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Four heterotrimetallic 3d-3d’-4f complexes, [Ni(L)Gd(H,0),][Cr(CN)s]CHs0H-2H,0 (1), [Ni(L)Tb(H,0)4][Cr(CN)s]CH30H-2H,0

(2), [Ni(L)Gd(H,0)a][Fe(CN)]-3H,0 (3) and [Ni(L)Tb(H,0)a][Fe(CN)s]CH;OH-2H,0 (4) (H,L = N,N-ethylenebis(3-

www.rsc.org/

methoxysalicylaldiimine)) were synthesized and characterized structurally and magnetically. The X-Ray structural analysis

revealed that these complexes are isostructural, in which Ni'Ln"M" (Ln = Tb", Gd"; M = Fe", cr") is arranged in trinuclear

clusters. Then, these clusters further interact with each other via weak hydrogen bonds to form the high dimensional

supramolecular networks. Magnetic investigation indicates that the Ni(ll) centers are diamagnetic. Dominant

antiferromagnetic coupling is presented in complexes 1 and 3. An AC magnetic susceptibility measurement indicates that

complexes 2 and 4 show typical field induced slow magnetic relaxation, which might be caused by the magnetic anisotropy

of center Th" ions

INTRODUCTION

The single molecule magnet (SMM)" and single chain magnet
(SCM)2 are one of the hottest topics in the research field of
molecule magnetism due to their potential applications in
magnetic devices and quantum computers, etc. In these
researches, the 3d transitional metal ions such as Cr, Mn, Fe,

Co, Ni, Cu, etc. are often employed to construct such materials.

In particular, the magnetic anisotropy brought by Mn", Fe"

and Co" was proved to be important for the SMM or SCM
behaviors.>® At the same time, the paramagnetic lanthanide
metals have also attracted much attention because of their
high spin values and large magnetic anisotropy.lc As a
representative work, J. R. Long and coworkers reported the
SMM of {[(Me3Si),N],(THF)Ln}(1-n":n*N,)" (Ln = Tb, Ho, Er)
with recorded high block temperature (Tz = 14 K).6 It was
found that the magnetic anisotropy of Ln" is affected by the
coordination environment, which is very interesting and
stimulates the research enthusiasm for the so-called single
ion magnet (SIM).7 Even so, the family of polynuclear
lanthanide metals complexes has the dominant position in the
research field because of their interesting
topological structures and magnetism. One of the branches of
the research is the d-f assemblies in which the 3d/4d/5d and 4f
metals are combined together to design SMMs and
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synthesized and characterized since the beginning of this
century, the example of d-f based SMMs and SCMs are still
Such a fact implies that the study on the 3d-4f
magnetic systems is still at its early stage and deserves to be
further explored. The advantages of the d-f magnetic
assemblies can be concluded as following: (1) The system
provides a broad space for researchers to design special
molecular structures and tune the magnetic properties. (2) The
Ln" ions could produce significant magnetic anisotropy when
the coordination field is reasonably controlled, as
demonstrated by SIM.” (3) The molecular overall magnetic
anisotropy can be further enhanced by the exchange coupling
between 3d and 4f spin carriers. Elegant example to this
category is the {Dy,Cr,} SMM with blocking temperature of 3.7
K reported by S. K. Langley et al® This study highlights the
essential role played by d-f combined systems in designing
new SMMs with improved properties.

Against this background, the magnetic assemblies based on

Though the d-f magnetic complexes have been

1c
scarle.

d-f combined systems are under investigation in our laboratory,

and we have recently obtained new examples of
heterotrimetallic 3d-3d’-4f complexes using the
compartmental Schiff base ligand of H,L (H,L = N,N-
ethylenebis(3-methoxysalicylaldiimine)). Though some

relevant 3d-3d’-4f complexes such as CoCuLn,10 CrCoLn,11

CrCuln, 0210520412 rory1n, 1913 FeNiLn,**  NicuLn®®  were
reported previously, there are still some systems that are not
investigated up to now. To the best of our knowledge, there
are no reports for the CrFeLn, CrMnLn, CrNiLn, FeColn,
MnCulLn, MnNiLn complexes. Therefore, this field indeed
deserves to further explore. In this paper, we report the first
examples of CrNiLn complexes with formulas of
[Ni(L)Gd(H,0),][Cr(CN)¢]CH;0H-2H,0 (1) and
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Scheme 1. Construction of heterotrimetallic 3d-3d’-4f magnetic complexes via a two-step approach with the assistance of the compartmental Schiff base ligand of H,L.

[Ni(L)Tb(H,0)4][Cr(CN)g]CH30H-2H,0 (2), together with two
additional FeNiLn examples of [Ni(L)Gd(H,0),][Fe(CN)e]-3H,0
(3) and [Ni(L)Tb(H,0),][Fe(CN)s]CH;0H-2H,0 (4) (H,L = N,N-
ethylenebis(3-methoxysalicylaldiimine)). Interestingly, the
NiTb"M (M Cr, Fe) complexes show field induced slow
magnetic relaxation behaviors.

EXPERIMENTAL SECTION

Reagents and Materials

All the chemicals and solvents in this work are reagent grade
and used as received without further purification. The
Ni”(L)-HZO and [Ni(L)Ln](NO3); (Ln = Gd, Dy) precursors were
synthesized according to the literature method."®

Syntheses of the Complexes

[Ni(L)Gd(H,0)4][Cr(CN)¢]CH;0H-2H,0 (1) A  methanol
solution (10 mL) of the prepared [Ni(L)Gd](NOs); (0.1 mmol)
was diffused slowly into a an aqueous solution (10 mL) of
K3Cr(CN)g (0.1 mmol) through a H-shaped tube, and the block
red crystals of 1 suitable for X-ray diffraction were formed in
two weeks, which were collected and washed with methanol
and dried in air. Anal. found: C, 33.20; H, 3.65; N, 12.60%.
Calcd for Cy5H3,CrGdNgNiO,;: C, 33.72; H, 3.85; N, 12.58%. IR:
VadCM ™ 3406(m), 2111(m), 1623(s), 1542(m), 1469(m),
1390(m), 1290(m), 808(m), 568(m).

[Ni(L)Tb(H,0)4][Cr(CN)g]CH30H-2H,0 (2) Complex 2 as block
red single crystals was prepared with the same procedure as 1
except with [Ni(L)Tb](NO3s); instead of [Ni(L)Gd](NOs)s. Anal.
found: C, 33.46; H, 3.75; N, 12.50%. Calcd for
Cy5H3,CrTbNgNiO4;: C, 33.65; H, 3.84; N, 12.56%. IR: Vina,/cm
3417(m), 2111(m), 1614(s), 1550(m), 1469(m), 1392(m),
1290(m), 754(w), 613(m).

[Ni(L)Gd(H,0),][Fe(CN)e]-3H,0 (3) Complex 3 was prepared
according to the same procedure of 1 by replacing K3Cr(CN)g
with K3zFe(CN)g. Anal. found: C, 32.52; H, 3.73; N, 12.48%. Calcd
for C,,Hs,FeGdNgNiO.;: C, 32.74; H, 3.66; N, 12.73%. IR:
VadCM ™ 3405(m), 2132(m), 1621(s), 1550(m), 1473(m),
1402(m), 1243(m), 755(w), 612(m).

[Ni(L)Tb(H,0)4][Fe(CN)g]CH30H-2H,0(4) Complex 4 was
prepared with the same procedure as 2 by replacing KsCr(CN)g
with K3zFe(CN)g. Anal. found: C, 33.15; H, 3.65; N, 12.35%. Calcd
for C,sHs,TbFeNgNiO;;: C, 33.51; H, 3.82; N, 12.51%. IR:

2| J. Name., 2012, 00, 1-3

Vomd/CM ™" 3415(m), 2132(m), 1618(s), 1551(m), 1475(m),
1403(m), 1243(m), 754(w), 610(m).

Physical measurements

The elemental analyses for C, H and N were performed at a
Perkin-Elmer 240C analyzer. The IR spectra were recorded with
a Nicolet FT-170SX spectrometer. The magnetic susceptibility
of the micro-crystalline samples was measured under 100 Oe
from 300 to 1.8 K on a Quantum Design MPMP-XL7 SQUID
magnetometer. The field dependent magnetization was record
at 1.8-5.5 K using the applied dc field in the range from 0 to 70
kOe. The alternating current (ac) susceptibility measurements
were conducted at frequencies ranging from 1 to 1500 Hz with
a dc field of 0-3000 Oe and an ac field amplitude of 3 Oe.
Measured susceptibilities were corrected considering both the
sample holder as background and diamagnetism estimated
from Pascal constants."”

X-ray crystallography

Single crystal X-ray crystallographic diffraction data were
collected at 173 K on a Bruker SMART APEX CCD area detector
diffractometer. Graphite-monochromated Mo K, radiation (A =
0.71073 A) and the ¢ and @ scan mode were adopted for the
data collection. Diffraction data analysis and reduction were
performed with the programs of SMART, SAINT and XPREP.'®
The structures were solved based on direct methods and
refined by a full-matrix least-squares method on F using the
SHELXL crystallographic software package.19 All the non-
hydrogen atoms were located in difference Fourier maps and
refined by anisotropic thermal parameters, while all of the
hydrogen atoms were added geometrically at
positions, and included in the refinement of isotropical
thermal parameters with the U values fixed using a riding
model. The water-H atoms were not able to be located from
the residual peaks and they were not found in the structures.
Besides, the methanol molecules in 1 and 2 are not present
with unit occupancy, and they were allowed an anisotropic
free variable refinement with partial occupancies.
Crystallographic data for 1-4 are summarized in Table 1.

idealized

This journal is © The Royal Society of Chemistry 20xx
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Table 1. Details of the crystal data and structural refinement parameters of 1-4.

ACtIONS 1 1=

ARTICLE

1 2 3 4
Formula CysH34CrGdNgNiOy; CasH34CrTbNgNiO;1 CasH3FeGdNgNiO;; CysH34TbFeNgNiO1;
M/g mol™ 890.52 892.20 880.35 896.05
Crystal system monoclinic monoclinic monoclinic monoclinic
Space group P2./c P2./c P2./c P2./c
a/A 13.071(3) 13.051(3) 12.862(3) 12.861(3)
b /A 12.139(2) 12.150(2) 12.012(2) 12.014(2)
c/h 21.735(4) 21.711(4) 21.580(4) 21.577(4)
a/e 90 90 90 90.00
8/° 106.84(3) 106.89(3) 106.72(3) 106.73(3)
y /e 90 90 90 90.00
V/A3 3300.8(12) 3294.0(12) 3193.1(12) 3193.0(11)
z 4 4 4 4
desic /g cm™ 1.740 1.751 1.802 1.831
F(000) 1692.5 1705 1696 1724
Collected
. 15133 15052 14590 14367
reflections
Observed
. 6311 6281 6111 6060
reflections
Indeperrdent 5461 5650 5424 5526
reflections
Rint 0.0437 0.0247 0.0255 0.0266
data/restraints 6311/0/427 6281/7/424 6111/0/417 6060/6/426
/parameters
GOF‘on F* 1.085 1.071 1.058 1.053
R (152 o(1)) 0.0497 0.0355 0.0338 0.0323
wRy’(all data) 0.1050 0.0409 0.0823 0.0822

Ri=3||Fol = |Fe|I/3|Fol. bwR, = [Sw(Fo’- FCZ)Z/ZW(FOZ)Z]UZ; w = 1/0%(| Fo|). “Goodness of fit: GOF = [Sw(Fo*~F.2)*/(n - p)]m, where n is the number of reflections and p

is the number of parameters

RESULTS AND DISCUSSION

Syntheses and Characterization

According to previous reports, the reaction of Ni”(L)-HzO,
Ln(NOs3); and additional hexacyanometallates can form
different structures.” In most cases, the one-pot reaction of
these precursors would produce polynuclear clusters in which
the nickel atoms are involved in the coordination to
hexacyanometallates, leading to the formation of interesting
hexanuclear or octanuclear molecular cycles.zoa In our present
work, the reaction route was divided into two steps, as
illustrated in Scheme 1, and the trinuclear clusters of 1-4 were
formed. The relatively low nuclearity clusters of 1-4 might be
limited by the square planar coordination geometry of low
spin Ni(ll) centers presented in [Ni(L)Ln](NO3); moities. The IR
spectrums verify the structures of complexes 1 — 4. The
characteristic absorption peaks at 2100-2150 em™ can be
assigned to the cyanide group, and the other absorption bands
are ascribed to the characteristic absorptions of the Schiff base
ligands.

Crystal Structures

The selected structural parameters such as key bond
distances and angles are listed in Table S1. The crystal
structures of complexes 1-4 are shown in Figure 1 and Figure

This journal is © The Royal Society of Chemistry 20xx

S1 (see Supporting Information). The intermolecular short
contacts and packing structures for the four complexes are
shown in Figure S2.

Figure 1. ORTEP (30%) diagram of asymmetric unit with selected atom-labeling scheme
for complex 2

As shown in Figure 1 and Figures S1-S2, complexes 1 - 4 are
isostructural. As a representative, complex 2 is depicted in
detail here. The molecular entity of 2 can be described as
heterotrimetallic Ni"Tb"cr" cluster. The Ni" ion shows square
coordination geometry where a pair of N, O atoms from salen-

J. Name., 2013, 00, 1-3 | 3
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type ligand occupies four vertex positions. The Ni-N/O bond
distances (1.830(4) - 1.851(3) A) are very close to each other,
which is comparable to the bond parameters shown in
mononuclear Ni'(salen-type) complex.21 The center Tb ion is
nine-coordinated and adopts nonsymmetrical TbOgN
coordination sphere. Such a coordination fashion is typical for
the lanthanide 4f metal ion.'* The Tb-Oppenoxo/water bONd
distances (2.335(3)- 2.516(3) A) are somewhat shorter than
those of Tb-Oethoxy (2.608(3)-2.663(3) A). The bond angles of
Ni1-O1-Tb1l and Nil-02-Tbl are 105.81(1) and 106.13(1),
respectively.

The dihedral angle between the planes defined by Ni10102
and Tb10102 is 14.8: which is somewhat larger than those for
the 3d-4f Ni'Ln" dinuclear complexes.”® For the
hexacyanometalates moiety, the [Cr(CN)6]3' coordinates to Th"
ion through one of its six cyano groups, leaving the rest cyano
groups terminal. The Cr-C bond distances are in the range of
2.057(5)- 2.079(5) A, which are typical of Cr-C bond lengths.
The Tb-N,an, bond distance is 2.475(4) A, which is larger than
the usual scope for 3d-N distance and coincides with typical 4f-
N separations. The Cr-C-N angle is almost linear (172.6(4)-
178.8(4) ) while the Th-N-Cqyan, angle (162.9(3) ) deviates from
linearity. Moreover, the molecular plane for salen-type ligand
is somewhat distorted (dihedral angles between two aromatic
rings planes (C7-C12; C7-C22)) are 22.1°), which could be
ascribed to the TbOgN coordination sphere presented in the
cavity of salen-type ligand. For the extended structure, the
weak hydrogen bond contacts between the terminal cyano
nitrogen atoms and the coordinated water molecules lead to
the formation of 2-D networks along ab plane, which further
stack layer by layer along c axis. (Figure S1-2)

Magnetic Properties

DC magnetic susceptibility measurements for complexes 1 - 4
were carried out on the polycrystalline sample at 100 Oe in the

a) 13]
) 12 OOQQOOoOOOOOOOOOOO
i o NI
0099
11 VI o

10+

Z,T/cm®K mol™
X

w
N
oo

150 200 250 300

T/K

\J T
50 100

o=

temperature range of 1.8-300 K (Figure 2a). At room
temperature, the ymT values for 1 - 4 are 9.7, 12.9, 9.0 and
12.1 cm® K mol™, respectively, which are close to the expected
values for uncoupled Ln"-cr"/Fe" units (Theoretical value:
9.76 cm® K mol™ for 1;13.7 cm?® K mol™ for 2; 8.25 cm® K mol™
for 3 and 12.19 cm® K mol ™ for 4, respectively (Sgq = 7/2, Scr =
3/2, Sre = 1/2, g = 2; Tb": J = 6, g, = 1.5)). The room
temperature yuT values of 1 - 4 suggest that the Ni" ion is
diamagnetic.16 Upon cooling, the T values for 1 and 3 keep
almost constant in the high temperature region, while a
continuous decrease is observed for 2 and 4. In the very low
temperature zone, the yuT values for 1- 4 all show rapid
decrease and reach the minimum values of 2.8, 5.7, 8.0 and
9.0 cm® K mol™, respectively, at 1.8 K. Considering that the Ni"
center is diamagnetic, complexes 1 and 3 were treated as
Gd"M" (M = Cr, Fe) dinuclear units and the Kambe’s method®
was used to fit the susceptibility data. The appropriate
Hamiltonian is H = -2JSySgq (/ represents the intramolecular
Gd-M coupling constant). Based on this model, the data of 1
and 3 in the whole temperature region was simulated,
affording the best match parameters: J =-0.4 cm™?, g=20,R=
2.3X10"* for1and J=-0.12cm™, g = 2.1, R = 1.1 X 10™ for 3,
respectively. The result indicates the coupling nature between
Gd" and M" is both antiferromagnetic, which is comparable to
other related Gd"-M" (M = Cr, Fe) bimetallic systems.23 To
verify the result, the field dependence magnetization was
measured under different temperatures (Figure 2b). The
experimental M vs H curves of complexes 1 and 3 could be
well simulated (Using Magpack program)24 based on the set of
parameters extracted from the susceptibility data, further
confirming the parameters obtained are reasonable. The linear
increase feature of the M-H curve for 1 at 1.8 K implies the
presence of

b) .
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Figure 2. (a) Temperature dependence of yyT for 1 - 4 measured at 100 Oe. (b) Field dependence of the magnetization for 1 - 4 measured at 1.8-5.5 K. The solid lines are the best

fit described in the text.
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Figure 3. Frequency (a) and temperature (b) dependences of the in-phase (') and out-of-phase (xm"’) ac susceptibilities of 2 in 1000 Oe dc field and 3 Oe ac field (Solid lines are

guides for the eyes).
antiferromagnetic Gd"- cr'" state. As the dc field further
increases, the magnetization value continuously increases and
reaches the value of 9.7 Nugat 70 kOe. The value is close to
that expected for the ferromagnetic state (10 Nug, calculated
from Mg = g(Sgq+Sc) with g = 2), indicating antiferromagnetic
Gd"- cr'" state can be overcome by strong applied dc field. For
complex 3, the M-H curves are smoother than that of 1,
indicating the Gd"- re" antiferromagnetic coupling is very
weak and the system does only show paramagnetic properties.
The magnetic behaviors of 1 and 3 are typical of the dinuclear
metallic clusters containing isotropic spin carriers.

For 2 and 4, the analysis of dc magnetic behaviors is difficult.
The previous studies have revealed that the To"-m" (M = Cr,
Fe) prefer to antiferromagnetic interaction.” Therefore, the
continuous decrease of the yyT vs T curves of 2 and 4 upon
cooling might be caused by both the intramolecular
antiferromagnetic coupling and the thermal depopulation of
the Stark sublevels of the 4f ion. The M vs H curves of 2 and 4
(Figure 2b) both reveal that the magnetizations at 70 kOe are
far from saturation (12 Nug and 10 Nug for 2 and 4,
respectively, calculated from Ms = gS(M) + gJ(Tb) ), which
might be induced by the magnetic anisotropy and/or the
population of low-lying excited states of Tb" ions.?®
Considering that complexes 2 and 4 which contain the Tb"ions
might exhibit SMM behaviors, the ac measurement was
performed. The field-dependent ac susceptibilities under
different dc field (0 Oe to 3 kOe) at 1.8 K were firstly measured
to verify the existence of slow magnetic relaxations (Figure S3).
The result indicates that both the complexes show field
induced slow magnetic relaxations when a suitable dc field is
applied. The optimum dc field was determined from the field-
dependent susceptibilities to be 1 kOe for 2 and 2 kOe for 4,
respectively. Such behaviors obviously indicate the presence of
quantum tunneling effect in the systems that can be
suppressed by the dc field. To study the relaxation dynamics,
the frequency- and temperature dependent (Figure 3 and
Figure S4) ac susceptibilities under fixed dc field (1 kOe for 2
and 2 kOe for 4, respectively) were then measured. The result
reveals that both the in-phase (x\’) and out-of phase (xu"’)

This journal is © The Royal Society of Chemistry 20xx

susceptibilities of 2 and 4 are frequency- and temperature
dependent. For 2, the peaks in the frequency dependent out-
of-phase (x\’’) curves are clearly observed. The relaxation time
and effective energy barrier were extracted by fitting (Figure
S5) to Debye model”’ and the Arrhenius equation T =
toexp(U/ksT)(where 1, is a preexponential factor, and U is the
energy barrier), affording the parameters 1; = 1.1 X 10, U =
3.0cm™ The relatively small U and large tj values indicate the
relaxation process is significantly affected by the quantum
tunneling even at the case that the dc field is applied. The
Cole-Cole curves of 2 in the temperature range of 1.8-14 K are
plotted in Figure 4. The shape of the plotted Cole-Cole curves
deviates from one single semicircle, indicating the presence of
different relaxation processes with different relaxation times.
m 18K
0.8+ ® 20K
22K
24K
26K
28K
3.0K
40K
6.0K
8.0K

100K
140K

0.74 v

A

0.64

0.54 7
0.44
0.34 i
0.24
0.04
5 10 15 20 25 30

0.

+ OB *e

2",/ cm’mol™

£,/ cm’mol™

Figure 4 The Cole-Cole plots of complex 2 measured under 1 kOe dc field and 3 Oe ac
field. (The solid lines are the best fits using a modified Debye model)

Indeed, the fitting of the semicircles to Debye model based on
single relaxation process does not give satisfactory result. So, a
modified Debye model®® for double relaxation process is used
to fit the data of complexes 2, giving the parameters which are
listed in Table S2. For complex 4, no peaks are detected for the
frequency dependent out-of-phase (xy’’) curves but the peaks
appear in the temperature dependent out-of-phase (xu”’)

J. Name., 2013, 00, 1-3 | 5
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curves. The Cole-Cole curves of complex 4 are shown in Figure
S6, it can be seen that the some curves show typical V- shape,
which could be assigned to be the overlap of two different
relaxation process.283 The phenomenon that deviates from a
single magnetic relaxation behavior for 2 and 4 is also
observed for other Dy or Tb based SMMSZS, and could be
explained by the coexistence of thermal excitation and
quantum tunneling mechanism, further confirming the
important role of quantum tunneling played in the magnetic
relaxation at very low temperature.

Conclusions

In summary, four new examples of the complexes derived
from 3d, 3d’ and 4f ions have been synthesized with the
Schiff base ligand. The

that these complexes show
Ni'Ln"'Mm" (M = Cr, Fe) trinuclear cluster structure. The
magnetic studies reveal that complexes 1 and 3 show weak
intramolecular antiferromagnetic interactions,
complexes 2 and 4 show interesting field induced slow

assistance of a compartmental

structural analysis reveals

while

magnetic relaxation behavior in low temperatures due to the
contribution brought by anisotropic Tb" ions. Considering that
the relaxation behaviors of these systems are a function of
both the coordination environment around the anisotropy 4f
spin carriers and the magnetic coupling exchanges, their
magnetic properties could be possibly improved by a rationally
modification of the molecular topological structures. The
related work is under way in our group.
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Several new 3d-3d’-4f clusters, Ln"'Ni'"M™ (Ln = Gd, Tb; M = Fe, Cr) which show slow magnetic

relaxations were presented.
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