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Nucleation widely exists in nature, from cloud formation to haze generation. The classical nucleation the-
ory (CNT) was created to describe the nucleation process, but it fails to predict many experimental phe-
nomena due to the short consideration of nanoscale phenomena and macroscale dynamics. Although the
attachment and detachment of monomers are considered in the developed model of nucleation, the dif-
fusion of chemicals in the bulk is not valued as supersaturation in the nucleation process so far. Here we
employ simulation and experimental approaches to investigate how the diffusion of ions affects the

Iéz{gjsséarbonate nucleation of calcium carbonate. The diffusion of ions is regulated by the viscosity of solvents and the
Nucleation sonication imposed on the solution. It is found that the nucleation rates increased exponentially with
Simulation the diffusion coefficient of ions, which is beyond the prediction of CNT. This abnormal finding might
Diffusion be ascribed to the involvement of cluster aggregation in the nucleation of calcium carbonate. This study
Dynamics highlights the significance of chemical diffusion in the nucleation process, which may help to revise the

nucleation theory and develop solutions for the rational synthesis of materials, as well as for the control
of air pollution.
© 2021 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All

rights reserved.

1. Introduction

Nucleation is one of the most important phenomena in the
world, widely presenting in nature, such as the clouds condensa-
tion [1], metal solidification and particles generation [2]. A hun-
dred years ago, the classical nucleation theory (CNT) [3] was
created to describe the formation of nuclei, which is based on
the principle of thermodynamics. It was proposed that the nucle-
ation proceeds spontaneously when the nucleation free energy
gained by volume free energy overcomes the interfacial free
energy. An energy barrier was established for a nucleation process.
The nuclei become stable after they reach their critical size. The
critical sizes and energy barriers are unique in a given system
based on the CNT, by which the nucleation is a single-step acti-
vated process, but often this is not the case. In the nucleation of
calcium carbonate, the so-called pre-nucleation process was
observed [4], which led to a two-step or multistep nucleation.
The two-step nucleation sheds light on the preservation of these
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thermodynamic unfavorable phases in deposits [5-7]. CNT also
fails in predicting the supercooling nucleation since CNT model
does not consider the slow mobility of liquid molecules at the
low temperature [8-10].

To modify the CNT, the dynamical nucleation theory (DNT) [11-
13] was developed by utilizing variational transition state theory
[14] to provide an expression for the monomer detachment rate.
DNT provides a unique and physically consistent value for the clus-
ter constraining volume. The extended modified liquid drop theory
and DNT were combined later [15], which successfully predicts the
spinodal phenomena. The argon nucleation rate predicted by this
new model shows excellent agreement with the simulation results
with a deviation of less than one order of magnitude over the stud-
ied temperature range, while the deviations calculated by CNT is
about 2-7 orders of magnitude in the same temperature range
[16]. These results indicated that the dynamics of chemicals plays
an important role in the nucleation, which may be underestimated
previously. In previous study, the attachment and detachment
rates of monomers have been considered in the developed method
[17]. In the diffusion-controlled attachment kinetics [18],
D, = 4nDpR (D,, refers to the attachment frequency, D is a spatial
diffusion coefficient which has the same physical meaning as the
diffusion regulated in this study, p is the concentration of
monomer, R is the critical nucleus radius). In the kinetic model of
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nucleation, the nucleation rate is linearly dependent on diffusion
coefficient when diffusion is limited. However, there is few effort
to discover the physical mechanism behind the diffusion effect,
especially no analogies with the supersaturation in affecting nucle-
ation process. In an atomic view of nucleation, the diffusion depicts
the movement of monomers [19] while the supersaturation
reflects the concentration of monomers. Since both concentration
and movement determine the collision frequency of monomers,
they may have an analogous effect on the nucleation process. This
is the main hypothesis of this study. A clarification of this issue
may promote our understanding on the nucleation processes and
benefit the rational synthesis of materials, as well as to solve the
engineering problems [20,21].

In this paper, the molecular dynamics (MD) simulations [22]
and transmittance experiments were employed to investigate
how the diffusion of chemicals influences the nucleation of calcium
carbonate. The diffusion of chemicals was slowed down by adding
glycerol into the solution and sped up by giving additional energy
to chemicals during nucleation. The OPLS (optimized potentials for
liquid simulations) potential [23] and Buckingham potential
[24,25] were used in the simulation. The nucleation rate was given
by the mean first-passage time method (MFPT) [26,27]. In the
experiments, the transmittance of solution was measured as a
function of time on a UV-Vis spectrophotometer [28] to calculate
the nucleation rate. Both MD simulation and experiments indi-
cated the dependence of nucleation rate on the diffusion of chem-
icals. The exponential relationship between the nucleation rate and
diffusion coefficient was found and discussed in the end.

2. Simulation and Experiments
2.1. Simulation part

Molecular dynamics simulations had been performed by run-
ning the LAMMPS [29] package on the Mole-8.5e supercomputer
[30]. The interactions among ions and molecules were described
by a combination of the OPLS potential [23] and the Buckingham
potential [24]. The water and glycerol molecules were described
by OPLS force field which is defined as follows:
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The total energy E of the system is the sum of individual ener-
gies of Coulomb terms, Lennard-Jones terms, harmonic bond
stretching terms, angle bending terms and a Fourier series for tor-
sional energetics. The partial atomic charges q are fixed on each
atom’s mass center, i and j represent all pairs of atoms (i < j), r
is the distance between atoms i and j. ¢; and oy represent the
Lennard-Jones radii and potential well depth, respectively, which
are obtained by the geometric combination rules &; = (ge;)"?
and g = (0;0;)"? based on the literature [31]. K,, K, and Vy;
(n=1,2, 3, 4) are the force constants, and req, feq and ¢; represent
equilibrium values.

The non-bonded interaction between Ca?* and CO%™ ions were
given by Buckingham potential, which is defined as follows:

C
E=Ael’ - 2)

where C, A, p are the parameters for the specified ion pairs. The
interaction of ions and water molecules are depicted by Lennard-
Jones force [24]. All the force field parameters of atoms and ions

are given in Table S1. The OPLS force field parameters of water
and glycerol molecules are from the literature [32] and optimized
with the 1.14*CM1A method [33].

The simulation box is a cubic with 8.41 nm in xyz dimension.
The box contains 550 Ca?* and 550 CO3", and solution molecules
at different glycerol molar fraction in water (from 0% to 20%).
Before running simulation, the energy of whole system was mini-
mized for 10,000 steps at most for 10~ energy tolerance and 10~°
force tolerance. After the minimization, it was initially equilibrated
in the NPT ensemble at 293.15 K and 0.1 MPa for 0.5 ns. After the
equilibration, the density of calcium carbonate aqueous solution is
1.05 g-cm > which agrees with the experimentally determined
density 1.03 g-m > of the same solution in the literature [34,35].
The time step of 1 fs was used in all simulations. A cutoff of
1.0 nm was used for the Lennard-Jones potential. A neighbor
searching was carried out at the same distance from the central
ion and was updated every simulation step. The electrostatic inter-
actions beyond 1.0 nm were accounted for by the computationally
efficient K-space method based on particle-particle particle-mesh
(PPPM) [36].

The simulations were carried out at 293.15 Kand 0.1 MPa in the
NPT ensemble using a Nosé-Hoover thermostat for 4 ns. The damp-
ing parameter for thermostat is 0.1 ps and for barostat it is 1 ps. To
decrease the diffusivity of chemicals, glycerol was added to the
CaCOs solution. The densities of the CaCOs solution at different
glycerol ratios are from the experiment work [37]. To increase
the diffusivity, the ions (Ca?* and CO%") were given the additional
energy with the power from 1.6 x 1078 W to 3.2 x 1077 W in
the Nosé-Hoover thermostat at 10% (mol) glycerol solution. The
additional energy was modeled by introducing a thermostatting
force to the motion equation [38]:

m;F;

& = e Vi~

Vcent) 3)

where i is the index of the nucleation ions, m; is the mass and the
quantity F; corresponds to the input parameter F, which is the
energy flux into the group of nucleation ions. Keepe and ¢een: denote
the non-translational kinetic energy and the center of mass velocity
of that group, respectively. The additional force does not affect the
mass velocity of individual groups and the velocity of entire system
molecules.

To determine the diffusivities at different conditions, the
mean-squared displacements (MSD) of both ions were sepa-
rately computed, and the diffusion coefficients (D) were
obtained from the standard procedure of taking the slopes of
the MSDs over time and divided by six, as shown in the follow
equation:

N
D= gy lim g > (0 - () @

where i is the index of nucleation ion, and the r(t) is the location in
three dimensions at special time point. For the solution of calcium
carbonate, the diffusivity follows:

2
D_l/D++1/D, ()
where the D, is the diffusivity of the Ca%*, and the D_ is the diffusiv-
ity of the CO3%".

The nucleation rate of calcium carbonates was calculated by a
time dependent cluster statistic. The MFPT [39] was used to ana-
lyze the cluster statistics. In the MFPT, t(n) is defined as the average
time in which the nuclei grow to size n for the first time. via this
method, we got t(n) of each nuclei size. Based on the MFPT, t(n)
has the relationship with the nucleation time ; and the critical size
n* as shown in the below
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t(n) = tzl [1 +erf (VAz(n - n*))] (6)

X
where erf(x) :%/ e¥dk is the error fuction and Z is the Zel-
0

dovich factor. So a simple three-parameter fitting of the MFPT to
Eq. (6) gets the nucleation time ¢; and the critical size n* directly.
The nucleation rate is obtained by the following equation:

1
J:Wtj (7)

where ] is the nucleation rate and V; is the volume of the nucleation
solution.

2.2. Experimental part

The nucleation rates of calcium carbonate under different diffu-
sion conditions was measured by transmittance experiments. The
chemicals used in the experiments were purchased from Xilong
Scientific Chemical Co., Ltd. All chemicals were used as received.
Deionized water with a resistivity higher than 18.2 MQ.-cm gener-
ated by a Milli-Q system (Millipore, USA) was used throughout the
experiments. The CaCOs solution with supersaturation ratio of
4.449 was prepared by simply mixing Na,COs5 (2.529 mmol-L™ !,
5 ml) and CaCl, (2.523 mmol-L™!, 5 ml) solutions. The transmit-
tance of solution was measured as a function of time on a UV-
Vis spectrophotometer (Evolution 600, Thermo Fisher Scientific)
using a quartz cuvette with an optical path of 1 cm, and the nucle-
ation time was determined by the time lapse between the mixing
of Na,COs3 and CaCl, solutions and the onset of transmittance’s
decrease. The wavelength used was in the range from 600 to
605 nm and the transmittance was recorded at each step of
0.1 nm, so 50 data were obtained in one scanning cycle. The aver-
age of these 50 data was regarded as the transmittance at one mea-
surement time.

To decrease the diffusion of calcium and carbonate ions in the
solution, diverse quantities of glycerol (GI, Aladdin Industrial Cor-
poration) were added into solution. The nucleation times of super-
saturated calcium carbonate solutions with 5%-10% mole fraction
glycerol was measured. To increase the diffusion of chemicals in
solution without significant heat accumulation, pulsed ultrasound
with duty cycle of 50% was introduced into supersaturated solution
by an ultrasonic cell disruptor (JY92-IIN, Ningbo Scientz Biotech-
nology Corporation). The nucleation time was measured at the
solution with 10% molar fraction of glycerol at different ultrasonic
power (0, 1.6 x 1078, 5.6 x 1078 8.0 x 1078 1.6 x 1077 W). It
should be noted that the nucleation time is the sum of the exper-
imental data measured by UV-Vis spectrophotometer and the
duration of ultrasonic process. All these experiments were con-
ducted at room temperature under the typical atmosphere of a
chemical laboratory.

To exclude the effect of solubility variation induced by the addi-
tion of glycerol, the saturation concentration of CaCOs at different
addition of glycerol were measured by electrical conductivity
method, referring to the approach [40]. Briefly, the sum of molar
ionic conductivity of Ca* and CO%" in solutions with different glyc-
erol fractions was determined indirectly according to the slope of
plots reflecting the relationship between the conductivity and con-
centration of Na,;COs, CaCl, and NaCl solutions (Figs. S2 and S3),
then the saturation concentration of CaCOs; could be calculated
by considering the sum of molar ionic conductivity, the conductiv-
ity of CaCOs saturated solution and solvent (Table S4). The results
show that when the glycerol fraction increases from 0 to 10% (mol),
the saturation concentration of CaCOs increases from 2.522 x 10~*
to 2.804 x 10~% mol-L~'. The change of concentration is tiny.
Hence, at the addition of glycerol less than 10% (mol), the effect

of glycerol on the solubility of CaCOs; could be neglected, and the
initial supersaturation ratio could be considered the same.

3. Results and Discussion

3.1. Simulation on the nucleation rates of CaCOs at different diffusion
of ions

In a nucleation process, the diffusion of monomers determines
the collision frequency, which may influence the nucleation rate.
This is main hypothesis to be discovered in this paper, as illus-
trated in Fig. 1A. MD simulation is employed to investigate the
nucleation of calcium carbonate at different diffusion conditions.
To regulate the diffusion of calcium and carbonate ions, glycerol
is added into the solution at different ratios. The diffusion coeffi-
cients of calcium and carbonate ions are quantified by MSD
method described in Section 2.1, as shown in Fig. 1B. With the
increase of glycerol, the diffusion coefficient decrease from
0.995 x 107'° of pure water to 0.107 x 107 m?s~! at 20%
(mol) ratio of glycerol in water, which agrees well with experi-
ments [41]. To quantify the nucleation rate of calcium carbonate
at different solvents, the MFPT method is employed to record the
time of nuclei reaching a designed size. Fig. 1C shows the nucle-
ation rates of calcium carbonate at different solvents, which is
obtained by calculating the MFPT data in Figs. 1D and Fig. S1.
The addition of glycerol leads to a sharp decrease of the nucleation
rate of calcium carbonate. In the water solution, the nucleation rate
is 8.5 x 103 m~3.s~! while it decreases to 0.04 x 10** m3.s! at
20% (mol) addition of glycerol. The reduction of nucleation rates
is attributed to the diffusion limitation of chemicals in the viscous
solvent in which the movement of ions is restricted and the chance
to meet other ions or clusters is reduced. In the classical kinetic
model of nucleation, the diffusion usually refers to the diffusivity
along the nucleus size coordinate [42], often interpreted as an
attachment or detachment rate, instead of the displacement coor-
dinate. Here in our study, the diffusion has more clear physical
meaning and could be regulated by solvent dynamics.

To confirm the role of diffusion in the nucleation and to exclude
the complex effect of glycerol, we designed a simulation in which
the movement of ions was speeded up by giving additional energy
via a thermostatting force. This force is given at the frequency of
0.1 ps with different power from 0 to 3.2 x 10~7 W. The force does
not affect the mass velocity of individuals and the whole system.
The additional force could be regarded as the energy given by a
sonication in a solution, as illustrated in Fig. 2A. With the increase
of the additional energy, the diffusion coefficient of ions increases
remarkably, as shown in Fig. 2B. Fig. 2C shows the size evolution of
clusters at different given energies. The introduction of additional
energy speeds up the growth of clusters. At the same size of clus-
ters, higher energy input leads to a shorter time of MFPT. Fig. 2D
show the nucleation rate of calcium carbonate at different diffu-
sion coefficient (the MFPT fitting parameters are given in Tables
S2 and S3). The nucleation rate increases with the diffusion coeffi-
cient, confirming the above finding in the glycerol system.

3.2. Experimental evaluation of the dependence of nucleation rates on
chemicals diffusion

To experimentally confirm the role of chemicals diffusion in a
nucleation, we designed two series of experiments by adding glyc-
erol into solution to slow down the diffusion of ions and by intro-
ducing pulsed ultrasonic power to speed up the diffusion of ions.
The supersaturated calcium carbonate solution (S = 4.449) was
taken as the initial solution. The transmittance of the solution
was recorded during the nucleation process, which is used to cal-
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Fig. 1. Simulation of the nucleation of calcium carbonate at different addition of glycerol. Schematic diagram to discover the role of chemical diffusion in the nucleation of
calcium carbonate (A). To regulate the diffusivity of calcium and carbonate ions, glycerol is added into the solution, which leads to the decrease of diffusion coefficient (B) and
the reduction of nucleation rates (C) which is calculated by MFPT fitting method such as the curve under 10 mol% glycerol addition (D). The inset in B is a molecular structure

of glycerol.

culate the nucleation rate. When there is a drop of the transmit-
tance, a nucleation is detected. Although the size detected by light
is larger than the critical sizes of nuclei, it could monitor the nucle-
ation and growth process online and evaluate the induction time
and the nucleation rate approximately [43].

Fig. 3A shows the transmittance variation over time of the solu-
tion at different addition of glycerol. At 10% (mol) addition of glyc-
erol, there is a long platform, indicating a long induction time to
form the detectable nuclei. With the decrease of glycerol amount,
the platform becomes short. The nucleation rate of calcium carbon-
ate at different glycerol solution is calculated based on the induc-
tion time, as shown in Fig. 3B. To keep the data comparable, the
diffusion coefficient of ions at different glycerol solution refers to
the simulation data. With the increase of diffusion coefficient,
the nucleation rate increases remarkably, which agrees well with
the simulation results, as shown in Fig. 1C. In the experiments with
sonication, the transmittance drops quickly with the increase of
the sonication power, as shown in Fig. 3C. When the pulse fre-
quency is 25 kHz and the volume of solution is 10 ml, the energy
input by 100 W ultrasound equals to 1.36 x 10~7 W in the simula-

tion box volume. By this conversion, the sonication power is com-
parable with the simulation data. The increase of sonic power
greatly increases the nucleation rate of calcium carbonates, as
shown in Fig. 3D, which confirms the simulation results in
Fig. 2D. Both the simulation and experiment results show that
the diffusion of chemicals play a significant role in the nucleation
rate of calcium carbonates.

3.3. The relationship between nucleation rates and chemicals diffusion

In CNT, a linear relationship between the nucleation rate and
diffusion coefficient is expected. To examine this supposition, the
nucleation rates simulated at different diffusion coefficients were
summarized in Fig. 4A. It is found that the linear fitting parameter
R? is 0.555. However, the exponential fit shows a good accordance,
as shown in Fig. 4A. When the nucleation rates take the logarithm,
the linear fit could be established with a fitting parameter of 0.905,
indicating an exponential relationship between the nucleation rate
and diffusion coefficient.
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In the summary of experimental data, the similar conclusion is
obtained, as shown in Fig. S4. The fitting parameter reaches 0.97
after the nucleation rate takes the logarithm. As far as our knowl-
edge can reach, it is the first time to disclose the exponential rela-
tionship between nucleation rates and diffusion coefficients in the
nucleation process. This finding is beyond the classical nucleation
theory since a linear relationship between diffusion and nucleation
rate is predicted in a classic nucleation theory. To reveal this expo-
nential relationship, the size distribution of nuclei generated at dif-
ferent diffusion is calculated, as shown in Fig. 4C. At low diffusion
coefficients, the unimodal distribution is observed while it changes
to multimodal distribution at a high diffusion coefficient. It indi-
cates that nuclei with different sizes are formed at high diffusion,
which may result in nuclei aggregation. When the cluster aggrega-
tion contributes to the growth of nuclei, a quick formation of stable
nucleus and so rapid increase of nucleation rates would be
expected. The exponential relationship may be established.
Besides, the relationship between the diffusivity and critical size
is calculated, as shown in Fig. 4D. With the increase of diffusion
coefficient, the critical size of nuclei decreased, which also chal-
lenges the classical nucleation theory. A further discovery in this
direction is being conducted, in which the collision dependent
nucleation model is under developing.

The finding in this study has a significant indication to the air
pollution problem. In the summer, the concentration of haze some-
times does not accord with the emission, which is called the anti-
season problem. This problem may be caused by the secondary
nucleation of haze in the air at a diffusion-enhanced condition. A
high temperature and a low atmospheric pressure promote the dif-
fusion of the monomer, which may speed up the nucleation rate of

haze, leading to the anti-season problem. Therefore, to have a rea-
sonable forecast of smog or fog, the dynamic factors should be well
considered in the nucleation model.

4. Conclusions

The role of chemical diffusion in the nucleation of calcium car-
bonate was investigated in this study. MD simulation was
employed to discover the nucleation of calcium carbonate at differ-
ent chemical diffusions. The diffusion is regulated by the viscosity
of solvents and a sonication to the solution. The simulation results
showed that the nucleation rate of calcium carbonate increased
with the diffusion coefficient of ions, which was confirmed by
the designed experiments. The increase followed an exponential
relationship, which was against with the linear relationship pre-
dicted by the classical nucleation model. This exponential relation-
ship may be attributed to the cluster aggregation in a nucleation
process at high chemical diffusion. This study confirms the domi-
nant role of chemical diffusion in a nucleation process, which
may help to formulate a route for the rational synthesis of materi-
als and to find a solution for the air pollution.
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