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Abstract

Since the hardness and toughness of natural nacre are determined by hierarchical microstructures with organic matters, it is of great importance to control 

the microstructures of artificial free-standing CaCO3 thin films. However, because the fabrication of such films has so far been quite limited, their 

mechanical properties have not been reported to a significant extent. To address this, free-standing calcite thin films were prepared through repeated cycles 

of layer-by-layer deposition of vaterite precursor composite particles with organic polymers, followed by a phase transition to calcite. The vaterite precursor 

composite particles were obtained by using a carboxylate-terminated poly(amidoamine) (PAMAM)-type T8-caged silsesquioxane-core dendrimer 

(POSS-(COOH)16) or an octacarboxy-terminated T8-caged silsesquioxane (POSS-(COOH)8). Incubation of the vaterite composite particles in distilled water for 

3 days led to complete phase transition to calcite. Calcite thin films were obtained on a glass substrate pre-coated with a poly(diallyldimethylammonium 

chloride) (PDDA) layer or a multilayer of PDDA with poly(sodium 4-styrenesulfonate) (PSS) through repeated cycles of layer-by-layer deposition of the vaterite 

particles, followed by a phase transition to calcite. Free-standing calcite thin films were obtained through repeated cycles of this process after PDDA and PSS 

were coated on the surface of the calcite thin films. In this way, six distinct calcite thin film types were produced, with subsequent three-point bending tests 

revealing that all exhibit elastic bending prior to fracture.

1. Introduction

Organic polymers can be seen in a wide variety of places around us. In 

addition to the plastics used in clothes, stationery supplies, and consumer 

electronics, organic polymers also include the proteins and many other 

molecules that make up our bodies. Organic polymers tend to be supple 

and light, but also have the disadvantage of being soft and vulnerable to 

heat. In contrast, glass, metals, and other inorganic materials are typically 

hard, sturdy, and heat resistant, but also heavy and difficult to bend. If 

organic polymers and inorganic materials with completely opposite 

characteristics could be combined in a composite material, then 

characteristics not available from either inorganic or organic materials 

alone could potentially be achieved. In a broad sense, biological organisms, 

including our bodies, are already producing organic-inorganic 

nanocomposite materials.1) Bones are mainly made from calcium 

phosphate, but also contain small amounts of a protein called collagen. 

Similarly, seashells are mainly made from calcium carbonate, but also 

contain small amounts of protein (Fig. 1).2)-4) Observing these with an 

electron microscope shows that they comprise a complex 

three-dimensionally organized structure of organic and inorganic 

components.5) The level of inorganic crystallization (biomineralization) in 

organic-inorganic nanocomposites produced by biological organisms is 

well controlled by proteins and other organic substances. For example, 

simply including a few percent of an organic substance can result in 

organic-inorganic nanocomposites with much higher mechanical strength. 

That can be used to create functionally-engineered materials with far 

superior properties than possible using conventional technologies.6),7) 

Furthermore, because the synthesis processes involved occurs under very 

mild conditions in water, the research field is attracting attention from a 

materials chemistry perspective due to the potential for learning from 

those processes to develop new functionally-engineered materials using 

environmentally-friendly processes.8)-11)

Biological polymers, such as proteins and sugar chains, are known to have 

a very important role in biomineralization, which is the key synthesis 
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process for biominerals, but the detailed mechanisms involved in that role 

are still not fully understood at the molecular level. Biominerals that occur 

due to biological control contain small quantities of proteins and other 

organic substances as part of their structure. In particular, anionic proteins 

have a particularly important function. In the 1990s, a variety of trials were 

performed in an attempt to understand the mechanisms involved in 

biomineralization using polymer compounds with either low or high 

molecular weight and that have a known structure as model biological 

polymers. For example, research was conducted on mineralization in water 

spiked with water soluble acidic polymers12), such as poly(L-aspartic acid) or 

poly(L-glutamic acid), which are synthetic peptides. When these were used 

to mineralize calcium carbonate, using poly(L-aspartic acid) resulted in 

more aragonite crystals (which are somewhat less stable than calcite 

crystals, the most stable form of calcium carbonate) than when using 

poly(L-glutamic acid). That is presumably due to the random 

three-dimensional structure of the poly(L-glutamic acid) in aqueous 

solution versus the beta-sheet structure of the poly(L-aspartic acid). These 

results indicated that it may be possible to control the mineralization and 

shape of inorganic substances by designing the polymers. That sparked 

new research on using synthetic polymers in the mineralization of calcium 

carbonate. In other words, it suggests that higher order structures are 

important for the mineralization of inorganic substances in polymer 

solutions, such as calcium carbonate in water. To put it another way, it 

suggests that the three-dimensional arrangement of anionic functional 

groups is important.



herefore, the authors researched the mineralization of calcium 

carbonate using the synthetic polymer poly(amidoamine) (PAMAM) 

dendrimer, which has carboxylate groups on the surface of the 

outermost shell, as a model polymer for anionic proteins. They found 

that calcite, the most stable form of calcium carbonate crystallization 

with a cubic shape, formed when no dendrimer was added. If 

dendrimer was added, no calcite was formed and vaterite, a spherical 

metastable state of calcium carbonate crystallization, was formed 

instead.13),14)

Calcium carbonate is thought to undergo several stages of crystal 

structure transition from a homogeneous aqueous solution to its final 

crystal form (Fig. 2). First it forms amorphous calcium carbonate before 

transitioning through metastable states to its final stable crystal phase. 

Compared to epitaxial crystallization in the first stage, the activation 

energy of crystallization decreases during multistage evolution, which is 

presumably advantageous for biological organisms. Biominerals are 

thought to undergo a similar multistage evolution during the formation 

of seashells, for example. The shellfish forms the shell material from 

biominerals secreted from its mantle and transported to the edge of the 

existing shell, where it is thought to combine with biological polymers 

to form the shell. Consequently, the authors thought they could 

produce a thin film of imitation shell calcite by mimicking the 

mechanisms above to form composite particles from vaterite, which is 

the metastable state of calcium carbonate, stacking layers of those 

particles on a substrate, and then transitioning that multilayer structure 

on the substrate to the stable phase of calcite (Fig. 3). This article 

describes the process of forming the thin film of calcite, which is the 

imitation shell material, using the vaterite composite particles obtained 

using T8-caged silsesquioxane with anionic functional groups and 

describes the mechanical properties of that film.

Fig.1      Schematic image of nacre of shell

Fig.2      Energy diagram of multi-step phase transformation
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2. Using Vaterite Composite Particles to Produce a 
    Freestanding Thin Film of Calcite

2.1 Background of Research

Previously, the authors developed a technique called the "delayed 

addition method," which uses water soluble organic polymers. They 

reported that by using the technique they produced calcium carbonate 

composite particles of controlled size. For example, amorphous calcium 

carbonate composite particles controlled to within 180 nm and 550 nm 

can be produced by using polyacrylic acid.15) Vaterite composite particles 

controlled between 600 nm and 2 µm in diameter can be produced by 

using a generation 0.5 polyamidoamine dendrimer.16) However, those 

vaterite composite particles were stable and did not transition to calcite 

even after being left in water for over one week. Generation 1 

carboxylate-terminated T8-caged silsesquioxane-core dendrimers 

(Compound 1) have a rigid backbone with a cubic structure of T8-caged 

silsesquioxane. Due to inhibited mobility of the side-chain functional 

groups on each of the eight corners, the dendrimer has a unique 

spherical molecular shape (Fig. 4).17) When Compound 1 was used with 

the delayed addition method, the authors found that vaterite particles 

could be produced controlled to a wider range of particle diameters 

than when using the organic polymers above.18) Furthermore, when the 

vaterite particles were left in water, they transitioned to stable calcite 

crystals after a few days. These vaterite particles obtained using 

Compound 1 were used to form a multilayer film of vaterite particles on 

a glass substrate by an alternating immersion method (layer-by-layer 

method). It was then determined that a calcite thin film could be 

formed by immersing the multilayer film of vaterite particles in water to 

induce a phase transition.19)

Controlled crystallization transition speed

Amorphous

Delayed addition method

Stabilizer design

Vaterite Calcite

Self-assembling

Controlled crystallization transition speed

Fig.4    Preparation of vaterite composite particles by using compound 1

Fig.3    Schematic illustration of preparation of calcite films by assembling calcium carbonate particles

Compound 2



Spherical calcium carbonate particles made from vaterite were 

obtained by adding an aqueous solution of Compound 1 and an 

aqueous solution of calcium chloride, so that the molar ratio of the 

carboxylate groups from Compound 1 with respect to the calcium ions 

([-COONa]/[Ca2+]) is eight and then using the delayed addition method 

at a reaction temperature of 30 ºC. The longer the complex formation 

time provided before adding the carbonate ion, the larger the particles 

obtained, where particle diameters of 0.71 ± 0.08 µm, 1.05 ± 0.11 

µm, and 1.86 ± 0.22 µm were obtained when the formation time 

was increased to 3, 30, and 60 minutes, respectively.18) This is 

presumably due to the increasing desorption of aqua ligands from the 

calcium ion complex as the formation time increases, so that the 

calcium ion complex changes from hydrophilic to hydrophobic.

Normally, the surface of vaterite particles is positively charged, but the 

zeta potential at the surface of vaterite particles obtained using 

Compound 1 is between -20 and -30 mV. Therefore, they readily 

adsorb to the glass substrate coated in a PDDA polymer 

(polydiallyldimethylammonium chloride) film, which is a cationic 

polymer. This suggests carboxylate anions are present on the surface 

of the particles. Therefore, 0.71 µm diameter vaterite particles were 

used to produce a multilayer film by the alternating immersion 

method (Fig. 5). A multilayer film of PDDA and composite particles 

was produced on a glass substrate by alternately immersing the 

substrate in a PDDA ethanol solution and an ethanol dispersion of the 

vaterite particles several times (Step 1). Measurement by X-ray 

diffractometry (XRD) confirmed that the vaterite phase remained even 

after forming the multilayer film. SEM observation confirmed that a 

multilayer film about 10 µm thick was formed after stacking ten layers 

of 0.71 µm diameter particles.

Vaterite is known to transition to the stable calcite phase when 

immersed in water, but a Fourier transform infrared 

spectrophotometer (FTIR) system was used to confirm that the vaterite 

particles obtained using Compound 1 also similarly transitioned to the 

calcite phase after being immersed in water for three days. Therefore, 

the above multilayer film of vaterite particles was immersed in water 

for five days to induce a phase transition to calcite (Step 2). 

Observation with FTIR, XRD, and SEM systems were used to confirm 

that the above resulted in a transition to a thin irregularly shaped 

calcite film about 10 µm thick as a network structure formed between 

adjacent vaterite particles. Because the calcite was negatively charged, 

PDDA layers were formed by immersing the resulting calcite thin film 

into a PDDA ethanol solution. Furthermore, a two-layer film of PDDA 

and PPS was formed on the calcite thin film by successively immersing 

the film in a sodium polystyrene sulfonate (PSS) ethanol solution and 

then a (PDDA/PSS)2/PDDA layer was formed by, lastly, immersing the 

film in a PDDA ethanol solution to cationize the outermost surface 

before forming another vaterite particle layer (Step 3). Then the film 

was immersed in water three times to induce a phase transition (Step 

4). Finally, the freestanding calcite film (Film 1) was obtained by 

peeling the film from the substrate. It was also determined that a 

freestanding calcite film (Film 2) could also be produced by using the 

same steps to coat a calcite thin film with only PDDA layers. The 

content of organic components in Films 1 and 2 were measured by a 

thermogravimetric analyzer (TGA) to be 3.2 wt% and 1.0 wt%, 

respectively.

Fig.5    Illustrations of the layer-by-layer assembly process and phase transformation used to produce calcite thin films



Due to the large number of synthesis steps for Compound 1, it was 

considered desirable to develop a stabilizing agent that would enable 

simpler synthesis. Therefore, the authors tried forming a calcite thin film 

from vaterite particles21) produced by using T8-caged silsesquioxane 

with eight carboxylate terminal groups (Compound 2) (Fig. 6)20), which 

can be produced easily from a single-step reaction between octa(3-ami-

nopropyl)octasilsesquioxane hydrochloride and phthalic acid.

That determined that calcium carbonate composite particles can be 

obtained by crystallizing calcium carbonate in the same manner as for 

Compound 1. FTIR measurement (Fig. 7 (a)) was used to confirm that 

1.3 ± 0.1 µm diameter spherical calcium carbonate particles formed 

from metastable state vaterite were obtained when the calcium 

carbonate was crystallized with a [-COONa]/[Ca2+] ratio of 12 and a 

mixing temperature of 20 ºC. An IRAffinity-1S Fourier Transform 

Infrared Spectrophotometer (Shimadzu) and a Quest single reflection 

ATR accessory (Specac) was used for measurements. The zeta potential 

between -25 and -30 mV on the surface of the vaterite particles 

obtained suggests that carboxylate anions are present on the surface of 

the particles. FTIR measurement confirmed that, just as when 

Compound 1 was used, immersing the vaterite particles in water for 

four days resulted in a phase transition to the stable calcite phase, 

which showed that the particles were effective as precursor particles for 

producing calcite thin film materials (Fig. 7 (b)).

A multilayer film of vaterite particles about 30 µm thick was formed on 

a substrate by coating the glass substrate with PDDA and alternately 

immersing the substrate in an ethanol dispersion of the vaterite 

composite particles obtained (1.3 ± 0.1 µm particle diameter range) and 

in a PDDA ethanol solution ten times each (Step 1). A calcite thin film 

was formed by leaving the substrate with multilayer film immersed in 

water for five days (Step 2). After forming a PDDA layer on the resulting 

calcite thin film, additional layers of vaterite particles were applied (Step 

3). Then the film was repeatedly immersed in water to induce phase 

transition (Step 4). Vibration was applied to peel the freestanding calcite 

film (Film 4) from the substrate. After forming a PDDA layer on a calcite 

thin film that was left unpeeled from the substrate, additional layers of 

vaterite particles were applied (Step 5). Then that film was repeatedly 

immersed in water to induce phase transition (Step 6) to obtain a 

freestanding calcite film (Film 3) (Fig. 8).

Fig.6    Preparation of vaterite composite particles by using compound 2

Compound 2

(a)  Vaterite composite particles before incubation (b)  After incubation in distilled water for 4 days

Fig.7    FT-IR spectra for vaterite composite particles before and after incubation in distilled water for 4 days



The same steps were used to form a multilayer vaterite particle thin 

film on the calcite thin film obtained above by applying 

(PDDA/PSS)2/PDDA layers instead of PDDA layers. Then the film was 

repeatedly immersed in water to induce phase transition and obtain a 

freestanding calcite film (Film 5) by peeling it from the substrate. 

When the glass substrate coated with (PDDA/PSS)2/PDDA layers, 

instead of only PDDA layers, was used, then the freestanding calcite 

film (Film 6) was obtained by forming and inducing phase transition of 

the multilayer vaterite particle thin film and peeling the film from the 

substrate after applying the (PDDA/PSS)2/PDDA layers three times, 

rather than two times. Results for each of the freestanding thin films 

obtained are summarized in Table 1.

Separately, (PAH/PAA)2/PAH layers were formed by alternately 

immersing the calcite thin film in a polyallylamine hydrochloride (PAH) 

ethanol/water (80 vol%/20 vol%) mixture solution and a polyacrylic 

acid (PAA) ethanol solution. After drying, the film was heat treated for 

five minutes at 200 ºC. After applying additional layers of vaterite 

particles and inducing phase transition, additional (PAH/PAA)2/PAH 

layers were formed on the calcite thin film obtained above and heat 

treated. By repeating that process, a 15 µm thick calcite thin film was 

obtained. Unlike the previous case, the film was not peeled from the 

substrate. TGA measurement was used to determine that it contained 

6.7 wt% organic matter. The high organic matter content at 200 ºC is 

presumably due to the formation of amide bonds between the PAH 

and PAA side chains. These results indicate that the adhesion level to 

the glass substrate can be controlled by switching types of polymers. 

In contrast, a fragile thin film is formed if not heat treated at 200 ºC, 

which FTIR and XRD measurement show is due to the film mainly 

remaining in the vaterite phase.

Fig.8    SEM image (left) and photograph (right) of free-standing film (Film-3)

Fig.9    Photograph of Film-1 (a) and time series of microscopic images 
           of a three-point bending test (b-d)

3. Evaluating the Physical Properties of Calcite 
    Thin Films

3.1 Mechanical Properties

Mechanical properties were evaluated with bending tests, which are 

easy to perform on materials with microscopic shapes (Fig. 9). Due to 

the small test forces measured, a universal testing machine able to 

measure tiny test forces of only a few millinewtons was used. Bending 

tests of each film were performed at a test speed of 1 mm/min using a 

bending jig with 0.1 mm support point radii, a 0.3 mm punch radius, 

and a 1 mm distance between supports. The bending strength and 

bending modulus were calculated using equations (1) and (2), 

respectively.

Table 1   Organic contents, thickness, and results of three-point bending tests for the free-standing films

Film-1

Film-2

Film-3

Film-4

Film-5

Film-6

1

1

2

2

2

2

PDDA-PSS (3)

PDDA (3)

PDDA (3)

PDDA (2)

PDDA-PSS (2)

PDDA-PSS (3)

3.2

1.0

0.9

0.2

2.2

1.5

30

30

54

50

50

100

1.90±0.21 

0.95±0.26

3.2±1.1

(5.7±2.5)×10−2

1.9±0.2

0.5±0.3

120±20 

90±30 

7.8±4.2

0.13±0.074

6.5±5.1

1.3±0.4

Applied 
silsesquioxane 
derivatives

Applied layer 
(number of 
 calcite film)

Organic 
content,a 
wt.%

Average 
Thickness,b 
µm

Bending strength, 
MPa

Young’s 
modulus, MPa

a Determined by TGA, b Estimated by SEM



Results from three-point bending tests of the freestanding calcite thin 

films obtained are summarized in Table 1. Given that the bending 

strength of an oyster shell (crassostrea nippona) was measured as 0.60 

MPa, the results indicate that the process was successful in producing a 

freestanding composite polymer-calcium carbonate thin film with 

bending strength performance equivalent to a natural shell.

A comparison of bending strengths for Films 1 and 2 made using 

Compound 1, which were 1.90 ± 0.21 MPa and 0.95 ± 0.26 MPa, 

respectively, showed that increasing the organic content from 1.0 wt% 

to 3.2 wt% more than doubled the mechanical strength. Accordingly, it 

also increased the bending modulus. A comparison of Films 4 and 5 

made using Compound 2 similarly showed that simply increasing the 

organic content from 0.2 wt% to 2.2 wt% significantly increased the 

bending strength and bending modulus, even for the same thickness.

A comparison of Film 2, made with Compound 1, to Film 3, made with 

Compound 2 using the same conditions as Film 2, showed higher 

bending strength for Film 3, but higher bending modulus for Film 2. 

Since both films had about the same organic content, the performance 

difference is presumably due to differences in the form of the calcite 

thin films.

Fig.6   Photographs of Film-7 after incisions made and after peel off using adhesive tape

(a) Before peel test
     Photograph of Film-7 
     after incisions made

(b) After peel test
     Photograph of Film-7 after 
     peel off using adhesive tape

4. Summary

This article describes recent research trends for hybrid 

organic-inorganic materials, mainly based on the author's research on 

developing a process for imitating the hybrid organic-inorganic 

materials produced by biological organisms. Recently researchers 

specializing in macromolecular chemistry have started entering the 

field. That is because higher-order structures of polymers in solution or 

on a substrate, or in other words, the three-dimensional arrangement 

of anionic functional groups, are important for controlling the 

crystallization of inorganic substances and, consequently, 

macromolecular chemists are increasingly in demand for having a 

major role in the field, due to their ability to control such structures. 

Therefore, it is anticipated that macromolecular chemists will play a 

leading role in achieving new advancements in the field of 

organic-inorganic nanocomposite materials by investigating 

organic-inorganic nanocomposites produced by biological organisms 

and merging applicable fields of inorganic chemistry, biology, 

biochemistry, or mineralogy to discover new research topics.
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