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A B S T R A C T   

Molecular self-assembly plays a vital role in the nucleation process and sometimes determines the nucleation 
outcomes. In this study, ultrasound technology was applied to control polymorph nucleation. For the first time, 
different ultrasonic application methods based on the nucleation mechanisms have been proposed. For PZA- 
water and DHB-toluene systems that the molecular self-assembly in solution resembles the synthon in crystal 
structure, ultrasound pretreatment strategy was conducted to break the original molecular interactions to alter 
the nucleated form. When the solute molecular self-associates can’t give sufficient information to predict the 
nucleated polymorph like INA-ethanol system, the method of introducing continuous ultrasonic irradiation in the 
nucleation stage was applied. The induction of ultrasound during nucleation process can break the original in-
teractions firstly by shear forces and accelerate the occurrence of nucleation to avoid the reorientation and 
rearrangement of solute molecules. These strategies were proved to be effective in polymorph control and have a 
degree of applicability.   

1. Introduction 

Most solid substances in nature exist in the form of crystals, espe-
cially for pharmaceuticals. Due to various crystallization conditions, the 
same pharmaceutical can engender completely different crystals, 
namely polymorphic phenomenon of drugs [1–4]. Polymorphism is an 
aptitude of a substance to crystalize in different crystalline forms which 
have unique molecular conformation and arrangements in the crystal 
lattice [5]. It has been reported that more than 80 % of pharmaceuticals 
have polymorph phenomenon [6].The study of polymorphs of active 
pharmaceutical ingredients (API) have a crucial implication on the 
exploitation of new drugs, the optimal control of crystallization process, 
the patent protection and improvement of physicochemical properties 
[2,7]. So how to realize the control of target polymorph has been 
gathered more and more focus from researchers. 

Currently, the conventional polymorph regulation strategy involves 
adjusting experimental parameters such as solvents [8,9], supersatura-
tion [10,11], temperature [12,13], or adding crystal seed [14,15], etc. 

However, these regulation strategies can’t achieve desired results for 
some drugs, as covering all possible crystallization conditions is not 
practicable. So researchers have tried to design polymorph control 
strategies to obtain specific crystallization outcomes. Designed methods 
appeared, for instance: template-induced crystallization [16,17], 
magnetic-induced crystallization [18], ionic liquid-induced crystalliza-
tion [19], ultrasonic-induced crystallization [20–25], and nano-
confinement crystallization [26,27]. Among them, introducing 
ultrasound in the process of crystallization has been widely applied as an 
effective means of nucleation outcomes control. The introduction of 
ultrasound can effectively enhance the micromixing [28], promote 
nucleation [29], reduce the induction time [29,30], the metastable zone 
width [31,32] and the agglomeration [33] and promote uniform particle 
size distribution [25,32], due to the energy provided by ultrasound and 
the cavitation generated in the solution. As one of the alternative 
methods of traditional polymorph control, ultrasound-assisted crystal-
lization has attracted extensive attentions. There are two common in-
terpretations of ultrasound effects on polymorph regulation. Some 
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studies have confirmed that ultrasound could reduce the nucleation 
barrier of a certain crystal form by influencing the intermolecular 
hydrogen bond interaction in solution to promote the nucleation of this 
polymorph [24,34,35]. Other studies confirmed that ultrasound could 
regulate the polymorphs at the nucleation stage by altering the nucle-
ation kinetics of different polymorphs [25,30,31]. Fang [22] found that 
the ultrasound could provide enough energy to overcome the critical 
energetic barrier for nucleation, and eventually promote spontaneous 
nucleation of theophylline form V. Kaur Bhangu [25] and Ike [24] found 
that the cavitation effect generated by ultrasound can reduce the in-
duction time and increase supersaturation, which tends to promote the 
nucleation of metastable form. Ultrasound could regulate the poly-
morphs of some organic compounds, however, this method is not always 
effective for all compounds in nucleation control [36–38]. 

In general, nucleation outcomes could be determined by kinetic 
(supersaturations, cooling rates, etc) factors and molecular self- 
assembly. The chemical and physical properties of different pharma-
ceuticals are various, which makes corresponding nucleation control 
factors distinct even under the same crystallization conditions. There-
fore, attempts to adjust the nucleation of certain pharmaceutical form by 
regulating the molecular arrangements and self-assembly in solution 
would fail, if the nucleation process of this certain pharmaceutical form 
was kinetically controlled, and vice versa. This also explained why the 
mechanisms of polymorph control by template-induced crystallization 
differed for different compounds, which was attributed to changing in-
duction time or regulating the molecular self-assembly before nucle-
ation [39–41]. Different crystallization conditions may give rise to 
changes of nucleation mechanisms and relevant nucleation kinetics and 
thermodynamics, which would further influence the key control im-
pactors of the nucleation and thus the formation of polymorphs [42,43]. 

The previous reports about polymorph control by ultrasound- 
induced crystallization indicates that the effects of ultrasound on poly-
morphism were triggered by disturbing molecular arrangements 
[24,34,35] or altering the nucleation kinetics [29,30,32]. As reported, 
for different crystallization systems with introduction of ultrasound, the 
mechanisms of polymorph regulation are distinct. Therefore, the stra-
tegies of ultrasound application should be customized according to 
different crystallization systems in order to control polymorph nucle-
ation. To the best of the authors knowledge, there’s few reports study the 
different effects of ultrasound application based on the nucleation 
mechanisms of various crystallization systems. 

Pyrazinamide-water and isonicotinamide-ethanol crystallization 
systems were chosen to explore the similarities and differences of ul-
trasound addition methods in polymorph regulation. Scheme 1 shows 
the molecular structures of PZA and INA. Crystallization of PZA in water 
was thermodynamically controlled in which the molecular assemblies in 
solution mirrors the structure of nucleated form [44,45]. The nucleation 
of INA in ethanol was greatly affected by the kinetic factors of cooling 
rate and supersaturation [46]. In this paper, two crystallization systems 
with similar solute molecule structures but different nucleation regula-
tion factors were chosen. And different ultrasonic application methods 
were proposed based on the nucleation mechanisms of these two crys-
tallization systems to control the nucleation of target polymorphs. 

2. Experimental 

2.1. Materials 

Pyrazinamide (PZA), Isonicotinamide (INA), 2,6-dihydroxybenzoic 
acid (DHB), ethanol and toluene were supplied by Shanghai Chemistry 
Reagent Co. (China). Distilled-deionized water was prepared in our 
laboratory. All the materials were used without further purification. 

2.2. Apparatus 

The ultrasonic (sonicating) bath (200 W, Qs5, Kun shan ultrasonic 
instrument Co., ltd), generating a fixed and continuous 40 kHz ultra-
sonic field was chosen as the ultrasonic source in this work. A thermo-
static water bath (CF41, Julabo, Germany) was employed during the 
cooling experiment. An electronic analytic balance (ML204, Mettler 
Toledo, Switzerland) with an accuracy of ± 0.0001 g was employed to 
measure all the masses. 

2.3. PZA-water experiment 

The concentration of PZA in water is 35. 82 mg ml− 1 which is 
saturated at 45 ◦C. PZA solution was prepared in a magnetically stirred 
water bath at 50 ◦C for 30 min to obtain a homogeneous solution. The 
hot solution was filtered into preheated 50 mL vials via a polytetra-
fluoroethylene (PTFE) filter with 0.45 μm pores, the filtration process 
removes some insoluble impurities that may act as nucleation sites. Each 
vial contained 20 g solvent and the corresponding amount of PZA, and 
the vial was tightly capped during the cooling crystallization to avoid 
the evaporation of solvent. 

The vial contained prepared solution is pretreated with ultrasound at 
the powers of 100, 160 and 200 W at 45 ◦C for 5 min, respectively. Then, 
vails containing solution with ultrasound pretreatment were placed in a 
jacket crystallizer vessel connected with a thermostatic water bath with 
a cooling rate of 0.1 ◦C /min from 45 ◦C to 20 ◦C. A blank experiment 
was conducted without the ultrasonic preprocessing at same conditions. 
During the cooling crystallization, the samples remained undisturbed. 

2.4. INA-ethanol experiment 

The concentration of INA in ethanol was 150. 92 mg ml − 1 which is 
saturated at 45 ◦C. The preparation process of the solution is the same as 
that of PZA. 

The ultrasonic pretreatment experiment of INA is the same as PZA to 
pretreat the solution at 45 ◦C. Then, vails contained solution with ul-
trasound pretreatment were placed in a jacket crystallizer vessel con-
nected with a thermostatic water bath with three different cooling rates 
of 0.1 ◦C /min, 5 ◦C /min and quench cooling from 45 ◦C to 20 ◦C. The 
continuous ultrasonic irradiation experiment of INA is to quench the 
solution from 45 ◦C to 20 ◦C firstly, then ultrasound is introduced and 
continue to work until nucleation at 20 ◦C. The crystallization experi-
ments with and without continuous ultrasound were repeated for 80 
times in order to determine the induction time of INA. 

2.5. Characterizations 

Powder X-ray diffraction (PXRD) (D8 Advance, Bruker, Germany) 
was adopted to determine the solid forms of the obtained crystals, the 
samples were scanned over a diffraction angle (2θ) angle of 5◦ to 40◦ at a 
scanning rate of 10◦ min− 1. The 13C nuclear magnetic resonance (NMR) 
spectra were recorded on an 400 MHz Bruker Avance-III spectrometer 
equipped at 293.15 K. Scheme 1. Molecular structures of PZA and INA.  
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3. Results and discussion 

3.1. Polymorph control by ultrasonic pretreatment 

Pyrazinamide is usually nucleated as a dimeric form in the cooling 
crystallization process of PZA-water solution. As the study shown [45], 
the nucleation outcomes of PZA in water is greatly affected and deter-
mined by the molecular self-assemblies in solution. Thus, PZA solution 
was pretreated by ultrasound to regulate the molecular self-associations 

in solution in order to achieve the selected nucleation of form γ. 
The saturated solution was pretreated with ultrasonic power of 100 

W, 160 W and 200 W, respectively. The obtained crystals from cooling 
crystallization of water were analyzed by PXRD. Comparing with 
simulated PXRD pattern (Fig. 1), crystals grown without ultrasonic 
pretreatment were all α form. As previous assumption, crystals obtained 
after ultrasonic pretreatment at 100 W and 160 W were all pure γ form. 
While, polymorphic mixture of α and γ were obtained at 200 W. The 
microscope images of obtained PZA in Fig. 2 illustrate distinct crystal 
morphologies of different polymorphs, the needle like α form (aspect 
ratio > 20) crystallized without ultrasonic pretreatment and the long 
flaky γ form (aspect ratio < 10) obtained with ultrasonic pretreatment. 

The experimental results indicate that γ form prefer to crystallize by 
itself at ultrasonic power of 100 W and 160 W pretreatment, while the 
regulation of γ form nucleation with ultrasonic pretreatment seems to 
lose prominence at ultrasonic power of 200 W. The hypothesized 
mechanism of polymorph control by ultrasonic pretreatment is altering 
and regulating the molecular associations and hydrogen bonds by shear 
forces due to cavitation [47] as shown in Fig. 3. Based on that, form γ of 
PZA with chain structure could be obtained in water, when ultrasound 
was applied to break the original dimer structure in solution. Mean-
while, cavitation bubbles originated from ultrasound accelerate solute 
molecular movements, increasing the inter-molecular collisions in so-
lution which would promote the solute–solute interactions [47,48]. In 
this situation, higher ultrasonic power facilitates the nucleation of form 
α because of molecular collisions. Therefore, it is speculated that there is 
an optimum condition between the break of hydrogen bonds of dimer 
structure of PZA by shear forces and dimer re-formation by increased 
inter-molecular collisions to promote the nucleation of form γ. 

To explore the rationality of previous hypothesis, the changes of 
molecular arrangements of PZA in solution with and without ultrasonic 
pretreatment were analyzed by 13C NMR. It was supposed that there 
should be 13C shifts for the PZA in solution when the intrinsic dimer 

Fig. 1. PXRD patterns of the obtained PZA crystals a) without ultrasound, with 
ultrasound at the power of b) 200 W, c) 160 W and d) 100 W. Along with the 
simulated PXRD patterns of the α and γ-forms of PZA. 

Fig. 2. Microscope images of PZA crystals with water: A) Without ultrasound, B) ultrasound with 200 W, C) ultrasound with 160 W, D) ultrasound with 100 W.  

J. Zhao et al.                                                                                                                                                                                                                                     



Ultrasonics Sonochemistry 89 (2022) 106118

4

structures of PZA were destructed and the hydrogen bonds between 
C––O and NH2 groups were broken. As shown in Fig. 4, the change in 13C 
chemical shift of C––O for PZA after ultrasound pretreatment is 0.0023 
ppm, compared with that without ultrasound. The changes of 13C 
chemical shifts for C––O were attributed to the rupture of the hydrogen 
bond dimers between C––O and NH2 groups in the solution, which lead 
to the increase of the density of electron clouds around the carbon core. 
Thus, the 13C chemical shift at the carbonyl position after ultrasound 
pretreatment is partially reduced. 

Here, we propose a new ultrasound petreatment strategy in regu-
lating polymorph nucleation for the solution crystallization systems, 
where the synthons present in the crystal structures mirror the self- 
associates in solution. For such crystallization systems, the outcomes 
of nucleation are mostly controlled by the molecular self-assemblies in 
solution. After the pretreatment of ultrasonic irradiation, original 
intermolecular hydrogen bonds like dimer are broken by the shear forces 
generated by the collapse of cavitation bubbles and the modes of mo-
lecular self-assemblies change accordingly, leading to the nucleation of 
selected form. In order to further demonstrate the applicability of the 
ultrasound pretreatment strategy, DHB-toluene crystallization system, 
whose nucleation outcome was controlled by the molecular self- 
associations in solution, was selected [49]. DHB molecules were re-
ported to prefer form dimer associates in toluene and nucleate as form I 
with dimer structure. The crystals obtained by ultrasound pre- 
processing were determined to be form II with chain synthons. 

(Fig. S1 and S2) Based on that, ultrasonic pretreatment was confirmed to 
be an effective method in polymorph control and regulation. 

3.2. Polymorph control with continuous ultrasound 

According to the reports of Kulkarni [39,50], both dimer and chain 
self-associates are present for INA molecules in ethanol, while, only form 
I with dimer structure crystallizes. The crystallization outcomes indi-
cated that the dimer structures of INA dominate in the competing pro-
cesses of cluster formation with chain associates in ethanol. Thus, the 
polymorph nucleation of INA in ethanol is controlled by not only the 
molecular self-assemblies, but largely by kinetic factors. 

According to that, ultrasound pretreatment strategy valid for PZA- 
water, which could only alter and disrupt the molecular self- 
associations before crystallization to control nucleation outcomes, 
seems not effective for INA crystallization in ethanol. The INA crystal-
lization outcomes with ultrasonic pretreatment confirmed our assump-
tion. The nucleation outcomes of INA remained unchanged even with 
various ultrasonic times (Fig. 5A) and the various ultrasonic powers 
(Fig. S3). It has been reported that the kinetic factors have a very sig-
nificant effect on the nucleation outcomes of INA, so we also chose 
different cooling rates for INA crystallization in ethanol with 5℃/min 
and quenched after ultrasonic pretreatment shown in Fig. 5B and 
Fig. 5C. The experimental results indicate that larger cooling rate has a 
slight effect on the INA crystallization outcomes with little form IV 
nucleated regardless of ultrasonic pretreatment or not. Analysis of 13C 
NMR spectra of INA found that the change in 13C chemical shift of C––O 
for INA after ultrasound pretreatment is 0.105 ppm as shown in Fig. 6, 
which indicates that the molecular arrangement of INA molecule 
changes after ultrasonic pretreatment. Both NMR experiments of PZA 
and INA after ultrasonic processing verify that the feasibility of ultra-
sound to regulate and disrupt the molecular self-associations and ar-
rangements in solution. 

Thus, polymorph control of INA in ethanol by breaking the self- 
assemblies of molecules before crystallization didn’t work out, since 
the nucleation of INA in ethanol is determined by the competition of 
different self-associates during crystallization. Ultrasonic pretreatment 
can’t affect the competition of clusters during nucleation. According to 
the nucleation mechanism of INA in ethanol, the moment of ultrasound 
application was chosen in the nucleation stage. The saturated INA 
ethanol solution at 45℃ was quenched to 20℃, meanwhile ultrasound 
was induced and continued until nucleation. As shown in Fig. 7 and 
Fig. S4, the mixed crystals of forms II and IV both with chain structures 
are obtained with continuous ultrasound during nucleation process, the 
form I with dimer structures nucleated without ultrasound introduction. 
The mechanism of polymorph control by continuous ultrasound was 
supposed to divide into two steps. Firstly, the shear forces generated by 
ultrasound destroy a small amount of dimer structures in solution during 

Fig. 3. Polymorph control mechanism of PZA by ultrasound pretreatment.  

Fig. 4. 13C NMR spectra of PZA-water‑d2 solution a) without ultrasound, b) 
with ultrasound. 
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the nucleation, and inhibit the generation of new hydrogen-bonded 
dimer clusters. Then, the collapse of ultrasonic cavitation bubbles pro-
duces localized high supersaturation in the solution. Under such highly 
supersaturated conditions, the molecular clusters with chain structure 
didn’t have sufficient time to reorient and rearrange. The solution sys-
tem is likely to form less stable polymorphic forms. Therefore, the 
crystals with chain associates dominate during the competing of mo-
lecular clusters in solution with the aid of ultrasound. These two decisive 
factors together contributed to the crystallization of INA form II and IV 
under continuous ultrasound treatment. The 13C NMR spectra of INA 
confirmed the first step of our hypothesized mechanism of polymorph 
control by continuous ultrasonic irradiation during nucleation process, 
in which ultrasound could disrupt the self-associations and break the 
interactions between molecules. To further verify the second step of 
continuous ultrasound-assisted polymorph control mechanism, the ex-
periments of induction times of INA in ethanol were conducted and the 
probability distribution was shown in Fig. 8. The results indicate that the 
induction time was decreased under ultrasonic irradiation from 514.5 s 
to 42.5 s, which demonstrates the powerful promotion effect on INA 
nucleation of continuous ultrasound. The drastically decreased induc-
tion time explain that chain clusters dominate during nucleation as less 
time for molecules to reorient and rearrange before nucleation and the 
structure of nucleated crystals (Forms II and IV) resembles the chain 
clusters in solution. 

As been reported [51,52], there have some systems like INA-ethanol 
[53], whose molecular self-associate in solution are not directly related 

Fig. 5. PXRD patterns of obtained INA crystals at A: 0.1℃ / min, B: 5℃ / min cooling rate and C: crush cooling with a) no ultrasound, b) ultrasound for 5 min, c) 
ultrasound for 10 min, d) ultrasound for 30 min at 200 W of ultrasonic power, along with the simulated PXRD patterns of the Forms I, and IV of INA. 

Fig. 6. 13C NMR spectra of INA-ethanol-d6 solution a) without ultrasound, b) 
with ultrasound. 

Fig. 7. PXRD patterns of obtained INA crystals at quench crystallization a) 
without ultrasound, b) with continuous ultrasound at 200 W of ultrasonic 
power, along with the simulated PXRD patterns of the Forms I, II and IV of INA. Fig. 8. Induction time probability distributions of INA at different conditions.  
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to the corresponding crystal structure. For this kind of crystallization 
systems, nucleation is controlled not only by the molecular self- 
assemblies in solution as a molecular rearrangement process may be 
involved before nucleation. Thus, aiming at the “no direct correspon-
dence” crystallization systems, a different polymorph control strategy 
was put forward. Application of continuous ultrasonic irradiation during 
nucleation not only breaks the original molecular interactions but also 
interferes the molecular reorientation and rearrangement by acceler-
ating nucleation rates, which ultimately facilitates the selected nucle-
ation of target polymorph. 

4. Conclusion 

In this article, we put forward two different ultrasound application 
strategies to control polymorph nucleation for different crystallization 
systems. For systems such as PZA-water and DHB-toluene where a direct 
relationship exists between the molecular self-assembly in solution and 
the synthon in crystal structure, ultrasound pretreatment before crys-
tallization was proposed. The shear forces generated by the collapse of 
cavitation bubbles broke the original molecular interactions like dimers 
in PZA-water and DHB-toluene systems. As a result, polymorph with 
chain structure crystallized after ultrasonic irradiation preprocessing 
instead of dimer form. Besides that, there seems exists an optimal ul-
trasonic power intensity in regulating polymorph nucleation by pre-
treatment strategy, as higher power may accelerate molecular collision 
probability and promote the molecular reorientation and 
rearrangement. 

In crystallization system like INA-ethanol, the solute molecular self- 
associates can’t give sufficient information to predict the nucleated 
polymorph. The nucleation of this kind of systems was largely controlled 
by the solute molecular rearrangement before nucleation, which usually 
were affected by kinetic factors, like nucleation rates, supersaturation, 
desolvation and so on. Based on that, we choose the method of intro-
ducing continuous ultrasonic irradiation in the nucleation stage. It is 
found that this method can obtain crystals of form II and form IV of INA. 
The induction of ultrasound during nucleation process broke the in-
teractions of dimers firstly by shear forces and accelerate the occurrence 
of nucleation to avoid the re-dimerization of solute molecules. 

In conclusion, the introduction of ultrasound was demonstrated to 
have the abilities to alter and disrupt the molecular self-assembly of 
solute in solution. It’s the first time that different ultrasound application 
methods were proposed based on the nucleation mechanisms of various 
crystallization systems. These strategies were proved to be effective in 
polymorph control and have a degree of applicability. Moreover, ul-
trasound pretreatment method avoids the involvement of ultrasonic 
equipment during crystallization process. It may reduce the costs and 
difficulties of equipment build-up especially for industrial production 
and provide a new inspiration in polymorph control. 
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