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Field-induced slow magnetic relaxation was observed in a cyano-
bridged coordination nanotube constructed from a pentagonal bi-
pyramidal Co" building block and a hexacyanocobaltate(i) anion,
which represents the first example of a coordination nanotube
displaying field-induced single-molecule magnet behaviour.

Molecular nanomagnets, including single-molecule magnets
(SMMs), single-ion magnets (SIMs) and single-chain magnets
(SCMs), are known for their magnetic bistability and potential
applications in high-density information storage and quan-
tum computing.' Since the pioneering work reported by Long
and co-workers in 2010 on a mononuclear Fe"" complex with
field-induced SIM behavior,> transition-metal based SIMs
have aroused growing interest in the field of molecular mag-
netism.> Among them, mononuclear Co(n) compounds are
the most studied because they are air-stable in many cases
and possess high magnetic anisotropy arising from strong
spin-orbital coupling in various distorted geometries. Inter-
estingly, the SIM behavior can not only be observed in struc-
turally isolated single-ion systems, it has also been recently
observed in limited examples of 1D,*** 2D,*”° and even 3D
Co" coordination frameworks.” In these frameworks, the Co"
ions are well-separated by long spacer ligands, and can be
regarded as isolated single-ion magnetic centers with ob-
served SIM behaviors.

In fact, rational combination of coordination frame-
works and SMMs has provided an excellent platform for
the investigation of molecular nanomagnets. On the one
hand, coordination frameworks are very attractive because
of their structural stability, diversity, and flexibility, which
can modify the coordination geometries of the metal cen-
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ters and also the magnetic interactions between the spin
centers.® Thus, their magnetic properties can be altered or
even tuned by choosing linkers of different properties, or
by guest adsorption/desorption, solvent exchange and so
0n.4,6b,9

Among the various coordination frameworks, nanotubular
structures have attracted a great deal of interest.""® Though
nanotube structures have been realized in many extended co-
ordination polymers, isolated nanotubes were only reported
in some limited examples."”™® Among them, cyanide-based
coordination nanotubes are even rare.'™'> It's worth noting
that Gao and co-workers have reported a cyanide-based nano-
tube based on a pentagonal bipyramidal (PBP) Co™ unit and
the [Fe™(CN)¢]>~ anion, which shows paramagnetic behavior
and ferromagnetic Fe™-Co" interaction.'” To the best of our
knowledge however, no slow magnetic relaxation has been
observed in any coordination nanotubes.

Recently, our group has reported a series of coordination
polymers based on PBP metal ions to study the effect of mag-
netic exchange interactions between the metal centres on the
magnetic behavior of these compounds.®> In a series of 1D
chains where the Co" centers are bridged by organic spacers
of different lengths"® or a 2D compound where the Co" cen-
ters are bridged by the diamagnetic hexacyanometallate
[Co™(CN)6J*",* we noticed that a negligible magnetic interac-
tion favors the field-induced SIM behavior, while a weak mag-
netic interaction suppresses the slow magnetic relaxation.
Following this line, we aimed to prepare a coordination
nanotube showing SIM behavior by modifying the coordina-
tion nanotube reported by Gao et al. using the diamagnetic
hexacyanometallate [Co™(CN)s]*". As anticipated, changing
[Fe"™(CN)]*™ to [Co™(CN)e]*~ efficiently eliminates the mag-
netic coupling and leads to the observation of the field-
induced SIM behaviour. Herein, we reported the synthesis,
structure and magnetic properties of the compound,
[Co"(Ln,0,)]e[C0™(CN)]4-26H,0 (1, Ly o, see Fig. 1). This com-
plex represents the first example of a coordination nanotube
displaying SIM behaviour.

CrystEngComm, 2017, 19, 5707-5711 | 5707


http://crossmark.crossref.org/dialog/?doi=10.1039/c7ce01436h&domain=pdf&date_stamp=2017-09-29
http://orcid.org/0000-0002-3253-2680
http://orcid.org/0000-0002-9256-1862
http://dx.doi.org/10.1039/c7ce01436h
http://pubs.rsc.org/en/journals/journal/CE
http://pubs.rsc.org/en/journals/journal/CE?issueid=CE019038

Published on 06 September 2017. Downloaded by NANJING UNIVERSITY on 05/10/2017 13:08:04.

Communication

Fig. 1 Perspective view of the asymmetric unit of 1. All hydrogen
atoms and solvent water molecules were omitted for clarity.

Orange block single crystals of 1 were prepared by slow
diffusion of the solution of [Co"(Ly o )]*" and [Co™(CN)e]’*” in
mixed MeCN/H,O (3:1) in an H-tube (see details in the
ESIT). The purity of the bulk sample of 1 was confirmed by
PXRD spectroscopy and elemental analysis (Fig. S1, ESIT).

Single-crystal X-ray analysis revealed that 1 crystallizes in
the monoclinic space group P2,/c (Table S1, ESIT) and has a
discrete 1D tubular architecture (Fig. 2a and Fig. S2, ESI{). As
compound 1 is isostructural to the [Fe"(CN)s]>"-based com-
pound reported by Gao et al., we will only describe its struc-
ture briefly for the sake of clarity. In the asymmetric unit of 1
(Fig. 1), there are ten cobalt centers, four [Co™(CN)e]*” units
and six [Co"(Lno,)]" units. All the Co™ centres (Col, Co3,
Co6 and Co9) display an octahedral coordination geometry
with Co-C bond lengths ranging from 1.874(7) to 1.910(9) A,
while all the Co" centres (Co2, Co4, Co5, Co7, Co8, and
Co10) lie in a slightly distorted pentagonal bipyramid geome-
try. The equatorial planes are occupied by three N atoms and
two O atoms from the pentadentate Ly, ligand, while the
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Fig. 2 a) 1D nanotubular structure of 1; b) the nanotubular skeleton
without ligands and for a clear view of the bridging modes. The purple
and green balls represent the Co'" and Co"' centers, respectively. The
blue cycles indicate the Col2 metallamacrocycles, which were
connected into a nanotube by the green linkers.
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two axial positions are coordinated by two N atoms from CN~
groups of [Co™(CN)g]*” anions. The average Co-X (X = N, O)
bond lengths in all [Co"(Ly,o,)]*" units are comparable (av.
2.172 A), and are consistent with the average Co-X (X = coor-
dinated atom) bond distances reported for similar PBP Co"
complexes in the literature.”'*'> The continuous shape mea-
sures (CShMs)'® related to the pentagonal bipyramid for Co2,
Co4, Co5, Co7, Co8, and Co10 were calculated to be 0.497,
0.257, 0.348, 0.262, 0.362, and 0.234, respectively, indicating
a slight deviation from Ds;, symmetry. The other selected
bond lengths and bond angles are listed in Table S2.f Nota-
bly, the Co"™-N=C bond angles in Co"-N=C-Co™ deviate
distinctly from linearity with the largest angle of 148.4(4)°,
which leads to the special extending of the nanotube struc-
ture of 1.

As depicted in Fig. 2b, the four unique [Co™(CN)]*™ units
adopt three different linking types: two-connected nodes in-
volving two trans CN groups (Co1l), three-connected nodes in-
volving three mer CN groups (Co6, C09), and four-connected
nodes involving four CN groups (Co3). Thus, six Co" centers
(purple balls in Fig. 2b) are connected by six “NC-Co™-CN”
linkers (green balls) to give a Co12 metallamacrocycle (blue
cycles in Fig. 2b). These cycles are further connected into a
nanotube by two “NC-Co"-NC” and two “NC-Co"-NC-Co™'-
CN-Co"-NC” linkers (green linkers in Fig. 2b). In the nano-
tube, the Co™-Co" distances are in the range of 4.867(2)-
5.053(1) A, while the shortest Co"-Co" distance is 7.104(5) A.
Each tube is surrounded by four neighboring tubes, forming
a 3D supramolecular network (Fig. S3, ESIf). The shortest
inter-tube Co"-Co" distance is 7.667(8) A. These relatively
long Co"-Co" distances make the intermolecular dipole-
dipole interactions negligible. A large number of water mole-
cules occupy the space inside and also between the nano-
tubes (Fig. S3, ESI}), forming very rich hydrogen bonds with
the terminal cyano N atoms (Fig. S4, ESI}).

Thermal gravimetric analysis (TGA) for the crystal sample
of 1 was performed in the temperature range of 20-800 °C
(Fig. S5, ESIt). The weight loss of 13.8% revealed that 26 wa-
ter molecules (calculated 14.1%) could be removed in the
temperature range from 20 to 110 °C, which is consistent
with the single crystal data. The potential porosity of the
structure, as calculated using PLATON,"” was estimated to be
3713.3 A® per unit cell volume (15286 A®), representing
24.3% of the potential void per unit volume.

Variable-temperature magnetic susceptibility measure-
ments for 1 in the temperature range of 2-300 K were
performed on ground single crystal samples under an exter-
nal dc field of 1000 Oe (Fig. 3). As the paramagnetic Co" ions
are separated by the diamagnetic [Co™(CN)s]*" units, the
magnetic response of 1 is due solely to the high-spin Co"
ions. Note that it is impossible to distinguish the six Co™ ions
of slightly different PBP geometry in the magnetic data. Thus,
we treat them equally and the magnetic data of 1 is calcu-
lated according to the formulae containing one Co" centre.
At 300 K, the yT value is 2.56 cm® mol™ K, which is compa-
rable to the normally observed value for the high-spin Co"
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Fig. 3 Temperature-dependent magnetic susceptibility data for 1
measured at 1 kOe; insert: reduced magnetization data for 1 collected
in the temperature range of 2-10 K under dc fields of 1-7 T. The solid
lines correspond to the best fits by Anisofit 2.0.

centers. Due to the orbital contribution, the room tempera-
ture y\T value for the high-spin octahedral Co™ center varies
in the range of 2.1-3.4 cm® mol ™ K."® Also, this value is com-
parable to the values of other Co™ centers in the PBP geome-
try reported by us and others.'*'® Upon cooling, the yuT
value decreases very slowly down to 50 K, and then abruptly
decreases to a minimum value of 1.46 cm®> mol™ K at 2 K.
The overall shape of the y,T curve is in accordance with
reported mononuclear Co” complexes,’ where the decrease
in the yuT curve at low temperature should be mainly due to
the intrinsic magnetic anisotropy of the Co™ ions. The field-
dependent magnetization for 1 was further measured at 2 K
with fields up to 70 kOe. The largest magnetization value at
70 kOe reaches 2.01 up (Fig. S61). The lack of saturation of
the magnetization suggests the presence of appreciable mag-
netic anisotropy in the 1D nanotube.

To determine the average zero-field splitting parameters
of the Co® centres in 1, the magnetic susceptibilities and the
magnetization data of 1 were fitted simultaneously using the
PHI"® program with the following spin Hamiltonian:

H = D[S;” - S(S +1)/3] + E(S,” ~ %) + ypS-g-B

where D, E, S, B, and puy represent the axial and rhombic ZFS
parameters, the spin operator, magnetic field vector, and the
Bohr magneton, respectively. The best fit values are D =
21.4(6) em™', E = -0.08(1) em !, g, = 2.121(1), and g, =
2.328(5). These values indicate the easy-plane magnetic aniso-
tropy of the PBP Co>" centres, which is comparable with the
reported PBP Co" SIMs.*'*'> Furthermore, the reduced mag-
netization data were collected at different magnetic fields of
1-7 T in the temperature range of 2-10 K (Fig. 3b). The
resulting isofield curves exhibit significant separation, indica-
tive of strong magnetic anisotropy of the PBP Co" centers.
The best fit using Anisofit 2.0 (ref. 20) gave D = 26.5 cm ™', E
=0.8 x 10 em ™ and g = 2.34. These values agree well with
the fitting results obtained using PHI. Furthermore, we have
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to point out that the negative initial value of D gave poorer
fitting results, indicating the correct choice of the positive
sign of D. The positive sign of the D value stems from the
interaction between the ground and excited electronic states
coupled through spin-orbit coupling, supporting the high
anisotropy and implying the possible magnetic relaxation
behaviour.

To probe the magnetic relaxation dynamics of 1,
temperature- and frequency-dependent ac susceptibilities
were measured in the temperature range of 2-10 K. No out-
of-phase ac susceptibility (") signal was observed in the
absence of an applied dc field (Fig. S7, ESIf), which was
mainly attributed to efficient quantum tunnelling of the mag-
netization (QTM). In order to determine the optimum dc
field to suppress the QTM effect, ac measurements were
performed on 1 under various dc fields at 2 K (Fig. S8, ESIf).
Frequency-dependent ac signals were observed upon applica-
tion of dc fields, indicating the field-induced slow magnetic
relaxation of 1. These frequency-dependent ac data were
drawn as Cole-Cole plots (Fig. S9, ESIT) and fitted by the gen-
eralized Debye model,* giving the field-dependent relaxation
time 7 (Fig. $10, ESIf). The slowest relaxation was found at
around 1500 Oe, which was then chosen as the optimum dc
field for comprehensive ac measurements at different tem-
peratures (Fig. 4, Fig. S11 and S12, ESI}).

Cole-Cole diagrams at different temperatures were then
generated (Fig. S13, ESIt), and the relaxation times (7) were
extracted by fitting the semicircles data with the generalized
Debye model.>’ The obtained o parameters are in the
range of 0.15-0.17, suggesting the narrow distribution of the
relaxation time. From fitting the relaxation time data to the
Arrhenius law 7 = 7, exp(Ues/kpT), the effective energy barrier
U was estimated to be 6.4 cm™ (9.1 K), with the pre-
exponential factor 7, being 1.9 x 10™® s (Fig. 4). Comparing
the plot of In(z) vs. T~* with other reported mononuclear PBP

.0
0.3- Hgg = 1500 Oe
- 7.5]Hye =20

LR |
1000

1 10 100
v/ Hz

Fig. 4 Frequency dependence of the out-of-phase (y") part of the ac
magnetic susceptibilities for 1 collected under a 1.5 kOe dc field over
the temperature range 2 to 6 K; insert: Arrhenius plot with In(?) vs. T
for 1. Red line shows fit of the data in the range of 2-6 K to the Arrhe-
nius law.
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Co" complexes,” the present system does not show an obvi-
ous curvature at low temperatures, which suggests that the
Orbach relaxation mechanism dominates the relaxation pro-
cess. In addition, to have a clear scope on reported PBP Co™
SIMs, the magnetic properties of these compounds, including
magnetic anisotropy parameters and energy barriers, are
compiled in Table S4 (ESIT). However, we didn't find any con-
clusive relationship between the structural parameters and
the magnetic properties of these complexes. Finally, it is nec-
essary to point out that the ideal PBP geometry (D5, symme-
try) has recently been found to have significant implications
for lanthanide- and 4d-based SMMs as well, leading to very
high effective energy barriers and blocking temperatures, and
very interesting magnetic behaviours.*

In summary, by using pentagonal bipyramidal Co" build-
ing blocks and diamagnetic hexacyanocobaltate(ur) anions, we
have synthesized and characterized a novel cyano-bridged co-
ordination nanotube. Interestingly, field-induced slow mag-
netic relaxation was verified in this complex, which is the
first time to observe such behaviour in coordination nano-
tubes. Further efforts along this line to construct more mo-
lecular magnetic materials based on pentagonal bipyramidal
units are devoted now in our lab.
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