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Morphology Transformation Pathway of Block Copolymer-
Directed Cooperative Self-Assembly of ZnO Hybrid Films
Monitored In Situ during Slot-Die Coating

Ting Tian, Shanshan Yin, Suo Tu, Christian L. Weindl, Kerstin S. Wienhold, Suzhe Liang,
Matthias Schwartzkopf, Stephan V. Roth, and Peter Miiller-Buschbaum*

Cooperative self-assembly (co-assembly) of diblock copolymers (DBCs) and
inorganic precursors that takes inspiration from the rich phase separation
behavior of DBCs can enable the realization of a broad spectrum of functional
nanostructures with the desired sizes. In a DBC assisted sol-gel chemistry
approach with polystyrene-block-poly(ethylene oxide) and ZnO, hybrid films
are formed with slot-die coating. Pure DBC films are printed as control. In
situ grazing-incidence small-angle X-ray scattering measurements are per-
formed to investigate the self-assembly and co-assembly process during the
film formation. Combining complementary ex situ characterizations, several
distinct regimes are differentiated to describe the morphological transforma-
tions from the initially solvent-dispersed to the ultimately solidified films. The
comparison of the assembly pathway evidences that the key step in the estab-
lishment of the pure DBC film is the coalescence of spherical micelles toward
cylindrical domains. Due to the presence of the phase-selective precursor, the
formation of cylindrical aggregates in the solution is crucial for the structural
development of the hybrid film. The pre-existing cylinders in the ink impede
the domain growth of the hybrid film during the subsequent drying process.
The precursor reduces the degree of order, prevents crystallization of the PEO
block, and introduces additional length scales in the hybrid films.

biomedical science,®°! energy storage,

and conversion.!® Among the dif-
ferent existing synthetic routes for ZnO,
the self-assembly of amphiphilic diblock
copolymers (DBCs) has emerged as a very
versatile and powerful strategy because
of its incomparable merits in both highly
tunable morphology and superior fabri-
cation flexibility.'”l Inspired by their rich
phase separation behaviors as well as the
well-established theoretical phase dia-
grams, this soft-templating approach has
been extensively documented to access a
multitude of functionalized metal oxides
or inorganic nanoparticles with desir-
able morphology and orientation besides
ZnO.13" However, the successful reali-
zation of ZnO nanostructures guided by
self-assembled DBCs involves tedious
fabrication procedures and requires a
delicate control over the entire process
with a high sensitivity to humidity and
temperature.'>1% In particular, up-scaling
can be challenging. Therefore, a well-

1. Introduction

Mesoporous ZnO thin films have sparked tremendous atten-
tion due to their morphological richness and advantageous
functionalities,!"” which promise enormous perspectives in
important fields including photocatalysis,** gas sensing,>”]

reproducible and easily up-scalable protocol for the fabrication
of mesoporous ZnO coatings is still absent today.
Conceptually, a successful fabrication of ZnO nanostruc-
tures templated by DBCs acutely depends on the cooperative
self-assembly (co-assembly) of amphiphilic DBC molecules and
inorganic sol-gel precursor molecules.”® During self-assembly
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processes occurring in the initial solution used for coating and
the coating after deposition, the ZnO nanostructure is formed.
It is driven by interfacial interactions originating from the pref-
erential incorporation of the precursor guest molecules into
the corona chains of the polymer host matrix, mostly through
hydrogen bonding. This complex interplay makes the hybrid
systems more complicated than the bare DBC systems.['] Apart
from the components themselves, the solvent affinity, precursor
cross-linking, solvent evaporation rate, and substrate wettability
also have a straightforward impact on the interfacial area and
polymer chain stretching.[?21 Such complexity often leads to the
formation of kinetically frozen nanostructures, deviating from
the equilibrium state. Consequently, an additional post-treat-
ment step (mainly through solvent vapor or thermal annealing)
is always essential to impart sufficient mobility to the polymer
chains, yielding a further structural arrangement, and ultimately
achieving high periodicity of the nanostructure.?223]

Benefiting from the good solution processability, this wet-
chemical approach is capable of being integrated into industrial-
based production processes such as sheet-to-sheet and roll-to-roll
(R2R) techniques, which offer the opportunities for cost-effec-
tively achieving high-throughput manufacturing of large-area
coatings. Among these large-scale fabrication routes, slot-die
coating possesses considerable potential for applications such
as organic electronics and photovoltaics in terms of controllable
film morphologies and achievable device performance.?*2% In
contrast to the kinetically trapped morphologies generated from
the widespread use of spin coating, slot-die coating, a non-con-
tact meniscus-guided printing method, allows for fine-tuning of
the film deposition process. The coating can be tuned by virtue
of optimization of deposition parameters, including the ink
viscosity, the slot-die head geometry, and the fluid flow condi-
tions.[””28] Concerning the underlying film formation mecha-
nism, in situ grazing-incidence small-angle X-ray scattering
(GISAXS) demonstrated to be a powerful tool for real-time mon-
itoring of the solvent-evaporation-induced morphology evolution
at the nanometer scale. Besides, both film surface and buried
nanostructures are detectable. Thus, morphological features
with high statistical significance can be resolved by this recip-
rocal-space technique.””! For example, on the basis of in situ
GISAXS measurements, Proller et al. and Liu et al. successfully
mapped the multistage structure forming process of photoactive
layers during slot-die coating.?%*l Berezkin et al. and Gu et al.
followed morphological transformations of DBC films under sol-
vent vapor annealing conditions.’?33 Sarkar et al. and Song et al.
disclosed the time-resolved kinetics of spray coating of inorganic
ZnO films and titania films, respectively.3#*! Moreover, with an
ultrahigh time resolution at the subsecond level, GISAXS also
enables the detection of short-lived intermediate phases that
occurred in rapid DBCs ordering dynamics: Fleury et al. and
Franeker et al. observed multiple transient structures and elu-
cidated the phase separation during spin coating.’*¥] In situ
studies of thin-film coating processes have been reported, but
only a very limited number of studies have been carried out yet
to follow the fabrication of organic-inorganic hybrid film using
in situ GISAXS during slot-die coating. Also, the mesoporous
structures synthesized by applying DBCs as pore-forming
agents, so far have been primarily investigated post-fabrication
of the ZnO coatings. In addition, implementing ZnO/polymer
hybrids as cathode buffer layers has emerged as a promising
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and effective approach to achieve polymer-based solar cells
with high performance. By virtue of the synthetic effects of the
insulating polymer and inorganic ZnO nanoparticles, the ZnO/
polymer hybrids provide a simple way to manipulate electron
transport. In this perspective, the structure control of resultant
ZnO/polymer hybrids is also of crucial significance for further
device optimization.?®31 However, to gain more fundamental
understanding, a real-time characterization of the complex self-
assembly behaviors occurring during the conversion of the fluid
solution toward the solidified film in the sol-gel process during
printing is of vital importance.

Hence, herein in situ GISAXS experiments are conducted
to access the morphology evolution during the solution-to-
film transition accomplished through slot-die coating. The
co-assembly in the hybrid system in conjunction with self-
assembly in the pure polymer system is systematically charac-
terized to explore the structure-guiding effect of the DBC for
the formation of the ZnO architectures. In the present work,
the templated ZnO films are deposited from a micellar solu-
tion consisting of the commonly used DBC polystyrene-block-
poly(ethylene oxide) (PS-b-PEO) and a so-called good-poor
solvent pair, one common for both blocks PS and PEO, and
one selective toward only PEO. Following an identical recipe,
the establishment of the PS-b-PEO/ZnO hybrid film is accom-
plished through the introduction of ZnO precursor molecules.
Additionally, the solvent selectivity-derived nanophase separa-
tion in solution is verified using dynamic light scattering (DLS)
and complementary small-angle X-ray scattering (SAXS) meas-
urements. Ex situ morphological observations of the completely
dried film are carried out via scanning electron microscopy
(SEM) and GISAXS. Thus, we are able to track the structural
development from the initial solutions to the ultimate films
after printing. During printing, the slot-die head is kept fixed
while moving the stage with the substrate as common in R2R
coating. With in situ GISAXS, several distinct regimes during
the film formation are identified, and the underlying mor-
phology forming mechanism leading to final phase-separated
nanostructures is elucidated. All together, we visualize the
ZnO nanostructure formation during the slot-die coating pro-
cess. This sheds light on a well-controllable tailoring of the
mesoporous morphology templated by DBCs toward a broad
spectrum of technological applications of the ZnO coatings.

2. Result and Discussion

2.1. Preassembly in Solution

The amphiphilic DBC investigated in the present work has an
average molecular weight of 20.5 and 8.0 kg mol™ for hydro-
phobic PS and hydrophilic PEO blocks, respectively. Thus, the
volume fraction of the PEO segments is fpgo = 0.27 according
to the corresponding bulk densities.*] To trigger the micro-
phase separation in solution, the cosolvent used is binary N,N’-
dimethylformamide-water (DMF-H,0) mixtures, in which DMF
is a good solvent for both PS and PEO blocks, while H,O is selec-
tive toward PEO in light of the Hansen solubility parameters.[*!
Consequently, the formation of crew-cut micelles is typically
characterized by a two-step organization process, where DMF
promotes an equivalent level of chain stretching for both blocks,
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Figure 1. Structural information of PS-b-PEO and PS-b-PEO/ZnO in solution. a) DLS normalized autocorrelation function profiles. The solid lines
indicate the best fit results to the measured data (symbols). b) Corresponding distribution functions of hydrodynamic radii, Ry, acquired from the lag
time curves. c) SAXS scattering curves (symbols) and the model fits (lines). d) Schematic of the spherical-to-cylindrical morphological transformation

of the PS-b-PEO micelles induced by selectively localized ZnO precursor.

while the affinity of H,0 toward PEO enhances the incompat-
ibility between them. This incompatibility stimulates the spon-
taneous phase separation into spherical micelles consisting of a
less hydrated PS core and a highly swollen PEO corona. These
self-assembled micelles serve as nano-templates after the intro-
duction of the inorganic precursor molecules. It is assumed that
the hydrolyzed Zn?* species are selectively distributed in the PEO
moieties via hydrogen bonding, which significantly influences
the interfacial behavior and might yield different morphologies.

DLS measurements enable the analysis of the micellization
and possible aggregation by determining the overall dimen-
sions in terms of hydrodynamic radius (Ry). Figure 1a presents
the representative normalized intensity autocorrelation func-
tions measured for the DBC solution with and without pre-
cursor zinc acetate dihydrate (ZAD).

The PS-b-PEO solution features a single decay, suggesting
that a single category of diffusing particles prevails and is
tentatively assigned to micelles. After the incorporation of
ZAD, the decay curve displays a pronounced shift toward
larger lag time (7), which is presumably attributed to the for-
mation of large-sized aggregates. The corresponding distri-
bution functions extracted from the related fits are shown in
Figure 1b. The PS-b-PEO solution shows a narrow size distri-
bution with a unimodal peak centered at 20 £ 2 nm, whereas
the ZnO-loaded PS-b-PEO (PS-b-PEO/ZnO) solution displays a
trimodal broad radius distribution including an identical peak
related to PS-b-PEO micelles. Given the irreversible fusion of
PS-b-PEO micelles carrying the Zn—O covalent bonds,"® the
much larger Ry, located at 343 £ 15 nm has a high amplitude,
corresponding to formed intermicellar aggregates. In addition,
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the Ry, with sizes below 10 nm might arise from the clustering
of ZAD molecules or molecularly dissolved polymer chains. As
for the further structural assignment of the smallest Ry, addi-
tional DLS measurements of both, pure polymer and precursor
solutions are performed. In the pure solution without any water
addition (Figure S2, Supporting Information), the peak associ-
ated with the fast decay in the measured autocorrelation func-
tion is centered at 3.6 nm, which is comparable to that of the
hybrid film. Such evidence supports the presence of molecu-
larly dissolved PS-b-PEO polymer chains in the hybrid solution.
Only providing overall information on the Ry, DLS analysis is,
unfortunately, incapable of determining the structural origin of
the different size distribution and the dramatically increased Ry,
in the hybrid PS-b-PEO/ZnO solution. One explanation could
be the transformation into cylindrical structures,*?! since such
a spherical-to-cylindrical morphology transition was reported
for DBC micelle-templating systems.**

Therefore, SAXS experiments are conducted in a
complementary manner to extract more precise information
about the micelle solution, in particular, the micellar shape and
internal micelle structure. The corresponding SAXS profiles are
depicted in Figure 1c. Despite an analogous scattering behavior
in both, intermediate-q and high-q regions, the SAXS data of
both solutions are different. The scattering curve of the PS-
b-PEO solution exhibits a visible shoulder in the low-q region,
while the PS-b-PEO/ZnO solution features nearly straight line-
shaped intensity decay in the low-q region. As for the model-
dependent data analysis, the initial approximation following a
simple core—shell sphere model fails to fit the overall q range
for both systems. In the case of the PS-b-PEO solution, only
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part of the low-q region cannot be explained, suggesting that the
scattering contribution from the spatial correlation between the
micelles is not negligible.”! To account for this, an additional
hard-sphere structure factor is used to explain the low-q region.
Such a modified model based on the combination of core-shell
sphere form factor and hard-sphere structure factor, turns out to
enable a successful fit for the PS-b-PEO micelles in solution. As
summarized (see Table S3, Supporting Information), the spher-
ical core—shell micelle has a radius (ry;) of 10.8 £ 0.3 nm, in
which the PS core radius (r) is 9.0 + 0.1 nm and PEO shell thick-
ness (ry) is 1.8 £ 0.2 nm. Such a much shorter corona-forming
block is expected for crew-cut micelles. The hard-sphere radius
(rus) and the volume fraction (vys) of the correlated PS-b-PEO
micelles are 20 £ 1 nm and 0.10 £ 0.01, respectively. Such weak
intermicellar interactions might originate from the semi-dilute
concentration and increase the tendency to aggregation./6#]
Matching only for a very narrow q range, the core—shell sphere
model is invalid for fitting the SAXS data of the PS-b-PEO/
ZnO solution. Thus, we can exclude the possibility of a simple
shell expansion of the core-shell micelles after the accommo-
dation of ZnO precursor molecules. Considering the observed
aggregation in the DLS measurements, a Guinier—Porod model
approach is adopted as an alternative and gives a satisfactory fit
result over the entire q range.*®#! This best model fit is estab-
lished on several key structural parameters consisting of the
radius of gyration (r,), a shape factor (s), and Porod exponent
(m).P%5U The determined values are 20.0 + 1.2 nm, 0.83 + 0.01
and 1.00 £ 0.02, respectively. Consequently, a rigidly rod-like
shape can be applied to describe the generated PS-b-PEO aggre-
gates, and the length is calculated to be =15.5 nm. A more
detailed model description and the extracted fit parameters can
be found in Section S3, Supporting Information.

The presence of ZnO precursor leads to a spherical-to-
cylindrical morphology transition, implying the occurrence
of a 1D directional coalescence process of the ZnO-loaded
PS-b-PEO micelles as a result of interfacial energy minimiza-
tion (Figure 1d). Such information is of special importance
as the co-assembly of the ZnO-loaded micelles in solution
is a sophisticated process, wherein the hydrolyzed and con-
densed products of ZnO precursors would give rise to per-
manent Zn—O covalent bonds with adjacent ZnO species on
PEO moieties, and the formation of such an interconnected
network is irreversible.['®]

2.2. Assembled Morphology in Thin Film Geometry

The formation of micelles/aggregates as mentioned above can
be considered as a consequence of the preassembly in solu-
tion. Despite having completely different structures in the
solution states (ink for the printing), both films demonstrate
similar overall morphologies after printing. According to self-
consistent field theory,’ a dispersion of the minor PEO cyl-
inders in the PS matrix is expected in the film geometry. As
displayed in Figure 2a, a typical fingerprint-like morphology for
the slot-die-coated PS-b-PEO film surface can be observed, in
which darker PEO domains alternate to a brighter PS matrix.
Highlighted by the red circle and blue rectangle in Figure 2a,
respectively, the round and elongated dark PEO domains
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coexist. From the corresponding 45° tilt-view image (Figure S4a,
Supporting Information), the PS-b-PEO film is found to be very
thin with some short PEO cylinders perpendicularly oriented
to the Si substrate. Returning to the film surface, the round
PEO domains are identified to be vertically aligned, while the
elongated ones might be parallel cylinders or coalesced vertical
PEO domains. Similar morphology has been observed for the
PS-b-PEO film.>¥l Additionally, the ring present in the 2D fast
Fourier transform (2D-FFT) pattern reveals a short-range order
for the slot-die-coated PS-b-PEO film. From the corresponding
power spectral density (PSD) profile extracted from the 2D-FFT
pattern (Figure S5, Supporting Information), the periodic
interdomain spacing on the film surface can be derived to be
27 nm according to Bragg’s law d = 27/q. Compared to kineti-
cally trapped granular morphologies observed in the spin-
coated counterpart films (Figure S6a, Supporting Information),
the well-ordered nanostructures achieved by slot-die coating
can be attributed to a slower solvent evaporation rate, which
ensures sufficient time as well as chains mobility to enable
further structural developments.’ In addition, such a mor-
phology difference can be interpreted from the viewpoint of the
film formation mechanism. Unlike spin coating, in which the
centrifugal force controls the film formation process and non-
equilibrium morphologies are easily frozen-in, slot-die coating
is a kind of meniscus-guided technique involving more compli-
cated fluid flow and gradients in combination with sufficient
chain mobility, which is advantageous for improving phase
separation and structural order.>”!

After the incorporation of the ZnO component, the SEM
image of the PS-b-PEO/ZnO hybrid film shows significantly
enhanced contrast owing to the highly conductive nature of ZnO
(Figure 2a and Figure S4b, Supporting Information). The pref-
erential segregation of brighter ZnO objects inside both round
(marked by the red circle in the upper image in Figure 2a) and
elongated (marked by the blue rectangle in the upper image
in Figure 2a) PEO regions is visible, separating the hybrid
film into ZnO-incorporated PEO domains (denoted as PEO/
ZnO) and PS domains. Indeed, a well-retained morphology is
also easily discernible, evidencing the structure-directing effect
from the polymer template to a large degree. Unfortunately, the
structure order of PS-b-PEO film is destroyed by the selective
localization of ZnO as confirmed from the absence of an FFT
ring, which is often the case for DBC films with an incorporated
third component. The possible scenario for this loss in order
originates from the loss of the conformational entropy of the
polymer chains by the ZnO accommodation.’”) Different from
the morphology of the slot-die-coated hybrid film, but similar
to the spin-coated pure DBC film, the spin-coated hybrid film
also shows pronounced selective confinement of ZnO inside the
PEO domains (Figure S6b, Supporting Information).

To access the inner morphologies, particularly to quantify
the structure sizes and spatial correlations of a selected com-
ponent, GISAXS measurements are performed at an incident
angle above the critical angles of all involved materials.’!
As highlighted by a solid yellow arrow (Figure 2b), the pres-
ence of a prominent rod-like Bragg reflection in the PS-b-PEO
film data, again signifies the ordered arrangement of the as-
obtained PS-b-PEO nanostructures. Based on the calculation
of the scattering length density, the material-specific Yoneda
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Figure 2. a) High-magnification (80 k) SEM top-view images of completely solidified PS-b-PEO (top) and PS-b-PEO/ZnO hybrid film (bottom) after
slot-die coating. The blue rectangles and red circles highlight worm-like and sphere-shaped PEO domains (PEO/ZnO domains in the PS-b-PEO/ZnO
film), respectively. The upper-right insets are the corresponding 2D FFT patterns. b) 2D GISAXS data. The dashed green arrow and the dashed red arrow
along q, direction schematically display the Yoneda peak positions of PEO and PEO/ZnO domains for performing horizontal line cuts, respectively.
The yellow arrow in pure PS-b-PEO film data indicates the appearance of the characteristic peak related to the domain spacing. c) 2D GIWAXS data.
d) Horizontal line cuts (solid dots) from GISAXS data with best fits (solid lines). e) Characteristic interdomain distance and domain size of small-sized
(triangles), middle-sized (spheres), and large-sized structures (squares), respectively. The dashed lines are guides to the eyes. f) Radial cake cuts from

the 2D GIWAXS data providing pseudo-XRD information.

peak of PEO is determined to be at g, = 0.5712 nm™! (pointed
out as dashed green arrow). Interestingly, the introduction of
the high-electron-density ZnO phase not only causes a much
stronger lateral scattering observed from the PS-b-PEO/ZnO
hybrid film, but also alters the propagation of the scattering sig-
nals along the g, direction, leading to multiple intensity mod-
ulations and a distinguishable splitting of the Yoneda region
due to the X-ray interference effect (Figure 2b).’®#>% Among
these triple Yoneda peaks, the one for PEO/ZnO domains can
be observed at q, = 0.6291 nm™! as indicated by the dashed red
arrow. More detailed analysis of these intensity oscillations
and the assignment of the Yoneda peak of PEO/ZnO domains
can be found in Section S6, Supporting Information. The pro-
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nounced Bragg peak seen in the case of the pure DBC film
vanishes for the hybrid film, which is in line with the lack of
structural order observed on the film surface with SEM. To track
the structural changes by ZnO embedment in more detail, the
intensity line cuts along the horizontal direction (g,) are taken
at the g, positions of the critical angles of respective domains
(PEO domains for PS-b-PEO film and PEO/ZnO domains for
PS-b-PEO/ZnO film). As plotted in Figure 2d, the observed
Bragg peak is again found to be located at g, = 0.26 nm™, which
closely matches the characteristic peak in PSD for the PS-b-PEO
film, confirming that the characteristic spatial periodicity not
only occurs on the film surface but spans the entire film thick-
ness. From a fit, the corresponding full-width at half maximum
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(FWHM) of the peak is quantified to be 0.0683 + 0.0004 nm™.
Thereby the correlation length (over which the structural
order of the cylindrical structures persist) can be estimated to
be 83 nm according to the Scherrer analysis,">*% indicating
that this polymer film possesses only short-range order in good
agreement with the absence of higher-order Bragg peaks. Also,
the absence of the characteristic scattering from the hexagonally
close-packed cylinders suggests that long-range order is not
achieved in the printed DBC. In good accordance with the PSD
profile in Figure S5, Supporting Information, the in-plane scat-
tering curve for PS-b-PEO/ZnO film exhibits a plateau-like
feature without any characteristic peak, which is indicative of
the spatial disorder of the PEO/ZnO domains. For GISAXS
data modeling, distorted-wave Born approximation is used to
account for the multiple reflection/refraction effects, while
the spatial distribution of the scattering entities is assumed
in the framework of local monodisperse approximation. More
data modeling details are described in Section S7, Supporting
Information. Two differently sized objects are needed to fit the
horizontal line cut of the PS-b-PEO data, whereas three are nec-
essary for the PS-b-PEO/ZnO hybrid film. For each object, the
form factor denotes the radius of the domains, while the respec-
tive structure factor correlates to the center-to-center distance
between the adjacent domains. As plotted in Figure 2e, the two
interdomain distances increase from 50 £ 4 and 23 £ 1 nm for
PEO in the DBC film to 60 £ 6 and 27 = 4 nm for PEO/ZnO
in the hybrid film. Following a consistent tendency, the domain
radii grow from 14.5 + 1.1 and 77 £ 0.5 nm for PEO in the DBC
film to 27 + 2 and 10.1 + 0.8 nm for PEO/ZnO in the hybrid
film. Such an expansion of the interdomain spacing is a direct
outcome of the swelling of PEO domains upon the preferential
localization of ZnO. Besides, in the hybrid film appears a third
type of object with an interdomain distance of 11.5 £ 0.4 nm
and domain size of 4.2 = 0.3 nm. Analogous phenomena con-
cerning the deformation of structural order and the enlarge-
ment of the polymeric domains upon the integration of phase-
selective molecules or particles were also found in previous
investigations.’®®! The detailed origin of the structural changes
is tracked with in situ investigations as described below.
Considering that the melting temperature of PEO is well
below the glass transition temperature of PS under the current
experimental conditions, the PEO blocks could be crystalline,
while PS would remain amorphous after the film formation
processes.[0%l Accordingly, ex situ grazing-incidence wide-
angle X-ray scattering (GIWAXS) characterizations are per-
formed to investigate the crystallization behavior of PS-b-PEO
polymer upon the selective incorporation of the ZnO phase.
As shown in the 2D GIWAXS data presented in Figure 2c,
the characteristic crystallinity peaks of the PEO domain can
be observed in the pure PS-b-PEO film, while the tethering
of the ZnO phase to the PEO blocks appear to frustrate the
crystallization, since amorphous diffraction features appear.
The azimuthal integration of the 2D GIWAXS data provides
pseudo X-ray diffraction (pseudo-XRD) data, which also cor-
roborates the crystallinity loss of the PEO domains after ZnO
is embedded (see Figure 2f). Accordingly, the strongest peaks
in a q range of 1.0-2.0 A~ can be attributed to diffraction from
(120), (112), (222), and (111) planes, and another broad one at
2.0-2.5 A7 is closely associated to (313) and (118) planes of PEO
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crystallites. In addition, another weak peak appears at around
0.80 A1, which was previously found in crystalline PEO, but
no definitive indexing was reported.[¥*8] Therefore, the distri-
bution of phase-selective ZnO vyields the transition from crys-
talline to amorphous PEO domains. Similar phenomena were
extensively witnessed in previous investigations, which sug-
gested that the spatial distribution of PEO-selective components
would reduce the chain length of crystallizable PEO and then
inhibited the PEO crystallization due to the hydrogen-bonding
interactions.*’!

2.3. Structural Transformation during Film Formation

Based on these initial observations, questions arise about the
self-assembly pathways from spherical PS-b-PEO micelles
toward cylindrical nanostructures in the film during the slot-die
coating process. In addition, it is unknown how the co-assembly
of the polymer template and ZnO precursors dictates their spa-
tial distribution and determines the resultant morphology for
the PS-b-PEO/ZnO hybrid film. To resolve possible interme-
diate structures and obtain detailed structural parameters about
the film formation, time-resolved in situ GISAXS measure-
ments are implemented during the printing in a R2R compat-
ible mode, meaning that the slot-die head is kept fixed and the
stage with the substrate is moving underneath. Considering that
the water vapor in the atmosphere would interact with hydro-
philic PEO or PEO/ZnO domains and give rise to possible mor-
phology changes, especially under high humidity conditions,®?
both pure polymer and hybrid films in this work are slot-die-
coated under identical ambient conditions (typically 23% relative
humidity) to minimize the effects from a high relative humidity.

2.3.1. Slot-Die Coating of Pure Polystyrene-block-Poly(Ethylene
Oxide) Film

The sketch of the in situ GISAXS setup is shown in
Figure 3a. Figure 3b pictures the lateral structure evolution of
PEO domains in the pure DBC film in a mapping extracted
from horizontal line cuts of the in situ 2D GISAXS data.
Selected 2D GISAXS data are displayed in Figure S9, Sup-
porting Information. A rapidly evolving morphology is visible
as evidenced from both, the scattering intensity increase and
the appearance of the characteristic Bragg peak along the out-
of-plane direction (dashed box in Figure 3b). The initial scat-
tering intensity is low. Until t = 25 s, it increases strongly,
followed by a weaker increase until reaching equilibrium. At
t = 38 s, the pronounced Bragg reflection appears at around
gy, = 0.26 nm™", indicating that the coronas of sphere-shaped
PS-b-PEO micelles have been packed into ordered PEO cylin-
ders. Note that from ¢ > 230 s, neither scattering intensity nor
Bragg peak changes can be observed, suggesting that the estab-
lishment of a morphologically stable PS-b-PEO film is accom-
plished. Figure 3d shows selected horizontal line cuts together
with model fits as a function of time. No discernible scattering
peak can be observed at the very beginning, which is indica-
tive of the disordered state for the as-obtained wet film. As sol-
vent leaves the film, the disorder-to-order transition occurs and

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

X-ray

: i 3 240F
2
b 0.4 I :lV d 2 LI 180
i = ps
1 |
: I g 2025 £ 80 160 E
0.3 i I 15 230s g oOf -
a5 = = = = |222s ool 4
‘;‘E == = 8, 193 s
£ 02 : i 1 210 166 s 160} : : i . 120
53 E 1 2 133s a0y a0
i = 2 121s
&l i 1 = 5 %6s E 40f {30
1 0 s £ {20 £
= 38s £ of e
0.0 25s 4110
0 iwmm“‘""'
e e 4 a2 i |0s -40p ; ; ; . 1o
0 338 88 133 175 222 0.001 001 01 1 0 38 112 185 237
time (s) qy (nm") time (s)
, g 300
Cc e
16 s
£
2 %
—_ [=]
5 12}
< s
£ 1 2 N
> N N
o K] -
= —_
£ : 2
0 A \ £
o
ol < -100 HEHHH
: : U s = T "y i 0 41 118 172 245 i o
0 41 97 145 189 228 0.001 °'°1(nm‘f;1 1 S
time (s) Gy(nm™)
solution phase domain growth gel phase glassy phase

Figure 3. a) Schematic of the in situ slot-die coating setup. Temporal evolution of the inner structures for the slot-die-coated b,d,f) PS-b-PEO film and
c,e,g) PS-b-PEO/ZnO hybrid film. b,c) 2D color mappings of horizontal line cuts extracted from the 2D GISAXS data plotted as a function of time.
All horizontal line cuts are integrated over the corresponding Yoneda region. Four stages (I-1V) are seen for PS-b-PEO and three stages (I-Ill) for PS-
b-PEO/ZnO film formation as indicated with vertical dashed lines. The red dashed rectangle in (b) highlights the appearance and the evolution of the
Bragg peak originating from the PEO domain spacing. d,e) Representative horizontal line cuts (hollow circles) together with corresponding modeling
fits (solid lines) plotted from the bottom (wet film) to top (glassy film) with increasing time. For clarification, all data are shifted along the y-axis.
f,g) Characteristic structure parameters extracted from the fits are the interdomain distances (D) and the domain radius (R). Blue, yellow, violet, and
red shading denote the stages involved in structure evolution as indicated.

the scattering peak appears at 38 s. Reflected by the FWHM of  order continues to improve until 222 s, which can be attributed
the scattering peak (Figure S11, Supporting Information), the  to stronger segmental interactions arising from the increased
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Flory-Huggins interaction parameters () due to solvent loss.
During the whole film formation process, two sets of struc-
tures are sufficient for the GISAXS line cut modeling and the
determined parameters are summarized in Figure 3f. These
results categorize the film formation process for PS-b-PEO
film into four stages. Despite the lateral distance between the
adjacent PEO domains showing a progressively decreasing
tendency before reaching the final stable status, the most sig-
nificant decrease is found to be within the first 25 s, which can
be denoted as the solution phase (stage I). Concomitantly, the
PEO domains also feature a rapid shrinkage with the large-
sized object radius, Ry, drastically decreasing from 58 * 23 to
31+ 12 nm and the small-sized object radius R, decreasing from
11 + 3 to 5.0 £ 1.0 nm. Furthermore, the size of the PS domain
(Rps) can be calculated based on the following equation!®3]

2xPS domain radius =
PEO interdomain distance — (2 x PEO domain radius) M
Therefore, the onset values for small-sized PS domains
and large-sized PS domains are estimated to be around 9 and
15 nm, respectively. The former one matches perfectly the
radius of the PS core obtained from the SAXS analysis, while
the latter one might be associated with the compound micelles
formed by an abrupt solvent loss upon hitting the hot substrate.
From this point of view, the scattering intensity collected in
stage I is mainly contributed by the micelles. At the end of this
stage, the small-sized and large-sized PS domains increase to
12.3 and 29.5 nm, respectively. Strikingly, the shrinkage of the
PEO shell occurs with the concomitant expansion of the PS
core, which would result in an improved degree of stretching
of the core and lead to a continuous loss of the entropy. Con-
sequently, a morphology change toward lower curvature cylin-
drical structures occurs to resolve the interfacial instability it
generates.[®)] Considering a non-negligible spatial correlation
as described by the hard-sphere structure factor in SAXS anal-
ysis, the coalescence between spherical micelles would also be
facilitated by further narrowing the interdistance. According
to the solvent evaporation-induced self-assembly mechanism,
the directional solvent gradient along the substrate normal
could enable the formation of ordered PS-b-PEO nanostruc-
tures.® Calculated by the well-pronounced scattering peak
at g = 0.20 nm™., a periodic interdomain distance of 31 nm of
PEO cylinders is seen, initializing the domain growth (stage II).
Simultaneously, a slow enlargement of the PEO domain radius
(Ry: [25 £ 5] — [28 £ 8] nm, Ry: [4.6 £ 1.0] — [8 £ 3] nm) is found,
which is typical of a morphology coarsening. From the phys-
ical point of view, the coupling of Lifshitz—Slyozov—Wagner
(or Ostwald ripening) mechanism and Sigga’s mechanism
could be responsible for the growth of the domain size con-
sidering the intermediate PEO volume fraction. The former
one is characteristic of the evaporation from smaller droplets
and then condensation into nearby larger droplets, which is
mainly driven by the translational diffusion of the constituent
materials. While the latter is a hydrodynamic process driven by
the interfacial tension between PS and PEO phases.[® How-
ever, the growth of the PEO domain does not proceed infinitely
and once it comes to a critical point, the system would begin
to dehydrate and transit into stage III. Indeed, both stage II
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and stage III can be regarded as gel phases in terms of the
solvent contents in these wet films during drying. Featuring a
smooth decrease of the PEO sizes (R;: [25 £ 10] — [16 + 7] nm,
Ry: [8 £ 2] — [78 £ 1.0] nm), this stage indicates that the sol-
vent loss outcompetes the morphology coarsening and domi-
nates the dimension changes. At the end of stage III, the length
scales for both, domain radius and interdomain distance reach
their minimum and maintain constants in stage IV, which is
in perfect accordance with the values retrieved from the corre-
sponding ex situ GISAXS results. Taking the vitrification of the
PS phase into account, the formed nanostructures are solidified
and preserved as the majority of solvent molecules is removed.
Thus, the polymer film throughout the course of stage IV is in
its glassy state.

2.3.2. Slot-Die Coating of Polystyrene-block-Poly(Ethylene Oxide)/
ZnO Hybrid Film

Likewise, the structure evolution of the hybrid film is also fol-
lowed with the analysis of in situ GISAXS data. The horizontal
line cuts of the 2D GISAXS data are performed at the critical
angle of PEO/ZnO and plotted as a mapping in Figure 3c.
Selected 2D GISAXS data are found in Figure S10, Supporting
Information. Due to the loading of phase-selective ZnO, the PS-
b-PEO/ZnO hybrid film follows a different scattering behavior.
It has a stronger scattering contrast and lacks characteristic
scattering peaks throughout the whole film formation process.
Immediately at the beginning of the printing process, again a
low scattering intensity is observed due to the diluted ink being
deposited. As the concentration of the PS-b-PEO/ZnO hybrid
starts to rise via solvent evaporation, the scattering intensity
is enhanced. It is followed by a longer period with a less pro-
nounced intensity increase before an equilibrium is reached.
The small intensity fluctuations observed in the 2D mappings
for both slot-die coatings can be understood as slight film inho-
mogeneities and fluctuations produced by local solution evap-
oration along the printing direction in the meniscus-guided
solution casting techniques.® The time-resolved horizontal
line cuts are shown together with the fits in Figure 3e. A steep
intensity decay in the intermediate g, range is prominent during
the initial 31 s, being characteristic of a limited scattering con-
tribution from the well-dissolved solutes. As solvent evapora-
tion progresses, this scattering feature vanishes. Instead, a
shoulder emerges and slightly shifts toward higher g, values
and then remains unaltered during the subsequent time, which
is closely associated with the formation and the development
of the smallest structures. Similarly, by fitting the in situ hori-
zontal line cuts in a quantitative manner, the time-dependent
structure evolution is determined (Figure 3g). Only three stages
are identified from structure changes. Two sets of structures
can successfully model the scattering data in stage I, while an
additional set of structures is mandatory for the later stages II
and III. Similar to the pure DBC film, we observe a succes-
sively decreasing tendency for the separation distance. Without
involving any phase ripening process observed in the pure DBC
film, the domain size of the hybrid film, however, is a monoto-
nous function of time until decreasing to the final values. More
specifically, a drastic reduction of the PEO/ZnO domain size
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(Ry: [88 £ 36] — [49 £ 14] nm, R,: [29 £ 8] — [15 + 4] nm) for
two structures is again found in stage I, which can be attri-
buted to the fast solvent evaporation in the solution phase.
Along with the emergence of the third set of structures,
stage II undergoes a reduced decrease for all structural para-
meters (Ry: [44 £ 21] — [26 + 12] nm, Ry: [15 £ 7] — [12 £ 4] nm,
R3: [6.0 £ 1.0] — [5.0 £ 1.0] nm) until reaching the minimum
at t = 197 s, and then changes into stage III, which describes
the final film. Notice that no domain growth process can be
observed throughout the complete film formation process for
the hybrid film. Instead, due to the integration of ZnO, the
hybrid film has a larger Flory-Huggins interaction parameter,
which suggests that the PEO/ZnO domains have relatively
stronger incompatibility against PS domains and are more
prone to lead to multilength phase separation during the sol-
vent loss in stage 11.1¢7]

As confirmed from the ex situ GISAXS results of the PS-
b-PEO/ZnO hybrid film, the parameters extracted in stage III
are indicative of a completely solidified film. In contrast to
the pure DBC film, stage II encountered here denotes the gel
phase and stage III the glassy phase. The hydrogen bonding
between PEO segments and ZnO nanoparticles is commonly
believed to largely suppress the further motions of PEO chains.
Therefore, the hybrid film printing can be regarded as a more
easily controllable printing process than the pure DBC film
printing because fewer stages are involved in the film forma-
tion process. As seen in the trimodal domain size distribu-
tion in the gel phase, the highest intensities observed for the
peak centered at the smallest size at 41 s indicate the largest
amount of the smallest PEO/ZnO domains inside the hybrid
film (Figure S12, Supporting Information). Moreover, the
increasing peak intensity of the smallest PEO/ZnO domains
in the following drying process is accompanied by the decrease
from the middle-sized and large-sized ones. Therefore, it is
reasonable to conclude that the emergence and enrichment of
small PEO/ZnO domains happen at the sacrifice of the larger
domains. Extracted from the peak intensities, the number frac-
tion of the smallest domains reaches 88% at the end of the gel
phase. Based on the cylindrical shape for all scattering objects,
the volume fractions of the smallest PEO/ZnO domains can be
estimated to be 45%, correspondingly.

2.3.3. Morphology Transformation Pathways during Slot-Die Coating

For both, the PS-b-PEO and PS-b-PEO/ZnO hybrid film,%? the
abovementioned in situ and ex situ studies probe the struc-
tural developments during slot-die coating. In conjunction with
the micelle information, they provide crucial clues for a better
understanding of the morphology transformation pathways
during the solution-to-film transition. In the initial solution
stage, the PS blocks can be regarded as the guest phase hosted
by the PEO + solvents (for PS-b-PEO) or PEO + ZnO + solvents
(for PS-b-PEO/Zn0) environment due to the solvent selectivity.
In the final solidified films, however, the PS blocks constitute
the matrix to host the minor PEO or PEO/ZnO phase. It is
probably that in the film formation process the solvent evapo-
ration is responsible for the inversion of the guest-host roles.
Notwithstanding that H,0 will leave the film first at a much
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faster evaporation rate due to its lower boiling point and higher
vapor pressure, precise tracking of solvent content is intrinsi-
cally limited by the used GISAXS geometry. In addition, the
volume of DMF in the binary solvent mixtures is far higher
than that of water (Vpyg:Vipo = 181). Therefore, the effect
of H,O during the film formation process can be negligible
herein. Regarding the difference in morphology evolution, the
ZnO-PEO interaction plays a crucial role in the competition
between the crystallization behavior of the PEO block and the
phase separation between PS and PEO (PS and PEO/ZnO for
the hybrid film).

The observed respective film formation process is depicted
in Figure 4c,d. Beginning with the solution phase, the initial
shape difference can be explained by the mediated interfacial
energy due to the hydrogen bonding between ZnO and PEO.
Regardless of the presence of ZnO, the interplay between high
chain mobilization and high segmental interactions dictates
the film formation process for both cases to a large extent.
Such a short timescale observed in stage I is originating from
the presence of abundant solvent molecules in the solution
phase, which enables a high diffusive displacement rate for
polymer chains and thereby allows for a fast assembly. As the
viscosity increases when the concentration of solutes rises
with continuous solvents loss, the films develop into the gel
phase with a slower structure formation rate. Subsequently, the
films are completely solidified by the glass transition of the PS
phase. Strikingly, the most significant changes encountered in
stage [ for both cases trigger the structural transition in stage II,
where a new structure emerges, laying the foundation of
architectures that determine the ultimate phase-separated
film morphologies. In the case of the pure DBC, the driving
force for the configuration change from core—shell sphere to
short-range ordered cylinders is associated with the proceeding
reduction of the volume fraction between the PEO shell and
the PS core.l®”] In another respect, it appears that the solvent
evaporation would promote the coalescence of micelles due
to the narrowing of intermicellar distances.[®¥l Starting at the
formation of cylinders, the pre-existing domains start to grow.
According to ex situ GIWAXS results, there must be a crystal-
lization process involved during the self-assembly. Therefore,
a plausible reason is that the crystallization process dominates
stage II and the relevant crystal growth of PEO provokes the
domain growth.l””] As the films turn into a more solid-rich
state, the PEO domains in the pure DBC film terminate the
growth and switch to shrinkage at stage III, where the rate
of structure evolution is rather slow and further organization
toward a more ordered phase-separated state is hindered due to
greater limitations from solvent diffusion. Although the PEO
crystallization process may continue beyond the time scale of
stage II and proceed marginally through stage III, the film in
stage III is dominated by its drying behavior, indicating that
the system is strongly limited by the deceleration of the chain
motion.

The Flory—Huggins interaction parameter () between ZnO
and PEO is negative due to the hydrogen bonding, which
would favor the mixing of them in the co-assembly process
of the hybrid film. Thus, squeezing out of ZnO from the PEO
domains is not possible. However, there is also an energetically
unfavorable conformation loss arising from the PEO chains

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

(@

www.afm-journal.de

cylinders
forming

TN

() 1|

shell shrinkage

DL

core stretching

., hydrogen bonding
. X PEO-ZnO =< 0

’\J\,%

o
e f conformation:lL@

entropy loss

disassembly

Figure 4. Final morphologies of a) neat PS-b-PEO films and b) PS-b-PEO/ZnO hybrid films as modeled with GISAXS. Sketch of proposed pathways
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tethering to the ZnO nanoparticles, which is attributed to be
the main reason for the generation of the third set of struc-
tures. As the solvent content decreases, the increased phase
separation propensity places strong limitations on the con-
formations that the PEO chains are able to take. At a critical
point when the stretching degree of the PEO chains is drasti-
cally reduced and complete accommodation of ZnO is greatly
constrained, the disassembly into smaller structures would take
place.l®>”%] As mentioned above, no crystallization behavior can
be observed for the PS-b-PEO/ZnO hybrid film, implying that
the disassembly manipulates the phase separation in the entire
gel phase period.

As one of the key factors, the wetting behavior has been
reported to affect the morphology evolution via altering the
interaction between the substrate surface and the film."! As
presented in Figure S13, Supporting Information, the drop con-
tact angles of both, pure polymer and hybrid solutions show
no substantial difference, which is indicative of a negligible
effect of ZnO incorporation on the wetting behavior. Note that
DMF has a high boiling point and low vapor pressure. Thus, it
is inevitable that part of solvent residuals could remain inside
the films and it can only be completely expelled by additional
thermal annealing. Therefore, both films at the ultimate stage
are defined as solidified rather than dry due to the vitrification
of the PS phase. For the pure DBC, stage I (25 s) occurs through
a fast solvent evaporation in a much shorter timescale than the
subsequent micellar growth and drying process in the gel phase
(stage II + stage III: 184 s). It is interesting to note that the solu-
tion phase (stage I: 31 s) and gel phase (stage III: 156 s) in the
hybrid film is comparable to that, suggesting that the complete
establishment of a solidified film is only slightly dependent
on the material constitutes. More significantly, the extended
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timescale stemming from the slow solvent evaporation seems
to be responsible for achieving well-organized structures imme-
diately after film formation.

3. Conclusion

In summary, the film formation process during slot-die coating
is complex. Both co-assembly and self-assembly pathways during
the solution-to-film transition are involving multistep structural
transformations triggered by solvent evaporation. Benefiting
from the extended time window in slot-die coating technique as
compared with fast casting methods such as spin coating, both
systems (bare DBC and hybrid) have sufficient chain mobility for
further structural reorganization, thereby approaching equilib-
rium structures. Both final films exhibit similar cylindrical mor-
phologies, however, the preferential segregation of ZnO inside
the PEO blocks causes the domain expansion of PEO itself and
more importantly, the solidification kinetics they follow are inher-
ently different. As for the establishment of the neat PS-b-PEO
film, the determining step is the formation of a cylindrical phase
from spherical micelles triggered by the shell shrinkage and core
expansion caused by fast solvent evaporation. Indeed, the high
chain mobility during this solvent-rich stage enables the fast
coalescence of the spherical micelles and subsequent develop-
ment into ordered cylindrical domains. Whereas for PS-b-PEO/
ZnO solution, the morphology of the hybrid micelles is not faith-
fully derived from spherical PS-b-PEO micelles. Intriguingly, the
incorporation of the ZnO precursor facilitates directional fusions
of spherical PS-b-PEO micelles toward cylindrical PS-b-PEO/ZnO
aggregates. As in this hybrid system, the occurrence of multi-
length scale structures during the subsequent drying periods
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is pivotal that allows further development toward final well-
separated structures. Moreover, the intermolecular interactions
between PEO and ZnO via hydrogen bonding frustrates the PEO
crystallization, thereby leading to the absence of domain growth
throughout the film formation process for the hybrid film.

By comparing the phase separation behaviors of the pure
DBC and the hybrid system from the solution to solid film
states, we follow the self-assembly of pure DBCs and co-
assembly of DBCs-directed hybrid structures. Understanding of
such an interplay between the DBCs acting as nano-templates
and the guest phase molecules enables a particularly precise
control of the synthesis conditions to achieve the desirable mor-
phologies. The fine tailoring of solidification kinetics through
solvent affinity and evaporation rates, precursor categories
and concentration, and deposition methods and parameters,
constitutes a multifaceted platform for obtaining periodically
equilibrium nanophases as predicted by the theoretical phase
diagram. In addition, in situ GISAXS, an ideal real-time char-
acterization technique, can investigate the impacts of these fac-
tors on the morphology evolution and provide in-depth insights
into the fundamental mechanisms. These findings herein can
be applicable to other DBCs systems or hybrid films synthesis
in a block copolymer assisted sol-gel route and can promote
further morphology optimization to produce highly ordered
functional nanomaterials with reliable control.
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