Inorg. Chem. 2002, 41, 3308—3312

Inorganic:Chemistry

* Article

Magnetic Ordering in the Rare Earth Molecule-Based Magnets,
Ln(TCNE)3 (Ln = Gd, Dy; TCNE = Tetracyanoethylene)

James W. Raebiger and Joel S. Miller*

Department of Chemistry, Usrsity of Utah, 315 S. 1400 E. RM 2124,
Salt Lake City, Utah 84112-0850

Received February 7, 2002

The reaction of Lnl;*xMeCN (Ln = Gd, Dy) and TCNE (tetracyanoethylene) in acetonitrile forms Lny[C4(CN)g]s-
xMeCN. These paramagnetic light-colored solids contain the S = 0 octacyanobutandiide dianion, [C4(CN)g]>~,
which upon desolvation of these products forms dark green Ln(TCNE),. In these compounds the central C-C o
bond in [C4(CN)g?~ is broken, re-forming S = 1/2 [TCNE]*~. as evidenced by the color change and the infrared
spectra. Ln(TCNE); exhibit coupling between Ln®* and [TCNE]*~ and magnetically order as ferrimagnets at 8.5
(Dy) and 3.5 (Gd) K.

Introduction stronger rare earthradical interactiorf. The coupling (M{z)

In the pursuit of new molecule-based magrietise rare in the Gd-radical monomers is-10.1 K for the nitronyl
earth ions provide an interesting complement to the transition Ntroxide** and —16.4 K for the semiquinon€.A series of
metal ions. While much effort has been focused on the 'are earth metal nitronyl nitroxide chains was also investi-
transition metals, rare earths, Ln, have unique properties tha9ated by Gatteschi's group and was found to magnetically
make them desirable for use in magnetic materials. Rare eartfPrder at a maximum critical temperature of 4.3 K for the
ions generally have large anisotropic magnetic moments 'ate rare earth ionsWeaker coupling of-2.0 K (Gd) and
arising from a large number of spins and strong sirbit —0.43 K (Dy) is observed in these compounds. These linear
coupling such thal, notS, is a good quantum number, high chains are the sole examples of molecule-based magnetic
coordination numbers, as well as the trivalent ions, being Materials where the only metal ions present are rare earth
stable and readily available. In the mean field model where 'ONS-

T. = 22JJ + 1)/3s (ks = Boltzmann’s constant, J is the Previously, we have investigated the magnetic properties
spin coupling between nearest neighbor spin sifess the of the coordination polymers between transition metal ions

magnetic ordering temperature, arid the number of nearest
neighbors) enhancel is expected for systems with larger  (2) (a) Hulliger, F.; Landolt, M.; Vetsch, Hl. Solid State Chen1976

[P i ; 18, 283. (b) Guillou, O.; Bergerat, P.; Kahn, O.; Bakalbassis, E.;
values ofzandJ, which is anticipated for LI with respect Boubekeur, K.; Batail, P.; Guillot, Minorg. Chem.1992 31, 110.

to the first-row transition metal dications. () Guillou, O.; Kahn, O.; Oushoorn, R. L.; Boubekeur, K.; Batail, P.
. " P . J.; Oushoorn, R. L.; Guillou, O.; Kahn, Q. Magn. Magn. Mater.
taining both rare earth and transition metal iériRecently, 1995 140144, 1711. (€) Decurtins, S.: Gross, M.; Schmalle, H. W.:

Kahn and co-workers reported on the detailed magnetic Ferlay, S.Inorg. Chem.1998 37, 2443,
(3) (a) Kahn, M. L.; Sutter, J.-P.; Golhen, S.; Guionneau, P.; Ouahab, L.;

coupling, but not ordering, for rare earth complexes with Kahn, O.; Chasseau, D. Am. Chem. So200Q 122, 3413. (b) Sutter,
spin-bearing nitronyl nitroxide-containing ligandisand J.-P.; Kahn, M. L.; Golhen, S.; Ouahab, L.; Kahn,Chem. Eur. J.
mono- and dinuclear complexes of Savith semiquinones 1998 4, 571. (c) Kahn, M. L.; Ballou, R.; Porcher, P.; Kahn, O.; Sutter,

. . J.-P.Chem. Eur. J2002 8, 525.
were prepared by Gatteschi and co-workers to examine a (4) (a) Caneschi, A.; Dei, A.; Gatteschi, D.; Sorace, L.: Vostrikova, K.

Angew. Chem., Int. EQR00Q 39, 246. (b) Dei, A.; Gatteschi, D.;

*To whom correspondence should be addressed. E-mail: jsmiller@ Massa, C. A.; Pardi, L. A.; Poussereau, S.; Sorac&Hem. Eur. J.
chem.utah.edu. 200Q 6, 4580.
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and the radical anion of tetracyanoethylene (TCNE),
M"(TCNE)yS (S = solvent). V(TCNE)y(CH.Cl,) is a

the solid was dried at 50 mTorr and 8Q for 6 h, during which
time the solid turned from yellow to olive-green. Yiet 101 mg

magnet at room temperature, and this result sparked much92%) of a green powder. IR (KBrjvcy 2220(m), 2182(s), 2156-

interest in molecule-based magn®&Subsequently magnets
of M'(TCNE), (M = Mn, Fe, Co, Ni) composition were
prepared using the divalent metal iodides, €§71.

M ,»x(MeCN)+ 2 TCNE— M(TCNE), + I, + x MeCN
(1)

(s, sh) cmt. TGA confirmed no MeCN present in the dried solid.
Anal. Calcd (found) for @N;.Dy: C 39.54 (39.38), N 30.74
(30.48).

Gd(TCNE)3. The above method using Ge4.25(MeCN) was
used. IR (KBr): vey 2219(m), 2181(s), 2154(s, sh) cha TGA
confirmed no MeCN present in the dried solid. Anal. Calcd (found)
for C1gN1,Gd: C 39.92 (39.72), N 31.04 (30.87).

These materials exhibit magnetic ordering temperatures Resyits and Discussion

between 44 and 121 K and like V(TCNB)CH,CI,) are
ferrimagnets? To investigate the interaction betwe&n=

In preparing M(TCNE) three general procedures are used,

1/2 [TCNE}~ and the rare earth ions, we have now extended i.€., reaction of (1) M" with [TCNE]"", (2) a metal

this general method to include &dand Dy**. Gadolinum-
(ln) is a spin-only rare earth ion withl = S = 7/2.

compound that reduces TCNE and produces the desired metal
ion, or (3) eq 1. The lanthanides are most commonly found

Dysprosium(lll) has the highest moment of the trivalent rare in the 3+ oxidation state; thus, the first and third methods

earth ions due to its spin and its spiarbit coupling, ie., J
= 15/28 Herein, we report the preparation and magnetic
characterization of Ln(TCNE)Ln = Dy (1), Gd @)].

Experimental Section

All operations were carried out in an inert atmosphere box.
Acetonitrile was distilled from Cagithen from BOs. Dyl3 (Strem)
and Gdj (Aldrich) were used as received. Tetracyanoethylene
(Aldrich) was twice sublimed at 83C and 50 mTorr to obtain a
white crystalline solid. Thermogravimetric analysis (TGA) was

are preferred to produce Ln(TCNEHerein, we report the
reaction of anhydrous Lal(Ln = Gd, Dy) with TCNE.
Commercially available Dyland Gd} were recrystallized
from dry acetonitrile, producing colorless, needlelike crystals
of [Ln(NCMe) ]Iz (x ~ 9). Preliminary crystallographic
analysis of these crystals demonstrated the presence of nine
acetonitrile molecules coordinated to the lanthanide ion in a
capped trigonal prismatic arrangement, as observed for
[Ln(NCMe)g][AIF ¢]3 (Ln = La, Sm)® Upon drying the
crystals under vacuum, they became opaque and lost crystal-

performed on a TA Instruments TGA 2050 thermogravimetric |injty Thermogravimetric analysis showed that the acetoni-

analyzer. Infrared spectra were collected on a BioRad FTS 40
a

FTIR spectrometer. Magnetic measurements were performed on

Quantum Design MPMS SQUID magnetometer as previously

described.

Lnl 3>x(MeCN) (Ln = Gd, Dy). Lnl3 (1.00 g) was added to 15
mL of MeCN. The solution was warmed to 8C to dissolve the
solid. The pale yellow solution was filtered while warm and cooled
to —20 °C for 3 days. The colorless needles that formed were
isolated by filtration and dried under vacuum for 2 h. The white,

trile content was 4< x < 6 depending on preparation and
indicates that facile loss of MeCN occurs.

Dy(TCNE) (1) and Gd(TCNEj (2) were made via eq 2.
To remove residual acetonitrile, the resultant yellow powders
were dried at 50C under vacuum for 12 h, which caused
the solids to turn dark olive-green. Both compounds are
amorphous powders. The products showed no MeCN by
thermogravimetric analysis. Because botfi'Land [TCNE}~

CryStalline pl’OdUCtS were then I’eCI’yStallized from MeCN USing the react W|th Water, the products are extremely mo|sture
same procedure. The products were collected as white, needle“kesensitive. When removed from the inert atmosphere box, the

crystals. TGA was used to determine the average acetonitrile conten

with values of 4< x < 6. IR for Ln = Dy (KBr): vcn 2306(s) and
2277(s) cmt. IR for Ln = Gd (KBr): ven 2302(s) and 2274(s)
cm L,

Dy(TCNE)s. A solution of TCNE (80 mg, 0.62 mmol) in 2 mL
of MeCN was added dropwise to a stirred solution of £4I5-
(MeCN) (240 mg, 0.31 mmol) in 15 mL of MeCN. The reac-
tion immediately turned orange-brown and slowly an orange-
yellow precipitate formed. The mixture was stirred for 16 h and
then filtered to isolate the solid. The yellow solid was washed
with a minimal amount of MeCN. To remove all traces of solvent,

(6) (a) Manriquez, J. M.; Yee, G. T.; McLean, R. S.; Epstein, A. J.; Miller,
J. S.Sciencel991, 252 1415. Miller, J. S.; Manriquez, J. M.; Yee,
G. T.; McLean, R. S.; Epstein, A. J. In the Proceedings of Nobel
Symposium #NS-8Conjugated Polymers and Related Materials: The
Interconnection of Chemical and Electronic Structu@xford Uni-
versity Press: Oxford, 1993; p 461. (b) Pokhodnya, K. I.; Epstein, A.
J.; Miller, J. S.Adv. Mater.200Q 12, 410.

(7) Zhang, J.; Ensling, J.; Ksenofontov, V.;'@Bch, P.; Epstein, A. J,;
Miller, J. S.Angew. Chem., Int. EA.998 37, 657.

(8) Elliot, R. J., Ed.Magnetic Properties of Rare Earth MetaBlenum
Press: London, 1972.

(9) Brandon, E. J.; Rittenberg, D. K.; Arif, A. M.; Miller, J. $norg.
Chem.1998 37, 3376.

tgreen solids instantaneously turned purple, then slowly

become brown after several hours.

3 Lnly;-x(MeCN) + 6 TCNE—
2 Ln(TCNE), + Ln(ly); + 3xMeCN (2)

The IR spectra ofl and2 showed threecy absorptions
at 2220(m), 2182(s), and 2156(s) chfor 1 and at 2219-
(m), 2181(s), and 2154(s) crhfor 2. These values are
indicative of metal-bound [TCNE] and are consistent with
those reported for other MITCNE) compounds (Table 1).
In the absence of structural information, Ln(TCNEre
proposed to have three-dimensional (3D) extended networks,
with each [TCNE]~ binding on average to three rare earth
ions, with each LA™ being nine-coordinate (as occurs for
[Ln(NCMe)g]3+ 19), e.g.,3. The [TCNE}™ binding is analo-
gous to the M(TCNE)family of compounds with M being

(10) Deacon, G. B.; Gtler, B.; Junk, P. C.; Lork, E.; Mews, R.; Petersen,
J.; Zemva, BJ. Chem. Soc., Dalton Tran$998 3887.
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Table 1. vcn IR Absorption Bands and. for M(TCNE)x (M =V, Mn, Fe, Co, Ni, Gd, Dy)

Raebiger and Miller

initially isolated. The solids were dried for 5 min under

M VCN, [TCNE]'f, cmt VCN, [C4(CN)8]27, cm? Te M(TCNE)X, K J/kB,d K
\Y 2214(m), 2191(s), 2158(s, $h) a ~400° 53tb
Mn 2224(m), 2181(s), 2171(5) 2212(s), 2205(s), 2153(s), 2096(5h) 7514 4.3
Fe 2221(m), 2177(s), 2174(s) 2213(m), 2154(s), 2108(W) 97 8.11b
Co 2230(m), 2194(s), 2167(s) 2223(m), 2179(s, sh), 2160(s), 2112¢w) a4 5.9t
Ni 2237(m), 2194(s) a vy 1110
Gd 2219(m), 2181 (s), 2154(s) 2215(m), 2204(m, sh), 2176(s, sh), 2156(s), 2106(w, sh) 3.9 0.0?
Dy 2220(m), 2182(s), 2156(5) 2219(m), 2206(m), 2181(s, sh), 2158(s), 2105(w* sh) 8.9 0.04
ayUnknown.P This work. ¢ Results to be published.Calculated from mean field model, see text.
octahedral, where the [TCNE]also binds on average three % ' ' ' : ' %
metal ions'®6
o
20 -:. Bﬁaégoo- 20
' e
S 15 l: u““ggoco 15 I
R e e
i ‘gll d,ggg°°0 ;
& o3 53
T 10 gg?g° 410 =
ot
g8
i
Rt
5 ggsg s
Samples of both compounds were also prepared with L
minimal drying in order to preserve the yellow powders /
o . . , . . o
0

vacuum to produce pale green-yellow (D4), and yellow
(Gd, 5) solids of Ln(TCNE)-x(MeCN) composition. Ther-
mogravimetric analysis o4 and5 revealedx ~ 3. The IR
spectra have MeCN nitrile peaks at 2311 and 2283'cns
well as reduced TCNEcy peaks at 2219, 2206, 2181 (sh),
2158, and 2105 (sh) cmh Thesewvcy absorptions are
inconsistent with TCNE, isolated [TCNE] metal-bonded
[TCNE], or evenz-[TCNE],>",* but are assigned to the
diamagnetic octacyanobutanediide, the dianiemended
dimer of [TCNE}~, [C4(CN)g]? .22 14-[C4(CN)g]?~ has been
structurally characterized in MUBCN)g](MeCN), (M = Fe,
Mn) and exhibits characteristiecy absorptions at 2213,
2154, and 2108 cnt (Table 1)!2 Hence,4 and 5 are
respectively formulated as Li€C4(CN)s]s(MeCN) (X ~ 6;
Ln = Dy, Gd). The hinding of [({CN)g]?~ to four metal
ions, 6, is expected as observed in the structure of M[C
(CN)g](MeCN)»*CH,Cl, (M = Fe, Mn)}? as they have
similar IR spectra.

Paramagnetic M[CN)g](MeCN)x(CH.Cl;) (M = Fe,
Mn) could be desolvated at 10C to produce the magneti-

(11) Novoa, J. J.; Lafuente, P.; Del Sesto, R. E.; Miller, Ailgew. Chem.,
Int. Ed. 2001, 40, 2540.

(12) Zhang, J.; Liable-Sands, L. M.; Rheingold, A. L.; Del Sesto, R. E;
Gordon, D. C.; Burkhart, B. M.; Miller, J. SChem. Commurl998
1385.
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Figure 1. Plot of y~(T) andyT(T) for 1 (®), 3 (M), and Dyk(MeCN) 5
(®) measured in an applied field of 500 Oe.

cally ordered compounds M(TCNE}ontainingS = 1/2
[TCNE]*.12 Desolvation of4 and 5 to achievel and 2,
respectively, produced the same effect, with the dimer
converted to [TCNE], as evidenced by the color changes
and thevcy IR spectra of the resulting dark green solids.

The dc magnetic susceptibilitieg)(of 1, 2, 4, and5 were
measured between 2 and 300 K in an applied field of 500
Oe. Compoundd and5 do not show evidence of magnetic
ordering. The dc magnetic susceptibility of these species was
also measured in a 500 Oe field. The valuegDht 300 K
are 14.0 emu K mot (4) and 8.46 emu K mot (5). These
values are close to those expected fofDgnd Gd*, as
[C4(CN)g]? is diamagnetic. Above 50 K, the data can be fit
to the Curie-Weiss expressiony O [T — 0] 7%, with 6 =
—13 and—18 K, for 4 and5, respectively. The shapes of
the ¥ T(T) plots are nearly identical to those of the recrystal-
lized Lnlg:x(MeCN) (Ln = Dy, Gd), Figure 1:2 Thus, the
magnetic properties &f and5 are due to the rare earth ions
only. This confirms the presence of diamagnetig{{N)s]>~
units in the light-colored, solvated materials.

The value ofy T at 300 K forlis 15.0 emu K moi* and
is in good agreement fal = 15/2 Dy*" ion (14.09 emu K
mol~1) and three [TCNE] (0.375 emu K molY), i.e., 15.22
emu K moft. Above 50 K, the data can be fit to the Curie
Weiss law withd = —8.5 K, indicative of weak antiferro-

(13) Magnetic data at 300 K and 500 Oe for ¢:m(MeCN). Ln= Dy: »T
=14.1 emu K mot?, § = —6.7 K. Ln= Gd: 4T = 8.8 emu K mot?,
6=-18K.

(14) (a) Wynn, C. M.; Girtu, M. A,; Zhang, J.; Miller, J. S.; Epstein, A. J.
Phys. Re. B 1998 58, 8508. (b) Wynn, C. M.; Girtu, M. A.; Zhang,
J.; Miller, J. S.; Epstein, A. Phys. Re. B 200Q 61, 492.
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Figure 4. Plot of zero-field-cooled (ZFC®) and field-cooled (FCH)
magnetization o2 measuredri a 5 Oeapplied field. The low-temperature
region is displayed with the bifurcation point at 3.5 K.

The value ofyT at 300 K for2 is 8.85 emu K mol?,
which corresponds to a Gdion (7.87 emu K moi?) and
three [TCNEj™ (0.375 emu K moi'). Above 50 K, the data
can be fit to the CurieWeiss law with6 = —11.8 K,
indicative of antiferromagnetic coupling. Upon cooling, the
value ofyT remains constant until 30 K, at which point it
gradually increases to about 13 emu K niat 2 K, which
is similar to that of Dy(TCNE)in Figure 1. The 5 Oe ZFC/
FC magnetization o shows a bifurcation point at 3.5 K,
characteristic of magnetic ordering (Figure 4). The ac
susceptibility has ill-defined shoulders in téT) and peaks
in »''(T). The onset of thg'" signals occurs at-6 K, with
the maxima at 3.5 K. There is a very small frequency
dependence of the peaks indicative of glassy behavior of the
magnetically ordered state. The magnetizatior2aft 9 T
and 2 K is 35500 emu Oe mdland is saturated above 6

T. The saturation magnetization lies between the values
expected for ferromagnetic (55 850 emu Oe mipand for
antiferromagnetic (22 340 emu Oe mylcoupling between
the Gd* ion and the three [TCNE] and is being studied
further. A hysteresis loopt2 K shows a very small coercive
field of 15 Oe.

Thus, bothl and2 posses$= 1/2 [TCNE}~ that weakly
antiferromagnetically couples and at low temperature exhibit
a gradual magnetic phase transition to a ferrimagnetic state.
The compounds are amorphous materials, and therefore the
onset of magnetic ordering is not sharply defined. Compound

magnetic coupling. Upon cooling, the value df remains
constant until 30 K, at which point it gradually increases to
a maximum of 19 emu K mot at 5 K (Figure 1). The 5 Oe
zero-field-cooled (ZFC) and field-cooled (FC) magnetization
shows a bifurcation point at 8.5 K (Figure 2), which indicates
the onset of magnetic ordering. The ac susceptibility
measuredn a 1 Oefield oscillating at 10, 100, and 1000
Hz has poorly defined shoulders in the in-phgge signal
and peaks in the out-of-phag&, signal (Figure 3). The onset
of they'"" signals occurs at roughly 12 K, with the maxima
at about 5 K. This behavior is indicative of long-range 1 exhibits a highefT. due to the anisotropic nature of the
magnetic ordering with glassiness arising from local struc- Dy3" ion compared to isotropic Gt found in 2. Although
tural disorder. The structural disorder is consistent with its the Lr®™ have large values af as well as large numbers of
amorphous nature, as noted from powder diffraction studies. nearest neighborg, the overall lowT.'s of 8.5 and 3.5 K
The 2 K magnetization of at 9 T is 31 500 emu Oe mdl for 1 and2, respectively, are attributed to weak coupling (J)
and is not saturated. This value is low, as the expected valuebetween the spin-nearing ions. The average value of J can
for antiferromagnetic coupling between Pyand the three  be estimated from the aforementioned mean field expression
[TCNE]~ anions is 39 000 emu Oe mal Since it is not relatingT. and J, Table 1. The estimated J values¥and
saturated but approaching the values expected for antifer-2, 0.04 and 0.07 K, respectively, are 2 orders of magnitude
romagnetic couplingl is a ferrimagnet. Hysteresis at 2 K lower than those for MTCNE),, (M = Mn, Fe, Co, Ni).
shows a small coercive field.,, of 20 Oe. The weak coupling is attributed to the longer +N
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separations with respect to'"MN, as well as less shielding  transitions are higher than those reported for the 1D nitronyl-

of the valence f electrons, bringing these electrons closer tonitroxide chain% presumably due to the 3D nature (greater

the nucleus, making them available for covalent bonding. 2) of the Ln(TCNE) species.

The values are also much lower than the linear chain com-

pounds mentioned abovedue to the radicals being shared Acknowledgment. We gratefully acknowledge the sup-

by an average of three rare earths rather than two. port from the U.S. Department of Energy (Grant Nos. DE
Nonetheless, the family of M(TCNE)molecule-based  FG 03-93ER45504 and DE FG 02-86BR45271).

magnetic materials has been extended to include those with

rare earth ions. The temperatures of the magnetic phasac0201093
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