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Invertebrate organisms display a high degree of control over the deposition of 

their calcium carbonate biominerals.  Work in our group has led to the hypothesis that 

charged polyelectrolytes, like acidic proteins, may be employed by organisms to direct 

crystal growth through an intermediate liquid phase in a process called the polymer-

induced liquid-precursor (PILP) process.  Recently, it has been proposed that calcium 

carbonate crystallization, even in the absence of any additives, follows a non-classical, 

multi-step crystallization process by first associating into prenucleation clusters. In 

contrast, others have found evidence of liquid-liquid phase separation occurring in 

calcium carbonate solutions (even without addition of polymer).  The goal of this 

dissertation was to determine what species might be present under reaction conditions 

used for the PILP process, and whether or not these species might play a role in the 

PILP process.  To achieve this goal, we have employed Ca2+ ion selective electrodes, 

pH electrodes, isothermal titration calorimetry, nanoparticle tracking analysis, 13C T2 

relaxation measurements, and 13C PFG-STE diffusion NMR measurements.  These 

studies provide evidence that, in the absences of additives, and at near neutral pH, a 
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liquid precursor phase does indeed exist in the form of a bicarbonate-rich liquid 

condensed phase (LCP).  The data further shows that addition of acidic polymer 

promotes/stabilizes the LCP in a distinct and pronounced fashion, providing a 

mechanistic understanding of the so called PILP process.   
As a demonstration of the utility of the biomimetic approach, we have used the 

PILP process to synthesize micron-sized core-shell particles for potential use in 

biomedical drug-delivery applications.  Calcium carbonate coatings were deposited on 

the curved surfaces of micro-droplets of either emulsions or liposomes to make non-

toxic, inexpensive, biodegradable microcapsules which can encapsulate chemicals-of-

interest within the fluidic core.  The microcapsules can be dried down to a powder, 

providing a convenient means of storage and transport of entrapped agents.  The 

dissolution of the mineral shell is pH dependent, enabling a rapid triggered release of 

the active agent. These CaCO3 microcapsules could make ideal systems for 

drug/chemical delivery in their own right, or could provide a convenient system for which 

polymeric or other inorganic coatings could be further applied.  In addition to drug 

delivery, other controlled release applications could be envisioned. 
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CHAPTER 1 
INTRODUCTION TO CALCIUM CARBONATE PRECURSOR PHASES 

Nanocolloidal Microstructure is Evidence of a Liquid Precursor Coalescence 
Mechanism of Calcium Carbonate Biominerals 

Calcium carbonate is one of the most abundant minerals on Earth.1-4  Calcium 

carbonate is very important in many industrial processes, such as in filler for 

papermaking and other composites, in carbon dioxide storage for environmental 

concerns,5 and in biomedical applications, such as drug delivery,6 due to its low cost 

and biocompatibility.7  From an engineering standpoint, understanding the biological 

formation and regulation of calcium carbonate biominerals is very intriguing because 

biologically-derived calcium carbonate exhibits an incredible array of crystals with 

complex and non-faceted morphologies.  In nature, it is usually found as the mineral 

component of the skeletal structures in invertebrates, such as in the spine of sea 

urchins8 and in the nacre of mollusk shells9, but it plays a role in the otoliths and bones 

of vertebrates as well.10, 11  Figure 1-1 shows images of a sea urchin spine and sheet 

nacre, both of which demonstrate the incredible extent to which organisms can control 

and utilize calcium carbonate.  Sheet nacre, shown in Fig 1-1C, is comprised of thin 

tablets of aragonite, which is a non-equilibrium polymorph (calcite should be favored at 

room temperature), displaying non-equilibrium morphology (synthetic aragonite forms 

needles), embedded in between thin layers of an organic matrix.9, 12-20  These tablets 

also have a nanoscale structural motif, exhibiting a nanocolloidal texture.3  The sea 

urchin spine (see Figure 1-1A and 1-1B) is a large, microporous biomineral with a non-

equilibrium “molded” morphology with smoothly curved surfaces.  In addition, the 

microporous structure produces a calcite single-crystalline diffraction pattern, even 

though it also has a nanocolloidal texture.  Some have described this texture as 



 

15 

mesocrystalline,21-28 which is defined as an arrangement of  “colloidal crystals 

composed of individual nanocrystals that are aligned in a common crystallographic 

fashion, exhibiting scattering properties similar to a single crystal” according to 

Niederberger et al..29  Similar colloidal internal structures, shown in Figure 1-2, have 

been found in other biomineral structures such as in calcareous sponge spicules30 and 

octocoral sclerites,31 which also diffract as a single crystal.  The surface of the 

biominerals shown in Figure 1-2 reveal a mesocrystalline internal arrangement of 

partially coalesced and continuous, yet outlined and non-homogenous, nanogranular 

constituents.  This data hints that biominerals form through a colloidal precipitation 

mechanism.    

An element of biological control over mineral products is also believed to be due 

to cellular manipulation of an amorphous calcium carbonate (ACC) precursor phase 

which may act as a reactive intermediate in generating complex functional materials.32, 

33  This may be due to the fact that ACC is not subject to constraints of crystal lattice 

energies and can be “molded” into an endless array of non-equilibrium morphologies.3   

Manipulation of the ACC precursor by templating techniques and altering environmental 

influences can direct the formation of a crystalline calcium carbonate product, which 

may be calcite, aragonite, and even vaterite 34 (although the latter case often serves as 

a crystalline intermediate).35-38  Evidence of an ACC precursor has been reported in the 

sea urchin tooth,39 sea urchin spine,40 mollusk shell prismatic layer,16 larval mollusk 

shell41, sea urchin larval spicule during formation,42 and on the surface of mature sheet 

nacre at the protein/mineral interface.43  According to Ostwald’s rule of phases,44 
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energetically unfavorable ACC may form initially and then ripen to form a more stable 

polymorph, but the mechanism by which this ACC phase forms is not fully understood.   

The evidence presented above suggests that there is a mechanism where 

biomineral crystals are formed from accumulation and/or a coalescence of colloidal 

ACC precursors – a non-classical nucleation and growth mechanism.  Somehow, there 

is a robust ACC nucleation mechanism that can occur at biologically relevant conditions 

that generates large amounts of energetically unfavorable amorphous mineral that is 

molded into non-equilibrium morphologies by precipitation within vesicles or on organic 

matrices.  Organisms require an incredible amount of control over the timing, as well as 

location and phase of the non-classical solid calcium carbonate nucleation.  This has 

led many researchers to investigate the prenucleation behavior of supersaturated 

calcium carbonate, and how biological systems might influence the eventual solid 

critical nucleus formation. 

Classical Nucleation Theory 

Classical nucleation theory (CNT) is an old concept45 that has been studied and 

improved upon over decades. It is based upon the premise that the energetic driving 

force of formation and growth of a crystal nucleus is derived from the bulk energy 

(volume) of the nucleus and that the destabilizing force is due to the concurrent 

emergence of an unfavorable surface interfacial energy (surface area) with respect to 

the mother solution.  Below a certain critical size, the destabilizing influence of the 

emergent interface is dominant to the stabilizing influence of the bulk energy.  At this 

point, the energetically unfavorable nucleus exists very transiently due to random 

thermal fluctuations, but quickly dissolves again.  However, as the concentration of the 

ion and counterion are increased above the saturation point for the mineral, the average 
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size of the transient nuclei can grow to a size where the stabilizing bulk energy term 

supersedes the destabilizing interfacial term and a so-called critical nucleus is formed.  

Further growth is continued by ion-by-ion addition.  A figure demonstrating the 

relationship between stabilizing bulk energy and destabilizing interfacial energy and how 

this leads to a critical nucleus radius is shown in Figure 1-3.  The nucleation event 

requires three additional assumptions that must hold to be considered “classical”: 

1. The pre-nucleus and critical nucleus must have the same structural arrangement 
and chemistry of the final mineral product it initiates.  The only difference is size. 

2. Nucleation occurs in a single step.   

3. The fluctuating pre-critical nucleus grows by monomeric growth of the 
constituents (i.e., ion-by-ion, molecule-by-molecule, etc.) 

Calcium Carbonate Non-Classical Nucleation 

Traditionally it was assumed that the crystallization of CaCO3 proceeds via a 

classical nucleation and growth mechanism. Recently, it has been found that CaCO3 

nucleation occurs through a non-classical process, where a stable prenucleation solute 

interaction, called a prenucleation cluster (PNC) forms.  Gebauer et al. demonstrated 

that Ca2+ and CO3
2- ions associate into clusters of ions (having a typical diameter on the 

order of ca. 2-3 nm) in undersaturated, saturated and supersaturated conditions.46  The 

presence of PNC's has been corroborated by cryo-TEM experiments in solutions 

saturated with respect to calcite.47  Evidence has been obtained in the form of computer 

simulations that suggest that CaCO3 PNC’s form as stable, rapidly exchanging, 

branched “polymers” of alternating Ca2+ and CO3
2- ions.48  This dynamically-ordered 

liquid-like oxyanion polymer (DOLLOP) model for the formation of PNC’s proposed by 

Gale et al.49 further supports the notion that CaCO3 nucleation may occur through a 

non-classical nucleation mechanism due to non-monomeric (PNC) growth of the 



 

18 

nucleus.  The PNC formation has been reported at pH’s ranging from 9.0 to 10.0 and 

has been reported to be stable with respect to the initial ions in solution, prior to the 

formation of a metastable solid nucleus of ACC.50  Gebauer et al. demonstrated that 

ACC retains a “memory” of the type of PNC’s that formed the nucleus, and will transition 

predictably into either calcite or vaterite, presumably due to the nature of the PNC’s 

structure that lead to the ACC nucleation.51   

This PNC description initially sounds like an ideal mechanism for generating 

unusual molten morphologies due to its “liquid-like” character and the imprinted 

direction of ACC to a specific polymorph.  However, PNC’s are predicted to exist on the 

2-3 nm size scale, which is much too small to account for large scale molten 

morphologies of calcium carbonate found in biominerals.  Furthermore, molten 

morphologies do not occur in calcium carbonate formed without additives, even though 

the PNCs are present.   In addition, PNC’s appear to be very transient; their  existence  

in any given conformation is on the order of nanoseconds.48  This leads some in the 

field to question whether this is truly a non-classical phenomenon considering that 

classical nucleation also allows for ions to briefly form unstable clusters through thermal 

fluctuations.  Even though PNCs were an interesting finding, there seemingly must be 

some other non-classical means utilized by nature to generate the biominerals with non-

equilibrium morphologies. 

Polymer-Induced Liquid-Precursor (PILP) Process: A Non-Classical Means to 
Direct Biomineral Nucleation 

It has been demonstrated with in vitro model systems that non-equilibrium crystal 

morphologies resembling biominerals can be reproduced by the inclusion of negatively 

charged polyelectrolytes (that are believed to emulate the acidic proteins of biominerals) 
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during the precipitation process, such as was proposed by our group for the polymer-

induced liquid-precursor (PILP) process, where a pseudomorphic transformation of a 

fluidic ACC precursor can lead to crystals with non-equilibrium morphologies.52, 53  

During the PILP process, CaCO3 appears to nucleate through a multistep-step process, 

where the polymer (anionic polyelectrolyte, often polyaspartic acid) associates with Ca2+ 

and CO3
2- ions to form an intermediate liquid phase prior to solid nucleation.  The 

reason why the PILP process is so successful in generating “molten” morphologies and 

films is because the precursor nanodroplets meld together to form smooth mineral 

products that lack the facets found in crystals grown by the classical crystallization 

process.  Figure 1-4 shows an illustration and micrograph evidence of the PILP process.  

Optical micrographs and AFM data in the figure demonstrate the colloidal coalescence 

property of the liquid precursor.  Additionally, it tends to have a memory of the PILP 

droplets, which apparently don’t fully flow into a homogeneous phase, leaving remnants 

of a nanocolloidal texture which resembles the nanocolloidal texture seen in 

biominerals. (compare Figure 1-4 to Figure 1-2).   

It is clear that the proteins involved in biomineralization play an important role in 

modulating the crystallization process to a non-classical pathway, and that this can be 

nicely emulated in vitro using simple polypeptides. It is difficult, however, to theoretically 

explain how a true liquid metastable phase can be induced by the presence of polymer 

while assuming that, in the absence of polymer additives, the nucleation follows the 

classical view of crystallization.   

There has been considerable evidence recently that CaCO3 transitions through a 

liquid precursor non-classical nucleation pathway in the absence of additives as well.35, 
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38, 54  By analyzing an acoustically levitated droplet of saturated CaCO3 (with respect to 

calcite) at a pH of 6.3, Wolf et al.54 demonstrated that a liquid-phase of CaCO3 is formed 

in supersaturated conditions that arise from an increase in pH upon outgassing of CO2.  

The liquid precursor phase was observed to form with droplet diameters of up to several 

hundred nanometers.  Figure 1-5 is a TEM micrograph of these droplets.  Rieger et al.35 

quenched and freeze-captured a solution after inducing precipitation by rapidly mixing 

CaCl2 (aq) and Na2CO3 (aq) (presumably at a pH in the upper 10’s) and used cryo-TEM 

to visualize a presumed liquid CaCO3 precursor up to 2 µm in diameter.  A figure of the 

results of the freeze capture is shown in Figure 1-6.  Faatz et al.38 used a CO2 

outgassing technique at pH 7 to demonstrate that ACC with diameters of hundreds of 

nanometers can be obtained through a suspected liquid-liquid phase separation prior to 

solidification into the amorphous state.  Figures 1-5 and 1-6 show a fluidic CaCO3 

precursor phase that has been described by Rieger et al.35 as a “hydrated CaCO3” 

phase and by Wolf et al. as a colloidal liquid precursor of CaCO3.
54  These results are 

further evidence that CaCO3 nucleates through a multistep, non-classical pathway 

which begins with the formation of a liquid precursor.  Evidence of non-classical multi-

step mechanisms is not limited only to CaCO3 mineralization, but can occur in other 

metal carbonates,38, 54-56 in calcium oxalate systems57 phosphate-coordinated 

systems,58-62 as well as in organics, such as biopolymers,63, 64 amino acids65-68 and 

organic pigments.69  

Although not well known, the concept that the ions in a supersaturated calcium 

carbonate solution may transition through a liquid phase prior to solid nucleation is not 

new.  In 1897, Ostwald proposed that “the phase that nucleates need not be the stable 
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phase, but the one that is closest in free energy to the parent. . . .”44  D’Arcy Thompson 

expanded on this proposed principle to include the concept of a metastable liquid phase 

when he stated the following: “In accordance with a rule first recognized by Ostwald, 

when a substance begins to separate from a solution, so making its first appearance as 

a new phase, it always makes its appearance first as a liquid.”70  Such a process would 

be classified as non-classical nucleation because it would occur as a cascade of phases 

from dissolved ions (gaseous) to an ion-condensed phase droplet (liquid) to a solid 

critical nucleus (solid), rather than a singular event.  However, direct evidence of this 

was lacking and the concept was lost for many years until it was recently resurrected. 

In the more recent works by Wolf,54 Rieger,35, 55 and Faatz, the detected liquid 

precursor in their experiments appear to be metastable with respect to the phases that 

occur at later stages, and that the structural transitions toward a solid, ACC-like form 

follows a downhill energetic sequence, similar to the dehydration and subsequent 

crystallization of ACC.71  As these studies emerged, we begin to wonder, could the PILP 

mechanism be a derivative of this very fundamental non-classical calcium carbonate 

behavior?  Is the liquid phase that is “induced” by the polymer in the PILP mechanism 

the same liquid phase that forms in the absence of additives?   Is the role of the polymer 

to induce a liquid phase, or to stabilize an existing one?  Are the PNCs involved in the 

nucleation pathway? Answering these questions is a fundamental focus of this report.  

If the PILP mechanism is correlated with the liquid precursor phenomenon in the 

absence of additives, the theory is attractive because it successfully reconciles many of 

the shortcomings of other proposed biological mechanisms of crystallographic control.  

The PILP process simultaneously accounts for nucleation inhibition in the bulk solution, 
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and nucleation promotion in the PILP phase. The coalescence and subsequent 

solidification of PILP precursor droplets explains the molten, non-equilibrium 

morphologies of many biominerals, the nanocolloidal texture, as well as the embedded 

proteins found in most CaCO3 biominerals.  It would be a robust mechanism that is 

dependent on an intrinsic fundamental process rather than a sensitive one, such as 

protein temptation, that would be at the mercy of something as simple as a single 

genetic mutation.  

The fundamentals-related goals of the collective research results presented in 

this dissertation are to demonstrate (1) that calcium carbonate transitions through a 

bicarbonate-rich, metastable, liquid condensed phase (LCP) prior to solid nucleation 

even in the absence of additives; (2) that calcium carbonate polymer-induced liquid-

precursor (PILP) appears to be comprised of polymer-stabilized LCP; (3) that spectator 

ions, such as chloride, effect the extent of formation of LCP. 

From an engineering standpoint, calcium carbonate minerals are very attractive 

potential materials for biomedical applications.  CaCO3 is biocompatible, formed under 

benign conditions, and is relatively inexpensive.  The applications-related goal of this 

report is to demonstrate an application of the PILP-directed non-classical calcium 

carbonate mechanism by synthesizing novel core-shell microcapsules by means of the 

PILP process. 

   

 



 

23 

 
Figure 1-1.  Examples of Biominerals with non-equilibrium morphologies.  A) A scanning 

electron micrograph of the cross section of a spine from the urchin Arbacia 
tribuloides shows the typical microporous architecture.  The structure diffracts 
as a single crystal of calcite.    B) Higher magnification of the internal spine in 
part A shows the morphology as being a molded and continuous mineral 
phase which lacks facets.  C) Cryo-SEM images of a fracture surface of nacre 
from the top-most 5 layers (growth front) of Pinctada margaritifera shell.  The 
tablet morphology is energetically unfavorable for aragonite.  (A and B) 
Reprinted with permission from X. G. Cheng and L. B. Gower, Biotechnology 
Progress, 2006, 22, 141-149.  Copywright 2006 American Chemical Society.  
(c) F. Nudelman, B. A. Gotliv, L. Addadi and S. Weiner, Journal of Structural 
Biology, 2006, 153, 176-187.-reproduced by permision of the Royal Society of 
Chemistry. 

  

http://www.sciencedirect.com/science/article/pii/S104784770800021X
http://www.sciencedirect.com/science/article/pii/S104784770800021X
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Figure 1-2.  Biominerals display evidence of colloidal assembly.  A)  Optical micrograph 

of the center of a large triactine spicule imaged in reflected light with the 
image focus beneath the spicule surface to show the finely segmented 
features that lie perpendicular to the long axes (a1*,a2*,a3*)  B) Phase image 
of the surface of the a1* region shown in part a reveals a nanogranular 
texture, suggesting a colloidal assembly growth mechanism.  C)   AFM 
deflection image of the surface of a calcitic sea urchin skeleton trabeculae.  
The nanostructure suggests a colloid coalescence mechanism of formation.  
(A and B) reprinted from Journal of Inorganic Biochemistry, 100, I. Sethmann, 
R. Hinrichs, G. Worheide and A. Putnis, Nano-cluster composite structure of 
calcitic sponge spicules - A case study of basic characteristics of biominerals, 
88, 2006, with permission for Elsevier. (c) reprinted from Micron, 39, I. 
Sethmann, G. Worheide and A. Putnis, Structure and composition of 
calcareous sponge spicules: A review and comparison to structurally related 
biominerals, 209-228, 2008, with permission for Elsevier. 
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http://www.sciencedirect.com/science/article/pii/S0162013405003089
http://www.sciencedirect.com/science/article/pii/S0162013405003089
http://www.sciencedirect.com/science/article/pii/S0162013405003089
http://www.sciencedirect.com/science/article/pii/S0162013405003089
http://www.sciencedirect.com/science/article/pii/S0968432807000224
http://www.sciencedirect.com/science/article/pii/S0968432807000224
http://www.sciencedirect.com/science/article/pii/S0968432807000224
http://www.sciencedirect.com/science/article/pii/S0968432807000224
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Figure 1-3.  The free energy of cluster formation vs. the cluster radius for nucleus 
formation.  As the transient clusters grow, the bulk stabilization (green curve) 
overcomes the interfacial destabilization (red curve) at a critical radius size.  
Beyond this size, the growth of the nucleus is energetically favorable. 
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Figure 1-4.  A comparison of calcite film topology when PILP phase is deposited on a 

silicon wafer patterned with a SAM (mercaptohexadecanoic acid 
SH(CH2)15COOH, grid) vs. gold (interior square region). (A) Polarized light 
micrographs show PILP phase deposited on both the COO--terminated SAMs 
and on the bare gold surface.  (B) and (C) AFM images scanned across the 

surface of a 3 μm × 3 μm area (as indicated with the blue boxes in A) within 

each patterned region (left, 3-D “height mode” image to show quantitative 
height deviation; right, “deflection mode” image to show lateral dimensions of 
colloidal surface, showing colloidal particle morphology with different size 
ranges and surface roughness’s.  Reprinted with permission from Y.-Y. Kim, 
E. P. Douglas and L. B. Gower, Langmuir, 2007, 23, 4862-4870.  Copyright 
2006 American Chemical Society.  

  

http://pubs.acs.org/doi/abs/10.1021/la061975l
http://pubs.acs.org/doi/abs/10.1021/la061975l
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Figure 1-5.  Liquid precursor droplets obtained by Wolf et al. by means of sonic 

levitation of a supersaturated CaCO3 solution.  A, B) TEM of liquid precursor 
droplets after 400 seconds of development.  C, D)  SEM of the dried and 
solidified solution.  Solid mineral has a colloidal structure with some traces of 
calcite rhombahedrons (circle).  The dried and solidified cluster of liquid 
droplets has a colloidal structure similar to the poorly coalesced PILP phase  
Scale bars: A) 500 nm, B) 200 nm, C) 20 μm, D) 10 μm.  Reprinted with 
permission from S. E. Wolf, J. Leiterer, V. Pipich, R. Barrea, F. Emmerling 
and W. Tremel, J. Am. Chem. Soc., 2011, 133, 12642-12649.  Copyright 
2011 American Chemical Society.  
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Figure 1-6.  An SEM micrograph of the state of the CaCO3-precipitation 1 min after 
gently mixing 0.01 M solutions of CaCl2 and Na2CO3.  Rieger et al.35 obtained 
this image and described this as a hydrated CaCO3 precursor phase to solid 
ACC.  The partial coalescence and distinct domains are similar to the poorly 
coalesced PILP phase.  J. Rieger, T. Frechen, G. Cox, W. Heckmann, C. 
Schmidt and J. Thieme, Faraday Discussions, 2007, 136, 265-277.- 
reproduced by permision of the Royal Society of Chemistry.   

  

http://pubs.rsc.org/en/Content/ArticleLanding/2007/FD/b701450c
http://pubs.rsc.org/en/Content/ArticleLanding/2007/FD/b701450c
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CHAPTER 2 
A METASTABLE, LIQUID CONDENSED PHASE OF CALCIUM CARBONATE 

Introduction 

Our group has primarily focused on the polymer-induced liquid-precursor (PILP) 

process and its relevance to CaCO3 biomineralization.  In this case, the PILP phase 

exists long enough to be manipulated into non-equilibrium morphologies, the hallmark of 

biominerals.  Thus, it is highly desirable to understand what the mechanistic role of the 

polymer is in this process in light of these other new findings of various liquid precursor 

phases in the absence of additives. For example, rather than the polymer interacting 

with ions, as we had originally assumed, one must now consider if the polymer might 

actually be interacting with any of these other species that have been detected in 

CaCO3 solutions.35, 38, 54  Thus, the focus of this chapter can be expressed in two parts:  

(1) Without polymer additives, can the CaCO3 liquid precursor be detected at a more 

neutral and biologically friendly pH of 8.5?  (2) Does PILP form through polymer 

interaction with a pre-existing liquid precursor, with PNC’s (as previously proposed),72 or 

by some other interaction?  Given this focus, we carried out studies of the early stages 

of precipitation in a fashion similar to Gebauer et al. except that we conducted our 

studies at pH 8.5 and allowed the ever increasing supersaturation to evolve by using 

punctuated injections of aqueous CaCl2 into bicarbonate buffer, allowing for time 

between injections to allow for system equilibration.  At various points in the evolution, 

we analyzed the state of the solution using a Ca2+ ion selective electrode, Isothermal 

Titration Calorimetry (ITC), Nanoparticle Tracking Analysis (NTA) light scattering, 

Analytical Ultra-Centrifugation (AUC) and carbon specific nuclear magnetic resonance 

(13C NMR) spectroscopic techniques such as Carr-Purcell Meibloom Gill (CPMG) T2 
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measurement and Pulsed Field Gradient Stimulated Echo (PFG-STE) Diffusion-NMR.  It 

should be noted that we did not modulate pH during the supersaturation evolution as did 

Gebauer et al..  The PILP-generating technique used in our lab that we wished to model 

does not maintain a constant pH.  Rather, we allowed the pH to evolve with the titration 

and monitored it throughout the titration.  Using these methods at a moderate pH of 

~8.5, we discovered a new phase transition of a liquid condensed phase (LCP) that 

occurs at a critical concentration of bound calcium.  We then used the same techniques 

with polymer (polyaspartic acid- sodium salt) present to determine if the formation of 

polymer-induced liquid-precursor (PILP) phase is indeed a polymer-stabilized LCP 

phenomenon. 

Materials/Methods  

Generation of Super-Saturated Solution in the Absence of Polymer Additive  

Using a micropipette, 20 mM sodium carbonate (Fisher) was titrated into a 20 

mM sodium bicarbonate (Fisher) solution to generate a 20 mM, pH 8.5 carbonate buffer 

solution.  Calcium chloride (Fisher) solution with a concentration of 4.5, 6, or 10 mM 

was titrated into 29 mL of carbonate buffer, which was stirred at 100 rpm using a 

magnetic stir bar.  The volumes of titration were 200 µL each except for the first 

injection which was only 40 µLto account for infinite dilution phenomenon.  Titrations 

were injected at an approximate rate of 20 µL/sec immediately over the rotating stir bar 

to ensure adequate mixing.  The titrations were made in a punctuated fashion, 2 

minutes of constant pH, and [Ca2+]Free measurements were acquired before injecting 

more CaCl2 (aq).  The solutions were prepared with nanopure water and all were filtered 

using a 0.22 µm Millipore syringe filter prior to any titrations.  Each of these titrations 
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was conducted in triplicate and the error expressed in the results is plus or minus two 

standard deviations. 

Generation of Super-Saturated Solution in the Presence of Polymer Additive 

Using a micropipette, 300 mM sodium carbonate was titrated into a 300 mM 

sodium bicarbonate solution to generate a 300 mM, pH 8.5 carbonate buffer solution.  

This solution was then titrated into 29 mL of a stirred 10 mM CaCl2 solution which may 

or may not contain 20 μg/mL polyaspartic acid sodium salt (monodispersed, Alamanda 

Polymers), depending on the experiment.  The volumes of titration were 200 µL each 

except for the first injection which was only 40 µL, matching the titration conditions for 

the non-additive experiments.  Titrations were injected at an approximate rate of 10-20 

µL/sec, always over the rotating stir bar to ensure adequate mixing and to minimize the 

formation of strong concentration gradients that might affect the experiments.  The 

titrations were made in a punctuated fashion; 2 minutes of constant pH, and [Ca2+]Free 

measurements were acquired before injecting more titrant.  The injections were made 

using disposable micropipette tips that were disposed of after each injection and 

replaced prior to a new injection.  Each experiment was conducted in triplicate, including 

the control, and the error shown is plus or minus two standard deviations. 

Ca2+ Electrode and pH Electrode Measurements 

The free Ca2+ concentration, [Ca2+]Free, in the titrated solution was obtained using 

a Ca2+ ion selective electrode (Radiometer Analytical, ISE-K-Ca, E11M006) in 

conjunction with a reference electrode (Radiometer Analytical E21M009).  A calibration 

standard curve for calculating free Ca2+ concentration was generated by titrating the 

experiment-appropriate concentration of CaCl2 (aq) into nanopure water which had 

been brought to pH 8.5 by the addition of trace amounts of NaOH (Fisher) (aq).  The pH 
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evolution of the titration was obtained using a standard pH electrode.  Both pH and 

[Ca2+]Free values had to remain constant for at least 2 minutes of mixing before adding 

another titration injection to verify that the solution equilibrated and that solid nucleation 

had not yet occurred.  It is important to note that we are not quantitatively accounting for 

CO2 net diffusion out of the solutions during our experiments.   

Isothermal Titration Calorimetry (ITC) of Phase Transition 

All measurements were made using a VP ITC (MicroCalTm).  

Carbonate/bicarbonate buffer and CaCl2 (aq) was generated as described above.  The 

injection of CaCl2 (aq) into the reservoir carbonate/bicarbonate buffer was maintained at 

exactly the same ratio as the titration experiments to give exact punctuated enthalpies 

that correspond to the titration experiment.  The experiments were conducted at a 

controlled temperature of 298 Kelvin.  The rest time between injections was adjusted to 

allow for complete thermodynamic equilibration between the reaction vessel and the 

reference vessel.  A stir speed of 180 rpm was used for all the experiments.  A 

reference power of 2 µcal/sec was used due to the very subtle, endothermic nature of 

the reaction.  The solutions were not degassed due to the fraction of CO2 that is in 

equilibrium within the carbonate/bicarbonate buffer at pH 8.5.  No bubbling phenomena 

were observed during the course of the ITC experimentation.  Control enthalpy profiles 

of CaCl2 (aq) injections into water, water injections into bicarbonate buffer, and water 

injections into water were subtracted from the raw data to normalize the data. 

Nanoparticle Tracking Analysis (NTA) of Emergent Phase 

The number count and the hydrodynamic radius of the emergent phase droplets 

were analyzed using the NTA light scattering technique.  Samples were analyzed using 

an LM20 analyzer (NanosightTM) and the data was processed using an NTA analytical 
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software suite (NanosightTM). Samples for analysis were prepared as described in the 

“Generation of Super-Saturated Solution” section.  0.3 mL of sample was used in each 

analysis.   

Analytical Ultracentrifugation (AUC) 

AUC was performed on an Optima XL-I (Beckman-Coulter, Palo Alto, CA) using 

the Rayleigh interference optics at 60,000 rpm and 25 °C. The experiments were 

performed in 12 mm Titanium double sector cells (Nanolytics, Potsdam, D). All 

experiments were evaluated using the software SEDFIT applying Lamm equation 

modelling for 1 – 4 noninteracting species to determine sedimentation and diffusion 

coefficients as well as concentration of up to 4 species in a solution.73, 74 

NMR, PFG-STE, Spin-Spin (T2) Relaxation Time Measurement 

All NMR experiments were conducted on a Bruker Avance DRX 500 MHz vertical 

bore system using a xyz gradient TXI probe with a 1H and 2H interior coil, 13C and 15N 

exterior coil, and xyz gradients.  All carbonate/bicarbonate buffer solutions were 

generated as described above except using 100% 13C-enriched sodium carbonate and 

sodium bicarbonate ingredients (Cambridge Isotopes) to enhance signal/noise.  All 

experiments were conducted at 298 Kelvin.  Deuterium oxide was used to obtain a lock 

at a volume fraction of 2.5% of the total sample.  Data was processed using 

TOPSPIN™ software and MATLAB™ derived software when deconvolution of 

overlapping spectral peaks was required.  The T2 relaxation times of the various species 

in solution were obtained using a Carr-Purcell-Meibloom-Gill (CPMG) sequence with 

increasing tau (τ) times of 40, 120, 200, 400, 600, 800, 1000, 2000, 3000, and 4000 

msec.  PFG-STE 13C diffusion experiments were conducted using the variation of the 

Bruker stegs1s pulse sequence based upon the Pulsed-Field Gradient Spin Echo (PFG-
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SE) technique for measuring diffusion.  1H was decoupled from 13C for the entirety of 

the pulse sequence.  We used 1.8 second diffusion times and 1 msec gradient pulse 

times.  All processing was zero-filled twice and was done with 0.3 Hz line-broadening to 

allow for characterization of NMR spectral features.  We used a gradient with strength of 

50 g/cm for the gradient pulses which were varied equidistantly between 2% and 95% to 

generate 16 1-D slices for analysis.    The PFG-STE pulse sequence used, as well as 

many of the relevant variables chosen, is shown in Figure A-1 of the Appendix. 

Results 

Metastable Liquid Condensed Phase (LCP) 

The binding behavior of Ca2+ ion as aqueous CaCl2 was titrated at various 

concentrations into 20 mM carbonate buffer (pH 8.5) is shown in Figure 2-1.  Even 

though care was taken to minimize temporary concentration gradients when introducing 

CaCl2 (aq) to the bicarbonate buffer, there still appear to be some kinetic effects due to 

the injection.  This is evident by the slight difference in binding fraction between the 

various concentrations of CaCl2 (aq) injectant.  The bound fraction (slope of the 

displayed line) would be expected to be very similar if the system were at true 

thermodynamic equilibrium.  Therefore, interpretation of the data should be approached 

from a qualitative standpoint.  To additionally demonstrate the kinetic binding effects 

that can occur due to imperfect addition of ion to counterion, and to eliminate the 

possibility that the character of the Ca2+ binding profiles are due to nucleation of mineral 

at the nozzle (micropipette tip), an additional titration was performed with the nozzle just 

above the solution.  The results, shown in Figure A-2 of the Appendix, demonstrate that 

the qualitative character of the Ca2+ binding profile is conserved and not due to 

nucleation at the nozzle even if kinetic binding effects are enhanced.  Additionally, we 
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did not quantifiably account for carbon dioxide gassing-out that would occur with this 

solution over time. This can lead to changes in binding affinity and pH over time.  For 

these reasons, we interpreted the data qualitatively. 

Initially during the titration, the fraction of calcium that binds is constant with each 

additional injection, which is expected for the formation of calcium carbonate 

prenucleation clusters.46  However, at a critical bound calcium concentration (~0.125 

mM in this case), the constant Ca2+ binding affinity decreases yielding a new linear 

binding affinity slope, suggesting a change in the types of products forming.  Note- this 

change in binding behaviour occurs prior to solid nucleus formation, which would be 

evidenced  by the inability to achieve apparent equilibrium due to decreasing pH 

(massive carbonate binding) and decreasing free calcium concentration (massive 

binding of Ca2+ to form solid mineral).  Interestingly, at the point of the transition, the 

[Ca2+]Free[CO3
2-]Free ion product is different for all three CaCl2 (aq) titration 

concentrations (0.4, 0.7, 0.1 mm2 for 4.5, 6, and 10 mM injections, respectively).  Solid 

nucleation and growth leading to precipitation eventually occurred at concentrations of 

bound Ca2+ between 0.2 and 0.22 mM. 

The pH evolution of the solution was monitored during the titration and the results 

are shown in Figure 2-1b.  The pH of the solution was decreasing initially, as would be 

expected, prior to the phase transition due to the sequestering of CO3
2- carbonate ions 

as predicted to occur during PNC formation.  The pH evolution flattened considerably at 

the same bound Ca2+ concentration (~0.125 mM) as the change in binding affinity was 

observed, indicating that the Ca2+ binding affinity to bicarbonate has increased relative 

to carbonate.  As nucleation is a singular event, the discontinuity in the pH development 



 

36 

and/or the change in Ca2+ binding development strongly points toward the nucleation of 

a second phase. Because the pH development becomes flatter, less carbonate, or more 

bicarbonate ions are binding after nucleation of this phase, suggesting that the 

bicarbonate ion is participating in the emergent phase. The data displayed in Figure 2-1 

suggest that there is a critical bound calcium concentration that leads to a phase 

transition which involves the bicarbonate ion.   

In order to gain further insight into the thermodynamics of this phase transition, 

isothermal titration calorimetry (ITC) was conducted using the same punctuated titration 

method as was used for the Ca2+ binding and pH development experiments to measure 

the enthalpy change upon nucleation of the emergent phase.  All three titration 

concentrations were tested, and as can be seen in Figure 2-2, a first-order phase 

transition, identified by the apparent enthalpic discontinuities, is occurring at similar 

conditions as identified in the titration experiments, further corroborating the notion that 

a phase transition has occurred.  The phase transition occurred 3 injections earlier for 

the 4.5 mM injection and 2 injections early for the 6 mM injection in the ITC experiment 

as compared to the desktop titrations, possibly due to the more controlled environment 

of the ITC reaction chamber.  The enthalpic discontinuity is positive, demonstrating that 

the driving force of the phase transition is entropic, which is often a sign of liberation of 

hydration waters.  

Nanoparticle Tracking Analysis (NTA) was used to examine the size of the 

emergent phase species and to estimate the amount of species in solution after the 

phase transformation.  Samples were analyzed prior-to, at, and after the observed 

phase transition (the 7th, 10th, and 13th injection, respectively) for the case of the 6 mM 
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CaCl2 titrant.  The results of the analysis are shown in Figure 2-3. Prior to the detected 

phase transition (7th injection), no phase was detectable since pre-nucleation clusters of 

ca. 2- 3 nm in diameter are well below the 20 nm diameter threshold for the NTA 

method and therefore there isn’t any data for this condition to present.  At the detected 

phase transition (the 10th injection), large species emerged with a diameter size 

distribution of ~60 nm.  Additional CaCl2 injections (13th injection) resulted in an 

increase in size of up to 100 nm diameter, suggesting that increasing Ca2+ 

concentration leads to growth and/or coalescence of the emergent phase. This strongly 

suggests that the emergent phase is stable with respect to the solution species, 

because if it were metastable, it could only occur in the form of microscopic fluctuations 

in the solution and would not grow with further Ca2+ injections. 

Video of the raw data used to track the scattering phase is shown in Object A-1 

and A-2 of the Appendix.  In the video one can see that the droplets showed somewhat 

unusual behavior, almost as if the species were warping and adopting a temporary 

aspect ratio.  The species were not observed to coalesce or split permanently; they 

came close to doing so and then re-established the former interfaces prior to the 

interaction.  This behavior seems consistent with the Wolf et al. observation of CaCO3 

precursor droplets having emulsion-like behavior with a resistance to coalescence due 

to weak electrostatic stabilization.54  According to the NTA results, the emergent species 

is very dilute (on the order of 10-12 species/liter), which suggests that the 

aggregation/coalescence of particles/droplets that yield phase arises due to weak 

interactions. Note- this phase would be difficult to detect using standard dynamic light 
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scattering techniques which require a much higher particle/droplet count and a known 

refractive index. 

Analytical Ultracentrifugation (AUC) was used to detect the species present in 

solution for the various points of [Ca2+] evolution for the case of the 6 mM CaCl2 (aq) 

injection.  The results are presented in Figure 2-4. Prior to the emergent phase 

formation, ions / ion pairs and PNC’s are present as indicated by the squares and 

circles, respectively.  At the expected point of phase emergence, larger species 

suddenly emerge (D & E in Figure 2-4).  After a few more injections, only ions / ion pairs 

are detected. This result seems counterintuitive after a phase transformation, but if the 

volumes of the phases are considered, it becomes understandable. As determined by 

NTA analysis, the LCP droplets are very dilute and represent a very small fraction of the 

overall volume. Literature reports on emulsion systems demonstrate coalescence with 

subsequent demixing allowing for a determination of the respective phase volumina.75  

However, the small volume fraction of this newly formed liquid phase with respect to the 

mother solution, would lead to an undetectable phase boundary and therefore, only the 

ions and prenucleation clusters in the major liquid phase can be seen. Due to the 

apparent liquid nature of this emergent phase as inferred from the NTA and AUC 

analyses, we refer to these as liquid condensed phase (LCP) droplets.   

Nuclear magnetic resonance was used to further analyse the constituents 

involved in the LCP in comparison to the solvated carbonate/bicarbonate species in the 

bulk solution.  Specifically, Carr-Purcell-Meiboom-Gill (CPMG) spin echo and Pulse 

Field Gradient Stimulated Echo (PFG-STE) diffusion NMR techniques were employed.  

CPMG measures the T2 relaxations, which investigates the immediate surrounding 
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chemical environment of the species.  PFG-STE measures the self-diffusion of the 

carbonate/bicarbonate species.  Self-diffusion is the diffusion coefficient of a species in 

the absence of any chemical potential gradient but for our situation it is synonymous to 

the translational diffusion coefficient.  Firstly, it should be noted that a 1D spectrum of 

the system after the phase transition (17 injections of 6 mM CaCl2 (aq) titrant shown in 

Figure 2-5) does not indicate the presence of solid precipitation products at the CaCO3 

or Ca(HCO3)2 predicted chemical shifts. Solids would result is a broad NMR spectrum 

with a carbonate peak at ~170 ppm or a bicarbonate peak at ~160 ppm, which are not 

observed.  However, if the carbonate/bicarbonate is behaving as a solvated solute or a 

dynamic liquid, then they can interconvert through proton exchange and the result is an 

intermediate NMR spectrum, with one peak in-between the two chemical shifts due to 

rapid (de)protonation interconversion between the two states.76, 77  Thus, NMR provides 

additional independent evidence of the liquid character of the nucleated LCP phase.  

The emergent LCP phase is further evident by the distortion of the resultant peak 

resulting in an asymmetric broadening and “bulging” of the peak in the up-field direction 

(bicarbonate direction) (Figure 2-6).  There is a slight widening seen in the 7th injection 

prior to the phase transition as compared to the buffer control but it is minor and very 

symmetric, suggesting the presence of only one phase.  The asymmetric up-field 

direction bulging of the solution with 17 injections of CaCl2 (aq) suggests that this 

portion of ions is favouring bicarbonate in the bicarbonate – carbonate interconversion 

to a greater extent than the bulk solution and that there may be an additional phase in 

the system.  This is consistent with the pH measurement shown in Figure 2-1b, which 

also suggests a favoring of bicarbonate binding (or a less pronounced carbonate 
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binding) after the phase transition.  We do not consider this emergent asymmetric 

bulging to be due to the aggregation of PNC’s alone, because of its bicarbonate favored 

directionality.  Also, the dynamics of PNC’s is reported as being on the order of pico and 

nanoseconds, which would be far too short to resolve from the bulk solution over time-

averaged data of 5.5 seconds for these NMR experiments.  

The broadened peak was deconvoluted for analysis using Gaussian distributions 

to model overlapping peaks, resulting in a bulk solution peak (main peak) which 

resembles in width and chemical shift the carbonate buffer control, and an emergent 

peak (small peak) which is suspected to be the emergent liquid condensed precursor 

phase (see Figure 2-6).  To see an example of our Gaussian modeling of overlapping 

peaks, see Figure A3 of the Appendix.  Measuring the T2 relaxation and diffusion 

properties of the carbonates and bicarbonates in the buffer solution by means of NMR is 

an excellent way to establish that there are distinctly different species present after the 

phase transition. The T2 relaxations of both deconvoluted peaks were determined by 

using the CPMG technique, which measures the reduction in peak intensity (M/M0) vs. 

the change in the tau delay according to the following equation:    

  (
 

  
)  

 

   
 

(2-1) 

The result is a linear relationship between the natural log of the signal attenuation 

and the tau delay with a slope of 1/-T2 which can be found by fitting the data.  The 

results, shown in Figure 2-7A, show that the average T2 relaxation of 0.9 seconds for 

the ions associated with the LCP is much faster than the average bulk solution ions T2 

relaxation of 1.5 seconds, suggesting that the emergent ions expressing bicarbonate-

bias are tumbling at a different rate and/or are in a different chemical environment than 
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the ions making up the bulk solution over several-second time averages.  The bulk 

solution T2 relaxation of 1.5 seconds is identical to the T2 relaxation that was obtained 

for pure carbonate buffer suggesting that the carbonate/bicarbonate ions making up the 

bulk solution are tumbling and/or are in a chemical environment similar to bicarbonate 

buffer control (control) (shown in Figure A-4 of the Appendix).  T2 relaxations of 

solvated, 13C-enriched, carbonate/bicarbonate solutions like the ones discussed in this 

paper are primarily due to chemical shift anisotopy (CSA).  Chemical shift anisotropy 

occurs if the electron shielding around the dipole is anisotropic, as is the case of 

asymmetric carbonate and bicarbonate ions.  When CSA is present, the extent in which 

the dipole interacts with an applied magnetic field depends on the rate of molecular 

tumbling of a dipole.  In dilute, non-viscous solution states, the effect of CSA is often 

averaged-out due to rapid tumbling of molecules.  When carbonates/bicarbonates 

rotations are inhibited by interactions/binding with Ca2+, the reduced tumble rate of 

molecules enhances the CSA effect and leads to a reduction of T2 relaxation times.  

The relaxation rates of the Ca2+-bound/interacting carbonates and bicarbonates are on 

the order of solution state relaxations.  Solids have much shorter T2 relaxations, on the 

order of less than a millisecond, and therefore, the detected bicarbonate-biased ions 

exhibit solute character, which may rely on the internal rapid dynamics of the liquid 

calcium carbonate precursor phase. 

As mentioned above, 13C PFG-STE diffusion NMR is an excellent non-invasive 

technique for establishing the co-presence of two distinct diffusions within a solution, 

indicating the presence of an emergent liquid phase.  In the case of this study, we 

assumed isotropic, unbiased diffusion and therefore were concerned only with diffusion 
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rates in the z-direction (measured by the magnetic field gradient created in the z-

direction).  The nucleus of interest, in this case the 13C nucleus of 

carbonate/bicarbonate, is subjected to a 90° pulse for an encoding step, followed by 

another 90° pulse to store the magnetization.  After an evolution time (diffusion time), a 

final 90° pulse is applied after the evolution time to refocus the transverse magnetization 

for acquisition.  A field gradient of amplitude, G and duration, δ, is applied during the 

first and third 90º pulses to apply and remove, respectively, the spatial encoding to the 

13C nuclei.  This ensures that the extent of refocusing of the applied 90° encoding pulse 

is dependent on the degree of deviation from the initial position that was spatially-

encoded by the gradient.  Translational movement of the dipole during the diffusion time 

results in an attenuation of the intensity of signal (A/A0) which is related to D (the self-

diffusion constant) through the following expression:   

  (
 

  
)    (   ) (  

 

 
) 

(2-2) 

 
where G is the gradient strength, γ is the gyromagnetic ratio of 13C, δ is the 

duration of the gradient application, and ∆ is the diffusion time.  By plotting the left side 

of the equation vs. the right side with stepwise increases in the gradient strength, G, we 

generated a line with slope –D (negative self-diffusion constant), as seen in Figure 2-7 

B.  This figure compares the diffusions of the emergent LCP (obtained by 17 injections 

of 6 mM CaCl2 (aq) into 20 mM bicarbonate buffer, pH 8.5) with the mother bulk solution 

and a bicarbonate buffer control.  This required the deconvolution of NMR spectra in a 

similar fashion as described for the T2 determination above.  A description of the 

method and the attenuation of signal are shown in Figure A-5 of the Appendix.  The 
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results indicate two distinct diffusions exist in the LCP-containing solution, a slower one 

of 5 x 10-6 cm2/s which is attributed to bicarbonate-biased ions contributing to the 

emergent phase, and a faster one of 9 x 10-6 cm2/s which is that of the 

bicarbonates/carbonates in the bulk solution.  The self-diffusion of the bulk solution 

peak is very similar to the diffusion we obtained from our control of carbonate buffer 

alone (10 x10-6 cm2/s), and is in close accordance with literature values for the self-

diffusion of carbonate buffer obtained by simulation78 and by experiment79 under similar 

conditions.  It should be noted that the slower diffusion attributed to the emergence of a 

LCP is not that of the large LCP droplets seen using the NTA technique which, given 

their size of > 60 nm, would be orders of magnitudes slower based on Einstein-Stokes 

diffusion (and not detectable with the gradient used in this experiment), but rather are 

believed to be that of small Ca2+ bound carbonate/bicarbonate ion-pair species that 

might be constituents of the large metastable droplets.  According to the Einstein-

Stokes equation (using the kinematic viscosity of water at 25° C), the bulk solution and 

buffer control carbonates/bicarbonates have an effective diameter of 0.5 nm.  The 

slower diffusing carbonates/bicarbonates have an effective diameter of 1 nm.  The 

favouring of bicarbonate, the apparent slowing of 13C-based ion rotations, and the 

roughly doubling of effective diameters suggests that there is a significant amount of 

calcium bicarbonate monodentate and calcium bicarbonate bidentate ion-pairing 

phenomenon present, which are being detected over relatively long time averages as 

compared to the bulk mother solution.   

Another interpretation is that the emergent LCP is more viscous than the mother 

solution.  The average effective size of the detected carbonate/bicarbonate may be a 
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singular ion still if the viscosity of the emergent phase were twice that of water, or about 

0.018 dyne-sec/cm2.  Both interpretations suggest that there is a liquid-liquid separation 

occurring that is forming a LCP.  It is important to stress that the effective diameters 

calculated are based on diffusion of the ions, which are expected to be an ensemble 

average due to the dynamic nature of ion-pairs and PNC’s and free ions along with their 

associated waters of hydration.  This needs to be considered when comparing these 

values to the size of PNC’s determined by means of cryo-TEM47 and AUC.46  However, 

the average diameter of the Ca-bicarbonate –biased ion pairing species in our 2-phase 

system of 1 nm is relatively consistent with the diameters of 0.75 nm and 2.0 nm 

obtained by Cryo-TEM and AUC, respectively. 

The data as a whole suggests that, at a critical bound Ca2+ concentration, Ca-

bicarbonate ion pairs begin to associate due to entropic driving forces (often the 

liberation of hydration waters) into a sparse, but visible, metastable liquid-condensed 

phase.  Due to evidence of LCP droplet growth during experiment evolution, the phase 

is believed to be stable with respect to the solution state.  The bound Ca-bicarbonate 

species believed to comprise the LCP appear to have a long enough dynamic lifetime to  

be detectable using solution state NMR, (unlike PNC's), and they appear to be slowly 

translating in space and slowly tumbling as compared to the free carbonate/bicarbonate 

in the bulk solution.  It is reasonable to assume that the emergent droplets are 

comprised of bicarbonates given the data, but, considering how dispersed the droplets 

are, the bulk of the detected bicarbonate-bias species being detected by the NMR must 

be in solution, possibly exchanging onto and off of the droplets.  It is important to point 

out that the values of T2 and self-diffusion obtained by NMR are on the scale of solutes 



 

45 

in solution, supporting the notion that the LCP is a liquid phase distinct from the mother 

solution.  The values of T2 and self-diffusion for solids would be many orders of 

magnitude smaller. 

Experiments in the Presence of Polyaspartate 

In the titration and NMR experiments, the method of generating a super-

saturated solution with polymer additive differed from that without additives.  The reason 

for this was to mimic our lab’s convention of adding carbonate/bicarbonate ion to a 

solution containing CaCl2 and polymer additive to initiate the PILP process.  Also, the 

polymer additive has such a strong stabilizing effect on the solution that the 

concentration of bicarbonate buffer needed to be increased to generate a sufficient 

super-saturation to observe eventual solid nucleation and precipitation.   

A Ca2+ binding profile, in the presence of PAsp (14,000 g/mol and 27,000 g/mol 

M.W.), as 300 mM bicarbonate buffer, pH 8.5  was titrated into a 10 mM CaCl2, 20 

µg/mL PAsp solution is shown in Figure 2-8.  As is the case with Figure 2-1, there is 

presumably some kinetic binding effects occurring in this titration and therefore the Ca2+ 

binding profile should be treated as qualitative.  As a control, a Ca2+ profile was 

conducted for a titration in the absence of PAsp for comparison.  In this case, one can 

see an apparent discontinuity in Ca2+ concentration at an early stage that is analogous 

to the one seen in Figure 2-1A.  As with the discontinuity shown in Figure 2-1A, this 

potential discontinuity suggests that a phase transition has occurred.  In order to aid in 

visualization, lines have been added to the inset of the figure to demonstrate 

discontinuity.   

In the presence of polymer, the first thing that one notices is how much farther 

the Ca2+ profiles extend prior to precipitation relative to the control (bottom curve, with  
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no polymer).  In addition to this stabilizing influence, the shapes of the titration 

curves show an interesting trend.  The binding of Ca2+ with respect to injections of 

appears to display a discontinuity (shown in Figure 2-8), suggesting that LCP is forming 

in the presence of polymer as well, as evidenced by the same type of discontinuity as 

seen in the non-additive case (Figure 2-1A).   The LCP-like Ca2+ binding behavior 

continues for many more injections beyond where the additive-free control would have 

precipitated (see precipitation indicators in Figure 2-8).  The continuation of the same 

type of binding that forms the LCP phase is a strong indication that LCP is being 

stabilized by the presence of the PAsp polymer additive.  Thus the polymer’s role in the 

PILP process may be to stabilize the LCP.   

It is relevant to note that Verch et al., in a “fingerprinting” study on the effect of 

polymer additives, also detected a significant nucleation inhibition and a species after 

nucleation of CaCO3 in presence of PAsp (M.W. 6800 g/mol and M.W. 27000 g/mol) 

that is much more soluble than ACC, which they related to a PILP phase (although they 

worked at a higher pH of 9.75).80 

A profile of the pH evolution with the addition of 200 µL injections of 300 mM, pH 

8.5 bicarbonate buffer into 10 mM CaCl2 (aq) containing 20 µg/mL of Pasp is shown in 

Figure 2-9.  It is apparent when comparing the pH evolution of bicarbonate buffer into 

aqueous Pasp solution (diamonds and squares) to the pH evolution of bicarbonate 

buffer into pure water (dotted orange line) that Pasp has a dampening effect on the 

evolution by maintaining a lower pH.  This leads to a higher bicarbonate:carbonate ratio 

at the early points in the titration.  This would be a very effective means for directing 

more bicarbonate to bind with Ca2+ if it were present.  When Ca2 + is present with the 
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Pasp (triangles and crosses) the pH development suggests this is the case.  In 

comparison to the controls in the absence of Ca2+, the Ca2+ containing solutions actually 

do demonstrate additional bicarbonate binding in terms of a bicarbonate:carbonate 

ratio, until a certain threshold is met.  At this point the pH evolution flattens considerably 

at a much lower pH than the various controls.  This supports the assertion that a critical 

amount of Ca-bicarbonate ion pairs accumulates leading to a phase transition (LCP) 

and a change in Ca2+ affinities for bicarbonate and carbonate.  The preference to 

maintain a pH in the range of a lower 8’s supports the view that an emergent 

bicarbonate-rich phase is participating in directing the binding preference for Ca2+.  

Figure 2-9 supports the view that Pasp (and potentially other additives) promote and 

stabilize the LCP phase and perhaps is the description for the so-called PILP process.           

To analyze the PILP phase which is suspected to be polymer-promoted and 

stabilized LCP, a 1D NMR spectrum of the system at the condition indicated with a 

circle in Figure 2-8 was obtained and is shown in Figures 2-10 and 2-11.  The effect of 

apparent PILP formation severely distorts the spectral peak.  As seen in figure 2-10, 

there is an emergent peak splitting from the bulk solution peak in the up-field direction, 

indicating that a significant fraction of the buffer is favoring bicarbonate as compared to 

the bulk solution over a large multisecond time-average.  Figure 2-11 shows the time 

evolution of the two-phase bulk solution-PILP sample.  The process required hours to 

develop but solid nucleation and precipitation did not occur as evidenced by the 

unchanging area of the peaks.  Figure 2-11 shows a 1-D NMR spectral comparison 

after 18 hours (to attempt to achieve equilibrium) of the one-phase, pH 8.5, bicarbonate 

buffer and Pasp solution versus the multiphase bicarbonate/Pasp/Ca2+ solution at the 
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17th injection. The two-phase system emergent peak (bulge of separation from bulk 

solution) is shifted more up-field and is much larger than the NMR evidence of LCP 

precursor phase in the absence of additive, suggesting that polymer is stabilizing and 

accumulating a bicarbonate-biased ionic interaction, which fits the description of the 

LCP phase, within a second bulk solution (mother-solution) phase.  

We used the same parameters and techniques to measure the T2 relaxation and 

diffusion properties of the PILP system as described above for the LCP system.  The 

results are shown in Figure 2-12.  Raw data for the CPMG (control), PFG-STE (control), 

CPMG (phase-separated PILP solution), and PFG-STE (phase-separated PILP 

solution) are shown in Figures A-6 – A-9 of the Appendix, respectively. As with the LCP 

NMR experiments, the diffusion values obtained for the suspected PILP phase is not 

being presented as the diffusion of the large droplets.  We believe this is the effective 

diffusion of the ion solute species that collect into, and are in exchange with, the PILP 

phase droplets.  The diffusion measurements were consistent in scale with those 

obtained for the LCP system.  The presence of PAsp in the solution appeared to reduce 

the carbonate/bicarbonate ion diffusion in general, but the ratios are similar to the LCP 

experiments and controls. The diffusion of phase separated ions (3 x 10-6 cm2/s) was a 

little less than half the diffusion of the carbonate/bicarbonate in the bulk solution (7 x 10-

6 cm2/s), and the bulk solution diffused at the same rate as the bicarbonate buffer 

control (both at 7 x10-6 cm2/s).  Using the Einstein-Stokes equation, the effective 

diameter of the ionic species was 0.7 nm for the bulk solution and control 

carbonate/bicarbonate ions, and was 1.6 nm for the bicarbonate-biased ions.  This is 

consistent with the slowed ions existing disproportionately as calcium monodentate / 
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bidentate over this time-average.  Note-the presence of the Pasp lead to an overall 

slowing of the experimental and control diffusions, leading to the calculation of a larger 

effective diameter.  This may be due to increased viscosity caused by the presence of 

the polymer.  Still, the ratio of diffusions (bicarbonate-biased ion pairs:mother-

solution:control) were consistent with the non-polymer case and demonstrate the 

separation of two distinct equilibriums which are comprised of ions diffusing at different 

rates.  As explained for the non-polymer case, this could be due to singular ions in a 

more viscous emergent PILP phase.  If this were the case, the emergent PILP phase 

would have a viscosity of 0.02 dyne-sec/cm2, according to the Einstein-Stokes equation.   

The T2 relaxation of the up-field bulge was 1.1 msec, which suggests that the 

bicarbonate-biased ions are slowly tumbling and rotating in solution.  It was almost 

exactly the same as the bulk solution; both were shorter than the relaxation measured 

for the polymer-bicarbonate buffer control (1.5 msec).   Although a distinction between 

suspected PILP phase and the bulk solution would have been helpful in distinguishing 

between types of phase environments, it is not surprising that they are similar due to the 

appearance of heavy chemical exchange between the them, as evidenced by the 

bridging between the suspected PILP peak and the mother solution peak (see Figure 2-

10).   

As a side note, the spectrum of the separated PILP phase shown in Figure 2-10 

resembles a powder pattern, which is an NMR spectral pattern obtained when there are 

solid particles present.  However, a true powder pattern due to solids in solution would 

yield a broad spectrum peak with a width of 100 ppm.  The width of the bulk 

solution/PILP peak is only 0.1 ppm.  This could mean that there is a slowing in the 
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rotation of the bicarbonate/carbonate ions but that the ion’s rotations are still very rapid 

as expected for a solute in solution. 

Discussion 

The nucleation pathway of calcium carbonate through a multi-step process, 

where the first step is the formation of a metastable liquid and the second is the solid 

nucleation formation (within or outside the metastable liquid) has been at the forefront in 

recent literature.3, 50, 63  Here, we have presented data that supports the first step of this 

assertion through a combination of techniques.  In the absence of polymer additives, the 

ITC, Ca2+ binding profiles, and pH evolution experiments indicate that there is a phase 

transition. The pH measurements suggest the carbonate/bicarbonate binding becomes 

bicarbonate-biased, as do NMR peak emergences in the bicarbonate direction 

suggesting that bicarbonate is playing a role in the emergent phase.  The fluidic 

character of this nucleated phase is suggested in the sedimentation properties of the 

species in solution and the apparent co-existence of a distinct solution-like liquid phase 

within the mother solution, as measured by AUC and NMR self-diffusion and relaxation 

times, respectively.   

Gebauer et al.46 and Wolf et al.54 claim that PNC’s do not contain significant 

amounts of the bicarbonate ion. Computer simulations have suggested that DOLLOP 

PNC’s are ubiquitous and exhibit incredibly quick dynamics on the order of picoseconds 

and nanoseconds.81  For these reasons, we believe that the nucleation phenomenon we 

are seeing cannot be described by PNC theory.  The apparent bicarbonate-biased 

constituents we detect accompanying the precursor phase manifest their properties for 

long enough lifetimes to detect, suggesting that the LCP precursor phase is not forming 

from carbonate-rich PNC’s. We propose that in the LCP phase, there is a bicarbonate-
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biased Ca2+ interaction which is distinct from the Ca2+ interaction with 

carbonates/bicarbonate in the bulk solution over significant time averages.  The 

presence of Ca-bicarbonate ion pairing phenomenon or even clustering does not 

challenge the validity of predominantly Ca-carbonate PNC’s like DOLLOP.  These two 

phenomena are not mutually exclusive.  At high pH’s it is expected that the numerous 

CO3
2- ions, with their greater binding affinity to Ca2+ would dominate.  However, at more 

neutral pH’s, like the pH in which this study was conducted, there are relatively few 

CO3
2- ions as compared to HCO3

- ions and weaker Ca-bicarbonate ion-pairing or 

clustering phenomenon become significant, leading to accumulation and nucleation of a 

bicarbonate-rich metastable liquid phase like the one that has been proposed in this 

study.        

This is significant because it has been proposed that nucleation of solid CaCO3 

can occur through nucleation inside of a metastable liquid phase.82 The seed nucleus is 

proposed to form within the droplet and its growth and polymorph is subject to the 

environment of the metastable droplet, rather than that of the bulk solution.  If 

metastable droplets of bicarbonate biased Ca2+ interactions phase-separate and are 

stabilized by the presence of polymer (PILP process), as is possible with the droplets 

observed in this study, then this might explain the incredible amount of nucleation 

inhibition that polymers (particularly negatively charged, aspartic and glutamic acid –rich 

polymers) give to a solution.  An emergent metastable bicarbonate droplet and its 

smaller constituents would sequester Ca2+ and carbonate/bicarbonate ions from the 

solution, thus mitigating the solid-phase nucleation through PNC non-classical 

pathways.  However, the resulting concentrated metastable droplet would have difficulty 
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forming a seed nucleation because it is bicarbonate-biased and would require the extra 

step of releasing the H+ ions prior to organization into a nucleus. We propose that LCP 

and PILP (PAsp-stabilized LCP) plays a role in the calcium carbonate energetic 

cascade from supersaturated solution to crystallinity as described in Figure 2-13. 

Knowing what the PILP phase is may provide insight into various biological 

system’s mechanism of control over morphology, phase, and location of the final 

biominerals product.  Although the presence of PNCs and LCP are interesting with 

respect to theoretical models of crystallization mechanisms, without the polymer, the 

final products simply resemble those predicted by classical models.  It is the 

accumulating and stabilizing effect of the polymer that allows for manipulation of the 

liquid condensed phase into an endless array of non-equilibrium morphologies.  On the 

other hand, without this propensity of the mineral reactants to form this liquid condensed 

phase, it is not clear that the polymer would be able to “induce” a liquid precursor 

phase.  This work shows the significance of both sides of this interesting mineralization 

system. 
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Figure 2-1.  The bound [Ca2+] evolution and solution pH evolution during titration of Ca2+ 
(aq) into 20 mM bicarbonate buffer with an initial pH of 8.5.  A) The evolution 
of bound Ca2+ vs. overall titrated [Ca2+].  Initially, the binding profile is linear 
which is expected for prenucleation cluster formation.  However, a 
discontinuity in Ca2+ binding is observed at a value of ~ 0.125 mM  [Ca2+]Bound 
, which is evidence of a phase transition.  The evolution was done in triplicate 
and results were averaged.  B) The pH evolution of the solution due to the 
injection of CaCl2 (aq).  The pH decreased due to the consumption of CO3

2- to 
form ion pairs/PNC’s until a discontinuity occurs at a consistently measured 
[Ca2+]Bound of ~ 0.125 mM, suggesting a phase transition at the same bound 
calcium concentration as seen in part A.  The change in pH evolution in the 
upward (basic) direction suggests that a larger fraction of bicarbonates and/or 
a reduction of carbonates are participating in Ca2+ binding.  Lines were 
included as an aid. M. A. Bewernitz, D. Gebauer, J. Long, H. Colfen and L. B. 
Gower, Faraday Discussions, 2012.  Reproduced by permission of the Royal 
Academy of Chemistry.   

  

http://pubs.rsc.org/en/Content/ArticleLanding/2012/FD/C2FD20080E
http://pubs.rsc.org/en/Content/ArticleLanding/2012/FD/C2FD20080E
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Figure 2-2.  The enthalpy of reaction during the titration of CaCl2 (aq) into 20 mM 
carbonate buffer, pH 8.5.  The data shows that there is an endothermic phase 
transition occurring, indicating that the phase transition is entropically driven 
and probably due to liberation of hydration waters.  M. A. Bewernitz, D. 
Gebauer, J. Long, H. Colfen and L. B. Gower, Faraday Discussions, 2012.  
Reproduced by permission of the Royal Academy of Chemistry. 

  

http://pubs.rsc.org/en/Content/ArticleLanding/2012/FD/C2FD20080E
http://pubs.rsc.org/en/Content/ArticleLanding/2012/FD/C2FD20080E
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Figure 2-3. The emergent phase size distribution, according to nanoparticle tracking 
analysis (NTA), of the 20 mM bicarbonate, pH 8.5, solution at and after the 
phase transition (injection 10 and 13, respectively for a 6 mM CaCl2 (aq) 
injection).  Prior to the phase transition no species were detected.  At the 
phase transition (10th injection), droplets with a distributed diameter averaging 
~60 nm emerge.  The addition of more Ca2+ to the solution yields more 
detectable phase emerging at 60-70 nm diameter and they seem to grow 
larger as well.  M. A. Bewernitz, D. Gebauer, J. Long, H. Colfen and L. B. 
Gower, Faraday Discussions, 2012.  Reproduced by permission of the Royal 
Academy of Chemistry. 

  

http://pubs.rsc.org/en/Content/ArticleLanding/2012/FD/C2FD20080E
http://pubs.rsc.org/en/Content/ArticleLanding/2012/FD/C2FD20080E


 

56 

 

Figure 2-4.  Sedimentation coefficients (25 °C) for the detected species in solution by 
means of analytical ultracentrifugation (AUC) for the injections indicated in the 
inset. The emergence of LCP occurs at point C.  It is evident that larger 
species are present for D & E, just after the phase transition.  The control 
consists of just carbonate buffer.  PNCs are also seen in the control because 
they can form with sodium carbonate species as well.  M. A. Bewernitz, D. 
Gebauer, J. Long, H. Colfen and L. B. Gower, Faraday Discussions, 2012.  
Reproduced by permission of the Royal Academy of Chemistry. 

  

http://pubs.rsc.org/en/Content/ArticleLanding/2012/FD/C2FD20080E
http://pubs.rsc.org/en/Content/ArticleLanding/2012/FD/C2FD20080E
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Figure 2-5.  A 1-D 13C spectrum of the solution after the phase transition (17th injection 
of 6 mM CaCl2 (aq) into 20 mM carbonate buffer, pH 8.5).  There are no 
detectable peaks at the solid carbonate or bicarbonate chemical shifts 
(marked with arrows).  The effect of the nucleated liquid precursor phase is 
seen as a widening of the peak because it is still behaving as a (non-solid) 
phase.  M. A. Bewernitz, D. Gebauer, J. Long, H. Colfen and L. B. Gower, 
Faraday Discussions, 2012.  Reproduced by permission of the Royal 
Academy of Chemistry. 

  

http://pubs.rsc.org/en/Content/ArticleLanding/2012/FD/C2FD20080E
http://pubs.rsc.org/en/Content/ArticleLanding/2012/FD/C2FD20080E
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Figure 2-6.  A comparison between the 13C 1-D NMR spectrum for bicarbonate solution 
(control), the bicarbonate solution with CaCl2 (aq) prior to the phase transition, 
and the bicarbonate solution with CaCl2 (aq) after the phase transition.   A) 1st 
slice of T2 relaxation of 20 mM bicarbonate buffer, pH 8.5 (control).  B) 1st 
slice of T2 relaxation of 7th injection of 6 mM CaCl2 (aq) into 20 mM 
bicarbonate buffer, pH 8.5 (prior to phase transition).  C) 1st slice of T2 
relaxation of 17th injection 6 mM CaCl2 (aq) into 20 mM bicarbonate buffer, pH 
8.5 (after phase transition).  Both the control (A) and the solution prior to 
phase transition (B) are symmetrical Gaussian distributions of signal.  After 
the phase transition (C), the evidence of an emergent phase manifests as an 
asymmetric bulge shifted up-field from the bulk solution peak which requires 
an additional Gaussian peak to model.  The data was deconvoluted in order 
to attribute T2 relaxation measurements and 13C NMR diffusion 
measurements to each modeled portion of the peak.  M. A. Bewernitz, D. 
Gebauer, J. Long, H. Colfen and L. B. Gower, Faraday Discussions, 2012.  
Reproduced by permission of the Royal Academy of Chemistry. 

  

http://pubs.rsc.org/en/Content/ArticleLanding/2012/FD/C2FD20080E
http://pubs.rsc.org/en/Content/ArticleLanding/2012/FD/C2FD20080E
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Figure 2-7.  The results of the CPMG T2 relaxation measurement and the 13C PFG-STE 
self-diffusion measurement of the deconvoluted NMR peaks.  A) The plot 
compares the reduction in carbonate/bicarbonate peak intensity vs. the tau 
delay (Equation 2-1).  The result is a linear relationship with a slope of -1/T2.    
B) The diffusion measurement uses the relationship shown in Equation 2-2 
and the measured attenuation of carbonate/bicarbonate signal to determine 
the self-diffusion of the carbonates/bicarbonates, which is the negative slope 
of the resulting line.  The bicarbonate-biased ions (bulge) have a shorter T2 
relaxation time and a slower diffusion, suggesting that a fraction of the 
carbonate/bicarbonate ions are slowed in rotation and in diffusion, 
presumably due to interactions with Ca2+ and the emergent LCP.  The self-
diffusion of the bulk solution carbonates/bicarbonates is roughly the same as 
the self-diffusion of carbonate buffer alone (~10 x 10-6 cm2/s).  M. A. 
Bewernitz, D. Gebauer, J. Long, H. Colfen and L. B. Gower, Faraday 
Discussions, 2012.  Reproduced by permission of the Royal Academy of 
Chemistry. 
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http://pubs.rsc.org/en/Content/ArticleLanding/2012/FD/C2FD20080E
http://pubs.rsc.org/en/Content/ArticleLanding/2012/FD/C2FD20080E
http://pubs.rsc.org/en/Content/ArticleLanding/2012/FD/C2FD20080E
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Figure 2-8.  The [Ca2+] profile of a system where 300 mM bicarbonate buffer, pH 8.5 
was injected (40 μl initial, 200 μl for the rest) into 10 mM CaCl2 with 20 μg/mL 
PAsp (no PAsp for control).  The results qualitatively show evidence of the 
phase transition seen in Figure 2-8 and are analogous to the LCP formation in 
the absence of polymer shown in Figure 2-1A.  After the presumed LCP 
formation, the solution is stabilized against solid nucleation and precipitation 
for many more injections, suggesting that LCP is stabilized due to the 
interaction of polymer with the LCP phase.   This may be the basis for the 
PILP process.  NMR studies to analyze the two phases in solution (bulk 
solution and phase-separated PILP) were conducted at the location indicated 
by the circle.  M. A. Bewernitz, D. Gebauer, J. Long, H. Colfen and L. B. 
Gower, Faraday Discussions, 2012.  Reproduced by permission of the Royal 
Academy of Chemistry. 

  

http://pubs.rsc.org/en/Content/ArticleLanding/2012/FD/C2FD20080E
http://pubs.rsc.org/en/Content/ArticleLanding/2012/FD/C2FD20080E
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Figure 2-9.  The pH evolution of a 10 mM CaCl2 solution containing 20 μg/mL Pasp due 
to the punctuated titration of 300 mM bicarbonate buffer, pH 8.5.  The 
presence of Pasp has a mitigating effect on the upward evolution of the 
solution, allowing for more bicarbonates to be present present (diamond and 
squares).  When Ca2+ is present with the Pasp, the pH evolution increases in 
the basic direction faster than the evolution with Pasp alone, before leveling-
off at a preferred pH.  This suggests that when enough bicarbonate has 
bound, an equilibrium is established, presumably due to an emergent phase, 
resulting in a consistent, flattened pH evolution.  The typical injection is 200 
μl, but to characterize the early titration, fractions of 200 μl injection were 
used.  M. A. Bewernitz, D. Gebauer, J. Long, H. Colfen and L. B. Gower, 
Faraday Discussions, 2012.  Reproduced by permission of the Royal 
Academy of Chemistry. 

  

http://pubs.rsc.org/en/Content/ArticleLanding/2012/FD/C2FD20080E
http://pubs.rsc.org/en/Content/ArticleLanding/2012/FD/C2FD20080E
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Figure 2-10.  A comparison between the 1-D NMR spectra of bicarbonate buffer with 
polyaspartic acid sodium salt and the separated bicarbonate-biased ions.   
The presence of PAsp leads to a broad peak which is shifted up-field 
(bicarbonate weighted direction), distinct from the remaining ions in solution 
(Bulk Solution).  This behavior is similar to the behavior of the liquid 
condensed phase except it is enhanced greatly in the presence of polymer, 
suggesting that the PILP process stabilizes the liquid condensed phase.  M. 
A. Bewernitz, D. Gebauer, J. Long, H. Colfen and L. B. Gower, Faraday 
Discussions, 2012.  Reproduced by permission of the Royal Academy of 
Chemistry. 

  

http://pubs.rsc.org/en/Content/ArticleLanding/2012/FD/C2FD20080E
http://pubs.rsc.org/en/Content/ArticleLanding/2012/FD/C2FD20080E
http://pubs.rsc.org/en/Content/ArticleLanding/2012/FD/C2FD20080E
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Figure 2-11.  The time evolution of a 1-D NMR spectrum of the phase-separated PILP-
containing solution shown in Figure 2-10.  Initially, it is broader than the 
control solution (absent of CaCl2) as was observed for the formation of liquid 
condensed phase.  However, in time a more distinct phase separation occurs 
to yield a large fraction of bicarbonate-bias of the ions distinct from the bulk 
solution phase, suggesting the possibility of slow ripening and coalescence of 
LCP phase.    The red, bracketed numbers above each spectral peak 
represent the area under the peak, normalized with respect to the 0 min 
spectrum.  The amount of signal remains constant suggesting that all the ions 
are still behaving as solution state; therefore, solid nucleation and 
precipitation has not occurred.  M. A. Bewernitz, D. Gebauer, J. Long, H. 
Colfen and L. B. Gower, Faraday Discussions, 2012.  Reproduced by 
permission of the Royal Academy of Chemistry. 

 

http://pubs.rsc.org/en/Content/ArticleLanding/2012/FD/C2FD20080E
http://pubs.rsc.org/en/Content/ArticleLanding/2012/FD/C2FD20080E
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Figure 2-12.  The results of the CPMG T2 relaxation measurement and the 13C PFG-
STE self-diffusion measurement of the PILP phase (suspected polymer 
stabilized LCP), bulk solution, and bicarbonate buffer with polyaspartic acid 
(control).  A) The CPMG plot compares the attenuation in the 
carbonate/bicarbonate peak intensity to the tau delay (Equation 2-1).  The 
result is a linear relationship with a slope of -1/T2.  B) The diffusion 
measurement uses the relationship shown in Equation 2-2 and the measured 
attenuation of carbonate/bicarbonate signal to determine the self-diffusion of 
the carbonates/bicarbonates, which is the negative slope of the resulting line.  
The bicarbonate-biased ions have the same T2 relaxation as the bulk solution 
due to the large amount of chemical exchange, but have a shorter T2 
relaxation than the bicarbonate buffer control, suggesting that rotations of the 
bicarbonate-biased ions are slowed.  The diffusion of the bicarbonate-biased 
ions is slowed with respect to the bulk solution and the bicarbonate buffer 
control in a way similar to LCP, suggesting that polymer is kinetically 
stabilizing the LCP phase.  M. A. Bewernitz, D. Gebauer, J. Long, H. Colfen 
and L. B. Gower, Faraday Discussions, 2012.  Reproduced by permission of 
the Royal Academy of Chemistry. 

 

  

http://pubs.rsc.org/en/Content/ArticleLanding/2012/FD/C2FD20080E
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Figure 2-13.  An overview of the energetics (not to scale) of calcium carbonate 
precipitation from supersaturated solution, putting LCP into a global context 
with earlier findings. The diagram has been truncated on the right where the 
hydrous ACC will ultimately transform into a more stable crystalline phase.  In 
solution, calcium bicarbonate and calcium carbonate ion pairs form, the latter 
of which can associate into larger species, PNC's including dynamically 
ordered, liquid-like oxyanion polymers (DOLLOP).  The different 
prenucleation species form virtually spontaneously (thermal energy kBT), 

while formation of LCP is associated to a barrier of nucleation g*(1). (A) At 
neutral pH’s, the nucleation step involves calcium bicarbonate species, and 
with it, leads to a bicarbonate-bias in the LCP and an intrinsic kinetic 

stabilization,g*(2),  (B) At higher pH levels, calcium bicarbonate ion pairing 
becomes negligible, carbonate species dominate the nucleation process, and 
render LCP transient due to a reduced intrinsic stabilization.  The barrier 

g*(2), may even vanish.(C) Addition of Pasp may lead to a distinct increase 

of the barrier g*(2) due to a pronounced role of bicarbonate species in the 
LCP in the presence of polymer.  The bicarbonate pathway may be preferred 
in the presence of polymer, and/or the polymer may stabilize bicarbonate 
species within LCP.  M. A. Bewernitz, D. Gebauer, J. Long, H. Colfen and L. 
B. Gower, Faraday Discussions, 2012.  Reproduced by permission of the 
Royal Academy of Chemistry. 

  

http://pubs.rsc.org/en/Content/ArticleLanding/2012/FD/C2FD20080E
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CHAPTER 3 
EFFECT OF CHLORIDE “SPECTATOR” ION ON THE FORMATION OF CALCIUM 

CARBONATE LCP 

Introduction 

It is believed that solid amorphous calcium carbonate (ACC) is a vital 

predecessor to many of the crystals formed in biomineralization and biomimetic 

crystallization processes.83 As demonstrated in Chapter 2, there is a liquid precursor 

phase (liquid condensed phase, LCP) of calcium carbonate, which arises from liquid-

liquid phase separation from the supersaturated calcium carbonate solution. It is 

possible that this LCP may be a precursor to the solid ACC, although the later stages of 

the reaction were not examined here.  Although crystallization/solidification pathways 

through a ltwo-step nucleation pathway are well known in protein and polymer 

systems,63, 82 it has only recently been proposed that calcium carbonate transitions 

through a similar pathway.   

Gower et al. were the first to present direct evidence of a liquid precursor phase 

of calcium carbonate that forms in the presence of negatively-charged 

polyelectrolytes,52, 84 and coined the name polymer-induced liquid-precursor (PILP) to 

describe the intermediate.  They have since reported evidence that the PILP process is 

seen in the barium, and strontium, carbonate systems,55, 56 as well as the calcium 

phosphate system.59, 60, 62, 85, 86  Interestingly, Faatz et al.38, Reiger et al.35 and Wolf et 

al. have provided theoretical, indirect, and direct (at non-equilibrium conditions) 

evidence, respectively, that calcium carbonate may transition through a liquid 

intermediate phase in the absence of additives.  However, in my work presented in 

Chapter 2, I was able to detect the presence of an emergent liquid phase of saturated 

calcium carbonate at seemingly equilibrium conditions.87  Furthermore, I provided direct 
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evidence that the liquid precursor phase is rich in bicarbonate species, rather than 

carbonate, which has been implicitly assumed by many in the field.  I have referred to 

this phase as a liquid condensed phase (LCP) of calcium carbonate, and it is described 

as a true liquid phase, as opposed to a liquid-like phase because the NMR spectrum 

obtained for the two phase system seen in Figures 2-6, 2-10, A-3, A-5, A-8, A-9 reveal a 

phase that contains bicarbonates in equilibrium with carbonates, as would be expected 

in a liquid phase.   

If calcium carbonate LCP emerges from a supersaturated calcium carbonate 

solution phase as droplets of a true ionic solution distinct from the mother solution, this 

leads to the question- what type of liquid is it?  As mentioned previously, the concept of 

a liquid intermediate step during the calcium carbonate solid nucleation formation 

process is not a newly proposed concept,88 but in those days, there was no way to 

study the process at the molecular level.  However, this type of proposed liquid phase is 

described as an intermediate metastable step in the transition from prenucleation 

clusters (loose ion pairings or DOLLOPs of Ca2+ and CO3
2-)46, 48  to tightly packed and 

solid critical nuclei.  Because critical ion pairs and/or critical oligomeric chains of 

prenucleation clusters must rearrange and condense to become tight packed solid 

nuclei, there may be an energetic local minima between the two states that is 

metastable and condensed to some intermediate level.  However, if this was the 

mechanism of LCP formation, one would expect it to be carbonate-rich, like ion pairs, 

PNC’s and ACC nuclei.  But as shown in Chapter 2, it was demonstrated that the 

calcium carbonate LCP is bicarbonate-rich.87  Therefore, it does not seem likely that the 

LCP is arising from collections of these carbonate rich species.   
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After discussing the concept of calcium carbonate LCP with colleagues at 

conferences, it became apparent that there was a misunderstanding regarding the 

description of LCP as a liquid phase.  The biomineral research field is heavily populated 

by chemists and microscopists, which tend to view a liquid phase as being a clustering 

of specific Ca2+ complexes.  However, I am describing a true liquid phase; a phase that 

is charge neutral with an interface in contact with the mother solution which is best 

described from a physical chemistry/thermodynamic perspective.  As a result of this, I 

am reviewing the description of a liquid-liquid phase separation below in these terms for 

the sake of clarity.   

The emergent LCP phase may be due to a partial miscibility of solution 

constituents within each other (i.e., a true liquid-liquid phase separation).  This behavior 

has been demonstrated and is quite well known in the physical chemistry community for 

various ionic solutions.89-93  For example, imagine that a solution B is being added to 

solution A.  Initially all the added B dissolves because B is miscible in A at this dilution 

concentration.  Eventually, as B is added, the Gibbs free energy of further mixing is 

positive for B into A.  Additional increases in B will lead to an emergent phase and a two 

phase system.  An example of this hypothetical two-phase system is shown in Figure 3-

1.  Figure 3-1 plots the phase lines (blue curve) on a plot of temperature vs. mole 

fraction of B (any state variable can be expressed on the y-axis).  For mole fractions of 

B within the curve, phase separation occurs along a horizontal temperature tie line to 

yield a solution saturated in B within the A major solution phase, and a solution 

saturated in A species withino the B minor solution phase.  The amount of phase is 

dictated by the inverse lever rule of tie line proportions.  The left part of Figure 3-1 
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shows a hypothetical phase diagram with an upper co-solute temperature limit.  Above 

this temperature, the thermal energy of the components is sufficiently high to overcome 

favorable interactions between like components (B-B and A-A).  It is also possible to 

have a system with a lower co-solute temperature limit, as shown on the right side of 

Figure 3-1.  Below this temperature, the thermal energy is low enough to allow favorable 

interactions between A and B, thus increasing the miscibility.  In some cases it is 

possible to have an upper and a lower co-solute temperature due to a combination of 

both justifications, in which case the phase curves become enclosed into a loop. 

One could imagine that A and B could be carbonate and bicarbonate, 

respectively.  If this were the case, it would suggest that the LCP (and its polymer 

stabilized, PILP form) is a fundamental buffer phenomenon, and not necessarily directly 

due to Ca2+ binding/complexation with the buffer.  This is quite profound because LCP 

phases are suspected to exist in other biomineral systems such as calcium phosphate55, 

57, 60, 62 and calcium oxalate.94, 95.  It may well be that nature has evolved to use minerals 

with a buffer as a counterion because of the propensity to form easily controlled, 

malleable, liquid phases.  However, the system is more complex than just carbonate 

and bicarbonate and there may be many thermodynamic state variables contributing to 

the phase separation.  In fact, according to the Gibbs phase rule shown in equation 3-1, 

the system has at least 5 due to all the ionic species that can partition into both phases. 

        (3-1) 

Where: 

 F = # of independent state variables rigorously describing the system 

C = # of components in the system (ions species) 
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P = # of phases present in system 

In addition, the system may be an irregular system.  Irregular systems are 

systems where the interaction of A and B lead to creation or destruction of entropy.  

These systems are thermodynamically complicated to analyze.  The supersaturated 

calcium carbonate system is a good candidate for an irregular mixture due to the myriad 

of ways for Ca2+, CO3
2-, and HCO3

- (and their associated hydration waters) to interact 

and effect changes in entropy. 

One way to provide evidence regarding the type of liquid condensed phase is to 

analyze the effect of other components in the system.  If the liquid is a type of 

condensed metastable intermediate between prenucleation clusters and a solid critical 

nucleus, then one would expect “spectator” ions such as Cl- to be non-participatory in 

the formation of the emergent liquid phase.  If, however, the LCP emerges from a liquid-

liquid phase separation due to partial miscibilities of the various components, then one 

would expect “spectator” ions to play a role in its formation due to the Gibbs phase rule 

(equation 3-1).  In this study, we have varied the concentration of the Cl- ion to provide 

evidence of which type of liquid the LCP is in the calcium carbonate system.  

One of the unexpected results obtained regarding the emergence of calcium 

carbonate LCP from a saturated mother solution was the Ca2+ concentration 

development during and after LCP formation (see Figure 2-1A).  There appeared to be 

less Ca2+ bound after the phase transition than before.  This is paradoxical.  If ever-

increasing concentration of Ca2+ binding to anion (carbonate or bicarbonate) yields a 

critical concentration of Ca2+-bound complex that spontaneously forms a new phase, 

than one would expect the formation of this relatively energetically favorable phase to 
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promote more Ca2+ binding, not less.  I mentioned this phenomenon in Chapter 2, but 

did not address it directly because the Ca2+ binding profile was treated in a qualitative 

manner to demonstrate that a phase is forming.  But it would be desirable to understand 

this paradoxical behavior.  The free Ca2+ concentration could be truly increasing, but 

without the use of very convoluted theories, this would seemingly contradict the laws of 

thermodynamics.  I considered that perhaps there is a simple reason why this 

phenomenon would occur?  Two primary reasons came to mind, and will be addressed 

here. 

Removal of Counterion from the Mother Solution  

Perhaps the removal of anionic counterion (carbonates and bicarbonates) into 

the emergent LCP phase is so severe that it leads to less Ca2+-bound complex overall.  

This principle could be described with use of the expression below based on an 

equilibrium expression for Ca2+ binding to counterion: 

 

                            
                         

       (3-1) 

 
In this expression, K1 and K2 are calcium ion equilibrium binding constants with 

carbonate and bicarbonate, respectively.  This assumes that the formation of Ca(HCO3
-

)2 complexes are insignificant.  Equation 3-1 can be rearranged into the following 

expression: 

 

                      (      
               

      ) (3-2) 

 
The activity coefficient of the free ions needs to be considered resulting in the 

following expression: 
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                                 (  [   
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      ) (3-3) 

 
γCa is the activity coefficient of the Ca2+ ions and  γCounter is the effective activity 

coefficient of the carbonates and bicarbonates (γCO3
2- and γHCO3

-), respectively.  It is 

very important to stress that combining the activity coefficient of the carbonate and 

bicarbonate ions into a single counterion coefficient in order to pull it out of the 

bracketed expression is an assumption.  Activity coefficients are due to inhibition of 

translational diffusion of ions and electrostatic shielding due to neighboring ions.  Unlike 

the other ions in solution, carbonate and bicarbonate rapidly interconvert through 

protonization and deprotonization, meaning that they are not restricted to the same 

diffusion and shielding restrictions that as other, distinct ions are.  Their diffusion is 

limited to the kinetics of protonization and deprotonization which is a very rapid process.  

For this reason, and for ease of calculation, they are assumed to behave as if they have 

an intermediate, single activity coefficient based upon the time average of their ion 

charge which, at a constant pH of ~8.45  is ~98% -1 and ~0.15% -2 for a time average 

ion charge of  -1.01.  For a detailed explanation of ion charge on the activity coefficient, 

see equation 3.6 below.  The net result of this assumption is a potential overestimation 

of the CO3
2- activity which may be an acceptable estimate considering the small fraction 

of CO3
2- present at these conditions.  This should be considered when drawing 

conclusions from this data.   

From equation 3-3 we could see how a reduction of the overall counterion 

concentration out of the mother solution, into the LCP phase, would be expected to lead 

to a proportional decrease in the evolution of [Ca2+]Bound.   The expression can be 
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expressed in terms linear slopes observed in the Ca2+ profile by dividing both sides of 

equation 3-3 by the total dosed Ca2+ concentration. 

           

           
    

          

           
        (  [   

  ]
    

        
      ) 

(
(3-4) 

This equation can be expressed in terms of fraction of Ca2+ bound and free, f. 

                               (  [   
  ]

    
        

      ) (
(3-5) 

 
Activity Reduction Due to Ionic Shielding 

Another means for inadvertently detecting a reduced [Ca2+]Bound evolution would 

be if the removal of the ions in the mother solution to the LCP phase were to alter 

significantly the ionic strength of the solution.  Besides maintaining a pH, ion-selective 

electrode standardization requires a matching of ionic strength between the 

standardizing solution and the experimental solution.  Different ionic strengths can lead 

to different ion activities as shown in the Debye-Huckel equation, which relates an ion’s 

mean activity coefficient with the ionic strength of a solution for dilute ionic solutions: 

  (  )      
 √  (3-6) 

 
Where: 

zi is the charge number for ion species i 

A is a solvent dependent constant 

I is the ionic strength of the solution 

The solvent constant A has an experimental value of 1.172 mol1/2/kg1/2.in water.  

The ionic strength of the solution is a function of the charge and concentration of all the 

ions in solution: 
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(3-7) 

 
Where:  

ci is the concentration of ion species i 

It is important to note that even though the assumption was made in equation 3-3 

that carbonate and bicarbonate have a single activity coefficient, the calculation of the 

ion product remains ideal, treating the carbonate and bicarbonate as individual ions 

which contribute to the ionic strength.  Upon removal of ions from the mother solution 

into the LCP, the ionic strength of the solution would be reduced, leading to a higher 

activity of Ca2+ in the solution and a lower fraction of [Ca2+]Bound being falsely detected.   

It is likely that both of these phenomena are occurring and contributing to the 

apparent reduction seen in the Ca2+ bound evolution profile after the emergence of the 

LCP phase.  By assuming that the partitioning of ions between liquid phases is 

proportional to the carbonate and bicarbonate partitioning, it is possible to express the 

fraction of counterion in LCP vs. mother solution in terms of binding fraction of Ca2+ vs. 

ionic strength to solve for the fraction of ions participating in the LCP phase. 

By expressing equation 3.5 in terms of after-over-before the LCP emergence, we 

yield the following expression: 
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(3-8) 

 
Which can be simplified to the following expression: 

           

            

 
   

    

 
        

         

  
   

    

        

         

   
(3-9) 
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Where: 
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(3-10) 

 
Equation 3-10 is due to the assumption that all the ions partition proportionately 

between the mother solution and the LCP with respect to each other.  The subscript 0 

indicates the state prior to the phase transition.  The left side of equation 3-9 is the ratio 

of the slopes of a [Ca2+]Bound evolution after vs. before the phase transition.  This value 

will be constant for a given profile if the development before and after the phase 

transition is linear and intercept the axis at the origin.  It is important to note that the 

mole fractions would usually be difficult to deal with, but the apparent linearity of the 

Ca2+ evolution suggests that the mole fractions are remaining relatively constant in the 

linear regions.  The activity coefficients of equation 3.9 can be expressed in terms of the 

ionic strength by means of the Debye-Huckel equation: 

  (
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 √   
(3-11) 

Which can be rewritten: 

  

   

     
 (√   √ ) (3-12) 

 
For the assumption that the partitioning of ions between the mother solution and 

LCP is proportional for all ions, then ionic strength after the phase emergence can be 

expressed in terms of the ion partitioning and the ionic strength prior to the phase 

transition as shown: 
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By combining equations 3.12 and 3.13, substituting into equation 3.9, and 

inserting the appropriate subscript nomenclature, we get the following expression: 

                     

                      

 
   

    

        

         

          
 (√   √   )          

 (√   √   ) 
(3-14) 

 
The subscript “counter” is used to describe the average charge number for the 

carbonate/bicarbonate counterions.  Finally, by combining exponential terms, we get an 

expression that relates our measurable ratio of Ca2+ bound before and after the LCP 

emergence vs. the fraction of counterion (carbonate and bicarbonate) that leaves the 

mother solution for the LCP phase: 

           

            

     (   
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(3-15) 

 
The mole fractions bound, both prior-to and after the phase transition, are 

obtained experimentally.  This equation uses the values obtained from the experiment 

and back calculates what the mother solution conditions would have to be to change the 

bound fraction of Ca2+ from what was measured before the LCP emergence to what 

was measured after the LCP emergence.   

Therefore, we conducted Ca2+ titrations into a bicarbonate buffer at pH 8.5 with 

varying amounts of initial Cl- ion.  Specifically, we compared the system of 0 mM initial 

Cl- (the system described in the polymer-free case of Chapter 2), to a system with 10 

mM, and 20 mM initial Cl-, respectively.  The free Ca2+ development was compared for 

the three cases and NMR was used to verify the formation of LCP. This information 

allowed for further assertions regarding the nature of the LCP phase.   
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Materials/Methods  

Generation of Super-Saturated Calcium Carbonate Solution  

Using a micropipette, 100 mM HCl solution was titrated into a 40 mM sodium 

carbonate (Fisher) solution to generate a 20 mM, pH 8.5 bicarbonate buffer that was 

rich in initial chloride concentration (either 10 or 20 mM initial Cl- concentration, 

depending on the experiment).  The solution was counter titrated with nanopure water to 

adjust volume.  Calcium chloride (Fisher, reagent grade) solution with a concentration of 

10 mM was titrated into 29 mL of the bicarbonate buffer (containing various 

concentrations of chloride ion), which was stirred at 100 rpm using a magnetic stir bar.  

The punctuated volumes of titration were 200 µL each, except for the first injection, 

which was only 40 µL to account for infinite dilution phenomenon.  Titrations were 

injected at an approximate rate of 20 µL/sec directly over the rotating stir bar to ensure 

adequate mixing.  The titrations were made in a punctuated fashion, 2 minutes of 

constant [Ca2+]Free measurements were acquired before injecting more CaCl2 (aq).  The 

solutions were prepared with nanopure water and all were filtered using a 0.22 µm 

Millipore syringe filter prior to any titrations.  Each of these titrations was conducted in 

triplicate and the error expressed in the results is plus or minus two standard deviations.  

Some solutions were made up to 17 injections of CaCl2 (aq) and were analyzed using 

Nuclear Magnetic Resonance (NMR) and Nanoparticle Tracking Analysis (NTA) as 

described below. 

Ca2+ Electrode and pH Electrode Measurements   

The free Ca2+ concentration, [Ca2+]Free, in the titrated solution was obtained using 

a Ca2+ ion selective electrode (Radiometer Analytical, ISE-K-Ca, E11M006) in 

conjunction with a reference electrode (Radiometer Analytical E21M009).  A calibration 
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standard curve for calculating free Ca2+ concentration was generated by 10 mM CaCl2 

(aq) into an aqueous NaCl solution with an appropriate ionic strength (to match 10 or 20 

mM Cl- initial concentration, depending on the experiment) which had been brought to 

pH 8.5 by the addition of trace amounts of NaOH (Fisher) (aq).  The measured [Ca2+]Free 

value had to remain constant for at least 2 minutes of mixing before adding another 

titration injection to verify that the solution equilibrated and that solid nucleation had not 

yet occurred.  It is important to note that we are not quantitatively accounting for CO2 

net diffusion out of the solutions during our experiments.   

Nanoparticle Tracking Analysis (NTA) of Emergent Phase 

The hydrodynamic radius of the emergent calcium carbonate LCP droplets was 

analyzed using the NTA light scattering technique.  A bicarbonate buffer, pH 8.5 and 

with an initial 20 mM Cl- ion concentration was injected with 17 injections of 10 mM 

CaCl2 (aq) and was analyzed using an LM20 analyzer (NanosightTM).  The data was 

processed using an NTA analytical software suite (NanosightTM). Samples for analysis 

were prepared as described in the “Generation of Super-Saturated Solution” section.  

0.3 mL of sample was used in each analysis.   

NMR, Spin-Spin (T2) Relaxation Time Measurement   

All NMR experiments were conducted on a Bruker Avance DRX 500 MHz vertical 

bore system using a xyz gradient TXI probe with a 1H and 2H interior coil, 13C and 15N 

exterior coil, and xyz gradients.  All carbonate/bicarbonate buffer solutions were 

generated as described above except using 100% 13C-enriched sodium carbonate and 

sodium bicarbonate ingredients (Cambridge Isotopes) to enhance signal/noise.  All 

experiments were conducted at 298 Kelvin.  Deuterium oxide was used to obtain a lock 

at a volume fraction of 2.5% of the total sample.  Data was processed using 
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TOPSPIN™ software and MATLAB™ derived software when deconvolution of 

overlapping spectral peaks was required.  The T2 relaxation times of the various species 

in solution were obtained using a Carr-Purcell-Meibloom-Gill (CPMG) sequence with 

increasing tau (τ) times of 40, 120, 200, 400, 600, 800, 1000, 2000, 3000, and 4000 

msec.  1H was decoupled from 13C for the entirety of the pulse sequence.  All 

processing was zero-filled twice and was done with 0.3 Hz line-broadening to allow for 

characterization of NMR spectral features. 

Results 

The results of the Ca2+ titration into bicarbonate buffer, pH 8.5 are shown in 

Figure 3-2 and were very similar to the results obtained previously (Chapter 2) without 

additional chloride present at the outset.87  There is a discontinuous change in the Ca2+ 

binding development roughly at a bound Ca2+ concentration of 0.12 mM, which was 

similar to what was observed in Chapter 2,87 (see Figure 2-1), suggesting that even in 

the presence of additional Cl- ion, the calcium carbonate LCP phase still emerges from 

a liquid-liquid phase separation.   

The 20 mM Cl- initial condition was analyzed using the nanoparticle tracking 

analysis (NTA) light scattering technique.  Specifically, a solution with 17 injections of 

CaCl2 (aq) was analyzed to verify the existence of a LCP.  Object A-3 of the Appendix is 

a video of the raw data of the NTA light scattering technique, which shows that there are 

particles/droplets present which are presumably LCP droplets.  Figure 3-3 displays the 

process results in the form of a particle (droplet) diameter vs. a relative scattering event 

count and show that there are numerous droplets present with a diameter of ~84 nm 

which is consistent with the LCP droplets previously detected (see Figure 2-3).  

However, the presence of the additional chloride appears to lead to a portion of the LCP 
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existing as much larger 140-180 nm droplets which were not present in the chloride 

deficient case (See Figure 2-3). 

13Carbon T2 NMR relaxation experiments were used to verify the presence of 

LCP droplets in the 20 mM bicarbonate buffer with an initial chloride concentration of 20 

mM at the 17th injection of CaCl2 (aq).  The same method as described in Chapter 2 and 

illustrated in Appendix Figure A-3 was used to deconvolute two separate (assumed 

Gaussian) overlapping signals for analysis.  The results of the T2 relaxation experiment 

are shown in Figure 3-4.  The bicarbonates/carbonates in the emergent phase have 

shorter T2 relaxation times than the bicarbonates/carbonates in the mother solution, yet 

both have relaxation times consistent with liquids, strongly suggesting that there are two 

distinct liquid phases present in the system.  This is also consistent with previous 

experiments regarding the emergent LCP phase.87    

Although the varying initial chloride concentrations did not affect whether or not 

the LCP phase emerges, it did have an effect on the relative [Ca2+]Bound evolution when 

comparing before and after the LCP emergence.  Figure 3-2 shows that each initial 

chloride condition during titration development displays a different linear binding Ca2+ 

binding affinity prior-to than after the LCP emergence (emergence is at the kink).  The 

measured relative change in slope, in conjunction with equation 3-13, can be used to 

estimate the amount of ions partitioning between the two liquid phases.  The 

generalized solution to Equation 3-13 and the results of this analysis are shown in 

Figure 3-5.  According to this analysis, the 0 mM, 10 mM, and 20 mM initial chloride 

cases yield ~37%, ~20%, and ~30% of the total ions in the LCP phase, respectively.  

Although the relationship between chloride concentration and amount of LCP formed 
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doesn’t appear to be linear, it does appear that the higher amounts of chloride ion yield 

less LCP.  

The NMR relaxation data was used to further support this trend.  Figure 3-6 

compares the area attenuation of the LCP Gaussian model peak as compared to the 

overall (LCP and mother solution) 13C signal attenuation.  Due to possible variability in 

the deconvolution technique, the NMR peak area was back calculated to the intercept to 

estimate the ratio of signals, and therefore, the ratio of ions in each phase.  The data 

shows that the LCP for the 0 mM and 20 mM initial chloride conditions contain ~30% 

and 25% of the ions in the system, respectively.  This ratio does not exactly match the 

ratio calculated from the Ca2+ titration data, but they are on the same order of 

magnitude, and support the trend that additional chloride ion leads to less overall LCP 

phase.     

Discussion 

 The first thing that should strike a researcher familiar with the concept of 

precursor phases is the very large fraction of the ions in solution that are participating in 

the LCP phase.  It was proposed that less than 1% of the solution was in the LCP phase 

prior to this study (Chapter 2).87  The results reported here suggest that a much larger 

fraction of the ions are participating in the LCP phase; as much as 20%-40%, 

depending on the additives in solution.  A possible reason for the very low participation 

previously proposed was our dependence on the NTA technique for a quantitative 

estimate.  NTA has an ideal lower detection threshold of ~20 nm diameter for particles.  

However, in systems where the particles have a refractive index that is very similar to 

the bulk solution, this threshold becomes even higher.  In our case, the LCP is proposed 

to be a ionic solution like the mother solution, and therefore the threshold might be 
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much higher; perhaps 40 nm.  If this is the case, then the majority of LCP would not be 

detected if they exist in droplets below this threshold.   

The results shown in Figure 3-5 and 3-6 suggest that additional chloride results 

in less formation of LCP.  This is also surprising because chloride ion is ubiquitous and 

in abundance in biological mineralization mediums, leading one to conclude that its 

presence would enhance the amount of LCP (a component of PILP, which is believed to 

be a common biomineralization mechanism).  However, the NTA results, shown in 

Figure 3-3, indicate much larger droplets of LCP form when chloride is present in 

abundance than when it’s absent (compare to Figure 2-3).  This data, combined, 

suggests that the additional presence of Cl- both inhibits overall LCP formation, but 

increases the average size distribution of the LCP droplets that do form.   

This complex behavior of the Cl- can be explained if the LCP behaves like an 

emulsion within the system.  Reiger et al.35 and Wolf et al.54 both proposed that a liquid 

precursor would behave like an emulsion.   Wolf et al. in particular proposed that 

calcium carbonate LCP is stabilized by a process known as electrostatic stabilization.  

In this mechanism, the presence of certain “spectator” ions can reduce and/or screen 

the surface potential of a droplet in solution in such a way as to effect  

aggregation/coalescence.96  This mechanism may explain the observed Cl- influence 

and provide us with a valuable clue regarding the surface potential of calcium carbonate 

LCP.  Although the LCP droplets are charge-balanced overall because they are a 

phase, the surface potential of the droplets appear to be negatively charged.  If this is 

the case, then small amounts of negative chloride ion would inhibit coalescence of the 

droplets by aiding in the electrostatic repulsion between droplets.  However, as the 
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chloride concentration is increased, coalescence can become an energetically favorable 

means to reduce the surface area of negative potential exposed to the negative 

chlorides; thus destabilizing smaller droplets in favor of larger ones, and reducing the 

nucleation of new droplets, as observed in Figures 3-3 and 3-5 and 3-6. 

The T2 relaxation times for the LCP and the mother solution are longer in the 

presence of additional chloride ion (compare to T2 time of chloride-deficient case, Figure 

2-7 A).  Increased relaxation times can mean that the 13C nuclei, as part of the 

bicarbonates and carbonates, are tumbling faster in solution and/or that the average 

exchange rate of 13C-based ions between the LCP and mother solution phases is 

increased as the result of the additional chloride.  Both of these possibilities (they are 

not mutually exclusive) are interesting phenomenon if occurring and might lead to 

further understanding of LCP if investigated further.  

Conclusion 

The evidence provided by these experiments support the view that the LCP 

phase is a true liquid-phase, and not a metastable transition on the way to nucleation, 

due to the demonstrated influence of the “spectator” chloride ion.  The LCP appears to 

behave in a manner that is consistent with it being colloidal stabilized droplets with 

negative surface potential.  Additionally, the LCP phase appears to manifest itself much 

more extensively than previously thought, making it a much more reasonable candidate 

to participate in mineralization than if it were a miniscule fraction of the system.  These 

results may yield additional insight into the PILP mechanism of formation and 

stabilization.  LCP droplets with negative surface potential would be subject to depletion 

stabilization in the presence of negatively-charged polyelectrolytes like the ones 

employed in the PILP process.   
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Additional work needs to be done to further characterize this system.  As 

mentioned in the introduction section above, the liquid-liquid phase separation process 

has at least 5 degrees of freedom.  This study only partially analyzed one of them in a 

somewhat qualitative manner.  A fuller understanding of the variables that 

promote/inhibit/stabilize/destabilize the LCP phase of calcium carbonate may allow for 

biomedical engineering applications of this ubiquitous mineral in ways that haven’t even 

been imagined yet.   
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Figure 3-1.  Example of a phase diagram describing the partitioning of species A and B, 

with an upper consolute temperature limit (left) and a lower consolute 
temperature limit (right). 
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Figure 3-2.  The evolution of [Ca2+]Bound during titration of 10 mM CaCl2 (aq) into 20 mM 

bicarbonate buffer, pH 8.5, as measured by a calcium ion selective electrode.  
A) The evolution of a buffer containing 0, 10, and 20 mM initial Cl- 
concentration.  The binding affinity (slope) was measured before and after the 
liquid-liquid phase separation (kink) for solutions with an initial concentration 
of B) [Cl-]0 = 0 mM, C) [Cl-]0 = 10 mM, and D) [Cl-]0 = 20 mM. 
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Figure 3-3.  The NTA-obtained size profile of the LCP droplets in a 20 mM bicarbonate 

solution, pH 8.5, with an initial concentration of Cl- of 20 mM after 17 
injections of CaCl2 (aq).  The additional chloride at the onset of titration 
resulted in the formation of larger droplets than in the case where no extra 
chloride ion was added (see Figure 2-3).  
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Figure 3-4.  The results of the NMR T2 relaxation experiment of the 20 mM bicarbonate 

solution, pH 8.5, with an initial concentration of Cl- of 20 mM after 17 
injections of CaCl2 (aq).  There are two distinct T2 relaxations, suggesting two 
distinct phases are present, verifying the presence of LCP in the mother 
solution.    
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Figure 3-5.  The general solution of Equation 3-13 and its use to measure the 

partitioning of ions between the LCP phase and the mother solution.  The 
additional chloride ion in the buffer yielded less ions in the LCP phase (more 
in the mother solution).  The generalized solution to the equation was different 
for the 0, 10, and 20 mM initial chloride concentrations, but they are nearly 
overlapping when plotted. 
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Figure 3-6.  By expressing the T2 relaxation data in terms of area of the Gaussian 

models used to deconvolute the data, the fraction of ions in the LCP phase at 
the beginning of the experiment (τ = 0) is estimated.  The extra chloride ions 
(top) resulted in apparently 25% of the ions participating in the LCP which is 
reduced from when there is not additional chloride present (bottom).  Lines 
are present as a guide. 
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CHAPTER 4 
BIOMEDICAL APPLICATION OF THE PILP PROCESS:  CALCIUM CARBOANTE-

COATED EMULSIONS AND LIPOSOMES FOR CONTROLED-RELEASE 
APPLICATIONS 

Introduction 

CaCO3-based core-shell microcapsules are promising candidates for controlled 

release applications due to the mineral’s availability, low cost, non-toxicity, 

biodegradable nature, versatility, and benign synthesis conditions.  Currently there is a 

large focus on controlling the formation of CaCO3 to yield microparticles for a variety of 

potential uses, ranging from use as biomedical fillers, to cosmetics and body care 

lotions, to industrial processing.  Potential CaCO3 core-shell particles have been 

generated by controlling the precipitation of CaCO3 through the presence of certain 

block copolymers to direct the polymorph formed 53, 97 and morphology 98, 99, by using 

hydrophobic and hydrophilic interactions to direct the CaCO3 to form capsules through 

surfactants 100-102 and interfaces,103 and by the addition of negatively charged 

electrolytes to form self-assembled core-shell particles.104, 105  The core-shell particles 

created by these current techniques are often solid-solid particles (with a solid coating 

over a solid core), or are porous for diffusion-regulated chemical uptake or release 

processes.  

Emulsions and liposomes are promising components for a CaCO3-coated drug 

delivery vector due to the ability to tailor their surface properties, and to efficiently store 

large amounts of release agent in compartments separated from the bulk solution.  Oil-

in-water emulsions and liposomes can store hydrophobic and hydrophilic release 

agents, respectively, without altering the solution properties where the CaCO3 

precipitation is occurring (provided there is no leakage of the sequestered species).  
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Due to these advantages, there is an increasing amount of current research involving 

the encapsulation of emulsions and liposomes with CaCO3, such as direct, rapid 

precipitation onto a favorable emulsion interface,106, 107 or through the pickering process 

followed by mineral ripening.108  However, these techniques tend to generate core-shell 

particles that have faceted, rough surfaces, which due to the non-uniform surface 

coverage, may lead to complex release profiles.      

Building on previous work,109 we show here that the polymer-induced liquid-

precursor (PILP) process is an ideal means of coating the surface of emulsion droplets 

and liposomes with a smooth and continuous CaCO3 shell, to yield CaCO3-coated 

microcapsules containing release agents.  The PILP process utilizes negatively-charged 

polyelectrolytes (such as polyaspartic of polyacrylic acid) to direct the mineralization 

process.  However, unlike other polymer additive techniques, which utilize the additive 

to direct growth by templation,110 selective orientation,111 or promotion/inhibition of 

crystallographic plane growth,112, 113 the PILP process utilizes the polyelectrolyte to 

transform the conventional crystallization reaction into a two-step non-classical 

crystallization process.52, 114  In other words, the negatively-charged polyelectrolyte 

sequesters calcium and carbonate ions, along with their hydration waters,  to induce (or 

stabilize)87 liquid-liquid phase separation in the crystallizing media, yielding nanosize 

ion-enriched droplets, which we refer to as polymer-induced liquid-precursor (PILP) 

droplets, within the aqueous solution.  The droplets deposit on substrates, coalesce into 

a continuous coating, and solidify and crystallize into solid calcium carbonate through 

the expulsion of water and polyelectrolytes.114  The presence of Mg2+ ions during the 

formation of the CaCO3 PILP precursor (at levels similar to sea water) can aid the 
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polymer in producing the fluidic character of PILP droplets, while tending to reduce any 

side products of conventional rhombic calcite crystals.115  The liquid precursor, when 

aided by these additional additives (such as Mg2+) can lead to smooth, continuous 

CaCO3 films with preferential surface deposition, as has been shown in our prior work 

on glass substrates.52  In addition, we have found that these films of CaCO3 can be 

patterned using templates of self-assembled monolayers,116 where the PILP droplets 

were found to preferentially adsorb to negatively-charged carboxylate-terminated alkane 

thiols, as opposed to the more hydrophobic methyl-terminated alkane thiols.117  Thus, 

we hypothesized that the PILP droplets might also deposit on negatively charged 

surfactants which are used to stabilize emulsions, thus enabling a way to coat 

emulsions (and liposomes) to form microcapsules.  Of course these colloid systems 

contain large curvature as compared to the flat substrates we have coated in the prior 

work, so this was an important question to address.     

The PILP process is considered biomimetic because it reproduces many of the 

non-equilibrium crystal morphologies found in biominerals simply by the addition of 

negatively charged acidic polyelectrolytes which emulate the acidic aspartic acid–rich 

proteins utilized by organisms to direct biomineralization.3   In fact, our lab’s inspiration 

in the development of CaCO3-core-shell particles comes from the Dinoflagellate cyst.118  

This single-celled organism coats itself with a CaCO3 mineral shell, in effect making it a 

little living microcapsule.  This gave us the idea that fluidic droplets could be coated with 

a mineral shell, all while under benign processing conditions, which could enable a 

variety of thermally sensitive components (such as proteins for example) to be 

encapsulated. 
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In this report, CaCO3 coated microcapsules with fluid interiors were generated 

using the PILP process to coat oil-in-water emulsion droplets (for hydrophobic interiors) 

and phospholipid bilayer liposomes (for hydrophilic interiors).  Through the use of 

polarized light microscopy (PLM), we demonstrate a level of control over the phase of 

the CaCO3 (crystalline vs. amorphous).  Scanning electron microscopy (SEM) was used 

to examine the core-shell microstructure, as well as qualitatively demonstrate the pH 

dependent degradation of the core-shell microcapsules.  The encapsulation capability of 

the microcapsule interior was demonstrated using confocal fluorescence microscopy to 

detect the presence of entrapped hydrophobic and hydrophilic fluorescent model-

compounds within the interior of the emulsion-based and liposome-based 

microcapsules, respectively.   

Materials/Methods 

Emulsion Preparation 

Oil-in-water emulsion droplets were prepared by blending, in a house-hold 

blender, n-dodecane oil (Fluka) containing 1% w/v stearic acid (Aldrich) and deionized 

water to form an emulsion with a 1:9 oil/water volumetric ratio.  The deionized water 

was adjusted to the desired pH between 7 and 11 using 0.01M NaOH (Fisher Scientific) 

in deionized water prior to blending.  For experiments requiring the entrapment of a 

hydrophobic model compound, Nile Red dye was added to the oil phase prior to 

blending.  

Liposome Preparation 

Unilamellar liposomes with diameters of < 2 µm were prepared using the solvent-

mediated dispersion method.119  100 µL of an organic phase, consisting of 20 mg/mL 

1,2-distearoyl-sn-glycero-3-phosphotidyl choline (DSPC) (Avanti) and 8 mg/mL 
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cholesterol (Sigma-Aldrich) dissolved in chloroform, was injected at a steady rate of 

0.25 mL/min into 3 mL of water.  The water was at a temperature of 80° C during the 

injections.  The aqueous solution was then cooled for 30 minutes at 4° C, resulting in 

the formation of large unilamellar liposomes with diameters up to 2 µM.   

Core-Shell Microcapsule Synthesis 

1 mL of either the emulsion or the liposomes was pipetted into a 35 mm Falcon 

polystyrene petri dish, followed by 1 mL of 80 mM/400 mM CaCl2/MgCl2 solution 

(Sigma-Aldrich), freshly prepared using deionized water, and filtered through a 0.22 μm 

Millex® syringe filter.  36 µL of a freshly prepared and filtered 1 mg/mL polyelectrolyte 

solution was transferred to the petri dish by micropipette.  In the case of emulsion 

coating, poly-(L)-D,L-aspartic acid sodium salt (10,300 g/mol, Mw, Sigma-Aldrich) was 

used as the polyelectrolyte.  In the case of liposome coating, polyaspartic acid sodium 

salt (14,000 g/mol, monodisperse, Alamanda Polymers) was used.  The petri dish was 

then covered by parafilm™, through which a small hole was punched, into which the 

outflow end of the tubing from an ultra-low flow peristaltic pump (Fisher Scientific) was 

inserted. At a rate of approximately 0.032 mL/min, 2 mL of a freshly prepared and 

filtered 300 mM (NH4)2CO3 (Sigma-Aldrich) solution was pumped into the petri dish over 

a period of ~60 minutes. A schematic of the process and the desired product is shown 

in Figure 4-1.  The resulting mineral product was collected and centrifuged at 8000 rpm 

for 10 minutes.  The supernatant was discarded and the product pellet was rinsed with 

anhydrous ethanol (Fisher Scientific) and re-centrifuged under the same conditions. The 

second supernatant was discarded and the product pellet was either resuspended in 2 

mL of anhydrous ethanol or placed on a glass slide and dried under room temperature 

or vacuum conditions, depending on the characterization technique to be employed. 
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Fluorescence Imaging of Encapsulated Model Compounds 

To demonstrate the ability to entrap chemicals-of-interest in the microcapsules, 

Nile Red (Sigma) and Rhodamine 110 (AnaSpec) fluorescent dyes were used to 

simulate hydrophobic and hydrophilic model compounds, respectively.  In the case of 

the emulsion-derived core-shell particles, Nile Red was added to the n-dodecane to 

achieve a fluorescent dye concentration of 20 μg/mL (~62.8 μM) prior to the emulsion 

synthesis.  In the case of the liposome-derived core-shell particles, Nile Red was added 

to the chloroform organic phase to achieve a 20 μg/mL (62.8 μM) concentration, and 

Rhodamine 110 was added to the water to achieve a 30 μg/mL (~81.8 μM) 

concentration prior to liposome synthesis.  After synthesis, the microcapsules were 

centrifuged and washed as described in the core-shell microcapsule synthesis section 

and were stored in ethanol for imaging.  Fluorescence imaging was conducted with a 

confocal microscope setup consisting of an Olympus IX-81 inverted microscope with an 

Olympus Fluoview 500 confocal scanning system with a tunable excitation laser.  The 

images were taken with a 20x 0.70 NA objective.  The Nile Red was excited at 543 nm 

and the emission was collected using a 560 nm longpass filter after focusing the image 

to the highest fluorescence intensity. All images were taken and analyzed using the 

Fluoview software. 

Polarized Light Microscopy for Characterization of CaCO3 Shell Crystallinity 

Polarized light microscopy was used to detect the presence or absence of 

birefringence from the CaCO3 shells to determine if the CaCO3 mineral was amorphous 

or crystalline.  The birefringence of core-shells created in a 2.5:1 ratio of Mg2+/Ca2+ 

environment (described above) were compared to core-shells created in a 5:1 ratio of 

Mg2+/Ca2+ environment (the CaCl2 concentration was halved).  The light microscopy 



 

98 

images were obtained using an Olympus BX60 polarized light microscope.  The use of 

a 1st-order red gypsum -plate to display birefringence was used as the situation 

warranted, such as to see both amorphous and crystalline materials.  

Scanning Electron Microscopy (SEM) for Morphological Analysis 

To determine the overall particle morphology as well as the thickness of the 

mineral shell, microcapsules were created as described above and resuspended in 2 

mL anhydrous ethanol.  200 μl of the suspension was transferred to a 3” x 1” x 1 mm 

microscope slide (Fisher) and allowed to air dry.  A second microscope slide was placed 

on top of the microcapsules and gently tapped to crush the core-shell particles.  The 

crushed particles were then sputter-coated with Au/Pd and analyzed using a JEOL 6400 

SEM with an accelerating voltage of 15 kV. 

To demonstrate pH dependent degradation, core-shell microcapsules were 

created as described in the synthesis section except that, prior to final suspension in 

ethanol, the microcapsules were suspended in 2 mL of either a 0.1 mN,  pH 4 HCl 

aqueous solution or pH 6.8 nanopure water.  In the case of the pH 4 HCl aqueous 

solution, the sample was resuspended and swirled gently, by hand, for 15 seconds at 

which point the solution was quenched with 2 mL of a 0.1 mN, pH 10 NaOH aqueous 

solution.  Immediately following the quenching, 36 mL of anhydrous ethanol was added 

to halt any further degradation.  The whole suspension was then centrifuged at 8000 

rpm for 4 minutes, the supernatant was discarded, and the pellet was resuspended in 1 

anhydrous ethanol for analysis.  In the case of the pH 6.8 nanopure water, the sample 

was resuspended and swirled gently, by hand, for 2 minutes.  Immediately following the 

swirling, 18 mL of anhydrous ethanol was added.  The whole suspension was 
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centrifuged at 8000 rpm for 4 minutes, the supernatant discarded, and the pellet was 

resuspended in 1 mL anhydrous ethanol for analysis.  200 µL of the degraded core-

shells suspensions were deposited on a glass slide, dried, and sputter-coated with 

Au/Pd.  The visual SEM analysis was conducted using a JEOL 6400 SEM with a 15 kV 

accelerating voltage.  

X-ray Diffraction (XRD) 

To verify the crystalline phase of the CaCO3 coating of the synthesized core-shell 

particles, XRD was conducted.  Several batches of core-shell particles stored in ethanol 

were centrifuged at 8000 rpm for 10 minutes and the supernatant was removed. The 

centrifuge tube was then covered was parafilm with holes punched in it and allowed to 

dry overnight. The resulting powder was grounded and placed on a glass slide and then 

scanned with Cu-Kα X-ray radiation from a PANalytical X'Pert Pro Powder 

Diffractometer at 45 kV and 40 mA, using a step size of 0.02° over a 2Ɵ range of 10-

150°.    

Results 

A Mg2+-aided PILP process was used to deposit CaCO3 shells onto the 

surfactant monolayer surface of oil-in-water emulsion droplets.  The oil droplets 

consisted of biocompatible n-dodecane stabilized in solution by a stearic acid 

monolayer at the oil-water interface.  The resulting products were spherical CaCO3 

microcapsules, dispersed in the aqueous solution, with diameters slightly larger than the 

original emulsion droplets (typically 2 to 10 microns) due to the addition of the mineral 

coating.  Light microscope images and Polarized Light Microscopy (PLM) images of the 

core-shell microcapsules, created by PILP coating either oil-in-water emulsion droplets 

or liposomes, are shown in Figure 4-2A,B and C,D respectively.    As evidenced by their 
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birefringent nature (Figure 4-2B), the mineral shells appear to be crystalline.  The 

presence of a birefringent “Maltese Cross” in the shell, along with absence of 

birefringence in the center of the spheres, suggests a non-crystalline interior 

(presumably the fluid) with a surrounding shell composed of radially-oriented 

polycrystalline CaCO3.  Core-shell microcapsules created by coating liposome vesicles 

using the PILP process appear to be much smaller, with a diameter of less than 2 μm 

(Figure 4-2C).  This size is consistent with large liposomes, which are created by the 

ether-injection technique (1 µm in diameter), that have been coated with a mineral 

shell.  Similarly, they also display birefringence in the shell and appear to have a non-

birefringent interior (4- 2D), suggesting a crystalline core-shell structure.  However, the 

presence of a “Maltese Cross” cannot be confirmed due to the resolution limit of the 

light microscopy technique.   

SEM was used to image the core-shell morphology, determine the core-shell 

thickness, and to qualitatively demonstrate pH dependent degradation of CaCO3-coated 

emulsion droplets and liposomes.  A collection of both types of microcapsules are 

shown in Figure 4-3, illustrating that these liquid droplets can be dried down to a 

powder.  The microcapsules appear to be fairly uniform, but with some polydispersity in 

size, more so with the liposomes.  A close-up image of a single emulsion microcapsule 

(Figure 4-4 A) shows how smooth the surfaces of these particles are. Although there is 

a little bit of debris on the surface, we refer to this as smooth as compared to the 

alternative approach of simply nucleating crystals on a surface, which creates a surface 

composed of three-dimensional aggregates of rhombic calcite crystals (as does the 

Pickering process).108 The core-shell thickness of the coated emulsion microcapsules 
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was determined by intentionally fracturing the microcapsules and taking SEM 

micrographs of the fractured shells (Figure 4-4B).  The thickness of the shells was found 

to be relatively uniform at ~600 nm for several batches of products all synthesized using 

the identical synthesis method described in the experimental methods section.    

The phase of the CaCO3 shell appears to depend on the conditions used during 

precipitation.  Figure 4-5 shows that, for the emulsion-derived microcapsules, an initial 

ratio of 2.5:1 Mg2+/Ca2+ yielded crystalline shells, but an initial ratio of 5:1 Mg2+/Ca2+ 

yielded an apparently amorphous  mineral shell, even after gentle heating at 50° C for 

24 hours.  This suggests an element of control may be achieved over the final phase 

(crystalline or amorphous) of the core-shell product and, in turn, over the degradation 

properties of the microcapsules, since amorphous calcium carbonate is more soluble 

than the crystalline form.  The amorphous core-shell microcapsules were smaller in size 

(2-3 µm) than the crystalline microcapsules (2-10 µm), which is presumably due to the 

influence of Mg-ion on the stability of the emulsion droplets, where the larger droplets 

may become destabilized with the combination of calcium and magnesium ions.   

Mineral phase identification of the CaCO3-coating on liposome-derived 

microcapsules created using the 2.5:1 Mg2+/Ca2+ ratio was carried out using powder 

XRD (Figure 4-6).  The pattern contains diffraction peaks that are consistent with the 

JCPDS standard for calcite, with some peak shifts caused by lattice strain from the 

incorporation of Mg into the lattice, which results in slightly smaller characteristic d-

spacings.  The results are consistent with the Mg2+ incorporation behavior found in 

calcium carbonate films generated by the PILP process under similar Mg2+/Ca2+ 

ratios.115  The absence of the characteristic signal of vaterite at 2θ of 25.0° and of 
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aragonite at 45.9° suggest that neither of these phases is present in any significant 

amount.  These characteristic peaks are indicative of polymorph presence and are used 

specifically to quantify the polymorph distribution in calcium carbonate samples.120     

The ability to entrap active agents, and the versatility of these microcapsules is 

demonstrated with model active agent compounds. Rhodamine 110 and/or Nile Red 

fluorescent dye were encapsulated during the synthesis of the core-shell particles, and 

washed particles were subsequently examined by confocal fluorescence microscopy.  

Confocal microscopy analyzes a specific focal distance through the microcapsules, 

allowing one to discern between fluorescence within the microcapsule and from within 

the CaCO3 shell or surrounding solution.  Figure 4-7 shows the entrapment of Nile Red 

fluorescent dye within the emulsion-derived microcapsules. Nile Red has the interesting 

property of fluorescing only in very hydrophobic environments.  Although it is 

conceivable that a small portion of the model compound could become entrapped within 

the mineral shell itself, the fluorescence seen in Figure 4-7 indicates that the interior of 

the microcapsules indeed contains the stored model agent.  Fluorescence should not be 

observed from dye entrapped in the shell or adsorbed to the exterior of the particles due 

this dye’s fluorescence properties.  The results also show that the generated 

microcapsules retain the active agent even under the stress of centrifugation and 

resuspension in anhydrous ethanol.  The liposome-derived core-shell microcapsules 

display the ability to entrap both hydrophobic (Nile Red dye) and hydrophilic compounds 

(Rhodamine 110), as is shown in Figure 4-8A and 4-8B, respectively.  The overlap of 

fluorescence (Figure 8C) demonstrates that the core-shell microcapsules have the 
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ability to simultaneously entrap very different compounds in a single liposome based 

microcapsule.    

When we first considered this system, there was some concern that the CaCO3 

shells would degrade too slowly given that calcite has a rather low solubility, and of 

course it is notorious for clogging up industrial pipelines, etc..  So we performed a 

preliminary study of the degradation potential of these particles, which is shown in 

Figure 4-9. It was found that the emulsion-derived microcapsules degrade readily and in 

a pH dependent manner, enabling a triggered release of active agent.  The 

microcapsules exposed to the acidic (pH 4) environment for 15 seconds experienced 

severe degradation of the CaCO3 shell around the entire core-shell particles.  The 

microcapsules exposed to pure water (pH = 6.8) for 2 minutes experienced degradation 

as well, but the dissolution of the mineral was unevenly distributed around the 

microcapsule, with some hemispheres completely dissolved while others appeared 

relatively undisturbed.  This might be due to channeling of the water through stacked 

core-shell spheres during the mixing step which, due to the preliminary nature of this 

study, was conducted by simple swirling by hand for the indicated time period.  The 

volume of shell degraded appears to be similar for both degradation conditions, but it is 

important to note that the microcapsules exposed to neutral pH required 8 times the 

exposure time to experience similar amounts of degradation as the microcapsules 

exposed to the acidic environment, and that the degradation in pH 4 conditions appears 

to be a uniform thinning, whereas at pH 6.8 it exhibited a more asymmetric degradation.        

Discussion  

In our prior studies, free standing flat films of CaCO3 were deposited on the 

anionic head groups of fatty acid monolayers.117, 121  Here we show that analogous 
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templates containing the charged head groups of stearic acid and DSPC phospholipid 

are effective, even when there is significant curvature in the template composed of 

emulsion droplets and liposomes.  The exciting advance provided by this core-shell 

particulate system is that one can take suspensions of liquid droplets and in effect dry 

them down to a powder, while retaining the fluid interior of the droplet that contains the 

active agent.  The particles consist of a “hard” mineral shell and “soft” fluidic oil core, in 

which a chemical of interest can be stored/protected at high pH, in organic solvent, or 

dried down as a powder, until pH or mechanically triggered release.  Although not 

examined here, one should be able to achieve the high encapsulation efficiencies 

analogous to what can be obtained by the core droplet systems to begin with, but with 

much easier separation and storage of the microcapsules.   

The CaCO3 coating is applied under benign conditions, allowing for the coating 

and protection of delicate systems as a powder for easier transport and potential long-

term storage.  Storage and transport of a powder provides a major advantage over 

transport of the large amount of volume required in emulsions and liposome 

suspensions.  The benign processing conditions of this reaction make it highly valuable 

for encapsulation of sensitive compounds that might not be amenable to other synthetic 

techniques.   Of particular relevance could be the encapsulation of sensitive growth 

factors, or proteins, DNA, etc., and perhaps even live cells.  

When evaluating a microcapsule for potential use in food and pharmaceutical 

applications, it is important to consider the tailorability and intrinsic properties of the 

core-shell microcapsule.  These properties include the size, the triggering mechanism 
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for release/degradation, the biocompatibility, the encapsulation efficiency and versatility, 

and the cost, of the microcapsule.      

Considering the above criteria, the microcapsules generated in this experiment 

should be ideal candidates for many applications.  Our core-shell microcapsules consist 

of a continuous CaCO3 coating (Figure 4-4), rather than a porous polymer shell, as is 

found in many other delivery systems.  Therefore, even small molecular weight active 

agents can be stored in the interior of the vesicle without fear of early diffusion-release, 

and without having to design a new shell with different pore sizes.  On the other hand, 

these particles could potentially serve as templates for deposition of further materials, 

such as polymeric coatings that can be tailored for a designed release rate, or have 

functionality for attaching ligands for targeting cells.  The results also suggest that the 

generated microcapsules retain the active agent even under the stress of centrifugation, 

and suspension in anhydrous ethanol. In addition, the liposome-derived microcapsules 

reported in this study demonstrate versatility in entrapment of either or both hydrophilic 

and hydrophobic compounds of interest.  

The PILP-generated microcapsule processing allows for the tailoring of 

microcapsule sizes.  The PILP process coats the vesicles by deposition of precursor 

droplets.  Therefore, the size of the resulting microcapsule is dependent on the size of 

the vesicles at the time of precipitation; a property that is can be adjustably tailored.  

This is evident due to the fact that the size of the resulting core-shell microcapsule is 

slightly larger than the size of the emulsion droplet or liposome used in the production. 

However, it is not clear that this method could be used for nanosized droplets because 
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the thickness of the mineral layer would be so much larger.  The reaction might need to 

be quenched in that case.  

With regards to the third desirable property of microcapsule release systems, it 

was demonstrated that the microcapsules are degradable, and that the degradation 

response can be enhanced based on a pH triggering mechanism.  The fact that these 

particles are readily degraded, even though calcite has low solubility, is likely due to the 

non-equilibrium morphology of the calcite that is produced by the PILP process because 

these coatings expose a curved mineral surface, which is energetically unfavorable.  

Given the spherulitic texture, as well as the magnesium incorporation, there is also a lot 

of defect texture which could enhance their solubility.  The ability to control the 

amorphous vs. crystalline phase of the core-shell may allow for additional tailoring of the 

solubility/surface properties of the microcapsule.  Amorphous calcium carbonate can be 

induced to form in lieu of the more stable polymorphs such as calcite, aragonite, and 

vaterite, due to environmental factors, including the presence of Mg2+ and negatively-

charged acidic polymer/protein residues. 

Some examples of applications that could utilize biodegradable microcapsules 

include pharmaceutics and industrial applications, where a stored powder might 

dependably stabilize the entrapped compound effectively for long periods of time, but 

once exposed to neutral or lower pH aqueous environments, release could be triggered.  

For example, rainwater could release pesticide or fertilizer, or addition of water or pH 

could trigger release of a catalyst in a reaction solution.  Calcium carbonate is more 

soluble in acidic solution than it is in basic pH solutions, therefore, the microcapsules 

would be ideal for storage in aqueous solutions that are saturated in calcium carbonate.  



 

107 

They should also be highly stable in non-aqueous solutions (such as in the anhydrous 

ethanol used here), or other organic solvents.   

We anticipate that the release of the entrapped compound would be a relatively 

rapid or even a burst-type of release in the physiological environment, which could 

include oral ingestion for various pharmaceutics, as well as dental products for 

remineralization of enamel.  Calcium carbonate is a biocompatible material, and can 

even provide a beneficial mineral supplement.  These particles might enhance the flow 

of particulates in inhaler delivery systems, and with rapid release of the drug within the 

mucousy environment of nasal or lung tissues. They may also be suitable for situations 

where physical rupturing of the core-shell would be a trigger for release.  This is 

particularly popular these days in skin care products, such as cosmetics or lotions, 

where physical application includes rubbing on a lotion, which would then crush the 

core-shells to release entrapped compounds.  Similarly, hair care products could 

release conditioner during the shampoo rinse with water. The microcapsules might also 

be useful for tissue engineering scaffolds, where they could be readily incorporated for 

encapsulation and release of sensitive growth factors or other compounds. This would 

be particularly useful for hard tissue biomaterials, where the microcapsules could be 

incorporated throughout the composite scaffold, both to strengthen the composite122 as 

well as to release some agent or trigger self-healing in the material.123, 124  Dissolution of 

CaCO3 can help to buffer acidic media which is created by the degradation of many 

polymeric scaffolds, such as PLGA, which cause biocompatibility problems.  Lastly, the 

mineral shell could act as protective coating over existing polymeric core-shell delivery 
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systems, or serve as a template for additional surface modification with systems that 

don’t readily react with emulsion droplets or liposomes.   

This work demonstrates a novel application of the biomimetic PILP process, 

which is based upon microorganisms who biomineralize a protective mineral shell 

around their soft and fluidic interior.  Most CaCO3 based biominerals exhibit non-

equilibrium morphologies (non-faceted crystals), such as elaborate crystal morphologies 

with smoothly curved surfaces.  Our group has proposed that these features could be a 

result of a PILP type process being involved in the formation of biominerals.3 This 

enables the formation of smoothly curved surfaces, as highlighted by the core-shell 

particle system shown here, which emulates the CaCO3 shell of the dinoflagellate 

cyst.118  The smooth and continuous calcite coating that the PILP process generates is 

quite remarkable considering that calcite usually forms faceted crystals when generated 

in vitro by the conventional crystallization process.  One can easily envision that the 

PILP process can allow for an organism (in vivo), as well as the materials engineer (in 

vitro), to generate novel CaCO3 products, such as the core-shell microcapsules shown 

here. 

Conclusion   

We have prepared microcapsules for potential use in drug delivery and other 

industrial applications by coating a mineral precursor onto emulsion droplets and 

liposomes, thus yielding fluidic droplets coated with a solid mineral shell.  The 

production process allows for the tailoring of many important drug-delivery vector 

variables.  The capacity of the microcapsules to store active agents has been 

demonstrated by visualizing the presence of hydrophobic (Nile Red) and hydrophilic 

(Rhodamine 110) fluorescent dyes as model entrapment compounds.  The 
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microcapsules can be dried down to a powder, and when reconstituted in solution, have 

a pH sensitive triggering mechanism for shell degradation and release of active agent.  

We believe these microcapsules are excellent candidates for use in the food, 

pharmaceutical, body care, and chemical industries as encapsulation vectors due to 

their low cost, biocompatible nature and versatility in storing either hydrophobic and/or 

hydrophilic compounds of entrapment interest.  The biomimetic inspiration for this work, 

the dinoflagellate cysts, has provided a nice platform for the design of applicable core-

shell particle systems. 
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Figure 4-1.  A schematic describing the synthesis of CaCO3 core-shell microcapsules.  
Emulsion droplets or liposomes (emulsion shown above) are dispersed within 
an aqueous solution containing CaCl2, MgCl2, and polyaspartic acid.  NH4CO3 
(aq) is pumped into the solution to initiate the formation of PILP droplets, 
which then adsorb onto the charged surface of the emulsion/liposome. The 
liquid-like character of the PILP droplets allows them to coalesce into a 
smooth and continuous coating, which then solidifies and crystallizes into a 
continuous shell of calcite.  An entrapped agent can be stored in either the 
aqueous interior of liposomes or the oily interior in emulsions. 
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Figure 4-2.  Light microscopy images of CaCO3-coated emulsion droplets and 
liposomes. A)  Brightfield light microscopy of coated emulsion droplets.  B) 
Polarized Light Microscopy (PLM) of the same particles shown in A).  The 
visible portion (due to birefringence) displays a “Maltese Cross” pattern, 
indicating the product is crystalline with radial alignment of the polycrystals.  
C) Brightfield light microscopy of coated liposomes.  D) PLM of the product 
seen in C).  Although very small, the clear interiors of the particles can be 
seen, suggesting a crystalline core-shell structure has been achieved. 
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Figure 4-3.  Scanning Electron Microscopy (SEM) images of the core-shell 
microcapsules. (A) Core-shell microcapsules with oil interior created by 
coating oil-in-water emulsion droplets with CaCO3 using the PILP process.  
Their diameters range from 2 to 4 µm. in this batch. (B) Core-shell 
microcapsules with aqueous interior created by coating liposome vesicles 
with CaCO3 using the PILP process.  Their diameters are distributed below 2 
μm.  Both emulsion and liposome-derived microcapsules are slightly larger 
than the emulsion droplets and liposomes alone due to the ~500 nm 
thickness of the applied mineral coating. 
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Figure 4-4.  Scanning Electron Microscopy (SEM) images of intact and intentionally 
fractured CaCO3-coated emulsion microcapsules.  A) The core-shell 
microcapsules consist of a smooth and continuous crystalline CaCO3 coating.  
B) Intentionally fractured microcapsules show a relatively thick continuous 
shell with a hollow interior where the liquid resided.  The shell thickness was 
consistently ~500 nm using this procedure. 

  

A A B 
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Figure 4-5.  Potential tailoring of microcapsule crystallinity as determined by polarized 
light microscopy.  The images on the left are optical micrographs, while the 
images on the right are using polarized light.  (A & B) Microcapsules 
generated using a 2.5:1 ratio of Ca/Mg display birefringence, indicating 
crystallinity.  Image A is an optical micrograph and image B is a polarized light 
micrograph.  (C & D)  Microcapsules generated using a 5:1 Mg/Ca ratio lack 
birefringence, indicating that the mineral remains amorphous under these 
conditions. Image C is an optical micrograph and image D is a polarized light 
micrograph.  A gypsum waveplate was used for image B, giving a magenta 
(1st-order red) background, because the amorphous particles lack 
birefringence and are therefore difficult to see under crossed-polars.  If they 
were birefringent, one would see orange and blue colors. 
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Figure 4-6.  X-ray diffraction (XRD) analysis of the CaCO3 shells of liposome-derived 
microcapsules.  The XRD pattern display peaks characteristic of calcite.  The 
theta values are slightly larger than expected for pure calcite due to 
magnesium ion incorporation (which is smaller than calcium ion, and thus 
reduces the lattice dimensions).  The mineral coating does not contain 
significant amounts of vaterite or aragonite, as evidenced by the absence of 
peaks at their characteristic high intensity locations of 2Ɵ = 25.0° and 2Ɵ = 
45.9°, respectively. 
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Figure 4-7.  Confocal fluorescence microscopy of microcapsules from CaCO3-coated 
emulsion droplets with Nile-Red fluorescent dye entrapped within the oily 
interior of the emulsion.  Confocal fluorescence images are shown in A & C, 
while B & D show an overlay with the bright-field images. The high intensity of 
the fluorescence suggests that the entrapment of the active agent was very 
successful, as seen in both a large collection of  particles in (A), as well as in 
individual microcapsules shown at higher magnification in (C).  The 
fluorescence corresponds to the interior of the microcapsules for the cluster 
(B) and the individual microcapsules (D) when overlapped with their 
respective bright-field images.  
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Figure 4-8.  Confocal fluorescence microscopy demonstrating the entrapment capability 
of the CaCO3-coated liposomes.  Rhodamine 110 and Nile Red dyes were 
used as model hydrophilic and hydrophobic entrapment agents, respectively.  
A) Rhodamine 110 is a hydrophilic fluorescent dye that would be expected to 
reside in the water interior of the microcapsule.  The bright ring around the 
particles suggests that some of the dye may also bind to the charged 
headgroup of the liposome or be incorporated into the shell during the PILP 
process. B) Nile Red is a hydrophobic fluorescent dye that would be expected 
to reside in the hydrophobic region containing the hydrocarbon tail-groups of 
the phospholipid bilayer.  C) An overlay of A and B shows that the liposome 
based microcapsule system displays versatility in the types of encapsulated 
agents that can be incorporated. 
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Figure 4-9.  SEM micrographs of water and acid dissolved microcapsules.  (A & B) 
Scanning electron micrographs of emulsion based core-shell microcapsules 
after being exposed to a pH 6.8 nanopure water for 2 minutes and (C & D) 
after exposure to a pH 4.0 HCl solution for 15 seconds.  The rounded and 
particulate character of the remaining shells may be showing a memory effect 
of the PILP droplets that had initially coalesced to form the shells. 
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 CHAPTER 5 
CONCLUSIONS AND OUTLOOK 

I have presented supporting evidence to the theory that CaCO3 nucleates by 

means of a non-classical nucleation pathway where it first forms a liquid condensed 

phase (LCP) through a liquid-liquid phase separation before solidifying into solid 

polymorphs of mineral.  I have provided evidence that the LCP phase is truly a 

bicarbonate-rich liquid phase (as opposed to an ion complex) and that it is a major 

fraction of the solution system.  I have provided evidence that supports the notion that 

the polymer-induced liquid-precursor (PILP) phase is comprised of a LCP phase which 

is stabilized/promoted by the presence of the negatively charged polyelectrolyte.  

Finally, I have successfully demonstrated an application of PILP by synthesizing 

microcapsules comprised of a smooth, continuous CaCO3 (calcite) shell surrounding a 

liquid emulsion or liposome core containing a hydrophobic and/or hydrophilic chemical-

of-interest for controlled chemical release applications.  All of this is due to the discovery 

of a novel non-classical metastable liquid phase intermediate of CaCO3 which was 

inspired by biomineralization processes seen in nature.   

 The NMR spectrum shown in Figure 2-10 was presented as evidence that the 

PILP phase consists of the bicarbonate-rich LCP phase which is stabilized by the 

presence of polymer.  The data was interpreted to suggest that a portion of the ions in 

solution are in a liquid phase whose up-field chemical shift difference from the mother 

solution is due to the more acidic, bicarbonate-rich environment.   But it was also briefly 

mentioned that the NMR spectra resembles a “powder pattern” which is a characteristic 

spectrum seen in solid NMR when a molecule/complex experiences different chemical 

shielding at various orientations with respect to the magnetic field; they have chemical 
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shift anisotropy.  Considering that the T2 relaxation of the emergent bulge seen in 

Figure 2-10 is the same as the mother solution, a powder pattern interpretation may be 

more valid than the one presented in Chapter 2.     

Complexes often have a different chemical shielding in the x, y and z directions 

with respect to the static applied magnetic field.  In solutions, where tumbling is rapid, 

the differences average out over time to yield a tight spectral peak.  When tumbling is 

slow or non-existent, as in solids, the differences manifest as a widening of the spectral 

peak due to the non-averaged distribution of orientations.  Figure 5-1 shows an example 

of this phenomenon which yields a powder pattern.  In Figure 5-1, the chemical 

shielding of the various axes were defined as x < y < z for the sake of the example.  The 

resulting powder patterns shown in the figure demonstrate the effect of anisotropic 

tumbling on the expected NMR spectrum.  Part C of Figure 5-1 resembles the NMR 

spectra obtained for the PILP phase shown in Figure 2-10.  This suggests that the 

bicarbonate ions may be spinning rapidly along two axes (designated x and y in the 

Figure 5-1) but that a third shielded axis is tumbling relatively slowly.  This would occur 

if the bicarbonate complex comprising the emergent phase is more cylindrical in shape, 

accentuating the chemical shift anisotropy in one of the three dimensions.  When no 

polymer is present, the resulting bulge of the NMR spectrum shown in Figure 2-6 

resembles part B of figure 5-1.  This would be due to a slower rotation of the shielded 

axis (perhaps all axes) but to a much lesser degree than in the PILP case, resulting in 

accentuation of the chemical shift anisotropy in all 3 dimensions.   The emergent 

bicarbonate species is still behaving as a small solute/complex in solution in both cases 

because the breadth of the powder peak is much smaller in the presence of emergent 
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phase (~0.05 ppm seen in Figure 2-10) than expected for small solid particulates which 

can be as large as several hundred ppm.  In order to demonstrate whether the 

interpretation of the PILP phase presented in Chapter 2 or as a powder pattern is more 

accurate, further NMR experiments involving spin angles are required.    

A magic angle spin NMR experiment can be conducted to verify whether the up-

field bulge in the presence of LCP (in the presence and absence of polymer) is due to 

chemical shift anisotropy.  The sample tube is held at a “magic” angle of 54.7° with 

respect to the static magnetic field and is rotated on this axis at a rate of several kHz to 

simulate molecular tumbling in solution.  At the magic angle and at a rapid rotation, the 

anisotropic shielding component can be averaged to zero.  If the widening of the NMR 

spectrum due to LCP is an anisotropic tumbling phenomenon, the width of the spectrum 

should tighten considerably.  The up-field bulge should reincorporate with the down-field 

tight peak as the rate of rotation of the sample tube approaches that of the fast rotation 

axes of the bicarbonate complex.  If the bicarbonate ions are present as nanoscopic 

solid particulates, the spectrum should tighten into a series of small peaklets rather than 

a single peak to represent the many orientations present in mixtures of small “powders”. 

Further detailed information can be obtained about the behavior of the 

carbonate/bicarbonate ions in the LCP phase by conducting NMR spin experiments at 

angle other than the magic angle (see Figure 5-2).  Each axis (assuming x, y, and z 

shown in Figure 5-1) could have different magnitudes of chemical shielding.  By 

measuring the frequency of spin at various tube angles with respect to the bulk 

magnetization, information regarding the tumbling rate and magnitude of chemical 

shielding around each axis of the complex could be obtained.  This information in 
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conjunction with computer simulations could allow for a more complete understanding of 

the structure and behavior of the carbonate/bicarbonate structures forming during LCP 

emergence.  

Although novel in the field of biomineralization, other research fields are familiar 

with the concept of non-classical nucleation through a LCP.  It was over 35 years ago 

when the protein community began reporting the unusual formation of a liquid 

condensed phase of γ-crystallins125 and lysozyme.126  That community has since 

described the thermodynamics of protein condensed phase formation quite extensively 

for several more proteins, and have established a non-classical pathway through which 

they nucleate.127, 128  However, it is not inherently obvious that ionic solutions would 

behave similarly to protein solutions.  In that respect, the physical chemistry field is quite 

familiar with ionic solution liquid-liquid phase separation phenomenon as well.  

Theoretical models have been successfully used to investigate solute-induced LCP 

nucleation of different salts caused by selective solvation129 and by the close proximity 

of charged surfaces in solution.130  The later driving force is particularly pertinent to to 

the concept of biomineralization where calcium carbonate LCP may be selectively 

deposited or formed near surfaces whose surface properties are carefully controlled by 

the organism. 

Given the biomineral research community’s recent embrace of the concept of 

non-classical nucleation through a metastable liquid precursor, it would be 

advantageous to consult established work in analogous systems within these other 

fields.   The physical chemistry research community has established a thermodynamic 

understanding of the principles that drive ionic solutions to undergo liquid-liquid phase 
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separation,92, 131 to interact with proteins/polymers,91 and to nucleate in a non-classical 

manner,132 which is analogously applicable to CaCO3 LCP, CaCO3 PILP, and CaCO3 

non-classical nucleation, respectively.  Lutsko et al.132 suggests that, from modeling 

idealized solute behavior, a critical nucleus formation event is less driven by overall 

thermodynamic favorability than it is by kinetic favorability.  What is required for 

nucleation is a kinetically favorable environment that contains "spatially extended, low 

amplitude density fluctuations",132 a condition that might not be found in the bulk mother 

solution, but may be found in a separate, viscous liquid phase; similar to the LCP 

presented in this dissertation. 

Solute-induced liquid-liquid phase separation is well known and of particular 

interest in the field of salt melts (molten salts at very high temperatures which have 

unusual conductivity properties). Low temperature salt melts are studied at ambient 

temperatures due to their practicality in applications and to more easily verify high 

temperature melt behavior models.131 They are  known to be subject to a liquid-liquid 

coexistence curve.89  Simulations even suggest that NaCl(aq) solutions undergo liquid-

liquid phase separations when supercooled.133  Although the salt is still soluble in the 

solvent medium (often, but not limited to, water), the liquid condensed phase of the salt 

has a different solubility in the solvent than the “gas” solvated phase, leading to a 

biphasic system.     

The parallels between ionic liquid phase separation and the calcium carbonate 

LCP phase discovered in this project may be more than superficial.  The LCP of calcium 

carbonate formed in the presence of Ca2+ ions is actually bicarbonate-rich.  This is 

puzzling because the eventual product is a form of solid calcium carbonate, not calcium 
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bicarbonate.  As far as this author is aware, solid calcium bicarbonate, Ca(HCO3)2, has 

never been isolated, even though there is not clear reason why it would prohibited from 

forming.  Perhaps calcium bicarbonate does form, but it does not exist in a solid phase 

at biological conditions.  Perhaps calcium bicarbonate salt is a low temperature ionic 

salt melt, which phase-separates from the mother solution into a solvated liquid phase. 

In conjunction with the alternate interpretation of the NMR data presented in the 

Conclusions/Outlook section above, the ionic liquid phase separation principles may be 

exactly what leads to the LCP of calcium carbonate.  A hypothetical Ca(HCO3)2 salt 

would have many of the properties that other low-temperature ionic melts possess: (1) a 

branched structure that is complex enough to inhibit solid formation, (2) a small 

molecular weight to be subject to entropic thermal fluctuations, (3) and a large degree of 

conformational freedom of the branches due to rotations and (de)protonization.  The 

alternate interpretation of the NMR data suggests the presence of rod-like structures of 

a molecular size (the proposed powder pattern is only 0.05 ppm wide as compared to 

100’s of ppm wide for micron sized powders) that would yield a degree of chemical shift 

anisotropy.  Calcium bicarbonate salt is of this size range which could yield this the 

observed anisotropy and has a large degree of conformational freedom which is 

necessary for a low temperature salt melt as demonstrated in Figure 5-3.  This 

hypothesis is profound because researchers over the last 100 years have experienced 

great difficulty in reproducing calcium carbonate biomineral structures.  Perhaps this 

was due to a flaw in the fundamental assumption that a precursor entirely comprised of 

Ca2+ and CO3
2- is responsible for coalesced, colloidal calcium carbonate biomineral 

formation.  Perhaps the precursor responsible is a nucleated, liquid calcium bicarbonate 
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phase which has been difficult to detect due to its expected early-stage rapid conversion 

to solid calcium carbonate and the need to stabilize large droplets of it with polymer 

additive, as in the PILP process. 

The occurrence of a non-classical nucleation route via liquid precursor formation 

seems to be characteristic of many carbonate minerals and biominerals.  Our 

observations suggest that, although no additives are needed to induce calcium 

carbonate LCP, the presence of negatively-charged polyelectrolytes to initiate the PILP 

process appears to stabilize the droplets to aid in their accumulation, coalescence and 

solidification into mesocrystal structures.  Evidence that the PILP phase undergoes this 

type of solidification can be seen in Figure 4-9 C, D.  This figure shows that mineral 

dissolution reveals a colloidal type of structure as a result of the coating by the PILP 

process.  Further developing and refining our level of understanding of calcium 

carbonate LCP and PILP are vital if this process is to be extensively used in engineering 

applications.  Perhaps the information obtained about calcium carbonate LCP and PILP 

can be used to stabilize the PILP droplets for better coating of materials, better 

infiltration of scaffoldings, or long term stabilization for mineral-based cements.  This 

information may be translated to biomedical applications involving other biomineral 

systems that also appear to utilize a PILP phase, including calcium phosphate in bone 

formation and, possibly, the calcium oxalate/phosphate system involved in kidney stone 

formation. 
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Figure 5-1.  Chemical shift anisotropy can affect the width and shape of the NMR 

spectrum.  The dipole is assigned Cartesian coordinates x, y, and z with 
different amounts of chemical shielding.  For the sake of this example, the 
relative strength of shielding is defined as x<y<z.  A) Spherical symmetry due 
to rapid rotation of species in solution leads to a tight average resonance 
peak.  B) Non-axial symmetry due to differences in chemical shielding 
between x, y, and z and slow tumbling of species in solution leads to a 
widening of the peak.  C) Axial symmetry due to rapid tumbling of the two de-
shielded axes and slow tumbling of the shielded axis leads to an elongated 
peak.  The NMR spectra of LCP in the absences of, and in the presence of 
polymer additive resemble peak B and C, respectively. 
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Figure 5-2.  NMR experiments at various spin rates and varying θ (the angle between 

the sample and the bulk magnetic field, B0) other than the magic angle of 
54.7° could lead to valuable information regarding the tumbling rate and 
complex structure of the carbonate/bicarbonate solutes that form during LCP 
emergence.  Varying φ would be a valuable means for collecting information 
regarding powdered solid granules, but might not be valuable in the LCP/PILP 
situation considering the rapid rotation they appear to experience in two of the 
three dimensions. 
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Figure 5-3.  A calcium bicarbonate complex would have a large amount of rotational and 

protonization freedom making it entropically unfavorable to solidify.  This 
makes it a candidate for a low temperature of melting.  As the structure is 
drawn, the chemical shift anisotropy is minimal in the x and z directions due to 
rapid rotation around those axes.  Chemical shift anisotropy is expected to be 
much larger in the y direction due to the additional electron shielding 
expected from the double bonded oxygen.  This NMR spectrum of this rod-
like structure would be expected to reflect this anisotropy into a minor powder 
pattern similar to what was reported in Chapter 2. 
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APPENDIX 
SUPPLEMENTARY MATERIAL 

 

Figure A-1.  NMR pulse sequence used to acquire the 13C diffusion data.  It is a 
modified version of stegs1s, which is Bruker’s sequence.  We used 16 
equidistant varying z-gradient (Gz) strengths (2% - 95%) to generate the data.  
The following are the relevant variables used for our acquisition: 

Dwell time:  100 μs 

Gz (100%) = 50 g/cm 

Recovery time (Tr) = 25 s 

Diffusion time (∆) = 1.6 s 

Gradient time (δ) = 1 ms 

Z-spoil = -17.13% 

Z-spoil gradient time (d31) = 1.1 ms 

Acquisition time (AQ) = 4.9 s 

M. A. Bewernitz, D. Gebauer, J. Long, H. Colfen and L. B. Gower, Faraday 
Discussions, 2012.  Reproduced by permission of the Royal Academy of 
Chemistry. 

  

http://pubs.rsc.org/en/Content/ArticleLanding/2012/FD/C2FD20080E
http://pubs.rsc.org/en/Content/ArticleLanding/2012/FD/C2FD20080E
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Figure A-2.  A comparison between the same titrations conducted with injection nozzle 
(micropipette tip) in the solution (as conducted in this paper) vs. with the 
nozzle just above the solution.  We still see the same qualitative character to 
both curves.  The nozzle-out method (blue, diamonds) kinetically binds more 
Ca2+ under the less ideal mixing conditions than the nozzle-in method (red, 
squares).  Even with the presence of some kinetic binding effects, the 
qualitative character of the curve is maintained, including a close agreement 
of bound Ca2+ at which the phase transition occurs, and at which solid 
nucleation occurs.  Since the nozzle is out of the solution and the qualitative 
character of the profile is maintained, the behavior of the profile is not due to 
nucleation at the nozzle tip and therefore can be discussed in a qualitative 
fashion.  M. A. Bewernitz, D. Gebauer, J. Long, H. Colfen and L. B. Gower, 
Faraday Discussions, 2012.  Reproduced by permission of the Royal 
Academy of Chemistry. 
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Figure A-3.  An example of our modeling technique.  Raw data of an attenuating signal 
was collected (upper left).  Gaussian distributions were used to model the 
bulging asymmetry observed in the NMR spectra due to the fact that there is 
exchange between the carbonate and bicarbonate species in solution (bottom 
left).  The overlapping Gaussian model was then subtracted from the raw data 
to yield a residual (right).  The residual suggests that some of the signal at the 
“foot” of the raw data peaks were not modeled.  This is consistent with the 
raw data peaks having some Lorenzian character that a Gaussian would clip 
at the edges.  The edge data is not as important as the overlap and exchange 
between the two phases present and therefore was not modeled.  Once 
overlapping Gaussian distributions are modeled representing each of the 
phases, they can be used to solve for the T2 relaxation of each phase.  A 
similar technique was used to deconvolute the Pulse-Field Gradient 
Stimulated Echo (PFG-STE) data and determine its attenuation for a diffusion 
measurement of the two phases.  M. A. Bewernitz, D. Gebauer, J. Long, H. 
Colfen and L. B. Gower, Faraday Discussions, 2012.  Reproduced by 
permission of the Royal Academy of Chemistry. 
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Figure A-4.  The τ-induced attenuation of the 13C peak during the Carr- Purcell 
Meiboom-Gill (CPMG) T2 relaxation experiment of the bicarbonate peak of the 
20 mM, pH 8.5, bicarbonate control solution titrated with injections of 
nanopure water.  Using the attenuation of the intensity of this one-phase 
system and the known values of the increasing τ used in the looped pulse 
sequence, the T2 relaxation of the 13C (carbonates/bicarbonates) in this phase 
can be determined by using Equation 2-1.  M. A. Bewernitz, D. Gebauer, J. 
Long, H. Colfen and L. B. Gower, Faraday Discussions, 2012.  Reproduced 
by permission of the Royal Academy of Chemistry.  
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Figure A-5.  The real data and the modeling of the 13C diffusion during the 17th injection 
without polyaspartic acid additive.  Only slices 3, 6, 9, 12, and 15 are shown 
for clarity.  Left)  The raw data of the 3rd slice of the widened 13C NMR peak 
after the first-order phase transition modeled with three Gaussian peaks.  A 
single large peak (center model) with similar width as the buffer and 7th 
injection system is not sufficient to model the morphology of the spectral 
peak.  Additional peaks (up-field, down-field) were modeled to account for the 
morphology.  Upper right)   The real attenuation data for the system during a 
diffusion NMR experiment.  Bottom right) the sum of the Gaussian modeling 
of the attenuation using the 3 Gaussian peaks.  Due to the asymmetric 
attenuation, and the inability to model the system with a singular Gaussian 
distribution, there is justification for use of the additional Gaussian peaks and 
additional information about the properties of the up-field widening 
(bicarbonate direction) can be obtained.  In the case of the submitted 
publication, we found that the up-field widening diffused slower than the other 
two Gaussian models, suggesting the presence of a distinct phase.  M. A. 
Bewernitz, D. Gebauer, J. Long, H. Colfen and L. B. Gower, Faraday 
Discussions, 2012.  Reproduced by permission of the Royal Academy of 
Chemistry. 
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Figure A-6.  The τ-induced attenuation of the 13C peak during the Carr- Purcell 
Meiboom-Gill (CPMG) T2 relaxation experiment of the bicarbonate peak of the 
20 µg/mL , M.W. 14,000 g/mol Pasp control solution titrated with 30.15 mM 
bicarbonate buffer, pH 8.5.  Using the attenuation of the intensity of this one-
phase system and the known values of τ used in the looped pulse sequence, 
the T2 relaxation can of the 13C (carbonates/bicarbonates) in this phase can 
be determined by using Equation 2-1 (shown in the main paper).  M. A. 
Bewernitz, D. Gebauer, J. Long, H. Colfen and L. B. Gower, Faraday 
Discussions, 2012.  Reproduced by permission of the Royal Academy of 
Chemistry. 
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Figure A-7.  The gradient-induced attenuation during the Pulse-Field Gradient 
Stimulated-Echo (PFG-STE) T2 relaxation experiment of the bicarbonate peak 
of the 20 µg/mL polyaspartic acid sodium salt (M.W. 14,000 g/mol) control 
solution titrated with 300 mM bicarbonate buffer, pH 8.5, yielding a final 
concentration of 18 µg/mL pasp and 30.15 mM bicarbonate.  Using the 
attenuation of the intensity of this one-phase system and the known increases 
in gradient strength for each experimental slice, the self-diffusion of the 13C 
(and therefore the carbonates/bicarbonates) in this phase can be determined 
by using Equation 2-2 (shown in the main paper). M. A. Bewernitz, D. 
Gebauer, J. Long, H. Colfen and L. B. Gower, Faraday Discussions, 2012.  
Reproduced by permission of the Royal Academy of Chemistry.  
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Figure A-8.  The τ-induced attenuation of the 13C peak during the Carr- Purcell 
Meiboom-Gill (CPMG) T2 relaxation experiment of the bicarbonate peak of the 
10 mM CaCl2, 20 μg/mL polyaspartic acid sodium salt (M.W. 14000 g/mol) 
solution titrated with 17 injections of 300 mM bicarbonate buffer, pH 8.5.  The 
final concentration of the resulting solution is 9 mM CaCl2, 18 µg/mL pasp, 
30.15 mM bicarbonate buffer, pH 8.5.  An additional phase emerges (PILP 
phase).  Using the observed attenuation of the intensities of both phases due 
to known increases in  τ used in the looped pulse sequence, the T2 relaxation 
of the 13C (carbonates/bicarbonates) in both distinct phases can be 
determined by using Equation 2-1 (shown in the main paper).  M. A. 
Bewernitz, D. Gebauer, J. Long, H. Colfen and L. B. Gower, Faraday 
Discussions, 2012.  Reproduced by permission of the Royal Academy of 
Chemistry. 
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Figure A-9.  The gradient-induced attenuation during the Pulse-Field Gradient 
Stimulated-Echo (PFG-STE) diffusion measurement experiment of the 
bicarbonate peak of the 20 µg/mL polyaspartic acid sodium salt (14,000 g/mol 
M.W.) solution titrated with 300 mM bicarbonate buffer, pH 8.5, yielding a final 
concentration of 18 µg/mL pasp and 30.15 mM bicarbonate buffer.  Using the 
attenuation of the intensity of this two-phase system and the known increases 
in gradient strength for each attenuated experimental slice, the self-diffusion 
of the 13C (and therefore the carbonates/bicarbonates) in these phases can 
be determined by using Equation 2-2 (shown in the main paper).  The 
carbonates/bicarbonates in the suspected PILP phase are diffusing at less 
than half the rate of the carbonates/bicarbonates in the bulk solution.  M. A. 
Bewernitz, D. Gebauer, J. Long, H. Colfen and L. B. Gower, Faraday 
Discussions, 2012.  Reproduced by permission of the Royal Academy of 
Chemistry. 
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Object A-1.  First emergent phase experiment, 6mM CaCl2 into 20 mM bicarbonate 
buffer, 10th injection (1.29 mb) 

Object A-2.  Second emergent phase experiment, 6mM CaCl2 into 20 mM bicarbonate 
buffer, 10th injection (4.23 mb) 

Object A-3.  10 mM CaCl2 into 20 mM bicarbonate buffer with 20 mM Cl- initial 
concentration, 17th injection (11.31 mb) 

 

http://ufdcimages.uflib.ufl.edu/AA/00/01/32/59/00001/Object%20A1.wmv
http://ufdcimages.uflib.ufl.edu/AA/00/01/32/59/00002/Object%20A2.wmv
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