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Highlights 

 5H-benzo[b]carbazole performs similarly with 1H-benzo[f]indole in the field of 

room temperature ultralong oganic phosphorescence via the cation 

radical-involved mechanism and in some cases behaves better than 

1H-benzo[f]indole. 
 The synthesis of 5H-benzo[b]carbazole is much easier than 1H-benzo[f]indole, 

which paves a simple way for the potential applications of RTUOP. 
 5H-benzo[b]carbazole and its derivatives show photo-activated RTUOP in the 

PMMA film because their corresponding cation radicals are generated by UV 

irradiation and exhibit aggregation induced red-shift of ultralong phosphorescence 

at low temperature due to enhanced π-π interactions. 

Progress and potential 

1H-benzo[f]indole (Bd) is a significant unit in the field of room temperature ultralong 

organic phosphorescence (RTUOP). However, the synthesis of Bd is rather hard and of 

low yield, which greatly limits the wide applications of RTUOP. Therefore, exploring 

readily obtained alternatives of Bd is of great significance and demands to be addressed 

though it is full of challenges. Herein, 5H-benzo[b]carbazole performs similarly with 

1H-benzo[f]indole in the field of room temperature ultralong oganic phosphorescence and 

in some cases behaves better than 1H-benzo[f]indole. The synthesis of 

5H-benzo[b]carbazole is much easier than 1H-benzo[f]indole. 5H-benzo[b]carbazole and 

its derivatives show photo-activated RTUOP in the PMMA film and exhibit aggregation 

induced red-shift of ultralong phosphorescence at low temperature. To our best 

knowledge, this study paves a simple way for the potential applications of RTUOP. 

Moreover, this work indicates that cation radical-involved mechanism may be universal in 

the field of RTUOP. 
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SUMMARY 

1H-benzo[f]indole (Bd) is a significant unit in the field of room temperature ultralong 

organic phosphorescence (RTUOP). However, the synthesis of Bd is rather hard and of 

low yield, which greatly limits the wide applications of RTUOP. Therefore, exploring 

readily obtained alternatives of Bd is of great significance and demands to be addressed 

though it is full of challenges. Herein, we report a new unit named 5H-benzo[b]carbazole 

(BCz) which can function similarly with 1H-benzo[f]indole (Bd) in RTUOP. BCz can be 

obtained facilely via two steps of reactions while the synthesis of Bd requires seven steps 

of tedious reactions. Excitingly, readily obtained BCz is an excellent alternative of Bd in 

RTUOP and shows some advantages in comparison with Bd. Firstly, BCz and its 

derivatives exhibit distinctive red-shifted red ultralong phosphorescence at 77 K while Bd 

does not. Secondly, BCz demonstrates remarkable photo-activated yellow ultralong 

phosphorescence at room temperature while the phosphorescence of Bd is difficult to be 

activated at room temperature. Thirdly, BCz derivatives (CNPyBCz and CNBrBCz) display 

similar photo-activated yellow ultralong phosphorescence with Bd derivatives at room 

temperature but the phosphorescent lifetimes are longer. Fourthly, it is shown that BCz 

and its derivatives emit yellow RTUOP in the powder matrixes besides their carbazole 

counterparts. It is revealed that BCz and Bd share the same cation radical-involved 

phosphorescence mechanism featuring charge separation and charge recombination and 

the redshift of phosphorescence in the aggregated state arises from the enhanced π-π 

interactions among BCz units. To our best knowledge, this study paves a simple way for 

the future applications of RTUOP. Moreover, this work indicates that cation 

radical-involved mechanism may be universal in the field of RTUOP. 

 



INTRODUCTION 

Organic materials with room temperature ultralong phosphorescence have been receiving 

increasing attention due to the merits of low cost, low toxicity, flexible structural 

modification
1-3

 and facile color tuning,
4-8

 and their wide applications in 

bio-imaging/sensing,
9-12

 encryption/anti-counterfeiting
13-17

 and organic light-emitting 

devices,
18-20

 etc. Screening the literatures, we can find that guest-matrix systems play a 

vital role in promoting room temprature ultralong organic phosphorescenece 

(RTUOP).
21-25

 Particularly, the Bd/Cz (1H-benzo[f]indole/carbazole) guest-matrix systems, 

where Bd derivatives and Cz derivatives function as the guest and the matrix, respectively, 

have been widely studied in the past several years.
26-29

 In our previous work,
29

 it is 

revealed that Bd or its derivatives show (photo-activated) RTUOP in polymers such as 

PMMA or solid powders such as DMAP and Cz derivatives. These findings will facilitate 

practical applications of RTUOP. For example, flexible responsive polymer films
30-33

 can 

be easily fabricated when Bd derivatives are doped into polymers and they can be applied 

in photoprinting. Also, if a biocompatible matrix
34,35

 is screened out, the 

Bd@biocompatible matrix system with RTUOP can be applied in high-contrast 

bio-imaging after RTUOP nanoparticles are prepared. However, we have to be faced with 

a cruel fact that the synthesis of Bd is rather hard and of low yield, which greatly limits its 

wide applications.
29

 Therefore, exploring readily obtained alternatives of Bd is of great 

significance and demands to be addressed though it is full of challenges. 

 

Herein, we report a new unit named 5H-benzo[b]carbazole (BCz) which can function 

similarly with 1H-benzo[f]indole (Bd) in RTUOP (Figure 1a). BCz can be obtained facilely 

via two steps of reactions while the synthesis of Bd requires seven steps of tedious 

reactions. Excitingly, readily obtained BCz is an excellent alternative of Bd in RTUOP and 

shows some advantages in comparison with Bd. Firstly, BCz and its derivatives exhibit 

distinctive red-shifted red ultralong phosphorescence at 77 K while Bd does not. Secondly, 

BCz demonstrates remarkable photo-activated yellow ultralong phosphorescence at room 

temperature while the phosphores-cence of Bd is difficult to be activated under the same 

condition. Thirdly, BCz derivatives (CNPyBCz and CNBrBCz) display similar 

photo-activated yellow ultralong phosphorescence with Bd derivatives at room 

temperature but the phosphorescent lifetimes are longer. Fourthly, it is shown that BCz 

and its derivatives emit yellow RTUOP in the powder matrix such as their carbazole 

counterparts. It is revealed that BCz and Bd share the same cation radical-involved 

phosphorescence mechanism featuring charge separation and charge recombination and 

the red shift of phosphorescence in the aggregated state arises from the enhanced π-π 

interactions among BCz units. To our best knowledge, this study paves a simple way for 

the potential applications of RTUOP. Moreover, this work indicates that cation 

radical-involved mechanism may be universal in the field of RTUOP. 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. (a) The diagram of superiority of BCz compared to Bd; (b) The molecular 

structures of BCz derivatives; (c) left: PL spectra of BCz powder at 77 K (Inset: afterglow 

images for the BCz powder upon the irradiation of light at 365 nm); right: the 

luminescence mechanism diagram of red-shifted phosphorescence at low temperature; (d) 

left: steady-state, 1 ms-delayed PL spectra and delayed PL spectra after 4 min irradiation 

of BCz@PMMA film (1 wt%) at ambient condition (Inset: afterglow images for 

BCz@PMMA film (1 wt%) upon the irradiation of light at 365 nm); right: the luminescence 

mechanism diagram of cation radical in the network of PMMA film. 

RESULTS AND DISCUSSION 

Actually, 5H-benzo[b]carbazole (BCz) contains the fragment of 1H-benzo[f]indole (Bd). 

Compared with Bd, it is much easier to harvest BCz. BCz can be efficiently gained through 

two steps of reactions. Firstly, the typical substitution reaction between 

1-bromo-2-iodobenzene and naphthalen-2-amine occurred and produced 

N-(2-bromophenyl)naphthalen-2-amine in a high yield of 82% (Scheme S1). Next, BCz 

was acquired via the intramolecular coupling reaction of 

N-(2-bromophenyl)naphthalen-2-amine (Scheme S2). Moreover, two donor-acceptor type 

molecules (CNPyBCz and CNBrBCz) constructed with BCz were synthesized (Scheme 

S3&Scheme S4) to investigate their properties of RTUOP. Additionally, CNPyCz and 

CNBrCz were synthesized as the matrixes with the lab-synthesized carbazole (Cz). To 

fully verify their molecular structures and purity, 
1
H NMR, 

13
CNMR, HR-MS and HPLC 



were performed. The synthetic procedures and molecular characterization are provided in 

detail in the Supporting Information (Figure S1-S13). 

 

Photophysical properties in solution 

Absorption and photoluminescence spectra of BCz, CNPy-BCz and CNBrBCz were 

measured in solution (20 μM, Figure S14). The π-π* transitions in THF were located at 

212 nm and 270 nm for BCz, 210 nm and 265 nm for CNPyBCz, 209 nm and 270 nm for 

CNBrBCz, respectively. The n-π* transitions of BCz appeared at 330 nm and 380 nm; and 

the n-π* transitions of CNPyBCz (315 nm and 370 nm) and CNBrBCz (310 nm and 375 

nm) were similar with BCz. In THF, BCz showed two emission bands at 403 nm and 423 

nm, assigned to the locally excited (LE) emissions. Both CNPyBCz and CNBrBCz showed 

obvious solvatochromism, verifying their D-A structure. The shifting emission bands in 

different solvents were ascribed to the intramolecular charge transfer (ICT) emission. And 

no luminescent band with a long lifetime was detected at room temperature, suggesting 

that they are not phosphorescence active in solution at room temperature.  

 

However, at 77 K, BCz, CNPyBCz and CNBrBCz in toluene (20 μM) all showed intense 

yellow ultralong phosphorescence at ~540 nm, ~590 nm and ~650 nm (Figure S15-S17), 

implying that BCz is a good RTUOP unit and verifying their nature of monomer emission. 

 

Photophysical properties in the monomer state and the aggregated state 

To study the monomer phosphorescence of BCz and its de-rivatives, we doped them into 

PMMA films with the weight ratio of 1%, separately. At room temperature, all the PMMA 

films of BCz and its derivatives had a luminescence band at ~425 nm (425 nm for BCz, 

440 nm for CNPyBCz and 420 nm for CNBrBCz) with a nanosecond lifetime and a 

millisecond lifetime (18.5 ns and 7.4 ms for BCz, 11.2 ns and 75.5 ms for CNPyBCz, and 

7.1 ns and 13.9 ms for CNBrBCz), suggesting that it contained fluorescence and delayed 

fluorescence (Figure S27-S29). No ultralong phosphorescence was detected. At 77 K, all 

the PMMA films displayed intense yellow afterglow and three ultralong phosphorescence 

bands at ~550 nm, ~600 nm and ~650 nm (almost the same as the phosphorescence 

bands in the toluene solution at 77 K) with newly emerging second-scale lifetimes (1019.5 

ms, 890.4 ms and 794.3 ms for BCz; 1389.7 ms, 1367.4 ms and 1354.7 ms for CNPyBCz; 

1036.6 ms, 1017.1 ms and 1000.8 ms for CNBrBCz; Figure S30-S32). The variable 

temperature photoluminescence (PL) spectra (Figure S33) confirmed that the 425 nm 

emission band was composed of fluorescence and delayed fluorescence, and the three 

phosphorescence bands over 545 nm were assigned to ultralong phosphorescence. Thus, 

BCz and its derivatives function almost the same as Bd and its derivatives in the monomer 

state but the phosphorescence lifetime of BCz is much longer than that of Bd. 

 

Interestingly, compared with the monomer state, BCz and its derivatives exhibited 

red-shifted ultralong phosphorescence at 77 K in the aggregated state (Figure 1c and 

Figure S20), which is totally different from Bd and its derivatives. At room tem-perature, all 

the original powder samples of BCz, CNPyBCz and CNBrBCz owned an emission band at 

~450 nm and similarly this band consisted of two components including fluorescence and 



delayed fluorescence due to their two lifetimes (10.7 ns and 7.7 ms for BCz, 9.3 ns and 

2.5 ms for CNPyBCz, and 1.2 ns and 13.1 ms for CNBrBCz; Figure S21-S23). No 

ultralong phosphorescence was detected. At 77 K, all the powders showed red afterglow 

with three new red-shifted phospho-rescence bands at ~600 nm, ~660 nm and ~730 nm 

(360.9 ms, 329.6 ms and 290.1 ms for BCz; 1637.9 ms, 627.6 ms and 26.2 ms for 

CNPyBCz; 174.0 ms and 138.0 ms for CNBrBCz; Figure 2a-2c). In the 

variable-temperature PL spectra, the intensity of the new emission bands over 600 nm 

increased significantly along with the decrease of temperature, verifying their 

characteristics of ultralong phosphorescence (Figure 2d-2f). The red shift of ultralong 

phosphorescence might arise from enhanced π-π interactions among BCz units with an 

extended conjugated structure, which was supported by the single-crystal analysis of 

CNPyBCz (Figure S43&Table S3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Decay spectra of (a) BCz, (b) CNPyBCz and (c) CNBrBCz powders at 77 K; 

variable-temperature delayed PL spectra of (d) BCz, (e) CNPyBCz and (f) CNBrBCz 

powders. (λex = 365 nm) 

 

To evidence this assumption, we cultivated the single crystals of BCz and its derivatives. 

Luckily, we successfully obtained the single crystal of CNPyBCz (Figure S43). In the 

single crystal, CNPyBCz adopted a twisted geometry with a dihedral angle of 52.71o 

between BCz and pyridine. CNPyBCz crystallized according to the space group of P 1 

21/c 1 (No. 14) belonging to the monoclinic crystal system. Each unit cell contained four 

molecules. Each BCz unit interacted with the adjacent four molecules via multiple 

intermolecular interactions of π···π (3.442 Å, 3.289 Å), C-H···π (2.713 Å, 2.713 Å, 2.879 

Å), C-H···N (2.458 Å, 2.723 Å). It is rational that these interactions will help lower the 

energy level of the triplet excitons and lead to the red shift of ultralong phosphorescence. 

 

 

 

 



Photo-activated room-temperature ultralong phosphorescence in the 

PMMA film  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. (a) Luminescent images of CNBrBCz@PMMA film (1 wt%) taken at different 

time points for the whole photo-activated process; decay spectra of (b) 

CNPyBCz@PMMA film (1 wt%) and (c) CNBrBCz@PMMA film (1 wt%) at ambient 

condition; the photo-activated phosphorescence enhancement of (d) CNPyBCz and (g) 

CNBrBCz in the PMMA film monitored by 1 ms-delayed spectra PL spectra at ambient 

condition; the kinetic scannings of (e) CNPyBCz and (h) CNBrBCz in the PMMA film at 

ambient condition (Insert: the intensity increase of the CNPyBCz and CNBrBCz films 

during the kinetic scanning); ESR spectra of the (f) CNPyBCz and (i) CNBrBCz films 

before irradiation and after irradiation at ambient condition. (λex = 365 nm) 

 

Surprisingly, BCz, CNPyBCz and CNBrBCz all demonstrated photo-activated ultralong 

phosphorescence in the PMMA film at room temperature. As mentioned above, the 

PMMA films of the three molecules all showed no room temperature ultralong 

phosphorescence band in the delayed PL spectra before photo activation. However, for 

BCz (Figure 1d&Figure S27), after 4 min irradiation under 365 nm UV light, yellow 

afterglow newly emerged and three new emission bands appeared at 550 nm (τ=400.8 

ms), 600 nm (τ=418.0 ms) and 650 nm, which have been proved as ultralong 

phosphorescence. Similarly, for CNPyBCz, its PMMA film showed yellow afterglow and 

three new ultralong phosphorescence bands at ~550 nm (τ=651.2 ms), ~600 nm (τ=645.7 

ms) and ~650 nm (τ=653.7 ms) after UV irradiation (Figure 3b&Figure S28). Particularly, 

comparing photo-activated room-temperature ultralong phosphorescence of the three 



molecules, CNBrBCz is much better than BCz and CNPyBCz, probably owing to the 

heavy-atom effect of bromine. The images of the photo-activated process of CNBrBCz 

were recorded with the portable UV light (365 nm) as the irradiation source (Figure 3a). 

The original PMMA film was deep blue. The photo-activation started at the time point of 4s 

and ended at 15 s. Once removing the UV light, intense yellow ultralong phosphorescence 

could be observed by naked eye. The photo-irradiated PMMA film of CNBrBCz gave the 

strongest yellow afterglow with the ultralong phosphorescence bands at ~543 nm 

(τ=340.5 ms), ~592 nm (τ=311.6 ms) and ~650 nm (τ=306.1 ms) (Figure 3c). 

 

To carefully monitor the photo-activated enhancement of ul-tralong phosphorescence, 

in-situ delayed PL spectra and kinet-ic scanning were conducted. We fixed the PMMA 

films on the sample stage of FLS980 fluorescence spectrophotometer and 

performedcontinuous repetitive scannings. Increasing the scanning number means 

prolonging the photo-activation time. For CNPyBCz, the in-situ delayed PL spectra 

showed that the three phosphorescence bands were almost undetectable at the first 

scanning and intensity of the three ultralong phosphores-cence bands enhanced 

significantly accompanied with the increasing scanning number (Figure 3d), verifying its 

unique property of photo-activated room-temperature ultralong phosphorescence. 

CNBrBCz exhibited the similar photo-activated in-situ delayed PL spectra with CNPyBCz 

but the phosphorescence intensity increment of CNBrBCz was much larger than that of 

CNPyBCz (Figure 3g), confirming the heavy atom effect of bromine. Furthermore, the 

kinetic scanning (Figure 3e&3h) revealed that the photo-activated process of CNPyBCz 

and CNBrBCz last 200 s and 150 s, respectively; and the phosphorescence intensity at 

600 nm increased by 20% and 1711% for CNPyBCz and CNBrBCz after photo-activation, 

respectively. 

 

Our previous work discloses that ultralong phosphorescence of Bd originates from its 

cation radicals.
27,29

 It is rational that BCz and Bd share the similar phosphorescence 

mechanism because of their similar phosphorescence properties. To illuminate the 

photo-activated mechanism of ultralong phospho-rescence of BCz (derivatives), 

electronic spin resonance (ESR) measurement was subjected to their PMMA films. For 

BCz (Figure S34), its original PMMA film showed no ESR signal before UV irradiation, 

suggesting that there are no radicals at this state. After UV irradiation for 2 min, an ESR 

signal ranging from 3450 G to 3550 G emerged obviously, indicating that cation radicals of 

BCz are generated by photo activation. Moreover, quantity of the cation radicals 

accumulated when UV irradiation extended to 5 min, which was reflected in the 

continuous increase of the ESR signal. The g value of the cation radical of BCz was 

calculated to be 2.00351 and was close to the g value of a free electron. As for CNPyBCz 

and CNBrBCz (Figure 3f&3i), similarly, ESR signal was undetectable before UV irradiation 

and newly appeared after 1 min UV irradiation. Different from BCz, intensity of the ESR 

signal after 3 min irradiation was kept almost unchanged compared with 1 min irradiation, 

revealing that it is more rapid to activate CNPyBCz and CNBrBCz than BCz. It is found 

that BCz shows low compatibility with PMMA due to its large conjugated structure and 

easily aggregates in the PMMA film, which limits the photo-activation rate of BCz. The g 



values were calculated to be 2.00387 and 200620, respectively and also approached to 

the g value of a free electron. Therefore, cation radicals play a key role in the 

photo-activated room temperature ultralong phosphorescence in the system of BCz. 

 

Doping BCz derivatives into powder matrixes 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. (a) The doping scheme of BCz derivatives as guests into matrix 

(CNPyBCz@CNPyCz and CNBrBCz@CNBrCz); lumines-cent and phosphorescent 

images at different dopant ratios for the doped systems of (b) CNPyBCz@CNPyCz and (c) 

CNBrBCz@CNBrCz; delayed PL spectra of (d) CNPyBCz@CNPyCz and (e) 

CNBrBCz@CNBrCz at ambient condition; decay spec-tra at 550 nm, 600 nm and 660 nm 

of (f-h) CNPyBCz@CNPyCz and (i-k) CNBrBCz@CNBrCz with different ratios at ambient 

con-dition. (λex = 365 nm) 

 

As documented,
26,28,36-38

 trace amount of Bd enables carbazole derivatives with intense 

yellow room temperature ultralong phosphorescence. Among the reported Cz-based 

organic phosphorescence systems,
39-42

 in fact, Bd (derivatives) and Cz (derivatives) 

function as phosphorescence units and matrixes, respectively. Amazingly, we fabricated a 

new RTUOP guest-matrix system where CNPyBCz (or CNBrBCz) and its counterpart of 

carbazole CNPyCz (or CNBrCz) function as guest and matrix (Figure 4a), respectively. As 

expected, pure powders of CNPyCz and CNBrBCz synthesized from lab-prepared Cz do 

not show any yellow ultralong phosphorescence at room temperature (Figure S40). For 

CNPyBCz, it was doped into the matrix CNPyCz with the weight ratio ranging from 

0%~10%. In Figure 4b, all the doped powders remained blue emitting under the 365 nm 

light, suggesting that (delayed) fluorescence was still dominant, which was confirmed by 

the PL spectra (Figure S35). Once the UV light was turned off, intense yellow afterglow 

could be observed by naked eye (Figure 4b), confirming that this guest-matrix system is 

highly active in RTUOP. The steady-state and delayed PL spectra showed that the doped 

powder with 0.1% weight ratio emitted the strongest yellow afterglow (Figure 4d) and the 



lifetimes of the three ultralong phosphorescence bands at 550 nm, 600 nm and 650 nm 

were tested to be 817.2 ms, 803.5 ms and 780.4 ms (Figure 4f-4h&Table S1). When the 

dopant weight ratio increased over 0.1% gradually, intensity of ultralong phosphorescence 

weakened significantly due to the quenching effect but the lifetimes changed slightly from 

~800 ms to ~600 ms. 

 

Also, CNBrBCz was doped into the matrix CNBrCz and the doping ratio changed from 0% 

to 10%. Different from CNPyBCz, the pure powders of CNBrBCz and CNBrCz were both 

blue emissive but all the doped powders were yellow emitting under the 365 nm light 

(Figure 4c), indicating that yellow ultralong phosphorescence was dominant. Indeed, 

intensity of the ultralong phosphorescence bands over 550 nm was much higher than that 

of the fluorescence bands (at ~450 nm) (Figure 4e&Figure S36). Similarly, intense yellow 

afterglow appeared when UV light was off (Figure 4c) and CNBrBCz@CNBrCz was also 

an excellent RTUOP guest-matrix system. The steady-state and delayed PL spectra 

showed the optimal doping ratio was 0.5% (Figure 4e) and the lifetimes of the three 

ultralong phosphorescence bands at 550 nm, 600 nm and 650 nm were calculated to be 

199. 9 ms, 203.6 ms and 201.9 ms (Figure 4i-4k&Table S2). Comparing CNBrBCz with 

CNPyBCz, it is revealed that the heavy atom effect of bromine strengthens the ultralong 

phosphorescence of the CNBrBCz@CNBrCz doping system but shortens its lifetime by 

promoting intersystem crossing (ISC), agreeing well with previous work.
29,43-45

 

 

To elucidate the phosphorescence mechanism of the above guest-matrix system, ESR 

measurement was carried out. As comparison, for the pure powders of CNPyCz and 

CNBrCz (as matrix), almost no ESR signal was detected, verifying that radi-cal cations 

don’t exist in the pure matrix powder. Remarkably, the ESR signal ranging from 3450 G to 

3550 G enhanced sig-nificantly at room temperature for the CNPyBCz@CNPyCz and 

CNBrBCz@CNBrCz doped powders (1 wt% and 5 wt%), confirming that the radical 

cations of CNPyBCz (CNBrBCz) can be stabilized by its corresponding matrix CNPyCz 

(CNBrCz) (Figure S42g-S42j). Furthermore, the pure powders of BCz, CNPyBCz and 

CNBrBCz showed negligible ESR signal at room temperature (Figure S42a-S42c), in 

agreement with the fact that all the three pure powders are not phosphorescence active at 

room temperature. Interestingly, the pure powders of BCz, CNPyBCz and CNBrBCz 

showed detectable ESR signal at 77 K (Figure S42d-S42f), suggesting that the red-shifted 

ultralong phosphorescence at low temperature also originates from the radical cations. 

Furthermore, TD-DFT results support the cation radical-involved phosphorescence 

mechanism (Table S4-S10&Figure S44-S49).  

 

In addition, besides the carbazole-based matrix, it is found that BBP, DMAP and DBT can 

also function as effective ma-trixes for BCz derivatives at room temperature (Figure 

5&Figure S37-S39). When CNPyBCz or CNBrBCz was doped into the above three 

matrixes respectively, the characteristic ultralong phosphorescence bands at 550 nm, 600 

nm, 650 nm were still kept (Figure S37-S39), indicating that the cation radicals of BCz 

derivatives can also be stabilized by these matrixes at room temperature. However, the 

lifetimes of the ultralong phosphorescence bands can be tuned in a large range within 



different matrixes. For CNPyBCz, the lifetimes of the 550 nm band in different matrixes 

were tested to be 91.3 ms (BBP), 449.9 ms (DMAP), 34.8 ms (DBT) (Figure S37-S39). 

For CNBrBCz, the lifetimes of the 550 nm band in different matrixes were tested to be 

57.7 ms (BBP), 467.0 ms (DMAP), 446.8 ms (DBT). Moreover, intensity of the ultralong 

phosphorescence can be regulated by varying the matrix. When the doping ratio was 1%, 

the best matrix for CNPyBCz and CNBrBCz was DMAP and DBT, respectively. According 

to the latest report of Prof. Bin Liu, the structural similarity makes a big difference to the 

phosphorescence intensity of the guest-matrix systems.[6c] We inferred that the more 

twisted geometry of CNPyBCz was detrimental to the close interactions between 

CNPyBCz and DBT, leading to the low phosphorescence intensity. On the contrary, 

strong interactions may form between CNBrBCz and DBT due to the higher structural 

similarity and result in the intense afterglow. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. (a) The molecular structures of several new matrixes DMAP, BBP, DBT ; 

luminescent images of CNPyBCz and CNBrBCz as guests doped into (b) DMAP, (c) BBP, 

and (d) DBT with the ratio (Guest : Matrix) of 1 wt.% at ambient condition. (λex = 365 nm) 

 

TD-DFT calculations and proposed ultralong phosphorescence 

mechanism 

To gain deep insight into the ultralong phosphorescence mechanism of BCz and its 

derivatives, time-dependent density functional theory (TD-DFT) calculations were 

performed (Table S4-S10&Figure S44-S49). The calculated energy levels of lowest 

singlet excited state (S1) and lowest triplet excited state (T1) were 3.1563 eV and 2.0095 

eV for BCz, 2.5632 eV and 2.0673 eV for CNPyBCz, 3.0100 eV and 2.0456 eV for 

CNBrBCz (Table S6), respectively. The spin-orbit coupling (SOC) values of S1/T1 were 

calcualted to be 0.51703 cm
-1

 for BCz, 0.46611 cm
-1

 for CNPyBCz, 9.52166 cm
-1

 for 

CNBrBCz, respectively. It is clear that the SOC values of CNBrBCz are much higher than 

those of BCz and CNPyBCz (Table S7), verifying the heavy atom effect of bromie. 

Electron cloud of highest occupied molecular orbital (HOMO) and lowest unoccupied 

molecular orbital (LUMO) of CNPyBCz and CNBrBCz, and electron cloud of HOMO and 

SUMO of their cation radicals were carefully analysed. HOMO of CNPyBCz and CNBrBCz 

was distributed on BCz unit while their LUMOs were dispersed on CNPy unit and CNBr 

unit (Figure S48&S49), respectively,  showing typical donor-acceptor sturcture. However, 



when CNPyBCz and CNBrBCz turned into cation radicals (CNPyBCz•+ and CNBrBCz•+), 

the dihedral angle between BCz unit and the acceptor increased significantly from 

66.48
o
/73.17

o
 to 75.20

o
/81.40

o
, leading to a more twisted geometry. Thus, both HOMO 

and SUMO of CNPyBCz•+ and CNBrBCz•+ were located on the BCz unit (Figure 

S48&S49), suggesting that the ultralong phosphorescence arose from the LE emission of 

BCz•+, which agreed well with the experimental results. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Proposed energy transfer processes of RTUOP. (LE: locally excited state; CT: 

charge transfer; CS: charge-separated; CR: charge recombination; ISC: intersystem 

crossing) 

 

On the basis of all the data and the previous work,
46-49

 we proposed a cation 

radical-involved ultralong phosphorescence mechanism (Figure 6) featuring charge 

separation and charge recombination for the guest-matrix doped systems of BCz and its 

derivatives. The dynamics of ultralong phosphorescence included five stages. At stage 1, 

the guest absorbed UV light and was excited to the locally excited singlet state (
1
LE). At 

state 2, the 
1
LE exciton transferred to the locally excited triplet state (

3
LE) of the guest by 

intersystem crossing (ISC). At stage 3, charge transfer occurred from 
3
LE state of the 

guest to the matrix, and charge transfer triplet excited state (
3
CT) formed. At stage 4, the 

3
CT exciton could be trapped and stabilized by charge separation. Cation radicals of the 

guest and anion radicals of the matrix coexisted and formed charge separation state. 

Finally, through charge recombination, the charge separation state returned to the 
3
CT 

state further to the ground state, emitting ultralong phosphorescence.  

 

Application demonstration 

The excellent photo-activated ultralong phosphorescence of BCz derivatives can be 

applied in lithography, encryption and anti-counterfeiting. Due to the well reversibility of 

the photo-activated ultralong phosphorescence, different patterns can be printed on the 

same PMMA film of CNBrBCz with different masks (Figure 7a&7b). The printed PMMA 

film can recover to the original state at room temperature automatically and heating can 



accelerate the recovering process. Excitingly, owing to the long lifetime of the yellow 

afterglow, high-resolution QR code can be printed on the PMMA film of CNBrBCz (Figure 

7c&7d). The printed QR code can be successfully read by the cellphone. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. The diagram of applications of the photo-activated CNBrBCz@PMMA films. (a, 

b) Ink-free printing: reproduce photo-graphs of different patterns multiple times by 

irradiating under the UV light and heating, and Information encryption: store and write 

information under UV irradiation and read information after removing the UV light; (c, d) 

high resolution photolithographic patterning of QR code on the CNBrBCz@PMMA film 

with fast writing and time-dependent self-erasing properties. (λex = 365 nm) 

 

Conclusion 

In summary, we successfully discover a readily obtained organic unit 

5H-benzo[b]carbazole (BCz) with excellent property of room temperature ultralong 

phosphorescence. CNPyBCz and CNBrBCz were synthesized and investigated as 

representatives of BCz derivatives. At low temperature, BCz and its derivatives exhibit 

yellow ultralong phosphorescence at 550 nm, 600 nm and 650 nm in the monomer state 

while their ultralong phosphorescence red shifts to 600 nm, 660 nm and 730 nm in their 

aggregated state, which has never been observed before. The red-shifted ultralong 

phosphorescence in the aggregated state may arise from the enhanced π-π interactions 

among BCz units with an extended conjugated structure. Excitingly, the PMMA films of 

BCz (derivatives) demonstrate photo-activated yellow ultralong phosphorescence at room 

temperature, due to the photo-promoted generation of cation radials. Moreover, an 

excellent RTUOP guest-matrix system is established with BCz derivatives and their 

counterparts of carbazole. When CNPyBCz (CNBrBCz) was doped into CNPyCz 

(CNBrCz), the mixed powder displayed intense yellow room temperature ultralong 

phosphorescence because the cation radicals of CNPyBCz (CNBrBCz) can be well 

stabilized by the Cz-based matrix. Additionally, other matrixes such as DMAP, BBP and 

DBT can also activate the yellow ultralong phosphorescence of BCz (derivatives) at room 



temperature. As CNPyBCz and CNBrBCz were selected randomly in this study, various 

donor-acceptor structures constructed with BCz can be designed to optimize the property 

of ultralong phosphorescence, which may open a new research direction in organic 

phosphorescence. 

 

EXPERIMENTAL PROCEDURES 

Full experimental procedures are provided in section S2 of Supplemental Information. 

 

Resource Availability 

Lead Contact 

Further information and requests for resources and materials should be directed to and 

will be fulfilled by the Lead Contact, Zhiyong Ma (mazhy@mail.buct.edu.cn). 

 

Materials Availability 

All materials generated in this study will be made available on reasonable request. 

 

Syntheses of CNPyBCz and CNBrBCz 

Potassium tert-butoxide (1.3465 g, 12 mmol), BCz-2 (1.0033 g, 6 mmol) and 

3-Cyano-2-fluoropyridine (0.7055 g, 5 mmol) were added to a 100 mL shrek bottle. Then 

sealing the bottle and fill it with nitrogen. DMF (10 mL, AR grade) was add to the bottle 

and the mixed solution was refluxed at 110 ℃ for 24h in nitrogen atmosphere. After the 

reaction was over, the resultant mixture was cooled down to room temperature and the 

solvent was washed by deionized water and ethyl acetate. Yield: 99%. Following the 

similar synthesis of CNPyBCz, CNBrBCz was obtained as white powder by using 

3-Bromo-5-fluorobenzonitrile in place of 2-Cyano-3-fluoropyridine. Yield: 60%. 

 

Materials Characterization 
1
H NMR was recorded on the 400 MHz (Bruker ARX400) and 

13
C NMR spectra were 

recorded on the Bruker 101 MHz spectrometer at room temperature with CDCl3, DMSO-d6 

and d-DMF as the solvents and tetramethylsilane (TMS) as the internal standard. ESI high 

resolution mass-spectra (HRMS) were acquired on a Waters Xevo G2 Qt of mass 

spectrometer. Transient and delayed photoluminescence spectra were performed on the 

Hitachi F-4600 or Edinburgh Instruments FLS980 fluorescence spectrophotometer. 

Luminescence lifetime were acquired on the Edinburgh Instruments FLS980 fluorescence 

spectrophotometer or Deltaflex Fluorescence Lifetime Instrument (λex=365 nm). Single 

crystal X-ray diffraction data were collected with a NONIUS KappaCCD diffractometer 

with graphite monochromator and Mo Kα radiation [λ (MoKα) = 0.71073 Å]. Structures 

were solved by direct methods with SHELXS-97 and refined against F2 with SHELXS-97. 
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