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ABSTRACT: We report a simple route to generate nonequilibrium nanostructures combining two known
block copolymer (BCP) morphologies by first templating the spatial arrangement of BCP in thin films using a
supramolecule. The BCP subsequently assembles within the morphological framework established by the
supramolecule, leading to a templated, nonequilibrium nanostructures not accessible by the BCP alone. Thin
films with hexagonally packed cylindrical domains oriented normal to the surface were formed initially by the
self-assembly of the diblock copolymer-based supramolecules, comprised of symmetric polystyrene-b-poly-
(4-vinylpyridine) (PS-b-P4VP) with 3-pentadecylphenol (PDP) hydrogen-bonded to the 4VP. After selective
removal of ~90% of the PDP and a brief solvent annealing in a chloroform atmosphere, symmetric PS-
b-P4VP, containing a trace amount of PDP, self-assembled forming polygonal (dominantly hexagonal)
microdomains oriented normal to the surface. This process reported should be applicable to the large library
of copolymer-based supramolecules and enables the generation of novel nonequilibrium nanostructured
morphologies. It also provides a new platform to study the pathway-dependent self-assembly in polymer thin

films.

Introduction

Block copolymer (BCP) thin films are useful as templates and
scaffolds for the fabrication of nanodevices. Controlling the BCP
morphologies is critical, and as such, the phase behavior of BCP
in thin films has attracted significant attention recently.' "
In thin films, BCPs mainly adopt their bulk morphologies. The
mterfamal interactions of the blocks with the underlying sub-
strate,'>!® the surface energies of the blocks, and the commensur-
ability between the film thickness and the BCP equilibrium
periodicity'*!” dictate the BCP morphology and orientation of
the microdomains. Nonequilibrium nanostructures can be ob-
tained by processes, like selective solvent annealing.'"'*~'® For
BCPs with volume fractions near the phase boundary between
two morphologies, thermally induced order-to-order transition
(OOT) may also occur since the Flory—Huggins interaction
parameter, y, varies as the temperature changes.'®~**

BCP-based supramolecules are produced by attaching small
molecules to the side chains of a block via hydrogen bonding,
electrostatic interactions, or metal ligation.”>*"* A range
of morphologies can be obtained with one BCP by incorporating
different volume fractions of the small molecules. For example,
cylindrical and lamellar morphologies can be produced from
BCPs with a spherical microdomain morphology and gyroidal
morpholoégies from BCPs with a cylindrical microdomain mor-
phology.** Since the small molecules are not covalently bonded to
either block, their interaction with the BCP can be weakened by
heating, leading to a redlstrlbutlon of the small molecule,
ultimately resulting in an OOT.*® Unlike thermally induced
OOTs, which are based on changes in the segmental interactions,
the morphological transitions of BCP-based supramolecules are
due to the changes in the volume fraction of each component, and
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as such, a wider range of morphological transitions are accessible.
In fact, up to five consecutive OOTs have been observed upon
heating one BCP-based supramolecule from room temperature
to 200 °C.»

In thin films, BCP-based supramolecules assemble into struc-
tures similar to that seen in the bulk.'”'*#~3 Supramolecular
assemblies, such as lamellae-within-lamellae and cylinder-within-
lamellae, can be macroscoplcally oriented over multiple length
scales simultaneously.”® After selective removal of the small
molecule, the BCPs will rearrange within the framework of the
supramolecular morphology. Consequently, the resultant BCP
morphologies are templated by the morphology of the supramo-
lecule, and many novel nanostructures are made accessible that
otherwise could not be obtained using the BCP alone.

In this study, 3-n-pentadecylphenol (PDP) was hydrogen
bonded to the 4-vinylpyridine unit of a diblock copolymer,
polystyrene-block-poly(4-vinylpyridine) (PS-b-P4VP), to form a
supramolecule PS-b-P4VP(PDP).'®>3* The molecular weights of
PS and P4VP block are 20 000 and 19 000 Da, respectively, and in
bulk, PS(20000)-5-P4VP(19 000) forms a lamellar morphology.
Upon adding PDP to a 1:1 stoichiometry, the volume fraction of
P4VP(PDP) increases, and the supramolecule PS-6-P4VP(PDP),
forms a cylinder-within-lamellae hierarchical assembly. In thin
films, the hexagonally packed PS-rich cylinders embedded in the
P4VP(PDP) matrix are oriented normal to the surface.*® After
selectively removing the PDPs and solvent annealing for a short
period of time, PS(20000)-b-P4VP(19000) forms hexagonally
packed polygonal cylinders oriented normal to the surface as
confirmed by scanning probe microscopy (SPM) and grazing
incidence small-angle X-ray scattering (GISAXS). The observed
hexagonally packed polygonal morphology is a kinetically
trapped, nonequilibrium morphology of the PS(20 000)-5-P4VP-
(19000). Once the small molecules (PDPs) are removed, the BCPs
are forced to assemble within the morphological framework of
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Figure 1. Schematics of the procedure to prepare thin films with polygonal cylinders: (i) preordered PS-b-P4VP(PDP) supramolecular thin films,
(ii) rinsed with n-hexane to remove most PDPs, (iii) annealed in chloroform vapor, and (iv) thin films with ordered polygonal cylinders.

the supramolecules. The BCP assembles into lamellae and locally
stabilizes the facets of the polygons. Thus, the resultant hexagon-
ally packed faceted cylinders combine both morphologies from
the supramolecule and the BCP.

A large library of morphologies has been reported in the BCP-
based supramolecules using di-BCPs forming sphere, cylinder,
gyroid, and lamellae. This templated route to assemble the BCP
within the nanostructed supramolecular frames should be applic-
able to other BCP-based supramolecules and may lead to novel
nonequilibrium structures combining different known BCP mor-
phologies. This approach also provides a platform to obtain
nonequilibrium nanostructures and enrich our fundamental
understanding on the pathway-dependent self-assembly.

Experimental Section

Diblock copolymers PS(20 000)-5-P4VP(19 000) (PDI = 1.09)
were purchased from Polymer Source, Inc. 3-n-Pentadecylphenol
(95%) was purchased from Acros. Chloroform and n-hexane
were purchased from Fisher. All chemicals were used as received.
PS-b-P4VP was dissolved in chloroform to form 1%—2% (w/v)
stock solutions. The desired amount of PDP was separately
dissolved in chloroform. The PS-b-P4VP solution was then added
dropwise to the PDP solution, followed by stirring overnight.
Thin films were prepared by spin-coating the mixed solutions
onto silicon wafers at spinning speed 3000 rpm. Sample thick-
nesses were measured using a Filmetrics F20 interferometer. For
solvent annealing, thin films were placed together with a beaker of
40 mL of chloroform in a sealed chamber at 22 °C for 48 h.

Details of the reported procedure to generate polygonal cy-
lindrical morphology in thin films are schematically shown in
Figure 1. To remove PDPs, n-hexane, a good solvent for PDP but
a nonsolvent for PS and P4VP, was promptly dropped onto
the films until the whole films were covered with n-hexane
(the process took less than 1 s), followed by immediately spinning
at 3000 rpm to spill away n-hexane and the dissolved PDPs.
The films were then solvent-annealed again under chloroform
atmosphere at 22 °C inside an inverted dish (170 mm diameter x
90 mm height) on which a weight ~2 kg was loaded.

FT-IR spectra of thin films on silicon wafer were recorded in
the grazing angle attenuated total reflectance (ATR) mode on a
Thermo Scientific Nicolet 6700 FT-IR, which is equipped with a
Harrick GATR grazing angle ATR accessory. Thin films were
pressed onto a germanium crystal during the measurements.
Grazing incidence small-angle X-ray scattering (GISAXS) mea-
surements were made at beamline 7.3.3 in the Advanced Light
Source (ALS) at the Lawrence Berkeley National Laboratory
(LBNL). X-ray wavelengths of 1.240 A were used, and the
scattering spectra were corrected on an ADSC Quantum 4u
CCD detector with an active area of 188 mm by 188 mm (2304
by 2304 pixels) and a dynamic range of 16 bit. Line-averaged
intensities are reported as 7 vs ¢, where g = (47t/1) sin(6/2), 1 is the
wavelength of incident X-rays, and 0 is the scattering angle.
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Figure 2. (a) SPM height and phase image of a PS(20 000)-h-P4VP-
(19000)(PDP); thin film, ~89 nm in thickness. The z scale is 15 nm for
height and 30° for phase. (b) Schematic drawing of the cylinder-within-
lamella hierarchical structure in thin films.

Scanning probe microscopy (SPM) images were taken on a
Molecular Imaging PicoSPM II with a PicoScan 2500 controller
using silicon cantilevers (PPP-NCH from Nanosensors). The
spring constant of the cantilever was 10—130 N/m with a resonant
frequency in the range of 204—497 kHz. The set point for auto
tune was 2.5 V. The set-point amplitude was 90% of the free
vibration value.

Results and Discussion

Figure 2a shows the SPM topography and phase images of
a ~89 nm PS(20000)-5-P4VP(19 000)(PDP); thin film after sol-
vent annealed in a chloroform atmosphere for 48 h. The hexagon-
ally packed circular PS-rich domains embedded in the PAVP(PDP)
matrix can be clearly seen. This was further confirmed by GISAXS
study.® Similar to what seen before, PS(20 000)-5-P4VP(19 000)-
(PDP), formed hexagonally packed cylindrical microdomains
(PS-rich phase) oriented normal to the surface as schematically
shown in Figure 2b. The periodicity of the perpendicular PS-rich
cylinders is 41.3 nm, and the periodicity of the lamellae of the
P4VP(PDP) comb block oriented parallel to the surface is 3.8 nm.

The PS(20000)-b-P4VP(19000)(PDP), thin film was then
rinsed using n-hexane, a selective solvent for PDP and a
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Figure 3. (a) SPM height and phase image of a ~37 nm thin film right
after rinsed with n-hexane. The film was originally 80 nm in thickness.
The z scale for height and phase is 30 nm and 90°. (b) GISAXS pattern
of a ~30 nm thin film right after rinsed with n-hexane at an incident
angle of 0.2°. The film was originally 60 nm in thickness.

nonsolvent for PS and P4VP. As shown in Figure 3a, immediately
following this rinse, little ordering of the film on the surface is
evident. However, diffuse reflections along the ¢, and ¢. direc-
tions can still be seen in the GISAXS 2D pattern in Figure 3b,
indicating that the structural framework of the initial supramo-
lecular assembly remained. A g, scan confirmed that the lateral
spacing of the template remained the same after the n-hexane
rinse. Since the majority of the PDP was removed, scattering
peaks along ¢. corresponding to the parallel small lamellae
formed by comblike P4VP(PDP) complexes as seen in the initial
PS(20 000)-6-P4VP(19 000)(PDP), thin film disappeared.*® The
hexagonally packed cylindrical structure formed before rinsing
with n-hexane is essential for the formation of polygons. A film
without solvent annealing after spin coating, i.e., with less-
ordered cylinders, is not able to form the polygonal patterns.
Figure 4a shows the SPM topography and phase images of the
n-hexane rinsed film that was solvent annealed for ~3 h in
chloroform vapor. The cylindrical microdomains are recovered,
and more strikingly, the cross sections of the cylinders are
polygonal, dominantly honeycomb-like in shape. The polygonal
cylinders are more closely packed, and the edge-to-edge distance
between the each cylinder is reduced from ~24 to ~14.6 nm.
Figure 4b shows the GISAXS 2D patterns of same thin film.
Scattering peaks that only appear along ¢, axis indicate that the
microdomains are oriented perpendicular to the surface. Diffrac-
tion rods along ¢. direct can still be seen, indicating the cylinders
are relative uniform throughout the film. A ¢, scan at ¢. =
0.025 A™!, taken from the right side of the GISAXS 2D pattern,
is shown in Figure 4c. The relative positions of the peaks, with
respect to the first-order peak, are 1:4/3:2, characteristic of
hexagonoallP/ packed cylinders. The first-order peak at ¢, =
0.0152 A™" corresponds to a spacing of 41.3 nm, which is the
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same as that of the cylindrical microdomains before the n-hexane
rinse. Although the cross sections of the hexagonal cylinders are
greater than that of the circular cylinders, the center-to-center
distance between the cylinders remained unchanged. With further
solvent annealing (24 h), the polygonal cylinders gradually
merged and formed the striped patterns shown in Figure 5.

The volume fractions of PS-rich cylinders in thin films were
calculated based on GISAXS and the SPM images, as shown in
Figure 6. Prior to the removal of the PDP, the volume fraction of
the circular cylinders was ~23%, close to the weight fraction of PS
blocks in thin films, i.e., ~21% (Figure 6a). Once the polygonal
cylinders are formed, the volume fraction of the cylinders in-
creased significantly to ~48%, as shown in Figure 6b. The
hexagonally packed polygons, obtained with a lamellae-forming
BCP (Vps: Vpavp ~ 20000:19000 ~ 1:1), are unique nanostruc-
tures not seen with coil—coil symmetric BCPs. The formation of
the polygonal morphology is pathway dependent and can be
attributed to the templated assembly of the BCP in thin films.

n-Hexane is a nonsolvent for both PS and P4VP but a good
solvent for PDP. After rinsing in n-hexane, a significant fraction
of the PDP was extracted from the PAVP(PDP) domain. The
SPM image shown in Figure 3a indicates that the PS-rich
cylinders did not remain oriented normal to the surface, and
the hexagonal packing was disrupted. This can be attributed
either to an orientation of the morphology during the spin-
coating process or from the volume change associated with the
removal of the PDP. It should be noted that the film thickness
decreased by ~47% after the rinse with n-hexane, as measured
using SPM and optical interferometry, and GISAXS showed that
the average interdomain spacing remained constant.

During subsequent solvent annealing, the mobility of copoly-
mer chains is enhanced by the presence of the solvent and the
copolymer rearranged, leading to a recovery of ordered cylind-
rical structures. Locally, PS(20000)-5-P4VP(19000) forms a
lamellar microdomain morphology, further stabilizing the edges
of the polygonal structures. The PS domains are swollen laterally
to accommodate the film thickness reduction, since there is no
lateral support from the P4VP(PDP) matrix once the PDP
has been removed. In addition, the PS chains in the PS-b-P4VP-
(PDP) supramolecules are deformed to accommodate the cross-
sectional mismatch between the coil and comb blocks at the
interfaces. Once the PDP is removed, it is energetically favorable
for the PS chains to rearrange laterally. Since the cylinders are
originally packed hexagonally, the polygons dominantly have six
facets. As discussed previously, the original circular cylindrical
microdomain morphology is key to the formation of the poly-
gonal cylinders, which means that the rearrangement and swel-
ling of PS blocks after the rinse with n-hexane is constrained by
the original patterns.

After rinsing with n-hexane, a fraction of the PDP still
remained in the thin films since the time of exposure to n-hexane
was short. On the basis of the film thickness measurements, the
remaining PDP was calculated to be ~10% of the original added
PDP. ATR FT-IR was used to monitor the hydrogen bonding
between the 4VP and PDP in the thin films. Figure 7 shows the
FT-IR spectra of PS-5-P4VP and PS-b-P4VP(PDP); thin films
before and after rinsing with n-hexane. Free pyridine groups of
P4VP blocks have absorption at 993 cm™', and upon hydrogen
bonding with PDP, the band shifts to 1008 cm ™', After a single
rinsing with n-hexane the absorption band at 993 cm ™" from the
free pyridine groups was observed. A band at 1003 cm ™ is also
seen, which is the superposition of the adsorptions of free and
hydrogen-bonded pyridine groups, indicating that there is a trace
of PDP in the thin films. However, the ATR-FTIR absorption
intensity is very sensitive to the surface roughness, making it
difficult to quantify the amount of PDP within the film. Metha-
nol is a good solvent for PDP and P4VP and can disrupt the
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Figure 4. (a) SPM height and phase image of a ~37 nm thin film after rinsed with n-hexane and annealed in chloroform vapor pressure for 3 h. The film
was originally ~80 nm in thickness. The z scale for height and phase is 20 nm and 80°. (b) GISAXS pattern of a ~30 nm thin film after the same
treatment as (a) at an incident angle of 0.2°. The film was originally 60 nm in thickness. (c) The ¢, scan at ¢. = 0.025 A™!, showing the PS cylindrical

microdomains are hexagonally packed and oriented perpendicular to the surface.

Figure 5. SPM height and phase image of a ~37 nm thin film after
rinsed with n-hexane and annealed in chloroform vapor pressure for
24 h. The film was originally ~80 nm in thickness. The z scale for height
and phase is 20 nm and 60°.

hydrogen bonds between PDP and P4VP. Rinsing with methanol
following the same procedure completely removed the PDP,
and the spectrum of the thin film is exactly the same as that of
pure PS-b-P4VP, also shown in Figure 7.

The residual PDP plays an important role in the formation of
the polygonal structures observed. Thin films washed with
methanol were not able to form the polygonal patterns.
Instead, the copolymer formed parallel lamellar oriented nor-
mal to the surface. The P4VP block has favorable interfacial
interactions with the oxide layer on the silicon substrate and the
PS has a lower surface energy than P4VP. Consequently, in
thin films, the lamellar microdomains orient parallel to the

\ 12.0 nm

NN 23.8nm

(b)

Figure 6. Surface unit cells of the ordered cylinder-in-matrix struc-
tures in thin films based on GISAXS and the SPM images:
(a) hexagonally packed circular cylinders and (b) hexagonally
packed hexagonal cylinders.

surface.>> The hexagonally packed polygonal structures ob-
served are kinetically trapped, far from the equilibrium mor-
phology. Since these structures are oriented normal to the
surface, it is evident that the PDP must mediate the interactions
of the blocks with the substrate and at the surface, resulting in
the perpendicular orientation. In the absence of PDP (methanol
washing) the lamellar microdomains assume the expected,
parallel orientation.

In summary, we presented a new approach to obtain none-
quilibrium nanostructures in BCP thin films by arranging a
precursor supramolecule into a morphology different from
its equilibrium morphology. In particular, a BCP-based supra-
molecule forming cylindrical morphology was formed by
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Figure 7. ATR FT-IR spectra of PS-h-P4VP thin films and PS-
b-P4VP(PDP); thin films before and after rinsed with n-hexane and
methanol.

hydrogen-bonding small molecules (PDP) to one block of a
lamellae forming BCP. Thin films of the supramolecule were
produced with hexagonally packed polygon-shaped microdo-
mains. Upon removal of the PDP, the original block copolymer
microphase separates within the boundaries established by the
supramolecule forming kinetically trapped microdomain mor-
phology templated or restrained by these boundaries. Since there
are a wide range of supramolecular assemblies accessible using
one single BCP, other novel morphologies can possibly be
produced. This new approach also provides a platform to
fundamentally understand the nonequilibrium nanostructures,
especially the self-assembly processes of block copolymer in thin
films.
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