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and comblike (co)polymers: solutions, gels, and
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We present an overview of state-of-the-art theory of (i) conformational properties of molecular
bottlebrushes in solution, (i) self-assembly of di- and triblock copolymers comprising comb-shaped and
bottlebrush blocks in solutions and melts, and (iii) cross-linked and self-assembled gels with bottlebrush

subchains. We demonstrate how theoretical models enable quantitative prediction and interpretation of
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1 Introduction

Brush-like macromolecules remain a focus of extensive theore-
tical and experimental research for a few decades.' ! Intra- as
well as intermolecular interactions between densely grafted
side chains determine specific conformational and dynamic
properties of brush macromolecules and materials thereof, as
compared to conventional linear polymers.

A molecular brush consists of a linear chain backbone with
multiple side chains tethered to it. There exist three synthetic
approaches to fabricate molecular brushes: (i) ‘“grafting to”,
when pre-synthesized side chains are covalently attached to a
pre-synthesized main chain; (ii) “grafting through’” polymeriza-
tion of so-called macromonomers, and (iii) “‘grafting from”,
when polymerization of side chains is initiated from a properly
functionalized backbone (macroinitiator). Each approach has
pros and cons in terms of controlling backbone length, side
chain dimensions, and grafting density. Additional structural
complexity can be introduced through selective gradients in
grafting density or block copolymers as side chains.>*>"?

The possibility to vary architectural parameters, such as
side chain length and grafting density, in a wide range and
independently from one another allows for controlling and
adjusting static and dynamic properties of the solutions of
graft polymers as well as mechanical properties of bulk materi-
als and gels thereof.>®
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tunable by architecture of constituent bottlebrush blocks.

Furthermore, hierarchically branched architectures with
structural bottlebrush motifs, such as barbwire'*™° or dendro-
nized polymers,'”'® have been synthesized and their behavior
has been explored and rationalized theoretically.'*”' Combining
branched architecture with temperature-, pH-, light-responsive
functions in the main and side chains of the bottlebrushes
opens fascinating new horizons for smart material design.”>"*°

Theory employing analytical®’®” and self-consistent field
1>® approaches, as well as coarse-grained computer
simulations®*™*® of comb-like, bottlebrush, and barbwire
macromolecules and dendronized polymers, has been used to
verify (corroborate) relationships between macromolecular
architecture and experimentally accessible and technologically
relevant properties of melts, solutions, and thin films.

Self-organization of block copolymers with chemically different
incompatible comblike or bottlebrush blocks has recently
attracted considerable attention because it can be exploited
for fabrication of nanostructured materials, including physi-
cally crosslinked elastomers and mesogels with properties
unattainable by using conventional linear block copolymers.
It was demonstrated that microphase segregation in the melt
of such bottlebrush block copolymers gives rise to materials
with tissue-mimetic mechanical properties and structural
colorations.*®>* While theoretical principles of microphase
segregation in the melt of linear-linear block copolymers are
well-established,®™® and confirmed experimentally,®”*® the
understanding of the impact of brush architecture on micro-
phase segregated morphology has been achieved only
recently’®®® and allowed explaining experimental data.”®””

Self-assembly of such block copolymers in selective solvents
produces diverse nanostructures with dimensions and morphology
controlled by the branched architecture of the blocks.”®®°
Moreover, structural properties of molecular aggregates may
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Review

exhibit unusual dependences on the degrees of polymerization
of the blocks that differ from those predicted and experimentally
observed for micelles composed of linear block copolymers.”*°*

Swelling of covalently crosslinked networks with brush-like
strands in a good solvent leads to “haired gels”.°>®® Similar
structures (‘“haired mesogels”) arise upon self-assembly of
triblock copolymers with a comblike or bottlebrush middle
block and associating terminal blocks.>*°> The swelling ratio
and osmotic modulus of such gels depend in a complex way on
grafting density and polymerization degree of the side chains
decorating the network strands.>***%

The scope of this review is to present an overview of recent
theoretical developments in increasingly complex polymer sys-
tems comprising comblike or bottlebrush building blocks and
to compare theoretical predictions to experimental results.

The rest of the paper is organized as follows: in Section 2, we
summarize theoretical results on conformations of molecular
brushes in dilute and semi-dilute solutions, as well as in melts.
In Section 3, we overview recent theoretical predictions of
the swelling behavior and mechanical properties of haired
gels with brush-like subchains. Self-assembly of these block
copolymers in selective solvents and the formation of colloidal
nanostructures is described in Section 4. Microphase segrega-
tion in melts of block copolymers comprising chemically
different brush blocks is described in Section 5 with particular
emphasis on comparison between theoretical predictions and
experimental data. In Section 6, we formulate conclusions and
outline perspectives for further development in theory and
modelling of bottlebrush architectures and the potential of
applications of materials based on comblike and bottlebrush

(co)copolymers.
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2 Solutions of bottlebrushes
2.1 Molecular brushes versus comblike polymers

A comblike or a bottlebrush macromolecule consists of a long
main chain (“backbone”) with multiple side chains (*“grafts’”)
covalently attached to it. When more than one side chain
emanate from each branching point the macromolecule is
termed ‘‘barbwire”. In the majority of reported systems, side
chains are linear polymers. However, the grafts may exhibit
more complex topology, e.g. dendritic (in so-called dendronized
polymers'”*®) or even comblike.

The utilization of terms “‘comblike” or ‘‘bottlebrush” macro-
molecule is sometimes confusing. We apply terms bottlebrush
(bb) and comblike (cl) to macromolecules with the backbone
conformation perturbed or non-perturbed by interactions
between side chains, respectively. Note that the application of
this criterion to different systems (architectures, solutions, and
melts) may produce different boundaries between the comb and
brush regimes in terms of specific architectural parameters.

Below we focus on the most generic class of brush macro-
molecules comprising the main chain with a degree of poly-
merization (DP) M >» 1 and linear side chains with DP n
tethered to every m-th monomer unit of the backbone, Fig. 1.
The overall DP of such macromolecule is

N = M(1 + n/m) (1)

The number of grafts P= M/m > 1. For quantitative mapping of
this theoretical model to a real experimental system, one has to
account for possible differences in volumes of monomer units
in main and side chains, as well as their solubility and
flexibility or bending rigidity. In our discussion, we disregard

melt

comblike
polymer

bottlebrush with
fully stretched
backbone,
h/a=m=1

Fig. 1 Diagrams of state for comblike polymers and bottlebrushes in solution and in the melt. The set of architectural parameters: M is the DP of the
main chain, n is the DP of a side chain, m is the number of monomer units in the segment of the main chain separating neighbouring grafting points (a

spacer).
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these differences and focus only on the effect of architecture
{M,n,m} on large scale conformational and thermodynamic
properties of the bottlebrushes in solutions and melts. Therefore,
we assume statistical segments in both main and side chains to
have approximately equal length ~a and volume ~a’.

In dilute solution (under good or theta-solvent conditions),
the repulsive interactions between the grafts provoke extension
of both the grafts and separating them spacers with respect to
their unperturbed dimensions when neighboring grafts start to
overlap, that is at m ~ n. In melt, the extension of the backbone
with respect to the Gaussian dimensions occurs only at much
shorter spacer length, m ~ n*/2.°7°° At m > n'/? the backbone
exhibits the Gaussian statistics on all length scales, whereas
side chains retain in the melt the Gaussian size at any spacer
length m > 1. Hence, a macromolecule with the DP of spacers
n'? < m < nbehaves as a molecular brush in solution, but as a
comblike polymer in melt. The quantitative criteria for discri-
mination between comblike and bottlebrush polymers should
be modified for more complex architectures of the grafts, e.g.,
for “barbwire” or dendronized polymers.

2.2 Conformations of molecular brushes in dilute solution

Conformational and elastic properties of bottlebrushes in
dilute and semi-dilute solutions were rationalized on the basis
of the scaling approach,*™** complemented by numerical self-
consistent field (SCF) theory,®® and the theoretical findings
were confirmed by experiments and computer simulations.**™*”
Local and large-scale conformational properties of molecular
brushes in solutions are determined by strong repulsive inter-
actions between adjacent side chains under conditions of their
strong overlap. Repulsions between side chains in a good or
theta-solvent are due to binary or ternary repulsive interactions
acting between monomer units, respectively. These repulsions
lead to stretching of the side chains in the radial direction and
cause axial (tensile) stress in the main chain. If the main chain is
flexible, i.e., each spacer separating neighboring grafts includes
at least a few statistical segments, then the main chain also
becomes stretched on a scale larger than or comparable to the
thickness of the bottlebrush controlled by the radial extension of
the side chains. As a consequence, the molecular brush acquires
a local cylindrical symmetry on a scale comparable or greater
than the characteristic size of the elongated side chains.
Theory*"** provides scaling relations between molecular
parameters {m,n} and dimensions of side chains (the brush
thickness D), and end-to-end distance % of spacers in the form

nz/(n/m)u(lfz/)/Z’ m > m*
Dja= (2)
n2u/(1+1/)},n—(1—1/)/(1+V)’

ml/(n/m)l/(lfll)/27 m> m*
hia = (3)
m, m < m*,

where m* ~ n"/®")

and v is the Flory exponent equal to ~0.6 or
0.5 under good or theta-solvent conditions, respectively. The

first and the second lines in eqn (2) and (3) correspond to

This journal is © The Royal Society of Chemistry 2022
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partial and limiting (up to the contour length, m) stretching of
spacers of the main chain, respectively. As follows from eqn (2)
and (3), under conditions of overlap of side chains, n/m > 1,
spacers and side chains get stretched with respect to their
unperturbed dimensions, m"/a and n"/a, under both good and
theta-solvent conditions due to binary or ternary repulsions
between monomer units, respectively. At this point it is con-
venient, following ref. 31, to introduce the concept of a
“superblob” as a symmetric segment of the molecular brush
of size equal (with the accuracy of a numerical factor) to D.
Because of repulsive interactions and stretching of the side
chains, the superblobs are virtually impermeable, that is, their
overlap would lead to the free energy penalty exceeding kgT.
Notably, the same scaling relation holds between the size D and
number of side chains in the superblob, D/h, as for a starlike
polymer'®**®! with D/h arms, ie., D = n’(D/h)* *la. We
remark that the power law dependences (scaling relations)
given by eqn (2) and (3) have asymptotic character, that is,
apply only for n, m > 1. In real experimental and simulation
systems usually n < 10> and m ~ 1. Because of cylindrical
symmetry, a strong overlap of moderately long side chains is
ensured only close to the backbone and, therefore, as demon-
strated by numerical modelling, the predicted by eqn (2) and (3)
scaling dependences on n are usually hardly reached.

Eqn (2) and (3) were derived in ref. 100, based on the
representation of a cylindrical brush of side chains with axial
distance % per chain as an array of concentric shells of densely
packed concentration blobs of size &(p) = (ph)'?, where p is
radial distance from the main chain, and, therefore, the volume
fraction of monomer units of the side chains'*>

o(p) = (&la) O = (phja?) B @

Then the thickness D/a = n*/*)(hja)~ 0~ follows from
the condition of conservation of the number of monomer units
in the side chain

D
hJ c(p)pdp = na’ (5)
0
As long as the spacers of the main chain do not reach the limit
of their extensibility, i.e., & < m/a, the equilibrium extension i
of the spacers is found from the balance of the elastic free
energy of the extended spacer'®?

hl/(lﬂ/)/a
& (6)

mv/(1-v)

F elastic
kgT

and the free energy of the brush evaluated (in kpT units) as a
number of concentration blobs per side chain

Fconc ~ b pdp ~ 1/2

To describe large-scale conformational properties of mole-
cular brushes in solutions, a coarse-grained model assimilating
the molecular brush to an equivalent wormlike chain with an
effective thickness D, determined by the dimensions of the

Soft Matter
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extended side chains and the effective contour length
M
~ ), 8
. (®)

where % is the end-to-end distance of an extended spacer, is
applied. The effective contour length, L, is, in the general case,
smaller than the contour length of the fully elongated main chain
because of local bending fluctuations of the main chain on a
length scale smaller than D. Bending fluctuations of a molecular
brush on the scale larger than D are controlled by an effective
(or apparent) persistent length /,. This length comprises contribu-
tions of the “intrinsic” rigidity (persistent length) of the main
chain and “induced” rigidity due to enhanced repulsive inter-
actions of side chains upon bending of the molecular brush.

Long, L » [,, molecular brushes behave under conditions of
both good and theta solvent for the main and side chains like
self-avoiding wormlike chains, Fig. 2. This is because even
under theta-solvent conditions, the ternary repulsive inter-
actions of densely grafted side chains lead to a significant
increase in the free energy upon overlap of the remote along
the main chain segments of the molecular brush, thus creating
an effectively excluded volume ~D? of the molecular brush
segment with the length equal to its thickness D.

The problem of flexibility of bottlebrushes in solution
remained a subject of controversial discussions in the
literature'%31:32:38:46:47 hecayuse of systematic disagreement
between the theoretical prediction in ref. 32 and the results of
real and computer experiments. The controversy was resolved on
the basis of self-consistent field modelling®® supported by the
results of extensive computer simulations.*®*” It was demon-
strated that due to azimuthal repartition of side chains upon
bending of the molecular brush, the induced persistence length,
I, » D, is manifested only in dense molecular brushes with the
DP of side chains > 10” and the approach to the predicted*>
dependence [, ~ D* occurs only at extremely long side chains.
Bending rigidity of molecular brushes with shorter (experimen-
tally relevant) side chains is controlled by the brush thickness,
I, = D.

dilute solution semi-dilute solution

melt

c* oF* ¢

Fig. 2 Scaling regimes of dilute and semi-dilute solutions of molecular
brushes. Threshold concentrations c* and ¢** correspond to the overlap of
individual molecular brushes and to close packing of the constituent
superblobs, respectively.

Soft Matter
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Hence, on length scales smaller than D, side chains form a
cylindrical brush around the stretched backbone, while on
length scales larger than D, the molecular brush behaves as a
flexible self-avoiding chain composed of L/D impermeable
subunits (“superblobs”) each of size D, that is, the overall size
of the molecular brushes in dilute solution scales as

M v
Ry = L'D'™" = (E) W D' 9

In eqn (9), ¥ ~ 0.6 is the Flory exponent in a good solvent. We
remind that within the accuracy of scaling approximation, all
the numerical prefactors on the order of unity are ignored and,
therefore, eqn (9) corresponds (with the accuracy of omitted
numerical coefficients) to any characteristic dimensions of the
bottlebrush, e.g. radius of gyration or hydrodynamic radius
or end-to-end distance of the main chain. With account of
eqn (2) and (3)

]\]1/(},l/n,l)l/(l—3u)/27 m>mt
Reg/a = (10)
]\[V(ny/},n)(l731/)/(14»1/)7 m S m*
or
]‘/[1/(,,l/n,l)31/(1—1/)/27 m>m*
Req/a = (11)

MVnZI/(1—V)/(1+V)n1—(1—1/)2/(1+1/)7 m< m*

Eqn (10) and (11) illustrate that characteristic dimensions
(e.g. end-to-end distance, gyration or hydrodynamic radius) of
the molecular brush in dilute solution are systematically smaller
than dimensions ~N"/a of the linear chain with the same total
DP N, but larger than dimensions ~M"/a of a “bare” backbone
due to intramolecular repulsions of densely grafted side chains.

2.3 Conformations of molecular brushes in semi-dilute
solutions and extensional elasticity

Scaling theory of semi-dilute solutions of molecular brushes
was developed in ref. 33 and 34. The solutions of long (com-
prising multiple superblobs, L > D) molecular brushes exhibit
hierarchical structural organization through multiple length
scales: on the large scale the bottlebrush behaves as a flexible
wormlike macromolecule, whereas on the length scale smaller
than the brush thickness D it exhibits the structure of a
cylindrical polymer brush. Due to the presence in the system
of several characteristic length scales (local correlation length
or the concentration blob size &, the molecular brush thickness
D and its total radius of gyration R.q) one can distinguish
several characteristic (threshold) values of the polymer solution
concentration and formulate the associated scaling laws for the
structural and thermodynamic properties for solutions of
molecular brushes.

A progressive increase in the solution concentration and
crossing over a sequence of thresholds results in screening of
excluded volume interactions and structural re-arrangement in
the solution of bottlebrushes on progressively decreasing
length scales.

This journal is © The Royal Society of Chemistry 2022
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Local conformational properties of the molecular brushes in
dilute solution are characterized by stretching of both side
chains and spacers. This local conformational structure is pre-
served in the regime of semi-dilute solution at concentrations
¢* < ¢ < ¢**, where c¢* is average intramolecular concentration
(volume fraction) in the volume occupied by the molecular brush
in the dilute solution,

M1 +n/m)a’
R’ ’

C*

R

(12)

(which is equal to the overlap concentration directly related to
intrinsic viscosity [n] as [n]c* ~ 1) whereas

(13)

is average concentration of the monomer units inside the
superblobs. The larger the DP M of the main chain the smaller
the first overlap concentration ¢* and the wider the regime
¢* < ¢ < ¢** because ¢** is independent of M (see eqn (13)).
The overall dimensions of the molecular brush decrease in this
regime as a function of the solution concentration ¢ due to
screening of intramolecular repulsions on the length scales larger
than D and follow scaling dependence Req(c) ~ ac™ 1261
typical for semi-dilute solutions of linear chains in a good solvent.

Above ¢** which corresponds to close packing of the superb-
lobs, screening of excluded volume interactions between side
chains becomes efficient on the length scale smaller than the
brush thickness D. As a result, both side chains and spacers
reduce their extension and the size of the bottlebrush as a
whole further decreases. If in dilute solution spacers were fully
extended, that is the case at m < m*, this full extension is
relaxed at ¢ > ¢™ =~ m 2G*"Y"” Remarkably, on the length
scale ~D close-packed superblobs remain mutually imperme-
able (segregated) because of residual stretching of the side
chains.

Eventually, at concentrations ¢ > ¢*** =~ m~ G spacers
and side chains lose their stretching and acquire conforma-
tions of Gaussian chains of the concentration blobs with size
¢ = ac™"/®v~Y), subsequent increase in concentration ¢ towards
the melt state leads to shrinkage of the main and side chains
and a decrease in the overall dimensions of the molecular
brush. Different regimes of dilute and semi-dilute solutions of
molecular brushes are schematically depicted in Fig. 2.

Conformations of molecular brushes in the melt, i.e., at ¢ =~
1 were analyzed in ref. 99. It was demonstrated, that at
n'* < m < n both side chains and the backbone in the melt
have conformations of Gaussian coils. However, for dense
brushes with m < n'? the space filling constraints impose
partial stretching of the backbone on the length scale on the
order of the Gaussian size of the side chain, ~an*?.

The extensional deformation of an individual molecular
brush leads to intramolecular structural re-arrangement on a
progressively decreasing length scale.*® As a result, the force
versus deformation curves exhibit more complex patterns than
those for linear chain molecules both in dilute and in semi-
dilute solutions.

This journal is © The Royal Society of Chemistry 2022
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Rend

Fig. 3 Restoring elastic force, f, versus end-to-end distance, Reng. Of the
main chain of a stretched molecular brush (in double log coordinates).
Linear response regime is indicated by dotted line. Here v, =~ 0.6 and
vy = 1/2 are the Flory exponents under conditions of good and theta-
solvents for the monomer units of the main chain, respectively.

The force-extension curves, that is the dependence of the
restoring elastic force f on the end-to-end distance Renq for
molecular brushes with long main chain exhibit a sigmoidal
shape (Fig. 3): a linear response regime at Reng > Req is followed
by a non-linear one characteristic for the self-avoiding chain
power law f ~ Reng”’0™ at relatively weak deformation
(Req < Rena < L); the conformations of side chains and spacers
are not affected by deformation, but repulsive interactions
between the side chains make the molecular brush softer than
the “bare” backbone. A sharp hardening occurs at intermediate
extension (Renq = L) when the molecular brush is assimilated to
the fully stretched chain of superblobs and further extension
requires that the backbone spacers get additionally stretched by
external force which exceeds the equilibrium axial tension in the
backbone of a “free” (non-stretched) bottlebrush. The elastic
response of a “bare” backbone is eventually recovered at stronger
deformation, L < Reng. Computer MC simulations on the end-
stretched bb polymers'®'** indicated two regimes for f(Renq)
behavior: linear response f ~ Renq for all side chain lengths
(including linear chains, n = 0), followed by the non-linear
elasticity regime. Although the backbone in the simulated poly-
mers was long enough (M ~ 10°), the side chains were relatively
short (n < 20) which could compromise swelling and imperme-
ability of the superblobs presumed in the scaling model.

An increase in the solution concentration ¢ results in screening
of intramolecular repulsions on progressively decreasing length
scales, which diminishes the “softening” effect and leads to
stronger elastic response of the molecular brush to extensional
deformation in semi-dilute solution than in the dilute solution.
The described above sigmoidal shape of the force-extension curve
is typical only for brushes with sufficiently long spacers that
exhibit pronounced flexibility in the unperturbed state. In con-
trast, in the brush with dense grafting of side chains, m < m*,
repulsions of side chains assure softening of the brush in the
whole range of deformations except for limiting extension.

Soft Matter
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2.4 Molecular brushes in poor solvent

Coil-to-globule transition in an individual molecular brush in a
poor solvent was analyzed in ref. 35 and 90. Under theta-solvent
conditions, volume fraction ¢(p) of monomer units at distance p
from the backbone of the bottlebrush can be obtained from
eqn (4) by implementing v = 1/2 that leads to

and thickness D of the bottlebrush (superblob size) yields

(14)

Dla ~ n*P(hja)™*"? (15)

with the last concentration blob &(p = D) ~ ac(D) "'~ (hD)"* « D.

Inferior solvent strength, i.e., an increase in © = (6 — T)/T,
leads to collapse of cylindrical brushes inside superblobs. The
onset of the collapse is specified by the equality in sizes of the
outermost concentration blob, &(D) ~ (Dh)"?, and the thermal
blob, &(t) ~ a/, to specify the transition point

T=1*% ~ n—l/S(h/a)—l/S’ (16)

where £ is given by eqn (3) with v = 1/2.

Therefore at © > t* the average volume fraction of monomer
units in the superblobs is the same as in the collapsed polymer
globule, that is, c~ 7. In the vicinity of © =~ t*, the second virial
coefficient v, of superblob interactions changes from ~D*
to ~—D* which causes collapse (coil-to-globule transition) of
the molecular brush as a whole with the average end-to-end
distance Reng ~ a(N/1)"2.

3 Haired polymer gels

Swelling of covalent networks with brush-like strands in a good
solvent yields the so-called ‘“haired” gels. In contrast to gels
with linear chain strands, the swelling and elastic properties of
haired gels depend not only on the cross-linking density
defined by the total DP N of a network strand, but also on
the DPs and grafting density of side chains {n,m} at a given
backbone DP M. For the same crosslink density (the same N),
variation of the architectural triplet {M,n,m} results in different
network topologies and correspondingly different swelling
and mechanical properties. The equilibrium swelling ratio of
such networks is shown to be larger than that of conventional
linear chain networks as a result of two effects: architectural
disentanglement of network strands and amplification of poly-
mer-solvent interactions by side chains (higher number of
monomers per backbone unit length).?*3

The equilibrium properties of haired gels
described®°® using the same scaling principles as described
above for semi-dilute solutions of molecular brushes. The
equilibrium concentration of monomer units in a free-

can be

swelling gel (and thus the degree of swelling) in contact with
the reservoir of solvent cannot be arbitrarily set but results from
a balance of osmotic pressure inside the gel and elasticity of the
strands.

Soft Matter
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Because of the topological constraints caused by densely
grafted side chains, distribution of polymer density within the
gel is, in the general case, inhomogeneous. Depending on the
ratio between the gel mesh size (e.g. the end-to-end distance
Reng of the main chains of the strands) and the side chain
dimensions (the superblob size D) two structural regimes -
hollow mesh and filled mesh - can be distinguished.’>°® In the
hollow mesh regime each strand constitutes a bottlebrush with
thickness D, and the neighboring strands do not overlap
producing hollow space (mesh) in between. In this case, the
equilibrium swelling of the gel (the mesh size) can be evaluated
directly using the c*-theorem of de Gennes to give Reng =~ Req.
In the filled mesh regime, bb strands overlap and superblobs
are perturbed. The interior of the gel can be assimilated to a
quasi-uniform close-packed array of the concentration blobs
with size &(c) ~ ac™”®"~Y < D. In this case, the equilibrium
swelling results from the balance of osmotic pressure
n/kgT = & °(c) with the conformational elasticity of the main
chains that is renormalized according to polymer concentration
¢ inside the gel. Schematics in Fig. 4 illustrate the equilibrium
gel structure with hollow (a) and filled (b) mesh.

As demonstrated in ref. 95, an increase in DP and/or grafting
density of the side chains results in the monotonous increase in
the gel volume V. In scaling terms, the mesh size ~ V*’* follows
eqn (10). However, the swelling ratio with respect to the dry gel
volume, V/Vayy ~ Req’/Na®, exhibits non-monotonous behavior
and passes through a maximum as a function of DP n of the
side chains when spacers in the strands reach the limit of their
extensibility, that is at n =~ m®*?",

In Fig. 5 the predicted®® scaling dependence for the equili-
brium swelling ratio, V/Vay =~ M "(n/m)® D32 g
checked for chemically cross-linked gels with m ~ 1 and fixed
DP n of the side chains in bb strands.”> The strands are
constituted of polymerized macromonomers (MM) with nor-
bornene backbone and poly(n-butyl acrylate) side chains and
cross-linkers (XL). Variations in the system composition,
[MM]/[XL], were linked to the average backbone length M of
polymerizing bb strands as [MM]/[XL] ~ M. The equilibrium
swelling ratio (V/Vqyy) of these networks in toluene (indicated by
symbols) is presented in Fig. 5 as a function of ratio [MM]/[XL].
Although toluene is thermodynamically a good solvent for

Fig. 4 Schematic of the gel with bottlebrush strands with hollow mesh
(a) and filled mesh (b). Concentration correlation volume with length ¢ is
indicated by the red dashed circle.

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Equilibrium swelling ratio V/Vy,, versus macromonomer [MM] to
cross-linker [XL] ratio in chemically cross-linked gel with bottlebrush
strands (norbornene backbone and n-butyl acrylate side chains and
cross-linkers in toluene). Data from Table 1 in ref. 93. Linking the system
composition to the average length M of bb strands as [MM]/[XL] M, the
slope in V/Vg,, M®~Y dependence is indicated by the solid line for v = 1/2.
Schematic in inset shows the gel bb backbones in black and side chains
and cross-linkers in red.

PnBA, relatively short side chains (as well as longer cross-linkers)
are still far from the scaling limit with v = 3/5, and the slope of
the theoretically predicted dependence V/Vgy, ~ M’ ' with
exponent v = 1/2 (i.e., the Gaussian statistics for a chain end-
to-end distance) is in accord with the experimental data.

In Fig. 6 the normalized swelling ratio (V/Vay)M "* of
chemically cross-linked poly(n-butyl acrylate) gels with varied
architectures of bb strands® is presented as a function of the
strand composition (n/m). Although the data in Fig. 6 is rather
scattered, the trends are consistent with the scaling model®®

10 |
Vv
— M2
dry I .
n 2 P
ANE I
" ]
0.1 |
1 10 n/m 100

Fig. 6 Normalized experimental swelling ratio V/Vg, versus n/m in che-
mically cross-linked n-butyl acrylate gels with varied lengths of side chains
(n) and spacers (m) in bb strands. Experimental data (Table in ESI in
Sheiko et al®¥) are normalized according to scaling prediction
(VIVardM*2 ~ (n/m)® =232 with 1 = 1/2 to give (VIVgn)M 2 ~ (n/m)M®
with the numerical prefactor on the order of unity. Slope 1/8 is indicated by
the dashed line.
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predicting a weak increase in the normalized swelling ratio as a
function of the strand composition, (V/Vay)M > ~ (n/m)"®,
with the numerical prefactor on the order of unity.

An even more peculiar feature of the haired gels predicted by
the scaling theory’® is non-monotonous dependence of the
bulk osmotic modulus G on DP n of the side chains: in the
hollow mesh regime the bulk osmotic modulus is proportional
to the inverse mesh volume, G/kgT ~ R;f, and decreases as a
function of n (see eqn (10)). However, in the filled mesh regime
the modulus is controlled by the correlation length (concentration
blob size) as G/ksT ~ & >(c) and, therefore, increases as a function
of n. Hence, the scaling theory predicts a minimum in the bulk
osmotic modulus of the haired gel as a function of n at the
crossover from the hollow to the filled mesh regimes.

4 Micelles of bottlebrush block
copolymers

Self-assembling copolymers with various architectures remains
the focus of intensive research (see, e.g. reviews'® %) due
to emerging applications in drug delivery,'”® biomimetic materi-
als design,'” tissue-engineering,>® etc. The most investigated AB
diblock copolymers associate in micellar structures (spherical,
wormlike, vesicles) in a selective solvent, which is good for one
block and poor for another. Spherical micelles are conventionally
classified as crew-cut (with the corona thickness smaller than
the core size) and starlike (with the corona thickness larger than
the core size). Scaling theories of polymer solutions and
brushes'*>%!* allowed describing of the structure of micelles
in dilute and semi-dilute solutions. The original scaling models of
112 and starlike aggregates'*™*> utilized the blob con-
cepts to envision the soluble corona of a micelle as a densely
packed system of concentration blobs with almost constant (crew-
cut micelle) or increasing (starlike micelle) size to the periphery of
the corona, and the core densely packed with thermal blobs.
Because a soluble corona prevents precipitation of the block
copolymer in sediment, micelles could remain thermodynami-
cally and aggregatively stable in a wide range of solution concen-
trations by adjusting their size, shape, and packing.'**™*®

The scaling model of spherical micelles with bb blocks™ is
based on subdivision of the bottlebrush free energy into the
“internal” free energy of the superblobs and that of superblob-
superblob interactions. The former contribution accounts for
monomer-monomer interactions within superblobs (on length
scales <D) and is much larger than kgT per superblob. The
latter contribution governs the chain conformations on length
scales >D, and approaches kgT per superblob only in strongly
stretched or condensed chains of superblobs. If the structure of
superblobs is unperturbed in the core and the corona of
micelles, or all of the corona superblobs are compressed equally
(as in, e.g. a semi-dilute solution of bb polymers), the “internal”
contribution does not manifest itself in micellization of diblock
copolymer with bb blocks. However, compression of the core
superblobs or selective perturbation of the corona superblobs is
prevented by the increase in the “internal” free energy, giving

crew-cut
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rise to micelles with strongly stretched backbones at relatively
small DPs of the blocks.

The theoretical models provide the asymptotic power law
dependences for micelle equilibrium parameters (aggregation
number, core and corona sizes, critical micelle concentration
(cmc) corresponding to the onset of micellization in the block
copolymer solution) as a function of molecular weights of
the blocks and solvent selectivity, and serve as guidelines to
rationalize the experimental data. In addition to the scaling
models,” a self-consistent field (SCF) approach to polymer
micelles®® allowed incorporation of moderately good solvent
conditions (justified for semi-flexible corona blocks) and exam-
ination of the crossovers between different regimes. As it
followed from these studies, the self-assemblies with branched
(starlike and comb-shaped) blocks exhibit a more diverse
behavior compared to micelles formed by diblock AB copoly-
113114 1o highlight this difference, we
review here the equilibrium features of micelles formed by the
diblock AB copolymer that comprises bottlebrush (bb) blocks
with long backbones.

Diblock copolymer molecule AB consists of two chemically
different bb blocks, Fig. 7. Block i = A, B has degree of
polymerization (DP) of backbone M;, and DPs n; and m; of the
side chains and spacer separating neighboring grafting points
(ndm; > 1, the bottlebrush regime) with total DP N; = M,(1 + n;/m).
The backbone and the side chains in both blocks are assumed to
be intrinsically flexible, that is, the monomer unit size a (the same
for both blocks), is on the order of the Kuhn segment length. The
solvent is assumed to be poor for block B and athermal (v = 3/5) or
theta-solvent (v = 1/2) for block A. Below we focus on densely

grafted bb blocks with m; ~ 1, i = A, B that have been investigated
78-85

mers with linear blocks.

in many experiments.

Soluble block A is envisioned as a wormlike chain with
thickness Dy ~ any>’"V (i.e., with superblob size given by
eqn (2) with n = ny, and m = my ~ 1) and the effective

Fig. 7 Schematics of AB block copolymer with bottlebrush blocks,
ma = mg = 1. Backbones in both blocks are indicated by thick black lines.
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persistence length [, , ~ D,. It gives rise to Nag = aM,/Dy of
superblobs that are essentially impermeable due to the elastic
stretching of side chains normally to the backbone. The average
size H, of a single block A is governed by repulsive superblob-
superblob interactions, and exhibits the excluded volume sta-
tistics on length scales larger than D,. That is,

Hu ~ DANAS3/5 ~ aS/SDAZ/SMAS/S (17)

In the case of short (oligomeric) side chains with n, ~ 1, and
D, ~ a, bb block A is treated as linear with DP N, with

H, ~ aNjx

(18)

Insoluble block B has superblob size Dy ~ a(ng/tg)"* with
the side chains stretched normally to the backbone up to 75 < 1,
where tp is relative deviation from the theta-temperature
(measure of the thermodynamic quality of poor solvent) for
monomer units of the block B. The number of superblobs in
block B is Ngg = aMg/Dg. In a selective solvent, insoluble block B
condenses in a globule with radius

R, ~ a(NB/TB)l/S) (19)

while block A ensures the solubility of block copolymer in the
solution.

4.1 Starlike micelles

The equilibrium aggregation number Q in a spherical micelle
with flexible core and corona blocks is specified by optimizing
the free energy F per molecule. In the narrow interface approxi-
mation, F comprises the free energies F, and Fg of blocks A and
B, and the surface free energy F,,r at the core/corona interface,

F=Fy+ Fg + Four (20)

Based on the blob concepts,’ the free energy F, per block A in
the corona envisioned as a spherical brush with thickness

(21)

circumventing the core with radius R ~ a(QNg/ts)*” can be
evaluated as the total number of concentration blobs (with size
&(r) =~ r/QY? and the free energy ~ kgT per each blob), formed
by the chains of superblobs with size D,, see Fig. 8,

Fa oy (H
. NP In[=
BT =2 I R
The Q-dependent elastic contribution per block B is specified as
for a Gaussian chain of superblobs with size Dg,

1/5 3/5 3/5 2/5~1/5 3/5
H ~ D\Q"°Nus®® ~ a*°D22Q" M,

(22)

Fg R?

~ ~ O3 Nyl 2 =16
Tl = DN~ 2 N el

(23)

The surface free energy Fg,r per molecule is evaluated as the
number of the thermal blobs with size &5 ~ atg” " per surface
area s ~ R*/0Q,

4/3 2/3
FsurfN s TB/NB/

Sup? Q'3

Minimization of F with respect to Q reduces to balance F, ~
Fgur, to provide the power law dependence for aggregation

~

(24)
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Fig. 8 Blob structure of starlike micelle with aggregation number Q
(regime ST in diagram of states in Fig. 9). Backbones and side chains in
the corona blocks are indicated in black and red, respectively. Densely
packed, increasing to the corona periphery concentration blobs with size

v

&N = rQ~Y2 are indicated in light grey.

number,

0 .EBS/S NB4/5
0ST = 103

(Ho/Ro)

with subscripts “0” indicating equilibrium values of the

(25)

micelle parameters and ‘“ST” indicating starlike shape of
micelles. Notably, at fixed DP Ny of the condensing block B,
QosT =~ 15138/5NB4/5 and Rosy =~ a(Qo,STNB/TB)1/3‘5131/5N33/5 are
weakly affected (via the logarithmic prefactors) by bb branching
of both blocks A and B. However, the corona thickness H st
(eqn (21) with Q = Qo sr) depends on DP n, of the side chain in
soluble block A. Different modes of branching, e.g. an increase in
n, at fixed Ny = Man, or fixed M, would lead to the respective
decrease or increase in the corona thickness, Hysr, at almost
constant value of the aggregation number, Q, st. The effect of ng
is weak, but this changes upon decreasing Ng.

For bb block copolymers with strongly branched block B
(Dg = D,) a decrease in Ng leads to the decrease in area
So =~ Rosr’/Qosr ~ @tz *°Ng*” of the core/corona interface
per molecule. At Ny = N}, ~ t3°(Dg/a)’ or, equivalently,

MB = ME ~ 132(D3/0)3,

area s, decreases down to the superblob cross-section, Dg?, and
the backbone of block B approaches limiting extension,

RS,ST ~ DgNgs ~ aMy (26)

Further decrease in s, would perturb the structure of superb-
lobs in the micelle core, leading to a strong increase in the free
energy per chain. As a result, starlike micelles formed by bb
block copolymers with My < Mj, retain area s, ~ Dg” of the
core/corona interface per molecule, and exhibit strongly
stretched backbones that specifies the micelle equilibrium
aggregation number as

N\ /[ a\® a\?
Ousty = (52) () =Mt () i M < My = (D),

B Dg B
(27)
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while the corona thickness (eqn (21) with Q = Qg sts) is given by

DAY
Hyst, ~ a<D—> MA3/5M]32/5 < aMa (28)

B
Here, subscript “STg” indicates strong stretching of backbones
of the core-forming blocks.

The micelles with strongly elongated backbones in blocks B
(termed also core-stretched micelles) disintegrate into unimers
(Qo,ste ~ 1) when block B reduces to a single superblob, ie.,
Mg = M{" ~ Dg/a, and the corona thickness H, st reduces to
H, in eqn (17).

In the opposite case of strongly branched bb block A with
D, > Dg, perturbation of the corona superblobs adjacent to the
core of the micelle leads to several additional regimes of
micelle behavior®® including ones with strongly stretched back-
bones in both blocks.

4.2 Crew-cut micelles

Starlike micelles with H > R transform into crew-cut aggregates
with H < R, when H ~ R. In a crew-cut micelle, the corona is
planar-like, and its conformational free energy F, can be

|
obtained from the free energy F/kgT =~ Na(s/a®) 2~ in a planar
brush of linear chains*'® with DP N, and grafting area s by
substituting a — Da, No» — Nas = aMa/Dy, and v = 3/5, to give

F DA a2\

LNV VN s il

kgT a s
The expressions for Fg and Fg.¢ (eqn (23) and (24)) remain
unchanged. By using the packing condition, Q ~ Ng’ty %s >
and minimizing the free energy F per chain with respect to Q (or

s), one finds the aggregation number in micelles formed by AB
copolymer with long bb blocks,

0 ENMBZTB36/11 & 4 % —12/11
0.CC =" = T

M8/ a a

(29)

(30)

with subscript “CC” indicating the micelle crew-cut shape.
Similarly to starlike micelles, a decrease in My < M} leads to
strong stretching of the backbones in both blocks, and changes
the values of exponents in eqn (30) leading to a number of novel
subregimes.’® Notably, scaling models do not predict micelles
with strongly stretched linear blocks.'****

To highlight the effect of bb branching we compare the
scaling-type diagrams in M,, Mg coordinates for the case of
linear (Fig. 9a) and bb branched (Fig. 9b) blocks with equal
thicknesses, Dy = Dg = D. Block copolymers with linear blocks
give rise to either starlike (regime ST) or crew-cut micelles
(regime CC) with both blocks remaining moderately stretched
prior to disintegration in unimers. Crew-cut micelles transform
in cylindrical aggregates and lamellae with further precipita-
tion in the sediment (shaded areas in Fig. 9) upon decreasing
M,. The stability range of cylindrical morphology is not distin-
guished in scaling terms (i.e., the boundaries for cylindrical
micelles obey the same power law dependences on the system
parameters and differ only in the numerical prefactors), and is
indicated by the dotted line in Fig. 9a."*°
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Fig. 9 Scaling-type diagrams of states in M, Mg coordinates for AB diblock copolymer with linear blocks (a) and bb blocks with Da = Dg = D (b) in dilute
solution, v = 3/5. Starlike and crew-cut micelles are found in regions ST and CC, respectively, starlike micelles with strongly stretched core block are
located in region STg, M} = tg(D/a)?. Slopes of the ST-CC boundaries are indicated. At vertical blue lines Mg = 7572 (@) and Mg = D/a (b) micelles
disintegrate into unimers. Dotted line with slope 2/3 marks the stability corridor of cylindrical micelles.

In contrast, block copolymers with bb blocks give rise to the
additional regime STy in which the core-forming blocks B are
strongly stretched approaching limiting extension, Ry srg >~ aMg.
Disintegration of core-stretched micelles into unimers occurs at
larger values of My = M} ~ D/a compared to micelles with
linear blocks. The boundary between ST and CC regimes exhibits
the same value of exponent (11/15) for diblock copolymers with
long blocks (M A, Mp > Mg) but is shifted up to larger values of
M, and M. Starlike core-stretched micelles in regime STy trans-
form into crew-cut aggregates when M, ~ My (boundary line
with slope 1 in Fig. 9b) at which the backbones in corona blocks
A approach maximal extension, H ~ aM,. In the vicinity of this
boundary crew-cut micelles with strongly stretched core and
corona blocks precipitate in the sediment.

Similar to the case of linear block copolymers, e
critical micelle concentration (cmc) in a dilute solution is
governed mostly by DP Np of insoluble block B while the
dependence on DP N, of soluble block A is weak. In scaling
terms,’® cmc for starlike micelles is determined by the
surface free energy of a unimer with condensed block B as
Ineme &~ —(t5”Np)?? + FalksT =~ —(t5°Ng)”?, and thereby is not very
sensitive to bb branching of block B at fixed total DP Ng = Mghg.

Micellization of diblock copolymers with bb blocks was
experimentally examined in a number of studies,”®®* and the
extended conformations of backbones were detected. However,
AB copolymers with water-soluble side chains in the corona
block, e.g., PACMO,?! PEO,*® exhibit poor consistency with the
theoretical models. Micelles soluble in organic solvents typically
demonstrate better agreement, although up to now systematic
variations in the system parameters are rare.*®® The experi-
mental samples are typically found either close to the boundary
between starlike and crew-cut micelles,®® or the side chains are
too short. A recent study®® provided systematic data for the
equilibrium parameters of spherical micelles in 1 wt% solution of
poly(5-perfluorooctyl norbornene-b-N-cyclohexyl-exo-norbornene-5,
6-dicarboxyimide) (PF-b-PC) block copolymer in THF (poor
solvent for PF block). The PF block contained densely grafted

115,119-121 th
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short side chains (CgF;7) while DP Mg of this block, and DP N,
of the linear PC block were varied. In scaling terms, short stiff
side chains on the norbornene backbone constitute oligomers
with ng ~ 1. Therefore, one would expect that exponents in the
power law dependences of R and H might be close to the
exponents for linear AB polymers.

In Fig. 10, the radius R of the micelle core® is presented as a
function of DP My of the PF block for two molar masses of
corona block A, 50 kDa (red triangles) and 300 kDa (blue
squares) in log-log coordinates. According to the scaling
model, R ~ Ng*® depends on N, only logarithmically, and
slope 3/5 is indicated by a single dashed line for both series
(with 50 kDa and 300 kDa for block A). We also indicated slope
1 with a solid line for each series (red for triangles and blue
for squares) predicted for core-stretched (STg) micelles.

10? '

R(nm)

10'f

10° !
10! 102

3
My 10
Fig. 10 Core radius R as a function of DP Mg of the backbone in the core-
forming PF block for two molecular masses of PC block A, M, = 50 kD
(triangles) and M, = 300 kD (squares).®? Dashed and solid lines with slopes
3/5 and 1 correspond to conventional starlike (ST) and core-stretched (STg)
micelles, respectively.
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While slope 1 is plausible for each of the series, and the shift
down of the blue line with respect to the red one could be due
to the logarithmic prefactor comprising M,, the exponent 3/5
still fits better the whole set of data. Clearly, more experiments
with systematically varied lengths of flexible side chains and
backbones are required to confront the theoretical predictions.

An increase in the solution concentration ¢ leads to overlap
and concomitant contraction of the micelle’s coronas. As was
demonstrated for linear-linear AB block copolymers,""**'* in
semi-dilute solutions starlike micelles organize in densely
packed arrays, so that their dimensions exhibit quasi-globular
dependence, H ~ a(QN,/c)"?, with c-dependent aggregation
number Q(c) up to ¢ ~ 1. Similar quasi-globular regimes are
expected for micelles with bb blocks due to the same physical
reason - elastic stretching of the corona blocks preventing
essential interpenetration of neighboring micelles. In these
regimes, the ratio of the corona thickness H ~ a(QN/c)" to
the core radius R ~ a(QNg/t)"® decreases as H/R ~ ¢ '*
irrespective of specific architectures of blocks A and B, making
R and H closer in size upon increasing c¢. In concentrated
solutions, the equilibrium dimensions of micelles attain the
molecular mass dependences characteristic for melts of micro-
phase segregated diblock copolymers, R ~ H ~ N*, Depend-
ing on selectivity of the solvent, self-assembled aggregates of AB
block copolymers can retain their shape or undergo morpho-
logical transformations®®'°>''® upon increasing solution
concentration c.

5 Melt of block copolymer with
branched blocks

Microphase segregated melts of block copolymers with branched
blocks have been extensively studied both experimentally”®””
and theoretically.’** In the strong segregation limit, conforma-
tions of the blocks could be described using polymer brush
models. That is, a narrow A/B interface allows for assimilation of
the conformational free energies of the blocks in inner (B) and
outer (A) domains to dry concave and convex polymer brushes,
respectively. The free energies F, and Fg can be calculated
analytically using the strong stretching self-consistent field
(SS-SCF) approximation originally proposed for linear block
copolymers by Semenov®®> and generalized later for dendron
brushes by Pickett'?>'** and for brushes formed by macromole-
cules of arbitrary regularly branched topology in ref. 124-126.

In the simplest case of equally flexible blocks with the same
size of monomer units, a, the SS-SCF approach specifies
molecular parabolic potentials U;(z) (j = A, B) acting in the
domain with size d; as a function of distance z from the A/B
interface,

U(z) _ 3

Ienl gszaznj

(d? - 2) (31)

The architecture-dependent topological ratio #; allows for
quantification of the increase in the elastic free energy of
branched block j with DP N; compared to linear block with

This journal is © The Royal Society of Chemistry 2022
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the same N;,. For polymer with branched architecture, # is calcu-
lated by using the conditions of length conservation for the
segments between branching units, and by balancing the elastic
forces in all branching units of the macromolecule.*® Although
parabolic molecular potential U, produces the so-called dead
zones (i.e., regions depleted of the chain free ends) in the convex
matrix, and thereby slightly underestimates the elastic free energy
Fy, the SS-SCF approach can still be implemented to establish
basic morphological features of microphase segregated melt of
branched block copolymers. Extension of the SS-SCF theory to
different sizes of monomer units and Kuhn segments of the
blocks is straightforward and can be found elsewhere.**
Comblike (cl) polymers are conventionally distinguished
from bottlebrush (bb) polymers via conformations of spacers
between neighboring side chains in melts. Spacers with DP
m 2 n'? of cl polymers with DP n of side chains exhibit
Gaussian conformations in melts, while in bb polymers with
m < n'”? backbones in melts are locally stretched. The para-
bolic molecular potential in eqn (31) with topological ratio

can be directly applied to brushes of cl polymers with back-
bones that start to elongate upon increasing the grafting
density of side chains. For bb polymers with locally stretched
backbones introduction of superblobs with size D ~ an'* as bb
chain impermeable elements leads to modification of 5 as®

(32)

nop =~ n' (33)

with the numerical coefficient on the order of unity.
Equilibrium morphology of the microphase segregated
domains can be found from the condition

F{i](seq) — min{i}, (34)

where index i = 1 refers to lamellae, i = 2 to cylindrical and i = 3
to spherical domains, and the free energy F(s) per block
copolymer chain in the superstructure with morphology 7,

F(s) = F)(s) + F{)(s) + F(s) (35)

comprises respective conformational entropies of the stretched
blocks A and B, and the excess free energy of the A/B interface
between domains and the matrix, and has to be minimized
with respect to the interfacial area s per molecule. While in
melts of linear-linear block copolymers the segregated
domains are formed by the minority block and embedded into
the continuous matrix formed by the majority block, this might
not be the case if the copolymer blocks are asymmetrically
branched.®%*

In Fig. 11 we present the unified morphology diagram of
microphase segregated melt of diblock copolymer with long
block backbones M; in the #4/ifs, fa = Na/(Na + Ng) coordinates
constructed in the SS-SCF approximation for both blocks. The
diagram incorporates AB copolymers that contain cl or
bb blocks and their combinations (with formulation of the
topological ratios ng and 7, according to eqn (32) and (33)).
Major morphologies (spheres S, S/, cylinders C, C’, and lamellae L)
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Fig. 11 Morphology diagram of microphase segregated melt of AB block
copolymer with branched blocks.

are separated by binodals. The more complex e.g. double gyroid
structures are not included here. The X-axis with na/ng = 1
corresponds to symmetrically branched blocks including linear
blocks with 17, = #g = 1. Black dots on the X-axis indicate the
transition compositions predicted by Semenov’s model® for
linear block copolymers in the strong segregation limit. As is seen
in Fig. 11, an increase in branching asymmetry n,/np leads to a
significant shift of binodals to smaller values of f, and stabili-
zation of the spherical morphology S.

Among predictions of the analytical SS-SCF model® is the
universal dependence for radius R; of the domains formed by
block B in spherical (i = 1), cylindrical (i = 2) and lamellar (i = 3)
morphologies,

Ja 173
N (ﬁ B+ ny’bi
2R; 4 = KN
1

(36)

with the geometry- and composition-dependent functions g;,
the numerical coefficients b;, and prefactor K ~ 1 which is
independent of the degree of polymerization Ny of the domain-
forming block or the domain morphology i. Because the
topological ratio depends only on how the chain segments
are connected in a branched polymer, #; does not depend on
DPs of the blocks (N;). Therefore the equilibrium dimensions of
the domains obey the same molecular weight dependences,
R; ~ Ny*?, as for linear diblock copolymers. In Fig. 12 eqn (36)
is applied to the experimental data for block copolymers with
different lengths and domain morphologies.®**’%7>7%77 As seen
in Fig. 12, exponent 2/3 is consistent with the majority of data
points except for strongly scattered data for relatively small Ng.
In the framework of parabolic molecular potential, the side
chains in microphase segregated domains are weakly stretched
in the direction perpendicular to the domain boundaries
in contrast to a much stronger elongation of the backbones.
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Fig. 12 Power law dependence for normalized domain radius R; as a
function of Ng. Copolymers BAB were treated as diblock copolymers A(B/
2). Shape and color of different symbols are indicated in the inset with

references to the experimental data.

The distribution of backbone tension in brushes of cl and bb
polymers is nonuniform: it is maximal near the boundary
between the domains and gradually reduces to the free end of
the backbone. Only close to the backbone free end do the side
chains exhibit elastic stretching comparable to the local
stretching of the backbone. Notably, such behavior of the side
chains is similar to that of short linear polymers inserted at
different positions in the brush formed by long polymers."*”
That is, the side chains near the A/B boundary are almost
unstretched, their elongation increases with distance z from
the surface, and reaches maximum at the backbone free end.
The computer simulations of tension distribution in brushes of
moderately stretched bottlebrushes*®
picture.

Overall, microphase segregated melts of block copolymers
with branched blocks demonstrate a more complex organization

are consistent with this

compared to linear counterparts. For example, symmetric cl-cl
and bb-bb block copolymers with variable length M of backbone
can undergo conformational transitions between the regimes of
miktostar (short backbone) to conventional bottlebrushes (long
backbone).®* The power law dependences for lamellar spacing in
these two regimes are different, and no analog of this transition
is feasible in linear diblock copolymers.

5.1 ABA triblock copolymers

Microphase segregated melts of triblock copolymers BAB differ
from AB diblock copolymers due to forming of loops and bridges
connecting neighboring B-domains.”> However, in the strong
segregation limit, the equilibrium parameters of the domains
formed by triblock copolymer BAB with DP 2N, of the central
block are expected to obey the same power law dependences as
for AB diblock copolymers with DP N, of the central block A.
This commonly used approximation is exploited, in particular,
in Fig. 11, in which the value of exponent (2/3) in the dependence
R{(Ng) is checked for a set of diblock AB and triblock BAB
copolymers forming different morphologies (i = 1, 2, 3).
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An important characteristic of the self-assembling triblock
copolymer gels and elastomers is fraction Xpiqg. of bridges
connecting neighboring B-domains. The latter determines the
elastic response to deformation and can be manipulated by
varying the architecture of the blocks. In the case of microphase
segregated lamellar (i = 1) domains, fraction Xpiqge Of bridges
could be evaluated analytically using the parabolic molecular
potentials U; (eqn (31)). In this approach, fraction Xpqge of
bridges formed by the central A-block of BAB triblock copoly-
mer is estimated from the equilibrium properties of lamellae
formed by diblock B(A/2) block copolymer. That is, A-loop is
modelled as two tethered subchains with DP N, with unrest-
ricted free ends, while the middle point of A-bridge is fixed at
the boundary of the Wigner-Seitz cell.

The numerical calculations performed using Scheutjens—
Fleer self-consistent field method'*® for solvent-free planar
layers formed by loops and bridges of linear and comblike
polymers®® were in accord with the analytical model in eligible
ranges of the system parameters. In particular, branching of the
central (A) or of all the blocks in BAB copolymer lead to the
decrease in Xriqge compared to BAB triblock with linear blocks
of similar DPs. Symmetric comblike branching of A and B
blocks lead to a stronger decrease in Xprgge compared to
triblock with branched A and linear blocks B. Branching of
B-blocks with ng > 7, increased Xprgge compared to linear
B-block. An increase in the degree of branching of A-block
leads to the decrease in Xyigge With a concomitant increase in
the network shear modulus Gpe;e ~ 742Ny~ 2°.

In other morphologies of microphase segregated BAB melts
(i = 2, 3) fraction Xprigqge Of bridges could be also estimated
analytically®” or numerically."*° In the former case, account of
the dead zones in the A-matrix inverted the decrease in Xyiqge
as a function of the copolymer composition, fy = Na/(Na + Ng),
leading to the approach to Xpgge =~ 0.5 from below, and
thereby indicating the decrease in the difference between
elastic free energies of loops and bridges. However, MD
simulations'*® indicated Xpigge > 0.5 in melts of triblock BAB
copolymers with spherical B-domains and short side chains in
the central bb block. This numerical discrepancy could arise
due to the decreased stretching of bridges in the interdomain
space compared to the Wigner-Seitz cell model implemented in
the analytical theory.

6 Conclusions and perspectives

As discussed in this review, specific molecular architecture and
strong intramolecular interactions lead to numerous features of
bottlebrush polymer solutions, melts, networks, and colloidal
nanostructures that distinguish them from linear counterparts.

At present, a general understanding of bottlebrushes with a
basic set of independently controlled architectural parameters
{M,n,m} is achieved in solutions. It was demonstrated theore-
tically that interactions between side chains lead to stiffening of
the bottlebrush on the length scale comparable to the dimen-
sions of extended side chains, and this prediction is in good
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agreement with the results of computer simulations and scat-
tering experiments. As a result, the elastic modulus of bb
polymer is significantly smaller compared to that of its “bare”
backbone. The ‘“softening” effect is expected to occur at any
grafting density of the side chains. However, at moderate
grafting density at which the backbone spacers in an unper-
turbed bottlebrush are not fully extended, the force-extension
curves acquire a characteristic sigmoidal shape with a sharp
increase in the restoring force at the end-to-end distance
corresponding to full stretching of the chain of “superblobs” -
chain segments with size equal to bb thickness D.

An increase in the solution concentration ¢ beyond the
overlap threshold leads to screening of intramolecular inter-
actions on progressively decreasing length scale and the corres-
ponding increase in the chain elasticity that gives rise to a
number of regimes with different power law dependences for
static and dynamic properties on the solution concentration, c.
An increase in the branching parameter n/m > 1 leads to
widening of specific for bb polymer regimes, whereas at n/m ~ 1
the behavior of the solution of linear chains is recovered.

Based on the scaling description of solutions of bb poly-
mers, the theory enables unravelling of specific properties of
the “haired” gels comprising bottlebrush strands. It is pre-
dicted that the swelling ratio of the haired gels is controlled
primarily by the DP of the main chains of the strands, whereas
the dependence on the DP and grafting density of the side
chains is weak. This prediction is in agreement with the
experimental data. The theory also predicts a non-monotonic
dependence of the osmotic modulus of “haired” gels on DP of
the side chains with a minimum corresponding to the overlap
threshold of the side chains emanating from different strands.

Self-organization of block copolymers with bb blocks in
selective solvents and in melts exhibits a number of distinctive
features compared to linear-linear block copolymers. An
increasing number of monomer units in the side chains (i.e.,
an increase in the branching parameter n/m) leads to the
decrease in ratio of the main chain length (along which the
elastic tension propagates) to the block volume. In the case of
the solution self-assembly, bb branching of soluble blocks
leads to a decrease in the aggregation number and overall size
of the micelles with a concomitant weak increase in cmc, as
compared to linear diblock copolymers with the same DP of the
soluble block. The bb block copolymers with a relatively short
main chain in the insoluble block form micelles in which
backbones of bb blocks in the core are strongly stretched
approaching the limit of extensibility. This leads to novel power
law dependences for the structural properties of the core-
stretched micelles.

Morphologies of nanodomains in microphase segregated
melts of block copolymers with strongly incompatible bb
blocks can be efficiently tuned by changing the degrees of
branching at constant volume fractions of the respective
blocks. This leads to qualitatively new features in the morpho-
logical phase diagram: for instance, a strongly branched min-
ority block may form a continuous matrix with embedded
spherical or cylindrical domains of the majority component
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which is impossible for linear-linear block copolymers. The
theoretically predicted morphological phase diagram accounting
for bb branching of blocks®* is in accord with the available up to
date experimental data for three basic geometries (spheres,
cylinders, lamellae).

At the same time our understanding of static and dynamic
properties of solutions and melts of bottlebrush block copoly-
mers is still incomplete and a number of challenges remain:

While scaling analysis has been applied to study dynamics
of bb networks and melts,””°®'*' and gelation of bb
polymers,”>*® a comprehensive theoretical description of the
effect of bb branching on dynamic properties in solution is
currently lacking. Furthermore, the effect of the bb branching
on the ability of the polymer to crystallize is far from being
understood, although it is highly relevant for the development
of energy-storage devices.

The effects of intramolecular ionic interactions and their
impact on the rigidity and extensional elasticity of bb polymers
with ionically charged side chains have been addressed just
partially.*®'*? Self-assembly of amphiphilic block copolymers
with one hydrophobic block and another ionically charged
(strong or weak polyelectrolyte) bb block has not been yet
explored.

An intriguing feature of the bottlebrush (co)polymers is that
they closely mimic natural glycoproteins (e.g. lubricin and mucins)
or proteoglycans (e.g. aggrecan) comprising polysaccharide
chains terminally attached to the backbone formed by the core
protein. While aggrecan (in complex with hyaluronian acid) is
an important constituent of the articular cartilage,"®* it is
believed that interfacial layers formed by lubricin attached to
the cartilage in the joints are responsible for dramatic
reduction of intra-joint friction."** Such lubricating property
of synthetic bottlebrushes anchored at sliding surfaces in
aqueous media has been demonstrated experimentally.'>*3
Among possible explanations of this effect is the theoretically
predicted'®” narrowing of the interpenetration zone between
apposing brushes formed by branched polymers. More theore-
tical studies with an explicit account of the bb architecture of
the end-tethered macromolecules could provide better insights
into biolubrication and allow for design of novel biomimetic
materials.

Glossary

a Monomer unit length

Solution concentration (monomer number density)
Domain size in the microphase segregated melt of
block copolymers

D Cross-sectional dimensions of the molecular brush
(the superblob size)

Volume fraction of the block A in the copolymer
Helmbholtz free energy

Osmotic modulus of the gel

End-to-end distance of a spacer

Thickness of the micellar corona

Q o

T QS

Soft Matter

Soft Matter

H, Size of the soluble block A in the block copolymer in
the unimer state

L The apparent contour length of the molecular brush

L, The apparent persistence length of the molecular brush

m Polymerization degree of a spacer

M Polymerization degree of the main chain

n Polymerization degree of a side chain

N Total degree of polymerization of the molecular brush

Nas, Ngs Numbers of superblobs in the bottlebrush blocks A
and B, respectively

P Total number of side chains in the molecular brush

Q Number of block copolymers in a micelle (aggregation
number)

Req Equilibrium dimensions of the molecular brush

Rena End-to-end distance of the main chain

Ry Size of the individual collapsed insoluble block B

Seq Equilibrium surface area of the A/B interface per block
copolymer

U Self-consistent molecular potential

vV Volume of the swollen gel

Vary Volume of the dry (solvent-free) gel

v The Flory exponent

n The topological ratio

o Radial distance from the backbone

14 The concentration blob size

T Relative deviation from the theta-point (reduced
temperature)
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