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Abstract

:

Crystallization is one of the most important methods in the crystal habit control of explosive products. For this study, the antisolvent crystallization experiments were carried out to tune the crystal habits of 2,6-dimaino-3,5-dinitropyrazine-1-oxid (LLM-105). Dimethyl sulphoxide (DMSO) was used as an organic solvent. Water, methanol, acetic acid, nitromethane, acetone, ethanol, methylene chloride, o-dichlorobenzene, and toluene were selected as antisolvents. The X-shaped, spherical cluster-like, rod-like, needle-like, and dendritic crystals were successfully produced by varying the kind of the antisolvent. These results manifested that the polarity and functional groups of antisolvent molecules played important roles in the crystal habits of LLM-105 explosive. The powder X-ray diffraction (PXRD) and Fourier transform infrared (FT-IR) measurements indicated that these antisolvents just tuned the crystal habit of LLM-105 but did not change the crystal structure. The differential scanning calorimetry (DSC) and thermogravimetry (TG) results of the obtained crystals showed that the crystal habits significantly affected the thermal properties. This study can contribute to the investigation of the mechanism of antisolvent-induced crystal habit modification and screen out the efficient antisolvents.
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1. Introduction


Crystallization is a widely used technology in the petrochemical, chemical, food, pharmaceutical, and explosive industries [1,2]. Over the past several decades, the development of crystallization methods has been accelerated due to the increasing number of requests for crystals with specific properties [3]. As one of the most important crystal qualities, crystal habit (the characteristic external shape of a crystal) not only has a considerable impact on the physicochemical properties such as dissolution rate, bioavailability, solubility, and compressibility of crystal products, but also significantly affects the downstream operations such as filtration, drying, and milling [4,5,6]. For explosives, crystal habits are particularly important because they affect the mechanical and safety properties as well as the formulation and manufacturing processes, thus determining the further application of explosive crystals [7,8,9,10,11]. Therefore, in the development of high-quality explosives, it is worth exploring their crystallization strategies to obtain a proper crystal habit.



The crystal habit modification can be induced by changing crystallization conditions such as solvent, temperature, agitating speed, and degree of supersaturation [12,13]. In recent years, advanced strategies have also been employed to modify the crystal habits by adding tailor-made additives such as surfactants, structurally related compounds, and polymers [14,15,16,17,18,19]. Compared with the utilization of tailor-made additives, the solution crystallization method by changing the crystallization conditions is more facile. Conventional solution crystallization techniques such as solvent evaporation or cooling crystallization have the disadvantage of being expensive and energy intensive [20]. Because of less energy intensiveness, simplicity, and low setup cost, antisolvent crystallization are traditionally carried out at a predefined constant temperature by adding an antisolvent to a saturated solution of a solute in a solvent. It is widely used in heat sensitive substances such as pharmaceutical compounds and explosives [21,22,23,24]. The core of antisolvent crystallization is the selection of a suitable antisolvent that can decrease the solubility of a solute in the solution and promote precipitation. The physical and chemical properties of the antisolvent directly influence the rate of mixing with the solution, thereby affecting the nucleation and growth of the crystals and the final crystal habit. In addition, the conditions involved in crystallization experiments such as the amount of antisolvent used, anti-solvent addition rate, and location of addition of antisolvent, also strongly affect the crystal formation mechanism and govern the resulting crystal shape and size. Although the antisolvent has a direct and substantial impact on the crystal habits, the effect of antisolvent is still unclear. One reason for the influence on the crystal habits caused by the antisolvent can be explained by the interactions between the solute and the antisolvent. For example, the antisolvent interacts strongly with the solute mostly by hydrogen bonds, which was caused by the intrinsic polarity of the solvent used, increasing its strength so that the system is forced to crystallize [25]. For the antisolvent crystallization technology, understanding the effect of the antisolvent on the crystal morphology will help to design and select an appropriate antisolvent to obtain the product with desired crystal habits.



The main objective of the present work is to investigate the influence of antisolvents on the crystal habits of organic explosives produced by antisolvent crystallization. In this study, 2,6-diamino-3,5-dinitropyrazine-1-oxide (LLM-105) was chosen as a model organic explosive due to its absence of polymorphism, thus making it easier to attribute the changes of crystal habit to the crystallization conditions. LLM-105 is a typical high energetic and insensitive explosive, which was first described by Pagoria and coworkers in 1998 [26]. Because of its excellent thermal stability and safety, LLM-105 has potential applications in specialty munitions and civil fields [27]. As depicted in Figure 1a, the molecular structure contains nitro and amino groups, resulting in strong intermolecular and intramolecular hydrogen bonds interactions. It has a wave-like layered arrangement within a monoclinic structure [28,29]. The π-bond, strong intramolecular, and intermolecular hydrogen bonds might be responsible for the extraordinary thermal stability and safety. In addition, LLM-105 exhibits a very low solubility in most organic solvents due to these strong hydrogen bonds, which facilitates the choice of antisolvents. Although some papers have been published on the crystallization of LLM-105, relatively few literatures have reported the antisolvent crystallization [30,31,32,33]. Only few antisolvents such as water and ethyl acetate have been involved, and there is still no clear explanation for the effect of antisolvents on the morphology of LLM-105. In this paper, dimethyl sulphoxide (DMSO) was used as an organic solvent, and nine antisolvents (Figure 1b–j) with different polarity index (PI) were employed to carry out the antisolvent crystallization experiments of LLM-105. The same crystallization parameters as LLM-105 concentration, solvent to antisolvent ratio, crystallization temperature, and injection rate have been employed to observe the influence of antisolvent on crystal habits. Powder X-ray diffraction (PXRD), Fourier transform infrared (FTIR), and scanning electron microscopy (SEM) were used to characterize the structure and morphology. Differential scanning calorimetry (DSC) and thermogravimetry (TG) measurements were performed to analyze the influence of crystal habits on the thermal properties of LLM-105.




2. Materials and Methods


2.1. Chemicals


LLM-105 raw materials were synthesized according to the reported method [26]. Analytical dimethyl sulfoxide (DMSO, C2H6OS), methanol (MeOH, CH3OH), acetic acid (AcOH, CH3COOH), nitromethane (NM, CH3NO2), ethyl acetate (EAC, CH3COOC2H5), ethanol (EtOH, C2H5OH), methylene chloride (MC, CH2Cl2), o-dichlorobenzene (DCC, C6H4Cl2), and toluene (TL, C6H5CH3) were purchased from Chengdu United Chemical industry (Chengdu, China). The distilled water (H2O) was obtained by using a Milli-Q apparatus (Millipore, Bedford, MA, USA).




2.2. Antisolvent Crystallization Experiments


In order to investigate the effect of antisolvents on the crystal habits of LLM-105, nine antisolvents with different polarity and active groups were selected. Water, methanol, acetic acid, nitromethane, ethyl acetate, alcohol, methylene chloride, o-dichlorobenzene, and toluene were used as antisolvents. The polarity index (PI) of the nine antisolvents is different, which is related to the strength of the hydrogen bond. The higher the polarity, the stronger the hydrogen bond [34,35]. The antisolvent crystallization experiments of LLM-105 were performed in a stirred glass crystallizer, the speed of the magnetic stirrer was 300 rpm. On the basis of the solubility data of LLM-105 [36], LLM-105 raw materials were dissolved into DMSO to obtain a saturated solution with a concentration of 0.03 g/mL. The saturated solution of LLM-105 was heated to 10 °C above the saturation temperature for 30 min to ensure that no crystal nuclei remained in the solution. Then the solution was cooled to 30 °C and maintained at this temperature. Subsequently, the antisolvent was fed to LLM-105 saturated solutions in a volume ratio of 3:1 (antisolvent:solvent), and the feed rate of antisolvent was 5 mL·min−1. All the experiments were conducted with the same parameters as LLM-105 concentration, solvent to antisolvent ratio, crystallization temperature, and antisolvent feed rate. For each antisolvent, three experiments using the same crystallization parameters were carried out to validate the reproducibility of the results. After the crystals precipitated, the solution was stirred for 30 min. Then the crystals were filtered, washed with distilled water, and dried in a vacuum drying chamber at 80 °C for 4 h.




2.3. Characterization


Powder X-ray diffraction (XRD, Bruker, Ettlingen, Germany) patterns were recorded to determine the crystalline changes and polymorphic transformations using D8 advance, Bruker with Cu kα radiation detector (λ = 1.5418 Å) filter at a voltage of 40 kV and a current of 30 mA. Fourier transform infrared (FTIR, Thermo Scientific, Logan, UT, USA) spectra were recorded from 400 to 4000 cm−1. The FTIR data were collected in the crystalline state via KBr pellets. Scanning electron microscopy (SEM, Sigma-HD, Zeiss, Jena, Germany) was used to analyze the morphology of the LLM-105 crystals obtained from different antisolvents. Differential scanning calorimetry (DSC-1, Mettler Toledo, Zurich, Swiss) and thermogravimetry (TGA851, Mettler Toledo, Zurich, Swiss) measurements were carried out from 50 °C to 500 °C with a heating rate of 10 °C·min−1 at a flow rate of 40 mL·min−1 under N2 atmosphere.





3. Results and Discussion


3.1. Influence of Antisolvent on the Crystal Habit


In order to investigate the influence of antisolvent on the crystal habits of LLM-105, the same crystallization parameters as LLM-105 concentration, solvent to antisolvent ratio, crystallization temperature, and injection rate were employed in each experiment. Taking into account the polarity and active groups of the antisolvent, we used water, methanol, acetic acid, nitromethane, ethyl acetate, alcohol, methylene chloride, o-dichlorobenzene, and toluene as antisolvents. Moreover, to validate the reproducibility of the results, three crystallization experiments were performed for each antisolvent. The results showed that the crystals obtained from the same antisolvent exhibited the same habit. The SEM images of LLM-105 crystals obtained from different antisolvents are shown in Figure 2, indicating that the crystals of LLM-105 prepared via antisolvent crystallization retain their crystal structural integrity. However, the morphology of particles obtained from different antisolvents showed obvious dissimilarity, which suggested that the antisolvents have shown significant effect on the morphology of LLM-105 crystals. We noticed that the crystals crystallized from water (PI = 10.2), were X-shaped (Figure 2a). The strong polar antisolvent, such as methanol (PI = 6.6) and acetic acid (PI = 6.0) tended to provide crystals with spherical clusters (Figure 2b,c). However, the appearance and morphology of crystals obtained from nitromethane, which is also a strong polar antisolvent with the same PI as acetic acid, was rod-shaped (Figure 2d). When the polarity of the antisolvent was medium (ethyl acetate, PI = 4.4, and ethanol, PI = 4.3, and methylene chloride, PI = 3.4), the crystals became needle-like, and as the antisolvent PI decreased, the length to diameter ratio of crystals decreased (Figure 2e–g). When the antisolvent was methylene chloride (PI = 3.4), short and flat rod-like crystals were produced. In particular, using small polar o-dichlorobenzene (PI = 2.7) and toluene (PI = 2.4) as antisolvents, dendritic crystals appeared (Figure 2h,i).



In this study, the polarity of the antisolvent is one of the most vital properties that may affect the habit of the LLM-105 crystals. This can be explained by the antisolvent–solute interactions. The antisolvents can be absorbed to different surfaces of LLM-105 by the intermolecular interactions between the antisolvent molecules and LLM-105 molecules, thereby affecting the nucleation and growth of the crystal, and resulting in morphological changes of the final crystal. The nine antisolvents differ by polarity index, which is related to the hydrogen bonds with higher polarity implying stronger hydrogen bonds. It is speculated that under the same crystallization conditions, the higher the anti-solvent polarity, the stronger the intermolecular interaction. Since the polarity of methanol is stronger than ethanol, the growth of the crystal from the needle direction was inhibited and spherical cluster-like crystals were formed. From Figure 2b,c, it can be concluded that in addition to the polarity, the functional groups of antisolvent molecules are also important factors influencing the crystal morphology. The results highlighted the ability of antisolvents to tune the crystal habits of LLM-105 crystals. The morphology and size of the LLM-105 crystals can be tailored by an antisolvent with proper polarity and active groups.




3.2. Structural Characterization of LLM-105 Crystals


The crystal structure of LLM-105 was confirmed by powder XRD patterns. As shown in Figure 3, the powder diffraction patterns of the LLM-105 crystals obtained from different antisolvents exhibit good agreement with the simulation results, which confirmed that all the crystals with different morphologies are in the same monoclinic crystal structure. However, the peak intensities at 2θ = 12.1°, 22.2°, and 28.4° of LLM-105 were significantly different. The diffraction peaks at 2θ = 12.1°, 22.2°, and 28.4° are assigned to those from the (011), (012), and (14-1) planes, respectively. It is suggested that the relative area of the {011}, {012}, and {14-1} facets in the crystals is different. It can be noted that the peak intensity of long needle-like crystals obtained from ethyl acetate was significantly different from that of other crystals. For long needle-like crystals, a decrease in peak intensity of (14-1) plane and an increase in peak intensity of (011) and (012) planes were observed. The strongest peak of long needle-like crystals was (012) plane, while that of other crystals was (14-1) plane. In these cases, it was seen that only the change in crystal habit occurred. These results indicate that the antisolvents just tune the crystal habit of LLM-105, but do not lead to the polymorphism change.



FT-IR spectroscopy of LLM-105 was carried out to further characterize the LLM-105 structure. As shown in Figure 4, FT-IR spectra of all LLM-105 crystals obtained from different antisolvents showed the same characteristic bands of the –NO2 and –NH2 functional groups with wavenumber ranges in the 1489–1642 cm−1 and 3229–3433 cm−1 regions, respectively, together with numerous peaks in the fingerprint region. The results of FTIR spectra analysis also confirmed that no polymorphic changes occurred. Also, the FTIR results clearly showed that solvents were not incorporated into the crystal structure. The results suggested that the antisolvents were not incorporating themselves into the crystals, but instead affected the crystallization process itself. They could influence the different kinetic growth of the crystal faces because of the different velocity of dissolution of the antisolvents in the solution, and thereby affecting the habits.




3.3. Thermal Properties of LLM-105 Crystals


For explosives, especially for LLM-105, thermal properties are important for practical applications. One of the most important potential applications of LLM-105 is as initiated explosives in slapper detonators due to its excellent thermal and shock stability. Therefore, the exothermic reactions of LLM-105 crystals are one of the most significant thermal properties in the current study. In order to study the influence of crystal habits in the thermal properties of the crystals obtained from different antisolvents, differential scanning calorimetry (DSC) and thermogravimetry (TG) measurements were carried out with a heating rate of 10 °C·min−1 at a flow rate of 40 mL·min−1 under N2 atmosphere. The DSC and TG curves are shown in Figure 5 and Figure 6, respectively. Table 1 summarizes the initial decomposition temperatures, exothermic peaks, and the final decomposition temperatures of the crystals obtained from different antisolvents.



DSC results demonstrated that the thermal properties of crystals obtained from water (Figure 5a), nitromethane (Figure 5d), ethyl acetate (Figure 5e), and methylene chloride (Figure 5g) are significantly different than those obtained from methanol (Figure 5b), acetic acid (Figure 5c), ethanol (Figure 5f), o-dichlorobenzene (Figure 5h), and toluene (Figure 5i). The former clearly showed a very slow initial exothermic process. The TG curves also confirmed this difference of the thermal decomposition, as indicated by the arrows (Figure 6). The “dimple” on the TG curves was clearly visible for Figure 6b,c,f,h,i, but not apparent for Figure 6a,d,e,g. From the DSC and TG curves, two exothermic decomposition stages of all LLM-105 crystals were observed. The first exothermic decomposition stage processes occurred in a broad temperature range (252.1–325.0 °C) and the second exothermic decomposition processes were focused in a narrow temperature range (325.0–366.7 °C). As for the first exothermic decomposition stage, the initial decomposition temperatures of the long needle-like crystals obtained from ethyl acetate and the dendritic crystals obtained from o-dichlorobenzene and toluene were above 270.0 °C. It can be noted that the crystals obtained from water, ethyl acetate, and dichloromethane slowly decomposed, while the crystals obtained from other antisolvents decomposed faster. Especially for the spherical cluster-like crystals (Figure 5b,c) and the dendritic crystals (Figure 5h,i), their exothermic peaks were particularly noticeable. It can be clearly observed that the first exothermic peaks of LLM-105 crystals strongly depend on the crystal habits. The X-shaped crystals obtained from water exhibited the lowest exothermic peak at 270.0 °C (first exothermic peak), while the long needle-like crystals obtained from ethyl acetate showed the highest exothermic peak at 309.8 °C (first exothermic peak). The dendritic crystals obtained from o-dichlorobenzene and toluene also displayed strong exothermic peak at 301.0 °C and 299.8 °C, respectively. As for the second exothermic decomposition stage, the exothermic peak of the dendritic crystals obtained from o-dichlorobenzene and toluene was 357.0 °C and 357.2 °C, respectively. Both of them are higher than that of the crystals obtained from the other antisolvents. The short and flat rod-like crystals obtained from methylene chloride showed a lowest exothermic peak at 346.3 °C (second exothermic peak), which was about 10 °C lower than the fractal growth crystals. In all cases, the final decomposition temperature of the crystals obtained from these antisolvents was above 360 °C, and no significant difference of the final decomposition temperature was observed. The results show that the crystal morphologies significantly affect the thermal properties of the LLM-105 crystals.





4. Conclusions


The crystal habit control of LLM-105 has been studied by the antisolvent crystallization method using DMSO as the organic solvent. In this study, nine antisolvents such as water, methanol, acetic acid, nitromethane, acetone, ethanol, methylene chloride, o-dichlorobenzene, and toluene were used to investigate their effects on the crystal morphology. In the case of other crystallization conditions being the same, the crystal habit of LLM-105 was strongly dependent on the antisolvent. LLM-105 crystals with different crystal habits such as X-shaped, spherical cluster-like, rod-like, needle-like, and dendritic samples were successfully produced by varying the kind of the antisolvent. The results suggested that the polarity and functional groups of the antisolvent molecules played important roles on the morphology of the LLM-105 crystals. The morphology and size of the LLM-105 crystals can be tailored by this simple antisolvent crystallization method via choosing a proper antisolvent. The crystal structure of LLM-105 was confirmed by PXRD and FT-IR, and the results indicated that these antisolvents just tuned the crystal habit of LLM-105 but did not change the crystal structure. In addition, the thermal properties of the obtained LLM-105 crystals were also investigated. It can be concluded that the crystal morphologies significantly affect the thermal properties of LLM-105 crystals. The results are useful to deepen the understanding of the crystal habit modification of organic explosives.
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Figure 1. Molecular structures of (a) 2,6-diamino-3,5-dinitropyrazine-1-oxide (LLM-105), (b) H2O, (c) CH3OH, (d) CH3COOH, (e) CH3NO2, (f) CH3COOC2H5, (g) C2H5OH, (h) CH2Cl2, (i) C6H4Cl2, and (j) C6H5CH3. 






Figure 1. Molecular structures of (a) 2,6-diamino-3,5-dinitropyrazine-1-oxide (LLM-105), (b) H2O, (c) CH3OH, (d) CH3COOH, (e) CH3NO2, (f) CH3COOC2H5, (g) C2H5OH, (h) CH2Cl2, (i) C6H4Cl2, and (j) C6H5CH3.



[image: Crystals 09 00392 g001]







[image: Crystals 09 00392 g002 550]





Figure 2. Scanning electron microscopy (SEM) images of LLM-105 crystals obtained by varying antisolvent. (a) Water, (b) methanol, (c) acetic acid, (d) nitromethane, (e) ethyl acetate, (f) ethanol, (g) methylene chloride, (h) o-dichlorobenzene, and (i) toluene. 
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Figure 3. Powder X-ray diffraction patterns of (a) simulated, and (b–j) different shaped LLM-105 crystals obtained from varying antisolvent. (b) Water, (c) methanol, (d) acetic acid, (e) nitromethane, (f) ethyl acetate, (g) ethanol, (h) methylene chloride, (i) o-dichlorobenzene, and (j) toluene. 
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Figure 4. Fourier transform infrared (FTIR) spectra of LLM-105 crystals obtained from different antisolvents. (a) Water, (b) methanol, (c) acetic acid, (d) nitromethane, (e) ethyl acetate, (f) ethanol, (g) methylene chloride, (h) o-dichlorobenzene, and (i) toluene. 
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Figure 5. Differential scanning calorimetry (DSC) curves of LLM-105 crystals obtained from different antisolvents. (a) Water, (b) methanol, (c) acetic acid, (d) nitromethane, (e) ethyl acetate, (f) ethanol, (g) methylene chloride, (h) o-dichlorobenzene, and (i) toluene. 
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