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Asymmetrical Vesicles: Convenient In Situ RAFT Synthesis and 
Controllable Structure Determination 

Zefeng Song, Xin He, Chengqiang Gao, Habib Khan, Pengfei Shi, and Wangqing Zhang* 

Asymmetrical vesicles constructed with two diblock copolymers of poly(ethylene glycol)-b-polystyrene (PEG-b-PS) and 

poly(4-vinylpyridine)-b-polystyrene (P4VP-b-PS) were prepared through the in situ synthesis strategy of the two macro-

RAFT agents co-mediated dispersion polymerization. The structure of the PEG-b-PS/P4VP-b-PS asymmetrical vesicles was 

found to be dependent on the polymerization degree (DP) of the poly(ethylene glycol) (PEG) and poly(4-vinylpyridine) 

(P4VP) blocks. At the cases of the DP of the P4VP block being smaller, slightly larger, and much larger than the DP of the 

PEG block, the P4VP chains located at the inner sides of the vesicle wall, located at both the outer and inner sides of the 

vesicle wall, and located at the outer side of the vesicle wall, respectively. The proposed two macro-RAFT agents co-

mediated dispersion polymerization affords great convenience in synthesis of asymmetrical vesicles with well-defined 

structure, and it is also very helpful to understand the correlation between the block copolymer composition and the 

structure of asymmetrical vesicles. 

1 Introduction 

Block copolymer vesicles, which have enclosed bilayer 

structure with the solvophobic block forming the middle-layer 

and the solvophilic block locating at both the inner and outer 

sides of the solvophobic middle-layer, have attracted 

increasing interest in recent years, since these block 

copolymer vesicles have numerous applications such as 

tunable delivery vehicles, for the templating of 

biomineralization, as nanoreactors, and as scaffolds for 

biological conjugation.
1
 Generally, two types of block 

copolymer vesicles as shown in Scheme 1 have been classified. 

The first are those of symmetrical vesicles constructed with AB 

diblock copolymer or ABA triblock copolymer.
2-15

 Note: A and C 

represent the solvophilic blocks, and B represents the 

solvophobic block throughout the article. These symmetrical 

vesicles have the character that the same solvophilic A block 

locating at both the inner and outer sides of the solvophobic B 

block middle-layer, which is called the vesicle wall in the 

present study. The second vesicles of ABC or CBA triblock

terpolymer have asymmetrical structure as shown in Scheme 1, 

in which the first solvophilic A block locates at one side of the 

vesicle wall and the third solvophilic C block locates at the 

other side of the vesicle wall or vice versa.
16-25

 It is generally 

deemed that the solvophilic block with short chain-length or 

with low steric repulsion locates at the inner surface of the 

vesicle wall, and the long solvophilic block locates at the outer 

surface.
26-28

 As is known, biological vesicles are highly 

asymmetrical, and this asymmetrical structure seems to be 

responsible for cell functions such as coagulation, membrane 

fusion, and stability.
32

 The synthetic asymmetrical vesicles are 

deemed to have additional advantages such as high drug 

loading efficiency and efficient delivery and release.
31

 

However, compared with the numerous symmetrical vesicles 

of AB diblock copolymers or ABA triblock copolymers, 

asymmetrical vesicles of ABC triblock terpolymers with well-

defined structure are rather limited,
26-30

 and three possible 

reasons including (1) the laborious synthesis of well-defined 

ABC triblock terpolymer, (2) the lack of controlled preparation 

of asymmetrical vesicles, and (3) the difficult structure 

identification of the asymmetrical vesicles are ascribed. 

Therefore, convenient synthesis of asymmetrical block 

copolymer vesicles with well-defined structure is an interest in 

polymer science. 

 

Scheme 1. Schematic structure of the symmetrical vesicles of AB and 

ABA block copolymers and the asymmetrical vesicles of ABC and CBA 

triblock terpolymers. 

Self-assembly of amphiphilic block copolymer in block 

selective solvent is the most popular method to prepare 
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vesicles in these years.
33

 Whereas, this strategy suffers from 

the inconvenience of multi procedures being included and the 

disadvantage of diluted block copolymer concentration usually 

below 1%. Besides, the size and properties of the vesicles 

prepared through the self-assembly strategy are highly 

condition-dependent and this is certainly not ideal for the 

general preparation and application of these materials. 

Recently, the in situ synthesis of block copolymer nano-objects 

by polymerization-induced self-assembly (PISA) especially 

through the macro-RAFT agent mediated dispersion 

polymerization has been demonstrated to be a valid method 

to prepare block copolymer nano-objects including vesicles 

with polymer concentration up to 30%.
34-36

 Due to the high 

polymer concentration of the block copolymer nano-objects, 

the convenient one-pot in situ synthesis, and the tunable size 

and morphology of the block copolymer nano-objects just by 

tuning the monomer conversion during the dispersion RAFT 

polymerization,
37-46

 the PISA strategy seems very reliable. 

Recently, the strategy of the two macro-RAFT agents co-

mediated dispersion polymerization has been proposed to 

prepare block copolymer nano-objects constructed with two 

diblock copolymers of AB and CB.
47-50

 Compared with the 

general individual macro-RAFT agent mediated dispersion 

polymerization,
37-46

 the strategy of the two macro-RAFT agents 

co-mediated dispersion polymerization has the character that 

two different macro-RAFT agents of A and C are 

simultaneously employed, and two diblock copolymers of AB 

and CB are simultaneously formed and co-assembled into 

mixed block copolymer nano-objects of AB/CB. By accurately 

tuning the character of the A and C macro-RAFT agents such as 

the polymerization degree (DP) and the block miscibility, the in 

situ synthesis of the mixed AB/CB block copolymer nano-

objects have been achieved.
47-50

 Herein, we extend the two 

macro-RAFT agents co-mediated dispersion polymerization to 

prepare asymmetrical vesicles constructed with two diblock 

copolymers of poly(ethylene glycol)-b-polystyrene (PEG-b-PS) 

and poly(4-vinylpyridine)-b-polystyrene (P4VP-b-PS). The 

dispersion RAFT polymerization demonstrates the successful 

synthesis of the asymmetrical vesicles constructed with the 

PEG-b-PS/P4VP-b-PS mixture, and it is also found that the 

structure of the PEG-b-PS/P4VP-b-PS asymmetrical vesicles is 

firmly dependent on the DP of the PEG and P4VP blocks. 

2 Experimental 

2.1 Materials 

The monomers of 4-vinylpyridine (4VP, 96%, Alfa) and styrene 

(St, >98%, Tianjin Chemical Company) were distilled under 

reduced pressure prior to use. Poly(ethylene glycol) 

monomethyl ether (mPEG45-OH, Mn = 2.0 kg/mol, Aldrich) was 

purified by azeotropic distillation with dry toluene before use. 

S-1-Dodecyl-S'-(a,a'-dimethyl-a''-acetic acid) trithiocarbonate 

(DDMAT, Figure S1) was synthesized as reported previously.
51

 

2,2’-Azobis(isobutyronitrile) (AIBN, >99%, Tianjin Chemical 

Company, China) was recrystallized from ethanol before use. 

Oxalyl chloride [(COCl)2, 98%, Tianjin Chemical Company, China] 

was freshly distilled before use. All other chemical reagents 

with analytical grade were purified by standard procedures or 

used as received. Deionized water was used. 

2.2 Synthesis of poly(ethylene glycol) trithiocarbonate 

The macro-RAFT agent of poly(ethylene glycol) 

trithiocarbonate (PEG45-TTC, in which TTC represents the RAFT 

terminal of trithiocarbonate) was prepared by the 

esterification reaction of the hydroxy terminal in mPEG45-OH 

with the carboxyl group in DDMAT as described elsewhere.
52,53

 

The detail synthesis is shown in Supporting Information. 

2.3 Synthesis of poly(4-vinylpyridine) trithiocarbonate 

Poly(4-vinylpyridine) trithiocarbonate (P4VP-TTC) was 

synthesized by solution RAFT polymerization using AIBN as 

initiator and DDMAT as RAFT agent. Herein, the synthesis of 

P4VP46-TTC was typically introduced. Into a 50 mL Schlenk flask 

with a magnetic bar, DDMAT (0.6936 g, 1.9 mmol), AIBN (78.0 

mg, 0.48 mmol), 4VP (10.00 g, 95 mmol), and ethanol (20.00 g) 

were added. The flask content was degased with nitrogen at 0 
0
C to remove oxygen, and then the flask was immersed into 

the preheated oil bath at 70 
0
C to initiate the RAFT 

polymerization. After 12 h, the polymerization was quenched 

by rapid cooling upon immersing the flask into ice-water, and 

the monomer conversion at 92% was determined by 
1
H NMR 

analysis. The synthesized P4VP46-TTC was precipitated into 

cold diethyl ether, collected by three precipitation/filtration 

cycles, and then dried at room temperature under vacuum. By 

tuning the molar ratio of [4VP]0:[DDMAT]0:[AIBN]0 at 120:4:1, 

200:4:1, 300:4:1 and 400:4:1, four P4VP-TTC macro-RAFT 

agents with different DPs, P4VP29-TTC, P4VP46-TTC, P4VP66-TTC 

and P4VP93-TTC, were prepared. The synthesis detail is shown 

in Table S1. 

2.4 Synthesis of asymmetrical vesicles through two macro-RAFT 

agents co-mediated dispersion polymerization 

The PEG45-TTC/P4VP-TTC two macro-RAFT agents co-mediated 

dispersion polymerization was performed at 70 
0
C under 

[St]0:[PEG45-TTC + P4VP-TTC]0:[AIBN]0 = 300:1:1/3 with the 

weight percent of the fed St monomer plus the two macro-

RAFT agents at 15%. Herein, the procedures at the case of 

[St]0:[PEG45-TTC]:[P4VP46-TTC]0:[AIBN]0 = 300:6/7:1/7:1/3 was 

typically introduced. Into a Schlenk flask with a magnetic bar, 

PEG45-TTC (97.0 mg, 0.041 mmol), P4VP46-TTC (35.7 mg, 

0.0069 mmol), St (1.50 g, 14.4 mmol), and AIBN (2.63 mg, 

0.016 mmol) dissolved in the methanol/water mixture (80/20 

by weight, 9.25 g) were added. After the flask content being 

degassed with nitrogen at 0 
0
C, the polymerization was 

initiated by immersing the flask into the preheated oil bath at 

70 
0
C under gentle stirring. After a given time, the 

polymerization was quenched by rapid cooling upon 

immersing the flask into ice water. The monomer conversion 

was detected by UV-vis analysis at 245 nm as discussed 

elsewhere.
54

 The resultant colloidal dispersion of the PEG-b-

PS/P4VP-b-PS nano-objects was dialyzed against methanol for 

3 days to remove the residual St monomer (molecular weight 
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cutoff: 3500 Da) to afford the methanol dispersion of the PEG-

b-PS/P4VP-b-PS nano-objects. The removal of St was judged by 

the UV-Vis analysis of the dialysis solution at 245 nm. 

2.5 Collection and separation of the PEG-b-PS/P4VP-b-PS mixture 

The PEG-b-PS/P4VP-b-PS mixture was collected by directly 

removing the solvent in the methanol dispersion of the PEG-b-

PS/P4VP-b-PS nano-objects through rotary evaporation under 

reduced pressure, and then dried under vacuum at room 

temperature. 

To separate the individual diblock copolymers from the 

PEG-b-PS/P4VP-b-PS mixture, the mixture (0.5 g) was 

dispersed in the acetone/hexane mixture (6/1 by volume, 5 mL) 

and kept at room temperature (~20 
0
C) under magnetic 

stirring for 1 h. The mixture was separated by centrifugation 

(12500 r/min, 10 min), and the supernatant solution and the 

precipitate were collected respectively. The supernatant 

solution was concentrated by rotary evaporation under 

reduced pressure to remove the solvent completely, and then 

the resulted powder was dried under vacuum at room 

temperature to afford PEG-b-PS. The precipitate was re-

dispersed in the 6/1 acetone/hexane mixture, and then 

separated by centrifugation. The supernatant solution was 

discarded, and the precipitate was collected and dried under 

vacuum at room temperature to afford P4VP-b-PS. The 

separation of P4VP-b-PS was monitored by 
1
H NMR analysis, 

and 2 or 3 cycles of dispersion/centrifugation might be needed. 

2.6 Characterization 

The molecular weight and the polydispersity index (PDI, PDI = 

Mw/Mn) were determined by gel permeation chromatography 

(GPC) equipped with three SHODEX columns and a RL 2000 

refractive index detector, where DMF containing LiBr (0.012 

mol/L) was used as eluent at flow rate of 0.8 mL/min at 50.0 
0
C 

and the narrow-polydispersity polymethylmethacrylate 

(PMMA) was used as calibration standard. The 
1
H NMR 

analysis was demonstrated on a Bruker Avance III 400 MHz 

NMR spectrometer, and for polymers dissolved in CDCl3 and 

D2O, the proton signal at δ = 7.26 ppm and δ = 4.79 ppm of the 

internal solvents were used as standard. The transmission 

electron microscopy (TEM) observation was performed on a 

Tecnai G
2
 F20 electron microscope at an acceleration of 200 kV. 

Three different procedures for the TEM sampling were 

adopted. For the unstained block copolymer nano-objects, a 

small drop of the diluted colloidal dispersion was deposited 

onto a piece of copper grid, dried at room temperature, and 

then checked by TEM. For the block copolymer nano-objects 

stained by I2 vapor, a small drop of the diluted colloidal 

dispersion was deposited onto a piece of copper grid, dried at 

room temperature, stained by I2 vapor at 50 
0
C for 30 min 

under reduced pressure, and finally observed by TEM. For the 

block copolymer nano-objects jointly stained by 

phosphotungstic acid (PTA) and I2 vapor, a small drop of the 

diluted colloidal dispersion was deposited onto a piece of 

copper grid, dried at room temperature, and then a drop of 1.5 

wt% aqueous PTA solution was dripped onto the copper grid, 

dried at room temperature, and then stained by I2 vapor at 50 
0
C for 30 min under reduced pressure, and finally observed by 

TEM. 

3 Results and discussion 

3.1 Synthesis of PEG-TTC and P4VP-TTC 

The macro-RAFT agent of PEG45-TTC was synthesized by the 

esterification reaction of the monohydroxyl poly(ethylene 

oxide) with DDMAT as discussed elsewhere.
52,53

 In this 

synthesis, DDMAT was firstly reacted with (COCl)2 to obtain 

the acyl chloride modified DDMAT, and then the esterification 

between monohydroxyl poly(ethylene oxide) and the modified 

DDMAT as shown in Scheme S1 was performed. Figure 1A 

show the 
1
H NMR spectra of the synthesized PEG45-TTC. The 

esterification efficiency of monohydroxyl poly(ethylene oxide) 

can be estimated by the area ratio of the signal at δ = 4.25 

ppm (f) and the signal at δ = 3.26 ppm (d) , and it is suggested 

that more than 97% mPEG45-OH is converted into PEG45-TTC. 

According to equation S1, the molecular weight Mn,NMR of 

PEG45-TTC at 2.4 kg/mol can be calculated by comparing the 

integration areas of the signal at δ = 1.10-1.45 ppm (b) and the 

signal at δ = 3.64 ppm (g). It is found that the molecular weight 

Mn,NMR is very close to that of the corresponding hydroxyl-

terminated poly(ethylene glycol). The GPC trace of PEG45-TTC 

is shown in Figure 2, from which the number-average 

molecular weight Mn,GPC at 2.1 kg/mol and the PDI value at 

1.12 are obtained. 

 

Fig. 1. The 1H NMR spectra of PEG45-TTC (A) and P4VP46-TTC (B). 

 

Fig. 2. The GPC traces of PEG45-TTC and P4VP46-TTC. 
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The P4VP-TTC macro-RAFT agent was synthesized by the 

solution RAFT polymerization using DDMAT as RAFT agent and 

AIBN as initiator. Four P4VP-TTC macro-RAFT agents with 

different polymerization degree, P4VP29-TTC, P4VP46-TTC, 

P4VP66-TTC and P4VP93-TTC, were prepared under the molar 

ratio of [4VP]0:[DDMAT]0:[AIBN]0 = 120:4:1, 200:4:1, 300:4:1 

and 400:4:1 with the monomer conversion at 96%, 92%, 88%, 

93% (Table S1), respectively, and these four P4VP-TTC macro-

RAFT agents were characterized by 
1
H NMR analysis and GPC 

analysis. Figure 1B and Figure 2 show the 
1
H NMR spectra and 

the GPC traces of the typical P4VP46-TTC macro-RAFT agent, 

from which the molecular weight, Mn,NMR at 5.5 kg/mol by 
1
H 

NMR analysis and Mn,GPC at 4.8 kg/mol by GPC analysis, and the 

molecular weight distribution index of PDI at 1.14 were 

obtained. Note: Mn,NMR was calculated by comparing the 

integration area of the RAFT terminal at δ = 0.88 ppm (a) with 

those at δ = 8.30 ppm (p) corresponding to the polymer 

backbone following equation S2. It is found the theoretical 

molecular weight of Mn,th determined by monomer conversion 

following equation 1,
55

 and Mn,NMR by 
1
H NMR analysis, and 

Mn,GPC by GPC analysis are close to each other, which as well as 

the relatively low PDI suggests the controlled synthesis of 

P4VP-TTC by the solution RAFT polymerization. 

      
                   

       
                                

3.2 Two macro-RAFT agents co-mediated dispersion 

polymerization and synthesis of asymmetrical vesicles 

As discussed previously,
47-50

 the PEG-TTC/P4VP-TTC two 

macro-RAFT agents co-mediated dispersion polymerization has 

a character that two different macro-RAFT agents of PEG-TTC 

and P4VP-TTC are simultaneously employed in the RAFT 

polymerization. Before the PEG-TTC/P4VP-TTC two macro-

RAFT agents co-mediated dispersion polymerization being 

performed, the two cases of individual macro-RAFT agent 

mediated dispersion polymerization of styrene in the 

methanol/water mixture (80/20 by weight) under [St]0:[PEG45-

TTC]0:[AIBN]0 = 300:1:1/3 or [St]0:[P4VP46-TTC]0:[AIBN]0 = 

300:1:1/3 were checked. These two cases of individual macro-

RAFT agent mediated dispersion polymerization were 

performed in the polymerization medium of the 80/20 

methanol/water mixture under the same conditions except 

the difference in the macro-RAFT agent, and the 80/20 

methanol/water mixture was chosen to afford the 

polymerization-induced self-assembly of the synthesized PEG-

b-PS or P4VP-b-PS diblock copolymer as discussed 

elsewhere.
47-50

 As shown in Figure S2, the dispersion RAFT 

polymerization mediated with the P4VP46-TTC macro-RAFT 

agent ran faster than those mediated with the PEG45-TTC 

macro-RAFT agent in the initial 6 h, and after that the former 

decelerated and the latter much accelerated, and lastly the 

two dispersion RAFT polymerizations approached to the 

similar monomer conversion of 89-92% at 14 h. This suggests 

that the DP of the PS block in PEG45-b-PS is smaller than those 

in P4VP46-b-PS in the initial polymerization stage, and the DPs 

of the two PS blocks become close to each other if the two 

dispersion RAFT polymerizations are quenched at 14 h or 

above 14 h. From the TEM images shown in Figure S3 and S4, it 

is found that the PEG45-TTC macro-RAFT agent mediated 

dispersion polymerization affords vesicles of PEG45-b-PS at 

above 25% monomer conversion in 8 h and the P4VP46-TTC 

macro-RAFT agent mediated dispersion polymerization affords 

nanospheres of P4VP46-b-PS, respectively. The 
1
H NMR analysis 

(Figure S5) and GPC analysis (Figure S6) of the typical PEG45-b-

PS261 and P4VP46-b-PS279 diblock copolymers prepared at 14 h 

confirm the good control in the polymer molecular weight and 

the molecular weight distribution during the dispersion RAFT 

polymerization, and they also indicate the similar DP of the PS 

block in PEG45-b-PS261 and P4VP46-b-PS279. 

With the understanding of the individual macro-RAFT 

agent mediated dispersion polymerization, the PEG45-

TTC/P4VP46-TTC two macro-RAFT agents co-mediated 

dispersion polymerization under [St]0:[PEG45-TTC]:[P4VP46-

TTC]0:[AIBN]0 = 300:6/7:1/7:1/3 was performed, and the 

polymerization kinetics and the block copolymer morphology 

were checked. Clearly, the two macro-RAFT agents co-

mediated dispersion polymerization was performed under the 

very similar conditions with the individual macro-RAFT agent 

mediated dispersion polymerization, e.g. the same molar ratio 

of [monomer]0:[RAFT]0:[initiator]0 at 300:1:1/3 and the same 

weight percent of the fed St monomer at 15%, except that two 

macro-RAFT agents with the molar ratio at 6/1 were added in 

the polymerization medium. This similar polymerization 

condition afforded the convenient comparison between the 

individual block copolymer nano-objects of the PEG45-b-PS 

vesicles and the P4VP46-b-PS nanospheres with the mixed 

block copolymer nano-objects of PEG45-b-PS/P4VP46-b-PS, 

which will be discussed subsequently. 

 

Fig. 3. The time dependent monomer conversion in the PEG45-

TTC/P4VP46-TTC two macro-RAFT agents co-mediated dispersion 

polymerization. Polymerization conditions: St (1.50 g, 14.4 mmol), the 

methanol/water mixture (9.25 g, 80/20 by weight), [St]0:[PEG45-

TTC]:[P4VP46-TTC]0:[AIBN]0 = 300:6/7:1/7:1/3, 70 oC. 

Figure 3 shows the polymerization kinetics of the PEG45-

TTC/P4VP46-TTC two macro-RAFT agents co-mediated 

dispersion polymerization under [St]0:[PEG45-TTC]:[P4VP46-

TTC]0:[AIBN]0 = 300:6/7:1/7:1/3. It is found that the PEG45-

TTC/P4VP46-TTC two macro-RAFT agents co-mediated 

dispersion polymerization runs slower than those in the 

presence of the P4VP46-TTC macro-RAFT agent but similarly 

with those in the presence of PEG45-TTC. The two macro-RAFT 
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agents co-mediated dispersion polymerization includes an 

initial 5 h homogeneous polymerization with the monomer 

conversion below 18% and a subsequent heterogeneous one 

after 5 h, which is similar with the individual macro-RAFT agent 

mediated dispersion polymerization reported elsewhere.
53,56,57

 

When the monomer conversion reaches to 83% in 24 h, the 

further increase in the polymerization time just leads to a very 

slight increase in the monomer conversion. 

  

  

Fig. 4. The TEM images of the PEG45-b-PS/P4VP46-b-PS nano-objects 

prepared through the PEG45-TTC/P4VP46-TTC two macro-RAFT agents 

co-mediated dispersion polymerization at time of 6 h (A), 10 h (B), 14 h 

(C), and 24 h (D). 

Figure 4 shows the TEM images of the PEG45-b-PS/P4VP46-

b-PS nano-objects synthesized through the PEG45-TTC/P4VP46-

TTC two macro-RAFT agents co-mediated dispersion 

polymerization at different polymerization times. It indicates 

that the morphology of the PEG45-b-PS/P4VP46-b-PS nano-

objects undergoes the evolution of irregular hollow 

nanoparticles with the average size at ~70 nm (Figure 4A) to 

porous nanoparticles with average size at ~80 nm (Figure 4B), 

and then to vesicles with average size at ~120 nm (Figure 4C) 

with the increasing polymerization time. The further increase 

in time to 24 h makes no obvious change in the PEG45-b-

PS/P4VP46-b-PS morphology (Figure 4D), and the reason is due 

to the slight increase in the monomer conversion as shown in 

Figure 3. By comparing the PEG45-b-PS vesicles (Figure S2) and 

the P4VP46-b-PS nanospheres (Figure S3) prepared through the 

individual macro-RAFT agent mediated dispersion 

polymerization with the present PEG45-b-PS/P4VP46-b-PS nano-

objects, it is concluded that the PEG45-b-PS/P4VP46-b-PS nano-

objects are composed of the two diblock copolymers of PEG45-

b-PS and P4VP46-b-PS, since no nanospheres but just vesicles 

are formed during the two macro-RAFT agents co-mediated 

dispersion polymerization. 

 

Fig. 5. The 1H NMR spectra of the PEG45-b-PS219/P4VP46-b-PS219 mixture 

(A) and the separated diblock copolymers of PEG45-b-PS219 (B) and 

P4VP46-b-PS219 (C). 

To detect the exact chemical composition of the PEG45-b-

PS/P4VP46-b-PS vesicles, the typical vesicles synthesized at 14 

h were collected, and the PEG45-b-PS/P4VP46-b-PS mixture was 

separated. Since PEG45-b-PS is somewhat soluble in the 6/1 

acetone/hexane mixture, whereas P4VP46-b-PS is insoluble at 

all, thus separation of PEG45-b-PS and P4VP46-b-PS from the 

PEG45-b-PS/P4VP46-b-PS mixture can be achieved through 

several cycles of dispersion/centrifugation. Figure 5 shows the 
1
H NMR spectra of the PEG45-b-PS/P4VP46-b-PS mixture (Figure 

5A) and the separated diblock copolymers of PEG45-b-PS 

(Figure 5B) and P4VP46-b-PS (Figure 5C). By comparing the 

signals at δ = 3.64 ppm and 8.30 ppm shown in Figure 5A, the 

molar ratio of PEG45-b-PS/P4VP46-b-PS in the PEG45-b-

PS/P4VP46-b-PS mixture at 5.73/1 is obtained, which is very 

close to the molar ratio of the fed PEG45-TTC/P4VP46-TTC macro-

RAFT agents, suggesting that all the macro-RAFT agents are 

block-extended to form the corresponding diblock copolymers. 

By checking the signals at δ = 3.64 ppm and 8.30 ppm, which 

are indicated out by green cycles, it is concluded that 

successful separation is made. Note: based on Figure 5C, about 

7% PEG45-b-PS is immerged in the separated P4VP46-b-PS. 

From the 
1
H NMR spectra of the separated diblock copolymers, 

the molecular weight of the diblock copolymers by 
1
H NMR 

analysis, Mn,NMR of PEG45-b-PS at 27.1 kg/mol and Mn,NMR of

P4VP46-b-PS at 27.0 kg/mol, are calculated. By assuming the 

DPs of the PS block in PEG45-b-PS and P4VP46-b-PS being equal 

to each other, the theoretical molecular weight, Mn,th at 25.1 

kg/mol corresponding to PEG45-b-PS219 and Mn,th at 27.9 

kg/mol corresponding to P4VP46-b-PS219, is calculated following 

equation 1. Clearly, Mn,NMR and Mn,th are close to each other 

whether in the case of PEG45-b-PS diblock copolymer or in the 

case of the P4VP46-b-PS diblock copolymer. These diblock 

copolymers before separation and after separation are also 

characterized by GPC analysis. From the GPC traces shown in 

Figure 6, the molecular weight of the diblock copolymers by 

GPC analysis, Mn,GPC at 29.4 kg/mol for PEG45-b-PS with PDI = 

1.19 and Mn,GPC at 24.2 kg/mol for P4VP46-b-PS with PDI = 1.15, 

are obtained. Thus, based on the 
1
H NMR analysis and the GPC 

analysis of the diblock copolymers before and after separation, 
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two conclusions are made. First, in the PEG45-b-PS/P4VP46-b-PS 

vesicles, the three values of the molecular weight of the PEG45-

b-PS or P4VP46-b-PS diblock copolymer, Mn,NMR, Mn,GPC and 

Mn,th, are close to each other or just slightly different. Second, 

in the PEG45-b-PS/P4VP46-b-PS vesicles, the DP of the PS block 

in PEG45-b-PS is close to that in P4VP46-b-PS. In the following 

discussion, the PEG45-b-PS/P4VP46-b-PS vesicles are labeled 

A45Bn/C46Bn vesicles, in which A, B and C represent the PEG, PS 

and P4VP blocks, respectively, and the DP of the PS block in 

the two diblock copolymers is deemed to be equal to each 

other and the DP value of the PS block is determined by Mn,th. 

 

Fig. 6. The GPC traces of the PEG45-b-PS219/P4VP46-b-PS219 mixture (A) 

and the separated diblock copolymers of PEG45-b-PS219 (B) and P4VP46-

b-PS219 (C). 

Now, we focused on the topologic structure of the 

A45B219/C46B219 vesicles, which were prepared through the 

PEG45-TTC/P4VP46-TTC two macro-RAFT agents co-mediated 

dispersion polymerization at 14 h. To detect the exact location 

of the P4VP chains in the A45B219/C46B219 vesicles, the 

unstained A45B219/C46B219 vesicles, the A45B219/C46B219 vesicles 

stained by I2 vapor, and the A45B219/C46B219 vesicles stained 

initially by PTA and then by I2 vapor are checked by TEM, 

respectively, and the TEM images are shown in Figure 7A, 7B 

and 7C. Note: I2 vapor can selectively stain the P4VP phase as 

discussed elsewhere;
58,59

 PTA, which can form salt-like 

complex with the amino group, is usually used to stain the 

amino-cotaining molecules.
61,62

 Therefore, the combination 

use of I2 vapor and PTA helps to clearly discern the P4VP phase 

in the A45B219/C46B219 vesicles.
47,60

 By checking the TEM images 

shown in Figure 7A, 7B and 7C, no obvious contrast between 

the inner wall and the outer wall is found. Therefore, it is 

concluded that the P4VP46 chains locate at the inner side of 

the vesicle wall but not at the outer side. Note: this will be 

further discussed subsequently. However, herein we cannot 

make a neat estimation that whether the sole P4VP46 chains or 

the P4VP46/PEG45 mixed chains locate at the inner side of the 

vesicle wall. Based on the similar DP of the P4VP46 and PEG45 

blocks, the PEG45-TTC/P4VP46-TTC molar ratio at 6/1, and the 

ratio of the outer surface area to the inner surface area of the 

A45B219/C46B219 vesicles at ~4/1, which is approximately 

calculated based on the average size and the wall thickness of 

the A45B219/C46B219 vesicles followed equation S3, it is expected 

that the mixed P4VP46/PEG45 chains locate at the inner side 

and the sole PEG45 chains locate at the outer side of the vesicle 

wall in the A45B219/C46B219 asymmetrical vesicles as shown in 

Figure 7D. 

 

Fig. 7. The TEM images of the A45B219/C46B219 vesicles: unstained 

vesicles (A), vesicles stained by I2 vapor (B), and vesicles stained by PTA 

and I2 vapor (C), and the schematic structure of the A45B219/C46B219 

vesicles (D). 

 

Fig. 8. The 1H NMR spectra of the A45B219/C46B219 vesicles dispersed in 

acidic D2O at pH = 1 (A) and the reference PEG45-b-PS219/P4VP46-b-PS219 

molecularly dissolved in CDCl3 (B). 

To further explore the exact location of the P4VP46 chains 

in the A45B219/C46B219 asymmetrical vesicles, the A45B219/C46B219 

vesicles dispersed in acidic D2O at pH = 1 as well as the 

reference of PEG45-b-PS219/P4VP46-b-PS219 molecularly 

dissolved in CDCl3 were checked by 
1
H NMR analysis. In this 

acidic D2O at pH = 1, both the PEG chains and the acidified 

P4VP chains are soluble, and the wall-formed PS block is 

insoluble. As shown in Figure 8A, no signal ascribed to the 

acidified P4VP46 chains but just the signal at δ = 3.02 ppm (g) 

ascribed to the PEG45 chains is detected (Figure 8A). Whereas, 

in the PEG45-b-PS219/P4VP46-b-PS29 reference, the signals 

ascribed to both the PEG45 chains at δ = 3.64 ppm (g) and the 

P4VP46 chains at δ = 8.30 ppm (p) are detected. This clearly 

suggests that the P4VP46 chains in the A45B219/C46B219 vesicles 

are shielded by the insoluble PS chains and therefore are 

unascertainable, and therefore the conclusion that the P4VP46 

chains locate at the inner side of the vesicle wall as shown in 

Figure 7D is made. 
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3.3 Effect of the PEG45-TTC/P4VP46-TTC molar ratio on formation 

of asymmetrical vesicles 

The PEG45-TTC/P4VP46-TTC two macro-RAFT agents co-

mediated dispersion polymerization under different molar 

ratio of PEG45-TTC/P4VP46-TTC but keeping the constant 

[St]0:[PEG45-TTC + P4VP46-TTC]0:[AIBN]0 = 300:1:1/3 was 

performed and the PEG45-b-PS/P4VP46-b-PS nano-objects were 

checked. It was found that the monomer conversion in 14 h in 

the PEG45-TTC/P4VP46-TTC two macro-RAFT agents co-

mediated dispersion polymerization under different molar 

ratio of PEG45-TTC/P4VP46-TTC was similar (73~93%), whereas 

the morphology of the PEG45-b-PS/P4VP46-b-PS nano-objects 

was firmly dependent on the PEG45-TTC/P4VP46-TTC molar 

ratio. As shown in Figure 9, in the case of low P4VP46-TTC 

content in the fed PEG45-TTC/P4VP46-TTC macro-RAFT agents, 

such as the PEG45-TTC/P4VP46-TTC molar ratio at 1/0 (Figure 

9A), 6/1(Figure 9B) and 4/1 (Figure 9C), vesicles are formed; in 

the case of the moderate P4VP46-TTC content, the mixture of 

vesicles and nanospheres are formed (Figure 9D); and in the 

case of high P4VP46-TTC content, such as the PEG45-

TTC/P4VP46-TTC molar ratio at 1/1 (Figure 9E) and 0/1 (Figure 

9F), nanospheres are formed, respectively. Note: at the cases 

of PEG45-TTC/P4VP46-TTC = 1/0 and 0/1, the two cases of 

individual macro-RAFT agent mediated dispersion 

polymerization were performed. This suggests that the PEG-b-

PS/P4VP-b-PS asymmetrical vesicles can only be formed at 

high PEG45-TTC/P4VP46-TTC molar ratio, and the PEG-b-

PS/P4VP-b-PS nanospheres were formed at low PEG45-

TTC/P4VP46-TTC molar ratio. This is not surprised, since the 

PEG45-TTC macro-RAFT agent mediated dispersion 

polymerization tends to afford PEG45-b-PS vesicles and the 

P4VP46-TTC macro-RAFT agent mediated dispersion 

polymerization tends to afford P4VP46-b-PS nanospheres as 

discussed above. 

   

   

Fig. 9. The TEM images of the PEG-b-PS/P4VP-b-PS nano-objects 

formed through the PEG45-TTC/P4VP46-TTC two macro-RAFT agents co-

mediated dispersion polymerization with the PEG45-TTC/P4VP46-TTC 

molar ratio at 1/0 (A), 6/1(B), 4/1 (C), 2/1 (D), 1/1 (E) and 0/1 (F). 

3.4 DP dependent location of the P4VP chains in the PEG-b-

PS/P4VP-b-PS asymmetrical vesicles 

For asymmetrical vesicles of ABC or CBA triblock terpolymer, it 

is deemed that the long solvophilic block locates at the outer 

side and the short solvophilic block locates at the inner side of 

the vesicle wall.
26-28,31

 Herein, to investigate how the chain-

length or DP of the P4VP chains affecting their location in the 

PEG-b-PS/P4VP-b-PS asymmetrical vesicles, the PEG45-

TTC/P4VP-TTC two macro-RAFT agents co-mediated dispersion 

polymerization employing four different P4VP-TTC macro-RAFT 

agents of P4VP29-TTC, P4VP46-TTC, P4VP66-TTC and P4VP93-TTC 

under the same conditions such as the constant molar ratio of 

PEG45-TTC/P4VP-TTC at 6/1 and the constant [St]0:[PEG45-TTC + 

P4VP-TTC]0:[AIBN]0 = 300:1:1/3 was performed. Note: the PEG-

TTC/P4VP-TTC two macro-RAFT agents co-mediated dispersion 

polymerization employing different PEG-TTC macro-RAFT 

agents but the same P4VP46-TTC was not checked, since 

nanospheres but not vesicles were formed in the longer PEG-

TTC macro-RAFT agent mediated dispersion polymerization as 

discussed elsewhere.
53 

  

  

Fig. 10. The TEM images and the schematic structure of the 

asymmetrical vesicles of PEG45-b-PS225/P4VP29-b-PS225 (A), PEG45-b-

PS219/P4VP46-b-PS219 (B), PEG45-b-PS216/P4VP66-b-PS216 (C), and PEG45-b-

PS234/P4VP93-b-PS234 (D). Note: unstained vesicles (A1, B1, C1 and D1), 

vesicles stained by PTA and I2 vapor (A2, B2, C2 and D2), and the 

schematic structure of the asymmetrical vesicles (A3, B3, C3 and D3). 

After the PEG45-TTC/P4VP-TTC two macro-RAFT agents co-

mediated dispersion polymerization being quenched in 14 h, it 

was found that the very similar monomer conversion at 73-78% 

was achieved in the four cases of the two macro-RAFT agents 

co-mediated dispersion polymerization, although the DP of the 

P4VP-TTC macro-RAFT agent is different. The morphology of 

the PEG-b-PS/P4VP-b-PS nano-objects were checked (Figure 

10), and the separation of the individual diblock copolymers 

from the PEG-b-PS/P4VP-b-PS mixture was performed, and the 

characterization of the separated diblock copolymers was 

made (Figure S7). Note: the molecular weight of PEG-b-PS and 
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P4VP-b-PS determined by monomer conversion is shown as 

inset in Figure 10. From the TEM images shown in Figure 10, 

formation of the PEG-b-PS/P4VP-b-PS vesicles with average

size at 90-120 nm is found in the four cases of the PEG45-

TTC/P4VP-TTC two macro-RAFT agents co-mediated dispersion 

polymerization. To discern the P4VP location in the vesicles, 

the vesicles were further stained by PTA and I2 vapor, and the 

TEM images are shown in Figures 10A2, B2, C2 and D2. By 

carefully checking the TEM images of the stained vesicles, the 

vesicles with a smooth outer-side (Figures 10A2 and B2), the 

vesicles with a silightly stained outer-side (Figure 10C2), and 

the vesicles with a highly stained outer-side (Figure 10D2) are 

dectected, respectively. This suggests that the location of the 

P4VP chains in the PEG-b-PS/P4VP-b-PS vesicles is firmly 

dependent on the DP of the P4VP chains, which is 

schematically shown in Figures 10A3, B3, C3 and D3. That is, 

when the DP of the P4VP chains is smaller than or equal to 

that of the PEG45 chains, the P4VP chains locate at the inner 

side of the vesicle wall in the PEG-b-PS/P4VP-b-PS vesicles; 

when the DP of the P4VP chains is slightly larger than that of 

the PEG45 chains (66 vs 45), the P4VP chains begin to locate at 

the outer side of the vesicle wall; when the DP of the P4VP 

chains is much larger than that of the PEG45 chains (93 vs 45), 

the P4VP chains locate at the outer side of the vesicle wall, 

respectively. 

 

Fig. 11. The 1H NMR spectra of the PEG-b-PS/P4VP-b-PS vesicles 

dispersed in acidic D2O at pH =1: (A) the PEG45-b-PS225/P4VP29-b-PS225 

vesicles, (B) the PEG45-b-PS219/P4VP46-b-PS219 vesicles, (C) the PEG45-b-

PS216/P4VP66-b-PS216 vesicles, and (D) the PEG45-b-PS234/P4VP93-b-PS234 

vesicles. 

Further, from the 
1
H NMR spectra of the PEG-b-PS/P4VP-b-

PS vesicles dispersed in acidic D2O shown in Figure 11, the 

difference in the four PEG-b-PS/P4VP-b-PS asymmetrical 

vesicles is observed. That is, in the PEG-b-PS/P4VP-b-PS 

vesicles including short P4VP chains (Figure 11A and 11B), the 

signals just ascribed to the PEG chains (j at δ = 3.02 ppm) are 

detected, and in PEG-b-PS/P4VP-b-PS vesicles including long 

P4VP chains (Figure 11C and 11D), the signals ascribed to both 

the PEG chains (j at δ = 3.02 ppm) and the P4VP chains (a at δ 

= 8.30 ppm and b at δ = 7.18 ppm as indicated by green square) 

were detected. This 
1
H NMR analysis confirms the DP 

dependent location of the P4VP chains in the PEG-b-PS/P4VP-

b-PS asymmetrical vesicles as schematically shown in Figure 10. 

Note: the mixed P4VP93/PEG45 chains locate at the outer side 

of the vesicle wall in the PEG45-b-PS234/P4VP93-b-PS234 

asymmetrical vesicles as shown in Figure 10D3, and this 

expectation is made due to the low P4VP93/PEG45 molar ratio 

at 1/6 and the relatively high outer surface area in the PEG45-b-

PS234/P4VP93-b-PS234 asymmetrical vesicles 

 

Scheme 2. Summary of the PEG-b-PS/P4VP-b-PS asymmetrical vesicles 

prepared through the PEG45-TTC/P4VP-TTC two macro-RAFT agents co-

mediated dispersion polymerization, in which A represents the PEG45-

TTC macro-RAFT agent and C represents the P4VP-TTC macro-RAFT 

agent. 

Summarily, our main finding in the formation of the PEG-b-

PS/P4VP-b-PS asymmetrical vesicles through the PEG45-

TTC/P4VP-TTC two macro-RAFT agents co-mediated dispersion 

polymerization is shown in Scheme 2. When the DP of the 

P4VP-TTC macro-RAFT agent is smaller than or equal to that of 

the PEG45-TTC macro-RAFT agent, the P4VP chains locate at 

the inner sides of the vesicle wall in the PEG-b-PS/P4VP-b-PS 

asymmetrical vesicles; with the increasing DP of the P4VP-TTC 

macro-RAFT agent above that of PEG45-TTC, the P4VP chains 

locate at both the outer and inner sides of the vesicle wall; in 

the case of the DP of the P4VP-TTC macro-RAFT agent much 

higher than that of PEG45-TTC, the P4VP chains locate at the 

outer side of the vesicle wall, respectively. 

4 Conclusions 

Asymmetrical vesicles constructed with two diblock 

copolymers of PEG-b-PS/P4VP-b-PS were prepared through the 

PEG45-TTC/P4VP-TTC two macro-RAFT agents co-mediated 

dispersion polymerization of styrene in the methanol/water 

mixture. During the two macro-RAFT agents co-mediated 

dispersion polymerization, the two diblock copolymers of PEG-

b-PS and P4VP-b-PS were simultaneously formed and co-

assembled into nano-objects constructed with the two diblock 

copolymers of PEG-b-PS and P4VP-b-PS. It was found that the 
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morphology of the PEG-b-PS/P4VP-b-PS nano-objects was 

dependent on the macro-RAFT agent molar ratio of PEG45-

TTC/P4VP-TTC, and the PEG-b-PS/P4VP-b-PS asymmetrical 

vesicles were formed at high PEG45-TTC/P4VP-TTC ratio. The 

structure of the PEG-b-PS/P4VP-b-PS asymmetrical vesicles 

was found to be dependent on the DP of the PEG and P4VP 

blocks. At the cases of DP of the P4VP block being smaller, 

slightly larger and much larger than the DP of the PEG block, 

the P4VP chains locate at the inner sides of the vesicle wall, 

locate at both the outer and inner sides of the vesicle wall, and 

locate at the outer side of the vesicle wall, respectively. The 

proposed two macro-RAFT agents co-mediated dispersion 

polymerization afford a convenient in situ synthesis of 

asymmetrical vesicles with well-defined structure, which is 

believed to be very useful in the vesicle preparation and in the 

understanding of the vesicle structure. 
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Asymmetrical vesicles of block copolymer were prepared, and the vesicle structure 

was found to be dependent on the polymerization degree of the solvophilic blocks. 
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