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Crystal Design of Barium Sulfate using Double-
Hydrophilic Block Copolymers

Limin Qi, Helmut Colfen and Markus Antonietti*

The controlled growth of crystals with respect to size, shape,
and crystal structure, the so-called “crystal design”, is a
preindustrial manufacturing procedure known since the
Middle Ages, but has returned as a key aspect of modern
materials science. The reasons for this are obvious, since the
use of powders as abrasives, fillers, or ceramic precursors
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relies on the homogeneity of the powders to certain particle
sizes and shapes. Further, the patterns of bioceramic matter
such as bone, teeth, or seashells, with their properties superior
to current man-made ceramics, show that control of the
growth of single nanocrystals as well as their simultaneous
alignment in some ordered superstructure is a motive to
generate water-borne, environmentally friendly materials.[!]
In this Communication, biological principles to control crystal
growth are mimicked with easily synthesized polymers where
the growth of BaSO, is affected to effect a wide variety of
well-defined morphologies.

The morphology of single nanocrystals or colloidal micro-
particles is classically controlled by application of low
molecular mass additives or salts, hydrothermal hydrolysis
of amorphous solids, or special crystallization conditions.! In
recent years, biological molecules were isolated from living
systems, for example from seashells, and the crystal growth
control was repeated in in-vitro experiments.’] Recently, a
new class of crystal modifiers, the double-hydrophilic block
copolymers, was developed™! and found to be very active in
the control of the crystal morphologies of calcium carbon-
atel* 3l and hydroxyapatite.[] Those polymers are designed as
“molecular tools”, where one block interacts strongly with the
mineral surface whereas the other block just keeps the
“construction site” in solution. In this work, we report on the
control and generation of unconventional crystal superstruc-
tures of barite, BaSO,, using such block copolymers.

We varied the functional polymer block over a broad range,
building polymer-bound arrays of carboxylate groups, aspartic
acids, sulfonates, and phosphonates. Poly(ethyleneglycol)-
block-poly(ethyleneimine)-poly(acetic acid) (PEG-b-PEIPA,
PEG =5000 gmol~!, PEIPA = 1800 gmol~') was obtained as
described in ref. [4a]. Poly(ethyleneglycol)-block-poly(ethyl-
eneimine)-poly(sulfonic acid) (PEG-b-PEIPSA, PEG=
5000 gmol~!, PEIPSA = 2360 gmol~') was prepared similarly
by quantitative reaction with 1,3-propanesultonel®!. A com-
mercial poly(ethyleneglycol)-block-poly(methacrylic acid)
(PEG-b-PMAA, PEG =3000 gmol-!, PMAA =700 gmol';
Goldschmidt AG) was used as received. PEG-b-PMAA-Asp,
with amino acid side chains, was prepared by amidation of
PEG-b-PMAA with aspartic acid (27 %),*! while PEG-b-
PMAAP was prepared by partially monophosphonating
(21 %) the COOH groups of PEG-b-PMAAPI. All polymers
were purified by exhaustive dialysis. Crystal modification data
is presented for these five double-hydrophilic block copoly-
mers together with poly(methacrylic acid) (PMAA, as sodium
salt; Aldrich, PMMA = 6500 gmol!).

The “synthesis” of the BaSO, particles involves simulta-
neous addition of 0.5M Ba(OAc), (Aldrich), 0.5m (NH,),SO,
(Aldrich), and a 1 gL' aqueous solution of the different
polymers (at pH 5 unless otherwise specified) in a double-jet
reactor*l maintained at 25 °C. The continuous reactant supply
of 0.5 mLh"!, leading to a BaSO, formation rate of 1.39 x
10~° mol L-'min~!, was stopped when the solution became
turbid or crystal formation could be observed. The precip-
itates were left to stand in their mother solutions for at least
24 h to ensure equilibration.

The resulting BaSO, precipitates were characterized by
scanning electron microscopy (SEM), and by transmission
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electron microscopy (TEM) (SEM: DSM940A, TEM:
EM912 Omega, Carl Zeiss, Jena). Dry powder samples were
used for the measurements of X-ray powder diffraction
(XRD) using PDS120 unit and Cu Ka radiation (Nonius
GmbH, Solingen), and thermogravimetry (TG) on a Netzsch
TG 209 unit (Selb, Germany). The obtained XRD patterns
were indexed with reference to the unit cell of the barite
structure (a=28.87, b=5.45, c =715 A, space group Pnma).”)
The crystallite sizes of the BaSO, particles were estimated
from the half-height width of the barite-(211) peak according
to the Scherrer equation.

The control precipitation experiment, at pH 7 without an
additive, yielded rectangular BaSO, crystals of about 0.6 um
length with a mean aspect ratio of 1.2 (Figure 1a). Similar

(L5 uin I

Figure 1. BaSO, particles formed in the presence of a)no additives,
b) PMAA, c) PEG-b-PEIPA, and d) PEG-b-PMAA-Asp, observed by
TEM (a-c) and SEM (d). BaSO, particles show various morphologies such
as rectangular tablets (a), rods (b), peanuts (c), and peaches (d).

tablets were obtained at pHS5 and pH Y, although severe
aggregation was observed at pH 9. These tablets are similar to
those of BaSO, crystallized from a supersaturated solution
under static growth conditions, each of which was a single
crystal elongated along the [001] crystallographic axis.[®!
However, the BaSO, tablets obtained here are smaller,
presumably because double-jet precipitation results in fast
nucleation and many small crystals.

The obtained products precipitated in presence of PMAA
at pH 5 are elongated particles with an average length of
0.8 um and an aspect ratio of about 2.1 (Figure 1b). The rough
surface of the rods indicates that they consist of primary
crystallites, corresponding to XRD evidence of a mean crystal
size of 22 nm. The overall shape implies that the super-
structure is composed of rod-like crystallites aligned along the
rod axes. This result on the simple polymer suggests a
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significant interaction between the polymeric pattern of
carboxylic acid groups and the crystallizing BaSO,, resulting
in the considerable influence on both the primary crystalliza-
tion as well as on the superstructure.

If a similar functional block is connected to an inert, soluble
PEG block to form the additive PEG-b-PMAA, a new overall
morphology is formed. At pH9, a peanutlike morphology
(similar to Figure 1 ¢ but only 0.8 um long) composed of 14 nm
primary crystallites (XRD) is found, whereas at pH 5, peach-
like, 2 um sized particles of 18 nm primary crystallites (XRD)
were obtained, very similar to those shown in Figure 1d. This
result illustrates that incorporation of a solubilizing block into
the template structure is also important for the crystal
morphology. Obviously, stabilization of the primary crystal-
lites and their subsequent aggregation into a macrostructure
are facilitated by the block copolymer structure.

As shown in Figure 1c, well-defined peanutlike particles
around 3.0 um in size are also obtained with PEG-b-PEIPA as
a modifier at pH 5. Using PEG-b-PMAA-Asp at the same pH
results again in uniform peachlike particles of an average
2.3 um size (Figure 1d). In this case, the equatorial depression
of the particular superstructure becomes visible. The corre-
sponding XRD results showed that both the peanuts and the
peaches consist of barite primary crystallites (27 nm for PEG-
b-PEIPA and 19 nm for PEG-b-PMAA-Asp).

It is interesting to note that similar peanutlike particles of
hematite (a-Fe,O;) have been produced by a gel-sol method
in the presence of sulfate ions.”) It has been reported that
sulfate restrained the growth in all directions normal to the ¢
axis of hematite resulting in crystalline rods, whereas the
peanut superstructure is the product of the aggregation of
these rods directed by specific forces.[ 1% In the present case,
it is assumed that the COOH groups of both PEG-b-PMAA
and PEG-b-PEIPA play a similar role restricting crystalliza-
tion of BaSQ, in all directions but one, where directional
aggregation of the rodlike primary crystallites leads to
peanutlike particles. Our preliminary TEM studies on thinly
cut samples confirmed the presence of nanometer-sized
rodlike crystallites in the peanutlike BaSO, particles, support-
ing the proposed building mechanism.

It is further speculated that Figures 1b-d represent
different stages of the directed aggregation of BaSO, nano-
rods in a process which has been described in detail for the
formation of fluorapatite superstructures in a gelatin ma-
trix.' 121 Tn a like manner, the peanut shape is explained by
electrical field lines of a primary rodlike crystallite (see
Figure 1b) which directs the aggregation of further crystal-
lites. This was again confirmed by TEM of thin cuts of the
peanutlike macrostructures which showed the primary crys-
tallites are aligned along field lines (data not shown). Further
growth at the caps of the peanut structure yield a sphere with
an equatorial depression, such as the peaches, in analogy to
similarily composed fluorapatite particles.'!]

Thermogravimetry has revealed that the final superstruc-
tures contain a small, but relevant, amount of polymer (5-12
wt-%) embedded between the primary BaSO, crystallites.
The fact that the superstructures do not fall apart, even if
ultrasound or good solvents for PEG are applied, suggests
that the polymer acts as a binder for the different primary
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crystallites. This binding appears to be stronger than in the
case of calcium minerals, as similar CaCQOj particles can fall
apart into the primary crystallites upon ultrasonication.
Phosphonation of the carboxylic acid groups of PEG-b-
PMAA leads to a remarkable variation in the morphology of
the BaSO, particles, namely, large bundles of nanofibers of
BaSO, are produced. Many bundles of fibers show lengths of
some tens of micrometers, most of which exhibit clear starting
points. Appearances that include snails, bananas, and cones,
can be observed. Figure 2a depicts a SEM image showing a

Figure 2. Micrographs of BaSO, particles formed in the presence of PEG-
b-PMAAP observed using a) SEM and b) TEM. The high-magnification
images show the structure as bundles of nanofibers.

conelike bundle of BaSO, nanofibers. The common starting
points of the nanofibers suggest that they could be formed by
heterogeneous nucleation from single centers (e. g., on the
connection point between the two reactant jets or at the glass
wall of the reaction vessel) followed by crystal growth along a
single crystal direction. This can again be achieved by
selective blocking of the crystal growth of all faces parallel
to one axis by polymer adsorption. The corresponding TEM
image of a thin slice shown in Figure 2b confirms the presence
of bundles of nanofibers and shows that the fibers forming
bundles are rather uniform in diameter (20—30 nm). The
corresponding XRD pattern of these nanofibers exhibits
relatively sharp barite scattering peaks, which gives for the
main (211) peak an average crystallite size of about 60 nm,
which is close to the resolution of the diffractometer. This
result strongly indicates the single crystal structure of each
fiber.

A better insight how the polymer interacts with the primary
crystallites and how the morphology is controlled is gained by
electron diffraction on very thin samples. We were not able to
microtome the bigger particles, but microtoming of the
nanofibers was possible. Figure 3a presents a TEM image of
a thin section of a BaSO, nanofiber bundle formed in the
presence of PEG-b-PMAAP. The section has been cut nearly
along the fiber axis, resulting in an area of long continuous
nanofibers that are aligned nearly parallel and exhibit rather
uniform diameters (20—30 nm). The corresponding electron
diffraction pattern (Figure 3b) consists of elongated but
individual diffraction spots, most of which can be indexed as
the reflections corresponding to the [001] zone of barite. It can
be seen that the (210) reflection is located along the direction
normal to the fiber axis, suggesting that the fiber axis is along
the crystallographic [120] axis. It is noteworthy that a few
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Figure 3. a) TEM micrograph and b) electron diffraction pattern of a thin
section of a bundle of BaSO, nanofibers, formed in the presence of PEG-b-
PMAAP, cut nearly along the fiber axis. The diffraction pattern corre-
sponds to the upper-right region of (a), containing continuous, approx-
imately parallel nanofibers. All indexed reflections correspond to the [001]
zone of barite except the reflections labeled “#”. The observation that the
(210) reflection is located normal to the fiber axis suggests that the fibers
are elongated along the [120] axis.

reflections corresponding to other zones are also present in
the whole diffraction pattern due to a degree of rotation of
some fibers around their own axes. Specifically, reflections
(211) and (221) accompany reflections (210) and (220),
respectively. That the (211) reflection is also located normal
to the fiber axis confirms that the fibers are elongated along
the [120] axis. The absence of symmetry in the diffraction
pattern with respect to the [120] axis indicates that the
individual fibers cannot randomly rotate around their axes.
This implies that these nanofibers assembled into a single
bundle are vectorially aligned, and either geometric packing
or force fields result in a high degree of correlation between
the fibers with respect to the crystallographic direction.
Further, that the nanofibers are elongated along the [120]
axis indicates that the PEG-b-PMAAP copolymer preferen-
tially adsorbs on the faces parallel to the [120] axis, such as
(001), (210), and (211).

This remarkable interaction between PEG-b-PMAAP and
the growing BaSO, particles is attributed to the specific
pattern of the phosphonate groups along the polymer back-
bone. It is well known that (poly)phosphonate-type additives
are effective inhibitors for the crystallization of barite.[' 14l
Indeed the presence of PEG-b-PMAAP delayed the precip-
itation of BaSO, significantly. For example, macroscopic
crystal formation with PEG-b-PMAAP was not be observed
until 180 min, whereas the same solution with PMAA and the
carboxylic acid-containing block copolymers became turbid in
less than 50 min. It was also observed that only a small amount
of large fibers was formed when the injection of reactants was
stopped at 180 min, and the majority of fibers form gradually
under static conditions. This finding indicates that a meta-
stable, inhibited BaSO, species is kept in solution at rather
high concentrations (strong inhibition effect with PEG-b-
PMAAP), which subsequently slowly recrystallizes to the
observed large bundles of BaSO, fibers.

It is noteworthy that similar nanofibers of BaSO, have also
been synthesized in reverse microemulsions, consisting of a
continuous oil phase and water droplets stabilized by the
surfactant AOT (sodium 5,14-diethyl-8,11-dioxo 7,12-dioxa-
octadecane-2-sulfonate).'”] In this case, the reaction solutions
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were also initially transparent and became cloudy over a
relatively long period, indicating a similar formation mecha-
nism of the nanofibers.

A striking flowerlike morphology was obtained by the
precipitation of BaSO, in presence of the sulfonated deriv-
ative PEO-b-PEIPSA, revealing the remarkable influence of
the nature of the functional groups of the double-hydrophilic
copolymers. As shown in Figure 4a, the flowerlike particles

— E o .l'ﬂ e

Figure 4. SEM micrographs of BaSO, particles, formed in the presence of
PEG-b-PEIPSA, shows a) flowers with ten petals and b) enlarged to show
details of a single flower.

are regular and rather uniform in size and shape, most of
which are about 10 um in size and have ten petals. Figure 4b
presents a high-magnification image of a single particle.

It can be seen that the flower shows faceted surfaces,
indicating that it is composed of large crystals. This is
consistent with the XRD pattern which exhibited sharp barite
diffraction peaks. The mechanism of the flower formation can
again only be explained by selective adsorption of the
polymer. In a first step, it is assumed that a rodlike primary
crystal is formed (the axis of the flower). In a second step,
these primary crystals nucleate secondary crystals which grow
along ten of the directions perpendicular to the rod axis which
are only weakly blocked by PEG-b-PEIPSA (role of the
strength of adsorption). Finally, the sides of the petals are
overgrown with secondary crystalline layers.

The role of the polymer on the resulting crystal morphology
must be stressed to explain the variations observed for barite
crystals. The exposed faces of barite crystals do show different
polarity patterns and averaged interface energies, and adsorb
the variously modified polymers with different efficiencies. A
polymer-modified crystal grows into the direction where the
crystallization hindrance is weakest, and fibers are formed
when all but two sites are blocked. Peanut- and peachlike
morphologies result from the parallel alignment of several
crystalline rods to form rodlike particles in the micron range,
where aggregation seems inhibited or even vectorially con-

trolled by local electric fields, and the overall morphology is
obtained depending on the strength of the dipole contribu-
tion. In contrast, stopping the primary growth and having
secondary growth exclusively at the sides of the primary rod
results in the flowerlike morphology.

In summary, it has been demonstrated that double-hydro-
philic block copolymers can direct the room-temperature
crystal growth of BaSO, into novel morphologies. These
BaSO, particles are promising candidates for materials
science due to the importance of shape and texture in
determining properties of materials.l') Functionalized poly-
mers extend the possibilities of inorganic morphogenesis,!'”)
since polyanionic block copolymers are similar to the proteins
that organisms use to exert control over biomineral
growth'® %l and synthetical protein mimics.’”) By varying
the binding and solvating blocks in double-hydrophilic block
copolymers, more specific templates become available for the
formation of complex architectures.
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