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Quantification of the temperature effects on the optical properties of - Emision Wayejengqy
photoluminescent (PL) materials is important for a fundamental understanding of both -1 T ]
materials optical processes and rational PL materials design and applications. However, H‘ ' . én
existing techniques for studying the temperature effects are limited in their information I .,. ;E'
content. Reported herein is a temperature-dependent total photoluminescence (TPL) ; ,"P ". =
spectroscopy technique for probing the temperature dependence of materials optical oA P.. ?
properties. When used in combination with UV—vis measurements, this TPL method enables | * | §
experimental quantification of temperature effects on fluorophore fluorescence intensity and 3 s (e g"%
quantum yield at any combination of excitation and detection wavelengths, including the Y, <& "JDC 60°C
fluorophore Stokes-shifted and anti-Stokes-shifted fluorescence. All model polyaromatic ) 4—0‘((: 50
hydrocarbon (PAH) and xanthene fluorophores exhibited a strong excitation- and emission- 30‘r(j

wavelength dependence in their temperature effects. However, the heavy-atom effects used

for explaining the strong temperature dependence of brominated anthracenes are not operative with xanthene fluorophores that have
heavy atom substitutions. The insights from TPL measurements are important not only for enhancing the fundamental
understandings of the materials photophysical properties but also for rational measurement design for applications where the
temperature sensitivity of the fluorophore fluorescence is critical. An example application is demonstrated for developing a sensitive
and robust ratiometric fluorescence thermometric method for in situ real-time monitoring of sample temperatures inside a
fluorescence cuvette placed in a temperature-controlled sample holder.

Fluorescence, Temperature effect, Total photoluminescence, EEM, Quantum yield

in photovoltaics, photoluminescent displays,”**~>* chemical
quantifications,”*® and fluorescence thermometry.®”'**7¢
For applications such as photovoltaics, displays, and chemical
quantification, temperature-insensitive PL materials are desir-
able for their performance stability against environmental
temperature fluctuations. On the other hand, for thermometric
measurements, PL materials with high temperature sensitivity
are preferable.

Quantification of the temperature effects on the optical
properties of photoluminescent (PL) materials is important
for a fundamental understanding of both materials optical
processes and rational PL materials design and applications.
Mechanistically, the temperature effects on PL have been
mostly attributed to the temperature dependent kinetics of the

radiative and nonradiative relaxations. Example nonradiative : L
. . . . . Despite growing interests on the temperature effects on
relaxations include internal conversion, external conversion,

. . fluorophore fluorescence properties, there are limitations with
intersystem crossing, the confinement energy of electrons, . :

. o 4 N current measurement strategies and data analysis methods.
exciton binding energy, and electron—phonon interactions.

: ) . First, most existing studies are typically performed with
It has been generally believed that fluorescence intensity L 5 . v periort
L1 . emission spectra excited with one or two excitation wave-
decreases with increasing sample temperature. However, a 5—7,29—33 : .
. o L ! lengths, and the temperature effects are investigated
reverse temperature effect, increasing intensity with increasing

S—14 . based on the fluorescence intensity at one or two emission
temperature, has also been observed. Multiple hypotheses oo
) . wavelengths. Such an approach makes it difficult to evaluate
have been proposed for the fluorescence signal reduction at

elevated temperatures including exciplex formation, enhanced
dynamic quenching, intersystem crossing, and internal
conversion. °~'” However, pinpointing the key mechanism
responsible for the temperature effects on specific fluorophores
remains a significant theoretical and experimental challenge.
Understanding the temperature effects on the PL materials’
optical properties is also important for fluorophore applications
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Figure 1. Structure, name, abbreviation, and fluorescence excitation and emission spectra of (A) ANT, (B) DBA, (C) TET, (D)FLR, (E) EOY, and
(F) ERY. Highlighted in blue is the excitation wavelength region where the fluorophores are simultaneously ASSF-, ORF-, and SSF-active.

the general applicability of the conclusions to the data obtained
with other emission and/or excitation wavelengths. Second,
many studies explicitly or implicitly attribute the temperature-
induced emission intensity change to the variation in the
fluorophore fluorescence quantum yield (QY).**™* The
possible temperature effects on the sample light absorption
are not considered. This approach can lead to questionable
conclusions because the fluorophore emission intensity is
related to both its fluorescence QY and its light absorption in a
rather complex manner, as shown in a recently developed first-
principle model.** Third, the existing literature has been
predominantly focused on the temperature effects at the
fluorophore Stokes-shifted fluorescence (SSF). A few recent
works have been devoted to the temperature effects on anti-
Stokes-shifted fluorescence (ASSF).”’™* However, to our
knowledge, there is no side-by-side comparison of the
temperature effects on the SSF and ASSF of the same
fluorophores. Such study can be important for understanding
the origins and utilities of ASSF. Lastly, most of the literature
involves fluorophores dissolved in solutions, or dispersed in a
solid matrix.**™" Side-by-side comparisons of temperature
effects on fluorophores dispersed in a solid matrix and in
solution are scant. Such a study would provide insights to the
importance of the sample matrix.

Presented herein is a total photoluminescence (TPL), which
is also commonly termed as excitation—emission matrices
(EEM), spectroscopic method for experimental quantification
of the temperature effects of fluorophore photophysical
properties. TPL is a three-dimensional spectroscopic technique
that acquires a PL spectrum at each excitation wavelength
across the entire sample absorption wavelength region. A
complete TPL data set is composed of the emission intensity
as a function of every combination of excitation and emission
wavelengths, including the regions where the emission
wavelength is lower than, equal to, or longer than the
excitation wavelengths. As such, the TPL enables simultaneous
acquisition of the sample ASSF, SSF, and on-resonance

fluorescence (ORF). The latter refers to the fluorescence
with the emission wavelength identical to the excitation
wavelength.>' The fluorophores are simultaneously ASSE-,
ORF-, and SSF-active when they are excited at the wavelength
region where the fluorophore emission and excitation spectra
overlap (Figure 1).°'

The use of the TPL method for studying the temperature
effects on the optical properties of PL materials is inspired by
our recent work performed with anthracene (ANT).* This
earlier work showed that the temperature effect on ANT
fluorescence depends on the employed excitation and emission
wavelengths. However, the general applicability of the
conclusion is unknown because ANT is the only fluorophore
used, and only four excitation wavelengths were employed for
fluorescence excitation. The TPL method presented in this
work enabled us to provide the global wavelength dependence
with all six model fluorophores, including three polyaromatic
hydrocarbons (PAHs)—ANT, tetracene (TET), and dibro-
moanthracene (DBA)—and three xanthene fluorophores—
fluorescein (FLR), eosin Y (EQY), and erythrosine B (ERY)
(Figure 1). This relatively large-scale study allows us to
investigate (1) the generality of wavelength dependence of the
temperature effects on fluorophore optical properties, (2) the
possible difference in the temperature effects on fluorophore
ASSF and SSF, and (3) the significance of heavy-atom effects
in governing the temperature effect on fluorophore fluo-
rescence. Heavy-atom effects have been proposed as the key
mechanism for the strong temperature dependence of the
fluorescence emission of brominated anthracenes. Since FLR,
EQY, and ERY differ only in their heavy atom contents (Figure
1), one would expect ERY fluorescence to decrease faster than
EQY, which would be faster than FLR, if the heavy-atom effect
is indeed dominating the temperature effects on fluorophore
fluorescence.

https://doi.org/10.1021/acsmeasuresciau.2c00047
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ANT, MBA, DBA, TET, FLR, EQY, and ERY were all obtained from
Sigma-Aldrich (St. Louis, MO). Polystyrene (PS) beads for preparing
ANT and DBA dispersed in a solid matrix were also obtained from
Sigma-Aldrich (St. Louis, MO). Toluene was obtained from Fischer
Scientific (Fairlawn, NJ) with a purity >99.5%. Unless specified
otherwise, all data were acquired with PAH dissolved in toluene or
xanthene dyes in water. Quartz cuvettes used for UV—vis and
fluorescence measurements are from Raminescent LLC. Fluorescence
measurements were performed with a Horiba Fluoromax-4 spectro-
fluorometer (Edison, NJ) equipped with a TC1 Quantum Northwest
temperature controller together with a Koolance EXT-440 liquid
cooling system. UV—vis spectra were obtained using a Shimadzu UV-
2600i spectrophotometer equipped with a CPS-100 temperature
controller (Duisburg, Germany). The accuracy of these temperatures
is 0.1 °C.

Solidified gel solutions were prepared by first dissolving near-saturated
polystyrene beads in toluene. 35 uL of 0.5 mM PAHs in toluene was
added to 4.0 mL of PS solution. The sample was then stirred with a
cleaned syringe for 5 min. The sample was left to settle for 1 day and
then poured directly into a quartz cuvette. After 1 h of equilibrium
time, the sample was then dried in a Fischer Scientific Isotemp oven at
75 °C for 21 h. The samples were then ready for analysis once the
sample was cooled to room temperature. The PAH concentration in
the dried PS matrix is about 10 #M, which was estimated based on the
volume of solidified PS.

UV-—vis spectra were acquired in 10 °C increments from 20 to 60 °C
for the PAHs, and in 15 °C increments from 20 to 65 °C for the
xanthene dyes. For each temperature-dependent UV—vis spectral
acquisition, an equilibrium time of 10 min was given after the
temperature controller reached the preselected temperature to ensure
the sample inside the cuvette achieved the temperature shown in the
temperature controller. This equilibrium time was determined based
on the fluorescence thermometric method developed in this work
(vide infra). The slit-width was set to 2 nm at a medium scanning

speed.

The TPL spectra were acquired with the excitation wavelengths
indicated in the fluorescence excitation spectra and with the emission
wavelengths indicated in the fluorescence emission spectra shown in
Figure 1. For the TPL measurement at each specified temperature, an
equilibrium time of 10 min was given after the temperature controller
reached the preselected temperature to ensure the sample inside the
cuvette achieved the temperature shown in the temperature
controller. The slit-widths of the excitation and emission mono-
chromators were both set to 2 nm. The integration time for each data
point is 0.3 s. Unless specified otherwise, all data shown in this work
are acquired with PAH dissolved in toluene and xanthene dyes in
water.

A mixture of ANT and DBA was prepared, and the fluorescence
emission spectra of the mixture were obtained with a 5 °C increment
from 20 to 65 °C. The excitation wavelength for these emission
spectra is chosen so that the difference in the temperature
dependence of the ANT and DBA fluorescence is maximized. The
temperature-dependent fluorescence spectra were obtained over four
cycles (up—down—up—down) with the same samples to examine the
method reproducibility.

The TPL data allow visualization and quantification of emission
intensity changes as a function of the sample temperature, excitation
wavelength, and emission wavelengths. However, to probe the
temperature effects on the fluorophore quantum yield (QY), one

must also take into consideration the temperature effects on the
fluorophore light absorption because fluorescence intensity is a
function of the fluorophore light absorption and QY, as depicted by a
recently developed first-principle model (eq 1). It is emphasized that
this model is applicable only for the simplest cases where the
fluorophore is the only light absorber and emitter, as are samples used
in this work.

(g Ay T) = 1(2) R(Apy T)A QA Ay TYLO 50" i
(1)

I(4,) represents the excitation power, R(4,, T) is the detection
responsivity, and Q(4,, 4., T) indicates the fluorescence quantum
yield. A ¢and A, ¢ are the UV—vis absorbances of the PL molecules at
their excitation and emission wavelength, respectively. For small-
molecular fluorophores dissolved in solution, their UV—vis spectra
can be approximated as their absorbance spectra. In this case, A;¢and
A are the UV—vis intensities at the excitation and emission
wavelength, respectively. d, and d,, are the effective excitation and
detection path length in cm. The exponent term in eq 1 depicts the
sample inner filter effect (IFE) imposed by the sample absorption at
excitation and emission wavelengths. The values of d, and d,, can be
readily qsuantiﬁed experimentally using a solvent-Raman spectroscopic
method.” T represents the stimuli treatment of interest, which is the
temperature effect for this work.

The combined UV—vis and TPL measurements enabled
experimental quantification of the IFE-corrected fluorophore
fluorescence (eq 2), temperature effects on the wavelength-specific
fluorescence QY (eq 3), and temperature effects on the integrated
fluorescence QY (eq 4). T, and T, refer to the sample and reference
temperature, respectively. The ratios on the left-hand side of eqs 3
and 4 are referred to as the ratiometric wavelength-specific QY
(rWSQY) and the ratiometric total fluorescence QY (rTQY),
respectively. The detailed derivation of eqs 1—4 has been shown in
an earlier report.*”

(A Ay T) = Iy Ay Y10 i (2)

Q(Ax, /1m1 Tq) _ Imrr(ﬂxJ /1m1 TJ Ax,f(Tr)
Q(/lxi /1m/ Tr) Icorr(/lxi /1m/ Tzo) Ax,f(I;)

3)

/12 corr
QU T) f,ll I Ay T) ddyy A(A, T)
Q1) 1 lec""(ﬂx, Ay Ty) di,, Al T)

(4)

Temperature-dependent TPL spectral acquisition is a relatively
lengthy process. To ensure the integrity of experimental data
for probing the temperature effects, it is imperative to confirm
fluorophore photostability during the spectral acquisition.
Depending on the range of excitation, detection wavelength
range, and spectral resolution, one set of TPL spectra at one
specific temperature can take up to 30 min. In this case, a
complete set of TPL data comprising five temperature points
requires 2.5 h of continuous light illumination on the
fluorescent samples, which can be too long for fluorophores
with relatively poor photostability. PAHs are highly stable
during all of the temperature-dependent TPL measurements,
with excitation wavelength varying from 300 nm all the way to
their red absorption edge (Figure 1). However, significant
photobleaching occurs if the excitation wavelength begins at
300 nm for the xanthene dyes and with five temperature points
(Figure S1). To ensure the integrity of the data for studying
the temperature effect, xanthene TPL measurements are
acquired in a relatively narrow range, as indicated in Figure

https://doi.org/10.1021/acsmeasuresciau.2c00047
ACS Meas. Sci. Au 2023, 3, 10—-20


https://pubs.acs.org/doi/suppl/10.1021/acsmeasuresciau.2c00047/suppl_file/tg2c00047_si_001.pdf
pubs.acs.org/measureau?ref=pdf
https://doi.org/10.1021/acsmeasuresciau.2c00047?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

500
Mgy
Sion W

g 450
o g

L)

-\-\’\'\.

=

4
%

e
=

—a—Full

Normalized Intensity

e
=

20 30 40 50 60
Temperature (°C)

L (1)

1=

oS
%

o
=N

—=—Full

Normalized Intensity

N
=

20 30 40

50 60
Temperature (°C)

400
azs__itatl?

%

| (L)

—_

1=

o
%

14
=N

—=—Full

Normalized Intensity

'S

20 30 40

50 60
Temperature (°C)

Figure 2. (first column) As-acquired and (second and third columns) scattering-removed TPL spectra obtained for (first row) ANT, (second row)
DBA, and (third row) TET. The data shown in the first and second columns are acquired with a sample at 20 °C, while those in the third column
are acquired at 60 °C. The fourth column shows the integrated fluorescence TPL intensity as a function of the sample temperature. The intensity
normalization is obtained by using the data obtained at 20 °C as the reference.

1, and with only four temperature points (20, 35, 50, and 65
°C). The photostability of the PAHs and xanthene
fluorophores under the experimental conditions is shown in
the Supporting Information (Figures S2 and S3).

The as-acquired and the scatter-removed three-dimensional
PAH TPL data (1st columns in Figure 2, and Figures S4—S6)
are highly complicated. The spectra obtained with excitation
wavelength within the shaded area in Figure 1 simultaneously
contain ASSF, ORF, SSF, and light scattering features (Figure
S7). Removal of the light scattering peak from the TPL spectra
was performed using a local data replacement method
(Supporting Information) that assumes that the fluorescence
features excited with similar excitation wavelengths have the
same shape. The effectiveness of the scattering peak removal
method is graphically shown in Figure S7 which showed that
the light scattering peak removal introduced no distortion in
the fluorescence spectrum.

Both the 3D plots of the scattering-removed TPL data and
the integrated TPL intensity showed that the temperature
effects on PAH fluorescence depend critically on the PAH
structure. As an example, the integrated total TPL intensity
reduces by less than 10% and 12% for ANT and TET,
respectively, when the sample temperature is increased from 20
to 60 °C. In contrast, DBA fluorescence reduced by nearly 55%
across the same temperature range.

While the complete TPL plot is useful for its insights into
the overall temperature effects on the fluorophore fluores-
cence, it is difficult to discern the possible difference in the
temperature effects on SSF and ASSF. To resolve this issue, we
divided the 3D TPL into 3D SSF and ASSF (Figure 3 and

Figures S8—S10). Evidently, the temperature effects on the
SSF and ASSF signals for each of the three PAH fluorophores
all differ significantly. While the integrated SSF intensity
monotonically decreases with increasing temperature, the
integrated ASSF intensity can both increase and decrease
with increasing sample temperatures in the probed temper-
ature range. More specifically, the integrated ANT ASSF
region increased by 10% when the sample temperature
increased from 20 to 60 °C, while that for TET had no
meaningful change (<5%). In contrast, the integrated DBA
ASSF decreases by about ~46% in this temperature range,
which is smaller than the ~56% intensity reduction observed
with integrated SSF.

The difference in the temperature dependence between the
integrated ASSF and SSF is consistent with the hot molecule
hypothesis for the ASSF emission.*” Hot molecules refer to the
fluorophores that are at ground electronic states but are at
excited rotational and vibrational states. Raising temperatures
have two effects on ASSF. On one hand, they enhance the
population of hot molecules according to the Boltzmann’s
distribution law, which is beneficial for increasing the ASSF
intensity. On the other hand, increasing the sample temper-
ature can change the relative rates between the radiative and
nonradiative decays of the excited molecules, which can lead to
enhanced or reduced ASSF intensity. Since the Ilatter
mechanism is in play for the temperature effects on both
SSF and ASSF, it is reasonable to expect that raising the
temperature has a less negative impact on ASSF than on SSF.
This conclusion is further supported by the xanthene
fluorophores (vide infra).

https://doi.org/10.1021/acsmeasuresciau.2c00047
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Figure 3. (A—C) 3D plots of the ANT SSF at 20, 40, and 60 °C, respectively. (D—F) 3D plots of the ANT ASSF at 20, 40, and 60 °C, respectively.
(G—I) Normalized total SSF and ASSF intensities as a function of the sample temperature of ANT, DBT, and TET. The intensity normalization is

obtained by using the data obtained at 20 °C as the reference.

TPL provided a convenient way for examining the possible
wavelength dependence of the temperature effects on
fluorophore fluorescence. A side-by-side comparison of the
fluorescence excitation spectra monitored with two different
emission wavelengths (Figure 4, first and second columns) and
the fluorescence emission spectra excited with two different
excitation wavelengths (Figure 4, third and fourth columns)
showed that the temperature effects on ANT (Figure 4A—D),
DBA (Figure 4E—H), and TET (Figure 4I-L) fluorescence
depend on both the excitation and emission wavelengths. As an
example, the relative fluorescence intensity changes in the
excitation spectra shown in the first column are much smaller
than those shown in the second column. Conversely, a similar
difference exists between the data shown in the third and
fourth columns.

A heat plot is an efficient and concise way for visualizing the
global excitation and emission wavelength dependence of the
temperature effects on the fluorophore fluorescence (Figure S
and Figure S11). Depending on specific excitation and
emission wavelengths, both normal or reversed temperature
effects have been observed on ANT (Figure SA) and TET
(Figure SC) fluorescence. The normal temperature effect refers
to a fluorescence intensity decrease with increasing sample

temperature, while the reversed temperature effect represents
increased fluorescence intensity with increasing temperature.
Even though raising the temperature invariably reduces the
DBA fluorescence, the degree of the fluorescence intensity
reduction depends on the specific excitation and emission
wavelengths (Figure SB).

The excitation and emission wavelength dependence are also
evident in the normalized integrated emission spectra (Figure
SD—F) and the normalized integrated excitation spectra
(Figure S12). These data are taken by spectral integration by
a simple summation of the emission or excitation intensity over
the entire excitation or emission wavelength range, while
normalization is performed by dividing the integrated
fluorescence emission intensity obtained at the temperature
of interest by that obtained at 20 °C. The sensitivity of the
integrated fluorescence emission intensity depends critically on
the excitation wavelengths (Figure SD—F).

Empirically, the sensitivity of integrated fluorescence
intensity correlates strongly with the PAH UV—vis absorbance
spectra. The integrated fluorescence excited with wavelengths
corresponding to red shoulder wavelengths in the vibrationally
resolved PAH UV-—vis absorbance peaks is much more
sensitive to temperature change than that excited at the blue
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Figure 4. Representative temperature-dependent fluorescence (first and second columns) excitation spectra and (third and fourth columns)
emission spectra of (first row) ANT, (second row) DBA, and (third row) TET. The emission and excitation wavelengths used for the spectral

acquisition are shown in the plots.

shoulder wavelengths (Figure SG—I). These red and blue
shoulder wavelengths are highlighted with red and blue dashed
lines in Figure S.

The combined temperature-dependent UV—vis absorbance
and TPL study enables us to quantify the PAH rWSQY
(Figure SJ—L and Figure S13) and rTQY as a function of the
excitation wavelengths (Figure SM—0). rWSQY and rTQY
values are evaluated using eqs 3 and 4, respectively. The heat
plot of rWSQY data showed that the temperature effects on
the PAH QY are both excitation- and emission-wavelength-
dependent. The general patterns of the rWSQY heat plots
(Figure SJ—L) are very similar to the heat plots of the
normalized fluorescence intensity (Figure SA—C). However,
rTQY spectra (Figure SM—O) are approximately independent
of the excitation wavelength, which is in sharp contrast to
relatively strong excitation wavelength dependence in the
normalized integrated emission intensity (Figure SD—F).
These results indicate that the differences seen in the
integrated fluorescence intensities among different excitation
wavelengths are due predominantly to the temperature effects
on the PAH UV-—vis absorbance but not to those on the
integrated emission QY.

Consistent with earlier reports, the temperature effects on
DBA fluorescence are much stronger than those on ANT and
TET.>~° The high sensitivity of DBA fluorescence to sample
temperature has been attributed to the heavy-atom effect, a
theory commonly used to explain the low QY of fluorophores
with heavy atoms. It has been assumed that, at elevated
temperatures, fluorophores with heavy atoms become more
prone to nonradiative decay, resulting in reduced fluorescence
emission. This hypothesis is consistent with our observation
that the fluorescence of monobrominated anthracene has a

temperature sensitivity higher than that of ANT but lower than
that of DBA (Figure S14).

FLR, EOY, and ERY serve as an excellent set of fluorophores
for further testing the significance of the heavy-atom effect in
governing the temperature effects of fluorophore fluorescence
because the only difference in these fluorophores is the number
and type of heavy atoms. FLR has no heavy atoms, while EOY
and ERY are two FLR derivatives containing four bromine and
iodine substituents, respectively, at the same substitution
positions. All xanthene dyes exhibit a strongly temperature-
dependent ASSF when excited at the wavelength region where
their UV—vis absorption and emission spectra overlap (Figures
S15—S17), which is similar to what has been observed with
PAH dyes. Surprisingly, however, the temperature effects on
FLR (Figure 6A—D), EOY (Figure 6E—H), and ERY (Figure
6I-L) are contradictory to what one would expect from the
heavy-atom effects (Figure 6 and Figures S18—520). FLR has
no heavy atoms but has the largest decrease with increasing
sample temperature, while the peak intensity of EOY has no
significant temperature dependence. ERY, the xanthene dye
with iodine substitutions, exhibits reversed temperature effects
at its peak emission. These data argue strongly against the
possibility of the heavy-atom effect as a dominant mechanism
for the temperature effects on fluorophore fluorescence.
Otherwise, one would expect ERY to have the most significant
intensity reduction, followed by EQY, and then FLR with
increasing sample temperature. The detailed reason for this
effect is currently unclear. Nonetheless, the data obtained with
FLR, EQY, and ERY showed that the heavy-atom effect is
unlikely a universal mechanism for the temperature effect on
fluorophore fluorescence.
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Consistent with what is observed with the PAH dyes, the
temperature effects of the xanthene ASSF and SSF are also very
different (Figures S15—S17). Their integrated ASSFs all
exhibit reversed temperature effects, ie., increasing ASSF
intensity with increase temperature. ERY exhibits the largest
ASSF intensity increase, followed by EOQY, and FLR, which
again is opposite the expected trend. Also in contrast to that
trend, the integrated FLR SSF exhibits no significant
temperature dependence, while those for both ERY and EOY
show reverse temperature effects as compared to their
respective ASSF counterparts.

Dynamic quenching due to the enhanced solvent/fluorophore
interactions (exciplex formation and dynamic quenching) at an
elevated temperature was also proposed as a mechanism for
the reduced fluorescence emission at high sample temperature.
To test this hypothesis, we compared the temperature
dependence of the fluorescence intensity of PAHs dispersed
in toluene solution to the same PAHs dispersed in a solidified
polystyrene matrix. Surprisingly, the degree of the temperature
dependence of the PAH in liquid is very similar to that in a
solid (Figure S21). These data strongly suggest that the
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solid ANT/DBA mixture in toluene. Black dots in panels C, D, G, and H represent the temperature shown at the temperature controller, while the
red dots are the measured temperatures based on the fluorescence intensity ratios.

dynamic quenching by solvent/fluorophore interaction is
unlikely a main contributor to the PAH signal reduction at
elevated temperatures. Otherwise, one would expect smaller
temperature effects on the PAHs dispersed in a solid than
those dissolved in liquid.

The preceding sections showed that TPL measurements are
extraordinarily informative in providing insights that have not

been accessible before for a fundamental understanding of the
temperature effects on fluorophore optical properties. The
learning from the TPL data is also important for rational
measurement design for applications where the fluorophore
temperature sensitivity is of concern. As an example, based on
TPL data obtained with the PAHs, we designed a ratiometric
fluorescence thermometric method for in situ real-time
measurements of the actual sample temperatures inside
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fluorescence cuvettes placed in a temperature-controlled
sample holder. Such measurements are critical for analytical
and physical chemistry research because temperature-depend-
ent spectroscopic study has become increasing popular, but
monitoring the difference between the controller’s temperature
and actual sample temperature is difficult.

Since DBA fluorescence is sensitive to sample temperatures,
and ANT fluorescence is highly robust against the temperature
variation, their mixture allows us to develop a ratiometric
fluorescence thermometric method for quantification of the
sample temperature. The selection of the excitation wavelength
is guided by the following criteria: (1) both ANT and DBA are
fluorescence active at the excitation wavelength, and (2) the
temperature effects under the excitation wavelength are high
for DBA but negligibly small for ANT emission. For the
selection of the two emission wavelengths for the ratiometric
fluorescence thermometric method, the reference emission
should have negligible temperature sensitivity, while the
sampling peak should have maximum temperature sensitivity.

The effectiveness of this ratiometric fluorometric strategy is
demonstrated by the data shown in Figure 7. Under excitation
at 358 nm, both ANT and DBA are fluorescence active (Figure
7A,E). The emission near the 400 nm region is chosen as the
reference because the fluorescence at this wavelength is
essentially independent of the sample temperature. The
fluorescence emissions at wavelengths above 420 nm are all
sensitive to the sample temperature variations. The fluo-
rescence intensity ratio between the selected emission
wavelengths correlates strongly with the sample temperatures
(Figure 7B,F). Such a correlation is highly reproducible for the
four cycles of the temperature ramping up and down
measurement, showing the robustness of this ratiometric
method.

There are significant lag times between the controller
temperature and the actual sample temperature to reach the
targeted temperatures during both the sample heating and
cooling processes. The lag time is longer for the solidified
sample (Figure 7E—H) than for the solution sample (Figure
7A—D) and longer for the sample cooling (Figure 7D,H) than
for the sample heating. For example, it took 50 s longer for the
solution sample temperature to reach a preset heating
temperature indicated by the temperature controller, which is
in comparison to the 300 s lagging time observed for the solid
sample. The lag time for the solution sample and the
temperature to reach the preset cooling temperature is about
200 s, while that for the solid sample is about 600 s. This in
situ, real-time determination of the measurement lagging time
is important for improving the reliability of temperature-
dependent spectroscopic measurements. Guided by these
findings, the temperature-dependent TPL measurements
presented in this work are all acquired after the temperature
controller has maintained the preset temperature for 10 min to
ensure that the samples actually reach the temperature shown
on the temperature controller.

We presented a temperature-dependent total photolumines-
cence spectroscopic technique, including measurement proce-
dures, as well as highlighted the data analysis and visualization
methodologies. When used in combination with the temper-
ature-dependent UV—vis absorbance measurements, the TPL
method introduced in this work offered a series of insights that
have not been available before. The key novel insights enabled

by this new measurement strategy include the following: (1)
The temperature-induced fluorescence intensity change can be
due to the temperature effects on the fluorophore QY and/or
its UV—vis absorbance. Therefore, a combination of UV—vis
absorbance and fluorescence study is necessary for one to
derive a mechanistic understanding of the temperature effects
on the fluorophore fluorescence. (2) The heavy atom
substitution in the xanthene dyes has no significant impact
on the temperature-dependent fluorescence, excluding the
possibility that the heavy-atom effect proposed for the large
temperature dependence of the brominated anthracene is a
universal mechanism governing the temperature effects on
fluorophore fluorescence. (3) The temperature effects on the
fluorophore fluorescence observed with all model fluorophores
are strongly wavelength-dependent, which highlights the
importance of the TPL methodology presented in this work.
For applications where the temperature effects on materials
fluorescence are important, it is advised to perform a
temperature-dependent TPL study to optimize the measure-
ment design. The insight from such measurements is important
not only for a fundamental understanding of materials optical
processes but also for rational measurement design in
applications that require a maximum or minimum temperature
sensitivity. The example ratiometric fluorescence thermometry
design could lay the foundation for future development of
nanoscale temperature sensors by fabricating fluorescence
nanoparticles comprising temperature-sensitive and temper-
ature-insensitive dyes. We believe the measurement technique
as well as the data process, analysis, and visualization methods
presented in this work will be adopted broadly by physical,
analytical, and material chemists for characterizations and
applications of photoluminescence materials.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsmeasuresciau.2c00047.

Complete 3D TPL, ASSF, and SSF data of PAH and
xanthene dyes; scattering removal method and vali-
dation; comparison of the temperature effects on PAH
in solution and a solidified polystyrene matrix; and
comparison of the temperature effects on ANTs with
different bromine substitution (PDF)
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