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Abstract—The mononuclear neutral complexes [Ln(Me4Phen)2(H2O)(NCS)3]·Me4Phen·0.75EtOH (Ln =
Dy, Er, Yb) were prepared for the first time by the reaction of [Ln(H2O)5(NCS)3]·H2O (Ln = Dy, Er, Yb)
with 3,4,7,8-tetramethyl-1,10-phenanthroline (Me4Phen) in ethanol. The products were identified by ele-
mental analysis and powder X-ray diffraction. A thermoanalytical study of the products revealed the transfer
of the outer-sphere Me4Phen ligand to the first coordination sphere. The obtained compounds were found to
behave as single-molecule magnets.
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INTRODUCTION
The interest in heteroleptic lanthanide thiocyanate

complexes containing polydentate N-donor ligands
(Bipy = 2,2'-bipyridine, Phen = 1,10-phenanthroline,
etc.) is due to their use for extraction, for the design of
new types of sensors [1], and as drug components for
the treatment of breast cancer [2]. Study of the photo-
physical properties has shown good prospects for
the use of various nitrogen-containing ligands for sen-
sitization of Ln3+ luminescence in these compounds
[3–10]. The electronic structure of the unfilled 4f
orbitals accounts for the potential use of Ln3+ in the
targeted design of systems with diverse magnetic prop-
erties [11, 12].

Among lanthanides, dysprosium is best studied as
the magnetic center for single-molecule magnets
(SMMs); the efficiency of Dy is confirmed by the lat-
est publications of Prof. Lifield’s group [13]. In recent
years, attention of researchers has been also attracted
by compounds of other Kramer ions (the ions with
odd numbers of electrons) of heavy lanthanides, in
particular, Er and Yb, which exhibit slow relaxation. It
is noteworthy that the comparative studies of SMMs
based on heteroleptic Er and Yb complexes are now at
the stage of accumulation and systematization, unlike
the extensive body of information existing for dyspro-
sium. The increased attention to the three mentioned
lanthanides is caused by the ground state bistability.
This is a major factor responsible for the SMM behav-

ior of compositionally and structurally diverse com-
pounds of these lanthanides [14–25].

The slow magnetic relaxation of the complex
directly depends on the coordination environment of
the magnetic center, i.e., the nature of ligands, the
type of polyhedron, and the relative positions of donor
sites in the polyhedron, especially for SMMs contain-
ing no Dy. We showed that the energy barriers for
magnetization reversal (ΔE) for a series of mononu-
clear Bipy and Phen complexes of dysprosium thiocy-
anates directly depend on the structural features of the
compounds [26], which was later confirmed for anal-
ogous series of Er3+ and Yb3+ [27].

This study is directed towards the expansion of our
views on the targeted synthesis of mononuclear 4f
SMMs and towards further investigation of the depen-
dence of magnetic properties of lanthanide thiocya-
nate compounds on their coordination environment
(CE). In order to expand the range of studied com-
pounds of Kramer heavy lanthanide ions, we prepared
for the first time Dy3+, Er3+, and Yb3+ thiocyanate
complexes with 3,4,7,8-tetramethyl-1,10-phenanth-
roline (Me4Phen). All of the isolated compounds were
identified using elemental analysis and powder X-ray
diffraction.
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EXPERIMENTAL
Commercial [Ln(H2O)5(NCS)3]·H2O (Ln = Dy

[26], Er, Yb [27], Me4Phen (99%, Aldrich), and etha-
nol (C2H5OH) as the solvent were used as received. All
operations were carried out in air.

Synthesis of [Ln(Me4Phen)2(H2O)(NCS)3]·
Me4Phen·0.75EtOH (Ln = Dy (I), Er (II), Yb (III). A
solution of [Ln(H2O)5(NCS)3]·H2O (0.2 mmol in
15 mL of C2H5OH) was added to a solution of
Me4Phen (0.6 mmol) in C2H5OH (10 mL), the mix-
ture was stirred for ~30 min and left at room tempera-
ture for complete crystallization. After 3 days, the solid
phase was separated on a paper filter, washed with eth-
anol, and dried at room temperature.
The yield of I was 0.16 g (72% based on Dy).

The yield of II was 0.17 g (77% based on Er).

The yield of III was 0.14 g (64% based on Yb).

Elemental analysis was performed on a EUROEA
3000 CHN analyzer by standard procedures. Powder
X-ray diffraction analysis was carried out on a Bruker
D8 Advance diffractometer (CuKα, λ = 1.5419 Å, Ni
filter, LYNXEYE detector, ref lection geometry) at the
Center for Collective Use, Kurnakov Institute of Gen-
eral and Inorganic Chemistry, Russian Academy of
Sciences. The full-profile Rietveld refinement of
structures I–III was done using the TOPAS program
[28]. The atomic coordinates were derived from X-ray
diffraction data for complex [Y(Me4Phen)2-
(H2O)(NCS)3]·Me4Phen·0.75EtOH (IV) isostructural
to I–III [29]. In the structure of IV, one NCS ligand is
disordered over two positions; the occupancy of the
position of the EtOH solvate molecule is 0.75. In the
refinement of the structures of I–III, the coordinates
of all atoms, except for Ln, were fixed, the occupancy
of the EtOH solvate molecule was fixed (0.75), and the
occupancies of the disordered NCS ligand were
refined. In the final refinement cycles, all atomic
coordinates and occupancies were also fixed.

The thermal stability of the obtained compounds
was studied by differential scanning calorimetry

For C52.5H54.5N9O1.75S3Dy (M = 1098.25)
Anal. calcd., % C, 57.41 H, 5.00 N, 11.48 S, 8.76
Found, % C, 57.63 H, 4.57 N, 11.76 S, 8.82

For C52.5H54.5N9O1.75S3Er (M = 1103.01)
Anal. calcd., % C, 57.17 H, 4.98 N, 11.43 S, 8.72
Found, % C, 57.50 H, 4.54 N, 11.95 S, 8.93

For C52.5H54.5N9O1.75S3Yb (M = 1108.79)
Anal. calcd., % C, 56.87 H, 4.95 N, 11.36 S, 8.68
Found, % C, 56.72 H, 4.54 N, 11.80 S, 8.93
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(DSC) and thermogravimetry (TG) using NETZSCH
DSC 204 F1 and NETZSCH TG 209 F1 instruments,
respectively. The argon flow rates were 40 mL/min for
DSC and 30 mL/min for TG. The DSC was per-
formed in a DSC 204 F1 NETZSCH calorimeter in
the temperature range of 35–500°C at a heating rate of
10°C/min. The mass loss during thermolysis in the
35–500°C temperature range was determined on a TG
209 F1 NETZSCH thermobalance at a heating rate of
10°/min. The eff luent gas was analyzed using a QMS
403C mass-spectrometric attachment conjugated with
the thermobalance. Before measuring the TGA
curves, the furnace was evacuated and filled with
argon to remove traces of air. The results of thermal
analysis were processed according to the ISO 11357-1,
ISO 11357-2, ISO 11358, and ASTM E 1269-95 stan-
dards using the NETZSCH Proteus Thermal Analysis
package.

The magnetic behavior of complexes I–III was
investigated by static and dynamic magnetic suscepti-
bility methods on a PPMS-9 magnetometer (Quan-
tumDesign) in the 2–300 K temperature range in 0–
5000 Oe static magnetic fields. The dynamic magnetic
susceptibility was studied using 5, 3, and 1 Oe alternat-
ing magnetic fields for 10–100, 100–1000, and 10–
10000 Hz frequency ranges of the field, respectively.
These measurement conditions made it possible to
avoid sample warming-up at low temperatures (can
take place at large amplitude and modulation fre-
quency) and to attain the best signal-to-noise ratio. All
magnetic measurements were carried out for milled
polycrystalline samples sealed in polyethylene bags
and frozen in mineral oil to prevent the magnetic field-
induced orientation of crystallites [30]. The paramag-
netic component of the magnetic susceptibility (χ) was
determined taking into account diamagnetic contribu-
tions of the sample, mineral oil, and sample holder.

RESULTS AND DISCUSSION

Complexes I–III were synthesized in ethanol, with
the ligand to metal ratio being 3 : 1. This is the optimal
composition of reactants, as shown for the synthesis of
similar Y, Eu, and Tb complexes [29]. Under these
conditions, complexes I–III were obtained in >60%
yields. The elemental analysis data were in good agree-
ment with the theoretical composition of the com-
plexes. Powder X-ray diffraction analysis confirmed
that the products were pure and isostructural to the
yttrium analogue [Y(Me4Phen)2(H2O)(NCS)3]·
Me4Phen·0.75EtOH. Since we did not succeed in
growing single crystals suitable for single crystal X-ray
diffraction, the structures of [Ln(Me4Phen)2-
(H2O)(NCS)3]·Me4Phen·0.75EtOH (Ln = Dy, Er,
Yb) were refined using the powder X-ray diffraction
data (Table 1, Figs. S1–S3).

The Ln coordination number in the molecular
complex [Ln(Me4Phen)2(H2O)(NCS)3] (Fig. 1) is
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Table 1. Key structural data and structure refinement details for I–III

Parameter
Value 

 

 I II III

T, K 296 296 296
System Monoclinic Monoclinic Monoclinic
Space group P21/n P21/n P21/n
a, Å 13.0480(16) 13.0289(8) 13.0087(10)
b, Å 16.4683(18) 16.4646(10) 16.4611(13)
c, Å 24.144(2) 24.1272(14) 24.1151(15)
β, deg 100.263(6) 100.229(5) 100.185(5)
V, Å3 5105(1) 5093.4(5) 5082.6(6)
Z 4 4 4
Range of 2θ, deg 5–50 4–50 4–50
Step of 2θ, deg 0.02 0.02 0.02
Rexp 2.18 2.44 3.22
Rwp 3.72 7.22 6.35
Rp 2.86 5.29 4.95
GOOF 1.71 2.96 1.97
RBragg 1.93 3.51 3.27

Fig. 1. Structure of the inner sphere of the complex
[Ln(Me4Phen)2(H2O)(NCS)3], where Ln(1) is Dy (I), Er
(II), or Yb (III).

Ln(1)
N(1)

C(1)

S(1)

O(1)
eight, the coordination polyhedron is a square anti-
prism, and the coordination unit is LnON7. The bases
of the square antiprism are composed of the
N1N4N5O1 and N2N3N6N7 atoms, where N1 is the
nitrogen atom of the NCS– group disordered over two
positions; N2 and N3 belong to other NCS– groups;
N4, N5 and N6, N7 belong in pairs to different
Me4Phen molecules; and O1 is oxygen of the coordi-
nated water molecule (Fig. S4). The distance between
the bases of the square antiprism is 2.8147 Å, and the
angle between the base planes is close to 1.1°. The
average deviations of atoms from the mean planes of
the two square bases of the antiprism are 0.1098 Å for
N1N4N5O1 and 0.0186 Å for N2N3N6N7, respectively.
The distances between the Ln3+ ion and coordination
polyhedron atoms vary from 2.3610 Å for Ln–O to
2.5653 Å for Ln–N7. The uncoordinated Me4Phen
molecule is involved in the stacking interaction with
one Me4Phen ligand. The shortest Ln…Ln distances
are 9.77, 9.75, and 9.70 Å for Dy, Er, and Yb, respec-
tively.

In the solid-phase thermolysis of compounds I–
III, the removal of C2H5OH solvate molecules is
detected in the 25–100°C temperature range (the
mass spectrum showed [OH]+, [C2H5]+, and
[C2H5OH]+ ions with m/z 17, 29, and 46, respec-
tively): this process is accompanied by heat absorption
(Fig. 2a) and by decrease in the sample mass (Fig. 2b).
The experimental mass loss (1.03%) proves to be lower
than the expected one (4.0%), since the solvate mole-
RUSSIAN JOURNAL OF C
cules are partly removed during evacuation of the fur-
nace.

On further heating to 150°C, removal of the coor-
dinated water molecule starts and continues up to
200°C (the mass spectrum exhibited [H2O]+ and
[OH]+ ions with m/z of 18 and 17, respectively); this is
accompanied by heat absorption (Fig. 2a) and a slight
mass loss (Fig. 2b). The experimental mass loss of
OORDINATION CHEMISTRY  Vol. 47  No. 4  2021
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Fig. 2. (a) DSC curves of complexes I–III in the 25–300°C range; (b) TG (dashed line) and DSC curves (continuous line) of
complex III (Ln = Yb). 
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1.8% is consistent with the expected one (2.1%) within
the experimental error.

After water has been removed from the inner coor-
dination sphere, all three complexes exhibit exother-
mic effects not accompanied by a loss of mass. These
effects could be associated with a solid-phase chemi-
cal reaction, or ordering of an amorphous or metasta-
ble structure inherited after removal of the solvent, or
both. Recrystallization/crystallization of an amor-
phous material is a spontaneous process and necessar-
ily takes place if the relaxation time at the given tem-
perature is comparable with the time of experiment.
Immediately after removal of the solvent, the com-
pound is more often amorphous to X-rays, but on fur-
ther heating and maintaining in the temperature range
in which the exotherm appears in the DSC curve, the
X-ray diffraction pattern exhibits ref lections that do
not belong to the precursor. Apparently, these effects
are associated with the formation of a new crystal
structure. Presumably, Me4Phen enters the inner
coordination sphere of the dehydration product. A
similar phenomenon was observed previously for iso-
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY

Fig. 3. Temperature dependences χmT(T) for compounds
I–III in a 5000 Oe static magnetic field. 
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structural Y, Eu, and Tb complexes [29]. For those
complexes, the insertion of the outer-sphere Me4Phen
group into the inner sphere was also confirmed by
change in the powder X-ray diffraction pattern after
TG. Unlike Y, Eu, or Tb, in the case of complexes I
(Dy) and III (Yb), a superposition of several exo-
therms rather than a single exotherm appears. In all
probability, this is due to the fact that crystallization
and formation of ligand–metal bonds is not a one-step
process.

The magnetic behavior of all complexes was inves-
tigated in the range of 2–300 K in a 5000 Oe external
magnetic field (Fig. 3). Since the shortest Ln…Ln dis-
tances in compounds I–III are more than 9.70 Å, the
lanthanide ions can be considered to be isolated mag-
netic centers. This is confirmed by both the patterns of
χmT dependences characteristic of complexes of the
corresponding lanthanides and the proximity of χmT
values observed at 300 K to theoretical χmT values of
isolated Ln3+ ions (Table 2). In the case of complex I,
the χmT values decrease insignificantly as the tempera-
ture decreases to 60 K, while on further cooling, the
decrease is more pronounced; a sharp drop occurs at
6 K and the minimum value is observed at 2 K. The
dependence for complex II is similar to that of I, but
the decline at low temperatures is more gradual. In the
case of complex III, the behavior is typical of Yb com-
plexes: χmT uniformly decreases on cooling down to
4 K, which is followed by faster approach to the mini-
mum value.

Complexes I–III synthesized in this work contain
Kramer ions able to exhibit slow magnetic relaxation.
In order to study the magnetic dynamics of the com-
plexes, we measured the magnetic susceptibility in an
alternating magnetic field. For all of the compounds,
in a zero magnetic field, the dependences of the imag-
inary part of the dynamic magnetic susceptibility
(χ''(ν)) do not show significant signals. This may be
due to the quantum tunneling of magnetization
(QTM) [32], which is manifested as a considerable
decrease in the relaxation time of magnetization. For
  Vol. 47  No. 4  2021
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Table 2. Magnetic susceptibility of the complexes in a
5000 Oe static magnetic field

Compound
χmT (300 K) χmT (theor.) [31] χmT (2 K)

cm3 K/mol

I 15.59 14.17 7.71
II 11.83 11.48 4.93
III 2.65 2.57 1.18
suppressing QTM, the dynamic magnetic susceptibil-
ity measurements were carried out in static magnetic
fields of different strengths (0–5000 Oe). In non-zero
external magnetic fields, slow magnetic relaxation was
detected for all of the compounds. The optimal mag-
netic field strengths (Hdc), which correspond to the
greatest relaxation times, are 1000 Oe for I and II and
2500 Oe for III (Figs. S5–S7). For better understand-
ing of the dynamics of slow magnetic relaxation, it is
necessary to evaluate the contributions of various
mechanisms to the magnetization relaxation. The
approximation of experimental χ''(ν) data in the opti-
mal field (Fig. 4) using the generalized Debye model
resulted in the dependence of the relaxation time on
the reciprocal temperature τ(1/T) (Fig. 5).

The relaxation parameters for the prepared com-
pounds were determined by approximating the high-
temperature regions of the dependences τ(1/T) by the
Arrhenius equation τOr = τ0exp(ΔE/kBT), where ΔE is
the height of the energy barrier for the magnetization
reversal; kB is the Boltzmann constant, τ0 is the short-
est relaxation time, T is temperature. This expression
is the mathematical description of the Orbach relax-
ation mechanism. The following ranges of the high-
RUSSIAN JOURNAL OF C

Fig. 4. Frequency dependences of the real χ' (above) and imagi
of complexes (a) I, (b) II, (c) III in 1000 (I, II) and 2500 Oe (III
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temperature regions were chosen for approximation:
4.5–5.5 K for complex I, 2.9–3.1 K for II, and 5.5–
6.5 K for III. The best agreement between the theoret-
ical dependences and experimental data was obtained
for the following sets of parameters: τ0 = 1.7 × 10–7 s,
ΔE/kB = 28 K (I); τ0 = 1.2 × 10–7 s, ΔE/kB = 15 K (II);
τ0 = 1.7 × 10–7 s, ΔE/kB = 30 K (III). The results indi-
cate that complexes I–III behave as molecular mag-
nets when a static external magnetic field is applied.

The plots of τ(1/T) in the semilogarithmic coordi-
nates for compounds I–III are non-linear (Fig. 5).
This indicates the presence of magnetization relax-
ation mechanisms other than the Orbach mechanism.
The data corresponding to the full temperature ranges
for each complex can be approximated only if several
relaxation mechanisms are taken into account. In the
case of complexes I and II, good agreement with
experimental data can be achieved by using the
Orbach and Raman relaxation mechanisms (  =
CRamTn_Ram, where CRam and n_Ram are Raman relax-
ation mechanism parameters) for τ0 = 1.3 × 10–7 s, ΔE/kB =
30 K, CRam = 75 K−n_Ram s, n_Ram = 2.56 (I); τ0 = 3.6 ×
10–9 s, ΔE/kB = 29 K, CRam = 2630 K−n_Ram s, n_Ram =
2.29 (II) (Figs. 5a, 5b). The n values in the Raman
relaxation equation, close to 2, attest to the so-called
phonon bottleneck effect [33]. For complex III, the
coincidence of the theoretical curve and experimental
data can be attained using the sum of the Orbach and
QTM relaxation mechanisms (  = B), which is
indicative of incomplete suppression of the tunneling
effect even in a non-zero external magnetic field
(Fig. 5c). The relaxation parameters resulting
from approximation of experimental data in the whole

1
Ram
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1
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Fig. 5. Relaxation times of complexes (a) I, (b) II, (c) III in 1000 (I, II) and 2500 Oe (III) magnetic fields vs. reciprocal tempera-
ture. Dashed lines are the approximation of high-temperature regions by the Orbach mechanism; solid lines are the approxima-
tion using the sum of Orbach and Raman mechanisms (I, II) or Orbach and QTM mechanisms (III); and dash-and-dot lines are
the approximation using the sum of Raman and QTM mechanisms. 
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temperature range (2−6.5 K) are as follows: τ0 = 3.2 ×
10−7 s, ΔE/kB = 26 K, B = 1410 s. For complexes I and
III, the barriers for magnetization reversal obtained
for high-temperature ranges and for whole tempera-
ture regions are similar. This indicates that at tempera-
tures above 4.5 K (for I) and 5.5 K (for III), the
Orbach mechanism is the primary pathway of relax-
ation of the magnetization.

When considering the possible processes of relax-
ation of the magnetization and their combinations,
one should bear in mind that the Orbach mechanism
often does not contribute to relaxation. Previously,
this was observed for Er and Yb thiocyanate complexes
[27]. This idea is prompted by both the possibility of
approximating τ(1/T) for I−III by using the sum of
QTM and Raman mechanisms (Fig. 5) and a compar-
ison of the energy barriers and τ0 values. For com-
pounds I and III, τ0 ≈ 10−7 s; meanwhile, the relax-
ation times characteristic of the overbarrier magneti-
zation reversal corresponding to the Orbach
mechanism should range from 10−10 to 10−12 s [34].
For complex II, the magnetization reversal barrier
obtained by approximating the sum of the QTM and
Orbach mechanisms proves to be twice as high as that
obtained from high-temperature data. This also indi-
cates that relaxation occurs by a mechanism other
than Orbach mechanism [35]. However, despite the
foregoing, the ΔE values derived from the Arrhenius
equation can be used as rough estimates for the com-
parison of magnetic properties of SMMs [27].

When the sum of QTM and Raman mechanisms
was used for approximation of experimental data, the
following relaxation parameters were obtained: CRam =
4.13 K−n_Ram s, n_Ram = 5.3, B = 286 s (I); CRam =
149 K−n_Ram s, n_Ram = 5.1, B = 7930 s (II); CRam =
1.47 K−n_Ram s, n_Ram = 5.7, B = 1296 s (III). In this
case, the n_Ram values are close to one another and to
n_Ram = 5. This may indicate that compounds I–III
have low-lying thermally populated excited states [34].
The use of these sets of mechanisms, differing from
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
those presented above, brings about redundant
parameterization.

Dysprosium complexes are known to have the
greatest ΔE values among the isostructural lanthanide
complexes and all SMMs [13]; however, the barrier for
magnetization reversal of complex I proved to be
somewhat lower than ΔE of the isostructural Yb com-
plex (III). For explaining the moderate barrier for
magnetization reversal of I, we calculated the easy
magnetization axis using the Magellan program (the
charges of atoms were chosen as described in [33]
(Fig. 6a)). It is known that for the optimal SMM
behavior of a complex, it is necessary that the easy
magnetization axis be close to the symmetry axis of the
coordination polyhedron [36]. Apparently, the pro-
nounced deviation of the easy magnetization axis from
the symmetry axis of the square antiprism (Fig. 6b),
along with the heteroleptic environment and the geo-
metrically rigid Me4Phen ligand, have an adverse
effect on the magnetization reversal barrier.

Out of the presented Kramer ions, only Dy3+ has
so-called oblate electron density according to the
Rinehart–Long theoretical model [36]. Therefore, a
linear coordination environment is optimal for retard-
ing the magnetic relaxation in complexes of this lan-
thanide. In all Dy complexes presented in Table 3, the
lanthanide coordination geometry considerable differs
from the optimal one, which precludes achieving ΔE
values close to optimal ones. Furthermore, the barrier
for magnetization reversal of neutral Dy complexes is
halved when the water molecules in the coordination
sphere of Dy aqua thiocyanate are replaced by geo-
metrically rigid ligands such as Bipy, Phen, or
Me4Phen. This is apparently due to the fact that the
coordination polyhedron (CP) rigidity increases and,
hence, steric restrictions preclude the formation of the
optimal coordination geometry.

It follows from the results that ΔE for Er3+ ion
almost does not change on going from the initial thio-
cyanate (double capped trigonal prism) to complex II
  Vol. 47  No. 4  2021
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Fig. 6. (a) Theoretical charge distribution taken as the basis to calculate the easy magnetization axis; (b) direction of the easy mag-
netization axis relative to the square antiprismatic environment of the Dy atom. 
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(square antiprism). This type of behavior us unusual
for erbium, as analysis of published data points to the
highest sensitivity of Er3+ to the CE [27]. Considering
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Table 3. Barriers for magnetization reversal (ΔE/kB, K) and o
tral Dy, Er, and Yb thiocyanate complexes with bidentate N-

Compound C.N. (Ln)/polyhed

[Dy(H2O)5(NCS)3]·H2O 8/square antiprism or dou
trigonal prism

[Dy(Bipy)2(H2O)(NCS)3]·
0.5Bipy·H2O

8/square antiprism

[Dy(Phen)2(H2O)(NCS)3]·
Phen·0.5H2O

8/double capped trigonal p

[Dy(Me4Phen)2(H2O)(NCS)3]·
Me4Phen·0.75EtOH

8/square antiprism

[Er(H2O)5(NCS)3]·H2O 8/double capped trigonal p

[Er(Me4Phen)2(H2O)(NCS)3]·
Me4Phen·0.75EtOH

8/square antiprism

[Yb(H2O)5(NCS)3]·H2O 8/double capped trigonal p

[Yb(Bipy)2(H2O)(NCS)3]·
0.5Bipy·H2O

8/square antiprism

[Yb(Phen)2(H2O)(NCS)3]·
Phen·0.5H2O

8/double capped trigonal p

[Yb(Me4Phen)2(H2O)(NCS)3]·
Me4Phen·0.75EtOH

8/square antiprism
the Er-based SMMs studied to date, the optimal CE of
Er3+ is a sandwich characterized by bulky planar
ligands remote from the lanthanide ion, parallel to
OORDINATION CHEMISTRY  Vol. 47  No. 4  2021

ptimal static magnetic fields (Hdc, Oe) for mononuclear neu-
donor ligands

ron
ΔE/kB Orbach/sum of 

mechanisms (Hdc) Refs.

ble capped 43 (1000)  [26]

28 (500)  [26]

rism 27/23 (1000)  [26]

28/28 – Orbach+Raman (1000) This work

rism 14 (1000)  [27]

15/29 – Orbach + Raman (1000) This work

rism 50 (2500)  [27]

47 (1000)  [27]

rism 22 (1000)  [27]

30/32 – Orbach + QTM (2500) This work
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each other, and containing identical donor sites. An
example of complex with this type of CE is
(C5H5BMe)Er(COT) obtained in [37] with the barrier
for magnetization reversal in a zero magnetic field of
421 K, which is among the highest values for all Er3+-
based SMMs. The similarity of ΔE values for the Er
complexes included in Table 3 is attributable to the
deviation of the coordination environments from the
optimal ones. Due to the small distances between the
polyhedron bases, both the double capped trigonal
prism and square antiprism significantly differ from a
sandwich, which accounts for low barriers for magne-
tization reversal of Er(III) complexes. This is aggra-
vated by the presence of chemically different donor
sites, nitrogen atoms of Me4Phen and NCS− and the
oxygen atom of water.

For neutral Yb thiocyanate complexes, the barriers
for magnetization reversal change slightly on going
from the aqua thiocyanate to the Bipy complex, but
sharply decrease on going to Phen or Me4Phen com-
plexes (Table 3). The substantially lower barriers for
the complexes with ligands like Phen are caused by
greater geometric rigidity of these ligands. According
to the Rinehart–Long model, a double capped trigo-
nal prism is a more preferable CP (in comparison with
a square antiprism) for increasing the magnetic
anisotropy of Yb3+, which is due to the presence of
equatorial symmetry elements (caps). However, this
trend is unambiguous only for equivalent donor sites
in equatorial positions, which compose a uniform
ligand field. From this standpoint, small ΔE of
[Yb(Phen)2(H2O)(NCS)3]·Phen·0.5H2O is attribut-
able to different natures of the caps, that is, the O
atoms of water and the N atoms of Phen. The increase
in the barrier for magnetization reversal on going from
[Yb(Phen)2(H2O)(NCS)3]·Phen·0.5H2O to III is
apparently due to the effect of electron-donating
properties of methyl groups, although the contribution
of this factor has been adequately studied only for the
Dy3+-based SMMs [33]. The ΔE value for complex III
is rather large both among the Yb thiocyanate com-
plexes and among all Yb-based single-molecule mag-
nets. In addition, the barrier for magnetization rever-
sal for Yb complex III is virtually equal to ΔE for the
Dy compound I, which is a rather rare case for the sin-
gle-molecule magnets based on lanthanides.

In conclusion, we would like to emphasize several
important results of this study. Dy, Er, and Yb thiocy-
anate complexes containing Me4Phen retain the
trends of formation of complexes with both inner- and
outer-sphere ligands [8, 26, 29] and transfer of
Me4Phen from the outer to inner sphere on heating
[38], typical of polydentate N-donor ligands. The
introduction of the bulky bidentate Me4Phen ligand
into the coordination sphere of the Dy and Yb thiocy-
anates has an adverse effect on the relaxation charac-
teristics of complexes I and III. However, the differ-
ence between these lanthanides is that in the case of
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
Dy complexes, the introduction of any N-donor
ligand results in increasing barrier for magnetization
reversal, whereas in the case of Yb compounds, the
effect of a ligand such as Bipy is hardly noticeable,
unlike the effect of more geometrically rigid ligands.
In the case of Er compound II, the effect of replace-
ment of water molecule by Me4Phen is unnoticeable,
ΔE/kB remaining ~15 K. The effect of coordination of
Me4Phen on the barrier for magnetization reversal is
associated with the deviation of the coordination envi-
ronment from the optimal one for the given com-
plexes.
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