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Abstract. The chiral symmetry breaking during the nucleation and growth of sodium chlorate and 
sodium bromate from their aqueous solutions was investigated under natural unstirred conditions. 
The results suggested that temperature fluctuation inherently existing in nature is a possible main 
driving force causing fluctuating supersaturation conditions, under which the chiral symmetry 
breaking is induced. Density gradient in the solution associated with water evaporation and solute 
concentration variation causes natural convection, which was found to amplify the existed biased 
handed structure to yield high value of the absolute crystal enantiomeric excess (CEE) in the 
absence of external stirring. Experimental results also showed that the chiral symmetry breaking 
process induced by temperature fluctuation is not significantly affected by the presence of achiral 
solid particles.          

Introduction  

Several profound research findings aiming at clarifying the mechanisms of cell-structure 
formation [1, 2], nucleotides synthesis [3] and RNA self-replication [4], have recently been reported 
in literatures. However, the achievement of homochirality of chiral molecules [5], which is another 
essential phenomenon pre-requested for the origin of life on our planet, remains a mystery.  
Kondepudi et al., in their seminal work [6], observed that stirring supersaturated sodium chlorate 
(NaClO3) solutions resulted in crystals with high optical (enantiomorphic) purity while the crystals 
obtained in experiments without stirring under constant temperature were overall optically 
symmetric [7]. The crystallizations of NaClO3 and its close alternative, sodium bromate (NaBrO3), 
from their aqueous solutions have since become widely used processes to emulate chiral evolution 
from symmetry to complete breaking [8, 9]. The effects of fluidic condition has also been 
experimentally investigated [10]. On the theoretical side, pioneered by Frank’s study on closed 
systems[11], several scenarios, such as “mother crystal” [12, 13] and secondary nucleation 
amplification [6], have been proposed to explain chiral symmetry breaking.  It should be noted that 
the above studies were focused on stirred solutions and under precisely controlled temperature, 
which are significantly different from the realistic conditions on primitive earth.  

In this article, we studied a mechanism controlling chiral symmetry breaking under realistic 
conditions. The nucleation and growth of crystals in NaClO3 and NaBrO3 solutions were used as the 
model systems to monitor the evolution to homochirality without stirring and precise temperature 
control. The water evaporation caused crystal appearance in solutions. Since crystal has chiral 
property, the distribution of handed crystals was used to evaluate enantoiselective evolution. The 
results revealed that the initial mirror imbalance resulting from the intrinsic chiral fluctuations can 
be amplified by the prevalent daily temperature fluctuation. Further investigation showed that high 
supersaturation is favorable for the formation of pure handed crystals.  
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NaClO3 crystallization: the presence of solid particles without chirality. A same operation as 
“Sodium bromate (NaBrO3) crystallization without any control” was repeated with the addition of 
10 mg silicon dioxide beads (30m diameter, Mitsubishi Material) to the NaBrO3 solution sample.  

NaClO3 crystallization: solvable impurity.Experiment “Sodium bromate (NaBrO3) 
crystallization without any control” was repeated using reagent grade chemicals (purity greater than 
99%, Waco, Japan) and at a lower temperature (20 oC) for the initial dissolving process.  

All the above mentioned experiments were repeated for at least 4 times.   

Results and Discussions 

High chiral purity obtained at uncontrolled conditions. In our experiment, there existed not 
only nucleation of crystal but also crystal growth. Therefore, we need to investigate both factors.  

The absolute CEE (CEE) of obtained crystals in “Sodium bromate (NaBrO3) crystallization 
without any control” experiment was determined to be 96%. As a comparison, a rather low absolute 
CEE value less than 1% was obtained in a parallel experiment with a constant temperature 
controlled at 221 oC, which is a normal operation in chiral separation observation in NaClO3 
starting as early as Kipping and Pope[16]. These observations cannot be explained by the 
mechanism of natural convection [17], which attributes chiral crystal proliferation to the secondary 
nucleation companying with the hydrodynamic motion, because the achievement of high CEE 
requires the existence of a dominative chiral structure nuclei in homogeneous nucleation processes. 
Viedma [18] showed that high supersaturation causes almost complete chiral symmetry breaking. 
And an elegant observation in boiling solution system elaborates that there exists chiral cluster with 
CEE dependency of supersaturation before primary nucleation[19]. Furthermore, our observations 
indicated that temperature fluctuation intrinsically existing in nature may cause chiral symmetry 
breaking which is initiated by chiral fluctuation [20]. Taking both into account, we hypothesize that 
high supersaturation caused by temperature fluctuation in nature is a possible main driving force for 
chiral symmetry breaking. In order to verify this hypothesis, three sets of experiments were 
performed. 

The influence of solution volume. The average absolute CEE values for the 0.5 and 3.5 cm 
initial heights were measure to be 64% and 16% (Table1), respectively. Since the two beakers 
experienced similar temperature fluctuation and have identical surface areas, it is reasonable to 
assume that overall evaporation rates were close in the two experiments (neglecting solute 
concentration effects). Therefore, the sample with smaller volume had a relatively larger 
supersaturation rate and, as expected, gave a higher absolute CEE value. Similar experiments were 
also performed using NaClO3 for more generality and similar results were obtained (see Table 1). 

Table 1 the influence of solution volume 
No. Solute Initial concentration (w %,) Height Average CEE (%) SD (%)
1 NaBrO3 26.65 0.5 cm 64 31 
2 NaBrO3 26.65 3.5 cm 16 11 
3 NaClO3 49.3 0.5 cm 72 37 
4 NaClO3 49.3 3.5 cm 20 13 

1a* NaBrO3 26.65 0.5 cm 62 28 
1b** NaBrO3 26.65 0.5 cm 68 37 

*: repeating No. 1 with beads 
**: repeating No. 1 with impurities eliminated 

The influence of temperature fluctuation range. Motivated by the temperature fluctuation 
observation of Noorduin et al.[21], the second set consists of three parallel experiments that have 
been described in section “NaClO3 crystallization: temperature fluctuation range”. As shown in 
Table 2, high absolute CEE values were obtained for all three experiments. Since the solubility of 
NaClO3 is sensitive to temperature, high saturation rates during these highly temperature 
descending processes were expected. While complete chiral symmetry breaking were observed in 
35 oC and 30 oC experiments, the average absolute CEE value of 25 oC experiments, which had the 
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highest supersaturation rate, was found to be reduced from 100% to 90%. This may be attributed to 
serious aggregation at a too high supersaturation rate. 

Table 2 the influence of temperature fluctuation range 
No. Cooling temperature (oC) NL NR ECC (%) 
1 35 209 0 100 
2 35 315 0 100 
3 35 189 0 100 
4 35 0 214 -100 
5 30 324 0 100 
6 30 0 228 -100 
7 30 0 278 -100 
8 30 156 0 100 
9 25 321 28 84 
10 25 248 5 96 
11 25 12 286 -92 
12 25 24 380 -88 

The influence of free water evaporation area. As shown in Table 3, the smaller free water 
evaporation area caused higher absolute CEE. Water evaporation caused local temperature, 
composition and density gradients. Usually the fraction of solution close to evaporation surface has 
higher density, resulting in natural convection in the system [22]. The velocity associated with this 
natural convection can be estimated by [23] 

u
∆

                                                             (2) 

where u is the velocity in solution, g is the acceleration of gravity, L is the height of solution and 
is the solution viscosity. Since all solutions have the same thermal and mechanic experience, it is 
reasonable to assume that ∆ρ is same in all experiments. In addition, difference among the solutions 
in viscosity can also be neglected. The convection velocity was therefore similar in all experiments. 
However, the non-slip boundary condition requires fluidic velocity equal to zero at the container 
wall [24]. Therefore, there exists a velocity gradient along the radius direction, resulting a shear 
force that can be roughly estimated by  

τ u g∆ρL /μ                                                   (3) 

τ where r is the radius of the container. Under the action of this shear force, the whiskers 

formed at the evaporation surface can be broken into smaller ones during their downward 
movement towards the beaker bottom, resulting in an increased number of crystal seeds with the 
same chirality. Cartwright reported that the fluid movement is one source for handed structure 
amplification in NaClO3 solutions [25]. According to Eq. 3, larger shear force exists in the smaller 
beakers, resulting in higher absolute CEE of the obtained crystals as shown in Table 3. It should be 
mentioned that, during the experiments under temperature control, in the absence of nature 
convection, the constant stirring played the role of providing local fluid movement and the shear 
force needed for chirality amplification.   

Table 3 the influence of free water evaporation area 
No. Surface diameter (cm) NL NR ECC (%)  

1 6 10 249 -92 
2 6 266 10 93 
3 6 8 276 -94 
4 6 283 28 82 
5 8 124 816 -74 
6 8 892 622 18 
7 8 87 822 -81 
8 8 428 882 -35 

772



The influence of achiral solvable and dissolvable impurity.In the above discussions, we 
proposed and verified that chiral symmetry breaking can be induced by free temperature fluctuation 
under unstirred conditions. The inherent convection amplifies already biased handed structure. 
Compared with previous studies, the conditions of above experiments are closer to nature 
environments. However, nature conditions can by no means be completely duplicated in the 
laboratory. An inherently logical question is whether other variables besides temperature have 
significant effects on chiral symmetry breaking. In this study, experiments were carried out to 
investigate the effects of solid particles and solvable impurities. The results are discussed in this 
section.     

The existence of solid particle in solution is almost inevitable in nature. Many efforts have been 
made to investigate the effects of particles with chiral surface characteristics [26, 27]. Since this 
study is mainly focused on the origin of chirality, particles without chirality are more relevant. In 
this case, the concerned issue is the possible supersaturation rate reduction resulting from 
heterogeneous nucleation [28]. Intrigued by Qian and Botsaris’s observation on artificial seeds in 
stirred NaClO3 solutions [28], experiment described in section “NaClO3 crystallization: the 
presence of solid particles without chirality” was performed. The CEE value of obtained crystals is 
compared with the original one in Table 1. It may be seen that there is no significant difference 
between the results obtained with and without silicon beads. This indicates that the heterogeneous 
nucleation induced by silicon particles, the most common solid particles existing on primitive earth, 
has little influence on chiral symmetry breaking.  

Conclusion 

Chiral symmetry breaking during the nucleation and growth of NaClO3 and NaBrO3 from their 
aqueous solutions was investigated under the conditions without stirring and precise temperature 
control. Natural temperature fluctuation was found to be a possible driving force to build up the 
high supersaturation rate and, hence, induce the remarkable phenomena of chiral symmetry 
breaking. It was also observed that the chiral purity of obtained crystals is slightly reduced under 
too high temperature fluctuation, which may be attributed to the serious aggregation occurring at a 
too high supersaturation rate. A density gradient in the solution is formed with water evaporation 
and thereafter generates a natural convection. The shear force associated with this convection 
amplifies the existed biased handed structure to the yield high absolute CEE value of obtained 
crystals. In addition to the relaxed conditions in term of no constant stirring, an important feature of 
the chiral symmetry breaking induced by temperature fluctuation is its robustness. Normally 
existing solid particles barely have any influence on the CEE value of obtained crystals. 
Remarkably, considering the fact that chirality formation is a fundamental phenomena 
pre-requested for the origin of life, our observations partially coincides with Darwin’s theory [29] 
that “the origin of life started in the pond which endured cycles of rain and evaporation”.   
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