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Lanthanide-ion-tuned magnetic properties in a series of three-dimensional

cyano-bridged Ln""WY assemblies
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The reaction of [W(CN)g]*~ with Ln*" and pyrazine in acetonitrile yielded a series of isostructural
compounds formulated as Ln(H,O),(pyrazine)y s W(CN)g (Ln = La(1), Ce(2), Pr(3), Nd(4), Sm(5), Eu(6),
Gd(7)). The Ln(m) and W(v) centers in the structure are linked through cyanide groups to form
two-dimensional (2D) layers, which are further pillared by pyrazine, generating 3D frameworks.

The magnetic behavior for compounds 1-7 were driven by the lanthanide ions involved. The Ln(in) and
W(v) ions in compounds 2 and 5 are ferromagnetically coupled with magnetic ordering occurring at

2.8 K, comparable with magnetic ordering with the critical temperature of 1.9 K for compound 4. In
addition, the antiferromagnetic interactions were observed in compounds 3 and 7, while no significant

magnetic couplings were found in compounds 1 and 6.

Introduction

In recent years, considerable research has been put into the
design and elaboration of molecule-based magnets.! Of particu-
lar interest is the fact that octacyanide-bearing precursors
[M(CN)]"™ (M = Mo, W with n = 3, 4, M = Nb with n = 4) are
frequently utilized to construct discrete molecules, one-
dimensional (1D) chains, 2D layers and 3D networks,” and the
resulting materials have displayed rich magnetic properties such
as high 7.,> photo-/guest-induced magnetism,*> SMMs (single
molecule magnets),® SCMs (single chain magnets),” MSHG
(magnetization-induced second harmonic generation)® and SCO
(spin  crossover) magnetism.9 However, [M(CN)g]" -based
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1 Electronic supplementary information (ESI) available. CCDC 846239
(4), 866862 (5), 846240 (6), 846241 (7), and 866861 (2a) (The crystal-
lographic data and experimental details for structural analyses for com-
pounds 4-7 and 2a; Selected bond lengths and angles for compounds
4-7 and 2a; TG curve of the precursor [HN(n-C4Hg)3]3[W(CN)g] and
compounds 1-7; powder XRD patterns, IR spectra and EDS spectra of
compounds 1-7; powder XRD patterns of as-synthesized and simulated
from single-crystal data of compound 5, as well as simulated from
single-crystal data of compound 2a; M—H curves for compounds 2, 4
and 5; ac measurements for compounds 2a, 3 and 5-7; 1/y\-T curve,
zfc—fc curve and magnetic hysteresis loop of compound 7). For ESI and
crystallographic data in CIF or other electronic format see DOI:
10.1039/¢2dt30615h

4f-4d/5d assemblies that contain lanthanide ions are relatively
limited and poorly investigated in comparison with the numerous
3d-4d/5d systems and [M(CN)g]>~ based (M = Fe, Cr, Co, Mn)
4f-3d materials that are widely documented structurally and
magnetically.'® This is because of the labilities of lanthanide
ions, the rather large anisotropic magnetic moments and the
absence of design strategies for 4f—4d/5d systems. In spite of
this, the resulting materials have displayed unique structures'’
and intriguing magnetic properties, for example, long-range
magnetic ordering,'? cooling-rate-dependent magnetism'® and
magneto-luminescent bifunction.'*

It should be mentioned that rare examples of 3D octacyano-
metalate-based lanthanide assemblies including [Ln(mpca),-
(H,0O)(CH30H)Ln(H,0)sW(CN)g]-nH,O (Ln = Eu, Nd; Hmpca
= 5-methyl-2-pyrazinecarboxylic acid)'® and [{Nd"(CH;OH),-
Mo"Y(CN)s} 5[Nd"(H,0)5]-8CH;0H'" have been synthesized
and characterized structurally and magnetically, in which the dia-
magnetic [M(CN)g]*~ units are involved. Recently, we reported
the first 3D 4f-5d compound Tb(H,0),(pyrazine)y s W(CN)g (8)
using 2D layers as building blocks.'® The Tb(im) and W(v) ions
are coupled ferromagnetically and the reported method has pro-
vided an opportunity to obtain 3D magnets in the 4f-5d system.
As is well known, the magnetic susceptibilities of lanthanide
system are strongly influenced by the thermal population of sub-
levels in the ground-state multiple in the ligand field.'*”!” Given
the above considerations and as part of our ongoing efforts in the
design and construction of new structural types of octacyanide-
based multifunctional materials,'®'® our continuous interest in
such systems is focused on studying the nature of magnetic
exchange by varying the type of lanthanide ions involved.

In this contribution, we present a series of 3D assemblies with
the general formula Ln(H,0)4(pyrazine)y sW(CN)g (Ln = La(1),
Ce(2), Pr(3), Nd(4), Sm(5), Eu(6), and Gd(7)). Single-crystal
and powder X-ray diffraction analysis revealed that compounds
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Fig. 1

The 3D framework of compounds 1-7.

1-7 are isostructural to compound 8 and exhibit a 3D open
framework (Fig. 1), in which 2D corrugated layers are pillared
by pyrazine ligands. It is noteworthy that the magnetic properties
of compounds 1-7 were clearly driven by the lanthanide ions
involved, due to ligand field effects and exchange interactions.
We have previously found several systems exhibiting lanthanide-
jon-induced magnetic behavior, including binuclear [Ni'Ln™]
(Ln = La—Er) Schiff-base compounds,'® M(CN),-based (M = Fe,
Cr) lanthanide chains with tptz or bpy as blocking ligands
(tptz = 2,4,6-tri(2-pyridyl)-1,3,5-triazine; bpy = 2,2'-bipyri-
dine)®® and cyano/bpdo mixed-bridged layers Ln-M(CN)g
(bpdo = 4,4"-bipyridine N,N'-dioxide; M = Fe, Co).*!

Experimental
Materials and physical measurements

All chemicals and solvents were of analytical grade. The precur-
sor [HN(n-C4Ho);]3[W(CN)g]-nH,O was prepared according to
the published procedure, and thermo-gravimetric (TG) analysis
revealed that there were no crystallized water molecules
(Fig. S17). All reactions were carried out under low light con-
ditions because of the photosensitivity of octacyanotungstate(v)
ions. Elemental analyses for C, H and N were performed with a
Perkin-Elmer 240C elemental analyzer. The detection of Ln and
W atoms was performed with energy dispersive spectrometry
(EDS, Oxford INCA). IR spectra were measured on a Nicolet FT
1703X spectrophotometer in the form of KBr pellets in the
4000-400 cm ™" region. Powder X-ray diffraction (XRD) patterns
were collected with Cu-K, radiation using a Shimadzu
XRD-6000 diffractometer. TG analyses were carried out at a
ramp rate of 5 °C min~' under a N, atmosphere using a Pyris
Diamond TGA analyzer. All of the magnetization data were
recorded on a Quantum Design MPMS-XL7 SQUID magneto-
meter. The molar magnetic susceptibilities were corrected for the
diamagnetism estimated from Pascal’s tables and for the sample
holder by a previous calibration.”?

Syntheses of compounds [Ln(H,0),4(pyrazine)y s][W(CN)s]
(Ln = La(1), Ce(2), Pr(3), Nd(4), Sm(5), Eu(6), Gd(7))

The products of compounds 1-7 were prepared using the
reported procedure:16 the precursors [HN(7-C4Ho);]3[W(CN)g]
(0.20 mmol) and Ln(NO3);-:6H,O (0.20 mmol) were dissolved

in acetonitrile (40 mL), and the resulting solution was stirred for
6 h. Then an acetonitrile solution (15 mL) containing pyrazine
(0.60 mmol) was dropwise added into above solution at
ca. 38 °C. Red powders of compounds 1-7 were formed after
further stirring for 24 h. The addition of excess pyrazine ligand
was necessary to obtain final products with high yields. Yield for
compound 1: 34.7 mg (27% based on the La salt). The other
compounds (2—7) have similar mass yields. Our efforts to obtain
single crystals of compounds 1-3 were unsuccessful. Single
crystals of compounds 4-7 were obtained after 3 weeks by slow
diffusion of an acetonitrile solution (2 mL) of pyrazine
(0.15 mmol) into an acetonitrile solution (20 mL) containing
[HN(I’!-C4H9)3]3[W(CN)8] (005 mmol) and LH(NO3)3'6H20
(0.05 mmol). Yield for compound 4: 9.70 mg (30% based on the
Nd salt). Compounds 5, 6 and 7 have similar mass yields.
Powder XRD, IR, TG and EDS results (Fig. S2-S5%) indicated
that as-synthesized products 1-7 and compound 8 are isostruc-
tural. Elem. anal. calcd for C;oH;(NoO4LaW (1), %: C 18.68,
H 1.57, N 19.61. Found: C 18.63, H 1.58, N 19.66. EDS
(atomic ratio), La:W = 1:1.02; Elem. anal. calcd for
Ci1oH10NgO4CeW (2), %: C 18.64, H 1.56, N 19.57%. Found:
C 18.63, H 1.60, N 19.55. EDS, Ce: W = 1:1.00; Elem. anal.
caled for CjgH gNoO4PIW (3), %: C 18.62, H 1.56, N 19.54%.
Found: C 18.60, H 1.59, N 19.48. EDS, Pr: W = 1:0.99; Elem.
anal. caled for C;oH;(NgO4NdW (4), %: C 18.53, H 1.55,
N 19.44. Found: C 18.36, H 1.52, N 19.58. EDS, Nd:W =
1:0.97; Elem. anal. calcd for C;gH;(NoO4SmW (5), %:
C 18.35, H 1.54, N 19.26%. Found: C 18.52, H 1.60, N 19.12.
EDS, Sm: W = 1:1.00; Elem. anal. calcd for C;oH;(NoO4,EuW
(6), %: C 18.31, H 1.54, N 19.22%. Found: C 18.24, H 1.50,
N 19.12. EDS, Eu:W = 1:0.99; Elem. anal. calcd for
Ci1oH10NgO4GdW (7), %: C 18.16, H 1.52, N 19.06%. Found:
C 18.12, H 1.61, N 19.01. EDS, Gd:W = 1:1.01. IR (KBr),
ve= for compound 1: 2174, 2162, 2119 cem™!; Ve=n for com-
pound 2: 2176, 2160, 2118 em™!; ve—y for compound 3: 2176,
2162, 2130, 2117 em™"; ve—y for compound 4: 2178, 2168,
2158, 2118 cm™'; ve—yn for compound 5: 2172, 2158,
2126 em™'; ve—y for compound 6: 2180, 2171, 2160,
2125 cm™; Ve=n for compound 7: 2172, 2158, 2126 cem™ L

Synthesis of compound Ce(H,0)sW(CN)g (2a)

Red block-shaped single crystals of compound 2a were obtained
after about 10 weeks by slow diffusion of an acetonitrile solution
(2 mL) of Ce(NO3);5-6H,0 (0.05 mmol) into an acetonitrile solu-
tion (20 mL) containing [HN(n-C4Hg);]3[W(CN)g] (0.05 mmol).
Yield: 10.90 mg (35% based on the Ce salt). Elem. anal. calcd
for CgH;oNgOsCeW, %: C 1544, H 1.62, N 18.01%. EDS
(atomic ratio), Ce:W = 1:1.00. Found: C 15.58, H 1.61,
N 18.12; IR (KBr), ve—n: 2175, 2162, 2117 em ™.

X-ray data collection and crystal structure refinement

Diffraction data for compounds 4-7 and 2a were collected on a
Bruker Smart APEX II diffractometer equipped with Mo-K,,
(A = 0.71073 A) radiation. Diffraction data analysis and
reduction were performed within SMART, SAINT, and XPREP**
Correction for Lorentz, polarization, and absorption effects were
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performed within SADABS.* Structures were solved using
Patterson method within SHELXS-97 and refined using
SHELXL-97.%° All non-hydrogen atoms were refined with aniso-
tropic thermal parameters. The H atoms of pyrazine were calcu-
lated at idealized positions and included in the refinement in a
riding mode with Ui, for H assigned as 1.2 times U,q of the
attached atoms. The H atoms bound to coordinated water mole-
cule were located from difference Fourier maps and refined as
riding with Ujso(H) = 1.2Uc4(O). One oxygen atom coordinated
to Cel in compound 2a was split into two positions (O2A and
O2B). The crystallographic data and experimental details for
structural analyses are summarized in Table S1.7 Selected bond
lengths and angles are listed in Table S2.§

Results and discussion

Magnetic susceptibility measurements for compounds 1-7 and
2a were performed on polycrystalline samples at 1000 Oe (for
compounds 1, 2, 5, 6, 7 and 2a) and 100 Oe (for compounds 3
and 4) over the temperature range of 1.8-300 K. Let us start with
the simple case of the La derivative. Compound 1 with diamag-
netic La™ jon serves to determine the magnetic character of the
low-spin W(v) ion. At 300 K, the value of yy7 is 0.37 cm® K
mol~' (Fig. 2), close to the contribution of one W(v) ion
(038 cm® K mol_l).27 As the temperature is lowered, the yyT
product decreases slightly and abruptly decreases at 50 K to the
minimum value of 0.06 cm® K mol™" at 1.8 K. The deviation of
the magnetic susceptibility is due entirely to the anisotropy of
low spin value (S = 1/2) of the W3 jon. No noticeable magnetic
interaction was observed in this case.

The magnetic properties of compounds 2, 4 and 5 should be
highlighted. For these compounds, the yyT curves (Fig. 3) are
characterized by a continuous decrease as the temperature
decreased, followed by an abrupt increase at low temperatures
(below 10 K).

The room temperature yy7 value (0.99 cm® K mol™") for
compound 2 is slightly lower than the theoretical value
(1.18 cm® K mol™") for the superposition of isolated Ce(ir) and
W(v) ions,'”? while the values (2.00(4) and 0.45(5) cm® K mol™")
at 300 K for compounds 4 and 5 are close to the expected
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Fig. 2 Temperature dependence of yy 7 for compound 1.

ones (2.01(4) and 0.47(5) cm® K mol™).?’ The amT values
decrease continuously with cooling temperature, due to the
depopulation of excited Stark sublevels, reaching minimum
values of 0.60 cm® K mol™" at 7 K, 0.73 cm® K mol™! at 9 K,
and 0.12 ¢cm® K mol™" at 6 K for compounds 2, 4 and 5,
respectively. A continued decrease in the temperature leads to a
sharp increase in yy7, and the values of 1.39(2), 1.69(4) and
0.26(5) cm® K mol™" were observed at 1.8 K. The abrupt
increase of yy 7 at low temperatures indicates signals of predomi-
nant magnetic coupling between Ln(m) and W(v) centers
through cyano bridge, as is well known for the ferromagnetic
cyano-bridged La™™MV (Ln = Ce, Nd, Sm; M = Mo, W) assem-
blies (Table 1).!3:146:176:28

The experimental field dependence of the magnetizations at
2.0(2), 1.8(4) and 2.0(5) K is shown in Fig. S6,f where the
magnetization increases monotonically as the magnetic field
increases and reach the values of 1.03, 1.47 and 0.39 Nug at
70 kOe for compounds 2, 4 and 5, respectively. These values are
significantly lower than those (2.81(2), 3.90(4) and 1.71(5))
expected for the isolated-ion approximation, due to the low spin
value of Ln(m) from the depopulation of excited Stark sublevels.

Compounds 2 and 5 are both characterized as ferromagnets
with similar magnetic behavior at low temperatures. Isothermal
magnetization experiments (Fig. 4 and 5) performed at 1.8 K
exhibit a hysteresis with coercive fields of about 45(2) and
160(5) Oe, and remnant magnetizations of 0.06(2) and 0.01(5)
Nug, typical of soft magnets.

Both ' and y" components of ac susceptibility (Fig. 6 and
Fig. S77) present non-frequency-dependent peaks at 2.8 K, indi-
cating the occurrence of the long-range magnetic ordering. The
critical temperatures are consistent with results derived from zfc—
fc data, where the zfc—fc curve showed non-reversibility and
bifurcation at 2.8 K (Fig. 4 and 5, inset). The low T values for
both compounds can be attributed to the universal weak coupling
interactions in cyano-bridged Ln—-M(CN)¢s (M = Fe, Cr) or
Ln—-M(CN)g (M = Mo, W) systems (Table 2).12:13.14b 20,21,295-d

The 2D pyrazine-free compound Ce(H,0)sW(CN)g (2a) has
also been prepared and characterized structurally and magneti-
cally. Single crystal X-ray diffraction analysis reveals that com-
pound 2a is isostructural to those materials reported previously
by our group'® and exhibits a 2D corrugated layered structure.
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Fig. 3 Temperature dependence of y\7 for compounds 2, 4 and 5.
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Table 1 The magnetic coupling of octacyanometalate(in)-based lanthanide(mr) compounds

Compounds Structures FO” Magnetic properties Ref.
CeM compounds
Ce(pyrazine), 5(H,O)4sW(CN)g (2) 3D, hybrid network 1’0! Ferromagnet, 7, =2.8 K
Ce(H,0)sW(CN)sg (2a) 2D, square grid I?0° Ferromagnet, 7, = 2.8 K
{Ce,(bpm)(dmf)g(H,0),[W(CN)gls} ,-2nH,0 2D, hybrid layer I'0'  Ferromagnetic, J = +1.4(3) cm™' 28a
[Ce»(bpm)(dmso)g(H>0)4][W(CN)s]»-4H,0 0D, tetranuclear 1°0° Ferromagnetic, J = +1.7(2) cm™' 28a
[Cex(bpm)(dmf)s(H,0)s][W(CN)g]>-3H,0 0D, ion-pair 1°0° Ferromagnetic 28a
PrM compounds
Pr(pyrazine)o s(H,O);W(CN)g (3) 3D, hybrid network ?O! Antiferromagnetic
[Pr(terpy)(DMF)][W(CN)g]-6H,0-C,HsOH 1D, zigzag chain ~ I'0° Antiferromagnetic, J = —0.07(3) cm™' 17b
[Pr(tmphen)(DMF)s][M(CN)g]-DMF-2H,0 (M = Mo, W) 1D, helical chain 1'o° Antiferromagnetic 18a
NdM compounds
Nd(pyrazine)y s(H,O0)sW(CN)g (4) 3D, hybrid network 120! Ferro- or ferrimagnet, 7, = 1.9 K
[Nd(terpy)(DMF)4][W(CN)s]-6H,0-C,HsOH 1D, zigzag chain ~ I'O° Ferromagnetic, J = +0.47(2) cm™' 17b
[Nd(pzam);(H,O)Mo(CN)g]-H,O 1D, zigzag chain 1'0° Ferromagnetic, J/ky ~ +(1.8 +0.2) K 28¢
[Nd(phen),(DMF),(H,0)Mo(CN)]-2H,0 1D, zigzag chain ~ 1'0° Ferromagnetic l4a
[Nd(phen)(DMF)sM(CN)g]-xH,0O (M = Mo, W) 1D, zigzag chain I'0° Ferromagnetic 14a
SmM compounds
Sm(pyrazine), s(H,0)sW(CN)g (5) 3D, hybrid network 10! Ferromagnet, 7, =2.8 K
Sm(H,0)sM(CN)g (M = Mo; W, 5a) 2D, square grid I’0° Ferromagnet, 7, = 2.8-3.0 K 13, 14b
{Sm(H,0)o[Sm,(bpy)>(OH), 75(NO5)g 25][Mo(CN)slo},, 2D, square grid 1?02 Ferromagnetic, 6 = +11.02 K (>75 K) 28b
[Sm(terpy)(DMF),][W(CN)g]-6H,O-C,HsOH 1D, zigzag chain I'O" Ferromagnetic, J = +1.25(3) cm™ 17b
EuM compounds
Eu(pyrazine)q s(H,0)sW(CN)g (6) 3D, hybrid network I*0O' Magnetically decoupled
Eu(H,0)sM(CN)g (M = Mo, W) 2D, square grid 20°  Antiferromagnetic 14b
u(terpy 4 s]'6H,0-C,Hs , zigzag chain agnetically decouple
E DMF),][W(CN);]-6H,0-C,H;OH 1D, zi hai 1'0° Magnetically d led 17h
GdM compounds
razine)y s(H,0)4 8 , hybrid networ ntiferromagnetic
Gd(pyrazi H,0),W(CN)g (7 3D, hybrid k I°0' Antif gneti
Gd(H,0)sW(CN)g 2D, square grid ?°0°  Antiferromagnetic 14b
[Gd(terpy)(DMF)4][W(CN)s]-6H,0-C,HsOH 1D, zigzag chain ~ I'0° Antiferromagnetic, J = —1.44(3) cm™' 17b
[Gd(pzam);(H,O)M(CN)s]-H,O (M = Mo, W) 1D, zigzag chain 1102 Antiferromagnetic, Mo: —0.68 cm™'; W:—0.76 em™' 29a
Gd(DMA)s[W(CN)g] 1D, zigzag chain 1’0" Antiferromagnetic, J = —0.42(1) cm™ 32a
Gd(DMA)s[W(CN)g] 1D, zigzag chain 1'0°  Antiferromagnetic, J = —0.28(1) cm™ 32a
Gd(DMF)g[W(CN)g] 1D, zigzag chain ~ I'0O° Antiferromagnetic, J = —0.58 cm ™" 32b
{{Gd(DMF)4(MeOH),][Mo(CN)gl} . 1D, zigzag chain 1'o° Antiferromagnetic, 8 = —0.38 K (>24 K) 32¢
.04
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Fig. 4 The magnetic hysteresis loop measured at 1.8 K for compound
2. Inset: Temperature dependence of zfc and fc for compound 2 with

H =30 Oe.

Notably, the magnetic behavior of compound 2a is similar to
that of compound 2, despite their different structures. For com-
pound 2a, a continued decrease in low temperatures (below
10 K) leads to a sharp increase in y7 (Fig. 7) and an obvious
hysteresis with coercive fields of about 53 Oe and remnant mag-
netization of 0.20 Nug was observed (Fig. 8). The 7, value of

H/ Oe

Fig. 5 The magnetic hysteresis loop measured at 1.8 K for compound
5. Inset: Temperature dependence of zfc and fc for compound 5 with
H =30 Oe.

2.8 K for compound 2a can be determined from zfc—fc (Fig. 8,
inset) and ac susceptibility results (Fig. S87).

It should be noted that just the ferromagnets Sm(H,0)s-
[M(CN)g] (M = Mo, W) and Tb(H,0)sW(CN)g were found in
octacyanometalate-based lanthanide systems so far.'*!*” Similar

This journal is © The Royal Society of Chemistry 2012
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to compound 2, the magnetic characteristics of compound 5 also
resemble the corresponding 2D pyrazine-free material
Sm(H,0)s[W(CN)g] (52)."*'* To confirm that the long-range
ordering observed in compound 5 is not caused by compound
5a, a detail comparison of powder XRD patterns was performed
(Fig. S97), which indicated that no significant impurity traces of
compound 5a were found. A very small bifurcation at 5 K for
compound 5 may be due to the presence of a small proportion of
an unknown phase (Fig. 5, inset). Studies into this are currently
underway.

For compound 4, the isothermal magnetization experiment
(Fig. 9) performed at 1.8 K exhibits a hysteresis with a coercive
field of 47 Oe and a small remnant magnetization of 0.006 Nug,
suggesting that compound 4 behaves as a magnet. The y’ and "
components (Fig. 9, inset) of the ac susceptibility increased
rapidly at low temperatures and reached the maximum at 1.9 K,
being the onset of the long-range ordering with the critical temp-
erature of 1.9 K. Obviously, the exact coupling nature (ferri- or
ferromagnets) for compound 4 can not be determined based on
the above experiments.

The observed y\T values (Fig. 10) at 300 K for compounds 3
and 6 are equal to 2.37 and 1.42 cm® K mol ™", respectively, which
are inconsistent with those (1.98(3) and 1.88(6) cm® K mol™")

40
30+ —O—1Hz
"'3 ~O—10 Hz
£ ~/\—100 Hz
o 204 71000 Hz
£
(]
- 10
o T v S VS S
4
T ~0—1Hz
g 31 —O—10Hz
@ ~/\~100 Hz
g 2 —7-1000 Hz
R 1
04

Fig. 6 Temperature dependence of the ac susceptibility for compound
2 at different frequencies under H,. = 3.5 Oe and Hy. = 0 Oe.

expected for the isolated Ln™ and W" ions, due to the depopula-
tion of excited Stark sublevels of Ln(ur)."*”'”*'8 Upon cooling,
the ym7 products decrease monotonically to the minimum
values of 0.15(3) and 0.06(6) cm® K mol™" at 1.8 K. As shown
in Fig. S10,T the magnetizations for both compounds at 2.0 K
increase monotonically with an increasing value of the magnetic
field and reach the values of 0.41(3) at 70 kOe and 0.15(6) Nug
at 60 kOe, which are significantly lower than those expected for
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Fig. 7 Temperature dependence of y\7 for compound 2a. Inset: Field
dependence of the magnetization for compound 2a.
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Fig. 8 The magnetic hysteresis loop measured at 1.8 K for compound
2a. Inset: Temperature dependence of zfc and fc for compound 2a with
H =30 Oe.

Table 2 Octa- and hexacyanometalate-based lanthanide compounds with low 7 values

Compounds Structures T, values Ref.
[Tb(pzam);(H,O)Mo(CN)s]-H,O 1D, zigzag chain 1.0K 12
Sm(H,0)sM(CN)g (M = Mo, W) 2D, square grid 2.8-3.0K 13, 14b
{[Sm(tptz)(H,0)4Fe(CN)s]-8H,0} o, (tptz = 2,4,6-tri(2-pyridyl)-1,3,5-triazine) 1D, linear chain 35K, 20a
trans-[Cr(CN)4(u-CN),Sm(H,0)4(bpy)],.-3.52H,0-1.5nbpy 1D, chain <2.0K 20b
{{Ln(bpdo)(H,0),Fe(CN)s}-2H,0},, (Ln = Sm, Gd; bpdo = 4,4"-bipyridine N, N'-dioxide) 2D, square grid Sm:29K;Gd: 1.9K 21
trans-[Fe(CN)4(u-CN),Dy(H,0)4(bpy)],,-4nH,0-1.5nbpy 1D, chain 25K 29b
trans-[Fe(CN)4(1-CN)>,Sm(H,0)4(bpy)],,:5#H,0-1.5nbpy 1D, chain 35K 29¢
[Sm(DMF),(H,0);Cr(CN)s]-H,O 2D, brick wall-like layer 4.2 K 29d
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Fig. 10 Temperature dependence of yy7 for compounds 3 and 6.

the isolated-ion approximation, due to the low spin value of
Ln(m).

To detect the magnetic behavior at low temperatures, ac
measurements for both compounds were performed. Unfortu-
nately, the ' component of ac susceptibility for compound 3
remains unchanged down to 1.8 K, while no signal was observed
in the y"" component (Fig. S117). Furthermore, both components
showed no frequency-dependence in the frequency range of 1 to
1 kHz. Based on the above experiments, we can conclude that
the Pr(m) and W(v) ions in compound 3 are antiferromagneti-
cally coupled, which is comparable to the results observed
in other cyano-bridged Pr'"W" assemblies [Pr(terpy)(DMF),]-
[W(CN)g]-6H,0-C,HsOH (J = —0.07(3) cm™'; terpy = 2,2":6/,2"-
terpyidine)'’” and [Pr(tmphen)(DMF)s][W(CN)g]-DMF-2H,0
(tmphen = 3,4,7,8-tetramethyl-1,1 O-phenanthroline).lg"

The Eu" ion has a non-magnetic ground state, so the low-
temperature magnetic behavior for compound 6 should be
defined by exchange interactions only W-CN-Eu-NC-W
bridge.>® The magnetic character observed at low temperature
may be attributed to non-magnetic ground level of Eu(in) and the
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Fig. 11 Temperature dependence of y\7 for compound 7. Inset: Field

dependence of the magnetization for compound 7.

weak antiferromagnetic coupling between the W(v) units. Lario-
nova and co-workers reported the antiferromagnetic compounds
[Eu(H,0)5][M(CN)g] (M = Mo, W), in which the ¥’ component
of ac susceptibility showed a frequency-independent peak at
2.33 K."*” However, the ' component in our case remained
unchanged as temperature decreases and increases slightly below
4 K, while no signals were observed in the y” component
(Fig. S127). So the Eu(m) and W(v) centers in compound 6 are
magnetically uncoupled, fitting nicely with the other Eu™WY
compound [Eu(terpy)(DMF)4]J[W(CN)g]-6H,0-C,HsOH.'"”

The ymT value (Fig. 11) of 8.06 cm® K mol™" at 300 K for
compound 7 is lower slightly than the expected value of
8.25 em® K mol™" for isolated one Gd™ and one WY.!”"3!
Below 110 K, the yu7 value decreased slightly by lowering
temperatures to reach the minimum value of 8.09 cm® mol™' K
at 50 K. The Gd™ ion has a %S, ground state without first-order
angular momentum. In the absence of crystal field effects, the
decrease of yym7 value at high temperatures is characteristic of
antiferromagnetic interactions between Gd(in) and W(v) ions.
Upon further cooling, a sharp increase was observed with the
maximum value of 17.91 cm® K mol™" at 1.8 K. The temperature
dependence (Fig. S13t) of 1/yy above 50 K obeys the Curie—
Weiss law with a negative Weiss constant 8 = —1.26 K, further
suggesting the existence of the antiferromagnetic coupling
between spin carriers. The magnetic behavior observed in com-
pound 7 is consistent with several 1D cyano-bridged Gd"™'M"
M = Mo, W) compounds with negative J (or 6) values
(Table 1),170:2%4:32

The field dependence of the magnetization (Fig. 11, inset) for
compound 7 measured at 2.0 K shows a rapid increase to
6.10 Nup at 12 kOe, then gradually to the saturation values of
7.06 Nug at 60 kOe, which is between antiferromagnetic
(6 Nug) and ferromagnetic (8 Nug) Gd(m)-W(v) interactions
through the cyano bridge. This behavior indicates the easy
reversal of local spins from initial antiparallel to parallel
against the antiferromagnetic coupling between Gd(im) and
W(v) ions.>*”

To explore the dynamics of magnetization at low temperature,
ac magnetic measurements were performed (Fig. S14+).
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Different slightly from the results found in 2D pyrazine-free
materials Gd(H,O)sM(CN)g (M = Mo, W),Mb the ' component
of compound 7 increased monotonically as temperature
decreased and increased rapidly below 4 K, whereas no signal
was observed in the y” component. Both y' and y"" components
showed no frequency-dependence in the frequencies range
between 1 and 1 kHz. In addition, the magnetization in the
zfc—fc curve (Fig. S151) revealed complete reversibility and no
magnetic hysteresis loop was detected (Fig. S167). The above
experimental results suggest the absence of long-range magnetic
ordering for compound 7 at low temperature. Further analysis
was hampered due to temperature limitations of the low-
temperature apparatus.

In order to investigate the factors affecting magnetic properties
of octacyanometalate-based lanthanide (4f—4d/5d) systems, we
compared the magnetic coupling of compounds 1-7 with those
of related materials reported previously (Table 1). The compara-
tive results revealed that magnetic behavior for 4f~4d/5d systems
were driven by the lanthanide ions involved. Generally, ferro-
magnetic interactions were observed for LnM (Ln = Ce, Nd, Sm)
compounds and antiferromagnetic for LnM (Ln = Pr, Eu, Gd)
compounds.

According to Cheetham,* octacyanometalate-based lantha-
nide systems can be classified using [*O” symbols, where x and
y denoted the dimensionality of the inorganic (I) and organic (O)
subnetworks, respectively. We can see from Table 1 that the
magnetic properties of 4f-4d/5d systems comprising of the same
lanthanide ions were tuned slightly by cyano-bridged skeletons
(inorganic subnetworks) in the structures. For 2D pyrazine-free
layers Ln(H,0)sW(CN)g (I°0°%) and 3D hybrid systems (I°0")
(1-7) in our case, the inorganic subnetworks (Ln—-NC-W
linkages) are similar despite the different dimensionalities of
both series. In fact, the similarity in the magnetic behavior of
compounds 2 (or 5) and 2a (or 5a) could also be expected if one
takes into account the established weak influence of organic
linker between the cyanide-bridged frameworks observed in
other Ln™wV systems, in which the rather weak and antiferro-
magnetic exchange coupling mediated through the 2,2'-bipyrimi-
dine (bpm) ligand, compared to the more effective and
ferromagnetic coupling between the Ce'™ and WY ions linked by
the cyanide bridge.?*

The above results showed that magnetic properties for 3D
hybrid materials (1-7) depend mainly on the introduction of
Ln---W interactions through cyanide bridges, and pyrazine has a
minor effect on the magnetic results. We assign the presence of
magnetic ordering in compounds 2, 4 and 5 mainly to the effec-
tive ferromagnetic Ln"™-W" coupling through cyanide bridges.
From this perspective, the inorganic—organic hybrid materials
(1-7) present in this contribution should be structurally 3D but
only magnetically 2D.

3

Conclusion

A series of isostructural 3D octacyanotungstate(v)-based
lanthanide compounds (1-7) have been synthesized through the
self-assembly reaction between [W(CN)g]*>~, Ln*" and pyrazine
in acetonitrile. These compounds are rare examples of 3D archi-
tectures constructed from octacyanometalates and lanthanide

ions, and the magnetic properties have been tuned by changing
lanthanide ions involved. Most importantly, compounds 2, 4 and
5 represent the first magnets with 3D networks for a octacyano-
metalate-based lanthanide system. The magnetic results of 2D
pyrazine-free compounds Ln(H,O)sM(CN)g and 3D inorganic—
organic hybrid materials (1-7) confirmed the dominant and more
effective cyano-mediated {Ln—-NC—W} interaction, compared to
the rather weak {Ln—pyrazine-Ln} coupling mediated through
the spacer ligand pyrazine. Consistent magnetic behavior for
both series can be attributed to the similarity of CN-bridged skel-
etons (inorganic subnetworks) in the structures. Studies in this
field are underway in our laboratory.
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