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The self-assembly reaction between trivalent lanthanide ions, 2,2":6',2"-terpyridine (terpy) ligand, and octacyano-
tungstate(V) leads to the formation of two series of isomorphous cyano-bridged compounds: (i) one-dimensional
(1-D) chains [Ln(terpy)(DMF)4][W(CN)g]-6H,0+-C,HsOH (Ln = Ce-Dy) and (i) dinuclear molecules [Ln(terpy)(DMF),-
(H20)2][W(CN)g]+3H,0 (Ln = Ho, Er, Yh) and the ionic [Tm"(terpy)(DMF),(H,0)3][WY(CN)g]-4H,0-DMF (DMF =
N,N-dimethylformamide) system. The crystal structures of 1-D chains consist of alternating {[W(CN)s]} and {[Ln-
(terpy)]} building blocks. The neighboring chains are weakly linked through the sz—s stacking interactions of the
aromatic rings, leading to two-dimensional supramolecular layers. The dinuclear species are weakly linked through
the hydrogen bonds between H,O molecules and terminal cyano ligands resulting in a columnlike arrangement of
dimers. Taking into account the ligand-field splitting and the exchange interaction, we have estimated the magnetic
couplings between the Ln" and WV centers in a series of polycrystalline 1-D chains and in dimeric systems. The
corresponding exchange constants have been shown to change the sign along the series of chains. The coupling
is antiferromagnetic for 1 (J = —0.24 cm™1) and 2 (J = -0.07 cm™?), whereas 3 (J = +0.47 cm™1), 7 (J = +0.28
cm~1), and 8 (J = +0.23 cm™) have ferromagnetic character. In the case of dimeric systems, the coupling constants
seem to be independent of the lanthanide center. The splitting structures of the ground-state multiplets of the Ln"
centers have been shown to explain the temperature dependences of the magnetic susceptibilities.

Introduction Because of both large-spin and considerable single ion
anisotropy provided by lanthanide centers, the rational design
of f—d cyano-bridged architectures tuned by the lanthanide
center attracts considerable attention in the field of functional
magnetic materials. The exploration of cyano-bridge¢ 4f
3d systems resulted in a wide variety of coordination
networks from ionic compoundsind discrete moleculés,
through one-dimensional (1-D) chaffi% and two-dimen-

Homo- and heterometallic coordination networks based
on lanthanide centers offer attractive properties in terms of
their material properties and potential applications in data
storage, guantum computing, or nonlinear opti€iscrete
polynuclear d-f electron systems are of significant interest
from the viewpoint of single-molecule-magnet construction.
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sional (2-D) layergi>¢i6to three-dimensional (3-D) Prussian
Blue analogue$When lanthanide octacyanometalate-based

structural and magnetic characterization of magnetic materi-
als based on the use of 2@,2"-terpyridine (terpy) as a

supramolecular magnetic materials are focused on, only threeblocking ligand at the L center (Ln= paramagnetic
4f—5d systems have been reported: (i) 2-D ferromagnetic lanthanide(lll) ions except Pm) and octacyanotungstate(V)-

[SmM" (H0)5][WVY(CN)g],82 (i) 1-D antiferromagnetic [GH-
(DMF)6][WVY(CN)g] (DMF = N,N-dimethylformamide§® and
(iii) 3-D paramagnetic [Ln(mpcalH-0)(MeOH)][Ln(HO)¢)-
[W(CN)g]-xH,O (Ln = Eu, Nd)é

mediating magnetic interaction.

Generally, the magnetic properties of lanthanide-based
supramolecular systems were used to be considered similarly
to those of isolated ions. However, the magnetic susceptibility

The reported networks have been prepared using theiS determined by thermal population of sublevels in the

building-block approach, in which lanthanide cations are
linked by polycyanometalate linkers. The coordination
properties of lanthanide centers are difficult to control

ground-state multiplet in the ligand field (LF). This work is
focused on studying the nature of magnetic exchange in 1-D
chains formed by the early lanthanides of the general formula

because of their lability, and in the absence of design [Ln" (terpy)(DMF)][WY(CN)g]-6H,0-C-HsOH ([CeW] (1

strategies for 4fd networks, it will be challenging to

C,HsOH), [PrwW] (2:C,HsOH), [NdW] (3:C,HsOH), [SmW]

synthesize materials with specific structures and therefore (4-C2HsOH), [EuW] (5:CzHsOH), [GdW] (6-C.HsOH),
magnetic properties. According to the two isomorphous [TbW] (7:C:HsOH), and [DyW] @-C>HsOH)). Furthermore,

[Gd" (terpy)(DMF)][W(CN)g]-6H,0-C,HsOH and [Snf-
(terpy)(DMF)][WVY(CN)g]-6H,0-C,HsOH 1-D chains re-
cently reported by ushere we describe the lanthanide-tuned
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we present crystal structures and magnetic analysis for three
dimeric systems, [LH(terpy)(DMF)(H.0):][WVY(CN)g]+
3H,0O ([HoW] (9), [ErW] (10), and [YbW] (11)), formed by

the late lanthanides. Finally, we discuss an exceptional
behavior of the T precursor, which forms the [T
(terpy)(DMFL(Hz0)5][WY(CN)g]-4H,0-DMF ([TmW] (12))

ionic compound. The determination of the electronic structure
of isolated LH' centers and Lh—WV systems, calculations

of LF parameters, and exchange coupling constants for the
4f—5d electron complexes was based on a procedure
developed by Ishikawa et al., originally applied for mono-
and dinuclear homometallic lanthanide-based compothds.

Experimental Section

General Procedures and Materials All chemicals and solvents
were of analytical grade. g¥V(CN)g]-2H,O was prepared accord-
ing to the literaturé! The syntheses of all l'h—WVY assemblies
were performed in the dark and at room temperature because of
the photosensitivity of octacyanotungstate(V) ions.

Preparation of [Ce"" (terpy)(DMF) 4][W V(CN)g]-6H,0 (1). To
a solution of Ce(N@)3-6H,O (0.86 mmol, 0.37 g) and g[&VV-
(CN)g]-2H,0 (0.86 mmol, 0.71 g) in water (10 mL) was added a
solution of terpy (0.86 mmol, 0.20 g) in ethanol (10 mL). The
yellow precipitate was dissolved using ca. 12 mL of DMF. The
resulting solution was left in an open beaker for 3 days. The green
crystals ofl-C,HsOH were collected by suction filtration, washed
with ethanol, and air-dried to give the green polycrystalline solid
of 1. Yield: 250 mg, 25%. Anal. Calcd for 4gHs1N150:0CeW (1):

C, 36.06; H, 4.41; N, 18.02. Found: C, 35.82; H, 4.40; N, 17.91.
IR (KBr): »(CN) 2147sh, 2157m, 2170m crth

Preparation of [Pr!" (terpy)(DMF) 4][W Y(CN)g]-6H,0 (2). To
a solution of Pr(N@s-6H,O (0.86 mmol, 0.37 g) and G&VV-
(CN)g]-2H,0 (0.86 mmol, 0.71 g) in water (10 mL) was added a
solution of terpy (0.86 mmol, 0.20 g) in ethanol (10 mL). The
yellow precipitate was dissolved using ca. 12 mL of DMF. The
resulting solution was left in an open beaker for 2 days. The yellow
crystals of2-C,HsOH were collected by suction filtration, washed

(10) (a) Ishikawa, N.; lino, T.; Kaizu, YJ. Phys. Chem. 2002 106
9543. (b) Ishikawa, N.; lino, T.; Kaizu, YJ. Am. Chem. So2002
124, 11440. (c) Ishikawa, N.; Sugita, M.; Okubo, T.; Tanaka, N.; lino,
T.; Kaizu, Y.Inorg. Chem2003 42, 2440. (d) Ishikawa, N.; Sugita,
M.; Wernsdorfer, WJ. Am. Chem. So2005 127, 3650. (e) Ishikawa,
N.; Sugita, M.; Wernsdorfer, WAngew. Chem., Int. EQ005 44, 2.

(11) Leipoldt, J. G.; Bok, L. C. D.; Cilliers, P. Z. Anorg. Allg. Chem.
1974 409, 343.
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with ethanol, and air-dried to give the yellow polycrystalline solid
of 2. Yield: 599 mg, 60%. Anal. Calcd for Hs1N15010PrW (2):
C, 36.03; H, 4.41; N, 18.01. Found: C, 36.04; H, 4.45; N, 18.06.
IR (KBr): »(CN) 2148sh, 2158m, 2169sh cf

Preparation of [Nd" (terpy)(DMF) 4][W Y(CN)g]-6H,0 (3). To
a solution of Nd(NQ)3s-6H,0 (0.86 mmol, 0.38 g) and G[§VV-
(CN)g]-2H,0 (0.86 mmol, 0.71 g) in water (10 mL) was added a
solution of terpy (0.86 mmol, 0.20 g) in ethanol (10 mL). The
yellow precipitate was dissolved using ca. 12 mL of DMF. The
resulting solution was left in an open beaker for 2 days. The yellow
crystals 0f3-C,HsOH were collected by suction filtration, washed
with ethanol, and air-dried to give the yellow polycrystalline solid
of 3. Yield: 692 mg, 69%. Anal. Calcd for &Hsi1N150;0NdW
(3): C, 35.93; H, 4.39; N, 17.96. Found: C, 36.31; H, 4.43; N,
17.89. IR (KBr): »(CN) 2149m, 2161m, 2172m crh

Preparation of [Sm!" (terpy)(DMF) 4)[W Y(CN)g]-6H,0 (4). To
a solution of SM(N@3-6H,O (0.43 mmol, 0.19 g) and G§VV-
(CN)g]-2H,0 (0.43 mmol, 0.35 g) in water (10 mL) was added a
solution of terpy (0.43 mmol, 0.10 g) in ethanol (10 mL). The
yellow precipitate was dissolved using ca. 12 mL of DMF. The
resulting solution was left in an open beaker for 10 days. The yellow
crystals of4-C,HsOH were collected by suction filtration, washed
with ethanol, and air-dried to give the yellow polycrystalline solid
of 4. Yield: 145 mg, 29%. Anal. Calcd for &Hs:N150;0SmW
(4): C, 35.74; H, 4.37; N, 17.86. Found: C, 35.72; H, 4.05; N,
17.61. IR (KBr): »(CN) 2148m, 2165m, 2171sh crh

Preparation of [Eu" (terpy)(DMF) 4][W Y(CN)g]-6H,0O (5). To
a solution of Eu(N@)3-5H,0 (0.86 mmol, 0.37 g) and g§VV-
(CN)g]-2H,0 (0.86 mmol, 0.71 g) in water (10 mL) was added a
solution of terpy (0.86 mmol, 0.20 g) in ethanol (10 mL). The
yellow precipitate was dissolved using ca. 12 mL of DMF. The
resulting solution was left in an open beaker for 2 days. The yellow
crystals of5-C,HsOH were collected by suction filtration, washed
with ethanol, and air-dried to give the yellow polycrystalline solid
of 5. Yield: 604 mg, 60%. Anal. Calcd for4Hs1N150:0EUW (5):
C, 35.70; H, 4.36; N, 17.84. Found: C, 35.92; H, 4.25; N, 17.67.
IR (KBr): »(CN) 2147m, 2167m cr.

Preparation of [Gd"' (terpy)(DMF) 4[W Y(CN)g]-6H,0 (6). To
a solution of Gd(N@)z*6H,O (0.43 mmol, 0.19 g) and G[§VV-
(CN)g]-2H,0 (0.43 mmol, 0.35 g) in water (10 mL) was added a
solution of terpy (0.43 mmol, 0.10 g) in ethanol (10 mL). The
yellow precipitate was dissolved using ca. 12 mL of DMF. The
resulting solution was left in an open beaker for 10 days. Then
diisopropyl ether was slowly diffused. After 1 day, the yellow
crystals of6-C,HsOH were collected by suction filtration, washed
with ethanol, and air-dried to give the yellow polycrystalline solid
of 6. Yield: 220 mg, 44%. Anal. Calcd for &Hs;N150,0GdW
(6): C, 35.54; H, 4.35; N, 17.76. Found: C, 35.84; H, 4.05; N,
17.66. IR (KBr): »(CN) 2147m, 2168m, 2171sh crh

Preparation of [Tb" (terpy)(DMF) 4][W Y(CN)g]-6H,0 (7). To
a solution of Th(NQ@)z-5H,0 (0.86 mmol, 0.37 g) and g§VV-
(CN)g]-2H,0 (0.86 mmol, 0.71 g) in water (10 mL) was added a
solution of terpy (0.86 mmol, 0.20 g) in ethanol (10 mL). The
yellow precipitate was dissolved using ca. 12 mL of DMF. The
resulting solution was left in an open beaker for 3 days. The yellow
crystals of7-C,HsOH were collected by suction filtration, washed
with ethanol, and air-dried to give the yellow polycrystalline solid
of 7. Yield: 202 mg, 20%. Anal. Calcd for 4gHs1N15010TbW (7):
C, 35.49; H, 4.34; N, 17.74. Found: C, 35.61; H, 4.33; N, 17.55.
IR (KBr): »(CN) 2146m, 2169m cnt.

Preparation of [Dy" (terpy)(DMF) 4][W Y(CN)g]-6H,0O (8). To
a solution of Dy(NQ)z*5H,0 (0.86 mmol, 0.38 g) and G[§VV-
(CN)g]-2H,0 (0.86 mmol, 0.71 g) in water (10 mL) was added a
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solution of terpy (0.86 mmol, 0.20 g) in ethanol (10 mL). The
yellow precipitate was dissolved using ca. 12 mL of DMF. The
resulting solution was left in an open beaker for 5 days. The yellow
crystals of8-C,HsOH were collected by suction filtration, washed
with ethanol, and air-dried to give the yellow polycrystalline solid
of 8. Yield: 430 mg, 42%. Anal. Calcd for Hs5;N150,0DYyW

(8): C, 35.38; H, 4.33; N, 17.68. Found: C, 35.20; H, 4.12; N,
17.60. IR (KBr): »(CN) 2147m, 2169m, 2172sh ch

Preparation of [Ho" (terpy)(DMF) »(H20),][W Y(CN)g]-3H,0O
(9). To a solution of HO(N@)3-5H,0 (0.86 mmol, 0.38 g) and @S
[WVY(CN)g]-2H,0 (0.86 mmol, 0.71 g) in water (10 mL) was added
a solution of terpy (0.86 mmol, 0.20 g) in ethanol (10 mL). Then,
10 mL of DMF was added. The resulting solution was left in an
open beaker for 3 days. The yellow crystal®afiere collected by
suction filtration, washed with ethanol, and air-dried. Yield: 380
mg, 43%. Anal. Calcd for §H3sN;30/-HoW (9): C, 33.93; H, 3.44;

N, 17.74. Found: C, 34.04; H, 3.41; N, 17.73. IR (KBn(CN)
2146m, 2176m cm.

Preparation of [Er" (terpy)(DMF) »(H20)][W Y(CN)g]-3H.0
(10). To a solution of Er(N@);-5H,0 (0.86 mmol, 0.38 g) and
Cs[WVY(CN)g]-2H,0 (0.86 mmol, 0.71 g) in water (10 mL) was
added a solution of terpy (0.86 mmol, 0.20 g) in ethanol (10 mL).
The yellow precipitate was dissolved using ca. 12 mL of DMF.
The resulting solution was left in an open beaker for 3 days. The
yellow crystals of10 were collected by suction filtration, washed
with ethanol, and air-dried. Yield: 220 mg, 25%. Anal. Calcd for
CagH3sN1:07ErW (10): C, 33.86; H, 3.43; N, 17.70. Found: C,
34.06; H, 3.79; N, 17.50. IR (KBr)»(CN) 2147m, 2177m cnt.

Preparation of [Yb" (terpy)(DMF) »(H20),][W Y(CN)g]-3H,0O
(11). To a solution of Yb(NQ@)3-5H,0 (0.86 mmol, 0.39 g) and
Cs[WVY(CN)g]-2H,0 (0.86 mmol, 0.71 g) in water (10 mL) was
added a solution of terpy (0.86 mmol, 0.20 g) in DMF (10 mL).
The resulting solution was left in an open beaker for 3 days. Then,
10 mL of ethanol was added. The yellow crystals 1df were
collected by suction filtration, washed with ethanol, and air-dried.
Yield: 460 mg, 52%. Anal. Calcd for gH3sN130;YbW (11): C,
33.67; H, 3.41; N, 17.60. Found: C, 33.47; H, 3.28; N, 17.48. IR
(KBr): »(CN) 2148m, 2178m cnt.

Preparation of [Tm" (terpy)(DMF) »(H,0)3][W Y(CN)g]-4H,0-
DMF (12). To a solution of Tm(N@)3-5H,0 (0.86 mmol, 0.38 g)
and Cg[WV(CN)g]-2H,O (0.86 mmol, 0.71 g) in water (10 mL)
was added a solution of terpy (0.86 mmol, 0.20 g) in ethanol (10
mL). Then, 12 mL of DMF was added. The resulting solution was
left in an open beaker for 3 days. The yellow crystald dfvere
collected by suction filtration, washed with ethanol, and air-dried.
Yield: 25 mg, 2.6%. Anal. Calcd for £5H46N140:0TMW (12): C,
33.73; H, 4.07; N, 17.21. Found: C, 33.58; H, 3.77; N, 17.43. IR
(KBr): »(CN) 2137m, 2147m, 2159m crh

Physical Measurements Elemental analyses were performed
on a EuroEA EuroVector elemental analyzer. IR spectra were
measured between 4000 and 400émn a Bruker EQUINOX 55
spectrometer in KBr disks for powder sampleslefl2. Magnetic
susceptibility measurements were performed upon cooling in a
constant magnetic field of 1 kOe over the temperature range 1.9
300 K using a Quantum Design SQUID magnetometer. Isothermal
magnetization curves in the field up to 50 kOe were measured at
T = 2 K. Magnetic studies have been carried out for powder
samples ofl—12. The single-crystal sample df0 (approximate
size 4.7x 0.8 x 0.6 mn¥) was oriented by the X-ray analysis.

X-ray Data Collection and Structure Determination. Single-
crystal X-ray data forl:C,HsOH—8-C,HsOH and 9—12 were
collected at 100 K on a Nonius Kappa CCD diffractometer with
graphite-monochromated Mod<radiation ¢ = 0.7107 A), except
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Table 1. Crystallographic Data fot-C,HsOH—4-C;HsOH

1-C;Hs0H 2:CoHsOH 3:C2Hs0H 4-CyHsOH
empirical formula (57H57N15011C8W Q;7H57N15011PI'W C37H57N15011NdW C37H57N150118mW
fw 1211.95 1212.74 1216.07 1222.18
2 A) 0.71070 0.71070 0.71070 0.71070
cryst syst monoclinic monoclinic monoclinic monoclinic
space group P2:/n P2i/n P2i/n P2i/n
a(A) 14.5980(2) 14.3840(2) 14.3360(2) 14.50900(10)
b (A) 23.7530(3) 23.4370(2) 23.4180(3) 23.6780(3)
c(A) 14.8350(2) 14.7350(2) 14.7130(2) 14.74700(10)
f (deg) 90.3980(7) 90.2880(6) 90.4620(6) 90.8760(7)
V (A3) 5143.86(12) 4967.37(11) 4939.29(12) 5065.65(8)
Z 4 4 4 4
peale (g cn3) 1.565 1.622 1.635 1.603
w (mm1) 3.174 3.351 3.435 3.483
T (K) 100(1) 100(1) 100(1) 293(2)
reflns colld 18 302 18 279 19 545 19 058
unique 11394 10 865 11185 11 288
obs [ > 20(1)] 8922 9846 9990 9152
R[I > 2a(1)] R1=0.0364 R1= 0.0340 R1=0.0374 R1=0.0327
wR2=0.0795 wR2=0.0789 WR2=0.0843 wR2=0.0764
R (all data) R1=0.0555 R1= 0.0398 R1= 0.0441 R1=0.0477
wR2=0.0878 wR2=0.0815 wR2= 0.0866 wR2=0.0842
GOF 1.027 1.158 1.253 1.031
Table 2. Crystallographic Data fob-C,HsOH—8-C,Hs0OH
5-C,Hs0OH 6-CoHs0H 7-C2Hs0OH 8:CoHs0H
empirical formula G7H57N15011EUW C37H57N15011GdW C37H57N 15011TbW C37H57N15011DyW
fw 1223.79 1229.08 1230.75 1234.33
2 (A 0.710 70 0.71070 0.710 70 0.710 70
cryst syst monoclinic monoclinic monoclinic monoclinic
space group P2:/n P2i/n P21/n P2i/n
a(h) 14.2370(2) 14.48200(10) 14.2070(2) 14.4080(2)
b (A) 23.4170(3) 23.6880(3) 23.4340(4) 23.7100(3)
CA) 14.6690(2) 14.71300(10) 14.6280(2) 14.6670(2)
p (deg) 90.9190(5) 91.1910(10) 91.2790(9) 91.5380(9)
V (A3) 4889.84(11) 5046.20(8) 4868.84(13) 5008.64(12)
4 4 4 4 4
peale (g cn3) 1.662 1.618 1.679 1.637
u (mmY) 3.690 3.647 3.871 3.842
T (K) 100(1) 293(2) 100(1) 293(2)
reflns colld 19675 19 832 19736 19 358
unique 11074 11 539 10990 10963
obsd [ > 20(1)] 10 146 9570 9234 10 029
R[I > 20(])] R1=0.0352 R1= 0.0319 R1=0.0345 R1= 0.0291
wR2=0.0817 wR2=0.0706 wR2=0.0725 WR2=0.0659
R (all data) R1=0.0401 R1=0.0451 R1=0.0468 R1=0.0337
wWR2=0.0835 wR2=0.0771 wR2=0.0770 wWR2=0.0678
GOF 1.200 1.039 1.041 1.076

4-C,HsOH, 6-C,HsOH, and 8-C,HsOH, where X-ray data col- observed as disordered, and two alternative rigid molecules with
lection was carried on a single crystal mounted in a glass capillary complementary occupancy factors were used in the refinement. All
with a few drops of the mother solution. For cell refinement and atoms of these molecules were refined with an isotropic displace-
data reduction, the Denzo-Scalepack program package wad2used. ment parameter. All non-hydrogen atoms were refined anisotropi-
The multiscan absorption correction was applied to the data. The cally. All hydrogen atoms in ordered DMF and terpy molecules
structures of1-CoHsOH, 3:C,HsOH, 4-C,HsOH, and 12 were were included at idealized positions and refined with isotropic
solved by the heavy-atom methd®HELXS-9Y, except6-C,HsOH, displacement parameters set at 1.5 times that of the bonded atoms.
which was solved by direct methods. The structurez6tHsOH, For disordered DMF ligands and,& molecules inl-:C,HsOH—
5-C,HsOH, 7-:C,HsOH, 8:-C,HsOH, and 9—11 were solved by 8-C,HsOH, hydrogen atoms were not included during the refine-
direct methods usin§IR9232 All structures were refined by full- ment. Complete crystallographic data and collection parameters for
matrix least squares dh? using the progranSHELXL-97:3> The 1-C,Hs0H—8-C,Hs0OH and9—12 are listed in Tables43.

N51 DMF molecule was observed as disordered, and two alternative . .

rigid molecules with complementary occupancy factors were used R€sults and Discussion

in the refinement. For compoundsC,HsOH—8-C,HsOH, 11, and Structural Description of 1-C,HsOH—8-C,HsOH. The

12, N51, NS3, and N71 DMF molecules, respectively, were crystal structures ofl-C;HsOH—8-C,HsOH consist of

(12) Otwinowski, Z.; Minor, W.Methods Enzymoll997, 276, 307. isomorphous 1-D chains built by alternating”véind Lt

(13) (a) Altomare, A.: Cascarano, G.; Giacovazzo, G.; Guagliardi, A.; Burla, Metal centers originating from [Ln(terpy)(DMF)(Ln =

M. C.; Polidori, G.; Camalli, M.SIR92-a program for automatic = Ce—Dy) and [W(CN}] entities linked through the single

solution of crystal structures by direct methodsAppl. Crystallogr. . h .
1994 27, 435. (b) Sheldrick, G. MSHELX-97: programs for structure cyano bridges (Figure 1). Relevant bond distances and angles

analysis University of Gdtingen: Gitingen, Germany, 1998. are listed in Table 4. The nine-coordinated"Licenters
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9 10 11 12
empirical formula 69H35N1307HOW C29H35N1307EI’W C29H35N 1307YbW C32H46N 14010TmW
fw 1026.48 1028.81 1034.59 1139.61
A (A) 0.710 70 0.710 70 0.710 70 0.710 70
cryst syst monoclinic monoclinic monoclinic monoclinic
space group P2, P2, P2, C2lc
a(A) 9.7110(2) 9.7160(2) 9.71800(10) 32.9810(2)

b (A) 12.2750(3) 12.2480(2) 12.2110(2) 20.23600(10)

c(A) 15.6390(4) 15.6270(2) 15.6360(2) 26.1510(2)

B (deg) 94.7820(10) 94.8140(10) 94.7630(10) 96.48

V (A3) 1857.72(8) 1853.08(5) 1849.06(4) 17341.83(19)

Z 2 2 2 6

peale (g cm3) 1.835 1.844 1.858 1.746

w (mm™1) 5.269 5.411 5.683 4.751

T (K) 100(2) 100(1) 100(1) 100(2)

reflns colld 7291 8086 7907 37 243

unique 7291 8086 7907 19732

obsd [ > 20 (1)] 7053 7895 7775 16 377

Rl > 20(1)] R1=0.0253 R1=0.0214 R1=0.0243 R1=0.0287
wR2=0.0561 wR2=0.0478 wR2=0.0593 wR2=0.0584

R (all data) R1=0.0271 R1=0.0224 R1= 0.0250 R1= 0.0403
wR2=0.0570 wWR2=0.0482 wR2=0.0597 wR2=0.0621

GOF 1.066 1.064 1.063 1.035

Table 4. Relevant Bond Lengths (A) and Angles (deg) for Compouh@HsOH—8-C,HsOH with Estimated Standard Deviations in Parentheses

[Cew] [Prw] [Ndw] [SmW] [Euw] [Gdw] [Thw] [Dyw]
Ln—N1 2.671(4) 2.621(3) 2.601(4) 2.603(4) 2.561(4) 2.589(4) 2.540(4) 2.542(3)
Ln—N5 2.632(4) 2.590(4) 2.569(4) 2.573(4) 2.533(4) 2.558(4) 2.507(4) 2.520(3)
Ln—N11 2.653(4) 2.626(4) 2.609(4) 2.600(4) 2.573(4) 2.579(3) 2.554(3) 2.554(3)
Ln—N12 2.680(4) 2.642(3) 2.613(4) 2.603(4) 2.580(4) 2.575(4) 2.552(4) 2.566(3)
Ln—N13 2.637(4) 2.617(4) 2.602(4) 2.591(4) 2.573(4) 2.566(4) 2.552(4) 2.569(3)
Ln—031 2.493(3) 2.471(3) 2.456(3) 2.433(3) 2.411(3) 2.419(3) 2.395(3) 2.415(3)
Ln—041 2.460(4) 2.452(3) 2.434(4) 2.403(3) 2.402(3) 2.387(3) 2.376(3) 2.398(3)
Ln—051 2.445(3) 2.437(3) 2.435(3) 2.404(4) 2.394(3) 2.385(3) 2.375(3) 2.392(3)
Ln—061 2.471(3) 2.457(3) 2.449(4) 2.424(3) 2.407(3) 2.406(3) 2.388(3) 2.407(3)
Ln—N1-C1 169.9(4) 169.8(3) 170.4(4) 171.2(4) 171.0(4) 171.2(4) 171.5(3) 171.6(3)
Ln—N5—C5 168.4(4) 168.5(4) 168.2(4) 169.6(4) 168.2(4) 170.4(4) 169.6(4) 169.8(3)
Table 5. Relevant Hydrogen Bond Lengths (&) for Compourid€,Hs0OH—8-C,HsOH
D—-A [Cew] [Prw] [NdW] [SmW] [Euw] [Gdw] [Thw] [Dyw]
O1-N3 2.989 2.940 2.939 2.968 2.943 2.954 2.948 2.958
O1-N8 2.938 2.916 2911 2.935 2.921 2.941 2915 2.957

display frequently adopted tricapped trigonal-prismatic (TTP) conform to those observed in octacyano- and lanthanide-
geometry composed of one terpy ligand, four DMF mol- based systenis.

ecules, and two nitrogen-bound cyanides. In all compounds,  The neighboring Ln""WV} chains weakly interact through
the [WY(CN)s] moiety has a slightly distorted square- the face-to-facer—x stacking of the terpy aromatic rings,
antiprismatic (SAPR) geometry with two bridging and six |eading to the 2-D supramolecular folded layer (Figure 2).
terminal cyano ligands. The cyanide bridges are exceptionally This results in relatively long intermetallic distances (9.1 and
long and slightly bent [range between 168.2(@hd 171.6- 9.3 A for Ln---W and Ln--Ln, respectively). The 2-D layers
(3)° for Ln—N—C angle] because of the large ionic radii of are linked through the hydrogen bonds betweesOH
the Ln" centers. The LiN bond lengths vary from 2.671-  molecules and terminal cyano ligands (Figure 3). The-O1
(4) A for Ln—N1 in [CeW] (1-C;HsOH) to 2.507(4) Afor N3 and O1-N8 hydrogen bond lengths are listed in Table
Ln—N5 in [TbW] (7-C2HsOH). Generally, the cyano bridges 5. The donor-acceptor distances suggest the medium
become shorter and less bent across the series of chaingtrength of the hydrogen bonds. The DMF ligands at tHé Ln
because of the systematic ionic radii contraction. The-Ln  ¢enters are not engaged in the hydrogen bonding. The IR

ligand donor atom distances are in good agreement with thespectra measurements performed on powder samples&f
bond lengths found for [Ln(terpy)] entities in mononuclear reyealy(CN) bands within the range of 214®172 cnt?,
complexes? The metric parameters of EENC—W linkages consistent with maintenance of the\Wite.

(14) (2) Cotton, S. A.; Raithby, P. faorg. Chem. CommuiL998 2, 86 Structural Description of 9—11. The crystal structures
(b) Drew, M. G. B.; Iveson, P. B.; Hudson, M. J.; Lilienzin, J. 0.; Of 9—11 consist of isomorphous dinuclear molecules built

gm’uthb LI.; CoTrdierS,ZZ-dg-éZElna(rS)SXE, A; Héll, g Madié:, ﬁ-Cgenr&- by WV and LA" metal centers linked through the single cyano
oc., Dalton Tran . (C rens, B.; Cotton, S. A.; Feeder, . . .
N.. Noy, O. E.; Raithby, P. R.: Teat, S.01.Chem. Soc.. Dalton Trans. bridge (Figure 4). Relevant bond distances and angles are

2002 2027. presented in Table 6. The eight-coordinated"Leenters
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Figure 1. Asymmetric unit of1-C,HsOH—8-C,HsOH. The solvent of
crystallization has been removed for clarity.

Figure 2. 1-D chains ofl-C;HsOH—8-C,Hs0H forming 2-D supramo-
lecular layers. The solvent of crystallization has been removed for clarity.

Figure 3. Hydrogen bonds between 2-D supramolecular layers of
1-CoHsOH—8-C2Hs0OH.

display SAPR geometry composed of one terpy ligand, two
DMF molecules, two KO ligands, and one nitrogen-bound
cyanide. In all compounds, the [YfCN)s] moiety has a

Figure 4. Dinuclear molecule 08—11.

Table 6. Relevant Bond Lengths (A) and Angles (deg) for Compounds
9—11 with Estimated Standard Deviations in Parentheses

[How] [ErwW] [Ybw]
Ln—NO1 2.443(5) 2.432(4) 2.415(4)
Ln—N11 2.448(4) 2.436(3) 2.425(4)
Ln—N21 2.466(4) 2.461(3) 2.440(4)
Ln—N31 2.502(4) 2.504(4) 2.483(4)
Ln—041 2.323(4) 2.321(3) 2.289(4)
Ln—051 2.267(4) 2.265(3) 2.244(4)
Ln—061 2.334(4) 2.310(3) 2.286(4)
Ln—062 2.346(4) 2.335(3) 2.308(4)
Ln—N01-C01 170.1(4) 169.2(4) 169.1(4)

[Yb(terpy)(DMF)%(H2O)][W(CN)g]-3H,O than in [Ho(terpy)-
(DMF)2(H20),][W(CN)g]-3H,O because of the systematic
ionic radii contraction. The Lrligand donor atom distances
are in good agreement with the bond lengths found for [Ln-
(terpy)] entities in mononuclear complexgsThe metric
parameters of LaANC—W linkages conform to those ob-
served in octacyano- and lanthanide-based systems.

The neighboring [Ln(terpy)(DMEHO)][WY(CN)g] chains
are linked through the hydrogen bonds betweesOH
molecules and terminal cyano ligands, resulting in a col-
umnlike arrangement of the dimers (Figure 5). The ©63
NO4, O63-N08, O64-N06, and O64-N0O7 hydrogen bond
lengths are listed in Table 7. The donacceptor distances
suggest the medium strength of the hydrogen bonds. The
DMF ligands at the LW centers are not engaged in the
hydrogen bonding. The IR spectra measurements performed
on powder samples &—11 revealv(CN) bands within the
range of 2146-2178 cn1?, consistent with the maintenance
of the W' site.

Structural Description of 12. The crystal structure of
ionic [Tm" (terpy)(DMFL(H,O)3][WY(CN)g] -4H,O-DMF con-
sists of [Tm(terpy)(DMFYH,0);]3" cations, [W(CN]J*~

SAPR geometry with one bridging and seven terminal cyano anionic moieties, and crystallization,& and DMF mol-
ligands. The cyanide bridges are again exceptionally long ecules (Figure 6). Relevant bond distances and angles are

and slightly bent [range between 169.E(@nd 170.1(3)
for the Ln—N—C angle] because of the large ionic radii of
the LA" centers. The LaN bond lengths vary from 2.443-
(4) A for Ln—NO1 in [HoW] (9) to 2.415(4) A for Ln-NO1

in [YbW] (11). The cyano bridge is shorter in the case of

presented in Table 8. The eight-coordinated"Taenters
display SAPR geometry composed of one terpy ligand, two
DMF molecules, and three 8 ligands. In the [W(CN)g]
moiety, eight nonbridging cyano ligands are arranged in a
SAPR geometry. Molecules of crystallization®and cyano
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Figure 5. Columnlike arrangement &—11 dimeric molecules.

Figure 6. Asymmetric unit of [TmW] @2). The solvent of crystallization

has been removed for clarity.

Table 7. Relevant Hydrogen Bond Lengths (A) for Compourgds11

D-A [How] [ErW] [YbW]
063-N04 2.906 2.914 2.899
063-N08 2.817 2.826 2.817
064—N06 2.864 2.869 2.870
064-N07 2.856 2.858 2.859

Table 8. Relevant Bond Lengths (A) for [TmW]1@) with Estimated
Standard Deviations in Parentheses

Tm—N111
Tm—N121
Tm—N131
Tm—011
Tm—012
Tm—013
Tm—041
Tm—051

ligands form hydrogen bonds of medium strength, as
suggested by donefacceptor distances (Table 9). The
coordinated HO molecules are involved in hydrogen bond-
ing with H,O molecules binding [W(CN)3~ anions. This
results in an alternating arrangement of [Tm(terpy)(DMF)
(H20)3]" and [W(CN}]®" in the crystal (Figure 7). The IR

8930 Inorganic Chemistry, Vol. 46, No. 21, 2007

2.460(3)
2.451(3)
2.483(3)
2.336(3)
2.299(2)
2.328(3)
2.304(2)
2.264(2)

Tmz2N211
Tm2N221
Tm2N231
Tmz2021
Tmz2022
Tm2023
Tm2061
Tmz2071a

2.468(3)
2.482(3)
2.480(3)
2.288(3)
2.324(3)
2.270(3)
2.295(2)
2.302(6)

Przychodzenet al.
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Figure 7. Packing diagram for [TmW]%2).

Table 9. Relevant Hydrogen Bond Lengths (A) for [TmW]2)

D—-A D-A

031-N107 2.884 O3#N105 3.089
031-N303 2.881 0O38N304 2.815
032-N101 2.842 011032 2.710
032—-N108 3.045 011+033 2.698
033-N108 2.909 012031 2.675
033-N202 2.851 012037 2.638
034-N105 2.892 021034 2.639
034-N201 2.803 021035 2.646
035-N204 2.964 022036 2.742
036-N103 2.990 022038 2.631
036—N302 2.905

spectra measurements performed on a powder samp2 of
reveal threev(CN) bands at 2137, 2147, and 2159 ¢m
consistent with the maintenance of the’ \aite.

Magnetic Properties

General Procedures. According to the procedure of
Ishikawa et al. applied originally for mono- and dinuclear
homometallic lanthanide-based compouidse present an
approach based solely on the magnetic data that was used
to estimate the exchange interaction between thé and
WV centers.

The exchange interaction between thd'land W’ centers
can be assumed as much weaker than the LF effects and
initially neglected. The first step of the procedure (dependent
on the coordination number of the 'rcenter) consists of
tuning of the LF parameters so that the magnetic data are
reproduced satisfactorily. Then the simulated data are cor-
rected for the presence of 'a-WV coupling. The calcula-
tions for 1-D chains are performed for systems containing
N =5 Ln"—WV pairs.

The total angular momentum of the ground state in the
trivalent lanthanide ions takes either the minimal value
IL — S| (for f1—f® configurations) or the maximal valuk
= L + S (for f8—f19) in the Russel-Saunders coupling
scheme. The simulations were carried out using the-2L
sublevels of the ground-state multiplet in each lanthanide
system except the Buand Smi' complexes, where the
energy gap between the ground-state and the first excited-
state multiplet is known to be smafi.As a consequence,
the low-lying excited states may become thermally populated.
Additionally, coupling through the Zeeman perturbation
between substates of different multiplets in the same ground-
state term also has to be taken into account. Therefore, these

(15) Kahn, O.Molecular MagnetismVCH: New York, 1993; Chapter 3.
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cases need a separate treatment from that presented here, N
i.e., [Sm'(terpy)(DMF)][WV(CN)g]-6H,0 described previ- = —— z ’@ml#lﬁﬂnjtbz -
ously?16 3KTZ 47| 5 ' ’

The Hamiltonian pertinent to the present systems under |Ei7nyi|‘u|(pm’j|:ﬂ2 E,
an external magnetic field is defined B = Hz + H.r. 2 z — kT exg — —
The first term accounts for the Zeeman effect: ifen By = B KT

E(H)
H, = B0, + SGuH v Nsw Dexp(_ : )
ZHZEM# Y KT

wheref} is the Bohr magneton and denotes the external

magnetic field. The total magnetic moment operato+ whereZy = ¥ d, exp(—E/KT) and Zy = Y exp(—Ex(H)/
B(J+0un + S'gw) is used in the correspondirig,J.Lrepre- KT). The ¢, factors denote thel-fold degenerate eigen-
sentation in its lanthanide part. TiSoperator denotes the  functions with energyg, in the absence of a magnetic field,
half spin operator of the tungsten center. Tetensor is whereas the eigensystefwy, E«(H)} was calculated with
assumed to be isotropic with its principal values fixedyat the assumption of a nonzero external magnetic fi¢ld

= 2, whereas the components @f,, which we assume to Fitting was carried out with a specially designed procedure
be diagonal, were varied during the fitting procedure. The prepared within theMathematica5.0environment. The

Hir term corresponds to the LF interaction, which is calculations were performed only with different small trial
expressed in the framework of the extended operator sets of two to three LF parameters. Then, the best set was
equivalent approach-1° The LF part of the isolated-ion  chosen. The trial sets are selected on the basis of those

Hamiltonian can be expressed as corresponding to the distorted TTP geometty)(expected
for CN =9 in 1-8 and the SAPR geometry{,) expected
Tk for CN = 8 in 9—12. Exceptionally, to reproduce accurately
Her= k;ﬁ szﬂ O the single-crystal data fotQ, the trial sets assuming the
LTy =

lowest symmetry €,) were prepared. Such a treatment is
justified if one looks at the resulting parameter sets as the
effective ones. They determine the initial stage for a more
systematic and extended treatment of the LF parameters in
the presented compounds. More importantly, they yield initial
guesses for the second stage where the magnetic coupling
can be estimated.

Only for compoundL2 is the first stage the final one. The

where theBy coefficients are intended to determine. TOg
matrices are polynomials of the total angular momentum
matricesJ?, J, J+, andJ- (exact definitions are given in
the Supporting Information in Table S1). The operator
equivalentO} do not include the operator-equivalent coef-
ficients or the radial factor&X[ Both factors are included

. ~q . . . . s 7. . . . .
in the parameterB,, which restricts application of thB’s  yemaining compounds require the introduction of magnetic
to a single] manifold. The coefficient® are transformed  jnteraction between the adjacent'Land W centers. For
into another set of parameteAgi*Cusing the formula CN = 8, the isotropic Heisenberg coupling was assumed

and the term
B = AJEI oy /1900
H.= —JS,J

where the last factors are the operator-equivalent coefficients
relating the angular momentum operators to the potential was added to the Hamiltoniahlo, with J denoting the
operators. The operator-equivalent coefficients are dependengoupling constant. The fitting procedure was repeated with
on the paramagnetic center and assumed coupling scheméhe initial guess of the previous stage, which closes the
(e.g.,L—S or intermediate). The complete set of operator- proceedings.
equivalent coefficients for all lanthanide ions in the-S In order to include in the calculations the interactions
scheme has been presented elsewHere. between the neighboring 'nand W paramagnetic centers

coupled along the chains, the following approach was

developed. The total magnetic susceptibility and the total
d magnetization were approximated as a sum of two separate
though not independent components:

The HamiltonianH, is diagonalized with an arbitrary
choice of a set 0B} coefficients and a finite external field.
The determination of a complete set of eigenvalues an
eigenfunctions enables the calculation of the magnetic molar
susceptibility together with the isothermal magnetization

using the van Vleck formalism: Xrotal ™ Zo T Xo

Mtotal ~ MO + Mc

(16) Pelka, R.; Batanda, M.; Przychodzéh; Tomala, K.; Sieklucka, B.;
Wasiutyrski, T. Phys. Status Solidi Q00§ 3, 216. . .
(17) Stevens, K. W. HProc. Phys. Soc., London, Sect1852 65, 209. whereyo and M, correspond to the values obtained in the

(18) ¢brag_f}m, IA-; glleaneé/, BPEIectrono Pfargmljlinetliggesonance of first stage, whereag. and M. denote the corresponding
ransition lons Clarendon Fress: xrora, U.K., . . . .
(19) Altshuler, S.. Kozyrev, B. MElectron Paramagnetic Resonance in  COfections. The correcting terms were calculated on the basis
Compounds of Transition Elementdauka: Moscow, 1972. of the following model Hamiltonian:
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N
He= ) [ JerSpi(Sw, t Sw,+1) T 9wSw,H + GesSp;-H]

by coupling the lowest-energy doublets of substates obtained
in the first stage for the L'h centers with the adjacent spins
of WY. TheS, operator is the half spin operator representing
effectively the magnetic features of doublets, alagand

Oett denote the effective coupling constant and the effective
Lande factor of the doublet, respectively. The effective R PO
quantities are related to the coupling consthaind the mean 0,54 ; ; : ; :
Landefactor g, = Tr(gu,)/3 as follows: 0 5 10 'IJ?OK 200 250 300

—1./M . ] Figure 8. Thermal dependence gfl for 1 with the best fit (solid line).
Jer = J Mm'“(Mm'” +1) Inset: M vs H with the best fit (solid line).

gef'f = GLn\/ Mmin(Mmin + 1) 1.8

xT / cm® K mol

whereMpin is equal to the absolute value of theeigenvalues 1.6
corresponding to the doublet. Finally, to obtain the values 14
of . and M, the decoupling-limit dex = 0) contributions 8
are subtracted from the calculated valueg ehdM. During x 1,21
the second stage, the first-stage values of the LF parameters g 104 i
were also relaxed. = ]
Magnetic Properties of 1.Figure 8 shows the plot gfT = 0,81 oon B
vs T for the powder sample df (open squares). At room 064 ‘ . . . ‘
temperature, thgT product is equal to 1.07 ¢hK mol, "0 50 100 150 200 250 300
which is slightly lower than 1.18 chiK mol~2, corresponding T/K
to the isolated C& (J = %>, g; = %7) and W (S=1,, g = Figure 9. Thermal dependence g for 2 with the best fit (solid line).
2) ions. As the temperature is lowered, th€ product Inset: M vs H with the best fit (solid line).
gradually decreases to reach a short plateau of 0.84kcm 20
mol~t and then abruptly decreases to the value of 0.58 cm ' J
Kmol~tatT =2 K. Inthe inset to Figure 8, the experimental 18

data for the field dependence of the magnetization &t 2
K are shown (open circles). The corresponding curve displays
a monotonic increase with increasing value of the magnetic
field and reaches the value of 1.Mp atH = 50 kOe. It is
twice lower than the value of 2.8M3 expected for the
isolated C# and W ions.

Figure 8 shows the best fits (solid lines) fgof vs T and
M vs H data obtained with the set of parameters presented . : : : ;
in Table 10. The lowest sublevel is a Kramers doublet 0 5 100 150 200 250 300
comprising|+%.Ostates (Table 11); hencMmin = 5. The T/K
lowest substates are those with the highéﬁtvalue within Figure 10. The_rmal depend_ence _Qﬂ'lfor 3 with the best fit (solid line).
the J = 5, ground-state multiplet. This indicates the Inset: M vs H with the best fit (solid fine).
appearance of strong uniaxial magnetic anisotropy along thewith increasing temperature starting at the value of 0.62 cm
C, axis at low temperatures. The sudden drog Dfat low K mol~*for T = 2 K to reach the value of 1.71 &K mol~*
temperatures may be ascribed to two factors. First and theat room temperature, which is lower than 1.98*¢tmol—?*
dominating one is the “switching-on” of the intrachain expected for the isolated'’(J = 4, g; = %) and W (S=
antiferromagnetic interaction. The second is related to the %/,, g = 2) ions. The inset to Figure 9 shows the plot of
rapid depopulation of the first excited-state level in favor of isothermal magnetizatiod vs external magnetic field for
the ground state, from 24% @&t= 10 K down to 0.3% af at T = 2 K (open circles). The monotonically increasing
= 2 K. The slow increase of thgT values starting from  magnetization curve reaches the value of INfBat H =
about 10 K and continuing up to room temperature is, in 50 kOe. It is considerably lower than the value of 35
turn, consistent with the position of the highest excited-state expected for the noninteracting ions approximation.

-
[}
1

¥T / cm® K mol’
>

-
N
N

R T )
H/kOe

level (+3/,0states) on the energy scale high abox®30 Figure 9 shows the best-fit curves (solid lines) #drvs
cm™ ) the ground state. T andM vs H data simulated with the parameters presented
Magnetic Properties of 2.In Figure 9, the plot of T vs in Table 10. The lowest level of the ground-state multiplet

T for the powder sample ¢f is shown (open squares). The is the doublet of+200substates (Table 12); thuglmi, = 2.
corresponding curve displays a smooth monotonic increaseAt T = 2 K, the population of the ground-state level is almost

8932 Inorganic Chemistry, Vol. 46, No. 21, 2007



Properties of Li' =WV Systems

Table 10. Best-Fit Parameters for Compountis4 and6—11

ground-state

compound term Oin Jiem 1 ASE2Iem ! AjEATIcm 1 AEeTIem 1 Agmszcm1
1 2Fgp 0.81(2) —0.24(1) +55(2) —127(6)
2 3H, 0.74(3) ~0.07(3) —94(11) ~30(3)
3 gy 0.67(1) +0.47(2) +45(2) —86(4)
4 SHeyz 0.13(3) +1.25(3)
6 8 1.97(2) —1.44(3)
7 7 1.47(2) +0.28(7) +81(1) +51(6)
8 6Has)2 1.28(3) +0.23(1) +164(22) ~105(12)
9 5 1.24(1) —0.04(1) +300(6) —177(10) +6(1) —483(53)
10 - 1.18(2) +0.06(1)
11 2, 1.15(5) ~0.07(2) +5.5(3) +147(12) —244(23)

Table 11. Energies and Wave Functions of the Ground-State
Multiplets for Cd"

Table 13. Energies and Wave Functions of the Ground-State
Multiplets for Nd"

En(cm™) wave function En (cm™) wave function En(cm™) wave function En(cm™) wave function
0 15,00 | =520 231 3.0 |—3/20 0 |70 =710 252 13,00 |—3/,0
8 |%200 =20 5 %200 |=/>0 340 %200 |=5/20
186 197200 | =200

Table 12. Energies and Wave Functions of the Ground-State
Multiplets for P#!

En (cm™) wave function En(cm™) wave function
0 |20 |—20 145 |40)|—40
47 130 |—30 217 jod
131 110 |-10

100%, and then it drops to 77% &t= 50 K, whereas the
first excited-state level corresponding to the higldgrvalue
(J£30states) becomes populated to 20%.TAE 100 K, the

cm~* above the ground state and the low-lying first excited-
state level are accountable for the relatively slow increase
of the ¥ T values starting from 20 K. The population of the
second excited-state level stops being negligible only at
= 100 K (3%). The population of thet"/,0level reaches
97% atT = 2 K, whereas that to thet/,0level is 3%. At

T = 10 K, they repopulate to the amounts 67% and 33%,
respectively. The proximity of thekY/,Cevel to the ground
state confines the range of the applicability of the present

population of the third excited-state level corresponding to approximate approach to very low temperatures. However,
the highestJ,| substates amounts to 7%. Those facts explain the coupling constant was found to be only a fraction of a

the relatively rapid increase of thé product in the low-
temperature range. At higher temperatures, compduisd
isotropic down to about 150 K, which is the region where
|+100and|+40states become depopulated, whereag-H28]
and |+30states’ population starts to prevail.

Magnetic Properties of 3.Figure 10 shows the plot of
xT vs T for the powder sample @ (open squares). As the
temperature rises, th@ product gradually increases, reach-
ing the value of 1.70 ciK mol~* at T = 300 K, which is
lower than 2.01 cifhK mol~* corresponding to the nonin-
teracting Nd' (J = %,, g; = &) and W (S=1,, g=2)
ions. At T = 18 K, theyT product displays a minimum of
1.19 cn? K mol~! and then increases abruptly, reaching the
value of 1.91 criK mol~! at T = 2 K. The inset to Figure

wavenumber, so that intrachain interactions are practically
“switched off” at about 10 K, where the population of the
ground state still dominates and the approach remains
plausible. Moreover, coupling with the first excited-state
doublet is expected to be weaker than that with the ground
state. More importantly, this does not discredit the main point
of the analysis; i.e., coupling between the lowest substate(s)
of Ln" and the states of the YAion is sufficient to determine
the magnetic characteristics of lanthanide-based systems at
low temperatures because of the LF splitting from the full
ground-state multiplet of L'h. The ferromagnetic coupling
between the doublet ground state of'Nand the doublet of
WV is accountable for the rapid increase )of observed
below 10 K.

10 presents the experimental data for the field dependence Magnetic Properties of 4. The experimental thermal

of the magnetization all = 2 K (open circles). The

dependence of theT product for4 in the range of 2300

corresponding curve displays a monotonic increase, nearlyK is shown in Figure 11 (triangles). Upon coolingT

saturating the highest fields. It reaches the value of R,20
atH = 50 kOe, which is lower than 3.983 expected for
the isolated-ion approximation.

Figure 10 presents the best-fit curves (solid lines)yfor
vs T andM vs H data obtained for the parameters listed in
Table 10. The lowest sublevel for the isolated"Nis a
Kramers doublet comprising:"/,Cstates (Table 13), which

continuously decreases to reach a minimunt at 15 K.
Further cooling provides a sharp increase, and the value of
0.791 cni K mol™* at T = 2 K is reached. ThéH ground-
state term of the Sthion is known to be split by the spin
orbit coupling into six levels:E(J) = 4J(J + 1)/2 with the
spin—orbit coupling parametet on the order of 200 cnt
andJ = %,, ..., ¥%,.1® Therefore, in addition to the ground

implies Mmin = 7/,. These states correspond to the second state®Hs,, the first €H7,) and even higher excited states

largest|J,| value within the ground-state multiplet. Neverthe-

can be considerably populated at room temperature. As a

less, the strong uniaxial magnetic anisotropy should be setconsequence, the high-temperature behavioyDfvs T

only at very low temperatures because of the first excited-

state level lying at 5 crt and comprising+Y/,states. The
next excited-state Kramers doubletf/,0) lying about 190

deviates from linearity. Furthermore, the presence of low-
lying excited states adds a significant temperature-indepen-
dent contribution to the magnetic susceptibility. To take both
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integer values from 0 to 6. The sptorbit coupling operator
with a4 spin—orbit coupling parameter can be expressed as
Hso = AL-S. The ’Fo ground state is taken as the origin in
the E(J) = AJ(J + 1)/2 energy scheme. Despite the ground
state being diamagnetic, the nonzero contribution to magnetic
susceptibility has been taken into account because of the low-
lying first excited states, which can be thermally populdted.
The molar magnetic susceptibility can be expressed as

¥T / cm® mol™ K

6

20(23 + 1)y (J) exp[-AJ + 1)/, T]

0 30 60 9 120 150

T/K Xeu™ ",
Incet: M vs H with the st Tt (sot ey - oo ot ne) 2,2+ D explAII 12T
1,6 where
12. ) = Ngfﬁ;J((TJ T 2N —mlxgj -2)

The first term in the above formula is the standard contribu-

tion from a noninteracting magnetic center with spin quantum

numberJ and LandéactorgJ (g; = %, for J = 0 andg; =

4 5 for J = 0), whereas the other one represents a temperature-

0 80 100 150 200 250 300 independent contr'ibution'due to'the presence of low-lying
T/K excited states. This contribution is a second-order quantum

correction calculated as
Figure 12. Thermal dependence ¢T for 5 with the best fit (solid line). orrection calc
Inset: M vs H with the best fit (solid line).

¥T / cm® K mol”
o
(o]

o
~

+3 +7 DM,IB(L + 29)|3 M,0
¥ =—2N Z
me=—af=my==r E(M;) — E(J . M;)

effects into account, the stepwise fitting procedure was
applied. First, it involved subtraction of a nonlinear (tem-
perature-dependent) contribution from the experimental data.
The second step consisted of fitting of the CutWeiss law

and temperature-independent correcginThe best fit was
obtained withd = 212 cn1?, C = 0.404 cni K mol™, 6 =
+0.97 K, andy* = 0.0022 cnd mol~%. The high value of*

is probably due to the splitting of tH&l ground state of the
Sm" ien (LF effects). The data corre_cted W.ij‘d"l (Figure Ng, 62(S + 1)
11, circles) have provided the starting point for further =
analysis, revealing the best fit fdwith J = +1.25(3) cm*
andgsm = 0.13(3) (Figure 11, solid lines). The isothermal

magnetization curve fat at T = 2 K (Figure 11, inset) shows magnetic susceptibility calculated as a SyRw = yeu +

a small difference between simulated and experimental dataXW has been implemented in the fitting procedure. The best
?n the Iov_v epplied f.ield, which is attributable to the neglected i \vas obtained fogw = 1.92(2) andl = 386(4) cnT? with
interchain interaction. , 0o fixed at 5 andy;-o at3/,. Figure 12 shows the magnetic

Magnetic Properties of 5. The experimental thermal 5 sysceptibility in the form of gT vs T experimental
dependence of thgT product forS in the range of 2300 ¢y (open squares) together with the simulated curve (solid
K is shown in Figure 12. At room temperature, the value of line). The inset to Figure 12 shows the magnetizalbus

% T is equal to 1.62 cAK molt, which is greater than the  gytemal magnetic fielth measured af = 2 K (open circles).
value expected for the sole contribution from the ibh (S The solid curve corresponds to the sole contribution from

= ', g = 2) and significantly lower than the high-  ,e noninteracting Wcenter given by the following formula:
temperature limit (7.88 cfK mol*) corresponding to the

The neglect of magnetic coupling with the adjacent W
ions and independent treatment of both centers can be
assumed with a good approximation because the ground state
of the EU" ion is diamagnetic. The contribution to the molar
magnetic susceptibility from the Ycenter is calculated as

xw 3KT

where gw is the Landefactor of the W ion. The total

decoupled total spifs and the total orbital angular momen- 1 owsH

tum L of the EU' ion. Upon cooling,yT monotonically M :ENg\Nﬂ tanl‘( 2kT)

decreases along a smooth and featureless curve to reach the

value of 0.35 cAK mol™tatT = 2 K. The theoretical analysis performed foclearly shows that

The ’F ground-state term of the Euion is split by the the EY' and W’ centers in 1-D chains are magnetically
spin—orbit coupling into seven staték;, with J taking the decoupled.
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Figure 13. Thermal dependence g@T for 6 with the best fit (solid line).
Inset: M vs H with the best fit (solid line).
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Figure 14. Thermal dependence g@T for 7 with the best fit (solid line).
Inset: M vs H with the best fit (solid line).

0 5 100

Magnetic Properties of 6.Figure 13 shows the plot of
xT vs T for a powder sample o6 measured in the
temperature range-200 K at a direct current field of 1
kOe. At room temperaturg,T is equal to 7.9 cfhK mol™,
which is slightly lower than 8.25 cfrK mol~! expected for
an isolated GH ion (S = 7/, with ground statéS;;;) and a
WV ion (S= %,) with g = 2.00. Below 100 K, theT product

15+
g 144
4
&
131
|;< 0 10 20 3 4 50

H/kOe
124 T : . . .
0 50 100 150 200 250 300

T/IK

Figure 15. Thermal dependence @f for 8 with the best fit (solid line).
Inset: M vs H with the best fit (solid line).

Table 14. Energies and Wave Functions of the Ground-State
Multiplets for ThH"

En(cm™1) wave function En (cm™) wave function
0 |50 |—50 81 120 |—20
11 |40 |—40 108 110|-10
35 |6L)|—60 118 [om;

44 130)|—30

circles) is shown. The magnetization curve displays a
relatively rapid increase up té ~ 10 kOe and then embarks
on a nearly linear rise, reaching the value of 6N)5at H
= 50 kOe. This value is considerably lower than 9140
calculated within the noninteracting ions approximation.
Figure 14 shows the best-fit curves (solid lines)jfdrvs
T and M vs H data simulated with the set of parameters
collected in Table 10. The lowest substate of the ground-
state multiplet of the Th ion is a doublet of|=50states
(Table 14); hencéylnmi, = 5. The first excited substatés40]
lie at about 10 cmt. At T = 2 K, the population of the
ground-state level is greater than 99%, and theh at 20
K, it drops to 63%, while that of thet4Jlevel amounts to
29%. The relatively rapid change in thhe& value in the low-
temperature range may be ascribed to the rapid increase of
the population of the+40level. The highest energy level
corresponds to the nondegeneri@testate and lies at about
118 cnt. The following levels correspond to the subsequent

decreases to reach the minimum at 11 K. Upon further low |JJ values down to the point of 40 cth below which
cooling, a sharp increase is observed, and the value of 12.28he high |J,| states reside. This may explain the nearly

cm® K mol~tatT = 2 K is reached. ThgT vs T obeys the
Curie—Weiss law above 12 K witlC = 7.94 cn¥ K mol~!
and6 = —1.14 K. The data fo6 were well simulated down
to 2 K with J = —1.44(3) cmit andgeq = 1.97(2) (Figure
13, solid lines).

Magnetic Properties of 7.Figure 14 shows the plot of

xT vsT for a powder sample of (open squares). In a wide

plateaulike behavior ofyT persisting down to 50 K.
Furthermore, the small upturn of thd product at lowest
temperatures indicates ferromagnetic coupling betwe&n W
and TH' spin states.

Magnetic Properties of 8.In Figure 15, the plot of T
product vsT for a powder sample o8 (open squares) is
presented. At room temperature, thiE product is equal to

range of temperature, the corresponding curve displays an14.52 cni K mol™%, which corresponds to thegT value
almost plateau behavior with only slight deviations from the calculated for the isolated My(J = %, g; = %3) and W

value of 11.74 cK mol~* reached at room temperature,

which is lower than 12.19 c¢fnK mol~! expected for the
isolated TH' (J = 6, g; = %/,) and W (S= Y,, g = 2) ions.

Below T ~ 25 K, the T product gradually decreases,

(S= Y,, g = 2) centers. As the temperature is lowered, the
xT product gradually increases to reachTatr 72 K a
dispersed maximum of 15.08 énd cm~* and then abruptly
decreases to the value of 12.75%kmol™?, reached af

showing a slight upturn for the lowest temperatures, with = 2 K. The inset to Figure 15 shows the plot of the

the value of 9.77 c/hK mol~! reached af = 2 K. In the
inset to Figure 14, the isothermal magnetizatibrs external
magnetic fieldH plot for 7 measured al = 2 K (open

isothermal magnetizatiod vs external magnetic field for
8 measured aT = 2 K (open circles). The shape of the
magnetization curve is similar to that fér The magnetiza-
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T/K Figure 17. Thermal dependence gff measured on a single crystal of
Figure 16. Thermal dependence ofT for [HoW] (9) with the best fit [ErW] (10) with the best fit (solid lines).

(solid line). Inset: M vs H with the best fit (solid line).

Table 15. Energies and Wave Functions of the Ground-State ground-State multlplet IS a superposmor_l {QBD+ |_6EH .
Multiplets for Dyl and{|20+ |—2[ states (see Table S2 in the Supporting
Information). The wave functions of [HoW] collected in

En (em™) ije funlft'on En ) ije furl‘;t'on Table S3 in the Supporting Information are expressed as
cl)l ilsgglilagg ig‘; :5/£2E1D|I—;/2/D2D superpositions of those given in Table S2 in the Supporting
39 19,0 |—%,0 219 13200 |—3/-0 Information and the W spin wave functions. The introduc-
101 7120 =120 248 ["2001=20 tion of the Heisenberg coupling between the'Hand W
centers splits and shifts the levels slightly, but the spectrum
tion curve displays a relatively rapid increase uHte 10 can be seen to consist of the Kramers doublets. The first

kOe and then embarks on a nearly linear rise, reaching thegycited state ob lies as close as 7.3 crhto the ground-
value of 6.97Nj, which is considerably lower than 10.77  state level, and the separation between the subsequent excited
Nj calculated within the noninteracting ions approximation. states is on the order of tens of reciprocal centimeters, so
Figure 15 shows the best-fit curves (solid lines) frvs that the entire spectrum is taken into account in the
T andM vs H data obtained with the parameters presented calculation of the magnetic properties @f
in Table 10. The lowest level of the ground-state multiplet Magnetic Properties of 10.The magnetic measurements
is the Kramers doublet gf=*/>[substates (Table 15); thus, for [Erw] (10) were performed on a single crystal having a
Mmin = /2. The next substateis='¥,0lie about 10 cm*  size of 4.7x 0.8 x 0.6 mn¥. The orientation of the axes
above. AtT = 2 K, the population of the ground-state level \as determined by the X-ray analysis. Figure 17 shows the
is greater than 99%, and thenTat= 20 K, it drops to 66%,  experimental temperature dependence ofyfhgroduct in
while that of the|+'¥,[level amounts to 30%. The relatively an external magnetic field of 1 kOe applied in three
rapid change in thgT value in the low-temperature range independent directions along thgopen squares) (open
may be ascribed to that rapid increase of the population of circles), andt (open triangles) crystal axes. Even at 300 K,
the |[+*%.0evel. The dispersed maximum displayed around the susceptibility measured along therystal direction is
70 K may be understood as a combined effect of the separated from those measured alongthedc directions.
anisotropy of thegpy tensor and the LF reordering of the  The value of 11.85 cAK mol~! expected for the noninter-
Dy" multiplet components so that the substates with the acting Ef' (J = 5/, g = ¢/s) and W (S= Y5, g = 2) ions
highest|J,| values are pushed toward lower energies. lies between the high-temperature valuegBfor Hila and
Magnetic Properties of 9.Figure 16 shows the plot of  those forHIlb or Hilc. They T values for bothHIlb andHilc
the T product vs temperatur€ for a powder sample of  smoothly decrease when the temperature is lowered. The

[HoW] (9) (open squares). As temperature riggsasymp- corresponding curves coincide for high temperatures and
totically approaches the value of 14.44 Tri{ mol, separate al ~ 150 K, with the decrease of thdllc data
corresponding to the contributions from isolated'Hd = being more rapid. TheT product forHlla displays a steady

8,9 = %4 and W (S = %, g = 2) ions. When the increase upon cooling, reaching the maximum of 15.52 cm
temperature is lowered, the product gradually decreases K mol~! at T = 38 K, and then decreases, amounting to
to reach the value of 2.96 ¢ mol~t at T = 2 K. In the 14.01 cri K mol~* at T = 2 K, showing a slight upturn for
inset to Figure 16, the experimental data for the field the lowest temperatures. The experimental data reveal that
dependence of the magnetizatiomat 2 K are shown (open  [ErW] is a uniaxial magnet at high temperatures, with éhe
circles). The corresponding curve displays a monotonic direction playing the role of an easy axis. Beldw~ 150
increase with the increasing value of the magnetic field and K, the sample becomes magnetically biaxial. However, the
reaches the value of 6.985 at H = 50 kOe, which is  a axis continues to define the preferred direction of mag-
significantly lower than the value of 10.743 expected for  netization down to the lowest temperatures. Figure 18 shows
the isolated HY§ and W’ centers. the field dependence of the magnetizationTat= 2 K
Figure 16 shows the best-fit curves (solid lines) for the measured along three crystallographic directions. The mag-
susceptibility and isothermal magnetization obtained with the nitude and the rate of change of magnetization are consistent
parameters listed in Table 10. The lowest substate of thewith the corresponding values @f detected at 2 K.
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Figure 18. Field dependence of magnetization measured on a single crystal Figure 20. Thermal dependence gff for [TmW] (12) with the best fit
of [ErW] (10) with the best fit (solid line). (solid line). Inset: M vs H with the best fit (solid line).

I, g = 8) centers. AfT = 2 K, theyT product attains the
value of 1.58 cri K mol~%. In the inset to Figure 19, the
experimental data for the field dependence of isothermal
magnetization aff = 2 K are shown (open circles). The
corresponding curve displays a monotonic increase with
increasing value of the magnetic field and reaches the value

N
~

1N
i

xT/ em® Kmol™
N

181 - of 2.54NB atH = 50 kOe. It is significantly lower than the

15 ° e value of 4.74Nj expected for the isolated-ion approximation

"0 5 100 150 200 250 300 calculated at the same temperature and external magnetic
T/K field.

Figure 19. Thermal dependence @ff for [YbW] (11) with the best fit

(solid line). Inset: M vs H with the best fit (solid line), Figure 19 shows the best-fit curves (solid lines) for the

susceptibility and isothermal magnetization obtained with the

Table 16. LF Parameters (cnd) for Er" parameters given in Table 10. The lowest substate of the
LF parameter LF parameter ground-state multiplet is a superposition |afl/,Jand |47/
A0 —200(8) A0 1396(13) 2[states (Table S6 in the Supporting Information) in which
AlFe0 +1040(140) AZEe0) —168(34) the lowest spin-state contribution is dominating. That ac-
A0 +16(3) Ade0] +359(7) counts for the considerable downshift of isothermal magne-
:gggg —2?12)(47) AgEe0 —77(13) tization & 2 K (Figure 19). The wave functions of [YbW]

(Table S7 in the Supporting Information) are expressed as
The best-fit curves (solid lines) of the susceptibility and SUPerpositions of those given in Table S6 in the Supporting
isothermal magnetization for the three indicated directions Nformation and W ion spin wave functions.
shown in Figures 17 and 18, respectively, were simulated Magnetic Properties of 12.Figure 20 shows the plot of
with the set of parameters collected in Table 10 and the LF xT vs T for a powder sample of [TmWI@) (open squares).
parameters listed in Table 16. The primed LF parametersIn the range of 188300 K, the corresponding curve displays
are also given because of the low symmetry of th# Er @ plateau of 8.13 cfK mol™, slightly higher than 7.52
coordination environment. The lowest level of the ground- ¢ K mol™, which comprises the contributions from the
state multiplet is a Kramers doublet with the largest contribu- isolated Tnt' (J = 6, g = /¢) and W (S = "/, g = 2)
tions from the highest spin states!¥,[] |+%,0) and |+¥ centers. When the temperature is lowered below 180 K, the
,[0(Table S4 in the Supporting Information). The wave xT product initially decreases gently, and then upon further
functions of 10 presented in Table S5 in the Supporting cooling down to 10 K, it undergoes an abrupt drop to reach
Information are expressed as superpositions of those giventhe value of 5.83 ciK mol~* atT = 2 K. In Figure 20, the
in Table S4 in the Supporting Information and the 8pin plot of isothermal magnetizatiavi vs external magnetic field
wave functions. The first excited state b0 lies less than ~ H for [TmW] at T = 2 K (open circles) is shown. The
0.1 cnit above the ground state, and the separation betweerinonotonically increasing magnetization curve reaches the
the two following excited states is on the order of wave- Vvalue of 5.5\ atH = 50 kOe, which is considerably lower
number fractions only. The degeneracy in the spectrum of than the value of 7.74j expected for the noninteracting
10is completely removed. In the calculation of the magnetic i0ns approximation.
properties, the whole spectrum is taken into account. The 42 electronic configuration of the Tthion results
Magnetic Properties of 11.Figure 19 shows the plot of  in the ground-statéHes with the expected value of the Lande
% TvsT for a powder sample of [YbW]1(1) (open squares).  factor //s. The dimension of the ground-state subspace is
As the temperature decreasg$,gradually decreases from hence 13, whereas that of the subspace spanned by‘the W
the value of 2.78 c/K mol~ at T = 300 K, which is lower ion spin states is 2. The ions are treated independently; i.e.,
than 2.95 cr K mol~! corresponding to the isolated-ion no magnetic coupling between them is assumed. The best
contributions from the W (S= 1/, g=2) and YB' (J = fit to the experimental data was found for the following set
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of parameters:gr, = 1.22(2), AJi20= +199(10) cm?, cm1), 7 (J = +0.28 cm'?), and8 (J = +0.23 cm?) has
AJE 0= —16(2) cn?, and Aj= —425(17) cml. The ferromagnetic character. In the case of dimeric systems, the
LF obtained in the applied approximation does not remove coupling constants seem to be independent of the lanthanide
the degeneracy of the ground-state multiplet completely. In center. The splitting structures of the ground-state multiplets
12, the three lowest substates (of which one is a degenerateof the compounds have been shown to explain the temper-
pair) lie within 5 cnt! (Table S8 in the Supporting ature dependences of the magnetic susceptibilities. Further-
Information). The lowest sublevel is a superposition@f more, the information on the 4Hd electronic structures
and{|4H |—40. The magnetic behavior df2 in the low- reported here provides a good starting point for studying the
temperature range is determined by the three lowest sublevelgnagnetic anisotropies of single crystals.
because the fourth substate lies at fairly high energy (about The magnetic coupling between the'lLand W centers
120 cn1Y). Figure 20 shows the best-fit curves (solid lines) has been found to be very weak. Small values of calculated
for the susceptibility and isothermal magnetization. coupling constants appear as a consequence of very long
Ln""—NC—W cyano bridges. The coupling constant values
show a decreasing tendency with an increase of the number
Two series of isomorphous compounds, (i) 1-D chains [Ln- of f-shell electrons.
(terpy)(DMF)][W(CN)g]-6H,O (Ln = Ce-Dy) and (ii)
dinuclear molecules [Ln(terpy)(DMEKH20),][W(CN)g]-
3H,0 (Ln = Ho, Er, Yb), along with the ionic system [Tm-
(terpy)(DMF)%(H,0)3][W(CN)g]-4H,O-DMF, provide the

Conclusions
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splitting parameters and the exchange interaction between
lanthanide centers and a d-electron spin carrier. The corre- Supporting Information Available: Table containing extended
sponding exchange constants have been shown to changeperator equivalent®y (Table S1), tables showing energies and
the sign along the series of chains. The coupling is antifer- wave functions of the ground-state multiplets and for compounds
romagnetic forl (J= —0.24 cnm?) and2 (J = —0.07 cn?y), 9—11 (Tables S2-S8), and crystallographic files in CIF format
where the latter is apparently weaker, opening the possibility for compoundsl-C;HsOH—8-C,HsOH and9—12. This material

for sign flip to occur for the subsequent lanthanide center. is available free of charge via the Internet at http://pubs.acs.org.
Indeed, the intrachain interaction observed3¢d = +0.47 IC700795Q
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