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BaSO, nanostructures with controlled morphologies were successfully produced via one-step process through
precipitation of BaSO, in aqueous and organic media. The synthesis is carried out by mixing solutions of BaCl, and
Na,SO, in presence of EDTA (disodium ethylenediaminetetraacetic acid) at room temperature. The influence of the
reaction conditions such as initial reactants concentration, pH, EDTA/[Ba®"] ratio and aging on the BaSO,
nanoparticles organization is studied. Using EDTA in aqueous media, spherical secondary particles of 500 nm diameter
are obtained, which are formed by 4 nm size primary particles. With dimethyl sulfoxide and small amounts of water (5%)
and EDTA, the aging process allows the production of long homogeneous fibers, related to hierarchical organization
of BaSO,4 nanoparticles. Direct observation of self-assembling of primary particles by HRTEM allows proposing
a mechanism for fiber formation, which is based on multipolar attractions that lead to a brick-by-brick organization
along a preferential orientation. Results evidence the role of EDTA as controlling agent of the morphology and primary

and secondary mean particle size.

Introduction

The bioinspired mineralization synthesis strategy allows the
controlled and reproducible production of complex materials
with specific size, shape, composition and hierarchical organiza-
tion.'””7 The hierarchical organization of nanoparticles, from
homogeneous colloidal crystallization to the directed self-assem-
bly of colloidal particles, is promoted by covalent and noncova-
lent interactions.® The particle-based crystallization mechanisms
(involving mesoscopic transformations of nanoparticles precur-
sor phase) are usually named “oriented attachment” and “meso-
crystal formation”. Oriented attachment involves the directed
attachment of oriented primary building block particles under
subsequent crystallographic fusion, which usually leads to one-
dimensional nanomaterials.”'® This process involves the sponta-
neous self-organization of the nanobuilding blocks and its sub-
sequent coalescence.!!~!° Mesocrystals, on the other hand, are
colloidal crystals composed of crystalline nanoparticles in a
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perfect three-dimensional crystallographic array, so they scatter
light like a single crystal, although they are formed by nano-
particle superstructures.” A brick-by-brick particle interactions
have been previously suggested as a self-assembly formation
mechanism.”

Barium sulfate (BaSO,) has an industrial relevance due to its
whiteness, inertness, high specific gravity and optical properties,
such as opacity to UV and X-rays radiation.'®” " It is mainly used
as a radio-contrast agent, filler in plastics, extender in paints,
coatings and additive in pharmaceutical products and in printing
ink.118:20725 Nowadays, interest in this material has been
renewed with the development of methods to produce nanosize
particles, supraparticles of a well-controlled number of nanopar-
ticles and mesocrystals that mimic biomineralization processes.”
Among the methods for nanoparticle synthesis, controlled pre-
cipitation has the advantage of good reproducibility, low-cost
and the use of mild reaction conditions within a relatively simple
process.'*?® This method can improve the quality of the product
in terms of controlling the particle size and the particle size
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distribution (PSD).””~** The concentration, pH, temperature,
reaction media'>**7%¢ and the introduction of stabilizing agents
(chelating agents,’ polymenc inhibitors, > * surfactants,1 14,3541
and other organic additives,” ™ ™ 57 0T ) are the most
important parameters to promote nucleation and controlled
growth.*~4

The control of shapes of BaSO, has been the object of
numerous studies.!2451213:222527.313234=304147=54 [ { ot a] pre-
pared ellipsoidal nanocrystals by using ethylenediaminetetraace-
tic acid (EDTA),37 while Yu et al. obtained fibers in presence of
sodium polyacrylate.'® Likewise, using the same agent, Wang et
al. have reported a well-established method to obtain cones, fiber
bundles as well as elucidating their crystallization® and its
associated kinetic mechanisms.* The kinetics of the crystallization
process involves the nucleation and growth rates of the crystal,
which are directly dependent on the saturation ratio. This ratio is
the driving force for nucleation and growth and determines the
induction period along which a stationary cluster distribution is
reached and critical nuclei are formed.*® Judat and Kind pro-
posed a mechanism for BaSO, formation that involves molecular
and aggregative growth.” These mechanisms can also lead to
inclusions and to a porous internal crystal structure by molecular
crystal growth, i.e., by incorporation of monomers into the
crystal. Qi et al. synthesized a variety of well-defined morpholo-
gies using double-hydrophilic block copolymers as crystal growth
modifiers to direct the controlled precipitation as a function of
pH.>*%7 A possible mechanism for the development of (defect-free
growth) bundles of BaSO, nanofilaments from the amorphous
precursor particles by attractive van der Waals forces and crystal
multipole forces is proposed.”® The alignment of assembled
nanoparticles is inferred from the external shape of the structures,
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but direct observations of nanostructures were not reported. In
general, the supraparticle chemistry involved in this process is
now a very rapidly developing research field inspired in materials
found in nature. Up to now, details related to the perfect
alignment of nanoparticles in building units that form meso-
crystals remains unclear.

In the present work, the morphology of BaSO, nanostructures,
synthesized by controlled precipitation, is studied in detail. The
influence of the capping agent, pH, reaction media and aging on
the agglomerate shape and primary and secondary particle size is
further analyzed. The synthesis of nanometric BaSO, in dimethyl
sulfoxide (DMSO) allows the production of long fibers. HRTEM
observations allowed a direct assessment of self-assembled pri-
mary barium sulfate nanoparticles, which suggest a brick-by-
brick assembling mechanism via hierarchical organization during
the aging processes.

Experimental Section

Materials. The following analytical reagents were used as
received: BaCl,-2H,O (Baker, 99.9%), Na,SO, (Baker, 99%),
disodium ethylenediaminetetraaceticacid (EDTA) EDTA—2Na-
2H,O (Baker, 99.9%), and dimethyl sulfoxide (DMSO)
(CH3),S=0 (Aldrich, 99.9%).

Precipitation Procedure in Aqueous Media: BaSO,4 Ag-
gregates in the Presence of EDTA. A 100 mL sample of 0.1 M
BaCl, was added to 100 mL of 0.1 M EDTA—2Na-2H,0 under
vigorous magnetic stirring at room temperature. Various EDTA
concentrations were considered (0.05, 0.01, and 0.001 M) and the
pH was adjusted from 4 to 8 using HCI. Thereafter, 100 mL of
0.1 M Na,SO, was added. The resulting suspension was collected;
the precipitates of BaSO,4 were separated from the mother liquor
by decantation and washed with distilled water several times.
After the centrifugation process, the particles were dried in an
oven at 110 °C for 24 h. The product was ground up for analysis.

Precipitation Procedure in Organic Media: BaSO,4 Ag-
gregates/DMSO in Presence of EDTA. The DMSO was dried
for 16 h with previously activated Linde 4 A sieves at 500 °C.>° A
2.19 g sample of BaCl, was dissolved in 200 mL of DMSO.
Simultaneously, 3.21 g of EDTA—2Na-2H,0 was dissolved in
200 mL of DMSO at 60 °C under strong magnetic stirring for
30 min. Thereafter, both solutions were mixed and 1.42 g of
Na,SO, was added with magnetic stirring. The synthesis was
carried out under inert atmosphere. The solvent was eliminated
and the precipitated particles were dried in the oven with vacuum
at 110 °C for 24 h.

Preparation in DMSO/H,O in Presence of EDTA. A
5 vol % aliquot of water was added, following an analogous
preparation procedure mentioned above.

In the synthesis stage, samples were allowed to age in solution.

Structural Characterization. X-ray Diffraction (XRD).
XRD patterns were obtained in a Bruker AXSD8 advanced
diffractometer (Cu Ko radiation, A = 1.54184 A at 35 kV and
30 A with a scanning speed of 1O 26/min).

Electron Microscopy. Scanning electron microscopy (SEM)
studies were carried out in a Leica Stereoscan Scanning -440.
The samples were gold-coated using a fine-coat ion sputter, Jeol
JEC-110.

High-resolution transmission electron microscopy (HRTEM)
studies were carried out in a Jeol 4000EX at 400 kV. Samples were
prepared by evaporation of a drop of the aqueous suspension on
an amorphous carbon-coated Cu TEM grid. The size distribution
was estimated by particle analysis of at least 100 particles in the
TEM images. The morphology analysis of BaSO, fibers was
effected using a SHAPE program version 7.1.2 based on simple
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Figure 1. Selected SEM images of BaSO, aggregates obtained in aqueous media/EDTA [0.1 M]: (a) pH = 4, (b) pH = 7, and (c) pH = 8.

geometric considerations according to the Bravais—Friedel—
Donnay—Harker (BFDH) methodology.*~ %

Results and Discussion

X-ray diffraction (XRD) patterns (Supporting Information
Figure S1) show that in general, all BaSO,4 samples crystallized in
an orthorhombic structure (JCPDS No. 24—1035) and second
phases are not present. The lattice parameters (a, b, and c)
calculated from the average peaks positions are as follows: a =
0.7152 £0.0015nm, b = 0.8885 £ 0.0033 nm, and ¢ = 0. 5448 £
0.0013 nm, in coincidence with the reported values.'®®* The
average crystallite size (D) was estimated from the XRD patterns
(021) peak using the Scherrer formula corrected for the instru-
ment contribution, as follows:

0.94
:ﬂcos O (1)

Here, A is the wavelength of the incident beam, f is the half-
peak width of the ikl line, and Oy is the Bragg diffraction angle.
The crystallite sizes obtained are about 4 nm for spherical
agglomerates and 12 nm for fibres.

Synthesis in the Presence of EDTA: Influence of pH. SEM
micrographs of BaSO, obtained at different pH values in presence
of EDTA are shown in Figure 1. At pH = 4 (Figure la) spherical
agglomerates of around 500 nm can be observed. An increase
of pH from 4 to 7 leads to decreasing size of the agglomerates and
the distribution of secondary particle size is less homogeneous
(Figure 1b). With further increase of pH, the agglomerate
spherical shape is lost (Figure 1c).

The synthesis of BaSO,4 in aqueous media in presence of EDTA
involves the following reactions:

2C17(ac) + Ba2+(ac) + EDTA47(M) + 2Na+(ac) + 2H+(ac) =
[Ba—EDTAJ*™ ) +2Na" (o) +2C1 " (u) + 2H (o) (1)

EDTA*" + H* = H,EDTA*” (1a)
[Ba—EDTAJ’~ + H* = [BaHEDTA]~ (1b)

Ba—EDTA[,, +SO4 ™ () +2Na" () = BaSOy(;)s +
EDTAEac) +2Na™ (2)
In reaction 1 barium chloride and disodium EDTA yield the

[Ba—EDTAJ* complex. Reactions la and 1b show the fact that
complex formation depends on pH and hence BaSO, yielding is
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Figure 2. Calculated fraction diagram of the[Ba— EDTAJ*~ complex
and BaSOy, as functions of pH for various EDTA concentrations.
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Figure 3. TEM images of BaSO, aggregates. (a) High-magnifica-
tion HRTEM image of the BaSO, clusters, (b) FFT analysis of a
nanocrystal, (c) HAADF image showing a spherical agglomerate,
and (d) particle size distribution histogram.

affected in 2. Ba—EDTA’ and EDTA' denote all possible inter-
mediate complex species. It is important to point out that the
initial EDTA concentration is quite important for BaSO, yielding
2, because it is involved in the precursor concentrations, which in
turn affects the nucleation and growth processes.

In Figure 1, the size of the secondary particles is less uniform
for high pH, with departures from the spherical shape. This
behavior is expected since, at higher pH, EDTA dissociates more
and favors the availability of negatively charge moieties for
surface absorption, which in turns increase the interparticle
repulsions (see Figure 2). Figure 2 shows a calculated frac-
tion diagram,** illustrating the trends of solid BaSO, and
[Ba—EDTAJ*~ complex fractions as functions of pH. It can be
noted that, according to the thermodynamics of the system, and
only for pH values higher than 6.5, BaSO, is partially dissolved by
complex formation. The inconvenience of BaSO, synthesis at

(64) TUPAC Stability Constant Database, software version 5.7.
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Figure 4. SEM images of BaSO, aggregates in aqueous media at pH = 4 and for various EDTA concentrations: (a) 0.05 M, (b) 0.01 M, and

(¢) 0.001 M.

basic pH is that a substantial Ba>" fraction remains soluble with
the [Ba—EDTA]*~ complex, affecting the reaction yield.

The morphology and size distribution of the primary particles
atpH = 4 observed by HRTEM are shown in Figure 3. Dark field
images in Figure 3c show roughly spherical agglomerates, in
agreement with sizes observed by SEM.

At higher magnifications, crystalline nanoparticles can be
observed in the agglomerate (see Figure 3, parts a and d). They
have a mean particle size of 4.1 nm £1.2 nm, in agreement with the
particle size estimated from the XRD patterns. The nanocrystals
show smooth surfaces and not an elongated morphology. The
local fast Fourier transform (FFT) analysis (Figure 3b) shows the
equivalent reflections expected for BaSQO,.

Synthesis in the Presence of EDTA: The Influence of EDTA
Concentration. Because of the reactant equilibria of Ba®" and
EDTA species, which strongly affect the supersaturation, the pH
level was fixed to study the influence of EDTA concentration.

Figure 4 shows the effect of decreasing EDTA concentration
on the morphology of BaSO, at fixed pH (pH = 4) and at room
temperature. For 0.05 M EDTA, and molar ratio [Ba®>*/EDTA]
of 1:0.5, agglomerate formation is nonuniform with increasing
size (compare Figures 1a and 4a). The agglomerate size distribu-
tion becomes broader and the spherical shape is lost. This trend
continues and becomes more evident for an EDTA concentration
of 0.01 M (Figure 4b), [Ba®"/JEDTA] = 1:0.1. However, in this
case, the spherical form of the primary particles is preserved. At
an EDTA concentration of 0.001 M, [Ba®"/EDTA] = 1:0.01, the
clusters exhibits a disk-like morphology. For the same conditions,
but without EDTA, particle morphology is very similar to that
exhibited by samples prepared at lower EDTA concentrations
(0.001 M) (Figure 5).

Figure 5 shows the morphology of BaSO, prepared without
EDTA at pH = 4. SEM images (Figure 5a) show the presence of
particles having rod-like morphology with broader particle size
distribution. The HRTEM study (Figure Sb—d) reveals that these
agglomerates consist of monocrystalline particles of around
200 x 400 nm, elongated along the [010] direction. These results
and the behavior observed at various pH values are clear evidence
of the EDTA stabilizing role in obtaining small particles.

It is important to note that in Figure 2 it is shown that EDTA
remains not dissociated at pH = 4, although the results shown in
Figure 4 and 5 clearly demonstrate its role as capping agent.
Consequently, the EDTA concentration determines not only the
morphology, but also the primary and secondary mean particle
size and PSD.

All previous samples were allowed to age for more than a week,
and SEM micrographs (not shown here) show a slight increase in
particle size and loss of the spherical shape in the secondary particles.

Synthesis in DMSO. Because of its particular properties,
DMSO has become quite popular as a medium to prepare
different nanostructures in colloidal dispersions. Its high dielectric
constant, its ability to act as a complexing agent due to its high

Langmuir 2010, 26(10), 6954-6959

200 nm

(010)

Figure 5. (a) SEM and (b) TEM images of BaSO, aggregates
prepared without EDTA. (¢) High-magnification HRTEM image
of the BaSOy clusters. (d) FFT analysis of the HRTEM image.

Figure 6. BaSO,aggregates DMSO/EDTA at room temperature:
(a) after the reaction and (b) past 8 days of aging.

basic character and its high viscosity, helps to modulate the
interface tension, stabilizing nanoparticles at small sizes.*%~72
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Figure 7. BaSO, fibers obtained at room temperature in DMSO-EDTA/ (5%) H,O, after an aging time of 9 days. (a) SEM image, (b) TEM
image of BaSO, aggregates,(c) High-magnification HRTEM image of the BaSOy clusters, (d) and schematic representation of the estimated

morphology (from the SHAPE software).

{011}

Figure 8. (a) Schematic representation of {101}, {210}, {001}, and {011} plane surfaces in BaSO,. The represented polyhedrons correspond
to SO4> ions, the light gray balls correspond to Ba>* cations. The structure simulation was carried out using Diamond Software Demo version
3.1 (http://www.crystalimpact.com/diamond/Default.htm) (b) Schematic representations of the BaSO,4 nanocrystal surfaces; the plus sign
represents those surfaces related only to Ba>", while the negative sign represents surfaces containing SO,>".

A setback is the EDTA low solubility in DMSO that can be
overcome by heating at 60 °C.

SEM images of samples synthesized in DMSO/EDTA at 60 °C
are shown in Figure 6a. Under these conditions, spherical
aggregates with sizes ranging from 500 to 700 nm, composed by
primary particles of 200 nm are obtained. These sizes are larger
than those obtained in water (see inset in Figure 6a). This is
unexpected since the critical nuclei are likely to be smaller in
DMSO, due to the lower solubility of BaSOy in this solvent. To
improve EDTA solubility, temperature was increased, and hence
the critical nuclei size and growth rate, leading to the increase in
particle size. On the other hand, dissociation of EDTA (and, in
general, any carboxylated molecule) is also strongly affected when
the solvent is changed from water to an organic solvent such as
DMSO." Therefore, the role of EDTA as stabilizing agent in
organic solvents is offset to a certain extent due to changes in pK,.

After aging of 8 days, the formation of BaSO, fibrous aggre-
gates is observed in the SEM images (Figure 6b). The morphology
of the fibers is “needle-like” with diameters of ~500 nm. The
change in morphology is probably related to a preferential
reorganization of the nanoparticles to form an elongated shape.
The pH and EDTA solubility, among other factors, affect the
morphology. Because of the strong dependence of DMSO proper-
ties on water content’* and the low solubility of EDTA in pure
DMSO, we decided to study the influence of small amounts of
water in DMSO.

Synthesis in Water (5%)—DMSO in the Presence of
EDTA. Figure 7a shows a SEM image of aggregates synthesized

(73) Bordwell, F. G.; Fried, H. E. jitgmiakea. 1981, 46, 4327-4331.
(74) Catalan, J.; Diaz, C.; Garcia-Blanco, F. jidiiimisbgis. 2001, 66, 5846-5852.
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in presence of 5 vol % of water and after 9 days of aging. The
resulting quasi monodisperse fibers have diameters of less than
200 nm. Dark field images (Figure 7b) show that fibers are formed
by aggregates of primary particles. These results suggest that
water has a substantial influence during the aging process,
favoring the EDTA surface absorption mechanism and allowing
the change in morphology from spherical agglomerates to elon-
gated meso-crystal fibers.

HRTEM characterizations elucidate details related to the
meso-crystal chemical mechanism that lead to BaSQy fiber for-
mation. The analysis over several TEM images (e.g.: Figure 7c)
indicates that the fibers are composed of several oriented primary
particles. The FFT analysis (Supporting Information Figures S2
and S3) performed on nanocrystals, shows that (i) dj,, agrees with
reflections expected for BaSQy, (ii) the nanocrystal morphology
falls into an orthorhombic—dipyramidal geometry, which is very
common in Barite crystals.>*” On the basis of measured reflec-
tions, it was possible to estimate the nanocrystal orientation,
which reveals that fibers form in a kind of hierarchical organiza-
tion of nanoparticles along the [001] and [010] directions,
as shown in Figure 7, parts ¢ and d. Additionally, the most
important estimated surfaces, from the HRTEM study were
{210}, {001}, {011}, and {101}. These results strongly suggest
that organization of particles in elongated fibers follows a brick-
like mechanism, where the most important particle—particle
interaction take place through {011} and {101} surfaces. Ana-
lyzing the modeled structure (see schematic representation in
Figure 8) it can be recognized that the {210} and {001} family
planes are associated with alternate distributions of Ba®" and

(75) Radanovic-Guzvica, B. Geol. Croat. 1999, 52, 59-65.
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Figure 9. Schematic representation of the fiber formation me-
chanism by electrostatic multipolar interactions.

SO,* along these surfaces, while the {011} and {101} family
planes are related exclusively to Ba" or to SO,*, respectively.
According to the observed surface distributions from the
HRTEM study, it can be envisaged that a preferential EDTA
adsorption occurs on those surfaces containing Ba®" (i.e.: the
{011} surfaces) while cations (H;0" or Na') are expected to be
adsorbed on the {101} surfaces. These surfaces are not charge-
compensated, since the Ba>" containing surfaces are positively
charged (see Figure 8b). It is worth noting that BaSO, alternates
its surface charges deficiencies in such a form that nanoparticle
multipoles distribute along the particle as inclined vectors from
the center of {011} surfaces toward {101} surfaces. Such an array
of dipoles should not have an appreciable net component and
particles tend to be randomly oriented in a spherical agglomerate;
however this situation is expected to change during aging pro-
cesses where particle-EDTA interaction change. The EDTA
molecule minimizes the particle—particle interactions through
the {011} plane surfaces, resulting in a net dipole component,
because bonding in Ba—EDTA is stronger and less dissociated
than ion—ion interactions on {101} surfaces. Particles organize in
brick-like meso-structures, as depicted in Figure 9. This may be a
plausible explanation for the preferential spatial organization of
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the particles into fiber meso-crystals. However, a definitive
explanation remains the subject of further research.

Conclusions

The mean particle size, morphology of agglomerates, and
secondary particle-size distribution of BaSO,4 nanoparticles, ob-
tained from precipitation in solution, strongly depends on reac-
tion conditions. EDTA acts as an efficient capping agent
stabilizing very small particles, even in acid pH media where
EDTA dissociation is inhibited. The aging processes occurring
after few days of preparation slightly modifies the mean particle
size, morphology and secondary particle size. However, when
DMSO is used as solvent in presence of small amounts of H,O
(5%), long fibers are obtained, resulting from hierarchical orga-
nization of BaSO, nanoparticles. Direct observation of self-
assembled primary particles by HRTEM revels that fibers are
formed via hierarchical organization of barium sulfate nano-
particles during aging processes. The fibers HRTEM micrographs
suggest that this organization occurs preferentially along the (001)
and (010) nanoparticle axis via a brick-like mechanism, where
EDTA plays an important role in the generation of surface
multipolar attractions, leading to the production of elongated
fibers.
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