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Abstract: Diruthenium tetracarboxylates monocations are utilized as building blocks for cubic 3-D network
structured molecule-based magnets. [Ru'",(0,CMe)4]s[M"(CN)] [M = Cr (1a), Fe (2), Co (3)] were prepared
in agueous solution. Powder X-ray diffraction indicates that they have body-centered cubic structures (space
group = Im3m, a = 13.34, 13.30, and 13.10 A for 1a, 2, and 3, respectively), which was confirmed for 1a
by Reitveld analysis of the synchrotron powder data [a = 13.3756(5) A]. [Ruz(O2CMe).]s[M"(CN)g]-xMeCN
[M=Cr, x=1.8 (1b); M = Mn, x = 3.3 (4)] were prepared from acetonitrile. The magnetic ordering of 1a
(33 K), 1b (34.5 K), 2 (2.1 K), and 4 (9.6 K) was determined from the temperature dependencies of the
in-phase (y") alternating current (AC) susceptibility. The field dependence of the magnetization, M(H), at 2
K for 1a showed an unusual constricted hysteresis loop with a coercive field, H, of 470 Oe while the M(H)
data for 1b, 2, and 4 showed a normal hysteresis loop with a coercive field of 1670, 10, and 990 Oe,
respectively. The 5’Fe Mossbauer spectrum of 2 is consistent with the presence of low spin Fe' (0 =
—0.05 mm/s; AE = 0.33 mm/s) at room temperature, and the onset of 3-D magnetic ordering at lower
temperature (<2 K). The effects of M" in [M"(CN)e]®~, and the large zero-field splitting (D) of diruthenium
tetracarboxylates are discussed. The increasing critical temperatures T, with increasing S could not be
accounted for by mean field models without significantly different J values for 1a, 4, and 2. By fitting the T
data with mean field models [H = —2JSgry'Sm — us(gruSru + guSw)H], Jks are 4.46, 1.90, and 0.70 K for
la, 4, and 2, respectively.

Introduction D (+63 £ 11 cnT1).5067 Hence, materials based upon such
building blocks were anticipated to exhibit atypical magnetic
properties. Several extended structures based on their ability of
the cation to add one or two ligands axial to the RuRu bond
have been reportetP.1° However, when diruthenium tetracar-

boxylates were bridged with organic radicals, such as nitroxides,

The development of molecule-based magnetic materials has
made significant progress with a broad array of building blocks
being utilized! Recently, our group initiated a project to
incorporate diruthenium tetracarboxylate monocations!{Ru
(O.CR)] ™, into a 3-D network Prussian blue-like structure to
form a magnetically ordered materid@lsyhile Yoshioka et al.
reported the crystal structure and paramagnetic properties of
2-D [Rup(piv)4l3[F€" (CN)g]-4H,O (Hpiv = pivalic acid)?

Dan [RUM 5(O,CR)] ™ has ao?1%626*1x*2 S = 3/, valence

(5) (@) Norman, J. G., Jr.; Renzoni, G. E.; Case, D.JAAmM. Chem. Soc
1979 101, 5256-5257. (b) Miskowiski, V. M.; Hopkins, M. D.; Winkler,
J. R.; Gray, H. B. Inlnorganic Electronic Structure and Spectroscppy
Solomon, E. I.; Lever, A. B. P., Eds.; John Wiley & Sons: 1999; Vol. 2
Chapter 6.

(6) (a) Telser, J.; Drago, R. $norg. Chem.1985 24, 4765. (b) Telser, J.;

electronic configuratiof® Consequently it an is unusually high
spin for a second row coordination complex. Additionally, these
tetracarboxylates have an unusually large zero-field splitting,

T University of Utah.
* State University of New York.
§ Northeastern University.
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Figure 1. [Ruy(O,CR)]" bonding to two [CH(CN)e3~ via trans
cyanides, and each [((CN)g]3~ can bond to six cations.

0.5 mm diameter. X-rays of wavelength 0.699 47(2) A were selected
by a Si(111) double crystal monochromator. Diffracted X-rays were
selected by a Ge(111) analyzer and detected by a scintillation counter.
The incident intensity was monitored by an ion chamber, and the
measured signal was normalized. Infrared spectra were recorded
between 400 and 4000 crhon either a BioRad FTS-40 or a Bruker
Tensor 37 spectrometer.

[Rux(OCMe)]s[FE" (CN)g] used for®"Fe Mtssbauer studies were
enclosed in a Vespel holder that was sealed with epoxy. The spectra
were determined by using a conventional constant acceleration spec-
trometer operated in multichannel scaling mode. They source
consisted of a fresh 25 mCi 6fCo in a rhodium metal matrix that
was maintained at ambient temperature. The spectrometer was calibrated

albeit antiferromagnetically coupled, magnetic ordering does not using a 6zm thick natural abundance iron foil. Isomer shifts are

occurloab Herein, we report [R#",(O,CR)]" linked by
[M(CN)e]3~ (M = Cr, Mn, Fe, Co) that form 3-D magnetic
materials. Each [({(CN)g]3~ can bond to six [R#" ,(O,CR)]
which itself can bond to two [{(CN)g]®~, Figure 1. Hence,
this arrangement leads to a [Ri,(O,CR)]s[Cr'" (CN)g] charge-
compensated stoichiometry. This structure makes'"[Ru
(OCR)]* an air-stable analogue of 2V ion, e.g., cubic
V!I[Cr(CN)g], a room-temperature molecule-based maghet.
Herein, we report a systematic study of utilizing diruthenium
tetracarboxylates for molecule-based magnets. »([Bu
CMe)]3s[M'"'(CN)e] [M = Cr (1a), Fe @), Co (3)] were prepared
in aqueous solution, while [R(0O.CMe)]3s[M" (CN)e]-xMeCN
[M =Cr,x=1.8 (1a); M = Mn, x = 3.3 @)] were prepared
in acetonitrile.

Experimental Section

[Rux(OCMe)]Cl,*2 [Rux(O.,CMe)(H0)][BPhy],*2 [(PhsP)XN]s[Mn-
(CN)g],** [(PhgP):N]3[Cr(CN)g],** K3[Cr(CN)g,*> and K[Co(CN)s]*®
were prepared via literature methods, whilgfe(CN)] were used as

purchased from Baker. All solvents were used as bought from Fisher

reported relative to the center of the magnetic hyperfine pattern of the
latter foil taken as zero velocity. The line widths of the innermost pair
of the AM = +£1 transitions of the latter Zeeman pattern were
reproducibly determined to be 0.214 mm/s. Sample temperature control
was achieved using a standard exchange gas liquid helium cryostat
(Cryo Industries of America, Inc.) with temperature measurement and
control based on silicon diode thermometry in conjunction with a 10-
uA excitation source (Lakeshore Cryotronics, Inc.). Spectra were fit
to unconstrained Lorentzians using the program ORIGIN (Origin Lab,
Inc.).

Microanalyses were performed by Atlantic Microlab, Inc. or
Complete Analysis Laboratories, Inc.. The density was determined from
the onset of flotation utilizing a CiL,/CH.Cl, mixture and weighing a
2.00-mL volume. The thermal properties were studied on a TA
Instruments model 2050 thermogravimetric analyzer (TGA) equipped
with a TA-MS Fison triple-filter quadrupole mass spectrometer to
identify gaseous products with masses less than 300 amu. The TGA
was located in a Vacuum Atmospheres DriLab under argon to protect
air- and moisture-sensitive samples. Samples were placed in an
aluminum pan and heated at 2@/min under a continuous 10 mL/
min nitrogen flow.

[Ruz(02CMe)4]3[Cr" (CN)g] (1a). To a solution of 100 mg (0.211

Scientific. All operations were carried out in air unless noted. The water mmol) of [Ru(O,CMe)]CI dissolved in 50 mL of water was added
was purified by reverse osmosis. Acetonitrile was dried by two activated 22.0 mg (0.0676 mmol) of HCr(CN)g] dissolved in 5 mL of water.

alumina columns and collected under nitrogérhe solids were
isolated on a glass frit with a porosity of%.5um or by centrifugation
with a Clay-Adams 2 Ampere 115 V Safety-Head Centrifuge for 5
min.

Powder samples for magnetic measurements were loaded in gel-

The resultant mixture was stirred for 1 h. The precipitate was collected
and washed with water and dried in air (Yield: 102 mg, 99%). IR
2138 cn1? (ven). Caled for GoHseCrNsO24RUs: C, 23.66; H, 2.38; N,
5.52. Found: C, 23.82; H, 2.48; N, 5.72.

[Ru2(O2CMe)4]3[Cr" (CN)g]-1.8MeCN (1b).To a 10-mL acetoni-

cap holders. The DC magnetization temperature dependence wadrile solution of 50.7 mg (0.076 mmol) of [R(O.CMe)(THF),][BF4]

obtained by cooling in zero field, and then data was collected on

cooled to—15°C in a salt-ice bath was added 48.8 mg (0.026 mmol)

warming in 5 or 50 Oe external magnetic field using a Quantum Design 0f [(PheP)N]3[Cr(CN)g] dissolved in 5 mL of acetonitrile. The solution

MPMS-5XL 5 T SQUID magnetometer equipped with a reciprocating

immediately turned turbid with orange-brown solids. The solution was

sample measurement system, low field option, and continuous low- stirred for an additional 30 min at15 °C, and then the solids (yield:
temperature control with enhanced thermometry features. Powder X-ray30.5 mg, 79%) were isolated by centrifugation and the resulting solution

diffraction were made on a Philips X'Pert MPD diffractometer (Cu
Ka) using Mica (Standard Reference Material 675) as an internal
standard. Additional powder diffraction measurements for Reitveld
structure analysis were performed at Beam Li&B1 of the National
Synchrotron Light Source at Brookhaven National Laboratory. The
powdered sample was held in a thin wall glass capillary of nominally

(11) Ferlay, S.; Mallah, T.; Ouahes, R.; Viellet, P.; VerdaguerNeiture 1995
378 701-703.

(12) Mitchell, R. W.; Spencer, A.; Wilkinson, G. Chem. Soc., Dalton Trans.
1973 8, 846-854.

(13) (a) McCann, M.; Carvill, A.; Cardin, C.; Convery, NPolyhedron1993
12, 1163-1169. (b) Holmes, S. M.; Girolami, G. 3. Am. Chem. Soc.
1999 121, 5593-5594. (c) Hatlevik, @.; Buschmann, W. E.; Zhang, J.;
Manson, J. L.; Miller J. S.Adv. Mater. 1999 11, 914-918.

(14) Buschmann, W. E.; Liable-Sands, L.; Rheingold, A. L.; Miller, Jn®rg.
Chim. Actal999 284, 175-179.

(15) Alexander, J. J.; Gray, H. B. Am. Chem. Sod.968 90, 4260-4271.

(16) Bigelow, J. H Inorg. Synth.1946 2, 225-227.

(17) Pangborn, A. B.; Giardello, M. A,; Grubbs, R. H.; Rosen, R. K.; Timmers,
F. J.Organometallics1996 15, 1518-1520.

was slightly yellow-orange. IR 2142 crh(vcy). Caled for Gs dHar o
CrN7.g0.4RUs: C, 25.27; H, 2.61; N, 6.84. Found: C, 25.21; H, 2.59;
N, 7.00.

[Ru(O.CMe)4]s[Fe" (CN)g (2) was prepared similarly tha except
K3[Fe(CN)] was used (yield: 98 mg, 95%). IR 2116 ch{vcy). Calcd
for CaoHasFeNsO24RUs: C, 23.60; H, 2.38; N, 5.50. Found: C, 23.68;
H, 2.41; N, 5.14.

[Ru2(O,CMe)4J3[Ca" (CN)g] (3) was prepared similarly tba except
K3[Co(CN)] was used (yield: 99 mg, 96%). IR 2125 ch{vcy). Calcd
for CagH3sCoNsO24RUs: C, 23.55; H, 2.37; N, 5.49. Found: C, 23.37;
H, 2.13; N, 5.28.

[Ru2(O2CMe)4]s[MN(CN) ¢]-3.3MeCN (4).All the operations were
carried out under a nitrogen atmosphefavas prepared in a similar
method aslb except that [(P5P).N]s[Mn(CN)e¢] was used. IR 2118
cm! (ven). When this reaction was run at room temperature, the
solution turned purplish black and the solids were black instead of
brown; the IR contained broadcy bands at 2070 and 2115 cin
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Figure 2. Stereoview of the 3-D body centered cubic structurd@tshowing the two interpenetrating lattices in blue and pink.

(yield: 26.3 mg, 65%). Calcd for £dH45dCrNg :024RUs: C, 26.46;
H, 2.78; N, 7.84. Found: C, 26.27; H, 3.00; N, 8.06.

Results and Discussion

Synthesis and Stability. Air stable [RU/",(O,CMe)]s-
[M(CN)¢] [M = Cr (1a), Fe @), Co @)] were obtained by
mixing aqueous solutions of [RYU' ,(O,CMe)]Cl and Kg[M "' -
(CN)g]. Thevey in the IR spectrum is a single sharp absorption
at 2138, 2116, and 2125 crhfor 1a, 2, and3, respectively,
consistent with maintaining octahedral symmetry about tHe M
site. However, the aqueous method is not applicable to the
preparation of [RU" (O,CMe)]s[Mn"(CN)s] (4) because
[Mn"(CN)e]3~ is hydrolytically unstable. Hencel was syn-
thesized in acetonitrile from the reaction of [RO,CMe)-
(THF),][BF4] and [(PRP)N]3[MN(CN)g]. [Rux(O.CMe)]s[Cr!-
(CN)g] could also be prepared in acetonitrile except that
[Rux(O.CMe)(THF),][BF4] and [(PRP)LN]3[Cr(CN)s] were
utilized. The IR spectra dfaandlb are nearly identical except
that the IR spectrum dfb contains additional peaks associated
with MeCN. Thewvcy in the IR spectrum is a single sharp
absorption at 2142 and 2118 chfor 1b and4, respectively.

The stability of the network solids is dependent on the route
used to synthesize the compounds. Compounds obtained fro

la, 2, and 3 prepared from water are crystalline and have
similar powder diffraction patterns. They can be indeéRed
isomorphous body-centered cubic structures with 13.34,
13.30, and 13.10 A, respectively. Based upon structures of
[M(CN)¢]3~ 2t and [Ry(O.CMe)y] +,8 the M:+-M separationa,
is expected to be-13 A, andac, < age < ac; are expected for
the M—C=N—Ru=Ru—N=C—M linkage, as observed.

The body centered cubic crystal structurd.afvas consistent
with the Reitveld analysis of the synchrotron powder diffraction
data. Initial estimates of the atomic coordinates were adapted
from a similar structuré.The Reitveld refinement is shown in
Figure 3, and selected diffraction data are given in Table 1.

The Reitveld analysis provide= 13.3756(5) and CrC, CN,
NRu, RuRu, RuO, OC, and CC distances of 2.28%8),
0.93(16), 2.34(10), 2.28(2), 2.03(3), 1.34(6), and 1.38(10) A,
respectively. The body-centered space group indicates a second,
independent lattice interpenetrating the primitive lattice, as
observed for other compounds, e.g., Mn[C(gN}® The
[Ru(O,CMe)] ™ paddlewheel is rotated 45vith respect to the
octahedral [M(CNg]®~ in order to accommodate the second,
interpenetrating lattice, Figure 2.

Further evidence of a second interpenetrating lattice was

Mobtained from the measured densities1af 2, and 3. The

aqueous reaction showed no evidence of decomposition in thedensities ofla, 2, and3 were determined to be 2.08, 2.16, and

IR spectrum or magnetic data after 2 months in the air at room

temperature. However, compounds prepared from acetonitrile

solution are only stable below20 °C. They decompose slowly
at room temperature accompanied with a new breag
absorption at 2090 cnt and decrease of magnetic ordering

temperature. Similar instabilities were noted for some nonaque-

ous-prepared Prussian blue structured matetialie decom-
position appears to be unrelated to air and moisture but
correlated with reduced crystallinity. In fact, the products are
somewhat more stable in an atmosphere with moisture. Unlike
crystalline 1a, 1b is amorphous and contains a significant
amount of MeCN. The decomposition is correlated to the loss
of MeCN from the network structure.

Structure, Density, and Solubility. Based on the stoichi-
ometry and ability of [Re(O.CR),]* to axially coordinate to
two trans cyanide Ns of [M(CN)3~, 1 to 4 are proposed to
form a 3-D network structure with-M—C=N—Ru=Ru—N=
C—M— linkages, Figure 1, along all three Cartesian axes of a
cubic unit cell, Figure 2. A related motif is observed for the
Prussian blue family of magnetic materi&ls?

(18) Buschmann, W. E.; Miller, J. $norg. Chem.200Q 39, 2411-2421.

11632 J. AM. CHEM. SOC. = VOL. 126, NO. 37, 2004

2.18 g cn3, respectively. These are in good agreement with
the calculated densities (2.13, 2.16, 2.26 g-énfor body-
centered cubic structures and twice that calculated for the
primitive cubic structures.

The interpenetrating lattice structure of [Rl,(O,CMe)]s-
[M'"(CN)g] does not contain void space to accommodate water,
as observed with no water incorporation Ia. Molecular

(19) For example, see: (a) Mallah, T.; Thiebaut, S.; Verdaguer, M.; Veillet, P.
Sciencel 993 262, 1554. (b) Entley, W. R.; Girolami, G. $horg. Chem.
1994 33 (3), 5165-5166.

(20) CMPR distributed by NIST: http://webster.ncnr.nist.gov/programs/crystal-
lography/software/cmpr/.

(21) For example, see: (a) Ohba, M.; Usuki, N.; Fukita, N.; Okawanbig.
Chem.1998 37, 3349-3354. (b) Ferlay, S.; Mallah, T.; Vaissermann, J.;
Bartolome, F.; Veillet, P.; Verdaguer, M. Chem. Soc., Chem. Commun.
1996 2481-2482. (c) Re, N.; Crescenzi, R.; Floriani, C.; Miyasaka, H.;
Matsumoto, N.Inorg. Chem.1998 37, 2717-2722. (d) Lu, J.; Harrison,

W. T. A.; Jacobson, A. Jl. Chem. Soc., Chem. Comm&896 399—-400.
(e) Ohba, M.; Okawa, H.; Fukita, N.; Hashimoto, ¥.. Am. Chem. Soc.
1997 119 1011-1019.

(22) The esd’s given in the atomic coordinates are statistical estimates, taken

directly from the output of the Reitveld program (GSAS). It is widely

accepted that the accuracy of structural parameters derived from Reitveld
refinement are significantly larger than these values. We have multiplied
the esd’s by a factor of 5 in quoting uncertainties of bond distances.

(23) (a) Manson, J. L.; Campana, C.; Miller, J.JSChem. Soc., Chem. Commun.
1998 251-252. (b) Miller, J. SAdv. Mater. 2001, 13, 525-527.



[Ru",(0,CMe),]™ for Molecule-Based Magnets

ARTICLES

20000 —

S ]

[0]

o ]

N —]

Q

& 16000 —

2 i

=1 ]

§ |

> ]

= 12000 —

c -

o ]

= _

> ]

T 8000 —

< _

©

8 ]

N |

s i

€ 4000 —|

[e] -

P |
0_

[0]

;:’)1000— | T T T T S R R T S B R O B O B AN I O N

£ 1000 - : i ' -

5 |||||||||||I||||||||I|II|||||||||||||||||||||||I||||
2 4 6 8 10 12 14 16 18 20 22

20 (deg)

Figure 3. Reitveld fit to the Synchrotron powder diffraction data structurdafin the upper trace data points are denoted by filled circles, best Reitveld
fit by a smooth curve. The vertical tick marks indicate positions of allowed Bragg peaks. The lower trace is the difference between the observed and

calculated data on the same vertical scale.

Table 1. Summary of the Synchrotron Crystallographic Data for
[RU2(02CM€)4]3[CI'”I(CN)(;], la

[Ruz(0,CMe)yJs[Cr"(CN)], 1a

formula GoH36CrNgO24RUs
formula mass 1523.048
space group Im3m

a, 13.3756(5)
z 2

V, A3 2392.9(3)
u, et 16.6

Pealcd glcmd 2.11

Rup @ 0.0678
Rexp? 0.0329

T, K 20t 2°C
A A 0.699 471

2Rwp = [Z W(lo — 10%Z WIAY2 P Rexp = [Nobs — Nvad= Wlo?]H2.

modeling reveals that when the carboxylic group is bigger than

the acetic, e.g., propionic acid, a second interpenetrating lattice
would be unexpected due to the large steric crowding between
the two lattices. Therefore, the structure is expected to change

from being a body-centered cubic structure to most likely a
primitive cubic structure. Further studies are being done to
explore the magnetic properties with different carboxylic groups.
The structure of [RU" 5(O,CMe)]s[M" (CN)s] was not
expected to change from changing from an aqueaastp a
nonaqueous synthesis roufdy). First, 1b contains MeCN that
is unexpected for an interpenetrating lattice structure. Unfor-
tunately,1b did not diffract and was amorphous. The density
of 1b which was 1.90 g cr® does not correspond to a primitive
cubic structure (1.06 g cmd) and is low for a interpenetrating
lattice structure (2.11 g cm). All samples prepared from

nonaqueous media have low thermal stability, as evident by the

broadening of thevcy in the IR spectrum, and their solvent
content could not be determined by TGA due to the thermal
decomposition. Elemental analysis showed that and 4
contained MeCN (4.6 and 8.1% of MeCN fdb and 4,

respectively). Another alternative to a body-centered cubic
structure forlb would be a 2-D structure similar to that observed
for [Rua(piv)4]3[F€" (CN)s]-4H,0 2 The expected density of the
2-D structure would be similar to the primitive cubic structure,
which is at variance to the observed density Tor

Magnetic Properties. The magnetic susceptibilitieg, of
1-4 were studied between 2 and 300 K at 50 Oe, and the 298
K effective momentsyuer [=(8T)¥3, for 1a, 1b, 2, 3, and4
are 7.72,7.23, 7.30, 7.26, and 7 /a3 respectively (Figure 4).
The room-temperature moment fba, 1b, 2, 3, and4 are close
to the expected spin-only value of 7.75, 6.93, 6.71, and 7.28
ug for 1, 2, 3, and 4, respectively. Fittingue(T) data with a
model expression is more complex than using the classic €urie
Weiss equation, since [REY ,(O,CR)y]" is known to have a
large zero-field splitting @) and temperature-independent
paramagnetism (TIP)® Their contribution toy(T) was incor-
porated into eq #72*and eqs +3 were used to model(T)
for 1—4. The Weiss constanf), was introduced to account for
magnetic interactions between the paramagnetic species. A
summary of the magnetic properties are presented in Table 2.

. Ng%u3 [1 1+ 9e kT
R T IG(T = 0)[3 41+ e @)
3kB

1+ (1 o 2DhkaT)
2
3 1 1 o e +TIPforT>6 (1)
ey ﬂB
+
=g S+ 1) @
Xtot = ry, T Am 3)

While the IR spectra of [RU" ,(0,CMe)]3[Cr'"'(CN)s] syn-

J. AM. CHEM. SOC. = VOL. 126, NO. 37, 2004 11633
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Table 2. Summary of the vcn IR Absorptions and Magnetic Properties for [Ruz(O2CMe)4]s[M"(CN)g]

M (calcd)® Ms (calcd)°
Ven Te T, Ms,” FO AF M, Her

M cmt K K emu Oe/mol emu Oe/mol emu Oe/mol emu Oe/mol ¢° Oe
la Cr 2138 33 32 20 808- 300 67 020 33510 3840 <0.001 470
1b Cr 2142 34.5 32 16 00& 700 67 020 33510 8830 <0.001 1670
2 Fe 2116 2.1 3 22 70& 400 55 850 44 680 40 <0.001 10
3 Co 2125 31125 50 265 50 265
4 Mn 2118 9.6 10 20 006&- 600 61435 39 095 7170 0.008 990

aTemperature range fit with eq 8Ms is the magnetizationts& T at 2 K (Figure 7). Equation 5.9 Equation 4.

0 above 50 K (Figure 4 top) beforg.«(T) and increases with
100 decreasing temperature to maximum values ojgdat 32 K
1b for laand 112uz at 33 K for1b before abruptly decreasing to
80 > 3.65ug for laand 12.0ug for 1b at 2 K. uex(T) for Laandlb
60 - above 120 K were fit with eq 3 with = 69.4 cnT?, § = —40

K, Qruz = 2, dcr = 2, and TIRy2 = 700 x 1075 emu mol?

“ . (x? agreement fact8t = Z(uexp — Ucaid?ttexp = 5.51 x 1079)
05 ¢ .. 1a for laandD = 69.4 cm?, 6 = =70 K, gru2= 2, gcr = 2, and
0 TS P300pesecones 1 TIPry2 = 500 x 107° emu mot™ (y* = 1.31 x 107%) for 1b.
0 50 100 150 200 250 300 The TIP values are in good agreement with others repértéd.
2 Magnetic ordering ofla and 1b was ascertained from the
low-field magnetization M(T), as well as zero-field cooled
1 2 (ZFC) and field cooled (FCM(T) studies. Magnetic ordering
may result in a bifurcation point between the ZFC and\#J)
10 & ' data, Figure 5. The observed difference between the ZFC and
[ FC data forlais small but reproducible with a bifurcation point
5 - of 32 K. Magnetic ordering oLa and1b was confirmed from
the real, in-phasey() and imaginary, out-of-phasg'() alternat-
00 0 100 150 200 250 300 ing current (AC) susceptibilities, Figure &a has frequency
75 independent peaks for bo#fi(T) at 32 K andy''(T) at 34 K.

The AC and ZFC-FC magnetic data fatb differ more than
those forla 1b has frequency independent peaks for both
¥'(T) at 34.5 K andy"(T) at 34 K. Unlike 1a, however, the
width of they'(T) peak was narrow. Also, the ZFC and FC data
had a very distinct bifurcation point at 32 K indicating magnetic
ordering. Removal of MeCN fromb results in reduced,'s
and a frequency dependence #g(T) and x''(T) indicating
disorder in the desolvated structure.

0 50 100 150 200 250 300 For 2, uen(T) is fairly constant with decreasing temperature
100 . until it sharply increases at10 K reaching 19.2« at 2 K.
_ Data above 15 K was fit with eq 3 with = 69.4 cn1?, § =
80 0 K, gruz = 2.0, gre = 3.0, and TIR,, = 300 x 106 emu
60 4 mol~t (42 = 2.22 x 10°3). The divergence in the ZFC data and
the FC data @3 K suggests a transition from short-range
40 ferromagnetic interaction to long-range ferromagnetic ordering.
2 has frequency independent peaks for bg{f) at 2.1 K and
008 ¥'(T) at 2.1 K.
0 l—= ; ; _ [CA"(CN)g]®~ of 3 is diamagnetic, and therefore, the only
0 50 100 150 200 250 300 magnetic site i3 is that of [RUM ;(O,CR)]". Thus, uew(T)
for 3 was fit by eq 3 withD = 69.4 cnT?, TIPry2 = 800 x
Temperature: Ts K 1076 emu mot?, 6 = 0 K, gruz = 2.04 (Figure 4) above 4 K.
Figure 4. uer(T) for 1—4 and the fit to the high-temperature data with eq  This is in good agreement with other salts of [Riy(O,CR)]
3 as the solid blue lines. with diamagnetic anions.
_ ) For [RU" ,(O,CMe)]s[MN"(CN)e] (4), uen(T) increases
thesized via an aqueous routesf and MeCN route Xb) are gharply with decreasing temperature beb\’go K and reaches
nearly identical suggestive of similar structures, the magnetic a maximum of 67 at 11 K, prior to decreasing to @ at 2

data differ significantly. Similar dependence on the solvent on k apove 60 K Ler(T) was fit with eq 3 withD = 69.4 cnrl
the magnetic properties has been observed for some Prussiag — _og k Oruz = 2.0, gun= 2.0, and TIR,, = 270 x 1076

blue compound& Theuex(T) of laandlb are nearly identical

Hetp Mg

(25) Taylor, J.An Introduction to Error Analysis University Science Books:
(24) O’Connor, C. JProg. Inorg. Chem1982 29, 203—283. Mill Valley, CA, 1982; pp 218-223.
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Figure 5. Field cooled (FCQ) and zero field cooled (ZF(®) M(T) data [ » 4
for 1a, 1b, 2, and4. 8 ° 14
L ﬂ-.a
I *
80 | < o 4 30
emu mof? (y2 = 8.51 x 107%). The AC susceptibility data of [ :
4 contained a slight frequency-dependgitT) peak at 9.6 K at o L : a 1
10 Hz andy''(T) peak at 9.5 K at 10 Hz. I# was not freshly [ 01- '3
prepared or dried under vacuum, the AC susceptibility peaks 20 [ o0 b > Jo
shifted to lower temperature and had a large frequency [ w,' 4,
dependence indicating a disordered spin glass structure. This is oL < a
attributed to some decomposition. e 2z 4 &8 B 0 2 148
¢ = AT, /[T, Aflog ] ) Temperature, T, K

. . Figure 6. AC y'(T) andy'(T) at 10 (blue o), 100 (red), and 1000 (green
The frequency dependence in §i€T) can be parametrized 3y 'Hz for 1a, 1b, 2, and4.

by ¢,%6 whereT; is the temperature of the peak in the lowest
frequency (10 Hz) datd, the frequency in Hz, and the greater
the frequency dependence the larger the value (@fe., the
greater the spin glass behavior). Thef 0.008 for4 is on the s -~
low end of disordered spin systems, which dispiayalues ~ nitiates the thermal decomposition. o

that typically range from 0.01 to 0.1 such as those found in the Tm field dependence of the magnetizatidvi(H), for
alloys of Pdvin, 0.013 andNiMn, 0.018, and the superpara- [RU"" 2(02CR)]™ cannot be fit to the Brillouin function due
magneta-(H0,03)(B,0s), 0.2826 The data for crystallinda, the presence of the !arge zero-field splittirigy, (+53 + 24
as well as freshly preparekb and4, do not have a significant cm),% as theM(H) is measuredta2 K (ksT < D) and the

_ ' ) )
frequency dependence and consequently do not show spin glas§% = *7/2 state is essentially solely populated. Hence, the
behavior. In contrast, solvatetb and 4 display spin glass saturation magnetizatios, is much lower than the expected
value using eq 37 For example, aMs of 33 500 emu Oe mokt

(26) Mydosh, JSpin Glasss; Francois and Taylor: 1993; pp 646. is expected for antiferromagnetic coupling forwhile 20 800

behavior upon drying under vacuum at room temperature. This
is attributed to the breakdown of a long-range 3-D structure
upon the loss of MeCN. This could also be the factor that
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Figure 7. M(H) of 1a, 1b, 2, and4 at 2 K taken from+50 000 Oe. Inserts highlight the region fra5000 Oe.

emu Oe mot! was observed. An analytical expression for the material made in acetonitrildb, did not have this constricted

anisotropic magnetization &= %/, as a function oD is yet to hysteresis loop but contained a classical hysteresis loop. The
be reported. The effect of zero-field splittinD)Y on theM(H) reasons for the different magnetic data betwgamnd1b are
data is currently under further investigation. still under investigationlb, 2, and4 exhibit normal, noncon-
stricted hysteresis with coercive fields of 1670, 10, and 990
M= Naug(BS+ &) (5) Oe, respectively.

5’Fe Mussbauer SpectroscopyThe temperature dependence

While the values of the saturation magnetizations are not easily of the >’Fe M&ssbauer spectrum @ confirms the presence of
analyzed due to the zero-field splitting, the asymptoting a single iron-containing species, Figure 8. The small, negative
magnetization ofla (20 800 emu Oe mot) and 1b (16 000 ambient temperature isomer shifég 6f —0.05 mm/s and small
emu Oe motl) at 5 T and 2 K are significantly different. The  quadrupole spittingX4E) of 0.33 mm/s of2 are typical of low-
different asymptotingi(H) of laandlbat5 T and 2 Kwere  spin Fé' in ferricyanides, e.g., {Fe(CN)] (6 = —0.124 mm/
reproducible, and the difference could not be accounted for by s, AE = 0.280 mm/s}8 The isomer shift for2 is 0.07 mm/s
solvent in the structure dfb. The differences in magnetization more positive than that of fFe(CN)] reflecting an increased
betweenla and 1b are possibly attributed to different solid- level of d electron delocalization from the [Rii,(O,CR),]*
state structures obtained from the aqueous compared to MeCNdimer to [Fe(CNg]®~, and concomitant increase in “s” electron
synthetic route. Since the structureldifhas not been obtained, shielding at the low-spin Pecenters. At lower temperatures, a
the structural correlation to the magnetic data is not readily transition from the rapidly relaxing (unordered) paramagnetic
apparent but may arise from spin canting to different degrees. state to the onset of 3-D magnetic ordering is evident. This is

The M(H) data @ 2 K showed a very unusual constricted consistent with the observed sharp rise in moment1® ug
hysteresis loop foda with a coercive fieldHc, of 470 Oe, at 2 K (Figure 4), bifurcation at low-temperature ZFC/NICT)
Figure 7. The unusual constricted hysteresis looplimwas data (Figure 5), absorptions in thhT) andy''(T) data (Figure
reproducible between several independently made samples6), and hysteresista2 K (Figure 7). At 1.2 K (the low-
Constricted hysteretic behavior, albeit qualitatively different, has temperature limit for oufHe cryogenics system), critical spin
been attributed to metamagnetism caused by canted %fins, fluctuations are apparently still sufficiently important as to lead
and this phenomenon is under further study. The remnantto a highly broadened hyperfine pattern instead of the classical,
magnetization forla at 2 K is 3800 emu Oe mol. Only resolved, narrow line-width, six transition pattern expected for
crystallinela has an unusual constricted hysteresis loop in the magnetic saturation. The latter is observed for [Fe@N)y°
M(H) data at 2 K. Surprisingly, thil(H) data of the analogous  which orders at~0.129 K with an internal fieldH(0 K), of

(27) Carlin, R. L. MagnetochemistrySpringer-Verlag: Berlin Heidelberg, 1986; (28) Greenwood, N. N.; Gibb, T. QMdssbauer SpectroscopZhapman and
Chapter 1. Hall Ltd.: London, 1971; p 174.
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Figure 9. Nearest neighbor overlap in thxa plane for a:--Cr—CN—Ru,—NC—Cr--+ segment (45relative rotation): depicting the nonorthogonal overlap
of the CH' dy, CN y*, and Ry y* orbitals (the degenerate nonorthogonal overlap of thé G CN zy*, and Ry 7* or Cr''! dy,, CN ¥, and R
orbitals etc. are not shown) (top) and depicting the nonbonding orthogonal overlap of'th,OEN 7,*, and Ry, 0* orbitals (the degenerate orthogonal
overlap of the Gl dy, CN m*, and Ru 6* orbitals is not shown) (bottom).
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194 kOe corresponding to a hyperfine splitting~e6.25 mm/ (Figure 2) is illustrated in Figure 9 for the overlap of d'Qgpg

s, which is comparable to the velocity span of the broad (dx, dy, and dy) SOMO with the cation’$*'7*2 (derived from
absorption pattern at 1.2 K. The ldgbauer spectroscopy results the overlap of the g, dy, and g, orbitals on each Ru,
imply a T, ~ 1.5 K for 2, an order of magnitude greater than respectively) singly occupied orbitals in tlg plane. Overlap

that found KFe(CN)],2° which contains “isolated” [Fe(CN)*~ of the CH' to4 dy* (as well as the degeneratglyland Ry 7,**
ions. (as well as the degeneratg*!) orbitals is nonorthogonal; thus,
Nearest Neighbor Spin Coupling ) and Critical Tem- antiferromagnetic coupling is expected, Figure 9 top. This

perature (T.). The orbital overlap of the singly occupied overlap is a two-electron three-orbital interaction akin to that
molecular orbitals (SOMOs) was qualitatively analyzed to invoked to explain the three-center two-electron BHB bonding
interpret the antiferromagnetic coupling between metal ions for in diborane. In contrast, overlap of the'Cty4 dy, (as well as

the [Ru(O.CMe)]s[M"(CN)g] family of magnets. If these
SOMOs are orthogonal ferromagnetic coupling is expected; (30) (a) Verdaguer, M.; Bleuzen, A;; Marvaud, V.; Vaissermann, J.; Seuleiman,
otherwise, antiferromagnetic coupling is expedl‘é%?a This Lc;}ner?:glia%heF?osgnmi%uIIllerVe"ﬁletTeralnCagtlerGa(_l‘,rd‘illllgun ((]E‘Q?cl)lyd e

analysis for the observed [RiDCMe)]3[Cr'"' (CN)g] structure Chem. Re. 1999 190-192, 1023-1047. (b) Tanaka, H.; Okawa, N.;
Kawai, T. Solid State Commuri999 110, 191-196. (c) Greedan, J. E;
Chien, C.-L.; Johnston, R. Q. Solid State Cheni976 19, 155-160. (d)

(29) (a) Shinohara, M.; Ishigaki, A.; Ono, Kpn. J. Appl. Physl1968 7, 170— Greedan, J. EJ. Phys. Chem. Solids971, 32, 819-823. (e) Kimishima,
173. (b) Groves, J. L.; Becker, A. L.; Chirovsky, L. M.; Lee, W. P.; Wang, Y.; Ichiyanagi, Y.; Shimizu, K.; Mizuno, TJ. Magn. Magn. Mater2000Q
G. W.; Wu, C. SHyperfine Interact1978 4, 930-941. 210, 244—-250.
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Table 3. T. Ratio from Experiment and Theoretical Calculation Table 4. J Values Calculated from Experimental T¢'s
(Assuming Same J for 1a, 2, and 4) .
|J|/kg from ZFS,2 |3/kg from two-spin site
two-spin site two-spin site ZFSP, anisotropic mean field®
mean field® mean field® anisotropic spin distribution — Sy Sei(T) = Su
exp ratio Sruz — S Sei(T) = Su spin distribution — Sy 1a 2.46 K 2.46 K
lal2 15.7 2.24 2.45 2.45 4 1.90K 1.90K
42 4.6 1.63 1.67 1.67 2 0.70K 0.70K
212 1 1 1 1

aValues calculated from eq ?.Values calculated from eq 6.
aEquation 6.° Equation 7.

e . is substantially lower than the experimental ratio of 1:4.6:15.7.
the degenerate.d and Ru fragment's9* is nonbonding/  hile eq 6 is appropriate for a two-spin system, this model
orthogonal, Figure 9 bottom, and ferromagnetic coupling iS goes not take into account the effects of the spin anisotropy
expected. The competition between ferro- and antiferromagneticfrom zero-field splitting for the [Ry(O,CMe] ™.
couplings results in the antiferromagnetic coupling being  The effect of the spin anisotropy for the [R@.CMe)]*
dominant, as noted for several members of the Prussian blueyas accounted for in two different ways. First, when there is
structured magnef8. Consequently, ferrimagnetic, not ferro- 4 coupling between two [R(O,CMe)] ", the uex(T) differs
magnetic, lﬁrderlng is expected, as is observed for the({Ru from the spin-only value due to zero-field splitting. An effective
Cl_\/_le)4]_3[M (CN)g] f?mlly of magnets. Thls modell suggests_that spin, S, for [RuxO.CMe)]* was obtained from a model
utilization of S = /> [M5(O,CR)]™ with a o** electronic  compound with essentially no coupling between diruthenium
structure should couple ferromagnetically. Further studies are sjtes, j.e.3. From theuex(T) for 3, Su(T) values for [Ru(Oz-
being done on RhII/IY cation* that have this electronic  cpe) |+ at theTy's for 2 (2.1 K), 4 (9.6 K), andla (33 K) are
structure. Likewise, the same analysis leads to the identical 1 g9, 1.13, and 1.23, respectively. Usiig in place ofSkuzin
conclusion if the cation had @24 electronic structure; thuS eq 6, the relatively's are calculated to be 1:1.67:2.45 (Table
= "2 [M2(O:CR)] " and related cations with &" electronic  3) \yhich was only slightly increased than from when using
structure, e. ¢., [M&2,4,6-GH,Pr;CO,), " 322 and Squz = %o
[V2(DPhF)]* (DPhF = N,N'-diphenylformamide aniorf}® Second, the spin anisotropy for [R@,CMe)]* from the
should couple f_erromagnetlcaﬂ’?. _ ) zero-field splitting D) was directly accounted for in th&;

One expression that has proved useful in the analysis of the ca|culation from a modified simple mean-field model (eq 7),
nearest neighbor spin exchandeof T¢'s in Prussian blue and  \yhere D is the zero-field splitting. Again assuming was

perovskite structures was obtained fromeNe equatiod** constant, the relativé.'s were calculated from eq 7 and found
to be 1:1.67:2.45 for Fj:Mn(4):Cr(1a) (Table 3), which are
22|J|«/SQU2(SRu2+ 1)S,6, + 1) identical to the relativd's from eq 6 usingS«(T). The zero-
Te= 3Ks (6 field splitting model, eq 7,
wherekg is the Boltzmann constart,is number of the nearest T = 2\/ZRu22M|J|\/F(DaTyS\/|)_

neighbors equals tazgzv]Y2, andJ is the coupling between

nearest neighbor M and Ru sites. Thgs for a family of

Prussian blue and perovskite structured magnets have beerF(D,T,sM) =

analyzed using Neel’s expression, e# Qualitatively, theT,'s 3T

of [Rux(O:CMe)]s[M" (CN)g] follows the trend expected in eq —aDlkeT 1+———(1— e Pk

6 as the greater number of unpaired spins on th (GN)g]®~ 11+9e 2 4D .

(Fe < Mn < Cr) results in a largeF. with everything else being S4(1+ePel) 3 1+ e 2

equal. Assumingl is constant, as occurs for the comparison of SWS T (@)

[M(CsMes) ][TCNE] [M = Fe S = ), Mn (S = 1)],% the

relativeT¢'s for 2:4:1aare 1:1.63:2.24 from eq 6, Table 3. This  accounts for the spin anisotropy due to zero-field splitting
directly, while the two-site, mean-field model, eq 6, accounts

(31) For example, see: (a) Ren, Coord. Chem. Re 1998 175 43-58. (b)

Kadish, K. M.; Phan, T. D.: Giribabu, L.; van Caemelbecke, E.: Bear, J. fOr the spin anisotropy WithBer. 3

L. Inorg. Chem 2003 42, 8663-8670. _ Since the relativd,'s from eqs 6 and 7 assuming constdnt
(32) (a) Cotton, F. A.; Daniels. L. M.; Hillard, E. A.; Murillo, C. Alnorg. . ,
Chem.2002, 41, 1639-1644. (b) Cotton, F. A.: Hillard, E. A.; Murilo, . values do not equal the experimernitals, the J values forla,

c 3kB ’

A.; Wang, X.Inorg. Chem.2003 42, 6063-6070. i
(33) This analysis is for the observed structure with the ,(ReCMe)]™ 2, and 4 were calculated using egs 6 and 7, Table 4. The
paddlewheel being rotated %&ith respect to the octahedral [M(C§5~ calculated) values follow the trend 08(2) < J(4) < J(1a).

(to accommodate the second, interpenetrating lattice), but this relative
rotation may not occur for other structures, especially those lacking an Conclusion
interpenetrating second lattice. Analysis of the overlap of tHe tgyd,*
and Ru fragment’s:r{*1 (as well as the former's degeneratg* and the The magnetic properties of a series of QRDQCMGM]?,[M n_
latter's degenerate,* 1) is nonorthogonal; hence, antiferromagnetic coupling K ,
is expected. In contrast, overlap of the'Qg, dy, (as well as the degenerate (CN)g] compounds were systematically studied, and the ruthe-
dy) with the Ry fragment'sd* is nonbonding/orthogonal, and ferromagnetic  nium dimer monocations can be utilized as building blocks for
coupling is expected. As in the 4%Belative rotation case described in the 8
text, the competition between ferro- and antiferromagnetic couplings should molecule-based magnets. The properties of the molecule-based
result in the antiferromagnetic coupling dominating. ; e .
(34) Neel, L. Ann. Phys. (Paris]948 3, 137-198. magnets are dependent on the reaction conditions; nonaqueous
(35) Dixon, D. A.; Suna, A.; Miller, J. S.; Epstein, A. J. Magnetic Molecular
Materials Gatteschi, D., Kahn, O., Miller, J. S., Palacio, F., Eds.; Kluwer  (36) While eqs 6 and 7 appear different, both models are based on mean field
Academic Publishers: Boston, MA, 1991; E198, ¥2B0. theory and eq 7 becomes identical with eq 6 wikeapproaches 0.
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and aqueous routes provided different magnetic materials for Foundation (Grant No. CHE 0110685), U.S. DOE (Grant No.
[Rux(O.CMe)]3[Cr"(CN)g] as has been observed for Prussian DE FG 03-93ER45504), AFOSR (Grant No. F49620-03-1-
blue structured magnets. The 2-D structured,[Riv)4]3[Fe" - 0175), and the ACS PRF (Grant No. 36165-AC5). Research
(CN)g]+4H,0® had an upturn imew(T) at ~8 K similar to what carried out in part at the National Synchrotron Light Source at
we observed for [Ri{O,CMe)]s[M" (CN)e] (M = Cr, Fe, and Brookhaven National Laboratory, which is supported by the U.S.
Mn), and further studies could provide evidence of magnetic Department of Energy, Division of Materials Sciences and
ordering. The magnetic properties and solid-state structure canDivision of Chemical Sciences. The SUNY X3 beam line at
be tuned by modifying the metal hexacyanide. Tigs for 1, NSLS is supported by the Division of Basic Energy Sciences
2, and4 followed the trend of increasing with increasing spin  of the U.S. Department of Energy under Grant No. DE-FG02-
on the metal hexacyanide, but they increase to a greater extenB6ER45231. W.M.R. is grateful to Northeastern University for
than can be accounted for from mean-field theory without funds toward the purchase off&o y-ray source.

changing theJ values. Novel magnetic behaviors may be

achieved by utilizing the extraordinary large zero-field splitting. Supporting Information Available: X-ray CIF files for
[Ru(O.CMe)3[Cr' (CN)g], 1a, has been deposited with the
Cambridge Crystallographic Data Center, Ref No. CCDC-
234876. This material is available free of charge via the Internet
at http://pubs.acs.org.
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