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The reaction of K3[M"(0x)3]*3H,0 [M =V (1), Cr; ox = oxalate], Mn(Il)/V(Il), and [N(n-Bu)4]Br in water leads to
the isolation of 2-D V-based coordination polymers, {[N(n-Bu)s][Mn"™V"(0X)s]} » (2), {[N(n-Bu)][V"Cr'"(0x)s]} » (3),
{IN(n-Bu)4][V'"V"(0x)3]} » (4), and an intermediate in the formation of 4, { N(n-Bu)][V"V"(0X)3(H20)]} n+2.5H,0 (4a),
while 1-D [V'(0x)(H20),], (5) is obtained by using Na,ox and [V(OH,)s]SO, in water. The structures of 1-5 have
been investigated by single crystal and/or powder X-ray crystallography. In 1, V" is coordinated with three oxalate
dianions as an approximately D; symmetric, trigonally distorted octahedron. 1 is paramagnetic [uer = 2.68 ug at
300 K, D =384 cm™t (Dlks = 553 K), & = -1.11 K, and g = 1.895], indicating an S = 1 ground state. 2
exhibits intralayer ferromagnetic coupling below 20 K, but does not magnetically order above 2 K, and 3 shows a
strong antiferromagnetic interaction between V', S = 3/2 and C"', S = 3/2 ions (8 = —116 K) within the 2-D
layers. 4 and 4a magnetically order as ferrimagnets at T¢'s, taken as the onset of magnetization, of 11 and 30 K,
respectively. The 2 K remanent magnetizations are 2440 and 2230 emu-Oe mol~! and the coercive fields are
1460 and 4060 Oe for 4 and 4a, respectively. Both 4 and 4a clearly show frequency dependence, indicative of
spin-glass-like behavior. The glass transition temperatures were at 6.3 and 27 K, respectively, for 4 and 4a. 1-D
5 exhibits antiferromagnetic coupling of —4.94 cm™ (H = -2Jy L, S Si-1 — gusy ,H+S) between the V' ions.

Introduction 400 K)& While spin-bearing bridging ligands, such as
[TCNE]~, enable extended, strong spin coupling among

The study of magnetically ordered molecule-based mag- spin-bearing metal ions, both cyanide and oxalaté (ocan

netic materials is a growing area of contemporary chemis-
try.23[Fe(GMes),]*'[TCNE]*~ (TCNE = tetracyanoethylene)
was the first organic-containing molecule-based magnet, with
an ordering temperaturg&,, of 4.8 K* and replacement &
=1 Mn" for S = 1/2 Fé&' led to characterization of
[Mn(CsMes)2] [TCNE]~ with an 8.8 KT..®> Use of W, via
oxidation of V°(CgHe)2, led to the discovery of V(TCNE)
y(solvent), the first room-temperature organic magigt(
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also mediate strong spin coupling between paramagnetic
centers separated by more than 5 A. Hence, hexacyanomets
late-based, Prussian blue structured magnetstétlas high
as~100°C,”8 and tris(oxalato)chromates(lll) and ferrates-
(1) pioneered by Okawahave been reported.

Magnets based on tris(oxalato)metalate(lll) have a general
formula of A[IM"M" (ox)s] (A = monovalent cation; M=
Mn, Fe, Ni, Co, Cu, Zn; M = Cr, Fe, Ruf*3 This family
of materials has a 2-D honeycomb layered structure, Figure
1, and magnetically order as either ferro- or ferrimagnets
depending on the metal ion3.s of these materials have
shown characteristic ranges depending on th¥ (d)s]®~
anions, i.e.{M"[CM(ox)3]} ~ (5—14 K), {M"[Fe" (ox)s]} ~
(25—45 K), {M"[Ru"(ox)3]}~ (<14 K). For example,
{Mn"[Cr'(ox)s]} ~ and{ Mn"[F€e" (ox)s]} ~ magnetically order
at ~6 and~27 K, as ferro- or ferrimagnets, respectively.
Compounds possessidfre'[Fe' (ox)s]} ~ are ferrimagnets
with Tcs between 28 and 45 K, depending on the cation, as
well as exhibit an unusual crossover from positive to negative
magnetizatio!9 While magnets based upon [Nox)s]®~
(M = Cr, Fe) have been extensively studied"[@x)s]* Figure 1. General 2-D honeycomb layered structure of layer of NBu
has not been explored, due in part to its lability in an aqueous[M"M" (0x)j] (M" = Mn, Fe, Ni, Co, Cu, Zn; M' = Cr, Fe, Ru), and that
solution’ As vanadium-based molecule-based magnets © % 3 and4
have the highessf® we sought magnets based upon
[V"(ox)s]®, as well ag V'"[M " (ox)s]} ~. Furthermore, W,
having a #* electronic configuration, like,t V", lacks
electrons in an antibonding orbital, as occurs folf FHeence,

like {M"[Cr" (0x)3]®"},° {M"[V"(0x)3]*"} should order as a
ferromagnet, and as an antiferromagnet as occurs for
{M"[Fe" (ox)s]®"}.12 Hence, herein we report the structure
and magnetic properties of;K/(0x)3]-3H,0 (1), 2-D layered
{IN(n-Bu)J[Mn"V" (0x)s]}n (2), { IN(n-Bu)a][V"Cr"' (0X)s] } n

3), {IN(n-Bu)a][V "V (0x)s]}n (4), and{ [N(n-Bu)a][V "V" -
(0x)3(H20)]}n°2.5H,0 (44), and 1-D [V'(0ox)(H20)]n (5).
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Experimental Section

All chemicals used in the synthesis were of reagent grade and
used without further purification. ['{OH,)s]SO, was synthesized
by a literature proceduré.K;[V(0x)3]-3H,0 (1) was prepared by
slightly modified literature procedufé:VCl; was used instead of
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V,0s, and EtOH was added to precipitdteSolvents were distilled
from the appropriate drying agents under nitrogen before use.
Aqueous solutions were prepared with water purified through a
Barnstead “E-pure” water purification system, deoxygenated through
sparging with N for 12 h, and confirmed to be oxygen-free by
UV —vis spectroscopic studies. All syntheses were performed in a
wet or dry oxygen-free<0.5 ppm Q) box. Single crystals ol
suitable for X-ray crystallography were obtained from a water
solution by slow evaporation. Infrared spectra were recorded with
a Bruker Tensor 37 FT-IR spectrophotometer. Elemental analyses
were performed by #1E & R Microanalytical Division of Complete
Analysis Laboratories, Inc. X-ray powder diffraction (XRPD) data
were recorded on a Bruker AXS diffractometer at 40 kV and 40
mA for Cu Ko (A = 1.5406 A) with a scan speed of 0°24in and

a step size of 0.02n 260. Thermogravimetric analysis (TGA) was
performed at a scan rate of ®/min using a TGA 2050 TA
instrument located in a Vacuum Atmospheres DriLab under nitrogen
to protect air- and moisture-sensitive samples. Samples were placed
in an aluminum pan and heated at@min under a continuous 10
mL/min nitrogen flow.
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{[N(n-Bu)4][Mn "V (0x)s]}n (2). An aqueous solution (10
mL) of MnCl,-4H,0 (395 mg, 2 mmol) was added dropwise to an
aqueous solution (10 mL) of &/(0x)3]-3H,O (973 mg, 2 mmol)

at room temperature. To the resulting green solution was added an

aqueous solution (5 mL) of tetrbutylammonium bromide (709
mg, 2.2 mmol) to immediately induce a precipitation of green solid.
After standing at room temperature for 30 min, the product was
collected by filtration, washed with 40 and EtOH, and dried in
vacuo (Yield: 1.05 g; 86%). Anal. Calcd for@13sMnNO,,V: C,
43.15; H, 5.93; N, 2.29. Found: C, 43.37; H, 6.11; N, 2.42. FT-IR
(KBr): 2970, 2879, 16301co), 1446, 1425, 1297, 814, 532, 481
cm~L. The TGA of 2 shows that decomposition starts at 2&0D
and occurs abruptly at 34%C.

{[N(n-Bu)4][V"Cr" (ox)s]}» (3). An aqueous solution (10 mL)
of [V(OH3)g]SO, (228 mg, 0.89 mmol) was added dropwise to an
aqueous solution (5 mL) of £Cr(ox)3]-3H,0O (435 mg, 0.89 mmol)
at room temperature. After stirring for 30 min, an agueous solution
(2 mL) of tetran-butylammonium bromide (317 mg, 0.98 mmol)
was added to the resulting dark-violet solution. Upon standing at
room temperature for several days, dark-vid@eformed. It was
collected by filtration, washed with 4 and MeOH, and dried in
vacuo (Yield: 163 mg; 30%). Anal. Calcd for,&3¢CrNO;,V:

C, 43.36; H, 5.95; N, 2.30. Found: C, 43.19; H, 6.21; N, 2.29.
FT-IR (KBr): 2968 (cn), 2879 fc), 1619 ¢co), 1457, 1428,
1294, 807, 541, 472 cm. Reaction of Ct with K3[V(0x)3]-3H,0O
also forms3. The TGA of 3 shows that decomposition starts at
215°C and occurs abruptly at 31%C.

{[N(n-Bu)4][V"V" (0x)s]}  (4). An aqueous solution (3 mL) of
[V(OH3)g]SO, (259 mg, 1.02 mmol) was added dropwise to an
aqueous solution (6 mL) of V(0x)3]-3H,O (495 mg, 1.02 mmol)
at room temperature. After stirring for 30 min, an aqueous solution
(2 mL) of tetran-butylammonium bromide (361 mg, 1.12 mmol)
was added to the resulting dark-brown solution. Upon stirring at
room temperature for 3 days, dark-vioteformed. It was collected
by filtration, washed with HO, and dried in vacuo (Yield: 394
mg; 64%). Anal. Calcd for @H3eNO,V,: C, 43.43; H, 5.96; N,
2.30. Found: C, 43.12; H, 5.74; N, 2.22. FT-IR (KBr): 29794,
2880 (rcr), 1621 co), 1446, 1420, 1335, 1293, 908, 815, 531,
472 cntl. The TGA shows that decomposition starts at 220
and occurs abruptly at 28C.

{[N(n-Bu)4][V"V" (0x)3(H20)2]} n*2.5H,0O (4a). An aqueous

solution (2 mL) of [V(OH,)g]SO, (255 mg, 1.0 mmol) was added
dropwise to an aqueous solution (3 mL) of[¥(0x)3]-3H,0 (486
mg, 1.0 mmol) at room temperature. After stirring for 20 min, an
aqueous solution (2 mL) of tetrbutylammonium bromide (322
mg, 1.0 mmol) was added to the resulting dark-brown solution.
Upon stirring at room temperaturerf@ h dark-violet4a formed.
It was collected by filtration, washed with,B, and dried in vacuo
(Yield: 90 mg; 16%). Anal. Calcd for £H4sNO16.5V2 {[N(n-Bu)4J-
V'V (0x)3(H20)]} n-2.5H,0:17 C, 38.32; H, 6.58; N, 2.03.
Found: C, 38.12; H, 6.02; N, 2.25. FT-IR (KBr): 3528, br),
2960 @'ch), 2874 (cn), 1624 (o), 1603 fco), 1474, 1345, 1305,
806, 528, 477 cmt. The TGA shows a weight loss of 5.1% below
250°C, corresponding to the loss of two water molecules per unit
formula. No chemical decomposition was observed up to Z&0

[V (0x)(OH2)2]n (5). An aqueous solution (10 mL) of Nax

Table 1. Crystallographic Data for §V(0x)3]-3H-0, 1
formula GHeK 3015V
M 486.35
crystal system monoclinic
space group P2i/c
a(h) 7.730(1)

b (A) 19.944(1)
c(A) 10.262(1)
o (deg) 20

p (deg) 107.671(1)
7 (deg) 90

V (A3) 1507.4(2)
z 4

Deaic (g cn3) 2.143

T (K) 213(2)

A (A) 0.71073
w (mm™1) 1.568

R:1 2 (40 data) 0.0292
WR, P (40 data) 0.0772

3Ry = Y ||Fol — IFc|l/Z|Fol. PWRe = [IW(Fo? — FA)AyW(F)?Y2

washed with HO, and dried in vacuo (Yield: 250 mg; 91%). Anal.
Calcd for GH,OgV: C, 13.73; H, 2.30. Found: C, 13.78; H, 2.42.
FT-IR (KBr): 3393 (on), 1652 fon), 1626 @co), 1349, 1307,
823, 480 cm. The TGA shows a 20.6% weight loss260 °C,
corresponding to the loss of two coordinated water molecules per
unit formula, and decomposition starts at 2@

X-ray Diffraction. Intensity data forl were collected with a
Bruker SMART automatic diffractometer (Mod§ 4 = 0.71073
A, graphite monochromator). The raw data were processed to give
structure factors using the SAINT progrdfiThe intensities were
corrected for absorption using the Bruker SADABS prodféamith
the transmission factors ranging from 0.65 to 0.86. The crystal
structure was solved by the direct methtffland refined by full-
matrix least-squares refinement using the SHELXL97 computer
programt® The positions of all nonhydrogen atoms were refined
with anisotropic displacement factors. All hydrogen atoms of water
molecules were located and refined with isotropic thermal param-
eters. The crystallographic data bfare summarized in Table 1.

Results and Discussion

Synthesis and Characterization. Layered (2-D)
{IN(n-Bu)s][Mn"V!"(0x)s]} n, 2, was prepared in near quan-
titative yield by mixing an equimolar aqueous solution of
K3[V"(0x)s]-3H,0 and MnC}-4H,0 to an aqueous solution
of [N(n-Bu)4]Br at room temperature in the air.

Layered{[N(n-Bu)4][V "Cr'"'(ox)s]}n, 3, Was prepared as
a dark-violet solid by mixing an equimolar aqueous solution
of K3[Cr(ox)s]-3H,O and [V(OH)e SO, with an aqueous
solution of [N(-Bu)4]Br in an oxygen-free wet box, as V(II)
and3 are very sensitive to air, but not moisture. Hence, as
discussed by Okawa, product formation of batind3 does
not occur unless the bulky cation is used as a tem@ate.
When 3 is exposed to air for a few minutes, the color be-
comes blue-green, and a new strong peak at 998 @p-
pears, indicating formation of Y=0 due to oxidation. In
an attempt to obtaifi{N(n-Bu)4][Cr"V" (0x)s]} n, K3[V(0X)3]-

(210 mg, 1.57 mmol) was added dropwise to an aqueous solution3H,0, CrCh, and [N-Bu)s]Br were reacted, but dark-violet

(4 mL) of [V(OH,)e]SO, (400 mg, 1.57 mmol) at room temperature.
After the addition, the solution was stirred at room temperature
for 1 day and dark-violeb formed. It was collected by filtration,

(17) Miller, J. S.; Kravitz, S. H.; Kirschner, S.; Ostrowski, P.; Nigrey, P.
J.J. Chem. Educl977, 55, 181.

(18) Saint Plus v. 6.02; Bruker Analytical X-ray: Madison, WI, 1999.

(19) (a) Sheldrick G. MSADABS: Program for Empirical Absorption of
Area Detector DataUniversity of Gdtingen: Gdtingen, Germany,
1996. (b) Sheldrick G. MActa Crystallogr 1999 A46, 467. (c)
Sheldrick G. M. SHELXL97, Program for the Crystal Structure
RefinementUniversity of Gdtingen, Germany, 1997.
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, , . _ Wavenumber (cm™)
3 was isolated as characterized by its color, IR, and magnetic

. . Figure 3. IR spectra of4 and4a
data. Alternatively,3 can be formed from the reaction of 9 P

K3[V(0x)3]-3H,O and [CH(OH,)eSO, with an aqueous é

solution of [N(-Bu)4|Br. In accord with the 0.15 V greater Oox

reduction potential of Ct(aq) with respect to V(aq) o120, |, Ok

[Cr"V" (ox)s]~ — [V"Cr'"(ox)s] ~ occurs. OJL)/OV(I) H\of"‘\ §
{IN(n-Bu)4J[V"V" (0x)a]} (4). Layered4 was sought 00, | 0 ’ o M0, | 0f

from the reaction of an equimolar aqueous solution of OIO/‘l""\O o | oz

K3[V(0X)3]*3H;0 and [V(OH;)g]SO, with an agueous solu- v 0 o o 5 OH,

tion of [N(n-Bu)4Br. Upon standing for % h a dark-violet Oox (',Hz oo <|> i/ "'.A!,,, °

solid with strong, sharp IR absorptions at 1603 and 1626 °ng° o 2N,

cm! assignable taco was isolated. This doublet was at H0 (') OH o

variance with the observation of singleo absorptionsfor o o, ‘|’ OH,

related compounds, including (1630 cnt!) and 3 (1619 %, o o, \ mo’,,go -

cm™1). This suggested the presence of two species, although o, ‘I’ oi ﬁ\,.../0 OH,

reduction of the local crystal symmetry might lead to a /V'Q B o

doublet. Subsequent temperature-dependent magnetic studies °°§ (I,Hz g ° o o Mo, | o

revealed two peaks at 9 and 23 K, which are anomalous as 0y, | \OH, Jg/o |\o;‘;’&

peaks are not expected, and certainly not two (vide infra). o 0/""\0 o, <‘> OH,

Assuming that two species were present, the reaction time o)L( OHe ""'~V... °

was altered and subsequently two specieand 4a, each \ «° o 'g\o

with a singlevco absorption and one peak in the magnetic me o on Vi~wo °

data were isolated. Op )0 o b | on
The composition oft was determined from the elemental "’°”"~\|/u-“‘° Oy, | WOH, o .

analysis, IR, powder X-ray diffraction, and TGA data to be °/c|m\ Ox 0 |"\o°x é ¢|>H2 O{:

anhydrous{[N(n-Bu)4[V"V" (ox)s]} . Unlike 4, water is é ’ 3 3 OH, §

evident in the IR spectrunvgy: 3393, 1652 cm?) of 4a

Furthermore, the TGA data afa (Figure 2) also indicate
the presence of coordinated water molecules, and the 5.1%; g4 cnT?, some oxalato ligands chelate to th ¥ite and
mass loss below 25€C is attributed to 2 equiv of water.  ihe O coordinates to a ¥V site, which still has water
On the basis of these observations and the %C, %H, andcqqrdinated to it, Figure 4. This isolated intermediate,

%N, 4ais proposed to be[N(n-Bu)d[V "V (0x)s(H20)s]} n* forms from the aqueous reaction of '[WOH,)e]2* and

2.5H0. S ) ) [V"(0x)3]®~, which initially must proceed with loss of water
Each V! in 4is coordinated by six oxygen atoms of three 5 coordination of an unbound oxalato oxygen. The 1603
oxalates, Figure 1. The differences in the IR spectra betweeng -1 veo absorption is attributed to a similar, but different
4 and4a (Figure 3) indicate tha#a has coordinated water - bonding mode as propos&dWhile absorption is
and two different carbonyls. Thus, while most oxalato ligands expected to be rapid, as occurs for othet[fdx)s]>~ (M =
chelate-bridge V and V" sites and have a typicako at

Figure 4. Proposed structure fata

(21) Nakamoto, Kinfrared and Raman Spectra of Inorganic and Coor-
(20) Lide, D. R., EdHandbook of Chemistry and Physi&lst ed.; CRC dination Compoundsth ed.; John Wiley and Sons, Inc.: New York,
Press: Boca Raton, 2000; pp 8-28-26. 1997; Part B, pp 7477.
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Fe, Cr)? due to the lability for ¥ and the reaction occurring
in water shifting the equilibrium toward 'Vaquo species,
complete loss of water forming is sufficiently slow and
with precipitation of this species @a is isolated. Thus, as
the reaction proceeds, kinetically formédtransforms into
the expected thermodynamically stab[dl(n-Bu)][V V" -
(ox)s]}n (4), by releasing the coordinated water molecules.

After 3 days4 (vco = 1621 cn?) formed in 64% vyield,
while 4a (vco = 1603 and 1624 cmi) (Figure 3) was
obtained within 2-3 h in low yield. Contrary t@®, 3, and4
with a singlevco absorptiondahas twovco bands indicating
two different oxalate-bridging modes. One is fully coordi-
nated as tetradentate ligand (1624 émand the other is
coordinated as tridentate ligand with one free oxygen atom
(1603 cnm?).2r Both compounds are very air, but not
moisture, sensitive. When they are exposed to air for a few
minutes4 and4abecome dark green, and new strong peaks
at 997 and 991 cnt appear, respectively, indicating that
the V' is oxidized to vanadyl (V=0). Unlike 4, 4a exhibits
a broadvoy absorption at 3528 cm indicative of water,
which is also not present for anhydrous-layegednd 3.

Attainment of{ [N(n-Bu)s][M "V (0x)3]}n (M" = Fe, Co,

Ni, Cu, Zn), while attempted several times via the reactions
of solutions K[V(0x)3]-3H,O and FeCGl4H,0, Co(NG),-
6H,0, Ni(NOs)2:6H,0, Cu(NQ).-3H,0, and Zn(NQ),-
6H.0, respectively, with [N§-Bu)4Br, was unsuccessful.
However, [M'(0x)(OHy)J]» (M = Cr 22 Fe?23-25a(Cp2425b.26,27
Ni,24:250.26Cy 24 Zn?4.250.2§ was isolated. This is attributed to
the lability of [V(ox):)®, and subsequent formation of
antiferromagnetically coupled Mox)(OH,),.232¢ [V"(0x)-
(OHy)2]n (5), however, has yet to be reported, and while it
is a byproduct in the formation ¢fN(n-Bu)4][V "V (0X)s] } n,

4, it was isolated from the aqueous reaction ofhdaand
WlI(OH2)6]2+_

One-dimensiond is also sensitive to air and not moisture.
When5 is exposed to air, a weak peak at 989 érappears,
indicative of the oxidation of Vto vanadyl (\=0). Contrary
to 3, 4, and4a, oxidation of5 occurred very slowly.

Attempts to prepare{[N(n-Bu),[V"Fée"(ox)s]}n and
{IN(n-Bu)4][Cr'"F€" (ox)s]} n by mixing an equimolar aqueous
solution of Kg[Fe(ox)]-3H,O with an aqueous solution of
V' and/or Cl were made. Prior to addition of [N{Bu)4]-

Br, precipitates of [F&o0x)(OH,)z], and [CH(0x)(OHy)2]n
composition formed.

The TGA trace ofl shows a weight loss of 11.1% at 122
°C, corresponding to the loss of lattice water molecules.
Compounds2, 3, and4 do not have water, and show the
onset of decompositions at 280, 215, and 2Z0) and
complete decomposition occurs abruptly at 345, 310, and

(22) Nikumbh, A. K.; Rahman, M. M.; Aware, A. DThermochim. Acta
199Q 159, 109.

(23) Wrobleski, J. T.; Brown, D. Blnorg. Chem.1979 18, 2738.

(24) Nagase, K.; Sato, K.; Tanaka, Bull. Chem. Soc. Jprl975 48,
439.

(25) (a) Deyrieux, R.; Peneloux, Aull. Soc. Chim.1969 2675. (b)
Deyrieux, R.; Berro, C.; Peneloux, Bull. Soc. Chim1973 25.

(26) van Kralingen, C.; van Ooijen, J. A. C.; Reedijk,T¥ansition Met.
Chem.1978 3, 90.

(27) Garcia-Coucerio, U.; Castillo, O.; Luque, A.; Beobide, G.; Roman,
R. Inorg. Chim. Acta2004 357, 339.

)
015

Figure 5. ORTEP drawing of K[Cr(0x)3]-3H20, 1, with atomic numbering
scheme. The atoms are represented by 50% probability thermal ellipsoids.

Table 2. Selected Bond Distances, A, and Angles, Deg, for
K3[V(OX)3]'3H20, 1

vi-01 1.995(1) oxcCl 1.286(2)
V1-02 2.006(1) 02C2 1.294(2)
V1-05 2.049(1) 03C1 1.222(2)
V1-06 1.969(1) 04C2 1.216(2)
V1-09 2.051(1) ctC2 1.544(2)
V1-010 1.973(1)

01-V1-02 80.34(5) 02V1-010 101.37(5)
01-V1-05 87.89(5) 05V1-06 80.05(5)
01-V1-06 102.40(5) 05V1-09 102.56(5)
01-V1-09 167.18(5) 05V1-010 87.14(5)
01-V1-010 93.19(5) 06V1-09 86.90(5)
02-V1-05 165.77(5) 06V1-010 159.33(5)
02-V1-06 94.62(5) 09V1-010 80.09(4)
02-V1-09 90.22(5)

280 °C, respectively for2, 3, and4. The TGA trace ofda
shows a weight loss of 5.1% at 25C, corresponding to
the loss of two water molecules per unit formula (Figure 2).
No chemical decomposition was observed below 260
The TGA trace ofs5 shows a weight loss of 18.9% at 260
°C, corresponding to the loss of two coordinated water
molecules (20.6%) per unit formula, and the onset of
decomposition at 290C. Compound®2—5 are insoluble in
water, however, V(0x)3]-3H,0 (1) and Kg[Cr(0ox)s]-3H,0O

are very soluble in water.

X-ray Crystallography. Compoundl crystallizes in the
monoclinic P2,/c space group. The room temperature unit
cell parameters were previously reported< 7.810 A,b =
20.010 A,c = 10.350 A, = 108.55, V = 1533.45 R).
However, due to poor crystal qualitR & 15%), the structure
could not determineéf The structure was redetermined at
—60°C (R=2.92%). An ORTEP atom labeling drawing of
1is shown in Figure 5, and Table 2 lists the selected bond
distances and angles. As expected!, i¢ coordinated with
six oxygen atoms of three oxalate dianions as a trigonally
distorted octahedron, which has approxima@isymmetry.
The space group and unit cell parameter afe similar to
those reported for ¥M(ox)3]-3H,0 (M = Al, Fe, Cr); thus,
lis isomorphous to these compouritfdn contrast, K[Co-
(ox)3]+3H.0 has a different unit cef? and Kg[Ru(ox)]-
4.5H,0 also crystallizes in differerfel motif with respect
to 1 due to the lattice water molecul&sNonetheless, in all

(28) Fenn, R. H.; Graham, A. J.; Gillard, R. Dature 1967, 213 1012.

(29) Okazaki, H.; Kushi, Y.; Yoneda, H. Am Chem Soc 1985 107,
4183.

(30) Faure, R.; Duc, G.; Deloume, J.A&xcta Crystallogr 1986 C42, 982.
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cases the metal ion is octahedrally surrounded by three T 350
oxalato ligands in nearl{p; local symmetry. 8 L "
The V—0,, distances range from 1.973(1) to 2.051(1) A,
and average 2.007(1) A. The average ligand bite distances" [
of coordinated five-membered chelate rings and noncoordi- 5*
nated free oxalates are 2.585 and 2.794 A, respectively. Theg
separation of V--V between the [V(0x)]3~ complex ions is
6.929 A. The shortest #&--K* interaction distance is 3.783
A. All potassium cations are involved in ionic interactions
with lattice water molecules (k1:013= 2.715, K%--O14
= 2.777, K2--0O14= 2.635, K3--013= 2.888, K3:-015
= 2.952 A). In addition, the lattice water molecules form
hydrogen bonds with the other lattice water molecule
[013:::015(x + 1, =y + 1, —z + 1) = 2.697 A, 00 S0 00 10 00 250 300’
014--015= 2.959 A|. Temperature, T, K
Compound? crystallizes in the hexagonal system, and the

nwsjjow ¢, X

Effective Mome|

unit cell parameters were obtained by single-crystal X-ray 16
diffraction as follows, i.e.a = b = 9.467 A, c = 52.276 14
A, o =p8=90 y =120, V = 4057.02 R, but the b
crystal structure could not be determined due to the poor < 12 |
crystallinity. These parameters are in good agreement with =L f
{[N(n-Bu)JIMn""Cr'" (ox)s]}n (a=b=9.397 Ac=53.580 ¢
A a=p=90, y =120, V = 4097.43 R, R6.)3 and E
{IN(n-Bu)gJ[Mn"Cd"(ox)s]}n (& = b = 9.242 A ¢ = =
54.524 Ao = =90, y = 120, V = 4033.21 &, R6,).12 g ®
Hence,2 is isomorphous td [N(n-Bu)g[Mn"Cr'"(0x)s]}n £ ,
and{[N(n-Bu),][Mn"Cd" (0x)3]} n. H
Compound3 also crystallizes in the hexagonal system with 2
a=b=9.337A,c=17.894 Ao =B =90, y = 120, ]
V = 1351.11 R. These parameters are in good agreement %o 50 100 150 200 250 300

with {IN(r-Bu)IMn'Fe!(0x)dl}, (a = b = 9.482 A c = Fi 6 (T) and ;%n;perft(ge’.? :(D m), 3 (O, #),4(x), 4

—a_ _ _ igure 6. uen(T) andy ™ or , @), , W), ,®),4(x), 4a
17.827 ,A‘_O” =p=90°,y =120°,V=1388.10 R, PG5).102 (+), and5 (A)f.f The solid lines represent the best-fit curves to the eq 2 for
Thus,3 is isomorphous t§[N(n-Bu)s[Mn"Fe" (ox)s]} n. The 1 and eq 4 fors.

interlayer separations between the 2-D anionic layers of
{IN(n-Bu)a[Mn"Cr' (0x)s]}n and {[N(n-Bu)sJ[Mn"Fé"- the diffraction peak indicating 2-D interlayer separation at

(0x)s]}» were 8.95 and 8.99 A, respectively. Although these 20 =9.843 (8.979 A) while no peak(s) a2~ 9.84 (8.98
two compounds have different cell parameters and space®) were evident in the XRPD pattern ofa Thus, the
groups, they both form the 2-D hexagonal motif (Figure 1) §tructures oft and4aappear similar, but the structure 44
albeit the former with six anionic layers and the latter with in unknown.

two anionic layers per unit cell. In all cases similar interlayer

separations of9 A are observed.

H
- o . o) 0% 0 o)
Compound4 crystallizes in the hexagonal system with N | -
=b=09.394Ac=17710 Aa =8=90°, y = 120°, V I V< I
= 1353.47 R. These parameters are in good agreement with “"lno o C‘) o) ol
H, n
5

those of3 and{[N(n-Bu),][Mn"Fe"(0x)s]}» .1*2 Thus, 4 is
also isomorphous t8 and{[N(n-Bu)s[Mn"Fe" (0x)s]} 112
The X-ray powder diffraction (XRPD) pattern 8&is very
different from that of4 with respect to the positions and ~ Magnetic Properties. The magnetic susceptibilitieg, of
broadness of peaks. Most of the peakdarare broad except ~ 1—4, 4a, and5 were measured on powdered samples in an
for the peak of 2 = 8.890 (9.939 A), indicating that the ~ applied field of 500, 200, 50, 300, 300, and 200 Oe,
network structure ofta is disordered significantly. Deter- ~ respectively, between 2 and 300 K, and are plotteg(&p
mination of the unit cell parameters could not be done andue(T) {uer = [8xT]*?%}, Figure 6. Assuming @-value
however, due to the broad, weak X-ray powder diffraction ©Of 1.894, as reported for [Cs(Q|[V(OH2)](SOz)2,* a 300
peaks that could not be indexed even when using synchrotronK 4eit Of 2.68 is expected, and is observed fig* Figure
radiation3? The XRPD pattern ot was clearly shown in

(32) Her, J.-H.; Stephens, P. W., private communication.

(33) Tregenna-Piggott, P. L. W.; Spichiger, D.; Carver, G.; Frey, B.; Meier,

(31) Shilov, G. V.; Atovmyan, L. O.; Ovanesyan, N. S.; Pyalling, A. A.; R.; Weihe, H.; Cowan, J. A.; Mcintyre, G. J.; Zahn, G.; Barra A.-L.
Bottyan, L.Koord. Khim. 1998 24, 305. Inorg. Chem 2004 43, 8049.
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6a.uer(T) decreases slightly with decreasing temperature to
2.61ug at 20 K, followed by an abrupt decrease to 1ugd

at 2.0 K, indicating either an intermolecular interactié (
or a zero-field splitting @) or both. Using the Hamiltonian,
eq 1, the expression fgi(T), eq 2, was deriveé, and the
data were fit to eq 2 fog(T,D,0) whereN, us, ks, ando are
Avogadro’s number, the Bohr magneton, the Boltzmann
constant, and the Weiss constant, respectively, Witfor

the V" ion having a value of 3.84 cm (D/kg = 5.53 K), 6

= —1.11 K andg = 1.895, Figure 6a. These values are in
good agreement with [Cs(QM][V(OH2)e](SOy)2, i.e.,D =
4.87 cmt (D/kg = 7.01 K) andg = 1.89422 The 0 value is
comparable te-1.12 K for the Weiss constant based on the
Curie—Weiss equationy O (T — 0)~Y2 Thus, as expected,

1 possesses af = 1 ground state wittD = 3.84 cm?
(D/kg = 5.53 K). The significant positiv®-value is an order

of magnitude greater than tilevalues of 0.1&2and 0.42%°
cm 1, respectively, reported forFM(ox)3]-3H,O (M = Fe,
Cr). This is attributed to the small zero-field splitting of the
ground state, inherent to Kramers ions for the latter ions.
More importantly, [V!' (ox)s]®~ might be a suitable compo-
nent for developing new single molecule magriéts.

H = gugSH, + D[S — S+ 1)/3] — zI8[S, (1)

_ Ndug’ [ expDIM)
X7 3ie(T — 0)| 1+ 2 exp-DIT)

2_T( 1— exp(DIT) ) )
D\1+ 2 exp-D/T) @)

The 300 K magnetic moment & is 6.44 ug, and it is
almost constant with decreasing temperature until 20 K
(Figure 6a). The value @i at room temperature is in accord
with 6.49ug expected for independest= 1 V" (g = 1.894)
andS= 5/2 Mn' (g = 2) spins. Below 20 Ky.x(T) increases
steeply to 8.83s at 2 K. This value ofie exceeds the 7.94
ug expected for the isolated M{S= 5/2) and " (S= 1)
ions, suggestive of significant ferromagnetic interactions.
Above 2 Ky~ (T) can be fit to the Curie Weiss expression
with 8 = 4+0.82 K, indicating weak ferromagnetic interac-
tions (Figure 6a).

To ascertain i2 magnetically orders the AC susceptibility,
x'(T) and "' (T), were measured below 10 K (Figure 7).

%' (T) increases continuously with decreasing the temperature

X emu/mol

12 16 20 24
Temperature, T, K

Figure 7. x'(T) andy"(T) for 2, 4, and4aat 10 ©), 100 @), and 1000
(®) Hz.

28

To control Tss, we have prepared{[N(n-Bu)g-
[Mn"Cr"V1_"(0x)s]}n (x = 0.5, 0.8). When x was 02f
and 1, theTs were<2 K and ca. 6 K respectively. By
increasingx, T, should increase to 6 K, and asncreases,
the magnetization and the temperature at which a maximum
in uer(T) OCcurs increases, i.e., it is at 3.03 K fo= 0.5
and 4.65 K forx = 0.8. Furthermore, fox = 0.8, the
maximum in x'(T) occurs at 5.0 K, while{[N(n-Bu),]-
[Mn"V"(ox)s]}n (2) does not have a maximum. Thus, by
varying the composition of Ci, the T.s can be controlled
between 2 and 6 K. This behavior has been observed for the
related {[N(n-Bu)4][Fe"Fe",Cr";_x (0x)3]}n family of
magnetsc

Compound3 has a 300 K effective magnetic moment of
5.33ug that decreases monotonically with decreasing tem-
perature to 1.04g at 2 K. This is less than 5.4& expected
for independeny = 2 S= 3/2 V' andS = 3/2 C"" spins
indicative of strong antiferromagnetic interaction. Above 20
K, the data can be fit the CurigNeiss expression with =
—116 K, in accord with a strong antiferromagnetic interaction
(Figure 6), but not ordering, as also occurs{ffid(n-Bu),]-
[Cr'Cr"(ox)s]} n, Which possesses a weaker antiferromagnetic
coupling, i.e.,0 = —12.7 K, and does not magnetically
order3

Compound#4 and 4a have effective magnetic moments

to 2 K, irrespective of frequencies (10, 100, 1000 Hz) without ©f 4-69 and 5.50s at 300 K. Theuer values decrease upon

reaching a maximum. This suggests ti2atmagnetically
orders below 2 K. In contrasj'(T) is zero almost in the
temperature range, indicating that the ordering is antiferro-
magnetic.

(34) et values forl were 2.80ug at 303 K and 2.75: at 85 K. (a)
Figgis, B. N.; Lewis, J.; Mabbs, RI. Chem Soc 196Q 2480. (b)
Machin, D. J.; Murray, K. SJ. Chem Soc (A) 1967, 1498.

(35) Kahn, O.Molecular MagnetismVCH: Weinheim, Germany, 1993;
pp 17-29.

(36) (a) Collison, D.; Powell, A. KInorg. Chem 199Q 29, 4735. (b) Bai,
L.-J. Bopuxue Zazh?2001, 18, 215.

(37) (a) Christou, G.; Gatteschi, D.; Hendrickson, D. N.; SessolMIRS
Bull. 200Q 25(no. 11) 66. (b) Gatteschi, D.; Hendrickson, D. N.;
Sessoli, RAngew. Chem., Int. ER003 42, 268.

cooling to minima of 2.87g at 17 K and 3.6 g at 37 K,
and then increase to maxima of 13 at 6.1 K and 14.5
us at 27 K, for4 and4a, respectively, Figure 6b. This is
indicative of ferrimagnetic behavio %(T) values in the
temperature ranges of 2@00 K for 4 and 40-300 K for
4acan be fit to the Curie Weiss expression with = —45
and—76 K, respectively, indicating strong antiferromagnetic
couplings.

The 2 K field dependence of the magnetizatidf(H),
shows rapid rise with increasing applied field, indicative

(38) Nuttall, C. J.; Bellitto, C.; Day, PJ. Chem. Soc., Chem. Commun.
1995 1513.
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Figure 8. 2 K hysteresisM(H), of 4 and4a.
of magnetic ordering fod and 4a (Figure 8). The magne-

tizations & 5 T are 5575 and 6960 ene/mol for4 and
43, respectively, but while still gradually rising with increas-

ing applied field they are in accord with the expectation of

5585 emuOe/mol for antiferromagnetic coupling leading to

ferrimagnetic ordering, but substantially less than 27 925

emuOe/mol expected for ferromagnetic ordering.

Min et al.

Table 3. Magnetic Parameters for Oxalato-Bridged M(ll) @V, Cr,
Mn, Fe, Co, Ni) 1-D Chains

compound g J cmt 0 ref
[V(0x)(H20)]n (5) 1.95 —4.94 —49 this work
[Cr(0x)(H20)z]n Uett = 4.65up (300 K) 22
[Mn(ox)(H20)2]n 2.00 —0.89 42b
[Fe(ox)(H0)z]n 2.23 —3.41 —254  42a
[Co(ox)(HO)]n 6.1,3.3 —93 26
[Ni(ox)(H20)2]n 212 -11 26

6 = —49 K, suggestive of a strong antiferromagnetic

interaction. Hence, based upon thisthe spin-onlyg = 2,
room-temperature effective moment of 3 /&9is expected,
which is in excellent agreement with the observed value.
The data are modeled with the isotropit {6 = 3/2) chain
spin Hamiltonian, eq 3, for whicl(T), eq 4 was derived.

H-§ ®3)

H= -2y S5~

N92ﬂ523(5+ 1) 1 + u

U 2J9(s+ ]
B 2JS(S+ 1)

The best-fit parameters for the magnetic susceptibility data

(4)

At 2 K the remanant magnetizations are 2440 and 2230to eq 4 areg = 1.945 and) = —4.94 cm! (Jks = —7.1

emu Oe mol! and the coercive fields, are 1460 and
4060 Oe ford and4a, respectively (Figure 8). These values
exceed those reported for [I@r'" (ox)s]~ (Her = 20—320
Oey® and (NBu)[Fe'Fe" (0x)s] (He: = ~580 Oe), but is
lower than 11 500 Oe reported for (PHR€'Fe" (0x)s].%°
The FCM (field-cooled magnetization) and ZFCM (zero-
field-cooled magnetization) fod and 4a were measured
under a weak magnetic field (5 Oe). The FCMs in both

K). At room temperature, ¥ doped in CsCdGl*? and
CsCaC{*® has averageg values of 1.959 and 1.958,
respectively. These values are comparable to thab,of
[V(ox)(H20),]n. This antiferromagnetic coupling exceeds
those of M= Mn (—0.89 cn?) and Fe £3.41 cnm?), but

is less than those for M= Co (—9.3 cm!) and Ni (-11
cm1),2242Table 3. Hence, oxalate anion mediates antifer-
romagnetic coupling between twd'\ions.

compounds show sharp onsets in the magnetization at 11

and 30 K, theifT.’s. The ferrimagnetic bifurcation temper-

Conclusion

atures Tp) determined by the divergence between the FC  Using theS = 1 [V(ox)3]®~ as well as V(II) andS = 3/2

and ZFC magnetizations are 9.5 and 28 K, respectively.
The peaks in both the in-phase, reglT), and out-of-
phase, imaginary;'(T), components of the AC susceptibility,
xadT) for 4 and4a are characteristic of magnetic ordering
(Figure 7). Both4 and 4a clearly show a frequency
dependence, as evidenceddyalues{¢ = AT; /[T; A(log
)], whereT; is the temperature of the peak in the lowest
frequency (10 Hz) data, and is the frequency in Hz, and

[Cr(ox)s]®", V-based layered materials GiN(n-Bu)J[Mn"V/!" -
(0X)al}n (2), {IN(n-Bu)aJ[V"Cr" (0x)s]}n (3), {IN(n-Bu)d]-
[V'"V'"(ox)s]} s (4), and an intermediate in the formation of
4, {[N(n-Bu)g][V "V (0x)3(H20),]} n*2.5H,0 (4a), have been
prepared2 exhibits strong intralayer ferromagnetic coupling
below 20 K, but does not magnetically order, &elxhibits

a strong antiferromagnetic interaction within the layets.
and4a order as ferrimagnets at 11 and 30 K, respectively.

the greater the frequency dependence the larger the value offhe T for 4a is substantially greater than that fer

¢} of 0.011 for4 and 0.002 forda. This is indicative of
spin-glass-like behavidf. The glass transition temperatures
extracted from the peak position at 10 }I£T) data are 6.3
and 27 K, respectively.

Compounds has a 300 K effective magnetic moment of

3.54 ug that decreases monotonically with decreasing tem-

perature to 0.94i5 at 2 K (Figure 6b). TheY(T) between
20 and 300 K can be fit to the Curi&Veiss expression with

(39) Nuttall, C. J.; Day, PChem Mater. 1998 10, 3050.
(40) Mydosh, J.Spin GlassesTaylor and Francis, Ltd.: London, 1993;
pp 64-76.
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suggesting that introduction of 'NIOH,), linkages at the
expense of oxalato linkages for other'[M""oxs] ~ magnets
may enhance migh,. One-dimensional [{ox)(H,0).], (5)
shows antiferromagnetic coupling between the vanadium-
(I1) ions.

The Tss of mixed-metal tris(oxalato)-based magnets of
[M"M""(ox)s]~ composition depend on the'Vand M" as

(41) (a) Chang, J. R.; McPherson, G. L.; Atwood, Jinarg. Chem 1975
14, 3079. (b) McPherson, G. L.; Freedman, M.IRorg. Chem 1976
15, 2299.

(42) (a) Barros, S. de S.; Friedberg, S.hys Rev. 1966 141, 637. (b)
Simizu, S.; Friedberg, S. Al. Appl. Phys 1988 63, 3557.
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Figure 9. Tc as a function of M for [NBug[M"M"""(ox)s] (M’ =V,
Cr, Fe, and Ru) and [NBJM"[Cr'(dto)] (M" = Fe, Co, Ni; dto=

02C2S%).

illustrated in Figure 9. Thel,s for M = Ru, Cr, and
[Cr(dto)]®~ (dto = dithioxoalate) are less than 16 K.
However, for M = Fé" the ferrimagnetid.s of 2-D layered
compounds were increased to ca. 45 K. When thesM,T.s

of V-based ferrimagnets were at 11 and 30 K, respectively,
depending on the local composition about tHeidhs. Thus,
V-based magnets with & higher than those of Cr-base
tris(oxalato) ferromagnets have been prepared. Nonetheless?

ferrimagnets. Thus, V-based molecule-based magnets with
controllableT.s might be anticipated by using the different
metal ions. Furthermore, the intermediate in the formation
of 4, 4a with fewer VoxV"' linkages, has a substantially
greaterT, indicating new families of oxalato-based magnets.
Chain structured [W(0x)(H20),]} n, like [M"(0x)(H20)2]n
(M = Cr, Mn, Fe, Co, Ni), exhibits antiferromagnetic coup-
ling, but not antiferromagnetic ordering (Table 3). The anti-
ferromagnetic coupling for this family ranges fror0.89
(M = Mn") to 11 cmt (M = Ni"), with the V' being
intermediate in value.
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