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Kinetic Insights into Precursor-Assisted Soft Sphere Close
Packing Revealed by In Situ GISAXS with Implications for

Gas Sensing
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and Peter Miiller-Buschbaum*

Packing of soft spheres, such as micelles, polymer-grafted particles, and
microgels, enables the creation of diverse functional materials. Despite the
importance of achieving precise structural control, understanding the kinetics
of non-equilibrium packing in a large-scale deposition process remains
challenging. This study investigates the kinetics of the precursor-assisted
close packing of soft spheres using block copolymer micelles as the sphere
model. Adding the inorganic precursor SnCl, is crucial for achieving the close
packing, which is versatile and provides a robust platform for tailoring
mesoporous materials with tunable pore sizes. The kinetics of the
close-packing process are explored by in situ grazing-incidence small-angle
X-ray scattering measurements during slot-die coating. The soft crystallization
process shows six distinct stages: dilute dispersion, concentrated dispersion,
wet film, structuring wet film, gel film, and glassy film. The close packing
develops first in the in-plane direction with rapid domain growth and then
advances in the out-of-plane direction. Precursors in the interstitial voids play
a key role by mitigating packing frustration and favoring face-centered cubic
(FCC) ordering. The structure finally stabilizes into a well-ordered FCC
structure with large domain sizes. The derived mesoporous SnO, features
semiconducting properties and enhanced pore connectivity, thus showing
superior gas sensing performance toward ethanol.

1. Introduction

Packing is a fundamental principle in the
design and optimization of materials, al-
lowing scientists to engineer structures
with novel properties. From the precise ar-
rangement of microelectronic components
in chips to the assembly of atoms and
molecules into functional materials, the
study of packing spans multiple scales and
disciplines.'™) Among geometrical mod-
els, spheres are particularly useful due
to their symmetry and simplicity. While
hard spheres typically adopt dense arrange-
ments like face-centered cubic (FCC) and
hexagonal close packing, the packing pref-
erences of soft spheres, such as micelles,
polymer-grafted particles, and liquid crys-
tals, are remarkably different.[*1% In such
systems, body-centered cubic (BCC) pack-
ing often dominates, driven by the inter-
play of configurational entropy and the min-
imization of free energy within the soft
corona.[*1] Block copolymers (BCPs) in se-
lective solvents or melts undergo micro-
phase separation. They self-assemble into
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micelles, which consist of a dense polymeric core surrounded by
a flexible corona, providing an ideal model for investigating the
packing of soft spheres.[112-14]

Theoretical models, such as the dimensionless ratio A (the
corona-to-core size ratio), provide a framework for predict-
ing the choice of FCC or BCC structures.[®!>16] Although the
thermodynamics and phase diagram of soft sphere packing
have been well established, experimental observations often di-
verge from these predictions, emphasizing the critical role of
non-equilibrium factors. Kinetic barriers, solvent residues, and
pathway-dependent processes often dictate packing outcomes
during deposition.['”~1] During deposition processes, such as so-
lution casting or coating, solvent removal forces micelles into
close proximity to fill the voids left by evaporation. This com-
pression causes overlapping of micelle coronas, leading to ex-
cess polymer density that must be redistributed into void spaces.
The degree of this overlap, the associated free-energy cost, and
the resulting packing symmetry are strongly influenced by sol-
vent dynamics and the pathway of structure formation during
drying.[>11] Notably, transformations in packing symmetry dur-
ing solvent evaporation have been reported in polymer-grafted
nanoparticles and analogous systems, highlighting the impor-
tance of kinetic effects.['~1%]

The situation becomes even more intricate with the inclu-
sion of inorganic precursors, a common strategy for fabricat-
ing mesoporous materials. This strategy has been widely used
for the synthesis of various mesoporous materials, including car-
bon, metals, metal oxides, ceramics, etc.[2*24 These mesoporous
materials, templated by BCP micelles, exhibit pore architectures
with unique properties that are critical for applications in cataly-
sis, gas separation, energy storage, and biomedicine.?'-2*?°] The
ability to precisely manipulate the packing of BCP micelles has
broad implications for materials science, particularly in the fab-
rication of mesoporous materials with ordered pore structures.
FCC structures, with their high packing density and isotropic
connectivity, would be particularly suited for catalysis and gas
sensing, while BCC structures, characterized by lower density
and anisotropic pore networks, appear advantageous for photon-
ics and hierarchical material assembly. Therefore, precise con-
trol over the pore symmetry, connectivity, and size is essential
for optimizing the performance of mesoporous materials across
diverse applications. Non-equilibrium effects, particularly dur-
ing solvent evaporation or other dynamic transformations, often
dictate the final packing structure. A deeper understanding of
these kinetic processes will enable robust control over the for-
mation of ordered nanostructures and open new avenues for tai-
loring mesoporous morphologies for advanced applications. De-
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spite the importance of achieving precise structural control, un-
derstanding the kinetics and dynamics of non-equilibrium self-
assembly in an actual process, especially in a large-scale deposi-
tion process, remains challenging.

In this study, we explore precursor-assisted soft sphere close
packing using BCP micelles as a model system. The BCP mi-
celles, prepared from the widely used polystyrene-block-poly
(ethylene oxide) (PS-b-PEO) in a good-poor solvent pair (one good
for both PS and PEO and one selective for PEO), provide a ver-
satile platform for studying soft sphere packing kinetics. The
addition of the inorganic precursor SnCl, induces a structural
transition from BCC to FCC packing, as confirmed by scanning
electron microscopy (SEM) images and static grazing-incidence
small-angle X-ray scattering (GISAXS) data. These findings em-
phasize the role of the precursor in facilitating close packing. This
precursor-assisted close packing is applicable to different sys-
tems and provides a versatile platform for tailoring pore sizes of
ordered mesoporous materials. To probe the kinetics of this close-
packing process, in situ GISAXS during slot-die coating is carried
out, complemented by dynamic light scattering (DLS) measure-
ments. The in situ GISAXS identifies distinct kinetic regimes
during the solution-to-film transition and provides mechanis-
tic insights into the transition from disordered to closed-packed
structures. The derived mesoporous SnO, has the advantages of
medium pore size, interconnected mesopores, defect-rich sur-
face, high specific surface area, and semiconducting proper-
ties, thus showing excellent gas sensing performances toward
ethanol. By capturing the real-time progression of soft sphere
packing, our study shows the underlying mechanisms governing
precursor-assisted self-assembly. These kinetic insights offer a
robust framework for precisely tailoring mesoporous morpholo-
gies, which will contribute to advancements in diverse technolog-
ical applications beyond the demonstrated gas sensing, such as
catalysis and separations.

2. Results and Discussion

2.1. Formation of Soft Spheres with Block Copolymers

BCPs undergo microphase separation and preassemble into mi-
celles in dilute selective solvents,[26-28] serving as excellent mod-
els for investigating soft spheres. In this study, PS,y,-b-PEO,4,
with a PEO volume fraction (fppo) of 0.27 is chosen and micel-
lized in a mixture of good solvent tetrahydrofuran (THF) and
PEO-selective aqueous solution (Figure 1a). The high ratio of
THEF in the solution plasticizes the PS block, reduces its glass
transition temperature, and enhances the chain mobility (Figure
S2, Supporting Information), facilitating the formation of equi-
librium micelles.[?! With the volume ratio of 3.3 between THF
and hydrochloric acid (HCI) solution, PS-b-PEO could form equi-
librium micelles in the solution with a hydrodynamic radius of
25 nm, as determined by DLS measurements (Figure 1b and
Figure S3, Supporting Information). Upon drying, the micelles
become compact and feature a radius of #14 nm as shown in the
SEM image (Figure 1c), which corresponds to a core radius of
~12.6 nm. The BCP micelles are subsequently used as the struc-
ture templates. After introducing the inorganic precursor SnCl,,
this inorganic species selectively interacts with the PEO corona,
coassembling with the micelles as sketched in Figure 1la. The
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Figure 1. a) Scheme of micellization of BCP and inorganic species coassembly with BCP micelles. b) DLS results of pure BCP micelles and the mixture
of BCP micelles and inorganic precursor SnCl,. c) SEM images of dry BCP micelles and BCP/Sn composite micelles; the scale bars are set to 50 nm.
Morphological information of pure BCP, BCP/Sn composite, and mesoporous inorganic Sn-based film with d) the left column of SEM images and e) the
right column of 2D GISAXS data; the first, second, and third rows are the data of pure BCP, BCP/Sn composite, and mesoporous inorganic Sn-based
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introduction of precursor leads to a slight swelling of the
micelles, with the hydrodynamic radius increasing to 26 nm
(Figure 1b) and a dry micelle size of ~17 nm (Figure 1c). The
increase in the size of the dry BCP/Sn composite micelles is at-
tributed to the skin layer formed by the inorganic precursors,
which prevents the complete removal of solvent from the mi-
celles and thus contributes to their overall larger size. These ob-
servations confirm the formation of soft spheres of the BCP in
solution. In the following sections, the wording soft spheres is
used as an analog for BCP micelles.

2.2. Key Role of Precursor toward Close Packing

The deposition of the pure BCP solution results in an ordered
sphere packing with a BCC structure, as shown in SEM images
and the corresponding 2D fast Fourier transformation (FFT) pat-
terns (Figure 1d). The absence of higher-order scattering peaks
in the 2D GISAXS data (Figure 1e) indicates a limited ordering
of the pure BCP film. The SEM and 2D GISAXS data suggest the
loose packing of the soft spheres in the pure BCP film. However,
the situation changes after the addition of the inorganic precur-
sor SnCl,. The addition of the inorganic precursor SnCl, plays
a critical role in a soft sphere close packing. The BCP/Sn com-
posite film shows a hexagonal packing with long-range order, as
evidenced by SEM images and 2D GISAXS data (Figure 1d.e).
The hexagonal-lattice-like structure produces distinct diffraction
spots in the 2D FFT pattern and 2D GISAXS data. After remov-
ing the soft sphere template via oxygen plasma treatment, the re-
sultant mesoporous Sn-based film retains the hexagonal-packing
structure, as shown in SEM and 2D GISAXS data (Figure 1d,e).
The low-magnification SEM (Figure S4, Supporting Information)
reveals large packing domains (=1 pm), which display Moiré
fringes arising from the interference between sample periodic
structures and SEM scanning lines.2%31]

The in-plane structures are analyzed in detail by combining
reciprocal space analysis of the SEM images with modeling of
horizontal line cuts from the 2D GISAXS data. Reciprocal space
analysis of the SEM image (Figure 1f) confirms the formation of
a hexagonal lattice with a center-to-center distance of 35.5 nm.
Due to the close-packing arrangement, the pore size of the or-
dered mesoporous materials is typically defined by the center-
to-center distance. The pair distribution function peak positions
closely match the theoretical values of the hexagonal lattice, and
the bond angle analysis shows a characteristic 60° bond angle,
which is consistent with the hexagonal symmetry. Horizontal
line cuts from the 2D GISAXS data are stacked and modeled
with the distorted wave Born approximation and local monodis-
perse approximation(Figure 1g). According to the results of the

www.afm-journal.de

modeling, the pure BCP film adopts a BCC packing structure
with a d-spacing of 29.6 nm, while the BCP/Sn composite and
mesoporous Sn-based films feature a hexagonal superlattice with
a slightly larger d-spacing of 30.8 nm. The slight shift on the
second and third scattering peaks of the mesoporous Sn-based
film is due to the enhanced surface details and slight surface
modifications induced by oxygen plasma treatment, which does
not affect the analysis results (Section S5, Supporting Informa-
tion). Thus, SEM analysis and GISAXS modeling confirm the
hexagonal order of these films. To extract the 3D packing struc-
ture, further GISAXS indexing is carried out with MATLAB-
based software SunBIM.32] The indexing analysis indicates an
FCC packing featuring lattice parameters of a = b = ¢ = 50 nm,
oriented with the [111] perpendicular to the substrate (Figure 1h)
in the mesoporous Sn-based film (Figure S6, Supporting In-
formation). These results demonstrate that the incorporation of
SnCl, induces a structural transformation in the soft sphere pack-
ing, promoting the formation of FCC superlattices.

2.3. Versatility of Precursor-Assisted Close Packing

The precursor-assisted close packing strategy is applicable to dif-
ferent systems and provides a versatile platform for fabricating
mesoporous materials with tunable pore size, extending beyond
the specific formulations previously discussed.

One of its key advantages lies in the ability to regulate soft
sphere size by simply varying the ratio of good to poor solvents.
Larger soft spheres, consequently larger pore sizes in the re-
sulting ordered mesoporous materials, are obtained with lower
volume of THF, and vice versa. To demonstrate this tunability,
with a fixed HCI solution volume of 0.42 mL, decreasing volume
fractions of THF from 92% to 55% leads to a corresponding in-
crease in pore size from 29 to 40 nm, as shown in Figure 1i. This
tunability arises from changes in solvent selectivity. Reducing
volume fractions of THF increases the selectivity of the solvent
mixture and the incompatibility between the PS core and the sol-
vent environment, resulting in increased interaction parameter
() and interfacial tension.[?®] These effects favor the formation
of larger soft spheres with higher aggregation numbers!?®! and
thus larger pore sizes. This solvent-based modulation enables a
tunable window of around 10 nm for PS,y,-b-PEO,5,. However,
the THF volume fraction is limited by micellization at the upper
end and by BCP solubility and spherical micelle stability at the
lower end (Figure S7, Supporting Information).

Another approach towards tunable pore size involves tailoring
the molecular weight of BCPs. As a demonstration, three PS-
b-PEO BCPs with different molecular weights and block ratios
(Table S1, Supporting Information) are used to fabricate ordered

film, respectively. f) The pair distribution function analysis of the SEM image of mesoporous Sn-based film in (d) with its corresponding bond angle
plot as an inset. The x-axis is normalized to the center-to-center distance R, which is 35.5 nm. The black dashed lines indicate the theoretical peak
positions of the 2D hexagonal lattice. g) Horizontal line cuts from 2D GISAXS data in (e) in a log—log style with the data shown as colored circles and
their modeling shown as solid lines. The line cuts are shifted vertically for comparison. The top right corner inset shows the sketch of the d-spacing in the
hexagonal packing. The d of different films is labeled on the right of the corresponding 1D scattering profiles. h) Sketch of FCC lattice structure with the
[117] vector normal to the substrate ((111) plane parallel to the substrate). By indexing the 2D GISAXS data, the crystal unit parameters are determined
to be a = b = ¢ = 50 nm. Tunable pore size achieved by i) changing the volume fraction of THF in the solvent while fixing the volume of HCl solution
at 0.42 mL and j) utilizing different molecular weights of PS-b-PEO. The volume fractions of THF decrease from 92 vol% (top left) to 55 vol% (bottom
right) in (i), corresponding to the pore sizes of 29 to 40 nm. For different PS-b-PEO, the THF fraction is kept at 77 vol%. The pore sizes are around 22,
31, and 49 nm with BCPs of small, medium, and large molecular weight, respectively.
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mesoporous materials with pore sizes ranging from 20 to 50 nm
(Figure 1j). The regulating window largely covers the meso-
porous range. With further optimization of molecular weights,
block ratios, and solvent systems, this tuning window is expected
to span almost the entire mesoporous regime and can even ex-
tend into the macroporous range. This precursor-assisted close
packing is versatile and provides a robust platform for meso-
porous materials with tunable pore sizes.

PS,9;-b-PEO,g, with a medium molecular weight (28500 g
mol™!) and a large PS block (fp5 0.73) gives medium-sized pores,
which balances the pore density, mechanical stability, pore size,
and specific surface area. The relatively large PS block ensures
micelle formation, which is then kinetically trapped in the early
stages for in situ studies of soft crystallization. Therefore, PS,q,-
b-PEOyy, is chosen for the in-situ study and further gas sensing
applications. Due to the versatility of the precursor-assisted close
packing, this system serves as a representative model to provide
general insights into soft crystallization processes.

2.4. Kinetical Insights into Closing Packing
2.4.1. Time-Resolved Soft Crystallization

The self-assembly process is monitored using in situ GISAXS
measurements, providing insights into the temporal evolution
of structural ordering (Figure 2a). Figure 2b,c shows the evolu-
tion of the relative mass and thickness of the film, respectively.
The 1D in-plane GISAXS curves are obtained by performing hor-
izontal line cuts at the Yoneda band (marked with a yellow dashed
rectangle in Figure 2a) of the film, and 1D out-of-plane GISAXS
curves are obtained by performing vertical line cuts on the first-
order scattering signals (marked with a red dashed rectangle in
Figure 2a) in the 2D GISAXS data. The qualitative analysis of
GISAXS data is presented in Section S8B, Supporting Informa-
tion. Figure 2d,e shows the temporal evolution of out-of-plane
and in-plane scattering signals, respectively. After deposition, the
relative mass and thickness both undergo an exponential decay.
Based on the results of Figure 2, the self-assembly process can
be divided into six distinct stages: dilute dispersion (stage I: 0—
40 s), concentrated dispersion (stage II: 40-60 s), wet film (stage
III: 60-170 s), structuring wet film (stage IV: 170-280 s), gel film
(stage V: 280-370 s), and glassy film (stage VI: >370 s) states.
During the initial dilute dispersion stage, the dispersion un-
dergoes rapid changes in relative mass and thickness. After 40
s, about 70% of the mass evaporates, which is attributed to the
evaporation of the volatile solvent THF. These changes in relative
mass and thickness dramatically increase the concentration of
soft spheres and transitions the solvent quality from slightly PEO-
selective to highly PEO-selective. The resulting high yN condi-
tion freezes chain exchange between micelles, thereby effectively
trapping the dynamics of soft spheres (Figure S9, Supporting
Information).33-%] In this dilute solution stage, micelles exist as
discrete spheres with little interaction, gradually shrinking in size
due to the deswelling (Figure S10, Supporting Information). Lim-
ited scattering signals are observed in both out-of-plane (g,) and
in-plane (g,) directions, except for the strong scattering at ¢, =
0 nm™' as shown in 2D GISAXS data at 30 s (Figure 2g). Fol-
lowing rapid solvent evaporation, the dispersion enters the con-
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centrated dispersion stage. During this concentrated dispersion
period, the critical concentration and thickness of the dispersion
are achieved, leading to rapid signal development in both g, and
g, directions (Figure 2d.e). At the end of this rapid development,
the dispersion is transitioned into film stages.

During the wet film stage, the remaining solvent is mainly an
HCI/H, 0 azeotrope (20.2 wt% HCI solution), and this wet film
features a dense fluid phase of soft spheres. The increased con-
centration and viscosity slow down changes in mass and thick-
ness (Figure 2b,c). As the inter-distances of soft spheres decrease
to a scale comparable to their sizes, interactions between soft
spheres come into play. This is evidenced by broad scattering
lobes in the in-plane scattering profiles, as exampled by a white
rectangle in the 2D GISAXS data at 120 s (Figure 2g). At the
same time, packing clusters of soft spheres are identified by
weak diffraction peaks, as highlighted with yellow rectangles in
Figure 2e,f. The d-spacing of these packing clusters decreases
over time, as indicated by the slight peak shifts in their g, po-
sitions to higher values. Two distinct Yoneda bands are visible in
the 2D GISAXS data at 120 s (Figure 2g): one at the higher g, po-
sition originating from the Si substrate and another at a lower g,
position resulting from the soft sphere composites. The Yoneda
band from the micelle composites shifts to higher g, values dur-
ing drying, as highlighted with red rectangles in Figure 2d.{, re-
flecting condensation and an increase in the average electron
density of the soft sphere composites as the solvent is evaporat-
ing.

As the film transitions into the structuring wet film state, both
relative mass and thickness stabilize (Figure 2b,c). The ring-like
signal in the 2D GISAXS data (highlighted by a white dashed
curve in Figure 2g at 210s) refers to the contribution of the form
factor of soft spheres (Section S11, Supporting Information).
During this structuring wet film state, the packing of soft spheres
is developing with Bragg peaks appearing in the g, and g, direc-
tions (Figure 2d,e). Indeed, an in-plane packing of soft spheres
is preferred during this structuring wet film state since the high-
order Bragg peaks in the g, direction appear earlier than those in
the g, direction.

In the gel film state, the film solidifies with largely fixed struc-
tures. Both mass and thickness show little changes (Figure 2b,c),
and the scattering peaks in the in-plane GISAXS curves stabilize.
However, the Bragg peaks in the g, direction transform into os-
cillations, signaling the development of out-of-plane packing do-
mains. The signal feature of 2D GISAXS data stabilizes after 370
s (Figure 2g) with a fully developed scattering pattern, which is in
perfect accordance with the ex situ GISAXS data and, therefore,
the signal of the final state, reflecting the final stage in the kinetic
process. The formed nanostructures are solidified and preserved
as most solvents are removed. Thus, the polymer film throughout
the course of stage VI is in its glassy film state.

To gain deeper insights into the morphology evolution, hor-
izontal line cuts with a time increment of 20 s are selected
(Figure 3a). A detailed examination of the GISAXS data is pre-
sented in Figure 3b—f. Figure 3b displays the integrated inten-
sity (intg. intensity) of horizontal (q,) and vertical (q,) line cuts.
The critical angles of the BCP composite film are extracted from
their vertical cuts and plotted versus time as in Figure 3c, pro-
viding the temporal evolution of the average density of the com-
posite film. From the modeling of the horizontal line cuts, the
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Figure 2. a) Schematic of the in situ GISAXS setup with 3D coordinate system. The x, y, and z directions align with the X-ray, printing direction, and
substrate normal, respectively. The yellow and red rectangles in the 2D detector pattern indicate the horizontal and vertical line cuts, which encode the
information about in-plane and out-of-plane structures, as shown in the bottom right corner. The top right corner shows the top view of the in situ
measurements with measurement scanning in the opposite direction of the printing direction. The temporal evolution of b) relative mass and c) relative
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radius (R) and center-to-center distance (D) of the micelles are ob-
tained. The Rand D of different packings are shown here, as illus-
trated in Figure 3d. The full width at half maximum (FWHM) ob-
tained from modeling is used to derive the domain size with the
Scherrer equation, as shown in Figure 3e. To further investigate
the progression toward close packing, Lorentzian fits of the first
Bragg peak (g, ~ 0.2 nm™") are performed, yielding the integrated
area (intg. area), which is presented in Figure 3f. These metrics
offer quantitative insights into the packing order and structural
evolution. Additional details of the scattering data analysis are
provided in Section S8, Supporting Information.

2.4.2. Kinetically Trapped Micelles in Dispersion Stages

GISAXS data reveal little structural information in the dilute dis-
persion stage due to the limited scattering features and signals.
During this dilute dispersion stage, soft spheres exist as discrete
spheres with negligible interactions. As volatile solvent THF
evaporates, the system gradually shifts to highly PEO-selective,
driven away from its equilibrium state. This shift in the sol-
vent environment may trigger micelle dynamic changes, such
as single-chain exchange and micelle fusion/fission, leading to
changes in micelle size and structure.

The chain exchange rates are extremely slow in corona-
selective solvents(**3¢] and, for example, slow down by 5 orders of
magnitude when adding only 25 vol% corona-selective solvents
to the system.3*35] As shown in Figure S9 (Supporting Informa-
tion), chain exchange becomes virtually prohibited once the evap-
oration process starts. Regarding fusion/fission, the emergence
of a new micelle population with larger sizes, as well as a bimodal
distribution, is expected. However, during evaporation, all auto-
correlation functions of DLS measurements show single decay
(Figure S11, Supporting Information), indicating single-size dis-
tributions of the soft spheres and no apparent fusion or fission.
This finding suggests that the soft spheres are actually kineti-
cally trapped during the evaporation of volatile solvents.[83¢] Ag
a result, the micelles maintain their spherical shape while grad-
ually shrinking in hydrodynamic size from 52 to 35 nm (Figure
S10, Supporting Information) due to the compaction of spheres.
The scattering signal from these kinetically trapped micelles is
further attenuated by the surrounding liquid medium. Conse-
quently, during the first 40 seconds of evaporation, the intg. in-
tensity in both the g, and q, directions remains weak and stable.

After the dilute dispersion stage, about 70% of the mass is
lost, resulting in concentration dispersion. Between 40 and 60 s,
a transition window is observed in this concentrated dispersion
stage, which features a dramatic intensity increase (Figure 3b).
This transition corresponds to the period of achieving a critical

www.afm-journal.de

concentration and thickness of the liquid film and was observed
in other systems before.[2*?7] Significant scattering signals and
features are appearing in the g, direction (Figure S13, Support-
ing Information) in this transition period.

2.4.3. Dense Fluid Phase in Wet Film Stage

Once the rapid transition in concentrated dispersion stage com-
pletes, the dispersion changes into film stages, starting with the
wet film stage, which features a dense fluid phase of soft spheres.

In this wet film stage, changes in scattering intensity and fea-
tures slow down but still evolve, as seen in the horizontal line cuts
between 60-180 s (Figure 3a and Figure S14, Supporting Infor-
mation) and the intg. intensity (Figure 3b). The increased inten-
sity along ¢, arises from multiple contributions as shown in Sec-
tion S8B, Supporting Information. The scattering contrast and
number density of scattering objects increase, as evidenced by
the continuous shifting in the critical angle of the BCP compos-
ite film (Figure 3c). During this wet film stage, the soft spheres
maintain a stable size, with a compacted PS core and a swollen
PEO corona dispersed in the aqueous solution. As the inter-
distance between the spheres decreases to the point where it be-
comes comparable to the sizes of the spheres, interactions be-
tween the spheres start to play a role. In-plane spheres with a
broad inter-distance distribution can be observed (Figure 3d), fea-
tured by broad scattering lobes in the range of 0.1-0.5 nm~! in
the horizontal line cuts (Figure 3a and Figure S14, Supporting
Information).?”!

Weak diffraction peaks within the broad peak (Figure 2f) indi-
cate the formation of well-defined packing clusters, most likely
in a hexagonal structure. These clusters may exist in the bulk of
the liquid film or at the film/substrate and film/air interfaces. If
these packing clusters were located at the film/substrate interface
or within the bulk, their scattering intensity would be expected to
increase due to the less attenuated signal during film drying and
thinning. However, the relatively stable intensity observed in the
wet film stage suggests that the localization is at the film surface
rather than at the film/substrate interface or within the film bulk.
This phenomenon aligns well with previous knowledge that con-
centration gradients of solute in films exist during the solvent
evaporation.3#01 At the surface, where the concentration of soft
sphere is high, these crowded soft spheres tend to pack into 2D
hexagonal clusters. Similar hexagonal packing at liquid surfaces
was reported for various systems before,[=*] and these clus-
ters could serve as nucleation seeds during the following crystal-
lization process. However, no packing or obvious structures are
observed in the out-of-plane direction, as evidenced by the rela-
tively stable intg. intensity along the g, direction (Figure 3b). This

thickness. The mass changes are obtained by a balance, and the relative thickness is calculated based on mass changes. 2D contour mappings of the
d) vertical and e) horizontal line cuts extracted from 2D GISAXS data. All vertical line cuts are integrated at a constant q, value of the first Bragg peak
position, and horizontal line cuts are integrated over the corresponding Yoneda region as indicated by two rectangles in (a). The x-axis is the relative
mass (%), relative thickness (%), g, (hm~'), and qy (nm~") for (b—e), respectively. The y-axis for (b—e) is time in seconds and aligned with the same
scale and range for presentation. Six stages, namely | dilute dispersion, Il concentrated dispersion, Ill wet film, IV structuring wet film, V gel film, and VI
glassy film states, are observed in the film formation as separated by colored dashed lines. The red dashed rectangle in (d) highlights the evolution of
the Yoneda band, and the yellow dashed rectangle in (e) highlights the presence of the Bragg peak in the wet film stage. These two highlight rectangles
are zoomed in, as shown in (f). The white dashed arrow in the right panel of f) highlights the weak diffraction peaks inside broad scattering peaks.
g) Selected 2D GISAXS data during film formation at different times as indicated. The white rectangle in a snapshot at 120 s highlights the two Yoneda
bands, and the white dashed curve indicates the weak ring-like signal at 210 s.
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Figure 3. a) Selected horizontal line cuts of 2D GISAXS data (circles) and corresponding modeling results (lines) are stacked vertically from bottom
to top. The position evolution of Bragg peaks is highlighted by the red rectangle, and the Bragg peak positions of the FCC structure are indicated by
black arrows. The transition from BCC to FCC during the wet stage is highlighted by a red dashed rectangle. b) Integrated intensity (intg. intensity)
evolution over time is obtained by integrating the intensity of horizontal (g,) or vertical (g,) line cuts. c) Evolution of critical angle over time. The critical
angle of the composite film is determined by the local maximum from vertical line cuts. d) Characteristic radii (R) and center-to-center distance (D) are
determined from modeling results of the horizontal line cuts. The blue triangles, black squares, and red circles represent amorphous, BCC, and FCC
packings, respectively. e) Full width at half maximum (FWHM) and corresponding domain size. The corresponding domain size is determined by the
Scherrer equation with a shape factor of 0.9. f) The integrated area (intg. area) evolution of the Bragg peak (g, = 0.2 nm~) is obtained by Lorentzian
fits. The intg. area represents the relative crystallinity of the soft sphere packing. g) Sketch of two different conditions of soft sphere interaction. The
upper one shows the deformation of three soft spheres due to the corona overlapping. The boundary of the corresponding Wigner—Seitz cell is sketched
with black dashed lines. The overlapping is shaded by purple and pink to show the compression or extension force in this area. The bottom one shows
the FCC packing of three soft spheres without the corona overlapping. The inorganic precursors fill the voids between spheres, alleviate the packing
frustration, and stabilize the close packing phases.

finding underscores the predominantly surface-localized nature
of the packing clusters during this stage of the film formation
process.

2.4.4. In-Plane Crystallization at Surface in Structuring Wet Film
Stage

With hexagonal packing clusters and concentrated micelles, or-
dered structures develop rapidly at the film surface during the
structuring wet film stage. In this stage, crowded soft spheres

Adv. Funct. Mater. 2025, €05935 €05935 (8 of 14)

come into contact, as depicted in Figure 3g. Seeding with hexag-
onal nuclei, FCC packing domains develop quickly at the surface.

The formation of FCC structures, instead of BCC, in the hy-
brid system is primarily attributed to the presence of the inor-
ganic precursor. Simulations and experimental studies consis-
tently indicate that BCC packing dominates the phase diagram
of soft spheres at low solvent fractions.l'’~!°l In the system of
pure soft spheres, as the solvent evaporates, micelles are forced
to come close to fill the interstitial space and tend to form FCC
first and then transform into BCC structures.['”:** This behav-
ior is consistent with our observation in the pure BCP system
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where soft spheres form a BCC structure after solvent evapora-
tion (Figure 1d,e). As shown in Figure 1, for the pure soft sphere
system, the inter-distance of soft spheres is 31.4 nm, correspond-
ing to a measured d-spacing of 29.6 nm, and slightly smaller than
their diameters (2R =~ 34 nm). This overlapping of soft spheres
causes local compression and extension as sketched in the upper
row of Figure 3g. However, the situation changes significantly
with the addition of the inorganic precursor. The strong acid-
ity of the solution controls the hydrolysis-condensation process
of the precursor and maintains the precursor as stable nanopar-
ticles. Additionally, the weak interaction between the precursor
SnCl, and the PEO corona allows the precursor to preserve its
fluidity and occupy the interstitial spaces between soft spheres
(Figure 3g). During solvent evaporation, the concentrations of
soft spheres and precursors significantly increase. These concen-
trated precursors effectively mitigate the packing frustration ex-
perienced by soft spheres by filling the far reaches of the Wigner-
Seitz cells, favoring the stabilization of FCC structures over BCC.
Consequently, this precursor-assisted close packing leads to a
larger inter-distance D (Figure 3g). This “filler” effect of the pre-
cursor is analogous to the role of solvents or homopolymers
in pure polymer systems, where additive components reduce
packing frustration and favor the stabilization of close-packing
phases.[*#7] By enabling efficient volume filling and reducing
packing frustration, the precursor facilitates the formation of
more stable FCC structures, highlighting its crucial influence on
the assembly process.

Some non-close packings, characterized as BCC structures, are
observed, which transition into FCC structures during the struc-
turing wet film stage (Figure 3d), as highlighted by red rectan-
gles in Figure 3a and Figure S15 (Supporting Information). This
structural transition leads to a packing density increase, as BCC
packing features a packing density of 0.68, while FCC packing
achieves a higher density of 0.74. At the same time as the struc-
ture transformation, the domain sizes grow significantly from
40 nm to ~600 nm, as indicated by the FWHM (Figure 3e). The
intg. area also increases but in a linear behavior as shown in
Figure 3f, which is driven by increased scattering contrast and
overall crystallinity.

2.4.5. Out-of-Plane Crystallization in Gel Film Stage

Following rapid structure development in the structuring wet
film stage, the packing structure achieves a relatively stable con-
figuration in the gel film stage, characterized by constant values
for R, D, and FWHM. The surface layer of BCP micelles is al-
ready packed into domains, resulting in stable in-plane struc-
tural parameters. However, even though domain size ceases to
grow, the crystallinity of the packing structure continues to in-
crease (Figure 3f) due to the crystallization advancing inward
along the out-of-plane direction. This inward crystallization be-
havior has also been reported in other systems, such as colloidal
systems.[48:49]

In this gel film stage, the out-of-plane crystallization progres-
sion is evidenced by the increasing intg. intensity of both g, and
q, (Figure 3b) and the emerging Bragg peaks in g, direction
(Figure 2d). The high concentration of soft spheres and precur-
sors results in a high viscosity and a negligible evaporation rate,
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leading to minimal changes in the relative mass, thickness, and
critical angle.l?”5% However, the soft spheres still retain a degree
of mobility in the gel stage, allowing them to adjust their posi-
tions to minimize overall free energy. Soft spheres in the bulk
region attach to the surface-packing layer and grow epitaxially
in the out-of-plane direction, extending the crystallization from
the surface toward the substrate. This bulk order enhances in-
plane crystallinity without obviously affecting the FWHM of in-
plane structures. The increased coherence along the out-of-plane
direction results in pronounced Bragg peaks in the g, direction,
as indicated by Figure 2d,g. This residual solvent-assisted crystal-
lization process is similar to the effects of solvent vapor anneal-
ing, which is a widely used technique for improving ordering in
BCP thin films.[>*3] The presence of a corona-selective solvent
enhances micelle mobility, which further optimizes the packing
lattice and increases overall crystallinity.

In this gel film stage, the out-of-plane growth introduces re-
lief terraces. Achieving perfect close-packing is often hindered
by mismatches between the number of soft spheres and the re-
quirements for perfect close-packing arrangements. As the film
dries, these mismatches undulate in thickness to reconcile the
commensurability between film thickness and inter-domain
spacing, thus resulting in surface relief terraces. These surface
relief terraces often appear in lamellae-, cylinder-, and sphere-
forming BCP thin films with islands, holes, or bicontinuous
relief microstructures.l®* This terrace topology produces tilted
strike signals in the 2D GISAXS data (Figure 2g and Figure S16,
Supporting Information).>>! As the film dries, the relief terraces
on the film surface become increasingly pronounced (Figure
S16, Supporting Information). Such surface undulation has been
widely observed in polymer films.[373¢]

At the end of the gel film stage, all structures are developed and
fixed. The formed nanostructures are solidified and preserved as
most solvents are removed from the film. Thus, the polymer film
throughout the course of stage VI is in its glassy film state. The
2D GISAXS data (Figure 2g) stabilize after 370 s with a fully de-
veloped scattering pattern, which is in perfect accordance with
the ex situ GISAXS data and therefore the scattering signal char-
acterizing the final stage.

2.5. Soft Crystallization Pathway

The soft crystallization pathway of soft spheres, schematically il-
lustrated in Figure 4, undergoes six distinct stages driven by sol-
vent evaporation, micelle interactions, and precursor effects and
ultimately yields an FCC packing structure.

In the initial dilute dispersion stage, PS-b-PEO undergoes mi-
crophase separation in the good-poor solvent pair (THF-HCI so-
lution) and forms discrete soft spheres. As the volatile solvent
THEF evaporates, the size of the soft spheres shrinks and even-
tually stabilizes in an aqueous environment. These micelles are
kinetically trapped and lack interactions in the dilute solution.
After the majority of THF evaporated, the film transitions into a
concentrated dispersion stage, which is characterized by a rapid
increase in scattering intensity due to achieve critical concentra-
tion and film thickness.

Following the transition stage, the dispersion changes into the
film. The wet film stage features a dense fluid with an increased
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viscosity and sphere concentration as well as a decreased evap-
oration rate. In this stage, the inter-sphere distance decreases
to values comparable to the sizes of soft spheres, consequently
forming a dense fluid phase. In this dense fluid phase, the inter-
actions between the crowded spheres come to play, leading to a
broad distribution of inter-sphere distances and the formation of
surface packing clusters. These hexagonal clusters at the surface
serve as nuclei for subsequent in-plane crystallization.

With the packing clusters at the surface, the structuring wet
film stage witnesses a rapid structure development in the in-
plane direction. This in-plane crystallization is driven by the pack-
ing of soft spheres at the film surface, where precursors in the
voids between soft spheres mitigate packing frustration and thus
stabilize the close packing. Non-close packings, such as BCC
structure, transform into a hexagonal packing. During this stage,
the domain size grows from 40 nm to 600 nm with the decreas-
ing FWHM of the Bragg peak. This surface packing serves as
nuclei for subsequent inward crystallization in the gel film stage.

In the gel film stage, the evaporation rate slows down to a neg-
ligible level. Although the surface structure is largely fixed, the
soft spheres in the bulk retain mobility, allowing their attach-
ment to the surface packing layer. This results in out-of-plane
crystallization, with ordering advancing inward from the surface
to the substrate. Out-of-plane growth introduces surface relief ter-
races. Thickness undulations arise from the mismatch between
film thickness and inter-domain spacing, and these undulations
and terraces evolve more pronouncedly during the structuring
wet film and gel film stages. At the end of the gel film stage, the
soft spheres packing stabilizes into an FCC arrangement with
high crystallinity. The precursor’s role in filling interstitial voids
proves essential, as it alleviates packing frustration and favors the
stability of the FCC structure. The resulting film exhibits a well-
ordered, close-packed mesostructure.

2.6. Ordered Mesoporous SnO, for Gas Sensing

The pure BCP and BCP/Sn composite are compact films with-
out semiconducting properties, whereas the close-packing meso-
porous materials derived from BCP/Sn composite inherently
possess high specific surface areas and an interconnected pore
network, making them a promising candidate for gas sensing
applications. To achieve high crystallinity without mesostructure
destruction, a well-established two-step sequential calcination
process, the calcination in inert N, followed by air, is selected
to obtain crystalline mesoporous materials from the BCP/Sn
composites.’’-* X.ray diffraction (XRD) analysis (Figure 5a)
confirms the formation of crystalline rutile-type SnO, with a
tetragonal P4,/mnm symmetry and a crystallite size of 2.7 nm.
UV-Vis spectroscopy (Figure 5b) indicates a direct bandgap of
3.86 eV, which is blue-shifted from the bulk value (3.60 eV) due
to structural defects and nanoscale size effects, in agreement
with previous reports and the effective mass approximation.[®!
Photoluminescence (PL) spectroscopy and its deconvolution
(Figure 5c) show strong emission peaks in both the UV and visi-
ble regions, mainly arising from oxygen vacancies and related in-
trinsic defects.[%63] This defect-rich nature is also confirmed by
Raman spectroscopy as shown in the inset of Figure 5c. The in-
tense 574 and 235 cm~! modes arise from in-plane oxygen defects
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and subbridging and bridging oxygen defects, respectively.l%]

These defect-rich nanocrystallites are promising for gas sensing
due to the positive correlation between defect density and active
site availability. While SnO, has been widely used in gas sen-
sors, conventional thick films often lack sensitivity at low ana-
lyte concentrations.!%?] The development of ordered mesoporous
SnO,, as demonstrated here, offers a compelling strategy to im-
prove detection performance.

The gas sensing process mainly relies on diffusion, adsorp-
tion, and a surface reaction between the target gas and adsorbed
oxygen species on the active materials (Figure 5d).*%%%1 Sn0O,,
a typical n-type semiconductor, features electrons as charge carri-
ers. The adsorbed oxygen molecules on SnO, could be activated
as O, species, such as 0,7, O7, and O,, by extracting elec-
trons from the conduction band, resulting in the formation of an
electron depletion layer near the surface and thus an increase in
electrical resistance.[*2%] Upon exposure to reducing gases like
ethanol, the adsorbed oxygen species on SnO, react with these
gases (ethanol+ O,” = CO, + H,0 + e7), releasing the trapped
electrons back to the conduction band and leading to a decreased
resistance in sensors.

Owing to the medium pore size, interconnected mesopores,
defect-rich surface, and high specific surface area (Figure 5d),
ordered mesoporous SnO, facilitates efficient gas diffusion, ad-
sorption, and interaction. The mesoporous SnO,-based gas sen-
sor shows excellent response and reversibility, with response val-
ues ranging from 3 to 58 over an ethanol concentration range
of 1-25 ppm, showing a good linear relationship at 250 °C
(Figure 5e—g). Upon exposure to 5 ppm ethanol, the ordered
mesoporous SnO, sensor shows a higher response value (12.3),
and fast response /recovery dynamics (12/75 s, Figure 5h). Based
on the well-established calculation approach,[®78] the limit of de-
tection for the mesoporous SnO, sensor is calculated to be 18
ppb, showing a great potential for the detection of trace ethanol.
By contrast, commercial SnO, nanoparticles, with a particle size
of 50 nm, a similar crystallite size of 2.6 nm, and the same
rutile-type crystal structures as the mesoporous SnO,,[®! are
deliberately chosen and used to construct a reference sensor,
which exhibits a significantly lower response value (8.5) and
longer response time (49 s) toward 5 ppm ethanol under the
same test conditions (Figure 5i). To ensure the accuracy of the
comparison, both sensors are tested simultaneously in the same
chamber, with the exact same start times for response and recov-
ery. The enhanced performance of the ordered mesoporous SnO,
sensor is attributed to its defect-rich surface, as evidenced by UV-
vis and PL spectroscopy, and its high specific surface area, which
together increase the density of gas-sensitive active sites and con-
tribute to a stronger sensing signal (Figure 5h,i).’>®°] The faster
response rate is primarily due to the efficient Knudsen diffusion
of analytes inside the interconnected mesoporous channels with
medium size.’*%] Additionally, this mesoporous SnO, sensor
displays excellent cycling stability with a well-retained response
signal (Figure 5j), confirming its robust operational reliability.

3. Conclusion

In summary, this work presents a kinetic investigation into the
crystallization pathway of soft spheres assisted by precursors,
leading to the formation of a well-ordered FCC mesostructure.

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. a) XRD spectra of the ordered mesoporous SnO, film after the two-step sequential calcination. The theoretical diffraction positions of rutile-
type SnO, with a tetragonal P42/mnm symmetry are indicated with purple lines. The crystal structure is sketched in the top-right inset. The crystallite size
is calculated by the Scherrer equation with a shape factor of 0.89. b) Tauc plot from UV-Vis absorption spectra with the direct allowed transition for SnO,.
Dashed lines indicate the corresponding linear fits of Tauc plots (R? of 0.99). The corresponding absorption spectroscopy is shown in the inset. c) Defects
revealed by PL spectroscopy and Raman spectroscopy (top right inset). PL spectroscopy is recorded in the range of 280-900 nm; the deconvolution of
the PL spectra is conducted with Gaussian fits (R? of 0.999). The top right inset shows the Raman spectroscopy. The signal from the Si substrate is
shaded by gray rectangles. Different Raman modes of SnO, are labeled, and oxygen defects (OD) are highlighted in purple. d) Schematic illustration
of the reaction on the surface of the mesoporous SnO,. e) Responses of the mesoporous SnO, sensor to 5 ppm ethanol at a temperature range of
200-350 °C. Response value is defined as the ratio of the sensor resistance in air (R,) to resistance in tested gas (R;) for reducing gases (S = R,/R,).
f) Response—recovery curve of the mesoporous SnO, sensor under different ethanol concentrations at 250 °C. g) Response of the mesoporous sensor
versus ethanol concentrations at 250 °C. Response-recovery curve of sensors based on h) mesoporous SnO, and i) commercial SnO, nanoparticles,
with a particle size of 50 nm, a similar crystallite size of 2.6 nm, and the same rutile-type crystal structures as the mesoporous SnO,,[%] at 250 °C.
To ensure the accuracy of the comparison, both sensors are tested simultaneously in the same chamber, with the same start times for response and
recovery. j) Repeating the response-recovery curve of the mesoporous SnO, sensor to 5 ppm ethanol at 250 °C to illustrate the cycling stability.
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This precursor-assisted assembly is versatile and provides a ro-
bust platform for ordered mesoporous materials with tunable
pore sizes. The derived mesoporous SnO, has the advantages
of medium pore size, interconnected mesopores, defect-rich sur-
face, high specific surface area, and semiconducting properties,
thus showing superior gas sensing performances toward ethanol.
The crystallization process shows six distinct stages, namely di-
lute dispersion, concentrated dispersion, wet film, structuring
wet film, gel film, and glassy film states. It is driven by solvent
evaporation, micelle interactions, and the critical role of the inor-
ganic precursor.

Initially, discrete soft spheres form via BCP microphase sep-
aration in a good-poor solvent mixture, which are kinetically
trapped with few interactions. As solvents evaporate, the soft
spheres stabilize in an aqueous environment. Transitioned from
concentrated dispersion state, the film turns into wet film, where
high micelle concentration and reduced inter-sphere distance
lead to interactions and the formation of surface packing clus-
ters. These packing clusters act as nucleation sites, initiating
a rapid in-plane crystallization in the following structuring wet
film stage. Precursors occupying voids between micelles miti-
gate packing frustration, promoting the formation of FCC pack-
ing with significant domain growth. In the gel film stage, out-of-
plane crystallization occurs as soft spheres in the bulk attach to
the surface lattice, advancing order inward. This epitaxial growth
increases crystallinity and introduces surface undulations due to
thickness mismatch. Ultimately, the film stabilizes into an FCC-
packed structure in the glassy film stage.

This work highlights the intricate interplay of solvent dynam-
ics, micelle interactions, and precursor effects, providing valu-
able insights into the precise design and fabrication of nanostruc-
tured materials, which will contribute to advancements in diverse
technological applications beyond the demonstrated gas sensing,
such as catalysis and separations.
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