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pH- and concentration-controlled self-assembly of spherical 

micelles with cavity, necklaces and cylindrical micelles 
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a,b

 Yong Jin
c,d 

A novel diblock copolymer with one block alternatively connected 

with hydrophobic motifs, hydrogen-bonding carbamates and pH-

trigger carboxy groups was developed, which showed  an exciting 

pH- and concentration-dependent self-assembly of spherical 

micelles with cavity, necklaces and cylindrical micelles.  

The self-assembly of the amphiphilic block copolymers attracts 

promising interests in the past decades, due to the creating of the 

well-defined nanostructures with abundant morphologies and 

diverse functionalities.1-3 The properties and applications of the 

nanostructures are highly dependent on their sizes and shapes that 

are governed by the characters of the block copolymers and 

environment conditions.4-7 Thus, the exploitation of the molecular 

structures and the environment conditions is much essential for the 

engineering of the targeted assemblies. Incorparation of fuctional 

groups into the block copolymers usually could bring opportunities 

to construct nanostructures with great morphologies including 

spherical micelles,8 cylindrical micelles,9 vesicles,10 nanorods,11 

nanorings,12,13 etc. Hydrogen-bonding groups14-20 and pH-trigger 

acid groups21-25 were both demonstrated to play key roles in the 

morphology-controlled self-assembly. Therefore, the combination 

of the hydrogen-bonding groups and the pH-trigger acid groups in 

the block copolymers would probably direct an exciting self-

assembly. However, the researches focusing on the self-assembly of 

the block copolymer with one of the blocks containing the 

hydrogen-bonding groups and the pH-trigger carboxy groups were 

studied much less.  

Herein, we developed a novel diblock copolymer with one block 

alternatively connected with hydropbobic motifs, hydrogen-

bonding carbamates and pH-trigger carboxy groups, which showed 

an exciting pH- and concentration-dependent self-assembly of 

spherical micelles with cavity, necklaces and cylindrical micelles 

(Scheme 1). 

 

Scheme 1 Schematic representations of possible supramolecular 
structures of the diblock copolymer assemblies. 

The synthesis of the diblock copolymer started with the preparation 

of the block alternatively connected with the isophorone 

diisocyanate (IPDI) and 2,2-dimethylolbutyric acid (DMBA) 

according to the procedures described previously.
12

 Then diblock 

copolymer was prepared by the reaction of the isocyanate and 

hydroxyl group of the poly(ethylene glycol) methyl ether (MPEG) 

(Scheme S1). The resulting molecule was successfully characterized 

by 
1
H NMR spectroscopy (Figure S1), FT-IR (Figure S2) and GPC 

(Figure S3), respectively, and are shown to be in full agreement with 

the structure designed. 

In aqueous solutions, the hydrophobic cyclohexyl groups and the 

hydrogen-bonding carbamates act as bridge bond to drive the self-

assembly of the diblock copolymer into nanoparticles. Meanwhile, 

the pH-trigger carboxy groups play a key role in the morphology of 

the assembled nanoparticles, because of the pH-trigger carboxy 

groups could transform from hydrophobic electric neutrality to 

hydrophilic charged groups with the variation of the environment 

pH values.  

In aqueous solutions, the diblock copolymer could solve in the form 

of single molecule at the pH value of 9.2, but the diblock 
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copolymers were able to self-assemble into micelles at the pH 

values below 8.2, which was confirmed by the dynamic light 

scattering (DLS) measurements (Figure S4). The formation of the 

micelles was considerably governed by the variation of the 

hydrophilicity of the block copolymer. For the systems of pH 9.2, 

the carboxy groups entirely ionized, resulting in that the diblock 

copolymer was single molecule in the solution. In contrast, in the 

systems with the pH values below 8.2, the diblock copolymer could 

self-assemble into micelles. 

To investigate the effects of the pH values on the self-assembly 

behavior of the diblock copolymer, three different pH aqueous 

solutions with a fixed concentration at c=1wt% were studied in 

detail by the scan probe microscope (SPM) measurements. Figure 

1a shows that a series of spherical micelles with the sizes ranging 

from 50 to 90 nm were detected in the solution with the pH value 

of 8.2. The sizes of these spherical micelles observed by SPM were 

corresponding to the DLS result of Figure S4b. Notably, each micelle 

possesses a small cavity on the surface. For the system with pH of 

6.8, the spherical micelles with cavities were still observed (Figure 

1b), which was also proved by the transmission electron microscopy 

(TEM) experiments (Figure S5). Figure 1c shows the 3D 

morphological structures of the spherical micelles, which further 

confirm the existence of the cavity on the surface of each spherical 

nanoparticle. Comparing the difference of the spherical micelles 

formed in the systems with pH of 8.2 and 6.8, we could find that the 

ratios (r) of the sizes (d) of the cavities to the diameters (D) of 

spherical micelles in the systems with pH of 6.8 were larger than 

those in the solution of pH value at 8.2. This result implied that the 

formation of the cavity on the surface of the spherical micelle and 

the variation of the ratios (r) may be controlled by the pH values of 

the solutions. As expected, the spherical micelles with one cavity 

were observed as well in the solution with the pH of 4.0 (Figure 1d 

and Figure S6b). Figure S4d shows the sizes of these spherical 

micelles were at the range of 90-200nm, which was corresponding 

to the result of the SPM. The average ratio (r= 0.72) of the sizes of 

the cavities to the diameters of the spherical micelles formed in this 

condition was larger than the ratio (r= 0.3) observed in the 

solutions with pH of 6.8, which further demonstrated the influence 

of the pH values on the morphologies of the nanostructures (shown 

in Figure S7).  

In order to understand the mechanisum of the formation of the 

spherical micelles with cavity, the FT-IR experiments were 

employed to characterize the interactions between the block 

copolymers. The systems with the pH values at 8.2, 6.8 and 4.0 

were dried for 24h at -40 oC vacuum (ESI 1.5 ), respectively. Figure 

S8A shows that the absorption peak of -COOH at the range of 3300-

3500cm-1 inceased and the intensities of the absorption peaks 

decreased with the decrease of the pH values. These results implied 

the decrease of bound water and the increase of the hydrogen 

bonding coming from the -COOH with the decrease of the pH values. 

However, after these freeze-dried samples were dried by infared 

rays for 10min again, the absorption peak of -COOH coming from 

different pH values decreased and became the same, which implied 

that the bound water was completely excluded and the hydrogen 

bonds of -COOH decreased. In Figure S8B, the absorption peaks at 

1708.6cm
-1

 and 1552.4cm
-1

 were assigned to the C=O and NH of 

carbamates, respectively. These results indicated the extense of the 

hydrogen bonding of the NH and C=O of the carbamates. Thus, the 

formation of the cavity on the surface of the spherical micelle and 

the variation of the ratios (r) may be considerably due to the 

collapse of the core of the spherical micelle, probably contributed 

by the synergistic effects of hydrophobic segments, hydrogen-

bonding motifs and the decrease of the water absorbing capacity. 

The water absorbing capacity, partly coming from the hydrophilic 

charged segments of the cores, reduced with the decrease of the 

degree of ionization of the acid groups because of the decrease of 

the pH values. The extent of the collapse of the cores increased 

with the decrease of the water absorbing capacity. Thus, the ratios 

of the sizes of the cavities to the diameters of the spherical micelles 

gradually increased when the pH value of the systems decreased. 

Meanwhile, the hydrophobic interactions of the cyclohexyl groups 

and the hydrogen bonding coming from the carbamates and 

carboxyl groups, prevented the rearrangement of the blocks of the 

polymers in the cores and freezed the cores with collapsed cavity, 

resulting in the formation of the spherical micelles with one cavity 

on their surfaces. The loss of the solvent in the cores and the 

hydrogen bonding were all demonstrated to be helpful to the 

formation of the nanostructures with cavities in other literatures. 26-

29 

 

Figure 1 The SPM results of the assembled nanostructures in 
different pH systems (c=1wt%): a) pH= 8.2; b) pH= 6.8; d) 3D 
structure for b; c) pH= 4.0. 

Notably, the ring-shaped nanostructures (necklaces) were also 

observed in the system of pH at 6.8 (Figure 2a, b, Figure S6a, Figure 

S9a). The observations of spherical micelles and necklaces in the 

system of pH at 6.8 were further confirmed by the bimodal 

distribution of the sizes of the nanostrucutres shown in Figure S4c. 

The average size of the spherical micelles was about 30nm, which 

was corresponding to the lower size part of the DLS result (Figure 

S4c). And the sizes of necklaces were at the range of 200-300nm, 

which was corresponding to the higher size part of the DLS result 

Page 2 of 5RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name  COMMUNICATION 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3 

Please do not adjust margins 

Please do not adjust margins 

(Figure S4c). Excitingly, the ring-shaped nanostructures were 

composed of a series of globular segments (30 nm). The sizes and 

shapes of these globular segments were the same as those of the 

individual spherical micelles with cavities. This phenomenon 

improved us that the necklaces were formed by the connection of 

the spherical micelles, which could be also demonstrated by the 

existence of the imperfect necklaces.  

 

Figure 2 The SPM (a) and TEM(b) results of the assembled 
nanostructures obtained  in the system of pH 6.8 (c= 1wt%). 

To understand the mechanism of the formation of the necklaces, 

the effects of the polymer concentrations on the morphologies of 

the assembled nanostructures were also investigated in detail. For 

the systems of pH at 6.8, only individual spherical micelles with 

cavities were observed in the solutions of 0.1wt% (Figure 3a) and 

0.7wt% (Figure 3b). The sizes and shapes of these spherical micelles 

were the same as those of the individual micelles formed in the 

solutions of 1wt%. As the polymer concentration increased to 2wt%, 

cylindrical micelles with the cross-sectional diameter of 30nm were 

detected (Figure 3c, Figure S9b). Figure S10 shows that the sizes of 

the cylindrical micelles were at the range of 500-2000nm. The 

appearance of some of the cylindrical micelles composed of 

globular segments (shown in Figure 3d) implied that the cylindrical 

micelles were considerably formed by the connection of the 

spherical micelles as well. However, the sizes and shapes of the 

nanoparticles assembled in the systems with the pH values at 8.2 

and 4.0 remained unchanged when the polymer concentrations 

varied from 0.1wt% to 2wt%. Comparing with the difference of the 

spherical micelles obtained in different pH systems, the ratios of the 

sizes of the cavities and the diameters of the spherical micelles 

gradually increased with the decrease of the pH values, which 

improved us that lock-and-key interaction was considerably to be 

one of the major factors for the formation of the hierarchical 

nanostructures in the system of pH at 6.8. The lock-and-key 

interaction occurred by the mean of the key particles fitting into the 

cavity of the lock particles when the sizes of the key particles 

matched with those of the cavity of the lock particles at certain 

conditions.
30-34

 For example, S. Sacanna and coworkers reported the 

well-defined nanostructures from small clusters to globule-segment 

chains by the lock-and-key interaction.
35

 

 

Figure 3 The SPM results of the assemled nanostructures in the 
solutions of pH at 6.8 with differnt polymer concentrations: a) c=0.1 
wt%; b) c=0.7 wt; c,d) c=2 wt%. 

Thus, the formation of the necklaces and the cylindrical micelles 

could be rationalized as follows. The increase of the Gibbs free 

energy due to the growth of the polymer concentration drove the 

spherical micelles to connect to each other, while the lock-and-key 

interaction guided the directed connection of the spherical micelles. 

In the system of pH at 6.8, the spherical micelles were both the key 

particles and the lock particles. The connection of the spherical 

micelles was accomplished by the insertion of one spherical surface 

into the cavity of another spherical micelle, which could be further 

confirmed by the existence of the cavities on the surfaces of the 

individual spherical micelles and the end globular segments of the 

curved open-ended segmented chains, and the disappearance of 

the globular segments of the perfect necklaces. For the systems of 

pH at 8.2 and 4.0, the sizes of the cavities could not macth with the 

diameters of the spherical micelles, leading to no hierarchical 

nanostructures. 

A novel diblock copolymer with one block alternatively connected 

with hydrophobic motifs, hydrogen-bonding carbamates and pH-

trigger carboxy groups was developed, which showed  an exciting 

pH- and concentration-dependent self-assembly of spherical 

micelles with cavity, necklaces and cylindrical micelles. These 

nanostructures could remain stable for more than one month. 

Spherical micelles with cavity could be prepared by the self-

assembly of the diblock copolymer in the aqueous solutions with 

the pH at 8.2, 6.8 and 4.2, respectively. The ratios of the sizes of the 

cavities to the diameters of the spherical micelles could be tailored 

by the pH values. In the systems of pH at 6.8, the diblock copolymer 

could successively self-assemble into spherical micelles with cavity, 

necklaces and cylindrical micelles with the increase of the polymer 

concentration. The formation of the necklaces and cylindrical 

micelles was considerably due to the coalescence of the spherical 

micelles with cavity based on the lock-and-key interactions. The 

strategy to fabricate morphology-controlled nanostructures by 
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designing the molecular structures would probably supply a method 

to construct the nanomaterials with special properties. 
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A novel diblock copolymer with one block alternatively connected with hydrophobic 

motifs, hydrogen-bonding carbamates and pH-trigger carboxy groups was developed, 

which showed an exciting pH- and concentration-dependent self-assembly of 

spherical micelles with cavity, necklaces and cylindrical micelles.   
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