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A B S T R A C T   

The nucleation rate significantly affects the separation and purification efficiency of crystallization. The proper 
choice of solvent combined with the intensification of ultrasound can further accelerate the nucleation. However, 
the difference in the ability of ultrasound to promote nucleation in different solvents needs to be considered. 
Here, the comparative study of crystal nucleation in various solvent environments under ultrasonic and non- 
ultrasonic conditions was explored. The probability distribution method was employed to better describe the 
randomness of nucleation events. Over 1500 nucleation induction time experiments of 3,5-dimethoxybenzoic 
acid in three solvents (ethanol, acetonitrile, acetone) were performed. The results showed that the enhance
ment on nucleation rate by ultrasound in different solvents ranged from 1% to 116%, which had obvious dif
ferences in different solvents. It is revealed that the enhancement degree is mainly affected by solute diffusion 
and solvation effect. On the one hand, mean square displacement (MSD) analysis of solute molecule demon
strates that, the weaker the diffusion ability of solute in a certain solvent, the more significant the enhancement 
effect of ultrasound on the nucleation in such solvent system. On the other hand, molecular dynamics (MD) 
simulation, density functional theory (DFT) calculation and spectroscopy method indicate that the solvation 
effect is the main factor determining the order of nucleation rate in the three solvents. The stronger the solvation 
of solvent on the solute, the more difficult the nucleation. So that in our system, the introduction of ultrasound 
enhances nucleation in each solvent but does not change the order of nucleation rate in the three solvents.   

1. Introduction 

Crystallization, as a green and efficient separation method, is widely 
used in the separation and purification processes in the fields of resource 
recovery, preparation of high-purity crystalline materials, biological 
purification, removal of harmful substances, production of bio-based 
products, energy conversion, etc. [1–9]. 

The separation efficiency of crystallization has been extensively 
concerned. Nucleation is the first step and important part of crystalli
zation, the nucleation rate greatly affects the period of crystallization 
and thus has a significant impact on the separation efficiency [10,11]. In 
recent years, ultrasound is applied as a powerful process intensification 

method in crystallization processes to improve the crystallization effi
ciency [12–14]. Especially, the introduction of ultrasound can obviously 
reduce the induction time and the metastable zone width (MSZW), 
thereby accelerating the nucleation process [15–17]. In addition, it is 
worth noting that the solvent, as an indispensable component in solution 
crystallization, plays a crucial role in the nucleation rate [18–21]. 
Therefore, if a high crystallization efficiency is required, choosing a 
suitable solvent to achieve fast nucleation and introducing ultrasound to 
further enhance nucleation are the two most effective ways. Further
more, for a certain substance, the difference in the promotion effect of 
ultrasound on nucleation in different solvents also needs to be consid
ered. However, current studies mainly focus on the enhancement of 
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nucleation by ultrasound in single-solvent systems, concentrating on the 
effects of different operating parameters such as ultrasound power and 
supersaturation [22,23]. Moreover, there are also some studies have 
sought to reveal the mechanism of ultrasonic promotion on nucleation 
[24,25]. Although these studies have contributed to the understanding 
of the influence conditions and the intrinsic strengthening mechanism of 
ultrasound-intensified nucleation, they focus on single-solvent systems. 
To the best of our knowledge, the effect of ultrasound on nucleation in 
different solvent systems has not been reported and the strengthening 
behavior of ultrasound in different solvent systems has been rarely 
compared. Therefore, this work conducts a comparative study on the 
strengthening effect of ultrasound on the nucleation of a substance in 
different solvents, aiming to reveal the similarities and differences in the 
strengthening effect of ultrasound on nucleation in different solvent 
systems, as well as the key influencing factors of these phenomena. This 
study can help to understand the universality, differences and limita
tions of the strengthening effect of ultrasound on nucleation in various 
solvents. Moreover, it can help to better utilize ultrasound and guide to 
achieving high separation efficiency of crystallization. 

In this work, three solvent systems (ethanol, acetonitrile and 
acetone) were selected to conduct crystal nucleation experiments under 
ultrasonic and non-ultrasonic conditions, to study the similarities and 
differences of ultrasound strengthening on the nucleation process in 
different solvents. The nucleation kinetics with/without ultrasound was 
investigated by the method of probability distribution [26]. This method 
utilizes the stochastic nature of nucleation, which is beneficial to the 
overall comparative study of the nucleation process under different 
conditions. The nucleation induction time experiment under each con
dition was repeated 80 times, which eventually formed over 1500 ex
periments to obtain the statistical rule of nucleation process. The 
enhancement of nucleation rate under different solvents and supersat
urations by ultrasound was comparatively studied. Furthermore, 
computational chemistry (molecular dynamics, density functional the
ory) and spectroscopy methods were used to reveal the factors that in
fluence the enhancement degree of ultrasound on nucleation in different 
solvents. 

The benzoic acid systems are popular substances for nucleation 
studies. They have the important benzene ring and carboxylic acid 
functional groups that most organics have, which play a key role in the 
nucleation process. 3,5-dimethoxybenzoic acid (C9H10O4, CAS: 
1132–21-4, Fig. 1(a)) is a common pharmaceutical intermediate, espe
cially for the synthesis of anticancer drugs [27]. It is a simple and 
essentially inflexible molecule with only one crystal form reported [28], 
which avoids the complexity of polymorphism and facilitates the anal
ysis of mechanisms in nucleation studies. The crystal structure of 3,5- 
dimethoxybenzoic acid is stacked based on the carboxyl dimer of 3,5- 
dimethoxybenzoic acid molecule (Fig. 1(b)). Two 3,5- 

dimethoxybenzoic acid molecules compose a dimer by forming 
hydrogen bonds (yellow region) between carboxyl groups. Dimers are 
further connected by hydrogen bonds (purple region) to form the crystal 
structure of 3,5-dimethoxybenzoic acid. Three solvents including 
ethanol, acetonitrile and acetone were selected. First, these solvents are 
widely used in industrial production. Second, they have different 
hydrogen bond donor and acceptor capacities. Ethanol can act as 
hydrogen bond donor and acceptor, acetonitrile and acetone can only 
serve as hydrogen bond acceptor. The selection of solvents with different 
hydrogen bond donor–acceptor capabilities can make the nucleation 
research in different solvents more extensive and contrastive. 

2. Materials and methods 

2.1. Materials 

3,5-dimethoxybenzoic acid was purchased from Heowns Chemical 
Technology Co., Ltd. with mass fraction purity no less than 99.0%. All 
selected solvents (ethanol, acetonitrile and acetone) were obtained from 
Jiangtian Chemical Technology Co., Ltd. with mass fraction purity 
higher than 99.5%. All chemicals were used without further 
purification. 

2.2. Ultrasonic processor 

The horn diameter of the ultrasonic processor (JY92-IIN, Scientz, 
China) was 6 mm, and the ultrasonic irradiation frequency was main
tained constant at 20 kHz. For all ultrasonic experiments, pulsed ultra
sound (2 s ON and 2 s OFF) was employed, and two types of power 
including 164 W and 491 W were used. 

2.3. Induction time measurement 

Induction times were measured using the probability distribution 
method proposed by Jiang [26]. Here, the nucleation induction times of 
3,5-dimethoxybenzoic acid in the three solvents (ethanol, acetonitrile 
and acetone) at different supersaturation were collected with and 
without ultrasound. For acetonitrile or acetone, three supersaturations 
including 1.30, 1.35 and 1.40 were selected for the nucleation experi
ment. But for ethanol, the nucleation induction time was more than 10 h 
at the supersaturation of 1.30, which would cause the nucleation 
experiment to be time-consuming and meaningless. Therefore, the su
persaturation of 1.30 was replaced with 1.45, and the other two su
persaturations (1.35, 1.40) were consistent with acetonitrile and 
acetone. 

Fig. 1. (a) Molecular structure of 3,5-dimethoxybenzoic acid. (b) Crystal structure of 3,5-dimethoxybenzoic acid based on the carboxyl dimer. White: H atom, grey: C 
atom, red: O atom. Blue dotted line: hydrogen bond. 
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2.3.1. With ultrasound 
The concentration of the solution was calculated by. 

S =
x
x* (1) 

Where S is the supersaturation, x is the actual mole fraction of 3,5- 
dimethoxybenzoic acid, and x* is the equilibrium mole fraction at 
20 ◦C, which was reported in our previous work [29] and presented in 
Table S2. 

Solutions with different concentrations (corresponding to different 
supersaturations) were prepared by dissolving appropriate amounts of 
3,5-dimethoxybenzoic acid in the respective solvents at 50 ◦C, which 
were placed in a 100 ml sealed crystallizer controlled at the constant 
temperature of 50 ◦C through a superthermostatic water-circulator bath 
(CF41, Julabo, Germany). After the solid materials were completely 
dissolved with agitation provided by a magnetic stirrer (EMS-9A, 
Ounuo, China), the solution was quickly transferred into five 10 ml glass 
vials via several preheated syringes equipped with 0.22 μm polytetra
fluoroethylene (PTFE) membrane filters. Each vial with a PTFE coated 
magnetic stirrer bar was dispensed with 4 ml solution and then was 
sealed with a plastic screw cap. After that, all the vials were stirred in a 
50 ◦C water bath for 1 h. 

Next, all vials were quickly transferred from the 50 ◦C water bath to a 
20 ◦C water bath to start the measurement of induction time. Ultrasound 
and agitation were applied at the same time which was recorded as the 
initial time of the induction time measurement. The experimental 
equipment is shown in Fig. 2. The ultrasound probe was placed at the 
same distance from each vial in the 20 ◦C water bath and remained in 
position throughout the experiment. During the whole experiment, 
agitation was set at 400 rpm, and the accuracy of temperature was 
maintained at ± 0.05 ◦C. The difference between the time when the 
appearance of crystal and the initial time was recorded as the induction 
time. After all the vials had nucleated, they were transferred back to the 
50 ◦C water bath to dissolve the crystals into a clear solution. Before the 
next experiment was performed, all solutions were stirred at 50 ◦C for 2 
h to ensure complete dissolution. Each batch of five vials was subjected 
to eight temperature cycles (from 50 ◦C to 20 ◦C). For each condition, 
two batches of experiments were carried out to collect 80 sets of in
duction time data. 

Crystals produced under different conditions were immediately 
separated from the solution by suction filtration. The crystal form was 
determined by Powder X-ray Diffraction (D/MAX-2500, Rigaku, Japan). 
In all cases, the solid phase showed consistency with that of raw 

materials, indicating that there was no polymorphism in all nucleation 
processes. 

2.3.2. Without ultrasound 
Compared with the experiment introducing ultrasound, only the 

agitation was applied when the vials were transferred to the 20 ◦C water 
bath, other experimental conditions were the same. 

2.4. Nucleation rate calculation 

According to the probability distribution method [26], the nucle
ation probability P(t) at time t in small volumes conforms to the Poisson 
distribution, which can be expressed as. 

P(t) = 1 − exp
(
− JV

(
t − tg

) )
(2)  

where J is the nucleation rate, V is the volume of solution, t is the in
duction time measured in the experiment, tg is the growth time for the 
formed crystal nucleus to grow to appreciable size, which caused the 
delay in detection. For a given condition, tg can be taken as the shortest 
measured induction time. 

The nucleation rate can be obtained by the linear deformation of Eq. 
(2). 

−
1
V

ln(1 − P(t) ) = J
(
t − tg

)
(3) 

Plotting − 1/V ln(1− (P(t)) versus (t − tg), nucleation rate J can be 
obtained from the slope of the straight line. 

Based on the classical nucleation theory, the nucleation rate is 
expressed by. 

J = Aexp
(
− 16πγ3V2

s

3k3T3

1
ln2S

)

(4) 

Where A is the pre-exponential factor, γ is the interfacial energy, Vs is 
the volume of the solute molecule, k is the Boltzmann constant, T is the 
nucleation temperature and S is the supersaturation. The logarithmic 
change of Eq. (4) can get the following Eq. (5). 

lnJ = lnA −
16πγ3V2

s

3k3T3
1

ln2S
(5) 

Plotting lnJ versus 1/ln2S, the pre-exponential factor A and interfa
cial energy γ can be derived from the intercept and slope of the straight 
line, respectively. 

Fig. 2. Experimental equipment for induction time measurement under ultrasound.  
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2.5. Computational chemistry 

2.5.1. Molecular dynamics (MD) simulation 
MD simulation was performed using the Forcite module of Materials 

Studio 8.0 software. The COMPASS force field [30] with the force field 
assigned charges was used for all the calculations. The detailed pro
cedures to verify the validity of the force field are given in the sup
porting information. The electrostatic and van der Waals interactions 
were calculated using Ewald and atom-based summation methods, 
respectively. 

Solvent-solute interaction calculation. For each solute–solvent 
simulation system, an amorphous cell containing one 3,5-dimethoxy
benzoic acid molecule and 500 solvent molecules was constructed. 
The system was first energy minimized to remove any overlapping of 
molecules during structure construction, followed by equilibration for a 
period of 500 ps in the NPT ensemble (constant number of particles, 
pressure, and temperature). Afterward, another 500 ps in the NPT 
ensemble was performed for data production and analysis. The Nose 
thermostat and Berendsen barostat were used to maintain 298 K and 1 
atm. 

Then the solvent–solute interaction enthalpy can be calculated by: 

ΔHinteraction = Etotal − Esolvent − Esolute (6) 

Where Etotal is the total energy of the MD-equilibrated cell with solute 
and solvent molecules, Esolvent is the energy of the MD-equilibrated cell 
with only solvent molecules after removing the solute molecule, Esolute is 
the energy of the removed solute molecule in its non-relaxed geometry. 

Mean square displacement (MSD) analysis. Different from the 
amorphous cell mentioned above, the number of solute molecules and 
solvent molecules in each cell here is determined according to the actual 
solubility ratio of 3, 5-dimethoxybenzoic acid in different solvents. Each 
solute–solvent system simulation was also carried out with initial energy 
minimization, followed by 500 ps in the NPT ensemble to allow equil
ibration and finally a production run of another 500 ps. MSD analysis is 
based on the first 250 ps of production run in the simulation process. 

The diffusion coefficient (D) can be evaluated from the limiting slope 
of the mean square displacement (MSD) as a function of time [31]: 

MSD =
〈
|r(t) − r(0) |2

〉
(7)  

Dα =
1

6Nα
lim
t→∞

d
dt

∑Nα

i=1

〈
[ri(t) − ri(0) ]2

〉
(8) 

Where Nα is the number of diffusive atoms in the system, ri denotes 
the position vector of atom α. 

2.5.2. Density functional theory (DFT) calculation 
DFT calculation was applied to investigate binding energy in 1:1 

solvent–solute dimer by using Gaussian 09 package. The energy was 
probed at carboxyl site of 3,5-dimethoxybenzoic acid molecule. The 
initial structure of the 1:1 solute–solvent dimer was extracted from the 
results of molecular dynamics simulations. The equilibrium geometry of 
the 1:1 solute–solvent dimer was calculated with a B3LYP-D3 Grimme’s 
functional [32] and Gaussian-type 6-31G (d, p) basis set [33]. 

The binding energy in a dimer was calculated as follows: 

ΔEbind = EA− B − EA − EB (9) 

Where EA-B is the energy of the dimer A-B, EA and EB are the energies 
of isolated monomers A and B in fully relaxed gas phase geometries. The 
binding energy was calculated at B3LYP-D3/def2-TZVP level. 

2.6. Spectroscopy method 

IR spectroscopy of solid and solution were both detected by ATR- 
FTIR (Alpha, Bruker, Germany), with the wavenumber ranging from 
4000 to 400 cm− 1 and the resolution of 4 cm− 1. The concentrations of 

ethanol solution and acetonitrile solution were 28.39 g/kg and 10.42 g/ 
kg, respectively. Acetone solution was not measured due to the fre
quency of carbonyl stretching of acetone molecule overlaps with that of 
3,5-dimethoxybenzoic acid molecule. All the spectral data were 
collected at ambient temperature. The solvent spectrum was subtracted 
from the solution spectrum. 

3. Results 

3.1. Nucleation in three solvents without ultrasound 

The induction time distributions (without ultrasound) of 3,5-dime
thoxybenzoic acid in ethanol, acetonitrile and acetone at different su
persaturations (S) are displayed in Fig. 3. The nucleation probability P(t) 
approaches 1 more rapidly, indicating the faster corresponding nucle
ation rate. Apparently, the nucleation rates in three solvents all improve 
with increasing supersaturation. 

According to Eq. (3), the nucleation rate J can be obtained from the 
slope of the fitting line by plotting − 1/V ln(1− (P(t)) versus (t − tg), as 
illustrated in Fig S1. The derived nucleation rates in three solvents at 
different supersaturations are summarized in Table 1. First, the nucle
ation rate J increases with increasing supersaturation in all solvents. 
Take ethanol as an example, when the supersaturation increases from 
1.35 to 1.40, the nucleation rate improves from 80.45 m− 3s− 1 to 149.75 
m− 3s− 1, with an increase of 86%; when the supersaturation increases 
from 1.40 to 1.45, the nucleation rate improves from 149.75 m− 3s− 1 to 
211.58 m− 3s− 1, with an increase of 41%. Secondly, at the same super
saturation, acetone has the fastest nucleation rate, followed by aceto
nitrile, and ethanol has the slowest one. In other words, under the same 
nucleation driving force, nucleation becomes more difficult in the order: 
acetone < acetonitrile < ethanol. 

3.2. Nucleation in three solvents with ultrasound 

The induction time distributions (with ultrasound) of 3,5-dimethox
ybenzoic acid in three solvents at different supersaturations are shown 
in Fig. 4. With the assistance of ultrasonic irradiation, the induction time 
distribution in all solvents becomes narrower with increasing supersat
uration, indicating that the nucleation rate increases. 

The fitting lines of − 1/V ln(1− (P(t)) versus (t − tg) are displayed in 
Fig S2. Among the fittings of nucleation rates (Figs S1 and S2), there are 
some slight deviations. The errors mainly come from several aspects. 
Firstly, the inherent stochasticity of nucleation can cause errors in the 
measurement of nucleation rate. This error is unavoidable, but decreases 
with a more extensive data set of induction times. Secondly, the slightly 
fluctuating experimental conditions including temperature fluctuations 
and solvent volatilization, can also lead to measurement error. More
over, there is an observation error in the appearance of crystals [34]. All 
nucleation rates with ultrasound are derived from the slope of the 
straight line and listed in Table 2. Firstly, in the presence of ultrasound, 
the nucleation rate in all solvents increases with the increase of super
saturation. Take ethanol for example, with the increase of supersatura
tion from 1.35 to 1.40, the nucleation rate increases by 30%; with the 
increase of supersaturation from 1.40 to 1.45, the nucleation rate in
creases by 24%. Secondly, at the same supersaturation, the order of 
nucleation rate is acetone > acetonitrile > ethanol. Namely, under the 
same nucleation driving force, the difficulty of nucleation under ultra
sonic condition gradually increases in the order: acetone < acetonitrile 
< ethanol. 

3.3. Comparison of nucleation with and without ultrasound 

In order to compare the similarities and differences of nucleation 
under ultrasonic and non-ultrasonic conditions in different solvents, the 
nucleation rates with and without ultrasound in three solvents (Tables 1 
and 2) are plotted in Fig. 5, and the ratios of the nucleation rate with 
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ultrasound to without ultrasound are summarized in Table S3. On the 
whole, ultrasound can accelerate nucleation, especially in ethanol and 
acetone, but the improvement in acetonitrile is not obvious. It will be 
discussed in detail in the following section. In addition, ultrasound 
promotes nucleation more significantly at low supersaturation in all 
solvents. This was also reported in other studies [17,35]. 

Besides, according to the Eq. (5) derived from classical nucleation 
theory (CNT), the lines about lnJ versus 1/ln2S under ultrasonic and 
non-ultrasonic conditions are fitted (Fig. 6). On the one hand, the 
important nucleation parameters including pre-exponential factor A and 
interfacial energy γ can be obtained from the intercept and slope of the 
straight line, respectively. The relevant results are listed in Table S4. On 
the other hand, the order of nucleation difficulty in the three solvents 
can be reflected in Fig. 6. Clearly, whether with or without ultrasound, 
the required driving force to reach the same nucleation rate increases in 
the same order: acetone < acetonitrile < ethanol. That is, nucleation in 

acetone is the easiest, and in ethanol is the most difficult. 

4. Discussion 

4.1. The role of solute diffusion 

According to Section 3.3, the nucleation rates in three solvents 
increased under the ultrasonic enhancement, indicating that ultrasound 
can promote the nucleation of 3,5-dimethoxybenzoic acid in all three 
solvents. Currently, it is generally believed that the effect of ultrasound 
on nucleation is attributed to the enhancement of molecular diffusion 
caused by the cavitation phenomena. These phenomena refer to the 
formation, growth and collapse of bubbles due to the pressure changes in 
the solution caused by ultrasound [25,35]. The collapse of bubbles 
causes the generation of shockwaves and acoustic streaming, so that 
turbulences are created [13,36]. The turbulence enhances the diffusion 
of solute molecules in the solvent, and then promotes the collision be
tween solute molecules, which is more conducive to forming pre- 
nucleation molecular clusters [13,37–40]. In this way, ultrasound can 
accelerate the nucleation of 3,5-dimethoxybenzoic acid in these sol
vents. Moreover, as mentioned in Section 3.3, ultrasound promotes 
nucleation more significantly at low supersaturation. At low supersat
uration, the relatively low concentration of solute makes the collision of 
solute molecules relatively difficult, so ultrasound can significantly 
accelerate the diffusion of solutes molecules to enhance the collision 
between solute molecules, and then has an obvious promotion on 
nucleation. Comparatively, at high supersaturation, the concentration of 
solute is relatively high, and the collision of solute molecules is 

Fig. 3. Induction time distributions (without ultrasound) of 3,5-dimethoxybenzoic acid in (a) ethanol, (b) acetonitrile, (c) acetone.  

Table 1 
Nucleation rates (without ultrasound) of 3,5-dimethoxybenzoic acid in three 
solvents at different supersaturations.  

supersaturation nucleation rate J (m-3s− 1) 

ethanol acetonitrile acetone  

1.30  —  218.11  406.71  
1.35  80.45  392.46  587.80  
1.40  149.75  640.08  816.21  
1.45  211.58  —  —  
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relatively easy. Therefore, compared with high supersaturation, the 
promotion of ultrasound on nucleation is more significant at low su
persaturation [17]. 

It is noteworthy that acetonitrile is different from the other two 
solvents under the ultrasonic enhancement. As shown in Fig. 5 and 
Table S3, when the supersaturations are 1.35 and 1.40, the nucleation 
rate in ethanol and acetone is significantly increased by ultrasound, 
while the rate in acetonitrile is hardly improved. Only when the su
persaturation is 1.30, there is a slight increase in nucleation rate in 
acetonitrile. The reason for the insignificant effect of ultrasound on 
nucleation in acetonitrile at these supersaturations are discussed. Two 
possible explanations for this phenomenon are considered. Firstly, the 
possibility that ultrasonic power is not large enough to be effective is 
examined. Secondly, the nucleation driving force (supersaturation) may 

be already so great that it is difficult for the ultrasound to increase the 
nucleation rate. The second conjecture is based on two phenomena. On 
the one hand, it is observed that when the supersaturation decreases 
from 1.40 to 1.30, the nucleation rate in acetonitrile is slightly increased 
(Table S3). On the other hand, as mentioned in Section 3.3, the ultra
sound has a stronger promotion on nucleation at low supersaturation, 
while this effect at high supersaturation is weakened. 

According to the above two conjectures, a series of nucleation ex
periments in acetonitrile with different ultrasonic powers and super
saturations were conducted. Fig. 7 presents the nucleation induction 
time distributions in acetonitrile under different conditions, and the 
derived nucleation rates are summarized in Table 3. Comparing Fig. 7(a) 
and Fig. 7(b), even if the ultrasonic power is increased from 164 W to 
491 W at high supersaturation (S = 1.35), the induction time distribu
tion does not change obviously and the calculated nucleation rate is not 
significantly improved as well (Table 3). Comparing Fig. 7(b) and Fig. 7 
(c), when the ultrasonic power is fixed at 164 W but the supersaturation 
is reduced to 1.25, the induction time distribution is markedly narrowed 
and the nucleation rate is increased significantly (Table 3). Hence, at the 
high supersaturation (S = 1.35), even if a strong ultrasonic power (461 
W) is used, the nucleation rate is still not obviously changed. In contrast, 
at the low supersaturation (S = 1.25), only applying a gentle ultrasound 
(164 W) can achieve a manifest increase in the nucleation rate. It can be 
concluded that the supersaturation of 1.35 and 1.40 (corresponding 
nucleation driving force) is already large enough for the acetonitrile 
system, so that the introduction of ultrasound can hardly increase its 
nucleation rate. In addition, it also demonstrates that ultrasound can 

Fig. 4. Induction time distributions (with ultrasound) of 3,5-dimethoxybenzoic acid in (a) ethanol, (b) acetonitrile, (c) acetone. Ultrasonic power is 164 W.  

Table 2 
Nucleation rates (with ultrasound a) of 3,5-dimethoxybenzoic acid in three 
solvents at different supersaturations.  

supersaturation nucleation rate J (m-3s− 1) 

ethanol acetonitrile acetone  

1.30  —  266.79  697.78  
1.35  173.58  415.70  854.12  
1.40  225.35  649.25  956.52  
1.45  279.21  —  —  

a Ultrasonic power is 164 W. 
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promote nucleation, especially at low supersaturation. 
Notably, the supersaturations of 1.35 and 1.40 are large enough for 

the nucleation in acetonitrile that ultrasound does not significantly 
promote nucleation, while the nucleation rates in ethanol and acetone 
can still be obviously improved at these two supersaturations. It is 
reasonable to speculate that such phenomenon may be related to the 
difference of diffusion ability of solute molecules in different solvent 
environments. Because ultrasound accelerates nucleation by enhancing 
molecular diffusion based on the cavitation phenomena, if the diffusion 
ability of solute molecules in different solvents is discrepant (at the same 
supersaturation under non-ultrasonic condition), the enhancement ef
fect of ultrasound may also vary with the solvent species. In this regard, 
mean square displacement (MSD) analysis based on molecular dynamics 
(MD) was performed to investigate the diffusion ability of 3,5-dimethox
ybenzoic acid molecules in the three solvents. According to Eqs. (7) and 
(8), the slope of the MSD curve is positively related to the diffusion 
coefficient. Fig. 8 displays the MSD curve of 3,5-dimethoxybenzoic acid 
molecules in different solvent systems. Clearly, the diffusion coefficient 
of 3,5-dimethoxybenzoic acid in acetonitrile is much larger than that in 
ethanol and acetone. Correspondingly, as shown in Fig. 5, the 
enhancement of ultrasound on the nucleation in acetonitrile is not 
manifest compared with the other two solvents. Besides, Fig. 8 demon
strates that the diffusion of solute in acetone is faster than that in 
ethanol. It can also be found in nucleation experiments that the 

enhancement effect of ultrasound in ethanol is stronger than that in 
acetone (Fig. 5 and Table S3). In conclusion, if the diffusion ability of 
solute in a certain solvent is weaker, the enhancement effect of ultra
sound on the nucleation in such solvent system will be more significant. 

4.2. The role of solvation effect 

As discussed in Section 4.1, the promotion of ultrasound on nucle
ation varies with the diffusion ability of solute molecules in different 
solvents. In this way, ultrasound achieves different degrees of 
enhancement on nucleation in different solvents. Subsequently, whether 
ultrasound can change the order of the nucleation difficulty in different 
solvents is investigated. According to Section 3.3, with or without ul
trasound, the nucleation of 3,5-dimethoxybenzoic acid in different sol
vents becomes increasingly difficult in the same order: acetone <
acetonitrile < ethanol (Fig. 6). It means that, in the present case, the 
application of ultrasound does not change the relative difficulty of 
nucleation in the three solvents. 

For the nucleation process in solution, solute molecules need to 
overcome the action of solvent molecules (solvation) to form molecular 
clusters, thereby further forming crystal nuclei. Some recent studies 
indicated that this solvation may be the key factor affecting the difficulty 
of nucleation in the solvent [41–43]. In this work, the computational 
chemistry method and spectroscopy method were utilized to quantify 
the solvation, to explore the role of solvation in the inability of ultra
sound to change the relative difficulty of nucleation in the three 
solvents. 

Molecular dynamics (MD)-calculated interaction enthalpy 
ΔHinteraction can generally reflect the strength of solvation [42]. Repre
sentative snapshots of three solute–solvent equilibrium systems are 
shown in Fig. 9. The interaction enthalpies for one 3,5-dimethoxyben
zoic acid molecule in equilibrium with three different bulk solvents 
are given in Table 4. A greater absolute value of enthalpy represents a 
more significant solvation effect. Among the three solvents, ethanol 
(-159.36 kJ/mol) has the largest ΔHinteraction with 3,5-dimethoxybenzoic 
acid molecule, followed by acetone (− 144.09 kJ/mol), and acetonitrile 
(-121.98 kJ/mol) has the smallest. 

Fig. 9 demonstrates all three solvent molecules form hydrogen bonds 
with the carboxyl group of 3,5-dimethoxybenzoic acid. In fact, carboxyl 
group is the strongest intermolecular interaction site for 3,5-dimethoxy
benzoic acid molecules to assemble into crystals (Fig. 1(b)). Therefore, 
investigating the binding energy between solvent molecule and carboxyl 
group of 3,5-dimethoxybenzoic acid is crucial for studying the influence 
of solvents on the nucleation. In this regard, density functional theory 
(DFT) with higher accuracy was used to calculate the 1:1 solute–solvent 

Fig. 5. Nucleation rates with and without ultrasound in three solvents at the supersaturations of (a) 1.35 and (b) 1.40. These two supersaturations are selected for 
analysis because they are shared by three solvents. 

Fig. 6. Relationship between lnJ and 1/ln2S in three solvents. Dotted line-with 
ultrasound (164 W), solid line-without ultrasound. 
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binding energy ΔEbind at the carboxyl site of 3,5-dimethoxybenzoic acid 
molecule. The ΔEbind decreases in the order: ethanol (-52.46 kJ/mol) >
acetone (-44.96 kJ/mol) > acetonitrile (-36.82 kJ/mol) (Fig. 10). 

Infrared spectroscopy (IR) is often selected to study the strength of 
solvent–solute interaction [41]. Here the shift of the stretching vibration 
band of carbonyl was utilized to characterize the interaction of solvents 
with 3,5-dimethoxybenzoic acid. The solid IR spectrum of 3,5-dimethox
ybenzoic acid shows strong band for the carbonyl stretching at 1682 
cm− 1 (Fig. 11), which corresponds to the hydrogen-bonded carbonyl 
group of carboxyl dimer (Fig. 1(b)). Compared with solid, the IR spectra 
of ethanol solution and acetonitrile solution both have an obvious shift 
of carbonyl frequency. In general, the stronger the solvent interacts, the 
lower the frequency at which it absorbs [44]. In acetonitrile, the 
carbonyl peak shifts from 1682 cm− 1 to 1725 cm− 1. In ethanol, two 
peaks are observed at 1694 cm− 1 and 1721 cm− 1, respectively. This 

difference can be attributed to a solute–solvent hydrogen-bond equi
librium. The low frequency corresponds to the hydrogen-bonded 
carbonyl group, and the high one corresponds to the non-hydrogen- 
bonded carbonyl group [45,46]. It can be concluded that 3,5-dimethox
ybenzoic acid molecule is more strongly solvated by ethanol, which has 
a lower frequency of carbonyl stretching. 

Fig. 7. Induction time distributions in acetonitrile under different conditions. (a) S = 1.35, 164 W power, (b) S = 1.35, 491 W power, and (c) S = 1.25, 164 W power.  

Table 3 
Comparison of the nucleation rates under different conditions in acetonitrile.  

S = 1.35 S = 1.35 S = 1.25 

without 
ultrasound a 

392.46 without 
ultrasound a 

392.46 without 
ultrasound a 

93.38 

ultrasound 
(164 W) a  

415.70 ultrasound 
(491 W) a  

447.60 ultrasound 
(164 W) a  

163.83 

ratio b  1.06 ratio b  1.14 ratio b  1.75  

a The unit of nucleation rate is m-3s− 1. 
b The ratio of the nucleation rate with ultrasound to without ultrasound. 

Fig. 8. MSD curve of 3,5-dimethoxybenzoic acid molecule in different solvent 
systems under non-ultrasonic condition. 
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Collectively, MD simulation, DFT calculation, and IR spectra all 
reveal that the solvation of 3,5-dimethoxybenzoic acid molecule in the 
three solvents is gradually enhanced in the order: acetonitrile < acetone 
< ethanol. According to the currently accepted view that the strength of 
solvation dominates the order of nucleation difficulty in different sol
vents, the nucleation rate (under the same supersaturation) in the three 
solvents should increase in the following order: ethanol < acetone <
acetonitrile. However, the order of actual nucleation rate obtained from 
the experiment is ethanol < acetonitrile < acetone. The relationship 
between the actual nucleation rate and the simulation results is dis
played in Fig. S3. In other words, “ethanol vs acetonitrile” and “ethanol 
vs acetone” conform to the above view of solvation effect, while 
“acetonitrile vs acetone” does not. In fact, the nucleation process is 

complex and our current understanding of nucleation is still insufficient. 
Solvation may only be one of the main factors affecting the nucleation 
difficulty in different solvents. Notably, it was noticed that the solubility 
of 3,5-dimethoxybenzoic acid in acetonitrile is the smallest, compared 
with that in ethanol and acetone (Table S2). That is to say, even at the 
same supersaturation (the same nucleation driving force), the solute 
concentration in acetonitrile solution is the most dilute. It may funda
mentally reduce the probability of solute molecules colliding together, 
which is unfavourable for the formation of pre-nucleation molecular 
clusters. Therefore, although the solvation in acetone is stronger than 
that in acetonitrile, the nucleation in acetonitrile is slower. A similar 
finding was also reported in the nucleation of fenoxycarb [47]. 

5. Conclusion 

In this work, the comparative study of the promotion effect of ul
trasound on crystal nucleation in various solvent environments were 
explored. The introduction of ultrasound can improve the nucleation 
rates of 3,5-dimethoxybenzoic acid in all solvents, which can signifi
cantly enhance the separation efficiency. It is attributed to the cavitation 
phenomena caused by ultrasound. Such phenomena accelerate the 

Fig. 9. Representative snapshots of solute–solvent equilibrium systems (a) ethanol, (b) acetonitrile, (c) acetone. Hydrogen bonds are shown as the blue dotted line. 
White-H atom, grey-C atom, red-O atom, blue-N atom. 

Table 4 
Solvent-solute interaction enthalpies calculated from MD simulation at 298.15 
K.  

solvent ethanol acetonitrile acetone 

ΔHinteraction (kJ/mol)  − 159.36  − 121.98  − 144.09  

Fig. 10. Optimized geometries and binding energies (in kJ mol− 1) of 1:1 solvent–solute dimers (a) ethanol site 1, (b) ethanol site 2, (c) acetonitrile, (d) acetone.  
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diffusion and collision of solute molecules. Notably, if the diffusion 
ability of solute in a certain solvent is weaker, the enhancement effect of 
ultrasound on the nucleation in such solvent system will be more sig
nificant. It was also found that, with or without ultrasound, the nucle
ation in the three solvents became increasingly difficult in the same 
order: acetone < acetonitrile < ethanol. MD-calculated solvent–solute 
interaction enthalpy, DFT 1:1 solvent–solute binding energy and IR 
spectroscopy indicated that the solvation effect is the main factor that 
determines the order of nucleation difficulty in different solvents. The 
stronger the solvation, the more difficult the formation of pre-nucleation 
molecular clusters, and the slower the nucleation. This study provides 
guidance for the application of ultrasound in crystallization with 
different solvent systems to improve the separation efficiency. 
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