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Ordered Microphase Separation in Thin Films of PMMA—PBA
Synthesized by RAFT: Effect of Block Polydispersity
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ABSTRACT: The microphase separation of diblock copolymers synthesized by reversible addition—fragmentation
chain transfer (RAFT) polymerization, containing one monodisperse block (poly(methyl methacrylate), PMMA)
and one polydisperse block (poly(butyl acrylate), PBA), was investigated in thin films (<100 nm). The formation
of ordered microphase-separated domains was observed by atomic force microscopy (AFM) and resulted in four
morphologies, depending on composition and film thickness: parallel lamellae, hexagonally packed perforated
lamellae (PL), parallel cylinders (C;), and hexagonally packed spheres, and in Cj-to-PL-to-C; transitions.
Polydispersity of the PBA block shifts the phase boundaries toward higher PBA volume fraction values with
respect to those expected for monodisperse block copolymers and stabilizes the perforated lamella morphology.
Neutron reflectivity data confirmed that lamellae parallel to the substrate form at a very low PBA volume fraction,
fesa = 0.23. Polydispersity of the PBA block also has the effect of stabilizing each microphase domain over a
film thickness regime larger than expected for monodisperse blocks. For the first time RAFT-polymerized block
copolymers are shown to microphase separate with high reproducibility and with excellent degree of order, hence

proving to be ideal systems to test the effect of polydispersity on microphase separation.

Introduction

In the past few decades, block copolymers have attracted
increasing attention in a range of technological areas such as
microelectronics, nanotechnology, and nanofabrication. In par-
ticular, thin films of diblock copolymers have recently received
great attention for their potential of producing templates for large
area patterned surfaces in various nanofabrication applications,
such as suboptical lithographic masks, nanoporous films,
nanoparticle synthesis, nanomaterial templating, photonic ma-
terials, and high-density magnetic recording devices (for recent
reviews see refs 1—3). Such a wide range of applications is
due to the tunability of size, shape, and composition of the
molecules and their ability to self-assemble into several different
ordered nanodomains. Additionally, block copolymers are
becoming more commercially interesting as more economical
and simpler synthetic routes emerge, producing versatile materi-
als with improved mechanical properties over standard poly-
meric materials.

Diblock copolymers are macromolecules composed of two
chemically different polymers covalently bonded. If the two
blocks are incompatible, upon annealing they spontaneously self-
assemble into a range of well-defined and ordered microphase-
separated morphologies that are tens of nanometers in size.* '
This arrangement is determined by the balance between the
enthalpic gain of demixing of the two blocks and the entropic
cost of chain confinement within domains. The microphase
behavior of diblock copolymers depends on the volume fraction
of the blocks, f, and on the degree of incompatibility, yN, where
N is the overall degree of polymerization (number of monomers
in the chain) and y is the Flory—Huggins interaction parameter.
For strongly incompatible A—B monodisperse copolymers, the
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microphase separation morphology changes from lamellae for
volume fraction f) &~ 0.30—0.60 to hexagonally packed cylinders
of B in a matrix of A for fy &~ 0.65 to spheres of B in a matrix
of A for f = 0.90.°> More complicated nanostructures, such as
perforated lamellae, gyroid structures, and double-diamond
morphologies, have also been observed when the copolymer
composition falls within a narrow range between the cylindrical
and lamellar morphologies but have been suggested to be
metastable.*'>~!7

In thin films of diblock copolymers, microphase separation
is also strongly affected by the wetting properties of each block
at the substrate surface and at the air/film interface.>'® In
copolymers that form lamellae parallel to the substrate, a
multilayered structure is formed, where the film thickness is
quantized in terms of the bulk lamellar period, Ly.'® When one
block prefers both the substrate and the air interfaces (i.e.,
symmetric wetting), the film is smooth if its thickness ¢ is equal
to t = nL, where n is an integer. Conversely, when one block
prefers the substrate and the other block prefers the air interface
(i.e., asymmetric wetting), smooth films are attained if the film
thickness is t = (n + '/5)Ly.6~ 813142021 [f the thickness of the
prepared film is not commensurable with L, islands or holes
with a step height of L, form on the top surface. This topography
allows the preferred block(s) to be present at both interfaces
and also to maintain the characteristic period throughout the
whole film thickness. The occurrence of the hole/island mor-
phology has been observed often for lamellar domains and also
for cylinder-forming®>** and sphere-forming®>* systems. In a
few studies on thin films of cylinder-forming block copolymers,
domain transitions between cylinders oriented parallel to the
substrate (C;)) and a perforated lamella (PL) have been observed
at particular film thicknesses and surface fields.>>*> %’

Most studies involving thin block copolymer films have
investigated the behavior of “ideal” systems, namely copolymers
in which blocks were both strongly segregated due to their
different chemical properties and monodisperse in molecular
weight due to the particular synthetic route employed. This focus
on ideal systems was justified by the assumption that a strong
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segregation of blocks and a narrow molecular weight distribution
were necessary to achieve a high degree of ordering.”® However,
neither of these conditions is stringent. Recent experiments>"-*°
and theoretical studies®®*'™*® have shown that some well-
ordered morphologies can be achieved even with relatively
polydisperse blocks. This is of strong practical interest since
some synthetic techniques, which provide a certain level of
polydispersity, have proven economical and therefore more
attractive to the manufacturing industry. Studying phase separa-
tion in copolymers made of partially compatible blocks is
furthermore useful, as partially compatible blocks can be
synthesized in the absence of solvent (via bulk polymerization),
thus making the synthetic process easier and more environmen-
tally friendly and might open new applications for block
copolymer systems.

In this study, we address both these issues by investigating,
for the first time, the microphase separation of block copolymers
of poly(methyl methacrylate) (PMMA)—poly(n-butyl acrylate)
(PBA) synthesized by reversible addition—fragmentation chain
transfer (RAFT) polymerization. Most block copolymers in-
vestigated in the past two decades were synthesized by anionic
polymerization, which requires specific reaction conditions,
including the use of completely dry, highly pure reagents, and
inert atmospheres.” Our approach instead is to use living radical
polymerization (LRP) techniques, which have become in the
past decade simple and valid alternatives for large-scale ap-
plications in polymer chemistry because of the ease with which
control over molecular weight, polydispersity, and molecular
architectures can be achieved.*®** Among the available LRP
systems, RAFT polymerization is one of the most versatile
processes because a large variety of monomers with different
functionalities can be polymerized under standard reaction
conditions, producing a wide range of polymeric architec-
tures.**"** RAFT polymerization is based on the introduction
of a small amount of dithioester in a conventional free-radical
system consisting of monomer and initiator. The transfer of the
chain transfer agent (CTA) between growing radical chains and
dormant polymeric chains regulates the growth of the molecular
weight and limits the termination reactions.***> Termination
reactions are unavoidable, producing a small amount of so-called
“dead” chains, which in turn may increase the polydispersity
over the value PDI = 1.05 typical of anionic polymerization.

In this study, we used RAFT polymerization to synthesize
four block copolymers of fixed overall degree of polymerization
N, while changing the relative volume fraction of the PMMA
and PBA blocks. By studying several block copolymers with
different volume fraction but nearly constant y N, we effectively
take a horizontal slice through the phase diagram of this system.
The particular block copolymer system investigated here,
PMMA—PBA, has rarely been studied in the literature, partially
because of the chemical similarity of the two blocks. The few
published studies on PMMA—PBA block copolymers mainly
focused on the synthesis of the copolymers by atom transfer
radical polymerization (ATRP) or anionic polymerization and
on their characterization by calorimetry.**~>' Noncontact atomic
force microscopy (AFM) has been often used to characterize
block copolymer microphase separation,”>* 253278 but we are
aware of only two studies by Tong et al.***° that investigated
monodisperse PMMA —PBA—PMMA copolymers by AFM and
in thick films. Small-angle X-ray scattering studies on bulk
samples of polydisperse PMMA—PBA di- and triblock copoly-
mers by Ruzette et al. found that morphology boundaries are
shifted with respect to those observed in ideal monodisperse
block copolymers as a result of unbalanced polydispersity
between the two blocks.”" In this study we employ AFM in
noncontact mode, which allows us, using phase contrast, to map
the lateral distribution of each block near the film surface due
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Table 1. Polymerization Conditions and Monomer Conversion
for the Synthesized Polymers

monomer

CPDB/MMA/AIBN time conversion

sample molar ratio (min) (%)?
PMMA28.8K 1/500/0.25 360 55
PMMA15.8K 1/700/0.15° 120 17
PMMAS50.5K 1/700/0.15" 503 73
copolymer” PMMA block PMMA/BA/AIBN
molar ratio

PMMA4—PBAgs, PMMA28.8K 1/1000/0.2 180 44
PMMA4—PBA;; PMMAZ28.8K 1/300/0.2¢ 240 44
PMMA,,—PBA;y PMMAI15.8K 1/1000/0.2 360 54
PMMA,;—PBA,; PMMAS50.5K 1/1000/0.2 67 16

“ The name of each block copolymer reflects the vol % of each block,
determined by 'H NMR. ” Carried out in 15% w/w toluene. ¢ Carried out
in 40% w/w toluene. ¢ Determined by 'H NMR.

to the different mechanical properties of the PMMA (glassy)
and PBA (soft) blocks. AFM is particularly suited to the study
of phase separation of PMMA—PBA copolymers because
staining agents used in transmission electron microscopy (TEM)
or elemental signatures in X-ray photoelectron spectroscopy
(XPS) are not effective when the two blocks are chemically
very similar. Neutron reflectivity was also employed to confirm
the microphase separation into domains. Here we discuss the
influence of copolymer composition, film thickness, and block
polydispersity on the formation of the domains in thin films
(<100 nm) of PMMA—PBA.

Experimental Section

1. Materials. All solvents, monomers, and other reagents were
purchased from Aldrich at the highest purity available. Methyl
methacrylate (MMA, 99+%) and n-butyl acrylate (BA, 99+%)
were filtered before utilization through a basic alumina (Brockmann
I) column to remove the radical inhibitor. Azobis(isobutyronitrile)
(AIBN, 99%) was recrystallized twice from ethanol. 2-(2-Cyano-
propyl)dithiobenzoate (CPDB) was synthesized following a pub-
lished procedure.’® Air- and moisture-sensitive compounds were
manipulated using standard Schlenk techniques under a nitrogen
atmosphere.

2. Synthesis and Characterization of Block Copolymers.
2.1. Typical Homopolymerization Procedure: Polymerization of
Methyl Methacrylate (MMA) by the RAFT Process—PMMA-
28.8K. MMA (from which inhibitor was previously removed by
filtration through activated basic alumina) (15 g, 150 mmol), CPDB
(0.0664 g, 0.300 mmol), AIBN (0.0123 g, 0.075 mmol), and toluene
(6.4623 g, 30 wt %) were mixed. The oxygen was removed from
the reaction mixtures by pumping nitrogen gas into the mixture
for 5 min, while allowing the oxygen to be released through an
escape needle. The sealed tubes were then heated to 70 °C and
removed after 360 min. Reactions were quenched in ice, and the
PMMA final product was isolated by precipitation in cold methanol.
Conversions (55%) were calculated via 'H NMR, and molecular
weight distributions (M, = 28 800 g/mol, PDI = 1.09) were
analyzed via GPC.

2.2. Typical Block Copolymerization Procedure: Block
Copolymerization of MMA and n-Butyl Acrylate (BA)—PMMA 4—
PBAg. Poly(methyl methacrylate) (PMMA) homopolymer (28 800
g/mol, PDI = 1.09) was used as macro-chain-transfer agent for
the block copolymerization with BA (1000 BA (1.4998 g, 11.7
mmol):1 PMMA (0.3370 g, 0.0117 mmol):0.2 AIBN (0.0004 g,
0.0023 mmol); 30 wt % toluene (0.7875 g at 70 °C for 90 min)
following a similar experimental setup as that described above. After
precipitation in cold methanol, PMMA—PBA block copolymer (M,
=77 300 g/mol, PDI = 1.37, 44% conversion of BA) was analyzed
by '"H NMR and GPC to characterize the composition and molecular
weight distribution.

PMMA block were synthesized by using RAFT polymerization
under conditions shown in Table 1. PMMA with M, = 15 800,
28 800, and 50 500 g/mol hereafter are indicated with PMMA15.8K,
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Table 2. Characterization of the Synthesized Polymers

PMMA—PBA
sample” M, (kg/mol)® PDIpyvia—pBa’ PDIpyvia® PDIpg? PBA (vol %)° T,PMMA (°C) T,PBA (°C)
PMMA;;—PBA,; 50.5—13.6 1.13 1.08 1.32 23 115 —52
PMMAg—PBA3, 28.8—11.9 1.29 1.09 1.76 31 111 —47
PMMA 4—PBAg, 28.8—39.7 1.37 1.09 1.57 60 113 —47
PMMA,,—PBA 15.8—54.4 1.27 1.15 1.31 79 109 —48

“ The name of each block copolymer reflects the vol % of each block. ” Determined by 'H NMR. ¢ Determined by THF GPC. ¢ Estimated from the PDI
values of PMMA and of PMMA—PBA. ¢ Based on mass densities at 25 °C of 1.08 and 1.19 g/cm® for PBA and PMMA, respectively.

PMMAZ28.8K, and PMMAS0.5K, respectively. A series of PMMA
homopolymers were used as the macro-chain-transfer agent (CTA)
for the addition of BA monomer to form the second block. A similar
experimental setup as that described above was undertaken for this
second step under conditions shown in Table 1.

The number-average molecular weight (M) and polydispersity
index (PDI = M, /M,) of the synthesized polymers were determined
using size exclusion chromatography (SEC) equipped with a LC
1120 HPLC pump (Polymer Laboratories, UK), a MIDAS (type
830) autosampler (Spark Holland, Netherlands), a differential
refractive index (DRI) detector (Shodex, RI-101), a 5.0 mm bead-
size guard column (50 x 7.5 mm), and two PLgel 5.0 mm
MIXED-C columns (300 x 7.5 mm) in series (Polymer Labora-
tories, UK). THF was used as the eluent at a flow rate of 1 mL
min~' at ambient temperature, and toluene was used as a flow rate
marker. Since an organic solvent is used as a mobile phase, the
name gel permeation chromatography (GPC) is used. The GPC
system was calibrated with poly(methyl methacrylate) (PMMA)
standards (Polymer Laboratories, UK), with molecular weights
ranging from 690 to 1 944 000 g mol~'. The percentage of monomer
that polymerized (monomer conversion) was calculated via 'H
NMR.

'H (400 MHz) nuclear magnetic resonance (NMR) spectroscopy
was used to determine copolymers compositions and molecular
weights. 'H NMR spectra of the polymer products were recorded
on a Bruker 400 UltraShield spectrometer at 25 °C using d-
chloroform (CDCl;) and tetramethylsilane (TMS) as a solvent and
an internal reference, respectively.

3. Thermal Properties Analysis. Thermal properties of the block
copolymers were studied by differential scanning calorimetry (DSC)
using a TA Instruments DSC 2920 modulated DSC under a nitrogen
atmosphere (60 cm® min~"). For measurement of the glass transition
temperature (Ty), about 5—10 mg samples were heated in an
aluminum holder from room temperature (25 °C) to 200 °C, then
cooled to —90 °C, and reheated to 200 °C. The heating and cooling
rate was set to 10 °C min~'. An empty aluminum pan was used as
reference. The T, value was determined as the midpoint between
the onset and the end of a step transition using the TA Instruments
Universal Analysis 2000 software.

Thermal stability of the block copolymers were investigated by
using a TA Instruments Hi-Res TGA 2950 thermogravimetric
analyzer under a nitrogen atmosphere (60 cm® min~'). The samples
(5—10 mg) were heated from room temperature to 590 °C at a rate
of 10 °C min~'. The TA Instruments Universal Analysis 2000
software was used to calculate the onset, the end decomposition
temperature, and the residual mass. All of the samples were dried
under vacuum at 40 °C for 24 h prior to TGA measurements.

4. Sample Preparation and Atomic Force Microscopy (AFM)
Imaging. The surface morphologies of the block copolymer films
were characterized with a PicoSPM II AFM (Molecular Imaging,
Santa Clara, CA) in noncontact mode at ambient atmosphere. The
probes used were NT-MDT NSG10 rectangular cantilevers with a
resonant frequency of 190—325 kHz and nominal spring constant
of 5.5—22.5 N/m. The observed surface structures were analyzed
by WSxM 4.0 Develop 11.3 scanning probe microscopy software.

The precipitated block copolymers were dissolved in toluene to
produce ca. 3—10 mg/mL solutions. The dilute solutions of the
copolymers were spin coated (Laurell Technologies Corp.) on
cleaned silicon wafer substrates, which are coated with a native
layer of silicon oxide of thickness 1.8 £ 0.1 nm. The wafers were

thoroughly cleaned in order to eliminate chemical and particulate
contaminants, by treatment with ultrasound for a few minutes in
ethanol and acetone, and then blown dry with a nitrogen jet, inside
a laminar flow cabinet.®® The copolymer films were dried at room
temperature overnight to remove the residual solvent and then
annealed in a vacuum oven at 180 °C for 16 h prior to AFM
observations. The film thickness before annealing (in the following
named #) was determined by spectroscopic ellipsometry (Woollam
M-2000).

5. Neutron Reflectometry. Neutron reflectivity data were
measured on the PMMA7;—PBA,; film using the Platypus time-
of-flight neutron reflectometer and a cold neutron spectrum (3.0 A
< A =< 18.0 A) at the OPAL 20 MW research reactor (Australian
Nuclear Science and Technology Organisation, Sydney).®' 23 Hz
neutron pulses were generated using a disk chopper system (EADS
Astrium GmbH) in the medium resolution mode (AA/A = 4%) and
recorded on a 2-dimensional helium-3 neutron detector (Denex
GmbH). Reflected beam spectra were collected at 0.5° for 2 h (0.3
mm slits) and 2.0° for 6 h (1.2 mm slits). Direct beam measurements
were collected under the same collimation conditions for 1 h each.

Structural parameters associated with layers within the PMMA—PBA
film were refined using the MOTOFIT package®? with reflectivity
data as a function of momentum transfer normal to the surface Q.
(= 4x(sin )/4). A structural model was prepared using estimated
values of neutron scattering length density (SLD) (Table S1), based
on a mass density for the PMMA component of the film of 1.19
and 1.08 g/cm? for PBA. The Levenberg—Marquardt method was
used to minimize y? values.

Results and Discussion

1. Synthesis of Block Copolymers. Dithiobenzoates are
thermally stable chain transfer agents® that provide excellent
control over the RAFT polymerization of most vinyl monomers.
CPDB”’ is a well-documented RAFT agent that has been shown
to efficiently control the polymerization of methacrylate and
acrylate derivatives and was therefore the chain transfer agent
of choice for this study.***> Three PMMA blocks with different
molecular weight were synthesized via CPDB-mediated RAFT
polymerization and chain extended with BA monomers to form
PMMA —PBA block copolymers. The overall degree of polym-
erization N was kept constant around 600 for all block
copolymers except PMMAg—PBAj; where N = 400. Keeping
the block copolymer overall N constant allows us to study the
phase diagram of this block copolymer while keeping the
product yN constant. By synthesizing several block copolymers
with different volume fraction but nearly constant yN, we are
effectively taking a horizontal slice through the phase diagram
of this system. The number-average molecular weight (M,), PDIL,
and chain composition of the synthesized PMMA—PBA block
copolymers are listed in Table 2.

Figure 1 shows the GPC traces of PMMAg—PBAj;; and
PMMA 4—PBAg, compared with that of PMMAZ28.8K. The
monomodal and symmetrical shape of the peak of PMMA28.8K
shows good control over the polymerization process, which
produced a relatively narrow molecular weight distribution (PDI
= 1.08—1.15; see Table 2). A characteristic shoulder on the
peak of PMMAg—PBAj; at low retention time indicates the
occurrence of chain branching during acrylate polymerization,
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Figure 1. GPC traces of synthesized PMMA block and PMMA—PBA
block copolymers. PMMA with M, = 15 800, 28 800, and 50 500 g/mol
are indicated with PMMA15.8K, PMMAZ28.8K, and PMMAS50.5K,
respectively. The acronyms of the PMMA—PBA block copolymers
include the volume percentage of each block.
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Figure 2. Typical DSC analysis of PMMA—PBA block copolymers.
The graph presents heat flow vs temperature data, showing the glass
transition of each block forming the PMMA—PBA3,; block copolymer.

which produces a small proportion of high molecular weight
chains.®* The tail at short retention times on the peaks indicates
the presence of a small amount of PMMA “dead” chains in the
block copolymers caused by the unavoidable termination
reactions of PMMA chains during RAFT polymerization.
Successful block copolymerization was demonstrated by a shift
to higher molecular weights (shorter retention time) of the peak
of the block copolymer when compared to the peak of the
PMMA block. Similar results were observed for PMMA7;—
PBA,; and PMMA,,—PBAy (Figure 1).

2. Characterization of Block Copolymers. 2.1. Thermal
Properties. Figure 2 shows the DSC curve of PMMAg—PBA;3;.
The graph presents two steps in the baseline of the recorded
DSC signal at 112 and —19 °C, indicative of the presence of
two glass transition temperatures (7,) in the block copolymer.
The presence of two T,s is indicative of two microphases in
the sample: a hard PMMA region (high T,) and a soft region
corresponding to the PBA block (low Ty). The T, values of each
block vary slightly with molecular weight, as shown in Table
2. Similar DSC data were obtained for all block copolymers
(data not shown).

Phase separation of two incompatible blocks in a block
copolymer is expected to depend on thermal or solvent
annealing. When the block polymer films are annealed above
the T, of the two blocks, the increase in chain mobility allows
microphase separation to occur. Films prepared in these studies
were annealed for 16 h at 180 °C in a vacuum oven.
Thermogravimetric analysis (TGA) indicated that the block
copolymers degrade between 350 and 450 °C, which is in
agreement with previous observations,® thus confirming that
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Figure 3. Typical AFM images of thin films of PMMA—PBA block
copolymers after thermal annealing. (A) Topography image of a
PMMA7;,—PBA,; film of preannealing thickness t = 68.8 + 0.6 nm.
(B) Phase image of the same area as in (A). (C) Topography image of
a PMMA—PBA;, film of preannealing thickness 49.9 4 0.1 nm. The
hole/island morphology characteristic of incomplete lamellae parallel
to the substrate is visible. (D) Cross-sectional profile of the topography
along the line shown in (C). The peak-to-through height difference is
35 nm. No phase contrast is visible, accounting for the presence of
only one block (PBA) at the air/polymer interface. The vertical scale
bar is 50 nm in (A) and 70 nm in (C).

the block copolymers are not degraded during annealing.
Furthermore, it was shown by AFM analysis that longer
annealing times and higher temperature did not substantially
change the observed microphase separation (data not shown).
This suggests that a minimum in energy (either primary or
secondary) was reached after 16 h at 180 °C.

2.2. Investigation of Microphase Separation. Nonannealed
spin-cast films of the synthesized block copolymers show a
relatively flat and featureless surface, as expected for a
disordered phase formed during spin-coating. Upon thermal
annealing, the two blocks microphase separate into domains,
whose morphology depends on film thickness and copolymer
composition.

2.2.1. PMMA;,—PBA;;. PMMA;;,—PBA,; contains a volume
fraction of PBA fpga = 0.23. The AFM topography image of
an annealed PMMA;;—PBA,; film of initial preannealing
thickness + = 69 nm is shown in Figure 3A. For thicknesses
between 48 and 61 nm, flat films form upon annealing (data
not shown but summarized in Figure 7F). The average surface
rms roughness over an area of 5 um x 5 um of these films is
1.5 £+ 0.5 nm. When ¢ reaches 65 nm, the surface of the film is
disturbed by oscillations in film thickness resembling the
morphology of spinodal decomposition. However, no preferred
oscillation period can be extracted by performing a fast Fourier
transformation of the image.

Upon further increasing 7 to 69 nm, a clear hole/island
morphology is formed as shown in Figure 3A. Measurements
of the height difference between the bottom of the holes and
the top of the islands in the cross-sectional profiles of several
AFM topography images (such as the one shown in Figure 3D)
reveal that the average step height of the formed holes and
islands is 29 £ 2 nm. This height difference between hole and
island corresponds to the characteristic lamellar period L, for
this block copolymer. The corresponding AFM phase images
of these films show no phase contrast (Figure 3B), which
suggests that the PMMA;;—PBA,; blocks microphase separate
in lamellae lying parallel to the silicon substrate (L;). The more
polar PMMA block preferentially wets the polar silicon wafer
substrate,”® whereas the PBA block tends to segregate to the
air interface because of its lower surface energy (ca. 31 mN/m
vs ca. 41 mN/m for PMMA).25‘26’56 In all the studied films, a
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Figure 4. Observed (blue points) and fitted (red line) neutron reflectivity
data for a PMMA7;—PBA,j; thin film (57.6 nm). The refined structural
model is based on a four-layer lamellar structure with alternating
PMMA and PBA layers.

half-lamella (brush) of thickness b = Ly/2 is present on the
surface of the silicon wafer, as illustrated in Figure 7E. For
PMMA7;—PBA,;, a lamellar structure is formed on top of this
half-lamella, as depicted in Figure 7A, and the hole/island
morphology appears because the film thickness ¢ = (n + /,)Ly.
As expected, the hole/island morphology is observed for a film
thickness which is larger than the first lamella (hereafter referred
to as L1) but smaller than second lamellar (L2), i.e. for L1 < ¢
<L2.

For this block copolymer, a complete L1 is formed when ¢ is
in the range of 48—61 nm, and an incomplete L2 is formed for
larger t. As shown in Figure 7F, for t = 85 + 6 nm, flat films
are again formed, indicating the formation of a complete L2.
Interestingly, for all the prepared films of PMMA7;—PBA,3, a
range of film thicknesses can accommodate a complete flat
lamella; i.e., a flat film with no hole/island morphology occurs
for t = [(n + '/»)Lo % ca. 15 nm], with n > 1. This effect is not
usually observed in monodisperse block copolymers and is
probably due to the relatively large polydispersity of the
synthesized PBA block in this copolymer.

The lamellar microphase separation was confirmed by neutron
reflectivity data. Figure 4 shows neutron reflectivity data (blue
points), and the solid red line shows the calculated reflectivity
based upon the refined structural model. Preliminary Fourier
transforms of the reflectivity data prior to detailed modeling
suggested an overall film thickness of 57 nm, which was used
to constrain initial refinement attempts with complex multilayer
models.

Various models were used to refine the structure of the
PMMA—PBA film using these neutron reflectivity data. A
single-layer model of constant composition led to a poor fit to
the observed data. A three-layer model with PBA sandwiched
between PMMA layers adjacent to the Si substrate and the
surface of the film was also modeled and led to a reasonable fit
to the observed data (3> = 0.0024).

By far the best fit to the observed neutron data (Figure 4)
was obtained by a four-layer polymer model (y*> = 0.0014)
(Table S2). The difference between scattering lengths of the
two polymers meant that we could arrive at a clear four-layer
structural model for this film. The overall polymer film thickness
was found to be 57.6 nm, comprised of discrete layers of PMMA
(20.2 nm) adjacent to the silicon substrate, 16.2 nm of PBA
above that, a further layer of PMMA (15.7 nm), and a top layer
of PBA (5.5 nm).

2.2.2. PMMAgso—PBA;;. PMMAg—PBAj3, contains a volume
fraction of PBA fpga = 0.31. The microphase separation of
PMMAg—PBA;; is very similar to that observed for PMMA7;,—
PBA,;, as shown in Figure 3C. Upon annealing films of
thickness 50—58 nm, the characteristic hole/island morphology
appears on the surface of the film. The corresponding AFM
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phase images of these films show no phase contrast, indicating
again the formation of asymmetric lamellae lying parallel to
the silicon substrate (Lj)). As shown in Figure 3D, the average
step height of the formed holes and islands is 36 &= 1 nm, which
corresponds to the characteristic lamellar period L for this block
copolymer. Here too, as with PMMA,;—PBA.,;, the silicon wafer
is coated with a whole half-lamella of thickness /,L;. As
expected, the hole/island morphology is observed for a film
thickness /oLy <t < L1 + /5Ly, and a flat surface is observed
when the film thickness is + = 63 + 4 nm, indicating the
formation of the complete L1. For larger #, islands with a height
of Ly are observed, indicating the formation of an incomplete
second lamella (L2).

2.2.3. PMMA40_PBA50. PMMA40_PBA60 contains a volume
fraction of PBA of fpgs = 0.6. Figure 5 shows AFM phase and
topography images of PMMA—PBAg, annealed films with
various initial film thicknesses. Upon annealing, 30 nm-thick
films show the formation of hole/island morphology with phase
contrast visible on top of the islands, as shown in Figure 5A.
The appearance of phase contrast indicates the presence of both
PMMA and PBA blocks at the air/film interface within the
islands. No phase contrast is visible on the bottom surface, and
we interpret this surface as a half-lamellar layer (or brush)
formed on the substrate surface with the PMMA block in contact
with the silicon oxide.*>***>® On top of the islands the phase
contrast consists of bright stripes within a dark matrix and a
few dark dots on the edge of the islands.

Considering the volume fraction of PMMA in the sample
(femma = 0.4), the stripe pattern on top of the islands is attributed
to PMMA cylinders aligned parallel to the substrate (C)), as
depicted in Figure 7B. Throughout our study the PMMA blocks
appear in the AFM phase images as the blocks with bright phase
contrast on the darker PBA blocks. This assignment is confirmed
by the relative proportion of bright and dark areas as the polymer
composition varies. Phase contrast in noncontact AFM can be
reversed by changing imaging parameters,®® and therefore we
kept the scanning parameters as consistent as possible through-
out the study.

For films of initial (preannealing) thickness of ca. 30 nm, an
incomplete first layer of parallel cylinders (hereafter indicated
with Cj;) forms on top of the brush. In this case the measured
average island thickness is D = 48 £ 5 nm. When the film
thickness is increased, the surface area occupied by the islands
increases, as expected, showing similar phase contrast as in
thinner films, as shown in Figure 5B and insets. The formation
of hole/island morphologies with parallel cylinders stacked on
top of a brush has been observed before, for thin films of
thickness not commensurable with the thickness t = (nD + b),
where b is the thickness of the half-lamella adsorbed on the
substrate, as shown in Figure 7E.>

The cylinder-to-cylinder distance (D), estimated as the
average distance between the centers of adjacent PMMA bright
cylinders in several phase images of different film thickness,
was found to be Dy = 51 &+ 2 nm. As shown in Figure 7E, the
length D and D are related by the expression D = (\/ 3/2)D,,
and our two experimentally measured values for D and D, agree
with this expression within experimental error.

Structural defects in the C; domain, such as ends of cylinders,
visible as dark dots, and three-armed connections between
cylinders are present inside the islands in Figure 5A,B. These
connections are perhaps precursors of the perforated lamella
domain, which becomes dominant in thicker films. This was
also previously observed in monodisperse block copolymers,
and it is no surprise because the perforated lamella can be
considered to be a regular network of three-armed branching
points.®’
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Figure 5. AFM phase images of PMMA,—PBAg, annealed films with initial film thicknesses of (A) 30.1 & 0.3, (B) 41.8 £ 0.4, (C) 51.0 & 0.2,
and (D) 68.8 £ 0.5 nm. Al, B1, and D4 are topography images relative to (A), (B), and (D), respectively. A2, B2, C1, DI, and D2 are zoomed
images of (A), (B), (C), and (D), respectively. D3 is a fast Fourier transform image of D1. The vertical scale is 70 nm in all the topographical

images. The scale bar in all the inset phase images is 200 nm.

Figure 6. AFM phase images of PMMA,,—PBAy annealed films with various initial film thicknesses of (A) 20.0 £ 0.3, (B) 33.2 + 0.4, (C) 54.7
+ 0.3, and (D) 62.1 £ 0.5 nm. (D) is a phase image of the square shown in D1. A1, B1, C1, and D1 are topography image of sample (A), (B), (C),
and (D), respectively. A2 and B2 are the zoomed images of (A) and (B), respectively. C2 and D2 are FFT images of (C) and (D), respectively. The
vertical scale in A1, B1, and D1 is 70 nm and in C1 is 5 nm. Scale bar in A2 and B2 is 200 nm.

At a film thickness of about 55 £ 4 nm, the parallel cylinders
all but disappear, and instead a regular array of dark dots in a
bright matrix covers the whole surface, as shown in Figure 5C.
Similarly to previously observed patterns,?>%¢7-8 we identify
this pattern of hexagonally ordered dark dots as a PMMA
lamella (PL) perforated by channels of PBA. For these films,
the film thickness is an exact multiple of the closest cylindrical
layer thickness plus a brush (as represented in Figure 7B.E).
The phase contrast in Figure 5C and inset shows the ordered
arrangement of PBA channels inside the perforated PMMA
lamella, with only small patches of the parallel cylinders. The
amount of isolated parallel PMMA cylinders is reduced to zero
by slightly increasing film thickness. The PBA pores in the

perforated lamella are arranged in a regular hexagonal array,
as shown in the inset SD1 and in the regular hexagonal display
of maxima in the fast Fourier transform (FFT) image in inset
5D3. We can safely say that the perforated lamella is made of
PMMA and the channels are made of PBA, based on the phase
contrast at the edge of the islands in thicker films, like the one
shown in Figure 5D. Here, the phase contrast shows clearly
that the PMMA cylinders, which are bright on top of the island,
merge into the PL in the film, while the PBA blocks, which are
dark on top of the island, turn into channels (pores) inside the
PL.

The period of the hexagonal array of pores derived from inset
5D3 is 57 £ 2 nm, a distance slightly larger than the PMMA



3144 Sriprom et al.

(A) (Y774 (C)‘”! (D)
L c PL--
[ I
100 J

90

80

3
£ 7
"
8 4
2 60
B4
[}
£ 50
E
= L
o 40 I
30
20
10
0
0.23 0.31 0.60 0.79

Volume fraction, frea

Figure 7. Schematic of (A) lamellae lying parallel to the substrate, L;
(B) cylinders lying parallel, Cy;; (C) perforated lamella, PL; (D) spheres,
S; (E) half-lamella (brush) formation on top of the silicon substrate in
the cylinder and sphere domains. For our system, the black and white
phases represent PMMA and PBA blocks, respectively. (F) Summary
of results on microphase separation of the considered block copolymer
PMMA—PBA in thin annealed films.

cylindrical layer thickness. The mismatch between the period
of the perforated lamella and the cylindrical layer thickness was
observed previously in thin films of a cylinder-forming system.®
In this case the measured average island thickness is D = 48 +
5 nm. This distance layer thickness is compatible with the

xpected value of 44 + 1 nm, given by the expression D =
(/372)Dy, derived as in the geometric construction of Figure
7B.

As the film thickness increases to about 60 nm, the hole/
island morphology develops again, as shown in Figure 5D and
insets, indicating the formation of an incomplete second
cylindrical layer (C;,). A perforated PMMA lamella (PL) still
occupies the bottom surface. As shown in inset 5D2, on top of
the islands PMMA cylinders lay parallel to the substrate within
a PBA matrix, indicating that as the film thickness increases
again a further transition from the PL domain to a C; domain
occurs. A similar domain transition C; — PL — C; with
increasing film thickness has been observed in polystyrene (PS)-
b-polybutadiene (PB) block copolymer thin films with fps =
25.5%¢ and in triblock copolymers.?® The cylinder—cylinder
distance (D) derived from Figure 5D2 is the same as that
measured in Figure 5A,B, indicating the same parallel cylinder
arrangement both before and after the C;, — PL — C transition.

2.24. PMMAZI_PBA79. PMMAZl_PBA79 contains a volume
fraction of PBA fpga = 0.79. Figure 6A shows the AFM phase
image of PMMA,,—PBA film of preannealing thickness ¢ =
20 nm. Phase contrast is visible only on top of the islands which
are ca. 40 &£ 3 nm in thickness. No phase contrast is visible on
the bottom surface, indicating a half-lamella (brush) of this
PMMA—PBA block copolymer attached to the substrate,
similarly to what observed for PMMA,,—PBAg. Figure 6A2
is a magnified view of the surface of the island in the bottom
left.

Considering the volume fraction of PMMA (fpyma = 0.21),
we attribute the bright dots within the dark matrix to spheres
of PMMA in a matrix of PBA. With increasing film thickness,
the area occupied by the islands increases, as expected, with
similar phase contrast as in thinner films, as shown in Figure
6B and insets. Figure 6B2 shows hexagonally packed PMMA
spheres within a PBA matrix with a regular period of 38 + 3
nm, as calculated from the regular fast Fourier transform (FFT)
images. This hole/island morphology corresponds to an incom-
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plete first layer of PMMA spheres (S1) formed on top of the
half-lamella.

For films of preannealing thickness of 43 £ 9 nm, the film
becomes an exact multiple of the thickness of the spherical
domain layer plus a brush (D + b, as depicted in Figure 7E),
and the film appears flat throughout. The phase contrast reveals
clearly the presence of both blocks near the surface, and no
contrast in the topography image can be observed, as shown in
Figure 6C1, and the films are remarkably flat. The value of the
rms roughness for this film is ca. 0.3 & 0.1 nm.

At film thickness ¢ > 54 nm, a hole/island morphology forms
again, as an incomplete second layer of PMMA spheres (S2)
forms, as shown in Figure 6D1. Phase contrast is visible on
both the top of the islands and on the bottom surface as a
hexagonal array of dots, as observed in thinner films. This is
confirmation that the spherical domains form a layered structure,
similarly to the layered structure observed for the lamellar
domains and cylindrical domains.**>” The average sphere-to-
sphere distance (D) calculated from several phase images is
42 4+ 6 nm, and the average height of hole/island morphology
(D) is 40 & 3 nm, as expected from the geometrical construction
of Figure 7E, where D = (+/3/2)D,. Similar layering of sphere
domains was recently observed in asymmetric polystyrene (PS)-
b-poly(2-vinylpyridine) (PVP) diblock copolymer thin films with
approximately fpyp of 0.1.%*

Discussion

The effect of polydispersity on the microphase separation of
block copolymers has been studied theoretically for two
decades,*""°~72 but the first experiments have only recently
appeared, with the development of synthetic polymerization
techniques that allow for sufficient control over molecular
weight and composition.**”*~7> The block copolymers studied
here are formed by one monodisperse block (PMMA) and one
polydisperse block (PBA). In these copolymers, the Flory—
Huggins parameter is low, yN = 12—18°" (ypmmapea = 0.03
at 180 °C and 0.044 at room temperature, based on estimates
for monodisperse block copolymers), due to the chemical
similarity between the two blocks, so the driving force for the
phase separation is not very strong. Yet, calorimetric measure-
ments performed on bulk samples indicated the presence of two
separate glass transition temperatures, which is a signature for
some degree of microphase separation in bulk. AFM measure-
ments revealed that, notwithstanding the low y¥N and the
relatively high polydispersity index, these block copolymers
synthesized by the simple RAFT polymerization show mi-
crophase separation with high degree of spatial order, in many
respects similar to what expected for highly segregated mono-
disperse copolymers. By studying the phase separation in thin
films of thickness lower than 100 nm, we could investigate the
interplay between wetting and microphase separation, which had
not been observed before experimentally for these polydispersed
block copolymers. In the following, we discuss in detail our
experimental observations based on AFM phase and topography
images.

As summarized in Figure 7F, the PMMA—PBA blocks
microphase separate into lamellae parallel to the substrate for
volume fractions of fpgs between 0.23 and 0.31; at a volume
fraction of fpga = 0.60, the microphase separation is either one
of PMMA cylinders in a PBA matrix or an hexagonally packed
perforated lamella depending on film thickness. Finally for a
volume fraction of fpga = 0.79, the PMMA blocks separate into
spheres in the PBA matrix. The blocks segregated in spheres
or in perforated lamellae present a high degree of order, as can
be seen in FFT images in Figures 5 and 6. Parallel cylinders
have a regular and reproducible domain spacing, but no
orientational long-range order.
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Our first significant result is that, with respect to the phase
diagram of monodisperse block copolymers, the region of
lamellar domain is shifted toward an asymmetric composition,
i.e., toward fpga < 0.3. In this aspect, our findings confirm recent
theoretical expectations which show that polydispersity affects
the phase boundaries of block copolymer films by shifting them
to different volume fractions with respect to the monodisperse
case.>®7%77%76 This remarkable result was confirmed by neutron
reflectivity data. It is possible that this particular domain
arrangement is the result of the interplay between microphase
separation and wetting, with the air/film and substrate/film
interfaces favoring the observed microphase separation of the
domains into lamellae.

The progression of the lamellar phase through the phase
diagram for nearly constant yN values is asymmetric; in other
words, the microphase separation into lamellae is asymmetric
around fpga = 0.5, and the lamellar domain does not occur again
when fpga > 0.7. The shift of phase boundaries resulting in
breaking of the phase diagram symmetry was previously
observed in simulations.

The second interesting effect of polydispersity is that a larger
range of film thicknesses can accommodate a flat film without
displaying hole/island morphologies. This means again that the
system comprising chains of variable length is more flexible to
adapt to certain morphologies, especially in the case of the
lamellar morphology. This was observed in particular for
PMMA7;—PBA,; and PMMAg—PBAj3;, in which thin films are
flat and uniform and microphase separate in complete parallel
lamellae for thickness that are t = (nLy + b) £+ xLy nm, where
x can be as high as 0.4—0.5. This observation seems to be
consistent with the simulation work by Burger et al. which
observed an increase in the area of the stability regions on the
phase diagram for copolymers with increased PDI.*! Also, this
observation is compatible with the general impression in
simulations that polydispersed copolymers have larger domain
spacing as compared to monodisperse systems. The mechanism
of the increase of domain spacing is based on the existence of
different chain lengths in a system leading to a decrease of the
stretching energy.”’’”~7° The presence of a large distribution
of chains within the same system seems to allow for greater
adaptability and flexibility of polydisperse chains to morphol-
ogies which would be metastable or unstable in a monodisperse
systems.

Our third important observation is the stabilization of the
hexagonally perforated lamella morphology, which is assumed
to be metastable in monodisperse copolymers. This result is in
agreement with recent simulation work by Matsen,*® who
predicted the formation of a mixed lamellar and cylindrical
region due to increased PDI, and work by Listak et al., who
observed the formation of an hexagonally perforated lamella
on thick solvent cast films.”> However, in our thin films, the
perforated lamellae occur only in certain thickness regimes and
for a composition where the polydisperse block is the majority
block (fpga = 0.6). As previously suggested, the polydispersity
mitigates the chain packing frustration and stabilizes structures
with high standard deviation of mean curvature, such as the
perforated lamella.

By studying thin films of PMMA—PBA block copolymers,
we were able to investigate the interplay between polydispersity
and wetting effects. This interplay was particularly evident in
copolymers with fpga = 0.23, 0.31, and 0.6. At fpga = 0.60, as
depicted in Figure 7F, the perforated lamellae are only stable
in a specific thickness regime. At fpga = 0.60, as the film
thickness increases, we observe two transitions: the first between
parallel cylinders and perforated lamellae and the second back
to parallel cylinders. These transitions are likely to be caused
by the preference of the system for the structure that presents
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the least degree of frustration of its characteristic period. As
previously observed for thin films of copolymers,>*?’ the
frustration of the lamellar period is avoided by changing the
orientation of the lamella from parallel to perpendicular to the
surface or better by forming a combination of the two mor-
phologies, such as in the perforated lamella. This transition is
particularly likely in a system, such as ours, where the two
substrate/film and film/air interfaces are almost nonselective
toward the two blocks, given their chemical similarity.

Our study confirms that simple synthetic techniques such as
RAFT polymerization have the potential to be valid alternatives
to more complicated polymerization techniques and can produce
block copolymers of well-controlled architecture, polydispersity,
and composition. For the first time thin films of RAFT-
polymerized block copolymers are shown to be ideal model
systems to confirm existing and future simulation results on the
interplay between interfacial wetting, microphase separation, and
polydispersity in confined geometries.®'**’>”” Contrary to what
observed for block copolymers synthesized by nitroxide-
mediated polymerization,” block copolymers made by RAFT
with one polydisperse block and with low degree of incompat-
ibility %N microphase separate with high reproducibility and
with excellent degree of long-range order. Block copolymers
synthesized by RAFT are therefore demonstrated to be valid
candidates in numerous advanced materials applications that rely
on the formations of ordered patterns, such as suboptical large-
scale patterns, photonic materials, and high-density magnetic
recording devices.

Conclusions

We studied the phase separation of PMMA—PBA block
copolymers synthesized by RAFT polymerization, containing
one block with PDI = 1.3—1.4, and spin-cast in films thinner
than 100 nm. Thermal characterization of the bulk samples
studied by DSC and TGA highlighted the presence of two glass
transition temperatures (7,), which suggests the occurrence of
microphase separation in bulk, and showed that the block
copolymers are not degraded at a temperature of 180 °C.
Annealing of the thin films at 180 °C induced microphase
separation of the blocks. As volume fraction fpps increases from
0.23 to 0.60, the microphase separation changes from lamellar
to cylindrical domains and then to spherical at a volume fraction
of 0.79. Remarkably, at a volume fraction fpga of 0.23—0.31
we observe lamellae parallel to the substrate, as predicted in
simulations for polydisperse systems. At a PBA volume fraction
of 0.6, domain transitions from parallel cylinders to perforated
lamellae to parallel cylinders were observed with increasing film
thickness. A wetting layer of a half-lamella PMMA—PBA brush
is present underneath all films due to the preference of the
PMMA block for the substrate.

It was shown that RAFT polymerization produces block
copolymers that are suitable for controlled and reproducible
studies of microphase separation. These blocks, with a low
degree of incompatibility yN, microphase separate into regularly
ordered domains and confirm the trends expected from simula-
tions on similar polydisperse block copolymers. The main
difference in domain formation with respect to monodisperse
systems is the shift of the domain boundaries to more asym-
metric volume fractions, the ability to accommodate domains
in layers different from exact multiples of a layer period, and
the stabilization of hexagonally perforated lamellae.

Supporting Information Available: Neutron reflectivity data.
This material is available free of charge via the Internet at http://
pubs.acs.org.
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