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ABSTRACT: The crystal growth behavior induced by small
molecular additives is commonly assumed to be far less complex
and rich in comparison to that obtained when using macro-
molecules. Herein, we demonstrate that the small organic molecule
Acid Orange 7 can induce a large diversity of multi-layered barium
carbonate structures. These multi-layered structures stem from the
small molecule imperfectly blocking the fastest growing crystal
face. By tuning the balance of growth and inhibition, we control
the layer shape and thickness of the structures. Extending these
strategies to strontium carbonate enables the precipitation of large
quasi two-dimensional multi-layer sheets. Collectively, these
findings highlight the unforeseen potential for using small organic
molecules to induce the formation of complex inorganic structures.

B INTRODUCTION

The superior properties of naturally occurring multi-layered
materials in comparison to their bulk counterparts have
inspired various attempts and approaches to synthesize such
structures.' > Layer-by-layer techniques create highly regular
materials but require the repetition of precisely controlled
steps.””"* Alternatively, organic molecules have been used to
induce multi-layered crystal growth in a single step.”'*"> ™’
The introduction of organic additives is a common strategy for
controlling crystal orientation, shape, size, and polymorphism,
as well as nucleation and growth behavior. This control often
stems from favorable interactions of the additive with specific
crystal faces, which is greatly affected by the functional groups
of the molecule.

Dye molecules are especially well known and studied to
affect growing crystals.”®*’ However, the effects of these small
molecules appear limited in comparison to those of macro-
molecules, such as polymers and proteins. The greater size of
macromolecules leads to stronger noncovalent adsorption and
perturbing effects and can promote crystal aggregation.
Consequently, it is generally assumed that macromolecules
enable much richer crystal growth behavior, including multi-
layered crystal growth, in comparison to smaller molecules.*”*!
Due to the omnipresence of small molecules, however, it is
fundamentally important to understand their role in bio-
logically controlled multi-layer formation. Moreover, since
small molecules are oftentimes relatively simple to synthesize,
this may open new practical routes for the fabrication of
artificial multi-layered materials.

Herein, we explore how small molecules can induce complex
crystal growth modes, including multi-layer growth. To this
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aim, we use a water-soluble dye®” functionalized with chemical
groups such as a sulfonate group,”** allowing for a strong
interaction with crystal surfaces of alkaline earth metal
carbonates. Specifically, barium carbonate (BaCO;) is a
suitable metal carbonate, as it exclusively forms the mineral
witherite under standard conditions.>*® Barium compounds
are also known to strongly interact with sulfonate groups, as
they are commonly used to remove sulfates from water.””~**
While various simple witherite morphologies have been
achieved with the use of additives,”” ™’ no multi-layer
morphologies have been reported to the best of our
knowledge. In spite of this, we expect that the interaction of
a suitable small sulfonated dye molecule with witherite will
lead to drastic changes in the final crystal morphology.

Based on this rational, we investigate the influence of the
sulfonated organic dye Acid Orange 7 (AO7) on the
crystallization of BaCO; We observe that AO7 has a strong
effect on crystallization, inducing the growth of a plethora of
multi-layer structures. Exploiting intrinsic parameter gradients
in our experiments, we investigate the effect of subtle condition
changes on the final crystal morphology and composition.
While macromolecules are well known for causing dramatic
changes in crystal growth, we show that small molecules can
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Figure 1. Effect of AO7 on the growth of witherite crystals. (A) Schematic of the experiment. The structures grow on a substrate placed vertically in
a reaction solution using a sample holder. (B) SEM images of witherite crystals grown in the presence of different AO7 concentrations, resulting in
a transition from typical smooth spherulitic BaCOj crystals to segmented plates stacked along the crystallographic c-axis. Arrows indicate the c-axis

direction of individual branches.

also induce a rich diversity of morphologies, including multi-
layered structures.

B RESULTS AND DISCUSSION

We precipitate BaCOj; in the presence and absence of AO7
and compare the resulting structures. For this, we make an
aqueous basic (11 < pH < 12) solution containing BaCl, (20.2
mM) and different concentrations of AO7 (0.00, 0.25, 0.50,
0.75, and 1.00 mM) and let the CO, of the air diffuse into the
solution to prompt the BaCOj; precipitation (see Experimental
Procedure for details, Figure 1A). After 1.5 h, we terminate the
growth and investigate the shape and dye incorporation of the
microstructures using scanning electron microscopy (SEM)
and energy-dispersive X-ray spectroscopy (EDS), respectively.
In the absence of AO7, witherite grows in the expected shape
of smooth spherulitic crystals with a pseudo-hexagonal shape
in the ¢-plane and main growth direction and branching along
the c-axis (Figure 1B). Grown in the presence of AO7, the
overall spherulitic shape is preserved, but closer inspection
reveals that the structure consists of many aligned plates with
diameters of ca. 3—6 ym. The plates extend along the c-plane
and are stacked along the c-axis, giving the overall appearance
of the spherulitic branches. Thus, even a small concentration of
dye (0.25 mM) already leads to a drastic transformation of the
crystal surface from smooth to segmented.

The segmentation of the structures indicates that the dye
interacts strongest with the (001) crystal surface, thereby
retarding the growth along the c-axis. Consistent with this
rational, we observe that an increase in AO7 leads to structures
with more segmentation (Figure 1B). In addition, it appears
that an increase in dye concentration leads to non-crystallo-
graphic alignment of the formed plates, also termed small-angle
branching. This branching is commonly induced by the
presence of impurities such as dyes, which introduce crystal
defects leading to a slight crystallographic misalignment of the
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next crystal layer.’® The spherulitic growth caused by this
misalignment can be observed well at the round ends of the
structures, as well as by the formation of almost spherical
smaller shapes (Supporting Information Figure S1). Moreover,
EDS analysis shows that the dye incorporation into the
structures also increases from ca. S at. % dye at 0.25 mM AO7
to ca. 12 at. % dye at 1 mM AO?7. Increasing dye concentration
in the solution thus leads to increased dye incorporation,
increased segmentation, and small-angle branching in the final
structure.

Small molecules can retard specific crystal growth directions
by selectively adsorbing to crystal faces.”® Here, it appears that
the (001) face is recurrently blocked, while the other crystal
faces remain unaffected. The (001) witherite face is polar and
can be either positively or negatively charged.”” The dye, on
the other hand, is negatively charged under the basic
experimental conditions, so it can adsorb well to this crystal
face. Sulfate and sulfonate groups have also been reported to
interact with the (001) face of calcite specifically’*' 7~
because their tridentate arrangement allows for the imitation of
the oxygen positions incorporated into this crystal face as part
of the carbonate anions.®' Overall, this suggests that the multi-
layer growth could stem from a selective adsorption of the dye
onto the fastest growing crystal face, thereby causing selective
blocking.

To test the hypothesis that the segmented growth stems
from the dye blocking the (001) crystal face, we perform a
two-step crystallization experiment: (i) witherite is grown in
the presence of AO7 for 10 min and the created structures are
then characterized using SEM and (ii) the same structures are
immersed into a fresh witherite growth solution without AO7
and subsequently re-imaged for a direct comparison. After step
(i), we find—as expected—that the structures are composed of
plates that are stacked along the c-axis. After step (ii), in the
absence of the dye, the growth of the existing structures
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Figure 2. Blocking effect of AO7 on the growth of witherite. SEM images of different structures (A—C) were taken after 10 min growth of witherite
in the presence of 0.25 mM AO7 (1). After subsequent growth for another 10 min in the absence of AO7, the same structures were reimaged (2).
Oriented nucleation of BaCO; crystals occurs on the edges of the original structure and not on the (001) faces. This suggests that the (001) faces
are blocked, whereas the edges remain uninhibited. (D) Structure grown in the presence of AO7 for 10 min. The zoom in of the marked area shows
the overall growth in the c-direction being blocked, but mineral bridges growing from a few spots (indicated by white arrows), enabling the

formation of another layer extending in the c-plane.

continues fastest in the c-axis direction typical for witherite
growth (Figure 2). Moreover, the nucleation in step (ii) adopts
the crystallographic orientation of the initial structure and
mainly occurs at the crystal edges, which have just grown in
step (i) and are therefore likely not yet inhibited by the dye.
Collectively, these findings suggest that the dye imperfectly but
permanently blocks the (001) face, thereby relatively
enhancing the growth in the c-plane.

We study the early stages of growth to gain further insights
into the mechanism of the plate formation. Structures grown
for only 10 min reveal small arms on the (001) face reaching in
the c-axis direction (Figure 2D). These arms likely stem from
uninhibited spots on the surface and can subsequently act as
mineral bridges to mediate the growth of the next plate-like
layer of the structure. Additionally, such mineral bridges may
be caused by the supersaturation build-up from the growth
inhibition, which decreases the critical size of the nucleus.®*
Both mechanisms can explain the mineral bridge formation,
which indicates that the plate-like AO7-induced structures are
not assembled from separate plates but rather grown in a
staircase-like manner.

To elucidate the parameters affecting this blocking
mechanism, we investigate how the structure growth adjusts
to different growth conditions. Specifically, we systematically
ascertain the influence of the pH and CO, concentration on
the growth of witherite in the presence of AO7. To avoid
complications from nucleation inhibition, we use pre-grown
witherite seeds. The growth of these seeds is subsequently
continued in the presence of AO7 using a starting pH of 11.3
(low), 11.8 (medium), or 12.1 (high). The seeds are
positioned on a vertical sample slide in the solution, and
atmospheric CO, is entering at the meniscus (Figure 3A).
Effectively, this setup creates a continuous vertical gradient of
C02.63 Furthermore, the witherite formation releases H* ions,
following the simplified reaction Ba** + CO, + H,0 — BaCO,
+ 2H", which makes the local environment around the growing
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structures more acidic.’ Hence, by vertically analyzing the
samples, we can perform a combinatorial screening of the
influence of pH and CO, on the growth of witherite in the
presence of AO7.

Vertically screening the samples with SEM reveals a plethora
of gradually altering, yet distinct structures that can be
classified according to two main features: the spatial
segmentation frequency and the (001) face or plate shape
(Figure 3). Decoupling of nucleation and growth gives more
detailed insights into the effect of AO7 on the mineralization
process. Specifically, we observe an interlaced growth of layers,
consistent with the expected staircase-like growth stemming
from mineral bridge formation (Figure 3B).

We also find that the spatial segmentation frequency of the
structures, exhibiting <0.1—2 pum thick segments, follows a
trend within and between experiments. Deeper in the solution,
where the CO, concentration is lower, the segmentation
frequency of the structures increases (Figure 4). An increased
segmentation frequency is also observed for a lower bulk pH.
Additionally, EDS analysis reveals that an increased segmenta-
tion frequency correlates with a greater AO7 incorporation,
which is in agreement with the dye induced blocking
mechanism (Figure 4B). These observations suggest that the
segmentation frequency is determined by the growth rate,
which slows down for decreased pH and lower CO,
concentration. Consequently, a slower growth rate is expected
to amplify the effect of AO7, as it allows for greater dye
adsorption, which in turn increases the segmentation
frequency.

To verify the hypothesis that the witherite growth rate is the
main influence on the segmentation frequency, we modulate
the CO, influx—and thereby the witherite growth rate—in the
presence of AO7. We find that the less CO, is allowed to reach
the solution, the slower the witherite grows and the more
segmentation is observed (Figure S3). Hence, these results
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Figure 3. Variation of morphological features displayed by witherite crystals grown in the presence of AO7. (A) Schematic for the cross-growth
experiments: witherite seeds were grown, and subsequently overgrown with witherite in the presence of AO7. The marked area at the intersection
of these phases was investigated. (B) Stacked plate appearance stems from an interlaced growth, as opposed to the actual separate plates. (C) SEM
images of crystal structures from cross-growth experiments at different starting pH values (11.3, 11.8, and 12.1). Images at the top are taken
approximately at the meniscus, each consecutive lower picture is of a structure grown about 0.2 mm deeper in the solution orthogonal to the
meniscus of the overgrowth solution. Images in the same row stem from approximately the same solution depth, and all images are of the same

magnification.

confirm that the effect of AO7 on the segmentation frequency
is magnified by a lower witherite growth rate.

At the intermediate pH of 11.8, the overall (001) face shape
progresses from strictly hexagonal plates close to the meniscus,
over six-armed star-shaped, to roughly hexagonal and finally
round plates deeper in the solution. A similar shape
progression is found for different bulk pH values, albeit
shifted: for the lower bulk pH, the shapes are already star-
shaped at the meniscus, while for the higher bulk pH, the
shapes are of the strictly hexagonal and dendritic star type for
an extended solution depth. Moreover, the shape trend
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coincides with the segmentation frequency trend—structures
possessing a similar plate shape also have a similar
segmentation frequency and AO7 content (Figure S4).

We assume that AO7 gives rise to the (001) face shape
progression by affecting the local supersaturation. Close to the
meniscus, the global supersaturation is great and only little
(001) face blocking occurs, so the witherite plates can form in
their hexagonal equilibrium morphology. Deeper in solution, a
greater blocking of the (001) face increases segmentation
frequency and thereby the local supersaturation for c-plane
growth perpendicular to the main growth axis. The local

https://doi.org/10.1021/acs.cgd.1c00823
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Figure 4. Effect of different parameters on the spatial segmentation frequency and plate shape of witherite structures grown in the presence of AO7.
(A) Sulfur content of structures grown in the presence of AO7 increases with increasing solution depth. The dotted line serves as a guide for the
eye. (B) Sulfur content of structures grown in the presence of AO7 correlates with their segmentation frequency. The dotted line serves as a guide
for the eye. (C) Schematic drawing of the parameter interplay causing the observed morphology trends.
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Solution

Figure 5. Multi-layered strontium carbonate structures. (A + B + C) Different strontium carbonate structures found close to the meniscus, (C)
shows a zoom-in image of the structure (B). (D + E + F) Different strontium carbonate structures grown deeper in the solution with greater
segmentation frequency, (F) shows a zoom-in image of structure (E).

supersaturation is lower at this distance from the meniscus,
causing diffusion-limited growth. Together, these effects can
cause 2D dendritic shapes—the corners of the hexagons are
transformed into the six arms of the dendritic stars (Figure SS).
This is consistent with diffusion-limited growth observed for
snowflakes and other crystals, including calcite, in which the
corners of the crystal faces, as well as any other protrusions, are
ampliﬁed.és_68 Even deeper in solution, the plates transition to
hexagonal shapes again. There, the supersaturation is low
globally. While the blocking is great, which locally enhances

supersaturation, the overall supersaturation is still insufficient

for inducing dendritic growth. The hexagonal equilibrium
shape is attained, and at even lower global supersaturation, the
plates are round. Therefore, we conclude that the interplay of
diffusion-limited growth, global depth-related supersaturation,
and local AO7-regulated supersaturation causes the (001) face
shape trend (Figure 4C).

We explore the generality of small organic molecules
inducing multi-layered mineralization. To this aim, we test
the effect of AO7 on strontium carbonate, which has the same
crystal structures as barium carbonate. Indeed, we find similar
multi-layer structures with similar morphology trends: thick
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faceted plates close to the meniscus and thin round plates
deeper in the solution (Figure S). Moreover, we observe dense
quasi two-dimensional areas of stacked strontium carbonate
plates reminiscent of naturally occurring nacre. The nucleation
and c-axis growth of these sheets proceed normal to the
substrate surface, and the plate shape follows the same
morphological trend as the other structures. This shows that
the small organic molecule can induce quasi one-dimensional
plate stacks in similar minerals and even create more complex
segmented two-dimensional materials.

In this paper, we demonstrated that small organic molecules
can induce highly regular multi-layer growth by imperfectly
blocking the fastest growing crystal face.”” Exploiting a multi-
variant space, we elucidate the drastic impact of small
environmental changes on the interplay between the organic
molecule and the mineralization process. Based on these
insights, we can tune the activity of the organic molecule on
the mineralization process, thereby modulating features such as
layer shape and thickness and giving rise to a rich diversity of
structures.

Already, many complex mineral shapes have been synthe-
sized by introducing organic additives. Specifically, multi-layer
structures of CaCO; have been formed, but the proposed
formation mechanism involves aggregation and relies on the
direction of macromolecular additives.''®'*7>"** Potassium
sulfate crystals can also assemble in multi-layers via mineral
bridges, but macromolecules have been essential for inhibiting
the grow’ch.”’27 In contrast, our results highlight that small
molecules, which have previously gained little attention, can
induce multi-layered growth.

We observe that our multi-layered materials possess some
notable similarities to the structure of nacre: specifically, the
size, thickness, shape, arrangement, and crystallographic
packing and orientation of the plates.”’” In addition, mineral
bridges connecting the plates appear to play an essential role
during the growth of both.”* Recent studies also suggest that
many mollusks control mineral growth kinetics to direct the
formation of the ultrastructure in their shells, even including
transitions between ultrastructures,”* similarly to the kinetic
control we have used in our experiments. This curious
comparison of our structures to those created in nature
emphasizes that the role of small organic molecules should be
considered in the creation of both synthetic and natural layered
materials.

Many intriguing questions for future research still remain. In
particular, we foresee that following the growth process in situ
at microscopic length scales can help to further elucidate the
growth mechanism of segmentation and plate shape formation.
Moreover, computational modeling to obtain further atomistic
insights can shed light on how and why the dye interacts with
specific crystal faces. From a practical perspective, we see the
potential to grow complex multi-dimensional layered materials
using simple small organic molecules, ultimately paving the
way to next-generation advanced materials with new and
unexplored functionalities.

B EXPERIMENTAL PROCEDURE

Materials. All chemicals were used as purchased. Barium chloride
dihydrate (ACS reagent, >99) was purchased from Sigma-Aldrich.
AO7 (Orange II, grade pure, min. 85% dye content) was purchased
from Thermo Fisher Acros Organics. All reactions were performed in
deionized water (7 4S/cm) previously purged with N, for at least 2 h
before use. The crystals were either grown on aluminum (0.3 mm

thickness, 99% purity, GoodFellow) or glass (1 mm thickness, Menzel
Gliser microscope slides, Thermo Scientific) sample slides.

Crystal Growth. The effect of the dye on witherite growth was
tested by adding different dye concentrations (0.25, 0.5, 0.75, and 1
mM) of AO7 to the witherite growth solution. The standard growth
reaction was conducted in 15 mL of an aqueous solution containing
20.2 mM BaCl, and the respective dye concentration added in 3 mL
of water. For each concentration, the witherite growth was conducted
at a starting pH around 11.3 and 11.8, respectively, before dye
addition. The pH was raised using 1 M NaOH and a Mettler Toledo
FE20 FiveEasy pH meter.

Sample plates were positioned vertically in the fully prepared
reaction solution. The reaction beaker was covered with a Petri dish
to allow for limited CO, influx through the spout. The reactions were
terminated after 1.5 h by removing the sample slides from the reaction
solution. Subsequently, the slides were washed with water and acetone
and air-dried before analysis.

Several adaptations of the standard experiment were conducted, for
which a concentration of 0.25 mM AO7 was used unless noted
otherwise. For cross-growth experiments, witherite in the absence of
the dye was first grown on the sample slides for 45 min. Subsequently,
the sample slide was transferred to a witherite solution containing the
dye for the final 45 min of the reaction. Inducing a right or left tilt to
the sample relative to the first growth phase led to the formation of a
cross-shaped region of structures. Each line of the cross stems from
one of the growth phases and at the intersection growth from both
reaction solutions occurred.

Experiments for growing strontium carbonate were conducted in
the same manner as above by replacing BaCl, with 21 mM SrCl,.

Sputter Coating of Glass Slides. To image the structures grown
on glass substrates for SEM, the glass plate was coated using a Leica
EM ACE600 [version 01.01.19 (08)] high-vacuum sputter coater
after the growth of the structures. The coating consisted of a S nm
thick chromium or gold layer sputtered from a 50 mm working
distance and with 4 rpm.

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; S kV,
S0 or 100 pA, and a resolution of at least 1536 X 1024 were used to
obtain these images. Crystallographic directions were assigned by
visual appearance, making use of the characteristic interfacial angles of
the pseudo-hexagonal growth of orthorhombic witherite.

An X-Max" 80 (Oxford Instruments) was used with 10—20 kV and
0.8—1.6 nA for the EDS analysis of characteristic structures to
quantify the incorporation of the dye. The software AZtec 2.4
(Oxford Instruments) was used to interpret the collected EDS data.
The EDS point and ID data of entire structures was acquired, and the
atomic % of the present elements was determined. The elements used
to quantify the dye and witherite content were sulfur and barium,
respectively.
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