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ABSTRACT: Sequential self-organization can be used to design W/
the hierarchy and complexity of materials beyond what is possible Baco, > “'«‘/
with single-step synthesis. However, such sequential approaches "”
introduce additional challenges in maintaining control over the /?\“ ' ' S
process. To guide the position and orientation of newly nucleated = ” Oriented micro- 33593 > ‘\‘m\
material, we propose the use of self-assembled nanocrystals & ‘ crystal growth - additive

(SANCs). We test the potent.iz?l of.SANCs in BaCO3|Si02 Aligned Self-Assembled caco, \
nanocomposites, also termed silica biomorphs, to direct the  gaco, Nanocrystals >

formation of nascent microscopic crystals. We find that SANCs

can direct the location and crystallographic orientation of microcrystals at the nucleation stage, while the material, polymorph, and
growth behavior of the crystal can be tuned largely independently. Using ion exchange reactions, we show that structures can be
unified into a single material of interest in subsequent steps. This level of control over material position, orientation, and chemical
composition allows for the retrosynthetic design of complex hierarchical structures.

B INTRODUCTION spatial distribution of the SAM’s functional groups can be used
to control the nucleation of crystals on top of the SAM and
also stabilize specific crystal facets and crystal poly-
morphs.'"'®"? Nature has developed various strategies to
precisely align anisotropic biomineral crystals for optimal
function. For instance, some organisms use birefringent
forms*® of the biomineral calcium carbonate for optical
applications,””** highlighting the crucial importance of specific
crystallographic orientation for correct function. Although it is
oftentimes unclear which strategies organisms use for this
precise alignment, many organisms form aligned nanocrystals,
which enhance the material properties and can be crucial for
the organism’s survival.”***~>* This prompted us to consider
the use of artificial self-assembled nanocrystals (SANCs)
analogous to SAMs to direct crystal nucleation (Figure 1A).
A suitable system to explore the functionality of SANCs in
guiding sequential self-organization is the class of nano-
composites known as biomorphs, a term initially coined due to
their resemblance to natural forms.””*° These nanocomposites
are present in a variety of curved unfaceted microshapes,

Self-organization can form intricate materials, with structures
exhibiting high levels of hierarchy and complexity. These
complex architectures can translate into exceptional material
properties for functional applications in fields such as
electronics, catalysis, and optics.'™® To further enhance the
structural and functional complexity achievable with single-step
self-organization approaches, these processes can be carried
out in a sequential manner.”'® However, guiding the
organization of a material through multiple steps presents
new challenges in maintaining control over each step toward
the final material composition and shape. In addition to
controlling shape and composition of the newly generated
material, it is often desirable to direct the specific location and
orientation of attachment to the previously formed architec-
ture. Therefore, it is crucial to develop strategies for spatial and
orientational control in order to realize the potential of
sequential self-organization for generating new and increasingly
complex advanced functional materials.

Different strategies have already been developed to guide the
location and orientation of crystal nucleation. Preferred

nucleation sites can be achieved using methods such as Received:  October 21, 2024
seeding, surface templating, or chemical functionalization.'' ™"’ Revised: ~ November 24, 2024
A widely used chemical functionalization of surfaces consists of Accepted: November 25, 2024

self-assembled monolayers (SAMs), in which molecules are
adsorbed to a surface, usually in a tightly packed and well-
ordered arrangement.zo’21 The chemistry, orientation, and
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Figure 1. A) Concept drawing to illustrate how self-assembled nanocrystals (SANCs) can direct the growth of nascent microcrystals. B) BaCO;|
SiO, nanocomposite structures with stem shapes, illustrating the coalignment of their constituent SANCs.

resembling stems, spirals, leaves, vases, and corals. The unique
shapes arise from the coprecipitation of amorphous silica and a
carbonate salt; for example, barium carbonate and amorphous
silica can form barium carbonatelsilica (BaCO,lSiO,) nano-
composites.” This coprecipitation reaction can be influenced to
generate selected nanocomposite shapes with functional
properties.””' Morphological control can be achieved by
tuning bulk solution COI’ldlthl’lS like pH or ion concentrations,”
by introducing additives,”>** or by locally directing the growth
using light and photochemlstry' 103535 Eyrthermore, the
BaCO;lSiO, nanocomposites are not only versatile in shape
but can also be functionalized with surface modifications or the
exchange of their nanocrystal composition for a plethora of
different functional materials through ion exchange reac-
tions. 363

Nanocomposites of BaCOj;lSiO, are especially promising for
sequential self-organization due to their internal organization.
These microstructures consist of a collection of carbonate
nanocrystals elongated along the c-axis direction and
embedded in an amorphous silica matrix. The silica passivates
the growth of the nanocrystals, such that only the tips at the
growth front remain uncovered.” Therefore, the SANCs
remain active only at very specific locations, thereby offering
the opportunity to spatially direct the attachment of a new
material.

The exposed nanocrystals at the growth front of BaCO;|SiO,
nanocomposites have already been used as nucleation sites for
other nanocomposite structures'’ and mesocrystals,*” but not
yet to crystallographically orient single crystals. It is known that
mlcrosc0f1c crystals can guide the orientation of smaller
crystals."*' Conversely, structures as small as SAMs can
dictate the orientation of larger crystals nucleating on
them.""'® This leads us to wonder whether nanocrystals can
similarly control the orientation of larger crystals. For this, the
nanocrystals need to be sufficiently aligned, and in the case of
the BaCO3; SANC:s, their c-axis is aligned toward the growth
front of the nanocomposites with a ~30° spread (Figure 1B).*®
Despite this spread, it has been shown that the SANC
alignment of the BaCO;|SiO, nanocomp031tes is sufficient to
guide and directionally emit light.® This raises the question
whether the SANCs of BaCO;ISiO, nanocomposites are able
to orient the nucleation of microcrystals onto them.

In this study, we explore the potential of SANCs to direct
sequential self-organization. We investigate this by using the
SANCs in BaCOj;lSiO, nanocomposites in combination with
epitaxially matching microcrystals. We aim to control not only
the material and crystal structure of the microcrystals but also

their position, crystallographic orientation, and shape with
regard to the nanocomposites on which they nucleate. We
show how SANCs can direct the position and orientation of
microcrystal nucleation and envision other types of nucleation
directors, thereby expanding the toolbox for sequential self-
organization to create complex nanocomposites with tailored
shapes and properties.

B RESULTS AND DISCUSSION

To test if we can use the SANC:s to crystallographically orient
nascent microcrystals, we grow different forms of BaCOj;
crystals on top of BaCOj;lSiO, nanocomposites. We select
reaction conditions that favor the formation of nano-
composites with stem-like morphologies, as they exhibit c-
axis alignment perpendicular to the substrate. This orientation
facilitates the observation of active SANCs and their alignment
at the former growth front. The primary challenge in the initial
nanocomposite growth step lies in achieving selective silica
passivation, ensuring that only the growth front remains
uncoated. Prolonged growth could passivate the growth front,
while a short growth time may result in insufficient silica
precipitation on the rest of the structure. In both scenarios,
spatial control for selective attachment during the next growth
stage would be lost. The primary challenge in growing the
microcrystal on the composite during the second step lies in
tuning the reaction conditions for selective nucleation and
growth at the exposed nanocrystals.

Following previously deployed procedures, we first grow
BaCO;ISiO, nanocomposites on a substrate immersed in an
aqueous solution (20.2 mM BaCl,, 8.65 mM Na,SiO;) and
then transfer the substrate to a second solution (20.2 mM
BaCl,, pH adjusted to 11 with 1 M NaOH) to initiate the
growth of microscopic BaCO;. The BaCOj; formation in both
steps is driven by the diffusion of CO, from the air into the
solution, which gradually increases the BaCOj; supersaturation.
The resulting structures are visualized using scanning electron
microscopy (SEM).

We observe that the new microscopic BaCOj; growth occurs
exclusively at the top of the biomorph stems where the
previous growth front was located, indicating precise spatial
control over the new microscopic growth (Figure 2A,B).
Moreover, the main growth direction along the c-axis of the
microcrystals is oriented parallel to the c-axis of the SANCs, as
can be seen by the continued elongated growth in the same
direction as the nanocomposite. This suggests a sufficient
SANC alignment to orient microcrystal nucleation and growth
both spatially and crystallographically.
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Figure 2. Crystallization of microscopic BaCO; on SANCs in BaCO;|SiO, nanocomposites. A) BaCO,/SiO, nanocomposites with subsequent
BaCOj; growth. B) Close-up of a structure grown under the same conditions as (A). C) BaCO,ISiO, nanocomposites with subsequent BaCO,
growth in the presence of an additive hampering the growth in the c-axis direction. D) Close-up of a structure grown under the same conditions as
(C). The second growth phase in the close-up images (B) and (D) is false-colored in green to indicate the BaCO; microcrystals.

Next, we tested whether we can grow a microscopic BaCOj;
crystal extending perpendicularly to the SANC main growth.
For this, we take advantage of the fixed orientation of the
microcrystals when nucleating on the SANCs and focus on
adjusting the growth behavior for the desired planar shape. It is
known that the growth along the usual c-axis direction can be
hindered by some additives, thereby promoting growth in the
direction along the a/b-axes, which results in BaCO; crystals
with a planar appearance (Figure S2 in SI).*** Inspired by
this, we use a low concentration of silica as a growth-inhibiting
additive (3.1 mM Na,SiO;, pH adjusted to 11 with 1 M
NaOH) to create a BaCOj; crystal extending perpendicularly to
the SANC growth direction.

The new growth of the BaCO; microcrystals in the presence
of a growth inhibitor still occurs at the previous growth front of
the nanocomposites (Figure 2C,D). Additionally, as antici-
pated, the main growth direction of the microcrystal is along
the a/b-axes parallel to the substrate instead of along the c-axis
perpendicular to it. This makes the growth direction of the
microscopic BaCOj; crystals also perpendicular to the main
growth direction of the SANCs, giving the structure an overall
T-shaped appearance. Even though the SANCs and the
microcrystal consist of the same mineral and are oriented
similarly with their crystallographic axes, their main growth
proceeds in different directions. This shows that, while the
SANC:s direct the location and orientation of the microcrystal
nucleation, the further growth of the microcrystal can be
developed independently.

We explore whether we can also orient minerals of different
chemical compositions on SANCs by taking advantage of
epitaxial relationships. For this, we grow calcium carbonate
(CaCO;) on the BaCO; SANCs. An epitaxial relationship of
BaCOj; to the CaCOj; polymorphs calcite and aragonite has
already been reported, and these two CaCOj; polymorphs are
able to align the c-axis of BaCO; growing onto them.'* We are
wondering if the inverse is also possible, meaning whether
BaCO; SANC:s can align CaCOj; microcrystals on top of them.
To this aim, we grow BaCO5;ISiO, nanocomposites with the
previous reaction conditions and then reimmerse the substrate
with nanocomposite structures into an aqueous solution
containing a calcium ion source (typically 4.5 mM CaCl,).
To grow CaCO;, the solution can either be made basic by
adding NaOH (1 M NaOH) or placed in a desiccator with
ammonium carbonate salt."*** The latter procedure ensures a

more gradual increase of CaCO; supersaturation by gas
diftusion, affecting both the CO, saturation and the pH of the
solution.

The CaCOj; composite structures display significantly
different features depending on the supersaturation with
which they were grown. The supersaturation can be influenced
by many factors, including mineral ion concentration, pH, and
nucleation site/SANC availability. In our experiments, we
actively tune the supersaturation by varying the CaCl,
concentration and pH of the bulk solution, while the SANC
availability depends on the growth density of the nano-
composites in the previous step. With a low CaCO,
supersaturation, we observe small calcite crystals grown across
the nanocomposite structures (Figure 3A). This is likely
caused by the dissolution of BaCO;, releasing CO5> into the
solution, which then reprecipitates with the more super-
saturated Ca* ions as CaCO;. The calcite crystal distribution
indicates no specific spatial preference, despite a presumably
easier dissolution at the SANC growth front not yet coated by
silica. With a high CaCOj; supersaturation, on the other hand,
we find the kinetically preferred CaCOj; polymorph vaterite
spread across the substrate (Figure 3C).**® Vaterite does not
have a preferential epitaxial relationship with BaCO;'* and is
not found to grow on the BaCO;lSiO, nanocomposites. When
the CaCOj; supersaturation is well-tuned between these two
saturation extremes, we grow single crystals of rhombohedral
calcite exclusively on top of the active SANCs (Figure 3B).
The orientation of the calcite crystals is hard to determine and
shows variation on each SANC, but they appear to be aligned
with the c-axis of the SANC nanocrystals on which they are
grown. These results demonstrate that it is indeed feasible to
orient and direct the growth of a single microcrystal using
SANC:s of a different chemical composition.

The SANC organization in BaCOj;lSiO, nanocomposites is
largely independent of their collective microstructure shape.
This suggests that it should also be possible to use the
previously developed methods to grow microcrystals onto
SANC: of differently shaped nanocomposites. To test this, we
grow BaCO; and CaCOj; microcrystals onto coral-shaped
nanocomposites, respectively (Figure 4A), using the previously
employed conditions. The growth front of the coral shape
expands radially from its nucleus and offers a large surface for
nucleation along the rim of the structure. Growing BaCOj; in
the presence of growth inhibitor onto the coral-shaped
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Dissolution & Recrystallization

Single Calcite Crystal

Vaterite Formation

Figure 3. Crystallization of microscopic CaCO; on SANCs in BaCO5ISiO, nanocomposites. A) Structures grown with low CaCO; supersaturation,
which led to dissolution and recrystallization. B) Structures grown with intermediate CaCOj supersaturation, exhibiting single crystals grown on
the SANCs. C) Structures grown with high CaCO; supersaturation, leading to vaterite formation and no interaction with BaCO;lSiO,
nanocomposites. The calcite growth is falsely colored in green in the close-up images (2).

Figure 4. Crystallization of microscopic crystals on SANCs in coral-shaped BaCO,ISiO, nanocomposites. A) Coral-shaped BaCO,lSiO,
nanocomposites. B) Coral-shaped BaCO;SiO, nanocomposites with microscopic BaCO; grown on top of it in the presence of SiO, as a
growth-modifying additive. C) Coral-shaped BaCO,ISiO, nanocomposites with microscopic CaCO; grown on top of it.

nanocomposites results in a coral with what looks like a
cocktail rim (Figure 4B). The new BaCO; growth decorates
and thickens the rim of the structure almost entirely, with the
new growth perpendicular to the walls of the structure.
Growing CaCOj; onto the coral shapes yields rhombohedral
calcite crystals of varying sizes spread across the rim (Figure
4C). These results illustrate the versatility of the sequential
self-organization approach, which is largely independent of the
underlying shape of the SANC arrangement.

The sequential growth of mineral structures is not only
interesting for the unique material combinations that can be
created, but also for the new plethora of shapes that can be
achieved. Shapes in itself can provide functional properties”

and can be accessed by combining common shapes of different
materials. Similarly to retrosynthesis in organic chemistry, we
can first determine a desired shape and then reengineer how
and in which order the different building blocks of the
structure can be constructed and merged without interfering
with previous steps. Following this procedure, we can combine
accessible, smaller building blocks to create more complex
shapes using sequential self-organization. Due to the ion
exchange methods already available,”'%*738 gtructures con-
sisting of different materials may later be converted into a
single desired material.

Here, we show the potential of this concept by performing
cation exchange toward MnCOj; on a structure made of a
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Figure 5. Conversion of BaCO,ISiO, nanocomposites with CaCO; microcrystals toward MnCOj;. SEM images (1) are compared to energy-
dispersive X-ray spectroscopy maps. Shown are map overlays (2) of a typical structure and individual element maps (3,4). A typical structure is
shown before conversion (A) and after conversion (B). Pink indicates Ca, green Ba, and yellow Mn.

BaCO;ISiO, nanocomposite and a CaCOj; microcrystal
(Figure S), following previously developed ion-exchange
methods.'” This is achieved by transferring the grown
structures into an aqueous solution of MnCl, (51.6 mM)
under an argon atmosphere for 1 h, so the ion exchange
reaction can take place. SEM with EDS (20 kV) shows that the
very reactive nanocrystals of the composite are fully converted
after this procedure (Figures S3 and S4 in SI). In contrast, the
microcrystal still contains calcium ions, although at least the
surface of the microcrystal also appears to contain manganese.
There are several factors that could hinder the conversion of
the microcrystals, including a much smaller surface-to-volume
ratio, challenges in transporting the material to the interior of a
large crystal, and difficulty dissipating stress from the
deformation of the crystal structure. The size difference
between the nano- and microcrystals is likely largely
responsible for the different conversion ratios and this effect
could be utilized to tune the amount of calcite conversion with
respect to the SANCs. This selective partial conversion of the
entire nanocomposite shows that while a unified material
surface can be created with ion exchange reactions, material or
size differences in building blocks can also be exploited for
selective conversion.

B CONCLUSION AND OUTLOOK

In this paper, we show the potential of self-assembled
nanocrystals (SANCs) to spatially direct and crystallo-
graphically orient the growth of microcrystals using an epitaxial
match. Moreover, we demonstrate that the growth behavior of
the microcrystals can be adjusted independently of the SANCs,
making it possible to apply common strategies used for crystal
growth manipulation. The nucleation and growth conditions of
the microcrystals are nontrivial but can be tuned to form single

crystals on top of each nanocomposite structure. Additionally,
we find that ion exchange reactions can be employed to
transform the chemical surface of both nano- and microcrystals
into a single material, enabling the formation of desired shapes
from multiple components and materials without being
constrained by the preferred geometries of the final desired
material. Moreover, the ion exchange method allows to create
combinations of microcrystals with materials they would not
grow onto. These results highlight that SANCs can be
leveraged as a highly versatile tool to direct crystal nucleation,
thereby addressing key challenges in hierarchical material
design.

The sequential approach to self-organization has many
similarities to traditional organic chemistry in which complex
molecules are routinely created from simple precursor
molecules using sequential reactions. Inspired by the retrosyn-
thesis approach in chemistry, we can break down a complex
target structure into achievable building blocks and combine
them using sequential self-organization. From this perspective,
SANC:s are a way to direct the nucleation of new materials in
such subsequent steps, analogous to the functional groups of a
molecule determining where the reaction takes place. More-
over, we already have indications that SANCs may be used for
polymorph selection of materials, as their epitaxial match can
be specific to only certain crystal structures.

Our study demonstrates how SANCs control nucleation
through surface chemistry and epitaxial matching. We see this
as a starting point for expanding nucleation strategies to
accommodate a broader range of material systems and envision
the development of a library with diverse nucleation directors
to facilitate sequential self-organization. Another type of
nucleation director could, for example, guide light to specific
locations and initiate local photochemical reactions by utilizing
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the shape of a waveguiding material or local plasmonic effects.
Those photochemical reactions could induce the precipitation
of a new material or even selectively dissolve the present
material to then, as we have observed here, recombine with
different ions and precipitate as a new material. We see the
potential to develop diverse spatial nucleation directors beyond
the type demonstrated in this article, allowing the expansion of
material combinations beyond epitaxial matches for controlled
sequential self-organization.

To unlock the full potential of sequential self-organization,
we foresee the need to develop even more strategies analogous
to those established in chemistry. For example, it is worth
exploring which types of organization steps do not interfere
with one another, similar to orthogonal reactions in chemistry.
Some research on orthogonal conversion reactions specifically
has already been conducted to integrate different chemical
compositions.10 For interfering reaction step combinations,
strategies akin to protecting groups in synthetic chemistry
should be developed. Such protection groups could be
temporary coatings or even entire crystals to be removed
after the step interfering with the integrity of the protected part
of the structure. In our work, the silica matrix, in which the
SANCs are embedded, could be cross-linked to function as a
protective layer, for example. Moreover, separation and
purification of chemical products are common practices in
organic chemistry, while in self-organization, the focus often is
on creating results as uniform as possible. A wider use of
separation techniques for self-organized structures could
broaden their applicability without sacrificing complexity for
a uniform result. Overall, we see that while the length scales are
fundamentally different, the molecular-scale principles of
organic chemistry can serve as a great source of inspiration
for the development of sequential self-organization strategies at
the nano- and microscales. By combining these strategies with
the control demonstrated in this study, sequential self-
organization can be further advanced to enable increasingly
complex and multifunctional materials.

B MATERIALS AND METHODS

Materials. All chemicals were used as purchased. Barium chloride
dihydrate (ACS reagent, >99%), calcium chloride dihydride, sodium
metasilicate, and ammonium carbonate (ACS reagent, >30.0% NH,
basis) were purchased from Sigma-Aldrich. Manganese(II) chloride
(for the synthesis) was purchased from Merck. All reactions were
performed in deionized water (7 uS/cm) previously purged with N,
for at least 2 h before use. The structures were grown on aluminum
(0.3 mm thickness, 99% purity, GoodFellow) sample slides.

Structure Growth. The BaCO;ISiO, nanocomposites were grown
on aluminum substrates in 15 mL of an aqueous degassed solution
containing BaCl, (20.2 mM) and Na,SiO; (8.65 mM). The substrates
were positioned vertically in the fully prepared reaction solution. The
reaction beaker was covered with a Petri dish to limit atmospheric
CO, influx through the spout. This basic setup is the same for all
reactions, unless noted otherwise. The reactions were terminated after
1 h by removing the sample slides from the reaction solution.
Subsequently, the slides were washed with water and acetone. This
washing step was performed again after all individual growth steps.

In order to grow a BaCOj; microcrystal onto the nanocomposite,
the substrate was reimmersed into an aqueous solution in such a way
that the meniscus line formed a cross with the previous one where the
structures grew. Each line of this cross stems from one of the growth
phases, and at the intersection, growth from both reaction solutions
occurs. The aqueous solution contained BaCl, (20.2 mM), and its pH
was raised to 11 using 1 M NaOH. To grow BaCOj; with a different
shape, silica (3.1 mM) was used as an additive during the growth.

Calcite microcrystals were grown on nanocomposites in a variety of
ways. The 15 mL aqueous solution contained CaCl, (2.3—20.4 mM),
and the carbonate formation was initiated either by raising the pH
using NaOH (15 pL 0.01 M to 65 uL 1 M NaOH added) or by
placing the reaction vessel in a desiccator equilibrated with
ammonium carbonate salt. In order to grow single calcite crystals,
4.5 mM CaCl, in the desiccator setup or a raised pH using 45—65 uL
1 M NaOH were found to be good parameters.

Structure Conversion. Created structures were converted right
after they were grown to ensure that the silica was not cross-linked
enough to hinder the reaction. For this, a substrate with fresh
structures was placed in an air-sealed jar together with 650 mg of
manganese(II) chloride, and the air was replaced with argon. Then,
50 mL of degassed and demineralized water was added to the jar.
After 1 h, the substrate was removed and washed by dipping it into
water and then acetone.

Sample Analysis. A Verios 460 SEM from FEI with an xT
Microscope Control v5.5.2 build 3322 was used to take comparative
images of the microarchitectures on the chosen sample slides by using
5 kV and S0 pA.

An X-MaxN 80 (Oxford Instruments) was used with 20 kV and 0.8
nA for the EDS analysis of characteristic structures to quantify their
ion content and verify the conversion. The software AZtec 2.4
(Oxford Instruments) was used to interpret the collected EDS data.
EDS map data of entire structures was acquired to determine the ion
distribution of Ba, Ca, and Mn.
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