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3d single-ion magnets

Gavin A. Craig and Mark Murrie*

One of the determining factors in whether single-molecule magnets (SMMs) may be used as the
smallest component of data storage, is the size of the barrier to reversal of the magnetisation, Ueg. This
physical quantity depends on the magnitude of the magnetic anisotropy of a complex and the size of its
spin ground state. In recent years, there has been a growing focus on maximising the anisotropy
generated for a single 3d transition metal (TM) ion, by an appropriate ligand field, as a means of
achieving higher barriers. Because the magnetic properties of these compounds arise from a single ion
in a ligand field, they are often referred to as single-ion magnets (SIMs). Here, the synthetic chemist has
Received 30th November 2014 a significant role to play, both in the design of ligands to enforce propitious splitting of the 3d orbitals
and in the judicious choice of TM ion. Since the publication of the first 3d-based SIM, which was based

on Fe(), many other contributions have been made to this field, using different first row TM ions, and

DOI: 10.1039/c4cs00439f

www.rsc.org/csr exploring varied coordination environments for the paramagnetic ions.

Key learning points

(1) Slow relaxation of the magnetisation arises from a single 3d ion under an appropriate ligand field.

(2) Slow relaxation in single-ion magnets (SIMs) can be observed, and energy barriers measured, using alternating current (ac) susceptibility measurements.
(3) Quantum tunnelling of the magnetisation (QTM) may lead to no out-of-phase component of the dynamic magnetic susceptibility being observed. It may be
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possible to hinder the QTM by applying an additional external dc field.

(4) Design principles based on the 3d ion used, coordination number, and ligand field generated to target and attain SIM behaviour.

1. Introduction

If a single molecule could be used to encode binary information,
then vast increases in data storage density could be achieved with
respect to traditional media. The exploration of this possibility for
the compound [Mn;,0;,(0Ac);¢(H,0),]-2AcOH-4H,0 (Mny,ac) led to
the establishment of a new class of materials called single-molecule
magnets (SMMs).1 Mnjp,ac has a preferential direction for the
resultant magnetisation that arises from the precession of the spin
in a magnetic field, caused by the anisotropy associated with the
metal ions in the complex. At low temperature, by flipping the
orientation of the field, this preferential direction can be reversed;
that is, switched from lying along the z-axis, to lying along the
—z-axis. Crucially, magnetisation in either direction is retained when
the field is removed. Therefore, it can be imagined that “1” in binary
coding could be assigned to the magnetisation along the +z direc-
tion, and “0” to the magnetisation along the —z direction.

Since then this field, which has more generally studied
molecular nanomagnets, has undergone several developments.
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Often, this has involved looking at the potential of molecular
nanomagnets to fulfil applications in areas such as quantum
computing or magnetic refrigeration, as well as how to deposit
these molecules on surfaces.> On a synthetic level, it has also
led to the study of the one-dimensional analogues of SMMs,
known as single-chain magnets (SCMs).** Another synthetic
strategy has been the use of a single ion to develop mono-
metallic SMMs, an approach which first used lanthanide
ions.”

In this Tutorial Review, we will focus on the relatively recent
approach to obtain SMMs whose magnetic properties arise
from a single first row transition metal (TM) ion in a suitable
ligand field that creates magnetic anisotropy. In the literature,
these are often referred to as either single-ion magnets (SIMs)
or mononuclear SMMs, neither of which are perfect descriptors.
Monometallic SMM is probably better but herein, we have
chosen to use the SIM acronym rather than e.g. MSMM, which
is more awkward. In Section 2, we briefly describe how slow
relaxation of the magnetisation may arise, how it is observed,
and why SIMs have become a focus of attention. Section 3
highlights some of the different strategies employed to induce
a large magnetic anisotropy using a single 3d ion.
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Fig. 1
the barrier to relaxation shown as U

2. Single-molecule magnets: towards
monometallic complexes

For a single-molecule magnet to function effectively as a means
of data storage, there must be a barrier to the re-orientation of
the molecule’s magnetisation, to prevent a loss of information.
The origin of the barrier lies in magnetic anisotropy. When the
spin ground state of a molecule is S > 1/2, then zero-field
splitting (ZFS) may arise if the symmetry is lower than cubic.
The symmetry lowering may lead to the separation of excited
states, which can then mix through spin-orbit coupling. The
Hamiltonian associated with ZFS can be expressed as:

H=D[S? — S(S + 1)/3] + E(57 — §3) (1)

where D is the axial ZFS parameter, £ is the rhombic or
transverse ZFS parameter, and § is the spin projection along
a given axis.® The effect of a negative axial ZFS on an S = 2 state
is shown in Fig. 1. Here, the My sublevel with the greatest
magnetic moment is that of lowest energy, and the molecule is
referred to as possessing easy-axis anisotropy. The Mg label
indicates that orbital angular momentum in a given compound
is largely quenched. Where the effects of orbital angular
momentum are more significant, the sublevels are labelled
Mj, where J denotes the total angular momentum (vide infra).
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(left) Splitting of an S = 2 state into its constituent Ms levels, induced by negative axial ZFS. (right) A view of the double-well thus generated, with

However, use of the Mg notation is still applied in many such
cases, in particular where D is reported. For an integer spin
system, easy-axis anisotropy is essential for the type of bi-stability
shown in Fig. 1. The inclusion of a non-zero E term removes the
degeneracy of the +£Mj levels in zero field for an integer spin
system, unlike for a half-integer spin system.” The barrier Ueg to
loss of magnetisation, is given by:

Uest = |D|-S* (2a)

or

IDI-(s* = 9) (2b)
where S denotes the spin ground state of the molecule ((2a) is
for integer spin systems, (2b) for half-integer). The maximum
theoretical value of U.g assumes that a species reverses the
magnetisation direction by climbing over the top of the double
well shown in Fig. 1.

2.1 Measurement of the barrier to relaxation

The barrier to relaxation in SMMs is usually determined by
alternating current (ac) susceptibility measurements. Under
these conditions, the magnetic susceptibility of a compound
consists of two components, corresponding to a real (in-phase)
contribution, ', and an imaginary (out-of-phase) contribution,
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#v", which depend on the angular frequency with which the
magnetic field oscillates." The inability of the magnetisation to
follow the progressively faster switching field causes a decrease
of the in-phase component and an increase of the out-of-phase
component. The out-of-phase component will reach a maximum
in yv" before decreasing again with the highest frequencies of
switching fields. At this maximum, the angular frequency (w) can
be related to the relaxation time, 7, through:

ot =2nwt =1 (3)

This relaxation may occur through several possible processes.”
Quantum tunnelling of the magnetisation (QTM) allows the
spin to flip by tunnelling from an M; state on one side of the
barrier to a resonant Mg state on the other side; for example,
from the Mg = +2 level to the Mg = —2 level in Fig. 1.* When QTM
is particularly efficient, the barrier may be bypassed completely,
and no signal in the out-of-phase susceptibility will be
observed. QTM can arise from lower than ideal symmetry in a
molecule, which induces a transverse component (E and/or
allowed higher order terms) to the anisotropy. The relationship
between symmetry and the presence of transverse anisotropy,
which dramatically reduces U, is one of the driving forces
behind attempts to control the topology of single-molecule
magnets.” Alternatively, the relaxation can be phonon-assisted
in either a two phonon process (Orbach, Raman) or a one
phonon process (direct). Orbach processes involve absorption
of a phonon causing excitation to a real state, before emission of
a phonon and relaxation. A Raman process sees the absorption
of a phonon causing the excitation of a spin to an imaginary
level, before relaxation and emission of a phonon. A direct
process involves the spin of the molecule flipping with emission
of a phonon.

By scanning the frequency to measure the dynamic susceptibility
at several different temperatures, the relationship between t and
T may be determined through an Arrhenius plot of In(t) vs. 1/T.
At higher temperatures, a linear fit will normally be possible,
corresponding to eqn (4)

Int =Inty + UeelkpgT (4)

and thus U may be derived from the gradient of the Arrhenius
plot, where 1, is the microscopic attempt time, i.e. the relaxa-
tion attempt time for reversal at T= oo (or it may be considered
as (1/z,) which corresponds to the intrinsic relaxation rate, with
units of s~ ": see ref. 36), and kg is the Boltzmann constant."®
The 1, value for Mn;,ac is ~10~” s and this is typical for SMMs,
although values from ~107° to ~10 "' s are commonly
reported. This case corresponds to Orbach relaxation, because
Uer is related to the energy difference between real states.
Raman or direct processes will be manifested through curva-
ture of the plot, indicating more complex relationships between
the relaxation time and the barrier to relaxation, because they
have different temperature dependencies. Direct processes
show a very slight temperature dependence in an Arrhenius
plot, while Raman processes may be thought of as intermediate
between Orbach and direct processes. Such a case is illustrated
in Fig. 2, for the compound Na[(tpa”®")Fe]-THF (vide infra)."*

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 Top: variable-frequency out-of-phase ac susceptibility data for
Nal(tpa'B“)Fe]- THF, under a 1500 Oe dc field at various temperatures.
Bottom: Arrhenius plot constructed from data. Dashed lines represent data
fits to an Orbach (blue), Raman (purple), and direct (green) process. The
solid red line represents a fit to the three processes simultaneously.
Reprinted with permission from ref. 11. Copyright (2010) American
Chemical Society.

2.2 Increasing U

The relationship between the barrier to relaxation of the
magnetisation and the ground spin state S led to a vast effort
towards building the compounds with the highest possible
nuclearity, in an attempt to maximise U..> However, the
stumbling block encountered was that D was found to be
inversely proportional to $>.'> Therefore, incorporating large
numbers of paramagnetic transition metal ions in a compound
may be antagonistic to generating a large magnetic anisotropy.
Often, this is because the anisotropy axis for a given ion within
a polymetallic complex is not aligned with that of another ion
within the same complex, leading to a diminished overall
anisotropy."® By employing a single ion, this scenario would
be avoided, but leads to a clear limiting factor: Mg can only
ever be as large as the maximum spin of the single ion. The
challenge thus presented is how to achieve the greatest possible

Chem. Soc. Rev., 2015, 44, 2135-2147 | 2137
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anisotropy, given by D, and so attain larger barriers for the
relaxation of the magnetisation.

The discussion in Section 2 described situations where Mg
states are split by ZFS. In the majority of these cases, first order
orbital angular momentum is quenched. The axial anisotropy
that arises is due to second order spin-orbit coupling, which
admixes relevant excited states into the ground state. The large
first order orbital angular momentum in the lanthanides has
already led to many studies of monometallic 4f single-molecule
magnets.” Therefore, many of the examples described below
seek coordination environments in which first order orbital
angular momentum is largely unquenched, potentially leading
to much higher barriers.

3. 3d single-ion magnets

The first example of a monometallic 3d SMM was the high spin
Fe(11) compound K[(tpa“**)Fe] (1, Hstpa™*®® = Tris((5-mesityl-1H-
pyrrol-2-yljmethyl)Jamine)."* The Fe(n) ion lies in a trigonal
pyramidal geometry, with an N, coordination sphere (Fig. 3).
The bulky ligand promotes the unusual geometry around the metal
centre by impeding access to the second axial site. The orbital
splitting thus induced generates a large magnetic anisotropy due to
the unequal occupation of the 1e orbitals shown in Fig. 3, which
leads to unquenched orbital angular momentum. The non-
superposition of the variable field magnetisation measurements
confirms that a large axial zero-field splitting is attained, with fits of
the data yielding D = —39.6 cm™*, together with a small rhombic
contribution, £ = —0.4 cm™'. This rhombic contribution arises
from a small structural distortion around the Fe(u) ion, which
lowers the three-fold symmetry.

No out-of-phase signal for the magnetic susceptibility could
be detected in the absence of an applied dc field, which was
attributed to efficient QTM. To lower the rate of tunnelling, a dc
field of 1500 Oe was applied during the alternating current (ac)
susceptibility measurements leading to maxima in y”. While
the value of D extracted from the fits of the static magnetic
properties may have suggested a very large barrier (U = §*|D| =
4 x 39.6 = 158 cm™ '), the effective barrier, U = 42 cm™ ',
derived from the Arrhenius plot was much lower due to
tunnelling processes.

1e

Xz yz
Fig. 3 (left) A view of the anion [(tpa™®*)Fe]~; Fe, red; N, blue; and C, grey.

(right) A simplified view of the orbital splitting. Reprinted with permission
from ref. 14. Copyright (2010) American Chemical Society.
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Subsequently, 1 was used as a platform to develop compounds
in which other sterically demanding derivatives of tpa enforced
similar geometries upon Fe(n) (see Table 1, compounds 2 and 3)."*
Compound 2 is the only analogue to have crystallographically
imposed three-fold symmetry and it shows the highest barrier.
Since the study of this family of high spin Fe(u) compounds,
comparable strategies have been used for other first row transition
metals. As will be shown, many of these complexes share some
features with 1-3, such as low coordination numbers and unusual
geometries, and efficient QTM in the absence of an applied dc field.

3.1 Mn(m)

Mn(m) has been widely used in the field of molecular nano-
magnets. For the d* Mn(m) ion, the Jahn-Teller effect leads to a
tetragonal distortion away from Oy, symmetry towards D,;,, most
commonly an elongation along the z-axis. This splits the °E
ground state and mixing of the °B, state with excited states,
through second order spin-orbit coupling, gives rise to the
zero-field splitting where D is almost always negative in a
tetragonally elongated environment.

The most comprehensive study of a monometallic Mn(ur)
SMM so far was performed by Vallejo and co-workers on the
complex Ph,P[Mn(opbaCl,)(py).] (4, where H,opbaCl, = N,N'-
3,4-dichloro-o-phenylenebis(oxamic acid)).'> This compound
contains an axially elongated Mn(m) ion, with a mixed N,O,
donor set in the equatorial positions, provided by the ligand,
and two axial N atoms provided by pyridine molecules (Fig. 4).
The coordination of the ligand forms three chelate rings that
impose a distortion around the metal centre.

A high-field EPR (HFEPR) powder study was performed
yielding a value for the ZFS of D = —3.421(2) cm ' and a
transverse component E of —0.152(2) cm ™. The axial magnetic
anisotropy was shown by complete active space (CAS) calcula-
tions to be mainly due to second order spin-orbit coupling,
with Dgoc = —2.97 em™ ' and a smaller spin-spin contribution.
Maxima in the out-of-phase ac susceptibility were seen on the
application of a dc field of 1000 Oe, and the Arrhenius plot gave
Uegr = 12.6 cm™* (Fig. 5(a)). Measurement of a single crystal
using a micro-SQUID (Fig. 5(b)) reveals closed hysteresis loops

Fig. 4 A view of the complex [Mn(opbaCly)(py).] . Mn, lilac; N, blue; O,
red; C, grey; Cl, green.

This journal is © The Royal Society of Chemistry 2015
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Table 1 Compilation of the compounds discussed in this review
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Compound Uetlem™ " (applied field/Oe)  to/s Ref.
Mn (i)

Ph,P[Mn(opbaCl,)(py).] (4) 12.6 (1000) 1.2 x 1077 15
[Mn(5-TMAM(R)-salmen)(H,0)Co(CN)s]-7H,0-MeCN (5) 11.5 (4500) 2.9 x 1077 16
[Mn((OPPh,),N);] (6) 8.3 (2250) 0.5 x 1077 17
Fe(1)

[K(crypt-222)][Fe(C(SiMe3)3),] (7) 226 (0) 1.3 x 10°° 19, 20
[(cAAC),Fe][B(CqF5)a] (9) <20 (3000) — 21
(cAAC),FeCl (10) 22.4 (500) 7.0 x 10°° 21
Fe(n)

K[(tpa™**)Fe] (1) 42 (1500) 2.0 x 10°° 14
Na[(tpa”®")Fe] (2) 65 (1500) 6.7 x 10! 11
Na[(tpa™)Fe] (3) 25 (1500) — 11
[Fe(C(SiMe3)3),] (8) 146 (500) 4x107° 18, 20
Fe[N(SiMe;)(Dipp)], (11) 181 (500) 1x10 " 18
Fe[N(H)Ar'], (12) 109 (1800) 5x107° 18
Fe[N(H)Ar*], (13) 104 (875) 4x10°° 18
Fe(OAr'), (14) 43 (2500) 3x1077 18
Fe[N(H)ArE’]Z (15) — — 18
[Fe(N(SiMes),),(PCys)] (16) 29.2/16 (600) 6.0 x 1077/1.6 x 10°° 22,23
[°CpFe(CeH;iPr;-2,6)] (20) 28.0 (750)/99.7 (2500) 6.0 x 107°/7.8 x 107° 24
[Fe(1-ptz)s](BF,), (21) 15 (2000) 42 x10°® 25
PhB(MesIm);Fe-N—PPh;, (22) 15 (1000) 8.7 x 107”7 27
Fe(m)

[(PNP)FeCl,] (23) 32 (0) 2 x10°° 28
Co(1)
[Li(15-crown-5)][Co(N(SiMe3),)s] (17) 16.1 (800) 3.5 x 1077 22
[Co(N(SiMe;),),(THF)] (18) 18.1 (600) 9.3 x 107° 22
[Co(N(SiMe3),),(PCys)] (19) 19.1 (750) 3.0 x 1077 22
[(ArN=CMe),(NPh)]Co(NCS), (24) 11.1 (2000) 3.6 x 10°° 30
[(ArN=CPh),(NPh)]Co(NCS), (25) 16.7/17.4 (2000) 5.1 x 1077/1.6 x 10™° 30
[Co(terpy)Cl,] (26) 19.5 (600)/2.8 (5600) 1.1 x 10°%/7.4 x 107> 31
[Co(terpy)(NCS),] (27) 11.8 (600)/2.1 (5600) 5.9 x 10°%/0.11 31
[Co(P(S)([N(CH3)N==CHC;N,H;15))](NO), (28) 23 (2000) 4x10°° 32
K(Co(N[CH,C(O)NC(CH3)3]3)) (29) 8.7 (1500) 8 x 107° 32
cis-[Co(dmphen),(NCS),]-0.25EtOH (30) 16.2 (1000) 4x1077 33
[(L)4Co™,Co"(H,0),](NOs),-6H,0 (31) 5.6 (1000) 1.0 x 107° 34
[(3G)CoCl|(CF;S0;) (32) 24 (1500) 1.9 x 107° 35
[dmphCoBr,] (33) 22.9 (1000) 3.7 x107° 37
[Co(L)(0AC)Y(NO),] (34) 15.7 (1000) 8.9 x 1077 38
[Co(acac),(H,0), ] (35) ~16 (various) — 39
Co(abpt), (tcm) 1(36) 59.9 (3000) 1.4 x 107° 40
Co(12C4),](15),(12C4) (37) 17 (500) 1.5 x 10°° 41
Co(L"),] (38, L' = 2-(4,5-diphenyl-1H-imidazol-2-yl)phenol) 34.1 (400)/61.9 (1000) 7.5 x 107%/1.0 x 107" 45
_CO(L3) ] (39, L* = 2-(4,5-diphenyl-1H-imidazol-2-yl)-6-methoxyphenol)  29.2 (400)/43.8 (1000) 1.4 x 1077/2.6 x 107° 45
Co(hpbdti), (40) 39.4/29.7/10.6 (2000) 1.3 x 10°%/5.4 x 1077/1.3 x 10> 46
[Co(PPh;),Br,] (41) 27.8 (1000) 5.9 x 107" 42
[Co(PPh;),Cl,] (42) 25.8 (1000) 1.2 x 107° 44
[Co(DPEphos)Cl,] (43) 24.3 (1000) 2.1 x 10*10 44
[Co(Xantphos)Cl,] (44) 20.8 (1000) 6.0 x 107° 44
(Ph,4P),[Co(OPh),]-CH5CN (45) 21.1 (1400) 7 x10°"° 43

K(Ph,P)[Co(OPh),] (46a) Required dilution, see 46b  — 43

K(Ph4P)[C0y.06ZN0 04(OPh)4] (46b) 34.0 (0) 1.0 x 107° 43
(Ph,P),[Co(SPh),] (47) 21.1 (0) 1.0 x 10°° 43, 47
(Ph,P),[Co(SePh),] (48) 19.1 (0) 3x10°° 43
(Ph4P),[Co(C3Ss),] (49) 33.9 (0) 4.5 x 10°° 48
(HNEt;)(Co"Co™;Le) (50) 75.8 (0) 1x1077 49
[Co™Co"(LH,),(C1)(H,0)](H,0), (51) 7.9 (1000) 6.1 x 107° 50
[Co™Co"(LH,),(Br)(H,0)](H,0), (52) 14.5 (1000) 1.0 x 10°° 50

Ni(1)

[Ni(6-Mes),]Br (53) 11.8 (600) 4.6 x 10°° 51
This journal is © The Royal Society of Chemistry 2015 Chem. Soc. Rev., 2015, 44, 2135-2147 | 2139
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at zero field, due to the fast QTM, consistent with the absence
of y” signals in zero dc field.

The barrier to relaxation observed for 4 is of the same
order of magnitude as that found for the other examples of
Mn(m)-based SIMs in the literature. The dimetallic complex
[Mn(5-TMAM(R)-salmen)(H,0)Co(CN)s]- 7H,O-MeCN 5, 5-TMAM(R)-
salmen = (R)-N,N'{(1-methylethylene)bis(5-trimethylammoniomethyl-
salicylideneiminate), which contains a diamagnetic Co(m) ion,
was shown to have an axial ZFS of D = —3.3 em™ ", by fitting the
isofield magnetisation curves.'® Despite displaying a small
frequency dependence for y’ and y” in zero applied dc field,
maxima in the out-of-phase component were not observed,
even on application of a dc field of 4500 Oe. Fits of the dynamic
susceptibility data yielded an effective barrier U.s = 9.3 or
11.5 cm ™ (for zero field and 4500 Oe, respectively). A slightly lower
barrier (U.s= 8 cm™*, under a field of 2250 Oe) was determined for
the monometallic complex [Mn(OPPh,),N;] (6)."

3.2 Fe(1)

The rather low values of D found for the six-coordinate Mn(ur)
containing compounds are due to the large energy gap between
the ground state and excited states. The magnitude of D is
inversely proportional to the gap between ground and excited
states, and also depends upon which d orbitals are involved

View Article Online

Chem Soc Rev

(the interested reader can find this point illustrated in Fig. 2 of
ref. 32). The relatively strong crystal field arising from coordi-
native saturation can be reduced by lowering the coordination
number. This allows better mixing with excited states and often
an almost unquenched orbital angular momentum than can
produce large increases in the magnetic anisotropy. The two-
coordinate linear Fe(i) complex [K(crypt-222)][Fe(C(SiMes)s3)s]
(7), can be synthesised by single electron reduction of the
neutral Fe(m)-based SIM'® [Fe(C(SiMej)s),] (8) with KCg
(Fig. 6)."° The Fe(i) oxidation state was unequivocally estab-
lished using Mdssbauer spectroscopy. Fe(1) has a half-integer
spin of S = 3/2. According to Kramers’ theorem, QTM should be
minimised in such half-integer systems, which should show
slow relaxation of the magnetisation, even in the absence of an
applied dc field. Ab initio calculations confirmed the success of
the strategy in reducing the ligand field around the metal
centre, as well as indicating large energy splittings of the M;
sublevels, which should lead to a significant energy barrier.
Frequency-dependence of the out-of-phase susceptibility
was observed without the need for an applied field (Fig. 6). In
fact, the barrier to relaxation in 7 is U.s = 226 cm™ ', which is
the highest value recorded to date for monometallic 3d SMMs.
This barrier was derived from the linear region of the Arrhenius
plot between 29 and 20 K. Below 20 K, the Arrhenius plot
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Fig. 5
(b) Sweep rate dependence of the normalised magnetisation, as measured at
(2013) Wiley-VCH.
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(a) Temperature dependence of y” under a dc field of 1000 Oe, and (inset) the derived Arrhenius plot for compound PhsP[Mn(opbaCl,)(py),].

0.5 Kand (inset) at 0.03 K. Reprinted with permission from ref. 15. Copyright

22, dyy

xn (em? mol-')

Frequency (Hz)

(left) A view of the anion [Fe(C(SiMez)s),]~; Fe, orange; C, grey; Si, pale yellow. (middle) A view of the energies of the 3d orbitals in 7. (right)

Dynamic magnetic susceptibility data for 7, measured under zero applied field. Reprinted with permission from ref. 19. Copyright (2013) Nature

Chemistry, Macmillan Publishers Ltd.
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curves, as the relaxation deviates from an Orbach mechanism.
Intermolecular dipolar interactions may aid QTM in these types
of complexes, so dynamic susceptibility measurements were
performed on a frozen solution to reduce the interactions.
Dilution had previously been shown as an effective means of
mitigating tunneling in the case of the compound (Ph,P),-
[Co(SPh),] (47, vide infra). The resulting plot deviated to a lesser
extent from Arrhenius behaviour, but still displayed curvature,
which could arise from lower than axial symmetry around the
Fe(1) ion, permitting mixing of the M; states. In a subsequent work
Mossbauer spectroscopy was used to extend the high temperature
range over which the relaxation could be measured.* Interestingly,
above 50 K on the timescale of the experiment, 7 appears to follow
an Arrhenius law associated with a larger effective barrier
(420 cm ™) than in the range 9 to 50 K. This barrier is close to
the energy difference between the M; = £7/2 and M; = £3/2 levels,
derived from theoretical calculations.

However, the strategy of using Fe() in linear environments is
not a guarantee of large barriers to relaxation. In the compound
[(cAAC),Fe][B(CeF5)s] (9, where cAAC = a cyclic alkyl(amino)
carbene), the barrier was found to be Ugg < 20 cm™ ' under a
field of 3000 Oe.>* Compared to 7, compound 9 has a different
electronic structure, with additional n-bonding interactions.
Theoretical studies suggest that the carbene n, orbitals reduce
the axial nature of the ground state doublet. Compound 9 can
be synthesised from the trigonal Fe(1) complex (cAAC),FeCl (10),
which has an easy-plane anisotropy (vide infra) and a barrier of
22.4 cm ™" in an applied field of 500 Oe.

3.3 Other examples containing Fe(u)

As mentioned above, compound 7 is derived from the neutral
Fe(un) SIM complex [Fe(C(SiMej)s),] (8). This system was
described as part of a family of two-coordinate Fe(u) complexes
which present either a strictly linear geometry, as in the cases of
8, Fe[N(SiMe;)(Dipp)], (11, Dipp = CeHj;-2,6-Pr',), Fe[N(H)Ar'],
(12, Ar' = C¢H;-2,6-(C¢H5-2,6-Pr',),), Fe[N(H)Ar*], (13, Ar* =
C¢H3-2,6-(CeH,-2,4,6-Pr';),), and Fe(OAr’), (14), or a bent geo-
metry, as found for Fe[N(H)Ar"], (15, L-Fe-L = 140.9°, Ar” =
CeH3-2,6-(CsH,-2,4,6-Me3),)."® With the exception of compound
15, for which only the onset of slow magnetic relaxation was
observed under an applied dc field, maxima in the out-of-phase
component under different field strengths allowed Arrhenius
plots to be derived for compounds 8 and 11-14. These plots
were found to be significantly curved, which is attributed to the
applied field inhibiting QTM while at the same time promoting
direct relaxation processes.

This methodology of unsaturated coordination environments is
the most common method of achieving high anisotropy for Fe(n). To
this end, three trigonal planar Fe(u) compounds were prepared as
part of a comparative study with their Co(u) analogues. However only
one of the ferrous compounds, [Fe(N(SiMe;),),(PCys)] (16, where
Cy = cyclohexyl) displayed slow relaxation of the magnetisation,
while all three Co(n) compounds did (17-19, Table 1) and all four
compounds were studied under applied dc fields.”> Complex 16 had
been previously reported,” and in both cases its dynamic magnetic
properties were studied. Somewhat unusually, the barriers reported

This journal is © The Royal Society of Chemistry 2015
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for the same compound differ in the two papers, as recognised
by the authors of the later work. In the 2011 paper, the barrier
was calculated as 29.2 cm ™', while the more recent paper found
a value of 16.0 cm ™', both determined in an applied dc field of
600 Oe. The reason is unclear, but this does highlight the
importance of reporting exactly how the barrier is determined.

Two different barriers were found for the same compound
[PCpFe(CgH;iPr;-2,6)] (20) under different fields.>* Compound
20 can be prepared from the reaction of the diamagnetic
complex [’CpFeBr(dme]] (*Cp = pentaisopropylcyclopentadienide,
dme 1,2-dimethoxyethane) with 2,6-diisopropylphenyl-
magnesium bromide in THF. Fits of the reduced magnetisation
data for 20 give D = —51.4 cm ' and E = —0.3 cm™". Under an
applied field, the ac susceptibility measurements revealed two
types of relaxation process. The first, observed under a field of
750 Oe, process I was assigned to direct relaxation between the
M; = +2 states of the S = 2 ground state. The second, slower
process II (under a field of 2500 Oe) was ascribed to a phonon-
induced excitation to the Mg = +1 levels prior to relaxation.
Accordingly, process I had a lower barrier (28.0 cm™') than
process II (99.6 cm™ ).

In some of the cases already described, the importance of
the symmetry around the central metal ion is apparent and this
is also crucial for the compound [Fe(1-ptz)s](BF,), (21), where
1-ptz = 1-propyltetrazole (Fig. 7).>® Complex 21 is a classic spin
crossover (SCO) compound which was the first system to be
reversibly photo-switched from the diamagnetic low spin (LS) to
the paramagnetic high spin (HS) form in the solid state.”®
Extensive crystallographic studies have shown that the symme-
try of 21 is intimately related to how the compound is thermally
treated. Slow cooling of the compound causes it to undergo a
phase transition with a loss of symmetry, while flash cooling
causes 21 to retain its high temperature space group (R3) with
the now LS Fe(n) lying in a D34 local symmetry. Irradiation of
this LS high symmetry form of 21 gives access to a HS high
symmetry phase, where the local symmetry of the Fe(u) ions
gives rise to an axial magnetic anisotropy: HFEPR data gives
D = —14.8 cm™ ", together with a transverse component of
E =-0.95 cm™ . The barrier to relaxation of the magnetisation
under an applied de field of 2000 Oe, is 15 cm ', The ability to
turn the SIM behaviour on and off by photo-switching between

57.505 nm SMM ON
= 4
o
£
g 3]
«
5 2
~
XE 14 :
J-as0nm SMM OFF
0 20 40 60 80 100 120
time (h)

Fig. 7 (left) A view of the cation [Fe(1-ptz)s]?*, Fe, orange; N, blue; C, grey.
(right) Photo-excitation cycles of the high symmetry form of 21, repre-
sented as the variation in T with time. Reprinted with permission from
ref. 25. Copyright (2013) American Chemical Society.
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the HS and LS states, together with the possible states within the
HS form render 21 a tristable system (|0), |—2), |+2)) (Fig. 7).

Another example of an SCO compound that shows slow
relaxation of the magnetisation is PhB(MesIm);Fe-N—PPh;
(22) (MesIm = mesitylimidazole).”” Unlike 21, here the Fe(u)
centre is four-coordinate and displays a pseudo three-fold
symmetry around the metal ion. Photo-excitation of the LS
state at low temperatures allows the meta-stable HS state to be
generated. Under an applied dc field of 1000 Oe, a frequency
dependence in ” could be observed, and the fit of the Arrhenius
plot yielded a barrier to relaxation of 15 cm™'. While the
relaxation barriers for compounds 21 and 22 are significantly
lower than those found for Co(u) complexes (vide infra), both
systems are fascinating for illustrating the overlap between
molecular nanomagnets and SCO compounds.

3.4 Fe(m)

Partial SCO was observed in the only existing SIM containing Fe(uu),
[(PNP)FeCl,] (23, PNP = N[2-P(CHMe,),-4-methylphenyl], ), where
the Fe(m) is in a distorted 5-coordinate environment.>® At tempera-
tures above 80 K, 23 is found in the HS S = 5/2 state, as evidenced by
the dc magnetic measurements, and also by an extensive variable
temperature crystallographic study. Below 80 K, 23 is found in an
intermediate S = 3/2 spin state. Ac susceptibility measurements
reveal that 23 is the first (and to date, only) example of a mono-
metallic Fe(ur) complex to display slow relaxation of the magnetisa-

tion, even in the absence of dc field, with a barrier of 36 cm™ ™.

3.5 Co(n)

The promise of Co(u) for use in polymetallic SMMs has been
previously highlighted, with a particular emphasis placed on
the effects of the molecular shape, size and symmetry.>® One of
the first examples of a monometallic Co(u) SIM takes advantage
of the first order spin-orbit coupling displayed by the d’ ion
when it lies just above the basal plane of a square-based
pyramid. In the compounds [(ArN—CMe),(NPh)]Co(NCS), (24,
(ArN—CMe),(NPh) = 2,6-bis(1-[(2,6-diisopropylphenyl)imino]-
ethyl)pyridine) and [(ArN=—CPh),(NPh)]Co(NCS), (25, (ArN—
CPh),(NPh) = 2,6-bis(1-[(2,6-diisopropylphenyl)imino]benzyl)-
pyridine), the neutral bis(imino)pyridine ligands coordinate
to the metal centre in three of its equatorial positions and
the two monodentate thiocyanate ligands fill an axial and
equatorial position.*® Due to the steric constraints of the pincer
ligands, the transition metal sits above the basal plane of the
pyramid. In the regular geometry, in which the metal ion lies in
the basal plane of the pyramid, the degenerate d,, and d,,
orbitals are fully occupied, while in the distorted environment
they are unequally occupied, giving rise to an appreciable
magnetic anisotropy (Fig. 8).

The static magnetic properties reveal intermolecular ferro-
magnetic interactions between molecules of 25 at low tempera-
ture. To disrupt these contacts, 25 was dissolved in THF and the
magnetic measurements repeated. As expected, yyT was seen
to decrease at low temperature, as was the case for compound
24. The barrier to relaxation recorded for the solid state and
frozen solution dynamic magnetic experiments performed on

2142 | Chem. Soc. Rev., 2015, 44, 2135-2147

View Article Online

Chem Soc Rev

“dxz | dyx _Exy
“dxy “dxz “dyz

cd"- out of the N, plane co'- in the N, plane

Fig. 8 A simplified scheme illustrating the relative energies of the d-orbitals
in a distorted square-based pyramid (left) and ideal square-based pyramid
(right). Reprinted with permission from ref. 30. Copyright (2011) American
Chemical Society.

25 was similar (16.7 and 17.4 cm™', respectively, under a

dc field of 2000 Oe), while 24 displayed a smaller barrier of
11.1 em ™" (also at 2000 Oe). In the compound [Co(terpy)Cl,]
(26), the basal plane of the pyramid is formed by one Cl~ ion
and the three donor N-atoms of the terpyridine ligand, with the
metal ion also sitting just above this plane.*' The coordination
sphere is therefore different compared to those of 24 and 25,
leading to a different d-orbital splitting. In [Co(terpy)(NCS),]
(27), the thiocyanate ligands both point out of the plane
defined by the coordination of terpy to the metal ion. Through
ac susceptibility measurements under two different fields, two
different relaxation processes - fast and slow - could be
observed for compounds 26 and 27, with barriers (fast/slow)
of 19.5/2.8 em™* and 11.8/2.1 cm™*, respectively.

A wider theoretical study of how variations in coordination
geometry can lead to magnetic anisotropy in first row transition
metals has been carried out.>® Using CASSCF calculations, it
can be shown how D may be expected to vary with the number
of d-electrons and the symmetry around the metal ion. Using
this predictive strategy, two systems from the literature were
identified that ought to show high magnetic anisotropy,
[Co(P(S)([N(CH;)N==CHC;N,H;]5))(NO;), (28) and K(Co(N[CH,-
C(O)NC(CH3)3]3)) (29). Compound 28 (Fig. 9) was predicted
to have a large negative value of D, which was found to be
—72 cm™ ! based on the temperature and field-dependence of the
magnetisation. Under a field of 2000 Oe, one clearly resolved
temperature dependent maximum in ;" could be observed, with
a barrier of U.s = 23 cm™ 1. For 29, the barrier at 1500 Oe was
observed to be 8.7 em ™, and the anisotropy derived from the
magnetisation measurements was consistent with theoretical
calculations, with D = +16 cm ™.

Positive D values leading to SMM-like behaviour in mono-
metallic Co(u) complexes is not uncommon, despite the percep-
tion that this might prevent slow relaxation processes.** The
first example of a hexa-coordinate Co(u) SIM, the compound
cis-[Co(dmphen),(NCS),]-0.25EtOH (30, dmphen = 2,9-dimethyl-
1,10-phenanthroline) displays slow relaxation of the magnetisa-
tion with Ueg = 17.0 em™! under a dc field of 1000 Oe, with
D = +98 cm ™ ". The slow relaxation is a result of a transverse
anisotropy (xy plane). Under these conditions, the magnetisation

This journal is © The Royal Society of Chemistry 2015
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Fig. 9 (left) A view of the cation [Co(P(S)(IN(CH3)N=CHCzN,Hs]3))]?*; Co, purple; N, blue; P, orange; S, yellow; C, grey. (right) Frequency dependence of
7" under a dc field of 2000 Oe. Reprinted with permission from ref. 32. Copyright (2013) American Chemical Society.

would have a preferred orientation in the xy plane, either along
the x- or the y-axis, rather than along the z-axis. The barrier to
reorientation in the opposite direction along the same axis would
then be governed by the parameter E. Through the relation Ueg ~
2F, a theoretical barrier of 16.8 cm™* was determined, based on the
value of E = +8.4 cm ™" obtained from low temperature magnetisa-
tion data. This was also the explanation put forward for the
compound [(L),Co™,Co"(H,0),](NO;),-6H,0 (31) (where L is a
carbohydrazide derivative).**

An alternative explanation of how positive axial anisotropy can
result in slow relaxation of the magnetisation has been proposed for
the pseudotetrahedral Co(u) complex [(3G)CoCl|(CF;SO03) (32, where
3G = 1,1,1-tris2N~(1,1,3,3-tetramethylguanidino)methyl]ethane).*®
For 32, slow magnetic relaxation was observed with a barrier of
24 cm™! under a dc field of 1500 Oe, and EPR determined D =
+12.7 cm 'and E=1.2 ecm ™. Here it is proposed that relaxation
from the Mg = +1/2 to the Mg = —1/2 level is slowed by a phonon
bottleneck,*® such that relaxation involves excitation to the
higher lying Mg = £3/2 levels. From the EPR and magnetisation
data, an energy gap of the order of 24 cm™" was found to
separate the Mg = +1/2 levels from the higher lying M5 = £3/2
levels, consistent with the barrier determined from the
dynamic susceptibility measurements. A similar situation was

Fig. 10
34. Reprinted with permission from ref. 38. Copyright (2013) Wiley-VCH.

This journal is © The Royal Society of Chemistry 2015

found for the compound [dmphCoBr,] (33, dmph = 2,9-dimethyl-
1,10-phenanthroline).>” The easy-plane anisotropy in this com-
pound, with D = +11.68 cm ™' and E = —2.60 cm™ ', yielded Ueg =
22.9 cm™ ' (under a field of 1000 Oe).

A phonon bottleneck has been ruled out for the compound
[Co(L)(OAC)Y(NO3),] (34, where LH, = N,N',N’-trimethyl-N,N"-
bis(2-hydroxy-3-methoxy-5-methylbenzyl)-diethylenetriamine)
(Fig. 10).>® Here, the magnetic anisotropy is of an easy-plane
nature, with D = +47 em™" and E = 1.6 cm™ . Inelastic neutron
scattering (INS) revealed an excitation with an associated energy
of 95.2 ecm™*, corresponding to the energy gap (= 2D) between the
Mg = £3/2 and Mg = £1/2 levels. Dilution experiments with the
purely diamagnetic species [Zn(L)(OAc)Y(NOj3),] did not cause
any increase in the relaxation, suggesting that a phonon bottle-
neck is not at the root of the observed barrier. The determined
barrier of Ues = 15.7 cm™ ', was far lower than the energy gap
between the Mg = +3/2 and Mg = +1/2 doublets. In fact, fits of the
Arrhenius plot to a 7" law indicate that an optical acoustic
Raman process is a viable proposal for the relaxation mechanism,
mixed with direct processes.

The most concerted effort to clarify how and why slow
magnetic relaxation occurs in complexes with an easy plane
anisotropy has been carried out on the hexa-coordinate Co()

Ty : N
— !
Al
: M, =32
! g
: ,_"4”, - 0.28 cm*!
‘—-—‘ - — ) M, =32
A T =
2 ‘_6;<{A|: =0.09 cm™
M, =12
o, G;, [Rhomble soc H =1000 Oe

Distortion

(left) A view of [Co(L)(OAC)Y(NOs),] (34); Co, purple; Y, pale blue; C, grey; O, red; N, blue. (right) A simplified representation of the energy levels in
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(top) A schematic view of the energy levels in the Kramers ion Co(i) with positive axial anisotropy. Ans = hyperfine coupling; H = an applied

magnetic field; o, = lattice-phonon interactions. See text for details. Reprinted with permission from ref. 39. Copyright (2014) Nature Communications,

Macmillan Publishers Ltd.

complex [Co(acac),(H,0),] (35, acac = acetylacetonate).*® The
dynamic ac susceptibility can be accounted for with a linear fit
to an Arrhenius plot, suggesting a thermally-activated Orbach
process at higher temperatures. At lower temperatures, Raman
and direct processes are responsible for the relaxation. Because
Orbach processes proceed through phonon-induced transitions
to higher energy states, their associated energy barrier should
reflect this and be of the order of 2D, which in this case would
imply a barrier of around 130 cm™'. However, the barrier to
thermal relaxation was found to be ~16 cm™ .

Formally, direct phonon-induced transitions between the
two states that describe the low temperature electronic states of
Co(u), shown in Fig. 11 as |®@) and | ), are forbidden. In theory,
this leaves two-phonon Orbach and Raman relaxation processes
available, with the proviso that ZFS is often far larger than the
available thermal energies at low temperatures, hindering
Orbach-driven relaxation. However, this clear-cut two level
description is not entirely accurate (Fig. 11(a)). Hyperfine inter-
actions with the nuclear spin of the Co(u) ion (I = 7/2) broaden
these two levels into a manifold in which some phonon-induced
transitions are permitted (Fig. 11(b)). The application of an
external magnetic field exacerbates this splitting, and confers
upon each state a measureable magnetic moment (Fig. 11(c)).
Finally, an interaction between the nuclear spin and molecular
vibrations in the lattice allow phonon-induced transitions
between different nuclear spin states (Fig. 11(d)). The combi-
nation of these perturbations allows slow relaxation in Co(u) ions
with easy plane anisotropy to be observed at low magnetic fields.
Hence, it is proposed that hyperfine interactions should be
minimised to limit the relaxation pathways available to a SIM.
In fact, the low coordinate Fe(i) compound 7, which has the
highest barrier found for a transition metal SIM fits with this
strategy. The highest barrier for a Co(un) SIM with easy plane
anisotropy was reported for the octahedral Co(u) complex
[Co(abpt),(tcm),] (36), where abpt = 4-amino-3,5-bis(2-pyridyl)-
1,2,4-triazole and tem = tricyanomethanide, which displays a
barrier of U.¢ = 59.9 cm ™" for an applied field of 3000 Oe, and
D =+55cm ' and E/D = 0.27.*°

2144 | Chem. Soc. Rev., 2015, 44, 2135-2147

However, the majority of Co(u)-based SIMs display negative
D values. In the cobalt(u)-12-crown-4 (12C4) complex [Co(12C4),]-
(I3)x(12C4) (37) (Fig. 12) the Co(u) ion is coordinated by four
oxygen atoms from the two crown molecules, leading to a
distorted square anti-prismatic geometry.*' Density functional
theory (DFT) calculations show that the partially filled d,, and d,,
orbitals are almost degenerate. This gives rise to a low-lying
excited state and coupling with the ground state can give rise to a
large axial anisotropy.

Through fits of the dc susceptibility measurements, values
of D= —37.6 cm ' and E = 0.1 cm™ ' were obtained. HFEPR
studies showed the compound to be nearly “silent”. This was
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Fig. 12 (top) A view of the cation [Co(12C4)2]2+,' Co, purple; O, red; C,
grey. (bottom, left) d-orbital energy diagram derived from DFT calcula-
tions. (bottom, right) Field dependence of the normalised magnetisation of
37. Reprinted with permission from ref. 41. Copyright (2014) American
Chemical Society.
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attributed to a combination of only the £3/2 doublet being
populated at low temperatures together with a large, negative D
causing a large energy gap to the +£1/2 doublet. Simulations put
a lower limit on this axial anisotropy of |[D| > 20 cm™ ' and
further theoretical calculations also confirm the large, negative
D value. Suppression of QTM using an applied dc field of
500 Oe allows the observation of an out-of-phase signal in the
ac susceptibility measurements, with an associated barrier to
relaxation of 17.0 cm™".

Of the variety of coordination environments that have been
employed to try to induce slow magnetic relaxation in Co(u)
complexes, the most successful is tetrahedral or pseudo-
tetrahedral, as in the case of 32, and 38-48 (see Table 1).*>™*’
The value of D can be increased by increasing the softness of
the donor atom in a family of compounds based on the
complex anion [Co(EPh),]*” (E = O, S, Se): (Ph,P),[Co(OPh),]-
CH;CN (45), K(Ph,P)[Co(OPh),] (46), (Ph,P),[Co(SPh),] (47),
(Ph,P),[Co(SePh),] (48). However, it does not necessarily follow
that the relaxation barrier increases in line with increasing D,
and the reported barriers all lie in the range 19-34 cm™ *.*>*
Similarly, the tetragonally-elongated pseudotetrahedral Co(u)
compound (Ph,P),[Co(C3Ss),] (49) (C5S5>~ = 4,5-dimercapto-1,3-
dithiole-2-thione) displays a large magnetic anisotropy, leading
to a barrier of U =33.9 cm ™' in the absence of an applied dc
field."®

Although compounds 46-49 display slow relaxation of the
magnetisation without an applied dc field, this phenomenon is
still rather rare for 3d SIMs. (HNEt;)(Co"Co™;L¢) (50, where
H,L = R-4-bromo-2-((2-hydroxy-1-phenylethylimino)methyl)phenol)
displays zero-field slow magnetic relaxation. The coordination
environment around the Co(u) ion is twisted away from octahedral
towards D; symmetry. The effect of the coordination geometry on
the energies of the d-orbitals is shown in Fig. 13, consistent with
the presence of significant unquenched orbital angular momen-
tum. Fits of the magnetisation data give D = —115 cm™* and
E=2.8 cm™ . The strong axial anisotropy leads to slow relaxation of
the magnetisation, with a barrier of Ug=75.8 cm ™. It is suggested
that having the central Co(u) ion surrounded by three diamagnetic
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Fig. 13 (a) A view of the cation in 50. (b) Approximate energy splittings of
the d orbitals in Dz symmetry. (c) A view of the coordination sphere and
geometry around the Cof(i) ion. Reprinted with permission from ref. 49.
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Co(m) ions helps to isolate the d” centre, enhancing the SIM
behaviour. A similar point was made for [Co™Co"(LH,),(X)(H.O)}
(H,0), (51, X = Cl; 52, X = Br, LH, = 2-((2-hydroxy-3-methoxy-
phenyl)methylene)amino}-2-(hydroxymethyl)-1,3-propanediol) where
the presence of the diamagnetic Co(m) ion aids the observation
of SIM behaviour, by reducing Co(u)---Co(u) intermolecular
interactions.”®

3.6 Ni(1)

The only example of SIM behaviour described to date involving
Ni(i) is for the linear, two-coordinate geometry, similar to that of
7. In [Ni(6-Mes),|Br (53) (6-Mes = 1,3-bis(2,4,6-trimethylphenyl)-
3,4,5,6-tetrahydropyrimidin-2-ylidene), the mesityl groups of the
bulky aromatic ligand are sufficient to block the equatorial sites
on the Ni(1) ion, leading to the low coordination number.”! The
geometry is found to be nearly linear, with a C-Ni-C angle of
179.27(13)°. The dc magnetic measurements show that the room
temperature value of y7 (1.12 cm® mol ' K) is well above that
expected for an § = 1/2 ion (0.375 cm® mol ™" K), indicative of the
presence of unquenched orbital momentum. An applied field is
required to observe slow magnetic relaxation, the barrier for
which was determined as 11.8 cm ™, based on the linear region
of the Arrhenius plot.

3.7 Ni(n)

Despite promising studies that have shown very large magnetic
anisotropy in several Ni(n) complexes, as of yet there has been no
experimental demonstration of slow relaxation of the magnetisation
in monometallic Ni(n) compounds. For example, in the trigonal
bipyramidal compound [Ni(Megtren)CI|(ClO,) (54), D is estimated to
be between —120 and —180 cm ' and E = 1.6 cm ™" from HFEPR
measurements.>

4. Conclusions and outlook

In the relatively short time in which they have been studied, 3d
SIMs or monometallic SMMs have already yielded some fasci-
nating results and possibilities. Amongst these, the linear Fe(1)
compound 7 stands out, both for the huge barrier to relaxation
of the magnetisation observed and also for the synthetic
challenge such a compound represents. The ability to switch
on slow relaxation of the magnetisation in the SCO compounds
21 and 22 also raises the question of how many “dormant”
SIMs could be found in photo-switchable SCO complexes.
Attempts to understand the slow magnetic relaxation in
Kramers ions with positive axial anisotropy have outlined the
importance of physical considerations beyond the symmetry
around a 3d ion, such as the importance of hyperfine interac-
tions. Control of the relaxation pathways available to a single-
ion magnet should allow for improvement in performance as a
potential data carrier. The physics of these compounds and
how this relates to other possible applications for nanomag-
nets, such as quantum computing, still has wide scope for
exploration. This point was addressed for compound 49, which
was shown to have a large axial anisotropy that enabled slow
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relaxation of the magnetisation to be observed. On the other
hand, this anisotropy was so large that 49 was found to be EPR-
silent, rendering it ineffective for use in quantum computing,
for which EPR would need to be used to observe and address
spin transitions.

The chemical synthesis of these compounds presents a huge
opportunity. If factors such as nuclear spin, symmetry around
the metal ion, and modification of ligands are taken into
account, then there are clearly a large number of experimental
parameters to be tuned and explored. The d® ion Ni(u), for
example, remains an extremely promising candidate, given the
huge magnetic anisotropy already displayed in several compounds.
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