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Abstract: In recent years, conjugated polymers (CPs) and their nanoparticles (CPNs) were widely 

concerned and applied in many fields due to their outstanding advantages such as higher absorption 

coefficients, good photostability, low toxicity and good biocompatibility. However, most reports 

were focused on their applications, and rare attentions were given on the synthesis of CPs and the 

effect factors of CPNs’ morphology and properties. In this work, four CPs (P1, P2, P3, P4) with 

different length side chains were synthetized by Wittig–Horner reaction and further used to prepare 

CPNs by the nano-precipitation method. The CPs and CPNs were characterized and analyzed by 

Hydrogen Nuclear Magnetic Resonance (
1
H NMR), gel permeation chromatography (GPC), Fourier 

transform infrared spectroscopy (FTIR), dynamic light scattering (DLS) and transmission electron 

microscope (TEM). The absorbance and fluorescence emission spectra of CPs in tetrahydrofuran 

(THF) and CPNs solutions with different length side chains were investigated, and their quantum 

yields (Фs) were calculated by the reference method. The results showed that the synthetic CPs have 

narrow polydispersity index. Some interesting phenomenon appeared with the increased side chain 

length. The molecular weights will reduce except P3, and the absorbance and fluorescence emission 

spectra of CPs and CPNs are red-shifted. Фs are better and enlarged for CPs and CPNs, and better 

dispersion and uniform size were founded with longer side chains.  
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1. Introduction 

Over the past ten years, conjugated polymer nanoparticles (CPNs) have attracted more 

attentions because of their merits in comparison to organic fluorescence dyes and quantum dots, such 

as higher absorption coefficients, good photostability, low toxicity and good biocompatibility [1,2]. 

These features are widely applied in biological fields including pH sensing, metal ions and 

temperature sensing [3–6], molecular imaging of tissues and biomarkers of disease [7,8], 

photodynamic therapy of tumors [9,10], immediate activation of nerve cells, and photothermal 

therapy of cancer [11,12] and so on. In general, CPNs consist of one or more types of conjugated 

polymers (CPs), and they supplied photoelectric properties. Therefore, a complete CPNs preparation 

process is divided into two steps including the synthesis of CPs and the preparation of nanoparticles. 

In the polymerization methods of CPs, palladium catalyzed coupling (Suzuki coupling) [13], 

Sonogashira coupling [14], Heck coupling [15] and Wittig–Horner [16] reactions are widely used in 

the preparation of PFP, PPE and PPV. CPNs can be obtained by the methods such as 

nano-precipitation [17,18], microemulsion [19,20] and self-assembly [21,22] based on the 

synthetized CPs.  

As we all know, the different structure and morphology of CPNs will supply diverse 

performances. The influencing factors include the structure of CPs and the above preparation 

methods, and the former can be subdivided into the effects of main chains, side chains and 

substituent groups. A main chain is the most important part of CPs, which determines the basic 

physical and chemical properties. At present, the designs of the main chain structure are the focus of 

most work [23]. Side chains play a crucial role in improving the molecular weight, solubility and 

processability of polymers [24,25]. Therefore, the research showed that flexible side chains other 

than the main chain have a large influence on the optical properties of CPs, which can change the 

intermolecular forces and steric hindrance, affecting the effective conjugate chain length and energy 

band, absorption and emission [26,27]. Some researches about conjugated polymer side chain 

engineering have been reported [28,29]. The studies were mainly focused on the effect of different 

alkyl side chains to polymer solubility, the influence of the side chain spacer length to the charge 

transfer and the tuning of the branch position of the side chain to the properties of CPs [26,30,31]. 

For all we know, the studies on the effects of different length side chains on the properties of CPs and 

their nanoparticles are still scarce. Therefore, in this work, we synthesized four hydrophobic CPs by 

Wittig–Horner reaction and their CPNs by nano-precipitation method with different length side 

chains, and studied the effects of different length side chains on the optical properties of CPs and 

their nanoparticles. 

2. Materials and methods 

2.1. Materials 

Carbazole and N,N-dimethyl formamide were purchased from Fuyu fine chemical, Tianjin, 

China. Hydroquinone and 1-bromo-ethylhexane were purchased from Macklin Biochemical, 

Shanghai, China. Bromoethane, bromo-n-butane, bromo-n-octane, bromo-n-hexadecane and 

Polystyrene-maleic anhydride (PSMA) with molecular weight of 18,000 were purchased from 

Aladdin, Shanghai, China. Other chemicals were AR grade and purchased from the commercial 
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corporation without further purification. 

2.2. Methods 

1
H NMR (400 MHz) spectra were determined and recorded using a Bruker Avance spectrometer, 

and TMS was used as the internal standard. The sample was grinded with KBr to form pellets, then 

Fourier transform infrared spectroscopy (FTIR) was measured on a Thermo IS10 spectrometer. UV 

and Fluorescence spectra were measured and recorded on Shimadzu UV-3600 UV spectrophotometer 

and Hitrchif-7000 fluorescence spectrometer, respectively. Transmission Electron Microscope (TEM) 

images were recorded through JEM-2100 electron microscope. Dynamic light Scattering (DLS) was 

carried out on a Malvern Zetasizer Nano ZS analyzer. 

2.3. General procedure for the synthesis of polymers (P1–P4) 

9-ethyl-3,6’-diformyl-carbazole (Monomer 1a), 9-butyl-3,6’-diformyl-carbazole (Monomer 1b), 

9-octyl-3,6’-diformyl-carbazole (Monomer 1c) and 9-cetyl-3,6’-diformyl-carbazole (Monomer 1d) 

and 1,4-phosphonic acid diethyl ester-2,5-(1-methyl ether-ethylhexane)-benzene (Monomer 2) were 

obtained according to the previous methods with carbazole and hydroquinone as raw materials, 

respectively [32,33]. 

The polymer (P1) was synthesized by Wittig–Horner reaction on the basis of Monomer 1a and 

Monomer 2 (Scheme 1). The Monomer 2 (0.3 g, 0.45 mmoL) was added to the dry tetrahydrofuran 

(THF) under nitrogen atmosphere and the potassium tertbutoxide (0.2 g, 1.7 mmoL) dissolved in 

THF was added dropwise to the mixture and stirred for 30 minutes in ice–water bath. Then the 

Monomer 1a (0.15 g, 0.59 mmoL) was added at room temperature (r.t.). The reaction mixture was 

kept stirring for 72 hours at r.t. under nitrogen atmosphere, then poured into the water and extracted 

with dichloromethane. The solvent was removed by rotary evaporator. The residue was refined by 

fractional diffusion precipitation with THF and n-hexane. Lastly, the yellow solid was obtained with 

a yield of 58%. 
1
H NMR (CDC13, 400 Hz) δ (ppm): 8.25 ppm (d, 2H), 7.75 (m, 2H), 7.55 (t, 2H), 

7.35 (d, 2H), 7.35 (m, 2H), 7.25 (m, 2H), 4.38 (s, 2H), 4.0 (m, 4H), 1.95–1.75 (m, 2H), 1.75–1.25 (m, 

19H), 1.1–0.85 (m, 12H); IR (KBr) ν/cm
−1

: 1670 (C=C), 1600 (Ar–C), 1096 (C–O), 960 (CH=CH). 

Mn = 2.693 × 10
4
 (±1.448%), Mω = 3.279 × 10

4
 (±1.534%), Mω/Mn = 1.218 (±2.109%). 

The synthetic process of polymers P2, P3 and P4 are similar to that of P1. 

P2: Yield, 50%. 
1
H NMR (CDC13, 400 Hz) δ (ppm): 8.25 (d, 2H), 7.75 (m, 2H), 7.55 (t, 2H), 

7.35 (d, 2H), 7.35 (m, 2H), 7.25 (m, 2H), 4.38 (s, 2H), 4.0 (m, 4H), 1.95–1.75 (m, 2H), 1.75–1.15 (m, 

23H), 1.15–0.7 (m, 12H); IR (KBr) ν/cm
−1

: 1685 (C=C), 1598 (Ar–C), 1033 (C–O), 954 (CH=CH). 

Mn = 2.216 × 10
4
 (±1.016%), Mω = 2.419 × 10

4
 (±1.638%), Mω/Mn = 1.092 (±1.928%). 

P3: Yield, 55%. 
1
H NMR (CDC13, 400 Hz) δ (ppm): 8.25 (d, 2H), 7.75 (m, 2H), 7.55 (t, 2H), 

7.35 (d, 2H), 7.35 (m, 2H), 7.25 (m, 2H), 4.38 (s, 2H), 4.0 (m, 4H), 1.95–1.75 (m, 2H), 1.75–1.15 (m, 

33H), 1.15–0.7 (m, 12H); IR (KBr) ν/cm
−1

: 1666 (C=C), 1598 (Ar–C), 1039 (C–O), 960 (CH=CH). 

Mn = 3.509 × 10
4
 (±3.887%), Mω = 5.032 × 10

4
 (±6.782%), Mω/Mn = 1.434 (±7.817%). 

P4: Yield, 46%. 
1
H NMR (CDC13, 400 Hz) δ (ppm): 8.25 (d, 2H), 7.75 (m, 2H), 7.55 (t, 2H), 

7.35 (d, 2H), 7.35 (m, 2H), 7.25 (m, 2H), 4.38 (s, 2H), 4.0 (m, 4H), 1.95–1.80 (m, 2H), 1.80–1.15 (m, 

49H), 1.15–0.7 (m, 12H); IR (KBr) ν/cm
−1

: 1662 (C=C), 1592 (Ar–C), 1031 (C–O), 962 (CH=CH). 

Mn = 2.127 × 10
4
 (±5.248%), Mω = 2.397 × 10

4
 (±6.724%), Mω/Mn = 1.127 (±8.529%). 
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Scheme 1. The synthetic route of P1–P4. 

2.4. The preparation of CPNs 

The preparation of CPNs I–COOH~CPNs Ⅳ–COOH: The stock solutions of CPs (P1, P2, P3, 

P4) and PSMA in THF were prepared with the concentrations of 1 mg/mL and 2 mg/mL, 

respectively. 0.5 mL of CPs solutions and 0.1 mL of PSMA were added to 10 mL of THF and mixed. 

After 5 min, the mixture was quickly poured into 20 mL of ultrapure water in a bath sonicator for 

5–10 min. Then THF was removed by rotary evaporator, and the solution was concentrated to 10 mL. 

The solution of carboxyl functional CPNs I–CPNs Ⅳ was obtained through a diameter of 0.22 μm 

micron filter. The same process was carried out without PSMA to get the nanoparticles of CPNs I, 

CPNs Ⅱ, CPNs Ⅲ and CPNs Ⅳ, respectively. 

3. Results and discussion 

3.1. The synthetic discussion 

Some relative parameters including number-average molecular weight (Mn), weight-average 

molecular weight (Mw), polydispersity index (PDI = Mw/Mn) and degrees of polymerization (DP) 

were summarized in Table 1. One can see that there were narrower PDI (1.092–1.434) by 

Wittig–Horner reaction. The molecular weights of P1~P4 were found from 21000 to 35000, and the 

DPs are from 27 to 51. It was found that Mn, Mw and DP reduced with the rising of side chain length. 

The possible reason may be that the increased side chain length will generate steric hindrance for the 

reaction [34,35]. However, P3 (octyl) is exceptional, which may be attributed to the octyl side chain 

supplying a special interaction with 1-bromo-2-ethylhexane to reduce the steric hindrance. 
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Table 1. Some characterization data of conjugate polymers and nanoparticles. 

Names CPNs Ⅰ CPNs Ⅱ CPNs Ⅲ CPNs Ⅳ 

Mn 2.693 × 10
4
 2.216 × 10

4
 3.509 × 10

4
 2.127 × 10

4
 

Mω 3.279 × 10
4
 2.419 × 10

4
 5.032 × 10

4
 2.397 × 10

4
 

PDI 1.218 1.092 1.434 1.127 

Molecular weight of structural units 607 635 689 801 

DP 44 35 51 27 

Particle size (without PSMA) (nm) 23.00 ± 1.00 43.95 ± 2.00 32.83 ± 2.00 44.79 ± 1.00 

Particle size (with PSMA) (nm) 25.00 ± 1.00 42.15 ± 2.00 28.03 ± 2.00 55.64 ± 1.00 

Mn: Number-average molecular weight; Mω: Weight-average molecular weight; PDI: Polydispersity 

index (Mω/Mn); DP: Degrees of polymerization. 

3.2. Effects of different side chain length on particle size of nanoparticles 

The CPNs were characterized and analyzed by DLS and TEM. The relative data were listed in 

Table 1. The sizes of CPNs I–IV are 23.00 nm, 43.95 nm, 32.83 nm, and 44.79 nm in Figure 1, 

respectively. After adding PSMA, their sizes became 25.00 nm, 42.15 nm, 28.03 nm, and 55.64 nm 

(Figure 2), respectively.  

 

Figure 1. The particle size of nanoparticles without PSMA was measured by DLS. (a) 

The DLS measurement of CPNs Ⅰ; (b) The DLS measurement of CPNs Ⅱ; (c) The DLS 

measurement of CPNs Ⅲ; (d) The DLS measurement of CPNs Ⅳ. 
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Figure 2. The particle size of nanoparticles with PSMA was measured by DLS. (a) The 

DLS measurement of CPNs Ⅰ–COOH; (b) The DLS measurement of CPNs Ⅱ–COOH; (c) 

The DLS measurement of CPNs Ⅲ–COOH; (d) The DLS measurement of CPNs 

Ⅳ–COOH. 

 

Figure 3. TEM images of CPNs Ⅰ–CPNs Ⅳ: (a) CPNs Ⅰ, (b) CPNs Ⅱ, (c) CPNs Ⅲ, (d) CPNs Ⅳ. 
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It is observed that the sizes of CPNs were almost no change before and after adding PSMA. The 

possible reason is because of the lesser amount of PSMA (CP:PSMA = 5:1). In addition, thought DPs 

are decreasing, the nanoparticles size enhanced with the increased side chain length. As discussed 

above, the special rule of octyl afforded smaller particles size under a higher molecular weights of P3. 

Moreover, TEM images in Figure 3 showed that the longer side chain increased the flexibility of 

polymer, which was benefit to form the better nanoparticles morphology with better dispersion and 

uniform size. 

3.3. The effect of side chain length on the absorption and fluorescence spectra 

The absorption and fluorescence spectra of P1–P4 (1 × 10
−5

 mol/L) in THF and CPNs Ⅰ–Ⅳ 

solutions (10 μg/mL) were measured and showed in Figure 4. The relative photophysical data were 

summarized in Table 2. The quantum yields (Фs) were calculated by the reference method using 

coumarin307 (Ф = 0.56 in methanol) as the standard according to the literature described [36]. From 

Figure 4 and Table 2, we can find that the absorption and fluorescence spectra of CPs and CPNs are 

both red-shifted with the increase of side-chain length, and their Stokes shifts (Δλ) showed the same 

trend. The reason may be attributed to the enhanced conjugation because of longer side chains [37]. 

The Фs enhanced with the increased side chain length from 0.25 to 0.40 for CPs and from 0.23 to 

0.58 for CPNs. But the values of P3 reached 0.66, which may be affected by the higher DP. In 

addition, different length side chains of CPs and CPNs supplied various fluorescence colors from 

green to yellow in Figure 5, but the fluorescence of CPNs is brighter than that of the corresponding 

CPs. These results indicated that the synthetized CPs and CPNs have better absorbance and 

fluorescence emission properties. 

 

Figure 4. (a and b): The UV absorption spectra of P1–P4 in THF (10 μmol/L) and CPNs 

I–IV solution (10 μg/mL); (c and d) The fluorescence emission spectra of P1–P4 in THF 

(10 μmol/L) and CPNs I–IV solution (10 μg/mL). 
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Figure 5. (a) The fluorescence photographs of CPs (Ⅰ–Ⅳ) in THF at 365 nm; (b) The 

fluorescence photographs of the CPNs Ⅰ–Ⅳ aqueous at 365 nm. 

Table 2. The photophysical data of P1–P4 and their nanoparticles (CPNs Ⅰ–CPNs Ⅳ). 

 λmax
A
 (nm) λmax

F
 (nm) Δλ (nm) Ф 

P1 410 472 62 0.25 

P2 417 473 56 0.33 

P3 420  507 87 0.66 

P4 440  542 102 0.40 

CPNs Ⅰ 397 525 128 0.23 

CPNs Ⅱ 406 558 152 0.42 

CPNs Ⅲ 409 557 148 0.47 

CPNs Ⅳ 415 571 155 0.58 

λmax
A
 is the wavelength of maximum absorption; λmax

F
 is the wavelength of maximum fluorescence 

emission; Δλ was stokes shift; Ф is quantum yield. 

4. Conclusions 

In summary, four CPs of different side chains (P1-ethyl, P2-butyl, P3-octyl, P4-hexadecyl) were 

prepared by Wittig–Horner reaction based on carbazole and hydroquinone with narrow PDI. The DP 

declined with the increase of the side chain length except P3. The data of DLS, TEM and the 

absorbance and fluorescence emission showed the increased side chain length of CPs will be benefit 

to longer wavelength absorbance, better fluorescence and morphology for CPNs. In addition, the 

nanoparticle size is lightly affected by simply functional group and the side chain length. These 

results will be benefit to the design of CPs and the preparation of CPNs. 
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