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ABSTRACT: The effect of ligands’ energy levels on thermal dependence of
lanthanide emission was examined to create new molecular nanothermometers. A
series of Ln,GagL;Ly metallacrowns (shorthand Ln,Lj;), where Ln = Gd**, Tb*,
or Sm*" (H,L’ = salicylhydroxamic acid (H,shi), S-methylsalicylhydroxamic acid
(H;mshi), S-methoxysalicylhydroxamic acid (Hzmoshi), and 3-hydroxy-2-
naphthohydroxamic acid (Hsnha)) and H,L” = isophthalic acid (H,iph), was
synthesized and characterized. Within the series, ligand-centered singlet state (S,)
energy levels ranged from 23,300 to 27,800 cm™", while triplet (T,) energy levels
ranged from 18,150 to 21,980 cm™'. We demonstrated that the difference
between T levels and relevant energies of the excited *Gs/, level of Sm** (17,800
cm™') and °D, level of Tb** (20,400 cm™") is the major parameter controlling I s e e T
thermal dependence of the emission intensity via the back energy transfer e 30 100 130 200 250 300 350 400
mechanism. However, when the energy difference between S, and T levels is Temperature (1)

small (below 3760 cm™"), the S; — T intersystem crossing (and its reverse, S;

< T,) mechanism contributes to the thermal behavior of metallacrowns. Both mechanisms affect Ln**-centered room-temperature
quantum yields with values ranging from 2.07(6)% to 31.2(2)% for Tb,Lg and from 0.0267(7)% to 2.27(5)% for Sm,Lg. The
maximal thermal dependence varies over a wide thermal range (ca. 150—350 K) based on energy gaps between relevant ligand-based
and lanthanide-based electronic states. By mixing Tb,moshig with Sm,moshig in a 1:1 ratio, an optical thermometer with a relative
thermal sensitivity larger than 3%/K at 225 K was created. Other temperature ranges are also accessible with this approach.
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B INTRODUCTION

Understanding thermal dynamics is essential for the analysis
and engineering of almost any physical system. Temperature

schemes used involve observing changes in luminescence
lifetimes or emission intensities in response to temperature.
Lifetime-based techniques are functional and can be quite

has long been an important scientific measurement with
established thermometry techniques such as mercury-based
pressure gauges or voltage-based thermocouples." Optical
thermometers are gaining increasing interest as they provide a
unique means for the non-contact detection of the temperature
of a target. For example, pyrometry-based methods analyze the
properties of the emitted infrared radiation from a system to
determine thermal parameters with applications such as
infrared temperature guns or determination of the temperature
of distant stars.”’

Optical thermometry methods are often the basis for the up-
and-coming generation of thermometers known as nano-
thermometers.” Nanothermometry is the measurement of
temperature at the submicron level. As we seek to understand
the physical basis of many systems from the ground up,
nanothermometry becomes increasingly important. This field
has a plethora of uses such as the analysis of microelectronics,”’
cellular biology,6 nanomedicine,”® or microfluidics’ for which
traditional methods of thermometry are not amenable.

An optical nanothermometer correlates a temperature value
with the change in photophysical properties of a probe. Two
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sensitive, but they rely on specialized equipment and rigorous
data analysis methodologies, have long acquisition times that
preclude dynamic measurements shorter than the lifetime of
the probe, and are ineffective for short-timescale thermal
mapping.10 Ratiometric intensity-based measurements are
another promising approach. This technique correlates the
temperature with the ratio between the integrated intensities of
two different emission bands (A)."" A ratiometric approach,
rather than the intensity measurement of a single transition, is
necessary to avoid artifacts coming from parameters besides
temperature such as the probe concentration or signal
attenuation. Ratiometric probes can be based on a single
compound'*™"* or a combination of two compounds.'”'*
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Solid-state and molecular materials can be used to create
nanothermometric devices. Some prominent probes include
nitrogen-vacancy nanodiamonds,'®'” organic fluoro-
phores,"®"? metal—organic frameworks,””*' metal-coordinat-
ing molecules,”””*’ or nanoparticles.”** Lanthanide(III)-based
thermometry probes have inherently attractive properties due
to the buried nature of 4f valence orbitals. In particular, their
properties include (i) long-lived emission lifetimes, which can
be used to dodge background fluorescence via time-gated
experiments,”® and (ii) sharp emission bands with fixed (or
minimally affected) positions of the barycenters that can be
easily distinguished from background fluorescence.”” In solid-
state systems such as in metal—organic frameworks or in
lanthanide-doped nanoparticles, the change in emission
intensities is often induced by thermally dependent energy
transfer involving two different lanthanide(III) ions
(Ln*").*** Many sensitive nanothermometric systems that
benefit from this principle have been created."***"*"7%°
However, their design requires a close proximity between the
Ln®* ions to ensure energy transfer. Moreover, the modulation
of functional properties of solid-state systems might be
challenging and restricted by the limited choice of available
methodologies.

Molecular nanothermometers are desirable because of their
functional properties, for example, their sensitivity and thermal
response range,”® biocompatibility,””** and surface binding®
can be tuned by chemical modifications.

Molecular thermometers are typically either all-organic
fluorophores or metal-coordinating complexes. Organic
fluorophores have drawbacks such as broad emissive bands
with short luminescence lifetimes that cannot always be
differentiated from background fluorescence, particularly in
biological thermal imaging applications where the autofluor-
escence contribution is significant. In metal-coordinating
organic complexes, coordinated metals are usually d-transition
metal ions, such as Cu****™* or Ln*" ions.”***' There are
promising d-transition metal systems, but these can suffer from
limitations similar to the ones of organic fluorophores where
their response is not tunable for use across a wide-range of
temperatures.

Ln*"-based molecular complexes offer the abovementioned
benefits such as sharp emission bands and long luminescence
lifetimes. However, free Ln*" ions suffer from a very weak
absorbance due to the parity-forbidden nature of f—f
transitions.” This weak absorptivity of Ln>* ions can be
overcome by a sensitization through an appropriate ligand via
the “antenna effect.”** Studies have shown that the energy
positions of the excited singlet (S;) and triplet (T,) states of
the ligand relative to the accepting energy level of the Ln**
level play an important role in the sensitization of Ln** in such
compounds*~*” and can play a role in thermal dependence of
emission intensity.””>' Ideally, the electronic states of the
ligand should be higher in energy than and close enough to the
accepting Ln** energy state to permit adequate energy transfer,
but not too close to prevent a back energy transfer from the
Ln* to the ligand. The thermal response of Ln*" emission can
also be tuned via an interaction with the ligand field to increase
the thermal sensitivity’> or to change the range of thermal
activity.*® Some sensitive Ln**-based thermometers have been
constructed, but a strategy for rational tuning of a high
sensitivity Ln**-based molecular system for use across a wide
range of temperatures is currently missing.

Herein, we present a series of molecular nanothermometers
based on dimeric metallacrowns (MCs, Figure 1) with the

Figure 1. Top-down (left) and side (right) views of the Ln,nhag
complex. The structure is a dimer of two 12-MC-4 MC units linked
by four isophthalic acid bridges. The Ln[—Ga**~N—0-], motif is
highlighted. Color code: Ga - pink, Ln - green, O - red, N - blue, and
C - gray. Solvents, counter cations, and hydrogen atoms are omitted
for clarity. This structure was obtained from X-ray single crystal
diffraction on the Sm*" analogue.

general composition Ln,GagliL; (shorthand Ln,Lg), where
Ln* = Gd*, Tb*, or Sm* (H,L’ = salicylhydroxamic acid
(H,shi), S-methylsalicylhydroxamic acid (Hsmshi), S-methox-
ysalicylhydroxamic acid (Hsmoshi), and 3-hydroxy-2-naphtho-
hydroxamic acid (Hjnha)) and H,L” = isophthalic acid
(H,iph) (Figure 2, center, right). Within the studied series of
the Ln,Lg, the MC dimeric structures have similar topologies
(Figure 1 and Figure 2, left), ensuring the similarity of the first
coordination sphere around the Ln*" ion. For the Tb,L; and
Sm,Lg MCs, photophysical properties were investigated in
detail. Diffuse reflectance and Ln**-centered excitation spectra,
luminescence lifetimes, quantum yields, and the thermal
dependence of emission spectra from ca. 11 to 400 K were
acquired and analyzed. We have also studied the ligand-
centered properties of the corresponding Gd,Lgy MCs to
determine the energy positions of S; and T, levels. To
assemble the Ln,Lg, we have chosen sensitizing hydroxamate
ligands that possess disparate S, and T, energy levels. In this
manner, we have analyzed how the Ln*—T, and Ln*-S§,;
energy gaps influence the thermal dependence of emission
intensities. We rationalize these findings in a broader sense to
describe how one can change the excited-state energies of
organic antennae to modify the range of the highest thermal
sensitivity (ca. 11—400 K). The reported findings can also be
relevant for further designs of Ln**-based molecular com-
pounds with large quantum yields because quantum yields can
be directly dependent on Ln**-ligand back energy transfer.

B EXPERIMENTAL SECTION

Synthesis. General Synthetic Considerations. All reagents and
chemicals were purchased from commercial sources and used without
further purification. All reactions were carried out aerobically under
ambient conditions. Elemental analyses were performed by Atlantic
Microlabs Inc. ESI-MS spectra were collected with an Agilent 6230
TOF HPLC-MS mass spectrometer in the negative ion mode (—350
V) on samples dissolved in methanol at a concentration of 2 mg/mL.
'"H NMR spectra were collected on a Varian MR400 NMR in
deuterated DMSO at a concentration of 4 mg/mL.

Lnyshig complexes and nha were prepared according to the
previously reported procedures.’>**

Preparation of 5-Methoxysalicylhydroxmic Acid (H;moshi).
Potassium hydroxide (47.5 mmol) and hydroxylamine monohydro-
chloride (40 mmol) were combined in 20 mL of methanol and stirred
for 10 min over ice. A white precipitate (potassium chloride salt) was

https://doi.org/10.1021/jacs.2c04821
J. Am. Chem. Soc. 2022, 144, 18259—18271



Journal of the American Chemical Society

pubs.acs.org/JACS

H3 shi

Lo* [12-MC,™ (nyshiy4]

OH O
(j)‘\ /OH
N
H

salicylhydroxamic acid

5-methoxysalicylhydroxamic acid
Hsmoshi

OH O
_OH 0
H OH O HG
_OH
” isophthalic acid

OH O
_OH
N
H (o)
OH

5-methylsalicylhydroxamic acid
H;mshi

3-hydroxy-2-naphthohydroxamic acid
Hjnha

Figure 2. Left panel: schematic representation of a Ln**[12-MCg,™ (x)(a)-4] MC unit. The —[Ga**~N—0O],— ring motif is in bold. Center panel:
representation of the four hydroxamic acids used in the present study, H;L'. Each trianionic ligand forms analogous MC structures due to the
identical binding motifs. Right panel: representation of the isophthalic acid, which acts as a bridging ligand and binds as iph®~, resulting in the
formation of a dimeric structure as in Figure 1. Binding atoms are presented in color.

formed. The precipitate was removed via vacuum filtration yielding a
clear and colorless solution of hydroxylamine in methanol. To this
stirred solution liquid methyl-S-methoxy salicylate (5 mmol) was
added. The solution immediately turned yellow. The solution was
stirred for more than four days with a cap to prevent solvent loss.
After four days, a clear orange solution was present. The pH was
adjusted to ~1 with 2 M aqueous HCL. Then, 30 mL of water was
added to precipitate a pale, orange solid. This solid was collected via
vacuum filtration and washed with cold water. The clear/yellow
filtrate was discarded. The solid was then triturated in methylene
chloride then collected via vacuum filtration. The precipitate was
dried in vacuo to yield a pure solid with a 57.9% yield. '"H NMR (400
MHz, DMSO-d,) 6 11.75 (s, 1 H), 11.41 (s, 1 H), 9.33 (s, 1 H), 7.24
(d,J=3.1Hz, 1 H),7.00 (dd, ] = 9.0, 3.0 Hz, 1 H), 6.84 (d, ] = 9.0
Hz, 1 H), 3.71 (s, 3 H). Anal. calcd. for CgH,NO,: C, 52.46; H, 4.95;
N, 7.65. Found: C, 52.33; H, 5.00; N, 7.45.

Preparation of Hsmshi. Potassium hydroxide (237.5 mmol) and
hydroxylamine monohydrochloride (200 mmol) were combined in
100 mL of methanol and stirred for 10 min over ice. A white
precipitate (potassium chloride salt) was formed. The precipitate was
removed via vacuum filtration yielding a clear and colorless solution of
hydroxylamine in methanol. To this stirred solution was added liquid
methyl-S-methyl salicylate (S mmol). The solution remains (initially)
clear and colorless. The solution was stirred for more than seven days
with a cap to prevent solvent loss. After seven days, a clear yellow
solution was obtained. The pH was adjusted to ~1 with 2 M aqueous
HCI. Then, 200 mL of water was added. The product was extracted
with 4 X 50 mL portions of ethyl acetate. The solvent was removed
via rotary evaporation. A small amount of yellow liquid and a pale
white solid emerge. The solid was collected via filtration, rinsed with
methylene chloride, and then dried in vacuo to yield a pure solid with
a 56.5% yield. '"H NMR (400 MHz, DMSO-ds) 6 11.95 (s, 1 H),
11.34 (s, 1 H), 928 (s, 1 H), 7.50 (d, ] = 2.2 Hz, 1 H), 7.19 (dd, ] =
84,22 Hz, 1 H),6.80 (d, ] = 8.4 Hz, 1 H), 2.22 (s, 3 H). Anal. calcd.
for CgH,NO,: C, 57.48; H, 5.43; N, 8.38. Found: C, 57.21; H, 5.54;
N, 8.39.

Preparation of Ln,moshiz Complexes. Hymoshi (0.6 mmol),
Ln(NO;);xH,0 (0.15 mmol) (Ln* = Sm*, Gd*, Tb**), Ga(NO,);-
x«H,0 (0.6 mmol), and isophthalic acid (0.3 mmol) were dissolved in
30 mL of dimethyl formamide. A concentrated aqueous NaOH
solution (19.87 M, 2.4 mmol) was added slowly, and the solution was

stirred for 2 h under ambient conditions. The solution was filtered
and the filtrate was left for slow evaporation, producing a crystalline
compound within 2—4 weeks. The compound was collected via
filtration and dried in vacuo. A tan crystalline solid was collected in
each case.

Sm,moshig. [Sm,Gag(moshi)s(iph),]Na,-SH,0-8DMF. Yield: 220
mg (84%). ESI-MS, calc. for [M]*7, Sm,GagCosHg4N5Oys, 1477.3;
found, 1477.2. Anal. caled. for Sm,Na,GagC,; H;;sN;04;: C, 39.20;
H, 3.56; N, 6.09. Found: C, 39.05; H, 3.47; N, 6.33.

Gd,moshig. [Gd,Gag(moshi)s(iph),]Na,-SH,0-8DMF. Yield: 195
mg (74%). ESI-MS, calc. for [M]*", Gd,GagCosHg4N5O,s, 1484.3;
found, 1484.2. Anal. calcd. for Gd,Na,GagC;;;H; 15N 304;: C, 39.05;
H, 3.55; N, 6.07. found: C, 39.01; H, 3.48; N, 6.03.

Tb,moshig. [Tb,Gag(moshi)g(iph),]Na,-SH,0-8DMF. Yield: 190
mg (72%). ESI-MS, calc. for [M]*", Tb,GagCosHgiN5O,s, 1486.3;
found, 1486.2. Anal. calcd. for Tb,Na,GagC,;;H,;;sN;O04;: C, 39.01;
H, 3.55; N, 6.07. Found: C, 38.90; H, 3.43; N, 6.14.

Preparation of Ln,mshig Complexes. Hymshi (0.6 mmol),
Ln(NO;)3-«H,0 (0.15 mmol) (Ln* = Sm*, Gd*, Tb*), Ga-
(NO,);#H,0 (0.6 mmol), and isophthalic acid (0.3 mmol) were
dissolved in 30 mL of dimethyl formamide. A concentrated aqueous
NaOH solution (19.87 M, 2.4 mmol) was added slowly, and the
resulting solution was stirred for 2 h under ambient conditions. The
solution was filtered, and the filtrate was left for slow evaporation.
After about 1 week, an amorphous, powdery precipitate appeared.
The mixture was filtered again, and the filtrate was collected and again
set for slow evaporation, producing a crystalline compound within 2—
3 weeks. The crystalline compound was collected via filtration and
dried in vacuo. A pale white crystalline solid was collected in each
case.

Smymshig. [Sm,Gag(mshi)g(iph),]Na, 10H,0-10DMEF. Yield: 210
mg (74%). ESI-MS, calc. for [M]*7, Sm,GagCosHg,N5Oyo, 1413.8;
found, 1413.3. Anal. caled. for Sm,Na,GagC,,sH;,N;50¢0: C, 39.98;
H, 4.10; N, 6.66. Found: C, 40.10; H, 4.22; N, 6.66.

Gd,mshis. [Gd,Gag(mshi)s(iph),]Na,-10H,0-9DMF. Yield: 210
mg (75%). ESI-MS, calc. for [M]*7, Gd,GagCosHg4N5Oyo, 1421.3;
found, 1420.3. Anal. calcd. for Gd,Na,GagC,3H ;47N ;,O49: C, 39.65;
H, 3.98; N, 6.40. Found: C, 39.66; H, 4.00; N, 6.38.

Tb,mshig. [Tb,Gag(mshi)s(iph),]Na,-8H,0-10DMF. Yield: 190
mg (67%). ESI-MS, calc. for [M]*~, Tb,GagCosHg N3Oy, 1422.3;
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found, 1422.3. Anal. calcd. for Tb,Na,GagC ,sH ;5N 3Oss: C, 40.18;
H, 4.01; N, 6.69. Found: C, 40.22; H, 4.09; N, 6.55.

Preparation of Ln,nhag Complexes. Ln(NO;),;xH,0 (0.125
mmol) (Ln* = Sm*, Gd**, Tb*") and Ga(NO;);«H,0 (0.5 mmol)
were combined in S mL of dimethylformamide, yielding a clear and
colorless solution. Separately, Hynha (0.5 mmol) and isophthalic acid
(0.25 mmol) were dissolved in 15 mL of dimethyl formamide,
yielding a clear and yellow solution. To this solution, a concentrated
aqueous NaOH solution (2.0 mmol) was added slowly, and the
solution was stirred for 5§ min. Then, the two solutions were combined
together, and the resulting mixture was stirred for more than 2 h
under ambient conditions. The solution was filtered, and the filtrate
was left for slow evaporation, producing a crystalline compound
within 2—4 weeks. The compound was collected via filtration and
dried in vacuo. A brown crystalline solid was collected in each case.

Smynhag. [Sm,Gag(nha)g(iph),]Na,-14H,0-14DMF. Yield: 165
mg (59%). ESI-MS, calc. for [M]*", Sm,GagC poHeNgOyy, 1558.8;
found, 1558.8. Anal. caled. for Sm,Na,GagC5,H,9N,,O4s: C, 43.84;
H, 4.32; N, 6.94. Found: C, 43.93; H, 4.43; N, 6.94.

Gd,nhag. [Gd,Gag(nha)y(iph),]Na,-12H,0-11DMF. Yield: 160
mg (61%). ESI-MS, calc. for [M]*”, Gd,GagC5HeNgO,0, 1564.8;
found, 1564.8. Anal. calcd. for Gd,Na,GagC,s3H 45N 0Og3: C, 43.80;
H, 3.96; N, 6.34. Found: C, 43.79; H, 4.06; N, 6.22.

Tbynhag. [Tb,Gag(nha)g(iph),]Na, 1SH,0-12DMF. Yield: 185
mg (68%). ESI-MS, calc. for [M]*7, Tb,GagC,0HeNgO,0, 1567.3;
found, 1566.8. Anal. calcd. for Tb,Na,GagC,ssH,75N»Og7: C, 43.38;
H, 4.15; N, 6.49. Found: C, 43.48; H, 4.23; N, 6.49.

Crystallography. Single crystals were grown from a dimethylfor-
mamide/water solution of the compounds at room temperature.
Crystals were mounted on a Rigaku AFCIOK Saturn 944+ CCD-
based X-ray diffractometer equipped with a low temperature device
and Micromax-007HF Cu-target micro-focus rotating anode (4 =
1.54187 A) operating at 1.2 kW power (40 kV, 30 mA). The X-ray
intensities were measured at 85(1) K with the detector placed at a
distance of 42.00 mm from the crystal. d*trek images were exported
to CrysAlisPro for processing and corrected for absorption.”>® The
analysis of the data showed a negligible decay during the data
collection. The structures of Sm,nhag, Dy,moshig, and Tb,mshig MCs
were solved and refined with the Bruker SHELXTL (version 2018/3)
software package.”” All non-hydrogen atoms were refined anisotropi-
cally with the hydrogen atoms placed in idealized positions. The
SQUEEZE subroutine of the PLATON***® program suite was used in
each case to address some of the disordered solvent molecules
contained in solvent-accessible voids present in the structure, which
are common in this type of macromolecular complex.®*~%* Additional
details are presented in Table S1 and in CIF files. Crystals of other
Ln,L; MCs (L' = shi*~, moshi®~, mshi*~) were screened to determine
unit cell parameters (Table S2).

Powder X-ray diffraction (PXRD) patterns were acquired for Ln,L§
MCs using a Rigaku Ultima IV X-ray diffractometer (Cu anode, 4 =
1.5406 A) upon scanning from 3 to 15° in 26 (Figure S1).

Thermogravimetric analysis curves for Tb,mshig, Tb,moshig, and
Tb,nhag were measured from 30 to 900 °C under a N2 atmosphere
using a PerkinElmer TGA-7 thermogravimetric analyzer at a scan rate
of 10 °C/min (Figure S12). Initial sample masses were between 2.5
and 4.9 mg.

Photophysical Properties. Excitation and Emission Spectra,
Luminescence Lifetimes, and Quantum Yields. Luminescence data
were collected for relevant Tb** and Sm** samples in the solid state.
Emission and excitation spectra were measured on a Horiba-Jobin-
Yvon Fluorolog 3 spectrofluorometer using a visible photomultiplier
tube (PMT) (220—800 nm, R928P; Hamamatsu). All spectra were
corrected for the instrumental functions. Luminescence lifetimes were
determined under excitation at 355 nm provided by a Nd:YAG laser
(YG 980; Quantel), and the signals of Tb** at 545 nm (°D, — "F
transition) or Sm* at $97 nm (*Gg;, — °H,/, transition) were
detected with a Hamamatsu R928 PMT connected to an iHR320
monochromator (Horiba Scientific). No initial delay was applied, and
luminescence decay curves were recorded with time intervals of 0.1/
0.2 us for Tb*®* MCs or 20 ns for Sm** MCs. Representative

luminescence decay curves are given in Figure S13. The output signals
from the detectors were fed into a 500 MHz bandpass digital
oscilloscope (TDS 754C; Tektronix). Luminescence lifetimes are
averages of at least three independent measurements. Ln**-centered
quantum yields under ligand excitation (Q};,) were determined with a
Fluorolog 3 spectrofluorometer based on the absolute method using
an integration sphere (Model G8, GMP SA, Renens, Switzerland).
Each sample was measured several times. The experimental error for
the determination of quantum yields is estimated as ~10%. Ligand-
centered quantum yields (Q) were calculated from the correspond-
ing emission spectra taking into account the values of Qf,.

Diffuse Reflectance Spectra. For the collection of diffuse
reflectance spectra, Ln,Ly MCs (5 wt %) were thoroughly grounded
and dispersed in MgO. Measurements were performed on a Jasco
V670 UV—visible spectrophotometer in the reflectance (R) mode
using a horizontal integration sphere accessory at room temperature.
To reflect absorbance, diffuse reflectance spectra are presented as a
Kubelka—Munk function ((1 — R)?*/2R) versus the wavelength
(Figure 3 and Figures S14 and S15).

— Gdsshig
o2 4 — GdzmShis
Q —— Gdomoshig
'é Gd>nhag
! TR /7%
0 - & :

300 400 500 600 700
wavelength (nm)

Figure 3. Diffuse reflectance spectra of Gd,L; MCs (L' = shi*,
moshi®~, mshi®~, nha®~) presented as a Kubelka—Munk function vs
wavelength. Spectra are normalized to the lowest energy peak in the
spectral range of 290—425 nm.

Phosphorescence Spectra. Phosphorescence spectra of Gd**
compounds were measured on powder samples at 77 K on a
Horiba-Jobin-Yvon Fluorolog 3 spectrofluorometer in the time-
resolved mode.

Temperature-Dependent Emission Spectra. For measurements,
ca. 50 mg of relevant Tb** or Sm*" powder samples was pressed into a
pellet using a hand pellet press. These were affixed to a copper plate
attached to a temperature controller via vacuum grease. The
temperature-dependent emission spectra were recorded on a
double-grating excitation spectrofluorometer equipped with a
TRIAX 320 emission monochromator (Fluorolog-3, Horiba Scien-
tific) coupled to a R928 Hamamatsu photomultiplier in a front-face
acquisition mode. The excitation source was a 450 W Xe arc lamp.
Emission spectra were corrected for the detection and optical spectral
response of the spectrofluorometer. The temperature was controlled
by a helium closed-cycle cryostat with a vacuum system measuring ca.
5 X 107 mbar and a Lakeshore 330 temperature controller with a
resistance heater. The temperature was adjusted to various settings
using the auto-tuning temperature controller from ca. 11 to 400 K
with a maximum accuracy of 0.1 K. Emission spectra were collected
after waiting for a minimum of S min to thermalize the sample. A
baseline correction was performed on each spectrum by fitting a
polynomial function to the background signal and subtracting the
fitted function.

B RESULTS

Twelve metallacrown complexes were analyzed for their
relevant luminescence properties. Each of these compounds
are dimeric 12—MC-4 MCs with a similar topology to that
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Figure 4. Corrected and normalized emission spectra for Tb,Li and Sm,L; MCs (L’ = shi*~, moshi®~, mshi*~, nha®") in the solid state upon

excitation at 340—370 nm at room-temperature.

shown in Figure 1. The MC units (Figure 2, left) form the
dimer when combined with the iph*~ ligand (Figure 2, right).
These materials were created using permutations of several
different trivalent lanthanide ions (Ln®*") and four MC
component ligands (Figure 2, center): Hyshi, S-methylsali-
cylhydroxamic acid Hymshi, S-methoxysalicylhydroxamic acid
Hjmoshi, and 3-hydroxy-2-naphthohydroxamic acid Hjnha.
Each complex has the general formula Ln,GagLgLj, where Ln
= Gd*, Tb*, or Sm™"; L’ = shi*~, mshi®~, moshi®~, or nha®*~
and L” = iph®". The complexes will be referred to in shorthand
here as Ln,Lg for simplicity (e.g,, Sm,shig). The Ln,shig MCs
were previously reported for their room-temperature lumines-
cence properties” (several previously reported data are
provided in this work for comparison with the novel
complexes). A new analysis of their thermal dependence of
luminescence spectra has been performed. The Ln,mshig,
Ln,moshig, and Ln,nhag are all new complexes on which a
similar analysis has been performed. Compositions of these
complexes have been confirmed by mass spectrometry,
elemental analysis, and either single crystal X-ray diffraction
or PXRD studies.

For the Tb** and Sm*" complexes, measured photophysical
properties include diffuse reflectance spectra, excitation
spectra, emission spectra (11—400 K), emission lifetimes,
and quantum yields at room temperature. Emission properties
were determined upon excitation into ligand electronic levels
in the UV/visible range. Gd** complexes were synthesized to
serve as probes of the ligand-centered electronic structure and
were analyzed by recording diffuse reflectance spectra to
determine the ligand singlet state energies and phosphor-
escence spectra to determine the ligand triplet state energies.
Such measurement is possible because Gd>* possesses excited
electronic states generally too high in energy to accept energy
from the ligand excited states and also because Gd*" possesses
a very high spin (ground S = 7/2) that may increase the rate of
singlet to triplet intersystem crossing within the ligand.

Synthesis. The reaction between Ga(NO;);, Ln(NO;),,
isophthalic acid, and the MC ring ligand (H,shi, Hymshi,
Hymoshi, or Hynha) in an appropriate ratio in DMF with a
basic salt (NH,HCO; for Ln,shig compounds or NaOH for the
others) results in the formation of the desired compounds via
self-assembly. These are crystallized out of solution via slow
evaporation of the solvent to yield the pure materials.

Crystal Structures. X-ray single crystal structures were
solved for at least one Ln>* derivative from each Ln,L} series,
for example, for Tb,mshig, Dy,moshiz, and Sm,nhag. For
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Ln,shig, the crystal structure of the Dy* analogue was
previously reported.”’ For the remaining Ln,L; MCs (L' =
shi®~, moshi®~, mshi®”), their unit cells were determined by
screening single crystals by X-ray diffraction (Table S2). For
the Ln,nhag, only the Sm** analogue produced crystals suitable
for single crystal X-ray diffraction. Tb,nhag and Gd,nhag MCs
were obtained as microcrystalline materials. To confirm the
structural uniformity within the Ln,nhag series, the corre-
sponding PXRD patterns were acquired and compared with
those calculated from the respective crystal structures (Figure
S1). The collected data allowed us to establish a global
description of the MC structure for each series, independent of
the nature of Ln".

The crystal structures of Ln,Lg and packing diagrams are
shown in Figures S2—S10. Each compound has a similar
overall topology dictated by the identical ligand binding motifs,
resulting in dimeric structures like the one presented in Figure
1. The isostructural nature of these complexes indicates that
differences in the energy levels of the lanthanides due to crystal
field effects will be minimal and most of the relevant
differences in properties are due to the interaction of the
Ln*" excited states with the ligand excited states. According to
a SHAPE analysis, the local environment around each Ln** is
best described as a square antiprism that is constituted of eight
oxygen atoms (Tables S5—518).°*%* Four of these atoms are
carboxylate oxygens derived from isophthalate groups, while
the other four oxygen donors are oxime oxygens located in the
MC plane. In each case, the isophthalic acid mean plane is
closer to the Ln** than the oxime oxygen plane, that is, ca. 1.1
A versus 1.5 A, respectively (Table S3). The intramolecular
Ln*—Ln3" distance varies between 7.010—7.215 A, while the
shortest intermolecular distance between Ln®" is at least 12.8 A
(Table S4).

Thermogravimetric Analysis. Thermogravimetric curves
for Ln,Ly MCs (L' = shi*, moshi’*~, mshi*~, nha®") are
presented in Figure S12. Water and DMF are co-crystallized
with the present compounds. All samples show a gradual or
step-wise weight loss from 30 to 200—300 °C associated with
the baking of solvent molecules from the lattice followed by a
leveling off until 400—500 °C. Finally, the molecular thermal
decomposition occurs above this temperature. These results
suggest that MC scaffolds are thermally stable until at least 400
°C (673 K).

Diffuse Reflectance Spectra. The diffuse reflectance
spectra were collected for all studied MCs (Figures S14 and
S15), and the spectra corresponding to the Gd** derivatives are

https://doi.org/10.1021/jacs.2c04821
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given in Figure 3. For each L’ ligand, the spectra are quite
similar for all three examined Ln*" ions, so we will focus on
Gd* MCs. We consider the red edge of the spectrum as the
singlet state of the lowest energy (S;). The singlet energies
determined in this manner for each compound are gathered in
Table 2.

Phosphorescence Spectra of Gd*>* Complexes. Phos-
phorescence spectra were collected for each Gd** derivative at
77 K upon excitation into the ligand absorption band between
310 and 400 nm. The spectra are given in Figure S16. Each
phosphorescence spectrum was fitted as a sum of Gaussian
curves. The lowest in the energy Gaussian band was
considered as the zero-phonon (0—0) transition and was
assigned as the energy of the triplet state of lowest energy (T}).
These results are gathered in Table 2.

Excitation and Emission Spectra Measured at Room
Temperature. Excitation and emission spectra of Tb,Lg and
Sm,L; MCs were recorded in the solid state at room
temperature. Excitation spectra upon monitoring emission of
Tb* at 545 nm (°D, — ’Fs transition) and Sm** at 597 nm
(*G; n = 6H7 1 transition) are given in Figures S17 and S18
(left), respectively. Emission spectra upon excitation at 340—
370 nm are given in Figure 4. Notably, a Tb**-centered
emission in Tb,nhag was not observed, while for Sm,nhag, a
broad band in the range of 400—600 nm attributed to the
ligand fluorescence was detected along with weak, sharp Sm*'-
centered bands. Emission profiles of Tb,Lg and Sm,Lg MCs are
independent of the nature of the ligands, being consistent with
the locally isostructural coordination environment around each
Ln*". Tb,Ly MCs show characteristic emission bands arising
from D, — 7F] transitions with the main emission bands
attributed to D, — "F¢ (490 nm), *°D, — "F; (545 nm), °D,
— "F, (585 nm), and °D, — ’F, (620 nm) and emission bands
with lower intensities assigned to D, — ’F, (650 nm), D, —
’F, (670 nm), and D, — ’F, (680 nm). Sm,L; MCs
demonstrate characteristic emission signals arising from *Gs),
— SH; transitions with bands located at *G;,, — °Hs,, (555
nm), “Gs;, = °H,,, (600 nm), *Gs/, = “Hy), (645 nm), and
*Gs;, = °Hyyj, (700 nm). For the Smyshig, Sm,mshis, and
Sm,moshig compounds, emission in the near-infrared (NIR)
range was also observed (Figure S18, right).

Quantum Yields and Ln** Luminescence Lifetimes at
Room Temperature. Quantum yields under ligand excitation
of (i) Ln*"-centered emission (Qr,) and (ii) ligand-centered
emission (QF) were determined for Ln,mshig, Ln,moshig, and
Lnynhag (Ln = Tb*, Sm*") in the solid state. Additionally,
Ln*" luminescence lifetimes (z,,,) were determined for all
studied MCs except Smynhag, which exhibited a very weak
emission. These parameters are gathered for visible emissions
in Table 1. Quantum yields for NIR emission from Sm®*
compounds are given in Table S19.

Thermal Dependence of Ln3* Emission Intensities.
For all MCs exhibiting Tb*" or Sm*'-centered transitions,
emission spectra were collected in the temperature range from
11 to 400 K on solid-state samples. As an example, the thermal
dependence of the Tb*" emission in Tb,moshig is given in
Figure S (left). The emission intensity of each band decreases
upon heating. In Figure S (right), the normalized integrated
intensity of each D, — ’F; transition band as a function of
temperature is given. All bands possess identical thermal
dependence when normalized.

The thermal dependence was analyzed in a similar way for
all complexes; those data are summarized in Figures S$19—S25.

Table 1. Luminescence Lifetimes (7,,), Ln>*-Centered
Quantum Yields (Qr,) and Ligand-centered Quantum
Yields (Q[) in the Visible Range of Tb,L; and Sm,L{ MCs
(L’ = shi*~, moshi®*~, mshi®>~, nha®") in the Solid State”

MC Tops (u5)" Q. (%) Q (%)°
Tb,shig 1410(1)“ 31.2(2)%¢ 0.105(1)
Tb,mshig 869(2): 92.2(8)% 25.2(4)° 0.106(1)

217(3): 7.8(8) %
Tb,moshig 71.6(9): 74.0(5)% 2.07(6)¢ 0.11(1)
16.1(6): 26.0(5)%
Smyshig 117(1)4 2.09(5)%* 0.038(1)
Sm,mshig 76(1) 2.21(2)¢ 0.068(1)
Sm,moshig 83(3) 2.27(5)¢ 0.07(1)
Sm,nhag S 0.0267(7)¢ 0.152(4)

“At room temperature, 20 values between parentheses. Estimated
experimental errors: 7y, +2%; QF, +10%; QF, +10%. bUnder

excitation at 355 nm. If a biexponential decay was observed,

. B
population parameters P, =

: > B,

i=1 i

“Calculated from the emission spectrum. “From ref 53. “Under

excitation at 350 nm.”Could not be determined due to an insufficient
signal. ¥Under excitation at 370 nm.

in % are given after the colon.

The analysis of the thermal dependence of integrated
intensities of a representative prominent band for Tb,Lg and
Sm,Lg MCs is given in Figure 6. A plot displaying the
temperature-dependent emission spectra focusing on the *D,
— 7F transition for Tb** complexes and the *Gs,, — °H,),
transition for Sm*" complexes is given in Figure S27.
Analysis of a Molecular Thermometer Based on
Mixed Tb,moshig/Sm,moshig. The Tb,moshig and
Sm,moshig complexes were combined to create a ratiometric
luminescent nanothermometer. This was accomplished by a
thorough grinding of Tb,moshig and Sm,moshig in a 1:1 ratio
in a mortar. The thermal-dependent luminescence was
examined upon excitation at 370 nm (Figure 7A). We
observed some overlap between the Sm** and Tb*" emission
profiles, particularly between the Tb**°D, — ’F,/*Gy, —
°H,, and the *D, — "F,/*G; n = ®H,/, transitions. In Figure
7C, several A parameters are plotted, where A = I, /I . Here,
Iy, and Iy, are the integrated areas of the specified Tb*
emission band (transitions D, — 7F], J=3,5,6), and the
band corresponding to the *G;,, — °H,), transition of Sm*,
respectively (Figure 7B). The thermal dependence of this
parameter was fit to a single-pathway component using a
Mott—Seitz model:**
A= #
1+ ul-e_El/kBT

(1)

where T is the temperature, 4, is a dimensionless scaling factor,
E, is the energy gap between the accepting and donating
energy levels, and A, is the maximum intensity of this
parameter at low temperatures (before the thermally depend-
ent quenching pathway activates). The fitting parameters are
gathered in Table S22. An analogous dual-pathway component
Mott—Seitz model can be fit as well (eq S1 and Table S23)
with similar results. A full theoretical consideration may
incorporate many relevant de-activation pathways (vide infra),
but this simpler model fit the thermal response well in this
case. Lastly, Figure 7D shows the relative (thermal) sensitivity
of this thermometer (S,) calculated according to

https://doi.org/10.1021/jacs.2c04821
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B DISCUSSION

Emission Spectra and Quantum Yields. The emission
spectra of Tb,Lg and Sm,Lg MCs are quite similar and
independent of the nature of the hydroximate ligands. This
result can be understood by the locally isostructural environ-
ment around each Ln’** center. A C4-type geometry exists
around each Ln*" in Ln,L; MCs, although it is crystallo-
graphically C,, for the Ln,nhag and Ln,mshig compounds and
only pseudo-C,, for the Ln,moshig and Ln,shi; compounds.
The small differences in the coordination environment around
each Ln* ion due to the electronic properties of the ligands are
apparently minimally important in shaping the emission
spectra of each Ln,Lg MCs.

A correlation can be established between the photophysical
properties of Ln,Lg MCs and the relative positions of the levels
of the ligands (S, T,) with respect to the accepting levels of
the corresponding Ln*, that is, *D, (20,400 cm™") for Tb**
and *Gg/, (17,800 cm™) for Sm**. Those data are summarized
in Table 2. For the Tb,nhag complex, an absence of a Tb*-
centered emission is expected considering that the donating T
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state of the nha®~ ligand lies below the *D, state of Tb**. When
the °D, state is occupied, there is a very efficient deactivation
route via energy transfer to the lower-lying T state and/or the
sensitization of the Tb®' via the feeding from the T, state
cannot occur given the lower energy position of the T state.

Among Sm,Lg MCs, Sm,nhag exhibits the lowest Qf,, (Table
1) and the visible emission spectrum shows significant broad
ligand-centered bands compared to the Sm*'-centered
transitions (Figure 4). The very low quantum yield value
recorded for Sm** in Sm,nhag can be understood by the small
energy gap (AE = 350 cm™") between the *Gg/, state of Sm**
and the T state of the nha’~ ligand, enhancing the probability
of a back energy transfer. For other studied Sm,Lg MCs, the
energy differences between the corresponding T levels and the
*Gg), state are more than 3770 cm™' and they exhibit very
similar values of Q% (2.0—2.3%).

In the case of Tb,L; MCs (L’ = shi*~, moshi®~, mshi®~), the
variability of Qfy, is larger, ranging from 2.07(6)% to 31.2(2)%
(Table 1), owing to the closer proximity between the ligand
energy levels and the emissive “D, energy level of Tb*". In
general, the values of QY correlate directly with the energy gap
between the donating T, and accepting “D, levels. That is, the
smaller the energy gap AE(T,—°D,), the smaller the room-
temperature Qf;, due mainly to the higher probability of back-
energy transfer to the energy states of the ligand. We can note,
however, that while Tb,mshig and Tb,moshig possess fairly
similar T, energy levels (21,570 and 21,640 cm™?,
respectively), the QY, values are significantly different,
25.2(4)% for Tb,mshig versus 2.07(6)% for Tb,moshis.
Thus, we can conclude that the energy transfer involving the
S, state is also important since the S, energy levels are more
disparate (26,900 cm™' for Tb,mshig vs 25400 cm™' for
Tb,moshig). This conclusion will be described in more detail
below.

Thermal Dependence of Emission. The luminescence
spectra of Ln,Lg MCs were recorded in a broad range of
temperatures from 11 to 400 K. As the temperature increases,
most of the compounds show an emission intensity that is
generally minimally affected until a certain temperature is
reached where a significant thermally activated decrease
occurs, which is consistent with the Boltzmann-dependent
non-radiative deactivation mechanism.

Considering the Sm** compounds, the onset of an intensity
decrease occurs at low temperatures for Sm,nhag, and at

https://doi.org/10.1021/jacs.2c04821
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each curve is overlaid in black (eq 1). (D) The relative sensitivity for each A parameter is calculated from eq 2.

Table 2. Ligand-Centered S, and T, Energy Levels, the
Lowest Emitting Levels of Sm*" (*G;,,) and Tb*" (°D,), and
Relevant Energy Gaps

energy (cm™) Ln,shig Ln,mshig Ln,moshig Ln,nhag
S, 27,800 26,900 25,400 23,300
T, 21,980 21,570 21,640 18,150
AE(S,—T,) 5820 5330 3760 5150
AE(S,—*Gs),") 10,000 9100 7600 5500
AE(T,—*Gs,") 4180 3770 3840 350
AE(S,—°D,") 7400 6500 5000 2900
AE(T,—D,") 1580 1170 1240 2250

917,800 cm™".%¢ £20,400 cm™.%

temperatures greater than ~350 K, for the other Sm>*" MCs.
For Smjnhag a significant decrease starts around 75 K,
although it is not fully apparent from the collected data that
the temperature change was flat below this temperature as the
lowest available temperature point is 11 K. The low
temperature onset of this decrease can be understood from
the small energy gap (AE = 350 cm™') between the donating
T, state of the ligand and the accepting *Gg/, state of Sm®'.
This small gap indicates that the Boltzmann-dependent back
energy transfer will occur at low temperatures. For the other
Sm*" MCs, their intensity decrease trend is not complete
within the experimental temperature range. However, each
compound initiates a temperature decrease around 350 K. The
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similarity of the temperature decrease onset for each of these
Sm3" MCs, despite a variety of ligand energy levels, suggests
that the intensity decrease in these cases may be primarily due
to mechanisms that are additional to the electronic-based
energy transfer. Thermally activated vibrational modes may be
the most relevant non-radiative deactivation mechanisms
owing to the similarity of the molecular structure within
Sm,L; series. Thermally activated solvent loss may also be
relevant at high temperatures (see TGA; Figure S12).

For the Tb* complexes, the variation in thermally
dependent emission intensity behaviors as related to the
energy levels of the ligand states is more apparent than for the
Sm** complexes. The intensity decrease begins around 150 K
for Tb,moshig, 250 K for Tb,mshig, and 300 K for Tb,shis.
This trend correlates well with the energy gap between the
ligand-based energy levels and the °D, state of Tb*" in each
case. For the S, energy level of the ligand: shi’~ > mshi*~ >
moshi®™. For the T, energy level: shi’~ > mshi’~ ~ moshi*".
Thus, given the differences in Qf;, values discussed above, the
energy transfer dynamics considering the S; as well as the T,
state is quite relevant. Otherwise, only the T states would be
important and the Tb,moshig and Tb,mshig MCs would have
similar thermal responses and Q%b at room temperature since
the T, energy levels are similar for Tb,moshig and Tb,mshig
MCs.

To examine the importance of the relative energy levels in
each emissive compound in detail, theoretical calculations were

https://doi.org/10.1021/jacs.2c04821
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performed. The thermal response of each material was
calculated considering Judd—Ofelt theory, intramolecular
energy transfer (IET) theory, and population rate equations.’”

The full theoretical analysis can be found in the Supporting
Information; however, a summary of the results is given here
(Figure 8). For most of the Tb**-based MCs, the temperature-
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Figure 8. Simplified energy level diagrams for Ln,moshig. (a) Ln =
Tb** and (b) Ln = Sm*". ¢} is the rate of population of the singlet state
upon absorption of the excitation light (Sy — S;), Wigc is the S; = T,
intersystem crossing rate, while W is the rate of the reverse process
(T, = S;). W and Wy are the forward IET rates from the S, and T,
states, respectively. Their backward IET rates are the ones with the
superscript b (W'). W; _, , is the decay rate from Ln*>" upper levels to
the emitting one, 13) — [4). The luminescence lifetimes 5, 7, and 7
are related to the S, Ty, and Ln** emitting levels (°D, and *Gs),),
respectively.

dependent behavior can be understood as a competition
between forward and backward rates via energy transfer
involving the S; state (Wg and W% Table S35). On the other
hand, for the Sm>'-based MCs, the energy transfer from the T
state was shown to be more efficient and the forward rate (W
~ 10° s7") increases with the temperature for all cases. Figure
$33 summarizes the thermal behavior of some important rates.

Among all of the studied MCs, the Ln,moshig is a special
case in which the energy transfer dynamics between the T, and
S, states of the moshi’~ ligand are especially important. This
observation is based on the close energetic proximity of these
electronic states AE(S,—T,) = 3760 cm™, 6promoting a reverse
intersystem crossing rate T; — S; (Wjsc)- 9% Thus, the Wisc
becomes commensurate with the direct process (W) and
imposes a thermally dependent rate competition between them
(Figure S34). In other words, as the temperature increases,
W,sc becomes competitive with Wigc, so the T state becomes
less populated and can no longer transfer as much energy to
the Tb*, decreasing the population of the *D, level (Figure
S35). If the effect of W4 is not considered, only the backward
energy transfer via S; (W2) is sensitive to the temperature (W3
ranging from 1.15 X 10° to 1.81 X 10° s71), which is not
substantial enough to produce the rapid Tb®" emission
quenching pattern observed experimentally when the temper-
ature raises for Th,moshig (Figure S28). On the other hand,
the competition between Wisc and Wgc does not affect too
much the Sm,moshig once the rates T, 2 Sm* (W; and W5;
Table S35) are faster than the estimated Wigc and Wy
(Figure S34).

Therefore, the energy transfer in both directions across the
S;—T, energy gap is a highly important mechanism for the
induction of a thermal dependence of the emission intensity in
competition with the Ln®>" to T, mechanism, which has been
previously identified.***>***° Based on these results, one may
consider adjusting the ligand S;—T; gap to induce changes in
the thermal dependence of thermometer or to increase
quantum yields of emission. In the present case, this process
does not greatly affect the Sm,moshig because it holds the Wy
> W,sc relation for any temperature considered. The Wi is
negligible for each of the other ligands due to a high AE(S,—
T,) (>5000 cm™).

It is important to keep in mind that large forward rates
(from ligand to the Ln*") will not grant necessarily to the
system excellent optical properties and the entire set of
competing rates is difficult to generalize heuristically. This set
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Figure 9. Theoretical thermometric A parameters (A) and sensitivity (B) for 1:1 Tb,moshiz:Sm,moshiz. Compare to experimental results (Figure

7C,D).
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can only be examined with the help of population rate
equations (eqs S20—S24) that take into account all rates
involved (absorption, ISC, rISC, forward IET, backward IET,
and luminescence decay lifetimes), as depicted in Figure 8.

Knowing the thermal behavior of the population of the
emitting level for both Tb®" and Sm*" (Table S36), it is
possible to model the A parameters. Figure 9 shows the
theoretical curves for a 1:1 mixture of Tb,moshig:Sm,moshig.
The similarity between the theoretical A with the experimental
ones is notable (Figure 7C). The separations between the
three curves are related to the differences in the radiative
components for each Tb** °D, — 7F] transition (J = 3, S, and
6). It is worth highlighting that the theoretical modeling
procedure presented here is general and capable of estimating
the relative population of emitting levels of any Ln*" ion and,
therefore, the emission intensity (or ratio between two
intensities). This feature opens perspectives in the rational
design of new luminescence Ln’*'-based materials before
realizing synthetic routes.

The comparison between the temperature-dependent
emission profiles of the D, — "F; transition for Tb,L; MCs
and the *G/, = °H,, transition for Sm,L;{ MCs are presented
in Figure S27. We can observe that the intensity of the Tb*"
transition decreases as temperature increases while maintaining
an overall similar spectral profile, while for the Sm’"
complexes, the profile of the *Gs, — °H,, transition broadens
noticeably throughout the experimental temperature range
even if the emission intensity is relatively constant. This
behavior is consistent with the thermal population and the
emission from excited states located above the lowest-energy
emitting level of Sm*" as the temperature increases. For Tb*",
maintaining the same spectral profile suggests that the
electronic states above the *D, emitting level are not populated
as the temperature increases.

It is worth mentioning that, when the S, is repopulated by
the reverse ISC (rISC) pathway, the competition between S,
— Spand S; — Ln>' is considered in the numerical simulations
(coupled system of rate equations). The first process prevails
over the second one theoretically and experimentally.
Otherwise, if (7)™ < Wy, an increase of the Tb* D,
population (and consequently Tb** emission) would be
expected with the increase of the rISC when the temperature
rises (Figure S34).

Analysis of Thermometric Device Capacity. One may
notice than any permutation of the present compounds could
be used to create a luminescent thermometer provided that
one of the emitters (Sm>* in this case) has a relatively constant
response to temperature (to serve as a calibration) and the
other (Tb*) has a decrease in intensity in the region of
interest. Thus, because the present set of Ln,Lg MCs has a
variability in the location of the thermal dependence
throughout the cryogenic to 400 K range, these materials
represent a way to create luminescent thermometers for use in
an arbitrary temperature range.

As an example, a 1:1 mixture of Tb,moshig:Sm,moshig was
combined in the solid state to demonstrate the thermometric
capacity of the present complexes by mixing two independent
materials. The thermometric analysis described above (eq 2)
led to a luminescent molecular thermometer with a maximal
sensitivity S, around 3%/K at 220 K, but S, > 1.5%/K for ca.
200—300 K (Figure 7). Since the thermal dependence is
controlled mainly by the Tb*, by using a different Tb**-based
compound, we can access a broad temperature range for

thermometric activity. For example, we can expect a S, that is
larger than 1.5 %K' throughout the biologically relevant range
300—350 K by using Tb,mshig (Figure S29). Thermogravi-
metric analysis of Ln,Lg revealed that these dimeric MCs are
very robust, being thermally stable up to at least 650 K (Figure
S12).

When using intensity-based luminescence thermometry, a
second emitter is necessary to allow the internal calibration of
the thermometric response as abovementioned. As in the
present case, the second (“calibrating)” emitter does not need
to be covalently attached to the active (thermally responsive)
center if these emitters are evenly dispersed within the
environment of interest. Although one may think about
covalent bonding of the two emissive centers (thermally active
and calibrating), this may not necessarily be beneficial versus
the simpler approach of using two independent types of
molecules. For the presented MCs and many other
thermometric systems, Boltzmann-dependent energy transfer
is the relevant thermally active mechanism.”” As a statistical
process, a Boltzmann-dependent mechanism requires an
ensemble of emitters to allow the accurate correlation of
intensity with the temperature.

Molecular-based thermometers composed of two independ-
ently emissive Ln*" ions are promising because they offer the
sensitivity of a dual-centered ratiometric optical nano-
thermometer: the two emissions used for analysis can be
independently modified, and the molecule itself can be
functionalized via chemical techniques. For example, in a
previous communication, we showed that one may combine
1:1 Smyshig:Tbyshig in polystyrene nanobeads to create a
water-compatible compound with thermometric activity in a
biologically relevant range, such as 300330 K.”’

B CONCLUSIONS

Twelve Ln*"-based metallacrowns (Ln,Lg, L’ = shi®~, moshi®~,
mshi®~, nha®) were analyzed for their optical properties,
including nine newly synthesized complexes. Three new
molecular scaffolds were presented (Ln,moshig, Ln,mshig,
and Ln,nhag) along with a previously described Ln,shig MCs.
The Gd**, Sm**, and Tb*" complexes were presented in each
case, and the temperature response of the Ln**-based
photoluminescence was measured for the Sm* and Tb*
complexes. The analysis of the diffuse reflectance and
phosphorescence spectra of the corresponding Gd** MCs
allowed the determination of the ligand S; and T, energy
levels. It was generally found that the energy gap AE between
the Ln*" excited state and the ligand excited T, state is
correlated with the temperature of onset of the reduced
emission intensity. The smaller AE led to a decrease of the
emission intensity, which was onset at lower temperatures
consistent with a Boltzmann-dependent back transfer mecha-
nism. Furthermore, theoretical calculations allowed the
identification of an important T, to S; back energy transfer
mechanism for thermally dependent deactivation of the
Tb,moshiz complex. The difference in energies T|—S; together
with Ln***—T| represent an important parameter for creating
thermally active luminescent materials. This approach is
advantageous because it is based on a purely molecular
mechanism, independent of the properties of the bulk material.

It was shown that, within the studied series of MCs, a
thermal response could be modulated across the cryogenic to
400 K range. In addition, by combining MCs with different
thermal dependencies, an optical ratiometric thermometer
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could be produced. Such a thermometer functionality was
demonstrated with the 1:1 Tb,moshig:Sm,moshig system in
the solid state, which had a maximum relative thermal
sensitivity S, of approximately 3%/K at 220 K but S, >
1.5%/K in the range of 200—300 K. The presented approach of
combining two materials with a disparate thermal response
could be generally translated for other classes of compounds to
create optical thermometers with controlled properties and
improved performance. Due to the tunability of the temper-
ature range via synthetic considerations, physical processes that
are active at different thermal ranges can be accessed with the
present scheme. For example, a Tb,mshig-based system can be
expected to have a high thermal sensitivity at ca. 300 K (Figure
6), that is, in a biologically relevant range. A combination of
this MC with an appropriate partner complex such as
Sm,mshig could allow us to create a ratiometric thermometer.
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