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Exploring the Ultralong Lifetime of Self-matrix 1,10
Phenanthroline and Boron-Based Room Temperature
Phosphorescence Carbon Dots for Multiple Applications

R. Blessy Pricilla, Pavel Urbanek, Jakub Sevcik, David Skoda, Jan Antos, Lukas Munster,

Eva Domincova-Bergerova, and Ivo Kuritka*

Room temperature phosphorescence carbon dots (RTP CDs) are one of the
newly investigated nanomaterials because of their remarkable optical charac-
teristics. They are widely utilized in many versatile optoelectronic and security
applications. Apart from synthesis, one of its challenging attributes is its life-
time at room temperature. Here, a straightforward and quick heating approach
is presented for synthesizing self-matrix 1,10 phenanthroline and boron-based
RTP CDs. 1,10 phenanthroline is utilized as an aromatic and hetero atom con-
taining carbon precursor and boric acid is used as a passivating to stabilize the
triplet excitons and prevent nonradiative deactivation. Various characterization
techniques like TEM, XRD, FTIR, UV-vis, PL, and elemental analysis (ICP and
CHNS) have been used to study the properties of self-matrix RTP CDs. The
RTP CDs exhibited excellent blue-green emission when excited at 302 nm.
Compared to the available literature, the novelty of this work is observed from
its high naked eye phosphorescence characteristic of ¥22 s with an average
lifetime of ~ 2.4 s at 302 nm, making them ultralong self-matrix RTP CD
material. Due to their exceptional qualities, the self-matrix RTP CDs have been
widely employed for various applications, including information encryption de-
cryption, phosphor for LEDs, anticounterfeiting, and water sensitivity analysis.

from the triplet state to the ground state.[!]
The electrons capture the energy from
the incident light and gradually release
them as they go from the singlet to the
triplet and finally to the ground state.
RTP materials have captured the scien-
tific community’s attention because of
their prolonged lifetimes and Stokes shift.
Their hallmark of longer lifetimes makes
them exclusively used in applications
like bioimaging,[? sensors,l*} information
encryption,!!  anticounterfeiting  etc.’]
Various synthesis methods to obtain RTP
materials include heating,!®! hydrothermal
and,!”] microwave.®] Notably, synthesizing
RTP materials at ambient conditions is
quite challenging because of the weak
spin-orbit coupling effect and quenching of
triplet excitons.l! Nevertheless, some of the
key mechanisms responsible for achieving
effective intersystem crossing and enhanc-
ing spin-orbit coupling include lone pair

1. Introduction

Owing to the prospective optical applications, it is crucial to de-
velop luminous materials with fascinating light-emitting char-
acteristics. Room temperature phosphorescence (RTP) materi-
als occupy a prominent position among them. RTP is a phe-
nomenon where longer relaxation of the electrons is observed
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electron incorporation, heavy atom effect,
Hyperfine coupling, energy gap narrow-
ing, molecular aggregation, host guest
complexation, matrix rigidification, polymerization, crosslink-
ing, and clusterization.['! The conventional RTP materials in-
clude noble metal compounds,'!l pure organic compounds,
and*?! compounds containing rare earth elements.[**l However,
they suffer from several limitations like high cost, difficult syn-
thesis, high toxicity, and shorter lifetime and luminescence.]
Hence, the quest to search for alternative materials continues.
Among the many phosphor materials, carbon dots (CDs) have
begun to take the role of RTP materials because of their high car-
bon content leading to less potential toxicity, simple synthesis,
and tunable photoluminescent characteristics.['! CDs are zero-
dimensional nanomaterials discovered in the year 2004.01) The
phosphorescence characteristics of CDs mainly originate from n-
7* transitions, surface functional groups, and subflurophores.!”]
There are two ways to achieve RTP of CDs namely matrix-free,
and,['®! Matrix-dependent.!'! Matrix-free or self-matrix RTP CDs
are created in a single step where the synthetic medium or the
side products can be created concurrently while the emissive CDs
are created at high temperatures. Matrix-dependent RTP CDs in-
volve a two-step synthesis. In the first step, the CDs are synthe-
sized and the second step involves the embedding of the guest
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CDs into the host matrix. Some of the commonly used matrixes
include PVA,[?% polyacrylamide,/?! urea,!??] silica,[?*] melamine
and,!?*! boric acid.®®) Among the two categories, self-matrix RTP
CDs are more preferred as it is more simplified and faster. De-
spite its simplicity, some challenges are followed. Some of the
main challenges faced for this demanding synthesis include in-
stability of excited triplet species, oxygen-induced phosphores-
cence quenching, and inefficient intersystem crossing.?° Hence,
to meet these challenges, a good RTP material should include ef-
ficient intersystem crossing from the lowest singlet state to the
ground state, faster phosphorescent decay from the lowest triplet
state to the ground state, and reduction of non-radiative decay
and quenching processes.

Keeping all these factors in mind, we have synthesized self-
matrix ultralong RTP CDs using Boric acid and a carbon source
compound through the well-known heating method.l?”] Here,
1,10 phenanthroline was used as a precursor for self-matrix RTP
CDs. The reaction was carried out for several hours at a rela-
tively mild temperature of 200 °C. This method is simple, in-
expensive, non-toxic and highly efficient in obtaining stable ma-
terial containing self-matrix RTP CDs in gram scale. Moreover,
1,10 phenanthroline has the potential to provide carbon as well
as nitrogen source. The presence of hetero atom and aromatic
conjugated system provides suitable structural motifs for incor-
porating into self-matrix RTP CDs and increases the spin-orbit
coupling. This leads to efficient intersystem crossing, thus mak-
ing it a good candidate as a source material with great poten-
tial to obtain ultralong self-matrix RTP CDs. It was verified that
there is no emission attributable to residual 1,10 phenanthro-
line in the material. Boric acid is structurally simple and sta-
ble. Generally, metaboric or pyroboric acid is expected as a prod-
uct of its dehydration when heated. Its electron-accepting feature
and empty p orbital make it potentially a good candidate to be
used in RTP materials.[?®! The n-z* transitions and the B-C co-
valent bonding in the synthesized self-matrix RTP CDs play an
effective role in the ultralong RTP of the CDs obtained. Even
though some self-matrix RTP CDs have already been reported,
our work stands out from the literature because of addressing
the challenge of self-matrix RTP lifetime. The novelty of the work
has been demonstrated by selecting suitable precursors to ob-
serve an outstanding naked eye phosphorescence of 22 s un-
der 302 nm. The average lifetime was found to be 2.4 s, which
is a highly competitive value in the literature to be achieved. The
exceptional RTP properties of the synthesized CDs have effec-
tively been utilized in various applications such as digital en-
cryption, anticounterfeiting, phosphor for LED, and fingerprint
detection.

2. Results and Discussion

2.1. Synthesis and Characterizations of Self-Matrix RTP CDs

Using a heating method, the self-matrix RTP CDs were created in
a condensed phase from an aqueous solution comprising boric
acid and 1, 10 phenanthroline.l””] The obtained product had a
glassy state emitting blue fluorescence when excited at 302 nm.
However, after the UV Light is turned off, cyan phosphorescence
is observed. The extraordinary naked eye phosphorescence of
~22 s at 302 nm of the self-matrix RTP CDs indicates their ultra-
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long phosphorescence performance. The schematic illustration
of the synthesis of self-matrix RTP CDs is shown in Scheme 1.

The morphological studies of the self-matrix RTP CDs was car-
ried out using TEM. The individual dots and aggregates of the
dots are visible in the TEM image in Figure 1a. The average par-
ticle size as calculated from Image] software was ~9.6 nm. The
Particle size distribution of the RTP CDs has been represented in
the form of a histogram in Figure 1b. The polycrystalline nature
of the self-matrix RTP CDs material can be seen in the XRD spec-
tra in Figure 1c. The overall shape of the diffractogram and the
intense broad background are signs of the prevailing glassy state
of the material. For comparison, the XRD diffractograms of the
pure Boric acid and 1, 10 phenanthroline have been presented.
The diffractograms of the blank sample (boric acid with water
additon but without 1,10 phenantroline, heated and cooled un-
der the same conditions as the sample) and self-matrix RTP CDs
can be compared in the graph in the supplement (Figure S3, Sup-
porting Information). The heated boric acid was observed to have
similar peak positions as RTP CDs. However, the peak at 28° is
observed to have a minor split as shown in Figure S3 (Support-
ing Information) (28.1° and 28.3°). The three dominant peaks of
the self-matrix RTP CDs are observed at 28.1°, 14.8°, and 43.1".
These peak positions are similar to those of prominent peaks ob-
served in boric acid, metaboric acid, and boron trioxide whereas
no pyroboric acid data were available in the database. Therefore,
no unambiguous attribution to the available pdf cards was pos-
sible to the self-matrix RTP CDs diffractogram. The broadness
of the peaks implies nanosize of coherently diffracting domains;
however, without a knowledge of how many peaks are eventually
merged in one broad line, precise analysis is also excluded. Pre-
dominantly, the peak at 28° indicates the triclinic phase. On the
other hand, the splitting of this peak observable in the blank sam-
ple, see the inset in the diffractogram (Figure S3, Supporting In-
formation), indicates the presence of two but very similar phases,
but even then, they are not distinguishable. The sharp peaks ob-
served in 1,10 phenanthroline, or any other peak attributable to
this compound or its degradation products, if present, are con-
cealed in the XRD pattern of self-matrix RTP CDs due to the low
loading amount of 1,10 phenanthroline comparatively.[”]

The mass loss was calculated to understand the structure of
our final product. The product yield of the self-matrix RTP CDs
was 1.72 g, and a mass loss of 1.29 g was observed compared to
the initial concentration. This represents a relative loss of ~42%
of the initial sample mass. Theoretically, a relative weight loss of
29%, 36%, and 43.7% can be attributed to the formation of meta-
boric acid, pyroboric (also known as tetraboric) acid, and boron
trioxide (due to water release from orthoboric source compound).
The boric acid decomposition is known in the literature.[3%31l
We compared the thermal decomposition of boric acid under
dry and wet synthesis conditions using the same concentration
of the starting precursor. Amounts of 3 g of boric acid were
weighed into two separate beakers individually. The first beaker
was heated with only Boric acid and the second beaker was
heated by adding 40 mL of water. The heating and cooling con-
ditions were the same as the synthesis conditions for self-matrix
RTP CDs. In the first beaker containing dry boric acid, a mass
loss of 1.083 g was observed corresponding to a relative mass
loss of 36.1% indicating the formation of pyroboric acid. In the
second beaker, the mass loss was 1.207 g, corresponding to a

© 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH

8SUB01 7 SUOWILLIOD SAIERID 8|qed!jdde ay) Aq peusenoh a1 sajo e O ‘88N JO S9N o} AXeiqT8ulUO AB]1A UO (SUORIPUOD-pUR-SLLB /WD A 1M A1 1[ou 1 UO//SARY) SUORIPUOD PUe Swid | 8U} 88S *[720Z/0T/7T] uo A%iqi8uluo ABjim ‘ullz ui Auselun efed sewo L Ag £6/00202 WOPe/Z00T OT/I0p/w0d" A3 1M Are.q 1[ou U0/ SRy woiy papeoiumoq ‘vz ‘¥20g ‘TL0TS6TE


http://www.advancedsciencenews.com
http://www.advopticalmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

Scheme 1. Schematic representation of the synthesis of self-matrix RTP CDs.

relative mass loss of 40.2%, indicating a blend of pyroboric
acid and boron trioxide. The incomplete transformation to well-
defined dehydrated compounds and blended character of the
product is in accordance with the ambiguous character of ob-
tained XRD patterns. Unlike the dry pathway, it seems the pres-
ence of water or humid conditions enhances the decomposition
of boric acid to boron trioxide, although less than 100% conver-
sion was observed. Alternatively, the addition of water might have
enhanced the sublimation of ortho- and metaboric acids, but no
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deposits outside the beaker were observed. According to the liter-
ature, the heating mode and vapor pressure play an important
role in the drying, sublimation, and dehydration processes of
boric acid.[3?!

Elemental analysis was performed to estimate boron, carbon,
oxygen, and hydrogen content in the prepared self-matrix RTP
CDs material. ICP analysis revealed the mass concentration
of boron (24.5 + 0.2%) in the material which corresponds to
metaboric acid with a theoretical boron content of 24.7%. CHNS
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Figure 1. a) TEM image of self-matrix RTP CDs b) Particle size distribution of RTP CDs c)XRD spectra of Boric acid (BA), 1, 10 phenanthroline (Ph) and

Self-matrix RTP CDs.
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Figure 2. FTIR spectra of Boric acid (BA), 1, 10 phenanthroline (Ph), and
Self-matrix RTP CDs.

analysis revealed no presence of sulfur, and mass concentration
of nitrogen ~0.5%, carbon 0.4%, and 2.75% of hydrogen. The
values of 0.5% are close to the limit of detection for this method
indicating thus minute amounts of these elements present in the
material which corresponds to the initial composition of the reac-
tion mixture. The concentration of hydrogen corresponds closely
to the metaboric acid formula. On the other hand, humidity is
an irreplaceable contaminant in our synthesis condition.

We examined the self-matrix RTP CDs using Fourier Trans-
form Infrared spectroscopy (FTIR) to understand their composi-
tion. For a better understanding of the self-matrix RTP CDs, the
FTIR spectra of the precursors were also compared.

As can be seen in Figure 2, the characteristic peaks of Boric
acid and 1, 10 phenanthroline can be clearly observed in their re-
spective spectra.l’334 However, due to the very low loading con-
tent of the organic precursor, it cannot be expected that more than
0.5% of the carbonaceous compound is present in the self-matrix
RTP CDs material. Hence, the peaks attributable to carbonaceous
species are hardly visible in the spectrum. The peak observed
at 3205 cm™! in self-matrix RTP CDs is attributed to the O—H
functional group. This group promotes the formation of hydro-
gen bonds which ultimately help in stabilizing the triplet excited
states. Absorption bands corresponding to vibrational modes of
B—O—H and B—O—B structural moieties are expected in the re-
gion ~from 1570 to ~#900 cm~!. Nevertheless, a merged broad
band is observed for self-matrix RTP CDs material instead of
separated peaks as observed for boric acid in the spectrum. This
can be attributed to the glassy state of the material and depre-
ciation of the B—OH corresponding signal due to dehydration
of the starting material. The peak observed at 1376 cm™! super-
posed on the shoulder of the broadband can be attributed to
COO~ symmetric stretching.3%] The peak found at 1197 cm™
is because of the stretching B-O—H vibrations.[**] Three distinct
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peaks were ascertained only in self-matrix RTP CDs. The new
peak observed at 1253 cm™! indicates the formation of a B-C bond
suggesting the blending of boric acid into the structure of 1,10
phenanthroline.’”] The unique broad shoulder peak at 1064 cm™
is most likely due to the C-O/C-N stretching vibrations. The weak
band observed at 952 cm™! implies symmetric stretching of the
B—O bond in BO; and/or BO, units.*®! The other minor peaks
observed in self-matrix RTP CDs are similar to the peaks ob-
served in boric acid with slight shifts in the peak positions.

According to the literature, XPS is a powerful tool for analy-
sis of the composition and chemical states of the elements built
in the prepared CDs.I*33°] Nevertheless, this requires isolation of
the CDs whereas measurement on the self-matrix RTP CDs ma-
terial can be disputable. An example of a straightforward analysis
is available in the literature.[’! In our case it was demonstrated
that surface contamination by adventitious carbon ascertains up
to tens of percent and overlays any signal of the carbonaceous
component in the self-matrix RTP CDs, where the concentration
of carbon in the form of CDs can be expected 0.5% or lower. Thus,
the analysis of C1s high-resolution spectra lacks useful informa-
tion. Similarly, the spectra for Bls and O1s do not reveal specific
information for the dots, confirming just a presence of the boric
acid-derived matrix. Only the N1s spectrum fitted by two sub-
peaks at 399.9 eV and 402.11 eV are suggestive of the presence
of C=N—H and N—H bonds, respectively (Figure S4, Supporting
Information).l*041]

To summarize the structural and compositional analysis of the
self-matrix RTP CDs material nature, a mixture consisting of
HBO, and B,0; is most likely obtained as the matrix under given
conditions. The mixture is a viscous fluid at an elevated tempera-
ture and transforms into a glassy state when cooled and obtained.
If the product is regarded as a hydrate of boron oxide, it can be
formulated as B,0;-xH, O (where x < 1) in which self-matrix RTP
CDs are dispersed in a mass concentration of 0.5% or less.

2.2. Optical Properties

The UV reflectance spectrum helps in understanding the elec-
tronic configuration of the synthesized self-matrix RTP CDs. The
UV spectrum in Figure 3 shows three prominent absorption
peaks for self-matrix RTP CDs material and almost no absorption
was observed for the blank sample containing only the product
without any phenantroline-derived component. The blank sam-
ple behaves as a nearly white standard. The occurrence of the
peak at 233 nm is due to z-z* transition of of C=C band.[**] At
280 nm, the electronic transition of z-z* of the conjugated C=N
bond is observed.[*¥] To this electron transition band, the C=0
n-7* transitions can contribute. Moreover, at 320 nm n-z* elec-
tronic transition of CN = bond is noted here.[** Spin orbit cou-
pling is enhanced by the presence of such groups like C=N/C=0.
As a result, efficient intersystem crossing, and triplet generation
is attained.l** There is also a shoulder peak at ~#360 nm indicat-
ing a specific absorption. The absorption edge starts at ~380 nm.
For comparison, 1,10 phenanthroline has absorption maxima at
232 and 264 nm in CH, Cl, solution at room temperature accord-
ing to the literature.[*”]

The PL characteristics of 1, 10 phenanthroline was studied
to understand its characteristic feature. The emission of 1,10
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Figure 3. UV-vis spectra of setf matrix self-matrix RTP CDs.

phenanthroline in UV mainly originates from radiative deexci-
tation of z-z* singlet excited states whereas a weak fluorescence
with vanishingly low emission quantum yield is observed due to
n-z* transitions which allow non radiative transitions. It has a
fluorescence with emission maxima at 358 nm and 376 nm in
CH, Cl, solution at room temperature while no phosphorescence
is observed. Nevertheless, it has a phosphorescence at liquid
nitrogen temperature (77 K) with emission maxima at ~460, 490,
and 525 nm.!*’] Therefore, control experiments were conducted
to understand the luminescence characteristics of self-matrix
RTP CDs and to exclude the effects of residual starting com-
ponents in the self-matrix RTP CDs as 1,10 phenanthroline
is a known luminescent compound. For such confirmation,
an experiment was conducted where pure compounds and
mixtures of 1,10 phenanthroline and BA were prepared and the
photoluminescence properties of these materials were studied.
1, 10 phenantroline was embedded by mixing into the BA
matrix, and its PL characteristics were studied in dry and wet
form (Figure S1, Supporting Information). As can be seen, 1,10
phenanthroline is a fluorophore with no RTP. Nevertheless, it
keeps its characteristic fluorescence emission observed in all
samples with prominent peaks at ~365 nm and an additional
peak at 378 nm in the long wavelength shoulder.

Furthermore, the fluorescence and phosphorescence of self-
matrix RTP CDs have been investigated in detail. Initially, when
the excitation source, UV light is on, a bright blue emission is ob-
served. A long-lifetime emission of cyan color is observed when
the UV light is switched off. To understand the phosphorescence
characteristics of the self-matrix RTP CDs, a specific setup as
described in the experimental section was used. The Photolu-
minescence spectra of self-matrix RTP CDs excited at 302 nm
is shown in Figure 4a. The results from the verification exper-
iment allow us to claim that no 1,10 phenanthroline emission
is present confirming its total conversion during the material
synthesis. The envelope of the PL spectra (Figure S1c, Support-
ing Information) shows both fluorescence and phosphorescence
peaks including a small contribution due to the scattered excita-
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tion light from the UV lamp. The fluorescence and phosphores-
cence peaks in Figure 4a have been deduced from the envelope
of the PL spectra. For better understanding a 3D graph show-
ing the complete PL spectra with respect to time has been shown
in Figure 4b,c. As can be observed, when the excitation source
is on, all three peaks are observed clearly. However, when the
excitation source is off the the peak at around 300 and 400 nm
disappears immediately and the peak centered ~471 nm gradu-
ally decreases with time. As a result, it may be concluded that
the peaks seen at roughly 400 and 471 nm correspond to fluo-
rescence and phosphorescence, respectively. The shoulder peak
of phosphorescence around 530 nm might be due to the vibra-
tional energy levels of the primary phosphorescence peak or due
to the vibrations of the aromatic system.[**#’] The RTP CDs at
302 nm were found to have a significant total quantum efficiency
of 33%. The fluorescence and phosphorescence quantum yield
was found to be 9% and 24% respectively. The CIE coordinates of
self-matrix RTP CDs were calculated to demonstrate the PL and
phosphorescence color emission. The obtained PL and phospho-
rescence emission color coordinates as shown in Figure 4d are
(0.18, 0.22) and (0.19, 0.31) respectively.

An excitation-emission map (Figure S2, Supporting Informa-
tion) was investigated to understand the behavior of self-matrix
RTP CDs with respect to the excitation wavelength. The emis-
sion map is shown from excitation wavelength 250 to 370 nm
(Figure S2b, Supporting Information). The maximum emission
of ~400 and 477 nm was observed for an excitation wavelength
of 360 nm. It was observed that the fluorescence peak around
400 nm remains constant, independent of the excitation wave-
length. The main phosphorescence peak observed at ~#477 nm
was found to have some dependency on the excitation wavelength
as the emission peaks slightly varied by few nanometres with re-
spect to the excitation wavelength. The minor phosphorescence
shoulder peaks at ~447 and 500 nm are due to the vibrational
transitions occurring between the various energy levels of the sin-
glet and the triplet states. The excitation spectra corresponding to
the fluorescence emission maximum and the phosphorescence
maximums have been demonstrated (Figure S2a, Supporting In-
formation). It is also important to note that the phosphorescence
of self-matrix RTP CDs is quenched in water as illustrated in the
application in Figure 8. Compared to excitation dependent emis-
sion spectrum in CDs excitation independent emission spectrum
is less common to observe. In our case, we have obtained exci-
tation independent strong blue fluorescence emission spectrum
at 400 nm as can be seen Figure 4a (Figure S2b, Supporting In-
formation). A simple core structure and uniform surface state
aid toward obtaining excitation independent PL emission spec-
trum. The non shifting emission spectra of CDs could also be as
aresult of fewer surface states comparatively or their passivation.
The surface states of the CDs can be also blocked due to embed-
ding in a rigid matrix.[**-"I The excitation independence of the PL
and its single exponential decay testify to a well-developed simple
core structure. The low number or passivation of surface states
is also proved in the FTIR spectra of self-matrix RTP CDs which
are poor of absorption bands associated with carbonyl, ester, and
amide groups (Figure 2).

The optical properties of the self-matrix RTP CDs were also
investigated by varying the precursor ratios and the synthesis
conditions within the preliminary heuristics aiming at the best
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CDs with respect to time (Aq; = 302 nm) d) Chromaticity diagram showing the color coordinates of self-matrix RTP CDs (Fluor +Phosph) and their

phosphorescence (Phosph) respectively.

performing material. The effect of these parameters on the phos-
phorescence lifetime of self-matrix RTP CDs was studied. The
precursor ratios were investigated by varying the amount of 1,10
phenantroline in the boric acid-based matrix. The concentration
of Boric acid was kept constant (3 g) and the concentration of
1,10 phenanthroline (10, 20, 50, and 100 mg) was varied. It
was observed that with an increase in the concentration of 1,10
phenanthroline in the BA matrix, the average lifetime of self-
matrix RTP CDs is found to be decreasing (Table S1, Supporting
Information). Probably, the increase in the precursor concen-
tration disrupted the rigidity of the BA matrix.[!) Consequently,
a concentration of 10 mg of 1,10 phenanthroline was selected
as the optimal concentration for all investigations. Figure 5a,b
shows the average lifetime of fluorescence and phosphorescence
of self-matrix RTP CDs. A single exponential decay fit was used
to find the average fluorescence and phosphorescent decay. The
average fluorescence and phosphorescence lifetime was found to
be 7.51 ns and 2.4 s respectively when excited at 332 and 302 nm.
Figure 5c shows the 22 s naked eye phosphorescence lifetime of
self-matrix RTP CDs with time. The supplementary information
shows the video of the observed naked-eye phosphorescence of
the self-matrix RTP CDs.

The effect of temperature as the main synthesis parameter was
also investigated on the phosphorescence lifetime which is the
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main material property. The various lifetimes obtained on sam-
ples prepared at temperatures 180, 200, 220, and 240 °C are de-
picted (Table S2, Supporting Information). It was observed that
the glassy state of the self-matrix RTP CDs was formed only above
180 °C. Since for effective entrapment of the electrons in the
glassy state 180 °C is considered important, hence the temper-
atures above 180 °C were chosen for the study purpose. It was
noted that only a few milliseconds difference exists between 200
and 220 °C. We tested synthesis temperatures up to 240 °C. At
this temperature, the phosphorescence lifetime was reduced to
a value of ~2 s. Consequently, the temperature of 200 °C was
selected as the best temperature condition for the synthesis of
self-matrix RTP CDs. This high average phosphorescence life-
time of ~2.4 s with naked eye phosphorescence of ~22 s is very
rare to find in self-matrix RTP CDs. The available literature has
been compared to this work, and the results are demonstrated.
(Table S3, Supporting Information).

2.3. Mechanism of RTP
Based on the obtained results, the following mechanism has

been predicted for the RTP of the CDs (Scheme 2). A Jablon-
ski diagram has been demonstrated for a better understanding.
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Figure 5. a) Fluorescence and b) An Example of phosphorescence time decay response curve of self-matrix RTP CDs (c) Naked eye phosphorescence
of self-matrix RTP CDs.

Generally, when the light is irradiated on the CDs, the electrons
in the ground state (S,) get excited to singlet excited states (S;-S,,).
The scheme based on the graph in Figure 4a shows that the ma-
terial follows the standard pathway known from the literature.52!
The singlet excited states either go through internal conversion
and go to the ground state, emitting fluorescence with a max-
imum at the wavelength of 400 nm, or experience intersystem
crossing to triplet excited states and go to the ground state, lead-
ing to phosphorescence with a maximum at the wavelength above
470 nm.

Internal
conversion

« L

To observe phosphorescence some of the key factors involve
the use of hetero atoms and aromatic carbonyl groups. These
tend to increase the spin-orbit coupling which finally leads to ef-
ficient intersystem crossing. In our work, the selection of the or-
ganic precursor was based on the nitrogen heterocycle strategy to
obtain effective intersystem crossing leading to outstanding RTP.
The introduction of Boron atoms into the aromatic and hetero
atom containing 1,10 phenanthroline expedites the transition of
singlet excitons to triplet states by lowering the energy gap be-
tween the singlet and triplet state.[**] The bandgap energy values

T

Absorbance
Fluorescence

%
Light \ I

Scheme 2. Schematic representation of the mechanism of self-matrix RTP CDs.
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Figure 6. Information encryption decryption representation using self-matrix RTP CDs.

of the singlet (Eg;) and triplet state (E;,) were calculated using
the following Equation (1):

E(eV) = 1240 / A (1)

The calculated energy values of Eg, and E, are 3.1 and 2.6 eV,
corresponding to the emission maxima wavelengths at 400 and
477 nm. The difference in these energies provides the energy
bandgap (AEgr) between the singlet and triplet states. The cal-
culated AEg; value is 0.5 eV. This value is small thus allowing
for effective Intersystem crossing. The presence of C=N bonds
greatly enhances the triplet emission. During the heat treatment,
a rigid network of new covalent bonds B—O—B is established in
the process of boric acid condensation including a possibility of
B-C bond formation. Such bonding arrangement in the nearest
proximity of the CDs’ surface plays an effective role in stabiliz-
ing the overall system leading to effective RTP emission. Boron
atoms in the glassy matrix can enter p-x conjugation. A vacant p
orbital effectively attracts  electrons of adjacent conjugated aro-
matic systems and leads to reduced free orbital energy levels. The
glassy state of the self-matrix plays an important role in obtain-
ing adequate RTP of CDs. It prevents the triplet excitons from un-
dergoing nonradiative emission. By restricting the vibrations and
rotations of the functional groups, it leads to increased radiative
transition of triplet excitons.3® The matrix confinement also pre-
vents aggregation-induced quenching in the solid state, thus pro-
moting RTP,1**] although examples of aggregation-induced emis-
sion were also reported.[*l Moreover, the presence of functional
groups like C—N, O—H, C—N, B—O0, and NH, greatly enhances
the RTP by forming hydrogen bonds and stabilizing the triplet
species.l**]

2.4. Applications

Owing to the excellent phosphorescent properties of the self-
matrix RTP CDs, they have a great potential to be effectively em-
ployed in various applications like information protection, data
encryption, anticounterfeit, and fingerprint detection. To sub-
stantiate these applications, the potential of self-matrix RTP CDs
was demonstrated. First, self-matrix RTP CDs were used as a se-
curity ink on a filter paper. For the purpose of fake ink, salicylic
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acid in ethanol was used. The use of self-matrix RTP CDs as se-
curity ink for information protection is shown in Figure 6. The
required template was printed on the filter paper. The fake ink
was painted to write the misleading information and the self-
matrix RTP CDs were used to write the correct information on
the filter paper. When the filter paper was irradiated with a UV
lamp of 302 nm, the fake information “3 1 1” was visible. How-
ever, due to the excellent phosphorescence characteristics of self-
matrix RTP CDs the correct information “1 7 3” was visible af-
ter the removal of the UV lamp. Thus, verifying the application
of the self-matrix RTP CDs as security ink for information pro-
tection. Another demonstration for data encryption is shown in
Figure 6 (bottom) where the misleading information “FRUITS
ARE GOOD?” is observed under UV lamp irradiation of 365 nm,
but as soon as the irradiation is removed the secret correct infor-
mation “ITS RED” is decrypted.

Second, the anticounterfeit application of the self-matrix RTP
CDs has been demonstrated. As can be seen in Figure 7a, two
types of scan codes were created based on our university web-
sites. The scan code on the left contains the correct information
however, the scan code on the right depicts the wrong informa-
tion. The left scan code with the correct information has been
painted with self-matrix RTP CDs ink and dried. Under the UV
light of 302 nm, both the scan codes appear blue however when
the light is switched off, the correct information on the left is seen
showcasing the green light while the code on the right side with
the wrong information disappears.

Thirdly, the use of self-matrix RTPCDs for fingerprint detec-
tion has been illustrated. Fingerprint detection plays a key role
in the identification of a person.>®! Most often, due to poor op-
tical contrast of the background, fingerprint detection becomes
difficult. Hence, it is suggested to use phosphorescent materials
which overcome the challenge of contrasting backgrounds and
provide clear information about the different parts of a finger-
print. Some of the examples of the methods used to identify fin-
gerprints include powder dusting, iodine fuming, silver nitrate
development etc. Among the many, the powder dusting method
was used because of its simplicity and cost-effectiveness. In our
work, we used this method to obtain the fingerprints. According
to this method, the mechanical adhesion of the powder to the
oily parts of the fingerprint deposits is used to obtain the finger-
prints on the substrates.’”! The self-matrix RTP CDs were able
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Figure 7. a) anticounterfeit application of self-matrix RTP CDs b) Fingerprint detection using self-matrix RTP CDs.

to effectively adhere to the fingerprint that was obtained on the
glass substrate. As can be seen in Figure 7b, under daylight the
fingerprint can’t be observed with the naked eye. After equally
spreading the self-matrix RTP CDs all over the fingerprint, the
phosphorescence images are obtained after excitation of 302 nm.
It is also noteworthy that different parts of the fingerprint like bi-
furcation and loop can also be observed. Hence, we suggest the
use of self-matrix RTP CDs as an effective phosphor material for
fingerprint detection.

Fourthly, we demonstrate the use of self-matrix RTP CDs in the
stimuli responsive class of materials. The water sensitivity of self-
matrix RTP CDs was used for sensing applications. In Figure 8,
self-matrix RTP CDs on the left are wet and the right side self-
matrix RTP CDs are dry. It was observed that after the UV excita-
tion of 302 nm was switched off, the phosphorescence of the wet
CDs was quenched within a few seconds. This is mainly due to
disturbance caused to the rigid BA matrix by the H,O moieties.
In a solid state, the vibrational and rotational movement of the
emitting groups is restricted, leading to slow and effective phos-
phorescence. However, the movements of the emitting groups

WET DRY

are set free in an aqueous state leading to possible non-radiative
recombinations.

Finally, the self-matrix RTP CDs were employed as a phos-
phor material for LED applications because of their excellent op-
tical capabilities. Free-standing self-matrix RTP CDs thin films
of ~450 um were fabricated using a press with an applied pres-
sure of 50 kN. These films were placed on top of 310 and
340 nm LEDs to serve as phosphors converting the UV excita-
tion into a visible light emission and their characteristics were
recorded.

As can be seen from the emission spectra in Figure 9a, the
UV excitation light from exciting diodes has been absorbed by
self-matrix RTP CDs and only visible light is produced. The lu-
minance of such devices (excitation LED/450 um thick self-matrix
RTP CDs layer) was 55 cd/m? for both excitation wavelengths of
the diodes. It should be noted, that this luminance value can fur-
ther be optimized for better performance. The chromaticity dia-
gram in Figure 9b indicates the color of the devices. The CIE x,y
coordinates of the 310 nm driven device are 0.186, 0.227 and the
340 nm driven device are 0.184, 0.231. Hence, these self-matrix

WET DRY

2s 4s 6s
ovore—— T N N

Figure 8. Sensitivity of self-matrix RTP CDs toward water.
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Figure 9. a) EL spectra of self-matrix RTP CDs on LED diodes 310 and 340 nm b) Chromaticity diagram showing the color coordinates of self-matrix

RTP CDs on LED diodes 310 and 340 nm.

RTP CDs showcase a high potential to be used as a phosphor for
blue light source driven by UV LEDs. The complete absorption
of the UV light which was observed offers also a possibility to use
the self-matrix RTP CDs as a material for the construction of UV
filters.

3. Conclusion

In summary, the heating method was used for the successful syn-
thesis of self-matrix RTP CDs. It is a very simple method involv-
ing the entrapment of 1, 10 phenanthroline in the matrix of boric
acid using a simple heat treatment approach leading to the forma-
tion of ultralong self-matrix RTP CDs. The resulting self-matrix
RTP CDs have superior structural, optical and functional charac-
teristics. They exhibit excellent solid-state phosphorescence char-
acteristics by providing 22 s naked eye phosphorescence when ex-
cited at 302 nm. Compared to the self-matrix RTP CDs in the lit-
erature, its appealing 2.4 s average lifetime makes it highly com-
petitive. The rigidity of the self-matrix obtained restricts the vibra-
tional and translational movements leading to effective RTP. The
highly efficient self-matrix RTP CDs have been utilized for a va-
riety of applications like information encryption decryption, anti-
counterfeiting, sensing, fingerprint detection, and as an effective
LED phosphor material. This study on solid-state self-matrix RTP
CDs, paved the way to produce self-matrix CDs with outstanding
phosphorescence characteristics utilizing economical precursors
for versatile applications.

4. Experimental Section

Materials: Boric acid and 1,10 phenanthroline were bought from
Sigma Aldrich. The UV LED diodes were acquired from Roithner Lasertech-
nik, Austria. All the chemicals were used without any further purification.
The conductivity of the water used was 0.09 uS cm~! with a 6.3 pH.

Characterization: The morphological study was carried out on the
TEM model, JEOL JEM 2100 microscope, operated at 300 kV (LaB6 cath-
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ode, point resolution 2.3 A equipped with OLYMPUS SYS TENGRA cam-
era (2048 x 2048 pixels)). The self-matrix RTP CDs were dispersed in water
and a few drops were coated on the TEM grid. The grid was dried overnight
and imaging was carried out. Image] software was used to analyze the par-
ticle size. Powder XRD patterns were attained on an X-Ray powder diffrac-
tometer (Rigaku Miniflex 600) using Co Ka radiation (4 = 1.7903 A), op-
erated at a beam voltage of 40 kV and a beam current of 100 mA. PowDLL
Converter was used to convert Co Ka radiation to Cu Ka radiation (4 =
1.54 A). The Fourier Transform Infrared (FTIR) spectra analysis was ob-
tained from a Thermo Scientific Nicolet 6700 spectrometer engaging the
ATR method with the diamond crystal (4000-400 cm™], resolution 2em™7,
64 scans). PL measurements were performed on photoluminescence (PL)
spectrophotometer FLS920, Edinburgh Instruments (Xe lamp with a dou-
ble monochromator used for excitation in continuous wave regime) at
room temperature. The phosphorescence studies were carried out on a
self made setup. A laboratory UV lamp (UVLMS-38, Analytik Jena US) op-
erated in the 302 nm mode was used as a light source. An optical guide
was used to collect the emitted light from the self-matrix RTP CDs. An
Avantes AvaSpec 2048 spectrometer (Avantes B.V., The Netherlands) was
used as a detector. The luminance of the self-standing self-matrix RTP CD
films was obtained using Chromameter CS 160 (Konica Minolta, Japan).
The DRUV/Vis measurement was carried out on a UV-vis spectrometer
Avantes Avaspec 2048 with an integration sphere with a 50 mm diam-
eter and an integration time of detector 1000 ms. The reflectance data
was converted using the Kubelka Munk function. For the X-ray photoelec-
tron spectroscopy (XPS) measurement, a Kratos Axis Supra spectrometer
equipped with a monochromatic X-ray source with Al Ka excitation was
used. The binding energy for C1s at 284.8 eV was used as the typical value.
Elemental analysis was performed using two methods — ICP and CHNS.
Boron content was determined by ICP-OES spectroscopy performed on
an iCAP PRO XPS Duo spectrometer (Thermo Scientific) with the use of a
boron spectral line at wavelength 249,773 nm. The experimental parame-
ters were set as follows: radial view, 12 mm height, RF power 1050 W, neb-
ulizer gas flow 0,55 | min~1. The CHNS analysis was obtained on Flash
2000 CHNS/O+MAS200R (Thermo Scientific). Two samples were taken
from different batches of the prepared material. The amount of 2-3 mg of
sample was used, and each analysis was done in triplicate.

Synthesis of Self-Matrix RTP CDs:  After careful optimization of the syn-
thesis procedure, ultralong self-matrix RTP CDs were prepared using the
well-known heating Method.[®?”] For optimization, two factors, boric acid
amount and time period were kept constant and the amount of 1,10
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Phenanthroline (10, 20, 50, and 100 mg) was varied to attain maximum
RTP. Different temperature conditions (180, 200, 220, and 240 °C) were
also optimized to obtain the enhanced RTP. In brief, 3 g of Boric acid and
10 mg of 1,10 phenanthroline were taken in a beaker. To this mixture, 40 mL
of distilled water was added and the mixture was covered with a foil (to
prevent fast evaporation of water). Then the solution was heated at 200 °C
for 5 hrs. After the reaction was complete, the mixture was allowed to cool
down overnight at room temperature. The next day, the glassy product was
obtained. The product was ground with a mortar and pestle to be used for
further characterization and applications. The amount of product obtained
after synthesis was ~1.72 g. The RTP CDs were not exposed to dialysis to
prevent the quenching of phosphorescence in aqueous media.

Self-Matrix RTP CDs for Display of Fingerprint: The fingerprint used in
the work was obtained from an adult volunteer with his/her consent. The
person washed his/her hands and dried them completely. After drying, the
person ran his/her thumb finger across her forehead a few times. Then,
the thumb finger was placed on a clean glass slide for a few seconds. The
ultralong self-matrix RTP CDs were carefully spread on the surface of the
glass slide, and the extras were removed using a hair squirrel brush. The
glass slide was excited by 302 nm UV excitation light and then switched
off. The images were recorded using a mobile phone camera.

The pseudo-anonymized fingerprint in Figure 7b was obtained from a
volunteer who gave explicit consent for participation in this research and
for the publication of this biometric data. The procedure was approved by
the Ethics Committee of the Tomas Bata University on 5. 2. 2024, Reference
Number: UTB/24/0 02435.

Self-Matrix RTP CDs for Data Encryption Ink:  For the preparation of the
security ink, self-matrix RTP CDs were dispersed in water with a concen-
tration of 50 mg mL™!. As a counter-fake ink, the salicylic acid solution
was used with ethanol as the solvent.

Preparation of Self-Matrix RTP CDs as a LED Phosphor Material:  For
the use of self-matrix RTP CDs as a phosphor layer in LEDs, self-matrix
RTP CDs were made into pellets. The mold was filled with 80 g of self-
matrix RTP CDs, and thin pellets measuring 0.44 mm thick were formed.
The pellets were loaded onto the LEDs of wavelength 310 and 340 nm and
their corresponding electroluminescence was studied.
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the author.
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