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Abstract
We studied absorption andfluorescence as well as room temperature phosphorescence (RTP) of
4-methylumbelliferone (4MU) in poly (vinyl alcohol) (PVA)films.We focused our study on the long-
wavelength basic formof 4MUwith absorption centered at 375 nm. The strongfluorescencewith a
quantumyield of above 70%appears at∼430 nm. Thefluorescence anisotropy of 4MU-doped PVA
film is high, reaching a value of about 0.3. The emissionwith gated detection shows a broad
phosphorescence spectrumwith a peak at∼510 nmand a residual delayed fluorescence at 430 nm.
The excitation spectra for fluorescence and phosphorescence roughly follows 4MUabsorption. The
phosphorescence lifetime of 4MU is remarkably long, almost 3 s. 4MUexcitation and emission
phosphorescence anisotropies are low, very close to zero.

1. Introduction

4-methylumbelliferone (4MU, also known as Coumarin
4) has been proposed as a valuable pH sensor already in
the 1960s [1], and later, in the 1980s, as an efficient laser
dye in a blue spectral region [2]. In the 1990s, the
phosphorescence of 4MU on filter paper was reported
[3]. However, only phosphorescence signal from a
crystalline phase of 4MU has been reported without a
spectral analysis. Recently, there has been growing
interest in this coumarin dye. As a fluorescent labeling
agent, 4MU has been extensively used for intracellular
pHmeasurements because of its low toxicity, pKa value,
and relatively large fluorescence intensity changes as a
function of pH [4–6]. Furthermore, it has also been
routinely utilized for pH-dependent enzymatic assays
[7–10] and for the highly sensitive determination of
tyrosinase [4]. 4MU is one of the main precursor
molecules from the biosynthetic pathway of cinnamic
acid that engenders other complex coumarinmolecules.

Room temperature phosphorescence (RTP)
recently became a ‘hot topic’ [11, 12]. This is because of
its potential applications like antiforgery [13, 14],
encryption/decryption of information [15], sensing
(temperature, pH, chemical analytes) [16], bioimaging/

diagnostics [17], and organic light-emitting diodes [18].
Other applications ofRTP includebut are not limited to
visualization of hidden fingerprints in forensic sciences
and printing [19]. Recent works have directed their
attention on the RTP afterglow from natural resources
[20–22], and polymer-based materials [13, 14, 23–26].
In this report, we studiedfluorescence and phosphores-
cence properties of 4-methylumbelliferone (4MU)
doped inpoly (vinyl alcohol) (PVA)films.

2.Materials andmethods

The 4-methylumbelliferone (4MU, Coumarin 4) was
from Kodak, laser dye grade. 98% hydrolyzed poly
(vinyl alcohol) (PVA) with a molecular weight of
130,000 has been purchased fromSigmaAldrich.

2.1. Preparation offilm
PVA films were prepared as described in detail in our
previous works [24, 27]. The average thickness of each
film was about 200 μm. In order to achieve the 4MU
basic form, we added 0.1 mM NaOH to the PVA
solution. The estimated concentration of NaOH in a
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dried film was about 1 mM. Identical amount of
NaOHwas added to the reference PVAwithout 4MU.

2.2.Measurements
2.2.1. Absorption
Absorption measurements were done using the Cary 60
spectrophotometer (Agilent Technologies, Inc.). The
PVA background was subtracted. Even so, the PVA
backgroundwasnegleglible at the excitationwavelength.

2.3. Fluorescence spectra
Using a front-face configuration, the Cary Eclipse
spectrofluorometer (Agilent Technologies, Inc.) was
used for fluorescence measurements with a UV wire
grid linear polarizer and linear plastic polarizer for
excitation and emission sides, respectively [27].

2.4. Fluorescence quantumyield
Fluorescence quantum yield (QY) was determined by
using a solution of quinine sulfate (QS) with 1N
H2SO4 (QY = 0.54) as the standard [28]. Measure-
ments were done in 1 mm pathlength micro cuvettes.
The cuvette with 4MU-doped PVA film was sub-
merged in benzene that is nonreactive to PVA and has
a refractive index matching that of PVA. For the QY
calculation, the refractive indexes were taken into
account (n = 1.35 for QS in 1N H2SO4 and 1.48 for
4MU-doped PVAfilm and benzene).

2.5. Fluorescence lifetime
Time-domain FT200 fluorometer (PicoQuant GmbH)
has been used for lifetime measurements using a
375 nm pulsed laser diode. The repetition of 90 ps

Figure 1.Absorption spectrumof 4MU-doped PVAfilm. In the preparation of thefilm, 0.1mMNaOHwas added to the PVA
solution.

Figure 2. Fluorescence emission spectrumof 4MU-doped PVA film. In the preparation of thefilm, 0.1mMNaOHwas added to the
PVA solution.
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pulses was 4MHz and the time resolution was 4 ps. The
time-dependent data were analyzed with FluoFit4 soft-
ware (PicoQuantGmBH).

2.6. Phosphorescence spectrameasurements
Phosphorescence spectra were measured on the Varian
Cary Eclipse instrument using phosphorescence mode,
which is based on a time gating mode to remove shorter
lived emission components such as scattering and back-
ground fromfluorescence.The followingparameterswere
used for this mode: number of flashes of 10, delay time of
0.5 ms, gate time of 5 ms, and total decay time of 1.0 s.
Anisotropies for phosphorescence excitation and emis-
sion spectrawere calculatedusing the following equation:

( )=
-
+

r
I I G

I I G2
1VV VH

VV VH

*
*

where the IVV and IVH are polarized phosphorescence
intensity components obtained from a vertically

oriented polarizer for excitation and vertically or
horizontally oriented polarizer for observation,
respectively. G-Factor, G, was measured in the front-
face configuration and used as a correction factor for
uneven transmissions from IVV and IVH [27].
Equation (1) was used for both fluorescence and
phosphorescence emissions.

2.7. Phosphorescence lifetime estimation
For phosphorescence lifetime estimates, a smartphone
was used to capture a video, ensuring that the entire
film was visible within the frame. The video was
subsequently processed using ImageJ to tabularize the
average brightness, which served as a proxy for
intensity across frames.

The images in the plot are the frames used for
analysis. Due to the size of the images, it was only
possible to fit one image per second onto the plot.
The number of frames is entirely arbitrary and

Figure 3.Comparison of fluorescence responses of 4MU-doped PVAfilm andQuinine Sulfate in 1NH2SO4.

Figure 4. Fluorescence excitation anisotropy of 4MU-doped PVAfilm.
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dependent on the phosphorescence lifetime of the
sample at a given temperature. The lifetime calcul-
ation used 3600 frames as data points for curve fit-
ting. For the smartphone phosphorescence lifetime
estimations, the exposure time for the camera was

16.67 milliseconds per frame at a framerate of 60
frames per second.

The frame rate was then used to determine the
time in between frames, and the resulting data were
fitted using a single-exponential model:

Figure 5. Fluorescence emission anisotropy of 4MU-doped PVAfilm.

Figure 6. Fluorescence lifetime of 4MU-doped PVAfilm.
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( ) ( )= t-I t I e 2
t

0

where I0 term represents the amplitude for the decay
and τ represents the lifetime. Equation (2)was used for
bothfluorescence and phosphorescence lifetimes.

3. Results and discussion

3.1. Fluorescence
3.1.1. Absorption and fluorescence spectra
4MU spectral properties depend strongly on pH. In
neutral PVA, the absorption spectrum of 4MU clearly
shows two distinguishing peaks; see figure 1SM in
Supplementary Materials. However, the addition of

NaOH to the PVA solution during film preparation
results in the absorption of a single long-wavelength
peak, similar to the 4MU absorption at pH higher than
11 [1, 2]; see figure 1. It should be noted that the films
containing NaOH are very stable, and their spectral
properties did not change over a period of a few
months.

We used 370 nm excitation to study 4MU-doped
PVA emissions. Taking into account the thickness of
the PVA film (0.2 mm) and the extinction coefficient
of 4MU anionic form (36,6001), we estimate the con-
centration to be about 0.35 mM. The strong blue
fluorescence is centered at 430 nm and goes to about
600 nm; see figure 2.

Figure 7.Emission spectrumof 4MU-doped PVAfilmwith time gated detection. The excitationwas 370 nm.

Figure 8.Phosphorescence excitation spectrumof 4MU-doped PVAfilm.
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Figure 9.Time-dependent phosphorescence intensity of 4MU-doped PVA film. The excitationwas from a 405 nm laser pointer. The
first image is with the excitation on.

Figure 10.Phosphorescence excitation anisotropy spectrumof 4MU-doped PVAfilm. Top: Polarized components. Bottom:
Phosphorescence excitation anisotropy.
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The fluorescence emission of 4MU is very strong,
as shown in figure 3, compared to quinine sulfate
(QS), a knownfluorescence standard.

3.1.2. Fluorescence quantum yield
For this comparison, the absorption of QS in 1N
H2SO4 was adjusted to match the absorption of 4MU-
doped PVA film. See figure 2SM in Supplementary
Materials for absorption spectra and QY calculation.
After considering the correction for refractive indices,
the QY of 4MU-doped PVA has been estimated to be
as high as 0.73, which is not a surprise for a laser dye.

3.1.3. Fluorescence anisotropy
The PVA matrix is rigid and effectively hinders
molecular rotations. Therefore, it is expected that the
observed fluorescence anisotropy will be high. In fact,
it reaches the value of 0.3 at longer wavelengths, see
figure 4. The excitation anisotropy drops at shorter

wavelengths, which suggests the excitation to the
second single excited state.

The fluorescence emission anisotropy is almost
constant within the fluorescence spectrum, see
figure 5. However, at longer wavelengths, it decreases
with a stepwise decrease at about 530 nm, see figure
3SM in SupplementaryMaterials.

3.1.4. Fluorescence lifetime
Fluorescence intensity decay of 4MU-doped PVA is
shown in figure 6. It is very homogeneous (see
randomly distributed residuals in figure 6) and fitted
with a single exponential, revealing a lifetime of
3.76 nswith an accuracy of± 0.02 ns.

3.2. Phosphorescence
Usually, phosphorescence is detected at low tempera-
tures. It was a pleasant surprise to observe a green/
yellow afterglow lasted up to ten seconds when the
excitation of 4MU-doped PVAwent off.

Figure 11.Phosphorescence emission anisotropy spectrumof 4MU-doped PVA film. Top: Polarized components. Bottom:
Phosphorescence emission anisotropy.
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3.2.1. Phosphorescence spectra
The spectrum of 4MU-doped PVA measured with
gated detection spans from 400 nm to 650 nm. The
phosphorescence is centered at about 510 nm, and a
small amount of delayed fluorescence appears, which
can be seen at shorter wavelengths, see figure 7. At the
same experimental condition, we repeated the mea-
surement at 45 °C. The phosphorescence decreased
while delayed fluorescence increased. This implies that
the reverse inter-system crossing process increased
with temperature and eosin-type delayed fluorescence
increased.

The phosphorescence excitation spectrum
roughly resembles absorption and/or fluorescence
excitation spectra; see figure 8 and compare it to
figures 1 and 4. The comparison of red-edge excita-
tions of fluorescence and phosphorescence suggests a
very low probability of direct triplet excitation, see
figure 4SM in SupplementaryMaterials.

3.2.2. Phosphorescence lifetime
The phosphorescence glow after switching off the
excitation is very impressive and lasts several seconds; see
time-lapse in figure 9. The phosphorescence intensity
decays exponentially with a mean time of about 3 s. For
RTP, it is extremely long since a few hundred milli-
seconds are consideredultralong [15, 19, 23].

3.2.3. Phosphorescence anisotropy
A transition moment in the phosphorescence process
(T1—S0) is usually orthogonal to the absorption
transition (S0—S1), which results in a negative or very
low fundamental anisotropy.

Polarized components of the phosphorescence in
both the excitation and emission spectra are almost
equal, which suggests almost zero anisotropy; see
figures 10 and 11, top. In fact, the excitation and emis-
sion phosphorescence anisotropy are slightly negative,
very close to zero; see figures 10 and 11, bottom. We
consider this to be an advantage in potential applica-
tions of depolarized RTPof 4MU-doped PVA.

4. Conclusions

The flexible 4MU-doped PVA films are fully transpar-
ent. Their strong, radiant blue fluorescence is highly
polarized. We prepared and tested several films with
various dye concentrations. The spectral properties of
4MU-doped PVA films do not depend on the concen-
trations in the range from 0.1 mM to 1.0 mM.Wewere
pleasantly surprised by the possibility of pH adjustment
in PVA films. The NaOH-doped PVA films behave just
as normal (neutral) films. They are stable and did not
change their properties over several months. The
fluorescence/phosphorescence of 4MU-doped films
containing NaOH remained unchanged after a two-
month period. The phosphorescence of 4MU-doped
PVA film is almost fully depolarized. This could be

important in their practical applications because it
provides independence from the excitation/observa-
tion polarization conditions. It should be noted that the
excitation of 4MU is possible in a spectral region (above
370nm)where strong excitation sources (like lasers) are
available. The most important finding of this study is
the relatively strong room temperature phosphores-
cence of 4MU-doped PVA with remarkably long life-
time. Usually, RTP lifetimes of organic compounds are
in themicro/millisecond scale.

Acknowledgments

Zygmunt Gryczynski support from ‘Tex’ Moncrief Jr
and TCU College of Science and Engineering. Arka-
diusz Matwijczuk acknowledges support from the
Kosciuszko Foundation-The American Center of
PolishCulture.

Data availability statement

The data cannot be made publicly available upon
publicationbecause they arenot available in a format that
is sufficiently accessible or reusable by other researchers.
The data that support the findings of this study are
available upon reasonable request from the authors.

Supporting information description

Absorption spectrum of 4MU-doped PVA film;
Absorption spectra of 4MU-doped PVA film and QS
in 1N H2SO4 for quantum yield measurements;
Fluorescence emission anisotropy of 4MU-doped
PVA film; Phosphorescence excitation spectrum of
4MU-doped PVA film for fluorescence and phosphor-
escence excitation spectra at red edge.

Notes

The author(s) declare no competing interests.

ORCID iDs

Bong Lee https://orcid.org/0009-0003-7936-5327
EmmaAlexander https://orcid.org/0000-0002-
9226-2432
DanhPham https://orcid.org/0000-0003-
0274-9640

References

[1] ChenRF 1968 Fluorescent pH indicator. spectral changes of
4-methylumbelliferoneAnal. Lett. 1 423–8

[2] Abdel-MottalebMSA, El-Sayed BA, Abo-AlyMMand
El-KadyMY1989 Fluorescence properties and excited state
interactions of 7-Hydroxy-4-Methylcoumarin laser dye
Journal of Photochemistry and Photobiology, A: Chemistry 46
379–90

8

Methods Appl. Fluoresc. 13 (2025) 015003 B Lee et al

https://orcid.org/0009-0003-7936-5327
https://orcid.org/0009-0003-7936-5327
https://orcid.org/0009-0003-7936-5327
https://orcid.org/0009-0003-7936-5327
https://orcid.org/0000-0002-9226-2432
https://orcid.org/0000-0002-9226-2432
https://orcid.org/0000-0002-9226-2432
https://orcid.org/0000-0002-9226-2432
https://orcid.org/0000-0002-9226-2432
https://orcid.org/0000-0003-0274-9640
https://orcid.org/0000-0003-0274-9640
https://orcid.org/0000-0003-0274-9640
https://orcid.org/0000-0003-0274-9640
https://orcid.org/0000-0003-0274-9640
https://doi.org/10.1080/00032716808051147
https://doi.org/10.1080/00032716808051147
https://doi.org/10.1080/00032716808051147
https://doi.org/10.1016/1010-6030(89)87054-6
https://doi.org/10.1016/1010-6030(89)87054-6
https://doi.org/10.1016/1010-6030(89)87054-6
https://doi.org/10.1016/1010-6030(89)87054-6


[3] Li L-D andYang S-Z 1994Room temperature
phosphorescence properties of 27 coumarin derivatives on
filter paperAnal. Chim. Acta 296 99–105

[4] DingY, Yang L, Shen J,Wei Y andWangC 2022Anovel
fluorescent off–on probe based on 4-methylumbelliferone for
highly sensitive determination of tyrosinaseNew J. Chem. 46
9923–30

[5] JamesonD2014 Introduction to Fluorescence (CRCPress,
Taylor&Francis Group)

[6] Valeur B andBerberan-SantosM2012Molecular Fluorescence:
Principles andApplications (Wiley)

[7] StarzakK,Świergosz T,MatwijczukA, Creaven B,
Podleśny J andKarczD 2020Anti-hypochlorite, antioxidant,
and catalytic activity of three polyphenol-rich super-foods
investigatedwith the use of coumarin-based sensors
Biomolecules 10 723

[8] Oemardien L, Boer A, Ruijter G, van der Ploeg A,DeKlerk J,
Reuser A andVerheijen F 2011Hemoglobin precipitation
greatly improves 4-methylumbelliferone-based diagnostic
assays for lysosomal storage diseases in dried blood spots
Molecular Genetics andMetabolism 102 44–8

[9] PritschK, Raidl S,Marksteiner E, BlaschkeH, Agerer R,
SchloterM andHartmannA2004A rapid and highly sensitive
method formeasuring enzyme activities in singlemycorrhizal
tips using 4-methylumbelliferone-labelled fluorogenic
substrates in amicroplate system J.Microbiol.Methods 58
233–41

[10] ProfetaG S, Pereira J A,Moraes CDS andGenta FA 2017
Standardization of a continuous assay for glycosidases and its
use for screening insect gut samples at individual and
populational levels Frontiers in Physiology 8 261485

[11] Yang J, FangMand Li Z 2021 Stimulus-responsive room
temperature phosphorescencematerials: internalmechanism,
design strategy, and potential applicationAccounts ofMaterials
Research 2 644–54

[12] HackneyHE and PerepichkaDF 2022Recent advances in
room temperature phosphorescence of crystalline boron
containing organic compounds: nanoscience: special issue
dedicated to Professor Paul S.WeissAggregate 3 e123

[13] FengR,WangM,Zhang Z,HuP,WuZ, Shi G, XuB, LiuH and
MaL-J 2023 Polymer-based long-lived phosphorescence
materials over a broad temperature based on coumarin
derivatives as information anti-counterfeitingACSAppl.
Mater. Interfaces 15 30717–26

[14] GaoR, YanD, EvansDGandDuanX2017 Layer-by-layer
assembly of long-afterglow self-supporting thin filmswith
dual-stimuli-responsive phosphorescence and antiforgery
applicationsNanoRes. 10 3606–17

[15] SuY, Phua SZ F, Li Y, ZhouX, JanaD, LiuG, LimWQ,
OngWK,YangC andZhaoY 2018Ultralong room

temperature phosphorescence from amorphous organic
materials toward confidential information encryption and
decryption Sci. Adv. 4 eaas9732

[16] Sánchez-Barragán I, Costa-Fernández J, Sanz-Medel A,
ValledorMandCampo J 2006Room-temperature
phosphorescence (RTP) for optical sensingTrAC, Trends Anal.
Chem. 25 958–67

[17] Xiao F, GaoH, Lei Y,DaiW, LiuM,ZhengX,Cai Z,HuangX,
WuHandDingD 2022Guest-host doped strategy for
constructing ultralong-lifetime near-infrared organic
phosphorescencematerials for bioimagingNat. Commun.
13 186

[18] Si C,Wang T,Gupta AK,CordesDB, SlawinAM,
Siegel J S andZysman-Colman E 2023Room-temperature
multiple phosphorescence from functionalized corannulenes:
temperature sensing and afterglow organic light-emitting
diodeAngew. Chem. Int. Ed. 62 e202309718

[19] JiM andMaX2023Recent progress with the application of
organic room-temperature phosphorescentmaterials
Industrial Chemistry&Materials 1 582–94

[20] GongY, TanY,Mei J, Zhang Y, YuanW, Zhang Y, Sun J and
TangBZ 2013Room temperature phosphorescence from
natural products: crystallizationmatters Science China
Chemistry 56 1178–82

[21] Yuan J, Zhai Y,WanK, Liu S, Li J, Li S, Chen Z and James TD
2021 Sustainable afterglowmaterials from lignin inspired by
wood phosphorescenceCell Reports Physical Science 2 100542

[22] LuoX, Tian B, Zhai Y,GuoH, Liu S, Li J, Li S, James TD and
ChenZ 2023Room-temperature phosphorescentmaterials
derived fromnatural resourcesNature ReviewsChemistry 7
800–12

[23] GongY, Yang J, FangMand Li Z 2022Room-temperature
phosphorescence frommetal-free polymer-basedmaterials
Cell Reports Physical Science 3 100663

[24] Chavez J, Kimball J, Ceresa L, Kitchner E, Shtoyko T, Fudala R,
Borejdo J, Gryczynski Z andGryczynski I 2021 Luminescence
properties of 5-Bromoindole in PVAfilms at room
temperature: direct triplet state excitation J. Lumin. 230
117724

[25] Chavez J, Ceresa L, Kitchner E, Kimball J, Shtoyko T, Fudala R,
Borejdo J, Gryczynski Z andGryczynski I 2020On the
possibility of direct triplet state excitation of indole
J. Photochem. Photobiol., B 208 111897

[26] Chavez J, Ceresa L, Kimball J, Kitchner E,Gryczynski Z and
Gryczynski I 2022Room temperature luminescence of
5-chloroindole J.Mol. Liq. 360 119482

[27] Gryczynski Z andGryczynski I 2019Practical Fluorescence
Spectroscopy (CRCPress, Taylor &Francis Group)

[28] EatonDF 1988Referencematerials for fluorescence
measurement Pure Appl. Chem. 60 1107–14

9

Methods Appl. Fluoresc. 13 (2025) 015003 B Lee et al

https://doi.org/10.1016/0003-2670(94)85154-9
https://doi.org/10.1016/0003-2670(94)85154-9
https://doi.org/10.1016/0003-2670(94)85154-9
https://doi.org/10.1039/D2NJ00799A
https://doi.org/10.1039/D2NJ00799A
https://doi.org/10.1039/D2NJ00799A
https://doi.org/10.1039/D2NJ00799A
https://doi.org/10.3390/biom10050723
https://doi.org/10.1016/j.ymgme.2010.09.008
https://doi.org/10.1016/j.ymgme.2010.09.008
https://doi.org/10.1016/j.ymgme.2010.09.008
https://doi.org/10.1016/j.mimet.2004.04.001
https://doi.org/10.1016/j.mimet.2004.04.001
https://doi.org/10.1016/j.mimet.2004.04.001
https://doi.org/10.1016/j.mimet.2004.04.001
https://doi.org/10.3389/fphys.2017.00308
https://doi.org/10.1021/accountsmr.1c00084
https://doi.org/10.1021/accountsmr.1c00084
https://doi.org/10.1021/accountsmr.1c00084
https://doi.org/10.1002/agt2.123
https://doi.org/10.1021/acsami.3c03207
https://doi.org/10.1021/acsami.3c03207
https://doi.org/10.1021/acsami.3c03207
https://doi.org/10.1007/s12274-017-1571-x
https://doi.org/10.1007/s12274-017-1571-x
https://doi.org/10.1007/s12274-017-1571-x
https://doi.org/10.1126/sciadv.aas9732
https://doi.org/10.1016/j.trac.2006.07.009
https://doi.org/10.1016/j.trac.2006.07.009
https://doi.org/10.1016/j.trac.2006.07.009
https://doi.org/10.1038/s41467-021-27914-0
https://doi.org/10.1002/anie.202309718
https://doi.org/10.1039/D3IM00004D
https://doi.org/10.1039/D3IM00004D
https://doi.org/10.1039/D3IM00004D
https://doi.org/10.1007/s11426-013-4923-8
https://doi.org/10.1007/s11426-013-4923-8
https://doi.org/10.1007/s11426-013-4923-8
https://doi.org/10.1016/j.xcrp.2021.100542
https://doi.org/10.1038/s41570-023-00536-4
https://doi.org/10.1038/s41570-023-00536-4
https://doi.org/10.1038/s41570-023-00536-4
https://doi.org/10.1038/s41570-023-00536-4
https://doi.org/10.1016/j.xcrp.2021.100663
https://doi.org/10.1016/j.jlumin.2020.117724
https://doi.org/10.1016/j.jlumin.2020.117724
https://doi.org/10.1016/j.jphotobiol.2020.111897
https://doi.org/10.1016/j.molliq.2022.119482
https://doi.org/10.1351/pac198860071107
https://doi.org/10.1351/pac198860071107
https://doi.org/10.1351/pac198860071107

	1. Introduction
	2. Materials and methods
	2.1. Preparation of film
	2.2. Measurements
	2.2.1. Absorption

	2.3. Fluorescence spectra
	2.4. Fluorescence quantum yield
	2.5. Fluorescence lifetime
	2.6. Phosphorescence spectra measurements
	2.7. Phosphorescence lifetime estimation

	3. Results and discussion
	3.1. Fluorescence
	3.1.1. Absorption and fluorescence spectra
	3.1.2. Fluorescence quantum yield
	3.1.3. Fluorescence anisotropy
	3.1.4. Fluorescence lifetime

	3.2. Phosphorescence
	3.2.1. Phosphorescence spectra
	3.2.2. Phosphorescence lifetime
	3.2.3. Phosphorescence anisotropy


	4. Conclusions
	Acknowledgments
	Data availability statement
	Supporting information description
	Notes
	References



