
CommuniCation

1700701 (1 of 9) © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.mrc-journal.de

Supramolecular “Step Polymerization” of Preassembled 
Micelles: A Study of “Polymerization” Kinetics

Chaoying Yang, Xiaodong Ma, Jiaping Lin,* Liquan Wang, Yingqing Lu, 
Liangshun Zhang,* Chunhua Cai, and Liang Gao

Dr. C. Yang, Dr. X. Ma, Prof. J. Lin, Prof. L. Wang, Dr. Y. Lu,  
Prof. L. Zhang, Prof. C. Cai, Dr. L. Gao
Shanghai Key Laboratory of Advanced Polymeric Materials 
State Key Laboratory of Bioreactor Engineering 
Key Laboratory for Ultrafine Materials of Ministry of Education 
School of Materials Science and Engineering 
East China University of Science and Technology 
Shanghai 200237, China
E-mail: jlin@ecust.edu.cn; zhangls@ecust.edu.cn

DOI: 10.1002/marc.201700701

Recently, using anisotropic preassem-
blies as subunits for 1D self-assembly has 
emerged as an efficient route to prepare 
1D nanostructures.[14–20] Through nonco-
valent interactions or chemical reactions, 
the anisotropic subunits created from 
block/graft copolymers can act as the 
monomer unit and “polymerize” them-
selves into a supramolecular polymer. For 
example, Liu and co-workers prepared two 
types of block copolymer nanotubes with 
carboxyl or amino terminal groups.[14,15] 
The terminal groups then reacted via 
amidization to join the nanotubes head to 
tail, which resulted in the formation of a 
dimer or trimer composed of nanotubes. 
Müller and co-workers prepared various, 
well-defined multicompartment micelles 
(MCMs) with precisely tunable patchi-
ness.[16,17] Under suitable conditions, the 
step polymerization of anisotropic MCMs 
into mesoscale supramolecular polymers 
can be triggered. Sohn and co-workers 

demonstrated supramolecular polymer chains of diblock 
copolymer micelles.[18] By increasing the polarity of the solvent, 
the preformed spherical micelles were converted to anisotropic 
subunits and polymerized into linear supramolecular chains. 
We have reported that anisotropic spindle-like micelles, self-
assembled from poly(γ-benzyl-l-glutamate)-graft-poly(ethylene 
glycol) (PBLG-g-PEG), can act as ideal preassembled subunits 
to construct 1D materials with hierarchical structures.[19] Upon 
the addition of dimethylformamide (DMF) and dialysis against 
water, the structural defects can serve as “reactive points”  
that subsequently drive the connection of the anisotropic 
micelles in an end-to-end manner to form a hierarchical 
nanowire structure.

However, despite the advances in the design and construc-
tion of 1D superstructures, some important issues remain 
unsolved. For example, thus far, most studies on 1D assembly 
of micellar subunits have focused on the thermodynamics-
driven morphological transition of the self-assemblies; no quan-
titative approach has been successfully applied to the kinetics 
of 1D growth. This lack of a quantitative approach represents a 
challenge for understanding the self-assembly of micellar sub-
units. The quantitative approach for studying the kinetics has 
been applied to only the self-assembly of inorganic nanoparti-
cles, which are distinct from the micelle systems in terms of 
the size and structure rigidity of subunit.[21–23] Understanding 

Micelles

In nature, sophisticated functional materials are created through hierar-
chical self-assembly of nanoscale motifs, which has inspired the fabrication 
of man-made materials with complex architectures for a variety of applica-
tions. Herein, a kinetic study on the self-assembly of spindle-like micelles 
preassembled from polypeptide graft copolymers is reported. The addi-
tion of dimethylformamide and, subsequently, a selective solvent (water) 
can generate a “reactive point” at both ends of the spindles as a result of 
the existence of structural defects, which induces the “polymerization” of 
the spindles into nanowires. Experimental results combined with dissipa-
tive particle dynamics simulations show that the polymerization of the 
micellar subunits follows a step-growth polymerization mechanism with a 
second-order reaction characteristic. The assembly rate of the micelles is 
dependent on the subunit concentration and on the activity of the reactive 
points. The present work reveals a law governing the self-assembly kinetics 
of micelles with structural defects and opens the door for the construction of 
hierarchical structures with a controllable size through supramolecular step 
polymerization.

1. Introduction

Hierarchical architectures created via the self-assembly of 
nanoscale building blocks are ubiquitous in biological systems. In 
the case of man-made self-assembly, this natural phenomenon has 
inspired the fabrication of complex functional hierarchies, with 
the aim of developing bottom-up approaches for elegant struc-
turing of advanced materials.[1–8] Among the self-assembled hier-
archies, 1D superstructures are of special interests because of their 
potential applications as vehicles for drug delivery,[9,10] rheology 
modifiers,[11] and models for the mechanistic understanding of 
protein fiber formation,[12,13] such as the formation of actin fibers. 
Achieving precise control of the nanostructure is of great signifi-
cance to improve the performance of 1D structured materials.
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the “polymerization” kinetics of preassembled micelles and the 
statistics of the self-assembly of 1D structures can enable the 
quantitative prediction of structural features and the control-
lable fabrication of 1D materials. Additionally, the majority of 
existing 1D assembly methods are applicable to only certain 
types of polymers. Developing a general self-assembly method 
has both theoretical and practical significance and can offer 
new and diverse opportunities for further applications.

In our previous work, we reported on the 1D supramole-
cular polymerization of PBLG-g-PEG anisotropic preassemblies 
driven by structural defects of the preassemblies.[19] Herein, 
to address abovementioned challenges such as controllability 
of the 1D self-assembly process, we improved the stepwise 
experimental method by replacing the dialysis process with the 
addition of water (Figure 1a). The length of the formed nano-
wires can be precisely manipulated via the amount of DMF 
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Figure 1. Self-assembly of spindle-like subunits into nanowires. a) Illustration of the self-assembly processes of nanowires from spindle-like subunits. 
b–d) TEM and e–g) cryo-TEM images of the aggregates self-assembled from subunits with various self-assembly times (t): b,e) 10 min, c,f) 6 d, and 
d,g) 30 d. Scale bar: 500 nm. h) Time evolution of Rh,app. distribution function of subunits in solution. The arrows are included only to guide the eye.  
i) Plots of the apparent hydrodynamic radius, Rh,app., versus t for the initial subunit solution (black squares), the subunit solution where only DMF was 
added (red circles), and the subunit solution where both DMF and water were added (blue triangles). The Rh,app. was measured at a scattering angle of 90°.
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and water added. This new experimental method enabled us to 
study the kinetics of the 1D growth of anisotropic preassem-
blies, which helped to reveal the mechanism of 1D supramole-
cular polymerization. In addition, we conducted the theoretical 
simulation to deepen the understanding on the kinetics of the 
supramolecular polymerization. To our best knowledge, this 
is the first example regarding the quantitative analysis of the 
1D assembly kinetics of polymer micelles, which can help not 
only the development of new theories on the self-assembly of 
micellar subunits, but also the controllable fabrication of 1D 
hierarchical nanostructures in the future.

2. Results and Discussion

2.1. Kinetics of Self-Assembly of Preassembled  
Micelles into Nanowires

In a typical experiment, initial spindle-like micelles (initial sub-
units) were prepared by adding selective solvents (water, 1.0 mL) 
to 4.0 mL of a PBLG-g-PEG/tetrahydrofuran (THF)/DMF initial 
solution (THF/DMF (2/2, v/v) with an initial polymer concen-
tration of 0.6 g L−1). In the second step, 3.0 mL of DMF was 
pipetted into the initial subunit solution to create reactive 
points at each end of the spindle-like subunits where the ends 
are not well covered by the PEG chains (the DMF content was 
62.5 vol%); 6.0 mL of water was then added to “activate” the 
spindle-like subunits (water content was 50.0 vol%). As a con-
sequence of the structural defects at both ends of the spindle, 
a higher energy can be generated when DMF and water are 
added.[19] This higher energy endows the reactive points at the 
ends with sufficient activity to induce the self-assembly of the 
subunits (the existence of the structural defects at the spindle 
ends is confirmed by the control experiments and simulations. 
See details in Sections S4.1 and S5.4 of the Supporting infor-
mation). To characterize the morphology change over the self-
assembly time using transmission electron microscopy (TEM) 
and scanning electron microscopy (SEM), at intervals of 6 d, we 
pipetted 0.5 mL of the sample solution into a large amount of 
water to freeze the morphologies.[24,25] Experimental details are 
provided in Section S1 of the Supporting Information.

Figure 1b–d shows TEM images of the aggregates self-
assembled from the activated subunits at different assembly 
times (t). As evident in the figure, the sample at 10 min dis-
plays separated spindle-like micelles with a mean length of 
≈400 nm (Figure 1b). With increasing assembly time, the 
nanowire structures were formed through end-to-end con-
nection of the subunits and the number of subunits in the 
nanowires gradually increased (Figure 1c,d). The corresponding 
cryo-TEM images, as shown in Figure 1e–g, reveals the same 
morphology change as conventional TEM. Thus, a possible 
drying effect on the formation of the nanowire structures can 
be ruled out. This time-dependent connection of spindles 
was also examined by SEM and similar results are obtained 
(Figure S2, Supporting Information). To monitor the self-
assembly process of the activated subunits in situ, we measured 
the apparent hydrodynamic radius (Rh,app.) of the subunits 
in solution using dynamic light scattering (DLS) technology 
(Figure S3, Supporting Information). Figure 1h shows the 

distribution of the Rh,app. of the subunits in solution at different 
assembly times. The results revealed that the peak maximum 
shifts gradually toward a higher Rh,app. over time, which  
suggests a progressive connection of the subunits. The distri-
bution of the Rh,app. becomes broader as well, which indicates 
that the size of the nanowires (associated with the number of 
repeat subunits) exhibits polydispersity. The corresponding 
plots of Rh,app. versus time are presented in Figure 1i (blue 
up-triangles), and the gradual increase of Rh,app. confirms the 
growth of the nanowires. The DLS results are in good agree-
ment with the morphology observations. Since the DLS char-
acterization was not affected by the drying process of solution, 
the above result further proves that the hierarchical nanowires 
were formed in the solution as a result of the connection of the 
subunits. To understand the roles of the DMF and water that 
were added during the self-assembly process, we conducted a 
control experiment of DLS measurements for the initial sub-
unit solution and a subunit solution with only DMF added. 
The variation of Rh,app. of these two solutions as a function of 
time is also presented in Figure 1i. As evident in this figure, 
the Rh,app. values of both solutions were almost unchanged over 
time, which suggests that no progressive changes occur in the 
morphology. This control study further confirmed that upon 
the addition of DMF and water, the spindle-like subunits can 
be “activated.” The reactive points with a higher energy, which 
are generated by adding water, enable the polymerization of the 
preassembled micelles.

To gain insights into the formation mechanism of the 
nanowire, we further analyzed the kinetic data using the 
method adopted in traditional polymerization. For different 
self-assembly times, t, the distribution of the degrees of 
“polymerization” of the nanowires (equivalent to the distri-
bution of the nanowires with various numbers of subunits) 
can be described by the number fraction, fX, of the nano-
wires with degrees of “polymerization” (X). We obtained this 
value by collecting SEM images of more than 500 micelles 
and analyzing the images using the Image-Pro Plus software 
(Section S2, Supporting Information). Figure 2a shows the fX 
of the nanowires with various X. As shown in Figure 2a, the 
number fraction of the unreacted spindle (fX = 1) decreases with 
increasing time, which means that the number fraction of 
spindles joining in the polymerization gradually increases with 
time. For example, fX = 1 was ≈0.95 at t = 10 min and 0.27 at 
t = 30 d. Interestingly, fX exhibits an exponential decay with X 
at each assembly time, and the fX data can be fitted by the rela-
tionship fX = (1 − p)pX−1, where p represents the extent of poly-
merization.[26] A representative theoretical fitting curve is given 
by a blue dashed line for the samples “polymerized” for 18 d 
(Figure 2a). Other results were omitted for clarity (the other 
results are available in Figure S4 of the Supporting Informa-
tion). The agreement between the experimental data and theo-
retical prediction implies that the connection of the subunits 
can follow a step-by-step manner, which is a rule for the step 
polymerization of monomers.

We further examined the effect of the initial concentration 
of subunits (Csub) on the growth of the nanowires. Here, the 
value of Csub was initially designated as C0. To obtain a range 
of Csub, we diluted the subunits of C0 into 0.8C0, 0.6C0, 0.4C0, 
0.2C0, and 0.1C0. All of the samples had the same solvent 
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composition (i.e., THF:DMF:water = 2:5:7 v/v/v). In addition, 
to characterize the evolution of the average aggregate size and 
the size distribution of the nanowire aggregates, we adopted 
two parameters defined in our previous work.[19] One is the 
number-average degree of “polymerized” of the nanowires 
(Xn), which describes the number-average length of the nano-
wires; the other is the polydispersity index (PDI), which char-
acterizes the size distribution. Details of the definitions and 
measurements are presented in Section S2 of the Supporting 
Information.

For the concentration range studied, Xn as a function of t 
is plotted in Figure 2b. The value of Xn increases linearly with 
time, which gives chain growth rates of dXn/dt for each Csub. 
The growth kinetics of the nanowire was also examined by 
DLS, and a similar dependence on the concentration is shown 
(Figure S5, Supporting Information). The dXn/dt was found 
to be linearly proportional to the Csub (Figure 2c). The linear 
increase of Xn with time and the linearly proportional relation-
ship between dXn/dt and Csub are two characteristics of the 
second-order reaction kinetics of the step-growth polymeriza-
tion of monomers.[21,26,27] Therefore, the growth of nanowires 
generally follows the rules of step polymerization. Similar 
to the rule in step polymerization, the variation of Xn of the 

nanowires can be fit by the relationship Xn = Csubkt + 1, where k 
is the assembly rate constant with a value of 0.06·(C0

−1 d−1) and 
d represents the time unit of day.

Furthermore, for all the values of Csub, the PDI as a function 
of Xn is plotted in Figure 2d. The PDI increases with Xn and 
approaches a value of 1.5 for the whole assembly time. Com-
pared to the theoretical PDI prediction (PDItheory = 2 − 1/Xn) in 
step polymerization,[26] the PDI in the experiment was smaller, 
which suggests that the growth of the nanowires does not fully 
satisfy the rules of the step polymerization of bifunctional 
monomers with equal end-group reactivity. With respect to the 
polymeric subunits, their structures usually have variations 
that produce structural differences in the endcaps, which leads 
to variations in the activities. Thus, we observed a deviation 
from the theoretical line at higher values of Xn. To verify this 
assumption, we modified the theory by introducing a param-
eter α, which is defined as the ratio of the activities of the two 
reactive points of a subunit. In this modification, we simply 
assumed that the structures of all the subunits are the same, 
but the two ends possess different reactivities (see Section S3 
of the Supporting Information). The best-fitting α value was 
1.66, and the fitting improved significantly (see red dashed line 
in Figure 2d).

Macromol. Rapid Commun. 2018, 39, 1700701

Figure 2. “Polymerization” of the spindle-like subunits. a) The number fraction, fX, of the nanowires as a function of the degree of “polymerization” X 
at various assembly times. The blue dashed line is the theoretical number fraction, fX, of the nanowires with X (fX = (1 − p)pX−1, p = 0.53). “Polymeriza-
tion” of the subunits at various concentration of subunits Csub: C0 (red squares), 0.6C0 (blue circles), 0.4C0 (orange down-triangles), 0.2C0 (magenta 
up-triangles), and 0.1C0 (bright-green diamonds). b) Variation in the number-average degree of “polymerization”, Xn, with time, t. c) Dependence of the 
chain growth rate on Csub. d) Variation in the PDI of the nanowires with Xn. The black solid line shows the theoretical prediction of PDItheory = 2 − 1/Xn, 
and the red dashed line represents the fitting curve according to the modified theory.
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2.2. Theoretical Simulation of the Supramolecular  
“Step Polymerization” Process

To complement the experimental studies, we applied a coarse-
grained simulation method referred as dissipative particle 
dynamics (DPD) to explore the kinetics of the hierarchical self-
assembly process.[28,29] In the DPD method, the pairwise interac-
tions between i and j components are described by the repulsion 
parameter aij, which is linearly related to Flory–Huggins inter-
action parameter χij.[30–32] The rigid PBLG backbones, flexible 
PEG side chains, and solvent molecules were coarse-grained 
into the R, C, and S beads, respectively (Figure 3a). At the initial 
settings of interaction parameters of aRC = 40.0, aRS = 50.0, and 
aCS = 25.0, the modeled chains self-assembled into spindle-like 
micelles (Figure 3b). As detailedly shown in inset, the rigid back-
bones in the micelles align along the long axis in a manner sim-
ilar to nematic liquid crystals and a defect is generated in each 
end of the micelle due to the imperfect coverage of the flexible 
blocks. To model a change in the solvent environment, i.e., the 
addition of PBLG-selective DMF to the solution of micelles, the 
interaction parameter between the R and S beads was changed 
from aRS = 50.0 to aRS = 40.0. Under this condition, the rigid 
core swells, which results in more exposure of the rigid back-
bones to the solvents in both ends. The subsequent addition 
of water is modeled by the changes of aRS from 40.0 to 100.0 
because of the decrease in solubility of the solvents to PBLG, 
and aCS from 25.0 to 20.0 owing to the hydrogen bonds between 
PEG and water. Additionally, because the molecular exchange 
among the spindle-like subunits during the subsequent self-
assembly was hindered, we fixed the cores of the subunits as 

rigid bodies. Under the variation of solvent condition, the subu-
nits connected spontaneously into nanowires via end-to-end 
manner, and the length of the nanowires gradually increased 
with time. Compared to the nanowires in the experiments, the 
nanowires formed by the simulations possess the similar struc-
tures in which the R blocks constitute a rigid core and the C 
blocks protrude outside to maintain stability (Figure 3c). From 
both the simulations and experiments, we deduced that the 
structural defect is essential for producing the “reactive points” 
for the supramolecular “step polymerization.” This process 
can be generalized to other micellar units as long as “reactive 
points” can be produced from the existing structural defects by 
changing the environmental conditions (see Section S4.8 of the 
Supporting Information for details).

One of the advantages of DPD simulations is the ability to 
illuminate the assembly mechanism. Figure 3d shows the rep-
resentative snapshots of the assembling structures of two acti-
vated subunits. In the initially configuration, these two subunits 
have a long distance. The Brownian motion of the subunits in 
solution induces the random collisions to each other. Since the 
reactive points are imperfectly covered by the mutually repul-
sive C blocks, the different collision manners in the course 
of assembly could occur. When the subunits collide from the 
side (snapshot I1), or from the end deviating from the long axis 
(snapshot I2), an ineffective collision occurs. However, when 
the subunits collide from the end along the long axis (snapshot 
E), an effective collision occurs, which leads to the successful 
bonding of the subunits. Figure 3e presents the temporal evolu-
tion of the center distance, D, between the subunits during a 
representative assembling process, and the red dots mark the 

Macromol. Rapid Commun. 2018, 39, 1700701

Figure 3. DPD simulation of the supramolecular “step polymerization” process. a) DPD model of a rod-g-coil graft copolymer. Simulation snapshots 
of the aggregates self-assembled from spindle-like subunits at different simulation times: b) 0τ, c) 160 × 103τ. Detailed assembly mechanism of the 
subunits in solution. d) Collision manners in the course of the assembling process of subunits in solution. The dashed cycles enlarge the contact 
position of the subunits. e) Temporal variation of the center distance, D, between the activated subunits in a representative assembling process. The 
red dots mark the different collisions in panel (d).
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different collisions shown in Figure 3d. The subunits approach 
each other via Brownian motion, as shown by the decrease of 
D with time. The subunits are pushed away after the side colli-
sion (I1) and the end collision deviating the axis (I2), as reflected 
by the increase of the center distance D after the collisions. 
When the effective collision occurs, the subunits connect via 
the bonding of the rigid core, which is reflected by the quick 
decrease in D after the point marked by E. We also calculated 
the fraction of effective collisions, f, which is defined as the 
ratio of the number of effective collisions to the number of total 
collisions. The value of f was 0.046, which means an average of 
22 collisions is required to generate one effective collision (see 
Section S5.3 of the Supporting Information for details). This 
assembly mechanism of the subunits is analogous to molecular 
polymerization in which only an effective collision leads to 
bonding of the monomers; consequently, the growth kinetics of 
the nanowires follow the kinetics of a reaction-controlled, step-
growth polymerization.[26,27]

Simultaneously, we studied the growth kinetics of the nano-
wires via the DPD simulations. As shown in Figure 4a, in agree-
ment with the experimental findings, the number fraction of the 
unreacted spindle (fX = 1) decreases with time; in addition, at each 
time fX decays with X following the relationship fX = (1 − p)pX−1

. 
To examine the effects of initial concentration Csub of subunits 
on the number-average degree of “polymerization” (Xn), we first 

set the initial concentration Csub as C0 = 130/(VNA), where V is 
the volume of simulation box and NA is the Avogadro’s number, 
and subsequently changed Csub as C0, 0.8C0, 0.6C0, 0.4C0, and 
0.2C0 respectively. In the range of 0.2C0 ≤ Csub ≤ C0, the values of 
Xn linearly increase with increasing assembly time, t (Figure 4b). 
As shown in Figure 4c, the rate of the chain growth, dXn/dt, 
increases with Csub in a linear trend, and the slope of the line 
gives the assembly rate constant k with a value of 1.5 × 10−7V 
NA/τ. These features are characteristics of second-order step-
growth polymerization, which is in agreement with the experi-
mental observations. Additionally, the PDI for the different ini-
tial concentrations of the subunits increases with Xn (Figure 4d), 
which is in agreement with the feature of step-growth polym-
erization. Note that the PDI in the simulations is also smaller 
than the theoretical prediction value because of the deviation 
of the activities of the subunit ends from equality. By replacing 
the original theoretical equation with the modified one, the data 
fitting can be improved, as indicated by the red dashed line in 
Figure 4d.

2.3. Influence of Reactivity of the Preassembled Micelles

The aforementioned results reveal that the emergence 
of reactive points play a critical role in the appearance of 
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Figure 4. “Polymerization” of the spindle-like subunits in the simulations. a) Number fraction, fX, of the nanowires as a function of the degree of 
“polymerization” X at various assembly times. The green dashed line is the theoretical number fraction, fX, of the nanowires with X (fX = (1 − p)pX−1, 
p = 0.51). “Polymerization” of the subunits at various initial subunit concentrations, Csub: C0 (red squares), 0.8C0 (blue circles), 0.6C0 (orange down-
triangles), 0.4C0 (magenta up-triangles), and 0.2C0 (bright-green diamonds), where C0 = 130/VNA. b) Variation in the number-average degree of 
“polymerization”, Xn, with simulation time. c) Dependence of the chain growth rate on Csub. d) Variation in the PDI of the nanowires with Xn. The black 
solid line shows the theoretical prediction of PDItheory = 2 − 1/Xn, and the red dashed line represents the fitting curve according to the modified theory.
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polymerization-like self-assembly processes. The activity of the 
reactive points may affect the supramolecular polymerization 
process, which is similar to the manner in which functional-
group activity affects the step polymerization of monomers. 
To examine this effect, we varied the amount of DMF added 
to the initial subunit solution. This approach was used because 
the exposure of the hydrophobic PBLG segments in the subunit 
ends can be manipulated via the amount of DMF present. The 
effect of the DMF content on the activity of the reactive points 
was revealed by the kinetic data presented in Figure 5. Figure 5a 
shows that at the different DMF contents studied, the value 
of Xn increased linearly with t, which follows the relationship 
Xn = Csubkt + 1. Moreover, the value of Xn increased faster when 
greater amounts of DMF were added, as revealed by the slopes 
of the relationship Xn ≈ t (the corresponding DLS results show 
some tendency, and they are given in Figure S6 of the Sup-
porting Information). The rate of the chain growth at various 
DMF contents is defined by the slopes, dXn/dt. As shown in 
Figure 5b, the value of dXn/dt increases with increasing DMF 
content, which indicates that a greater DMF content acceler-
ates the growth of nanowires because more PBLG chains are 
exposed to the solvent.

The effect of the DMF content on the growth rate of the 
nanowires was also examined via the DPD simulations. To 
model the increased content of PBLG-selective DMF, a solu-
tion of spindle-like micelles formed in the initial interaction 

parameters was simulated with a series of interaction param-
eters aRS = 50.0, 46.0, 43.0, and 40.0. In the subsequent self-
assembly of the subunits, the interaction parameters were 
changed to aRC = 40.0, aRS = 100.0, and aCS = 20.0, which cor-
responds to the addition of water to the solution. As shown in 
Figure 5c, the nanowire growth kinetics for the subunits formed 
at various aRS follow a linear Xn ≈ t relationship. The decrease 
of aRS (increase in the DMF content) leads to an increase in the 
rates of the chain growth dXn/dt (Figure 5d), in good agree-
ment with the experimental findings. To clarify the effect of the 
DMF content, we compared the structures of the spindle-like 
subunits formed at different aRS. As illustrated in the insets of 
Figure 5d, a decrease in aRS results in swelling of the rigid cores 
with more solvophobic PBLG backbones protruding from the 
ends of the subunits and exposing themselves to the solvent. 
We also computed the fraction of effective collisions, f, for the 
various DMF contents. The value of f increases with increasing 
DMF contents. This is obviously the consequence of the 
swelling of rigid cores. Moreover, a linear relationship between 
the growth rate, dXn/dt, and f was observed (Figure S8b, Sup-
porting Information). This is in good agreement with the clas-
sical collision theory in chemical reaction kinetics.[33]

Our experimental and theoretical findings show that the 
self-assembly of micellar subunits into 1D nanowires resem-
bles many aspects of molecular step-growth polymerization, 
such as the end-to-end connection of building units, the Flory’s 
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Figure 5. Effect of DMF content on the “polymerization” of the subunits. a) Variation in Xn with assembly time at various DMF contents. b) Depend-
ence of the chain growth rate on DMF content at a constant Csub. c) Variation in Xn with simulation time at various aRS. d) Dependence of the chain 
growth rate on aRS at a constant Csub in the DPD simulations. The insets illustrate the structure of the spindle-like subunits in simulations for aRS = 50.0, 
46.0, 43.0, and 40.0.
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equations of kinetics, and the linear configuration of products. 
Despite the physical analogies to the molecular step-growth 
polymerization, there exist some distinctive characteristics in 
step-growth polymerization of the micellar subunits. Specifi-
cally, the assembly rate constant, k, (≈102 m−1 s−1, the estimation 
of k is shown in Section S4.7 of the Supporting Information) 
is considerably larger than that of molecular step-growth poly-
merization (typically in the range of ≈10−3−10−5 m−1·s−1), since 
the molecules are chemically bonded and their connection 
requires higher activation energy.[26,27] The k value is also found 
to be smaller than that of the assembly of inorganic nanoparti-
cles (≈104 m−1 s−1), because the inorganic nanoparticles possess 
higher mobility in solution resulting from their smaller size 
(≈50 nm in length) than that of the micellar subunits (≈400 nm 
in length).[21,34] Our nontrivial finding suggests that the self-
assembly of micellar subunits can be used effectively to mimic 
molecular polymerization with practical time scales. In addition, 
in contrast to the molecular rate constant which is dependent on 
the activation energy, the assembly rate constant of nanowires is 
primarily determined by the exposure of reactive points in the 
ends of the micellar subunits, which provides new heuristic 
guidelines for the fabrication of 1D polymer-like nanowires.

3. Conclusions

In summary, we reported the first example, to our knowl-
edge, of the kinetics of supramolecular “step polymerization” 
of micellar subunits. Such “polymerization” displays the char-
acteristics of a second-order reaction, and the assembly rate 
is dependent on the subunit concentration and its reactivity. 
The knowledge obtained from this study is useful for realizing 
controllable syntheses of 1D superstructures and represents a 
significant step forward in hierarchical self-assembly. The com-
bined experimental and theoretical simulation studies greatly 
deepen our understanding of the mechanism of the supramo-
lecular polymerization. The existence of structural defects in 
the preassemblies is essential for the polymerization. As long as 
the structural defects exist in the micelles, the “reaction point,” 
which has a higher energy, can be generated through changes 
in the solvent conditions. This control of the reaction point ena-
bles the “polymerization” of the preassembled micelles. Using 
this principle, we can design and prepare sophisticated mate-
rials taking use of the defects on self-assemblies, which may 
have potential applications in biomedical fields.

4. Experimental Section
Polymer Synthesis: PBLG was obtained through the ring-opening 

polymerization of γ-benzyl-L-glutamate-N-carboxyanhydride initiated by 
triethylamine with 1,4-dioxane as the solvent.[19,25,35,36] PBLG-g-PEG was 
prepared via the ester exchange reaction of PBLG with mPEG-OH.[19,37] 
At the end of the two polymerizations, the reaction mixture was 
precipitated into a large volume of anhydrous methanol. The product 
was purified twice via repeated precipitation from a chloroform solution 
into a large volume of anhydrous methanol and dried under vacuum. 
Details of the polymer synthesis are shown in Section S1.1 of the 
Supporting Information.

Preparation of the Assemblies: Polymer assemblies were prepared 
using the following procedure. First, PBLG-g-PEG graft copolymers 

were dissolved in THF/DMF (1/1, v/v) mixed solvents via stirring 
at room temperature for 2 d to obtain the stock solutions. Typically, 
1.0 mL of deionized water was added to 4.0 mL of the PBLG-g-PEG 
initial solution (polymer concentration of 0.6 g L−1) with vigorous 
stirring to form subunits (initial subunit solution). Then, 3.0 mL of 
DMF was pipetted into the initial subunit solution (DMF content 
of 62.5 vol%). Subsequently, 6.0 mL of water was quickly added to 
“activate” the subunits and induce the self-assembly of the subunits 
(subunit solution, water content of 50.0 vol%). At intervals of 6 d, we 
pipetted 0.5 mL of the subunit solution into a large amount of water 
to freeze the morphologies. The sample solution was dialyzed against 
deionized water for 3 d to ensure that all organic solvents were removed. 
To investigate the effect of the concentration of the subunits (Csub) on 
the self-assembly, we diluted the subunit solutions into various volumes 
using the same solvent composition (i.e., THF:DMF:water = 2:5:7 v/v/v). 
For studies on the effect of the added DMF content on the self-assembly, 
various volumes of DMF were added to the initial subunit solution and 
the added water content was fixed at 50.0 vol% for all samples. Note 
that in the aforementioned experiments where the effect of DMF was 
studied, the concentration of the subunits (Csub) was kept the same for 
the same set of samples and the influence of Csub on the growth of the 
nanowires could be ruled out.

Characterization of the Assemblies: The morphologies were 
characterized using TEM (JEM-2100F, JEOL, 200 kV), SEM (S4800, 
Hitachi, 15 kV), and cryo-TEM (FEI T20, 200 kV, −174 °C). The 
apparent hydrodynamic radius of the aggregates was measured using 
DLS (CGS-5022F, ALV, laser wavelength 632.8 nm). The values of fX, 
p, Xn and PDI were obtained by collecting SEM images with more 
than 500 micelles and analyzing the images using the Image-Pro Plus 
software. The detailed experimental information is available in Sections 
S1.2–S1.6 and S2.0 of the Supporting Information.

Simulation Methods: DPD is a particle-based mesoscopic simulation 
technique in which a volume of several molecules or parts of molecules 
are represented by a coarse-grained bead.[28–32] The temporal evolution 
of the simulated system was achieved via integration of Newton’s 
equation of motion, dri/dt = vi and mi dvi/dt = fi. The total force, fi, 
acting on the i-th bead is the sum of the conservative force, C

ijF , 

dissipative force, D
ijF , and random force, R

ijF , i.e., ( )C D R
i ij ij ijj i

f F F F∑= + +
≠

,  

and all the pairwise forces are truncated at a certain cutoff radius, 
rc. In addition, all the conjoined beads in the grafting copolymer are 
bonded by a harmonic spring force given by rr( )̂S SC r rij ij eq ijF = − − ,  
where CS and req denote the spring constant and equilibrium bond 
length, respectively. Two additional harmonic spring forces, which are 

1
ijF  between the first and third beads in every three neighboring beads 

and 2
ijF  between the first and end beads of the entire rigid block, were 

added to the rigid blocks. An angle force, [ (cos cos ) ]2kijF θ π= −∇ −θ
θ ,  

was also applied to the rigid blocks to constrain the bond angle near 
π.[38] The spring constant is CS = 100, and the angle constant is kθ = 20. 
The equilibrium bond distances, req, for S

ijF , 1
ijF  and 2

ijF  were set as 0.7, 
1.4, and 5.6, respectively. Details are provided in the Section S5.1 of the 
Supporting Information.

All the simulations were performed in cubical boxes with edge 
length 60rc under the periodic boundary conditions. The cutoff radius 
of interaction was set as rc = 1. The integration step of DPD simulations 
was set as δt = 0.04τ, where τ was defined as τ = (mrc

2/kBT)1/2. In the 
formation of spindle-like micelles from graft polymer, typical DPD 
simulations with 105 steps were performed to guarantee the equilibrium 
of the structures. In the subsequent assembly of the subunits, each 
simulation took 4 × 106 steps. Simulations from different initially random 
configurations with various seeds were also performed to ensure that the 
observations were not accidental. The detailed simulation information is 
available in Section S5.2 of the Supporting Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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