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ABSTRACT: Supramolecular polymerization of nanoscale
particles has been considered as an effective route to prepare
hierarchical nanostructures with controlled geometry and
functions. However, so far, less is known about its mechanism,
especially the polymerization kinetics which is fundamentally
important for the controllable synthesis of hierarchical
structures. In the present work, we discovered a temper-
ature-induced supramolecular step-growth polymerization
which can provide a simple and robust route for preparing
one-dimensional hierarchical nanowires. The polymerization
units are spindlelike micelles self-assembled from amphiphilic poly(γ-benzyl-L-glutamate)-graf t-poly(ethylene glycol) (PBLG-g-
PEG) graft copolymers. Because of the imperfect coverage of PEG grafts on PBLG cores at both ends of the micelles, structural
defects appear. At low temperatures, PBLG tends to be more hydrophobic, and resultantly, these defects become reactive and
induce polymerization. Kinetic studies revealed that at low temperatures and high micelle concentrations, the polymerization
rate becomes relatively faster. The present work demonstrates a new kind of supramolecular polymerization and its reaction
kinetic mechanism. The obtained results could provide a guidance for the controllable construction of hierarchical structures.

1. INTRODUCTION

Self-assembly of nanoscale particles in solution has provided an
impressive and versatile bottom-up strategy to build nano-
structures with controlled geometry and functions.1−9

Especially, the one-dimensional (1D) assembly of preas-
sembled polymer micelles has become the appealing frontier,
which can be considered as a polymerization process occurring
on the supramolecular level.5,10−15 In supramolecular polymer-
ization, the polymerization units connect together through
noncovalent interactions such as hydrophobic interac-
tions.5,11,15−17 The supramolecular polymerization has ex-
tended the concept of polymerization from the molecular scale
to the nanoscale. This offers an effective route to prepare a
wide variety of hierarchical structures with uniform size and
well-defined functionalities.18−25

So far, many efforts have been devoted to revealing the
principles of supramolecular polymerization, which can help us
understand and exploit the interaction between the reaction
units at higher length scales. For example, Liu et al. reported
nanotubes assembled from triblock copolymer in solution.13

By the amidization of the amino and carboxyl functional
groups at the end of the micelles, the nanotubes could join
head to tail to yield dimers or trimers. Müller et al. prepared
various well-defined multicompartment micelles of polystyr-
ene-b-polybutadiene-b-poly(methylmethacrylate)s.5,7,11 The
hierarchical nanostructures were created by polymerizing
these preassemblies with precisely tunable patches through

changing the solution conditions. Supramolecular polymer-
ization has also been reported in the porphyrin-based and
polyoxazoline-based block copolymer systems.26,27 For exam-
ple, Hupp et al. prepared porphyrin nanorods and realized the
1D assembly of the nanorods into micrometer-size triangular
columns, which is driven by the hydrophobic−hydrophobic
interactions between cetyltrimethylammonium bromide mole-
cules on the nanorods.27 In addition, the preparation of 1D
nanostructures can also be induced by the crystallization driven
force.28,29 Schacher et al. reported that triblock copolymers
containing poly(2-isopropyl-2-oxazoline) (PiPrOx) crystalline
blocks could self-assemble into spherical core−shell−corona
aggregates.28 Upon heating, these spherical micelles aggregate
into fiberlike structures. It is attributed to the crystallization of
the PiPrOx corona, which drives directionally the connection
of spheres. Manners et al. prepared cylindrical micelles of
polyisoprene-b-poly(ferrocenyldimethylsilane) (PI-b-PFDMS)
block copolymers. When the PFDMS homopolymers were
added into the micelle solution, the homopolymers could serve
as a “glue.” The micelle ends became “sticky” and connected
with each other to form micelle networks.29 Recently, Wang et
al. have prepared the anisotropic cylindrical micelles of poly(γ-
benzyl-L-glutamate)-graf t-poly(ethylene glycol) (PBLG-g-
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PEG) graft copolymers. These anisotropic aggregates could act
as preassembled subunits to construct 1D hierarchical
nanostructures.30 In the supramolecular polymerization, the
open ends of the cylindrical micelles, serving as reactive points,
drive the end-to-end connections of the anisotropic micelles
into hierarchical structures.
The above examples imply that supramolecular polymer-

ization shows some similarities with the conventional polymer-
ization of molecules. However, it also possesses many special
features because of the complex structures of the polymer-
ization units or different diffusion behaviors of the micellar
aggregates and small molecules in solution.31,32 Especially for
the kinetic process of supramolecular polymerization, so far,
less has been known since most studies of 1D assembly of the
micelles were focused on the thermodynamics-driven morpho-
logical changes.33 Many important influencing factors remain
to be addressed, such as temperature, which has a significant
effect on the reaction rate and effective collision in the
conventional polymerization.
In this work, we report the synthesis of 1D hierarchical

nanowires through supramolecular polymerization of preas-
sembled micelles by regulating the temperature. The spindle-
like subunits were self-assembled from PBLG-g-PEG graft
copolymers. Because of the imperfect coverage of the PEG
chains at the ends of the subunits and the increased
hydrophobicity of PBLG with the decrease of temperature,
higher energy at the endcaps of the micelles could be
generated. This creates the reactive point at the micelle ends
to induce the formation of 1D hierarchical structures. In
addition to the experimental studies, dissipative particle
dynamics (DPD) simulations on polymerization of spindlelike
subunits formed by rod-coil model copolymers were
performed to examine the kinetics of supramolecular step-
growth polymerization. According to the experimental findings
and theoretical simulation results, the mechanism for the
temperature-induced supramolecular step-growth polymer-
ization is suggested.

2. EXPERIMENTAL SECTION
2.1. Synthesis of PBLG-g-PEG Graft Copolymers. PBLG was

first synthesized through ring-opening polymerization of γ-benzyl-L-
glutamate-N-carboxyanhydride.34,35 PBLG-g-PEG graft copolymer
was synthesized by the ester exchange reaction of PBLG
homopolymer with mPEG-OH.36 At the end of both the reactions,
the viscous reaction mixture was poured into anhydrous methanol
with a large volume. The precipitate was dried under vacuum. Then,
the products were purified at least twice by repeatedly precipitating
from a chloroform solution into anhydrous methanol. A series of
PBLG-g-PEG samples were synthesized. These samples have a PEG
graft with Mw of 350−1100 and degrees of grafting ranging from 2.04
to 8.12%. Detailed information regarding characterization results for
the PBLG homopolymer and PBLG-g-PEG graft copolymers used in
this work are presented in the Supporting Information (Figure S1 and
Table S1).
2.2. Preparation of the Subunits. The aggregate solution was

prepared through the selective precipitation method.8,37 First, the
PBLG-g-PEG graft copolymer was dissolved in the tetrahydrofuran
(THF)/dimethylformamide (DMF) mixture solvent (1/1, v/v) to
obtain stock solutions. Then, 1.4 mL of deionized water was added to
10 mL of PBLG-g-PEG solutions with vigorous stirring to obtain
spindlelike subunits. For the PBLG-g-PEG samples examined in the
present work, when the polymer concentration is very low, no
aggregates can be observed. When the concentration is higher than
the critical micelle concentration, the PBLG-g-PEG copolymers start
aggregating into micelles because of the hydrophobic interaction

between PBLG chains. Because of the rigid nature of the PBLG
backbone, the PBLG-g-PEG graft copolymers tend to pack in parallel
with each other and self-assemble into spindlelike micelles in solution.
However, at the lower concentration, such as 0.2 g/L, the spindle
micelles are not well-shaped. In the range of 0.4−0.8 g/L, uniform
spindles can be formed, which are suitable for the further self-
assembly. We, therefore, choose the polymer concentration of 0.8 g/L
to prepare the initial subunits in this work. As the concentration
increases to 1.0 g/L, larger subunits with a broader size distribution
are observed. The experimental process to prepare subunits was kept
at a constant temperature of 40 °C.

2.3. Preparation of the Nanowires. After stabilizing the subunit
solution for at least 10 h, the solution was annealed at 40, 30, 20, 10,
and 5 °C. To examine the temporal evolution of the aggregate
morphologies each time, 0.5 mL of the sample solution was pipetted
into a large volume of water (ca. 15 mL) to freeze the micellar
morphologies every 7 days. To remove all organic solvents of the
sample solution, the solutions were dialyzed against water for at least
3 days.

2.4. Characterization of the Aggregates. The morphologies of
the micelles were characterized by transmission electron microscopy
(TEM, JEM-1400, 100 kV), cryogenic TEM (cryo-TEM, FEI-T20,
200 kV, −174 °C), and atomic force microscopy (AFM, XE-100, Park
Systems). The apparent hydrodynamic radius and the weight-average
molecular weight of the aggregates were measured using dynamic and
static light scattering (DLS and SLS, ALV/CGS-5022, the laser
wavelength of 632.8 nm), respectively. The detailed experimental
information is presented in Section 1 of the Supporting Information.

2.5. Simulation Methods. DPD is a particle-based mesoscopic
simulation method which allows for larger time and length scales than
atomistic molecular dynamics simulations.38−40 In the DPD
simulation,33 the coarse-grained DPD beads represent a block or
cluster of atoms or molecules, whose temporal evolution is described
via integration of Newton’s equation of motion, dri/dt = vi and midvi/
dt = f i. The total force f i acting on the i-th bead is the sum of
conservative force Fij

C, dissipative force Fij
D, and random force Fij

R, that
is, f i = ∑j≠i(Fij

C + Fij
D + Fij

R). In the present simulations, according to
the molecular information of the PBLG-g-PEG graft copolymers, a R9-
g-(C5)2 coarse-grained graft copolymer model was constructed, in
which R beads denote the PBLG rigid backbone and C beads
represent the flexible PEG grafting chains. The neighboring beads in
the graft copolymers are connected via the harmonic spring force of
Fij
S = −CS(rij − req)rîj, where req and C

S represent the equilibrium bond
length and spring constant, respectively. Detailed descriptions of the
methods are presented in Section 2.1 of the Supporting Information.

To guarantee the sufficient number of subunits, all simulations
were performed with 648 000 DPD beads in a cubic box (60rc)

3 under
the periodic boundary conditions. In the simulation, all of the units
were scaled by the bead mass m, thermal energy kBT, and cutoff radius
rc. The equations of motion are integrated with a modified velocity
Verlet algorithm with λ = 0.65 and δt = 0.04τ, where time unit τ =
(mrc

2/kBT)
1/2. In the self-assembly of graft polymers into subunits, the

DPD simulations were carried out for 105 steps to assure the
equilibrium of the micellar structure. In the supramolecular
polymerization of the preassembled subunits, simulations with 4 ×
106 steps were carried out. In order to guarantee that the observations
were not accidental, the simulations were implemented with different
initial random configurations. The details are presented in Section 2.2
of the Supporting Information.

3. RESULTS AND DISCUSSION
3.1. Supramolecular Step-Growth Polymerization of

the Subunits. Scheme 1 shows the preparation process of the
subunits and nanowires. In the first step, the subunit solution
was prepared through the selective precipitation method.
PBLG-g-PEG-1 graft copolymers were dissolved in the mixture
solvent of THF/DMF (1/1, v/v, the polymer concentration is
0.8 g/L). The selective solvent (water, 1.4 mL) was then added
to 10 mL of the mixture solution to prepare the anisotropic

Macromolecules Article

DOI: 10.1021/acs.macromol.9b01358
Macromolecules 2019, 52, 7731−7739

7732

http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.9b01358/suppl_file/ma9b01358_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.9b01358/suppl_file/ma9b01358_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.9b01358/suppl_file/ma9b01358_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.9b01358/suppl_file/ma9b01358_si_001.pdf
http://dx.doi.org/10.1021/acs.macromol.9b01358


subunits. The self-assembly was carried out at 40 °C, and the
preassemblies (subunits) were stabilized for at least 10 h.
Figure 1a shows the morphology of the subunits obtained in
the first step of self-assembly. The subunits have a spindlelike
shape with the mean length of approximately 500 nm.
In the second step, the subunit solution was annealed at 40,

30, 20, 10, and 5 °C. 1D nanowires with nodes were observed
at those temperatures except 40 °C (Figure S2). Figure 1b
shows the typical nanowire structure with connected subunits
formed after annealing at 5 °C for 85 days in the second-step
self-assembly. As shown in the figure, the nanowires have clear
nodes, and the average length between two nodes is generally
consistent with the length of the subunits. The end-to-end
connection between the subunits in the nanowires is confirmed
by AFM observations (Figure 1c). In addition, the height
profiles show that the heights of the subunits and nodes are
approximately 100 and 60 nm, which confirm that the spindles
were connected together (Figure S3). The same nanowire
structures were also observed from cryo-TEM testing (Figures
1d and S4), which proves the formation of the nanowire in
solution and rules out the drying effect on sample morphology
in the specimen preparation.
To in situ examine the self-assembly process from subunits

to nanowires, we used DLS to follow the variation of the
apparent hydrodynamic radius (Rh) of the aggregates in the
solution. Figure 1e shows the Rh distributions of the micellar
aggregates in solution at various temperatures after annealing
for 85 days. At 40 °C, the distribution of Rh has few changes,
indicating that the subunits are inert in solution and no
nanowires are formed. With decreasing temperature, the peak
maximum of the Rh shifts to higher positions, which indicates
the formation of the nanowires connected by the subunits.
Meanwhile, the Rh distributions also turn broader, suggesting

that the formed nanowires exhibit polydispersity. The
nanowire structures formed at 5 °C have the biggest Rh and
the broadest Rh distribution. The above results are consistent
with the morphological observation. In addition, the in situ
DLS results further confirm the fact that the drying artifacts in
the sample preparation are ruled out.
As compared to the preassembled subunits, the polydisper-

sity of the length of the nanowires increases, which was
revealed by the electron microscopy images and DLS results.
To examine the distribution of the nanowire structures, the
number fraction f x of the nanowire with the degree of
polymerization X (the number of subunits in a nanowire and
the value of X was obtained from TEM images) was calculated.
Figure 1f shows f x of the nanowire versus X at various
temperatures after annealing (reacting) for 85 days. The f x of
the subunits (X = 1) decreases with decreasing temperature,
which demonstrates that the f x of the nanowires (X ≥ 2)
connected by spindles gradually increases. To obtain insights
into the supramolecular polymerization, we defined p as the
extent of polymerization, which is the fraction of reactive
points consumed in the polymerization. The detailed
descriptions of f x and p are provided in the Supporting
Information (Section 1.2). As shown in Figure 1f, f x exhibits an
exponential decline at each temperature. The f x data can be
fitted well with the equation f x = (1 − p) pX−1, which
represents a theoretical prediction of the distribution of
polymeric number fraction in the molecular step-growth
polymerization.41 The representative theoretical fitting curve
was demonstrated as the dashed line for the nanowires formed
at 20 °C. Other fitting curves are shown in the Supporting
Information (Figure S5). The experimental data agrees well
with the theoretical predictions. This indicates that the
connection of subunits into nanowires follows the rule of
molecular step-growth polymerization.
When the PBLG-g-PEG graft copolymers self-assemble into

spindlelike subunits, the rigid PBLG chains arrange in a parallel
order along the long axis, and the PEG blocks are outside to
cover the PBLG cores, thereby stabilizing the formed
aggregates (Scheme 1).33,36 Because of the relatively short
length and low degree of grafting of the PEG grafts, the
hydrophobic PBLG cores at both ends of the spindles cannot

Scheme 1. Schematic Illustration for the Formation of
Nanowires in Solution

Figure 1. (a) TEM images of the subunits formed by the PBLG-g-PEG-1 graft copolymers at 40 °C. (b) TEM, (c) AFM, and (d) cryo-TEM
images of nanowires assembled from the subunits at 5 °C. (e) Hydrodynamic radius of the subunits and nanowires. The scatter angle for the DLS
experiments was 90°. (f) Number fraction, f x, of the nanowire structures vs the degree of polymerization, X.
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be well covered by the PEG grafts, and structural defects occur.
These defects could serve as reactive points for polymerization
of the subunits. This is further verified by theoretical
simulations (see the following section). The subunits remain
nonreactive because of the weak hydrophobicity of PBLG at 40
°C (see Figure 1e). When the temperature is decreased, the
hydrophobicity of PBLG blocks could increase.42 The
exposure of PBLG in the micelle ends endows their reactivity
to the increased PBLG hydrophobicity, and polymerization is
consequently induced. To understand the change of hydro-
phobicity of PBLG with temperature, we examined the critical
water content (CWC), an indication for the onset of
aggregation, at different temperatures. The CWC for PBLG-
g-PEG-1 graft copolymers is 7.50 vol % at 40 °C, as shown in
Figure 2a. With decreasing temperature, the CWC continu-
ously decreases and becomes 5.75 vol % at 5 °C. This result
implies that the hydrophobicity of PBLG blocks increases with
the decrease of temperature.
To further verify the above mechanism that the hydro-

phobicity of PBLG blocks plays an important role in the
temperature-induced supramolecular step-growth polymer-
ization, we designed and carried out a control experiment. In
such an experiment, a certain amount of PBLG homopolymers
was mixed with the PBLG-g-PEG-1 graft copolymer in
preparing the subunits. The PBLG homopolymers could
aggregate with the backbones of PBLG-g-PEG graft copoly-
mers to form the micelle core. Thus, the amount of PBLG
segments at micelle ends could change, and the reactivity of
reactive points can be manipulated by the amount of PBLG
homopolymers added. Then, we examined the effect of the
amount of added PBLG homopolymers on the nanowire
formation.
We first prepared the subunits with various amounts of

PBLG homopolymers. Note that the PBLG homopolymer
content has few effects on the size of the subunits under the
present condition employed (details are shown in Figure S6
and Table S2). Then, the subunit solutions were annealed at

20 and 5 °C to reach equilibrium. As shown in Figure 2b, both
the number-average degree of polymerization Xn (i.e., ∑nii/
∑ni, where ni is the number of nanowires containing i
subunits) of the nanowires and the extent of polymerization
(p) increase obviously with increasing PBLG amount. The
values of Xn and p at 20 °C are smaller than those at 5 °C,
which further reveals that the hydrophobicity of PBLG blocks
is stronger at lower temperature. Figure 2c shows the variation
of the polydispersity index (PDI, characterizing the length
distribution of the formed nanowires) of the nanowires as a
function of the PBLG content. It is shown that the value of
PDI has a slight increase as the PBLG amount increases. As
compared to the subunits assembled from the neat PBLG-g-
PEG graft copolymers, the hybrid micelles containing PBLG
homopolymers take much less time (approximately 10 days at
5 °C) to form nanowires with the same length. The TEM
images in Figure 2d−f show the nanowires formed with the
addition of different amounts of PBLG homopolymers at 5 °C
after annealing for 30 days. As evidently shown in the figures,
the number of subunits in the nanowires gradually increases
with increasing PBLG homopolymer amount. The statistic
results revealed that Xn increases from 2.5 to 4.7 and then to
5.2 for the samples annealed at 5 °C (see Figure 2b). The
maximum degree of polymerization could reach 22 in a
nanowire (>10 μm in length). The above results indicate that
both ends of subunits become more hydrophobic with
increasing amount of added PBLG homopolymers. The
hydrophobicity of PBLG blocks exhibits a significant role in
the nanowire formation.
Additionally, we examined the effect of various degrees of

grafting and lengths of the grafted chains of PBLG-g-PEG graft
copolymers on the morphology and polymerization behavior.
It was found that the morphology of the preassembled
aggregates changes gradually from spindles to a mixture of
spindles and spheres with increasing degree of grafting at a
fixed PEG molecular weight of 750 (see Figure S8a−d).
However, when the PEG molecular weight varies from 350 to

Figure 2. (a) Turbidity (optical density) curves of the PBLG-g-PEG-1 graft copolymer vs the amount of water added into the solution. (b)
Variation of Xn and p of the nanowires as a function of the added homopolymer content at 20 and 5 °C after annealing for 30 days, respectively. (c)
Variation of PDI of the nanowires as a function of the added homopolymer content at 20 and 5 °C after annealing for 30 days. (d−f) TEM images
of nanowires as a function of the homopolymer content after annealing for 30 days: (d) 0, (e) 50, and (f) 75 wt %.
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750, 1000, and 1100 (the degree of grafting of these
copolymers is ∼2.1%), the morphology of subunits is not
changed obviously. Spindlelike micelles were observed for all
samples (see Figure S8e−h). Then, we examined the
polymerization behavior of the micellar subunits assembled
from graft copolymers with various degrees of grafting. The
subunit solution was subjected to 5 °C for the polymerization.
It was revealed that the number of subunits in the nanowires
gradually decreases with increasing degree of grafting at a fixed
polymerization time of 85 days. When the degree of grafting
reaches 8.12%, the initial subunits become a mixture of
spindles and spheres, and no nanowires were formed from the
subunits (see Figures S9). This is because the coverage of the
PEG chains on ends of the micelles increases with increasing
degrees of grafting, which leads to reduced reactivity. When
the ends of the subunits are completely covered by the PEG
chains, the reactive points at the micellar ends disappear and
nanowires cannot be formed (see Section 1.4.6 of the
Supporting Information).
3.2. Polymerization Kinetics of Micellar Subunits. To

deepen our understanding of the polymerization of pre-
assembled micelles, the growth kinetics of nanowires versus
temperature was examined. First, we investigated the effect of
temperature on the formation process of the nanowires. The
number of aggregates in solution can be obtained by SLS
measurements (details are presented in the Supporting
Information, Section 1.4.5).2,43,44 In this work, the concen-
tration of the subunits (C0) was determined to be 3.56 × 10−10

mol/L. As shown in Figure 3a, Xn increases with time t linearly,
which yields a growth rate of dXn/dt at each temperature.
Obviously, the growth rate increases with the decrease of
temperature, which is related to the enhanced activity of
subunits at lower temperatures. At 40 °C, Xn is nearly

unchanged over time, which indicates that the subunits are
inert at this temperature. The growth kinetics from the
subunits to nanowires was also examined in situ using DLS,
and similar results were observed (Figure S10). Furthermore,
for the assembly of subunits at each temperature, the PDI
versus Xn is presented in Figure 3b. For determining the value
of PDI, more than 400 micelles of TEM images were analyzed
using Image-Pro Plus software. As can be seen, the PDI
increases with Xn, and the increment gradually decreases and
finally reaches a value of 1.56. It can be found that the value of
the PDI in the experiments was smaller than that predicted
from the theory of molecular step-growth polymerization
(PDImol = 2 − 1/Xn, the red dashed line in Figure 3b).
To quantitatively characterize the relation between PDI and

Xn, a theoretical model was proposed by adopting the
mathematical methods applied to the analysis of polymer-
ization in molecular systems.45−47 The proposed model shows
that the PDI is related to the number-average degree of
polymerization by the following expression

X
X X

PDI
(3 2 3) 2 2

( 1) 4

2
n

2

2
n

2
n

α α α
α α

=
+ + − −

− + (1)

where α is defined as the ratio of reactivities at the two ends of
the subunit. Note that the theoretical equation is only valid at
the initial stage of polymerization, that is, p0 1

2
< < α

α
+ and

Xn
2

1
< α

α − (details are presented in Supporting Information,

Section 1.3). For the polymeric micelles, the structure
generally has variations resulting in structural differences at
the micelle ends, which gives rise to a difference in the end
reactivity. Such a difference is manifested by α in our model.
The black solid line in Figure 3b shows the fitted curve based
on the proposed theoretical model with the best-fitting value of
α = 1.55, which reveals that our theoretical model well
describes the polymerization of the subunits.
The effect of the concentration of subunits (Csub) on the

polymerization behavior was further investigated. The values of
Csub were changed from 3.56 × 10−10 to 8.96 × 10−11 mol/L. It
was obtained by diluting the initial subunit solution (C0) using
the same solvent for the initial micelle solution. dXn/dt
increases with Csub linearly at each temperature, indicating that
the growth of nanowires induced by temperature generally
follows the rule of step-growth polymerization at each
temperature (Figure 3c).41 The slopes of the linear relation
of dXn/dt and Csub give five polymerization rate constants (k)
which are independent of the subunit concentration and the
polymerization time. It was found that the k value increases
with the decrease of temperature. Figure 3d shows the
variation of ln k versus 1000/T. With the increase of 1000/
T, that is, the decrease of T, the value of ln k is increased.
An empirical formula to describe the relation between the

rate constant and the temperature in the chemical reaction of
molecules is the Arrhenius equation, that is, ln k(T) = A(T) −
ΔE(T)/RT, where A is a pre-exponential factor and R is the
gas constant. ΔE(T) is the activation energy corresponding to
the energy barrier separating the potential energy of the
reactants and products.48 As shown in Figure 3d, in the range
of 30−5 °C, the value of ln k(T) increases linearly with 1000/
T. The Arrhenius equation was used to fit the data. Setting the
slope of the plot equal to −ΔE/RT, we calculate the ΔE value
of −50.7 kJ mol−1. The absolute value is within the value range
of the step-growth polymerization of molecular monomers.39

Figure 3. (a) Variation of Xn with the polymerization time at various
temperatures: 40, 30, 20, 10, and 5 °C. The concentration of subunits
(C0) was 3.56 × 10−10 mol/L, which was obtained by SLS. (b) PDI
variation of the nanowire with Xn at various temperatures. The red
dashed line represents the predicted PDImol from the theory of
molecular step-growth polymerization, and the black solid line
corresponds to the fitting curve of the proposed theoretical model.
(c) Variation of the growth rate as a function of the subunit
concentration at various temperatures. (d) Semilogarithmic plots of
the chain growth rate, ln k(T), versus 1000/T (K−1), where T is the
temperature.
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However, as compared to the step-growth polymerization of
molecules, this temperature-induced supramolecular polymer-
ization exhibits an anti-Arrhenius behavior with a negative
apparent activation energy (a reaction may have no barrier on
the potential energy curve, and in this case, the reaction usually
becomes faster as the temperature drops).49−51 This apparent
negative activation energy obtained in this system indicates
distinctive characteristics between the supramolecular poly-
merization and the molecular step-growth polymerization. In
the present work, the increased hydrophobicity of PBLG
blocks at lower temperature leads to higher activity at both
ends of subunits that induces the supramolecular polymer-
ization.
3.3. DPD Simulation of Supramolecular Step-Growth

Polymerization. To support the experimental findings,
coarse-grained DPD simulation was adopted to explore the
assembly mechanism and polymerization kinetics of preas-
sembled subunits. In the DPD methods,39,40,52,53 the PBLG-g-
PEG graft copolymers are mapped into rod-g-coil copolymer
chains, where the PBLG backbones and the PEG side chains
are respectively represented by R and C beads (Figure 4a).

The selective solvents are denoted by S beads. The interaction
parameters between i- and j-component beads are represented
by the repulsion parameter of aij, which is related to the Flory−
Huggins interaction parameter χij.

54−57 In the first-step
assembly, to modulate the self-assembly of PBLG-g-PEG-1 in
the THF/DMF/water mixture solvent at 40 °C, the interaction
parameters between different component of beads are set as
aCS = 25.0, aRC = 40.0, and aRS = 50.0. Under this condition,
the rod-g-coil copolymers self-assembled into spindlelike
subunits, in which the solvophobic backbones align along the
long axis. It can be seen from Figure 4b that the solvophilic
PEG side chains imperfectly shield the solvophobic backbones
at both ends, yielding structural defects which could act as the
reactive points for polymerization. The simulation results
further confirm the existence of the structural defect. For the
assembled micelles, we defined the ratio of the exposed areas at
both ends of the subunits as ζ = SA/SB, SA > SB, where SA and
SB are the exposed areas at two subunit ends. We examined the
distributions of ζ for the micelle subunits obtained in the
simulations. It was found that most of the subunits have a value
of ζ > 1.0, and the average value of ζ reaches ∼1.5 (Figure
S11). The different exposure areas lead to the different
reactivity of the two subunit ends, and this difference in
reactivity gives rise to the deviation of kinetics in the

supramolecular polymerization from the theoretical model of
the molecular polymerization.
To modulate the decrease of temperature to T = 30, 20, 10,

and 5 °C in the second-step assembly, the interaction
parameters between R and S beads are, respectively, reset to
aRS = 60.0, 70.0, 80.0, and 90.0 owing to the increase of
solvophobicity of PBLG backbones in solvents. In addition,
since the molecular exchange among the aggregates was
hindered in the self-assembly process of the micellar subunits,
the cores of the micelles are fixed as rigid bodies. With the new
interaction parameters, the structural defects at the ends of
subunits possess higher energy in solution because of the
contribution of unfavorable R cores and S solvent interfaces.
To reduce the energy, the spindlelike subunits assemble into
nanowires in the manner of end-to-end connection (Figure
4c,d). As illustrated in the inset of Figure 4d, the spindlelike
subunits in the nanowires are connected by the solvophobic R
backbones, and the solvophilic C side chains emanate from the
cores to maintain stability. The nanowires predicted by the
simulations possess a structure similar to that observed from
the experiments, which confirms the mechanisms that the
decrease of temperature induces the end-to-end connection of
spindlelike subunits with defects at the ends (Figure 1b).
The growth kinetics of nanowires was also examined by

DPD simulations. Figure 5a shows the variation of Xn as a

function of assembly time t under different interaction
parameters between R and S beads (aRS). Note that the
increase of aRS corresponds to the enhancement of
solvophobicity of the PBLG backbone in solvents because of
the decrease of temperature. The concentration Csub of the
subunits is set as C0 = 104/(VNA), where V and NA are the
volume of the simulation box and the Avogadro’s number,
respectively. Under the various interaction parameters aRS, Xn

Figure 4. (a) DPD model of the rod-g-coil graft copolymers. (b)
Structural illustration of the spindlelike subunit. The reactive points in
the ends are marked in blue. (c,d) Simulation snapshots of the
subunits (at simulation time of 0 τ) and the nanowires (at simulation
time of 160 × 103 τ), respectively.

Figure 5. (a) Variation of Xn vs simulation time t for the self-assembly
of subunits under different interaction parameter aRS. The
concentration of subunits is C0 = 104/(VNA). (b) PDI variation of
the nanowire with respect to Xn under different interaction parameters
aRS. The red dashed line represents the predicted PDImol from the
theory of molecular step-growth polymerization, and the black solid
line corresponds to the fitting curve of the proposed theoretical
model. (c) Variation of the growth rate dXn/dt with the concentration
of subunits under different interaction parameter aRS. (d) Semi-
logarithmic plots of the chain growth rate, ln(k), against different
interaction parameters aRS.
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increases with time t in a linear trend. Moreover, the growth
rate increases with aRS that well supports the results of the
experiments. Figure 5b shows the variation of the PDI for the
nanowire structures with Xn under different aRS. It can be seen
that the value of PDI increases with Xn, which is consistent
with the characteristics of the molecular step-growth polymer-
ization. As compared to the predicted PDImol from the theory
of molecular step-growth polymerization (the red dashed line
in Figure 5b), the values of PDI in the simulation are smaller.
The black solid line in Figure 5b shows the fitted curve based
on our theoretical model with the best-fitting value of α = 1.52,
which further reveals that our theoretical model well describes
the polymerization of micellar subunits.
To examine the effect of the subunit concentration on the

kinetics of the nanowire growth, corresponding to the
experiments, we subsequently varied the Csub concentration
from C0 to 0.75C0, 0.5C0, and 0.25C0. Figure 5c shows that the
growth rate, dXn/dt, increases linearly with Csub under all
interaction parameters aRS investigated (i.e., the temperature in
the experiments). The slopes of the linear relations between
dXn/dt and Csub give the polymerization rate constant k. As the
interaction parameter aRS is increased, that is, the temperature
is reduced in experiments, rate constant k with larger value is
obtained. It can be seen from Figure 5d that the value of ln k
increases with aRS, exhibiting a linear trend. Since the increase
of interaction parameter aRS corresponds to the decrease of
temperature in experiments, the anti-Arrhenius phenomenon
observed in experiments is reproduced in the simulations.
From the relationship between ln k and aRS, it is deduced that
the activation energy ΔE of the supramolecular polymerization
is negative.
With the assistance of DPD simulations, we studied the

temperature-induced supramolecular step-growth polymer-
ization of spindlelike micelles. This temperature-induced
supramolecular step-growth polymerization is driven by the
structural defects formed by the imperfect coverage of PEG
grafts at both ends of the micelles. Learning from the
polymerization mechanism, we may design and construct
various hierarchical structures using the subunits that possess
thermo-responsive structural defects. In addition, the kinetic
studies demonstrate that the temperature-induced supra-
molecular polymerization resembles the step-growth polymer-
ization of molecular monomers. However, some distinctive
characteristics exist in the system. For example, the reactive
rate constant k (≈102 M−1 s−1, the value can be estimated by
the slope of the linear relationships in Figure 3c) is larger than
the molecular step-growth polymerization (k ≈ 10−3 M−1 s−1).
This is because the fraction of effective collisions of the
molecular step-growth polymerization is much smaller than
that of the supramolecular polymerization (reaction occurs
once approximately in every 1013 collisions for molecular
polymerization, while it occurs in less than 100 collisions for
supramolecular polymerization).41,58,59 The larger fraction of
effective collisions results in the higher polymerization rate and
the larger k value. Additionally, the value of k was smaller than
that of the self-assembly of the inorganic nanoparticles (∼104
M−1 s−1), which is due to the higher mobility of the inorganic
nanoparticles in solution resulting from their smaller size (∼50
nm in length and ∼12 nm in diameter) than the micellar
aggregates (∼500 nm in length and ∼110 nm in diameter).10,33

Moreover, the temperature-induced supramolecular step-
growth polymerization exhibits an anti-Arrhenius behavior

that the activation energy of the supramolecular polymer-
ization is negative.

4. CONCLUSIONS

In summary, combining the experimental studies and
theoretical simulations, we discovered a temperature-induced
supramolecular step-growth polymerization which can provide
a simple and robust route for preparing 1D hierarchical
nanowires. The spindlelike subunits with structural defects at
the ends were first prepared from PBLG-g-PEG graft
copolymers. By decreasing the temperature, the structural
defects behave as reactive points and induce the supra-
molecular polymerization of the spindles into well-defined
nanowires. The kinetic studies revealed that the growth rate
increases with decreasing temperature. In addition, the
polymerization rate is faster at the higher subunit concen-
tration. Moreover, this temperature-induced supramolecular
step-growth polymerization exhibits an anti-Arrhenius behavior
with a negative activity energy. The present work provides a
way for constructing ordered hierarchical nanostructures using
the subunits that possess thermo-responsive structural defects.
The knowledge obtained from this study may provide a
guidance for the design and fabrication of hierarchical
structures with controllable size and function.
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(28) Rudolph, T.; Lühe, M. v. d.; Hartlieb, M.; Norsic, S.; Schubert,
U. S.; Boisson, C.; D’Agosto, F.; Schacher, F. H. Toward Anisotropic
Hybrid Materials: Directional Crystallization of Amphiphilic Poly-
oxazoline-Based Triblock Terpolymers. ACS Nano 2015, 9, 10085−
10098.
(29) Mohd Yusoff, S. F.; Gilroy, J. B.; Cambridge, G.; Winnik, M. A.;
Manners, I. End-to-End Coupling and Network Formation Behavior
of Cylindrical Block Copolymer Micelles with a Crystalline
Polyferrocenylsilane Core. J. Am. Chem. Soc. 2011, 133, 11220−
11230.
(30) Zhuang, Z.; Jiang, T.; Lin, J.; Gao, L.; Yang, C.; Wang, L.; Cai,
C. Hierarchical Nanowires Synthesized by Supramolecular Stepwise
Polymerization. Angew. Chem., Int. Ed. 2016, 55, 12522−12527.
(31) Cohen, M. H.; Turnbull, D. Molecular Transport in Liquids
and Glasses. J. Chem. Phys. 1959, 31, 1164−1169.
(32) Rusanov, A. I. Surfactant Micellization and Diffusion at
Moderate Concentrations. Colloids Surf., A 2016, 506, 162−169.
(33) Yang, C.; Ma, X.; Lin, J.; Wang, L.; Lu, Y.; Zhang, L.; Cai, C.;
Gao, L. Supramolecular “Step Polymerization” of Preassembled
Micelles: A Study of “Polymerization” Kinetics. Macromol. Rapid
Commun. 2018, 39, 1700701.
(34) Blout, E. R.; Karlson, R. H. Polypeptides. III. The Synthesis of
High Molecular Weight Poly-γ-Benzyl-L-Glutamates1. J. Am. Chem.
Soc. 1956, 78, 941−946.
(35) Deming, T. J. Polypeptide and Polypeptide Hybrid Copolymersyn-
thesis via NCA Polymerization; Advances in Polymer Science; Springer,
2006; Vol. 202, pp 1−18.
(36) Cai, C.; Lin, J.; Chen, T.; Tian, X. Aggregation Behavior of
Graft Copolymer with Rigid Backbone. Langmuir 2010, 26, 2791−
2797.
(37) Cai, C.; Li, Y.; Lin, J.; Wang, L.; Lin, S.; Wang, X.-S.; Jiang, T.
Simulation-Assisted Self-Assembly of Multicomponent Polymers into
Hierarchical Assemblies with Varied Morphologies. Angew. Chem., Int.
Ed. 2013, 52, 7732−7736.
(38) Connors, K. A. Chemical Kinetics: The Study of Reaction Rates in
Solution; VCH: New York, 1990.
(39) Hoogerbrugge, P. J.; Koelman, J. M. V. A. Simulating
Microscopic Hydrodynamic Phenomena with Dissipative Particle
Dynamics. Europhys. Lett. 1992, 19, 155−160.
(40) Koelman, J. M. V. A.; Hoogerbrugge, P. J. Dynamic Simulations
of Hard-Sphere Suspensions under Steady Shear. Europhys. Lett. 1993,
21, 363−368.
(41) Odian, G. Principles of Polymerization; John Wiley & Sons,
2004.
(42) Tsuji, K.; Ohe, H.; Watanabe, H. Stability of the PBLG Helix at
High Temperature and the Wormlike Character of the Helix. Polym. J.
1973, 4, 553−559.
(43) Liu, G.; Yan, X.; Duncan, S. Polystyrene-block-Polyisoprene
Nanofiber Fractions. 1. Preparation and Static Light-Scattering Study.
Macromolecules 2002, 35, 9788−9793.
(44) Zhang, G.; Niu, A.; Peng, S.; Jiang, M.; Tu, Y.; Li, M.; Wu, C.
Formation of Novel Polymeric Nanoparticles. Acc. Chem. Res. 2001,
34, 249−256.

Macromolecules Article

DOI: 10.1021/acs.macromol.9b01358
Macromolecules 2019, 52, 7731−7739

7738

http://dx.doi.org/10.1021/acs.macromol.9b01358


(45) Ozizmir, E.; Odian, G. Kinetics of Step Polymerization with
Reactants of Unequal Functional Group Reactivity. J. Polym. Sci., Part
A: Polym. Chem. 1980, 18, 1089−1097.
(46) Macosko, C. W.; Miller, D. R. A New Derivation of Average
Molecular Weights of Nonlinear Polymers. Macromolecules 1976, 9,
199−206.
(47) Lu, Y.; Gao, L.; Lin, J.; Wang, L.; Zhang, L.; Cai, C.
Supramolecular Step-Growth Polymerization Kinetics of Pre-
Assembled Triblock Copolymer Micelles. Polym. Chem. 2019, 10,
3461−3468.
(48) Mozurkewich, M.; Benson, S. W. Negative Activation Energies
and Curved Arrhenius Plots. 1. Theory of Reactions over Potential
Wells. J. Phys. Chem. 1984, 88, 6429−6435.
(49) Sims, I. R. Tunnelling in Space. Nat. Chem. 2013, 5, 734−736.
(50) Smith, I. W. M. The Temperature-Dependence of Elementary
Reaction Rates: Beyond Arrhenius. Chem. Soc. Rev. 2008, 37, 812−
826.
(51) Lebedeva, N. V.; Nese, A.; Sun, F. C.; Matyjaszewski, K.;
Sheiko, S. S. Anti-Arrhenius Cleavage of Covalent Bonds in
Bottlebrush Macromolecules on Substrate. Proc. Natl. Acad. Sci.
U.S.A. 2012, 109, 9276.
(52) Zhang, Q.; Lin, J.; Wang, L.; Xu, Z. Theoretical Modeling and
Simulations of Self-Assembly of Copolymers in Solution. Prog. Polym.
Sci. 2017, 75, 1−30.
(53) Ma, X.; Zhou, Y.; Zhang, L.; Lin, J.; Tian, X. Polymerization-
Like Kinetics of the Self-Assembly of Colloidal Nanoparticles into
Supracolloidal Polymers. Nanoscale 2018, 10, 16873−16880.
(54) Jiang, T.; Wang, L.; Lin, S.; Lin, J.; Li, Y. Structural Evolution of
Multicompartment Micelles Self-Assembled from Linear ABC Tri-
block Copolymer in Selective Solvents. Langmuir 2011, 27, 6440−
6448.
(55) Li, Y.; Jiang, T.; Lin, S.; Lin, J.; Cai, C.; Zhu, X. Hierarchical
Nanostructures Self-Assembled from a Mixture System Containing
Rod-Coil Block Copolymers and Rigid Homopolymers. Sci. Rep.
2015, 5, 10137.
(56) Xu, Z.; Lin, J.; Zhang, Q.; Wang, L.; Tian, X. Theoretical
Simulations of Nanostructures Self-Assembled from Copolymer
Systems. Polym. Chem. 2016, 7, 3783−3811.
(57) Lin, S.; Numasawa, N.; Nose, T.; Lin, J. Brownian Molecular
Dynamics Simulation on Self-Assembly Behavior of Rod−Coil
Diblock Copolymers. Macromolecules 2007, 40, 1684−1692.
(58) Flory, P. J. Principles of Polymer Chemistry; Cornell University
Press: Ithaca, New York, 1953.
(59) Wang, Y.; Wang, Y.; Breed, D. R.; Manoharan, V. N.; Feng, L.;
Hollingsworth, A. D.; Weck, M.; Pine, D. J. Colloids with Valence and
Specific Directional Bonding. Nature 2012, 491, 51−55.

Macromolecules Article

DOI: 10.1021/acs.macromol.9b01358
Macromolecules 2019, 52, 7731−7739

7739

http://dx.doi.org/10.1021/acs.macromol.9b01358

