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ABSTRACT: Comb block copolymers are a relatively new architecture of polymer whose assembly into ordered
morphologies in the solid state is largely unexplored. Thirty-two comb block copolymers with molecular weights
from 168 to 4200 kg mol-1 were synthesized and assembled in the solid state into ordered morphologies with
domain sizes as large as 138 nm. The individual structures of these polymers were studied by atomic force
microscopy and scanning electron microscopy to identify their shapes. The solid-state morphologies of these
polymers were imaged by scanning electron microscopy and small-angle X-ray scattering when permissible.
Four phase maps were plotted from the 32 data points generated in this work to investigate how differences in
polymer compositions affected the final morphologies. A clear relationship between the compositions of polymers
and their morphologies was observed. The polymers were systematically altered to investigate the relationship
between their compositions and the domain sizes of their morphologies. In one set of samples, the molecular
weights of the arms were kept constant while the molecular weight of the backbone polymer was increased. In
a second set of examples, the backbone polymer remained constant while the molecular weights of the arms
were increased. While higher molecular weight polymers generally led to larger domain spacings in the microphase-
separated structures, variations in the comb arm lengths resulted in dramatic changes in the observed solid-state
morphologies. This paper is the first to provide a detailed study of a large series of comb block copolymers to
relate their compositions to their assembled morphologies in the solid state.

Introduction

The assembly of block copolymers into ordered materials in
the solid state with domain sizes with nanoscopic dimensions
is important for many applications ranging from new litho-
graphic methods for microchip manufacture to photonic materi-
als.1-7 The microphase separation of block copolymer soft
materials into a variety of one-, two-, and three-dimensionally
ordered morphologies offers opportunities to template nano-
materials that are challenging, if not impossible, to fabricate
by other methods.5,6,8-25 This approach is attractive because
robust synthetic methods in polymer chemistry offer the ability
to synthesize self-assembling block copolymers having well-
defined compositions, structures, and placement of reactive
functional groups within or surrounding templated nanostruc-
tures. These features of block copolymer microphase separation
provide unique opportunities for the “bottom-up” fabrication
of structurally and chemically uniform nanomaterials that may
exhibit new materials properties. For example, linear block
copolymers have been shown to adopt ordered morphologies
in thin films that render them useful for patterning surfaces with
feature sizes ranging from 5 to 90 nm.24,25,42 Because their
assembly is well understood both experimentally and theoreti-
cally, these polymers provide a basis for understanding how
more complex polymers assemble in the solid state. In order to
achieve larger domain spacings and, thus, larger template
dimensions, these polymers can be swelled with various
additives that also introduce defects.4,26-34 Applications of these
swelled nanomaterials are limited because of the presence of
these defects.

The field of assembling block copolymers has become
increasingly complex due to advances in polymerization tech-

niques that allow the synthesis of new polymers with different,
complex architectures including multiblock, miktoarm star, and
comb polymers.35-41 Although these new architectures of
polymers may have applications in drug delivery, catalyst
immobilization, and photonic materials, the self-assembly of
these polymers in the solid state is poorly understood.34,42-49

Recent work has shown that thin films of these materials exhibit
complex morphologies and unusually large domain spacings.
For example, some rod-coil polymers assemble in the solid
state to form morphologies with domain sizes that readily exceed
100 nm. This result is remarkable because these rod-coil
polymers have modest molecular weights, but only the highest
molecular weight linear polymers have morphologies with
domain sizes in this size range.50

Recently, we reported the synthesis of and the first examples
of ordered morphologies in a new large block copolymer: comb
block copolymers.51 This new architecture of block copolymer
possesses a few critical attributes that make it distinctly different
from a linear block copolymer such that its assembly is unique.
Comb block copolymers possess different conformations than
linear block copolymers because one block is decorated with
polymeric arms (Figure 1). The block with the polymeric arms
assumes either a globular shape based on a random coil or a
rigid rod depending on the level of steric crowding between
the polymeric arms that may result in elongation of the backbone
polymer.26,51-68 Regardless of the shape of these polymers, the
polymeric arms will mostly or completely encapsulate the block
on the backbone polymer to which they are bonded to ease steric
crowding. As a consequence of the polymer architecture,
backbone polymers with moderate degrees of polymerization
result in comb block copolymers that possess high molecular
weights measured in hundred of thousands to millions of grams
per mole. In our prior work, we demonstrated that these
polymers assemble in the solid state into ordered morphologies
with domain sizes that may exceed 200 nm.51,62 Our values were
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the largest domain sizes observed for block copolymers as-
sembled in the absence of additives.

Although comb block copolymers may possess molecular
weights measured in the millions of grams per mole, they
assemble in the solid state into ordered morphologies. These
comb block copolymers can be viewed as either triblock
copolymerssthey certainly possess three blockssor as diblock
copolymers because the arms encapsulate the section of the
backbone to which they are bonded. In the latter case, comb
block copolymers can be viewed as similar to diblock copoly-
mers with one block due to one section of the backbone polymer
(B in Figure 1) and a second block due to a combination of the
arms and the section of the backbone polymer to which they
are bonded (A and C in Figure 1). Whether these polymers
assemble into morphologies commonly seen for triblock or
diblock polymers is one of the questions that will be addressed
in this paper. Here, we investigate the assembly of 32 comb
block copolymers to demonstrate how to predict morphologies
and domain sizes from their chemical compositions.

Many different parameters that affect the assembly of comb
block copolymers are examined. For instance, the molecular
weight of the arms, molecular weight of the backbone polymer,
overall polymer composition, and overall molecular weight of
the comb polymer affect both the morphologies and domain
sizes of assemblies of these polymers in the solid state. Each
of these parameters was studied to identify and to control the
factors that lead to their assembly in the solid state. The
assembled arrays were characterized by scanning electron
microscopy (SEM) and confirmed by small-angle X-ray scat-
tering (SAXS) when possible. Four different phase maps were
generated in order to investigate which characteristics of comb
polymers control the formation of each morphology. In these
phase maps, the volume fraction of the respective blocks,
degrees of polymerization, and backbone composition are used
to show how they affect the assemblies of comb block
copolymers. This work represents a critical first step in the
understanding of this important polymer architecture that may
extend some of the potential applications of block copolymers.

Experimental Section

Synthesis and Characterization of Asymmetric Comb Block
Copolymers. The synthesis of comb block copolymers is shown
in Figure 2. The full procedure for their synthesis and characteriza-
tion was reported in two earlier publications and will not be repeated
in detail here.51,62 Several important characterization methods that
were used to confirm the compositions and molecular weights
deserve a brief description because of the size and complexity of
these polymers compared to traditional linear block copolymers.
Size exclusion chromatography (SEC) equipped with refractive
index and light scattering detectors were used to measure the
absolute molecular weights and polydispersities of the backbone
polymer, polymeric arms, and comb block copolymers without the

use of linear polystyrene standards. Polymeric arms were cleaved
from the comb polymer with KOH and analyzed independently of
the comb polymer to confirm their molecular weights and poly-
dispersities.

Self-Assembly and Characterization of Assembled Polymers.
The polymer films were assembled by first casting polymer films
from methylene chloride by evaporation onto glass slides or silicon
wafers. Typical concentrations of the polymer were ∼10 mg mL-1.
Initially these films were poorly ordered as seen by SEM, so they
were vapor annealed with methylene chloride under reduced
pressure. The films were placed in a Schlenk flask attached to a
reservoir of methylene chloride in a separate flask. The methylene
chloride was frozen with liquid nitrogen, and the flasks were
evacuated. The flasks were sealed and allowed to warm to room
temperature. The films were vapor annealed for 3-10 days. The
polymer films were characterized by freeze fracturing to expose
their interiors, followed by subsequent staining with RuO4. They
were then imaged on a Hitachi 4800 SEM at accelerating voltages
of 5 kV.

SAXS. Laboratory source SAXS measurements were conducted
in the Materials Science Center facility at the University of
Wisconsin using a Rigaku S-MAX 3000 SAXS system. Cu KR
X-rays from a MicroMax-002+ sealed tube source were focused
using a Max-Flux confocal optic followed by beam collimation
through three pinhole slits to yield a final spot size of 0.9 mm at
the sample. Samples were mounted in a vacuum chamber. 2D SAXS
data were acquired using a Rigaku multiwire area detector with a
circular active area of 133 mm with a sample-to-detector distance
of 2.015 m. Typical exposure times were 120-180 s, and all data
were collected at 22 °C.

Results and Discussion

Choice of Comb Block Copolymers. A diverse array of
comb block copolymers was synthesized by varying the degree
of polymerization of the backbone polymers and arms to
investigate the important parameters that affect their assembly
in the solid state. The synthesis and characterization were
reported in several previous publications and will not be
discussed here; rather, important aspects of the structures will
be described.51,62 The compositions and degrees of polymeriza-
tions of the backbone polymers were controlled through living
ring-opening metathesis polymerizations using Grubbs’ first-
generation catalyst. The polymers had low polydispersities, their
backbones were completely hydrogenated, and the predicted
molecular weights matched the measured molecular weights to
a reasonable degree of accuracy. They had degrees of polym-
erization that ranged from 275 to 2350 with 4 to 20% of the
monomer units decorated with the ATRP initiators from which
the polystyrene arms were grafted. The characterization of the
backbone polymers is reported in the Supporting Information.

The polystyrene arms were synthesized by atom transfer
radical polymerization (ATRP) to yield molecular weights below
10 000 g mol-1 per arm (Table 1). In the nomenclature, Mx:

yNz, followed in Table 1 x is the degree of polymerization of
monomer M, y is the measured Mn of an arm of polystyrene,
and z is the degree of polymerization of monomer N (see Figure
2). The molecular weights of the arms were chosen to minimize
entanglement of arms between adjacent comb block copoly-
mers.26-29,54,57,59,69 In recent work, Inkson and McLeish
expanded the Milner-McLeish model that describes the linear
rheology of star polymers to describe comb polymers.53,55 Two
critical observations from their work are that comb polymers
will reptate best in the solid state if the density of arms is high
and their molecular weights are well below the entanglement
molecular weight. Thus, we synthesized polystyrene arms with
molecular weights less than the entanglement molecular weight
of polystyrene (13 000 g mol-1) to facilitate assembly into
ordered morphologies in the solid state. In addition, a more
practical concern kept the desired molecular weights of the arms

Figure 1. (a) Comb block copolymers can be viewed as C-A-B
triblock polymers. (b) Chemical structures of a comb block copolymer
that emphasizes which block is labeled as A, B, or C. (c) Schematic
representation of a comb block copolymer to emphasize the placement
of the arms along one block of the backbone polymer.
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low. To access a reasonable range of volume fractions for each
block of the comb polymer, the molecular weights of the arms
had to be low such that the volume fractions of the arms ranged
from 0.19 to 0.78.

These asymmetric comb block copolymers were characterized
by SEC equipped with a light scattering detector to measure
their absolute molecular weights. To verify their compositions
and molecular weights, the arms were cleaved from the
backbone by dissolving the comb polymers in a mixture of
CH2Cl2 and MeOH with a large excess of KOH and heating at
60 °C for 24 h. The ester bonds that linked the arms to the
backbone were cleaved under these conditions, and the resulting
polystyrene arms were easily isolated by precipitation into
MeOH. Thus, the arms were characterized independently of the
comb polymers. Molecular weights for comb polymers were
then calculated from the composition and molecular weight of

the backbone polymer and the measured molecular weight of
the arms. The measured and predicted molecular weights for
comb block copolymers agreed well with each other (Table 1).
Efforts to synthesize backbone polymers with degrees of
polymerization larger than 2350 were successful, but these
polymers were insoluble in styrene and resulted in insoluble
comb polymers.

Characterization of Configurations of Single Polymers.
It is important to elucidate the conformation of individual
polymers to understand their self-assembly in the solid state.
Individual comb polymers can assume two limiting shapes: rigid
rods and random coils.53,55-60,64,70,71 The difference in these
shapes was due to steric crowding between arms decorated along
the backbone polymer. If steric crowding was high, the backbone
would assume a mostly linear conformation, and the comb
polymer would appear as a rigid rod. Conversely, if steric

Figure 2. Synthesis of asymmetric comb block copolymers and the different polymers that were characterized by SEC to determine comb polymer
composition.

Table 1. Comb Block Copolymer Characterization

entry Mx:y:Nz
a

predicted Mn
b

(kg mol-1)

measured
Mn

(kg mol-1) PDI
Rz

(nm)
Rh

(nm)
arms Mn

c

(g mol-1)

percent mol/vol
fraction

polystyrened
percent mol/vol

fraction block Md

percent
mol/volume

fraction block Nd morphologye
domain

sizef (nm)

M25:3100:N250 164 168 1.10 12.1 8.0 3100 73/0.49 2/0.05 25/0.46 C 45 ( 2
M25:3500:N250 174 262 1.14 10.4 10.4 3500 75/0.52 2/0.05 23/0.43 C 45 ( 1
M25:4370:N250 196 212 1.14 10.3 9.4 4370 79/0.58 2/0.04 19/0.38 C 48 ( 7
M25:6270:N250 243 276 1.14 10.6 10.8 6270 85/0.66 1/0.04 14/0.30 C 48 ( 2
M100:3730:N400 531 416 1.14 17.4 12.4 3730 86/0.69 2/0.07 11/0.24 C 72 ( 4
M100:4180::N400 576 533 1.15 15.6 11.6 4180 89/0.74 2/0.06 9/0.20 S
M50:3530::N500 349 425 1.27 22.5 14.5 3530 76/0.52 2/0.05 22/0.43 C 65 ( 15
M50:5340:N500 439 437 1.37 31.2 15.8 5340 82/0.62 2/0.04 16/0.34 C 76 ( 4
M100:1590:N1000 503 410 1.11 26.7 16.8 1590 58/0.33 4/0.07 38/0.60 L 70 ( 4
M100:3740:N1000 718 510 1.08 19.7 13.4 3740 77/0.54 2/0.05 21/0.41 C 87 ( 12
M100:4560:N1000 800 766 1.13 26.6 18.2 4560 80/0.59 2/0.04 18/0.37 C 112 ( 11
M250:3110:N1000 1170 1290 1.25 30.5 21.0 3110 86/0.68 3/0.07 11/0.25 C 93 ( 3
M250:3910:N1000 1370 1470 1.26 35.5 26.2 3910 88/0.73 2/0.06 10/0.21 S
M150:687::N1500 619 551 1.27 41.5 22.7 687 37/0.19 6/0.08 57/0.73 L 85 ( 4
M150:3750:N1500 1080 947 1.15 35.1 21.3 3750 77/0.54 2/0.05 21/0.41 C 109 ( 9
M150:5700:N1500 1370 1110 1.16 34.5 21.4 5700 83/0.64 2/0.04 15/0.32 C 111 ( 17
M150:5790:N1500 1380 1040 1.13 31.3 19.9 5790 83/0.64 2/0.04 15/0.32 S 123 ( 16
M150:6750:N2000 1680 1460 1.22 40.1 23.3 6750 82/0.62 1/0.03 17/0.35 C 138 ( 15
M150:4630:N2000 1370 1200 1.13 32.9 22.0 4630 75/0.53 2/0.04 23/0.43 C 118 ( 11
M150:4540:N2000 1350 1040 1.12 37.3 22.0 4540 75/0.52 2/0.04 23/0.44 C 77 ( 3
M200:1850:N2000 1060 729 1.06 34.5 21.5 1850 62/0.37 3/0.06 35/0.57 L 98 ( 10
M200:3240:N2000 1340 1030 1.06 36.9 22.4 3240 74/0.50 2/0.05 24/0.45 C 114 ( 6
M200:3620:N2000 1410 1130 1.09 41.0 26.0 3620 76/0.53 2/0.05 22/0.42 C 126 ( 13
M200:5120:N2000 1710 1110 1.08 34.9 25.8 5120 82/0.62 2/0.04 16/0.34 C 137 ( 9
M200:6410:N2000 1970 1970 1.13 41.1 26.0 6410 85/0.67 1/0.03 14/0.30 S
M250:2120:N2000 1240 1640 1.03 47.6 26.2 2120 69/0.45 4/0.07 27/0.48 L 116 ( 17
M250:5270:N2000 2020 3110 1.05 45.5 29.6 5270 85/0.67 2/0.04 13/0.29 S
M250:6170:N2000 2250 2970 1.04 44.5 28.0 6170 87/0.70 1/0.04 12/0.26 S
M250:6280:N2000 2270 3350 1.06 49.3 30.0 6280 87/0.70 1/0.04 12/0.26 S
M350:4160:N2000 2200 1940 1.27 41.0 24.3 4160 86/0.68 2/0.05 12/0.27 S
M350:5980:N2000 2830 3540 1.02 43.5 29.3 5980 89/0.75 2/0.04 9/0.21 S
M350:7020:N2000 3200 4200 1.03 51.0 33.0 7020 91/0.78 1/0.04 8/0.18 S

a Nomenclature used throughout this paper that describes the comb polymer backbone composition and Mn of the polystyrene arms as shown in Figure
2. b Mn predicted from the backbone composition and molecular weight of the polymer arms characterized after cleavage from the comb polymer. c Measured
Mn of polystyrene arms after being cleaved from the comb polymer. d Calculated from moles of styrene per cleaved arm and predicted composition of
backbone as described in the Supporting Information. These calculations assume bulk homopolymer densities and room temperature as described in the
Supporting Information. e C refers to cylindrical, S to spherical, and L to lamellar morphologies. The spherical morphologies were disordered. f Domain
sizes measured from SEM micrographs. The spherical morphologies were too disordered to find a reliable value for their domain sizes.
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crowding was low, the backbone would assume a random
orientation, and the polymer would appear to be shaped as a
random coil.

The shapes of these comb block copolymers were studied
by light scattering, SEM, and AFM. Light scattering data of
these asymmetric comb block copolymers had ratios of Rz (root-
mean-square radius) to Rh (hydrodynamic radius) that varied,
but most were between 1.0 and 1.5 rather than the predicted
value of 2.0 for rigid-rod polymers.72-74 These values indicate
that the polymers adopted random coil configurations in solution.
This result was confirmed by both SEM and AFM micrographs
as shown in Figure 3. Analysis by AFM of the polymer
molecules that were deposited on mica followed by evaporation
of solvent indicates a size distribution with an average height
of 3.9 ( 0.5 nm and diameter of 47 ( 5.2 nm. These
measurements are consistent with previous results that indicate
the polymers “flatten” upon removal of solvent but still maintain
their overall configurations.75

Characterization of Morphologies of Assembled Polymers
Films by SEM. As a result of the large molecular weights of
our comb block copolymers, they assembled into morphologies
with domain sizes of 40-138 nm. Because of these sizes, it
was possible to image them by SEM rather than the more
challenging transmission electron microscopy.

Many SEM micrographs are supplied in the Supporting
Information, but Figures 4 and 5 show some representative
examples. In Figure 4, SEM micrographs show that M100:1590:
N1000 assembled into a well-ordered lamellar morphology with
long-range order and M25:4370:N250 assembled into a cylindrical
morphology with large grain sizes. To illustrate that the
polymers were ordered near the surface, we show an SEM
micrograph of M100:4560:N1000 in Figure 5. This polymer as-
sembled such that the long axis of the cylinders was perpen-
dicular to the surface; however, the orientation changed as the
distance from the polymer/air interface increased. These SEM

micrographs provided a method to measure the domain sizes
from a series of micrographs of each polymer. They form the
basis for discussion of the phase maps and domain sizes in the
subsequent sections.

Figure 3. (a) SEM micrograph showing polymer globules of M200:3240:
N2000 cast on a silicon wafer from a 1 uM dioxane polymer solution.
(b) AFM micrograph of M200:6410:N2000 cast from methylene chloride
onto mica.

Figure 4. (a) SEM micrograph of entry M100:1590:N1000 in the solid state
showing a lamellar morphology. (b) SEM micrograph of entry M25:

4370:N250 in the solid state showing hexagonally packed cylinders.

Figure 5. SEM micrographs of entry M100:4560:N1000 showing hexago-
nally packed cylinders with a domain size of 112 nm. (a) These
polymers were ordered near the air/polymer interface. The SEM
micrograph of a sample that was cleaved shows the ordered cylinders
near the air (the dark region on the top of (a)).
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Polymer Film Characterization by SAXS. Many of the
comb block copolymers in Table 1 assembled into morphologies
with domain sizes exceeding 90 nm, and, thus, they could not
be imaged by SAXS. USAXS was another option, but due to
the challenges of characterizing samples with this method and
the relative ease of characterization by SEM for samples with
straightforward morphologies and domain sizes exceeding 100
nm, we choose to use SEM as our primary characterization
technique. Only a few polymers had domain sizes that were
compatible with characterization by SAXS, so a representative
group of these was analyzed by SAXS to confirm the morphol-
ogies assigned from the SEM micrographs and to provide more
definitive domain sizes. These samples were the most challeng-
ing to image by SEM due to their small domain sizes. As the
samples were imaged, they melted at high accelerating voltages
such that high magnifications sufficient to accurately measure
their domain sizes could not be used. Thus, SAXS provided a
more reliable method to measure domain sizes. It is important
to note that this limitation was pronounced for samples with
small domain spacings, but it was not a limitation for those
with larger domain spacings.

Table 2 and Figure 6 summarize our results for the three
polymers that were studied. Analysis by SAXS and SEM
confirmed the cylindrical morphology for these polymers;
however, the domain sizes differed as expected from the
difficulties of measuring domain sizes by SEM on these samples.

Tuning the Morphologies by Altering the Polymer Com-
position: Effect of Increasing the Molecular Weight of the
Arms. Comb block copolymers are exciting new architectures
to study because they allow several molecular parameters to be
varied independently of each other in contrast to simpler diblock
copolymers. One opportunity associated with comb block
copolymers is that the composition and molecular weights of
the backbone can be varied independently of the arms. Thus,
two comb block copolymers may have similar compositions but
very different architectures.

Here, we will describe how the morphologies and domain
sizes vary for comb polymers with the same backbone polymer
but with different molecular weights for the arms (Figure 7a).
As the molecular weight of the arms increases, the overall

composition of the comb block copolymer changes such that
the morphologies proceed from lamellar to cylindrical and,
finally, to disordered spheres (Table 3). This progression of
phases can be rationalized by analogy to linear diblock
copolymers where morphologies follow the same trend as the
volume fraction of one block is increased relative to the other.
In addition to changes in the morphology, the domain size
increases within a morphology as the molecular weights of the
arms increase. This result is easily understood as due to the
increase in the overall molecular weight of the comb polymer
which changes the packing constraints and interfacial curvature
in the microphase-separated morphologies.

Tuning the Morphologies by Altering the Polymer Com-
position: Effect of Altering the Degree of Polymerization
of the Backbone. The ability to tune the domain size of comb
block copolymer assemblies through their synthesis is an
important parameter in possible future applications to the
bottom-up approach of fabricating nanomaterials. It was hy-
pothesized that the domain sizes of comb polymers could be
understood by varying the overall molecular weight of the
polymers, while keeping the overall volume fractions of each
block constant. Thus, a series of comb polymers were synthe-
sized where the degrees of polymerization of the backbone
polymer was varied while the molecular weights of the arms
and the relative composition of the backbone polymer remained
nearly constant (Figure 7b). For instance, a series of polymers
was studied with a ratio for the two monomers along the
backbone polymer [M]/[N] ) 1/10; the smaller number refers
to the monomer that contains an ATRP initiator (Table 4).

In one set of polymers described in Table 4, the arms were
grown to have molecular weights of ∼3800 g mol-1 while the
molecular weights of the backbone polymers were increased.
The overall volume fraction of polystyrene and monomer M
along the backbone were approximately 0.54 and 0.05, respec-
tively. Each of these polymers assembled into cylindrical
morphologies with increasing domain sizes as the degree of
polymerization of the backbone polymer increased. In a second
set of polymers, the arms were shorter (∼1700 g mol-1) for
two comb block copolymers with backbones with degrees of
polymerizations that differed by a factor of 2. These polymers
assemble into lamellar morphologies with domain sizes that
increased as the molecular weight of the comb polymer
increased. The results from these two sets of polymers were
similar to what was observed for linear block copolymers. Linear
block copolymers of similar compositions assemble into the
same morphology with domain sizes that increase with increas-
ing molecular weights.

Investigation of Phase Maps. In an effort to understand the
important parameters that control the self-assembly of comb

Table 2. Comparison between Domain Sizes Measured by SAXS
and SEM

polymer SAXS domain size (nm) SEM domain size(nm)

M25:3100:N250 33 45 ( 2
M25:4370:N250 40 48 ( 7
M25:6270:N250 41 48 ( 2

Figure 6. SAXS data for M25:6270:N250 indexing consistent with
hexagonally packed cylinders. The presence of the q�7 reflection
confirms the morphology assigned by SEM micrographs.

Figure 7. (a) Investigation of transition in assembled morphologies by
increasing the molecular weights and volume fractions of the polymeric
arms while keeping the backbone polymer constant as described in
Table 3. (b) The overall composition of these polymers is constant
while the molecular weights of the backbone polymers increase as
described in Table 4.
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block copolymers, a phase map was generated (Figure 8).
Because these are new polymers that have not been thoroughly
studied for their assembly in the solid state, it is important to
consider what the phase map will be. The phase map will depend
on the volume fraction of the densely grafted block, the degree
of polymerization of the backbone, the degree of polymerization
of the arms, and the Flory-Huggins interaction parameter. In
this section, one phase map to order the data is shown; three
other phase maps with different parameters for the x- and y-axes
are supplied in the Supporting Information.

The x-axis is the volume fraction of the polystyrene arms
plus monomer M in the backbone. Including these two volume
fractions is the most realistic physical representation of this
system because the polymeric arms will mostly or completely
encapsulate the portion of the backbone to which they are
bonded. In this representation, comb block copolymers will
behave at some level like a diblock copolymer where one block
is the polymer comprised of monomer N along the backbone
polymer (the monomer that does not initiate the growth of the
arms), and the other block is made of the arms and monomer
M along the backbone. Further evidence for this model will be
described in the following paragraphs.

In a typical phase diagram for linear diblock copolymers, the
y-axis is the degree of polymerization, N, multiplied by the
Flory-Huggins interaction parameter, �.24,25,76 When the value
of �N is low, the polymer is said to be in the weak segregation

limit, and when the value is high, the polymer is said to be in
the strong segregation limit. The comb polymers in this study
all had high degrees of polymerization and would be expected,
by analogy to other polymers, to have a high value for �N and
to be strongly segregated. The y-axis in Figure 8 is the sum of
the degree of polymerization of the backbone polymer and the
total sum of the degree of polymerization of the arms. Stated
differently, the y-axis is the sum of the values of x, z, and the
product of y and x as defined in Figure 1.

As expected, the phase map for comb block copolymers show
important differences from phase maps for linear diblock
polymers or from rod-coil block copolymers.77-81 Linear
diblock copolymers are well studied both experimentally and
theoretically; their phase diagrams are well established and
typically symmetric about the x-axis.82-87 Rod-coil block
copolymers differ from linear diblock copolymers in that one
block is assumed to be shaped like a rod and the other as a
random coil. The morphologies observed for rod-coil block
copolymers are more numerous and complex than observed for
linear diblock copolymers, which reflects the asymmetric
structure of these polymers. The comb block copolymers in this
study have similarities to both sets of block copolymers with
important differences. For instance, comb block copolymers are
conformationally and architecturally asymmetric and possess a
different phase map from linear block copolymers. SEM and
AFM data also show the comb block copolymers are not shaped
as rod-coils, so they are not expected to share the same phase
maps as rod-coils. Analogies between comb block copolymers
and other polymer architectures are useful for how they might
guide understanding of the morphologies, but a one-to-one
mapping from comb block copolymers to other polymer
architectures is not possible.

Figure 8 shows that the composition window for each
morphology is shifted for the comb block copolymers compared
to linear diblock copolymers. The lamellar morphology for a
conformationally symmetric diblock copolymer typically extends
from approximately 42% to 68% of the volume fraction of one
block; yet the phase windows for our comb block copolymers
clearly are shifted relative to those values. This shift is expected
due to the asymmetry of these polymers and by analogy to the
shift seen with block copolymers with low levels of grafts along
the backbone. Another observation is that the boundary between
the cylindrical and spherical morphologies is curved. Clearly,
another parameter is at work, but no model of this system
allowed for a clear boundary between the cylindrical and
spherical morphologies. This result is not surprising as previous

Table 3. Controlling Morphologies of Arrays by Altering Molecular Weight of the Polymeric Arm

comb block
copolymer

predicted Mn for comb polymera

(kg mol-1)
percent mol/vol

fraction polystyrene
percent mol/vol
fraction block M

percent mol/vol
fraction block N morphology

domain
sizeb (nm)

M200:1850:N2000 1060 62/0.37 3/0.06 35/0.57 lamellar 98 ( 10
M200:3240:N2000 1340 74/0.50 2/0.05 24/0.45 lamellar 114 ( 6
M200:3620:N2000 1410 76/0.53 2/0.05 22/0.42 cylindrical 126 ( 13
M200:5120:N2000 1710 82/0.62 2/0.04 16/0.34 cylindrical 137 ( 9
M200:6410:N2000 1970 85/0.67 1/0.03 14/0.30 spherical

a Predicted from the composition of the backbone polymer and the measured molecular weight of the arms. b The domain size was not determined for
the spherical morphology due to poor ordering.

Table 4. Controlling Domain Sizes with Increasing Backbone Polymer Molecular Weight

comb block
copolymer

measured Mn for
comb polymer (g mol-1)

percent mol/vol
polystyrene

percent mol/vol
block M

percent mol/vol
block N morphology

domain
size (nm)

M25:4370:N250 212 000 79/0.58 2/0.04 19/0.38 cylinders 48 ( 7
M50:3530::N500 425 000 76/0.52 2/0.05 22/0.43 cylinders 65 ( 15
M100:3740:N1000 510 000 77/0.54 2/0.05 21/0.41 cylinders 87 ( 12
M150:3750:N1500 947 000 77/0.54 2/0.05 21/0.41 cylinders 109 ( 9
M200:3620:N2000 1 130 000 76/0.53 2/0.05 22/0.42 cylinders 126 ( 13
M100:1590:N1000 410 000 58/0.33 4/0.07 38/0.60 lamellar 70 ( 4
M200:1850:N2000 729 000 62/0.37 3/0.06 35/0.57 lamellar 98 ( 10

Figure 8. The x-axis is the volume fraction of the polystyrene arms
and the monomers along the backbone to which they are bonded.
The total degree of polymerization of the comb polymer (defined
as the sum of the degree of polymerization of the backbone and the
degrees of polymerizations of all of the arms) is plotted as the y-axis.
The lines separating the areas rich in each morphology are drawn
to aid the eye.
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results with branched polymers show that they assemble into
phase maps with wandering or curved boundaries.88-93 A third
observation is that morphologies seen for rod-coil polymers
but not linear block copolymers (i.e., wavy lamellar, zigzag,
arrowhead, and perforated lamellar) are not observed. These
unobserved morphologies are understood theoretically based on
the shapes of rod-coil polymers, but since our comb block
copolymers did not possess a section shaped as a rod, they did
not assemble into these morphologies. This observation supports
the claim that comb block copolymers are close in analogy to
linear diblock polymers. More theoretical and experimental work
is necessary to derive a full understanding of the morphologies
of these new polymers.

Conclusions

This paper represents a first step to understand and to predict
the assembly of comb block copolymers in the solid state.
Because these polymers are a new architecture that spans a range
of domain sizes that are inaccessible by all but the highest
molecular weight linear diblock copolymers, their solid-state
arrays may be useful for the bottom-up approach to the
fabrication of complex three-dimensional materials on a critical
size scale. Before any applications can be realized, these
assemblies must first be understood at a level that enables
prediction of their solid-state morphology as a function of
polymer composition and architecture.

Comb block copolymers have complex architectures and
phase maps where analogies to linear diblock, triblock, or
rod-coil polymers fail in many respects. This paper is one of
the first to examine this new polymer architecture to learn how
their structures correlate with observed domain sizes and
morphologies in the solid state. Toward this end, a series of
four phase maps were generated to provide a basis for predicting
morphologies based on compositions. Interestingly, these phase
maps that showed regions rich in each morphology; however,
overlap was observed between the cylindrical and spherical
morphologies. The reasons for the overlap are not clear and
point to future directions where theoretical modeling will be
useful. The morphologies that were observed were directly
comparable to those seen for linear diblock copolymers rather
than triblock or rod-coil polymers.

A series of trends between molecular weights and domain
sizes demonstrate how the molecular weights and compositions
of the arms and backbone polymers affect domain sizes. These
domain sizes are much larger than those seen for all but the
highest molecular weight linear block copolymers and made
the arrays optically colored. Because of this, these arrays may
have real applications due to their large sizes and order on a
size scale that is interesting for optics. In addition, the
composition of the backbone polymer or the arms can be easily
varied to allow for a wide range of different functional groups
to be designed into these polymers that will lead to functional
arrays in the solid state. In future work, we will study some of
these opportunities to assemble more functional, complex arrays
from comb block copolymers.
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