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ABSTRACT: In this study, we aim to examine the morphological
evolution of block copolymer (BCP) nanostructured thin films through
solvent evaporation at different rates for solvent swollen polystyrene-
block-poly(r-lactide) (PS—PLLA). Interesting phase transitions from
disorder to perpendicular cylinder and then gyroid can be found while
using a partially selective solvent for PS to swell PS—=PLLA thin film
followed by solvent evaporation. During the transitions, gyroid-forming
BCP thin film with characteristic crystallographic planes of (111)g,
(110)g, and (211); parallel to air surface can be observed, and will
gradually transform into coexisting (110)g and (211)g planes, and
finally transforms to (211)q plane due to the preferential segregation of
constituted block to the surface (i.e., the thermodynamic origin for self-
assembly) that affects the relative amount of each component at the air
surface. With the decrease on the evaporation rate, the disorder phase
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will transform to parallel cylinder and then directly to (211)g without transition to perpendicular cylinder phase. Most
importantly, the morphological evolution of PS—PLLA thin films is strongly dependent upon the solvent removal rate only in the
initial stage of the evaporation process due to the anisotropy of cylinder structure. Once the morphology is transformed back to
the isotropic gyroid structure after long evaporation, the morphological evolution will only relate to the variation of the surface
composition. Similar phase transitions at the substrate can also be obtained by controlling the ratio of PLLA—OH to PS—OH
homopolymers to functionalize the substrate. As a result, the fabrication of well-defined nanostructured thin films with controlled
orientation can be achieved by simple swelling and deswelling with controlled evaporation rate.
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B INTRODUCTION

Nanostructured thin films from the self-assembly of block
copolymers (BCPs) have drawn intensive attention due to their
appealing applications in templates, > membranes,*™® antire-
flection coatings,”'® nanolithography,'" and optoelectronics.'”
For the ordering of BCP thin films, the self-assembled
morphologies are strongly affected by commensurability (the
ratio of film thickness to domain spacing) and interfacial
interactions (the interactions of constituted blocks with the air
and substrate) in addition to interaction parameter, molecular
weight, and composition.'>'* A variety of ordered nanostruc-
tures, such as body-center cubic spheres, hexagonally packed
cylinders, double gyroid, and lamellae, can be obtained from the
self-assembly of BCPs in the thin-film state. Among them,
double gyroid is one of the most appealing morphologies for
practical applications because of its unique texture, composed
of a matrix and two continuous but independent, inter-
penetrating networks in three-dimensional space, giving well-
defined network morphology."”™'* Different approaches to
control the ordering of BCP thin films have been reported.'” ™’
The use of solvent field (that is, solvent annealing or solvent
evaporation) is an alternative method for ordering BCP thin
films because BCPs encounters severe thermal degradation
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after high temperature thermal treatment.”*>* The absorption
of solvent promotes the self-assembly of BCP thin films by
lowering the glass transition temperature of constituted blocks
to give sufficient chain mobility for ordering. The selectivity of
the solvent vapor can create an effectively neutral air surface or
a surface that preferentially attracts the block with high surface
tension by reducing preferential segregation of the block with
low surface tension to the free surface, giving controlled
orientation of BCP nanostructure from ordering. After the
treatment in solvent field, instantaneous solvent removal is
usually employed to trap the morphologies from the solvent-
swollen thin films. Moreover, the absorption of selective solvent
may result in the variation of effective volume fraction of the
constituted block and thus microphase-separated nanostruc-
tured phase that enriches the applications of BCP self-assembly.

Libera and co-workers'® are the first to demonstrate the
effect of solvent evaporation on the orientation of cylinder
microdomains normal to the film surfaces of different BCP thin
films. In our previous studies, the preparation of perpendicular
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poly(i-lactide) (PLLA) cylinders in polystyrene-block-poly(L-
lactide) (PS—PLLA) thin film can be achieved by controlling
the evaporation rate and the selectivity of the solvent with
constituted blocks of the PS—PLLA.”” In addition to control of
the orientation of cylinders, the long-range order of the
cylinders in BCP thin films is also important for applications.
Among several plausible routes, annealing in solvent vapor has
been shown to be effective in enhancing the lateral order of
BCP thin films over large areas.”® > Russell and co-workers
investigated the thin-film morphologies of polystyrene-b-
poly(ethylene oxide) (PS—PEO) and polystyrene-b-poly(4-
vinylpyridine) (PS-P4VP) after annealing in solvent vapor.”**’
With increasing the annealing time, the lateral ordering of the
cylinders can be significantly enhanced, giving BCP thin films
with a hexagonal ordering of the cylinders. Recently, Epps and
co-workers reported a systematic studies on induced cylinder
orientation in BCP thin films through the control of solvent
evaporation rate for swollen thin films by solvent.’’ In our
previous study, the morphological evolution for the gyroid-
forming block copolymer thin films was studied as a function of
solvent annealing time by keeping the swollen thickness at two
times of the initial thickness. When the solvent annealing of the
gyroid-forming PS—PLLA thin film was keep at a certain
swollen thickness for a sufficiently long time, interesting
morphological evolution from gyroid to cylinder can be
found.>* Furthermore, the thin film morphologies at the free
surface will be strongly affected by solvent evaporation rate,
whereas the morphologies at the interface of the film and
substrate were dependent on the interactions of constituted
blocks with the substrate. With the use of neutral substrates, the
formation of perpendicular cylinders in BCP thin films can be
achieved. In literature, numerous methods have been reported
for the fabrication of neutral substrates.”*~** Recently, we also
demonstrated a new method for the formation of well-defined
nanostructured thin films with the aid of a two-step surface
functionalization.**

Herein, we aim to systematically investigate the effect of
solvent evaporation rate on the ordering of solvent-swollen
gyroid-forming PS—PLLA thin film. To gain insight into the
reordering mechanism associated with removal of solvent, the
as-cast BCP thin films will be swollen to reach disordered state
(swollen to 3 times the initial thickness), and then
morphological evolution can be induced by controlling the
rate of solvent evaporation. The thin-film morphologies will be
kinetically trapped at different preset time points during solvent
evaporation by instantaneous removal of the solvent. In
particular, the effects of the initial stage on the following
solvent annealing and evaporation processes will be empha-
sized. As mentioned above, the swollen thickness studied in our
previous report is 2 times the initial thickness;** therefore, the
morphological evolution is initiated from the microphase-
separated condition in that case. By contrast, the ordering
process in this study is initiated from the disordered state
during the solvent evaporation with controlled evaporation rate
at which the thickness will be varied during solvent evaporation.
Interesting morphological transformation behaviors from
disordered state to parallel cylinder, perpendicular cylinder,
and finally to gyroid can be found by using a partially PS
selective solvent to anneal the PS—PLLA thin film (note that
the use of PLLA selective solvents and neutral solvents will
encounter the crystallization problem during swelling of the
thin film, eventually resulting in the disturbance of well-
developed nanostructured thin film). The orientation of the

gyroid morphology was further studied by computational
calculation of compositional fraction, suggesting that the
forming thin-film morphologies can be dominated by
thermodynamic origin once the evaporation rate is low enough
to annihilate the kinetic effect on BCP self-assembly.
Meanwhile, to alleviate the wetting problem of the PS near
the substrate, the preferentiality of functionalized SiO, substrate
is tuned by increasing the proportion of the grafted PLLA—OH
to balance the selectivity of the substrate upon solvent
evaporation. Consequently, the formation of well-ordered
gyroid-forming PS—PLLA thin film with uniform surface and
open-cell character can be achieved and used for various
applications in nanotechnologies. Furthermore, well-ordered
nanoporous polymers can be fabricated after removal of the
PLLA block in the self-assembled PS—PLLA gyroid thin-film
and used as polymeric templates for the synthesis of a variety of
nanohybrid and nanoporous inorganic materials.'”**~*’

B EXPERIMENTAL SECTION

Materials. Hydroxyl-terminated polystyrene (PS—OH) with M, =
10 800 g mol™" and polydispersity (D) = 1.25 was synthesized by atom
transfer radical polymerization (ATRP). Hydroxyl-terminated poly(L-
lactide) (PLLA—OH) with M, = 10500 g mol™' and D = 1.16 was
synthesized by ring-opening polymerization (ROP). The PS—PLLA
was prepared by a sequential living polymerization using a double-
headed initiator. The synthetic routes of the PS—PLLA sample were
described in our previous publication.'”**™* The number-average
molecular weight and the D of the PS block were determined by gel
permeation chromatography (GPC). The D of the PS—PLLA was
determined by GPC, and the number of L-LA repeating units was
determined as a function of the number of styrene repeating units by
"H NMR analysis. The self-assembled PS—PLLA in the bulk state used
in this study is a gyroid phase, as reported previously.'”*™* The
domain spacing of the (211)g plane and lattice constant of the gyroid
phase were determined as approximately 40.9 and 100.1 nm,
respectively, on the basis of small-angle X-ray scattering (SAXS)
results.'” The number-average molecular weights of the PS and PLLA
blocks were 34 000 g mol™" and 27 000 g mol™!, respectively, and the
D of the PS—=PLLA was 1.26. The volume fraction of PLLA was
calculated to be fp;,” = 0.39 by assuming that the densities of the PS
and the PLLA were 1.02 and 1.25 gem™, respectively. Silicon (Si)
substrate was cleaned using a piranha solution (30:70 v/v% of H,0,
/H,S0,) at 140 °C for 30 min, followed by rinsing with deionized
water and drying in flowing nitrogen gas.

Preparation of Functionalized SiO, with Mixed Homopol-
ymer Brushes. Following the procedures described in our previous
study,* we successfully prepared functionalized SiO, with mixed
homopolymer brushes. The polymer solution (1 wt % PS—OH) in
1,2-dichloroethane was spin-coated onto Si wafer with SiO, surface at
1000 rpm for 1 min. Subsequently, the Si wafer with SiO, surface
coated with a thin layer of PS—OH was annealed at 140 °C in a
vacuum oven for different periods to graft the PS—OH onto the wafer.
The treated samples were then rinsed with 1,2-dichloroethane to
remove ungrafted PS—OH. Subsequently, the PLLA—OH was spin-
coated on the functionalized SiO, with PS—OH brushes, and the film
was thermally annealed at 180 °C in a vacuum oven. Finally,
functionalized SiO, with mixed homopolymer brushes was obtained
after rinsing with 1,2-dichloroethane to remove ungrafted PLLA—OH.

Preparation of Thin-Film Samples. Thin-film samples with
thickness of 200 nm was prepared on the functionalized SiO, by spin-
coating at 1000 rpm for 1 min by using 3 wt % of PS—PLLA solution
in chlorobenzene and then annealed with chloroform vapor using a
homemade solvent annealing system. The nitrogen gas is bubbled
through chloroform to produce a solvent-rich vapor stream that is
combined with a pure nitrogen stream prior to entering the annealing
chamber. The relative flow rates of these streams were controlled by
high precision mass flow controllers (Bronkhorst High-Tech B.V., F-
201CV) which were rated to control flow rate to within 1% of the set

DOI: 10.1021/acsami.5b03977
ACS Appl. Mater. Interfaces 2015, 7, 16536—16547


http://dx.doi.org/10.1021/acsami.5b03977

ACS Applied Materials & Interfaces

Research Article

(@) 700 -

500 -

Thickness (nm)

300 -

200 ¥

ol
&
‘\y”l .

.\'\

-
L
-
-

L

Figure 1. (2) Thickness profile of PS—PLLA thin film with initial thickness of 200 nm using chloroform as a solvent for swelling at 25 °C. (b—d)
Tapping-mode AFM height images and (e—g) TEM images of the PS—PLLA thin film annealed with chloroform vapor for (b and e) 20, (c and f)

40, and (d and g) 60 min, respectively.

point and had a total range of 0—100 sccm to manipulate the vapor
pressure of chloroform in the annealing chamber and thus control the
swollen film thickness. The annealing chamber (~100 cm®) was made
of stainless steel and consisted of an in-and-out port with a removable
sealed quartz window, which allowed for in situ measurements from a
spectral reflectometer (Filmetrics, Inc., F20—UV, 250—1500 nm). The
quartz window was tightly sealed by utilizing a perfluoroelastomer O-
ring to minimize interaction with solvent annealing vapors. A
schematic illustration and a photo of the actual solvent annealing
setup are shown in Figure S1 (SI). The solvent annealing was held at
ambient temperature to minimize the effect of thermal gradients that
could occur in the system. Different evaporation rates were achieved in
the following manner: the solvent bubble pipeline was instantaneously
stopped, and the pure nitrogen pipeline was kept pumping with
different flow rates to dilute the solvent vapor. The evaporation rate of
the solvent vapor can be controlled by purging the pure nitrogen with
different flow rate.

Simulation. The computer graphics of various cross sections
cutting parallel to the particular crystallographic planes of the gyroid
phase with given volume fraction was calculated. The double gyroid
networks were generated by applying the parallel surface method to

the minimal surface of the gyroid phase that is given by the following
trigonometric approximation:so

f(x, y, z) = 2.75((sin 2x)(sin z)(cos y) + (sin 2y)(sin x)(cos z)
+ (sin 2z)(sin x)(cos y))
— ((cos 2x)(cos 2y) + (cos Zy)(cos 2z)
+ (cos 2z)(cos 2x)) (1)

Atomic Force Microscope (AFM). Tapping-mode AFM images
of thin-film samples were obtained. To clearly examine the
characteristic plane of the gyroid and cylinder nanostructures at the
air surface, we hydrolyzed thin-film samples for 5 min, giving the
required height contrast for AFM. Furthermore, to examine the
bottom-view morphology, we stripped thin-film samples from the
functionalized SiO, substrate using 1% HF solution for 30 s, floated
them on the surface of water, and finally collected another clean wafer
on the reverse side. A Seiko SPA-400 AFM with a SEIKO SPI-3800N
Abetz probe station was utilized at room temperature. A rectangular
silicon tip was used in dynamic force mode (DFM) experiments with a
spring force of 5 N m™" and a scan rate of 1 Hz.
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Figure 2. (a) Thickness profile of PS—PLLA thin-film during solvent annealing and controlled evaporation process. Tapping-mode AFM height
images of thin-film with initial thickness of 200 nm using chloroform as solvent for swelling at 25 °C, followed by evaporation at 20 nm/min to
thicknesses of (b) 550, (c) 520, (d) 490, (e) 460, (f) 430, and (g) 400 nm. The observed morphologies are marked with different colors:
perpendicular cylinder (yellowish), (111)¢ plane of gyroid (blue), (110)¢ plane of gyroid (red) and (211); plane of gyroid (green).

Transmission Electron Microscopy (TEM). To acquire the TEM
images, we stripped thin-film samples from the functionalized SiO,
substrate using 1% HF solution for 30 s, then floated them on the
surface of water, and finally collected them with copper grids. To
examine the cross-sectional morphology, we picked up thin-film
samples stripped from the functionalized SiO, substrate with a piece of
polyimide thin plate. A thin layer of carbon was then sputtered onto
the surface of thin-film before being embedded with epoxy resin. The
epoxy embedded thin-film samples were microtomed normal to the
film plane at a thickness of 50 nm and then transferred onto a copper
grid. All of the samples were stained with RuO, by exposing the
samples to the vapor of 4% aqueous solution of RuO, for 3 h to
enhance the mass—thickness contrast before the TEM observation. A
JEOL JEM-2100 transmission electron microscope was used at an
accelerating voltage of 200 kV.

B RESULTS AND DISCUSSION

Morphological Evolution as a Function of Swollen
Thickness During Evaporation. PS—PLLA thin films were

prepared onto functionalized silicon wafer by spin coating using
chlorobenzene solution. For the development of complete
gyroid texture, the thickness of spin-coated thin film was
controlled to be larger than the lattice constant of the gyroid-
forming PS—PLLA (approximately 100 nm). Note that the final
morphology of the PS—PLLA thin film is very sensitive to the
film thickness.>* As a result, a thin film with thickness of 200
nm was prepared to satisfy the criteria of commensuration. As
shown in Figure S2 (SI), the as-cast film appears with poorly
ordered structures, resulting from extremely fast evaporation
rate of solvent during spin coating. To get the ordering, we
treated the film with chloroform for swelling, followed by
solvent evaporation. In the swollen stage, the thin-ilm was
swollen to a different preset thickness using chloroform vapor,
and the film thickness was monitored by spectral reflectometer.
To carry out the solvent annealing for swelling, we prepared the
chloroform vapor pressure in the chamber to reach a steady
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state after the UV signals of chloroform remain unchanged.
Note that the morphology of the thin-film at the initial stage of
solvent evaporation will significantly affect the evolution of
morphology during solvent evaporation.”’ To alleviate the
effect of initial morphologies on the following ordering process,
the thin films were swollen by chloroform to reach
approximately three times the initial thickness to get the
disordered state at the end of swollen stage. It is also noted that
uniform thickness profile in the nanostructured thin films is
required for practical applications. As found, there is no
dewetting problem by swelling the thin film for three times the
initial thickness during the whole swelling process, as evidenced
by polarized light microscopy (PLM) observation (Figure S3,
SI).

Figure la shows the thickening profiles of 200 nm films
swollen by chloroform at 25 °C. When the temperature is at the
ambient condition, the vapor pressure of the chloroform
(P* tioroform ~ 158 mmHg at 20 °C) is high enough to give high
evaporation rate. Meanwhile, the cross-section area of the
solvent tank is relatively larger than that of the inlet tube of the
nitrogen gas. Consequently, the vapor pressure of the solvent
vapor through the bubbler is referred as saturated vapor
pressure. Ross et al. derived the following equation to calculate
the vapor pressure of chloroform”'

q
p — p¥ chloroform

chloroform chloroform

qchloroform + qu (2)

where gq;, P, and P¥ represent the molar flow rate (mol/min),
partial pressure and saturated vapor pressure of component i,
respectively. In this study, the vapor pressure of chloroform for
solvent annealing was controlled to P/P* = 0.95, where P is the
vapor pressure of chloroform in the annealing chamber and P*
is the saturated vapor pressure at 25 °C. As shown in Figure Ia,
the sample thickness increases linearly with annealing time and
the film thickness will eventually reach three times the initial
thickness of the film due to a level-off process for thickening at
P/P* = 0.95. When the thickness of the solvent swollen film is
increased to three times, the swollen BCP becomes disordered
due to the solvation effect that will increase the mobility of the
BCP chain for reorganization. To ensure that the thin-film
sample becomes disordered, we observed the developed
morphologies at different swollen stages by AFM and TEM
after instantaneously removal of the solvent from the film
through a sudden burst of N, which deswells the swollen films
within few seconds. Figure 1b—g shows the AFM and TEM
results of PS—PLLA thin films after swelling in chloroform
vapor under the swollen thickness at 600 nm for 20, 40, and 60
min, respectively. With the increase of solvent annealing time,
the initial bicontinuous-like thin-film morphology will gradually
transforms into disordered texture (Figure 1d,g). Subsequently,
solvent evaporation (corresponding to the reduction in the film
thickness) was carried out to induce the ordering of the thin
film from swollen state. The ordered morphologies driven by
solvent evaporation at different stages (i.e., various thicknesses)
will be kinetically trapped by instantaneous removal of the
solvent.

Upon solvent evaporation, the effective Flory—Huggins
interaction parameters (y.q) between the PS and PLLA blocks
will gradually increase due to the decrease on the solvent
content. Consequently, the swollen BCP thin films in
disordered state will start ordering after the initiation of
solvent evaporation. By controlling the flow rate of purging N,

gas, the solvent removal rate can be tuned to reduce the sample
thickness at a constant rate. Figure 2a shows the thickness
profile of the film under solvent evaporation at 20 nm/min
solvent removal rate. Figure 2b shows the trapped morphol-
ogies from the swollen PS—PLLA thin-film after solvent
evaporation for a solvent removal rate of 20 nm/min to give
sample with 550 nm thickness; a chloroform solvent. The
chloroform solvent will preferentially associate with the PS
microdomain, resulting in the change of the effective volume
fraction, and hence the gyroid-forming samples will transform
into the cylinder morphology. Moreover, the formation of
perpendicular cylinder from the solvent evaporation is
attributed to kinetic factor of the swelling process.”’ As the
film thickness reduces to 520 nm, an interesting phase
transition from hexagonally packed perpendicular cylinders to
gyroid texture with the crystallographic plane of (111); parallel
to the air surface can be found. The coexisting planes of
hexagonal array of perpendicular cylinder and gyroid (111)g
suggest that the initiation of phase transition in the thin-film
was originally from cylinder to gyroid (Figure 2c). For the
swollen thin-film with thickness of 490 and 460 nm, the gyroid
characteristic crystallographic plane of (111)g will rapidly
transforms into (110)g and (211)g, resulting in the coexist
planes of all these planes (Figure 2d,e). Further decrease in the
film thickness to 430 nm, the coexisting gyroid planes of (110)q
and (211)¢ were found without any (111)g plane (Figure 2f).
As shown, hexagonally packed nanoarrays can be observed,
suggesting the formation of perpendicular cylinders. The
forming cylinder morphology is attributed to the partial
selectivity of the in Figure 2g, the gyroid plane of (211)q
plane only can be observed when the film thickness reaches to
400 nm. Accordingly, the control of morphological evolution
can be achieved by solvent evaporation that enables the
formation of a variety of thin-film textures with controlled
orientation. The evaporation process will accompany a
significant reduction in chain mobility and the morphological
evolution will be suppressed when the polymer mixture reaches
vitrified state.”> As a result, the thinning process from solvent
evaporation will be halted once the sample thickness reaches
two times the initial thickness of the cast film.

Induced Ordering from Air Surface. As observed above,
interesting phase transition behaviors were found in swollen
PS—PLLA thin-film using chloroform, a PS selective solvent,
during solvent evaporation. The selectivity of chloroform
solvent will prefer to segregate the PS block to the air surface.
Consequently, the variation of relative amount of constituted
components at the air surface will result in the formation of a
variety of transitional phases during the evaporation stage.
Upon the solvent evaporation, the segregation strength will
increase with time, and therefore, the swollen PS microdomain
will preferentially experience the phase transformation from
disorder to cylinder phase. Owing to the selectivity of the
solvent, the formation of cylindrical morphology from
disordered phase can be achieved once the concentration of
the BCP is high enough to achieve ordering through the self-
assembling process. The formation of perpendicular cylinders
after solvent evaporation can be explained by the following
mechanism. Initially, as the solvent begins to evaporate, the film
is subjected to an ever-changing commensurability condition
because the ratio of the film thickness (t) to the nanostructure
domain spacing of the swollen film (L) (ie., t/L) changes
accordingly. To accommodate this change, the parallel
orientation will incur higher energy penalties (in the form of
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chain stretching/compression or nucleation of islands/holes)
compared with the perpendicular orientation.”’ As a result, to
avoid energy penalties and to correspond with the commensu-
ration for the consideration of thermodynamic stability will lead
to the formation of perpendicular cylinders rather than parallel
cylinders. Also, the evaporation may induce the formation of
perpendicular orientation of cylinder microdomains due to the
permeation discrepancy between phase-separated microdo-
mains.”” Further, evaporation will lead to the decrease of
swelling level of PS microdomain, resulting in phase transition
from cylinder to gyroid. The phase transition process will
follow epitaxial relationship in which the cylinder axial
direction, and the (111); must be matched. Consequently,
coexisting planes of hexagonal perpendicular cylinder and
(111)g can be observed.

Nevertheless, different projection planes of the gyroid phase
will possess different surface composition ratio which will result
in complicate crystallographic plane transition for the gyroid
nanostructure. To gain better understanding of the morpho-
logical evolution of the gyroid nanostructure during solvent
annealing, we calculated the compositional fraction of the PS
matrix on various crystallographic planes (fs(X,)). The position
of a cross-sectional plane cut parallel to a particular crystallo-
graphic plane (hki) is defined by h(X — X,) + kY + 1Z = 0, X, is
the position of the cross section, which is reduced with respect
to the length of the cell edge (0 < X, < 1).'®** Considering of
the intrinsic PS compositional fraction (~0.6) and the use of
PS selective solvent, the calculated area fraction fs(X,) at
different X, was examined and analyzed from 0.5 to 0.65.

Figure 3 plots the fs(X,) against X, for various crystallo-
graphic planes. It is interesting to recognize that only the planes
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Figure 3. Plot of calculated area fraction of the matrix phase (i.e., PS),
f5(X,), cutting along the planes parallel to various crystallographic
planes, versus X;. The fs(X,) are in the range of 0.5—0.65.

parallel to (211); (green @), (110); planes (red ), and
(111)g planes (blue M) can give the PS compositional
fractions ranging from 0.5 to 0.65. Also, as found, the (211)q
planes at X, = 0, 0.5, and 1.0 give a minimum value of fs(X,) at
0.52, the (110)¢ planes at X, = 0, 0.25, 0.5, 0.75, and 1.0 give a
minimum value of fs(X,) at 0.56, and the (111) planes at X, =
0.1375, 0.5, and 0.8625 give a minimum value of fs(X,) at
0.626. Corresponding computer graphics of the 2D images
parallel to the (211)g, (110)g, and (111) planes at different X,
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values are shown in Figure S4 (SI). As shown in Figure 2e,
characteristic (211)g, (110)g, and (111)g planes coexist at the
free surface, indicating the phase transformation from cylinder
to gyroid. However, the transitions among different crystallo-
graphic planes in gyroid are much more complicate than
cylinder phase; as analyzed above, there are various composi-
tional fractions in different projection of planes. It is noted that
the phase transition is induced by the surface affinities between
the solvent and the constituted blocks. The PLLA has a lower
surface energy (38.3 mN/m) than PS (40.7 mN/m) at 25 °C.
As shown in Figure 3, at higher PS compositional range, the
gyroid morphology can be present with the crystallographic
planes of (211)g (110)g, and (111)g During solvent
evaporation, solvent content in the swollen thin film will
gradually decrease so that the selectivity effect will be
deteriorated with the increase of evaporation time. Sub-
sequently, the fraction of the lower surface energy block
(PLLA) at the air surface will be increased due to the effect of
surface energy on aggregation. As a result, the (111) plane will
gradually disappear, giving to the coexistence of the (211)¢ and
(110) planes at the air-surface (Figure 2f); namely, the surface
composition of PS fraction should be reduced in the range of
0.56—0.626 (Figure 3). With further evaporation, a gyroid with
exclusive characteristic (211)g plane at the surface of the thin-
film can be found due to the balanced effects of surface energy
and solvent selectivity (Figure 2g). Obviously, the observed
transitions for the gyroid nanostructure at the air-surface is
attributed to the competition of affinities of the solvent and the
surface tension of the constituted blocks. Therefore, upon
evaporation of the chloroform, the surface energy is able to be
balanced by the selectivity of solvent to give neutral surface
(fs(X,) near to 0.5).

Morphological Evolution with Various Solvent Evap-
oration Rates. To further examine, the effect of solvent
evaporation on the behavior of phase transitions, we examined
the morphological evolution by varying the evaporation rate of
solvent. In contrast to the relatively high evaporation rate of 20
nm/min, slower evaporation rate was conducted by using the
same solvent but lower N, gas purging rate, giving a lower
reduction rate in thickness, as shown in Figures 4a and Sa for
solvent removal rate at 10 and 5 nm/min, respectively. With
decreasing the thickness of the film with reduction rate from 20
nm/min to 10 nm/min, it is difficult to acquire fully developed
perpendicular cylinders but instead there are always the mixed-
type morphologies with parallel and perpendicular cylinders
when thickness is reduced to 550 nm as shown in Figure 4b.
When thickness is reduced to 520 nm under 10 nm/min
solvent removal rate (Figure 4c), the morphology of the film
with the coexisting parallel and perpendicular cylinders will
transform to a coexist morphology of perpendicular cylinder
and gyroid (211)¢. This morphological evolution indicates that
the parallel cylinder phase will directly transform to the (211)g
prior to the perpendicular one under lower evaporation rate.
This interesting morphological transition can be explained by
the following mechanism. As mentioned in the previous
section, film thickness is an ever-changing state during the
evaporation process. Consequently, the development of parallel
cylinders will compress the polymer chains to correspond with
the commensurability during the solvent evaporation stage.
When polymer chains are compressed, the average nearest-
neighbor distance between the chemical junctions will inrease
and lead to the change of interfacial curvature. The change in
the interfacial curvature will result in the phase transition from
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Figure 4. (a) Thickness profile of PS—PLLA thin-film in solvent annealing and evaporation process. Tapping-mode AFM height images of the PS—
PLLA thin film with initial thickness of 200 nm using chloroform as solvent for swelling, followed by evaporation at 15 nm/min to thicknesses of (b)
550, (c) 520, (d) 490, (e) 460, (f) 430, and (g) 400 nm. The observed morphologies are marked with different colors: (yellowish) perpendicular
cylinder, (blue) (111)¢ plane of gyroid, (red) (110)g plane of gyroid, and (green) (211)g plane of gyroid.

the parallel cylinder to the gyroid morphology. In contrast,
during the solvent evaporation process, perpendicular cylinder
morphology could easily adjust the distance between polymer
chains along the direction of the cylinderical axis without
fluctuation of effective volume fraction. Therefore, we speculate
that the parallel cylinders should directly transform to gyroid
morphology prior to perpendicular cylinders. The formation of
the perpendicular cylinders is a kinetic cause from fast
evaporation, whereas the phase transition from parallel cylinder
to gyroid is attributed to thermodynamic origins so that the
transformation will take over directly without the formation of
perpendicular cylinders under slow evaporation. Also, during
the transformation from parallel cylinder to gyroid, the
thickness is reduced to 520 nm under 10 nm/min solvent
removal rate, (10) plane of cylinders (parallel cylinder) should
transform to (211)g."> As a result, the coexisting planes of
perpendicular cylinder and (211); was observed (Figures 4c).

With further decrease in the film thickness to 490 nm, the
perpendicular cylinders will also start to transform into gyroid.
As shown in Figure 4d, the coexisting planes of perpendicular
cylinders and gyroids (111); and (211)g can be clearly
observed. This observation further confirms that the parallel
cylinders will first transforms into gyroid morphology prior to
become perpendicular cylinders. The gyroid coexisting planes
of (111)g, (110)g, and (211)g (Figure 4e) will gradually
transform into the coexisting planes of (110); and (211)g
(Figure 4f) and finally the becomes exclusive (211)g gyroid
plane when the film thickness reaches to 400 nm (Figure 4g).

When the solvent removal rate is further decreased to S nm/
min, there is no formation of perpendicular cylinders from the
parallel cylinders, which is due to the annihilation of
perpendicular cylinder formation under slow evaporation
(Figure Sb). With a further decrease in the solvent removal
rate, the effect of energy penalties for the parallel orientation
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Figure 5. (a) Thickness profile of PS—PLLA thin-film in solvent annealing and evaporation process. Tapping-mode AFM height images of the PS—
PLLA thin film with initial thickness of 200 nm using chloroform as solvent for swelling, followed by evaporation at 10 nm/min to thicknesses of (b)
550, (c) 520, (d) 490, (e) 460, (f) 430, and (g) 400 nm. The observed morphologies are marked with different colors: (yellowish) perpendicular
cylinder, (blue) (111) plane of gyroid, (red) (110); plane of gyroid, and (green) (211) plane of gyroid.

(in the form of chain stretching or compression) will mitigate,
and the influence of the enthalpy contribution from the
interfacial interaction will be enhanced. Consequently, for the
lower evaporation rate condition, the thermodynamic stability
will lead the formation of parallel cylinders rather than
perpendicular cylinders as expected (Figure Sa). When
thickness is reduced to 520 and 490 nm, a coexisting planes
of parallel cylinders and gyroid (211) can be observed (Figure
Sb,c). Finally, the morphological evolution of gyroid upon
solvent evaporation will follow the same route mentioned
above, as shown in Figure Se—g.

To analyze the observed morphologies, we constructed a
transient PS—PLLA morphology diagram (Figure 6) in which
various morphologies are plotted as solvent removal rate versus
swollen thickness based on the results of the observed AFM
images from Figures 2, 4, and S. The phase diagram can be
divided into three regions and each region corresponds to

Isotropic
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Anisotropic Phase
Structure  Transition

20 ‘O ! '
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@ /oy
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@ auy

600 550 520 490 460 430 400
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Solvent Removal Rate
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Figure 6. Phase behavior of PS—PLLA thin-film upon solvent
evaporation as a function of solvent removal rate and swollen
thickness. The corresponding morphology for each symbol are listed at
the right corner (CY — cylinder, (xx)g — xxx plane of gyroid).
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different stage of morphological evolution from solvent
evaporation. The first region (ie., the ordering process from
disorder to cylinder) is denoted as anisotropic structure region.
In this region, the orientation of the cylinder is highly related to
the solvent evaporation rate due to kinetic origin as shown in
the phase diagram at which the fast evaporation will lead to the
formation of perpendicular cylinder, whereas the slow one gives
parallel cylinder formation. The second region is the coexisting
morphologies of cylinder and gyroid which is denoted as phase
transition region. The observed coexisting morphologies are
highly dependent on the orientation of the cylinder structure in
the first region. A different orientation of cylinder as formed in
the first region will give rise to different crystallographic plane
of the gyroid phase upon solvent evaporation. The third region
is denoted as isotropic structure region. The vocabulary
“isotropic” and “anisotropic” have usually been used in optics.
Light gets polarized when transmitted through a structured
liquid containing such optical anisotropy. Therefore, noncubic
structures (lamellar or cylinder) are birefringent objects, and
transmitted light intensity will get recorded at the detector of
the polarized light microscope. By contrast, cubic ordered
morphologies do not have any unique crystallographic optical
axis and hence do not show birefringence. Disordered states in
block copolymers have concentration fluctuations that are
random in nature with no preferred spatial orientation and thus
are nonbirefringent. For both cubic states and disordered states,
the detector will give zero transmitted light intensity. As a
result, the absence of the birefringence for the gyroid structure
(cubic structure) was examined and regarded as a isotropic
structure.”” The gyroid morphologies are transformed into
different crystallographic planes due to thermodynamics origin.
Accordingly, the transitions of the gyroid morphologies within
this region are independent of solvent evaporation rate. We
speculate that the discrepancies between phase transition
mechanisms of the first and third regions are attributed to
the differences between anisotropy and isotropy of the
structures. The orientation of the anisotropic cylinder structure
will be affected by the flow field attributed to the evaporation of
the solvent. In contrast, the orientation of the isotropic gyroid
is mainly attributed to the affinity and surface tension factor. In
conclusion, the morphological evolution of PS—PLLA thin-film
should be strongly dependent upon the solvent removal rate
only in the initial stage of the deswollen process which is
attributed to the anisotropy of cylinder structure. Once the
morphology is transformed to the isotropic gyroid structure
after longer deswelling time, the morphological evolution will
be largely controlled by the variation of the surface composition
resulting from the thermodynamic effect.

Induced Ordering from Functionalized Substrate. As
mentioned above, the partially PS selective solvent, chloroform,
can be used for solvent annealing followed by solvent
evaporation to acquire the transitional phase from cylinder to
gyroid. Consequently, PS—=PLLA thin film with ordered and
oriented crystallography plane of gyroid (i.e, (211)g) can be
found at the air surface. However, in practical applications,
especially for the fabrication of high porosity structure, thin
films with open-cell and span-through character are needed to
carry out the hydrolysis of PLLA. The cross-sectional TEM
images were obtained for further examination of different
morphological transitions in the thin-film. Figure 7a shows the
results of the PS—PLLA thin-film sample treated by solvent
annealing (1 h at 600 nm swollen thickness) followed by
evaporation rate of 20 nm/min to 400 nm. The cross-sectional

Figure 7. Cross-sectional TEM image of PS—PLLA thin-film with the
initial PS—PLLA thickness of 200 nm treated by solvent annealing
followed by evaporation of solvent removal rate at 20 nm/min to 400
nm on different functionalized SiO, substrates.

TEM image shows the (110)¢ projection of the gyroid phase
extending from the film surface to the substrate, suggesting the
feasibility to acquire the gyroid morphology with controlled
orientation by controlled evaporation process of solvent
swollen thin-film. However, a bright straight line near the
substrate can still be clearly identified (Figure 7), indicating the
formation of a single-layer cylinder near the substrate. The
parallel oriented cylinder near the substrate is attributed to the
strong enthalpic interaction of the substrate which is fully
grafted with PS—OH homopolymers. The phase morphology
near the substrate can be further confirmed from the bottom-
view AFM images. As shown in Figure 8a, no clear image
contrast can be identified, even after hydrolytic treatment,
indicating that the PS block should be wetted onto the
substrate.

To eliminate the PS wetting layer, the PLLA—OH was
further functionalized onto the SiO, substrate to balance the
surface preferentiality of the substrate. A relatively neutral
substrate (SUB-0) was prepared by using a two-step grafting
processes through thermal annealing at which PS—OH can be
grafted onto SiO, surface at 100 °C for 120 min followed by
grafting of PLLA—OH.**

The thin-film sample with the initial thickness of 200 nm on
a neutral substrate was treated under the same processing
condition (1 h solvent annealing at 600 nm swollen thickness
followed by evaporation of solvent removal rate at 20 nm/min
to 400 nm). Similarly, the thin-film morphology consisting of
(211) at the air surface can be found. However, even with the
modification of the substrate with neutral selectivity, no
significant image contrast can be identified from the bottom-
view AFM image after hydrolytic treatment (Figure 8b). This
result shows the similar phenomenon as described in our
previous work,” the PS chains on the functionalized substrate
will be stretched by chloroform (PS selective solvent) during
the solvent evaporation process while the PLLA chains will
recoil. Consequently, surface preferentiality of the function-
alized SiO, surface is further tuned by increasing the proportion
of PLLA—OH on functionalized substrate. As demonstrated in
our previous report, the proportion of PLLA was precisely
calculated from the XPS spectra. The calculated proportion of
PLLA gradually increases while the thermal annealing time for
the grafting of the PS—OH brushes decreases. Consequently,
the results indicate that the composition ratio of PS—OH to
PLLA—OH on the SiO, surface can be effectively controlled by
this two-step annealing process.”* Accordingly, a series of
functionalized substrates with steadily increased PLLA—OH
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Figure 8. Tapping-mode bottom-view AFM phase images of (a) PS—OH fully functionalized substrate, (b) SUB-0, (c) SUB-1, (d) SUB-2, (e) SUB-
3, (f) SUB-4, and (g) SUB-S with the initial PS—PLLA thickness of 200 nm on functionalized SiO, substrates treated by solvent annealing followed
by solvent removal rate of 20 nm/min. (h) Tapping-mode bottom-view AFM phase images of Figure 8g after hydrolytic treatment.

compositional fraction were prepared. The substrates were
labeled as SUB-1, SUB-2, SUB-3 SUB-4, and SUB-5 for 110,
100, 90, 80, and 70 min thermal annealing to graft the PS—OH
brush, respectively. As shown in Figure 8c,d (SUB-1 and SUB-
2), no significant image contrast can be identified, even after
hydrolytic treatment, suggesting that a thin layer of PS is wetted
onto the substrate. With increasing the proportion of the PLLA
brush for the functionalized substrate (SUB-3, Figure 8e) a
clear microphase-separated morphology can be observed,
suggesting that the composition of the grafted polymer brush
starts to compensate the effect of solvent selectivity. Similar
results can also be found in SUB-4 (Figure 8f). Furthermore,
the bottom-view morphologies between SUB-3 and SUB-4
show an interesting discrepancy; the bottom-view image of the
SUB-3 sample shows the coexisting planes of (110)g and
(211)g, whereas the preferential plane of (211)g can only be
found in the plane of SUB-4 sample. This morphological
variation is indeed in line with the morphological results as
described above. By increasing the proportion of the grafted
PLLA brush, it is possible to reduce the preferentiality of the
substrate for the PS block and to enhance the preferentiality of
the substrate for the PLLA block simultaneously. Consequently,
preferential (110)g and (211) planes will gradually transforms
into (211)g plane due to the consideration of equivalent
composition. Further increasing the proportion of the PLLA
brush (SUB-S, Figure 8g), no significant image contrast can be
identified. In contrast to SUB-1, a clear microphase-separated
image can be observed after hydrolytic treatment (Figure 8h),
indicating that a thin-layer of PLLA should be wetted onto the
substrate due to the dominant effect of substrate selectivity for
the PLLA block. Although the results show similar trend as
described in our previous work,”” the neutrality of the substrate
was achieved at higher PLLA fraction for the solvent
evaporation process (SUB-4) than the solvent annealing
process (SUB-3). We speculate that the discrepancy of the
PLLA fraction for the neutral condition is attributed to the
difference of the absorbed solvent amount in the swollen state.
The amount of solvent contained in the thin-film is removed to
induce morphologies by solvent evaporation process (Pspven: ~
0.67) is higher than that by solvent annealing process (Povent ~
0.5). The larger amount of chloroform solvent contained in the

thin film will give rise to a higher selectivity toward the PS
block. To compensate the higher selectivity caused by the
solvent absorption, we must graft the higher proportion of the
PLLA brush onto the substrate to achieve the neutral condition
for during the solvent evaporation process. As a result, it is
possible to balance the substrate selectivity on constituted
blocks of PS—PLLA upon solvent evaporation process by
tuning the characteristics of the functionalized substrates.

B CONCLUSIONS

The morphological evolution of gyroid-forming block copoly-
mer thin films was carefully studied with varying solvent
evaporation rate. During the solvent evaporation process,
interesting morphological evolution from disorder to cylinder
(anisotropic structure), and then gyroid (isotropic structure)
can be observed. Most importantly, the morphological
evolution of PS—PLLA thin films is strongly dependent upon
the solvent removal rate only in the initial stage of the
evaporation process due to the anisotropy of cylinder structure.
Once the morphology is transformed back to the isotropic
gyroid structure after longer evaporation, the morphological
evolution will only relate to the variation of the surface
composition resulting from thermodynamic origin. Meanwhile,
similar phase transitions at the substrate can also be obtained
by controlling the ratio of PLLA—OH to PS—OH homopol-
ymers functionalized the substrate. Ultimately, nanostructured
gyroid thin film with the (211)g plane parallel to both
interfaces was obtained. These results offer a new insight into
the self-assembly of gyroid-forming PS—PLLA BCPs in the
thin-film state. Furthermore, well-ordered nanoporous poly-
mers can be fabricated after the removal of the PLLA block in
the self-assembled PS—PLLA gyroid thin film and used as
polymeric templates for the synthesis of a variety of
nanohybrids and nanoporous inorganic materials, giving
appealing applications in nanotechnology®’ such as antire-
flective structure (ARS) materials,'’ surface plasmon resonance
(SPR) materials,*” catalysis,*"*°
selective delivery materials.*®

and even environment-
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