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ABSTRACT: Materials with stimuli-responsive purely organic
room-temperature phosphorescence (RTP) exempt from exquisite
molecular design and complex preparation are highly desirable but
still relatively rare. Moreover, most of them work in a single
switching mode. Herein, we employ a versatile host−guest-doped
strategy to facilely construct efficient RTP systems with multimode
stimuli-responsiveness without ingenious molecular design. By
conveniently doping butterfly-like guests, namely, N,N′-diphenyl-
dihydrodibenzo[a,c]phenazines (DPACs), featured with vibration-
induced emission into the small-molecular hosts via various
methods, RTP systems with finely tunable photophysical properties
are readily obtained. Through systematic mechanistic studies and
with the aid of a series of control experiments, we unveil the critical
role of the host crystallinity in achieving efficient RTP. By virtue of the inherent environmental sensitivity of both RTP and
fluorescence of the DPACs, our systems exhibit multiple-stimuli-responsiveness with the luminescence not only switching between
the fluorescence and phosphorescence but also continuously changing in the fluorescence color. Advanced dynamic
anticounterfeiting and multilevel information encryption is thereby realized.
KEYWORDS: room-temperature phosphorescence, vibration-induced emission, stimuli-responsiveness, crystallinity,
N,N′-diphenyl-dihydrodibenzo[a,c]phenazines, anticounterfeiting and information encryption

■ INTRODUCTION
Exploration of room-temperature phosphorescence (RTP) is a
hot research topic in many fields such as materials science,1−3

information security,4−6 biochemistry,7−9 and optoelec-
tronics.10,11 It is recognized that boosting the intersystem
crossing (ISC) and reducing nonradiative transitions of the
triplet excitons are two effective approaches to achieve
phosphorescence.12−15 Therefore, on the one hand, heter-
oatoms16−18 such as nitrogen, oxygen, and sulfur or heavy
atoms19,20 such as bromine and iodine are often introduced to
promote the n−π* transition, enhance the spin−orbit coupling
(SOC), and promote the ISC. On the other hand, methods
such as crystal engineering21,22 and host−guest doping23−25

are applied to use chemical or nonchemical bond interactions
(such as hydrogen bond and van der Waals force) to stabilize
the triplet state and reduce the nonradiative transitions. As a
result, a large variety of room-temperature phosphorescence
systems have been developed.26−28

Among all the RTP materials, the ones with stimulus-
responsiveness are drawing increasing attention for their great
application potential in the fields of sensing, information
encryption, anticounterfeiting, data storage, and so on.29−31 In
comparison to the fluorescence-based stimulus-responsive

materials which are susceptible to interference from back-
ground fluorescence, phosphorescence-based stimulus-respon-
sive materials are more advantageous in longer lifetime and are
more easily stimulated by the environment.32−37 Despite this,
most of the RTP-based stimulus-responsive materials depend
on the monotonous interchange between the fluorescence
intensity and phosphorescence intensity when a stimulus, such
as heat, solvent fuming, light, etc., is applied. Moreover, the
development of a considerable number of stimulus-responsive
RTP materials usually requires cumbersome preparation
processes and smart molecular design. However, to satisfy
the requirements for practical applications such as advanced
anticounterfeiting and information encryption, the stimulus-
responsive RTP systems with multistate change achieved by
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facile synthesis/fabrication without the need of complex
molecular design are highly desirable.

In 2015, our group found that a class of phenazine
derivatives exhibit unique photophysical phenomena. Specifi-
cally, DPACs display intrinsic blue emission stemmed from
their saddle-shaped conformations in the confined state and
abnormal orange-red fluorescence originated from the planar
conformation in the unconfined state, with large Stokes shift of
up to 200 nm.38−45 It was later proven by a series of theoretical
calculations and experiments that the orange-red emission is
caused by the intramolecular bent-to-planar vibrations of the
phenazine ring. Therefore, this phenomenon was named as
vibration-induced emission (VIE).38−45 Up until now, the
DPAC derivatives have been widely explored for various
purposes by virtue of their large Stokes shift and dual
emissions.46−66 For example, DAPC derivatives have been
developed to probe physical parameters such as temper-
ature,50,51 viscosity,52 and moisture,53 to monitor physical
processes such as self-assembly,54 gelation,55 and microphase
separation56 in real time, to detect chemical and biological
species such as metal ions,57,58 dicarboxylate dianions,59,60 and
glucose,61 to detect and block influenza viruses,62,63 to
distinguish bacteria,64 to conduct three-photon bioimaging,65

and to construct mitochondria-specific photosensitizers.66 To
the best of our knowledge, the overwhelming majority of
research studies related to VIE are based on the dual-
fluorescence emission characteristics, but the phosphorescence
properties of phenazine and its derivatives have received little
attention.67,68 Nevertheless, the N,N′-disubstituted-
dihydrodibenzo[a,c]phenazine derivatives not only have the
above-mentioned unique dual fluorescence emissions but also,
what is even more important, that their fluorescence is easily

affected by the surrounding environment, such as temperature,
viscosity, etc., as a result of their flexible conformations.
Therefore, it can be envisaged that the RTP materials based on
phenazine derivatives might exhibit stimulus-responsiveness in
both fluorescence and phosphorescence dimensions.

Here, as a proof of concept, we have successfully built a
purely organic RTP system with multistimuli-responsiveness
by the host−guest doping strategy which is widely recognized
as a facile and universal approach to achieve RTP. The
simplest and the most typical N,N′-diphenyl-dihydrodibenzo-
[a,c]phenazine derivatives, namely, DPAC-BA, DPAC-Br, and
DPAC, were chosen as the guests, the commonly used small
molecules with low melting points, i.e., benzophenone (BO),
triphenylamine (TPA), triphenylphosphine (TPP), and
triphenylarsine (TPAs), were employed as the hosts (Scheme
1A). These RTP systems are readily accessible via different
methods (Scheme 1B). In the meantime, we also carefully
studied the RTP mechanism of our DPAC-based systems. It
was found that the excited-state energy transfer (ET) between
the host and guest molecules is the premise, and the good
crystallinity of the hosts is also a requisite. This is the first time
that the crucial role of the crystallinity of the host to the
phosphorescence behaviors of the doped systems is clearly
demonstrated. Moreover, both the fluorescence and phosphor-
escence of these phenazine derivatives is sensitive to the
surrounding environment. In other words, these RTP materials
would show response to any stimulus that would lead to the
change in the host’s crystalline framework and the con-
formation of the guest. To be more specific, the prepared
doped RTP materials initially exhibit intense blue fluorescence
and strong yellow phosphorescence, while the fluorescence
gradually turns from blue to red passing through white light,

Scheme 1. Components, Fabrication, and the Working Mechanism of Our Proposed RTP Systems; (A) Molecular Structures
of the Guests and Hosts; (B) Preparation Approaches to the Doped RTP Materials; (C) Diagram Illustration of the Stimuli-
Responsiveness of the Doped RTP Materials
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and the phosphorescence is weakened gradually by heating or
fuming. The fluorescence and phosphorescence could be
restored after cooling or stopping fuming (Scheme 1C).
Utilizing this multistimuli and multistate responsive feature,
the doped RTP materials were applied to multilevel
anticounterfeiting and advanced information encryption.

■ RESULTS AND DISCUSSION

Synthesis of Guest Molecules and Preparation of the
Doped Materials

The borate-decorated N,N′-diphenyl-dihydrodibenzo[a,c]-
phenazine DPAC-BA was first taken into consideration, as
the borate is a Lewis acid which has been recognized to be
conducive to the generation of phosphorescence. With the
heavy atom, i.e., Br, which is supposed to boost the ISC,
DPAC-Br was thus also included in the investigation. The
unsubstituted N,N′-diphenyl-dihydrodibenzo[a,c]phenazine,
namely, DPAC, which is the prototype VIE-active compound,
was introduced for one thing as a control and for another as a
model for the mechanistic study. In this way, a series of
phenazine derivatives varying from DPAC-BA, DPAC-Br, to
DPAC were selected as the guest compounds. DPAC was
synthesized referring to the literature.69 DPAC-Br was
obtained by the Ullmann reaction, and DPAC-BA was
acquired through the lithium halide exchange reaction of
DPAC-Br (Scheme S1). The molecular structures of these
compounds were fully characterized by 1H NMR, 13C NMR,
and high-resolution mass spectrometry (HRMS) (Figures S1−
S9). The host molecules were used directly as purchased
without further treatment.

Measures that could afford the host−guest complexes are
applicable to the achievement of doped RTP materials. It
means that the doped materials could be prepared by diverse
methods including melt-cooling, grinding, solvent−evaporation
crystallization, vapor-diffusion crystallization, spin-coating,
grinding, etc. Thermal analyses for the hosts and host−guest-
doped materials were carried out (Figures S10, S11, and Table
S1). The differential scanning calorimetry (DSC) curve shows
that each of the host molecules has a low melting point, i.e.,
50.1 °C for BO, 129.4 °C for TPA, 82.3 °C for TPP, and 63.0
°C for TPAs (Figure S10 and Table S1), which is conducive to
the preparation of host−guest-doped materials through the
melting-cooling method. The melting points of the doped
materials are similar to those of the corresponding host,
revealing that the guest molecules exert little impact on the
thermal properties of the doped materials. According to the
thermogravimetry analyses (TGA) curves (Figure S11 and
Table S1), the host molecules have good thermal stability,
which renders the prepared doped materials highly stable. We
thus first attempted the melting-cooling method. Delightfully,
all the host−guest-doped materials obtained via this method
display a long afterglow at room temperature after the removal
of radiation (Figure 1).

Considering the great impact of impurities on the
phosphorescence,70,71 we first examined the purity of the
host molecules. As shown by the HPLC results, the
commercially obtained BO, TPA, and TPAs have a purity
exceeding 97%, while TPP possesses a relatively low purity of
95.3% (Figure S12). We then purified TPP by silica-gel
column chromatography and recrystallization, acquiring a
purity of 98.7%. When compared the materials obtained by
doping DPAC-BA into the TPP before and after purification

(Figure S13), there was no significant difference in both the
fluorescence and phosphorescence. In view of the negligible
impact of the host purity on the photophysical properties of
the doped materials, the host molecules were directly used as
purchased in the following experiments. To optimize the
doping conditions, we explored the influence of the doping
ratio on the RTP properties. When doping DPAC-BA into
TPP at a doping ratio of 1:50−1:50,000, all the resulting
doped materials show a long yellow afterglow with a
phosphorescence lifetime of 90−408 ms (Figures S14 and
S15). With the increase in the proportion of guests, the
fluorescence of the doped materials is gradually intensified with
an obvious red shift in the wavelength, while the phosphor-
escence first increases and then decreases, with the maximum
at the doping ratio of 1:500 (Figure S15). Therefore, the guest-
to-host molar ratio was set as 1:500 in the following
experiments.
Photophysical Properties of the Doped Materials
The solid-state absorption maxima of the DPAC-BA-doped
materials with BO, TPP, and TPAs as hosts are around 365
nm, similar to that of guest DPAC-BA (Figure S16).
Differently, DPAC-BA + TPA shows a solid-state absorption
of about 350 nm, which is consistent with that of TPA. The
measurement of the excitation spectra of the doped materials
in the solid state gave results similar to their solid-state
absorption spectra (Figure S17A). BO displays multiple
emissions in the phosphorescence spectra with a lifetime of
142 μs, while the DPAC-BA merely exhibits a fluorescence
band with the maximum at about 480 nm (Figure S18A,B).
We tested the photoluminescence (PL) spectra of BO at
different temperatures (Figure S19A). As the temperature
increases, the luminescence of BO gradually increases,

Figure 1. Long afterglow shown by the host−guest-doped materials.
The daylight, fluorescence, and phosphorescence images of the hosts,
guests, and host−guest-doped materials are displayed.
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indicating the presence of thermally activated delayed
fluorescence (TADF) rather than RTP. The fluorescence
properties of DPAC-BA + BO are consistent with those of BO,
while the phosphorescence emission peaks at 570 nm and is
different from those of both the host and the guest. When
DPAC-BA was doped into TPA, the fluorescence maximum of
the resultant doped material was 450 nm, and the
phosphorescence emission was very weak and centered at
530 nm, which is quite similar to that of TPA (Figure
S18C,D). The fluorescence peak of DPAC-BA + TPP is at 430
nm, and its phosphorescence maximum is at 550 nm. In
contrast, the phosphorescence of TPP is very weak and
situated at 509 nm (Figure S18E,F). Unlike BO, TPP, and
TPA, TPAs showed neither RTP nor TADF. However, DPAC-
BA + TPAs display fluorescence emission at 437 nm, and
phosphorescence emission peaked at 554 nm (Figure
S18G,H). It could be seen that at the excitation of 365 nm
(Figure S20A), the fluorescence emission maxima of DPAC-
BA-doped materials are around 420−480 nm, and the
phosphorescence emission maxima are around 530−570 nm
(Figure S20B,C). DPAC-BA + TPA, DPAC-BA + TPP, and
DPAC-BA + TPAs exhibit a single fluorescence emission peak
in the photoluminescence spectra, while DPAC-BA + BO
shows multiple emissions dominantly with phosphorescence
emission (Figure S20D). The phosphorescence lifetimes of
DPAC-BA-doped materials are in the range of 151−322 ms,
and the phosphorescence quantum yields range from 5.10 to
15.1% (Figures S20E and S20F).

Despite the fact that the absorption maximum of DPAC-Br
(at 410 nm) is quite distinct from that of DPAC-BA, the
absorption and excitation spectra of the DPAC-Br-doped
materials are fairly similar to those of the DPAC-BA-doped
ones (Figures S17B and S21). Also different from DPAC-BA,
DPAC-Br itself had phosphorescence emission peaked at 546

nm due to the heavy atom effect (Figure S22). When excited at
365 nm, the fluorescence spectrum of DPAC-Br + BO is
similar to that of BO, but its phosphorescence spectrum
peaked at 571 nm is different from those of both DPAC-Br and
BO (Figure S22A,B). After DPAC-Br is doped into TPA, the
fluorescence emission maximum of DPAC-Br + TPA is 423
nm and the phosphorescence peak is at 530 nm (Figure
S22C,D). The DPAC-Br + TPP exhibits a fluorescence
emission band at 442 nm and a phosphorescence emission
peak at 556 nm (Figure S22E,F). The fluorescence and
phosphorescence maximum of DPAC-Br + TPAs is at 457 and
554 nm, respectively (Figure S22G,H). Like the situation of
DPAC-BA-doped materials, with the absorption maxima at
350−365 nm (Figure S23A), the fluorescence and phosphor-
escence maxima of the DPAC-Br-doped materials are also
around 420−480 nm and 530−570 nm, respectively (Figure
S23B,C). In the photoluminescence spectra, the fluorescence
emission peaks of DPAC-Br + TPA, DPAC-Br + TPP, and
DPAC-Br + TPAs are overwhelmingly higher than the
phosphorescence bands, while DPAC-Br + BO exhibits
multiple emissions with phosphorescence higher than the
fluorescence (Figure S23D). The DPAC-Br-doped materials
possess phosphorescence lifetime in the region of 111−236 ms
and phosphorescence quantum yield varying from 9.20 to
12.8% (Figures S23E,F).

As exhibited in Figure 1, although without phosphorescence-
promoting substituents, when DPAC was doped in the hosts,
an obvious afterglow can still be clearly witnessed. Quite
similar to the case of the DPAC-BA-doped materials, the solid-
state absorption and excitation maxima of DPAC + BO, DPAC
+ TPP, and DPAC + TPAs are consistent with those of the
guest molecule DPAC, while those of DPAC + TPA are at 350
nm (Figures 2A, S17C and S24). As displayed in Figure
S25A,B, the fluorescence spectrum of DPAC + BO is

Figure 2. Photophysical properties of the doped RTP materials. The normalized (A) absorption, (B) fluorescence (FL) spectra, (C)
phosphorescence (Phos.) spectra, (D) photoluminescence (PL) spectra, and (E) phosphorescence decay curves of DPAC + BO, DPAC + TPA,
DPAC + TPP, and DPAC + TPAs, λex = 365 nm, and delayed time = 0.1 ms. (F) Phosphorescence quantum yields and phosphorescence lifetimes
of the doped RTP materials.
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consistent with that of BO, while the phosphorescence
spectrum of DPAC + BO is composed of the TADF band of
BO and a new phosphorescence emission band at 560 nm.
DPAC displays emission bands in the phosphorescence
spectrum. We tested the PL spectra of DPAC at different
temperatures to confirm the nature of the emission (Figure
S19B). The PL spectra of DPAC remain largely unchanged
with temperature change. DPAC molecules have VIE proper-
ties, and as the temperature increases, the blue fluorescence
should gradually decrease. This indicates the presence of
TADF in DPAC, which leads to the increase of fluorescence
with increasing temperature. Therefore, ultimately, the PL
spectra of DPAC keep basically unchanged as temperature
increases. Doping DPAC into TPA gives rise to a fluorescence
emission at 421 nm and a very weak phosphorescence band at
530 nm (Figure S25C,D). The doped material DPAC + TPP
shows a fluorescence emission peak at 448 nm and a
phosphorescence emission band at 550 nm (Figure S25E,F).
When DPAC is doped into TPAs, the case is quite similar to
that of DPAC + TPP, with a fluorescence emission at 424 nm
and the phosphorescence emission maximum at 553 nm
(Figure S25G,H). The photoluminescence spectra of the
DPAC-doped materials are in good consistency with the
fluorescence and phosphorescence spectra, with the fluores-
cence maximum at around 420−480 nm and the phosphor-
escence maximum lying in the region of 530−560 nm (Figure
2B−D). As depicted in Figure 2E,F, the phosphorescence
lifetimes of the DPAC-doped materials can be as long as 375

ms (DPAC + TPP), and the phosphorescence quantum yields
can be as high as 21.1% (DPAC + TPAs). Obviously, as
discussed above and shown in Table S2, different guest
molecules behave similarly in the same host, indicating that the
boric acid group and bromide atom are not the essential causes
of the RTP of the doped materials. Noteworthily, DPAC
without substituent shows the best RTP performance. On the
other hand, when doped into different hosts, the same guest
exhibits distinct photophysical properties. Generally speaking,
guests perform best in TPP while worst in TPA, implying the
critical role of host in the photophysical properties of the
doped materials.
Mechanistic Studies on the RTP of the Doped Materials

The results of the photophysical investigation prompt us to
conduct a detailed study on the RTP mechanism of our doped
systems. We first tested the phosphorescence properties of
these three guests at 77 K (Figure S26) and found that they all
exhibit phosphorescence at 77 K with the maxima at about 550
nm. The phosphorescence bands are fairly similar to those of
the doped materials at room temperature. Therefore, the
phosphorescence of the doped materials is primarily originated
from the guests.

To figure out why the RTP could be given out by the doped
materials, we first conducted theoretical calculations. The S1
energy level of the guest molecules is estimated to be 3.22−
3.24 eV, and the T1 energy level is calculated to be 2.56−2.57
eV, with their ΔESTs of 0.66−0.67 eV. The T1 energy levels of

Figure 3. Theoretical calculation results of the doped materials. (A) Energy levels of guest and host molecules (red: T1, black: S1); (C) HOMO
and LUMO of guest and host molecules (red: HOMO, black: LUMO); proposed mechanisms for RTP: (B) T1 of the host molecules acts as a
“bridge” between the S1 and T1 of the guest molecule; (D) there is a FRET from S1 of the host to S1 of the guest. (E) Normalized emission spectra
of the hosts and the normalized absorbance spectrum of DPAC in the solid state. (F) Summary of the mechanism and the phosphorescence
efficiency of each doped material.
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BO and TPA are 2.90 and 3.06 eV, respectively, which are just
in-between the S1 and T1 energy levels of the guest molecules
(Figure 3A). The energy gaps between the T1 of BO and S1 of
the guest molecules are about 0.32−0.34 eV, while those
between the T1 of TPA and S1 of the guest molecules are in the
region of 0.16−0.18 eV, respectively, which are smaller than
the ΔESTs of the guest molecules. Therefore, the T1 of BO and
TPA could serve as a “bridge”, rendering the electron
transition from the S1 state of the guest molecule to the T1
state of the host molecule through ISC. The energy transfer
from the T1 state of the host molecule to the T1 state of the
guest molecule subsequently takes place, and then the triplet
excitons finally relax to the ground state via radiative decay,
giving out phosphorescence (Figure 3B). However, the T1
energy levels of TPP and TPAs are 3.42 and 3.48 eV, which are
higher than the S1 energy levels of the guest molecules,
indicating that the commonly used “bridge” mechanism is not
applicable to our doping RTP systems with TPP and TPAs as
hosts.

Hence, we further examine another possible mechanism that
is also widely applied for the host−guest doping RTP systems
(Figure 3C,D). As depicted in Figure 3C, the LUMO energy
levels of the hosts are higher than those of the guests, while
their HOMO energy levels are generally lower or similar to

those of the guests, except BO. Moreover, the energy gaps
(Egs) of the guest molecules DPAC-BA (3.83 eV), DPAC-Br
(3.89 eV), and DPAC (3.93 eV) are smaller than those of the
host molecules (4.91, 5.00, 5.24, and 5.79 eV). It is recognized
that the FRET process is prone to occur between the host and
guest, and the RTP would be exhibited via the pathways, as
shown in Figure 3D, when their HOMO, LUMO, and energy
gaps meet the above conditions. The good overlaps between
the emission of the host molecules and the absorbance of the
guest molecules further confirm this possibility (Figures 3E
and S27). Thus, it can be envisaged that in this case, the
electrons first transition from the S1 of the host molecule to the
S1 of the guest molecule through the FRET process, then to
the T1 of the guest molecule through ISC, and finally return to
the ground state (S0 of the guest molecule) in the form of
radiative transitions to emit phosphorescence (Figure 3D).
Combining the experimental and theoretical calculation results,
it can be seen that although the RTP phosphorescence of all
these host−guest doping materials can be interpreted with the
mechanisms described in Figure 3B,D, the difference lying in
the RTP performance can hardly be expressed with these
mechanisms. For example, the systems with TPA as the host
meet both the bridging mechanism and the FRET mechanism,
and in theory, they should show the best RTP performance.

Figure 4. Mechanistic study results of the doped materials with control compounds. (A) Schematic illustration of the modulation of the molecular
arrangements and crystallinity of the doped materials with different BO derivatives. (B) Daylight, fluorescence, and phosphorescence images of
BOBU, BODBU, DPAC + BOBU, and DPAC + BODBU. (C) FL and Phos. spectra of DPAC + BOBU and DPAC + BODBU, λex = 365 nm,
delayed time = 0.1 ms. (D) XRD grams of DPAC, BOBU, BODBU, DPAC + BOBU, and DPAC + BODBU. (E) Energy levels of DPAC, BOBU,
and BODBU (red: T1, black: S1). (F) HOMO and LUMO of DPAC, BOBU, and BODBU (red: HOMO, black: LUMO). (G) Normalized
emission spectra of BOBU and BODBU and the normalized absorbance spectrum of DPAC.
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However, the experimental results are opposite to this (Figure
3F), which intrigued us to further determine what affects the
RTP performance of our host−guest doping systems.

In view of the fact that crystallization usually promotes RTP
emission, we first examine the crystallization properties of the
hosts, guests, and doped materials. As revealed by the XRD
results (Figure S28), all the doped materials are crystalline.
However, the crystallinities of the ones with TPP as the host
are the highest, while the ones with TPA as the host are
relatively low, which are in good consistency with the RTP
properties discussed above. In particular, the doped material
DPAC + TPA showed the lowest crystallinity. Obviously, the
RTP properties of the doped materials are closely associated
with their crystallinity. Therefore, we modulated the
crystallinity via the preparation processes. Take the doped
material DPAC-BA + TPP, for example. When heating the
mixture of DPAC-BA and TPP to melt, we adopted two
different methods to cool it down to room temperature. The
doped material obtained by liquid nitrogen quenching shows
much shorter afterglow as compared to the one prepared via
annealing (Figure S29). The XRD results also suggest that the
annealed doped material has a higher crystallinity than that of
the quenched one (Figure S30). As the XRD patterns of the
doped materials more closely resemble those of their
corresponding hosts (Figure S28), it can thus be inferred

that the host crystallinity might exert an important effect on
the RTP performance of the doped materials.

In order to further clarify the importance of the crystallinity
of the hosts, we designed, synthesized, and characterized the
derivatives of benzophenone, i.e., BOBU and BODBU
(Scheme S2, and Figures S31−S36) and employed them as
control hosts. As displayed in Figure 4, butoxy chain(s) was
and were, respectively, introduced into the BO core to regulate
the crystallinity and melting point of the host (Figure 4A).
Both BOBU and BODBU are blue-fluorescent in the solid
state. Similarly, the resultant doped materials DPAC + BOBU
and DPAC + BODBU emit blue light under the irradiation of
365 nm UV light, with no obvious afterglow observed (Figure
4B), which agrees well with their fluorescence and phosphor-
escence spectra (Figure 4C). As expected, the XRD patterns
proved that BOBU, BODBU, DPAC + BOBU, and DPAC +
BODBU all hold low crystallinity (Figure 4D), which is in
sharp contrast to the cases of BO and the doped materials with
BO as a host. Therefore, the introduction of butoxy groups
disorders the rigid and regular molecular arrangement of the
host and subsequently decreases the crystallinity of the host
and the resultant doped materials. Interestingly, the bis-butoxy-
decorated BO shows higher crystallinity than the monobutoxy-
substituted BO. It is probably due to the symmetrical
molecular structure which enables the relatively ordered
arrangement of BODBU molecules. Nevertheless, the loose

Figure 5. Stimuli-responsiveness of the doped RTP materials. (A) Temperature-responsiveness of the DPAC + TPP. (B) PL spectra,
photoluminescence, fluorescence, and phosphorescence quantum yields of DPAC + TPP at different temperature. (C) Temperature-responsiveness
of DPAC + BO. (D) Solvent-responsiveness of DPAC + TPP.
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molecular packing and poor crystallization properties of
BODBU still cannot impose sufficient restriction on the
nonradiative decay of the triplet-state excitons (Figure 4A). It
is noteworthy that the energy levels match both the “bridging”
and FERT mechanisms mentioned above (Figure 4E−G), but
they did not show an obvious room-temperature phosphor-
escence. Therefore, the crystallinity of the hosts indeed greatly
affects the generation of RTP. Moreover, it can thus be
concluded that under the premise of energy level matching, the
higher the crystallinity, the better the RTP performance.
Applicability of the Doped RTP Materials

Stability and Accessibility of the Doped RTP
Materials. To access the applicability of the doped RTP
materials, we first examined their stability and found that
DPAC + TPP still exhibits good RTP characteristics even after
being stored under natural conditions for 8 months (Figure
S37A). At the same time, even after being placed in water for
24 h, DPAC + TPP still displays high RTP performance
(Figure S37B). It indicates that the good crystallization
properties of the hosts can prevent water and oxygen from
quenching phosphorescence, endowing the doped materials
with high stability. Then, we tried to prepare doped materials
by various other methods (Figures S37C and S38). Yellow-
phosphorescent-doped materials could also be obtained by
grinding, solvent−evaporation crystallization, vapor-diffusion
crystallization, and spin-coating, suggesting that the DPAC-
doped RTP materials are facilely accessible.
Stimuli-Responsiveness of the Doped RTP Materials.

As the prototype VIE molecule, DPAC shows multiple
fluorescence, which is easily and continuously changeable by

the surrounding environment. Meanwhile, phosphorescence is
also susceptible to an external environment. Therefore, the
stimuli-responsiveness of the DPAC-doped RTP materials can
be counted on (Figure 5). The fluorescence of the doped
materials DPAC + TPP gradually changed from blue to red
passing by the white-light region under the UV lamp, along
with the temperature increase from 20 to 70 °C. Simulta-
neously, the phosphorescence intensity was gradually weak-
ened, and the afterglow was shortened (Figure 5A). When the
temperature decreased from 70 to 20 °C, the fluorescence and
phosphorescence gradually returned to the original state. The
fluorescence, phosphorescence, and overall photoluminescence
all monotonously decrease with an increase in the temperature
(Figure 5B). Nonetheless, at a temperature as high as 70 °C,
the phosphorescence quantum yield of the doped material is
still up to 5.6% (Figure 5B). We also studied the
responsiveness of doped material DPAC + BO to temperature.
As the temperature increased from 20 to 40 °C, the yellow
photoluminescence was weakened, and so was the yellow
phosphorescence. This is because the phosphorescence is
stronger than the fluorescence in the doped material DPAC +
BO (Figure 5C), which is quite different from the case of
DPAC + TPP. We also applied the solvent as a stimulus. When
fumed with THF, the fluorescence of DPAC + TPP gradually
turned red, and the phosphorescence decreased. After stopping
fuming, the fluorescence and phosphorescence of DPAC +
TPP readily recovered to the state before fuming (Figure 5D).
Anticounterfeiting and Information Encryption Ap-

plication of the Doped RTP Materials. It is clear that the
DPAC derivative-doped materials show outstanding RTP
properties and multimodal responsiveness to multiple stimuli.

Figure 6. Anticounterfeiting and information encryption application of the doped RTP materials. (A) “ECUST” pattern observed under daylight,
UV light, and after the removal of UV lamp, which was stamped on the filter paper with a seal using RTP-active DPAC + TPP as the printing mud.
(B) Morse codes created with DPAC-BA + TPP and DPAC-BA + TPA, whose decryption is based on the difference between their afterglow time.
(C) Time-dependent dynamic information encryption achieved by arranging DPAC-Br + TPA and DPAC-BA + TPA into a nine square grid and
using different solvents to fumigate these doped materials. (D) Third-order determinants are composed of DPAC, DPAC + TPA, and DPAC +
TPP, whose values are represented via their different responses to the change in temperature.
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We hence explored the application potential of these doped
RTP materials for anticounterfeiting and information encryp-
tion. First, we heated the doped material DPAC + TPP to melt
and utilized this melt as printing mud, with which the
“ECUST” pattern was stamped onto the filter paper using a
seal. Under 365 nm UV light, the pattern exhibits intense blue
fluorescence. After the removal of the UV irradiation, the real-
time change of the pattern from blue fluorescence to yellow
phosphorescence can be witnessed by naked eyes (Figure 6A).
In such a simple way, dynamic anticounterfeiting is realized.
Then, with the aid of DPAC-BA + TPP and DPAC-BA + TPA,
advanced and dynamic information encryption is achieved in
the mode of Morse code. Under daylight, UV light irradiation,
or at the instant when the UV lamp is removed, the Morse
code is in an encrypted state with the false output as “DPAC”.
While after removing the 365 nm irradiation for 1 s, since the
afterglow of DPAC-BA + TPP is longer than that of DPAC-BA
+ TPA, the true information can be decrypted and output as
“VIE” (Figure 6B).

Subsequently, we further took advantage of the solvent
responsiveness of these doped materials to construct a time-
dependent dynamic information encryption system. A nine-
square grid was constructed by filling DPAC-BA + TPA and
DPAC-Br + TPA into different cells. When fumed with
different solvents (i.e., toluene, THF, acetone) for different
times (0, 40, 60 s), the cells in the nine-square grid exhibit
different emissions due to the differences in the crystallinity of
these doped materials and the penetration ability of solvents.
Upon fuming, the fluorescence of DPAC-BA + TPA turned red
first, so the encrypted information, namely, the letter “U,” was
output by the difference in the fluorescence (Figure 6C). As
the fuming time prolonged, the fluorescence of DPAC-Br +
TPA also turned red, and then the decrypted information
could be encrypted again. Moreover, we further explored the
possibility of applying these doped materials for signal
conversion. When DPAC, DPAC + TPA, and DPAC + TPP
were put in different cells of a 3 × 3 grid, different
luminescence signals could be delivered by different cells
under different temperatures. When using different numbers to
define different luminescence, namely, fluorescence and
phosphorescence, a specific determinant can be built at a
certain temperature. As a consequence, the luminescence or
optical signals can be converted to digital information (Figure
6D). Notably, what we presented here are just examples; with
these DPAC derivative-doped RTP materials, numerous and
various anticounterfeiting, information encryption, and signal
conversion models can be established for different purposes,
demonstrating the high applicability of our RTP systems as
advanced materials.

■ CONCLUSIONS
To sum up, we have facilely constructed a pure organic RTP
system with multimodal multistimuli-responsiveness via simply
doping VIE-active DPAC derivatives into small-molecular
hosts. As a result, efficient RTP with a yellow afterglow, a long
phosphorescence lifetime of up to 375 ms (DPAC + TPP),
and a phosphorescence quantum yield as high as 21.1%
(DPAC + TPAs) is achieved. These biocomponent RTP
materials are highly stable and readily accessible via various
very simple procedures, facilitating their applications in diverse
fields. Thanks to the VIE and the RTP properties, both the
fluorescence and phosphorescence can be finely and
dynamically modulated by the environmental factors such as

temperature and solvents, taking advantage of which dynamic
anticounterfeiting, multilevel advanced information encryption,
and convenient signal conversion are easily realized. What is
also worth highlighting is that we clearly elaborate on the RTP
mechanism of this system and the highly important role of the
crystallinity of the hosts in the RTP performance of the doped
materials. This work has not only established a versatile
platform for the construction of high-performance stimuli-
responsive RTP materials on the basis of DPAC derivatives but
also provided good alternative materials for the applications
such as anticounterfeiting and information encryption.

■ METHODS

Preparation of the Host−Guest-Doped Materials

Preparation via Melting-Cooling Method. The host and guest
are mixed in a certain molar ratio first and then heated to molten to
make the guest well-dispersed in the host framework. The mixture is
finally cooled to room temperature to afford the host−guest-doped
materials. The DPAC + TPP-doped materials are taken, for example.
TPP (1.000 g, 3.813 mmol) and DPAC (3.31 mg, 0.007625 mmol)
are mixed in a molar ratio of 500:1 in a Schlenk tube. The solid
mixture is vacuumized and filled with N2 for three times, and then
heated to 85 °C under stirring for several minutes to yield a
homogeneous molten. The host−guest-doped material DPAC + TPP
is obtained when the mixture is cooled to room temperature.
Preparation via Solvent−Evaporation Crystallization. The

host and guest are premixed in a certain molar ratio, and then good
solvent is added to fully dissolve the host and the guest. The solvent is
evaporated, giving the solids of the host−guest-doped material. The
DPAC + TPP system is taken as an example. TPP (1.000 g, 3.813
mmol) and DPAC (3.31 mg, 0.007625 mmol) are mixed in a 500:1
molar ratio in a 50 mL single-necked flask. 10 mL of DCM is added
into the flask. When TPP and DPAC are completely dissolved, DCM
is evaporated by a rotatory evaporator, affording the doped material
DPAC + TPP.
Preparation via Vapor-Diffusion Crystallization. To the

premixed host and guest is added good solvent to make the host
and guest completely dissolved. Then the solution is sealed and stored
at room temperature to ensure slow evaporation of the solvent.
Taking DPAC + TPP doped material, for instance, TPP (1.000 g,
3.813 mmol) and DPAC (3.31 mg, 0.007625 mmol) are mixed with a
molar ratio of 500:1 in a 50 mL single-necked flask. To the flask, 10
mL of DCM is added to fully dissolve the mixture. The resulting
solution is sealed in the flask with parafilm. DPAC + TPP is obtained
upon the complete evaporation of DCM.
Preparation via Spin-Coating. Good solvent is added to the

premixed host and guest first. When they are completely dissolved,
the resulting solution is dropped onto a glass slide. The solvent is
removed by the spin-coater to give the host−guest-doped materials.
DPAC + TPP-doped material is taken as an example as well. The
mixture of TPP (1.000 g, 3.813 mmol):DPAC (3.31 mg, 0.007625
mmol) = 500:1 (molar ratio) is placed in a 20 mL sample bottle. 5
mL of DCM is added to fully dissolve the mixture. The solution is
dropped onto a glass slide and dried over a spin-coater, yielding the
doped material DPAC + TPP.
Preparation via Grinding. The solids of the host and guest are

mixed in a mortar first. A small amount of the good solvent is added
afterward, and then the mixture is ground to give the doped material.
Also, the doped material DPAC + TPP is taken, for example. TPP
(1.000 g, 3.813 mmol) and DPAC (3.31 mg, 0.007625 mmol) are
premixed with a molar ratio of 500:1 in a mortar and then 0.5 mL of
DCM is added. The mixture is ground to fine powder, which is the
doped material DPAC + TPP.
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