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Herein we report the first examples of single-molecule magnet (SMM) behaviour in S = 1/2 Ni(il) complexes. We
find that low-spin 3d” trans-INi"(cyclam)(X),]Y complexes (cyclam = 1,4,8,11-tetraazacyclotetradecane; X and
Y are singly charged anions) exhibit field-induced slow relaxation of magnetization for O-donor axial ligands
(nitrate) but not for N-donor variants (isothiocyanate). Experimental and electronic structure computational

investigations indicate that intrinsic spin polarisation of low-spin Ni(i) is modulated significantly by local
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DOI: 10.1039/c75c04482h magnetic dynamics, thus supporting a molecular component to slow relaxation. An initial analysis of
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Introduction

Single-molecule magnets (SMMs) are intrinsically promising to
contribute to a wide range of nanoscale electronic applications,
such as high-density information storage, spintronic devices,
quantum computing and magnetic refrigeration."*> Magnetic
anisotropy governs the barrier height for magnetization
switching in molecular magnets, therefore the understanding
and optimisation of slow relaxation of magnetization has been
an active area of research. Whereas mononuclear lanthanide-
based complex examples are numerous,* in comparison, the
number of 3d mononuclear complexes exhibiting similar
magnetic relaxation is smaller due to weaker orbital contribu-
tions, with the notable exception of Co(u), where plentiful
examples of SMM behaviour in S = 3/2 3d” complexes arise from
large spin orbit coupling (SOC).* We are interested in 3d” Ni(m)
complexes since the Ni(m) free ion has an even larger SOC
parameter than Co(u) (725 cm ™" vs. 530 cm ™', respectively),**
therefore, we might expect significant influences on Ni(m)
magnetic behaviour from the orbital contribution in less con-
strained coordination environments.

A clear limitation for employing Ni(m) ions in traditional
SMMs is the requirement of a threshold high spin state (S > 1/2),

Department of Chemistry, Colorado State University, Fort Collins, CO 80523-1872,
USA. E-mail: anthony.rappe@colostate.edu; matthew.shores@colostate.edu

t Electronic supplementary information (ESI) available: Details of complex
syntheses and spectroscopic characterizations, structural and magnetic data,
and results of electronic structure calculations, including computed atomic
coordinates and animations of key vibrational modes. CCDC 1579276,
1579279-1579281. For ESI and crystallographic data in CIF or other electronic
format see DOI: 10.1039/c7sc04482h

i Current affiliation: Colorado State University, Pueblo.

6564 | Chem. Sci, 2018, 9, 6564-6571

magnetic relaxation lifetime fits best to a combination of Raman and direct relaxation processes.

which is challenged by the tendency for trivalent nickel to adopt
doublet ground states. The source of magnetic anisotropy in
mononuclear transition-metal systems is almost always zero
field splitting (ZFS) of the ground state, as measured by the axial
parameter D, which in turn requires S > 1/2 to obtain nonzero
values. Notwithstanding, SMM-type behaviour in § = 1/2
systems has been reported recently. Examples found in f*
complexes (Ce(m), U(v)) are rationalized by anisotropy for
J > 1/2.777" Only a few examples have been reported for the 3d
transition metal series. A linear d° Ni(1) complex exhibits slow
relaxation of magnetization under applied dc fields: anisotropy
is attributed to significant orbital degeneracy generated by the
confined low-coordinate environment.>® In the case of trigonal
planar Ni(1) complexes, the SMM properties are controlled by
direct and Raman relaxation processes.”* A four-coordinate S =
1/2 Mn(v) complex shows SMM behaviour governed by Raman
relaxation.”” The magnetic relaxation of five-coordinate vanadyl
complexes are also exemplified to show spin lattice relaxa-
tion.?*?* Finally, a recent example of Cu(u) exhibits field-induced
slow relaxation of magnetization.”® The mechanisms of slow
relaxation of magnetization in these compounds are chal-
lenging to discern, and often attributed to a combination of
different  temperature-dependent  relaxation  processes,
including Orbach (for j > 1/2), direct, phonon bottleneck, and
Raman processes, which compete with each other under
applied magnetic fields. The importance of vibrations on spin
relaxation has been critically analysed recently.>*

In the present report, we explore the possibility of slow
relaxation of magnetization in selected octahedral Ni(u)
complex salts (Fig. 1). The low-spin d’ trans-[Ni(cyclam)(X),]"
systems have been known for several decades to exhibit S = 1/2
ground states.*'®*>”>° Perhaps not surprisingly, given spin

This journal is © The Royal Society of Chemistry 2018
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threshold requirements for nonzero anisotropy, no significant
studies of their dynamic magnetic properties have been re-
ported. Interestingly, we find that some [Ni(cyclam)(X),]"
complexes exhibit SMM-type properties that depend on the
nature of X as well as intermolecular interactions.

Results and discussion
Preparations and structures of Ni(m) cyclam complex salts

Slight modifications of literature procedures,”?*" to reduce
reaction temperatures to room temperature or below, have
allowed us to isolate several Ni(ur) cyclam complex salts in single
crystal form. Oxidation of Ni(u) cyclam precursor complexes in
aqueous solution, either with nitric acid (for 1Y) or sodium
dithionate (for 2-Cl0O,), followed by standing for 24 hours,
give complex salts [Ni(cyclam)(NO;),|(NO;)  (1-NOj),
[Ni(cyclam)(NO3),](ClO,) (1:ClO4), and [Ni(cyclam)(NCS),]-
(ClO,) (2-ClO,) in excellent yields. Details of synthetic prepa-
rations are provided in the ESI.T Structural characterizations for
1-NO; and 2-ClO, (Fig. S1 and Table S1) are also in the ESLt
whereas the same for 1-ClO, have been reported previously.** X-
ray photoelectron spectroscopic measurements on solid
samples of 1-NO; (Fig. S121) show signals corresponding only
to Ni in the 3+ oxidation state.

We note that minimal chemical changes generate a variety of
coordination and packing possibilities. Complex 1 has a Ni-
N,O, first coordination sphere, whereas 2 displays Ni-Ng coor-
dination (Fig. 1), so that we can investigate the influence of
ligand field on their properties. Likewise, different anions in
1'NO; and 1-ClO, may be expected to generate different
supramolecular influences on the magnetic behaviour of 1.

In all three complexes, the cyclam ligand occupies the
equatorial sites of the first coordination sphere, and is arranged
in a trans-1I1 (S,S,R,R) pattern. The local symmetry of the
complex is C,, overall, and approximately D,, in the first
coordination sphere. The structures of 1 and 2 reveal intermo-
lecular hydrogen bonding interactions between the H atoms of
the amine groups of cyclam and counter anions nitrate (in
1-NO;), perchlorate (in 1-ClO,) and isothiocyanato S atoms (in
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X=NOg3", Y=NO3 : 1'NO; coordin;tion
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X=NCS", Y= ClO, : 2-ClO,

Fig. 1 Left: low-spin Ni() cyclam complexes: the first coordination
sphere has Ni—N4O, and Ni—Ng formulations, respectively, for
compounds 1 and 2. Right: single crystal X-ray structures of the
[Ni(cyclam)(NOs),l* (top) and [Ni(cyclam)(NCS),l* (bottom) cations
(excluding hydrogen atoms), where magenta, red, yellow blue and
black ellipsoids represent Ni, O, S, N and C atoms, respectively.
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2-ClO,) (Fig. S2 and S3, Table S21). In 1-NOj3, additional intra-
molecular contacts are found between the cyclam amines and
coordinated nitrate groups. Overall, hydrogen bonding inter-
actions between complexes are comparable to those within
a complex. The minimum Ni-Ni distances are very similar in
1-NO3, 1-ClO, and 2-ClO, (7.658(4) A, 7.565(3) A and 7.590(4) A,
respectively), therefore we might expect that the magnetic
interactions between complexes in these salts should be simi-
larly small in magnitude.

Initial observation of slow relaxation in Ni(m) cyclam
complexes

Testing the hypothesis that spin-orbit coupling considerations
would be large enough to access J-state anisotropy, as demon-
strated with Ni(1) complexes,*® we explored the magnetic prop-
erties of 1-NO; (Fig. 2). At 300 K, the xy7 value is 0.46 cm®
mol ! K for 1-NOj, slightly higher than the theoretical Curie
constant of 0.375 cm® mol ™' K for § = 1/2 and g = 2. As the
temperature is decreased, x,7 remains almost constant until 5
K, below which there is a very small decrease to ca. 0.42 cm?
mol " K at 1.8 K, indicating a lack of significant intermolecular
antiferromagnetic interactions or “standard” uniaxial magnetic
anisotropy. Magnetization values saturate close to 1 up at 2 K
and 5 T (Fig. S101) and support an S = 1/2 ground spin state.
The reduced field (H/T) dependence of magnetization data
exhibit superimposable isofield lines (Fig. S11t), consistent
with the theoretical expectation of an absence of zero-field
splitting. Fitting the static susceptibility data with the
program PHI** affords gis, = 2.19(1) and negligible mean field
antiferromagnetic interaction zJ/K = —0.05(2) K (Fig. S357).
Despite the inauspicious prospects provided by the static
magnetic data, dynamic magnetic properties are observed in
1-NO;. At zero applied field, the compound exhibits no out-of-
phase magnetic susceptibility (x”) response. However, a non-
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Fig. 2 Initial solid-state magnetic characterization of 1-NOs.

Temperature dependence of the xmT product, collected between 2 K
and 300 K at 1000 Oe. Inset: dc field dependence of out-of-phase
magnetic susceptibility signal, collected at 1.8 K.
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zero x” response is observed with applied dc fields as low as 500
Oe (Fig. 1 (inset) and S137); this signal increases in magnitude
with increasing applied field while the maxima gradually shift
to the lower frequency, indicating that magnetic relaxation
gradually becomes slower. The x” value maximizes at 4500 Oe
(3.5 Hz at 1.8 K), and further increases up to 7500 Oe shift the x”
maxima toward even lower frequencies, while the magnitude of
x” continues to decrease.

The frequency dependence of in- and out-of-phase suscep-
tibility components are presented in Fig. 3 for 1-NOj; in the
temperature range 1.8-11 K. The temperature dependent
relaxation lifetime 7(7) of 1-NOj; can be obtained from corre-
sponding frequencies of the maxima of x”(v) curves at different
temperatures (Fig. 3 (bottom) and S15%).

Comparison of magnetic and spectroscopic properties

As expected, the static magnetic properties of 1 and 2 are
consistent with low-spin Ni(u) ions. The temperature depen-
dence of xuT for 1-ClO4 is similar in character to 1-NO;
(Fig. S97) but a little smaller in magnitude at all temperatures.

0.25 -

H,, = 4500 Oe

Fig. 3 Low temperature frequency dependence of in-phase (x/, top)
and out-of-phase (x”, bottom) ac magnetic susceptibility of 1-NOs,
collected between 1.8 K and 11 K at different temperatures under an
applied dc field of 4500 Oe, with a 4 Oe oscillating ac field and
frequency range 1-1500 Hz.
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The x\T values for 1-ClO, are 0.38 cm® mol™* K and 0.34 cm®
mol ™" K at 300 K and 1.8 K, respectively. The best fit of the yyT
vs. T data (using PHI*?) affords gjs, = 2.04(2) and mean field
antiferromagnetic interaction zJ/K = —0.09(1) K (Fig. S357).
Whereas xuT for 2-ClOy4 (0.43 cm® mol " K at 300 K) decreases
below 20 K and reaches 0.21 cm® mol " K at 1.8 K (Fig. 4). This
downturn is most likely associated with intermolecular anti-
ferromagnetic interactions, even though the Ni-Ni distances are
comparable in all three compounds. Anisotropic g values can
potentially cause downturns in low temperature susceptibility
data.* Fitting the static susceptibility data of 2-ClO, with the
program PHI*? affords gis, = 2.19(2) and mean field antiferro-
magnetic interaction zJ/K = —0.91(1) K (Fig. S35%). The fit of the
same data with anisotropic g parameters provides g, = g, =
2.36(3), g, = 2.19(5) and zJ/K = —0.91(1) K, suggesting that the
downturn is primarily due to antiferromagnetic interactions.

One other notable difference between the xyT vs. T plots for
1 and 2 is the presence of a small hump between 5 and 12 K for
1, which is absent in case of 2. This feature persists at higher
fields, only disappearing at measuring fields of 3 T and above
(Fig. S111). We note that similar features are present in most
reported examples of § = 1/2 SMMs'* and a few Co(u)
SMMs,'**? but no explanations have been offered.

Studies of the dynamic magnetic properties of both salts of 1
demonstrate field-induced slow magnetic relaxation behaviour
in both nitrate and perchlorate salts (Fig. 1, 2 and S13-S177).
Both compounds show significant temperature-dependent x”(v)
signals below 10 K, where the magnitude of out-of-phase
susceptibility data above 10 K is very small. The nature of the
relaxation profile differs between the two salts, suggesting that
dynamic magnetic properties are influenced by the environ-
ment beyond the first coordination sphere. In the remainder of
this report, we will focus our discussion on the dynamic
magnetic behaviour of compound 1-NOj;. A detailed description
of the perchlorate salt 1-ClOy is provided in the ESL

In contrast to the results obtained with the nitrate-bound
complex, the isothiocyanato-ligated 2-ClO4 does not show any
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Fig. 4 Temperature dependence of the ymT product for compound
2:-ClQOy,, collected between 1.8 and 300 K at an applied dc field of 1000 Oe.
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slow dynamics of magnetization, even under the applied dc
field.

The very different dynamic magnetism results prompted
more detailed spectroscopic investigations. EPR spectra of
these compounds in the solid state (ground) and frozen
aqueous solutions are all consistent with S = 1/2 ground states
for the Ni(m) complexes.'*?*”2° Representative spectra for solid
state samples of 1-NO; and 2-ClO, are shown in Fig. 5; data for
1-ClO, are shown in Fig. S6.1 The sharp features at 3000-3100 G
in Fig. 5 are strongly suggestive of g, in an axial system for both
compounds. The broad features between 3100 and 3300 G in
Fig. 5 (top) are consistent with weak scalar (4;) coupling to g
involving several nuclei (cyclam N atoms); the sharpest feature
at 3265 G is provisionally assigned to g for 1-NO;. Meanwhile,
the features between 3100 and 3300 G for 2-ClO,4 are possibly
due to crystallites. The sharp feature around 3300 G in Fig. 5
(bottom) is consistent with gj in an axial system. Computed g
values for the three complexes, using B3LYP,** SORCI,** and
NEVPT2 (ref. 35-37) in the ORCA software suite®*® (Table 1 and
ESIT), are self-consistent and agree well with experimental
values. All support the axial nature of the spectra observed.

Considering the nitrogen atoms from the cyclam are co-
planar with the Ni(m) ion in 1 and 2, the unpaired electron

1.NO,
g =2.244
1
ey
S
>
=
[
o
=
= | 2cio,
o
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g =2.203
1
g, =2.048
2800 3000 3200 3400

Field (G)

Fig. 5 Solid state EPR spectra for 1-NOs (top) and 2-ClO,4 (bottom),
collected at 100 K.
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should reside in the d,, orbital in idealized D,, symmetry. For
such a system, g is expected to be close to 2.0 and g, = g. — 6{/
4, where 4 is the energy differences between the singly-
occupied orbital in the ground state (di) and excited state
(ds. or dy,, Fig. S407).

To determine experimental { values for the powdered
samples, we performed diffuse reflectance measurements
(Fig. S71). As expected, the 1-NO; and 1-ClO, solid state elec-
tronic absorption spectra are similar. The spectrum for 2-ClO,
shows an additional broad feature at lower energy. B3LYP** TD-
DFT? calculations in the g16 software suite,*’ ESIT were used to
assist spectral assignments. The lowest energy features for
1-NO; and 1-ClO, are at 13 660 cm ™' (15 700 cm ™' computed)
and 13 920 cm™ ' (15600 cm™' computed), respectively. For
2-ClO, the transitions are much more mixed, owing to stronger
NCS™ involvement. The lowest band is at 10020 cm "
(11 000 cm ™' computed), but the character of this transition is
computed to be d,, to dy,», which does not contribute to
changes in g due to orbital selection rules, see Fig. S40.f The
lowest d,./d,, to d,, transition is computed to be at 13 700,
which is 2000 cm ™" lower than calculated for 1-NO; or 1-ClO,.
This analysis was used to determine the 4 values as 13 660,
13 930 and 11 700 cm ™', respectively, for compounds 1-NOj,
1:ClO,4 and 2-ClO,.

Combining the spectroscopically-determined g and 4 values,
we obtain spin-orbit coupling parameters ({) as 550, 520 and
432 cm™?, respectively. The lowered excitation energy, coupled
with greater ligand character in the d,, orbital, results in a g
parameter nearly the same for 2-ClO, as for 1-NOs. This anal-
ysis, along with the observation of relatively “spin-only”
magnetic susceptibility behaviour, strongly suggests that spin-
orbit coupling is not the key driver in the different dynamic
properties.

Comparing EPR spectra acquired at the same temperature,
2-ClO, is significantly sharper than 1-NO;. The extent to which
this observation may be diagnostic for slow relaxation of
magnetization requires further investigation. For 1-NO; and
2-ClO,4, we calculate weak couplings of the unpaired spin to
cyclam N nuclei (0-3 MHz and 3-6 MHz, respectively, see Tables
S8 and S9t). For 2-ClO,, we also compute strong couplings to

Table 1 Experimental and computed g values for 1-NOs, 1-ClO,4, and
2-ClO,*

82z Sxx gyy Ziso
1-NO; 2.079 2.244 2.244 2.189
B3LYP 2.030 2.129 2.139 2.099
SORCI 2.032 2.247 2.283 2.187
NEVPT2 2.008 2.185 2.203 2.132
1-ClO, 2.041 2.224 2.224 2.163
B3LYP 2.030 2.126 2.148 2.102
SORCI 2.032 2.241 2.291 2.188
NEVPT2 2.009 2.180 2.210 2.133
2-ClO4 2.048 2.224 2.224 2.165
B3LYP 2.032 2.107 2.116 2.085
SORCI 1.994 2.222 2.235 2.150
NEVPT2 1.994 2.207 2.212 2.137

“ Experimental values given in bold typeface; gjj = guex = g3-
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isothiocyanato N nuclei (50-60 MHz). This is consistent with
literature spectra of 2-ClO, but not with sharp features in the
spectrum (Fig. 5 bottom), implying that strong coupling
between the thiocyanate nitrogens and the unpaired electron is
not observed here: we speculate that the bent NCS™ ligand may
be bending in the crystal lattice at the Ni-N-C arrangement,
leading to vibrionic interactions/relaxation processes.

Based on the limited data set, we suspect that slow relaxation
of magnetization for 1-NO; is correlated to the axial ligand not
possessing active nuclear spin. For both salts of 1, the axial
ligands are coordinated through oxygen. For 2-ClO, significant
scalar coupling is observed. The degree of delocalization and/or
coupling should be related to low energy vibrations of the axial
ligands. Electronic structure computations for 2-ClO, show
coupling between g/A and select vibrational modes for the NCS-
ligated complex. For the lowest 21 vibrational modes, g and
nitrogen A tensors are computed at geometries wherein the
coordinates are displaced along the normal mode in the plus
and minus directions. The differences between the equilibrium
and displaced g and A are reported as 4 in Tables 2 and 3.
Estimates for 15 and 2™ derivatives are obtained as average of
and differences between 4 values, respectively. Data is collected
in Tables 2, 3, S5, 510, 11, and Fig. S41.1 For g (Table 2), a Ni-NCS
bending mode (mode 13) contributes a first derivative coupling,
while a cyclam ring breathing mode (mode 18) makes a second
derivative contribution. We note that a cyclam ring breathing
mode should also be present in 1, where slow relaxation is
observed. For A (Table 3), the largest coupling is for a Ni-NCS
bend involving the NCS nitrogen atoms (mode 17). It provides
a first derivative coupling. The first derivative terms are relevant
to anharmonic spin-phonon dynamics and the second deriva-
tives are important for harmonic spin-vibrational coupling.***

An interesting feature of the Ni(m) cyclam system is that both g
and A are being modulated; and further, that the scalar coupling
appears to be anisotropic. Theory papers in this area tend to
focus only on perturbations of g.**~** In a future report, we seek to
understand if the difference in magnetic behaviours can be
attributed to spin-vibrational coupling involving g or A, or both.

Magnetic dilution studies

In efforts to isolate the intrinsic magnetic properties of the low-
spin Ni(m) complexes and probe the origin of magnetic

Table 2 Computed variation in g for select vibrational modes in
2:ClO4

Mode Disp. g g1 g Ziso

13 - 2.033 2.156 2.159 2.116
Ag 0.001 —0.024 —0.023 —0.015
+ 2.035 2.108 2.113 2.085
Ag 0 0.024 0.023 0.016
1% deriv. —0.001 0.024 0.023

18 - 2.036 2.106 2.158 2.1
Ag —0.001 0.026 —0.022 0.001
+ 2.035 2.107 2.158 2.1
Ag —0.001 0.026 —0.022 0.001
2™ deriv. —0.001 0.026 —0.022
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Table 3 Computed variation in A for vibrational mode 17 in 2-ClO4

N atom Disp. Ay Ay, A,, Aiso

37 - 73.6 74.4 83.3 77.1
AA 19.4 19.3 21.2 20
+ 34.2 35.1 39.9 36.4
AA -19.9 —20 —22.2 —20.7
1% deriv. —19.6 —19.6 —21.7

6" - 34.2 35.1 39.9 36.4
AA —19.9 —20 —22.2 —20.7
+ 73.6 74.4 83.3 77.1
AA 19.4 19.2 21.2 19.9
1% deriv. 19.6 19.6 21.7

“ Nitrogen atoms for axial (NCS™) ligands.

dynamics, we prepared mixed cation salts where Ni(m) was
replaced with diamagnetic Co(u) ions. Control of Ni and Co
stoichiometry is directly obtained by varying the ratios of metal
precursors in aqueous solution before adding the cyclam solu-
tion. Interestingly, we find that any incorporation of Co(m) ions
affords crystalline compounds where two equivalents of nitric
acid are included per metal centre.** We thus rationally
synthesized a dilution series with the general formula [Ni,-
Co; _,(cyclam)(NO3),](NO3)- 2HNO3, where x = 1 (3a), 0.5 (3b),
0.25 (3¢), 0.1 (3d), and 0 (3e). The synthesis and characterization
of a related [Co(cyclam)(NO3),](NO3)-HNO; have been re-
ported,* where only one equivalent of nitric acid co-crystalizes.
Note the only difference in the preparations of 1-NO; and 3a is
heating the reaction mixture for the latter before adding nitric
acid: the higher temperatures are required to dissolve green
precipitates formed initially in the Co-containing reactions.

Comparison of the electronic absorption spectra obtained
for 3a-e in water indicates successful control of Ni : Co ratios
(Fig. S18%). Diffuse reflectance measurements performed on
solid state samples (Fig. S197) also support the formation of
mixed metal compounds. The single crystal structures of 3a and
3d (Table S1 and Fig. S4t) and unit cell data for 3b, 3c and 3e
indicate all these compounds are isostructural (Table S3 and
Fig. S2071). Additional powder X-ray data collected for 3a-e also
indicate the mixed metal systems are members of an iso-
structural solid solution, not an inhomogeneous mixture of two
metal complex salts (Fig. S21 and S227).

Like 1-NOj3, the Ni-containing members of solid solution 3
show slow relaxation of magnetization under applied fields,
albeit at differing temperatures and frequencies (see ESIt for
details). We focus here on the magnetic properties of 3d, as it
contains the maximum dilution of Ni(m) ions. The EPR signal
for 3d is noisy but comparable to 1 (Fig. S237) and confirms the
presence of low-spin Ni(m). The solid state magnetic measure-
ments of 3d (Fig. S247) exhibit xy7 values corresponding to
10% of the low spin Ni(m) signal found in 1. The M vs. H data
collected at 2 K between 0 and 50 kOe (inset of Fig. S24t)
saturate at 0.1 ug, further supporting the expected dilution.
Compound 3d also displays field-induced slow magnetic
dynamics, albeit different in nature from both salts of 1. These
observations indicate that slow magnetic relaxation properties
are intrinsic to low-spin octahedral Ni(m), and are also

This journal is © The Royal Society of Chemistry 2018
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influenced by small changes to its outer sphere coordination
environment. For comparison with the magnetic dynamics of 1
(and 3a), the ac magnetic susceptibility of 3d is measured at
4500 Oe (Fig. S26t). It is important to note here that while
compound 3a exhibits similar slow dynamics of magnetization
(Fig. S277), the co-crystallized nitric acids could be responsible
for the slight differences in magnetic dynamics of 1-NO;. At all
temperatures probed, the x”(v) value maximizes at lower
frequencies for 3d (e.g. 1.0 Hz at 1.8 K) compared to 1-NOj; (e.g.
3.5 Hz at 1.8 K, Fig. 2 and 4) and 3a (3.0 Hz at 1.8 K, 4000 Oe,
Fig. S271) which implies slower relaxation in the diluted
sample.

As an alternative to solid-state dilution, ac magnetic
measurements were also performed on flash-frozen aqueous
solutions of 1:NO; (Fig. S29-311). Slow dynamics are also
observed (Fig. S317t), albeit a bit faster than in the solid state.
We note the high likelihood of partial or total displacement of
the axially coordinated nitrates (in 1-NOjz) by water, which
should influence the observed magnetic behaviour of these
compounds, but in those cases, a local axial N,O, coordination
sphere would be maintained. Qualitatively, the combined
results are consistent with the notion that some aspect of the
observed SMM properties is intrinsic to the Ni(m) complex.

Analysis of magnetic dynamic properties

In principle, several relaxation pathways may be involved in the
magnetic dynamics. Spin-lattice relaxation rates exhibit
temperature dependences proportional to T, T%, exp(Ueg/ksT), T”
or T° for direct, phonon-bottlenecked direct (PB), Orbach,
Raman, or Kramers-Raman processes, respectively. Theoreti-
cally, the Orbach relaxation is not possible for magnetic relax-
ation involving the S = 1/2 ground state. Related, the x,T values
are only slightly higher than theoretically expected for octahe-
dral S = 1/2 3d metal complexes (Fig. 1 and 3) and do not reflect
what would be expected if orbital contributions of J = 11/2 or 9/2
states were operative.

The absence of significant nuclear spin in Ni isotopes voids
the possibility of metal electro-nuclear microstates involved in
the slow magnetic relaxation of Ni(m). Nickel has only one stable
isotope with a nuclear spin of I = 3/2 (*'Ni, 1.14% abundant) so
we do not expect Ni-based hyperfine coupling to contribute
significantly to the observed slow dynamics of magnetism. Such
hyperfine coupling has been shown to affect magnetic dynamics
in Co(1) complexes due to the 100% natural abundance of *°Co
(I = 7/2).%*” Magnetic property measurements on *'Ni isotopi-
cally enriched samples of 1 are planned to assess the effects, if
any, of electronuclear spins on magnetic relaxation in this
system.*®

To investigate if the relaxation processes are only related to
a phonon bottleneck (PB)*~*> mechanism, we performed addi-
tional measurements on diluted samples. Out-of-phase
susceptibility (x”) values for 3b (1:1 Ni: Co) collected at
different applied dc fields at 1.8 K show multiple relaxation
modes below 6000 Oe (Fig. S33t). For PB processes, the dilution
of paramagnetic centres is expected to promote faster relaxation
at set temperatures and fields.* Instead, the relaxation pattern

This journal is © The Royal Society of Chemistry 2018
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of 3b is very different from 3a and 3d at the same field (at 1.8 K):
in fact, at 4500 Oe 3b relaxes faster than 3d and with multiple
relaxation modes. In addition, at a specific field and tempera-
ture we do not expect phonons of multiple energies to control
multiple relaxation modes of an § = 1/2 system. Therefore, we
do not think the PB process explains the slow magnetic
dynamics in these compounds.

After disqualifying the possibility of Orbach and phonon
bottleneck pathways, the remaining possibility is Raman
relaxation. The temperature dependent relaxation times, t(T), of
1-NO; are obtained from the frequencies corresponding to the
maxima of x”(v) curves below 10 K (Fig. 3 (bottom), and S157)
using the relation (z(7) = 1/(27v)). We found a best fit to the 7(7)
vs. T data with a combination of Raman and direct processes,
according to the relation t~ " = BT" + AH>T (Fig. 6), which affords
the coefficients B = 0.6817(8) and n = 3.71(4) for the Raman
process, and coefficient A = 1.26 for the direct process, which is
most significant at low temperatures. The value of the exponent
n between 3 and 4 in the Raman process is unusual compared to
the expected value of 9 or higher for a Kramers S = 1/2 ion, but
not unreasonable based on the recent literature examples of
V(iv) and Mn(wv) complexes, where Raman-like relaxation has
been attributed to acoustic and optical vibrations.***

Similarly, the best fit to the 7(7T) vs. T data for 1-ClO, provides
exponent n = 3.16(3), A = 0.93(4) and B = 1.87(4) with
a combination of Raman and direct processes (Fig. S387).
Because of the multiple relaxation modes in the compound 3b
(1 : 1 Ni : Co) we have not performed the similar analysis, where
the same is presented in Fig. S391 for compound 3d (1:9
Ni : Co).

We note that complex salts based on 1 show different
relaxation behaviours with different charge balancing anions
and dilution conditions. The multiple relaxation processes
observed in 1-NO; and 3b suggest at least one relaxation

3000
H,, = 4500 Oe .

2000

(s

1000

4 6
T (K)

Fig. 6 Temperature dependence of inverse magnetization lifetime for
1-NOs. The line represents the best fit (goodness of fit R = 0.991) for
a combination of direct and Raman relaxation modes, with the
equation Tt = AH?T + BT" which provided exponent n = 3.71(4), A =
1.26 and B = 0.6817(8).
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pathway beyond a Raman process. Detailed analyses of the
possible structural contributions to multiple relaxation path-
ways are underway which includes a comparative study of
several similar compounds, and will be reported in due course.
The influence of the intra and intermolecular H bonding
interactions could be studied by replacing the N-H bonds of the
cyclam ligand with N-Me bonds, which potentially will omit the
close H-bonding interactions in the crystal structure.

Conclusions and outlook

The observation of slow relaxation of magnetization in hex-
acoordinate Ni(u) cyclam complexes challenges some aspects of
our current understanding of the origins of SMM properties.
The spectroscopic and magnetic properties of the complex salts
reported here indicate both intrinsic and intermolecular inter-
actions that modulate spin relaxation properties. Unlike most of
the other S = 1/2 SMMs reported previously, this Ni(u) cyclam
system offers many synthetically-tunable variables. Our current
and future efforts are focused on teasing apart intra- and
intermolecular effects by combining computational calcula-
tions with rational structural and chemical variations of
[Ni(cyclam)]** complex salts, so as to understand electronic
structures that drive magnetic relaxation in single-ion, single-
spin systems. The current results suggest that differential
couplings between spin and nuclear coordinates in complexes
with geometric anisotropy may constitute a viable path for
discovering SMM-like properties in other S = 1/2 3d metal
complexes.
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