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Abstract 

Material scientists have strong interests in disclosing the reason causing 

the diversity of material structure. Here, we show a different story in 

disclosing the mechanism dominating material structures. When we 

synthesize calcium carbonate particles at increased temperatures, we 

observe that the structures of particles change with temperature. At a 

relatively low temperature (60℃), the dumbbell shaped particles are 

largely formed while the straight particles are dominantly formed at a 

relatively high temperature (90℃). By simulation, we find that the 

crystallite of aragonite is polarized after the adsorption of water 

molecules on its surface. The polarization is anisotropy, which make the 
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attachment of crystallites have different stability along different attaching 

directions. At an increased temperature, the attachment is easily 

destructed by Brownian motion which is dependent on temperature. 

Therefore, the adsorbing force provided by polarization competes with 

the destructive force induced by the Brownian motion. The compromise 

between these two competing forces dominates the stable structure of 

calcium carbonate particles. Hence, the compromise in competition 

between attractive force and destructive force leads to the diversity of 

aragonite structures, which promises a new direction to discover the 

diversity of materials structure. 

 

1. Introduction 

Chemists and materialists have achieved great progresses in 

synthesizing materials with amazing structures.1-5 But the discovery on 

the formation mechanism of these structures are far behind, which 

becomes a bottleneck to scale up the production of these structures.6 

Fortunately, more and more attentions focus on the black box of material 

preparation with the aim to disclose the rules or principles governing the 

structure of materials.7-9 In the past century, the classical crystallization 

mechanism characterized as atom-by-atom growth is successful in 

explaining the growth habit of well-faceted single crystals.10, 11 However, 

increasing evidences about the complex structure of crystals from nature 
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and laboratories are challenging this classical textbook mechanism.12,13 

For example, sea urchin spine behaves like a single crystal in polarization 

microscopy or scattering experiments, but its morphology is highly 

curved and has an overall sponge-like inner structure, showing no crystal 

faces at all.14 Materials with such structure are abundant in nature and 

frequently synthesized in laboratories, which triggers intensive studies on 

crystallization. In the past decade a non-classical crystallization pathway 

based on oriented attachment of particles has been developed. This 

growth process was first highlighted by Banfield’s group,15-17 and further 

developed by Cölfen’s group.18-21 

The non-classical crystallization often involves the nucleation of 

primary particles followed by their oriented attachment towards 

“mesocrystals”. These mesocrystals often exhibit substantial preferred 

orientation.22,23 In the process of primary particle assembly, directional 

physical fields, such as electric, magnetic, or dipole fields, are the most 

probable forces accounting for the ordering alignment of particles.14 

Oriented attachment induced by directional physical fields can 

successfully explain the epitaxial growth along one direction in which 

there exists the strongest attraction force between primary particles. 

However, for a system with more complex structures, oriented attachment 

is not sufficient to interpret its complexity. For example, in the 

preparation of Sb2S3 nanoparticles, oriented attachment leads to the 
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formation of nanorods to bundles.24 However, with the elongation of the 

hydrothermal time, the morphology of the bundles switches to 

close-packed spheres. Therefore, in addition to the oriented attachment, 

other forces may exist and or even become dominant in the later stage of 

hydrothermal treatment. These forces compete with directional force, 

leading to the disassembly of oriented attachment and forming spherical 

balls. In our previous studies, it is discovered that the compromise in 

competition between dominant factors plays important roles in shaping 

structures, which has been verified in different systems.25,26 And the 

snow-shaped vaterite particles have been firstly synthesized by the 

compromise between diffusion and reaction. 27  

In this paper we show another story in disclosing the roles of 

compromise between dominant factors in shaping structures of materials. 

The rod-like particles are dominantly formed when calcium carbonate 

particles were synthesized at an increased temperature. When the 

temperature was carefully tunned, particles switch from dumbbell shape 

to straight rods with the increase of temperature. To the best of our 

knowledge, this is the first observation on the switch of such structures. 

In this paper, we are going to answer two questions. First, why the rod 

like particles are predominantly formed at an increased temperature? 

Second, why the shapes of rod particles changes with temperature?  
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2. Results and Discussions 

The samples synthesized at different temperatures (60℃, 70℃, 

80℃, 90℃) were characterized by scanning electron microscopy, as 

shown in Figure 1. Figure 1a to 1d show the low magnification images of 

the products synthesized at 60℃ to 90℃, revealing high yields of the 

particles with uniform morphology. Magnifications on the particles as 

shown in Figure 1e to 1h show that the particles synthesized at different 

temperature have remarkably different morphology. The particles 

synthesized at low temperature (60℃) show dumbbell shape with a 

rod-like handle and two radial ends (Figure 1e). While at a relatively 

higher temperature (70℃), the spiking branches at two ends are reduced 

and the handle become longer. As the temperature is increased to 80℃, 

the radial ends disappear while the splitting ends show up. As the 

temperature is increased to 90℃, the splitting ends are reduced and 

straight rods with a few Y-shaped ends form. Phase identification on the 

obtained products was carried out by powder X-ray diffractometry (XRD), 

as shown in Figure 2. In accordance with the JCPDS file of No. 05-0453, 

these diffraction peaks can be indexed to orthorhombic aragonite with 

lattice parameters of a0 = 4.959 A
o

, b0 = 7.968 A
o

, c0 = 5.741 A
o

), 

suggesting that the products are mostly aragonite. 

In order to get detailed information on the aragonite structures, the 

samples were characterized by high resolution SEM and TEM. Figure 3a 
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shows a high magnification SEM image of the aragonite particle 

synthesized at 60℃. Careful observation on the handle part of the particle 

shows that the handle is built up by the assembly of nanoscale crystallites. 

These crystallites are not only assembled end-to-end and side-to-side, but 

also fused together, which have the typical mesocrystal features proposed 

by Cölfen etc.18,20 At the ends of the particle, the crystallites show 

massively radial aggregation, where we can observe end-to-side 

attachment. Figure 3b shows a SEM image of the particles synthesized at 

90℃. Compared to the dumbbell-like particles in Figure 3a, Figure 3b 

exhibits stick-like structure with Y-shaped ends instead of radial ends. 

The TEM image in Figure 3c confirms that the aragonite particles are 

built up by small crystallites. Figure 3d and its inset are representative 

HRTEM image and SAED pattern taken from the crystallites shown in 

Figure 3c. In Figure 3d, possible attachment schemes (white-line box) by 

four primary crystallites are outlined, which gives us direct evidence on 

the crystallographic orientation of the crystallites. Red marks in Figure 3d 

show slight stack fault and angular misorientation between the adjacent 

assemble crystallites. The fringe spacing distance perpendicular and 

parallel to the long axis of the rod are 5.75 Å and 7.97 Å which 

correspond to the distances of (001) and (010) planes of the aragonite, 

respectively, indicating that the c-to-c attachment and b-to-b attachment 

are present in the assembly. Therefore, we could conclude that the 

Page 6 of 26CrystEngComm

C
ry

st
E

n
g

C
o

m
m

 A
cc

ep
te

d
 M

an
u

sc
ri

p
t



aragonite particle is built up by small crystallites following certain 

crystallographic orientation. Now we are curious about what is the 

driving force for the orderly assembly of crystallites and why the 

structures of particles changes with temperature. Above questions will be 

discussed in the following studies 

Due to the highly ordered alignment of crystallites, we speculate 

that certain intrinsic interactions between the crystallites should exist. 

Previous studies suggest that there may exist anisotropic dipole moment 

in the crystallites of aragonite as a result of the noncentrosymmetric 

arrangement of calcium ions and carbonate ions.28,29 But this suggestion 

is based on groundless speculations without direct evidence. On the other 

hand, it has been proved that the presence of surface species may 

facilitate the orientation of contacting particles30 and the solvent 

molecules largely influence the interactions among building blocks.31, 32 

Therefore, we speculate that the adsorption of water molecules on the 

surface of aragonite crystallites may be responsible for the oriented 

attachment of crystallites. Therefore, we conduct molecular simulation to 

testify this speculation as follows.  

A 2×1×2 supercell of orthorhombic aragonite was chosen as the 

study crystallite. The interactions between water molecules and the 

crystallite are simulated using Adsorption Locator Module, by which the 

most probable adsorption configuration is identified. After energy 
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calculation on the obtained crystallite via Dmol3 module, anistropic 

dipole moment along three axis of the crystallite is identified, which is 

believed to be induced by the adsorption of water molecules. The bar 

graph in Figure 4 shows the calculated value of the dipole moment of the 

crystallite along each axis.  

The 3D atomistic structures above each bar in Figure 4 show the 

representative adsorption configuration on the facets. The calculating 

results indicate that the study cell becomes polar after the adsorption of 

water molecules and the dipole moment along [001] direction is the 

strongest. Because the dipole force along the [001] direction is the 

strongest, the attachment of the crystallites prefer to occur between the 

(001) faces, making the preferential growth of aragonite particles and 

forming rod-like particles, as illustrated in Figure 5. Therefore, the 

aragonite particles dominantly show rod-like shape as a result of 

preferential attachment. To the best of our knowledge, this is the first 

simulation work supporting the existence of anisotropic dipole moment of 

the aragonite crystallites. From now on, we want to discover why the 

aragonite structure changes with temperature.  

Based on the dipole moment along each axis in Figure 4, we can 

conclude that the c to c attachment is most stable while a to a and b to b 

attachment is less stable. The attachment between c to a/b is in the middle 

value of stability. The c to c attachment corresponds to end to end model 
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while a to a and b to b correspond to side to side model. Others 

correspond to end to side model. The end to end attachment leads to the 

growth of particles along c axis while the side to side attachment results 

in the thickening of particles. The end to side attachment leads to a radial 

growth of particles. Since the attachment of crystallites is performed in a 

solution at increased temperatures, the Brownian motion can not be 

neglected. The “Brownian movement” was named after Robert Brown 

who first observed uninterrupted and irregular “swarming” motion of 

pollen of different plants in water.33 Einstein later proved that the 

movements of the particles suspended in liquids are a result of thermal 

molecular motion of the solvent molecules, which are supported by the 

molecular theory of heat.34 So Brownian motion is highly 

temperature-dependent, and it becomes more vigorous with increasing 

temperature. Brownian motion of crystallites was first proved 

experimentally35 and theoretically36,37 to occur over a single crystal 

surface. Kyuichi simulated the dipole-dipole interaction of two 

crystallites, indicating that the Brownian motion is an important factor 

determining the arrangement of the crystallites.38 In all cases, the mobility 

of crystallites in water increases exponentially with the increase of 

temperature but decreases exponentially with particle size.22 Thus, we 

have reason to believe that the crystallites experience vigorous Brownian 

motion in the formation of mesocrystals. Since the Brownian motion is 
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irregular, it tends to break the oriented arrangement of the crystallites. At 

low temperature (60-70 oC), Brownian motion is relatively mild, thus 

attachment with weaker attraction force, such as side to side attachment, 

can be broken up. So the products formed at 60-70 oC have short handle. 

But the attachments of end to side are dominantly present, leading to the 

radial growth at the ends of particles. As temperature increases to 80 oC, 

the breaking force of Brownian motion becomes stronger. A portion of 

end-to-side attachments are broken up, leading to the reduction of radial 

ends. As temperature increases to 90 oC, most attachments of end-to-side 

become unstable or not present, resulting in a further reduction of radial 

ends. At such a high temperature (90 oC), only the strongest attachment of 

end-to-end is dominantly present, leading to the formation of straight 

rods. 

Therefore, the change of aragonite structure with temperature is 

dominated by a competition between two mechanisms, namely assembly 

driven by dipole force and disassembly driven by Brownian motion. As 

schematically presented in Figure 6, at a relatively low temperature, the 

attachment of crystallites is dominated, leading to a three-dimensional 

growth of particles. While at a relatively high temperature, the Brownian 

motion breaks the weak attachments, resulting in the formation of simple 

and finally one-dimension structure. The competition of these two forces 

exists in all the experiments carried out at different temperatures. Beside 
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the competition, these two forces also rely on each other to realize the 

diversity of product structures. Without the anisotropic attractive force, 

the randomly packed particles are probably dominated. Without the 

destructive forces, all the attachments are possible, which makes the 

growth of particles losing diversity. Therefore, the competition between 

these two forces leads to the diverse growth of the particles. Their mutual 

interaction dominates the diversity of structures. We call this mutual 

interaction as a compromise effect which is an integrated result of 

competition and coordination of the dominant factors. We believe that the 

compromise between competing factors is one of the dominant 

mechanism (if not the unique), resulting in the diversity and complexity 

of material structures. 

 

 

3. Conclusion 

A change of aragonite structure with temperature was observed in 

this paper. The particles formed at a relatively low temperature have 

dumbbell shape with radial ends while the particles formed at a relatively 

high temperature have stick shape with few splitting at the ends. To find 

the reasons causing this change, we conducted molecular simulation on 

an aragonite crystal cell. The results indicated that the aragonite cell is 

polarized after the adsorption of water molecules on its surface. The 
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magnitude of polarization is different along each axis. Along the c axis, 

the polarization is most intensive, which makes the preferential 

attachment of crystallites in this direction, forming rod-like particles. At 

the same time, the (001) facet could attach on the (100) and (010) facets, 

making the radial growth of particles. Nevertheless, the radical 

attachments are not stable and could be destructed by Brownian motion at 

a high temperature. So the radial growth is largely suppressed at a high 

temperature. Therefore, the growth direction of aragonite is dependent on 

temperature. The structure of aragonite is governed by the compromise in 

competition between attractive force and destructive force, which change 

with temperature. The compromise effect is an integrated result, which 

should be a general rule dominating the diversity and complexity of 

material structures. We warmly expect that this study gives a new clue to 

think the diversity of material structure and will be helpful to disclose the 

formation mechanism of other hierarchical structures.          

 

 

4. Experimental Details 

Materials 

CaCl2 (AR grade) and Na2CO3 (AR grade) were purchased from 

Sigma (Beijing, China) and used as received. Aqueous solutions of the 
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reactants were made using Milli-Q high pure water with a resistivity 

higher than 18 mΩ.  

Synthesis of Calcium Carbonate Precipitates 

In a typical synthetic process, 0.1mol/L CaCl2 (NaCO3) solution was 

freshly prepared by dissolving CaCl2 (Na2CO3) in pure water. The two 

solutions were thermostated in a water bath at a given temperature for 20 

min. Then the two solutions were instantly mixed together in a 500 ml 

beaker under vigorous magnetic stirring to form white precipitate. Five 

minutes later after the mixing, the white precipitate was collected and 

dried at atmosphere temperature for further characterizations. 

 

Characterizations on Calcium Carbonate Precipitates 

The morphologies of samples were characterized on a Hitachi 

S-4700 scanning electron microscope (SEM) fitted with a field emission 

source at an accelerating voltage of 20 kV, as well as on a JEM-2100 

transmission electron microscope (TEM) at an accelerating voltage of 

200kV. The XRD patterns of Samples were recorded on a Siemens 

D-5000 diffractometer using CuKα (λ=1.5406Å) radiation. The 0.02º step 

and the 2θ range from 5º to 90º were selected to perform the 

measurement. 

 

Simulation on the Dipole Moment of Aragonite Crystallites 
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Computer simulation was conducted on a 2x1x2 aragonite crystal 

cell with a size of approximate 1 nm along each axis to discover its 

polarization after the adsorption of water molecules. Three modules in 

Materials Studio, namely Adsorption Locator, Forcite, and Dmol3, were 

used in this study. Adsorption Locator and Forcite are molecule dynamics 

based modules, whereas Dmol3 is based on quantum mechanical 

density-functional theory (DFT). In this computational work, water 

molecule and aragonite crystal were constructed and their energy was 

optimized using Forcite classical simulation engine, by which the 

geometry optimization process was carried out using an iterative process 

until the total energy of a structure was minimized. Next, in performing 

Adsorption Locator simulation, adsorbate (water molecules) were 

randomly distributed within a bounding box enclosing the substrate 

(aragonite crystallite defined above) at first (Figure 7a). Then, the most 

probable adsorption configuration (Figure 7b) was identified by carrying 

out Monte Carlo simulation on the configurational space of adsorbate 

within the bounding box, as shown in Figure 7. At last, the dipole 

moment of substrate bound with adsorbate was calculated using Dmol3 

module. In the calculation of the dipole moment, all factors (electronic 

distribution and nuclear coordinates) that may induce polarity of the 

crystallite were considered.  
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Figure 1. Morphology of aragonite particles synthesized at different 

temperatures (a and e: 60℃; b and f: 70℃; c and g: 80℃; d and h: 90℃). 

e-h is the magnified images of a-d, respectively. 
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Figure 2. XRD patterns of samples synthesized at different temperatures. 

It indicates that the aragonite is the main composition of the samples 

synthesized at high temperature. 
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Figure 3. High resolution characterizations on aragonite particles by 

SEM and TEM. 
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Figure 4. Simulating dipole moment of an aragonite crystal cell along 

each axis. The insets illustrate the adsorption of water molecules on the 

surface of the crystal cell. 
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Figure 5. A proposed mechanism for the growth of aragonite particles. 
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Figure 6. A compromise in competition between attractive force and 

destructive force leading to the variation of aragonite structure with 

temperature. 
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Figure 7. Illustration on the adsorption of water molecules on the surface 

of the aragonite crystallite. (a) Water molecules are randomly distributed 

around the aragonite crystallite; (b) Water molecules are bound on the 

surface of aragonite crystallite. 
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A compromise between competing forces dominates the diversity of 

material structures. 
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