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1. Abstract 

In this paper, the self-assembly of a new series of amphiphilic polystyrene-b-poly(4-

vinyldipicolinic acid) PS-b-PVDPA diblock copolymers in aqueous solution is reported in 

order to obtain core-shell nanoparticles composed of a PS core and a PVDPA shell. Diblock 

copolymers were synthesized by Supplemental Activation Reducing Agent-Atom Transfer 

Radical Polymerization (SARA-ATRP) with a degree of polymerization (DP) of the PS 

block in the range 113-600 and a DP of PVDPA block of 10, 30 or 50. Anionic latex 

nanoparticles of PS-b-PVDPA were prepared by solvent displacement methods. All the 

nanoparticle suspensions had a narrow size distribution (0.014 ≤ PDI ≤ 0.144) with zeta 

potential in the range -27 mV to -38 mV indicating strong electrostatic repulsions due to 

carboxylate anions and therefore high colloidal stability. DLS was used to determine 

nanoparticle size, with SEM and TEM used to determine and confirm both size and 

spherical shape. All three methods found the size for these nanoparticles to be in the range 

75-120 nm. Using fluorimetry and DLS methods, Critical Micelle Concentration (CMC) 

for each type of nanoparticle was determined to be within the range of 33-69 mg/L, the 

lowest CMC was obtained for the micelle of highest PVDPA DP of 50. Micelles were pH-

responsive with stability in aqueous conditions for pH > 3.5. Micelles were stable at pH 

5.5 for up to 40 days and at temperature up to 60°C. 
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2. Introduction 

Special attention has been dedicated to amphiphilic block copolymers, which undergo 

spontaneous self-assembly in hydrophobic or hydrophilic environments, and form 

supramolecular structures with a high degree of ordering of copolymer chains [1][2]. The 

use of block copolymer colloidal systems has been reported in a wide field of applications, 

such as smart gels [3] controlled drug delivery systems [4][5] and carriers of biological 

markers dyes [6]. 

The most important and effective synthetic strategies for the preparation of amphiphilic 

block copolymers involve various controlled radical polymerization methods such as 

Reversible Addition Fragmentation Chain Transfer (RAFT) [7], Iodine Transfer 

Polymerization (ITP) [8] and Atom Transfer Radical Polymerization (ATRP) [9]. The use 

of these efficient controlled/living radical polymerizations for the synthesis of well-defined 

copolymers, with different architecture resulted in a controlled molar mass of the blocks. 

Atom Transfer Radical Polymerization (ATRP) is one of the most studied methods due to 

its robustness, versatility, monomer tolerance and mild reactions conditions [10]. This 

process is usually catalyzed by copper complexes, with amine ligands (L), in the CuI 

oxidation state. An equilibrium is established between active radicals and dormant species 

through a reversible redox reaction between CuI/L species and an organic halide (R−X). 

Important research efforts have been devoted to the reduction of the amount of metal 

complexes required to perform ATRP reactions. On this matter, different ATRP variations 

have been developed, lowering the required amount of catalyst to ppm levels to afford fast 

and controlled polymerizations. In our work, we focused on the supplemental activator and 

reducing agent SARA-ATRP [11]. The SARA-ATRP method was successfully used for 

controlled polymerization of a wide range of monomers like methyl methacrylate (MMA) 

[12], styrene (Sty) [13], and vinyl chloride (VC) [14]. This method allows preparation 

polymers with distinct architectures like well-defined block copolymer [15]. 
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The literature abounds with studies using amphiphilic block copolymers of different 

compositions and various methods of preparation that produce nanoparticles (NPs) referred 

to as micelles, nanospheres, core-shell nanoparticles, micelle-like nanoparticles, crew cut 

micelles, nanocapsules and polymersomes [16]. 

A practical method developed to prepare nanoparticles is nanoprecipitation. For instance, 

when water is slowly added to an organic polymer solution, larger spherical particles and 

vesicle structures are frequently obtained. When the opposite occurs and an organic 

polymer solution is slowly added to water, spherical particles with small hydrodynamic 

radii often result [17]. 

Herein, we report the synthesis of a new diblock copolymer polystyrene-b-poly(4-vinyl 

dimethyl dipicolinate) PS-b-PVDPM by varying the ratio between blocks domain size and 

the preparation of nanoparticles behavior. It has been shown in previously reported works 

that poly(vinyldipicolinic acid) PVDPA homopolymer is an excellent chelating material 

for lanthanides and actinides and in particular has an excellent ability for uranium 

harvesting from seawater [18]. Hence, nanoparticles with PVDPA chains have a negatively 

chelating charged hydrophilic shell may be used for many applications i.e., luminescent 

nanoparticles with lanthanides-containing [19]. 

The self-assembly of PS-b-PVDPM copolymers in water performed by dialysis was 

studied to find the Critical Micelle Concentration (CMC) and to establish the structures 

formed by the copolymer above the CMC. Fluorescence spectroscopy and Dynamic Light 

Scattering (DLS) were used for such purpose. Fluorescence spectroscopy has been used to 

determine the CMC of diblock copolymer micelles. The pyrene molecule is frequently used 

as fluorescent probe in spectrofluorometry since its fluorescence intensity peaks at λmax = 

373 and 384 nm, denoted I1 and I3 respectively, are sensitive to the local environment [20]. 

Using the characteristic dependence of the fluorescence vibrational fine structure of 

pyrene, the so-called pyrene 1:3 ratio method has widely been used to determine the CMC 

[21]. By contrast, DLS is a relatively new technique for this purpose [22]. At very low 

concentrations, when the copolymer chains are isolated, the intensity of light scattered is 

weak. Above a certain concentration, when the CMC is reached in solution, the intensity 

of scattered light increases dramatically due to the formation of micelles.  
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The effect of degree of polymerization (DP) of both PS and PVDPA blocks on 

hydrodynamic diameter and pH-responsive behavior had been explored for the 

nanoparticles systems. DLS was used to study the colloidal stability of these diblock 

copolymer nanoparticles at different pH values and temperature while their charged 

characters were determined by zeta potential studies. Scanning Electron Microscope SEM 

and Transmission Electron Microscopy (TEM) were used to determine the morphologies 

of copolymer nanoparticles. CMC values were determined by using DLS and pyrene 1:3 

ratio method. 

3. Materials and methods 

Materials.  

Styrene (Sty, Sigma Aldrich, ≥ 99%) was passed through silica gel to remove the inhibitor, 

copper (II) chloride (CuCl2, 98%), Benzyl chloride (BnCl, >98%), Tris(2-

pyridylmethyl)amine (TPMA, TCI, >98%) were used without further purification. 

Tetrahydrofuran (THF, pure), sulfolane (Alfa Aesar, 99% pure), were obtained from Alfa-

Aesar and Copper (0) wire (d = 1.0 mm, density ≈ 7.02 g/m2, 99.9% Alfa-Aesar) was 

activated by a quick wash in HCl (1 M)/ MeOH (1/1) then dried. 

Methods. 

Size-Exclusion Chromatography (SEC): Size Exclusion Chromatography (SEC) 

analysis of polymers was carried out at 35 °C using THF as eluent. Typically, the polymer 

solution was prepared at 4 mg.mL-1 and then filtered through 0.45 m PTFE filter to 

remove insoluble residues. The separation system includes one guard column (Malvern 

TGuard) and two separation columns: 1) Viscotek LC3000L (300 x 8.0 mm) and 2) 

ViscoGELTM GMHH r-H (300 x 7.8 mm). The intensity was recorded using a refractive 

index (RI) detector (Walter 410) and a multi-angle light scattering (MALS) detector 

(Viscotek SEC-MALS 20). A refractive index increment (dn/dc) of 0.185 mL.g-1 was 

determined experimentally and used for the determination of absolute molecular weight 

using OmniSec™ 5.12.467 software distributed by Malvern Panalytical. 
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Nuclear magnetic resonance (NMR): All 1H NMR spectra were recorded in CDCl3 using 

Bruker Avance 360 MHz at 25 °C. DOSY 1H spectra were recorded in CDCl3 on a Bruker 

Avance 400 MHz at 25 °C. 

Dynamic Light Scattering (DLS): DLS was performed on a Malvern Zetasizer nano ZS 

instrument equipped with a He-Ne laser beam at a wavelength (λ = 632 nm) and scattering 

angle of 173°. The critical micelle concentration (CMC) for each micelle system was 

determined by first examining the micelle sample at a concentration of 0.1 mg/mL and 

manually setting the attenuator so that the count rate ranged around 400-900 KCPS. Then, 

the sample was serially diluted, and each sample was measured with this fixed attenuator. 

The count rate was plotted as a function of concentration, with the CMC corresponding to 

the intersection of the upper and lower linear trend lines. 

Fluorescence measurements: Fluorescence measurements were performed in a fluoro-

Max-4 spectrofluorometer, fluorescence emission spectra of several diblock copolymer 

solutions containing 2 µM of pyrene were excited at 334 nm and its emission was recorded 

at 374 and 384 nm, which correspond to the first and third vibrational peaks, respectively 

and with use of excitation slit of 5. 

Thermogravimetric Analysis (TGA): Thermal stability of the polymers were performed 

under argon at a flow rate of 20 mL.min−1 and a temperature ramp of 10 °C.min−1 up to 

900 °C using a TA Instruments SDT Q600 apparatus. 

 

Experimental.  

Diblock copolymers Poly(4-vinyl dimethyl dipicolinate)-block-Polystyrene (PVDPM-b-

PS) have been prepared by two methods: 

Synthesis of the hydrophobic block homopolymer PS-Cl 

The macro-initiator polystyrene (PS-Cl) was prepared by using SARA-ATRP 

polymerization. A solution of CuCl2 (2.3 mg), TPMA (50 mg) and 10 mL styrene was 

prepared (Sty/ CuCl2/ TPMA = 100 / 0.02 / 0.2). Then, 6 mL of this solution was placed in 

a 10 mL tube with 5 cm copper wire and 30 µL of BnCl initiator (DP = 200). The tube was 

closed and placed in a preheated oil bath at 60°C. 
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The appearance of dark green color is obvious, and the mixture becomes progressively 

more viscous. The monomer conversion was determined by 1H NMR in CDCl3 and the 

molecular weight parameters were determined by SEC analysis. The reaction solution was 

then diluted with DCM and the polymer was precipitated in excess methanol, filtrated, and 

dried under vacuum. 

M̅n = 11 100 g/mol, M̅w / M̅n = 1.07. 1H NMR (360 MHz, CDCl3): δ (ppm) = 1.15-2.37 (m, 

CH2  and CH of PS,), 4.50 (m, 1H, CHCl), 6.28 -7.27 (m, 5H, aromatic). 

Synthesis of amphiphilic diblock copolymer PS-b-PVDPM 

The diblock copolymer PS-b-PVDPM chains were built from the PS-Cl as the macro-

initiator described above substrate by SARA-ATRP polymerization. According to our 

previous work [18], VDPM was synthesized with the following modification, the 

PdCl2(PPh3)2 catalyst was used instead of Pd(OAc)2 for the Suzuki coupling reaction in 

order to increase the yield and reduce the time of reaction. VDPM (82.3 mg, 0.375 mmol), 

TPMA (0.87 mg, 0.003 mmol), CuCl2 (0.02 mg, 0.00015 mmol), and the copper wire at 1 

cm/mL were placed in a 10 mL tube equipped with magnetic bar with 0.8 mL DMSO, with 

prior degassing. 88.8 mg of crude PS-Cl dissolved in 0.8 mL dioxane was added. The tube 

was closed and placed in a preheated oil bath at 60 °C for 2 h (S / VDPM / BnCl / CuCl2 / 

TPMA = 400 / 10 / 1 / 0.02 / 0.4). Monomer conversion was determined using 1H NMR in 

CDCl3. The afforded product was purified by diluted with DCM and precipitation in 

MeOH. 

1H NMR (360 MHz, CDCl3): δ (ppm) = 1.20-2.08 (m, CH2  and CH of PS), 3.80-4.05 (m, 

6H, COOCH3), 6.28-7.19 (m, 5H, aromatic). 

Synthesis of amphiphilic diblock copolymer PVDPM-b-PS 

VDPM monomer (110.6 mg), TPMA (5.8 mg), CuCl2 (0.135 mg), DMSO (0.3 mL) and 

Cu0 (1cm) were placed in a 10 mL tube. 5.8 μL of the BnCl initiator was added and the 

tube was closed and placed in a preheated oil bath at 60 °C. After 30 minutes, NMR showed 

no traces of unreacted VDPM. 2.3 mL of styrene were injected with 0.5 mL sulfolane. One 

hour after styrene injection, a small aliquot was sampled, and a precipitation test was done. 

the sample precipitated in THF, meaning that the PVDPM block is still predominant, or 

maybe the styrene didn’t even polymerize. After 2 hours, an aliquot was completely soluble 
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in THF, meaning that polystyrene was successfully being built on the PVDPM block. 

Another 0.5 mL of sulfolane was added and the reaction kinetics monitored by NMR. At 

each point, an aliquot was precipitated in MeOH, filtrated and dried under vacuum. 

1H NMR (360 MHz, CDCl3): δ (ppm) = 1.23-2.31 (m, CH2  and CH of PS), 3.83-4.04 (m, 

6H, COOCH3), 6.26-7.22 (m, 5H, aromatic). 

Nanoparticles preparation 

The nanoparticles were prepared by self-assembly using a solvent displacement method 

with a THF/ACN-water system. In a typical procedure, the copolymer (5mg) was dissolved 

in 1 mL of THF and 0.5 mL of ACN. The polymer-solvents were added dropwise into 10 

mL of deionized basic water (pH ∼ 9) with stirring, and the mixture was continually stirred 

overnight to form micelles. The suspension was stirred under reduced pressure and 

dialyzed against water for 1 day to remove organic solvents. 

4. Results and discussion 

4.1 Block copolymer synthesis 

Herein, two strategies were used to synthesize the PVDPM-b-PS,. Such diblock 

copolymers can be derived by sequential Supplemental Activation Reducing Agent-Atom 

Transfer Radical Polymerization (SARA-ATRP). Scheme 1 including a) the first strategy 

of copolymerization (one pot reaction), b) synthesis of the polystyrene block, c) 

polymerization of PVDPM initiated by the PS macro-initiator and d) hydrolysis of 

copolymer. 

The first strategy is through the polymerization of the first block of VDPM with a fixed 

DP = 10 using BnCl as initiator. The NMR showed a total conversion of VDPM (Equation 

1 (?) a (?), see supporting information (SI)) then, the second styrene monomer can be 

added. Styrene conversion of PVDPM10-b-PS was monitored by NMR (Equation 2, SI). 

Variable polystyrene block lengths were obtained depending on reaction time (Figure SI 1, 

SI). Three copolymers with DP of PS equal to 184, 233 and 260 were used in this study.   

In this way, the DP of the first block turns out to be limited, no synthesis modification 

made it possible to increase the DP above 10. The second strategy consisted in the 

preparation of the first block of polystyrene with Cl chain end and DP = 112 leading to a 
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first sequence as a macro-initiator of PVDPM. Its molar mass calculated from 1H NMR 

and measured by SEC are very close (c.a. 11100 g/mol). The signal of the macroinitiator’s 

Cl end group is clearly visible in NMR spectra at 4.5 ppm (Figure SI 2, SI). However, the 

successful copolymerization using PS-Cl as macroinitiator was observed as a broad peak 

of PVDPM appeared at 3.9 ppm (Figure SI 3, SI). Two copolymers with DP of PVDPM 

equal to 30, 50 were obtained. Thanks to these strategies, 2 blocks with control length could 

be afforded. 

Information about PVDPM-b-PS used in this study are presented in Table 1. 

 

 

Scheme 1. Synthetic routes of a) PVDPM-b-PS following two steps one pot reaction b) 

homopolystyrene (macro-initiator), c) amphiphilic diblock copolymer (PS-b-PVDPM) and d) 

hydrolysis reaction of copolymer.  

4.2 Diffusion data 

To further demonstrate that polystyrene blocks are covalently joined with the PVDPM 

blocks, 1H-DOSY experiments were performed. Briefly, this method allows us to assign a 
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diffusion coefficient to every peak in an 1H-NMR spectrum. If two peaks are assigned to 

similar diffusion coefficients, it can be inferred they come from the same molecule. In 1H-

DOSY plot in Figure 1a, the homopolystyrene (PS112) signal at around 2 and 6.5 ppm have 

a diffusion coefficient close to 3.18 × 10-10 m2 s-1. However, the signals of the diblock 

copolymer (PS112-b-PVDPM50) in Figure 1b, have higher diffusion coefficient of 1.23 × 

10-9 m2 s-1 than the signals of the PS112. Consequently, this demonstrates that the 

architecture of the products is indeed that of a diblock copolymer. 

a) 

b)
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Figure 1. DOSY 1H spectrum (CDCl3, 400 MHZ, 298 K) of the sample of a) the homopolystyrene 

(PS112) b) the target polymerized diblock copolymer (PS112-b-PVDPM50)  

 

Diblock copolymer 
Time 

(hours) 

NMR conversion 

(%) 

MMNMR 

(g/mol) 

PVDPM10-b-PS184 

PVDPM10-b-PS233 

PVDPM10-b-PS260 

PS112-b-PVDPM30 

PS112-b-PVDPM50 

18 

22 

29 

3 

5 

46a 

58a 

65a 

30b 

50b 

21 500 

26 600 

29 400 

18 400 

22 900 

Table 1. Time of reaction, a) % of conversion of styrene (targeted DP = 400), b) % of conversion 

of VDPM (targeted DP = 100) and molar masses obtained by NMR. 

 

4.3 Thermal characterization of polymers 

Thermal stabilities of polymer (PVDPM10), copolymer (PS112-b- PVDPM30 and PS112-b- 

PVDPM50) and polystyrene (PS112) were established by TGA under argon atmosphere as 

shown in Figure 2. PVDPM and PS112 have only one step degradation, however, PS112-b- 

PVDPM30 and PS112-b- PVDPM50 undergo a two-step degradation. Early decrease in 

weight % below 100 ℃ is due to the loss of residuel solvents. In fact, as observed in the 

insert figure, the PVDPM10 (~ 323 ℃) homopolymer has much lower thermal stability than 

PS112 polystyrene (~ 410 ℃). PS112-b- PVDPM30 have a two temperature of degradation 

(Td), the first Td1 is arround 349 ℃, which corresponds to the loss of the pendant group 

PVDPM30 (~ 23% of weight loss). For PS112-b- PVDPM50 ~ 28% of weight was lost in the 

first time. The second temperature (Td2) occurs between 340 ℃ and 830 ℃, and it can be 

attributed to the degradation of polystyrene backbone (around 65% of weight loss). In 

addition, the derivative thermogravimetric (DTG) data along with the decomposition 

temperature (Td) in each degradation steps are shown in (Figure SI 4 SI). 
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Figure 2. TGA traces of VDPM, PVDPM, PS, PVDPM30-b-PS112 and PVDPM50-b-PS112 with 

heating rate 10 °C min−1 from 30 °C min−1 to 830 °C min−1 

 

4.4 Nanoparticles preparation and morphology 

Nanoprecipitation is based on the reduction of the quantity of the solvent in which the main 

composition of NPs is dissolved.  At first, DLS studies of the block copolymer in organic 

solvent (THF/ACN) and nanoparticles in basic water were performed, suggesting particle 

sizes around 10 nm and 90 nm for diblock copolymer in organic solvent and nanoparticles 

formed in water respectively (Figure 3).  Basic water (pH ~ 9) was used to transform ester 

to carboxylate functions as shown in Scheme 1. An explanation for the observed behavior 

might be the self-assembly demand of the blocks copolymer.  
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Figure 3. Hydrodynamic diameter distributions of PVDPA10-b-PS184 obtained in THF/ ACN 

(black line) and in water (red line). 

 

Using two different solvent displacement approaches, nanoparticles were prepared from 

PVDPA10-b-PS260 (NP3) either by the slow addition of water (pH ~ 9) to an organic polymer 

solution or vice versa. As seen in Figure 4A, a broad distribution of spherical particle sizes, 

and the overall diameters are consistent with DLS data (Dh = 248 nm, PDI = 0.1)(Figure 

SI 5, SI) obtained by the slow addition of water to an organic polymer solution. However, 

the nanoparticles prepared by the slow addition of organic polymer solution to water tend 

to be more uniform and smaller in size (Figure 4B) with a Dh of 120 nm and PDI of 0.01 

(Figure SI 5, SI). 

Based on of these observations, nanoparticles preparation, for all the synthesized 

copolymer, was done using the order of adding organic to water.  
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Figure 4. SEM photographs of the self-assembled nanoparticles from PVDPM10-b-PS260 in 

aqueous solution: A) the addition of water to organic solution and B) the addition of organic 

solution to water. 

The solution assemblies were characterized by dynamic light scattering (DLS) to determine 

the hydrodynamic diameter (Dh), zeta potential (ζ) and polydispersity (PDI). The 

morphology of the nanoparticles was further investigated by SEM and TEM which allow 

for direct visualization of the nanostructures formed. The detailed results are shown in . 

Table 2. The resulting nanoparticles had sizes between 75 and 120 nm depending on the 

copolymer composition. 

Table 2. self-assembled nanoparticles from the PVDPA-b-PS or PS-b-PVDPA copolymers in 

aqueous solution at 20 ℃, pH ~ 5.5. 

Entry Copolymer Dh (nm)a ζ  

(mV)b 

PDIc 
CMCd 

(mg/L) 

CMCe 

(mg/L) 

NP1 

NP2 

NP3 

NP4 

NP5 

PVDPA10-b-PS184 

PVDPA10-b-PS233 

PVDPA10-b-PS260 

PS112-b-PVDPA30 

PS112-b-PVDPA50 

86.3 ± 2.2 

96.3 ± 0.6 

120.0 ± 0.4 

75.1 ± 0.6 

87.2 ± 1.3 

-26.9 

-27.2 

-27.5 

-37.3 

-37.9 

0.136 

0.044 

0.014 

0.144 

0.072 

63 

59 

50 

40 

33 

69 

56 

43 

47 

35 

a Dh average diameter of nanoparticles b ζ zeta potential were determined by the DLS technique. c 

PDI denotes the polydispersity of nanoparticles in aqueous solution. d CMC data obtained from 

fluorescence measurements (pyrene 1:3 ratio) and e CMC data obtained from DLS measurement. 
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Both the morphology and the average size of the self-assembled nanoparticles were 

investigated by SEM, TEM and DLS techniques. For the PVDPA-b-PS copolymers, when 

the weight fraction of hydrophobic (PS) block was 90 wt % within NP1 sample, spherical 

nanoparticles were produced with an average diameter of 86.3 ± 2.2 nm. However, when 

the weight fraction of PS increased to 92 wt % for PVDPA10-b-PS233 and 96 wt% for 

PVDPA10-b-PS260 samples, an average diameter of 96.3 ± 0.6 and 120 ± 0.4 was obtained, 

respectively. On the other hand, for the same hydrophobic head (DP = 112), when the 

weight fraction of PVDPA was 36 wt % within NP4, an average diameter of 75.1 ± 0.6 was 

achieved. As for the NP5 having a weight fraction of 49 wt % PVDPA the average diameter 

increased to 87.2 ± 1.3. All the nanoparticle suspensions had a narrow size distribution 

(PDI ≤ 0.14) with zeta potential (≥ -26.9 mV) indicating strong electrostatic repulsions due 

to carboxylate anions and therefore high colloidal stability. As a note, the average size of 

these nanoparticles remained basically unchanged at least within 40 days at 20 °C (Figure 

SI 6a, SI). Moreover, these nanoparticles showed a notable stability even at high 

temperature (20-60°C) (Figure SI 6b, SI), suggesting a very good stability, providing them 

suitable for many applications. 

Visualization of core-shell nanoparticles was done using TEM. Microphotographs (Figure 

SI 7, SI) revealed spherical particles with diameter corresponding to those obtained from 

DLS measurements. In TEM, the diameters of the aggregates were about 105 nm for NP3, 

and 60 nm for NP4. All diameters given are an average of values taken for about 20 species. 

4.5 CMC determination 

The formation of nanoparticles of diblock copolymers was revealed using two methods. 

The Critical Micelle Concentration (CMC) of the block copolymer was detected by 

fluorescence spectroscopy using pyrene as a fluorescence probe [21]. Figure 5a shows the 

typical spectrum of pyrene fluorescence excited at 334 nm. The intensity of these spectra 

increases with increasing polymer concentration, which is one of their most notable 

characteristics. Only small changes appeared in the intensity ratio of the first and third 

vibrational bands, I1/I3. In the absence of nanopartices (below CMC), pyrene senses the 

polar environment of methanol so the fluorescence intensity of I1/I3 pyrene ratio is high. 

Above the CMC nanoparticles are formed, owing to the high hydrophobicity of pyrene, 
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pyrene molecules are solubilized in the nanoparticles core. Because this is a non-polar 

solvent, the environment sensed by pyrene is less polar, and thus the I1/I3 pyrene ratio 

decreases. Figure 5b shows the plot of I1/I3 pyrene ratio versus the copolymer concentration 

for NP2. Those of the other nanoparticles are reported on Figure SI 8. CMC is taken as 

intersection of the tangent to the curve at the inflection with the horizontal tangent through 

the points at low polymer concentration [23]. CMC were found using the DLS method [22] 

with a fixed attenuator, an increase in count rate accompanied the transition from single 

dissolved chains to self-assembled micelles as the polymer concentration was increased. 

From Figure 5c, it is observed that CMC can be obtained from the intersection of the 

straight lines for NP2. 

Table 2 obviously shows that CMCs founded values obtained by pyrene 1:3 ratio method 

are very close to those obtained by DLS method for each copolymer solution. Values for 

the calculated CMCs ranged from 33 to 69 g/L. The influence of the length of the 

hydrophilic block is negligible compared to that of the hydrophobic block [24][25]. 

Astafieva et al. [26] have shown that the length of the hydrophilic block on PS-b-PANa 

influences micellization when the hydrophobic block of the copolymer is short, i.e., about 

6-110 units. So, as we can see increasing the content of hydrophilic PVDPA units in the 

copolymers resulted in decreasing the copolymers’ CMC, as it is indicated in Table 2. The 

increasing number of PVDPA units in designed copolymers allowed us to investigate the 

effect of hydrophilic block length on their aggregation (NP4 and NP5). 

The results obtained for CMC of all the samples with fixed PVDPA equal to 10 (NP1, NP2 

and NP3) were displayed in Table 2 as a function of polystyrene contents. It was shown that 

with increasing the PS/PVDPA ratio, the CMC of the copolymers decreased. The data 

concluded that the CMC was decreased with the increase in polystyrene contents. This 

dependence is often found for amphiphilic block copolymers and was reported for several 

diblock copolymers [25][26]. 
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a) 

 

b) 

 

c) 

 

Figure 5. a) fluorescence spectra of pyrene in water in presence of increasing concentrations of 

diblock copolymer. The determination of the CMC for NP2 using b) pyrene I1/I3 ratio method and 

c) the count rate obtained by DLS analysis at 20°C. 
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4.6 pH-responsive behavior of PVDPA-b-PS 

DLS was used to measure the particle sizes and zeta potential of the nanoparticles at 

different pH values. The original solution pH value of PVDPA-b-PS latex was 5.5 after 

dialysis at room temperature. Scheme 2 shows an optical observation experiment 

determining the colloidal stability of NP4 as a function of the pH values. It revealed that 

precipitation occurred for this latex nanoparticle when the pH value was < 4. The white 

solid is, in fact, the protonated form of carboxyl PVDPA block. DLS experiments were 

carried out to characterize the colloidal stabilities of NP1 and NP4 latex with varying 

solution pH values Scheme 3a. The colloidal stability of NP4 latex was observed above pH 

4 with a Dh of 74 ± 1 nm with PDI around 0.14, the particle dimension increases from 74 

to 83 nm (PDI ̴ 0.23) with reducing pH values from pH 4 to pH 3.5 with appearance of a 

white precipitate (not detected by DLS) providing good evidence for a dispersion-to-

aggregation transition. Zeta potential measurements were also correlated with the pH 

variation, as shown in Scheme 3a. The zeta potential of original latex was -37.3 mV 

indicating that colloids are highly stabilized by electrostatic repulsive force between 

carboxylate units of PVDPA. Once, the pH decreased, zeta potential decreased to -20.4 

mV at pH 3.5. It is noteworthy to mention that, after one hour, a complete flocculation was 

observed. There is no doubt that the same pH-responsive behaviors of NP1 and NP4 latex 

can be attributed to the same locations of the carboxylate groups in the micellar structure. 

As can be seen in Scheme 3b, above pH 5.5 a slight variation on micelle diameter (Dh  ̴  86 

- 89 nm) and on zeta potential between -20 and -26 mV was observed. However, the fast 

flocculation was observed when the zeta potential value decreased to -12 mV at pH 4. 

 

 

Scheme 2. Macroscopic appearances of nanosuspensions at different pH. 
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a)  

b)  

Scheme 3. Variation of nanoparticles diameter (blue columns), zeta potential (red columns) and 

PDI (solid line) with solution pH values recorded for 0.5 g/L latex solution of a) NP4 and b) NP1 
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5. Conclusion 

A new class of PS-b-PVDPM diblock copolymer was successfully synthesized via SARA-

ATRP. Nanoprecipitation was used to prepare core-shell nanoparticles in aqueous basic 

solution, and both the size and morphology of nanoparticles were confirmed by DLS and 

SEM. The core-shell nanoparticles layers exhibited the expected structure, as detected by 

TEM. The CMC was measured using pyrene 1:3 ratio and DLS method. The CMC 

decreased with increasing the length of the PS or PVDPA blocks in the copolymer chain 

(range 33-69 mg/L). The latex composed of PS-b-PVDPA is highly stable as function of 

time and temperature. These latexes are sensitive to the pH, the deprotonation of carboxylic 

acid groups of PVDPA make these latexes stable at suitable pH values (pH ≥ 4). 
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Supporting information 

The VDPM monomer conversion was determined using Equation  

Equation 1. VDPM conversion (%) =
𝐴3.9−4.1 𝑝𝑝𝑚 − 6

𝐴3.9−4.1 𝑝𝑝𝑚
 ×100 

Where A3.9-4.1ppm  represents the peak area in the region between 3.9 and 4.1 ppm and 

corresponds to the mixture of VDPM monomer and PVDPM . Vinyl’s doublets at 5.66 and 

6.17 ppm were used as 1 proton references for VDPM comonomer. 

The styrene monomer conversion was determined using Equation . 

Equation 2. Styrene conversion (%) =
𝐴6.3−7.8𝑝𝑝𝑚 − 6

𝐴6.3−7.8𝑝𝑝𝑚 − 1
 ×100 

Where A6.3-7.8ppm represents the peak area in the region between 6.3 and 7.8 ppm and 

corresponds to the mixture of styrene monomer and polystyrene. using the vinyl doublets 

at 5.33 and 5.84 ppm as references for 1 proton each. 

 

 

Figure SI 1. Spectra of copolymer after different reaction times 
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Figure SI 2. 1H NMR spectrum (360 MHz, CDCl3) of polystyrene PS112 

 

 

 

Figure SI 3. 1H NMR spectrum (360 MHz, CDCl3) of PS112-b-PVDPM50 
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Figure SI 4. Derivative Thermogravimetric (DTG) of PVDPM10 (yellow line), PS112-b-

PVDPM30 (red line), and PS112 (blue line) 
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Figure SI 5. A) nanoparticles were prepared by adding water to  THF/ ACN-copolymer  and B) 

THF/ ACN-copolymer added to water using PVDPM10-b-PS260. 
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a) 

 

 

b) 

 

Figure SI 6. Stability of nanoparticles with a) time, b) temperature 
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Figure SI 7. TEM images of the self-assembled nanoparticles A) NP3 and B) NP4 in aqueous 

solution. 
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Figure SI 8. The determination of the CMC for A) NP1 B) NP3 C) NP4 and D) NP5 using ) pyrene 

I1/I3 ratio method at 20℃. 
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Figure SI 9. The determination of the CMC for A) NP1 B NP3 C) NP4 and D) NP5 using the count 

rate method obtained by DLS analysis at 20℃. 
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