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ABSTRACT: In molecular magnetism and single-ion magnets in
particular, the observation of slow relaxation of the magnetization
is intimately linked to the coordination environment of the metal
center. Such systems typically have blocking temperatures well
below that of liquid nitrogen, and therefore detailed magnetic
characterization is usually carried out at very low temperatures.
Despite this, there has been little advantage taken of ultralow
temperature single-crystal X-ray diffraction techniques that could
provide a full understanding of the crystal structure in the same
temperature regime where slow magnetic relaxation occurs. Here,
we present a systematic variable temperature single crystal X-ray
diffraction study of [CoII(NO3)3(H2O)(HDABCO)] (1)
{DABCO = 1,4-diazabicyclo[2.2.2]octane} conducted between 295 to 4 K. A reversible and robust disorder-to-order, single-
crystal to single-crystal phase transition was identified, which accompanied a switching of the coordination geometry around the
central Co(II) from 5- to 7-coordinate below 140 K. The magnetic properties were investigated, revealing slow relaxation of the
magnetization arising from a large easy-plane magnetic anisotropy (+D) in the Co(II) pentagonal bipyramidal environment
observed at low temperatures. This study highlights the importance of conducting thorough low temperature crystallographic
studies, particularly where magnetic characterization is carried out at such low temperatures.

■ INTRODUCTION

Cobalt is widely used in chemistry, from biological applications
such as antibacterial and therapeutic agents to electrochemical
catalysis and molecular magnetism.1−4 This diverse range of
applications reflects cobalt’s rich and interesting behavior,
which stems from extensive redox, optical, and magnetic
properties. In a molecular magnetism context, Co(II)-based
complexes are particularly attractive to study as they can show
slow relaxation of the magnetization in a range of coordination
environments. Co(II) can help address two requirements for
successful single-molecule magnets (SMMs)a significant
spin−orbit coupling (SOC) contribution to the magnetic
anisotropy (first or second order depending on geometry) and
control over undesirable relaxation processes.5−11 The latter is
a result of the Kramers Theorem, where quantum tunneling of
the magnetization (QTM) and direct spin-phonon relaxation
between the ground state Kramers doublet is formally
forbidden for the half-integer spin Co(II) ion, regardless of
the sign of the axial zero-field splitting (ZFS) parameter
D.12−20 Both of these factors contribute to the success of
Co(II) in polynuclear 3d, 3d−4f, and mononuclear 3d cobalt
SMMs.21−26 For mononuclear Co(II) complexes, the focus is
firmly on enhancing the axial magnetic anisotropy of the
system.27 However, in order to understand the magnetic
anisotropy in Co(II) mononuclear complexes, which tends to

dictate the resulting magnetic properties, a thorough under-
standing of the geometrical environment of the Co(II) is
required.28 In particular, where low temperature magnetic
measurements are used to confirm certain properties, it is also
important to be certain of the structure in the temperature
range at which the measurement is carried out (typically < 10
K).29

We present herein a systematic variable temperature single
crystal X-ray diffraction study of [CoII(NO3)3(H2O)-
(HDABCO)] (1),30 evidencing a disorder-to-order, single-
crystal to single-crystal phase transition accompanied by a clear
coordination switch from a 5- to a 7-coordinate complex below
140 K. The magnetic studies of 1 confirm slow relaxation of
the magnetization under an applied dc field, originating from a
large easy-plane magnetic anisotropy. We stress the merits of
thorough low temperature crystallographic investigations of
single-ion magnets, especially where the ligands involved can
display a variety of coordination modes.

■ EXPERIMENTAL SECTION
Physical Methods. Elemental analysis (EA) was performed in-

house by the microanalysis service at the School of Chemistry,
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University of Glasgow. IR spectra were collected using a Shimadzu
FTIR spectrometer in the range 4000−600 cm−1. Single-crystal X-ray
diffraction data were collected for complex 1 under ambient
conditions and at regular intervals down to 4 K at Newcastle
University. Data from 295 to 80 K were collected using a Bruker D8
VENTURE diffractometer (Ag Kα radiation, λ = 0.56087 Å)
equipped with a Photon II CPAD detector and an Oxford
Cryosystems Cryostream 800 device. SAINT31 was used to integrate
the data, and empirical absorption corrections using equivalent
reflections were performed with the program SADABS.32 Data from
100 to 4 K were collected by mounting the sample on a graphite rod
which was placed inside the cryostat of the XIPHOS I diffractometer
(Mo Kα radiation, λ = 0.71073 Å).33,34 The system has a minimum
operating temperature of 1.86 K, achieved using a modified two-stage
closed-cycle refrigerator enhanced with an additional third Joule−
Thompson stage. Ambient temperature data were collected before
and after cooling. Data were integrated using SAINT,31 and empirical
absorption corrections using equivalent reflections were performed
with the program SADABS.32 Crystallographic data for complex 2 at
100 K were collected by the National Crystallography Service (NCS).
For data collected at 295 K, a Bruker D8 VENTURE diffractometer
equipped with a Photon II CMOS detector with an Oxford
Cryosystems N-Helix device mounted on a dual Cu and Mo IμS
3.0 microfocus sealed tube generator was used. Structures were solved
using SHELXT and refined using SHELXL full-matrix least-squares
refinement within Olex2 software.35,36 The powder X-ray patterns
were collected on a PANalytical XPert MPD, with Cu Kα1 radiation at
ambient temperature over a range of 5° < 2θ < 50° using a step size of
0.0167°. The calculated pattern was generated from Mercury using
the CIF of the crystal structure at room temperature.37 All magnetic
measurements were carried out on powdered crystalline samples
restrained in eicosane using a Quantum Design MPMS-XL SQUID
magnetometer. The data were corrected for the diamagnetic
contribution of the sample holder and eicosane by measurements,
and for the diamagnetism of compound 1 (χDIA = 1.88 × 10−4 cm3·
mol−1) and 2 (χDIA = 1.91 × 10−4 cm3·mol−1).
Synthetic Methods. All reagents and solvents were obtained

commercially and used without any further purification. The ligand
1,4-diazabicyclo[2.2.2]octane (DABCO) is commercially available
and wa s u s ed a s ob t a i n ed . Fo r t h e s yn the s i s o f
ZnxCo1−x(NO3)3(OH2)(HDABCO) (2), see the Supporting In-
formation.
[Co(NO3)3(OH2)(HDABCO)] (1). Co(NO3)2·H2O (0.58 g, 2 mmol)

was stirred in a 1:3 mixture of MeCN and MeOH (20 mL) resulting
in a pink-orange solution. DABCO (0.22 g, 2 mmol) was added and
the pink suspension stirred at approximately 60 °C for 2 h. The final
purple suspension was filtered giving a purple precipitate and bright
pink solution, which, on vapor liquid diffusion with diethyl ether,
yielded pink plate crystals after 1 day suitable for single crystal X-ray
diffraction. The purple precipitate was later discarded as no pure
product could be obtained on redissolving. Yield: 8% (61 mg). IR (ν
in cm−1): 3433 (w), 3179 (w), 1635 (w), 1442 (s), 1288 (s), 1206
(s), 1029 (s), 849 (m), 794 (s), 748 (w), 617 (m). EA analysis
(CoC6H15N5O10·0.25CH4O) [%], found: C, 19.42; H, 4.07; N, 18.15.
Calcd: C, 19.54; H, 4.20; N, 18.2.

■ RESULTS AND DISCUSSION

Crystal Structure Description. [Co(NO3)3(OH2)-
(HDABCO)]α Phase (High Temperature). Single crystal X-
ray data collected at ambient temperature revealed that 1
crystallizes in the monoclinic P21 space group (see Table S1
for crystallographic data). The asymmetric unit consists of a
full molecule of 1, which comprises a central Co(II) ion with a
protonated [HDABCO]+ ligand coordinated in one axial
position, and a H2O molecule coordinated in the other (see
Figure 1). Three symmetrically distinct monodentate NO3

−

(η1-ONO2) ligands in the equatorial positions complete the
coordination sphere. The nitrate at the N5 position exhibits

disorder between two different positions under ambient
conditions. This disorder leads to two distinct 5-coordinate
geometries around the Co(II) center such that, for clarity, we
will discuss the disorder in terms of two separate complexes
1 and 1′ (see Figure 1). At the N5 position of 1, and the N5′
position of 1′, the η1-ONO2 was refined competitively to
0.74539 and 0.25461, respectively. This means that the
position of the η1-ONO2 at the N5 position in 1 is adopted
within the crystal lattice approximately 75% of the time and
25% of the time, that at the N5′ in 1′. The positioning of the
η1-ONO2 at the N5 and N5′ positions in 1 and 1′ results in a
trigonal bipyramidal and a square pyramidal like geometry,
respectively (see Figure 1). The closest geometries were
determined via SHAPE studies confirming a trigonal
bipyramidal coordination environment for 1 and a vacant
octahedron for 1′, with O4C orientated in the vacant position
(see Tables S4 and S5).38−40 Single crystal X-ray diffraction
data sets were measured at predetermined intervals between
295 and 150 K to confirm what, if any, effect cooling down 1
would have on the observed disorder (see Table S1 for
crystallographic data). The occupancy of the disordered nitrate
for 1 steadily increased (75% → 95%) accompanied by the
appropriate decrease in occupation for 1′ (25% → 5%) on
approaching 150 K, indicating that the disorder is dynamic in
nature (see Figure S3). Below 150 K, a structural phase
transition is observed, and this will be discussed in more detail
later. Two molecules make up the unit cells of 1 and 1′.
Hydrogen bonding interactions propagate along both the a and
c axes of the lattice between the coordinated water molecule to
nitrates on adjacent molecules (O1−H1A···O5Bi and O1−
H1B···O3Bii (i = x, y, z − 1; ii = x − 1, y, z)) with distances of
1.8326(2) and 2.0491(3) Å, respectively, at 150 K. The
molecules of 1 and 1′ align in rows in the a and c directions of
the crystal lattice (see Figure S2), with the shortest
intermolecular Co··Co distances of 6.8758(10) Å (from 150
K structure) found along the a axis. The longest intermolecular
Co··Co distances in the lattice occur between molecules of
different rows, or between molecules along the b axis, at
8.4725(8) Å (at 150 K).

[Co(NO3)3(OH2)(HDABCO)]β Phase (Low Temperature).
On cooling below 140 K, a disorder-to-order, single-crystal to
single-crystal transformation is observed where cooling the
system results in reorganization of the nitrate ligands around
the Co(II) center (see Figure 2). The transformation is
reversible and robust, and on heating the sample to 295 K, the
α phase can be obtained once again without a loss in

Figure 1. Asymmetric unit of complex 1 and 1′ at ambient
temperature (295 K) with respective polyhedra (TBP and vacant
octahedron) depicted. Hydrogen atoms have been omitted for clarity.
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crystallinity. Although the α (high temperature) and β (low
temperature) phases crystallize in the same space group, this
phase transition is accompanied by a change in the unit cell
volume and β angle lattice parameter as shown in Figure 3.
Further crystallographic data were collected at predetermined
intervals from 140 to 4 K to observe if there would be any
further structural changes; however, this was not observed, and
the β phase is retained. Crystal data and structure refinement
parameters for these collections can be found in the
Supporting Information, Tables S2 and S3. On the transition
from the α to the β phase, the once disordered η1-ONO2 at the
N5 position of complexes 1/1′ becomes ordered with an
accompanied change in coordination mode from mono- to
bidentate (η2-OONO). Although the nitrate at the N4 position
did not exhibit disorder in the α phase, the coordination mode
has also changed from mono- to bidentate. The nitrate at the
N3 position remains monodentate but drops down and orients
toward the water molecule coordinated in the axial position.
Thus, the Co(II) center of complex 1 is 7-coordinate in the β-
phase and adopts a pentagonal bipyramid geometry as
confirmed via SHAPE studies (see Table S7).38−40 However,
the α → β phase transition is not accompanied by drastic
changes in the unit cell parameters (cf. 150 and 140 K
crystallographic data presented in Tables S1 and S2) or in the
crystal packing of the molecules within the lattice. A hydrogen
bonding interaction again propagates along the a axis between
the coordinated water molecule to nitrates on adjacent
molecules (O1−H1A··O3Bi (i = x − 1, y, z)) with a distance
of 2.0364(3) Å (at 140 K). However, in the case of the β phase

of 1, there is no interaction propagating along the c axis as
observed with the α phase. The molecules of 1 again align in
rows in the a direction of the crystal lattice (see Figure S4)
with the shortest intermolecular Co··Co distances of
6.8106(11) Å (at 140 K) along this axis, and the longest
Co··Co distances of 8.5955(9) Å (from 150 K structure)
arising between molecules along the b axis.

Magnetic Properties. The variable temperature magnetic
susceptibility data of complex 1 were collected between 290
and 2 K under an applied direct-current (dc) field of 0.1 T (see
Figure 4). The measurement was performed on pure single
crystals that were ground to a fine powder and then restrained
in eicosane to prevent reorientation and torqueing. At 290 K,
the χmT value for 1 is 2.74 cm3 mol−1 K. This value is higher
than the theoretical value of 2.27 cm3 mol−1 K where S = 3/2
and g = 2.2 are calculated using the spin-only formula,
indicating a significant orbital contribution to the magnetic
susceptibility. The χmT vs T data slowly decrease until 160 K is
reached, after which a faster drop in χmT is observed, steadying
again after 140 K (see Figure 4 and inset). This could be due
to the phase transition (α → β) observed in the X-ray
diffraction studies, arising from the change from a trigonal
bipyramidal to a pentagonal bipyramidal geometry. However, it
is not surprising that the difference in the χmT data around the
temperature of the phase transition is not particularly
prominent based on previous measurements conducted on
TBP and PBP Co(II) complexes reported in the liter-
ature.9,10,41−45 Furthermore, this feature would be quite
difficult to spot in the absence of the variable temperature X-
ray study, which would lead to an erroneous analysis of the low
temperature magnetic data as arising from a trigonal
bipyramidal Co(II) complex. The χmT vs T data then gradually
decrease until 40 K is reached, after which a sharp maximum is
observed with χmTmax = 3.29 cm3 mol−1 K observed at 12 K.
The χmT value then rapidly drops with χmTmin = 2.09 cm3

mol−1 K recorded at 2 K. In the low temperature β phase of 1,
the shortest intermolecular Co··Co distance is ∼6.8 Å, where
there is a hydrogen bonding interaction between a coordinated
water molecule and a nitrate ligand on an adjacent molecule,
{Co−H2O···NO3−Co}. The similar Cu−H2O···NO3−Cu
motif has been observed to transmit exchange interactions
between Cu(II) centers (∼7 Å apart) in {Cu(NO3)(H2O)}-
(HTae)(Bpy) (H2Tae = 1,1,2,2-tetraacetylethane, Bpy = 4,4′-
bipyridine).46 To probe this further, we attempted the
synthesis of a magnetically dilute form of complex 1 using

Figure 2. Asymmetric unit of complex 1 after cooling below 140 K
with the pentagonal bipyramidal coordination polyhedron depicted.
Hydrogen atoms have been omitted for clarity.

Figure 3. Temperature dependence of the normalized unit cell volume V/V0 (left) and of the β angle lattice parameter (right) with the phase
transition marked with a red dashed line. Data collected on the Bruker D8 Venture are presented as gray diamonds, and data collected on the
XIPHOS I are shown as blue diamonds and show reasonable agreement.
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Zn(II)[ZnxCo1−x(NO3)3(H2O)(HDABCO)] (2) (see Sup-
porting Information for crystallographic data and details of
synthesis). Although complex 2 was successfully prepared, the
α → β phase transition was not seen in the crystallographic
data, and a trigonal bipyramidal complex was instead obtained,
in agreement with SHAPE studies (see Figure S6 and Table
S9). Although it is not entirely appropriate to compare the low
temperature χmT vs T data for 1, where the Co(II) resides in a
PBP coordination environment, to that of 2, where Co(II) is in
a TBP environment, the magnetically dilute complex 2 does
not exhibit the low temperature feature in χmT vs T (see Figure
S6). Variable field magnetization measurements (M vs H) were
carried out on 1 and 2 between 0 and 5 T at 2, 4, and 6 K (see
Figure 4 and S6), and in both cases, the magnetization does
not reach saturation, indicative of a large magnetic anisotropy.
To obtain information on the zero-field splitting (ZFS)

parameters, the M vs H data were fitted for 1 using the
program PHI in accordance with the following expression:47

1H DS E S S B g S( )z x y
2 2 2

Bμ̂ = ̂ + ̂ − ̂ + · ⃡ · ̂ (1)

where the first and second terms describe the axial and
rhombic ZFS interactions parametrized through D and E,
respectively. The third term takes into account the Zeeman
interaction with the spin operator Ŝ, applied field B, and Lande ́
tensor g. Fits can be carried out using both the χmT vs T andM
vs H data sets simultaneously; however, we carried out the fit
using just the M vs H data for 1 for three reasons. First, we
wanted to avoid taking into account the low temperature
feature in the χmT vs T data. Second, the χmT vs T data exhibit
a small “dip” around the phase transition (α→ β) temperature.
Both of these features could add to uncertainty in the
parameters obtained from the fit. Third, we want to obtain
parameters relating only to the low temperature (β) phase,
where the Co(II) resides in a pentagonal bipyramidal
coordination geometry.
To obtain initial starting values for the fit, a survey was

conducted using PHI (see Figure S7).47 This involved
surveying both D and g to identify a local minimum in the
residual. A minimum was identified at g = 2.30 and D = +31.9
cm−1. Both the sign and magnitude of D are very reasonable
considering parameters reported for other hepta-coordinate
Co(II) structures (see Table S8). Using g and D as fixed
parameters, E/D = 0.16 was then obtained from the fit, with a
residual of 99.3%. The E/D parameter is larger than that of
other related complexes; however, on comparison of the CShM
values, complex 1 is found to be significantly more
distorted.42,43,48

Alternating current (ac) susceptibility measurements were
carried out to investigate the magnetic relaxation dynamics of
1. Initially, a sweep of the temperature between 10 and 2 K in
both zero-applied field and under Hdc = 0.2 T was performed
(see Figure S8). Complex 1 exhibits a response in both cases.
However, the behavior in zero and applied fields differs with
the maxima in the out-of-phase response appearing at high and
low temperatures, respectively. Therefore, more extensive ac
susceptibility measurements were carried out to investigate the
magnetic relaxation dynamics of 1 under both conditions.
In the absence of an applied field, variable temperature (20−

2 K) ac susceptibility measurements were performed on 1 with
the in-phase (χ′) and out-of-phase (χ″) data shown as a
function of frequency (1−1488 Hz) in Figure S9. Although
these data are reminiscent of a spin-glass transition,49,50 given
the crystal structure of 1, this unusual behavior is more likely
to arise from a small unidentified impurity phase not visible in
the PXRD data. As this behavior can be suppressed in the
presence of an applied dc field (Figure S8), the field
dependence of the ac susceptibility was investigated in order
to determine the optimum field at which to probe the
temperature dependence of the ac susceptibility for 1. The
variable field measurements (0.05−0.5 T) at a constant
temperature of 2 K were carried out (see Figure S11). A fit
of the field-dependent ac susceptibility data was extracted from
the Argand diagram (χ′ vs χ″) using the program CC-Fit.
(Figure S12, left).51,52 As the optimum χ″ response (where
relaxation of magnetization is slowest) is observed at Hdc =
1000 Oe (Figure S12, right), variable temperature ac
susceptibility studies were conducted under this field between
1.8 and 8 K (see Figure 5). A clear out-of-phase signal is
observed for 1, with the maxima lying beyond the frequency
accessible limit above 3 K. The ac susceptibility data were
fitted using the program CC-Fit and, in accordance with the
generalized Debye model, the relaxation rates τ for each
temperature extracted (see Figure S13).51,52 The subsequent
Arrhenius plot (ln τ vs 1/T) exhibits a crossover between
relaxation regimes, where the dominant relaxation pathways
move from a thermal to a quantum regime (see Figure S14).
A linear fit of the ln τ vs 1/T data in the high temperature

region (4.5−7 K) to account for relaxation via thermally
activated pathways was performed in accordance with eq 2,
where the gradient gives a value for the effective energy barrier
(Ueff). Parameters obtained from the fit were Ueff = 39.0 ± 2.6
K (27.1 ± 1.8 cm−1) and the pre-exponential factor τ0 = 6.51 ±
0.62 × 10−9 s. This barrier is too large to arise from a preferred
axis within the xy plane due to the rhombic anisotropy.

Figure 4. Temperature dependence of χmT for 1 from 290 to 2 K at 0.1 T with the inset showing the region between 250 and 100 K in more detail
(left) and the magnetization versus field curves at 2, 4, and 6 K (right). The solid lines correspond to the fit of the data (see text for details).
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Alternatively, for a Co(II) system with a positive D parameter,
Orbach relaxation via the ms = ±3/2 states can occur if direct
relaxation between the ms = ±1/2 states is slow. However,
from the approximation Ueff ∼ 2|D| and results of the dc
magnetic data fit, the energy barrier should be ∼62 cm−1, and
hence, the Ueff value obtained is less than half of that predicted.
This is common for easy-axis (+D) systems with small E terms,
where relaxation is mediated instead via the hyperfine
interaction of the nuclear spin and molecular vibrations.20,53−55

Therefore, the fit was reconsidered using the extended Debye
model shown in eq 3 (see Figure S15). This model takes into
account the spin−lattice relaxation Raman (τ ∝ Tn) processes,
as well as quantum tunneling of magnetization (QTM) given
as the first and second terms, respectively.9,56,57 The two
phonon Raman process (∝ Tn) was found to be dominant in
the high temperature region, with C = 0.23 (0.05) s−1 K−n and
n = 7.65 (0.11) obtained from the fit. Although n should equal
9 for a Kramers ion, this value may be lower if optical and
acoustic phonons are taken into account.58−61 Inclusion of the
term relating to a QTM relaxation pathway was necessary to fit
the data (QTM = 5.92(1.50) × 10−3 s−1), as expected given
the indication of quantum and thermally independent
processes in the Arrhenius plot.
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■ CONCLUSIONS
Through systematic variable temperature single crystal X-ray
diffraction studies, a coordination switch in the mononuclear

Co(II) complex 1 was revealed. Two distinct phases were
identifiedthe high temperature α phase between 290 and
150 K, which has a mixed coordination environment (95−75%
TBP and 5−25% SPY), and the low temperature β phase
where 1 adopts a pentagonal bipyramidal coordination
environment via an ordering of the nitrate ligands below 140
K. The transition between the two phases was found to be
reversible and robust. Complex 1 displays slow relaxation of
the magnetization under an applied dc field, and the relaxation
data can be accounted for by considering Raman processes and
quantum tunneling of the magnetization. This study highlights
the importance of conducting thorough low temperature
investigations of the crystal structure, particularly where
magnetic characterization is carried out at such low temper-
atures, with analysis reliant on the former. Note that if we had
only measured the single-crystal structure at ≥150 K, then the
interpretation of the magnetic data would be for a trigonal
bipyramidal Co(II) complex and therefore totally incorrect.
Work is already underway to probe the coordination switching
further through modification of the surrounding ligands (e.g.,
using [MDABCO]+ {MDABCO+ = 1-methyl-4-aza-1-
azoniabicyclo[2.2.2]octanium cation}) in order to understand
the limits of this behavior, and to investigate the impact on the
magnetic anisotropy of such systems further.
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(20) Goḿez-Coca, S.; Urtizberea, A.; Cremades, E.; Alonso, P. J.;
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