The alignment of the JahiTeller axes
must play an important role in determining the magnitude of
the molecular zero-field interactidd tensot#®1°which results
from coupling of the single-iol tensors at each Mn ion. This

is consistent with the observation of dominant high-temperature
phase in the ac magnetization measurement.

In the previous paper on the one-electron-reduced:fMn
complex of [PPR[Mn120:5(0.CEt)¢(H20)4],12 the reduction
site was assigned to one of the Wions on the basis of the
bond valence sum analysis. A bond valence %uim an
empirical value, based on crystallographically determined
metal-ligand bond distances, that may be used to determine
the oxidation state of a metal. Bond valence sus)swere
calculated using eq 1,

s= exp[(, — 1)/B] (1)
wherer is the observed bond length angandB are empirically
determined parameters. Values fgrare tabulated for Mit
(n = 2, 3, 4)2° Bond valence sum analysis has been used to

(20) Brown, I. D.; Altermatt, DActa Crystallogr., Sect. B985 412 244~
247.

and one M#1].

A bond valence sum analysis was carried outZar2H,0,
and the results are shown in Table 3. The assignmentof
oxidation states for Mn(1) and Mn(2) ankl3 oxidation states
for Mn(3) and Mn(5) is reasonable. However, the calculated
values ofs assumingt3 oxidation states for Mn(4) and Mn(6)
are smaller than 3, indicating somewhat lower oxidation states
than+3. Since these Mn ions are involved in the disordering
of the bridging ligand, it is reasonable to assig®.75 oxidation
states for them. The additional electron is trapped on either of
these two Mn ions (four sites) depending on the disordering of
the carboxylate.

Structure of 2¢-2CH,Cl,-CgH14. This complex salt crystal-
lizes in the monoclinid2;/c space group. The structure shows
a [Co(GMes),]* cation, a [Mn201(OCCsFs)16(H20)4] ~ anion,
two CH,Cl, molecules, and onegl14 molecule. Plots of the
anion and a molecular arrangement in the unit cell are shown
in Figures 3 and 4, respectively. As can be seen from Figure 3,
the [Mny2015(0.CC)604] core structure is almost the same as
that of 2a-2H,0, except for the water ligand arrangement. Four
water molecules coordinate to the axial positions of three
peripheral Mn ions with a 2:1:1 arrangement, where the
Mn(11) atom is coordinated to two water molecules. The
molecular packing in the unit cell is shown in Figure 4. The
easy axes of magnetization of each [iy|n anion are canted
from the b-axis by 6.9, and they are also canted relative to
each other by 138

The average MrO bond lengths are listed in Table 2, and
the results of a bond valence sum analysis are shown in Table
3. It is reasonable to assign the four Mn ions in the central
cubane framework [Mn(1) to Mn(4)] as havingtal oxidation
state and the remainder of the Mn ions, except for the Mn(11),
as having at+3 oxidation state. The Mn(11) ion is special
because the bond valence sum value is closer to 2, indicating a
+2 oxidation state for this ion. We can conclude that the extra
electron is trapped at the Mn(11) ion to form the valence-trapped
electronic structure of MHMn";Mn'V,. This is the second
example for [MnJ]~ anions to show clearly where the extra

(21) Brown, I. D.Solid State Chenil989 82, 122.

(22) Thorp, H. H.Inorg. Chem.1992 31, 1585.

(23) Sun, Z.; Gantzel, P. K.; Hendrickson, D. Morg. Chem.1996 35,
6640.
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Figure 3. The [Mmz0:(0,CCheO4] core structure in2c:2CH,Cl,-
CeHis with a 2:1:1 water arrangement. Water oxygen atoms are
indicated by filled circles.

T[K]

Figure 5. Plots of y'wT vs T (top) andy" vs T (bottom) for a
polycrystalline sample of compleRa-2H,O in a 0.1 mT ac field
oscillating at the indicated frequencies, whefg andy''v are the in-
phase and the out-of-phase magnetic susceptibility, respectively.

temperature phase dominantly in the ac magnetization measure-
ment (vide infra).

Reduced [Mn 5] Complexes Characterized by Alternating
Current Magnetic Susceptibility. Ferrocene is known to have
an appropriate redox potential to reduce some jjijilcom-
plexes!t® Decamethylferrocene, cobaltocene, and decamethyl-
cobaltocene as well as ferrocene were employed in one- and
two-electron reductions of several [Mihcomplexes. Reduction
products were subjected to ac susceptibility measurements to
investigate their magnetization relaxation characteristics. It is
well-known that a SMM exhibits a frequency-dependent out-
of-phase ac susceptibility signaf'(u). Figure 5 shows plots of
x'mT Vs T (top) andy''m vs T (bottom) for complexXa-2H,0 at
various frequencies. Since one intense peak is observed in the
3—6 Krange in the frequency range-897 Hz, we can conclude
that the HT relaxation phase has a dominant contribution to
the magnetization relaxation procesaf2H,0. The wealy''u
peak seen at2 K is probably due to a small amount of a second
structural form of compleXa that exhibits the LT relaxation.

< The observed frequency-dependent out-of-phase ac signals

Figure 4. Molecular packing oRc2CH,Cl,*CeH14 viewed from the indicate that compleRa-2H;O functions as a SMM. Figure 6
a-axis. Hydrogen and fluorine atoms and solvated molecules incorpo- shows a double-well potential energy diagram fo® a 2%,
rated into the crystal were omitted for clarity. The easy axes of SMM where one molecule reverses its magnetization direction
magnetization of each [Mg ~ anion are canted by 6.%rom theb-axis. from spin “up” to spin “down” in zero external magnetic field.

electron reside& The reduction of one Mh ion, rather thana 1€ potsntial energy barri¢J is given byU = D|(S2 — Ya).
core Ml ion, to a M ion can be rationalized as following. At the x"'m peak temperature, the rate of flip of the magnetic
For a MV ion to become reduced, it must undergo significant Moment of a molecule between the “up” and “down” states is

structural rearrangement since a Jafeller distortion is  €dual to the ac frequency.
expected for the resulting high-spin Mrion. A Jahn-Teller The frequency dependence of tyiay peak temperature can

distorted Mf" ion in the cubane core would create strain in the P& analyzed by means of the Arrhenius law. When the natural
apparently rigid [MaO4] cubane unit. On the other hand, the Ioganthm of the relaxatlpn time, evaluated from 1/(2v) where
reduction of an outer Mn atom of the ring, where the bonding * iS the ac frequency, is plotted versus the inverse ofythe
framework is less rigid, concomitant with the additional P€&K temperaturg, the effective energy barriddes and pre-

equatorial elongation on one outer Mn atom would not perturb €XPonential factorzo can be evaluated with the following

the basic [Mn;0:4] structure significantly. equatioré

Each Jahn Teller axis of seven MH ions is roughly parallel U
to each other to the same extent as foun@ar2H,O. This is T=1,6x _eff) )
consistent with the fact th@c-2CH,Cl,*CgH14 also shows high- keT,
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Figure 8. Ac out-of-phase signalg/(m) of [Fe(GMes)2]n[MN12012(O--
CGiFs)16(H20)s) (n=0,2 (W); n = 1, 2a (@); n = 2, 2e (a)). The
lines are visual guides.

complexes studied. [Mg] complexes studied here shguiy
peaks at 5.9 K for neutral compleX in the range 4.64.8 K
for the anionic complexe8a—2d and in the range 2:82.9 K
for the dianionic complexe2e and 2f, respectively, at 1 kHz
ac frequency. The ac out-of-phase signals of compl@x@s,
and 2e are shown in Figure 8. The effective energy barriers
Uerr Were estimated to be 554 K for the monoanions and
27—-28 K for the dianions. The former values are comparable
to those of anionic [Miy]~ SMMs such as [PRIMnN 1201502~
CEthe(H20)4] (60.2 K#) and [PPH][Mn 12012(0,CPh)¢(H20)d]
(55 K1057.5 KI7). The latter ones are somewhat smaller than
39 K estimated fromU = |D|S?2 for a dianion [PPH2-
[Mn 12012(020HC|2)15(H20)4 .26

Two points should be stressed here. One is the absence or
very small contribution of the LT phase in the ac susceptibility
measurements, which is usually observed together with the HT
phase3181° The high-temperature relaxation phase is seen

2H,0. The solid line represents a least-squares fit of the data to the dominantly, especially for the anionic [M# complexes,

Arrhenius equation (see text).

Table 4. Magnetization Relaxation Parameters for Several f/in
SMMs

charge of peak temp

[Mng]  (K)in x"m Uerlks

complex moiety atlkHz (K)? 7o (SP notes
1 0 7.3 61 2.1x107 refs4,7
2 0 5.9 64 34x10° b
2a 1- 4.8 54 21x10° b
2b 1- 4.6 50 3.0x10° b
2c 1- 4.8 53 2.3x10° b
2d 1- 4.8 51 3.1x10° b
2e 2— 2.9 28 16x10% b
2f 2— 2.8 27 9.0x10° b
Mn;-benzoate- % 3.9 50 3.0x 107'° ref10

m-MPYNN¢

aEstimated from Arrhenius plots using eq “2This work.¢m-
MPYNN: m-N-methylpyridinium nitronylnitroxide¢ Extrapolated to
1 kHz ac frequency using original data.

wherekg is the Boltzmann constant. The Arrhenius plot for
complex2a-2H,0 is shown in Figure 7, where the solid line

independent of the magnetism of the countercations. This is in
contrast to the result of nfMPYNN][Mn 1,0:2(O,CPh)e
(H20)4,1° where the paramagnetic cation is purported to
drastically influence the magnetization relaxation of the {}n
anion. The sizes and shapes of counterions and/or solvent
molecules incorporated into the crystal structure probably
strongly affect the alignment of JahiTeller axes of Mn(lll)
ions in a [Mnz] complex, which is the most influential factor
to determine whether it shows a HT or a LT phase. The second
point is that certain combinations of [M#} complexes and
metallocenes give two-electron-reduced fM?r complexeg
The ac out-of-phase signals for the [MJ3~ species are clearly
distinct from those of the one-electron-reduced [inspecies.
Ac susceptibility measurements can aid in determining the
reduction state of a given [Mg SMM.

Direct Current Magnetization Studied as a Function of
the Magnetic Field. In order to determine the ground spin state
and the magnitude of the zero-field splitting for [Mh
complexes, dc magnetization data were collected in the tem-
perature range 2:04.0 K and at external fields of 2.0, 3.0, 4.0,
and 5.0 T for polycrystalline samples. To avoid torquing during

shows the result of a least-squares fit of the ac susceptibility measurements, samples were fixed into an eicosane wax in zero

relaxation data to eq 2. For compl@a-2H,0, the effective
energy barrietlUe was determined to be 54 K with a pre-
exponential factor of 2. 107 s. Frequency-dependent out-

magnetic field before the measurements. The observed mag-
netization data plotted as reduced magnetizatidiiiNug), for
complexes2a:2H,O and2d vs H/T are given in Figure 9. A

of phase ac signals were also seen for all the complexes studiedspin Hamiltonian including an isotropic Zeeman interaction and

including the doubly reduced [Mg]?~ dianions, which indicates

that they also function as SMMs. Table 4 lists the results of the

ac susceptibility and relaxation fitting data for all of the

(24) Aubin, S. M. J.; Wemple, M. W.; Adams, D. A.; Tsai, H.-L.; Christou,
G.; Hendrickson, D. NJ. Am. Chem. Sod.996 118 7746-7754.

axial zero-field splitting DS?) was used to least-squares-fit the

(25) Aubin, S. M. J.; Spagna, S.; Eppley, H. J.; Sager, R. E.; Christou, G.;
Hendrickson, D. NChem. Commurl998 803—-804.

(26) Soler, M.; Chandra, S. K.; Ruiz, D.; Davidson, E. R.; Hendrickson,
D. N.; Christou, G.Chem. Commur200Q 2417-2418.
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Figure 9. Plots of the reduced magnetizatibti(Nug) vs the ratio of
the external field and the absolute temperature28@H,0O (top) and
2d (bottom). The solid lines are fits of the data to &n= 2%, state
with g = 1.92 andD = —0.38 cnt? for 2a-:2H,0, and to arS = 2%,

state withg = 1.89 andD = —0.36 cnt? for 2d. The contribution of
paramagnetic [Fe@es),]* cations 6= Y,, gy = 4.43,gn = 1.35) is
also included foRa:2H,0. Data were measured at®), 3 (@), 4 (a),

and 5T @).

data by assuming that only the ground state is populated in the
2.0-4.0 K and 2.6-5.0 T ranges. The contribution of the
paramagnetic [Fe@#es),]* cations §= 1, gy = 4.43,g0 =
1.35) is also included fd2a-2H,O. The matrix was diagonalized
on each cycle, and a powder average was calculated. The TI
was held fixed at 240 107¢ cm?® mol~%

The variable-field magnetization data for compRke¢2H,0
were fitted assuming &= 2Y/, ground state with the parameters
of g = 1.92 andD = —0.38 cntl. If we assume & = 19,
ground state, the best fit parameters@re2.12 andD = —0.46
cm~1. A g value greater thage (2.0023) is not acceptable for
the [Mnyg complexes consisting of mainly Mhand Mrl ions.
Although the [Mn_]~ anions reported befole!”-252have been
shown to have & = 19, ground state, it is not so surprising
for the [Mny5]~ anion in complex2a:2H,0 to have & = 2%,
ground state. Since a one-electron reduction changes otle Mn
ion with S= 2 to a Mr' ion with S= 5/,, this leads to a simple
vector-sum calculation that gives (7 2 + 5/,) — 4 x 3/, =
21,, if the Mn ion maintains similar magnetic interaction with
the neighboring Mn ions. The establishment of ®ie= %Y,
ground state for compleRa-2H,0 is discussed later in the
HFEPR section (vide infra). A fit of the reduced magnetization
data for complex2d also indicates &= %Y/, ground state, where
the best fit parameters were found to pe= 1.89 andD =
—0.36 cnT. Thus, the fitting of the variable-field magnetization
data clearly indicates that both comple2es2H,0O and2d have
S = 21/, ground states.

High-Frequency EPR of Complex 2a2H,0. With HFEPR
data the total spirg of the ground state and the values of the
parameterdD and g can be determined more precisely and
uniquely than with bulk magnetization data. This technique is
ideally suited for complexes that have appreciable zero-field
splitting and/or a large spin ground st8te3! The advantage

(27) Barra, A. L.; Caneschi, A.; Gatteschi, D.; SessoliJRAM. Chem.
Soc.1995 117, 8855-8856.

=
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of HFEPR over magnetization vs field data is that the ground
state can be probed directly. Peaks observed in high-field
HFEPR spectra are due to transitions between sublevels of the
ground state. Magnetization vs field data reflect averages and
are not nearly as discriminating in defining spin Hamiltonian
parameters. In HFEPR spectra Boltzmann populations are
reflected in the relative intensities of peaks. At low temperatures
only a few sublevels of the ground state are populated, and
therefore only a few peaks are seen in the HFEPR spectrum.
As temperature is increased and more states become populated,
more peaks are observed in the spectrum.

It is well-known that due to the large magnetoanisotropy,
microcrystals of a SMM readily orient in the field and the
resulting HFEPR spectra can thus be viewed as pseudo-single-
crystal spectra. In other words, if tkeaxis of all the molecules
in the crystal unit cell are parallel to one another, then all the
molecules are aligned parallel to the direction of the external
field H. This is the case for comple2a-2H,0. The ground state
of a SMM is split by axial zero-field splitting, and the spin
Hamiltonian can be expressed in its simplest form as given in
eq 3,

H = qugH-S+ D[S? — Y/,(S+ 1)] A3)
whereug is the Bohr magneton anglis Lande’s factor. The

first term is the Zeeman term, and the second is the axial zero-
field interaction term. Although the crystal lattice has an
orthorhombic symmetry, thE term expressing the transverse
anisotropy can be neglected because a difference between the
a- andb- lattice constants is less than 1% and the {}hanion

in 2a:2H,O can be regarded as retaining a pseudoaxial sym-
metry. The parametdd gauges the axial zero-field splitting of

the ground state. The energy of eddhsublevel of the ground
state is given aE = MgusH + D[MZ — 35S + 1)].
Therefore, the resonance field at which a transition occurs
between théls andM;s + 1 zero-field components of the ground
state is given as

H,(M) = g—j[Ho — (@M, + 1)D] @)

where Hp is a resonance field of a free electron at given
frequency and’ = D/(geus) for parallel transitions.

We have performed HFEPR measurements for a microcrys-
talline sample oRa-2H,0 at the frequencies of 217.23, 326.26,
and 434.24 GHz in the 4530 K range. Figure 10 shows the
326.26 GHz HFEPR spectra measured at 4.5 and 15 K. At 4.5
K only the lowest energis zero-field component of the ground
state is thermally populated. At 15 K seveld} levels are
populated and many other transitions are seen. Since the new
transitions occur at higher fields than the most intense peak seen
at 4.325 T in the 4.5 K spectrum, it can be concluded that the
zero-field splitting parametdd is negative. The lower intensity
peaks appearing at fields less than 4.325 T must be part of other
signals, probably due to molecules having slightly different
values as a result of defects in the molecules or the presence of
two (or more) isomeric forms of compl&a-2H,0. These weak

(28) Barra, A. L.; Brunel, L.-C.; Gatteschi, D.; Pardi, L. A.; Sessoli, R.
Acc. Chem. Red.998 31, 460.

(29) Brunel, L.-C.; Barra, A. L.; Martinez, QPhysica B1995 204, 298.

(30) Thomas, L.; Lionti, F.; Ballou, R.; Gatteschi, D.; Sessoli, R.; Barbara,
B. Nature 1996 383 145-147.

(31) Perenboom, J. A. A. J.; Brooks, J. S.; Hill, S.; Hathaway, T.; Dalal,
N. S.Phys. Re. B 1998 58, 330-338.
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Figure 12. Plot of the resonance field vs thé number for the HFEPR
transitions between ths and (Ms + 1) zero-field components of the
ground state of compleRa-2H,0. HFEPR data were measured at
217.23 (lowest line), 326.26, and 434.24 (highest line) GHz. The solid
lines represent a fit of the data to the spin Hamiltonian given in eq 6.

Figure 10. HFEPR spectra recorded at 326.26 GHz for a microcrys- . o
talline sample of complefa-2H,0 that had been oriented in a strong  for each of theMs — (Ms + 1) transitions. The data are divided

field. The top plot is of the 15 K spectrum, whereas the 4.5 K spectrum into three groups because three different microwave frequencies

is shown in the bottom plot.
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were used. A least-squares fit of the data was carried out by
using eq 4. The best fit was obtained by using the parameters
g1 = 1.906 andD = —0.352 cnm! and assuming & = 2,
ground state.

Since it has been shown that the quartic zero-field interaction
term B,°0,° plays an important role in some SMM&31-33 e
also tried to fit the data with the following spin Hamiltonian
containingB4%0,%:34

H = qugH-5+ D[S” — ,5S+ 1)] + B,"0,°  (5)
where 00 = 3554 — 308S + 1)S2 + 2552 — 69S + 1).

Since we are in the high-field limit, transitions will occur at
the following field values:

H, (M) = g—:[HO - @M+ 1)’ + 25B,° —

Field [T)

Figure 11. HFEPR spectra for a microcrystalline sample of complex
2a2H,0 recorded at 217.23 GHz (top) and 434.24 GHz (bottom) for

308S+ 1)B,”) — 35B,7(4M2 + 6M2 + 4M, + 1)] (6)

whereB? = B,%(geus). The lines in Figure 12 result from a

temperature 15 K.

Table 5. Resonance Field Transitions for
[Fe(GMes)2][Mn 15015(0>CCoFs)16(H20)4] - 2H,0 (2a-2H,0)

resonance field (T)

least-squares fitting of the resonance fields to eq 6. The best fit
occurred for the following parameter§ = 2Y,, g, = 1.908,D
= —0.351 cnml, and B, = —3.6 x 1077 cm™, which are
essentially the same as those obtained by using eq 4. A

transition negligibly small contribution 0B, is reasonable for the almost
Ms—Ms+1 217.23 GHz 326.26 GHz 434.24 GHz straight lines in Figure 12. These parameters are comparable to
=3, — =19, 0.414 4.325 8.29 those reported for other [Ms SMMs.17:34 If we assume the
jj;z: j;;z i-égz g-ggg g-ggg ground state spin o = 1%,, the best-fit parameters agg =
_15/2_, _13/2 5695 6667 10.567 2.03,D = —0.38 cnm*, andB,® = 1.7 x 10-° cm™*, which can
1y, 1y, 3.446 7.437 11.465 be excluded because thg value is greater tharge. The
—1, — —9, 4.324 8.359 characterization of the ground state of complga2H,0O
=Y — =7, 5.064 9.066 obtained by fitting the variable-field magnetization dafa={
:zz: :Zz g-ggg 21,,g=1.92,D = —0.38 cn1?) is in good agreement with the
73/§_> 71/2 7435 HFEPR results. .
iy, 8338 From theD value of —0.35 cnt! (=—0.51 K) obtained by
Y, —3, 9.069 HFEPR data for comple&a-2H,O, we can estimate the barrier

signals can be also seen in the 217.23 GHz and the 434.24 GHz

spectra measured at 15 K as shown in Figure 11.

The resonance fields we have identified that belong to the

height of the double well potenti&l in Figure 6 to be 55.5 K,

(32) Aubin, S. M. J.; Dilley, N. R.; Wemple, M. W.; Maple, M. B.;
Christou, G.; Hendrickson, D. Nl. Am. Chem. S0d998 120, 839—
840.

main fine structure pattern for all three frequencies are sum- (33) Yoo, J.; Brechin, E. K.; Yamaguchi, A.; Nakano, M.; Huffman, J. C.;

marized in Table 5. These were analyzed to determine the spin

Maniero, A. L.; Brunel, L.-C.; Awaga, K.; Ishimoto, H.; Christou,
G.; Hendrickson, D. NInorg. Chem.200Q 39, 3615-3623.

and zero-field splitting parameters of the ground state. In Figure (34) Barra, A. L.; Gatteschi, D.; Sessoli, Rhys. Re. B 1997, 56, 8192
12 the resonance field values are plotted versusMbealue

8198.
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. . L . Figure 14. Top: Magnetization hysteresis loops measured at 1.85 K
Figure 13. Top: Magnetization hysteresis loop measured at 1.85 K {1 4 single crystal oRa-2H,0. The crystal was aligned by external
for microcrystals of2c-2CH,Cl>CeH1a. Samples were oriented in  magnetic field (5 T) at 318 K, then fixed in eicosane wax and measured
eicosane wax matrixes. Bottom: The first derivative of the magnetiza- (open circles). The sample was then rotateti@dthat the major plane

tion hysteresis loop. of the crystal could be perpendicular to the applied field, then fixed
and measured (filled squares). Bottom: The first derivative of the
which is to be compared to the effective energy bartdgr of magnetization hysteresis loop obtained after sample rotation.

54 K obtained from the Arrhenius plot of the frequency

dependence of thg'y peak temperature. The slight reduction 1 T to around 16Nug and shows hysteresis with a coercive
of Uesf compared tdJ is consistent with the thermally assisted field of 0.41 T. In the lower part of Figure 13 is shown the first
tunneling mode#® In this model, the system initially in the left  derivative of the hysteresis plot. As the field is decreased from
well is thermally activated to a fast-tunneling level near the top +2 T, the first step can be seen at zero field, followed by steps
of the barrier via an Orbach phonon process, tunnels throughat —0.42 and—0.81 T.

the barrier, and then spontaneously decays to the ground state On the other hand, the magnetization behavior of complex
in the right well. On resonance, this process then produces an2a:2H,0, a salt that has the paramagnetic decamethylferro-
effective reduction in the energy barrier. From the energy cenium cation, is not straightforward. A 1.7 mg rectangular plate
difference betweelles andU, we can say that tunneling might  crystal of complex2a-2H,0O was orientedri a 5 T magnetic

occur betweerMs = £3/, or £%; levels. The estimate d field at 350 K in a capsule with eicosane and cooled to fix it in
gives another confirmation @& = 2!/,. If we assumes = 19, space. The crystal was oriented so that the longest side of the
U becomes 49 K, which is smaller thafi and inconsistent  crystal is parallel to the field. The field dependence of the dc
with our model. magnetization measured with this orientation of the single crystal

Magnetization Hysteresis Loops Recently, magnetization  at 1.85 K is shown in Figure 14 with open circles. Although
hysteresis loopsM vs H) have been reported for SMMs hysteresis can be seen with a coercive field of 0.34 T, the
including several [Mmy complexes|;15:16.25.30.32.36.3Fgg0,- magnetization is not saturated up to 2.5 T. To our knowledge
(OH)1o(tacn)]®*,38 and [MnOsCl(OCCHs)a(dbm)]® (tacn= this is quite unusual for [Mp] SMMs. The nonsaturated
triazacyclononane; dbmis the dibenzoylmethane monoanion). hysteresis loop implies that the magnetization easy axis of
Steps are seen in the hysteresis loop at constant intervals ofMn1,]~ anion was not parallel to the external field, being
field. These steps in magnetization are due to a sudden increaselifferent from those befort.16.25The sample was then rotated
in the decay rate of magnetization occurring at specific magnetic 90° so that the field applied normally to the flat plane of the
field values and have been attributed to field-tuned quantum crystal. The observed hysteresis loop at the same temperature
tunneling of the direction of magnetization. The observation of is shown in Figure 14 with filled squares. The hysteresis loop
quantum tunneling of magnetization in complexes with not only shows clear saturation at ave T to ca. 20Nug and a coercive
integer spin but also half-integer spin indicates that a transversefield of 0.34 T. In the lower part of Figure 14, which shows the
internal field plays an important role in the tunneling procgss. first derivative of the hysteresis plot obtained after rotation of

The magnetization hysteresis loops were determined for the crystal by 90, steps in the hysteresis loop can be observed
[Mny]~ complexes with either paramagnetic or diamagnetic at—0.04,—0.35, and—0.73 T. The steps correspond to increases
countercations. Figure 13 shows the magnetization hysteresisin the rate of change of the magnetization and are attributable
loop observed at 1.85 K for microcrystals (1.5 mg) of complex to resonant tunneling between the quantum spin states. With
2c2CH,Cl*CgH14, a salt with a diamagnetic cation. The the spin Hamiltonian of eq 3, the step interval valigd, in a
hysteresis loop has features similar to those reported for JPPh  hysteresis loop is given asH = —nD/(gug), wheren = 0, 1,
[Mn1201(O,CEthe(H20)4]: 2 the magnetization saturates at over 2, .... UsingD andg obtained by HFEPR measurement, we can
estimate a step intervalH to be 0.39 T, which is comparable
(35) Novak, M. A;; Sessoli, R. IQuantum Tunneling of Magnetization to the observed value of 0.35 T. Although there are small

gyD%‘fd?eﬂpe{é;g.%%rgiﬁég:’ Eds.; Kluwer Academic Publish-  gitterences in step intervalH or coercive fields between the
(36) Friedman, J. R.; Sarachik, M. P.; Tejada, J.; Maciejewski, J.; Ziolo, complexes2a2H,0 and 2¢:2CHCl>*CeHi4, the effect of
R. J. Appl. Phys1996 79, 6031. magnetic moment originating from the 'lféon (S = /,) on

(37) Aubin, S. M. J.; Spagna, S.; Eppley, H. J.; Sagel, R. E.; Folting, K; i ati ; — ;
Christou, G.: Hendrickson, D. Nol. Cryst. Lig. Cryst1997 305 the magnetization relaxation of the [iydh~ complex is rather

181-192. small as indicated by these magnetization hysteresis measure-
(38) Sangregorio, C.; Ohm, T.; Paulsen, C.; Sessoli, R.; GattescRhy3. ments.
(39) iﬁjt.)irl;eté 1,393 ,7%”‘:(?;&,\]4%4?'}3%& L Kizystek, J.: Wemple, M. . As for the sample origntation cﬁ‘a-ZHzO. in the .magnetic

W.; Brunel, L.-C.; Maple, M. B.: Christou, G. Hendrickson, D. N. field, the above observations are fully consistent with the crystal

Am. Chem. Sod 99§ 120, 4991-5004. structure analysis as shown in Figure 2. The easy axis of



6478 Inorganic Chemistry, Vol. 40, No. 25, 2001

77K
31K
21K
= [13.5K
9.0K
4.2K

33K

1.7K

Resonant Absorption [arb. unit]

..1.'..;1

PR
-5 0 5

Velocity [mm/s]

Figure 15. Temperature dependence®dfe Mossbauer spectra of an
11% 5"Fe-enriched sample @b.

magnetization of the crystal at 350 K is perpendicular to that
of the [Mm2]~ anion. Since the principal axis of tlggensor of
the [Fe(GMes),] ™ cation is perpendicular to the easy axis of
magnetization of the [Mp3] ~ anion, the crystal was aligned by
the magnetization anisotropy of the [Fei®s),] ™ cation, which
comes from the anisotropy of tlgetensor ¢, = 4.43 andgn =

Kuroda-Sowa et al.

Typical unenriched ferrocenium salts with diamagnetic coun-
teranions, e.g., BF, PR, I3, etc., exhibit line widths in the
range 0.3-0.4 mm/s for thin absorbers. However, the present
material has a line width of0.6 mm/s at ambient temperature,
which increases te-1 mm/s at 77 K. We attribute the former
(in part) to the enriched, relatively thick samples used in our
experiments. The latter temperature dependence is likely the
result of slow paramagnetic relaxation in the first few excited
(zero field split) total spin states of the [\~ clusters.

At even lower temperatures, the ground state of the manga-
nese cluster is essentially exclusively populated. One expects
the longest relaxation times for the ground Kramers doublet of
this spin manifold owing to the large angular momentum
changes involved. Coincidentally, one observes partially re-
solved magnetic hyperfine splitting of the 8kbauer spectra
with the onset of slow relaxation at the 'Fesites. However,
the limiting spectral line shape is not that expected for the
infinitely slow relaxation limit*! These observations for the low-
spin Fd' are explicable in terms of the negative zero field
splitting of the ground spin state of [M3}~ ultimately leading
to slow intracluster relaxation andan internal field The
following more general considerations are also important. Unlike
high-spin F&', spin—lattice relaxation is an important and often
dominant additional relaxation mechanism in the case of low-
spin Fé'. Thus, one needs (Ipw temperatureso vitiate the
effects of phonons and lengthen spiattice relaxation times.
One also requires (1) a degree of magnetic dilution'(F&€"
distances greater than8 A) thus lengthening spinspin
relaxation timeg? Finally, a source of small to moderate local
magnetic fields that induce small electron Zeeman splittings
further enhances the slow paramagnetic relaxation effect via
magnetic polarization with decreasing temperature. (Recall that

1.35). On the other hand, the magnetization anisotropy of the the (nominal)S = %/, ground state of the ferrocenium cation

[Mn3]~ anion comes from a zero-field splitting interacti@g2.
Although the anisotropy energy of the latter wigh= 2%/, is
larger than that of the former, the effecti&value for the
[Mn12]~ anion will decrease with increasing temperature as
exemplified by theymT—T plot in the literaturé? due to the
thermal population of the excited states with lov&values.

corresponds to aapidly relaxing Kramers doublet whose
degeneracy can only be removed by the presence of a magnetic
field.) Of course the internal fields arising from the latter slow
(electron) paramagnetic relaxation of'Fkead to the observed
nuclear Zeeman spitting of the low-temperature s¥foauer
spectra. Needless to say, the specific experimental conditions

Thus the anisotropy energy of the crystal is dominated by the under which the Mesbauer spectra were determined largely

anisotropy of [Fe(6Mes),] ™ at 350 K.

Mossbauer Spectra of 2b.The highly characteristic, rela-
tively narrow singlet nucleay resonance of the ferrocenium
cation is an ideal probe of the low-temperature relaxation
dynamics of neighboring [Mi]~ anions in a salt with the
composition [Fe(€Hs)2] T*[Mn1] ~. The sample of compleXb
was prepared enriched by 11%Fe. The resulting®’Fe

satisfy requirement I. In the context of requirement I, this
system is rather self-dilute visaas Fe'' —F€!' distances since
the shortest such distance is18 A. The pertinent cluster
parametersUet ~ 50 K andD ~ —0.5 K for the present
monoanionic manganese clusters, are similar to those found
previously¥344 for the neutral,S = 10 analogue. Thus, with
decreasingT and the onset of slow cluster magnetization

Mossbauer spectra are shown in Figure 15. First of all, the reversal, one expects the development of substaintieinal

observation of a singlet NMgsbauer spectrum at ambient

fields in the “single-molecule magnet ([M4#}~) units”. Some-

temperature and 77 K (Figure 15) gives clear, additional where above the blocking temperature for the latter magnetiza-

confirmation of the one-electron reduction of the [Mrcluster

by ferrocene. That is, ferrocene exhibits a well-resolved quad-

rupole doublet spectrum with a splitting e22.4 mm/s*® There
is no evidence of this low-spin ferrous doublet (indicating

tion reversal {5 K), the cations will in turn commence to

experience the growth of fluctuatingjpolar fields owing to

their [Mny2]~ neighbors. Finally (below~2 K for [Mn17]) the

reversal enters a non-thermally-assisted, temperature indepen-

residual unoxidized ferrocene) in the spectra. Such an impurity dent regime. The magnetization reversal now occurs via direct

would be obvious in the presehtFe-enriched samples. The

guantum tunneling through the~50 K energy barrier between

requirement for this level of enrichment was dictated largely the lowest, degenerate states of the ground Kramers doublet of

by the high molar mass (4486 g/mol) of compl2k. In the
context of the goal of obtaining acceptable signal-to-noise

(41) Wickman, H. H.; Klein, M. P.; Shirley, D. APhys. Re. 1996 152
345-357.

Mdssbauer spectra for reasonable experimental counting times(42) Wignall, J. W. G.J. Chem. Phys1966 44, 2462-2468.
study of the dilute natural abundance complex salt would be (43) Villain, J.; Hartman-Boutron, F.; Sessoli, R.; Rettori, Burophys.

problematic save for the most intense®€o y ray sources.

(40) Greenwood, N. N.; Gibb, T. C. IMossbauer Spectroscopg@hapman
and Hall Ltd.: London, 1971; p 234.

Lett. 1994 27, 159-164.

(44) Caneschi, A.; Gatteschi, D.; Sessoli, R.; Barra, A. L.; Brunel, L.-C.;
Guillot, M. J. Am. Chem. Sod.991 113 5873-5874.

(45) Fominaya, F.; Villain, J.; Gandit, P.; Chaussy, J.; CaneschPhs.
Rev. Lett. 1997 79, 1126-1129.
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the anion. In this situation, the ferrocenium cations are in the Values ofgp typically fall between~1.20 and~ 1.90 for an
magnetic field environment presented by the random array of average of~1.55. Hence, using appropriate values in the
essentially equal numbépsof neighboring spin-up and spin-  foregoing expression fdd,. andS; = /,, one calculates a range
down [Mnyg]~ clustersThe limiting magnetic field experienced  of H. varying from~—12 T to~+47 T. When considered in
by a specific ferric cation in theicinity of a given set of conjunction withHg this corresponds tbly spanning—22 to
neighboring anions can bdewed as basically static on aniron-  +37 T. It is clear from the expression féty that the latter
57 Messbauer spectroscopy time scaldis is consistent with (positive) value oH__ (correlating withg;) will lead to the large
the fact that the latter corresponds+Aa00 ns while the cluster  absolute values (3040 T) observed for the hyperfine fields of

magnetization reversal time is of the order 2 mofitfa [Mn ;)] the Messbauer spectra of many magnetically ordered or

below ~2 K and is expected to be similar for the present infinitely slowly relaxing (paramagnetic) ferrocenium com-

monoanion. pounds® In this context, applied field Mesbauer spectra of
Theoretical studig¢g€4°suggest that distribution of dipolar ferrocenium systeni® and relevant ferricyanidésshow that

fields arises from the nonreversal of magnetization of the neutral Hy is indeed positive for such complexes.

[Mny] cluster at low temperatures. These fields range to as large  The present Mssbauer spectra contrast strongly with the low-
as~600 G with the maximum in the distribution centered near temperature results for “ge This material is also a SMM that

250 G. The exact field experienced at any given ferrocenium exhibits slow magnetization reversal and ultimate quantum
site from this source is a sensitive function of geometric tunneling®with S= 10, Ue ~ 25 K, D = —0.27 K, a crossover
considerations, particularly distance since such fields are temperature,T¢, to the tunneling regime of 0.7 K, and a
proportional taR™3. In any event, magnetic fields of this general magnetization relaxation time in this regime of somé 4¢~3
magnitude are sufficient to decoupfli¢he hyperfine interactions h). However, its Masbauer spectrithat 2 K corresponds to

of the nuclear magnetic moments of the= ¥/, and| = 3/, three, relatively well resolvedharrow line width hyperfine
states of’Fe with theS = / of the cation and thus simplify  patterns, reminiscent of bulk magnetic ordering although the
the Mossbauer spectra and induce varying degrees of slow material is not in fact ordered. In this case, each of the three
paramagnetic relaxatiot.However, at 3.3 K, residual rapidly  crystallographically different sitéof the “F&” unit experiences
relaxing [Fe(GHs)2] " is still evident just above zero velocity 3 single effectie intracluster internal hyperfine fields opposed

(Figure 15) while at 1.7 K this phase has largely disappeared. o the distribution of (dipolar) fields about slowly relaxing
At lower temperatures, one may see achievement of the infinitely [Fe(G;Hs),]* cations considered herein.

slow relaxation limit line shape as one approaches paramagnetic
saturation with increasingl/T at the ferrocenium sites. In this  concluding Remarks
context, experiments in the helium-3 temperature range (1.6 to
~0.3 K) will be helpful and are planned. In passing, it then The results presented show that the effects of the paramag-
seems reasonable to attribute the broadness of the observedetic metallocene cations on the magnetic properties of the
resonances to the aforementioned distribution of dipolar fields [Mn12]~ SMM are negligibly small. This is in contrast to a result
and thus a concomitant distribution ®fFe relaxation times. reported by Awaga et &P They concluded that the organic
Judging by the spectra and comparisons to the availableradical cation enhances the magnetization relaxation of the
literature?-52 these range from-107°to ~1078 s. [Mn17] benzoate anion. However, on the basis of the results
The magnitude of the internal field at the [Fek),] " sites presented here, it is not the magnetic cations that influence the
is quite large, averaging some 35 T at 1.7 K, and is worthy of magnetic relaxation properties of the [Mh anion. This is
comment. Although detailed X-band esr measurements have nofprobably due to the influence of the alignment of the Jahn
been made for the preseftFe-enriched system, internal Teller axes of peripheral Mhions on the blocking temperature.
hyperfine fields Hy) of ~30 to as large as 44 T are explained In a recent pap€e we have shown in detail that Jahifieller

by consideration of (a) the explicit expression fég and (b) isomers exist folS= 10 Mm, complexes. In one isomer the
the range ofy-factor anisotropy typical of ferrocenium systems. Jahn-Teller elongation axes of the eight Mrions are nearly
Specifically: Hy = He + Hp + H_ whereHg is the Fermi parallel. In the other isomer one or more of these Jareller

contact contribution which for low-spin ferric ions, including elongation axes are oriented approximately perpendicular to the
covalency delocalizationreduction effects, is estimated at others in the M, molecule. This second isomer has a lower
~—10 T#053The dipolar term kfip) scales as the electric field ~molecular symmetry, and the resultant increase in transverse
gradient tensor and is thus expected to~b& for the case of interaction terms [such d&8(SZ — SA)] in the spin Hamiltonian
near zero quadrupole splitting effects generally characteristic lead to a much faster rate of tunneling of the magnetization for
of ferrocenium systems. Finally, there is the orbital contribution this second type of JahiTeller isomer. Thus, the second type
(Ho) whereH, = —2ugi—3[44(g — 2)[%:[] The esr spectra of  showsy'" v peaks in the 23 K range, whereas the first type of
ferrocenium systems usually exhibit axial symmetry with Jahn-Teller isomer exhibitg/'y peaks in the 47 K range.
ranging* between~3.80 and~4.40 for a midrange of 4.10.  This same type of Jah#Teller isomerism is likely present in
the [Mng]~ SMMs.
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