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H,Ki—M"TRu2(COs)4](H20)(MeOH), (M = Mn, Fe, Co, Ni, Mg) were synthesized from the reaction of M" and Ka[Rux(COs)q]
in water and are isomorphous with an orthorhombic three-dimensional network structures based on z3-CO4? ~ linkages to Rus
moieties forming layers and also to trans-M"(OH,), sites forming linked chains that connect the layers. They, as well as non-
isomorphous M = Cu, magnetically order as canted ferrimagnets with T,=4.4 + 1.0K. The presence of S=0M"=Mg(ll) has
essentially no effect on T, suggesting that the main magnetic pathway does not occur the through M"-based chains, but only

via Ru- -

-Rus, linkages that reside in layers. This is a rare example of a magnet based upon a second row transition metal.

Introduction

The use of a Dy, paddlewheel-structured dimeric ruthe-
nium species as a molecular building block to develop new
molecule-based magnets has led to a new area of research.'
Initial studies focused on the diruthenium tetracarboxylate
cation, [Ru,(O,CR),] ", as (1) it has S = 3/2 ground state
with the o”'0?0*'7** valence electronic configuration,
because of near degeneracy of the * and 6* orbitals,* and
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an unusually large zero-field splitting, D,*>>® and (2) each Ru
is pentacoordinate, and thus able to coordinate to an addi-
tional ligand, which is essential for building extended net-
work structures. Various structural motifs can be obtained
depending on the nature of the bridging carboxylate ligand.
For example, acetate forms three-dimensional (3 D) inter-
penetrating structures,'®!® while pivalate (0,C'Bu) forms
two-dimensional (2-D) layered motifs with [Cr(CN) 1Pl
In addition to CdthHlC Ru, carboxylates, anionic Ru,-based
species are known,”” and their study may lead to addi-
tional structural motifs and possibly contribute to a better
understanding of magnetic behavior. Recent work has shown
[Rul™(CO;)4* has great potential as a building block for
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magnetic materials, as it forms me ]%neticcllly ordered systems
with 3-D structures.'®!® The N1 analogue was reported
in a preliminary communication.'® Herein, we discuss the
composition, structure, and magnetic behavior several M'!
(M = Mn, Fe, Co, Ni, Cu, Mg) salts of [Rul/"(CO5).,]>".

Experimental Section

M(NOj3), (M = Mn, Co, Ni, Cu), Fe(SO,4), and MgCl,
were used as purchased, and K;[Ru,(CO3)4] was prepared via
a literature route.”® Infrared spectra (=1 cm ™~ ') were recorded
on a Bruker Tensor 37 FT IR spectrometer. Elemental
analyses were performed by Chemisar Laboratories and
Atlantic Microlab, Inc.

Magnetic susceptibilities were measured in an 1000 Oe
applied field between 2 and 300 K on a Quantum Design
MPMS superconducting quantum interference device
(SQUID) equipped with a reciprocating sample measurement
system, low field option, and continuous low temperature
control with enhanced thermometry features, as previously
described.'® Powder samples for magnetic measurements
were loaded into gelatin capsules. The temperature depen-
dence of the direct current (dc) magnetization was obtained
by cooling in zero field and then the data were collected on
warming in 5 Oe applied magnetic field. AC susceptibilities
were measured at 10, 100, and 1000 Hz. In addition to
correcting for the diamagnetic contribution from the sample
holder, the core diamagnetic corrections of —264, —300,
—297, =208, and —219 x 10~ ¢ emu/mol were used for 1—5,
respectively.

Powder X-ray diffraction patterns were taken on a Bruker
D8 Diffractometer (Cu Ko) using Mica (Standard Reference
Material 675) for calibration. Additional powder diffraction
measurements for Rietveld structure analysis were performed
at Beamline X16C of the National Synchrotron Light Source
at Brookhaven National Laboratory. The powdered sample
was held in a 1.0 mm diameter thin-wall glass capillary.
X-rays of wavelength 0.696677 A were selected by a Si(111)
channel cut monochromator. Diffracted X-rays were selected
by a Ge(111) analyzer and detected by a Nal scintillation
counter. The capillary was rotated during data collection
for better averaging of the powder pattern data. The
incident intensity was monitored by an ion chamber, and
the measured signal was normalized. The TOPAS-Academic
program was used to index, solve, and refine the structure by
the simulated annealing method and subsequent Rietveld
refinement.'"'?> The space group was hypothesized by
checking the systematic absences of Pawley whole profile
fitting. Rigid body constraints were imported to describe
the paddlewheel structure of the Ru-dimeric cation, which
follows the Dy, symmetry, but the interatomic distances
were refined. Also, solvent molecules are necessary to explain
the observed XRPD pattern, and K (K13) and water
[0?7] (014, O15) are present, and were used in the structure
model; however, their occupancies and thermal parameters
were refined freely; consequently, atom identifications are not
meaningful in contrast to the framework building atoms.

Thermogravimetric analysis (TGA) was performed at a
scan rate of 5 °C/min under a continuous 10 mL/min N, flow
using a TGA 2050 TA Instruments located in a Vacuum
Atmospheres DrilLab under nitrogen to protect air- and
moisture-sensitive samples.
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H, K,_AM”[Ruz(CO3)4](H20) (MeOH). (0 < x < 1) were
synthesmed using a 1.5:1 molar ratio of M"Y salts and

K;5[Ruy(CO3)4]-4H>0 (200 mg), each dissolved in 20 mL of
H,>O. The solution of K3[Ru,(CO3)4] was added to the stirred
solution of M™ at the rate of 19.8 mL/h using a syringe pump.
Syringe pump methods were employed to make the addition as
uniform as possible, and slow addition with fast stirring
minimizes formation of an initial black precipitate. After the
addition was complete, a small amount of this feathery, black
precipitate was removed via centrifugation.'* Then MeOH was
added to the highly colored supernatant to induce precipitation
of the desired red-brown product, which was collected by
centrifugation, washed with H,O (and MeOH), and dried in
a vacuum desiccator with Drierite and P,O5 overnight.

The product of nominal H,K;_ . M"[Ruy(CO;),J(H0),-
(MeOH). (0 = x = 1) composition with x, y, and z varying
with preparation, and because of facile loss of solvent with
time, was isolated. The formulas in bold below are the for-
mulations obtained by combining the elemental analysis data
with the thermogravimetric analysis (TGA) data and with the
magnetic analysis (vide infra). The non-bolded formulas are
based only upon the elemental analysis fitting. The elemental
analysis data can be fit to several slight variations in the
number of solvent molecules associated with the material,
and thermogravimetric analysis (TGA) shows that significant
solvent loss (5 &= 1 H,O per Ru, for all samples) occurs readily
at or just above room temperature. This is noted by a typical
TGA scan (Supporting Information, Figure S1, M = Fe) that
is characteristic of all compounds. Differences in the number of
solvent molecules (x and y) also arise from solvent loss while
sending samples in and out of glove boxes (for TGA), or during
shipment for elemental analysis. All compounds nominally
exhibit the same IR spectra.

[1]. M = Mn: Hy3Ko,Mn[Ruy(CO3)4(OHy)s 5. IR (KBr,
em 1) 1636, 1492(s), 1339, 1262(s), 1062(s), 817, 768, and 716 cm ™.
Anal. Caled for H()'3K0_7MH[RU2(CO3)4](H20)2A7-(M60H)()‘2:
C4,Hg sMnOq49K(7Ruy: C, 8.70; H, 1.13; N, 0.00; Obs: C, 8.69;
H, 1.12; N, <0.2. Another sample was analyzed as: Hy3Ky->Mn
[RUQ(CO3)4](OH2)6.OZ Anal. Caled for HO'gKo'zMn-[RUZ(CO3)4]
(Hzo)z_(,: C4H6_0Mn014_6K0_2Ru2: C, 869, H, 109, N, 000, Obs:
C,8.70;H 1.11; N, <0.2.

2. M = Fe Ho 3Ko 7Fe[Ruy(CO3)4](H0)6(MeOH), 5.
IR (KBr, cm™"): 1630, 1489(s), 1267(s), 1063(s), 819, 766, and
717 cm 1. Anal. Caled for HQ}K0}7F€[R112(CO3)4](H20)3'1-
(MeOH)l'SI C5_5H12_5F€O]6_6K0_7RH2: C, 1049, H, 200, N, 000,
Obs: C, 10.51; H, 2.01; N, < 0.2.

[3]. M = Co: KCo[Ru,(CO3)4(H>0)g. IR (KBr, cm™'):
1633, 1493(s), 1339, 1263(s), 1063(s), 1006, 816, 764, and
714 cm™!. Anal. Caled for KCo[Ru»(CO3)4](H,0)7 5 (x = 0):
C4H|4_6COO]9>3KRUQ Calc: C, 715, H, 219, N, 000, Obs: C,
7.15; H, 2.20, N, <0.2.

[4]. M = Cu: KCu[Ruy(CO3)4(H,0);,. IR (KBr, cm™'):
3435(br), 1633, 1485(s), 1461, 1313, 1268(s), 1066(s), 812, 784, and
717 em™ ', Anal. Caled for KCu[Rux(CO;)4](H>0); 2(MeOH), ;:
C441H2'8CUO13.3KRUZI C, 864, H, 050, N, 000, Obs: C, 863,
H, 0.49; N, <0.2.

[51- M = Mg: Hy3Ko7Mg[Ruy(CO3)4|(H,0)3. IR (KBr,
cm™): 1645, 1489(s), 1338, 1263(s), 1063(s), 819, 764, and
714 cm_l. Anal. Caled for HOA3KQ(7M§[RU2(CO3)4](H20)3‘7-
(MeOH)l'S: C5'5H13‘7Mg017‘2K0'7RUZZ C, 1085, H, 227, N, 000,
Obs: C, 10.76; H, 2.15; N, <0.2.

Results and Discussion

Magnetically ordered materials of M} [Run/m(CO )al>
composition were sought via the reaction of M and

(13) On the basis of the IR and PXRD data, this appears to be a
disordered version of desired compound, and was not studied further.
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[Run(CO;),*~ in as 3:2 ratio. It was hypothesized that the
spins on the paramagnetic M" ions would interact with the
S = 3/2 Ru, core via the oxygens in a charge balancing
1.5:1 ratio. However, analysis of the structure revealed a
material with the unexpected M/Ru, ratio of 1:1. Thrs was
observed for M = Ni, as rehmrnarlly reported.'® Charig
compensated M”[R W co,), )1 or M?"[Rud/ML
(CO5)4]*~ are unlikely because [RuSVMN(CO5), 7 is unstable
in water,” and the expected structural distortions'* (Jahn—
Teller) of M(III) (M = Mn) species are not observed. The
M™:Ru,’" ratio leads to a formulation of {M[Rux(CO5).]} ",
which is not charge compensated, and a proton and/or a
potassium ion from the reaction media is assumed to be
present to balance the charge as H, K1 \MH[RuH/III
(CO3)4] “(H,0),(MeOH).  {or H3O K~ \MH[RuH/HI
(COy)J° (Hzo)}(MeOH)} This formulation is validated
for M = Ni'®and for compounds 1 to 5 by elemental analysis
data. The X-ray powder diffraction patterns for 1 to 3
and 5 show that they are isomorphous to that reported
for M = Ni.'"® Compound 4 (M = Cu) has a monoclinic
unit cell, and its structure has not been elucidated (Table 1
and Supporting Information, Frgure S2). Addrtlonally, the
presence of either M(III) or [Ruy"™(CO;),]*~ can be ruled
out based on the results of the magnetic data (vide infra).'®
However, because of disorder particularly in the lattice water,
the refinement of the H positions is not possible. The presence
of a H' for related systems, however, has been established,
that is, [Rul™(0,CMe),)(O,CMe-HO,CMe)-0.7H,O with
a H' bridge between two axial acetate oxygens'® and
H[Ruy(0,CCH3)4(HPhPO,),].* H[Rux(O,CCH3)4(PhPOsH),]-
H,0.? and K,H[Ruy(SO4)s(H-0),].”

Structure. Attempts to grow single crystals were unsuc-
cessful; however, high-resolution X-ray powder diffraction
patterns (Supporting Information, Figure S3) were col-
lected, and a Rietveld refinement of the data enabled the
determination of the structure of the Mn species.'”

The structure of 1 consists of a 3-D structural network
composed of linked chains that differs from that observed
for the layered K;[Ru,(CO5),] starting material.” Each
[Ru,(CO4),]*~ dimer contains four us-carbonate ligands,
with two of its oxygens bonding to the diruthenium
moiety forming the typical paddlewheel (Dy;) geometry
of the core, Figure 1a. The 2.265 A Ru—Ru bond length
is comparable to the 2.25 A length reported for
the starting material, and 2.258 A observed for the
Ni analogue.'® frans pairs of the third carbonate have
oxygen atoms that bond to either a site axial to ano-
ther Ru—Ru moiety via linkage I, as observed for
K;5[Ru,(CO5)4],” or to an Mn" via linkage II (Figure 1a)
with an Mn—O—C angle of 128.5 ° and a Mn-OC
separation of 2.107 A. The pair of axial sites, with
respect to the RuRu-bond, bonds to the carbonate

(14) Cotton, F. A.; Wilkinson, G.; Murillo, C. A.; Bochmann, M.
Advanced Inorganic Chemistry, 6th ed.; John Wiley & Sons: New York,
1999; p 847.

(15) Attempts to fit the y7(7) data to cither Ni** [Rul/™(CO3)43-3.35-
H,0 [with low spin Ni(IIT)], or Ni**[Ruy""™(CO;),],-3.35H,0 [with S = 1
or 2 Ruy(III)] formulations required unreasonable g-values, and gave
poor fits.

(16) Cotton, F. A.; Matusz, M.; Zhong, B. Inorg. Chem. 1988, 27, 4368.

(17) Chemrcal formula: C4H3MnO]6Ru2 space group = Pccn (No 56);
a=187729Q) A, b = 9. 3697(1)A ¢ = 10.0946(1) A, V = 1775.61(3) A°,
Z =4, p = 24554) glem®, T = 295K, R, = 0.042, R, = 0.052, GoF =
y = 1.813.
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Table 1. Orthorhombic Unit Cell Parameters for Isomorphous 1-3, 5, and for
M = Ni, and Monoclinic 4 (M = Cu)

Mn [1] Ni'® Fe[2] Co[3] Cu[4” Mg[5]

“ A 18.77 18.19 18.46 18.35 10.71 18.42
A 9.37 9.36 9.35 9.35 13.32 9.40
LA 10.09 10.05 10.04 10.06 11.90 10.02
LAY 17746 1711.1 1732.9 1726.0 1675.0 1734.9

<;\ SRS

“Interlayer separation = /2. ® Monoclinic, non-isomorphous; 8 =
80.56°.

oxygens (2.176 A) from other anions, and have a
RuRu—O—C angle of 139.2 °. The four [Ru»(CO5)4>~
moieties that bond to [Ru,(CO5)4]*~ form a layered motif
(Figure 1b). The layers are separated by the one-half of
length of the a-axis, 9.4 A for 1. The remaining two trans
carbonate oxygens bond to a Mn(OH;)4 unit (Figure 1a).
Each six-coordinate manganese bonds cis to two ruthe-
nium carbonate anions (92.7°) via linkage I (M = Mn),
and four oxygens (average 2.18 A) from H,O molecules.
The cis linkages form parallel 1-D chains in which
adjacent chains are canted in different opposing direc-
tions (Figure 1¢). These chains are linked together by one
carbonate axially bonded to a Ru—Ru bond in another
chain, The chain-linking Ru—O bond is shortened from
2.29 A in K;3[Ru,(CO3)4] to 2.027 A, indicating stronger
interactions. 4 is not isomorphous, but its unit cell volume
is comparable to the other members of this family
(Table 3), and the Cu(II) site is less than six coordinate
with fewer water molecules coordinated to it, and
assumed to have a slightly altered structure.

big 1 B

I I

Magnetic Properties. The magnetic susceptibility, y, of
H.K, - .M"[Ru,(CO3),](H,0),(MeOH). (M = Mn, Fe,
Co, Cu; 0 = x < 1) was plotted as y7(7), Figure 2 and
Supporting Information, Figure S4. The 300 K » 7" values
are 6.37, 6.29, 5.81, and 2.45 emuK/mol for 1, 2, 3, and 4,
respectively. In all cases 7T gradually decreased upon
cooling, and reached a minimum at ~50 K or below,
and upon further cooling y7(7) rapidly increased.
The gradual decrease below 300 K is attributed to the
large zero field splitting (D) associated with the anion.*®
The y7(T) data can be fit to an expression, eq 1,
that accounts for D, as previously reported for other
related Ru, compounds where N is Avogadro’s number,
kg Boltzmann’s constant, ug the Bohr Magneton, g the
Landé g value, and TIP is the temperature independent
paramagnetism.'® The Weiss constant, 6, is also intro-
duced to account for intermolecular magnetic interac-
tions. The magnetic data was evaluated based on the
bold-type formulas discussed earlier. Above 50 K
the y7T(T) data is fit to eq 1 with D/kg = 100 K, and
gru2 = 2.02 and the parameters listed in Table 2.
The D and g values were set to values previous reported

(18) (a) Telser, J.; Drago, R. S. Inorg. Chem. 1985, 24, 4765. (b) Telser, J.;
Drago, R. S. Inorg. Chem. 1984, 23, 3114.
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Figure 1. Structure of 1 consisting of [Ru»(CO;),]*~ bonding to four additional [Ru,(CO5)4*~ anions via type I linkages (a) that form a layered motif (b).

These layers (b) are lined via Mn(OH,), type-II linkages (c).

1 S S —————

.. N G
" A H‘KMM[RU:!(CO:]‘]'ZH:O .
At M = Mn, Fe, Co, Ni, Cu, Mg ]
Bl w -1
o°e .
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= 'li\:ou..lllln'gtcooo-.-.--::“l
2 - 28 5
3
2 _
@ e
R 4 .
2 =
o PRI TR U [N TR U SYTPIN | N O T T [N W TRV V1] L ST SR S T [ R S
0 50 100 150 200 250 300

Temperature, T, K

Figure 2. y7(T) data with fit or high-temperature data with eq 1 as solid
lines for H0'3K0_7MH(OH2)4[RU2(CO3)4]~ 15H20 [1], H0_3K0_7FC(OH2)4-
(MeOH), 5[Rux(CO3)4]-2H,0 2], KCo(OH,)s[Ruy(CO3)4]-4H,0 (3],
KCu(OH,); 5[Ruy(CO3)4] [4], Ho3Ko7Mg(OH,)3[Rux(COs)4] [5], and
HNIi[Ru»(CO5),]-3.35H,0."® See Supporting Information, Figure S4
for an expanded view of the data below 30 K.

Table 2. Magnetic Data Fitting Parameters for Equation 1

%7300 K)ops %7300 K)gy TIP
M S (emuK/mol) (emuK/mol) gman 6 (K) (uemu/mol)

[1]Mn 5/2 6.37 6.32 2.00 0 —200
[2]Fe 2 6.29 6.24 2.40 0 —100
[31Co“ 3)2 5.81 5.78 285 =2 —400
Ni’ 1 3.24 3.22 220 0 —400
[4]Cu 12 2.45 2.42 2.25 0 —200
[51Mg 0 2.05 2.01 0 —400

“Corrected for 3.9 ppm Co impurity. ® Previously reported data for
Ni compound fit with ggu> = 2.08 and TIP = 0;'® however, a better fit
was obtained by refitting the data with the above values and gr» = 2.02.

for related materials, %18 and were kept constant to

enable useful comparison among the different cations.
_ Newtts |11+ 9e20/T
X = ks(T—0) |3 4(1 +e 2D/kT)

2 1+ (- ey

3 1 + e—2D/kBT +
Ng3 2(S)(S +1
gM(II):uB( ) ) L TIP (1)
3kg(T — 0)

Above 50 K the susceptibility is due to the single ion
paramagnetism; however, the rapid rise at low temperature
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Table 3. Summary of Important Magnetic Parameters for 1to 5 and M = Ni

Inorganic Chemistry, Vol. 48, No. 13,2009 6121

m! N T.() (K) T (K) Ty (K) Y M (emu Oe/mol) Moy, (emu Oe/mol)  H. (Oe)  x7T(300 K) (emu K/mol)
[]Mn 52 4.8% 5.4 6.0 0 31,400 940 32 6.37
[2] Fe 2 5.0 5.3 5.6 0 25,400 990 22 6.29
[3] Co 32 4.5 5.4 5.6 0 26,100 5,920 245 5.81
Ni 1 4.3 4.6 5.0 0 11,400 2,110 75 3.24
[4] Cu 1/2 4.1 4.3 54 0.012 12,300 385 28 2.45
[5S1Mg 0 3.4 3.7 3.8 0 9,600 180 7.5 2.05
40_""I""I""l""l""l""I""I""‘ m‘""I'"'I""I""I""l""
3sf _ 700 | HXKHM[RUZ(COS)“]-ZHZO .
r 2 r M = Mn, Fe, Co, Ni, Cu, Mg ]
ot :
25} -

x', emu/mol
S

=
Q.

15

Ty

10

%", emuimol

5 OHOIOEIE & DD DEIEE SOHIB 408 B 44 —
6 7 8 9 10

Temperature, T, K

Figure 3. In-phase, y'(7), and out-of phase, y'(T), ac susceptibility data
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indicates magnetic ordering. Magnetic ordering was estab-
lished from the temperature and frequency dependent
in-phase, y'(T), and out-of phase, y”'(T), alternating current
(ac) susceptibility studies, Figure 3. Frequency independent
absorptions in both the Z/(T) and the y(7T) data were
observed for H,K;_ M"(OH,),-[Rux(CO5),]- zH,0, except

Magnetization, M, emuOe/mol

2 ' '3 - 4 5 ; [ 7 ' 8
Temperature, T, K

Figure 4. Zero field cooled (open symbols) and field cooled (solid
symbols) data for Hg3Ko;Mn(OH,),[Ru,(CO5)4]-1.5H,O [1],
Ho ;Ko 7Fe(OH,)4(MeOH); s[Ru(CO3)4]-2H,0  [2], KCo(OH,)4[Rus-
(CO3)a]-4H0 (3], KCu(OHy)12[Rux(CO3)] [4]. HosKo/Mg(OH)s-
[Rux(COs)4] [5], and HNi[Ruy(COs),]-3.35H,0.'°

for non-isomorphous M = Cu (which exhibits slight
dependence with ¢ = 0.012 suggestive of a mild spin- or
cluster-glass behavior'?). Hence, they magnetically order,
as is also reported for both [Ruz(OQCMe)Lt]g[Cr(CN)ﬁ]]d i¢
and [Ruzg3 LCBu'),i[Cr(CN)gl,' in addition to the Ni
analogue.'® The magnetic ordering temperatures are deter-
mined by the peak in the 10 Hz y/(T) data and are 4.8,%°
5.0, 4.5, and 4.1 K for 1, 2, 3, and 4, respectively. Alterna-
tively, the T, can be taken as the rise in "’ (7)), and this method
gives comparable values of 5.4, 5.3, 5.4, and 4.3 K, for 1,2, 3,
and 4, respectively (Table 3).

The zero field cooled and field cooled (ZFC/FC) M(T)
data taken at 5 Oe have bifurcation temperatures, 73, of
6.0, 5.6, 5.6, and 5.4, K for 1 to 4 (Figure 4) that are also
consistent with magnetic ordering.

The magnetization at 5 T approaches saturation and is
31,400, 25,400, 26,100, and 12,300, emu Oe/mol for 1 to 4,
respectively (Figure 5). The spin- only expected values for
ferromagnetic coupling between M and [Ru,(CO;),*~
are 44,700, 39,100, 33,500, and 22,350 emuOe/mol for

(19) Mydosh, J. A. In Spin Glasses: An Experimental Introduction; Taylor
and Francis: London, 1993, p 67. ¢ is a parameter indicative of the amount of
spin disorder in a spin-glass: ¢ = AT max/[Tmax(Alog o)], where AT =
difference between maximum peak of the temperatures at the high and low
frequencies, Thax = peak maximum of the temperature at low frequency,
Alog w = difference in the logarithms of the high and low frequencies (w).

(20) Other samples of 1 have exhibited a T as high as 5.4 K, but collection
of its complete magnetic data set was not possible.
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1 to 4, respectively.?! For antiferromagnetic coupling,
which leads to ferrimagnetic behavior, between M(II) and
[Ru(CO;3)4]’~ for 1 to 4, the respective expected values
are 11,170, 5585, 0, and 11,170 emuOe/mol. Each of the
observed values, however, is intermediate between values
expected from ferro- and antiferromagnetic coupling and
is indicative of a canted antiferromagnet (weak ferro-
magnet),which for this system is best termed a canted
ferrimagnet. Hysteresis is observed in the 2 K M(H) data
for 1 to 4 with a coercive fields of 32, 22, 245, and 28 Oe,
respectively (Figure 5). Remnant magnetizations, M ¢,
of 940, 990, 5,920, and 385 emu Oe/mol for 1 to 4,
respectively, are also consistent with non-antiferromag-
netic magnetic ordering. A summary of the important
magnetic parameters is provided in Table 3.

The Mean Field model for 3-D ordered magnets shows
that 7T, o< JS(S + 1),%* but for a system with two different
spins T, o< [JS(S + 1)S'(S" + 1)]"2.'9?3 Assuming that
the exchange coupling, J, is constant for an isostructural
system, T, should scale as 3.44:2.85:2.25:1.64:1 for Mn,
Fe, Co, Ni, and Cu, respectively, thatis, 7.(Mn) should be
~ 3.44 x T.(Ni) exceeding the observed value of 1.14.
This is nominally in accord for [Ru(0>,CMe)4]3[M(CN)g]
where T,(Cr'™)/T.(Fe'")is ~ 15; however, only a factor of
2.25 is expected from the Mean Field prediction.'d How-
ever, the T.’s for M"[Ru,(CO;)4]-based (M = Mn, Fe,
Co, Ni, Cu) family remains essentially constant, that is,

(21) (a) These values are reduced by 6400 emu Oe/mol when the zero field
splitting (D) is taken into account.(b) Shum, W. W.; Liao, Y.; Miller, J. S.
J. Phys. Chem. A 2004, 108, 7460.

(22) Ashcroft, N. W.; Mermin, N. D. Solid State Physics; Saunders
College Publishing: Philadelphia, PA, 1976; pp 715—718.

(23) (a) Verdaguer, M.; Bleuzen, A.; Marvaud, V.; Vaissermann, J.;
Seuleiman, M.; Desplanches, C.; Scuiller, A.; Train, C.; Garde, R.; Gelly,
G.; Lomenech, C.; Rosenman, I.; Veillet, P.; Cartier, C.; Villain, F. Coord.
Chem. Rev. 1999, 190—192, 1023. (b) Tanaka, H.; Okawa, N.; Kawai, T.
Solid State Commun. 1999, 110, 191. (c) Greedan, J. E.; Chien, C-L;
Johnston, R. G. J. Solid State Chem. 1976, 19, 155. (d) Greedan, J. E.
J. Phys. Chem. Solids 1971, 32, 819. (e) Kimishima, Y.; Ichiyanagi, Y.;
Shimizu, K.; Mizuno, T. J. Magn. Magn. Mater. 2000, 210, 244.
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Figure 6. Nominal linear dependence of 7. and T3, as a function of S for
1-5 and for M = Ni. The lines between the data points are guides. The
solid lines are trends predicted from the simple Mean Field model [i.e.,
T. o< JS(S + 1)] (red),22 a system with two different spins {i.e. 7, o<
[JS(S + DS'(S" + 1)]'?} (blue),'** or the latter system using an effective
S, Seir, of 1.15, because of the reduction of S arising from the large zero
field splitting, {i.e. T, o< [JSerr(Serr + 1)S'(S' + 1]} (brown).'?

5.5 £ 0.5 K, and does not scale as either S(S + 1) or
[S(S + DS'(S + 1)}1/2 (Figure 6).%* This suggests that the
spins on these M cations do not contribute signi-
ficantly to the magnetic coupling that leads to magnetic
ordering but only to the paramagnetic susceptibility. To
test this hypothesis that the bridging paramagnetic
cis-]IM"(OH,)4*" moiety does not contribute to the

(24) Because of the large zero field splitting for the anion, S for
[Ru"A%(0,C0)4*~ is reduced to the effective value of 1.15.19 Using the
Ty o< [JSeii(Serr + 1S'(S' + 1)]' relationship, likewise, does not scale.
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magnetic ordering, the magnetic behavior of an isostruc-
tural material with a diamagnetic M'" ion was sought.

Diamagnetic Zn" and Mg"" were identified, but the
former did not form an isostructural material.>> As
discussed above MgH, 5, is isostructural, and its orthor-
hombic unit cell parameters are listed in Table 1. The
magnetic susceptibility data for 5 is shown in Figure 2 and
is similar to that observed for 1—4 and for M = Ni.
A good fit of the magnet data to eq 1 was obtained using
the parameters listed in Table 2, resulting in an observed
300 K ¢ T value of 2.05 emuK /mol. 5 exhibits a significant
increase in ¥ T(T) below ~50 K, also suggesting magnetic
ordering, as observed for 1—4. Magnetic ordering was
determined by ac susceptibility studies, with 5 having
absorptions in both y'(T) and y"(T) (Figure 3), and thus is
also a canted ferrimagnet. The 7, for 5 is 3.4 K based
on the peak in y/(7), and is 3.7 K from the rise in
%''(T), Figure 6. In further agreement with magnetically
ordered 1—4, the ZFC/FC data for 5 (Figure 4) show a
bifurcation temperature of 3.8 K. Hysteresis is observed
in the M(H) data for 5 (Figure 5), and the saturation
magnetization is 9,600 emuOe/mol. This is lower than the
ferro- and/or antiferromagnetic coupling value (the two
values are identical as Sy = 0) of 16,755 emuOe/mol
and is additional evidence of canted ferrimagnetic beha-
vior. Remnant magnetization and coercive field values of
180 emu Oe/mol and 7.5 Oe, respectively, were obtained
for 5 that are in accord with a magnetically ordering
material.

(25) Kennon, B. S.; Miller, J. S. unpublished results.
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Conclusion

The aqueous reaction of K3[Ru2(CO3)4‘]-4H20 and
M" salts forms materials of H,K;_,-M"[Ruy(CO;)4-
(H,0),(MeOH). (0 = x < 1) composition, not a material
with the expected 3:2 M/Rus, ratio. The structure consists of
parallel layers separated by 9.25 £ 0.15 A (a/2) (Figure 1b)
whereby each [Rul/™(CO,),]*~ is bridged by four uz-COs>~
ligands (Type I), with interlayer bridging via cis-[M"(OH,),J*
moieties (Type II). These compounds magnetically order as
canted ferrimagnets with very similar ordering temperatures of
44 + 1.0 K, Figure 6. Surprisingly, this even occurs for
diamagnetic, S = 0 M = Mg(II) and indicates that the bridging
M(I) cation contributes to the 3-D network structure, but
does not significantly contribute to the magnetic coupling
pathways needed to stabilize magnetic ordering. Hence, this
is a rare example of a magnet based upon a second row
transition metal.
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