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Although the effects of p-sulfonated and p-phosphonated calix[4]arene on barium sulfate morphology and settling rate are similar, their
ability to form mesocrystals of material are markedly different. The p-phosphonated calix[4]arene results in the formation of fibre
bundles similar to those previously observed during barium sulfate crystallization in the presence of di-block copolymers. The
10 isostructural sulfonated calix[4]arene, however, affords material consistent with the initial formation of mesocrystals which
subsequently fuse. This material shows significant beam damage when viewed under a transmission electron microscope (TEM)
suggesting incorporation of the sulfonated calix[4]arene, although there was no evidence of this from X-ray diffraction and atomic force
microscopy (AFM) studies. We hypothesise that this calixarene is incorporated without significant change in structure of the material,
and that the interaction of the macrocycle with the barium sulfate lattice is sufficiently weak that surface AFM imaging is effective in
1s removing it from the surface.

Crystallization is important in many areas, for example, in pharmaceutical processes® and within biological organisms (biomineralization).” * A current

focus in crystallization science is to engineer particle formation,* with particle size and shape influencing important handling properties, and more.>” This
can be readily achieved by introducing additive molecules, and there is significant literature related to how additives or impurities impact on the size and
morphology of inorganic or organic particles (for example refs °). In our work on engineering particles, we use barium sulfate as a model system since it

20 is relatively simple to crystallize, has only one known crystal structure at ambient temperatures and pressures, and is not plagued by the speciation issues
associated with carbonate-based systems. Barium sulfate is also of interest in its own right, as it is a common component of scale (unwanted
crystallization) in off-shore oil production,™ and is even found as a biomineral in some organisms.**™*

In general, phosphonate containing additives are potent inhibitors of barium sulfate crystallisation, more so than carboxylates or sulfonates,' although

25 stereochemistry™® and ionic charge'” also play a role. We have previously reported*® on the morphological impact of calix[4]arenes on different functional
groups (one sulfonated and one phosphonated) in the para position of the macrocyclic framework and here we further develop their impact on barium
sulfate precipitation.

Methods and Materials

30 The calix[4]arene molecules, Figure 1, p-sulfonated calix[4]arene, 1,° and the p-phosphnated calix[4]arene, 2,%° were prepared in-house. Aspects of the
experimental details have been previously reported,'® and full details can be found in the supplementary information.
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Figure 1. p-Sulfonated (sulfonic acid) and p-phosphonated (phosphonic acid) calix[4]arene
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Results
Conductivity

The inhibition of barium sulfate for the two calixarene molecules is quite different, depending on the functional group attached to the upper rim. p-
Phosphonated calix[4]arene inhibits the reaction over the 3 hour time period with as little as 0.013-0.014 mM while 0.2 mM of the sulfonated calixarene

40 only inhibits barium sulfate precipitation by 34%.*® Ethylenediaminetetraphosphonate is a strong inhibitor and complete inhibition is observed at ~0.001
mM? making the phosphonated calixarene ~10 times weaker than this inhibitor despite both having 4 phosphonate groups available for interaction with
the crystal surface. Thus, the spatial arrangement of phosphonate groups in the calixarene backbone in this case is detrimental to its inhibitory efficacy.
The sulfonated calixarene is weaker still, with no complete inhibition observed over this concentration range. The general trend, therefore, that
phosphonate additives are stronger inhibitors than sulfonate additives is upheld.



SEM at high supersaturations (S=25)

The same transformation in barite morphology induced by the p-phosphonated calix[4]arene occurs when the sulfonated calixarene is present, but higher
concentrations are required.’® Thus, the sulfonated calixarene still has a significant impact on the morphology of the barium sulfate particles despite the

5 small change in the % inhibition. Both result in ‘square tablet’-like particles which eventually become rod-shaped as the calixarene concentration
increases.’® At higher concentrations still, the presence of both calixarenes together results in barium sulfate crystals with dumbbell shapes, which can
aggregate together.'® Remarkably this evolution of particle shape (rod to dumbell) is also seen in the formation of peanut shaped mesocrystals using large
macromolecules rather than relatively small molecules, as di-block co-polymers. 24 %

10 The up-scaling of the crystallization experiment to 4 L resulted in a different barium sulfate morphology for the p-phosphonated calix[4]arene, as long
fibres. In contrast, for the sulfonated analogue at high concentration still showed the dumbbell/rod shaped particles, of about 1 um in length and ~200 nm
in width, Figure 2.

-

15 Figure 2. SEM of barite solids obtained from large batch samples for XRD analysis from the crystallization with (a) 0.0134 mmol L™ p-phosphonated
calix[4]arene and (b) 0.42 mmol L™ p-sulfonated calix[4]arene (scale bar is 2 pm and 1 um respectively)

It is unclear from the above data whether the particles formed in the presence of the sulfonated calixarene are single crystals, polycrystalline or
mesocrystalline.

20
XRD of particles formed at S=25

The powder XRD pattern for the barite precipitate formed in the presence of p-sulfonated calix[4]arene is presented in Figure 3 along with the pattern for
the control sample, and clearly there is line broadening. Linewidth analysis gave an average crystallite size of 215 nm for the control sample and 190 nm
for the sample formed in the presence of p-sulfonated calix[4]arene. This correlates well with the width of the particles as seen in the SEM image. At low

25 concentrations, the calixarene does not impact greatly on the XRD pattern (see supplementary information, Fig. S1), other than to change the relative peak
heights. The XRD pattern of the product obtained in the presence of p-phosphonated calix[4]arene has been discussed previously™® and results in a pattern
consistent with an anisotropic particle showing preferred orientation effects. TEM on thin sections confirmed that the barium sulfate particles formed in
the presence of p-phosphonato-calix[4]arene are mesocrystals.™®
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Figure 3. Powder XRD patterns of (a) barite control, (b) barite precipitated in the presence of 0.42 mmol L* p-sulfonated calix[4]arene



Nephelometry (S=25)

The measurement of absorbance at 900 nm (where the absorption of the solution and other species is expected to be low) can be interpreted as a turbidity
value.”? The time taken before the turbidity increases above the background is known as the induction time,” which is inversely proportional to the
s nucleation rate. Thus, changes in induction time directly relate to bulk/homogenous nucleation and the surface free energy of the critical nuclei.?’
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Figure 4. Absorbance versus time curves for barium sulfate crystallization in the presence of different concentrations of the calixarene molecules (a) p-
10 phosphonated calix[4]arene, and (b) p-sulfonated calix[4]arene.

The results in Figure 4 show that the induction time increases as the concentration of the p-phosphonated calix[4]arene increases, and therefore this
calixarene inhibits homogenous nucleation. This in turn means that it is interacting with the critical nuclei and changing the surface free energy of these
nuclei.?” The sulfonated calixarene molecule has quite a different interaction. The induction time initially increases for 0.003 mM concentrations, but no

15 significant change in the induction time occurs after this. Thus, this additive may inhibit homogenous nucleation somewhat (and will adsorb onto the
critical nuclei to some extent) but has minimal impact on bulk nucleation at concentrations above 0.003 mM.

TEM on particles formed at S=25

The results from XRD and TEM confirm that the barium sulfate particles formed in the presence of the p-phosphonated calix[4]arene as being

20 mesocrystals.*® Mesocrystals are defined to be crystals that appear to diffract as a single crystal but are, in fact, made up of self-assembled, and oriented,
nanoparticles.?® An important aspect of the mesocrystal formation mechanism is the stabilisation of the nanoparticles so that they have time to aggregate in
such a non-random fashion.

For the p-sulfonated calix[4]arene, the SEM and XRD data are inconclusive with respect to defining the barium sulfate particles as mesocrystals. The line

25 broadening evident in the XRD patterns corresponds well to the width of barium sulfate particles observed using SEM. Thin sections viewed under the
TEM were thus necessary to ascertain the fine detail of the structure of the particle. The particles were susceptible to significant beam damage, however
(Figure 5), which could result from an uptake of organic material in the structure, namely the calixarene. More importantly, the beam damage made
higher magnification imaging difficult. What was observed, however, was that although there appeared to be the gross outline of individually aligned
nano-rods (as can be seen in Figure 6¢ and d) there were no distinctly separate rod-like particles, as observed for the phosphonated calixarene.*®

30



Figure 5. TEM image of particles of barite formed in the presence of the p-sulfonated calix[4]arene which have been damaged by the electron beam.

There is evidence that these particles are made up of filaments of smaller particles (Figure 6c and d) but the internal structure is mainly porous. Clearly

s smaller particles and fibres are part of the structure, but overall these smaller particles are not separated from each other. This can be seen more clearly in
Figure 6b. We conclude, therefore, that this structure may have been a mesocrystal but has subsequently been fused to a large extent. Selected area
diffraction showed crystallinity as expected.
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Figure 6. TEM images of barium sulfate formed in the presence of p-sulfonated calix[4]arene (0.42 mM) and selected area diffraction of the area shown
in (d).

15 Thus, we hypothesise that the sulfonated calixarene initially forms mesocrystals of barium sulfate, but over time they fuse. They are also subject to
electron beam damage, unlike the more robust discrete mesocrystals formed in the presence of the phosphonated calixarene.

Impact of p-sulfonated calix[4]arene on barium sulfate particles formed at S=5

In order to confirm or refute the possibility that p-sulfonated calix[4]arene is able to form mesocrystals at all, lower supersaturated barium sulfate
20 solutions were prepared to enhance the impact of the calixarene. We now find that the sulfonated calixarene forms structures that appear to be a mixture of
mesocrystals and single crystals Figure 7. In this sample, small bow-tie looking particles were found, although as a minor component.



Figure 7. SEM images of barium sulfate particles formed in the presence of 0.10 mM Ba®* and SO,*, 0.03 mM p-sulfonated calix[4]arene at pH 6.

We would surmise then that p-sulfonated calix[4]arene induced mesocrystal structures are somehow different to those of the phosphonated analogue in
5 that the nanoparticle fibres fuse over time. This suggests two possibilities; either
p-sulfonated calixarene does not self aggregate to the same degree as the phosphonated calixarene, meaning the originally formed nanoparticles then are
not stabilised with respect to aggregation and fusion, or
p-sulfonated calix[4]arene aggregates do not interact as strongly with the barium sulfate surface.
The first possibility is less likely since this would lead to random aggregation and this is not observed. In general, complexes formed with p-sulfonated
calix[4]arene show similar bilayer structures to the phosphonated analogue,?®***! but they also can assemble into more complicated structures in the
presence of metals ions, forming tubular,®® and icosahedral and cuboctahedral arrays of twelve calixarenes,®*® and complicated extended structures.®
Moreover, p-phosphonated calix[4]arene is a powerful surfactant for metal nanoparticles, and in stabilising graphene sheets,® through association in 2D
arrays. These distinct differences between the two isostructural calixarenes presumably relate to their different self assembly preferences in the presence of
metal ions. While no complexation constant data is available for barium ions in the presence of the phosphonated or sulfonated calixarene, the higher
charge of the phosphonated calixarene would suggest a stronger interaction with barium ions.
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AFM (S=5)

AFM investigation allows the in situ observation of 2D nucleation processes and crystal growth both in the presence and absence of the calixarene
molecules. While this is desirable, it must be remembered that the results pertain only to the face on which the visualization occurs and does not

20 necessarily relate to the crystal as a whole. The growth rate was calculated along the slowest growth direction for barium sulfate growth islands, being in
the <100> direction.

The AFM images show that the presence of either of the calixarene molecules does not change the 2D growth island shape (Figure 8).

Figure 8. AFM deflection images obtained on the (001) face of barium sulfate (a) in the absence of any additives and in the presence of (b) 0.008 mM p-
sulphonated calix[4]arene or (c) 0.005 mM p-phosphonated calix[4]arene. Size bars are 2 um for all images

For p-sulfonated calix[4]arene, 10 ppm and 20 ppm concentrations were initially investigated since higher concentrations appeared to be required for this
30 compound than the phosphonated analogue to observe any effects. At 20 ppm, however, the (001) growth was already reduced to zero and a small amount
of dissolution was also observed on one occasion. Growth is promoted on this face by both calixarene molecules (Figure 9) but more so by p-
phosphonated calix[4]arene, particularly when the concentration differences are taken into consideration. The promoting effect at 0.015 mM p-sulfonated
calix[4]arene was ~50% while less than 0.002 mM of the phosphonated analogue resulted in promotion close to 100% of the control value. At higher
concentrations, the presence of both calixarene molecules results in inhibition and dissolution being observed for the barium sulfate (001) face, although at
35 the same time the surface becomes rougher and the images difficult to interpret. In fact both calixarenes promote 2D nucleation on this surface, as is
evident in Figure 7c, and the analysis of both growth rates and 2D nucleation rates become quite difficult. However, growth promotion followed by
inhibition has also been observed for larger polyaspartic molecules on calcium carbonate,® as well as for barium sulfate in the presence of aspartic acid.*
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Figure 9. Relative growth rate in the <100> direction on the (001) face of barium sulfate, derived from AFM images (lines drawn to aid reader only).

Flushing the freshly precipitated surfaces with water results in partial dissolution of the crystal along defect lines for the solids grown in the presence of p-

5 phosphonated calix[4]arene but not for the sulfonated analogue (observed for up to an hour) at the concentrations shown (Supplementary Information Fig.
S2). This suggests a possible incorporation of the phosphonated calixarene despite a lack of impact on the growth island shape. However, step height
analysis established an average step height of 3.79 and 3.69 A for the sulfonated and phosphonated calixarenes respectively, and while both are higher
than that of the control, 3.61 A, all the values are within the error of the measurement (standard deviation varied from 0.2-0.4 A).

10 Atomic resolution imaging of the barium sulfate crystal grown in the presence of p-sulfonated calix[4]arene revealed spacings comparable to that expected
for pure barium sulfate. In the case of the phosphonated analogue, this is altered significantly,'® with the AFM image being consistent with a structure
where a layer of phosphonated calixarenes, most likely as the ubiquitous bilayer, is modified by the inclusion of barium and/or sulfate ions. This would
also be consistent with the phosphonated calixarene resulting in more soluble barium sulfate surfaces, which suggests that the incorporation of the
calixarene resulting in defects in the structure affords a more soluble solid. We have previously shown that charge stabilization is not a possible

15 mechanism, and that self-assembly of the calixarene molecule is the most likely mechanism of stabilisation.*®

AFM results also show 2D nucleation promotion for both the phosphonated and sulfonated calixarene (see Supplementary Information Fig. S3). Thus
while the nephelometry results suggest that 3D nucleation is inhibited, on the (001) face at least 2D nucleation appears to be promoted. The greater growth
and nucleation rate on the (001) face would explain why rod shaped particles form in the presence of these two additives.
20
In the case of p-sulfonated calix[4]arene, the barium sulfate behaves similarly in that crystallization is initially promoted and subsequently inhibited at
higher concentrations. Thus, the crystallization behaviour, as determined from the AFM results, does not help elucidate why the internal structure of the
barium sulfate particles are dramatically different to those formed in the presence of the phosphonated calixarene. The major difference here is that the
atomic resolution images when the sulfonated calixarene is present is equivalent to the control, which implies that the AFM tip is removing the calixarene
25 from the surface. This could indeed be occurring since these AFM images are obtained in contact mode, and this combined with a weaker interaction of
the sulfonated calixarene on the surface could explain why AFM images show no differences at atomic resolution despite the TEM images clearly
suggesting incorporation of the organic compound during crystallization. The AFM results may therefore be underestimating the impact of the sulfonated
calixarene on barium sulfate crystallization. At low resolution, AFM imaging also found some interesting features; namely the slow appearance of holes
within the structure which are observed for either the control or in the presence of p-phosphonated calix[4]arene. In viewing Figure 7b at a higher
30 magnification we notice holes, which appear over time (some of these have been highlighted in Figure 9), and may mean that the sulfonated calixarene is
incorporated into the barium sulfate structure as a bulk impurity without altering the structure. This hypothesis is shown schematically in the ‘bricks and
mortar’ analogy next to the image and has some support both in the TEM image porosity observed in the presence of the sulfonated calixarene, and in the
lack of atomic resolution differences observed using AFM. Alternatively the bulk impurity could be some assemblies of the aforementioned arrays of the
calixarene.®>* This was further investigated by conducting thermogravimetric analysis on the barium sulfate with the calixarene molecules present. It was
35 found that at most 3.5% of the solid was p-sulfonatocalix[4]arene (as determined by the weight loss up to 800°C) while 5.3% of the mass was due to the
presence of phosphonated calixarene. This is despite the fact that the p-phosphonatocalix[4]arene was present at less than one tenth of the concentration of
the sulfonated calixarene in the large batch preparation (0.0134 mM versus 0.42 mM) highlighting the much stronger interaction of the phosphonated
calixarene with the barium sulfate surface.

40 The results discussed thus far are consistent with the sulfonated calixarene being present with barium sulfate (AFM, TEM and TGA results) and that it
does not alter the unit cell dimensions (as determined by XRD and AFM). Overall, this supports the hypothesis proposed that the sulfonated calixarene is
present as a separate phase to the barium sulfate.



(b)

Figure 10. (a) Higher magnification image of Figure 7b and (b) a schematic showing how the aggregated p-sulfonated calix[4]arene might be
incorporated into the barium sulfate structure (bricks) without altering the bulk structure or lattice parameters.

Conclusions

In the present study both the calix[4]arene macrocycles have been shown to promote growth on the (001) face, resulting in rod shaped particles. These
rod-shaped particles can become the core particles for subsequent superstructures, which are not randomly aggregated but orient to form the dumbbell or
fibre shapes. In addition, we have established that p-sulfonated calix[4]arene is a much weaker inhibitor than the phosphonated analogue, and this supports
earlier literature results on the impact of the different functional groups on the upper rim of the calixarenes.
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Nephelometry shows that the calixarenes adsorb onto the critical nuclei, and inhibit bulk homogenous nucleation. The weaker interaction for the
sulfonated calixarene is seen once again in the impact on induction times. The phosphonated calixarene lengthens the induction times far more than the
sulfonated molecule, and thus, the sulfonated calixarene has only limited impact on homogenous nucleation.

15
XRD and TEM results for the barium sulfate crystallized in the presence of p-phosphonated calixarene established that the particles were mesocrystals.™®
Remarkably, the sulfonated calixarene does not show distinct nanoparticle fibres, which have aggregated together; although the fibres are sometimes
visible, they appear to be fused. We hypothesise that inherently unstable mesocrystals are formed, which fuse over time.

20 The AFM results clearly show that the calixarenes have a strong interaction with the (001) barite face, initially promoting its growth before inhibiting it. In
the case of p-phosphonated calix[4]arene, AFM confirms that the surface is impacted on by the organic molecule, changing both its solubility and its
surface atomic structure.*® Despite the AFM showing little change in the atomic resolution images with and without added sulfonated calixarene, the beam
damage caused in the TEM, the TGA and the AFM results, suggest that the sulfonated calixarene is also incorporated during barium sulfate crystal
growth. It is possible that since these images were taken in contact mode, the AFM tip removed the sulfonated calixarene molecules from the surface. This

25 would support an overall conclusion that the sulfonate calixarene molecule is more weakly bound than the phosphonated calixarene to the barium sulfate
(001) surface. Nevertheless, it is also possible that the sulfonated calixarene does not substitute into the lattice but rather is present as a secondary solid
phase. This would explain the presence of significant porosity within the barium sulfate structure and the lack of impact of the sulfonated calixarene on the
atomic resolution images of the (001) surface. Such porous barium sulfate structures in the presence of impurities have previously been observed.*®

30 It is also possible that the sulfonated calixarene is both weakly bound and is present as a secondary solid phase, and that this results in the formation of
mesocrystals which fuse over time, becoming more and more single crystal in nature. The similarity in the behaviour of the two calixarenes in terms of
changes in barium sulfate morphology leads to the conclusion that their different final impacts relate to different strength of interaction with the surface of
the material. Given the similarity in backbone structure as isostructural bowl shaped molecules, these differences are not associated with lattice matching
differences or any significant stereochemical differences between the sulfonate or phoshponate group, but instead to the charge difference. In terms of the

35 structure-activity relationships of these molecules and their impact on barium sulfate crystallization, it appears from this work that charge controls the
strength of interaction with the surface and that when the charge is lowered, so too is the interaction of the molecule with the surface.

Finally, we note that both calixarene molecules increase the growth rate of the barium sulfate (001) face and promote 2D nucleation on this surface. In
addition, the p-phosphonated calix[4]arene is far more potent in this regard than p-sulfonated calix[4]arene. Thus, while 3D nucleation may be inhibited
40 by these molecules, 2D nucleation is not.
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