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Photoluminescent materials are one of the most important materials widely used in various fields. They

emit normally a single type of photoluminescence at room temperature, either fluorescence (FL),

delayed fluorescence (DF), or phosphorescence (RTP). Here, uncommon full-type photoluminescence

including concomitant FL, DF, and room-temperature phosphorescence (RTP) from a single organic

molecule is reported. The material shows unique aggregation-induced phosphorescence (AIP) and

remarkable thermoresponsive persistent phosphorescence (TPP). Interestingly, TPP, together with

thermoresponsive FL and DF of the chromophore, gives rise to multiple visual signals including

luminescence colour, colour evolution, brightness, and fading rates upon temperature variation,

affording a new class of thermoresponsive materials. More importantly, the incorporation of the

chromophore into polymers further amplifies its luminescence thermoresponse. In particular, the

phosphorescence lifetime of the doped films increases linearly by 8-fold with lowering temperature,

which is highly desirable for quantitative temperature sensing but rarely reported. Furthermore, a facile

method based on phosphorescence lifetime and image analysis (PLIA) of the doped films is used for

quick, visual, and quantitative temperature sensing.

Introduction

Photoluminescent materials are one of the most important
materials widely used in various fields including optical
devices, displays, biology, information storage, and
encryption.1–13 Photoluminescence (PL) is classified into
fluorescence (FL), delayed fluorescence (DF), and phosphores-
cence, based on how excited molecules return to their ground
state. Photoluminescent materials normally emit a single type
of photoluminescence at room temperature, either FL, DF, or
phosphorescence, depending on their composition, structure,
and molecular packing. Compared to short-lived fluorescence,
persistent phosphorescence (PP) has attracted increasing
attention due to its large Stokes shift and long lifetime.14–21

However, compared to inorganic counterparts, organic phosphors
generally show a relatively short phosphorescence lifetime

(o10 ms) at room temperature due to rapid non-radiative decay
of triplet excitons.22–29 To stabilize the triplet excitons, various
strategies including crystallization, host–guest inclusion,
H-aggregation, and doping in a rigid matrix have been used to
achieve efficient RTP in organic materials.30–33 Although a few
classes of organic RTP phosphors have been reported,34–38 they
are very scarce in number compared to fluorescent dyes. Organic
RTP chromophores with concomitant FL and DF, are even more
rarely documented in the literature.39

Thermoresponsive photoluminescent (TRP) materials present
a kind of promising functional material with interesting
temperature-dependent photoluminescence (PL) properties.40

The PL colour and brightness of TRP materials change notice-
ably as a function of temperature, offering them a wide range of
applications in sensing, smart optical devices, and so on.40–43

The thermoresponse of organic fluorescent compounds is
mainly based on their thermal transitions such as melting,44

crystallization,45 crystal transition,46,47 and glass transition as
temperature fluctuates. The packing and mobility of the fluor-
escent organic molecules change during the transitions, result-
ing in obvious TRP properties. Alternatively, labelling organic
fluorescent chromophores into thermoresponsive polymers is
also used to generate TRP polymers.48,49 However, TRP materials
based on thermal transitions suffer from some inherent limits
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including slow response, a non-linear relationship of PL signals
against temperature, and a narrow temperature range (typical
o20 1C).50–52 Therefore, the development of TRP materials with
a quick and linear response as well as wide temperature windows
is highly desirable for academic research and engineering
applications.

Phosphorescence of organic compounds is susceptible to
temperature because non-radiative decay of triplet excitons is
temperature-dependent. Lowering temperature is favourable
for stabilization of triplet excitons and consequent phosphor-
escence through alleviating thermal perturbation and molecu-
lar motion. Compared with fluorescence, phosphorescence is
more sensitive to temperature fluctuation. Phosphorescence
intensity changes remarkably with temperature variation even
beyond the temperature range of phase transition. This offers a
valuable opportunity for the creation of organic TRP materials.
Indeed, a few organic phosphors with temperature-dependent
phosphorescence have been reported recently.30,53 However, a
non-linear relationship of phosphorescence intensity with
temperature is obtained, which is adverse to their further
applications such as in quantitative temperature sensing.
Moreover, the phosphorescence intensity of phosphors
depends on many factors such as the concentration of the
compounds, and size and thickness of the samples, as well as
excitation. Thus, complicated calibration protocols must be

applied for quantitative applications. Consequently, although
several catalogues of phosphors are reported, few of them are
used to sense temperature.

Herein, we report uncommon full-type photoluminescence
including concomitant FL, DF, and RTP from a single organic
molecule (TBBU) (Fig. 1a). Unusual aggregation-induced phos-
phorescence (AIP) and remarkable thermoresponsive persistent
phosphorescence (TPP) have been investigated. In particular,
TPP, along with thermoresponsive FL and DF of the chromo-
phore, gives rise to multiple visual signals including lumines-
cence colour, colour evolution, brightness, and fading rates
upon temperature variation, affording a new class of thermo-
responsive materials, which are completely different from those
of the phosphors30–32 and the TRP compounds reported (Fig. S1
in the ESI†). More interestingly, the incorporation of the
chromophore into polymers further promotes its thermo-
response. The phosphorescence lifetime increases linearly by
8-fold with lowering temperature, which enables quantitative tem-
perature sensing. Such linear relationship of phosphorescence
signals with temperature is highly desirable for temperature
sensing, but is rarely reported in the literature. Most importantly,
taking full advantage of AIP and TPP of the chromophore, a
method based on phosphorescence lifetime and image analysis
(PLIA) is developed for quick and quantitative temperature
sensing through multiple visual signals. Given the good reliability

Fig. 1 (a) Schematic illustration of full-type photoluminescence including concomitant fluorescence (FL), delayed fluorescence (DF) and persistent
phosphorescence (PP), as well as thermoresponse and colour evolution. (b) Prompt photoluminescence (PL) spectra of the chromophore in THF/H2O
mixtures at various water fractions (0, 10, 20, 30, 40, 50, 60, 70, 80, 90, and 95%). Excitation: 350 nm. (c) PL intensity (at 405 nm) as a function of water
fraction. (d) PL spectra (delay 3 ms) of the chromophore in THF/H2O mixtures at various water fractions (0, 70, 80, 90 and 95%). Excitation: 350 nm. (e) PL
intensity (at 405 and 525 nm, respectively) as a function of water fraction.
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and accuracy, easy operation, and simple devices, the PLIA offers
a new platform for facile temperature sensing.

Results and discussion
Aggregation-induced emission of the chromophore

The chromophore (TBBU) shows good solubility in common
organic solvents, such as dichloromethane (DCM) and tetrahy-
drofuran (THF).54 DCM solutions of the chromophore (0.1 M)
radiate inefficiently under UV (365 nm) lamps. The solutions
were cast onto quartz wafers and the solvent was evaporated in
air within 30 min to form films. The films emit intense blue
light under UV radiation, showing aggregation-induced emis-
sion (AIE) characteristics.55–58 More interestingly, upon switch-
ing off the UV lamp, the colour of the films changes from blue
into white, and green in turn, and fades quickly, showing RTP
characteristics. To further investigate AIE behaviour of the
chromophore, photoluminescence (PL) spectra in THF/H2O
mixtures were recorded. Prompt PL at low water fractions
( fw r 40 vol%) is weak (Fig. 1b and c). With further increasing
fw Z 50 vol%, PL at 405 nm boosts drastically. The PL intensity
at fw = 95 vol% is 10-fold that in pure THF, showing AIE

features. Similarly, delayed PL (3 ms) of the chromophore
is weak in the mixed solutions at fw r 50 vol% (Fig. 1d and e).
The delayed PL at 405 and 525 nm increases abruptly with
further increasing fw Z 60 vol%. The PL intensity (405 and
525 nm) at fw = 95 vol% is 190 and 215-fold that in pure THF,
respectively, showing aggregation-induced delayed fluorescence
(AIDF) and aggregation-induced phosphorescence (AIP),54

respectively.
X-Ray diffraction (XRD) spectra are used to investigate the

microstructure of the chromophore films and aggregates in
THF/H2O mixtures (fw = 95 vol%). XRD spectra of both films
and aggregates of the chromophore show distinct diffraction
peaks (Fig. S2, ESI†), resembling the simulated spectrum from
its single crystals. Thus, the chromophore forms crystals during
evaporation of the solvent and precipitation in THF/H2O mix-
tures. Compared with slow evaporation of solvents (30 min),
precipitation of the chromophore in THF/H2O mixtures ( fw =
95 vol%) takes place much quicker (a few seconds). Such rapid
precipitation still leads to crystallization of the chromophore,
suggesting strong intermolecular interactions among adjacent
molecules. Fluorescence microscopy (FM) and scanning electron
microscopy (SEM) were used to observe the morphology of
the films and aggregates (Fig. S3, ESI†). Microcrystals with a

Fig. 2 (a) Prompt PL spectra of the crystal films at various temperatures (298, 273, 263, 243, 223 and 203 K, from bottom to top, respectively).
(b) Time-resolved photoluminescence spectra (TPPL) of the crystal films at 525 and 405 nm. (c) PL spectra delayed for various times of the crystal films.
(d) The Commission Internationale de l’Eclairage (CIE) coordinates of the PL spectra of the crystal films. The inset shows the digital images of the crystal
films (at 203 K) at various delay times (0, 17, 33, 50, 67 ms, from left to right, respectively). (e) The plots of lifetime (at 525 nm) against temperature for
the chromophore films and its doped polymer films. (f) The plots of lifetime (at 450, 425 and 405 nm) against temperature for the chromophore
crystal films.
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diameter of approximately 20 mm are observed for the chromo-
phore films and the aggregates in THF/H2O mixtures.

Multiple luminescence of the chromophore

The crystal films of the chromophore show multiple lumines-
cence including an intense fluorescence emission in the range
of 380–500 nm with a fluorescence efficiency of 64% and a weak
phosphorescence emission in the range of 500–650 nm with
RTP efficiency of 1.4% at room temperature (Fig. 2a and Fig. S4,
S5, ESI†).54 The fluorescence emission (e.g. at 405 nm) contains
a short-lived (1.3 ns, fluorescence, FL) and a long-lived (3.3 ms,
DF) component. While the phosphorescence emission (e.g. at
525 nm) has a long lifetime (i.e. 13 ms) (Fig. 2b). After switching
off the UV lamp, the crystal emission turns to white and green
in turn, and fades quickly. Delayed PL spectra of the crystal
films show double emissions peaked at 405 and 525 nm,
respectively (Fig. 2c). With increasing decay time from 1 to
100 ms, the PL intensity at 405 nm decreases rapidly relative to
the peak at 525 nm due to its short lifetime. The corresponding
Commission Internationale de l’Eclairage (CIE) chromaticity
coordinates shift linearly from (0.18, 0.09) to (0.39, 0.58),
passing through the white region (0.27, 0.33), for the PL spectra
delayed from 1 to 100 ms (Fig. 2d). The colour evolution of the
chromophore is related to its multiple luminescence with a
broad range of wavelength and lifetimes (ns and ms for FL and
DF (400–500 nm), respectively; tens of ms for PP (500–650 nm)).
DF of the chromophore originates from triplet–triplet annihila-
tion, which has been well reported in the literature.59–61

Thermoresponse of multiple luminescence

PL of the chromophore is highly sensitive to temperature. With
lowering temperature, both fluorescence and phosphorescence
emissions are enhanced. However, the value of I525/I405 (I525

and I405 are the intensity of phosphorescence at 525 nm and
fluorescence at 405 nm, respectively) increases with lowering
temperature (Fig. S6, ESI†), demonstrating that phosphores-
cence is more sensitive to temperature than fluorescence. The
emission of the chromophore films enhances and changes
from deep blue to blue-white with decreasing temperature.
CIE chromaticity coordinates shift linearly with lowering tem-
perature (Fig. 2d). Such change in brightness and colour at
various temperatures enables visual temperature sensing. On
the other hand, phosphorescence fading of the crystal films
becomes much slower at lower temperatures, which can be
readily observed by the naked eye, and captured using a
commercial mobile phone camera. The phosphorescence life-
time (at 525 nm) increases linearly from 110 to 420 ms on
lowering the temperature from 273 to 203 K (Fig. 2e), following
a linear relationship Y = �4.675X + 1371 (R = 0.9926). Such a
linear relationship of long phosphorescence lifetime against
temperature is valuable for further quantitative temperature
sensing. The colour evolution of the crystal films is also
temperature-dependent. Colour evolution of the crystal films
is obvious and can be readily captured by a commercial mobile
phone camera at low temperatures (e.g. 203 K). For instance,
the crystal film emits blue-white light at 203 K under a UV
lamp. The emission colour changes to white and green in turn,
and fades gradually after switching off the UV lamp, which is

Fig. 3 (a) Packing of TBBU molecules with side-by-side intermolecular phenyl and borate rings laying nearly on a coplane (p–p laying). (b) Fluorescence
microscopy images of the crystals at various temperatures. (c) The TD-DFT calculated singlet (S1) and triplet (Tn) states for the chromophore in the gas
and crystalline phases at the B3LYP/6-31G* level. (d) Involved frontier molecular orbitals of the HOMO and LUMO for the chromophore in crystals.
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different from that at 298 K (Fig. 2d). Such thermoresponsive
colour evolution offers an extra signal channel for further visual
temperature sensing. To understand the thermoresponsive
luminescence, time-resolved photoluminescence (TRPL) spec-
tra of FL and DF of the crystal film at various temperatures were
also collected. The lifetimes of both FL and DF increase slightly
with lowering temperature (Fig. S7–S10 and Tables S1–S4,
ESI†). For example, the lifetime of the DF at 405 nm increases
from 5.5 to 7.6 ms (Fig. 2f), while the lifetime of the fluores-
cence at 405 nm rises slightly from 1.3 to 1.5 ns, with lowering
the temperature from 273 to 203 K. Consequently, the remark-
able thermoresponsive persistent phosphorescence (TPP) at a
wavelength of 500–650 nm, together with DF and fluorescence
at a wavelength of 400–500 nm with well-separated lifetimes
(hundreds of ms, ms, and ns, respectively), gives rise to multi-
ple visual signals including colour, colour evolution, bright-
ness, and fading rates, for quantitative temperature sensing.

Crystal powders of the chromophore do not undergo any
thermal transitions in the temperature range investigated (i.e.
298–203 K, Fig. S11, ESI†).54 Therefore, the TPP of the chromo-
phore is not related to thermal transitions, different from the
organic TRP compounds reported (Fig. S1, ESI†). To understand
the TPP mechanism, single crystals of the chromophore were
analysed. The chromophore molecules are aligned in a head-to-
tail manner thanks to their asymmetric D–p–A skeleton. Side-by-
side packed intermolecular phenyl and borate rings laying nearly
in a co-plane dominate with abundant intermolecular

interactions including C–H� � �O, p–H� � �O, and C–H� � �p (Fig. 3a
and Fig. S12, ESI†). The extraordinary head-to-tail alignment
with side-by-side packed intermolecular phenyl and borate rings
of the chromophore facilitates the geometric contact of the
neighbouring molecules and their interaction. The multiple
interactions between adjacent molecules stabilize the excited
excitons and promote consequently phosphorescence. With
raising temperature, the crystals expand, which weakens the
intermolecular interactions. Consequently, molecular motion is
activated, which consumes the energy of excited states and leads
to a faint phosphorescence. Thermal expansion of the chromo-
phore crystals was in situ monitored using a fluorescence micro-
scope (Fig. 3b). The length of the crystals is noticeably increased
with raising temperature from 203 to 298 K.

Time-dependent density functional theory (TD-DFT) calcula-
tions were performed for the chromophore in the gas and crystal-
line phases to gain deep insight into its TPP. The energy gap
between the lowest excited singlet state (S1) and the lowest excited
triplet state (T1), DEST, is 0.84 eV with 2 intersystem crossing (ISC)
channels for isolated chromophore molecules in the gas phase.
DEST of the chromophore dimers in crystals decreases to 0.74 eV
with 4 ISC channels (Fig. 3c, Fig. S13 and S14, ESI†). The lower
DEST and more ISC channels of the chromophore dimers reveal
that the interaction between neighbouring molecules is favour-
able for their persistent phosphorescence. With lowering tem-
perature, molecular motion of the chromophore is alleviated,
accompanied by enhanced interaction between neighbouring

Fig. 4 (a) Illustration of temperature sensing using the crystal films. (b) Digital images of the crystal films at various temperatures. (c) Plots of grayscale
(G) value against time for the crystal films (at 203 K). (d) Representative plots of grayscale (G) value against time at various temperatures and the associated
fitting curve. Five parallel measurements were carried out for each temperature.
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molecules, leading to boosted phosphorescence emission. The
rate constant of nonradiative decay (knr) from T1 to S0 was
calculated. The crystals have a large knr value of 7.249 s�1 at
273 K (Tables S5–S7, ESI†), which decreases drastically by an order
of magnitude (0.697 s�1) at a low temperature (i.e. 203 K).
Meanwhile, with lowering the temperature from 273 to 203 K,
the quantum yield of phosphorescence increases from 2.0 to 16%.

Temperature sensors based on crystal films

Encouraged by the linear relationship of the long phosphores-
cence lifetime with temperature, we further constructed tem-
perature sensors based on crystal films of the chromophore. A
method through phosphorescence lifetime and image analysis
(PLIA) of the crystal films was used for visual and quantitative
temperature sensing. The crystal films were subjected to var-
ious temperatures and excited with a UV lamp at 365 nm.
Videos were recorded using a commercial mobile phone cam-
era (Fig. 4a). Images at various times were extracted from the
videos (Fig. 4b). The red, green, and blue (RGB) values of the
images were calculated. The grayscale (G) of the images was
determined based on the RGB values.42,62,63 The plots of the G
value against time at various temperatures were obtained
(Fig. 4c). The G value drops exponentially as a function of time.
The phosphorescence lifetimes at various temperatures were
further obtained by data fitting (Fig. 4d). To check reproduci-
bility, five parallel measurements were carried out for each
temperature. The phosphorescence lifetimes of the crystal films
at various temperatures by PLIA are close to those determined
by time-resolved photoluminescence spectra (TRPL) (Fig. 2e
and Table S8, ESI†), following Y = �4.509X + 1333 (R = 0.9944).

Polymer films doped with the chromophore

The chromophore was further used to dope polymers. A couple
of commercial polymers including poly(ethylene oxide)/poly-
(propylene oxide) triblock copolymer (EPE, Pluronic F-127),

polystyrene (PS), poly(methyl methacrylate) (PMMA) and fluoro-
rubber (FKM) were utilized as polymer matrices due to its good
film processability and eco-friendliness. Among the polymers,
the doped EPE films (containing 10 wt% chromophore) exhibit
the most intensive and obvious phosphorescence at low
temperatures (e.g. 233 K). The optimized EPE films doped with
10 wt% chromophore with a thickness of 0.42 mm show bright
fluorescence and obvious phosphorescence at low tempera-
tures (e.g. 233 K) (Fig. S15, S16 and Table S9, ESI†). XRD spectra
of the polymer films demonstrate that the chromophore forms
crystals in the doped polymer films (Fig. S17, ESI†). Fluores-
cence microscopy images show that microcrystals of the chro-
mophore with a size of approximately 100 mm are uniformly
dispersed in the polymer matrix (Fig. S18, ESI†). The polymer
films emit intense blue light under UV lamp (365 nm). The
colour of the polymer films turns into white and green in turn,
and fades gradually, after removing UV radiation. Delayed PL of
the polymer films show double emission peaked at 405 and
525 nm (Fig. S19, ESI†). With increasing decay time, the PL
intensity at 405 nm drops drastically with respect to the peak at
525 nm. CIE chromaticity coordinates shift linearly from (0.17,
0.11) to (0.38, 0.60), passing through the white region (0.28,
0.38). Such colour evolution of the polymer films resembles
that of crystal films.

Phosphorescence of the doped polymer film is also sensitive
to temperature (Fig. S20 and S21, ESI†). With lowering tem-
perature, the emission colour of the doped film changes from
deep blue to blue-white, which is similar to that of the chro-
mophore crystals (Fig. 2). Moreover, colour evolution of the
polymer films is also temperature-dependent (Fig. S22, ESI†).
With lowering temperature, colour evolution of the polymer
films is more observable. For instance, at 203 K, polymer films
emit bright blue-white light under UV radiation (365 nm). The
colour changes into white, green, and fades gradually after
switching off the UV lamp. CIE chromaticity coordinates shift

Fig. 5 Temperature sensing using the doped polymer films. (a) Quick response of the polymer films to temperature variation (from 298 to 225 K). (b)
Repeatability of temperature sensing. (c) Sensing the temperature of a piece of ice and (d) sensing the temperature gradient.
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linearly from (0.20, 0.19) to (0.40, 0.57), passing through the
white region (0.26, 0.31) again, with a delay from 1 to 100 ms.
Meanwhile, the phosphorescence lifetime increases linearly
from 40 to 340 ms with lowering the temperature from 273 to
203 K (Fig. 2e and Fig. S23, ESI†), following Y = �4.468X + 1244
(R = 0.9922). Variation in the lifetime of the polymer films by
8-fold is more obvious than that of the crystal films (4-fold),
which favours further quantitative temperature sensing.
Moreover, the phosphorescence lifetime of the doped polymer
films is lower systematically than that of crystal films, likely due
to the less perfect crystalline structure of the chromophore in
the doped polymer films (Fig. S18 and S19, ESI†).

The PLIA method was also applied to the doped polymer films
(Fig. S24 and S25, ESI†). The lifetimes determined by PLIA are
close to those by TRPL again (Fig. 2e and Table S10, ESI†),
following Y =�4.421X + 1232 (R = 0.9902). Moreover, the response
of the doped polymer films to temperature variation was further
tested. The doped film was subjected to a low temperature (e.g.
225 K). The temperature value determined by PLIA stabilizes
within 75 s (Fig. 5a). The reproducibility of the polymer films
for temperature sensing was also evaluated (Fig. 5b). The doped
polymer films were subjected to the temperature being repeatedly
switched between 263 and 223 K. Temperature sensing is repea-
table over 8 cycles. Such rapid response and good reproducibility
of the doped polymer films to temperature variation are crucial to
practical temperature sensing.

Temperature sensing with the doped polymer films

Encouraged by the good reliability and accuracy, as well as
quick response, the PLIA method was used to test the tempera-
ture of ice. The polymer films emit blue-white light upon UV
radiation (Fig. 5c). Compared with the images at various
temperatures (Fig. S24, ESI†), the temperature of the ice is
estimated in the range of 233–253 K. The colour changes into
white rapidly, then green, and fades gradually after switching
off the UV lamp. By applying PLIA, the lifetime is calculated to
be 165 � 2.8 ms (Fig. S26 and Table S11, ESI†). Temperature is
determined to be 241.0 � 0.4 K, close to that by a thermometer
(241.5 K, Fig. S27, ESI†). The polymer films were further used to
sense temperature gradient (Fig. 5d and Fig. S28, ESI†). The
emission colour changes from blue-white to deep blue from
bottom to top, indicating a temperature gradient from 213 to
273 K, by comparing the images at various temperatures
(Fig. S24, ESI†). After switching off the UV lamp, the colour
changes into white quickly, and green, and then fades gradually
from top to bottom. The temperatures of six regions are
determined to be 273, 262, 253, 238, 230, and 222 K from top
to bottom (Table S12, ESI†), respectively, which are in the
temperature range designed (298–213 K from top to bottom).

Taking full advantage of the thermoresponsive multiple
luminescence, especially remarkable TPP of the chromophore,
the PLIA based on the doped polymer films possesses over-
whelming merits contrasting to conventional materials. Firstly,
multiple visual signals including brightness, colour, colour
evolution, and fading rates are available for temperature sen-
sing. Secondly, this method allows quick and quantitative

determination of temperature with good reliability and accu-
racy. In particular, the linear relationship of long lifetime
against temperature is desirable for practical temperature sen-
sing. Thirdly, the lifetime of PP is independent of the shape and
size of the samples, the distance between the samples and
detectors, and excitation. Thus, this method eliminates the
need for complicated calibration procedures.

Conclusions

In summary, we report unusual full-type photoluminescence
including simultaneous fluorescence (FL), delayed fluorescence
(DF), and persistent phosphorescence (PP) from an organic
single-component chromophore. Unique aggregation-induced
phosphorescence (AIP) and obvious thermoresponsive persistent
phosphorescence (TPP) are systematically investigated. Emission
of the chromophore crystals turns from blue to white and green in
turn, and fades finally after switching off the UV lamps. The
colour evolution of the chromophore is related to its multiple
luminescence with a broad range of wavelengths and lifetimes (ns
and ms for FL and DF (400–500 nm), respectively; tens of ms for
PP (500–650 nm)). Moreover, TPP, coupled with thermoresponsive
FL and DF of the chromophore, results in abundant signals such
as emission brightness, colour, colour evolution, and fading rates
for visual temperature sensing. More interestingly, polymer films
doped with the chromophore show amplified TPP characteristics.
The phosphorescence lifetime of the doped film is linearly
prolonged by 8-fold with lowering the temperature. Finally, phos-
phorescence lifetime and image analysis (PLIA) is carried out for
rapid, visual, and quantitative temperature sensing. Given the
good reliability and accuracy, easy operation, and simple devices,
the PLIA based on this chromophore provides an ideal platform
for facile temperature sensing.
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