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Constructing [2.2]Paracyclophane-Based Ultrasensitive
Optical Fluorescent-Phosphorescent Thermometer with
Cucurbit[8]uril Supramolecular Assembly

Xujun Qiu, Teng Zheng,* Marcin Runowski,* Przemystaw WoZny, Inocencio R. Martin,
Kevin Soler-Carracedo, Claudia Espinosa Pifiero, Sergei Lebedkin, Olaf Fuhr,

and Stefan Brdse*

The pursuit of developing novel approaches to fully organic and efficient
phosphorescent materials is in high demand. The optical activity of such
functional, organic phosphorescent/fluorescent materials may exhibit great
temperature dependence, allowing their application as advanced, highly
sensitive molecular thermometers. In this study, a rational strategy involving
host—guest complexation and polymerization of [2.2]paracyclophane (PCP)
based molecules with cucurbit[8]uril (CB8) to suppress the molecular motion
and promote temperature-dependent phosphorescence is presented. The
rigid cavity of CB8 provides an ideal microenvironment to host PCP molecules
1 and 2, significantly enhancing the photophysical performance after
complexation. Co-polymerizing phosphors 1 and 2 with acrylamide is an
efficient method for improving phosphorescence. Incorporating CB8 into the
resulting P-1 and P-2 polymers enhances phosphorescence performance.
Importantly, the obtained materials exhibit a big structure-dependent spectral
shift and change of phosphorescence lifetimes with temperature, allowing
novel, phosphorescence-based, and purely organic optical thermometers to
be developed. The practical applications of PCP-based luminescent materials
in temperature sensing via a multi-parameter approach are showcased, i.e.,
using fluorescence spectral shift and changes in bandwidth, as well as
phosphorescence lifetimes, exhibiting thermal sensitivity of %17.7 em=1 °C~',
47.8 cm™' °C, and 5.2% °C~', respectively.

1. Introduction

Temperature detection is a basic and cru-
cial technique in scientific and industrial
fields and our daily lives. With the fast de-
velopment of optical (luminescence) ther-
mometry, many promising results were
reported, benefiting the development of
aerospace technology, biomedicine, super-
conductors, polar explorations, etc.'%! Lu-
minescent temperature sensors mainly en-
compass inorganic materials and nanopar-
ticles, such as Ln**/**.doped structures,
materials based on d-block metal ions,
and quantum dots. However, there is a
growing interest in soft organic-based lu-
minescent thermometers such as organic
dyes, polymers, metal-organic-frameworks
(MOF), other organic-inorganic hybrids,
and composite structures.[*® In general,
the benefits of optical organic thermome-
ters are their great susceptibility to tem-
perature changes, high luminescence quan-
tum yield, and brightness, as well as the
possibility of advanced and specific mod-
ification of their structure according to
the requirements of given applications.
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This permits, e.g., selective binding of the given molecules with
appropriate targeted biological structures, allowing localized and
remote thermal imaging.”!!] Organic molecular thermometers,
which are based on temperature-responsive fluorescent mate-
rials, enabling fast photophysical response, outstanding spatial
and temporal resolution, good biocompatibility, and high sensi-
tivity, are regarded as one of the most valuable thermometric tools
in the cryogenic range. However, designing and developing novel
optical thermometers with high sensitivity is still challenging. An
efficient strategy to significantly improve the thermal sensitivity
of optical sensors may be to exploit the thermal response of the
lifetime of phosphorescence in organic phosphor compounds,
which may be extremely long for phosphorescence (up to hun-
dreds of milliseconds or even seconds) and highly sensitive to
temperature changes. Note that fluorescence phenomena, on the
other hand, are very fast, lasting typically in the range of a few
nanoseconds. This is due to fluorescence typically originating
from allowed singlet-singlet (S,—S,) transitions,!'>"*] whereas
phosphorescence is related to the forbidden triplet-singlet (T,—
S,) transitions.['>1¢] Another promising strategy is to use the
spectral shift of the emission bands as a thermometric parameter,
which is typically much more susceptible to temperature changes
in the case of organic compounds compared with inorganic ma-
terials.

Advances in highly efficient and stable room-temperature
phosphorescence materials have attracted considerable at-
tention in various fields, such as display technology,'’-!!
optoelectronics,'! optical sensors technology,2°-22] etc.[2*24] This
is due to the advantages of organic phosphorescent materials,
such as facile modification, biocompatibility, very long emission
lifetime, large Stokes shifts, rich triplet states, as well as high
quantum yield and brightness, which are not fully covered in flu-
orescent materials.[?°! To improve phosphorescence by enhanc-
ing the intersystem crossing (ISC) rate between the excited sin-
glet and triplet states, two main strategies have been proposed:
1) introducing heavy atoms to promote spin-orbit coupling and
reducing the splitting energy of the S, and T, states (AEg);
II) suppression of the undesired nonradiative transitions from
the triplet state by restraining the molecular motions, e.g. by
crystallization, polymerization, H-aggregation (molecular self-
assembly), and host—guest interaction.?*]

[2.2]Paracyclophane (PCP) is a compact molecule with two
slightly curved benzene decks constrained by ethylene bridges
in a coplanar conformation. With the short deck distance of
3.09 A, smaller than the van der Waals distance between the
layers of graphite (3.35 A), strong transannular electronic com-
munication between the benzene decks can occur. PCP-based
molecules have been successfully exploited in material science
to develop organic light-emitting diodes (OLEDs) and nonlinear
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optical materials.!??’] However, PCP-based phosphorescent ma-
terials were rarely reported in the literature.[*®)

To construct a PCP-based phosphorescent thermometer, the
supramolecular host—guest assembly provides an alternative ap-
proach, wherein phosphor motion can be restrained, and phos-
phorescence quenching by oxygen can be prevented, thus pro-
moting the phosphorescence phenomenon even at relatively high
temperatures.”! In this study, we utilized cucurbit[8]uril (CB8),
a rigid macrocyclic host synthesized by polymerization of gly-
coluril and formaldehyde as such a host. Additionally, by co-
polymerizing PCP phosphors with acrylamide, phosphorescence
properties were also improved. Furthermore, the polymerized
phosphor molecules can be again encapsulated within the CB8
cavities, further enhancing the phosphorescence effect. Finally,
we demonstrated the potential application of the encapsulated
PCP-based organic fluorophores for optical temperature detec-
tion, which may culminate in a new approach for producing
novel phosphorescent—fluorescent thermometers. The developed
molecular optical thermometers allow multiple-parameter tem-
perature sensing, i.e., detection based on several parameters, in-
cluding emission spectral position, FWHM, and lifetime, with
a relatively high sensitivity of ~#17.7 cm™! °C™!, 47.8 cm™! °C™1,
and 5.2% °C~!, respectively.

2. Results and Discussion

2.1. Design and Strategy

We have previously reported that CB8 is an ideal host to ac-
commodate methyl-pyridinium-paracyclophane iodide (MPCP-I)
in aqueous media complementarily.**! However, iodide counter
ion usually weakens the photophysical performance due to the
charge transfer in pyridinium iodides.®!l Therefore, methyl-
pyridinium-paracyclophane chloride (sample 1) was synthesized
to access a better photophysical performance (Figures S1-S3,
Supporting Information). To investigate the heavy atom effect,
which can also influence the photophysical properties, methyl-
bromo-pyridinium-paracyclophane chloride (sample 2) was de-
signed, synthesized, and fully characterized (Figures S6-S8, Sup-
porting Information). On the one hand, encapsulation of the
PCP chromophores in the CB8 cavity restrains the molecular
motions, promoting the ISC from excited singlet (S1) to triplet
(T1) state and reducing the nonradiative decay channels. On
the other hand, the rigid shell of the CB8 protects it from the
diffusion of molecular oxygen and other possible triplet-state
quenchers. Moreover, polymerizing PCP chromophores into a
more rigid structure may promote overall phosphorescence per-
formance. In the same fashion, introducing the CB8 host to the
PCP polymer may bring a further positive effect on the phospho-
rescence. Figure 1 depicts the synthesis, encapsulation, polymer-
ization scheme, and expected phosphorescence enhancement ef-
fects. Please note that the detailed mechanism in the materials
requires a systematic, complicated study. Thus, here we present
the simplified, general energy level diagram for the organic fluo-
rophores studied (Figure 1), highlighting the ground and excited
singlet and triplet states, photo-excitation from the ground S, to
the excited S, state, fluorescence, energy transfer from the ex-
cited singlet (S, ) to triplet (T,) state, and finally phosphorescence
from the excited T, to the ground S, state.
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Figure 1. The scheme shows the synthesis strategies to boost the phosphorescence phenomena, utilizing encapsulation of the PCP-based materials in
the CB8 and their polymerization. The inset shows the scheme of the simplified, general energy level diagram of the phosphorescence and fluorescence.

2.2. Host—Guest Interactions of PCP Chromophores with CB8

The binding behavior of the synthesized PCP derivatives (sam-
ples 1 and 2) with CB8 was initially investigated by nuclear mag-
netic resonance (NMR) spectroscopy. As shown in Figure 2a,
when an equal molar equivalent of the CB8 was introduced into
the sample 1 dissolved in D, 0, the protons from PCP aromatic
region (c-i), pyridine (b), and PCP bridge (Figure S11, Supporting
Information) were observed significantly upfield shifted, suggest-
ing the deep encapsulation of sample 1 within CB8 cavity. The
same phenomenon was also observed for sample 2, as shown in
Figure 2b, where protons b-h and from the PCP bridge (Figure
S13, Supporting Information) were upfield shifted. The forma-
tion of the 1:1 host—guest complexes was further proved by elec-
trospray ionization (ESI) mass spectrometry in Figures S12 and
S14 (Supporting Information), where identical peaks with mass-
to-charge ratio (m/z) of 1626.10 for [1+CB8|* and 1704.75 for
[24+CB8]* were observed.

To gain direct evidence of the complexation of the PCP
molecules within the CB8 cavity, a single crystal was obtained
by slow evaporation of sample 1 mixed together with CB8 (dis-
solved in Milli-Q water) and further analyzed by X-ray crystallog-
raphy (Figure S15 and Table S1, Supporting Information). Due to
the disorder of many water molecules non-covalently interacting
with the CB8 moiety and the Cl counter ions, their clear iden-
tification was hampered. However, the general crystal structure
of sample 1 encapsulated in CB8 can be determined, as shown
in Figure 2¢,d. Indeed, the PCP moiety from molecule 1 is com-
pletely stabilized within the CB8 cavity, while the pyridinium part
is exposed to the carbonyl portal of the CB8 structure, exhibiting
various weak noncovalent bindings (Figure 2c,d), which is con-
sistent with the NMR analysis.

Adv. Funct. Mater. 2024, 2313517 2313517 (3 0f13)

The binding constant for MPCP-I has been reported in our
previous study as 3.89 (+ 0.99) x 10'2 m~1.3% To investigate the
binding constant of molecule 2 with CB8, a competitive binding
assay was performed utilizing memantine hydrochloride (Mem)
as a competitive guest, whose binding constant with CB8 was re-
ported %] as 8.28 (+ 0.38) x 10'> m~'. As shown in Figure S16
(Supporting Information), when over one molar equivalent of
Mem was introduced to the mixture of compounds 2 and CBS,
the proton signals of CB8 from 2-CB8 and Mem-CB8 were dis-
tinctively separated at 5.46 ppm for 2-CB8 and 5.54 ppm for
Mem-CB8. Based on the binding equations, the binding constant
of molecule 2 with CB8 was calculated as 1.13 (+ 0.16) X 102 m~!
which ensures good stability of the formed complex structure.

2.3. Photophysical Properties of PCP and CB8 Assembly at
Ambient Conditions

Further, we studied the photophysical properties of the ob-
tained liquid samples, i.e., 1, 2, 1.CB8, and 2-CB8 dissolved
in aqueous media, as shown in Figures S17-S22 and Table
S2 (Supporting Information). Upon the addition of CB8 to
sample 1, the bathochromic-shifted absorption spectra sug-
gest the formation of 1-CB8 assembly, while the observed
photoluminescence (PL) intensity was significantly enhanced
(Figure S17, Supporting Information). The luminescence quan-
tum yield (®) and fluorescence lifetimes were increased ac-
cordingly (Figures S19 and S20, and Table S2, Support-
ing Information), which was caused by the complexation of
molecule 1 with CB8 moiety, promoting the radiative de-
cay (emission) and limiting the nonradiative decay process
(see Table S2, Supporting Information). The same behavior

© 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 2. a) "H NMR spectra (500 MHz, D,0, 298 K) of 1 and 1-CB8 (1:1), the partial region is shown; for full spectra, see Figure S11 (Supporting
Information); b) "H NMR spectra (500 MHz, D,0, 298 K) of 2 and 2-CB8 (1:1), the partial region is shown, for full spectra see Figure S13 (Supporting
Information); c) top view of molecular structure of 1-CB8 (from single crystal X-ray diffraction, water molecules were omitted for clarity); d) crystal

packing of the 1-CB8 complex (C, gray; N, blue; O, red).

was also found in the case of the complexation of sample
2 with CB8 (Figures S18,5S21,S22, and Table S2, Supporting
Information).

It has been reported that polymerization could improve the
photophysical properties of organic fluorophores by reducing the
molecular motions and preventing aggregation-caused quench-
ing processes.l*’] Therefore, the polymeric materials P-1 and P-
2 were designed and synthesized, where the phosphors 1 and 2
were copolymerized with acrylamide (details in Supporting In-
formation). Furthermore, the CB8 compound has been intro-
duced into the P-1 and P-2 in aqueous solutions, and the forma-
tion of the P-1-CB8 and P-2-CB8 complex structures was proved
by the NMR studies (Figures S23 and S24, Supporting Informa-
tion) where the aromatic peaks from the PCP are upfield shifted
when the CB8 is introduced to polymers P-1 and P-2. Their pho-
tophysical properties were studied and listed in Figures S25-S30
and Table S2 (Supporting Information). Compared to the mono-
chromophores (monomers), polymerization of molecules 1 and 2
greatly enhanced their photophysical properties. The effect of the
complexation of chromophores with CB8 is also scaled up in the
complex, encapsulated polymer structures P-1-CB8 and P-2-CBS.

Adv. Funct. Mater. 2024, 2313517 2313517 (4 of 1 3)

Afterward, we investigated in detail the PL performance of the
synthesized materials in the solid state, where the effect of wa-
ter on the chromophores can be minimized. The excitation and
emission spectra, luminescence quantum yield, and phosphores-
cence decay curves were measured to compare the PL properties.
As shown in Figure 3a, the PL excitation band is located in the
range of ~#250-500 nm and dominates in the excitation spectra of
all synthesized materials, while the center of the band varies. As
shown in Figure 3D, it can be seen that all the emission spectra of
the samples are dominated by a broad band located in the range
of 370-800 nm, centered ~500 nm, which is consistent with the
emission spectra recorded in the aqueous media. Please note that
these observed blue emission bands are associated with the flu-
orescence of the samples, whereas the phosphorescence bands
are bathochromic-shifted to the yellow—orange region, as will be
discussed later. As shown in the Commission Internationale de
I’Eclairage (CIE) diagram (Figure S31, Supporting Information),
different samples show different emission colors, changing from
deep blue to green.

Moreover, the luminescence quantum yield (QY) values for all
synthesized materials are shown in Figure 3c. In comparison,

© 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. a) Excitation spectra of the materials 1, 2, 1-CB8, 2-CB8, P-1, P-2, P-1.CB8, and P-2-CB8 in solid state form; b) Emission spectra of the cor-
responding samples; c) Luminescence QY values of the synthesized compounds materials in solid state; d) Phosphorescence decay curves and the
determined emission lifetimes (inset) for the developed materials in solid state.

the encapsulation of the CB8 cavity and polymerization of the
chromophores can largely improve the QY values of the sam-
ples. Using sample 1 as an example (QY = 3.87%), sample 1.CB8
(QY of 27.7%) is ~7.2 times higher than sample 1, indicating
that the encapsulation of the CB8 cavity significantly elevated
QY. Second, P-1 (QY = 77.3%) shows ~20 times higher QY than
sample 1, i.e., polymerization of the chromophores also provides
the additional possibility to increase the QY value and improve
the PL performance. Noteworthy, P-1-CB8 presents a very high
QY of 86.3%, which greatly improved the QY (~22 times) com-
pared to sample 1. On the other hand, in the series of sample 2,
the same QY enhancement effect can also be observed. Namely,
in the case of the P-2 (QY = 22.9%), the polymerization of the
chromophores results in ~13.5 times higher QY than sample 2
(QY = 1.79%). Whereas the QY of sample 2-CB8 (QY of 16.0%)
is ~8.9 times higher than sample 2, the complex, encapsulated
polymer structure P-2-CB8 exhibits QY of 28.8%, which is ~16
times higher than sample 2. Such results indicate that encapsu-
lating PCP organic chromophores in the CB8 cavity and their co-
polymerization with acrylamide can tremendously boost the QY
values.

To explore the influence of the encapsulation in the CB8 cav-
ity and polymerization of the PCP chromophores, the measured
phosphorescence decay curves and the determined phosphores-
cence lifetimes are illustrated in Figure 3d and the correspond-
ing inset. As shown, the determined phosphorescence lifetimes
atroom temperature for the samples 1, 2, P-1, P-2, 1-CB8, 2-CBS,
P-1-CB8, and P-2-CB8 are 0.13, 0.08, 6.17, 3.61, 2.46, 1.98, 8.86,

Adv. Funct. Mater. 2024, 2313517 2313517 (5 0f13)

and 4.83 ms, respectively, so in extreme situations they differ by
2-orders of magnitude. The influence of the encapsulation in the
CB8 cavity and polymerization of the PCP chromophores on the
PL QY is similar to that of the PL lifetime. In other words, the
encapsulation and polymerization can largely prolong the PL life-
time, e.g., in sample 2 with 2-CB8, the emission lifetime was pro-
longed ~25 times; for sample P-2 (polymer), the PL lifetime was
prolonged ~45 times, compared to sample 2 (monomer); from
sample 2 to sample P-2-CBS8, the lifetime was prolonged 60 times
(Table S3, Supporting Information). The increase in the lifetime
is thus correlated with the increase in QY (see above). The results
suggest that the encapsulation in the CB8 cavity and polymer-
ization of the organic chromophores can suppress nonradiative
electronic relaxation channels and thus enhance the QY and life-
time. This is probably due to the spatial confinement/restriction
of the guest molecules (1 and 2) by the CB8 cavity, which
largely suppresses molecular motions (vibrations, rotations, and
inter-collisions).

2.4. Band-Shift-Based Optical Thermometric Properties

2.4.1. Red-Shift-Based thermometry

To investigate the temperature detection properties of the ob-
tained PCP materials, we first studied the thermostability by

thermogravimetric analysis (TGA). The results (Figure S32, Sup-
porting Information) suggested the PCP materials are relatively

© 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. a, b) The emission spectra of the selected samples, i.e., 1 and 1-CB8, as a function of temperature. ¢, d) The determined A pioiq ©f the emission
band as a function of temperature for the samples 1 and 1-CB8. e, f) The FWHM of the emission band was determined as a function of temperature for
samples 1 and 1-CB8.

stable below 200 °C. After this, the PL properties of all the porting Information). In the case of sample 1 (see Figure 4c,e),
synthesized samples, from cryogenic temperature to high tem-  the A.,.qq increases from 520.6 nm at —90 °C to 543.0 nm
perature, were measured. Please note, for optimizing the ther-  at 130 °C with a monotonic shift of 22.4 nm (=—708.5 cm™!).
mometric performance, we selected the operating temperature =~ FWHM changed from 114.9 nm at —80 °C to 129.0 nm at 70 °C,
range, where the A ,,.q 0 FWHM presents only the mono-  with a band-broadening of 14.1 nm (239.7 cm™'). On the other
tonic change, which is crucial in optical sensing applications. To  hand, for sample 1-CB8, the A4 increases from 522.9 nm
determine the temperature-dependent spectroscopic parameters  at —70 °C to 530.0 nm at 140 °C, leading to a spectral shift of
and the related thermometric performances, the corresponding 7.1 nm (~—283.4 cm™!). The FWHM decreases from 115.8 nm
spectra were converted to the energy scale using the Jacobian  at —150 °C to 111.7 nm at 20 °C, leading to a total decrease in
transformation,**) minimizing the quantitative error of the emis- ~ FWHM of 4.1 nm, i.e.,, #—296.3 cm™.

sion spectra analysis. As disclosed in Figure 4a,b, the intensity of Thermal sensitivity is the rate of change of the thermometric
sample 1 increases with a temperature below —70 °C; after that, it ~ parameter in response to the temperature variation. To quantita-
shows a declining trend with further elevating the temperature.  tively investigate the performances of the developed PCP mate-
For sample 1-CBS, it exhibits a similar tendency, and the emis-  rials for temperature sensing, the absolute sensitivity, i.e., S, is
sion spectra’ highest intensity appeared at 10 °C. In the selected  estimated using the following functions:

temperature range, which can be accessed for optical thermome-

try, samples 1 and 1.-CB8 emission bands show significant spec- | B entroia dFWHM

tral redshift (toward lower energy) with temperature rising. As Sa = ' ar | & ‘ aT @)
shown in Figure 4c—, to study the optical thermometric proper-

ties, the determined band centroid (Acepyoiq) and bandwidth (full- The S, curves based on A ,,,iq and FWHM versus tempera-

width half maximal; FWHM) of sample 1 and 1-CB8 can be fitted  ture of samples 1 and 1-CB8 are shown in Figure 5a—d, respec-

to third-order polynomial functions in a relatively broad temper-  tively. The S, ,,,x based on A4 and FWHM of samples 1 are

ature range, i.e. 4.37,6.51 cm™ °C7!, ie, 0.14 and 0.24 nm °C~!, respectively.
Those of sample 1-CB8 are 1.71 cm™! °C7! (0.05 nm °C™!) and
Agontroig (0 FWHM) = A; T + A,T> + AT + A, (1)  3.02cm™ °C™' (0.07 nm °C™"), respectively. It can also be seen

that the temperature-dependent color of both samples is slightly

where A), A;, A,, and A; are constants and T is temperature.  changed from cold cyan to warm cyan (see Figure 5¢,f). Impor-

Please note that the fitting function for other samplesis also third  tantly, in the selected temperature ranges, the emission bands of

or fourth polynomial function to analyze the thermometric prop- 1 and 1-CB8 demonstrate a significant redshift, indicating their
erties. Herein, these fitting constants are shown in Table S4 (Sup-  potential in optical thermometry.
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Figure 5. a, b) The absolute temperature sensitivity (Sa) was determined based on the A..noig ©f samples 1 and 1-CB8. ¢, d) The S, i based on the
FWHM of samples 1 and 1-CB8. f) The digital photographs of samples 1 and 1-CB8 under UV excitation as a function of temperature.

2.4.2. Blue-Shift-Based Thermometry

To investigate the temperature-sensing properties of other syn-
thesized PCP samples, the emission spectra of samples 2 and
2-CBS8 at various temperatures are recorded, and corresponding
temperature-sensing performances are illustrated in Figures 6
and Figure 7. The emission bands of samples 2 and 2-CB8 show
significant spectral blue-shift (toward higher energy) with rising
temperatures, opposite to samples 1 and 1-CB8. As shown in
Figure 6a,b, the intensity of the emission band of sample 2 shows
a monotonically decline tendency with increasing temperature.
Meanwhile, sample 2-CB8 exhibits a decreasing tendency but a
much lower rate, which is beneficial for optical sensing. The ther-
mometric properties based on A..,q and FWHM of samples 2
and 2-CB8 were studied in detail, shown in Figure 4c—f. In the
selected temperature range, the A4 Of sample 2 blue-shifts
from 499.0 nm at —130 °C to 480.1 nm at —50 °C (total shift
of —18.9 nm, i.e., 1046.1 cm™'), while FWHM increases from
118.8 nm at —190 °C to 156.9 nm at —90 °C (total FWHM change
of 38.1 nm, i.e., 1950.6 cm™}).

On the other hand, the A4 of sample 2-CB8 exhibits a
blue shift from 546.2 nm at —190 °C to 519.9 nm at 10 °C,
ie., a total shift of —26.3 nm (744.1 cm™!). The FWHM change
from 143.0 nm at —120 °C to 100.9 nm at 10 °C, that is, total
FWHM change 0of 42.1 nm, i.e., —1301.8 cm™'. The temperature-
dependent A .,,.q 0r FWHM of samples 2 and 2-CB8 can be
well fitted to polynomial function (third or fourth order) in the
selected temperature range to study the thermometric proper-
ties. As mentioned before, the restriction of the guest molecules
by CB8 largely suppresses the molecular motions, and the CB8

Adv. Funct. Mater. 2024, 2313517 2313517 (7 0f13)

cage can shield the triplet states and the guest molecules from
quenchers, thus weakening the thermal response of the optical
properties of developed samples. It is clear that the luminescence
properties of the “bare” molecule, i.e., sample 2, are more suscep-
tible to temperature changes; however, the optical thermometer
having the molecular “cage,” i.e., sample 2-CB8 shows monotonic
changes in broader T-range, it has better QY and high intensity,
still having a satisfactory thermal response.

The temperature sensing performances as a function of
the temperature of samples 2 and 2-CB8 are illustrated in
Figure 7a—f. In the case of sample 2, the S, value based on 4 .0
initially shows an increasing tendency, reaching the optimal S,
(S, max) 0£0.33 nm °C7! (#17.7 cm~! °C~1) at —90 °C, and then a
decreasing trend is observed with further temperature elevation
(see Figure 7a). The S, value based on FWHM demonstrates a
monotonically increasing tendency, achieving the maximal value
of 0.61 nm °C™! (~47.8 cm™! °C7!) at =90 °C (see Figure 7c).
Please note that such a large shift rate is one of the highest com-
pared to the previously described organic or inorganic optical
thermometer based on spectral band shift, which will be dis-
cussed in the following paragraph. Interestingly, the emission
color of the UV-irradiated sample demonstrates a significant vi-
sual color-tuning with increasing temperature, changing from
yellow to green, then to cyan, and finally to deep blue, as shown in
Figure 7e. For the sample 2-CB8 (see Figure 7b,d,f), it is clear that
the S, based on A..,uqq Shows a continuously increasing trend
with temperature rising, reaching 0.26 nm °C~! (6.4 cm™! °C™!)
of the S, ,;4x, While the S, based on FWHM shows a maximum
of 0.43 nm °C! (13.8 cm™! °C~1) at —45 °C. The emission color
of the sample 2-CB8 is tuned from yellowish green to cyan, then

© 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 6. a, b) The emission spectra of the selected samples, i.e., 2 and 2-CB8, as a function of temperature. c, d) The determined A ¢ny0iq of the emission
band and the determined FWHM of the band as a function of temperature for samples 2 and 2-CB8, respectively.
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FWHM of samples 2 and 2-CB8. f) The digital photographs of samples 2 and 2-CB8 under UV light as a function of temperature.

ais

Adv. Funct. Mater. 2024, 2313517 2313517 (8 of 13) © 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

85U8017 SUOWWIOD AIIID) 8|qeol(dde 8y} Ag peusenob a1e so oIl VO ‘8sN J0 S8|nJ o} Akeid18uIjUO AB|IA UO (SUONIPUCO-PUB-SWBIW0D A8 1M Ate.q 1 |Bul Uoy/:SAny) SUONIPUOD pue swie | 8y} 88S *[202/20/0z] Uo Arlqiaulluo A8|Im 4 Insu| Jeynis|re Aq ZTSETEZ0Z WIPe/Z00T OT/I0p/wW00 A8 | Akeidijpuluo//sdny wouy pspeojumod ‘0 ‘8Z0E9T9T


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

FUNCTIONAL

www.advancedsciencenews.com

finally to deep cyan with temperature increases from —190 °C
to 150 °C (Figure 7f). Importantly, the measurable temperature
ranges of samples 2 and 2-CB8 are located in the cryogenic range
(down to —190 °C), indicating that these two samples can be ap-
plied as highly sensitive temperature sensing materials in the
cryogenic range.

A detailed explanation of a mechanism governing the observed
structure-dependent red- and blue-shifts of the emission bands is
beyond this work’s scope and requires further investigations, in-
cluding complex theoretical calculations. However, here we note
that the observed redshift (for the compounds without heavy
atoms) is caused by the decreasing energy difference between
the ground and excited (emitting) states, whereas the blue-shift
(for the compounds with heavy atoms) implies an increase of that
energy gap with temperature. Please note that the temperature-
induced spectral shifts in materials are often associated with their
unit cell expansion with temperature or, more rarely, contraction
in the case of structures with a negative thermal expansion co-
efficient (static contributions). On the other hand, the temper-
ature elevation enhances electron—phonon interactions (vibra-
tional contribution), as well as intra- and intermolecular inter-
action, which may contribute to the observed spectral shifts and
changes in the width of the emission bands with temperature,
making the whole mechanism even more complex for the or-
ganic compounds studied.

Moreover, in our case, the presence of heavy atoms, which
in general should promote the spin-orbit coupling of the phos-
phorescent molecules, resulted in a sight deterioration of their
phosphorescence performance, including emission lifetimes and
quantum vyields. It may be associated with competing charge
transfer processes in pyridinium bromides, similarly as in the
case of iodide counter ions, which typically weakens the phos-
phorescence performance of various organic materials. For com-
parison, the temperature sensing performances of all obtained
samples are summarized in Table 1. Please note that the tem-
perature sensing performances of the samples P-1, P-1-CB8, P-
2, and P-2-CB8 are presented in Figure S33-S36 (Supporting
Information). It is shown that the S,,,,y values obtained for
samples 1 and 2 are 6.51 and 47.8 cm™! °C~!, which are much
higher than the ones for the samples P-1 and P-2, i.e., 4.82 and
2.59 cm™! °C7!, respectively, indicating that the polymerization
of the chromophores leads to smaller susceptibility to tempera-
ture changes. In general, the bare molecules, i.e., samples 1 and
2, present a higher thermal sensitivity than the 1-CB8 and 2-CB8
ones, respectively, confirming that the encapsulation in the CB8
cavity restricts the molecular motions of the organic molecules
studied, and the CB8 can shield the triplet states of the guest chro-
mophores from exposing directly to the stimulus of the external
environment, thus slightly weaken their thermal response. How-
ever, as was already mentioned, the luminescent thermometers
with molecular “cage” exhibit monotonic changes in the broader
T-range; they have significantly better QY and much higher sig-
nal intensity. Hence, these benefits compensate very well for a
bit smaller sensitivity and indicate that materials with molecular
cages are much better and reasonable choices for their imple-
mentation as optical thermometers. Such multi-parameter ther-
mometers can avoid potential biases in temperature detection in
case of possible spectral interferences, which is common in real
temperature sensing applications.
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Table 1. The temperature sensing performances, i.e., S, pyax, T, and
T-range, based on Aceniroig and FWHM of the different obtained samples.

Sample S, MAX S, MAX T[°C] T-range [°C]
[em™1°C "] [nm°CT]

1 Acentroid 4.37 0.14 12 —-90-130
FWHM 6.51 0.24 70 —80-70

2 Acentroid 17.7 0.33 —95 —130to —50
FWHM 47.8 0.61 -90 —190 to —90

P-1 Acentroid 1.16 0.07 -31 —60-10
FWHM 4.82 0.14 -9 -110-10

P-2 Acentroid 1.50 0.06 120 —80-120
FWHM 2.59 0.11 140 —70-140

1-CB8 Acentroid 1.71 0.05 -7 —70-140
FWHM 3.02 0.07 —126 —150to —20

2.CBS8 Acentroid 6.4 0.26 10 -190-10
FWHM 13.8 0.43 —44 —120-10

P-1-CB8 Acentroid 1.07 0.08 10 —190-10
FWHM 6.1 0.14 —24 —150-20

P-2.CBS Aecentroid 5.4 0.03 -2 —190 - -70
FWHM 5.2 0.02 -7 —190 to —50

2.5. Lifetime-Based Optical Thermometry

To explore the temperature sensing properties based on the emis-
sion lifetime, the temperature-dependent phosphorescence de-
cay curves of the selected samples with superior QY, i.e., 2-CBS,
P-1-CB8 and P-2-CB8, were measured in the broad temperature
range (from —190 to 140 °C) and presented in Figure 8a—c. Phos-
phorescence was chosen over fluorescence in this case due to
the long-lasting nature of phosphorescence facilitating its ap-
plications for optical temperature sensing. The emission de-
cay curves of the samples at low temperatures (see Figure 8d)
are very long. That is why, for the P-1.CB8 sample at the low-
est temperature values (where the phosphorescence lasted ex-
tremely long), due to technical limitations, the decay curves
seem to be cut at &1 s (Figure 8a). Nonetheless, we have used
the following expression to give an estimation of the average
lifetimes:

ST dt

(1) = 70

)

where I(t) is the acquired intensity as a function of the time. As
shown in Figure 8a—c, the phosphorescence decay curves of all
samples show strong temperature dependence, and the corre-
sponding lifetimes monotonically shorten with increasing tem-
perature. This shortening is due to the well-established ther-
mal quenching processing, including the enhanced nonradia-
tive relaxation probability with temperature, increased fluores-
cence probability concerning the competing phosphorescence
phenomenon, back-energy transfer, improved electron—phonon
coupling, etc. Initially, the determined lifetimes shorten slowly
in the temperature range from —190 to —50 °C, but afterward,
till ~140 °C, their values decrease at much higher rates (see
Figure 8d—f). The determined phosphorescence lifetimes as a
function of temperature, selected in the range of the biggest
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Figure 8. a, c) The phosphorescence decay curves for the selected samples, i.e., 2-CB8, P-1-CB8 and P-2-CB8, recorded in temperature range from —190
to 140 °C. d, f) The determined phosphorescence lifetimes as a function of temperature for the corresponding samples. g) Digital photographs showing
time-resolved phosphorescence (after UV exposure; laser off) of the selected samples as different temperature values. h) The representative time-resolved
emission spectra of the sample P-2-CB8 measured at —190 °C. i) The determined relative sensitivity (S,) values as a function of temperature.

and most monotonic change, can be well-fitted to a third- or
fourth-order polynomial function. The fitting parameters are
shown in Table S4 (Supporting Information). The digital pho-
tographs of the phosphorescence of the selected samples as a
function of time are presented in Figure 8g. The correspond-
ing time-resolved phosphorescence spectra of the representa-
tive sample P-2-CB8 as a function of time at —190 °C are pre-
sented in Figure 8h. The corresponding time-resolved phos-
phorescence spectra of P-1-CB8 and 2-CB8 are also presented
in Figure S37 (Supporting Information). Note that the phos-
phorescence decay seems to be faster in Figure 8h, in con-
trast to Figure 8g, simply due to a much better time resolu-
tion of the measurements (recorded every 10 ms), which comes
at the cost of scarifying exposure time, compared to the digital
photographs.

In difference to thermometry based on band-shift and FWHM,
the most reliable figure of merit for sensing based on the emis-
sion lifetimes is relative sensitivity (S,), which is usually ex-

Adv. Funct. Mater. 2024, 2313517 2313517 (10 0‘F13)

pressed in % and shows how the measured parameter changes
per 1 K of absolute temperature.

_1)( dr
T |dr

X 100% (4)

r

The corresponding S, values versus temperature are estimated
and illustrated in Figure 8f. The optimal S, value (S, 1) for the
samples P-1-CB8, P-2-CB8, and 2-CB8 are 6.5% °C~! (at 56 °C),
5.2% °C~! (at 30 °C) and 5.4% °C~! (at 8 °C). The lifetime-based
thermometry with the P-2-CB8 sample also has a very broad op-
erating temperature range, i.e., from —40 to 140 °C.

Please note that combined with the thermometry mentioned
above based on A .q and FWHM, the developed materials
can be used as multi-parameter, remote thermometers, which
can realize good thermal sensitivity in the whole measured tem-
perature range, including the cryogenic and high-temperature
regions, which overcomes the drawbacks of single-parameter
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Table 2. Temperature sensing performances, including maximal sensitivities for different organic and inorganic luminescent thermometers based on the
band-shift, FWHM, LIR, and emission lifetimes. Sensitivities marked with asterisks (*) are estimated from figures in the references.

Thermometers Measured parameter Maximal Sensitivity [x °C™"] T[°C] T-range [°C] Ref.
Sample 2 band-shift 17.7 cm™! ~—95 —130to —50 This work
Sample 2-CB8 band-shift 6.4 cm™! ~10 —190-10 This work
SrB,O;:Tm?+ band-shift 1.44 cm™! 27 —260-27 [34]
LaF;: Nd/LaF, band-shift 0.14 cm™! 30-70 30-70 135]
LaPO,:Tm3*, Yb3** band-shift 0.12cm™! 20-500 20-500 136]
Na,Mg(WO,);:Mn** band-shift ~2.67 cm™ ¥ 27 —173-127 [37]
YAG: Ce** band-shift -1.19cm™! 25-185 25-185 [38]
YVO,.Eu* band-shift 0.22 cm™1%* 427 —23-427 [39]
Sample 2 FWHM 47.8 cm™! ~—90 —190 to —90 This work
Sample 2-CB8 FWHM 13.8 cm™! ~—44 —120-10 This work
SrB,O,:Tm?* FWHM 3.85cm™! 27 —260-27 [34]
YAG: Ce** FWHM —-1.45cm™! 25-185 25-185 [38]
YVO,.Dy3* FWHM 0.11em™! —23-427 —23-427 [39]
YAIO;: Nd3* FWHM ~0.21 cm™'* 20-97 20-97 [40]
Sample 2-CB8 lifetime 5.4% 8 —40-140 This work
Sample P-1-CB8 lifetime 6.5% 56 —30-140 This work
Sample P-2-CB8 lifetime 5.2% 30 —10-150 This work
Ru-phen complex lifetime 2.5% 77 7-52 [47]
NBD-Laurdan lifetime 1.5% 67 7-67 [42]
Cyo in PtBMA lifetime 2.2% 90 20-90 [43]
PNIPAM lifetime 10.4% 35 20-45 [44]
Fluorescent polymer lifetime 4.4% 38 23-53 [45]
SrB,O,:Tm?* lifetime 4.16% 64 —260-127 [34]
KLu(WOy,),: Ho*, Yb3+ lifetime 0.39% 24 24-400 [46]
YVO,: Ho®*, Yb**+ lifetime 1.35% 27 —261-27 [47)
La,05: Er*, Tm?*, Yb3* lifetime ~0.67% 25-60 25-60 [48]
Gd;Al;0,,:Mn3+, Mn** lifetime 2.08% —24 —153-297 [49]
Lu, (Geg 25Sig 75) Os: P+ lifetime 1.45% 7 2-152 [49]
Li(POy),: Pr3* lifetime 0.62% 90 25-90 [50]
Na(PO;),: Pr3* lifetime 0.59% 90 25-90 [50]
K(PO;),: Pri+ lifetime 0.56% 90 25-90 [50]
PrPsOq4 lifetime 0.46% 90 25-90 [50]
Bi,Ga,Oq:Cr’+ lifetime 1.35% 227 —263-227 [51]

thermometers. Thermometric performances of the developed
molecular temperature sensors, including their sensitivity (S, for
Acentroia ad FWHM, S, for a lifetime) and operating temperature
range, are compared with other luminescent thermometers in
Table 2. Compared with other thermometers, the developed or-
ganic sensors show 3 approaches for temperature determination,
and in each category, they are one of the thermometers with the
highest sensitivity. In particular, in the category of FWHM, sam-
ple 2 shows a sensitivity of one order of magnitude higher than
other reported thermometers. These results indicate the great po-
tential of the developed molecular sensors as superior and super-
sensitive, noninvasive optical thermometers.

3. Conclusion

A novel rational strategy related to host—-guest complexation, en-
capsulation, and polymerization of PCP-based molecules with

Adv. Funct. Mater. 2024, 2313517 2313517 (11 Of'|3)

CB8 organic cage to suppress the molecular motions and pro-
mote efficient phosphorescence was studied. The rigid and
hydrophobic CB8 cavity provides an ideal microenvironment
to host PCP molecules 1 and 2, thus largely improving the
photophysical performance after complexation. Moreover, co-
polymerizing phosphors 1 and 2 with acrylamide is an effi-
cient method to improve the phosphorescence phenomenon. In-
corporating a CB8 molecular cage into the resulting P-1 and
P-2 polymers leads to enhanced phosphorescence performance.
The designed and synthesized organic phosphors demonstrate
superior thermally induced spectral shift, FWHM change, and
a huge variation of luminescence lifetimes, developing novel,
fluorescence- and phosphorescence-based molecular optical ther-
mometers with great sensitivity. Depending on the material
structure and their encapsulation in organic cages, they ex-
hibit either red- or blue-shifts with temperature and bright, yel-
low phosphorescence lasting several seconds in the cryogenic

© 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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T-range. The practical applications of PCP-based phosphores-
cent materials in temperature sensing were demonstrated via
a multi-parameter approach, i.e., spectral-shift, bandwidth, and
phosphorescence lifetime, highlighting their high thermal sensi-
tivity of #17.7 cm™' °C7!, #47.8 cm™ °C7!, and 5.2% °C~'. Such
a strategy allowed to cover a very broad temperature range, in-
cluding cryogenic and high-temperature regions, i.e., from —190
to 140 °C, which is very beneficial in optical temperature sensing
applications.
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