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A series of one dimensional chain complexes [Ln(hfac);],[Cu(hfac),],-4(3pyvd)-n-C;H;¢ (Ln = Gd(1),
Tb(2), Dy(3)) containing 2p, 3d and 4f spin carriers have been successfully synthesized and magnetically
characterized where the verdazyl radicals represent the bridge linking copper(Il) and lanthanide(III) ions.
Rough estimation of magnetic behaviors of complex 1 revealed that the coupling between Gd(III) ion and
radical is weak ferromagnetic, while alternating-current susceptibilities of complexes 2 and 3 suggest no

slow magnetic relaxations exist at low temperature.

Introduction

One-dimensional chain complexes constructed from radicals and
paramagnetic metal ions have attracted plenty of attention due to
their unique magnetic properties." In 2001, Gatteschi and co-
workers first synthesized and investigated the milestone complex
[Co(hfac),(NITPhOMe)] (hfac = hexafluoroacetylacetonate and
NITPhOMe = 2,4’-methoxyphenyl-4,4,5,5-
tetramethylimidazoline-1-oxyl-3-oxide) and found slow magnetic
relaxation in this nanowire.2 Hence, the Glauber conjecture has
been demonstrated unambiguously fifty years after it was posed.
Since then, more and more efforts were devoted into this area,’
and a few complexes containing various kinds of radicals were
characterized magnetically at low temperature in order to obtain
so-called single-chain magnet (SCM).* In 2006, H. Miyasaka’s
group used TCNQ™ (TCNQ' = 7,7,8,8-tetracyanoquinodimethane)
as bridging ligands to link Mn™, moieties together, and observed
hysteresis loops obviously at the temperature as high as 4.0 K.
At the same year, Gatteschi’s group employed a series of
lanthanide(III) ions to construct a whole family of SCMs,® mainly
owing to the strong Ising anisotropy of the magnetic centers.
Among radical-3d transition metal complexes, strong magnetic
interactions caused by significant orbital overlap are mostly
responsible for the unusual magnetic properties observed.” While
in 2p-4f complexes, the foremost reason is large anisotropies of
lanthanide(III) ions. Thus, it seems interesting to combine both
advantages through the strategy of constructing one-dimensional
chains containing 2p, 3d and 4f spin carriers. Indeed, these
complexes, achieved by the methods of molecular engineering,
have been or expected to show more versatile structure and
properties.®

In this regard, the selection of radical is essential for the
molecular engineering. Firstly, it should be robust enough to
undergo solvent reflux and column purification, and be easily
modified to induce some functional groups.? Secondly, it should
show coordination ability towards transition metal ions and
lanthanide(III) ions. More importantly, this radical, chosen as
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appealing building blocks, must have two or more coordination
sites and show different coordination abilities towards different
sorts of metal ions in order to avoid forming uniform complex.
Therefore, isopropyl substituted verdazyl radical,'® especially its
3-pyridyl derivative 3pyvd (3pyvd = 1,5-diisopropyl-3-pyridin-3-
yl-6-oxoverdazyl, shown in Fig. 1), which has been first
systematically synthesized by Brook’s group,?® rushes into our
mind. Considering the oxophilic character of lanthanide(III) ions
and the nitrophilic origin of copper(Il) ion, one-dimensional
chains could probably be formed by adding the 3pyvd to the
mixture of lanthanide(IIl) ions and Cu(ll) ions through the
approach of self-assembly.

Fig. 1 Chemical structure of 3pyvd.

Experimental Section

General. All chemicals were commercial available and at least
A.R. grade. The solvents were purified under standard methods
and stored under inert atmosphere. 3pyvd,% Cu(hfac),2H,0 and
Ln(hfac);-2H,0 (Ln = Gd, Tb, Dy)® were synthesized according
to the literature reported after slight modification. Elemental
analyses for C, H, and N were carried out on a Perkin-Elmer 2400
analyzer. Fourier transform IR (FTIR) spectra were recorded with
a Thermo Scientific Nicolet 6700 spectrophotometer with ATR
module using the reflectance technique (4000-600 cm™). All
magnetization data were collected on a Quantum Design MPMS-
XL7 SQUID magnetometer equipped with a 7 T magnet. The
variable-temperature magnetization was measured with an
external magnetic field of 1000 Oe in the temperature range of
2.0-300 K wusing polycrystalline simples. The experimental
magnetic susceptibility data are corrected for the diamagnetism
estimated from Pascal’s constants.
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Table 1 Crystallographic parameters of complexes 1-3.

Compound name 1 2 3

Chemical formula ClogH()gCuzF(,o ClogH()gCuzF(,o C[o()HggCUzD}’z
GdyN29004 N20024Tb, F6oN20024

Formula Mass 3653.65 3656.99 3664.15

alA 16.8896(5) 16.7525(3) 16.9627(4)

b/A 17.5155(5) 17.5540(3) 17.4217(3)

c/A 25.1035(9) 24.9087(5) 25.2082(6)

a/° 90 90 90

p/° 92.938(3) 92.524(2) 92.590(2)

y/° 90 90 90

Unit cell volume/A®  7416.6(4) 7317.9(2) 7441.9(3)

Temperature/K 173(2) 173(2) 173(2)

Space group P21 P21 P21

No. of formula units 2 2 2

per unit cell, Z

Absorption 1.309 1.387 1.417

coefficient, z/mm’

No. of reflections 45335 45203 41886

measured

No. of independent 29572 29509 27443

reflections

Rin 0.0498 0.0359 0.0406

Final R, values (/> 0.0654 0.0454 0.0618

20(D))

Final wR(F®) values 0.1536 0.0894 0.1449

(> 2a(D))

Final R, values (all  0.0820 0.0533 0.0770

data)

Final wR(F?) values 0.1713 0.0953 0.1585

(all data)

Goodness of fit on F2 1.034 1.034 1.018

Flack parameter 0.632(7) 0.644(7) 0.705(7)

Synthesis of di-fert-butyl 2,2’-carbonylbis-(2-
isopropylhydrazinecarboxylate): With continuous stirring, 2.97
g bis(trichloromethyl)carbonate (triphosgene) in 15 mL dry
toluene was slowly added to 150 mL dry toluene containing 10.3
g tert-butyl-2-isopropylhydrazinecarboxylate and 8.19 mL dry
triethylamine under ice bath during two hours. When this addition
was complete, the mixture was allowed to warm to room
temperature and stirred for additional two hours and filtered. The
filtrate was evaporated to dryness under reduced pressure to give
crude product. Colorless crystals obtained by
recrystallization from hot n-heptane. Yield: 8.25 g. (74%) m. p.
176-178 °C.

Synthesis of [Gd(hfac);], [Cu(hfac),],4(3pyvd)-n-C;Hs (1):
A mixture of Gd(hfac);2H,0 (0.05 mmol, 41 mg) and
Cu(hfac), 2H,0 (0.05 mmol, 25 mg) was suspended in 25 mL
boiling n-heptane with stirring. After refluxing for about two
hours, 24.8 mg (0.1 mmol) 3pyvd was added to this solution, and
followed by 5 mL chloroform. And then, this solution was taken
to mild reflux for another two hours and filtered after cooling to
room temperature. The resulting brown solution was stored in
refrigerator at 3°C and the greenish brown block-shaped single-
crystals suitable for X-ray analysis were obtained after a few
days. Yield: 22 mg (24.1%). Elemental analysis: calc(found)%
complex 1: C: 35.83(35.55) H: 2.70(2.61) N: 7.67(7.88). IR
spectra of complex 1: 3268(m), 3203(w), 3105(m), 2993(w),
1686(m), 1649(vs), 1612(w), 1561(m), 1536(m), 1508(m).
1475(w), 1391(w), 1369(w), 1350(w), 1314(w), 1253(vs),
1199(vs), 1139(vs), 1099(s), 952(w), 802(s), 742(m), 724(w),
681(w), 661(s), 588(m), 528(w).

Synthesis of [Tb(hfac);],'[Cu(hfac),], 4(3pyvd)-n-C;Hs (2)

were
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and [Dy(hfac);], [Cu(hfac),], 4(3pyvd)-n-C;Hy, A3):
Complexes 2 and 3 were synthesized according to a similar
process of complex 1, using Tb(hfac);"2H,0 (2) and
Dy(hfac);-:2H,O (3) as starting material instead of
Gd(hfac);-2H,0. Elemental analysis: calc(found)% complex 2:
C: 35.88(35.49) H: 2.70(2.62) N: 7.67(7.82). complex 3: C:
35.83(35.59) H: 2.70(2.59) N: 7.67(7.81). IR spectra of complex
2: 3269(m), 3105(m), 2996(w), 1685(m), 1650(vs), 1613(w),
1561(m), 1532(m), 1509(m). 1473(w), 1391(w), 1368(w),
1350(w), 1314(w), 1255(vs), 1197(vs), 1138(vs), 1103(s),
948(w), 798(s), 741(m), 726(w), 682(w), 661(s), 584(m). IR
spectra of complex 3: 2984(w), 2942(w), 1650(vs), 1614(s),
1553(m), 1529(m), 1500(m), 1469(w), 1427(w), 1392(w),
1372(w), 1331(w), 1252(s), 1195(s), 1137(vs), 1101(m),
1054(w), 942(w), 796(m), 767(w), 741(w), 726(w), 698(w),
667(m), 583(m), 550(w), 529(w).

X-ray Crystallography: Single-crystal X-ray diffraction
measurements of these three complexes were carried out on an
Oxford Supernova diffractometer with graphite monochromated
MoKa radiation (A = 0.71073 A) at 173(2) K. The structures were
solved by direct methods and refined on 2 with full-matrix least-
squares techniques using SHELXL-13 programs. The locations of
lanthanide and copper atoms were easily determined, oxygen,
nitrogen, and carbon atoms were subsequently determined from
the difference Fourier maps. Anisotropic thermal parameters were
assigned to all non-hydrogen atoms. The hydrogen atoms were
introduced in calculated positions and refined with a fixed
geometry with respect to their carrier atoms. Most of the fluorine
atoms in trifluoromethyl groups are severely disordered and were
separated into two parts. The terminal carbon atoms of solvent
molecule n-heptane in complex 3 is somewhat disordered, some
restrained items are performed to bring this free solvent molecule
into rational model. Crystallographic parameters of complexes 1-
3 are listed in Table 1. CCDC 997126 (1), 997127 (2) and 997128
(3) contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from the Cambridge
Crystallographic Data Centre i
www.ccdc.cam.ac.uk/data_request/cif.

via

Results and Discussion

Synthesis. In the previous reported synthetic strategies, the
highly toxic reagent phosgene in toluene was adopted to give 2,
4-dialkyl substituted bis-hydrazide.®® In order to obtain large
quantities of verdazyls to support our research of coordination,
the avoidance of risky starting material as much as possible is
required as synthetic advances. As discovered in 1987, a superior
substitute of phosgene, bis(trichloromethyl)carbonate, which is
convenient to store and weight, had been widely used in synthesis
of unsymmetrical disubstituted ureas in the presence of
nucleophilic agent!! Thus, triphosgene was employed in the
synthesis of bis-hydrazide with triethylamine in carefully dried
toluene. Thanks to the mild release of phosgene, which arisen by
decomposition of triphosgene and intermediate, the reaction went
smoothly, and the product yield was also significantly improved.
In the synthesis of the final products, the counter ion, hfac
anion, was introduced to construct these infinite chains, mainly
owing to its strong electron-withdrawing effect, which could
enhance the coordination ability of radical itself. Meanwhile, to

2 | Journal Name, [year], [vol], oo—oo0
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avoid the decomposition of radical, the nonpolar mixed solvent,
n-heptane/chloroform, in which the metal-hfac salts are finely
soluble, is employed as the best medium. Finally, the resulting
mixture must be placed at approximate 3 °C to avoid quick
crystallization, which usually leads to microcrystalline and poor
diffraction data.

Fig. 2 Molecular structure of complex 2, hydrogen atoms and disordered
fluorine atoms are omitted for clarity.

Crystal Structure. Single-crystal X-ray diffraction reveals that
all three complexes are isomorphous, and crystallize
monoclinic space group P21. As shown in Fig. 2, the asymmetric
unit consists of two Ln(hfac); units, two Cu(hfac), units, four
3pyvd radicals and a n-heptane solvent molecule. In these
complexes, take complex 2 for example, two Tb(III) ions and two
Cu(Il) ions are located in extremely similar coordination
environments respectively, and 3pyvd radicals display as bis-
monodentate bridging ligands connecting Tb(III) ions and Cu(II)
ions together, forming the infinite one-dimensional chains. The
Cul(Il) ion is six-coordinated in an axially elongated octahedron,
the equatorial sites are occupied by two nitrogen atoms (N9, N10)
from two pyridyl ring of verdazyl radicals and two oxygen atoms
(012, O14) from two separated hfac units with the bond lengths
in the range of 1.999(6) to 2.049(5) A. While another two oxygen
atoms (O11, O13) in chelating hfac unit occupy the axial sites of
this octahedral coordination sphere. The Tb(IIl) ion is eight-
coordinated with six oxygen atoms coming from three chelating
hfac ligands, and the coordination sphere of Tb(IIl) ion is
completed by two oxygen atoms from verdazyl rings of the
radical molecules. These Tb-O bond lengths are from the
minimum 2.308(5) A to the maximal 2.382(5) A, which are
comparable to the reported verdazyl coordinated lanthanide(III)
complex.2 Within the verdazyl ring, the bond lengths of the
adjacent nitrogen atoms are close to the 1.368(8) A, which is the
typical length of verdazyl ring in radical form.'® The verdazyl
ring twists out of the pyridyl plane with the dihedral angle of
8.61°, indicating that these two rings are nearly coplanar to each
other.!2 The nearest Cu---Cu distance within the chain is 21.386
A, while the nearest Tb---Tb distance is 21.782 A. Moreover,
there also exist one n-heptane solvent molecule, which is
somewhat disordered in complex 3, filling in the interspace. Thus,
each chain is well isolated.

The replacement of lanthanide(III) ions causes the bond
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45

85

lengths and angles of these three complexes vary a little. Due to
the lanthanide contraction phenomena, the average bond length
between the lanthanide(II) ions and the coordinated verdazyl
oxygen atoms decrease from 2.339 A in complex 1 to 2.328 A in
complex 3.

As one can see, for verdazyl radical, it is the first time that
three sorts of spin carriers were situated in single nanowires with
unambiguous structures, this successful synthesis of hetero-tri-
spin chains employing isopropyl substituted verdazyl radical have
proven its coordination abilities to both transition metal via
pyridyl nitrogen and lanthanide(IlI) ions through carbonyl
oxygen. Due to readily modified substituents in verdazyl
molecule, this system will provide us with the possibilities of
more versatile structures as well as more novel properties in
magnetism by introducing different functional groups.
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Fig. 3 ymT versus T curves for three complexes. The solid lines are guides
for the eye.

Magnetic Properties. The magnetic properties of complexes 1-3
have been measured using polycrystalline samples under 1000 Oe
dc field. The temperature dependence of the magnetic
susceptibilities in the form of yyT versus T plots for all three
complexes are shown in Fig. 3 and Fig. S1-S2. For complex 1,
the observed room-temperature yy7 value is 18.40 cm® K mol ™',
which is slightly higher than the uncoupled system of two Gd(III)
ions (f' electron configuration, g = 2.00, yuT = 7.875 cm® K
mol ™), two Cu(Il) ions (d° electron configuration, g = 2.00, yuT
= 0.375 cm® K mol™") and four verdazyl radicals (S = 1/2, g =
2.00, ymT =0.375 em® K mol™). As the temperature decrease, the
ymT value gradually increases, and finally reaches a maximum of
18.96 cm® K mol™' at 2.0 K. For complex 2, the yy7 value at
room temperature is 25.70 cm’ K mol”', which is a good
agreement with two isolated Tb(IIT) ions ('Fg, g = 3/2, yuT =
11.81 em® K mol ™), two Cu(II) ions (d’ electron configuration, g
=2.00, yuT = 0.375 cm® K mol ") and four verdazyl radicals (S =
172, g = 2.00, yuT = 0.375 cm® K mol™). On cooling, the yyuT
value decreases smoothly, which could ascribe to the
depopulation of Tb(IIT) m; sub-levels. But below 50 K, it begins
to decrease more and more sharply and reaches a minimum of
18.98 cm® K mol " at 2.0 K. For complex 3, at room temperature,
the yuT value is 31.41 cm® K mol™', which is somewhat higher
than the total value of uncorrelated paramagnetic ions (30.61 cm’
K mol™, ®H;s, for Dy(Ill) ion). The yyu7T value increases
gradually and reaches a maximum at 75 K with a value of 32.64
em® K mol ™. Below 75 K, yu7 begins to descend and reaches a

This journal is © The Royal Society of Chemistry [year]
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minimum of 30.26 cm® K mol " at 2.0 K. The field dependence of
M for three complexes was carried out at 1.9 K in the field range
of 0-70 kOe (Fig. 4). At the highest field, the M value for
complex 1 is 20.06 pg , which shows saturation value and agrees
well with the theoretical one. While the M value for complex 2
and 3 are 16.75 pg and 17.88 pp, respectively, which are far from
saturations ('F¢ of Tb(III) and °H;s, of Dy(III)). For complex 3,
the magnetization curve at different temperature are also
measured (Fig. S3), three M versus H/T curves do not show
coincidence at high field range, indicating the presence of
magnetic anisotropy in Dy(III) ion.

0 ! ! {

0 20 60

40
Field / kOe

Fig. 4 Field dependence of magnetization curves of three complexes at
1.9 K. The solid lines are guides for the eye.

Due to the absence of angular momentum of Gd(III) ion,
complex 1 provides possibility of quantitative analysis. In fact,
there is no suitable model for such a complicated alternative
chain containing all kinds of coupling parameters. However,
considering that the nitrogen atom in pyridyl ring only carries
very small spin densities, the magnetic coupling between the
radical and Cu(Il) ion should be very weak, and supposed to
affect the yyT value at exceedingly low temperature. Therefore,
this chain could be magnetically treated as a Gd(III) ion with two
oxygen-coordinated radicals moiety and an isolated Cu(Il) ion.
Based on this approximation, the total susceptibilities (y,) could
be roughly calculated as a sum of tri-spin fragment of Radical-
Gd-Radical (yr.ge.r) and a constant yc,, and the yp.ger 1S
originated from the spin  Hamiltonian A
2J(ScaSr1ScaSr2)t€aaBScaHtrB(Sr1+Sro)HtgeuBScuH,  where
the coupling between two radicals is also negligible due to their
commonly rather weak interactions and the parameter J stands for
the magnetic coupling between Gd(III) ion and verdazyl radical
through the coordinated carbonyl group. Assuming that, all spin
carriers have the same g value (ggq = gr = gcu = &), the best
simulation (Fig. S1) performed in the temperature range of 16-
300 K affords the parameters of g = 2.03, J=0.07(1) cm™.

Complexes 2 and 3, containing anisotropic Tb(III) and Dy(III)
ions were expected to be new series of SCMs, which is our
original purpose to prepare and study such complexes. Thus,
alternating-current  susceptibilities measured at
temperature range (Fig. S4-S5). With decreasing temperature, the
in-phase susceptibilities of complexes 2 and 3 increased
monotonically, however, unfortunately, no signal of imaginary
components was observed even at the temperature as low as 2.0
K.
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Conclusions

In conclusion, we have adopted isopropyl substituted verdazyl
radical in the design of 2p-3d-4f one dimensional chains. To our
best knowledge, these are the first series of 2p-3d-4f chains based
on verdazyl radical. These results have demonstrated that
exploiting the coordination abilities of isopropyl substituted
verdazyl radical to transition metal and lanthanide(III) ions is an
efficient approach to produce system incorporating 2p, 3d and 4f
spin carriers. This successful synthetic approach illustrated in this
work may open up new opportunities to develop novel molecular
magnetic materials based on versatile verdazyl radicals as the
verdazyl derivatives, where some functional groups were
introduced, could be appealing building blocks due to their
coordination diversity.
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Exploiting the coordination abilities of isopropyl substituted verdazyl
radical to transition metal and lanthanide(IIl) ions represents an efficient
approach to produce system incorporating 2p, 3d and 4f spin carriers.
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