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ABSTRACT 

Soluble additives are widely used to control crystallization processes, modifying the 

morphologies, sizes, polymorphs, and physical properties of the product crystals. Here, a 

simple and versatile strategy is shown to significantly enhance the potency of soluble additives, 

ranging from ions and amino acids to large dye molecules, enabling them to be effective even 

at low concentrations. Addition of small amounts of miscible organic co-solvent to an aqueous 

crystallization solution can yield enhanced morphological changes and an order of magnitude 

increase of additive incorporation within single crystals — a level that cannot be achieved in 

pure aqueous solution at any additive concentration. The generality of this strategy is 

demonstrated by application to crystals of calcium carbonate, manganese carbonate and 

strontium sulfate, with a more pronounced effect observed for co-solvents with lower dielectric 

constants and polarities, indicating a general underlying mechanism that alters water activity. 

This work increases the understanding of additive/crystal interactions and may see great 

application in industrial-scale crystal synthesis. 

 

INTRODUCTION 

From biomineralization to synthetic systems, soluble additives offer a powerful means of 

controlling crystallization processes. In this way, it is possible to control polymorph, size and 

shape of a crystal. In addition, occlusion of guest additives within crystal hosts can create 

composite materials with new physical and chemical properties.1-3 Given the importance of 

calcium carbonate to the environment, biology and industry, a large body of work has focused 

on the effects of soluble additives on its crystallization ranging from elemental ions (Mg2+, Sr2+ 
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and Li+),4-8 to small molecules such as amino acids, to macromolecules including proteins, 

polysaccharides and block copolymers9-14 and even particulate additives.14-16 These studies 

have provided information about the mechanisms underlying the interactions between 

additives and calcium carbonate crystals, where morphology changes can be rationalized in 

terms of preferential binding of the additives to the acute or obtuse steps on the crystal surface. 

Incorporation of additives within host crystals generates hybrid materials with enhanced 

hardness,17 magnetism,18 and optical properties.19, 20   

 

Crystallization is also necessarily affected by the nature and composition of the solvent. In 

aqueous solution, incorporation of calcium and carbonate ions into the crystal lattice requires 

the displacement of water molecules adsorbed at the crystal surface and dehydration of the ions 

themselves.21-23 The binding of additives is subject to similar constraints. Changing the solvent 

composition therefore promises the ability to easily tune crystallization processes by 

modulating the interactions of the additive with the crystal surface, as well as regulating 

precipitation kinetics and mineral and additive solubility.24, 25 Indeed, addition of organic 

solvents to an aqueous crystallization solution can shift the polymorph from the 

thermodynamically stable calcite polymorph toward the metastable vaterite and aragonite 

phases,26-28 although changes in the CaCO3 crystallization pathways is only achieved at 

relatively high co-solvent/water ratios (typically over 50 vol%).  

 

Here, we explore the effects of organic co-solvents on calcium carbonate precipitation in 

aqueous solutions and show that just small amounts (less than 15 vol%) vastly increase the 

capacity of additives to tune crystal morphologies and create single crystal nanocomposites 

through their incorporation within calcite single crystals. Using model additives ranging from 

magnesium ions, to amino acids and ultimately large dye molecules, we also demonstrate that 
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the co-solvent addition to the crystallization solution can also promote additive incorporation 

within calcite single crystals. The greatest enhancement is observed for the co-solvents with 

the lowest dielectric constants and polarities, and we demonstrate identical behavior for a range 

of inorganic crystals, indicating a general underlying mechanism. This straightforward 

methodology provides an alternative to current methods that achieve habit changes and 

occlusion by controlling the chemical structure of additives,14, 29, 30 where alteration of the 

physico-chemical properties of the solvent offers a simpler, more versatile, and scalable means 

of controlling crystallization processes at low additive concentrations, and achieving 

incorporation levels way beyond those possible in aqueous solutions.  
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RESULTS 

Effects of water/ethanol mixtures on calcium carbonate precipitation  

Figure 1. Calcium carbonate precipitated in water/ethanol solution containing [Ca2+] = 10 mM. 

(a) Calcite formed at ≤ 25 vol% ethanol, (b) calcite formed at 30-50 vol% ethanol, and (c) 

vaterite formed at > 50 vol% ethanol. Inset in (a) is a micrograph of calcite crystals precipitated 

in pure aqueous system and insets in (b) and (c) are higher magnification images of the 

precipitated crystals in the presence of ethanol in solution. Cryo-TEM micrographs of 

amorphous calcium carbonate (ACC) particles precipitated in (d) a pure aqueous system, and 

(e) in 20 vol% ethanol. The inset is a SAED pattern showing diffuse rings indicative of 

amorphous material. 

 

The effects of binary solvent mixtures on calcium carbonate precipitation were investigated. In 

the first instance, using the ammonium diffusion method,31  phase pure rhombohedral calcite 
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crystals precipitated in pure aqueous solution at [Ca2+] = 10 mM (Figure 1a and Figure S1). 

Introduction of ethanol changed the habit of the calcite crystals from rhombohedra with smooth 

{104} faces (≤ 25 vol% ethanol) to hopper crystals with pits in the centers of their faces (30 – 

50 vol% ethanol) (Figure 1b and Figure S1) and vaterite formed at over 50 vol% ethanol 

(Figure 1c). Hopper morphologies are characteristic of diffusion-limited growth, where the 

vertices of a crystal are exposed to higher concentrations of solutes than the center of the faces, 

giving rise to faster growth.27 Investigation of the early stages of mineralization using 

Consistent with previous work,32, 33 cryogenic Transmission Electron Microscopy (cryo-TEM) 

revealed that amorphous calcium carbonate (ACC) was the first structure formed in all cases 

(Figure 1d-e), and that stability of this precursor phase was enhanced for ethanol contents 

above 50 vol% (Figures S1 and S2).34, 35  

 

Incorporation of Brilliant Blue R dye within calcite in water/ethanol mixtures  

Precipitation of calcium carbonate in the presence of BBR (Brilliant Blue R, a blue dye) from 

aqueous solution yielded pale blue rhombohedral calcite crystals, indicating limited interaction 

with the calcite surface and low levels of occlusion (Figure 2a). The amount of BBR occluded 

was determined by dissolving the crystals in buffered solution,36 and quantifying the released 

dye using UV-Visible spectrophotometry (UV-Vis) (Figure 2l). The amount of CaCO3 present 

in the samples was measured using Atomic Absorption Spectroscopy (AAS), thereby giving 

the ratio of [BBR] to CaCO3. Solutions containing [Ca2+] = 10 mM and [BBR] = 0.5 mM 

contained 0.75 wt% BBR, and higher [Ca2+] = 20 mM increased occlusions levels to 1.2 wt%. 

This increase in occlusion with supersaturation can be attributed to a faster growth rate, which 

ensures that the steps propagate around the adsorbed dye molecules before they can desorb.37   
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Figure 2. Optical images of calcite crystals precipitated at [BBR] = 0.2 mM and (a-d) [Ca2+] 

= 10 mM, and (e-h) [Ca2+] = 20 mM. These samples contain (a and e) 0 vol%, (b and f) 5 vol%, 

(c and g) 10 vol% and (d and h) 15 vol% ethanol. Insets are SEM micrographs of the product 

crystals. (i) Selected area electron diffraction (SAED) pattern of a thin section prepared using 

Focused Ion Beam (FIB) milling of a calcite crystal incorporating 10 wt% BBR, showing that 

it is a single crystal and (j) SEM micrograph showing the faces and pseudo-faces expressed by 

the binding of BBR to calcite. (k) Schematic representation of the morphological change of 

calcite from rhombohedra to platonic crystals. (l) Levels of incorporation of BBR in calcite 

precipitated at different dye, calcium and solvent concentrations.  

 

Addition of small amounts of ethanol (5 – 15 vol%) significantly enhanced the incorporation 

of BBR and yielded uniformly-colored, dark blue calcite crystals, whose morphologies evolved 

from truncated rhombohedra to platonic forms as the ethanol concentration increased to 15 
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vol% (Figures 2b-d and Figure 2i). These shapes are indicative of preferential interaction of 

BBR molecules to the obtuse step edges of calcite (Table S1 and Figure 2j-k).38  Notably, the 

composites are oriented with their [001] axis normal to the substrate. This is most likely 

induced by the adsorption the dye molecules on the substrate that direct the nucleation and 

orientation of crystals.38, 39 Composite crystals precipitated  in solutions comprising [Ca2+] = 

10 mM, [BBR] = 0.5 mM and 5 vol% ethanol contained ≈ 3.4 wt% of dye, which is ≈ 5 times 

higher than in pure water (Figure 2l).  This increased further as the ethanol content increased, 

reaching 7.5 wt% BBR for [Ca2+] = 10 mM, [BBR] = 0.5 mM and 15 vol% ethanol, 

corresponding to a 10-fold increase in occlusion as compared to pure water. Similar to the 

results obtained in aqueous solution, an increase in supersaturation in water/ethanol solutions 

enhanced the amount of BBR occluded (Figure 2f-h). Indeed, occlusion almost doubled from 

3.5 wt% to 6.8 wt%, when [Ca2+] was raised from 10 to 20 mM at [BBR] = 0.5 mM and 5 vol% 

ethanol.  

 

Extension to alternative organic co-solvents  

The study was then extended to methanol, propanol, iso-propanol (IPA) and dioxane, where 

these have distinct dielectric constants and polarities (Figure S3).40, 41 As exemplified at 

reaction conditions [Ca2+] = 20 mM, [BBR] = 0.2 mM and 10 vol% co-solvent, a small increase 

in dye occlusion from 0.83 wt% in pure water to 2.5 wt% was observed in solutions containing 

methanol. A significant enhancement occurred with propanol and IPA to 7 wt%, and dioxane 

supported the highest levels of BBR occlusion at 10 wt% under these conditions (Figure 3a-g). 

Greater BBR occlusion is also accompanied by more pronounced morphology changes in the 

crystals from calcite rhombs in the presence of methanol to platonic crystals for propanol, IPA 

and dioxane.  
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Figure 3. Calcite crystals precipitated in the presence of [Ca2+] = 20 mM, [BBR] = 0.2 mM in 

(a) pure water and (b-f) 10 vol% of various organic co-solvents. (g) BBR occluded in calcite 

in pure water and in the presence of 10 vol% of various co-solvents in solution, and 

corresponding dielectric constants of the respective solution mixtures. 
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Importantly, the degree of dye incorporation and habit change correlate with the co-solvent 

properties, where methanol has the highest polarity and dielectric constant (i.e., closest to that 

of pure water), while dioxane has the lowest (Figure 3g and Figure S3).40, 41  Furthermore, since 

the co-solvents have different densities, they are present in solution at different molar 

concentrations: 10 vol% corresponds to 2.5 M for methanol, 1.3 M for IPA and propanol and 

1.2 M for dioxane. At over double the concentration in the medium, methanol still has the least 

effect on dye occlusion, highlighting the pivotal role played by the physico-chemical properties 

of the solution. 

 

Role of supramolecular assembly in BBR incorporation in calcite 

It is well-established that the structural and chemical properties of organic molecules such as 

dyes can be affected by the pH, ionic strength, dielectric constant and polarity of the solution.42-

44 We therefore investigated the impact of ethanol on the structure of BBR. UV-Vis showed no 

significant changes in the characteristic absorbance peak of BBR (𝜆 = 550 nm) in pure water 

or in solutions containing 20 vol% ethanol (Figure 4a-b and Figure S4a), while TEM revealed 

comparable BBR fibers with sizes ranging from 20 nm up to a micron in pure water and 

solutions containing ethanol (Figure 4c-d). These structures are expected due to the relatively 

low solubility of the dye in solution (1 mg mL-1). Further, the UV-Vis-IR spectra of the dye 

solutions prepared in the presence of Ca2+ ions show only a slight decrease in the peak at 550 

nm, which most likely arises from the complexation of the Ca2+ ions with the dye molecules 

(Figure S4b). This may contribute to the formation of dye aggregates in the mineralization 

solution (Figure 4e). Centrifuged dye solutions prepared in both water and ethanol/water 

mixtures also yielded only a slight decrease in absorbance intensity due to removal of the dye 

aggregates in solutions (Figure S4c-d). 
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The role of the BBR fibers on incorporation of the dye was further investigated by incubating 

a stock solution of 2 mM BBR and 10 vol% ethanol for 24 hours to allow for dye self-assembly. 

This solution was then introduced at a concentration of 0.2 mM of BBR and a corresponding 

1 vol% of ethanol into the crystallization medium. Although many fibers of BBR were present 

in the mineralization solution (Figure 4e), limited incorporation of the dye into the crystals was 

achieved in solutions containing 1 vol% ethanol (Figure 4f). In contrast, when the same BBR 

solution was added to the crystallization solution ant the ethanol content adjusted to 10 vol%, 

calcite crystals of a dark blue color were formed (Figure 4g), which clearly indicate a 

significant level of occlusion of BBR in the crystals. These results demonstrate that the 

presence of self-assembled BBR molecules has little effect on incorporation.  
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Figure 4. (a) Digital image showing [BBR] = 0.2 mM solutions in the presence of various 

volume fractions of ethanol, and (b) corresponding UV-Visible spectrographs. (c-d) TEM 

micrographs showing fibers of self-assembled BBR molecules in (c) pure water, and (d) in the 

presence of 20 vol% ethanol/water. (e) Cryo-TEM micrograph showing BBR fibers formed 

after incubating the dye solution for 24 h in the crystallization solution containing 1 vol% 

ethanol. (f and g) Calcite precipitated in the presence of [BBR] = 0.2 mM containing self-

assembled dye fibers and (f) 1 vol% and (g) 10 vol% ethanol. The initial pH of the solutions is 

≈ 6 and ≈ 9 after mineralization. 
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Incorporation of alternative soluble additives in binary solvent mixtures 

Figure 5. Calcite crystals precipitated in the presence of [Ca2+] = 10 mM and 0.5 mM of (a-b) 

Amaranth, (c-d) Fast Green and (e-f) Reactive Green dyes in (a, c and e) pure water and (b, d 

and f) in the presence of 15 vol% ethanol. Calcite precipitated in the presence of [Ca2+] = 10 

mM and (g-h) [aspartic acid] = 25 mM, (i-j) [glycine] = 50 mM and (k-l) [Mg2+] = 5 mM in (g, 

i and k) pure water and (h, j and l) 15 vol% ethanol. Levels of incorporation of the (m) dyes, 

(n) amino acids and (o) magnesium ions in calcite in pure water and in binary solvent mixtures. 
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The ability to drive additive incorporation by tuning the composition of the solvent was then 

extended to alternative additives, where a number of examples are shown in Figure 5 for 

solutions containing 15 vol% ethanol. Amaranth (a red dye) and Fast Green (a blue dye) both 

occluded at levels that are 10 times higher than in water alone, and the crystals exhibit pseudo-

(001) faces, that are characteristic of preferential interaction with the obtuse steps (Figure 5a-

d and Figure 5m). The Fast Green molecules also exhibit an intra-sectorial zoning effect36, 45, 

46 (Figure 5d), and SEM images show that there is no relationship between the zoning pattern 

and the morphology of the crystals (inset in Figure 5d). Reactive Green (a blue/green dye) 

incorporated at levels 11 times higher than in pure aqueous system and yielded platonic calcite 

crystals (Figure 5e-f and Figure 5m).  

 

In addition, we investigated the occlusion of much smaller additives, for which ethanol also 

promoted the binding of both aspartic acid and glycine to calcite, as evidenced by stronger 

morphological effects (Figure 5g-j). Thermogravimetric analyses (TGA) revealed a 2-fold 

increase in incorporation of both amino acids at 15 vol% ethanol (Figure 5n and Figure S5). A 

comparable effect was observed with magnesium ions, where ethanol enhanced their binding 

to the calcite surface, causing a characteristic elongation along the c-axis (Figure 5k-l and 

Figure S6).47-49 Inductively Coupled Plasma – Optical Emission Spectroscopy (ICP – OES) 

analyses of the composites showed enhanced magnesium inclusion, with amounts of up to ≈ 5 

mol% being occluded at 15 vol% ethanol as compared with the modest 0.6 mol% achieved in 

pure water under the same conditions (Figure 5o).  
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Comparison with additives performances in pure aqueous solution 

 

Figure 6. (a) Digital image showing [BBR] = 0.2 mM solutions in the presence of [Ca2+] = 0 

mM and 15 vol% ethanol, [Ca2+] = 20 mM and 15 vol% ethanol and [Ca2+] = 20 mM, 50 mM, 

100 mM, 200 mM and 500 mM in pure water. Calcite crystals precipitated in the presence of 

[BBR] = 0.2 mM and (b) [Ca2+] = 50 mM, (c) [Ca2+] = 100 mM, (d) [Ca2+] = 200 mM and (e) 

[Ca2+] = 500 mM. Insets are SEM images of the precipitated crystals. An increase of the 

supersaturation failed to promote morphology changes and dye incorporation, where only pale 

blue calcite rhombs precipitated. Calcite polycrystals precipitated in solutions containing (f) 

[Ca2+] = 10 mM and [aspartic acid] = 75 mM, and (g) [Ca2+] = 20 mM and [aspartic acid] = 40 

mM. (h) Elongated calcite polycrystals precipitated in the presence of [Ca2+] = 10 mM and 

[Mg2+] = 20 mM, and (i) metastable aragonite polycrystals precipitated in solution containing 

[Ca2+] = 10 mM and [Mg2+] = 50 mM. 

 

Experiments were also conducted to determine whether the same crystal morphologies and 

occlusion levels can be achieved in pure aqueous solutions at higher additive concentrations 
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and solution supersaturations. Considering first BBR, an increase in [Ca2+] from 10 mM to 20 

mM and [BBR] from 0.2 mM to 0.5 mM only yielded pale blue calcite crystals containing ≈ 

1.3 wt% of dye (Figure 2l), as compared with the 10.5 wt% achieved under the same conditions 

in solvent mixtures. Further increase in the supersaturation to [Ca2+] = 50 mM (Figure 6b) at 

[BBR] = 0.2 mM and even [Ca2+] = 100 – 500 mM at [BBR] = 0.5 mM (Figure 6c-e and Figure 

S7a-d) in pure aqueous solutions also failed to improve the additive performance. Instead, 

reduced BBR incorporation and morphological effects were observed, as shown by the 

formation of transparent calcite rhombs. This can be attributed to the dye molecules 

aggregating in the mineralization solutions containing high [Ca2+] (Figure 6a and Figure S7e). 

 

High additive concentrations of [aspartic acid] = 75 mM in solutions containing [Ca2+] = 10 – 

20 mM yielded calcite polycrystals, where the amino acid molecules are accumulated at grain 

boundaries (Figure 6f and 6g and Figure S8a).17 In turn, solutions containing [Ca2+] = 10 mM 

and [Mg2+] = 20 mM generated dumbbell-shaped magnesium calcite polycrystals, while 

polycrystalline aragonite formed at [Mg2+] = 50 mM (Figure 6h-I and Figure S8b).50 Higher 

supersaturations again only support the formation of mixtures of polycrystalline calcite and 

aragonite particles (Figure S6f). These data conclusively demonstrate that adding a small 

amount of organic solvent to the crystallization solution significantly enhances the potency of 

soluble additives, giving access to hybrid single crystals that could not be generated in pure 

aqueous solutions. 

 

Microstructure of the hybrid single crystals 

The impact of incorporated BBR, Fast Green and magnesium ions on the structure of the calcite 

crystals precipitated from aqueous solution and in the presence of ethanol and dioxane was 

investigated using synchrotron High-Resolution Powder X-ray Diffraction (HR-PXRD) 
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(Figure 7). Lattice distortions, microstrain fluctuations, coherence lengths and full width at 

half-maximum (FWHM) were measured for the (104) reflection of calcite, where these provide 

information about the additive/mineral interactions. No changes in the peak shape, width or 

position were observed on adding 15 vol% ethanol or dioxane to the growth solutions (Figure 

7a and Figure S9), where large coherence lengths of 650 nm and small microstrains of 0.0035 

% were recorded for all samples (Figure S10). It is thus clear from these data that the co-

solvents have no effect on the microstructure of calcite.  

 

BBR had little effect on the calcite structure when the crystals were precipitated from aqueous 

solution, as reflects the low occlusion levels (Figure 7b and Figure 7e-f). Calcite precipitated 

in the presence of ethanol under conditions Ca = 20 mM, BBR = 0.2 mM and 10 vol% EtOH 

contained 6.5 wt% BBR. These hybrid crystals showed a four-fold increase in the FWHM 

(Figure S7d), a reduction of the coherence length to 207 nm, an increase of the microstrain to 

0.075%, and lattice expansions of Δa/a ≈ 0.027% and Δc/c ≈ 0.036%. Similar microstructural 

patterns are also observed for the (006) and (110) reflections of calcite (Figure S11). The larger 

distortions recorded along the c-axis than the a-axis are consistent with the anisotropic 

elasticity of calcite.17 Even greater effects were observed for calcite crystals precipitated under 

the same conditions but using dioxane as a co-solvent, rather than ethanol. The product 

composite crystals contained 10 wt% BBR and small coherence lengths of 120 nm and large 

microstrains of 0.103% were observed, consistent with the higher BBR content. 
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Figure 7. HR-PXRD patterns recorded with (a-c) 𝜆 = 0.35449587 and (d) 𝜆 = 0.826764. (e and 

g) Coherence lengths and microstrain fluctuations measured for the (104) reflection of pure 

calcite, and calcite precipitated in the presence of dye molecules and Mg2+ ions in aqueous 

systems and in the presence of organic co-solvents. Lattice distortions along the a-axis and c-

axis of calcite incorporating (f) BBR and (h) Mg in pure aqueous systems and binary solvent 

mixtures.  
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Fast Green also had a significant effect on the calcite structure, only when incorporated at the 

higher levels achievable using co-solvents. Calcite containing 7 wt% Fast Green exhibited a 

slight shift and asymmetric {104} peaks that extend toward smaller angles, which is indicative 

of an expansive strain gradient. Interestingly, asymmetric peaks indicative of a compressive 

strain gradient were previously observed for calcite containing block copolymer micelles.15  

Mg2+ ions, in turn, form a solid solution with calcite and shift the diffraction peaks toward 

higher angles.51-54 Peak shifts and broadenings are greater at higher levels of magnesium 

incorporation (Figure 7d) and were thus recorded for calcite precipitated in the presence of 

ethanol (Figure S10e). Coherence lengths of 200 nm and microstrains of 0.163% were 

determined for crystals containing ≈ 5 mol% Mg (Figure 7g).  

 

Extension to alternative host crystals 

Finally, the versatility of our approach was demonstrated by extending it to the incorporation 

of Reactive Green in alternative host crystals. In common with the CaCO3 system, little 

incorporation was achieved in manganese carbonate (rhodochrosite) and strontium sulfate 

(celestine) precipitated from pure aqueous solutions (Figure 8, Figure S12 and Figure S13). 

The introduction of ethanol into the mineralization solutions promoted dye incorporation, as 

evidenced by the formation of darker blue/green crystals, and TGA analyses which confirmed 

a 2.5-fold increase in occlusion (Figure S14 and Figure S15). The morphologies of the crystals 

were also altered in the binary solvent mixtures, demonstrating an enhanced binding affinity 

of the dye molecules to the crystals in the presence of ethanol. We stress that our approach 

does not allow only an optimization of the experimental conditions, but actually enables access 

to control over the morphology, structure and composition of various hybrid materials that we 

are unable to achieve in its absence. 
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Figure 8. (a) MnCO3 and (d) SrSO4 crystals precipitated from aqueous solution. (b and c) 

MnCO3 crystals precipitated in the presence of Reactive Green dye in (b) water and (c) 10 

vol% ethanol. (e and f) SrSO4 crystals precipitated in the presence of Reactive Green in (e) 

pure water and (f) 10 vol% ethanol/water. Insets are the SEM images of the crystals. 

 

DISCUSSION  

A number of experimental and modelling studies have investigated the formation of calcium 

carbonate from alcohol/water mixtures. ACC is the first phase formed in most experimental 

systems and is significantly stabilized in the presence of alcohol. This is attributed to strong 

binding of organic molecules to the surfaces of the ACC particles due to hydrogen bonds 

between the OH group on the alcohol and the carbonate oxygen atom,34, 35 and electrostatic 

interactions between the hydroxyl oxygen atom and the calcium ion.55 This delays the 

precipitation of crystalline phases via a dissolution-reprecipitation mechanism. Solvent 

mixtures can also direct the crystallization pathway of calcium carbonate, resulting in a 

polymorph switch from the thermodynamically stable calcite toward the kinetic polymorphs 
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vaterite and aragonite.24, 26, 27 Crystallization in organic solvents containing traces of water 

favors metastable phases due to the reduced solubility of CaCO3.
56 57 However, the polymorph 

distribution is highly dependent on variables including the stirring rate, temperature and the 

alcohol/water ratio, where significant quantities of vaterite or aragonite are usually only 

achieved using high ratios of alcohol ( > 50 vol%).24  

 

Numerous studies have shown that co-solvents such as alcohols can strongly influence the 

structural water layer present on the calcite surface.55, 58, 59 Alcohols bind more strongly than 

water molecules, and thus displace the water to create a highly ordered alcohol layer with the 

aliphatic tails oriented away from the mineral surface.55, 58 This alcohol layer changes the 

charge and wettability of the calcite surface, significantly hindering mass transport to the 

mineral surface, and retarding growth and dissolution.58, 60 However, simulations have shown 

that the ordering of the alcohol molecules is disrupted near the step edges,60, 61 and that 

disrupted water dominates at this location.61 This creates an essential bridge between the bulk 

solution and step edges, which enables solutes and additives to access these active sites and 

allows the crystal to grow and incorporate guest species.35, 60  

 

Our results clearly demonstrate that small quantities (under 15 vol%) of a range of co-solvents 

can strongly affect the interactions of soluble additives with calcite, as evidenced by the 

enhanced morphological changes and occlusion levels. These effects increase as the dielectric 

constant and polarity of the co-solvent decrease,40, 41 and are likely to derive from a range of 

factors. The organic solvent reduces the solubility of additives in the mineralization solution. 

For example, addition of 5 – 15 vol% of ethanol decreases the solubility of glycine by 10 – 

30%.62, 63 Although too small to induce precipitation of glycine, this could be sufficient to 

increase the flux of the amino acid to the crystal/solution interface. The solution supersaturation 
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is also higher in the solvent mixtures, which increases the step density and thus the growth rate 

of the smooth {104} faces. This enhances the expression of pseudo-faces where additives 

occlude at higher rates. Similarly, an increased kink density is expected, which improves the 

probability of an adsorbate becoming kinetically trapped and occluded.14, 37, 45, 48 This increase 

in supersaturation is greater in organic solvents with longer aliphatic chains, which could 

explain the enhanced levels of incorporation in solvent mixtures with lower polarities.57  

Increasing the amount of organic co-solvent in the mineralization solution also facilitates 

dehydration of the CaCO3 solutes and additives, which must occur prior to their incorporation 

within the calcite lattice.5, 50, 64 65-67   

 

Finally, additive/crystal interactions are governed by the adsorption thermodynamics of the 

additives, which must compete with the solvent for access to the crystal growth sites.68, 69 As 

the organic co-solvents affect both the solubility of the additives and the solvent structure at 

the crystal surface, these effects may both increase the flux of additives to the mineral surface 

and reduce their detachment rates, leading to a higher additive coverage. An increased additive 

coverage means that more additives are available for occlusion, and that the growth rates of the 

crystal surfaces are reduced, leading to an enhanced morphological effect. The structural water 

layer adsorbed on the crystal surface also hinders the access of additive to the binding sites of 

the mineral by shielding the additive/crystal electrostatic forces. Disruption of this water layer 

by the organic solvent facilitates the binding of additives and their incorporation in the crystals. 

 

CONCLUSIONS 

Many applications of inorganic crystals require the production of particles with specific 

morphologies, sizes, structures, and polymorphs, a need that is often met using soluble 

additives. We have demonstrated that the ability of additives to direct crystallization in aqueous 
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solution can be significantly enhanced through the addition of small quantities of miscible co-

solvents. While it is recognized that co-solvents can exert some influence over the polymorph 

of compounds such as calcium carbonate, our results show that solvent mixtures significantly 

enhance the interaction between additives and crystals, and thus offer a powerful means of 

precisely tuning both the occlusion of additives within host crystals, and modifying crystal 

morphologies. These results were valid for a wide variety of additives, co-solvents and host 

crystals, indicating a general underlying mechanism. As future work, molecular simulations 

could be used to gain further insight into additive/crystal interactions, but this is non-trivial and 

beyond the scope of the current project, as force fields do not currently exist for the relevant 

solvation free energies. Our work also suggests that soluble additives may have enhanced 

effects on crystallization in environments where the water activity is low, such as in 

nanoporous media or biological systems. This versatile approach is expected to find 

applications in a plethora of fields including crystal synthesis, oil recovery, drug storage, and 

contamination remediation. 

 

EXPERIMENTAL SECTION 

CaCO3 mineralization in the presence of soluble additives in pure water and binary solvent 

mixtures: Calcium carbonate (CaCO3) was precipitated using the ammonium carbonate 

diffusion method,31 in the presence of the soluble additives (i.e., ions, amino acids or dye 

molecules), both in pure aqueous solution and in the presence of varying amounts (0 – 75 vol%) 

of organic co-solvents (i.e., methanol, ethanol, 1-proparnol, 2-propanol or dioxane. Piranha 

cleaned glass substrates were deposited at the bottom of a well-plate containing a total volume 

of 1 mL of solution. Desired amounts of additives were introduced in mineralization medium 

containing [Ca2+] = 10 mM – 500 mM, in pure aqueous solutions or in the presence of 5 – 75 

vol% of co-solvents. Calcification in the presence of the additives was carried out by placing 
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the reaction mixtures inside a sealed desiccator, containing 2 g of (NH4)2CO3, placed in a Petri-

dish and covered with Parafilm punctured several times with a needle. Mineralization was 

allowed to proceed overnight (> 12 h). After reaction completion, the substrates supporting the 

crystals were washed several times with DI water and then ethanol, followed by gentle drying 

using N2(g) stream, prior to characterization. 

 

Precipitation of MnCO3 and SrSO4 in the presence of Reactive Green, in pure water and 

binary solvent mixtures: Rhodochrosite (MnCO3) and celestine (SrSO4) were precipitated by 

mixing equal volumes of [Mn2+] = 2 mM and [NaHCO3] = 200 mM, and [Sr2+] = 4 mM and 

[Na2SO4] = 20 mM, respectively. Piranha cleaned glass substrates were deposited at the bottom 

of a well-plate containing a total volume of 1 mL of solution. [Reactive Green] = 0.05 mM was 

introduced in the MnCO3 and SrSO4 mineralization solutions in both pure aqueous solutions 

and in the presence of 10 vol% of ethanol. Mineralization was allowed to proceed overnight (> 

12 h). After reaction completion, the substrates supporting the crystals were carefully washed 

several times with DI water and then ethanol, followed by drying using N2(g) stream, prior to 

characterization. 

 

Characterization: The samples were characterized using a combination of analytical 

techniques including Raman, Fourier-Transform Infrared (FTIR) spectroscopy, Inductively 

Coupled Plasma - Optical Emission Spectroscopy (ICP-OES), Atomic Absorption and UV-

Visible spectroscopy, synchrotron High-Resolution Powder XRD (HR-PXRD), 

thermogravimetric analysis (TGA), and optical and electron microscopy (cryo-TEM, dry TEM 

and SEM). Further details are provided in the Supporting Information. 
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Addition of small amounts of organic co-solvents to an aqueous crystallization solution 

significantly enhances the effects of soluble additives, generating striking changes in crystal 

morphologies and considerable increases in additive incorporation. This is realized by tuning 

the physico-chemical properties of the solution, enabling the facile access to composite 

materials with tailored shapes, structures, and compositions that are unachievable from pure 

aqueous systems.  

 


