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Abstract: Although doping can induce room-temper-
ature phosphorescence (RTP) in heavy-atom free organ-
ic systems, it is often challenging to match the host and
guest components to achieve efficient intersystem cross-
ing for activating RTP. In this work, we developed a
simple descriptor ΔE to predict host molecules for
matching the guest RTP emitters, based on the inter-
system crossing via higher excited states (ISCHES)
mechanism. This descriptor successfully predicted five
commercially available host components to pair with
naphthalimide (NA) and naphtho[2,3-c]furan-1,3-dione
(2,3-NA) emitters with a high accuracy of 83%. The
yielded pairs exhibited bright yellow and green RTP
with the quantum efficiency up to 0.4 and lifetime up to
1.67 s, respectively. Using these RTP pairs, we success-
fully achieved multi-layer message encryption. The ΔE
descriptor could provide an efficient way for developing
doping-induced RTP materials.

Introduction

Room-temperature phosphorescence (RTP) in heavy-atom
free organic materials has been attracting significant re-
search interest,[1,2] for both fundamental photophysics and
their promising potentials in numerous applications, i.e.,

electronic displays,[3] security ink,[4–9] and bio-imaging.[10,11]

Indeed, the last decade has witnessed the rapid development
of nascent RTP materials emitting bright and/or persistent
luminescence at ambient conditions.[1] Along with this
exciting progress, several molecular design strategies have
been proposed to guide the rational development of heavy-
atom free RTP materials,[12] such as the incorporation of a
lone-pair electron moiety (i.e., carbonyl group),[13] narrowing
singlet–triplet gaps in twisted donor–acceptor molecules,[14]

host–guest complexation,[15] polymerization,[16,17] packing
efficiency tuning,[18] H-bond immobilization,[19] and
supramolecular interaction.[20]

In particular, doping host materials (majority) with guest
emitters (minority) through simple mixing represents one
favorable method to generate RTP with ultralong lifetime
(or afterglow), for its ease of processing, abundant avail-
ability of raw materials, tunable colors, and low cost
(Scheme 1a).[21] Doping has already been frequently em-
ployed in creating inorganic phosphorescent materials for
more than two decades, such as the doping of Dy3+ into the
SrAl2O4 :Eu

2+ phosphor to yield afterglow, which peaked at
520 nm.[22] Recently, in a landmark study, Liu and co-
workers showed that the afterglow of an organic emitter,
carbazole, was induced by trace amounts of carbazole
isomer impurities.[23] In another milestone work, Tang et al.
demonstrated that doping a naphthalene emitter in several
solid small-molecule matrices produced strong and persis-
tent RTP.[21] Ma and co-workers also reported a series of
host/guest molecular combinations, which provided persis-
tent RTP after the addition of a trace amount of impurities;
they further confirmed that the phosphorescence emitters
are the impurities (guest molecules).[24] Despite these
excellent studies, the detailed RTP working mechanism for
multiple-molecular systems, especially the intersystem cross-
ing (ISC) process from singlets to triplets, remains contro-
versial. As a result, laborious trial-and-error is often
unavoidable in the development of organic afterglow
materials as the guideline of inducing efficient ISC is still
lacking.

Along with these trials-and-errors, many research efforts
have been focused on inducing ISC from S1 to Tn (instead of
Sn to Tn transitions) in organic afterglow materials. This
approach is valid for most single-molecular systems, because
rapid internal conversion processes will quickly bring excited
molecules from Sn to S1 before ISC takes place. To this end,
it is generally agreed that a small singlet–triplet gap and
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large spin-orbital coupling (SOC) matrix elements can
greatly enhance the ISC process.[25] Moreover, when S1 and
T1 displayed a charge-transfer (CT) and locally excited (LE)

characteristics, respectively, ISC can be significantly en-
hanced via the spin-orbit charge-transfer ISC (SOCT-ISC)
mechanism (Scheme 1b).[6,26–31] However, in the multiple-
molecular system (such as doping of host with guest
molecules), multiple S1 of different components can co-
exist.[32] In addition to the most stable S1, other less stable
“S1” or higher excited singlet states (Sn) of the system may
also play important roles in promoting ISC and enabling
RTP. This readily occurs when the ISC rate from Sn to Tn is
comparable with the intermolecular energy transfer rate
from Sn to S1. Yet, the study of Sn to Tn transitions in dual/
multiple-molecular systems has been relatively neglected or
overlooked.

Herein, we demonstrated excitation-dependent RTP
generations and showed that Sn!Tn transitions played a
crucial role in enabling afterglows in the host/guest systems
(Scheme 1c). As a result, when the excitation energy (Eex) is
smaller than the threshold E0, RTP is disabled; when Eex>

E0, RTP is enabled. We rationalized this excitation depend-
ence by establishing an intersystem crossing via higher
excited states (ISCHES) mechanism, buttressed by detailed
quantum-chemical calculations and spectroscopic data. We
further proposed and validated a simple ISCHES descriptor,
ΔE, to accurately and rapidly screen host materials to enable
bright and persistent RTP in guest emitters (Scheme 1d).
The ΔE descriptor is expected to greatly facilitate the
quantitative development of RTP materials.

Results and Discussion

Inspired by the excellent experimental results of previous
studies,[21] we first investigated the RTP mechanism in a
known host/guest system, H1/NA (Figure 1a–c). We noted
that the guest molecule (NA) alone did not produce any
notable afterglow at room temperature, but the mixture of
H1/NA (w:w=99 :1) emits bright RTP (Figures S1), with a
phosphorescence lifetime of 678 ms and a good quantum
yield (ϕF+P=0.243; Tables S1 and S2). Of noteworthy, H1/
NA exhibited an unusual excitation-dependent photolumi-
nescence spectrum. As the short excitation wavelengths (9
310 nm) matched the UV/Vis absorption spectra of the host
molecules, strong phosphorescence, in addition to bright
fluorescence from the guest emitters, was observed. As the
excitation light was shifted to a longer wavelength region
which can be directly absorbed by the guest molecules (0
310 nm), only intense fluorescence from the guest emitters
was observed, with almost negligible phosphorescence.

To further demonstrate this excitation dependence, we
calculated the ratio (P/F) between the phosphorescence and
fluorescence intensities as a function of the excitation
wavelength (Figure 1c). This ratio eliminates the impact of
the variation in the UV/Vis absorbance over these excitation
wavelengths. In the host/guest pair H1/NA, as the excitation
wavelength becomes longer than �320 nm (around the
cutoff UV/Vis absorption wavelength of H1), a significant
reduction in P/F was observed (Figure 1c, Figures S2–S5).
This excitation dependence demonstrated that higher ex-
cited states Sn (or short-wavelength absorption) play an

Scheme 1. a) Schematic illustration of doping-induced RTP in purely
organic molecules. b) The spin-orbit charge-transfer ISC (SOCT-ISC)
mechanism to induce RTP. c) Proposed mechanism of intersystem
crossing via higher excited states (ISCHES). d) Schematic illustration
of the ΔE descriptor for screening RTP materials. ET: energy transfer;
IC: internal conversion; TTET: triplet–triplet energy transfer; Fluo:
fluorescence; Phos: phosphorescence. H and G represent host and
guest, respectively.
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indispensable role in promoting ISC and activating RTP in
the host/guest system.

During these experiments, we have ensured that the host
and guest molecules are of high purities, and the results are
not compromised by other impurities (Table S3 and Figur-
es S6–S17).

Subsequently, detailed quantum chemical calculations
were conducted to rationalize the excitation-dependent RTP
generation in H1/NA (Figure 1d–f). To this end, we modeled
an H1 and NA dimer as a simple model to gain insights into
the host/guest interactions. In this host/guest dimer system,
our calculations revealed three types of low-lying singlet
excited states: 1) the 1LE(H) state localized on the host,
corresponding to S1 of the host molecule or Sn of the host/
guest dimer system, 2) the 1LE(G) localized on the guest
molecules, corresponding to the S1 of the guest molecule
and S1 of the host/guest dimer system, and 3) two low-lying
charge-transfer (CT) states involving the host/guest com-
plex, i.e., the 1CT1(H!G) and 1CT2(H!G) corresponding
to S2 and S3 of the host/guest dimer system, respectively
(Figure 1d, f).

It is worth mentioning that the conversions between
various singlet states in different components take place by
energy transfer rather than internal conversion. Internal
conversion in the traditional Jablonski diagram governs Sn!

S1 transitions within a single molecular system. However,
the singlet states in the host/guest mixture involve three
different molecular systems: the host, the host/guest com-
plex, and the guest, as an extended version of the Jablonski
diagram. The energy transfer rate between these molecular
systems is much slower than the internal conversion within a
single molecule, endowing sufficient S1–Sn lifetime in this
multiple-molecule system for other photophysical processes
to occur, such as ISC via higher excited singlet states.

Next, we optimized the geometries of the host/guest
dimer system in the excited states S1, S2, and S3, respectively,
and calculated the corresponding spin-orbit coupling (SOC)
matrix elements between these singlet states and their
respective close-lying triplet states (�0.3 eV). A small
energy gap between these singlet and triplet states (ΔEST)
and a large SOC value are two important prerequisites to
ensure high ISC rates.[25] Notably, SOC from S1 to its close-

Figure 1. a) Excitation–emission matrix (EEM) of H1/NA. b) Normalized UV/Vis absorption spectra of H1 and NA in chloroform. c) Ratio plot
between phosphorescence intensity (580 nm) and fluorescence intensity (410 nm) derived from EEM plot at various excitation wavelengths with
emission pictures of the compound before and after turning off 254 nm excitation light. d) The relative energy of H1/HA and the ISC channels for
RTP calculated at the CAM-B3LYP/Def2-SVP level in chloroform. e) The corresponding SOC matrix element of various ISC channels for RTP. f) The
corresponding hole and electron NTOs of S1, S2, S3, and T1. The Sn energy level was estimated from the H1 monomer, while the energy levels of S1,
S2, S3, and T1 are derived from the H1/NA dimer. All excited-state calculations were conducted at the CAM-B3LYP/Def2-SVP level in chloroform.

Angewandte
ChemieResearch Articles

Angew. Chem. Int. Ed. 2022, 61, e202200546 (3 of 8) © 2022 Wiley-VCH GmbH



lying triplet states (0.17 cm� 1) was found to be very small,
while SOC from S2 (from 0.43 to 1.06 cm� 1) and S3 (from
0.49 to 4.66 cm� 1) to close-lying triplet states were signifi-
cantly larger, by up to 27.4 times (Figure 1d,e).

To understand these different SOC values, we further
analyzed the electronic structures of these excited states. To
this end, the natural transition orbitals (NTOs) can provide
a more compact orbital representation than the original
molecular orbitals (MOs), especially when multiple MO
pairs are involved in the excitation of a high-lying excited
state.[33] In addition, charge transfer distance (dCT) measures
the distance between the positive and negative charge
centroids involved in the excitations.[34] Thus, it can be used
to quantify the degree of charge transfer to distinguish the
CT and LE states. Based on both NTO and dCT analysis, the
electron and hole distributions revealed that that S1 of the
host/guest dimer system is an LE state centered within the
guest molecule, while both S2 and S3 represent a CT state
spanning across the entire host/guest complex. Concurrently,
many triplet states are mostly LE states centered either in
the guest or host molecule. According to the El-Sayed rule,
the ISC rate can be enhanced when there is a significant
change between the nature of the singlet and triplet excited
states.[35–37] Accordingly, our computational results suggest
that higher excited CT states (S2 and S3) are crucial path-
ways for efficient ISC in H1/NA, which is in excellent
agreement with experimental observations.

Lastly, our calculations revealed that the T1 of the host/
guest dimer system is an LE state located in the guest
molecule (Figure 1f). This result suggests that after ISC,
internal conversions and/or triplet-triplet energy transfer
eventually conveys the absorbed photon energy to the guest
emitter, enabling bright and persistent afterglow in H1/NA.

All in all, our computational results can be used to
rationalize the excitation dependence of RTP generations in
H1/NA (Scheme 1c). Upon short-wavelength photoexcita-
tion, the energy of higher excited states Sn (mostly absorbed
by host molecules) could transfer either to the charge-
separated states, S2 [1CT1(H!G)] and S3 [1CT2(H!G)],
which are associated with the host/guest complex, or to the
S1 [

1LE(G)] state of the guest molecule NA. Subsequently,
energy in S2 [

1CT1(H!G)] and S3 [
1CT2(H!G)] could either

transfer to S1 [
1LE(G)], resulting in intense fluorescence, or

transfer to the high-lying triplet states of host/guest mole-
cules, Tn, via ISC. This triplet state energy will eventually
cascade to T1 [3LE(G)], resulting in RTP. During this
process, the relatively slow singlet energy transfer processes,
and the enhanced ISC are two key factors in activating
bright RTP. In contrast, long-wavelength photoexcitation is
directly absorbed by S1 [

1LE(G)] and cannot induce efficient
ISC via these higher excited states. In this case, almost all of
the energy will be released from S1 of NA as fluorescence
and nonradiative decays. Accordingly, long-wavelength
photoexcitation can only turn on bright fluorescence and
very weak RTP. We coin this excitation-dependent RTP
generation mechanism, as exemplified in the bimolecular
H1/NA system, as intersystem crossing via higher excited
states (ISCHES).

Inspired by the ISCHES mechanism, we next aimed to
establish a simple descriptor to allow for accurate prediction
of host materials that can enable persistent RTP of guest
emitters. To this end, three important factors must be
considered: 1) efficient intersystem crossing from singlet to
triplet excited state;[36,38] 2) slow radiative rate from the
triplet states (ktr) to maintain long phosphorescence
lifetime;[2] 3) negligible nonradiative decays from the triplet
state (ktnr) to ensure the good quantum yield of
phosphorescence.[39] The first requirement could be effec-
tively addressed via the newly established ISCHES mecha-
nism. The second requirement can be fulfilled by carefully
choosing a good phosphorescence emitter whose first triplet
excited state (T1) exhibits π–π* transition characteristic, as
radiative transitions from T1(π–π*) to the ground state (S0)
is typically much slower than that from T1(n–π*).

[13] Many
reported emitters are good potential candidates, such as
naphthalimide,[40] carbazole,[10,23] triphenylamine
derivatives,[41] and 1,8-naphthalic anhydride.[21] The last
requirement could be achieved in tightly packed solid-state
systems, where oxygen penetration, exposure, and associ-
ated quenching are minimized and nonradiative vibrations
are largely inhibited.

To simplify the already complicated excited-state calcu-
lations, we assumed that the electronic gaps, derived from
simple ground-state calculations of the host and guest
monomers, may serve as a good descriptor for the ISCHES
mechanism (Figure 2a). For example, the electronic gaps
between the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO) of
the host [ΔE(H)], and between the HOMO and LUMO of
the guest [ΔE(G)], can be approximated as optical gaps of
the LE states of the host [1LE(H)] and guest [1LE(G)]
molecules, respectively, as these transitions typically take
place in either bare host or guest molecules. The electronic
gaps between the host’s HOMO and the guest’s LUMO
[ΔE(H!G)] and between guest’s HOMO and host’s LUMO
[ΔE(G!H)] correspond to the charge-transfer (CT) states
[1CT(H!G or G!H)], as these transitions involve charge
transfer between the host and guest molecules. Following
the ISCHES mechanism, where the 1LE(H)> 1CT(H!G or
G!H)> 1LE(G), we reasoned that ΔE might serve as a
useful descriptor to screen the host matrices for guest RTP
emitters, as long as the following condition is fulfilled:
ΔE(H)>ΔE(H!G or G!H)>ΔE(G). It is also noteworthy
that similar ground state MO descriptors have been reported
to provide reliable insight in designing and screening
luminescent functional materials and probes.[42,43]

To experimentally verify our descriptor-based screening
method, 16 different host materials (99% weight) were
selected and physically mixed with the known afterglow
emitter NA (1% weight; Figure 2b; Tables S1 and S2).
These 16 host materials were chosen based on the ease of
their commercial availability, as common laboratory re-
agents. Host molecules that contain minimal steric hin-
drance were chosen to ensure close packing with the guest
molecule, thereby, enhancing the probability of generating
an effective charge transfer state between them. These 16
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host/guest combinations form a training dataset for our
search for a quantum chemical descriptor.

Initial molecular modeling calculations involved geome-
try optimizations of all host and guest monomers in the
ground state in chloroform (to mimic the low polarity of the
solid-state matrices) using the CAM-B3LYP/def2-SVP level
of theory. It was observed that these HOMOs and LUMOs
delocalized across the entire host or guest molecules
(Figures S18–S35). Next, we divided these host molecules
into two groups. Group I meets the ISCHES requirement
with ΔE(H)>ΔE(H!G or G!H)>ΔE(G); Group II does
not satisfy the ISCHES requirement, with a low lying
ΔE(H!G) or ΔE(G!H) gap (Figure 2c).

To this end, we also applied other computational
methods to validate the consistency of our results. We found
that M062X, CAM-B3LYP, and ωB97X-D functionals led to
the same grouping of these host materials, based on the
energy levels of the frontier molecular orbitals (Figures S36
and S37).

Subsequent experimental observations revealed an ex-
cellent correlation between our quantum chemical descrip-
tors ΔE and host/guest combos with afterglows. In Group I,
all five host/guest molecule pairs emit bright and persistent
RTP; moreover, these five pairs exhibited excitation-
dependent RTP generations (Figure 2c; Figures S38–S53).

The phosphorescence spectra were also consistent in these
samples, attributed to the LE state of the guest emitter.
These results, buttressed by additional excited-state calcu-
lations (Figures S54 and S55), corroborate the proposed
ISCHES mechanism. These results also strongly suggest that
ΔE would serve as a useful descriptor to screen host
molecules for the discovery of afterglow materials.

In contrast, 10 out of 11 host/guest pair molecules in
Group II did not produce afterglows (Figure 2c). Additional
computational investigations were subsequently performed
to explain this. As shown by the low-lying ΔE(H!G) or
ΔE(G!H) in the host/guest H10/NA pair, the most stable
T1 state mapped to the 3CT of the host/guest complex,
instead of the guest molecule 3LE (Figure S56; Scheme 1b).
As a result, H10/NA did not yield bright RTP as the 3CT is
usually non-emissive. Similarly, although the host molecule
contains n-π bonds (H6), heavy atoms (H7), carbonyl groups
(H14), the host-guest pairs would not provide RTP if the
HOMO–LUMO energy level did not match with the
ISCHES requirements.

In addition, some Group II pairs can produce RTPs if
their 3LE is located below or close to 3CT. Although 3CT is
slightly lower than 3LE in H16/NA, the small energy
difference (0.03 eV) may result in the mixing of 3LE and
3CT, thus enabling RTP (Figure S56).

Figure 2. a) Illustration of excited stated energy diagram of the host, guest, and complex in Group I represented by 1LE(H)> 1CT(H!G or G!
H)> 1LE(G) (left) and an example of ΔE calculation of H1/NA satisfying the condition of ΔE(H)>ΔE(H!G or G!H)>ΔE(G) (right).
b) Chemical structures of the NA emitter and host molecules in Group I and Group II. c) Calculated electronic gaps of host/NA pairs at the CAM-
B3LYP/Def2-SVP level. All these calculations were conducted in chloroform (to mimic the low polarity environment of the solid-state materials)
using the SMD model. LE: locally excited state; CT: charge-transfer state; H: host; G: guest (the RTP emitter).
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By considering these factors, we decided to employ ΔE
as our descriptor and ΔE(H)>ΔE(H!G or G!H)>ΔE(G)
as our ISCHES conditions to screen various host molecules.
This would lead to only Group I combos, and inevitably
miss some possible bright Group II combos. However, this
conservative choice enhances the success rate of host
material screening. Moreover, this ΔE descriptor only
requires simple ground-state calculations of monomers, and
can be easily scaled up for large-scale material discovery and
screening. Finally, it is worth mentioning again that we limit
our host molecules to quasi-planar compounds to ensure
close host-guest distances and strong electronic interactions
between them to generate stable CT states.

Encouraged by our results see above, we predicted two
new host materials (H17 and H18) for the guest emitter NA
(Figures 3a,b, S34–S37). These three host molecules are of
low cost and commercially available compounds and possess
planar conformations to ensure close host/guest molecular
packing. According to our ground-state calculations, the
HOMO and LUMO energy levels of the guest molecule are
sandwiched between those of the two host molecules, thus
meeting the requirements outlined earlier: ΔE(H)>ΔE(H!
G or G!H)>ΔE(G).

Subsequent experiments further confirmed the accuracy
of our predictions. The H17/NA and H18/NA pairs emitted
bright and persistent RTP (with a lifetime of 523 ms and
620 ms, respectively; and photoluminescence quantum yields

(ϕF+P) of 0.08 and 0.06, respectively; Tables S1 and S2). Both
pairs also exhibited excitation dependence in RTP gener-
ations, obeying the ISCHES mechanism.

We also extended our host screening method to another
phosphorescence emitter 2,3-naphthalenedicarboxylic anhy-
dride (2,3-NA) (Figure 3c). Based on the candidate pool of
18 host materials (as used in the previous experiments), our
calculation predicted that four host molecules could activate
afterglow in 2,3-NA (Figures S57–S78). Subsequent experi-
ments showed that unpaired solid 2,3-NA did not produce
any observable phosphorescence. However, 3 out of 4 host/
guest pairings (including H1/2,3-NA, H5/2,3-NA, and H18/
2,3-NA) exhibited bright afterglow, with a lifetime of 1107,
445, and 1669 ms, respectively (Tables S4 and S5; Figur-
es S79–S86). Likewise, excitation-dependent RTP emissions
were observed in these systems; only short-wavelength light
(absorbed by the host molecules) enabled afterglow. Nota-
bly, different from NA’s yellow phosphorescence (with a
peak at 587 nm), 2,3-NA emits green phosphorescence
peaked at 510 nm and the green phosphorescence was
observed in all these three combos (Figure 3d). These
experimental results further demonstrated the effectiveness
and accuracy of our descriptor-based host screening method
to activate afterglow in guest emitters.

The only outlier (H9/2,3-NA) could be caused by other
factors such as solid-state packing modes and contributions
from exciton binding (the difference between electronic and

Figure 3. a) Calculated molecular orbital energy diagram of NA, H17, and H18. b) Excitation-emission matrix of H17/NA with emission pictures of
the compound before and after turning off 254 nm excitation light. c) Calculated electronic gaps of host/2,3-NA pairs. d) Chemical structures of
host/2,3-NA pairs obtained from the ΔE screening with emission pictures of the compound before and after turning off 254 nm excitation light.
The electronic gaps are derived from calculations conducted at the CAM-B3LYP/Def2-SVP level of theory in chloroform (to mimic the low polarity
environment of the solid-state materials) using the SMD model.
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optical gaps), which our descriptor does not account for.
These factors could also play critical roles in some RTP
molecular systems.

Lastly, we demonstrated an application as a possible
multi-layer security encryption (Figure 4a), based on two
host/guest combinations, H18/NA (w:w=99 :1), and H18/
2,3-NA (w:w=99 :1). Host H18 was chosen as it responded
well to both guests (NA and 2,3-NA). The two pairs emit
bright yellow (lifetime=620 ms) and green afterglows (life-
time=1669 ms), respectively.

Benefitting from the different lifetime intervals, a simple
double-layer encryption system could be set up (Figure 4b).
First, a filter paper was soaked in an acetone solution of
H18 and subsequently dried at room temperature. Ink tubes
of gel pens were cleaned and re-filled with a saturated
solution of NA or 2,3-NA in alcohol (1 :1 MeOH/1-
propanol). The pen was then used to inscribe a two-layer
coded message on the filter paper. As shown in Figure 4b,
upon shining and switching off a UV light source, the
inscribed message “SUTD FRG” was observed. After 1 s,
the yellow “SUTD” disappeared, while the green “FRG”
remained. Such use of different RTP emitters with different
emission wavelengths and lifetimes via simple pairing with

the same host material can be used for multi-layered
message encryption technology.

Conclusion

In conclusion, we have proposed an ISCHES mechanism to
rationalize the excitation-dependent RTP generations in
many host/guest systems. This includes establishing a simple
yet effective descriptor ΔE to screen various host materials
to discover and enable bright and persistent RTP of guest
emitters at ambient conditions. With the aid of ΔE, we
successfully predicted five host materials for two emitters
(NA and 2,3-NA) with an overall 83% (5 out of 6) success
rate, as confirmed by subsequent experiments. As ΔE only
requires simple ground-state calculations on monomer
candidates, it can be easily implemented and scalable for
wide-range material screening or even used as a data
training set for machine learning protocol. We expect that
the refinement of the ΔE threshold can expedite the further
development of heavy-atom free organic materials with
bright and persistent RTP. Currently, we are expanding the
usage of ΔE for screening guest emitters from commercially
available molecules to build a library of host–guest RTP
mixtures.
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Figure 4. a) Application procedure on applying RTP combos for
message encryption. b) Multi-layer encryption using H18 with NA
(yellow afterglow with shorter lifetime) as the first-layer message and
2,3-NA (green afterglow with longer lifetime) as the second-layer
message, using a paintbrush for applying guest (top) and using
masking and a paintbrush for applying guest (bottom) with excitation
light at 254 nm.
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