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1 Introduction 

Crystallisation is a familiar daily-life-phenomenon. It appears impossible to ignore its 

ubiquitous influences in our life today, ranging from natural phenomena (e.g. rock formation, 

biomineralisation, etc.) to industrial processing (e.g. synthesis and purification of drugs, etc.) 

and a broad variety of scientific disciplines (e.g. materials chemistry, biomimetic engineering, 

structural biology, etc.). 
[1]

 The indisputable importance of crystallisation has thus resulted in 

an upsurge of research activities in this field since the last century, and eventually led to the 

establishment of the classical nucleation theory (CNT) concept in the 1930s. 
[2]

 After all these 

years of effort, it is astonishing to note how little is known about this seemingly trivial 

process. The fundamental problem largely lies in the poorly understood mechanisms of phase 

separation and nuclei formation, which take place in the early stages of crystallisation or 

precipitation. 
[3]

 The conventional approach of nucleation and growth derived from CNT 

alone appears to be inadequate to justify and explain several phenomena linked to nucleation 

processes that are found in experiments and discovered in biogenic systems. 
[1]

 

In recent years, several evidences have pointed towards the existence and the role of a 

nanometer-sized precursor species, the so-called pre-nucleation cluster (PNC). 
[4]

 The 

groundbreaking finding of this stable solute species, which precedes the formation of the 

amorphous intermediates, has thus opened up a new perspective on interpreting the 

mechanism of mineral precipitation. 

In the long run, the understanding of the structural and morphological developments of 

different precursor species towards crystalline phases will be of great interest, especially in 

the field of bio-inspired materials science, with which a subtle control over crystalline 

polymorph selection leading to design of new functional materials can be achieved. 
[2]
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2 Theoretical Background 

2.1 Precipitation / Crystallisation of Calcium Carbonate 

2.1.1 Calcium Carbonate  

Calcium carbonate (CaCO3) is one of the most abundant minerals. CaCO3 precipitation is of 

great industrial relevance, e.g. incrustation in sea water desalination plants, scaling on 

industrial or household heating devices, production of fillers, pigments, catalysts, and etc. 
[5]

 

Besides that, due to its simplicity as a model system for classical and non-classical 

crystallisation analysis of minerals, as well as its vast accessibility as biominerals in nature 

(e.g. sea mollusk, sea urchin), a great number of research activities has been devoted into the 

studies of CaCO3. Scientists hope that the knowledges and insights obtained from such model 

studies can be applied to a variety of scientific disciplines, e.g. in the advanced material 

science applications. 
[6]

 

 

There are five known crystalline forms of CaCO3 - calcite, aragonite, vaterite, 

monohydrocalcite and ikaite. With the exception of ikaite (calcium carbonate hexahydrate), 

all other four are already known to be formed in biological systems. 
[7]

 CaCO3, like a variety 

of other diverse biominerals (e.g. calcium phosphates in teeth and bones; biosilica in sponge 

spicules; iron oxides in chiton), is most commonly observed in the hard structures of 

invertebrates. Studies on biominerals of invertebrates such as sea mollusk shell, nacreous 

sheets in bivalves, spine of sea urchin and etc., reveals the high degree of morphological 

Figure 1  A) SEM image of fractured sheet nacre found in bivalves displays smooth and continuous sheets of 

CaCO3 biomineral composed of aragonite crystals.  

B) SEM image of the tooth of a sea urchin illustrates the needle-like calcites embedded in 

amorphous CaCO3  

(Both images are taken from reference 6) 

A B 
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control exerted in biological systems. The purpose of having these intriguingly sophisticated 

and unique structures and morphologies is to serve different mechanistic functions of the 

organisms (Figure 1).  

Calcite, the thermodynamically stable polymorph with rhombohedral crystal structure, has 

been often cited as a model of classical crystal growth behaviour. 
[6]

 The less stable 

orthorhombic aragonite polymorph, together with calcite, is vital to invertebrates. 
[8]

 Although 

much less stable, the vaterite polymorph can also be found in a limited number of 

invertebrates. 
[5]

  

The non-crystalline forms of calcium carbonate, which are better known by the name 

amorphous calcium carbonates (ACCs), are isotropic in polarized light and do not diffract X-

rays. 
[7]

 ACCs were first observed in a mollusk shell way back in 1968. Only 30 years later 

was the existence of ACCs in organisms fully recognized, thanks to the advancement in 

spectroscopic techniques (Figure 2). 
[7]

 Studies of biogenic ACCs by Addadi et al. show that 

ACCs play a crucial role as transient precursors to formation of calcite or aragonite. 

Interestingly, the transient form of ACCs is anhydrous and can be stabilised by the presence 

of structural water. 
[6]

 The distribution of ACCs in biological systems as well as the role they 

play in calcium carbonate biomineralisation must not be underestimated.  

 

A B 

Figure 2  A) SEM image of cystoliths in leaves of Ficus microcarpa (commonly known as Ginseng plant) 

composed of stable ACC 

 B) SEM image of spicule of a 72 h old larva of the sea urchin Litechinus pictus composed of 

transient ACC  

(Both images are taken from reference 7) 
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2.1.2 Classical Nucleation Theory and the Non-Classical Pathway via Pre-

Nucleation Clusters 

Calcium carbonate is not only important in industrial fields and scientific disciplines, it has 

also a “down-to-earth” impact on our daily life. Scaling (incrustation) due to CaCO3 

precipitation on household heating devices is a common yet frustrating occurrence. The 

preconception that the white solid is simply falling out of a non-equilibrium supersaturated 

solution containing Ca
2+

 and CO3
2-

 ions could be deceiving. Indeed, the understanding of the 

molecular mechanisms underlying precipitation of calcium carbonate is still far from 

satisfactory. 
[1]

 The classical view of crystallisation, or better known as the classical 

nucleation theory (CNT), was put forth by Becker and Döring in 1935 based on the ideas of 

Gibbs (1870s) and the works from Volmer and Weber (1925). 
[2]

 Principally, CNT considers 

the nucleation – a first-order phase transition where the first nuclei are formed in a 

homogeneous supersaturated system – as a consequence of stochastic density fluctuations. 
[2]

 

The fluctuations of dissolved constituents (ions, atoms, or molecules) induce formation of 

clusters that proceeds via attachment of basic (ionic, atomic or molecular) monomers. In this 

classical picture, nucleation is assumed to be governed by the balance between the bulk and 

interfacial energies of the formed new phase. As illustrated in Figure 3 A, the interfacial 

energy of a spherical nucleus scales with the square of its radius, while the bulk energy with 

the cube of its radius. The summation of these two contributions leads to a positive excess 

free energy, ΔGex, at which point the energy gained by forming bulk material finally 

overcomes the energetic costs for creating an interface (maximum of the blue line in Figure 3 

A). The nuclei formed at this point have a critical size of rcrit. These critical nuclei are 

thermodynamically metastable, because any infinitesimal change will lead to unstable state 

and therefore to either unlimited growth (when r > rcrit) or dissolution of nuclei (when r < 

rcrit). In analogy to the notion of the activated complexes in chemical kinetics, ΔGex can be 

perceived as the thermodynamic barrier to form nuclei. Thus, a positive ΔGex implies that the 

formation of nuclei of critical size rcrit  is improbable and rare. The thermodynamic view of 

CNT is entirely based on the so-called capillary assumption, which means that the nanoscopic 

nuclei exhibit identical structural and energetic properties as in the bulk macroscopic phase, 

i.e. crystal. 
[1-2]

 

However, the CNT concept appears only to be successful under purely qualitative 

considerations. 
[2]

 Likely due to its oversimplification, CNT often fails to quantitatively 

rationalise several phenomena, which are primarily observed in the context of 

biomineralisation and protein crystallisation. 
[1]

 For example, it is often observed during 
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crystallisation of biominerals, that the structure of the nucleated phase can differ from that of 

the final bulk crystals. The theoretical predictions made by CNT appear to fall short of the 

experimental data. 
[1]

 All these may well lead to the urge to re-evaluate the CNT concept and 

to possibly devise a novel concept to overcome its shortcomings. 

Studies on biomineralisation in organisms in recent years shed light on an alternative route in 

the quest for a better understanding of crystallisation mechanism. In vivo studies on CaCO3 

biominerals of invetebrates reveal that amorphous calcium carbonates (ACCs) not only serve 

as calcium reservoir and function as mechanical or structural components in organisms 

(Figure 2), they are also used as precursors which subsequently transform into crystalline 

phases. ACCs play an important role in controlling the polymorphism during the 

transformation. 
[6]

 The formation of crystalline phases from ACCs - for instance the calcitic 

teeth of the sea urchin (Figure 1 B) involves water loss. Moreover, it has been observed in 

several biominerals that ACCs have distinct short-range orders which are similar to calcite, 

aragonite or monohydrocalcite. This “pre-structuring” property of ACC radically challenges 

the theoretical predictions discussed within the framework of CNT. In the reported literature, 

Cartwright et al. pointed out that CaCO3 has been known to have more than one amorphous 

form. 
[9]

 This phenomenon that a material exists in more than one amorphous state is known 

as the polyamorphism. The polyamorphism strongly suggests the inherent relationship 

between its distinct short-range order and its corresponding crystalline polymorphs. 
[2, 10]

 

The role of the so-called pre-nucleation clusters (PNC) was first highlighted during a study 

into the early stages of in vitro precipitation of CaCO3 by means of potentiometric titrations 

and analytical ultracentrifugation (AUC). 
[4]

 The occurrence of such stable species is also 

evidenced for other biominerals such as calcium phosphate and silica. 
[1]

 Gebauer et al. have 

defined and characterised the physical-chemical properties of PNCs based on the results of 

researches over the past years. 
[1]

 Herein, PNCs are described as nanometer-sized clusters 

consisting of atoms, ions or molecules, and/or other chemical species. Assumed to be 

thermodynamically stable but highly dynamic solute species, phase boundary between the 

clusters and the surrounding solutions does not formally exist. In addition, it is suggested that 

nuclei are formed through cluster aggregation of PNCs. Therefore, it is conceivable that 

structural motifs found in PNCs may be translated to the crystalline polymorphs formed 

thereafter. 
[1]

 

In recent years, the non-classical pathway via PNC emerges rapidly as an alternative to the 

classical nucleation concept. This pathway involves the formation of amorphous 
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intermediates with distinct short-range order. Similar to biomacromolecule-stabilised biogenic 

ACCs, synthetic ACCs stabilised by e.g. poly (aspartic acid) or magnesium ions as additive 

also exhibit distinct short-range order. 
[10]

 However, synthetic ACCs which are not stabilised 

by additives can manifest polyamorphism, only when they are formed via PNCs. 
[11]

 

Experimental results brought up by Gebauer et al. show that protocrystalline structuring in 

additive-free ACCs is associated with the intensive parameters (e.g. pH of the carbonate 

solution) employed at the very early stage of precipitation, i.e. pre-nucleation stage. 
[10-11]

 

Since nucleation is seen as the result of aggregating PNCs, this finding suggests that distinct 

short-order structure is already “pre-destined” in PNCs, which is then conferred on ACCs and 

eventually direct the polymorphism of crystalline phases. 
[1]

 

Based on a number of experimental data, a liquid-liquid phase separation mechanism, which 

can be used for understanding the phase separation process taking place in an aqueous 

calcium carbonate solution, has been predicted in the studies employing molecular dynamic 

simulations. 
[12]

 The postulated phase separation mechanism is schematically illustrated in 

Figure 3 B, in which a liquid-liquid coexistence region is included. A liquid, such as the 

aqueous CaCO3 solution, will be separated into two liquid phases upon entering this region. 

Such phases, one of which is the dilute dissolved calcium carbonate phase and another the 

dense dissolved calcium carbonate phase, coexist in equilibrium within this region. Before 

this was postulated, the idea of “liquid-liquid phase segregation” has already been discussed 

under the notion of spinodal decomposition by Faatz et al. 
[13]

 The authors suggests that ACCs 

in liquid state can be precipitated from high initial supersaturated solutions. A similar 

suggestion has also been made by Rieger et al. 
[14]

 that ACCs formed in such condition 

undergo a precursor stage, in which dense and dilute liquid phases are separated in a spinodal-

like manner. Exploring the spinodal region besides the binodal (which is accessible by 

gradually increasing the level of supersaturation, e.g. by slow titration), can be of relevance, 

when it comes to interpreting the phase separation mechanism in the early stages of 

precipitation of biominerals.  
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B A 

Figure 3  A) Scheme of the free energy versus radius of nuclei within the framework of classical nucleation 

theory (Figure is taken from reference 1) 

B) Schematic phase diagram of a two-phase system used for describing aqueous calcium carbonate 

solutions. Blue region represents the undersaturated regime, while the L-L (liquid-liquid binodal) 

line and SP (spinodal) line define the liquid-liquid coexistence region  

(Figure is taken from reference 12). 
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2.2 Infrared Spectroscopy 

2.2.1 Theory of Infrared Absorption 

The electromagnetic spectrum from light is a display of all types of electromagnetic radiation 

distributions according to their frequencies and wavelengths, ranging from low energetic 

radio waves to high energetic gamma rays. 
[15]

 As illustrated in Figure 4, infrared spectrum 

spans from 800 nm to 1000 µm wavelengths, which is equivalent to 13000 cm
-1

 to 10 cm
-1

 

wavenumbers. The wavenumber unit in cm
-1

 is conventionally used in IR spectroscopic 

analysis, because it is directly proportional to infrared absorption energy. A simple conversion 

between wavenumber (ν̃) and wavelength (𝜆) is shown below: 

 

 
ν̃ (𝑖𝑛 𝑐𝑚−1) =  

1

𝜆 (𝑖𝑛 𝜇𝑚)
 ∗  104 

 

(1) 

IR radiation region is usually classified into near-infrared (700 – 3000 nm), mid-infrared (3 – 

30 µm) and far-infrared (30 – 1000 µm).  

 

A matter can interact with an incident electromagnetic radiation and experience a change in 

properties that leads to absorption, scattering, diffraction or emission of radiation at certain 

wavelengths. For instance, radiation in infrared spectrum region excites vibrational transitions 

Figure 4  The electromagnetic spectrum and its classification into regions  

(Figure is taken from reference 32a) 
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of molecules. Absorption at a certain wavelength generally takes place, when the frequency of 

incident radiation is equal to that of a vibrational transition. 
[16]

 

The simplest model of describing vibrational motions quantum-mechanically is the harmonic 

oscillator. A diatomic molecule with atom masses m1 and m2 vibrates along their bond by 

swinging about their equilibrium position (x = 0) like a spring. The frequency of vibration 𝜈 

depends on the force constant 𝑘  and the effective mass of the molecule  𝜇 , given by 𝜇 =

 
𝑚1𝑚2

𝑚1+𝑚2
. Their relationship is reflected in equation 2. 

 

𝜈 =  
1

2
√

𝑘

𝜇
 

 

(2) 

A harmonic oscillator has a potential energy V(x) represented as a parabolic function of the 

displacement x. The quantum mechanical treatment of V(x) with Schrödinger-equation results 

in quantized energy levels 𝐸𝑛, with 𝑛 indicating the vibrational quantum number and ℎ the 

Planck’s constant: 

 

 
𝐸𝑛 = (𝑛 +

1

2
) ℎ𝜈 , 𝑛 = 0,1,2, … 

 

(3) 

For a harmonic oscillator, each discrete energy level 𝐸𝑛 is equidistant, as shown in Figure 5 

A. By absorbing IR radiation, a molecule experiences a change in vibrational state (𝑛1  𝑛2 ) 

denoted by a change in energy ∆𝐸𝑛: 

 

 ∆𝐸𝑛 =  𝐸𝑛2 − 𝐸𝑛1 (4) 

 

In order to give rise to an IR absorption, or to be known as “infrared active”, this change must 

be accompanied by a change in electric dipole moment of the molecule when its atoms are 

displaced relative to one another. Quantum mechanical analysis reveals the selection rule for 

infrared spectroscopy, that only transition of vibrational states involving Δ𝑛 =  ±1  is 

allowed. 
[15]
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However, the above rule is only valid within the harmonic approximation of the oscillator. In 

reality, a parabolic representation of V(x) cannot be correct at all extensions because bond 

dissociation is not allowed. An anharmonic potential curve, which is called the Morse 

potential energy function, describes the actual potential energy more accurately. 

Anharmonicity denoted by Morse potential energy function allows a bond to dissociate at 

large displacements. Application of the Schrödinger-equation on this potential function yields 

also discrete vibrational energy states; however, the energy levels 𝐸𝑛 are no longer equidistant 

and this leads to the convergence of energy levels at higher 𝑛 values. Figure 5 visualizes the 

difference between the two models. It is important to point out in context of IR spectroscopy 

that anharmonicity accounts for the existence of weak absorption bands corresponding to the 

transitions with Δ𝑛 =  ±1, ±2, ±3 …, which are forbidden within the harmonic approach.  

  

While there is only one vibrational mode for a diatomic molecule, several modes are present 

for a polyatomic molecule. A polyatomic molecule with N atoms has a total number of 3N 

degrees of freedom. Three of them represent the translational motion of the molecule. For a 

nonlinear polyatomic molecule with N atoms, three degrees of freedom are additionally 

assigned to the rotational motion about its x, y and z axes. The remaining 3N-6 degrees of 

freedom are attributed to the vibrational motions of the molecule, which indicate the total 

number of ways the N atoms can vibrate, i.e. the number of vibrational modes, which is also 

known as normal modes. For linear polyatomic molecule, there are only two rotational 

degrees of freedom because the rotation around the molecule axis does not cause any 

movement of the nuclei. Therefore, there are 3N-5 vibrational degrees of freedom i.e. 3N-5 

normal modes for a linear polyatomic molecule. A normal mode is principally defined as a 

Figure 5  Potential energy V of a diatomic molecule as a function of the relative atomic displacement 

x during a vibration for a A) harmonic oscillator and B) anharmonic oscillator  

(Figures are taken from reference 32a) 

A B 
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synchronous, independent motion of atoms or groups of atoms that may be excited without 

arising excitation of any other normal modes and without involving translational or rotational 

motion of the molecule as a whole. 
[15]

 Stretching (changing of bond length) and bending 

(changing in bond angle) are among the major molecular vibrational modes, which are shown 

in Figure 6 by carbon dioxide and water.  

 

Nevertheless, not every vibrational mode can be observed in an IR spectrum. Some vibrations 

of a molecule is infrared active, while some can be infrared forbidden. For a vibration to be 

infrared active, the electric dipole moment of the molecule must change when the atoms of 

the molecule vibrate. 
[15]

 In an IR spectrum, combination bands may appear due to excitation 

of more than one normal mode during the transition. Since the vibrational frequency and 

probability of absorption are dependent on the strength and polarity of a vibrating bond, 

increase of the bond polarity will lead to higher absorption band intensity.
[16]

 

2.2.2 Fourier-Transform Infrared (FTIR) Spectroscopy  

Fourier-transform infrared (FTIR) spectrometers are the most predominantly used infrared 

spectroscopic instruments. Unlike the traditional dispersive spectrometers that monitor 

individual dispersive frequency sequentially, FTIR spectrometers are able to detect all 

frequencies simultaneously, which have since improved the speed, efficiency and sensitivity 

of infrared spectroscopic technique. 
[17]

 

As its name itself implies, FTIR spectrometry applies a mathematical method, the Fourier 

transformation, to convert the measured signal (interferogram) to a measured spectrum. As 

shown in Figure 7, a FTIR spectrometer comprises three basic components: a radiation 

Figure 6  Stretching and bending vibrations of carbon dioxide 

and water molecules 
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source, an interferometer and a detector. Depending on the infrared spectral region that is to 

be investigated, different types of radiation sources and detectors are available. Thermal 

radiation source made of silicon carbide, commonly known as “Globar”, is used for 

spectroscopic studies in the mid-infrared (MIR) region. The photon detector MCT 

(mercurycadmium telluride) is commonly used for applications with higher sensitivity. 
[18]

 

The interferometer, most commonly the Michelson interferometer, is the centerpiece of a 

FTIR spectrometer. 
[16]

 It has one fixed mirror and one movable mirror that are perpendicular 

to each other. The third active component in an interferometer is a semi-reflecting 

beamsplitter which bisects the planes of the two mirrors. Beamsplitters for mid- or near-

infrared regions are often made by coating a thin film of germanium onto an IR-transparent 

substrate like potassium bromide or cesium iodide. When the radiation from the source is 

collimated and directed onto the beamsplitter, 50% of the incident beam will be ideally 

transmitted to the fixed mirror and the other 50% reflected to the movable mirror. The 

splitting beams are then reflected by both mirrors back to the beamsplitter, where they 

recombine and interfere with one another. If the distance of the movable mirror to 

beamsplitter is equal to that of the fixed to beamsplitter (L), the two splitting beams travel 

through the same optical path length each (2L). In other words, they are in phase with each 

other and therefore result to a maximum signal on the detector. If the movable mirror is 

displaced by various distances 𝛿, which defines the optical path difference (OPD), the signal 

arriving at detector varies as a cosine function for monochromatic radiation. The resulted 

interference pattern which displays the variation of signal intensity (𝐼′) as a function of OPD 

Figure 7  Scheme of a Michelson interferometer 
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(𝛿) is called an interferogram. A maximum of signal is registered on the detector, each time 

when the total displacement 2𝛿  is equal to the integer multiple of the wavelength of the 

incident radiation 𝜈, i.e. constructive interference. 
[17]

 For polychromatic IR radiation, a more 

complex interference pattern consisting of superimposing cosinoidal waves at every 

wavelength 𝜈 is obtained. Both interferograms are illustrated in Figure 8.  

 

 

The signal intensity 𝐼′(𝛿) collected by the detector is related to the spectral power density 

𝐼(ν̃) at a particular wavenumber 𝜈 by a Fourier-transformation: 

 

 
𝐼(ν̃) =  ∫ 𝐼′(𝛿)

∞

−∞

cos(2𝜋𝜈𝛿) 𝑑𝛿 

 

(5) 

This mathematical operation converts the interferogram to the final IR spectrum with the 

more familiar wavelength domain. 
[18]

 Here, 𝐼′(𝛿) is the intensity falling on the detector over 

an infinite distance traveled by the movable mirror (−∞ < 𝛿 < ∞). However, this infinite 

boundaries assumption falls apart, because in real practice only finite travel distances can be 

measured. This significant deviation from the theoretical assumption leads to the so-called 

“leakage” observed in a real spectrum, where a number of positive and negative side lobes 

around the base of the main peak area are observed. Several mathematical functions are 

Figure 8  Interferograms obtained for A) monochromatic radiation; 

B) polychromatic radiation (Figures are taken from reference 17) 

B 

A 
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available to solve the “leakage” problem. By multiplying a carefully chosen function, as 

shown in Figure 9, the intensity of the interferogram should drop less abruptly and close to 

zero at its both ends. This process is known as apodisation. 
[19]

  

 

Since the introduction of FTIR spectrometers in the mid-1950s, infrared spectroscopic 

techniques have gone through revolutionary advancement. A complete spectrum can be 

produced during one single scan of the movable mirror because the detector in FTIR 

spectrometer is now able to detect all frequencies simultaneously.  In addition, signal-to-noise 

ratio (SNR), which is proportional to square root of total number of measurements, can be 

greatly improved due to a higher number of spectra per time unit achieved by a FTIR 

spectrometer. It is thus faster and more sensitive than the dispersive spectrometer (Fellgett 

advantage). 
[17]

 Secondly, a circular optical aperture in FTIR system that allows higher 

transmission of radiation energy substitutes the often energy-wasting slit found in a dispersive 

system. An increase in optical throughput contributes to an improved SNR (Jacquinot 

advantage). 
[18]

 The accuracy of the scanning mirror position is inevitably decisive in 

determining IR band position precisely. By using a helium-neon laser as an internal reference, 

mirror displacement up to 5 nm can be resolved (Connes advantage). 
[20]

 

 

Figure 9  Apodisation functions available in a FTIR 

spectrometer and their resulted interferograms 

(Figure is taken from reference 32a) 
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2.2.3 Transmission Mode-FTIR 

In a FTIR measurement in transmission mode, IR radiation passes a sample filled in a cuvette 

before it is monitored by the detector. Considering an absorption of radiation by a 

homogeneous sample, the intensity of the incident radiation ( 𝐼0 ) is reduced after the 

absorption (see Figure 10 B). The ratio of the intensity transmitted by the sample (𝐼), to 𝐼0, is 

defined as transmittance (𝑇). Absorbance (𝐴) is the logarithm to the base 10 of the reciprocal 

of the transmittance, which is shown as followed: 

 

 
𝐴 = 𝑙𝑜𝑔10  

1

𝑇
=  −𝑙𝑜𝑔10

𝐼

𝐼0
 

 

(6) 

Absorbance at a given wavelength is directly proportional to optical path length (d) in the 

sample and concentration (c) of the homogeneous sample solution. The proportionality 

constant is the molar extinction coefficient at the given wavelength (𝜖), given in units of l 

mol
-1

 cm
-1

. 

 𝐴 =  𝜖 𝑐 𝑑 

 

(7) 

The linear relationship between absorbance and sample concentration shown in equation 7 is 

known as the Beer-Lambert law. It forms the basis for quantitative analysis of infrared 

absorption spectra. 
[19]

 

A transmission cell and its additional sampling accessories used in a FTIR spectrometer is 

schematically illustrated in Figure 10 A. 
[21]

 The optical path length (d) is defined by the 

thickness of the spacer. 

Figure 10  A) Scheme of demountable FTIR transmission cell (Figure is taken and modified from reference 21)  

B) Scheme for IR measurements in transmission mode 

B A 
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2.2.4 Attenuated Total Reflection (ATR)-FTIR 

ATR is a reflection technique which utilizes the phenomenon of total internal reflection. In an 

ATR setup, an IR beam is directed through a crystal with a high refractive index (𝑛1), which 

is in contact with a sample with refractive index 𝑛2. If the incidence angle of the beam (𝜃) at 

the interface between the sample and crystal is greater than a certain value 𝜃𝑐, the IR beam 

will be totally reflected internally off the back of the crystal. The critical 𝜃𝑐  is a function of 

the refractive indices of two transparent media, 𝑛1 (medium 1, i.e. crystal) and 𝑛2 (medium 2, 

i.e. sample), as shown in the following: 

 

 sin 𝜃𝑐 =
𝑛2

𝑛1
 (8) 

Equation 8 tells that, an ATR crystal must have a higher refractive index than that of the 

sample to achieve total internal reflection (𝑛1 >  𝑛2). Upon reflection at the crystal-sample 

interface, the IR beam penetrates a fraction of its wavelengths into the sample and the field 

that extends from the interface into the optically less dense medium is called the evanescent 

wave. In regions of the IR spectrum where the sample absorbs energy, the waves are 

attenuated and finally exit the opposite site of the crystal to the detector. The scheme of the 

typical ATR-IR technique is illustrated in Figure 11.  

 

When a beam passes from one medium with high refractive index (𝑛1) to another with low 

refractive index (𝑛2), the path of the beam can be described by Snell’s law: 

 

 𝑛1  sin 𝜃1 = 𝑛2  sin 𝜃2 

 

(9) 

Figure 11  Scheme of ATR approach  
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, where 𝜃1 and 𝜃2  are the incidence and refraction angles respectively. If 𝜃1  exceeds the 

critical angle 𝜃𝑐 defined above, the beam is totally reflected back into the original medium 1 

(Figure 12).  

A small degree of electromagnetic wave can penetrate into the sample and the depth of 

penetration (𝑑𝑝) can be quantitatively given by the following equation: 

 

 
𝑑𝑝 =  

𝜆

2𝜋𝑛1 √sin2 𝜃 −  (
𝑛2

𝑛1
⁄ )

 
(10) 

As seen in equation 10, the depth of penetration depends on several parameters: wavelength 

of incident radiation (𝜆), refractive index of ATR crystal (𝑛1 ) and incidence angle (𝜃). 

Common materials used as ATR crystals in mid-infrared internal reflection must have high 

refractive index, sufficient hardness, and low solubility in water, for example diamond, 

silicon, germanium, zinc selenide, etc. 

 

2.2.5 Time-Resolved FTIR 

Time-resolved infrared spectroscopy serves as an excellent tool for studying transient or time-

dependent dynamic processes. Depending on the time scale of the studied kinetic processes, 

different interferometric techniques can be applied, e.g. rapid-scanning, ultrarapid-scanning, 

stroboscopic sampling, step-scanning, and pulse-asynchronous sampling. 

In rapid-scanning time-resolved FTIR, interferograms are recorded by moving the mirror in 

interferometer in a rapid and continuous manner. The moving mirror travels at a scan 

velocity, in which each scan is effectively instantaneous on the time scale of the studied 

dynamic process. Since the signal-to-noise ratio (SNR) of a spectrum is proportional to the 

Figure 12  Snell’s Law; the beam path in dotted-dashed line 

illustrates the case of total internal reflection.  

(Figure is taken from reference 19) 
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square root of the number of measurements, it can be improved by increasing number of 

mirror scans for each time-resolved spectrum and co-adding the resulted interferograms. This 

can be subtly achieved by moving the mirror as rapid as possible between its start and end 

positions. The faster the mirror travels the shorter the time that is required for data acquisition 

per scan. In a rapid-scan measurement, the time resolution is obtained by monitoring the 

difference between two successive mirror scans, i.e. the optical path difference (OPD). 
[22]

 

This means the time required per scan is not only dependent on mirror velocity, but also on 

the distances the mirror travels. Bearing in mind, however, that spectral resolution is inversely 

proportional to OPD, increasing time resolution would thus result in decrease in spectral 

resolution. It is crucial to define these parameters before carrying out a rapid-scan experiment. 

In addition, the effect of spectral resolution is governed by the spectra of the studied chemical 

species. As a matter of fact, a spectrum with low spectral resolution may often yield good 

quantitative information, especially when some kind of multivariate data-processing 

algorithms are employed. 
[19]

 In many modern interferometers, the traveling rapidity of 

moving mirror, hence the data acquisition time per scan, can be improved by a combined 

modus called “double-sided, forward-backward” modus. In this case, data are collected in 

both the forward and reverse directions, which mean up to four spectra can be extracted 

within each complete forward-backward interferometer scan. 

2.2.6 Stopped-Flow FTIR 

The SF-61/FT-IR stopped-flow system from TgK Scientific Ltd. consists of the following 

main components: a drive unit, a thermostatic umbilical supply tube, and an infrared 

transmission cell with an integrated mixer. The connection tubes of the flow circuit, which are 

likened to HPLC-tubes, have outer and inner diameters of 1.6 mm and 1.0 mm. These tubes 

have a volume of about 1.2 mL and are made of PEEK (poly-ethylethylketone). Additionally, 

they are coated with a thermostatic jacket, which, by connecting to an external water bath, 

allows temperature regulation of the stopped-flow system.  
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The transmission mixing cell consists of an integrated “T-mixer”, machined into two 

separable stainless steel plates (Figure 13 A). It has CaF2-windows of 1.2 cm thick and flow 

channels of 0.5 mm
2
 cross section. These components generate an 8 mm diameter observation 

chamber with a 100 µm optical path length. Initially developed by Prof. Wharton at the 

University Birmingham UK, the mixing system has a stopped-flow mixing time between 5 to 

10 ms. The most crucial construction of the mixing system is perhaps the use of the 12 mm-

thick stainless steel plates, which can efficiently minimize the first flexing that possibly 

resulted by the pressure pulse at the initiation of flow phase. Secondly, the absence of static 

mechanical pressure applied to the cell windows enhances the rapidness of the fluid transport, 

simply because the cell windows are set in hollow spaces that are machined into the plates. 

Furthermore, an extra gasket is unnecessary since the plates can be bolted tightly together 

without leakage. A thin layer of silicone grease is applied on both plates to reduce mechanical 

friction. 
[23]

  

The schematic illustration of the stopped-flow system is shown in Figure 13 B. Two sample 

reagents in two gastight Hamilton drive syringes travel simultaneously through the flow 

Figure 13  A) Scheme of the stopped-flow transmission mixing cell with integrated T-mixer (Figure is 

taken from reference 32b). The numbers (in centimeter) correspond to the size of the cell.  

B) Scheme of the stopped-flow system 

A 

B 
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circuit and are mixed shortly before they enter the observation chamber. This movement is 

achieved by a motor that drives a common pushing plate underneath the syringes.  

To perform a time-resolved stopped-flow FTIR measurement, the stopped-flow apparatus is 

interfaced to a FTIR spectrometer (Figure 14A). The transmission mixing cell block is 

mounted onto a sample holder in the spectrometer’s sample compartment. Two simple plates 

that allow the thermostatic umbilical to protrude through the top are used to cover the 

compartment. The waste is collected in a beaker with a cap, which is placed next to the 

mixing cell block in the sample compartment (Figure 14 B). 

 

A B 

Figure 14  A) Stopped-flow apparatus (model SF61/FT-IR by TgK Scientific Ltd.) interfaced to a Bruker 

Vertex 80v spectrometer; B) inner view of the sample compartment of the spectrometer. 
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2.3 Infrared Spectroscopic Studies of Calcium Carbonate 

 

Carbonate ion belongs to the D3h point group. The planar, symmetric and four-atomic ion has 

six normal modes, which can be assigned to anti-symmetric stretching ( 𝜈3 , doubly 

degenerate), symmetric stretching ( 𝜈1 , non-degenerate), out-of-plane bending ( 𝜈2 , non-

degenerate) and in-plane bending (𝜈4, doubly degenerate). The symmetric stretching (𝜈1) of 

an isolated carbonate ion is infrared-forbidden. While the 𝜈4 -band generally shows weak 

intensity, the 𝜈3- and 𝜈2-bands are strong and significant. Owing to the decrease in symmetry, 

carbonate ions in solid phases and in different chemical environment exhibit variable band 

positions as compared to the predicted values based on an isolated carbonate ion (1436, 1380 

cm
-1

 (𝜈3), 1064 cm
-1

 (𝜈1), 880 cm
-1

 (𝜈2,) and 684 cm
-1

 (𝜈4)). For example, carbonate ions in 

D2O (8 Molar) reported by Davis et al. exhibit IR vibrational bands at 1445, 1390 cm
-1

 (𝜈3), 

1052 cm
-1

 (𝜈1), 877 cm
-1

 (𝜈2,) and 695 cm
-1

 (𝜈4). 
[24]

 

Infrared spectroscopy serves as a useful tool to study different calcium carbonate phases, 

since each phase shows characteristic absorption bands in its IR spectrum. ATR-FTIR spectra 

of the four known calcium carbonate phases in dry powders (calcite, aragonite, vaterite and 

amorphous calcium carbonate) are presented in Figure 15. The spectra are taken from the 

experimental data presented in section 5.1.1. The regions of the absorption bands 

corresponding to the four fundamental vibrational modes of carbonate ion (𝜈1, 𝜈2, 𝜈3, and 𝜈4) 

are assigned. The sum of 𝜈1 and 𝜈4 vibrational modes, i.e. the combination mode (𝜈1+ 𝜈4), is 

accountable for the bands found in the region 1850–1730 cm
-1

. Among the four characteristic 

bands, the ratio of 𝜈2 and 𝜈4 bands intensities may be used as a blueprint to quantify local 

atomic order of carbonate ions. 
[7]

 The 𝜈4  band at ~700 cm
-1

, which is usually sharp and 

distinct for crystalline phases (calcite, aragonite and vaterite), provides useful information for 

calcium carbonate polymorph assignment. 
[10]

 A short-range structure assignment for 

amorphous calcium carbonate (ACC) utilising the 𝜈4  band is however hindered by the 

extensive band-broadening due to the superimposition of structural water bands. Next to the 

𝜈4 band, the out-of-plane bending absorption (𝜈2) in the region 900-800 cm
-1

 can be employed 

to observe the changes of atomic orders from amorphous to crystalline forms. 
[10]

 Crystalline 

CaCO3 phases have discrete 𝜈2 bands whereas amorphous CaCO3 has a broader one.  

On the other hand, symmetric (𝜈1) and asymmetric (𝜈3) stretching bands are sensitive towards 

the symmetry and the chemical environment of carbonate ions. As mentioned above, the 𝜈1 

band which appears in the region 1100-1000 cm
-1

, is infrared-forbidden if the carbonate ion is 
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planar and symmetric, as in the case of an isolated carbonate ion. However, this band is often 

observed in IR spectrum of system with bound carbonate ions, likely due to cation or solvent 

interactions. 
[24]

 Defects found in calcite’s crystalline structure may also cause this band to be 

IR active. The lack of symmetry in both ACC and vaterite structures will be reflected on the 

broadening of 𝜈1 bands. 

The absorption band arising from anti-symmetric stretching (𝜈3) in the region 1500-1400 cm
-1

 

is the strongest and broadest among the four fundamental bands, and may appear in doublets 

(splitting), given that the degeneracy of the vibrational mode is removed. At room 

temperature, splitting 𝜈3  band is observed for vaterite and ACC but not for calcite and 

aragonite. The splitting of the 𝜈3  band is, similar to the broadening of the 𝜈1  band, an 

indication of lack of symmetry around the carbonate ion, as Addadi et al. suggested. 
[7]

 Often, 

the 𝜈3 band is very broad. Exact peak position assignments have been ambiguous and a wide 

range of wavenumbers for this band attributed to each calcium carbonate phase has been 

reported in a number of publications. 
[25]

  

Likely owing to its relatively weak intensity and much greater relevance of the other four 

fundamental modes of the carbonate ion ( 𝜈1 , 𝜈2 , 𝜈3 , and 𝜈4 ), studies focused on the 

combination modes of carbonate ion are, to the best of our knowledge, sparse. The 

combination mode, which is found in the spectral region 1850-1730 cm
-1

 is attributed to the 

sum of the 𝜈1  and 𝜈4  vibrations of the carbonate ion. Since the 𝜈1  and 𝜈4 modes are 

characteristic of different CaCO3 species, the combination mode of each species is also 

distinguishable. The sharper and the more discrete the 𝜈1  and/or 𝜈4  bands are, the more 

pronounced the combination band will be. This applies to the symmetrical crystalline phases 

like calcite and aragonite, which exhibit relatively strong combination band intensities. On the 

contrary, vaterite has a broad and relatively weak combination band because of both its weak 

and broadened 𝜈1 and 𝜈4 bands. ACC has unresolved combination bands owing to its broad 

and featureless 𝜈4 band. Therefore, the combination mode (𝜈1 + 𝜈4) of the carbonate ion may 

be a powerful guideline for the IR spectroscopic studies of calcium carbonate species, 

especially in a system where the assignment of 𝜈1 and 𝜈4 (and/or 𝜈2) bands is not accessible. 
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Figure 15  ATR-FTIR spectra calcium carbonate phases in dry solid states with 

assignment of the characteristic vibrational bands  

(Spectra are taken from section 5.1.1 of this work) 
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3 Scope of Work 

Quantitative in situ spectroscopic investigations of the early stages of calcium carbonate 

precipitation from high and defined level of supersaturation are sparse. Stopped-flow FTIR 

spectroscopy serves as a powerful tool that allows kinetic measurements with millisecond 

time-resolution. Fast mixing of calcium and carbonate solutions within 5-10 milliseconds can 

be achieved by the stopped-flow apparatus and thereby a high level of initial supersaturation 

can be generated. Such studies are of great interest not only because CaCO3 species 

development at the very early stages of precipitations can be spectroscopically examined, the 

high level of initial supersaturation also allows one to explore the recently postulated liquid-

liquid separation regime via binodal or spinodal pathways. The insights obtained can 

therefore contribute to the understanding of the mechanisms underlying phase separation 

processes. 

Time-resolved stopped-flow FTIR experiments for CaCO3 precipitation were conducted at 

four different initial concentrations (1 M, 0.1 M, 0.05 M and 0.01 M). So as to enable 

quantitative evaluations of the kinetic data, four CaCO3 reference samples were studied at 

different conditions (i.e. the amount of D2O in the reference samples) by employing different 

FTIR spectroscopic techniques (ATR-FTIR or transmission mode-FTIR). The effect of D2O 

on the IR spectra of each CaCO3 phase was examined. The carbonate ion dissolved in D2O 

solutions was also investigated by means of transmission mode-FTIR. These studies served 

for the delineation of the IR-spectroscopic window for all investigations, and were developed 

towards quantitative analyses of static as well as time-resolved FTIR spectra of CaCO3 

precipitation. We demonstrate that (i) the combination mode of carbonate ion (𝜈1+ 𝜈4) is 

useful for quantitative analyses of the early stages of CaCO3 precipitation, and that (ii) the 

precipitation behaviour changes distinctly between 0.5 M-1.0 M precursor concentrations.  
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4 Methods and Experimental 

All chemicals used were of analytical grade without further purification. Unless specified, all 

deuterium oxide used here was purchased from euriso-top® (99.96 atom % deuterium; No. 

D215ES/L2051).  Millipore water, when used as solvent, was taken from Milli-Q Direct 8 

System by Merck. This was purged with nitrogen for at least 8 h (to remove carbon dioxide). 

Anhydrous calcium chloride (Merck, No. F1444379 638, >99.9 %) and anhydrous sodium 

carbonate (Fischer Scientific, No. S/2840/62) were used to prepare CaCl2 and NaCO3 aqueous 

solutions respectively. 

The background reference spectrum is subtracted automatically from the sample spectra. 

Spectral analysis was performed by OPUS software (Version 7.0, Bruker). Plotting and 

graphing of all spectra were carried out by Origin Software (Version 8.6G 32Bit). 

 

4.1 Preparation of Solutions 

All aqueous solutions of CaCl2 and Na2CO3 at given concentrations were prepared by 

dissolving anhydrous CaCl2 and anhydrous Na2CO3 in either H2O (Millipore water) or D2O 

(99.96 atom % deuterium).  

 

4.2 Syntheses of Calcium Carbonate Reference Samples 

Calcite The synthesis procedure of calcite was adapted from the literature. 
[11]

 100 mL of 

10 mM calcium chloride solution in H2O and 100 mL of 10 mM sodium carbonate solution in 

H2O were briefly mixed in a plastic beaker. The beaker was sealed with parafilm and the 

mixture was stirred for four hours at room temperature. After that, the resulting suspension 

was centrifuged, washed with pure ethanol and dried in a vacuum oven (40 mbar) at 40 °C. 

Aragonite The synthesis of aragonite was described elsewhere. 
[26]

 50 mL of 10 mM sodium 

carbonate solution in H2O were stirred in a thermostated bath at 60°C. By using an automatic 

dosimeter, 50 mL of 10 mM calcium chloride solution in H2O were added into the sodium 

carbonate solution at a rate of 0.83 mL/minute. Then, the resulted suspension was transferred 

to centrifuge vials and was centrifuged at 9000 rpm for about 10 minutes. After decanting the 

supernatant, the sediments were washed twice with pure ethanol. The resulting products were 

dried in a vacuum oven. 
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Vaterite Synthesis of vaterite could be found in the paper by Gebauer et al. 
[11]

 10 mL of 1 M 

calcium chloride solution in D2O (99.9 atom % deuterium; No. 151882-1L by Sigma-Aldrich) 

were dosed into 10 mL of 1 M sodium carbonate solution in D2O within 15 minutes, while 

stirring vigorously at room temperature. The rate of dosing was achieved by an automatic 

dosimeter. The precipitates formed after mixing were centrifuged and washed with pure 

ethanol, before being dried in a vacuum oven. 

Amorphous Calcium Carbonate (ACC) ACCs were synthesized according to the procedure 

described by F. Khouzani et al. 
[10]

 In a plastic beaker with ~1.5 L of ethanol of analytical 

grade, 50 mL of 10 mM calcium chloride solution in D2O (99.9 atom % deuterium; 

No  151882-1L by Sigma-Aldrich) were added. It was followed by 50 mL of 10 mM sodium 

carbonate solution in D2O. The beaker was then sealed with Parafilm
®
 and the mixture was 

stirred for 20 minutes. Upon removing the beaker from the stirring plate and removing the 

magnetic stirrer, the sealed beaker with solution was kept in a quiet place for another 20 

minutes. ACCs began to sediment at the bottom of the solution, which were then isolated by 

decanting the supernatant. The sediments were transferred to a centrifuge vial and were 

centrifuged at 9000 rpm for about 10 minutes. After this, the products were first washed with 

pure isopropanol, re-dispersed in the same washing solvent and again centrifuged. Similar to 

the previous procedure, the second washing procedure was done in pure acetone. After 

centrifuging ACCs and decanting the supernatant, the resulting products were dried in 

vacuum (40 mbar) overnight at 40°C. 

 

4.3 Static FTIR Experiments 

ATR-FTIR Measurements of Dry Solid CaCO3 Attenuated-total-reflection Fourier-transform 

infrared (ATR-FTIR) spectra were recorded in the region 4000-650 cm
-1

 with a Perkin Elmer 

spectrometer 100, equipped with a diamond ATR crystal (universal ATR-sampling 

accessory). Four scans were performed for each spectrum with a spectral resolution of 4 cm
-1

.  

~0.3 mg of CaCO3 solid powders were placed on the diamond crystal and force was applied 

on the samples before a measurement was performed. 

For all sample measurements, atmosphere (blank ATR crystal) was used as background 

reference. Each sample measurement was performed at least twice to ensure its 

reproducibility. 
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ATR-FTIR Measurements of CaCO3 Dispersed in Low D2O Content The spectrometer, 

instrumental conditions and parameters used here were the same as described for the 

experiments with dry solid samples.  

Before each sample measurement, 3 µL of D2O were pipetted on the diamond crystal and a 

background spectrum was recorded. After drying the crystal surface, ~0.3 mg of CaCO3 solid 

powders were placed on the diamond crystal. As soon as 3 µL of D2O were added on the 

powder (even distribution of well-dispersed samples on the diamond crystal surface was 

achieved by a pipette), force was applied on the mixture and a spectrum was recorded. Sample 

spectrum was simultaneously referenced to the previously recorded background spectrum. 

Each sample measurement was performed at least twice to ensure its reproducibility. 

ATR-FTIR Measurements of CaCO3 Dispersed in High D2O Content ATR-FTIR 

measurements were performed with a Bruker Vertex 70v spectrometer equipped with a liquid 

nitrogen-cooled MCT detector and a germanium horizontal-ATR accessory (Bio-ATR I, 

Bruker). All spectra were recorded in the region 4000-650 cm
-1

 and at a spectral resolution of 

4 cm
-1

. The final spectra represent the accumulation of 128 scans after background reference 

(D2O solvent) subtraction.  

For each measurement, ~50 mg of CaCO3 powder were dispersed well in 1 mL of D2O. 

Approximately 0.8 mL of the dispersed sample was injected gently into the enclosed cell 

through inlet to ensure even coverage of the crystal surface. Prior to that, a background 

spectrum of D2O solvent was recorded. Final spectrum of CaCO3 sample was subsequently 

obtained after an automatic background subtraction featured in OPUS software. Each sample 

measurement was repeated for the purpose of reproducibility. 

Transmission Mode-FTIR Measurements of CaCO3 Dispersed in High D2O Content 

Transmission mode-FTIR spectra were recorded in the region 4000-650 cm
-1

 with a Bruker 

Equinox 55 FTIR spectrometer using a liquid nitrogen-cooled MCT detector. Optical and 

spectroscopic parameters for all measurements were monitored by OPUS software. For each 

spectrum, 128 scans were averaged. The spectral resolution was set to 4 cm
-1

. Blackman-

Harris 3 term function was chosen for apodisation with eight levels of zero filling. Mertz-

mode was used to perform phase correction with phase resolution of 16 cm
-1

.  

An IR transmission cell was composed of two CaF2 windows (diameter: 20 ± 0.1 mm; 

thickness: 2 ± 0.1 mm; purchased from Crystal GmbH), which were separated by a custom 

tailored Teflon spacer of variable thickness (cf. Figure 10 A). The thickness of the spacer 

defined the optical path length of the cell. The spacer was fixed between two CaF2 windows 
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by applying a thin layer of PTFE paste. A cell with 100 µm optical path length could take up 

~14 µL of the sample solution. 

About 1 mg of CaCO3 powder was dispersed in 20 µL of D2O in a 1 mL Eppendorf tube. A 

transmission cell of 100 µm thickness was filled with 14 µL of the sample mixture. Then, the 

cell was mounted on a standard transmission cell holder in the sample compartment of the 

spectrometer. A shuttle device built for the spectrometer allows measurement of reference and 

sample spectra successively (another transmission cell of the same optical path length, which 

was filled with 14 µL of D2O solvent was employed as reference cell). OPUS software 

subtracted reference spectrum from each sample spectrum automatically. To adequately 

reduce the water vapours that would affect the quality of the spectra, the sample compartment 

was purged with dry technical air for 15 minutes before each measurement.  

Transmission Mode-FTIR Measurements of the Carbonate Ions in D2O Carbonate ion 

reference study was performed on a Bruker Vertex 80v spectrometer equipped with MCT 

detector and stopped-flow transmission cell. For each spectrum, 128 scans were averaged 

with 4 cm
-1

 spectral resolution. Spectra were obtained in the spectral region 1850-700 cm
-1

. 

All other optical and data acquisition parameters were set in the same way as described 

previously in transmission mode-FTIR experiments.  

Sodium carbonate solutions were prepared in eleven concentrations (1 M, 0.8 M, 0.5 M, 

0.2 M, 0.1 M, 0.08 M, 0.05 M, 0.02 M, 0.01 M, 0.005 M and 0.001 M) by dissolving 

anhydrous Na2CO3 in D2O. Prior to each sample measurement, a background spectrum from 

D2O solvent was recorded after filling the stopped-flow cell with the solvent. Subsequently, 

sufficient amount of carbonate sample solution was pumped into the stopped-flow cell to 

remove the solvent and to fill up the entire cell with the carbonate solution. Detailed 

description of stopped-flow system and setup was presented in section 4.4. All final FTIR 

spectra were treated in a manner similar to that of the previous transmission mode-FTIR 

experiments by subtracting the background spectrum of D2O solvent from the spectra of the 

measured carbonate samples. Each sample measurement was performed at least twice to 

ensure its reproducibility. 

Static Transmission Mode-FTIR Measurements of CaCO3 Precipitates upon Mixing CaCl2 

and Na2CO3 Similar to transmission mode-FTIR experiments of CaCO3 phases dispersed in 

high D2O content (see above), the spectra here were also recorded in the region 4000-

650 cm
-1

 with a Bruker Equinox 55 spectrometer. Each spectrum was acquired by 

accumulating 128 scans measured at 4 cm
-1

 spectral resolution.  
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The IR transmission cell used here was already described in details in the previous sections 

(custom-made CaF2 cell with 100 µm optical path length). During this study, precipitated 

CaCO3 was measured in a static manner by FTIR spectrometer in transmission mode. CaCO3 

precipitates formed in both D2O and H2O solutions upon mixing calcium chloride (CaCl2) and 

sodium carbonate (NaCO3) solutions at seven different concentrations (0.01 M, 0.1 M, 0.2 M, 

0.3 M, 0.4 M, 0.5 M and 1 M.) were studied. It is important to note that the concentration 

notion used here and in the following sections referred to the initial concentrations of the 

mixing reagents (calcium chloride and sodium carbonate solutions). For instance, 1 M 

corresponded to 1 M CaCl2 and 1 M Na2CO3 solutions; thus, after mixing equal amount of 

each reagent, the resulted specimen concentration would have a concentration of 0.5 M.  

The following procedure could be applied to all eight concentrations. First, 7 µL of x M 

calcium chloride solution and 7 µL of x M sodium carbonate solution were mixed well on the 

surface of one of the cell window. Briskly, the cell was sealed and mounted in the sample 

compartment. Each spectrum was recorded 15 minutes after the mixing due to the purging of 

the sample compartment with dry CO2-free air. For all sample measurements, solvent (D2O or 

water) was used as reference. Each measurement was repeated in order to obtain a spectrum 

with the best reproducibility. 

Spectral Analysis 

If necessary, the baseline of all the spectra were manually corrected using OPUS software.  

Curve fitting (spectral deconvolution) was performed by OPUS software for the spectra in 

transmission mode experiments (cf. section 5.1 and 5.2). Before applying curve fitting, a 

second derivative of an overlapped curve was first calculated by OPUS software in order to 

determine the number of peaks and peak positions found within the overlapped feature. The 

Levenberg-Marquardt algorithm was applied as the fitting model. All curves were fitted with 

a Gaussian profile. 
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4.4 Time-Resolved Stopped-Flow FTIR Experiments  

Detailed description of the stopped-flow system was already presented in section 2.2.6. A 

stopped-flow apparatus from TgK Scientific Ltd. (model SF-61/FT-IR) was interfaced to a 

Bruker Vertex 80v spectrometer (Figure 14 A). The stopped-flow cell is made of CaF2 

windows with a 100 µm optical path length. The tubes connecting the cell to the sample 

reservoir have a volume of about 1.2 mL (Figure 13 B). 

For the time-resolved experiments, four initial concentrations (0.01 M, 0.05 M, 0.1 M and 1 

M) of the mixing reagents were chosen. Before every sample measurement, the sample 

compartment was purged for 15 minutes with technical dry air to reduce atmospheric 

contaminants. After this, a background spectrum from D2O solvent was recorded, as 

described in the previous section (cf. transmission mode-FTIR for carbonate ions in D2O). 

Then, each Hamilton-syringe was filled with calcium chloride and sodium carbonate solutions 

in D2O, respectively. The stopped-flow system was now ready for mixing.  

The “Rapid Scan Time Resolved Measurement” (TRS) modus featured in OPUS software 

was employed for each time-resolved measurement. For each spectrum measured, 100 scans 

were accumulated. Blackman-Harris 3-Term was chosen as the apodisation function. Phase 

correction was carried out with 32 cm
-1

 phase resolution and with four level of zero filling. 

Equipped with a MCT detector, “double-sided, forward-backward” data acquisition modus 

and a mirror velocity of 320 kHz, a BRUKER Vertex 80v spectrometer allowed spectrum 

acquisition at every 68 ms with spectral resolution of 4 cm
-1

. However, by setting the mirror 

velocity at its maximum (320 kHz), a full coverage of spectral region was not possible. 

Therefore, for all time-resolved measurements, spectra were acquired in spectral region 1850-

700 cm
-1

.  

The formation of CaCO3 precipitates was monitored over two hours, since we not only 

interested in the CaCO3 species development at the early stage of precipitation, but also the 

later stages. However, this would mean, enormous data would be produced. In order to reduce 

the amount of spectra, we designed three methods for data acquisition via the “method editor” 

featured in TRS modus (Figure 16). By defining the number of loops x (which are equal to the 

number of spectra obtained in each method) and the waiting time y between two consecutive 

spectra, the number of spectra from a measurement over two hours could be reduced. In our 

experiments, the spectral change within the first 64 seconds were monitored every 68 ms, 

whereas the latter stages of precipitation every 0.5 s or 1 s. The three methods were 

summarised in Table 1. 
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Table 1 Methods employed in a time-resolved stopped-flow measurement for CaCO3 precipitation 

Method 

Waiting Time Between 

Two Subsequent 

Spectra 

Total Number of 

Spectra / Loop 
Measuring Time 

1 - 1000 68 ms – 68 s 

2 500 ms 930 74 s – 635 s 

3 1000 ms 1300 643 s – ~7200 s 

 

Once the parameters in TRS modus were set, a time-resolved stopped-flow measurement 

could be started. A software called KinetaDrive, by which sample flow rate and flow volume 

can be configured, monitors the movement of the motor. 1100 µL of mixing reagents, i.e. 550 

µL of CaCl2 and 550 µL of Na2CO3 solutions were pumped out of the reservoir syringes to fill 

up the flow circuit. As soon as the command “Start Rapid Scan Measurement” in TRS modus 

was initiated, the stopped-flow command would be triggered. 10 µ L (i.e. 5 µL of each 

reagent) were injected into the mixing cell and scanning would be started simultaneously. 

 

The resulted time-resolved spectra were displayed in a 3-dimensions window (time, 

wavenumber and intensity axes) with the background spectrum of D2O already subtracted 

from the each spectrum.  

Spectral Analysis Automatic smoothing of time-resolved spectra with 25 smoothing points 

was performed by OPUS software. Smoothing method was based on Savitsky-Golay 

algorithm. The shifted baseline was corrected by automatic offset correction featured in 

OPUS software.  

Figure 16  “Method editor” settings for data acquisition 
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5 Results and Discussion 

5.1 Reference Spectra of Calcium Carbonate Phases and Carbonate Ion in 

D2O Solution 

In order to characterise the kinetics of calcium carbonate precipitation (cf. section 5.3), it is of 

importance to study the reference spectra of calcium carbonate polymorphs and carbonate ion 

in D2O solution at the first place. Therefore, three crystalline phases (calcite, aragonite and 

vaterite) and one amorphous phase of CaCO3 (ACC) are synthesized (cf. section 4.2) and 

employed as CaCO3 references. The FTIR spectra of sodium carbonate in D2O solutions at 

eleven concentrations are also studied.  

For each CaCO3 phase, four studies (5.1.1-5.1.4) are conducted. These four studies differ in 

the sample conditions or spectroscopic techniques employed, as listed in Table 2. The 

carbonate ions in D2O solutions are monitored only by transmission mode-FTIR spectroscopy 

(5.1.5). 

Table 2  Reference studies of CaCO3 phases and carbonate ion in D2O solution 

Study Sample Condition Spectroscopic Technique Section 

1 CaCO3 in dry solid state 

ATR-FTIR 

5.1.1 

2 
CaCO3 dispersed in low D2O 

content (1 mg/10 µL) 

5.1.2 

3 
CaCO3 dispersed in high D2O 

content (1 mg/20 µL) 

5.1.3 

4 
CaCO3 dispersed in high D2O 

content (1 mg/20 µL) 
Transmission Mode-FTIR 

5.1.4 

5 carbonate ions in D2O Transmission Mode-FTIR 5.1.5 

 

The sample preparations and the corresponding IR instrumental conditions are described in 

experimental section 4.3. The purity of each CaCO3 phase is examined by ATR-FTIR 

spectroscopy and is discussed within section 5.1.1. In all the studies, only the 𝜈3  and 

combination vibrations of the carbonate ion are considered (in the spectral region 1850–

1270 cm
-1

) (explanation is found in section 5.2). At the end of section 5.1, all reference 

studies of CaCO3 phases as well as carbonate ion in D2O solution will be summarised (section 

5.1.6). 
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5.1.1 ATR-FTIR Reference Spectra of Calcium Carbonate Phases in Dry Solid 

States 

 

To ensure the purity of the herein synthesized CaCO3 references, ATR-FTIR spectra from dry 

powders of calcite, aragonite, vaterite and ACC are recorded in the region 1900–650 cm
-1

 

(Figure 17A). This is because the characterisation of CaCO3 band positions succeeds in the 

lower frequency region (1250-650 cm
-1

; Figure 17 B), e.g. for  𝜈2 (out-of-plane bending) and 

𝜈4 (in-plane bending) bands (cf. section 2.3). 

The distinct sharp 𝜈4 bands obtained here for the three crystalline phases (calcite: 712 cm
-1

; 

aragonite: 713 and 700 cm
-1

; vaterite: 744 cm
-1

) accord perfectly with the values appeared in 

various literatures (Table 3). The characteristic splitting bands of aragonite is observed here as 

A B 

D C 

Figure 17  ATR-FTIR spectra of CaCO3 sample references in dry solid states:  

A) overall spectral region with all vibrational modes of carbonate ion; B) ν1, ν2 and ν4 modes; C) ν3 

and combination modes (ν1 + ν4); D) combination modes; insets show enlarged spectral region of 

combination modes for vaterite (a) and ACC (b).  

All spectra are normalised to the ν3 bands 
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well (red curve in Figure 17 B). The 𝜈4  band of ACC in the region 724-650 cm
-1

 is, as 

expected, extensively broadened due to the superimposition of bands arising from structural 

D2O molecules. Exact band positioning is rather difficult here.  

The 𝜈2  band for ACC at 858 cm
-1

 is clearly broader than those from calcite (870 cm
-1

), 

aragonite (853 cm
-1

) and vaterite (874 cm
-1

). While these bands from calcite, aragonite and 

vaterite agree fairly well with the reported values, the broadened 𝜈2 band of ACC appears to 

be lowered by about 5 cm
-1

 than previously reported. The redshift is likely due to the bound 

heavy structural water (D2O) molecules, in comparison with the normal water (H2O) 

molecules bound to the ACC structure as studied in the literature. 
[10]

 

In addition to the distinct 𝜈4 and 𝜈2 bands, the 𝜈1 band provides also useful information. The 

𝜈1  vibration from aragonite is IR-active and exhibits therefore relatively strong intensity 

(1083 cm
-1

). The presence of the weak 𝜈1 band at 1083 cm
-1

 for calcite indicates defective 

crystal structure (cf. section 2.3). 
[25]

 The two 𝜈1 bands for vaterite measured here are in full 

agreement with the values derived from the literature. 
[11]

 ACC has the broadest 𝜈1  band 

among all, which is “indicative of a lack of symmetry in the environment of the carbonate 

ions”, as Addadi et al. suggested. 
[7]

 Table 3 summarises the 𝜈4, 𝜈2  and 𝜈1 band positions for 

each phase obtained here, in comparison with those of reported literature values.  

At this point, it is possible to conclude that the herein synthesized CaCO3 powders are pure. 

Hence, their infrared reference spectra studied in sections 5.1.1–5.1.4 can be employed as 

references for the targeted studies of CaCO3 precipitation by time-resolved stopped-flow 

FTIR experiments in section 5.3.  

Table 3  ATR-FTIR absorption bands (𝝂𝟒, 𝝂𝟐 and 𝝂𝟏) of CaCO3 phases obtained in this work in comparison with 

reported literature values 

Calcium 

Carbonate 

Phases 

𝝂𝟒 [cm
-1

] 𝝂𝟐 [cm
-1

] 𝝂𝟏 [cm
-1

] 

Ref
a
 In This 

Work 

Literature 

Values 

In 

This 

Work 

Literature 

Values 

In This 

Work 

Literature 

Values 

calcite 712 712 870 872 1083 1083 
[11]

 

aragonite 713,700 713,700 853 853 1083 1083 
[26] 

vaterite 744 744 874 872 1087,1077 1087,1077 
[11]

 

ACC 724-650
b
 690,721

b
 858 863 1071

b
 1073

b
 

[10]
 

aReferences shown here refer to the sources of reported literature values. 

bExact assignment of band positions is difficult due to broad bands. 
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The IR spectroscopic study of CaCO3 precipitation, on which this work will be focusing, is 

performed on a FTIR spectrometer interfaced with a stopped-flow apparatus. This has a 

stopped-flow transmission cell made of CaF2 windows. Since CaF2 absorbs IR radiation 

below 1000 cm
-1

 (Figure S 1 C in Appendix), the studies of 𝜈1, 𝜈2, and 𝜈4 bands of carbonate 

ion are not accessible if CaF2 window materials are used. In the following sections (and also 

the rest of the whole work), we will therefore focus on spectral region 1850-1250 cm
-1

, which 

for each measurement concerns only 𝜈3 and combination modes (𝜈1+ 𝜈4) of carbonate ion.  

The shape and contour of the 𝜈3 band obtained by ATR-FTIR for each phase in dry solid state 

(Figure 17 C) are qualitatively identical to those reported elsewhere. 
[7, 10-11, 25, 27]

 It is 

noticeable that there is a close resemblance in band shape between vaterite and ACC. Both 

phases have little to distinct 𝜈3  peak splits. 1460 and 1390 cm
-1

 are assigned to the two 

components of 𝜈3 mode for ACC. For the additive-free ACC synthesized in the same way by 

F. Khouzani et al., the two components are reported to be 1464 and 1395 cm
-1

. 
[10]

 IR 

spectrum from vaterite reported by Gebauer et al. presents two values (1462 and 1385 cm
-1

) 

that are attributed to the two components of vaterite’s  𝜈3  band. 
[11]

 Here in this work, 

vaterite’s splitted bands locate at 1460 and 1397 cm
-1

 (green curve in Figure 17 C). 

No 𝜈3 band splitting is observed here for calcite but for aragonite (blue and red curves in 

Figure 17 C). This observation agrees well with the literature. 
[25]

 While 𝜈3 band of calcite 

locates at lower wavenumber (1390 cm
-1

), which accords perfectly with the literature value, 

[11]
 𝜈3 bands from aragonite are found at higher wavenumbers. Its band positions at 1483 and 

1448 cm
-1

 (red curve in Figure 17 C) are also found in the literature. 
[25]

 

Among the four investigated phases, the combination bands of calcite and aragonite are 

relatively intense and broad (blue and red curves in Figure 17 D). Despite the lack of 

literature data on this vibrational mode of carbonate ion, the band positions obtained here for 

calcite (1795 cm
-1

) and aragonite (1787 and 1783 cm
-1

) correspond to the values derived from  

𝜈1 + 𝜈4 in Table 3 (calcite: 1795 cm
-1

; aragonite: 1797 and 1783 cm
-1

). Careful examination 

of this spectral region for vaterite reveals only one band at 1764 cm
-1 

(inset a in Figure 17 D), 

instead of the predicted bands derived from Table 3 for vaterite (1831 and 1821 cm
-1

). 

Combination band is not observed for ACC (inset b in Figure 17 D).  

Table 4 summarises the band positions assigned to the 𝜈3 and the combination modes (𝜈1 + 

𝜈4) for each phase. 
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Table 4  ATR-FTIR absorption bands (𝝂𝟑 and combination mode) of CaCO3 sample references in dry solid 

statesb 

Calcium 

Carbonate 

Phases 

𝝂𝟑 [cm
-1

] 
Combination Mode (𝝂𝟏 + 𝝂𝟒)  

[cm
-1

] 

calcite 1390 1795 

aragonite 1483,1448 1787,1783 

vaterite 1460,1397 - 

ACC 1460,1390 - 
aCommas are used to separate the values of resolved bands. 

bSample references’ preparations and conditions are described in experimental section 4.3. 

 

The broad and splitted 𝜈3 bands from vaterite and ACC are an indication of lack of symmetry 

in the carbonate’s environment, as Adaddi et al. emphasized. 
[7]

 Despite their high degree of 

similarity in the overall 𝜈3 band shape, ACC has a much broader 𝜈3 band than vaterite. The 

presence of D2O molecules in ACC is accountable for the band broadening of ACC, because 

D2O exhibits pronounced bands at 1557 cm
-1

 (D-O-D combined libration and scissoring 

bands) and 1209 cm
-1

 (D-O-D scissoring).  

Among all the CaCO3 phases, the 𝜈3 band for aragonite differs mainly in its band position 

locating at much higher wavenumber (1483 cm
-1

; red curve in Figure 17 C). Calcite is the 

only CaCO3 form investigated here to exhibit no splitting 𝜈3 band. These properties of 𝜈3 

bands for calcite and aragonite can be used as a guideline to distinguish both phases from the 

others. 

It has already been known that the assignment of 𝜈3  bands is complicated and there is 

disagreement among the published works. 
[25]

 To this finding, Andersen et al. has pointed out 

that, “Careful examination of the strong broad absorption in the 1600-1400 cm
-1

 region at 

normal temperature and at low temperature, however, indicates that this absorption originates 

from several overlapping bands.” 
[25]

 Large deviation in 𝜈3 band positions for aragonite and 

vaterite are reviewed in the literature. Therefore, exact assignment of 𝜈3 bands positions for 

each CaCO3 phase is by far not possible. 

The combination modes of calcite and aragonite can be well observed (Figure 17 D). 

Principally, the combination band intensities of calcite and aragonite are stronger than vaterite 

and combination band of ACC is not observed (Figure 17 B) (cf. section 2.3 for explanation). 

Splitting of combination bands is expected in the case of aragonite due to its splitting 𝜈4 band. 

While the observed values (1787, 1783 cm
-1

) deviate slightly from the predicted value 
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presented in Table 9 (1796, 1783 cm
-1

), that of calcite (1795 cm
-1

) is in perfect accordance 

with the predicted value (1795 cm
-1

). Interestingly, instead of observing the predicted 

combination bands at 1831 and 1821 cm
-1

 (Table 9), a relatively strong band at 1764 cm
-1

 for 

vaterite (inset a in Figure 17 D) is found. We suggest this to be the overtone of vaterite (2 * 

𝜈2). This band is strongly characteristic of vaterite and may be used as a powerful guideline in 

distinguishing this polymorph from the other CaCO3 forms. This will be further discussed in 

sections 5.1.4 and 5.1.6. 
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5.1.2 ATR-FTIR Reference Spectra of Calcium Carbonate Phases Dispersed in 

Low D2O Content  

During this study, CaCO3 reference samples are dispersed in small amount of D2O (1 mg/ 

10 µL D2O) and measured with the same ATR-FTIR spectrometer used in the first study 

(section 5.1.1). Spectra shown in Figure 18 are the spectra of all four CaCO3 reference 

samples after D2O background spectrum subtraction. However, unideal subtraction of solvent 

background spectrum from the sample spectra is very likely to take place due to the 

uncontrollable sampling procedure (e.g. varied ratio of CaCO3 powder to D2O solvent from 

one measurement to another, uneven distribution of dispersed sample mixture on the ATR-

crystal, etc.). The presence of solvent in the carbonate environment, despite its insignificant 

amount, plays a somewhat important role, as one can observe from the more complicated 𝜈3 

bands (Figure 18 A and Table 5). This is due to the strong absorption of D2O in mid-infrared 

spectral region (Figure S 2 C). The overlapping of the 𝜈3 band of carbonate ion with the D-O-

D combined scissoring and libration (a collective vibrational modes arise from many water 

molecules 
[28]

) of D2O at 1557 cm
-1

 leads to the broadening and shifting of  𝜈3 band to higher 

wavenumbers. This effect is observed at the following findings: additional shoulder at 1520 

cm
-1

 for aragonite (red curve in Figure 18 A); shifting of band maxima by 10 cm
-1

 higher for 

aragonite and 16 cm
-1

 higher for calcite (Table 5 and Table 4); broadened and shifted shoulder 

at ~1488 cm
-1

 for vaterite (Table 5 and Table 4); increase in absorbance signal at ~1468 cm
-1

 

for ACC (black curve in Figure 18 A).  

Combination band signals are very weak for all the investigated CaCO3 phases here. Careful 

examination reveals only weak combination bands from calcite and aragonite at 1796 and 

1785, 1780 cm
-1

 respectively. These values correspond fairly well with the values in dry 

states.  

In conclusion, strong IR absorbing D2O molecules in samples complicate each 𝜈3 band. The 

bands are slightly broadened and shifted to higher wavenumbers. Similar to the previous 

study, only the combination modes of calcite and aragonite are observed and their band 

positions are not much affected by the presence of solvent. Approximate 𝜈3 and combination 

band positions with indication of band maxima are listed in Table 5. 
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Table 5  ATR-FTIR absorption bands (𝝂𝟑 and combination mode) of CaCO3 sample references dispersed in low 

D2O contentb 

Calcium 

Carbonate 

Phases 

𝝂𝟑 [cm
-1

] 
Combination Mode (𝝂𝟏 + 𝝂𝟒)  

[cm
-1

] 

calcite 1457
c
,1416

d
,1363

c
 1796

d
 

aragonite 1520
c
,1493

d
,1450

c
 1785

d
,1780 

vaterite 1488
c
,1427

c
,1400

d
 - 

ACC 1468
c
,1390

d
 - 

aCommas are used to separate the values of resolved bands. 

bSample references’ preparations and conditions are described in experimental section 4.3. 

cExact assignment of band positions is difficult due to the overlapping D2O vibrational mode (cf. text). 

dPosition of band maximum within the spectral region of 𝜈3 band (or combination band) 

 

 

B A 

Figure 18  ATR-FTIR spectra of CaCO3 sample references dispersed in low D2O content:  

A) ν3 and combination modes (ν1 + ν4); B) combination modes; inset shows enlarged spectral 

region of combination modes for vaterite and ACC. 

All spectra are normalised to the ν3 bands 



Results and Discussion 

40 

5.1.3 ATR-FTIR Reference Spectra of Calcium Carbonate Phases Dispersed in 

High D2O Content  

For this measurement, a reflection-FTIR accessory (a horizontal Germanium ATR-crystal) 

different from section 5.1.2 (a universal diamond ATR-crystal) is employed. With this 

experimental setup, the influence of higher solvent content in the CaCO3 samples (1 mg/ 

20 µL D2O) on the vibrational modes of carbonate ion will be studied. 

The overall shapes and contours of all 𝜈3 bands are similar to those in solid dry states and in 

less solvent content (Figure 17 C, Figure 18 A and Figure 19 A), except for ACC. At the first 

sight, the characteristic 𝜈3 band splitting from ACC (black curve in Figure 19 A) disappears. 

It is also noticeable, that all 𝜈3  bands, though narrower now, have been shifted to higher 

frequency region. The assignment of a real band for each spectrum in Figure 19  A is difficult. 

The approximate band positions are summarised in Table 6. 

In the spectral region 1850-1730 cm
-1

, only the combination band of aragonite at 1784 cm
-1

 is 

resolved, as presented in Figure 19 B. This value corresponds well with values presented in 

previous sections. 

The absorption signals of the 𝜈3 bands are generally weak (6-12 mOD). As aforementioned, 

heavy water molecules absorb strongly in mid-infrared region. Similarly, solvent background 

subtraction again may not be ideal here, because the amount of solvent used for reference 

background and for sample dispersion cannot be quantitatively identical. Therefore, the 

A B 

Figure 19  ATR-FTIR spectra of CaCO3 sample references dispersed in high D2O content:  

A) ν3 and combination modes (ν1 + ν4); B) combination modes.  

All spectra are normalised to the ν3 bands 
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presence of the strong IR absorbing water molecules (this time in higher amount) has 

influence on the 𝜈3 band signal. 𝜈3 band positions assignment is ambiguous, as listed in Table 

6.  

Detailed study on the spectra shown in Figure 19 reveals that, higher solvent content in the 

samples affects the spectra in a manner similar to lower solvent content (section 5.1.2). The 

bands are broadened and shifted to higher wavenumbers in general. It is noteworthy, that 𝜈3 

band splitting characteristic of ACC in dry solid state vanishes. Previously, F. Khouzani et al. 

reported that pure aqueous environments promotes crystallisation of ACC. 
[10]

 Experimental 

data indicate that the complete transformation from ACC to crystalline polymorphs takes 

about 45 minutes. The spectrum of ACC obtained here may suggest the co-existence of ACC 

and certain crystalline polymorphs, since the spectrum is recorded 15 minutes after adding 

D2O to ACC sample. Based on the weak shoulder at 1483 cm
-1

 and the very similar spectra in 

the spectral region of combination mode (Figure 19 B), a transformation from ACC to 

aragonite can be assumed. Combination band is only observed for aragonite (and ACC), 

which often has stronger absorbance signal than the others due to its intensive 𝜈1 band (cf. 

section 2.3). Its band position at 1784 cm
-1

 accord well with values measured in dry state 

(Table 4) and low D2O content (Table 5). 

In conclusion, higher D2O content leads to a stronger overlapping of D2O vibrational band (at 

~1557 cm
-1

) with 𝜈3 band. The shift of 𝜈3 band to higher wavenumber region is generally 

observed. Although only resolved for aragonite, the band position of combination mode for 

aragonite (1784 cm
-1

) is not affected by the presence of D2O solvent molecules. 

Table 6  ATR-FTIR absorption bandsa (𝝂𝟑 and combination mode) of CaCO3 sample references dispersed in high 

D2O contentb 

Calcium 

Carbonate 

Phases 

𝝂𝟑 [cm
-1

] 
Combination Mode (𝝂𝟏 + 𝝂𝟒)  

[cm
-1

] 

calcite 1445
c
,1418

d
,1394

c
 - 

aragonite 1496
c
,1483

d
,1445

c
,1408

c
 1784 

vaterite 1487
c
,1427

c
,1408

d
 - 

ACC 1480
c
,1465

c
,1445

d
,1416

c
 - 

aCommas are used to separate the values of resolved bands. 

bSample references’ preparations and conditions are described in experimental section 4.3. 

cExact assignment of band positions is difficult due to the overlapping D2O vibrational mode (cf. text). 

dPosition of band maximum within the spectral region of 𝜈3 band. 
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5.1.4 Transmission Mode-FTIR Reference Spectra of Calcium Carbonate Phases 

Dispersed in High D2O Content  

Among the four reference studies of CaCO3 phases, transmission mode-FTIR spectroscopic 

study presented in this section resembles the time-resolved FTIR experiments at closest. Due 

to the complication in priming dispersed CaCO3 sample mixture into stopped-flow syringe 

(reservoir) and to avoid blockage while pumping the sample mixture through the stopped-

flow circuit, a simple transmission cell (CaF2 windows, 100 µm optical path length) is used in 

this study instead of a stopped-flow transmission cell. 

The spectra shown in Figure 20 appear to be satisfying at the first sight with respect to the 

signal-to-noise ratio. While the 𝜈3 band for calcite may be seen as the most complicated one, 

the other three spectra exhibit simpler 𝜈3 vibrational bands. By comparing the spectra of dry 

solid samples (Figure 17 C) with the spectra in Figure 20 A, it is apparent that the aragonite is 

the only phase amongst the others to experience the least change in terms of the band shape 

and band position (red curve in Figure 20 A). It is then followed by vaterite, whose 𝜈3 band is 

now very extensively broadened (green curve in Figure 20 A). All the resolved peaks 

observed for vaterite in Figure 17 C, Figure 18 A and Figure 19 A are now reduced to two 

main peaks at ~1395 and ~1500 cm
-1

. Additional shoulder is also observed at ~1365 cm
-1

.  

While 𝜈3 band of vaterite broadens extensively, 𝜈3 band of ACC becomes narrower (black 

curve in Figure 20 A) and more refined. The shoulder originally observed at 1460 cm
-1

 in dry 

solid state (Figure 17 C) now becomes the main prominent 𝜈3 band. 

The thermodynamically stable CaCO3 form, the calcite, undergoes the greatest spectral 

change upon addition of high amount of D2O solvent (blue curve in Figure 20 A). An 

additional peak at 1346 cm
-1

 stands out as the most pronounced peak. The band at 1420 cm
-1

 

may correspond to the bands observed before in previous studies (1390 cm
-1

 in Figure 17 C, 

1416 cm
-1

 in Figure 18 A and 1418 cm
-1

 in Figure 19 A) with a blueshift. Besides that, a peak 

at 1478 cm
-1

 is also prominent.  

All shoulders observed in the region 1600-1500 cm
-1

 are suggested to be vibrational modes 

contributed by D-O-D combined scissoring and libration of D2O molecules. A small hump 

appears at 1628 cm
-1

 (marked with asterisk in Figure 20 A) is significant in the spectrum of 

ACC. 

Combination bands are well resolved in transmission mode-FTIR measurements. All three 

crystalline phases have their combination band positions corresponding well to the values 



Results and Discussion 

43 

measured in dry solid states (compare Table 6 to Table 3). Combination vibration from ACC, 

which has not been observed in the previous studies, emerges at 1795 cm
-1

 with its intensity 

nearly as strong as that of the calcite. 

The ratio of CaCO3 solid sample to amount of D2O solvent employed here (1 mg/ 20 µL) is 

identical to reference study three (section 5.1.3). However, FTIR spectra measured in 

transmission cell made of CaF2 with 100 µm optical path length appear to give satisfactory 

signal-to-noise ratio (SNR), thanks to its high transmittance in spectral range 6000-1000 cm
-1 

(Figure S 1 C in Appendix). This fact leads to strong absorptions signals for combination 

bands for each CaCO3 phase. Combination band positions for calcite, aragonite and vaterite 

are not affected by the presence of the solvent. Two bands at 1835 and 1815 cm
-1

 observed for 

vaterite can now be assigned to the combination mode, which is defined by the sum of the 𝜈1 

and 𝜈4 bands. The band at 1764 cm
-1

, which has already been observed in vaterite’s spectrum 

in dry solid state (inset a in Figure 17 D), appears together with a weaker band at 1743 cm
-1

. 

We suggest these two bands to be the overtone of vaterite (2 * 𝜈2) with splitting. They are 

stronger in intensity than the combination bands at 1835 and 1815 cm
-1

 and can be a strong 

indication for the existence of vaterite. The appearance of combination band for ACC will be 

discussed hand in hand with its 𝜈3 band in the following. 

Since the optical path length of the custom-made transmission cell used in this study may 

differ slightly from one another, solvent background subtraction appears to be not ideal. 

A B 

Figure 20  Transmission mode-FTIR spectra of CaCO3 sample references dispersed in high D2O content:  

A) ν3 and combination modes (ν1 + ν4) (asterisk marks a weak band at 1628 cm-1; cf. text); B) combination 

modes. 

All spectra are normalised to the ν3 bands.  
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Overlapping D2O bands with 𝜈3 band of carbonate is evident in the broadened 𝜈3 band, seen 

in the shoulders of calcite, aragonite and vaterite in the spectral range 1557-1500 cm
-1

 (Figure 

20 A). Besides D2O, the presence of free carbonate ions in the sample mixture must not be 

neglected, since CaCO3 exhibits also a certain degree of solubility in aqueous solution. The 

additional shoulder or peak at 1346 cm
-1

 for calcite and 1365 cm
-1

 for vaterite (blue and green 

curves in Figure 20 A) may be assigned to the asymmetrical stretching (𝜈3) of free carbonate 

ion in D2O solution (cf. Figure 21 A). On the other hand, 𝜈3 band of free carbonate ion is 

absent in aragonite and ACC (red and black curves in Figure 20 A). It can be thus suggested 

that, calcite and vaterite are less stable with respect to their solubilities in D2O solvent, while 

aragonite is more stable in the presence of D2O solvent.  

ACC deserves a special attention here. While the 𝜈3 bands of other CaCO3 phases become 

more complicated, the appearance of this band for ACC is more refined. We will now discuss 

this together with the combination mode of ACC at 1795 cm
-1 

(black curve in Figure 20 B). 

The emerging combination band (nearly as pronounced as that of calcite) and the now sharper 

𝜈3 band are evidences of a transforming process: amorphous phase to crystalline phase. This 

spectrum of ACC is recorded 15 minutes after dispersing ACC-powder in D2O solvent (F. 

Khouzani et al. reported that the crystallisation process for ACC requires about 45 minutes 

[10]
). During this process, structural water molecules (here D2O) which are previously bound 

to ACC, are released. These D2O molecules may contribute to the emerging shoulder at 

1557 cm
-1 

(D-O-D combined libration and scissoring modes). Since the sample mixture in 

D2O solvent can never be 100 % free of hydrogen, H-D-exchange can take place. The 

significant band found at ~1640 cm
-1

 in spectrum of ACC (marked with asterisk in Figure 20 

A) could be assigned to H-O-H scissoring mode. During crystallisation, carbonate ions 

become more structured and ordered. The increase of symmetrical environment in carbonate 

surrounding can be expressed by the narrowing of 𝜈3 band. 
[7]

  

The ACC in this case seems to transform into a crystalline polymorph, the spectrum of which 

likens the calcite spectrum (recognised by combination mode at 1795 cm
-1

; cf. Figure 25 A). 

Under similar sample condition, the spectrum obtained for ACC in the previous section 

(5.1.3) is similar to spectrum of aragonite (recognised by combination mode at 1784 cm
-1

; cf. 

Figure 25 B). This is the property of the herein synthesized ACC, which in its solid dry state 

is reported to exhibit no distinct short-range order. 
[10]

 We therefore suggest that this spectrum 

is a mixture of spectra from ACC and calcite.  
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Table 7  Transmission mode-FTIR absorption bandsa (𝝂𝟑 and combination mode) of CaCO3 sample references 

dispersed in high D2O contentb 

Calcium 

Carbonate 

Phases 

𝝂𝟑 [cm
-1

] 
Combination Mode (𝝂𝟏 + 𝝂𝟒)  

[cm
-1

] 

calcite 1478
d
,1460

c
,1420

c
,1346

c
 1795 

aragonite 1500
c
,1475

d
, 1398

c
 1784 

vaterite 1427
c
,1398

d
, 1365

c
 1835,1815 

ACC 1460
d
,1420

c
 -

e
 

aCommas are used to separate the values of resolved bands. 

bSample references’ preparations and conditions are described in experimental section 4.3. 

cExact assignment of band positions is difficult due to the overlapping D2O vibrational mode (cf. text). 

dPosition of band maximum within the spectral region of 𝜈3 band. 

eThe band observed at 1795 cm-1 for ACC may be assigned to the combination mode of calcite, which is the crystallisation 

product of ACC in D2O (cf. text). 
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5.1.5 Transmission Mode-FTIR Reference Spectra of the Carbonate Ion in D2O 

It is well known that CaCO3, commonly known as “lime stone”, does not dissolve in water. 

However, this is only true in certain degree. Strictly speaking, CaCO3 has low solubility in 

aqueous environment, and this implies that, some degree of solubility still can be exhibited by 

solid CaCO3. While the thermodynamic stability of different CaCO3 phases has long been 

established (see section 2.1), it provides no detailed information about the kinetic stability of 

each phase in aqueous solution. Moreover, it is of interest to know how many carbonate ions 

are involved in CaCO3 precipitating process at different time domain (cf. section 5.3).  

For these purposes, transmission mode-FTIR measurements are conducted for (free) 

carbonate ions in D2O solutions, which are prepared at eleven concentrations (1 M, 0.8 M, 

0.5 M, 0.4 M, 0.2 M, 0.1 M, 0.08 M, 0.05 M, 0.02 M, 0.01 M and 0.001 M). Stopped-flow 

transmission cell (CaF2 windows, 100 µm optical path length) is used here. The resulted 

spectra are shown in Figure 21. Since the absorbance of 𝜈3  bands exceeds 1.0 OD at 

concentrations above 0.08 M (Figure 21 A), for this band we consider only concentrations of 

0.08 M and below. Within this concentration range (1 mM to 0.08 M), the 𝜈3  bands are 

Gaussian-like and broad. Similar findings were reported by Andersen et al. for 4 M and 8 M 

carbonate solutions in D2O. 
[25]

 𝜈3 band splitting is observed by Rudolph et al. 
[29]

 at 1430 and 

1390 cm
-1

 on the study of 1.75 M carbonate solution in D2O. The 𝜈3 bands obtained here 

within the concentration range 1 mM to 0.08 M (Figure 21A) show no splitting. However, the 

𝜈3 band maximum at 1410 cm
-1

 fall into the spectral range where 𝜈3 bands of free carbonate 

ion in D2O solution are often found (1430-1390 cm
-1

). 
[24, 29]

 Moreover, the concentration 

dependence of absorbance at 1410 cm
-1

 obeys the Beer-Lambert law (Figure 21 B).  

We assign the band at 1770 cm
-1

 (Figure 21 A and C) to the combination mode (𝜈1 + 𝜈4) of 

carbonate ions in D2O solutions. Such combined vibrational mode has also been reported in 

the literature (1768 cm
-1

). 
[29]

 This weak band (measured at 1770 cm
-1

) obeys Beer-Lambert 

Law as well (Figure 21 D). The slight deviation from linearity at lower concentrations (inset 

in Figure 21 D) may likely be caused by the low signals of less concentrated carbonate 

solutions. 

We assign the rather significant band at 1628 cm
-1

 (Figure 21 A and E) to the asymmetrical 

C-O-stretching ( 𝜈2 ) of deuterated bicarbonate ions (DCO3
-1

), which can coexist with 

carbonate ions in equilibrium in aqueous solution: 
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 𝐶𝑂3
2− + 𝐷3𝑂+  ⇌ 𝐷𝐶𝑂3

− +  𝐷2𝑂  

 

(11) 

When the carbonate concentration increases, the equilibrium will be shifted to the right side 

of equation 11, that is, more DCO3
- 
will be formed in the solution (seen at the increase in 

intensity within concentration range of 0.001 M and 0.5 M in Figure 21 F). Such vibrational 

mode of DCO3
-1 

in D2O solutions was also reported in the literature (1626 cm
-1

). 
[29]

 In 

contrast to the aforementioned 𝜈3 (1410 cm
-1

) and combination modes of free carbonate ions 

(1770 cm
-1

), the 𝜈2 stretching band absorption of DCO3
-1

 at 1628 cm
-1 

does not exhibit linear 

concentration dependence (Figure 21 F).  

As shown in Figure 21 D, Beer-Lambert Law is valid for combination vibrational mode in all 

concentrations (1 mM to 1 M). This insight is relevant, especially for the analysis of the 

solubility of CaCO3 in aqueous solutions. The amount of bound and unbound carbonate ions 

in D2O solutions at different stages of CaCO3 precipitation (sections 5.2.2 and 5.3.1) can be 

quantitatively retrieved by analysing the combination bands measured at different stages and 

referring to the data found in Figure 21 D. The value of the extinction coefficient is obtained 

by applying the slope of the linear fit to Beer-Lambert equation (equation 7), which is thus 

found to be 8.15 M
-1

 cm
-1

 at 1770 cm
-1

 (휀1770 𝑐𝑚−1 ). It is important to point out that the 

contribution of deuterated bicarbonate ions (DCO3
-
) in the aqueous carbonate system 

(Equation 11) is assumed to be negligible. We argue this with the knowledge that the amount 

of DCO3
-
 present in such solutions with high pD value (0.1 M pure sodium carbonate solution 

in H2O solvent has a pH value of 11.37 
[30]

) is insignificant. Therefore, we will proceed 

further with the analysis of the concentration-dependent combination band at 1770 cm
-1

 

without considering the bicarbonate ion contribution (cf. sections 5.2.2 and 5.3.1).  
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B A 

Figure 21  Transmission mode-FTIR spectra for carbonate ions in D2O solutions measured in a series of 

concentrations. A) Spectral region 1850-1270 cm-1; B) concentration-dependence of 𝝂𝟑 band absorbance 

(measured at 1410 cm-1) for concentrations 0.001 M to 0.08 M (cf. text); C) spectral region of combination 

bands. Inset shows enlarged combination bands at lower concentrations; D) concentration-dependence of 

combination band absorbance (measured at 1770 cm-1) for all concentrations. Inset: zoom-in in the lower 

concentration range; E) bands at ~1628 cm-1 and its concentration dependence in F) 

C D 

F E 
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5.1.6 Summary 

In this section, we will draw several conclusions from the insights obtained from the 

experimental data presented in sections 5.1.1-5.1.5. Figure 22 shows an overview of CaCO3 

reference spectra in all four reference studies/sample conditions. Figure 23 shows the spectra 

from another perspective, in which each CaCO3 phase in dependence of sample conditions is 

displayed.  

First, we notice that spectra measured in transmission mode, with the cell made of CaF2 

material and an optical path length of 100 µm, are of satisfactory. This experimental setup is 

especially suitable for measuring absorption bands in the spectral region at higher 

wavenumbers, e.g. in the spectral region of the combination mode (1850-1730 cm
-1

). 

Secondly, the effect of the environment change on the 𝜈3  band structure is enormous, as 

shown in Figure 23. Not only will the D2O vibrational bands (D-O-D scissoring and libration 

modes) overlap with the 𝜈3 bands of CaCO3, the 𝜈3 vibrational mode exhibited by the free 

carbonate ions in D2O solution often complicate the 𝜈3  band. While the overlapping D2O 

vibrational bands with the 𝜈3  bands of CaCO3 is evidenced by the shifting of main band 

positions towards higher wavenumbers (indicated by black arrows in Figure 23), the 

broadened 𝜈3 bands indicate the presence of free carbonate ions upon D2O solvent addition. 

Thirdly, we have noticed during the reference spectra studies conducted in sections 5.1.1-

5.1.4, that the combination mode of carbonate ion (𝜈1 + 𝜈4) remains nearly unaffected by the 

presence of D2O solvent (insets in Figure 23 A-D; Figure 24; Table 8). Fourthly, the 

absorbance of the combination band of the free carbonate ion in D2O solution (~1770 cm
-1

) is 

linear proportional to the carbonate concentration. Extinction coefficient ( 휀1770 𝑐𝑚−1 ) 

determined here is relevant to the spectral analysis of CaCO3. Furthermore, there is by far, to 

the best of our knowledge, no study that is devoted to the transmission mode-FTIR 

measurement of CaCO3-water dispersed system. Comparing the data measured for the 

CaCO3-water dispersed system with the available literature values (which are solely 

contributed to solid dry CaCO3 powder) is proved to be inadequate. Lastly, we found no 

published work that intensively studies the combination mode of carbonate ion (𝜈1 + 𝜈4). 

However, the literature values of 𝜈1  and 𝜈4  bands for dry solid CaCO3 phases provide 

satisfactory guideline, since this combination mode of carbonate appears to be unaffected by 

solvent. 

In conclusion, studying 𝜈3 bands (at least within the framework of this work) alone cannot 

provide useful information, whether e.g. a calcite or a vaterite is precipitated from aqueous 
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solutions containing calcium and carbonate ions. The combination mode of carbonate ion 

(𝜈1 + 𝜈4) will thus serve as the primary reference for CaCO3 spectral analysis and it deserves 

detailed analysis, as followed.  

 

The great relevance of combination mode of carbonate ion (𝜈1 + 𝜈4) leads us to a closer 

examination of these bands. Figure 24 (which is identical to the insets in Figure 23) allows a 

closer observation in the spectral region 1850-1730 cm
-1

 for each CaCO3 phase studied in four 

sample conditions. In general, calcite and aragonite exhibit stronger and sharper combination 

bands, whereas combination modes from vaterite and ACC are often weak and unresolved (cf. 

C 

A B 

D 

Figure 22  Overview of all reference spectra for four CaCO3 phases in region 1850-1270 cm-1 in four sample 

conditions:  

A) in dry solid states by ATR-FTIR; B) dispersed in low D2O content by ATR-FTIR; 

C) dispersed in high D2O content by ATR-FTIR; D) dispersed in high D2O content by 

transmission mode-FTIR 
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section 2.3 for explanation). Upon adding D2O, the combination mode from calcite at 1795 

cm
-1

 remains relatively strong in intensity and its band position remains unchanged (Figure 24 

A). A similar observation also applies to the combination mode from aragonite at ~1784 cm
-1 

(Figure 24 B). The combination bands of vaterite (1835, 1815 cm
-1

) appear only in reference 

study four, next to the two much stronger (overtone) bands at 1764 and 1743 cm
-1

 (Figure 24 

C). The combination modes are generally not resolved for ACC in all conditions (cf. 5.1.4 for 

the explanation of strong band at 1795 cm
-1

 (Figure 24 D)) due to its broad 𝜈1 band and 

featureless 𝜈4 band. 

 

 

Figure 23  IR spectra showing 𝝂𝟑 and combination bands (𝝂𝟏 + 𝝂𝟒) of: A) calcite.; B) aragonite; C) vaterite; 

D)  ACC 

Black arrows indicate the change of main 𝝂𝟑 band peaks in different conditions. Inset shows 

enlarged spectral region of combination band 

A B 

C D 
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Table 8  Summary of IR band positionsa (𝝂𝟑 and combination mode) of CaCO3 phases and carbonate ion in D2O
e, measured in four different conditionsb 

Calcium Carbonate Phases 
Dry Solid 

(ATR-FTIR)
 b

 

Dispersion in Low D2O 

Content 

(ATR-FTIR)
 b

 

Dispersion in High D2O 

Content 

(ATR-FTIR)
 b

 

Dispersion in High D2O 

Content 

(Transmission Mode-FTIR)
b
 

calcite 

𝝂𝟑 1390 
1457

c
,1416

d
, 

1363
c
 

1445
c
,1418

d
, 

1394
c
 

1478
d
,1460

c
, 

1420
c
,1346

c
 

Combination 

Mode 
1795 1796

d
 - 1795 

aragonite 
𝝂𝟑 1483,1448 1520

c
,1493

d
,1450

c
 

1496
c
,1483

d
, 

1445
c
,1408

c
 

1500
c
,1475

d
, 1398

c
 

Combination 

Mode 
1787,1783 1785

d
,1780 1784 1784 

vaterite 
𝝂𝟑 1460,1397 

1488
c
,1427

c
, 

1400
d
 

1487
c
,1427

c
, 

1408
d
 

1427
c
,1398

d
, 1365

c
 

Combination 

Mode 
- - - 1835,1815 

ACC 

𝝂𝟑 1460,1390 1468
c
,1390

d
 

1480
c
,1465

c
, 

1445
d
,1416

c
 

1460
d
,1420

c
 

Combination 

Mode 
- - - -

f
 

carbonate 

ion in D2O
e
 

𝝂𝟑    1410
d
 

Combination 

Mode 
   1770 

aCommas are used to separate the values of resolved splitted and doubled bands. All values are in wavenumber (cm-1) 

bSample references’ preparations and conditions are described in experimental section 4.3. 

cExact assignment of band positions is difficult due to the overlapping with D2O vibrational mode (cf. text). 

dPosition of band maximum within the spectral region of 𝜈3 band (or combination band) 

eMeasurement of carbonate ion in D2O (carbonate aqueous solution) is only performed on transmission mode-FTIR spectroscopy. 

fThe band observed at 1795 cm-1 for ACC may be assigned to the combination mode of calcite, which is the crystallisation product of ACC in D2O (cf. text). 
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The combination band assignments are only accessible in the fourth study (Figure 24), in 

which CaF2 windows are used. This knowledge is of great relevance, because the sample 

condition employed in the fourth study closely resembles the sample conditions in time-

resolved stopped-flow FTIR experiments. In other words, the combination vibrations alone 

could be adequate to be used as the reference band for analysing CaCO3 spectra obtained from 

time-resolved measurements. In the following, we analyse only the combination modes 

obtained from fourth study (except combination band of ACC) and that of carbonate ion in 

D2O solution (0.2 M is chosen because its combination band intensity is comparable with the 

other four CaCO3 phases) by spectral deconvolution (Figure 25).  

The results obtained from this spectral analysis on the combination modes reveal that, the 

combination bands of aragonite and vaterite consist of several overlapping bands (Figure 25 B 

and C). Owing to their relevance to vaterite polymorph identification, we include the two de-

convoluted bands of vaterite at 1764 and 1743 cm
-1

, which may be assigned to the overtone of 

vaterite (2 * 𝜈2), in the subsequent spectral analyses (sections 5.2 and 5.3).  

The de-convoluted band positions are listed in Table 9 and will serve as a guideline for the 

CaCO3 spectral analyses in the following sections. 

 

A B 

D 
Figure 24 Spectral region of 

combination 

modes for: 

A) calcite; 

B) aragonite; 

C) vaterite; 

D) ACC.  

All spectra are 

normalised to the 

band maximum 

within this 

spectral region. 

C 
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Table 9  Comparison of combination band positions observed in transmission-mode FTIR spectraa with de-

convoluted band positionsb and predicted band positionsc 

Calcium 

Carbonate 

Phases 

Observed 

Band Position
a
 [cm

-1
] 

De-convoluted 

Band Position
b
 [cm

-1
] 

Predicted Band 

Position
c
 [cm

-1
] 

calcite 1795 1795 1795 

aragonite 1784 1797,1785,1777 1796,1783 

vaterite 
1835,1815 

1764
d
,1743

d
 

1837,1814 

1764
d
,1743

d
 

1831,1821 

- 

ACC -
e
 -

e
 - 

carbonate 

ion in D2O 

(0.2 M) 

1770 1770 1768
f
 

aValues are from experimental data in section 5.1.4 (CaCO3 references) and 5.1.5 (0.2 M carbonate ion in D2O solution) 

bValues are obtained from Figure 25. Levenberg-Marquardt algorithm is used as curve fitting model. Gaussian peak shape is 

assumed in all cases. Peak positions are determined by 2nd derivative of each combination band. 

cBand positions are predicted based on the ν1 and ν4 values obtained by ATR-FTIR measurements of CaCO3 references in 

dry solid states (cf. section 5.1.1 and Table 3).  
dThese significant bands are suggested to be the overtone (2* ν2) of vaterite (cf. text). 
eThe band observed at 1795 cm-1 for ACC may be assigned to the combination mode of calcite, which is the crystallisation 

product of ACC in D2O (cf. section 5.1.4). 

fPredicted value is not available for carbonate ion in D2O. Instead, literature value from reference 29 is given here.  
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A B 

C D 

Figure 25  Transmission mode-FTIR reference spectra of four CaCO3 phases and carbonate ions in D2O in 

spectral region of the combination (ν1 + ν4) bands (i.e. experimental), shown together with fitted 

curves. Curve fitting parameters are given in Table 9. Peak positions are determined by 2nd 

derivative of each combination band. 

A) calcite; B) aragonite; C) vaterite (Note: only bands at 1837 and 1814 cm-1 are attributed to the 

combination mode of carbonate. cf. text); D) 0.2 M carbonate ions in D2O 

Insets in B) and C) show the 2nd derivatives of the experimental curves of aragonite and vaterite 

respectively. 

Deconvolution of ACC’s combination band is not performed (cf. text). 
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5.2  Calcium Carbonate Precipitation by Static Transmission Mode-FTIR 

Prior to the time-resolved stopped-flow experiments that will be discussed in section 5.3, it is 

of interest to study the CaCO3 precipitates time-independently. For this purpose, simple 

transmission mode-FTIR measurements are performed on CaCO3 precipitates formed in 

aqueous solutions upon mixing CaCl2 and NaCO3 solutions. A custom-made transmission cell 

made of CaF2 IR windows with 100 µm optical path length is chosen for these experiments, 

since the stopped-flow cell used in the time-resolved FTIR experiments is made of the same 

material and has a fixed optical path length of 100 µm (cf. section 4.4). Each spectrum is 

recorded 15 minutes after the mixing.  

Two solvents are employed in these experiments: H2O (section 5.2.1) and D2O (section 5.2.2). 

Seven initial concentrations ranging from 0.01 M to 1 M (i.e. initial concentrations of 

reagents (CaCl2 and Na2CO3) before mixing) are chosen for each experiment. The mixing 

procedure is described in experimental section 4.3. Spectra with the best reproducibility are 

chosen and shown here. The baseline of each spectrum is manually corrected using OPUS 

software.  

 

5.2.1 H2O as Solvent 

The static transmission mode-FTIR spectra recorded for CaCO3 precipitates formed in H2O, 

15 minutes after mixing CaCl2 and Na2CO3 solutions at given concentrations (0.01 M, 0.1 M, 

0.2 M, 0.3 M, 0.4 M, 0.5 M and 1 M), are shown in Figure S 3 A and B in the Appendix.  

Water absorption is very strong in MIR spectral region, especially when the optical path 

length is large. This effect is shown in Figure S 3A and B. Background spectrum subtraction 

is not ideal, likely owing to the slight difference in optical path lengths between the custom-

made reference and sample cells. The bands at 3600-3000 cm
-1

 and 1700-1500 cm
-1

 

correspond to the strong absorbing O-H stretching and H-O-H scissoring modes respectively. 

With 100 µm optical path length, the H-O-H scissoring mode is so strong that it overlaps with 

the 𝜈3 mode of carbonate ion (Figure S 3 B). In the contrary, the 𝜈3 mode of carbonate ion can 

be resolved in the case of using 6 µm optical path length. Moreover, since CaF2 windows 

absorb IR radiation in the spectral region below 1000 cm
-1

 (Figure S 1 C), the 𝜈1 (1100-

1000 cm
-1

), 𝜈2  (900-800 cm
-1

) and 𝜈4  (~700 cm
-1

) modes of the carbonate ion cannot be 

resolved.  
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It is noteworthy that the carbonate combination mode (𝜈1 + 𝜈4) in the spectral region 1850-

1730 cm
-1

 does not overlap with any water band and can be well observed in both optical path 

lengths (inset in Figure S 3 A and Figure 26 A). Therefore, only the combination modes (𝜈1 + 

𝜈4) of carbonate ion observed in the spectral region 1850-1730 cm
-1

 are concerned in this 

experiment. For the spectral analysis, we perform spectral deconvolution only on the 

combination bands obtained by the measurements with 100 µm optical path length due to its 

relevance to the time-resolved experiments. The determination of peak positions in each 

deconvolution procedure is based on the knowledge derived from section 5.1.6, since 

different CaCO3 phases can be distinguished by the combination band positions (Table 9). 

Combination bands characteristic of each CaCO3 phase are distinguished by different colour 

codings shown in the legend in Figure 26. For each case, the Levenberg-Marquardt algorithm 

is employed as fitting model and Gaussian band shape is assumed (Figure 26 B-H). 

The combination mode in the spectral region 1850-1810 cm
-1

 is not observed at 0.01 M-0.2 M 

(Figure 26 F, G, H) and therefore not de-convoluted. In general, it is difficult to assign 

combination bands below 1760 cm
-1

 due to the strong H-O-H scissoring mode next to these 

bands (Figure S 3 B). This leads to artefacts found in e.g. 1 M, 0.5 M (asterisks in Figure 26 B 

and C). Thus, the characteristic vaterite bands at 1764 and 1743 cm
-1

 are not observed. 

However, the de-convoluted peaks at 1836, 1816 and 1812 cm
-1

 strongly suggest the presence 

of vaterite in the CaCO3 precipitates formed at the concentrations of 1 M and 0.5 M. 

Furthermore, calcite may also present here (1794 and 1795 cm
-1

). 

For concentrations 0.4 M – 0.1 M, strong combination bands are found at 1795 cm
-1

, which 

corresponds to calcite. The absence of combination bands in spectral region 1850-1810 cm
-1 

indicates that, little to no vaterite is present in this concentration range. Although peaks 

correspond to vaterite (1764 and 1743 cm
-1

) can be de-convoluted, the absorption band 

assignment is, as aforementioned, ambiguous due to artefacts. However, based on the 

experimental data obtained from section 5.2.2 (experiment in D2O), we do not exclude the 

presence of vaterite formed at this concentration range. Bands at ~1760 cm
-1

 can be assigned 

to the combination vibration of the free carbonate ion in H2O solution (𝜈1 + 𝜈4), according to 

the literature. 
[29]

 0.01 M is taken out of discussion due to its low signal bands. 

We may conclude that, combination modes are also resolved in CaCO3-H2O system. Vaterite 

and calcite are formed at higher concentration (1 M and 0.5 M), while only calcite is formed 

in the lower concentration regime (0.1 M-0.4 M). 
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A 

B C D 

E F G H 

Figure 26  Static transmission mode-FTIR spectra of CaCO3 precipitates in H2O solution in the spectral region of combination mode (ν1 + ν4). Custom-made transmission cell 

made of CaF2 windows with 100 µm optical path length is used. All spectra are measured 15 minutes after mixing.  

A) Spectra at seven concentrations (i.e. experimental); B) – H) fitted curves displayed at different concentrations (cf. section 4.2 for curve fitting parameters). Insets 

in B, C, D, and E show combination bands found in spectral region 1850-1810 cm-1. Combination band at 0.01 M is not resolved (H). 

Colour coding representing different carbonate species is shown in the legend in upper left corner 

Asterisks in B and C are artefacts caused by strong water bands.  
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5.2.2 D2O as Solvent 

In this section, we will study the spectra of CaCO3 precipitates formed in D2O solvent by 

static transmission mode-FTIR. We conduct the experiment with a CaF2 transmission cell 

with 100 µm optical path length - a setup that is similar to the stopped-flow cell windows in 

time-resolved stopped-flow FTIR measurement in section 5.2.1.  

Similar to H2O, D2O exhibits also strong absorbance in MIR region. Figure S 2 B and C in 

Appendix display the transmission spectra of H2O and D2O measured with 100 µm optical 

path length. All vibration modes of the heavy water D2O are shifted to lower frequency region 

compared to that of the normal water H2O. The overall spectra of CaCO3 precipitates formed 

in D2O solutions are shown in Figure S 3 C in the Appendix. Strong bands at 2750-2250 cm
-1 

and 1250-1120 cm
-1

 are assigned to O-D stretching and D-O-D scissoring modes of D2O 

respectively. The strongest bands in the region 1500-1300 cm
-1

 correspond to 𝜈3 vibration of 

carbonate ion, while weak bands at 1800-1740 cm
-1

 to its combination mode (𝜈1 + 𝜈4). The 

spectra consisting only these two carbonate vibrational modes are displayed in Figure 27 A. 

The 𝜈3 band shapes are found to be independent of concentration (Figure 27 A). All the 𝜈3 

band shapes appear to be similar except at 1 M. 𝜈3 band of 1 M has a band maximum at 

~1448 cm
-1

 and a weak shoulder at ~1390 cm
-1

; the 𝜈3 bands at 0.2 M-0.5 M are significant 

for their Gaussian-like main peaks at ~1416 cm
-1

 and a resolved shoulder at ~1500 cm
-1

. The 

𝜈3  band at 0.1 M has a Gaussian-like peak at 1416 cm
-1

 too. However, the shoulder at 

~1500 cm
-1

 is absent at this concentration. Careful examination on the spectrum for 0.01 M 

reveals the similarity in the  𝜈3 band shape with that of 1 M.  

Similar trends observed for 𝜈3 band shapes are also found in the combination bands (Figure 

27 B): 1 M stands out among the other concentrations with its strong band maximum at 

1770 cm
-1

, which can be assigned to the combination mode of the free carbonate ion in D2O 

solution (𝜈1 + 𝜈4). Combination modes at 0.1 M-0.5 M exhibit similar bands at ~1795, 1765 

and 1744 cm
-1

 and their intensities drop as the concentration decreases. Combination bands at 

1837 and 1815 cm
-1

 appear only at 0.5 M. Combination band at 0.01 M concentration is so 

weak, that it is left out of discussion. 

Weak bands are observed at ~1628 cm
-1

 (Figure 27 C) and can be assigned to the 

asymmetrical C-O-stretching of deuterated bicarbonate ion DCO3
-
. 

[29]
 In some cases (0.1 M-

0.5 M) they appear as weak shoulders at the 𝜈3 bands. At 1 M concentration, this band is 

intense. In strong contrast, this band is negligible at 0.01 M concentration.  
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A similar spectral deconvolution procedure is performed here for combination bands (Figure 

28 A). The results are presented in Figure 28 B-H. The determination of peak positions are 

based on the knowledge derived from section 5.1.6 (cf. Table 9). Combination bands 

characteristic of each CaCO3 phase are distinguished by different colour codings shown in the 

legend in Figure 28. For each case, the Levenberg-Marquardt algorithm is employed as the 

fitting model and Gaussian band shape is assumed.  

Vaterite is the major precipitation product formed at 0.5 M. This finding is supported by the 

combination bands of vaterite at 1837 and 1815 cm
-1

 (red curve in Figure 28 A; Figure 28 C). 

At concentration range of 0.1 M-0.4 M, these bands are absent and calcite is the major 

C B 

A 

Figure 27  Static transmission mode-FTIR spectra of CaCO3 precipitates in D2O solution: 

A) Spectral region of 𝝂𝟑 and combination mode (ν1 + ν4) of carbonate ion; B) spectral region of 

combination mode; C) spectral region at ~1628 cm-1 
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product (combination mode at ~1794 cm
-1

) (Figure 28 A). However, the spectral 

deconvolution of the combination bands at concentrations of 0.1 M-0.4 M (Figure 28 D-G) 

reveals traces of vaterite, which is shown by the presence of the two additional bands 

characteristic of vaterite: ~1764 and ~1744 cm
-1

. These two bands, as discussed in section 

5.1.4, are often stronger than the vaterite’s combination modes and are strongly characteristic 

of vaterite polymorph.  

Combination bands exhibited by CaCO3 precipitates formed at 1 M and 0.01 M 

concentrations are distinguishable from the others. Combination band signal at 0.01 M is very 

weak. Thus, band analysis is difficult. However, detailed spectral deconvolution in Figure 28 

H shows the major presence of calcite (1793 cm
-1

) and traces of aragonite (1800, 1784 and 

1777 cm
-1

). In contrast, combination band at 1 M is intense and broad and its spectral 

deconvolution (Figure 28 B) reveals that two bands are found in this overlapped feature: 1794 

and 1769 cm
-1

, which can be assigned to the combination modes of calcite and free carbonate 

ion respectively. 
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A 

B C D 

E F G H 

Figure 28  Static transmission mode-FTIR spectra of CaCO3 precipitates in D2O solution in the spectral region of combination mode (ν1 + ν4). Custom-made transmission cell 

made of CaF2 windows with 100 µm optical path length is used. All spectra are measured 15 minutes after mixing.  

A) Overview of spectra measured at seven concentrations; B) – H) fitted curves displayed in different concentrations (cf. 5.2.1 for curve fitting parameters). Colour 

coding representing different carbonate species is shown in the legend in upper left corner 

Inset in C shows combination bands found in spectral region 1850-1810 cm-1 at 0.5 M. 
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It is noteworthy that the band intensity of free carbonate ion at ~1770 cm
-1

 gradually sinks as 

the concentration drops from 1 M to 0.1 M. This observation is reasonable, since higher 

carbonate initial concentration means higher probability of finding free carbonate ions. 

However, we are interested in finding how many carbonate ions are bound in the precipitates 

forming at different initial concentrations. In Table 10, we have listed for each initial 

concentration the de-convoluted band signal at ~1770 cm
-1 

(column 2) derived from Figure 28 

B-H and have compared these values with the absorbance derived from Beer-Lambert 

equation (column 3). The extinction coefficient of combination band of free carbonate ion in 

D2O (휀1770 𝑐𝑚−1) has already been determined in section 5.1.5 and has a value of 8.15 M
-1

 

cm
-1

. The transmission cell has an optical path length of 100 µm. The deviations between the 

two absorbance values indicate the amount of bound (not-free) carbonate ions in the D2O 

solutions (column 4) as well as the ratio of bound to initially unbound (free) carbonate ions in 

such solutions (column 5). The results are visualised in Figure 29 A-B. While the trend of the 

percentage values for bound carbonate ions (Figure 29 B) cannot be rationalised, the 

sigmoidal-like curve in Figure 29 A indicates the following: the higher the initial 

concentration, the stronger the carbonate ion-binding.  

Table 10 Analysis of the combination band of free carbonate ion in D2O solution (~1770 cm-1) 

Initial 

Concentration
a
 

[M] 

De-convoluted 

Absorbance
b
  

[mOD] 

Predicted 

Absorbance
c
  

[mOD] 

Concentration 

of Bound 

Carbonate 

Ions
d
  

[M] 

Percentage of 

Bound 

Carbonate Ions 

in Solution
e
 

[%] 

1 (0.50) 30.50 40.75 0.126 25.15 

0.5 (0.25) 10.83 20.38 0.117 46.86 

0.4 (0.20) 8.66 16.30 0.094 46.87 

0.3 (0.15) 6.76 12.23 0.067 44.73 

0.2 (0.10) 6.75 8.15 0.017 17.18 

0.1 (0.05) 3.52 4.08 0.007 13.73 

0.01 (0.005) 0.21 0.41 0.002 48.78 
aInitial concentration corresponds to the concentration of CaCl2 and Na2CO3 solution each, before mixing; parentheses 

indicate the concentrations of free carbonate ions at the point of mixing (doubled volume) 

bAbsorbance values for combination bands of free carbonate ions in D2O solutions (~1770 cm-1) are obtained from Figure 28 

B-H.  

cAbsorbance values are calculated using Beer-Lambert equation (equation 7): A = ε c d. Note that predicted c = initial 

concentration / 2, due to the doubled volume of the solution. 

dThese values are obtained by applying Beer-Lambert equation: c = ((predicted absorbance – de-convoluted absorbance) /ε d) 

eThese values are obtained by (1 – (de-convoluted absorbance / predicted absorbance) * 100 %) 
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Furthermore, the solubility of the precipitates formed at every initial concentration is 

investigated. The solubility product equilibrium constant (Ksp) of CaCO3 in aqueous solution 

can be expressed by the following chemical equations: 

 𝐶𝑎𝐶𝑂3  ⇌ 𝐶𝑎2+ +  𝐶𝑂3
2− (12) 

 𝐾𝑠𝑝 = [𝐶𝑎2+] ∗ [𝐶𝑂3
2−] (13) 

where [𝐶𝑎2+]  and [𝐶𝑂3
2−]  are the concentrations of calcium ions and carbonate ions in 

aqueous solution at equilibrium, respectively. The literature values of solubility product 

equilibrium constants (Ksp) for calcite, aragonite, vaterite, ACC (without distinct short-range 

order), pc-ACC (proto-calcite ACC), and pv-ACC (proto-vaterite ACC) at 25 °C are listed in 

Table 11. 

B C A 

Figure 29  Spectral analyses of free carbonate combination mode (~1770 cm-1) obtained from static 

transmission mode-FTIR experiments of CaCO3 precipitates in D2O solution: 

A) amount of bound carbonate ions in precipitates which are formed at different initial 

concentrations; 

B) percentage of bound to initial free carbonate ions  

C) solubility product calculated for each precipitate formed at different initial concentration 
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Table 11  Solubility product equilibrium constants (Ksp) at 25 °C for CaCO3 found in reported literatures 

Calcium Carbonate 

Phases 

Solubility Product Equilibrium Constant 

(Ksp) [M
2
] 

Reference 

calcite 3.3 * 10
-9

 
[31]

 

aragonite 4.6 * 10
-9

 
[31]

 

vaterite 1.2 * 10
-8

 
[31]

 

ACC
a
 4.0 * 10

-7
 

[31]
 

pc-ACC
b
 ~3.1 * 10

-8
 

[4]
 

pv-ACC
c
 ~3.8 * 10

-8
 

[4]
 

aACC without distinct short-range structure, just as herein synthesized 

bproto-calcite ACC (with distinct short-range structure) 

cproto-vaterite ACC (with distinct short-range structure) 

For comparison, we have calculated the ion products of CaCO3 in D2O solution obtained in 

this study (Table 12) and compared the values with Table 11. Since calcium and carbonate 

ions are equimolar, the ion products of CaCO3 are derived as followed: 

 𝐼𝑜𝑛 𝑃𝑟𝑜𝑑𝑢𝑐𝑡 =  𝑐(𝐶𝑎2+) ∗  𝑐(𝐶𝑂3
2−) =  ( 𝑐(𝐶𝑂3

2−))2 (14) 

𝑐(𝐶𝑎2+) and 𝑐(𝐶𝑂3
2−) are the concentrations of unbound calcium ions and carbonate ions in 

aqueous solution respectively. The results are listed in Table 12 and shown in Figure 29 C.  

Table 12 Solubility products of CaCO3 precipitates formed in D2O solutions at different initial concentrations 

Initial 

Concentration
a
  

[M] 

Concentration of Unbound 

Carbonate Ions
b
  

[M] 

Ion Product of CaCO3
c
  

[M
2
] 

1 (0.50) 0.372 136.9 * 10
-3

 

0.5 (0.25) 0.132 16.9 * 10
-3

 

0.4 (0.20) 0.110 12.1 * 10
-3

 

0.3 (0.15) 0.083 6.4 * 10
-3

 

0.2 (0.10) 0.082 6.4 * 10
-3

 

0.1 (0.05) 0.044 1.6 * 10
-3

 

0.01 (0.005) 0.003 0.009 * 10
-3

 
aInitial concentration corresponds to the concentration of CaCl2 and Na2CO3 solution each, before mixing; parentheses 

indicate the concentrations of free carbonate ions at the point of mixing (doubled volume). 

bThese values are calculated using Beer-Lambert equation: c = A / ε d. Values for A are obtained from the de-convoluted 

absorbance in Table 10. 

cIon product = c(Ca2+) * c(CO3
2-)unbound = c(CO3

2-)unbound * c(CO3
2-)unbound 
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All the values for CaCO3 ion product obtained here (Table 12) are greater (by an order of 

~10
5
) than any of the equilibrium constant of CaCO3 reported (Table 11). To this finding, we 

have made the following suggestions: the carbonate solutions have not yet reached the 

equilibrium states. As a result, more CaCO3 would still be precipitated from the solutions 

until the equilibrium state is restored. Alternatively, we speculate that the high amount of 

carbonate ions may be contributed by the dense liquid CaCO3 phase, which is suggested to be 

formed prior to ACC via the spinodal decomposition pathway. 
[13]

 Furthermore, we notice the 

difference in spectral behaviour as well as ion product exhibited by high initial concentration, 

i.e. 1 M: while the values of ion product for the lower concentrations (0.01 M-0.5 M) are 

comparable with one another and rising gradually from 0.01 M to 0.5 M, that of 1 M initial 

concentration has a far greater value than the formers (Figure 29 C and Table 12). 

Lastly, focus is shifted to the overall spectra in Figure 27 C. We observe that three bands 

vanish (the shoulders of 𝜈3 band at 1500 cm
-1

, 𝜈3 band maxima at 1416 cm
-1

 and bands at 

1628 cm
-1

), when the amount of vaterite in precipitates decreases (seen in decrease of bands at 

~1764 and ~1743 cm
-1

 from 0.5 M to 0.1 M). At the same time, the concentration of free 

carbonate ions sinks (as discussed above).  

In conclusion, the overall spectrum of precipitate formed at 1 M concentration shows 

irregularities. Trends observed for experiments in H2O can also be observed here: higher 

amount of vaterite are formed at higher initial concentrations (exception: 1 M), while calcite 

is the major precipitation product formed at lower initial concentrations. Moreover, amount of 

unbound carbonate ions decreases as concentration sinks. It is noteworthy that the following 

bands (or shoulders) correspond to each other: 1837, 1815, 1764, 1743, 1628 and 1500 cm
-1

. 
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5.2.3 Summary 

Due to the strong H-O-H scissoring mode at 1700-1500 cm
-1

 that overlaps with the  𝜈3 band 

of the carbonate ion, exact assignment of 𝜈3 mode is nearly impossible. For measurements 

performed in H2O solutions, only combination bands in the spectral region 1850-1730 cm
-1

 

are relevant for CaCO3 spectral analysis. In the contrary, the analogous D-O-D scissoring 

mode of D2O appears outside the spectral region of any carbonate bands. However, in D2O 

solutions, 𝜈3  vibrational modes of the carbonate ion may overlap with the broad D-O-D 

combined scissoring and libration vibrational bands at ~1557 cm
-1

. The 𝜈3 band assignment is 

also not easy in this case. In overall, D2O appears to be the better solvent for this system than 

H2O, since the better resolved 𝜈3 band in D2O system may still provide useful information for 

CaCO3 spectral analysis. 

Moreover, CaF2 IR window allows ~95 % of light in the spectral region 5000-1000 cm
-1

 to be 

transmitted and become intransparent in a region below 1000 cm
-1

 (Figure S 1 C). This fact 

leads to unresolved 𝜈1(1100-1000 cm
-1

), 𝜈2  (900-800 cm
-1

), and 𝜈4  (~700 cm
-1

) modes of 

carbonate ion. Therefore, the spectral region for the experiments in this work (sections 5.1 

and 5.3) can be reduced to 1850-1270 cm
-1

, in which only two vibrational modes of carbonate 

ion, the 𝜈3 (anti-symmetrical stretching) and the combination modes (𝜈4+ 𝜈1), are observed.  

The most important conclusion derived from these two experiments would be that, the 

combination band position for each CaCO3 phase is not affected by the choice of solvent 

(provided that this solvent does not exhibit vibrational modes in the spectral region of 

carbonate combination mode). We have already suggested in section 5.1.6 that, the 

combination bands can be used primarily as reference for CaCO3 spectral analysis, while 𝜈3 

band (only in D2O system) may still give useful insight.  

Ion products of CaCO3 precipitates at each initial concentration are evaluated and the values 

obtained are greater than any of the reported solubility products for all CaCO3 phases. Further 

investigations are necessary to understand the reasons behind this finding. It is to be noted 

that, among the values obtained, precipitates formed at 1 M has a much greater ion product 

values than the lower concentrations. 

Furthermore, we observe that vaterite is formed largely at higher initial concentration. At 

lower initial concentration, calcite is formed as major product. This finding might not be of 

relevance, since the syntheses of calcite and vaterite in laboratories already reveal this fact (cf. 

experimental in section 4.2). On the other hand, the spectrum of precipitates formed in D2O 

solutions at 1 M concentration again show several abnormalities. This finding corresponds to 
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the results obtained from time-resolved stopped-flow experiments performed under similar 

experimental setups (cf. 5.3.1). 

In general, we notice that precipitation processes show distinguishable behaviours in H2O and 

D2O. The differences found in combination bands in each solvent system may be caused by 

the uncertainties (e.g. speed of mixing, quality of mixing, temperature, etc.) during the mixing 

processes. However, we still argue that the choice of solvent plays a role in precipitation of 

CaCO3 due to different structural, chemical and physical properties of solvents (e.g. D2O is 

more structured than H2O , hydrogen bond of deuterated-bicarbonate ion is stronger in D2O ). 

Therefore, precipitation taking place in H2O solvent is worth of investigation. 

Some observations additionally found here may contribute some useful insights into the 

analysis of time-resolved stopped-flow FTIR spectra. For example, the appearances of the 𝜈3 

band and combination mode are not consistent within each concentration. This is likely due to 

the experimental uncertainties caused by manual mixing (e.g. uncontrollable mixing at 

different speed, variation of temperature in the laboratory, etc.) may lead to different 

aggregated forms of precipitated CaCO3.  This problem can be solved by automated rapid 

mixing achieved by a stopped-flow apparatus. Furthermore, it is important to point out that, 

the heterogeneous sample consists of solvent and CaCO3 precipitates which are formed 

already before a FTIR measurement is performed (all spectra are measured 15 minutes after 

mixing). Since Beer-Lambert Law does not necessarily apply to a heterogeneous sample, 

linear dependence of 𝜈3 and combination band intensities with concentration is not observed 

here. The uneven distribution of solid precipitates within the transmission cell (Figure S 1 D) 

in each measurement also leads to inconsistency in overall spectral appearance at every 

concentration. 
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5.3 Time-Resolved Stopped-Flow FTIR Spectroscopic Studies of Calcium 

Carbonate Precipitation 

 

Time-resolved stopped-flow FTIR experiments of calcium carbonate precipitation are carried 

out at four initial concentrations (1, 0.1, 0.05 and 0.01 M). The concentrations here refer to 

the initial concentrations of the reagents before mixing, i.e. CaCl2 and NaCO3 solutions (D2O 

as solvent). Briefly, a stopped-flow apparatus is interfaced with a FTIR spectrometer. The 

stopped-flow apparatus has a transmission mixing cell made of CaF2 and has an optical path 

length of 100 µm (cf. section 4.4). As soon as the rapid-mixing (mixing time between 5 to 10 

ms) featured in this stopped-flow apparatus is triggered, up to 14 FTIR spectra per second (at 

4 cm
-1

 spectral resolution) can be recorded. Spectral changes along the CaCO3 precipitation 

pathway upon mixing can be studied in dependence of time. 

In the following, the result from each experiment will be shown in form of time-resolved 

spectra and will be discussed. All the spectra for each experiment are shown in 2 seconds 

increments for the first 300 seconds, and in 100 seconds increments for the following (300-

7200 seconds). Time domains and colour scheme adopted by all time-resolved spectra 

presented here are summarised in Table 13. 

Three points regarding the time-resolved spectra and analyses are to be mentioned here. 

Firstly, for every experiment shown, no spectra are recorded between 68
th

 and 74
th

 

millisecond due to instrument’s responding time (transition between method 1 and method 2; 

cf. experimental section 4.4). Secondly, the baselines of all the spectra are not corrected. 

While automatic baseline correction featured in OPUS software could distort the spectra and 

thus falsify spectral analyses, manual baseline correction for every single spectrum (there are 

3230 spectra in each measurement) is nearly impossible. Thirdly, detailed spectral analyses 

e.g. spectral deconvolution, are performed only for experiment at 1 M, which has qualitatively 

satisfactory signal-to-noise ratio.  

Subsequently, kinetic data derived from each experiment will be evaluated and discussed. 

Intensity changes will be plotted in the function of time at selected wavenumbers that are 

obtained by spectral deconvolution of combination bands of CaCO3 references (Table 9).  
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Table 13  Colour coding corresponding to time domain and increment adopted by spectra of time-resolved 

stopped-flow FTIR measurements 

Colour Scheme Time Domain [s] Increment [s] 

purple 
0 - 28 

2 

dark blue 
30 - 58 

light blue 
60 – 118 

olive green 
120 – 272 

yellow 
274 – 298 

orange 
300 – 3500 

100 red 
3600 – 5000 

maroon 
5100 - 7200 

 

5.3.1 1 Molar 

In Figure 30 A-C, the spectra from the first time-resolved stopped-flow experiment at 1 M 

initial concentrations are shown. The kinetics of CaCO3 precipitation is studied by plotting 

absorbance at certain wavenumbers in function of time (Figure 30 D-E). In Figure 30 D, three 

observed bands in 𝜈3 spectral region are selected, whereas the band positions in Figure 30 E 

correspond to the de-convoluted peak positions of combination bands analysed by spectral 

deconvolution in section 5.1.2.6.  

Two intensive bands with ~1.70 OD absorbance signals at 1478 cm
-1

 and 1418 cm
-1

 are 

observed in the spectral region of the 𝜈3 vibration of the carbonate ion. In the first 24 seconds, 

no changes are visible. Between 24 and 200 seconds, these two bands loose their intensities 

rapidly, while new shoulders at 1489 and 1364 cm
-1

 emerge simultaneously (Figure 30 A and 

D). Shortly after, at 64
th

 second, they disappear again. As soon as the shoulder at 1478 cm
-1

 

completely disappears, a new broad band at ~1425-1418 cm
-1

 appears towards the end of the 

two hours-experiment (shown in the rise of the red curve between 200 and 7200 seconds in 

Figure 30 D).  
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In the spectral region of the combination mode (Figure 30 B and E), a broad band in the 

spectral region 1800-1770 cm
-1

 can be assigned. As this broad band begins to diminish 

(shown in pink in Figure 30 D between 24 and 90 seconds), two bands at 1764 and 1744 cm
-1

 

start to emerge and their intensities are slightly reduced towards the end of the measurement 

(green and blue curves in Figure 30 E). Besides these two bands, a new band at 1795 cm
-1

 

begins to develop at 900
th

 second, whose appearance synchronises with the rise of a broad 

band at ~1418 cm
-1

 (red curve in Figure 30 D and purple curve in E). 

A shoulder at 1628 cm
-1

 is also observed. It diminishes as time develops (Figure 30 C). 

To analyse the spectra in detailed, we have chosen six spectra (at 68 ms, 40 s, 60 s, 90 s, 900 s 

and 7200 s) and performed spectral deconvolution on the combination bands observed in 

these six spectra (Figure 31 A-F). The choice of the spectra is based on the kinetic data in 

Figure 30 D-E, in each of which several significant spectral changes take place. Therefore, the 

complete time-resolved spectra (Figure 30 A-C) can be reduced and represented by these six 

spectra (shown in Figure 31 G). The baselines of the six spectra are manually corrected using 

OPUS software. Peak determination is based on the knowledge derived from the spectral 

analyses of CaCO3 references, in which the combination bands characteristic of each CaCO3 

phase are assigned by spectral deconvolution (Table 9). Combination bands characteristic of 

each CaCO3 phase are distinguished by different colour codings shown in the legend in Figure 

31. The curve fitting parameters used here are identical to those employed in sections 5.1.6 

and 5.2.2. 

By applying spectral deconvolution, the single broad combination band after 68 ms is found 

to be comprising of two peaks (1794 and 1770 cm
-1

; Figure 31 A). The band at 1770 cm
-1 

corresponds to the free carbonate ion in D2O. After 40 seconds, the shoulder at 1795 cm
-1

 

becomes pronounced because both overlapping peaks at 1794 and 1770 cm
-1

 start to diminish 

(Figure 31 B). Traces of vaterite evidenced by bands at 1837, 1813, 1763 and 1745 cm
-1

 are 

found. At 60
th

 and 90
th

 seconds, peaks at 1795 and 1770 cm
-1

 disappear (almost) completely, 

as the four vaterite band signals become stronger (Figure 31 C-D). After 900 seconds, vaterite 

bands reach their maximal intensities and stay constant thereafter (900-7200 s). During this 

long measuring time (90-7200 s), peak at ~1794 cm
-1

 corresponding to calcite emerges 

(Figure 31 E-F).  

Similar to the spectral analyses conducted in section 5.2.2, for each time scale we have 

derived the amount of free (unbound) carbonate ions in solution by applying Beer-Lambert 

equation (column 3 in Table 14). Subsequently, the ratio of the bound to the initial unbound 
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(free) carbonate ions concentration (that is, 0.5 M) is calculated (column 4 in Table 14). These 

data indicate that, already at 68
th

 ms, 74.6 % of the initial free carbonate ions are bound to 

certain CaCO3 species. 1 minute later, no free carbonate ions are detected, as also evidenced 

in Figure 31 C. We may therefore make the following suggestions: within 68 milliseconds 

(Figure 31 A), 74.6 % of carbonate ions are contributed to the formation of a CaCO3 species 

that exhibits a combination band peak at 1794 cm
-1

. In the next ~39 seconds, i.e. at 40
th

 

second (Figure 31 B), another 4 % of free carbonate ions are bound. Simultaneously, band 

intensity at 1794 cm
-1

 drops significantly (57 % less than at 68
th

 ms) and bands characteristic 

of vaterite (1837, 1813, 1763 and 1745 cm
-1

) emerges. We can therefore deduce that, the 

species with 1794 cm
-1

 band may be the precursor to vaterite. At 60
th

 and 90
th

 seconds (Figure 

31 C and D), vaterite bands are prominent while free carbonate ions are ~100 % bound and 

only traces of the precursor species (1795 cm
-1

) can be seen. Beginning at 900
th

 second, we 

suggest that the transformation of less stable polymorph vaterite to the thermodymically most 

stable CaCO3, the calcite (rise of 1795 cm
-1 

from Figure 31 E to F), takes place. 

These results may raise question on the assignment of the band at 1794 cm
-1

, which appears at 

68
th

 ms, to calcite - we have made such suggestion in section 5.1.4 for the same band 

observed for ACC reference and in section 5.2.2 for the similar band found at 1 M initial 

concentration. However, the observation found above seems to contradict our previous 

suggestion, since calcite cannot be formed prior to vaterite. The band at 1794 cm
-1

 observed at 

68
th

 ms has to be from a precursor species which has a combination band likens that of the 

calcite. To identify this species, further investigations are to be carried out in the future. 

It is timely to compare the spectra obtained from time-resolved FTIR spectroscopy to the 

spectra from static transmission mode-FTIR experiment conducted in section 5.2.2 now. 

Interestingly, the combination band in the spectrum measured after 900 seconds or 15 minutes 

after mixing (Figure 31 E) does not resemble the combination band in the transmission mode-

spectrum which is also measured 15 minutes after mixing (black curve in Figure 27 B). 

Instead, this band measured 15 minutes after “slow” mixing (see experimental in section 4.3) 

is rather similar to that measured between 68 ms and 60 s by stopped-flow FTIR (e.g. at 40
th

 

s, Figure 31 B). This means that, by employing the rapid-mixing technique, the spectral 

change (caused by possibly species development) is about 20 times faster. Moreover, by 

comparing the data from Table 10 to Table 14 we have found out that the loss of free 

carbonate ions in the stopped-flow setup (74.6 %, Table 14), i.e. the rapid-mixing, is very 

much faster than the “slow-mixing” (25.15 % for 1 M, Table 10). 
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Ion products for the CaCO3 precipitates formed at each time regime are evaluated (Table 14). 

The ion product values measured for precipitates formed after 68 ms and 40 s correspond to 

the values listed in Table 12 for 0.5 M and 0.4 M initial concentrations. Since the solubility 

product equilibrium constant of calcite (Ksp = 3.3 * 10
-9 

M
2
) and the extinction coefficient 

measured at 1770 cm
-1

 for free carbonate ion (휀1770 𝑐𝑚−1 = 8.15 M
-1

 cm
-1

) are known, the 

predicted absorbance exhibited by free carbonate ion found in the calcite-aqueous solvent at 

equilibrium state can be calculated by applying Beer-Lambert Law. The value is found to be 

at the magnitude of 4.7 * 10
-6 

OD. The predicted absorbance of the free carbonate ion in a 

vaterite-aqueous solvent system at equilibrium is about 8.9 * 10
-6 

OD. This extremely weak 

intensity can explain the absence of the de-convoluted free carbonate bands (footnote f in 

Table 14).  

Table 14  Solubility products of CaCO3 precipitates formed in D2O solutions at different time scales 

Measured 

Time
a
 

[s] 

De-convoluted 

Absorbance
b
 

[mOD] 

Concentration of 

Unbound 

Carbonate Ions
c
 

[M] 

Percentage of 

Bound 

Carbonate Ions 

in Solution
d
 

[%] 

Ion Product of 

CaCO3
e
 

[M
2
] 

0.068 10.31 0.127 74.6 16.13 * 10
-3

 

40 8.97 0.110 78.0 12.11 * 10
-3

 

60 0
 f
 0

 f 
 100

 f
 0

 f
 

90 0
 f
 0

 f
 100

 f
 0

 f
 

900 0
 f
 0

 f
 100

 f
 0

 f
 

7200 0
 f
 0

 f
 100

 f
 0

 f
 

aSix selected time-resolved spectra from Figure 31 G 

bAbsorbance values for combination bands of free carbonate ions in D2O solutions (~1770 cm-1) are obtained from Figure 31 

A-F.  

cThese values are calculated using Beer-Lambert equation: c = A / ε d. Values for A are obtained from the de-convoluted 

absorbance in column 2. 

dThese values are obtained by (1 – (concentration of unbound carbonate ions / 0.5 M) * 100 %) 

eIon product = c(Ca2+) * c(CO3
2-)unbound = c(CO3

2-)unbound * c(CO3
2-)unbound 

fThese values are approximately 0 or 100 (cf. text) 
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Figure 30  Time-resolved stopped-flow FTIR spectra for CaCO3 precipitation (1 molar) 

shown in the spectral region of A) 𝝂𝟑 B) combination modes (ν1 + ν4); C) 

1628 cm-1 Intensity changes plotted in function of time (logarithmic scale by a 

base of 10) for:  

D) bands observed at 𝝂𝟑 region. Black: 1364 cm-1, red: 1418 cm-1, orange: 

1478 cm-1; 

E) bands correspond to the de-convoluted combination band positions (cf. text) 

Green: 1743 cm-1, blue: 1764 cm-1, pink: 1770 cm-1, purple: 1795 cm-1 
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 D 

C 

B 

A 

F 

E 

Figure 31  Six selected time-resolved 

stopped-flow FTIR spectra 

for CaCO3 precipitation (1 

molar) in the spectral region 

of combination modes (ν1 + ν4), 

shown together with fitted 

curves (cf. section 4.2 for 

curve fitting parameters)  

Insets in A-F show 

combination bands found in 

spectral region 1850-

1810 cm-1  

A) 68 ms; B) 40 s; C) 60 s; D) 

90 s; E) 900 s; F) 7200 s; G) 

all six selected time-resolved 

spectra 

G 
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5.3.2 0.1 Molar 

For the experiment conducted in 0.1 M initial concentrations, the overall spectral shapes 

similar to that with 1 M concentration are also observed (Figure 32 A). Here, the intensity of 

the band at 1415 cm
-1

 is ~0.18 OD, which is about one tenth lower than that with 1 M 

(~1.7 OD at 1418 cm
-1

). This band and the shoulder at 1474 cm
-1 

loose intensities after 

24 seconds (red and orange curves in Figure 32 D), a time that corresponds to that of 1 M. At 

the same time, a new shoulder at 1360 cm
-1 

starts to develop and arrives at its intensity 

maximum, as soon as 1474 cm
-1

 completely disappears (black curve in Figure 32 D). No 

spectral changes are observed within 74 to 300 seconds (plateaus in Figure 32 D). Again 

similar to 1 M, a broad band ~1459 cm
-1

 appears till the end of experiment (2000-7200 s; pink 

curve in Figure 32 D). Notably in Figure 32 D, shoulders are observed between 1700 and 

2000 seconds for the bands at 1418, 1368, 1459 and 1478 cm
-1

. These shoulders are seen 

again, this time however only on bands 1418 and 1368 cm
-1 

during 2000-3000 s. 

In the spectral region of the combination mode (Figure 32 B), one band at 1795 cm
-1

 is 

resolved. It is the only band that takes part in spectral changes during the CaCO3 precipitation 

at this concentration. It rises in time domain 0-300 seconds and drops slightly from 300 

seconds onwards (purple curve in Figure 32 E). No bands are resolved at 1770, 1764 and 

1743 cm
-1

. The decrease in intensities from these three bands seen in Figure 32 E (pink, blue 

and green curves) is due to the uncorrected, slanting baseline in that spectral region (Figure 

32 B). At the end of the experiment, the final precipitated product exhibits a (now weaker) 

band at 1795 cm
-1

 and a broad band at ~1459 cm
-1

. 

Similar to spectra at 1 M concentration, a shoulder at 1628 cm
-1

 observed from the beginning 

diminishes as time develops (Figure 32 C).  

The discussion of the spectra will be made in section 5.3.3 together with 0.05 M. 
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Figure 32  Time-resolved stopped-flow FTIR spectra for CaCO3 precipitation (0.1 

molar) shown in the spectral region of A) 𝝂𝟑 B) combination modes 

(ν1 + ν4); C) 1628 cm-1  

Intensity changes plotted in function of time (logarithmic scale by a 

base of 10) for: 

D) bands observed in 𝝂𝟑 spectral region. Black: 1360 cm-1, red: 

1415 cm-1, pink: 1459 cm-1, orange: 1474 cm-1; 

E) bands correspond to de-convoluted combination band positions (cf. 

text). Green: 1743 cm-1, blue: 1764 cm-1, pink: 1770 cm-1, purple: 

1795 cm-1 
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5.3.3 0.05 Molar 

At 0.05 M, the overall band shapes and time-dependent spectral development are similar to 

that at 0.1 M (Figure 33 A). However, the signals (e.g. band maxima at 1415 cm
-1

) are 

reduced to about half to that of 0.1 M when the initial concentrations are halved (e.g. at 

68 ms, absorbance at 1415 cm
-1

 is 0.18 OD for 0.1 M and 0.07 OD for 0.05 M. By analogy 

with the previous experiments, we assign a shoulder at 1366 cm
-1 

, which begins to emerge at 

26
th

 second (black curve in Figure 33 D) as soon as the two main bands (1415 and 1478 cm
-1

) 

start to vanish (red and orange curves in Figure 33 D). During 74 to 300 seconds, no spectral 

development is noticed (plateaus in Figure 33 D). At 300
th

 second, all bands in 𝜈3 spectral 

region diminish. After two hours, a new band at ~1447 cm
-1

 appears (Figure 33 A and rise of 

pink curve in Figure 33 D).  

Despite weak signals, the disappearing of the weak band at 1628 cm
-1

 is still visible (Figure 

33 C). Figure 33 B and C reveal only an combination band at 1795 cm
-1

. Similar to that of 

0.1 M, this band rises till 300
th

 second, and subsequently diminishes slightly. Uncorrected 

baselines cause the decrease in band intensities at bands 1770, 1764 and 1743 cm
-1

. 

The precipitate formed after two hours exhibit two bands at ~1447 and 1795 cm
-1

. 

The time-resolved FTIR spectra measured for CaCO3 precipitation at 0.05 M are very similar 

to those at 0.1 M. We therefore discuss both cases together. The 𝜈3  band shapes at both 

concentrations are similar. While for 0.1 M concentration the band maximum at 1415 cm
-1

 is 

much stronger in intensity than its shoulders at 1478 cm
-1

, those two bands at 0.05 M have 

comparable intensities. It is to note that the time-dependent intensity change of the relevant 𝜈3 

bands at both concentrations is almost identical: rapid drop in ~25-74 s, plateaus in ~74-300 s, 

drop resuming after 300 seconds, and the rise of a broad band at ~ 1447 cm
-1

 between ~2600 

and 7200 seconds (compare Figure 32 D with Figure 33 D). The appearances of weak 

shoulders in time region 1700-3000 s seen in Figure 32 D, which we cannot explain, are 

absent at 0.05 M concentration.  

Results from the static transmission mode-FTIR experiments (section 5.2.2) provide useful 

information, that combination bands characteristic of vaterite (1837, 1814, 1764 and 

1743 cm
-1

) synchronise with bicarbonate bands at 1628 cm
-1

 as well as a shoulder of 𝜈3 band 

at ~1500 cm
-1

 (cf. Figure 27 and Figure 28).Therefore, although the combination bands of 

vaterite are not resolved in Figure 32 B and Figure 33 B, the drop of band intensities at 

1628 cm
-1

 (Figure 32 C and Figure 33 C) as well as the shoulder of 𝜈3 band at ~1478 cm
-1

 

(Figure 32 A, D and Figure 33 A, D) indicates the presence of vaterite traces in the 
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precipitates formed at both concentrations of 0.1 M and 0.05 M. After two hours of 

measurement, we assume that vaterite almost disappear based on the observation of the nearly 

diminished bands and shoulders at 1628 and 1478 cm
-1

, respectively. In contrast to that of 

1 M, calcite, as evidenced by the band at 1795 cm
-1

 is formed as end-product after two hours 

in both 0.1 M and 0.05 M.  

5.3.4 0.01 Molar 

Despite the low signal, the overall band contours in the 𝜈3  spectral region for 0.01 M is 

similar to that of 0.1 M and 0.05 M (Figure 34 A), dissimilar however for the time-dependent 

spectral development of each characteristic 𝜈3 band (Figure 34 D). All band intensities drop 

throughout the time from 68 ms to 2200 s. Rapid drops of band intensities (instead of plateaus 

observed at 0.1 M and 0.05 M) take place during 60-2200 s. Between 2200 and 7200 seconds, 

a new band at ~1445 cm
-1

 (Figure 34 A; red curve in Figure 34 D) appears. Band at 1628 cm
-1

 

diminishes as well along the two-hours-time scale (Figure 34 C).  

Time-dependent intensity development of combination bands (Figure 34 E) is similar to that 

of 0.1 M and 0.05 M. Although it is difficult to assign any combination band at that spectral 

region (Figure 34 B) due to the low SNR, the similar rise of intensity at 1795 cm
-1

 observed 

previously at 0.1 M and 0.05 M, is also seen here (black box in Figure 34 E).  

The time-dependent 𝜈3 band development shown in Figure 34 D is similar to that of 0.1 and 

0.05 M. The rapid drop of intensities is however delayed (at 60
th

 s). The drop persists until 

2200
th

 s – a time when the cease of dropping of 𝜈3 bands is also detected at 0.1 M and 0.05 M 

(compare Figure 34 D with Figure 32 D and Figure 33 D).  

The assumption made in sections 5.3.2 and 5.3.3, that vaterite is present in precipitates, can be 

also applied here, since the band at 1628 cm
-1

 (Figure 34 C) and the shoulder at 1466 cm
-1

 

(Figure 34 A, D) are observed. The combination mode of calcite at 1795 cm
-1

 is not resolved 

(Figure 34 B). However, experimental data in 5.2.1 and 5.2.2 indicate that, calcite is mostly 

formed at lower initial concentration. Therefore, calcite as end-product can be assumed.  
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5.3.5 Summary 

In general, time-resolved spectra obtained at 1 M concentration are distinguishable from the 

lower concentrations – a finding that is consistent with results in section 5.2.2 (static 

experiment in D2O). 0.1, 0.05 and 0.01 M concentrations can be grouped in one category, i.e. 

the group with lower initial concentrations, because their spectra show many similarities. 

Major spectral changes exhibited by CaCO3 precipitates formed at high initial concentration, 

e.g. 1 M, take place rapidly (within the first 200 seconds), while at lower initial 

concentrations, major spectral changes span over a larger time domain (~24-2000 s). It is 

interesting to note that, in all concentration, the spectrum recorded at the very beginning of 

the measurement, i.e. 68 ms, remains the same in the first 24 seconds.   

Besides that, the experimental findings suggest that, precipitates consist of vaterite and calcite 

are formed in solutions at high initial concentrations (1 M). In the contrary, calcite is the 

major product at low initial concentrations (0.1, 0.05 and 0.01 M). This is again correspond to 

the finding in section 5.2.2. 

Increasing initial supersaturation is expected to accelerate the kinetics of precipitation process 

and the subsequent phase transitions. The speed and the way of mixing calcium chloride and 

sodium carbonate solutions to form CaCO3 precipitates do affect the kinetics of precipitating 

process, at least evidenced by experiment at 1 M (section 5.3.1). Rapid mixing (5 to 10 ms 

mixing time) achieved by stopped-flow apparatus allows spectral analysis and thus species 

study in a shorter time span. Besides that, under this mixing condition, carbonate ion binding 

is much faster, comparing to the slow-mixing condition. This finding is evidenced by spectral 

deconvolution of combination bands measured at 1 M initial concentration.  

Ion products at different time domains are evaluated (only for the experiment at 1 M). The 

much higher values than the reported literature value for solubility product equilibrium 

constant indicates the off-equilibrium stage. The presence of a dense CaCO3 liquid phase 

which contributes to the high carbonate ion concentration is also suggested. 
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Figure 33  Time-resolved stopped-flow FTIR spectra for CaCO3 precipitation (0.05 

molar) shown in the spectral region of A) 𝝂𝟑 B) combination modes (ν1 + 

ν4); C) 1628 cm-1  

Intensity changes plotted in function of time (logarithmic scale by a base 

of 10) for:  

D) bands observed at 𝝂𝟑 spectral region. Black: 1366 cm-1, red: 1415 cm-1, 

pink: 1447 cm-1, orange: 1478 cm-1; 

E) bands correspond to de-convoluted combination band positions (cf. 

text). Green: 1743 cm-1, blue: 1764 cm-1, pink: 1770 cm-1, purple: 1795 cm-

1 
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Figure 34  Time-resolved stopped-flow FTIR spectra for CaCO3 

precipitation (0.01 molar) shown in the spectral region of A) 𝝂𝟑 

B) combination modes (ν1 + ν4); C) 1628 cm-1  

Intensity changes of selected wavenumbers plotted in function of 

time (logarithmic scale by a base of 10) for: 

D) bands observed at 𝝂𝟑 spectral region. Black: 1362 cm-1, red: 

1400 cm-1, pink: 1445 cm-1, orange: 1466 cm-1; 

E) bands correspond to de-convoluted combination band 

positions (cf. text). Green: 1743 cm-1, blue: 1764 cm-1, pink: 1770 

cm-1, purple: 1795 cm-1 (black box: cf. text) 
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6 Summary 

A stopped-flow transmission cell equipped with CaF2 windows and a fixed optical path length 

of 100 µm was used for the time-resolved stopped-flow FTIR studies of CaCO3 precipitation. 

Since CaF2 is not transparent in IR spectral region below 1000 cm
-1

, all the spectral studies of 

CaCO3 in this work were thus limited to spectral region above 1000 cm
-1

. In other words, only 

the 𝜈3 (1500-1400 cm
-1

) and the combination vibrational modes (𝜈1 + 𝜈4, 1850-1730 cm
-1

) of 

the carbonate ion were considered throughout the work. D2O instead of H2O was chosen as 

the solvent, since the strong IR-absorbing D-O-D scissoring mode is redshifted and does not 

overlap with the 𝜈3  band of the carbonate ion, like the H-O-H scissoring mode does. 

However, the combination modes measured in H2O systems are worth exploring in future 

work, since they are also well resolved in the spectra measured in this solvent system (cf. 

section 5.2.1).  

Four reference studies (sections 5.1.1-5.1.4) were performed for the studies of calcite, 

aragonite, vaterite and ACC. These analyses differed in either the sample conditions (i.e. the 

amount of D2O in the sample) or the spectroscopic techniques employed (ATR-FTIR or 

transmission mode-FTIR). In addition, carbonate ions in D2O solutions were also investigated 

in a wide range of concentrations (1 mM to 1 M). The experimental data from these studies 

gave the following insights: while the evaluation of the 𝜈3 band is difficult due to its high 

sensitivity to the change of the carbonate environment (e.g. the presence of solvent) and the 

overlapping D-O-D combined scissoring and libration modes, the 𝜈1 + 𝜈4 combination band 

of the carbonate ion remains unaffected by the presence of D2O solvent molecules. Therefore 

this combination band of carbonate is useful for spectral analyses of calcium carbonates, 

whereas the carbonate- 𝜈3  band can provide complementary information. Spectral 

deconvolution was performed on the combination bands of each CaCO3 reference species 

(except for ACC, where the combination band cannot be observed), whereas the references 

study employing a high D2O content and transmission mode-FTIR was employed due to its 

relevance for the actual precipitation experiments (section 5.1.4). This study was chosen due 

to the well resolved combination bands in the studied spectra. The different CaCO3 phases 

could be distinguished based on their characteristic de-convoluted peak positions, which were 

useful for the CaCO3 phase assignment in the following studies (sections 5.2 and 5.3).  

In addition to the four investigated CaCO3 phases, transmission-mode spectra of free 

carbonate ions in D2O solutions were also recorded in different concentration regimes (section 
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5.1.5). The combination mode (𝜈1  + 𝜈4) of the free carbonate ion in D2O solution again 

proved to be useful, with its band absorbance showing a linear concentration dependence, i.e. 

the Beer-Lambert law is applicable. The extinction coefficient measured at 1770 cm
-1 

(휀1770 𝑐𝑚−1).was found to be 8.15 M
-1

 cm
-1

.  

So as to develop the evaluation of the calcium carbonate speciation based on the IR spectral 

features discussed above, at first static transmission-mode spectra of calcium carbonates 

precipitated from aqueous solutions were investigated at seven different concentrations. Each 

spectrum was collected 15 minutes after mixing calcium and carbonate solutions. Besides 

D2O, H2O was also employed as solvent in this study. CaCO3 precipitates formed in both 

solvent systems show characteristic spectral behaviours which were observed primarily in the 

spectral region of the combination mode (carbonate-𝜈1 + 𝜈4). A difference in the precipitation 

behaviour in the two solvents was likely due to the different degree of structural orders 

exhibited by the two solvents. Being more relevant to the sample conditions employed in the 

rest of the work (D2O as solvent), only the combination bands of the CaCO3 precipitates 

formed in D2O solutions were further analysed by spectral deconvolution and were compared 

with the experimental data displayed in the reference studies in section 5.1. The analysis 

results not only allowed CaCO3 polymorph characterisation, they also provided useful 

information for future investigations of the development of the ion product during CaCO3 

precipitation at different initial concentrations. It is noteworthy that the polymorph behaviour 

exhibited by precipitates formed at high initial concentration, i.e. 1 M, was distinctively 

different from the rest, i.e. low initial concentrations (0.01 M to 0.5 M).  

For the very first time, stopped-flow FTIR spectroscopy, which allows rapid mixing within 5 

to 10 ms, was employed to study the kinetics of the CaCO3 precipitation process. Four initial 

concentrations (0.01 M, 0.05 M, 0.1 M and 1 M) were chosen and for each, time-resolved 

spectra were recorded over two hours. Spectral changes were monitored at a time resolution 

of 68 milliseconds. The speed of mixing and the solution homogeneity at the point of mixing 

indeed had significant influences on the polymorph behaviours during the precipitation 

process. Results derived from the combination band analysis on the precipitates formed at 1 

M concentration revealed that, a large amount (~75 %) of carbonate ions was already bound 

in CaCO3 species after 68 milliseconds. In strong contrast, the static spectrum for the same 

system at 1 M recorded after 15 minutes (section 5.2.2) showed that only 25 % of carbonate 

ions were bound. Furthermore, by referring to the free carbonate ions reference study in 

section 5.1, the ion product of such precipitates formed at different time regimes was 

evaluated and compared with the solubility products from calcite, aragonite, vaterite, ACC, 
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pc-ACC, and pv-ACC reported in the literature. Further investigations are still required to 

gain a deeper insight into the understanding of CaCO3 precipitation. 

As observed in the static measurements of CaCO3 precipitates (section 5.2), the precipitation 

at 1 M initial concentration was again different from other concentrations, i.e. the lower initial 

concentrations of 0.01 M, 0.05 M and 0.1 M. The polymorph development observed for 1 M 

concentration took place faster than at low concentrations. Lastly, a precursor species 

exhibiting a distinct band at 1794 cm
-1

 in the spectrum recorded after 68 ms (time-resolved 

measurement for 1 M initial concentration), raises question. Since this species appear prior to 

the formation of the vaterite polymorph at 40 s, the assignment of this species to calcite 

polymorph, as it was done in the reference study in section 5.1.4, may not be correct. 

Therefore, further investigations are required to study this species formed at the very early 

stages of precipitation. 
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Acronyms, Abbreviations and Symbols 

i.e.  meaning; as it is 

etc.  and so on 

e.g.  for example 

CaCO3  calcium carbonate 

IR  infrared 

MIR  mid-infrared 

FTIR  Fourier-transform infrared 

MCT  mercury cadmium telluride 

OPD  optical path difference 

SNR  signal-to-noise ratio 

A  absorbance 

OD  optical density 

M  molar (mol/L) 

CNT  classical nucleation theory 

ACC  amorphous calcium carbonate 

PNC  pre-nucleation cluster 

ATR  attenuated total reflection 

𝜈  vibrational (normal) mode of carbonate ion 

ε  extinction coefficient 

Ksp  solubility product equilibrium constant 
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Appendix 

[32]
 

 

 

 

 

 

 

 

Figure S 1 Transmission range of infrared windows used in this work, in the function of wavenumber (cm-1) 

A) diamond; B) germanium; C) calcium fluoride 

D) A photo showing one of the heterogeneous samples in transmission cell for the static 

transmission mode-FTIR experiments of CaCO3 precipitates (section 5.2) 

A B 

C D 
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A 

B 

Figure S 2  Transmission spectra shown in spectral region 4000-650 cm-1 for  

A) H2O with 6µm optical path length; B) H2O with 100µm optical path length; 

C) D2O with 100µm optical path length 

Background spectrum (CaF2 windows) is subtracted from each spectrum. 

C 
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Figure S 3  Static transmission-FTIR spectra of CaCO3 precipitates A) in H2O solution with 6 µm 

optical path length; B) in H2O solution with 100 µm optical path length (inset: combination 

mode of carbonate ion); C) in D2O solution with 100 µm optical path length. The band at 

~3400 cm-1 found in subfigure C (asterisk) may not be O-H stretching, but a carbonate 

overtone (2 * (ν1 + ν4)) since their band developments are similar. 

All spectra are recorded 15 minutes upon mixing CaCl2 and Na2CO3 solutions. 
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B 
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