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ABSTRACT: We conduct Brownian dynamics simulations to explore the
kinetics of living supramolecular polymerization using seeded growth of rod—
coil block copolymers as a model system. We model the kinetics of
supramolecular polymerization by developing kinetic theory for classical living
covalent polymerization with length-dependent rate coefficients. The rate
coefficient in the proposed kinetics theory decreases with increasing cylindrical
micelle length, which is attributed to micelle rigidity and unique diffusion
behavior. Like living covalent polymerization, living supramolecular polymer-
ization can produce low-dispersity assemblies with rigidity via different
mechanisms. The results nicely explain the available experimental observations.
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Living supramolecular polymerization (LSP) has emerged
as a versatile and efficient route to create assemblies with
controlled dimensions and diverse nanoarchitectures.' > For
example, living crystallization-driven self-assembly (CDSA)
based on diblock copolymers in which one of the blocks is
crystalline has been used to create cylindrical micelles, block
comicelles, and other complex nanoarchitectures in a
controlled fashion."'" Unlike the well-established living
covalent polymerization of monomers, LSP is a newer research
field that has only recently attracted attention.''~'” LSP
enables the formation of assemblies with low dispersity, similar
to living covalent polymerization.'* >° The origin of the low
dispersity, one of the salient features of LSP, remains a
mystery. To determine the origin of the low dispersity, the
kinetics of LSP must be sufficiently explored; however, the
exploration remains challenging.

Very recently, Manners et al. probed the kinetics of LSP
using seeded growth of PES-b-PDMS block copolymers, where
PFS and PDMS are poly(ferrocenyldimethylsilane) and
polydimethylsiloxane, respectively, as a model of living
CDSA systems.”' Their data fitting with constant rate
coefficients revealed that LSP kinetics do not exhibit a first-
order dependence of the growth rate on the unimer
concentration as anticipated based on living covalent polymer-
ization.”*” This data fitting is undoubtedly mathematically
correct, but the obtained results cannot physically explain the
deviation from first-order kinetics. They postulated that the
difference may be the result of the combined influence of the
chain conformation and chain polydispersity on the addition of
the unimer to micelle termini.>’ Moreover, in numerous LSP
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experimental attempts to create cylindrical micelles, the lengths
of cylindrical micelles were also found to deviate from the
theoretical values predicted based on living covalent polymer-
ization.”>** In this Communication, we conducted Brownian
dynamics (BD) simulations of seeded growth of rod—coil
block copolymers to account for the deviation from first-order
behavior and to obtain insight into the origin of low-dispersity
assemblies via theoretically analyzing LSP kinetics.

We first considered the self-assembly of rod—coil block
copolymers in selective solvents and prepared preassembled
seeds. A coarse-grained model of R,,C, was constructed for the
rod—coil block copolymer (Figure S1), where R, C, and the
subscripts denote the rod block, coil block, and bead number
of each block, respectively. According to the aggregate
morphologies for different copolymer molecular structures
(Figure S2), R¢C; was chosen to obtain cylindrical micelles.
Furthermore, a morphological diagram of the initial copolymer
concentration C, versus the interaction strength ez was
constructed (Figure S3). The region between the spinodal and
binodal lines is a metastable region where nucleation growth
can occur. Self-nucleation is impossible in the metastable
region, and self-assembly can occur only by adding nucleators.
In addition, we learned that a cylindrical micelle can act as a
nucleator due to its incompletely covered ends.”*~” Note that
the preassembled cylindrical micelles can retain their shapes

Received: January 14, 2019
Revised:  February 8, 2019
Published: February 11, 2019

DOI: 10.1021/acs.nanolett.9b00163
Nano Lett. 2019, 19, 2032—-2036


http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b00163/suppl_file/nl9b00163_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b00163/suppl_file/nl9b00163_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b00163/suppl_file/nl9b00163_si_001.pdf
pubs.acs.org/NanoLett
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.nanolett.9b00163
http://dx.doi.org/10.1021/acs.nanolett.9b00163

Nano Letters

and structures in the metastable region (Figure S5). Therefore,
cylindrical micelles can serve as seeds for further growth
through supramolecular polymerization with copolymers in
this metastable region.

To prove this supposition, the cylindrical micelles assembled
from R4C; copolymers were subjected to new simulation
conditions with added R4C; copolymers. The concentration
Co*™ of added unimer varied from 2.0 X 107 67> to 5.0 X
107* 673 at a fixed interaction strength of 2.5 &, which is
located in the metastable region (Figure S3; o and ¢ are the
units of length and energy, respectively; the other simulation
conditions are given in Section 1 of the SI). The growth of
preassembled cylindrical micelles was observed after adding
more unimers (Figure 1a). As shown in the snapshots of the
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Figure 1. (a) Living growth of preassembled cylindrical micelles. (b—
e) Morphologies of the cylindrical micelles after adding copolymers
with various concentrations Cy*™, (f) Dependence of the number-
average contour length of elongated cylindrical micelles on Cp*<™.
All the micelles were obtained at a simulation time of 1.0 X 10° 7.

simulations (Figure 1b—e), the added copolymers do not form
new micelles and the longer elongated micelles were obtained
at higher concentrations Cy***™., The elongated parts present
at the ends of the cylindrical micelles with equal length,
suggesting that the growth starts from two “living” ends
simultaneously (Figure S6). Figure 1f displays the number-
average contour length of the elongated micelles as a function
of the concentration C,**™ of added c%polyrners at a fixed
simulation time. With increasing C,***°", longer cylindrical
micelles are obtained. The small error bars in Figure 1f indicate
the narrow length distribution of the elongated micelles. This
growth is a living supramolecular polymerization (LSP)
process.

We examined the structural characteristics of the cylindrical
seeds and elongated micelles to gain insight into the
mechanism of this growth process. As shown in Figure 2a,
the rod blocks within the cylindrical core are interdigitatedly
packed. The orientation angle is defined as the angle between
the direction vector of the rod block and the chosen direction
vector (see the sketch in Figure 2a). The periodic variation in
the orientation angle indicates that the rod blocks are orderly
packed in a cholesteric LC manner (Figure 2b).”* The origin
of the helical order in the micelle core is the entropy associated
with the excluded volume of the coil blocks, and the chirality is
randomly determined (Figure $4).** The coil blocks make
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Figure 2. (a) 3D view of the typical structure of the cylindrical seed
and definitions of the orientation angles. (b) Variations in the cosine
of the orientation angles along the long axis X of the cylindrical
micelles. (c) 3D view of the typical structure of the elongated micelle,
where the seed and elongated parts are marked as green and blue,
respectively. (d) Variations in the cosine of the orientation angles
along the long axis X of the cylindrical micelles.

up the coronas that surround the LC cylindrical cores with the
two incompletely covered ends (see the marked region in
Figure 2a). The exposed ends serve as “living” ends to induce
further self-assembly. Figure 2c and d shows the typical
elongated micelles and variations in the orientation angles,
respectively. The added copolymers join the seed ends and
twist to align in a cholesteric LC manner, resulting in a twisting
structure with elongated parts. Unlike the CDSA, which occurs
via chain folding in a micelle core,®™® this living assembly is
driven by the epitaxial growth of a cholesteric LC-like
structure, which we name liquid-crystallization-driven self-
assembly (LCDSA).

This living assembly, ie, LSP, resembles classical living
covalent polymerization of monomers but occurs on a
supramolecular scale. The preassembled seeds and added
copolymers can be considered as active polymer chains and
monomers, respectively. To judge whether this supramolecular
polymerization satisfies the principle of living covalent
polymerization, the growth kinetics were further examined.
We investigated the growth kinetics of cylindrical seeds with
various lengths, where C,*** and ey were fixed at 3.0 X 107*
67 and 2.6 ¢, respectively. Figure 3a and b displays the
simulation morphologies of the initial cylindrical seeds (62 o)
and the elongated cylindrical micelles at a growth time of 1.0 X
10° 7; the morphologies of the longer seed (120 6) are shown
in Figure 3c and d. It can be seen from the simulated
morphologies that the short cylindrical seed can consume
more unimers in the same growth time.

The length of the elongated cylindrical micelle L is directly
related to the consumption of added copolymers:

L= Lseed + AN (1)

where L. is the length of the seed; A represents the
contribution of a copolymer to the length of the cylindrical
micelle; and N is the amount of added copolymers consumed
per seed. The variation in consumed unimers N with the
growth time for cylindrical seeds with various lengths is shown
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Figure 3. (a—d) Morphologies of cylindrical seeds with different
lengths and elongated cylindrical micelles: (a, b) Ly..q = 62 ¢ and (c,
d) L.q = 120 6. (e) Variations in the amount of N consumed by
added copolymers as a function of simulation time for cylindrical
seeds with various lengths L,.q.

in Figure 3e. The added copolymers are quickly consumed
initially and then consumption slows over time. The shorter
cylindrical micelle consumes unimers more quickly, and the
growth rate is influenced by the length of the cylinder. These
results suggest that the rate coefficient of propagation depends
on the length of the cylinder.

According to the first-order kinetics of living covalent
polymerizations of monomers,”” the living growth of
cylindrical micelles via unimer incorporation is described as
dN/dt = k(Cy*" — NCy**?), where Cy*™d and Cy***? are the
initial concentrations of the added copolymers and the micelle
seeds, respectively, and t is the growth time (for details, see
Section 6 of the SI). From this equation, we can directly
calculate the rate coefficient k as k = AN/[(C,™
NCy**)At] for the discrete kinetics data shown in Figure
3e.”"*? Figure 4a shows the variation in k as a function of the
micelle length L. The k value decreases as the L value
increases, implying that the LSP kinetics deviates from first-
order kinetics (constant k). Such deviation can also be seen
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Figure 4. (a) Variations in the rate coefficient k with micelle length L.
(b) Linear dependences of k on diffusion coefficient D, 4, and D,,q on
In(L/b)/L. (c) Linear dependence of the diffusion coefficient D, on
In(L/b)/L. (d) Variation in the rate coefficient k with micelle length.
The rate coefficients were obtained via analyzing the kinetics data in
ref 21 with eq 2.
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from the plot of In(Ng, — N(t)) versus time t (for details, see
Figure S7a). Because the values of k for various L4 fall on the
same curve, the dependence of k on L is a universal behavior.

The dependence of k on L can be rationalized by examining
the diffusion coefficient D,,4 of living cylindrical ends (the
calculation method for the diffusion coeflicient is given in
Section 1.3 of the SI). As shown in Figure 4b, D,,4 is nearly
proportional to In(L/b)/L, where b is the cross sectional
diameter (S o) of cylinders. Furthermore, Figure 4b shows a
linear dependence of k on D, indicating that living growth
via unimer incorporation is a diffusion-controlled reaction
(note that, in the classical kinetics theory of diffusion-
controlled reactions, the reaction rate constant is proportional
to the diffusion coefficient).””** According to the chemical
kinetics theory, the collision frequency between unimers and
each seed end is proportional to the product of unimer density
and diffusion volume of the end per unit time.** The decrease
in the diffusion coefficient leads to a decrease in the collision
frequency between the ends and the unimers, thereby slowing
the growth rate. Such a phenomenon has been reported in
numbers of works on polymerization kinetics.”>™>’

The dependence of the diffusion behavior on micelle length
can be explained in terms of the rigidity of cylindrical micelles.
For a rigid rod, the diffusion coefficient D, for the center-of-
mass is proportional to In(L/b)/L.>* We then examined the
dependence of D, on In(L/b)/L to understand the rigidity of
the cylindrical micelles, and the dependence is presented in
Figure 4c. As shown, the diffusion coefficient D, linearly
depends on In(L/b)/L, which indicates that the cylindrical
micelles are inherently rigid. According to the structural
characterization and growth mechanism (Figure 2), we
concluded that the rigidity of cylindrical micelles is attributed
to the ordered packing of rod blocks in the micellar core. In
available experiments on the seeded growth of cylindrical or
fiber-like micelles,"~*'?%° the observed micelles have also been
reported to be rigid, consistent with our simulation findings.
Note that both the D, and D, 4 are proportional to In(L/b)/L
due to negligible contribution of rotational diffusion (for
details, see Section 6.4 of the SI). Based on our discovered
relationship between k and L (Figure S7b), we proposed a new
kinetics equation for the LSP of rod—coil block copolymers:

dN ln(L/b) second seed
== ——2(C - NC
& 3 (Co o) ®)

where k is represented as k = k. In(L/b)/L with a constant k_
(for details, see Section 6 of the SI). This equation physically
explains that the deviation from first-order kinetics is due to
the length-dependent coeflicient In(L/b)/L from limited
diffusion.

Very recently, Manners et al. found that the seeded growth
of PES-b-PDMS does not follow a first-order dependence of
growth rate on unimer concentration when they assumed a
constant rate coefficient.”’ Our theory is able to explain this
deviation from first-order behavior. Because the cylindrical
micelles in living growth are rigid, first-order kinetics with a
length-independent rate coeflicient cannot be applied to
seeded growth of PFS-b-PDMS, and the rate coeflicient should
depend on the length of the assemblies. Therefore, we
calculated the rate coeflicients by analyzing their experimental
results (for details, see Section 6 of the SI). Figure 4d shows
the dependence of the rate coefficient on the length of the
micelle obtained from the experiments carried out by Manners
et al. As shown in Figure 4d, for various temperatures, the rate

= k.
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coefficient k dramatically decreases with increasing micelle
length, which is in good agreement with the simulation results
shown in Figure 4a.

We should emphasize here that, although the packing
manner of rod blocks into LC-like cores in our simulation is
different from the crystallization of PFS in the experiments, the
LSP exhibits similar growth behaviors. This is due to the fact
that they both form cylindrical micelles with rigidity. The
diffusion behaviors of rigid cylinders are identical in essence.
The kinetic mechanism observed from the simulations can be
applicable to PFS—PDMS systems. As the present work is
focused on the LSP kinetics, the rod—coil block copolymer
could be a suitable model for PES-b-PDMS. Our simulations
also indicated that higher concentrations of Cy* or a
stronger interaction strength &pz can promote the living
growth of cylindrical micelles (Figures S10 and S11). These
findings are also consistent with the available experimental
findings that elevated temperatures and higher amounts of
poor solvents for crystalline or conjugated segments sub-
stantially favor micelle growth.”*

As longer cylinders grow more slowly than shorter cylinders,
uniform length distributions can ultimately be achieved if
sufficient unimers for LSP are present. We therefore examined
the length distributions of cylinders via the stepwise addition of
unimers (note that the stepwise method can control the
unimer concentration in the metastable region to avoid self-
nucleation growth, which can create new seeds and is
unfavorable for low dispersity). The results are shown in
Figure Sa (for simulation details, see Section 1.2 of the SI). As
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Figure 5. (a) Histograms of the micelle length distribution for
micelles obtained through stepwise addition of unimers. The
preassembled micelles were formed at Co = 3.0 X 107* 67> and epg
= 2.7 € (blue bars), and the concentration of added copolymers in the
stepwise process was 2.0 X 10™* 673, (b) Variation of PDI with the
addition of more unimers, adapted from ref 7.

copolymers are stepwise added, the length distribution
becomes narrower, and the PDI decreases from 1.23 to 1.12
and finally to 1.0S. This phenomenon agrees well with the
experimental findings by Winnik et al. that the length
distribution becomes narrower as more copolymers are
stepwise added (see Figure Sb adapted from ref 7). These
results suggest that low-dispersity assemblies can be realized
via LSP of rigid assemblies and that these assemblies originate
from the slower growth of longer cylinders with rigidity.
Finally, we compared the LSP of rigid cylinders with the
living covalent polymerization of monomers. Chain termi-
nations are absent to maintain living conditions, and products
(polymers or assemblies) with a very low polydispersity index
(PDI) can be achieved in both polymerizations. Despite the
similarities, these methods achieve low dispersity in distinctly

2035

different manners. In the living covalent polymerization of
monomers, the produced polymers tend to have a low PDI due
to the rate of initiation being much faster than the (constant)
rate of propagation.”” By contrast, in the LSP of rigid cylinders,
the slower growth of longer cylinders leads to a low PDI of the
formed assemblies (note that the initiation, i.e., self-nucleation,
is usually very slow, resulting in a broader distribution of the
seeds). The first-order kinetics can also apply to the LSP of
rigid cylinders, but the rate coeflicients must be length
dependent. The difference in the uniform mechanisms gives
another implication that preparing low-dispersity seeds is not
necessary but helpful for accessing low-dispersity micelles via
LSP.

In summary, we investigated the kinetics of living supra-
molecular polymerization of rigid cylinders using seeded
growth of rod—coil block copolymers as a model system.
The proposed kinetic theory with length-dependent rate
coefficients can nicely describe the kinetics of LSP. The
growth is a diffusion-controlled process related to the motion
of rigid cylinders. The results from the theory are in agreement
with available experimental findings. The discovered LSP
kinetics could be applied to a wide range of systems bearing
similar characteristics: (1) the formed cylindrical micelles are
rigid and (2) the attraction between the living ends and the
copolymers are strong. The LSP of rod—coil block copolymers
can be a promising strategy to construct uniform assemblies,
which is of both practical and functional importance.
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