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a b s t r a c t

Ultra-long room temperature phosphorescence (URTP) has been increasingly recognized in pure organic

luminophor in recent years. Through a simpler molecular design and charge separation-recombination

pathway, organic luminophor can achieve even better URTP properties. In this work, we achieved URTP

in a system of host-guest doped benzophenone derivatives whose phosphorescence is visible to the naked

eye. The differences in the wavelength lifetimes of luminescent emission correspond to different photo-

physical mechanisms. Through a combination of theoretical calculations and experiments, the host acts

as a powerful substrate that restricts the motion of the guest and inhibits the non-radiative transitions

of the guest, accompanied by a charge transfer separation-recombination process between the host and

the guest, resulting in an URTP phenomenon. Transient absorption results demonstrate the existence of

a charge-separated state. The design strategy via charge separation is generic and easy to implement,

providing a direction for the future design of doped URTP.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Room temperature phosphorescence (RTP) has attracted exten-

sive attention for its potential applications in biological imaging

[1,2], anti-counterfeiting [3–5] and organic light-emitting diodes

[6–8] due to its long luminescence lifetime and high exciton uti-

lization. Based on traditional RTP studies, Ultra-long room tem-

perature phosphorescence (URTP) has received a lot of attention

from researchers in recent years due to its more unique photo-

physical processes and superior luminescence properties [9–13].

In general, the URTP characteristics of pure organic molecules in

the solid state are significantly dependent on intermolecular in-

teractions [14,15]. A variety of strong intermolecular interactions,

including intermolecular hydrogen bonding, halogen bonding, and

π-π stacking, can be effectively overcome the spin forbidden tran-

sition between singlet and triplet states, and achieve efficient inter-

system crossing (ISC) process, which can stabilize the triplet state

and promote the persistent URTP effect. Many URTP materials have

been designed and developed using design strategies such as halo-

gen bond interaction [16,17], crystallization engineering [18,19],
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H-aggregation [20], heavy atom effect [16,21], polymerization [22–

24] and host-guest doping [2,12,15,18,25-31]. A basic and practical

technique for obtaining organic afterglow materials is the construc-

tion of host-guest doped system. The following are the primary

methods of thinking for host-guest doping to achieve prolonged

phosphorescence at the moment. The rigid matrix efficiently in-

hibits the guest molecules and prevents the triplet state energy

from being quenched by ambient humidity and oxygen [18,32].

Furthermore, appropriate triplet energy levels of the host matrix

can also provide an effective transition path for energy transfer be-

tween the host matrix and the guest, which is conducive to the

generation and stability of triplet excitons [15,33]. However, the

mechanism for generating URTP is the part that differs from RTP.

Here, we propose an unusual mechanism to explain the URTP phe-

nomenon.

Currently, Ma group disclosed several new methods for achiev-

ing URTP in doped systems and made some progress [34–37].

Zhang group reported some benzophenones and derivatives as the

host combined with ICT-type molecules as the guest for doping

to achieve RTP [38–40]. Here, we choose 2ClBP as the host and

BPTPA/BP2TPA as the guest to achieve the unique URTP. It has

been reported that 2ClBP, BPTPA and BP2TPA have crystallization

https://doi.org/10.1016/j.cclet.2022.108062

1001-8417/© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



Y. Wang, C. Wang, J. Zhang et al. Chinese Chemical Letters 34 (2023) 108062

Fig. 1. (a) The molecular structures of the guest and host molecules. (b) URTP behaviors of physically mixed BPTPA/2ClBP@1:100 and BP2TPA/2ClBP@1:100 after grinding.

(c) UV-vis spectra of BPTPA, 2ClBP, BP2TPA, BPTPA/2ClBP@1:100 and BP2TPA/2ClBP@1:100 (solid). (d) Fluorescence spectra (shaded part) and phosphorescence spectra (solid

line) of doped systems. Excitation wavelength: 380 nm. (e) The delayed emission spectra of doped BPTPA/2ClBP@1:100 at different temperatures (delay time: 0.5 ms). Time

resolved PL decay curves of BPTPA/2ClBP@1:100 at (f) 480 nm and (g) 550 nm. (g) Photoluminescence spectra of BPTPA (solid) at 77 K or room temperature. Excitation

wavelength: 380 nm. (h) The XRD of BPTPA, 2ClBP, BPTPA/2ClBP@1:100 and BP2TPA/2ClBP@1:100.

induced phosphorescence/low temperature phosphorescence prop-

erties [41,42], but no URTP phenomenon can be observed. The

URTP was induced by creatively combining the host and guest of

this type and applying external stimuli.

Fig. 1a shows the molecular structure of host 2ClBP, guest

BPTPA and BP2TPA, respectively. All three have the structure of

benzophenone, which is conducive to the generation of n-π ∗ tran-

sition. Fig. 1b shows that the host and guest are combined by

solid-state grinding. After switching off the UV lamp, the phos-

phorescence of the BPTPA/2ClBP@1:100 and BP2TPA/2ClBP@1:100

(molar ratio) systems were observed. There is a relationship be-

tween changes in lifetime and luminous intensity of the doped

system after UV off. At the same time, the intensity change

over a short period of time is related to the exposure time pa-

rameter. Fig. S1 (Supporting information) shows the URTP phe-

nomenon at various doping ratios. It can be seen that the URTP

phenomenon cannot be observed with the BPTPA, BP2TPA, and

2ClBP molecules alone. Fig. S2 (Supporting information) implies

URTP can also be achieved by heating. From the UV-vis absorp-

tion spectra of host, guest molecules and doped system (Fig. 1c),

the doped system has obvious host and guest characteristic peaks

and wide UV absorption spectra. The liquid absorption and emis-

sion spectra of the host and guest with different solvent con-

ditions are shown in Fig. S3 (Supporting information). The host

and guest absorption are basically not affected by the solvent.

In terms of emission spectra, BPTPA and BP2TPA exhibited obvi-

ous intramolecular charge transfer characteristics, and the red shift

was obvious with the increase of solvent polarity [42]. Fig. 1d

implicits the fluorescence/phosphorescence emission spectra of

BPTPA/2ClBP@1:100 and BP2TPA/2ClBP@1:100, respectively, with

excitation wavelengths of 380 nm. For the fluorescence peaks,

the two doped systems are 483 nm and 476 nm, and the phos-

phorescence peaks are approximately 484 nm, 543 nm, 583 nm

and 479 nm, 549 nm and 600 nm, respectively. Compared with

BPTPA/2ClBP, BP2TPA/2ClBP has a slightly blue-shifted fluorescence

spectrum and an overall slightly red-shifted phosphorescence spec-

trum. Approximate spectra proved relatively similar excited state

properties. To clarify the attribution of different delayed emission

peaks, the prompt/delayed spectra of BPTPA/2ClBP@1:100 at dif-

ferent temperatures were recorded (Fig. S4 in Supporting informa-

tion and Fig. 1e). The delayed emission peak at 480 nm exhibits

a significant decrease and then a small enhancement during the

temperature change from 77 K to 297 K. Combined with the PL

decay at 480 nm (Fig. 1f), we believe that the emission at 480

nm should be dominated by long delayed fluorescence. The reason

for the small enhancement of emission at low temperatures and

the division into two emission peaks may originate from the low-

temperature phosphorescence of 2ClBP [41]. It can be seen that

the delayed emission spectra and lifetimes at 550 nm as well as

600 nm exhibit distinct phosphorescence emission characteristics

(Fig. 1g and Fig. S5 in Supporting information). The PL decay curves

of BP2TPA/2ClBP at room temperature are shown in Fig. S6 (Sup-

porting information). And Fig. S7 (Supporting information) shows

the PL emission spectra of the guest in the solid and solution

states. The phosphorescence spectra of guest at 77 K are similar

to the doped system. Fig. S8 (Supporting information) shows the

solid-state fluorescence emission of the host, guest and doped sys-

tem. The emission position after doping is closer to the emission

peak position of the guest. The XRD of the host and guest (Un-

ground) systems, as well as the doped system, revealed that no

new peak was produced after doping (Fig. 1h). And it was simi-

lar to XRD of the host. It was assumed that doping had no effect

on the crystal structure of the host. Fig. S9 (Supporting informa-

tion) shows the guest BPTPA aggregation-induced emission (AIE)
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Fig. 2. (a) The HOMO and LUMO of guest and host molecules. (b) The energy levels of the BPTPA, BP2TPA and 2ClBP. (c) Proposed photophysical processes in the host-guest

doped system.

spectra, as well as the photoluminescence spectra of the doping

of the BPTPA/2ClBP doped at a molar ratio of 100:1 to form the

nanosuspension. The results indicated that doping in the nanosus-

pension in the solvent does not significantly alter the emission

spectra of the guest. It is worth noting that the doped system

is clearly visible to the naked eye as a phosphorescence phe-

nomenon at room temperature [2,43]. The difference is that for

the BPTPA/2ClBP system, the emission intensity reaches a maxi-

mum when the water content is 90% and a clear RTP phenomenon

can be observed. The BP2TPA/2ClBP polymerization has the highest

emission intensity at 40% water content due to the greater steric

hindrance of BP2TPA. Fig. S10 (Supporting information) shows the

photoluminescence spectra of the two doped systems at 90% wa-

ter content. The position of the phosphorescence emission peak

is similar to that of the grinding doping. This suggests that this

spontaneous aggregation can produce the same dynamic process

as grinding doping. The apparent enhancement of the phosphores-

cence emission should also be associated with an improvement in

the radiative attenuation of the exciton. Photophysical information

about the host, guest and doped systems in the solid or solution

state is summarized in Tables S1 and S2 (Supporting information).

Density functional theory (DFT) and time-dependent density

functional theory (TDDFT) calculation were carried out to ana-

lyze molecular orbitals and excited state energy levels [44,45].

Meanwhile, Multiwfn program was used to analyze the frontier

molecular orbital [46]. The specific calculation method is in the

supporting information. Fig. 2a depicts that the highest occupied

molecular orbital (HOMO) of BPTPA and BP2TPA is mainly located

on triphenylamine, while the lowest unoccupied molecular orbital

(LUMO) is located on benzophenone, which has obvious charge

transfer (CT) characteristics. The electron density of HOMO and

LUMO of 2ClBP is mainly located on benzophenone, which is an

obvious local excitation (LE). It is similar to the experimental re-

sult, which confirms the reliability of the calculation. The value

of the spin orbital coupling (SOC) constant of the single compo-

nent (host/guest) is shown in Fig. S11 (Supporting information). It

can be seen that individual guest molecules have small SOC values

and therefore do not possess phosphorescent properties. Consider-

ing the synergistic effect of host and guest molecules in photoex-

citation charge transfer, the singlet and triplet states energy levels

of BPTPA, BP2TPA and 2ClBP were calculated (Fig. 2b). Combined

with the analysis of the experimental data, the PL spectra of both

doped systems have three distinct peaks with peaks located at ap-

proximately 480 nm, 550 nm and 600 nm. Meanwhile, the peak at

480 nm was confirmed to be the long-delayed fluorescence peak,

while the peaks at 550 nm and 600 nm proved to be the URTP.

Since BPTPA alone has been shown to exhibit shorter phospho-

rescence property. The ISC process occurs between the singlet and

triplet states of BPTPA. And the host-guest doping produces a pro-

cess of charge transfer separation-recombination from the donor

(guest) and the acceptor (host) [10,47]. Further, this process in-

duces a long-delayed fluorescence and URTP of the guest. BPTPA

radical cation could be stable in the 2ClBP matrix. The correspond-

ing photophysical processes are summarized in Fig. 2c.

To verify the URTP mechanism, we further investigated the ex-

cited state dynamics of URTP in the BPTPA/2ClBP doped system us-

ing transient absorption spectroscopy [48]. At an excitation wave-

length of 355 nm, 2ClBP has no absorption peak at 400-700 nm

(Fig. 3a). In contrast to the stimulated emission (SE) at 450-700 nm

for BPTPA (Fig. 3b), the doped system exhibits a clear charge sepa-

ration characteristic (Fig. 3c). During the 2 μs photoexcitation, the

doped system shows a negative signal as a ground state bleach-

ing (GSB) peak at ∼410 nm. The SE signal at 450-500 nm corre-

sponds to the fluorescence emission. Some reports mention that

the positive signal of absorption in the transient absorption spec-

tra of some long-lived CT systems correlates with the production

of radical ions [12,49-51]. Therefore, as the SE signal diminished,

two positive absorption peaks appeared at ∼430 nm and ∼550 nm,

which were attributed to the charge separation generated by the

radical ions 2ClBP−· and BPTPA+·. The collaborative interaction be-

tween host and guest is an integral factor in achieving URTP in the

host-guest system.

Considering that the precise doped eutectic structure cannot

be obtained, it will also be very limited in application. Therefore,

we performed MD simulations in order to investigate the internal

mechanism in depth [52]. The periodic cubic box was built, in-

cluding a larger amount of the host 2ClBP with a smaller amount

of the guest BPTPA. Considering the aggregation, the correspond-

ing ratio is set to 50:1. We used the annealing process to simulate

the heating process. Fig. S12 (Supporting information) shows the

periodic annealing temperature procedure for the MD simulation.

The statistical average density of the host and guest cubes during

the simulation is 1.4 g/cm3, which is consistent with the density

of the host 2ClBP. After the MD process was completed, the clus-

ter structure was further analyzed as shown in Fig. S13a (Support-

ing information). No obvious aggregation phenomenon was found,
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Fig. 3. Transient absorption spectra of (a) 2ClBP, (b) BPTPA and (c) BPTPA/2ClBP@1:100. Excitation wavelength: 355 nm. (d) Schematic of doping after MD simulation.

Fig. 4. (a) Screen printing application of doped system. (b) Doped system combined with PVA to realize self-healing. (c) Doped system combined with PVA to prepare

flexible materials of different shapes.

so it does not prove that the guest molecules were doped into

the host molecule in the form of aggregates (Fig. 3d). Then, we

built a model based on the above simulated BPTPA/2ClBP and per-

formed hybrid QM/MM calculations on this cluster using a two-

layer ONIOM model to investigate the photophysical properties the

dotted box in Fig. S13b (Supporting information). We calculated

the conformational relaxation and geometric deviation, RMSD val-

ues, of the excited single and triplet state structures relative to

the ground state structure. The average RMSD (S1, S0) and RMSD

(T1, S0) of the guest in the host-guest system after MD simulations

were calculated to be 0.178 and 0.128, which are much lower than

the RMSD values of BPTPA under the isolated state calculation, cor-

responding to 0.331 and 0.749, indicating a limited vibration relax-

ation process (Figs. S13c and d in Supporting information). These

results suggest that the rigid environment provided by the host

can effectively reduce the non-radiative deactivation of the guest.

From the above analysis, it can be concluded that 2ClBP can be a

promising host substrate to suppress nonradiative losses by pro-

viding a robust environment for the guest.

After in-depth understanding of the mechanism, we demon-

strated the potential applications of these host-guest systems.

Since long URTP can be achieved by simple grinding or heating,

these doped systems have great potential and can be used as some

anti-counterfeiting materials, as shown in Fig. 4a, by screen print-

ing technology. In addition, we can also consider combining with

polyvinyl alcohol (PVA) to realize self-healing room temperature

phosphorescence (Fig. 4b) [53]. Combining this property with the

ease of cutting PVA films, we can prune phosphorescent doped

films into any shape or pattern, greatly expanding the application

in the field of flexible materials (Fig. 4c).

In conclusion, a novel organic host-guest doped system with

excellent URTP performance has been developed with 2ClBP as

the host and BPTPA and BP2TPA as the guests. The doped sys-

tems BPTPA/2ClBP@1:100 and BP2TPA/2ClBP@1:100 show a signif-

icant increase in phosphorescence quantum yield of 14.55% and

8.44% compared to the guest BPTPA and BP2TPA, respectively. The

URTP lifetime can even be as long as ∼270 ms. Different phos-

phor wavelengths correspond to different lifetimes, and different
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photophysical processes are proposed. The charge transfer-

separation-recombination process between the host and the guest

is responsible for the realization of URTP, according to a combina-

tion of computational results and transient absorption spectra. The

active role of the host in promoting the phosphorescence perfor-

mance of the guest is analyzed by detailed experiments combined

with molecular dynamics simulations. Finally, the application of

the doped system in the field of flexible materials is extended.

This work helps to establish a new doping system. In terms of

design strategy, URTP is achieved by introducing carbonyl groups

with lone pair electrons, similar structure of host and guest parts,

favourable host and guest energy levels, charge transfer-separation-

recombination. Therefore, it provides important guidance for some

potential phosphorescent molecules.
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