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Abstract: The syntheses, crystal structures, and physical properties of the series of radical salts made with
bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF or ET) and monosubstitatétggin polyoxoanions of
formula [XZ(HZO)M11039]5‘ (XZM 11 = SiIVFé”MOu, SilVCI’lel, PVCd'Wll, p‘/Ni”W]_j_, p‘/CU”Wn
PYZn'"Wy,, PYMn""Wy;, and PMn"Moy;) containing a magnetic metal ion Z on a peripheral octahedral site of
the Keggin anion are reported. They all crystallize in two related series eall@ddas. The general structure
consists of alternating layers of the organic donor and the Keggin polyoxometalates. While the stoichiometry
anda-packing arrangement within the organic ET layers are the same in the two phases, significant differences
are observed in the anion layers. Thus, indhghase the anions polymerize to form an unprecedented linear
chain of Keggin anions along theaxis, while in the remaining compounds the anion layers are formed by
discrete Keggin units. A salient feature of these structures is that in both phases the magnetic metal ion Z
appears to be localized on two of the 12 possible octahedral sites of the monosubstituted Keggin anion, even
if the Keggin anions are not bonded, as in thephase. The organic layers are formed by two different kinds

of stacks: an eclipsed chain with almost totally ionized ET molecules and a dimerized one with partially
charged ET molecules that accounts for the semiconducting character of these salts. Magnetic measurements
of the radical salt with the diamagnetic Zn-containing Keggin anion indicate the presence of antiferromagnetic
interactions in the organic sublatticg/(A 70 cnm?), together with a Curie tail at low temperatures, which has
been attributed to a paramagnetic contribution coming from the progressive electron localization in the mixed-
valence dimerized chain when cooling. All the salts having discrete magnetic anjguisase) show magnetic
behaviors which correspond to the sum of the magnetic contributions of the two sublattices. This observation
indicates that the interactions between the two sublattices are quite negligible, a result in agreement with the
EPR measurements. However, with the two radical salts having chains of Keggin aniqtsge: PMnW

and PMnMa) small differences between the ET and the tetrabutylammonium salts have been detected at low
temperatures. In the [PMn)y] derivative these differences have been attributed to single-ion effects. In the
[PMnMoy,] derivative, these differences have been attributed to a weak antiferromagnetiglMimteraction
promoted by the presence of a delocalized electron on the mixed-valence polyanion.

Introduction to be mutually countermanding cooperative properties, such as
ferromagnetism and supercondudty, and (ii) the preparation

of molecular hybrids exhibiting a coupling between localized
d-electrons with the conductiam-electrons (dw interaction).

In the former case the two networks must be quasi-independent,
while in the second one non-negligible electronic interactions
between the two networks are required. Such interaction may
be able to couple the localized magnetic moments via an indirect
exchange mechanism of the RKKY typehich involves the

A contemporary challenge in molecular chemistry is to design,
from a wise choice of the constituent molecules, new materials
that combine properties not normally associated with a single
material’ Examples include hybrid molecular materials com-
bining a magnetic component (typically an inorganic network
containing transition metal ions) with an organic conducting
component (typically formed by a-electron donor or accep-
tor) 2 In this context the two main issues are (i) the creation of — - - . )

. . . . . (3) The indirect interaction which may occur in molecular systems differs
molecule-based materials with a coexistence of properties, N from” that occurring in the inorganic classical metals in the following

particular those possessing what might normally be consideredpoints: (1) Most often the interaction between localized and conduction
electrons is intermolecular, and thus weak, and involvesmeachange

T On leave from the Departement de Chimie, UMR 6521, Univerite interaction, while in the inorganic metals this interaction is intra-atomic,
Bretagne Occidentale, BP 809, 29285 Brest, France. and thus quite strong, and involves a direct interaction between localized

(1) Day, P.Philos. Trans. R. Soc. Londd®85 A314 145. 3d or 4f electrons and the delocalized conduction electrons (which are mainly

(2) See e.g.: Coronado, E.; GalMascafs, J. R.; Gimaez-Saiz, C.; of s character). (2) The electron correlation effects are much more important
Gomez-Gar@, C. J. InMagnetism: A Supramolecular Functiogahn, O., in the molecular metals than in the inorganic ones, and, therefore, the RKKY
Ed.; NATO ASI Series C484; Kluwer Academic Publishers: The Nether- free electron model may be a too rude approach to account for the indirect
lands, 1996; pp 281298, and references therein. exchange interactions in these hybrid molecular materials.
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conduction electrons in a similar way to that proposed for of 6 (Lindqvist [MgO1¢]2~; M = W', Mo¥'),4 8 (B-octamo-
explaining the ferromagnetism in some transition and rare earth lybdate [M@O2¢]47),1% 12 (a-Keggin [XWq204g] "~ (X =
metals and alloy$. PV, SiV),16 and 18 (Dawson-Wells [#V;062]%7).1” On the
The most successful results have been found in cation radicalother hand, the electron acceptor character of the polyanion
salts formed by organic donor molecules of the tetrathiafulvalene [PMo;,04¢]3~ has given rise to radical salts with coexistence
type (in short TTF) and its derivatives with magnetic counte- of delocalized electrons on the two molecular sublattié&tery
rions. Thus, the first evidence for coexistence of localized and recently we have started to exploit the ability of the polyoxoan-
conduction electrons in a radical salt was observed in the jon to bear a localized magnetic moment. As magnetic
(ET)sCuCl-H20 molecular metal (ET= bis(ethylenedithio)-  polyoxoanions we have used-Keggin anions having a
tetrathiafulvalene). A more striking example of such a coexist- magnetic ion (Cb, Cu' and Fé') in the central tetrahedral sife
ence is the (ET[H20)Fe(GO4)s'CeHsCN radical salt (@04 and the anions [MPWyOs3.)2]1%" which contain a tetrameric
oxalate dianion), which combines superconductivity in a magnetic cluster MDys (M2+ = Co, Mn)° with ferromagnetic
molecular organic lattice with magnetic moments localized on o antiferromagnetic pairwise interactions, respectively. The
the anion comple£.On the other hand, a coupling between the ot significant result has been the discovery of an extensive
two ne_tworks (dw interaction) ha_s been |_nvoked in a few cases family of radical salts formulated as (B[XW 1,04d*(S0lV),
to justify the presence of weak interactions between the metal . —>p+ gil gjiv. gl Cu! Fe).19 These semiconducting
center$® or to account for the observation of unusual magnetic magnetic materials are the first example of polyoxometalate-

pr%?ertletg (lalrtﬁlectn(t:al phase tt.rans(;tlokljl%. i imol containing radical salts with coexistence of localized and
d mos”a € stys emstmgn lone fa ove coln ‘?t']n ver)t/ Sl'rr]nﬁ)de delocalized electrons. No sizable interaction between the two
and small magnetic counterions, as for example the metal Naldey, 1, 4 yices has been detected in these systems down to 2 K, in

. P .
?’2 é‘;&f&;;q;gcér(é&gﬁ;‘_ € t&%\?\/ﬁ'::? ﬁitrag ngﬂ?ﬁgfs agregment with the goqd insulation of the centra! magnetic sjte
magnetic anions as the metal-oxide clusters of tungsten Orprowdeq by the Keggln structurg. A way to increase this
molybdenum provided by the polyoxometalate chemistry can mtgractlon is to bring the magnetic moments Iocallzed on the
also be used as magnetic component of hybrid organic/inorganicanlons nearer to th&ele_ct_rgns placed on the organic subl_att|ce.
materials having localized and delocalized electfdnin fact, To explorg this pOSS|b|I|ty_ we have used the family of
these soluble molecular metal oxides show the ability to monosg?ﬂ:{%@ poli/ox\? anl.l?/r.ls fOLmUIa\E?d aélw_(qu?-
accommodate one or several paramagnetic transition metal ionéw}l}owl " | (?lf - FI) , SIY; M = Mo, WY Z = Fell,

at specific sites of the polyoxoanion structéfeln additonto " » Mn", Cd', Ni, CU!, and ZH) (abbreviated as [XZM])

the magnetic character, the polyoxoanions possess other structh@t can be considered as derived from the nonsubstituted
tural and electronic characteristics as their big sizes and shape&€9gin anions [X“M:,04 ="~ (abbreviated as [XI]) by

or the ability to accept one or more electrons which are fully SIMPly replacing one of the external constituent atoms, M, and
delocalized over the polyoxoanion structure that make them ItS términal oxygen atom by a transition metal atom, Z, and a
suitable and attractive as an active counterion for new radical- Water molecule, respectively. From the similarity in charge,
cation salt$® The effect of the polyanion structure on the shape, and size it can be anticipated that the structures of the
structure and electrical properties of these radical salts has beerfadical salts obtained with the monosubstituted polyanions

studied in more than 40 radical salts of organic donors with
various diamagnetic polyoxometalates with metal nuclearities

(4) (a) Elliott, J. R.Magnetism Rado & Suhl, Eds.; Academic Press:
New York, 1965/IA, p 385. (b) Mott, N. FMetal—Insulator Transitions
Taylor & Francis: London, 1990. (c) For a detailed description of the
exchange interactions in molecular materials, including the RKKY one, see
also: Coronado, E.; Georges, R.; Tsukerblat, BMislecular Magnetism:
From Molecular Assemblies to the Biees Coronado, E., Delhaes, P.,
Gatteschi, D., Miller, J. S., Eds.; NATO ASI Series E321; Kluwer Academic
Publishers: The Netherlands, 1996; p 65.

(5) Day, P.; Kurmoo, M.; Mallah, T.; Marsden, I. R.; Friend, R. H.; Pratt,
F. L.; Hayes, W.; Chasseau, D.; Gaultier, J.; Bravic, G.; Ducassé, L.
Am. Chem. Sod 992 114 10722.

(6) Kurmoo, M.; Graham, A. W.; Day, P.; Coles, S. J.; Hursthouse, M.
B.; Caulfield, J. L.; Singleton, J.; Pratt, F. L.; Hayes, W.; Ducasse, L.
Guionneau, PJ. Am. Chem. Sod.995 117, 12209.

(7) Kumai, R.; Asamitsu, A.; Tokura, YChem. Lett1996 753.

(8) Coronado, E.; Falvello, L. R.; GalaMascafs, J. R.; Gimaez-Saiz,

C.; Ganez-Gar@a, C. J.; Lauhkin, V. N.; Rez-Bentez, A.; Rovira, C.;
Veciana, JAdv. Mater. 1997, 9, 984.

(9) Almeida, M.; Gama, V.; Henrigues, R. T.; Aloer, L. Inlnorganic
and Organometallic Polymers with Special Propertieaine, R. M., Ed.;
Kluwer Academic Publishers: The Netherlands, 1992; pp—163.

(10) Kobayashi, H.; Tomita, H.; Naito, T.; Kobayashi, A.; Sakai, F.;
Watanabe, T.; Cassoux, P. Am. Chem. S0d.996 118 368.

(11) (a) Coronado, E.; Gonez-Garca, C. J.Comments Inorg. Chem.
1995 17, 255. (b) Coronado, E.; Delhaes, P.; Gulilascafs, J. R.;
Giménez-Saiz, C.; Gmez-Garéa, C. J.Synth. Met.1997 85, 1647. (c)
Coronado, E.; Gmez-Gara, C. J.Chem. Re. 1998 98, 273.

(12) (a) Pope, M. THeteropoly and Isopoly OxometalateSpringer-
Verlag: Berlin, 1983. (b) Pope, M. T.; Mier, A. Angew. Chem., Int. Ed.
Engl. 1991 30, 34. (c) Coronado, E.; Goez-Gar@a, C. J. InPolyoxo-
metalates: From Platonic Solids to Anti-Reti@l Activity; Pope, M. T.,
Miller, A., Eds.; Kluwer Academic Publishers: The Netherlands, 1994;

p 233-243.
(13) Ouahab, LChem. Mater1997, 9, 1909.

[XZM 11] will be quite similar to those obtained with the
nonsubstituted [XMp] polyanions. The present paper reports
the syntheses, crystal structures, and physical properties of the
two related series of radical salts obtained from the magnetic

(14) (a) Bellitto, C.; Attanasio, D.; Bonamico, M.; Fares, V.; Imperatori,
P.; Patrizio, SMater. Res. Soc. Prod99Q 173 143. (b) See: Ouahab, L.
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Lagrange, C.; Amiell, J.; Delhiae P. Chem. Mater.1992 4, 666. (c)
Davidson, A.; Boubekeur, K.; Pé&aud, A.; Auban, P.; Lenair, C.; Batail,
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Table 1. Unit Cell Parameters for the Series of Radical SaETg[XZ(H ,0)M1103¢] (XZM 11 = SiFeMa, SiCrWii, PZnWii, PCoWy,
PCuW; and PNiW,), and as-ETg[PMnM1103g]n (M = W and Mo)

sale a(h) b (A) c(A) B (deg) V (A3)
a,—ETg[SiFeMay]® 16.55(3) 43.261(7) 12.12(1) 111.2(1) 8093
a,—ETg[SiCrwi,]® 16.490(4) 43.195(5) 12.152(5) 111.31(2) 8064
ao—ETa[PNiW11]-2H,0° 16.599(7) 43.373(8) 12.121(5) 111.78(5) 8103
03— ETgi[PMNWi1],-2nH,0° 19.927(5) 43.384(7) 11.199(5) 123.06(3) 8114
03— ETg[PMNMo; 1], 19.90(2) 43.20(2) 11.191(7) 123.32(6) 8041

aFor thea-ETg[PZNWi1], a-ETg[PCoWL1)], and a-ETg[PCuWi4] salts, due to the small amount of sample available, it was only possible to
perform a Guinier-type X-ray diffractogram to confirm the isostructurality with the other salts af;tBeries.” Unit cell parameters determined
from single crystals® Compounds whose structures have been fully determined from single-crystal X-ray diffraction.

polyoxometalates [XZM] and the organic donor ET. While  Br to precipitate the polyanion as the NBusalt. The so obtained
the stoichiometry and packing arrangement within the organic yellow precipitate was collected, washed with water and ethanol, dried
ET layers are the same in all the compounds, significant in air, and recrystallized twice in GEN to obtain yellow cubic-shaped
differences are observed in the anion layers. Thus in the two Crystals of the salt (NBJH[SiFe(FO)M01:0s. _

compounds containing [PMnM?®~ (M = W, Mo), this anion Preparation of (NBua)sH[PMn(H:0)M011034. This salt was
polymerizes to form an unprecedented linear chain of Keggin prepared with a modification of the method of FourrfierA solution

. hari brid hile in th S d of 32.5 g of (NH)sM070244H,0 in 166 mL of distilled water was
anions sharing an oxo bridge, whil€ in th€ remaining Compounds ., 04 1o o°c. The pH of this solution was adjusted to 450 with

the anion layers are formed by discrete Keggin units. From ,cetic acid (aproximately 3 mL were needed). A pale pink solution

the electronic point of view, no interactions between the prepared with 83.4 mL of BP0, 0.2 M, 33 mL of HSO; 0.5 M, and
localized d electrons and the itineranelectrons are detected  16.7 mL of MnSQ-H,O 1 M was added to the paramolybdate solution.

down to 2K. A preliminary account of the Keggin chain The polyanion [PMn(HO)Mo;,0sg5~ was immediately precipitated as

structure has already been publisiéd. the NBu* salt by the addition of an excess of solid NBu. This
brown solid was immediately collected, washed with cold water, dried
Experimental Section in air, and recrystallized twice in DMF to obtain brown hexagonal

prismatic crystals of the salt (NBUH[PMn(H,O)M01103g].

Preparation of (NBug)4H[PZ(H ,0)W1;03¢] (Z" = Mn, Co, Ni,
Cu, and Zn). All these salts were prepared by the same mefhod.
The transition metals were added either as acetates, nitrates, or sulfates.
All the solids were collected, washed with water, ethanol, and ether,

Synthesis of the Radical Salts.All the radical salts were obtained
on a platinum wire electrode by anodic oxidation of the organic donor
ET (2 x 102 M in a 1:2 mixture of CHCN/CH,Cl, or CHChL—
CH.CI) in a U-shaped electrocrystallization cell under low constant

current { = 0.6-1.2 4A) in the presence of the tetrabutylammoniun dried in ai . C ) -

- . . ried in air, and recrystallized twice in GEIN to obtain red-wine (Z
(NBus*) salts of the p_olyanlonsa(lcrz Min a 1:1 mixture of CH- = Cd), pale green é: Ni''), pale blue (Z= Cu), pale brown (Z=(
CNJ/CH,Cl,) as supporting electrolyte. The solvents were not previously Mn') e;nd white (Z= zn'") V\,/eII formed single cr;/stals of the NBU
dried. In fact, in most cases the addition of some drops of water (up salts' '

to 1 mL) in the anode was necessary to obtain good quality single . . .

crystals, suggesting that either the water or the protons (or both) are X-.ray Crystallography. The uan cell parameters and Or'e'.“at'on

necessary for the crystallization of the salts. All the crystals were ma_ltrlx for dat:_:\ collection were c_Jbtalned from least-squares refinement,

collected, washed with CJEN and CHCl, (to remove any portion of using the setting angles of the first 25 reflections found for (_each crystal

neutral ET or the NB4f salts of the polyanions), and air-dried. The (see T"’.lble 1). The X-ray cry_stal structures were determined for the
salt which gave the best quality crystals of each structural type:

NBu," salts of the polyanions were prepared following the methods .
described below. The purity of all these NBsalts was checked and ETo[PNi(H20)W110sq|-2H,0 andos-ETa[PMnW1105qn-2nH,0. The
ecrystals, which are stable in air, were mounted on an Enraf-Nonius

confirmed by their IR spectra, magnetic measurements, and in one cas . . . . .

with its single-crystal X-ray structure (in the salt (NBH[SICr(H,0)- ~ CAD4 diffractometer equipped with a graphite crystal, incident beam

W1103q]). It is noteworthy that for the Mo salts the magnetic moments monochromf_:ltor. Prellm_lne_try examlnatlon and d:_;\ta collection were

were smaller than the expected values (up te 18%), indicating the performed with Mo Kx radiation. During data collection three standard

existence of some nonmagnetic impurity, which ’possibly may be reflections were measured every hour and showed no significant decay.
' ' ! Lorentz, polarization, and a semiempirical absorption correction (

attributed to the monovacant Keggin anion [PMar to the recon- scan method} were applied to the intensity data. Other important
stituted Keggin anion [PMg]. However, during the electrocrystalli- ; T
99 [PMe] g 4 features of the crystal data are summarized in Table 2. Among the

zation process only the monosubstituted anion is incorporated in the . .
P Y P hree possible monoclinic space grodpk2, Im, andl2/m, correspond-

radical salt structure, as demonstrated by the magnetic measurementé. " - - .
Preparation of (NBus)H[SICr(H ,0)W1:0s. The salt a-Ke- Ing to the extinction conditions, the latter was retained on the basis of

. P the successful solution and refinement of the structures. All calculations
SiW11039]*13H,0 (37 g), d by th thod ofZBand H 2 .
\[NaIS 3is§ijjlveg|2in (Zooginﬁri??jrigtill e{i V\?a:;? a? gé,zan g 4.6%Ngé of  Were performed on a VAX computer using MolEN.The structures

Cr(NOy)9H,0 was added. Once dissolved the Cr@ldH,0, the were solved by direct methods using MULTANnd were developed
solutionawasz allowed to cool at room temperature, and thze oH of this With successive full-matrix least-squares refinements and difference
dark green solution was adjusted to 4.7 by addition of small portions Folurler_ synthedstiﬁ, Wh'(l:h s?oweld alll the %torr:f] of orgtanlc ?Ont?]rs’ér_;_e
of sodium acetate. NBBr (18.7 g) was added in order to precipitate polyanion, and the solvent moiecules. Ln the contrary 1o the &
the NBu* salt of the [SICH(HO)W::0sg> anion. The so obtained mqlecul_es, which show no evident crystallographu_: dlsqrder, the Keggin
green precipitate was collected, washed with water, ethanol, and ether,gmonds 'nc:hmi phatset_ appefarggs centcgotsr?/németrl_c ur;lttshas a rfSlIm of
dried in air, and recrystallized twice in dimethylformamide (DMF) to Isorder due to rotation o aroun el, axis ot the centra
obtain dark green cubic-shaped crystals of the salt gNB{SiCr(H.O)-

(24) Fournier, M.C. R. Acad. Sci. $eC, 1971, 273,1569.

W11034]. (25) North, A. C. T_; Philips, D. C.; Mathews, F. &cta Crystallogr.,
Preparation of (NBug)4H[SiFe(H,0)M01:03¢]. This salt was Sect. A1968 24, 351.

prepared following the method of Petit and Mas&am,it using NBu- (26) International Tables for Crystallographydahn, T., Ed.; D. Reidel

Pub. Co.: 1983; Vol A (Space Group Symmetry).

(21) Galm-Mascafs, J. R.; Gimenez-Saiz, C.; Triki, S.; Gez-Garca, (27) MolEN, An Interactve Structure Solution ProcedureEnraf-

C. J.; Coronado, E.; Ouahab, Angew. Chem., Int. Ed. Engl995 34, Nonius: Delft, The Netherlands, 1990.

1460. (28) Main, P.; Germain, G.; Woolfson, MULTAN-11/84, System of
(22) Teze A.; Herve G. J. Inorg. Nucl. Chem1977 39, 999. Computer Programs for the Automatic Solution of Crystal Structures from

(23) Petit M.; Massart, RC. R. Acad. Sc. Pari$969 268 1860. X-ray Diffraction Data University of York: 1984.
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Table 2. Crystal Data for the Salts

- ETg[P N i(HzO)WnOsg] -2 HZO (| ) and o3 ETg[P M nW11039] -2 Hzo

(N

Coronado et al.

with a Bruker ER200 spectrometer equipped with a helium cryostat.
The field was measured using a diphenylpicrylhydrazyl (DP&kk
2.0036) stable free radical marker.

IR and UV —vis Spectroscopies.IR spectra were recorded in the
range 406-4700 cn! on pressed KBr pellets with a Perkin-Elmer 882

?c:'?nrnll(;a\ivfeoirgmh? la églg%sgeipNIWnOn C85°8H 2;8%4;’ MNWi10a1 FT-IR spectrophotometer. UWis spectra were recorded at room
crystal system monoclinic monoclinic temperature on pressed KBr pellets with a Perkin-Elmer 336-U¥
space group 12/m (no. 5) 12/m (no. 5) spectrophotometer in the range 3855000 cnt.

unit cell parameters

a=16.599(7) A
b=43.373(8) A
c=12.121(5) A

a=19.927(5) A
b=43.384(7) A
c=11.199(5) A

Results and Discussion

B =111.78(5) B =123.06(3) Crystal Structures of o-ETg[PNi(H20)W1103¢]-2H20 (1)
volume 8103(7) A 8114(7) & and az-ETg[PMNW 11030],2nH,0 (2). A total of eight ET
z 2 2 radical salts were synthesized with monosubstituted Keggin
Pt‘;a'c i . 2{3302459 gﬁmS gg’% g o anions [XZM] showing the general stoichiometry 8:1. They
-all- sorption coe 22°C ¢ 22°C cm exhibit two different monoclinic structures as demonstrated by
J) 0.71069 A 0.71069 A their unit cell parameters (see Table 1), nanmelandas. Only
20 range 2.03-49.84 2.14-51.92 the structures of the,-Ni"" andoz-Mn' derivatives were solved
reflections collected 7610 8171 as they were the ones that gave better quality single crystals.
| > no(l) 3.0 5.0 These structures are related to those obtained for the 8:1 ET
gggaéﬁggasr_‘g?_tﬁtrs 125’552/ 307 1%17%5/ 309 radical salts containing nonsubstituted Keggin anions [¥M
Ra 0.062 0.046 which crystallize in two structures namely ando2.1%® In fact,
=3 0.078 0.064 the a,, structure is common to both kinds of radical salts.

The structures of these two phases consist of alternating layers
of the organic donors and the inorganic Keggin anions perpen-
dicular to theb axis (Figure 1). As for the organic component,
tetrahedron. This kind of disorder has been found in other crystal it should be noticed that the change of a nonsubstituted Keggin
structures with Keggin anions surrounded by big and weakly polarizing anion by a monosubstituted one does not affect the structural
cation®® as clearly described and explained by Pope and E¥aAs. features of this component. Thus, as in the previous cases, the
direct consequence of this disorder is the impossibility of refining all organic layers are formed by two different types of stacks
the oxygen atoms of the anion with anisotropic thermal parameters. (named | and Il in Figure 1) running in the [101] direction and
Nevertheless, the reliability factors are in the normal range found for alternating in the [16]]direction. Stack Il is formed by eclipsed
other polyoxometalate safts. ET molecules, whereas stack | consists of eclipsed dimers

A noticeable fact found in both structures is the location of the ked bond-to-ri ith th iahboring di - ise t
magnetic centers (Z Ni or Mn) in only two opposite positions of the packed bond-to-ring wi e neighboring dimers giving rise to

12 possible locations in the Keggin anion. Thus, of the six crystallo- @ Zigzag chain of dimers. In both kinds of chains the ET
graphically independent W atoms, five could be refined as W atoms, Molecules are tilted with respect to the packing direction (typical
whereas the other could only be refined assuming a mixed atom W/z of the a. phases) in such a way that the ET molecules of
with an occupancy factor that converged to a value of 0.5 for each neighboring stacks form an angle of about.4@n the other
metal. hand, the interstack distances are significantly shorter than the
Magnetic Measurements. Variable temperature susceptibility intrastack ones, as in many other two-dimensional radical salts
measurements were carried out in the temperature rarGe@K at of ET32 In fact, the shortest interchain-$ contacts range
a magnetic field of 0.1 T on polycrystalline samples with a magne- .o 3.41(2) to 3.46(2) A, whereas the intrachain ones range
tometer (Quantum Design MPMS-XL-5) equipped with a SQUID ¢y 3'79(5) A 10 3.86(1) A and from 3.89(2) to 4.00(2) A in

sensor. The susceptibility data were corrected from the diamagneticth . tacks (for int d interdi dist
contributions of the ET molecules-@01.6x 10-® emumol=! per ET e zigzag stacks (for intra- and interdimer distances, respec-

molecule, as deduced by using Pascal's constant tables) and from thdVely) and from 3.98(2) to 4.04(2) A'in the eclipsed stacks.
diamagnetic and TIP contributions of the Keggin units (these contribu- Another important feature of these structures is the presence of
tions were calculated from the susceptibility measurements of thg'NBu  Short contacts between the organic and the inorganic layers.
salts of the corresponding Keggin anions and are similar to those appliedThus, two kinds of interactions can be observed: (1) between
in other radical salts of TTF with Keggin polyanions). Variable- the S atoms of the eclipsed chains and some terminal O atoms
temperature ESR spectra of single crystals were recorded at X-bandof the polyoxoanions (shortest-® distances ranging from
(29) (a) Sergienko, V. S.; Porai-Koshits, M. A.; Yurchenko, E. . 3.01(2) to 3.22(2) A) and_ (2) via hydrogen b_onds between
Struct. Chem. (Engl. Transl)98Q 21, 87. (b) Fuchs, J.; Thiele, A;; Paim, ~ several O atoms of the anions and the ethylenic groups of the
R.Angew. Chem., Int. Ed. Endl982 21, 789. (c) Attanasio, D.; Bonamico,  ET molecules (shortest-@0 distances ranging from 2.98(3) to
M.; Fares, V.; Imperatori, P.; Suber, I. Chem. Soc., Dalton Tran£99Q A
3591 3.13(3) A).
(30) Evans, H. T.; Pope M. Tinorg. Chem.1984 23, 501. In the organic part the only noticeable difference between
T (31) (g) \KAVejlklgg, T. JS R, Ié\;]ans, (H: T, 32%8{'5;3' (Sb) EG%G?FI-:: the two phases is the number of crystallographically independent
ourneg C. M. J. em. S0cC., em. Commus. . opert, rF.; H foti
Leyrie, M.; Herve G. Acta Crystallogr 1982 B33 358, (c) Knoth, w. H.. 1 molecules. Thus, tha, phase is formed by two distinct
Domaille, P. J.; Harlow, R. Linorg. Chem1986 25, 1577. (d) Evans, H. ET molecules (nOte‘_iI as A and B; there are four ET molecules
T.; Tourne G. F; Tc()u)rrieC.fM.; Weaklt;y, T. Jl.d RJ. Chem. kSoc.I,( Dalton  of each type per anion), whereas thgphase possesses three
Trans.1986 2699. (e) Wasfi, S. H., Rheingold, A. L.; Kokoszka, G. F.;  (jstinct ET molecules (noted as A, B, and C; there are four ET
Goldstein, A. Sinorg. Chem1987, 26, 2934. (f) Finke, R. G.; Rapko, B.; molecules of type A EWO of type B, and two of type C per
anion). Consequently, in the phase the eclipsed chain (type

AR = 3[|Fo| — IFc| VXIFo|. ° Ry = [T (IFol — IFc)¥Tw|FolY2,
w = 4FA[o%(1) + (0.07F,%?.

Weakley, T. J. Rlnorg. Chem.1989 28, 1573. (g) Weakley, T. J. R,;
Finke, R. G.Inorg. Chem.199Q 29, 1235. (h) TourheC. M.; Tourrie G.
F.; Zonnevijlle, F.J. Chem. Soc., Dalton Tran4991 143. (i) Ganez-
Garca, C. J.; Coronado, E.; Gmez-Romero, P.; CaSdPastor, N.Inorg.
Chem.1993 32, 3378. (j) Ganez-Garéca, C. J.; Borra-Almenar, J. J.;
Coronado, E.; Ouahab, lUInorg. Chem.1994 33, 4016. (k) Finke, R.;
Weakley, T. J. RJ. Chem. Crystal1994 24, 123.

(32) Williams, J. M.; Ferraro, J. R.; Thorn, R. J.; Carlson, K. D.; Geiser,
U.; Wang, H. H.; Kini, A. M.; Whangbo M. HOrganic Superconductors.
Synthesis, Structure, Properties and ThedZyimes, R. N., Ed.; Prentice
Hall: Englewood Cliffs, NJ, 1992.
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Figure 1. (a) Structure of thew,-ETg[PNi(H20)W:103g]-2H,0 radical

salt showing the alternating layers of the polyanions and the organic
donors and the two different types of organic chains | and Il. The dark
atom in the periphery of the anions indicate the two possible locations
of the Ni atoms. (b) Structure of thes-ETs[PMnW;103g]4+2nH,0O
radical salt showing the alternating layers of the polyanions and the
organic donors and the two different types of organic chains | and II.
Note the common oxygen atom that bridges the W/Mn atoms (in dark).

&

1) is formed by the B-type molecules, whereas in thephase
this chain is formed by alternated B and C-type molecules. In
botha phases the dimerized chain (type 1) is exclusively formed
by the A-type molecules. It should be noted that, in this aspect,
the as phase is identical to they;. The charges on these

J. Am. Chem. Soc., Vol. 120, No. 19, 18885

the dimerized chain is rather neut?al.In view of the stoichi-
ometry of this series (8:1) and of the anion charg®), this
analysis suggests that one electron is delocalized over the four
ET molecules of the dimerized chain (giving an average charge
of 1/4 per molecule), while the remaining four electrons are
localized on the four ET molecules of the eclipsed chain.

The inorganic part exhibits in both phases striking structural
features which are unprecedented in polyoxometalate chemistry.
The most significant one is the formation of chains of Keggin
anions connected by an oxo-bridge, as observed inihhase.

A second feature that is common to both phases is the partial
localization of the external metal heteroatom, Z, over two of
the 12 possible octahedral sites of the monosubstituted Keggin
anion. This ordering is quite difficult to detect by X-ray
diffraction studies since, in most of the Keggin salts, e.g., with
NBus™ or alkaline cations, these anions impose a high cubic
symmetry for the crystal packing. The metal atom Z, then,
appears to be fully disordered over the 12 metal &it€8even
when the anion is not located on a special positforwhat is
surprising in this respect is that this metal ion ordering is found
not only when the Keggin units are forming a chaitz phase)

but also when they are isolated (as in thgphase). In the
following we will discuss in detail these results.

Let us focus first our attention on tlhe phase. Two opposite
octahedral sites of the undecatungsto complex ofMare
connected by a common oxo-bridge forming a linear chain of
Keggin anions running along tleeaxis (Figure 1b). These two
positions are occupied by W and Mn atoms with an occupancy
factor 0.5. This fact implies that the Mhion is delocalized
between these two special positions (called Mn/W). It is
important to notice that such a partial disorder is merely
statistical and results from the two possible chain orientations
in the crystal lattice (in half of the chains the Mn atom is on
the left side of the Keggin unit, while in the other half this is
on the right part). Actually, each oxo-bridge always connects
a W atom with a Mn one giving rise to an ordered sequence
Mn—O—W within the chain (there are no YWO—W nor Mn—
O—Mn bridges, as will be seen from the magnetic properties
below). In fact, from the chemical point of view, the only way
to form a chain of monosubstituted Keggin units implies the
displacement of the terminal water molecule coordinated to Mn
in one Keggin unit by a terminal oxygen atomrnaa W of the
neighboring Keggin anion, with the subsequent formation of a
bridge Mn—O—W connecting the two anions.

An additional consequence of the formation of the anion
chains is the elongation of the Keggin structure in the chain
direction. Such a distortion, observed for the first time in the
present case thanks to the low symmetry of the crystal
(monoclinic), can be evaluated from the-fetal distances
which change from 3.54 to 3.57 A (for the ter- P/ distances)
to 3.63 A (for the two P-(Mn/W) distances). Soon after the

different ET molecules can be very roughly estimated using puplication of this structur& Weakley et al. published the
the known correlations between the bond distances of the TTF strycture of the NEt™ salt of the [PCoW,]5~ anion3” where a

skeleton and the degree of ionicity of the ET molecdfes\s

similar Keggin chain is present. Nevertheless, in the Weakley’s

that in both phases those molecules fOI’mIng the eCI|psed Cha|npossib|e positions for the Co atom are not equivalent’ as

are almost completely ionized, whereas the molecule forming

(33) (&) Umland, T. C.; Allie, S.; Kuhlmann, T.; Coppens,JPPhys.
Chem. 1988 92, 6456. (b) Guionneau, P.; Kepert, C. J.; Bravic, G.;
Chasseau, D.; Truter, M. R.; Kurmoo, M.; Day, $nth. Met1997, 86,
1973.

(34) Although the standard deviations in the bond distances are very

indicated by the different metalOpigge bONd distances (1.84
and 2.00 A) and by the occupancy factor of the Co atom in

(35) (a) Baker, L. C. W.; Baker, V. S.; Eriks, K.; Pope, M. T.; Shibata,
M.; Rollins, O. W,; Fang, J. J.; Koh, L. LJ. Am. Chem. Sod 966 88,
2329.

high in all the structures, the estimated charges on each ET molecule are (36) Sergienko, V. S.; Porai-Koshits, M. Zh. Neorg. Khim1985 30,

very close to zero (0:00.3) for those of the dimerized chain (A-type) and
much higher (0.51.0) for those of the eclipsed chain (types B in the
phase and B and C in thes phase).

2282;Russ. J. Inorg. Chem. (Engl. Trans1985 30, 1297.
(37) Evans Jr., H. T.; Weakly, T. J. R.; Jameson, GJBChem. Soc.,
Dalton Trans.1996 2537.
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these two positions (0.39 and 0.61, respectively). The absence/
presence of distortions in the Keggin anions can be related with OCI e, O
the differences in the intermolecular interactions between the g Ao t
organic counterions. In our salt the high tendency of the ET ] - \\
molecules to form parallel stacks with strong intermolecear Nos
interactions and short distances must, in a way, have some S - O :l
influence on the packing and therefore on the distortions of the t
Keggin units. On the contrary, the cations bEhave not this ¥ ¥ ;- d2 7
tendency, and, moreover, they are able to adopt different . Pa . .
conformations to overcome the steric restrictions imposed by e e ’ e
the Keggin chains. In fact, in the [PCa)/derivative, the ethyl o N &
groups of the cations are completely disordered, suggesting that ST > c
C

they do not impose any distortion to the polyanions.

Focusing now on the; phase, we observe that the?Nion T =4
is located on two opposite octahedral sites of the monosubsti- iN
tuted anion [PNi(HO)W11034.5~ As in the o phase, these
two positions are occupied by W and Ni atoms with an
occupancy factor 0.5. To understand this supramolecular _L
ordering we have compared the differences in the dimensionality Ot
of the anion layer when passing from the to the o, and to (x

the as phases. In Figure 2 we have examined the two closest 2 S : dl
distances between the two terminal oxygen atoms of neighboring 0 ' e
Keggin polyanions. Thus, in the, phase the shortest distances t -
in the two directions of layer, namely d1 and d2, are very close ( d2

(d1~ d2~ 6.0 A), while in thea, and phasex; phases, d2

remains almost constant (d& 6.2 A) but d1 decreases
significantly from 3.7 A inaz to zero inos. These changes
indicate a reduction in the dimensionality of the anionic network ] >
from the two-dimensionat; phase to the one-dimensiora
phase, with thex, phase adopting an intermediate dimensional- Chod a
ity.

From the structural results we notice that the [PNO) ¥
W11034]> anions are oriented in such a way that the sites
occupied by the Ni" ions are those involving the closest T
oxygen-oxygen distance, d% 3.7 A. This means that
intermolecular interactions along thelirection are at the origin
of this particular orientation of the clusters. As possible 012
interactions we can consider the presence of hydrogen bonds A7 15 Apiq, 1 13
between the water molecule coordinated to the Ni and a terminal 4 H %}_@
0oxo group belonginga a W atom of the neighboring anion. 3 ' T '3 R o
However, the d1 distance is too large to afford this kind of 5]
interaction. Another possibility comes from the electrostatic d2
repulsion between these two oxygens. Simple electrostatic , a
arguments predict that this repulsion should be smaller for a Na
Ni site—W site pair than foa W site-W site pair: In the former 9_@ : )
case the interaction takes place between a negatively charged ALIS C ) e AP
oxo group of an anion and the water molecule coordinated to
Ni of the nearest neighbor anion, while in the later it involves
a repulsion between two negatively charged oxo groups of
neighboring anions. This electrostatic argument provides a : . 1
simple explanation to the preferential occupation of the Ni sites G %&-{ }-x—{ }
predicting also an ordering of the anions similar to that assumed Lane E% w
in the one-dimensional; phase with the Keggin anions having ‘
the same orientation within each array. From the above resultsrigure 2. Structure of the inorganic layers in the threseries showing
it is clear that the formation of a chain of Keggin anions is not the displacements suffered by the anions and the changes in the closest
a necessary condition to have an ordered arrangement of thesanion—anion distances in the two directions (d1 and d2)agd Q
kind of anions in the crystal lattice. This order can also occur indicate the terminal oxygen atoms that close up and converge in the
for salts containing discrete monosubstituted Keggin anions bridging oxygen O12 in thes; series.

when they adopt anisotropic packings in the solid state. relates the three phases. As can be seen in Figure 3a;the
An additional question deserving to be posed is why these phase can be converted to the other two phases by displacing
significant differences in the inorganic packings among the three in opposite directions the dimerized stacks &nd 1, by one
crystallinea-phases do not affect the organic packings, which or two intrastack ET-ET distancea & 4 A), the eclipsed stacks
remain nearly unchanged for the three phases. We can answeftype IlI) remaining fixed® Since these displacements are in
to this question noticing that a simple structural relationship fact along the stacking axis (direction [101]), this process

%
)
s

5
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a I, I I, I | ¥ to the oz structure shQV\_/ing a_chain of Keggin anions, while
the salts with the remaining anions show thestructure, where
the anion sublattice is formed by discrete Keggin units. Such
a difference may be related with the bigger ionic radius of the
Mn2*+ ion compared to those of the remaining 3d metal ions (Z
= Cr¥t, Feét, Ca?t, Ni2t, Ci?t, and Zi#"). In the case of
manganese, its bigger size facilitates the formation of the oxo
bridge between the elongated Keggin units of the polymer chain.
The difference between the [PMnM complexes (M= W and
Mo) and the other monosubstituted Keggin anions is only
observed in the solid-state radical salts. In the precursorNBu
salts of these polyanions, the [PMaiJlcomplexes are present
as discrete units as in the other members of the series p{ZM
In fact, all these NBuyI" salts are isostructural exhibiting a cubic
lattice witha = 17.6-17.7 A. Probably in nonaqueous solution
the polyanions are also present as discrete species, and only
when the lattice is being formed do the Mn complexes
polymerize.

Optical and Transport Properties. The IR spectra of the
salts are all very much alike, confirming the presence of the
same type of stacks in all the salts, except in the $00ID
cm! region where small differences, due to the different
polyanions, are observed. In all the spectra the electronic A
band (corresponding to electronic transfers between neutral and
completely charged ET moleculé%js observed as a large and
intense band centered at 4668000 cnt?l, indicating the
existence of a mixed-valence state in the organic donors. The
main band wavenumbers and their assignnférits both the
ET molecules and the anions are listed in the Supporting
Figure 3. (a) View of the organic layer in the ac plane for the three Information. In general, the bands of the ET molecules are very
a series showing the displacements suffered by the organic moleculessimilar to those found in other completely ionized Efadical
of type I chains. (b) Side view of the type | chains showing the zigzag cations?'csuggesting the presence of aimost completely charged
ET dimers and the holes occupied by the anions. ET molecules. Nevertheless, the additional presence of almost

neutral ET molecules cannot be inferred from the IR spectra as
ET distances and the packing within the chains remain practi- the modes characteristic of the degree of ionicity, ¢3, and
cally invariant. As the polyoxometalates lie in the holes left v27). The only significant differences in the IR spectra, as
by two dimerized stacks of consecutive layers (Figure 3b), they expected, come from the MO (M = Mo, W), X—0O (X = Si,
must accompany the organic displacements. Therefore, ap) and Z-O (Z = Cr, Fe, Mn, Co, Ni, Cu, and Zn) bonds.
shortening of the distances between terminal oxygen atoms of The electrical properties of this series, measured on single
neighboring Keggin units along thedirection occurs. This  ¢rystals?3 show that these salts are semiconductors with room-
accounts for the significant changes observed in the d'me”'temperature conductivities of 18-10-2 Srem~! and thermal
sionality of these inorganic layers. activation energieE, = 100-150 meV. This behavior is quite

Finally, when comparing the series of monosubstituted salts analogous to that observed in the nonsubstituted Keggin series,
[XZM 11] and the nonsubstituted [XM series, there are some  in agreement with the similar donor packing in all these crystal
structural differences worth mentioning: (i) Each monosubsti- phases.
tuted Keggin anion always leads to a single crystalline phase. Magnetic properties: The a, Series. We will first focus
Th|S faCt contrasts W|th the [XM] anionS Wh|Ch Often CI’ySta|- on the E-E[PZnWll] Salt, as |t is the Only one to have a
lizes in both theay or o phases, depending on the synthetic diamagnetic anion which can enable us to study the magnetic
conditions (except for [SiW] and [BWi2]). (i) of the many  pehavior of the organic layer. The static magnetic susceptibility
[XZM14] polyanions used, only those with an anionic charge of the [PZnW] salt exhibits a shoulder ipm around 60 K and
of =5 ([PZ'M1j] and [SiZ""Mj] anions) give ET salts. Inturn, 3 paramagnetic Curie tail at lower temperatures (Figure 4). The
radical ET salts of the nonsubstituted anions have been obtainedy|ot of the y,,T product vsT shows a continuous decrease on
with anion charges comprised betweedA and—6. (iii) The
Change of W by Mo does not produce any Change in the (39) The radical salt of ET with the_[PMQ anion presents thew
resulting structure, as has been observed in the two radical s_altiggfgllgtzI)(,Sgﬁferfefmlgz;u‘é"tﬁfgegzdtgﬁéié’;’]'itct‘nfgﬁy[g\f\ﬁz(]se""er"%? ﬂﬁ;‘_ems a
with theas structure. In contrast, for the nonsubstituted Keggin  (40) Torrance, J. A.; Scot, B. A.; Welber, F. Bhys. Re B 1979 19,
polyanions, the only known example ([RM) has shown a 730. ) )
drastic change in the structure when changing W by3¥@v) (41) The _a35|gr_1ment have been made following th_e nomencla_ture of (a)

. D . . Swietlik, R.; Garrigou-Lagrange, C.; Sourisseau, C.; Pages, G.; Delhaes,
In the monosubstituted salts only the Mn derivatives give rise p_j Mater. Chem1992 2, 857, with the interpretations of (b) Maceno, G.
Ph.D. Thesis, Bordeaux, Frand®88and (c) Kozlov, M. E.; Pokhodnia,

(38) The relationship between the threephases clearly indicates that K. I.; Yurchenko, A. A.Spectrochim. Actd989 45A 437.
no more possible. phases may be generated in the same way, as a further  (42) Moldenhauer, J.; Horn, Ch.; Pokhodnia, K. I.; Schweitzer, D.;
movement ofA from thea; phase will lead to they phase (notice that the Heinen, I.; Keller, H. JSynth. Met1993 60, 31.

centrosymmetric dimers may only have three different relative positionsin ~ (43) Owing to the small size of the crystals, conductivity measurements
the stack). were performed using a two-probe method.
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Figure 4. Plot of the molar susceptibility (filled circles) and the Curie- T (K)

tail corrected susceptibility (open circles) versus temperature for the Figure 5. Plot of the product of the molar susceptibility times the
radical saltoe-ETe[PZn(H,0)W110s4]. Inside: plot of the product of  temperature versus temperature for the series of radicalgafs-
the molar susceptibility times the temperature versus temperature for[XZ(H 20)M11035], XZM 11 = SiFeMay (1), SICrWiz (2), PCoW (3),
the same compound. Solid lines are the best fit to the model (see text).PNinl (4), PCuW; (5), and PZnW; (6) (open circles) and for the

NBus" salts of the same anions (closed circles). Solid lines are the
lowering the temperature from a value of about 1.5 éfmmol—* best fit to the model (see text).
to a value around 0.2 erg-mol™?, indicating an antiferro- Table 3. M e p ers for the Series of Radical Salt
i i i in Ei able 3. Magnetic Parameters for the Series of Radical Salts
. This benaior resembles hat observed i he radical satslzE T ZHOMLOw] (XM . = SFela, SICW, P2,
i K X X A . PCoW;, PCuW,, and PNIV\h) and(lg-ETgn[PMnM1103g]n (M =W
with the diamagnetic Keggin polyanions{¥W12], [SiW12], and and Mo)
[BW12].1% In view of the close structural and electronic

— — 1 — — 1
similarities of the organic layers in all the phases we can salt C (emu/mol) J (em) J2 (€M)
apply the model previously used to fit the magnetic behavior 0= PZnW, 0.080 72 280
of these radical salts. This model assumes three different gi:ggg%i 8'%3 gi ggg
magnetic contributions coming from (i) a fully localized regular o, —pNiw;, 0.160 70 350
chain formed by completely ionized ET molecules with spins  o,—SiFeMa; 0 84 350
S = 1/2 antiferromagnetically coupled through an exchange, 02—SiCrWiy; 0.100 70 350
Ji; (ii) a delocalized mixed-valence dimerized one with a singlet- ®%—PMnMoy, 0 90 350

oz—PMnWyy 0.100 84 280

to-triplet gap,J,, accounting for an activated magnetic term;
and (iii) a small amount of isolated spins accounting for the

observed Curie tail at low temperatures. In this simple model the transfer integrals obtained with theoretical band calculations
this last contribution comes from the small number of spins indicate that the organic lattice has a strong two-dimensional
present in the dimerized chain, which becomes progressively charactet® The electronic delocalization effects are also
localized and therefore mostly isolated as the temperature isneglected by the model. A more elaborated model that takes
lowered. these effects into account, in particular the influence of the
If we subtract to the experimental data a Curie contribution interaction of the localized-electrons of the antiferromagnetic
(C = 0.08 emuK-mol™) so that the experimental maximum chain with the delocalizedr-electrons of the mixed-valence
in xm matches that of a regular antiferromagnetic chain, we chain, is under way.
obtain an excellent agreement with the modelTat 30 K The magnetic behavior of those radical salts containing
(Figure 5). In this fit we have assumed, according with the magnetic anions are shown in Figure 5 as the product of the
charge distribution, that the localized eclipsed chain is com- magnetic susceptibility times temperatugg ) vs the temper-
pletely ionized ; = 4), while the four ET molecules in the  ature and compared with those of the corresponding/NBalts.
dimerized chain bear a charge of 1% & 1, wheren; andn; For all these salts, the magnetic moment (proportional to the
are the number of spins per formula in the eclipsed and square of the;mT product) decreases with decreasing temper-
dimerized chains, respectively). The resulting magnetic ex- ature to reach, at loW, the value corresponding to the magnetic
change parameters obtained for the eclipsed cliir(— 71 Keggin anions. This feature indicates that both sublattices do
cm™1) and the dimerized onel{ = — 280 cnT?) are close to not interact significantly, despite the fact that short contacts
those found in the [XMy] radical salt® and are summarized  between the organic and inorganic parts are present in the
in Table 3. On the other hand; is in the range of values  structure and that now the magnetic sites are on the surface of
observed in other radical safts. Below 30 K the applied  the Keggin anion instead of being insulated in the central site
paramagnetic correction appears not to be enough as theof the anion (as in the [X\] series). In fact, once the magnetic
susceptibility diverges and moves away from the theoretical moments of the different anions are subtracted, the contribution
behavior. This discrepancy suggests that the magnetic com-of the organic sublattice is very similar to that obtained in the
ponent of the organic sublattice is not as simple as it has been[PzZnWw;] salt and can be fitted from similar values fdrand
supposed. In fact, the model considers two independent typesJ, (Table 3).
of chains neglecting the possible interchain interactions, while  More precise information on this point is provided by ESR
(a4) (@) Laversanne, R. Ph.D. Thesis, Bordeaux, France, 1987. (b) measurements performed at .hellum temperature. .In e_tll cases,
Obertelli, S. D.; Friend, R. H.; Talham, D. R.; Kurmoo, M.; Day, . the spectra show a narrow signal centered at 2 with line
Phys.: Condens. Mattet989 1, 5671. widths in the range 2540 G coming from the ET radicals,
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Figure 6. EPR spectra at 4.2 K of the series of radical saltg[E4- 0 5 10 15 20
(H20)W11034] and of the NBut salts of the same anions: (a) X2 T (K)

PCd, (b) XZ = PCU', (c) XZ = SiFe" and (d) XZ= SiCr". . S
(®) © ! and (d) ! Figure 7. (a) Plot of the product of the molar susceptibility times the

s . . . temperature versus temperature for the radical aglETs.[PMn-
plus the characteristic signals of the magnetic anions (see F|gure\,\,uoag]n,ZnHZO (closed circles) and for the NBusalt of the same

6). These signals closely match those observed in thesNBU  anion (open circles). (b) Low T region of this plot. The solid lines

salts of the corresponding paramagnetic anions. In some caseSepresent the best fit to the model (see text).

they even s.h'ow hyperfme s’.[ructures and zero-field splitting curve of the NBu* salt below 15 K. This result may be

effects specific to the single ions. From these results we can.” ..~ . . .
. . indicative of a very weak, although detectable, antiferromagnetic

conclude that the exchange interactions between the two

sublattices are quite negligible. A possible reason to explain exchange interaction between the ions via ther-conduct-
4 gigible. A p P ing electrons (indirect exchange interaction). The lack of

this lack of magnetic exchange interactions lies in the fact that . . ) . .
. ; . nteractions in thex, series (where the metaET distances are
the distances between the magnetic metal sites and the ET

molecules, although shorter than in the [Xlseries, are still very similar) makes it har_d to accept such an explanatlor_m, and,
< . . . consequently, other possibilities that should be related with the
too lond* to afford the way for an effective d-interaction. In

. . istinctive structural features of thes; phase have to be
fact, the octahedral sites where the magnetic ions are locate X
- explored. In this respect, the two reasons that may be at the
are those furthest away from the ET molecules (see Figure 1). ™. : . .
. - ) - origin of the observed behavior are (i) the presence of antifer-
The a3 Series. As already mentioned in the description of

the structures, the main difference betweerandos phases is romagnetic interactions MAMn within the Keggin chain via

, 3 . . . ..
. . . : ... _a superexchange mechanism or a dipolar coupling and (ii) the
that in the last, the Keggin anions are no longer discrete entities P 9 P ping (i

but linked ones sharing an oxygen atom to form chains with presence of a S|_ngle ion anisotropy due to the distortion of the
Mn—O-M (M = W or Mo) bonds. This change in the Mrj oct.ahedr.al site. The p053|plllty ofa su_pere>_<change mech-
inorganic sublattice does not affect the organic one that anllsm mvoIvrl]ng Mﬁ; lons of aﬁljacent Kelggln ulnlg 'S n(gvery
I . . realistic as the exchange pathway would imply@—P—0—
maintains its s.tructural' and eIectromc proper'tles. W—0— bridge that seems to be too long to produce the observed
'_I'he_magnetlc behawpr of the rad|c§1I salt with the [PNMN effect. The dipolar coupling should also have a negligible effect
?hnéol::ézfIssgl?gfgh(Ienszlrsr;wlén:\n?gnénztIzrg?ggstiet?lgvﬁrg;uaettigf in view of the long distance between the magnetic centers (the

behavi bles th f iheradical salts: theT product shortest Ma-Mn distance is 11.2 A).

de avior resep; des ose otiirgradical salts. d %m Ero UCI As far as the single ion anisotropy is concerned, we may
ecreases with decreasing temperature and reaches, E ow expect different zero field splitting values for the Rnwhen

the value of the anion (as observed from its NBsalt). This

L ; X . . __comparing the ET salt with the NBtisalt, due to the different
result may indicate that, as in the previous series, both SUblamceSdistortions in the MA" environment. Thus. in the ET salt. the
are magnetically independent. In fact, the organic contribution ' ’ .

X Al ) - Mn site is forced to have a large axial distortion in order to
may bg fitted with similar parameters to thosg obtalr_led in the form the chain of Keggin anions, while in the NBusalt such
0z Series (see Table 3). Howeyer, a.close inspection of the distortion is expected to be smaller since the Keggin anions
data in the Iow-temperatyre region (Figure 7b) allows one to are present as discrete entities. In fact, such differences can be
observe that the magnetic moment of the ET salt crosses theSeen by comparing the coordination environment of théMn
(45) The shortest metaET distances in thew, (Ni—C = 5.17 A and ion in the [PMnW4] chain with that of the Ni* ion in the
Ni—S = 6.26 A) andus series (Mn-C = 5.01 A and Mn-S=6.23 A) are discrete [PNiW3] Keggin units that are forming the ET radical

much longer than the shortest met8IET distances (FeC = 3.88 A and 46 i i i i
Fe-S — 4.27 A) in the BEF[FeCl] salt (BET — bis(ethylenethioy salt*® Thus, when passing from a discrete Keggin anion to a

tetrathiafulvalene), where weak exchange interactions have been observed<€9gin chain a significant elongation of the octahedral site is
between the P& ions: see ref 8. observed (Figure 8). The axial metalxygen distancesZOp
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Figure 10. EPR spectra at 4.2 K of the NBUsalts of the polyanions

Figure 8. Coordination polyhedra of the K and Mr#* ions in the [XMn(H20)M1:0z] (M = Mo and W) showing the features of the Mn

radical saltsoo-ETg[XNi(H 20)Ws10s¢]-2H,0 and o-ETe[PMNWias- |don.|nt‘both spectra and of the reduced electron, only in the Mo
O3g]n*2nH0 showing the distortions in the MfO; and Mn—Op ervative.
distances.

salt. In Figure 10 the Mo and W polyanions EPR spectra are
9 compared. As we can see, the spectrum of the Mo-containing
anion shows, besides the low field signals between 500 and
2000 G corresponding to the Mthion in a distorted octahedral
74 environment, an anisotropic signal centered at 2, charac-
teristic of the reduced polyanidhi#8
When the ET salt of this anion is formed, we can suppose

54 that the Keggin anions remain reduced, giving rise to a chain
?140000

%mT (emu.K.mol-1)
N
L

of mixed-valence Keggin anions in which the localized magnetic
moments coming from the M ion coexist with delocalized
3 : : : : : “blue” electrons. As the general structure of this salt is the

0 50 100 150 200 250 300 same that the one of the W anion, a magnetic interaction

T(K) between the two sublattices is not expected. Thus, the crossing

Figure 9. Plot of the product of the molar susceptibility times the observed in Figure 9 must be related with the presence of
temperature versus temperature for the radical aglETs:[PMn- delocalized electrons on the Mo anions. A possible explanation
Mo110sq]n-2nH0 (closed circles) and for the NBusalt of the same  may be the existence of an antiferromagnetic exchange between
anion (open circles). the MrZ* ions which now can be coupled via the delocalized
electrons of the mixed-valence Keggin chain. This effect may
be reinforced by the better ability of Mo compared to W in
transmitting interactions between magnetic centers as has been
recently shown in other polyoxomolybdate clust¥rsNotice
that reduced Keggin polyanions containing localized magnetic
centers are already knowh. They provide nice examples to
; g . study at the molecular level the coupling between localized and
larger in the chain compound than in the NBusalt, and  yejocalized electrons. In this context the mixed-valence Keggin

therefore the magnetig properties of the two salts. In fact, the .hain reported here may provide a unique opportunity to study
differences observed in the low temperature behavior can be ;s problem in one-dimension.

guantitatively explained in terms of a change in the zero field
splitting parameteD that increases from 1.25 crhin the
NBu,* salt to 1.60 cm? in the ET salt (solid lines in Figure
7Db). We have reported in this paper an extensive new series of
The magnetic behavior of the radical salt with the [PMnilo  hybrid radical salts formed by the organic donor bis(ethylene-
anion is shown in Figure 9. For this anion tpgT product of dithio)tetrathiafulvalene and Keggin polyoxoanions having
the ET salt continuously decreases with decrea3inut, in magnetic centers in their surface. From the structural point of
contrast with all the other radical salts, theT product of the view, the new compounds exhibit quite unexpected structural
ET salt crosses the curve of the NBisalt and remains clearly  features which aranprecedented in polyoxometalate chemistry
below atT < 30 K. Moreover, if we look at thgn,T value of (i) The most significant one is the formation of linear chains
the NBy" salt, we can observe that its value is ca. 4.75 of Keggin anions [PMnMy] connected by an oxo-bridge in the
emuK-mol~! at highT, a value higher than that of the NBu c direction. With the remaining anions a related structure with
salt of the related anion [PMn}] (ca. 4.3 emu.K.mot%). This the samex-packing mode in the organic layers is obtained, but
result suggests that the [PMnMpanion must be reduced by  the Keggin anions are no longer forming chains but layers of

one electron, as has been observed in many other polyoxomo-jiscrete anions with a marked anisotropy in theirection.
lybdatest247 The reduction of the Mo polyanion can be easily

checked from the low-temperature ESR spectra of the JiBu (48) (a) Prados, R. A.; Pope, M. Tinorg. Chem.1976 15, 2547. (b)
Sanchez, C.; Livage, J.; Launay, J. P.; Fournier, M.; Jeannin).YAm.
(46) Since it is not possible to know the exact structural features of the Chem. Soc1982 104, 3194. (c) Pope, M. TProg. Inorg. Chem1991, 39,
Mn site in the NBy' salt because it appears to be fully disordered over 181.
the 12 metal sites, we assume that in the monosubstituted Keggin anions (49) Gatteschi, D.; Sessoli, R.; Plass, W.;IMy A.; Krickemeyer, E.;
the environment of Nit and Mr#"™ are very similar, independently of the ~ Meyer, J.; Stier, D.; Adler, P.Inorg. Chem.1996 35, 1926.
counterions (NBy"™ or ET). Thus, the structure of the nickel containing (50) (a) CasaPastor, N.; Baker, L. C. WI. Am. Chem. So4992 114,
ET salt will be used to get information on the distortions of the Z site in  10384. (b) Casafastor, N.; Baker, L. C. W. IPolyoxometalates: From
the monosubstituted Keggin anions. Platonic Solids to Anti-Retraral Activity; Pope, M. T., Mller, A., Eds.;
(47) Barrows, J. N.; Pope, M. TAdv. Chem. Ser199Q 226, 403. Kluwer Academic Publishers: The Netherlands, 1994; p 203.

and 20y increase by 0.27 and 0.15 A ¢@ the oxygen atom
linked to the central P atom and, @ the oxo bridge), while
the equatorial ones only increase by 0.1 A which corresponds
to the increase in the ionic radii when passing froM™ND.78

A) to Mn2+ (0.91 A). Such axial elongation should modify the
zero field splitting of the M&" ion, which is expected to be

Conclusions
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(ii) The second novel feature is that in the two structures ( When paramagnetic ions are introduced into the polyanions,
andag) the magnetic metal ions Z have been crystallographically localized electrons in d-orbitals are added to the hybrid system.
localized on two of the 12 possible octahedral sites of the No magnetic effects arising from thiesr interaction between
monosubstituted Keggin anion. Such orientation of the anions these localized d-electrons and the itineranélectrons are
along thec direction is not surprising in the chain structuee ( detected down to 2 K, even if now the two sublattices are closer
phase) since its formation requires the presence of W than in the salts of the nonsubstituted Keggin anions.
pridges conneqting the Keggin units. What i.s surprising ?S to Finally, the most complex and original case is obtained when
find also this orientation in th_az phase since, in contrast with itinerant electrons are introduced in the inorganic magnetic anion
the oz phase, the Keggin anions are no longer connected but . : .

{PMnMoll]. In this last case a coexistence of localized and

independent. The above result emphasizes the importance ot.. . . . -
itinerant electrons is also present in the resulting mixed-valence

weak intermolecular interactions, other than the hydrogen . . . - R .
bondings, in determining the supramolecular architecture of an inorganic ,Cha'n' ,Th? magng'uc data are |nQ|cat|ve ,Of antifer-
anisotropic solid. On the other hand, it demonstrates that in FoMagnetic pairwise interactions between®fens which are
order to have an ordered arrangement of the substituted Keggin™ore than 11 A away. Such interaction may come from the
anions in the crystal lattice, the formation of a chain of Keggin C0UPling between the localized magnetic moments of Mons
units is not a necessary requirement. and the itinerant “blue” electrons delocalized over all Mo sites
As far as the intermolecular electronic interactions are (d—d interactior).
concerned, an important point deserving attention concerns the
magnetic interactions within and between the two constituent Acknowledgment. We thank the Spanish DGICYT for
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