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Modern physical methods for the molecular design of single-molecule

magnets

Valentin V. Novikov,"” Yulia V. Nelyubina

A.N.Nesmeyanov Institute of Organoelement Compounds, Russian Academy of Sciences,

ul. Vavilova 28, 119991 Moscow, Russian Federation

Many paramagnetic metal complexes have emerged as unique magnetic materials (single-molecule magnets), which behave
as conventional magnets at the single-molecule level, thereby making it possible to use them in modern devices for data
storage and processing. The rational design of these complexes, however, requires a deep understanding of the physical laws
behind a single-molecule magnet behaviour, the mechanisms of magnetic relaxation that determines the magnetic properties
and the relationship of these properties with the structure of single-molecule magnets. This review focuses on the physical
methods providing such understanding, including different versions and various combinations of magnetometry, electron
paramagnetic and nuclear magnetic resonance spectroscopy, optical spectroscopy and X-ray diffraction. Many of these
methods are traditionally used to determine the composition and structure of new chemical compounds. However, they are

rarely applied to study molecular magnetism.
The bibliography includes 224 references.
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1. Introduction

Molecular magnetism is a rapidly expanding interdiscipli-
nary field of research aimed at preparing and investigating
molecular materials that have particular magnetic proper-
ties.!>2 Any substance can interact with the magnetic field,
but only compounds, the magnetic properties of which are
determined by the presence of unpaired electrons, are tradi-
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tionally assigned to molecular magnets. The classification of
molecular magnets according to the type of their interaction
with the magnetic field (e.g., ferromagnets, antiferromag-
nets, ferrimagnets, superparamagnets, spin glasses, efc.) is
so extensive and the number of publications on this issue is
so large that it is impossible to comprehensively address the
advances in this field in one review. This review focuses on
single-molecule magnets (SMMs)?3 as molecular magnetic
materials that have attracted the most attention in recent
years and methods of their investigation by modern physical
methods used to identify new chemical compounds.

A single-molecule magnet is a compound exhibiting
properties of a conventional magnet on the molecular
scale.* In the general case, the terms ‘single-molecule
magnets’ and ‘molecular magnets’ are not interchangeable,
because molecular magnets traditionally include com-
pounds, the properties of which are determined by other
magnetic phenomena,> such as the spin transition,® mag-
netic exchange,” spin frustration,® esc., or by interactions
between molecules in one,’ two ! or three!! dimensions.
Separate groups include inorganic solid-state,'? polymeric '3
and hybrid '* magnetic materials. The discussion of these
materials is beyond the scope of our review that intended to
focus on coordination and organometallic compounds
behaving as single-molecule magnets.

It has long been considered that an individual molecule
cannot exhibit macroscopic magnetic properties because
conventional ferromagnetism is a cooperative property
and, consequently, it can be observed in large particle
assemblies. However, back in 1993 Sessoli et al.? synthe-
sized polynuclear manganese complexes, which are charac-
terized by very slow relaxation of the magnetization, i.e.,
have superparamagnetic behaviour. Subsequent extensive
studies of various paramagnetic compounds* revealed
SMM properties not only in polynuclear first-row transition
metal complexes but also in complexes with a single metal
ion,'> which are sometimes called single-ion magnets. Sin-
gle-molecule magnets have attracted great worldwide atten-
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tion due to their unique properties and fascinating prospects
of their potential use in ultrahigh-density data storage and
ultrafast data processing devices and as logic units future
quantum computers,'¢ the creation of which will lead to the
revolution in computing technologies.

Despite the progress achieved in the past three decades
in the area of single-molecule magnetism,!” 2! including
SMMs that function at liquid nitrogen temperatures,?? only
a small proportion of the available metal complexes were
tested as potential SMMs. This is in part due to the low
accessibility of the main methods for the identification of
SMMs, such as alternating field magnetometry and high-
level quantum chemical calculations, which are necessary
tools in almost all (with rare exceptions) modern studies on
single-molecule magnetism. The objective of this review is to
fill this gap. The review may serve as a useful reference for
synthetic chemists interested in unique or well-known
classes of compounds, which can potentially behave as
SMMs, and for specialists in the field of physical methods
of investigation of different compounds wanting to expand
the scope of their application. The focus is on methods
available in chemical institutions ¥ and their application to
investigate true SMMs, i.e., molecular compounds that
exhibit slow magnetic relaxation in the absence of the
external magnetic field.?

2. Physical basis of single-molecule magnetism

The distinguishing feature of ferromagnetic materials is the
ability to maintain the magnetization acquired from long
exposure to a magnetic field, which is associated with the
existence of individual domains, where all magnetic
moments are aligned in the same direction. The externally
applied magnetic field causes a sharp change of the domain
boundaries and changes in the magnetization direction
within the domain, which is evidently accompanied by the
appearance of the hysteresis in the plot of magnetization of
the sample versus the applied magnetic field. In the absence
of a rather strong external magnetic field, the sizes of the
domains and the directions of their magnetization remain
unchanged and, consequently, magnetized ferromagnetic
materials retain magnetization for an almost unlimited
time. Due to this distinguishing feature, ferromagnetic
materials can be used in data storage devices, such as
computer hard discs. However, the minimum individual
area of magnetization in such materials, which can store a
single bit of data, comprises millions of atoms. This signifi-
cantly limits the data recording density and, correspond-
ingly, the size of an electronic storage device.
Single-molecule magnets capable of retaining magnet-
ization of individual molecules over long periods of time are
free of this drawback. When exposed to an external mag-
netic field, the unpaired electron spins in such molecules are
aligned parallel to the field, and the switching off of this
field does not lead to the complete magnetization relaxa-
tion, i.e., to the return to a random distribution of spin
orientations in the sample, as opposed to other paramag-
netic compounds. This is due to the presence of an energy
barrier between two opposite orientations of the magnetic

+ For this reason, such methods as inelastic neutron scattering,>> X-ray
magnetic circular dichroism spectroscopy,?* muon spin resonance 2> and
high-level quantum chemical calculations are beyond the scope of this
review; the advantages and drawback of these methods are considered in
detail in the review.2¢

moment (bistability) of SMMs, resulting in that the data
recorded in the magnetic state of this molecule do not
disappear or disappear very slowly (slow magnetic relaxa-
tion) after switching off the external magnetic field. The
presence of this barrier is associated with the magnetic
anisotropy defined as the dependence of magnetic proper-
ties on a preferred crystallographic direction.

It is most convenient to consider the factors responsible
for the appearance of magnetic anisotropy in SMMs using
complexes with 3d transition metal ions. When molecules
with unpaired electrons are exposed to a magnetic field, the
electronic energy levels of the molecule are split into differ-
ent levels due to the Zeeman effect. For complexes with a
total spin S, this leads to the appearance of 2§ + 1 possible
states, each state having its own spin quantum number M,
which is the sum of the spin quantum numbers mg of the
unpaired electrons in the molecule. In compounds with one
unpaired electron or for high-symmetry systems with a large
spin S in the absence of the applied magnetic field, all states
are energetically degenerate (Fig. 1a,b). However, the zero-
field splitting that occurs in some cases leads to the partial
removal of degeneracy. Depending on the sign of the zero-
field splitting energy (D), there are two radically different
splitting patterns of magnetic levels. At positive energies D
(Fig. 1¢), the states My = 1/2 and —1/2 correspond to the
ground state (for complexes with a half-integer total spin),
thereby allowing, for example, the detection of transitions
between these sublevels by electron paramagnetic resonance
(EPR) spectroscopy. At negative energies D, the ground
state has the maximum |M| value for this system (Fig. 1d).
In the general case, these transitions are forbidden by
selection rules, which allow only transitions accompanied
by changes in the M, value by unity.

If the total spin S is rather large and D has a negative
value large in magnitude, the magnetization of the sample in
an external magnetic field at a rather low temperature leads
to the population only of the state with the minimum value
of My = —S (Fig. 2). Despite the fact that after switching
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Figure 1. Zeeman splitting of energy levels under applied mag-

netic field for systems with different total electron spins: a, b, in the
absence of splitting; ¢, d, in the presence of magnetic anisotropy. E
is the total energy of the system, the fractional numbers are M,
values.
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Figure 2. Schematic view of the energy level splitting in SMMs.
From the left to right side: at a low temperature, only states with
M = £ are populated; the switching of the external magnetic field
causes the level splitting, with the result that only the state with
M = —Sis populated; after the external magnetic field is switched
off, the ground state is again doubly degenerate in energy, but the
restoration of the equilibrium in the absence of the quantum
tunneling of magnetization can be achieved only by overcoming
the energy barrier U = |D|S?.

off the magnetic field, the levels with M, = +S become
degenerate, these populations cannot be equalized because
of the forbiddance of a multiple quantum transition
between these two states (except for the cases described
below, in which quantum tunneling of magnetization
(QTM) is observed). The restoration of the equilibrium in
this system, which is a true SMM, can occur through
successive single quantum transitions between the states
—Sand —-S+1, =S+ 1, —S +2, etc. This mechanism
of magnetic relaxation, called the Orbach mechanism, is
related to the overcoming of the energy barrier, which
depends on the total electron spin of the system and the
zero-field splitting energy: U = DS? or U = D(S*>—1/4) for
half-integer spins.

Hence, compounds with large spins S or with negative D
values very large in magnitude can be used to increase the
time of demagnetization of SMMs. The latter, in particular,
defines the time during which the magnetization is retained
in individual elements of the data storage device.

In polynuclear transition metal complexes, individual
ions can be coupled in a ferromagnetic mode (as a conse-
quence, the total spin of the compound is equal to the sum
of the spins of the individual ions) or an antiferromagnetic
mode, which is undesirable because it leads to a decrease in
the total spin of the system. Taking into account the
quadratic dependence of the barrier to magnetization rever-
sal U on the total spin S, researchers interested in the
molecular magnetism have long focused their attention
exclusively on the preparation of polynuclear metal com-
plexes with the maximum total spin. The first example of
these compounds, exhibiting slow magnetic relaxation in
the absence of an applied magnetic field (a distinguishing
feature of this SMM), is the mixed-valence manganese
complex [Mn§"Mn}' O12(MeCOO);4(H20)4]- 2 MeCOOH -
-4 H>O (Fig. 3), often denoted as Mnj» (see Ref. 27) with
the total spin S = 10, the zero-field splitting energy
D = —0.46 cm—! and the barrier to magnetization reversal
U = 46 cm~ . In this case, a relatively small increase in the

i The quantum tunneling of magnetization (QTM) traditionally means a
phenomenon in which a particle penetrates a barrier of potential energy
with a height greater than the total energy of this particle without the
energy loss, i.e., the possibility of the particle passing through a region,
which cannot be penetrated in the classical world.

Figure 3. Structure of the Mnj»
complex with manganese(IV)
(S=3/2) and manganese(Il)
(S =2) ions coloured in red and
blue, respectively. The orienta-
tions of electron spins localized
on the Mn'"' and Mn'V ions are
indicated by arrows. The Figure
was prepared by the authors using
the data of Ref. 3.

total spin to 12 in the complex with six manganese ions 28
leads to an increase in U to 62 cm ! despite the observed
decrease in the magnetic anisotropy D to —0.43 cm—!.

The progress in coordination chemistry has provided
routes to the synthesis of polynuclear complexes with much
larger total spins, e.g., complexes with forty two iron ions
(S = 45)2° or with nineteen manganese ions (S = 83/2).3¢
Nevertheless, these complexes cannot be assigned to SMMs
because they do not have magnetic anisotropy (D = 0) due
to several factors.

First, in order for a molecule to behave as a single-
molecule magnet, not only the number of ferromagnetically
coupled ions in one molecule should be increased, which
provides the maximum possible total spin, but also the
magnetic anisotropy should be retained, which requires
that the directions of anisotropy axes of individual ions
should be aligned with each other or at least these axes
should not be oppositely directed. For example, in the
record compound with the total spin S = 45,2° the aniso-
tropies of individual metal ions are mutually compensated,
resulting in the isotropic ground state of this complex.

Second, the zero-field splitting energy also depends on
the total spin of the system in an inverse quadratic man-
ner.3! Therefore, the final value of the barrier to magnet-
ization reversal is determined not only by the total spin but
also by the D value.?? Besides, the zero-field splitting energy
is very sensitive to slight changes in the electronic structure,
which significantly complicates the search for the principles
of molecular design of new SMMs.

In all these cases, the key concept is the presence of the
orbital momentum L in SMMs in the presence of energeti-
cally degenerate and partially filled (but not half-filled)
orbitals. For first-row transition metal ions, the ligand
field effect generally causes the splitting of orbitals, result-
ing in that the orbital momentum is equal or close to zero.
Slight deviations, observed in many cases, are due to the
fact that the spin— orbit coupling brings about the mixing of
the ground and excited electronic states giving rise to the
zero-field splitting. However, complexes of lanthanides and
(in rare cases)3? first-row transition metals can retain the
orbital momentum, resulting in very high magnetic aniso-
tropy. The f orbitals of lanthanide atoms are localized, their
energies depend only slightly on the coordination environ-
ment, and the non-quenched orbital momentum L interacts
with the total spin momentum S giving rise to the total
angular momentum J; [L—S| < J < |[L + S|.

In these case, it has often been said that S is not a good
quantum number. This means that not only the spin
magnetic moment but also the total angular momentum J
are required to describe the magnetic properties of the
molecule. Generally, for lanthanides complexes, the large
value of J for the ground state multiplet is an important,
although not sufficient, requirement for the appearance of a
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high magnetic anisotropy and, as a consequence, for the
manifestation of the SMM properties.

The patterns of energy levels, similar to those shown in
Fig. 1, provide insight into the factors responsible for the
appearance of magnetic anisotropy in some metal com-
plexes. However, a more formal approach is required for
the detailed analysis. Single-molecule magnets are usually
described in terms of the spin-Hamiltonian formalism.?*
The spin-Hamiltonian is an operator obtained by the
averaging of the full Hamiltonian of the system H;, which
describes its ground state in the stationary Schrédinger
equations, over all non-spin coordinates. The equation
with the Hamiltonian H; can be solved, i.e., its eigenvalues
and eigenfunctions can be determined, only in an approx-
imate way. The complexity of even this approximate sol-
ution rapidly increases with increasing size of the system.
However, the magnetic properties of the system are usually
determined solely by interactions of unpaired electrons with
each other and with magnetically active nuclei. Since the
corresponding contribution to the total energy of the system
is several tens of Joules per mole in magnetic fields of a few
Tesla, the magnetic field-induced change in its value is very
small

JE 1 O’E
E=E s, =) —— 5.5 1
0 +;asn S+ 2;63,,65;\, SnSk ( )

where Ej is the contribution to the total energy of the
molecule independent of the spin coordinates s,. The
operator describing the spin-dependent term of equation
(1) is called the spin-Hamiltonian. For example, the popular
spin-Hamiltonian corresponding to the pattern of energy
levels in Fig. 1 takes the following form:

I?:DF%—@} + upBgS 2)

Here D is the axial component of the zero-field splitting
energy, g is the electronic g-tensor, up is the Bohr magneton
and B is the magnetic induction.

As opposed to the full Hamiltonian, the search for the
eigenvalues of the operator similar to the spin-Hamilto-
nian (2) is a rather trivial problem, the solution of which
allows the description of a number of properties of the
system, including those determined by magnetometry or
spectroscopy. For example, for the barrier to magnetization
reversal in SMMs with integer or half-integer total spins S,
this leads, respectively, to the following equations:

U = EM';‘“ - EMgun = (3)
:D[52 7S(S3+ 1)} +DS(S3+ 1) _ Ds?
U= Eypo — Eypn = “4)
S(S+1) 1 S(S+1) 1
_ A L __PWT ) - 2 _
fD[S 3 } DL1 3 D[S 1

The spin-Hamiltonian (2) is suitable for the description
of systems with an almost completely quenched orbital
momentum, including most of first-row transition metal
complexes. However, this spin-Hamiltonian cannot be
applied to complexes, in which the orbital momentum
makes a significant contribution to the magnetic properties.
This is particularly the case with lanthanide compounds.

For the description of such complexes, the spin—orbit
coupling should be explicitly taken into account. In this
case, the following Hamiltonian is commonly employed:

T q N4
> B O; %)

k=246¢=—k

H=

where 5Z are polynomial functions of the total momentum
operators, so-called Stevens operators tabulated in the
monograph,3S Bj are the corresponding coefficients. The
Hamiltonian (5) can include up to 27 parameters. This
number is significantly smaller for high-symmetry metal
complexes, due to which their magnetic properties can be
described using a few coefficients BZ.

The condition for the use of the Hamiltonians (2) and
(5) is based on the following assumption. Each energy level
belongs to the pure state with the only value of the spin or
the total angular momentum. However, the spin-—orbit
coupling often makes it necessary to consider each energy
level as a linear combination of the levels with different
values of S or J. This greatly complicates the description of
SMMs and requires the use of a wide combination of
modern physicochemical methods to determine the charac-
teristic features of their electronic structures and related
magnetic properties.

3. Mechanisms of magnetic relaxation
in single-molecule magnets

The magnetic relaxation (spin relaxation or relaxation of
the magnetization) is the establishment of a thermodynamic
equilibrium between magnetic moments, resulting in the
return of the system from the excited non-equilibrium state,
arising from magnetic degrees of freedom, to equilibrium.
The magnetic relaxation time determines the potential for
practical applications of a particular SMM. Generally,
magnetic relaxation is a result of several competing physical
processes, the relative contributions of which depend on the
composition and structure of the compound, its phase state,
intermolecular interactions, the temperature and the exter-
nal magnetic field. Single-molecule magnets are character-
ized by a large barrier to magnetization reversal. However,
in many cases it is insufficient for the retention of magnet-
ization of the molecules over a long period of time due to
the existence of alternative mechanisms of relaxation, which
are not related to the overcoming the energy barrier U.
Hence, the investigation of these processes and the influence
of the chemical structure of SMMs on their relative effi-
ciency is a challenge in studying SMMs.

An external disturbance, e.g., the applied magnetic field,
brings the system from an equilibrium. After switching off
this disturbance, the system returns to the equilibrium with
the characteristic constant 77, called the spin-lattice relax-
ation time. Spin-lattice relaxation processes are caused by
the interaction of the spin system with its environment, i.e.,
the crystal lattice. These processes can occur in the absence
of the crystal lattice (e.g., in solutions). However, in the
latter cases, these processes are usually related to other
mechanisms.

The spin-lattice relaxation in solids gives rise to spin-
phonon coupling between electronic and nuclear spins of
the atoms in the molecule and quantized elastic vibrations
of the crystal lattice (phonons) accompanied by the emis-
sion (absorption) of the energy quantum by the spin system
and its absorption (emission) by the crystal lattice. This
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transition between two levels of the spin system can occur in
the presence of an oscillating electromagnetic field, which is
indicative of mechanisms giving rise to the corresponding
field through crystal lattice vibrations. According to one of
these mechanisms,3° it is assumed that the displacement of
adjacent magnetic ions in the crystal lattice in the course of
vibrations causes changes in the local magnetic field and,
correspondingly, the transition between the energy levels of
the system. Hence, the spin—spin nature of magnetic
relaxation is postulated. However, in this case,’’ the effi-
ciency of the so-called direct relaxation process, which
involves the emission of one energy quantum that is
absorbed by the crystal lattice as one phonon (Fig. 4 a), is
very low because of a low phonon density at the resonance
frequency of the spin system. As a result, the expected
magnetic relaxation times were overestimated from the
experimental data by several orders of magnitude. Besides,
if the magnetic relaxation would be caused by interactions
between adjacent paramagnetic ions in the crystal lattice,
the cocrystallization of a paramagnetic compound with an
excess of an isostructural diamagnetic analogue (i.e., in the
case of diamagnetic dilution), the magnetic relaxation time
would be drastically increased with decreasing concentra-
tion of the corresponding ions; however, the latter was not
observed.

According to another description of the spin—phonon
coupling, which was proposed by Heitler and Teller 3° and
then was developed in detail by Van Vleck,%® the crystal
lattice vibrations give rise to a fluctuating electric field due
to crystal field changes upon varying the ion—ligand
distance. This approach provides the correct prediction of
magnetic relaxation times for a number of transition metal
salts*0 at nearly liquid helium temperatures. However, at
higher temperatures, the measured values were much
smaller than the predicted magnetic relaxation times due
to an insignificant energy difference between the corre-
sponding magnetic levels and a low phonon density with
this energy.

a b c d

Optical phonons

Acoustic phonons

Figure 4. Schematic view of the main mechanisms of magnet-
ization spin-lattice relaxation processes in SMMs:38 4, the direct
process; b, the first-order Raman process; ¢, the second-order
Raman process; d, the Orbach process. The red horizontal lines
represent the energy levels of the spin system; the blue lines, the
energy levels of the lattice; the dashed lines, the virtual state
frequencies higher than the Debye frequency. The blue gradient
indicates an increase in the density of high-energy acoustic phonons
and their disappearance at frequencies higher than the Debye
frequency. The discrete levels corresponding to optical phonons
are highlighted with green lines. Reproduced with the permission of
Royal Society of Chemistry.

The two-phonon Raman and Orbach mechanisms are
alternative to the one-phonon direct relaxation mechanism.
In many cases, two-quantum processes can be ignored;
however, the phonon absorption and the simultaneous
phonon emission at another frequency play an important
role in magnetic relaxation. For example, the existence of
vibrations with frequencies w; and w- in the crystals means
that their summation can give rise to vibrations with
frequencies (w1 + w2).

Since each pair of phonons with an appropriate energy
difference can cause a transition with the frequency
(w1 — w»), taking into account the phonon spectral energy
density (Fig. 5), this two-quantum relaxation process
(called the Raman process by analogy with the Raman
scattering effect in optical spectroscopy) is much more
efficient than the direct process at high temperatures. It is
also important that the transition frequencies w; and wz
may correspond to the virtual states lying outside the
phonon spectrum. Depending on whether the energy
exchange involves only the virtual states of the crystal
lattice (Fig. 4b) or it occurs between the virtual states of
the lattice and the spin system (Fig. 4 ¢), there are first- and
second-order Raman processes.

Another two-quantum process, which should be taken
into account in the design of SMMs, makes an important
contribution to the magnetic relaxation of the spin system if
the latter has low-lying excited states. This process, named
after Orbach, involves the phonon absorption by the spin
system, resulting in the transition of the latter to the excited
state, and the subsequent emission of a higher-frequency
phonon accompanied by the return of the system to the
ground state (Fig. 4 d). Since the spin-phonon Hamiltonian
contains terms of second order with respect to the spin
operators, the spin —phonon coupling can lead to transi-
tions of SMM from the state | M) to the states |Ms=+ 1) and
(with a much lower probability) | M, +2). For example, the
interaction with lattice vibrations in the Mn> complex with
the spin S =10 can lead to absorption of one quantum
corresponding to the energy difference between the states
with My = —10 and Ms = —9 and the transition between
these two states. The absorption of additional phonons
allows transitions between the levels My = —8, —7, etc. up
to the state with M= 0 lying at the top of the energy
barrier. The further evolution of the system may involve the
phonon emission, i.e., the excitation of crystal lattice
vibrations, which finally will result in the return of the

Figure 5. Plot of the pho-

x3f(ex—1) non spectral energy density.
| The blue arrow indicates the

1.4 .
ﬁ density of phonons respon-
121 w3 o sible for the direct relaxa-
10 tion mechanism (w is the
08 magnetic  transition  fre-
quency in the system), the
06 lw red arrows correspond to
0.4 *i one set of vibrations giving
02 F rise to two-quantum relaxa-
‘ | | | tion  processes between
0 2 4 6 8 10 the spin  levels  with

AE = how = h(w; — w2).

The Figure was prepared by
the authors using the data
of Ref. 37.

x = ho/2rkT




V.V.Novikov, Yu.V.Nelyubina
Russ. Chem. Rev., 2021, 90 (10) 1330—1358

1335

system to the initial state with M= —10 or to the state
with My = +10. The probability of the transition between
the states with My = —10 and M, = 0 is determined by the
product of the probabilities of individual transitions, and
the expression for the magnetic relaxation time (t) takes the
following form:

AE
- == 6
T = TpexXp (kT) (6)
where AE = E(0) — E(10) is the energy difference between
the states with My = —10 and M, = 0, and the factor 19

depends, in particular, on elements of the spin-phonon
Hamiltonian. According to this mechanism, the magnetic
relaxation time has an Arrhenius temperature dependence,
which is often used to determine the barrier to magnet-
ization reversal U in the absence of other mechanisms.

The so-called phonon bottleneck effect need to be
mentioned. The above-described relaxation mechanisms
imply a much higher heat capacity of phonons compared
to that of spins. Hence, the energy, which leaves the spin
system via magnetic relaxation, is absorbed by the corre-
sponding phonons and is immediately distributed in the
crystal lattice, without changing its temperature, and is then
transferred to an external thermostat with an infinite heat
capacity. This approximation is usually valid; however, the
phonon bottleneck effect may occur in some cases. For
example, if the energy transfer time between resonance and
non-resonance phonons or the energy transfer time from the
latter to the thermostat is longer than the spin-—phonon
relaxation time, the spin dynamics of the system, manifested
as a slow magnetic relaxation and the presence of magnetic
hysteresis, may be not related to the SMM properties but
can be caused by crystal packing effects.

Another important mechanism of magnetic relaxation in
SMMs is based on the quantum tunneling of magnetization.
Generally, SMMs do not display this effect in the absence of
the applied magnetic field, when the sublevels on both sides
of the energy barrier are energetically degenerate (Fig. 6,
position /). In the case of mixing of wave functions with the
opposite sign of the spin quantum number Mj, the tran-
sition between these sublevels has a non-zero probability
and, as a consequence, it can make a significant contribu-
tion to magnetic relaxation, which is actually observed at
rather low temperatures (<10 K).

In systems, the magnetic properties of which are
described by the spin-Hamiltonian (2), only states
M = £S states are populated at low temperatures.

The states My = +S and Ms = —S are orthogonal to
each other, their wave functions do not mix and, conse-

LU PEEN

3 field
o switched on

2
g 4
[

o0
7 ¥

Figure 6. Schematic view of QTM through the ground state (/),
QTMs thermally activated via the first (2) and second (3) excited
states and QTM caused by the applied magnetic field (4).

quently, the tunneling is impossible. However, the wave
functions can mix due to a perturbation caused, for exam-
ple, by the transition from the axial to rhombic symmetry of
the system,

~

Hup = E(S2-52) N

Since the spin-Hamiltonians (7) and (2) do not commu-
tate with each other, the states of the spin-Hamiltonian

H=Hy+ Hun ®)

contain mixed eigenfunctions, including those with different
signs of M, thereby allowing the quantum tunneling of
magnetization. The probability of this process is usually low
particularly for systems with a large total spin S, for which
this probability is non-zero only in terms of the high-order
perturbation theory. Besides, for Kramers ions with a half-
integer spin S, the rhombicity of the zero-field splitting
tensor is insufficient for the appearance of quantum tunnel-
ing of magnetization according to the Kramers theorem.*!
However, the mixing of eigenfunctions of the Hamiltonian
(2) can also be caused by hyperfine interactions with
magnetically active nuclei or by external magnetic fields
produced, for example, by other paramagnetic centers in the
molecule.

Besides, the quantum tunneling of magnetization can
occur between degenerate excited states (see Fig. 6, posi-
tion 2), including higher-order excited states (see Fig. 6,
position 3). This process, referred to as thermally activated
tunneling, is one of the main magnetic relaxation pathways
at relatively high temperatures. The overlap of the wave
functions of states on both sides of the potential barrier
increases with approaching the top of the barrier, thereby
increasing the probability of QTM. Meanwhile, the proba-
bility of absorption of phonons with the corresponding
energy exponentially decreases for higher-order excited
states. Hence, the thermally activated tunneling via different
excited states*? or the relaxation through several mecha-
nisms*3 are possible for the same molecular system depend-
ing on the chosen temperature. This leads to a substantial
decrease in the effective barrier to magnetization reversal
Uerr; in some cases, to the absence of SMM properties even
at very low temperatures due to QTM between sublevels of
the ground state.

The contribution of QTM to the magnetic relaxation in
SMMs is generally reduced by applying the external mag-
netic field to remove the degeneracy of the corresponding
states (see Fig. 2). However, a rather strong field can, on the
contrary, cause the energy degeneracy of the levels corre-
sponding to the states + M and — M + n (see Fig. 6,
position 4), because the energy of levels with positive M
increases, while the energy of levels with negative M
decreases due to the Zeeman effect. In this case, QTM
significantly contributes to the magnetic relaxation in
SMMs (Fig. 7), which appears as characteristic steps in the
plot of the magnetization of the sample versus the applied
field. For example, the efficient QTM is responsible for a
non-monotonic dependence of the magnetic relaxation time
on the applied magnetic field for Mn;»,* with the fast
magnetization reversal at some magnetic field strengths,*>
and the appearances of steps in the magnetic hysteresis loop
(Fig. 8). The horizontal regions of the hysteresis loop
correspond to the values of the applied magnetic field, at
which the levels of the states with + Mg and — M + n, are
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Figure 7. Plot of the
energy levels in SMMs
with axial magnetic aniso-
tropy versus the external
magnetic field. The red
dots represent the field
strengths  corresponding
to intersections of the
levels at which QTM can
be observed.

Magnetic field

not degenerate and QTM is impossible, resulting in long
relaxation times.

The quantum tunneling of magnetization is a very
interesting process, which clearly demonstrates the quan-
tum nature of SMMs. However, this process is usually
undesirable in practical applications of SMMs for ultra-
high-density data storage, because it leads to the fast loss of
magnetization even at the lowest temperatures. In order to
reduce the contribution of QTM, it is necessary to gain a
deep understanding of the factors responsible for this
process. For example, in the simplest case, non-Kramers
ions can be replaced by Kramers ions because, according to
the Kramers theorem, QTM is forbidden in SMMs with an
odd number of unpaired electrons.*! Another way of
providing high magnetic anisotropy is to synthesize low-
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Figure 8. Magnetic hysteresis loops for a finely crystalline sample
of Mn, aligned in the magnetic field (a)*® and for single crystals of
this SMM (b).*’7 Reproduced with the permission of American
Physical Society.

coordinate first-row transition metal complexes [most often,
iron(11)]4%-4% with a linear geometry,>® which ensures large
zero-field splitting 3! due to the preservation of the orbital
momentum 2 that remains unquenched by the crystal
field.>®> However, even in the case of a high barrier to
Orbach relaxation under an applied magnetic field, these
compounds (e.g., Fe[C(SiMe3)3]> with D = 146 cm— ) were
found to display fast magnetization relaxation under zero
field via QTM ** due to the non-Kramers nature of the
iron(11) ion with the high-spin d° electronic configuration
characterized by the presence of four unpaired electrons. It
should be noted that the use of isostructural iron(I) com-
plexes made it possible to reduce the efficiency of QTM due
to the appearance of a high barrier to Orbach relaxation
under zero field; for example, this barrier for
[K(crypt222)]Fe[C(SiMes)3]> was 226 cm— !, which was at
one time the record value for SMMs with first-row tran-
sition metal ions.’> Unfortunately, a change in the number
of unpaired electrons usually leads to a change in the
molecular geometry of SMMs accompanied by the loss of
SMM properties. Therefore, the use of Kramers ions as a
source of magnetic anisotropy remains one of the major
principles of molecular design of SMMs with first-row
transition metals.

However, QTM may occur even in SMMs with an odd
number of unpaired electrons in the presence of an appro-
priate perturbation, for example, the rhombicity of the zero-
field splitting tensor. For complexes with strictly trigonal or
higher-symmetry coordination geometry, the spin-Hamilto-
nian should have strictly axial symmetry, which does not
allow the appearance of QTM. Any deviation from this
configuration, including distortions caused by the Jahn—
Teller °¢ or Renner — Teller effects,>” gives rise to QTM and
the attendant degradation of magnetization.>® Correspond-
ingly, another principle of molecular design of SMM:s is the
retention of the highest-symmetry coordination environ-
ment of the metal ion, for example, using a rigid multu-
dentant ligand.

Finally, the contribution of QTM can be reduced using
an approach based on the exchange bias effect associated
with the internally applied magnetic field.>® %0 For example,
the complex Mng4O3Cly(O2CEt)3(py); (Mng, S =9/2)¢!
forms the dimer [Mnu)», in which two Cz-symmetric mono-
mers are aligned along the crystallographic axis Ss
(Fig. 9 a). Due to this dimerization, the magnetic hysteresis
loop (Fig. 9 ¢) did not show a sharp jump of magnetization
at zero magnetic field, which was observed in the starting
Mny complex (Fig. 9b). Therefore, [Mn4], was the first
SMM, in which no sharp increase in the probability of
QTM at zero field was observed.>®

The developed approach to decrease the contribution of
QTM to the magnetic relaxation in SMMs with transition
metal ions via exchange interactions was successfully
applied to design SMMs based on lanthanide compounds,
including triple- (see Ref. 62) and quadruple-decker 3
phthalocyanine complexes. For example, the covalent bind-
ing of two terbium double-decker phthalocyanine com-
plexes (Fig. 10) led to a significant decrease in the
probability of QTM at zero field via dipole—dipole inter-
actions between two paramagnetic terbium ions.

Meanwhile, these interactions can, on the contrary,
initiate the activation of QTM similarly to magnetic fields
caused by hyperfine interactions between the electron spin
and magnetically active nuclei® in the molecule or by the
presence of other paramagnetic centers in the crystalline



V.V.Novikov, Yu.V.Nelyubina
Russ. Chem. Rev., 2021, 90 (10) 1330—1358

1337

Figure 9. Structure of the dimer [Mns]» (¢) and the magnetic
hysteresis loops for single crystals of the starting manganese
complex Mny (b) and its dimer [Mn4]> (c).>® Reproduced with the
permission of Springer Nature.

b: T=1.0 (), 0.8(2),0.7 (3), 0.6 (4), 0.5 (5), 0.4 (6), 0.3 (7), 0.04 K (8);
¢: B/t =0.14 (1), 0.017 (2), 0.004 T s—! (3).

sample.®® For example, the spin dynamics in magnetically

saturated samples is often determined by cooperative effects
caused by intermolecular interactions rather than by molec-
ular effects associated with the electronic structure of
individual molecules.®” In some cases, compounds can
show magnetic hysteresis at low %8 (or room) ¢ temperatures
due to magnetic interactions between individual mole-
cules.”® Therefore, in order to unequivocally confirm the
molecular nature of slow magnetic relaxation,’! it is neces-
sary to prepare a diamagnetically diluted sample 7?73 by the
cocrystallization of SMM with an excess of an appropriate
isostructural diamagnetic analogue.”*

Besides, it is important to evaluate the contributions of
different mechanisms of magnetic relaxation (QTM, direct
and Raman processes), which hinder the SMM behaviour,
to the quantum dynamics of the system. If the quantum
dynamics involves several such mechanisms, it is generally
described using the magnetic relaxation rate (z — '), which is

an additive value, rather than the magnetic relaxation time
(1). The probability of all these mechanisms of magnetic
relaxation depends on the electronic and three-dimensional
structure of SMM molecules and on the vibronic structure
of their crystals. Until recently, the only route to the
quantitative interpretation of experimental data on the
magnetic relaxation in SMMs was based on phenomeno-
logical equations proposed for simple models.3”

In the case of a direct process for ions with an odd
number of unpaired electrons,?’ the magnetization relaxa-
tion rate depends on the magnetic field strength and the
temperature

1 g g Sl H
v x Hleth 0 ©9)
On the condition that gug H/2 kT << 1
V= AHPT (10)

where 4 is the phenomenological constant, which depends,
for example, on the potential of the electric field caused by
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Figure 10. Structure of
the complex [Tb2]* " (a)
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crystal lattice deformations. For Kramers ions,’> the corre-
sponding equations take the form

gupgH

-1 5
~ H’ cth
K ¢ 2kT

an

v = AH'T (12)

In the presence of hyperfine interactions, the direct
relaxation process for Kramers ions should also be
described 38 using equation (10) rather than (12).

Since the contribution of QTM to the relaxation of the
system at rather low temperatures is temperature-independ-
ent, the tunneling rate for two states with ms and —m,
which differ in energy by AE = fiwr and have the lifetime
Tm, 15 70
N 4w2TTm

1+ th(Es — E_g)" /I

(13)

where the difference Es — E_ s provides the dependence of
the efficiency of QTM on the external magnetic field.”” The
replacement of unknowns by the phenomenological con-
stants By and B, leads to a simple equation for the QTM
rate

-1 B,

— I 14
1+ B,H? (14

Finally, the temperature dependence of the probability
of the two-quantum Raman process is described by the
following power function:

=T 15)
where C is the phenomenological constant related to the
vibronic structure of the SMM, and the exponent n depends
mainly on the nature of the paramagnetic ion. In the
simplest case of Kramers and non-Kramers ions,?” n is 9
and 5, respectively. However, in the presence of low-lying
excited states ’® or taking into account optical phonons,”® n
can vary from 2 to 12.80

A combination of equations (9)—(15) with (6) for the
Orbach process leads to the following equation:

B
T—l :AHmT+ 1

S 16
1+ B,H? (16)

-U
" —1
+CT" + 15 exp <_kT)

A plenty of variables in equation (16), the values of
which cannot be estimated directly from the experimental
data, is indicative of a significant overparameterization of
this equation, i.e., of the absence of a single set of param-
eters, which can be used to fit the temperature or field
dependence of the relaxation time in SMMs. These variables
include the Orbach barrier to relaxation U as a very
important parameter for SMMs. Hence, the analysis of
these data should be performed with great caution. For
example, the analysis of the data at a temperature of 4 K or
lower usually allows the mitigation of the effects of two-
quantum Orbach and Raman processes. This makes it
possible to separate the contributions of QTM and the
direct relaxation mechanism based on their different tem-
perature and magnetic field dependences, while the applica-
tion of an external magnetic field allows the elimination of
the contribution of QTM at all temperatures. The resulting

values of 4, B, B> and m are then employed to determine
other parameters by the combined analysis of all experi-
mental data, including the plots of magnetic relaxation
times versus the temperature and the external magnetic
field. Since even this approach does not necessarily provide
the only solution of this optimization problem, any addi-
tional data on SMM, in particular, on its electronic struc-
ture, can reduce the number of unknowns in equation (16).

4. Physical methods of investigation of single-
molecule magnets

Virtually all physical methods suitable for the character-
ization of chemical compounds can be applied to study
SMMs. However, this review focuses on methods, which
can be used to observe slow magnetization relaxation
(which is usually done by magnetometry and less commonly
by magnetic circular dichroism spectroscopy) and also to
determine the characteristic features of the electronic struc-
tures of the ground and excited states that give rise to SMM
properties. Methods, which have a limited applicability
(e.g., Mdssbauer spectroscopy 8! or polarized neutron dif-
fraction®?) or which require expensive and difficult-to-
access equipment (e.g., X-ray magnetic circular dichro-
ism,%3-85 muon spin spectroscopy ¢~ 8% and inelastic neu-
tron scattering spectroscopy 23-8%-99), are also beyond the
scope of this review. An interested reader is advised to read
dedicated reviews (see, for example, the reviews *!-92).

4.1. Magnetometry

Conventional magnetometry experiments involve direct
magnetization measurements of a sample, which is moved
in a magnetic field between two induction coils, which differ
in the winding direction (a first-order gradiometer). Accord-
ing to Faraday s law, changes in the magnetic flux through
the circuit produce a current, the EMF of which is propor-
tional to the rate of the change of magnetic flux. The
application of gradiometers makes it possible to eliminate
the effect of the external magnetic field, so that the meas-
ured voltage is determined only by the magnetization of the
sample under study.

The induced current can be directly measured with a
phase-sensitive detector based on a synchronous amplifier
incorporated in a vibrating-sample magnetometer.S A
higher sensitivity of measurements can be provided through
inductance between the gradiometer and superconducting
quantum interference devices. Experiments are performed
using both superconducting quantum interference devices
and vibrating-sample magnetometers. The former are char-
acterized by much higher sensitivity, while the latter can be
employed to perform measurements in a wider range of
external conditions, for example, under higher magnetic
fields.

Regardless of the type of the magnetometer, the magnet-
ization of the sample is generally measured at different
external magnetic fields and temperatures because of the
following reasons. In a simple two-level system with S = 1/2
at a fixed temperature under an externally applied magnetic
field, the spin levels are split due to the Zeeman effect. At
low magnetic fields (the red line in Fig. 11a), the energy
difference between the corresponding levels is small, result-
ing in a small difference in their populations and, conse-

§ This system is sometimes called the Foner magnetometer.”?
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Figure 11. Schematic view of the appearance of the field depend-
ence of magnetization at a fixed temperature. a—d, see the text.
Short arrows indicate the orientations of individual spins; long
arrows, the total magnetization.

quently, a small total magnetization (Fig. 11 /). An increase
in the magnetic field (the green line in Fig. 11 a) leads to an
increase in the difference in the population of these levels
and the enhancement of the total magnetization of the
sample (Fig. 11 ¢). Finally, once a particular external mag-
netic field is achieved, the energy difference between the
Zeeman levels becomes much larger than k7 and, conse-
quently, the population of the upper component of the
doublet at a fixed temperature becomes impossible
(Fig. 11d). A further enhancement of the applied magnetic
field will not lead to an increase in the total magnetization
of the sample (Fig. 12 a), i.e., the magnetic saturation will
be reached.

However, most experiments are performed in magnetic
fields insufficiently strong to cause the magnetic saturation.
In these cases, the magnetization of the sample is a linear
function of the field; the slope of this plot is called the
magnetic susceptibility y (see Fig. 12a). Since the popula-
tions of the corresponding levels depend on the temperature
of the sample, its magnetic susceptibility is also temper-
ature-dependent. Generally, this dependence is inverse in
character and is given by the Curie law (Fig. 12 5). Hence,
the magnetometry data are often represented as temper-
ature dependences of the inverse magnetic susceptibility 1/y
(Fig. 12¢), T (Fig. 12d) or the effective magnetic moment
uerr (Fig. 12¢). The latter two parameters are used most
often because, according to the Curie law, they are temper-
ature-independent
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Figure 12. Different representations of the magnetometry data
under a direct current magnetic field: the field dependence of
magnetization of the sample at a fixed temperature (a) and the
temperature dependences of the magnetic susceptibility y (b), the
inverse magnetic susceptibility (c¢), the y7 (d) value and the
effective magnetic moment perr (€).

estimate the number of unpaired electrons in the system
provided that the orbital momentum does not contribute
significantly to its magnetic properties.

In the absence of strong spin-—orbit coupling,®* the
Curie law is valid for isolated paramagnetic molecules.
Therefore, the deviation of 7 from the constant value
with changes in the temperature are attributed to different
kinds of magnetic anomalies, such as the presence of strong
magnetic interactions (for example, antiferromagnetic), the
spin state transition or high magnetic anisotropy. Hence,
the analysis of magnetometry data in a direct current
magnetic field is considered as one of the main methods
for the approximate evaluation of magnetic anisotropy.

The prospects of the use of a particular compound as
SMM can be evaluated based on the analysis of the field
dependences of magnetization; the magnetization satura-
tion for highly anisotropic ions often cannot be achieved
even in very strong magnetic fields.®> Another evidence of
high magnetic anisotropy is a decrease in 7 with decreasing
temperature, which, however, can be observed due to the
spin transition to the low-spin state or antiferromagnetic
interactions. Besides, the 7" values, which are much higher
than those predicted by equation (17), may be indicative of
the significant orbital contribution and, as a consequence,
of a large D value. Unfortunately, all these signs are
qualitative in nature and cannot serve to unambiguously
answer the questions as to whether the compound under
consideration exhibits SMM properties and whether it has
significant magnetic anisotropy.

An approach based on the quantitative interpretation of
magnetometry data in direct current magnetic field is more
informative. In this approach, the dependence of magnet-
ization of the sample on the applied magnetic field and the
temperature dependence of magnetic susceptibility are mod-
eled simultaneously with an appropriate Hamiltonian,
which most often takes the following form:

—~ 1 ~
H:D[Q—%] + E(S: — §2) + up BeS (19)

Here E is the rhombicity of the zero-field splitting tensor,
which characterizes the difference in the magnetic suscept-
ibility of the molecule along the axes x and y. Unfortu-
nately, even this quantitative approach does not necessarily
allow the unambiguous determination of the zero-field
splitting energy and its sign, which greatly hinders the
identification of SMMs characterized by a negative D
value large in magnitude. This is in part because the
magnetometry in a direct current magnetic field is com-
monly performed using finely crystalline powders. For these
samples, the magnetic susceptibility and the magnetization
are averaged over all possible orientations of crystallites,
thereby leading to the loss of considerable portion of data
on their magnetic properties.

A possible approach to address this issue is to perform
experiments on single crystals.”® However, these studies are
rather scarce °7 because of the difficulties of obtaining single
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crystals of an appropriate size and also because the axes of
magnetic anisotropy of individual molecules in the unit cell
are often not parallel to each other as for example, in the
monoclinic or orthorhombic crystal systems. However,
these experiments are a challenge even for triclinic crystals.
First, it is difficult to estimate in advance the directions of
the axes of magnetic anisotropy in the molecule. Second,
most magnetometers do not allow the crystal to rotate
about an arbitrary axis. Although the magnetometry in a
direct current magnetic field is necessary for investigations
of SMMs, the results of simple static measurements of
magnetization or magnetic susceptibility are insufficient to
make a definite conclusion as to whether the compound
under study is a promising SMM.

The magnetometry can be applied also for direct meas-
urements of the spin-lattice relaxation time because SMMs
display slow magnetic relaxation, which describes the time
evolution of magnetization. A rather slow magnetic relaxa-
tion (tens of seconds or longer) is observed in efficient
SMMs at helium temperatures. In the simplest version of
these experiments (Fig. 13), samples are gradually cooled in
a strong magnetic field H,, which is usually sufficient to
achieve the magnetization saturation at low temperatures.
Then the external magnetic field is switched off and the
time-dependent magnetization of the sample is measured.
After the fitting of the results to an appropriate function
(for example, to an exponential function), the magnetic
relaxation time can be determined at a selected temperature.

An alternative approach to study the spin dynamics is
illustrated in Fig. 14. The sample is cooled, then (time ;) a
weak dc magnetic field is applied and the temperature-
dependent magnetization of the sample is measured. An
increase in the temperature in the applied magnetic field
leads to gradual magnetization of the sample until the
equilibrium magnetization is reached at this temperature
(time 72), and the further heating does not cause changes in
the magnetization. The repeated cooling of the sample
(time #3) in the magnetic field leads to an increase in the
magnetization up to its full saturation (time #4). In the final
step, which is sometimes omitted, the magnetization is
measured in the absence of magnetic field as a function of
the temperature (Fig. 14, time ¢s). This approach includes
measurements under zero-field cooled (ZFC) conditions
followed by cooling with an applied magnetic field (field-
cooled, FC, conditions) and, therefore, is often called the
ZFC/FC experiment. An important parameter of this
experiment is the blocking temperature 7%, at which the
maximum magnetization is achieved by heating the sample
in the applied magnetic field (time 72). When comparing the
blocking temperatures of different SMMs, it should be
taken into account that this temperature depends on the
rate of the change in temperature during the ZFC/FC

Figure 13. Plots of the temper-
ature (black line), the magnetic
field (red line) and the magnet-
ization of the sample (blue line)
versus the time in a standard
time-resolved magnetometery
experiment.

Figure 14. Plots of the temperature, the magnetic field strength and
the magnetization of the sample versus the time (a) and the plot of
the magnetization versus the temperature (b) in the ZFC/FC
experiment. The sequence of events: up to the time ¢, the zero-
field cooling of the sample; ¢, the switching of the external
magnetic field and the onset of the gradual increase in the temper-
ature; f,, the establishment of the equilibrium value of magnet-
ization; t3, the beginning of the cooling of the sample under an
external magnetic field; ¢4, the saturation of magnetization; ¢s, the
switching off of the external magnetic field.

experiment and, as a consequence, on the performance
characteristics of the magnetometer.

Finally, the most reliable method for revealing the SMM
properties in the compound is based on applied field
strength-dependent measurements of the magnetization.
The cooling below the blocking temperature can give rise
to magnetic hysteresis (see Fig. 8) indicative of remanent
magnetization (M # 0 at H = 0). As in the ZFC/FC experi-
ment, the blocking temperature depends on the measure-
ment conditions, for example, on the magnetic field sweep
rate (however, in all modern magnetometers this rate can be
set as opposed to the rate of the change in temperature,
which is much more difficult to control). This makes it
possible to compare the data for different compounds,
including those obtained in different experiments, and the
presence of magnetic hysteresis is the most convincing
evidence that the compound exhibits SMM properties.
Despite high information power of time-resolved magneto-
metry in the dc magnetic field, these techniques can be used
with confidence only if the magnetic relaxation time scale is
comparable with the characteristic time of the method (tens
and hundreds of seconds). Such long relaxation times are
observed in SMMs only at very low temperatures.’® Hence,
these techniques cannot be applied to study in detail the
faster spin dynamics.

Magnetometry in an alternating magnetic field (ac
magnetometry) is an alternative to magnetometry in a dc
magnetic field (dc magnetometry). Undoubtedly, this tech-
nique is the main method for investigation of SMMs. The
observation of an unusual out-of-phase (imaginary) compo-
nent of the magnetic susceptibility in a zero magnetic field
for the mixed-valence Mn;> complex laid the foundations
for the development of this area of single-molecule magnet-
ism.?? In ac magnetometry, the sample is placed in a weak
(not stronger than 10 (E) alternating magnetic field (some-
times in the presence of an external dc field). Hence, the
magnetic moment of the sample is time-dependent. The
corresponding dependence is detected using two receiving
coils similar to those of the above-described gradiometers.

The major advantage of ac magnetometry over dc
magnetometry is the simplicity of investigation of the spin
dynamics of the system caused by changes in the frequency
of alternating magnetic field. For example, at very low
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frequencies, the magnetization depends on the applied
magnetic field like in dc magnetometery, where the mag-
netic susceptibility is proportional to the angular coefficient
of the plot of magnetization on the external magnetic field
strength (ya.c = dM/dH). However, due to slow magnetic
relaxation, an increase in the frequency of alternating
magnetic field results in that the magnetization of the
sample goes out-of-phase with respect to the external field
strength. In other words, its spin dynamics may keep pace
with changing external magnetic fields. This time lag is
mathematically described by means of the magnetic suscept-
ibility and the phase shift ¢. The latter is the phase differ-
ence between oscillations of the applied magnetic field and
the magnetization of the sample. In this case, the magnet-
ization may be a complex value. Hence, the magnetic
susceptibility is said to have an in-phase (real, ') and out-
of-phase (imaginary, y”) components:

(20)
@

7 =ycose
7' =ysing

Generally, the ac magnetometry data are represented as
plots of ¥’ and y'' versus the frequency of the alternating
magnetic field for a particular set of temperatures (Fig. 15)
or versus the temperature at selected frequencies of alter-
nating field. If the magnetic relaxation time is 7, the
condition vt << 1 is met at very low frequencies of magnetic
field v. In this case, the total magnetization is in phase with
the oscillating magnetic field (y' = 0), and the measured 1’
value is the isothermal magnetic susceptibility (y7). At high
frequencies v , the spin system, on the contrary, does not
have time to exchange the energy with the environment; the
corresponding y’ value is called the adiabatic magnetic
susceptibility ys. For intermediate frequencies v, the follow-
ing equations are valid:”°

I _ T — s
71 (v) = _1 n (vr)2 @2)
/) = ve(xr = 1s) (23)

1+ (vr)?

The presence of a maximum in the plot of the out-of-
phase magnetization versus the frequency indicates that the
sample shows slow magnetic relaxation under these con-
ditions, the position of the maximum being related to the
magnetic relaxation time as © = 1/v. Therefore, the results
of measurements of the in-phase and out-of-phase compo-
nents of magnetic susceptibility at several temperatures (see
Fig. 15) can be employed to calculate the temperature
dependence of the magnetic relaxation time. The analysis

Figure 15. Plots of the in-phase
component ¥ (/) and the out-
of-phase component " (2) of
magnetic susceptibility versus
the frequency of the external
magnetic field calculated using
the following values of the
parameters in equations (24)
and 25): yr=1, ys=1,t=1
ol i . and o = 0.2, The arrow indi-
10 100 v, Hz cates the maximum of the fre-
quency dependence of the out-
of-phase magnetization.
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of this dependence using the above-described approaches
provides the detailed data on the spin dynamics of the
system.

If the magnetic relaxation occurs simultaneously via
several mechanisms, there is a certain relaxation time
distribution. In this case, the modified equations for y’
and y"” can be applied

1+ (vo)' ™ sin(na/2)
1+ 2 (vt) ™ sin(no/2) + (vi)* >

7)) =xs+ Or — 1s) 24

(vt)' " cos(no/2)
1+ 2 (vt)' sin(no/2) + (vr)*

X”(V) = (17— xs) (25)

where o is the parameter that takes into account the number
of relaxation mechanisms: o = 0 corresponds to the only
Orbach process; at o > 0, other mechanisms take place.

If several relaxation processes occur simultaneously, the
Argand diagram %% or, equivalently, the Cole—Cole
plots 101 are considered as the preferable alternative repre-
sentation of ac magnetometry results. These plots represent
the dependence of the out-of-phase component of magnetic
susceptibility ¥’ on the in-phase component y’ (Fig. 16). At
high o, the semicircle in the Argand diagram transforms to
an arc in the case of a single relaxation processes. The more
complex spin dynamics can manifest as a shift of the
position of the maximum or the appearance of several
maxima in Argand diagrams.

Generally, these diagrams are analyzed by the numerical
fit of the experimental data to equations (24) and (25). This
allows the determination of the dependence of the magnetic
relaxation time on the external conditions (for example, on
the temperature or the applied dc magnetic field) and then
the evaluation of individual contributions of different
mechanisms to the spin dynamics of the system. Unfortu-
nately, a plenty of possible relaxation mechanisms makes
this analysis very difficult due to the overparametrization.>*
For this reason, any additional data, which can decrease the
number of unknowns in equation (17) and its analogues,
provide invaluable assistance in the elucidation of the
factors responsible for magnetic anisotropy of SMMs.
These data can often be obtained by different spectroscopic
methods.

4.2. Electron paramagnetic resonance spectroscopy

Electron paramagnetic resonance spectroscopy is based on
the observation of energy absorption by a spin system via
transitions between its levels. Depending on the approach
applied, the measured absorption may be a function of
either the external magnetic field (field-swept EPR) or the
frequency of radiation (frequency-swept EPR). Field-swept
EPR spectroscopy is applicable in the simplest case of a
paramagnetic system with S = 1/2, when the externally

z" (arb. units)

04

L Figure 16. Argand dia-

0.3 .
grams calculated using
021 the following values of
the parameters in equa-
0.1 tions (24) and (25):
0 xr=1 ys=1 =1

0.2 04 06 0.8 y'(arb.units) and o from 0 to 0.3.
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Figure 17. Schematic view of the splitting of energy levels due to
the Zeeman effect and the related EPR spectra for a system with
one unpaired electron (), for an unpaired electron coupled with the
nucleus with the spin 1/2 (b) and for a system with two unpaired
electrons (c).

applied magnetic field leads to the removal of degeneracy of
the spin levels followed by an increase in the splitting energy
between these levels (Fig. 17 a). In this case, the interaction
of the sample with electromagnetic radiation with the
frequency v leads to resonance energy absorption

hv = gupB (26)
where g is the g-factor determined by the electronic struc-
ture of the compound and the presence of magnetic aniso-
tropy, B is the magnetic field induction. For an electron,
which does not interact with the environment (a free
electron), the g-factor is 2.0023. However, unpaired elec-
trons localized on molecular orbitals of chemical com-
pounds experience different effects that affect the
measured values of the g-factor, which is a second-rank
tensor rather than a scalar quantity. Taking into account
typical values of magnetic fields produced by electromag-
nets and superconducting magnets, samples are most often
exposed to microwave radio frequency fields. The most
commonly used EPR spectrometers operate at 9, 33 and 95
GHz (referred in the literature as X-, Q- and W-band EPR
spectrometers, respectively). Equation (26) correctly
describes the position of resonance absorption of a para-
magnetic system with the spin S = 1/2 in the absence of
magnetic anisotropy and electron —nuclear magnetic inter-
actions. In this case, the position of the signal in the EPR
spectrum is determined by the g-factor of the unpaired
electron.

Generally, ions in an unsymmetrical environment show
magnetic anisotropy, i.e., the g-factor depends on the
orientation of the spin system in a magnetic field. This
anisotropic g-factor is usually represented as a second-rank
tensor (g-tensor) with three principal values g.., g,, and g.-
corresponding to the g-factor of the system in the externally
applied magnetic field along the x, y and z axes of the g-
tensor, respectively. If the ion is in an environment with
axial symmetry, g.«x = gyy = g1, and two values, g, and
g|| = 8z, are sufficient for the description of the g-tensor.

In the presence of magnetically active nuclei with a non-
zero nuclear spin 7, the EPR spectra of the molecules show
additional splitting of energy levels (Fig. 175) due to
electron —nuclear interactions. For example, the interaction
of the unpaired electron with the >*Mn nucleus (I = 5/2)

causes the splitting of one EPR signal into six components
with nearly equal intensity; for cobalt compounds, eight
such lines can appear [/(°**Co) = 7/2]. The manifestation of
an electron—nuclear interaction in the EPR spectra is
referred to as hyperfine splitting. This splitting is quantita-
tively described by the hyperfine coupling constant 4 and
the second-rank tensor A in isotropic and anisotropic cases,
respectively.

The positions of energy levels in systems with several
unpaired electrons (S > 1/2) are additionally determined by
the zero-field splitting. The latter is described by the
parameter D for systems with axial symmetry (Fig. 17 ¢).
For ions with an odd number of unpaired electrons or with
a half-integer spin (Kramers ions) in the absence of an
external magnetic field, the energy levels, according to the
Kramers theorem, are at least doubly degenerate
(Mg = £1/2, £3/2, etc.; Fig. 18a).*' An important conse-
quence of this theorem is the possibility to record EPR
spectra for most of these ions because transitions between
sublevels with My = 4+1/2 (so-called intra-Kramers transi-
tions) are always allowed by quantum mechanical selection
rules. For non-Kramers ions, i.e., for ions with an integer
spin or with an even number of unpaired electrons, EPR
spectra are difficult to measure because the energy sublevels
with different | M| values are distant in energy and tran-
sitions between levels with equal | M| are forbidden for all
M except +1/2 (Fig. 18 b). Therefore, many field-swept
EPR spectrometers, which are designed for investigation
of systems with the spin S = 1/2, are not always suitable for
studies of non-Kramers ions because of the impossibility of
achieving the conditions of resonance absorption of electro-
magnetic radiation by the spin system.

Taking into account the above-mentioned interactions,
the spin-Hamiltonian H of the system containing several
unpaired electrons is described in a general form by equa-
tion (2), which is traditionally employed to interpret mag-
netometry data. In the presence of magnetically active
nuclei in the molecule, their influence on the EPR spectrum
shape can be taken into account by introducing an appro-
priate term into the spin-Hamiltonian

~ S(S+ 1 JN
H:D{fffw]+E(§§f§§)+,uBBgS+SAI 7)

where A is the hyperfine splitting tensor and 7 is the nuclear
spin operator. In accordance with the spin-Hamiltonian
used, magnetometry and EPR spectroscopy provide a

similar description of the systems in terms of magnetic
anisotropy. However, the resonance character imparts spe-

E 5/2

3/2 1

—5[2 _

12 2
—3/2 -1
=1/2 0
H H

>

Figure 18. Schematic view of the energy levels for Kramers («) and
non-Kramers (b) ions with positive D. The red arrows indicate the
transitions between sublevels with different |Ms| values; green
arrows, the transitions (—1/2)—(+1/2).
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cific features to EPR spectroscopy. Thus, resonance absorp-
tion of electromagnetic radiation by a spin system cannot be
achieved for many SMMs using conventional X- and
Q-band EPR spectrometers. When possible, EPR spectro-
scopy allows the evaluation of the parameters of the spin-
Hamiltonian with high accuracy.

However, EPR spectroscopy cannot always be used for
these purposes because some SMMs do not give an EPR
signal.¥ This is due to the fact that the SMM properties are
directly related to high magnetic anisotropy and a large M
value of the system in the ground state. A key role is played
by the ratio between the quantum energy of microwave
radiation /v in the selected frequency range and the zero-
field splitting energy D. As a rule, if [D| > hv, it is
impossible to observe EPR transitions in non-Kramers
ions. In many transition metal complexes showing SMM
properties, the D value varies from a few to hundreds of
inverse centimeters, thereby limiting the application of
conventional X- and Q-band EPR spectrometers (hv = 0.3
and 1.2 cm—!, respectively). For example, in a cobalt(Ir)
compound behaving as SMM (S = 3/2, the zero-field split-
ting energy is — 100 cm—!), transitions between the states of
the ground Kramers doublet with M = 3/2 and —3/2 are
forbidden by quantum mechanical selection rules
(AMs = 1), and the energy of transitions between different
Kramers doublets (for example, with M = 3/2 and 1/2; see
Fig. 1d) is in a terahertz range. In some cases, allowed
transitions between the states of the upper Kramers doublet
with M =1/2 and —1/2 are not observed, because this
doublet lies at a very high energy, resulting in its negligible
population at helium temperatures, at which EPR spectra
are usually recorded. Hence, the most promising SMM:s,
characterized by a huge negative zero-field splitting energy,
have a number of properties, which make it impossible to
record conventional EPR spectra.

In some cases, this issue can be addressed by applying a
rather strong magnetic field, resulting in that the magnetic
sublevels with AMs = 1 come closer to each other, thereby
allowing the observation of transitions between these sub-
levels in standard frequency ranges (Fig. 19, position 7).102
Another situation may occur when the magnetic anisotropy
is characterized by significant rhombicity with the result
that M is not a good quantum number (i.e., it is not the
eigenfunction of the spin-Hamiltonian) due to the mixing of
the states and, consequently, forbidden transitions become
possible (Fig. 19, position 2).103-105

9 Such SMMs are also called EPR-silent.
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Figure 19. Schematics illustrating
the possibility of the use of EPR
spectroscopy for complexes with
high magnetic anisotropy and
negative D values: the observation
of the transition in a very high
applied magnetic field (/) and the
formally forbidden transition (2).
The numbers 0, 1 and —1 are the
M values.

Finally, the heating of Kramers ions with a large
negative zero-field splitting energy can give rise to an EPR
signal due to the population of the upper Kramers doublet,
in which transitions are allowed. For example, an increase
in the temperature of a cobalt complex with D = —40 cm~—!
above 40 K resulted in the appearance of a broad signal
corresponding to transitions between the levels with
M = +1/2 (Fig. 20).'9 An analysis of the temperature
dependence of the intensity of this signal for the cobalt
complex provided the evaluation of the D value with high
accuracy, which was later confirmed by other physical
methods.10¢

The development of instruments for EPR spectroscopy
of high-spin systems, which utilize very high microwave
frequencies or very high magnetic fields,™ is a challenge.
Conventional EPR spectrometers are usually equipped with
microwave resonators. The latter are special devices, which
significantly enhance the sensitivity of the method at a fixed
frequency of microwave radiation due to resonance effects.
Such EPR spectra should be recorded in an alternating
external field under continuous exposure of the sample to
microwave radiation at a fixed wavelength. Besides, an
increase in the frequency (decrease in the wavelength) of
microwave radiation should be accompanied by a propor-
tional decrease in the size of the resonator, thereby making
it difficult and sometimes impossible to use this technique
for very high frequencies (~200 GHz and higher). Finally,
since not all transitions are usually observed for non-
Kramers systems, the interpretation of these spectra is very
challenging, and in some cases this problem can be
addressed only by recording the spectra at different (in all
cases, at very high) microwave frequencies. This technique,

T In the literature, both the terms high-frequency and high-field are used,
which are often abbreviated as HF-EPR without indication of which
particular parameter (frequency or field) has very high values.

b Figure 20. Q-Band EPR spec-

tra of the complex
Co(GmCl,)3(BF)2 (where
GmCl, is dichloroglyoxime)
with D= —40cm~! in the
case of thermal population of
the excited Kramers doublet
with M= +1/2 (a) and the
fitting of the temperature
dependence of the integral
L L intensity of the EPR signal by
160 T,K  the Boltzmann distribution
(b).19¢ Reproduced with the
permission of  American
Chemical Society.
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called multi-frequency high-field EPR spectroscopy, proved
to be a very valuable source of data in bioinorganic
chemistry,!%” coordination chemistry '°® and molecular
magnetism.'®® Unfortunately, the application of this tech-
nique in studies of SMMs is limited by the fact that the
maximum frequency of available sources of microwave
radiation, such as backward wave oscillators,!! is not
higher than 1.5 THz. The operating frequency of EPR
spectrometers can be further increased using a free-electron
laser as a source.!!! =113 It should be noted that when using
the magnetic field-swept EPR technique, the zero-field
splitting energy is not, strictly speaking, directly measured
but it is evaluated by the extrapolation of the D values
determined at different applied magnetic fields.

The high-frequency EPR technique can also be used to
record EPR spectra of SMMs with a large integer spin and
relatively small |D| (|D| < hv). For example, the applica-
tion of a microwave frequency of 525 GHz for the com-
plex Mnj, with D = —0.46 cm—! made it possible to
observe transitions between five lower Kramers dou-
blets.!''* In another prime example of the use of EPR at
ultrahigh frequency (968 GHz), four transitions between
energy levels in a manganese complex (S =2) were
observed at very high magnetic fields (25 T).'°2 The
energy of these transitions (32.25 cm—!) was much higher
than the zero-field splitting energy, which demonstrates
the applicability of high-frequency high-field EPR for
measurements of the spectra of compounds with high
magnetic anisotropy.

In recent years, the above-mentioned drawbacks have
led researchers to develop an alternative approach, most
often called the frequency domain magnetic resonance
(FDMR), according to which EPR spectra are recorded by
sweeping the frequency in microwave, submillimetre or
terahertz ranges. Although this approach was proposed
almost a half century ago,!!’ it has attracted little attention
until recently mainly due to the scarcity of powerful sources
of radiation in the terahertz range.!'® Thus, a combination
of several backward wave oscillators, each of which can be
tuned over a certain narrow frequency interval, made it
possible to span the frequency range from 30 GHz to
1.4 THz.''7 However, a further increase in the frequency is
appropriate to do using modern IR spectrometers. Being a
variant of far-infrared spectroscopy (FIR), this technique
allows the observation of magnetic dipole transitions in a
wide frequency range, but it is characterized by low sensi-
tivity due to relatively small power of the radiation
source.!16

Another problem is that the frequency range, where
magnetic dipole transitions typical of SMMs are observed,
can contain spectral lines assigned to low-energy vibrational
transitions. In order to distinguish between vibrational and
magnetic dipole lines, the EPR spectra are recorded at
different external magnetic fields. Since only transitions
associated with zero-field splitting are sensitive to the
magnetic field strength, the normalization of the data to
the spectrum recorded at the maximum possible magnetic
field allows the identification of magnetic dipole transitions.
Thus, the subtraction of the spectrum recorded at zero
magnetic field from the spectra recorded at magnetic fields
varied from 1 to 11 T (Fig. 21a) made it possible to
unambiguously estimate the zero-field splitting energy at
230 cm~! for a pseudotetrahedral cobalt complex.''® An
alternative approach to the normalization of the data
obtained at different fields is based on the division of the

——

Relative absorption

300 400 E,cm—*

Normalized transmission

20 40 60 80

E,cm—1

Figure 21. Far-infrared EPR  spectra of the complex
[CoL,][NHEt3]> (where L is 1,2-bis(methanesulfonamido)benzene),
obtained by subtracting the =zero-field absorption spectrum
from the spectra measured in applied magnetic fields (a),''® and
the  corresponding  EPR  spectra  of the  complex
{C(NH2)3}S[Er(CO3)4]- 11 Ha, obtained by dividing the spectra
measured in applied magnetic fields by the spectrum recorded at a
field of 6 T (b).!'"” Reproduced with the permission of Springer
Nature and American Chemical Society.

spectra by the spectrum recorded at a particular magnetic
field (Fig. 21 b).11°

Another example of the application of far-infrared
spectroscopy to determine the structure of magnetic sub-
levels of the system is provided in experiments with the
complex Pr[Co(CN)gl,'?° which does not exhibit SMM
properties by itself but it is a good system to demonstrate
the applicability of different spectroscopic methods to
determine the ligand field parameters in lanthanide com-
plexes. The FIR spectra recorded at magnetic fields from 0
to 7 T show four magnetic transitions in the region from 20
to 100 em—! (Fig. 22 a). It should be noted that terahertz
EPR (THz-EPR) spectrometers equipped with powerful
backward wave oscillators as radiation sources allowed the
identification of only two such transitions (Fig. 225),
although with better resolution. Hence, it is important to
use several spectroscopic methods to study the structure of
magnetic levels of compounds with high magnetic aniso-
tropy.

Far-infrared spectroscopy was applied to study a num-
ber of SMMs;!!7 however, the results obtained by this
method still raise a number of questions. The main question
is why the spectra of some compounds show intense and
rather narrow bands, whereas the signals of other structur-
ally similar compounds are broad and not always can be
separated from the baseline background.!!” For example,
the signal corresponding to the double energy of zero-field
splitting (2|D|) is clearly observedv !?! in the spectra of a
trigonal prismatic cobalt(ll) complex with the barrier to
magnetization reversal of 205 cm !, but the intensity of this
signal is quite low compared to the intensity of vibrational
transition lines (Fig. 23 a). On the contrary, the spectrum of
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a cobalt(1l) complex '?? with trigonal antiprismatic geome-
try and similar magnetic anisotropy shows an exceptionally
intense signal (Fig. 23b5) and the nearly plane baseline,
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whereas this signal is absent in the spectra of complexes
with geometry intermediate between a trigonal prism and a
trigonal antiprism. To gain a deeper understanding of this
fact, it is necessary to study in detail the spin—phonon
coupling in SMM crystals using both spectroscopic methods
and high-level quantum chemical calculations.!?3

Finally, a combination of different EPR techniques
makes it possible to obtain results inaccessible when using
only one of these techniques. For example, the combined
use of far-IR spectroscopy and X-band EPR spectro-
scopy '?# or high-frequency EPR 23 resulted in a significant
increase in the accuracy of determination of the spin-
Hamiltonian parameters. The FDMR spectra provided a
very accurate estimation of the zero-field splitting energy,
while magnetic field-swept EPR spectroscopy ensured a
high accuracy of determination of the g-tensor components.
Separate mention should be made of studies, in which a
synchrotron beam was employed as a terahertz radiation
source in FDMR spectroscopy.!?¢ Thus, FDMR terahertz
spectra were recorded with a very high signal-to-noise ratio,
in particular, at the electron-storage ring BESSY II in
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Figure 24. Experimental (exp) and simulated (sim) FDMR spectra
of the complexes [N(Bu")4]Co!(GmCl)3(BPh), (a) and
[P(CsHs)4]Co'(GmCI,)3(BPh), (b).!28 Blue lines indicate the calcu-
lated energy level splitting for the perpendicular (dashed lines) and
parallel (solid lines) orientations of the magnetic field with respect
to the main molecular anisotropy axis. Reproduced with the
permission of American Chemical Society.
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Berlin,!?¢ due to the unprecedented intensity of the radia-
tion source. In these experiments, the zero-field splitting
energy and other spin-Hamiltonian parameters were deter-
mined with very high precision '?7 from the dependence of
the FDMR spectrum shape on the magnetic field. For
example, the analysis of the spectra of two cobalt(I) com-
plexes with d® electronic configuration (S = 1),'?® which
differ only by the nature of the counterion (Fig. 24),
revealed a significant difference in the rhombicity parameter
of magnetic susceptibility. Besides, the zero-field splitting
energy for these complexes was found to depend on the
temperature. This fact may be attributed to both the
temperature-induced change in the crystal packing param-
eters and the effect of weak intermolecular magnetic inter-
actions. This is additional evidence that the spin dynamics
in SMMs should be analyzed using the widest range of data
obtained by a combination of different physical methods.

4.3. Optical spectroscopy
By optical spectroscopy is generally meant all spectroscopic
methods working in the wavelength range from 5000 to
50000 cm~!, i.e., in the near-IR and Vis-UV regions. Since
the absorption of optical photons leads to the population of
excited states, including those caused by d—d and f-—f
transitions, the optical spectra recorded at rather low
temperatures provide important information on the elec-
tronic structure of SMMs. Among optical spectroscopy
techniques, luminescence spectroscopy, electronic absorp-
tion spectroscopy and magnetic circular dichroism spectro-
scopy are most commonly applied to investigate SMMs.
Luminescence spectroscopy, which is an indispensable
tool for studying SMMs containing lanthanide or actinide
ions,!29-130 characterizes the structure of the ground elec-
tronic state. The spectra are recorded by the exposure of the
sample to light of a particular wavelength, resulting in the
population of the excited state. The system may return to
the ground state via emission of a photon detected in the
direction perpendicular to the excitation beam. According
to Kasha’s rule,'3! luminescence occurs from the lowest

excited state (Fig. 25a). Hence, luminescence spectra
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Figure 25. Schematic view of the use of luminescence spectroscopy
to determine the electronic structure of the ground state of SMMs
(@) and the experimental luminescence spectrum of Dy>(bpm)(fod)e]
(bpm is 2,2"-bipyrimidine, Hfod is 6,6,7,7,8,8.8- heptafluoro-2,2-
dimethyloctane-3,5-dione) 132 belonging to the 4Fgj» — SHjs> tran-
sition upon irradiation at a wavelength of 341 nm at 5 K (solid line)
and its fitting with a set of Gaussian functions (dashed lines) (b).
The vertical lines above the spectrum correspond to the evaluated
energy levels. Reproduced with the permission of The Royal
Society of Chemistry.

(Fig. 25b) can be used to determine the splitting of the
energy levels of the ground state, which is responsible for
the magnetic behaviour of SMMs. For example, the ener-
gies of eight sublevels of the ground state of of a dinuclear
dysprosium complex were estimated from the spectrum of
this SMM in the region of “Fg/» — ®H;s» transitions, which
contributed to an understanding of the nature of relaxation
processes in the SMM. 132

Another example of the successful use of luminescence
spectra to determine the electronic structure of SMMs is the
investigation of a heterodinuclear dysprosium zinc complex
(Fig. 26).133 For this complex, the energy of the first excited
state (44.1 cm—!) determined from the emission spectrum is
very close to the barrier to magnetization reversal
(35 cm~"), which was determined by ac magnetometry
most suitable for this purpose.!?? Besides, this energy is
nearly equal to that for the diamagnetically diluted ana-
logue,!3* the barrier height in which is 45 cm—! due to a
decrease in the contribution of alternative mechanisms of
magnetic relaxation.

It is also worth noting that luminescence spectroscopy
can be employed to reveal the dependence of the energy of
magnetic sublevels on the applied magnetic field. For
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Figure 26. Emission spectrum of the complex
Zn(NO3)LDy(NO3)2(H20)], where H,L is

N,N’-bis(3-methoxysalicylidene)-1,2-diaminoethane), (a), and the
magnetic level structure for the ground state calculated from this
spectrum (b).'33 The assignments of the signals to transitions
between energy levels are indicated by positions /— /2. Reproduced
with the permission of The Royal Society of Chemistry.
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example, the externally applied magnetic field can cause the
splitting of the bands in the emission spectra or their
shift,!35 thereby providing information complementary to
that derived from high-frequency EPR spectra. Although
the effect of the magnetic field on the positions of the lines
in luminescence spectra is known for more than a half
century,!3¢ there are scarce examples of molecular com-
pounds studied by this method. Nevertheless, taking into
account the growing popularity of multifunctional materials
combining luminescence and SMM properties,'37 it can say
with certainty that the number of such studies will be
increased.

The data on the structures of the excited states of
SMMs, which cannot be derived from luminescence spectra,
can be obtained using electronic absorption spectroscopy at
very low temperatures, at which only the lowest level of the
ground state is populated. The photon absorption will give
rise to a spectrum, the analysis of which will provide a
detailed knowledge of the electronic structure of the excited
state. Since the observed f — f transitions are forbidden by
the Laporte rule,!38 their intensity is low. However, due to a
small width, the lines can be detected despite insignificant
extinction coefficients.!3?

Electronic absorption spectroscopy can also be used to
study the electronic structure of the ground state of
SMMs. 120 For this purpose, the spectra should be recorded
at several temperatures. A change in the temperature allows
the sequential population of magnetic sublevels of the
ground state. For example, only a line corresponding to
the transition between the ground states of the multiplets
3H4 and 3Py was observed for the complex Pr[Co(CN)g] at
5 K. A gradual increase in the temperature led to the
sequential population of the higher-lying sublevels
(Fig. 27 a) and the appearance of additional signals in the
spectrum (Fig. 27 b). Although the accuracy of determina-
tion of the corresponding energies by electronic absorption
spectroscopy is generally lower than that using THz-EPR or
far-IR spectroscopy, the former method is commonly
applied to study the structure of the ground state.

Magnetic circular dichroism spectroscopy is another
important optical spectroscopy technique extensively used
to study the magnetic properties. It arises from the differ-
ential absorption of right- and left-handed circularly pola-
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Figure 27. Schematic view of the use of electronic absorption
spectroscopy to study the electronic structure of the ground state
of SMMs (@) and the experimental absorption spectrum of the
complex Pr[Co(CN)g] in the temperature range of 5—80 K at zero
magnetic field (b).'?° PO—P5 are magnetic transitions. Reproduced
with the permission of American Physical Society.

rized light in the presence of a magnetic field applied
parallel to the light beam. The scope of application of this
method is not limited to chiral compounds because it is
based on the Faraday effect, i.e., the rotation of the plane of
polarization of linearly polarized light when it passes
through an optically inactive compound in the applied
magnetic field.

In the general case,'#° the difference in the light polar-
ization with different polarization states (so-called differ-
ential absorption AA4) depends on the corresponding terms
of magnetic circular dichroism

Cf(E)
kT

A _ of (E)
£ ol {A( ~oE

where ¢ is a set of spectroscopic constants, f(E) is the
function describing the line shape, 4, B and C are three
terms. The term A takes a non-zero value, when the applied
magnetic field removes the degeneracy of the excited state,
resulting in the difference in the energy of absorption of
right- and left-handed circularly polarized light (Fig. 28 a)
and, consequently, in the appearance of a temperature-
independent signal as a dispersion in the magnetic circular
dichroism spectrum. Since transitions occur from the same
level of the ground state, the signals of left- and right-
handed circularly polarized light have identical intensity
and the shape of the line corresponding to the term A is
described by the simple Lorentzian function. The term B
arises from the mixing of individual states in an external
magnetic field. The mixing is observed only in terms of the
second-order perturbation theory and leads to rather weak
signals as the adsorption (Fig. 28 ).

The term C, which plays the most important role in
SMMs, 4! appears in the case of the degenerate ground state
split by an external magnetic field. The difference in the
Boltzmann population of magnetic sublevels results in that
the absorption of light with different polarization at the
levels with different energy occurs with different intensity.
In this case, the signal in the magnetic circular dichroism
spectrum has a characteristic shape described as the differ-
ence between two Lorentzian functions with different posi-

) + Bf(E) + (28)
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Figure 28. Schematic view of the terms in the magnetic circular
dichroism spectrum. The term A4 is defined by the degenerate nature
of the excited state (a), the term B arises from the mixing of the
states caused by the applied magnetic field (b), the term C is related
to the degenerate nature of the ground state (¢). The magnetic
circular dichroism spectrum is shown as red lines; the absorption of
left-handed circularly polarized light, as black lines; the absorption
of right-handed circularly polarized light, as blue lines.
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tions of the maxima and intensities (Fig. 28 ¢). Since the
populations of the resulting Zeeman sublevels additionally
depend on the temperature, the observed asymmetric signals
have a characteristic temperature dependence.'#?> This
dependence is often analyzed together with the analysis of
the plot of the signal in the magnetic circular dichroism
spectrum versus the applied magnetic field, thereby enabling
the detailed description of the electronic structure of the
ground state of SMMs.120

Magnetic circular dichroism spectroscopy is a rare tool
suitable for investigation of the electronic structure of
SMMs both in the ground and excited states. Therefore,
this method is exceptionally important in studies of SMM
properties. For example, the data obtained by this method
excellently complement the EPR and electronic absorption
spectroscopy data. Another advantage of magnetic circular
dichroism spectroscopy is that it allows the determination
of not only the relative energies of individual electronic
states but also the wavefunctions that contribute to these
states.!?? These data are of invaluable assistance in the
explanation of the characteristic features of the spin dynam-
ics in SMMs, because modern calculation methods using
these data enables the evaluation of the probability of a
particular magnetic relaxation mechanism.!3? An additional
advantage of magnetic circular dichroism spectroscopy is
that it can be applied to study isolated SMM molecules in
solutions and on the surface. For practical applications of
SMMs in devices for data storage and processing, it is
necessary that SMM properties of the isolated molecule on
the surface be retained. For example, the analysis of the
temperature and field dependences of the signals in the
magnetic circular dichroism spectrum (Fig. 29 @) made it
possible to observe for the first time the magnetic hysteresis
for an individual Mn;> molecule, measure the magnetic
relaxation times (Fig. 29 b) and demonstrate the retention
of QTM in solution.'43

4.4. Nuclear magnetic resonance spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy, which is
widely used to study diamagnetic compounds, is mistakenly
considered inapplicable to paramagnetic compounds,
although the foundations for the use of NMR for this
purpose were laid already at the dawn of development this
technique.!44 Until recently, the application of NMR spec-
troscopy of paramagnetic compounds, which is sometimes
referred to as paramagnetic NMR spectroscopy, was limited
to investigation of shift agents, which generally contain
paramagnetic lanthanide ions,!4% 146 for the determination
of the structures of biomacromolecules in structural biol-

sensors 149~ 151 for magnetic resonance imaging in medical
diagnostics.!3!1 - 153 Meanwhile, due to a sharp increase in
the number of studies of molecular magnetic materials in
the past two decades, this method has attracted attention as
a tool for investigating SMMs. Unlike EPR or optical
spectroscopy, which can be used to measure the energy
difference between magnetic sublevels of the ground state,
the transitions in the NMR spectra are in a radically
different frequency range and the effect of the paramagnetic
center on the positions of the corresponding signals is of
nonlinear character. Besides, NMR spectroscopy of finely
crystalline samples of paramagnetic compounds or their
solutions frozen at very low temperatures (traditionally
used in the above-described spectroscopic techniques)
presents a number of technological and methodological
challenges.?? Hence, attempts to use NMR spectroscopy to
investigate SMMs include only the standard (in organic and
coordination chemistry) measurements of the spectra of
solutions at nearly room temperatures,!>* and the available
approaches are in essence more similar to magnetometry
than to other spectroscopy techniques.

One of the main results of dc-magnetometry is the
temperature dependence of magnetic susceptibility, most
often, its isotropic value averaged over all orientations of
the molecules in the crystalline sample in the applied
magnetic field. This value in solution can be obtained by
NMR spectroscopy in terms of the Evans method '35 based
on the simultaneous measurement of NMR spectra of two
solutions generally using two coaxial NMR tubes. One tube
is filled with a solvent supplemented with an additional
standard compound (most commonly, tetramethylsilane,
TMS), and another tube contains the paramagnetic analyte
with a known concentration (Fig. 30). The presence of a
paramagnetic dopant in the latter solution leads to a change
in its magnetic susceptibility, with the result that the
chemical shifts of TMS in the inner and outer tubes are
different. The observed difference can be related to the
molar magnetic susceptibility of the analyte.

Despite the simplicity of this method, which can be used
to measure NMR spectra in a wide temperature range, the
accuracy of the determination of yn, by this method is not
quite high.!3® Some contributions to the error of measure-
ments of the molecular magnetic susceptibility by the Evans
method can be compensated using a more complicated
scheme for the data processing compared to that presented
in Fig. 30. For example, the mass magnetic susceptibility of
the solvent and the dependence of its density on the temper-
ature can be taken into account 157

ogy '47-148 and relaxation agents or temperature and pH Zm :%-H(OM—}—M— xfn”‘ (29)
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Figure 30. Schematic view of the application of the Evans method
to determine the molar magnetic susceptibility of a solution of the
paramagnetic compound by NMR spectroscopy. The following
designations are used: ym is the molar magnetic susceptibility, M
is the molecular mass of the paramagnetic compound, xﬁ]‘a is the
diamagnetic component of the molar magnetic susceptibility calcu-
lated based on Pascal s constants,'>® A is the chemical shift
difference, vy is the Larmor frequency of the magnet, Sf is the
parameter that depends on the geometry of the magnet (4 nt/3 for
standard superconducting magnets with a vertical coil), ¢ is the
concentration of the paramagnetic compound.

where dp and d;s are the density of the pure solvent and the
solution, respectively.

However, in this case, the difficulties with the determi-
nation of the exact concentration of paramagnetic com-
pounds is the main source of errors in the Evans method
because even an insignificant evaporation of the solvent at
room temperature or the presence of a small impurity in the
analyte can lead to substantial deviations of the results of
measurements from the expected values.

The NMR spectra thus measured are an analogue of the
results of dc-magnetometry for finely crystalline samples.
Nevertheless, since the magnetic susceptibility is a tensor, its
averaging

%.::xzz+-1§>+-xxx (30)
is accompanied by the loss of important data on magnetic
anisotropy, which is a key characteristic of SMMs.

In the case of solutions at room temperature, NMR
spectra are also formally recorded for an isotropic sample;
however, the positions of the lines in the corresponding
spectra described by chemical shifts depend on the aniso-
tropic parameters of the magnetic susceptibility tensor

_ Lyy + Xxx

Adax = Xz 3 (€2))

Ath = Xy — Axx (32)
where y.x and y.n are the axial anisotropy magnetic suscept-
ibility and its rhombicity, respectively.

The presence of a paramagnetic ion in the chemical
compound leads to the shift of the signals of all its nuclei in
the NMR spectra due to their hyperfine coupling with
unpaired electrons. The shift can be described by the sum
of the isotropic contact contribution, arising from the
electron density redistribution for the unpaired electron
(or the spin density) from the paramagnetic ion to the nuclei
of the molecule, and the pseudocontact contribution due to
dipole—dipole interactions between the nuclear magnetic
moments and the unpaired electron.

The isotropic contact contribution, which is also termed
the Fermi contact, causes the contact shift (Jcs) of all signals
in the NMR spectrum, which is proportional to the spin
density on the nucleus (p)

_ Hoipg’S(S+ 1)

s 9kT

(33)

Equation (33) is based on a number of assumptions,
which are not always valid,'° thereby significantly compli-
cating the interpretation of NMR data in the cases of a large
contact contribution. Generally, this contribution quite
rapidly drops with increasing distance from the paramag-
netic nucleus and becomes negligible at the distance longer
than five covalent bonds.

On the contrary, the pseudocontact contribution (Jpcs),
due to its dipole—dipole nature, can affects the chemical
shifts of the atoms located at much longer distances from
the paramagnetic ion. However, this contribution directly
depends on the spatial arrangement of the atoms, i.e., on the
structure of the paramagnetic compound

3

1
5Pcs =153 Axax(3C0820 - 1) + 2

T Ay, (sin? 8 - cos 2¢)

(34)

where r, 0 and ¢ are the spherical coordinates of the nucleus
in the systems of coordinates of the magnetic susceptibility
tensor of the paramagnetic ion. Equation (34) is generally
used to determine the structure of biological macromole-
cules using a paramagnetic probe;!® this equation is con-
siderably simplified for the axial symmetry of this probe

b

5pcs = 27 [AXax(3 COS2 0— 1)]

(3%

If the structure of the corresponding paramagnetic
complex is known, the analysis of the NMR spectra allows
the determination of the anisotropic parameters of the
magnetic susceptibility tensor, therefore serving as an ana-
logue of the more labor intensive of single-crystal
dc-magnetometry. Besides, NMR spectroscopy can be used
to determine the g-tensors, the zero-field splitting energy,
the ligand field parameters for lanthanide compounds, etc.,
because the components of the magnetic susceptibility
tensor are related to the energy levels and, correspondingly,
to the parameters of the corresponding Hamiltonian by the
Van Vleck equations.'®! For example, the simultaneous use
of magnetometry and NMR spectroscopy to study a series
of well-known SMMs based on lanthanide phthalocyanine
complexes 71102 resulted in a significant increase in the
accuracy of the determination of the ligand field parameters
compared to the results obtained separately by each
method.

Since the isotropic magnetic susceptibility, as well as its
anisotropic parameters, for SMMs depend on the temper-
ature, the measurement of NMR spectra in a wide temper-
ature range for SMMs allows the determination of the
temperature dependence of pseudocontact shifts Jpes(7).
Using this dependence and equation (35), one can evaluate
Ayax(T) for complexes with axial symmetry of the coordi-
nation environment or Aya.x(7) and Aym(7T) for lower-
symmetry complexes, provided that the three-dimensional
structure of paramagnetic complex is known (for example,
from the X-ray diffraction data or quantum chemical
calculations).
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Apart from contact and pseudocontact contributions to
the chemical shifts, the NMR spectra of paramagnetic
compounds contain the diamagnetic contribution (dgia),
which can be related to the corresponding chemical shifts
of an appropriate diamagnetic analogue, such as an iso-
structural complex with a diamagnetic metal ion [for exam-
ple, zinc (IT) or iron(I1) in a low-spin state], or even of a free
ligand

5cxp = Odia t Ocs T 5pcs (36)

In this equation, the contact contribution depends on
the isotropic hyperfine coupling constant and, as a conse-
quence, on the distribution of the spin density in the
molecule, which can be determined from quantum chemical
calculations, for example, in terms of density functional
theory (DFT). In the case of lanthanide complexes, the Jcs
value can generally be ignored due to the weak involvement
of f-electrons in the binding to ligands, which does not lead
to a significant delocalization of the spin density from the
paramagnetic metal ion to the ligand,'** as opposed to
d-transition metal complexes. However, since there are
exceptions from this rule,'®3 the decision of whether it is
necessary to take into account the contact contribution
should be taken for each particular type of paramagnetic
metal complexes.

Therefore, measurements of NMR spectra of SMMs in a
wide temperature range accessible for the solvent use (for
example, from 220 to 320 K) followed by the fitting of the
observed chemical shifts fitting with equation (35) taking
into account the diamagnetic and contact contributions
allow the determinations of the temperature dependence
Ayax(T) and, consequently, the zero-field splitting energy or
the ligand field parameters and the corresponding barrier to
magnetization reversal. In the case of SMMs containing
paramagnetic lanthanide ions, these approaches, which
differ only by the type of the spin-Hamiltonian, were
successfully applied to investigate phthalocyanine 164-166
and porphyrin complexes,'®” double-decker cyclooctate-
traene complexes !°8 and heterospin complexes with stable
organic radicals.!¢?

Examples of investigation of paramagnetic first-row
transition metal complexes by NMR spectroscopy are
much more rare. This is due to the fact that these ions are
characterized by very long electronic relaxation times and
related short nuclear relaxation times for magnetic nuclei,
resulting in a significant broadening of NMR lines up to
their complete disappearance. Besides, first-row transition
metals have much lower magnetic anisotropy compared to
lanthanides. It is worth noting that there are first-row
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Figure 31. Typical electronic relaxation times (7'1¢) and the aniso-
tropy of the magnetic susceptibility tensor (Ay) for lanthanide and
first-row transition metal ions.!>* The following designations are
used: HS is high-spin, LS is low-spin, TP is a trigonal prism, TAP is
a trigonal antiprism. Reproduced with the permission of INEOS
OPEN.

transition metal complexes, which combine high magnetic
anisotropy and short electronic relaxation times (Fig. 31);
however, a range of such complexes are largely limited
mainly to high-spin cobalt(Il) complexes. For example,
NMR spectroscopy was used for the preliminary evaluation
of the magnetic anisotropy of a series of cobalt(ll) cage
complexes (structures 1-3) and, consequently, for the
assessment of their potential of SMMs.!21,170-172 The
corresponding values determined from the analysis of the
temperature dependence of the chemical shifts in NMR
spectra rather adequately reproduce the results of other
spectroscopic methods and, importantly, magnetometry.
Nuclear magnetic resonance spectroscopy of paramag-
netic compounds provides wide possibilities for the screen-
ing of potential SMMs. However, it has limitations. First,
equation (34), rather than (35), should be used for metal
complexes, the symmetry of which is lower than axial, which
may require (particular, in the case of lanthanide com-
pounds) the inclusion of higher-order anisotropic terms.!”3
Second, equations (34) and (35) are based on Bleaney’s
model 144 and the central ion model,'’* which postulate that
the distance to the paramagnetic center is rather large and
the pseudocontact contribution is due to the interaction
between the magnetic nucleus and the spin density localized
on the metal ion. The delocalization of the unpaired
electron density to the ligand can also be described using
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the results of quantum chemical calculations of contact
shifts.!”> Third, the Van Vleck equation underlying
approaches to the quantitative interpretation of NMR
spectra of paramagnetic compounds does not take into
account the orbital momentum unquenched by the ligand
field. Therefore, this equation cannot be applied for systems
with the degenerate ground state, which should be described
using of complex spin-Hamiltonians, which directly take
into account the contribution of the spin—orbit coupling.!??
Finally, it is necessary to take into account that the
structure of the compound in solution may significantly
differ from the structure in the crystal (determined by X-ray
diffraction), and the crystal packing effects may dramati-
cally change the characteristics of SMMs.!7¢ Besides, for
solutions of conformationally flexible compounds, it is
necessary to take into account the possible molecular
dynamics on the NMR time scale, which can lead to the
complete or partial averaging of paramagnetic shifts.!””
Measurements of NMR spectra in coordinating solvents
can also lead to significant changes in the structure of the
complex and its magnetic properties.!?* Nevertheless, these
drawbacks not detract from the advantages of NMR
spectroscopy over other spectroscopic techniques and mag-
netometry methods, such as its wide availability, the possi-
bility of detecting minor amounts of the compound of
interest and no need in the thorough purification or iso-
lation from the reaction mixture.!”® Hence, the analysis of
the temperature dependence of chemical shifts in the NMR
spectra is indispensable for the preliminary evaluation of
the potential of various metal complexes as SMMs.

4.5. X-Ray diffraction
Among diffraction methods of investigation of matter, only
X-ray diffraction is widely used to study SMMs, the proper-
ties of which are generally measured in the crystalline
state.!” Although single-crystal polarized neutron diffrac-
tion provides information on the spin density distribu-
tion,'8% which directly determines the magnetic properties
of the compound (for example, local magnetic anisotropy of
a paramagnetic ion '81-182) strict requirements imposed on
the quality of the sample (the main requirement is that the
single crystal should be of large size that is difficult to
achieve), make this method inaccessible to most of
SMMs. 181 On the contrary, due to recent advances in the
design of new X-ray sources and detectors,'83 X-ray dif-
fraction has gained wide acceptance in institutions for
chemistry to determine the atomic molecular structures of
crystals of different nature and size. Besides, X-ray diffrac-
tion is based on X-ray scattering by electrons and allows the
determination of not only atomic coordinates but also the
electron density distribution 84 related to various properties
of the system in the ground state (according to the Hohen-
berg — Kohn theorem).!8>

However, in most cases, X-ray diffraction studies of
SMMs is limited to investigation of the molecular structures
of several complexes, which differ in the nature of the
ligand '8¢ or the counterion.!®” This makes it possible (with
varying degrees of success !88) to reveal the dependence of
the characteristics of SMMs (magnetic anisotropy,!®® the
zero-field splitting energy,!4%190.191 the barrier to magnet-
ization reversal 3 187-192 or the contributions of different
mechanisms to magnetic relaxation >4 187-18%) on the geom-
etry of the coordination environment of the metal ion. For
example, in a series of iron(II) complexes, which display a
magnetic relaxation under an applied magnetic field, the

deviation from the linear geometry causes a decrease in the
magnetic anisotropy and the barrier to magnetization
reversal ** due to the deviation from the axial symmetry
and the Renner—Teller effect.’® On the contrary, equally
high magnetic anisotropy was observed in six-coordinate
cobalt(IT) complexes with both a trigonal prismatic
(@ = 0)176:193 and a trigonal antiprismatic geometry 22189
(¢ = 60°). However, due to quantum tunneling of magnet-
ization, the latter complexes exhibit SMM properties under
an applied magnetic field. In the case of an intermediate
geometry (0 < ¢ < 60°), the anisotropy was much lower 194
and these complexes were poor SMMs even under an
applied field.

Generally, these studies are performed using X-ray
diffraction data for different samples at the same temper-
ature (most often, at liquid nitrogen temperature, at which
slow magnetic relaxation was observed only once ??) under
atmospheric pressure. Therefore, it is impossible to relate
the structure to the magnetic properties measured under the
same conditions for one compound with the same set of
intermolecular interactions, which have an unpredictable
effect on the behaviour of SMMs in the crystalline
state.!76 189 There are examples when the observed charac-
teristics of SMMs (in particular, the barrier to magnet-
ization reversal) were adequately explained by characteristic
features of their crystal structures (for example, by the size
of the substituent in the alcohol solvent molecule in the
crystal solvates of the same SMM).'”5 However, the mag-
neto-structural correlations, which were formulated for
individual classes of SMMs based on the analysis of the
X-ray diffraction data for several representatives of the
appropriate series are much less reliable and have a weaker
predictive power compared to correlations, which can be
obtained using high-level quantum chemical calculations.
The latter can be used to generate a set of structures with
desired geometry, thereby making it possible to reveal the
effect of any changes on the SMM properties.2% 196,197
Evident drawbacks of this method are the observation of
structural distortions, which may be absent in real SMMs.

One way of addressing this issue is the use of X-ray
diffraction data obtained from one crystal at different
temperatures.'”® The corresponding set of real structures
with slight structural changes caused by cooling (heating) of
the sample are related to the magnetic properties, which are
calculated by quantum chemical methods for these struc-
tures rather than to the results of magnetometry measure-
ments performed exclusively at low temperatures. Such
studies are scarce,'® and the most significant result is that
the structures of SMMs determined at liquid nitrogen
temperature can be used (in the absence of temperature-
induced phase transitions) for quantum chemical calcula-
tions.198

A more widely used but difficult to implement approach
is based on X-ray diffraction studies of the chosen SMM
under different pressures.!??-290 [n these experiments, a
single crystal is placed in a diamond anvil cell containing a
liquid pressure transmitting medium to provide hydro-
static 20! or higher 290 pressure. Generally, the goal of these
experiments is the same as that in the above-described
multi-temperature studies, i.e., the aim is to determine the
real structures of SMMs and to use then in subsequent
quantum chemical calculations of magnetic properties.2°!
For example, these studies revealed a clear relationship
between the zero-field splitting energy for the trigonal
bipyramidal nickel(IT) complex and a decrease in its trigonal
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symmetry.?°! On the contrary, depending on the nature of
the metal ion, an increase (or a decrease) in the barrier to
magnetization reversal accompanied by the distortion of the
coordination environment from the ideal pentagonal bipyr-
amid was observed for two isostructural lanthanide com-
plexes with increasing pressure.!”® Intermolecular
interactions that are dramatically changed under the pres-
sure applied to the crystal'®® also make an important
contribution to the properties of these SMMs. For some
SMMs, X-ray diffraction data under different pressures
were directly related to the magnetic properties measured
under different pressures.!”?-20! This problem poses some
technical difficulties associated with the necessity of using a
diamond anvil cell; however, it makes it possible to avoid
know problems with the use of quantum chemical calcula-
tions to describe systems with low-lying excited states 202
and lanthanide compounds.!??

These studies established the relationships between the
magnetic properties of SMMs and different geometric
parameters (such as bond lengths, bond angles and their
different combinations), which offers significant possibil-
ities for the rational design of new SMMs, particularly, for
the description of their geometry using symmetry meas-
ures.190-199.201 The Jatter quantitative characterize the dis-
tortion of the coordination environment from the ideal
polyhedron (for example, trigonal?°! or pentagonal °°
bipyramid) using a single parameter.?°3 The larger the
symmetry measure the larger the deviation of the coordina-
tion environment from the selected polyhedron and, on the
contrary, the symmetry measure is equal to zero if the
coordination environment completely coincides with the
selected polyhedron. This approach was used, for example,
to confirm the relationship between the zero-field splitting
energy for the tetrahedral cobalt(ll) complex2°? and the
deviation of the coordination environment from the ideal
tetrahedron, which is manifested in changes in the Co—X
bond lengths and X —Co—X bond angles.

High-resolution X-ray diffraction studies of the electron
density distribution deserves special attention. They are
considered in detail in a recent review.?%* The main differ-
ence of these studies from conventional X-ray diffraction
techniques, which are aimed exclusively at determining the
structures of chemical compounds, is that they use high-
resolution data, for example, with the diffraction angle
0 > 50° in the case of Mo K, radiation, whereas the 0
angle in conventional experiments is generally in the range
of 26—-30°. These experiments not only allow the determi-
nation of the atomic coordinates and displacement param-
eters 205 but also provides a unique way to obtain the
complete electron density distribution in the analytical
form in using the Hansen— Coppens multipole model.2¢
In terms of this model, the deformation of the atomic
valence shell caused by the formation of chemical bonds,
which is not taken into account in the spherical atom model
in conventional X-ray diffraction studies, is described by a
set of multipoles (monopoles, dipoles, quadrupoles, ezc.),
the graphical analogues of which are the s, p, d, etc.
orbitals. The populations of the corresponding multipoles
for each atom are refined together with the atomic coor-
dinates and displacement parameters (in some cases, the
anharmonicity parameters of thermal motion are included)
based on the X-ray diffraction data. Hence, the latter
should be of high resolution. This imposes stringent require-
ment on the quality of the sample (the absence of disorder,
twinning, significant absorption of X-rays by the crystal,

etc.), thereby limiting the number of systems, which can be
used in high-resolution X-ray diffraction experiments.
However, due to growing availability of powerful labora-
tory and synchrotron X-ray sources and the development of
new-generation detectors 83 and also the elaboration of
hybrid methods,?%* high-resolution X-ray diffraction
experiments are quite commonly performed 2°7 and provide
detailed information on the nature of chemical bonding and
correlated properties (including magnetic) of com-
pounds.?98

However, the usefulness of the data on the electron
density distribution for investigations of SMMs was found
quite recently 2%° although high-resolution X-ray diffraction
studies have immediately attracted interest from researchers
dealing with single-molecule magnetism.?'% In particular,
the electron density distribution of the dysprosium ion was
found to be an oblate ellipsoid (Fig. 32),2!! which was
predicted using the common Rinehart — Long approach.?1?

Besides, only high-resolution X-ray diffraction studies
allow the experimental determination of d- and f-orbital
populations of metal ions 292!l and, correspondingly, the
sequences of energy levels provided that the Aufbau princi-
ple is met.2!% This method can be used to obtain data on the
electronic state of the ground state of SMMs, which is not
always obvious.?? Another advantage is that the character-
istic features of the chemical bonding in crystals of SMMs
can be studied?%® by examination of the electron density
distribution in terms of Bader’s Atoms in Molecules
theory 2!3 based on the analysis of critical points at which
the electron density gradient is equal to zero. In this case,
particular attention is given to the search for bonding
critical points CP(3,—1) (3 is the number of non-zero
eigenvalues of the matrix of second derivatives of the
electron density function, —1 is the sum of their signs)
between atomic pairs. The presence of these points is a
necessary condition for the existence of a chemical bonding
between atoms or, in the general case, the stabilizing effect.
For SMMs, this approach was used to determine intera-
tomic interactions that affect the 3d-orbital populations of
metal ions 2% or the geometry of its coordination polyhe-
dron2!'# based on the presence (in some cases, the absence)
of CP(3,—1) between the corresponding atoms.?%%-214 This
approach was also used to evaluate the contribution of the
covalent component to the metal —ligand bonding 2°° based

Figure 32. Electron density distribution for the dysprosium ion in
the complex Dy(dbm)s(bpy) (dbm is dibenzoylmethanoate, bpy is
2,2'-bipyridine) obtained by refining the multipole populations up
to the octupole level (¢) and by refining only monopoles and
quadrupoles (b) based on high-resolution X-ray diffraction data
(red surfaces) and the structure factors calculated by a quantum
chemical method (green surfaces).?!! Reproduced with the permis-
sion of Springer Nature.
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on the values of the electron density and the derived
functions, such as the Laplacian and the electron energy
density, at CP(3, —1).213

However, high-resolution X-ray diffraction studies of
the electron density distribution in crystals of SMMs were
performed primarily in order to determine the populations
of d- (Refs 33, 209, 214, 216) or f-orbitals?!! related to the
electronic structure of the ground state of SMMs.?3 The
multipole refinement of high-resolution X-ray diffraction
data can be performed using the known approach proposed
by Holladay er al.?'7 or the specially developed method for
the evaluation of f-orbital populations in SMMs 2!! based
on the linear transformation of the corresponding multipole
parameters (quadrupoles or octupoles). Both approaches
rely on the assumption that electron density on a metal ion
does not have contributions of the charge transfer from the
ligand; this is a reasonable assumption only for lanthanide
compounds?!! that form coordination bonds primarily of
ionic nature. Besides, the choice of a local system of
coordinates for the metal ion on the researcher
will,33.209.216 which is considered as an advantage of the
multipole model,?!® can lead to the ambiguity in the
evaluation of its orbital populations. The latter problem is
actively addressed;?!!-21¢ however, d-orbital populations in
SMMs are used mainly to reveal the easy axis of magnet-
ization,?!! while only average values are reported for other
directions.?1®

Nevertheless, even this analysis of the electron density
distribution provides a rather accuracy evaluation of d- and
f-orbital populations,?!!-214 the values of which adequately
(particularly, when appropriate radial functions are chosen
for multipoles and the correction for the charge transfer
from the ligand 2'# are added) reproduce the results of high-
accuracy quantum chemical calculations.?!1-214.216 Corre-
spondingly, these values can be used instead of the corre-
sponding populations determined by the refinement of
theoretical structure factors (the calculations of the struc-
ture factors for lanthanides compounds requires a special
calculation methodology?!!) in the correlations with the
zero-field splitting energy and the barrier to magnetization
reversal of SMMs.214 Although the electron density distri-
bution can be derived from the X-ray diffraction data only
in exceptional cases (particularly, for lanthanide com-
plexes2'1), high-accuracy studies of the electron density
distribution have obvious advantages over quantum chem-
ical calculations because the electron density distribution
corresponds to real crystals and, correspondingly, takes into
account the relativistic effects, spin—orbit coupling and the
multireference character of the wave function of SMMs.?!!

5. Conclusion

The chemical community has accumulated a wealth of
experimental data on the synthesis of different d- and
f-transition metal complexes. However, the magnetic prop-
erties of only a small number of compounds were inves-
tigated quite well to draw a conclusion about the prospects
of their use as single-molecule magnets. It is worth noting
that many recent publications contain evidence that long
known and well-characterized compounds,??! =224 which
have not been previously considered by researchers dealing
with molecular magnetism, display unusual magnetic prop-
erties.!22.189.219.220 Firgt, this is due to the fact that the most
common methods for investigation of single-molecule mag-
nets are often inapplicable in chemical laboratories. Second,

most of these publications were written by physicists for
physicists, thereby making them difficult to understand by
chemists, who are expected to address the issues of the
rational design of single-molecule magnets.

The goal of this review is to partially close this gap
providing (without excessive mathematical detail) answers
to two main questions, which can be raised by chemists:

— what are the factors that are responsible for the
single-molecule magnet properties in a particular compound

— how it can be determined?

We hope that this review will stimulate researchers in
coordination and organometallic chemistry to consider the
library of the previously synthesized compounds from a new
side. Apparently, this will result in the design of new single-
molecule magnets for the potential application in innovative
devices for data storage and processing.

This review was written with the financial support of the
Russian Foundation for Basic Research (Project No. 19-13-
50487). The access to scientific literature was provided by
the Nesmeyanov Institute of Organoelement Compounds of
the Russian Academy of Sciences with the financial support
from the Ministry of Science and Higher Education of the
Russian Federation.

6. List of acronyms and designations

ac magnetometry — alternating magnetic field magneto-
metry,

CP — critical point,

DFT — density functional theory,

EPR — electron paramagnetic resonance,

FDMR — frequency domain magnetic resonance,

FIR — far-infrared spectroscopy,

Mn;» — manganese complex
[MI]IHgMnIV4O12(M€COO)16(H20)4] -2MeCOOH -4 Hzo,

NMR — nuclear magnetic resonance,

QTM — quantum tunneling of magnetization,

SMM — single-molecule magnet,

THz-EPR — terahertz electron paramagnetic resonance,

TMS — tetramethylsilane,

VSM — vibrating-sample magnetometer,

ZFC/FC experiment — experiment involving cooling in
zero magnetic field (zero-field cooled, ZFC) followed by
cooling in applied magnetic field (field-cooled, FC),

Designations of values:

A, By, B>, C — phenomenological constants,

AA — differential absorption,

B — magnetic induction,

D — zero-field splitting energy,

E — total energy of the system,

g — electronic g-tensor,

H — magnetic field strength,

H — total Hamiltonian of the system,

I — nuclear spin,

J — total angular momentum,

k — Boltzmann constant,

L — orbital momentum,

M — magnetization of the sample,

M — spin quantum number,

ms — quantum number of the unpaired electron,

Na — Avogadro s number,

5Z — polynomial functions of total momentum oper-
ators,

R — gas constant,

S — total spin of the system,
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sp — spin coordinates,

T — spin-lattice relaxation time,

U — energy barrier to magnetization reversal,
Uesr — effective barrier to magnetization reversal,

o — parameter that takes into account the number

relaxation mechanisms,

ity,

dpcs — pseudocontact shift,

dcs — contact shift,

us — Bohr magneton,

uerr — effective magnetic moment,

v — alternating magnetic field frequency,
p — spin density at the nucleus,

o — set of spectroscopic constants,

T — magnetic relaxation time,

7~ ! — magnetic relaxation rate,

y — magnetic susceptibility,

% — in-phase component of magnetic susceptibility,

v — out-of-phase component of magnetic susceptib

«m — molar magnetic susceptibility of the analyte,
o — crystal vibration frequency.
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