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Barite crystals were grown at the interface between an aqueous solution of Ba?>* ions and organic solutions of
chloroform and hexane containing fatty acid/fatty amine molecules by reaction with sodium sulfate. The
crystals grown at the interface in all cases had a nearly similar flat, plate-like morphology consistent with the
barite structure. This morphology of the crystals resembles that of barite obtained during growth in solution in
the presence of crystal growth inhibitors and is significantly different from that of barite crystals grown at the
air—water interface. The use of interfacial effects such as dielectric discontinuity, finite solubility of the two
solvents, efc., opens up exciting possibilities for tailoring the morphology of crystals at the liquid-liquid

interface.

Introduction

Development of protocols to grow crystals of controllable
structure, size, morphology and superstructures of pre-defined
organizational order is an important goal in crystal engineering
with tremendous implications in the ceramics industry.'?
Lured by the exquisite control that biological organisms exert
over mineral nucleation and growth (both amorphous and
crystalline) by a process known as biomineralization,**
materials scientists are trying to understand biomineralization
and, thereby, develop biomimetic approaches for the synthesis
of advanced ceramic materials. It is now established that an
important requirement for biomineralization is epitaxy
between the crystal nucleating face and underlying bio-organic
surface and, consequently, biomimetic surfaces such as those
presented by Langmuir monolayers,>® self-assembled mono-
layers (SAMs) on planar’ and nanoscale curved surfaces® as
well as functionalized polymer surfaces® have been studied in
great detail. Attempts have also been made to control the
morphology of crystals via addition of suitable crystallization
inhibitors'® and carrying out crystal growth in constrained
environments such as those afforded by microemulsions.!!
Very recently, some of us have shown that the growth of SrCO;3
in thermally evaporated fatty acid bilayer stacks resulted in an
unusual flower-like assembly of strontianite needles.'?

The liquid-liquid interface is an important area of research
in chemistry that impacts understanding of the stability of
emulsions, chemical separation processes, interfacial catalysis
as well as many processes in biological systems.'* Only recently
has the liquid-liquid interface been viewed seriously as a
medium for the organization of micron sized objects!* and
growth of nanoparticles of CdS.!" To the best of our
knowledge, there are no reports in the literature on the use
of the liquid-liquid interface in the biomimetic growth of
minerals. In this communication, we address this lacuna and
investigate the growth of BaSO, (barite) crystals at the
interface between an aqueous solution of Ba’* ions and
organic solutions of chloroform and hexane containing fatty
acid/fatty amine molecules by reaction with sodium sulfate.
The process is seemingly similar to the growth of BaSO,
crystals at the air-water interface with anionic Langmuir
monolayers as the template® with the following important
differences. The magnitude of the dielectric discontinuity
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between water—organic solution and water-air would be
different and could lead to important differences in the
electrostatics of complexation of the Ba®* ions with the
anionic surfactant molecules at the interface. Furthermore, the
finite solubility of the two solutions would lead to a region of
the interface with a much broader gradation in the dielectric
function which would in turn influence the electrostatics of the
metal ion complexation with the lipid molecules as well as the
organization of the templating lipid molecules in the interfacial
region. The solvation of the hydrocarbon chains in the organic
phase would also contribute to disruption in the ordering of the
surfactant molecules at the water—organic solution interface
with important consequences in the epitaxy associated with
crystal nucleation processes.

Experimental details

Stearic acid, octadecylamine, hexane, chloroform, barium
chloride and sodium sulfate were obtained from Aldrich
Chemicals and used without further purification.

A 50 mL solution of 107> M stearic acid in chloroform was
taken in a separating funnel and 50 mL of 107> M aqueous
solution of BaCl, (pH = 6.2) was added. The biphasic mixture
was allowed to rest for 30 minutes following which 15 mL of a
1072 M aqueous solution of Na,SO, was injected slowly into
the aqueous side of the chloroform-water interface (solubility
of CHCI; in water is 0.08% w/w; dielectric constant = 4.8;
density = 1.47 gmL™"). This leads to a supersaturation ratio
of ca. 400 in the salt solution. As the injection of Na,SO,
progressed, the interface turned turbid and after some time it
was noticed that crystals of BaSO, were formed at the liquid—
liquid interface. Apart from the interface, the organic and
aqueous phases were clear. The organic solution was carefully
removed from the separating funnel and the crystals separated
by filtration, washed with copious amounts of double distilled
water and placed on Si(111) substrates for scanning electron
microscopy (SEM) and X-ray diffraction (XRD) measure-
ments. In a similar manner, the crystallization of BaSO,4 was
also carried out using octadecylamine in chloroform as well as
stearic acid in hexane (solubility of hexane in water is 0.001%
wiw; dielectric constant = 1.9; density = 0.66 gmL ™).

In control experiments, the crystallization of BaSO, was
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accomplished in a 50 mL chloroform/hexane (without stearic
acid)-50 mL BaCl, biphasic mixture by injection of 15 mL of
1072 M aqueous solution of Na,SO,. The crystals were formed
predominantly in the bulk of the aqueous solution and slowly
settled down at the interface in the case of chloroform (please
note: since the density of chloroform is greater than that of
water, the aqueous component rests on top of the organic
solution and the crystals formed in the aqueous phase settle
under the influence of gravity at the interface) and at the
bottom of the reaction vessel in the case of hexane. The crystals
formed at the water—organic solvent interface in the control
experiments were also examined by SEM. In order to facilitate
comparison of the morphology of BaSO, crystals formed at the
liquid interface with the morphology reported in the literature
for crystals grown at the air—water interface at considerably
lower supersaturation ratios,® the crystallization experiments
with stearic acid in hexane were performed at a supersaturation
ratio of ca. 50 by adjusting the amount of Na,SO, solution
(concentration = 1.41 x 10~* M) injected into the BaCl,
aqueous solution. In this experiment, crystal growth at the
interface was extremely slow and the crystals were harvested
for analysis after 12 h of reaction. In all the crystallization
experiments, the temperature of the biphasic solutions was held
at 25°C.

XRD analysis of all the BaSO, samples was carried out on a
Philips PW 1830 instrument operating in the transmission
mode at 40 kV voltage and a current of 30 mA with CuK,
radiation. SEM measurements were carried out on a Leica
Stereoscan-440 scanning electron microscope (SEM) equipped
with a Phoenix EDAX attachment.

Results and discussion

The amphiphilic nature of the stearic acid molecules would lead
to their adsorption at the liquid-liquid interface and enable
electrostatic complexation of Ba®* ions with the carboxylate
groups of the fatty acid in a manner akin to that observed in
Langmuir monolayers at the air—water interface.® The
concentration of divalent metal ions near Langmuir mono-
layers of fatty acids is known to be 4-5 orders of magnitude
larger than the concentration in the bulk of the aqueous
solution leading to a high supersaturation ratio at the inter-
face'® and it is expected that a similar metal ion concentration
enhancement would occur at the hexane-water interface (and
the chloroform—water interface) as well. Thereafter, reaction of
the Ba®* ions with sulfate anions leads to the formation of
BaSO, at the liquid-liquid interface. Fig. 1 shows the SEM
micrographs at different magnifications obtained from the
BaSO, crystals grown at the interface between hexane and
water with stearic acid in the hexane phase. At lower
magnification (Fig. 1A), a number of BaSO, crystals of
uniform size are observed. Spot profile EDAX measurements
taken from within one of the crystals yielded a Ba: S: O ratio in
excellent agreement with that expected for barite. Some crystals
fortuitously oriented perpendicular to the Si(111) substrate can
also be seen in the figure. It is clear from this image that the
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Fig.1 A and B - SEM micrographs at different magnifications
recorded from BaSO, crystals grown at the water-hexane interface
with stearic acid molecules in the organic phase.
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Fig. 2 XRD patterns recorded from BaSO, crystals grown at the
water—hexane interface with stearic acid in the organic phase (curve 1);
at the water—chloroform interface with octadecylamine in the organic
phase (curve 2) and at the water—chloroform interface with stearic acid
in the organic phase (curve 3).

particles are quite flat and plate-like in overall morphology.
The higher magnification SEM picture shown in Fig. 1B clearly
reveals the well-rounded and nearly circular shape of an
individual crystal. The XRD pattern recorded for this film is
shown as curve 1 in Fig. 2. The XRD pattern was indexed with
reference to the unit cell of the barite structure (a = 8.87 A,
b =545A, ¢ = 7.15A; space group Pnma)."’

Fig. 3 shows SEM images of BaSO, crystals grown at the
water—chloroform interface with stearic acid (images A and B)
and octadecylamine (images C and D) as the templating
molecules in the organic phase. In the case of octadecylamine,
the molecules at the interface would be positively charged at
pH = 6.2 and therefore, the sulfate ions would be bound at the
interface rather than Ba®" ions as was the case with stearic acid
molecules. We were interested in seeing whether the order of
complexation of the ionic species prior to crystallization
affected the morphology of the barite crystals grown at the
liquid-liquid interface. As mentioned earlier, chloroform is
denser than water and therefore the orientation of both the
stearic acid and octadecylamine molecules at the liquid-liquid
interface would be opposite to that in the case of water—hexane.

As in the case of barite crystals grown at the water—hexane
interface (Fig. 1), the BaSO, crystals grown at the chloroform—
water interface with both stearic acid and octadecylamine are
flat and plate-like (Fig.3). In the case of stearic acid in
chloroform, unusual aggregation of the plate-like crystals had
occurred to yield a cylindrical superstructure as shown in the
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Fig. 3 A and B — SEM images of BaSO, crystals grown at the interface
between water and chloroform, the organic phase containing stearic
acid. C and D — SEM images of BaSO, crystals grown at the water—
chloroform interface, the organic phase containing octadecylamine.
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Fig. 4 A and B — SEM images recorded from BaSOy, crystals grown at
the interface between water and chloroform, the organic phase
containing stearic acid. The aggregated, supercrystal structure can be
seen in both images at different magnifications.

centre of Fig. 3A. Such a structure was not observed in any of
the other samples and was seen repeatedly, albeit sporadically,
in the case of barite crystals grown using stearic acid in
chloroform. Some additional aggregated BaSO, structures
imaged from such samples are shown in Fig. 4. The XRD
patterns recorded from the crystals grown at the water—
chloroform interface with octadecylamine and stearic acid are
shown as curves 2 and 3 respectively in Fig. 2. It is clear that
crystallization of barite has occurred in both cases.

The observation that flat, nearly circular barite crystals are
formed at the water—organic solution interface irrespective of
whether cationic or anionic lipid molecules are used is
surprising and indicates a possibly minor role for the additive
in determining the morphology of the crystals formed. In order
to clarify this issue, SEM images at different magnifications of
barite crystals grown in the control experiments with chloro-
form (without stearic acid in the organic solvent) were recorded
and are shown in Fig. 5. The morphology of the crystals was
identical in the case of the hexane experiment and for brevity
these images are not shown. In the control experiment, the
crystal morphology is very different from that observed when
stearic acid is present in the organic phase (Figs. 1 and 3), the
crystals exhibiting a star-like structure (Figs. SA and B).
Clearly, the presence of both stearic acid and octadecylamine
monolayers at the water—organic solvent interface plays an
important role in determining the morphology of the barite
crystals formed.

While it may initially appear that the organization of stearic
acid (and indeed octadecylamine) at the water—hexane/chloro-
form interface is similar to that of the fatty lipids at the air—
water interface, there are important differences as briefly
pointed out in the introduction. We would like to point out that
the morphology of the barite crystals of this study is markedly
different from those observed by others at the air—water
interface.® Taking the specific example of barite crystals grown
at the air-water interface with Langmuir monolayers of
n-eicosyl sulfate and eicosanoic acid,*” this difference in
morphology of the crystals could be due to the large difference
in supersaturation ratios in the two studies (400 in this study
versus 30 in ref. 6b). We therefore repeated the BaSOy,
crystallization experiments with stearic acid in hexane at a
supersaturation ratio of 40 as described in the experimental
section. Fig. 6 shows the SEM images obtained from barite
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Fig.5 A and B — SEM images of BaSO, crystals grown in a biphasic

mixture of chloroform (without ionizable surfactant) and water in the
control experiment.
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Fig. 6 A and B — SEM images recorded from barite crystals grown at
the interface between water and hexane with stearic acid in the organic
phase at a supersaturation ratio of ca. 50.

crystals harvested from the liquid-liquid interface of this
experiment. It is observed from these SEM images that the
BaSOy crystals still possess a plate-like and very flat, circular
morphology even at such relatively lower supersaturation
ratios. The insensitivity of the barite crystal morphology to the
nature of the surfactant (cationic or anionic) as well as the
supersaturation ratio is a salient feature of this study.

The morphology of the barite crystals of this study grown in
the presence of cationic or anionic surfactants more closely
resembles barite crystals grown in solution in the presence of
crystallization inhibitors possessing (iminodimethylene)phos-
phonate motifs'® and inhibitors such as aminocarboxylate
chelating precursors (nitrilotriacetic acid, to be more speci-
fic)."% It appears that the fatty lipid molecules at the liquid—
liquid interface behave similarly to such crystal growth
inhibitors. This may be a consequence of the finite solubility
of the two solutions leading to a fairly broad interfacial region
where the fatty lipid molecules are relatively evenly distributed.
This would enable the lipid molecules to bind to nascent
crystals growing at the interface and thereby control the growth
of specific crystallographic faces and the crystal morphology.
The electrostatic interaction between the Ba®* ions and the
fatty acid molecules would also be modulated by the lower
dielectric constant of the organic component within the
interfacial region. While the exact details of the mechanism
for morphology variation of barite crystals at the liquid-liquid
interface need to be worked out, it is clear that the use of such
interfaces provides exciting possibilities for tailoring the
growth mode of crystals.

A comparison of the higher magnification SEM images of
the barite crystals grown at the water—chloroform interface
with stearic acid (Figs.3A and B) and octadecylamine
(Figs. 3C and D) shows that the crystal morphology is more
rounded in the case of fatty amine molecules at the interface
(morphology similar to barite crystals grown at the hexane—
water interface with stearic acid, Fig. 1B). Secondary nuclea-
tion can clearly be observed on the surface of the crystals in
both cases. This behaviour is analogous to that observed by
Bromley et al.'® who reported that the [100] direction
curvature became more pronounced with increasing concen-
tration of specific (iminodimethylene)phosphonates in solution
thus leading to a more spherical crystal morphology.

In conclusion, it has been shown that barite crystals may be
grown at the liquid-liquid interface with suitable surfactants
adsorbed at the interface. The crystals exhibit a morphology
not normally observed in the analogous air-water interface
growth experiments. The use of the liquid-liquid interface
throws open the exciting possibility of tailoring the physical
and chemical properties of the interface and thereby modifying
the morphology of the crystals nucleating and growing at the
interface.
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