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Formation of BaSO4 Fibres with Morphological Complexity in Aqueous
Polymer Solutions
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Abstract: BaSO4 fibres with morphological complexity were formed in aqueous solution with polyacrylate and partially monophosphonated poly(ethyleneoxide)-block-poly(methacrylic acid)
additives by a simple precipitation reaction. For polyacrylate, formation of the
fibrous deposits was strongly dependent
on the level of supersaturation (S) and
Ba2 :polymer molar ratio (R). At S  60
to 80, and R  3 to 14, highly anisotropic
crystalline fibres consisting of bundles of
BaSO4 nanofilaments were formed after
several weeks, although the yield was

low. The nanofilaments were also organized into cone-shaped aggregates at S 
80, and at lower R values these formed
higher-order structures that consisted of
multiple cone-on-cone assemblies with
remarkable self-similarity. Increasing
the supersaturation produced ovoid or
cross-shaped dendritic particles for the
range of molar ratios studied. In conKeywords: aggregation ´ barium ´
crystal growth ´ morphogenesis ´
polymers

Introduction
Recently, much effort has been devoted to the controlled
synthesis of one-dimensional nanostructured materials, such
as nanofibres (nanowires or nanorods) and nanotubes, due to
their fundamental and technological importance.[1±5] Although many effective methods have been developed to
prepare nanowires or nanorods of a variety of inorganic
materials including semiconductors,[1±3, 6±8] metals,[9±11] metal
oxides[12] and hydroxides,[13] the facile synthesis of inorganic
nanofibres in aqueous solutions at room temperature remains
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trast, BaSO4 crystallisation in the presence of a partially phosphonated block
copolymer gave a high yield of BaSO4
fibres up to 100 mm in length, and
consisting of co-aligned bundles of
30 nm-diameter defect-free single-crystal nanofilaments with a uniform growth
tip. A model for the defect-free growth
of BaSO4 nanofilaments in aqueous
polymer solutions based on amorphous
precursor particles, vectorially directing
forces and van der Waals attraction is
proposed.

synthetically challenging. Specifically, reverse micelles and
microemulsions have been successfully used as organised
reaction microenvironments for the controlled synthesis of
copper nanorods,[11, 14] or BaSO4 ,[15] BaCO3[16] and CaSO4[17]
nanowires at room temperature. However, there are few
reports on the preparation of inorganic nanofibres by using
organic templates or additives in aqueous solution at room
temperature; an example being the preparation of Au nanorods by using rodlike cationic surfactant micelles as templates.[18, 19]
Interestingly, BaSO4 nanofibres were already observed in
aqueous polymer solutions by Brase in 1990,[20] by using
copolymers containing polyacrylate and polyvinyl sulfonate
domains. Brase pointed out that for fibre formation, the
polymer must have a high percentage of carboxy groups, the
BaSO4 concentration must be sufficiently high (> 0.4 mm)
and the concentration of Ba2 ions must be similar to the
concentration of polymer subunits. A similar study was
undertaken by Benton, Collins and co-workers in 1993,[21]
but using polymaleate-based macromolecules. They produced
BaSO4 nanofibres by the rapid mixing of brine solutions
containing Ba2 and SO42ÿ ions at 95 8C using a copolymer
with a high content of maleic acid as a crystal growth modifier,
and found that the size and arrangement of the fibres
depended on the solution pH. Specifically, fibres grown at
pH 6 were similar to the fibres observed by Brase and were
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found to be single crystals elongated along the [001] axis. In
contrast, fibres grown at pH 5 were smaller in length and were
arranged into hollow, cone-like structures (diameter 5 ±
20 mm); moreover, the basal edges of the cones were revealed
to be fractal, with smaller cones attached to the edges of the
larger cones.
Recently, it has been shown that so-called double-hydrophilic block copolymers[22, 23] can act as effective crystal
growth modifiers and exert a strong influence on the external
morphology and/or crystalline structure of particles of a
variety of inorganic materials such as calcium carbonate,[24±26]
calcium phosphate,[27] and barium sulfate.[28, 29] Specifically, we
have demonstrated that pure, well-defined bundles of BaSO4
nanofibres can be produced in the presence of the phosphonated copolymer PEG-b-PMAA-PO3H2 by a double-jet
precipitation process at room temperature. However, the
growth mechanism of the bundles of nanofibres remains to be
elucidated.[29] It is worth noting that BaSO4 nanofibres have
also been synthesised in reverse microemulsions formulated
with the anionic surfactant sodium bis(2-ethyhexyl)sulfosuccinate (Aerosol OT, AOT).[15] A mechanism for the formation
of the BaSO4 nanofibres in the microemulsion media was
proposed in which the primary surfactant ± nanoparticle
aggregates were specifically formed by a self-terminating
process and evolved into the fibrous structures through
structural reconstruction.[30]
Herein, we describe the formation of a variety of complex
BaSO4 morphologies, such as bundled fibres, brush-like and
cone-shaped structures, and unusual ªcone-on-coneº assemblies, in aqueous polyacrylate solutions at room temperature.
In each case, the structures consist of co-aligned or divergent
arrays of BaSO4 nanofilaments. We also describe a high-yield
preparation of BaSO4 bundled fibres in the presence of a
phosphonated block copolymer PEG-b-PMAA-PO3H2 . The
nanofilaments are produced by transformation of amorphous
nanoparticles that are present in colloidal aggregates, and
which deposit on foreign substrates or surfaces of the reaction
vessel. Heterogeneous nucleation and growth process into
solution then gives rise to the high anisotropy of the bundled
fibres or the divergent cone-shaped structures.

Results and Discussion
BaSO4 crystallisation in the presence of sodium polyacrylate:
Precipitation experiments, performed at 0.11 and 0.53 mm
sodium polyacrylate ([BaSO4]  1.0 or 1.5 mm, and 1.5, 2.0 or
2.5 mm, respectively) produced high aspect ratio fibres, 1 ±
30 mm and 10 ± 100 mm in width and length, respectively. In
contrast, cross-shaped dendritic crystals were observed in the
absence of the polymer. The fibres, which were shown by
elemental analysis (EDXA) and electron diffraction analysis
to be crystalline barium sulfate (barite) (data not shown),
were only identified in scanning electron micrographs in
significant numbers after one week so experiments were often
left unstirred for two to three weeks. Only non-fibrous crystals
(ovoids and cross-shaped dendrites) were observed up to 24 h
after mixing the reagents. Optical microscopy of samples
Chem. Eur. J. 2001, 7, No. 16

examined after several weeks indicated that about 10 % of the
BaSO4 particles were in the form of fibres.
A clear transition from fibrous to non-fibrous particles was
observed with increasing concentration (supersaturation) of
barium sulfate (Figure 1). The corresponding morphological

Figure 1. Precipitation diagram for fibrous and non-fibrous particles
according to reference [32].

characteristics of the fibrous and non-fibrous forms are
summarised in Table 1. The former was present in three
distinct morphological types. Firstly, at S  60 to 80, and a
Ba2 :polymer molar ratio between 3:1 to 14:1, closely packed,
brush-like aggregates of crystalline fibres were produced
(Figure 2 a).
The strands, which were typically curved along their long
axes, were often attached at one end to irregularly shaped
particles and when agitated in solution displayed considerable
freedom of movement. In many cases, the brush-like structures appeared to have nucleated against a flat surface such as
the glass walls of the container (Figures 2 a and b), indicating a
heterogeneous nucleation and growth process. Higher magnification scanning electron miscroscopy (SEM) images
indicated that the individual fibres in the brush-like structures
were subdivided into densely packed BaSO4 nanofilaments
(Figure 2 c). This was confirmed by transmission electron
microscopy (TEM) analysis, which showed that the nanofilaments were about 50 nm in width, attached parallel to one
another, and continuous along the entire length of the fibres.
Significantly, single-crystal electron diffraction patterns were
obtained from the nanofilament bundles (Figure 2 d), indicating that the nanofilaments in each fibre were crystallographically coherent. Moreover, the electron diffraction patterns
showed that the fibres were predominantly aligned along their
[010] axis (Figure 2 d, inset).
A second morphological type in the form of cone-shaped
aggregates (Figure 3) of BaSO4 nanofilaments was also
observed along with the brush-like structures at S  80, but
not S  60. The cones consisted of a divergent array of
nanofilaments, arranged radially to form a coherent outer wall
and porous internal microstructure with concentric ring-like
patterns. Most of the cones were open-ended although a few
were sealed with a smooth flat end face.
Increasing the concentration of polymer to 0.53 mm at S 
80 produced higher order structures that consisted of multiple
cone-on-cone assemblies with remarkable self-similarity (Figure 4). The multiple cones were attached on average to one
cone above and one below. Each cone was hollow, and
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Table 1. Physical characteristics of particles formed in the presence of sodium polyacrylate (Mn  5100 g molÿ1). The data is based on optical and scanningelectron microscope observations. The exception being the fibres in sample 7, which were measured by TEM.
Sample

[Acrylate],
mm

[BaSO4]
mm

S

Particle shape

Particle size

Yield

1
2

0
0

1.0
10.0

60
270

cross-shaped dendrites
cross-shaped dendrites

20 mm
16 mm

high
high

3
4

0.11
0.11

1.0
1.5

60
80

fibrous; brush-like
fibrous; brush-like

brushes: 10 mm long, 1 mm wide
brushes: 25 mm long, 5 ± 10 mm wide
strands: 0.4 ± 1.0 mm wide
cones: 20 ± 50 mm wide
strands: 0.2 mm wide
3 mm
1 ± 3 mm
3 ± 4 mm

moderate
low

fibrous; cone-shaped
ovoids
irregular ovoid
cross-shaped dendrites

5
6

0.11
0.11

2.0
5.0

90
170

7

0.53

1.5

60

fibrous; brush-like

8

0.53

2.0

80

fibrous; multiple cones

9

0.53

2.5

100

10
11

0.53
0.53

5.0
7.5

170
220

ovoids
fibrous; brush-like
ovoids
cross-shaped dendrites
irregular ovoids

brushes: 20 ± 50 mm long, 10 ± 30 mm wide
strands: 0.1 ± 0.2 mm wide
fibres: 0.03 ± 0.1 mm wide, up to 50 mm long
multiple cones: 100 mm long, 15 mm wide
strands: 0.2 mm wide
4 mm
brushes: 50 mm long
3 mm
1 ± 2 mm
0.5 ± 1 mm

low
high
high
high
low

low
low
low
low
low
moderate

Figure 3. SEM image of cone-shaped BaSO4 particles prepared in the
presence of polyacrylate (sample 4). Note the concentric pattern.

shaped dendritic BaSO4 particles, similar to crystals produced
in the absence of the polyacrylate.

Figure 2. Micrographs of brush-like BaSO4 particles prepared in the
presence of poly(acrylate): a) SEM image of sample 4, b,c) SEM image of
sample 7, d) TEM image and associated electron diffraction pattern of
BaSO4 fibres and strands.

composed of nanofilaments that diverged from the base to
produce a densely packed array on the outer surface (Figure 4, inset). For the range of molar ratios studied, increasing
the supersaturation above S  100 produced ovoid or cross3528

BaSO4 crystallisation in the presence of PEG-b-PMAAPO3H2 : High yields of bundles of BaSO4 nanofibres were
synthesised by successively adding aqueous SO42ÿ and Ba2
solutions to an aqueous solution of PEG-b-PMAA-PO3H2 at
pH 5 and room temperature. Although the unstirred reaction
solution remained transparent for up to four days, a fine white
solid gradually appeared on the side and bottom of the glass
walls after about 3 h of mixing. Figure 5 a shows that the
obtained product consisted of large amounts of bundles of
BaSO4 fibres up to several hundred micrometers in length,
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To study the early stages of growth of the fibres formed on
the glass walls, samples were collected after one hour of
mixing by sonication of the glass tube. The results were also
compared with immature crystals observed in situ during
heterogeneous nucleation on the carbon support film of TEM
copper grids. As shown in Figure 6a, the particles obtained

Figure 4. SEM image of a multiple cone-shaped BaSO4 particle prepared
in the presence of polyacrylate (sample 8). The inset shows a high
magnification image, reavealing the internal arrangement of the strands.
Figure 6. BaSO4 particles obtained in the presence of PEG-b-PMAAPO3H2 with an ageing time of 1 h: a,b) in glass tubes, and c) on carbon films.
d) shows particles obtained after an ageing time of 3 h. Inset of d) shows the
corresponding electron diffraction pattern that exhibits sharp spots
corresponding to the barite structure.

Figure 5. BaSO4 fibres obtained in the presence of PEG-b-PMAA-PO3H2
in glass tubes after one day of mixing.

which appeared to grow from a single growth point. TEM
images (e.g. Figure 5 b) clearly revealed that the bundles were
composed of nanofilaments with uniform diameters (20 ±
30 nm).
The bundles of BaSO4 nanofibres were essentially the same
in morphology and structure as those obtained previously by
us in the presence of the same copolymer but using a doublejet precipitation process.[29] These fibres consist of singlecrystal barite nanofilaments elongated along the crystallographic [1 2Å 0] axis,[29] in contrast to the above results for
polyacrylate in which the axis of elongation is [0 1 0].
However, the change from the very fast double-jet precipitation in reference [29] to the here applied crystallisation by
successive reactant addition in the presence of the same block
copolymer did not lead to any observable change. Both
procedures yield amorphous nanoparticles in the beginning
followed by a slow growth process so that the precipitation
speed of the initial particles becomes negligible.
Chem. Eur. J. 2001, 7, No. 16

were 200 to 500 nm in size and exhibited an anisotropic
structure that in projection was consistent with a small coneshaped structure.
The base of the cone was electron dense, whereas the
growth edges consisted of a loose aggregate of 25 nm-sized
electron dense particles (Figure 6 b). Corresponding electron
diffraction analysis indicated that the BaSO4 nanoparticles
were amorphous. Presumably, the larger anisotropic particles
represent the initial nuclei of the mature BaSO4 fibres from
which the dense ends of the particles evolve into the starting
points of the bundles of BaSO4 nanofilaments after reconstruction and crystallisation under the influence of the
phosphonated double-hydrophilic block copolymer.
To directly monitor the heterogeneous nucleation and
growth process of the bundles of BaSO4 nanofilaments,
samples were prepared on TEM grids coated with a carbon
film. Irregular aggregates of BaSO4 nanoparticles with no
apparent shape anisotropy were observed on the support film
after one hour (Figure 6 c). Corresponding electron diffraction analysis indicated that the nanoparticles were amorphous. The results suggest that the aggregates formed on the
TEM support film were similar to the slightly anisotropic
particles shown in Figures 6 a and b, except that they are
viewed in situ along their long axis due to heterogeneous
nucleation on the carbon support film. After an ageing time of
3 h, outgrowths of nanofilament-containing bundles were
observed on the TEM grids. Two large bundles, several
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micrometers in diameter, that comprise many smaller bundlelike structures with various sizes can be clearly seen in
Figure 6 d. The corresponding electron diffraction pattern
showed many sharp reflections corresponding to crystalline
barite (Figure 6 d, inset).
SEM images indicated that the nanofilaments in each
bundle were splayed outwards from the centre. The length of
the nanofilaments increased significantly and after 24 h large
splayed fibres were observed across the TEM grid (Figure 7 a). Each fibre exhibited a single starting point and

confirmed that the thickness of the nanofilaments was
between 20 to 30 nm, which was very similar to those
observed in the BaSO4 bundles produced in glass tubes
(Figure 5 b).
Finally, after five days of ageing, micrometer-sized hollow
cones consisting of BaSO4 nanofilaments were also observed
on the TEM grids. As shown in Figure 7 e,f, the randomly
distributed cones nucleated on the carbon support film and
splayed outwards into the solution. Their hollow-cone morphology clearly shows similarity to the results obtained with
polyacrylate. Considering that no such hollow fibrous cones
were observed at the earlier stages of growth, their formation
is presumably associated with reduced levels of the amorphous BaSO4 precursor nanoparticles in the solution. Under
these conditions, the formation of empty fibrous cones rather
than bundles of densely co-aligned nanofilaments would be
favoured.

Conclusion

Figure 7. BaSO4 crystallised in the presence of PEG-b-PMAA-PO3H2 on
carbon films. a,b) Fibres with an ageing time of one and five days (c,d). e,f)
BaSO4 hollow cones after an ageing time of five days. See text for details.

widened to a rather flat terminating tip, such that the bundled
structure had the shape of a highly elongated cone. Moreover,
the large fibres became curved and grew back towards the
substrate, presumably due to increasing weight (Figure 7 b).
After five days, many bundles of nanofilaments with lengths
up to several hundred micrometers lay across the copper grid
(Figure 7 c). Evidently, some bundles were still in place but
most were disrupted during sample preparation. The ends of
the bundles were capped with a well-defined flat and uniform
growth edge (Figure 7 d) and smaller sub-bundles emanated
from the sides of the pre-formed fibre leading to divergent
growth. This observation suggests that the widening of the
bundles towards the growth edge takes place through the
secondary nucleation, and growth of new sub-bundles on the
side surfaces of the existing structure near the growth tips,
which is consistent with the finding that the individual
nanofilaments constituting the bundles are essentially unchanged in thickness while developing in length. TEM images
3530

Herein we have shown that aqueous solutions of a relatively
low molecular mass polyacrylate or partially monophosphonated poly(ethyleneoxide)-block-polymethacrylate can be
used to produce bundles or cones of highly anisotropic BaSO4
nanofilaments by slow transformation of amorphous precursor particles. Similar results were previously observed for the
formation of coiled and twisted bundles of BaSO4[30] and
BaCrO4[31] nanofilaments in AOT water-in-oil microemulsions, suggesting that a general mechanism is responsible for
these unusual morphological forms.
In each system studied, the nucleation and stabilisation of
amorphous nanoparticles seems to be essential for nanofilament growth. Because both polymers bind Ba2 ions in
solution (data not shown), nucleation of the amorphous
BaSO4 phase is associated with the extraction of Ba2 ions
bound to the polymer side chains. (A similar mechanism
occurs for the AOT system in which the Ba2 ions are strongly
associated with the sulfonate headgroups of the surfactant
prior to nucleation). Reaction with SO42ÿ ions therefore
occurs in close proximity to the polymer molecules, which
adsorb onto the surface of the nuclei, thereby preventing
crystallisation and arresting growth. The block copolymer,
which is known to be a strong inhibitor of BaSO4 nucleation
due to the phosphonate groups,[29, 32±34] has a higher binding
affinity than polyacrylate due to the increased acidity of the
phosphonate groups and is therefore active even at low
polymer concentrations. Polyacrylate, in contrast, is only
active within a relatively narrow range of supersaturation
values and Ba2 :polymer molar ratios with relatively high
polymer concentrations. Moreover, the block structure of
PEG-b-PMAA-PO3H2 may increase the stabilisation of the
amorphous precursor particles due to the separation of the
binding polyelectrolyte moiety and stabilising PEG block[23]
compared with the homopolymer structure of polyacrylate.
Consequently, the higher concentration of amorphous particles gives rise to solid fibres and cones rather than the hollow
structures observed in the presence of polyacrylate.
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Figure 8 summarises a possible mechanism for the development of the bundles of BaSO4 nanofilaments from the
amorphous precursor particles. The mechanism is in part
similar to that suggested for the formation of BaSO4 nano-

thickness is controlled at the initial stages of crystallisation
and the side faces are blocked from growth by polymer
adsorption. This was consistent with thermogravimetric
analysis (TGA) of the nanofilaments grown in solution in
the presence of the phosphonated block copolymer, which
assuming a filament diameter
of 25 nm, a length of 100 mm,
1BaSO4  4.5 g mLÿ1 and 1Polymer
 1.2 g mLÿ1, gave a polymer
content of 8.8 wt %, corresponding to a 4 nm-thick polymer layer around each filament.
In most structures, uni-directional crystallisation occurs
Figure 8. Proposed model for the heterogeneous nucleation and growth of fibre bundles.
in primary aggregates deposited on the walls of the reaction
vessel so that the nanofilaments are asymmetric and grow
filaments in AOT microemulsions[30] except that attractive
from one end only. With time, secondary nucleation on the
hydrophobic interactions between the AOT tails are replaced
side surfaces produces bundles of co-aligned nanofilaments
by attractive van der Waals forces operating between the
colloids. Initially, the polymer-stabilised amorphous particles
that are probably held together by attractive van der Waals
(stage 1, Figure 8) aggregate into colloidal clusters (stage 2,
forces and crystal multipole forces. However, although the
Figure 8) presumably due to van der Waals interactions
filaments are crystallographically coherent, the extent of
fusion is minimal and individual nanofilaments can be
between the particles. As the polyacrylate homopolymer
observed when the bundles are sectioned perpendicular to
chains are relatively small (Mn  5100 g molÿ1) and the PEO
the growth axis.[29] This suggests that a repulsive steric layer of
block is only 5000 g molÿ1, these interactions are likely to be
intercalated polymer molecules lies between the nanofilasufficient to offset the accompanying steric repulsion. Crysments throughout the fibre in agreement with the above
tallisation of BaSO4 nanoparticles then occurs in the aggregates (stage 3, Figure 8) as the amorphous precursors are in
calculation based on the TGA result.
close proximity and the lattice energy is increased and surface
Because secondary nucleation occurs near the single
area reduced by particle fusion and structural rearrangement.
growth edge, the bundles widen as they increase in length
(step 7, Figure 8). Moreover, the bundles twist and coil as they
At the same time, the anionic polymer chains adsorb
increase in size, and become splayed into cone-shaped
selectively to positively charged crystal faces. We speculate
structures, particularly when the amount of polymer present
that the presence of different charges on various faces as well
becomes significantly reduced by intercalation into the
as different shielding factors of the faces due to polymer
growing bundles. The remarkably flat growth edges of the
adsorption leads to the formation of an electrostatic multipole
field (stage 4, Figure 8), which directs the aggregation of the
fibres displayed in Figure 7 d suggests that residual amorcrystalline BaSO4 building blocks along one principal axis to
phous precursor nanoparticles in solution are continually
attracted to the growth front so that propagation of the bundle
produce the nanofilament (stages 5 and 6, Figure 8). In
is by reaction-limited aggregation (stage 8, Figure 8), which
support of this electric dipole field-induced vectorial process,
minimises the surface energy. This means that the tips grow
we note that long fresnoite needles were deposited during the
layer by layer preserving the flat surface by transport and
electric field-induced crystallisation from a glass melt with
controlled attraction of amorphous BaSO4 nanoparticles. In
their polar c axis oriented parallel to the electric field lines.[35]
In principle, the multipole field should be tuneable by
contrast, when the level of nanoparticles is reduced, for
selective polyelectrolyte adsorption onto specific crystal faces
example in the presence of the less-active polyacrylate
and this might explain why different polymers give rise to
molecules, hollow bundles and cones are produced.
In conclusion, the production of brush-like, cone-shaped,
fibre growth along different crystallographic axesÐfor examand multiple-cone-shaped fibrous BaSO4 particles and wellple, nanofilaments are elongated along the [0 1 0] [1 2Å 0] or
defined bundles of BaSO4 nanofilaments at room temperature
[0 0 1] axis for polyacrylate, PEG-b-PMAA-PO3H2 and polyin aqueous solutions of anionic polymers represents a useful
maleate,[21] respectively.
route to the biomimetic synthesis of inorganic structures with
Although the exact reason for uni-directional particle
complex form. The defect-free growth of filaments over
fusion is not yet clear, the experimental results indicate that
several length scales in aqueous solution provides a good
it proceeds with high fidelity as the nanofilaments grow
example of using cooperative structure-directing forces in
defect-free up to several tens of micrometres in length. This is
materials synthesis. Although these forces have yet to be fully
in contrast to filament growth that is driven by selective
elucidated, their potential is clear. It should be possible to
blocking of growth faces, which often results in defects being
extend the experimental procedures to other inorganic
expressed as branched outgrowth.[27] The filaments have a
systems, and this will be the subject of further work.
uniform width throughout their length which implies that the
Chem. Eur. J. 2001, 7, No. 16

 WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001

0947-6539/01/0716-3531 $ 17.50+.50/0

3531

FULL PAPER

H. Cölfen, S. Mann et al.

Experimental Section
Sodium polyacrylate (Mn  5100 g molÿ1, Mw/Mn  3) was purchased from
Fluka. Each molecule was of mixed configuration (syndiotactic, isotactic
and atactic). On average (based on Mn), a single chain comprised 50 ± 60
acrylate subunits. The sodium content of the polymer was reported by the
manufacturer to be 19 % w/w, implying that only a minority of the carboxyl
groups were protonated. For the average pKa value the literature value of
5.8 to 6.4 was assumed .[36] The block copolymer poly(ethyleneglycol)block-poly(methacrylic acid) (PEG-b-PMAA, PEG  3000 g molÿ1, 68
monomer units, PMAA  700 g molÿ1, 6 monomer units) was obtained
from Th. Goldschmidt AG, Essen, Germany. The carboxylic acid groups of
this copolymer were partially monophosphonated (21 %) to give a
copolymer with phosphonate groups, PEG-b-PMAA-PO3H2 .[25] The copolymer was purified by exhaustive dialysis before use as a crystal growth
additive.
Barium sulfate crystals were prepared in the presence of an aqueous
solution of polyacrylate as follows. Stock solutions of the polyacrylate were
made, and aliquots of these were added to barium chloride and sodium
sulfate solutions, prior to mixing, to give final polymer concentrations of
0.11 or 0.53 mm (with respect to acrylate subunits). The solutions were
mixed to give supersaturation ratios of 60:1 to 170:1 ([BaSO4]  1.0 to
5.0 mm) at [acrylate]  0.11 mm, and S  60 to 220 ([BaSO4]  1.0 to 7.5 mm)
at [acrylate]  0.53 mm. The corresponding BaSO4 :acrylate molar ratios
were between 9 to 45:1, and 1.9 to 14:1, respectively. Each reaction was
performed using equal concentrations of barium and sulfate ions and was
maintained unstirred at a constant temperature of 25 8C and a final pH of
5.8 for several weeks. The solution supersaturation (S  {[IAP/Ksp]}0.5,
where IAP  the ionic activity product and Ksp  solubility product (1.09 
10ÿ10 mol2 lÿ2), was calculated using the computer program IONPRODUCT.[37] In the case of sodium polyacrylate, the input data was adapted to
take into account Ba2 ± -polyacrylate complexation. Previous studies[38±40]
as well as observations made in this work indicate that barium ions bind
very strongly to polyacrylate molecules. At equimolar concentrations, a 1:2
barium:carboxyl group complex is formed. Therefore, the concentration of
free barium ions was taken as the total concentration of barium ions minus
half the concentration of acrylate subunits. The reproducibility of the
obtained BaSO4 morphologies is good.
High yields of fibre bundles of BaSO4 nanofilaments were repeatedly
prepared in the presence of the phosphonated (21 %) copolymer PEG-bPMAA-PO3H2 (M  4000 g molÿ1) at pH 5. A solution of 30 mg PEG-bPMAA-PO3H2 in water (30 mL) was prepared (c  0.25 mm) and adjusted
to pH 5 by using 0.1 m HCl. Then, 0.05 m Na2SO4 (1.2 mL; Sigma, 99 %) and
0.05 m BaCl2 (1.2 mL; BDH Chemical Ltd., 99 %) were added successively
under vigorous stirring at room temperature, resulting in a final BaSO4
concentration of 2 mm. After 2 min of stirring, the resulting transparent
solution was poured into either plastic vessels or glass tubes and allowed to
stand under quiescent conditions. Portions of the solution were poured into
several 5 mL glass tubes and TEM and SEM samples were prepared by
placing a drop of the solution after sonication for 3 min onto copper TEM
grids and SEM stubs, respectively. Samples were taken after 24 h of mixing
unless otherwise specified. In some experiments, aliquots of the solution
were poured into a series of 1.5 mL polypropylene tubes (Plastibrand),
each containing a carbon-coated, Formvar-covered, copper TEM grid
(3 mm in diameter) at the bottom of the tube with the carbon film exposed
to the solution. The copper grids were removed from the solution after
various time intervals, allowed to dry in air, and then directly used for TEM
and SEM characterisation.
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