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Syntheses, structures and magnetic properties
of the lanthanide complexes of the pyrimidyl-
substituted nitronyl nitroxide radicaly

Jian Wang,® Hao Miao,? Zhao-Xin Xiao,? Yan Zhou,? Lin-Dan Deng,?
Yi-Quan Zhang*® and Xin-Yi Wang @ *2

Four 2p-4f Ln"-radical complexes, [(NIT-2-Pm)Ln(hfac)s]-0.5C;Hig (NIT-2-Pm = 2-pyrimidyl-4,4,5,5-
tetramethyl-4,5-dihydro-1H-imidazol-1-oxy-3-oxide, hfac = hexafluoroacetylacetonato, Ln = Tb (1),
Dy (2), Ho (3) and Er (4)), and four 4f-2p—4f Ln"-radical-Ln"" complexes, [(u-NIT-2-Pm)Ln,(hfac)s
(H20),1-0.5C7H6 (Ln = Tb (5), Dy (6), Ho (7) and Er (8)) have been synthesized and characterized struc-
turally and magnetically. These compounds can be selectively obtained by controlling the reaction ratio
of Ln(hfac)s-2H,O to the radical ligand NIT-2-Pm. The crystal structures show that in the former four

complexes 1-4, the NIT-2-Pm radical acts as a terminal bidentate ligand chelating to one Ln" ion, while

in 5-8, the NIT-2-Pm acts as a bridging ligand linking two Ln"

ions to form a binuclear three-spin
system. Magnetic studies revealed that complexes 1-4 and 6 show frequency-dependent ac magnetic
susceptibilities, suggesting a possible single-molecule magnet behavior. To the best of our knowledge,
complexes 3 and 4 are the first Ho-NIT and Er-NIT compounds showing slow magnetic relaxation.
Compounds 5-8 represent a rare family of compounds showing the NIT bridged 4f-2p—4f three-spin
motif, while complex 6 is a rare NIT bridged multinuclear lanthanide compound possessing SMM-like
behaviour. Ab initio calculations were performed on all these complexes. The fitting of the magnetic
susceptibilities of these compounds suggests weak antiferromagnetic coupling between the Ln'" and NIT

radical in 1-8 and weak ferromagnetic Ln"'-Ln" interactions in 5-8.

Introduction

Molecular nanomagnets including single-ion magnets (SIMs),
single-molecule magnets (SMMs), and single-chain magnets
(SCMs) have been extensively studied in the field of molecular
magnetism." ™ For all these systems with slow magnetic relax-
ation, magnetic anisotropy plays a dominant role and deter-
mines the height of the relaxation barrier (Ues) and the
blocking temperature (7). In this sense, lanthanide ions
of unquenched orbital moment and strong spin-orbit
coupling, especially heavy lanthanide ions such as terbium(u),
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dysprosium(m), holmium(um), and erbium(ui), are of special
interest for the construction of high performance molecular
nanomagnets. Thus, lanthanide-containing nanomagnets have
dominated the recent developments in molecular magnetism.*
For example, lanthanide-based SIMs have provided very high
energy barriers near or above 1000 cm™, and very high block-
ing temperatures close to 60 K.> In multinuclear SMMs,
N>~ radical bridged Ln, systems exhibit very strong magnetic
coupling between the lanthanides and also very high blocking
temperatures.®? In addition, lanthanide clusters also provide
ideal systems to study the single-molecule toroics system.®

On the other hand, the ability of many organic radicals,
such as verdazyls,”“ thiazyls,”*™ selenazyls,” reduced forms
of bipyrimidine”’ and tetra-2-pyridinylpyrazine,” and nitronyl
nitroxides,”™’ to coordinate or even bridge the metal centers
makes them very valuable to many developments in molecular
magnetism, such as high 7. magnets,® high Tz SMMs,*°
SCMs'*? and so on. Among all these organic radicals, nitro-
nyl nitroxide radicals (2-(R)-4,4,5,5-tetramethyl-4,5-dihydro-1H-
imidazol-1-oxy-3-oxide, NITR) are the most widely studied
because of their great stability and ease of chemical modifi-
cation.” In molecular nanomagnets, the use of NITRs has also

This journal is © The Royal Society of Chemistry 2017
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been proved to be a very successful strategy.”'* In fact, the
first SCM was reported in a Co'-NITR system,'® where the
strong magnetic interaction transmitted by the NITR and the
magnetic anisotropy of the cobalt center are both responsible
for the observed SCM behaviour. Along this line, Ishida and
co-workers prepared another Co(u)-NITR chain compound
with slow magnetic relaxation and a very high coercive field of
Hi = 52 kOe at 6 K.'' In addition, a similar SCM based on
Co(u)-NITR reported by Vaz et al. also shows slow magnetic relax-
ation behaviour with a high blocking temperature (T = 13.2 K)
and a very high coercive field of 49 kOe at 4.0 K.'* Besides this
success of NITRs for the construction of SCMs, these stable
radicals are also of great importance for the construction of
heterospin clusters with two or three different spin centers,
such as p-d, p-f, and p-d-f derivatives, which may behave as
SMMs if strong magnetic anisotropy is present.””***

Despite the great success of the NITRs in constructing
SCMs, NITR bridged SMMs are quite scarce. In fact, the first
NIT-containing SMM, a cyclic four-spin Dy"" dimer, was not
reported until 2007,'® 6 years after the report of the first
SCM.'® After that, the reports of the NITR containing SMMs
are still limited to a handful of examples, most of which are
Dy™ or Tb™ NITR compounds.’”' In addition, for most of
the reported NITR containing SMMs,” the radical part of the
NITR ligands (O-N-C-N-O unit) does not serve as bridges
between the metal centers, except for a Dy-NIT compound
from Tian’s group®® and the compound (NIT-2-Pm)Co,(hfac),
reported by some of us very recently.>** Interestingly, the bis-
bidentate character of the NIT-2-Pm ligand (Fig. 1) is believed
to be of crucial importance for the construction of NIT
bridged Co, compounds. Despite the apparent success of
using the NIT-2-Pm ligand for the construction of NIT bridged
Co, compounds, the energy barrier of the resulting SMM is
still quite low and an external dc field is needed to suppress
the QTM (quantum tunnelling of magnetization) effect.
Systems of a larger ground state and larger magnetic an-
isotropy are still required for the preparation of better perform-
ance SMMs based on the NIT-2-Pm radical ligand.

Given the great success of radical bridged lanthanides in
the preparation of high U.s SMMs such as Ln, systems
bridged by the N,*~ radical®®” and also the reduced form of

/

NIT-2-Pm

Fig. 1 The structure of NIT-2-Pm.
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bipyrimidine”’ and tetra-2-pyridinylpyrazine,” we aimed at the
preparation of NIT-2-Pm bridged lanthanide compounds. In
fact, for the NITR-Ln** compounds containing three spin
centers, 2p-4f-2p is the mostly observed spin arrangement,
where the 2p spins interact with the 4f spin and with each
other through the 4f center.***” However, NIT bridged lantha-
nide compounds with the 4f-2p-4f spin arrangement are very
limited. To the best of our knowledge, there is only one recent
report on the NIT bridged 4f-2p-4f tri-spin unit for Gd**, Tb*",
and Dy’* ions. As for the Ho®>" and Er’* centers, NIT radical
coordinated compounds are also relatively scarce compared to
those containing other Ln*" centers such as Gd**, Tb*", and
Dy*" ions.?* " Actually, to the best of our knowledge, we
noticed that there are no NIT bridged Ho®*" and Er*" com-
pounds with the 2p-4f-2p spin arrangement in the literature.
In this sense, the current ligand NIT-2-Pm is of great interest
as it can act as a bis-bidentate ligand between two metal
centers. Herein we reported the syntheses, structures, and
magnetic properties of a series of Ln-NIT-2-Pm compounds,
namely [(NIT-2-Pm)Ln(hfac);]-0.5C;H;6 (Ln = Tb (1), Dy (2), Ho (3),
Er (4)) and [(p-NIT-2-Pm)Ln,(hfac)s(H,0),]-0.5C;H;6 (Ln = Tb (5),
Dy (6), Ho (7), Er (8)). In compounds 1-4, the NIT-2-Pm ligand
acts as a terminal ligand, resulting in the mononuclear 4f-2p
two-spin system, while in compounds 5-8, the NIT-2-Pm
bridges two lanthanide centers leading to a binuclear 4f-2p-4f
three-spin system. Moreover, compounds 1-4 and 6 exhibit
frequency-dependent ac magnetic susceptibilities, indicating
slow magnetic relaxation and the SMM behaviour. To the best
of our knowledge, complexes 3 and 4 are the first Ho-NITR
and Er-NITR SMMs with slow magnetic relaxation. Complexes
7 and 8 are the first NIT bridged Ho>* and Er** compounds. In
addition, ab initio calculations were performed to investigate
the local magnetic anisotropy and the magnetic exchange
interactions between the 4f and 2p spin centers.

Experimental section
Physical measurements

IR data were obtained on KBr pellets using a Bruker Vector 27
FT-IR spectrometer in the 4000-400 cm™' range. Elemental
analyses for C, H, and N were performed using an Elementar
Vario MICRO analyzer. Magnetic susceptibility measurements
were performed using a Quantum Design SQUID VSM magne-
tometer on the ground single crystals embedded in eicosane
for all compounds. Direct current (dc) measurements were
conducted from 300 to 2 K under an external magnetic field of
1000 Oe. The field dependences of the magnetization were
measured at 2 K with a dc magnetic field between 0 and 7 T.
All magnetic data were corrected for the sample holders, the
eicosane and for the diamagnetic contribution of the samples.

Materials and syntheses of compounds 1-8

All preparations and manipulations were performed under
aerobic conditions. The solvents were commercially purchased
and used as received. The NIT-2-Pm was synthesized following
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a published method.”® The starting material Ln(hfac);-2H,0
was synthesized according to the methods in the literature.**

Syntheses of complexes [(NIT-2-Pm)Ln(hfac);]-0.5C;H;¢
(ln = Tb (1), Dy (2), Ho (3), Er (4)). A solution of
Ln(hfac);-2H,0 (82.0 mg, 0.1 mmol) in 25 mL of dry boiling
n-heptane was heated to reflux for 5 hours and then cooled to
80 °C. Then 20 mL of CHCl; solution of NIT-2-Pm (23.5 mg,
0.1 mmol) was added with stirring for 30 min. The solution was
cooled to room temperature, filtered and left undisturbed. Purple
single crystals of 1-4 suitable for X-ray diffraction were obtained
after 3 days. The crystals were filtered off, washed with n-heptane
and dried in air. Yield: ca. 50%. IR data (KBr, cm ") for 1:
3146(m), 2342(m), 1671(s), 1417(s), 1234(s), 1217(s), 1120(s),
812(m), 645(m), 516(m); 2: 3036(m), 2325(m), 1646(s), 1477(s),
1284(s), 1257(s), 1140(s), 822(m), 604(m), 591(m); 3: 3236(m),
2345(m), 1646(s), 1357(s), 1294(s), 1201(s), 1120(s), 803(m),
624(m), 546(m); 4: 3116(m), 2345(m), 1656(s), 1456(s), 1232(s),
1205(s), 1180(s), 827(m), 648(m), 599(m). Elemental analysis (%)
calculated for 1 (C,g5H,6F15N4OgThy): C, 33.26; H, 2.46; N, 5.26.
Found: C, 33.35; H, 2.51; N, 5.29; 2 (C,9sH,Dy;F;sN,Oy):
C, 33.14; H, 2.45; N, 5.24. Found: C, 33.21; H, 2.48; N, 5.23;
3 (ChosHaeF1sHON,Og): C, 33.07; H, 2.45; N, 5.23. Found:
C, 33.13; H, 2.39; N, 5.33; 4 (CyosHyeEr,F1sN,0g): C, 33.00;
H, 2.44; N, 5.22. Found: C, 32.95; H, 2.41; N, 5.29.

Syntheses of complexes [(p-NIT-2-Pm)Ln,(hfac)s(H,0),]-
0.5C;H;¢ (Ln = Tb (5), Dy (6), Ho (7), Er (8)). Complexes 5-8
were synthesized also as purple single crystals in a way
similar to that of complexes 1-4, except that the ratio of
Ln(hfac);-2H,0 to NIT-2-Pm was changed from 1:1 to 1:2.
Yield: ca. 45%. IR data (KBr, cm™ ') for 5: 3116(m), 2325(m),
1636(s), 1452(s), 1274(s), 1211(s), 1151(s), 825(m), 648(m
536(m); 6: 3224(m), 2337(m), 1652(s), 1493(s), 1268(s), 1215(s
1141(s), 805(m), 623(m), 581(m); 7: 3125(m), 2346(m), 1654(s
1499(s), 1257(s), 1212(s), 1132(s), 811(m), 626(m), 581(m);
8: 3024(m), 2387(m), 1688(s), 1458(s), 1212(s), 1253(s), 1143(s),
8531(m), 663(m), 546(m). Elemental analysis (%) calculated
for 5 (Cu45H33N4016F36Thy): C, 28.41; H, 1.77; N, 2.98.
Found: C, 28.49; H, 1.73; N, 3.01; 6 (CusH;33Dy,N,0;6F50):
C, 28.30; H, 1.74; N, 2.97. Found: C, 28.41; H, 1.77; N, 2.91;
7 (Caa5H33HO,N,O46F56): C, 28.23; H, 1.76; N, 2.96. Found:
C, 28.31; H, 1.79; N, 3.01; 8 (CyysH33Er,N,0,¢F;0): C, 28.16;
H, 1.75; N, 2.95. Found: C, 28.23; H, 1.73; N, 2.94.

’

’

’

-

X-ray data collection and structure refinement

The X-ray data of 1-8 were collected on a Bruker APEX II or D8
diffractometer with a CCD area detector (Mo-Ka radiation, 4 =
0.71073 A). The APEX II program was used to determine the
unit cell parameters and for data collection. The data were
integrated using SAINT>® and SADABS.”® The structures for all
eight compounds were solved by direct methods and refined
by full-matrix least-squares based on F* using the SHELXTL
program.”” All non-hydrogen atoms were refined anisotropi-
cally by the SHELXTL program and all hydrogen atoms were
refined by the riding mode. The fluorine atoms in complexes
1-8 are disordered in two positions. Furthermore, the atoms
C31 and C37 in complex 7 are also disordered in two positions,
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each with a site occupancy of 0.5. Since the highly disordered
solvent molecules (0.5 n-heptane per asymmetric unit) in 1-8
are difficult to model, their contribution of electron densities
were removed using the SQUEEZE routine in PLATON. The
final chemical formulae of 1-8 were obtained from elemental
analysis. The details of the data collections and structural
refinement parameters are provided in Table 1. Selected bond
lengths and bond angles are listed in Tables S1 and S2.}

Results and discussion
Synthesis

In most of the coordination compounds containing the NITR
ligands, the counter anions are usually strong electron with-
drawing groups, such as hfac and so on. This is due to the gen-
erally very weak Lewis base character of the O atoms of the
NITR compounds, making the coordination of the NITR
ligands to the metal centers very weak. Therefore, a strong
electron withdrawing group is used to increase the acidity of
the metal centers. On the other hand, other coordination
groups can be planted in the R group of the NITR ligand, and
the whole ligand can use multiple coordination sites to chelate
the metal centers. From this point of view, our new ligand
NIT-2-Pm with a pyrimidine group can function as a bis-biden-
tate ligand such as the widely studied 2,2"-bipyrimidine ligand.
Most interestingly, not only can this ligand coordinate to one
metal center, but it is also able to bridge two metal centers
using the radical part due to its similar geometry to 2,2"-bipyr-
imidine. Using this ligand, we reported two new cobalt com-
plexes.”® Depending on the ratio of the ligand to the cobalt
ion, this ligand can act as either a terminal or a bridging
ligand, leading to a mononuclear two-spin Co-NIR compound
or an NIT bridged binuclear three-spin Co-NIT-Co compound.
Similarly, the reaction of this ligand to the lanthanide ions
leads to the separation of two different Ln-NIT complexes, the
mononuclear two-spin Ln-NIT complexes 1-4 and binuclear
three-spin Ln-NIT-Ln complexes 5-8. The experimental PXRD
patterns of 1-8 (Fig. S1-S87) are in good agreement with their
simulated spectra, indicating their phase purities and also the
controllable syntheses of these materials by changing the mole
ratio of the Ln*' to the NIT-2-Pm ligand. These results
prompted us to synthesize lanthanide complexes of higher
nuclearity and dimensionality. However, due to the presence
of three hfac anions occupying the available coordination sites
of the Ln*" ions, no extended structures were obtained under
our current reaction conditions. Attempts along this direction
using lanthanide starting materials with weakly coordinated
anions such as LnCl; and similar NITR ligands with more elec-
tron donating ability are now actively tried in our group.

Crystal structure descriptions

The crystal structures of all eight compounds have been solved
by single crystal X-ray diffraction. Complexes 1-4 are isostruc-
tural and crystallize in the monoclinic space group P2,/n.
Using the program SHAPE 2.1,°® the continuous shape

This journal is © The Royal Society of Chemistry 2017
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Table 1 Crystallographic data and structure refinement parameters for compounds 1-8

Complex I 2py 3Ho 4gy 51b 6py 7Ho 8gr
Formula C20.5Ha6F18N4O05Tb  Cog 5HpcF1gN4OgDy  Cpg 5Ha6F1sN4OgHO  Cog sHy6F1sN4OGEr  Cyy sH33F36N4016Thy  Cuy sH3sF36N4016Dys  CugsHasF3gNsO16HO,  CuysHasF3eN4O16ET,
Formula 1065.46 1069.04 1071.47 1073.80 1881.59 1888.75 1893.61 1898.27
weight

T/K 296 296 296 296 296 296 296 296

Crystal Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic
system

Space P2,4/n P2,4/n P24/n P2,4/n C2/c C2/c C2/c C2/c

group

alA 16.4875(7) 16.4805(5) 16.467(3) 16.4699(19) 27.622(3) 27.5783(9) 27.5064(15) 27.4821(7)
b/A 12.5863(6) 12.7254(4) 12.566(2) 12.4439(15) 24.365(3) 24.3847(8) 24.3120(13) 24.3232(7)
c/A 21.1614(9) 20.9746(6) 21.111(4) 21.111(3) 23.015(4) 23.0032(7) 22.9255(12) 22.9210(6)
a/deg 90.00 90.00 90.00 90.00 90.00 90.00 90.00 90.00
pldeg 109.531(1) 109.770(0) 109.392(2) 109.655(2) 122.396(1) 122.293(1) 122.340(1) 122.310(0)
y/deg 90.00 90.00 90.00 90.00 90.00 90.00 90.00 90.00

VIA® 4138.7(3) 4139.4(2) 4120.7(13) 4074.5(8) 13079(3) 13076.7(7) 12953.1(12) 12949.2(6)
zZ 4 4 4 4 8 8 8 8

F(000) 2088 2092 2096 2100 7280 7296 7312 7328
Collected 27 206 32855 27 669 27028 57 842 44339 44 034 44 046

refl.

Unique 9499 12151 9889 9428 15039 15007 14 867 14 877

refl.

Rint 0.0257 0.0237 0.0241 0.0220 0.136 0.0252 0.0449 0.0368
R*WR,® (I 0.0346, 0.1079 0.0293, 0.0771 0.0351, 0.1179 0.0380, 0.1324 0.0742, 0.2378 0.0278, 0.0626 0.0418, 0.1104 0.0402, 0.1124
> 20(1))

GOF 1.066 1.021 1.056 1.032 1.050 1.036 1.046 1.016

“Ry = T |Fo| = [Fe| [/ Z|Fo|- * WRy = {E[W(FS" = F)Y ZIw(Fo") T,

suonoesuel] uoleq
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measures (CShM’s) of the Ln™ centres relative to the ideal
square antiprism were calculated to be 1.119, 1.292, 1.179 and
1.175 for 1-4, respectively (Table S371). As depicted in Fig. 2,
the Ln*" metal ion is eight-coordinated in a square antiprism
symmetry completed by one NIT-2-Pm radical and three hfac
anions (Fig. 2). The ligand NIT-2-Pm behaves as a terminal
bidentate chelating ligand coordinated to the Ln*" ion through
one O atom of nitronyl nitroxide (O1) and one nitrogen atom
of pyrimidyl (N3) on the same side, while the oxygen and nitro-
gen atoms on the other side remain uncoordinated. The co-
ordinated N-O bond lengths of the nitronyl nitroxide radical

a)

Fig. 2 (a) Simplified view of the structure of 1-4. All fluorine and
hydrogen atoms were omitted for clarity; (b) polyhedral representation
of the Ln(i) core (Ln = Tb for 1, Dy for 2, Ho for 3 and Er for 4); and (c)
ORTEP view of the asymmetric unit of [(NIT-2-Pm)Tb(hfac)s] with
thermal ellipsoids at 30% probability.

10456 | Dalton Trans., 2017, 46, 10452-10461
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moiety are 1.305(5), 1.302(3), 1.303(5) and 1.305(5) A, which
are longer than those of the uncoordinated ones (1.257(6),
1.252(4), 1.250(6) and 1.262(5) A, for 1-4, respectively). The
Ln-O1 distances are 2.306(3), 2.302(2), 2.281(3) and 2.270(3) A,
and the Ln-N3 bond lengths are 2.632(4), 2.618(3), 2.614(4)
and 2.595(4) A for 1-4, respectively. These bond distances are
comparable to those reported in other similar lanthanide pyri-
dine-substituted radical compounds.”* And the gradual
decrease of the bond lengths from 1 to 4 is consistent with the
lanthanide contraction.

Complexes 5-8 are also isostructural and crystallize in the
monoclinic space group C2/c. As depicted in Fig. 3 and
Fig. S9,1 the crystal structure consists of one NIT-2-Pm ligand,
two crystallographic independent Ln(hfac); fragments, two co-
ordinated H,O molecules and half a n-heptane molecule.

Although they are crystallographically different, the two
Ln"™ ions are of very similar coordination environments. Both
ions are nine-coordinated in either a distorted tricapped trigo-
nal prism or capped square antiprism (see CShMs in
Table S4t) with one O atom from the nitroxide group from the
NIT-2-Pm ligand, one N atom from the same radical ligand, six
O atoms from three hfac anions and one O atom from the
coordination H,O molecule. The bond lengths and bond
angles involving the Ln" ions (Table S27) are all in the normal
range for similar lanthanide NIT radical compounds. Different
from the situation in complexes 1-4, the NIT-2-pm ligand uses
all four coordination atoms to bridge two lanthanide ions,
where the NO bond lengths are relatively close to each other
(around 1.26 and 1.29 A). This bridging mode of the NIT-2-Pm
ligand is very close to the situation in the previously reported

012

o7 N3 N4 011709

Fig. 3 Top: Simplified view of the structure of 5-8. All fluorine and
hydrogen atoms were omitted for clarity. Bottom: polyhedral represen-
tation of the Ln(m) core. (Ln = Tb for 5, Dy for 6, Ho for 7 and Er for 8).

This journal is © The Royal Society of Chemistry 2017
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Co, complex,” and is desired for the construction of high
nuclear complexes. Structurally, although there have been a
number of one-dimensional Ln**-NIT compounds containing
the “4f-2p-4f” unit, the NIT radical bridged 4f-2p-4f binuclear
three-spin compounds have been very scarcely reported in the
literature.'® In fact, most of the lanthanide-NIT zero-dimen-
sional molecular compounds are either 2p-4f mononuclear
two-spin compounds!®%1921@:29300 or on 4f op three-spin
compounds.?>?°**! There is only one recent report containing
the NIT bridged 4f-2p-4f three-spin complexes for Gd**, Tb*",
and Dy*" ions and no such compound has been reported for
the Ho®" and Er’* centers.*® Therefore, compounds 5-8 rep-
resent a rare family of compounds showing the NIT bridged
4f-2p-4f three-spin motif and would be of help for the further
construction of the NIT bridged lanthanide compounds of
higher nuclearity and higher dimensionality.

Magnetic properties

The magnetic susceptibilities for the finely ground single crys-
tals of all eight compounds were measured as a function of
temperature from 300 to 2 K, at an applied dc field of 1000 Oe
(Fig. 4 and 5). The experimental y\T and magnetization (M)
values were calculated according to the Ln-radical repeating
units for complexes 1-4 and Ln-radical-Ln units for 5-8. At
300 K, the values of yyT are 11.30, 14.81, 14.58, and 13.84
cm?® mol ™" K for 1-4, respectively. These values correspond to
the expected values (12.20, 14.55, 14.45 and 11.86 cm® mol ™" K)
for one uncoupled Ln™ jon ("F¢ and g = 3/2 for Tb™, ®Hys),
and g = 4/3 for Dy, °Iy and g = 2 for Ho"" and "I;5,, and g =
3/2 for Er'") and one radical (S = 1/2, g = 2). We noticed that the
difference between the experimental and expected y\ 7 values
of compound 4 is large. We are not sure about the reason for
this observation. Upon cooling, the y\T values of all four com-
plexes monotonously decrease down to 2 K, reaching the
minimum value of 8.56, 12.66, 9.22, and 8.13 cm® mol™* K for
1-4 at 2 K (Fig. 4). This behaviour is probably due to the
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Fig. 4 Dc magnetic susceptibility data of 1-4 measured at 1 kOe. The
solid lines are the fitting curves as described in the paper.
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Fig. 5 Dc magnetic susceptibility data of 5-8 measured at 1 kOe. The
solid lines are the fitting curves as described in the paper.

" Stark sublevels and possible

thermal depopulation of the Ln
antiferromagnetic interaction between the NIT and Ln"" ions.

For compound 5, the y,T value at 300 K is 20.11 cm® mol ™" K,
which is somewhat smaller than the theoretical value of
23.98 em® mol™" K expected for two non-interacting Tb™ ions
plus one radical. Upon cooling, y\7 decreases smoothly to
reach 19.45 cm® mol™" K at 30 K, and then increases gradually
to 20.63 cm® mol™" K at 2.5 K, followed by a further decrease
to 20.58 cm® mol™" K at 2.0 K (Fig. 5). This “down-up-down”
pathway of the y\T versus T curve may indicate the existence of
ferromagnetic coupling. However, this is also possible for the
antiparallel alignment of Tb(f)-radical(|)-Tb(1) with a large
ground state, combining with the depopulation of the Ln"" M;
states.

As for compound 6, the y7T value at 300 K is 32.21
em® mol™" K, higher than the expected 28.72 cm® mol™ K for
one radical and two Dy ions. The yyT curve increases very
slightly to achieve a maximum at 100 K with the value of
33.08 cm® mol ™! K. Then, the y\,T value decreases smoothly to
31.12 em® mol™" K at 9.0 K, followed by a further increase to
32.77 em® mol™" K at 2 K (Fig. 5). This behaviour of the
xmT versus T curve indicates the existence of weak ferro-
magnetic interaction between the spin carriers in complex 6.
However, this ferromagnetic interaction could come from
either the magnetic coupling between the radical and Dy™
ions or between the Dy centers.

Compared to complexes 5 and 6, the situation for the
radical bridged binuclear complexes 7 and 8 is much simpler:
their ymT versus T curves decrease monotonously upon cooling
down to 2 K, reflecting the possible crystal field effect of Ho™
and Er'™" ions and/or the antiferromagnetic coupling between
the spin carriers. At room temperature, the y,T values are
29.00 and 21.84 cm® mol™ K for 7 and 8, respectively, which
are reasonably close to the expected values (Ho: 28.52 cm®
mol™" K; Er: 23.34 cm® mol™ K) for two Ln™ and one
uncoupled radical.

Dalton Trans., 2017, 46, 10452-10461 | 10457


http://dx.doi.org/10.1039/C7DT01037K

Published on 14 July 2017. Downloaded by NANJING UNIVERSITY on 16/08/2017 08:55:38.

Paper
14
4 ¢ <
12. PPPPREY « « €« « 1
» b
10' ¥ ' ' ‘ ‘ e
0002288 5 0 4 0 0 0 00
gl <& ;00"*” ¢
zZ <
~ 6 00000000000

evAedqdron
CO~NOO UL WN =

0 10 20 30 40 50 60 70
H / kOe

Fig. 6 Field dependent magnetization at 2 K for 1-8.

The field dependent magnetizations for the eight com-
plexes determined at 2.0 K in the range of 0-70 kOe (Fig. 6)
exhibit a rapid increase at low fields followed by a more
gradual but continuous increase to 4.73, 6.21, 6.47, 5.06, 9.58,
13.21, 11.02, 10.40Np, respectively. The values are far from
saturation (1Np for each organic radical and 9, 10, 10, 9Ng for
one Tb™, Dy™ Ho™, Er'"™ ion, respectively), which can be
attributed to the magnetic anisotropy of the Ln™ ions in com-
pounds 1-8 and/or low lying excited states in the systems. No
hysteresis effects were observed for all complexes at this
temperature.

To probe the spin dynamics of magnetization, alternating
current (ac) magnetic susceptibility measurements were per-
formed for the eight complexes at zero dc field or under a dc
field of 1000 Oe. No observable out-of-phase ac signals can be
detected for complexes 5, 7, and 8 even under an applied dc
field (Fig. S16-S217), ruling out the SMM behaviour for these
three complexes. On the other hand, frequency dependent ac
signals were observed for complexes 1, 2, 3, 4, and 6 even
under a zero dc field, revealing the presence of slow magnetic
relaxation (Fig. 7 and 8 and Fig. S10-S157). However, no peaks
in y"v were observed for these complexes above 2.0 K under
zero dc field. This could be due to their very low blocking
temperatures or the presence of the QTM effect as observed
frequently for the lanthanide nanomagnets. Thus, an external
dc field of 1000 Oe was applied during the ac measurements
for these complexes, hoping to suppress the possible QTM
effects. However, although frequency dependent peaks appear
in the in-phase susceptibility curves for complex 2 upon appli-
cation of a 1000 Oe dc field, no peak maximum was observed
for its out-of-phase signals (Fig. 7). For complexes 1, 3, 4, and 6,
the application of a dc field did not change the shape of the
ac curves and there are still no observable peaks above 1.8 K
(Fig. 8, S11, S13 and S15%). Although these profiles preclude
the extraction of the effective energy barriers for these com-
plexes, we have to point out that both complexes 3 and 4
are the first Ho-NIT and Er-NIT systems showing the slow
magnetic relaxation and complex 6 is a rare NIT bridged multi-
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nuclear lanthanide compound possessing possible SMM
behaviour.

The magnetic interactions between the lanthanides and the
NIT radicals were reported to be either antiferromagnetic or
ferromagnetic in the literature.'®*%?'@31%32 pue to the
orbital contribution of the 4f centers, it is usually rather
difficult to draw a conclusion on the magnetic interaction
between the 4f and 2p spins for the lanthanide compounds
except for the isotropic Gd*>" compounds.®® However, attempts
for the preparation of the Gd** containing compounds of the
NIT-2-Pm ligand were not successful. For most of the other
4f-NIT systems containing the Ln"" ions of orbital contribution,
no simple model is available to fit the temperature depen-
dence of the magnetic susceptibilities. Thus, the properties of
magnetic interactions were usually judged from the tendency
of the ymT versus T plots. For the 4f-2p two-spin systems, the
increase of the y\T upon cooling indicates the occurrence of
the ferromagnetic interaction. However, if the y\7 curve
decreases as the temperature is lowered, no conclusion can be
drawn as both the antiferromagnetic interaction and the

This journal is © The Royal Society of Chemistry 2017
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Table 2 The fitted total J values between Ln-radical and Ln1-Ln2 with respect to the spin § = 1/2 of the Ln"' and radical in 1-8 (cm™)

1 2 3 5 6 7 8
Jini-radical —0.24 -0.15 —0.16 —0.12 —0.24 —0.20 —-0.16 -0.12
Jini-Ln2 2.99 0.44 0.32 0.15

' Stark levels can lead to the same

depopulation of the Ln
phenomenon. The situation is more complicated for our com-
pounds 5 to 8 of the 4f-2p-4f motif. For these three-spin com-
pounds, both the ferromagnetic and antiferromagnetic inter-
actions can lead to an increase of the y,T versus T curves at low
temperatures. On the other hand, two different magnetic inter-
actions (4f-2p and 4f-4f) need to be considered at the same
time. Thus, no decisive conclusions can be drawn for these com-
pounds from the temperature dependence of the T curves. To
gain an insight into the possible magnetic interactions between
the 4f and 2p spins for compounds 1-4 and also the magnetic
coupling between the 4f centers for compounds 5-8, ab initio
calculations were performed on all these compounds.

Complete-active-space self-consistent field (CASSCF) calcu-
lations on one type of individual Ln™ (Tb™, Dy™, Ho™ or Er'")
fragment for complexes 1-4 on the basis of X-ray determined
geometries have been carried out with MOLCAS 8.01 and
SINGLE_ANISO2 programs (see the ESIf for details).**?
Considering the similar coordination environment around two
Ln™ ions for complexes 5-8, we only calculate one type of Ln™"
fragment for each of them. The lowest spin-orbit energies and
the corresponding g tensors of complexes 1-8 are shown in
Table S5.% As we can see, the Ln"™" centers in all these com-
pounds are of Ising type magnetic anisotropy with the largest
M; states as ground states. The main magnetic axes on Ln™
are indicated in Fig. S23,1 where the magnetic axes on two
Ln" of 5-8 are not completely parallel due to their asymmetri-
cal structures.

Based on the CASSCEF results obtained above, the magnetic
susceptibilities of complexes 1-8 were then fit using the Lines
model.*® For complexes 1-4, the exchange Hamiltonian is
written as:

A A
'3 total S &
Hexen = _]Ln-radical Stn Sradical (1)

while for complexes 5-8, the exchange Hamiltonian is:

A A N A A A

2 total S S N S total & S
Hexeh = — Ln—radical (SLnl Sradical + Stn2 SRadical) —Jin-Ln Stnt Stn2
(2)

The jtotal .., and Ji% “are the parameters of the total mag-
netic interaction (j©°%! = jdiploar 4 jexchange) hoween Ln-radical
and Ln1-Ln2, respectively. The exchange interaction between
the magnetic centers is considered within the Lines model,*®
while the accoupt of the dipole-dipole magnetic coupling is
treated exactly. S;, = +1/2 is the ground pseudospin on the
Ln™ sites. The radicals in all eight complexes were considered
as isotropic, and the average g values were all set as 2.0 during
the fitting. In addition, the intermolecular interactions z/' of

This journal is © The Royal Society of Chemistry 2017

1-8 were fit to be —0.01, 0.00, —0.01, 0.03, —0.01, 0.01, —0.05
and —0.05 cm™', respectively. The total coupling constants
were fit through comparison of the computed and measured
magnetic susceptibilities using the POLY_ANISO program.*’
The calculated and experimental y\T versus T plots of com-
plexes 1-8 are shown in Fig. 4 and 5, where the fits for them
are all reasonably close to the experimental data. The obtained
exchange parameters are listed in Table 2. As we can see, the
Ln""-radical interactions in complexes 1-8 within the Lines
model are all antiferromagnetic, and all of the Ln-Ln inter-
actions in 5-8 are ferromagnetic. From Table S6,f we can see
that the energy splittings of the lowest exchange doublets for
1-8 are much small. Further calculations show that the large
tunnelling gaps between these exchange states lead to their
much small energy barriers.

Conclusions

In summary, we reported here the synthesis of a series of
lanthanide complexes with the radical ligand NIT-2-Pm, which
has the great potential to act as a bridging ligand between two
metal centers. The structures of the complexes are dependent
on the reaction ratio of the ligand to the lanthanides.
Mononuclear Ln-radical complexes were obtained when the
ratio of NIT-2-Pm to Ln(hfac);-2H,0 is 1:1, while an increase
of the ratio to 2:1 leads to binuclear Ln-radical-Ln structures
where the NIT-2-Pm acts as a bridging ligand. The binuclear
compounds represent a rare family of compounds showing the
4f-2p-4f three-spin motif. Ab initio calculations and fitting of
the magnetic susceptibilities suggest the existence of weak
antiferromagnetic coupling between the Ln" and NIT radical
and weak ferromagnetic Ln"™-Ln"" interactions in the radical
bridged binuclear Ln™ compounds. Slow magnetic relaxation
was observed in all the mononuclear complexes and one of the
binuclear complexes with the Dy** center, indicating the poss-
ible SMM behaviour for these complexes. These results
demonstrate that the NIT-2-Pm radical is ready to act as a brid-
ging ligand between the metal centers and is very promising
for the construction of complexes of higher nuclearity and
dimensionality. Efforts along this line are devoted now in our
laboratory.

Acknowledgements

This work was supported by the 973 Program (2013CB922102),
NSFC (21522103, 21471077 and 91622110) and the NSF of
Jiangsu province (BK20150017 and BK20151542).

Dalton Trans., 2017, 46, 10452-10461 | 10459


http://dx.doi.org/10.1039/C7DT01037K

Published on 14 July 2017. Downloaded by NANJING UNIVERSITY on 16/08/2017 08:55:38.

Paper

Notes and references

1 (a) D. Gatteschi and R. Sessoli, Angew. Chem., Int. Ed., 2003,
42, 268; (b) D. Gatteschi, R. Sessoli and J. Villain, Molecular
Nanomagnets, Oxford University Press, Oxford, 2006;
(¢) N. Ishikawa, M. Sugita, S. Koshihara and Y. Kaizu, J. Am.
Chem. Soc., 2003, 125, 8694; (d) N. Osjokawa, M. Sugita,
T. Okubo, N. Tanaka, T. Iino and Y. Kaizu, Inorg. Chem.,
2003, 42, 2440.

2 (@) R. Sessoli, H. L. Tsai, A. R. Schake, S. Wang,
J. B. Vincent, K. Folting, D. Gatteschi, G. Christou and
D. N. Hendrickson, J. Am. Chem. Soc., 1993, 115, 1804;
(b) M. Murugesu, W. Wernsdorfer, K. A. Abboud and
G. Chistou, Angew. Chem., Int. Ed., 2005, 44, 892.

3 L. Bogani, C. Sangergorio, R. Sessoli and D. Gatteschi,
Angew. Chem., Int. Ed., 2005, 44, 5817.

4 (a) D. N. Woodruff, R. E. P. Winpenny and R. A. Layfield,
Chem. Rev., 2013, 113, 5110; (b) F. Habib and M. Murugesu,
Chem. Soc. Rev., 2013, 42, 278.

5 (a) Y-C. Chen, J.-L. Liu, L. Ungur, J. Liu, Q.-W. Li,
L.-F. Wang, Z.-P. Ni, L. F. Chibotaru, X.-M. Chen and
M.-L. Tong, J. Am. Chem. Soc., 2016, 138, 2829; (b) ]J. Liu,
Y-C. Chen, J.-L. Liu, V. Vieru, L. Ungur, J.-H. ]Jia,
L. F. Chibotaru, Y. Lan, W. Wernsdorfer, S. Gao, X.-M. Chen
and M.-L. Tong, J. Am. Chem. Soc., 2016, 138, 5441;
(¢) Y.-S. Ding, N. F. Chilton, R. E. P. Winpenny and
Y.Z. Zheng, Angew. Chem., Int. Ed., 2016, 128, 16305;
(d) S-K. Gupta, T. Rajeshkumar, G. Rajaraman and
R. Murugavel, Chem. Sci., 2016, 7, 5181; (e) F.-S. Guo,
B. M. Day, Y.-C. Chen, M.-L. Tong, A. Mansikkamiki and
R. A. Layfield, Angew. Chem., Int. Ed., 2017, DOIL: 10.1002/
anie.201705426.

6 (a) J. D. Rinehart, M. Fang, W. J. Evans and ]J. R. Long,
J. Am. Chem. Soc., 2011, 133, 14236; (b) J. D. Rinehart,
M. Fang, W. J. Evans and J. R. Long, Nat. Chem., 2011, 3,
538; (¢) L. Ungur, S.-Y. Lin, J.-K. Tang and L. F. Chibotaru,
Chem. Soc. Rev., 2014, 43, 6894.

7 (a) D. ]. R. Brook, V. Lynch, B. Conklin and M. A. Fox, J. Am.
Chem. Soc., 1997, 119, 5155; (b) T. M. Barclay, R. G. Hicks,
M. T. Lemaire and L. K. Thompson, Inorg. Chem., 2001, 40,
5581; (c) F. Pointillart, C. Train, P. Herson, J. Marrot and
M. Verdaguer, New J. Chem., 2007, 31, 1001;
(d) S. D. J. McKinnon, B. O. Patrick, A. B. P. Lever and
R. G. Hicks, Inorg. Chem., 2013, 52, 8053; () M. Jennings,
K. E. Preuss and J. Wu, Chem. Commun., 2006, 341;
(f) J. Wu, D. J. MacDonald, R. Clérac, L-R. Jeon,
M. Jennings, A. ]. Lough, ]J. Britten, C. Robertson,
P. A. Dube and K. E. Preuss, Inorg. Chem., 2012, 51, 3827;
(2) E. M. Fatila, R. Clérac, M. Rouzieres, D. V. Soldatov,
M. Jennings and K. E. Preuss, Chem. Commun., 2013, 49,
6271; (h) E. M. Fatila, A. C. Maahs, M. B. Mills,
M. Rouziéeres, D. V. Soldatov, R. Clérac and K. E. Preuss,
Chem. Commun., 2016, 52, 5414; (i) S. Demir,
J. M. Zadrozny, M. Nippe and J. R. Long, J. Am. Chem. Soc.,
2012, 134, 18546; (j) S. Demir, M. Nippe, M. I. Gonzalez
and J. R. Long, Chem. Sci., 2014, 5, 4701; (k) K. Fegy,

10460 | Dalton Trans., 2017, 46, 10452-10461

8

9

10

11

12

13

14
15

16

17

18

19

20

21

22

23

View Article Online

Dalton Transactions

D. Luneau, T. Ohm, C. Paulsen and P. Rey, Angew. Chem.,
Int. Ed., 1998, 37, 1270; (I) K. Fegy, D. Luneau, E. Belorizky,
M. Novac, J. L. Tholence, C. Paulsen, T. Ohm and P. Rey,
Inorg. Chem., 1998, 37, 4524.

J. M. Manriquez, G. T. Yee, R. S. Mclean, A. J. Epstein and
J. S. Miller, Science, 1991, 252, 1415.

(@) S. Demir, I.-R. Jeon, J. R. Long and T. D. Harris, Coord.
Chem. Rev., 2015, 289-290, 149; (b) M. Zhu, L.-C. Li and
J.-P. Sutter, Inorg. Chem. Front., 2016, 3, 994.

A. Caneschi, D. Gatteschi, N. Lalioti, C. Sangregorio,
R. Sessoli, G. Venturi, R. Sessoli, G. Venturi, A. Vindigni,
A. Rettori, M. G. Pini and M. A. Novak, Angew. Chem., Int.
Ed., 2001, 40, 1760.

N. Ishii, Y. Okamura, S. Chiba, T. Nogami and T. Ishida,
J. Am. Chem. Soc., 2008, 130, 24.

(@) M. G. F. Vaz, R. A. A. Cassaro, H. Akpinar,
J. A. Schlueter, P. M. Lahti and M. A. Novak, Chem. — Eur. J.,
2014, 20, 5460; (b) R. A. A. Cassaro, S. G. Reis, T. S. Araujo,
P. M. Lahti, M. A. Novak and M. G. F. Vaz, Inorg. Chem.,
2015, 54, 9381.

(@) V. Occharenko, Stable Radicals, John Wiely & Sons,
2010, ch. 13, p. 461; (b) J. S. Miller and M. Drillon,
Magnetism: Molecules to Materials II: Molecule-Based
Materials, Wiely-VCH Verlag GmbH & Co, 2003, ch. 1, p. 1.
D. Luneau and P. Rey, Coord. Chem. Rev., 2005, 249, 2591.
(@) L. Thomas, F. Lionti, R. Ballou, D. Gatteschi, R. Sessoli
and B. Barbara, Nature, 1996, 383, 145; (b) X.-F. Wang,
Y.-G. Li, P. Hu, J.-J. Wang and L.-C. Li, Dalton Trans., 2015,
44, 4560; (¢) X.-F. Wang, P. Hu, Y.-G. Li and L.-C. Li, Chem.
- Asian J., 2015, 10, 325; (d) X.-F. Wang, C. Li, J. Sun and
L.-C. Li, Dalton Trans., 2015, 44, 18411.

G. Poneti, K. Bernot, L. Bogani, A. Caneschi, R. Sessoli,
W. Wernsdorferc and D. Gatteschi, Chem. Commun., 2007,
1807.

P. Hu, Z. Sun, X.-F. Wang, L.-C. Li, D.Z. Liao and
D. Luneau, New J. Chem., 2014, 38, 4716.

(@) J-X. Xu, Y. Ma, D.-Z. Liao, G.-F. Xu, J.-K. Tang, C. Wang,
N. Zhou, S.-P. Yan, P. Cheng and L.-C. Li, Inorg. Chem.,
2009, 48, 8890; (b) X.-L. Wang, L.-C. Li and D.-Z. Liao,
Inorg. Chem., 2010, 49, 4498.

(@) T. Kajiwara, K. Takahashi, T. Hiraizumi, S. Takaishi and
M. Yamashita, CrystEngComm, 2009, 11, 2110;
(b) T. Kajiwara, M. Nakano, S. Takaishi and M. Yamashita,
Inorg. Chem., 2008, 47, 8604; (c) E. Coronado, C. Giménez-
Saiz, A. Recuenco, A. Tarazo6n, F. M. Romero, A. Camén and
F. Luis, Inorg. Chem., 2011, 50, 7370.

K. Bernot, F. Pointillart, P. Rosa, M. Etienne, R. Sessoli and
D. Gatteschi, Chem. Commun., 2010, 46, 6458.

(a) X.-L. Wang, L.-C. Li and D.-Z. Liao, Inorg. Chem., 2010,
49, 4735; (b) X.-L. Mei, Y. Ma, L.-C. Li and D.-Z. Liao,
Dalton Trans., 2012, 41, 505.

T. Li, S.-Y. Zhou, X. Li, L. Tian, D.-Z. Liao, Z.-Y. Liu and
J.-H. Guo, RSC Adb., 2016, 6, 3058.

(@) J. Wang, J.-N. Li, S.-L. Zhang, X.-H. Zhao, D. Shao and
X.-Y. Wang, Chem. Commun., 2016, 52, 5033; (b) C. Benelli
and D. Getteschi, Chem. Rev., 2002, 102, 2369; (¢) M. Zhu,

This journal is © The Royal Society of Chemistry 2017


http://dx.doi.org/10.1039/C7DT01037K

Published on 14 July 2017. Downloaded by NANJING UNIVERSITY on 16/08/2017 08:55:38.

Dalton Transactions

24

25
26

27

28

29

30

M. Yang, J.-J. Wang, H.-D. Li and L.-C. Li, Chem. - Asian ]J.,
2016, 11, 1900; (d) Y.-L. Wang, Y.-Y. Gao, Y. Ma, Q.-L. Wang,
L.-C. Li and D.-Z. Liao, CrystEngComm, 2012, 14, 4706;
(e) M. Zhu, P. Hu, Y.-G. Li, X.-F. Wang, L.-C. Li, D.-Z. Liao,
V. M. L. Durga Prasad Goli, S. Ramasesha and J.-P. Sutter,
Chem. — Eur. J., 2014, 20, 13356; (}‘) M. Zhu, J.-J. Wang,
M. Yang, Y. Ma and L.-C. Li, Dalton Trans., 2015, 44, 9815;
(2) X.-F. Wang, M. Zhu, J.-J. Wang and L.-C. Li, Dalton
Trans., 2015, 44, 13890; (h) X.-F. Wang, C. Li, J. Sun and
L.-C. Li, Dalton Trans., 2015, 44, 18411.

(@) K. Fegy, D. Luneau, T. Ohm, C. Paulsen and P. Rey,
Angew. Chem., Int. Ed., 1998, 37, 1270; (b) S. Kanegawa,
M. Maeyama, M. Nakano and N. Koga, J. Am. Chem. Soc.,
2008, 130, 3079.

SAINT Version 7.68A, Bruker AXS, Inc., Madison, WI, 2009.
G. M. Sheldrick, SADABS, Version 2008/1, Bruker AXS, Inc.,
Madison, WI, 2008.

G. M. Sheldrick, SHELXTL, Version 6.14, Bruker AXS, Inc.,
Madison, WI, 2000-2003.

M. Llunell, D. Casanova, ]J. Cirera, P. Alemany and
S. Alvarez, SHAPE, version 2.1, Universitat de Barcelona,
Barcelona, Spain, 2013.

A. Lannes, M. Intissar, Y. Suffren, C. Reber and D. Luneau,
Inorg. Chem., 2014, 53, 9548,

(@) N. Zhou, Y. Ma, C. Wang, G.-F. Xu, J.-K. Tang, J.-X. Xu,
S.-P. Yan, P. Cheng, L.-C. Li and D.-Z. Liao, Dalton Trans.,

This journal is © The Royal Society of Chemistry 2017

31

32

33

34

35

36

View Article Online

Paper

2009, 8489; (b) L.-L. Li, S. Liu, Y. Zhang, W. Shi and
P. Cheng, Dalton Trans., 2015, 44, 6118.

(@) M. L. Kahn, J.-P. Sutter, S. Golhen, P. Guionneau,
L. Ouahab, O. Kahn and D. Chasseau, J. Am. Chem. Soc.,
2000, 122, 3413; (b) X.-L. Wang, X. Bao, P.-P. Xu and L. Li,
Eur. J. Inorg. Chem., 2011, 3586; (¢) L. Tian, Y.-Q. Sun, B. Na
and P. Cheng, Eur. J. Inorg. Chem., 2013, 4329.

R.-N. Liu, L.-C. Li, X.-L. Wang, P.-P. Yang, C. Wang,
D.-Z. Liao and ].-P. Sutter, Chem. Commun., 2010, 24, 6458.

(a) C. Benelli, A. Caneschi, D. Gatteschi, J. Laugier and
P. Rey, Angew. Chem., Int. Ed. Engl, 1987, 26, 913;
(b) J.-P. Sutter, M. L. Kahn, S. Golhen, L. Ouahab and
O. Kahn, Chem. - Eur. J., 1998, 4, 571; (c) C. Lescop,
E. Belorizky, D. Luneau and P. Rey, Inorg. Chem., 2002, 41,
3375.

G. Karlstrom, R. Lindh, P.-A. Malmgqvist, B. O. Roos,
U. Ryde, V. Veryazov, P.-O. Widmark, M. Cossi,
B. Schimmelpfennig, P. Neogrady and L. Seijo, MOLCAS: a
Program Package for Computational Chemistry, Comput.
Mater. Sci., 2003, 28, 222.

(@) L. F. Chibotaru, L. Ungur and A. Soncini, Angew. Chem.,
Int. Ed., 2008, 47, 4126; (b) L. Ungur, W. Van den Heuvel
and L. F. Chibotaru, New J. Chem., 2009, 33, 1224;
(¢) L. F. Chibotaru, L. Ungur, C. Aronica, H. ElImoll, G. Pilet
and D. Luneau, J. Am. Chem. Soc., 2008, 130, 12445.

M. E. Lines, J. Chem. Phys., 1971, 55, 2977.

Dalton Trans., 2017, 46, 10452-10461 | 10461


http://dx.doi.org/10.1039/C7DT01037K

	Button 1: 


