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A series of cyano-bridged heterotrimetallic complexes [CuL],Ln(H,0),M(CN)g-7H,O have been synthesized by the
reactions of CuL (L2~ = dianion of 1,4,8,11-tetraazacyclotradecane-2,3-dione), Ln®* (Ln = Gd or La), and [M(CN)e[*~
(M = Co, Fe, or Cr). X-ray diffraction analysis reveals that these complexes are isostructural and have a novel
chain structure. The Ln3* ion is eight-coordinated by six oxygen atoms of two CuL and two water molecules and
two nitrogen atoms of the bridging cyano ligands of two [M(CN)s]*~, while the [M(CN)s]*~ anion connects two Ln%*
using two trans-CN~ ligands giving rise to a chainlike structure. In the chain, every CuL group tilts toward the CN~
ligand of adjacent [M(CN)s*~ with the Cu—N¢yan, CONtacts ranging from 2.864(6) to 2.930(6) A. Magnetic studies
on the CuGdCo complex (1) indicate the presence of ferromagnetic coupling between Cu(ll) and Gd(lll). The
CuLaCr (5) and CuLaFe (2) complexes exhibit ferromagnetic interaction between paramagnetic Cu(ll) and Cr(1ll)/
Fe(lll) ions through the weak cyano bridges (Cu—Ngyano = 2.930(6) A for 2). A global ferromagnetic interaction is
operative in the CuGdFe complex (3) with the concurrence of dominant ferromagnetic Cu(ll)-Gd(lll) and minor
antiferromagnetic Gd(lll)=Fe(lll) as well as the ferromagnetic Cu(ll)—Fe(lll) interaction. For the CuGdCr complex
(4), an overall antiferromagnetic behavior was observed, which is attributed to the presence of dominant
antiferromagnetic Cr''-Gd" coupling and the minor ferromagnetic Cu'-Gd" and Cu"-Cr" interaction. Moreover, a
spin frustration phenomenon was found in complex 4, which results from the ferro—ferro—antiferromagnetic exchanges
in the trigonal Cu—Gd-Cr units. The magnetic susceptibilities of these complexes were simulated using suitable
models. The magneto—structural correlation was investigated. These complexes did not show a magnetic phase
transition down to 1.8 K.
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deal with. Focusing on the magnetism of widely studied"Cu
and Gd*,?64° we can find that both ferromagnetic*® and
antiferromagnetit*’~*® interactions are observed although

This shows the complexity of Cu(HGd(lll) magnetic
interaction. This requires more examples to elucidate the
mechanism.
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investigated magnetically, and the first oxamidato-bridged
Ln3*-containing ferromagnet has been repoftegecently,
four-coordinate macrocyclic oxamieldCu' complex CuL

(L = dianion of 1,4,8,11-tetraazacyclotradecane-2,3-dione)
has been utilized to successfully construct a polynuclear
CuNd, complex? The reaction among CuL, Gd and
[Cr(CN)]® has resulted in the successful synthesis of a
novel mixed ligand-bridged 2D heterotrimetallic coordination
polymer Gd[CuL}Cr(CN)s-5H,0.5! This complex contains
oxamidato-bridged Cu-Gd" and cyano-bridged Clu-Cr'"
moieties, and no Gr—NC—Gd" linkages are present in the
complex. The weak Clu-Cr'"" interaction precludes magnetic
ordering in the complex. We sought to design extended
species with C¥—NC—Gd" linkages that might exhibit
interesting magnetic behavior and possibly magnetic order-
ing. A series of such complexes have been synthesized and
characterized structurally and magnetically. Herein we
present the design, synthesis, crystal structure, and magnetic
properties of the compounds.

Experimental Section

Elemental analyses of carbon, hydrogen, and nitrogen were
carried out with an Elementar Vario EL. The infrared spectroscopy
was performed on a Magna-IR 750 spectrophotometer in the-4000
400 cn1? region. TGA measurement & was performed in the
temperature range 3B00°C under nitrogen on a Universal V2.6D
TA instrument. The powder XRD plot dd was recorded on a
Brucker D8-advance X-ray powder diffractometer with Cua K
radiation ¢ = 1.5406 A). Variable-temperature magnetic suscep-
tibility measurements were performed on a Quantum Design MPMS
SQUID and a MagLab 2000 magnetometer. Zero-field ac magnetic
susceptibility and field dependence of magnetization measurements
were on a MagLab 2000 magnetometer. The experimental suscep-
tibilities were corrected for the diamagnetism of the constituent
atoms (Pascal’s tables).

Syntheses.The precursors Cub? K3[Co(CN)],% and Kg[Cr-
(CN)e]-H20°* were prepared by the literature methods.

CuGdCo (1).An aqueous solution of Co(CN)] was carefully
layered with an aqueous solution of CuL and G@EH,O mixture
(molar ratio= 2:1). Block violet single crystals df formed at the
interface in 2 weeks. Yield: 10%. IR (KBr, cr®): »(C=N), 2121
s, 2140 vs,»(C=0), 1616 vs. Anal. Calcd for £Hs,CoCuy-
GdN140,3: C, 28.03; H, 4.89; N, 17.60. Found: C, 28.09; H, 4.76;
N, 17.61.

CuLaFe (2), CuGdFe (3), CuGdCr (4), and CuLaCr (5).
Complexe—5 were synthesized using a procedure similar to that
for 1. Block brown single crystals & and3 and block violet single
crystals of4 and5 were obtained. IR (KBr, cmt) for 2: v(C=N),

(50) Bartolome, F.; Bartolome, J.; Oushoorn, R. L.; Guillou, O.; Kahn, O.
J. Magn. Magn. Mater1995 140, 1711.

(51) Kou, H.-Z.; Zhou, B. C.; Gao, S.; Wang, R.Angew. Chem., Int.
Ed. 2003 42, 3288.

(52) Cronin, L.; Mount, A. R.; Parsons, S.; RobertsonJNChem. Soc.,
Dalton Trans 1999 1925.

(53) Bertini, I.; Luchinat, C.; Mani, F.; Scozzafava, lorg. Chem198Q
19, 1333.

(54) Cruser, F. V. D.; Miller, E. HJ. Am. Chem. Sod 906 28, 1132.
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Table 1. Crystal Data for Complexe$—4

Kou et al.

1 2 3 4
formula C25H54COCLkGdN14013 C26H54F8CL&LaN14013 C26H54FEClQGdN14013 C26H54CI’CLQGdN14013
fw 1114.09 1092.67 1111.01 1107.16
space group C2/c C2lc C2lc C2lc
alA 27.413(8) 27.746(10) 27.510(9) 28.006(8)
bIA 10.130(3) 10.096(4) 10.130(3) 10.1441(18)
c/A 19.067(5) 19.083(7) 19.055(6) 19.041(3)
Bldeg 129.810(4) 129.075(5) 129.767(4) 129.622(9)
VIA3 4067(2) 4150(3) 4082(2) 4166.8(15)

z 4 4 4 4

Pcaledg CNT3 1.819 1.749 1.808 1.765

u(Mo Ko)/mm~2 3.118 2.437 3.056 2.906
data/restraint/params 3550/0/260 4269/0/260 4184/0/260 3669/0/260
GOF 1.014 1.018 1.022 1.090

R1[l > 20(1)] 0.0405 0.0529 0.0392 0.0414

wR2 (all data) 0.0886 0.1110 0.1003 0.1093

2124 s,2111 s, 2026 sh(O=N) 1614 vs. Anal. Calcd for gHs4
FeCuylLaN140:3 C, 28.58; H, 4.98; N, 17.95. Found: C, 28.67;
H, 4.82; N, 18.15. IR (KBr, cm?!) for 3: »(C=N), 2129 s, 2110 s;
v(0=C) 1618 vs. Anal. Calcd for £Hs,FeCuyGdN,O13: C, 28.11;

H, 4.90; N, 17.65. Found: C, 28.10; H, 4.74; N, 17.70. IR (KBr,
cm™?) for 4: v(C=N), 2150 s, 2126 sp(O=C) 1617 vs. Anal.
Caled for GeHs.CrCwGdN14O13: C, 28.21; H, 4.92; N, 17.71.
Found: C, 27.55; H, 4.95; N, 17.44. IR (KBr, ci for 5:
v(C=N), 2146 s, 2127 sy(O=C) 1614 vs, 1603 sh. Anal. Calcd
for CoeHs54CrCwlLaN;4043. C, 28.68; H, 5.00; N, 18.01. Found:

C, 28.52; H, 4.99; N, 18.05.

X-ray Structure Determination. The data collection oii—3
was made on a Bruker Smart CCD (293 K), and tha#tah a

1-4.

successfully synthesized a series of one-dimensional chain-
like complexes [CuldLn(H20),M(CN)g]-7H.O. The em-
ployment of larger amounts of CuL always led to the 2D
species. The complex [CuiJa(H2O),Cr(CN)-7H,O (5)
does not diffract properly, and therefore, the structuré of
was determined via powder XRD (see Supporting Informa-
tion), IR, and microelemental analyses (CHN) measurements.
The powder XRD spectrum &resembles that of complexes

2 and4, suggesting that compléxis analogous to complexes

The IR spectra of the complexes are similar and show the
splitting of thev(C=N) bands in the range 206@200 cn1?,

Simens Bruker P4 diffractometer. Intensity data were corrected for suggestive of the presence of both bridged and nonbridged
LP factors. The absorption corrections have been applied by usingCN- ligands. The strong band at ca. 1616 ¢éris assigned

SADABS (Bruker 2000) for complexe&—3 and vy-scan for
complex4. The structures were solved by direct methods SHELXS-

to the C=0 stretching vibration (L).

. on
97 and refined by full-matrix least squares (SHELXL-97) A hThe TGA of complex2 Sg%\gsog weight Iossc?f 11'6/0hm
Hydrogen atoms attached to the C and N atoms were addedt e temperature range # , corresponding to the

geometrically and refined using a riding model. The hydrogen atoms Interstitial seven water molecules. The additional loss of
attached to oxygen atoms were found from the Fourier map and Water molecules (the coordinated water molecules) ensues

fixed using AFIX. For complexe2—4, the high residual peaks
and holes are observed in the vicinity of &dwhich are normal

above 110°C. Above 200°C, successive mass loss was
observed, suggesting decomposition of the sample (see

for complexes containing heavy atoms. The crystal data are Supporting Information).

summarized in Table 1.

Results and Discussion

Synthesis and General CharacterizationCyano-bridged
4f—3d complexes form a family of magnetic materizs*°
We have recently reported a 2D heterotrimetallic Gd-
[CuL]4Cr(CN)s5H,0 prepared by the reaction of Gdcl
6H,0, CuL, and K[Cr(CN)g] in a molar ratio of 1:4:2! No
bridging Gd—-N=C—Cr linkages are present in the complex.
Attempts are being made to synthesize polymerie-Gd—
Cr species with the hope of long-range magnetic ordering.
Using less amounts of CuL, i.e., CuL:Le 2:1, we

(55) Hulliger, F.; Landolt, M.; Vetsch, H]. Solid State Cheni976 18,
283.

(56) Ma, B.-Q.; Gao, S.; Su, G.; Xu, G.-Angew. Chem., Int. E@001,
40, 434.

(57) Gao, S.; Su, G.; Yi, T.; Ma, B.-QPhys. Re. B 2001, 63, 054432.

(58) Figuerola, A.; Diaz, C.; El Fallah, M. S.; Ribas, J.; Maestro, M.; Mahia,
J. E.Chem. Commurk001, 1204.

(59) Kou, H.-Z.; Gao, S.; Sun, B.-W.; Zhang,Ghem. Mater2001, 13,
1431.

(60) Kou, H.-Z.; Gao, S.; Li, C.-H.; Liao, D.-Z.; Zhou, B. C.; Wang, R.-
J.; Li. Y.-D. Inorg. Chem 2002 41, 4756.

7660 Inorganic Chemistry, Vol. 42, No. 23, 2003

Crystal Structures. Selected bond distances and angles
for complexesl—4 are listed in Table 2.

X-ray crystallography reveals that the structuresle#
are isomorphous. As shown in Figure 1, the structure consists
of a neutral chain, which is formed by an alternating
[M(CN)¢]® and [CuL(HO)].Ln(H20),3* units. Two trans-
cyano ligands of [M(CNjJ®~ are linked to the [CuL(kD)],-
Ln(H20)2" units, with the G&N—Ln bond angle of 171.0(5)
for 1, 173.0(4) for 2, 172.1(4Y for 3, and 172.5(5) for 4.
The Ln(lll) ion is eight-coordinated by two cyano nitrogen
atoms and six oxygen atoms of two CuL and two water
molecules. Two CuL groups lie in the opposite position
around LA" and tilt a little toward the cyano nitrogen atom
(N12) of M(CN)*". The long Cu(1)}N(12)*? bond distances
of 2.930(6) forl, 2.916(6) for2, 2.864(6) for3, and 2.868-
(6) A for 4 indicate the existence of weak coordination
interactions between Cu(1) and the cyano nitrogen atom. The
corresponding Cu(BHN(12)y?—C(12)? bond angles range
from 122.57(46) to 125.65(48)The octahedral coordination
sphere of Cu(l) is completed by the water oxygen atom
O(3W) with the Cu(1)}0O(3W) bond distances of 2.748(6)
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Table 2. Selected Bond Distances (A) and Angles (deg)

1 2 3 4
Ln(1)—0(1) 2.381(4) 2.480(4) 2.383(4) 2.386(4)
Ln(1)—0(2) 2.396(4) 2.498(4) 2.391(4) 2.387(3)
Ln(1)-O(1W) 2.421(4) 2.526(5) 2.426(4) 2.425(4)
Ln(1)-N(11) 2.531(5) 2.629(5) 2.522(4) 2.504(4)
Cu(1)-N(1) 1.989(6) 1.982(6) 1.992(5) 1.987(5)
Cu(1)-N(2) 1.983(6) 1.984(6) 1.989(5) 1.989(5)
Cu(1)-N(3) 1.952(5) 1.947(5) 1.951(5) 1.945(5)
Cu(1)-N(4) 1.958(5) 1.954(5) 1.959(4) 1.959(4)
Cu(1)-0(3W) 2.748(6) 2.696(5) 2.749(7) 2.763(7)
Cu(1)-N(12y% 2.868(6) 2.930(6) 2.864(6) 2.916(6)
M(1)-C(11) 1.908(5) 1.939(6) 1.945(5) 2.069(5)
M(1)—C(12) 1.908(6) 1.946(6) 1.952(5) 2.072(5)
M(1)—C(13) 1.903(7) 1.952(7) 1.947(6) 2.078(6)
N(11)-C(11) 1.139(7) 1.146(7) 1.145(6) 1.151(6)
N(12)-C(12) 1.142(7)  1.140(7) 1.142(7) 1.141(7)
N(13)-C(13) 1.142(7)  1.131(8) 1.136(7) 1.124(7)
Cu(1)--M(1) 5.267(1) 5.332(2) 5.287(1) 5.363(1)
Cu(1)---Ln(1) 5.616(2) 5.704(2) 5.622(2) 5.622(1)
M(1)---Ln(1) 5.564(1) 5.697(2) 5.596(2) 5.709(1)

O(1)-Ln(1)-N(11)  74.33(15) 74.35(15) 74.48(14) 74.37(14)
O(1)-Ln(1)-0(1W)  132.15(13) 129.32(13) 132.11(12) 131.71(12)
O(1)-Ln(1)-0(2) 68.14(13) 64.88(14) 68.07(12) 68.00(13)
O()-Ln(1)-N(11)  83.34(15) 83.88(15) 83.71(14) 83.91(14)
O(2)-Ln(1)-O(1W)  75.14(15) 74.92(15) 75.03(14) 75.19(14)
O(1IW)-Ln(1)-N(11) 71.87(15) 71.60(14) 72.13(15) 71.60(15)
N(11)-Ln(1)-N(11)* 143.4(2) 143.2(2) 143.3(2) 143.6(2)
C(11)-N(11)-Ln(1)  172.5(5) 171.0(5) 172.1(4) 173.0(4)
C(11-N(11)-M(1)  178.2(5) 178.7(6) 179.2(5) 178.0(4)
N(12)-C(12-M(1)  179.4(6) 178.3(6) 179.2(5) 178.0(5)
N(13)-C(13-M(1)  178.1(5) 178.4(5) 178.2(5) 177.0(5)
N(12)2—C(12)>—Cu(l) 125.65(46) 123.95(50) 124.98(45) 122.57(46)

a Symmetry operations: #&X,y, —z+ 1/2; #2,—x + 1/2, -y + 3/2,
—-z+ 1.
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Figure 1. Structure of complexek—4. Hydrogen atoms and the interstitial
water molecules are omitted for clarity.

for 1, 2.696(5) for2, 2.749(7) for3, and 2.763(7) A fo#.

the Cu(1}N bond distances ranging from 1.952(5) to
1.989(6) A for1, from 1.947(5) to 1.984(6) A fop, from
1.951(5) to 1.992(5) A foB, and from 1.945(5) to 1.989(5)
A for 4. The Cu(1)-N(amido) bond distances are shorter
than that of the Cu(f)N(amine) bonds, as has been observed
in other oxamidate-Cu(ll) complexes$83%51 The adjacent
metal-metal distances for M(1)---Gd(1) and M(1)---Cu(1)
increase slightly in the order of G+ Fe > Co, which is
consistent with the increasing order of ionic radii. The
Fe(1)---La(1) separation if is larger than the Fe(1)---Gd-
(1) distance ir8, which could be explained by the lanthanide
contraction.

The hexacyanometalate(lll) ion is approximately octahe-
dral, and the M-C and G=N bond distances and WMC=N
bond angles do not deviate greatly from the normal values.

The zigzag chains run parallel along the crystallographic
a axis and are linked together through H-bonding between
the uncoordinating cyano nitrogen atoms (N13) and the
interstitial water molecules (O2W) giving rise to a 2D layer
(ab plane), as shown in Figure 2a. The planes are further
linked through H-bonds between O(3W) and Gf2pf
different planes to yield a 3D network (Figure 2b). The
intermolecular contacts are shown in Table 3.

Magnetic Properties. The temperature dependence of the
xmT product/CyGdCo unit for [CuL}Gd(HO),Co(CN):
7H0O (1) is shown in Figure 3. ThegnT value at room
temperature is ca. 8.8 emu K mé| close to the theoretical
value of 8.625 emu K mol (g = 2.0) with diamagnetic
Co(lll). The ymT value keeps nearly constant until 150 K,
after which it increases smoothly until 7.4 K before it
decreases rapidly. The magnetic susceptibility obeys the
Curie—Weiss law with a positive Weiss constadt= +2.2
K with the Curie constan€ = 8.72 emu K mot*. This
behavior is consistent with a Cu(t)ad(lll) ferromagnetic
interaction, upon which an intermolecular antiferromagnetic
coupling is imposed. The possibility of the contribution of
Cu(ll)—Cu(ll) antiferromagnetic exchange through Gd(lll)
was negligibly small due to the long Cu(ll)---Cu(ll) separa-
tion (10.80 A)*° On the basis of the structural information
of 1, the 1D chain can be regarded asGd trinuclear units
connected by diamagnetic [Co(C#¥. Therefore, the
magnetic susceptibilities can be evaluated accordingly by the
followinq expressiqn derived from the Hamiltoniah =
— 2Jsdcied(Scur + Scuw):

Am =
Ng?B? 105+ 4976 *&KT 4+ 250 VKT 4 p5pe KT

The best-fit parameters obtained dggc,= +2.2(1) cn?,
g=1.99(1), and® = —0.49(2) K, among whicl® accounts
for the intermolecular interaction. The agreement fa&por
defined asR = Z(yobsdl — Xcad1)Z=(xobsdl )%, is equal to 1.7
x 1074 It should be noted that the fit by including tu
Cu' coupling via G&" gave similar values odggcy, 9, and

Therefore, the coordination environment of Cu(l) is a @ along with aJ cucyVvalue with a large standard error, and
distorted octahedral with two long axial bonds. The four therefore the value af cycuis set as zero during the fit. The
nitrogen atoms of L are situated at the equatorial plane with intermolecular term should include the contribution of the
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Figure 2. Interchain interactions: (a) along tleeaxis; (b) along theéb
axis.

Table 3. Intermolecular Contacts (A)

donor--acceptor 1 2 3 4
N2---03W 3.188 3.250 3.184 3.133
N1---N12%2 3.175 3.241 3.159 3.148
O2W---N13 2.936 2.905 2.932 2.897
O1W---O5W 2.952 2.949 2.960 2,921
04W---01 2.779 2.800 2.785 2.770
O2W---N13* 3.154 3.162 3.162 3.169
O5W---O4W# 2.675 2.705 2.652 2.665
O1W---O2WH6 2.698 2.676 2.698 2.674
O1W---O3W*" 2.962 3.025 2.957 2.983
O3W---O5W* 3.051 3.158 3.065 3.106
O3W---023 2.845 2.821 2.849 2.839

a Symmetry operations: #%X,y, —z+ 1/2; #2,—x + 1/2, -y + 3/2,
—z+ 1, #3,—X, —y+2,—z+ 1; #4,—x + 1/2,—-y + 1/2,—z + 1; #5,
=X, y+ 1 —-z+ 1/2;#6,x,y + 1,z #7,x, —y + 2,z — 1/2.

Cu(Il)—Cu(ll) coupling through the EC—Co—C=N path-

Kou et al.
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Figure 3. Plot of ymT vs temperature fot. The solid line represents the
theoretical values based on the parameters described in the text. Inset: Field
dependence of magnetization at 1.88 K foiThe solid lines represent the
Brillouin function that corresponds 8= 4.5 (—) and noninteractingsd
+ 2%, (——) with g = 2.0.
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Figure 4. Plot of ymT vs temperature fo. The solid line represents the
theoretical values based on the parameters described in the text.

tion (inset of Figure 3), reaching the expected value of 9.0
Np at 70 Oe for ferromagnetic Gd(IH)Cu(ll) systems with
Sr=7/2+ 2 x 1/2=4.5. The experimental data are higher
than the corresponding values for uncoupli@g + 2,
and are in good agreement with the Brillouin curve forSan
= 4.5 spin state, which also confirms tle= 4.5 ground
state for the complex.

The magnetic susceptibilities of [Cullla(H.O),Fe(CN):
7H,O (2) have been measured under an applied field of 20
kOe in the temperature range-300 K. A plot of ymT vs. T
for 2 is shown in Figure 4, wherg, is the magnetic
susceptibility per CgLaFe unit. With the decrease of the
temperatureg, T increases slowly reaching a maximum value
of 1.34 emu K mol! at 12 K and then decreases promptly,
which indicates the presence of weak intramolecular ferro-
magnetic coupling on which a weak intermolecular antifer-

ways. As discussed above, the positive exchange constantomagnetic interaction is imposed. The magnetic suscepti-

(Jedacy suggests the existence of Cuftipd(lll) ferromag-
netic interaction.
The field dependence of the magnetizatior-{@ kOe)

bilities obey the CurieWeiss law with a positive Weiss
constan® = +0.98 K and Curie consta@ = 1.25 emu K
mol~1, which also proves the presence of an overall weak

of 1 measured at 1.88 K shows saturation of the magnetiza-ferromagnetic behavior of the complex.
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Figure 5. Plot of yuT vs temperature foB. The solid line represents the  theoretical values based on the parameters described in the text.
theoretical values based on the parameters described in the text.

Complex2 provides an intriguing example to investigate ~ Equation 1 derived from model 1 contaigsJsacs and
the Fe(lll-Cu(ll) magnetic interaction through the weak © thataccount for the intermolecular interaction and weaker
bridging cyano ligands. It is well-known that the magnetic magnetic exchange between Fe(lll) and the@litrimer.
exchange between Fe(lIl) and Cu(ll) through cyano bridges The fitting gave the parameters &fucs= +0.98(5) cnt?,
is ferromagnetic. We may be interested in the strength of g = 1.99(1),© = —0.48(1) K, andR = 9.0 x 107. The
the Fé'—Cu' coupling through such a weak bridging bond positive Ci—Gd" exchange coupling parameter shows the
in complex2 and in whether the nature of the magnetic ferromagnetic nature, while the negati@evalue suggests
coupling would change from ferromagnetic to antiferromag- that the ferromagnetic Cu(tFe(lll) interaction is over-
netic. Considering that the Cu(#)Cu(ll) magnetic exchange ~ Whelmed by the antiferromagneti¢’ Gd" —Fe!' and inter-
through the diamagnetic Ba ion is weak and usually ~ molecular coupling. Besides, it should be noted that the
antiferromagnetic, the magnetic behavior is mainly due to employment of an identicaj value for the fitting is
the Cu(ll)-Fe(lll) coupling. On the basis of the crystal data, unreasonable; however, such a simplification does not affect
the molecular chain can be expressed as cyano-bridgedsignificantly the fitting results.
CuwFe trimer connected by diamagnetic®taons from the

magnetic viewpoint. On the basis of this model, the magnetic = rimer + %£d T

susceptibilities o have been approximated by the Hamil- M T-06

tonianH = — 2JcurSre(Scur + Sou2) giving the parameters N2

Jewre= +1.7(1) cmt, g = 2.10(1), & = —0.70(1) cm?, Xre= g1 FdSe T 1) @)

andR = 1.2 x 104 This result indicates the ferromagnetic

nature of the Cl—Fe" coupling through the weak cyano When model 2 was used for the fitting, eq 2 can be

bridges. employed. Thenain(per GdFe) expression has been derived
Figure 5 shows the,T vs T plot of [CuL],Gd(H.O),Fe- by using the tetranuclear Gk, square Kl = — 2Jgdre

(CN)s*7H,0 (3) measured in the temperature range 6280 (SeaSFe@ — SedwSFew) — Scd@SFe@ — SedESrew)) tO

K under 5 kOe. The increase gf,T with a decrease of simulate an alternating GdFe chain on the conditiondbat

temperature suggests the presence of global ferromagnetiés small (see Supporting Informatioff)*® However, no

interactions between adjacent metal ions. The Weiss constansatisfactory fitting parameters could be obtained, which

derived from theymt vs T plot is equal tot+1.0 K with the indicates that model 2 is inappropriate.

Curie constant of 9.03 emu K mdl which is consistent

with the calculated value of 9.0 emu K mdl(g = 2.0) per _ Otchain T 2xc) T
Cu,GdFe. o T-©
Crystal data for3 show the presence of ligand-bridged NGB’
Cu'~Gd" and Gd'-Fe" ions. The 1D chain can be ew™ e TSt 1) @)

regarded as an alternating LQd trimer and [Fe(CNJ*~

(model 1) or, alternatively, as a GdFe chain and two [CuL]  The magnetic properties of [CuGd(HO),Cr(CN):7H,O
groups (model 2). To estimate the intermetallic coupling (4) are different from that of the CuGdFe analog8g Figure
constants, we assumed that the magnetic exchanges betwee® shows the magnetic susceptibilities 4fn the form of
the trimer and [Fe(CN)®~ in model 1 and between the GdFe y,T vs T per CuGdCr unit. TheynT value decreases
chain and [CuL] in model 2 are negligibly small. These are gradually down to ca6 K and then increases sharply
rough models and should be carefully used. The premise isreaching a value of 16.2 emu K mélat 2 K. The magnetic
that the intratrimer coupling is much stronger than the susceptibility obeys the CuriéNeiss law with a negative
Fe(lll)—trimer interaction. Weiss constan® of —0.64 K and the Curie constant of 11.6
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Figure 7. Field dependence of magnetization (O) and4 (@®). The
lines represent the Brillouin function that corresponds to noninterac8gg 2
+ Se + Saq (solid) and Bcy + Scr + Sea (dotted) withg = 2.0.

emu K mol?, which is similar to the calculated value of
10.5 emu K mot! (g = 2.0). These data clearly show the
existence of overall antiferromagnetic interactions in the
complex.

Using the approximate approaches similar to those for

complex 3, we tried to estimate the magnitude of the

intermetallic magnetic exchange. The expressions based on
model 1 gave bad fitting results, which suggests that model

1 is not suitable.

The best fit to the experimental data by using model 2
gives the parameterdsqcr = —0.35(1) cm?, g = 2.12(1),
® = +1.21(1) K, andR = 8.9 x 1075 The negative Cr-
(1) —Gd(Ill) coupling constant is typical of an antiferro-
magnetic interaction, which is in good agreement with that
of other cyano-bridged Cr(lI5Gd(lll) compound$g-61
The positive® value includes the contribution of Cu(H)
Gd(I11) coupling, which shows the presence of a ferromag-
netic Cd—Gd" interaction. This result is reasonable, since
the isostructural G#&d trimeric units in complexes, 3, and
4 should exhibit ferromagnetic Cu(t)Gd(Ill) exchange with
one accord.

Undoubtedly, the experimental curve of compléxis
different from that of the analogous compl8xThis may
be due to the fact that the antiferromagnetic GdtN)(l11)
coupling is different in strength: stronger in compkethan
in complex 3. Strong antiferromagnetic Gd(IHCr(lll)
coupling in 4 (even stronger than the Cu@ad(lll)
magnetic coupling) gives rise to an overall antiferromagnetic
behavior. For comple8, weak antiferromagnetic Gd(IH)
Fe(lll) interaction is overwhelmed by the comparatively
strong ferromagnetic Gd(IHyCu(ll) interaction generating

Kou et al.
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Scheme 1.

Spin Frustration in the Three-Spin Compourdl (
tse,

antiferro

mental curve lies above the theoretical curve for uncoupled
two Cl?™ (S= 1/2), one Gé' (S= 7/2), and one F¢ (S=
1/2) spins, indicating the global ferromagnetic interaction
in the complex. The magnetization df shows a regular
increase at low fields and reaches a plateau of &t Before
increasing linearly again. This behavior indicates the presence
of antiferromagnetic intermetallic coupling similar to the
previously reported GGd" complexe$? This phenomenon
reveals that the antiferromagnetic Cr(t{d(111) magnetic
interaction is dominant in complek

Another feature for the three-spin compounds is that spin
frustration may exist in the cyclic Ga-Gd"—M"" (M = Fe
(3), Cr (4)) units if the couplings 0flcycs Joum, andJeam
are of competing magnitude (Scheme 1). The FCM and
ZFCM measurements of compléxshowing divergence at
4.0 K support such a possibility (Figure 8).

The magnetic studies of complex@snd4 indicate that
the three-spin compountisare not good candidates for
guantitative magnetic investigation. Nevertheless, the three-
spin magnetic materials with both antiferromagnetic and

global ferromagnetic properties. The models used for the fit ferromagnetic interactions might exhibit interesting magnetic

are also consistent with the above suppositions.

The field dependences of the magnetization at 1.83 K for

complexes3 and 4 show marked differences between two
complexes (Figure 7). For complek the magnetization
saturates rapidly reaching 10NB at 50 kOe. The experi-

(61) Sanada, T.; Suzuki, T.; Yoshida, T.; KaizakilBorg. Chem.1996
37, 4712.
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phenomena, for example spin frustration.
Similar to that of complex, the magnetic properties of
[CuL],La(H20)Cr(CN)-7H.O (5) (Figure 9) indicate the

(62) Madalan, A. M.; Roesky, H. W.; Andruh, M.; Noltemeyer, M.; Stanica,
N. Chem. Commun2002 1638. Verani, C. N.; Weyheritiar, T.;
Rentschler, E.; Bill, E.; Chaudhuri, ©&hem. Communl998 2475.
Vostrikova, K. E.; Luneau, D.; Wernsdorfer, W.; Rey, P.; Verdaguer,
M. J. Am. Chem. So00Q 122, 718.
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4.0 Temperature dependence of field-cooled magnetization and
zero-static ac magnetic susceptibilities3odnd4 show the
absence of magnetic ordering until 1.8 K (see Supporting
Information). The search for lanthanide-bearing molecule-
based magnets remains a challefige.

@
[¢2]
1

TE 3.2

X Conclusions

E 284 The present research provides a way of synthesizing mixed
';s ligand-bridged heterotrimetallic 43d coordination poly-

mers. Five new 1D complexes have been prepared and found

241 to possess interesting molecular structure and magnetic
properties. The weak bridging cyanide ligands have been
2.0 T found to still transfer ferromagnetic interaction between

0 50 100 15’2 200 250 300 Cu(ll) and Cr(ll)/Fe(lll) ions, as do the strong bridging CN
_ . ligands. As usual, the oxamidato-bridged Cu{lBd(lll) ions
Figure 9 Plot of ymT vs temperature fob. The sollq Ime_ represents the interact ferromaanetically. Due to the low dimensionality of
theoretical values based on the parameters described in the text. g 9 y'. - ) y
the species, no magnetic phase transition is observed;

existence of overall ferromagnetic coupling. The data obey NOWeVer, a spin frustration has been observed in the three-
the Curie-Weiss law with the Weiss constant®f= +1.13  SPin compound4) as a result of the presence of fefro

K and the Curie constant && = 2.65 emu K motl. The ferro—antiferromagnetic exchanges in the trigonaHGd—
positive Weiss constant indicates a ferromagnetic interaction C" Units. Future work will involve the synthesis of NiL-
between Cu(ll) and Cr(lll). The magnetic susceptibilities can containing analogues for the elucidation of the magnetic
be fitted by the spin-Hamiltonian (eq 3) on the basis of a coupling through cyam_de bndges a_nd the interaction between
symmetrical linear CiCr trinuclear structure including an ~ 3d Metal ions and anisotropic 4f ions.

intermolecular interaction term. _
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