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Luminescent Single-Molecule Magnets (SMMs) have gained broad scientific attention due to their potential
applications in the dual sensing of temperature and magnetic field or optical thermometry for the self-moni-
toring of temperature in SMM-based devices. We present a route toward thermoresponsive emissive SMMs
based on linking two molecular components separately providing luminescent thermometry and SMM fea-
tures. We combined Dy(i) centers of a rationally constrained coordination sphere giving tunable magnetic an-
isotropy with an emissive dicyanido(2-phenylpyridinato)platinate() anion, [Pt"(CN),(ppy)l~ exhibiting ratio-
metric  optical  thermometry. These  molecular  precursors  undergo  self-assembly  into
{IDY"(MeOH),(NO3)LLIPt'(CN),(ppy)lat-n(solvent) (1) coordination chains of a weak field-induced SMM behav-
ior. However, upon the exchange of MeOH molecules, axially aligned within eight-coordinated Dy(i) com-
plexes, by O-donor organic ligands, including 4(1H)-pyridone (2), pyridazin-4(1H)-one (3), and N-methyl-
pyridin-4(1H)-one (4), an improvement of the SMM character was achieved. This is accompanied by the tuning
of optical thermometry related to temperature-variable excitation and emission spectra of Pt(1) complexes
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which leads to the best-performance multifunctionality in a 4(1H)-pyridone-containing compound. Our work
proves that the heterometallic synthetic approach provides a unique class of SMM-based luminescent thermo-
meters where lanthanide-centered magnetism will not be affected by the light employed to monitor the

rsc.li/frontiers-inorganic temperature through an optical process occurring in attached cyanido transition metal complexes.

intrinsic magnetic anisotropy resulting from spin-orbit coup-

Introduction
ling as well as the appropriate crystal field and its symmetry,”™*

Aiming at smart materials for applications in memory devices
and spintronics, the development of lanthanide Single-
Molecule Magnets (Ln-SMMs) continues, and one may say it
has currently reached its “golden era”. Since the discovery of
high-performance organometallic SMMs,"™ the expectations
of the scientific community have risen, especially as the
demand for ultrafast calculations may imply that liquid nitro-
gen cooling of molecular magnets for their proper operation
will be considered cost-efficient.”® As Ln®" ions offer not only
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but also possess f-f electronic transitions giving the light emis-
sion in the UV-vis-NIR range, their complexes or inorganic
solids find applications in optical industry, security, and
medical diagnostics.'® > Both these physical features, i.e., mag-
netic and luminescence, combined are promising for construct-
ing bifunctional devices. Therefore, apart from the determi-
nation of the electronic structure by fluorescence
spectroscopy,”®® photoluminescent Ln-SMMs are studied as
optical thermometers,**** magnetic field sensors,***>® photo-
switches,””° and pressure indicators.*’ These additional fea-
tures may facilitate in the future the contactless readout of the
magnetic state of a system, while the introduction of chiro-
optical effects,*™** second-harmonic generation,** and other
non-optical phenomena,***® further extend the possible range
of applications. In the latter case, the appearance of physical
cross-effects might also be expected.*”*°

Several strategies were employed to introduce luminescence
functionalities into Ln-SMMs, utilizing various groups
of organic ligands or metalloligands, such as

This journal is © the Partner Organisations 2024


http://rsc.li/frontiers-inorganic
http://orcid.org/0009-0002-0624-4973
http://orcid.org/0000-0002-9789-8173
http://orcid.org/0000-0001-7436-1675
http://orcid.org/0000-0002-8102-1801
http://orcid.org/0000-0003-4692-5757
http://orcid.org/0000-0001-9511-5270
http://orcid.org/0000-0002-1669-9835
https://doi.org/10.1039/d4qi02373k
https://doi.org/10.1039/d4qi02373k
https://doi.org/10.1039/d4qi02373k
http://crossmark.crossref.org/dialog/?doi=10.1039/d4qi02373k&domain=pdf&date_stamp=2024-10-30
https://doi.org/10.1039/d4qi02373k
https://pubs.rsc.org/en/journals/journal/QI
https://pubs.rsc.org/en/journals/journal/QI?issueid=QI011022

Published on 26 September 2024. Downloaded on 4/23/2026 11:03:52 PM.

Inorganic Chemistry Frontiers
polycyanidometallates.’®** Among them, anthracene-functio-
nalized phosphates were found to exhibit their intrinsic
luminescence when combined with Dy(m) centers instead of
sensitizing the emission of a lanthanide origin; however, they
additionally introduce the photo-switching property due to the
light-induced 4 + 4 cycloaddition.’®®* The other strategy
employs hexafluoroacetylacetonates with supporting organic
ligands which can lead to the sensitization of a lanthanide
emission, allowing also the introduction of redox activity or
chirality.>*” For several years, we and others focused on d-f
heterometallic assemblies built of Ln** ions and diamagnetic
cyanido transition metal complexes.’®*®* The latter allowed us
to separate magnetically anisotropic Ln(m) complexes within
the crystal lattice, as well as sensitize their vis-to-NIR emission.
Concerning the functional luminescent part of such systems,
we studied the optical thermometry effect. We used diverse
parameters of the generated luminescence including the ratio
between the main emissive components of two lanthanide
ions, the detailed pattern of the re-absorption effect of Ho>*
ions within the ligand’s emission band, the emission lifetime,
and the intensities of hot and cold emission bands within the
same emissive multiplet of the Ln** ion.®*"*® The last approach
was the most efficient for designing Ln-SMMs whose oper-
ational regime overlaps with the working range of thermome-
try.®® These strategies greatly contributed to the development
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of optical thermometers based on Ln-SMMs. However, all the
systems, reported since the rise of this research field in 2019,
employ absorption and emission properties related to f-f elec-
tronic transitions as the origin of the read-out signal used to
define the thermometric parameters (Fig. 1). Therefore, both
properties, i.e., optical thermometry and the SMM effect,
involve the usage of the same paramagnetic Ln(m) center. As a
result, one may state, that even such a smart contactless way of
monitoring the temperature of a molecular magnet, bears the
risk of losing the magnetic memory effect due to the light-
induced population of an excited multiplet showing a different
magnetism in the ground state that gives the SMM effect.

In these regards, we decided to search for an alternative
strategy toward SMM-based luminescent thermometers where
both magnetic and optical properties will co-exist at the mole-
cular scale but do not interfere to keep the critical magnetic
memory effect undisturbed. Our idea was to combine the Ln
(m)-based SMM behavior with thermosensitive photo-
luminescence originating purely from a strongly light-absorb-
ing and emissive cyanido metal complex. In the resulting
material, the light excitation should be focused only on the
cyanido complex and no energy transfer to the Ln(ui) centers
should occur, leaving Ln-SMM characteristics unchanged. To
realize this concept, we decided to employ diamagnetic and
strongly emissive cyclometalated square planar Pt(u) com-

Optical Thermometers Based on Single-Molecule Magnets (SMMs)

magneto-opto-electric
multifunctionality in an
NIR thermometry based Yb"-based molecule
on a single Yb" center RO - P

i ,r‘ - dual temperature &
! H-field sensing using

a Dy -centered emission

. p\‘,w.m,,,,%;&\\\\ thermometry under /7
rﬂ w4\ applied H-field for | e

desolvation-induced overlap
of SMM behavior and
thermometry of a Tb" center

-H:0 N7

thermometry based on the

_/;\ e T.; emission of a luminophore
magneto-luminescent -4 '/'é’»._.l: \/\""‘ attached to a Dy" SMM
thermometry for a high- %7, A " |5 .. :
performance Dy" SMM ~.-%+, 7 4 <’} o, j

30f Taminosconce & Wogndian ] * ,* “

_ = P “woen g Dy" complex { e
Thegomety = RN - £z .. eversiie denydraven
G. Brunet et al. J. Wang et al. j 22 —-ﬁﬁ J. Wang et al.
Chem. Sci. J. Am. Chem. Soc. c . H Angew. Chem.
o [N YT Lweggpes — SR
"Energy Barier (o) this work
read-out based D. Errulat et al. R.A. 8. Ferreira et al. S. Zanella et al.
on Ln(Ill) emission ACS Cent. Sci. Adv. Optical Mater. Angew. Chem.
[ 1 1 | 1 1
1 1 1 1 1 1 >
2019 2020 2021 2022 2023 2024 both SMM and

read-out based
on Ln(lll) absorption

thermometry based on
luminescence re-absorption
for Ho" SMMs

J. Wang et al.
Chem. Sci.

thermometry based
on a Ln(lll) center

thermometry based on
magnetic circular dichroism

for a Ho" complex

D. A. Gdlico et al.
Angew. Chem.

Fig. 1 The timeline of the most crucial achievements in the development of optical thermometry based on SMMs and the research line initialized
by this work. The graphic on the top, 1% from the left, has been reproduced from ref. 29 with permission from the Royal Society of Chemistry. The
graphic on the top, 2™ from the left, has been adapted from ref. 36, which was published under the ACS AuthorChoice license. The graphic on the
top, 3™ from the left, has been adapted with permission from ref. 63. Copyright 2020 American Chemical Society. The graphic on the top, 4" from
the left, has been adapted with permission from ref. 32. Copyright 2021 John Wiley & Sons. The graphic on the top, 3™ from the right, has been
adapted with permission from ref. 31. Copyright 2023 John Wiley & Sons. The graphic on the top, 2" from the right, has been adapted with per-

mission from ref. 66. Copyright 2023 John Wiley & Sons. The graphic on

the bottom, 1 from the left, has been reproduced from ref. 64 with per-

mission from the Royal Society of Chemistry. The graphic on the bottom, 2" from the left, has been adapted with permission from ref. 33.
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plexes which usually contain a C,N-bidentate (i.e., C*"N-type)
ligand together with a supporting co-ligand. These complexes
were recognized for their efficient and stimuli-responsive
visible emission of mixed ligand-centered and metal-to-ligand
charge-transfer origin.®””7° For our purposes, we selected a
specific member of this family of complexes, i.e., containing a
C,N-bidentate anionic form of 2-phenylpyridine (ppy~), which
provides an emissive character, and two cyanido ligands,
which results in the anionic form of the complex making it
suitable as a metalloligand for Ln** ions. This precursor, cis-
Pt(CN),(ppy)~ was also selected as it is a luminescent analog
of recently investigated non-emissive cis-dicyanidoiron(u)
which was shown to efficiently constrain the Dy(ur) coordi-
nation sphere within a d-f coordination chain enabling the
insertion of two O-donor ligands at the axial positions of the
Ln(m) complex which induces the SMM effect.”" Following
these perspectives, we combined magnetically anisotropic Dy**
ions with stimuli-responsive emissive [Pt"(CN),(ppy)]” com-
plexes, obtaining a series of coordination polymers, from
initial  {[Dy"(MeOH),(NO3)],[Pt"(CN),(ppy)]s}-n(solvent) (1)
with MeOH molecules at the axial positions of eight-co-
ordinated Dy(m) complexes to isotopological chains with
MeOH molecules exchanged with O-donor ligands, i.e., 4(1H)-
pyridone (2), pyridazin-4(1H)-one (3), and N-methyl-pyridin-4
(1H)-one (4). They combine thermosensitive Pt(u)-centered
emission being the basis of ratiometric optical thermometry
with Dy(m)-centered SMM features ranging from weak field-
induced effect for 1 to its great improvement in 2-4. The con-
junction of luminescence and magnetism, originating from
two different metal complexes installed together within a
coordination polymer, was tuned by supporting organic
ligands affording best-performance multifunctionality for 2.
These effects are discussed based on experimental structural,
optical, and magnetic studies, which are supported by ab initio
calculations.

Results and discussion

Crystals of 1-4 suitable for single-crystal X-ray diffraction
(SC-XRD) experiments were obtained by mixing an organic
salt of dicyanido(2-phenylpyridinato)platinate(u) with Dy(u)
nitrate in the methanol/acetonitrile solution, and diffusion
of diethyl ether (see Experimental details in the ESIT).
In the absence of additional organic ligands, the crystals
of {[Dy™(MeOH),(NO;)L,[Pt"(CN),(ppy)]s}-2MeCN-2.5Et,0 (1)
were obtained (Fig. 2, S1-S3 and Tables S1-S31). Their struc-
ture consists of two symmetry-independent Dy™ complexes of
the {Dy™(MeOH),(u-NC),(NO;3)}*~ formula. According to
Continuous Shape Measure (CShM) analysis,””* both of them
adopt a dodecahedral geometry. However, in these complexes,
one can notice a plane provided by cyanido ligands, which is
distorted by a perpendicularly coordinated nitrate anion.
Above and below this plane, two coordinated MeOH molecules
are positioned, with the related O1-Dy1-O2 and O6-Dy2-O7
angles of 164.0(2)° and 157.7(2)°, respectively. Thus, the Dy(u)
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coordination geometry resembles a pentagonal bipyramid
(Table S37), proven to be suitable for SMM behavior; however,
formally, it is an eight-coordinated complex of a strongly dis-
torted dodecahedral geometry as the equatorially aligned
nitrate ion is the O,0-bidentate ligand.’™** These Dy(u) com-
plexes are bridged by four [Pt"(CN),(ppy)]” metalloligands
into coordination chains of vertex-sharing {Dy}'Ptl'} squares.
To exploit the attractive geometry of Dy™ centers, various
O-donor ligands were tested to replace axially alignhed MeOH
ligands. This was achieved using 4(1H)-pyridone (4-pyone), pyr-
idazin-4(1H)-one (4-pydzone), and N-methyl-pyridin-4(1H)-one
(4-Mepyone).”* The first case leads to {[Dy™(MeOH)(NO;)(4-
pyone)]|[Dy"(NO;)(4-pyone), [Pt (CN),(ppy)]s}-1.25MeCN-2MeOH
(2) chains of vertex-sharing squares, similar to 1 (Fig. 2, S1, S2,
S4 and Tables S1, S4, S51). When compared with 1, both
axial MeOH ligands of the Dy™ coordination sphere were
exchanged only for one Dy™ center, (Dy2), while the Dyl
center is coordinated by one MeOH molecule and one 4-pyone
ligand. The Dy2 center retains a distorted dodecahedral
geometry, while the Dyl geometry is modified towards a
bicapped trigonal prism. However, as for 1, the similarity
to a pentagonal bipyramidal geometry, related to the presence
of tightly bonded but formally bidentate nitrate ion, remains
for both Dy"™ complexes (Table S51), with the axial O-Dy-O
angles of 155.6(3)° and 161.5(3)° for Dy1 and Dy2, respectively.
An analogous effect was observed for the 4-pydzone ligand
giving {[Dy™(MeOH)(NO;)(4-pydzone)][Dy"(NO;)(4-pydzone),]
[Pt"(CN),( ppy)]s-MeCN-2MeOH-0.5Et,0 (3) chains (Fig. 2, S1,
S2, S5 and Tables S1, S6, and S77). The identical results of the
CShM analysis, as well as similar O-Dy-O angles of 155.0(3)°
and 160.9(3)° for Dyl and Dy2 centers, respectively, can be
ascribed to the similar size of the organic ligand in 2 and 3. A
different behavior was observed for the 4-Mepyone precursor
which results in the analogous chains of vertex-sharing
squares but with the composition of {[Dy"™(4-Mepyone),
(NO3) [Pt (CN),(ppy)]s}-0.5MeCN-2MeOH (4) (Fig. 2, S1, S2, S6
and Tables S1, S8, and S9t). In 4, both symmetry-independent
Dy centers coordinate two axially aligned 4-Mepyone ligands.
Their arrangement is similar to the analogous ligands in 1-3,
with 161.8(9)° and 161.9(11)° O-Dy-O angles for Dy1 and Dy2
centers, respectively. The similarity is also valid for the related
coordination geometries as inferred from the CShM analysis
showing a dodecahedral shape for both complexes. Some
trends can be noticed for Dy-O distances. For nitrate O-atoms,
they stay close to 2.4 A or above for all 1-4 cases, while the
O-atoms of MeOH ligands are located in the shorter
2.31-2.35 A range. For 2 and 3, supporting organic ligands
result in the shorter 2.21-2.29 A range of the Dy-O distances
while, in 4, the Dy complexes reveal one shorter (<2.3 A) and
one longer (>2.3 A) Dy-O bond. This suggests that although a
higher degree of MeOH exchange is achieved in 4, the axiality
seems deteriorated due to the steric hindrances and supramo-
lecular interactions. The phase purity and identity of bulk
samples of 1-4 along with their structural models were con-
firmed using a powder X-ray diffraction method (Fig. S77).
This method was also used to prove the isostructurality of 1-4

This journal is © the Partner Organisations 2024
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Fig. 2 Visualization of the functionalization of 1 by O-donor organic ligands depicted by the representative views of 1-4. For each system, the frag-

ment of the {Dy}'Pt}}, chain is presented with insights into the two types of Dy'
fragments for C and N atoms, respectively), dark blue balls represent Pt" centers, dark red balls stand for Dy

" complexes. The ppy ligands are drawn using sticks (grey and black
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nitrate ions (N — darker hue, O — lighter hue), whereas colors close to orange, red, blue-violet, and green were used for MeOH (C — dark orange,
O - light orange), 4-pyone (C — red, O — light pink, N — pink), 4-pydzone (C — blue, O - light blue, N — violet), and 4-Mepyone (C - light green, O -

light olive green, N — dark green), respectively.

with their magnetically Y™-diluted samples of 1md-4md

which were prepared for magnetic studies (see Experimental
details in the ESIt). All compounds were studied in the mother
solution or other protectants as they undergo solvent exchange
upon exposition to the air.

Due to the presence of [Pt"(CN),(ppy)]” complexes,
which are known to reveal charge transfer (CT) electronic
transitions,®” 7% 1-4 show strong broadband light absorption
ranging from the UV region to ca. 400 nm (Fig. S8%). It is
accompanied by residual visible light absorption related to
forbidden f-f electronic transitions of Dy"" centers. Upon the
UV excitation at room temperature, compounds 1-4 exhibit
green emission assignable to the CT and (admixed) ligand-
centered (LC) excited states of Pt"" complexes as typical broad
bands with the vibronic structure and nearly-ps emission life-
times were found (Fig. 3, S9-S17 and Tables S10, S117).577°
In particular, the broad emission bands range from ca. 460 to
700 nm, and a few distinct components at ca. 485, 515, 545,
and 590 were observed. Their positions are similar in 1-4 but
the relative intensities of emission components vary between
compounds (Fig. 3 and S14-S17%). These differences can be
attributed to modified phonon mode schemes which affect
the intensities of vibronic components of the CT/LC emis-

This journal is © the Partner Organisations 2024

sion, being governed by the structural variation within the
Dy™-Pt" chains and changes in intermolecular interactions
and solvent content in the series of 1-4. Room-temperature
emission lifetimes are close to 1 ps in all compounds and
rather invariant on the emission maximum. This confirms a
single origin of the whole emission as typical for cyclometa-
lated Pt(n) and Ir(m) complexes.””®® Upon cooling, the
increase of emission lifetimes to ca. 21-23 ps at 77 K is
observed, thanks to the weakening of emission quenching
through thermally-activated vibrations (Fig. S9-S12 and
Table S10t). The emission quantum yields (&) were deter-
mined using a direct method at room temperature (Fig. S13
and Table $107).5' The highest @ value was found for 4, i.e.,
11.0(2)% for the optimal excitation, Aex. of 350 nm; a slightly
lower value of 9.6(7)% is registered for 1, under the same Aey,
while 2 and 3 are characterized by less than halves of these
values.

The observed variation in emission quantum yields can be
discussed in the context of the role of the MeOH-to-ligand
exchange that happens along the series of 1-4. In general, the
exchange of MeOH-to-4-Mepyone in 4 seems to support the
emission efficiency which can be assigned to the reduction of
vibrations quenching the emission (assuming that the solvent

Inorg. Chem. Front,, 2024, 11, 7966-7978 | 7969
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Fig. 3 Temperature-variable emission spectra for 1 (a) and 2 (b) under
the 320 nm or 410 nm excitation, respectively; T-variable excitation
spectra for 1 (c) and 2 (d) at the monitored emission at 510 nm or
515 nm, respectively; T-dependences of the thermometric parameter, 4,
defined as the ratio between integrated areas centered at 275 nm and
410 nm for 1 (e) or 280 nm and 415 nm for 2 (f), together with the rela-
tive thermal sensitivity curves, S,(T), and temperature uncertainties, 8T at
the indicated temperatures for 1 (g) and 2 (h).

MeOH molecule, involved in the H-bonding network that also
includes the emissive Pt(n) complexes, is at least partially
responsible for the emission quenching). As a result, the
quantum yield for 4 is better than that in the starting material
of 1. On the other hand, the ligands (4-pyone and 4-pydzone)
replacing the MeOH molecules in 2 and 3 seem to contribute
to the emission quenching more significantly than the solvent
which can be related to their involvement in the H-bonding
network that also employs the emissive Pt(i1) complexes. As a
result, their QYs are much lower than those of 1 and 4. It is
important to note that the MeOH-to-ligand exchange is pre-
sumably not the only factor that contributes to the variation in
QYs in the presented series of compounds as, e.g., diverse
non-coordinated solvent contents were observed in 1-4, thus
various additional emission quenching pathways can operate
for the obtained systems.

The Dy"'-centered emission, expected in the vis-to-NIR
range was not observed in 1-4 indicating the lack of direct f-f
excitation due to the dominant UV-light absorption by Pt(u)
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complexes and a lack of the energy transfer to Ln**
ions.'®'88°62 pegpite this, upon cooling, both the emission
and excitation patterns were significantly modulated (Fig. 3,
S14-S17 and Table S11f). As the CT/LC emission with the
vibronic structure is tuned, the related changes should be cor-
related with the modification of phonon modes resulting in a
different population of critical vibrational states. As a result,
emission components change their intensities differently
upon cooling while the shifts of the related emission energies
are subtle.

More pronounced thermal changes are visible within the
excitation patterns. The broad excitation bands located at the
edge of the vis-region are weakly amended by temperature. In
contrast, for the higher-energy excitation, a large increase in
the signal intensity appears on cooling, especially for 1 and 2
(Fig. 3c and d). Such behavior is challenging to elucidate fully
but can be related to the cooling-induced favoring of high-
energy excitation enhanced due to the weakening of vibrations
which hampers the energy relaxation to the emissive state
from very high-lying states.

The temperature changes in emission and excitation
spectra in 1-4 were tested as a source of ratiometric optical
thermometry. Firstly, the numerous combinations of emis-
sion/excitation wavelengths were analyzed considering the
change in the intensity ratio between high and low tempera-
tures (see the ESI} for details). Then, for the optimal wave-
lengths, the ranges for integrating the intensities were estab-
lished to decrease the impact of the experimental noise on the
temperature uncertainties of a resulting thermometer. Finally,
the thermometric parameters for the whole T-range were calcu-
lated as the ratio between the integrated areas, eqn (1):

AI — I:rea/IaBrea. (1)

The T-dependence of A; was fitted according to the Mott-
Seitz model using either one or two exponential components;
then,®>®* relative thermal sensitivity curves were determined
using eqn (2):

1
=1

o
oT

r

: (2)

Furthermore, the temperature uncertainty at a given temp-
erature was evaluated using square roots of sums of squares of
intensity uncertainties and calculating the related 84; values
(see the ESIT). Only for 2, it was possible to extract a reason-
able calibration curve for the thermometric behavior based on
the ratio between integrated areas of emission bands, ie.,
using those centered at 485 nm and 502 nm (Fig. S157). Even
then, the maximal S, value of 0.64% K ' stays below the
boundary for the good-performance thermometry (S, > 1%
K™'). However, a reasonable sensitivity was achieved in the
50-220 K range, where S, > 0.3% K ' and the temperature
uncertainty, 87, stays below 1 K. On the other hand, when
employing the A; parameters based on excitation spectra, the
thermometric performance of all systems is improved (Fig. 3,
S14-S17 and Table S11t). Although in each case differently
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positioned integrated areas are used, for every such defined
8A; parameter the denominator corresponds to the weakly
T-dependent excitation at higher A values, while the higher
energy excitation region is used for the numerator of A; para-
meter. In this approach, the thermometric curves reveal higher
thermal sensitivity close to room temperature. The weakest
temperature variability within the excitation spectra is found
for 4, which can be noticed by small S, values below 0.3% K"
(Fig. S171). For 1 and 3, the highest sensitivity, of 2.16% K"
and 1.52% K, respectively, was reached at 290 K (Fig. S14
and S167). However, upon cooling, S, successively decreased,
crossing the 1% K limit at 200 and 270 K, respectively. A
slightly shifted working T-regime is found for 2, where the
maximal S; of 1.11% K" appears at 220 K (Fig. 3 and S157).
Then, good thermometric performance is achieved in the
185-265 K range. However, by combining both low-T (emis-
sion-based) and high-T (excitation-based) optical thermometry,
2 covers the largest range of temperatures.

Motivated by the geometry of Dy(u1) complexes with axially-
positioned O-donor ligands in 1-4, all materials were studied
from the viewpoints of direct-current (dc) and alternate-
current (ac) magnetic properties. As expected for systems with
Ln(m) centers separated by diamagnetic polycyanidometal-
lates, upon cooling to 1.8 K, no sign of magnetic coupling is
observed (Fig. S18t). Both the y\T(T) and M(H) curves corres-
pond to the paramagnetism of uncoupled Dy™ complexes.>*
The detected continuous decrease of the y\7T product upon
cooling is due to the depopulation of the excited m; levels
within the ground multiplets of the Dy™ centers. Within the
M(H) curves gathered at 1.8 K, the magnetization reaches ca.
10ug at 70 kOe without saturation, which is consistent with the
presence of two isolated Dy™ ions per formula unit in 1-4.

Similar results of dc magnetic characterization are found
for the related magnetically diluted samples 1md-4md when
scaled by the percentage of paramagnetic ions within the
sample. Moreover, the M(H) curves at 1.8 K for 2 and 4, and
their diluted analogs, show a hysteretic behavior of the butter-
fly shape, which is characteristic of the SMM behavior with a
zero-field quantum tunneling of the magnetization (QTM)
effect; therefore, proving the presence of significant magnetic
anisotropy of related Dy™ centers (Fig. 4 and $19%). To discuss
the crucial crystal-field effect illustrated by the dc magnetism,
the ab initio calculations of a CASSCF/RASSI/SINGLE_ANISO
type were performed.®*°° They were done within the
OpenMolcas package, starting from the experimental geome-
tries of Dy™ complexes in 1-3 (Fig. 4, $18, $20-522 and Tables
S12-S15, and details are provided in the ESIf). Related calcu-
lations for the crystal structure of 4 were also performed.
However, due to the significant structural disorder affecting
the reliability of the related structural model, they are excluded
from the main discussion, even though they are qualitatively
comparable with the results for other compounds (see
Table S20 and Fig. S48f, and the related comment in the
ESIT).

The considered structural fragments together for 1-3 with
the calculated main easy axes of the pseudo-g-tensor are
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Fig. 4 The alignment of magnetic easy axes for Dy2 centers in 2 (a) and
the related arrangement of crucial O-donor ligands in 4 (c) (for the ana-
logous views for other Dy complexes of 1-4, see Fig. S20-S23+), and
the related magnetic hysteresis loops gathered at 1.8 K for the powder
samples of 2 and 2md (b) as well as 4 and 4md (d).

shown in Fig. 4 and S20-S22.1 Two different sizes of the mole-
cular fragments involving each Dy(m) center of the reported
compounds were taken into account, i.e., the smaller one with
only the nearest ligands around the Dy(ui) center (model S)
and the bigger one with the Dy(m) complex and Pt(i1) metalloli-
gands (model B, see the ESIT for more details). The results of
calculations performed for these two models, S and B, were
very different, both in the obtained energy splitting, compo-
sition of m; levels, and the alignment of magnetic axes. The
more accurate data, especially in the context of the reliability
of the representative molecular fragment that should involve
as many atoms around the Ln(m) center as possible, can be
undoubtedly assigned to the calculations for models of a B-
type; thus, the results for such size of the calculated fragments
were used to analyze the ac data for 1-3 (Tables S17-S19%).
Using these computational results, the dc magnetic curves
could be well-reproduced (Fig. S18%). In 1, as expected, there is
no obvious correlation between the ligands around the Dy(u)
centers and the direction of easy magnetic axes which is not
surprising as there are no axially aligned organic ligands that
can control the magnetic axiality. On the other hand, in 2, it
was found possible to determine the expected direction of the
axis for one of the complexes (Dy2 center, Fig. 4a and S217)
indicating that added O-donor ligands of 4-pyone can indeed
control the Dy™ anisotropy. The second metal center, Dyl,
behaves differently which is understandable as there is only a
single 4-pyone ligand coordinated to the lanthanide center.
Somewhat surprisingly, the calculations indicate that in 3 the
center responsible for the SMM performance is Dyl rather
than Dy2, despite the latter being coordinated by two O-donor
(4-pydzone) ligands, as the former exhibits higher anisotropy,
purity of states, and a larger energy barrier (Table S15%).
Nevertheless, such a result stays in line with the experimental
data, as the related properties of 3 are closer to those found for
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compound 1 which does not possess additional O-donor
ligands at the axial positions of the Dy(m) complexes (Fig. 1).
At the same time, 3 shows a significantly weaker SMM per-
formance than 2 and 4 bearing axially aligned 4-pyone and
4-Mepyone ligands, respectively, the fact that holds also for the
magnetically diluted counterparts. This means the 4-pydzone
ligand does not work efficiently enough to control the mag-
netic axiality of the compound.

The experimental ac magnetic data for 1-4 were collected
within field- and temperature-variable curves (Fig. 5 and S23-
S47%). In 1, at the zero dc field, only the onset of the SMM be-
havior is recorded due to the weak field of two axial MeOH
molecules in its Dy"™ complexes (Fig. $23t). To slow down
relaxation times, the Hy, field was applied at 1.8 K, resulting in
the appearance of y"(v) maxima. From field-variable ac data,
two relaxation times (7) were extracted, with one of them being
temperature-independent.”*°»°> When analyzing the resulting
7(T, H) dependences, the selected components of eqn (3) were
used (see the ESIT for details):

7 YH,T) =10 exp _AE +AH"T
’ 0 ]CBT
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where the subsequent terms correspond to Orbach, direct,
QTM, and Raman relaxation effects.”"*** Thus, the second
relaxation in 1 was fitted using the contributions from the
Raman relaxation and QTM (Fig. S24-S267). For 1md, the
onset of magnetic relaxation at 0 dc field disappears,
suggesting a role of weak magnetic interactions in 1
(Fig. S27%). Field-induced SMM behavior in 1md can be
described as two relaxation processes which is due to the pres-
ence of two symmetry-independent Dy centers. For this case,
as well as in 1, the Orbach relaxation was excluded, which is
supported by the ab initio calculations, showing too large gaps
between the Kramers doublets of ca. 99 and 63 cm ™", for Dyl
and Dy2 centers, respectively (Tables 1 and S167).

The MeOH exchange affects the magnetism as suggested by
the presence of M(H) hysteresis loops in 2 and 4 (Fig. 4). For
them, the presence of slow magnetic relaxation at the zero dc
field was noticed and followed in the T-regimes of 2-26 K and
2-24 K, respectively (Fig. 5, S30-S32, S42-S44 and Tables S17,
S197%). For 3, the slow magnetic relaxation at the zero dc field
is visible only at the edge of the measurement range (Fig. 5,
S36 and Table S187), presumably due to the increased QTM. A
much smaller impact of the QTM is found for 2 but, for the

(3) number of T values, the y"y(v) maxima remained unaffected.
2 .
i By i (1 +aH ) o™ Even a smaller impact of QTM was found for 4, where the
(1+4B,H?)  \1+ bH? 7'v(v) maxima quickly moved with the temperature. The
b c
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Fig. 5 Alternate-current (ac) magnetic properties of 2, 3, 3md, and 4, including zero-dc-field frequency dependences of the out-of-phase suscep-
tibility, y"'m(v), collected in the 2-26 K range for 2 (a), 2-16 K for 3 (b), 2—24 K for 4 (c), and 4-10 K for 3md (b, inset); T-dependences of the relax-

ation times under the zero field and the indicated Hy. for 2 (d), 3md (e),

and 4 (f). Solid lines in (a—c) represent the best-fit curves obtained using a

generalized Debye model. In (d—f), solid lines represent the best-fit curves of the T-dependences of relaxation times, while the individual relaxation
routes (Raman and QTM; QTM'’ corresponds to the non-zero Hy.) are marked by colored dashed lines. The detailed ac magnetic data for 1-4 and

1Imd-4md, are gathered in Fig. S23-S47+ and Tables 1, S16-S19.}
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application of the external field, both for 2 and 4, reduced
QTM, without introducing a field-induced direct process.
Then, under the elevated field, the Raman relaxation was fully
uncovered. Although several attempts were made to fit the
T-variable ac data by employing the Orbach relaxation, the
related energy barrier values were found to be unreliable.
Therefore, this process was removed from the consideration,
and the data were fitted using Raman relaxation and QTM. In
the case of 3, the application of the external field partially
quenches QTM leading to longer relaxation times. However, at
the more elevated Hy. values, the direct process is activated
and the relaxation time is again shortened. Such behavior
leads to an optimal field of 2 kOe, which was employed to
study the field-induced SMM effect in 3 (Fig. S37 and S387).
The obtained T-dependence can be fitted again by employing
the terms of Raman and QTM. Similar results were found after
magnetic dilution. For 3md (Fig. S39-S41f%), the smaller
content of Dy™ centers and the related removal of the residual
magnetic interactions gave the detectable 7 values at zero dc
field. The crucial parameters of slow magnetic relaxation in
1-4 are collected in Table 1.

For 2-4, only a single magnetic relaxation process can be
distinguished. Such an effect suggests that only centers with
two O-donor aromatic ligands are involved in the SMM behav-
ior. For 2 and 3, the Dy"™ center coordinating a single support-
ing organic ligand seems to reveal worse anisotropy than those
of 1 (Tables 1 and S13-S15%). In 4, the rationalization of the
SMM behavior can be delivered by the analogy to the other
systems bearing Dy centers with two O-donor organic ligands.
This statement is supported by the lack of the Orbach relax-
ation for 4 and 4md. Within the series, the highest purity of
the ground Kramers doublet is found in 2 (Dy2, Table S147),
and the related transversal pseudo-g-tensor components are
near zero. For 4, the fact of an even smaller impact of the QTM
suggests even higher ground state purity for at least one of the
Dy centers. However, significant structural changes are present
between Dyl and Dy2 centers in 4, which together with the
occurrence of only one relaxation time within the ac data,
suggests a much weaker anisotropy for one of them. Both
centers are rather similar in the context of the Dy-O(organic
ligand) and Dy-N(cyanido ligand) distances, O-Dy-O angle,
and matching the same geometry determined from the CShM
analysis (Tables S8 and S9). However, in the case of the Dy2
center, a slightly elongated Dy-O distance for the coordinated
nitrate anion of over 2.5 A may be the source of an increased
anisotropy by approaching a lower coordination number of
seven, known for its good SMM performance. Apart from the
reduced impact of QTM in 4, a smaller N of the Raman relax-
ation was detected, giving rise to more pronounced M(H) hys-
teresis at 1.8 K. Moreover, only for 4, it was crucial to employ
the H-dependent form of the Raman relaxation, which stems
from the predominance of this relaxation both in the zero dc
field and under its higher values (Table $197).9%

A similar behavior to 2 and 4, was observed for the 2md
and 4md analogs (Fig. S33-S35, S45-S47% and Tables 1, S17,
S197); thus, the difference in the QTM should not be linked
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with residual magnetic interactions but with the ground state
purity. In these regards, the positive effect of the MeOH
exchange upon Dy magnetic anisotropy is observed in both
the ab initio analysis and the experiment. Interestingly, for 1,
relatively large energy gaps were calculated between the
ground and the first excited doublet of 99 and 63 cm .
Despite this, a weak field induced by MeOH molecules results
in highly mixed ground Kramers doublets, facilitating the
QTM. A similar case was observed for 3, showing only the
onset of field-free SMM behavior while the ground state purity
allowed us to observe a good SMM effect in compound 2.

Conclusions

We report a family of photoluminescent single-molecule
magnets, obtained using a rational design of the crystal field
around Dy(u1) centers based on their incorporation into hetero-
metallic coordination polymers with dicyanido(2-phenyl-pyri-
dinato)platinate(u) anions (see the additional comment on the
concept of SMM-based coordination polymers in the ESIT),
with the further support of O-donor organic ligands placed at
the axial positions of eight-coordinated lanthanide complexes
of strongly distorted dodecahedral or bicapped trigonal prism
geometries. Strongly UV-light-absorbing Pt(un) molecular units
serve as the only luminophores providing the visible emission
of the mixed charge transfer (CT) and ligand-centered (LC)
character in the broad temperature range. The Dy(ur) emission
remains inactive due to the lack of energy transfer between Pt
() CT/LC states toward Dy(ur) centers and the negligible role of
direct f-f excitation. As a result, the optical properties are
exclusively related to the Pt(u) complexes while the magnetic
ones are due to the nature of Dy(m) centers. We studied
T-variable luminescence characteristics finding the thermo-
metric behavior, especially well-pronounced for the excitation
spectra for the CT/LC emission of Pt(u)-cyanido units in com-
pounds bearing only MeOH molecules and those supported by
4(1H)-pyridone ligands. Obtained compounds reveal tunable
SMM features generated by inducing the proper geometry of
Dy(III) centers, constrained by cyanido ligands, and the axial
alignment of supporting O-donor ligands. The exchange of
MeOH molecules, which serve as axial ligands for the pristine
system, with O-donor organic ligands improves the magnetic
anisotropy of Dy(u) centers, leading to the magnetic hysteresis
loop for systems with 4(1H)-pyridone and N-methyl-pyridin-4
(1H)-one. The employed strategy for the SMM construction can
be further explored by testing other types of organic ligands,
in the best scenario with more negatively charged donor
atoms, which can be conveniently placed at the axial positions
of the Dy(u1) complexes within the proposed coordination skel-
eton. Considering the reported compounds, the system based
on 4(1H)-pyridone exhibits the best-performance equilibrium
between two functionalities, i.e., the SMM effect and ratio-
metric optical thermometry. Moreover, depending on the
optical features employed, the latter effect was found to work
both in the cryogenic and near-room temperature range. As
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the most important outcome, we proved that it is possible to
apply a heterometallic synthetic approach for designing the
SMM-based optical thermometer for which the optical
response is not connected with the property of lanthanide
centers, thus leaving their SMM characteristics unaffected.
This is the route to monitor the temperature of SMM-based
electromagnetic devices without influencing the magnetic
memory effect, thus overcoming the technical issue appearing
for SMM-based optical thermometers employing a single Ln
(m) center for both magnetic and optical effects
(Fig. 1).2973%:%37%6 The presented route is worth further explora-
tion by searching for novel thermoresponsive luminophores
that can be molecularly attached to high-performance lantha-
nide single-molecule magnets. This is expected to address the
upcoming challenges within the fruitful usage of the reported
concept, which include the generation of both good SMM be-
havior and good-performance luminescent thermometry in the
same temperature range as well as further observation of the
synergistic effect between the magnetic and optical effects
incorporated into such advanced magneto-luminescent mole-
cular systems.
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