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Coordination complexes of lanthanide(3+) ions can combine Single-Molecule Magnetism (SMM) with
thermally modulated luminescence applicable in optical thermometry. We report an innovative approach
towards high performance SMM-based optical thermometers which explores tunable anisotropy and the
luminescence re-absorption effect of Ho'"' complexes. Our concept is shown in dinuclear cyanido-bridged
molecules, {[Ho"(4-pyridone)4(H,O0)lIM"(CN)gl}-nH,O (M = Co, 1; Rh, 2; Ir, 3) and their magnetically
diluted analogues, {[Ho", Y",_,(4-pyridone)4(H>0)lIM™(CN)gl}-nH,O (M = Co, x = 011, 1QY; Rh, x = 0.12,
2@Y; Ir, x = 0.10, 3@Y). They are built of pentagonal bipyramidal Ho"' complexes revealing the zero-dc-
field SMM effect. Experimental studies and the ab initio calculations indicate an Orbach magnetic relaxation
with energy barriers varying from 89.8 to 86.7 and 78.7 cm ™ K for 1, 2, and 3, respectively. 1-3 also differ
in the strength of quantum tunnelling of magnetization which is suppressed by hyperfine interactions, and,
further, by the magnetic dilution. The Y"'-based dilution governs the optical properties as 1-3 exhibit poor
emission due to the dominant re-absorption from Ho" while 1@Y-3@Y show room-temperature blue

emission of 4-pyridone. Within ligand emission bands, the sharp re-absorption lines of the Ho™ electronic

transitions were observed. Their strong thermal variation was used in achieving highly sensitive ratiometric
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Introduction

Broad scientific interest is currently devoted to advanced opto-
magnetic materials combining magnetic properties, including

“Department of Chemistry, School of Science, The University of Tokyo, 7-3-1 Hongo,
Bunkyo-ku, Tokyo 113-0033, Japan. E-mail: ohkoshi@chem.s.u-tokyo.ac.jp

*Faculty of Chemistry, Jagiellonian University, Gronostgjowa 2, 30-387 Krakow,
Poland. E-mail: chorazy@chemia.uj.edu.pl

‘Theory of Nanomaterials Group, Katholieke Universiteit Leuven, Celestijnenlaan
200F, 3001 Leuven, Belgium

“Maastricht Science Programme, Faculty of Science and Engineering, Maastricht
University, Paul-Henri Spaaklaan 1, 6229 EN Maastricht, The Netherlands

T Electronic supplementary information (ESI) available: Experimental details. IR
spectra. TGA curves. Detailed structure parameters. Additional structural views.
Results of continuous shape measure analysis. P-XRD patterns. Direct-current
(de) magnetic properties. Complete alternate-current (ac) magnetic
characteristics. Details of ab initio calculations. Detailed discussion on the
impact of hyperfine interactions on the electronic structure of Ho™ complexes.
Solid-state ~ UV-vis-NIR  absorption  spectra. =~ Complete  results  of
temperature-variable photoluminescent studies. CCDC 1983881-1983883. For
ESI and crystallographic data in CIF or other electronic format see DOI:
10.1039/d0sc04871b

730 | Chem. Sci,, 2021, 12, 730-741

optical thermometers whose good performance ranges, lying between 25 and 205 K, are adjustable by
using hexacyanidometallates. This work shows that Ho
opto-magnetic systems linking slow magnetic relaxation with unique optical thermometry exploiting
a luminescence re-absorption phenomenon.

" complexes are great prerequisites for advanced

ferromagnetism or spin transitions, with optical functionalities
such as photo-induced phase transitions or luminescence.'®
Among modern magnetic materials, Single-Molecule Magnets
(SMMs) stand at the research forefront as they reveal a slow
magnetic relaxation effect resulting in the hysteresis loop of
a molecular origin.>' It opens applications in high-density
information  storage,"">  spintronics,” and quantum
computing.** In the pursuit towards novel opto-magnetic
systems, lanthanide(III) SMMs are of primary interest due to
the designable conjunction of magnetic anisotropy and lumi-
nescence related to their f-f electronic transitions.*®'® They
exhibit the highest anisotropic energy barriers producing the
magnetic bistability even at 80 K,"”** and form a unique class of
luminescent SMMs showing magneto-optical correlations,'?’
and the perspective for magnetic switching of emission.*®
Recently, a research pathway consisting of the application of
lanthanide SMMs in the construction of luminescent molecular
thermometers emerged.”>* Optical thermometry utilizing
thermally activated luminescence of f-block metal ions was
broadly investigated in the last decade*™° as it opens the
avenue to contactless temperature sensors for electronic

© 2021 The Author(s). Published by the Royal Society of Chemistry
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devices,” medical diagnostics,” or chemical reactors.”” The
molecular approach is particularly attractive due to the sensing
ability at the nanoscale.**"** When combining this property with
the SMM effect, multifunctional magnetic luminescent ther-
mometers are accessible.”** They can realize a multitasking
concept,*** and they are promising building blocks for smart
electromagnetic SMM-based devices with a self-monitored
temperature.*

Achieving optical thermometers using lanthanide SMMs
demands the simultaneous design of magnetic anisotropy and
thermally modulated emission. This challenging task was
realized by applying intrinsic properties of Dy™ or Yb™
complexes.”®* The Dy centres reveal very strong magnetic
anisotropy,* but their yellow luminescence is relatively weak,
hampering the utility for optical thermometry.***” Interest was
also devoted to Yb™ due to its efficiently modulated NIR
emission.**** However, its magnetic relaxation has to be
induced by a direct-current (dc) magnetic field due to the strong
quantum tunnelling of magnetization (QTM).>"** These indi-
cated a large difficulty in controlling of lanthanide anisotropy
along with T-activated luminescence.

In this context, we propose the application of Ho** ions for
high-performance SMM-based optical thermometers. The
Ho™ centres are rarely used for SMMs but they can reveal the
zero-dc-field slow magnetic relaxation in the axial distribution
of charged ligands with the support of hyperfine interactions
that suppress the QTM.**"** The classical luminescence from
the Ho™ f-f electronic transitions is weak,*°® and an alter-
native up-conversion luminescence requires the presence of
other 4f metal ions.®” In contrast, Ho®>" ions exhibit an effi-
cient luminescent re-absorption effect due to the numerous
absorption peaks in the visible range.*®®® Due to the presence
of hot bands and variable thermal dependence of electronic
transitions, the Ho™ absorption peaks can be strongly
T-dependent,”””* which is a tool for optical thermometry.””?
Using the re-absorption effect, these absorption peaks may be
easily detected on the emission pattern of the attached
luminophore.®** Following these perspectives, we decided to
examine the idea of a Ho™-SMM-based optical thermometer.
lanthanide(I1I)-hexacyanidometallate(III)
systems as cyanido transition metal complexes are efficient in
inducing of both strong lanthanide magnetic anisotropy and
tunable emission properties.””® We selected the 4-pyridone
ligands which exhibit pronounced blue emission and ensure
substantial magnetic anisotropy of Dy"".”® Thus, we combined
4-pyridone with Ho™ and hexacyanidometallates of Co'™,
Rh'™, and Ir'™™, used to amend the properties of attached
4f-metal ions. We report structural, magnetic, and optical
properties of the series of dinuclear molecules, {[Ho™
(4-pyridone),(H,0),][M™(CN)]}-nH,0 (M = Co, 1; Rh, 2; I, 3)
and their magnetically diluted analogues, {[Ho,Y; ,
(4-pyridone),(H,0),][M(CN)¢]}-nH,O0 (M = Co, x = 0.11, 1@Y;
Rh, x = 0.12, 2@Y; Ir, x = 0.10, 3@Y), showing the SMM effect
and optical thermometry related to the Ho™ re-absorption
effect within the 4-pyridone emission, with both effects
modulated by [M"(CN)s]*~ ions.

We focused on

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion
Structural studies

After mixing of the hot aqueous solution containing Ho>" ions
and 4-pyridone with the cold aqueous solution of [M™(CN)]*~
(M = Co, Rh, and Ir) ions, yellowish block crystals of 1-3 were
formed (see Experimental details in the ESI,T). After preliminary
characterization through IR spectroscopy, TGA, and elemental
analyses (Fig. S1-S2, Table S17), the crystal structures of 1-3
were determined by using a single-crystal X-ray diffraction (SC-
XRD) method (Table S27). The structural analysis revealed that
1-3 are isostructural and consist of dinuclear {Ho™[M™(CN),]}
molecules crystallizing together with water of crystallization in
the orthorhombic Cmcm space group (Fig. 1a, S3, and S4, and
Table S3t). Each molecule is built of octahedral [M™(CN)s]>~
ions bridged by a single cyanido ligand (C1-N1) to the Ho™
centre coordinating also four O-atoms of the 4-pyridone ligands
and two O-atoms of water molecules. The resulting seven-
coordinated Ho™ complexes resemble a four-blade propeller
shape due to the specific alignment of 4-pyridone ligands within
the ac plane (Fig. S4t) but, taking into account only atoms
coordinated to Ho™, its coordination geometry can be
described as a distorted pentagonal bipyramid of the pseudo-
Ds;, symmetry (Fig. 1b, Table S4t). The axial positions are
occupied by the O2 atoms of 4-pyridone ligands, and the O2-
Ho1-02 direction approximately corresponds to the easy
magnetic axis of the complex (see below). The deviation from
the strict Ds;, symmetry is represented by the imperfect axiality
depicted by the 02-Ho1-02 angles of 167.4°,169.7°, and 168.4°
for 1, 2, and 3, respectively, as well as by the non-ideal positions
of O1, O3 and N1 atoms within the equatorial plane of the
bipyramid (Fig. 1b and Table S31). The cyanido-bridged mole-
cules in 1-3 are stabilized in the respective supramolecular
frameworks by the -7 stacking between aromatic groups of 4-
pyridone ligands as well as the hydrogen bonding network
involving terminal cyanides and water molecules. It makes the
crystalline samples of 1-3 stable in air as proven by the powder

(b)
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Fig. 1 The crystal structure of 1-3 presented using the structural
model of 1: the representative view of {Ho"'[M"(CN)gl} (M = Co, Rh, Ir)
molecules with accompanying crystallization water (a), and the insight
into the Ho"' complexes with the indication of the equatorial plane of
the pentagonal bipyramidal geometry (green) and the direction of their
easy magnetic axis determined by the ab initio calculations (black
arrow) (b).
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X-ray diffraction (P-XRD) method confirming also the validity of
the structural model for the bulk samples and their phase purity
(Fig. S57). For the studies of magnetic and optical properties,
the Y™-diluted samples of 1, 2, and 3, named 1@Y, 2@Y, 3@Y,
respectively, were prepared and characterized (see Experimental
details). They are isostructural with 1-3 as shown by the P-XRD
patterns (Fig. S5%), thus, they consist of the identical
{Ho"[M™(CN)]} molecules dispersed in small amounts,
11%, 12%, and 10% for 1@Y, 2@Y, and 3@Y, respectively,
within the supramolecular matrix composed of the
analogous {Y"[M™(CN)c]} units. We also prepared bimetallic
Y™-Co™ analogue (4), and the whole series of trimetallic
{Ho,Y;_,[Co™(CN)e]} (x = 0.03, 0.05, 0.08, 0.16, 0.22, 0.33;
1@Y-Ho,Y,_,Co) molecules, also isostructural to 1-3 (Fig. S61).

Magnetic properties

Due to the presence of Ho™ complexes of the pseudo-Dsp

geometry, which is a promising tool for the SMM effect,*"*
magnetic properties of 1-3, including direct-current (dc) and
alternate-current (ac) magnetic measurements were investi-
gated (Fig. 2, S7-S10, and Table 1). The room-temperature xy7T
values are 13.8, 13.7, and 13.7 cm® mol™* K, for 1, 2, and 3,
respectively, which are close to the theoretical limit of 14.1 cm?
mol ' K for a free Ho®>" ion. The temperature dependences of

D
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the xmT for 1-3 reveal the monotonous decrease of the signal on
cooling to ca. 12 em® mol™' K at T = 2 K which is due to the
gradual depopulation of the m; states within the ground °I,
multiplet (Fig. S7t). No drastic changes in the x,T(T) plots was
observed indicating a lack of significant magnetic coupling as
expected for Ho™ centres separated by diamagnetic 4-pyridone
ligands and [M™(CN)e]*~ ions. Field dependences of magneti-
zation at T = 2 K also show a featureless increase with
increasing field to 5.0 ug at 50 kOe, which lies in the range
typical for uncoupled Ho™ centres (Fig. S7,1 the insets).5*%*
The ac magnetic characteristics gathered with an oscillating
ac field of 3 Oe indicate the presence of zero-dc-field slow
magnetic relaxation in 1-3 (Fig. 2, and S8-5S101). In the
frequency range of 0.5-1500 Hz, the non-negligible ac signal
was found from 2 K to 17 K (Fig. S8-5107), however, the x'm(v)
and x"m(v) dependences could be analysed using a generalized
Debye model for the T-range of 2-14 K (Fig. 2a). The model
employing a single relaxation process was used, however, the
frequency ranges were limited as the visible tails in the x"y(v)
plots were observed. This can be ascribed to the disturbing
influence of dipolar interactions between neighbouring Ho™
centres insufficiently isolated within the structures of 1-3.7%%
To prove this, the magnetically diluted analogues, 1@Y-3@Y
were also examined (Fig. 2a, and S11-S20, Table S57). They
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Fig. 2 The alternate-current (ac) magnetic characteristics of 1 (left), 2 (centre), and 3 (right), and their respective magnetically diluted samples,
1@Y (left), 2@Y (centre), and 3@Y (right): the frequency dependences of the out-of-phase magnetic susceptibility, x”m(), at Hye = 3 Oe and Hye =
0 Oe in the indicated temperature ranges with the fittings according to the generalized Debye model (a), the temperature dependences of the
resulting relaxation times, shown in the form of In(z) = AT}, fitted using the combined contributions from Orbach, Raman and QTM processes
(b) (see Table 1 for the best-fit parameters). The empty circle (a) and square (b) points represent the experimental data while the solid lines
represent the respective fits. In (b), the additional dashed lines represent the fitted contributions from the QTM effect. The fitting of zero-dc-field
magnetic data was performed for 1-3 while the simultaneous fitting of magnetic relaxation times both for zero and optimal dc fields was
performed for 1@Y-3@Y (see Fig. S11-S20, Table S5t and text for details).
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Table 1 Best-fit parameters for contributions from Orbach, Raman, and QTM effects to the overall magnetic relaxation fitted using egn (1) to the
experimental temperature dependences of relaxation time in 1, 2, and 3, and their magnetically diluted samples, 1@Y, 2@Y, and 3@Y (Fig. 1 and
$8-520), and the respective best-fit parameters for the linear fitting of the higher temperature range of the In(r)- T~ plots, obeying the Arrhenius
law (egn (1) limited to the Orbach contribution). The values of energy barriers of the Orbach relaxation were taken from the results of ab initio
calculations (Fig. 3) and fixed during the fitting procedure. The detailed results of the simultaneous fitting of the temperature dependences of
relaxation times under zero and optimal dc fields in 1@Y-3@Y, together with the alternative fitting with the free AE value, are discussed in the ESI

(Fig. S20, Table S5)

Fitting type Parameter 1 1@Y 2 2@Y 3 3@Y
Overall fitting with Orbach, Raman AE in cm™" 89.8 cm™" 86.7 cm™ ! 78.7 cm™!
and QTM relaxation processes [AE/ky in K] (fixed) [129.2 K] [124.8 K] [113.2 K]
TolS 3.3(4) x 107 6.0(6) x 107® 4.0(6) x 107% 5.5(6) x 107% 4.8(2) x 107° 2.3(3) x 107”7
Craman/s ' K" 1.9(3) 0.12(2) 64(13) 6.6(8) 2.2(2) 0.20(2)
n 3.04(8) 3.95(5) 1.90(8) 2.57(5) 3.09(3) 3.77(4)
Tqrm/S 0.00289(7)  0.0286(9) 0.00042(13)  0.0086(6) 0.0130(4) 0.058(3)
Limited fitting according to the AE in em™ 40(2)em™  87(3)em™  25(4)em™'  78(4)em ' 31.3(9)em” ' 73.0(14) cm™!
Arrhenius law [AE/kg in K] [57(3) K] [125(4) K]  [36(6) K] [113(6) K]  [45.1(13) K] [105(2) K]
TolS 1.8(4) x 107° 2.4(7) x 107% 5(2) x 10°°  4.2(2) x 10°* 4.9(4) x 10°° 1.0(2) x 10~

exhibit zero-dc-field slow magnetic relaxation in the only
slightly extended T-range of 2-18 K (2-15 K for the fitted ac
curves) in comparison to 1-3 but with the symmetrical shapes of
the x”m(v) maxima typical for single relaxation. Moreover, the
positions of x”y, maxima for 1-3 are almost invariant on
temperature below 6 K suggesting the strong QTM effect.”” In
1@Y-3@Y, they are more dependent on the frequency and
shifted toward its lower range below 100 Hz. This indicates that
the magnetic dilution leads to at least partial suppression of the
QTM which should be related to the cancelling of remaining
magnetic interactions between Ho'" centres. All these findings
were quantified by analysing temperature dependences of the
extracted relaxation times in 1-3 and 1@Y-3@Y (Fig. 2b, and
$8-5131). The In(r) versus T ' plots for all phases strongly
deviate from linearity expected for the Arrhenius-type depen-
dence of an Orbach relaxation. Nevertheless, the higher
temperature regimes were employed in fitting to the Arrhenius
law (Fig. S8-S131) which results in the effective energy barriers,
AE lying in the range of 25-40 cm ™" (Table 1). These values
increase upon magnetic dilution to the range of 73-87 cm .
However, even for 1@Y-3@Y, the In(t) versus T ' dependences
still deviate from linearity suggesting the presence of the QTM
and other relaxation processes such as the Raman relaxation in
all investigated compounds. Therefore, the reliable discussion
on the SMM effect in 1-3 and 1@Y-3@Y needs the fitting of the
whole In(t) versus T~ ' curves taking into account three acces-
sible magnetic relaxation processes. It was performed using eqn

(1):

—AE
Til = ‘L'()il exXpl-——= | + TQTM71 + CRaman T (1)
ksT

where the first term represents a T-activated Orbach process
depicted by the AE energy barrier and the attempt time, 7, the
second term shows the QTM effect, while the last one reflects
the Raman relaxation with the Craman parameter and the n
parameter ranging from ca. 2 to 9. As a result, five free variables
must be taken into account for the fitting of relaxation times
which gave the difficult issue of overparameterization. It was

© 2021 The Author(s). Published by the Royal Society of Chemistry

solved using the AE values of an Orbach process obtained in the
ab initio calculations (see below) which were, then, fixed in the
fitting procedure. The identical energy barriers were used for 1
and its diluted sample of 1@Y as they contain the analogous
Ho™-Co™ molecules with the expected identical Ho™ crystal
field effect. The same assumption was done for the other pairs
of 2 and 2@Y as well as 3 and 3@Y. This approach resulted in
the high-quality fits and the consistent best-fit parameters
gathered in Table 1. Searching for even more reliable determi-
nation of parameters for Orbach, Raman, and QTM relaxation
processes, we also performed the ac magnetic measurements
under variable dc fields for magnetically diluted samples
(Fig. S14-S20, Table S5t). The dc magnetic field partially
reduces the QTM effect leading to the longer magnetic relaxa-
tion. This effect works only in the low dc field regime resulting
in the small optimal dc fields of 150 Oe and 100 Oe for 1@Y and
2@Y-3@Y, respectively. For higher dc fields, the relaxation
becomes faster which can be ascribed to the appearance of
a field-induced direct process. Moreover, even for optimal dc
fields, the QTM relaxation rate is non-negligible and has to be
taken into account for a reliable fitting. Thus, to deal with the
issue of overparameterization, we performed the simultaneous
fitting of the temperature dependences of relaxation times for
both zero and optimal dc fields following eqn (1) with two QTM
parameters dependent on the dc field (Fig. S20 and Table S57).
Even using such an approach, it was not possible to reliably
determine the energy barriers (AE) of Orbach relaxation as the
obtained AE values of high experimental errors are significantly
overestimated when confronted with the results of the ab initio
calculations (see below). Therefore, also for the simultaneous
fitting for zero and optimal dc fields for 1@Y-3@Y, the fixed AE
values taken from the ab initio calculations were employed to
produce the final best-fit parameters (Table 1 and S57).

The best-fit parameters representing the ac magnetic data
confirm the presence of three different relaxation processes
(Orbach, Raman, and QTM) in 1-3 and 1@Y-3@Y. The best-fit
curves with the visualized contribution from the QTM are pre-
sented in Fig. 2b while an insight into all relaxation pathways is

Chem. Sci., 2021,12, 730-741 | 733
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shown in Fig. S8-S13, S15, S17, and S19-S20.f The obtained
parameters prove the SMM character of 1-3 and show that the
highest single-ion anisotropy represented by the highest energy
barrier of an Orbach process of 89.8 cm™* (129.2 K) is observed
in 1, the slightly smaller AE of 86.7 cm ™' (124.8 K) in 2, and
a much smaller value of 78.7 cm™" (113.2 K) in 3. However, the
strength of the QTM adopts a different trend as the slowest
related relaxation time, tqrm is observed in 3, much faster in 1,
and the strongest QTM in 2. The Raman relaxation also differs
within 1-3. 1 and 3 show very similar contributions from this
relaxation which is depicted by nearly identical, ca. T *
dependence of the related relaxation time, Traman, While 2
exhibits the weaker thermal variation of Traman, close to T~ 2. It
indicates the important role of a diamagnetic metal ion in the
modification of Raman relaxation of attached paramagnetic
Ho™ centres which can be ascribed to the modulated phonon
modes scheme going from Ho-Co (1) and Ho-Ir (3) to Ho-Rh (2)
crystal lattices.*"** In this regard, the critical role can be played
partially by the distinguishable energies of numerous available
vibrational states (Fig. S11) as well as by the water content which
is slightly different for the Rh™ analogue (see Experimental
details). The results for 1@Y-3@Y indicate that the magnetic
dilution affects both the QTM and Raman relaxation pathways.
The magnetic dilution leads to the stronger temperature
dependence of the Raman relaxation time as depicted by the
increase of the power “n” from 3.04, 1.90, and 3.09, to 3.95, 2.57,
and 3.77, for 1@Y, 2@Y, and 3@Y, respectively. This can be
explained by the modification of a phonon mode scheme upon
the replacement of paramagnetic and heavier Ho" centres with
diamagnetic and much lighter Y'"" centres. As the magnetic
dilution is similar within the whole series of 1@Y-3@Y, the
resulting changes in the Raman relaxation process were also
found to be analogous. The magnetic dilution leads also to the
partial suppression of the QTM as depicted by the significant
slowdown of the tqry which is in line with the shift of the x"w(v)
maxima to lower frequencies (Fig. 2a). The most efficient
weakening of the QTM is observed in 2, while smaller QTM
changes are ascribed to 1 and 3 (Fig. 2b). The final tqrv value is
the highest (5.8 ms) in 3@Y which means that the slowest
magnetic relaxation is achievable for Ho™-Ir'"™ molecules.

To rationalize the differences in the experimental SMM
characteristics in 1-3, the ab initio calculations of the Ho™
crystal-field effect were performed (Fig. 3, and S21-S23, Tables
S6-S101). The calculations were of a CASSCF/RASSI/
SINGLE_ANISO type executed within an OpenMolcas package
using the experimental geometries of {Ho[M(CN)s]} molecules
from the SC-XRD analysis (Fig. S21, details in the ESI{).** In the
first approach, the dinuclear molecules of 1-3 were used for the
calculations. For each case, three basis sets (small, S model;
large, L model; and very large, V model) differing in the applied
basis function qualities for the selected parts of calculated
structural fragments were employed (Table S6t). All of them
reveal the whole energy splitting of the ground °Ig multiplet of
ca. 300 cm ! in 1-3 (Tables S7-S971). As Ho*" is a non-Kramers
ion, it is necessary to separately consider each of the 16 m;
levels of the ground multiplet as the degeneracy of 8 possible m;
doublets is not ensured.”*** However, in all applied basis sets,
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Fig. 3 The energy splitting of the ground °Is multiplet of Ho'"'in 1 (a), 2
(b), and 3 (c) obtained from the ab initio calculations. Only the lowest
energy part was presented. The resulting energy barriers of the Orbach
relaxation were shown in green colour. The numbers above each
arrow represent the corresponding matrix element of the transversal
magnetic moment while the 4,, shows the tunnelling gap of the
indicated doublets. Red arrows indicate the less possible whereas blue
arrows show the most probable relaxation pathway. The scheme is
obtained for the L-W models (Table S8%).

the pairs of the lowest lying m;j levels of 1-3 are close in energy,
and well-separated from other states lying at least 70 cm™*
higher. These ground states are of a predominant |+8) char-
acter (ca. 97%) with the high value of the g, component (>19.5)
of their pseudo-g-tensors, as expected for the Ho™ SMMs of the
pseudo-Ds, symmetry,* but there are the non-negligible
admixtures of others states, mainly ca. 2% of |£5). It results
in the non-zero energy difference between the two lowest lying
states (Tables S7-S91). This tunneling gap (dwn) directly affects
the QTM strength, and should completely vanish in the QTM-
free SMMs. The Ay, values in 1-3 are relatively high, lying in

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the range of 0.16-0.34 cm ™', which should lead to the fast QTM
rather cancelling the zero-dec-field SMM effect.>*** This is in
contrast to the experimental observation of slow magnetic
relaxation in 1-3 under Hy. = 0 (Fig. 2); thus, we re-considered
the performed ab initio calculations. Firstly, we found that the
increase of the size of the basis sets from the S to L models leads
to the decrease in the 4, values, e.g. from 0.26 to 0.18 cm ™' in
1 (Tables S7-S8t). However, the change in the very large basis
sets did not follow this trend as the V model slightly over-
estimates the whole energy splitting (Table S9t). Thus, we
expanded the calculated structural fragments by taking into
account crystallization water (W models, Fig. S211), and we
repeated the ab initio calculations for all basis sets. The
resulting S-W, L-W and V-W models gave the further decrease
of the A4, values to 0.12, 0.19, and 0.09 for 1, 2, and 3,
respectively, for the L-W models (Table S8%). This indicates
a crucial role of the second coordination sphere for the Ho™
crystal-field effect in 1-3. For 3, in the L-W model showing the
lowest A4,,, we also performed the calculations with the
enlarged active space using a RASSCF scheme but the 4., value
remained similar (Table S10t). Due to the lowest 4y,, values, we
used the results of the L-W models for further discussion. They
well reproduce the experiment (Fig. S77), both the x\7(7) and
M(H) plots, however, the similar magnetic curves were simu-
lated with the other models (Fig. S227).

The energy splitting scheme of the ground °I; multiplet of
Ho™ in 1-3 for the lowest energy region is shown in Fig. 3. The
smallest tunnelling gap, 4.,, is observed in 3, the slightly
higher in 1, and the highest in 2, which is in good agreement
with the acceleration of the QTM relaxation time, Tqory in the
trend of 3, 1, and 2 (Table 1). As the magnetically diluted 1@Y-
3@Y better represent the intrinsic QTM of Ho™ complexes, we
investigated the related values of rQTM’1 in the function of the
square of the 4, (Fig. S237). A linear dependence suggests that
the experimental QTM changes in 1-3 are exclusively due to the
variable 4,, related to the composition of the ground states
(Table S8t). While the 4., values between the lowest lying pairs
of m; levels are small, the analogous tunnelling gaps for higher
lying sublevels are much higher, at least 0.8 cm ™" for the whole
series of 1-3. This proves that an Orbach relaxation occurs
through the first excited m; states (blue arrows in Fig. 3). Thus,
the average energy positions of these mj states represent the
energy barriers of an Orbach process, AE. The ab initio studies
reveal the highest AE of 89.8 cm™ " in 1, a lower of 86.7 cm ™" in
2, and the lowest of 78.7 cm™ " in 3. The validity of this trend was
proved using the AE values in the successful fitting of the 7-
dependences of relaxation times (see above).

The results of ab initio calculations well rationalize the
observed differences in the SMM effects of 1-3. However, the
obtained 4, values between the ground m; sublevels remain at
the level of 0.09-0.19 cm™' for the optimal L-W models
(Fig. 3).>*** Moreover, we investigated the ac magnetism for the
series of variously diluted {Ho,Y;_,[Co™(CN)]} (x = 0.03, 0.05,
0.08, 0.16, 0.22, and 0.33; 1@Y-Ho,Y;_,Co) systems. We found
a strong correlation between the relaxation time and the
amount of Ho™ centres which can be assigned to the gradual
weakening of the QTM effect (Fig. S24f). In particular, the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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above-mentioned 1@Y (x = 0.11) was shown to contain the
remaining QTM effect as 1@Y-Hoy 93Y.97C0 reveals a nearly two
times slower relaxation time. This indicates that ideally isolated
Ho™ complexes of 1-3 exhibit an almost fully quenched QTM
effect which is not perfectly reflected in the results of ab initio
studies. It may be related to the non-ideal crystallographic data,
e.g. the imperfect findings of the hydrogen positions.*
However, the final explanation of the observed zero-dc-field
SMM effects in 1-3 is related to the additional energy splitting
occurring by taking into account the hyperfine interactions of
magnetic moment of electrons with the nuclear spin of Ho™ (I
= 7/2 for '*Ho isotope of 100% abundance).5**%*%” We per-
formed the field-dependent ac magnetic studies for 1@Y-3@Y
revealing the characteristic oscillations of relaxation times
under the increasing dc field which is the sign of hyperfine
interaction (Fig. S25-528%).* Then, using the crystal field
parameters from the ab initio calculations, we determined the
energy splitting due to the hyperfine interactions (Tables S11-
S15, details in the ESIt). The hyperfine parameter, Ay; of
0.025 cm™ " was optimized by comparison with the field-variable
ac magnetic data on the basis of the Zeeman effect and the
avoided level crossing rule (Fig. S287). As a result, instead of one
ground quasi-doublet, we obtained 8 ground hyperfine Kramer
doublets, and all appeared to be very axial with the very small
values of transversal g, and g, components (<0.0045) in the
whole series of 1-3 (Table S15%). This indicates the efficient
suppression of the QTM effect in all compounds. However, the
residual non-zero transversal components of the g-tensors
remain, which stays in line with the observation of a non-
negligible QTM relaxation rate even for the magnetically
diluted samples of 1@Y-3@Y under the optimal dc field
(Fig. S14-519%). As a result, a magnetic hysteresis loop is not
detectable even at the lowest accessible temperature of 1.8 K
which is typical among the reported Ho'™" SMMs.*** In 1-3, this
effect can be ascribed to the insufficiently pure m; = £8 ground
state which is related to the non-ideal Dy, geometry of Ho™
complexes (Fig. 1). All differences within 1-3, including the
strength of the residual QTM and in the energy barriers found
the rational reflection in the energy splitting modified by the
hyperfine interactions (see discussion in the ESIT).

The distinguishable SMM features of 1-3 can be ascribed to
the subtle structural variation (Table S3t). The Ho™ complexes
reveal a pentagonal bipyramidal geometry, thus, the important
role in the magnitude of energy splitting, determining the AE,
can be played by the distances from Ho1 to the axial O2 atoms of
4-pyridone bearing a partial negative charge (Fig. 2b). They are
similar in 1-3 but the increasing trend in the Ho1-O2 bond
lengths of 2.231, 2.233, and 2.235 Afor1,2, and 3, corresponds
well to the decreasing AE from 1 to 3. The negative charge is also
ascribed to the O1 atoms lying in the equatorial plane. Their
distances to Hol also follow the increasing trend of 2.272,
2.276, and 2.278 A for 1, 2, and 3, respectively. Moreover, their
positions within the plane, represented by the O2-Ho1-O1
angles, are more deviated from the 90° in 1 (2.72°) and 2 (2.69°)
than in 3 (2.37°). All these differences contribute to the stronger
crystal field in 1-2. In contrast, the distance between Hol and
the N1 atom of cyanido bridge is shorter in 2 (2.434 A) than in 1
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(2.460 A) and 3 (2.452 A). The shorter distance of the cyanido
ligand to Hol in the Ho-Rh species can lead to the stronger
mixing of the m; levels giving the stronger QTM. Moreover, the
average distance between Ho1l and equatorial atoms is longer in
1 and 3 (2.356 A) than in 2 (2.346 A) which may delimit their
disturbing role in the stabilization of the |+8) ground state in 1
and 3 producing the lower QTM rate. These findings prove
a non-innocent role of [M"™(CN)¢]*” ions in modulating the Ho™
SMM effect.

Optical thermometry

Due to the presence of multiple emissive components of Ho™,

4-pyridone, and [M"(CN)e]*~ ions,*”*#8 optical properties of 1-3
and their Y"-diluted analogues, including 1@Y-3@Y, were
investigated (Fig. 4, 5, $29-533, and Tables 3, S16-S177). Solid-
state UV-vis-NIR absorption spectra (Fig. S29t) indicate that 1-3
exhibit a strong UV absorption band at 270 nm accompanied
with weaker sharp peaks in the visible region (Fig. S29t). The UV
absorption can be mainly assigned to the spin-allowed w-m*
electronic transitions of 4-pyridone. In 1 and 2, the d-d 1A1g -
'T,, transitions of [M"(CN)s]*~ ions also contribute to the UV
absorption when another 1A1g — 1T1g transition results in the
weaker band at ca. 310 nm, well distinguished only in 1.7 In 3,
the 4-pyridone transitions completely dominate as the absorp-
tion of the [II'(CN)¢]*” ion is shifted below 250 nm.*® In
contrast, the weak absorption peaks covering the whole visible
range can be exclusively assigned to f-f electronic transitions of
Ho™ centres occurring thanks to their ladder-type electronic
structure (Table S167).*° Following the strong UV and weak
visible light absorption, the possible photoluminescence of 1-3
was examined. We checked various excitation wavelengths from
the UV range but no distinct emission signal was observed. Only
under the UV excitation around 370 nm, corresponding to the
typical excitation of 4-pyridone phosphorescence of the m-m*
origin,”® weak ligand-based emission was detected (Fig. S307).
This can be assigned to the strong luminescence quenching,
including the re-absorption effect related to Ho™ complexes,
present in large numbers in 1-3. This is supported by the
presence of a series of negative re-absorption peaks occurring
within the broad emission band. Moreover, we detected strong
room-temperature blue emission originating from 4-pyridone
for 4, containing exclusively {Y"[Co™(CN)s]} molecules
(Fig. S30%). Therefore, two trimetallic derivatives with the vari-
able Ho : Y ratio, 1@Y (1@Y-Ho0y 11 Y¢.0-C0) and 1@Y-Hoy 33Y.67
Co, were examined, and distinct ligand emission with a series of
negative Ho'"-based re-absorption peaks was observed. The
overall emission is weakened while the relative intensity of the
negative peaks increases with the increasing amount of Ho™.
We found that 1@Y exhibits a good equilibrium giving the
significant ligand emission and easily detectable sharp re-
absorption peaks. Therefore, for this compound and for their
Rh- and Ir-based analogues, 2@Y and 3@Y, we performed
detailed luminescence studies (Fig. 4 and S31-S337).

All Y"™-diluted compounds, regardless of UV excitation,
1@Y-3@Y reveal similar ligand-based emission at 300 K, and
no other emission peaks, possibly originating from [M™(CN)s]*~
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Fig. 4 Temperature-dependent emission spectra of 1@Y measured
under 370 nm light irradiation along with the extracted luminescence
re-absorption spectra obtained after the subtraction of the ligand
emission component (a), with the enlargement of the re-absorption
spectra in the range of 435-470 nm showing the strongest thermo-
metric effect (b). In (a), top part, the dashed lines represent the
simulated shape of each ligand emission band, while in the bottom
part, the assignment of main re-absorption peaks to the electronic
transitions of Ho'"" was shown. The spectra in (b) were normalized to
the re-absorption peak at 446 nm. The indicated peaks at 446, 456,
and 459 nm were used in the thermometric parameters.

electronic states,*® were detected. However, the emission
maxima slightly vary from 420 nm in 3@Y, 435 nm in 1@Y, to
445 nm in 2@Y (Fig. S31-S337). Taking 1@Y as an example, we
found that, under the optimal 370 nm excitation, a series of
Ho-re-absorption-based negative peaks are observed within
the 4-pyridone emission pattern (Fig. 4a). By comparison with
the interpreted UV-vis absorption spectra (Table S167), these
peaks were assigned to the Ho'" f-f electronic transitions from
the ground °Ig multiplet to various excited states. Upon cooling
of 1@Y to 10 K, a gradual increase of overall emission intensity
was detected; however, the re-absorption effect also intensified

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Luminescent thermometric characteristics of 1@Y (left), 2@Y (centre), and 3@Y (right) using two selected ratiometric parameters, 4,
obtained from the temperature-dependent emission spectra (Fig. 4 and S31-S337): the experimental temperature dependences of 4 (empty
circles) together with the fitted calibration curves (egn (2), solid lines) and the repeatability of thermometric behaviour within three cooling—
heating cycles in the insets (a), the temperature dependences of relative thermal sensitivity, S, calculated from calibration curves (solid lines) with

the indicated regime below 1% K™ (coloured area) and the indicated

temperature below which S, exceeds 1% K™ (b), and the temperature

uncertainties, 3T at each measurement point with the indicated limit of 8T < 1 K (dashed line) (c).

as visible in the deeper negative peaks. More importantly, we
observed distinguishable changes in the strength of re-
absorption peaks at different wavelengths which is a prerequi-
site for optical thermometry. To quantify this effect, the re-
absorption peaks were extracted from the featureless ligand
emission bands used as a background (Fig. 4a). The strongest
re-absorption effect accompanied by the most significant ther-
mally induced changes was detected in the 435-470 nm range
related to the combined contributions from the Iy — °F; and
Iy — °Gg electronic transitions. We analysed this region by
applying the intensity normalization to the distinct peak at
446 nm of the °I; — °F; transition (Fig. 4b). As a result, we
detected a strong temperature dependence of the neighbouring
re-absorption peaks whose relative intensity decreases upon
cooling. Primarily, this can be explained by their different
origin, that is the assignment to the Iy — Gy transition, which
is expected to show distinguishable thermal variation.”>”
Considering all accessible peaks from this pattern, we found the
strongest thermal changes for peaks at 456 and 459 nm. They
almost disappear at low temperatures suggesting that they can
be connected with the hot bands from one of the excited m;
levels of the ground °Iy multiplet (Fig. 3). Thus, their strong T
dependence in relation to the peak at 446 nm is a combined

© 2021 The Author(s). Published by the Royal Society of Chemistry

result of the appearance of hot bands and variable thermal
dependences of different electronic transitions. The analogous
T-dependences of luminescence spectra and the extracted re-
absorption effect were found for 2@Y and 3@Y, thus, they
were analysed in an identical manner (Fig. S31-S337).

To perform a precise characterization of the thermometric
effect and discuss the differences along the series of 1@Y-3@Y,
two different thermometric parameters (4) were defined as the
ratios between the intensities of transitions located at 446 nm
and two selected bands at 456 and 459 nm (Fig. 4b). These
thermometric parameters strongly depend on temperature,
particularly in the 25-200 K range (Fig. 5a). They correspond to
the thermal variation of absorption peaks which can be mainly
assigned to the role of thermally activated vibrational motions
governing the intensity of the f-f electronic transitions.”®”***
Within this model, applying for T-dependent absorption spectra
of Ho"-based systems,”®”* the 4 values of 1@Y-3@Y can be
presented using eqn (2):

i o fo(2) -

where 4, is the uncorrected thermometric parameter at 7= 0K,
AE, is the activation energy for the critical effective vibration,

(2)
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and C is the empirical correction constant which allows to
determine the corrected thermometric parameter for 7= 0 K,
Aocorr = 4o/(1 + C). In principle, one should consider the
separate temperature dependences of both absorption peaks
with two distinguishable AE, values. However, in the discussed
re-absorption spectra, the first peak at 446 nm, was used for the
intensity normalization, thus, the [coth (AE,/2T) + C] contribu-
tion represents the differential thermal variation between two
applied peaks. Using eqn (2), the experimental T-dependences
of thermometric parameters for 1@Y-3@Y were successfully
fitted, resulting in the thermometric calibration curves (Fig. 5a
and Table S171). In all compounds, the AE, values were higher
for the 459 nm line (300-350 K) than for the 456 nm peak (100-
130 K) which are directly related to the ranges of the strongest
A(T)-dependences, lying in the 60-120 K and 20-80 K regions,
respectively. More precise discussion was enabled by plotting of
the relative thermal sensitivity, S;(7) curves, obtained using the
calibration curves and the relation of S, = (34/97T)/4 (Fig. 5b),
and, further by plotting of the related temperature uncertainty,
dT(T) dependences, using the relation of 8T = (84/4)/S, where
d4/4 is the relative error in the determination of the thermo-
metric parameter (Fig. 5¢).>**>

The current arbitrary conditions for good optical thermom-
eters are defined as the temperature regions for which S, > 1%
K" along with 3T < 1 K, and these boundaries were depicted in
Fig. 5b and c. It is clearly seen that reliable optical thermometric
behaviour was achieved in 1@Y-3@Y for the broad ranges from
ca. 20 K up to 200 K. In all compounds, this region is adjusted by
the selection of the re-absorption peak. The 459 nm band is
more appropriate for the temperatures above 60 K but works up
to even 200 K whereas the 459 nm line serves reliably from very
low temperatures of 20 K but only to the limits of ca. 140 K. The
operating ranges of optical thermometers are also modulated by
the selection of cyanido complexes within the series of 1@Y-
3@Y (Table 2). The broadest range, covering 150 K, accompa-
nied by the highest temperature of good performance ther-
mometry of 205 K, was achieved in 2@Y for the 4 parameter
involving the 459 nm peak. This is due to the flattened cali-
bration curve with the relatively small changes but extended
within the large T-region (Fig. 5a). However, this leads to the
lower values of S, for 2@Y as depicted by the comparison of
maximal thermal sensitivities within the series (Table 2). The
highest S, of 6.9% K ' is accessible for 1@Y which is the
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impressive value among the optical thermometers.*** Slightly
lower maximal S, limits are observed in 3@Y while 2@Y exhibits
significantly lower thermal sensitivities, never exceeding 4.5%
K. All these findings indicate a non-negligible role of hex-
acyanidometallates in controlling of the optical thermometer
performance. This is an indirect influence as the applied ther-
mometric effect utilizes the intrinsic absorption property of
Ho™ and phosphorescence of the organic ligand. Moreover, the
procedure for extracting the re-absorption effect (Fig. 4) made
the resulting optical thermometer basically independent of the
overall emission intensity which is significantly amended by the
cyanido complexes exhibiting the electronic states at the vari-
able parts of the visible range.*® However, the thermally tunable
absorption properties of Ho'™" centres can be also affected by the
cyanido complexes due to the role of their rich vibrational states
such as cyanido stretching vibrations appearing in the 2100-
2200 cm ™ region of the IR spectrum (Fig. $11). The energies of
these states decrease in the trend of 2 > 3 > 1,*® corresponding
well to the observed improvement of the maximal thermal
sensitivity (Table 2). It can be suggested that one of the vibra-
tional modes contributing to the thermal variation of the Ho™
electronic states belong to the coordinated cyanido ligand, and
their energy, depending on the transition metal, plays a non-
innocent role. This is in line with the recent findings on the
critical role of cyanido stretching vibrations in the [M(CN),]-
dependent tuning of optical properties of f-block metal
complexes.?* In addition to the above characterization of
optical thermometry, we have also performed three thermal
heating-cooling cycling experiments checking the thermo-
metric parameters at three different temperatures (Fig. 5a). It
demonstrates the perfect repeatability (>97%) of the thermo-
metric behaviour in the whole series of 1@Y-3@Y.

The representative region of 435-470 nm of the lumines-
cence re-absorption spectra of 1@Y-3@Y (Fig. 4 and S31-S337),
which shows the most effective thermometric effect, can be also
used for magneto-optical correlations. This part of the spec-
trum contains the complex pattern related mainly to the °Ig —
°Gy electronic transitions, only partially overlapped with the
bands assignable to the °I; — °F, transition. The analysis of the
low-temperature (10 K) spectrum in this range provides the
information regarding only the energy splitting of the excited
G, multiplet while the higher-temperature patterns become
the complex sum of electronic transitions from various states of

Table 2 Comparison of luminescent thermometric performance of 1@Y, 2@Y, and 3@Y for two different thermometric parameters, 4. The
notation Int(4) stands for the intensity of the luminescence re-absorption effect at the indicated wavelength (Fig. 4). The bold values represent the
best parameters in the context of the good thermometric performance range (the temperature region for which S, > 1% K™t and 8T < 1K), and in

the context of the highest achievable maximal thermal sensitivity, S,

Good thermometric performance

Compound Thermometric parameter, 4 range Maximal S, value (at temperature, T)
1@Y Int(446 nm)/Int(456 nm) 25-140 K (115 K range) 6.9% K ! (T = 28 K)
Int(446 nm)/Int(459 nm) 60-195 K(135 K) 5.8% K~ (T =58 K)
2@Y Int(446 nm)/Int(456 nm) 25-130 K (105 K) 2.7% K (T = 42 K)
Int(446 nm)/Int(459 nm) 55-205 K (150 K) 4.5% K~ (T =69 K)
3@Y Int(446 nm)/Int(456 nm) 35-144 K (109 K) 4.6% K ' (T =37 K)
Int(446 nm)/Int(459 nm) 70-197 K (127 K) 5.3% K ' (T = 61 K)
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the ground °Ig multiplet not only to the lowest state of the *Gg
multiplet but also to the higher-lying ones (Fig. S347). This
hampers a straightforward optical estimation of the anisotropic
energy barrier (AE) of Orbach relaxation which is illustrated by
the energy difference between the two lowest quasi-doublets of
the ground multiplet (Fig. 3).">” However, the comparison of
the low- (10 K) and high-temperature (300 K) re-absorption
patterns agrees well with the calculated energy splitting of the
ground multiplet determined from the ab initio calculations,
including both the energy positions of the maxima related to
the groups of closely lying excited states as well as the overall
energy of the crystal field splitting for the ground multiplet,
slightly exceeding 300 cm ™" (Fig. S34, and detailed discussion
in the ESIt). Therefore, the luminescence re-absorption spectra
support the results of ab initio calculations (Fig. 3, and Table
S8t), thus supporting also the interpretation of magnetic
relaxation effects in 1-3.

Conclusions

We report a series of dinuclear cyanido-bridged molecules,
{[Ho™(4-pyridone),(H,0),][M™(CN)s]} (M = Co, Rh, and Ir)
together with their magnetically Y™-diluted analogues exhibit-
ing a Single-Molecule Magnet (SMM) character thanks to the
combined contributions from the pentagonal bipyramidal
geometry, the axial charge distribution, and the supporting role
of the hyperfine interactions. They realize a novel concept of
SMM-based optical thermometers exploring a temperature-
dependent luminescence re-absorption effect of Ho™ centres
detectable within the emission of organic ligands. We prove
that the application of Ho™ complexes is a promising tool for
achieving both the slow magnetic relaxation effect and the
highly sensitive optical thermometry. Our approach is different
from the reported strategies towards magnetic optical ther-
mometers as we explore the re-absorption effect of Ho™ and
commonly observed ligand-based emission. It opens a conve-
nient route to generate the optical thermometric effect by the
incorporation of Ho™ centres into diverse emissive organic or
inorganic matrices. This idea can be also developed in the smart
SMM-based opto-magnetic devices built of Ho™ magnetic
molecules deposited onto the emissive surfaces. Therefore, we
show a promising avenue to combine the SMM property with
optical thermometry without the necessity to control lumines-
cence quenching effects within the lanthanide complex. More-
over, we achieved high thermal sensitivity, reaching up to 6.9%
K" at the lowest temperatures below 40 K which is the working
range of SMMs, thus, such molecular systems are good candi-
dates for SMM-based devices with self-monitoring of tempera-
ture. Our approach takes advantage of the supporting
hexacyanidometallates of transition metals which were able to
modulate the SMM features and the optical thermometric
performance. The best-performance SMM, in the context of the
most efficient suppression of the QTM, was obtained using
heavy [I'"(CN)¢]*” ions, which have never before been applied
for the construction of molecular nanomagnets. Their utility in
the further improvement of Ho™-based SMMs will be now
investigated along with testing of diverse emissive ligands and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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coordination skeletons cooperating with Ho™ centres in the
generation of multifunctional opto-magnetic materials.
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