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Introduction pentaamine}.Very recently, two clusters based on octacya-

The design and synthesis of new molecule-based magnet§iometalate precursors [M(CHj" with a high spin ground
is a very active area in chemistry because of their polyfunc- ;tate have been both structurally and magnetically character-
tional solid-state properties including light- and pressure- 12€d: Mri'o[WY(CN)gle:24GHsOH with S= %/, and Mris-
tuning of magnetizatioh Among these, the design of single [MO"(CN)gJe-24CHOH with S = °Y/,.° These are the two
molecule magnets (SMMs) composed of large metal clustershigheést ground state spin molecules reported to date.
is receiving special attention. Part of this interest is directed HOwever, neither of these two clusters exhibit properties of
toward potential high-density information storage. The SMM, because of their high, roughly octahedral symmetry.
interesting magnetic behavior of SMM is due to the These Qbservanons prompted us to explore the possibility
combination of two factors: a large spin ground-st@snd of lowering the.symmetr.y of the octacyanotungstate(V)-based
a large and negative (axial) anisotropy of the ground state. €lUster by using  thecis{Mn'(bpy)(H-0),]*" precursor
The most famous examples of such discrete molecular INspired from the results obtained in construction of hexa-
clusters are Mp and Fg, which exhibit hysteresis loops with ~ nuclear clusters [Mn(bpy[M(CN)e]>-8H.0 [M = Mo(IV)
quantum steps at very low temperatu#eSyanometalate  OF WIV)L."
complexes attract considerable interest in view of their N this contribution, we report on the structure and
potential in the design of SMM. A high spin ground stste ~ Magnetic properties of a new pentanuclear {{py),|[Mn"-
— 27/, has been reported for the hexacyanometalate-basedPPY)2(Hz20)]o[WY(CN)g]o*7H,0 complex.
compound [CH(CNMnN"Lg)g]®", Ls = trispicmeen (trispic-
meen—= N,N,N'-tris(2-pyriolylmethyl)N'-methylethane-1,2-
diamine)? dmptacn (dmptacre 1,4-bis(2-methylpyriolyl)- Preparations. The molecular precursorssfV'(CN)g]-1.5H,0°

1,4,7-triazacyclononané)or tetren (tetrer tetraethylene- ~ andcis{Mn"(bpy)Clz]-2H;0-EtOH® were synthesized according
to the published procedures. Brown crystals of [ithpy)][Mn"-

* Authors to whom correspondence should be addressed. E-mail: (0PY)(H20)][WY(CN)g]2:7H.0, 1, were grown reproducibly by
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NOTE

temperature. After one month, the crystals were filtered off, washed Table 1. Crystal Data for
with water and ethanol, and air-dried. Yield: 17 mg, 30%. The [Mn"(bpy):]Mn"(bpy)(H20)]o[W"(CN)g]>-7H.0

molecular formula was determined by means of X-ray diffraction empirical formula GeHesMN3N2g00W,
and elemental analysis (Found fofgBssMNn3N2g0oW,: C, 44.6; fw 2044
N, 18.8; H, 3.0. Calcd: C, 44.6; N, 19.1; H, 3.2). IR: 3437s(br), space group C2lc
3230s, 3111m, 3088m, 2169m, 2143w, 2121w, 1632m(br), 1603s, a ﬁgg%gﬁgé
1595s, 1576m, 1563m, 1491m, 1474s, 1442vs, 1318m, 1244m, c 24.507(4) A
1218w, 1176w, 1159m, 1118w, 1103w, 1064w, 1044w, 1017s, B 95.21(1)°
975w, 900w, 815w, 766s, 737s, 651m, 627m, 463w trBecause \Z/ 2533(3) R
of thg photosens_ltlwty of the octacyanotungstate(V) 1th)_mhe d(calcd), g o 159 g o
reacFlon qnd the final product should be prot.ected frlom Ilght. All (Mo Koo, et 32.2
manipulations and measurements were carried out in red light. T, K 295
Physical MeasurementsIR spectra were recorded between 4000 R1, wR2[l > 30(I)] 0.051, 0.063

and 250 cm! on a Bio-Rad FTS 165 FT-IR spectrometer USiNg  a Ry = sk, — |Foll/S|Fol; WR2 = [SW(IFo| — Fel)2/SWIFo/2] V2 w =

KBr pellets. Direct current magnetic susceptibility measurements w[1—((|Fo| — |Fdl/60(Fo))3? wherew = 1/5TAT,(X) with 3 coefficients
were carried out on a Quantum Design MPMS SQUID suscep- 7.25, 0.21, 5.00 for a Chebyshev polynome in whictepresents the ratio

tometer equipped wita 5 T magnet and operating in the tem-  Fo/Fe(max).
perature range from 1.8 to 300 K on a collection of small crystals.

The low-temperature measurements were made using magnetomgeometry. The [Mn(bpy)?* moiety contains either two cis
eters Qevgloped at the CRTBT and L.éllaboratories in Grenoble. cyano bridges in the central Mn unit or a single cyano bridge
The high-field low-temperature SQUID magnetometer can measure and an aqua ligand in a cis arrangement in the terminal one.

absolute values of magnetization and susceptibility in fields up to .
8 T and at temperatures down to 70 mK. The very sensitive micro- The bond lengths and angles in the [Mn(bj¥) are

SQUID array magnetometer operates in fields up to 1.4 T and at Practically identical to those found in [Mn(bpgl;]-2H,0-
temperatures as low as 40 mK. The calculations of the energy levelsEtOH? Each W atom has two bridging and six terminal
were made using the computer program CLUMAG. cyano ligands arranged in a square antiprismatic geometry

Crystallographic Data Collection and Structure Determina- (D4g) slightly distorted toward a bicapped trigonal prism
tion. Crystal data were collected at room temperature on a Nonius geometry C,,). The mean W-C and C-N distances are
CADA4 diffractometer equipped with graphite-monochromatized Mo 2.158 and 1.15 A, respectively. Within experimental error,
Ka radiation ¢ = 0.71069 A). No significant variations were  there are no dimensional differences between the mean values
observed in the intensities of two checked reflections during data fgr the bridging and terminal cyano ligands. The® and
collections. Absorption corrections were app!ied using#hscan _ W—N distances are in the range typical for other, isolated
O, o e s sohed by Skec mebacs 189 and g, ociacyantungstates Y T brcing

' CN ligands exhibit almost linear WC—N units (maximum

electron density map calculations. Their atomic coordinates were e . . L
refined by full matrix least squares of. Computation was deviation from linearity of 5.9) and significantly bent M

performed by the PC version of Crystalsll non-hydrogen atoms ~ N—C sequences [163.7 and 162fér Mn(2)—N(7)—C(7)
were refined anisotropically. Carbon-bound hydrogen atoms were and Mn(1)-N(4)—C(4), respectively], typical for cyano-
placed at calculated positions and given a common isotropic bridged octacyanid€s’:1516
temperature factor. Crystallographic data and details of refinement In the crystal, the V-shaped molecules are packed into
are reported in Table 1. Selected bond lengths and angles are listednfinite columns along the z direction, because of head-to-
in Table 2. head and arm-to-arm—a stacking of the bpy rings of the
terminal (“arms” of the pentamer) and central (*head” of
the pentamer) Mn atoms of neighboring molecules with a
The crystal structure of [MHbpy)][Mn"(bpy)(H20)]- distance of abdi4 A from each other. Such an arrangement
[WY(CN)g]2*7H20, 1, consists of pentameric molecules of leads to a chainlike structure along the y direction consisting
slightly distorted V-shape with an alternating sequence of of columns of pentamers clutched alternately with their
Mn"'—WY—Mn"—WY—Mn'" atoms and KO molecules (Fig-  “heads” and “arms” (Figure 2a) forming linear tubes, where
ure 1). In the molecule, the central [Mn(bpl®) moiety H>O molecules are located (Figure 2b). The intermetallic
(located on thec; axis) is bound to two octacyanotungstate- intermolecular distances are relatively small, being 7.4 A
(V) ions through a single cyano bridge. Each of the between one tungsten atom and the terminal manganese atom
[W(CN)g]®~ groups is coordinated also to a terminal [Mn-  of the neighboring molecule. The parallel-clinging orientation
(bpy)(H20)] moiety through a single cyano bridge. The Mn of pentanuclear molecules in the network gives rise to the
atoms are hexacoordinate and present a distorted octahedranisotropy of the crystal.

Results and Discussion

(10) (a) Butter, K. R.; Kemp, T. J.; Sieklucka, B.; Samotus JAChem (14) (a) Bok, L. D. C.; Leipoldt, J. G.; Basson, S. Acta Crystallogr
Soc, Dalton Trans 1986 1217. (b) Sieklucka, B.; Samotus, A. 197Q B26, 684. (b) Sieklucka, B.; tasocha, W.; Proniewicz, L. M.;
PhotochemPhotobiol, A 1993 74, 115. Podgajny, R.; Schenk, FHEOCHEM200Q 520, 155. (c) Podgajny,

(11) Gatteschi, D.; Pardi LGazz Chimltal. 1993 231. R.; Sieklucka B.; tasocha, WI. Chem Soc, Dalton Trans 200Q

(12) Sheldrick, G. M.SHELXS 86 A program for crystal structure 1799.
determination University of Gdtingen: Germany, 1986. (15) Zhong, Z. J.; Seino, H.; Mizobe, Y.; Hidai, M.; Verdaguer, M.;

(13) Watkin, D. J.; Carruthers, J. K.; Betteridge, P. BRYSTALSAN Ohkoshi, S.; Hashimoto, Kinorg. Chem 200Q 39, 5095.
advanced Crystallographic Program Systeldniversity of Gatin- (16) Podgajny, R.; Desplanches, C.; Fabrizi de Biani, F.; Sieklucka, B.;
gen: Germany, 1986. Dromzee, Y.; Verdaguer, Mnorg. Chem, accepted.
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Table 2. Selected Bond Lengths (A) and Angles (deg) for [Nmpy)][Mn " (bpy)(H20)]12[WVY(CN)g] - 7H,0

Mn(1)-N(11) 2.249(7) N(4>-Mn(1)—~N(11)
Mn(1)-N(12) 2.251(6) N(4)-Mn(1)—N(21)
Mn(1)-N(21) 2.253(7) N(4¥Mn(1)—0O(1)
Mn(1)-N(22) 2.225(6) N(113Mn(1)—-N(12)
Mn(1)-0(1) 2.194(5) N(113Mn(1)—N(22)
Mn(1)—N(4) 2.222(6) N(12)-Mn(1)—N(21)
N(12)-Mn(1)—0(1)
N(21)-Mn(1)-0O(1)
Mn(1)—N(4)—C(4)
W(1)—C(1) 2.144(7) CA¥N(1)
W(1)-C(2) 2.150(7) C(AIN(2)
W(1)—C(3) 2.157(9) C(3¥N(3)
W(1)—C(4) 2.175(7) C(4yN(4)
W(1)—C(5) 2.173(7) C(5¥N(5)
W(1)—C(6) 2.132(9) C(6)N(6)
W(1)—C(7) 2.151(7) C(TN(7)
W(1)—C(8) 2.183(7) C(8)N(8)
Mn(2)—N(7)—C(7)
Mn(2)-N(31) 2.284(7) N(7-Mn(2)—N(31)
Mn(2)-N(32) 2.264(6) N(7>-Mn(2)—N(32)
Mn(2)—N(7) 2.192(6) N(7-Mn(2)—N(7")

N(31)~Mn(2)~N(32)
N(32)-Mn(2)—N(32)

a'=1-xYot+y -z

Figure 1. View of [Mn" (bpy)][Mn" (bpy)(H20)]2[WVY(CN)g]2: 7H20, 1,
along thex-axis.

Mn"(bpy)][Mn" (bpy)(Hz20)I[W"(CN)g]» 7H.O displays
three bands at 2169m, 2143w, and 2121w tin the IR
v(CN) stretching region. Taking into account the range
2170-2130 cnmt and pattern of the(CN) bands of isolated
octacyanotungstate(V) ion, the bands at 2169 and 2143 cm
can be attributed to thg/CN) of terminal cyano ligands.c17
The band at 2121 cm can be assigned to the bridgimg
(CN) frequency. It appears that back-bonding from C-bonded

86.8(3) N(4»-Mn(1)—N(12) 91.0(2)
164.2(3) N(43Mn(1)—N(22) 91.5(2)
93.1(2)

73.1(3) N(11)yMn(1)—N(21) 91.4(3)
96.8(3) N(11)Mn(1)—0O(1) 173.2(2)
103.4(3) N(12yMn(1)—N(22) 169.5(2)
100.1(2) N(21)yMn(1)—N(22) 73.1(2)
90.5(2) N(22Mn(1)—0(1) 89.9(2)
162.7(6) (bridge)

1.15(1) W(1»C(1)—-N(1) 176.4(8)
1.16(1) W(1)-C(2)—N(2) 178.4(8)
1.15(1) W(1y-C(3)—N(3) 178.1(8)
1.139(9) W(1yC(4)—N(4) 179.3(6)
1.136(9) W(1)-C(5)—N(5) 174.6(6)
1.16(1) W(1)-C(6)—N(6) 177.4(9)
1.159(9) W(1yC(7)—N(7) 177.7(6)
1.146(9) W(1)-C(8)—N(8) 178.4(6)
163.7(6) (bridge)

103.5(2) N(73Mn(2)—N(31)? 90.1(2)
87.9(2) N(73-Mn(2)—N(32) 162.2(2)
93.7(3) N(31)-Mn(2)—N(31') 160.1(4)
72.3(2) N(31)Mn(2)—N(32) 94.2(2)
96.1(3)

magnetization curve fits well for a Brillouin function for a
spin of1%,. The small difference between these two curves
may be due to intermolecular ferromagnetic interactions and
a weak anisotropy (see later). For comparison, the Brillouin
function for isolated spins, three spitisand two sping/,,1%2

is shown (circles).

The temperature dependence of the produgtT is
presented in Figure 4. At room temperature, the value of
yw- T is 12.45 cri-mol~1-K. The curveyw T = f(T) decreases
with temperature, reaches a minimum near 60 K, and then
increases rapidly to a value of 32.5 #mol 1-K at 2 K.
The presence of a minimum in the curve confirms the
antiferromagnetic interaction between the W and Mn ions.
The ymT value at room temperature is consistent with the
existence of two spind/, and three spins$/, inside the
molecule. Theyw-T value belov 4 K is larger than that
expected for isolate® = 1%, molecules (24.4 cfmol1-K
with g = 2), which suggests ferromagnetic interactions
between pentanuclear molecules.

To obtain an estimate of the coupling constabetween
the WY and the MH, the isotropic HeisenbergDirac—Van
Vleck Hamiltonian has been used:

W into the CN bridge increases because of enhanced removal i = —J[&,1y(Sunw + Sune) T SvwyGmay + Sune)]

of charge from the N end of CN to Mn, resulting possibly
from electron-withdrawing [Mn(bpy) units. These electronic
effects effectively overcompensate the kinematic effedt in
and result in slightly a lower value of bridginCN) with
respect tov(CN) terminal frequencigs$b.c.17.18

The measured magnetization versus magnetic field of
measuredta? K (squares) and the corresponding calculated
Brillouin function for anS = %, spin system (solid line)
are shown in Figure 3. The saturation magnetization is 12.7
us at 2 K, close to the expected value of L3 for an
antiferromagnetic coupling between three'M8= °/,) and
two WY (S = 1,) centers andgw ~ gun ~ 2. The

(17) Griffith, W. P.J. Chem Soc, Dalton Trans 1975 2489.

(18) (a) Purcell, K. F.; Yeh, S. M.; Eck, J. Biorg. Chem 1977, 16, 1708.
(b) Darensbourg, M. Y.; Barros, H. L. Ghorg. Chem 1979 18, 3286.
(c) Bignozzi, C. A.; Argazzi, R.; Schoonover, J. R.; Gordon, K. C.;
Dyer, R. B.; Scandola, Anorg. Chem 1992 31, 5260. (d) Scott, M.
J.; Holm, R. HJ. Am Chem Soc 1994 116, 11357. (e) Watzky, M.
A.; Endicott, J. F.; Song, X.; Lei, Y.; Mccatangay, Aorg. Chem
1996 35, 3463. (f) Dunbar, K. R.; Heintz, R. A?rog. Inorg. Chem
1997, 45, 283. (g) Vahrenkamp, H.; Geiss, A.; Richardson, GJN.
Chem Soc, Dalton Trans 1997, 3643 (h) Lim, B. S.; Holm, R. H.
Inorg. Chem 1998 37, 4898. (i) Richardson, G. N.; Brand, U.;
Vahrenkamp, H.Inorg. Chem 1999 38, 3070. (j) Geiss, A,
Vahrenkampf, H.Eur. J. Inorg. Chem 1999 1793. (k) Geiss, A;
Vahrenkampf, HInorg. Chem 200Q 39, 4029. (I) Chen, Z. N.; Appelt,
R.; Vahrenkampf, Hinorg. Chim Acta200Q 309, 65.

(19) (a) Kahn, OMolecular MagnetismVCH: New York, 1993; p 11.
(b) Kahn, O.Molecular MagnetismVCH: New York, 1993; p 113.
(c) Kahn, O.Molecular MagnetismVCH: New York, 1993; p 131.
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Figure 2. Part of the X-ray structure showing the packing of the
molecules: (a) projection along tkend (b) projection along thedirection.
The aromatic rings are omitted for clarity.
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Figure 3. Magnetization ofl vs magnetic field at 2 K: experimental,
bold line; calculated Brillouin function for spi#¥,, squares; calculated
function for two independent spifk and three independent spitts circles.

In the calculations, the following have been assumed: (i)
identical antiferromagnetic interactions between—Wn

1326 Inorganic Chemistry, Vol. 41, No. 5, 2002
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Figure 5. Energy of the different spin levels dfvs the spin value.

terminal and W-Mn central centers and (ii) the existence
of ferromagnetic intermolecular interactions between pen-
tameric molecules.

The energy of the different spin levdigS) as a function
of J have thus been calculated. A plot of these energies as
a function ofJ is presented in the Figure 5. Tha-T values
for one molecule have been evaluated using the Van Vleck
equationt®

NAgzﬂZZS(S+ 1)(2S5+ 1) expEE(9/KT]

XMmoIecuIeT =

3k Z(zs+ 1) expl-E(S/KT]

To take into account intermolecular interactions, a mean field
approximation for the susceptibility of the crystal has been
used?ioc

T

o T = —Phamolecue’
M z J%Mmolecule

1- 202

NAgB

whereJ' is the coupling between the neighboring molecular
units, andz, the number of next neighboring molecules. The
best fit has been obtained with a mean Lardetor g =
1.952° a coupling constant] = —12.0 cnt!, and an
intermolecular coupling constant af = +0.03 cnT:

R= z[(XM'T)exp - (XM'T)caIcJZ/z[(Xm'T)eXp.lZ =0.004
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Figure 7. M vsH at various temperatures above and belgwThe data

' 1.5 2 have been normalized by the saturation magnetization measured at 1.4 T
T (K) and 50 mK. For temperatures beldie = 0.66 K, the appearance of a
spontaneous magnetization can be seen, as defined as the departure of the

Figure 6. Direct current field cooled magnetization (normalized by the o L
applied fieldH, = 45 Oe) and the ac susceptibility= 1.2 Hz andHae = magnetization from the initial slope whel&/H saturates to a value ofN/

1 Oe) at very low temperature far The sample undergoes a ferromagnetic o o
phase transition afc = 0.66 K. departure of the initial magnetization from the slope of the

line M/H = 1/N, where againN is the demagnetization

To study the magnetic properties at very low temperature, coefficient for the single. crystal. These results confirm that
a 1 mg powder sample was prepared. To ensure good thermalong-range ferromagnetic order occurs below= 0.66 K
contacts, small crystals were mixed with vacuum grease, andConclusions
the mixture was fixed to a copper sample holder, whichwas  Thjs report expands the limited number of structurally
attached to the bottom of the mixing chamber of a dilution :haracterized octacyanometalate(V) compounds of high spin
refrigerator. Both ac susceptibility and dc magnetization ground state. The self-assembly processis{Mn' (bpy)-
measurements were made. Figure 6 shows the results of tthZO)Z]H and [WY(CN)g]3~ precursors results in formation
field cooled magnetization normalized by the applied field f pentanuclear [MHbpy)]IMn" (bpy)(H20)JWY(CN)g]2*
(i-e., M/Ha with Ha = 45 Oe) and the ac susceptibility taken - 71,0 The pentanuclear molecule has the slightly distorted
at a frequency of 1.2 Hz and in a field b, = 1 Oe. The  v/_shape with two tungsten(V) atoms linked by single cyano
susceptibility increases to a value of approximately 0.25 emu/ yigges to three manganese(ll) centers in alternating sequence
cr®, below which a plateau appears. This very large value pjn—\W—Mn—W—Mn. In the crystal, the parallel orientation
of the susceptibility suggests that transition to an ordered of the molecules due to aromatic— stacking of bpy rings
ferromagnetic phase occurs & = 0.66 K. Indeed, the  yegyits in broken chainlike structure and anisotropy of the
apparent susceptibility at a ferromagnetic transition should crystal. The dc magnetic measurements between 2 and 300
saturate to a value of Wi/ whereN is the demagnetization K show that the complex exhibits intramolecular antiferro-
coefficient, and for this powder sampl& may be ap-  magnetic coupling with a coupling constant —12.0 cnt?
proximated byN = 47/3. Measurements at different frequen- -gnsistent with a ground spin state &%, Magnetic
cies show that the transition temperature depends onlymeasurements at very low temperatures reveal that the
weakly on frequency, and beloW, a small imaginary part  compound exhibits long-range magnetic ordering beTew
of the ac susceptibility appears. o = 0.66 K, thus preventing the observation of SMM behavior.

Measurements ol versusH for various isotherms are  Nevertheless, the results reported here suggest the possibility
shown in Figure 7 and were made on a single crystal of designing a single molecule magnet based on octacyano-
weighing a few micrograms. The measurements were mademetalates. Construction of clusters with reduced intermo-
by placing the small crystal directly on top of an array of |gcylar interactions by the introduction of large counterions
micro-SQUIDs. The data were normalized by the value of jhig a charged cluster-ion network may lead to a large
the saturation magnetization measured at 0.05 K andH magnetic anisotropy. Further studies are currently in progress
= 1.4 T. No hysteresis was seen down to the lowest along this line.
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= 2 andS = >/, and is related to the fact that thptensor of the Supporting Information Available: Crystallographic informa-

molecule is a linear combination of local tensors with a negative value . ™ . L . .
of the constant 08 = %/, (Gateschi, D.; Bencini, AEPR of exchange  tion in CIF format. This material is available free of charge via the

coupled systemsSpringer: Berlin, 1990; p 53 and 55). A similar  Internet at http://pubs.acs.org.
phenomenon can hold here in the pentanuclear moleculend/
which can explain the mean value less than 2. 1IC010679N
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