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ABSTRACT: Linear—bottlebrush—linear (LBBL) triblock co-
polymers represent an emerging system for creating multifunc-
tional nanostructures. Their self-assembly depends on molec-
ular architecture but remains poorly explored. We synthesize
polystyrene-block-bottlebrush polydimethylsiloxane-block-poly-
styrene triblock copolymers with controlled molecular
architecture and use them as a model system to study the
self-assembly of LBBL polymers. Unlike classical stiff rod-
flexible linear block copolymers that are prone to form highly
ordered nanostructures such as lamellae, at small weight
fractions of the linear blocks, LBBL polymers self-assemble to
a disordered sphere phase, regardless of the bottlebrush
stiffness. Microscopically, characteristic lengths increase with
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the bottlebrush stiffness by a power of 2/3, which is captured by a scaling analysis. Macroscopically, the formed nanostructures
are ultrasoft, reprocessable elastomers with shear moduli of about 1 kPa, two orders of magnitude lower than that of
conventional polydimethylsiloxane elastomers. Our results provide insights on exploiting the self-assembly of LBBL polymers to

create soft functional nanostructures.

lock copolymers are made of two or more chemically

distinct polymeric blocks linked by covalent bonds. A
small incompatibility between the composing blocks is often
sufficient to drive the copolymers to assemble to ordered
nanostructures that find applications in many technologically
important realms; examples include thermoplastic elastomers,
templates for lithography, porous structures for filtration and
separation, and drug carriers.'”* Key to functions and
properties of the nanostructures is their characteristic length
scales. The characteristic length scales afforded by classical
flexible linear block copolymers is intrinsically small, however.
It is largely determined by the molecular weight of polymers
and is often below ~100 nm. Further increasing the molecular
weight inevitably results in entanglement, which slows down
the ordering kinetics.*™'® Moreover, the entanglements act as
effective cross-links and set an intrinsic lower limit in modulus,
~10° Pa, regardless of polymer species.” Achieving large
domain sizes without forming entanglements would enable
nanostructures with unprecedented properties and function.
Examples include ultrasoft elastomers with stiffnesses mimick-
ing that of biological tissues and photonic polymers for
manipulating light.”®”"' ™" Indeed, this is possible by using
bottlebrush polymers whose entanglement molecular weight
can be orders of magnitude larger than that of flexible linear
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polymers.'®'” Moreover, synergizing the flexibility afforded by
linear polymers, linear—bottlebrush—linear (LBBL) triblock
copolymers have recently been found to self-assemble to a
nanostructure that is mechanically soft while optically
exhibiting structural color.'® This highlights the potential of
LBBL triblock copolymers as an emerging system for creating
multifunctional nanostructures.

To fully unleash the potential of LBBL copolymers, the
mechanisms of their self-assembly must be understood, and of
importance is the role of the bottlebrush block. This is
nontrivial, however, because of multiple physical parameters
attributed to the molecular architecture of LBBL copolymers.
In a LBBL polymer, the bottlebrush component is semiflexible,
whereas the end blocks are flexible and incompatible with the
bottlebrush block. The self-assembly of rigid, anisotropic
molecules is driven by the minimization of excluded volume
interactions, a phenomenon exemplified in liquid crystals and
well-described by Onsager theory.'””” By contrast, the self-
assembly of flexible block copolymers is driven by the
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Figure 1. Synthesis of LBBL triblock copolymers. Step 1: ARGET ATRP of monofunctional PDMS macromonomers to form a bottlebrush PDMS.

Step 2: ARGET ATRP of linear PS blocks.

minimization of interfacial free energy between the incompat-
ible blocks while sacrificing conformational entropy of chains
and is well-explained by self-consistent field theory.**'~>°
Neither of these two mechanisms, however, is readily
applicable to the self-assembly of LBBL triblock copolymers,
in which both molecular stiffness and incompatibility are
involved. As a result, it remains to be elucidated how the
bottlebrush stiffness affects characteristic sizes of self-
assembled nanostructures.

Here, we study the self-assembly of LBBL triblock
copolymers by systematically tuning the stiffness of the
bottlebrush block. We do so by developing a procedure that
enables controlled synthesis of polystyrene-block-bottlebrush
polydimethylsiloxane-block-polystyrene (PS-b-bbPDMS-b-PS)
triblock copolymers. Using them as a model system, we fix
both the weight fraction and the absolute molecular weight
(MW) of the bbPDMS block, but increase the number of side
chains per bottlebrush while decreasing their MW. This allows
us to explore bottlebrush polymers spanning rigid, semiflexible,
and flexible regimes. Characterizing the self-assembled
nanostructures using transmission electron microscopy
(TEM) and grazing-incidence small-angle X-ray scattering
(GISAXS), we find that the characteristic length scales are
determined by a single parameter—bottlebrush stiffness. The
domain distance becomes nearly the same as the contour
length of the bottlebrush when the middle bottlebrush block
becomes semiflexible or stiff. However, unlike classic stiff rod-
flexible linear block copolymers that are prone to form highly
ordered nanostructures such as lamellae, for small PS weight
fractions of ~6%, LBBL polymers self-assemble to a sphere
phase regardless of the bottlebrush stiffness. Moreover,
consistent with scaling theory, the domain radius and distance
increase with the bottlebrush contour length by a power of 2/
3. Importantly, the molecular architecture enables LBBL
polymers to self-assemble to ultrasoft, reprocessable elastomers
with shear moduli on the order of 1 kPa, two orders of
magnitude lower than that of conventional PDMS elastomers.
These results provide insights on exploiting the self-assembly
of LBBL polymers to create multifunction nanostructures.

The synthesis procedure we developed allows precise
control over the molecular architecture of PS-b-bbPDMS-b-
PS triblock copolymers (Figure 1; SI Materials and Methods).
This procedure involves first the synthesis of the bbPDMS
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block, and then the two end linear PS blocks. For both steps,
we exploit a recently developed activators-regenerated-by-
electron-transfer (ARGET) atom transfer radical polymer-
ization (ATRP), in which the catalysts are constantly
regenerated from reducing organic reagents.””** This improves
the tolerance of oxygen and significantly reduces the required
catalyst concentration, which are essential to the synthesis of
bottlebrush PDMS with large molecular weight (MW).
Moreover, unlike typical synthesis routes starting from
monomers, we use an approach exploiting macromonomers
to synthesize bottlebrush polymers. We use ARGET ATRP to
polymerize monomethacryloxypropyl terminated polydime-
thylsiloxane (mMAPDMS) to create a PDMS bottlebrush
(Step 1), which is used as a macro initiator to grow two end
blocks of PS (Step 2). The completion of both steps results in
a PS-b-bbPDMS-b-PS triblock copolymer.

Our approach for synthesizing PS-b-bbPDMS-b-PS triblock
copolymers is versatile. It allows independent control over the
MW of the PDMS side chain, the grafting density of the side
chain by introducing spacer monomers, the number of side
chains per bottlebrush, and the MW of the polystyrene blocks.
During Step 1, by adjusting the molar ratio between the
initiator and mMAPDMS macromonomers, we can control the
number of side chains per bottlebrush. The size of
mMAPDMS macromonomers can be controlled independ-
ently. During Step 2, tuning the amount of feed styrene
monomers controls the MW of PS blocks. Therefore, the
synthesis procedure allows exquisite control over the molecular
architecture of the PS-b-bbPDMS-b-PS triblock copolymer.”’

To investigate the roles of molecular stiffness on self-
assembly, we fix the weight fraction of PS at about 6% and the
MW of the bbPDMS at 500 kDa, but decrease the number of
side chains per bottlebrush while increasing their MW.
Samples with side chains of three MWs are created: 1 kDa
(Skoo), S kDa (S3y,), and 10 kDa (S39,). Transmission electron
microscopy (TEM; SI Materials and Methods, Tables S1 and
S2) reveals that all samples self-assemble to a sphere phase in
which the PS blocks form spherical domains (Figure 2a).
Qualitatively, this is consistent with the self-assembly of linear
PS-b-PDMS diblock copolymers, which microphase separate to
a sphere phase with the weight fraction of A blocks below
14%.” Quantitatively, as the MW of side chains increases from
1 to 10 kDa, the radius of spherical PS domains, r, decreases
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Figure 2. LBBL polymers self-assemble to form a sphere phase. (a)
Representative TEM images of PS-b-bbPDMS-b-PS samples. The
MW of bbPDMS is fixed at 500 kDa and the weight fraction of PS is
about 6%, whereas the MW of side chains for bbPDMS increases from
(i) 1 kDa, (ii) 5 kDa, to (iii) 10 kDa. The dark dots are PS domains,
whereas regions of light color are bbPDMS. (b) GISAXS measure-
ments reveal periodicity of LBBL samples. Details of samples are
listed in Table 1.

from 11.9 + 1.7 nm to 5.2 + 1.0 nm, and the distance between
the centers of neighboring PS domains, d, decreases from 53.6
+ 7.5 nm to 29.0 + 10.2 nm. The estimated weight fraction of
PS domains, (2r)*/d? is consistent with that obtained from the
weight fraction of PS blocks, which supports the assignment of
the PS domains as spherical.

To further explore the ordering of nanostructures, we
perform GISAXS measurements for LBBL samples (SI
Materials and Methods, Table S3). The characteristic peaks
shift to lower wavenumbers from g = 0.020 A™" t0 0.011 A" as
the side chain MW decreases from 5 to 1 kDa (Figure 2b).
Corresponding characteristic lengths are 27/q = 28.5 and 57.1
nm, respectively, consistent with those measured by TEM. The
variation in characteristic lengths for LBBL polymers with a
fixed absolute and relative block MW is in stark contrast to the
self-assembly of linear block copolymers, in which the
characteristic lengths are constants."””"***" Our results
demonstrate that the molecular architecture of the bottlebrush
determines the characteristic length scales of nanostructures
self-assembled by LBBL copolymers.

The domain distance correlates to the contour length, L,
of the bottlebrush, which is the maximum length to which the
distance between neighboring PS domains can reach (SI Text).
For sample Si, the contour length is about 120 nm, four
times of the bridging distance between two neighboring PS
domains, d — 2r & 30 nm. The bridging distance approaches
the contour length of the bottlebrush as the side chain MW
increases. This phenomenon is reminiscent of the self-assembly
of rod—coil block copolymers, in which the bridging distance
between domains formed by the coil blocks is determined by
the length of the stiff rod block.”™** Our results suggest that
as MW of side chain increases, the self-assembly of LBBL
polymers becomes more like that of rod—coil copolymers.

Indeed, a bottlebrush block with densely §rafted side chains
is analogous to a “fat” linear polymer.”> >® The bottlebrush
stiffness is quantified by the persistence length I, which is
comparable to the size of the side chains Ry (SI Text).”**

The ratio between the backbone contour length and the
persistence length, k = L,,,,/(21,), dictates the chain flexibility.
The bottlebrush can be considered stiff for k¥ < 1, semiflexible
for k & 1, or flexible for x > 1. In a melt, despite stretching
attributed to steric repulsions, the conformation of a side chain
is ideal, which increases with the side chain MW, M, as R, ~
(M,)"* (SI Text). By contrast, the bottlebrush contour length
is proportional to the number of side chains, L, ~ (My,/
M,.), where M., is bottlebrush MW. Therefore, for
bottlebrushes of a fixed MW, the ratio k ~ (M,_)™>/? decreases
rapidly with the increase of side chain MW.

We found that, for bottlebrush with MW of 500 kDa, the
normalized bridging distance, (d — 2r)/L,,,,, increases with the
decrease of x (filled circles in Figure 3a). For relatively short
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Figure 3. Increasing bottlebrush stiffness maximizes the domain
distance in self-assembled nanostructures. (a) The ratio of the
bridging distance to bottlebrush contour length, (d — 2r)/L,.,
decreases with the increase of bottlebrush flexibility, k = L,,,/2l,
where [, is the persistence length of the bottlebrush (red circles). By
contrast, (d — 2r)/R, where R is the bottlebrush end-to-end distance
calculated using molecular parameters of bottlebrush (SI Text) is
always above 1 and becomes minimized at the value of k ~ 10 (blue
squares). The blue dashed line is for the guidance of eye. Filled
symbols, LBBL polymers with MW of 500 kDa; empty symbols, MW
of 1000 kDa. (b) The domain radius scales with the bottlebrush
flexibility by a power of 2/3 (SI Text).

side chains of 1 kDa, the bottlebrush is flexible with ¥ ~ 20,
and the bridging distance is about 1/4 of its contour length.
The bottlebrush becomes fully stretched with (d — 2r)/L,,,, &
0.8 when it becomes semiflexible with x ~ 2. This is different
from the behavior of coil-semiflexible block copolymers, for
which the interdomain distance is smaller than the contour
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Table 1. Parameters for LBBL Polymers and Their Self-Assembled Nanostructures”

middle block triblock self-assembled nanostructure

sample M, (kDa) g b M, (kDa) f b d (nm) r (nm) G (Pa)
So0 1 480 1.35 510 0.06 1.50 53.6 + 7.5 119 + 1.7 938
S200 5 104 1.46 550 0.06 1.55 358 + 6.4 78 + 13 5367
St 10 47 1.44 490 0.04 1.51 29.0 + 102 52+09 907
St 0.8 1212 1.37 990 0.02 1.42 125.5 + 284 212 + 42 374
Shooo 1 1050 1.43 1070 0.02 1.46 128.4 + 27.0 152 + 32 350
S$o00 s 180 1.70 922 0.02 1.75 423 + 119 38+ 03 1881

“M,., molecular weight of side chains; n,, number of side chains per bottlebrush; B, polydispersity index; f, weight fraction of end blocks; M,

n

number average molecular weight; d, average distance between the centers of neighboring spherical domains; r, average radius of spherical domains;

G, shear modulus of self-assembled nanostructures.

length of the semiflexible block.*’™ Remarkably, when the
bottlebrush becomes stiff, k &~ 0.7, it is stretched to an extent
larger than its contour length with (d — 2r)/L,,., ~ 1.6 + 0.8.
The average stretching ratio 1.6 could be an overestimate
attributed to the widely distributed domain distance. Yet,
within the measurement error this value agrees with the
theoretical stretching limit 1.2 assuming fully stretched
carbon—carbon bonds. The strongly stretched bottlebrush is
likely because of the strong steric repulsion among long side
chains, which generates a tension along the bottlebrush
backbone to stretch chemical bonds; and in some cases, it is
large enough to break a covalent bond.** Nevertheless, it is
surprising that for a stiff middle block the LBBL polymers self-
assemble to a sphere phase. This differs from the behavior of
rod—coil copolymers, in which the rod-like blocks must be
packed in space, and the way to do so without packin

frustration®" is to form highly ordered phases like lamellae.*>*
We suspect this difference can be attributed to the flexibility of
the side chains (Figure S16), which alleviates the packlng
frustration while the sphere phase is formed.”® More
quantitative understanding, however, is beyond the scope of
this letter and will be the subject of further explorations.
Nevertheless, our results demonstrate a clear threshold stiffness
above which the bottlebrush is fully stretched in self-assembled
nanostructures.

To further examine if the bottlebrush becomes less stretched
when becoming more flexible, we synthesize three additional
samples with MW of 1000 kDa: S35, (200 sides chains of 5
kDa), Sige and S3&,. This allows us to create very flexible
bottlebrush polymers with k above 50. We find that (d — 2r)/

 becomes nearly a constant for k > 20 (empty circles in
Figure 3a). Remarkably, the ratio of the bridging distance to
the calculated bottlebrush end-to-end distance R, (d — 2r)/R,
exhibits a nonmonotonic dependence of the bottlebrush
stiffness, as shown by the squares in Figure 3a (SI Text). As
K increases, the ratio first decreases and then increases, with a
minimum at k ~ 10. Moreover, the value of (d — 2r)/R is
always above 1. These suggest that, regardless of stiffness, the
bottlebrush is always stretched, but the extent of stretching is
minimized for an intermediate stiffness.

Although the extent of bottlebrush stretching exhibits a
nonmonotonic dependence on the bottlebrush stiffness, both
the domain distance and radius increase with the length of the
bottlebrush (Figure 2a and Table 1). To rationalize this
behavior, we develop a scaling theory for the observed
spherical microstructures. We consider two types of free
energy contributions: (1) the interfacial free energy between
distinct domains and (2) the stretching free energy of the
middle bottlebrush block. The stretching free energy of the
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end blocks is neglected because it is much smaller than that of
the bottlebrush block (SI Text). The interfacial free energy is
the product of the interfacial tension y between PS and PDMS
domains, which correlates to the Flory—Huggins parameter
2" and the interfacial area per unit volume f/r for spherical
domains, in which f ~ 3/ d® is the weight fraction of PS blocks:
Fi« ~ yf/r. The stretching free energy of the middle block is
estimated by distinguishing two cases: (i) large k, where the
bottlebrush is Gaussian, coil-like, and (ii) small x, where the
bottlebrush is nearly fully extended, worm-like (SI Text). For a
coil-like model, the density of the stretching free energy is

kT -
A d f 2/3< ) , where V_ is the volume

of a bottlebrush and R*» Zmeax'
Minimizing the total free energy density,

r o (é) f5/9lpLi§’
rf~ S/9(21 )~/ scales with k by a power of 2/3 (solid line in
Figure Sb) This scaling relation is in essence the same as the
2/3 scahng with MW expected for the flexible linear
polymers,** but takes into account the variation of architectural
parameters unique to bottlebrush polymers using the number
of effective Kuhn monomers per bottlebrush. Furthermore,
assumin this scaling, in the stiff regime R & L,,, and, thus, r/
R~ k™'73; in the flexible regime, R & (I,L,,,)"’* and, thus, r/R

kY6 which rationalizes the nonmonotonic behavior seen in
Figure 3a. Therefore, our experimental data conforms to the
description of the coil-like rather than worm-like chain model.
This challenges the classical understanding of treating densely
grafted bottlebrush polymers as worm-like chains. Unlike
typical worm-like chains such as double strand DNA for which
the anisotropic ratio between the length and the cross-section
of a Kuhn monomer is large of a value 50," for a bottlebrush
the anisotropic ratio is about 1; this implies that the effective
Kuhn monomer of a bottlebrush is nearly spherical and thus
the rationale of treating bottlebrush polymers as coil-like with
> 1. Our results highlight the importance of controlling
molecular architecture when exploiting the self-assembly of
LBBL polymers to achieve large characteristic lengths, which
are essential to the development of polymeric photonic
crystals.”" '~

The nanostructure self-assembled by LBBL polymers is
similar to that of classical thermoplastic elastomers, in which
the “hard” glassy domains form nodules that act as effective
cross-links, whereas the “soft” elastic blocks act as network
strands. Indeed, LBBL polymers self-assemble to a transparent
solid (upper, Figure 4a). The solid nature is further confirmed
by dynamic mechanical measurements (Figure 4b). Moreover,
the equilibrium shear moduli for all samples are on the order of

given by F

F. + Fg, gives

Consistent with this understanding,
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Figure 4. LBBL polymers self-assemble to optically transparent,
mechanically soft, and reprocessable elastomers. (a) Upper, a
representative optical image of the bulk material self-assembled by
sample Siy, at room temperature. Lower, the material is reprocessable
using hexane as a solvent. The reprocessed material exhibits negligible
changes in mechanical properties (Figure S14). (b) Storage (red
symbols, G') and loss (blue symbols, G'’) moduli of LBBL samples
measured at 20 °C at a fixed strain of 0.5%. (c) Equilibrium shear
moduli of LBBL samples at room temperature (bars) are on the order
of 1 kDa and are much lower than the predicted values, kzT per
volume of a LBBL triblock copolymer, except for samples of 5 kDa
side chains.

1 kPa, two orders of magnitude lower than 100 kPa for
conventional PDMS elastomers, as shown in Figure 4c. This is
because that the bottlebrush architecture prevents the
formation of entanglements, enabling ultrasoft, solvent-free
elastomers.”” Furthermore, the shear modulus of sample S, is
consistent with the theoretical prediction for unentangled
elastomers (dashed line in Figure 4c). The prediction is kgT
per volume of a block copolymer: G, = kyTN,,p/M = 4700 Pa,
in which kg is Boltzmann constant, T = 295K is absolute
temperature, p &~ 1 g/cm’ is the density, and M = 5.5 X 10° g/
mol is the molar mass of sample S3y. For the rest samples,
however, the measured moduli are more than four times lower
than the predictions (lines in Figure 4c). This is likely because
of the formation of loops with two end linear blocks from the
same triblock copolymers linking the same spherical
nodule,”* ™" resulting in elastically ineffective network strands
and thus reduced network stiffness.”*~*° And the probability of
two ends to meet to form loops increases when the bottlebrush
becomes either more flexible or shorter, as confirmed by larger
deviations of measured stiffness from the prediction for more
flexible samples (Figure 4c and Table 1). These results
highlight the importance of controlling bottlebrush architec-
ture to avoid network defects and thus enable prescribed
mechanical properties. Nevertheless, consistent with previous
findings, LBBL polymer self-assemble to supersoft, solvent-free
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elastomers with stiffness mimicking that of “watery” biological
tissues.’

In summary, we have developed a method for controlled
synthesis of linear-bottlebrush-linear triblock copolymers. At
low weight fraction of end linear blocks, the triblock
copolymers self-assemble to a sphere phase regardless of the
bottlebrush stiffness. The bottlebrush is always somewhat
prestrained, but there is an optimum stiffness at which the
prestretching is minimized in the self-assembled nanostruc-
tures. Moreover, the variation of the characteristic lengths with
the persistence length and the contour length of the middle
block follows the prediction based on the coil-like stretching
free energy. Furthermore, the bottlebrush architecture prevents
the formation of entanglements, enabling soft elastomers with
moduli on the order of 1 kPa, two orders magnitude lower
than that of conventional elastomers formed by linear
polymers. Yet, it is essential to control the bottlebrush stiffness
to achieve more predictable mechanical properties. Many
fundamental questions remain to be elucidated. For example,
how does the competition between the bending energy of the
middle bottlebrush block and the molecular incompatibility
among the distinct blocks affect the self-assembly? Does the
molecular prestraining of bottlebrush affect the macroscopic
stiffness of the self-assembled elastomers? Because the cross-
links are glassy domains that can either be dissolved in solvents
or dissociate at high temperature, the elastomers are
reprocessable (lower, Figure 4a and Figure S14) and
thermoreversible. Can we exploit such a solvent/temperature
triggered solid-to-liquid transition to apply the soft elastomers
for additive manufacturing? These questions will be explored
in future publications. Nevertheless, together with the
versatility of the synthesis and the resulted soft, reprocessable
elastomers, the understanding of molecular architecture
directed self-assembly provides insights on exploiting bottle-
brush-based copolymers to create multifunctional nanostruc-
tures.

B EXPERIMENTAL SECTION

Polymer synthesis, sample preparation, and characterization are
presented in the Supporting Information.
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