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A series of cyano-bridged Ln"Ru", coordination polymers, PhyP{Ln(NOs);[Ru(acac),(CN)y]2} [Ln = Th (1), Dy (2),
Er (3), Gd (4); Hacac = acetylacetone] have been synthesized by the reaction of Ln(NO3); with trans-Ph,P[Ru-
(acac)z(CN),] in methanol. X-ray crystallographic determination reveals that these compounds are isostructural and
have a wavy (4,4) layer structure with the Ln®* ions bridged by trans-[Ru(acac),(CN),]~. Magnetic studies shows
that the magnetic coupling between the Ln(lll) and Ru(lll) ions through the cyano bridges in 1-4 is negligibly weak.

Introduction and single-chain magnets (SCMsind as useful materials

in host-guest chemistry.A popular approach to the prepa-
ration of d—f compounds has been to combine a 3d hexa-
cyanometalate with a lanthanide ion in the presence or absence
of an additional ligand-** Some of these compounds show
interesting magnetic properties. For example, the 3D [SmFe-
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In recent years there has been a growing interest in the
preparation and study of mixed-d compound$ because
of their potential application as luminescent materfads,
magnetic materials, such as single-molecule magnets (SMMs)
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2D Ln""Ru", Compounds

2D [NdCo(bpym)(HO)4(CN)e]-3H.0 (bpym= 2,2-bipyrim-
idine) shows an unusual field-dependent slow-relaxation
behavior’@ The layered compounds [Ln(DMHH,O):Cr-
(CN)g]*H20 (Ln = Gd, Smj>¢display variable long-range
magnetic ordering. Nd(DME{H»0)sM(CN)e-H,O (DMF =
N,N'-dimethylformamide, M= Fe and Co) shows interesting
photoinduced magnetizati§h® We are interested in prepar-
ing mixed d-f compounds using 4d or 5d metal ions since

4f compounds of paramagnetic ruthenium(lll). We have
previously demonstrated the useti@ns[Ru(acac)(CN),]~
for the construction of new 3é4d magnetic materiafd.

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 spectrophotometer in

they have received Ies_s attention, angl we anfcicipate thatihe 4000-400 cnrt region. XRD patterns were recorded with a
they may have topologies and magnetic behaviors that arerigaku D/Max-2000 diffractometer equipped with a Cux K

different from those of 3e¢4f compounds. As far as we
know, examples of 4d4f and 5d-4f cyano-bridged coor-

radiation sourceA(= 0.15418 nm). Magnetic measurements were
performed on either a Maglab 2000 System or a MPMS XL-5

dination polymers are limited to those using the diamagnetic SQUID magnetometer. The experimental susceptibilities were

[RU'(CN)g]* °&¢ and [RUL(CN)]?>~ (L = 2,2-bipyridine,
2,2-bipyrimidine, 1,10-phenanthrolin@)uilding blocks, as
well as a few reports of SmW-, Gd/Sm-W-, and Gd-W-
containing polymers based on the [W(GJR) building block*3

Herein we report the syntheses, structures, and magnetic®

properties of four 2D LHRU", compounds, P##{Ln(NO3),-
[Ru(acac)(CN)]z} [Ln = Tb (1), Dy (2), Er (3), Gd@)],
constructed with the paramagnetians|[Ru'" (acac)(CN),]~
ion as the building block. These are the first examples 4d
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corrected for the diamagnetism of the constituent atoms (Pascal’s
tables)t®

Preparations. trans-PhyP[Ru(acac)CN),] was synthesized ac-
cording to the literatur&* Other chemicals and reagents were
ommercially available and used as received.

PhsP{Tb(NO3)[Ru(acach(CN),]2} (1). A solution of Th(NQ)3*
6H,O (45 mg, 0.1 mmol) and BR[Ru(acac)CN),] (276 mg,
0.4 mmol) in methanol (25 mL) was heated to 8D for 30 min.
Slow evaporation of the resulting solution at room temperature to
ca. 1 mL over a period of two weeks produced dark purple crystals
which were washed with ethanol and dichloromethane. Yield: 21%.
Anal. Calcd for TbRuNgC4g014HagP: C, 43.34; H, 3.64; N, 6.32.
Found: C, 43.56; H, 3.75; N, 6.26. IR (KBr, c): vcy 2115 s.

Ph,P{Dy(NO3)[Ru(acack(CN).]s} (2). This was prepared in
a manner similar to that ofl. Yield: 16%. Anal. Calcd for
DyRWwNeC4g014H4gP: C, 43.39; H, 3.64; N, 6.33. Found: C, 43.56;
H, 3.55; N, 6.25. IR (KBr, cm?): vcy 2113 s.

Ph,P{ Er(NO 3);[Ru(acack(CN),]2} (3). This was prepared in a
manner similar to that ofl. Yield: 30%. Anal. Calcd for
ErRWwNeCag014H4P: C, 43.24; H, 3.63; N, 6.30. Found: C, 43.56;
H, 4.66; N, 6.22. IR (KBr, cm?): vcy 2115 s.

Ph,P{ Gd(NO3);[Ru(acack(CN);]2} (4). This was prepared in
a manner similar to that ofl.. Yield: 28%. Anal. Calcd for
GdRwNgC45014H4gP: C, 43.75; H, 3.66; N, 6.35. Found: C, 43.37;
H, 3.61; N, 6.31. IR (KBr, cm?): vcy 2113 s.

X-ray Crystallography. The data collections ofl—3 were
performed on a Bruker SMART CCD area detector with graphite-
monochromated Mo K radiation ¢ = 0.71073 A) at 301 K. The
structures were solved by the heavy-atom Patterson m¥thod
(PATTY) and were expanded using Fourier difference techniques
(DIRDIF99) 1" The atomic coordinates and thermal parameters were
refined by full-matrix least squares & with anisotropic displace-
ment parameters for non-hydrogen atoms whenever possible.
Hydrogen atoms were included but not refined. All calculations
were performed using the CrystalStructure crystallographic software
packagés8 The diffracted intensities were corrected for Lorentz and
polarization effects.

(14) (a) Yeung, W.-F.; Man, W.-L.; Wong, W.-T.; Lau, T.-C.; Gao, S.
Angew. Chem., Int. E@001, 40, 3031-3033. (b) Yeung, W.-F.; Lau,
P.-H.; Lau, T.-C.; Wei, H.-Y.; Sun, H.-L.; Gao, S.; Chen, Z.-D.; Wong,
W.-T. Inorg. Chem.2005 44, 6579-6590.

(15) Carlin, R. L.MagnetochemistrySpringer-Verlag: Berlin, 1986.

(16) Beurskens, P. T.; Admiraal, G.; Beurskens, G.; Bosman, W. P.; Garcia-
Granda, S.; Gould, R. O.; Smits, J. M. M.; Smykalla,Tbe DIRDIF
Program Systenirechnical Report of the Crystallography Laboratory;
University of Nijmegen: Nijmegen, The Netherlands, 1992.

(17) Beurskens, P. T.; Admiraal, G.; Beurskens, G.; Bosman, W. P.; de
Gelder, R.; Israel, R.; Smits, J. M. Ml’he DIRDIF-99 Program
SystemTechnical Report of the Crystallography Laboratory; Univer-
sity of Nijmegen: Nijmegen, The Netherlands, 1999.

Inorganic Chemistry, Vol. 45, No. 17, 2006 6757



Table 1. Crystal Data for PEP{Ln(NOz)z[Ru(acac)(CN);]2} [Lh = Tb 1, Dy 2, Er 3]

Yeung et al.

1 2 3
chemical formula RﬂTbNeCAgOMH;;gP RLkDyNGC48014H43P RLkEI’NeC43014H48P
fw 1324.98 1328.55 1333.31
cryst syst triclinic triclinic triclinic
cryst dimensions (mm) 0.08 0.20x 0.32 0.11x 0.28x 0.30 0.03x 0.12x 0.28
lattice type primitive primitive primitive
a(h) 10.951(1) 10.933(2) 10.9180(10)
b (A) 13.196(2) 13.196(3) 13.208(2)
c(A) 19.194(2) 19.173(4) 19.155(2)

o (deg) 87.99(1) 88.03(1) 88.10(1)
p (deg) 73.90(1) 73.95(1) 73.98(1)

y (deg) 81.92(1) 81.99(1) 82.08(1)
V (A3 2638.4(5) 2632.3(9) 2629.6(5)
space group P1(No. 2) P1(No. 2) P1(No. 2)

z 2 2 2

Deaica (g cn3) 1.668 1.676 1.684

Fooo 1316.00 1318.00 1322.00
u(Mo Ka) (cm™1) 19.87 20.72 22.44
params 700 700 700

T(K) 301 301 301

20max (deg) 55 55 55
measured reflns 16 499 16 175 16 313
obsd reflns 8531 10077 8649
largest peak/hole (e &) 1.553.73 1.68+4.22 1.95+-2.20
final Rindices [ > 2.00(1)] [I'>2.005(1)] [I'>1.00x(1)]
residuals:R8, R,? 0.045, 0.053 0.04, 0.05 0.051, 0.040

GOF 1.034 1.035 1.009
AR = Y (IIFol = IFell)/ZIFol). ® R = [Z{(IFol — IFcl)¥SWFs%} 2

Because no single crystals suitable for single-crystal X-ray Table 2. Selected Bond Lengths (A) and Angles (deg) 18r

diffraction were obtained4 was characterized by XRD. For com- Th(1)-N(1) 2.451(6) Th(1)¥N(2) 2.430(8)
parison, both the XRD patterns @fand 4 were collected using Tb(1)—-N(3) 2.422(7) Th(1yN(4) 2.420(8)
ground single crystals. They are similar to each other and also to %(:1{)—8(?)2 g-jg(g) Trg(i-}g(ig) g-jgg(g)
the theoretical posmons_ calcglated from the single-crystal d_ata C(:{i)?N(l() ) 1.143((11) C(Z(}T\J(z() ) 1.15(1())
of 1 except for some orientation effects (Figure S4, Supporting C(3-N@3) 1.16(2) C(4)-N(4) 1.16(1)
Information).

C(1)~-Ru(1)-C(2) 176.03) C(3yRu(2-C(3)  180.0
C(4)-Ru(3)-C(4")  180.0 Th(1}N(1)-C(l)  161.6(6)
Th(1)-N(2)-C(2) 164.5(6)  Th(1)¥N(3)—C(3) 165.2(7)
Th(1)-N(4)-C(4) 152.8(9)  Ru(IyC(1)-N(1")  172.3(7)
Ru(l-C(2-N(2)  171.3(7) Ru(®}C(3)-N(3)  176.3(6)
Ru(3-C(4)-N(4)  171.7(9)

asymmetry codes: (i) ¥ xy,z (i) 1 —x, —y,1—z (i)l —x 1
-y, 1-z(@{v)yx—1y,2z

Results and Discussion

Structures. The reaction of PfP[Ru(acac)CN),] with
Ln(NOz3); in methanol readily produces H¥Ln(NOs),-
[Ru(acac)(CN),]z} [Ln = Tb (1), Dy (2), Er (3), Gd@)]. All
compounds show a single strong cyanide peak at around
2115 cmt,

The structures of compounds-3 have been determined

. ) Table 3. Selected Bond Lengths (A) and Angles (deg) 28r
by single-crystal X-ray crystallography. Summaries of crystal

data collection and refinement parameters are given in Table Big;:mgg 5333‘7‘8 Biﬁmﬁg gig%
1. Selected bond lengths and angles for compodndsare Dy(1)—0(9) 2.431(5) Dy(13-0(10) 2.475(4)
i - _ i Dy(1)-0(12) 2.409(4) Dy(1yO(13) 2.467(4)
given in Tables 24. C_ompour_1di 3 are |s_ostructural, SO Dy(1)-O(13) 2467(4) Dy(1) O(13) 2.267(4)
only the structure ofl is described in detail. C(L)-N(2) 1.145(7) C(NQ) 1.145(8)
The perspective view of is depicted in Figure 1. Each C(3)-N(3) 1.156(8) C(4¥N(4) 1.15(1)

Th®* ion is eight coord.inatec_i and is surrou_nded by four C(1)-Ru(1)-C(2) 1758(2) C(3}Ru(2-C(3)  180.00
oxygen atoms of two nitrate ions and four nitrogen atoms c(4)-Ru(3)-C(4i)  180.00 Dy(1yN(1)—-C(l)  162.1(5)
of the cyano groups of four [Ru(aca@}N);] ~ ions. The Th- By(i):“(i):g(i) igg-é(g) SY(?Q(?:,S(E) 11$§.g(56)
O(nitrate) and TbN bond lengths range from 2.423(5) to Rﬁ((l))—C((z))—N((Z)) 171:2((5)) RS((z;\)c§3g—NE3)) 176‘_825))
2.489(6) A and 2.420(8) to 2.451(6) A, respectively. The Ru(3)-C(4)-N(4) 171.6(6)

Tb atoms are connected by the linear [NC-Ru(agac) aSymmetry codes: (i) # x, v, z (i) 1 — x, —y, 1 — z (i) 1 — x, 1
CN]~ ions to produce a wavy (4,4) 2D layer structure. The —y,1 -z (iv)x—1,y,z

Th(Ill) and the [Ru(acagfCN);]~ units form 24-member

Tb4RU4(CN)g squares with the Tb atoms Occupying the ver- sides of the squares (Figure 2). The side view of the 2D
texes and the Ru atoms residing in the middle of the four layer is shown in Figure 3. The=EN distances in each
[Ru(acac)(CN),]~ unit are similar to those in RR[Ru(acacy

(18) (a)ng_stall(St/r’\ljlglére ?-h5-l\}v CrséTtaldStrl#;urze Oggggefiigaﬁ&tﬁgakg (CN)z].**2The bridging Ru-C=N units are close to linear
and Rigaku . The Woodlands, TX, . atkin, D. — : -
J.; Prout, C. K.; Carruthers, J. R.; Betteridge, P.GRYSTALSssue (171'3(7)_176'3(67)' The Tb-N=C units are bent with

10; Chemical Crystallography Laboratory: Oxford, U.K., 1996. angles ranging from 152.8(9) to 165.2(.7) he closest intra-
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2D Ln""Ru", Compounds

Table 4. Selected Bond Lengths (A) and Angles (deg) 38r

Er(1)-N(1) 2.408(5) Er(1yN(2) 2.388(6)
Er(1)-N(3) 2.390(6) Er(1¥N(4) 2.376(6)
Er(1)-0(9) 2.408(5) Er(1}0(10) 2.449(5)
Er(1)-0(12) 2.384(4) Er(1y0(13) 2.442(5)
C(11)-N(1) 1.152(9) C(2N(2) 1.145(9)
C(3)-N(3) 1.155(9) C(4¥N(4) 1.13(1)

C(1)-Ru(1-C(2)  176.0(3) C(3)}Ru(2-C@3)  180.0
C(4)-Ru(3-C(4")  180.0 Er(L-N(1)-C(1i)  162.7(4)
Er(1)-N(2)-C(2) 168.0(5)  Er(1yN(3)-C(3) 165.8(6)
Er(1)-N(4)—C(4) 156.0(6)  Ru(ByC(1)-N(1")  172.1(5)
RU(1-C(2)-N(2)  169.3(6) Ru(ZrC(3-N(3)  175.7(5)
Ru(B)-C(4)-N(4)  170.3(7)

asymmetry codes: () +xy,z (i)l —x, —y,1—z (i)l —x 1
-yl-z(@{v)x—-1yz Figure 3. Side view of the two-dimensional network bfthat shows the
zigzag structure with embeddedPh ions. The two acac at each Ru center
were omitted for clarity.

16
< 12
©
£
, - oo oppDOoOOOOOOoOOoOO0OOODOOOOO
§ 8
o 2
= |F o GdRu,
£ v o TbRu
= 4 v 2
. L . . b 4 DyRu
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Figure 4. Temperature dependence;gfT for compoundsl—4.

Ndo(CN), and FgNd4(CN)g rings are found in [NdFe(bpym)-
(H20)4(CN)e]-3H,0;@ distorted 18-member @lrnz(CN)s
rectangles are observed in [Ln(DMMI,0);Cr(CN)]-H.O
(Ln = Gd, Sm)?¢and 12-member RUn,(CN), and Smaw,-
(CN)4 squares occur i{ Ru(bpy)(CN)} s{ Ln(H20)4} 2] -xH20
(Ln = Nd, Gd}?¢ and Sm(HO)s[W(CN)g],'%2 respectively.
Magnetic Properties. The temperature dependence/al
for compoundd—4 (LnRuw,) is shown in Figure 4. The,T
Figure 2. Two-dimensional network df. The two acac molecules at each values at 300 K are 12.76, 14.41, 12.43, and 9.05[“0'01’1
Ru center have been omitted for clarity. K for [TbRug], [DyRug], [ErRu], and [GdRy], respectively.
These values are comparable with the expected uncoupled
molecular Th:-Ru, Tb--Tb, and Ru--Ru distances are values of 12.56, 14.88, 12.25, and 8.63%cmol* K for
5.414,10.827, and 6.598 A respectively. The 2D layers stackone LA free ion and two low-spin WRU" centers in an

“face-to-face” with interlayer separations of Filb = octahedral environment wit8 = 1/2. The molar magnetic
12.113 A and Ru-Ru = 11.609 A (Figure S1). susceptibility data of compounds-4 can be fitted using
In compound 2, the closest intramolecular ByRu, the Curie-Weiss law §n, = C/(T—0)] (Figure S5, forl and

Dy---Dy, and Ru--Ru distances are 5.412, 10.824, and 4, in the temperature range of-300 K, and for2 and3, in
6.598 A, respectively, while the interlayer separations are the temperature range of 8800 K), giving C = 12.74,
Dy---Dy = 12.119 A and Ru-Ru = 11.617 A. 14.90, 12.98, and 9.03 émol 1K and® = —0.19,—-8.9,

In compound 3, the closest intramolecular £fRu, —12.9, and—0.36 K for [TbRuy], [DyRu,], [ErRu.], and
Er---Er, and Ru--Ru distances are 5.411, 10.821, and 6.604 [GdRuw)], respectively. The values are also consistent with
A, respectively, while the interlayer separations are Er noninteracting LA-Ru, systems Ceaca= 12.56, 14.88, 12.25,

= 12.928 A and Ru-Ru= 11.637 A. and 8.63 crimol~! K for [TbRuy], [DyRuy], [ErRu], and
The topology of these compounds has an anionic network [GdRw], respectively). The very small Weiss constant of

consisting of 24-member Rn,(CN)s puckered squares, —0.36 K for the GdRp compound suggests very weak or

while the other known 2D cyano-bridged-fimixed com- negligible antiferromagnetic coupling between the Gd(lll)

pounds are neutral networks. Alternating fused rows ef Fe and Ru(lll) ions. The relatively large negatitievalues for
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Figure 5. Field dependence of magnetization for compoubhéd, and

the solid line presents the Brillouin curve calculated for uncoupledGd
and Ré".

Yeung et al.

function, and at 50 kOe, it reaches 8198 mol%, very close
to the expected saturation value of 9 for the sum of two
Ru(lll) and one Gd(lll) magnetic moments.

Conclusions

Four new cyano-bridged 4e4f compounds1—4, were
synthesized and structurally and magnetically investigated.
They are isostructural and have an anionic wavy (4,4) 2D
layer structure with Ln occupying the vertexes and Ru resid-
ing in the middle of the sides of the Run,(CN)s squares.
The magnetic coupling between the Ln(l1l) and Ru(lll) ions
through cyano-bridges in the title compounds are found to
be negligible, although the 4d orbitals of Ru(lll) are more
diffuse than the 3d orbitals of Fe(lIy2
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or Er(lll). The field dependence of magnetization at about a view of 1 alonga axis, ORTEP diagrams dt and 3, powder

1.8 K for 1—4 is shown in Figure 5, together with the

Brillouin curve for the spin-only [GdR4. All these M(H)

curves are consistent with the paramagnetic state of the ions

The magnetization of [GdRLis consistent with the Brillouin
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XRD patterns, magnetic susceptibility plots, and crystallographic
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