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ABSTRACT: The development of straightforward and efficient synthetic methods toward ring-fused heteroaromatic polymers with 

attractive functionalities has great significance in both chemistry and materials science. Herein, we develop a facile cascade C-H-

activated polyannulation route that can in situ generate multiple ring-fused aza-heteroaromatic polymers from readily available mon-

omers in an atom-economical manner. A series of complex polybenzimidazole derivatives with high absolute molecular weights of 

up to 24000 are efficiently produced in high yields within 2 hours. Benefiting from their unique imidazole-containing ring-fused 

structures with multiple aryl pendants, the obtained polymers show excellent thermal and morphological stability, good solution 

processability, high refractive index, small chromic dispersion, as well as remarkable acid-base-responsive fluorescence. Taking 

advantage of the ratiometric fluorescence response of the triphenylamine-substituted heteroaromatic polymer to pH variations, we 

successfully apply it as a sensitive fluorescence probe for the mapping and quantitative analysis of intracellular pH changes in live 

cells. Furthermore, through the simple N-methylation reaction of the ring-fused polybenzimidazoles, diverse azonia-containing poly-

electrolytes are readily produced, which can efficiently kill cancer cells via the synergistic effects of dark toxicity and phototoxicity.

INTRODUCTION 

Heteroaromatic polymers are an important group of func-

tional functional materials that play an indispensable role in the 

development of modern society. The presence of plentiful aro-

matic heterocyclic rings or groups of rings in polymer back-

bones endow heteroaromatic polymers with unique mechanical 

properties, outstanding thermal and chemical stability, as well 

as distinctive electronic and photophysical properties.1 Driven 

by the great demands of the electronic, automobile, manufac-

turing, and especially aerospace industries in high-temperature-

resistant polymers, diverse high-performance heteroaromatic 

polymers have been developed since the late 1950s. Among 

various heteroaromatic polymers, polybenzimidazoles (PBIs) 

with partially or fully aromatic structures have received much 

attention.2-3 In addition to diverse demanding high-temperature 

applications, the application scope of PBIs has been signifi-

cantly broadened to organic optoelectronic, electrochemical, 

and biomedical fields in recent decades.4-6 For example, bene-

fitting from the amphoteric nature of benzimidazole groups, 

functionalized PBIs with pH responsiveness have been widely 

explored as ion-sensing units, electrolyte systems, and separa-

tors in drug delivery, electrochemical devices, and various gas 

and liquid separation processes.3, 7-8 By integrating more (het-

ero)aromatic rings into the functional imidazole units, the re-

sulting ring-fused PBIs with larger π-conjugation and distinct 

electronic structures could show diversified stimuli-responsive 

capabilities, tunable electrical and photophysical properties, as 

well as a wide range of interesting biological activities.9-11 Com-

pared with the intensive applications of ring-fused heteroaro-

matic polymers in organic semiconductor materials and electro-

chemical conversion technologies, their photoluminescence 

(PL)-related applications have been obviously less explored. 

Although traditional ring-fused heteroaromatic polymers gen-

erally possess good PL properties in the well-dissolved solution 

states, they often suffer from the issue of poor fluorescence in 

aggregate states arising from the existence of strong intra-/inter-



 

 

chain π-π stacking, which greatly hinders their practical appli-

cations.12 Therefore, it is of great significance to develop and 

synthesize novel ring-fused PBIs with attractive photophysical 

properties and explore their potential advanced applications. 

The most widely adopted method for the synthesis of PBIs is 

the polycyclocondensations of o,o’-disubstituted aromatic dia-

mines with aromatic dicarboxylic acids or their derivatives.2-3 

This polycondensation method is simple but is not conducive to 

the flexible design and adjustment of heteroaromatic polymer 

structures. Limited and costly fused (hetero)aromatic substrates, 

complicated pre-functionalization procedures of aromatic mon-

omers, and elaborate reaction control were often required when 

this method was applied for the construction of multiple ring-

fused PBIs.9 The polymer synthesis could be even more chal-

lenging when multiple substituents are introduced to decorate 

the ring-fused heteroaromatic cores. Similar issues also exist 

with many other commonly used synthetic strategies toward 

ring-fused heteroaromatic polymers, such as the transition-

metal-catalyzed polycoupling procedures based on Suzuki, 

Heck, Sonogashira, Stille, or Yamamoto coupling reactions, di-

rect arylation methods, and a series of polycondensation tech-

niques.13-14 The synthetic difficulties greatly restrict the acces-

sibility and property investigation of such polymers. It is thus 

highly desirable to develop facile, straightforward, and efficient 

polymerization strategies that can in situ generate functional 

ring-fused aza-heteroaromatic polymers from readily available 

monomers in a more atom-economical way.
 

 
Figure 1. (A) Rhodium(III)-catalyzed cascade oxidative annulation reaction of N-aryl-substituted imidazoles with alkynes toward 

polyheteroaromatic compounds and the corresponding plausible reaction mechanism.26 (B) Rhodium(III)-catalyzed cascade C‒H-

activated polyannulation reactions of N-aryl-substituted imidazoles and internal diynes for the construction of complex ring-fused 

aza-heteroaromatic polymers in this work. 

 

 

Polymerizations are generally developed on the basis of 

highly efficient small molecular reactions. In organic chemistry, 

transition metal-catalyzed C‒H activation reactions have 

emerged as a powerful tool for the transformation of abundantly 

existed substrates into a variety of high-value organic com-

pounds.15-16 Attracted by the high atom economy, wide sub-

strate scope, high efficiency, and excellent functional group tol-



 

 

erance of C‒H activation chemistry, polymer chemists have de-

voted great efforts to applying C‒H bond activation for the fac-

ile synthesis of diverse functional conjugated polymers.17-20 In 

the past years, several C‒H-activated polyannulations of acety-

lenic monomers have been developed to construct multifunc-

tional polymers with fused heterocycles.21-25 However, most of 

these polyannulations merely involved one or two C‒H func-

tionalization sites, consequently leading to the rather limited 

ring-fused structure diversity in the resulting polymers. Re-

cently, an efficient cascade oxidative annulation reaction of aryl 

imidazole and alkynes have captured our attention. As depicted 

in Figure 1A, multiple C‒H functionalization and annulation 

processes were involved in this rhodium(III)-catalyzed reaction, 

and multisubstituted aza-fused polycyclic structures were in 

situ formed from commercially available and inexpensive reac-

tants.26 The introduction of this unique imidazole-containing 

fused cyclic skeleton into polymer main chains is envisioned to 

endow the corresponding ring-fused PBIs with a variety of new 

interesting properties and advanced functionalities. For instance, 

the presence of multiple aryl substituents around the polycyclic 

core might distort the rigid polymer structure and effectively 

isolate the planar units to prevent the occurrence of strong π-π 

interactions, thus enabling the polymers to show efficient ag-

gregate-state fluorescence. Besides, the postmodification and 

acid-base-responsive capabilities of imidazole moieties may al-

low the polymers to undergo further structure transformations, 

which not only can effectively enrich the structural diversity of 

ring-fused aza-heteroaromatic polymers, but also provides pos-

sibility for further adjusting their photophysical properties and 

expanding their application scope 

With these concerns in mind, herein we explored the possi-

bility of developing this cascade oxidative annulation reaction 

into a facile and straightforward polymerization strategy for the 

in situ generation of multiple ring-fused aza-heteroaromatic 

polymers. As shown in Figure 1B, the rhodium(III)-catalyzed 

cascade C‒H-activated polyannulations can efficiently trans-

form the readily available N-aryl-substituted imidazoles and in-

ternal diynes into a series of ring-fused PBIs with complex 

structures in an atom-economical manner. Due to their unique 

imidazole-containing ring-fused structures with multiple aryl 

pendants, the obtained polymers possess many attractive prop-

erties such as good solubility, high thermal and morphological 

stability, high refractive index and small chromic dispersion, as 

well as remarkable acid-base-responsive fluorescence in aggre-

gate states. Through the simple N-alkylation postmodification, 

these ring-fused PBIs can be readily converted to diverse azo-

nia-containing polyelectrolytes. Based on the ratiometric fluo-

rescence response of the aza-heteroaromatic polymer to pH var-

iations and the high reactive oxygen species (ROS) generation 

efficiency of the cationic polyelectrolyte, their applications in 

intracellular pH mapping and photodynamic killing of cancer 

cells are investigated in this work. 

RESULTS AND DISCUSSION 

Polymerization 

Monomers 1a-1c used in this work were commercially avail-

able and used without further purification. Internal diynes 2a-

2c were facilely synthesized according to the previously re-

ported procedures.27 To develop the C‒H-activated cascade pol-

yannulation, the polymerization conditions were first optimized 

with 1-(4-methoxyphenyl)-1H-imidazole (1a) and internal 

diyne 2a as model monomers. In the first attempt, the polymer-

ization of 1a (0.2 M) and 2a (0.2 M) was carried out in toluene 

under N2 at 110 oC in the presence of [Cp*RhCl2]2 (10 mol%) 

and Cu(OAc)2•H2O (8 equiv.).However, insoluble products 

were formed in the reaction mixture after reacting for 24 h. The 

reaction time was then gradually shortened. After polymerizing 

for 2 hours, soluble P1a/2a with a number-average molecular 

weight (Mn) of 8300 and weight-average molecular weight (Mw) 

of 14700 was obtained in a moderate yield of 56.7% (Table S1). 

To obtain polymers with higher molecular weights in better 

yields, the effect of catalyst loading was then investigated. 

When the amount of [Cp*RhCl2]2 was increased from 10 mol% 

to 40 mol%, P1a/2a with a higher Mn (11100) and a lower pol-

ydispersity (Đ = 1.3) was afforded in a high yield of 99.2% (Ta-

ble S2). Decreasing the amount of [Cp*RhCl2]2 resulted in a 

decrease in either molecular weights or reaction yields (Table 

S2). We next examined the solvent effect with the optimized 

catalyst loading at 2 hours. The results in Table S3 suggested 

that the polymerization of 1a and 2a proceeded efficiently in 

toluene, o-dichlorobenzene, and o-xylene. Considering the rel-

atively higher Mn of the polymeric product, o-xylene was se-

lected as the optimal solvent among the tested conditions for 

this polymerization. The effects of catalyst amount and mono-

mer ratio on the polymerization were also studied. As summa-

rized in Table S4 and Table S5, decreasing the amount of 

Cu(OAc)2∙H2O led to a simultaneous decrease in Mn and Mw, 

and the polymerization using the theoretical monomer feeding 

ratio of 1:1 displayed the best reactivity. The presence of an ex-

cess amount of 1a had little effect on reaction yield but reduced 

the molecular weights of polymers, while the excessive use of 

2a obviously decreased the polymerization efficiency. 

In order to test the application scope of the polymerization 

and meanwhile enrich the polymer functionalities, we next con-

ducted the polymerizations of different phenylimidazoles and 

internal diynes under the optimized reaction conditions. Various 

internal diynes, including 2a with flexible alkyl chain and 2b-c 

with rigid conjugated spacers of tetraphenylethene (TPE) or tri-

phenylamine (TPA) luminophore, were applied to the polymer-

izations with 1a. A series of fused aza-heterocyclic polymers 

were obtained in high yields (Table 1, entries 1-3). The best 

polymerization results of 1a/2a among the combination of 

1a/2a-c is probably due to the better solubility of P1a/2a in o-

xylene than the other two polymers, which promotes the smooth 

progress of this polymerization. The effect of different phe-

nylimidazoles on the polymerization was also explored. When 

the OMe-substituted phenylimidazole (1a) was replaced with 

the CF3-substituted phenylimidazole (1b) to polymerize with 

2a-c, P1b/2a-c with higher molecular weights than those of 

P1a/2a-c were formed in good yields. The polymerization of 1-

phenylimidazole (1c) with 2a can also afford polymeric product 

in a high yield. These results indicated that we successfully de-

veloped a direct and efficient polymerization tool for the in-situ 

construction of diverse ring-fused aza-heteroaromatic polymers. 

 

 

 



 

 

Table 1. Polymerization results of different monomersa 

entry polymer yield (%) Mn
b (MALLS)c Mw

b (MALLS)c Đb (MALLS)c 

1 P1a/2a 99.6 12300 (8300) 14700 (14500) 1.2 (1.7) 

2 P1a/2b 96.0 8100 (5000) 9900 (5800) 1.2 (1.2) 

3 P1a/2c 86.7 8400 (6100) 10300 (9900) 1.2 (1.6) 

4 P1b/2a 82.0 25200 (12800) 30900 (24000) 1.2 (1.9) 

5 P1b/2b 87.6 19900 (10300) 23000 (15100) 1.2 (1.5) 

6 P1b/2c 89.0 17700 (12000) 21200 (17700) 1.2 (1.5) 

7 P1c/2a 92.1 11900 (8900) 16200 (13200) 1.4 (1.5) 

a Carried out at 110 oC in o-xylene under N2 for 2 hours. [1] = [2] = 0.2 M, [Cp*RhCl2]2 = 40 mol%, Cu(OAc)2•H2O = 8 equiv. b Determined 

by GPC in DMF on the basis of a linear polystyrene calibration. Đ = polydispersity = Mw/Mn. c Absolute molecular weights determined by 

GPC with a MALLS detector in DMF. 

Structure Characterization  

To assist the structural characterization of the obtained poly-

mers, model compound 3 was prepared by the reaction of 1a 

and diphenylacetylene under conditions similar to those for 

polymerizations (Scheme S1). The structure of 3 was confirmed 

by high-resolution mass spectrometry (HRMS, Figure S1), IR 

(Figure S2), and NMR analysis (Figure 2). Single crystals of 3 

were obtained from slow evaporation of its dichloro-

methane/hexane mixture, whose structure was confirmed by X-

ray diffraction analysis. All polymers and their corresponding 

monomers were fully characterized by IR and NMR spectros-

copies (see Supplementary Methods for details, Figures S3-S9). 

Taking P1a/2a as a representative example for structural analy-

sis, the characteristic absorption peak of the C≡C group of 2a 

disappeared in the IR spectra of 3 and P1a/2a (Figure S2), indi-

cating the consumption of C≡C group by the model reaction and 

the polymerization. Regarding the 1H NMR results (Figure 2A-

D), the resonance peaks at δ 7.02, 7.28, and 7.17 ppm can be 

assigned to the activated C-H protons at position “a”, “b”, and 

“c”, respectively, in 1a. These peaks were not observed in the 
1H NMR spectra of 3. Meanwhile, the signals related to proton 

“c” at δ 7.79 and “e” at δ 3.86 in 1a slightly shifted after reaction. 

These results indicated the occurrence of the model reaction and 

the polymerization. The 13C NMR results shown in Figure 2E-

H further verified the polymer structure. The resonance peaks 

of the acetylene carbon atoms (position “i” and “j”) of 2a were 

hardly detected in the 13C NMR spectrum of P1a/2a. Instead, 

many new peaks related to the aromatic carbon atoms were ob-

served in the polymer structure, indicating the formation of new 

cyclized units. Similar features were also observed in the char-

acterization results of the other polymers (Figures S3-S9). The 

IR and NMR spectra of the polymers largely resembled those 

of the model compound 3. The comparison between the NMR 

spectra of 3 and polymers suggested that there are different re-

gio-isomeric units in polymer backbones. All these characteri-

zation results confirmed the successful synthesis of the targeted 

polymer structures as shown in Figure 1B.

 

 

Figure 2. (A‒D) 1H NMR spectra of (A) 1a, (B) 2a, (C) model compound 3, and (D) P1a/2a in CD2Cl2. Inset in (C): single crystal structure 

of model compound 3 (CCDC number 2116306). (E‒H) 13C NMR spectra of (E) 1a, (F) 2a, (G) model compound 3, and (H) P1a/2a in 

CD2Cl2. The solvent peaks are marked with asterisks.



 

 

Thermal Properties and Light Refraction 

Polymers with high thermal decomposition temperature (Td) 

and high char yield are desirable materials for high-temperature 

applications.28-30 The thermogravimetric analysis (TGA) results 

of P1a-c/2a-c suggested that all these polymers possess excel-

lent thermal stability due to their rigid ring-fused heteroaro-

matic structures. As shown in Figure 3A, the Td values of P1a-

c/2a-c at 5% weight loss can reach up to 522 oC, which are much 

better than most of commercial pure polymeric materials. Note-

worthy, the TPE-containing polymers (P1a-b/2b) and the TPA-

containing polymers (P1a-b/2c) retain more than 70% of their 

weights at a high temperature of up to 800 oC as a result of their 

conjugated structures. Moreover, the differential scanning cal-

orimetry (DSC) analysis shown in Figure 3B demonstrated the 

high morphological stability of the polymers with high glass 

transition temperatures (Tg) of up to 315 oC. The high Td and 

char yields as well as excellent morphological stability of these 

polymers make them potentially suitable for various demanding 

high-temperature or flame-retardant applications in aerospace 

industry and other fields.  

 

 

Figure 3. (A) TGA thermograms of P1/2 collected under nitrogen 

at a heating rate of 10 °C/min. (B) DSC curves of P1/2 recorded 

under nitrogen during the second heating scan at a heating rate of 

10 °C/min. Td = decomposition temperature at 5% weight loss; Tg 

= glass transition temperature. (C) Wavelength dependence of re-

fractive indices of P1/2 thin films. Abbreviation: n = refractive in-

dex; D = chromatic dispersion in the visible region = (nF − nC)/(nD 

− 1), where nD, nF, and nC are the n values at wavelengths of Fraun-

hofer D, F, and C spectral lines of 589.2, 486.1, and 656.3 nm, re-

spectively; D’ = chromatic dispersion in the IR region = (n1064 − 

n1550)/(n1319 − 1), where n1064, n1319, and n1550 are the n values at 

1064, 1319, and 1550 nm, respectively. 

Heteroaromatic polymers often suffer from a difficult bal-

ance between their thermal stability and processability. How-

ever, all of the highly thermal stable polymers obtained in this 

work possess excellent solubility in common organic solvents, 

such as tetrahydrofuran (THF), dichloromethane, chloroform, 

N,N-dimethylformamide (DMF), 1,2-dichloroethane (DCE), 

etc. Uniform thin films can be readily fabricated by spin-coating 

the DCE solutions of the polymers on silicon wafers. Consider-

ing the good film-forming ability and the potential contribution 

of the ring-fused heteroaromatic rings on refractive index,31 we 

then investigated the light refraction properties of these poly-

mers. The results demonstrate that all polymers have high re-

fractive index (n) values of 1.9565–1.6301 in a wide wave-

length region of 400–1700 nm (Figure 3C). Their n values at 

632.8 nm (n632.8) are in the range of 1.6668–1.7340, which are 

much higher than those of the commercially important optical 

plastics (n = ~1.50–1.60).32 The D and D’ values of these poly-

mers are calculated to be in the range of 0.065–0.120 and 

0.010–0.013, respectively, indicating their small dispersions in 

both the visible region and the IR region. The excellent thermal 

properties, good solution processability, high refractive index, 

as well as low chromatic aberration of these ring-fused heteroar-

omatic polymers enable them to find promising applications in 

advanced optoelectronic devices such as heat-resistant optical 

coatings.33 

 

Postmodification and Photophysical Properties 

Postmodification is a simple and effective way to produce 

polymers with complicated structures. Taking advantage of the 

imidazole structure, we tried to post-modify the obtained poly-

mers with iodomethane (CH3I) to afford the structurally diverse 

polyelectrolytes. To test the reactivity of the benzo[ij]imid-

azo[2,1,5-de]quinolizine scaffold, model compound 3 was first 

used to react with CH3I (Figure 4A). The results showed that 

compound 3 was methylated within short time to generate a 

charged fused heterocyclic compound (3-I) in a nearly quanti-

tative yield. The structure of 3-I was confirmed by HRMS (Fig-

ure S10) and NMR analysis (Figure S11). Encouraged by the 

high efficiency of the methylation reaction, we then explored 

the post-modification capabilities of the polymers (P1a-b/2a-c) 

under similar conditions (Figure 4B). The structural characteri-

zation results (Figure S12-S15) suggested that these fused aza-

heterocyclic polymers can be converted into a series of azonia-

containing polyelectrolytes (P1a-b/2a-c-I) through the facile 

postmodification reaction. This feature not only enriches the di-

versity of polymer structures, but also provides possibility for 

further expanding the function of ring-fused heteroaromatic 

polymers. 

Organic luminescent materials with efficient fluorescence in 

aggregate states are in great demand due to their significance in 

diverse practical applications.34-35 We next investigated the pho-

tophysical properties of the model compounds and polymers 

with multisubstituted fused heterocycles. As shown in Figure 

S16, the onset absorption wavelength (λonset) of model com-

pound 3 and P1a-c/2a-c were in the range of 445–468 nm. After 

the methylation reaction, the obtained model compound 3-I and 

P1a-b/2a-c-I exhibited λonset in the range of 428–476 nm. The 

PL property of model compound 3 in THF/water mixtures with 

different water fractions (fw) was shown in Figure 4C. The so-

lution state of 3 and its aggregate states at different fw exhibited 

comparable emission intensity. Similar tendency was also ob-

served in the PL spectra of the cationic compound 3-I (Figure 

4D). The dual-state intense emission of 3 and 3-I validated our 

expectation. The large rigid and conjugated polycyclic core re-

sulted in their efficient fluorescence in dilute solutions, while 

the presence of multiple aromatic substituents weakened the π-

π stacking, thus making them possible to maintain the good PL 

properties in aggregate states. The luminescence properties of 

the polymers (P1a-b/2a-c and P1a-b/2a-c-I) in different states 

were also characterized. As depicted in Figure 4E-H, all these 

polymers exhibited good emission intensity in both solution and 

aggregate states. Interestingly, the emission color of the meth-



 

 

ylated products of model compound 3 and P1a/2a showed a re-

markable blue shift from green to blue no matter in solution or 

in aggregates (Figure 4C-E). In contrast, there was little change 

in fluorescence color for the solution and aggregates of the 

TPE-containing polymers (P1a/2b) before and after methyla-

tion (Figure 4F), while an obvious red shift occurred for the flu-

orescence of TPA-containing polymers (P1a/2c and P1b/2c) af-

ter methylation (Figure 4G and 4H). As shown in Figure 4G, 

compared with P1a/2c, the fluorescence color of P1a/2c-I ob-

viously shifted from green with a maximum emission wave-

length (λem) at 510 nm to orange red (λem = 636 nm) in both 

solution and aggregates. These results indicated that the PL 

properties of the fused aza-heterocyclic polymers can be readily 

tuned through the postmodification reaction. 

 

 

 

 
 
Figure 4. (A) Methylation reaction of model compound 3. (B) Postmodification of polymers P1a-b/2a-c by CH3I to afford azonia-containing 

fused cyclic polyelectrolytes. (C) Photoluminescence (PL) spectra of model compound 3 in THF and THF/water mixtures with different 

water fractions (fw). Inset: the associated fluorescent photographs. (D) PL spectra of the methylated model compound (3-I) in DMSO and 

DMSO/water mixtures with different fw. Inset: the associated fluorescent photographs. (E-H) The normalized PL spectra and the associated 

fluorescent photographs of the solution (soln.) and aggregates (aggr.) of (E) P1a/2a and P1a/2a-I, (F) P1a/2b and P1a/2b-I, (G) P1a/2c and 

P1a/2c-I, and (H) P1b/2c and P1b/2c-I. All fluorescent photographs were taken under 365 nm UV irradiation. Solution concentration: 10 

μM; excitation wavelength: 340 nm. 

Acid-Base-Responsive Fluorescence 

Inspired by the abovementioned results, we then investigated 

the potential protonation-induced photophysical changes of 

these imidazole-containing polymers. As shown in Figure S17-

S18 and Figure 5, the aggregates of compound 3 and P1a-b/2b-

c showed similar fluorescence change in terms of the emission 

color after being acidified compared to the methylation treat-

ment. For example, the fluorescence of model compound 3 and 

P1a/2a obviously changed from green (λem = ~ 500 nm) to blue 

(λem = ~ 470 nm) upon adding trifluoroacetic acid (TFA) into 

their aggregates in aqueous solutions (Figure 5A and Figure 

S18A). On the other hand, after being protonated by TFA, the 

λem of P1a/2c aggregates remarkably red-shifted from 510 to 

616 nm accompanied with a significant decrease in PL intensity 

(Figure 5B). The variation tendency in absorption wavelength 

after protonation was consistent with that of fluorescence. After 

adding NaOH solution into the acidified mixture, both the PL 

and the absorption spectra could well restore to the original state 

possibly due to the deprotonation process. Among the tested 

polymers, P1a/2c showed the most obvious fluorescence 

change in response to acid and base. We thus chose P1a/2c as a 

potential fluorescence sensor to carry out in-depth exploration 

of its acid-base responsive behavior. The reversibility and reli-

ability of this sensing system was examined by alternatively 

adding TFA and NaOH solution. As depicted in Figure 5B and 

5C, the bright green fluorescence and weak orange fluorescence 

states of P1a/2c could interconvert for at least seven consecu-

tive cycles with negligible fatigue, demonstrating its excellent 

reversibility and repeatability. 

To reveal the mechanism of the acid-base-responsive fluo-

rescence, the 1H NMR spectra of 3 and P1a/2c after adding TFA 



 

 

and the subsequent addition of NaOH were monitored. As 

shown in Figure S19, after acidification with TFA, the charac-

teristic peaks of 3 at δ 7.56, 6.73 and 6.70 shifted to the lower 

field at δ 8.03, 6.91 and 6.90, respectively. The subsequent ad-

dition of NaOH led to the complete restore of the resonance 

peaks to their original positions. Similar phenomena were also 

observed in the 1H NMR spectra of P1a/2c (Figure S20). These 

results indicated that the protonation and deprotonation process 

indeed occurred on these imidazole-containing structures (Fig-

ure S21). The excellent reversibility in basic conditions demon-

strated that these processes were nondestructive to molecular 

structures. Furthermore, the influence of the protonated struc-

tures on the PL properties of polymers was investigated by the 

time-dependent density functional theory (TD-DFT) calcula-

tions via Gaussian 09. Due to the complexity of polymers, the 

repeating unit structures (3, 3-H, M1a/2c, and M1a/2c-H) were 

chosen to simulate the structures of P1a/2a and P1a/2c before 

and after protonation, respectively, for the calculations (Figure 

S22). Natural transition orbitals (NTOs) of these structures 

were calculated for the excited state analysis and their emission 

wavelengths were also estimated at the B3LYP/6-31G (d, p) 

level. As shown in Figure 5D and 5E, the variation trend in the 

calculated emission wavelength (λcal.) was consistent with the 

experimental results. The separation difference between the 

hole NTOs and the electron NTOs of 3-H was a little smaller 

than that of model compound 3, whereas the electron cloud sep-

aration degree of M1a/2c-H was much more obvious than that 

of M1a/2c. The hole NTOs of M1a/2c-H mainly localized on 

the TPA moiety (strong electron donor) while the electron 

NTOs mainly distributed on the protonated fused heterocyclic 

core (strong electron acceptor). Therefore, the different fluores-

cence response of the polymers to protonation could be ex-

plained by their different electronic structures. The structure 

with stronger donor-acceptor (D-A) effect such as P1a/2c was 

more conducive to changing its electron cloud distribution after 

protonation, thus showing significantly red-shifted fluorescence 

in acidic conditions. 

 

 
Figure 5. (A and B) Absorption and photoluminescence (PL) spectra of the aggregates of (A) P1a/2a and (B) P1a/2c in aqueous solutions 

before and after the sequential addition of trifluoroacetic acid (TFA) and NaOH. Inset: fluorescent photographs taken under 365 nm UV 

irradiation. Excitation wavelength: 340 nm. (C) Reversible switching of the fluorescence of P1a/2c between bright green and weak orange 

states by repeatedly adding TFA and NaOH solution. (D and E) The molecular orbital amplitude plots of electron and hole energy levels of 

(D) 3 and 3-H and (E) M1a/2c and M1a/2c-H in the excited state (S1) and their simulated emission wavelengths calculated using the (TD) 

B3LYP/6-31G (d, p) method. 

Ratiometric Fluorescence Sensing of Intracellular pH 

The remarkably redshifted and weakened fluorescence of 

P1a/2c in response to acidic conditions suggested that it may 

serve as a promising ratiometric pH sensor. We thus measured 

the pH-dependent emission spectra of P1a/2c in buffer solutions 

with pH ranging from 7.83 to 1.06. As shown in Figure 6A, with 

the gradual decrease in pH, the emission intensity of P1a/2c at 

510 nm steadily decreased while that at 616 nm increased. 

Meanwhile, an obvious change in the fluorescence color of 

P1a/2c was observed from bright green to dark yellow and then 

to orange-red as the pH varied from 7.02 to 1.44 (inset in Figure 

6B). The change in the emission intensity ratio (I510nm/I616nm) of 

P1a/2c was analyzed as a function of pH value. Figure 6B 

shows the sigmoidal fitting curve of I510nm/I616nm versus pH, 

which indicated that this ratiometric pH sensor is highly sensi-

tive in a wide pH range of 2.0-6.0. Intracellular pH plays a vital 

role in many cellular events, such as cell proliferation and apop-

tosis, endocytosis, protein degradation, enzyme activity, and 

calcium regulation.36-38 Important subcellular organelles such as 



 

 

mitochondria, lysosomes and Golgi possess different pH distri-

bution and distinct physiological functions. For example, along 

the endocytic pathways in a typical mammalian cell, the pH in 

mitochondria, cytosol and the nucleus is over 7.0, whereas the 

pH in acidic organelles such as endosomes and lysosomes var-

ies from 6.5 to 4.5.39-40 Many common diseases are related to 

the abnormal values of pH in acidic organelles. Hence, the de-

velopment of efficient platforms for the sensing of intracellular 

pH changes is of great significance and may assist the better 

understanding of diverse cellular behaviors.41-42 Considering the 

ratiometric fluorescence response of P1a/2c to pH change, we 

then tried the possibility of applying P1a/2c for the sensing and 

quantitative determination of intracellular pH values. 

To facilitate the intracellular pH sensing, P1a/2c nanoparti-

cles (NPs) with effective diameters of 67 nm were prepared 

(Figure S23). The cell staining capability of P1a/2c NPs was 

first examined using a confocal laser scanning microscope 

(CLSM). As shown in Figure S24, bright fluorescence was ob-

served in the cytoplasm of 4T1 cells, indicating the good cell 

membrane permeability and staining ability of P1a/2c NPs in 

4T1 cells. The fluorescence signals of P1a/2c could be detected 

in both the blue-channel (400-520 nm) and green-channel (520-

620 nm) CLSM images of 4T1 cells at an excitation wavelength 

of 405 nm (Figure S24B-C). Closer inspection revealed that the 

fluorescence regions in these two channels were not well over-

lapped in the cytoplasm, and green spots can still be observed 

in some local regions of the cytoplasm in the merged image 

(Figure S24D-E). Based on the pH-dependent fluorescence of 

P1a/2c, we speculated that the blue signals in the cell might re-

sult from the inherent fluorescence of P1a/2c NPs, while the 

green signals might mainly arise from the redder fluorescence 

of the protonated P1a/2c in acidic organelles such as lysosomes. 

To verify our hypothesis, a commercially available lysosome-

specific staining probe LysoTracker Deep Red was used to co-

label the 4T1 cells with the P1a/2c. As depicted in Figure S25, 

the red fluorescence from LysoTracker Deep Red in lysosomes 

overlapped with the green fluorescence in the cytoplasm to a 

large extent. The Pearson’s correlation coefficient of the green- 

and red-channel images was calculated to be 0.78. These results 

indicate that P1a/2c is a potential ratiometric fluorescence 

probe for sensing pH changes in live cells.

 

 
Figure 6. (A) Change of the photoluminescence (PL) spectra of P1a/2c aggregates in aqueous solutions with different pH values. Solution 

concentration: 10 μM; excitation wavelength: 340 nm. (B) Sigmoidal fitting plot of the pH-dependent PL intensity ratio (I510/I616), where I510 

and I616 denote the PL intensity at 510 and 616 nm, respectively. Inset: fluorescence photographs taken under 365 nm UV irradiation. (C) 

CLSM images of 4T1 cells incubated with 20 μg mL−1 P1a/2c nanoparticles in nigericin-containing buffer solutions with different pH values 

and the corresponding pseudo-color ratio images. Blue channel: excitation wavelength = 405 nm; range of collected emission wavelength = 

400–520 nm. Green channel: excitation wavelength = 405 nm; range of collected emission wavelength = 520–620 nm. Scale bars = 10 μm. 

(D) Calibration curve showing the pH-dependent fluorescence intensity ratio of blue to green channel (Iblue/Igreen) in live cells. (E) The pH 

mapping image for untreated 4T1 cells.
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The cytotoxicity of P1a/2c NPs was evaluated by a standard 

3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide 

(MTT) assay. The result shown in Figure S26A demonstrated 

the low cytotoxicity of P1a/2c towards 4T1 cells. The cell via-

bility was 93% after incubation with 20 μg/mL of P1a/2c NPs 

for 24 h, and can remain over 80% at a high concentration of 

P1a/2c NPs (50 μg/mL). Moreover, compared to the commer-

cial probe LysoTracker Deep Red, P1a/2c NPs showed excel-

lent photobleaching resistance (Figure S26B). The fluorescence 

signal of P1a/2c in 4T1 cells kept almost unchanged after con-

tinuous laser irradiation at 405 nm for 40 scans. The good bio-

compatibility and excellent photostability of P1a/2c NPs are 

beneficial to its application as a fluorescent bio-imaging and 

bio-sensing probe. To explore the application of P1a/2c NPs in 

the quantitative determination of intracellular pH, we next con-

ducted the intracellular calibration experiment of P1a/2c NPs in 

4T1 cells. The intracellular and extracellular pH values were 

homogenized to be varied from 2.0 to 7.0 using H+/K+ iono-

phore nigericin.43-44 As shown in Figure 6C, the fluorescence 

intensity from the green channel increased dramatically as the 

pH value decreased, while that from the blue channel slightly 

decreased. A calibration curve in the pH range from 2.0 to 7.0 

was generated based on the pH-dependent fluorescence change 

in the above two channels (Figure 6D). The fluorescence inten-

sity ratio of the blue to green channel (Iblue/Igreen) gradually in-

creased with pH. Pseudo-color ratio images showing the intra-

cellular distribution of the relative emission intensity at differ-

ent pH were obtained by processing the Iblue/Igreen values with 

Matlab. To gain direct insight into the intracellular pH mapping, 

the fluorescence images of the stained cells at varying pH were 

transformed into pseudo-color images with a pH-dependent 

color bar (Figure S29). On the basis of the calibration curve 

shown in Figure 6D and the digital image processing method 

using Matlab, a pH mapping image of untreated 4T1 cells was 

obtained (Figure 6E). This pH mapping image not only can 

qualitatively show the general intracellular pH distribution of 

4T1 cells in a large field of view, but also can be used for the 

estimation of the averaged intracellular pH values of organelles 

in 4T1 cells with the assistance of the calibration curve. For ex-

ample, the pH values at point 1 and point 2 were determined to 

be 5.2 and 4.5, respectively, which are the expected values for 

acidic organelles such as endosomes and lysosomes.42 All these 

results demonstrated that P1a/2c can be used as an efficient ra-

tiometric sensing probe to quantitatively detect the intracellular 

pH changes in live cells. 

 

Killing of Cancer Cells 

Conjugated polymers with appropriate D-π-A structures have 

been reported to be good photosensitizers in photodynamic 

therapy.45-47 Considering the tunable electron accepting capabil-

ity of the fused heterocyclic core via cationization, we thus in-

vestigated the photosensitive abilities of the obtained polymers 

and polyelectrolytes with P1a/2c and P1a/2c-I as examples. 

Their ROS generation efficiencies were evaluated by using 

2’,7’-dichlorofluorescein (DCFH) as an indicator under white 

light irradiation. The nonfluorescent DCFH can be sensitively 

converted into its highly fluorescent oxidized form (2,7-di-

chlorofluorescein; DCF) upon the generation of ROS. As 

shown in Figure 7A and Figure S28, DCFH alone remained 

non-emissive under white light illumination, whereas the fluo-

rescence intensity at 525 nm associated with the characteristic 

peak of DCF was significantly enhanced in the presence of 

P1a/2c as irradiation time increased. When the pH of the DCFH 

buffer was decreased to 5.37, the ROS generation efficiency of 

P1a/2c was higher than that in the neutral condition (pH = 7.4). 

This result suggested that the cationization of P1a/2c could be 

favorable for the ROS generation due to the stronger electron 

accepting ability of heteroaromatic cations. Inspired by this re-

sult, the ROS generation of the cationic polyelectrolyte P1a/2c-

I was then measured. Compared with P1a/2c, the emission in-

tensity of DCF in the presence of P1a/2c-I reached nearly 730-

fold increase within 150 s under white light irradiation, suggest-

ing the extraordinary ROS generation capability of P1a/2c-I. 

 

 
Figure 7. (A) ROS generation of P1a/2c-I (1 μM), P1a/2c (1 μM) 

at pH = 7.40, and P1a/2c (1 μM) at pH = 5.37 upon white light 

irradiation (24 mW/cm2) using dichlorofluorescin (DCFH) as an 

indicator. (B) Cell viability of 3T3 and 4T1 cells incubated with 

P1a/2c-I without or with the irradiation of white light (24 mW cm-

2, 10 min) by MTT assay (mean ± SD, n = 6). (C) CLSM images of 

4T1 and 3T3 cells after incubation with P1a/2c-I (20 μg mL−1) for 

0.5 h. Fluorescence excitation: 405 nm, emission collected: 550–

650 nm. (D) CLSM imaging for intracellular ROS generation (up-

per row) and live/dead cell assay (lower row) of 4T1 cells treated 

with PBS, PBS + light, P1a/2c-I (30 μg mL−1), and P1a/2c-I (30 

μg mL−1) + light (24 mW cm-2, 5 min) for 13 h. The green and red 

colors represent live cell and dead cells, respectively. 

 

By virtue of the high light-triggered ROS generation effi-

ciency of P1a/2c-I, we then explored its application in photo-

dynamic killing of cancer cells. The cytotoxicity of P1a/2c-I 

with and without extra white light irradiation was quantitatively 

examined by MTT assay. The concentration-dependent cell vi-

ability shown in Figure 7B suggested that P1a/2c-I possessed 

excellent tumoricidal efficacy to 4T1 tumor cells via a syner-

gistic effect of dark toxicity and phototoxicity. Under the dark 

condition, P1a/2c-I exhibited weak cytotoxicity to normal 3T3 

cells even at high concentrations whereas the inhibiting ability 

for 4T1 cells was obviously stronger. This result revealed the 

discriminated killing ability of P1a/2c-I between normal and 

cancer cells. Upon white light irradiation (24 mW cm-2, 10 min), 

the killing ability of P1a/2c-I toward 4T1 cells was significantly 
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enhanced with an IC50 value (the concentration causing 50% 

growth inhibition) of as low as 13.8 μg mL−1, demonstrating the 

contribution of the phototoxicity of P1a/2c-I on its tumoricidal 

efficacy. The difference in cytotoxicity towards cancer cells and 

normal cells could be attributed to the different cellular uptake 

levels of P1a/2c-I (Figure 7C and Figure S29). After incubation 

with P1a/2c-I for 0.5 h, this cationic polyelectrolyte can be 

largely uptaken by cancer cells (4T1, HeLa and A549 cells) to 

show strong green fluorescence in cytoplasms, manifesting that 

P1a/2c-I can cross the membranes of cancer cells smoothly. By 

contrast, the green fluorescence was mainly observed on the 

cell membranes of normal cells (3T3, HUVEC and NRK-52E 

cells) rather than in their cytoplasms. The better internalization 

result of P1a/2c-I in cancer cells could be explained by the more 

active cellular uptake ability of cancer cells in order to meet the 

nutrients demand for rapid cancer cell proliferation.48-50 

Furthermore, the intracellular ROS generation was also 

tested by 2’,7’-dichlorofluorescein diacetate (DCFH-DA) and 

monitored by CLSM. As shown in the upper row of Figure 7D, 

bright fluorescence was observed in P1a/2c-I-treated 4T1 cells 

under white light irradiation, while the control groups showed 

no obvious fluorescence. This result clearly demonstrated that 

P1a/2c-I can efficiently generate ROS inside live cells, which 

contributes its high phototoxicity against 4T1 cells. To intui-

tively visualize the phototherapeutic effect of P1a/2c-I, the 

live/dead staining experiment was carried out using fluorescein 

diacetate (FDA, indicator for live cells with green fluorescence) 

and propidium iodide (PI, indicator for dead cells with red flu-

orescence) double-staining protocol. As expected, nearly all the 

P1a/2c-I-treated cells were dead and stained with red fluores-

cence after white light irradiation, and negligible cell death was 

observed in the light irradiation alone group (Figure 7D, lower 

row), indicating the salient phototoxicity of P1a/2c-I as well as 

low side effect of the used conditions. Unexpectedly, the 

P1a/2c-I alone group showed strong green fluorescence signal 

scattered with a little red fluorescence. This result seemed to be 

not consistent with the dark cytotoxicity of P1a/2c-I obtained 

by the MTT assay, which exhibited distinct cell death at the 

same P1a/2c-I concentration of 30 μg mL−1. We speculated that 

the 4T1 cells might be in an early apoptotic state rather than 

completely dead after incubation with P1a/2c-I for 13 h without 

light. This hypothesis was further verified by the apoptosis test 

using the Annexin V-APC/PI detection assay. The CLSM im-

ages shown in Figures S31 revealed that P1a/2c-I can effec-

tively induce the apoptosis of 4T1 cells after 13 h incubation, 

which also could elucidate the detailed killing mechanism of 

P1a/2c-I in dark. Collectively, the synergistic effects of dark 

toxicity and phototoxicity as well as the discrimination ability 

of P1a/2c-I towards cancer cells allow it to be potentially ap-

plied in photodynamic cancer therapy.51 

CONCLUSIONS 

In summary, we have developed a facile, straightforward, 

and efficient polymerization method for the in-situ generation 

of multiple ring-fused aza-heteroaromatic polymers. This syn-

thetic strategy enjoys the advantages of readily available mon-

omers, high efficiency, wide monomer scope, and high atom 

economy. The rhodium(III)-catalyzed C‒H-activated polyan-

nulations of N-aryl-substituted imidazoles and internal diynes 

can efficiently produce a series of ring-fused PBIs with multiple 

aryl substituents. After reacting for merely 2 hours, the absolute 

molecular weights of these polymers can reach up to 24000 and 

the reaction yields are up to 99.6%. Due to the unique imidaz-

ole-containing and multisubstituted ring-fused structures, the 

obtained polymers possess high thermal and morphological sta-

bility (Td up to 522 oC; Tg up to 315 oC), good solution processa-

bility, high refractive index, as well as small chromic dispersion, 

which enable them to serve as potential heat-resistant optical 

coatings in advanced optoelectronic devices. Moreover, these 

polymers show dual-state intensive fluorescence in both solu-

tion and aggregate states. Their PL properties can be readily 

tuned by the postmodification reaction with iodomethane or the 

protonation-deprotonation process under acid-base conditions. 

The remarkable and ratiometric fluorescence change of poly-

mer P1a/2c in response to pH variations make it a promising 

fluorescence sensor for the quantitative analysis of intracellular 

pH in live cells. Moreover, the azonia-containing polyelectro-

lytes synthesized by the simple N-methylation reaction of the 

ring-fused PBIs further extend their application scope to the 

photodynamic killing of cancer cells. The cationic polyelectro-

lyte P1a/2c-I with a D-π-A structure shows excellent tumor-

icidal efficacy via a synergistic effect of dark toxicity and pho-

totoxicity. It is foreseeable that the facile cascade C‒H-acti-

vated polyannulation strategy and the fascinating functionali-

ties of the obtained ring-fused aza-heteroaromatic polymers in 

this work could bring new inspiration to polymer chemistry and 

promote further research on the design, modification, and ap-

plications of diversified functional heteroaromatic polymers. 
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