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Abstract 

The topic of calcite and aragonite polymorphism attracts enormous interest from fields 

including biomineralization and paleogeochemistry.  While aragonite is only slightly less 

thermodynamically stable than calcite under ambient conditions, it typically only forms as a 

minor product in additive-free solutions at room temperature.  Yet aragonite is an abundant 

biomineral, and certain organisms can selectively generate calcite and aragonite.  This 

fascinating behavior has been the focus of decades of research, where this has been driven by a 

search for specific organic macromolecules that can generate these polymorphs.  However, 

despite these efforts, we still have a poor understanding of how organisms achieve such 

selectivity.  In this work, we consider an alternative possibility and explore whether the 

confined volumes in which all biomineralization occurs could also influence polymorph.  

Calcium carbonate was precipitated within the cylindrical pores of track-etched membranes, 

where these enabled us to systematically investigate the relationship between the membrane 

pore diameter and polymorph formation.  Aragonite was obtained in increasing quantities as 

the pore size was reduced, such that oriented single crystals of aragonite were the sole product 

from additive-free solutions in 25 nm pores and significant quantities of aragonite formed in 

pores as large as 200 nm in the presence of low concentrations of magnesium and sulfate ions.  

This effect can be attributed to the effect of the pore size on the ion distribution, which becomes 

of increasing importance in small pores.  These intriguing results suggest that organisms may 

exploit confinement effects to gain control over crystal polymorph. 

 

Keywords: calcium carbonate, biomineralization, bio-inspired, biomimetic, track-etch 
membrane  
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Significance Statement 

Calcium carbonate is a widespread compound, whose two common crystalline forms, calcite 

and aragonite, are important biominerals.  Although aragonite is only marginally less stable 

than calcite under ambient conditions, it usually only crystallizes from solution at high 

temperatures or in the presence of magnesium ions.  Yet organisms readily form both calcite 

and aragonite biominerals, a capacity usually attributed to the action of specific organic 

macromolecules.  By investigating calcium carbonate precipitation in submicron pores, we here 

show that aragonite is promoted in confinement and that pure aragonite crystallizes in nanoscale 

pores in the absence of any additives.  This is of great significance to biomineralization 

processes, which invariably occur in small volumes, and suggests that organisms may exploit 

confinement effects to control polymorph. 
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\body 

Introduction 

Biominerals provide a wonderful demonstration of the extent to which crystallization processes 

may be controlled.(1)  However, while many of the general strategies that organisms use to 

control biomineralisation are known,(2) the mechanisms used to achieve control over 

polymorph remain unclear.  From the outset of the field of biomineralization, researchers have 

isolated proteins entrapped within calcite and aragonite biominerals, with the expectation that 

these would enable polymorph control.  However, despite a few isolated reports,(3) it appears 

that the mechanism is not so simple.  There are also few examples of synthetic organic additives 

which induce aragonite precipitation at room temperature in the absence of magnesium ions.(4-

6)  

 

Nevertheless, there is a general strategy that reproducibly generates aragonite in the presence 

of organic additives: insoluble organic matrices containing soluble additives.  Aragonite has 

been precipitated within cross-linked collagen films in the presence of poly(aspartic acid) and 

poly(glutamic acid),(7) and within re-acetylated chitosan thin films(8) and poly(vinyl alcohol) 

(PVA) matrices in the presence of poly(acrylic acid) (PAA).(9, 10)  A more elaborate scaffold 

mimicking the organic matrix in which nacre forms was also created from -chitin, silk-fibroin 

and macromolecules extracted from the aragonitic or calcitic layers of a mollusk; aragonite or 

calcite precipitated according to whether the macromolecules had been extracted from the 

aragonite or calcite biomineral, respectively.(11)  Finally, the acidic matrix protein Pif 

promoted aragonite precipitation between a chitin membrane and glass slide.(12)   

 

Common to all of the above systems is that the crystals form in defined micro-environments 

rather than in bulk solution, which is a feature that is intrinsic to all biomineralization processes.  

However, their complexity makes it difficult to investigate the factors that give rise to aragonite 
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formation, and the role played by confinement.  The work described here employs a simple 

system – crystallization within the cylindrical pores of track-etched membranes – to 

systematically investigate how confinement influences calcium carbonate polymorph.  Our data 

show that aragonite forms in increasing quantities as the pore size decreases, and that low 

concentrations of magnesium and sulfate ions support the formation of pure aragonite in larger 

pore sizes than under additive-free conditions. Magnesium and sulfate ions are significant 

components of the seawater in which many biomineralizing organisms live and promote 

aragonite formation.(13-15)  It would hence be surprising if these ions do not contribute to 

aragonite formation in vivo.(16)   

 

That significant quantities of aragonite are formed in pores as large as 200 nm when magnesium 

and sulfate ions- are present is also of direct relevance to calcium carbonate biomineralization, 

where organisms such as mollusks and coccoliths can generate nano-sized CaCO3; pteropods 

form beautiful shells comprising curved aragonite nanofibers 50-500 nm thick,(17) while 

holococcoliths comprise nano-sized calcite crystallites.(18)  Our results therefore suggest that 

the privileged environments in which biominerals form may play a key role in controlling 

crystallization, where they may act in combination with organic macromolecules and inorganic 

ions to enable polymorph selection. They are also of significance to naturally-occurring 

microporous geological materials such as shales and clays,(19) where nanoscale pores can 

support precipitation reactions that do not occur in bulk.(20)  

 

Results 

Experiments were initially performed in bulk solution to identify the SO4
2- and Mg2+ 

concentrations that promote low levels of aragonite.  These biologically-relevant conditions 

were then used to determine if confinement can drive aragonite formation.  The results obtained 

in the bulk solution experiments are summarized in Tables 1 and 2 and SI Appendix, Figure S1, 



  

6 
 

where the polymorphs present were quantified using powder XRD.  Additional characterization 

was carried out using scanning electron microscopy (SEM) and Raman microscopy (SI 

Appendix, Figure S2) and typical morphologies for magnesian calcite, aragonite and vaterite 

were observed in all cases.  Calcite formed in additive-free solutions at [Ca2+] = [CO3
2-] = 1.5 

mM, while addition of magnesium at [Ca2+]: [Mg2+] = 1:1 gave a very small increase in 

aragonite to levels of 2 %.  In keeping with the literature, addition of SO4
2- enhanced the ability 

of Mg2+ to promote aragonite formation at low supersaturations, such that 7 % aragonite formed 

at [Ca2+]: [Mg2+]: [SO4
2-] = 1: 2: 1.(15)  A clear effect of the solution supersaturation was also 

seen such that at [Ca2+]: [Mg2+]: [SO4
2-] = 1: 2: 1, 11 % aragonite formed at [Ca2+]  = [CO3

2-] = 

0.75 mM, 7 % at [Ca2+] = [CO3
2-] = 1.5 mM and none at [Ca2+] = [CO3

2-] = 2.5 mM. (Table 2 

and SI Appendix, Figure S1). 

 

Calcium carbonate was then precipitated within track-etched membranes with 1200, 800, 200, 

50 and 25 nm pores.  Membranes were placed between two half U-tube arms, one which was 

filled with a solution of CaCl2 and MgCl2, and the other with a solution of Na2CO3 and 

Na2SO4.(21)  Counter diffusion then leads to CaCO3 precipitation within the pores.  No pressure 

is applied to the system and the pressure within the pores is identical to that in the reservoirs.  

As typical results from our “standard” experimental conditions of [Ca2+] = [CO3
2-] = 1.5 mM 

and [Ca2+]: [Mg2+]: [SO4
2-] = 1: 2: 1, rod-shaped crystals with lengths of up to 15 ȝm 

(comparable to the membrane thickness of  20 ȝm) formed in the membrane pores (Figures 1 

and SI Appendix, Figure S3). Rods isolated from the smaller pores tended to be shorter, likely 

due to breakage of the more fragile, thinner rods during isolation from the membrane.  

 

Investigation of the effects of confinement on the polymorphs of the intra-membrane crystals 

precipitated under these standard conditions yielded fascinating results.  Powder XRD showed 

that the crystals formed within the 1200 nm pores were almost entirely calcite (97 % calcite and 
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3 % aragonite), in common with bulk solution, while the crystals formed in the 800 nm pores 

were 81 % calcite and 19 % aragonite (Table 1, Figure 2 and SI Appendix, Figure S4).  Further 

reduction in the pore size to 200 nm significantly increased the proportion of aragonite to 69 %.  

Polymorph analysis of the crystals formed in smaller pores (50 and 25 nm) was conducted using 

synchrotron micro-beam XRD and electron diffraction as too little material was available for 

laboratory PXRD, and aragonite was the only polymorph identified in the 50 nm and 25 nm 

pores (Figure 2).  Aragonite was therefore promoted in pores of size 800 nm and smaller in the 

presence of both Mg2+ and SO4
2-.   

 

Individual rods grown in the 200, 50 and 25 nm pores were also investigated using selected 

area electron diffraction (SAED) to determine their single crystal/ polycrystalline structures and 

to identify any preferential orientation (larger rods were too thick for SAED) (Figure 3).  At 

least 17 rods were characterized in each case.  The aragonite crystals grown in the 200 nm pores 

were clearly polycrystalline and showed no preferential orientation.  Those in the 50 nm pores, 

in contrast, were almost single crystals, while the 25 nm rods were indistinguishable from single 

crystals.  These aragonite crystals were also preferentially oriented with their crystallographic 

c-direction parallel to the pore axis, such that 50 % and 100 % of rods in the 50 and 25 nm pores 

were oriented in this way.  Further representative data and analysis of the SAED patterns are 

given in SI Appendix, Figures S5 and S6.  It is noted that some crystals also precipitate on the 

membrane surface, providing an internal “control”.  In all cases these were principally calcite, 

with a small percentage of vaterite. 

 

The effect of the Ca2+ concentration was then studied by varying this parameter while holding 

the [Ca2+]: [Mg2+]: [SO4
2-] ratio at 1: 2: 1. (Table 2, Figure 4 and SI Appendix, Figure S4). 

Comparable levels of aragonite were observed at [Ca2+]  = [CO3
2-] = 0.75 mM as under the 

standard conditions in the 200 nm  (≈ 70 %) and 50 nm pores (100 %), but both pore sizes now 
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supported the formation of single crystals (Figure 4).  All of the aragonite rods in the 50 nm 

pores were also c-oriented as compared with 50 % under the standard conditions.  The rods 

produced at [Ca2+] = 2.5 mM, in contrast, were only 2 % aragonite in the 200 nm pores and 

64 % in the 50 nm pores, where only 50 % of the latter were c-oriented.  These experiments 

thus follow the same trend as the bulk experiments with aragonite being favored at lower 

supersaturations. 

 

Experiments were also conducted to explore the individual effects of Mg2+ and SO4
2- ions 

(Table 1 and SI Appendix, Figure S4).  Looking first at the effect of SO4
2-, its elimination from 

the “standard” conditions caused a reduction in the amount of aragonite from 7 % to 2 % in 

bulk solution (SI Appendix, Figure S1).  In the equivalent membrane-based experiments, little 

aragonite formed in the 1200 and 800 nm pores, while 32 % aragonite formed in the 200 nm 

pores, as compared with 69 % under the “standard conditions”.  With further reduction in the 

pore size to 50 nm all of the particles characterized approached single crystal aragonite (SI 

Appendix, Figure S6).  Single crystal rods of aragonite formed in the most confined 

environment of the 25 nm pores (Figure 5 and SI Appendix, Figure S5).  Therefore, when just 

Mg2+ were present, it was not until the pores decreased in size to 200 nm that a change in the 

calcite/ aragonite ratio was observed.  

 

Finally, experiments were conducted in the absence of both Mg2+ and SO4
2-.  Very little 

aragonite formed in the 1200 and 800 nm pores, just 8 % in the 200 nm pores (Table 1 and SI 

Appendix Figure S4) and a significant increase to 47 % was recorded in the 50 nm pores. (SI 

Appendix, Figure S7)  Precipitation within the 25 nm pores, however, yielded a most 

unexpected result – aragonite single crystals formed in the absence of any additives in these 

very small pores (Figure 5 and SI Appendix, Figure S5).  All of the rods examined were 
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aragonite and ≈ 90 % were oriented with the crystallographic c-axis parallel to the long axis of 

the pore.   

 

Discussion 

We have previously shown that track-etched membranes provide a versatile means of studying 

the effects of confinement on the polymorph, orientation and single crystal/ polycrystalline 

structure of inorganic crystals.(21-26)  Briefly reviewing these studies, our early work 

employed pores as small as 200 nm, and used low temperatures and 100 mM CaCl2 and Na2CO3 

solutions to generate single crystals of calcite via an amorphous calcium carbonate (ACC) 

precursor phase.(22, 23)  A later study induced CaCO3 precipitation in 200 nm pores in the 

absence of ACC using the ammonia diffusion method and 10 mM CaCl2 solutions.(21)  There, 

membranes were sourced from different manufacturers and generated either single crystal 

calcite or vaterite rods under conditions where calcite precipitated in bulk solution.  That article 

also provided a detailed characterization of the surface chemistry and topography of the 

membranes using methods including IR spectroscopy, X-ray photoelectron spectroscopy (XPS), 

BET and AFM, and showed that the vast majority of the carbon atoms on the surfaces of the 

membranes were bound in aryl rings and aliphatic chains as expected for polycarbonate.  Finally, 

we showed that the polyelectrolyte PAA can facilitate infiltration of ACC into 100 nm pores, 

leading to the generation of high-aspect ratio calcite single crystals.(26)  It is also noted that 

there is one report of the precipitation of aragonite nanoparticles within the peptide-

functionalized pores of anodic alumina membranes.(27)  However, as such membranes 

gradually dissolve in alkaline solutions, releasing aluminium complexes,(28) the formation of 

aragonite cannot be clearly attributed to confinement effects. 

 

Our current results demonstrate that confinement can promote the formation of aragonite such 

that 47 % and 100 % of the crystals precipitated in 50 nm and 25 nm pores were aragonite under 
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additive-free conditions.  This effect is enhanced in the presence of low concentrations of Mg2+ 

and SO4
2-, where 8 % of the crystals formed in 200 nm pores under conditions [Ca2+] = [CO3

2-] 

= 1.5 mM were aragonite as compared with 32 % when Mg2+ ions were also present.  Addition 

of further Mg2+ and SO4
2- enhanced this effect yet further, delivering 69 % aragonite.   

 

What then are the origins of these effects?  Calcite/aragonite polymorphism is a complex 

problem that has challenged researchers for decades.  The production of these mineral phases 

from solution is dependent on kinetics as well as thermodynamics,(29) and thus on variables 

including temperature, supersaturation and the presence of additives.  While aragonite is only 

slightly less thermodynamically stable than calcite at room temperature, it typically only 

appears as a minor product on precipitation from additive-free solutions at room temperature.  

The proportion of aragonite increases significantly as the temperature is raised towards 100 oC, 

even though its stability with respect to calcite does not increase in this temperature regime,(30, 

31) where this is indicative of changes in the relative rates of nucleation and growth.  For both 

polymorphs, nucleation and growth processes are obstructed by water molecules solvating the 

cations, which may be more significant for the denser aragonite structure.(32)  Environments 

which offer reduced levels of hydration or facilitate dehydration (such as higher temperatures 

or solutions with decreasing dielectric constants) may thus favor aragonite.(33, 34)  

 

Given that aragonite is so difficult to precipitate as a major product in bulk solution under 

additive-free conditions at room temperature it is striking that many systems that offer localized 

environments including collagen(7) and silica gels,(35) and polymer thin films(8, 10) can 

deliver high proportions of aragonite.  An apparently universal effect of confinement is that it 

increases induction times; as nucleation is a stochastic phenomenon, a reduction in the number 

of available ions, and the elimination of advection and convection reduces the probability of 

nucleation.(36)  This is most significant for the thermodynamically favored phase (here calcite) 
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and leads to the formation and stabilization of metastable phases as precursors to the final 

phase.(37-47)  However, this effect cannot explain the generation of aragonite as it is seldom 

seen as a precursor to calcite.(48)   

 

Confinement also affects ion transport such that diffusion is the sole mechanism in small pores.  

The diffusion coefficients of water and ion transport can vary in small pores, but this only 

occurs in pores of a few nanometers in diameter.(49)  Analysis of calcium carbonate 

precipitation within silica gels has demonstrated that diffusion leads to an evolving 

supersaturation profile, and crystals with different morphologies and polymorphs form at 

different times and locations in the gel.  These are in turn associated with different threshold 

supersaturations, which are defined by the rate of change of supersaturation.(35, 50)   

 

The possibility that comparable effects give rise to aragonite formation in the membrane pores 

was therefore explored.  Diffusion of ions through the membrane pores was modelled using the 

diffusion equation to determine how the supersaturation profile changed over time. Boundary 

conditions along the pore wall were chosen to reflect no ion transport across the wall with no 

other ion-surface interactions present.  This showed that the calcium and carbonate solutions 

were fully mixed in under 0.1 sec (SI Appendix, Figure S8), where mixing is rapid due to the 

short (20 µm) length of the pore.  The formation of aragonite cannot therefore be attributed to 

an evolving supersaturation profile. 

 

None of the above factors takes into account the potential influence of the membrane surface 

on crystal nucleation.  We therefore analyzed our data in light of this possibility to explore the 

relationship between the aragonite fraction and the pore diameter.  A graph of the aragonite 

fraction versus the inverse of the pore diameter (Figure 6) reveals a roughly linear relationship 

between these quantities.  Admittedly, the number of data points is small and we make no 
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quantitative claims about the significance of the slopes.  Nevertheless, a linear relationship is 

to be expected if the number of aragonite nucleation sites is proportional to the surface area (d2), 

while the amount of CaCO3 is proportional to volume (d3) and the crystal growth rate is constant.  

Thus, as the surface increases in importance relative to the bulk with the degree of confinement, 

the proportion of aragonite increases.   

 

It is also noted that the distribution of ions adjacent to a charged membrane surface can differ 

significantly in a membrane pore as compared to a planar surface.  This has been discussed in 

several theoretical/simulation papers,(51-53) and the results show that there may be a non-

monotonic ion concentration profile away from the pore surface, particularly for divalent ions, 

unlike the case for a planar surface.  The pores in track-etch membranes are negatively charged 

independent of the pore diameter,(54) and under some circumstances an enhanced co-ion 

(carbonate ion) concentration towards the centre of the pore may result.  Such changes in ion 

concentration may influence polymorph formation, where it has been suggested that higher 

concentrations of carbonate promote aragonite formation.(55)  This is further supported by 

numerical simulations which predict lower ion activity coefficients adjacent to a charged 

membrane surface, and thus preferential formation of crystals in the center of pores.(56)   

 

Unfortunately, it is not currently possible to measure the ionic profiles next to a charged surface 

in submicron pores.  Theory/ simulations therefore provide our only window into these effects. 

Our results hence show that the formation of aragonite in small volumes is intimately linked to 

the properties of the confining surface, where a surface-induced alteration of the local ionic 

environment may stabilize aragonite with respect to calcite.  That calcite is precipitated on the 

outer surfaces of the membranes at the same time that aragonite precipitates within the pores 

additionally indicates that the highly controlled environments of the membrane pores – in which 
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diffusion dominates as the transport mechanism – are vital to the generation of local solution 

conditions that favor aragonite over calcite.   

 

Conclusions 

This study demonstrates that confinement can promote the formation of aragonite.  Oriented 

single crystals of aragonite formed in 25 nm pores of track-etched membranes, while low 

concentrations of Mg2+ and SO4
2- ions supported the formation of significant quantities of 

aragonite in pores as large as 200 nm.  Analysis of ion diffusion through the pores and 

determination of the relationship between the pore diameter and polymorph formation suggests 

that this behavior derives from the modified ionic environment adjacent to the pore surfaces.  

These results are of particular significance to calcium carbonate biomineralization, which 

invariably occurs in privileged environments bound by organic matrices.(1)  Confinement 

effects may enhance the influence of such organic frameworks on crystallization, enabling 

organisms to achieve superior control over characteristics such as polymorph or orientation.  

Well-defined confined systems including liposomes,(41) and microfluidic devices(57-60) 

therefore provide unique opportunities for studying such effects, and could ultimately enable 

us to build an enhanced understanding of the factors which govern calcite/aragonite 

polymorphism.   
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Materials and Methods 

Full details of the materials and methods are given in the SI Appendix.  Briefly, CaCO3 was 

precipitated within porous track-etched membranes by placing a membrane between two half 

U-tube arms, and filling one with a solution of CaCl2
 and MgCl2, and the other with a solution 

of Na2CO3 and Na2SO4.  The precipitated CaCO3 was then isolated by dissolution of the 

membranes in dichloromethane.  Experiments were performed in the presence and absence of 

Mg2+ and SO4
2- ions, and were compared with control experiments performed in bulk solution.  

The crystals were characterized using techniques including TEM, electron diffraction, powder 

XRD and Raman spectroscopy. 
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Table 1. Summary of the CaCO3 polymorphs precipitated in bulk solution and within the TE 

membrane pores at the indicated reaction conditions. All data were obtained using laboratory 

PXRD with the exception of the 25 and 50 nm pores which were studied using synchrotron 

micro-beam XRD and electron diffraction (ED). A: Aragonite; C: Calcite; V: Vaterite. 

 

                   Pore Size 

Solution conditions 
Bulk 1200 nm 800 nm 200 nm 50 nm 25 nm 

[Ca2+] = [CO3
2-] = 1.5 mM 

[Ca2+] :[Mg2+]:[SO4
2-] = 1:2:1 

“standard” conditions 

7% A 
93% C 
0% V 

3% A 
97% C 
0% V 

19% A 
81% C 
0% V 

69% A 
31% C 
0% V 

Polycrystalline 
A 

100% A  
≈50% c-oriented 

Approaching single 
crystal A 

100% A  
≈100% c-oriented 

 
Single Crystal A 

[Ca2+] = [CO3
2-] = [Mg2+] = 1.5 mM 

 No SO4
2- 

2% A 
98% C 
0% V 

1% A 
97% C 
2% V 

4% A 
96% C 
0% V 

32% A 
68% C 
0% V 

100% A  
≈50% c-oriented 

Approaching single 
crystal A 

100% A  
≈80% c-oriented 

Single Crystal A 

[Ca2+] = [CO3
2-] = 1.5 mM 

No Mg2+ or SO4
2- 

0% A 
100% 

C 
0% V 

1% A 
98% C 
1% V 

3% A 
96% C 
1% V 

8 % A 
92 % C 
0 % V 

47% A  
53% C  
0 % V 

Single Crystal A 

100% A  
≈90% c-oriented 

Single Crystal A 

 
 

Table 2. Summary of the CaCO3 polymorphs precipitated in bulk solution and within the TE 

membrane pores with varied supersaturations at the standard condition, [Ca2+]: [Mg2+]: [SO4
2-] = 

1:2:1 . All data were obtained using laboratory PXRD with the exception of the 25 and 50 nm 

pores which were studied using synchrotron micro-beam XRD and electron diffraction (ED). 

A: Aragonite; C: Calcite; V: Vaterite. 

 
 

 

Pore size 

[Ca2+] = [CO3
2-] = 0.75 mM 

[Ca2+]:[Mg2+]:[SO4
2-] = 1:2:1 

[Ca2+] = [CO3
2-] = 1.5 mM 

[Ca2+]:[Mg2+]:[SO4
2-] = 1:2:1 

[Ca2+] = [CO3
2-] = 2.5 mM 

[Ca2+]:[Mg2+]:[SO4
2-] = 1:2:1 

Bulk 11% A; 89% C; 0% V 7% A; 93% C; 0% V 0% A; 71% C; 29% V 

200 nm  
72% A; 28% C; 0% V 

≈100% in c-orientation 

Single Crystal 

69% A; 31% C; 0% V 
Polycrystalline 

2% A; 68% C; 30% V 
Polycrystalline 

50 nm 
100% A  

≈100% in c-orientation 
Single Crystal 

100% A  
≈ 50% c-oriented  

Approaching single crystal 

64% A; 36% V  
≈ 50% c-oriented 

Approaching single crystal 

25 nm – 
100% A  

≈100% c-oriented 
Single Crystal 

– 
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Figure 1. Calcium carbonate crystals precipitated within membrane pores under reaction 

conditions of [Ca2+] = [CO3
2-] = 1.5 mM and [Ca2+]: [Mg2+]: [SO4

2-] = 1: 2: 1.  (a-b) SEM and 

TEM images of crystal rods isolated from 200 nm pore membranes, (c-d) TEM images of the 

crystal rods isolated from 50 and 25 nm pore membranes, (e-f) SEM images of the anion-side 

of the membrane with 200 and 50 nm pores.  
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Figure 2: XRD spectra showing the increase in the proportion of aragonite formed as the pore 

size reduces for crystals precipitated under conditions [Ca2+] = [CO3
2-] = 1.5 mM and [Ca2+]: 

[Mg2+]: [SO4
2-] = 1: 2: 1 (A: aragonite; C: calcite). Slight Shift of calcite reflections was due to 

Mg incorporation in calcite 
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Figure 3.  TEM images and electron diffraction patterns of rods precipitated from solutions of 

composition [Ca2+] = [CO3
2-] = 1.5 mM and [Ca2+]: [Mg2+]: [SO4

2-] = 1: 2: 1 within (a) 200 nm, 

(b) 50 nm and (c) 25 nm pores.  All patterns are indexed to aragonite. 
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Figure 4. Influence of the calcium ion concentration on crystals precipitated within 200 nm and 

50 nm membrane pores under reaction conditions of [Ca2+]: [Mg2+]: [SO4
2-] = 1: 2: 1. SAED 

patterns and corresponding TEM images (insets) of the polymorphs indicated are shown, 

together with the abundance of each polymorph under the given reaction conditions. The lowest 

supersaturation gives rise to single crystal aragonite in both the 50 nm and 200 nm pores. Scale 

bars are 100 nm. 
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Figure 5.  Influence of magnesium and sulfate ions on crystals precipitated within membrane 

pores under reaction conditions of [Ca2+] = [CO3
2-] = 1.5 mM. SAED patterns and 

corresponding TEM images (insets) of the polymorphs indicated are shown, together with the 

abundance of each polymorph under the given reaction conditions. Scale bars are 100 nm.  
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Figure 6.  Mole percentage aragonite precipitated in pores of diameter d against 1/d at [CaCO3] 

= 1.5 mM without additives and with additives as listed Table 1.  The lines are least-squares 

fits with the points at 100% aragonite excluded, because the limited number of pore diameters 

does not enable us to determine exactly when 100% aragonite is attained.  Errors in pore 

diameter (measured from TEM micrographs) and aragonite percentage are within the size of 

the symbols, except for the 25 nm pores, where the SEM results give values in the range 0.05 

< 1/d < 0.067, which has no effect on the fits.  100% aragonite samples are not shown as we do 

not know the precise pore size at which this would be achieved. 
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Supporting Information 

 

Confinement Generates Single Crystal Aragonite Rods at Room 

Temperature 

 

Muling Zeng, Yi-Yeoun Kim, Clara Anduix-Canto, Carlos Frontera, David Laundy, Nikil 

Kapur,  Hugo K. Christenson and Fiona C. Meldrum 

 

Experimental Methods 

Chemicals and Materials: CaCl2·2H2O, MgCl2·6H2O, Na2CO3, Na2SO4 and dichloromethane 

were purchased from Sigma Aldrich and were used as received. Polycarbonate track-etched 

membranes with 200, 50 and 25 nm pores were obtained from ipPORETM (it4ip, Belgium), 

while membranes with pores sizes of 1200 and 800 nm were purchased from ISOPORETM 

(Merck Millipore Ltd, Ireland). The density and thickness of the membranes supplied by 

ipPORE are  4·109 pores cm-2 ĂŶĚ ϮϬ ʅŵ ƌĞƐƉĞĐƚŝǀĞůǇ͕ ĂŶĚ ĨƌŽŵ MŝůůŝƉŽƌĞ  4·108 pores cm-2 

ĂŶĚ ϮϬ ʅŵ͘ EƌƌŽƌ ŝŶ ƉŽƌĞ ĚŝĂŵĞƚĞƌ ŽĨ ƚŚĞ ŵĞŵďƌĂŶĞƐ ǁĞƌĞ ŵĞĂƐƵƌĞĚ ďǇ “EM ĂŶĚ ĐĂůĐƵůĂƚĞĚ͗ 

1114 ± 49 nm, 799 ± 24 nm, 205 ± 10nm, 48 ± 3 nm and 20 ± 5 nm. Deionised water (Milli-Q 

“ƚĂŶĚĂƌĚ͕ ƌĞƐŝƐƚŝǀŝƚǇ с ϭϴ͘Ϯ MɏĐŵͿ ǁĂƐ ƵƐĞĚ ŝŶ ƚŚĞ ƉƌĞƉĂƌĂƚŝŽŶ ŽĨ ƚŚĞ ƌĞĂĐƚĂŶƚ ƐŽůƵƚŝŽŶƐ͘  

 

Precipitation of CaCO3 within Track-Etched (TE) Membranes: Membranes were transferred 

to glass vials containing 15 mL of DI water and were degassed under reduced pressure to 

remove air from the pores. The membranes were then placed between two half U-tube arms, 

one of which was filled with a solution of CaCl2·2H2O and MgCl2·6H2O, and the other with a 

solution containing Na2CO3 and Na2SO4.  Crystallization was typically allowed to proceed for 2 

days before the intra-membrane materials were extracted.  After isolation from the U-tube 

system, the membranes were rinsed with DI water and ethanol and any crystals on the 

surfaces of the membranes were removed by scraping with a glass cover slide.  

 

The intra-membrane particles were then isolated by dissolution of the membranes in 

dichloromethane. Membranes were transferred to centrifuge tubes filled with 1.5 mL 

dichloromethane, briefly sonicated and subsequently centrifuged for 8 mins at 15,000 rpm.  

Finally, the supernatant solution was removed and the dissolution-centrifugation cycle was 

repeated 3 further times, followed by washing in ethanol.  In preparation for further analysis, 
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the precipitates were then re-dispersed in ethanol and pipetted onto either glass cover slides 

for examination by SEM, or TEM grids for investigation using TEM.   

 

Calcium Carbonate Precipitation in Bulk Solution:  Control experiments were also performed 

by precipitating CaCO3 in bulk solution under the same solution conditions used for the 

membrane experiments, where 5 mL volumes of the anion and cation solution were combined.  

The shape and sizes of the crystals were determined using Optical microscopy and Scanning 

Electron Microscopy (SEM) and the polymorphs were confirmed using PXRD and Raman 

microscopy.  Each experiment was repeated 3 times to give enough material for PXRD. 

 

Characterization 

The morphologies of the CaCO3 crystals precipitated in bulk solution on glass slides were 

visually examined using a Nikon Eclipse LV 100 optical microscope operated in transmission 

mode. SEM images were recorded with a FEI Nova Nano SEM 450.  Prior to their examination, 

the substrates supporting the precipitates were attached to Al stubs holders with adhesive 

carbon pads and were coated with 2 nm Ir using an Agar high resolution sputter coater.  

Transmission Electron Microscopy (TEM) and selected area electron diffraction (SAED) were 

performed using an FEI Technai TF20 FEGTEM operating at 200 kV.  The instrument was 

equipped with a Gatan Orius SC600A CCD camera.  Samples for TEM were prepared by placing 

a drop of an ethanol suspension of the CaCO3 rods onto a Cu TEM grid coated with Formvar 

and evaporated carbon.  Raman microscopy was carried out using a Renishaw 2000 inVia 

instrument equipped with a 785 nm diode laser.  A 50  objective was used to focus the laser 

on the sample and spectra were typically recorded in the wavenumber range of 100 - 1200 

cm-1 at 0.1 % laser power.  

 

Samples for powder XRD were prepared by isolating the CaCO3 precipitates from a fully 

ĚŝƐƐŽůǀĞĚ ŵĞŵďƌĂŶĞ ĂƐ ĚĞƐĐƌŝďĞĚ ĂďŽǀĞ͘  PXRD ǁĂƐ ƉĞƌĨŽƌŵĞĚ ƵƐŝŶŐ Ă PŚŝůůŝƉƐ X͛PĞƌƚ Žƌ Ă 

Bruker D8 Advanced diffractometer equipped with an X-ray source emitting CuK radiation.  

Samples were placed on a piece of corundum wafer and XRD data were collected in an angular 

range from 20 to 45° in intervals of 0.02°, with a scan rate of 1° min-1.  Phase quantification 

analysis was carrŝĞĚ ŽƵƚ ďǇ RŝĞƚǀĞůĚ ĂŶĂůǇƐŝƐ ƵƐŝŶŐ X͛PĞƌƚ HŝŐŚ“ĐŽƌĞ PůƵƐ ƐŽĨƚǁĂƌĞ͘  DƵĞ ƚŽ 

limited amounts of intra-membrane samples, we estimate 5-10% errors in the analysis.  The 
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rods formed in smaller pores (25 and 50 nm) were collected and mounted on the holder for 

synchrotron XRD measurements, as too little material was available for powder XRD. 

 

A number of samples (those precipitated in pores sizes of 50 nm and 25 nm) could not be 

isolated in sufficient quantities for analysis using laboratory PXRD and were there analyzed 

using synchrotron micro-beam XRD (µ-XRD).  Measurements were performed on beamline 

B16 at Diamond Light Source, Oxford, UK.  The beam-line produced a monochromatic beam 

of photons with an energy of 14.965 keV (0.8285 Å) and the focused X-ray beam size was 3.2 

п Ϯ͘Ϭ ʅŵ ĨƵůů ǁŝĚƚŚ Ăƚ ŚĂůĨ ŵĂǆŝŵƵŵ ;FWHMͿ͘  EĂĐŚ ƐĂŵƉůĞ ǁĂƐ ŵŽƵŶƚĞĚ ŝŶ ƚŚĞ ůŽĂĚŝŶŐ ĚĞǀŝĐĞ 

in the vertical plane (designated x-y in the laboratory coordinate system), with the incident 

beam travelling along the z-axis perpendicular to the sample. In order to locate the samples 

and calibrate the sample-to-detector distance and beam centre, a Si reference sample is used. 

The use of a monochromatic beam produces standard Debye-Scherrer diffraction rings that 

was converted into 1D  intensity vs. D-spacing (Å)/ 2 Theta (o)  pattern using the FIT2D program.  

 

The 1D diffraction patterns were analyzed by Rietveld analysis using FullProf.  The 

determination of aragonite/calcite is difficult because the images recorded show 

discontinuous rings and single spots.  For this reason, two different procedures were followed. 

The first method consisted of obtaining a powder diffraction pattern from the image, and 

fitting it by the Rietveld method.  For this, we used a multiaxial March-Dollase description of 

the preferred orientation (as implemented in FullProf).  As a second method, we directly 

extracted the integrated intensities found at every value of 2ࣄ from the image.  Extracted 

intensities (for both polymorphs) were compared with the square of the corresponding 

structure factor to obtain an effective scale factor for every reflection for both aragonite and 

calcite.  The average scale factors (made over the reflections with significant predicted 

intensity) were used for semi-quantitative analysis, giving a fraction of aragonite.  The 

rationale behind this second method is that every spot in the image is created by a certain 

volume of the corresponding phase.  The volume creating every spot can be estimated by the 

ratio between the ƐƉŽƚ͛Ɛ ŝŶƚĞŶƐŝƚǇ ĂŶĚ ƚŚĞ ƐƋƵĂƌĞ ŽĨ ƚŚĞ ƐƚƌƵĐƚƵƌĞ ĨĂĐƚŽƌ͘  The diffraction 

image sees the contribution from all these volumes.  Averaging the ratio between intensity 

and the square of the structure factor corrects the probability that the existing volumes have 

the right orientation for contributing to the image. 
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Modelling Ion Diffusion through Membrane Pores 

The diffusion equation was solved in a 2-dimensional axisymmetric co-ordinate frame, to 

capture the pore geometry with minimum computational effort.  The diffusion equation can 

be expressed generally as: ߲ܿ௜߲ݐ ൌ  ଶܿ௜׏௜ܦ
where ܦ௜ and ܿ௜ are the diffusion coefficient and concentration of species i, respectively and 

t represents the time.  

 

Boundary conditions along the surface of the membrane and walls of the pore are set as: ߲ܿ௜߲݊ ൌ Ͳ 

where ݊ is the outward facing normal.  Unlike the case of the non-slip condition applied in the 

presence of fluid flow, the wall boundary allows motion of ions directly next to and parallel to 

the wall, hence the flat diffusion profile across the pore diameter.  Along the fluid boundary, 

conditions are specified by fixing the concentration, which recognises the fact that the fluid 

domain either side of the membrane is effectively infinite, i.e. the number of ions transported 

across the membrane over the course of the experiment is small when compared to the initial 

number of ions of the species either side of the membrane.  The diffusion equation is subject 

to the boundary conditions described above and shown in Figure S9, and is solved using the 

finite element method within Comsol Multiphysics.  Initially, the concentration of the two 

species is set to zero within the pore.  Due attention is paid to meshing of the high aspect ratio 

geometry to ensure grid-independent solutions.  Our analysis also shopws that there is little 

change in the concentration of ions in the reservoirs over time, as their volume is large as 

compared with the membrane pores. 

 

Figure S8 shows a series of snap-shots of the evolving concentration field for two species, Ca+ 

and COଷଶି (each with a diffusion coefficient of 0.8 x 10-9 m2/s) with the concentrations of the 

two species scaled between 0 and 1.  The analysis is conducted for 25 nm adn 1200 nm pores 

and demonstrates the insensitivity of concentration field to the pore diameter. 
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Figure S1.  PXRD analysis of calcium carbonate polymorphs generated in bulk solution. The 

PXRD diffratograms are presented on the left of the diagram, while the corresponding 

analyzes are presented on the right hand side.   
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Figure S2.  Optical and SEM images with corresponding Raman spectra of CaCO3 crystals 

ŐĞŶĞƌĂƚĞĚ ŝŶ ďƵůŬ ƐŽůƵƚŝŽŶ͘  ;ĂϭͿ CĂůĐŝƚĞ ĐƌǇƐƚĂů ŐĞŶĞƌĂƚĞĚ ƵŶĚĞƌ ͞ƐƚĂŶĚĂƌĚ͟ ĐŽŶĚŝƚŝŽŶƐ ŽĨ 

[Ca2+] = [CO3
2-] = 1.5 mM and [Ca2+]: [Mg2+]: [SO4

2-] = 1: 2: 1 and (a2) the corresponding Raman 

spectrum showing characteristic peaks at 1086 cm-1 ;ʆϭͿ͕ ϳϭϭ Đŵ-1 ;ʆϰͿ͕ Ϯϴϭ ĂŶĚ ϭϱϯ Đŵ-1 

(lattice modes).  (b1)  Aragonite crystal generated at [Ca2+] = [CO3
2-] = 0.75 mM and [Ca2+]: 

[Mg2+]: [SO4
2-] = 1: 2: 1.  (b2) Corresponding Raman showing characteristic aragonite peaks at 

152 cm-1 and 206 cm-1 (lattice modes), 1086 cm-1 ;ʆϭͿ ĂŶĚ Ă ĚŽƵďůĞƚ Ăƚ ϳϬϮ ĂŶĚ ϳϬϱ Đŵ-1 ;ʆϰͿ͘  

(c1) Vaterite crystal precipitated at [Ca2+] = [CO3
2-] = 2.5 mM and [Ca2+]: [Mg2+]: [SO4

2-] = 1: 2: 

1.  (c2) Corresponding Raman spectrum showing characteristic double peaks at 1090 and 1075 

cm-1 ;ʆϭͿ͘   
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Figure S3. SEM and TEM images of CaCO3 rods generated within TE membranes in the 

ŝŶĚŝĐĂƚĞĚ ƉŽƌĞ ƐŝǌĞƐ ƵŶĚĞƌ ͞ƐƚĂŶĚĂƌĚ͟ ĐŽŶĚŝƚŝŽŶƐ ŽĨ ΀CĂ2+] = [CO3
2-] = 1.5 mM and [Ca2+]: 

[Mg2+]: [SO4
2-] = 1: 2: 1.  
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Figure S4.  PXRD analysis of calcium carbonate polymorphs generated in the 1200, 800 and 

200 nm pores of track etched membranes.  The PXRD diffractograms are presented on the 

left of the diagram, while the corresponding analyses are presented on the right hand side. 
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Figure S5. SAED patterns and corresponding TEM images of individual crystals precipitated 

within 25 nm pores under the reaction conditions indicated.  The rods produced in the 25 nm 

pores were all single crystals of aragonite.   
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Figure S6.  SAED patterns and corresponding TEM images of individual crystals precipitated 

within 200 and 50 nm pores under the reaction conditions indicated. 
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Figure S7͘ “ǇŶĐŚƌŽƚƌŽŶ ʅ-XRD diffraction patterns: a) aragonite reference sample, b) crystal 

rods precipitated within 50 nm pores and c) 25 nm pores from the solutions of [Ca2+] = [CO3
2-] 

= 1.5 mM in the absence of any magnesium or sulfate. Original Debye-Sherrer rings are located 

on the left side, and their corresponding linear diffraction patterns are on the right side. The 

rest diffraction patterns from 50 and 25 nm (conditions of [Ca2+] = [CO3
2-] = 1.5, 

[Ca2+] :[Mg2+] :[SO4
2-] = 1: 2: 1 and [Ca2+] = [CO3

2-] = 1.5, [Ca2+] :[Mg2+] :[SO4
2-] = 1: 1:0) are 

similar to c) sample, which shown the peaks all belong to aragonite.  
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Figure S8:  Concentrations of ions within a membrane pore of diameter (a) 25 nm (b) 1200 nm 

and length 20 µm as a function of time, as determined using COMSOL.  The initial 

concentrations of ions are [Ca2+] = [CO3
2-] = 1.5 mM, and scaled between 0 and 1. 
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Figure S9.  Initial and boundary conditions for the numerical simulation of ion transport across 

the membrane. 
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