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ABSTRACT: Two three-dimensional (3-D) polycyanidometallate-based luminescent
thermometers with the general formula {Ln,Co,(CN),,(4-benpyo),,(H,0)-7H,0},
Ln = (Dy(III)(1), Eu(1II)(2)), based on the red-emissive diamagnetic linker
[Co(CN)4]*™ and the bulky pyridine derivative that possesses the N-oxide moiety,
4-benzyloxy-pyridine N-oxide (benpyo), were prepared for the first time. The structure
of compound 1 has been determined by single-crystal X-ray crystallography while the
purity and structure of 2 have been confirmed by CHN, Fourier transform infrared
spectroscopy (FT-IR), and powder X-ray diffraction (PXRD) analysis. Magnetic AC
susceptibility measurements at zero field show no single-molecule magnet (SMM)
behavior indicating fast relaxation operating in 1. Upon application of an optimal field
of 2 kOe, the SMM character of compound 1 is revealed while the 7(T) can be
reproduced solely considering the Raman process 7' = CT" with C = 7.0901(3) s~
K™ and n = 3.58(1), indicating that a high density of low-lying states and optical as

well as acoustic phonons play a major role in the relaxation mechanism. Micron-sized superconducting quantum interference device
(u-SQUID) loops show a very narrow opening in agreement with the AC susceptibility studies and complete active space self-
consistent field (CASSCF) calculations. The interaction operating between the Dy(IIl) ions was quantified from CASSCF
calculations. Good agreement is found by fitting the experimental DC y,T(T) and M(H), employing the Lines model, with ., =
—0.087 cm™! (—0.125 K). The excitation spectra of compound 2 are used for temperature sensing in the 25—325 nm range with a
maximum relative thermal sensitivity, S, = 0.6% K" at 325 K, whereas compound 1 operates as a luminescent thermometer based on
its emission features in the temperature range of 16—350 K with S, ~ 2.3% K" at 240 K.

INTRODUCTION

A new generation of light-emitting materials that act as remote
thermometer sensors appeared in the middle of the last decade
due to the need to replace conventional contact-type
thermometers that failed in their role in monitoring the
temperature at micro and nanoscales (for instance, during the
operation of spintronic devices)."” Consequently, the need to
combine two different physical properties into a single-phase
material led to multifunctional materials®® that could monitor
cooperative effects or the effect of one property on the other.”’
It should be noted here that the range of possible applications
of these materials can be expanded if these physical properties
are uncoupled, introducing a multitasking mode under the
same operational conditions.

Multifunctionality in the field of molecular materials,
combining magnetic and optical properties, is a promising
research path due to the need to create smart devices based on
properties that are induced at the molecular level. The use of
trivalent lanthanide ions is a recipe for success as they are
widely used for the synthesis of molecular magnetic materials
called single-molecule magnets (SMM:s). These are molecular

materials exhibiting strong magnetic anisotropy, accompanied
by a magnetic hysteresis loop of a molecular origin.*’ The
magnetic characteristics of SMMs make them prospective
candidates for the field of spintronics, as well as for data
storage applications.'” On the other hand, trivalent lanthanide
ions are known for their emission properties due to f—f
transitions that can be observed over the whole range of
electromagnetic spectrum from the UV (Gd*"), to the visible
(e.g, TH", Dy™ Eu'™), to the NIR (e.g, Nd", yb', E/™).""
Such a wide range of emissions offers a wide range of possible
applications such as display devices, optical storage, sensing,
and bioimaging.'”"® The combination of optical characteristics
and the slow relaxation of the magnetization of lanthanides has
recently become a new area of research where (a) molecular



photoluminescent thermometers can act as an efficient tool to
detect the temperature at the nanoscale'®"> and (b) the
correlation of the thermally activated mechanisms of magnet-
ization with the luminescence properties of lanthanide ions is
thoroughly investigated."®

White-light-emitting or multicolored/NIR-emissive nano-
magnets have quickly started to appear in the literature,'” >
and correlations have begun to be reported concerning the
SMM character and luminescence since both phenomena are
related to the electronic structure of 4f-metal ions.”* "> The
main interest of the scientific community is in the optical
determination of the anisotropic energy barrier, AE, from the
high-resolution emission spectra at low temperatures. It should
be noted that another exciting property of SMM luminescence
thermometers is the so-called optomagnetic sensitivity
according to which their properties are conserved under the
application of an external magnetic field.””’~°

We have decided to explore the combination of (a) the
magnetically anisotropic and emissive Dy ion with (b) the
red-emissive diamagnetic units and (c) bulky pyridine
derivatives that possess N-oxide moieties,” as a promising
source for effective energy transfer to the lanthanide ion, as
well as effective separators of the paramagnetic Dy centers.
The reason for this quest is the limited number of compounds
that appeared in the literature so far which are only low-
dimensional Dy"™-[Co(CN)¢]*~ materials'®**™* with no
related 3-D frameworks, except the 3-D complex {Dy-
(H,0),[Co(CN)4]}-2H,0.% This list can be further narrowed
down to only two compounds experimentally verified as
polycyanidometallate-based SMM luminescent thermometers.
The heterodinuclear 3d—4f compound, [Dy-
Co™(CN)4(bpy0,), (H,0);]4H,0 (bpyO, = 2,2"-bipyri-
dine-N,N'-dioxide) (reported by our group)* exhibiting S, =
1.84% K" at 70 K in the temperature range of 40—140 K, and
the 2-D cyanido-bridged layers of {[Tb,Dy,_.(4-
OHpy),(H,0);][Co™(CN)¢]} where 4-OHpy = 4-hydrox-
ypyridine" and x = 1.0, 0.5 with S, >1% K" in the 120—200 K
temperature range. While in the first case the diamagnetic
linker [Co(CN)4]* serves as a “bulky separator” of magneti-
cally anisotropic lanthanide compounds, in the second case it
plays the role of a diamagnetic linker between the lanthanide
ions altering the SMM characteristics of the compound.
Herein, we report (for the first time) the synthesis of 3-D
polycyanidometallate-based SMM luminescent thermometers
employing the trivalent lanthanide ions, Dy and Eu', with
the diamagnetic linker [Co(CN)¢]*~ and the bulky pyridine
derivative 4-benzyloxy-pyridine N-oxide (benpyo).

EXPERIMENTAL SECTION

Materials, Physical Techniques, and Spectroscopic Meth-
ods. All manipulations were performed under aerobic conditions
using materials (DyCl;-6H,0, 4-benpyo, K;[Co(CN),]) as received.
H,0 was distilled in-house. Elemental analyses (C, H, N) were
performed by the Laboratory of Instrumental Analysis at the
University of Patras. FT-IR spectra (4000—400 cm™"') were recorded
using a Perkin-Elmer 16PC spectrometer; the samples were in the
form of KBr pellets.

Magnetic Measurements. The DC magnetic susceptibility
measurements for 1 were performed using the magnetometers
Quantum Design MPMS 3 and MPMS-XL SQUID on crystals that
were carefully powdered. The temperature range of the measurements
was 2—300 K under an external magnetic field of 1 kOe. AC magnetic
measurements were collected using an oscillating magnetic field of 3.5
Oe and frequencies between 1 and 1.5 kHz while an external DC

magnetic field was applied in the range 0—5 kOe. Diamagnetic
contributions from the eicosane and core diamagnetism were
corrected employing Pascal’s constants. Single-crystal magnetization
measurements were carried out in the temperature range of 0.03—2 K
using a #-SQUID apparatus at sweep rates between 0.002 and 0.280 T
s™' while the resolution of time was ~1 ms. To apply the magnetic
field in any direction of the y-SQUID plane, three orthogonal coils
were driven separately. For the p-SQUID magnetization measure-
ments, the transverse field method was employed according to which
the magnetic field was applied parallel to the easy axis of
magnetization.

Optical Measurements. The photoluminescence spectra were
recorded using a modular double-grating excitation spectrofluorom-
eter with a TRIAX 320 emission monochromator (Fluorolog-3,
Horiba Scientific) coupled to a R928 Hamamatsu photomultiplier,
using a front-face acquisition mode. The excitation source was a 450
W Xe arc lamp. The emission spectra were corrected for detection
and optical spectral response of the spectrofluorometer, and the
excitation spectra were corrected for the spectral distribution of the
lamp intensity using a photodiode reference detector. The temper-
ature was varied using a helium closed-cycle cryostat, a vacuum
system (4 X 107* Pa), and an autotuning temperature controller
(Lakeshore 330, Lakeshore) with a resistance heater. To ensure the
complete thermalization of the samples, all of the measurements were
initiated 300 s after the temperature was stabilized according to the
indication of the temperature controller.

Preparation of {[Dy,Co,(CN),,(4-benpyo),,(H,0)]-7H,0}, (1). A
solution of K;[Co(CN)4] (23.0 mg, 0.07 mmol) in H,O (1.1 mL)
was rapidly added to a stirred warm solution containing DyCl;-6H,0
(26.0 mg, 0.07 mmol) and 4-benpyo (14.0 mg, 0.07 mmol) in H,0
(1.1 mL). The resulting pale yellow solution was shaken by hand to
become homogeneous and stored in a closed vial at room
temperature. X-ray quality, pale yellow crystals of compound 1 were
grown in a period of 1 day. The crystals were collected by filtration,
washed with EtOH (2 X 0.5 mL) and Et,O (3 X 1 mL), and dried in
air. The yield was ~75% (based on the organic ligand used). Anal.
Caled. for CygH,03N,, 04Dy, Coy: C 53.96; H 4.04; N 11.32%.
Found: C 54.01; H 3.70; N 11.20%. IR (KBr, cm™'): 3394mb,
3124m, 3060w, 2905w, 2124s, 1630s, 1572m, 1498s, 1454m, 1388m,
1298s, 1220sb, 1106w, 1080sh, 984s, 920w, 842s, 794s, 746m, 696s;
614w, 562w, 514m, 416w.

Preparation of {[Eu,Co,(CN),,(4-benpyo),,(H,0)]-7H,0}, (2). A
solution of K;[Co(CN)¢] (23.0 mg, 0.07 mmol) in H,O (1.1 mL)
was rapidly added to a stirred warm solution containing EuCl;-6H,0
(25.6 mg, 0.07 mmol) and 4-benpyo (14.0 mg, 0.07 mmol) in H,0
(1.1 mL). The resulting pale yellow solution was shaken by hand to
become homogeneous and stored in a closed vial at room
temperature. Fragile and poor X-ray quality, pale yellow crystals of
compound 2 were grown in a period of 1 day. The crystals were
collected by filtration, washed with EtOH (2 X 0.5 mL) and Et,0 (3
X 1 mL), and dried in air. The yield was ~75% (based on the organic
ligand). The purity and the structure of compound 2 have been
confirmed by CHN, FT-IR, and PXRD analysis (Figures SI and S2).
Anal. Calcd. for Cy,gH,03N,;,04,Eu,Co,: C 54.41; H 4.07; N 11.41%.
Found: C 54.61; H 3.87; N 11.26%. IR (KBr, cm™): 3394mb,
3124m, 3060w, 2905w, 2124s, 1630s, 1572m, 1498s, 1454m, 1388m,
1298s, 1220sb, 1106w, 1080sh, 984s, 920w, 842s, 794s, 746m, 696s;
614w, 562w, 515m, 425w, 415m, 407w.

Single-Crystal X-ray Crystallography. A suitable single crystal
of compound 1, covered with paratone-N oil, was scooped up in a
cryo-loop and transferred to a cryostat, where it was cooled under a
flow of nitrogen gas at 108(2) K. Diffraction data were collected (-
scans) on a SuperNova diffractometer constructed by Rigaku using
Cu Ka radiation (1 = 1.5418 A). Data were collected and processed
using CrysAlis CCD and RED software,”” respectively. The reflection
intensities were corrected for absorption by the multiscan method.
The structure was solved using direct methods with SIR92*® and
refined by full-matrix least-squares on F? with SHELXL-2014/7.%
Anisotropic refinement was applied for all non-H atoms. There is a
significant disorder in the structure which mainly affects the phenyl



Figure 1. (a) Partially labeled view of the asymmetric unit of the 3-D polymeric compound 1. (b) One of the six rings (with different metal
sequences) that are present in the crystal structure of the 3-D polymeric compound 1. (c) Part of the 3-D structure of 1 showing the propagation of
the polymeric structure. (d) A view of the 3-D polymeric structure of compound 1 down axis a showing five complete rings. Only the atoms
participating in the rings have been drawn. The color code is the same in the four subfigures: Dy, light green; O, red; C, gray; N, blue; and Co, pink.

rings of the 4-benpyo ligands, five of which have been modeled over
two orientations. Care was taken during refinement, using appropriate
restraints and constraints, to be consistent with the geometry of the
disordered groups. Carbon-bound H atoms were included at
calculated positions and allowed to ride on their carrier atoms
(riding model). Due to the disorder and the presence of heavy metal
ions, the H atoms of the coordinated (O35) and lattice (036—043)
H,0 molecules could not be reliably located in difference Fourier
maps; therefore, these H atoms have not been included in the
structural model. The crystal structure also contains a small area of
highly disordered solvent (~S H,O molecules/unit cell). For this
reason, the SQUEEZE™ function of PLATON*' was employed to
remove the contribution of the electron density associated with those
solvent molecules from the intensity data. The solvent-free model and
intensity data were used for the final reported results. Geometric/
crystallographic calculations were carried out using WINGX* and
PLATON*' packages. Molecular/packing graphics were prepared by
DIAMOND™ and MERCURY.*" Experimental details are listed in
Table S1.

RESULTS AND DISCUSSION

Synthetic Comments and IR Spectra. Concerning the

reaction system Dy"/K;[Co™(CN)4]/4-benpyo, several crys-
tallization methods were employed using various reagent ratios
and solvent media. The optimized conditions involve the 1:1:1
reaction of DyCly-6H,0, K;[Co(CN)¢], and 4-benpyo in
slightly warm H,O leading to a pale yellow solution from
which yellowish crystals of 1 were subsequently isolated in a
very good yield. The formation of the compound is
summarized in eq 1. The reaction conditions yield a high
yield but simultaneously keeps the KCI by-product soluble;
thus, the compound can be analytically pure. The 1:1:2 and
2:2:1 Dy"/Co"'/4-benpyo reaction ratios in H,O were also
tested. The former yielded a crystalline precipitate of 1

(analytical and IR evidence), while the latter had as a result the
growth of yellow crystals whose IR spectrum was different
from that of 1 suggesting a different product; the crystals were
repeatedly of poor quality, and therefore, the structure of the
second product remains unknown to date.

4nDyCl,-6H,0 + 4nK;[Co(CN),] + 17n4 — benpyo
{[DX;C°4(CN)24 (4 — benpyo),,(H,0)]-7H,0},

+ 12nKCl + 16nH,01 (1)

In Figure S1 is shown the IR spectrum of compound 1. The
medium-intensity bands at ~3400 and ~3130 cm™' are
assigned to the stretching O—H vibration [£(OH)] of the
lattice and coordinated H,O, respectively.”” The higher-
wavenumber band is broad, suggesting strong hydrogen-
bonding interactions. The strong band at 1630 cm™' is
correlated to the S(OH) vibration of water molecules,
probably involving also a stretching aromatic character (the
spectrum of free, i.e., uncoordinated, 4-benpyo exhibits a weak
band at 1624 cm™"). The stretching vibrations of the pyridine-
N oxide and phenyl rings of coordinated 4-benpyo®® bands of
compound 1 are depicted in the range of 1630—1388 cm™’,
slightly shifted in comparison to the free 4-benpyo. The v(N—
O) vibration*’ in the spectrum of compound 1 is assigned at
1220 cm™! (strong band) considerably shifted in comparison
to the free ligand (1274 cm™") due to the coordination of the
ligand. The v(C=N) mode of the bridging cyanido groups"’
of compound 1 is located in a strong band at 2124 cm™.

Description of Structure. The crystal structure of 1 was

determined by single-crystal X-ray crystallography and is



shown in Figure 1 with four different orientations while several
selected interatomic distances are listed in Table S2.

Compound 1 crystallizes in the triclinic space group P1. It is
a 3-D coordination polymer consisting of rings that contain 16
metal ions; 10 are Dy™ centers and six are Co™ ions. The
asymmetric unit comprises four Dy ions and four Co™ ions
(Figure 1a,c). Co4 and CoS$ have half occupancy, each lying on
an inversion center. There are six rings in the lattice, each of
them containing different metal arrangements. For example,
the ring shown in Figure 1b (which contains all of the ligands)
has the sequence ColDylDy2Co3Dy3Co4Dy3Dy4 ColDyl-
Dy2Co3Dy3Co4Dy3Dy4. The rings share common edges
creating the 3-D architecture (Figure 1d).

Two of the cyanido groups act as bridging ligands, linking
each Co™ center with two neighboring Dy ions (Dy"'-N=
C—Co™). Each Co™ has six bonds to carbon atoms of the y,-
CN~ groups. The neighboring Dy ions of the Dyl---Dy2 and
Dy3---Dy4 are triply bridged by the oxygen atoms of three y,-
(benpyo) ligands. Atoms OS, O7, and O9 bridge Dyl and
Dy2, and atoms O17, 025, and O27 bridge Dy3 and Dy4 (see
Table S2). The 4-benpyo ligands comprising atoms O1, O3,
011, 013, 015, 019, 021, 023, 029, 031, and 033 are
bound terminally to a Dy™ center. Thus, 11 4-benpyo ligands
are terminal, each forming a coordination bond with one 4f-
metal ion, whereas six 4-benpyo ligands each bridges two
neighboring Dy centers. A terminal aquo ligand (O35)
completes eight coordination at Dyl. The coordination
spheres are of the {Co™C4} and {Dy"N,O4} types. The
Co™~C [1.879(6)—1.927(8) A] bond lengths correspond to
low-spin, six-coordinate Co™ ions while the Dy"!—N cyanido
[2.440(5)—2.462(4) A] bond lengths are indicative of eight-
coordinate Dy ions, linked by cyanido groups. The Dy"'—O
bond lengths [2.261(4)—2.518(4) A] are also typical of eight-
coordinate Dy centers.'®*® The Co—C=N groups are
almost linear, the corresponding angles being in the
175.8(10)—179.8(7)° range. The Dy—NC=NC angles are
in the 165.6(5)—172.0(4)° range suggesting a bending of this
group. The Dy—O terminal bonds [average: 2.291(4) A] are
shorter than the Dy—O bridging bonds [average: 2.432(4) A],
as expected.

The coordination geometries of the Co™ centers are almost
perfect octahedral. The trans C-Co'-C angles for Col, Co2,
and Co3 are in the ranges 178.1(3)—179.1(3),178.1(3)—
179.0(3), and 178.6(3)—179.3(3)°, respectively; those for Co4
and CoS are exactly 180.0° because these metal ions sit on
symmetry centers. The coordination polyhedra of the eight-
coordinate Dy"" ions were evaluated by applying the program
SHAPE.* The Dy"N,O¢ coordination polyhedra around Dy1,
Dy3, and Dy4 are described as dodecahedra with least
continuous shape measures (CShM) values of 1.256, 1.230,
and 0.899, respectively. The polyhedron for Dy2 appears to be
intermediate between the dodecahedron (CShM value of
1.341) and the biaugmented trigonal prism (CShM value of
1.445). Numerical values are listed in Table S3. The same
conclusions are also reached by applying the angular criteria
established by Kepert.*’

The crystal structure of the compound is stabilized by strong
hydrogen bonds involving the monodentate cyanides of the
hexacyanocobaltate groups and the H,0 molecules. In
addition, several weak C—H--O/N interactions complement
the rigidity of the structure (Table S4).

Overall, the crystal structure of the compound can be
described as a uninodal net consisting of four-coordinated

nodes. Specifically, each [Dy,] unit can be described as a four-
coordinated node which is connected through the linear linkers
[Co(CN)4]*" to four neighboring units (Figure S3). Thus, the
topology of the compound is dictated by the connectivity of
the Dy, unit (Figure S4). The geometry of the [Dy,] units is
tetrahedral, thus leading to the formation of a dia net (Figure
SS).

Magnetic Measurements. The magnetic properties of
compound 1 were investigated through magnetic susceptibility
measurements employing a SQUID magnetometer. The room-
temperature static magnetic susceptibility y,T(T) value for the
powdered sample in an applied field of 1 kOe revealed a value
of 56.76 cm® mol™ K in accordance with the value of 56.68
cm® mol™! K which is expected for four uncoupled Dy™ ions

(°Hys)p, ] = 15/2, g = 4/3) (Figure 2A). The yyT(T) profile
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Figure 2. (A) Experimental y,T(T) and (B) M(H) for compound 1,
collected employing a powdered sample and with Hp¢ = 1 kOe. Solid
lines are fit to the Lines model (see text for details).

remains practically constant down to ca. 100 K where it starts
decreasing reaching a y T(T) value of 38.67 cm® mol™" K at 2
K. The decrease in yT(T) can be ascribed to depopulation of
the crystal field levels and antiferromagnetic interactions
between the nearest Dy--Dy centers (vide infra). M(H)
measurements between 0 and 7 T and 2 and S K show
significant anisotropy and a lack of saturation with the largest
M(H) value at 2 K being 34.36 uy (8.6 py per Dy™ ion)
(Figure 2B), which is larger than the expected value for the
ideal Dy"" with pure m; = 15/2, i, 5.8 py per Dy ion,
indicating strong anisotropy.

The slow relaxation dynamics of 1 were likewise studied in a
SQUID magnetometer employing alternating current (AC)
magnetic susceptibility measurements (Figures 3, S6, and S7).
At zero DC field, no SMM behavior was observed. In contrast,
the application of an optimal field of 2 kOe reveals the SMM
character in 1 with a clear frequency-dependent out-of-phase
maximum between 2 and 7.2 K as shown for y,,"(T) (Figures
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Figure 3. Dynamic magnetic susceptibility data for 1: (A) experimental y),"(T), (B) Cole—Cole plots, (C) yy"(v) with an applied optimal field
Hpc = 2 kOe and an oscillating field of 3.5 Oe for temperatures between 2 and 7.2 K, and (D) extracted 7(T) data and fit considering solely the

Raman process.

3A and S8). The maximum in yy"(v) shifts toward higher
frequencies upon increasing temperatures (Figure 3C),
marking the temperature-dependent regime. Fitting the
v’ (V) and (V) to a single process simultaneously (Figure
3B,C and Table S5) allows extraction of 7(T) and « oscillating
between 0.44 and 0.15, revealing a wide distribution of
processes. As observed in Figure 3D, the 7(T) can be
reproduced solely considering the Raman process 7' = CT"
with the following parameters: C = 7.0901(3) s™' K", n =
3.58(1), as often observed for light lanthanide SMMs.>"~>*
Note that n is smaller than expected for Kramers ions, i.e, n =
9, indicating that a high density of low-lying states as well as
optical and acoustic phonons play a major role in the relaxation
mechanism.>*** This is consistent with the lack of SMM
characteristics at zero field, indicative of fast relaxation.

The slow relaxation character of 1 was further confirmed by
#-SQUID measurements which were performed in the
temperature range of 1.5 K—30 mK and between +1 T
while the rates of the field sweep were in the range of 1—64
mT/s (Figure 4A,B). Single crystals of compound 1 were
carefully selected for the magnetic measurements while the
external magnetic field was aligned parallel to the easy axis of
the crystals (transverse field method).*>*° The curves show a
very narrow loop, highlighting very fast relaxation. The strong
quantum tunneling of the magnetization (QTM) is confirmed
by the following experimental evidence: (a) temperature
dependence of the magnetization loops, (b) sweep-field
dependence of the loops, (c) small opening of the loops at
30 mK, (d) very fast scan rates, and (e) sharp transition at zero
magnetic field. The results of the y-SQUID studies are in
accordance with the AC measurements, where the SMM
behavior of compound 1 was observed only upon application
of a non-zero DC field. A closer inspection of the loops reveals
a small S-shaped near-zero field (Figure 4B,D), commonly

observed for coupled dimers.”” The S-shaped loops allow for
the extraction of the mean exchange field (H,,) from the
inflexion points in the hysteresis loops with H,, = —2] .,/ g5,
where g; = 4/3 and m; = 15/2. The determined interaction
obtained is found to be J, = —1.4 mK. The experimentally
obtained value is smaller than expected from a purely dipolar
interaction analysis for two Ising Dy"" ions with m; = 15/2 ata
distance of 3.8571(6) A, ie, 9 mK. The different dipolar
interaction values, compared to the one obtained from the
mean field analysis, and the M(H) profile indicate that the
ground state of Dy is not necessarily pure my = 15/2 for both
ions and that there might be an interaction operating between
the Dy ions.

Ab Initio Calculations. To comprehend the magnetic
characteristics of compound 1, ab initio calculations were
carried out using the OpenMolcas package®* °' and employing
the CASSCF/SO-RASSI/SINGLE ANISO approach. Due to
the large size of 1, and considering the structure of the
compound, a Dy, fragment of the molecule was employed for
the calculations (Figure S). The crystal structure was employed
for the calculations without further optimizations, and the
standard basis sets from the ANO-RCC library®”~°" were used
for the description of the atoms. The basis set of VIZP quality
was employed for the Dy ions, while for the atoms directly
bound to the Dy ions and for all of the remaining atoms, the
VDZP and VDZ quality was used, respectively. Optimization
of the molecular orbitals was carried out by state-averaged
CASSCF calculations. Three calculations were carried out
(RASSCEF routine) with 21, 224, and 490 states for S = 5/2, S
= 3/2, and S = 1/2, respectively. The CASSCF wavefunctions
were subsequently mixed by spin—orbit coupling, employing
the RASSI routine with all 21 states for S = 5/2 being included,
while 128 and 130 states were included for S =3/2 and S =1/
2, respectively. Finally, the SINGLE ANISO module®® was
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Figure 4. 4-SQUID loops collected on a single crystal of 1 with the applied field along the easy axis of the crystal. (A) Loops collected at 30 mK
and at different field-sweep rates. (B) Magnification of the loops collected at 30 mK. (C) Temperature dependent of the loops at a fixed sweeping
rate of 64 mT/s. (D) Derivative of the loops shown in panel (B).

Figure S. Directions of the main axes of the g-tensors in the ground Kramer doublet of compound 1 for Dy(1) (green arrow) and Dy(2) (orange
arrow). Color code: Co, cyan; Dy, purple; O, red; C, black; and N, pale blue. Hydrogens are omitted for clarity.

employed for the calculation of the crystal field decomposition Two distinct Dy ions can be identified in the compound
of the ground J = 15/2 multiplet of the H,;, term. (see Figure S), possessing distinct electronic characteristics, as



shown by CASSCF. It was found that the g values of the
ground doublet state of Dy(1) are g, = 0.2223, g, =0.3222, and
g = 19.1582, indicating an Ising behavior with my = 15/2
(Table S6). The energy difference of the first, second, and
third excited states is 46, 74, and 83 cm™}, respectively. In
Figure S is shown also the main magnetic axis (z) on the
Dy(1) with a green arrow. In contrast, very distinct
characteristics are found for Dy(2), with the g values being
g = 0.5242, g, = 1.9617, and g, = 17.4850; the g values are
indicative of a mixed state (Tables S6 and S7). For comparison
reasons, the main magnetic axis (z) on the Dy(2) ion is also
presented in the same figure using an orange arrow.

Note that there is a spin canting of ca. 58° between Dy(1)
and Dy(2). This type of canting, along with magnetic
interactions is known to induce fast relaxation in SMMs.%”
The energy difference of the first, second, and third excited
states of Dy(2) is 34, 72, and 133 cm™', respectively.
Wavefunction analysis shows that for Dy(1) the ground
doublet possesses a large m; = 15/2 component, while for
Dy(2) the m; composition is highly mixed. The observed fast
relaxing characteristics of 1 are in accordance with the average
configuration of the matrix elements of magnetic moment
between the electronic states, revealing that in the ground state
and through excites states relaxation is possible. The profile of
the magnetic 1097ps is typical for antiferromagnetically coupled
Ising-like spins.” 63,64

With the knowledge of the crystal field parameters, derived
from the theoretical CASSCF calculation, it is possible to
quantify the interaction operating between the Dy ion.
Fitting of the magnetic susceptibilityé5 was performed,
employing the Lines model®® with the form

k
N Ag A g
H = 2 Z (BI?Dy(l)OkD)'(l) + BI?Dy(z)OkDy(Z))
k=2,4,6 q=—k

- 2]Lines(SDY(I)'SDY(Z)) + ”Bg](]Dy(l)'I + ]Dy(z)'I)'
HoH (2)

where the first term represents the crystal field parameters,
Bilpy(1), and the operators, Ofp,(;). The second term represents
the Lines interaction connecting the isotropic component (S =
5/2) of the angular momenta for Dy™ and the last term is the
Zeeman term. By fitting the yT(T) experimental data, good
agreement is found for Ji;., = —0.087 cm™" (—0.125 K) for
awT(T) and M(H) (Figure 2A8) (R = ¥V [(yT)aps —
(rmT)cac)* = 0.20%). The experimental exchange value derived
from p-SQUID loops is not comparable to the value obtained
from the theoretical Lines analysis. Note that although y,T(T)
is well reproduced by the Lines model and the crystal field
parameters obtained from CASSCF calculations, the M(H)
simulated traces are not superimposable with the experimental
data. This highlights the anisotropic nature of 1 and the
limitations of CASSCF calculations, in which intermolecular
interactions and packing effects are not considered.®’

With the full picture at hand, i, magnetic data and
CASSCE calculations, it is possible to understand the dynamic
magnetic properties of 1. Magnetic AC susceptibility measure-
ments at zero field show no SMM behavior indicating fast
relaxation operating in 1, while 4-SQUID loops show a very
narrow opening, both consistent with CASSCF calculations:
(i) a small separation is observed for both Dy(IIl) ions in 1;
(i) while Dy(1) shows a pure m; = 15/2, the wavefunction for

Dy(2) is highly mixed; and (iii) the non-negligible transition
matrix elements and the spin canting between Dy(1) and
Dy(2) (58°), all contribute to a very fast relaxation in 1. The
application of an optimal field of 2 kOe reduces relaxation,
acting also as decoupling field, revealing the relaxation
characteristic arising from 1. Note that due to the low-lying
excited states which induce fast relaxation, the 7(T) can be
solely reproduced employing the Raman process.
Luminescence Study. Compounds 1 and 2 display
luminescence at temperatures between 14 and 300 K, as
shown in Figures 6 and S9, respectively. The emission spectra

A
8 — 16K
& —— 150K
= T, ——300K
2 o
2 = *For>Hiz
o
@
N
g s
5 &
= 1
&
E_m
400 450 500 550 600 650 700
Wavelength (nm)
B
6x107
Iy
o I
z
S 4x107
g
S o © © o o)
2 (e}
;:’3 2x107 | o)
£ ]
© o
ok . . . ., 9900
0O 50 100 150 200 250 300 350
Temperature (K)
Cc
0.8 =
%ovoz oy ©
£000° [~ o %o,
06} E ° o o
&,-0.020 100 200 300
Temperature (K)
<04
0.2}
OO 1 1 1 1 1 I
0 50 100 150 200 250 300 350

Temperature (K)

Figure 6. (A) Emission spectra (excitation at 365 nm) of compound
1 at selected temperatures. (B) I, and I, as function of the
temperature. (C) Temperature dependence of the thermometric
parameter; the red line represents the best fit to eq 4. In the inset is
shown the fit regular plot.

of compound 2 show the characteristic *D, — “F,_, transitions
of Eu' ions, as illustrated in Figure S9A. The corresponding
excitation spectra, monitored within the more intense Dy —
’F, transition, display the intra-4f® lines overlapped with a
broadband (250—400 nm) ascribed to the ligand excitation
(Figure S9B). The compound can be used as a luminescence



thermometer based on the temperature dependence of their
excitation spectra (as the emission ones show a very weak
temperature dependence). Examples of ratiometric lumines-
cent thermometers based on the excitation spectra of Ln™ ions
are scarce®®™”" as these thermometers require more elaborated
equipment and longer acquisition times, being this a
disadvantage relatively to those based on the emission
spectra.”” We consider the ratio between the 240—450 nm
(I,) and 450—480 nm (Iy) integrated intensity areas of the
excitation spectra (Figure S9B). The defined thermometric
parameter is well described by a polynomial function, eq SS,
allowing compound 2 to operate as a thermometer in the 25—
325 K range with a temperature uncertainty (§T)" lower than
1 Kin the 75—325 K range and S, = 0.6%-K ™" at around 325 K
(Table S8 and Figures S10 and S11). This value is lower than
those reported for other Eu'-based thermometers based on
the excitation spectra.”*”""

A higher S, value is obtained using the temperature
dependence of the emission spectra of compound 1. The
low-temperature emission spectra of compound 1 reveal the
characteristic 4F9/2 - 6H15/2_H/2 transitions of Dym ions
together with a broadband between 400 and 600 nm related to
the emission of the ligands (Figure 6A). Self-absorption
transitions are observed in the emission spectrum at 425
(4H11/2 - 4Gn/z)» 450 (4H11/z - 4Hls/z); and 471 nm (4H11/2
— *Fy),) that result from the so-called “inner filter effect,”
indicating radiative energy transfer from the ligands to the Dy™
ions.”* This effect is observed in luminescence whenever one
of the components of the system has absorptions which
overlap the luminescence of the other(s). This results in a
diminution of the luminescence at those wavelengths and this
has been already observed both in solution and in solid
state.”””> As the temperature increases the relative intensity of
the Dy lines decreases. The excitation spectra monitored
within the more intense *F,, — “H,;, transition reveal the
intra-4f’ lines of Dy ions, as illustrated in Figure S12.

Taking advantage of the dependence of the emission spectra
on the temperature and aiming to explore the thermometric
features of compound 1, we define a thermometric parameter
A=l

L (3)

where I; and I, correspond to the ligand and Dy"' emission
intensities, respectively.

While I, was determined by integrating the emission spectra
between 470 and 500 nm, 550 and 590 nm, and 650 and 675
nm after performing a baseline correction to remove the
ligands’ emission, I; was calculated by subtracting to the
integrated intensity of the emission spectra between 385 and
700 nm the I, contribution. No correction was performed to
account for the small contribution of the self-absorption
transitions observed in the ligand band at higher temperatures.
The classical Mott—Seitz model involving one deactivation
channel'* can be used to describe the Dy™ emission (I,), while
I, is well described by a second-degree polynomial function
(Figure 6B). Therefore, A(T) is well described in the 16—350
K range by

A,

—AE/kpT
1+ ae B
A=

" A+ BT+ CT? 4

where ky is the Boltzmann constant, T is the absolute
temperature, and AE is the activation energy for the thermal

quenching process. The fitting results are shown as a solid line
in the temperature dependence of A (Figure 6C) while the
values obtained from the fitting of eq 4 are presented in Table
S9. The relative thermal sensitivity presents an S, = 2.3%-K ™" at
around 240 K and 6T = 0.1 K (Figure S13). When compared
with the few other polycyanidometallate-based SMM lumines-
cent thermometers in which the thermometric operation was
studied, compound 1 presents a broader operation range with
a higher S, than the 0-D [DyCo™(CN)4(bpyO,),(H,0);]-
4H,0, 1.84% K~! at 70 K,** and an S, similar to that of the 2-D
{[Tby sDy,s(4-OHpy),(H,0);] [Co™(CN)¢}, S, =22(3) %
K™ at 170 K.*°

CONCLUSIONS

We reported here for the first time, two new 3-D
polycyanidometallate-based luminescent thermometers with
the formula {Ln,Co,(CN),,(4-benpyo),,(H,0)-7H,0}, Ln =
(Dy"(1), Eu"(2)). Magnetic AC measurements indicate that
at zero field no SMM behavior is observed due to fast
relaxation operating in 1, while y-SQUID loops show a very
narrow opening in accordance with the following CASSCF
results: (a) small energy separations of states for both distinct
Dy(III) ions, Dy(1) and Dy(2), of compound 1; (b) a pure my
= 15/2 wavefunction for Dy(1) vs a highly mixed for Dy(2)
ion; and (c) the non-negligible transition matrix elements and
the spin canting between Dy(1) and Dy(2) (58°). The SMM
character of compound 1 is introduced upon application of an
optimal field of 2 kOe while the 7(T) is reproduced
considering the Raman process indicating that the major role
in the relaxation mechanism of compound 1 is due to the high
density of low-lying states and optical and acoustic phonons.
The interaction between the Dy ions is found to be Ji;es =
—0.087 cm™" (—0.125 K) by fitting the experimental y,,T(T)
and M(H), using the Lines model and the CASSCF-calculated
crystal field parameters. Compound 2 is a luminescent
thermometer based on the excitation spectra operating in the
25-325 K range with a maximum S, = 0.6% K" at 325 K.
Compound 1, on the other hand, displays temperature-
dependent emission features that were used to define a
luminescent thermometer operating in the temperature range
of 16—350 K with S, = 2.3% K™ at 240 K. This work highlights
new synthetic pathways toward a new generation of cleverly
designed 3-D SMM luminescent thermometers.
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