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A carboxy-substituted alkylammonium salt, namely, (4-carboxybenzyl)tributylammonium hexafluorophosphate, ZHPF;,
was prepared and used as incoming carboxylate ligand in a ligand-exchange reaction with [Mn;,0;2(0,CCHg);6-
(H20)4] (1) to afford a new Mn, single-molecule magnet (SMM), [Mn12012(Z)16(H20)4][PFe1s (2), bearing 16 cationic
units appended in the periphery. This compound behaves as a single-molecule magnet, exhibiting an out-of-phase
ac magnetic susceptibility "'w signal that shows a single maximum in the 3.1-5.4 K temperature range. The
frequency dependence of the maximum follows an Arrhenius law, with an effective energy barrier for reorientation
of the spins Ut = 53 K. The reduced magnetization versus H/T data at different temperatures were fitted by using
a Hamiltonian containing Zeeman, axial, and quartic zero-field splitting terms. The expected spin ground state S
= 10 was found, and the least-squares fit afforded the following zero-field-splitting parameters: D = —0.44 cm™;
B,% = 0.12 x 10~* cm~L. Magnetization hysteresis loops were observed for 2, with a coercive field H, = 0.34 T.
Complex 2 has been used as countercation in the preparation of a family of hybrid salts containing different
polyoxometalate anions, [Mn12012(2)16(HgO)4][W6019]3 (3), [Mnlzolz(Z)le(H20)4][PW12040]16/3 (4), [Mn12012(2)16(H20)4]-
[(H30)PW1304Ni]4 (5), and [Mn12012(Z)16(H20)4][(H30)PW1,034Co0]4 (6). 3—6 exhibit typical magnetic hysteresis loops
with higher coercive fields for the complexes containing diamagnetic polyanions: H, = 0.075 T (3), 0.046 T (4),
0.016 T (5), and 0.0075 T (6). However, the dynamics of the magnetic behavior below the blocking temperature
is similar in all compounds. Broad frequency-dependent out-of-phase ac susceptibility signals are observed,
presumably due to mixtures of different Jahn—Teller isomers. Their temperature dependence is also typical of an
activated-energy process, with effective energy barriers in the 50 K range, irrespective of the nature of the
polyoxoanion (diamagnetic, as in 3 and 4, or paramagnetic, as in 5 and 6). These findings seem to discard any
influence of the polyoxometalate in the magnetic properties of the SMM.

Introduction spin) that are exchange-coupled (Figure 1) to give a spin
ground state§ = 10). The presence of the axially distorted
Mn3* ions (Jahr-Teller effect) provides also a source for
magnetic anisotropy in the system. A large spin ground state
and a significant magnetic anisotropy are the basic ingredi-
ents of a single-molecule magnet (SMM). The anisotropy
splits in zero field the 21 energy levels corresponding to
* To whom correspondence should be addressed. E-mail: fmrm@uv.es q‘ﬁe_rentMS (—10= Ms = 10), and the energy_Of each |_eve|
(F.][\/I.R.). Phogg/fax:+34 96386485%60 | is given by the expressio = M<£D, whereD is the axial
Present address: Departament denClies Experimentals, Universitat fiald_enlit ; ; Al
Jaume I. Campus de Riu Sec, P. O. Box 224, CAstejain, zero-field sphttlng pargmete_r. Dis nega.t|ve, a potentle}l
(1) (a) Caneschi, A.; Gatteschi, D.; Sessoli, R.; Barra, A. L.; Brunel, L. energy barrier for reorientation of the spins appears (Figure
C.; Guillot, M. J. Am. Chem. S0d.99], 113 5873. (b) Sessoli, R.; i i -
Teai. HAL: Schake. A. R Wang. S.. vinsent. J. B. Folting, K. 2). Below a given temperature. (ngmgd the blocking tem
Gatteschi, D.; Christou, G.; Hendrickson, D. . Am. Chem. Soc. perature), the energy of the barrier is higher than the thermal

1993 115 1804. (c) Christou, G.; Gatteschi, D.; Hendrickson, D. N.;  energy kT) and the spin of a single molecule can be
Sessoli, RMater. Res. Bull200Q 66.

There is a growing interest in the chemistry and physics
of dodecanuclear manganese complexes;{Muf formula
[Mn1,0:5(0,CR)16(H20)4].1? These mixed-valence magnetic
clusters contain four Mn(1V) centersS(= 3/2 spin) in a
central MnO, cubane unit and eight Mn(lll) centerS € 2

(2) Gatteschi, D.; Caneschi, A.: Pardi, L.; SessoliSRiencel 994 265, permanently magnetized in the direction of the applied field.
1054. Switching off the field leads to a very slow relaxation of
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by magnetic circular dichroism spectroscopy, providing a
rapid method of reading the spin polarization of molecular
magnets.

Mn;, are neutral but can easily undergo one-electron
reduction to the corresponding [Miir anion®7 It is then
possible to combine this anion with functional cationic
moieties, like the nitronyl nitroxide radicalm-MepyNNT"
or metallocenium cationsand study the influence of the
presence of these units in the magnetic behavior of the
system. Another strategy for the synthesis of ionic;Mn
compounds is based on carboxylate anion-exchange reactions
between the acetate precursor, [y (O,CCHg)16(H20)4]

(1), and an incoming carboxylate that bears a cation in an
appended unit. In this context, we have recently shown that
it is possible to synthesize and characterize;Mrearing
guaternary ammonium substituents in the peripA&Runc-

\ tionalization of Mn, magnetic clusters as polycations can

NW favor their self-organization in soft media (LB films) or their
<’§VA'?> deposition as self-assembled monolayers onto polar sub-
XK

o
~

strates, like metal oxides or chemically modified metal
surfaces. These complexes can be also useful precursors for
[W¢O,9 2- [PW,,0 40]3- [(H3O)PW11MO39]4' the preparation of a palette of SMM by simple metathesis
reactions. SMM containing magnetic or other functional

Figure 1. (@) General structural scheme of the core showing the . . . .
d @ M J anions can be envisaged. We are currently interested in the

equatorial ammonium-substituted carboxylate ligands. (b) Polyhedral

representation of the different polyoxometalates used in this work. preparation of ionic Mg that could be combined in hybrid
salts with magnetically active ions. Herein we report on the
< 7! ;fl’ synthesis and magnetic properties of salts containing cationic
% /5 Mny, and different polyoxoanions.

ENERGY (Kelvin) _

Experimental Section

Synthesis.All chemicals and solvents were used as received.
[Mn12012(02CCH3)15(H20)4] (l),ll [NnBU4]2[W6019],1251 [N nBLI4] 3"
[PW12040],12b [NnBU4]4[(H30)PW11039Ni], and [NnBU4]4[(H30)-
PW,1034Co] were prepared by previously described procedtires.

(4-Carboxybenzyl)tributylammonium Bromide, ZHBr. This
salt was prepared by a slight modification of the procedure
. previously reported for the triethylammonium analogti&ield:

Y 73%. Anal. Found (calcd): C, 59.99 (59.99); H, 9.33 (8.56); N,
3.47 (3.50)H NMR (D20): ¢ 8.03 (d, 2H,J = 8.3 Hz), 7.54 (d,

(5) (a) Cheesman, M. R.; Oganesyan, V. S.; Sessoli, R.; Gatteschi, D.;
Thomson, A. JChem. Commurl997, 1677. (b) Mclnnes, E. J. L;
Pidcock, E.; Oganesyan, V. S.; Cheesman, M. R.; Powell, A. K.;
Thomson, A. JJ. Am. Chem. SoQ002 124, 9219.

(6) (a) Schake, A. R.; Tsai, H.-L.; de Vries, N.; Webb, R. J.; Folting, K.;

o o . . . Hendrickson, D. N.; Christou, G. Chem. Soc., Chem. Commui892

the magnetization, giving rise to pronounced hysteresis. This 181. (b) Eppley, H. J.; Tsai, H.-L.; de Vries, N.; Folting, K.; Christou,

; ; _af- i G.; Hendrickson, D. NJ. Am. Chem. Sod995 117, 301. (c) Aubin,

obse_rvatlon correlates with the.on.set pf an out-of phase.5|gnal SM. 1 Sun, 2 Pardi. L. Krzystek J.: Foliing. K. Brunel, L.C..

that is frequency-dependent, indicating an energy-activated Rheingold, A. L.; Christou, G.; Hendrickson, D. Norg. Chem1999

rocess. The spin reorientation can also take place b 38, 5329. . . .
P P P Y (7) Soler, M.; Chandra, S. K.; Ruiz, D.; Davidson, E. R.; Hendrickson,

quantum tunneling through the barrier, a phenomenon that D. N.: Christou, G.Chem. Commur200Q 2417.

has raised a lot of excitement in the physics community as (8) Takeda, K.; Awaga, KPhys. Re. B 1997 56, 14560. _
| f . B h (9) Kuroda-Sowa, T.; Lam, M.; Rhellngold, A. L.; Frommen, C.;_Relff,
an example of macroscopic quantum tunne mgso- the W. M.; Nakano, M.; Yoo, J.; Maniero, A. L.; Brunel, L. C.; Christou,
magnetic hysteresis of these SMM can be optically monitored G.; Hendrickson, D. NInorg. Chem.2001, 40, 6469.
(10) Coronado, E.; Feliz, M.; Forment-Aliaga, A.; @ez-Gar, C. J.;
Llusar, R.; Romero, F. Mlnorg. Chem.2001, 40, 6084.

Figure 2. Potential energy diagram for &= 10 spin state with axial
symmetry and zero-field splitting. The dotted line shows the double-well
potential for the same state in a magnetic field applied along the easy axis.

(3) Sessoli, R.; Gatteschi, D.; Caneschi, A.; Novak, M Nature 1993 (11) Lis, T.Acta Crystallogr. B198Q 36, 2042.
365 141. (12) (a) Fournier, Mlnorg. Synth.199Q 27, 80. (b) Bailar, J. Clnorg.
(4) (a) Friedman, J.; Sarachik, M.; Tejada, J.; Ziolo,FRys. Re. Lett. Synth.199Q 27, 132.
1996 76, 3830. (b) Herfadez, J.; Zhang, X.; Louis, F.; Bartoldme (13) Gala-Mascarfs, J. R.; Gimaez-Saiz, C.; Triki, S.; Gmez-Garaa,
J.; Tejada, J.; Ziolo, REurophys. Lett1996 35, 301. (c) Thomas, C. J.; Coronado, E.; Ouahab, Angew. Chem., Int. Ed. Engl995
L.; Lionti, F.; Ballou, R.; Gatteschi, D.; Sessoli, R.; BarbaraNature 34, 1460.
1996 383 145. (14) Lu, M. Y.; Bao, R.; Liu, W,; Li, Y.J. Org. Chem1995 60, 5341.
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2H, J = 8.3 Hz), 4.46 (s, 2H), 3.09 (m, 6H), 1.73 (m, 6H), 1.29
(m, 6H,J = 7.4 Hz), 0.88 (t, 9HJ = 7.4 Hz). IR (KBr, cnt?):
2965 (s), 2876 (s), 2578 (w), 1716 (s), 1471 (m), 1375 (m), 1221
(s), 1183 (s), 1112 (m), 874 (m),830 (m), 737 (m), 641 (m), 587
(w), 513 (w), 465 (w).

(4-Carboxybenzyl)tributylammonium Hexafluorophosphate,
ZHPFe. ZHBr (8.7 g, 21.8 mmol) was dissolved in the minimum
amount of hot water, and the mixture was filtered to remove an
insoluble residue. The solution was slowly added over a stirred
water solution of KPEF (8 g, 43.4 mmol). A white fine powder
precipitated. The product was extracted with LCH, the organic
phase was dried over Mg3Qand the solvent was evaporated to
obtain a white solid. Yield: 70%. Anal. Found (calcd): C, 51.47
(51.61); H, 7.39 (7.36); N, 3.12 (3.02H NMR (CDsCN): ¢ 8.10
(d, 2H,J = 8.3 Hz), 7.55 (d, 2H) = 8.3 Hz), 4.40 (s, 2H), 3.04
(m, 6H), 1.75 (m, 6H), 1.36 (m, 6H},= 7.4 Hz), 0.99 (t, 9H]) =
7.35 Hz). IR (KBr, cntl): 2967 (s), 2880 (m), 2675 (w), 2552
(w), 1699 (s), 1478 (m), 1428 (m), 1294 (m), 1189 (m), 1127 (m),
842 (s), 737 (m), 558 (s).

[Mn 1,01(Z) 16(H20)4][PF¢]16 (2). ZHPFs (1.9 g, 4 mmol) was
added to a suspension ©f(0.25 g, 0.125 mmol) in 25 mL CH
Cl,. The mixture was stirred overnight, and then it was filtered

compiled the different attempts to grow single crystals (see
Supporting Information).

Physical MeasurementsSolid-state magic-angle-spinning (MAS)
31P NMR spectra were recorded on a Bruker AV 400 spectrometer
(161.9 MHz) using a Doty XC4 double-resonance probe. The
spinning frequency was varied in the range-14.5 KHz. A
decoupling frequency of 376.3 MHz was used for #B{1°F}
experiments. All spectra were recorded as ground powders at 25
°C. Chemical shifts are reported relative to i resonance in
aqueous KPO, as an external standard.

ESI mass spectra were recorded on either a Micromass Quattro
LC instrument or a Waters ZQ mass spectrometer using nitrogen
as drying and nebulizing gas. The latter equipment was calibrated
with appropriate standard samples.

All the magnetic measurements were done on powder samples
with a magnetometer (Quantum Design MPMS-XL-5) equipped
with a squid sensor. Variable-temperature susceptibility measure-
ments were carried out in the temperature rang8@ K in a
magnetic field of 0.1 T. The susceptibility data were corrected from
the diamagnetic contributions of the salts as deduced by using a
Pascal constants table. The ac measurements were performed in
the temperature range-20 K at different frequencies with an

and the solvent was evaporated under reduced pressure. Aftefoscillating magnetic field of 0.395 mT. The magnetization data were
addition of toluene, the solution was evaporated to dryness to collected in theH = 0—5 T field range at different temperatures
remove the acetic acid as the toluene azeotrope. This treatment wagetween 2 and 5 K.The hysteresis studies were performed between

repeated two times. The product was then taken up irRGEH25
mL) and treated again with an excessZHiPF; acid. The entire

5and—5T, at 2 K, cooling the samples at zero field.
IR transmission measurements of pressed KBr pellets were

process was repeated. Finally the product was dissolved in 25 mLrecorded at room temperature with a Nicolet Avatar 320 FT-IR

of CH,Cl, and absolute EtOH (50 mL) was added. The mixture

spectrophotometer in the range 46QmM0 cnr.

was kept for a few days at room temperature to obtain a precipitate  cHN elemental analysis was carried out in a CE instruments

that was filtered out and washed with absolute EtOH and ether.

Yield: 79%. IR (KBr, cnm?): 2967 (s), 2879 (m), 1617 (m), 1560
(w), 1420 (s) 838 (s), 663 (w), 616 (w), 558 (s). Anal. Found
(calcd): C, 46.59 (46.01); H, 6.56 (6.47); N, 2.70 (2.68).

[Mn 15012(Z) 16(H20)4][W 6014]s (3). [N"Bus]o[WeO14] (142 mg,
75 umol) was dissolved in CECN (10 mL). A solution of2 (60
mg, 7.2umol) in CH;CN (6 mL) was added dropwise to the above

EA 1110 CHNS analyzer.

Results and Discussion

Synthesis and Characterization.A carboxy-substituted
tributylammonium compound was prepared as a bromide salt
(ZHBr) by alkylation of tributylamine with methyl (4-

solution, and a brown product precipitated. The mixture was stirred bromomethyl)benzoate and subsequent hydrolysis of the ester

for 10 min, and the solid was separated by centrifugation,
thoroughly washed with C#€N, and dried under vacuum. IR (KBr,

cm1): 2964 (m), 2875 (w), 1715 (w), 1556 (m), 1416 (s), 1186
(w), 977 (s), 873 (w), 814 (s), 664 (w), 586 (m), 446 (s). Anal.
Found (calcd): C, 22.90 (22.23); H, 3.30 (3.12); N, 1.39 (1.30).

[Mn 12012(2) 16(H 20)4][PW 12040] 16/3 (4) A similar method used
for the synthesis of3 was employed, starting from [Bug]s-
[PW1204q] (207 mg, 57umol). IR (KBr, cnm1): 2961 (m), 2873
(w), 1597 (m), 1475 (w), 1419 (m), 1079 (s), 977 (s), 896 (s), 815
(s), 520 (m). Anal. Found (calcd): C, 18.54 (17.98); H, 3.03 (2.53);
N, 1.32 (1.05).

[Mn 12012(2)16(H20)4][(H 30)PW11039Ni]4 (5) The method used
for the synthesis of3 was employed, starting from [Bug]s-
[(H30)PW;;039Ni] (170 mg, 45umol). IR (KBr, cnmt): 2961 (m),
2873 (w), 1596 (m), 1477 (w), 1419 (m), 1063 (s), 957 (s), 888
(s), 815 (s), 513 (w). Anal. Found (calcd): C, 23.06 (22.54); H,
3.83 (3.24); N, 1.71 (1.31).

[Mn 12012(2) 16(H 20)4][(H 30)PW11039C0]4 (6) A similar method
used for the synthesis 8fwas employed, starting from [Buy] 4-
[(H30)PW;1034C0] (170 mg, 45tmol). IR (KBr, cnml): 2961 (m),
2873 (w), 1596 (m), 1556 (w), 1477 (w), 1392 (m), 1061 (s), 958
(s), 885 (s), 809 (s), 515 (w). Anal. Found (calcd): C, 22.99 (22.53);
H, 3.59 (3.24); N, 1.58 (1.31).

Compounds2—6 have been obtained and characterized as

intermediate (Scheme 1#)ZHBr is not soluble in common
organic solvents but can be converted to the hexafluoro-
phosphate salZHPFs) by simple metathesis. The latter was
used as incoming acid in the ligand-exchange reaction with
the acetate precursdrto afford the hexafluorophosphate
salt of the polycationic dodecanuclear manganese complex
2. The final hybrid polyoxometalate-based Moompounds
(3—6) precipitated by treatment @with the corresponding
tetrabutylammonium polyoxometalate in acetonitrile (Scheme
1b).

Compound®2—6 were characterized in the solid state by
3P MAS NMR spectroscopy. ThH8P MAS NMR spectrum
of 2 exhibits (Figure 3a) a resonance multiplet centered at
—144 ppm. The multiplet is characteristic of hexafluoro-
phosphate anions and consists of seven equally spaced
resonance lines due to spiepin coupling with the*F (S
= 1/2) nuclei. Other multiplets are observed at equally spaced
intervals of 11500 Hz, the spinning frequency of the
experiment. These are assigned to spinning sidebands. Under
19F decoupling, the multiplets disappear and a sharp signal
remains at—144 ppm. Compound4 exhibits a main
resonance line at15 ppm, with spinning sidebands shifted

powders. Following the suggestions of the reviewers, we have 9000 Hz at higher and lower field values (Figure 3b). These

Inorganic Chemistry, Vol. 42, No. 24, 2003 8021
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N

\/\/
nBU N/ DMF PF PFS-
2) HBr (aq) H O
COH CO,H
ZHBr ZHPF
b) [Mn,0,,(0,CCHy);(H,0),1 (1)
ZHPF, l
[Mn12012(2)16(H20)4][PF6]16 (2) (nBu N)4[(H O)PW11O39M]

("BU,N),[W O]
‘AAN)APWQO«J] l

IMn;5,0,5(2) 16(H20)JIWO1elg
3 4

lines do not change undétF decoupling, and they can be
attributed to the Keggin [PWO,0®>~ anion. Interestingly,
the spectra of and4 do not show a significant broadening
due to the strong paramagnetism of the;polycation. On
the contrary, the nickel(ll)-containing compou&exhibits
a broad band centered at833 ppm. In this case, the

Mn;,015(2)15(H20) JIPW 1.0 45l1¢/5

x
[Mn;,0,,(2)1(H,0),][(H;0)PW ,,044M],

5M=Ni
6 M =Co

fragile molecules® Along with the very important applica-
tions in proteomics? the technique has also entered the field
of inorganic chemistry and offers a good characterization of
metallic clusters and polynuclear metal compleXgsin .0,
(O,CRX6(H20)4] compounds are neutral, but they can easily
undergo reduction processes to form multiply charged anionic

paramagnetic center is located at a distance shorter enouglspecies. Electron transfer processes are likely to occur in

to induce an increase of tléP nuclear spin relaxation. As
expected6 (with a cobalt(ll) center inducing even a higher
rate of relaxation) an8 (without any source of phosphorus)
are silent samples.

The soluble precursor& and 2 were characterized in

solution by electrospray ionization mass spectrometry (ESI- [Mn1,0;2(O,CCHg)16] .

the ESI source, in such a way that neutralMspecies can

be reduced in situ and detected as anions in the negative
mode. Figure 4 shows the ESI-MS (negative mode) analysis
of a solution ofl in CH;CN. The most intense peak appears
at 1795 Da and corresponds to the reduced species
Fragmentation of this entity by

MS). ESI-MS is a soft-ionization technique that is well suited successive loss of acetate ligands is accompanied by one-
for the analysis of ionic compounds and provides an accurateelectron reduction to give peaks at 1736 and 1677 Da. A
determination of the molecular mass of relatively large and signature for a doubly reduced species of the type; -

a)

JW, w

4100 150 200 250 300 350  -400
(ppm)

150 100 50 [ -50

b)

L J\ J{ k A

150 100 50 o -50 -100 150
(ppm)

31P MAS NMR spectra of (a) and4 (b).

Figure 3.
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(O.,CCHa)1¢]? is present at 897 Da. The charge of each
species present in the spectrum has been unambiguously
characterized by single ion recording (SIR) at the highest
resolution of the spectrometer. Figure 5 shows the experi-
mental and calculated isotopic distributions of the one- and

1795.54
100
O/O_
83869
89768
. 1736.42)
_' 868.07 1677.45{
" okl
: e e
800 1000 1200 1400 1600 1800 "™Z

Figure 4. ES-MS (negative mode) spectrum bfin acetonitrile. Cone
voltage: —25 V.



Cationic Mny, Single-Molecule Magnets

100 _ 1795.48

%

miz
1794 1795 1796 1797 1798 1799 1800

1796.56

1797.50
1798.51

LI s e s s S e s s e e e B i T 10774
1794 1795 1796 1797 1798 1799 1800

100

897.75

897.70

898.20

898.71
% -
T T T T T T ,M/z
897 897.5 898 8985 899 899.5 900

898.26

e e LI L s S e B
897 897.5 898 898.5 899 899.5 900

Figure 5. Single-ion recording (SIR) of the one-electron- (a) and two-electron-reduced (R)IM(O.CCH;s)1¢|"~ species. Solvent: C}EN. Cone voltage:

—25V (a);—15 V (b).

1818.61
100 -
OA) -
4 1736.65
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e e b m/z
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Figure 6. ES-MS (positive mode) spectrum dfin acetonitrile. Cone
voltage: 50 V.

two-electron-reduced products. As expected for the specie
that bears a2 negative charge, the isotopic pattern reveals

peaks that are separated by 0.5 Da, whereas the separation
between peaks in the isotopic pattern of the most intense

peak is 1 Da.

Characterization of is also possible in the positive mode
(Figure 6). Interestingly, the main peaks correspond to
species in which the neutral core, [M®1(0.CCH;)1¢], has

remained intact. These are charged and detected in th

positive mode by combination with potassium and/or sodium

ions, presumably present as traces in the solutions undergoing

S

readily by successive loss of hexafluorophosphate anions and
subsequent one-electron reduction. This results in a series
of signals corresponding to cations of the type [[M\AZ)14]-
(PRs)16-¢] @V (with chargegy — 1 = 3—6). The separation

A between two peak$,-1 andPg, of chargesy — 1 andq,
respectively, matches exactly the one obtained with the
formula A = (P + Mpg,_ )/((Q — 1), Mpr,_ being the
molecular mass of the hexafluorophosphate anion. This
provides an unambiguous determination of the mass and
charge that corresponds to each signal, even if the resolution
of the different isotopic patterns was not possible with our
quadrupole spectrometer. Each [[MB1AZ)16](PFs)16- ¢ 1*
species can be fragmented by loss of carboxyl&B; anions

and one-electron reduction to give a series of peaks with
the same charge [[MBO:1AZ)n](PFe)n-]@ V" that are sepa-
rated by an amound = MZpg /(Q — 1). The resulting
spectrum is shown in Figure 7. The peak at higmérratio
(2567 Da) corresponds to [[MsD12(Z)16](PFs)123". Suc-
cessive loss oZPF; anions gives peaks at 2412 and 2257
Da. The mass range between 1600 and 1900 Da (Figure 7b)
Is dominated by the presence of tetrapositive ions derived
from a [[Mn;2012(Z)16](PFs)10]*" fragment, while the 1106

1500 Da region of the spectrum corresponds to penta- and
hexapositive ions. Significant values corresponding to the
different pseudomolecular peaks are given in Table 1.
Interestingly, in some cases, formation of adducts with the

G\Tree acid can also be detected.

ESI-MS is also a valuable method for monitoring the

electrospray ionization. Again, the nature of the signals has c0Urse of the ligand-exchange reaction. Treatmedatwith

been confirmed by comparing the measured isotopic patter
to that obtained by modeling. Loss of acetate ligands

accounts for the presence of other minor peaks. These
fragmentations are favored at high cone voltages. Assign-
ments of the different peaks observed in the spectra are
gathered in Tables S1 and S2 (see Supporting Information).

The polycationic M, molecule2 has also been character-
ized by ESI-MS in the positive mode. The compound ionizes

(15) (a) Hofstadler, S. A.; Bakhtiar, R.; Smith, R.D.Chem. Educl996
73, A82. (b) Fenn, J. B. Mann, M.; Meng, C. K.; Wong, S. F.;
Whitehouse, C. MSciencel 989 246, 64. (c) Jardine, INature199Q
345, 747.

(16) Yates, J. R., lllJ. Mass. Spectronl998 33, 19.

nan excess oZHPF; yields a distribution of products of the

type [Mni20;1(O2CCHs)16-n(Z)n](PFs)n (n = 13—15) (Table
S3; see Supporting Information). The mixture can be
precipitated and retreated witHPF; to afford a completely
substituted compound containing a small amount ofrthe
=15 derivative (peaks marked with an asterisk in Figure 7).

Direct Current Magnetization Studies. Variable-tem-
perature dc magnetic susceptibility data (Figure 8) were
measured on complex@s-6 in the 2-300 K range with a
1 kG applied field. For compounda—4, the temperature

(17) Johnson, B. F. G.; McIndoe, J. Soord. Chem. Re 2000 200—
202 901.
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100 2257.31 Table 1. Pseudomolecular Peaks in the ESI-MS Spectrum of
a) [Mnlgolz(Z)le](PFe)ls in CH3CNa
charge calcd found
_ €4 fragment (m/2) (m/'2)
+6 Mn12012(Z)16(PFs)s (+2€7) 1186.50 1186.79
+6 Mn2012(Z)15(CHsCO) (PRo)s (+1€7)  1143.12  1143.71
- +6 Mn12012(Z)15(PFs)s (+2€7) 1133.28 1133.95
o +6 Mn12012(Z)15(PFs)7 (+3€7) 1109.12  1109.77
° +6 Mn12012(Z)14(CHsCO,)(PRs)7 (+2¢7)  1065.75  1066.12
| +6 MnesOroZ )P Feyr (+3€) 1055.91  1056.49
+6 Mn12012(Z)14(PFs)s (+4€7) 1031.75 1032.11
+5 Mn201(Z)15(CH:CO)(PRs)o (+1e7)  1400.73  1401.19
2412.49 +5 Mnlzolz(Z)ls(PFa)g (+287) 1388.93 1389.40
y ' +5 Mn12012(Z)15(PFs)s (+3€7) 1359.94  1360.53
2209.16 |  2364.44| 243009 256741 +5 Mn12012(Z)14(CH3CO,) (PFe)s (+2€7) 1307.89 1308.28
| l n 7 7 +5 Mn12012(Z)14(PFs)s (+3€7) 1296.08 1296.81
skl oo W el 1 S W N R +5 Mn1201%(Z)14(PFe)7 (+4€7) 1267.09  1267.81
2000 2100 2200 2300 2400 2500 2600 2700 2800 2900 T4 MnO1AZ)16(PFe)10 (+2€7) 1852.21  1852.65
+4  Mn012Z)15(CHsCO,)(PFs)10 (+1€7)  1787.15  1787.04
+4 Mny2012(Z)15(PFs)10 (+2€7) 1772.40 1773.28
1007 4 1296.81 +4  MnO1AZ)1s(PF)o (+3€) 1736.16 1737.02
1656.88 +4  MnpOiAZ)14(CHCO)(PR)o (+267)  1671.10 1671.66
7 +4  Mn01AZ)14(PFs)e (+3€7) 1656.35 1656.88
| +4 MesO1oZ )1 PFo)s (+46-) 1620.11  1620.68
+3 Mn12012(Z)16(PFs)12 (+1€7) 2566.26  2567.41
- +3 Mnlzolz(z)le(PFa)ll (+2€7) 2517.94 2518.65
+3 Mn12012(Z)15(CHsCO,)(PFe)11 (+1€7)  2431.19  2432.29
7 +3 Mn12012(Z )15(PFs)11 (+2€7) 241152 2412.49
% | +3 Mn12012(Z)15(PFs)10 (+3€7) 2363.20 2364.44
+3 Mn12012(Z)14(CHsCOL)(PRs)10 (+267)  2276.46  2277.49
- +3 Mn12012(Z ) 14(PFs)10 (+3€7) 2256.78  2257.31
1056.49 +3 Mn12012(Z)14(PFs)o (+4€7) 2208.46  2209.16
| 1389.40 aCone voltage: 20 V, positive mode.
1267.81 1620.68
| /8 1773.28 60 _ _
1133.95 5 1
111 | % ]
* m/z L X ——2 ]
1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 50 ~ —e—3 —
Figure 7. ES-MS (positive mode) spectrum of [Mi®12(Z)16](PFs)16 in ' —4 i
CH3CN. Cone voltage: 20 V. High-mass (a) and low-mass (b) regions are = —5 ]
plotted separately for the sake of clarity. g 40 —x—6 —
N4 L ]
dependence of theT product is similar to that previously g C ]
. . . . (Y —
observed in other Ma derivatives withS= 10 ground state, = 30
showing a nearly constant value of-422 emu K moi* at £
300 K with a slight decrease on cooling in the 3a(G0 K 20
temperature range. On further cooling, increases rapidly i .
to reach a maximum of 4550 emu K mot?, indicating the I ol

presence of a large-spin ground state. The temperature of 50 100 150 200

the maximum (10 K) is the same for the three compounds. TK)

The steep decrease observed at lower temperatures igigure8. Temperature dependence of ffieproduct for compound2—6.
basically due to zero-field-splitting (ZFS) effects. The thermal

variation of they T product of5 shows similar temperature  of 1 emu K mot¥anion, indicating that the Co cations
dependence with values that are higher than in the precedingare in their Kramers doublet ground state at low temperatures.
series due to the contribution of the four paramagnetic Ni- For an understanding of the magnetism of the;Mn
(I) centers §=1). It decreases smoothly from 25.8 emu K polycation in the different salts, it is necessary to determine
mol~t at 300 K to 24.3 emu K mol at 172 K, then increases  the main features of the spin Hamiltonian that governs the
to reach a maximum at 14 K, whey&@ = 55 emu K mot?, system, like the value of the spin in the ground state and the
and falls down at lower temperatures. The cobalt-containing magnitude of the different magnetic parameters. With this
heteropolyanion®) exhibits also similar magnetic properties. purpose in mind, magnetization data were collecte@fo4

The ¥T product equals 33 emu K mdl at 300 K. With in theH = 0.5-5 T field range at different temperatures
subtraction of the signal observed for the Keggin derivative betweenT = 2 and 5 K. Compound$ and 6 were not

4, a contribution of 3.1 emu K mol/anion is found, which included in this study, as they bear an additional magnetic
is a reasonable value for an isolated Co(ll) center. After a contribution of the counteranions that cannot be easily
small decrease on cooling to a value of 31.4 emu KThol subtracted with enough accuracy to yield quantitative results.
at 172 K, T increases until a maximum value of 54 emu K Figure 9 shows the dependence of the reduced magnetization
mol~!is observed at 9 K. This corresponds to a contribution (M/Nug) of 2—4 on the ratioH/T, whereN is the Avogadro

o
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a) 16 : . : . . Table 2. Magnetic Parameters f@—6
°T D B He Uer E
al T car compd g (mY) (mh) M K K w0
o 2 192 -044 012<10% 0340 53 63 7.410°
R S -1 3 196 -0.40 0.24x10% 0075 51 58 5% 10°
12t - | ;1 2.06 —0.40 0.24x 1074 8.8112 g; 58 Se.g; igz
Es WT 6 0.0075 53 1% 10°°
= 10t ST 1 M - , -
N, derivatives. The postulated spin Hamiltonian can be
expressed in its simplest form by
8 /05T - 1
H = —qugHS + D|S? — S+ 1) 1)
6 . . . . X
0 0.5 1 1.5 2 2.5 whereg is the effective Landéactor andD is the axial zero-
H/T (T/K) field-splitting parameter. This Hamiltonian generally accounts
b) 18 . - . T T for the thermodynamic properties of Myderivatives. It has
5T been shown, however, that the HF-EPR spectra of these
16 . . complexes are best described considering the existence of
o000 4T higher order terms in the spin Hamiltoni&tike the quartic
14 [ § 1 zero-field interaction termB,°0,21° The complete spin
— Hamiltonian is then given by the following expression:
212 ,;'jng T2T ]
= . " 2 a2 1 A
ol f'ﬂ T | H = —qugHS+D|S” — 35S+ 1) + B0 (2
Here O, = 3554 — 309(S + 1)S2 + 2552 — 69S + 1).
8T / 0.5T ] For an arbitrary set of ground-state sgnand magnetic
parameters, the energy matrixes corresponding to eqgs 1 and
6 0 0'5 1 1'5 2 2'5 2 can be diagonalized and the eigenvalBesan be used in
' ) ’ eq 3 for the calculation of the magnetization of the different
B/T(TK) compounds.
c) 18 T T . :
) ) 5T. P [—OE, p
16 . uT | M N.: ( SH )exp( E,/k‘D/I: expE/KT)  (3)
e ———a 3T
14T ] The solid lines in Figure 9 represent least-squares fits of
;'3 goere=——= 2T the seven isofield magnetization data sets recorde@-dr
= 12 e 15T 1 The best-fit parameters of the different complexes are
f‘}/‘ 1T gathered in Table 2.
10 ¢ ' Magnetization hysteresis loops have been measured at 2
05T K for randomly oriented powder samples of the different
8r ’ salts2—6. A common feature in the magnetization curves is
the fact that saturation is not reachedai 5 Tfield. This is
6 : ‘ ' : : in contrast with the situation found in most of the experi-
0 0.5 1 1.5 2 2.5

ments that have been performed on single crystals or oriented
H/T (T/K) microcrystalline samples and reflects the fact that the particles
Figure 9r-1 F_"Cc’jt,s Otfe:jegUcﬁgd"]}iae%‘:tifsg?go\]{gzﬁﬁ égfazr SZ: :Sgbs): 32:188 s e not perfectly oriented with respect to the applied field.
?o(‘t:%:tdtaglgcg:(?rding ?g egs 2 ana 3. See Table 2 for the fit pcllrameters.-rable 2 lists the values of coercive fietitl for the different
compounds. It is worth mentioning (Figure 10) that, in the
Keggin series, the diamagnetic compouhdhas a higher

number andug is the Bohr magneton. Assuming that the o SN -
¢ coercive field than the paramagnetic Ni- and Co-containing

ground state is the only populated state in the range o
temp_erat_ures studied, the mf_ignetl_zatl_on curve should follow 18) (a) Barra, A-L. Gatteschi, D.; Sessoli, Rhys. Re. B 1997, 56,
a Brillouin law and the various isofield lines should be 8192. (b) Barra, A.-L.; Brunel, L.-C.; Gatteschi, D.; Pardi, L.; Sessoli,
superimposed with a saturation value equaby® This is R. Acc. Chem. Res.99§ 31, 460. (c) Artus, P.; Boskovic, C.; Yoo,

P P . quag J.; Streib, W. E.; Brunel, L.-C.; Hendrickson, D. N.; Christou/ii&rg.
clearly not the case in these compounds. The absence of &  chem 2001 40, 4199.
univocal correspondence between the reduced magnetizatiorﬁm) We have also performed a series of fittings with consideration of

T - P rhombic ZFS and quartic zero-field interactions term. However, the

and theH/T ratio indicates that the ground state Is SPI't by quality of the fit is not sensitive to the values of the corresponding

an axial ZFS, as has been pointed out in the study of other  andB,* parameters.
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Figure 10. Magnetization hysteresis loops 2K of the M2 Keggin salt4 (solid line) compared to the nickel(ll)- (a) and the cobalt(ll)-containing (b)
polyoxometalate salts (dotted lines). The insets show the low-field regions of each plot.

(5 and6) analogues. It is tempting to attribute this difference oscillating field of 3.95 G at different frequencies. The
of behavior to an enhancement of the relaxation of the external dc magnetic field was set to zero. Frequency-
magnetization mediated by the presence of the paramagnetidependent out-of-phase signals were observed for all the
anions, as has been claimed in a;Moontaining a cationic ~ compounds studied herein, indicating that the cationigiMn
nitroxide free radicat.However, the shape of the hysteresis fragment retain its SMM character upon formation of the
loop is always sensitive to the morphology of the sample different salts. Figure 11 shows plots)éfi T andy'' v versus
and/or the presence of solvates and care should be taken withtemperature for compleX. Note that only one well-defined
this kind of comparison when working with powdered peak is observed for each frequency in the5% K
samples. Further, in a recent report the effect of ferrocenium temperature range, indicating that the LT relaxation phase
cations on the magnetic properties of salts of reduced{Mn  is not present in this sample. For s&ts6, the presence of
derivatives has been considered to be negligibly sfnall. a shoulder in the out-of-phase signal can be due to a

Alternating Current Magnetic Susceptibility Studies. significant amount of a “JahnTeller isomer” that shows
The observation of a frequency-dependent out-of-phase signal-T relaxation. The shoulder is observed in all polyoxometa-
in the ac magnetic susceptibility measurements at zero dclate salts irrespective of the nature of the anion (diamagnetic
field is indicative of SMM behavior and gives evidence on in 3 and4; paramagnetic i and6). However, the intensity
the dynamics of the relaxation of its magnetization. Below Of this second signal is higher for sampleand6 (Figure
the blocking temperature, the magnetization is frozen in one 12). Also, the Co-containing compound shows a stronger
of the potential wells of Figure 2, so that it cannot stay in LT signal than the analogous nickel derivative. These two
phase with the oscillating applied magnetic field. A maxi- facts point to an enhancement of the relaxation mediated by
mum in the out-of-phase(y) signal will take place when  the presence of the paramagnetic counteranions. In the
the frequency of the ac field matches the rate at which a absence of a structural characterization, however, it is
molecule can interconvert between the two ground states ofdifficult to discard the influence of the existence of several
the potential energy curve. From magnetic measurements aisomers and/or the morphology of the powder samples in
different frequencies, it is possible to obtain the effective the magnetic properties. In all cases, the HT out-of-phase
energy barrier for relaxation of the magnetization and an signal can be extracted by fitting procedures assuming a
estimate of the zero-field-splitting parameter. Also, itis now Lorentzian shape. From the frequency dependence of the
established that two relaxation processes can be observed ifmaximum of this signal, it is then possible to evaluate the
the ac susceptibility study of Mp complexes: a high-  €ffective energy barriedes for magnetization reversal with
temperature (HT) process that occurs in the74K range  the following equation:
and a Iow—ter.'npe.rature (LT_) process takipg place in thé 2 T = 7, expd-U,/KT) (4)
K range. This difference in the relaxation rates has been
ascribed to the respective alignment of the Jafeller axes Heret = 1/27v is the relaxation timey is the operating
of Mn"" ions in the system (JahiTeller isomerism¥° frequency, k is the Boltzmann constant, and is the

Ac magnetic susceptibility data were collected on pow- Preexponential factor, which is estimated along viith by

dered samples &6 in the 2-10 K range under an applied ~ Plotting the natural logarithm of the relaxation time versus
the inverse of the temperature at the maximum. Table 2 lists
(20) (a) Sun, Z.; Ruiz, D.; Dilley, N. R.; Soler, M.; Ribas, J.; Folting, K.. values ofro andUex parameters fo2—6, together with the
gﬂgé;pée,(t%-f.;bchrgstﬁ, JG.;;iendgckéoni D. ﬁhimh Corrg)mur199§ " calculated values obtained from the expresdios M<D,
. ubin, S. M. J.; Sun, Z.; Eppley, H. J.; Rumberger, E. M.; : _ -
Guzei, . A.; Folting, K.; Gantzel, P. K.; Rheingold, A. L.; Christou, using Ms = +10 and theD values obtained from the

G.; Hendrickson, D. NInorg. Chem 2001, 40, 2127. magnetization curves. Clearly, &lkx values are similar and
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Figure 11. (a) Thermal variation of the product of the in-phase component of the ac molar magnetic suscepti@linjtioftemperature, at different
frequencies. (b) Temperature dependence of the corresponding out-of-phase components.
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Figure 12. Temperature dependence of the out-of-phase componedt$a)f5 (b), and6 (c) at different frequencies.

compare well with those reported for other Mderivatives. if this enhancement of the relaxation rate is due to the
Note, however, that the preexponential factogsfor the presence of the paramagnetic anions or the presence of
samples containing paramagnetic polyoxoanions are signifi- different isomers in the systems. Also, the cationic SMM
cantly lower than their diamagnetic counterparts. This can be a useful precursor for the organization of the magnetic
explains the difference in relaxation rates of compounds clusters in two dimensions by using the LangmiBlodgett
having similar activation energies. In general, the effective technique. Studies to elucidate these points are in progress.

energy barrier is smaller than that calculated for a pure , .
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