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The synthesis, structures, and magnetic properties of four cyano-bridged M'"Ru", compounds prepared from the
paramagnetic Ru" building blocks, trans-[Ru(salen)(CN),]~ 1 [Hzsalen = N,N'-ethylenebis(salicylideneimine)] and
trans-[Ru(acac),(CN),]~ (Hacac = acetylacetone), are described. Compound 2, { Mn(CH3OH),[Ru(salen)(CN)].} +
6CH30H-2H,0, is a trinuclear complex that exhibits antiferromagnetic coupling between Mn" and Ru' centers.
Compound 3, {Mn(H,0),[Ru(salen)(CN),]*H,0} », has a 2-D sheetlike structure that exhibits antiferromagnetic
coupling between Mn and Ru, leading to ferrimagnetic-like behavior. Compound 4, { Ni(cyclam)[Ru(acac),(CN)],} -
2CH30H-2H,0 (cyclam = 1,4,8,11-tetraazacyclotetradecane), is a trinuclear complex that exhibits ferromagnetic
coupling. Compound 5, { Co[Ru(acac),(CN),].} », has a 3-D diamond-like interpenetrating network that exhibits
ferromagnetic ordering below 4.6 K. The density functional theory (DFT) method was used to calculate the molecular
magnetic orbitals and the magnetic exchange interaction between Ru" and M" (Mn", Ni") ions.

Introduction metal sites in PB compounds, the nature of the interaction
between 3d magnetic orbitals is usually governed by sym-
metry rulest-? The preparation of molecule-based magnetic
materials using paramagnetic 4d and 5d metal ions has
received more attention in recent years since their orbitals
are more diffuse, and so enhanced magnetic interactions may
be expected. In addition, the use of lower symmetry 4d/5d
building blocks, such as [M&CN);]*-, could allow one to
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bEtCIad“@c't{Z“'eS“é?k (T.-C.L): gaosong@pku.edu.cn (S.G.); zdchen@ /o st that examples of 3did and 3d-5d coordination
pku.edu.cn (Z.-D.C.). g : :

! City University of Hong Kong. polymers in the field of molecular magnetism are mostly

;ﬁ'e(”bgnxg'r‘éﬁ;sg}"HOW Kong constructed from precursors such as [MGN);]4 %24

(1) For example (a) Gadet, V.; Mallah, T.; Castro, I.; Verdaguer, M.; [M™V(CN)g]#3~ (M = MoV, W'V and NB),5 [Ru" (ox)s]®

Hexacyanometalates, [M(CH)~, have long been used as
building blocks in conjunction with 3d ions to produce a
number of Prussian Blue type (PB) compouhdome of
these PB type compounds, such asGf cyanide systems,
are of particular interest since they exhibit bulk magnetization
at high temperature$™ Owing to the high symmetry of the

Veillet, P.J. Am. Chem. S0d992 114, 9213-9214. (b) Mallah, T.; — 6 ; -7

Thigbaut, S.; Verdaguer, M.; Veillet, FSciencel993 262, 1554 (ox = oxalato), ar.]d [Ré (triphos)(CN)] " The symmetry
1557. (c) Entley, W. R.; Girolami, G. $horg. Chem1994 33, 5165~ rule seems to be invalid fpr a few cc_)mpounds, for example,
5166. (d) Entley, W. R.; Girolami, G. SSciencel995 268 397— the nature of the magnetic interaction in (B)[Mn"Ru'"-

400. (e) Kahn, ONature1995 378 667—668. (f) Ferlay, S.; Mallah,
T.; Ouahes, R.; Veillet, P.; Verdaguer, Mature 1995 378 701—

703. (g) Verdaguer, MSciencel996 272 698-699. (h) Hatlevik, (2) Verdaguer, M.; Bleuzen, A.; Marvaud, V.; Vaissermann, J.; Seuleiman,
@; Buschmann, W. E.; Zhang, J.; Manson, J. L.; Miller, JA8v. M.; Desplanches, C.; Scuiller, A.; Train, C.; Garde, R.; Gelly, G.;
Mater. 1999 11, 914-918. (i) Holmes, S. M.; Girolami, G. S. Am. Lomenech, C.; Rosenman, |.; Veillet, P.; Cartier, C.; VillainCeord.
Chem. Soc1999 121, 5593-5594. Chem. Re. 1999 190, 1023-1047.
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(ox)q] is ferromagnetic, while that in (BM)[Cu"Ru" (0x)s]

is antiferromagneti€ Moreover, the magnetic behavior of a
number of Md' —C=N—Mn" compounds, such as M#l,0)s-
MO(CN)7’4H20 (a-phasef? KzMn3(H20)6[MO(CN)7]2‘6H20,3d
and Mny(H,O)s[Mo(CN)7]-4.75H0 (3-phasefe is unusual

Yeung et al.

We are interested in constructing magnetic materials based
on ruthenium(lll) and osmium(lll) centers. There are a num-
ber of coordination polymers constructed from [Rax)s]®;
however, they have not been structurally characteiadie.
recently reported a new dicyanoruthenate(lIl) building block,

in that the Weiss constant is positive based on the magnetictrans[Ru(acac)(CN),]~ (Hacac= acetylacetone). Reaction
susceptibility data in the high-temperature range, but the of this building block with M&* produces a novel 3-D

coupling between Mb—Mn'" is antiferromagnetié? To gain

cyano-bridged Rl,Mn" compound{ Mn[Ru(acac)(CN),]},

insight into the nature of the magnetic interaction between which has a diamond-like structure and exhibits ferromag-
4d/5d and 3d paramagnetic centers, more systematic invesnetic ordering at low temperaturg3his is the first structur-

tigation involving both experimental and theoretical work
is required.

(3) (a) Larionova, J.; Sanchiz, J.; Golhen, S.; Ouahab, L.; Kah@hem.
Commun.1998 953-954. (b) Sra, A. K.; Andruh, M.; Kahn, O;
Golhen, S.; Ouahab, L.; Yakhmi, J. ¥\ngew. ChemInt. Ed.1999
38, 2606-2609 andAngew. Chem1999 111, 2768-2771. (c)
Larionova, J.; Cleac, R.; Sanchiz, J.; Kahn, O.; Golhen, S.; Ouahab,
L. J. Am. Chem. Sod 998 120, 13088-13095. (d) Larionova, J.;
Kahn, O.; Golhen, S.; Ouahab, L.; @e, R.J. Am. Chem. S04999
121, 3349-3356. (e) Larionova, J.; Kahn, O.; Golhen, S.; Ouahab,
L.; Clérac, R.Inorg. Chem1999 38, 3621-3627. (f) Larionova, J.;
Clérac, R.; Donnadieu, B.; Gui@, C. Chem—Eur. J.2002 8, 2712~
2716. (g) Mironov, V. S.; Chibotaru, L. F.; Ceulemans, A.Am.
Chem. Soc2003 125 9750-9760. (h) Larionova, J.; Willemin, S.;
Donnadieu, B.; Henner, B.; Grie, C.; Gillon, B.; Goujon, AJ. Phys.
Chem. Sol2004 65, 677-691.

(4) (a) Tanase, S.; Tuna, F.; Guionneau, P.; Maris, T.; Rombaut, G.;
Mathonige, C.; Andruh, M.; Kahn, O.; Sutter, J.-laorg. Chem2003
42, 1625-1631. (b) Le Goff, X. F.; Willemin, S.; Coulon, C,;
Larionova, J.; Donnadieu, B.; Gk, R.Inorg. Chem2004 43, 4784~
4786.

(5) (a) Sra, A. K.; Rombaut, G.; Lahtes F.; Golhen, S.; Ouahab, L.;
Mathonige, C.; Yakhmi, J. V.; Kahn, ONew J. Chem200Q 24,
871-876. (b) Rombaut, G.; Golhen, S.; Ouahab, L.; Mathmni€.;
Kahn, O.J. Chem. Soc., Dalton Tran2000 3609-3614. (c) Zhong,
Z.J.; Seino, H.; Mizobe, Y.; Hidai, M.; Verdaguer, M.; Ohkoshi, S.-
i.; Hashimoto, K.Inorg. Chem200Q 39, 5095-5101. (d) Rombaut,
G.; Mathoniee, C.; Guionneau, P.; Golhen, S.; Ouahab, L.; Verelst,
M.; Lecante, Plnorg. Chim. Acta2001, 326, 27—36. (e) Rombaut,
G.; Verelst, M.; Golhen, S.; Ouahab, L.; Mathom@eC.; Kahn, O.
Inorg. Chem.2001, 40, 1151-1159. (f) Chibotaru, L. F.; Mironov,
V. S.; Ceulemans, AAngew. Chem., Int. EQR00L 40, 4429-4433
andAngew. Chen001, 113 4561-4565. (g) Arimoto, Y.; Ohkoshi,
S.-i.; Zhong, Z. J.; Seino, H.; Mizobe, Y.; Hashimoto, Bhem. Lett.
2002 832-833. (h) Li, D.-F.; Gao, S.; Zheng, L.-M.; Sun, W.-Y.;
Okamura, T.-a.; Ueyama, N.; Tang, W.-Xew J. Chem2002 26,
485-489. (i) Li, D.-F.; Gao, S.; Zheng, L.-M.; Yu, K.-B.; Tang, W.-
X. New J. Chem2002 26, 1190-1195. (j) Li, D.-F.; Gao, S.; Zheng,
L.-M.; Tang, W.-X.J. Chem. Soc., Dalton Tran2002 2805-2806.
(k) Podgajny, R.; Korzeniak, T.; Balanda, M.; Wasiutynski, T.;
Errington, W.; Kemp, T. J.; Alcock, N. W.; Sieklucka, Bhem.
Commun2002 1138-1139. (I) Korzeniak, T.; Podgajny, R.; Alcock,
N. W.; Lewinski, K.; Ba_anda, M.; Wasiufigki, T.; Sieklucka, B.
Polyhedron2003 22, 2183-2190. (m) Li, D.-F.; Zheng, L.-M.; Wang,
X.-Y.; Huang, J.; Gao, S.; Tang, W.-Xhem. Mater2003 15, 2094~
2098. (n) Ohkoshi, S.-i.; Arimoto, Y.; Hozumi, T.; Seino, H.; Mizobe,
Y.; Hashimoto, K.Chem. Commur003 2772-2773. (0) Song, Y.;
Ohkoshi, S.-i.; Arimoto, Y.; Seino, H.; Mizobe, Y.; Hashimoto, K.
Inorg. Chem.2003 42, 1848-1856. (p) Li, D.-F.; Zheng, L.-M.;
Zhang, Y.-Z.; Huang, J.; Gao, S.; Tang, W.-)org. Chem.2003
42, 6123-6129. (q) Pradhan, R.; Desplanches, C.; Guionneau, P.;
Sutter, J.-PInorg. Chem.2003 42, 6607-6609. (r) Herrera, J. M.;
Bleuzen, A.; Dromze, Y.; Julve, M.; Lloret, F.; Verdaguer, Nhorg.
Chem.2003 42, 7052-7059. (s) Arimoto, Y.; Ohkoshi, S.-i.; Zhong,
Z.-J.; Seino, H.; Mizobe, Y.; Hashimoto, K. Am. Chem. So2003
125 9240-9241. (t) Kou, H.-Z.; Ni, Z.-H.; Zhou, B. C.; Wang, R.-J.
Inorg. Chem. Commur2004 7, 1150-1153. (u) Kou, H.-Z.; Zhou,
B.-C.; Si, S.-F.; Wang, R.-Eur. J. Inorg. Chem2004 401—-408.
(v) PrzychodzénP.; Lewirski, K.; Balanda, M.; Pelka, R.; Rams, M.;
Wasiutyrski, T.; Guyard-Duhayon, C.; Sieklucka, Biorg. Chem.
2004 43, 2967-2974. (w) Korzeniak, T.; Stadnicka, K.; Rams, M.;
Sieklucka, BInorg. Chem2004 43, 4811-4813. (x) Kashiwagi, T.;
Ohkoshi, S.-i.; Seino, H.; Mizobe, Y.; Hashimoto, &. Am. Chem.
So0c.2004 126, 5024-5025. (y) Song, Y.; Zhang, P.; Ren, X.-M.;
Shen, X.-F.; Li, Y.-Z.; You, X.-ZJ. Am. Chem. So2005 127, 3708—
3709.
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ally characterized coordination polymer that contains Ru(lll).
To gain more insight into the nature of the magnetic
interaction between Ru(lll) and 3d paramagnetic centers, we
have designed several other'RM" compounds based on
the paramagnetic Ru building blocks trans[Ru(salen)-
(CN).]~ 1 [Hzsalen= N,N'-ethylenebis(salicylideneimine)]
andtrans[Ru(acac)(CN),]~. We report here the synthesis,
structures, and magnetic properties of trinuckdedn(CHs-
OH)Ru(salen)(CNy]2} -6 CH;OH-2H,0 2, 2-D { Mn(H,0),-
[Ru(salen)(CNjl>*H2O} , 3, trinuclear{ Ni(cyclam)[Ru(acac}
(CN),]2} -2CH;OH-2H,0 4 (cyclam= 1,4,8,11-tetraazacyclo-
tetradecane), and 3-PCo[Ru(acacCN);]2}n 5.

The density functional theory (DFT) method was used to
calculate the molecular magnetic orbitals and the magnetic
exchange interaction between'Rand M' (Mn", Ni") ions.

The availability of a series of RMn" compounds with
different structures, including trinuclear, 2-D, and 3-glves

us an opportunity to investigate the magneto-structural
correlation between these paramagnetic centers.

Experimental Procedures

Measurements.Elemental analyses were carried out using an
Elementar vario EL CHN analyzer. The IR spectra were recorded
as KBr disks on a Perkin-Elmer FTIR-1600 and a Bomen MB-120
FTIR spectrophotometer in the 408800 cnt? region. Electrospray
ionization mass spectra were recorded on a SCIEX API 365 quad-
rupole mass spectrometer. Magnetic measurements were performed
on either a Maglab 2000 System or a MPMS-XL-5 SQUID
magnetometer. The experimental susceptibilities were corrected for
the diamagnetism of the constituent atoms (Pascal’s tables).

Preparations. All chemicals and reagents were commercially
available and used as receivéins-PhP[Ru(Acac)(CN),]® and
Mn(acac)® were synthesized according to literature methods.

Caution: Perchlorate salts of metal complexes with organic
ligands are potentially explosive and should be handled in small
quantities with care.

Preparation of trans-BusN[Ru(Salen)(CN)] (1). This com-
pound was prepared according to the literafdri@rystals suitable
for X-ray crystallography were obtained by slow diffusion of diethyl
ether into a solution of in methanol. IR (KBr/cmY): vcy 2096

(s)-

(6) Larionova, J.; Mombelli, B.; Sanchiz, J.; Kahn, l@org. Chem1998
37, 679-684.

(7) Schelter, E. J.; Prosvirin, A. V.; Dunbar, K. B. Am. Chem. Soc.
2004 126, 15004-15005.

(8) Yeung, W.-F.; Man, W.-L.; Wong, W.-T.; Lau, T.-C.; Gao,Ahgew.
Chem., Int. Ed2001, 40, 3031-3033 andAngew. Chem2001, 113
3121-3123.

(9) Girolami, G. S.; Rauchfuss, T. B.; Angelici, R. Synthesis and
Techniques in Inorganic Chemistry, A LABORATORY MANUAL
University Science Books: Sausalito, CA, 1999.

(10) Leung, W.-H.; Che, C.-MInorg. Chem.1989 28, 4619-4622.




trans-[Ru(Salen)(CN)]~ and trans-[Ru(Acac)(CN),]- Compounds

Table 1. Crystal Data for BuN[Ru(Salen)(CNj] (1), Mn(CHzOH)4[Ru(Salen)(CNy]2:6CHzOH-2H,0 (2), { Mn(H20),[Ru(Salen)(CNy]2*H20} x (3),

Ni(Cyclam)[Ru(acag(CN);]2-2CH;OH-2H,0 (4), and{ Co[Ru(Acac}(CN)z]2}n (5)
compound 1 2 3 4 5

chemical formula RuBC340,Hs50 RwMnNgCs6016H72 RwMnNgC3607H34 RUzNiNaC36012H64 RWwCoN4Co408H 28
Fw 661.87 1250.20 947.79 1061.79 761.58
cryst syst monoclinic monoclinic tetragonal triclinic tetragonal
cryst dimensions [mm] 0.02 0.08x 0.45 0.10x 0.18x 0.30 0.32x 0.12x 0.12 0.03x 0.06x 0.18 0.48x 0.11x 0.10
cryst syst monoclinic monoclinic tetragonal triclinic tetragonal
lattice type primitive primitive primitive primitive primitive
alA] 12.051(4) 13.4134(7) 14.7990(9) 7.622(1) 13.425(2)
b[A] 13.227(6) 18.1077(9) 14.7990(9) 11.908(1) 13.425(2)
c[A] 21.673(5) 12.8645(6) 17.114(1) 14.448(1) 8.224(2)
o [7] 90 90 90 70.41(1) 90
AN 94.78(2) 103.853(10) 90 81.31(1) 90
y [2 90 90 90 87.32(1) 90
VA9 3442(1) 3033.7(3) 3748.1(3) 1221.2(2) 1482.2(4)
space group P2;/c (No. 14) P2:/c (No. 14) P4/ncc(No. 130) P1(No. 2) P4,/n (No. 86)
Zvalue 4 2 4 1 2
Dealc[g cm 9] 1.277 1.369 1.672 1.444 1.706

000 1396.00 1290.00 1884.00 548 758.00
u(Mo Ka) [em™] 491 7.62 11.87 10.52 16.09
no. of params 299 355 124 253 90
TIK] 301 298 273 298 298
20max [deg] 45 55 55 55.2 55
measured reflns 4721 6951 2516 5310 1816
obsd reflns 2374 6951 1160 3210 1430
largest peak/hole [e &) 1.09/-0.63 0.77+0.31 1.30+0.61 1.05+-0.45 0.63+0.50
final Rindices [ > 1.50x(1)] [I'>2.000(1)] [I'>1.500(1)] [ > 1.500(1)] [I'> 1.500(1)]
residuals:Re andR,” 0.096, 0.100 0.039, 0.048 0.051, 0.056 0.059, 0.064 0.031, 0.044
GOF 2.57 1.022 1.52 1.12 1.43

AR = Y (IIFol — IFcll)/X|Fol). ® Ry = [X{(IFol — IFc) 3 wFo%} Y2

{Mn(CH 30H)[Ru(Salen)(CN)],} -6 CH30OH-2H,0 (2). A re-
action mixture containing Bi[Ru(salen)(CNy] (66 mg, 0.1 mmol)
and Mn(acag) (36 mg, 0.1 mmol) in 15 mL of methanol was
refluxed under argon for 2 h. The resulting dark green solution
was left undisturbed at 4C for 1 month to produce dark green
crystals. Yield: 21%. Anal. calcd for BMNNgC4¢0:6H72: C, 44.19;

H, 5.80; N, 8.96%. Found: C, 44.50; H, 5.62; N, 8.85%. IR (KBr/
cm1): wey 2115 (S).

{Mn(H ,0),[Ru(Salen)(CN)],*H,0} (3). A methanolic solution
(30 mL) of BuN[Ru(salen)(CNj] (132 mg, 0.2 mmol) and Mn-
(ClO4)2-6H,0 (36 mg, 0.1 mmol) was stirred for 2 days. The white
precipitate formed was filtered off, and the dark green filtrate was
left undisturbed for a few weeks to give dark green crystals.
Yield: 30%. Anal. calcd for ReMnNgCzsO;Hz4: C, 45.62; H, 3.62;

N, 11.82%. Found: C, 45.52; H, 4.01; N, 11.90%. IR (KBr/d&jn
ven 2116 (S)

{Ni(Cyclam)[Ru(Acac),(CN);]2} :2CH3;0H-2H,0 (4). A solu-
tion of NiCl,:6H,0 (48 mg, 0.2 mmol) and cyclam (40 mg, 0.2
mmol) in 10 mL of methanol was slowly added to a solution of
transPhyP[Ru(acacYCN),] (69 mg, 0.1 mmol) in 10 mL of
methanol with rapid stirring. The solution was filtered to remove

some purple precipitate, and slow evaporation of filtrate gave dark

purple crystals. Yield: 52%. Anal. calcd for RNiNgCz60;,Hs4:
C, 40.72; H, 6.08; N, 10.55%. Found: C, 40.56; H, 6.06; N,
10.33%. IR (KBr/cnml): vy 2118 (S).

{Co[Ru(Acac)k(CN),]2}n (5). Compound5 was obtained by a
slow diffusion method. The reactants Ce®H,0O (24 mg, 0.1
mmol) and transPhP[Ru(acacYCN);] (138 mg, 0.2 mmol)

contained in two separate 10 mL sample tubes were placed together

chromated Mo I radiation ¢ = 0.71069 A). Data on a crystal of
2—5were collected on a Bruker SMART CCD diffractometer with
graphite monochromated ModKradiation § = 0.71069 A). The
diffracted intensities were corrected for Lorentz and polarization
effects. Absorption corrections were also applied by SADABS.
The structures were solved by direct methods (SIR §# 1 and
SHELXS 863 for 3 and5) and the heavy atom Patterson mettfod
(PATTY, for 2 and4). The structures were expanded using Fourier
difference techniques (DIRDIF®for 1 and3—5 and DIRDIF99¢
for 2). The atomic coordinates and thermal parameters were refined
by full-matrix least squares oR, with anisotropic displacement
parameters for non-hydrogen atoms whenever possible. Hydrogen
atoms were included but not refined. All calculations were
performed using the TeXsan crystallographic software package.
Summaries of crystal data collection and refinement parameters
are given in Table 1.

DFT Calculations. All DFT calculations were performed using
the Amsterdam density functional (ADF) package, version 2004.01.
The frozen core approximation for the inner core electrons was

(11) Sheldrick, G. MSADABS Empirical Absorption Correction Program
University of Gdtingen: Gitingen, Germany, 1996.

(12) Altomare, A.; Burla, M. C.; Camalli, M.; Cascarano, M.; Giacovazzo,
C.; Guagliardi, A.; Polidori, GJ. Appl. Crystallogr.1994 27, 435.

(13) Shedrick, G. M. SHELXS-96, Program for the Solution of Crystal
Structures. InCrystallographic Computering ;3Sheldrick, G. M.,
Kruger, C., Goddard, R., Eds.; Oxford University Press: Oxford, 1985;
pp 175-189.

(14) Beurskens, P. T.; Admiraal, G.; Beurskens, G.; Bosman, W. P.; Garcia-

Granda, S.; Gould, R. O.; Smits, J. M. M.; Smykalla,Tbe DIRDIF

program system, Technical Report of the Crystallography Laboratory

University of Nijmegen: Nijmegen, The Netherlands, 1994.

in a 150 mL beaker. The sample tubes and beaker were then(15) Beurskens, P. T.; Admiraal, G.; Beurskens, G.; Bosman, W. P.; Gelder,

carefully filled with methanol. Dark purple needle-shaped crystals

were obtained after leaving the beaker undisturbed at room

temperature for 2 weeks. Yield: 40%. Anal. calcd for,Ru
CoNyC240OgH2g: C, 37.85; H, 3.71; N, 7.36%. Found: C, 37.65;
H, 3.90; N, 7.20%. IR (KBricmY): vey 2125 (S).

X-ray Crystallography. Diffraction data on a crystal df were
collected on a Rigaku AFC7R diffractometer with graphite mono-

R. de; Israel, R.; Smits, J. M. M[he DIRDIF-94 program system,
Technical Report of the Crystallography Laboratptyniversity of
Nijmegen: Nijmegen, The Netherlands, 1994.

(16) Beurskens, P. T.; Admiraal, G.; Beurskens, G.; Bosman, W. P.; Gelder,
R. de; Israel, R.; Smits, J. M. M[he DIRDIF-99 program system,
Technical Report of the Crystallography Laboratptyniversity of
Nijmegen: Nijmegen, The Netherlands, 1999.

(17) TeXsan, Crystal structure analysis packadéolecular Structure
Corporation: The Woodlands, TX, 1992.

Inorganic Chemistry, Vol. 44, No. 19, 2005 6581



Yeung et al.

Table 2. Selected Bond Lengths [A] and Bond Anglé$ for 1 Table 3. Selected Bond Lengths [A] and Bond Anglé€$ for 2

Ru(1)-0(1) 2.02(1) Ru(1}0(2) 2.03(1) Ru(1)-0(1) 2.011(3) Ru(B0(2) 2.029(3)
Ru(1)-N(1) 2.01(1) Ru(1)FN(2) 2.00(1) Ru(1)-N(3) 2.004(4) Ru(1)>N(4) 2.000(4)
Ru(1-C(17) 2.04(2) Ru(1rC(18) 2.09(2) Ru(1>-C(1) 2.060(5) Ru(1¥C(2) 2.061(5)
N(3)—C(17) 1.16(2)  N(4)C(18) 1.12(2) Mn(2)—0(3) 2.191(5) Mn(2y0(4) 2.205(4)
O(1)-Ru(1)-0(2) 95.3(4)  O(1}Ru(1)-N(1) 90.7(5) Mn(2)—N(2) 2.155(4) N(1}C(1) 1.143(7)
O(1)-Ru(1)-N(2) 173.4(6)  O(1yRu(1)-C(17)  90.3(6) N(2)—-C(2) 1.147(7)
O(1)-Ru(1)-C(18) 91.3(6)  O(JRu(1)-N(1)  173.5(5) O(1)-Ru(1)-0(2) 97.4(1) O(1)Ru(1)-N(3) 91.1(1)
0(2)-Ru(1-N(2) 90.9(6) O(2rRu(1-C(17)  90.1(6) O(1)-Ru(1-N(4)  171.9(1) O(1)Ru(1)-C(1) 88.4(2)
O(2)—Ru(1)-C(18) 89.6(6) N(1>Ru(1)-N(2) 83.1(6) O(1)-Ru(1)-C(2) 88.7(2) O(2YRu(1)-N(3) 170.8(1)
N(1)—Ru(1)-C(17) 87.5(6) N(1}yRu(1)-C(18)  92.6(7) O(2)—Ru(1)-N(4) 89.8(1) O(2YRu(1)y-C(1) 90.4(2)
N(2)—Ru(1)-C(17) 91.9(6) N(2}Ru(1)-C(18)  86.5(6) O(2)-Ru(1)-C(2) 90.7(2) N(3¥-Ru(1)-N(4) 82.0(2)
C(17)-Ru(1)-C(18) 178.3(7) Ru(BC(17)-N(3) 178(1) N(3)-Ru(1)-C(1)  93.3(2) N(3)-Ru(1)-C(2) 86.0(2)
Ru(1}-C(18-N(4)  176(1) N(4)—Ru(1)-C(1) 87.8(2) N(4¥-Ru(1>-C(2) 95.0(2)
C(1)-Ru(1y-C(2) 176.9(2) O(3yMn(2)—N(2) 93.9(2)
used for all non-hydrogen atoms. Orbitals up to 3d for Ru, up to O(3)-Mn(2)-0(4)  91.9(2) O(4yMn(2)—N(2) 91.2(2)
2p for Mn and Ni, and up to 1s for C, N, and O were kept frozen. Ru(L)-C(1)-N(1)  178.8(4) Ru(1yC(2)-N(2)  175.4(5)
Mn(2)-N(2)-C(2) 168.3(4) N(2XMn(2)—N(2*) 180.0

A triple-¢ valence plus polarization basis set (TZP) was used to
describe the valence orbitals.

A =Y o ~ Table 4. Selected Bond Lengths [A] and Bond Anglé$ for 3
Previous reporfd indicated that correct prediction of magnetic

coupling constants when using the DFT-BS method depends on 238);8((3 58(2)3((%) mﬁ%& g'ggf’l(?)
the particular exchange and correlation functionals used. In general, Mn(1)—0(3) 2:42(2) Mn(1}-N(2) 2:213(8)
the agreement between the calculated and the experinderahles N(2)—C(7) 1.142(10)

increases in the order LDA GGA < metaGGA< hybrid-GGA. 8(%)—?(1)—8(%*) 985-%(3;) ﬁ(?—SU(?_E(%) g(lJ.g(g)
In this work, a series of exchange correlation functionals was N((l))_Rﬂgl)):NElz) o ((4)) J ((7;Rﬂf§c§73) 178:1((4))
examined, where the local density approximation (LDA) of VWN5 0(2)-Mn(1)-0(3) 180.0 0(2) Mn(1)-N(2) 89.5(2)
functionalg® and the various generalized gradient approximation o(3)-Mn(1)-N(2)  90.5(2) N@2-Mn(1)-N(2*) 179.0(4)
(GGA) was used, including the scaled-ZORA relativistic correction. Mn(1)-N(2)—-C(7)  164.4(7) Ru(1-C(7)-N(2) 174.7(7)

From our inspection, it appears that on the bases of orbitals and

density from mPW-GG/&L22the hybrid-B3LYPS functionals are  1aple 5. Selected Bond Lengths [A] and Bond Angle$ for 4

the best ones. To analyze magnetic exchange interactions, theRu(1)-0(1) 2.003(9) Ru(ky0O(2) 2.002(9)
broken symmetry approach (BSjvithin DFT was used to calculate Eug);gg)) g-géig%) guggg((g %-8%83
the broken sy_mme_try state_s with antlfer_romagnetlc configuration, Ni(1)=N(2) 2111(8)  Ni(1}N(3) 2.081(9)
through the flip spin density on one spin center. Thus, the local j(1)—N(4) 2.070(10) N(1}C(1) 1.13(1)
magnetic orbital and magnetic exchange constdrjid = —2J N(2)—C(2) 1.163(10)

(SuSku1 + SuSkur)] can be evaluated. The details of calculation on 88—?8)):8% gg-gg; 8&;?8)):88 1;;2((;))

i —RU . u .

th(?rﬁxchlan?e gonsttantts hav? b(iﬁn descrllb?d etlse9t€here. f O@)-Ru(ly-04)  178.9(2) O3 Ru(1)-O(4) 91.5(2)

e electronic structures for the complete structures of com- 1y gy 1)-o(1) 88.6(3) C(1Ru(1)-0(2) 90.6(3)
pounds2 and4 were calculated by using DFT-BS. The calculation  c(1)-Ru(1)-0(3) 88.8(3) C(L¥Ru(1)-0(4) 90.2(3)
of the overlap integrals between the local magnetic orbitals dh Ru  C(1)-Ru(1)-C(2)  177.2(4) Ru(LyC(1)-N(1)  178.7(8)
and Mrl' were performed by using a program written by Chen’s Ru(1)-C(2)-N(2) ~ 173.1(8) Ni(1)-N(2)-C(2) ~ 168.0(8)

roup2s N(2)—N!(1)—N(3) 90.4(3) N(Z)—N!(l)—N(4) 88.3(4)
9 . N(3)—Ni(1)—N(4) 84.9(4) N(2-Ni(1)—N(2*) 180.0
N(3)—Ni(1)—N(3*) 180.0 N(4»-Ni(1)—N(4*) 180.0

Results and Discussion

Synthesis, Characterizations, and StructuresSelected ~ 12Ple 6. Selected Bond Lengths [A] and Bond Angle$ for 5

bond lengths and bond angles for compouhd$ are given Ru(1)-0(1) 2.003(2)  Ru(1yO(2) 2.004(3)
in Tables 2-6, respectively. ﬁ(“f)l_*ciﬁ) figiéﬁii CoLN 19882
_ _ _ — O(1)-Ru(1-O(1*)  180.0(1) O(1)}Ru(1)-0(2) 90.08(10)
(18) Amsterdam Density Functional (ADF), version 2004.8tjentific O(1)-Ru(1)-0(2%) 89.92(10) O(1yRu(1)}-C(1) 89.5(1)
Computing and Modelling, Theoretical Chemistryrije Univer- O(1)-Ru(1)-C(1*) 90.5(1) O(2)-Ru(1)}-0(2%) 180.0(1)
siteit: Amsterdam, 2004. 0(2)-Ru(1)-C(1) 94.6(1) O(2YRu(1)-C(1*)  85.4(1)
19) g)zw(eb')\t'v Wagg'vs-?. Cﬁe\f}\)zhevn\)- Fg;]ys- ;eg?% ‘é?hz slzggg C(1)-Ru(1)-C(1%)  180.0 N(1)-Co(1)-N(1*)  121.0(1)
. ang, B.; Wei, H.; Wang, W.; Chen, Z.Chem. _ ¥ _
122 1-8. (c)%llas, F.; Moreira, Igd. P. R.; Bofill, J. M.; Fil)/atov, M. g&)l)—cg((i_)):mg)) ]i(;i%]('é?) CoyNL-CM) 171.33)

Phys. Re. B 2004 70, 132414/1132414/4. (d) lllas, F.; Moreira, I.
d. P. R.; de Graaf, C.; Barone, Yheor. Chem. Ac00Q 104, 265~
272.
(20) Hertwig, R. H.; Koch, WChem. Phys. Lettl997 268 345-351.
(21) Adamo, C.; Barone, VJ. Chem. Phys1998 108 664—675.

trans-BusN[Ru(Salen)(CN)] 1. The Na salt of this
compound was prepared by the reaction of NaCN wéhs

(22) Perdew, J. P.; Chevary, J. A.; Vosko, S. H.; Jackson, K. A.; Pederson, [Ru(salen)(PP$)CI], according to the method of Leung and

M. R.; Singh, D. J.; Fiolhais, (Phys. Re. B 1992 46, 6671-6687.
(23) (a) Noodleman, L.J. Chem. Phys1981 74, 5737-5743. (b)
Noodleman, L.; Baerends, E.J.Am. ChemSoc.1984 106, 2316-
2327.
(24) (a) Yan, F.; Chen, Z.-DJ. Phys. Chem. £00Q 104, 6295-6300.
(b) Dai, D.; Whangbo, M.-HJ. Chem. Phy2001, 114, 2887-2893.

Che!® This was converted to the BN™ salt by metathesis.
The IR spectrum shows a strongC=N) stretch at 2096
cm~%, which is similar to the value of 2099 crhin trans

PhP[Ru(acac)CN),].82 The structure ofl has been deter-

(25) (a) Hu, H.; Chen, ZInt. J. Quantum Chen2001, 88, 275-279. (b)
Hu, H.; Chen, Z.; Liu, CInt. J. Quantum Chen2003 92, 428-432.
(c) Hu, H.; Yang, X.; Chen, ZJ. Mol. Struct.(THEOCHEM 2002
618 41-46.

mined by X-ray crystallography. The ruthenium atom is
octahedrally coordinated by the two oxygen atoms and the
two nitrogen atoms of the salen ligand and the two carbon

6582 Inorganic Chemistry, Vol. 44, No. 19, 2005



trans-[Ru(Salen)(CN)]~ and trans-[Ru(Acac)(CN),]- Compounds

el

b

~/C

3y O(1) e o) c(n

Figure 1. ORTEP drawing of [Ru(salen)(CB) (the anion ofl) with
the atomic numbering scheme.

atoms of the cyanide ions in a trans configuration (Figure
1). The Ru-N and Ru-O distances are similar [2.00(1)
2.03(1) A]. The average RtC (2.07 A) and &N (1.14 A)
distances are essentially the same as thaiimsPhyP[Ru-
(acac)(CN),].

The electrospray ionization mass spectrometry (ESI-MS)
of a methanolic solution ofl (Figure S1, Supporting  Figure 2. ORTEP drawing of Mn(CH3;OH)J[Ru(salen)(CN)2} -6CHs-
Information) in the anionic mode shows a peakmaz = OH-2H;0 (2) with the atomic numbering scheme.

420, which is due to the parent ion [Ru(salen)(gN) There Q

is excellent agreement between calculated and experimental

isotopic distribution patterns. There is also a minor peak at ,go Q

m/z = 393, which is due to [Ru(salen-H)(CN)]this arises g} ﬁn“*) &ﬂnm
from the loss of HCN from the parent ion, most probably as o . q? X - _O,VO
a result of collisions in the lens region. oA e2) o(1) tf}?

BF,4] has been reported by Leung and Chét shows two
reversible waves at0.37 and—1.06 V (vs Ag/Ag'), which

are assigned to the RURU" and the RU/RU' couples,
respectively. These electrochemical data indicate that
[Ru(salen)(CN)] is stable with respect to oxidation and
reduction.

=
) P
The cyclic voltammogram af in CHzCN [0.1 M (E4N)- RU“*C)’Q?%C‘{?L\((O\S/‘ 4)\)&%
FIAEOLS NPT
)

In summary, similar taransPhP[Ru(acacYCN),], 1 is N %’Q(de
a very stable species that is soluble in a variety of solvents, 'V'”(}:) < }D‘iv O-CdJ P
and it is therefore a suitable precursor for the construction oal S
X - o g S ~
of ruthenium(lll)-containing coordination polymers. e
{Mn(CH 30H)Ru(Salen)(CN}]z} -6CH3;OH-2H,0 2. Re-

UO/ Mn(1*)
action of 1 with Mn(acac) in refluxing MeOH produce® '
as dark green crystals. The IR showg@=N) stretch (2115 _ _ ' '
cm™1) that is shifted to a higher frequency than thatlin t':r:g“;fofaic\ﬂe"r‘;gf p_o'ymerr]'c{M”(HZO)Z[R“(Sa'e”)(C’\B]Z'Hzo}"(3) with
The structure oR has been determined by X-ray crystal- umbering scheme.
lography. It is a trinuclear complex, and the Mecenter has {Mn(H ;0);[Ru(Salen)(CN)]»*H,0}, 3. Reaction ofl
a distorted octahedral environment and is coordinated to twowith Mn(CIlQ,).:6H,O in MeOH at room temperature
[Ru(salen)(CNy]~ units through the cyano nitrogen atoms produces3 as dark green crystals. The IR shows(@=N)
and to four methanol molecules in a trans configuration stretch (2116 cmt) that is the same as ibut is shifted to
(Figure 2). The bond lengths in the [Ru(salen)(€Nunits a higher frequency than that ifh, consistent with the
[Ru—0 2.011(3), 2.029(3); RN 2.000(4), 2.004(4); RuC coordination of the cyano nitrogens to MnThe structure
2.060(5), 2.061(5); and €N 1.143(7), 1.147(7) A] are  of 3 has been determined by X-ray crystallography. Each
essentially the same as th The Mn—O bond distances  Mn" center has a distorted octahedral environment and is
[2.191(5)-2.205(4) A] are slightly longer than the MiN coordinated to four [Ru(salen)(CN) units through the
distances [2.155(4) A]. The terminal and bridging-Ro= cyano nitrogen atoms in the equatorial positions and to two
N units are almost linear [178.8(4) and 175.4(5kspec- water molecules in the axial positions (Figure 3). The Mn
tively]. The Mn—N=C units are slightly bent with an angle centers are linked by [Ru(salen)(GN) to produce a 2-D
of 168.3(4}. The intramolecular Mn-Ru distance is 5.341  sheet structure (Figure S3). The bond distances of each
A, the Mn—N—C—Ru torsion angle is 130.08 and the [Ru(salen)(CNy]~ unit in the polymer [Re-O 2.023(5);
closest intermolecular RuRu separation is 6.824 A. Ru—N 2.007(7); Ru-C 2.046(9); and &N 1.142(10) A]
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Figure 4. ORTEP drawing of Ni(cyclam)[Ru(acag(CN);]2} -:2CH;OH-
2H,0 (4) with the atomic numbering scheme.

are essentially the same aslimnd2. The Mn—N=C unit
is bent with an angle of 164.4(%7)and the MA-N—C—Ru
torsion angle is 13.75 The two Mn—OH, distances [2.29-
(1) and 2.42(2) A] are not equivalent. The intralayer-Mn
-Ru distance is 5.328 A, the interlayer MrRu distances
are 9.675 and 10.469 A, and the closest interlayer-Rui
separation is 8.557 A.

{Ni(Cyclam)[Ru(Acac),(CN)],} -:2CH;OH-2H,0 4. Treat-
ment of NiCL-6H,O and cyclam withransPhyP[Ru(acacy
(CN).] in methanol at room temperature gives compodnd
The X-ray structure oft shows that it is a trinuclear complex
(Figure 4) that consists of a [Ni(cyclami)]unit bonded to

two [Ru(acac)CN),] ~ ions through the cyano nitrogens. The
Ni" center has a distorted octahedral environment and is

Yeung et al.

Figure 5. (a) View of polymeric{ Co[Ru(acacXCN)]2}n (5) with the
atomic numbering scheme. (b) Two-fold interpenetrating diamond-like
networks with Co ions as nodes.

coordinated to the four nitrogens of the cyclam ligand and (9) and 121.0(T) are similar to that in{ Mn[Ru(acac)-

to two [Ru(acac)CN),] ~ units through the cyano nitrogens
in a trans configuration. The NiN(=C) distance [2.111(8)
Al is slightly longer than the N N(cyclam) distances [2.070-
(10) and 2.081(9) A]. The terminal and bridging-RG=N
angles are 178.7(8) and 173.1(8)espectively. The bond
distances in each [Ru(aca@@N),] ~ unit [Ru—0O 2.002(9)
2.017(6) A; Ru-C 2.054(103-2.076(9) A; and &N 1.13-
(1)-1.163(10) A] are similar to those found itrans
PhP[Ru(acac)CN),]. The intramolecular Ni-Ru distance
is 5.293 A, the NiFN—C—Ru torsion angle is 163.25and
the closest intermolecular RuRu separation is 7.622 A.
{Co[Ru(Acac)(CN);]2}n 5. Reaction oftrans-PhP[Ru-
(acac)(CN),] with CoCl,:6H,0 in MeOH produces$ as dark
purple crystals. The structure 6fhas been determined by
X-ray crystallography (Figure 5a). It has a 3-D 2-fold

penetrating diamond-like structure (Figure 5b) that is isos-

tructural with{ Mn[Ru(acac)(CN),]2} .2 Each Cd center is
tetrahedrally coordinated to four [Ru(acd€©N),]~ through

the cyano nitrogens to produce a 3-D diamond-like structure.

The bond lengths and angles [CotN(1) 1.983(2) A, Co-
(1)—N(1)—C(2) 171.3(3), and N(1)-Co(1)-N(1*) 104.01-

6584 Inorganic Chemistry, Vol. 44, No. 19, 2005

(CN)z]2}n. The bond lengths and bond angles in each
[Ru(acac)(CN);]~ unit in 5 [Ru—0 2.003(2)-2.004(3) A;
Ru—C 2.067(3) A; G-N 1.145(4) A; and Ru(BC(1)—N(1)
174.6(3)] are also essentially the same as in the Mn
analogue. The GerRu distance is 5.173 A.

Magnetic Properties. The molar magnetic susceptibility
data of compound (Figure S5) indicate an unusually strong
temperature-independent Van Vleck paramagnetism (TIP) of
2.82 x 1072 cm® mol™L. After subtracting this TIP value,
the data obey the CurieNeiss law fn, = C/(T — )] in the
temperature range of-2300 K, withC = 0.414(1) cdimol*
Kandf = —0.5(2) K (Figure 6a). Th€ value is comparable
to that oftransPhyP[Ru(acac)CN),]® (0.46 cn? mol* K)
and is consistent with a low-spin® configuration withS
=1/2. The field dependence tfat 2.0 K is shown in Figure
6b, and the magnetization at 50 kOe is 0.95Nol ™, close
to the expected saturation value foBa 1/2 state withg =
2.0.

The molar magnetic susceptibility of compouBdn the
temperature range of 200 K obeys the CurieWeiss law
[xm = CI(T — )], with C = 6.035(1) crdmol 1K and§ =



trans-[Ru(Salen)(CN)]~ and trans-[Ru(Acac)(CN),]- Compounds

) ) Figure 7. (a) Temperature dependenceyaf * vs T for { Mn(CHzOH)4-
Figure 6. (a) Temperature dependenceyaf * andymT vs T for BuuN- [Ru(salen)(CNj]2} -6CHsOH-2H,0 (2), exp. (0) and fit (line) using the
[Ru(salen)(CNj (1) measured at 1 kOe. The sample shows a strong Cuyrie-Weiss law, and temperature dependence,¢F, exp. ) and fit

temperature-independent paramagnetism (TIP) at 2.8D73 cm? moI*l,' ~ (line), using the trimer MnRumodel. (b) Field dependence of magnetization
which was subtracted in the figure. (b) Field dependence of magnetization of 2 at 1.8 and 2.0 K.

of 1at 2.0 K.
larger than that Jee-mn = —0.44 cnm?) observed in the

—4.4(1) K (Figure 7a). The negativé value suggests a cyano-bridged trimer Mh-Fé"' —Mn'" 2" The ferrimagnetic-

possible small antiferromagnetic coupling betweetf nd like character could arise from the competition between

" ;
lc\i/ln in 2. On O:ovv”erlngdthe te;]mperatu.re',-, the Ttva;)luet 7 Kintratrimer—AF and intertrimer ferromagnetic couplings.
ecreases gracdually and reaches a minimum at abou The molar magnetic susceptibility of compou8dn the

. . .
Egﬁﬁq;ﬁngﬂ I'k'::), k;tetr?:no'ncfl_eﬁse]feﬁjbrggtlghZzgggsg?%hae temperature range of 2800 K obeys the CurieWeiss law
imagnetic-i vior. : P with C = 5.157(4) crimol* K and 6 = —8.33(6) K (Figure

magnetization fo2 was measured at 1.8 and 2.0 K (Figure 8 ! .
o . . a). The negativé value suggests the presence of antifer-
7b). The magnetization of th'f compound per [MaRunl_t ror)nagnetic 9éoupling betwegegn Ruand ?\/Ih' in 3. Upon
_rea(I:hesten{[ﬁIue of 6'?53 "'Oll atf17.8 Kﬁsn;ﬂhYO kOe,¥\/th|ch cooling, theymT value decreases gradually, and the data
IS c”ose 0 the expected value o Bffor the sum of two measured at low field (100 Oe) display a minimum (4.20
Rul and one MA magnetic momentsSt = 25 + Sun = cm® mol™* K) at ca. 36 K.ynT then increases again
712; Ms = gSNp), suggesting that the antiferromagnetic . L A : '
. t, St betw ' R d M ters i it K dsuggestmg a ferrimagnetic-like character. It could arise from
interaction between u an N centers 1S quite weak and ., competition between intralayeAF and interlayer fer-
that the magnetic moments can be aligned in the direction romagnetic couplings. A high magnetic field might remove

?;mthsra?pg'egnfﬁ: bgg'inofltthls clflrschI ggfgg?leaéarl]ow the anomaly around 36 K. The somewhat larger Weiss
perature. ! Y ' constant and the higher temperature for minimymr

assume that the magne'up Interaction beFWee” Ru fons Cansuggest a slightly larger antiferromagnetic interaction be-
be neglected due to their large separation. Thus, the ap

: o ; . t M dRu i in thi d than2nTh
propriate Hamiltonian for the linear trimer would Ibe = ween Vin and iU 1ons in this compoun anahine

a . . magnetization of this compound per [MnRuinit reaches
th?gﬁ?ﬁsﬁ j;yj;'lg&t‘)‘ﬁi)ég\éger_?;és d?{g Z?SF:‘:L?S dct% nztallirr;tear only a value of 3.70 ¥ mol~* at 2.0 K and 50 kOe (Figure
trimer model using Kambe’s meth#fdand considering the 8b), which s quite far from the expected value of 7.0 N

intertrimer interactiorzJ as a molecular field approach, and for the sum of two R and one Mf magnetic moments
. . ’ = 2%+ =712, Mg = N is cl h
the following results are obtainedt= —1.8(1) cn1?, zJ = (Sr =25 + S = 7/2; Ms = gSNJ) but is close to the

0.87 (2) cm® (2= 6), g = 2.117(8), anR = 2.2 x 10-¢  2ue of 3.0 M for Sr= Sun =~ 25w = 3/2, again suggesting

. that the antiferromagnetic interaction between Ru and Mn
{R= 3 [(mTNobs - ((mTcad /> (rmTons} . The antiferromag- centers is stronger ig than in2
netic (AF) coupling between Ru(lll) and Mn(ll) is slightly '

(27) Lescouezec, R.; Lloret, F.; Julve, M.; Vaissermann, J.; Verdaguer,
(26) Kambe, K.J. Phys. Soc. Jpri95Q 5, 48. M. Inorg. Chem.2002 41, 818-826.
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Figure 8. (a) Temperature dependenceyaf * vs T for { Mn(H20)2[Ru-
(salen)(CNy]2-H20} s (3), exp. @) and fit (line) using the CurieWeiss
law, and temperature dependenceygl measured at 1 kOe and 100 Oe
(blue and redD). (b) Field dependence of magnetization3oét 2.0 K.

The molar magnetic susceptibility dfin the temperature
range of 26-300 K obeys the CurieWeiss law withC =
2.246(6) cmd mol™t K andf = +7.0(1) K (Figure 9a). The

Yeung et al.

Figure 9. (a) Temperature dependencegmi* vs T for { Ni(cyclam)[Ru-
(acac)(CN),]2} -2CHsOH-2H,0 (4), exp. @) and fit (line) using the Curie
Weiss law, and temperature dependencg,df measured at 10 kOe, exp.
(O) and fit (line) using the trimer NiRumodel. (b) Field dependence of
magnetization ot at 1.95 K.

mol~ K, which is larger than the uncoupled, spin-only value
of 2.62 cn¥ mol~! K for one high-spin 8 Cd' center in an

positive 6 value suggests the presence of ferromagnetic tetrahedral environment wit§ = 3/2 and two low-spin d

coupling between R{i and Ni' in 4 through the cyanide
bridge. TheC value is slightly larger than the uncoupled,
spin-only value of 1.75 cfmol~* K for one high-spin &
Ni" center in an octahedral environment w8k 1 and two
low-spin & RU" centers in an octahedral environment with
S = 1/2. As the temperature is lowered from 300 j,T
increases smoothly. Below 50 §nT increases abruptly, and
it reaches a maximum value of 4.28 tmol™ K at 3.9 K,
indicating a ferromagnetic interaction between Ni and Ru
centers. By fitting the data above 10 K using a linearRu
Ni—Ru trimer model developed by KamBewith H =
—2)(S\iSku + SuiSkuw), the following parameters are ob-
tained: J = +4.6(2) cn1t, zJ = 0.02 (1),g = 2.269(2),
andR = 8.2 x 10°°. The magnetization of this compound
per [NiRw] unit reaches a value of 4.78M\mol™* at 1.95

K and 50 kOe (Figure 9b), which is slightly larger than the
expected value of 4.0 Nfor the sum of two Rl and one
Ni' magnetic momentsSt = 2, + Sui = 2; Ms= gSNp),

Ru" centers in an octahedral environment Witk 1/2; this
should be mainly due to orbital contributions of the metal
ions. As the temperature is loweregh, T remains almost
constant down to ca. 50 K, and it then increases abruptly
and reaches a maximum value of 11.1%amol! K at ca.

6.4 K; this is much larger than the coupled spin-only value
(Sr) of 4.375 cni mol™? K resulting from the ferromagnetic
coupling of one high-spin Co(S = 3/2,g = 2) and two
low-spin RY' ions S = 1/2, g = 2), suggesting a long-
range ferromagnetic ordering. The onset of a long-range
magnetic phase transition of compoubds evidenced by
the low-field temperature dependence of the magnetization
shown in Figure 11a, in which the magnetization value
increases abruptly below 6 K, characteristic of a long-range
magnetic ordering. The ferromagnetic ordering temperature
T. = 4.6 K is determined from the maximum o¢f, as
shown in Figure 11b, wherg, andy, are the in-phase and
out-of phase alternating current (AC) susceptibility, respec-

again suggesting ferromagnetic interaction between Ru andtively, measured at zero external magnetic field and at an

the Ni centers ird. In the temperature dependence of zero-
DC field AC magnetic susceptibilities df (Figure S6), the
in-phase componenj() has no maximum down to 2 K,
while the out-of-phase component,j stays at zero, indi-
cating that no magnetic ordering occurs down to 2 K.
The temperature dependence;@fT for compound5 is
shown in Figure 10a. The,T value at 298 K is 3.78 cin

6586 Inorganic Chemistry, Vol. 44, No. 19, 2005

oscillating field frequency range of 1311111 Hz. No
frequency dependence was observed, and this rules out the
presence of glassy behavior. However, a small shoulder at
around 5.6 K was observed in low-field DC and A - T
curves, and it disappears above 300 Oe (Figure 11a). This
might be another ferromagnetic transition or just due to trace
impurities. The field dependence of the magnetizatiorbfor



trans-[Ru(Salen)(CN)]~ and trans-[Ru(Acac)(CN),]- Compounds

Figure 10. (a) Temperature dependencegf * (O) and ymT (O) for Figure 11. (a) Temperature dependence of magnetic susceptibilit§ for
{Co[Ru(acac)CN)y]2}n (5) measured at 10 kOe. (b) Magnetization vs field  measured at low field. (b) Temperature dependence of AC susceptibility
up toH = 70 kOe for5 at 1.8 K. Inset, hysteresis loop in the0.5 kOe for 5 measured at zero external magnetic field blag= 2 Oe with different
range at 1.8 K foi5, with a coercive fieldH. of about 17 Oe. frequency 111 HzM), 199 Hz @), 355 Hz @), 633 Hz (¥), and 1111 Hz

(®) and in phasgy, (filled symbols) and out-of-phasg;, (open symbols).

was measured at 1.8 K (Figure 10b). The magnetization of
this compound increases very rapidly in low field, as orbitals can also be obtained, which describe the distribution
expected for a magnet, and reaches a saturation valMg of of the active spin electrons on each local magnetic center.
= 5.2 Ng at 70 kOe, which is very close to the expected Besides the paramagnetic metal ion, these local magnetic
value of 5.0 N for a parallel alignment of two Rt and orbitals contain possible components of bridging and/or
one Cd magnetic momentsSt = 2S, + Sco = 5/2; Ms = terminal ligands. An analysis of molecular magnetic orbitals
gSINp), further suggesting ferromagnetic coupling between should provide insight into the nature of the R super-
the Ru and the Co centers. A characteristic hysteresis loopexchange interaction.
is observed for5 at 1.8 K (inset of Figure 10b) with a As shown by X-ray crystallography, the RuMn'", and
coercive field of ca. 17 Oe, which is slightly larger than that Ni" ions in compounds2 and 4 are all in a distorted
in the Mn analogue (ca. 6 Oe), presumably due to the octahedral environment. For simplicity, the distortion from
stronger anisotropy of the ¢aon. the octahedral coordination was ignored. At this approxima-

DFT Calculations of Superexchange Interaction. Mag- tion, the symmetry of the local magnetic orbitals with metal
netic Orbital Analysis. From the single determinant calcula- d-character is shown in Scheme 1. It is found that in the
tion in ADF '8 the singly occupied molecular orbitals in the Ru'"-containing fragment of compoun@sand4, only one
highest spin state for the system considered can be obtainedlocal magnetic orbital is predominantly located on the
These orbitals are often called molecular magnetic orbitals, d-orbital with by site-symmetry for the low-spin Ruion
which are composed of the local magnetic orbitals located (i.e., the d,orbital). On the other hand, the five local
on each paramagnetic center. On the other hand, on the basisiagnetic orbitals of the Mihcontaining fragment ir2 are
of calculations on the antiferromagnetic configuration by predominantly located on the d-orbitals of the high-spin'Mn
using the broken symmetry approa@hhe local magnetic  ion, which have either gand b4 site-symmetry. 14, the

Scheme 1
Mn! Rulll Nill Ryl
—4— —4— €g —4— —4—\
2 ’/\\ 72 x? y
T IR RV
Xy yzZ Xz Xz YZ Xy XZ yz Xy XZ YZ Xy
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Figure 12. Selected molecular magnetic orbitals for (a)-Rdn compound? and (b) Ru-Ni compound4.

two local magnetic orbitals of the Nicontaining fragment  the high-spin Ni ion, with g site-symmetry. On the basis
are predominantly located on the @nd d.-y, orbitals of of symmetry considerations, it is evident that for compound
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trans-[Ru(Salen)(CN)]~ and trans-[Ru(Acac)(CN),]- Compounds

Figure 13. Model compound for the 3-D structure of compousid(a) structure scheme and (b) compressed tetrahedron configuration.

Table 7. Calculated Exchange Coupling Constadt®r Ru'',Mn'
Compounds (cmb)a

compound 2 3 6
Jeal —0.43 -1.23 +3.79
Jexp —1.08 AF F

aSpin HamiltonianH = —2J (SunSku1 + SunSku2). AF and F denote
antiferromagnetic and ferromagnetic characteristics, respectively.

2, the superexchange interaction betweed' Rand Mri'-

containing fragments should be antiferromagnetic, while the

superexchange interaction betweerf'Rand Ni'-containing
fragments in compound is predicted to be ferromagnetic.

Figure 12 shows selected molecular magnetic orbitals for

compounds2 and 4. In the case of compoun@, the
molecular magnetic orbitals consist of, drbitals on R
and Mr', together with ar-orbital component of the €N

2 4 6
d / Angstrom ——

Figure 14. Plot of Jea vs d for model compound o6.

compound3 have a negativel value, which indicates
antiferromagnetic coupling between 'Rand Mr'. On the
other hand, the positivé value of the model molecule for

bridges, resulting in an antiferromagnetic superexchangethe 3-D compound indicates ferromagnetic coupling. As

interaction between RU and Md' ions. In contrast, in
compound4, the orthogonality of the local magnetig,d
orbital on RU' and the ¢, orbital on Ni' leads to
ferromagnetic superexchange interactions betweéhdal

shown experimentally, the antiferromagnetic interactions in
compound® and3 are quite weak. This may be attributed
to small overlap integrals between the local magnetic orbitals
on RU" and M. The ADF calculated overlap integra®s

Ni' ions. Evidently, these calculated magnetic orbitals can for compound<, 3, and6 are 0.0160, 0.0329, and 0.0000,

reasonably explain the experimental observations.
Calculation of Magnetic Coupling Constants.Through

respectively, which reveal sm&lvalues for compound2
and3. In terms of the orbital interaction theory, these small

DFT-BS calculations on the highest-spin state and the brokenoverlap integrals mean weak antiferromagnetic interactions.

symmetry state, the superexchange coupling consiargs

On the other hand, in compoun@, antiferromagnetic

be evaluated. To compare the exchange characteristicinteraction is unfavorable due to the relative orientations of

between Rl and Md' in various structure types, the
coupling constants in the trinuclear compoudthe 2-D
compound3, and our previously reported 3-D compound
{Mn[Ru(acac)(CN),]} » (6)% were calculated by using DFT-
BS at the hybrid functional mPW/B3LYP level. These three
compounds all have the same MRuU", composition. For
compound3, {[Mn(H20);][Ru(salen)(CNj]4} with a dis-
torted Dy, symmetry is taken as the model compound to

the local magnetic orbitals. This accidental orthogonalgy (
= 0) leads to ferromagnetic coupling.

It is interesting to note that different magnetic interactions
occur between the 2-D and the 3-D'RiIn'"" compounds.
To gain more insight into this magneto-structural relationship,
we examined the change in the superexchange interaction
between Rl and Mr' as the geometry of the MnRuinit
in 6 changes from tetrahedral to planar quadrangle. This is

represent a unit of the 2-D structure. In the case of the 3-D done by calculating the coupling constants at varibualues

diamond-like compound, the model compound i§Mn-
[Ru(acac)(CN),]4} with distorted § symmetry (Figure 13a).

as the tetrahedral MnRwnit is compressed (Figure 13b).
Figure 14 shows a plot of calculatddvalues versusl. In

In our calculations, experimental structural data determined the starting model unit fo, the average experimentally

from X-ray crystallography were used.

measuredl value is 6.83 A, an@(N:MnN,) is 103.5; this

As in shown Table 7, the calculated coupling constants gives a calculated value of+3.79 cn™. Asd is decreased,

(Jea) are in qualitative agreement with the experimental
values {e,p). Both trimer2 and model molecule for the 2-D

the magnetic exchange interaction gradually changes from
ferromagnetic to antiferromagnetic. At= 1.51 A, O(N;-
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MnN,) is 18C°, and the geometrical configuration becomes Ru and Mn in the trinuclear and 2-D MRuU", compounds,

an approximate planar quadrangle; the system has a maxiferromagnetic interaction between Ni and Ru in the trinuclear
mum antiferromagnetic interaction withJavalue of—19.52 Ni'"Ru", compound, and long-range ferromagnetic ordering
cmL. It should be pointed out that this quadrangle config- at low temperatures in the 3-D ¢Ru", compound. DFT
uration is somewhat different from the model compound of calculations show that the superexchange interaction between
3 because in the latter, the Ruion is in octahedral Ru" and M' (Mn", Ni") is governed by the electronic
coordination, but the former has a four-coordinate' Ron. configuration of the paramagnetic ions as well as the
Moreover, the compressed model compound afith 6- geometric configuration of the compound.

(N;MnN,) of 18( is not an ideal planar quadrangle due to
the bent MH—N—C—RuU" unit. Nevertheless, this analysis
can at least qualitatively explain the change in magnetic
behavior as the geometry changes.
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Conclusions Supporting Information Available: Additional figures giving
The use ofrans[Ru(acac)(CN),]~ andtrans[Ru(salen)- crystal packing diagram;, I.ESI-.MS, magnetic susceptibility plots,

(CN)]~ as building blocks has produced a number of andX-ray crystallographic files in CIF format for compourids5.

trinuclear, 2-D, and 3-D NRuU'", (M = Mn, Ni, Co) This material is available free of charge via the Internet at

compounds. Studies of the magnetic properties of these"P//Pubs.acs.org.

compounds indicate antiferromagnetic interaction between 1C0506456
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