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ABSTRACT: A series of three cylindrical molecular brushes with poly(ε-caprolactone)-b-poly(n-butyl
acrylate) side chains were investigated with regard to the effect of the intramolecular confinement on the
crystallization behavior of the PCL core block. While the length of the PCL block was maintained (nPCL =
50), the degree of polymerization of the PBAcorona block, prepared by atom transfer radical polymerization,
was varied from nPBA = 0 (PCL brush) to nPBA = 52 and 163. The crystallization behavior of the studied
polymers was shown to be different in thin films and bulk samples. In thin films, the brushlike macro-
molecules were fully extended and remained segregated due to the steric repulsion of the adsorbed PBA
corona. Under the constraint of the backbone extension, crystallization of the PCL core led to formation of a
characteristic spinelike morphology. In bulk samples, the core-shell confinement did not prohibit breakout
crystallization, leading to the formation of a spherulitic morphology similar to linear and brushlike PCL.
However, the crystallization process of the PCL-b-PBA brushes was significantly slower as compared to the
linear and brushlike counterparts as it evolved through a transition from the molecularly segregated
core-shell morphology to a lamellar organization of multiple molecules. Drawing of fibers containing
nascent crystallites resulted in the final morphology composed of crystalline lamellae parallel to the fiber axis
with the PCLblocks oriented perpendicular to the axis. The lamellae thickness was shown todecreasewith the
length of the amorphous PBA block.

Introduction

Because of the large size and chainlike nature of polymer
molecules, morphology of semicrystalline polymers is, at any
given instance, kinetically controlled. Crystallization of the slow-
moving flexible macromolecules results in metastable morpho-
logies with a degree of crystallization which generally never
attains 100%.1,2 It is also challenging to control the shape of
crystallites and the alignment of polymer chains that largely
determine the physical properties of industrial plastics.One of the
general strategies to manage the molecular packing is to intro-
duce spatial constraints. For example, crystallization of polymer
chains in mesoscopic pores3-6 may lead to chain orientation,
provided that the pores are much smaller than the radius of
gyration of the chain. However, this approach requires prepara-
tion of a compositematerial composed of a polymer and a porous
matrix. An alternative way to constrain polymer chains is to
exploit the microphase separation of block copolymers,7,8 which
inherently provides nanometer-sized domains of crystalline
blocks imbedded into a matrix of the amorphous block.9,10

Yet, in many cases, the block copolymer domains are unable
to confine the crystallization process, leading to the so-called
“breakout crystallization”.11

Here, we investigate the crystallization behavior of molecular
brushes with diblock copolymer side chains that result in a
core-shell molecular structure possessing a crystallizable core
and an amorphous corona.12 Similar to diblock copolymers, this
type of molecular brush is subject to the interplay of two
microphase separation processes: (i) demixing of the chemically
different blocks and (ii) crystallization of the core block. How-
ever, there are several distinctive features. First, the brush
molecules intrinsically prefer a cylindrical shape stabilized by
the steric repulsion between densely grafted side chains.13-17

Second, the brushlike architecture imposes an additional con-
straint to the crystalline block due to its covalent linkage to the
backbone. Third, the steric repulsion causes disentanglement of
polymer chains and thus facilitates molecular alignment. One
expects that the additional topological constraints, alongwith the
enhanced molecular segregation, will provide new tools for
controlling both the crystallization process and the resulting
morphology.

In this paper, the crystallization behavior of densely grafted
brushes with diblock copolymer side chains composed of a
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semicrystalline poly(ε-caprolactone) block (PCL) and an amor-
phous poly(n-butyl acrylate) (PBA) block is presented. A combi-
nation of several characterization techniques, such as polarized
optical microscopy (POM), atomic force microscopy (AFM),
differential scanning calorimetry (DSC), and X-ray scattering
experiments, has been applied to monitor the development of the
crystalline structure of the molecular brushes on different length
scales ranging from the crystallographic unit cell through single
macromolecules to supramolecular spherulites.

Experimental Section

Materials. Linear poly(ε-caprolactone) (Mn = 5000, PDI =
1.49) (LPCL) fromPolymerSource, Inc.,was used as received.The
PCL brush (IA) was synthesized via anionic ring-opening poly-
merization (AROP) of ε-caprolactone (ε-CL) from a poly(2-hydro-
xyethyl methacrylate) (PHEMA) macroinitiator (Scheme 1). The
ROP process led to formation of linear PCL in addition to the PCL
brushes. The fraction of the linear PCL in the PCL-b-PBA brushes
was reduced below 10% by precipitation into methanol. A small
amount of IA was converted into atom transfer radical polymeri-
zation (ATRP)18,19 macroinitiators and subsequently used in the
ATRP chain extension of the PCL side chains with PBA, creating
the PCL-b-PBA block brushes (IIA). The details of the procedures
have been discussed in an earlier publication.12

The chemical structure of the synthesized molecular brushes
depends on the initiation efficiency of both ε-CL from the
PHEMA macroinitiator and also the BA from the IA brushlike
macroinitiator. The initiation efficiency in the grafting-from
process is usually studied by cleaving side chains and comparing
their molecular weights with those predicted for quantitative
initiation.20 For PBA side chains, initiation efficiency exceeds
90% at around 10% monomer conversion. Because of much
weaker steric congestion in the brushlikemacroinitiator and other
synthetic conditions that maximize cross-propagation, the effi-
ciency of chain extension from PCL to PBA should significantly
exceed 90%. Unlike PBA, one cannot cleave PCL side chains
selectively, since the cleavage of the ester group linking PCL with
the backbone would be concurrent with PCL chain degradation.
Therefore, the nearly quantitative initiation efficiency of the CL
grafting from the PHEMA backbone was verified through mole-
cular imaging by AFM. The high uniformity and high initiation
efficiency of the ROP step are consistent with successful grafting

polylactide side chains from poly(glycidyl methacrylate) back-
bone.21 In spite of considerable steric congestion, due to twopoly-
lactide chains per one repeating unit of poly(glycidyl methacry-
late), the NMR results suggested >90% initiation efficiency for
this system. Thus, initiation efficiency for ROP of the PCL side
chains in our system should be at least comparable, since there is
only one PCL chain per repeating unit of PHEMA.

Materials Characterization. Molecular weight distributions
of the PHEMA backbone (I) as well as PCL (IA) and PCL-b-
PBA (IIA) molecular brushes were determined using a gel
permeation chromatograph (GPC) coupled with a multiangle
laser light scattering (MALLS) detector from Wyatt Techno-
logy (DAWN EOS, 30 mW, λ= 690 nm). In addition to GPC,
the weight distributions have been characterized by the AFM-
LB technique.25 Several AFM images with a total number of
molecules of about 300 were analyzed to ensure a relative
standard deviation of the mean below 3%.

Thermal properties of the synthesized polymers were char-
acterized by differential scanning calorimetry using a DSC 220
from Seiko Instruments, Inc., at a heating and cooling rate of
10 �C/min. All thermal data reported were obtained from the
second run. Polarized optical microscopy studies were carried
out using a Nikon Microphot-FX microscope equipped with a
CCD-IRIS camera (Sony SSC-C374) andLinkamheating stage.
The melts were deposited onto a glass microscope slide and
heated to T=100 �C before cooling rapidly and annealing at
T=30 �C from 24 h (LPCL and IA) to 4 days (IIA).

Sample Preparation. Single molecules and thick films of PCL
and PCL-b-PBA brushes were prepared by spin-casting a dilute
chloroform solution (∼0.01 wt %) onto freshly cleaved mica.
Dense monolayer films were prepared by Langmuir-Blodgett
deposition using a KSV-5000 instrument equipped with a
Wilhemy plate balance. Milli-Q double-distilled water was used
as the subphase (18.2 MΩ 3 cm). The samples were compressed
at 5 mm/min and transferred to mica at a constant pressure
of 0.5 mN/m and a room temperature of T = 25 �C. The
same procedure was used for the preparation of films of
the diblock copolymer encapsulated in linear PBA. For
X-ray scattering measurements, oriented fibers of 0.5 mm
thickness were prepared by drawing the polymer cooled from
the melt to room temperature. It was found that in order to
obtain oriented fibers drawing has to be performed at the initial
stages of crystallization when the sample contained only nascent

Scheme 1. Synthesis of Molecular Brushes with PCL (IA) and Block Copolymer PCL-b-PBA (IIA) Side Chains12 a

aThe PCL brushes have been used as precursor for the synthesis of the block copolymer brushes.
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crystallites. Importantly, fibers drawn immediately after
quenching from the melt to room temperature do not exhibit
any orientation. By contrast, drawing fibers at much more
advanced crystallization stages was unsuccessful due to de-
creased elasticity of the material.

Atomic Force Microscopy. Height and phase micrographs of
the films were obtained in tapping-mode using a multimode
atomic force microscope (Veeco Metrology group) equipped
with Nanoscope IIIA control station and a high-temperature
AS-130 VT scanner. Cantilevers with resonance frequencies of
about 160 kHz, spring constants of 5.0 N/m, and have tip radii
less than 10 nm were used throughout the study. During the in
situ heating/cooling of the samples on the heat stage, the
cantilever was briefly disengaged, and the resonance tune was
checked after temperature equilibration prior to re-engaging.
A custom computer software program was used analyze other
molecular dimensions such as length and width.

X-ray Scattering. The time- and temperature-resolved small-
angle (SAXS) and wide-angle (WAXS) X-ray scattering experi-
ments were performed on the BM26B and ID02 beamlines of
the European Synchrotron Radiation Facility (ESRF) in
Grenoble (France) using 10 and 12.4 keV X-rays. The SAXS
data were collected in transmission using a gas detector. The
sample temperature was controlled with a Linkam-DSCheating
stage operated under a N2 flow. The modulus of the scattering
vector s (s = 2 sin θ/λ, where θ is the Bragg angle and λ the
wavelength) was calibrated using several diffraction orders of
silver behenate. The WAXS data were collected with a CCD
camera. The density of PCL and PBA used for molecular packing
calculations are 1.081g/cm3 for amorphousPCL,22 1.195g/cm3 for
100% crystalline PCL,23 and 1.041 g/cm3 for PBA.24

Results and Discussion

1. Molecular Characterization. Accurate characterization
of molecular dimensions of the PCL and PCL-b-PBA brush
molecules is essential for understanding chain arrangement
within both single molecules and bulk samples. For this
purpose, every intermediate product was characterized using
complementary techniques such as gel permeation chro-
matography equipped with multiangle laser light scattering
(GPC-MALLS) and molecular imaging of Langmuir-
Blodgett films by AFM.25 Both techniques give absolute
molecular weight distribution along with number and weight-
average molecular weights, i.e.,Mn andMw, respectively. The
Mn values were used to calculate the degrees of polymerization
for the PCL (nPCL) and PBA (nPBA) blocks. The results are
summarized in Table 1. Note that all brushes have the same
backbone as evidencedby theAFMmeasurements of thebrush
contour length (see Nbb columns in Table 1).

The results of the DSC measurements are presented in
Figure 1 and summarized in Table 2. Noteworthy is the fact
that the linear PCL (LPCL) and brushlike PCL (IA) samples
have very similar thermal properties, with nearly identical
melting and crystallization temperatures. The glass transi-
tion temperatures (Tg) are not obvious for either sample,
while the degree of crystallinity (χc) of LPCL is slightly
higher. In contrast to the homopolymers, both IIA samples
show distinctly different thermal behavior. Much lower
melting temperatures are observed, which is attributed to
smaller PCL crystals. Also observed were two Tg’s, one for
each block, which indicate microphase separation occurring
in the melt. Furthermore, the crystallization peak broadens
in IIA-50 and completely vanishes in IIA-150. This is a sign
of a slow crystallization process which also results in a lower
χc. The most significant difference in the crystallization and
melting behavior (compared to LPCL and IA) is observed
for the IIA-150 sample with the longest PBA block. In
section 3, we will provide evidence for PBA-controlled
folding of the PCL block, which results in unusually small
crystals in IIA-150 samples.

For all four samples, polarized optical microscopy (POM)
experiments were conducted to verify the presence of bi-
refringent structures (Figure 2). Themost essential difference
between the samples concerns their crystallization rate. The
crystallization of the LPCLmelt atT=30 �Cwas practically
instantaneous, and spherulitic formation was completed
within a couple of minutes. For IA, the formation of
spherulites was slower than for the LPCL melt, but crystal-
lization was visually complete within 30 min at T=30 �C.
Spherulite formation for IIA-50 did not occur as quickly as
IA. No nuclei were observed right away, but crystallization
became extensive after 30 min and complete by 5 h. As
expected, the crystallization of IIA-150 was even slower than
that of IIA-50. First, birefringent structures were visualized
only after 5 h of annealing at T = 30 �C with extensive
spherulite formation 4 days after the start of annealing. The
observed variations of the crystallization rates are in agree-
ment with the DSC results. The formation of spherulites
indicates breakout crystallization of the PCL core block
involving neighboring molecular brushes, which occurs de-
spite intramolecular confinement of the PCL block. This
behavior is unusual but nonetheless consistent with breakout
crystallizationof less constrained linear block copolymers.26,27

2. Single Molecule Morphology. The slow crystallization
observed by DSC and POM is a result of two microphase
separation processes: (i) demixing of the PCL and PBA
blocks and (ii) crystallization of the PCL core block. While

Table 1. Molecular Characterization of PCL-b-PBA Brushes by GPC-MALLS and AFM-LB

GPC-MALLS AFM-LB

sample Nbb nPCL
b nPBA

c Mn PDI Nbb
a nPCL

b nPBA
c Mn

d PDIe

IA 450 48 0 2.5� 106 1.26 449( 11 50( 3 0 (2.6 ( 0.1) �106 1.06
IIA-50 450 48 45 5.1� 106 1.24 451( 9 50( 3 52( 5 (5.6 ( 0.6) � 106 1.04
IIA-150 450 48 182 13� 106 1.12 448( 12 50( 3 163( 15 (12 ( 0.6) � 106 1.07

aFrom themeasured contour length asNbb=Ln/lm, where lm=0.24 nm is the length of the backbonemonomeric unit. b [(Mn(IA)/Nbb)-MHEMA]/
mPCL, where Nbb = 450,MHEMA = 129 g/mol, and mPCL = 114 g/mol. c [Mn(IIA) - Mn(IA)]/(NbbmPBA), where Nbb = 450 and mPBA = 128 g/mol.
dNumber-average molecular weight by AFM-LB.25 ePolydispersity index from the contour length measurements PDI = Lw/Ln = Mw/Mn.



Article Macromolecules, Vol. 42, No. 22, 2009 9011

the brushlike architecture favors the core-shell morpho-
logy, crystallization of the PCL blocks prefers a lamellar
assembly of folded chains. Molecular packing in single
molecules (section 2) and in bulk samples (section 3) was
carried out.

Figure 3A shows height images of single PCL brush (IA)
molecules deposited on a mica substrate. By measuring the
number-average contour length (Ln) of the imaged mole-
cules, it was confirmed that the backbone in the adsorbed
PCL brushes is fully extended. The length per monomeric
unit lm=Ln/Nbb=0.22 ( 0.02 nm (Table 3) is nearly equal
to the length of the monomeric unit l0= 0.24 nm of the all-
carbon backbone in the tetrahedral configuration. In this
regard, the PCL molecules behave similar to amorphous
brushes,28 where steric repulsion between the adsorbed side
chains causes extension of the backbone.29,30 The backbone
extension weakly depends on the side chain length; however,
it exhibits a strong dependence on the grafting density.31

Upon “adding” the PBA blocks, however, a remarkable
morphological transformation was observed (Figure 3B).

Single molecules of brushes with PCL-b-PBA side chains
exhibit a characteristic spinelike morphology with regularly
spaced ribs aligned perpendicular to the backbone, which is
reminiscent of polymer shish-kebabs.32,33 The ribs are pre-
sent in both IIA-50 and IIA-150, regardless of the film
preparation method (Figure S1, Supporting Information).
Further proof of their identity was provided by monitoring
the melting and subsequent recrystallization of the PCL
bundles (Figure S2, Supporting Information).

In addition to the peculiar morphology, one can see a
significant fraction of longermolecules randomly distributed
throughout monolayer films of IIA-150. This become more
evident when comparing larger scale images of PCL and
PCL-b-PBA brushes in parts C and D of Figure 3, respec-
tively. The corresponding length distributions show that the
IIA-150 molecules have a contour length of Ln = 140 (
6 nm, which is noticeably longer than the length of the PCL
brushes (Ln=97( 2 nm).Given that the homopolymer PCL
brush is the precursor for the PCL-b-PBA brushes, one
should expect that IIA-150 molecules cannot be longer than

Figure 1. DSC traces for (A) LPCL, (B) IA, (C) IIA-50, and (D) IIA-150 (upper traces= cooling; lower traces= heating). The thermal properties of
LPCLand IA are virtually identical, with sharpmelting and crystallization temperatures at 53 and 30 �C, respectively. In the case of the IIA-50 sample,
lower melting and crystallization transitions are observed. A single glass transition temperature is detected at -50 �C. The IIA-150 sample shows
a further depressed melting temperature, while the crystallization peak has completely vanished. In addition, the glass transitions for both PCL and
PBA blocks are detected in IIA-150.

Table 2. Summary of DSC Data for Linear PCL, Brushlike PCL (IA), and Block Copolymer Brushes (IIA)

LPCL IA IIA-50 IIA-150

φPCL
a 1.0 0.98 0.46 0.23

Tm,
b K 326 326 321 313

ΔHm,
c J/g 78 ( 2 73 ( 1 74 ( 1 61 ( 1

ΔSm,
d J/(g K) 0.24 ( 0.03 0.22 ( 0.01 0.22 ( 0.03 0.20 ( 0.02

Tc,
e K 303 300 276

Tg,
f K 223 ( 2 213 ( 2 (PCL)

218 ( 2 (PBA)
ΔHc,

c J/g -79 ( 2 -69 ( 1 -74 ( 1
ΔSc,

d J/(g K) -0.26 ( 0.03 -0.23 ( 0.01 -0.26 ( 0.01
χc

g 0.58 ( 0.03 0.54 ( 0.03 0.55 ( 0.03 0.45 ( 0.03
aWeight fraction of PCL φPCL.

bMelting temperature. cEnthalpy of melting and crystallization of the PCL fraction (φPCL).
dEntropy of melting and

crystallization of the PCL fraction (φPCL).
eCrystallization temperature. fGlass transition temperature. gDegree of crystallinity, χc = ΔHm/ΔHm�,

where ΔHm� = 135 J/g is enthalpy of 100% crystalline PCL.22
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the contour length of the backbone Ln = Nbbl0 = 450 �
0.24 nm=108 nm. Therefore, the formation of longer chains
is attributed to the end-to-end association of PCL-b-PBA
brushes. Figure 4a,b depicts two magnified fragments of
IIA-150 images that capture unimers, dimers, trimers, and a
ring of the PCL-b-PBA brushes designated as 1, 2, 3, and 4,
respectively. The images also show two unimer couples
(labeled by 1f 2) just prior to their association into a dimer.
The occurrence and subsequent observation of rings is a rare
event, with predominant associated structures being linear
multimers. Our attempts to perform more quantitative ana-
lysis of the multimer distributions have failed due to the
broad length distribution of the unimers and seamless junc-
tions of the unimers. In order to hinder the end-to-end
association, the PCL-b-PBA brushes were embedded into a
matrix of linear PBA (10/90wt/wt). This resulted in a smaller
lengths of Ln= 100 ( 2 nm, which became consistent with
the contour length of the fully extended backbone. The
origin of the molecular association is not clear yet. Presum-
ably, it is driven by crystallization of the PCL core moieties
within the PBA matrix. The crystallization also favorably
reduces the contact area between the PCL and PBAblocks at
the brush end.

Table 3 summarizes all linear dimensions (see Figure 4c) of
the IA, IIA-50, and IIA-150 samples that have been mea-
sured by AFM. Since IA is the precursor for both IIA
brushes, the measured backbone lengths are practically the
same and correspond to the fully extended all-trans con-
formation. The increase in widths from D=58 nm (IA) to
D = 83 nm (IIA-50) and then D = 130 nm (IIA-150) is
consistent with the addition of the PBA block. The length of
the PCL ribs in the block copolymer brush is larger than
the half-width of the homopolymer brushes, which indi-
cates stronger extension of the PCL chains within the block
copolymer samples. The corresponding monomer length

Figure 2. Polarized opticalmicrographs of LPCL, IA, IIA-50, and IIA-
150 samples were obtained aftermelting atT=100 �Cand annealing at
T = 30 �C. LPCL melt crystallization was rapid, virtually completed
within 1 min. The crystallization of the PCL brush (IA) was slower and
endedwithin 30min atT=30 �C. In contrast, the crystallizationof IIA-
50 was noticeably slower; i.e., spherulitic nuclei did not appear instan-
taneously but extensive spherulite formation was observed after 30 min
andwas complete by5 h atT=30 �C.For IIA-150, nuclei emerged only
after 5 h and slowly grew to a larger spherulite after 24 h and complete
crystallization after 4 days at T = 30 �C.

Figure 3. Single brush molecules of (A) IA and (B) IIA-150 spincast on
mica. The homopolymer brushes (IA) exhibit the conventional wormlike
morphology, while the brushes with block copolymer side chains (IIA-
150) reveal a distinctive spinelike morphology with short ribs evenly
distributed along the backbone. The larger scale images of (C) IAand (D)
IIA-150 samples, prepared by the Langmuir-Blodgett technique, reveal
that the block copolymer sample has a significant fraction of longer
molecules compared to the homopolymer sample. The corresponding
length distributions are consistent with this observation, which is attrib-
uted to the end-to-end association of PCL-b-PBA brushes.

Table 3. Linear Dimensions of PCL and PCL-b-PBA Brushes from
Molecular Images by AFM

sample IA IIA-50 IIA-150

Ln (nm)a 97 ( 2 102 ( 2 100 ( 3
lm (nm)b 0.21 ( 0.01 0.23 ( 0.01 0.22 ( 0.01
D (nm)c 58 ( 2 83 ( 1 130 ( 4
LPCL (nm)d 29 ( 1 36 ( 2 40 ( 2
LPBA (nm)e 13 ( 2 32 ( 6
lPCL (nm)f 0.58 ( 0.02 0.72 ( 0.04 0.8 ( 0.04
lPBA (nm)g 0.11 ( 0.08 0.15 ( 0.12
dPCL (nm)h 14 ( 1 14 ( 1
hPCL (nm)i 1.7 ( 1 1.7 ( 1
nj 30 ( 3 32 ( 3

aNumber-average contour length. For IIA, the length was measured
for single molecules in a PBA matrix. bLength per bb monomer unit =
Ln/Nbb.

cAverage width of adsorbed brushes. dAverage width of PCL
core (half-width of IA molecules and length of ribs in IIA molecules).
eAverage width of PBA shell = (D/2) - LPCL.

fLength per PCL
monomer unit in IA = D/2nPCL and in IIA = LPCL/nPCL.

gLength
per PBA monomer unit = LPBA/nPBA.

hDistance between the PCL
spikes. iThickness of the PCL spikes was measured as hPCL = hPBA þ
hPCL-PBA = 0.5 nm þ 1.2 nm, where hPBA is the thickness of the PBA
monolayer and hPCL-PBA is the height of the PCL spikes from to the
PBA surface from AFM profiles. jNumber of side chains per rib was
calculated for the model in Figure 4C as m= dPCL/2Lm, where 2 in the
denominator corresponds to two sides of the adsorbed brush.
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lPCL = LPCL/nPCL ranges from 0.7 to 0.8 nm, which is close
to the length l0 = 0.86 nm of the ε-CL monomer. Since
the nPCL value was calculated from the brush molecular
weight assuming the 100% grafting (Table 1), the close
agreement between the brush half-width and the molecular
dimensions suggests a nearly 100% grafting efficiency of
ε-CL from the PHEMA macroinitiator. Further measure-
ments on IIA-150 show that the regularly spaced ribs (dPCL=
14 ( 1 nm) contain about m = 32 ( 2 side chains each.
The area of the rib cross section can be calculated as S=
ma0= 32 � 0.186 nm2=5.9 nm2, where a0= 0.186 nm2 is
the area per PCL chain in the (001) plane. From the rib thick-
ness of 1.7( 1 nm, one obtains their width of about 5.9/1.7=
3.5 nm, which is consistent with cross-sectional profiles
measured by AFM along the backbone (Figure 4d).

The ribs are attributed to the interplay of (i) microphase
separation between the PCL and PBA blocks, (ii) preferen-
tial adsorption of the PBA blocks, and (iii) subsequent
crystallization of the PCL blocks into bundles at room
temperature. In Figure 4C, we propose a model that ratio-
nalizes the chain arrangement within adsorbed macromole-
cules. The chain packing is dictated by two conditions. First,
themaximumarea occupied by a brushmolecule is limited by
the fully extended backbone and side chains (area<L�D);
i.e., an individual brush molecule cannot spread beyond a
certain footprint. Therefore, there is not enough room to
accommodate all side chains on the substrate, which causes
partitioning of the side chains into a monolayer of adsorbed
chains and a cap of desorbed ones.31 Second, PBA exhibits
stronger adsorption to the underlying substrate (Figure S3,
Supporting Information), which increases the area fraction
covered by the PBA chains and respectively reduces the
substrate coverage by the PCL chains. The preferential
adsorption of the PBA blocks under the constraint of the
fully extended backbone causes microphase separation of
PCLblocks into bundles embedded into amonolayer of PBA
blocks. This can be viewed as dewetting of polymer chains
that are tethered to an extended backbone. One should
emphasize that the extension of the brush backbone is

controlled by steric repulsion between the adsorbed PBA
chains. This behavior resembles necklacelike structures in
polyelectrolyte chains that emerge in poor solvents due to a
competition between short-range van der Waals attraction
and long-range electrostatic repulsion between charged
monomeric units.34 The bundle formation is additionally
favored by crystallization of the PCL blocks within the
bundles. Note that despite the weaker adsorption, the PCL
chains within the bundles should be fully extended to in-
crease the molecular footprint and thus the number of
adsorbed PBA moieties. In other words, no chain folding
occurs, as is customary for semicrystalline linear block
copolymers crystallized in the bulk or in solution.35-38

3. Bulk Samples. Molecular structure of thick films and
macroscopic fibers were studied by AFM and X-ray scatter-
ing techniques, respectively. AFM studies of the PCL
brushes (IA) did not reveal any new features in addition to
the optical micrographs in Figure 2. Unlike the homopoly-
mer brushes, however, AFM images of the brushes with
block copolymer side chains were more informative. Upon
spin-casting, thick films of the IIA-150 sample showed a
terraced structure with a step height of about h=11( 1 nm
(Figure 5A). After melting at T = 100 �C and subsequent
annealing at T=30 �C, the samples underwent a very slow
transformation from the terraced films to those composed of
dendritic morphologies (Figure 5B-D) having a grainy
structure (Figure 5E). Similar to linear diblocks,39,40 the
terraces are attributed to microphase-separated layers of
core-shell block copolymer brushes. In the flat areas of
the largely amorphous films, one achieves molecular resolu-
tion showing cylindrical molecules with a width ofD=37(
2 nm and length of Ln=74( 3 nm (Figure 5F). The width is
larger than the height of the terrace steps and indicates the

Figure 4. (a, b) AFM height micrographs of IIA-150 single molecules
on mica. The numbers 1, 2, 3, and 4 correspond respectively to
monomers, dimers, trimers, and cyclic brush molecules that undergo
end-to-end association. (c) Model of the spinlike morphology. The
adsorbed block copolymer side chains are phase-separated on the
substrate to form ribs of fully extended PCL blocks embedded into a
matrix of PBA blocks. The latter stabilize the extension of the back-
bone. (d) Cross-sectional profile along the dashed line in (b) reveals
regularly spaced ribs that are assigned to bundles of PCL chains with an
average height of hPCL-PBA = 1.2 nm (between the top of the ribs and
the PBA monolayer) and a spacing of dPCL = 14 ( 1 nm.

Figure 5. Thick films of IIA-150 brushes. (A) Large-scale height image
of terraced films was obtained shortly after spin-casting. (B) On smaller
length scales, crystalline nuclei appeared after melting at T = 100 �C
and annealing at T= 30 �C for 1 h and (C) more extensive spherulitic
formation after 24 h. (D) Large spherulites appeared after a long
annealing time (T = 30 �C, t ∼ 1 month). (E) High resolution of IIA-
150 brushes within one of the spherulites reveals grains (see arrow) with
a size of 58 nm. (F) Molecular resolution of IIA-150 brushes within a
smooth area of the amorphous film indicated by arrow. The brushes
visible in the top layer were more cylindrical in shape with shorter
backbones and narrower widths than the adsorbed single molecules.
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flattening of brush molecules at the film surface. Since the
cross-sectional area of the imaged molecules (D � h=37 �
11=407 ( 60 nm2) is about the same as the molecular area
determined by SAXS 2/

√
3La

2=2/
√
3� 192=417 nm2, the

flattening is attributed to the surface attraction. The mea-
sured length corresponds to a length per monomeric unit of
lm=Ln/Nbb=74/450=0.16 ( 0.01 nm, which indicates an
axial contraction of brushes within thick films relative to the
fully extended backbone of adsorbed molecules. In other
words, the block copolymer brushes changed their con-
formation from the spinelike molecules on a substrate
(Figure 3B) to cylindrically shaped molecules with a con-
tracted backbone in thick films (Figure 5C). In addition to
the flat areas in Figure 5B, one observes small dendritic
structures believed to be nuclei of spherulites. After a long
annealing time at T=30 �C, these structures has grown into
large dendrites surrounded by holes of depleted areas of the
film (Figure 5D). These supramolecular structures continued
to grow until the film was fully covered with dendrites, as
seen after 1 month at T=30 �C (Figure 5E). Close examina-
tion of the dendrites revealed grainy structures within the
branches that have an average diameter of 58 ( 5 nm
(Figure 5F).

A combination of small-angle (SAXS) and wide-angle
X-ray scattering (WAXS) techniques has been applied to
monitor folding of PCL chains during crystallization, in-
cluding the variation of crystal thickness, orientation of PCL
lamellae, and orientation of PCL chains. Time-resolved
SAXS patterns of IA and IIA-150 are presented in Figure
6while themeasured spacing values are summarized in Table
4. In the case of IA, only the peak attributed to the semi-
crystalline structure of PCL is present at room temperature.
This peak vanished upon heating to 70 �C but rapidly reap-
peared upon cooling to room temperature (Figure 6A). The
long period (lamellar domain thickness) for IA is determined
to be LSAXS=12 nm, which is significantly shorter than the
contour length of the PCL block (LPCL=42 nm for nPCL=
49). This implies that the PCL side chains in the fiber are
folded upon crystallization. For the IIA-150 fiber, the trans-
formation of the freshly prepared fiber from an initially
microphase-separated morphology into a morphology con-
trolled by PCL crystallization was observed (Figure 6B,D).
Immediately after quenching, the freshly prepared IIA-150
fiber only had a nonoriented peak (cf. the Sample Prepara-
tion section) with a characteristic spacing (domain size) of
La=19 nm. Since the quenched sample is purely amorphous,
this SAXS peak is attributed tomicrophase separation of the
block copolymer side chains. The decrease of intensity and
broadening of the copolymer peak occurs upon annealing
at room temperature, and then the second peak at LSAXS=
28 nm appears after several hours at room temperature. The
development of the second peak at the expense of the first
one testifies that the crystallization process disrupts the
initial block copolymer morphology.

The 2D SAXSpatterns recorded on the fibers drawn at the
initial crystallization stage at room temperature (Figure 6B)
reveal that the crystalline PCL lamellae are oriented parallel
to the fiber axis, i.e., the backbone direction. It is likely that
the orientation in the fibers is facilitated by the presence of
nascent crystallites that act as physical cross-links. Although
the crystallization process is not confined to the submolecu-
lar scale, the direction of crystal growth is likely to be
preferentially selected due to the steric hindrances imposed
on the PCL segments by the dense PBA corona. The ob-
served orientation also means that the direction of the PCL
chains in the oriented sample is perpendicular to the drawing
axis. This follows from the relative positions of the SAXS

peak of the semicrystalline structure and the strong (110)
peak of the PCL lattice. The chain orientation has been
confirmed by WAXS measurements (Figure 7). The WAXS
curves of IIA-150 reveal the characteristic peaks of the
orthorhombic unit cell of PCL41 in the block copolymer
brush after annealing at room temperature for a long time
(Figure 7A,C). The (110) peak of the orthorhombic unit cell
of PCL (Figure 7B) is situated on the meridian (i.e., on the
fiber axis direction). Thus, in agreement with the SAXS
assignments, the lamellae stacks are parallel to the fiber
direction, and the PCL chains in the brush are perpendicular
to the fiber direction. The spacing between the (110) reticular
planes was measured at d110=0.415 nm, which is very close
to the value calculated from the reported lattice para-
meters.41 The distance between the crystallographically ad-
jacent positions in the (110) plane, or the projection of the
fold length, is dfolds=0.45 nm.

4.Molecular Packing: Experiment Interpretation andCom-
parison with Theory. The molecular dimensions obtained

Figure 6. 2DSAXSpatterns corresponding to fibers of IA (A) and IIA-
150 (B)measured at 25 �C. The fiber axis is vertical. (C) SAXS curves of
IA measured at 25 �C on an “old fiber” (1), i.e. the fiber annealed for a
long time at 25 �C, and on a “fresh fiber” (2) prepared shortly before the
experiment by cooling the sample from 70 to 25 �C. In curves (C1-2),
only one peak (LSAXS = 12 nm) is observed, which can be assigned to
the PCL semicrystalline structure. (D) SAXS curves of IIA-150 mea-
sured at 25 �C on an “old fiber” (1), in the melt at 70 �C (2) and upon
cooling to 25 �C after different annealing times at 25 �C (0 min, 3;
140 min, 4; 450 min, 5; 1200 min, 6). In the case of IIA-150, the curves
reveal the peaks corresponding to the microphase-separated block
copolymer structure (La = 19 nm) and to the semicrystalline structure
of the PCL brush (LSAXS = 28 nm). The advancing crystallization of
PCL brings about an increase in the intensity of the latter peak, which
occurs at the expense of the former peak intensity.

Table 4. SAXS Data for the IA, IIA-50, and IIA-150 Polymers

La, nm
a 2R0, nm

b LSAXS, nm
c lPBA, nm

d lPCL, nm
d nfolds

e

IA 11 13 13 3
IIA-50 12 12.4( 0.7 22 12.8 9.2 3.5( 0.5
IIA-150 19 18.2( 1.0 28 22.7 5.3 6.9( 1

a SAXS distance before crystallization. bCalculated as R0 = [(Mn/
NA)/(πLn(φPBAFPBAþφPCLFPCL))]1/2 (see section 4). cSAXS long period
after crystallization. dCalculated from eq 1 usingLSAXS=LPBAþLPCL

(section 4). eCalculated from eq 3 (section 4).
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from SAXS/WAXS can be used to calculate molecular
packing models for morphologies prior to and after the
PCL crystallization. As shown in Scheme 2a, the molecular
packing of the IIA samples before crystallization can be
modeled as densely packed cylinders with radius R0 and
lengthLn=74( 3 nm, i.e., the number-average length of the
molecular brushes in bulk samples (Figure 5F). From the
number-average molecular weight (Mn in Table 1) one
calculates the radius as

R0 ¼
ffiffiffiffiffiffiffiffiffi
V

πLn

r
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Mn=NA

πLnðφPBAFPBA þ φPCLFPCLÞ

s

where NA is the Avogadro number and FPCL=1.081 g/cm3

and FPBA = 1.041 g/cm3 are mass densities for amorphous

PCL23 and amorphous PBA,24 respectively. As shown in
Table 4, the calculated diameter D=2R0 values are in good
agreement with the corresponding La distances measured by
SAXS.

Crystallization of the PCL block is evidenced by the
development of the second peak at LSAXS = 28 nm
(Figure 6D). As shown in Scheme 2b, this spacing is attri-
buted to the long period of alternating crystalline and
amorphous layers and can be written as LSAXS = LPBA þ
LPCL. The ratio of the PBA and PCL layer thickness can be
estimated by

lPBA

lPCL
¼ MPBA

MPCL

FCPCL
FPBA

¼ nPBA

nPCL

mBA

mCL

FCPCL
FPBA

= 1:3
nPBA

nPCL
ð1Þ

where mBA = 128 g/mol and mCL = 114 g/mol are molar
masses of the BA and CL monomeric units, respectively;
FPCLC = 1.194 g/cm is mass density of crystalline PCL.23

Equation 1 has been used to calculate the PCL thickness
LPCL=5.3 nm. This is less than the PCL lamella thickness
L = 8 nm measured for linear PCL chains42 and suggests
that the amorphous PBA block controls folding of the PCL
block. In this calculation, the degree of crystallinity of the
PCL blocks is assumed to be 100%. For lower crystallinity,
one would obtain an even smaller value for the thickness of
the PCL crystals. As shown in Scheme 2B, the crystallinity of
PCL in the brush has to be reduced as compared to linear
chains due to steric hindrances imposed by the branching
points. The PCL sequences close to the backbone cannot be
easily accommodated in the PCL lamellae because of the
incommensurability of the distance between the branching
points and dfolds. As for the PBA chains, given that LPBA=
22.7 nm, the chains are thought to be coiled and inter-
digitated with neighboring PBA blocks.

From the length of the crystalline PCL domain (LPCL) one
can calculate the number of folds as

nfolds ¼ L0

LPCL
- 1 ð2Þ

where L0 = nPCLlCL nm is the contour length of the PCL
block and lCL=0.86 nm is the length of the CL monomeric
unit. By combining eqs 1 and 2, one obtains the following
equation for the number of folds as a function of the
amorphous block only:

nfolds ¼ 1:1
nPBA

nPBA
- 1 ð3Þ

Table 4 summarizes the SAXSdata including the thickness
of amorphous PBA and crystalline PCL domains (LPBA and
LPCL) and the number of folds per PCL block. It can be seen
that by increasing the length of the PBA block onemakes the
crystals even thinner, as compared to those formed by pure
PCL brush or by linear PCL chains.43

The ability to control the thickness of polymer crystallites
in the block copolymer brushes is in contrast to the homo-
polymer crystalline polymer case where chain folding is a
kinetic effect. To predict the equilibrium size of the crystal-
line domain, DiMarzio et al.38 and Birstein and Zhulina36

considered lamella of linear block copolymers as a folded-
chain lamellae sandwiched between amorphous domains.
The main contributions into the total free energy are the
elasticity of the amorphous chains and the interfacial energy.
By minimizing the total free energy with respect to the area

Figure 7. WAXS pattern of a fiber of IIA-150 measured at 25 �C (A).
The fiber axis is vertical. The ab projection of the orthorhombic unit cell
of PCL (B). WAXS curves of IIA-150 corresponding to the same
conditions as the ones specified in Figure 6D (C). The appearance of
the characteristic peaks of the PCL unit cell is in line with the structure
evolution reflected in the SAXS curves (Figure 6D).

Scheme 2. Molecular Packing in Thick Films and Bulk IIA (a) before
and (b) after Crystallization of the PCL Core

a

aThe indicated dimensions (R0, lm, and LSAXS) correspond to sample
IIA-150. In the amorphous state, the molecules can be modeled as
microphase-separated cylinders with a PCL core and PBA shell with a
diameter of 2R0. Upon crystallization, the initially cylindrical morphol-
ogy is disrupted by the crystallization of PCL. The block copolymer side
chains can be modeled as rectangular lamellae with a thickness LSAXS;
the long period from SAXS. The rectangle is composed of two layers:
folded chain PCL lamellae and an amorphous layer which includes both
the PBA blocks (dark blue) and the PCL disordered segments (light
blue). The brush backbone (black) is assumed to segregate at the
interface between the two layers to decrease the associated perturbation
and thus the energy costs of the crystalline structure.
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per chain, they have obtained the following expression for
the size of the thickness of the crystalline domain:

Lc ¼ ncna
-1=3 ð4Þ

In our paper, Lc, nc, and na correspond to LPCL, nPCL,

and nPBA, respectively. From Table 4, one obtains LPCL
IIA-150/

LPCL
IIA-50 = 0.6 ( 0.2 and (nPBA

IIA-150/nPBA
IIA-50)-1/3 = 0.7 ( 0.2,

which are in reasonable agreement with eq 4.
The size of the crystalline domains also affects the melting

temperature, which can be calculated using the Gibbs-
Thomson equation

T ¼ T¥
m 1 -

2σe

LPCLΔH�
mF

C
PCL

" #
ð5Þ

where Tm
¥ =359 K is melting point of an infinite size PCL

crystal,44 σe=60 mJ/m2 is the fold surface energy,45 LPCL is
crystal thickness determined from SAXS, ΔHm� = 135 J/g
is the enthalpy of fusion of 100% PCL,22 and FPCLC = 1.19
g/cm3 is the density of crystalline PCL.23 The calculated
values for LPCL, IA, IIA-50, and IIA-150 molecules are
summarized in Table 5 along with the experimentally deter-
mined Tm values from DSC. The melting transitions for
LPCL and IA are similar due to the similar size of the
crystalline domains. For the block copolymer brushes, both
calculated and experimentally determinedTm values follow a
decreasing trend with decreasing mass fraction of PCL as
expected. The observed discrepancy between the calculated
and measured temperature values are ascribed to unknown
variations of the crystal surface energy due to adhesion and
elasticity of the PBA block. Note that Tm is very sensitive to
small variations in σe; e.g., 3% increase in σe would cause ca.
10 K decrease of the melting temperature.

Conclusion

The structure formation in the densely grafted brushes with
PCL-b-PBA diblock copolymer side chains experiences a com-
plex interplay between microphase separation of the chemically
different blocks and crystallization of the core block. This results
in the unusual morphologies and provides an opportunity to
control the crystallization process both in thin films and in the
bulk by changing the block ratio and grafting density. Upon
adsorption, the molecules adopt a spinelike morphology of
crystalline spines of PCL surrounded by the amorphous corona
of PBA. This morphology is caused by preferential adsorption of
the PBAcorona to the substrate and subsequent crystallization of
the PCL core. In bulk samples, molecular brushes are initially
segregated adopting a shape of amorphous cylinders with the
PCL core surrounded by the PBA corona. The crystallization
process disrupts the molecularly segregated morphology and
results in a layered crystalline/amorphous structure with a very
different periodicity. Optical observation of nascent spherulitic
morphology testifies that crystallization proceeds by breaking
out the core-shell structure of individual molecules to form a
supramolecular assembly of PCL lamellae on much larger length

scales. Although the crystallization process is not confined to
the submolecular scale, the direction of crystal growth in oriented
fibers is preferentially selected likely due to the steric hindrances
imposed on the PCL segments by the dense PBA corona.
Effectively, molecular brushes with block copolymer side chains
serve as templates for crystallization of the core block while the
template structure is stabilized by the amorphous polymer
corona. This allowed for the alignment of the PCL lamellae
during crystallization of extruded fibers. In addition, the amor-
phous corona block controls folding of the PCL chains and thus
the thickness of the crystalline domains.

Thus, the crystallization of the studied macromolecules is very
different from both linear block copolymers and main-chain
columnar liquid crystals. Unlike linear diblocks, the breakout
crystallization of the core-shell molecular brushes is a much
slower process, which, under certain conditions, can preserve
molecular alignment within extruded fibers. Unlike the main-
chain liquid crystals, where the crystallization of the extended
polymer backbones requires only a little rearrangement,46-48 the
formation of the crystalline phase inmolecular brushes involves a
complete reconfiguration of the side chains. This makes the
epitaxial mechanism of crystal growth within the parent colum-
nar mesophase impossible. The observed mechanism of the
crystallization templating can prove useful in designing complex
nanostructured materials.
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