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Two novel Cus and Mng hexagon sandwiched polyoxometalates, [(CUCI)s(AsWgOss)o]2~ (1a) and [(MnCl)s(SbWgOs3)s]*~
(2a), have been synthesized and characterized by X-ray single-crystal analysis and magnetic measurements. These
complexes are Dsy symmetric and were isolated as [n-BuNH;]* salts from aqueous solutions: (n-BuNHz);2[(CuCl)s-
(AsWg033)7]+6H20 (1), rhombohedral, R3, a = 20.33(1) A, ¢ = 26.35(2) A, Z = 3 and (n-BuNH3);J[(MnCl)s-
(SbWg033),]+6H,0 (2). Six Cu (or Mn) atoms, each of which shows 5-fold coordination, make an approximately
equatorial hexagon with a first-neighboring Cus++Cu (Mn-+-Mn) distance of 2.913(2) A (3.248(1) A) and a Cu-O—
Cu (Mn—0-Mn) bond angle of 94.5(2)° (100.4(2)°). The magnetic behavior investigated by magnetic susceptibility
measurements shows the ferromagnetic exchange interactions with Jk = +12.7 K (J/hc = +8.82 cm™Y) and a S
= 3 ground state for 1 and J/k = +0.20 K (J/hc = +0.14 cm™Y) and a S = 15 ground state for 2, when only J
refers to the isotropic magnetic-exchange interactions for first-neighbor atoms of the approximately equilateral Cug!?*
and Mng*?* hexagons. The single-crystal ESR spectroscopy of 1 under the orientation of the magnetic field along
a Cug hexagon's nearly 6-fold axis equal to the ¢ axis on the variation of temperature supports the S = 3 ground
state and allows an estimate of the zero-field (fine-structure) energy separation between S, = 0 and S, = £1 of
D = -0.182 K to be obtained.

Recently, we have shown that the spin-frustrated ¥O)
triangle for [(VOX(SbWs033)2]*? and [(VOR(BiW¢Oz3)5] >~

is a good model of the magnetization (associated with two
doublets with a different spin chirality) between pure
guantum stateS= 1/2 and 3/2 and provides a new class of
%ingle—molecule magnetsas well as a new class of antiviral

Introduction

Much attention has been paid to magnetically significant
polyoxometalates for the development of nanoscale molec-
ular magnetd.The magnetic behavior of a variety of such
polyoxometalates has been explored during the past decad
with the aim of designing single molecular magnets.
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Cug'?" and Mngl2t Hexagons

polyoxometalates against a wide variety of enveloped RNA Experimental Section

viruses! The observation of a half-step quantum magnetiza-
tion resulting from the antisymmetrical Dzyaloshinsky
Moriya interaction for the spin-frustrated triangle-spin ring
has been done by the use of single crystals of{l€u-
(H20)} 3(AsWoOz3)2]:32H,0.5 The structure of [(VOy
(XWgOs3),]*?~ (X = SW" and BIi") for the spin-frustrated
(VO)st*-triangle polyoxometalates consists of a % Q@with

a square-pyramidal 5-fold coordinatiorfcenter) triangle
cluster, sandwiched by two diamagnetid3-[XW O34~ (X

= Sh" and Bi") ligands inDg, local symmetry. In our
continuing investigation of a molecular design of simple

single-molecule magnets based on polyoxometalates, we

found the ferromagnetic behavior of 5-fold coordination
Cust?t and Mnst?" hexagons for [(CuCHAsWqOz3)2]*?,
[(CuBr)s(AsWy0s3)] 2= [(CuCle(SbWeOs3)7] 2= and [(Mn-
Cl)e(SbWeO33)2]12~ with Dsg symmetry for each. Such a
5-fold coordination transition-metal-ion hexagon sandwiched
by two a-B-[XW ¢O33]°" ligands is structurally different from
the Sr'?" hexagon consisting of three 4- and three 6-fold
coordinated St ions inDa-symmetrical [SE(SNVWOz3),]8 .6
The Dsg-symmetric polyoxotungstates containings&ti and

Mng!?" hexagons provides a simple model for the exchange-
interaction study of molecular magnets, as expected in the

preparation of the 6-fold coordinated £ucenter-incorpo-

rated polyoxometalates for a better understanding of the

magnetic behavioi??¢ Although the ferromagnetic Gtf*-

Synthesis.(n-BuNHj) 1 (CuCl)s(AsWgOs3),] -6H,0 (1) was pre-
pared by replacement of a lanthanides moiety mB(NHz);,-
[{ Eu(HO)} 2(AsWyO33)2] -8H,0 with a Ci hexagon. After filtration
of an aqueous solution containing-BuNHs)1,[{ Eu(H:O)} 2~
(AsWy033)2]-8H.0 (0.6 g, 0.1 mmol) and Cug(1.0 g, 7.4 mmol)
in 30 mL, the filtrate was kept for approximately one month at
room temperature, and orange crystals (0.18 g in 29% based on
W) were isolated. Anal. Calcd: C, 9.44; H, 2.57; N, 2.75; Cu, 6.24;
W, 54.19; As, 2.45; Cl, 3.48%. Found: C, 9.33; H, 2.36; N, 2.81,
Cu, 6.2; W, 54.3; As, 2.6; Cl, 3.64%. IR (KBr disk): showed
metal-oxygen stretches = 948 (m), 901 (m), 870 (m), 836 (s),
810 (m), 763 (s), 733 (s), 699 (s) cf
(n-BuNHz)1[{ Eu(H0)} 2(AsW5033),]-8H,O was prepared as
follows.** An aqueous solution (10 mL) of Eu(NR-6H,0 (0.23
g, 0.5 mmol) was added into an aqueous solution (40 mL) of
Nag[AsWgO33]°19.5H0'? (1.4 g, 0.5 mmol) and warmed to
approximately 80C. n-BuNHsCI (0.55 g, 5 mmol, solid) was added
to the warm solution, and the resulting solution was kept at room
temperature for a few days to yield colorless crystals (0.73 g, 49%
based on W) ofr-BuNHz)1{ Eu(HO)} 2(AsWgOs3)2]-8H,0. Anal.
Calcd for GgN1oH168076ASELW g C, 9.73; N, 2.84; H, 2.86; Eu,
5.13; W, 55.85; As, 2.53%. Found: C, 9.64; N, 2.91; H, 2.52; Eu,
5.1; W, 56.0; As, 2.6%. IR (KBr disk): metabxygen stretches
= 939 (M), 857 (s), 778 (s), 727 (s) ci The preparation ol
from the reaction of NgAsWgOs3]-19.5H,0 (0.56 g, 0.2 mmol),
CuClb, andn-BuNHCI failed.
(n-BuNHg3)1[(MnCl)s(SbW,O33),]-6H,0 (2) was prepared as
follows. After filtration of an aqueous solution containing

hexagon compound, as a molecular magnetic material, WasNa[SbWy033-19.5H0™ (0.57 g, 0.2 mmol), MnGHH,0 (1.5

at first reported with [(PhSigsCus(O,SiPh)]-6EtOH as one

of the C#*-containing polyorganosiloxanato clustétsere
has been no example for the £&4i-hexagon polyoxometa-
lates. As ferromagnetic polyoxometalates, so far, 6-fold
coordination transition-metal clusters, such as;(NiO),-
(P2W15055)2] 16—,8 [M 4(H20)2(PW9034)2]10— (M =Cd|, Nill),Za,Zb
[COaW4(D20)2(ZﬂW9034)2] 12_,20 [NI 3N&(H20)2(XW9034)2] 11-
(X=PV, ASV),g’lo [Ni6(H20)2(ASW9034)2(ASW6026)]17_,10

[NI M nz(H20)2(PW9034)2(PW6026)] 177,10 [{ ]/-Sinoo%CUg-
(HzO)(N3)2}2 12- , and I{]/-S|W8031CU3(OH)(H20)(N3)} 3-
(N3)]**, have been recognized, and the two isolated(Gu—
N3),] pairs in [y-SiW;¢0036Clx(H20)(Na),} 2]*%~ have been
estimated to be most strongly ferromagnetically coupled with
J/hc= +224 cn1.2d We describe herein the synthesis and
the structural characterization oh-BuNH3)1o[(CuCl)e-
(ASW9033)2]‘6H20 (1) and O-BuNH3)12[(MnCI)6(SbV\6033)2]~
6H,0 (2) and discuss the ferromagnetic properties of 5-fold
coordination Cyt?t and Mns'?t hexagons.

(4) Yamase, TJ. Mater. Chem2005 45, 4773.
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Starikova, Z. A.; Yu Antipin, M.Dalton Trans 2003 4389.
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Chem. So2003 125 6791. (b) Rentschler, E.; Gatteschi, D.; Cornia,
A.; Fabretti, A. C.; Barra, A.-L.; Shchegolikhina, O. |.; Zhdanov, A.
A. Inorg. Chem 1996 35, 4427.

(8) Gomez-GargiC. J.; Borfa-Almenar, J. J.; Coronado, E.; Ouahab, L.
Inorg. Chem 1994 33, 4016.

(9) Kortz, U.; Mbomekalle, I. M.; Keita, B.; Nadjo, L.; Berthet, Porg.
Chem 2002 41, 6412.

(10) Mbomekalle, I. M.; Keita, B.; Nierlich, M.; Kortz, U.; Berthet, P.;

Nadjo, L.Inorg. Chem 2003 42, 5143.

g, 7.5 mmol), andh-BuNHsCI (0.55 g, 5 mmol) in 30 mL, the
filtrate was kept approximately for one week at room temperature,
and brown crystals (0.35 g in 57% based on W) were isolated.
Anal. Calcd: C, 9.38; H, 2.56; N, 2.73; Mn, 5.36; W, 53.82; Sb,
3.96; Cl, 3.46%. Found: C, 9.39; H, 2.23; N, 2.80; Mn, 5.6; W,
53.7; Sb, 4.0; CI, 3.34%. IR (KBr disk): 942 (m), 899 (m), 854
(m), 813 (s), 725 (s), 683 (m) crh

Nag[AsWg033]-19.5H,02 and Na[SbWyOs3]-19.5H,0 were
synthesized by literature procedures. All chemicals were of at least
analytical grade and used without further purification.

X-ray Crystallography. Intensity data for the single-crystal
X-ray crystallography ofl and 2 were measured on a Rigaku
RAXIS—RAPID imaging plate diffractometer with a graphite-
monochromated Mo & (1 = 0.71069 A) radiation at-100 °C.
Lorentz polarization effects and numerical absorption corrections
(the programs Numabs and Shape; Higashi, Pfogram for
Absorption CorrectionRigaku Corporation: Tokyo, 1999) were
applied to the intensity data, and H atoms were not indicated in
the calculation. All the atoms (except for disordered atoms) were
refined anisotropically, and the disordered atoms were refined
isotropically. All the calculations were performed using the
CrystalStructure software packagerystalStructure 3.5:1Crystal

(11) Single-crystal X-ray crystallography oh-BuNHsz)1J[{ Eu(H:O)} -
(AsWg033),]-8H,0 indicatesa = 11.853(6) Ab = 16.07(1) A,c =
18.27(1) A,o. = 64.10(2), § = 85.83(2), y = 87.81(3}, Z= 1,V
= 9614(16) B, p = 3.14 g cm3, and space groupl (No. 2). The
structure solved by a direct method of SHELXS86 together with the
luminescence property of the peculiar’Eite of 7-fold coordination
will be shown in another paper.

(12) TourrieC.; Revel, A.; TourheG.; Vendrell, M.C. R. Acad. Soc. Paris,
Ser.lC1973,t277, 643. IR (KBr disk): 931 (m), 903 (s), 781 (s), 725
cm 1 (s).

(13) Besing, M.; Loose, L.; Pohiman, H.; Krebs, Bhem—Eur. J.1997,

3, 1232. IR (KBr disk): 925 (m), 891 (s), 769 (s), 708 thy(s).
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Structure Analysis Packagérigaku and Rigaku/MSC: Tokyo,
2000-2003)4

For 1, 31 078 reflections ¢ scan and @max = 54.F) were
collected, of which 4796 unique reflectionB{ = 0.054) were
used. Crystal data: MV¥ 6106.93, space group R3 (No. 148),
a=20.33(1) Ac=26.35(2) A,Z=3,V=9431(9) B, p =3.23
g cnmr3, u = 181.37 cm?, F(000) = 8334, crystal size= 0.40 x
0.38 x 0.23 mm, transmission factors 0.02—1.00. The structure
was solved by a direct method (SHELXS-97) and refined based
on 4313 observed reflections with> 20(1) and 245 parameters to
R; = 0.026 andR, = 0.083 (refined againsf-2|). The highest
residual electron density was 1.22 €3 The site occupancies of
four C (C5, C6, C9, and C10) atoms were fixed at 1/2. THus,
was formulated as ({E1sNHz)12[(CuCl)s(AsWgO33)2]-6H,0.

For 2, 31 682 reflections ¢ scan and @mnax = 55.0°) were
collected, of which 4917 unique reflectionB{ = 0.060) were
used. Crystal data: MV 6148.94, space group R3 (No. 148),
a=20.15(1) A,c=27.36(2) A,Zz=3,V=9624(9) B, p=3.18
g cnt3, u = 172.7 cn?, F(000) = 8370, crystal size= 0.30 x
0.25 x 0.05 mm, transmission factors 0.03—-0.42. The structure
was solved by a direct method (SHELXS-97) and refined based
on 4916 observed reflections (all with > 0.00(1)) and 245
parameters t&; = 0.022 (refined againgf|) for | > 20(1) and
R, = 0.073 (refined againstF?|) for | > 0.00(l). The highest
residual electron density was 1.39 3 The site occupancies of
the C5, C6, C9, and C10 atoms were fixed at 1/2.

Instrumentation, Magnetic Measurements, and ESR.IR

Yamase et al.

spectra were recorded on Jasco FT-IR 5000 spectrometer. TheFigure 1. Formation and structure (a) of [(Cu@MsWgOs3)7]*2~ (1a),

contents of As, Sh, Cu, Mn, and W were determined by X-ray
fluorescence analysis (with an accuracy of 2% with a fundamental
parameter method for the pellet of sample) on a Shimadzu EDX-

equilateral Cgl?* hexagon and numbering scheme (b) fay and crystal
packing (c) of 6-BuNHz)12[(CuCl)s(AsWgOs3)2]-6H,O (1): green= As,

red= Cu, yellow= C, blue= N, dark blue= W, pink = CI, and white=

O.

800 spectrometer. The water content was measured by thermo-

gravimetric methods on an ULVAC-TGD9600MTS9000 instru-
ment. The magnetic susceptibility in the range of-1380 K was
measured with a Quantum Design MPMS-XL5 SQUID mag-

netometer, and the experimental data were corrected for the

diamagnetic contribution using standard Pascal constaktband

ESR measurements were carried out on a JEOL ESR spectromete

(JES-RE1X). ESR measurements (190 GHz) were done on a

homemade spectrometer at the Institute for Material Research,

Tohoku University, Japan.

Results and Discussion

Structures. Figure 1a shows the structure of anibafor
the compoundl which can be described as a dimer of
[(CuCl)s(AsWy033)]°~ building blocks related by an inversion
center with a resultarDsy symmetry. Each building block
is formed by a diamagnetic B-[AsWgO34]°~ polyanion
coordinated to the (CuCl}-Cu' ion triangle (with Cu+Cu
= 5.045(2) A and 60= Cur+Cu-+-Cu), which corresponds
to the moiety removing the [AsWDs3]°" ligand from the
hypotheticalDz,-symmetrical [(CUCEHASWgO33),]*> with
the same geometry as the above [(MSpWeOz3),]12 162
and [(VOX(BiW¢0s3),]*>~ 12 and also [(VOYASWgOz3),] 1,16¢
[CU3(H20) 2(ASW9033 or Sb\/\é033)2]12_,16d [{CU(HQO)}g-
(ASW9033 or SbV\éO33)2] 1= ,lGe [{ M n(H zo)} 3(ASW9033)2] 12- ,16f
[{Mn(H0)} 3(SbWO33)7] 127,169 and [(PhSny(SbWeO33),]°~.26"

(14) Further details on the crystal structure investigations are given in CIF
files as Supporting Information.
(15) O’Conner, C. JProg. Inorg. Chem1982 29, 203.
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Figure 1b and ¢ shows the structure of thes-@axagon
moiety and the packing of the molecules in the unit cell,
respectively. The Cu atom fata is coordinated by four
oxygen atoms (with CtO distances of 1.968(7)1.991(6)

1,&) belonging to two Be-[AsWyO33]°" ligands and an
exterior Cl atom (with a CtCl distance of 2.490(3) A) in

a square pyramidal geometry and is on average 0.40(1) A
above the four-oxygen-atom plane. Six Cu atoms make an
approximately equatorial hexagon (with a first-neighbor
Cur-+Cu distance of 2.913(2) A, a GtD—Cu bond angle

of 95.3(2¥, neighboring Ct-Cu—Cu angles of 119.98(8)

and second- and third-neighbor €€u distances of 5.045(2)
and 5.825(1) A). The anion charges are neutralized by twelve
n-butylammonium cations around the anion. The least-
squares plane of the @&" hexagon is positioned at a
symmetrical distance from the two As atoms with an-A&s
distance of 5.278(2) A along theaxis in the unit cell. The
shortest Cu-Cu distance between neighboring anions is
11.076(1) A.

Compound2 shows the same space group and geometry
asl. However, the substitution of Ciby Mn?" in the anion
results in slightly larger MaRO—Mn bond angle of 99.8(2)
and a lengthening of the MO bond distances of 2.101(4)
2.126(4) A and first-, second-, and third-neighbor-MNn
distances of 3.248(2), 5.625(1), and 6.495(2) A for the
equatorial Mg'?* hexagon because of the replacement of
As"' (As—O bond distance of 1.784(6) A for the trigonal
pyramidal AsQ) with SB" (Sb—0O bond distance of 1.964(5)



Cug'?" and Mngl?t Hexagons

Figure 2. Temperature dependences jgf and ymT for (n-BuNH3)12>-
[(CUCl)e(ASW9033)2]'6H20 (1) and (’]-BUNH3)12[(MﬂC|)5(SbVV9033)2]'
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Figure 3. DC-field dependences of the magnetizationy() for 1 and2
at 1.8 K.

the Brillouin function. The highest value gf.T for 1is near
the value (6.0 emu K mot) expected for a spin-alignesl

6H.0 (2) at 0.10 and 0.05 T, respectively. Red lines represent the calculated = 3 ground state, in which all six spins are parallel to each

curves ofym vs T andymT vs T curves above the cusp temperature using
the best-fitting parameters (in the text).

other, and the highest value f@ris close to 120.0 emu K
mol~! for a spin-alignedS = 15 ground state. The drop of

R) which has a larger ionic radius and which showed an thexmT values below the cusp temperature for polycrystalline

expectedly shorter SbSb distance of 4.943(1) A in the
anion framework®

Magnetic Properties. The molar magnetic susceptibility
(xm) and its temperature product(T) versusT plots for

samples oflL and2 seems to be attributed to an increase of
the contribution of the crystallines under the magnetic field
along the hard direction to the magnetic susceptibility. Since
second- and third-neighbor interactions between paramag-

polycrystalline samples under a magnetic field (0.10 and 0.05 Netic Cé* and Mr#* ions with significantly long distance

T for 1 and 2, respectively) are shown in Figure 2. Values
of ymT for 1 (or 2) increase upon cooling from 3.2 (27.0)
emu K mol? at 300 K, which corresponds to the sums of
spin-only contributions (2.3 emu K mdi for 6 C/#* and
26.3 emu K mot?! for 6 Mn?*), and reach a maximum of
6.4 (118) emu K mol* around 7(2) K and decreases to 6.0
(70) emu K mot? at around 0 K. The behavior of the,T
against T plots forl and 2 indicates the ferromagnetic
coupling for both the Cg?" and Mns*?" hexagons. The field
(B) dependences of the magnetizatid) (n electron Bohr
magnetongg) per mole units fod and2 at 1.8 K are shown
in Figure 3. The magnetization df and 2 increases with

(more than 5 A) within the G and Mn-hexagons are weak
enough to be assumed to be negligible, the Hamiltonian of
the magnetic behavior of the €&" and Mns!?" hexagons
can be approximated by only first-neighbor interactions given

by

H=-2J55+55+55+55+55+5% O
whereJ refers to the isotropic magnetic exchange interactions
for first-neighbor atoms of the approximately equilateral
Cu'?" and Mn'?* hexagons according to the numbering

scheme (Figure 1b}§m and$§, are the spin angular momen-
tum operators in units df/2r with the vector sungm,,= S

increasing field with an approximately linear relationship at + S, The eigenvalues of the operato&)e, (52 and Gun)?
B < 0.5and 0.1 T, respectively, and reaches a plateau. TheareSy(S, + 1), S(S+1), andS,(Swn + 1), respectively. A

plateau values of-6.5 and 29z for 1 and2 are close to
the saturation values of 7 and 3% expected (forg = 2)
for the isolatedS = 3 andS = 15 states as spin-aligned

convenient formula for the energieg)(of the spin states
which result from exchange coupling in thedZt or Mng!2*
hexagon with six magnetically equivalentTwr Mn?* ions,

ground states, respectively. The magnetic saturation with developed by Van Vleck, is

higher fields for2 is faster than that fot, as expected from

(16) (a) Yamase, T.; Botar, B.; Ishikawa, E.; Fukaya(kem. Lett2001,
56. (b) Botar, B.; Yamase, T.; Ishikawa, Biorg. Chem. Commun
200Q 4, 551. (c) Mialane, P.; Marrot, J.; Rivie, E.; Nebout, J.; Hefve
G. Inorg. Chem 2001, 40, 44. (d) Robert, F.; Leyrie, M.; Hefyes.
Acta Crystallogr 1982 B38 358. (e) Kortz, U.; Al-Kassem, N. K;
Savelieff, M. G.; Al Kadi, N. A.; Sadakane, Mnorg. Chem 2001,
40, 4742. (f) Bming, M.; Nth, A.; Koose, I.; Krebs, BJ. Am. Chem.
Soc 1998 120, 7252. (g) Sazani, G.; Dickman, M. H.; Pope, M. T.
Inorg. Chem 200Q 39, 939.

E(S) =—-JS(S+1)—6S(§ + 1)} )

whereS can take the values allowed by the vector summa-
tion rule ands is the total spin of atom. Since the number
of states V) with a givenS is given by

W(S) = Q(S) — Q(S+1) 3)

whereQ(S) is the coefficient o&® in the expansion ob¢

Inorganic Chemistry, Vol. 45, No. 19, 2006 7701



+ x5+ L+ x 9" ym can be evaluated according to the

formula

A =
(Nug?g?/3KT){ XW(S)S(S—l-l)(ZSJrl) expE(S)/kT}/

{ Y WS)(@S+1) exp(-E(S)KT} (4)

whereN is the Avogadro numbeqg the g factor, andk is
the Boltzmann constadt.In eq 4, all the molecular-statg
factors are assumed to be equal to the lgdaictors. When
the low-lying states taken as the energy origin Taand 2
areS= 3 and 15 respectively, the expressiorygffor 1 is

% = (2Nup’g?kT){ 14 + 9 exp(5x) + 25 exp-3x)}/
{7+ 5 exp6x) + 27 exp5x) + 25 exp3x)}
with x = 2J/KT (5)

and that for2 is

% = (BNug’g7kT){ 126 exp11K) +
950 exp-117x) + 3220 exp{-114x) +
7308 exp-11x) + 12 782 exp{-105) +
18 382 exp{-99x) + 22 680 exp{-92x) +
24 480 exp(-84x) + 23 256 exp{-75x) +
19 404 exp{-65x) + 14 168 exp{-54x) +
9100 exp{-42x) + 4914 exp{-29x) +
2030 expf-15x) + 496} /{111 exp12x) +
945 exp-11%) + 2375 exp-117) +
4025 exp-114x) + 5081 exp-110x) +
6391 exp{-105x) + 6565 exp{-99x) +
6075 exp{-92x) + 5100 exp-84x) +
3816 exp{-75x) + 2646 exp-65x%) +
1610 exp{-54x) + 875 exp-42x) +
405 expt-29x) + 145 exp-15x) + 31}
with x = 2J/KT (6)

The best-fitting parameters obtained from a simulation
of the ym versusT curve above the cusp temperature are

J/hc = +10.8 cn1! (J/k = +15.5 K) andg = 2.06 with
the agreement factorsR, = [3{(xm)caca — ((m)obsd?/
2{mopsd? = 2.9 x 107* and Ry = [3{(¢mTcalca —
OmMobsd Z3{ (tmMNobsd 2] = 7.9 x 1072 for 1 and J/hc =
+0.14 cn? (J/k = +0.20 K) andg = 2.00 withR, = 1.0 x
104 andR,r = 3.6 x 1074 for 2. As shown in Figure 2,
however, there is a clear deviation for thel versusT fitting

of 1, while the fitting for2 is convincing. The analysis using
eq 5 forl reproduces thg,T data at a higher temperature
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Figure 4. Temperature dependence of 190 GHz single-crystal ESR spectra
(a) of 1 and 9.10 GHz single-crystal ESR spectrum (b)lait 77 K. The

ESR spectra were measured under the orientation of magnetic field along
the c axis.

of the axial symmetric paramagnet (along a'€uhexagon’s
nearly 6-fold axis equal to the axis). The 190 GHz ESR
spectra of the single crystal dfrevealed six spin-allowed
transitions AS; = +1) around 5.5, 5.75, 6.0, 6.25, 6.4, and
6.6 T (with stronger intensity at lower fields at 4.2 K) which
could be assigned tMs[1= |—30— |—20) |—20— |—10)
|—10— |00} |00— |+10) |[+10— |+20 and |+20— |+30
transitions for thes= 3 ground state, respectively. Although
all the six separations between pairs of neighboring lines
are not exactly the same (especiallyBat 6.4 T) because

of the contribution of the higher-order terms of the anisotropy
to the transitions, nearly equal separations (0.245 T) between
two neighboring lines at lower than 6.3 T should be equal
to 2|D|/gus, whereD is the zero-field (fine-structure) energy
separation betwee§, = 0 andS, = +1 for S= 3. The
negative sign o was deduced from the observation (Figure
4a) that the lowest field line arodrns T was weakened at
high temperature (for example, the strongest for |Dig—
|+1[Ctransition was around 6.25 T &t> 30 K). With theg
value (2.22) obtained around 6.12 T on the 190G Hz ESR
spectrum (Figure 4a)p = —0.127 cn1}(—0.182 K) is
obtained. The X-band (9.10 GHz) ESR spectrum of the single
crystal of1 at 77 K under the orientation of magnetic field
along thec axis showed a singlet absorption observed at
0.186 T (Figure 4b), which is likely to be assigned to be the
|+200— |+1transitions for both the ground stade= 3 and

the excited stat8 = 2. Figure 5 shows the zero-field splitting

range (above 70 K) quite well but does not account for data and the ESR transitions under the Zeeman splitting with the
at lower temperature range (below 20 K), as is again orientation of magnetic field along theaxis for theS = 3

discussed below.

ground state ol. Since it is apparent that the energy levels

Figure 4a and b shows the 190 GHz and 9.1 GHz ESR resulting from the zero-field splitting for the lowest-lyii®)

spectra of the single crystal (0.5 0.5 x 0.4 mn¥) of 1
under the orientation of a magnetic field with thdirection

(17) Bo@, R. Theoretical foundations of molecular magnetisnCumrent
Methods in Inorganic Chemistry Vol; Elsevier Science; Amsterdam,
1999.
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= 3 state will be distributed over a significant range at lower
temperature (af < 20 K), four energy levelsS, = +3,

+2, 41, 0) of theS= 3 ground state in the Hamiltonian for

1, given by inclusion of theD value, were taken into
consideration in an effort to understand the low-temperature
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Figure 5. ESR transitions expected under the orientation of magnetic field
along thec axis and zero-field splitting in th& = 3 ground state fod.
White arrows indicate the expected 9.1 and 190 GHz ESR absorptions

deviation on they,T versusT fitting (Figure 2a and eq 5).

WhenS, = £2 is taken as the energy origin f8= 3, instead

of eq 5, an alternative expression (eq 7),@f at a low-

temperature range above the cusp temperatumlﬁnderlved Figure 6. Fittings of the data below 20 K (a) using an alternative model

from eq5 (eq 7) which accounts for the zero-field splitting in tBe= 3 ground state
and the data above 70 K (b) using eq 5 forRed lines represent the
=@V GKT{4 + exp(-3DIKT= ~0.549M) +  Colcusleciunesoby v andyyTys eves above e cusp emperatre
9 exp(8D|/kKT = 0.915T) + 9 exp(-5x) +
25 exp3x)} {2 + exp(—4|D|/KT = —0.732) + 5200
2 exp(3|D|/KT = —0.549m)+ S=1(9)—%—
2 exp(8D|/KT=0.915T) + 5 exp(6Xx) + 51K
27 expE5x) + 25 exp3x)} with x = 2J/KT (7) 5 seo
The T data below 20 K (up to the cusp temperature of g
7 K) could be reproduced well with eq 7: the resultant values 76 K «S§=0 (11)
areJ/hc= +9.34 cm! (J/k = +13.4 K) andg = 2.00 with 48K %«S: 10 (126)
R, = 7.4 x 10°®. This accounts for the zero-field splitting S=3(1)—— ~S=15(1)
(DS?) in the S = 3 ground state at low temperature. 1 2
Nevertheless, eq 7 did not explain theT data in the whole . _ - .
lomperaure fange of 700 K (The.- +15.0 e (1K - 2 The rumber n parentheses indicates the degeneracies of some of the

+25.9 K) andg = 1.99 withR,r = 3.9 x 107%), while the magnetic spin states.

data above 70 K were in excellent fit of theT versus T

curve achieved by eq 5 to providéhc = +8.82 cn? (J/k for 1. The drop in the/, T values below the cusp temperature
= +12.7 K) andg = 2.27 withR,s = 2.7 x 1075, Figure 6 for polycrystallines ofl and 2 (Figure 2) may be avoided
shows the fitting of they,T data for 1 at the lower by using single crystals, which enables us to measure the
temperature range of720 K and at the higher temperature xm Values under the magnetic field along the easy axis to
range of 76-300 K using eqs 7 and 5, respectively. Thus, reasonably fit the;mT data in the whole temperature range.
the best fitting parameters obtained from the simulation of
theymT versusT curve above 70 K using eq 5 are employed
for the magnetic behavior characteristic of the ferromagnetic  We have prepared and structurally characterized the first
interaction forl. Figure 7 shows that the energy separation ferromagneticDss-symmetric polyoxotungstates, [(Cugl)
between the ground state and the excited states is evaluate¢AsWyOs3);]*2~ and [(MnCl)(SbWsOs3),],*?~ which contain

by substituting the coupling constadt§12.7 K for 1 (Figure Cu'?" and Mng*?" hexagons, respectively. The complexes,
6b) and 0.20 K for2 (Figure 2b) obtained by the fitting of  asn-BuNH;" salts, indicate that-BuNH;* could be replaced
the ymT data) back into eq 2. In Figure 7, the degeneracies by semiconducting or superconducting organic cations and
of some of the states (calculated by eq 4) are also indicatedthat the resultant salts would be a good model for the
The large deviation (Figure 2) on fitting the T data forl understanding of the hybrid magnetic and conducting proper-
in the low-temperature range using eq 5 in contrast to thatties of the molecular interaction between the conducting
(using eq 6) of is probably associated with large| value electrons and the G- or Mng!?"-hexagon spin moieties

Conclusions
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in the lattice, as well as in the design of polyoxometalates- level-crossing fields in addition to the thermal relaxation
based molecular magnets. Furthermore, as is discussed ietweenS, = £3 andS, = 42. TheDsg-symmetric Cygt?*
another paper, oth@sy Cus*?" and Mn'?* compounds with and Mns2" hexagons imposed by polyoxotungstates are not
the same geometryn{BuNHz)1,[(CuCl)s(SbWeOs3),] -6H,O only a simple model for the exchange-interaction study of
(with a first-neighbor Cu-Cu distance of 2.938(1) A, molecular magnets but also provide a molecular design for
Skr+-Sh distance of 4.813(2) A, and E@®—Cu angle of novel magnetic devices.
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