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ABSTRACT: We report the synthesis and melt self-assembly behaviors of densely
grafted, core−shell bottlebrush (csBB) polymers derived from covalently linking
narrow dispersity, symmetric composition ABA-type triblock polymers through
their chain midpoints. Derived from sequential ring-opening polymerizations of ε-
decalactone and rac-lactide initiated from 5-norbornene-2-exo,3-exo-dimethanol,
poly(lactide-block-ε-decalactone-block-lactide) macromonomers (Mn = 9.2−17.8
kg/mol; Đ = 1.19−1.25) were enchained by living ring-opening metathesis
polymerization (ROMP) into csBBs with backbone degrees of polymerization Nbb =
8−43. Temperature-dependent small-angle X-ray scattering (SAXS) studies indicate
that the critical triblock arm degree of polymerization (Narm) required for melt segregation decreases with increasing Nbb,
leading to reductions in the accessible ordered lamellar microdomain (d) spacings. We derive a phenomenological relationship
between the critical triblock arm segregation strength at the order−disorder transition (χNarm)ODT and Nbb to enable the future
design of microphase separated core−shell bottlebrushes, which self-assemble at sub-10 nm length scales for nanolithography
and nanotemplating applications.

The self-assembly of segmented block polymers of
chemically dissimilar monomers offers enticing oppor-

tunities to design nanostructured materials for value-added
applications.1−3 Narrow dispersity, linear AB diblock polymers
self-assemble into ordered sphere packings, 3D networks,
hexagonally-packed cylinders, and lamellae.4 These segregated
polymer melts balance the unfavorable enthalpy of A/B
monomer contacts against configurational entropy losses
associated with polymer chain stretching and polymer self−
organization. The phase behaviors of AB diblocks depend on
the volume composition of the A block fA = 1 − f B, the
temperature-dependent effective A/B segmental interaction
parameter (χ), and the segment density-normalized degree of
polymerization (N). Mean−field theories predict a volume
fraction-dependent, minimum melt segregration strength at the
order−disorder transition, (χN)ODT, above which a diblock
microphase separates.5,6 Compositionally symmetric AB di-
block polymers ( fA = f B = 0.5) exhibit (χN)ODT = 10.5, and
their lamellar microdomain periodicities scale as d ∼ χ1/6N2/3

in the strong segregation limit.7 The magnitude of χ, which
depends on the chosen monomer chemistry, sets the minimum
N for melt segregation and, thus, the smallest accessible d-
spacing. This thermodynamic lower bound curtails potential
applications of block polymers as templates for advanced
microelectronics8,9 and mesoporous inorganic materials10 with
sub-10 nm features. Consequently, much attention has focused
on discovering microphase-separated “high χ/low N” diblock

polymers toward ever smaller feature sizes for these
applications.8,11−22

Manipulating molecular architecture offers a complementary
yet nascent means of tuning A/B block polymer phase
behavior23,24 toward sub-10 nm templating, without resorting
to new monomer chemistries. Mean-field theories predict that
end-linking AB diblocks of length Narm into (AB)n star
architectures reduces (χNarm)ODT ≈ 5−6 per arm, suggesting
possible access to smaller d-spacings.6,25 Early experiments on
low χ/high N (AB)n stars reported only small reductions in
(χN)ODT,

26 with slight changes in the d-spacings27 as
compared to the parent AB diblocks. However, a more recent
study by Sun et al. of lithium salt-doped, high χ/low N (AB)n
stars (n ≤ 4) established their ability to access domain spacings
as small as d = 9.7 nm.28 This last report notably suggests that
the critical (χNarm)ODT decreases with increasing arm number n
due to differences in translational entropy upon ordering into a
periodic assembly. However, the synthesis of star block
polymers with >4 arms becomes increasingly more difficult
due to steric encumbrance arising from tethering the polymer
chains to a single, small junction point.
Precision macromolecular syntheses of molecular bottle-

brushes, in which polymer chains are end-linked through a
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polymer backbone, have stimulated a plethora of studies of
their melt self-assembly behaviors.29,30 Numerous reports have
examined the microphase separation of block polymers
comprising bottlebrush A and bottlebrush B segments at
large length scales d = 50−200 nm, wherein the d-spacing
depends primarily on the backbone degree of polymerization
(Nbb).

31−36 On the other hand, Xia et al. established that
randomly enchaining polymeric A and B arms into a random
bottlebrush leads to microphase-separated lamellae, in which
the d-spacing instead depends on the arm degrees of
polymerization.37 More recently, Johnson and co-workers
showed that Janus-type graft block polymer bottlebrushes, in
which the block junctions of AB diblocks are linked into a
polymer backbone, form ordered morphologies with sub-10
nm microdomains by preorganizing melt-disordered AB
diblock arms to self-assemble.38,39 In spite of this useful result,
access to these architectures is limited by complex, multifunc-
tional inimer syntheses coupled with arduous preparative size-
exclusion chromatography (SEC) purifications. On the other
hand, the melt phase behaviors of well-known core−shell
bottlebrushes (csBBs),40−42 in which each backbone unit
exhibits one or more AB diblock arms, remain poorly explored.
Herein, we describe the syntheses and melt phase behaviors of
densely grafted csBB polymers comprising high χ/low N ABA
triblock arms linked through their chain midpoints.
We developed the modular “graft through”30 synthesis of

csBBs depicted in Scheme 1. 5-Norbornene-2-exo,3-exo-
dimethanol (1), which derives from LiAlH4 reduction of cis-
5-norbornene-exo-2,3-dicarboxylic anhydride (see Supporting
Information for synthetic details),43 served as a difunctional
initiator for bulk, Sn(oct)2-catalyzed ring-opening trans-
esterification polymerization (ROTEP) of ε-decalactone per
the method of Martello et al.44 Reaction aliquots of the
resulting poly(ε-decalactone) (D) samples exhibited Mn,D =
3.9−7.7 kg/mol by 1H NMR end group analyses (see Figure
S1), with unimodal molar mass distributions and dispersities
ĐD = Mw/Mn = 1.17−1.23 by SEC against poly(styrene)
standards. One-pot, sequential chain extension polymerization
of these macrodiols with rac-lactide yielded narrow dispersity
poly(lactide-block-ε-decalactone-block-lactide) (LDL) triblocks
with a norbornene functionality situated at the midblock
center.44 1H NMR end group analyses reveal that these LDL
triblocks exhibit Mn = 9.2−17.8 kg/mol (see Figure S2) with

nearly symmetric volume fractions f L = 0.51−0.52 (see Table
S1 for detailed molecular characteristics), based on the
homopolymer densities ρD = 0.97 g/cm3 and ρL = 1.24 g/
cm3 at 22 °C.44 SEC analyses against poly(styrene) standards
establish the unimodality of the LDL triblock molar mass
distributions with Đ = 1.19−1.25.
LDL macromonomers were subjected to living ring-opening

metathesis polymerization (ROMP) initiated by the bis-
(pyridine) analog of Grubbs’ third generation olefin metathesis
catalyst (G3)45 in toluene at 22 °C (Scheme 1). For each
parent LDL triblock, we exploited the living characteristics of
this polymerization to target csBBs with theoretical backbone
degrees of polymerization Nbb,thy = [LDL]/[G3] = 10, 20, 30,
and 40. Polymerizations conducted with [LDL] = 15 mM
typically proceeded to >97% macromonomer conversion to
yield high purity csLDL bottlebrushes, thus, obviating the need
for time-consuming purifications, as in the case of Janus-type
bottlebrushes.39 csLDL samples were characterized by SEC
with multiangle laser light scattering (SEC-MALLS) detection
in tetrahydrofuran (THF) at 25 °C (Figure 1) to measure
directly their absolute molecular weights, Mn,csLDL. We
calculated the observed backbone degrees of polymerization
as Nbb,expt = Mn,csLDL/Mn,LDL (Table 1).46 Note that Mn,LDL
values were derived from 1H NMR end group analyses due to

Scheme 1. Synthesis of Core-Shell Bottlebrush Polymers (csBBs) from Poly(lactide-block-ε-decalactone-block-lactide)
Macromonomers

Figure 1. SEC trace overlay for the parent diblock LDL(147, 0.52)
and daughter csLDLs with Nbb = 11, 22, 31, and 43 from SEC-
MALLS analysis, which were synthesized by targeting Nbb,thy = 10, 20,
30, and 40.
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the low Mns of the LDL triblocks and their small refractive
index increments (dn/dc ≤ 0.06 mL/g), which prevented
accurate SEC-MALLS measurements. The generally good
agreement between Nbb,expt in Table 1 and the targeted Nbb,thy
values is consistent with the living nature of the ROMP
reaction. Thus, this synthetic strategy allows enchainment of
narrow dispersity, symmetric triblocks with segment density-
normalized degrees of polymerization Narm into a series of
csBBs with defined backbone degrees of polymerization that
are designated csLDL(Narm,f L)−Nbb,expt.
We examined the self-assembly behaviors of LDL triblock

macromonomers and daughter csLDL bottlebrushes by
synchrotron small-angle X-ray scattering (SAXS). Samples
were solvent cast from toluene at 90−110 °C and subsequently
annealed in vacuo at 130 °C for 2 h to remove residual solvent.
Representative azimuthally integrated 1D-SAXS patterns for
csLDL(116, 0.52) bottlebrushes are presented in Figure 2a.
The broad, low intensity SAXS peak observed at 28 °C for
macromonomer LDL(116, 0.52) and the absence of higher
order scattering maxima are consistent with the correlation-
hole scattering of a disordered block polymer melt.47 However,
homologous bottlebrushes with Nbb,expt = 8, 18, 23, and 37
exhibit SAXS maxima at (q/q*)2 = 1, 4, and 9 (q* = 0.0588
Å−1) consistent with their microphase separation into ordered
lamellar phases. The expected extinction of the (q/q*)2 = 4
SAXS peak for a compositionally symmetric, lamellar block
polymer is not observed as the volume fractions of these
samples are slightly asymmetric with f L = 0.51−0.52. The
observed ordered domain spacing d = 10.8 nm is nearly
invariant with increasing Nbb ≥ 10. In sample series where the
macromonomer is itself melt-segregated, we find that the d-
spacings of the csLDL brushes are ∼1−3% smaller than those
of the parent triblocks. Thus, we conclude that linking
disordered LDL triblocks through their midpoints into csBB
architectures drives their melt self-assembly, enabling ordering
at smaller length scales than allowed by the linear triblock
homologues. Johnson, Osuji, and co-workers observed a
conceptually related architecture-driven ordering in Janus-
type bottlebrush block polymers, in which disordered diblock
polymer chains are linked through their block junctions.39

We used temperature-dependent SAXS analyses to deter-
mine the order-to-disorder transition temperature (TODT) for
each csLDL listed in Table 1. Figure 2b depicts representative
1D-SAXS intensity profiles for csLDL(147, 0.52)−31 between
T = 50−135 °C. We assign TODT = 135 °C as the temperature
at which all higher order scattering maxima and the sharp
primary scattering peak at q* = 0.0537 Å−1 are replaced by the
weaker, broad correlation-hole scattering of a disordered block
polymer melt.47 TODT values for csLDL (Nbb > 1) are reported
in Table 1 for all samples that exhibit order-to-disorder

Table 1. Molecular Characteristics of csLDL Block Polymer Bottlebrushes

csBBa Mn,csLDL (kg/mol) Nbb,expt
b ĐcsLDL

b TODT
c (°C) (χNarm)ODT dd (nm)

LDL(116, 0.52) 9.2 1 1.20
csLDL(116, 0.52)−8 76.3 8 1.03 83 15.6 10.8
csLDL(116, 0.52)−18 163 18 1.01 93 14.8 10.8
csLDL(116, 0.52)−23 211 23 1.03 97 14.5 10.8
csLDL(116, 0.52)−37 335 37 1.03 95 14.6 10.8
LDL(147, 0.52) 11.6 1 1.23 102 17.8 13.2
csLDL(147, 0.52)−11 124 11 1.01 131 15.1 12.8
csLDL(147, 0.52)−22 257 22 1.01 133 14.9 12.6
csLDL(147, 0.52)−31 359 31 1.01 135 14.7 12.5
csLDL(147, 0.52)−43 490 43 1.01 137 14.6 12.7
LDL(178, 0.52) 14.0 1 1.23 132 18.2 13.6
csLDL(178, 0.52)−9 124 9 1.04 176 14.0 13.4
LDL(186, 0.51) 14.6 1 1.19 138 18.3 13.7
LDL(227, 0.51) 17.8 1 1.25 177 17.7 15.5

aCore−shell bottlebrushes identified as csLDL(Narm,f L)−Nbb,expt, where Narm is the segment density-normalized degree of polymerization of the
LDL triblock macromonomer, f L is the poly(lactide) volume fraction, and Nbb,expt is the experimentally determined backbone degree of
polymerization. bNbb,expt = Mn,csLDL/Mn,LDL, where Mn,csLDL and ĐcsLDL were determined by SEC-MALLS for Nbb,expt > 1, and Mn,LDL was derived
from 1H NMR end group analysis. cTODT measured by temperature-dependent SAXS for all csLDL samples with Nbb,expt > 1. TODT for LDL
macromonomers was determined by DMS (see text for details). dLamellar domain (d) spacing from SAXS at 28 °C.

Figure 2. (a) 1D-SAXS intensity I(q) vs scattering wavevector q
profiles for LDL(116, 0.52) and csLDL daughter samples at 28 °C,
which demonstrate the melt-disordered LDL orders into a lamellar
mesophase upon enchainment in a bottlebrush. (b) Temperature-
dependent SAXS intensity profiles csLDL(147, 0.52)−31 establish
that the sharp Bragg scattering associated with the lamellar
morphology is replaced by broad, correlation-hole scattering of a
disordered melt at TODT = 135 °C.
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transitions below the decomposition temperature (<180 °C).
For the LDL macromonomers (Nbb = 1), we used both SAXS
and dynamic mechanical spectroscopy (DMS)48,49 to
determine TODT (vide infra). The latter TODT values agreed
within 4 K (within 1%) between these two methods, and the
values determined by DMS are presented in Table 1. From
these data, we find that TODT increases with increasing Nbb for
csLDLs derived from a given macromonomer.
In order to obtain quantitative insights into the self-assembly

thermodynamics of csBB melts, we sought to calculate the
critical (χNarm)ODT for each csBB reported in Table 1. By
measuring the temperature-dependent, dynamic elastic storage
shear modulus G′(ω) at a frequency ω = 1 rad/s and strain |γ|
= 1% in the linear viscoelastic regime, we identified TODT for
each LDL macromonomer as the temperature at which G′(ω)
precipitously drops (see Figure S3).48,49 We then calculated
the value of χLD(TODT) for each macromonomer from the
mean-field theory result (χNarm)ODT = 17.996 for composi-
tionally symmetric ABA-type triblock polymers.6,50 The
resulting values were fit to obtain the temperature-dependent
effective interaction parameter χLD(T) = (97.0 ± 25.8)/T −
0.138 ± 0.063 (see Figure S4). While the exact form of χLD(T)
differs from that previously determined by Hillmyer and co-
workers44 using LDL triblocks synthesized analogously from
benzene-1,4-dimethanol with Đ ≤ 1.18 and f L = 0.46, values
for χLD(T) calculated from both expressions agree within the
stated error and they differ by <10% between T = 80−180 °C.
Discrepancies in χLD(T) may stem from differences in sample
dispersity, composition, or chain midpoint functionality.
Assuming that χLD(T) is independent of molecular architec-
ture, we used the above expression to calculate (χNarm)ODT for
the LDL triblock arms of each ordered csBB.
Figure 3 depicts a plot of (χNarm)ODT versus Nbb for all

csLDL(Narm, f L) series, which demonstrates how the minimum

segregation strength (χNarm)ODT of the LDL triblock arms
required for lamellar csBB ordering decreases with increasing
Nbb. By fitting this curve, we obtained the phenomenological
relationship (within a 95% confidence interval):

χ = ± + ± −N N( ) (14.5 1.0) (3.5 1.2) bbarm ODT
0.97

This expression suggests that as Nbb → ∞, (χNarm)ODT →
14.5. In other words, linking triblock polymers into a csBB
architecture results in a 19% reduction in the minimum Narm
required for microphase separation. Since the lamellar
periodicity scales as d ∼ Nα (α = 1/2 in weakly segregated

melts, and α = 2/3 in strongly segregated systems),5,51

polymerizing ABA triblocks through their midpoints into
csBBs could facilitate access to d-spacings that are 10−13%
smaller than those accessible from linear triblocks. In Figure 3,
the most significant architecture-driven decrease in (χNarm)ODT
is achieved when 1 ≤ Nbb ≤ 10. The TODT values in a given
csLDL(Narm,f L) series become nearly invariant when Nbb =
10−40. The fact that all of the data is captured by a single fit
suggests the broad applicability of this expression for the
design of melt self-assembled core−shell brush polymers. Note
that this treatment assumes that the chemistry of the csBB
backbone negligibly impacts the ordering behavior, given that
the weight fraction of the backbone is small compared to that
of the arms. In other words, this analysis assumes an athermal
bottlebrush backbone.33

Spencer and Matsen recently reported self-consistent mean-
field theory and field-theoretic simulations of graft polymers
with AB diblock arms, in which they studied how backbone
grafting density impacts their microphase separation.52 These
theoretical studies were stimulated by experiments of Maher et
al.,53 which demonstrated that graft polymers with symmetric
AB diblock arms situated at 50% of the monomer units along a
backbone exhibit TODT values similar to those of the AB
diblock arms. However, the results reported here differ
significantly in that we observe increases in TODT, which
presumably arise from the higher graft densities of the csLDL
samples. Random phase approximation (RPA) predictions for
csBBs with diblock arms appended to a backbone with grafting
densities comparable to those considered here predict that the
minimum (χNdiblock arm)ODT → ∼5−6 in the limit of large
Nbb.

51 Since the RPA predicts that (χNtriblock)ODT = 17.996 for
a linear triblock and (χNdiblock)ODT = 10.495 for linear diblock,
we can recast the result (χNtriblock arm)ODT → 14.5 for the
triblock arms of csBBs as (χNdiblock arm)ODT → 14.5(10.495/
17.996) = 8.46. Thus, our experimental observations trend in
the direction of the RPA prediction, albeit with a slightly
higher than expected asymptotic value in the limit Nbb → ∞
likely due to fluctuation effects.
The thermodynamic stabilization of ordered lamellar

morphologies of csBBs as compared to their linear ABA-type
triblock analogs apparently stems from the covalent preorga-
nization of triblocks for self-assembly depicted in Figure 4a.
Cooling a disordered melt of linear ABA triblocks through
TODT drives enthalpically favorable demixing of dissimilar
monomer segments, while incurring (1) an intrachain entropic
penalty associated with chain stretching away from the
interface, and (2) an ensemble entropy penalty due to A/B
block junction localization at the microphase separated domain
interfaces. On the other hand, covalently linking the midpoints
of the ABA triblocks into a csBB architecture reduces the
configurational entropy penalty for block junction ordering and
to some small extent, the entropy loss on ABA chain
stretching.23 The csBBs exhibit d-spacings ∼1−3% smaller
than those of the constituent triblock macromonomers. This
situation differs from Janus-type brush block polymers, which
derive from linking AB diblocks through their block junctions,
wherein steric crowding near the backbone amplifies non-
Gaussian chain stretching at the block junction to dilate the d-
spacings by 8−10%.38,39 We speculate that this csBB d-spacing
contraction arises from frustrated space-filling at constant
density in a lamellar morphology by cylindrically symmetric
bottlebrushes, due to steric congestion at the backbone that

Figure 3. Plot of (χNarm)ODT vs Nbb for csLDL bottlebrushes, which
quantitatively demonstrates how the minimum arm segregation
strength for csBB self-assembly decreases with backbone length.
The solid red line represents an empirical data fit.
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imposes restrictions on the arm conformations and on block
junction placement (Figure 4b).
In summary, we have described a straightforward, three-step

synthesis of csBB polymers and quantified their ability to melt
microphase separate. Our studies reveal that covalently linking
disordered, compositionally symmetric LDL triblock polymers
into csBBs through a midchain functionality drives lamellar
mesophase ordering, and enchaining ordered triblocks into
csBBs increases their TODTs. By determining an expression for
χ(T) for the monomer pair of interest and evaluating
(χNarm)ODT for three distinct series of csBBs, we developed a
quantitative relationship to describe how (χNarm)ODT decreases
on increasing Nbb. This relationship, which may be universal
for csBBs of different chemical compositions, will enable the
design of block polymers that self-assemble at small length
scales for future nanotemplating applications.
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